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Abstract

This thesis describes the synthesis and reactivity of a series of a-diazocarbonyl
compounds with particular emphasis on the use of copper-bis(oxazoline)-mediated
enantioselective C—-H insertion reactions leading to enantioenriched cyclopentanone
derivatives. Through the use of additives, the enantioselectivity achieved with the copper
catalysts for the first time reaches synthetically useful levels (up to 91% ee).

Chapter one provides a comprehensive overview of enantioselective C—H insertions with
a-diazocarbonyl compounds from the literature. The majority of reports in this section
involve rhodium-catalysed systems with limited reports to date of asymmetric C—H
insertion reactions in the presence of copper catalysts.

Chapter two focuses on the synthesis and C—H insertion reactions of a-diazo-p-keto
sulfones leading to a-sulfonyl cyclopentanones as the major product. Detailed
investigation of the impact of substrate structure (both the sulfonyl substitutent and the
substituent at the site of insertion), the copper source, ligand, counterion, additive and
solvent was undertaken to provide an insight into the mechanistic basis for enantiocontrol
in the synthetically powerful C—H insertion process and to enable optimisation of
enantiocontrol and ligand design. Perhaps the most significant outcome of this work is the
enhanced enantioselection achieved through use of additives, substantially improving the
synthetic utility of the asymmetric C—H insertion process. In addition to the C—H insertion
reaction, mechanistically interesting competing reaction pathways involving hydride
transfer are observed.

Chapter three reports the extension of the catalyst-additive systems, developed for C-H
insertions with a-diazo-p-keto sulfones in chapter two, to C—H insertion in analogous o-
diazo-B-keto phosphonate and a-diazo-p-keto ester systems. While similar patterns were
seen in terms of ligand effects, the enantiopurities achieved for these reactions were lower
than those in the cyclisations with analogous a-diazo-p-keto sulfones. Extension of this
methodology to cyclopropanation and oxium ylide formation/[2,3]-sigmatropic
rearrangement was also explored.

Chapter four contains the full experimental details and spectral characterisation of all
novel compounds synthesised in this project, while details of chiral stationary phase
HPLC analysis and X-ray crystallography are included in the appendix.
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Chapter 1 Introduction

Note: this introduction is reproduced from:
“Catalytic Asymmetric C—H insertion reactions of a-diazocarbonyl compounds”,
Catherine N. Slattery, Alan Ford, Anita R. Maguire, Tetrahedron, 2010, 66, 6681-6705.

Updates to this review article appear in red type.

1.1 Introduction

Catalytic C—H insertion reactions of a-diazocarbonyl compounds represent a very
powerful transformation in organic chemistry, allowing activation of an unactivated C—H
bond under very mild conditions, rendering this a very valuable synthetic process. Initial
studies examining carbenoid insertions into C—H bonds employed catalytic copper
complexes, however, few synthetically useful examples were reported during this early
period of investigation. In 1981, Teyssié and co-workers reported the first example of
successful insertion into a C-H bond in the presence of a rhodium(ll) carboxylate
catalyst.' This report proved to be a turning point in the field of carbenoid chemistry,
providing proof of the synthetic utility of C—H insertion reactions for the formation of C—
C bonds and leading subsequently to the development of numerous rhodium(ll)-derived
catalysts for application in the decomposition reactions of a-diazocarbonyl compounds.

The potential for asymmetric induction in C—H insertion reactions was first realised in the
early 1990s by researchers exploring the decomposition reactions of a-diazoketones® and
a-diazo-B-keto esters.® The 20 years following this initial breakthrough have represented
a period of vast growth and discovery in the area of enantioselective carbenoid C-H
insertions. In excess of 60 chiral catalytic complexes have since been demonstrated to
effect enantioinduction in intramolecular and intermolecular C—H insertion reactions. The
large majority of these catalysts are rhodium(Il)-based systems, however, recent reports
have indicated the return of copper(l) complexes as viable catalyst choices for
asymmetric carbenoid insertion into C—H bonds.* In addition, the possibility of
broadening the range of available chiral catalysts for enantioselective C—H insertions
beyond rhodium(ll) and copper(l) complexes has recently been achieved with the
development of iridium(lll)-salen complexes capable of catalysing asymmetric
intermolecular C—H insertion reactions.”

The importance of this area of organic chemistry is highlighted by the large number of
published review articles detailing racemic®*® and asymmetric C-H insertion
reactions.29131417192 The nymose of this review is to provide an overview of the
development of asymmetric catalysts for C—H insertion reactions over the past two
decades, focusing on the application of these catalysts in the decomposition of a-
diazocarbonyl compounds. Given the rapid pace of development in the field of
enantioselective C—H insertion chemistry, an up-to-date review of this type is warranted.
While recent reviews”?** have dissected their content into intramolecular and
intermolecular processes, this article is differentiated in extending this division to include
classification of C—H insertion reactions according to product type. Thus, catalytic
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methods for the asymmetric synthesis of carbocyclic compounds, oxygen-containing
heterocycles, nitrogen-containing heterocycles and sulfur-containing heterocycles are
readily identifiable. Due to the diversity of compounds resulting from intermolecular C-H
insertion processes, classification of reactions by product type was not attempted in this
section of the review.

1.2 Copper catalysts

The majority of catalysts employed in early studies of diazo insertion reactions were
copper-based systems,®?*%" showing varying levels of success in applied C—H insertion
processes. Product yields were at best moderate and synthetic applications of these early
copper catalysts were limited mainly to geometrically rigid diazo precursors.® The first
enantioselective copper-catalysed C-H insertion reaction of a-diazocarbonyl compounds
was reported in 1995 by Sulikowski and co-worker for the synthesis of 1,2-disubstituted
mitosene.?® Decomposition of aryldiazoacetate 1 in the presence of chiral copper-
bis(oxazoline) catalysts was shown to provide the diastereomeric products 2 and 3 with
moderate asymmetric induction (Scheme 1.1).

.. Q><r -

|
Cu(OTf), %
N R
Q”""Ho R =i-Pr, Ph
“, W Me -
5 )\ CHCl;, reflux

1 Me

\\\\

Scheme 1.1

Bis(oxazoline) complexes have since been employed in several inter- and intramolecular
C—H insertion reactions, with enantioinduction of up to 98% enantiomeric excess (ee)
being achieved.*** To date, in excess of 140 chiral bis(oxazoline) ligands have been
synthesised,® finding applications in a wide range of asymmetric transformations.3*
The success of these catalysts may be attributed to the C,-symmetry of the ligands which
minimises the number of possible transition states for a given reaction,®” and also the
conformationally constrained metal chelate structure which places the donor nitrogens in
close proximity to the chiral centres, resulting in a strong directing effect on the catalytic
site. Selected examples of bis(oxazoline) ligands 4a—h are displayed in Figure 1.1.
Recently, the use of immobilised®**® and heterogeneous copper-bis(oxazoline) catalysts
has also been described for enantioselective intermolecular C—H insertion reactions with
diazoacetate and ether substrates, however, the levels of enantioselectivity obtained for
these transformations have been generally moderate.
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Additional copper catalysts employed in asymmetric C—H insertion processes include
copper C,-symmetric Schiff base complexes such as 5 (Figure 1.2), which have shown
moderate success in the enantioselective synthesis of d-threo-methylphenidate.*

H/III/n. H

Cl N N Cl

Cu(OTf),

5
Figure 1.2

Amongst the most recent developments in the area of copper catalysis for C—H activation
chemistry has been the introduction of copper-based catalysts possessing
trispyrazolylborate (Tp*) ligands 6a—c (Figure 1.3).** Various complexes of general
formula Tp*Cu have been shown to be efficient catalyts for carbene/diazoacetate insertion
into C—H bonds of hydrocarbons.***°

6a TpMs:R!=Ms, R2=R3=H
6b TpB3:R!'=R?>=R3=Br

Q ” 6c Tp&:R'=Cy,R2=R3=H
R

Figure 1.3

In general, superior results in terms of catalytic selectivity are observed for those systems
in which the metal centre is bonded to a weakly electron-donating ligand, meaning
electrophilicity at the metal centre is increased.”® An asymmetric version of this
transformation has yet to be described but may be achieved in the coming years.

1.3 Rhodium(lI1) catalysts

Rhodium(Il) complexes have been widely established as the most effective and
versatile catalysts for diazo decomposition.®”'%*2154" Thejr popularity may be
rationalised by the fact that rhodium(ll)-catalysed carbene reactions proceed under much
milder conditions than those employed for syntheses with copper(ll) catalysts.® In
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addition, a wide variety of rhodium(ll) complexes are available, owing to the large
number of bridging ligands that can be coordinated to the rhodium(ll) skeleton.

A key property of rhodium(ll) is its ability to form Rh—Rh bonds. This property allows
for the formation of a dirhodium-bridged cage within a ‘lantern’ structure,*®>® which is
thought to be a critical feature in the success of Rh(ll) complexes. It has been suggested
that only one of the two rhodium centres functions as a binding site for the carbene
generated from diazo decomposition. The second rhodium is believed to aid the reaction
by behaving as an electron sink, thereby increasing the electrophilicity of the carbene and
facilitating cleavage of the rhodium-carbene bond upon reaction completion.>® Such a
supporting role is not available to single metallic complexes such as copper-carbenoid
species.

Rhodium catalysis for C—H insertion processes was first reported by Teyssié and co-
workers in 1981." Realisation of the potential of rhodium(ll) complexes to induce diazo
decomposition led to a significant focus on the development of related catalysts for
application in diazo/carbenoid chemistry. Numerous achiral carboxylate and
carboxamidate catalysts derived from the parent rhodium(ll) tetraacetate [Rha(OAC)4]
have since been reported for carbenoid transformations.”*>> Over the past two decades,
the focus of study in the area of diazo chemistry has shifted to the development of chiral
catalysts for asymmetric diazo decomposition reactions. A vast range of chiral
rhodium(Il) catalysts now exist encompassing rhodium(ll) carboxylates, rhodium(ll)
carboxamidates, rhodium(1l) phosphates, and rhodium(I1) ortho-metalated complexes.

1.3.1  Chiral rhodium(ll) carboxylate catalysts

The first use of chiral rhodium(ll) catalysts in C—C bond-forming reactions of
a-diazocarbonyl compounds was reported by McKervey and co-workers in 1990.2 Their
novel rhodium(Il) (N-benzenesulfonylprolinate) catalyst [Rh(BSP)4] 7a, (Figure 1.4)
prepared by treatment of N-benzenesulfonyl-L-proline with NayRh,(COs),4, was shown to
be an effective catalyst in the intramolecular C—H insertion of an a-diazo-p-keto sulfone
precursor (12% ee). Numerous related proline complexes, including 7b and 7c, have since

been synthesised.*®
O
Y

T
iy
(]

:E
o

iy

;EN\!/O \ls!/ Hj[”\ﬂ/
O~ -, O
I Lol FL/_ 1%

71/ dd A
7a b 7c

Figure 1.4
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In the same year, Hashimoto and Ikegami reported the use of phthalimide derivatives of
amino acid-based chiral rhodium(ll) carboxylates as catalysts for enantioselective
intramolecular C—H insertion reactions of a series of o-diazo-B-keto esters.® These
phthalimide catalysts (8a and 8d) displayed considerable enantioselectivity (up to 46%
ee) and several related complexes were later prepared to include tert-leucinate [Rhy(S-
PTTL)4] 8e, valine [Rhy(S-PTV)s] 8b, phenylglycine [Rhy(S-PTPG),] 8c and
triethylalanine [Rhy(S-PTTEA),] 8f derived catalysts (Figure 1.5), showing
improvements in enantiocontrol in many cases due to the increased steric bulk of the alkyl
group of the ligand.>”® The related catalysts Rha(S-NPV), 9a and Rhy(S-NPTL), 9b
(Figure 1.5) have also been developed by Chiu and co-workers, showing moderate
enantioselectivity in the C—H insertion reactions of meso oxabicyclic compounds.*

(0]

&7
j:‘:N 8a R =Me Rhy(S-PTA),
8b R =i-Pr Rhy(S-PTV),
o o © 8¢ R=Ph Rhy(S-PTPG),
./ |/ 8d R=Bn Rh,(S-PTPA),
Rh——RH 8e R =-Bu Rh,(S-PTTL),

/ ‘ / | 8f R=C(Et);  Rhy(S-PTTEA),

R
H—Z% _aN
I 9a R=i-Pr Rh,(S-NPV),
o 5 © 9b R=¢-Bu Rhy(S-NPTL),
1/
Rh——Rh
ad
Figure 1.5

Subsequent work by Hashimoto and co-workers has included the development of a series
of catalysts featuring an extended phthalimido wall (Figure 1.6), namely, Rhy(S-BPTTL),
10d, Rhy(S-BPTA), 10a, Rhy(S-BPTPA), 10c, and Rhy(S-BPTV), 10b, derived from tert-
leucine, alanine, phenylalanine, and valine, respectively.*® These highly structured
complexes have displayed improved enantioselectivities for many C-H insertion
reactions, compared to the original phthalimide catalysts.®*
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O O
R
10a R=Me Rhy(S-BPTA),
10b R=i-Pr Rhy(S-BPTV),
o) o © 10c R=Bn Rhy(S-BPTPA),
|Lh/ R| e 10d R =-Bu Rhy(S-BPTTL),
A

Figure 1.6

More recently, halogen-substituted phthaloyl catalysts (Figure 1.7) have been
introduced.®? These complexes are characterised by substitution of the phthalimido
hydrogens of the parent rhodium(ll) species by fluorine (11a) or chlorine (11b) atoms,
resulting in improved reactivity and enantioselectivity owing to the electron-withdrawing
effect of the halide substituents on the chiral ligands. Rhy(S-TFPTTL), 11a has been
particularly impressive, achieving an extremely high turnover number (up to 98,000) in
the C—H insertion reactions of methyl 4-alkyl-2-diazo-4,4-diphenyl-3-oxo-propionates,
with a catalyst loading of just 0.001 mol%.%

X
o X
t-Bu
H :‘S N \ X
11a X=F Rhy(S-TFPTTL),
X 11b X=Cl Rh,(S-TCPTTL),
o] o O
eV
Rh——RHA
14
Figure 1.7

The catalogue of available proline-based chiral rhodium(1l) carboxylates was extended by
Davies, who reported the application of rhodium(ll) (S)-N-(tert-butylbenzenesulfonyl)
prolinate Rhy(S-TBSP), 12 and rhodium(ll) (S)-N-(dodecylbenzenesulfonyl)prolinate
Rh,(S-DOSP), 13 (Figure 1.8) for the enantioselective synthesis of vinylcyclopropanes®
and 2-phenylcyclopropan-1-amino acids,** respectively. Despite showing moderate
success for asymmetric C—H insertions with traditional diazoacetate substrates, Davies’
rhodium(ll) prolinate derivatives have become the catalysts of choice for intermolecular
C—H insertion reactions with carbenoids substituted with an electron-donating and an
electron-withdrawing group.

10
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S _aN
\SOZAr
12 Ar = p-t-BuC¢H, Rh,(S-TBSP),

/ 13 Ar :p_(ClZHZS)C6H4 ha(S-DOSP)4

Figure 1.8

The bridged prolinate complexes, Rh,(S-biDOSP),, Rh,(S-biTBSP), and Rh,(S-biTISP),,
have also been developed.® These rigid catalytic systems have shown success in C—H
insertion reactions,®®® achieving high asymmetric induction in reactions employing non-
hydrocarbon solvents, and in this respect are advantageous over Rhy(S-DOSP),.
Additional developments in the field of prolinate-based catalysis for carbenoid reactions
have included the preparation of the fluorous complex, rhodium(ll)-(S)-N-(n-
perfluorooctylsulfonyl) prolinate [Rhy(S-FOSP)s] 14 (Figure 1.9), by Biffis and co-
workers.”® The perfluoroalkyl chains of this novel catalyst allow for its facile recovery
from the reaction mixture by confining the catalyst in an isolated perfluorinated liquid or
solid phase, making this an excellent recyclable asymmetric catalyst. Moderate
enantioselectivity has been achieved for this catalyst in the asymmetric C-H bond
activation of cyclohexane (61% ee).

(@) O
\/
FCFC)7 N
O (@]
1/
Rh——Rh
ad
14
Figure 1.9

In 2006, Davies and co-workers reported the synthesis of a rhodium(ll) tetracarboxylate
catalyst derived from adamantylglycine Rhy(S-PTAD), 15 (Figure 1.10).”" This
adamantate complex has been proven an effective catalyst for carbenoid reactions, with
high asymmetric induction being noted for both intermolecular (up to 92% ee) and
intramolecular (up to 94% ee) C—H insertion reactions.”* High enantioselectivity in the
intermolecular C—H insertion of a-aryl-a-diazoketones with cyclohexadiene has also been
achieved (89% ee).”

11
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Figure 1.10

Recently, the preparation of three new chiral rhodium(Il) catalysts 16, 17 and 18 (Figure
1.11) with 4-hydroxyproline-derived ligands has been described.” In contrast to previous
proline-based chiral rhodium(ll) carboxylates, these hydroxyproline-derived complexes
possess a hydrophobic side-chain at the 4-position of the pyrrolidine ring which aids
solubility in organic solvents. They have been shown to give similar yields and
enantioselectivities in C—H insertion and cyclopropanation reactions to the widely used
Rh,(DOSP), and its analogues.

S A
o 0 S o o K¢ R
\Y /i \/ :
Q/\N /©/\N
Bu é
t o o t-Bu O/\O
1 1
Rh——Rh
A A7
16 R = C12H25 17R = C12H25

18 R = cyclohexyl
Figure 1.11
1.3.2  Chiral rhodium(ll) carboxamidate catalysts

The first preparation of a rhodium(ll) carboxamidate was described in 1982 by Dennis
and co-workers, who isolated the rhodium(ll) tetraacetamidate from a melt of
trifluoroacetamide and rhodium(I1) tetraacetate.” Several isomers of this carboxamidate
complex are possible, however, the structure in which the two oxygens and two nitrogens
are bound to each rhodium in a cis fashion was found to be dominant.” In general,
decreased reactivity has been observed for catalytic reactions with a-diazocarbonyls in

12
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the presence of carboxamidates, compared with the corresponding carboxylates, however,
higher selectivites are possible making these complexes a popular catalytic choice for C—
H insertion reactions.”®"®

Doyle’s chiral rhodium(ll) carboxamidate complexes were first reported for
enantioselective cyclopropanation reactions in 1990.”° These catalysts have since been
much exploited and remain today the primary catalysts for enantioselective C—H insertion
reactions of electron-withdrawing group-substituted carbenoids derived from
diazoacetamides and diazoesters.® The carboxamidate derivative Rh,(MEPY), 19 (Figure
1.12) was the first of Doyle’s catalysts to be employed for asymmetric C—H insertions.®
A high degree of enantiocontrol was achieved for this catalyst in the intramolecular C-H
insertions of alkyl diazoacetates, thereby paving the way for the development of further
carboxamidate derivatives.

19

Figure 1.12

Numerous rhodium(ll) carboxamidate catalysts developed by Doyle have since been
employed for C—H insertion reactions including oxazolidinone 20a—c,®-% azetidinone
21a-e,*%%" and imidazolidinone 22a—c**#8#92 complexes (Figure 1.13).

13
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20a R =CO,Me
20b R =Bn
20c R =Ph

21a R=Me

21b R=i-Bu

21¢ R=Bn

21d R =/-menthyl
21e R = d-menthyl

22aR =Me
22b R =c¢-C¢H,|CH,
22¢ R =BnCH,

Figure 1.13

Rh,(4S-MEOX),
Rh,(4R-BNOX),
Rh,(4R-PHOX),

Rh,(4S-MEAZ),
Rh,(4S-1BAZ),
Rh,(45-BNAZ),
Rh,(S,S-MenthAZ),
Rh,(S,R-MenthAZ),

Rh,(4S-MACIM),
Rh,(4S-MCHIM),
Rh,(4S-MPPIM),

The diastereomeric azetidinone complexes Rhy(S,S-MenthAZ), 21d and Rhy(S,R-
MenthAZ), 21e have also been shown to be effective catalysts for the enantioselective
intermolecular C—H insertion reactions of vinyldiazolactones.®” Recently, 1,6-bis-(N-
benzyl)-diphenylglycoluril (1,6-BPGlyc) 23 (Figure 1.14) has been reported as a ligand
for dinuclear rhodium(11) complexes.” This glycouril derivative has been shown to be an
effective catalyst for the cyclopropanation of styrene with diazoacetates, displaying
reactivities and selectivities in the range of related rhodium(ll) carboxamidates and may
therefore represent a suitable catalytic choice for future asymmetric C—H insertion

reactions.

Figure 1.14
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1.3.3

Chiral rhodium(Il) binaphthylphosphate catalysts have been developed by both
McKervey and Pirrung. McKervey’s Rhy(S-BNP),(HCO3), 24 (Figure 1.15) complex was
first reported in 1992, and was shown to be an efficient catalyst for a range of
diazocarbonyl decomposition reactions, including C—H insertions, with moderate-to-good

Chiral rhodium(I1) phosphate catalysts

levels of enantioselectivity being achieved.**

Pirrung’s Rhy(R-BNP), complex 25 (Figure 1.16), reported in the same year, was also
demonstrated to provide good asymmetric induction in the dipolar cycloaddition of diazo

ool
/

/\o_-Rh__o}"”

24

Figure 1.15

compounds to heterocyclic compounds.®

While some success in asymmetric C—H insertions has since been reported with these
chiral rhodium(I1) phosphate complexes,™ their use to date in C—H activation chemistry
remains minimal, with their primary application being found in enantioselective ylide

(.
\ /O——Rh
T

25

Figure 1.16

formation reactions of a-diazocarbonyls.
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1.3.4  Chiral ortho-metalated rhodium(l1) complexes

The synthesis and X-ray characterisation of ortho-metalated rhodium(1l) compounds of
general formula Rha(0,CMe)[(Ph),P(CsHa)]> 2L was first described by Cotton in 1985.%
These novel mixed-ligand bridging systems displayed characteristics not previously
observed for rhodium(ll) tetracarboxylates or tetraacetamides, including backbone
chirality, possession of polarisable aromatic ligands, and the possibility of regulating
electronic and steric properties of the catalyst by modification of both carboxylate and
phosphine substituents. In 1999, Lahuerta and co-workers reported the synthesis of the
first enantiomerically pure ortho-metalated rhodium(ll) dimer,®’ paving the way for the
development of a new series of chiral Rhy(OOCR),(PC), catalysts 26a—g (PC = ortho-
metalated phosphine) of which several now exist (Figure 1.17).

26a R=Ph X=H
26b R =Me X=H
oF Tl 26c R=p-MeCcH, X =p-Me
/Rh“\\\ W 26d R =p-FC(H, X =p-F

o R 26e R =m-MeCgH, X =m-Me
o / 26f R =3,5-Me,C¢H, X =3,5-Me

ﬁ/o 26g R =p--BuCgH, X =p-t-Bu

CF3
CF,
Figure 1.17

These complexes were subsequently shown to be effective catalysts for the asymmetric
C—H insertion reactions of o-diazoketones,® producing cyclopentanone products with
enantioselectivity as high as 74% ee, representing a significant improvement on previous
attempts at enantiocontrol in the decomposition of o-diazoketones.> A new series of
biscyclometalated Rh(1l) compounds of general formula Rh,(OOCR),(PC)2 N, have
recently been described.” These novel complexes possess different nitrogen donor
ligands (N = NH,Ph, py, 3-MeCO-py and 4-MeCO-py) axially coordinated to both
rhodium atoms of the catalyst.

14 Other metal catalysts

The choice of catalyst for carbene transformation reactions may also comprise a variety
of other transition-metal-based complexes including iron,*® ruthenium,*** osmium,'*
cobalt,"® palladium,'® platinum,®> molybdenum,*% iridium,** scandium,'® silver'® and
gold. ™% Several of these catalytic systems have been successfully applied to C-H
insertion processes, %01%¢108-110112 mainly intermolecular reactions with ethyl diazoacetate,
however, until recently none have been reported to induce enantioselectivity. A 2009
report by Katsuki and Suematsu® described the first example of iridium(l11)-catalysed
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asymmetric carbenoid insertion (Table 1.1). This achievement was realised for the
intermolecular C—H insertion of various o-substituted a-diazoacetates 27 into
tetrahydrofuran 28 and 1,4-cyclohexadiene in the presence of a chiral iridium(lll)-salen
complex 29, producing the corresponding a-aryl(tetranydrofuran-2-yl)acetates 30 and 31
in moderate to high diastereoselectivity and high enantioselectivity (Figure 1.18). In
addition to representing the first example of enantioselective iridium(l1l)-catalysed C-H
insertion, this report was significant in demonstrating the ability of a-alkyl-o-
diazoacetates to undergo efficient intermolecular C—H carbene insertion (Table 1.1, entry
4).

Table 1.1 Enantioselective C—H insertion of a-substututed a-diazoacetates 27 into

tetrahydrofuran.
R! CO,R?
f f Ir(salen) 29
T + > R + o R
N, o -50°C, 24 h o o™
CO,R2 CO,R?
27 28 30 31
Entry R! R’ 30:31 Yield (%) 30 ee (%) 30
1 Ph Me 13:1 75 95
2 p-MeOC¢H, Me >20:1 64 97
3 m-MeOCgH,4 Me 9:1 75 97
4 Me t-Bu 13:1 70 90

L = 4-MeCgH,

29

Figure 1.18

17



Chapter 1 Introduction

15 Intramolecular carbocycle-producing C—H insertion reactions

The first example of asymmetric induction for an intramolecular carbocycle-producing
C—H insertion reaction was reported by McKervey and co-workers in 1990 for the Rhy(S-
BSP),-catalysed cyclisation of a-diazo-B-keto sulfone 32 (Scheme 1.2).2 In this study,
cyclopentanone 33 was obtained as a mixture of cis and trans isomers in >90% vyield,
with an enantioselectivity of 12% ee being recorded for the trans isomer.

(o] 0}
(o}
so,ph  Rha(S-BSP) SO,Ph (i) aq. NaOH SO,Ph
—_—
B ——
CH,Cl,, reflux (i1) NH,4Cl1
N, “,
Me e
90% yield, 12% ee
32 33

Scheme 1.2

The majority of studies exploring the C—H insertion route to five-membered-ring
carbocyclic products have employed a-diazo-p-keto ester carbenoid precursors. Early
work in this area was carried out by Ikegami and Hashimoto, who demonstrated the
ability of N-phthaloyl amino acid catalysts to efficiently cyclise a range of a-diazo-p-keto
esters (Table 1.2).3°7113

Table 1.2 Intramolecular C—H insertion reactions of a-diazo-f-keto esters 34.

o
(0]

- CO,R? Rh,(S-PTPA), COR®
CH,Cl,, 0 °C
4 K
Entry R R Yield (%) ee (%)*
1 Me Me 76 24 (3R)
2 Ph Me 96 46 (3R)
3 CH=CH, Me 44 38 (3R)
4 Ph (+)-neomenthyl 78 53 (3R)
5P Ph (+)-neomenthyl 79 80 (3S)
6 Ph CHi-Pr 86 76 (3R)
7 p-MeOCH, CHi-Pr, 77 57 (3R)
8 p-BrCeH, CHi-Pr;, 79 70 (3R)
9 p-CF3S04CsHa CHi-Pr, 81 80 (3R)

3 Enantioselectivity determined following dealkoxycarbonylation. ? Catalyst used was Rh,(R-PTPA),.

Of the catalysts tested, Rhy(S-PTPA), was shown to be the catalyst of choice, providing
enantioselectivities of up to 80% ee (Table 1.2, entry 9). The extent of asymmetric
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induction achieved in the cyclisation of the a-diazo-p-keto esters was found to be heavily
influenced by both the size of the alkoxy group of the ester moiety and the nature of the
substituents adjacent to the target C—H bond. In general, increased steric bulk of the ester
group was found to favour improved asymmetric induction, with change of ester moiety
from methyl (Table 1.2, entry 2) to CHi-Pr, (Table 1.2, entry 6) inducing an increase
from 46% ee to 76% ee. The presence of electron-withdrawing substituents (phenyl,
vinyl) adjacent to the C—H insertion site was also proven to enhance asymmetric induction
(Table 1.2, entries 2 and 3 vs. entry 1), owing to a decrease in electron density at the
target site which reduced reactivity towards the electrophilic rhodium-carbene species,
resulting in an increase in stereoselectivity. Highest enantioselectivies were achieved for
substrates possessing electron-withdrawing group-substituted aryl rings adjacent to the
insertion site (Table 1.2, entries 8 and 9), and for substrates containing the chiral ester
substituent (+)-neomenthyl (Table 1.2, entries 4 and 5). The high level of enantiocontrol
recorded in the latter case (Table 1.2, entry 5) was achieved through a process of double
asymmetric induction for the matched pair of 34 and Rhy(R-PTPA),. It is interesting to
note in this study that benzylic C-H insertion occurred under the same conditions
(CH.CIy, 0 °C) and at the same rate (0.5 h) as the corresponding insertion into methylene
sites, despite previous findings by Taber suggesting that benzylic and allylic C-H
insertion is less favourable than aliphatic C—H insertion.'*

Later work by lkegami and Hashimoto included the examination of enantiotopically
selective intramolecular aromatic C—H insertion reactions of a-diazoketones and a-diazo-
B-keto esters (Table 1.3). 82112116

Table 1.3 Intramolecular aromatic C—H activation of a-diazoketones and
a-diazo-p-keto esters.

