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Abstract

¢ K SAlkylation of Ketones Using Hydrogen Borrowing Catalysis

A thesis submitted for the degree Bioctor of Philosophy
Wasim M. Akhtar, Wolfson College and Temistry Research Laboratory, Trinity Term 2018

Introduction ¢ Hydrogen Borrowing Alkylation Reactions Using Alcohols

The introduction reviews the origins of hydrogen borrowing catalysis and how it has been applied
to utilise alcohols as alkylating ageritdie predominant focus is on highlighting the scope for the
use of primary alcohols in the-alkylation of ketones. Other nucleophiles are discussed with
respect to the use of secondary alcohols as alkylating agents. Examples of related methodologies
arealso briefly discussed.

Results and DiscussianFormation ofh -Branched Products Using Prary Alcohols

This chapter explores the alkylation of several ketone substrates and identifies cyclopropyl
ketones as key structural motifs that facilitate the fotioa of h -branched products using primary
alcohols. The development of an iridigoatalysedprotocol for this reaction is described,
including the optimisation of reaction conditions and investigation of the substrate scope with
respect to the ketone andleohol. The derivatisation of the resultifigbranched cyclopropyl
ketones is also exploratirough utilisation of several ringpening reactions.

Results and DiscussianFormation ofi -Branched Products Using Secondary Alcohols

This chapter focuses on the development of acdtalysed procedure for the alkylation of methyl
ketones using secomdy alcohols to form -branched products. In developing this procedure,
ortho-disubstituted aryl ketones were identified as key structumaotifs that facilitated the
reaction due to the unique properties they possessed. An overview of the optimisatieacifon
conditions is provided, followed by exploration of the substrate scope with respect to the methyl
ketone and the secondary alcoh Derivatisation of the resulting-branched products through
bromine-initiated release of the aryl groyfollowed by trapping with several nucleophiles led to
the formation of carboxylic acid derivatives. The final part of the chapter introduces prafyn
studies towards the development of an asymmetric route tbranched products.

Results and DiscussianFormation of Cyclic Products Using Diols

This chapter explores the development of an unprecedentedtalysed procedure for alkylation

of a metlyl ketone using diols to form fivesix and seveamembered carbocyclic rings. The
optimisation of the reactions coriiibns is described followed by a systematic investigation into
the diastereoselectivity observed in the formation of the carbocyclicstilgith the formation of
cyclohexane rings identified as being most effective under the reaction conditions, Wesse

then explored further in a more general substrate scope. The derivatisation of the cyclic products
was alsoexplored through a brominenediated release of the aryl group followed by trapping
with a variety of nucleophiles.

Experimental Section

Experimemal procedures are provided along with full spectroscopic characterisation of the
compounds synthesised.

Xi






Introductiong Hydrogen Borrowing Alkylation Reactions of Alcohols

Chapter 1: Introduction¢ Hydrogen Borrowing Alkylation Reactions of
Alcohols

1.1 The Concept of Hydrogen Borrowing Catalysis

The dehydrogenation of alcohols canéeloited within organic synthesis for the construction of

GC and eNbonds. As an activation tactic, dehydrogenation of alcohols plays an important role in

' aGN)> GS3e O2yvyyY2yfeée OFftfSR GKE@RNRISY O62NNRgAyYy3
GKS d02NNRPgAYy3I KE@RNRBIASYE I LILINE le€sKacilRaked theugeR N2 3 Sy
of alcohols in important bond forming reactions. The importance of the strategy can be
exemplified by initially consideringhe classich-alkylation of ketone 1 via enolate 2
(Schemel.1a). Typically, the alkylation would be achégivthrough reaction with an alkyl halide

or pseudohalide, often require cryogenic reaction temperatures, and the use of strong high
molecular weight bases that@air sensitive (e.g. LDA, LHMDO®)jsforms significant amounts of

inorganic waste and hence lowers the overall atom economy of the rea@idmeMme 11a).™

If an alcoholcould be employed as the alkylating reagent, the only stoichiometriprbguct

would be water, which is benign. Due to theemgth of the GO bond in alcohols, typically around

90 kcal mot, however, it is unfeasible for them to be used directly as alkylating agents, particularly

as deprotonation under the basic reaction mediatti@r hinders displacement of hydroxidf.

Corversely, hydrogen borrowing catalysis can activate the alcohol through oxidation, bypassing

this limitation. The general process is thought to occur through the following key steps
(Schemel.1b): (i) metalimediated oxidation ofan alcohol (4) to the correponding carbonyl

specieg5b), (ii) reaction with a nucleophik®, typically, form a&C/GN followed by elimination of

water to afford unsaturated compoun6>~ | YR OAAAO0 NBGdzZNYy 27FheiKS Wo:

metal to the unsaturated compoun@ito afford alkylated produc?.
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(a) classic alkylation chemistry

(0] base OLi R3X (0]
R )J\/Rz R )\/Rz "R )H/Rz cryogenic
! 1 ', 1 3 temperatures
R3
base = LDA, LIHMDS etc. X =Br, I, OTs etc.

(b) alkylation using hydrogen borrowing catalysis

R' (i) oxidation R'

R/\OH ) RAO
4 5

hydrogen borrowing catalysis

v A/

AN
R™ "Nu (iii) reduction R™ "Nu

Nu:

(ii) condensation

H,O

~
(<]

Schemel.1 Classic alkylation methods vs. alkylation using hydrogen borrowing catalysis

The developmertt leading up to this methodology go back oaerentury, predominantly being
driven by the need to circumvent disadvantages with classic oxidation methods such as the use of
chromium reagents which are toxic and often result in stoichiometric waste geoafdtThe
Guerbet reaction, first reported in 1899 demonstrated that dehydrogenation dtbutanol @)

in the presence of base, followed by setfndensation of the resulting aldehydé3 lead to the
formation of h -branched aldehyd&0 (Scheme 1.2a). Reductionof 10 affordedthe correspondin

i -branched primary alcohdl1. The dimerised and branched products resulting from this reaction
are often referred to as Guerbet alcohols. Conducted at temperatures of up tt€C280highe?!,

the reaction doesiot require a hydrogettransfer catlyst, but can often result in side reactions
such as the Cannizzaro reaction and the Tishchenko reaction. The drawbacks with the Guerbet
reaction prompted new catalytic systems to be developed, allowing milder reaeiopdratures

and limiting unesired reaction pathways. One example, reported by Ishii andvodkerd®

utilises an iridium catalystvith 1-pentanol (2) to afford dimerised alcohol3 in 71% vyield

(Scheme 12b).
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(a) Guerbet reaction with 1-butanol (no catalyst)

2x 7 NSOH - OH
8 11
l oxidation reduction T
—H2 X 2 +H2 X 2
2x "X condensation 10 o
—_—
9 -H,0

(b) Guerbet reaction using an iridium catalyst

2x "o~y [Cp*IrClyl, OH

—_—
12

13, 71%

Schemel.2 Guerbet reaction. Reagents and conditions: (i) [CpfltC1 mol%), 1,7bctadiene (10 mol%),
and K@Bu (40 mol%)-xylene, 120C, 4 h

The notion of homogenous transfer hydrogenation, or indeed, dehydragen, did not come
until 1925 when Meerweilf! and Verle! independently reported what is now widely known as
the MeerweinPonndorfVerley (MPV) reduction. The dehydrogenation reactiovhich is the
reverse of the MPV reduction, was reported later byp@nauel’! in 1937 Gchemel.3). Both
reactions are typically catalysed by aluminium alkoxides such aB}(@he equilibrium can be
shifted towards oxidation product6 by using arexcess of a sacrificial ketone such as acetone
(15), and towardsreduction product 14 by using anexcess of a sacrificial alcohol such as
isopropanol 17). The reaction is thought to proceed through a direct hydrogen transfer

mechanism involving a concedeixmembered chaitike transition state(18).1"!

Al(/PrO); . QiPr
)O\H )(J)\ Oppenauer oxidation )(J)\ )Oi ! /l:\\g@\\OiPr
+ + . \
R1 R2 . R1 R2 : H R O
14 15 MPV reduction 16 17 ! 18 2

Schemel.3 MPV reduction and Oppenauer oxidation

The next key development was driven by reports of a plethordateftransitionmetal catalysts,
effective at facilitating transfer hydrogetion reactions, were repoed from the 1960s
onwards!*! With respect to HB catalysis, one of the first homogenous transition reatalysed

protocols demonstrating € bond fomation was reported by Grigg and-emrkers in 1981 and
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described the Malkylation of primary and secoraty amines using both primary and secondary

alcohols!!? For example, pyrrolidine2Q) could be alkylated using benzyl alcotdl)(in 99% yield

(Schene 14a). Shortly after, they also reported a rhoditratalysed alkylation arylacetonitriles

with primary alcohol$!¥ In a representative example, using ethar@)(anda catalyst derivedn

situ from rhodium trichloride, triphenylphosphine and sodiurarbonate, aryl acetonitril€3

could be alkylatedo form 25in 72% yieldScheme Hb).

(a) Grigg's N-alkylation of amines using alcohols

i. [RhH(PPh Ph

20 21 22, 99%
(b) Grigg's alkylation of arylacetonitriles using alcohols

CN ii. RhClg CN
0 g i

23 24 25, 72%

Schemel4DNA 33Qa Ffl1efridrzy 2F FYAySa IyR

I NBsfsl OS2y Al NA

(1 mol%), BnOH, 10T, 4 h, (ii) Rh&BH0 (5 mol%)PPh (25 mol%), N&CQ (1.1equiv), EtOH, 78C,

48h

As well as Grigg and-eeorkers, the group of Watarke reported another piece of work describing

the N-alkylation of aniline using primary alcoh&t8.Although certain alcohols and conditions

(typicdly shorter reaction times)allowed the predominant isolation of the monoalkylated

product, typically theeactions tended towards the dialkylated products. For example, aniie (

reacted with ethanol to give the corresponding monoalkylafg) and dialkylated(27) products

in 54% and 37%Scheme 1B5).

NH; i. [Ru(PPh3)3Cly] N~ N~
(" ot
25 24 ime 26 27
10 h: 54% 37%
17 h: 4% 69%

Schemel.52 I (i I y I -alli§lgtién obaniline. Reagents and conditions: [RugReb] (0.5 mol%), EtOH,

180°C, 10 hod7 h
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Since the publicationf these seminal pieces @fork, the field of hydrogen borrowing catalysis

has flourished, both in terms of the alcohols that can be utilised as the alkylating agent, as well as
the substrates that can be alkylated. Primary hlzis have found widespreada in the alkylation

of a range of substrates, whereas the use of secondary alcohols has generally been much more

limited.

1.2 Related Methodologies

It is worth noting that there are related strategies to hydrogen borrowing cataljsat also
involve the delydrogenative activationdf f O2 K2f aX odzi GKI G FNB y20G ai
02NNRgAYIQPd ¢KS&S NBIFIOlAzya OFy oNRIFIRfeé o6S (S
oxidative in nature, typically extrudingatheNJ G K Iy WNEI { bladkijnfo yha cataljitid G2 G |

cycle. Notably, this process can be employed for the synthesis of esters and amides.

In an example of ester formation, Milstein and-workers reported a ruthenium PNN pincer
complex33which was able teatalyse the dehydrogenativcoupling of primary alcals into the
correspondingestersi'™ In a representative example;Hexanol 29) could be converted into hexyl
hexanoate 80) in 95% yield with the liberation of 2 equivalents ef{8chemel.6d). Tte reaction

is thought to pr@eed through initial oxidédn of the alcohol to the aldehyde, followed by
hemiacetal formation between the aldehyde and the alcohol. Oxidation of the hemiacetal then

leads to the desired ester product.

(a) ester formation

i. [Ru] 33 0 H
2 x nBu/\/OH - . nBu\)J\O/\/nBu _— ‘—P(tBu)z
29 30, 95% / N Ru co
(b) amide formation o NEt,
P NH, ¢ Se~OH RIS e 23
H

31 12

32, 97%

Schemel.6a A f & (i Scatgly@eil estedand amide formation. Reagents and conditions: (iBARu]
(0.1mol%), KOH (1 equiv), toluene, 115 24 h, (ii) [RU3 (0.1 mol%), amine (1 equiv), alcoliblequiv),
toluene, 115°C,7 h




Introductiong Hydrogen Borrowing Alkylation Reactions of Alcohols

Coneptually, the formation of an amide can be thought to proceed through a similar pathway,
except that addition of the amine into the aldehyde would result in a hemiaminal, which on
dehydrogenation gives the amide produBilstein and ceworkers wee able b employ the same
ruthenium PNN pincer complex in a protocol which demonstrated that a wide range of primary
amines could be coupled with different primary alcohols to afford the corresponding aftides.
For example, énzylamine §1) and pentarol (12) could be coupled to form amid82in 97%

yield Schemel.6b). Several other groups have also reported extensively on the area, including,

but not limited to, Williamst18 GriitzmacheF® Murashi?® Madser?!! and Ishii?2

Another related gategy to hydrogen borrowing catalysis, developed by Krische andockers,
exploits the dehydrogenative activation of alcohols in several transition metdiated carbonyl
addition reactions. Unsaturated compounds can rewrith an aleehyde generatedh situ(through
oxidation) in @ bond forming reactions that are ultimately redox neutral. A wide variety of

" -unsaturated compounds have been reacted with carbonyl species using this methodology, with
examples including propgylations'?® crotylationd?* and allylations®® In a representative
protocol, Krische and eworkers were able to employ [(cod)IrgRith chiral phosphine ligand7

in an enantioselective hydrogenative coupling of allyl acefa with a wide range of carbohy
substrates derived fnm the corresponding alcohalia oxidation. A variety of alcohols bearing
functionality such as alkenes, benzyl ethers and alkyl chains could be accommodated in the
procedure, affording good to excellent yields. For example, alcg@hobuld be allylatedo form

corresponding alcoh@6in 88% yield and 97% enantiomeric exc&shémel.7).
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cl
OH MeO ‘ PPh,

oBn _~_OAc i. [(cod)IrCl], oB

NN + W n MeO PPh

HO ~ ligand 37 Z O 2
Cl

3

34 35 36, 88%, 97% ee

(R)-Cl-MeO-BIPHEP
37

Schemel.7Krigk S Q& Sy I vy (icatalys&ifal§l@itnioditShol Rehgents andonditions: (i)
[(cod)IrCH} (2.5 mol%), R-CHMeO-BIPHEP (5 mol%),.C& (20 mol%)m-NO:BzOH (18nol%),iPrOH
(2 equiv), THF, 100 °C, 20 h

1.3 Hydrogen Borrowing Alkylation Reactions Using Primary Alcohols

Primary alcohols have found widespread use adatikyg agents for a variety of substrates under
hydrogen borrowing catalysis conditions. Areas of key importance include: (i}-alfleyldtion of
amines, (ii) the" -alkylation of ketones and (iii) the alkgion of nitriles?42”1Many of the earlier
reports within the area of hydrogen borrowing catalysis involved the development of
methodology for the Malkylation of amines and the alkylation of nitrile substrates. The focus
herein will principally be onhie alkylation of ketone substrates, with the aldybn of nitriles
discussed briefly within the context of-© bond forming reaction of activated methylene
compounds (se€hapter 1.3.2. Reports relating to the {dlkylation of amines with respect to
primary alcohols will not be discussed, but examplethif methodology will be covered within

the context of the use of secondary alcohols in hydrogen borrowing catalysi€lsgeer 1.4.2.

1.3.1 Alkylation of Ketones

The alkylation of ketone substrates usingodiclsvia hydrogen borrowing catalysis has garngre

a high level of interest. The use of hydrogen borrowing methodology for the constructio€of C
bonds between ketones and alcohols has several advantages over conventional alkylation
methods which typic# involve the formation of an enolate, often ugirstrong lithium bases,
followed by reaction withalkylating agents such as alkyl halides. As well as the relatively high
toxicity of alkyl halides when compared to alcohols, conventiafigilation methods also result

in the formation of stoichiometric aounts of waste. In contrast, the alkylation of ketones using
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alcohols results only in the formation of water as the stoichiometrigimduct. The reaction is

thought to proceed through Yimetatmediated oxidation ofn alcohol(39) to the aldehydeg(40)

(i) enolate formation of ketonedl and subsequent reaction with aldehydt resulting in

formation of corresponding enoré3 after elimination of water and {)i reduction of the enone

by KS YSidlFf KERNARS &aLISOASA T2 )hogeRand todleling NE NB U dz

the catalytic cycle to afford alkylated ketodd (Schemel.8).

. (0]
(i base )]\

R{” “OH R X0 Rz R;
39 40 42 41

M] [M]-H (i)

0 - \ J 0 H.O
2
R1)J\/\R2 (iii) R1)v\R

2
44 43

Schemel.8 h-Alkylation of ketones with alcohols using hydrogen borrowing catalysis

An influential publication came from the group of Cho, Shim and@ders in 2001 when they
attempted to conduct transfer hydrogenations of methyl stituted ketones using alcohobss
the sacrificial source of hydrogen; instead they noted the formation -&f €upled alcohol
products!?® Optimisation revealed ruthenium catalyst, Ru(BEek, to be the best at conducting
the reaction. It was observetiat aryl ketones, exemplifiedytthe reaction of acetophenond),
with 1-butanol @) to yield alcohot7 in 80% yield$chemel.9a), typically resulted in higher yields
than the reaction with alkyl ketones such48(Schemel.9b). The oxidation levelfdhe products
is interesting ashe authors use a threequivalent excess of the primary alcoh®his,perhaps
leads to an abundance of metal hydridad therefore affords produstat the alcohol oxidation
level On decreasing the amount of alcohol toeoequivalent, an increased amuaiuof ketone48
was isolatedIn addition, as the only example of the formation offatvranched product, cyclic

ketone52 could be alkylated with-butanol @) to afford 53in 47% yieldchemel.9c).
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(a) alkylation of aryl ketone with 1-butanol

0 i. [Ru(PPh3)5Cly] OH 0
ph)J\ + /\/\OH ph)\/\/\ Ph)J\/\/\
48

46 8 47, 80%
(b) alkylation of alkyl ketone with alcohol 50

0 i. [Ru(PPh3)5Cl,] OH

YJ\ + /\/\Ph > Ph
49 50 51, 43%

(c) alkylation of cyclic ketone with 1-butanol to form an a-branched product

0 OH
i. [Ru(PPhg)sCly]
+ "oy
8

52 53,47%

Schemel9/ K2 3 { KAYQa I 1&f | ddcanyitiodsTi) RuSBEELEI®IM), alcolI Sy G a |
(3 equiv), KOH (3 equiv), dioxane,’8) Ar, 40 h

In another publiation by Cho it was demonstrated that the same ruthenium based catalyst could
facilitate the alkylation of secondary alcohols at th@ostion using primary alcohol$? Using
two alcohols as starting materials causes an imbalance in the oxidation dnctian steps, with
two oxidations and one reduction required -€oute to the desired alcohol product. Therefore,
fundamental to the sucaes of the reaction was the addition ofdbdecene as a sacrificial hydride
acceptor, which presumably aids turnover thie catalyst. Under these modified conditions,
1-phenylethanol $4) could be alkylated with -butanol @) in 82% yield§chemel.10g). Ina
separate report, when Cho, Shim andworkers added dodecene to their procedure for the
alkylation of methyl ketones with alcohols, oweduction of the products was avoided, this time
affording the correspondingy-alkylated ketone products rher than the alcohol products as they
had done so previous? In representative examples, acetophenod®)(could be benzylated in
82% yield $cheme1.10b), and h-branched ketone56 could be isolated in an 86% yield
(Schemel.109. Notably, theh-alkyhktion of aryl ketones proceeded in good to excellent yields,

whereas the alkylation of alkyl ketones generally resulted in lower yields.
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Cho
(a) p-alkylation of secondary alcohols using primary alcohols
OH i. [Ru(PPhs)sCly] )0:/\/\
—_—
Ph * 0H T godecene Ph
54 8 47, 82%

Cho, Shim and co-workers
(b) a-alkylation of ketones using primary alcohols

0 ii. [RU(PPh3)5Clo] 0
: 3)3Ll2
P _—
Ph)J\ * Ph” "OH 1-dodecene Ph)J\/\Ph
46 21 55, 82%
(c) a-alkylation of cyclic ketone 52 with 1-butanol
o o
ii. [Ru(PPhs);Cly] o
+ P _—
Ph OH 1-dodecene
21
52 56, 86%

Schemel.106 | O i/-ak@aflan dse@ Y RI NBE | f O2K2t & dzaAy 3 LINR Yl NE

h -alkylation of ketones using primary alcohdReagents and conditions: (i) Ru(B)Ek (5 mol%), primary
alcohol (2 equiv), KOH (3 equividddecene (5 equiv), dioxane, 80, Ar, 4, (i) RuPPh)s:Chk (2 mol%),
primary alcohol (1 equiv), KOH (1 equivlddecene (1 equiv), dioxane, 80, Ar, 2t

In addition to the Rtcatalysed protocol, Cho demonstrated that Pd/C was also capable of
effectively catalysing the-alkylation of methyl ketonewith alcohols under an otherwise similar
set of conditiong®¥ Using 1decene as a hydride scavenger insteafd 1-dodecene, in a
representative example, acetophenong6f could be alkylated with-butanol (8) to afford 48in

75% yield$chemel.11a). Interestingly, alkyl ketones generally afforded relatively lower yields of
the corresponding -alkylated productsin comparison to aryl ketones. As previously, it was
interesting to note that only a single example offabranched product was given, resulting from

h-benzylation of cyclic ketonetetralone (52) in a moderate 46% yield.

(a) alkylation of aryl ketone with 1-butanol
o i. Pd/C %

_—
Ph)J\ + "oH 1-decene Ph)J\/\/\
46 8 48, 75%
(b) alkylation of alkyl ketone with benzyl alcohol
B \)CJ)\ N | Pd/c B \)(J)\/\
nBu + —_— nBu
Ph™ "OH 1-decene Ph
58 21 59, 43%

Schemel.11/ K 2 Qcéatalys& -alkylation of ketones. Reagents and conditions: (i) 5% Pdi®(%),
alcohol (2 equiv), KOH (3 equiv)décene (4 equiv), dioxane, 100, Ar, 40 h

10
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Cansistent with theirRucatalysed protocol, the authors note that the alkylation is regioselective,
as when both methyl and methylene sites are available, only the methyl site is alkylated; no
h-branched products were observed. This is exemplified by thetien of alkyl ketae 58 with

benzyl alcoho(21) to provide59in 43% yieldSchemel.11b).

A heterogenous palladium catalyst, Pd/AIO(OH), composed of palladium nanoparticles entrapped
in aluminium hydroxide, was reported by Park andngmrkers as theifst recyclable catalyst for

the h -alkylation of ketones with alcohof¥! Recovering the cafgst by filtration or decantation

and recharging the reaction with the required equivalents of base, Pd/AIO(OH) was able to
catalyse the alkylation of acetophenon&6] with benzyl alcohdlo afford 55in 96% vyield even

after six consecutive run$S¢hemel.123). Both electroarich and electrorpoor aryl, and alkyl,
methyl ketones could be alkylated using benzylic and alkyl alcohols in excellent yields. The only
example of arh-branched compound déing formed was thé -alkylation of tindanone to give

compourd 61 (Schemel.12b).

Park and co-workers
(a) alkylation of aryl ketone with benzyl alcohol using recycled Pd/AIO(OH) (sixth run)

O ; (0]
~ i. Pd/AIO(OH)
Mo+ PRTTOH
Ph 21 Ph Ph "
46 55, 96% (b) (0]

(c) formation of enone under an atmosphere of O, ©|:/§_/Ph
0] ; a O
A~ i. Pd/AIO(OH)
A e Pon ——— 61,97%

46 21 60, 95%

Uozumi and co-workers
(d) alkylation of aryl ketone with benzyl alcohol using nano-Pd-V

o) - 0
PN i. nano-Pd-V
M4 PROH
Ph 21 Ph Ph
46 55, 82%

Schemel.12t | NJ Qa | y Rcatalgséduatk§labién oftkdones using alcohols. Reaigeand
conditions: (i) Pd/AIO(OH) (0.2 mol%aR & (3 equiv), BnOH (1.2 equiv), toluene, P0) Ar, 3 h2under
an Qatmosphere, 20 h. (ii) narBdV (5 mol%), BnOH (2 equiv), Ba(£HdD (1 equiv), KD (7 equiv),
80°C, 12 h

Interestingly, when theegaction atmosphere was switched to oxygen, enonerimediate could

60 be isolated iM5% yieldSchemel.12¢). The authors also noted that the reactions proceeded

11
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much more slowly under oxygen. Presumably under this set of conditions, the metal hydride is

sequestered by € preventing the reduction of the,i -unsaturated ketone.

Another heterogenous palladium catalyst, naRdV, reported by Uozumi and emorkers
consisted of palladium nanoparticles supported on viologen polymers assemulzea self
orgarisation proces§? Also recyclable, this catalystas shown to catalyse the-alkylation of

both alkyl and aryl ketones using a range of alkyl and benzylic alcohols in excellent yields. A
representative example shows the alkylation of acetophendi@® With benzyl alcohol, affording

alkylated ketoneb5in 82% yield $chemel.12d).

The group of Yus introduced another ruthenium catalyst, RR®ISO), which was demonstrated

to be effective at performing thé -alkylation of methyl substituted ketones with iprary
alcohols**3% Using their Recatalysed protocol, Yus and -wemrkers expanded the scope of
ketone alkylation to include heteroaromatic methyl ketones, such-tsehyl ketone62, which

could be alkylated with benzyl alcoh@tlj to afford 63in amoderate 45% yieldSheme1.13). In
addition, both electrorrich and electrorpoor aryl methyl ketones could be alkylated in moderate

to excellent yieldsThis could be achieved without the use of a hydride scavenger such as 1
dodecene or idecene, whiclwas vital in ChoandkSA YQa Ol G feGA 0 aeadsSvya G2
of the desired ketone products. With respect to the scope of the alcohols that could be utilised as
alkylating agents, it was interesting to note that they predominantly consisted of pyibenzylic
alcohols.The only attempted reaction of acetophenone with an alkyl alcohblitanol, led to <

5% of the desired -alkylated ketone being observed.

O O

®)k i. RUCI,(DMSO), < o
+  Ph” OH —
\_s \_s

62 21 63, 45%

Schemel.13, dZ&-dkylation of methyl ketones. Reagents and conditions: RDEISO) (2 mol%), BnOH
(1 equiv), KOH (1 equiv), €0 Ar, 2 h,

12
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The group of Ishii were able to use their solvéneie, [(cod)IrCHPPh system toeffect the h-
alkylation of both alkyl and gt methyl ketones using benzylic and alkyl alcohols in excellent
yields!® |t was interesting to note that this methodlmgy did not suffer from impaired yields when
attempting the alkylation of alkyl ketones relative to aryl ketones. For example, altoik49
could be alkylated with -pentanol @2) in 80% yield §chemel.14g). In a rare example of the
formation of anh -branched ketone from the alkylation of an acyclic methylene centre, branched
product66 could be isolated in a moderate 47%chemel.14b). In addition, no sacrificial hydride
acceptor was required to prevent oveeduction of the ketone products, with theuthors noting

only trace amount of 1,2eduction occurred in any particular example.

(a) alkylation of alkyl ketone with 1-pentanol

o i. [(cod)IrCI], o
w)’l\ + \/\/\OH »
49 12 64, 80%

(b) formation of an acyclic a-branched product

i. [(cod)IrCl],2 0
\)J\/ + \/\/\OH >

65 12 66, 47%

Schemel.14L a K Acatdlyded Lalkylation of ketones using alcohols. Reagents and conditions: (i)
[(cod)IrCl} (1 mol%), PPH(8 mol%), KOH (10 mol%), alcohol (2 equiv),’@@r, 4 h2 using KOH
(30mol%)

Another interesting report came from the Nishibayashi group, in which trey $uccessfully
02 dzLJ) SR L & KRPk Qatalysedy -QlRyRtion. MIketoBes with a tande ruthenium
catalysed asymmetric reduction of the ketone products to form enantiopure alcétols. a
representative example, acetophenoné6j could be alkhated with L-butanol, followed by an
asymmetric Recatalysed reduction of the ketone to yield amtioenriched" -alkylated alcohol
(R-47in 75% yield and a 94% enantiomeric exc&hémel.15). With respect to the scope of
the ketonesjt was interestingo note that only acetophenones, featuring both electrpaor and
electronrich aromatic ringsgould be alkylated and reduced successfully under this protocol. No

examples of alkyl ketones were demonstrated by the authors. In addition, the scope of the

13
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alcohols was limited to alkyl, as an attempt at using benzylic alcohols resulted in no cont@rsion

the desired products.