Rhodium(II) cat.

-

CH,Cl,
35 36
Entry  Rhodium(ll) cat. R R? Temp (°C) Yield (%) 36 ee (%)* 36
1 Rhy(S-PTPA), H Me -20 64 77
2 Rhy(S-PTTL), H Me =20 84 90
3 Rhy(S-PTTL), H Et -20 74 98
4 Rhy(S-PTTL), H n-Pr -10 75 88
5 Rhy(S-PTTL), CO,Me Me 0 89 922
6 Rhy(S-PTTL), CO,Me Et 0 98 96°
7 Rhy(S-TFPTTL), CO,Me Me -10 70 98?
8 Rhy(S-TFPTTL), CO,Me Et 0 94 97°
2 Enantioselectivity determined following demethoxycarbonylation.
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A high degree of differentiation between the enantiotopic benzene rings was achieved,
producing (S)-1-alkyl-1-phenyl-2-indanones 36 in up to 98% ee. Dirhodium(Il) [N-
phthaloyl-(S)-tert-leucinate], Rh,(S-PTTL),4, was found to be the best-performing catalyst,
providing excellent enantioinduction with a variety of R* and R? substituents (Table 1.3,
entries 2-6).°2*> The fluorine-substituted phthaloyl complex Rh,(S-TFPTTL); was also
shown to be a successful catalytic choice for asymmetric intramolecular aromatic C—H
insertion reactions of 35 (Table 1.3, entries 7 and 8), providing enantioselectivities
comparable to Rhy(S-PTTL), with significantly shorter reaction times [2-20 min for
Rhy(S-TFPTTL), vs. 1-2 h for Rhy(S-PTTL),]. &

The rhodium(l1)-catalysed asymmetric synthesis of 1,1'-spirobi[indan-3,3'-dione] 37 via a
double intramolecular C—H insertion process has also been reported (Table 1.4)."*" Of the
rhodium(Il) carboxylates tested, the best results were obtained for cyclisation with the
bulky tert-butyl-substituted catalyst Rhy(S-PTTL)4, providing (R)-37 in 78% yield and
80% ee (Table 1.4, entry 5). The use of Rhy(R-PTTL), also resulted in high
enantioselectivity, producing (S)-37 in 76% yield and 79% ee (Table 1.4, entry 6). The
initial decomposition of 38 is thought to be responsible for the stereochemical outcome of
the reaction via differentiation of the two enantiotopic hydrogens at the methylene
insertion site. The subsequent C—H insertion at the methine C-H bond is believed to
proceed with retention of configuration to generate 39.
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Table 1.4 Asymmetric synthesis of 1,1 -spirobi[indan-3,3 -dione] 37.

Q o
Cco,Me

Ny Rhodium(II) cat.

—_—
N,

O N
o

toluene
CO,Me

38

aq. DMSO
<—
120°C, 1 h
37 39

Entry Rhodium(Il) cat.  Temp.(°C) Yield (%) 37 ee (%) 37
1 Rh,(S-DOSP), rt 48 8 (R)
2 Rh,(S-PTPG), 0 67 21 (R)
3 Rh,(S-PTPA), 0 71 25 (R)
4 Rh,(S-PTTL),4 0 83 68 (R)
5 Rh,(S-PTTL), -10 78 80 (R)
6 Rhy(R-PTTL), -10 76 79 (S)

The enantioselective synthesis of cyclic pB-ketoester 40 was attempted by Taber and
Malcolm in 2001.M® For this purpose, several chiral rhodium(l1) catalysts were examined,
with Davies’ bridged prolinate complex Rhy(S-biTISP), found to give the highest level of
diastereocontrol (58% de) (Scheme 1.3). Interestingly, in contrast to previous
observations by Hashimoto and co-workers, increased steric bulk at the ester moiety of 41
via change from the methyl (58% de) to dimethylpentyl (34% de) ester did not improve
the level of stereocontrol achieved.”’
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o) 0
OMe
Rh,(S-biTISP),
N —_—
CH,Cl,, 1,
38% yield
Z
41 (R,R)-40 (S,R)-40
79 : 21
Scheme 1.3

In 2004, Chiu and co-workers described the intramolecular C—H insertion of
oxabicyclo[3.2.1]diazoketones 42 to produce oxatricyclic compounds 43.° Eight
different chiral rhodium(ll) catalysts were tested for their ability to induce
enantioselectivity in this desymmetrisation reaction, including two novel catalysts, Rh,(S-
NPTL), and Rhy(S-NPV),. The best results were achieved for the Rhy(S-BPTTL),-
catalysed reaction, showing moderate enantioselectivity for the cyclisation of 42 (Table
1.5). The use of copper-bis(oxazoline) complexes was later shown to be a viable catalytic
choice for the desymmetrization of meso [3.2.1]oxabicyclic systems, with up to 50% ee
achieved for the C—H insertion of a related cyclooctane diazoketone substrate in the
presence of Cu(OTf), and bis(oxazoline) 4h.**

Table 1.5 Intramolecular C—H insertions of meso oxabicyclo[3.2.1]diazoketones 42.

(e}

\\\OTMS
N, § “\\ Rh,(S-BPTTL),
42 43
Entry R Solvent Temp. Yield (%) 43 ee (%) 43
2 CO,Et CICH,CH,CI  reflux 73 30

The first highly enantio- and diastereoselective route to 1,2-disubstituted cyclopentanes
via rhodium(I1)-catalysed C—H insertion reactions of a-diazoesters was reported in 2005
(Table 1.6).° The Rhy(S-PTTL).-catalysed cyclisation of 44 (X = H) in toluene at —78 °C
was found to produce methyl cis-2-phenylcyclopentane-1-carboxylate 45 as the sole
product in 95% ee, with no evidence of the corresponding trans isomer (Table 1.6, entry
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2). The effect of temperature in this study was found to be of great importance, with an
increase in reaction temperature corresponding to a decrease in enantioselectivity (Table
1.6, entry 1 vs. 2), as had previously been noted by Hashimoto and co-workers.*® Solvent
choice was also key, with the use of dichloromethane and ether as reaction solvent
resulting in the formation of small quantities of a,B-unsaturated ester 46 via the competing
1,2-hydride shift pathway (Table 1.6, entry 2 vs. 3 and 4). High enantioselectivity and cis
selectivity were also observed for insertions with electron-donating or -withdrawing
groups on the para position of the benzene ring (Table 1.6, entries 5 and 6). Suprisingly,
reduced asymmetric induction was observed for the Rhy(S-BPTTL),-catalysed
decomposition of 44 at —78 °C in toluene (67% ee), despite the increase in steric bulk of
the catalyst. The use of immobilised polymer-supported Rhy(S-PTTL), was later
investigated for this transformation.’® The C-H insertion of 44 with the immobilised
catalyst proceeded at —78 °C to provide cis-45 as the sole product in 85% yield (Table
1.6, entry 7). Significantly, similar levels of enantioselectivity were recorded for the
reaction of 44 in the presence of both polymer-supported and homogeneous Rhy(S-PTTL),
(Table 1.6, entry 7 vs. 2).

Table 1.6 Intramolecular C—H insertion reactions of a-diazo esters 44.

CO,Me

CO,Me

Rh,(S-PTTL),

—_— "'/,,,// +

X X X

44 45 46

Entry X Solvent Temp. (°C) Yield (%)? 45 : 46 ee (%) 45
1 H toluene 0 80 82:18 81
2 H toluene -78 85 >99:0 95
3 H CH,CI, -78 76 93:7 95
4 H ether -78 73 97:3 94
5 MeO toluene -78 85 >99:0 92
6 Cl toluene -78 81 >99:0 93
7° H toluene -78 85 >99: 0 94

@ Combined yield of 45 and 46, ® Rh,(S-PTTL), immobilised on a polymer support was used as catalyst.

The enantioselective production of carbocyclic products via intramolecular C—H insertion
reactions has been shown to successfully occur in the presence of rhodium(ll) complexes
derived from orthometalated arylphosphines, Rh,(O,CMe),(PC),. Moderate-to-good
asymmetric induction was reported by Lahuerta and co-workers for the
Rh,(0,CCH3),(PC),-catalysed C—H insertion of o-diazoketone 47 (Table 1.7).% The
electronic effects of the diazo substrates were of central importance in this study. Addition
of an electron-withdrawing substituent (X = F, CI) to the phenyl ring was shown to
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correspond to an increase in enantioselectivity (Table 1.7, entry 1 vs. 2 and 4), while
addition of an electron-donating group (X = OMe) provided no significant improvement
in enantiocontrol (Table 1.7, entry 1 vs. 6). These results are in accordance with previous
findings by Hashimoto and Ikegami.'*®

Table 1.7 C—H insertion reactions of a-diazoketone 47 catalysed by ortho-metalated
arylphosphine rhodium(ll) complexes.

(e}

Rhy(OOCR),(PC), cat. -
Ul

-
t

CH,Cl,, reflux

Entry X Cat. Yield (%) ee (%)
1 H 26a 73 54 (S)
2 F 26a 68 60 (S)
3 F 269 18 60 (S)
4 Cl 26a 87 65 (S)
5 Cl 26e 87 73 (S)
6 OMe 26b 95 56 (R)

The production of cyclopentanone products via C—H insertion reactions is also possible
with copper catalysts. Moderate enantioselectivities were reported by Miiller and co-
workers for the intramolecular C—H insertion of a-diazo-B-keto ester 48 upon exposure
to Cu(OTf), in the presence of various chiral ligands (Table 1.8).33*%

Table 1.8 Copper-catalysed C—H insertion reaction of a-diazo-f-keto ester 48.

Cu(OTf)2 L*
CH2C12

Entry Ligand (L*) Yield (%) ee (%)*
1 4a 17 51 (S)
2 4b 14 31(S)
3 4c 35 60 (R)

 Enantioselectivity determined following dealkoxycarbonylation.
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1.6 Intramolecular heterocycle-producing C—H insertion reactions
1.6.1 Oxygen-containing heterocycle synthesis

1.6.1.1 Lactone synthesis

The asymmetric synthesis of oxygen-containing heterocycles, including lactones,
chromanones and dihydrofurans, may be achieved via intramolecular C-H insertion
reactions. Doyle’s chiral rhodium(Il) carboxamidates have proven themselves the
catalysts of choice for the generation of lactone products, displaying high
enantioselectivities for C-H  insertion  reactions with a variety of
diazoacetates.?*#8>91123124 Early studies in this area demonstrated the effectiveness of
Rh,(S-MEPY), and Rhy(R-MEPY), in providing an enantioselective route to trisubstituted
y-butyrolactones (Scheme 1.4).% In addition to producing high asymmetric induction, the
chiral carboxamidate complexes were advantageous in suppressing competing
intermolecular carbene dimer and azine formation with respect to rhodium(ll) acetate-
catalysed reactions, a phenomenon also observed in later reports.2+?

0 o)

O)J\CHNZ Rhy(MEPY), o

R, CH,Cl,, reflux R,
R

R, 2 R, Ry
R, =H, Me 34-85% yield
R, = MeO, EtO, PhCH,0, Ph 45-91% ee

Scheme 1.4

A wide variety of Doyle’s chiral carboxamidate catalysts have proven capable of
effecting highly efficient intramolecular C-H activations. The imidazolidinone complex
Rh,(MPPIM),4 has emerged as the superior catalytic choice in many cases, outperforming
alternative rhodium(ll) carboxamidates in terms of both yield and enantioselectivity
(Table 1.9).3391921% |t has been suggested that the success of Rh,(MPPIM), may be
attributed to its extended N-3 phenylpropanoyl chain which causes enhanced steric
interactions between the catalyst ligands and the reacting carbene, thereby reducing the
number of possible carbenoid orientations and resulting in increased
enantioselectivity.**'%
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Table 1.9 Intramolecular C—H insertion reactions of 3-(3-methoxyphenyl)propyl 2-
diazoacetate in the presence of chiral carboxamidate complexes.

Rhodium(II) cat.

Y

o CH,Cl,, reflux
| MeO
OMe N, o) o
Entry Rhodium(ll) cat. Yield (%) ee (%)
1 Rhy(R-MPPIM), 63 93 (4R)
2 Rhy(S-MACIM), 25 84 (4S)
3 Rhy(R-MEPY), 66 68 (4R)

Excellent regio- and diastereocontrol may also be achieved for Rh,(S-MPPIM),-catalysed
C—H insertions. As shown in Table 1.10, diazo decomposition of 3-pentyl diazoacetate 49
results in three isomeric products (50, 51 and 52). The oxazolidinone complex Rhy(S-
MEQOX), is seen to give the highest level of overall enantiocontrol, however, only Rhy(S-
MPPIM), provides exceptional control in terms of regio-, diastereo- and
enantioselectivity, producing lactone 50 as the major product in high ee.®

Table 1.10 Intramolecular C—H insertion reactions of diazoacetate 49.

S
\\\\\‘
Rhodium(II) cat.
+ + o
o) CHN, o
T CH,Cl,, reflux
S o)

(o)

49 51 52

Entry  Rhodium(ll) cat. Yield (%) Yield (relative %) ee (%) ee (%)
50:51:52 50 51
1 Rh,(S-MPPIM), 85 92:3 :5 99 -
2 Rh,(S-MACIM), 83 92:5 :3 86 36
3 Rh,(S-MEPY), 75 73:20:7 98 71
4 Rh,(S-MEOX), 86 60:27:13 98 92

Rh,(S-MPPIM),-catalysed C—H insertion reactions have been employed as key steps in
syntheses of the natural lignan lactones, (-)- and (+)-enterolactone, (-)- and (+)-hinokinin,
(-)-arctigenin, (+)-isodeoxy-podophyllotoxin, (+)-isolauricerisinol,* the necine base,
(-)-turneforcidine,**” and the platelet-aggregration inhibitor, (S)-(+)-imperanene 53.*%°
Synthesis of the latter was achieved with excellent enantioselectivity (93% ee) and
without any evidence of competing 3- or 6-lactone formation (Scheme 1.5).
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o Rhy(S-MPPIM),
TBDPSO (Ko CH,Cl,, reflux TBDPSO
OMe N,
54 68% yield. 93% ee

y
\/@im
OMe

HO OH
OMe 53
Scheme 1.5

In a 1995 report published by Doyle and co-workers, Rh,(S-MACIM), was shown to be
the optimal catalyst for C—H insertion reactions of tertiary alkyl diazoacetates.'?® As seen
in Table 1.11, decomposition of 2,3,4-trimethyl-3-pentyl diazoacetate 55 gave two v-
lactone products (56 and 57) resulting from insertion at methine and methyl sites,
respectively.®® For all catalysts tested, a strong preference for the tertiary insertion
product 56 was observed, with Rh,(S-MEPY), giving the highest level of regiocontrol,
but enantioselectivity in this case was low (61% ee). Despite previously showing success
in the C-H insertion reactions of N-alkyl-N-(tert-butyldiazoacetamides),*® no
enantioinduction was recorded for the Rh,(S-MEOX),-catalysed reaction. The use of
Rh,(S-MACIM),, however, resulted in good regio- and enantiocontrol, although failing to
reach the levels of enantioselectivity commonly observed for insertion into methylene C—
H bonds.?%8123124 Similar results were obtained for the decomposition of tertiary 2-
methyl-1-phenyl-propan-2-yl and tert-pentyl diazoacetates, with Rh,(S-MACIM), again
inducing the highest levels of enantioselectivity.'*®

Table 1.11 Rhodium(l1)-catalysed insertion of 2,3,4-trimethyl-3-pentyl diazoacetate 55.

(0]
)k Rhodlum(II) cat.
[©) CHN, CH,Cl,, reflux

55 57
Entry Rhodium(Il) cat. Yield (%) 56 : 57 ee (%) 56
1 Rh,(S-MACIM), 73 83:17 85
2 Rh,(S-MEPY), 66 93:7 61
3 Rh,(S-MEOX), 70 70:30 0

27



Chapter 1 Introduction

The C-H activation of tertiary cycloalkyl diazoacetates is also possible;'?>1%:1%9
Rh,(S-MACIM), was again found to the optimal catalytic choice for such a process,
providing the cis-fused bicyclic lactone 58 in 61% yield and 90% ee (Scheme 1.6).'%® As
with the previously described acyclic carbenoid reaction, insertion may occur at more than
one site, resulting in both methylene (58) and methyl (59) insertion products. These results
represent an improvement upon previous attempts by Muller and Polleux, who reported a
30% vyield and 74% ee for 58 in the Rh,(S-MEPY),-catalysed decomposition of 60 under
similar conditions.'®

Me

Me
o Rhy(S-MACIM), O )
o > o + o
% CH,Cl,, reflux
CHN,

H
90 : 10
61% yield, 90% ee

60 58 59

Scheme 1.6

Achievement of higher levels of asymmetric induction is possible for reactions with the
related secondary cyclohexyl diazoacetate 61 in which the 1-methyl substituent is
absent.2% |n this case, production of both cis- and trans-lactone products (62 and 63)
was observed with greatest overall enantiocontrol being provided by Rh,(S-MEPY), and
Rh,(S-MEOX),4, and greatest diastereocontrol being noted for decomposition in the
presence of Rhy(S-MACIM), (Table 1.12). The reaction is believed to proceed via
equatorial C—H bond insertion, with the cis- and trans-isomeric products resulting from
equilibration between the two possible cyclohexyl chair conformations of the
diazoacetate. Such a preference for equatorial C—H bond insertion over axial insertion has
been widely observed in carbenoid reactions of cyclohexyl diazoacetates,®*?*12%3 with
only very few exceptions being noted to date.*****:
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Table 1.12 Intramolecular C-H insertion reactions of cyclohexyl diazoacetate 61.

CHN2  Rhodium(II) cat. T
- le) +
O/KO CH,Cl,, reflux T~

T

Tlhn

61 62
Entry Rhodium(Il) cat. Yield (%) 62 : 63 ee (%) 62 ee (%) 63
18 Rhy(S-MACIM), 70 99:1 97 65
2° Rh,(R-MEPY), 65 75:25 97 91
3 Rh,(S-MEOX), 50 55:45 96 95
4° Rh,(S-MEPY), 30 75:25 95 90

@ Results reported by Doyle and co-workers.?* ® Results reported by Miiller and Polleux.™

As previously discussed, the choice of catalytic system can often be a key decision in
determining the regiochemical outcome of intramolecular C—H insertion reactions. This is
clearly evident in the decomposition of the bis-diazoacetate of trans-1,4-cyclohexanediol
64, which yields three insertion products (Table 1.13).% Use of the sterically complex
imidazolidine catalysts, Rhy(S-MPPIM),4 and Rh,(S-BSPIM),, in this reaction was seen to
produce roughly equal amounts of the predicted bis-lactone 65 and the spirolactone 66. In
contrast, 66 was found to be the dominant product in reactions catalysed by Rhy(S-
MEPY)4, Rhy(S-IBAZ), and Rhy(S-MEOX),, which possess a more open catalytic
framework by comparison with Rh,(S-MPPIM), and Rh,(S-BSP1M),. The bis-spirolactone
67 was observed as a minor product only in the presence of Rhy(S-MEPY), and Rh,(S-
MEOX),. In all cases, two consecutive C—H insertion reactions were seen to occur. The
first reaction induces the formation of an excess of one enantiomer over the other. Further
enhancement of stereocontrol then occurs in the subsequent insertion reaction. This
process of double stereodifferentiation results in extremely high levels of
enantioselectivity, with all recorded chiral rhodium(ll) carboxamidate-catalysed reactions
resulting in >95% ee (Table 1.13). Amplification of asymmetric induction in this way has
also been reported by Davies and co-workers for the intermolecular C—H activation of 2-
substituted pyrrolidines™* and dihydronaphthalenes.**
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Table 1.13 Bis-lactone vs. spirolactone formation in the decomposition of the
bis-diazoacetate of trans-1,4-cyclohexanediol 64.

Q‘ >j2 Rhodum et on @ <:>/ = oW

CH,Cl,, reflux

66 67
Entry Rhodium(lI) cat. 65 : 66 : 67 Yield (%)? ee (%) 66
1 Rh,(S-MPPIM), 48:52:0 91 -
2 Rh,(S,S-BSPIM), 48:52:0 90 99
3 Rhy(S-MEPY), 11:80:9 58 95
4 Rh,(S-IBAZ), 6:94:0 43 96
5 Rh,(S-MEOX), 1:65:34 81 99

2 Combined yield of 65, 66 and 67.

A different strategy towards achieving enhanced stereocontrol in C—H insertion reactions
was adopted by Doyle and co-workers in 2005, who examined the application of catalysts
possessing two stereogenic centres in the carbenoid reactions of cycloalkyl
diazoacetates.”* For this purpose, two diastereomeric rhodium(ll) catalyst pairs were
prepared by structural alteration of the N-acyl substituent of the methyl 2-oxo-
imidazolidine-4S-carboxylate core structure (Figure 1.19).

o
J v
Rh Rh
/| anrd
Rh,(4S5,2'S,3'S-MCPIM),-68 Rh,(4S,2'R,3'R-MCPIM),-69
o
W @\\\u\ /<
N
O§S§o /k O\Me \Sko O\M
o] N o N e
L N7 e IR
e A7
Rh,(4S,2'S-BSPIM),-70 Rh,(4S,2'R-BSPIM),-71

Figure 1.19
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Employment of these novel rhodium(ll) complexes in the decomposition of cyclopentyl-
and cyclohexyl diazoacetate revealed the occurrence of a distinct “match/mismatch”
phenomenon between the chiral ligand attachments (Table 1.14). In “matched” situations,
where orientation of the ligand stereocentres was favourable, enantioselectivities for 72
and 73 were equivalent or improved with respect to that obtained with Rhy(S-MPPIM),
(Table 1.14, entries 1 and 6 vs. 2, 4 and 7). In contrast, the “mismatched” case, defined
by unfavourable catalyst orientations, resulted in a dramatic lowering of enantiocontrol
(Table 1.14, entries 1 and 6 vs. 3, 5 and 8). “Matched/mismatched” effects were observed
to the greatest effect with the N-benzenesulfonylprolinate-substituted catalysts 70 and 71,
with decreases in ee as large as 71% being recorded.

Table 1.14 C-H insertion in the presence of rhodium(ll) complexes possessing two
stereogenic centres.

H H
° Rhodium(II) cat. @/ \H/ Rhodlum(ll) cat. 2
0 -— o
CH,Cl,, reflux CH2C12 reflux

w H

72 73
Entry Rhodium(ll) cat. n Yield (%) 72/73 ee (%) 72/73
1 Rh,(S-MPPIM), 1 67 93
2 Rh,(4S,2'S,3'S-MCPIM), 68 1 81 88
3 Rh,(4S,2'R,3'R-MCPIM), 69 1 75 40
4 Rh,(4S,2'S-BSPIM), 70 1 78 98
5 Rh,(4S,2'R-BSPIM), 71 1 62 22
6 Rhy(S-MPPIM), 2 71 92
7 Rh,(4S,2'S-BSPIM), 70 2 88 >99%
8 Rh,(4S,2'R-BSPIM), 71 2 89 74°

& Minor amounts of the trans-lactone also observed.

The propensity for five-membered ring formation in C-H insertion reactions has long
been accepted.® However, as seen in the decomposition of 64,% this preference is not
absolute and the formation of four-membered ring products may also be observed. Such
an occurrence has been noted in several intramolecular carbenoid reactions.?2°1301% |
2001, Doyle and co-worker published a report of enantioselective B-lactone formation
from phenyl diazoacetates.™* Despite the introduction of considerable ring strain via its
formation and the deactivating effect of the adjacent ester group, successful p-lactone
formation was observed from iso-propyl and cyclohexyl diazoacetate precursors 74 and
75, respectively [Scheme 1.7(a and b)]. In both instances, B-lactone formation was the
dominant process over competing y-lactone formation and moderate enantioselectivites
were possible in the presence of Rhy(S-DOSP),. The phenyl functionality at the a-diazo
position of the isopropyl and cyclohexyl substrates is of critical importance in producing
the targeted four-membered ring. Replacement of the phenyl group with hydrogen causes
a shift in product formation towards the more sterically favourable y-lactone, as observed

31



Chapter 1 Introduction

in the decomposition of cyclohexyl diazoacetate 75 (R = H), in which production of the vy-
lactone 76 is dominant and formation of B-lactone 77 is negligible [Scheme 1.7(b)].%

Ph CO,CHMe, Me

Rh,(S-DOSP)
\H/ 2—1 o (a)
Me
CsHy,, reflux
N
Ph
74

78% yield, 41% ee

O,
Rhy(S-MACIM), R COZO Rh,(S-DOSP), o
o T
- ——
NZ

o CH,Cl,, reflux CsH,, reflux
R=H R=Ph Ph

70% yield, 97% ee 69% yield, 63% ee

76 75 7

Scheme 1.7

Competition between y- and B-lactone formation was again observed for the C-H
insertion reactions of 3-substituted steroidal diazoacetates 78 (Table 1.15)."*° Catalyst
selection in this study was seen to have a significant effect on regioselectivity, with R-
configured catalysts favouring formation of the y-lactone product 79 (Table 1.15, entries
2 and 4) and S-configured catalysts favouring formation of the B-lactone product 80
(Table 1.15, entries 1 and 3). In all cases, insertion occurs via equatorial C-H bond
insertion. Decomposition of 78 in the presence of chiral bis(oxazoline) copper(l)
complexes was also shown to be a viable option, however, regioselectivities in this case
were poor. As previously observed,*® changing to the phenyl-substituted diazoacetate
carbenoid precursor (R = Ph) resulted in exclusive B-lactone production (Table 1.15,
entries 5 and 6).
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Table 1.15 p- vs. y-lactone formation in the C—H insertion reactions of 3-substituted
steroidal diazoacetates 78.

& Me
Me "
(¢]
o
79 IHJ

Rhodium(II) cat.
—_—

CH,Cl,, reflux

N, 78

Entry Rhodium(Il) cat. R Yield (%) 79:80
1 Rh,(S-MEPY), H 74° 33:67
2 Rhy(R-MEPY), H 81° 94:6
3 Rh,(S-MEOX), H 80° 10:90
4 Rh,(R-MEOX), H 81°% 89:11
5 Rhy(R-MEAZ), Ph 69 0:100
6 Rh,(S-DOSP), Ph 58 0:100

@ Combined yield of 79 and 80 following separation from the catalyst. ® Reaction conducted in refluxing pentane.

1.6.1.2 Chromanone synthesis

The first application of C—H insertion chemistry for the enantioselective synthesis of
six-membered oxygen heterocycles was published by McKervey and Ye in 1992.% In this
study, the asymmetric production of various chromanones from a-diazoketone substrates
in the presence of chiral rhodium(ll) carboxylate catalysts was reported.
Enantioselectivities obtained were in general moderate, with the best results being noted
for the decomposition of 81 with the prolinate catalyst Rh,(S-BSP), providing primarily
the cis-isomer of 82 in 82% ee (Scheme 1.8).

Me o
"

Rh,(S-BSP),

—_—
o N2 Ve CH,Cl,, reflux o “ny,
M
~~" ©
82% ee
81 82
Scheme 1.8
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The range of possible diazo precursors for carbenoid chromanone synthesis was later
extended to include phenyl and vinyl derivatives of 81.°° Decomposition of 83 in the
presence of a variety of different chiral rhodium(Il) and copper(l) catalysts was shown to
result in two isomeric products, arising from C—H insertion (84) and oxonium ylide-2,3-
sigmatropic rearrangement pathways (85), respectively. Reaction with all tested
carboxylate catalysts was seen to give predominantly the C—H insertion product 84
(Table 1.16, entries 1-4), while cyclisation under the influence of a chiral copper(l)-
bis(oxazoline) complex provided solely benzofuranone 85 (Table 1.16, entries 5 and 6).
Rh,(S-BSP), was again shown to induce the highest levels of asymmetric induction,
producing cis-84 in 60% ee. Improvement of this value to 79% ee was possible by a

reduction of the reaction temperature to 0 °C.

Table 1.16 C-H insertion vs. oxonium ylide-2,3-sigmatropic rearrangement in the
decomposition of 83.

R
catalyst
N2 CH,Cl,, reflux

O\/\

83 84 85

Entry Catalyst R 84 :85 84 % ee® 84
cis : trans

1 Rh,(S-BSP), Me 97:3 93:.7 60
2 Rh,(S-BSP), Ph 95:5 b 45
3 7b Me 9 :4 85:15 31
4 7c Me 82:18 75:25 20
5 Cu/af Me 0:100 - -
6 Cu/af Ph 0:100 - -

2 Enantioselectivity for cis-84. ® Values not provided in original report.

1.6.1.3 Dihydrobenzofuran synthesis

Numerous research groups have undertaken investigations examining the synthesis
of dihydrobenzofurans via aryl diazoacetate decomposition. In 2002, Hashimoto and
co-workers reported the enantio- and diastereoselective synthesis of cis-2-aryl-3-
methoxycarbonyl-2,3-dihydrobenzofurans via rhodium(ll) carboxylate-catalysed C-H
insertion reactions.**” Choice of catalyst in this study was seen to be key, with only the
phthaloyl catalysts Rhy(S-PTTL), and Rhy(S-BPTTL),, both featuring a bulky tert-
butyl substituent, providing exclusively the cis-isomer with good enantioselectivity
(Table 1.17). This high level of asymmetric induction was found to be preserved for
the decomposition of aryl diazoacetates possessing electron-withdrawing or -donating
groups in the para position on the benzene ring (Table 1.17, entries 3-5).
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Table 1.17 Enantio- and diastereoselective synthesis of cis-2-aryl-3-methoxycarbonyl-
2,3-dihydrobenzofurans via rhodium(l1) carboxylate-catalysed C—H insertion reactions.

Cco,Me

N,

Rhodium(II) cat.
_ il X
_ 0,
o toluene, —78 °C g

86 87
Entry Rhodium(ll) cat. X Yield (%) 87 ee (%) 87
1 Rh,(S-PTTL), H 86 94
2 Rh,(S-BPTTL), H 70 91
3 Rh,(S-PTTL), Cl 79 94
4 Rhy(S-PTTL), Me 84 91
5 Rhy(S-PTTL), OMe 89 94
?Less than 1% of trans isomer observed.

The presence of both the benzene ring of the aryl diazoacetate and the oxygen adjacent to
the C—H insertion site is believed to be crucial in allowing highly enantioselective
reactions to occur. As seen in Scheme 1.9, loss of either feature results in the destruction
of enantiocontrol.** This result reinforces previous findings by McKervey, who noted
very low asymmetric induction for the synthesis of cis disubstituted dihydrofurans from

acyclic diazoacetate precursors.**®

CO,Me

COMe
N, '
Rhy(S-PTTL),
- = annllPh
toluene, —60 °C
92% yield, 31% ee
CO,Me
COyMe
N2 Rhy(S-PTTL),
—_— annll|Ph
PN toluene, —78 °C
O Ph (6]

91% yield, 41% ee

Scheme 1.9

The synthetic methodology, described above, has been successfully applied to the
asymmetric synthesis of the neolignans, (—)-epi-conocarpan 88 and (+)-conocarpan 89.%
For this purpose, the newly developed rhodium(ll) carboxylate complex Rhy(S-PTTEA),
was found to be the most advantageous catalyst choice, providing the desired cis isomer
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of 90 in 80% yield and 84% ee (Scheme 1.10). A similar synthetic strategy was adopted
by Fukuyama and co-workers for the total syntheses of the macrocyclic spermine
alkaloid, (-)-ephedradine,***** and the pentacyclic indole alkaloid, (-)-serotobenine.'**
In contrast to the cyclisations carried out by Hashimoto and co-workers, exclusive
formation of the thermodynamically favourable trans isomer of the dihydrobenzofuran
products was reported for the production of both natural products. Such an outcome was
achieved by an increase in steric bulk at the ester moiety of the aryl diazoacetate via
attachment of a chiral auxiliary.

CO,Me
CO;Me

Br. B
ha(S PTTEA),,,
ol OTIPS
/\©\ CH2C12 -60 °C o
OTIPS

80%, 97% cis, 84% ee

Br.

90

gy
"’/I/

P 3 Na2C03
OH |
‘!!!IIIIII!!!’ Meott <:::::::::::::::::::>b--__
(o]

(+)-conocarpan (-)-epi-conocarpan

89 88
Scheme 1.10

Catalyst choice for the intramolecular C—H insertion formation of dihydrobenzofurans
may be extended beyond Hashimoto’s phthaloyl complexes to include proline-,
adamantylglycine- and imidazolidinone-derived catalysts, namely Rh,(S-DOSP)4, Rhy(S-
PTAD),; and Rhy(OAc)(DPTI);  (DPTI = diphenyltriflylimidazolidinone). Aryl
diazoacetate decomposition in the presence of the latter complex has been shown to occur
with moderate yield (51%) and excellent enantioselectivity (96% ee).**? Insertion into
methine, methylene and methyl sites is possible in the presence of Rh,(S-DOSP), or the
related bridged complexes Rhx(S-biTISP), and Rh,(S-biTBSP), (Table 1.18).2*° Greatest
enantiocontrol for primary C—H insertion reactions was observed with Rh,(S-biTISP),and
Rh,(S-biTBSP), (Table 1.18, entries 1 and 2), while cyclisation with Rh,(S-DOSP),
provided the highest levels of asymmetric induction for reaction at tertiary sites (Table
1.18, entries 6-8). All three catalysts proved proficient for ~ C-H insertion into a
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methylene group (Table 1.18, entries 3-5). That Rhy(S-DOSP), and the bridged catalysts
Rh,(S-biTISP), and Rh,(S-biTBSP),4 provide the opposite sense of asymmetric induction
has also been noted in both cyclopropanation®*** and intermolecular C—H insertion
processes.®” %

Table 1.18 Intramolecular C-H insertion of aryldiazoacetates into methine,
methylene and methyl C—H bonds.

CO,Me

CO,Me
N Rhodium(II) cat. R
H _—
. ARZ -50°C S r
ki
Entry  Rhodium(ll) cat. R! R? Solvent Yield (%) ee (%)
1 Rh,(S-biTISP), H H CH,Cl, 70 43 (9
2 Rhy(S-biTBSP), H H CH,Cl, 70 68 (-)
3 Rh,(S-DOSP), H Me hexane 85° 60 (-)°
4 Rh,(S-biTISP), H Me CH,Cl, 50° 53 (+)"
5 Rhy(S-biTBSP), H Me CH,Cl, 70° 45 (+)
6 Rh,(S-DOSP), Me Me hexane 98 94 (+)
7 Rhy(S-biTISP), Me Me CH,Cl, 48 60 (-)
8 Rhy(S-biTBSP), Me Me CH,Cl, 57 65 (-)

2Yield of cis and trans isomers, de (cis) = 60%. ° Yield of cis and trans isomers, de (cis) = 70%. ® Yield of cis
and trans isomers, de (cis) = 75%. % ee of cis isomer.

The ability of Davies’ adamantate catalyst Rh,(S-PTAD), to successfully catalyse
enantioselective intramolecular C—H insertions was first demonstrated for the synthesis of
cis-2-aryl-3-methoxycarbonyl-2,3-dihydrobenzofurans,”* in  which the asymmetric
induction obtained was seen to be in the range of previous results recorded by Hashimoto
and co-workers for the same transformation.*®’ In the same study, a vast improvement in
stereochemical outcome was observed for employment of Rhy(S-PTAD), in a key step in
the synthesis of the natural product, (-)-ephedradine A.”* The synthetic route earlier
adopted by Fukuyama and co-workers provided low levels of enantioselectivity (32% ee)
and diastereoselectivity (20% de) in the presence of Rh,(S-DOSP),. Reasonable
stereocontrol [86% de (trans)] was obtained only when Rhy(S-DOSP), was used in
conjunction with a lactamide-type chiral auxiliary.”***** In contrast, the Rha(S-PTAD),-
catalysed decomposition of 91 provided predominantly the cis isomeric product 92 in 87%
de and 79% ee in the absence of any chiral auxiliary. The desired trans isomer 93 could
then be easily obtained by equilibration in the presence of sodium methoxide.
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Table 1.19 The key C—H insertion step in the synthesis of (—)-ephedradine A.

OBn

OBn OBn
(@) N, o) ) 0o :\\\
Rhodium(II) cat. +
_— “n,
CO,Me CH,Cl, 7co,Me CO,Me
Br Br Br
91 92 93

Entry Rhodium(ll) cat.  Temp. (°C) Yield (%) 92:93 %ee92 %ee93
18 Rh,(S-DOSP), 23 72 2 :3 - 32
2° Rh,(S-PTAD), 0 72 14:1 79 —

aResults reported by the Fukuyama group.™® ® Results reported by the Davies group.”™

1.6.2 Nitrogen-containing heterocycle synthesis

1.6.2.1 Lactam synthesis

Early studies exploring the enantioselective synthesis of nitrogen-containing
heterocycles were conducted by Doyle and co-workers, who examined the rhodium(ll)
carboxamidate  catalysed @ C-H insertion  reactions  of  N-alkyl-N-(tert-
butyl)diazoacetamides.®® As was observed with the corresponding lactone syntheses,
production of both four- (B-lactam) and five- (y-lactam) membered ring products may
occur. Control of such regiochemical variation was shown to be possible by careful choice
of N-alkyl substituent for the diazoamide precursor (Table 1.20). Thus, while a mixture of
v-94 and B-95 lactam products was observed for the C—H insertion reactions of N-(tert-
butyl)-2-diazo-N-pentylacetamide and N-(tert-butyl)-2-diazo-N-(4-methylpentyl)
acetamide (Table 1.20, entries 1-4), exclusive y-lactam formation was recorded for
decomposition of the ethoxy derivative of 96 (R = OEt), providing pyrrolidinone 94 in
high yield and moderate enantioselectivity for cyclisation with both Rh,(S-MEPY), and
Rh,(S-MEOX),.
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Table 1.20 Rhodium(Il) carboxamidate-catalysed C—H insertion reactions of N-
alkyl-N-(tert-butyl)diazoacetamides.

R \/\ )< )<
N >
Rhodium(Il) cat.  ° N RAL N
_— .
| (0] CH,Cl,, reflux

o [e]

96 94 95

Entry  Rhodium(ll) cat. R Yield (%) 94:95 ee (%) 94 ee (%) 95
1 Rh,(S-MEPY), Et 74 88:12 63 73

2 Rh,(S-MEOX), Et 82 91:9 71 80

3 Rh,(S-MEPY), i-Pr 91 80: 20 58 72

4 Rh,(S-MEOX), i-Pr 93 82:18 69 65

5 Rh,(S-MEPY), OEt 91 100:0 58 -

6 Rh,(S-MEOX), OEt 97 100:0 78 -

Although the formation of five-membered rings is typically favoured in C—H insertion
reactions,® generation of p-lactam products is feasible, owing to the activating effect of the
adjacent nitrogen atom at the insertion site.'*® In studies employing the achiral Rh,(OAC).
catalyst, the N-tert-butyl group has proven superior to other possible substituents in
inducing preferential p-lactam formation.** Such a trend is preserved for diazoacetamide
decomposition in the presence of chiral rhodium(Il) complexes. As seen in Scheme 1.11,
B-lactam 97 is the sole product from the Rh,(S-BNP),(HCO3),-catalysed C—H insertion
reaction of the N-tert-butyl diazoacetamide 98.%

EtO,C )< SL
\/\ N / /’/,,/
Rh,(S-BNP),(HCO;), EtO,C Z

%,

N
MeOC -
o CH,Cl,, reflux =
MeOC®

o

N,
93%., >99% de, 26% ee

98 97
Scheme 1.11

A similar outcome was observed for the intramolecular C—H insertion reactions of N-
alkyl-N-tert-butyl-a-methoxycarbonyl-a-diazoacetamides.**’ Cyclisation of 99 in the
presence of the phthaloyl catalyst Rh,(S-PTPA), was seen to provide exclusively the cis
isomer of azetidinone 100 (Table 1.21). Highest enantioselectivity was noted for the
insertion of the N-benzyl-N-tert-butyl derivative of 99, producing 100 in 94% yield and
74% ee (Table 1.21, entry 1). Interestingly, change of the substituent a to the diazo from
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the methoxycarbonyl group to the acetyl group resulted in lower asymmetric induction
and the formation of the trans isomer of 100 (Table 1.21, entry 4). This would seem to
suggest that isomerisation of the initial cis product of 100 (R = COMe) occurs to
generate the observed trans stereoisomer. Isomerisation of this type had previously been
encountered by Doyle and co-workers in a study of the C—H insertion reactions of N,N-
disubstituted diazoacetoacetamides.'*®

Table 1.21 Intramolecular C—H insertion reaction of N-alkyl-N-(tert-butyl)-a-
methoxycarbonyl-a-diazoacetamides 99.

PN )< Ry,
Ry N %,

Rhy(S-PTPA),, “—N
R o CH,Cl,, 22 °C o &
RN o
N,
99 100

Entry R! R? Yield (%) 100 ee (%) 100
1 CO,Me Ph 9 74 (3R, 4R)
2 CO,Me CH,CO,Me 98 56 (3R, 4S)
3 CO,Me CH,CH,CHj5 97 60 (3R, 4S)
4 COMe Ph 64° 50 (3R, 4R)

aReaction was conducted at 16 °C. ® trans Isomer of 100.

Enantioselective intramolecular C—H insertion reactions of diazoacetamides using both
supercriticial carbon dioxide (scCO,) and water as the reaction solvent have also been
described (Table 1.22, entries 1 and 2).**° A slight decrease in enantiocontrol was
observed for the reactions in scCO, and water compared to the corresponding process in
dichloromethane (Table 1.22, entries 1 and 2 vs. entry 3), although notably the former two
solvents are more environmentally friendly and permit facile catalyst recovery.

Table 1.22 Asymmetric intramolecular C—H insertions of ethyl 3-[tert-
butyl(phenethyl)amino]-2-diazo-3-oxopropanoate in scCO, and water.

EtO,C o
EtO,C y - t-Bu Rhy(S-PTPA), W
> N
N2 P \t—Bu
Ph
Entry Solvent Temp (°C) Time (h) Yield (%) 100 ee (%) 100
1 scCO,* 30 24 >97 52
2 H,O 25 21 93 60
3 CH,CI, 25 35 93 66

& pressure = 70 bar
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While the ability of the N-tert-butyl group to induce preferential B-lactam formation in the
above examples cannot be doubted, subsequent removal of this tert-butyl group may
prove problematic. Such an obstacle was encountered by Hashimoto and co-workers in
their attempts to produce a key azetidin-2-one for the synthesis of carbapenem
antibiotics.™ Resolution of this issue was possible by replacement of the troublesome tert
butyl group with an N,O-acetal moiety. This strategy was found to maintain exclusive 3-
lactam formation, whilst also providing high levels of enantiocontrol in the presence of
Rh,(S-PTA),, thus allowing synthesis of the desired carbapenem 101 (Scheme 1.12). A
similar approach was adopted for the generation of a key intermediate required for the
synthesis of trinem antibiotics.” Interestingly, in this study, Rh,(S-PTA)s-catalysed
decomposition of the N,O-cyclohexylidene acetal 102, which differs from 103 by the
incorporation of a benzene ring, provided predominantly the opposite enantiomer (-)-104
than that expected from the cyclisation of 103. Such a result was also observed for
catalysis with Rhy(S-PTPA)s;, Rhy(S-PTPG), and Rhy(S-PTV),;.  Enantioselective
production of the desired (+)-104 was, however, found to be possible for reaction in the
presence of Rhy(S-PTTL)4, thereby permitting synthesis of the trinem intermediate 105
(Scheme 1.13).

H

c N, MeO,Cy,, V
I m Rhy(S-PTA),,
(e}

N (0] 0, o
CH,Cl,, 0 °C —N 0
4

MeO,

T

103 94%, 96% ee 101
Scheme 1.12
H OTBDMS
Me0,C N, Me0,C/, ‘ H
Rhy(S-PTTL),,
—_—
N © toluene, 0 °C Y L i
; s S
66%, 84% ce
102 (+)-104 105
Scheme 1.13

Preferential pB-lactam formation may also be observed for the cyclisations of
diazoacetylazacycloalkanes. The C-H insertion reaction of 3-diazoacetyl-3-
azabicyclo[3.2.2]nonane 106 was shown to produce B-lactam 107 as the sole product in
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high yield and high enantioselectivity (Table 1.23).2" It is thought that the conformational
rigidity imparted by the cyclic system of 106 is responsible for the observed exclusive [3-
lactam formation. Thus, reaction of the more flexible diazoamide 108 provides both [-
(109) and y-(110) lactam products (Table 1.24).

Table 1.23 Preferential f-lactam formation in the C—H insertion reaction of 3-
diazoacetyl-3-azabicyclo[3.2.2]nonane 106.

Rhodlum(H) cat.,
N
CH2C12 reflux

CHN,
106 107
Entry Rhodium(Il) cat. Yield (%) 107 ee (%) 107
1 Rh,(S-MEOX), 81 93
2 Rh,(S-MEPY), 70 96

Table 1.24 p- vs. y-lactam formation in the C—H insertion reaction of 108.

o}

)k | 7 o

N CHN, Rhodium(II) cat.
P ——— +

CH,Cl,, reflux

108 109 110
Entry Rhodium(ll) cat.  Yield (%) 109 : 110 ee (%) 109 ee (%) 110
1 Rh,(S-MEOX), 95 26:74 15 98
2 Rhy(S-MEPY), 97 40 : 60 31 97

The first enantioselective catalytic synthesis of 4-aryl-substituted 2-pyrrolidinones was
reported by Hashimoto and co-workers in 1998 (Table 1.25).2? In this study, aromatic C—
H insertion was found to be a competing reaction pathway in the decomposition of the
a-methoxycarbonyl diazoacetamide 111 (X = OMe), producing an excess of 2(3H)-
indolinone 112 over the desired aliphatic C—H insertion product trans-pyrrolidinone 113
for the Rhy(S-PTPA),-catalysed reaction (Table 1.25, entry 1). It is believed that aromatic
C—H insertion reactions proceed via a mechanism of electrophilic addition of the
rhodium(1l) carbenoid carbon to the aromatic ring followed by 1,2-hydride migration to
give the aromatic insertion product.”®**® Therefore, elimination of this competing process
may be achieved by attachment of an electron-withdrawing substituent at the para
position of the aromatic ring. This was indeed found to be true and exclusive production
of 113 was observed for the C-H insertion reaction of 111 (X = NO,) in the presence of
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various rhodium(Il) phthaloyl complexes (Table 1.25, entries 2-5). The success of this
method was illustrated in the syntheses of the GABAAa receptor agonist, (R)-(-)-
baclofen,™®® and the phosphodiesterase type IV inhibitor, (R)-(-)-rolipram,®* both of which
feature enantioselective C—H insertion reactions of N-4-nitrophenyl-a-methoxycarbonyl-
a-diazoacetamides as the key synthetic steps.

Table 1.25 Enantioselective rhodium(ll)-catalysed synthesis of 4-aryl-substituted 2-
pyrrolidinones.

Ph
MeO,C N
Ph MeO,C, (\
Rhodium(II) cat., p N
+
)
Q CH,Cl, 20 °C

MeO,C

IIIH'U

111 113 112
Entry  Rhodium(ll) cat. X Yield (%) 113:112 ee (%) 113
1 Rhy(S-PTPA), OMe 73 5 :68 2
2 Rh,(S-PTPA), NO; 82 100:0 47
3 Rh,(S-PTV), NO, 82 100:0 26
4 Rh,(S-PTTL), NO; 80 100:0 74
5 Rh,(S-PTA), NO, 83 100:0 47

#Value not provided in original report.

The elimination of competing reaction pathways may also be accomplished by careful
choice of catalyst system.** As seen in Table 1.26, decomposition of diazoacetamide 114
may result in both C—H insertion product 115 and aromatic insertion product 116, arising
from two possible orientations of the carbenoid intermediate. Predominant y-lactam
production is achievable by reaction in the presence of Rhy(S-MEPY),, providing 115 in
good yield and high enantioselectivity. However, employment of the oxazolidinone,
imidazolidinone and azetidinine catalysts, Rhy(S-MEOX)4, Rhy(S-MPPIM), and Rhy(S-
IBAZ),, respectively, was found to generate significant amounts of 116, along with small
quantities of the B-lactam product 117.
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Table 1.26 C-H insertion vs. aromatic cycloaddition in the rhodium(l1)-catalysed
decomposition of diazoacetamide 114.

PN \
Ph N o} NG “\\\\\\\
O "~
o
[®) (0]
\‘Ph/ Rhodium(II) cat.,
CH,Cl, reflux
114
(o]
Ph/\:’\‘% Ph\A<\l>:o
o o m : m
O. o
\r [ |
Ph
Y h
Ph
115 116 117
Entry Rhodium(Il) cat. 115:116: 117 Yield (%) 115 ee (%) 115
1 Rh,(S-MEPY), 95:5:0 75 85
2 Rh,(S-MEOX), 74:16:10 61 78
3 Rh,(S-MPPIM), 53:18:29 48 37
4 Rh,(S-1IBAZ), 49:35:16 45 19

An enhancement in regio- and enantiocontrol is possible for the above process by
exchange of the N-benzyl group for the more sterically demanding N-
bis(trimethylsilyl)methyl (N-BTMSM) moiety.*** This N-protecting group has previously
been proven to deliver effective conformational control for the Rhy(OAc),-catalysed
intramolecular C-H insertion reactions of various diazoamides, permitting highly
regioselective reactions to occur.*>>**® Despite possessing a tertiary C—H bond, the N-
BTMSM group remains inert towards C—H insertion, due to probable shielding of the
methine C—H bond by the two trimethylsilyl groups.® For the decomposition of 118
(Scheme 1.14), use of an N-BTMSM diazoamide not only provides exclusive access to
the desired y-lactam product 119, but also allows for the subsequent facile removal of the
N-silyl substituent, and is thus the optimum route for the production of 2-
deoxylonolactam.™*
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BTMSM BTMSM

m N2 Rhy(R-MEOX),

anz
P4

fo) 0o CH,Cl,, reflux o o
95% yield, 90% ee
118 119

Scheme 1.14

Such a strategy of N-BTMSM protection has been successfully adopted for the synthesis
of the GABA analogue, (R)-B-benzyl-y-aminobutyric acid 120 (Scheme 1.15).*

ha(R MEOX),,
HOZC
CH2C17 reflux

BTMSM BTMSM

83% yield, 69% ee
Scheme 1.15

1.6.1  Sulfur-containing heterocycle synthesis

Despite the wide interest in, and application of, sulfur-containing heterocycles in
pharmaceutical chemistry,**® the study of C—H insertion processes generating such
compounds has remained a largely neglected area. Indeed, only a minimum of reports
exist documenting the successful synthesis of sulfur heterocycles via carbenoid chemistry
and, until recently, such reactions have been realised only in a racemic fashion.™**? In
2007, Novikov and co-workers reported the selective formation of six-membered cyclic
sulfonates and sulfones by C—H insertion.*®! Such a finding was surprising given the large
preference in diazo decomposition reactions for the formation of five-membered-ring
products.® This outcome has been rationalised, however, by the difference in bond lengths
and bond angles observed around the sulfur atom which are thought to mimic the
geometry of the six-membered ring,*®**®? as was also observed for intramolecular C—H
aminations.'®® The first, and only, report of the enantioselective production of sulfur
heterocycles employing C—H insertion chemistry was published in 2010 by Maguire and
co-workers for the C—H insertion reactions of a-diazosulfones (Table 1.27).* In addition
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to providing a novel enantioselective reaction pathway to such compounds, this report
was significant in achieving its goal with the use of copper catalysis. While copper
catalysts have previously been employed in C-H insertion processes, 3%
enantioselectivies achieved have been, in general, moderate with the highest asymmetric
induction being noted for intermolecular C—H insertion in the presence of an immobilised
copper(1)-bis(oxazoline) ligand (88% ee).** Thus, this publication represents the highest
level of enantiocontrol achieved to date in a copper-mediated C—H insertion reaction. As
seen in Table 1.27, enantioselectivites of up to 98% ee were realised for the
decomposition of various substituted a-diazosulfones. The trend towards preferential six-
membered-ring formation for carbenoid synthesis of sulfur heterocycles, as previously
observed by Novikov and co-workers,'**%? was seen to be preserved, with all thiopyran
products forming in a highly enantioselective fashion (94-98% ee) and with cis
selectivity.

Table 1.27 Copper(l)-catalysed C—H insertion reactions of a-diazosulfones 121.

——o0

0 N

(0] 0] S \)
\s/ Catalyst = owe
< /\/\/ OMe >
CH,Cl,, reflux "
////R

N

121 122
Entry R Cat? Yield (%) 122 ee (%) 122
1 Ph Cu(l)CI, NaBARF, 4g 47 98
2 Ph Cu(MeCN)4PFs, 49 19 9
3 p-Tol Cu(l)CI, NaBARF, 4g 64 96
4 Bn Cu(l)CI, NaBARF, 4g 42 96
5 Et Cu(l)CI, NaBARF, 4g 68 97
2 BARF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

1.7 Intermolecular C-H insertion reactions

While the early 1990s represented a period of vast growth and research in the area of
intramolecular carbenoid C—-H insertion,?**"#8 corresponding intermolecular C-H
insertion processes at this time were not generally regarded as being synthetically
efficient®’ Such an opinion may be attributed to observed competing dimer
formation®'® and the typically poor regioselectivities recorded.?®**®® Research
published by Davies and co-workers in the late 1990s, however, served to provide a
renewed interest in this previously neglected area, owing to the discovery that carbenoids
substituted with one electron-donating group and one electron-withdrawing group
(donor/acceptor-substituted carbenoids) are capable of undergoing highly chemo- and
regioselective intermolecular C—H insertions.’® The presence of a donor group in such
species serves to stabilise the donor/acceptor carbenoid with respect to traditional
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carbenoids derived from alkyl diazoacetates, with the result that insertion into the target
C-H bond occurs in a more chemo- and regioselective manner. "

Highly enantioselective intermolecular C-H insertions can be achieved for
donor/acceptor-substituted carbenoids when the reactions are catalysed by the chiral
rhodium(ll) tetraprolinate catalyst Rhy(S-DOSP),. In 1997, Davies and co-workers
reported the first asymmetric intermolecular C—H insertion reaction using metal carbenoid
intermediates.’® Decomposition of various aryl diazoacetates by Rh,(S-DOSP), in the
presence of cyclohexane (Table 1.28) and tetrahydrofuran (Scheme 1.16) as solvents was
shown to occur with high levels of enantioselectivity and in excellent yields.

Table 1.28 Intermolecular C-H insertion reactions of cyclohexane and aryl
diazoacetates.

X
\C; Rh,(S-DOSP),

MeO,C
Entry X Temp. (°C) Yield (%) ee (%)
1 H 81 83 81
2 H 50 69 88
3 Cl 81 91 86
4 Cl 25 53 93
5 OMe 81 85 67
cl Cl
\q: ha(S DOSP), .
( \ g
25 °c 57% o
MeO,C’ Co,Me CO,Me
1 : 9
76% ce T1% ee
Scheme 1.16

A number of key trends were identified during this initial study which have been shown to
parallel results obtained in subsequent investigations into intermolecular C—H insertion
processes. Lower reaction temperatures were found to favour increased
enantioselectivity.®®1">1® |mprovements in both yields and enantioselectivity were noted
upon changing from an electron-donating (X = OMe) to an electron-withdrawing (X = Cl)
aromatic substituent for aryl diazoacetate precursors,” 2117 as had previously been
noted in intramolecular C—H insertion studies.”®*** As seen in Scheme 1.16, insertion is
favoured at positions o to oxygen,?®*"®" with the same preference also holding true for
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67,69,132,173,178,179 68,180 20,181-183

insertion adjacent to nitrogen, and at benzylic and allylic sites.
The use of hydrocarbon solvents (hexane, 2,2-dimethylbutane) for intermolecular C-H
insertion processes has also been found to increase asymmetric induction, compared with
the use of polar solvents,®®8213 3 trend also observed for asymmetric cyclopropanation
reactions.*

Control of regiochemistry is also possible for intermolecular C—H insertion reactions of
donor/acceptor-substituted carbenoids in the presence of Rhy(S-DOSP)..3'" In general,
insertion into tertiary C—H bonds is preferred over competing secondary and primary
insertion owing to the superior ability of tertiary sites to stabilise the electrophilic metal
carbenoid.®” However, steric factors may also contribute owing to the bulky nature of the
rhodium carbenoid.®*” Thus, insertion into secondary C—H bonds is generally favoured
for intermolecular diazo decomposition, as this represents the best balance between
electronic and steric effects (Figure 1.20).13247>176:180

I|30

J
MeO,C,, N C = /O/\ SO TMSO A~
I I

Figure 1.20

Nonetheless, selective C—H insertion at primary and tertiary C—H sites may be achieved.
The first chemoselective C—H insertion into a methyl site was reported by Davies and co-
worker in 2002 for the Rhy(S-DOSP),-catalysed reaction of methyl p-
bromophenyldiazoacetate 123 with Boc-protected N-methylcrotylamine 124 (Scheme
1.17).1° 1t was suggested that regioselective insertion into the primary site occurs in
preference to insertion at the more electronically favourable allylic site, due to the
sterically demanding nature of the aryldiazoacetate rhodium carbenoid, which hinders its
approach to the competing secondary site."”