PPh
o) i. [(cod)IrCll o s p—R( 7/
Ph)]\ . /\/\OH T> Ph/\/\/\ F.e Phs |\
a6 8 i [Ru] (R)-47, 75% < @
94% ee [RUCly(PPh;)(ip-foxap)] (68)

Schemel.15b A & KA 0 | & | & Kdtalysed inlkylatRiSilonedly Reatalysed asymmetric
reduction. Reagents and conditions:[(Dod)IrCl} (1 mol%), PPh(4 mol%), KOH @ol%), BUOH (3
equiv), 100°C, 4 h, (ii) [RugPPh)(ip-foxap)]68( 1 mol%), Na®r (4 mol%)iPrOH, RT, 2 h

In an attemp to unify the hydrogen borrowing alkylation reaction and the asymmetric
1,2-reduction of the ketone under a single catalytic system, Adolfsson amebdcers had limited
success using [Rutymene)Cl. with ligand73.%8 As the first example of such ageess, they

were able to show that their catalytic system was capable af/oag out both steps, although the
yields of the enantioenriched alcohols achieved were low, and their enantiomeric excess generally
moderate. The substrate scope was limited tglanethyl ketones, but it was also interesting to
note that electronrich arl ketones generally gave slightly higher yields and enantiomeric
excesses. This can be highlighted by comparing the alkylation/reduotform electronrich aryl
ketone71, isdated in 31% yield with 84% enantiomeric excess, whereas eleptonaryl lketone

72was formed in a lowet 7% yield withonly 65% enantiomeric excesS¢hemel.16).

0 OH o
+ i. [Ru(p-cymene)Cl * ",
/©)‘\ ~"SOH [Ru(p-cy )Cl2lo /@M /,HJ\N/Y
24 i H
R ligand 73 R 5 _NH OH
oc” .
R = OMe 69 R = OMe 71, 31%, 84% ee ligand 73
R=CF570 R = CF, 72, 17%, 65% ee

Schemel.16! R2 f F a & 2 Yy-akilatioaifedlEtiorSt& formenantioenriched alcohols. Reagents and
conditions: [Ruyg-cymene)Cl2 (0.5 mol%), ligand3 (1 mol%), LiCl (10 mol%), B0 (50 mol%), alcohol
(3equiv), DMSO, 68Ct0 40 °C,5h

14
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Interestingly, theauthors noted that addition of 10 mol% of Li@d a posiive effect on the
catalytic activity and enantioselectivity of asymmetric transfer hydrogenations, though no

discussion as to the origin of this effect was provided.

Ly | ¥FdzNJ KS NJ(dodRCRRPR @rofocd, the groapofRuepiag werelatio employ
the h-alkylation of methyl ketones in a sequential epet synthesis of tetrahydrofuran
derivatives®¥ Using solketal 74), which could be synthesised by protection of glycerol with
acetone, a range of both electrgroor and electrorrich aryl substituted méhyl ketones could be
alkylated. In a representative sequendealkylated alcohol’5 could be formed in a twastep
protocol, first undergoing {catalysed alkylation with solketal4) then reduction with NaBHin
80% vyield. Following geotection and FEk-mediated cyclisation, tetrahydfuran 76 could be

isolated in 86% yield as a 1.&ans.cismixture of diastereocisomersSchemel.17).

OH

o )
i. [(cod)IrCl], iii. FeCly /O\/OH
Ph)J\ ¥ HO/\QK\O i Ph o) Ph™ >0
46 74 \ﬁ li- NaBH, 75, 80% O\ﬁ 76, 86%

(solketal) 1.8:1 trans:cis

Schemel.17w dzS LJA y 3 Q & r-cat&lypedttSalkyiation followed by cyclisation to form THFs. Reagents
and conditions: : (i) [(cod)IrCl[L mol%), PPH(6 mol%), LiOHO (40mol%), solketald4) (1.8 equiv),
toluene, 110°C, 17 h(ii) NaBH (1 equiv), MeOH, 18C, 2 h, (iii) anhydrous Fe(Cl equiv), CHCb, RT,

45 mins

Wang, Ding and eworkers have reported an iridium CNP comp@8) which could catalyse the
h-alkylation of a range of alkyl and aryl methyl ketones using bikyl and benzylic alcohols in
moderate to excellent yieldé) Ther protocol constituted one of the first methods to utilise
pyridyl methanols as the alkylating agent for thealkylation of methyl ketones. In a
representative example@cetophenone46) could be alkylated using pyridyl methaf@8lto afford

79 in 81% yld (Schemel.18a). In a separate report, the group of Zhang also reported the
h-alkylation of ketones using pyridyl methanols, though they utilised a ruthenium basdgstata
[Rufp-cymene)Cl./Xantphos for the transformatio#! Using their Ricatalyse protocol, they

successfully alkylated acetophenones featuring both electicim and electrorpoor aromatic
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rings in moderate to good yields. Interestingly, they wertedb form twoh -branched products
from acyclic methylene ketones, a type of transf@ation that is rarely observed in ketone
alkylation chemistry. Acyclic methylene keton&$ and 82 could be alkylated using pyridyl
methanol 78 to form the correspondingd -branched product83 and 84 in 70% and 72% yields
respectively $cheme1.18b). Their protocol was, however, limited to the alkylation of aryl
ketones, with no examples of alkyl ketongsmonstrated In addition, it was important to note
that their attemptat the alkylation of acetophenone with secondary alcoB®tid not result in

any ofthe desired -branched product.

Wang, Ding and co-workers — —
(a) a-alkylation of acetophenone using pyridyl methanol 78 ® 0
17 o
|
o Ny i Ir-CNP 80 <©
HO > MRS N N “P(nBu
Ph)J\ * | P Ph | SN (nBu)e
46 78 79, 81% =
Ir-CNP
complex 80
— -2

Zhang and co-workers
(b) a-alkylation of aryl ketones 81 and 82 using pyridyl methanol 78 to form a-branched products

(0] R N i
O HO ~ ii- Ru(p-cymene)Cl,], ‘ HO Ny
R | |
85
N =
N

@ -
78
R |

R=H81 R
R = OMe 82

R=H83,70%
R = OMe 84, 72%

Schemel.182 | y3 g 5 Ay 3 OalkylatipriRof Rétisies/uSiy Ppyridyl methanols. Reagents and
conditions: [FCNP80 (1 mol%), GEQ (1 equiv), alchol (1.1 equiv)i-amyl alcohol, 1206C, 24 h,
(i) [Rup-cymene)Cl2 (1 mol%), Xantphos (1 mol%), B0 (40 md), alcohol (1.2 equiv), 12Q, 10 h

In a report by Li and ewvorkers, a sequential strategy involving the initial catalytic hydration of
alkynes to methyl ketones using [(IPr)AuCI)/AgOTf, followed by tiwatklysed alkylation with
alcohols was accomplied using microwave irradiatidtf! A wide range of substituted phenyl
acetylenes underwent hydration to the corresponding methyl ketondeviad by alkylation with
both benzylic and alkyl alcohols in good to excellent yields. Although the majoritg starting
materials consisted of substituted phenyl acetylenes, sucB7aScheme 1.19a interestingly

ethynylcyclopropane 88) could alsobe converted into the corresponding cyclopropyl methyl
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ketone 89) (Scheme 1.1B). Using [Cp*Irgk, both the resulting acetophenone4§) and
cyclopropyl methyl ketone89) could be alkylated with benzyl alcohol to affdrealkylated
products55 and 90 in 87% and 77% yields respectively. The authors noted that although they
utilised [Cp*IrC] for the h-alkylation step, [(cod)IrGlwas just as effective, affording ketone

product55in 85% yield.

(a) sequential hydration/alkylation of phenyl acetylene

i [(IPPAUCIVAGOTT i [Cp*IrCly,
A~ Ph)J\

_ >
Ph H.O0 PN Ph Ph
87 2 46 P4 o1 55, 87%

(b) sequential hydration/alkylation of ethynylcyclopropane

% i. [(IPr)AUCIJAGOTf o ii. [Cp*IrCl,], o
_ ,
H,0 % A~ WPh
88 2 89 Ph”_ OH 90, 7%

21

Schemel.19] A Qa4 KE@RNI GA2yklFf 1@t GA2Yy JB)ANOSFE mel%), ISy i a
H0 (2 equiv), 14ioxane, MW, 120C, 1 h, (ii) [Cp*Irelk (1 mol%), alcohol (1.2 equiv), 8D (30 mol%),
MW, 130°C, 2 h

All the catalysts discussed thus far, including ruthenium, palladium, iridium and rhodium, are
based ¢ SELISYyaAr@dS YSiGltazr 26Ay3a G2 GKSAN t2¢ |
environmental sustainability, a move theaper, more abundant metals such as iron would be
preferred. With respect to hydrogen borrowing catalysis and the alkylation afnlest, a key
recent publication comes from Beller and-aorkers who repored an ironcomplex able to
catalyse the -alkylaion of ketones using alcohofs! A wide range of substituted acetophenones,
featuring both electrorrich and electrorpoor aromatic rings could be alkylated using both
benzylic and alkyl alcohols in moderate to good isolated yields. Using a Kiyi«@on complex,

91, acetophenone 46) could be alkylated with benzyl alcohol in 60% yiglthemel.20).
Furthermore, in another example of the formation offatbranched product from a cyclic ketone,
1-tetralone could be alkylated with benzyl alcohol under the protocol in 50% yield, thibugh

required the use of KiBu instead of GEQ and a longer reaction time of 48 h.

17
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T™S
o] - o] 0
o~ i. [Fe] 91 '/\:'fr%
PR o _ “UETL
Ph)J\ A Ph)J\/\Ph ocFe ™S
46 55, 60% od Neo
[Fe] complex 91

Schemel.20. St f ScauEdaed@Rylation of ketones using alcohols. Reagents and itiond: [Fe]91
(1 mol%), PPH(2 mol%), CEQ (10 mol%), alcohol (1.3 equiv), toluene, PA) 24 h

1.3.1.1 Using Methanol

As ha been highlighted in the previous section, the vast majority -afkylation reactions of
ketones using primary alcohols resulttire formation of linear products of typ@2. Conversely,

the h-alkylation ofmethylene]l S G 2 y S & -hiiacheH 2eNthe£94) using primary alcohols is
very limited, with most examples pertaining to the alkylation of cyclic ketongsralone or
1-indanone93 (Figurel.1). Though this appears to be the case with long chain alcohols, methanol
Y& 0S5 dzyAljdzSt ebraiclied B&@likts, (perhaps 2uedto the small and reactive
nature of the aldehyde produced upon oxidation. Indeed, reports from several groups have shown

how methanol can be utilised to good effect in this regard, examples of which are discussed below.

linear E a-branched
1 O O
% |
)J\/,’\\ : - or R1 RZ
R4 R3 . \R L
92 : 93 " 3 9 g,
majority of ' some examples very limited examples of
products ‘linear’ of cyclic acylic branching
most - > least
common common

Figurel.l Relative prevalence dhe types ofmotifs generatedthroughthe h -alkylation of ketonesising
primary alcoholwia hydrogen borrowing catalysis

Donohoe and cavorkers tave recently demonstrated the use of a rhodium catalyst for the
h-methylation of a range of aryl and alkyl methylene ketones using methanol as thatiaigy!
agent in moderate to excellent yiel#¢. Aryl ketones featuring both electrerich and

electron-poor rings were accommodated under the protocol. In representative examples, using
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[Cp*RhC]2, aryl ketone 55 could be methylated i85% yield and lkyl ketone 95 in 49% vyield
(Schemel.21a). In addition, they were able to demonstrate a tstep, onepot catalytic
procedure for the double sequential alkylation of methyl ketones, first with a long chain primary
alcohol then with methanol under their dewmded protocol. The first step invohgnthe
h-alkylation of the methyl ketone with a long chain primary alcohol was adapted from Ishii and
co-workers and utilised their [(cod)Ir@PPh systemt*® exploiting the fact that double alkylation

to form anh-branched centre would not occur undendse onditions. An example highlighting
this two-step procedure began with the reaction of acetophenone and benzyl alcohol, followed
by h-methylation with methanol to givé-branched product96 in 67% vyield over twsteps
(Schemel.21b). Unusually, the Rbatalysed protocol is conducted under an atmosphere of

oxygen as it was found to be beneficial for the reaction.

(a) a-methylation of aryl and alkyl methylene ketones to form a-branched products

j\/\ . i. [Cp*RhCl,], Q
R ph  MeOH ————— Ph

R =Ph 55 R = Ph 96, 85%

=jPr95 R = iPr 97, 49%
(b) two-step, one-pot Ir-catalysed monoalkylation then Rh-catalysed a-methylation
o
ii. [(cod)IrCl], i. [Cp*RNCly),?
Ph)J\ BN )J\/\ — Ph Ph
OH MeOH
21 96, 67%

Schemel.215 2 y 2 Kh2nf@ydation of methylene ketones timrm h-branched products. Reagents and
conditions: (i) [Cp*Rhgt (5 mol%), CGEQ (5 equiv), MeOHD,, 65°C, 48 h2 12 h (ii) [(cod)IrCl]
(1 mol%), PPh(4 mol%), KOH (10 mol%), BnOH (2 equiv),,C0@ h

In a hter report, Donohoe and cworkers showedthat methylation of p-methoxyphenyl
substituted aryl ketones could also be conducted with [(cod¥RRhsto form the corresponding
h-methylated products? for example, methylene keton@9 could beh -alkylated in an excellent
94% yield $chemel.22a). Interestingly, by varying the phosphine ligand utilised with the iridium
catalyst from PPhto the sterically bulkier catacXium AQ0J), the reduction ofthe enone

intermediatecouldbe prevented, thus alwingit to be interrupted with a nucleophile iatandem
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conjugate addition sequence. Driven by the desire to overcome the limited scdpérahched

products that could be formed (i.e. with cyclic ketones or using MeOH), a range of nucleophiles
weresu©OSaafdzZ t e SYLI28SR (12 WAYGISNNHZII Q GKS LINROSa
99 could be subjected to the interrupted hydrogemroowing process, with the intermediate
enonelOlintercepted with a rhodiurrcatalysed conjugate addition @b-tol)B(OH)to form the

resulting doubly benzylated,-branched ketonel02in 63% yield§chemel.22b).

@\P/\/\
(a) a-methylation of aryl methylene ketones to form a-branched products

o o 7
i. [(cod)IrCI
Ar)J\/\Ph ! leodrCll, Ph

+ MeOH ——> :
catacXium A (103)

99 100, 94%
Ar = (p-MeO)CgH5
(b) interrupted hydrogen borrowing process with tandem Rh-catalysed conjugate addition

o MeOH 0 Q
Ar)J\/\Ph ii. [(cod)IrCI]; Ar)J\”/\ph iii. [(cod)RhCIl;  Ar Ph
99 catacXium A (p-tol)B(OH),

101
(103) 102, 63%

Schemel.225 2 y 2 K 2c&ta@yded Lnmi¢dhylation and tandeninterrupted/conjugate addition
procedure. Reagents and conditions: (i) [(cod)ir@Imol%), PPH(4 mol%), KOH (2 equiv), MeOH,°65
48 h, (ii) [(codyClIE (2 mol%), catacXium (L03) (8 mol%), KOH (3 equiv), MeOH, 6548 h, (iii)
[(cod)RhCH(2.5mo0l%), 1,5cyclooctadiene (10 mol%), KOH (3 equpmplylboronic acid (5 equiv), 10T,
6h

Obora and caworkers have also reported andatalysed potocol for the methylation of ketones

to form h -branched product&® Using [Cp*IrG),, they were able td -methylate several aryl and
alkyl methylene ketones. Althougmost starting materials werenethyl ketones h-branched
centres were often formedfrom double methylation reactions, e.g. compoundl04
(Schemel.23a). In addition, similarto the Donohoe group, the authors could perform sequential
alkylation reactions with both a long chain primary alcohol and methanol. In contrast to the
procedure by Donohoe and amorkers, which required sequentiatdition of the two alcohols,

this protocd allowed all three components (ketone, long chain primary alcohol, and methanol),

to be added together at the beginning of the reaction. An example highlighting this involved the
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reaction of acetophenone with begkalcohol and methanol to affort-branched compound®6
in 81% yield$chemel.23b). It was interesting to note that in the thremomponent reaction, the

long chain alcohol was used as the limiting reagent with the ketone used in-Bolevexcess.

(a) double methylation of ketones to form a-branched products

o) o}
)J\ i. [Cp*IrCl,],
Ph + MeOH ———— Ph

46 104, 83%
(b) three-component alkylation reaction to form a-branched products
o 0]
Ph)J\ + MeOH + HO™ “Ph Lfoerthl | Ph
46 21 96, 81%

Schemel.23h 6 2 NJc&adyseth Mdethylation reaction to form branched products. Reagents and
conditions: [Cp*IrG]z (5 mol%), KOH (50 mol%), MeOH, 12015 h, (ii) [Cp*Ire}k (5 mol%), KOH
(50mol%), BNnOH (1 equiv), acetophenone (2 equiv),”C4A5 h

Li and ceworkers were able to apply a Cp*Ir complex featuring a functional bypyridonate ligand
106totheh- ft {8t FGA2y 2F YSOKetSyS | MNbafchedcénirgsyaSa oA G F
well as alkylation of methyl ketones with long chain alcohols to form linear prodtit&thyl

substituted aryl ketond0502 dzf R 0 S Y S (i kliradndhed Sdrpaiird104h B3yield

(Schemel.24a).
(a) a-methylation to form an a-branched product
)?\/ i
i. [Ir] 106
Ph + MeOH ———— > Ph
105
104, 85%
(b) a-alkylation of a methylene ketone to form an a-branched product
o o [Ir] 106
N ii. [Ir] 106
Ph)J\/ , P OH _ e | Ph)H/\Ph
105 21
96, 83%

Schemel.24[ A <atalysel-alkylation reaction to form branched products. Reagents and conditions:
[Ir] 106 (2 mol%), CEQ (30 mol%)MeOH 65°C, 12 h, (i) [IrL06 (1 mol%), C£Q (10 mol%), BnOH
(1.1equiv),t-amyl alcohol, 100C, 6 h

Ly | NI}INB SEI YLX S -#ahched Kebtre Fr@r\avi Beiichcanéthyerie kdtpyfe b

ketone105could also be alkylated with benzyl alcohol to afford prodifin 83% yieldScheme

21



Introductiong Hydrogen Borrowing Alkylation Reactions of Alcohols

1.24h). The authors propas that bypyridonate ligand 06 plays a functional role in the reaction
mechanism by shuttling a proton between the alcohol during oxidation and the enone on

reduction.

The group of Andersson introduced an Npt©sphine iridium comple§l12) which was alseery

active in theh -methylation of methylene ketones with methanol to fortmbranched centre&”

The vast majority of the ketones that underwent alkylation were acetophenones or substituted
acetophenones, with dg two examples of alkyl ketones being methylated. The nitgjof the
methylene side chains being methylated were either benzylic positions, as demonstrated by the
methylation of ketonel08to afford 109 in 80% yieldSchemel.25a) or methylation ofethyl

chains, as exemplified by the alkylation of ketdri®to provide111in 91% yieldSchemel.25b).

(a) a-methylation of benzylic methylene ketone 108

; -

0 0 y _Ph _‘ BArF
A pn i, [Ir] 112 Bh N

+ MeOH ——> N
108 r
109, 80% Fl,\Ph \
(b) a-methylation of ethyl substituted aryl methylene ketone 110 Ph
> i1 112

0
o Lpg12e g
% + MeOH ——— (
o 110 o)

Schemel.25! y R S NN&afalys@di-alkylation reaction to form branched ketones. Reagents and
conditions: (i) [IrL12(1 mol%), GEQ (5 equiv), MeOH, 6%C, 24 h2using C££Q (4 equiv)

111, 91%

1.3.2 Alkylation of Activated Methylene Centres to Form Branched Products

As discussed in the previousction, theh -alkylation of ketones to afforti-branched products is
fairly limited. Wheré" -branched ketones have been formed with long chain alcohols, the ketone
starting materials have usually been cyclic in nature. Methodologies that have, on the rare
occasion, accommodatell K S T 2 NI | {i A-t®afiched ketohe® &sidd Ian®chain alcohols,
are highlighted in the previous sectidndeed, the majority of -branched products formed have

resulted from the use of methanol as the alkylating agent.
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Asidefrom ketones, it is worth noting that hydrogen borrowing methodologies for the alkylation
of compounds featuring activated methylene groups to form branched centres with long chain
primary alcohols have also been reported by several authors. The reatyipieally follow an
analogous mechanism to that of the alkylation of ketones. After deprotonation of the activated
methylene centre, addition to the aldehyde (formeada oxidation) through aKnoevenagel
condensation reaction and reduction of the unsatumiteompound results in the alkylated

product. Reports of this type are discussed below.

One such example reported by Grigg andaemrkers demonstrated that 1;8imethylbarbituric
acid could be alkylatedia an Ircatalysed microwave assisted protocol usbagh benzylic and
alkyl primary alcohols to afford the correspondingi®noalkylated barbituric acid derivativé$.
For example, derivativé1l5could be isolated in 74% following alkylatwith benzyl alcohol14
using [Cp*IrG]2. In addition, certairproducts from the alkylation reaction were amenable to a
sequential onepot procedure which involved a second palladigatalysed reaction with an
allene to afford spirocyclic products, such 4%7 which could be isolated in 52% ylel
(Schemel.26). The Petatalysed step was thought to proceeda allene insertion to the
arylpalladium(ll) iodide species to generate-allyl intermediatel16, followed by cyclisation to

afford the spirocyclic compound.

0 o . }
W i[CprIiCll, g o ii. Pda(dba)g

—_—

N N
/ \ — —
\g/ | N N ==

N_ _N
HO O cy| T O e

113 o) o 0
14 115, 74% 116 117, 52%

Schemel.26DNA 33 Q& | f-dindethylbérkitrit ackl FReagehts and conditios[Cp*IrC]2
(2.5mol%), KOH (15 mol%), alcohol (1.5 equiv), PhMe;@ 1MW, 10 min, (ii) Rdbas (5 mol%), TFP
(20 mol%), KCQ (2 equiv), allene (1.2 equiv), &N, MW, 110C, 20 min

@) O

Using the same catalytic system, the group of Grigg have alsortegpthe alkylation of

arylacetonitrile substrates with primary alcohols to form branched centres using microwave
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irradiation“® Arylacetonitriles featuring both electrepoor and electrorrich aromatic rings
could be alkylated using predominantly belayalcohols, though two alkyl alcohols were also
included within the scope. As well as phenyl rings, the acetonitrile compountll @lso
accommodate pyridyl rings without loss of yield for the alkylation step. In representative
examples, arylacetonitril@3 could be alkylated with benzylic alcoiil9to afford 121in 91%

yield, and with alkyl alcohdl20to provide122in 76% yield(Schemel.27).

CN CN

23 OMe OMe
R = 119 R= 121, 91%
OMe OMe
120 122, 76%°2
R = R=

Schemel.27D NA& 3 3 Qién of-afylac@tonitriles. Reagents and conditions: [Cp#s(2.5mol%), KOH
(15 mol%), alcohol (3 equiv), 180, MW, 14 haloohol used as solvent

Williams and ceworkers have reported the alkylation of several activated methylene compounds
using Ru(Phs)s(CO)H/Xantphos as the cataly§f The majority of the examples feature the
alkylation of ketonitrile substrates, which underwent the oxidatidnoevenageteduction
process with several benzylic and aliphatic alcohols to provide the corresponiitylgted
products. In a representative ample, ketonitrile123 could be alkylated with benzyl alcohol in
78% vyield. In addition, dibenzyl malondt24 could be alkylated in 78% yield, cyanoest&bin

73% vyield and sulfon&26in a moderate 45% yiel&theme1.28).

R, i. Ru(PPhs)3(CO)H Ry
. 3/3 2
" + P oH Ph/\/

R XantPhos (131) R ‘ O
Ry = COtBu, Ry = CN 123 Rq = COBu, R, = CN 127, 78% o
Rl =Ry = CiOan 121425 Ry =R, = CO,Bn 128, 78%? . PPh, PPh,
R1=CN, Ry = COzEt Rq=CN, Ry = CO,Et 129, 73% XantPhos (131)
Rq=PhSO,, R, = COPh 126 R1 = PhSO,, Ry = COPh 130, 45%°

Schemel.282 Af t Al YaQ lfleflGA2y 2F I OGAQGFGSR YSiGKetSyS
Ru(PP3(CO)H (0.5 mol%), XantPhos (0.5 mol%), piperidiniuntatee(5 mol%), PhMe, 11T, 4 h,
2using Ru(PRJs(CO)H (5 mol%), XantPhos (5 mol%), piperidinium acetate (25 mol%),"a4simg
Ru(PP$)3(CO)H (2 mol%), XantPhos (2 mol%), piperidinium acetateniaBso)
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Ishii and ceworkers were able to apply theidod)IrCl/PPh; systemto a similar set of activated

methylene substrate&X Choosing to optimise their system on butyl cyanoacetate, many of the
examples demonstrate the alkylation of this methylene compound with both aliphatic and
benzylic alcoholsi@2 2R (2 SEOSttSyid eAStRad 2KSNBIA 2Af
acetate to catalyse the condensation step, the procedure from Ishiicardorkers required no

additive for the majority of the transformations. Alkylation of dibutyl malonag, however,

required the addition of GEQ. In examples showing the alkylation of a variety of activated
methylene substrates, ethylcyanoacetate?f) could be alkylated with -butanol in 75% yield,

ketonitrile 133in 66% yield and dibutyl malonat&34) in 80% yield $chemel.29).

Ry i. [(cod)IrCl], Ry
"+ P oH Ph/\/

R1 R1
R1 = CO2Et, R2 =CN 125 R1 = COzEt, R2 =CN 129, 75%
R{=COPh R, =CN 133 R;=COPh R, = CN 135, 66%
R, =R, = CO,Bu 134 Ry = R, = CO,Bu 136, 80%*

Schemel.29L & KA A Q& | f 1ed methiilén@ gbmpduhds| Réadgéntd knd conditions: [(cod)IrCl]
(5mol%), PPH(20 mol%), alcohol (2 equisxylene, 130°C, 15 h2using dibutyl malonatel34)
(4 equiv), [(cod)IrCH](5 mol%), dppe (10 mol%),2CS

With some optimisation to incorporate diols as alkylating agents for butyl cyanoacetate, Ishii and
coworkers were able to use their methodologgand apply it to the synthesis of
cyclopentadecanolide (CPDL), also known as synthetic Buslsing [(cod)Ir([/PPh, butyl
cyanoacetatel 37 could be reacted with didl38to afford theh -branched compound39in 72%

yield. Subjection af39to KOH irethylene glycol led to formation of hydroxy adidiOwhich could

be cyclised to form CPD144) in 30% yield ugid h { S NJ (@42) (SChiertiel. 30)& &
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O
1) iii. Otera's o
i. [(cod)IrCl], ii. KOH catalyst 142
NC _ T _ E——
\)J\OB HO 13 ethylene HO 43 OH
137 HO 130“ glycol 140, 72%
138 139, 72%

[Otera's catalyst 142: [{CI(CGF13CH2-CH2)SnOSn(CHZCHZCGF13)ZCI}2]2] 141, 30%

Schemel.30L a Ksgnthé€si of CPDia alkylation of butyl cyanoacetate using a diol. Reagents and
conditions: (i) [(cod)IrCG[5 mol%), PPH20 mol%), diol (3 equiv), dioxane, 120 20 h, (ii) KOH (4 equiv),
ethylene glycol, 200/ = ¢ K3 0O A A MD(10mal%)Nderfluarohéxaeldecan@, 450C, 5 h

Another interesting report came from Li and-emrkers where they successfully employed a
[(cod)RhCHPPh system in the alkylation of arylacetonitriles with primary alcohols using
microwave irradiatior®® Unlike the method repaed by Grigg and eworkers (discussed above),
the products resulting from the reaction wefealkylated arylacetamides. The authors propose
that after initial alkylation of the arylacetonitriles with primary alcohols, the water generated from
the Knoevengel condensation step leads to hydrolysis of the nitrile groups and therefore results
in aryhacetamides as the products. A range of arylacetontriles featuring both eleptionand
electronrich aromatic rings could be tolerated in the procedure. The sasjth respect to the
alcohols included both aliphatic and benzylic alcohols, resultingad gmexcellent yields of the
products. In a representative example phenylacetonitr8)(could be alkylated with benzyl
alcohol, presumablyvia the alkylated aylacetonitrile speciesl44, to the "-benzylated
arylacetamidel45in 90% yield$chemel.31). When the reaction was conducted in the presence
of 4A molecular sieves, the alkylated arylacetonitrile compoldiand arylacetamidd45were
formed ina reversel 93:7 ratio, indicating that wategenerated by the reaction may indeed be of

importance for the hydrolysis of the nitrile.
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via o
Ph_ _CN
i. [(cod)RhCI], Ph
Ph™ >CN + Ph” “OH NH,
23 21 Ph
144 Ph

145, 90%

Schemel.31[ A Q-catalyskEd alkylation of arylacetonitriles to fofalkylated aylacetamides. Reagents
and conditions: (i) [(cod)Rhe&(lL mol%), PPH(10 mol%), KOH (40 mol%), BnOH (1.1 eqsanyl
alcohol, MW, 130C, 2 h

In a key recent publication by Huaagd coeworkers, theh -alkylation of unactivated esters with

primary alcdols was reported using an iridium/NCP pincer comdldé24 Interestingly, the

alkylation of methylenetbutyl esters to formh-branched esters was demonstrated (four
examples), asxemplified by the alkylation of estéd6using benzyl alcohab afford 147in 73%

yield (Schemel.32a). The majority of examples reported, however, involved 'thalkylation of

lactones, such as lactorigl8with benzyl alcohol§chemel.32b). The scopevith respect to the

alcohols was predominantly limited to benzylic alolsh (three examples of alkyl alcohols
reported). Notably, acyclic-branched products were only formed frothutyl esters, with other
SAGSNB FFTF2NRAY I Wi Atywvash itdrestingN® rivtdzdhat 3he reaction is RRA G A
conducted at 60°C, whit is on the low end of the scale for hydrogen borrowing alkylation

reactions.