Br
Br. Boc (1) ha(S-DOSP)4,
. | 2,2-dimethylbutane
N -
\/\/ . /\/\ . .

coMe (i) TFA, CH,Cl, N

Co,Me

123 N, 124
58% yield, 85% ee

Scheme 1.17

Thus, selective C—H insertion into methyl sites may be achieved when the target primary
bond is sufficiently electronically activated and competing insertion sites in the remainder
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of the molecule are sterically hindered or otherwise electronically deactivated. This was
indeed found to be true and various examples of selective C—H insertions at methyl sites
are now known (Scheme 1.18).1/217

Br

Br.
- o Rh,(S-DOSP), :
o N+ CO,Me — . /\/O\ACOZMG (a)
125 123 | 72% yield, 76% ce

Br CO,Me
/©/ . O
+
CO,Me ) o b
oo 2,2-dimethylbutane, (b)
50 °C
126 123 N,

Br
71% yield, 74% ee

Br CO,Me
/@/ . come  Rhy(S-DOSP), O
- C
2,2-dimethylbutane, ( )
127 123 4,

50°C
128

Br
70% yield, 74% ee

Scheme 1.18

Preferential C—H insertion is seen to occur at the primary C-H bond of 1,2-
dimethoxyethane 125, due to the deactivating effect of the -oxygen on the competing
secondary insertion site [Scheme 1.18(a)].}"> No C—H insertion is observed at the methyl
group adjacent to oxygen in 1-methoxy-4-methylbenzene 126 [Scheme 1.18(b)], due to
probable delocalisation of the electron lone pairs of oxygen into the benzene ring.}’* The
p-methoxy group in this reaction serves the function of sterically protecting the ring from
possible cyclopropanation as was observed for the reaction of methyl p-
bromophenyldiazoacetate 123 and toluene. Steric protection of this kind may also be
achieved with p-alkyl substituents, thus the reaction of 123 and p-xylene 127 generates
the corresponding C-H activation product 128 in 70% vyield and 74% ee [Scheme

49



Chapter 1 Introduction

1.18(c)].*" This strategy of selective methyl C—H insertion has been successfully applied
to the total syntheses of the natural products (+)-imperanene,'’? (—)-a-conidendrin,” and
to the synthesis of the enantiomers of the antidepressant, venlafaxine.'”

Despite electronic preferences to the contrary,®’ regioselective intermolecular C—H
insertion into tertiary bonds is a generally difficult process.’"*¥9184 Until recently, reports
of preferential insertion into tertiary C—H bonds were minimal.”**** However, research by
Davies and co-workers published in 2009'® has served to broaden the range of known
substrates for which functionalisation of tertiary C—H bonds may be achieved (Scheme
1.19). Although the yields and enantioselectivities obtained for these reactions are
moderate, they represent an encouraging platform on which to build future investigations.

N, CI
CO,Me Rh,(S-DOSP), N (a)
+
2,2-dimethylbutane, CO,Me
MeO' MeO'

50 °C

48% yield, 48% ee

O /\)\ I
o conte ha(S DOSP),
+ 2,2- dlmethylbutane CO,Me
70-75 °C

41% yield, 30% ee

(absolute configurations not provided in original report)

Scheme 1.19

Complementary reactions to several classic C—C bond-forming transformations, including
the Claisen rearrangement,’®® the aldol reaction,'’®*""*¥ the Mannich reaction,®”®® the
Claisen condensation® and the Michael reaction,'®*®* may be achieved by intermolecular
C—H insertion reactions in the presence of donor/acceptor-substituted carbenoids. The
synthesis of y,8-unsaturated esters, products normally generated by an asymmetric
Claisen rearrangement, is possible via allylic C—H activation of alkenes (Scheme 1.20).'%?
Excellent regiocontrol was achieved in these reactions, with high enantioselectivities (up
to 95% ee) and moderate diastereoselectivities (up to 88% de) also being recorded.

R, R
MeO Rh,(S-DOSP), MeO. R Claisen rearrangement 160 R
\H/K )/ 2 B 2 e W) 2
o / g | |
Scheme 1.20
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The Rhy(S-DOSP),-catalysed decomposition of methyl aryldiazoacetates in the presence
of silyl enol ethers may be used as an alternative route to typical Michael reaction
products.'®! This surrogate reaction is particularly attractive, as it may be employed in the
synthesis of compounds not possible with corresponding Michael reactions. Production of
the 1,5-dicarbonyl 129 via the traditional Michael addition route would not be feasible as
the necessary enone would be the keto tautomer of 1-naphthol. However, as seen in
Scheme 1.21, 129 may be produced by an intermolecular C—H insertion reaction followed
by desilylation with hydrogen fluoride.*® The enantioselectivity for this reaction was
later improved to 97.5% ee for the major diastereocisomer (> 98% de) by change to the
TMS protecting group.'®®

OTIPS OTIPS OTIPS

CO,Me ha(S DOSP),

2,2- dlmethylbutane
23°C

(major) 90% ee g, (minor) 73% ee g

CO,Me

Michael
CO,Me ¢ ?e
+ Reaction
------- »
Br

98% yield,
>99% ee (after recrystallisation)

Scheme 1.21

The development of surrogate reactions for the Claisen condensation,®® the Mannich
reaction®® and the aldol reaction'®*""*®¥ has also been described, involving the
asymmetric synthesis of p-keto esters, p-amino acid derivatives, and silyl-protected B-
hydroxy esters, respectively. These novel reactions feature common C-H insertion at
electronically favourable sites adjacent to oxygen or nitrogen, and have been achieved
with excellent regiocontrol, and moderate-to-good diastereo- and enantiocontrol. An

example of each surrogate reaction type is given in Scheme 1.22.%66917
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Asymmetric Claisen Condensation Surrogate

O/> Br.
Co,Me
o coMe ha(s DOSP),
+
PhCF;, —15 °C
N,
59% yield, 75% ee

Asymmetric Mannich Reaction Surrogate

TBDPSO

Br. .
(i) Rhy(S-DOSP), TBDPSQ, B
+ 2,2-dimethylbutane, 50 °C H
CO,Me >
N : (b)
| (i) TFA, CH,Cl,

N
H

Boc N

Ol

O,Me

64% yield, >94 % de, >99% ee

Asymmetric Aldol Reaction Surrogate

TBSO Rh,(R-DOSP
\/\ + COuMe a( )4 X -
o c
hexane, 23 °C Meozc/\:/\ (©
N

OTBS

52% yield, >94% de, 92% ee

Scheme 1.22

A novel reaction pathway was discovered by Davies and co-workers in 1999, during the
course of investigations into the asymmetric synthesis of 4,4-diarylbutanoates.*’* The
reaction of vinyldiazoacetate 130 and 1,3-cyclohexadiene 131 did not result in the
predicted C—H insertion product 132. Rather, formation of the 1,4-cyclohexadiene 133
was observed in high yield (63%) and high enantioselectivity (98% ee). It was suggested
that generation of 133 occurs via a combined C—H activation/Cope rearrangement
pathway (Scheme 1.23).
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\\

CO,Me

132
N Rh,(S-DOSP), '
* / hexane, 23 °C Cope rearrangement
v
Ph
131 130 \
CO,Me
133

Ph

63% yield, 98% ee

Scheme 1.23

The direct C—H insertion product 132 was subsequently found to be the more
thermodynamically stable product,’***" meaning that the reaction likely proceeds via a
highly concerted, ordered transition state (Figure 1.21) as opposed to a two-step
reaction.

Figure 1.21

Highly enantioselective diazo decompositions have been observed for combined C—H
activation/Cope  rearrangements in the presence of Rhy(S-DOSP),. 1,2-
Dihydronaphthalenes in particular have proven themselves as excellent substrates for this
type of chemistry, finding application in the synthesis of various naphthalene derivatives
(Table 1.29),"® Michael addition equivalent products,'®* and double C-H activation
products.”** Formation of 134 (Table 1.29) occurs via a combined C—H insertion/Cope
rearrangement pathway, followed by elimination of acetic acid.
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Table 1.29 Combined C—H activation/Cope rearrangement reactions.

Ay, X _-C0Me

OAc N, CO,Me
Rhy(S-DOSP),
+ / >
O‘ Hexane/toluene, rt
Ar
134
Entry Ar Yield (%) 135 ee (%) 134
1 "17111
79 >08
Cl
Cl
2 ‘LLHHL
92 99.5
MeO
OMe
82 >08

) cu/@\f 45 99.6
. ﬁ;; 66 99.3

This impressive chemical transformation has also been applied to a formal asymmetric
synthesis of the antidepressant, (+)-sertraline,'’* to the synthesis of a series of selective
monoamine reuptake inhibitors,*®° and to the synthesis of the diterpene natural products,
(-)-colombiasin A  ()-elisapterosin  B,*®  (+)-elisabethadione’® and  (+)-
erogorgiaene,*® all of which feature allylic C—H functionalisation by vinyldiazoacetates
as the key step. In addition, the combined C—H functionalization/Cope rearrangement has
recently been applied as a surrogate reaction to the vinylogous Mukaiyama aldol reaction,
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producing a range of 1,2-disubstituted alkene products in high yield (67-89%) and with
excellent enantioselectivity (93-99% ee).'*

The vinyldiazoacetate 130 has recently been employed in the catalytic enantioselective
synthesis of azacycloalkenes via an intermolecular rhodium carbenoid C—H insertion/ring-
closing metathesis (RCM) sequence.'®* Interestingly, a mixture of C—H insertion (135)
and cyclopropanation (136) products were observed for reaction of 130 and a series of
Boc-protected alkenyl amines in an approximate 2 : 1 ratio (Scheme 1.24). This is in
contrast to previous N-H insertion reactions of 130 where no cyclopropanation products
were detected.’®® Synthesis of both the cyclopropane (136) and C-H insertion (135)
products was achieved with high enantioselectivity. Enantioenriched six- to eight-
membered nitrogen-containing heterocycles were subsequently prepared via ruthenium-
catalysed ring-closing of the C—H insertion products.

MeO,C Ph

K Rh,(S-DOSP),, ’ RN \
N +  MeO,C Ph + N

M \Boc ? Y\/ DCE, rt N/BOC BOC/

n=1-4 N (
130 " ‘

135 136
2 : 1
83-92% ee 92-96% ee
RCM

MeO,C.

AN
Jn
N

Boc

95-98% yield, 92-95% ee
Scheme 1.24

While Rhy(S-DOSP), is undoubtedly the catalyst of choice for intermolecular C—H
insertions employing donor/acceptor-substituted carbenoids, in certain cases the
reliability of this prolinate catalyst in achieving high levels of asymmetric induction has
been seen to fail.®®®*#" Alternative catalytic systems are, however, available which allow
achievement of desired enantioselective intermolecular reactions. A vast improvement in
both enantioselectivity and diastereoselectivity was recorded in the synthesis of threo-
methylphenidate (Ritalin) upon change of catalyst from Rh,(S-DOSP), to Rhy(S-
biDOSP),.%” A similar trend was observed for the reaction of N-Boc-piperidin-4-one 137
and 123, in which change of catalyst from Rh,(S-DOSP), to Rhy(S-biTISP), resulted in
increased asymmetric induction in the formation of 138 and 139 (Table 1.30).%
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Table 1.30 Rhodium(Il) prolinate-catalysed C—H insertion reactions of
N-Boc-piperidin-4-one 137.

Br.

(i) Rhodium(II) cat. Br
+ 23 °C H
coMe ——————» +
N (ii) TFA, CH,Cl, N
Boc N, : é H
CO,Me CO,Me
137 123 138 139
Entry Rhodium(Il) cat. Yield (%) ee (%)
138 139 138 139
1 Rh,(S-DOSP), 31 20 83 53
2 Rhy(S-biTISP), 46 23 88 76

Chiral rhodium(ll) carboxamidate catalysts have been shown to outperform Rhy(S-
DOSP), in terms of chemoselectivity and enantioinduction in the C—H insertion reactions
of vinyldiazolactone 140 (Table 1.31).®” This example is significant in that the
rhodium(1l) carboxamidate Rh,(S-MEPY), has previously been found to be unsuited to
reactions with vinyldiazoacetates'*® and only a very limited number of published reports
exist documenting successful chiral rhodium(ll) carboxamidate-catalysed intermolecular
C—H insertion. %%

Table 1.31 Intermolecular C—H insertion reactions of vinyldiazolactone 140 and
1,4-cyclohexadiene.

o (0]
N,
o) Rhodium(II) cat. o
+ > +

/ CH2C12, reflux /

140 141 142
Entry Rhodium(Il) cat. 141: 142 Yield (%)141 ee (%)142
1 Rh,(S-DOSP), 1:9 56 18
2 Rh,(S-MEPY), 4:1 47 8
3 Rh,(S-MEAZ), 9:1 43 60
4 Rh,(S,R-MenthAZ), 9:1 50 80

Hashimoto’s phthalimide catalyst Rh,(S-PTTL), was found to be the catalyst of choice
ahead of Rhy(S-DOSP), for the asymmetric intermolecular C-H functionalisation of
para-methoxybenzyl tert-butyldimethylsilyl ether 143 (Table 1.32).°® This result was
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again significant, given that Rhy(S-PTTL), had not previously been reported as an
efficient catalyst for either intermolecular C—H insertion or cyclopropanation reactions.

Table 1.32 Intermolecular C—H insertion reactions of para-methoxybenzyl
tert-butyldimethylsilyl ether 143.

TBS
OTBS N,

o

CO,Me
co,Me  Rhodium(II) cat.

2,2-dimethylbutane,
MeO

MeO 23°C
143
Entry Rhodium(Il) cat. Yield (%) de (%) ee (%)
1 Rh,(R-DOSP), 85 88 35 (2R, 3R)
2 Rh,(S-PTTL), 64 91 97 (2R, 3R)

A range of additional chiral complexes have been shown to be efficient catalytic systems
for intermolecular C-H insertion processes including a recyclable fluorous chiral
rhodium(l1) complex,”® and copper-bis(oxazoline) complexes.*> More recently, the
adamantylglycine-derived chiral tetracarboxylate complex Rh,(S-PTAD), has been
introduced as an additional catalytic choice for such transformations.”* While Rhy(S-
DOSP), has shown exceptional results for the majority of reactions of donor/acceptor
carbenoids discussed above, it is not an effective catalytic option when the diazo acceptor
group is changed from a methyl ester to another acceptor group.’® In such cases, the
adamantyl complex Rh,(S-PTAD), has been found to be an excellent substitute catalyst
for Rh,(S-DOSP), (Table 1.33)."%"

Table 1.33 Intermolecular C—H insertion reactions of 1,4-cyclohexadiene.

R
R N Rhodium(II) cat. C
2,2-dimethylbutane,
reflux

N,

Entry Rhodium(Il) cat. R Yield (%) ee (%)
1 Rh,(S-DOSP), PO(OMe), 62 41
2 Rh,(S-PTAD), PO(OMe), 83 92
3 Rh,(S-PTAD), COMe 90 80
4 Rh,(S-PTAD), COEt 84 71
5 Rh,(S-PTAD), COn-Pr 81 80
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Rh,(S-PTAD), may also be employed to promote C-H insertion over competing
cyclopropanation in allylic substrates, as was observed in the intermolecular reactions of
trisubstituted alkenes.'®® As seen in Table 1.34, intermolecular diazo decomposition of
144 in the presence of Rhy(S-DOSP), results in the formation of a 2 : 1 mixture of allylic
C—H insertion (145) and cyclopropanation (146) products (Table 1.34, entry 1). In
contrast, the Rh,(S-PTAD),-catalysed reaction was seen to produce 145 as the sole
product (Table 1.34, entry 2). The choice of siloxy group in this study was found to have
a significant effect on the reaction outcome. Decreasing the size of the protecting group to
TMS in the Rhy(S-PTAD),-catalysed reaction was seen to correspond to a large decrease
in preference for the C—H insertion product (Table 1.34, entry 3). The enantioselectivity
obtained with Rh,(S-PTAD), (R = TBDPS) was good (86% ee) and could be improved to
93% ee without loss of yield upon lowering of the reaction temperature to 0 °C.

Table 1.34 Rhy(S-DOSP),- vs. Rhy(S-PTAD),-catalysed C—H insertion reactions of
144,

OR
Br.

" CO,Me

144 123

N

Rhodium(II) cat.
2,2-dimethylbutane, rt

Br

Et

Entry Rhodium(Il) cat. R Yield (%) 145 : 146 ee (%)
145 146
1 Rh,(S-DOSP), TBDPS 87 2:1 65 78
2 Rhy(S-PTAD), TBDPS 89 >15:1 86° —
3 Rh,(S-PTAD), TMS 63 1:1 83% 34
 Opposite enantiomer in excess.

While this review has focused on asymmetric C—H insertion reactions of a-diazocarbonyl
compounds, very recently Fokin and co-workers have demonstrated that azavinyl
carbenes derived from 1,2,3-triazoles can also be efficiently used for highly
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enantioselective C—H functionalisation.’®® In this work transition metal carbenes were
directly generated from readily available and stable 1-sulfonyl-1,2,3-triazoles in the
presence of chiral rhodium(ll) carboxylates and subsequently used for C—H insertions
with a range of simple alkane substrates to access a variety of pB-chiral sulfonamides in
very good yields (63-98%) and high enantiomeric excess (86-97% ee). Application of 1-
sulfonyl-1,2,3-triazoles, which can be viewed as synthetic equivalents of diazo
compounds, has also been reported for asymmetric rhodium(ll)-catalysed
cyclopropanation reactions where similar high levels of enantiocontrol were observed.?*

R Rhy(S-NTTL), R’
or
o - Rhy(S-PTAD), o |/
N N > N Rh
o§\\s/ \N/ N, OQ\\S/
RZ/ RZ/
H
S R5
R® R4
. ' LiAlH, o .
o<\ _NH R O§\\S/N 3 )
= S 0°C R R4
RZ/ © R R2/
63-98% yield, 86-97% ee
Scheme 1.25

1.8 Concluding remarks

The 20 intervening years between the first reports of asymmetric C—H insertion
reactions to the present day have represented a period of rapid growth and learning in the
field of enantioselective carbenoid C—H insertion chemistry. Large advances in both
intramolecular and intermolecular C—H insertion reactions have been achieved, and the
catalogue of possible substrates for both processes continues to grow. Since their initial
introduction,” rhodium(ll) compounds have remained the catalysts of choice for
carbenoid insertions into C—H bonds. A wide variety of rhodium(ll) catalysts are now
known, encompassing carboxylate, carboxamidate, phosphate and ortho-metalated
complexes. Rhodium(Il) carboxylates and carboxamidates have proven themselves the
most effective of these catalyst systems, finding applications across a range of
intramolecular and intermolecular C—H insertion reactions.

In intramolecular carbocycle-producing C—H insertion reactions, Hashimoto’s
rhodium(ll) phthalimide complexes have emerged as the primary catalytic choice,
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effecting asymmetric cyclopentanone and cyclopentane synthesis in up to 80 and 95% ee,
respectively.™**? Chiral copper-bis(oxazoline) and ortho-metalated rhodium(l1) catalysts
have also shown some success in this area,**%? however, enantioselectivities obtained
with these complexes have been moderate.

Catalytic options for the synthesis of heterocyclic products via C-H insertion chemistry
may include a range of rhodium(Il) carboxylates and carboxamidates. Doyle’s chiral
rhodium(ll) carboxamidates are reliable catalysts for highly enantioselective
intramolecular lactone synthesis. The imidazolidinone catalyst Rhy(S-MPPIM), has
proven particularly effective for the carbenoid decomposition reactions of primary and
secondary alky! diazoacetates,®*%921% \yhile the related compound Rhx(S-MACIM), has
found success in the C—H insertion reactions of tertiary alkyl diazoacetates.®**?® For the
generation of dihydrobenzofuran products, the choice of catalytic system may comprise
both Hashimoto’s phthalimide catalysts and Davies’ prolinate- and adamantate-derived
catalysts.”***"3 Asymmetric chromanone synthesis may be achieved in the presence of
the carboxylate catalyst Rhy(S-BSP),.°%**® As was observed for the corresponding lactone
syntheses, Doyle’s chiral carboxamidate complexes are a viable catalytic option for the
production of lactam products via intramolecular C—H insertion reactions. In particular,
Rhy(S-MEPY), and Rh,(S-MEOX), have been exploited for this purpose in early studies
examining the decomposition reactions of N-(tert-butyl)diazoacetamides®® and cyclic
diazoacetamides.?* Very high regio- and enantioselectivities have also been obtained for
B-lactam synthesis in the presence of Hashimoto’s phthalimide catalysts for C-H
insertion reactions with compounds featuring a bulky amide substituent. The only
successful example of highly enantioselective thiopyran synthesis has been reported for
C—H insertions catalysed by chiral copper-bis(oxazoline) complexes.*

Intermolecular C-H insertion chemistry has been dominated by catalytic processes
employing Davies’ rhodium(Il) prolinate catalysts. Excellent enantioselectivities have
been achieved for the reactions of donor/acceptor-substituted carbenoids in the presence
of Rhy(S-DOSP),, the bridged catalyst Rhy(S-biDOSP), and the adamantyl complex
Rh,(S-PTAD)4.2%"™ Recently, iridium(l1l)-salen complexes have also been demonstrated
as effective catalysts for the asymmetric intermolecular C-H insertion reactions of
donor/acceptor-substituted carbenoids, and as the only catalytic choice to date for the
intermolecular decompositions of a-alkyl-a-diazoacetates.”

While rhodium(ll) complexes remain the dominant catalysts for application in
enantioselective C—H insertion reactions, the possibility of extending this choice to
include alternative metal catalysts is currently being realised. Nonetheless, the
development of a catalyst system with general applicability across the spectrum of
intramolecular and intermolecular C—H insertion reactions remains elusive, but may be
achieved in future years as advances in catalytic techniques for carbenoid C—H insertions
continue to grow.
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Chapter 2 Results & Discussion

2.1 Introduction

Access to enantiopure forms of compounds destined for use as pharmaceuticals is of
critical importance from a regulatory and safety viewpoint. In 2006 it was estimated that
chiral compounds comprised more than half of drugs approved worldwide,* including
many of the world’s top-selling drugs. Indeed, in 2007, five of the six top-selling drugs
worldwide were sold as single enantiomers: Lipitor®, Plavix®, Nexium®, Diovan® and
Advair®2 While resolution has been traditionally used for accessing enantiopure
materials, alternative approaches through enantioselective synthesis exist, namely;
synthesis with chiral pool substrates, employment of chiral auxiliaries as temporary
tethers and asymmetric catalysis. The latter process involves the application of
enantiopure catalysts to transform prochiral and racemic substrates into enantiomerically
enriched products. Asymmetric catalysis offers advantages over alternative methods in
terms of chiral economy i.e. trace amounts of enantiopure catalyst can produce large
quantities of enantiopure product, low cost and high efficiency. As a result, asymmetric
catalysis is now an established field which is widely used both in research and industrial
laboratories.

Highly regioselective carbenoid C—H insertion reactions of a-diazocarbonyl compounds
catalysed by rhodium(ll) catalysts lead to very efficient cyclopentanone formation, with
activation of the unactivated C—H bond occurring under very mild conditions rendering
this a very valuable synthetic process. The cyclopentane subunit is found in many
important bioactive compounds e.g. prostaglandins. To date a number of research groups
have explored the development of asymmetric catalysts for C—H insertion reactions,
however, the identification of a generally applicable catalyst system delivering
consistently high enantioselectivity remains elusive.

2.1.1 Project background

The work described in this research project was prompted by pioneering investigations
of the asymmetric synthesis of 2-sulfonylcyclopentanones undertaken by McKervey,
Maguire and co-workers in the late 1980°s.3* The Rhy(S-BSP),-catalysed decomposition
of a-diazo-B-keto sulfone 1 (Scheme 2.1), described in this early work, represented the
first reported example of asymmetric induction in C—H insertion chemistry.® In this
previous study, cyclopentanone 2 was obtained as a mixture of cis and trans isomers in
>90% vyield, with 12% ee being recorded for the trans isomer following base-mediated
equilibration.
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o) o o)
SOPh R, (S-BSP), SOPN () aq. NaOH S0P
CH,Cl, (i) aq. NH,Cl
N
Me Me
>90% yield 12% ee
1 2
Scheme 2.1

Work in the area of intramolecular carbocycle-producing C—H insertion has since focused
mainly on cyclisation with o-diazo-f-keto ester carbenoid precursors. The highest
enantioselectivity achieved to date for the production of cyclopentanone products has
been recorded at 80% ee by Hashimoto and co-workers (Scheme 2.2, see also Table
1.2).> Although, notably, in this previous report high levels of asymmetric induction were
achieved only for substrates possessing aryl substituents at the C—H insertion site and
bulky alkoxy ester groups.

O o
(0] (6]
Rh,(S-PTPA), CO,CH-Pr,
© CH,Cl,, 0 °C /
N, “

oTf
84% yield, 80% ee

Scheme 2.2
High levels of enantioselectivity (up to 95% ee) were also obtained by Hashimoto and co-

workers for the synthesis of 1,2-disubstituted cyclopentanes via rhodium(ll)-catalysed C—
H insertion of a range of a-diazoester substrates (Scheme 2.3, see also Table 1.6).°

Co,Me
\\\\\cone

N
) Rhy(S-PTTL), O
_ “,
//////

toluene, -78 °C

X =H,OMe, CI 92-95% ee

Scheme 2.3

71



Chapter 2 Results & Discussion

While the use of copper catalysts dominated early investigations of C-H insertion
reactions,’ recent examples of enantioselective C—H insertions employing catalytic copper
complexes are sparse. Limited reports exist, however, the level of enantiocontrol achieved
has been generally moderate, up to a maximum of 60% ee for intramolecular C-H
insertion® (Scheme 2.4, see also Table 1.8) and 88% ee for the intermolecular reaction®.

* CO,CHi-Pi
Cu(OTf)2 L 2CHi-Pr, HBr/EtOH
CH2C12

Q_[j/ O
shase

Scheme 2.4

’/
7,
“Ph

35% yield, 60% ee (R)

Recently, Maguire and Flynn have demonstrated that copper-bis(oxazoline) complexes
are highly effective catalysts for C—H insertion reactions of o-diazosulfones.’®™ In this
previous work, thiopyran products were prepared in up to 98% ee, representing the
highest level of enantioselectivity reported to date for copper-catalysed C—H insertion
(Table 2.1, entries 1-9). The substrate scope for the copper-bis(oxazoline) methodology
was shown to be wide ranging, with all-but-one of the a-diazosulfones examined (Table
2.1, entry 8) leading to enantioenriched thiopyrans in excess of 90% ee. Formation of six-
membered cyclic sulfones in the C—H insertions examined was unexpected given that C—
H insertion reactions usually display a strong preference for five-membered ring
formation.
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Table 2.1 Asymmetric copper-catalysed C—H insertion to provide thiopyrans®

(e}
o p 0 N |
A\ CuCl, L*, NaBARF SN <O/| | 0
NN > * =
" " CH,Cl,, reflux O’”’” - H § N\e
N, IR Ph Ph
Entry R R! Time (h) Yield (%)° ee (%)°
1 OMe Ph 5 47 98
2 OMe 4-tolyl 5 64 96
3 OMe 4-anisyl 22 56 91
4 OMe 4-nitrophenyl 2.5 - -
5 OMe benzyl 7 42 96
6 OMe ethyl 16 68 97
7 OBn octyl 22 66 90
8 Me Ph 22 30 85
9 Ph Ph 6 49 97

& General procedure: 5 mol% CuCl, 6 mol% L*, 6 mol% NaBARF and diazo (200 mg) in DCM (10 mL) at reflux.
b Yield of cis-thiopyran after column chromatography.
¢ Determined by chiral stationary phase HPLC.

Interestingly, C—H insertions with substrates featuring a reduction of the alkyl chain
length, where six-membered ring formation is not possible (Table 2.2),"**! resulted in
decreased levels of asymmetric induction compared to the synthesis of thiopyrans (Table
2.1). This result suggests that the key features affecting the degree of enantioselection in
the transition states leading to five- or six-membered ring formation differ significantly,
presumably due to conformational and/or steric effects.

Table 2.2 Asymmetric copper-catalysed C—H insertion to provide sulfolanes®

o o o] o
: - ERE
PI'TS Ph

CH,Cl,, reflux

R
N, 0@

Entry R Time (h) Yield (%)° ee (%)°
1 OFEt 5 57 60
2 Me 3 40 40

2 General procedure: 5 mol% CuCl, 6 mol% L*, 6 mol% NaBARF and diazo (200 mg) in DCM (10 mL) at reflux.
® Yield of cis-thiopyran after column chromatography.
¢ Determined by chiral stationary phase HPLC.
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2.1.2 Project objectives

Despite the results described above, asymmetric catalysis in intramolecular C—H
insertion processes producing carbocyclic products remains a relatively underexplored
area in recent literature by comparison with related intramolecular heterocycle producing
and intermolecular C—H insertion processes. In addition, reports examining the insertion
reactions of carbenoids possessing sulfonyl substituents are minimal. Therefore further
exploration of intramolecular a-diazosulfonyl insertions is warranted. While earlier results
in this area by Flynn'! demonstrated excellent enantiocontrol leading to enantioenriched
thiopyrans, and to a lesser extent sulfolanes, extension of this work to the more
synthetically powerful and challenging cyclopentanone series was identified as a key
priority.

The specific aims of this project may be summarised as follows:

e To synthesise a range of a-diazo-B-keto sulfone substrates (Figure 2.1) to enable
investigation of steric and electronic effects on the outcome of C—H insertions.

Figure 2.1

e To investigate the C—H insertion reactions of the a-diazo-p-keto sulfone substrates
using achiral and chiral rhodium and copper catalysts (Scheme 2.5); to characterise
the cyclopentanone products obtained and identify competing side-reactions.

(@] 0]
N/
catalyst \R1
 —
R
Scheme 2.5

e To examine the influence of steric and electronic effects of various ligands for
enantiopure rhodium and copper catalysts on the stereochemical outcome of the C-H
insertion reactions.

e To probe the influence of temperature, solvent, catalyst preparation, additive and
counterion effects and substrate modification on the C—H insertion processes.
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e Based on the observed trends, to explore the development of novel asymmetric
catalysts for C—H insertions with the objective of designing a catalyst system with
general substrate scope.

2.2  Synthesis of p-keto sulfones

As diazo transfer to B-keto sulfones provides a well established route to analogous a-
diazo-B-keto sulfones required for this study,’*? the first synthethic challenge was to
develop a versatile synthetic strategy providing access to a range of B-keto sulfone
substrates. The preparation of pB-keto sulfone products may be achieved by a variety of
synthetic methods. Among these methods is the 1965 procedure described by Corey and
Chaykovsky™® involving the sodium hydride induced deprotonation of methyl phenyl
sulfone, readily prepared by oxidation of thioanisole with hydrogen peroxide,** followed
by nucleophilic attack of the resulting methyl phenyl sulfonyl anion at the carbonyl group
of a series of esters. Subsequent displacement of the ester ethoxy group provides the
targeted B-keto sulfone derivatives (Scheme 2.6). The B-keto sulfones produced are
considerably more acidic (pK, ~ 10)* than the methyl phenyl sulfone starting material
(pKa ~ 29)* and undergo easy deprotonation by unreacted methyl phenyl sulfonyl anion.
Thus, two equivalents of the methyl phenyl sulfonyl anion are required to achieve
reaction completion. Following acidification, the desired B-keto sulfones are isolated,
along with approximately one equivalent of methyl phenyl sulfone which was removed
chromatographically.

© 0
PhSO,CH,
R o S0.Ph R SO,Ph
@
O
R \/\)K/ SO,Ph
Scheme 2.6

An alternative procedure”* employing n-butyllithium was adopted in this project for the

synthesis of our targeted B-keto sulfones. For this purpose, n-butyllithium (2 equivalents)
was added to a solution of methyl phenyl sulfone in tetrahydrofuran (THF) at 0 °C. The
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resulting solution was stirred for 1.5 h at 0 °C then a solution of ethyl ester in THF was
added to the reaction mixture. Use of two equivalents of n-butyllithium in this reaction
serves to generate the dilithio derivative of methyl phenyl sulfone. Attack of the dilithio
species at the ester carbonyl group results in direct generation of the deprotonated [3-keto
sulfone, which, upon protonation with aqueous ammonium chloride, provides the desired
B-keto sulfone products (Scheme 2.7). Although comparable yields are obtained for both
the Corey and Chaykovsky and the alternative n-butyllithium-mediated method,?** the
latter procedure is advantageous in that only one equivalent of methyl phenyl sulfone is
required, in contrast to the two equivalents necessary for the sodium hydride reaction.
Accordingly, chromatographic purification is simplified due to the lower quantities of
methyl phenyl sulfone remaining in the mixture upon reaction completion.

Li,CHSO,Ph
O
C </ ( ©9 (‘OEt
R \/\)J\ —_— R \/\><€)/ SOZPh
OEt

(6] O
aq. NH,CI
R SO,Ph < R O SO,Ph

Scheme 2.7

An additional procedure (Scheme 2.8) has also previously been used to good effect in this
research group, providing access to a range of B-keto sulfones in good yields, albeit with
an additional synthetic step required.?* This approach involves the addition of one
equivalent of n-butyllithium to methyl phenyl sulfone. The resulting anion reacts with the
aldehyde substrate to produce, after acidic work-up, the B-hydroxy sulfone intermediates.
Oxidation of the B-hydroxy sulfones with pyridinium chlorochromate (PCC) yields the
desired B-keto sulfone products.

o

OH
R M —PhSOZMe > \/\)\/
’ R SO,Ph

n-BuLi, THF
PCC,
DCM
(o]

R \/\)K/ SO,Ph

Scheme 2.8
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The synthetic strategy for B-keto sulfone synthesis adopted in this project required access
to a range of ester starting materials. The esters ethyl pentanoate 3 and ethyl hexanoate 4
were commercially available, allowing synthesis of the corresponding B-keto sulfone
products to be readily achieved. 4-Phenylbutanoic acid 5 and 5-phenylpentanoic acid 6
could also be purchased and converted to their ester counterparts via acid-catalysed
esterification. However, the carboxylic acids or related compounds required for
preparation of B-keto sulfone derivatives bearing iso-propyl and tert-butyl groups at the R
position were not accessible commercially and, therefore, a synthetic plan (Scheme 2.9)
was devised to allow synthesis of the required starting materials. The approach chosen for
this purpose employs commercially available 3,3-dimethylbutanoic acid 7 and
isopentylbromide 8.

PPhs, I, CO,Et
borane-DMS Imidazole X +
R/\COZH - 5 R/\/OH s R/\/
THEF, reflux DCM CO,Et
R=t-BuT* R=1-Pr, X = Br 8%
R=t-Bu, X =1
NaH,
DMF
(i) KOH CO,Et
H,SO, (i) HC1
PN - . /\/\co e
R CO,Et 2
’ EtOH (iii) reflux R COEt
R=Me 3* R =Ph 5%
R=FEt 4% R =Bn 6*

* = commercially available

Scheme 2.9

2.2.1 Alcohol synthesis

Synthesis of the B-keto sulfone derivative bearing a y-tert-butyl substituent began from
commercially available 3,3-dimethylbutanoic acid 7 (Scheme 2.10). The acid starting
material was reduced with borane-dimethylsulfide (DMS) to provide the desired alcohol
product 9 as a light yellow oil in quantitative yield. The reaction was initially conducted
at room temperature following literature procedures,? however, a higher temperature was
required to achieve reaction completion. Spectroscopic characteristics of alcohol 9 were
consistent with those previously described for this compound.? This reaction was readily
conducted on a multi-gram scale, providing sufficient material for subsequent synthetic
steps.
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borane-DMS
X\COZH (15 equivs) XVOH
THF, reflux, 1h
99% yield
7 9
Scheme 2.10

2.2.2 lodide synthesis

3,3-Dimethylbutan-1-ol 9 was converted to the corresponding iodide 10 by treatment
with triphenylphosphine, imidazole and iodine in dichloromethane (DCM) at 0 °C
following literature procedures (Scheme 2.11).2* The isolated product was very volatile
and precautions were therefore taken to minimise product loss during work-up procedures
e.g. rotary evaporation concentration of the crude product mixture was conducted in an
ice-cold water bath and the product was stored in a sealed container in the freezer.
Despite these attempts, some loss of product was observed to occur resulting in a
moderate 66% overall yield following purification by trap-to-trap distillation. Once again,
product synthesis was readily achieved on a multi-gram scale.

PPh; (1.3 equivs.),

OH Imidazole (1.4 equivs.), I
>‘/\/ I, (1.5 equivs.), X\/
DCM

66% yield
9 10
Scheme 2.11

Interestingly, distinctive peak signals were observed in the *H NMR spectrum of 1-iodo-
3,3-dimethylbutane 10 for the C(1)H; and C(2)H, protons. These signals were previously
reported as triplets in the only literature reference® for iodide 10, however, as shown in
Figure 2.2, the peak pattern observed was much more complex, with an AA'XX" splitting
pattern instead observed. Very similar peak patterns were also seen for the methylene
signal adjacent to the tert-butyl group for the subsequent malonate (Section 2.2.3),
carboxylic acid (Section 2.2.4), ester (Section 2.2.5), B-keto sulfone (Section 2.2.6) and
a-diazo-B-keto sulfones (Section 2.3) derivatives of 10.
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Figure 2.2 64 (300 MHz, CDCl5)

2.2.3 Malonate synthesis

The next synthetic step involved the preparation of diethyl 2-isopentylmalonate 11 and
diethyl 2-(3,3-dimethylbutyl)malonate 12, from isopentyl bromide 8, which was
commercially available, and 1-iodo-3,3-dimethylbutane 10, respectively (Table 2.3,
entries 1-4). Malonate synthesis was achieved by reaction of sodium hydride, diethyl
malonate and the appropriate alkyl halide in dimethylformamide (DMF). Following
literature procedures (method a),”® the reaction mixture was stirred at room temperature
until complete by TLC analysis, triturated with ether, washed with acid and purified by
column chromatography to provide the desired malonate products. Yields obtained using
this procedure were moderate for the iso-propyl derivative 11 (Table 2.3, entry 1) and
poor for the tert-butyl compound 12 (Table 2.3, entry 3). Although this outcome was
predicted as the literature reference®® also reported a poor overall yield of 33%, attempts
were made to increase product yields in repeat experiments. Gentle heating of the reaction
mixture to 60 °C for 1 h (method c) resulted in an additional 26% product yield for the
synthesis of diethyl 2-(3,3-dimethylbutyl)malonate 12 (Table 2.3, entry 4). Extraction of
an ether solution of the crude reaction mixture with 10% aqueous sodium hydroxide
(method b) was also found to be a successful strategy for increasing product yields (Table
2.3, entry 2). This procedure works to remove excess diethyl malonate following several
washes with the basic solution, with the result that purification by column
chromatography was no longer required.
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Table 2.3 Synthesis of diethyl malonates

CO,Et
CO,Et
CO,Et
X (1.25 equivs.
N (125 cquivs) . coe
NaH, dry DMF,
o/n, rt
Entry Halide Malonate X R Yield (%)
1° 8° 11° Br i-Pr 55
2¢ g° 11 Br i-Pr 70
3 10 12°¢ I t-Bu 35
4 10 12 | t-Bu 61

& Reaction conducted using method a (Section 4.2.3)

® Halide was commercially available.

¢ Compound previously synthesised and characterised.?’

9 Reaction conducted using method b (Section 4.2.3).

¢ Novel compound; full characterisation conducted (see Section 4.2.3 for details).
" Reaction conducted using method ¢ (Section 4.2.3).

An interesting CH,CHs spin system was observed in the 'H NMR spectra of the
synthesised iso-propyl 11 and tert-butyl 12 diethyl malonate derivatives. A normal ethoxy
A, X3 system was expected according to literature precedent for 11 and related diethyl
malonate compounds,®®* however, a far more elaborate spin system was instead
observed (Figure 2.3). In place of the expected A,X3 system, the CH,CHj3 spin system of
the two ethoxy groups was actually an ABX3 system owing to the diastereotopic nature of
the methylene protons. Thus, a symmetrical multiplet was observed for the CO,CH,CHj3
methylene protons in place of the predicted quartet signal. Literature research revealed
the description of a similar spin-spin coupling pattern for the diethyl malonate compound
diethyl 4-iodo-3-phenylnaphthalene-2,2(1H)-dicarboxylate.*® In this report, YuXin and
co-workers described the observation of a fourteen line symmetrical multiplet for the
CO,CH,CH3; methylene signals (Figure 2.4), which were chemically non-equivalent
owing to the effect of the aromatic ring current and restricted rotation.
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Figure 2.4

2.2.4 Carboxylic acid synthesis

Transformation of the malonates 11 and 12 to the corresponding carboxylic acid
derivatives was achieved by treatment with potassium hydroxide in 50% aqueous ethanol.
The mixture was heated under reflux until saponification was complete to provide,
following acidification with aqueous hydrochloric acid, the intermediates 2-
isopentylmalonic acid 13 and 2-(3,3-dimethylbutyl)malonic acid 14, respectively (Table
2.4, entries 1 and 2). Decarboxylation of the intermediate malonic acids, via heating neat
under a reflux condenser in an oil bath at high temperature, gave the desired carboxylic
acids products 15 (Table 2.4, entry 1) and 16 (Table 2.4, entry 2) in high yield. A minor
amount (~5%) of ethyl 5-methylhexanoate 17 and ethyl 5,5-dimethylhexanoate 18 were
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also observed in the *H NMR spectra of the final product mixtures for the synthesis of 5-
methylhexanoic acid 15 and 5,5-dimethylhexanoic acid 16, respectively. Removal of
these esters by column chromatography was conducted on initial samples for
characterisation purposes, however, in general the carboxylic acid products were carried
through to the next stage of synthesis without further purification. This procedure allowed
for ready access to carboxylic acids 15 and 16 on a multi-gram scale.

Table 2.4 Synthesis of carboxylic acids

CO,Et . CO,H
(i) KOH,
/\)\ H,O/EtOH, reflux /\)\ approx. 200 °C
R CO,Et > R COH — > R CO,H
(i) HCI
Entry Malonate R Malonic acid  Yield (%)*  Carboxylicacid  Yield (%)°
1 11 i-Pr 13 95 15°¢ 96
2 12 t-Bu 14 86 16° 82

2 Yield of malonic acid.
b Yield of carboxylic acid following column chromatography.
¢ Novel compound; full characterisation conducted (see Section 4.2.5 for details).

Elimination of the saponification and decarboxylation steps described above may be
possible in future syntheses of the iso-propyl 17 and tert-butyl 18 ester derivatives by
employment of the Krapcho dealkoxycarbonylation methodology (Scheme 2.12).3* This
alternative method, involving a formal loss of CO,R and protonation of the intermediate
carbanion, would allow for direct synthesis of the desired ester products from the diethyl
malonate substrates, thereby, reducing the steps required to reach the target compounds
17 and 18. The Krapcho reaction has been successfully used for the
dealkoxylcarbonylation of a wide variety of dimethyl and diethyl malonate compounds in
the literature.

CO,Et
LiCl, H,O
R COEt ——————» R/\/\COZEt
DMSO
R=iPr: 17
R =¢Bu: 18
Scheme 2.12

2.2.5 Ester synthesis

5-Methylhexanoic acid 15, 4-phenylbutanoic acid 5 and 5-phenylpentanoic acid 6 were
converted to their ester derivatives via acid-catalysed esterification in refluxing ethanol
(Table 2.5, entries 1-3). Yields obtained were moderate to good ranging from 69% for
synthesis of ethyl-5-methylhexanoate 17 (Table 2.5, entry 1) to 96% for preparation of
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ethyl 5-phenylpentanoate 19 (Table 2.5, entry 3). The esters were characterised by strong
carbonyl absorptions in the IR spectra at vmax 1733-1738 cm?, and in the 'H NMR
spectra by a 2H quartet at 6 4.12 representing the methylene protons of the ethoxy group.
The products obtained (17, 19 and 20) from the Fischer esterification reactions were
sufficiently clean to use without further purification. Ester syntheses using this method
were readily completed on a large scale.

Table 2.5 Synthesis of ethyl esters

conc H,SO,4

R/\/\COZH > R/\/\COZEI
EtOH, reflux
Entry Carboxylic acid Ester R Yield (%)
1 15 178 i-Pr 69
2 5° 20° Ph 88
3 6° 19° Bn 96

@ Compound previously synthesised and characterised.*
b Carboxylic acid was commercially available.
¢ Compound previously synthesised and characterised.?***

Attempted synthesis of the novel ester ethyl 5,5-dimethylhexanoate 18 via the acid-
catalysed Fischer esterification route proved problematic. The *H and *C NMR spectra of
the reaction mixture following an 18 h reflux of 5,5-dimethylhexanoic acid 16 and
concentrated sulfuric acid in ethanol showed a mixture of product 18 and unknown
signals; 61(400 MHz) 1.38 (t, J 7.2), 1.41 (t, J 7.2), 4.00 (q, J 7.2), 4.32 (q, J 7.2) 10.58
(bs), 10.66 (s) [Figure 2.5, (a)]; 6c(75.5 MHz) 14.7 (CH,), 16.0 (CH,), 60.8 (CH3), 67.02
(CH3). The reaction mixture was subsequently re-dissolved in ethanol and refluxed again
with sulfuric acid for a further 12 h. The *H NMR spectrum recorded after this additional
reaction time revealed an increase in formation of the unknown byproduct, with only a
minor amount of the desired ester 18 present [Figure 2.5, (b)], suggesting that product
degradation was occurring. The IR spectrum of the isolated byproduct showed signals at
Vimax 3470 (broad), 1642 and 1221 cm ™.
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€

(b)

Figure 2.5 6y (400 MHz, CDCl5)

An alternative, milder esterification procedure®**> was, therefore, chosen to access the
desired tert-butyl-substituted ester 18. For this purpose, 5,5-dimethylhexanoic acid 16
was reacted with diazabicycloundecene (DBU) and ethyl iodide in acetonitrile at room
temperature, to provide the ester 18 as a sweet-smelling, colourless oil in moderate yield

(Scheme 2.13).

DBU (1 equiv.),
EtI (1 equiv.),

COH > CO,Et
CH;CN, rt

57% yield
16 18

Scheme 2.13
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2.2.6 p-Keto sulfone synthesis

With the required ester substrates now in hand, the preparation of the targeted B-keto
sulfone products was next conducted employing the n-butyllithium-mediated procedure
previously discussed (Scheme 2.7). For this purpose, methyl phenyl sulfone 21 and
dimethyl sulfone were used for the synthesis of the phenylsulfone and methylsulfone
compounds, respectively. Yields obtained for the synthesis of the -keto sulfones 23-30
were moderate to good (Table 2.6, entries 1-8). The moderate yields recorded may be
attributed to loss of product during chromatographic purification procedures as, in
general, the initial crude yields obtained were high. In all cases, this protocol allowed for
ready access to multigram quantities of the desired B-keto sulfone products.

Table 2.6 Synthesis of p-keto sulfones

(i) R'SO,Me, o

R/\/\COZEl .,n_BuLl’ ek \/\)J\/SOZR1
(ii) aq.NH,4C1
Entry Ester Sulfone R R! Yield (%)*
1 3 23° Me Ph 92
2 4° 24° Et Ph 65
3 17 25¢ i-Pr Ph 50
4 18 26" t-Bu Ph 72
5 20 27° Ph Ph 41
6 19 28° Bn Ph 76
7 2272 29° Me Me 56
8 20 30¢ Ph Me 42

2 Yield following column chromatography.

® Ester was commercially available.

¢ Compound previously synthesised and characterised.?**!

¢ Novel compound; full characterisation conducted (see Section 4.2.7 for details).

Successful product synthesis was indicated by the observation of carbonyl and sulfonyl
absorptions in the IR spectra of the B-keto sulfones at vmax 1709-1721 cm ! and Vimax
1144-1160 (symmetric stretch), 1311-1322 (asymmetric stretch) cm ™, respectively, and
by the appearance of a characteristic singlet at 6y 4.11-4.15 for the phenylsulfones 23-28
and 8y 3.97-4.02 for the methylsulfones 29 and 30 in their *H NMR spectra, assigned to
the C(1)H, methylene protons. Spectral characteristics of 23, 24, 27, 28 and 29 were
consistent with those reported by Kelleher® and O’Keeffe.”* The B-keto sulfones 25, 26
and 30 are novel and were fully characterised during this work (see Section 4.2.7 for
details).
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2.3 Synthesis of a-diazo--keto sulfones

The application of a-diazocarbonyl compounds has been widely observed in organic
chemistry. These versatile reagents may undergo a large variety of synthetic
transformations including X—H insertion, cyclopropanation, ylide formation and Wolff
rearrangement.” Diazo transfer reactions, developed by Regitz,'? are generally regarded as
one of the principal method for the synthesis of a-diazocarbonyl compounds. Such
reactions involve the transfer of a diazo moiety from a donor to an active methylene
compound. For this purpose, a base of adequate strength to deprotonate the acidic a-
methylene substrate is required e.g. potassium carbonate, triethylamine, sodium
hydroxide, along with a suitable diazo transfer reagent. To ensure the protons at the a-
methylene position are sufficiently acidic to allow an efficient reaction to occur, they
must be flanked by two electron-withdrawing groups. This method is therefore suitable
for the synthesis of the diazo derivatives of B-keto sulfones, B-diketones, [B-keto
phosphonates and p-keto esters.*®

During this research, diazo transfer reactions were carried out primarily with the use of p-
toluenesulfonyl (tosyl) azide 31 as the donor and potassium carbonate as the base. p-
Tosyl azide 31 has proven a popular diazo transfer reagent owing to the ease of
preparation and general high efficiency of this compound.®” However, it is a hazardous
reagent, possessing a high impact sensitivity and low initiation temperature and is,
therefore, potentially explosive.®® In addition, difficulties have been experienced in the
chromatographic separation of diazo products from excess 31 and the byproduct p-
toluenesulfonylamide.®® The search for alternatives to p-tosyl azide 31 is, therefore, a
high priority in organic chemistry with the aim of identifying an azide substrate which is
safer, easier to handle and permits convenient and efficient purification of diazo products.
A wide variety of diazo transfer reagents are now known which have been extensively
reviewed in the literature (Table 2.7).36:384041
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Table 2.7 Advantages and disadvantages of various diazo transfer reagents

Diazo transfer Structure Advantages Disadvantages Ref.
reagent
Methanesulfonyl ¢} 0o - removal of azide and byproduct - poor reaction yields 42
azide \S/ amide possible by base - extremely high impact
e \N extraction sensitivity and heat of
3 decomposition
p-Dodecylbenzene SO,N; | - relatively safe reagent (low - p-dodecylsulfonyl chloride 10
sulfonyl azide impact sensitivity and heat of not readily available
decomposition)
- byproduct sulfonamide is non-
CioHas crystalline, therefore, diazo
products may be purified by
recrystallisation
Naphthalenesulfonyl SO,N; - easier to handle and safer than p- | - starting materials for s
azide tosyl azide (low impact synthesis of azide are
sensitivity) expensive
- byproduct sulfonamide is
crystalline and poorly soluble,
therefore, easily separable from
liquid diazo products
p-Carboxylbenzene SO,N; | - safer reagent than p-tosyl azide - requires two moles of base | %4
sulfonyl azide (high initiation temperature, low per one mole of substrate
impact sensitivity) - not suitable for base-
- water soluble sensitive compounds
HO,C - easy separation from amide - slower reaction times due
byproduct to electron-withdrawing
effect of the CO,H group
p-Acetamidobenzene SON; | - improved safety, yields and ease - slower reaction times due »4
sulfonyl azide of manipulation vs. p-tosyl azide to electron-withdrawing 6
- relatively simple product effect of the NHCOMe
purification group
MeOCHN
Imidazole-1-sulfonyl N/\ - easily prepared, long shelf-life - violent decomposition 4
azide N——SO,N; - handled conveniently as its occurs above 150 °C
~ hydrochloride salt
- can be prepared on a large scale
from inexpensive materials
Trifluoromethane o [9) - useful for diazo transfer to - poor shelf life 8
sulfonyl azide \\s// primary amines - must be used in situ as a
PN solution because explosive
FsC N3
nature
Benzotriazol-1-yl- SO,N; - crystalline solid; easy to purify - acid sensitive L
sulfonyl azide / - long shelf life at rt
N\ - high solubility in many organic
N and aqueous solvents
// - allows convenient and efficient
N synthsis of wide range of azides
and diazo compounds
o-Nitrobenzene SO,N; - more energetic reagent than p- - highly unstable
sulfonyl azide tosyl azide; capable of increased
transfer of the azido group
- soluble in most organic solvents
NO,
Oligomeric - efficient diazo transfer with range | - insoluble in heptane, ethyl 50
benzenesulfonyl of methylene compounds acetate, methanol,
azide n - insoluble sulfonamide byproduct acetonitrile and benzene
I, can be removed by single filtration | - poor long-term stability
through a silica gel SPE cartridge
- high-load capacity
SONs| - useful for the preparation of
highly unstable diazocarbonyls
5T

Polystyrene-
supported
bezenesulfonyl azide

: ~SO,N;3

- rapid isolation of diazo product
with no aqueous workup and in
most cases no need for purification

- improved yields and shorter
reaction times vs. p-CBSA and
other reagents

- thermally stable and not friction
sensitive

- expensive
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2,4,6-Triisopropyl i-Pr. i-Pr - useful for diazo transfer to - sensitive to strong 52
benzenesulfonyl methylene groups activated by oxidising agents
azide one carbonyl group in linear and
SO,Ng hindered cyclic systems
i-Pr
2-Azido-1,3- N O - byproduct 2-imidazolidinone - small substrate scope o3
dimethylimidazolium easily removed by water wash described to date
chloride )\ N - diazo transfer requires mild
won” e reaction conditions
Nonafluorobutane - shelf-stable - decomposition temperature | °%°
sulfonyl azide o o - cost-effective of 120 °C 5
\ // - safer reagent than
S\ trifluoromethane sulfonyl azide

FCECK N

- diazo products readily isolated in

pure form after simple aqueous
extractive work-up

p-Tosyl azide 31 was prepared in good yield (77%) using sodium azide and recrystallised

p-tosyl chloride in acetone at 0 °C according to the procedure described by Curphey.

was used without further purification in the synthesis of various a-diazo-p-keto sulfones.
The mechanism of diazo transfer is illustrated in Scheme 2.14.