(a) formation of an acyclic a-branched ester

0
0
i [r] 149
Bu B+ Ph”OH _ tBuO)k[nBu

146 21 147, 73% “Ph o Q
(b) formation of an a-branched lactone Z N\/Ir/P(tBU)z
0 Q H
ii(‘) + Ph/\OH i. [Ir] 1492 Ph (@) 149
21
148 148, 74%

Schemel.321 dzI y =&alysed &lldylation of unactivated esters to forabranched products. &agents
and conditions: (i) [Ir149(0.5 mol%), KBu (1.5 equiv), ester (1.2 equiv), toluene,°&) 12 ha[lr] 149
(2mol%), LiEBu (2equiv) instead of KtBu
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1.4 Alkylation Reactions Using Secondary Alcohols

While the use of primary alcohols in alkylatioeactions has been widespread, the use of
secondary alcohols has been much more limited. Secondary alcohols have predominantly been
utilised in Guerbetype dimerisation processes, a methodology related to hydrogen borrowing
catalysis. In hydrogen borromg catalysis, the use of secondary alcohols has centred around the
N-alkylation of amines, Meterocyclisation reactions and the alkylati@f nitriles. Examples

pertaining to the use of secondary alcohols under these methodologies will be discussed below

1.4.1 Guerbettype Dimerisations

The Guerbet reaction, which was introduced previoustg¢e(Chapter 1.}, involves the
homodimerisation of prirary and secondary alcohols and has been known for more than a
century™ Typically conducted in the presence of mletkoxides and requiring elevated
temperatures, often exceeding 250 °C, hydrogen transfer leads to tlhebranched alcohols.
More recerly, many heterogenous and homogenous catalytic systems have been reported,
allowing the reaction to proceed at loweemperatures 109150 °C " The majority of the reports
concern either the homodimerisation of primary alcohols, or thalkylation of seondary
alcohols using primary alcohols (some examples of which are discus&ddter 1.3.1.2% In

what can be hought of as a dehydrogenative Guerbet reaction, the ketone can be isolated as the
major product as opposed to the branched alcohol that is typically isolated. Conceptually, two
molecules of alcohol are oxidised to produeeo equivalents & H,, one equivéent of which is
WNEB {0 dzNJ/ 8 Runsaiirkt&d kétahe, whereas the other is given off agd$. Examples of
heterogenous catalysts that can achieve this have been reported, though predominantly concern
the reaction of iphenylethanol vith primary alcohol$%5" Examples highlightea ithis section

use secondary alcohols as the alkylating agent using homogenous catalytic systems in

dehydrogenative couplings that furnish ketones as the major products.
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The first homogenous catalytic sgat for the homodimerisation of secondary alcohuis this
methodology was reported by Madsen and-workers, who were able to employ their
Rucatalysed protocol to furnish-branched ketone&® A wide range of secondary alcohols, both
benzylic and alipdtic were accommodated under the reaction conditions. For example, both the
dimerisation of iphenylethanol $4) anddimerisation of aliphatic secondary alcoli&@1resulted

in the corresponding -branched ketonesl53 and 154, both in 95% yields $chemel.33a).
Interestingly, when at least either one of the &d R substituents was not a methyl group (i.e.
both featured a longer chain alkyl group or an aromatic ergg atohol152), the reaction did not
proceed at all. Cycloalkanols readtunder the caditions but both cyclopentanol and
cyclohexanol resulted in mixtuseof h-monosubstituted andh,h-disubstituted products.
However, cycloheptandlL56) could react to givehte corresponding monoalkylated prodyds?)

in 70% yield$chemel.33b).

(a) homodimerisation of aliphatic and benzylic secondary alcohols

OH o Re N_ N
i. [Ru] 158 iPr— ~iPr
2x IR, _MRUTS T
R Ri R Ru,
Rz \CICI
R1 = n-C4H9, R2 =H 151 R1 = n-C4H9, R2 =H 153, 95%
R;=Ph, R, = H 54 R; =Ph, R, = H 154, 95% [Ru] 158
R1 = n-C3H7, R2 = CH3 152 R1 = n-CgH7, R2 = CH3 155, 0%
(b) homodimerisation of cycloheptanol
o} O
i. [Ru] 158
2 x S ——
156 157, 70%

Schemel.33a I R a S ycatdlysad ibmodimerisation of aliphatic and benzylic secondary alcohols.
Reayents and conditions: [RUB8 (2 mol%), PGHBE (2 mol%), KOH (1.1 eqiivoluene, 110C, 24 h

Gelman and cavorkers reported iridium and ruthenium based BE@JP pincer complexe$59
and 160 (Figure 1.2a) which were also able to catalyse the homodimation of secondary
alcohols, affordingj-branched ketones in excellenigjds®® A key limitation of this methodology,

however, was that the scope of the secondary alcohols was limited to the usghafiylethanols,
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containing both electrofrich andelectronpoor aromatic rings. For example;phenylethanol

could be homodirarised to give -branched ketonel54in 94%yield.

(a) Gelman and co-workers E (b) Saito and co-workers
OH E © nBu nBu ©

HO” co : PNe eN

— ' A\ 2
& | L . O

PhP R | Pdy(dba); '
P |

°C ¢ pp, 161K©)

160

Figurel.2 Homodimerisation of secondary alcolio¥ o6 0 DSf Yl y Q& ANARRAdDzY |y R NXzi
{FAdG2Qa LI ffFRAdZY OFGIFfeai

Saito and cavorkers reported aPd(dbay/ligand 161, NHCpincertype complex,(Figure 1.2h
which catalysed the homodimerisation of aladé, though they were only able to @ishonstrate
a single example pertaining to secondary alcohols. This involved the homodimerisation of

1-phenylethanol, affordingorresponding keton@54product in 70% yiel&§”

1.4.2 Alkylation of Amines Usiktydrogen Borrowing Catalysis

GN bond formatiorvia N-alkylation of amines using alcohols under hydrogen borrowing catalysis

conditions has garnered widespread attention since the seminal publications of the groups of

Grigg and Watanabe in 19814 and is perhaps one of the most extensively reportecageas of

hydrogen borrowing catalysis alongside the alkylation of ketdfi€Bhe mechanism is thought to

be analogous to the-alkylation of ketones, where the nucleophile is an amine instead efank

enolate. On condensation of an amine with an aldehyde or ketone (produncedu from the
2EARFGAZY 2F Ly |tO02K2f LINBOdNE 2 ND IR O KSe RSB BA y A v
to furnish the alkylated amine product. Much of the earliesriw predominantly focused on the

alkylation of amines using primary alcohols, though more recently, general methods for the

alkylation of both primary and secondary amines using seapnalcohols have been reported by

several groups and some examples highlighted below.

30



Introductiong Hydrogen Borrowing Alkylation Reactions of Alcohols

Fujita and ceworkers, who have published extensively in this area, reported an early example of
the alkylation of primary amines with cyclopentanol and cyclohekasing [Cp*IrG). as the
catalystl®? For example, aniline2g) couldbe alkylated with cyclohexanl63) to afford 164in

an excellent yieldf 92%(Schemel.34a).

In a later report, the authors were able to extend this methodology under a sligltttiified set
of conditions utilising [Cp*Irg}b to incorporate acyclic ssndary alcohols such d65 as the
alkylating agent® Secondary amines could also be accommodated under these conditicas. In
representative examplefenzylaming31) could be dkylated by acyclic alcoh@b5in 86% vyield

and dibutylamine 167) couldbe alkylated with cyclohexandl§3) in 88% yield§chemel.34b).

(a) alkylation of aniline with cyclohexanol

H
©/NH2 O/OH i. [Cp*IrCly], ©/N\©
25

163 164, 92%

(b) alkylation of primary and seconday amines with acyclic alcohol 165 and cyclohexanol

NH  + )oj L BoTrhls, Nj\n CeH
“~6'113
©/\ n'C6H13 ©/\H

31 165 166, 86%
H O/OH ii. [Cp*IrCl,]y Q
+ _rTF T el
N
nBu” “nBu N
b ~
167 163 nBu nBu
168, 88%

Schemel.34C dz2 A -Gata@s@dalkylsition of amines using secondary alcohols. Reagents and conditions:
() [Cp*IrCd]2 (2.5 mol%), KCQ (5 mol%), alcohol (1 equiv), toluene, 1710 17 h, (i) [Cp*Irek (3 mol%),
NaHC®(3 mol%), alcohol (1 equiv), toluene, 110 17 h

Beller and ceworkers reported a rutheniuntatalysed protocol for the alkylation of primary
amines with several secondary alcoh&fUtilising Re(CO). with either tri-o-tolylphosphinel71
or n-butyl-di-1-adamantylphosphine (also known aga@Xium AYL03, alkylaton of n-hexylamine
(169) using Iphenylethanol $4) could be achieved in 97% and 90% respectigipe¢mel.353).

In addition, several other alkyl and benzylic secondary alcohols could betaus#tbrd the
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N-alkylated amine in moderate to good yields.lida the protocol by Fujita and emorkers, this

procedure required a#%old excess of the secondary alcohol.

(a) Beller and co-workers

OH |
H N/\/nBU ¥ - Rus(CO)12 )\N/\/HBU
2

rIrBu
P
— = Ph
Ph ligand H P(o-tolyl)s @ \@
169 54  171or103 170, 97% or 90% 171 103

(a) Williams and co-workers

oH i. [Ru(p-cymene)Cl,], L
e e oo

DPEphos (175)

20 R = nPr 172 R = nPr 173, 72% PPh,  PPhy
R = Ph 54 R = Ph 174, 35% 175

Schemel.35 Alkylation of amines using secondary alcohols: GfE S-RR &l w8id SR LINR G202t 000
Rucatalysed protocol. Reagents and conditionsR(ECOQ12 (2 moPs), ligand (6 mol%), alcohol (5 equiv),
toluene, 110°C, 24 h (ii) [Rpécymene)Cl2 (2.5 mol%), DPEphosit®l%), alcohol (1.2 equiv), xylene,
150°C, 24 h

The group of Wililams also demonstrated the use of another ruthenium catalyst,
[Rufp-cymene)Cl. with DPEpho$175), which was effective at catalysing the alkylation of several
secondary amines using secondary alcoK®l3he scope was rafively limited and an elevated
temperature of 150°C was required for the reaction to proceedliphatic secondary alcohols
generally provided higher yields than the benzyhghkenylethanol $4), which was found to be
the least reactive under their sef @onditions. For example, pentghol (172) could be used to
alkylate pyrrolidine Z0) to afford 173in 72% yield, whereas alkylation withphenylethanol(54)

resulted in anuchlower 35% yield of the correspondingdikylated aminel 74 (Schemel.35b).

Apalladium based catalyst, Pdl@ppe, was also found to be effective at catalysing the alkyhati
of primary and secondary amines by Seayad anaiadkers under a solverfree protocol®® An
interesting example demonstrated the alkylation ea&inopyrdine (L77) using Iphenylethanol
(54) to afford the Nalkylated aminel78in 70% yield$chemel.36). However, lengthy reaction
times of 48 h and elevated temperatures of 1BBO °C were required to achieve the desired

alkylation reactions.
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N NH; OH
U * Ph)\ R, U T PP pp,
dppe (179) 179
177 54 178, 70%

Schemel.36{ S| & I Raabysed afkylation of amines using secondary alcohols. Reagents and
conditions: (i) Pd€(2 mol%), dppe (2 mol%), LiOH (20 mol%), alcohol (3 equiv)C138h

Although only intermolecular examples of amirN-alkylation using secondary alcohols is
described here, there are several intramolecular examples that also involve the reaction of
secondary alcohol centres with amines and lead to the formation-bétdrocyclic ring systems.
Several groups, includirigat of Fujital®”-¢¢have published methodologies towards the formation

of such ring systems. A recent example comes from Takacs awdrkers who reported the
intramolecular cyclisations of aminoalcohotlipls and diamines leading to the formation of

heterocyclic ring systems using a ruthenium catdfykt.

(a) intramolecular N-alkylation with a secondary alcohol

Ph
Ph_ Ph i [Ru] 184 Ph @ o
NH, — NH cl
"o Ph,P
180 181, 87% 2|
O
(b) double N-alkylation using a diol CI—Rlu—N\)
cym =
Ph
i. [Ru] 184 184
Bn—NH, 4+ N—Bn
183, 69%

Schemel.37¢ | | I Geat&lysesl grotocol for the formation of-Neterocyclic rings. Reagents and
conditions: (i) Ru]184 (2 mol%), K@u (50 mol%), toluene, 1TC, 24 h

For example, amino alcohdBO0 could undergo intramolecular-8 bond formation under the
reaction conditions to afford the corresponding pyrrolidib&lin 87% yield$chemel.37a). In
addition, benglamine could also be reacted under the same protocol with a diol containing a
secondary alcohol centr¢l82) which led to Nheterocyclic compoundl83 in 69% vyield

(Schemel.37b).
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1.4.3 Alkylation of Nitriles Usirtdydrogen Borrowing Catalysis

Several examples for the alkylation of nitrile compounds with primary alcohols have previously
been discussed (se€hapter 1.3.2 In comparison to primary alcohols, the use of secondary

alcohols to alkylate nitrile compounds hydrogen borrowing catalys has been very limited.

A key contribution to the area came from Obora andnaarkers who reported the alkylation of
acetonitrile with several secondary alcohols using [Ir(OH)(g¢&Ph.'® The scope of the
secondary aldaols included both benzylicnd aliphatic alcohols, as well as cyclohexanol. In
representative examples, acetonitrile could be alkylated withkheanol (151) and
1-phenylethanol %4) in 76% and 69% vyields respectiveBci{eme1.38). Interestingly, the
condtions utilise acetonitrileni a 10fold excess, with the alcohol being set as the limiting reagent.

OH i, [Ir(OH)(cod)],
MeCN + R)\ —— RJVCN

185 R = nBu 151 R = nBu 186, 76%
R = Ph 54 R = Ph 187, 69%2

Schemel.38h 0 2 NJca@adyset MKylation of acetonitrile using secangalcohols. Reagents and
conditions: (i) [Ir(OH)(co®]10 mol%), PR{40 mol%), KBu (20 mol%), MeCN (10 equiv),-tlidxane,
130°C, 24 Kusing K@Bu (30mol%), 48 h

Another report, from Cossy and ®eorkers, investigated the feasibility of an iamolecular
alkylation reaction of hydroxynitrild! Using either [Cp*Irglk or [(cod)IrCH under microwave
irradiation they found that a range of hydroxynitriles coulddergo cyclisation to give the
corresponding bicyclic product, although most oé tleactions involved a primary alcohol centre.
In the only example of the cyclisation of a secondary alcohol centre, hydroxya@@léed to
bicyclic productl89 in 65% or67% vyield using either [Cp*lezl or [(cod)IrCH respectively

(Schemel.39). Theproduct was isolated as a thermodynamic mixture in a 9@df@s.cisratio.
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e CN CN
i. [Cp*IrCl5),
¢N or \\\F’h Ph
©\) ii. [(cod)IrCl],
_—
Ph o] o
oY _
OH trans-189 cis-189
188 90 : 10 dur.

i. 65%, ii. 67%

Schemel.39Cosi & Qcatalysédlintramolecular alkylation of hydoxynitriles. Reagents and donslit(i)
[Cp*IrCt]2 (2.5 mol%), GEQ (20 mol%), 1,4ioxane, 110C, MW, 15 h, (ii) [(cod)Ir€(R.5 mol%), PRh
(10 mol%), CE€Q (20 mol%), 1,4ioxane, 110C, MW, 15 h

1.5 Project Aims

Having explored the use of primary alcohols as alkylating agemgdrogen borrowing catalysis

it was apparent that the formation of acycliebranched products from methylene ketones was a
difficult transformation, with only a very limited number of ewplesreported. An exception was
methanol, which appeared to be iquely placed to formt -branched products. Several general
methods using it to fornh -branched products had been reported, including protocols developed

within the Donohoe group.

In additian, it was noted that despite several examples pertaining to tleeaisecondary alcohols
in hydrogen borrowing alkylation reactions of amines and nitriles, their use in ketone alkylation

was generally limited to Guerbéype homodimerisation reactions.

We envisaged that in developing a general hydrogen borrowing &itlyl@rotocol to address
these issues, value could be added by allowing access to motifs which currentyupeliethe
use of stoichiometric amount of toxicreagents for their syntheses. Inihregard, our aims for the

project were to:

1. Investigate thepossibility of a mild and general protocol for the alkylation of ketones using
long chain alcohols to forfh-branched ketone products, whilst keeping synthetic utility
of the products in mind.

2. BExwlore the scope of the methodology with respect to the kez@s well as the alcohol.
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3. Consider how the methodology could be extended to incorporate secondary alcohols as

alkylating reagents.
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Chapter 2: Results & Discussigrt -Branched Products Using Primary
Alcohols

2.1 Introduction

As illustrated irChapter 1 hydrogen borrowng methodologies for the alkylation of ketones have
steadily evolved in recent years. Despite strides forward, it is clear that the majority of the existing
methodologies are limited to the monoalkylation of metisylbstituted ketones(191) with
primaryatoK 2 f & (2 LINE R dzQO193(Selfiemes/ 251 INEDNtradN. Bhdndatoél&ylation

of methylene ketone$194) to form h-branched products remains relatively underdeveloped. A
key exception, highlighted in the previous discussion, tish -alkylation of ketones using
methanol to form branched productd95(Scheme2.1b).** The use of methanol as an alkylating
reagent isunique, as the aldehyde generated from its oxidation, formaldehyde, is small and highly
reactive.ln contrast, alehydes generated from higher alcohols are much less electrdphaicd

the resulting aldol adducf199) generated during the formation df-branched products are

thought to be more sterically encumbered, leading to an increase in saimefne 2.1

(a) typical product - a-alkylation of methyl substituted ketone

o) M] )
R1)J\ YR o T R 1)1\/\ R,
191 192 193

(b) special case - a-methylation with MeOH to form a-branched products

0 M] (0] - via QO
M
194 ¢ H” “OH
195 198

(c) difficult - a-branching with higher alcohols

via
o M] Q Q
MRy + RYOH ———— ¢ Rs | R Rs
R1 s ! )
Y
194 196 R, R,” “OH
197 199

Scheme2.1 Limitations in the formation of -branched poducts
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The strained adduct was hypothesised to facilitate a retidol process to relieve strain, as
opposed to an E1cB mechanism which would lead to the desired enone that could undergo

reduction to provide the desiretl-branched product.

(a) attempted a-benzylation: replacing MeOH with BnOH

i. [Cp*RhCl,],
o
)J\/nPr Ph” > OH 0 )OJ\
Ph nPr
Ph
48 )k[ PR H
Ph
200
(b) resubjection of aldol adducts to a-methylation conditions
O 48
O OH O OH ii. [Cp*RNClal, 0 M npr
- z MeOH nPr Ph
Ph Ph Ph Ph Ph
nPr nPr Me L
syn-201 anti-201 202, 61% O 201
nPr
(c) attempted a-benzylation: conditions developed by Ishii and coworkers PD
40 Ph
iii. [(cod)IrCI] %_
O OH 0O OH ( /l 2 0 H20
Ph)J\l/I\Ph ¥ Ph)kl/\Ph Ph)J\/nPr or
nPr nPr Ph |
syn-201 anti-201 48, 96% Ph

Scheme2.2 Previous failed attempts at benzylation to form branched products by Dr Darren Poole.
Reagents and conditions: (i) [Cp*Ri§EIB mol%), CGEQ (5 equiv), BnOH (0)2) 65100 °C,O/Ar, (ii)
[Cp*RhC2 (5 mol%), GEQ (5 equiv), MeOH (0.®1) 65°C, Q, (iii) [(cod)IrCH (1 mol%), PPH(4 mol%),
KOH (10 mol%), 2 equiv BnOH, 100Reactions conducted by Dr Darren Poole

Previous attempts by Dr Darren Pdéleto adapt theh -methylation conditions developed in the
Donohoe groufd¥ by replacing methanol with benzyl alcohol resulted only in the isolation of
unreacted starting materialt8, and benzaldehydeScheme 2.3). When the corresponding aldol
adducts,201, were synthesed independently and subjected to the developednethylation
conditions, it resulted only in the formation df-methylated product202 in 61% yield
(Scheme2.2b). Product202 was thought to be formed through initial retraldol reactions of

i -hydroxy keéones 201, followed by trapping of the resulting enolate with formaldehyde
(generated from the oxidation of methanol) to give the corresponding enone. Reduction of the

enone would afford"-methylated product202 Subjection of the aldol adduct£01, to
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benzylation conditions developed by Ishii and coworkéreesulted in a 96% yield of the ketone
48 (Scheme 2.2c These results suggest that the deprotonation of alco?@l followed by a
retro-aldol reaction is faster than the corresponding eliminatiomvater to give enon&03. This

pathway is presumably facilitated by a destabilising steric interaction in the aldol a¢fligt

We hypothesised that replacing the phenyl substituéR) on the parent ketone with a smaller,
less sterically demanding grpwould alleviate the strain in the aldol addy@04) and enable the

elimination of water to occur more readilfFigure2.1).

‘base
less sterically O f\
demanding \
/ -
Ph @H
205

alleviate sterlc
strain

Figure2.1 Stabilisation of aldol adduct by miaky R less sterically demanding

Taking these observations and thoughts into consideration we set out to explore and identify

potential substrates that fit this criterion and would allow us to test our hypothesis.

2.2 Substate Exploration: Ynones

Ynones(207) were identified as potential targets on which to begin testing our hypothesis
(Figure2.2). The alkyne motif, which has arvAlue of 0.5 kcalmol?, is sterically much smaller
than a phenyl group, with an-¥alue d 3.07° kcalmol* and we envisagd this smaller size would

provide the relief of steric strain required to allow the reaction to proceed forwards.

SO
R2 H
Z
3.0

A-value
ynone i (kcal/mol):  0.52
207 !

R

Figure2.2 Ynone structureand comparison to Ph group
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We baganby synthesising ynon211 (Scheme2.3) starting from the addition of terminal alkyne

208 into hydrocinnamaldehyde09 to give alcohol210. Initially we followed a protocol by
Aggarwal and cavorkers’®l, where the terminal alkyne was deprotonated usiigLLi atq78 °C,
followed by addition of the aldehyde at the same temperature. Unfortunately, under these
conditions, the reaction gave a complex mixture. We suspected this may be due to incomplete
deprotonation of the terminal alkyne af78°C. The proagurewas repeated but with the mixture

of nBuLi and terminal alkyr08warmed to¢40 °C for 30 minutes before reooling to¢78°C and
addition of hydrocinnamaldehyde. We were pleased to find that this ificadion resolved the

issue and the desired alcoh210 was isolated in 95% yield. Oxidatithof 210 with pyridinium

dichromate provided desired ynor&l1in 64% vyield.

13C 5= 187.3 ppm

P OH

0

s i. nBuLi ii. PDC \\

208 = PR = Ph
+ 3 3

95% 64%

o 210 211

u
T
>

209

Scheme2.3 Synthesis of ynon211 Reagents and calitions: (i) hydrocinnamaldehyd209 (1.1 equiv),
nBuLi (1.05 equiv), THE&,8 to¢40 to¢78°C, 1 h (ii) PDC (1.1 equiv),2CE 0°C, 16 h
Before attempting to develop an-alkylation protocol for ynon211with higher alcohols, we first

decided to try and methylate it under iridiuracatalysed methylation conditions previously

developed in the Donohoe groufy!

o i. [(cod)IrCl], (o)
MeOH
/{/\}\/J\/\Ph 4&» mph
3

3 Me
211 212

Scheme2.4 Attempted Ir-catalysed -methylation of ynone211 Reayents and conditions: (i) [(cod)Ir€l]
(1.0 mol%), PRHK{4.0 mol%), KOH (2 equiv), MeOH, €5°C, 1 h

On subjection of ynon211to these condition§Scheme2.4), consumption of starting material

occurred withn 1 h, as indicated by TLC analy€ispurification, however, it was clear that the
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desired methylation product had not been formed. Instead, single and double conjugat®add
products213and214were formed in 65% and 28% yield, respectiveig(re 2.3. TheEdouble
bond geometry of metbxy enone 213 was confirmed using an nOe observed between the

methoxy group andhe alkenyl proton.

13C §=177.0 ppm

'H & =3.16 ppm
"H § = 3.60 ppm \ )y O

< Meo OMe O
MeO ~" Ph
o 13C = 98.5 ppm PN Ph
nOe observed 4_\ 2 PP C 8 =102.0 ppm
'H & = 5.36 ppm
213, 65% 214, 28%

Figure2.3 Isolated products from attempts tb-methylate ynone211

Indeed, the conjugate addition of methoxide, which is generated under these conditions, into an
h i -unsaturated compound is well known ihe literaturel’”! A control reaction was conducted
whereby ynone€211was subjected to KOH and methanol, with the catabystited, at 65°C. This
returned the same conjugate addition products in an identical ratio to that observed under the

methylation caditions.

Assuming that the conjugate addition products would all be in equilibrium, we decided to
re-subject double conmjgate addition product214 to the methylation conditions for 48 h to

determine if any" -alkylation would occur§cheme 2.h

5 PR [MeO™ Ph . /H\/J\/\Ph
214 T T = 213 H T 3 211 T
methylation? methylation? methylation?
i. [(cod)IrCl], o) s O
MeOH “
= Ph , MeO Ph
3 H
211, 27% 213, 4%

Scheme2.5 Resubjection of double conjugate addition produ#t4to " -methylation conditions.
Reagents and conditions: (i) [(cod)IsC1].0 mol%), PR{4.0 mol%), KOH (2 equiv), MeOH, €5°C, 48 h
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Unfortunately, no methylation was observed. Instead yn@id and methoxy enone€13were
isolated in 27% and 4% yield, respectively, demonstrating 244t 213 and 214 are indeed,
interconvertible. With ynone211 proving to be troublesome under the reaction conditions, we
turned our attention towards the synthesis aterically bulkier ynone€17. Using the same
modified protocol, alcoho216 was synthesised in 88%, followed by a PDC aridaproviding
desired ynon€17in 60% yieldScheme 2.5

13C § = 187.5 ppm

OH o]
215 i nBuLi i. PDC
- = Ph > = Ph

88% 60% 217

N\

T
©]
+
N
Y
o

Ph
209

Scheme2.6 Synthesis of ynon217. Reagents and condition8) hydrocinnamaldehyd209 (1.1 equiv),
nBuLi (1.1 egiv), THF¢78 toc40 tog78°C, 1 h, 95%, (ii) PDC (1.1 equivpGEHD°C, 16 h

We hoped that the introduction of aulky tert-butyl group would act as a steric shield for the

conjugate addition reaction and provide a greater windowhfemethylation to occur.

o i. [(cod)IrCI], o] 5 OMe O
MeOH '
= Ph e~ = Ph = Ph
Me '
217 218 E 219 OMe

Scheme2.7 Attempted Ircatalysedh -methylation of ynone217. Reagents and conditions: (i) [(cod)IsClI]
(1.0 mol%), PRH4.0 mol%), KOH (2 equiv), @H, Q, 65°C, 48 h

Despite the increased steric bulk, subjection of ynaaéto the methylation conditions lead to a
complexmixture and no observation df-alkylated compoun@18. *H NMRanalysis of the crude
materialrevealed trace amounts of compou2d 9, but despite multiple purification attempts this

could not be isolated or fully characterised.

It wasclear from these radts that the alkyne functionalityvas not well tolerated under the

reaction conditions, and therefore these substratesrenot pursued further.
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2.3 Substrate Exploration: Cyclopropyl Ketones

Cyclopropyl ketones have previously been alkylatechydrogen borowing catalysis to form -

branched products using methanol in the Donohoe gifupAlthough an Aralue has not been

measured for a cyclopropane ring, we assumed the value would be related to, and possibly slightly

smaller, than the Aralue of the isoprpyl group which is 2.18! kcalmol. This value is smaller

than that for the phenyl group of 3 kcalmol'® 2 S KeLR(IKSaiAaSR (KS way
cyclopropane group may facilitate alkylation with higher alcohols. In addition, we hoped the

unique readtivity of cyclopropyketones would offer a synthetic handle for further derivatisation.