\/\)J\/ SO,Ph

(0]
\/\)S/ SO,Fh \/\J\gzph
B —— R
H
5 s
TSHN ZNY) N: N N
XN
i N Ts
S}
- TsHN

\/\)l\rsoz%
®N
I

R \/\)‘W‘/ SO:Ph

Scheme 2.14

N®
I

The procedure adopted for a-diazo-p-keto sulfone synthesis in this project was based on
that first described by Koskinen in 1990.%° Accordingly, a solution of p-tosyl azide 31 in
acetonitrile was added dropwise to a mixture of potassium carbonate and p-keto sulfone
in acetonitrile at 0 °C. Reaction progress was monitored by TLC and/or IR analysis and
diazo transfer was generally complete within 5 h of stirring at room temperature. The
reported advantage of this method was that the work-up consisted simply of the addition
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of a non-polar organic co-solvent (mixture of hexane and ether) to the crude reaction
mixture, followed by filtration to remove the inorganic salt and sulfonamide byproduct. In
practice, however, it was observed that small quantities of the p-tosyl amide remained
after filtration, meaning further purification by column chromatography was necessary.
The p-tosyl amide byproduct was observed in the *H NMR spectrum of the crude product
mixture as a singlet at oy 2.43, representing the methyl protons of the toluene substituent,
and also in the aromatic region at 6y 7.32 (d, J 8.1) and &y 7.82 (d, J 8.3). Yields of the
pure a-diazo-B-keto sulfone products obtained are shown in Table 2.8. Removal of the
sulfonamide byproduct and any remaining p-tosyl azide 31 via column chromatography
was often a difficult task due to close elution of these compounds with the desired diazo
products. Thus, several rounds of chromatography were often required to isolate the a-
diazo-p-keto sulfones in their pure form, which contributed to some loss of product.
Diazo synthesis on a relatively large scale (typically 4-6 g) was possible using this
method. Despite the synthetic ease of this procedure, larger scale syntheses were not
attempted due to safety concerns regarding the use of p-tosyl azide.***°

Table 2.8 Synthesis of a-diazo-f-keto sulfones

(o] (o]
\/\)K/ p-TsN3, K,CO;
R SO,R! » R SO.R!
MeCN
N2
Entry Sulfone Diazo R R! Yield (%)?
1 23 1° Me Ph 88
2 24 32° Et Ph 60
3 25 33°¢ i-Pr Ph 67
4 26 34° t-Bu Ph 78
5 27 35° Ph Ph 77
6 28 36° Bn Ph 87
7 29 37° Me Me 86
8 30 38°¢ Ph Me 76

Yield following column chromatography.
b Compound previously synthesised and characterised.?%%
¢ Novel compound; full characterisation conducted (see Section 4.2.8 for details).

The aromatic a-diazo-p-keto sulfones 35, 36 and 38 were isolated as yellow solids, while
the alkyl derivatives 1, 32, 33, 34 and 37 were obtained as oils which solidified upon
storage at low temperatures. The diazo products were very stable compounds and were
readily stored in the freezer for prolonged periods without degradation. The IR spectra of
the isolated diazo products were characterised by a carbonyl stretch at vmax 16561670
cm?, representing a significant shift from the carbonyl stretch (vimax 1717-1721 cm™) in
the spectra of the corresponding B-keto sulfones. Characteristic absorptions were also
observed in the IR spectra at vmax 2112-2117 cm ™ and vmax 1144-1158 (symmetric
stretch), 1330-1340 (asymmetric stretch) cm™ representing the diazo and sulfonyl
groups, respectively. Confirmation of reaction completion was possible by observation of
the disappearance of the singlet at oy 3.97—4.15 in the '"H NMR spectra of the crude
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reaction mixtures, proving that the two C(1)H; protons of the B-keto sulfones 23-30 were
replaced by the diazo functionality. Spectral characteristics of 1, 32, 35, 36 and 37 were
consistent with those reported by Kelleher®® and O’Keeffe.** The o-diazo-B-keto sulfones
33, 34 and 38 are novel and were fully characterised during this work (see Section 4.2.8
for details).

2.4 Synthesis of racemic 2-phenylsulfonyl cyclopentanones

Intramolecular rhodium(Il)-catalysed C—H insertion reactions of a-diazocarbonyl
compounds lead to very efficient cyclopentanone formation, offering excellent
regioselectivity in the remote functionalisation of an unactivated C—H bond.”*"®® This
methodology was originally developed by Taber,*** who explored the decomposition of
o-diazo-B-keto esters, and was later extended by Monteiro® to include the carbenoid
reactions of a-diazo-B-keto sulfones. The potential for asymmetric induction in C-H
insertion processes was first demonstrated by McKervey and co-workers in 1990
(Scheme 2.1).% Since this time enantioselective rhodium-catalysed C—H insertion has
attracted enormous attention, with excellent enantiocontrol achieved in many cases using
a range of chiral carboxylate and carboxamidate catalysts.>’

A number of general trends have been identified for intramolecular carbenoid C-H
insertions which can be used to predict the reactivity and selectivity of these reactions.
The formation of five-membered rings is preferred over other possible ring sizes, due
mainly to entropic considerations.®® However, this preference is not absolute and
additional ring sizes may be observed for insertion into allylic and benzylic bonds and
insertion adjacent to electron-donating heteroatoms.®”® If the formation of more than one
five-membered ring can occur, reactivity generally follows the order 3°>2°>>1° 64707
however, exceptions may again exist and product outcome is usually dictated by a
balance of steric and electronic effects.””’*™® In terms of stereoselectivity, trans-
cyclopentanone products are generally produced and insertion into equatorial C—H bonds
is usually preferred over axial C—H insertion.

The mechanism of transition metal catalysed C—H insertion of o-diazocarbonyl
compounds has been the subject of considerable speculation,”**¢:7 07477 byt jt s
generally agreed that insertion occurs via an electrophilic metal carbene. Complexation of
the electron rich a-carbon of the diazoketone A with the vacant apical coordination site of
the rhodium(Il) carboxylate B gives C (Scheme 2.15). Expulsion of nitrogen generates
the intermediate rhodium carbenoid D. Extrusion of nitrogen is believed to be the rate-
determining step for C—H insertion processes.>® It has been proposed that the
regioselectivity of the C—H insertion reaction is due to the formation of a highly ordered
transition state with the hydrogen to be transferred oriented towards the carbene centre.
Doyle™ suggested a model where overlap of the electrophilic p-orbital of the carbene
carbon with the o-orbital of the reacting C—H bond by way of a 3-centre-2-electron
transition state E initiates a process in which C-C and C-H bond formation with the
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carbenoid carbon proceeds as the metal dissociates providing cyclopentanone F. This
mechanistic proposal was later reinforced by density functional theory (DFT) studies
undertaken by Nakamura and co-workers.” It is interesting to note that although only one
of the two rhodium atoms functions as a binding site for the carbene, the other rhodium
atom behaves as a ligand to the carbene-bound rhodium to enhance the electrophilicity of
the bound carbene and facilitate cleavage of the rhodium-carbon bond.”” Thus, neither of
the two rhodium atoms interacts directly with the C—H bond undergoing insertion.
Rhodium(ll)-catalysed C—H insertion occurs with retention of configuration at the carbon
undergoing insertion.”

Scheme 2.15

In this project, racemic samples of all targeted cyclopentanone products were first
prepared via rhodium(ll) acetate-catalysed intramolecular C-H insertion of the
corresponding a-diazo-B-keto sulfones 1, 32-38 in refluxing dichloromethane (Table 2.9,
entries 1-8). These cyclisations involve insertion into a methylene site adjacent to a
variety of alkyl and aryl groups. The well known propensity for five-membered ring
formation in intramolecular C—H insertion processes was seen to be maintained in these
reactions, with cyclopentanones 2, 39-45 being the major product in all cases examined.
Despite previous observations by Taber suggesting that insertion into benzylic sites is
disfavoured when competing C—H insertion sites exist,? efficient insertion at the benzylic
methylene site of 35 was recorded.
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Table 2.9 Rhodium(l1) acetate-catalysed C—H insertion reactions®

0 0 o
Rhy(OAc),,
R SO,R! (1 mol%) SO,R! Epimerisation SOR!
" . _ “pimenisation.
CH,Cl,, reflux Silica gel
N, 0.5h 2,
R ,/R
Entry Diazo  Product R R cis:trans’ C-H:O-H°  Yield (%)°
1 1 2° Me Ph 1:1.7 1:0.03 76
2 32 39° Et Ph 1:16 1:0.02 84
3 33 40 i-Pr Ph 0:1.0 1:0.12 98
4 34 41 t-Bu Ph 1:1.0° 1:0.22 30
5 35 42° Ph Ph 0:1.0 1:0.01 99
6 36 43° Bn Ph 1:24 1:0.25 76
7 37 44° Me Me 1:14 1:0.03 95
8 38 45" Ph Me 1:8.4 1:0.04 90

2 Reactions conducted using the general procedure for rhodium-catalysed C—H insertion reactions (Section 4.2.9).

b Ratio of cis- : trans-cyclopentanone as determined by integration of the cis and trans signals for the C(2)H proton in
the 'H NMR spectra of the crude reaction mixtures.

¢ Ratio of C-H insertion : O—H insertion based on integration of the C(2)H doublet of the cyclopentanone product and
the 8y 5.14-5.16 singlet of the O—H insertion product (see Figure 2.9 for general structure) in the *H NMR
spectra of the crude reaction mixtures, respectively.

¢ Yields obtained following column chromatography.

¢ Compound previously prepared (via C—H insertion) and characterised.?%%

 Compound previously prepared (via nucleophilic addition of RMgCI to 2-phenylsufonylcyclopent-2-en-1-one) and
characterised.®

9 Tentatively assigned.

" Novel compound; full characterisation conducted (see Section 4.2.9 for details).

Reactions were monitored by TLC and IR analysis, where reaction completion was
indicated by the disappearance of peaks at vma 2112-2117 cm™ (CNy) and viax 1656—
1670 cm ™ (C=0) characteristic of the o-diazo-p-keto sulfones and by the appearance of
the cyclopentanone carbonyl absorption at vmax 1743-1750 cm™. The rhodium(ll)-
catalysed C—H insertion reactions examined (Table 2.9) were complete within 0.5 h,
irrespective of the nature of the R and R* substituents. Two new stereogenic centres are
produced in the above C-H insertion process, resulting in four possible stereoisomeric
products (two cis and two trans enantiomers). The cis and trans diastereomers were easily
distinguished by examination of the *H NMR spectra of the crude reaction mixtures
(Figure 2.6). Reactions of the methylsulfonyl derivates 37 and 38 proceeded in
essentially the same manner as the corresponding phenyl sulfones 1 and 35.
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Determination of cis : trans ratios was achieved by calculation of the relative integration
of the cis and trans signals for the C(2)H proton adjacent to the sulfonyl substituent
(Figure 2.6). For the synthesis of cyclopentanones 2, 39, 43, 44 and 45, predominant
formation of the thermodynamically more stable trans isomer was seen to occur.
Exclusive trans cyclopentanone formation was noted for the synthesis of 40 and 42,
possessing iso-propyl and phenyl groups at the C(3) position, respectively. Interestingly, a
1 : 1 mixture of cis : trans isomers was observed for C—H insertion of a-diazo-p-keto
sulfone 34. This isomeric ratio is surprising given that exclusive trans-cyclopentanone
formation was noted for cyclisation of the less sterically hindered iso-propyl-substituted
derivative 33, therefore, this assignment is tentatively made. The *H NMR spectrum for
cyclopentanone 45 (R = Ph, R = Me) was recorded in deuterated DMSO, as poor
resolution of signals for the cis and trans C(2)H protons was observed in deuterated
chloroform.

Procedures previously adopted by Kelleher®® and O’Keeffe?! involved two 0.5 mol%
additions of rhodium(Il) acetate to the reaction mixture over a 48 h reaction period
(method a, see Section 4.2.9 for experimental details). Such an approach was trialed in
this research for the C—H insertion reaction of a-diazo-p-keto sulfone 1 and was found to
produce the desired cyclopentanone 2 as an initial 1 : 1.9 mixture of cis : trans products
and solely trans-2 in 57% yield after column chromatography. As seen in Table 2.9,
entry 1, rhodium(ll) acetate-catalysed decomposition of 1 involving a single addition of 1
mol% of the catalyst and a reaction time of 0.5 h, was found to provide trans-2 in higher
yield (76%) and similar initial cis : trans ratio (1 : 1.7) compared with the longer 48 h
reaction. Thus, as the older procedure offered no apparent advantage in terms of yield or
reaction efficiency its use was not explored in subsequent C—H insertion reactions. It is
believed that longer reaction times are required when the sample of diazo is not fully
pure, leading to catalyst deactivation. In this work, diazo substrates were isolated in
excellent purity and underwent C—H insertion very efficiently in all cases.

While the crude product mixture may contain a combination of cis and trans isomers,
equilibration to form exclusively the more thermodynamically stable trans product is
readily achieved owing to the acidity of the a-phenylsulfonyl proton (Scheme 2.16).
Hence, following column chromatography on silica gel, trans-cyclopentanones were
exclusively obtained.
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Scheme 2.16

Alternatively, base mediated epimerisation may be employed to simplify the product
mixture.?>? Washing a dichloromethane solution of the crude cyclopentanone with
aqueous sodium hydroxide solution (0.15 M) results in deprotonation at C(2) (pKa~10)*
generating a planar enolate (Scheme 2.17). Reprotonation with dilute aqueous acid gives
exclusively the thermodynamically favoured trans product. As treatment of the
cyclopentanone with base can lead to competing ring opening via a retro-Claisen-type
process,® rapid reprotonation with ammonium chloride solution is required. While this
method provided the desired trans-cyclopentanone product 2 exclusively when trialed for
the reaction of 1-diazo-1-phenylsulfonylhexan-2-one 1, a significantly lower yield (34%)
was obtained compared with epimerisation by chromatography. Thus, purification of all
subsequent C-H insertion reactions was achieved via chromatographic separation.

0 C 0 o e o)
SO,Ph Y _so.ph SO,Ph ®
&f\ NaOH & 2 2 H;0 \\\\\ SO,Ph
_— - —_—
R R R R

Scheme 2.17

Following chromatographic purification, each of the cyclopentanone products was
isolated as a white solid. High yields were generally recorded (Table 2.9, entries 1-3 and
5-8), however, a low yield of just 30% was obtained for synthesis of the tert-butyl-
substituted cyclopentanone 41 (Table 2.9, entry 4). The *H NMR spectrum of the crude
product mixture for this reaction was more complex than observed for synthesis of the
other cyclopentanones (R = Me, Et, i-Pr, Ph, Bn), indicating the occurrence of competing
reaction processes. The decreased chemoselectivity towards C—H insertion observed for
reaction of 34 is presumably related to the bulky nature of the tert-butyl substituent which
hinders C-H insertion at the adjacent reaction site. An unknown byproduct was isolated
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in ~20% vyield following column chromatography displaying a distinctive doublet at &y
6.05 (J 2.7), along with various multiplet signals in the regions &y 0.80-1.30, 2.25-3.20
and 7.19-7.93. A minor amount of competing O—H insertion into adventitious water was
observed to occur for each of the rhodium(ll) acetate-catalysed C—H insertion reactions
examined. The O-H insertion byproducts (see Figure 2.9 for general structures) were
characterised by the appearance of a 1H singlet at & 5.14-5.17 in the *H NMR spectra, in
line with literature reports for similar hydroxy compounds,®*®* and two distinctive
doublet of triplets signals in the region of &y 2.74-3.05, representing the two
diastereotopic protons adjacent to the carbonyl group. Confirmation of byproduct
assignment was achieved by high resolution mass spectrometry (HRMS) analysis of 1-
hydroxy-5-phenyl-1-(phenylsulfonyl)pentan-2-one 46 (R = Ph) (see Section 4.2.9 for
details). The O-H insertion byproduct 1-hydroxy-6-methyl-1-(phenylsulfonyl)heptan-2-
one (R = i-Pr) 47 was also isolated and characterised in this project (see Section 4.2.9 for
details). The presence of the remaining O—H insertion byproducts (R = Me, Et, t-Bu and
Bn), although not isolated in analytically pure form, was assigned by observation of the
characteristic singlet signal at 8y 5.14-5.17 in the *H NMR spectra of the crude reaction
mixtures.

Spectral characteristics for the isolated cyclopentanones were in agreement with
previously reported data.?*?* Characteristic carbonyl and sulfonyl absorptions were
observed in the IR spectra at vma 1743-1750 cm™ and vmax 1140-1153 (symmetric
stretch), 1302—1308 (asymmetric stretch) cm™, respectively. In the *H NMR spectra, the
proton geminal to the sulfone appeared as a doublet, due to coupling with the C(3) proton,
in the region of &y 3.20-3.55 for the C(3)-alkyl cyclopentanones 2, 39, 40, 41, 43 and 44,
but slightly downfield at 6 3.76-3.91 in the spectra of 42 and 45 due to the deshielding
effect of the phenyl group. Coupling constants of J 6.9-8.7 Hz for the cyclopentanones 2,
39, 42, 43, 44 and 45 were consistent with a trans arrangement of the C(2) and C(3)
protons. The coupling constants observed for the iso-propyl- and tert-butyl-substituted
cyclopentanones 40 and 41, J = 5.2 and 3.6, respectively, were considerably lower than
observed for the other cyclopentanones, in agreement with previous assignments of trans
stereochemistry for these compounds.?® The observed difference in coupling pattern for
40 and 41 reflects alterations of the conformational properties of the cyclopentanones due
to the presence of the bulky 3-alkyl substituents. Such alterations also result in the
appearance of fine splitting in the C(2)H signal of 41 (R = t-Bu) due to W-coupling,
presumably to one of the C(5)H, protons. W-Coupling was also noted to a lesser extent
for the C(2)H signal of 40 (R = i-Pr). The signal for the cyclopentanone proton at C(3)
was observed as a multiplet in the region of oy 2.82-3.24 for the alkyl-substituted
products 2, 39, 41, 43 and 44, and as an apparent quintet (J ~6.6) for the iso-propyl
compound 40. As before, the corresponding signal for phenyl-substituted
cyclopentanones 42 and 45 was found further downfield as a multiplet at &y 4.05-4.19.
The non-equivalent benzylic protons of 43 gave rise to two doublets of doublets at 5y 2.78
and 3.06, due to coupling with one another and with the C(3) proton.
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The geminal protons at C(4) and C(5) of 2, 39-45 are diastereotopic, accounting for the
observed differences in chemical shifts and splitting patterns of these protons. For
example, the C(3) methylene protons of the a-diazo-B-keto sulfones 1, 32—38 appeared as
a triplet in the region of oy 2.52-2.62, however, upon cyclisation to the cyclopentanones
the corresponding signal for the C(5) methylene protons was observed as a multiplet at oy
2.18-2.70. The chemical shifts of the C(4) protons were seen to vary depending on
whether they were on the a- or -face of the cyclopentanone. The upfield signals typically
appeared in the region of 6y 1.39-2.18, while the downfield signals were generally
observed in the region of dy 2.10-2.70, often overlapping the signals of the C(5) protons.

The trans isomeric products were assigned the relative stereochemistry (2R*, 35*) for the
3-methyl- and ethyl-substituted cyclopentanones 2, 39 and 44, while the 3-iso-propyl-,
tert-butyl-, phenyl- and benzyl-substituted derivatives 40, 41, 42, 43 and 45, which
possess the same relative stereochemistry as the major alkyl substituted product but differ
in assignment due to the change in priority of the substituents at C(3), were assigned as
(2R*, 3R*). Single crystal analysis of the 2-methylsulfonyl-3-phenylcyclopentanone 45
was conducted to confirm the relative stereochemistry assigned to this novel
cyclopentanone product (Figure 2.7).

Figure 2.7

2.5  Enantioselective rhodium-catalysed C—H insertion reactions of a-diazo-p-
keto sulfones

Having ascertained the spectral characteristics and relative stereochemistry of the
racemic cyclopentanones 2, 39-45, the enantioselective formation of these insertion
products was next envisioned. For this purpose, a variety of chiral rhodium(ll) catalysts
(Figure 2.8) were employed to investigate their influence on the stereochemical outcome
of cyclopentanone formation. All chiral rhodium(Il) catalysts used in this project were
prepared in University College Cork by Dr. Alan Ford. Synthesis of the catalysts Rhy(S-
Mand)s, Rhy(S-Phpa)s.2H,0, Rhy(S-O-i-PrMand); and Rhy(S-O-MeMand), has
previously been reported in the literature.®® Rh,(R-p-MeOMand), and Rh,(R-p-CIMand),
are novel catalytic structures.
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MeO.

Rh,(S-O-i-PrMand), Rh,(S-O-MeMand), Rh,(R-p-CIMand),

Figure 2.8

As for the racemic syntheses, reactions were conducted in refluxing dichloromethane in
the presence of 1 mol% of the rhodium(ll) catalyst (Table 2.10). All chiral catalytic
reactions were complete within 0.5 h, as indicated by TLC or IR analysis, with the
exception of Rhy(S-O-i-PrMand),-catalysed insertions, whose reaction times were seen to
vary from 45-72 h (Table 2.10, entries 4, 5, 11, 12 and 18). A mixture of cis and trans
isomers was once again noted in the *H NMR spectra of the crude reaction mixtures for
the C—H insertion reactions of 1, 32 and 36. The observed cis : trans ratio was seen to
vary for the different catalytic reactions, ranging from exclusive trans cyclopentanone
formation to preferential cis cyclopentanone formation.

Enantiopurity of the synthesised cyclopentanones was determined by chiral stationary
phase high performance liquid chromatography (HPLC) performed on a Chiralpak® ASH,
Chiralpak® OJ-H or Chiralcel® OD-H column. Details of the column conditions and
mobile phases employed are included in appendix I. The absolute stereochemistry of the
products was assigned by comparison of recorded optical rotation measurements to
previously reported values. No optical rotation values were available for the tert-butyl-
substituted cyclopentanone 41 and the novel cyclopentanone 45, therefore, single crystal
analysis was performed for these compounds to determine absolute stereochemistry (see
Section 2.6 for enantioselective synthesis of 41 and 45). The isolated single crystal was
then analysed by chiral HPLC to allow assignment of the enantiomeric peaks in the
HPLC trace.
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Table 2.10 Chiral rhodium(l1)-catalysed C—H insertions of a-diazo-s-keto sulfones?

Rh(II) catalyst

R SO,Ph (1 mol%) SO,Ph
_—

CH,Cl,, reflux

Ny 2
%

Entry Diazo Product R  Catalyst Time (h) cis:trans® C-H:O-H® Yield (%) ee (%)

1 T 2 Me Rhy(5-Mand), 05  1:08 1:0.00 80 20 (2R, 39)
2 1 2 Me Rh,(S-Phpa).2H,0 05 1:46 1:0.04 71 ~0

3 12 Me RhyS-O-MeMand), 05  1:05 1:0.00 87 20 (2R, 39)
4 1 2 Me  Rh,(S-O-i-PrMand), 72 0:10 1:0.00 76 ~0

£ 1 2 Me Rhy(S-O-i-PrMand), 35  0:1.0 1:0.00 61 ~0

6 1 2 Me Rhy(R-p-MeOMand), 0.5 1:09 1:0.00 89 25 (2S, 3R)
7 1 2 Me RhyR-p-ClMand), 0.5 1:06 1:0.00 94 17 (25, 3R)
8 32 39 Et  Rhy(S-Mand), 05  1:09 1:0.08 92 9 (2R, 3S)
9 32 39 Et Rh,(S-O-MeMand), 0.5 1:57 1:0.02 77 ~0

10 32 39 Et  Rh,(S-Phpa),2H,0 05 1:26 1:0.07 81 ~0

11 32 39 Et  Rhy(S-O-i-PrMand), 45 0:1.0 1:0.00 88 ~0

12 32 39 Et  Rhy(S-O-i-PrMand), 55  0:1.0 1:0.02" 47 ~0

13 32 39 Et Rhy(R-p-MeOMand), 05  1:0.8 1:001 01 8 (2S,3R)
14 32 39 Et Rh(R-p-CMand), 05  1:11 1:0.00 91 9 (2S,3R)
15 35 42 Ph  Rhy(S-Mand), 05  0:10 1:0.04 87 ~0

16 35 42 Ph  Rh,(S-O-MeMand), 0.5 0:10 1:0.02 80 ~0

17 35 4 Ph  Rhy(S-Phpa)s2H,0 05  0:1.0 1:0.08 91 23 (25, 35)
18 35 42 Ph  Rh,(S-O-i-PrMand), 48 0:1.0 1:0.00 72 ~0

19 35 42 Ph  Rhy(R-p-MeOMand), 05  0:10 1:0.02 57 ~0

20 35 42 Ph  Rh(R-p-CIMand), 05  0:1.0 1:0.00" o1 9 (2R, 3R)
21 36 43 Bn  Rhy(S-Mand), 0.5 1:2.0 1:0.02 73 ~0

22 36 43 Bn  Rh,(S-O-MeMand), 0.5 1:250 1:0.06 75 10 (2S, 3S)
23 36 43 Bn  Rhy(S-Phpa),.2H,0 05  0:10 1:0.16" 51 -0

24 36 43 Bn  Rhy(R-p-MeOMand), 05  0:1.0 1:0.07 67 8 (2R, 3R)
25 36 43 Bn RhyR-p-ClMand), 0.5 1:143  1:0.05 71 7 (2R, 3R)

2 Reactions conducted using the general procedure for rhodium-catalysed C—H insertion reactions (Section 4.2.9).

b As determined by integration of the cis and trans signals for the C(2)H proton in the *H NMR spectrum of the
crude reaction mixtures.

¢ Ratio of C—H insertion : O—H insertion based on integration of the C(2)H doublet of the cyclopentanone product and
the 8y 5.14-5.17 singlet of the O—H insertion product (see Figure 2.9 for general structure), respectively, in the *H
NMR spectra of the crude reaction mixtures.

¢ Yield of trans-cyclopentanone following column chromatography.

¢ Enantiopurity of trans-cyclopentanone determined by chiral stationary phase HPLC (see appendix | for details).

' Stereochemical assignments made by comparison with previously reported rotation and HPLC data (see Appendix 1).%°

9 Reaction conducted in refluxing toluene.

"H NMR of crude reaction mixture was complex.

" Minor amount (<5%) of hydride abstraction byproduct 48 observed in the "H NMR spectra of the crude reaction
mixture.

Note: throughout this thesis enantiopurity was recorded as ~0% ee when the figure estimated
from chiral HPLC analysis was less than 5%.
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Yields recorded for the C—H insertion reactions of the a-diazo-p-keto sulfones 1, 32, 35
and 36 in refluxing dichloromethane were generally high, ranging from 51% (Table 2.10,
entry 23) to 94% (Table 2.10, entry 7). Large variations were noted for the cis : trans
product ratios observed in the *H NMR spectra of the crude reaction mixtures. Exclusive
trans cyclopentanone formation was recorded for all chiral rhodium(ll)-catalysed
reactions of 1-diazo-1-phenylsulfonylpentan-2-one 35. In contrast, a mixture of cis and
trans isomeric products was observed for the majority of cyclisations of 1, 32 and 36. In
such cases, production of thermodynamically favourable trans-cyclopentanones was
generally seen to dominate, however, for certain reactions preferential cis-cyclopentanone
formation was observed (Table 2.10, entries 1, 3, 6-8 and 13). Although no clear trend
relating to the observed cis : trans ratio was evident, it is thought that reaction time may
influence the isomeric balance of the C—H insertion products. Thus, for all Rhy(S-O-i-
PrMand),-catalysed reactions, which required 45-72 h to reach completion, no cis-
cyclopentanone production was recorded. In addition, the amount of trans-2 relative to
cis-2 was seen to increase for the Rhy[(x)-O-MeMand],-catalysed decomposition of 1
upon an additional hour of refluxing in dichloromethane (Table 2.11).

Table 2.11 Relationship between reaction time & cis : trans ratio for the cyclisation of 1

0 Rh,[(+)-O-MeMand],, 1 "
\A)‘\’(SOZPh (1 mol%) SO,Ph SO,Ph
I CH,Cl,, reflux / -

’//Me Me
1 cis-2 trans-2
Entry Time (h) cis-2 : trans-2°
1 1 1:1.3
2 2 1:2.3

2 As determined by integration of the cis and trans signals for the C(2)H proton in the *H NMR spectrum of the
crude reaction mixture.

Decreased reaction times for Rhy(S-O-i-PrMand),-catalysed cyclopentanone synthesis
were achieved by change of reaction solvent from dichloromethane to the higher boiling
point solvent toluene, resulting in a reduction in reaction times to 3.5 h (from 72 h) and
5.5 h (from 45 h) for the synthesis of 2 and 39, respectively, while still maintaining
exclusive trans-cyclopentanone formation (Table 2.10, entries 5 and 12 vs. entries 4 and
11). Unfortunately, a decrease in reaction yield was also found to be associated with this
change of solvent and for this reason, the use of toluene as a reaction solvent was not
pursued in further rhodium(ll)-catalysed C—H insertion reactions.

While C—H insertion reactions exhibit a well-documented preference for five-membered
ring formation, competing processes such as O—H insertion, dimerisation, diazo reduction
and hydride abstraction may also occur (Figure 2.9).” Minor amounts of O—H insertion
and hydride abstraction byproducts were observed in the *H NMR spectra of the crude
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reaction mixtures for some of the chiral rhodium(ll)-catalysed C—H insertions of a-diazo-
B-keto sulfones 1, 32, 35 and 36 (Table 2.10). The hydride abstraction byproduct 48,
which was observed only for reactions of the phenyl-substituted a-diazo-p-keto sulfone
35 (Table 2.10, entries 15 and 19), was characterised by distinctive signals in the 'H
NMR spectrum at 6y 6.22 [dt, J 7.0/16.0, C(4)H] and &y 6.51 [d, J 15.6, C(5)H], in line
with previous reports for similar sulfone compounds.** In general, however, the crude
reaction mixtures isolated for the rhodium-catalysed reactions were relatively clean by *H
NMR analysis.

Q o
isolated products R= Ph: 46 Ho Sy 5.14-5.17 (s) cl H
R =i-Pr: 47 chlorine abstraction
O-H insertion

&20 D Cl\/
(o] 0o (0]
R SO,Ph R SO,Ph R SOoPh
- —_—
H H
Ne R SO,Ph
reduction 2

o]

dimerisation

n o
H H o
R SO.Ph o o
: . {
\_/ ) T o
HoH X M
al cl ML H H

insertion into solvent
e.g. DCM

o

R\/\)J\/SOZPh

not isolated | R =Ph: 48
hydride abstraction

Figure 2.9

Abstraction of chlorine from dichloromethane to form an a-chloro-p-keto sulfone
compound may also compete with desired C-H insertion. This side-reaction has
previously been described by Mountjoy®® and Pirrung®’ for rhodium-catalysed
decomposition of a-diazo ketones [Scheme 2.18, (a) and (b), respectively]. A mechanism
involving formation of a chloronium ylide was proposed by Pirrung to explain the
synthesis of the observed chlorinated product [Scheme 2.18, (a)].¥’ In the same study,
Pirrung also reported the formation of a product arising from C-H insertion into
dichloromethane in the presence of rhodium(ll) pivalate [Scheme 2.18, (¢)].
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Generation of both chlorine products is possible for the a-diazo-p-keto sulfone reactions
under investigation in this project, however, no analytically pure sample to confirm their
presence was obtained in any of the experiments conducted. Reports of similar
compounds in the literature indicate that the chlorine abstraction and dichloromethane
insertion products would display characteristic singlet and doublet signals, respectively,
in the region of &y 4.4-6.1 (Figure 2.10).%% Various baseline peaks were typically
observed in this region in the crude reaction mixtures obtained for rhodium- and copper-
catalysed reactions of our a-diazo-pB-keto sulfones, therefore, quantification of the
chlorinated byproducts was not attempted.

o] o o o] o] o
\\S// ! Cl
\Ph Ph ~ Ph
81 4.59 (d)
cl 811 5.63 (s) cl 811 5.03 ()
Cl Cl
81y 6.09 (d)
Figure 2.10

Byproducts formed in this project were generally removed during chromatographic
purification, providing analytically pure samples for subsequent chiral HPLC analysis.
Various precautions were taken to minimise the occurrence of these unwanted side
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reactions, including the use of dichloromethane distilled from phosphorous pentoxide
followed by distillation with calcium hydride, drying of reagents before use, the flushing
the reaction vessel with nitrogen prior to reaction commencement and the slow, dilute
addition of the a-diazo-B-keto sulfones to the rhodium(ll) catalyst solution. In some
instances, the isolated product samples were not fully clean, however, the presence of
minor amounts of byproduct(s) did not interfere with the determination of enantiomeric
excess by chiral HPLC analysis.

The extent of asymmetric induction achieved in the C-H insertion reactions of 1, 32, 35
and 36 was generally poor, ranging from ~0% ee (Table 2.10, entries 2, 4, 5, 9-12, 15,
16, 18, 19, 21 and 23) to 25% ee (Table 2.10, entry 6). Variations in enantioselectivities,
albeit with low ee’s in all cases, were noted for cyclisation of the different diazo
precursors (R = Me, Et, Ph, Bn). Decomposition of the methyl derivative 1 was found to
be the most consistent for permitting enantioselective syntheses, with four of the six
chiral catalytic complexes trialed resulting in some extent of asymmetric induction
(Table 2.10, entries 1, 3, 6 and 7). This ratio was seen to decrease for the remaining diazo
compounds, with only three catalytic choices proving successful for the C—H insertion
reactions of 32 (Table 2.10, entries 8, 13 and 14) and 36 (Table 2.10, entries 22, 24 and
25) and only two chiral rhodium(I1) complexes providing enantiocontrol in the cyclisation
of 35 (Table 2.10, entries 17 and 20). The latter finding is surprising given that the
presence of a phenyl group adjacent to the C—H insertion site has previously been found
to enhance asymmetric induction owing to the electron-withdrawing abilities of this
group.91'92

No one chiral rhodium(ll) catalyst employed in this study was found to provide consistent
enantiocontrol across the range of diazo compounds tested, e.g. Rhy(R-p-MeOMand),-
catalysed insertion of 1 (Table 2.10, entry 6) resulted in the synthesis of cyclopentanone
2 in 25% ee, however, cyclisation of 32, 36 and 35 under the same conditions generated
39 and 43 in just 8% ee (Table 2.10, entries 13 and 24) and 42 in ~0% ee (Table 2.10,
entry 19), respectively. Despite longer reaction times, the iso-propylmandelate catalyst
Rh,(S-O-i-PrMand), failed to provide any asymmetric induction in the syntheses of 2, 39
and 42 (Table 2.10, entries 4, 5, 11, 12 and 18). As expected, catalysts derived from the
S- and R-series of mandelate derivatives were seen to provide cyclopentanone products
with the opposite sense of enantioinduction.

2.6 Enantioselective copper-catalysed C-H insertion reactions of a-diazo-p-keto
sulfones

It was clearly evident from the results presented in Section 2.5 that the use of
mandelate-derived chiral rhodium(Il) catalysts was not a viable option for achieving
highly enantioselective cyclopentanone synthesis via C—H insertion. Thus, an alternative
method was sought for fulfilling this goal. Recent work in this research group has lead to
the emergence of chiral copper bis(oxazoline) complexes as an attractive catalytic choice
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for asymmetric carbenoid transformations.®®° The application of asymmetric copper
catalysts in C—H insertion reactions has not been widely exploited in recent times.
Limited reports exist, however, the level of enantiocontrol achieved has been generally
moderate, up to a maximum of 60% ee for intramolecular® and 88% ee for the
intermolecular reaction®. Indeed, Davies has suggested that copper catalysts tend to be
highly electrophilic and so typically generate carbenoids that are too reactive to undergo
selective C—H activation reactions.”® Thus, the investigation of copper catalysis for our
desired asymmetric cyclopentanone synthesis was an appealing choice owing both to the
potential for highly enantioselective syntheses and the possibility of achieving this goal
by application of relatively underexploited catalytic complexes.

2.6.1 C-H insertion reactions with copper-bis(oxazoline) catalysts

Chiral bis(oxazoline) complexes are among the most successful, versatile and
commonly used class of ligands in asymmetric catalysis due to their ready accessibility
from inexpensive amino alcohols, modular nature, ability to coordinate a large number of
metals and applicability in a wide range of metal-catalysed transformations including
aziridination reactions, cyclopropanations, Diels-Alder reactions, hydrosilylations and
1,3-dipolar cycloaddition reactions.®>® Notably, examples in the literature of C—H
insertion reactions employing bis(oxazoline) ligands are minimal (see Section 1.2 for
details).®*" Three different families of oxazoline-derived chiral ligands may be identified
(Figure 2.11), namely; bis(oxazolines) themselves (BOX), aza-bis(oxazolines) (azaBOX)
and pyridine-bis(oxazolines) (PyBOX).

BOX azaBOX PyBOX

Figure 2.11

When a chiral bis(oxazoline) ligand is mixed with an inorganic salt in an organic solvent,
a chiral BOX-metal complex (Figure 2.12) is formed which behaves as a very efficient
asymmetric catalyst. Complexes with a metal : ligand ratio of 1 : 1 are generally
considered as the decisive intermediates for asymmetric catalysis.”® Two metal sites are
thus occupied by the ligand, leaving typically up to four sites available for interaction
with substrates, solvent molecules or counteranions, the latter arising from the metal salt
employed for complexation. The actual species present in solution depends on many
subtle factors and can have a very significant influence on the stereochemical outcome of
a given reaction.
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Figure 2.12

A number of the features of the chiral bis(oxazoline)-derived catalysts are noteworthy.
The chiral BOX complexes display a Cp-axis (Figure 2.13)*® which minimises the
number of possible transition states in a particular reaction due to the equivalency of
structures upon rotation by 180°. The enantiocontrolling stereocentre of the catalysts
resides on the carbon atom adjacent to the coordinating nitrogen and is, therefore, in close
proximity to the metal active site, permitting a direct influence on the stereochemical
outcome of the reaction.®® Several strategies have been developed for the immobilisation
of oxazoline-based ligands offering advantages in terms of ease of separation and
handling and recyclability over corresponding homogeneous systems. %1%

identical trajectories identical trajectories

C,
Y T

\M/N

VAR

identical trajectories identical trajectories

Figure 2.13 ref.*®®

Five commercially available bis(oxazoline) ligands (Figure 2.14) were initially examined
in this project for their potential to induce enantioselectivity in the C—H insertion
reactions of a-diazo-f-keto phenylsulfones 1, 32, 33, 35 and 36. Four different copper
sources, namely, CuCl, CuCl,, Cu(OTf), and Cu(MeCN)4PFg, were also investigated. In
contrast to previous rhodium-catalysed insertions (Section 2.5), copper-catalysed
reactions in this project involved pre-generation of the catalytic complex
[copper/bis(oxazoline)] for 1.5 h in refluxing solvent prior to dropwise addition of the
diazo substrate. This procedure is in line with literature reports for X—H insertion
reactions employing copper-bis(oxazoline) catalysts.*™*%* Results obtained for these
early experiments are presented in Table 2.12. Exclusive trans-cyclopentanone formation
was recorded in each of the copper-catalysed reactions conducted, however, in some
cases, minor amounts of byproduct(s) were also observed.
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Figure 2.14

Large variations in reaction times were recorded for the copper-bis(oxazoline)-catalysed
C—H insertions, ranging from 1.5 h (Table 2.12, entry 7) to 42 h (Table 2.12, entry 17).
The reactions were thus considerably longer than the corresponding rhodium-catalysed
insertions, which were typically complete within 0.5 h. In general, shorter reaction times
were noted for cyclisations in the presence of Cu(OTf), and Cu(MeCN)4PF¢ vs. the
corresponding CuCl- and CuCl,-catalysed reactions, although exceptions to this trend
were observed (Table 2.12, entry 21 vs. 22).
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Table 2.12 Copper-bis(oxazoline)-catalysed C—H insertion reactions®

16} (0]
Cu (5 mol%),
SO,Ph L* (6 mol%), _ SO,Ph
CH,Cl,, reflux
N, Z,
%

Entry Diazo Product R Cu L* Time (h) C—H : Red : O-H®  Yield (%)° ee (%)%¢
1 1 2 Me  CuCl (4R)-Ph 49 22 1:0.52:0.14' 729 ~0

2 1 2 Me  Cu(MeCN),PFs  (4R)-Ph 49 20 1:0.09:0.00° 84 17 (2S,3R)
3 1 2 Me CuCl (4R)-Bn 50 40 1:0.41:0.08 719 ~0

4 32 39 Et  CuCl (4R)-Ph 49 24 1:0.70:0.15 429 ~0

5 32 39 Et  Cu(MeCN),PF;  (4R)-Ph 49 20 1:0.11:0.00 539 29 (25,3R)
6 33 40 i-Pr  CuCl (4R)-Ph 49 21 1:1.00:0.31" 68° ~0

7 33 40 i-Pr  Cu(MeCN),PFg  (4R)-Ph 49 1.5 1:0.46:0.00" 39¢ 33(25,35)
8 33 40 i-Pr  CuCl (4R,55)-Ph 52 21 1:2.50:0.40" 549 ~0

9 35 42 Ph  CuCl (4R)-Ph 49 26 1: -':030 429 ~0

10 35 42 Ph  CuCl, (4R)-Ph 49 30 1: -':061 48° ~0

11 35 42 Ph  Cu(MeCN),PFs  (4R)-Ph 49 3 1: —':0.00" 90 52 (25,35)
12 35 42 Ph  Cu(OTf), (4R)-Ph 49 5 1: —':0.00" 90° 46 (25,39)
13 35 42 Ph  CuCl (4R)-Bn 50 24 1: -":019" 409 8 (25,39)
14 35 42 Ph  CuCl, (4R)-Bn 50 21 1: -':046 57 9 (25,35)
15 35 42 Ph  Cu(MeCN),PFs  (4R)-Bn 50 2 1: -':010 83 71 (25,3S)
16 35 42 Ph  Cu(OTf), (4R)-Bn 50 2 1: -':0.00 79 76 (25,3S)
17 35 42 Ph  Cucl (4R,55)-diPh 52 42 1: -':027 47 33(25,35)
18 35 42 Ph  CuCl, (35,8R)-Ind 53 21 1: -':018 62 14 (2R,3R)
19 35 42 Ph  Cu(MeCN),PFs  (3S,8R)-Ind53 4 1: -1 :0.08 56 60 (2R,3R)
20 35 42 Ph  Cu(OTh), (35,8R)-Ind 53 4 1: -':018 66 57 (2R,3R)
21 36 43 Bn  CuCl (4R)-Ph 49 24 1:1.89:045" 429 5 (25,3S)
22 36 43 Bn  Cu(MeCN),PFg  (4R)-Ph 49 27 1: —%:0.00 47° 14 (25,39)

& Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for
details).
b Ratio of C—H insertion : diazo reduction (Red) : O—H insertion based on integration of the C(2)H doublet of the
cyclopentanone product, the C(1)H, singlet of the B-keto sulfone and the 6y 5.14-5.17 singlet of the O—H insertion
product (see Figure 2.9 for general structure), respectively, in the *H NMR spectra of the crude reaction mixtures.
°Yield of trans-cyclopentanone after column chromatography.
¢ Enantiopurity of trans-cyclopentanone determined by chiral stationary phase HPLC (see appendix | for details).

¢ Stereochemical assignments were made by comparison with previously reported rotation and HPLC data (see
Appendix | for details).8%

f Unknown singlet observed at §,,6.04 in the *H NMR spectrum of the crude reaction mixture.

9 Isolated product not fully clean.

"I NMR spectra of crude reaction mixture was complex.

! Ratio of B-keto sulfone 27 (R = Ph) not determined due to overlap with the C(3)H signal of cyclopentanone 42, but 27
is presumed to be present in low levels.

I Approximately 3% hydride abstraction byproduct 48 observed in the *H NMR spectrum of the crude reaction mixture.

kValue not determined due to overlap with solvent peak.
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Yields obtained for the copper-catalysed reactions were moderate to good, ranging from
39% for cyclisation of the iso-propyl-substituted diazo 33 in the presence of
Cu(MeCN)4PFs and (4R)-Ph 49 (Table 2.12, entry 7) to 90% for the Cu(OTf),- and
Cu(MeCN)4PFs-catalysed insertions of 35 employing the same bis(oxazoline) ligand
(Table 2.12, entries 11 and 12). Loss of yield in certain cases may be attributed to the
formation of byproducts, which were observed in the *H NMR spectra of the crude
reaction mixtures. Chromatographic purification was generally sufficient in removing
these side products, however, in certain instances traces of byproduct(s) were still
observed in the *H NMR spectra following column chromatography. O—H insertion and
B-keto sulfone formation (see Figure 2.9 for byproduct structures), arising from
intermolecular insertion into water and diazo reduction, respectively, were found to be the
main competing processes in the copper-bis(oxazoline)-catalysed reactions described in
Table 2.12. Interestingly, byproduct formation was found to be far more prevalent for
reactions employing CuCl and CuCl,, compared to reactions with Cu(OTf), and
Cu(MeCN)4PFs, suggesting that C—H insertion in the presence of the latter two copper
sources is a more favourable process.

Interestingly, a number of different competing reaction pathways were observed for
decomposition of 1-diazo-1-phenylsulfonyl-5-phenylpentan-2-one 35 (R = Ph). In
addition to the previously described processes of O—H insertion and diazo reduction,
competition between C-H insertion and hydride transfer was also found to occur
(Scheme 2.19). Hydride transfer to the carbenoid carbon was not observed for reactions
with the other diazosulfones (R = Me, Et, i-Pr, t-Bu, Bn), presumably because the
carbocationic intermediate 11 is sufficiently stable to form when it is benzylic but not with
the other diazo substrates. The benzylic carbocation Il may subsequently undergo proton
transfer to provide the alkene product 48, as has been described in the literature for
similar diazo substrates.'*341%* An alternative reaction pathway was also observed in this
project which had not previously been reported. This pathway involves intramolecular
attack of the anionic oxygen atom at the electron-deficient benzylic carbocation resulting
in the formation of 2-phenyl-5-[(phenylsulfonyl)methylene] tetrahydrofuran 54. Notably,
the formation of 54 was not found to occur for rhodium-catalysed reactions of 35.

The formation of the two products (54 and 48) derived from hydrogen abstraction in
competition with the C—H insertion pathway provides interesting mechanistic insight into
the nature of the C—H insertion process. Thus, in intermediate | concerted C-C and C-H
bond formation with concomitant cleavage of the y-C—H bond leads to insertion product
42, while transfer of hydride from the y-carbon to the carbene centre competes through
asynchronous bond formation and breaking in the same transition state, but only when the
v-C—H bond is benzylic. Earlier work by Flynn and Maguire observed similar patterns in
the reactions of a-diazo-B-oxo sulfones.™
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The tetrahydrofuran side product 54 was observed in varying amounts (up to 30% relative
to cyclopentanone formation) in the *H NMR spectra of the crude reaction mixtures for
the reactions of 35 (Table 2.13, entries 1-12). No clear pattern could be discerned
relating side product formation to the catalyst employed. Isolation of 54 was possible via
chromatographic purification of the crude reaction mixture, with the tetrahydrofuran
compound eluting as the most polar fraction. 2-Phenyl-5-[(phenylsulfonyl)methylene]
tetrahydrofuran 54 was isolated as the Z-isomer exclusively following column
chromatography, as confirmed by X-ray crystallography (Scheme 2.19). A 50 : 50
mixture of enantiomers was observed upon chiral HPLC analysis of 54 (see appendix |
for HPLC trace), indicating that no asymmetric induction occurred for the formation of
the chiral centre at C(2). This outcome reflects the likely involvement of a free carbene in
the formation of the THF ring of 54 rather than a copper catalyst-mediated process.
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Table 2.13 Cyclopentanone versus tetrahydrofuran formation®

o (e}

o
Cu (5 mol%), \\ = o) on
Ph SO,Ph  L* (6 mol%), SO,Ph /S o}
—_— 4 P + 48
CH,Cl,, reflux (entry 11 only)
H

N,

major P minor
35 42 54
Entry Cu L* 42 : 54°
1 CuCl (4R)-Ph 49 1:0.15
2 CuCl, (4R)-Ph 49 1:0.00
3 Cu(MeCN),PF¢ (4R)-Ph 49 1:0.02
4 Cu(OTf), (4R)-Ph 49 1:0.30
5 cucl (4R)-Bn 50 1:0.16
6 CuCl, (4R)-Bn 50 1:0.12
7 Cu(MeCN),PFq (4R)-Bn 50 1:0.00
8 Cu(OTf), (4R)-Bn 50 1:0.19
9 CuCl (4R,5S)-Ph 52 1:0.19
10 CuCl, (3S,8R)-Ind 53 1:0.15
11 Cu(MeCN),PF¢ (3S,8R)-Ind 53 1:0.20°
12 Cu(OTf), (35,8R)-Ind 53 1:0.22

& Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for
details).

b Ratios based on integration of the C(2)H doublet of 42 and the &, 5.62 singlet of 54 in the *H NMR spectra of the
crude reaction mixture.

¢ Approximately 3% hydride abstraction byproduct 48 observed in the *H NMR spectrum of the crude reaction mixture.

Literature research revealed the description of a number of related tetrahydrofuran
products, including 2-phenyl-5-[(phenylsulfonyl)methylene] tetrahydrofuran 54,
produced via base-mediated cyclisation of hydroxyl propargylic sulfones (Scheme
2.20).2% In all cases reported, (E)-exo-alkylidene tetrahydrofurans were isolated as the
sole product in high yield (80-85%).'%° Similar ()-2-alkylidene tetrahydrofuran products
have also been obtained from mercury(ll)- and palladium(Il)-mediated cyclisation of
acetylenic alcohols and used as the key intermediates in prostacyclin PGl, synthesis. %%
Indeed, tetrahydrofurans are important structural units found in many biologically active
molecules such as polyether antibiotics,"® annonaceous acetogenins'® and
macrodiolides'’® and as a result the synthesis of substituted tetrahydrofurans has been the
focus of many research efforts."**"**3 The generation of 54 via a carbenoid hyride transfer
pathway (Scheme 2.19) thus offers an additional route to substituted tetrahydrofuran
products with high Z-selectivity. Although low overall yields of 54 were recorded for the
reactions of diazo sulfone 35, the formation of increased levels of tetrahydrofuran product
may be possible by examination of a wider range of substrates and catalysts for this
transformation.
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In addition to the byproducts already described (Figure 2.9 and Scheme 2.19), minor
amounts (< 3% yield) of an unknown side product were also isolated from several of the
reaction mixtures arising from the copper-catalysed reactions described in Table 2.12
(and subsequent reactions in Table 2.14) following chromatographic purification (least
polar fraction). This compound, which displayed identical spectroscopic features
irrespective of the a-diazo-p-keto sulfone R substituent, showed distinctive multiplet
signals in the region of &4 7.2-7.6 in the *H NMR spectrum, with no signals observed
outside of this area indicating that this compound possesses only aromatic hydrogens. **C
NMR analysis revealed the presence of two quaternary signals (6c 127.8 and 142.9) and
six aromatic CH signals corresponding to ten aromatic CH carbons [6¢ 127.6 (2 x CH),
128.8 (2 x CH), 129.4 (2 x CH), 131.4, 133.6 and 136.6 (2 x CH)], suggesting the
presence of two non-equivalent aromatic rings. This finding was reinforced by the
observation of four individual doublet signals [64 7.60 (J 8.7), 7.52 (J 8.4), 7.44 (J 8.7)
and 7.25 (J 8.7)] in the analogous unknown compound arising from reaction of the para-
bromophenylsulfonyl-substituted a-diazo-p-keto sulfone (see Scheme 2.23 for structure).
In the IR spectrum, signals were observed at 1448, 1326, 1145 and 1078 cm*, with the
middle two signals presumed to represent asymmetric and symmetric sulfonyl stretches,
respectively, while mass spectrometry analysis revealed major peaks at m/z (ES+) 261.4
and m/z (ES-) 157.3 and 173.3.
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Possible  structures  considered  for this unknown  compound included
phenylbenzenethiosulfonate,”* benzene sulfonic acid,™™® diphenyl disulfide,
phenylsulfonyl chloride,**’ diphenyl sulfone,**® and diphenyl disulfone,**® however, the
spectroscopic data for these compounds did not match that obtained from the analysis
described above.

The tentatively proposed mechanism for the formation of the unknown aromatic
compound is presented in Scheme 2.21. Accordingly, transformation of the O-H
insertion byproduct to the corresponding aldehyde may occur via attack of the lone pair of
electrons of the hydroxyl group resulting in generation of the phenylsulfinate anion. The
formation of the aldehyde compound is indicated by the observation of a distinctive
singlet at 84 9.17 in the *H NMR spectra of several of the crude reaction mixtures, in line
with reports for similar dicarbonyl compounds in the literature.*?>*?! Notably, in each
instance that the unknown aromatic compound was isolated, the aldehyde signal at oy
9.17 was also observed in the *H NMR spectrum of the crude reaction mixture. This
aldehyde signal was not observed in any fractions isolated following column
chromatography. The phenylsulfinate anion thus generated is thought to react with an
electrophilic species present in solution resulting in the formation of the unknown
aromatic compound. Further studies are warranted to try to unambiguously establish the
structure of this unknown byproduct.

Tentatively proposed mechanism

0 o)
R \/\)‘\’( $O,Ph —— = \/\)‘\(SOﬂDh
Nz (OH

o) (0] o
\ / \7 0
\S/\yﬁ o ©/So 3 9.17 (s)
! . R
-~
(0]
unknown byproduct phenyl sulfinate ion
Scheme 2.21

The levels of enantioselectivity obtained for the copper-bis(oxazoline)-catalysed
insertions (Table 2.12) were found to be both substrate- and catalyst-dependent. Highest
asymmetric induction (up to 76% ee) was achieved for reactions of the phenyl-substituted
diazo substrate 35 (Table 2.12, entries 9-20), with decreased enantiocontrol observed for
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insertions with the other diazo substrates, largely in order of decreasing size of the R
group (i-Pr > Et > Me =~ Bn). This result is in line with previous findings by Hashimoto
and co-workers, who also reported enhanced enantioselectivity for insertion into benzylic
C—H bonds.”™* Choice of copper source was found to be particularly important in this
study. Reactions in the presence of CuCl and CuCl; lead, in general, to poor levels of
enantioselectivity (typically <10% ee), with a slight increase observed for insertion of a-
diazo-B-keto sulfone 35 with ligand (4R,5S)-diPh 52 (Table 2.12, entry 17) and (3S,8R)-
Ind 53 (Table 2.12, entry 18). In contrast, C-H insertions employing Cu(OTf), and
Cu(MeCN)4PFs provided significantly higher asymmetric induction for all substrates
tested. In particular, an increase to 76% ee and 71% ee for cyclisations of 35 in the
presence of bis(oxazoline) (4R)-Ph 49, and Cu(OTf), and Cu(MeCN)4PFs, respectively,
(Table 2.12, entries 16 and 15) was recorded, representing a vast improvement when
contrasted with the corresponding CuCl and CuCl,-catalysed reactions in which low
asymmetric induction, 8% ee and 9% ee, respectively, was observed (Table 2.12, entries
13 and 14). Notably, the extent of enantiocontrol recorded for these reactions was
considerably higher than those observed for insertions employing chiral rhodium-
mandelate-derived catalysts (Table 2.10).

Throughout this study, the use of the ligands (4R)-Ph 49, (4R)-Bn 50 and (4R,5S)-diPh
52, with the same absolute stereochemistry, lead to cyclopentanone products of the same
enantiomeric series, while bis(oxazolines) (4S)-t-Bu 51 and (3S,8R)-Ind 53, which have
the opposite absolute stereochemistry, as predicted lead consistently to the opposite
enantiomeric series of cyclopentanones (Figure 2.15).

(4R)-Ph 49 &

o (4R)-Bn 50 & n
N sopn  (4R.5S)-diPh 52 SO,Ph
> R = Me, Et: (25,3R)
/ R = i-Pr, +-Bu, Ph, Bn: (2S,35)

N

N
0 (6]
(45)-+-Bu 51 &
R\/\)k’( sopn  (3S8R)-Ind 53 WSO
> " R = Me, Et: (2R,35)
N, [R = [-Pr, -Bu, Ph, Bn: (2R,3R)]

Figure 2.15
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2.6.2 Investigation of additive effects

In an effort to improve upon the poor enantioselectivities obtained for C—H insertions
in the presence of CuCl and CuCl; (Section 2.6.1), an examination of additive effects was
next conducted. For this purpose, the effects of the additive NaBARF {BARF =
tetrakis[3,5-bis (trifluoromethyl)phenyl] borate} were first examined. The borate anion
BARF  (Figure 2.16) was first utilised in 1981 by Kobayashi and co-workers as a
negatively charged phase transfer catalyst.’?> This anionic species behaves as an
extremely weakly-coordinating anion owing to distribution of the negative charge over a
large area of non-nucleophilic and chemically stable functional groups.'* Salts of BARF™
, including sodium, potassium, silver and thallium compounds, have been employed in
several transition metal-catalysed transformations, such as hydrogenation'®*** and
hydrovinylation'?®*?" reactions, where they have been shown to enhance the activity of
cationic catalyst species, resulting in improvements in reaction efficiencies and
selectivities.

F3C CF,
F3C CF,
@ E)
Na B
FiC CF;
FsC CF,
Figure 2.16

The use of NaBARF has previously been shown to enhance enantioselectivity in the
copper-catalysed insertion of carbenoids into N-H and O-H bonds,**? and in the
copper-catalysed intramolecular Buchner reaction.” In addition, the presence of NaBARF
has also been reported to result in improved efficiency and selectivity in [3+2]
cycloadditions of o-aryldiazoesters with terminal alkenes,*”® and in another instance
altered efficiency and regioselectivity in intermolecular C-H insertion reactions with
ethyl diazoacetate.’”® At the beginning of this investigation an understanding of the
mechanistic basis for such improvements in carbenoid transformations remained elusive,
however, it was envisioned that employment of this borate additive in our copper-
catalysed C—H insertions may have similar beneficial effects on reaction efficiency and
selectivity.