2.3.1 Reactivity

The reactivity of cyclopropane rings has been likened to that of a C=C double bond due to
similarities in their behaviourf®! Cyclopropanes are able to uadjo many of the same
transformations, such as, catalytic hydrogenations. Cyclopropanes feature a type of strain called
smallangle strainwhich arises as the angles within the ring are forced to be smaller than those
that would typically be expected fromsgp® hybridised cabon atom with normal orbital overlap.

A consequence of this strain is that cyclopropanes are cleaved more easilwiiaanvould be
expected for the corresponding alkane. Unlike a normal carbon atom which typically features four
approximately equabp’® hybridised bonds, the bonds in a cyclopropane carbon atom are not
equal. The bonds directed outside the ring feature esrcharacter and tend towardsp?
hybridisation, whereas those directed into the ring feature mpreharacter. As the preferred

bond angé for p orbitals is 90 rather than 109.5°, the highgr character relieves some of the
strain in the cyclopropaneng. Whereas the overlap sf? hybridised bonds in normatC bonds

occur in such a way that the electron density is distributed symmdiriaeound an axis between

the two bonded nuclei, in cyclopropanes, the electron density is directed outwards, ¢eémlin
WoSy il Moarg R4a® & KS OKENFOGSNI 2F (KS&S o62yR& A& &3

allows them to behave similar to doublehas!”® Conjugation between an adjacensystem and
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the p-like orbitals of the cyclopropane ring therefore posdile andis greatest in the

configurations depictedRigure 2.4p.7°2%

(a) orbital overlap in cyclopropanes - E (b) conjugation with adjacent r-system
arrows point towards centre of '
electron density : Ry Ry

R R

1 2
alkene \/J/\ ;> g
(0]
(o)
carbonyl /J\ §> g@

Figure2.4 Bonding in cyclopropanes and conjugation with adjacent systems

The effects of this conjugation can be seen in the spectroscopic properties of molecules.
Spectroscopic data of structurally similar keto®&s90, 220and55 suggess that the conjugation
in cyclopropyl keton®0 may sit somewhere between that of eno220% or aromatic ketone

552 and isopropyl keton85% (Figure 25).

C=0 IR stretch: C=0 IR stretch: C=0 IR stretch: C=0 IR stretch:

1711 cm™ \O 1696 cm™' \O 1695 cm™! \O 1680 cm™" \O
\)J\/\
Ph Ph Ph Ph
95 90 / 220 / 55

13C5= 13CS= 1308= 13C5=
213.7 ppm 210.0 ppm 199.7 ppm 199.0 ppm

Figure2.5 A comparison of the C=0 IR stretch &#@ chemical shiftG=0) of compound85, 90, 220and
55

Analysis of IR spectroscopy data shows that cyclopropyl ked@nexhibits a C=0 stretch at
1696cmt, lower than the corresponding peak for isopropytdae 95 (1711 cnit) and similar to

that of enone220(1695 cn') and aromatic keton&5 (1680 cn%'). This suggests that a degree of
conjugation may certainly exist between the cyclopropyl moiety and the carbonyl group,
weakening the C=0 bond and hence lowgthe wavenumber at which the C=0 stretch appears.

Further evidence for conjugation is provided B NMR data, where the=0 peak for cyclopropy!
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ketone90appears at 210.0 ppm, whereas for isopropyl ket®hét appears at 213.7 ppm. Much
like enone220(199.7 ppm) and aromatic ketorb (199.0 ppm), a lower cmeical shift indicates

a more shielded carbon, which would be expected from a delocalised system.

The implication of conjugation on the ability of cyclopropyl ketones to undergo alkylaigon

hydrogen borrowing catalysis could therefore be tfadd. Firsty, the ketone may be less

susceptible to overeduction to the corresponding alcohol. Secondly, as discussed earlier, the

OB Of 2LINRLIRE 3ANRdzZLI Aa NBE I (A Qsdiswoud alliate st 6 KA OK =
strain in the aldol adduct and féitate elimination over a retrealdol reaction. Furthermore,

cyclopropanes hold the potential to be derivatised through a plethora ofap®ning reactions

and would serve as a valuable fuioctal handle postalkylation.

2.3.2 Lead Results
Cyclopropyl methyketone 89 and cyclopropyl keton80 have been used in hydrogen borrowing

alkylation reactions previously to form linear produ®0 and h-branched product223

(Schemel.g).*4

o

: Ph .
i. [(cod]IrCl], W ii. [Cp*RhCly] 0
0 212
% phon 20T meon
—_— >

— > Ph
89

Me
223, 81%

Scheme2.8 Formation of debenzylated ketor22as a byproduct. Reagents and conditions:
() [(cod)IrCl} (1 mol%), PPH4 mol%), KOH (10 mol%), BnOH (2 equiv), Ar;@00 h,
(i) [Cp*RICE]2 (5 mol%), C£L£AQ (5 equiv), MeOH (0.®1), &, 65°C, 48 hReactions conducted by Dr Di
Shen

Interestingly, when step (i) was carried out using-fald excess of benzyl alcohol by Dr Di Shen,
debenzylated produc22was isolated in 8% vyiel#f! It was hypothesised that thig -branched

product was formed from two subsequent hydrogen borrowing alkylation reactions starting from
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cyclopropyl methyl keton®9. This was a promising sign that cyclopropyl ketones could indeed
form branched products usirigngchain primaryalcohols. With this restin hand, we set out to

optimise the reaction parameters.

2.3.3 Optimisation

3¢ §=76.2 ppm 3¢ §=210.0 ppm
o} OH 0
. |> MaBr . TEMPO/ &
—_—
209 63% 224 93% 20

Scheme2.9 Synthesis of cyclopropyl ketor®®. Reagents andonditions: (i) cyclopropyl magnesium
bromide (1.2 equiv), THE78°C to RT, 24 h, (i) TEMPO (10 mol%), BAIB (1.1 equi€p, G, 4%

Cyclopropyl keton®0 was chosen as the model substrate on which to begin our optimisation.
The synhesis began uwh Grignard addition of cyclopropyl magnesium bromide into
hydrocinnamaldehyd€209) affording cyclopropyl alcohd24 in 63% vyield $cheme 2.8 The
alcohol was then oxidised using a TEMPO/B#tBocol® to the provide desired cyclopropyl

ketone90in 93%yield.

The decision was made to begin the optimisation using benzyl alcohol. This was based on the
positive lead result discussed earlier (S8bhapter 2.3.2 where debenzylated keton222 was
isolated in small quantities following @nalkylation reaction of cyclopropyl methyl ketone using
benzyl alcohol. Pleasingly, under a starting set of conditiasiag [(cod)IrCiJas the catalyst with

(+)-BINAP as the ligand, desireeébranched keton€22was formed in 12% yietdScheme2.10).

* Conditions obtained from Choon Boon Cheong.
“Despite several attempt&etone222, enone225and starting materia®0 could not be separated
cleanly. As a result, the ratios were assessettHblMR
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Hs= .
"H5=323-3.12ppm  7.89 ppm H3=
4.02 ppm
o) i. [(cod)IrCl], o
o 0
—_— +
Ph

90
222, 10% 225, 6% 224

+ 39% recovered starting material (RSM)

Scheme2.10 Initial attempt at the alkylation of cyclopropyl keto®®. Reagents and conditions:
(i) [(cod)IrCl} (2 mol%), £)-BINAP (3 mol%), KOH (3 equiv), BnOH (5 e@&%, Ar, 48 h

Also formed in the reaction was eno2@5in 6% yield and 1;Beduction product224. Starting
ketone90was also recovered in a 39% yield. Building on these conditions, we initially decided to
look at amount of bidentate phosphine ligard)-BINAPUnfortunately, changing the loading of
(£)BINAP had little to no effect on the distribution of products in the reaction, within

experimental error Table 2.).

[(cod)IrCl], (2 mol%)
(+)-BINAP (X mol%) OO
O KOH (3 equiv) 0 (0] PPh,
BnOH (5 equiv) PPh,
o SANsle®
90 65°C, Ar, 48 h 222 “Ph 225 "Ph

(+)-BINAP

Entry BINAP (mol%) 222(%)} 225(%)F RSM (%)
1 2 11 5 41
2 3 10 6 39
3 4 12 7 47
4 6 9 5 44
5 8 9 6 43

Table2.1 Screen of varying mol% af){BINAP?3yields based ofH NMR analysis

We therefore decided to proceed with 4 mol%tbé bidentate ligandpreserving the 1:2 ratio of

iridium to phosphine utilised previously in the Donohoe group in hydrogen borrowing catéiysis.

" Could not be separatl from benzyl alcohol but was idtfied by*H and**C NMR.
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Next, we focused our attention on varying the phosphinenarhe bite angle of diphosphine
ligands is known to have an effaat the catalytic activity of metal complex&stherefore a range

of bite angle8” were covered when selecting ligands to screligire 26).

bite PPh PPh
angle PPh, OO PPh2 PPha ? ?
I S ’
) LI
Al
M

bite angle: 83° 92° 102° 111°

dppbenz (+)-BINAP DPEPhos XantPhos

Figure2.6 Bidentate phospme ligands and their bite angles

Disappointingly, changing the phosphine ligand offered no improvement on the yield of branched
ketone 222 Notably, XantPhos and the monodentate triphgahdsphine provided a slightly
decreased yield of the desired ketofleale 2.2, Entry 4 and), whereas dppbenzi[-BINAP and
DPEPhos were almost indistinguishable, within experimental eemtries 13). The decision was

made to proceed with)-BINAP.

[(cod)IrCl], (2 mol%)
ligand (4 mol%)
KOH (3 equiv)

o] o) o)
BnOH (5 equiv)
65 °C, Ar, 48 h * |
20 » Ah 222 “Ph 225 " Ph

Entry Ligand 222 (%)p 225(%F RSM(%}
1 dppbenz 12 4 38
2 (1)-BINAP 12 7 47
3 DPEPhos 12 8 47
4 XantPhos 6 12 35
5 PPh 7 8 42

Table2.2 Phosphine ligand screetyields based ofH NMR analysis

Having looked at both the loading andpty of phosphine ligand, we turned our focus to the
stoichiometry of benzyl alcohol.owering the amount of benzyl alcohol to 2 equivalents

(Table2.3, Entryl) had a negligible effect on the distribution of products, though it is important
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to note that thee was difficulty in getting the reaction mixture to stir uniformly under magnetic

stirring, most likely due to the small amount of solvent available.

[(cod)IrCl], (2 mol%)
()-BINAP (4 mol%)
KOH (3 equiv)

m ey m
65 °C, Ar, 48 h 225 " Ph

Entry BnOH (equiv){ 222(%} 225(%F RSM (%)
1 2 11 4 38
2 5 12 7 47
3 10 6 10 48
4 25 4 6 67

Table2.3 Screen of benzyl alcohol equivalerftgelds based ofH NMR analysis

Using 10 equivalents of benzyl alcotan{ry 3 did little to improve the yield of the desired kate
and diluting the reaction further with 25 equivalent&ntry 4 seemed to hindeit, with 67%
recovered starting material. Due to the physical issues encountered when using 2 equivalents, we

decided to move forward and keep the stoichiometry of bemtybhol at 5 equivalents.

Aware that a temperature of 6& was on the lower end of ¢hscale for hydrogen borrowing
catalysis, with reactions typically carried out at temperatures over°@)@ve decided to explore
this parameter nextWe were pleased tairid the increasing the temperature to 8& provided

desired ketone222in 41% yieldalthough 8% of enong25was still present as well as 20% RSM.

[(cod)IrCl], (2 mol%)
(+)-BINAP (4 mol%)
KOH (3 equiv)

o} o) o)
BnOH (5 equiv)
Temp, Ar, 48 h * |
920 emp, Ar, 222 “Ph 225 "Ph

Entry Temp(C) | 222(%} 225(%)} RSM (%)
1 65 12 7 47
2 85 41 8 20
3 105 740 - -

Table2.4 Temperature screerfyields based ofH NMR analysigjsolated yield
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Gratifyingly, when the temperature was increased to 205ketone222 could beisolated cleanly

in 74% yield, witmo enone or starting material observed.

With this result in hand, we wanted to investigate whether the stoichiometry and type of base, as
well as the loading and type of catalyst were optimal for this reaction. Werblegéooking at the

stoichiometry ofKOH.

[(cod)IrCl], (2 mol%)
(£)-BINAP (4 mol%
KOH (X equiv)

)
o] o) o)
BnOH (5 equiv)
105 °C, Ar, 48 h * |
20 » AR 222 “Ph 225 "Ph

Entry KOH (equiv) | 222(%} 225(%) RSM (%)
1 1 20 10 48
2 2 71 6 2
3 3 740 - -
4 5 57 4 13

Table2.5 Screen of equivalents of KORyields based ofH NMR analyis, "isolated yield

The use of 1 equivalent of KOH appeared to hinder the reaction significantly, with only 20% of
desired ketone222formed and 48% RSMdble 2.5, Entry 1 Moving up to 2 equilents of KOH

fared much betterresulting ina 71%yield of desired ketone222 (Entry 2, almost comparable to

the distribution achieved using 3 equivalents of K&Htiy 3. Increasing the loading of KOH
further still to 5 equivalents did not provide any further improvement, but was instead
detrimental, with the y&ld ofh -branched ketone222lowered to 57%. Due to small amounts of
enone225and traces of starting materiedcovered when using 2 equivalents of KOH, the decision
was made to continue to use 3 equivalents to ensure the reaction would consistentlyeprtze

completion.
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[(cod)IrCI]2 (2 mol%)
)-BINAP (4 mol%)
base (3 equiv)

m . m m m
105 °C, Ar, 48 h 225 "Ph

Entry Base 222(%} 225(%)} RSM (%)
1 KOH 740 - -
2¢ NaOMe 20 - -
3 KCQ - - 94
4 KQBu 50° - -

Table2.6 A brief look at other basedyields basd on*HNMR analysigjsolated yield°methylated ketone
223also formed in 34% yield

Next, we briefly explored other bases to determine whether the use of KOH was optimal.
Interestingly, as well at 20% of desired keto222, 34% of methylated keton223 was also
formed when NaOMe was usedldble 2.6, Entry 2 Thé is perhaps not so surprising, @son
protonationNaOMe would generate methanol. Methanol can then enter the hydrogen borrowing
catalytic cycle, leading to the formation of methylated keto223. The use of milder, KQ
(Entry3), lead to no observed eetion with 94% RSM. We suspected this may be due to its
inability to form the enolate efficiently, as well as difficultly in completing the required E1cB
elimination to form the enone. KtBu gae a moderate yield of 50%/try 4, with no enone or

starting material observed. It was clear that KOH was the optimal base out of those screened.

[(cod)IrCl], (X mol%)
(+)-BINAP (2X mol%)
KOH (3 equiv)

o] o) o)
BnOH (5 equiv)
105 °C, Ar, 48 h * |
20 » AR 222 “Ph 225 "Ph

Entry Catalyst (mol%) | 222(%)} 225(%)f) RSM (%)
1 1 58 11 6
2 2 74 - -
3 4 82» - -
4 8 84° - -
Table2.7 Screen of catalyst mol%yields based ofH NMR analysi@jsolated yield‘metalto ligandratio,
1:2
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We then turned our attention to the loading of catalyst in thacdon, keeping the ratio dafidium

to phosphine at 1:2 in all cases. Unfortunately, lowering the catalyst loading to 1 mol%
(Table2.7,Entry 1) lead to a corresponding drop in yield of desired ket@@@to 58%, with 11%
enone225and 6% RSM. Althoughcreasing the catalyst loadjrto 4 mol%£Entry 3 and 8 mol%
(Entry 4 lead to reasonable increases in the yield, with prod2@2 isolated in 82% and 84%
respectively, the increase was deemed too little to warrant an increased loading of [(ced)IrCl]

Wetherefore decided to proceedith 2 mol% of the catalyst.

Finally we decided tcexploreother catalysts previously investigated in the Donohoe gfGaf,
focusing on those which did not necessarily require additional ligand to be added. Pleasingly,
[@p*IrChL]. gaveh-benzylated ktone 222 in 73% vyield Table 2.8, Entr®). Switching to the
rhodium analogueof the catalyst(Entry 4, the reaction also proceeded to completion, but
afforded aslightly lower64% yield of desired keton222. In addition we were pleaseda find

that reducing the reaction time from 48 h to 24 h led to no loss in ytetdry 3.

Based on the final round of optimisation, we decidedattopt [IrCp*C}]. as the catalystas
although it gave a similar yield to [(cod)IBJNAP, the eliminatin of the need to add a ligand
to the reaction was preferred. Furthermore, the decision was made to reduce the reaction time

from 48h to 24 h.

catalyst (2 mol%)
KOH (3 equiv)

m BnOH (5 equiv)
105 °C, Ar, 48 h

Entry Catalyst (ligand) | 222 (%)

1 | [(cod)IrCl (BINAP)  74°
2 [Cp*IrCH] 73
3? [Cp*IrCl)2 73
4 [CP*RNhC. 64

Table2.8 A brief look at other catalyst&4 h,Pisolated yield
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2.3.4 Control Experiments

With the optimised conditions for the alkylation of ketones with higher alcoholgotm h -
branched products in hand, it was important to carry out a series of control reactions to provide
further insight into the reaction. Although the optimised conditsowere developed under an
atmosphere of argon, thé -methylation chemistry reported by th Donohoe grouf**% was
conducted under an atmosphere ob.QAn atmosphere of Qwas beneficial and provided higher
yields ofh -methylated ketones when compared &m atmosphere of argon. To test whether our
optimised conditions where susceptible to asych effect, a reaction under an atmosphere af O

was conductedfcheme 2.11

o 0 0
i [Cp*IrCI2]2
+ | + 24% RSM
0,
20 Ph Ph

222 21% 225, 22%

Scheme2.11 Subjection of keton®0to the optimised condition under an atmosphere of Re@ents
and conditions: [Cp*Ir¢lk (2 mol%), KOH (3 equiv), BnOH (5 equiv),"00%, 24 h.

The yield ofh-benzylated ketone222 was reduced to 21% under,Gshowing the atmosphere
switch was detrimental to the reaction, having no beneficial effect as it had done previously.
Interestingly, enone225 was formed in an improved yield of 22%. Previous work has
demonstrated that switching the atmosphere of a raddtalkylation reaction from argon to,@an
indeed promote olefin formatioff! It is proposed that ©@may do this by hindering the final
reduction step in the hydrogen borrowing catalytic cycle, perhbypseacting with the metal
hydride species in prefence to the enone, recycling the catalyst and therefore promoting a

dehydrogenative coupling pathway leading to accumulation of enone.

To confirm that [Cp*IrG]. was playing a vital role in the reactioib,was important to run the
reaction in absence dhe catalyst. On subjection of ketor#® to the reaction conditions with
[Cp*IrC}]. omitted, surprisinglyoranchedketone222was formed in 49% vyield, along with 10% of

enone225and 10% RSMsEheme 2.13).
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(a) catalyst-free control with benzyl alcohol

O
i PhAOH
% catalyst-free +10% RSM

222, 49% 225, 10%

(b) catalyst-free control with n-butanol

O
90 catalyst-free v)\/\©

226, not observed

Scheme2.12 Catalystfree control reactions with benzyl alcohol anébutanol. Reagents and conditions:
(i) KOH (3 equiv), BnOH (5 equiv), 105Ar, 24 h, (ii) KOH (gwev),nBuOH (5 equiv), 10%, Ar, 2h

Catalystfree autocatalysed hydrogen borrowing alkylation reactions are known in the
literature®° and are thought to proceed through MeerweltondorfVerleyOppenauer
(MPVO) type processed-igure 27). Benzyt alcohols are most suited to undergagiprocess,

presumably because they undergo facile oxidation when compared to their alkyl counterparts.

(0] KOH OH
th + Ph/\OH —_— th + Ph/§o
224

90

MPV-O type
yp [M] .

OI—)’[M]\O process
H 4 Ph Ph

Ph

Figure2.7 Possible mechams for oxidation of benzyl alcohol in anRYXO type process

It is therefore perhaps unsurprising that most examples using catfistmethodology involve
benzylic alcohols, with alkyl alcohols often performing poorly in comparison. It quickly became
evident that the catalysifree result using bezyl alcohol under our optimised conditions also fit

this trend, with no conversion to-branched keton@22observed when the catalydtee control
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was repeated withl-butanol Scheme 2.12b Analysis of théH NMR spectrunof the crude

materialrevealedonly small amounts ofeduced starting material, alcoh@R4, to be present.

2.3.5 SubstrateScope

With a protocol for the alkylation of ketones using higher alcohols optimised, our attention turned
to the exploration of the substrate scope for this reactione Hims of the substrate screen were
three-fold: (i) explore the scope of primary alcdbedhat can be used as the alkylation source (ii)
determine limitations in terms of the steric bulk that can be tolerated using a combination of
alcohols and ketones ijiidemonstrate that the alkylation conditions are applicable to a range of

ketones.

2.3.5.1 Sope of Primary Alcohols

o) i. [Cp*IrCl,], 0
R-OH
—_—
R
90
o) 0 o] 0
m
222 226 227 228
73% 86% 86% 68%

61% (1.5 g scale)

Scheme2.13 Alcohol substrate scope foralkylation of cyclopropyl keton@0. Reagents and conditions:
[Cp*IrCt]2 (2 mol%), KOH (3 equiv), alcoh®leguiv), 105C, Ar, 24 h

Pleasingly, cyclopropyl ketor# underwent facile alkylation with a range of primary dlots
(Scheme 2.1B Theh -branched ketones formed in this reaction could be easily identified in the
H NMR spectrum by the appearance dftmultiplet in the region of 3.0 ppm corresponding to
0 KS & nptant afjacént to the newly alkylated centrehi¥ 1H multiplet had a HSQC
correlation to a peak in region of 50 ppm in tR& NMR spectrum corresponding to GO
Alkylation with1-butanol and cyclopropyl carbinol afforded both alkylated keto@@6 and 227

in excellent yields of 86%. Despite the stéyulk of3,3-dimethylbutan1-ol, alkylated ketone228
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was isolated in a good yield of 68%. We were pleased to find that when the alkytditketone
90 usingl-butanol wasscaled up to a 1.5 g scale, the corresponding alkylated ke2@8avas

formed ina slightly reduced, but still respectable, yield of 61%.

2.3.5.2 Scope of Ketones
With a range of alcohols demonstrated to work well under ourgiesi protocol, we turned our
focusto exploiingthe scope of ketones that could be alkylated with them. We begarréyaping

ketones233and234(Scheme 2.1%

H MgBr
o) i ~N o i v/ o)
o- N~ Hal
HO)J\/\/R /O\N)J\/\/R v)J\/\/R
|
E - %222390 R = Et 231, 94% R = Et 233, 71%
=T R = iPr 232, 92% R = iPr 234, 76%

Scheme2.14 Synthesis of ketone233and234. Reagents and conditions: (isEt(1.4 equiv), DMAP
(14 mol%), DCC (1.4 equily,O-dimethylhydroxylamine hydrochloride (1.4 equiv),2CH 0°C to RT, 16 h,
(ii) cyclopropyl magnesiumbromide (1.2 equiv), THT @ RT16 h

Carboxylic acid229 and 230 were reacted withN,O-dimethylhydroxyamine hydrochloride to
form Weinreb amides231 and 232 in 94% and 92% vyields respectivély.Cyclopropyl
magnesiumbromide was then added to Weinreb amig@sand232, to provide desed ketones
233and234in 71% and 76% vyield respectively. Formation of ket@¥&and234was confirmed
by the observation of peaks at 211.5 ppm and 211.4 ppm in tf@iNMR speca, respectively,
corresponding taC=0. Furthermore, a 1H multiplet iheir 1H spectrum in theegion of 1.9 ppm
relating to the cyclopropyl-E proton further confirmed the formation of the desired cyclopropyl

ketones.

A range of other ketones were also prepared to test undemealkylation conditionsKigure2.8).
The kebnes prepared covered amge of functionalities, includingn electronwithdrawing Ck

group, unsaturation, an acetal, and several heterocyclic ring systems.
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0 o} 0
WCF W Wro
236 237 238 oj
o} o} 0
o} N S
239 |y 220 || 241 ||
N

Figure2.8 Ketanes prepared to test undehe developed -alkylation conditions. Synthesised by Dr James
Frost

Aware of the MPYO type process which was observed to occur in absence of catalyst with benzyl
alcohol (see€Chapter 2.3.4, we decided to initially explore the alkylation of the prepared ketones
usingl1-butanol which was shown to not undergo this process. We were pleased to find that a

range of ketones underwent-alkylation providing the desired branched products in modetat

good yields$cheme 2.1p

o i. [Cp*IrCly], 0
A NN0H
R —— = R
0]
O
5

242 243 244

65% 71% 71%*
m5 @ m?

22% 45% 45%

Scheme2.15 Ketones successfully alkylated usingutanol. Reagents and conditions: [Cp*HE]
(2 mol%), KOH (3 equis;butanol (5 equiv)105°C, Ar, 24 h

Theh -butylated ketones generated in this reaction were eaisigntified by a 1H multiplet in the
region of 2.63.0 ppm in thetH NMR spectrum corresponding to theproton adjacent to the
alkylated centre. Additionally, a 3H triplet cesponding to the terminal GHroup of the added

butyl chain was easily ideritid in the region of 0.9 ppm in tHél NMR spectrum of the alkylated
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products. Pleasingly, alkyl keton283and234underwent alkylation witi-butanolto afford 242

an 243 in good vyields of 65% and 71%, respectively, while acetal substituted ketagedso
successfully alkylatetd form 244 in 71% yield. Ketones bearing heterocyclic rings generally gave
moderate yields, with both pyridyl ketor&0and thiophenyl keton@41 providing both desired
h-alkylated product246 and 247 in 45% yield, whereas furanyl keto289 was alkylated in a
reduced yield of 22%. Unfortunately, subjection of ketd®6 to the conditions resulted in no

desired reactiongcheme 2.1p

i [Cp*er|2]2

@)
W A N"oH
R —— —»

R = CF3236 R =CF3;249
R = CH=CH, 237 R = CH=CH, 250

Scheme2.16 Ketones that failed to alkylate usimgoutanol. Reagents and conditions: [Cp*hiEl
(2 mol%), KOH (3 equivsbutanol (5 equiv), 108C, Ar, 24 h

H NMRanalysif the crudereactionmixture showed a complex mixture, with no sign of starting
material. We suspected this may be partially due to the extreme volatility of ke&&6e not
tolerating the elevated reaction temperature. Subjection of alkenyl ketdB@also returned a
complex mixtureasindicated by*H NMR analysisf the crude material The lack of alkene signals

in the NMRspectrum lead us to believe that the double bond had reduced under the reactions

conditions and was therefore not tolerated.

2.3.5.3 Further Alkylation Examples: Alcahald Ketones
With a greater understanding of the cyclopropy! ketorsmeommodatedunder our developed

conditions, we set out to test these with primary alcohols other thayutanol.

" compound244 synthesised by Dr James Frost
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0 i [Cp*IrC|2]2 0

R,-OH
R@%, ——— R
R,
R»] = Et 233 R1 = (o)
Ry = iPr 234 H\/\)
238 |

] O O
0)
b/
251 252 253

68% 69% 71%*

o] O O
O
b
254 255 256
82% 88% 79%*

Scheme2.17 Ketones233, 234and 238successfully alkylated with a range of primary alcohols. Reagents
and conditions: [Cp*Irglk (2 mol%), KOH (3 equiv), alcohol (5 equiv), M%Ar, 24 h

Gratifyingly, alkyl ketone233 and 234 were successlly alkylatedwith cyclopropyl carbinoto
form 251 and 252 in good yieldsof 68% and 69%. In addition, these ketones underwent facile
reaction with sterically bulky primary alcoh®|3-dimethylbutanl-ol to afford 254 and 255 in
excellent yields of 82% an@%, respectivelyWe were pleased to find ketor88 couldalsobe

alkylaed withsecbutanol in 71% yiel@53)" and 3,3-dimethylbutan1-ol in 79%(256)".

i. [Cp*IrCly],
0 o)
Ph” NOH
v R
R = Et233 R =Et257 Ph
R =iPr234 R = jPr258

Scheme2.18 Ketones that failed to alkylate using BnOH. Reagents and conditions: [G#*(Einol%),
KOH (3quiv), BnOH (5 equiv), 106, Ar, 24 h

Unfortunately, alkyl ketone233 and 234 reacted poorly with benzyl alcohoS¢heme 2.18
Although the formation of smakmounts of desired'-branched ketone257 and 258 were
identified by*H NMR analysisf the crude materialthey could not be isolated cleanly despite

several purification attempts.

" Compound®53and 256 synthesised by Dr Jas Frost
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2.3.6 Ringopening of -Alkylated Cyclopropyl Ketones

With the substrate scopeoenpleted, we turned our attention to highlightirtge synthetic utility
of the cyclopropane ring as a versatile handle for further derivatisation. Mutivated
cyclopropanes are known to undergo homoconjugate-dd8ition reactions under a range of

different conditions such as cuprate addition and #uition of hydrogen halides.

2.3.6.1 Addition of Lewis Acid Complexed Cyanocuprates
One such method for derivatisation, first reported by Falck anevakerd®?, uses Lewis acid
complexed cyanocuprates to add tmono-activated cyclopropyl ketones, opening the

cyclopropane ring with concomitantC bond formationgcheme 2.1p The addition of Lewis acid

is essential, as without it, the system is low yielding and also has an increased propensity for

undesired 1,2addition.*®

o 0
R,CuCNLieBF3 5 examples
% - " . R\/\)J\ 35-78 %

R = Bu, sBu, tBu

Scheme2.19CF f 01 Qa K2Y202yadzal 4S | RRAGARZ2Y 2F [ SoAra

ketones

We wondered whether the cyclopropyl ketones generateaium reaction would undergo this
type of processaand whether it could be extended to utilise other organolithiurhsBranched

cyclopropyl keton226was chosen as a model substrate for our studies.

Directly following the protocol by Falck ancdhworkers® usingnBuLi Table 2.9, Entry Yl.lead to

some formation of desired keton260, but the reaction did not proceed to completion.

Unfortunately, the starting material could not be separated from the desired product. When the

reaction was repeated with 3qaivalents of the cyanocuprat&ftry 2) to drive the reaction to
completion, we were pleased to find desired keto2@0 could be isolated in 63% yield with no

trace of starting material.
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226

R,CuCNLiyeBF3 R
_—
conditions

0 z o}
Bu Q
260 261 262
- Tem Time | Yield

Entry R Co.ndltlons. | e C)IO (h) (%)

1 Bu CuCl\(;é-cg\g (nZB;J:lu(iz\ll)equw) <78 1 i

2 Bu CUCNZS?EL‘;\QF?,B;:'SS)GCIU'V) 78 1 | 63@60)

3 Ph CUCNEIZE\Q&PEES )equ“’) 78 1 | 70 @61)

| oron SIEEBASTSG W 0 g

s cneow SEFDBIANOCE) 00 40

o ceow SEHTROIMCOUTMN) 0 |50

Table2.9 Homoconjugate addition d8k-ELO complexed cyanocuprates to cyclopropyl ketdt6

The formation of the product was confirmed by the losstioé characteristic 1H multiplet
corresponding to the cyclopropyH& proton in the region of 1.9 ppm in thel NMR spectrum. A

diastereotopic pair of protons corresponding to the newly generatedhylene group were

observed at 2.322.22 ppm and 2.1&2.05ppm.

Using our modified procedure, we were also able to successfully extend the methodology to
incorporate usage of PhLi, affording desired ket@6#&in an excellent yield of 70%. The formation
of the product was confirmed by the replacement of the cmaeristic cyclopropyl €& proton

peak in thetH NMR spectrum by a pair of (1H, dt) diastereotopic protons at 2.30 ppm and 2.11

ppm corresponding to the new methylene centre adjacent to the carbgrodp.
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We then turned our focus to generating a vinypcate species, hoping to form ketorg62 As

vinyl lithium is not available as a commercial solution, this was generated from tetravinyltin prior
to forming the cyancuprate species. In our first atigt, desired keton@62was isolated cleanly

in a moderag yield of 46%HEntry 3. The formation of the product was confirmed by observation
of a (1H, ddt) proton at 5.61 corresponding to .€8H and a 2H multiplet at 4.891.83
corresponding to B,=CH in théH NMR spectrum. It was noted that unreacted startingtenial
remained, though this was not isolated. In an attempt to increase the yield further, the equivalents
of cuprate in the reaction were doubleéiitry 4. Unfortunately, this led to idation of ketone
262in a reduced yield of 22%. In a final attentptimprove the yield, the equivalents of cuprate
were halved from the original condition&ritry 5, which also failed to improve the yield but

returned a moderate 43% yield.

2.3.6.2 Bmnsted and éwis Acid Promoted Addition

A common method for the ringpening ¢ monoactivated cyclopropanes involves
homoconjugate 1,5ddition of hydrogen halides to cyclopropyl keton&kljeme 2.2D This is
thought to proceed through initial protonation of the damyl oxygen followed by nucleophilic

attack by halide, X, and teamerization to the produci?!

Scheme2.20 1,5 homoconjugate addition of HX to cyclopropyl methyl ketone
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On subjection of model substra226to aq. HBr, we were pleased timd that ketone263could
be isolated in an excellent yield of 91%alle 2.10, Entry )1 Additionally, when keton226was

treated with HCl/dioxane, chlorinated ketor@4 could also basolated in 82% yieldEhtry 2).

0 o}
HX X
conditions
226 X = Br 263, 91%
X = Cl 264, 82%"*
Entry Conditions Temp (C) Time (h) Yield (%)
1 aq. HBr (48%) 40 16 91 263
2 4 N HCI, dioxane RT 24 82 (264)

Table2.10 Homoconjugate addition of HX to cyclopropy! ket@g6

Formation of ketone263was confirmed by the observation of a peak at 311.1006 in the HRMS
corresponding toGeH240"Br, showing that bromine had indeed been incorpomtato the
product. Furthermore, a characteristic peak at 33.4 ppm in‘fieNMR spectrum was observed

which caresponded toCH,Br.

In related protocols, cyclopropyl ketones have been shown to rearrange to form oxonium ions
when subjected to concentratedulfuric acié®°® (Scheme 2.2 On hydrolysis, these were

converted to the correspondinghydroxyketones.

(0] i HQSO4 e}

AN e

H2$O4\\ Hz%;drolysis

@

oxonium Io
ion

Scheme2.21 Formation of -hydroxypentar2-one from cyclopropyl methyl ketone

Pleasingly, on subjection 6falkylated cyclopropyl keton226 to concentraed sulfuric acid,

1 -hydroxyketone265was formed in an excellent yield of 83%cheme 2.2P Formation of the

" Compound264synthesised by Dr James Frost
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product was corifmed by observation of a characteristic peak at 62.3 ppm inftie NMR
spectrum corresponding t&€H,OH. A broad peak in the IRestrum corresponding to an-8

stretch was also observed a 3411%m

i H2304 then H20 HO

226 265, 83%

Scheme2.22 Subjection of cyclopropyl ketor#26to conc. HSQ. Reagents and conditions:
(i) conc.H204, 80°C, 1 thenH0

Next, we turned our attention to nucleophilic opening of cyclopropyl ke@2@using thiophenol.
Despite its high nucleophilicity, simply heating sodium thiophenolate with cyclopropyl kéftéhe
resulted in no reactionTable 2.11Entry 1). *H NMRanalyss of the crude materiaindicated that
unreacted starting material remained. We theorised that cyclopropyl keg#tGrequired further
activation despite the high nucleophilicity of PhSH. Knowing that cyclopropyl ke@®eas
reactive towards Lewis aci8R-OEt from previous studies, we hoped addition of this would help

the reaction proceed. Indeed, on addition of Lewis acid, desired ket66eould be isolated in a

36% vyieldEntry 9.
o] o}
PhSH PhS
diti
226 conaqitions 266
Entry Canditions Temp (C) Time (h) Yield (%)
1 NaSPHK1.2 equiv) 0.2M EtOH 85 17 -
2 PhSH10 equiv) BR-OE£ (15 equiv) 0°Cto RT 24 36
3 PhSH3.7 equiv) BR-OE%(5 equiv) 0°Cto RT 24 78
4 PhSH2 equiv) BR-OE%(3 equiv) 0°Cto RT 24 80

Table2.11 Optimisation of the addition of PhSH to cyclopropyl ket@2é

Concerned about the large excess of reagents used in our preliminary attempt wi@HEBFwve
reduced the equivalents by a factor of 3. Riegly, the reduction lead to isolation of keto266

in 78% yieldEntry 3. Reducing the quantities further still gave ketd@6in an excellent yield of
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80% Entry4). The formation of product was confirmed by a characteristic peak at 32.9 ppm in
the 3CNMR spectrum corresponding @,SPh.A peak at 341.1945 was also observed in the
HRMS corresponding to the [M+Hn, showing that PhSH had indeed been incorporaitd

the product.

2.4 Substrate Exploration: Cyclobutyl, Cyclopentyl and Cyclohexyl Ketones

One of the key hypotheses underpinning our decision to pursue cyclopropyl ketones stemmed
from the small size of the cyclopropane group. We hoped its small size wraudnt the aldol
adduct undergoing retraldol due to steric strain and facilitate tidesired forward reaction. With

a protocol for theh-alkylation of cyclopropyl ketones with higher alcohols now in hand, we
wondered if the procedure could be extendedl telated cyclobutyl, cyclopentyl and cyclohexyl
ketones. When cyclohexyl ketor@67 was previously subjected to tHemethylation conditbns
developed in the Donohoe group by Dr. Darren Pédlaninimal reactivity was reported with

almost complete staihg material observed b{H NMR analysisS¢heme 2.2B8

o i. [Cp*RhCl,],

(0]
MeOH
nBu — s = nBu
Me
267 268

Scheme2.23 Attempted h -methylation of cyclohexyl keton267. Reagents and conditions: (i) [Cp*RhCI
(5 mol%), CEQ (5 equiv), MeOH (0.®) 65°C, Q. Reaction conducted by Dr Darren Poole

Despite this discouraging result, thevalues for a cyclohexyl group aifdr (a proy for the
cyclopropyl group) are in fact the same, at 2”2%calmol*. It would therefore tansgress that
the Awvalue for cyclobutyl and cyclopentyl groups would be similar. Consequently, we wondered

if our procedure would in fact be able tealkylatethis related family of compounds.

To test our hypothesis, we began by synthesiding desired cyclobuty| cyclopentyland

cyclohexyl ketones from the corresponding methyl ketor#2&), 271 and 272 using hydrogen
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borrowing catalysiso form the monoalkylted products(Scheme2.24) 84 Ketones273, 274 and

275were successfully isolated in 64%, 7H#d 77% yiels respectively

i. [cod)IrCl],
o) BnOH o

N

R)J\/\©
R = cyclobutyl 270

2 = CVC:OEQ”“I"Z";’; R = cyclobutyl 273, 64%
= cyclohexy R = cyclopentyl 274, 71%*
R = cyclohexyl 275, 77%

Scheme2.24 Synthesis of ketonea73 274and 275. Reagents and conditions: [(cod)lGll mol%), PPh
(4 mol%), KOH (10 mol%), BnOH (1.2 equiv), Ar;@pR4 h

Three representative primary alcohols, identified from our screen (Seapter 2.3.5.), were
chosen to alkylate newly synthesised ketorf&3, 274 and 275 (Table 2.12. Pleasingly, the
reactionproceeded in all cases to generate the desiremlkylated ketone, albeit in varying yields.
The formation ofh-branched products was confirmed by appearance of a 1H multiplet in the
region of 3.0 ppm corresponding to theproton adjacent to the newly foned branched centre.

It was clear that the yidk were generally poorer than those observed with cyclopropy! ke@the

(seeChapter 2.3.5.

Alkylatiors of all three ketones with benzyl alcohdlgble 2.12, Enyr1, 4, 7), were notably poorer.
Yields for the alkylation of cyclobutyl ketoRé3(Entries1-3) were also notably poorer than those
for cyclopentyl keton@74and cyclohexyl keton275. We were pleased to find that alkylation of
cyclopentyl keton@74and cyclohayl ketone275with butanol and cyclopropyl carbinptovided

the R S & A Hl/IRed'ketones in moderate to good yieldSntries5, 6, 8, 9.

" ketone274synthesised by Dr James Frost
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i. [Cp*IrC|2]2
o R-OH o
Ketone Entry n R Yield (%)

o k3

© 1 1 13%(276)
o

>

3 2 1 o TN 27 Q77
o

o

S 3 1 kv 34 79

4 2 iﬁ/\© 18(279

40 80
6 2 kv 60 @81)

7 3 iﬁ/\© 112(282)

45283

9 3 kv 62 084)

Table2.12 Summary of the alkylation of keton@33, 274and275. Reagents and condition§) [Cp*IrCl]2
(2mol%), KOH (3 equiv), alcohol (5 equiv), AO5Ar, 24 Rcontained traces of enone

Cyclopentyl(274)
(67]
N
2

Cyclohexyl(275)
o
w
2

Despite the conditions being optimised for a different system, we were pleased k238274,
and 275underwent alkylation under our protocol. Thisas particularlyinteresting in the case of
cyclohexyl ketone75, an analogue of which had previously failed to undetgmethylation
(Scheme 2.211 Thegenerallylower yields observed for the alkylation thleseketones compared
to cyclopropyl keton®0 may suggest thadteric factors, although important, are only part of the
reason that makes cyclopropyl ketonparticularly amenable to our methodology. Indeed, as
previously discussed, cyclopropanes display a unique reactivitZ(sgaer 2.3.), which ketones
273 274 and 275 either do not possessr possess to a lesser extemtespite potentially having

similar Avalues
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2.5 Conclusion

We have extended the scope bfalkylation chemistry to form branched products using higher
alcoholsvia hydrogen borrowing catalysis. In doing so we hdegeloped a procedure for the

h-alkylation of cyclopropyl ketones using a range of higher alcohols.

After initial investigation ofynones, which were not tolerated even undérmethylation
conditions, cyclopropyl ketones were recognised as key structural motifs that facilitated
alkylation under hydrogen borrowing conditions to form branched centres. In optimising the
alkylation of cyclopropyl ketones, several parameters were investigated, with an increased
temperature being recognised as crucial to improving the yield and [Cg3lp@ving optimal in
catalysing the reaction. The optimised procedure was shown to be applicablerdoge of

cyclopropyl ketones using a variety of primary alcohols.

The synthetic utility of the cyclopropane motif as a handle for further functionalisation was then
demonstrated through derivatisation of a representatitvealkylated cyclopropyl ketone. The
cyclopropyl ketone was successfully rimgened through a range of homoconjugate -hédition

reactions.

Finally, using our optimised protocol for the alkylation of ketones, we attempted to alkylate
related cyclobutyl, yclopentyl and cyclohexyl ketonesthv primary alcohols. This afforded the
desiredh -alkylated ketonen all cases, though in varying and lower yields than those observed

with cyclopropyl ketones.
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Chapter 3: Results & Discussign -Branched Products Using Secondary
Alcohols

3.1 Introduction

While the alkylation of ketones using primary alcohols has been widely explored, the use of
secondary alcohols in similar processes has been much more limited. As discuShegtier 1

the use of secondary alcohols as alkylatingrag has mady centred around Guerbelype
dimerization reactionso form selfcondensation product287) (Scheme 3.1pawith the processes
typically using rutheniuff! and iridiunt® based catalytic systems. Additionally, secondary
alcohols have alsoofind use inthe N-alkylation of amineq289) (Scheme 3.1Jp commonly
employing rutheniurf$*% and iridiun®® based catalysts. In a key contribution to the use of
secondary alcohols as alkylating agents, Obora arslarkerd™ demonstrated that acetomiile

could be alkylated with several secondary alcol{@80) using [(cod)Ir(OHyPPh;, though a 10

fold excess of acetonitrile was required at elevated temperatures ofC3cheme 3.1c

(a) Guerbet-type dimerisation reactions of secondary alcohols

OH [Rul, [Ir] th <
2% R1)\ - R1)H/K, 2
R, 287

286 R,
(b) alkylation of amines using secondarly alcohols

H OH R,
| [Ru], [Ir]
N. + _— Rs< R
R3/ Rq R, 3 N*/ 2

I
288 286 R, R; 289
(c) alkylation of MeCN using secondary alcohols

OH i. [(cod)Ir(OH)], R,
MeCN + _ >
R1)\ NC\)\, Ry
290

Scleme 3.1 Limited use of secondary alcohols in alkylation reactions: Reagents and conditions:
() [(cod)Ir(OHY (1 mol%), PPH(4 mol%), KBu (Z4 mol%), MeCN (10 equiv), ddibxane, 130C, 2448
h

Despitethis precedent, we were taware of any methods for the alkylation of carbonyl substrates
that involved crossedondensation with a secondary alcohol to forrbranched product296

(Scheme 3.2p It was clear that for this transformation to be successtbhe issues of
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selfcondenstion of starting ketone291 as well the ketone derived from the secondary alcohol

after oxidation,292, needed to be resolved&sEleme 3.21).

(a) formation of S-branched prodcuts via hydrogen borrowing catalysis

o
RHH O OH O Ry | ik O Ry
291R, - P
+ R1 R3 7H20 R1M R‘]M
OH o 294 R, R, 295 R, R, 296 R, R,

R)\l Eﬂl R3)H p-branched
3 product

292 R, 293 R,
O R3 O R1
R R
R1)H/\/ 4 R3)S)\/ 2
R, + R,

(b) overcoming the issue of self-condensation

mixture of 4
Q . oH compounds crossed-condensation
R; R; -
291 R, 292 R,

0O Ry O Rs
R, )J\/K/ R, R3)S/\/ R4
R, + Ry

self-condensation

Scheme3.2 Formation of -branched productsvia hydrogen borrowing catalysis and tresueof
selfcondensation and crossezbndensation products forming

3.2 Lead Redts ¢ Obtained by Choon Boon Cheong

Choon Boon Cheong, a PhD studentimithe Donohoe group, had obtained an interestingafe
results that formed the foundation upon which this project was built. These results are described

within this section.

While the work onh-alkylation of cyclopropyl ketones using higher alcohabs hydrogen
borrowing catalysis was being conducted (§&epter 2.3, Andersson and eworkers reported
a procedure for the'-methylation of ketones to form branched product8.interestingly, hey
were able to methylate phenyl keton298 to form the coresponding”-branched ketone299
(Scheme 3.3p a substrate which Dr Darren Poole in the Donohoe group had been unable to

alkylate under the methylation conditions developed within the Donoho&gi8cheme 3.3p"
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(a) successful a-methylation under Andersson conditions B ArF_

.Ph
o i [Ir] 112 o
MeOH — =
+ Ne 299, 90%
298 Me
Ph
(b) unsuccessful a-methylation under Donohoe conditions [ 112
r
0 ii. [Cp*RhCl,] i
+ MeOH — >~
299
298 Me

(c) successful a-methylation under preliminary conditions by Choon Boon Cheong

0] iii. [(cod)IrCl], P

Ph + MeOH > Ph

300 Me 301, 83%

Scheme3.3 h-methylation ofortho-methyl substituted phenyl ketones using methanol. Reagents and
conditions: (ifIr] 112(1.0 mol%), GEQ (4 equiv)MeOH (0.2M), 65°C, 24h, (ii) [Cp*RhG]z (5 mol%),
CsCQ (5 equiv), MeOH (0.®1) 65°C, Q, (iii) [(cod)IrCH (2 mol%), £)-BINAP (3 mol%), KOHa&uiv),
MeOH (0.2V), 65°C, Ar, 48 h

The failure of keton@98to methylate under these Rbatalysed coditions was thought to be
due to an excessively straitealdol adduct due to extra steric bulk added by trého-methyl
group on the phenyl ring, leading to a retatdol process. It was hypothesised whether the result
from Andersson and eworkers suggsted that it was not, in fact, the substrate that re®dtin a
more sterically encumbered aldol adduct, but simply that thecBtalysed system was ineffective
at alkylating keton98. Reverting to an kbased systemas Andersson and egorkers had show

to be effective, was potentially thought to belevant To test this hypothesisortho-methyl
substituted methylene keton800was subjectedo a set of preliminary condition§¢heme 3.3c

Surprisinglyh -methylated product301could be isolatedn 83% yield.

Alongside the optimisation of conditisnfor the alkylation of cyclopropyl ketones with higher
alcohols (se€hapter 2.3.3, Choon Boon Cheong had also investig#bed -alkylationchemistry

of ketones with higher alcoholsvia hydrogen borrowing catalysis, although with a focus on
aromatic kebnes Initially,little successvas found in attempting to formh-branched compounds

from aromatic ketones
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i. [(cod)IrCl],
0 Ph”™~OH o} 0 OH
©)J\/\Ph —— ©)J\(\Ph ©)‘\E\Ph ©)\/\Ph
55 + +
Ph Ph

302, 3% 303, trace 304, 90%

Scheme3.4 Attempted benzylation of methylene ketorh. Reagents and conditions: [(cod)IeCl]
(2mol%), £)-BINAP (3 mol%), KOH (3 equiv), BhOH (7 equif;,6%, 48 hReaction conducted by
Choon Boon Cheong

When methyl@me ketone 55, a substrate which had undgone facile"-methylation, was
subjected to alkylation with benzyl alcohol, the major product formed was alcd®bin 90%
yield, resulting from direct 12eduction of starting ketones5 (Scheme 3.4 The desired
h-benzylated compound302, was only forned in 3% vyilel. Interestingly, wherortho-methyl
phenyl ketone300 was subjected to the same benzylation conditions, desirdokenzylated
ketone305was isolated in 40% vyield@idble 3.1 Entry ). The major side product was alcol36I7,

as before, generatk by directl,2-reduction of starting methylene ketor&00.

o o A @ B OH c

A )1\/\© i. [(cod)IrCl], A )1\(\© . Ar)J\E\Q . Ar)\/\©
N
Ph” “OH Ph Ph
Ne oo
MeO

o-Me mesityl p-OMe
Entry Ar A (%) B (%) C(%) RSM (%)
1 o-Me (300 40 305 trace 306) 60 307) trace
2 Mesityl B08) | 75 309 20 310 -(31) 4
3 p-OMe(312 | <3813 trace 814 60 @315 40

Table3.1 Alkylation of aryl methylene ketones with benzyl alcohol. Reagents and conditions: (i) [(ced)IrCl]
(2 mol%), (=BINAP (3 mol%), KOH (3 equiv), BhOH (7 equiv), 65 °C, Ar, 48 h. Reactiocteddoyd
Choon Boon Cheong

To understand why the presence of artho-methyl substituent was proving beneficial to this
reaction, the alkylation of other aryl megtene ketones was studied. When mesityl ket@os,
featuring a diortho-methyl substitutionpattern was subjected to the reaction conditions, desired

h-benzylated ketone309 was formed in a good yield of 75%, alongside 20% of corresponding
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enone intermedate 310, with no 1,2reduction producBllobserved Entry 2. To probe whether
this effect was a consequence of sterics or electrom&3Me phenyl ktone 312was also tested
(Entry 3). Interestingly, only trace conversion to desired ket@i8was obseved, with the main
product of reaction being alcohd15. It was suspected that thertho-methyl groups on the
phenyl ringwere resuliin in the aromat¢ ring twisting out of plane of the carbonyl group and
therefore out of conjugation. Indeed, when the CHOstretches for aryl ketoné, 300and 308
were compared Kigure 3.}, the presence obrtho-methyl groups shifted this signal to a higher
wavenumier, indicating a stronger C=0 bond and hence a lower degree of conjugation. This effect
was particularly pronounced in the case of mesityl ket@8, for which the C=0 stretch was
observed at 1697 crh This was reinforced by the observation that S NMR signal for C=0 in
mesityl ketone308 was shifted downfield to 209.&pm, in contrast to that for unsubstituted
phenyl ketone55 at 199.0 ppm. Again, this indicated a more deshielded carbon, asdwimul

expected from a system with a lower degree of cggtion.

C=0 IR stretch: C=0 IR stretch: C=0 IR stretch: carbonyl ‘protected’
1680 cm™! 1683 cm™! 1697 cm™" \O 317
N 5 5 .
Ph Ph Ph
Q)KQ a0 \aos [ Ho e
3¢ § = 199.0 ppm 13C § = 198.9 ppm 13¢ § = 209.8 ppm twist (C?/glittiz-zlllﬂfaﬂon

Figure3.1 Comparison of IR stretches ati€ NMR peaks for C=0 in aryl methylene ketones

We theorised that tk benefits of diortho-methyl substituted phenyl ring® this reaction were
two-fold: (i) theortho-methyl groups protect the carbonyl from undesired -te@luction, and (i)
twisting out of the plane reduces steric hindrance around thearbon, attenuatg the rate of

retro-+ f R 2 +hydrdx¥ ketone317 (Figure 3.) and allowing facile elimination to the enone.

Next, theh -alkylation of aryl ketones with higher alcohaeisingortho-methyl phenyl ketone300
as a model substrate was dptised and it was @monstrated that the protocol could be applied

to a range ofortho-substituted aryl ketones, including mesityl ketoi3®8 Meanwhile, a
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precedent for the derivatisation ofrtho-substituted aromatic ketonesvas discovered by Dr
James Frt. Diortho substituted aromatic ketones were known to undergso-protonation,
followed by a retreFriedetCrafts acylation reaction to form an acylium & Notably, this was
only observed to occur whesrtho-substtution on the aromatic ring wagresent, which, through
the lack of planarity imposed, was thought to facilitgpsoreaction. The reactive intermediate
319 could then be trapped to form a variety of produc®20 with release of mesitylen@21

(Schemes.5a).

(a) literature precedent for proton-initiated release

(0] o o
©)
R _H i JL A, :
7, "R Nu R
@ H via acylium
ion?
318 319 320 321

(b) derivatisation: application to a-alkylated di-ortho substituted phenyl ketones

(¢} (¢} (¢}
i. TFOH ii. H,SO4
Ph = Ph — = HO Ph
MeO
© 323, 79% © 322 324, 65%
OMe

Scheme3.5 Protortinitiated release of mesityl ketonega ipso-protonation and a retreFriedetCrafts
acylation reaction. Reagents and conditions: (3@ (15.5M), 65°C, 30 mins, (ii) anisole (Bequiv.),
TfOH (1.2 equiv.), 10C, 1.5 h. Reactions conducted by Dr James Frost

This procedure was successfully appliedhtalkylated mesityl ketone822, with the reactive
intermediate trapped with anisole t@rovide aromatic ketone323 and water to povide
carboxylic aci®24 (Scheme 3.5 In searching for milder and a more versatile set of conditions,
it was discovered that treatment @irtho-disubstituted aryl ketones with Bat low temperatures

was partcularly effective. This was thought to pesad throughipsobrominationto give 326,
followed by generation of the corresponding acid bromide which could subsequently be trapped
with a range of nucleophile® give carboxylic acid derivative32() (Scheme3.6). Although
mesityl ketones underwenthis reaction, a large excess of bromine was required as bromination
at the unsubstituted positions of the mesityl group occurred. To prevent this unwanted reaction,

the pentamethylphenyl (Ph*) group was utilis€8R5), effectively blocking bromination ohé
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aromatic ring and lowering the equivalents of bromine required. Pleasingly, pentamethylphenyl
ketones also underwent facile-alkylation with higher alcohols under the conditions optimised

by Choon Boon Cheong.

bromination carboxylic acid
blocked derivatives
(0] O
Nu Ph
via acyl!
bromide
325 327
Ph*
crystalline
products Nu = H,0, BuOH, PrSH, BnNH,, MeONHMe

Scheme3.6 Bromineinitiated release of -alkylated pentamethylphenyl ketones. Reageatsl
conditions: Bf (2 equiv), CECh, ¢17 °C,thenNu (3 equiv)¢l7°C to RT

With respect to the alkylation of ketones using secondary alcohols, we wondered if the attributes
of di-ortho-methyl substituted ketones could be exploited to overcome somehef issues
anticipated with their use (se€hapter 3.}. We anticipated the protection of the carbonyl group
afforded by the dirtho-methyl substitution pattern on the phenyl ring would gwent
selfcondensation of this starting ketor#29 (Scheme 3.Y. In addition, we hoped a slow release

of partner ketone331 via oxidation of secondary alcoh@30 by the catalyst would prevent
seltcondensation of this ketone too. €hcontrol afforded bythe substrate and catalyst could
therefore hold the potential to feilitate the formation of cross condensation prod@32as the

major product of the reaction.

The following sections describe my efforts at optimisation of the desired reaction, folloyed

exploration of the substrate scope and related processes.
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carbonyl 'protected’
by o-Me groups

KO 0] O Ry
331
+ R1 Rz _— R2
T 0] 332
r
329 N\
OH slow release p-branched ketone
330 of ketone products
R4 R,

Scheme3.7 Exploiting attributes of dortho-methyl phenyl ketones and catalytic control to overcome
problems with the use of secondary alcohols in hydrogen borrowing catalysis

3.3 Opimisation

It was clear from the results obtained by Choon Boon Cheong and Dr James Frost in the Donohoe
group (seeChapter 3.2 that pentamethylphenyl (Ph*) ketones were the besbstrate to begin

optimisation of a protocol for alkylation using secondalgohols.

Although [(cod)IrClIKF R 6 SSy dza SR | a-alkyl&ién reddtichs df Bh4 Ketorles (1 K S
thus far, it had been noted previously that [Cp*HeWwas also effetive at performing analogous
h-alkylation chemistry on cyclopropyl ketonesd¢sChapter 2.3.3 but did not require any
additional ligand. It was therefore decided that initial studies would begin by using [Cp*&<I
the catalyst. The optimisation dlies began by subjecting Ph* methyl ket@#9and 3pentanol
(328 (1.1 equiy, with [Cp*IrC]l2 (2 mol%) and KOH (1 equiv) at 115°C in tolufrablé 3.2,
Entry 1). Pleasingly, under these conditions, desirdaranched keton33was isolated in a 12%
yield as a single product, with no other crossed condensation ofceeliensaion products
observed Recovered starting material (RSM) accounted for 61% of the isolated maifegial.
address the low yield, addingn excess of KOHEfftries2¢4) wasinvestigated. Increasing the
amount of base to 2 or 3 equivalents of KCEhtfies 2 and3) significantly increased the
conversion to 40% of keton833, whilst 39% starting material was recovered. Increasing the
amount ofbase further did not provide any filner benefit Entry 4 therefore 3 equivalents of
KOH was deemed optimal. Since stagtimaterial had been recovered from each example, we

decided to investigate increasing the equivalents-pEBitanol in the reactiofEntries &;7). When
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the amount of 3pentanol was increased to 1.5 equivalerB{ry 9, there was a corresponding
increasein yield to 44%. Pleasingly, when this was increased further to 2 equivalemiy ©,

desired ketone333was isolated in a goodsid of 65%, with 21% recovered giag material.

o) [Cp*lrclzlz e}
3-pentanol
KOH
PhMe (4 M)
329 115 °C, Ar, 18 h 333

Entry KOH(equiv) 3-Pentanol (equiv) [Cp*IrC}. (mol%) | 333(%) RSM (%)
1 1 1.1 2 12 61
2 2 1.1 2 18 53
3 3 1.1 2 40 39
4 4 1.1 2 33 39
5 3 15 2 44 40
6 3 2.0 2 65 21
7 3 4.0 2 60 26
8 3 2.0 1 60 21
9 3 2.0 3 70 25
10 3 2.0 4 56 21

Table3.2 Screen of equivalents of KOH, equivalents-pEBtanol and loading of [Cp*Ir{]{

Increasing the diol loading further to 4 @galents Entry 7 did notimprove the yield; therefore,
the optimisation was taken forward with 2 equivalents of secogddcohol. Next, we turned our
attention to the loading of catalyst [Cp*Ielal (Entries &10). Lowering the loading to 1 mol%
(Entry 8) had minimal impact on the yield, with ketor833 isolated in 60% yield. However,
increasing the loading to 3 mol%ritry 9) afforded the desired product in 70% vyield, with 25%
recovered starting materiaj a mass recovery of 95%. When the amount oflyat was increased
further to 4 mol% Entry 10, a slightly reduced yield ofbranched ketone333 was isolated,

therefore 3 mol% was decided upon as being optimal.

With these conditions in hand, attention was turned to varying the reaction temperatutliyi
the study began by increasing the temperature progressively to°CZ%able 3.3, Entried¢3),

which provided little to no improvement to the yield of desired ket@33.
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0 [Cp*IrCl,], (3 mol%) 0
3-pentanol (2 equiv)
KOH (3 equiv)
PhMe (4 M)
329 Temp °C, Ar, 18 h 333

Entry Temp (C) 333(%) RSM (%)
1 115 70 25
2 120 72 14
3 125 65 18
4 105 80 5
5 95 16 55
6 85 12 61

Table3.3 Screen of temperatures

Gratifyingly, when the temperature of the reaction was lowered to I05ntry 4),i -branched
ketone 333 was isolated in 80% vyield, with only 5% recovered starting material. Unfortunately,
lowering the temperature to 98C Entry5) and 85°C Entry 6) resulted in the reaction stalling
significantly, returning yields of only 16% and 1@P&etone 333, respectively. At these lower
temperatures, it was observed that after 18 h the KOH pellets had not dissolved and could be
recovered almost intact from theeaction vessel. This observation led us to consider whether the
reaction was only sting at lower temperatures due to the solubility of KOH in toluene. In
searching for bases with notable solubility in toluene, it was discoveréBWK@ay be a suitable
candidate with a solubility of 2.27 g per 100 mL toluene a2@3C!*%% In addition we wondered

whether the use of powdered KOH would improve the situation.

base 333 (%) RSM (%)
o [Cp*IrCl,]5 (3 mol%) o
3-pentanol (2 equiv) KOH (pellets) 12 61
base (3 equiv)
PhMe (4 M) KOH (powder) 15 60
85°C, Ar, 18 h
329 333 KOtBu 84 -

Scheme3.8 Investigation of a more soluble base

Using powdered KOH instead of KOH pellets proviiie improvement to the yield at 88C

(Scheme 3.8 Pleasingly, substituting KOH withtBQ affordedi -branched ketone333in an
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excellent yield of 84% with full consgon of the starting materialScheme 3.8 Based on this

result, it was decided that KOH should be replaced wittBiiin the protocol.

With the temperature required for reaction lowerea t85 °C and a potential solubility issue
addressed, some of the pameters optimised earlier were revisited before moving ahead to

ensure they were still optimal after taking the latest results into consideration.

o [Cp*IrClyl, o
3-pentanol
KOtBu
PhMe (4 M)
329 Ar, 18 h 333

Enir 3-Pentanol [Cp*IrChl. KQBu Temp: 333 RSM
(equiv) (mol%) (equiv) (°C) | (%) (%)
1 2.0 3 3 85 84 -
2 2.0 2 3 85 86 -
3 2.0 1 3 85 56 25
4 1.1 2 3 85 58 21
5 15 2 3 85 55 25
6 2.0 2 1 85 15 65
7 2.0 2 2 85 31 51
8 2.0 2 3 65 33 40
9 2.0 2 3 75 54 19

Table3.4 Second round of optimisation screening equivalents-pE8tanol, equivalents of KBu,
loading of [Cp*IrG]2 and temperature

The catalyst loading could be lowered to 2 mol% without any logelohgf ketone333(Table3.4,

Entry 2), though a further reductiongntry 3) led to a reduced yield of 56% and 25% recovered
starting material. Adopting 2 mol% as the catalyst loading, dtwéchiometry of 3-pentanol
required in the reaction were investited. Reducing the amount afcohol from 2 equivalents to

1.5 or 1.1 equivalents had a detrimental effect on the yield in both cdSetsi¢s 4 and h The
amount of K@Bu also could not be lowered without causing the reaction to stall, resulting in a
reduced yield of ketone333 and recovered stating materialEntries 6 and Y. Finally, we

attempted to reduce the reaction temperature to 7& Entry § and 65°C Entry 9, though in
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both cases after 18 h, the reaction was incomplete and led to reducedssyidldesired ketone

333andsignificant amounts of recovered starting material.

3.4 Control Experiments

Satisfied that an optimised set of conditions for the alkylation afrtho-substituted ketones with

secondary alcohols were in hand, a set of controlegixpents were conducted.

(a) a-alkylation of methylene ketone 334 with a secondary alcohol

0 i [ 0
— %
99% RSM
OH
334 \)\/ 335, not observed

(b) alkylation of acetophenone with a secondary alcohol

o i o
— X complex
46 OH mixture

336, not observed

(c) replacing an argon atmosphere with an oxygen atmosphere

0 i. [, O, 0 N
—_——— )
polymeric
OH material
\)\/ observed
329 333, not observed

Scheme3.9 Control experiments: (a) attempted-alkylation of methylee ketone334with 3-pentanol,
(b) attempted alkylation of acetophenone with@ntanol, (c) attempted alkylation of ketor&29with
3-pentanol under an atmosphere of2CReagents and conditions: (i) [Cp*HE(2 mol%), K@Bu (3 eqliv),
3-pentanol (2 eqiv), 85°C, Ar, 18 h, (ii) [Cp*Ir{ld (2 mol%), KBu (3 equiv), entanol (2 equiv), 85C,
Oz, 18 h

The investigation began by attempting tealkylate methylene ketone334 with 3-pentanol
(Scheme 3.9a Although Ph* methylene kenes had successfullyeen alkylated with primary
alcohols previously in the Donohoe group by Choon Boon Cheongfsger 3.2, methylene
ketone 334 did not show any conversion to desired ketoB®85, with 99% of starting material
recovered. It was suggted this may be due to a very strained aldol adduct preferring to undergo

a retro-aldol reaction rather than elimination to give the corresponding enone.

To highlight the crucial role that Ph* methgdtone329plays in facilitating the alkylation pross,

acetophenone(46) was subjected to the optimised procedur&cheme3.9b). Lacking any
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ortho-substitution on its aromatic ring, it was perhaps unsurprising that the reaction with
acetophenone led téhe formation of a complex mixture. Without protectipthe carbonyl would
be susceptible to 1;Peduction, as well as setondensation, whicimost likelycontributed to its

consumption under the reaction conditions.

Though our protocol had been optimisedder an atmosphere of argon, we were interested to
test the effects of switching this to oxygebcheme 3.9¢c Rhcatalysed' -methylation chemistry
developed in the Donohoe group previously had benefitted from improved vyields under
oxygen#+73l|n thiscase, oxygen provided no beneficial effect, returnamdy traces of starting

material and insoluble polymeric material.

0 . catalyst- 0
I free
—x—
OH 75% RSM
329 333, not observed

Scheme3.10 Catalystfree control experiment. Reag&hand conditions: (i) KBu (3 equiv), dentanol
(2equiv), 85°C, Ar, 18 h

Next, ketone329was subjected to a contrakactionomitting [Cp*IrCl]. from the procedure to
highlight the key role it plays in facilitating the reactioBcfeme 3.1 No conversion to
i -branched ketone333 was observedunder catalystfree corditions, with only 75% starting

material recovered.

3.4.1 Reproducibility Issues with Potassium-Bartoxide

tENI 2F GKS Ay@SaidAdararazy o1 a @8 ihBexenagGRUKI
It was at this point an unusual reproducibility issue with the optimised protocol was identified.
When ketone329 was subjected to the optimised protocol under identical conditions at this

laboratory, the reaction behaved very differdy, resulting in aly 20% yield of desired ketone

333with 61% recovered starting materisd¢gheme 3.11
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i. [Cp*IrCI2]2

R
OH
A 333, 20%

* 61% RSM

329

Scheme3.11wS LIS GAYy 3 (GKS 2 LI A YA &S Rslabi#oy ReadpeBnd A Yy Df | E 2 {
conditions: [Cp*IrC]z (2 mol%), K@u (3 equiv), Pentanol (2 equiv), 88C, Ar, 18 h

After a thorough investigation, several factors were ruled out, leaving the bag®uKk@s the
source likely to be hindering the reactiols K&Bu is known tdoe water and air sensitiVé?, it

was suspected that the batch being used may have been quenched to some degree. Despite
several new commercial bottles of &M being tested, the resultepeatedly led to poor
conversion to -branched ketone333, typically varying between 280%. We werehowever,

6 NBS GKIEG | WwySsQ o020GfS FTNRY | O2YYSNDALf
made batch of KBu. Next, the reaction was conducted atka$ing the same batch oOkBu

that had been used during the optimisation at our laboratory in Oxford. Pleasingly, the desired
ketone could again, be isolated in 86% yield. Interestingly, the base used at our laboratory in
Oxford was 95% grade, whereag thrade being used at GSKa98% grade, both of which were
provided by the chemical supplier Sigma Aldrich. On contacting Sigma Aldrich, it was determined
that the 95% grade of KBu was no longer available, with only 98% or 99.99% sublimed grade
now provided. To eliminate the podsility that our 95% grade was unique in composition, several
batches of 95% gradéGBuwere sourced from other research groups within the department.

The reaction went to completion in all cases, providing a yield of ke28B& the vicinity of 85%.

Sdisfied that this was indeed an issue relating to the grade ofBgQfocus was turned to
investigating why the 98% grade was behaving differently to the 95% grade. It was hypothesised
that the 95% grade KBu may contain levelsf tBuOH, KOH or in factater. All these factors

could potentiallyeffect the reactivity of the base. Investigation of these hypotheses began by
looking at the effect of addingBuOH to the reaction. The addition of 0.9 equivBdOH appeared

to have noimpact on the yield{able3.5, Entry ) whereas increasing this to 2.8 equiv appeared
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to have only a marginally positive effect, leading to 30% yield of ke38Belnterestingly, when
2mol% of water was added into the reactiokntry 3, 333 could beisolated in 40% yield.
Intrigued by this observation, the amount of water was increased to 5 mol% which remarkably led
to complete reaction and isolation ofbranched ketone333in 86% yieldEntry 4. This result

was repeated several times, with the re@aet proceeding to completioin each case.

[Cp*IrCl5], (2 mol%)

le} 3-pentanol (2 equiv) 0)
base (3 equiv)
additive
PhMe (4 M)
329 85°C, Ar, 18 h 333
" 333
Entry Base Additive RSM (%)
(%)
1 KQBu (98% grade tBuOH (0.9 equiv) 21 59
2 KQBu (98% grade tBuOH (2.8 equiv) 30 49
3 KQBu (98% grade water (2 mol%) 40 35
4 KQBu(98% grade) water (5 mol%) 86 -
5 KQBu (95% grade water (5 mol%) - 91
6 KOH water (5 mol%) trace? A
7 KOH tBuOH (0.9 equiv) trace? -
8 KaBw - 86 -
9 KGBu (99.99%) - 16 69

Table3.5 Investigating the effects of various ads#s and grades of KBu on yield of keton833.
dobserved byH NMRanalysis of the crude materiahly, *synthesised fromiBuOH and potassium metal
by Dr James Frossublimed grade

When 95% grade KBu was used instead of 98% gradeBiD with 5 mol% oifvater also added
in, no reaction was observediitry 5). Changing the base to KOH and spiking in 5 mol% water
only resultedn trace conversion to desired ketoB83(Entry6). Using KOH again but witBuOH

also only resulted in a trace of produé&irtry 7). The reason behind the beneficial effect of water

in this reaction was not clear to us.

However, we were pleased to findthen K@Bu that had been synthesiseith our lab fromtBuOH

and potassium metal (seéhapter5.1 for experimental procedure) wassad, desired keton833

" Synthesised by Dr James Frost
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was isolated in an excellent yield of 86Emity 8). In contrast, when commercially purchased
sublimed grade K@u (99.99%) was used, ketoB83 was formed in a reduced yield of 16%
(Entry9). Tracemetal analysis was conducted ol the grades of KtBu that had beemsedbut

unfortunately this was inconclusive.

On further investigation it wadiscovered that it is, in fact, known that &M can exist in two
distinct structural forms, characteristics of which can diff¢f.As remrted by Chisholm and
co-workers, the first of these, which is formed from addition of potassium metaBtcOH wih

no further purification, adopts a ondimensional ribboHike chain structure, [KButBuOH], in

the solid state. NMR studies in benzene or toluene at room temperature suggest it exists as a
trimer or possibly a cyclic trimer in solution. The authorsenthat in this form, K@Bu is highly
soluble. Ribbot#like [K@BuUtBuOH could be convertednto its other structural form, the
tetramer [KQBul,, upon sublimation. This tetrameric form was shown to persist in the solid state,
in solution, as well as thgaseous phase. Notably, even in Lebasic solvents such as,8tand

THF the tetrameric spexs remained intact.

It wastherefore hypothesised that the difference in reactivibat had beenobserved in using
different grades of KtBu was due to difference in solubilities of the two forms, stemming from
their structural differences. Though Sigikdrich could not confirm the methods through which
they had synthesised the, now discontinued%®§rade KBu,it wassuspeced thatit may have
been prepared in a similgorotocol to that used byChisholm and cavorkers to synthesise
[KGButBuOH],aswell as the method that we had used to synthesise B{OBoth the K@Bu
synthesised in our lab, dnthe 95% grade batches were successful at performing the desired
reaction. In contrastit was thoughtthat the preparation of 98% grade and 99.99% gradé&BiO
from Sigma Aldricimay involve a sublimation step which results in tl@mation of theless
soluble tetrameric form of the base. One explanation for the beneficial effect of water on the

reaction with the poorly performing 98% grade 80 may be thats able to brealup the
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tetrameric aggregates, aiding solubility of the base and hence facilitating the desired reBetion.
to the discontinuation of the 95% grade #D, it was decided to conduct all future reactions

requiring K@&Bu using batches synthised in our laboratory.

Furthermore, in conjunction with Dr James Frost, a variety of other related bases were explored.
Unfortunately, Li@Bu resulted in no reaction, with 94% starting material recovefeble 3.6,

Entry 0. The use of NaOH resultediimcomplete reaction, offéang a moderate yield of 44% of
ketone333(Entry 2. Comparably, when KOH was used under these condition<{sagter 3.3,
Table 3.3, Entry )}l it only resulted in a 12% yield kdtone333. Led by this result, we next tested
NaQBu in our protocol. Grafié A y 3f & T {bfadched keriEs33iRuS dxcellent yield of
97%. Dr James Frost in the Donohoe group then proceeded to optimise the conditions utilising
NaQBu further which led to a reduction of-tatalyst loading to 0.5 mol% and amount of

3-pentanol to 1.5 equivalentsHntry 4.

std. conditions

o) [Cp*IrCl5], (2 mol%) o
3-pentanol (2 equiv)
base
PhMe (4 M)
329 85 oC, AI', 18 h 333
Base . . 333 RSM
Entry Base . Deviation from std. conditions
(equiv) (%) (%)
N LiGBu 3 - - 94
2 NaOH 3 - 44 44
3 NaQBu 3 - 97 -
4 NaQBu 2 [Cp*IrCH)2 (0.5 mol%)3-pentanol (1.5 eqiv) 91 -

Table3.6 Exploring other bases for the formationiobranched products

Control reactions performed on the KBu system (se€hapter 3.4, were repeated with the

NaQBusystem and returned identical results.

" Reaction conducted by Dr James Frost
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3.5 Substrate Scope

With two robust protocols using either KBU or Na@Bu inhand, attention was turnedo

exploring the substrate scope for the reaction.

3.5.1 ortho-Substituted Aryl Ketones

The investigation began by exploring the scope of the aryl group under the optimised protocol. As
discussed previously (s&hapter 3.}, ortho-substitution on the aryl grop was deemed to be
essential for the successfidalkylation of methylene ketone3his was thought to be due to the
ortho-substitution protecting the ketone carbonyl from @duction. In addition, in the context

of the alkylation of aryl methyl ketones with secondary alcohols,dttleo-substitution pattern

was considered essential talso prevent seltondensation of the starting ketone itself. No
ortho-substitution led to a complex mixture, as was demonstrated by the control reaction
subjecting acetophenone to the optimiseddatalysed alkylationanditions with 3pentanol (see
Chapier 3.4). With this in mind, a range afrtho-substituted aryl ketones were prepared
(Table3.7). Whereasortho-methylphenyl ketone338, trimethoxyphenyl ketoned41 and pyridyl
ketone 343 were commercially availablgara-bromophenyl ketone347 could besynthesised

from acetyl bromide345) and346viaa FriedetCrafts acylation reactiorScheme 3.1p

(0]
j\ i. AICI,
—_—
Br * Br Br
345 346 347, 90%

SchemeB.12 Synthesis of keton847via FriedetCrafts acylation. Reagents and conditions: acetyl
bromide (1.1 equiv), Alg1.2 equiv), CHEIO°C, 1 h

On subjection obrtho-methylphenyl ketone838to the optimised protocol, alkylated ketorg&89
was isolated in a low yield of 15%aple 3.7 Entry 1). Although it could not be isolated cleanly,
the product was formed alongside what appeaiddohol340 (Table 3.7. Limited protection of
the carbonyl by the singlertho-methyl substituent on the phenyl ring presumably leads to an

increased amont of 1,2reduction and therefore production of side produg40. Despite being
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di-ortho substituted, trimethoxyphenyl keton841 resulted in only 32% yield of corresponding
ketone342 We were pleased to find that subjecting pyridyl ket@#3to the praocol led to an

excellent 78% yield of-branched ketone344 (Entry 3.

OH

0 i. [Cp*IrCl5]>
)J\ _ Et,CHOH _
Ar 340
Entry Aryl Ketone Product Yield (%)
o o)
1 15 (339)
338
OMe O OMe O
2 i 32342
OMe MeO OMe
0
3 | A AN 78 (344
P 343 | _
N N

O (0]
Br Br
0 0
5 t@ik I>i‘\/(/ 76 @50
HoN . H,N
(0]
6 ﬁ;@ik 88 352"
351t o

Table3.7 Alkylation of orthresubstituted aryl ketones with-Bentanolvia hydrogen borrowingatalysis.
Reagents and conditions: (i) [Cp*He&(0.5 mol%), NatBu (2 equiv), $entanol (1.5 equiv), 8%, Ar, 18
h, 2using [Cp*IrG]2 (1 mol%), Na@Bu (4equiv), 3pentanol (3 equiv)

The methodology could also be extended teodho substituted ketones347 and 349 bearing a

para-substitutions of-Br and-NH,, leading to good yields of 70% and 76% respectiaijries 4

" Compounds349and 350synthesised by Choon Boon Cheong
“Compounds51and352synthessed by Dr James Frost
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and 5. We were pleased to find thabuble alkylation of diketon851was also possible, affording

the corresponding dialkylateproduct352in an excellent yield of 88¢&ntry 6.

3.5.2 Acyclic Secondary Alcohols

Next, attention was turned to assessing the scope of secondary alcohols withd@hsilrketone

329. Following on from ®entanol used in the optimisation of the reaction comoiis to form

ketone333, we began by exploring several acyclic secondary alcohols as the alkylation partner.

0 i. [Cp*IrCly]» 0O Ry ,
R,R,CHOH ! Ph*=
Ph*)J\ % Ph*)’I\)\RZ ! Ph
329
Entry  Secondary Alohol Product Yield(%)
OH o
1 A )K)i/ 97,833
328 Ph*
\)Oi i
2 84 (355
3 66 (357)
356 Ph*
OH o R 71 360, R =Me)
, e
4 R)\/“;osn Ph*)J\M\OB 70 361, R = Et}
358, (R = Me) 359, (R = Et) 2oen
OH e}
5 e, s 78 669
362 2NBn,

Table3.8 Substrate scope: acyclic secondary alcohols. Reagents and conditions: (i) {zi§6LECinoPo),
NaQBu (2 equiv), alcohol (1.5 equiv), &5, Ar, 18 ltusing [Cp*IrC]z (2 mol%), Na@Bu (3 equiv),
aloohol (2 equiv), 108C

On subjection of norsymmetrical alcohol, -Butanol 354, to the reaction conditions, ketongs5

was isolated in an exceiie yield of 84% Table 3.8, Entry 3. We were delightedot to find

" Compounds357, 360and 361 synthesised by Dr James Frost
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selfcondensation products resitty from 2-butanol. Presenceof a phenyl group was also
accommodated affording ketone357 in a good vyield of 66%E(try 3. Gratifyingly, the
introduction of a benzyl ether did not hinder the reaction, with the methyl vari@&0, isolated
in 70% yieldReplacinghe methyl groupwith an ethyl group required additional quantities of
catalyst, base and a slightly elevated temperature of 40%0 afford -branched ketone361in
70% vyield Entry 4. In addition, subjection ofrelated debenzylated amino alcoh862 to the

reaction conditionded to ketone363in a good yield of 78%try5).

O i.[CPIClyl, o E D
M RiMeCHOH M ;
P e P Ry 154

Entry Secondary Alcohol Product Yield (%)

OH 0
12 s o s 82 (366)
365 |/ W),

OH

2 Ph*
54

OH

32 A Ph*
69| |

N N

92 (368"

&

75 @70y

\ //

Talle 3.9 Substrate scope: acyclic secondary alcohols. Reagents and conditions: (i) $2[§6LE2i0l%),
NaQBu (2 equiv), entanol (1.5 equiv), 8%, Ar, 18 htusing [Cp*IrG]2 (2 mol%), NaBu (3 equiy,
3-pentanol (2 equiv)® along with side product54

Next, we subjected a range of benzylic acyclic secondary alcohols to our reaction conditions.
Pleasinglyboth electron rich (thiopheng365) and electron poor (pyriding869) heterocyclic ring
systemswere tolerated withinthe secondary alcohol, providing the corresponding prod368
and370in 82% and 75% yields respectivalglfle 3.9, Entries 1 and.3Through experimentation,

we found that these reactions required 2 equivalents of the alcoholZaeduivalents of the &se

to push the reaction to completion. Subjection of benzylic alc&ddb the reaction conditions

" Compound370synthessed by Choon Boon Cheong
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resulted in an excellent 92% yieldiebranched ketone868. It was interesting to note that small

amounts of selcondensation producii54 resulted from this reactiorfTable 3.9. Presumably,

benzylic alcohd67undergoes facile oxidation to the resulting ketone at a rate greater than which

it is consumed in thelesired catalytic pathway. This may therefore lead to a slight accumulation

of the ketone, which is then able to selbndense to give side produtb4. This side product was

found to cerun with the desired product, though treatmemtf the crude mixturewith NaBH

allowed isolation of desired keton868 cleanly. This exploited the fact that Ph* can prevent

reduction of the carbonyl group thereby only side prod@b# is reduced to the corresponding

alcoho| aiding purification.

e

i. [Cp*IrCI2]2
Ph*)J\

329

_ Ph*/u\)\v

skipped enone

e~

. Skipped
[
Entry Secondary Alcohol Product Yield (%) Enone (%)
0
1 )W P“*J\)W 96 372 -
2 )\O Ph*% 80 @74 8 (375)
OH 0
3 Ph* 75 @77 13379
376
OH 0
4 )\O Ph*/% 84 380 -

Table3.10 Substrate scope: acyclsecondary alcohols. Reagents and conditions: (i) [Cg3I(2Imol%),
NaGBu (3 equiv), alcohol (2 equiv), 85, Ar, 18 h

Next, a series of secondary alcohols featutingubstituted cycloalkanes of various sizes were

investigaed. The study began byubjecting the alcohoB71, featuring a cyclopropane, to the
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reaction conditions. Pleasingly, the corresponding ket8mig2 could be isolated in an excellent
yield of 96%Table 3.10, Entry)1 Increasing the ring size to four also provided the desired leeton
374 in a high vyield of 89%, as weals 8% of tetrasubstituted skipped enong’5 (Entry 2.
Secondary alcohd76, containing a cyclopentyl group, provided a slightly lower but respectable
yield of 75%0f i -branched ketone77 (Entry 3. Skipped enon878was isolated in an increased
amount of 13% in this case. To complete the series, ked@@ebearing a cyclohexyl group, could
also be isolated in an excellent yield of 8&®#atry 4. Thraugh experimentabn, it was identified

that this series of alcohols required 2 equivalents of the respective alcohol and 3 equivalents of
base, as utilising any lower resulted in incomplete reaction and increased amounts of

tetrasubstituted skipped enoneding observed.

OH OH
Bno._J_0Bn )\/K/k

382 383

Figure3.2 Acyclic secondary alcohols that failed to react

It is noteworthy that acyclic secondary alcoh®82 and 383 failed to react under our optimised
protocols Figure 32). Reaction with alcoh@82 resulted only in the observation of unreacted
Ph* ketone329 and alcohol382 by '*H NMRanalysis of the crude materialWWe suspected the
presence of two electromvithdrawingi -oxygen atoms with respect to the alcohol may disfar
oxidation, a key step on route to forming the desiretiranched product. Similarly, when alcohol
383 was subjected to the reaction conditions, only unreacted ket888 and alcohol383were
obseaved by'H NMR analysisf the crude materiallt was tleorised that the two bulky isopropyl
groups may result in a sterically encumbered aldol adduct which favours aalelwbprocess over

the desired elimination process.
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3.5.3 Cyclic Secondary Alcohols

Nex, we turned our attention to investigating the use ofatic secondary alcohols as alkylating

agents under the developed protocol. Experimentation revealed that reactions with cyclic

secondary alcohols gave superior yields whebtB<{Qvas used as the basetead of Na@Bu.

OH nOe nOe
observed observed
“, - o

O i [CpHIrClyl,

329

: 0
(o] ' H Me
-, )1\5@) - Ph*w
"o
Ph* Ph* :

O H ~H
Ph*%“ﬂe
12.1Hz ¥,

391a J-coupling’ 391b
Ertry Secondary Alcohol Product Yield (%)
OH o
S I s2es
Ph*
OH
386 o
? )k):) 86 387)
Ph*
388 73 equatorial attack
HO 0 _ A
3ab /U\j:) (389&:38%) W
a 84:16 d.r. Ph* /394
HO 390 80 [Irﬁzuatorial attack
4b \O/ o) (391a:391b) W
Ph*)J\\“‘ 90:10 d-r- Ph* /395
392 88 equatorial attack
HO 0 L nH
5 \O\ )J\/O/ (3932:3930) O\,
a 79:21d.r. | pp /396

Table3.11 Substrate scope: cyclic secondary alcohols. Reagents and conditions: (i) [2g2n@b61%),
KQBu (3 ewiv), 3pentanol (2 equiv), 85C, Ar, 18 hiconducted at 105C."d.r. determined by*H NMR
analysis of the crude materjainajor diastereomer shown

We began by looking at cyclopentan@84) and unsubstituted cyclohexandg6). We were

pleased to findketones 385 and 387 could beisolated in excellent yields of 82% aB86%

respectively Table 3.11, Entries 1 and).2Next, we looked at a series of metsyibstituted

cyclohexanols. Reaction with substituted cyclohex&88gave ketone889in 73% yield athwith

" Compounds389and 393 synthesised by Dr James Frost
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84:16d.r. (Entry 3. This reaction required a slightly highemperature of 105°C to push the
reaction to completion, presumably due to the proximity of the methyl substituent to the alcohol
centre resulting in a sterically encumbered aldol add®teasingly, 1;3ubstituted cyclohexanol
390 reacted smoothly togive desired ketone391 in 80% yield and 90:10 d.(Entry 4).
Furthermore, ketone393 could also be isolated in an excellent yield of 88% and 79:21 d.r.
(Entry5). The substraténduced dastereoselectivity observed in the formation 889, 391 and

393 could be predicated by an equatorial attack afi fir]-H species on an exocyclic enone
(Table3.11, Entries 35). The relative stereochemistry tfie diastereoisomers 0889, 391 and

393wasdetermined using observed nOe interactions after running 2D NOESY NMR experiments.

(0] i. [Cp*IrCl5],
)J\ _RiR;CHOH
Ph*

329
Entry Secondary Alcohol Product Yield(%)
HO OBn 81
18 \O\ )K/©/ (399:39%)
398 OBn P 70:30 d.r
HO o CF, 60
28 400\0\ w (401a:401b)’
CFs Ph 89:11 d.r.
402 tBu >95:5d.r.
HO o)
404 OJ Ph*

Table3.12 Substrate scope: cyclic secondary alcohdls determined by'H NMRanalysis of the crude

material majordiastereomer shown. Reagents and conditions: (i) [Cpbr@ mobkb), K&BuU (3 equiv),

3-pentanol (2 equiv), 8%C, Ar, 18 h (ii) [Cp*IrgH (0.5 mol%), NatBu (2 equiv), dentanol (1.5 equiv),
85°C, Ar, 18 h

" Compound#t01and403synthesised by Choon Boon Cheong
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We were pleased to find that benzgther containing secondary alcoh®®8 could be tolerated,
with ketone399isolated in 81% and 70:30rd(Table 3.12, Entnyt). The structure of produ@9%a
was unambiguously confirmed by single crystalaX diffracton (see Experimental Details
Chapter 5.3. Trifluoromethyl alcohcd00was also well tolerated, affording desd ketone401in
60% vyield and 89:11 d.fEAtry 2. The structure of produetOlb was also determined by single
crystal Xray diffraction. With the trifluoromethyl group replaced wittbutyl, ketone403 was
isolated in 91% vyield and an excellent >58:r. Entry 3, the structure of which was also
determined by single crystaledy diffractiorfs38. With an Avalue of > 4.5 kcahol* " for the
tbutyl group, it is perhaps notoo surprising that ketone403 is isolated with such high
diastereoselectivity. As before, theelative stereochemistry for the major diastereocisomer
observed in the formation 0399, 401 and 403 could be predicated by an equatorial attack of a
[Ir]-H species on an exocyclic enoneat®yingly, cyclic acetal containing alcoldl4reacted with

ketone329to form corresponding produetO5in an excellent yield of 99%.

In addition, Choon Boon Cheong from the Donohoe group showed that ked®7e408, 409and

410could also be isolatkin good yields frontorrespondingsecondary alcoholssgheme3.13).

0 o Ry h "
i. [Cp*IrCl,], R :
R,R,CHOH 2
—_—
329
O 0 NBn
4072, 84% 4082, 60% 409, 66% 410, 86%

>95:5d.r.

Scheme3.13 Additional substrate scope: cyclic alcohgisonducted by Choon Boon Cheong. Reagents
and onditions: (i) [Cp*IrG]2 (2 mol%), KBu (3 equiv), alcohol (2 equiv), 85, Ar, 18 h? conducted at
105°C

" X-ray crystaktructure for compound401band403obtained by Goon Boon Cheong
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Gratifyingly, many cyclic secondary alcohols witlvaaiety of functional groups and steric
requirements were demonstrated to work under our aptsed protocol, although there were
also several secondary alcohols which failed to regigufe 3.3. Use of tetrahydropyranyl alcohol
411 resulted in a complexnixture with starting ketone329 only recovered in trace amounts.
Unfortunately, 2indanol (412) did not react to give the desired product, with 80% of starting
ketone 329 recovered at the end of the reaction. Subjection of fluored@B to our reaction
conditions did not deliver the corresponding product with NMRanalysis of the crude matetia
revealing unreacted starting ketor@29and fluorenol413. Oxidation of fluorenol would lead to
the stable aromatic ketone, fluorenone, which perhaps once foriisednreactive towards the

enolate of ketone329.

pelea sl

411 412 413 414 415

HO HO
T\NBn :
OH
416 417 418

Figure 3.3 Cyclic secondary alcohols that failed to react

Unfortunately, diol414, mono-Boc protected amino alcoho#l15 and cyclopropano(417) all
resulted in complex mixtures on subjection to the reaction cdndig. Subjection of Menzyl
azetidinyl alcoho#t16to the reaction conditions resulted in no reaction, with both Ph* methyl
ketone 329 and unreacted secondary alcohé16 observed by!H NMRanalysis of the crude
material One suggestion for the lack ofaativity may be due tdhe electronegative -nitrogen
atom being present in the alcohol, lowering the ease by which the centradised. Finally, when
(¢)-borneol 418 was subjected to our reaction conditions, it did not react, with both starting

ketone329 and alcoho#18observed byH NMRanalysis of the crude material
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3.6 Derivatisation of Products via Bromingiated Ph* Release

With the substrate scope complete and a range of both acyclic and cyclic secondary alcohols found

to be effective under ouoptimised protocol, it was important to demonstrate the utility of the

products. As discussed earlier (S8hapter 3.2, (Ph*) ketoes had been shown to undergo a
retro-Friedet/ NI Fda | Oefl GA2y LINRPOSaax fSIHRAyiBRaldz2z WNB

range of nucleophiles to provide carboxylic acid derivatives.

carboxylic acid

derivatives
0 o)
Nu Ph
via acyl
bromide
325 327

Nu = H,0, BuOH, PrSH, BnNH,, MeONHMe

Scheme3.14 Work by Dr James Frost demonstrating how brorimgated release of -alkylated Ph*
ketones(Y RS o0& /K22y .22y [ KS2y30 O2dZ R 6S WNBfSIFas

As Dr James Frost had demoasid previously that -alkylated substrate825 (synthesisediia
hydrogen borrowing catalysis by Choon Boon Che&atydme 3.4)) could be derivatid using

our bromineinitiated release protocol, he once again attempted to apply this methodology to the
i-bNF YyOKSR LINPRdzOG&a aedyiKSairAaSR dzy RS Ndbrankhed ySof @
products were selected and treated with ;B{Scheme 3.%). Gratifyingly, the acid bromide
generatedin situ could be trapped with dbutanol to form the correspondinutyl esters and
dibenzylamine to afford the corresponding amides in good to excellent yields with no
stereochemical erosion observed. We weregsked to find that functional groups suchalenzyl

ether (424 & 425), trifluoromethyl 421) and a heterocylic ring 423) were all tolerated under the
derivatisation method. The derivatisation method was also shown to be applicable to peptide
coupling, wili K-amino methyl esters successfully coupled to afford prodd2&and429in good

yields.
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O Ry
i. Bry then Nu

R24>

Nu Rz

o
420, 96% 421, 73% 422, 80% 4232 7 5%

428, 67% 429, 75%

424, R = OBu, 67%
425, R=NBn,, 71% 426, R =OBu, 71%
427, R = NBny, 73%

Scheme3.15 Bromineinitiated release of -branched Ph* ketones. Reagents anaditions: Be (2 equiv),
CHCE, ¢17 °C,then Nu (3 equiv)g17 °C to RT? Brz (4 equiv) requied. Reactions conducted by Dr James
Frost

3.7 Preliminary Studies: Enantioselective Route TowaBdanched

Ketones

3.7.1 Introduction

To our knowledge, an asymmetricriamt for the alkylation of ketone enolateda hydrogen
borrowing catalysis using alcoholsuisprecedented. The development of such a process would
add great value to the chemistry, as methods for access to single enantiomers are highly sought
after, paticularly in the field of pharmaceuticals. As the methods we have developed thus far
afford raemic products, we wondered if it would be possible to extend them to generate single

enantiomers.

Work by Choon Boon Cheong in the Donohoe group had alreadyprdgrated that although
asymmetric alkylation of methylene keton@k31) using primary alcoholwould be desirable, the
newly generated -branched stereogenic cent{d33) would likely be susceptible to racemisation

under the strong basic conditions regedrto conduct the chemistryScheme3.16a).
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(a) enantioselective alkylation of Ph* methylene ketones with primary alcohols

o . 0 epimerisation
)J\/ [t:\Q\]SLe ( under basic

Ph* Ri + Ry—OH __23%€¢ _ ! conditions
431 432 433 || R,

(b) enantioselective alkylation of Ph* methyl ketones with secondary alcohols
[MIL*

)J\ + )\ base 1
Ph* R4 R, Ph* R,
non-
329 434 435 \ ;
enolisable

(c) key enantiodetermining step in the hydrogen borrowing catalytic cycle

o O H Ry
Ph*)J\ + Rz
329

437

key enantiodétermining step

Scheme3.16 Enantioselective alkylation of Ph* ketones using primary and secondary alaiéols
hydrogen borrowing catalysis

In mntrast, the alkylation of Phiethylketone (329) using secondary alcohols would generate a

i -stereogenic centre(435), which would generally be neenolisable $cheme 3.@b). We
therefore identified this as a process which held the potential to be developed further into a
catalytic enantioselectivgprocess. We theorised that the key enantiodetening step in this
reaction pertained to delivery of the metal hydride to enof@6 (Scheme 3.4c). We noted the
similarity of this step to enantioselective transition metal catalysed hydrogenation reaciahs
wondered whether the plethora of ligands ah have been developed for this reaction could
impart asymmetry on our reaction too. For example, Pfaltz andvakers have previously
reported iridium/prolinebased P,@igand complexes as highly selectivatatysts for the
asymmetric hydrogenation ofigsubstituted alkene§? They were able to apply this procedure

to aryl enone 438, isolating R-154 in an excellent 98% yield and 95% enantiomeric excess
(Schemes.17). Arylenone438is not dissimilar from the types of substrates we would hope to
reduce asymmetrically, therefore it was reassuring to see this transformation could be achieved

in high yield and high enantiomeric excess, albeit under different conditions.
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E h Ph
o) [(cod),IrIBArE (1 mol%) [ /Q
O = O i 439 (1 mol%) ‘)\>\‘
o b

438 (R)-154, 98%
95% ee

Scheme3.17 Example of a substrate shown to undergo catalytic asymmetric hydrogenation under a
protocol developed by Pfaltz and-egorkers. Reagents and conditions: [(cédBArF (1 mol%),439
(1 mol%), H (50 bar), CECh, RT, 2 h

3.7.2 Preliminary Studies

The sudy began with enond42being chosen as a model substrate for a preliminary study. We
would initially focus on carrying out an asymmetric transfer hydrogenation of edd@evhich,

as hghlighted previously was thought to be the key enantiodetermining,ste determine if
there was any induction of asymmetry. Any successful leads would then be tested in a full
hydrogen borrowing alkylation reaction. Using a protocol adapted from thd&istier and co
workerd!®®l Ph* ketone329was added to EtMgBr to for the corresponding bromomagnesium
enolate, which could subsequently be trapped with acetophend®i® providei -hydroxyketone
441in 81% yieldgcheme 3.8). Subjectingt41to HCI resulted in elimination to afford the desired

enone -442in 93% vyield

i. EtMgBr

0 O

then )J\

46 Ph
—_—
H
LH
nOe
329 441, 81%
° (E)-442, 93% observed

Scheme3.18 Synthesis of enoné42 Reagents and conditions: (i) EtMgBM3 EtO), EtOthen
acetophenone (1.1 equiv), £C, 16 h, (ii) HCI7%6), E4O, 40°C, 24 h

The stereochemistry of enor2was identified asH) based upon NMR analysis revealing an nOe
interaction between the h-alkenyl proton and an aromatic protoiiScheme 3.18 The
corresponding 4) isomer would be expected to have a nOe interaction betweenhtiadkenyl

proton and the -methyl group, which was also absent in this analysis.
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Concerned that the relatively higbmperatures required for hydrogen borrowing catalysis could
potentially become troublesome in garnering asymmetric induction, first, a study of the hydrogen
borrowing alkylation reaction of Ph* ketorg29and1-phenylethanl-ol (54) over time at a range

of temperatures under our optimised protocalas conducted§cheme 3.9). With Ph* ketone

329, and desired produc368in hand, as well as intermediatdd1and442, HPLC analysis could
be utilised to track the formation and/or depletion of these compoundsr time vs mesitylene

as an internal standard.

i. [Cp*IrCl,],

o} Ph):; O . OH 0 _ 0
e Regaeheggrbegqe
329 441 (E)-442 368

Scheme3.19 Hydrogen borrowing alkylation reaction of Ph* ketoB29 with alcohol54 to be studied at
different temperatures Reagents and conditions: (i) [Cp*h&(2 mol%), KBu (3equiv), water (5 mol%)
1-phenylethanl-ol 54 (2 equiv), PhMe (#1), variable temperature, 24, N\o

100 ¢
SN 35°C
90 0.
B o O
80 ‘O‘ \0
s & oy
< 70 : < <
5 60 <
Q
> 50
g
E 40 A
2 30 X N
A AN
20 A VAN A
10
(O 4 e ﬁ O—-0-—-0 O O 0 0 0 0
0 500 1000 1500 2000 2500 3000
time / mins

©O—Ph* ketone 329 —O—enone 442 —A— product 368

Figure3.4 Following formation/depletion of@mpounds in the reaction depicted Bcheme 3.9 at 35°C

" 5 mol% water was added to the re&mt in accordance with studies ©hapter 3.4.1as at the time of
investigation, only access to K& (98%) was available
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100 ¢ 5
%0 \ 65°C
80
O\\o 70 <> A AN 7AY 4
T 60 O A
> 50 O‘X\\A
g A s
g 40 &d RN
© 30 K R o0
20
10
o F+o-oo0-o0o-o- o o -o-o0o-o
0 500 1000 1500 2000 2500 3000
time / mins

O— Ph* ketone 329 O0—enone 442 A— product 368

Figure3.5 Following formation/depletion of compounds in the reaction depicte&aheme 3.2 at 65°C

100 ¢ S
o0 \ 85°C
80 \ A———A

70 o R A—D— A ]
60 S TS

50 <

Lod
40 B

relative yield / %

. X 0 6
20 on\o ------ \
10

op-—o-oo0-o-o-o0o-o-—o0o-0-o-—-o
0 500 1000 1500 2000 2500 3000
time / mins
©O— Ph* ketone 329 O enone 442 A— product 368

Figure3.6 Following formation/depletion of compounds in the reaction depicte&aheme 3.2at 85°C

Surprisingly, the reaction did, in fact, proceed af@igure 3.4, but the relative yield of desired
ketone368plateaued at 25% after 48 Running the reaction at 6% Figure3.5) was much more
effective in comparison, though 8& Eigure 3.6 provided the best result, with desired ketone
368 formed in a relative yield of 80% after 48 h. It was interesting to note that in all cases,
i -hydroxyketone441was not observed in any amounts, whereas endd@ was observed at a

relatively stable, unchangg, lowlevel amount throughout the reaction
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The decision was therefore made to conduct the preliminary study of the transfer hydrogenation

of enone442at 85°C.
. [(cod)IrCI]2
0
Ph
phe” NP 54
(E)'442 ||gand
Entry Ligand er? Entry Ligand er?
(R)-P-Phos OMe
R)-2- furyl -MeOBIPHEP
1 45:55 5 MeO P(furyl), 43:57
MeO P(furyl),
0
(R)-SEGPHOS
IO
2 45:55 6 0 PPh, 48:52
o PPh,
( ‘ 448

(R)-Xyl-P-Phos OMe

(S)-Tol-BINAP
N N
O P(Xyl)
3 P(p-tolyl), | 5347 7 (Xilz 51:49
P(p-tolyl), | o
T ws

(S)-P-Phos OMe
(R)-MeO-BIPHEP

53:47 8 MeO O PPh, 48:52
MeO PPh,
450

OMe

Table3.13 Chiral ligand screed e.r. measured using chiral HPLC. Reagents and conditions: (i) [(ced)IrCl]
(2 mol%), ligand (#ol%), K@Bu (3equiv), water (5 mol%)-phenylethanl-ol 54 (1.1 equiv), PhMe (¥),
85°C 24h, \o

Thus far, we had utilised [Cp*Isfzlas the catalystni our procedure, which required no extra
ligand to be added to catalyse the reaction successfully. To provide additionalfiimg, we
decided to switch to [(cod)IrGljvhich, in our experiend®!, had also been capable of catalysing

the hydrogen borrowng alkylation reactions of ketones with both primary and secondary
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alcohols. To work effectively, it required an additional phosphine ligand to be added, which would
allow a possible opportunity for enantiocontrol. With the reaction citiods otherwise
unchanged, we subjected enond42 to our protocol, utilising Pphenylethanl-ol (54) as the
source of hydride Table 3.13". Eight chiral diphosphine ligands were initially chosen to be
screened. Pleasingly, clear asymmetric induction wlaserved in sevel cases, albeit in low
levels. Reactions withR(-P-Phos 443 and R-BINAP444 (Entries 1 and p gave a 10%
enantiomeric excess. The opposite enantiomer of liggd48 (9-P-Phos446 (Entry 4, afforded a

6% enantiomeric excess, but ftire opposite enatiomer of product368, as would typically be
expected. The ligand which performed the best with respect to asymmetric induction was

(R-furylphosphinoBINARA47 (Entry 5, affordingproduct 368with 14% enantiomeric excess.

Although this was not pursued afyrther, it continues to be an active area of research within the
Donohoe group. It is clear from this preliminary study that asymmetric induction is indeed
possible, though requires further optisation. In screening eight ligands, we have only touched
the surface of possible parameters that could be further tuned to improve the enantioselectivity

of this procedure.

3.8 Conclusion

We have extended the scope of hydrogen borrowing catalysis by mdkpogsible to utilise a

wide range of secondary alcoholsdtkylate ketones to form-branched products.

This was made possible through initial realisation thadrtho phenyl substituted ketones were
crucial to the success of this methodology by proitagtthe carbonyl functionality from attack.
The benefits of this were twpld: (i) wndesired 1,Zeduction of the carbonyl group was

prevented and (ii) selfondensation of the aryl ketone stating material was also prevented.

" 5 mol% water was added the reaction in accordance with studies@hapter3.4.1, as at the time of
investigation, only access ¥QBu (98%) was available

" Analytical amounts of each reaction were purified for chiral HPLC analysis to determine enantiomeric
excess. Yields not tlegkmined
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Pentamethylphenyl (Ph*) methketone was chosen as a model substrate for optimisation of this
reaction, along wh 3-pentanol. In optimising this reaction, several parameters were investigated,
with the key finding that switching from KOH to tBO allowed the temperature of the redon

to be reduced to 88C. This was presumably due to the increased solubilityedbtter in toluene,

the reaction solvent. In running control reactions, a reproducibility issue relating to the use of
KGBu was highlighted and investigated thoroughljie outcome of the investigation led to a
more robust protocol which utilised freshiade K@u fromtBuOH and potassium metal, but
crucially, without a sublimation step. Alternatively, a second protocol utilising the related base

NaGBu was also estabhisd.

The substrate scope of the aryl group was investigated and although severtiasubstituted

aryl ketones afforded corresponding products witip@ntaol in good yields, Ph* methyl ketone
gave the highest yield and held the greater potential ofléaderivatisation. Several acyclic and
cyclic secondary alcohols were then testedhwPh* methyl ketone, with a wide range of
functionalities found to be tolerated within the alcohol. Subsequently, a representative quantity
of thei -branched products faned from this reaction were subjected to our previously developed
retro-FriedetCrafts acylation process. This proceeded though brofmiitiated release with the
resulting acid bromide, formeéh sity trapped with several nucleopleis to form esters and

amides.

Finally, to begin development of an enantioselective route towdrdsanched ketonesvia
hydrogen borrowing catalysis, we conducted some preliminary studies. These studies showed that
asymmetric induction was indeed possiplalbeit with low enaribselectivity of 14% (best
example) and for a simplified model whereby only the crucial enantiodetermining asymmetric

transfer hydrogenation step was carried out.
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Chapter 4: Results& Discussiorg Cyclic Products Using Diols
4.1 Introduction

Theuse of diols#52as alkylating agents in©€ bond forming reactions of carbonyl substratés
hydrogen borrowing catalysis has been limited. Key contributions to the area have been made by
Ishii and ceworkers who reported the hcatalysed alkylation obutyl acetate453 using 1,9
nonanediol resulting in the formation @b4in 52% yield(Scheme 4.13%°¥ In a related report,

they were also able to apply a similar protocol to acet¢dfeh), with a range of diold52(h = &

10) affording product#56 (Sheme4.14).52 Conceptually, the formation of these products can

be expected to proceed through a stamdahydrogen borrowing catalytic cycle, except that each

equivalent of diol is able to react with two equivalents of the carbonyl substrate.

(a) intermolecular dialkylation using diols as precursors

(6]
i. [(cod)IrCI] Jgss g i
i. [(cod)Ir J\/(,\)\/U\
2 BuO BuO OBu

9
454, 52%

nOH

(o]
455
452 ii. [(cod)IrCl], )J\ )OJ\/H\/IOJ\ n=6-10
n

456, 6 examples, 57-77%,

HO

(b) alkylation of butyl cyanoacetate using diols as the alkylating agent

O 137 o
CN
iii. [(cod)IrCl], BuO
Ho’(A)ROH > BuO moH N=5-13
452 CN

457, 7 examples, 53-72%,

Schemed.1 Use of diols as the laflating agent in €€ bond forming reactions of carbonyl substrates.
Reagents and conditions: (i) [(cod)IsC10 mol%), PR30 mol%), butyl acetat€0 equiv), K&Bu
(4 equiv),tBuOH (0.5 M), 108C, 15 h, (i) [(cod)IrGI]5 mol%), PPH(15 mol%), aetone (10 equiv), KOH
(40 mol%), toluene (2 M), 10, 2 h, (iii) [(cod)IrGI{5 mol%), PPX(20 mol%), diol (3 equiv), dioxane
(1 M), 120°C, 20 h

Interestingly, the use of 1;4utanediol (n = 4) and 1;pentanediol (n=5) with acetone did not

lead to any desired product, though the diols were almost entirely consumed under the reaction
conditions. The authors suspected, at least in the case abdidnediol, this was due to the diol
participating in Guerbetype processes leading to a complex mixture of polymers. In both

examples, the diol was used as the limiting reagent, with the carbonyl substrate used in a large
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excess. A slightly modified pamol was reported by Ishii and -@@orkers where the carbonyl
substrate, butyl cynanoacetat&37, was utilised as the limiting reagent with afdld excess of
diols 452 (n = %13), leading to the formation of -branched productg57 (Scheme 4.1pk In
contrast to the previous protocol, the diol only reacts once with butyl cyanoacetate to give a free

terminal hydroxy group in the product.

Comparatively, the use of diols as alkylating agentshihliond forming reactionsia hydrogen
borrowing catalysis fabeen much more widespread. Following on from a seminal publication by
Grigg and cavorkers in 1981 on the -8 annulation of amino alcohols to form pyrroliding3,
focus in the area has predominantly been on the utilisation of diols as direct precumsors
azaheterocyclesvia double alkylation of the corresponding amirféiqure 4.2. The mechanism

for this process is analogous to the transition meatatalysed alkylation of ketone enolates with
alcohols, with the exception that the ketone enolate nughie is replaced with an amine and
that the second alkylation is intramolecular. Interest in annulation using di@l4B catalysis has
been high in recent years, perhaps due to the relatively benign nature of the diol starting materials

and given thathe reaction only generates two equivalents of water as th@itmduct %!

(a) formation of aza-heterocycles using diols as direct precursors
458, 72% (n=1)

n
ii. [Cp*IrCl [H>
Bn—NH, + Ho™ ™OH i [CpTirCll,  459.91% (n=2)
460, 73% (n = 3)
31 451 Bn
(b) diastereoselectivity observed using a disubstituted diol
OH jii. [Cp*IrC|2]2 i
Bn—NH, + HOJ\/\( —_— N N
461 Bn Bn

31 94%

cis-462 trans-462
73 : 27

Scheme4.2 Use of diols in @©l bond formation to generate az@eterocycles/ia hydrogen borrowing
catalysis. Reagents and conditions: (i) [Cp3]#Cl-2 mol%), NaHCGQ®1-2 mol%), benzylamine (1.5 equiv),
toluene (0.%2 M), 9G;110°C, 17 h (ii) [Cp*Irg}k (1 mol%), NaCQ (1 mol%), benzylamine (1.5 equiv),

toluene (2 M), 110C, 17 h

A representativér-catalysed protocol for the synthesis of adzeterocycles from benzylamir{81)

and diols(451) was reported by Fujita, Yamaguchi andvearkers illustrating the generatios-,
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6- and #membered ringg458¢460) using this approachScheme 4.23%! When disubstituted
diol 461was subjected to the same procedure, the corresponding pyrrolidé#was isolated as
a mixture of diastereoisomers withastransratio of 73:27 irf4% yield. Interestingly, to the best
our knowledge, this is the only diasteezective example of this type of reaction reported within

the literature.

In contrast to @ annulation, the analogous reaction of a diol with a carbon nucleophile to form
a carbocyclic ring is unprecedented using hydrogen borrowing catalysis. Perhigpgs th
unsurprising, as achieving this transformation is marred by many difficutee(me 4.3a Firstly,
there is the issue that the carbon nucleophile, in this case m&ttghe464, could seHcondense.
The mechanism dictates that the nucleophile mbe a methyl ketone, as a methylene ketone
would be unable to undergo the second intramolecular alkylation step. Secondly,-speaific
issue resulting from the use of didi51) is that any propensity to participate in side reactions
must be controlle. As noted earlier, diols, particularly Ihditanediol and 1,5entanediol have
been reported to undergo Guerbéype processes with strong base at elevated temperatifés.
Under the reaction conditions, diols may also undergo cyclisation to form thesmonding
lactone (465). Thirdly, a difficult intramoleculalt-branching step must be accomplishétb6).
Finally, reaction of the diol with two equivalents of the carbormrhpound in an intermolecular
process leading to product’68 needs to be prevemd, while an intramolecular process to form

the desired carbocyclic rimg67 must be favoured.
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(a) issues with carbocycle formation using diols with carbon based nucleophiles

(0]
R desired
product
467
n
R
- o
! 1
T e M] Q488 o (&)
RJ\ " 451 R intermolecular
@ ) dialkylation of
self , M Ho” T " diol?
condensation? \ o 468
@ 0 - R
side reactions? intramolecular
e.g. lactone @ )n a-branched
formation 465 alkylation?

0O | o]
' OH M] @
+ HO - = .
329 " A5 '/nterm.olecula'r
@ dialkylation of diol?
side reactions? @ dilution
self- @ slow release of intramolecular
condensation? aldehyde a-branched alkylation?
prevented through TM- intermolecular o-branching
catalysis achieved with Ph* ketones

Schemet.3 Carbocycle formation using diols with carbon nucleophiles

Indeed, wemay have already addressed some of these probledthidme 4.3pin developing
methodology for the alkylation of methylene ketones using primary alcohdisrin h -branched
products (seeChapter 3 and the alkylation of methyl ketones using secondary alcohols to form

i -branched products (se€hapter 3. We already know that dirtho substituted phenyl methyl
ketones are prevented from setbndensing, with Phmethyl ketone329 performing particularly

well. Though we had not dealt with diols before, we hypothesised that slow release of small
amounts of the corresponding aldehyde speciesa metatcatalysed oxidation in the presence

of a large abundance of ¢hketane enolate would reduce the amount of side reactions. Also, as
discussed previously (s&hapter 2 and 3.2" -branching using higher alcohols is difficult, though
S RAAO2OUSNBR GKI{G dziatAaAay3d {({SG2ySaanesdeo aidAldz
di-ortho substituted aryl groups were able to carry out fadilalkylation to form branched
products. We avisaged that Ph* methyl ketorg29may also facilitate thé -branched alkylation

step in this process. In addition, this step would be imoéecularand may therefore occur more
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readily. Finally, we hoped that reaction of the diol with two equivalentthefcarbonyl substrate
to form side product468 could be minimised through careful control of the dilution of the
reaction. We also wondereghether any diastereoselectivity could be achieved as seen by Fuijita,

Yamaguchi & cavorkers in their analogous-8 annulation reaction§chemes.2¢).

Due to the general interest in the formation of carbocyclic mBfffs particularlysixmembered
carbocycle’’we thought adirect route to these structures using diols as precursors would be
of great value. We hagd that the basis of our methodology for the alkylation of Ph* methyl
ketone (329) using secondary alcohols would providgaod foundation upon which to optimise

and develop a procedure for the alkylation of ketones using diols to form carbocyclic rings.

4.2 Optimisation

We chose Ph* methyl keton@29) as the substrate on which to optimise our process along with
1,4-butanediol (471) as a model diol. The investigation began by subjecting keg#%to the
protocol we had originally developed for the alkylatmfircyclopropyl ketones (séghapter 2.3.3,

using a Sold excess of digt71and no solventTable 4.1, Entry )L

471 OH
HO/\/_\/
(5 equiv)
[Cp*IrCl5], (2 mol%)
KOH (3 equiv)

PhMe
329 105 °C, Ar, 24 h 472

Entry  PhMe (M) 472(%) RSM (%)
1 - 11 -
2 8.0 29 -
3 4.0 34 -
4 2.0 14 -
5 0.2 4 84
6 0.02 - 98

Teble 4.1 Screen of the concentration of PhMe

We were delighted to find that the desired produtt2containing a Emembered carbocyclic ring

could be isolated cleanly, albeit in a low yield of 11%. We suspé#u¢donducting the reaction
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neat resulted in increas side reactions due to observation of large quantities of polymeric
insoluble material. It was hoped that diluting with an appropriate solvent would alleviate this
issue. We identified toluene as aitble solvent and began by diluting the reaction t® &
(Entry 2). Pleasingly, cyclopentan¥r2 could be isolated in a higher yield of 29%. Diluting the
reaction further to 4.0M offered a small increase of product to 34%n{ry 3. Unfortunately,
dilution of the reaction to 2.0/ did not lead to any furthar beneficial effect, instead produdf72

was isolated in a lower yield of 14%n{ry 4. When the concentration was increased to 12

the product was isolated in a heavily diminished yi¢atfy 5 and increasing the dilution by
another factor of 10 ld to no isolated product at all, with only starting material recovered
(Entry6). The decision was therefore made to move forward by introducing aidddution of

toluene to the reaction conditions.

Next, suspecting that the excess of diol may be hindgrihe reaction by polymerising, the
stoichiometry of diol used within the reaction was varied. In addition, we wondered if lowering

the amount of KOH may also help deter any side reactions driven bycass of base.

471 OH
Ll ging
(X equiv)
[Cp*IrCl5], (2 mol%)
KOH (X equiv)

PhMe (4 M)
329 105 °C, Ar, 24 h 472

Ertry  Diol (equiv) KOH (equiv); 472(%) RSM (%)
1 11 3 65 -
2 2.0 3 59 -
3 5.0 3 34 -
4 10.0 3 25 -
5 11 1 53 9
6 11 2 55 5
7 11 5 60 -

Table4.2 Screen of the equivalents of diol and KOH

Gratifyingly, reducing the stoichiometry of diol to 2 equivalents afforded prodidgin a yield of

59% (Table 4.2, Entry Pand reducing this further to 1.1 equivalenEnfry 1) led to an increased
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yield of 65%Conversely, increasing the loading of di@lLto 10 equivalents had a detrimental

effect on the yield of product72 which was isolated in only 25% yielthtry 4.

Next, attention was turned to the loading of KOH used within the reaction. Loweringd<Oér

2 equivalentskntries 5 and Bprovided no beneficial effect and led to slightly lower yields of 53%
and 55% respectively. Increasing the amount of KOH to 5 equivaEntsy () also did not
improve the yield, with desired produdt72isolated h 60% yield. Based on these observations,

we decided to proceed using 1.1 equivalents of ditl and 3 equivalents of KOH.

In an attempt to increase the yield further, focus was turned to the loading of iridium catalyst used
in the reaction, as well aséreaction temperature. Unfortunately, decreasintpple 4.3, Entryl)

or increasingEntry 3 the amount of catalyst appeared to have little to no effect on the yield of
carbocyclic producéd72 Lowering the reaction temperature to 8% led to a correspaling
decrease in yield, with desired produtt2isolated in only 49% yield. Disappointingly, an increase

in reaction temperature to 125C Entry 9 resulted in no further increase in yield.

371 OH
HO/\/\_/
(1.1 equiv)
[Cp*IrCl5], (X mol%)
KOH (3 equiv)

PhMe (4 M)
329 X°C, Ar, 24 h 372

Entry [Cp*IrCh2(mol%) Temp (°C) | 472(%) RSM (%)
1 1 105 60 -
2 2 105 65 -
3 4 105 64 -
4 2 85 49 -
5 2 125 63 -

Table4.3 Screen of loading of [Cp*IeZland reaction temperature

The catalyst loading was therefore kept at 2 #ahnd the reaction temperature maintained at
105°C. With this preliminary set of conditions in hand, we were curious to know how formation

of a sixmembered carbocyclic ring would fare. We were disappointedind that although
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subjection of ketone329 and 1,5pentanediol473 to the preliminary reaction conditions gave
desired cyclohexand74, it was in a relatively modest yield of 44%, along with 7% recovered

starting material cheme 4.1

473
o) HO” """0H o)
i [Cp*|TC|2]2
+7% RSM
329 474, 449,

Schemed.4 Formation of a cyclohexane under a preliminary set of conditions. Reagents and conditions: (i)
[Cp*IrCt] (2 mol%), KOH (3 equiv), Ypentanediol (1.1 equiv), PhM@ M), 105°C, Ar, 24 h

Changing the approach slightly, focugas turned to the reaction of ketone329 with
1,5pentanediol473as we were particularly keen to achieve formation of a cyclohexane ring in
good yield. Next, several different bases were soegk a parameter which has not yet been
explored. In additionthe decision to reinvestigate the loading of base used, as well as reaction

temperature was made.

A range of bases were screened, with@3, NaHC®and LiOHTable 4.4, Entries-B) resultirg

in no formation of desired produet74 and returning only ureacted starting material in each
case. Using NaOH as the baEatfy 4 resulted in a disappointing 15% yield, whereagsB{O
(Entry § afforded474in 44% yield, matching the yield achievedh{OH previoushEfntry 5.
With the use of K@u notproviding any additional benefits over KOH, we decided to continue to

use KOH, particularly as it is considerably cheaper thaBuKO

Next, focus was turned to altering the stoichiometry of KOdering KOH to 2 equivalents had
no effect on the reactionEntry 7). Pleasingly, increasing the loading of KOH to 4 equivalents led
to an increased yield of 58%irftry 8, though increasing this to 5 equivalenEnfry 9 did not
have any further benefitWe were delighted to find that increasing the reaction temperatiore

115°C gntry 10 afforded sixmembered carbocyclic produdZ4in a good yield of 66%.
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473
HO” " ""0H
(1.1 equiv)
[Cp*IrCl,], (2 mol%)
base (X equiv)

PhMe (4 M)
329 X°C, Ar, 24 h 474

Entry Base Base (equiv) Temp (C) | 474(%) RSM (%)
1 CsCo 3 105 - 89
2 NaHC® 3 105 - 94
3 LiOH 3 105 - 91
4 NaOH 3 105 15 12
5 KOH 3 105 44 7
6 KQBu 3 105 44 trace
7 KOH 2 105 43 -

8 KOH 4 105 58 -
9 KOH 5 105 57 -
10 KOH 4 115 66 -

Table4.4 Second round of optimisation screening different bases, equivalents of KOH arehttion
temperature, using 1/ pentanediol

With these conditions in hand, we were curious to test how a more complex diol would behave

during cyclisation. The decision was made to subject-He%anediol 475 to the reaction

conditions.
475
Q HO OH o) J1C%7 |;|rz] major-476
-coupli
i, (CPUIrClyl, O ‘ e
. o] ?
Ph*
329
476, 61% aT7 H
85:15 d.r. + RSM

Schemed.5 Formation of a 1,lisubstituted cyclohexane. Reagents and condgiq(i) [Cp*IrC] (2 mol%),
KOH (4 equiv), 1;bexanediol (1.1 equiv), PhMe (4 M), 1’5 Ar, 24 h

We were deljhted to find that disubstituted cyclohexad& 6 could be isolated in 61% yield and
85:15 d.r. Scheme 4.5 The structure and relative stereochemistry of the major diastereoisomer
could be confirmed by a distinctive 1H triple doubl&t (10.7, 3.3 Hz) &.45 ppm in thé¢H NMR
spectrum correspondingptCOE, as well as a peak at 59.4 ppm in tf& NMR corresponding to

CQ (for discussion of stereochemistry, see later). Interestingly, tetrasubstituted efibfeas
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also formed, thoughit could not be istated cleanly. Enond77 was thought to occur asn
intermediate, which, on reduction by an iridium hydride species, would lead to saturated product
476. We theorised that the reason we had not observed this type of compound with unsubstituted
diols471and 473was because the intermediate in these cas®uld have been a trisubstituted
enone which could perhaps undergo facile reduction. In contrast, tetrasubstituted enones are

known to be challenging substrates for Zgtuction®!

Therefore, we increasd the stoichiometry of the diol to 1.5 equivalks, hoping this would
increase the availability of an iridium hydride species to aid the reduction of this difficult
intermediate Table 4.5, Entry 1 Pleasingly, this had the desired effect, with prodtits formed

in 78% yield, though with traces ofasting material and enond77 still present. Increasing the
amount of diol to 2 equivalentEftry 2 led to full conversion td76, which wagsolated in an

excellent yield of 80% and as a single diastemenés.

Alternatively, we wondered if a sacrifitsource of hydride could be utilised rather than increasing
the equivalents of diol. Dibenzylic alcohrtd8 was chosen as a suitable hydride source as we
hoped it would undergo facile oxidation to provide abundance of metal hydride species to aid
reduction of enone477. As a structurally similar secondary alcohol which been explored as part
of the substrate scope in developing the protocol for the alkylation of Ph* methyl ketone using
secondary alcohols¢eChapter 3.5.3, had failed to react, we wereonfident alcoho78would

not participate in the reaction as an alkylating agent itself. Pleasingly, keeping the diol
stoichiometry at 1.1 equivalents, but adding 2 equivalents of sacrificial ald@®8pproduct476
could be isolated in an excelleneld of 84% Entry 3. To keep the protocol simplapwever,it

was decided that the procedure be modified to incorporate the use of 2 equivalents dfudidl

was noted that the strategy using sacrificiddahnol 478 could be employed in the case that a

valuable diol was being used.
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475

(X equiv)

[Cp*IrCl5)5 (2 mol%)
KOH (4 equiv)

OH
MeO II 478 II OMe

Entry Diol (equiv) Alcohol478(equiv) 476 (%)

PhMe (4 M)
329 115 °C, Ar, 24 h

1 15 - 78,>95:5d.r.
2 2.0 - 80, >95:5 d.r.
3 11 2.0 84,>95:5d.r.

Table4.5 Increasing the equivalents of alcohol

4.3 Control Reactions

Satisfied that we had an optimal procedure for thedtalysed alkylation &29with diols, several
control experiments were carried out. The decision was madmnduct the control experiments

using 1,5hexanediol 475), the example that had been usadour final round of optimisation.

475

0 HO OH o
i. [Cp*IrCl,], complex
46 mixture

479, not observed

Schemed.6 Control experiment: attemptedlkylation of acetophenone with di@d75. Reagents and
conditions: (i) [Cp*Ir@] (2 mol%), KOH (4 equiv), iexanediol (2 equiv), PhMe (4 M), 115, Ar, 24 h

We began by attempting the alkylation of acetophendd6) using diol475. When subjected to

our optimised procedure, the reaction led to a complex mixture which mostly consisted of an
insoluble polymeric black talS€heme 4.5 This highlights the crucial role of the Ph* group in
facilitating the desired reaction gyreventing sedicondensation othe ketone starting material.

As demonstrated by this control reaction, removal of thedho methyl substitution pattern on

the aryl ring leads to complex polymeric mixtures.
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(a) catalyst-free control reaction

475
HO OH
i. catalyst-free

o}

+65%
RSM

329

476, < 5%

(b) catalyst-free control reaction with alcohol 478

475 oH
?  Ho OH
ii. catalyst-free
329 + 82%
alcohol 478 RSM MeO 478 OMe

476, 12%

Schemed.7 Catalystfree control reactions. Reagents and conditions: (i) KOH (4 equivhekdnediol
(2 equiv), PhMe (4 M), 11%, Ar, 24 h, (ii) KOH (4 equiv), alcatiB (2 equiv), 1,thexanediol (1.1 equiv),
PhMe(4 M), 115°C, Ar, 24 h

Next, weomitted the iridium catalyst from our reaction procedure to check if there were any
additional background processes which may be of interest. Removal of the catalyst led to a
complete shutdown of reactivity, with only traces of prodd@6observal and aarge amount of
unreacted starting material recovered, highlighting the key role of iridium in catalysing the process

(Scheme 4.7a

Alcohol478was previously identified as a sacrificial hydride source that was effective at driving
the alkylationof Ph*methyl ketone with 1,5hexanediol 475) to completion by aiding reduction

of a troublesome enone intermediate. We wondered whether due to the propensity of alcohol
478to undergo facile oxidation, it would enable generation of desired produéwithout the
iridium catalyst. Indeed, on conducting this control experiment, a 12% yield of prddéetas
observed, which, though higher than the trace amounts of product observed in the cdtakyst
control without alcohol78, was still substantiallypWer theyield achieved with iridium present
(Schemed.7h). We hypothesised that increased yield in the presence of alett@was occurring
through a MeerweirPondortVerleyOppenauer (MPAD) type process, as discussed with respect

to a similar processrpviousy (seeChapter 2.3.4.
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4.4 Substrate Scope: Diastereoselectivity, Substitution Pattern and Ring Size

During the optimisation of this reaction we observed that on subjecti@28fand 1,5hexanediol
(475), to the optimised reaction conditions, produtT6wasisolated as a single diastereoisomer.
Spurred on by this result, we were curious to understand the scope and limitations of this
diastereoselectivity. As our focus was predominantly on the synthesis egfidesixmembered
rings, our strategy wdd invole the subjection of all possible mono and dimethyl substituted
regioisomers of 14and 1,5diols to the reaction conditions. In addition to diastereoselectivity,
we would also be observing the impact of each of these substitution patterns are#uotiviy of

the diol. Finally, other ring sizes would also be explored.

4.4.1 Fivemembered Rings

4.4.1.1 Monomethyl Substituted 1;Biols

The study began by looking at unsubstituted and mamethyl substituted 1,4 diols, which would
react to give the corresponding fiveembered rings. Unsubstituted didl71had previously been
reacted to give product72in a moderate 65% yield &ble 4.6, Btry 1). We were pleased to find
that subjection of methybubstituted diol182the reaction conditions afforded the product as a
singlediastereoisomer, albeit in a modest yield of 4EAtfy2). The relative stereochemistry of
this compound was assigneéd analogy to the ethyl analogué84” (Table 4.§, the crystal
structure of which depicted tnans-1,2 relationship between the substitnts on the cyclopentane
ring. When the regioisomeric diéB2was subjected to the reaction conditions, the correspoigdi
cyclopentane containing product83 was formed in 50% vyield, although in this case, no

diastereoselectivity was observeBritry 3™

" Compound484 synthesised by and singleystal Xray diffraction data obtained by Dr James $tro
"The relative stereochemistrgigor trans) could not be specifically assigned to each diastereoisomer
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0 |
Me !

(e}
Me : *
A, -
Yield (%)

329
Entry Diol Product
OH 0
NN
0 -
ob J\/\/OH 43 48))
HO 182 Ph” >95:5d.r.
OH 9
3p HO . 50 @483
482 - Ph 52:48 d.r.
Table4.6 Substrate scope: monmethyl substituted 1,4 diols. Reagents and conditions: (i) [Cp}IrCl

(2mol%), KOH (4 equiv), idibl (2 equiv), PhMe (4 M), 1T&, Ar, 24 KOH (3 equiv), diol (1.1 equiv),
105°CPd.r. determined by'H NMRanalysis of the crde material

4.4.1.2 Dimethyl Substituted 1-Biols
0
Me2 on i [CpIrCly] Me,
+ Ho/\/I’\/o : 22, Ph*

X
P 320
Entry Diol Product Yield (%)
9 56

12 | ho OH Ph* (485a:48%)

461 o 71:29 d.r.

62 487)

84:16 d.r.

Ph*

Lio 6

(0]
46 (489)
77:23 d.r.

HOJ\)\/OH
486 *
OH
3¢ HO x
JWfss\/ . Ph
Table4.7 Substrate scope: dimethyl substituted 1,4 diols. Reagents and conditions: (i) [eld@r@bl%),

KOH (4 equiv), 15diol (2 equiv), PhMe (4 M), 18, Ar, 24 RAd.r. determinel by*H NMRanalysis of the
crude material’major diastereocisomer showfirelative stereochemistry of the major and minor

2a,c

=

diastereoisomer could not be identified

" Diols482, 486 and 488 synthesisedy DrJames Frost
119




Results & Discussi@rCyclic Products Using Diols

Next, we turned our focus to dimethyl substituted 4ibls. Reactingdiol 461 with Ph* methyl
ketone 329 afforded the corresponding 12substituted cyclopentane ring85in 56% yield and

a 71:39 d.r. Table 4.7, Entry 1 Although three diastereoisomers could theoretically have been
formed, only two were observed in this reaction. The majaistBreoisomed85a was identified

as being aneso compound, exhibiting onlyane doublet at 0.96 ppm in théH NMR spectrum
and a single peak at 21.6 ppm in th% NMR spectrum corresponding to the two methyl
substituents on the cyclopentane ring. As ithavere two structural possibilities that waligive
rise to a meso compoundrigure 4.13, further analysis was required to confirm the structure of
major diastereoisome#85a. Single crystal-¥y diffractiori of an analytically pure sample 485a
confirmed that the structure wathe transtransisomer(Figure 4.1 The minor diasterecisomer
489 was identified as being @¥mmetrical, exhibiting a distinct signal for each proton

environment and carbon around the cyclopentane rikgy(re 4.1h.

(a) meso : (b) C2-symmetrical

485a 5 485b

Figured.1 Possible meso and &Ymmetrical diastereoisomers resulting from reaction of digl

Next, we subjected dimethyl substituted di#B6to the reaction conditions Wich resulted in a
good yield of 62% desired produ&®7with 84:16 d.r. Entry 2. When the final regioisomeric diol
488was used, the corresponding produtd9was isolated in a moderate yield of 46% with 77:23
d.r. Entry 3. Although four diastereomersould theoretically have been formed with dio#36

and488, only two diastereoisomers were observed in each case.

" Single crystal-Xay diffraction data fod85aobtained by Dr James Frost
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Dimethyl substituted dioK¥91 (Figure 4.2 was the only notable omission from the study of
five-membered ring formation and despite our besfforts, could not be synthesised in a high
enough quantity to be subjected the reaction conditions.

HO
491

OH

Figure4.2 The only dimethyl substituted 1.diol not explored in our study

The conformational analysis of substituted cyclopentanes, unlike cyclohexanes, is known to be
non-trivial, with the energy difference between axial and equatorial conformations in various
envelope and twist conformations generally smi&f The high confomational flexibility of
cyclopentane rings consequently means tHaty vicinal couplings are variable. Due to this,
assignment of relative stereochemistry based on vicinal couplings aaenerally unreliable. In
absence of any other detailed conforti@nal analysis for the substituted cyclopentanes we had
generated, assignment of the relative stereochemistry was not feasible for the majority of the

products.

4.4.2 Sixmembered Rings

Having eplored the formation of fivenembered rings, attention was turndd investigating the
formation of substituted cyclohexanes using mono and dimethyl substituted 1,5 diols. We hoped
that we could utilise®*Jin coupling constants from NMR analyses, which predictable and
diagnostic for cyclohexane riftf§ CLeminal *hxax= 312 Hz anddxeq 3Lgeq= 34 Hz) to help assign

the relative stereochemical arrangement around the newly formednsnbered rings,

complemented by other spectroscopic expeeints and methods.

4.4.2.1 Mono-methyl Substituted 1,5 Diols
Exploration othe substrate scope begamith the synthesiof diol 492from 2-methyl glutaric acid
490viaa BH-S(CH):reduction in 91% yieldScheme 4.8 As the other monanethyl substituted

diols were commercially available, this completed our selection of theds. di
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o o
i BH3.S(CH3)2

HO OH —— "» HO/Y\/\OH
490 492, 91%

Schemet.8 Synthesis of digl92 Reagents and condbins: BH-S(CH)z (3 equiv), THF, @C to RT, 16 h

Subjection of unsubstituted didl73to the optimised reactiortonditions resulted in isolation of

cyclohexan&t74in a good yield of 6497 able 4.8, Entry 1L

As previously discussed, di¥5 which was used in the final round of optimisation of this
reaction, yielded the corresponding produdZ6 in an excellent igld of 80% as a single
diastereoisomer Entry 2. Jcoupling constant analysis indicated an adjuatorial trans-1,2
relationship between the substituents as evidenced by the |&3dg®upling of 10.7 Hz between
the corresponding protons. In addition, gystal structure of compound76was obtained which

further proved this stereochemical assignmeRigure 4.3

Next, we subjected digl92to the reaction conditions. We were pleabé find that this reacted
with ketone 329 to afford product493in anexcellent 82% vyield and 91:9 d.Entry 3. The
1,3relationship between the carbonyl and methyl substituents in the major diastereocisomer was
deemed to be thecisthrough Jcouplingconstant analysis, which was further proven bya)(

crystallographyKigure 4.31).

Finally, to complete the set of reactions using mamethyl substituted 1,5 diols, we subjected
diol 494to the reaction conditions. Gratifyingly, this afforded desireddarct 495in 76% yield as

a single diastereoisomeEftry 4, which was ssigned as the all equatorial Yans product
through Jcoupling constant analysis. Again, we were pleased to find that the crystal structure
obtained for this compound confirmed ouassignment of the relative stereochemistry

(Figure4.39.
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e} (0]
Me .
N 1. [Cp*er|2]2 .
o i; + oo " )KOM‘*
Entry Diol Product Yield (%)
o)

NN
1 HO 473 OH Ph*J\O 64 @474

o
80 @476
22 HOJ\/\/\OH Ph* 7o

475 >95:5d.r.

0
82 (493
3 HO OH .
492 Ph 91:9 d.r.
0
42 494 . 76 @95
HO OH Ph , > 95:5d.r.

Table4.8 Substrate scope: monmethyl substituted 1,&liols. Reagents and conditions: (i) [Cp*[ClI
(2mol%), KOH (4 equiv), icliol (2 equiv), PhMe (4 M), 1T&, Ar, 24 h#d.r. determined by*H NMR
analysis of the crude material

(a) 10.7 Hz ' (b) 12.5Hz ' (c) 12.1 Hz
J-coupling , J-coupling \ J-coupling
o/ H ! H o H
Ph* L Ph Ph* .
: ! 13.2 Hz
H ' H 119 0r13.1Hz | H J-coupling

J-coupling

476 5 493 5 ' 495

Figure4.3 Jcoupling constant analysis, with key stereochemical interactions highlighted, and crystal
structures 0f476, 493and495. Key for crystal structurescarbon: green, oxygen: red, hydrogerhite

In rationalising the relative stereochestiy observed for the disubstituted cyclohexane products
we had synthesised, we theorised that this stereochemistry had been set under thermodynamic
control by base mediated epimerisation at thecarbonyl centre. This can be exemplified by the

formation of product495. Epimerisation at theh-centre would drive the reaction to the all
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equatorial diastereoisomer, which in the case of thisdybstituted cyclohexanaould bethe all
equatorialtrans product 495 (Figure 4.4). To test this hypothesigis496 was synthesised and
re-subjected to the reaction conditions by Dr Roly Armstrong. This led to complete epimerisation

to trans-496, the expected thermodynamic produdtigure 4.4b.

(a) diastereoselectivity due to equlibration at the C1 position
O@

thermodynamic

Ph* O Juct
b Ph* H-A H produc
”& & OMS
H-A base Ph*
(b) re-subjection of cis-496 to the reaction conditions
Ph 497
o /\)\/\ o
, HO OH
Ph* O i. [Cp*IrCl,], Ph
“Ph “Ph
cis-496 trans-496, 94%

Figure4.4 Thermodynamic control: bas@ediated epimerisation at the-carbonyl position Reagents and
conditions: (iYCp*IrC} (2mol%), KOH (4 equiv), 1d50l 497 (2 equiv), PhMe (4 M), 11, Ar, 24 h
Reaction conducted by Dr Roly Armstrong

4.4.2.2 Dimethyl Substituted 1,5 Diols
Next, we turned our attention towards invegtiting the use of dimethyl substituted diols under
our protocol. We began by subjecting dd@9to the reaction conditionesired cyclic compound

500was isolated in 35% yield with 56:44 d3cheme 4.9

(0] E (0] =
499 H z (o) (o)
o HO OH Ph* Ph*
)J\ i. [Cp*IrCl5], “ Ph* Ph*
. w + +
Ph* 509 500a 500b
56 : 44 d.r@ 501, 51% 502, 4%
500, 35%

Scheme4.9 Subjection of dimethyl substituted didB9 to the reaction conditions. Reagents and
conditions: (i) [Cp*Ir@] (2 mol%), KOH (4 equiv), ic¢hol 499(2 equiv), PhMe (4 M), 11%&, Ar, 24 R@d.r.
determinedby 'H NMRanalysis of the crude materidgd00a and500b isolated as an inseparable mixture

We had anticipated that dio}99 would prove troublesome as the presence of two secondary

alcohols likely leads to a very sterically encumbeérezhrbonyl centretherefore, the relatively

" Diol499synthesised by Dr James Frost
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low yield is perhaps not surging.The reaction of keton®&29with diol499gave rise to a mixture

of diastereoisomers, as highlighted by inspection of the signals ifHt@d*C NMR spectra. To
identify the relative stereochmistry of these diastereoisomers, we analysed theouding
constants between key protons to determine the relationship between the substituents. The
major, C2symmetrical, diastereoisomé&00a could be assigned as havingistransrelationship
betweenits substituents, with one of the methyl groups occugyan axial positiorHigure 4.53,

whereas meso compourD0b could be assigned as the all equatotiahs-transdiasterecisomer

(Figure 4.5b.
(a) C2-symmetrical . (b) meso
9.6 Hz i 9.9 Hz
J-coupling J-coupling
O H E 0 H H
Ph* : Ph*
pH 1
\J32Hz H
500a J-coupling | 500b

Figure4.5 Jcoupling constat analysis with key stereochemical interactions to determine the relative
stereochemistry 0600a and500b highlighted

In addition to the desired produdd00, 4% of skipped enonB02 was formed. We wre also
surprised to isolate tetrasubstituted enori#1in 51% yield, only a single reductistep away
from desired producb00. This suggested that perhaps, under the optimised conditions, reduction
of tetrasubstituted enone501 was proring troublesome As noted during the final round of
optimisation for this reaction (se€hapter 4.2, we wondered whether isolation of this type of
enone suggested that there was a lack of hydride availabilityh&depreviouslsolved this issue

by increasing the equivaints of diol from 1.1 equivalents to 2 equivalents, though clearly this
modification was not enough for this particular diol. An alternative strategy we had highlighted
was the use of an additive, alcoh®t8, as a sacrificial hydride saay, to aid redudgbn of the

enone. We wondered if this approach could solve the problem at hand.
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Unfortunately, subjecting diat99 and ketone329to the modified procedure using alcoh4¥8,
did not result in an improwyield of the desired product, wl was isolatechia lowyield 0f29%

(Scheme 4.10n Tetrasubstituted enonB01wasisolated in a lower yield of 25%.

Scheme4.10 Solving the issue of converting tetrasubstituted en&d to product500. Reagents and
conditions: (i) [Cp*IrG)z (2 mol%), KOH (4 equiv), d®I 499(1.1 equiv), alcohel78(2 equiv), PhMe
(4 M), 115°C, Ar, 24 h, (ii) NaBIHLO equiv), THF:MeOH (3:1), €D, 24 h, (iii) [Cp*Ire}k (2 mol%), KOH
(4 equiv), 15-diol 499 (2 equiv), PhMe (4 M), 11%, Ar, 24 i2d.r. determined by'H NMRanalysis of the
crude material500a and500b isolated as an inseparable mixture

Changingour approach, we wondered if enore01 would be susceptible to reduction using
NaBH. To test the feasibility of this, we initially subjected isolated enditd to NaBH
(Schemet.10b). We were surprised to find that &mmetrical compoun800awas forned as a
single diastereoisomer in 89% vyield, with no reduction of the ketone obseBa&skd on this
result, we took the crude reaction mixture after an initial hydrogen borrowing alkylation reaction
and telescoped it through a NaBkeduction step, hopingo drive any unreduced enone to
product. We were delighted to find that produs00could be isolated in an excellent yield of 87%

with 74:26 d.r. Scheme 4.10c
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