2.6.2.1 C—H insertions in the presence of NaBARF

Copper-bis(oxazoline)-catalysed C—H insertions of a-diazo-p-keto phenylsulfones 1, 32—
36 in the presence of NaBARF are presented in Table 2.14.
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Table 2.14 Copper-bis(oxazoline)-catalysed C—H insertions of a-diazo-f-keto

phenylsulfones with NaBARF*

Cu (5 mol%),
L* (6 mol%),

SO,Ph NaBARF (6 mol%)

P

CH,Cl,, reflux

SO,Ph

N, “,
R

Entry Diazo Product R Cu L* C-H:Red:0-H" Time (h) Yield (%)°ee (%)"°
1 1 2 Me CuCl  (4R)-Ph 49 1:0.02:0.00 27 94 30 (25, 3R)
2 1 2 Me CuCl (4R,55)-diPh52 1:0.00:0.00 21 74 ~0

3 1 2 Me CuCl (4R)-Bn50 1:0.03:0.01 3 62 58 (25, 3R)
4 1 2 Me CuCl, (3S,8R)-Ind53 1:0.02:0.03 2 74 66 (2R, 39)
5 1 2 Me CuCl (4S)-t-Bu 51 1:0.00:0.01 22 73 13 (2R, 3S)
6 32 39 Et  CuCl (4R)-Ph49 1:0.00:0.00 6 97 29 (25, 3R)
7 32 39 Et  CuCl (4R,55)-diPh52 1:0.01:0.00 21 76' 11 (2S, 3R)
8 32 39 Et  CuCl (4R)-Bn50 1:0.02:0.00 15 70" 62 (2S, 3R)
9 32 39 Et  CuCl, (3S,8R)-Ind53 1:0.02:0.04 3 82" 71 (2R, 39)
10 32 39 Et  CuCl (4S)-t-Bu51 1:0.01:0.01 15 73' 28 (2R, 39)
11 33 40 i-Pr  CuCl  (4R)-Ph 49 1:0.06:0.00 45 54' 37 (2, 39)
12 33 40 i-Pr  CuCl  (4R,55)-diPh52 1:0.00:0.00 21 65° 14 (28, 39)
13 33 40 i-Pr  CuCl  (4R)-Bn50 1:0.06:0.10 16 95' 60 (28, 39)
14 33 40 i-Pr  CuCl, (3S,8R)-Ind53 1:0.04:0.04 2 87" 75 (2R, 3R)
15 33 40 i-Pr  CuCl  (4S)-t-Bu 51 1:0.10:0.04 24 55' 42 (2R, 3R)
16 34 41 t-Bu CuCl, (4R)-Ph49 1:0.14:0.10" 2 84 76 (28, 39)'
17 34 4 t-Bu CuCl, (4R,55)-diPh52 1:0.03:0.11" 2 76’ 52 (28, 3S)'
18 34 41 t-Bu CuCl, (4R)-Bn50 1:0.08:0.03" 2 75 73 (28, 39)
19 34 41 t-Bu CuCl, (35,8R)-Ind53 1:0.02:0.01" 2 72 77 (2R, 3R)
20 34 41 t-Bu CuCl, (4S)-t-Bu51 1:0.38:0.26" 2 62’ 53 (2, 39)'
21 35 42 Ph  CuCl (4R)-Ph49 1: —*:0.00 35 68 49 (28, 39)
22 35 42 Ph  CuCl, (4R)-Ph49 1: *:005 2 69 57 (25, 35)
23 35 42 Ph  CuCl (4R5S)-diPh52 1: —*:0.03 22 82 58 (28, 39)
24 35 42 Ph  CuCl (4R5S)-diPh52 1: —*:001 6 64 55 (28, 39)
25 35 42 Ph  CuCl, (4R5S)-diPh52 1: —*:005 2 54 52 (28, 39)
26 35 42 Ph  CuCl (4R)-Bn50 1: —*:o001 19 62 82 (25, 39)
27 35 42 Ph  CuCl, (4R)-Bn50 1: X:001 2 58 81 (25, 39)
28" 35 42 Ph  CuCl, (4R)-Bn50 1: % :0.03 2 65 80 (2S, 39)
29 35 42 Ph  CuCl (3S8R)-Ind53 1: —*:0.03 21 57 84 (2R, 3R)
30 35 42 Ph  CuCl, (3S8R)-Ind53 1: —X:0.02 2 87 89 (2R, 3R)
31 35 42 Ph  CuCl, (3S,8R)-Ind53 1: —*:0.10 2 53 86 (2R, 3R)
32 35 42 Ph  CuCl (4S)-t-Bu51 1: *:001 19 55 64 (2R, 3R)
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33 36 43 Bn  CuCl  (4R)-Ph49 1:0.06:0.00 21 57 14 (25, 39)
34 36 43 Bn  CuCl (4R,55)-diPh52 1:0.06:0.00 21 46' -0

3 36 43 Bn  CuCl (4R)-Bn50 1:0.26:0.02 6 54" 57 (2S, 39)
36 36 43 Bn  CuCl, (3S,8R)-Ind53 1:0.13:0.05" 3 78 66 (2, 35)
37 36 43 Bn CuCl (4S)-t-Bu51  1:0.02:0.02 8 62" 33 (2S, 39)

 Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for details).

b Ratio of C—H insertion : diazo reduction (Red): O—H insertion based on integration of the C(2)H doublet of the
cyclopentanone product, the C(1)H, singlet of the B-keto sulfone and the 6y 5.14-5.17 singlet of the O—H insertion
product (see Figure 2.9 for general structure), respectively, in the 'H NMR spectra of the crude reaction mixtures.

© Yield of trans-cyclopentanone after column chromatography.

¢ Enantiopurity of trans-cyclopentanone determined by chiral stationary phase HPLC (see appendix | for details).

¢ Stereochemical assignments for 2, 39, 40, 42 and 43 were made by comparison with previously reported rotation and
HPLC data.2!® Absolute stereochemistry of 41 determined by single crystal analysis (see appendix | for details).

"Isolated product contains minor amount of p-keto sulfone (R = Et: 24, i-Pr: 25, t-Bu: 26, Ph(p-Br): 70, Bn: 28).

9 Unknown byproduct (colourless oil) isolated in ~30% yield after column chromatography.

" Unknown peaks observed in the *H NMR spectra of the crude reaction mixture.

"HPLC trace was complex, therefore value is tentatively assigned.

T1solated product not fully clean.

kRatio of p-keto sulfone 27 not determined due to overlap with the C(3)H signal of cyclopentanone 42, but 27 is
presumed to be present in low levels.

'10 mol% copper, 12 mol% ligand, 12 mol% NaBARF.

™12 mol% NaBARF.

Employment of NaBARF was found to have a positive effect on enantioselectivity, with
significantly increased enantiocontrol observed compared to reactions in the presence of
copper chloride and bis(oxazoline) ligand only (Table 2.14 vs. Table 2.12). The dramatic
improvements recorded are highlighted in Figure 2.17 for CuCl-catalysed C-H insertions
of a-diazo-B-keto sulfones 1, 32, 33, 35 and 36 in the presence of the phenyl-substituted
ligand (4R)-49 and C-H insertions of diazo 35 with ligands (4R)-Ph 49, 4(R)-Bn 50,
(4R,5S)-diPh 52 and (3S,8R)-Ind 53. Thus, for all reactions examined, the addition of
NaBARF to the catalytic mixture correlates to a considerable enhancement in
enantiocontrol. In particular, dramatic increases to 82% ee (from 9% ee) and 89% ee
(from 14% ee) were achieved for CuCl,-catalysed cyclisations of 35 with bis(oxazolines)
(4R)-Bn 50 and (3S,8R)-Ind 53, respectively (Table 2.14, entries 27 and 30 vs. Table
2.12, entries 14 and 18).
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Comparison of enantioselectivities for CuCl-bis(oxazoline)-catalysed
C—H insertions with and without NaBARF
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Figure 2.17

Interestingly, significantly reduced reaction times were observed for insertions in the
presence of CuCl, in comparison to reactions employing CuCl. This effect is particularly
evident in the reactions of a-diazo-B-keto sulfone 35 in which a dramatic decrease in
reaction times to 2 h (from 22 h, 19 h and 21 h) was recorded for cyclisations in the
presence of ligands (4R,5S)-diPh 52, (4R)-Bn 50 and (3S,8R)-Ind 53, respectively (Table
2.14, entry 23 vs. 25, 26 vs. 27 and 29 vs. 30). This observation is particularly interesting
considering that copper(l) is known to be the active species for catalysis in carbenoid
reactions.”**® The copper(l1) complex is reduced to its active Cu(l) derivative by the
diazo compound present in solution.”*® Thus, the decreased reaction times observed in
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this work are likely due in part to the increased solubility of the copper(Il) species in the
reaction solvent. Notably, use of CuCl or CuCl, was found to lead to essentially the same
outcome in terms of yield and enantioselectivity (Table 2.14, entry 21 vs. 22, 23 vs. 25,
26 vs. 27 and 29 vs. 30), therefore, for convenience CuCl, was adopted for the majority of
subsequent cyclisations conducted in this project.

As summarised in Figure 2.18, a number of interesting trends can be seen in terms of
the enantioselectivities obtained with the copper complexes derived from each of the
bis(oxazoline) ligands 49-53. The indane-derived bis(oxazoline) (3S,8R)-53 was
found to be the best-performing ligand, providing consistently high asymmetric
induction across the range of diazo compounds examined (Table 2.14, entries 4, 9, 14,
19, 29, 30. 31 and 36). Enantioselectivity for this ligand was seen to peak at 89% ee
(Table 2.14, entry 30) for reaction of the phenyl-substituted diazo substrate 35.
Indeed, with only one exception noted (Table 2.14, entry 16), cyclisation of 35 was
observed to give the highest levels of enantioselectivity for all ligands tested. With the
phenyl-substituted ligand (4R)-49, relatively consistent enantiocontrol is observed
across the series of a-diazo-p-keto sulfones, typically around 30% ee, with enhanced
enantioselectivity observed for insertion into the benzylic C-H bond (Table 2.14,
entries 21 and 22). The benzyl-substituted ligand (4R)-50 gives consistently good
asymmetric induction in the region of 60% ee, relatively independent of the nature of
the R group at the insertion site (Table 2.14, entries 3, 8, 13, 18 and 35). As was
observed for ligand (4R)-Ph 49, the enantioselectivity achieved with ligand (4R)-Bn
50 is increased (82% ee) in the formation of cyclopentanone 42 (Table 2.14, entries
26-28). In contrast, ligand (4R,5S)-52, which features a diphenyl substitution pattern,
was found to proceed with modest enantiocontrol (52-58% ee) for only the phenyl-
and tert-butyl-substituted substrates 35 (Table 2.14, entries 23-25) and 34 (Table
2.14, entry 17), respectively; for each of the other diazo sulfones, very little
enantioselection was observed. With the tert-butyl-substituted ligand (4S)-51, a steady
increase in enantiocontrol is noted on increasing the size of the R group adjacent to
the C—H insertion site, indicating an important steric effect with this ligand. As
before, best results for bis(oxazoline) (4S)-t-Bu 51 were achieved in the synthesis of
the 3-phenylcyclopentanone 42 (Table 2.14, entry 32).

Thus, with most of the ligands in Figure 2.18 a general increase in enantioselectivity
is observed with increasing size of the R substituent at the site of insertion, reflecting
a steric effect. The electronic effect associated with C—H insertion at the benzylic
position of 35 is more powerful and generally leads to the highest levels of
enantiocontrol across the series of bis(oxazolines). Results obtained with 36 (R = Bn)
are comparable to those with 32 (R = Et), indicating that the benzyl substituent is
essentially acting as a primary alkyl substituent without an additional effect of the aryl
ring. As illustrated in Figure 2.18, the data recorded for C—H insertion adjacent to the
tert-butyl substituent of 34 is somewhat out of line relative to the other diazo sulfone
substrates, which may reflect the increased steric demand of the tert-butyl group.
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However, there were challenges in accurately determining the % ee in this series,
therefore, interpretation of this observation must be considered in this context.

Enantioselective CuCl-bis(oxazoline)-catalysed C—H insertions with NaBARF
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*Reactions conducted with CuCl,

Figure 2.18

Comparison of the results obtained with ligands (4R)-Ph 49 and (4R,5S)-diPh 52 is
also noteworthy. With substrates 1 (R = Me), 32 (R = Et), 33 (R = i-Pr) and 36 (R =
Bn), the enantiocontrol using ligand (4R,5S)-diPh 52 is much less than that achieved
using ligand (4R)-Ph 49. Thus, the conformational impact of the additional Ph
substituent and the alteration to an unsubstituted methylene bridge in ligand (4R,5S)-
diPh 52 appears to orientate the ligand in a less favorable position in terms of
asymmetric induction than can be achieved with the more conformationally mobile
ligand (4R)-Ph 49. The only exceptions to this pattern are observed with substrates 34
(R =t-Bu) and 35 (R = Ph), where 52-58% ee was achieved using ligand (4R,5S)-diPh
52 (Table 2.14, entries 17 and 23-25).

Investigation of the influence of doubling the catalyst concentration (Table 2.14,
entries 24 vs. 23 and 31 vs. 30) and increase of NaBARF equivalents only to 12 mol%
(Table 2.14, entry 28 vs. 27) for cyclisation of 35 interestingly led to essentially the
same levels of enantiocontrol. Thus, addition of 5 mol% copper, 6 mol% ligand and 6
mol% NaBARF was employed as the standard catalyst loading for all subsequent C—H
insertion reactions.

Yields obtained for copper-catalysed C—H insertions with NaBARF (Table 2.14) were
generally good, averaging at 70% and, therefore, representing an increase with respect
to reactions in the absence of NaBARF (Table 2.12), where yields of less than 60%
were typically recorded. In general, cleaner *H NMR spectra were observed for the
crude reaction mixtures of reactions with NaBARF versus the corresponding reactions
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in the absence of NaBARF, with impurities commonly observed for the latter process.
Thus, the presence of the additive appears to increase selectivity towards C-H
insertion. Indeed, formation of competing O-H insertion and p-keto sulfone
byproducts was found to be significantly reduced for CuCl- and CuCl,-catalysed
reactions employing NaBARF (Table 2.14 vs. Table 2.12, entries 1, 3, 4, 6, 8-10, 13,
14, 17, 18 and 21); typical ratio of C—H insertion : O—H insertion reactions in the
absence of NaBARF was 1 : 0.30, while ratio for corresponding reactions with
NaBARF was 1 : 0.04. Figure 2.19 highlights the observed differences in byproduct
formation for CuCl-catalysed reactions with and without NaBARF.

Comparison of byproduct formation for CuCl-bis(oxazoline)-catalysed
C—H insertions with and without NaBARF
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% relative to cyclopentanone formation as observed by integration of the *H NMR spectra of the crude reaction mixtures
Figure 2.19

Despite the dramatic influence of the additive species on the occurrence of competing
intermolecular water insertion and diazo reduction, the addition of NaBARF to the
catalytic mixture was found to have minimal impact on formation of the
tetrahydrofuran byproduct 54 (Table 2.15 and Figure 2.20) e.g. ratios of 42 : 54 were
1:0.16 (Table 2.13, entry 5) and 1 : 0.19 (Table 2.13, entry 9) for CuCl-catalysed
insertion with ligand (4R)-Bn 50 and (4R,5S)-diPh 52, respectively, in the absence of
NaBARF and 1 : 0.10 (Table 2.15, entry 6) and 1 : 0.22 (Table 2.15, entry 3) for the
corresponding insertions with NaBARF.
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Table 2.15 Formation of cyclopentanone 42 versus tetrahydrofuran 54 for reactions

Ph

in the presence of NaBARF?

o Cu (5 mol%), o

L* (6 mol%),

sopn NaBARF (6 mol%) SO,Ph PhO,S o
> + L
CH2C12, reflux
N2 ~, H

Ph

major minor
35 42 54
Entry Cu L* 42 : 54°
1 CucCl (4R)-Ph 49 1:0.00
2 CuCl, (4R)-Ph 49 1:0.15
3 CuCl (4R,5S)-Ph 52 1:0.22
4 CuCl (4R,55)-Ph 52 1:0.32
5 CuCl, (4R,5S)-Ph 52 1:0.04
6 cucCl (4R)-Bn 50 1:0.10
7 CuCl, (4R)-Bn 50 1:0.06
g CuCl, (4R)-Bn 50 1:0.03
9 CuCl (3S,8R)-Ind 53 1:0.08
10 CuCl, (3S,8R)-Ind 53 1:0.17
11° CuCl, (3S,8R)-Ind 53 1:0.15
12 CucCl (4S)-t-Bu 51 1:0.27

# Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for details).

PRatios based on integration of the C(2)H doublet of 42 and the &y 5.62 singlet of 54 in the *"H NMR spectra of the
crude reaction mixtures.

€10 mol% copper, 12 mol% ligand, 12 mol% NaBARF.

412 mol% NaBARF.

Comparison of recorded levels of the tetrahydrofuran byproduct 54 for CuCl and
CuCl,-catalysed reactions of a-diazo-f-keto sulfone 35 with and without NaBARF
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Figure 2.20
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Reactions with the tert-butyl-substituted diazo 34 were found to be more complex
than those observed for synthesis with the other a-diazo-B-keto sulfones 1, 32, 33, 35
and 36. The presence of the sterically bulky tert-butyl group, therefore, appears to
reduce chemoselectivity towards C—H insertion into the adjacent C(5) bond, allowing
other processes to effectively compete with desired cyclopentanone synthesis. Such
processes may include insertion into the C(7) methyl group, providing 4,4-dimethyl-2-
(phenylsulfonyl)cycloheptanone (Figure 2.21), however, no analytically pure sample
to confirm the presence of this byproduct was obtained. Indeed, the formation of this
cycloheptanaone byproduct would be unusual considering the formation of seven-
membered ring products has been previously reported only for insertions into highly
activated C—H bonds.*®*! As with the other diazo substrates, competing O—H insertion
was also observed for reactions of 34, as characterised by the appearance of a singlet
at 84 5.17 in the 'H NMR spectrum of the crude reaction mixture. Due to the
complexity of the crude reaction mixture, purification of the desired cyclopentanone
product 41 was often difficult and in some cases the final isolated product sample was
not fully clean. As a result, enantioselectivity values for these samples (Table 2.14,
entries 16, 17 and 20) are tentatively assigned.

SO,Ph

4,4-dimethyl-2-(phenylsulf onyl)cycloheptanone
Figure 2.21

Notably, in contrast to CuCl- and CuCl,-catalysed insertions (Table 2.14), the
presence of NaBARF was found to have little impact on the outcome of reactions
employing Cu(OTf), and Cu(MeCN)4PFs as the copper source. As shown in Table
2.16, short reaction times, good vyields, minimal competing O-H insertion and
moderate to good enantioselectivities were recorded for Cu(OTf),- and
Cu(MeCN)4PFg-catalysed reactions of a-diazo-B-keto sulfones 1, 32, 35 and 36. These
results largely parallel those previously observed for the corresponding reactions in
the absence of NaBARF (Table 2.16 vs. Table 2.12). Thus, as displayed in Figure
2.22, addition of the additive species in this case does not offer any significant
improvements in terms of yield, chemoselectivity or enantiocontrol.
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Table 2.16 Copper-bis(oxazoline)-catalysed C—H insertions of a-diazo-f-keto
phenylsulfones with NaBARF*

o Cu (5 mol%), o
L* (6 mol%),
R SO,Ph NaBARF (6 mol%) SO,Ph
CH,Cl,, reflux
N2 /,/
R

Entry Diazo Product R Cu L* C—H:Red:O-H" Time (h) Yield (%)° ee (%)**
1 1 2 Me  Cu(MeCN),PFg (4R)-Ph 49 1:0.03:0.000 2 69 21 (2S, 3R)
2 32 39 Et  Cu(MeCN),PFs (4R)-Ph 49 1:001:000 1 49° 29 (2S, 3R)
3 35 42  Ph  Cu(MeCN),PF; (4R)-Ph 49 1: " :010 1 63 49 (28, 39)
4 35 42  Ph  Cu(OTf), (4R)-Ph 49 1: -" :000 2 64 49 (25, 39)
5 35 42  Ph  Cu(MeCN),PFs (4R)-Bn50  1: -" :000 2 87 60 (2S, 39)
6 35 42  Ph  Cu(OTf), (4R)-Bn50  1: -" :0.00 2 59 68 (2S, 39)
7 35 42  Ph  Cu(MeCN),PF; (3S,8R)-Ind53 1: -" :000 3 75 78 (2R, 3R)
8 35 42  Ph  Cu(OTf), (3S,8R)-Ind53 1: -" :0.00 2 65 88 (2R, 3R)
9 36 43  Bn  Cu(MeCN),PFs (4R)-Ph 49 1:002:000 2 45° 32 (25, 39)

# Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for details).

b Ratio of C—H insertion : diazo reduction (Red) : O—H insertion based on integration of the C(2)H doublet of the
cyclopentanone product, the C(1)H, singlet of the B-keto sulfone and the 6y 5.14-5.17 singlet of the O—H insertion
product, respectively, in the *H NMR spectra of the crude reaction mixtures.

° Yield of trans-cyclopentanone after column chromatography.

¢ Enantiopurity of trans-cyclopentanone determined by chiral stationary phase HPLC (see appendix | for details).

¢ Stereochemical assignments were made by comparison with previously reported rotation and HPLC data (see
Appendix | for details).*”®

fUnknown singlet observed at &y 9.22 in the *H NMR spectrum of the crude reaction mixture.

9 Isolated product contains minor amount of B-keto sulfone (R = Et: 24, R = Bn: 28).

M Ratio of B-keto sulfone 27 not determined due to overlap with the C(3)H signal of cyclopentanone 42, but 27 is
presumed to be present in low levels.
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Comparison of yield, chemoselectivty and enantioselectivity for Cu(MeCN),PFs-catalysed
C—H insertions with and without NaBARF
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Figure 2.22

2.6.2.2 C—H insertions in the presence of a range of additive species

As previously stated, the mechanistic role that NaBARF plays in enhancing
asymmetric induction in carbenoid insertion reactions has not been discussed in the
literature. With this in mind, copper-catalysed C—H insertions in the presence of a range
of additives were next examined in an effort to determine their role in such processes. For
this purpose, the effects of nine different additives [NaBARF, NaPFgs, NaB(Cg¢Hs),,
NaBF,;, KBARF, KPFg, LiPFs, AgBARF and AgPFs] were investigated (Table 2.18 and
Figure 2.23). These additives were selected to enable investigation of the influence of
both the nature of the metal cation and counteranion.
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Table 2.18 Copper-bis(oxazoline)-catalysed C—H insertions with various additives®

CuCl, (5 mol%),
L* (6 mol%),
Ph so,ph  additive (6 mol%) SO,Ph

fy
'

CH2C12 5 reflux

N2 “,
“Ph
35 42
Entry  Additive Time (h) Yield ee (%)*°
(%)°
L* 53 50 49 53 50 49 (3S,8R)-53  (4R)-50 (4R)-49
1 - 21 21 30 62 57 48 14 (2R,3R) 9 (25,35)  10(2S, 39)
2 NaBARF 2 2 2 87 65 69 89 (2R, 3R)  79(2S,35) 57 (2S,3S)
3 NaPFg 4 8 5 66 75 43 83(2R,3R)  76(2S,35)  55(2S,3S)
4 NaB(CgHs), 5 36 20 77 77 71 25(2R,3R)  46(2S,35)  15(2S, 3S)
5 NaBF, 20 35 20 63 56 53 11 (2R,3R) 22(25,3S) 7 (2S,39)
6 KBARF 2 2 2 59 67 80 91 (2R,3R)  78(2S,3S) 49 (2S, 35)
7 KPFq 20 25 29 43 36 42 35(2R,3R) 56(2S,35)  37(2S,3S)
8 LiPFg 5 5 5 78 83 59 71(2R,3R)  78(2S,35)  51(2S,3S)
9 AgBARF 2 2 2 89 80 71 52 (2R,3R) 76 (2S,3S) 45 (2S, 3S)
10 AgPFg 2 2 2 81 78 80 77 (2R, 3R) 59 (2S,35)  53(2S, 3S)

? Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for
details).

®Yield of trans-cyclopentanone 42 after column chromatography.

¢ Enantiopurity determined by chiral stationary phase HPLC (see Appendix | for details).

4 Stereochemical assignments for 42 were made by comparison with previously reported rotation and HPLC data (see
Appendix | for details).%

A variety of sodium salts, (displaying varying solubilities in dichloromethane), was
initially explored to determine their effects on enantioselectivity in the cyclisations of a-
diazosulfone 35. Enantioselectivities obtained in the presence of sodium
hexafluorophosphate were found to largely parallel those achieved with NaBARF,
although increased reaction times were recorded (Table 2.18, entry 3). Reactions with the
remaining sodium salts, sodium tetraphenylborate and sodium tetrafluoroborate,
displayed significantly decreased enantiocontrol, and considerably longer reaction times
were required (Table 2.18, entries 4 and 5). From the results obtained for the C—H
insertion reactions of a-diazosulfone 35 the following order of effect on enantioselectivity
may be defined: NaBF, < NaB(C¢Hs)s << NaPFs < NaBARF (Figure 2.23). This pattern
is in line with results reported by Pfaltz and co-workers for studies of anion effects in
asymmetric hydrogenation reactions employing iridium-phosphinooxazoline catalysts, in
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which increased reaction rates and catalyst stability were observed in the presence of
BARF compared to other anionic species such as PFg~ and BF,.****® Indeed a similar
effect was also observed by Zhou and co-workers for asymmetric hydrovinylation
reactions employing catalytic palladium complexes of chiral phosphoramidite and
phosphate ligands.'? In this previous work, improving reactivity and enantioselectivity
were recorded for various counteranions in the order: OTf < BF,; < PFg < SbFs <
BARF .

Comparison of enantioselectivities for reaction of 35 in the presence of

various additive species
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Figure 2.23

Reactions employing KBARF as an additive (Table 2.18, entry 6), were found to result in
similar levels of enantioselectivity in comparison to C-H insertions in the presence of
NaBARF (Table 2.18, entry 2), with reaction times and yields also seen to be generally in
agreement. A slight increase in the level of enantioinduction achieved (91% ee) was
recorded for the reaction in the presence of KBARF and the indane-derived ligand
(3S,8R)-53. Notably, this result represents the highest level of asymmetric induction
recorded to date for cyclopentanone synthesis via C—H insertion, proving superior to the
previous record for rhodium-catalysed enantioselective cyclisations employing a-diazo-f3-
keto esters in which up to 80% ee was achieved.>

In contrast to reactions employing NaBARF and NaPFg as additives in which similar
levels of enantioselectivity were recorded, a significant falloff in enantioselectivity was
recorded for cyclisations in the presence of KPFg relative to the corresponding KBARF
reactions (Table 2.18, entries 7 vs. 6). This decrease in asymmetric induction, as well as
the considerable increase in reaction times, is believed to be a related to poor solubility of
KPF¢ in the reaction solvent which may limit its effect in the C—H insertion process
(accurate solubility data for the additive species in dichloromethane was not available in
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the literature, but it was clear when conducting these experiments that KPFg was
noticeably less soluble). Despite a slight increase in reaction times, high levels of
asymmetric induction were again observed for C—H insertions in the presence of LiPFg
(Table 2.18, entry 8). Enantioselectivities obtained for these cyclisations were largely in
line with those previously observed for reactions employing NaBARF, however, a
decrease in enantioselectivity was recorded for insertion with ligand (3S,8R)-Ind 53
(Table 2.18, entries 2 vs. 8).

Use of the silver(l) salts AgBARF and AgPFg was also found to provide enhanced
enantiocontrol relative to reactions with CuCl, and bis(oxazoline) ligand in the absence of
an additive (Table 2.18, entries 9 and 10 vs. entry 1). Results obtained for these
experiments did not follow the trends previously observed with the alkali metal salts as
additives e.g. higher enantioselectivity observed with AgPFgs (77% ee and 53% ee) versus
AgBARF (52% ee and 45% ee) for insertions with the benzyl-substituted ligand (4R)-50
and the phenyl-substituted ligand (4R)-49, respectively. These deviations may be due in
part to the light sensitive nature of the silver(l) salts.

In studies by Fraile and co-workers examining the role of the counterion in copper-
bis(oxazoline)-catalysed enantioselective cyclopropanation reactions, the presence of the
chloride counteranion was shown to dramatically decrease enantioselectivity compared to
reactions with the more weakly-coordinating triflate anion (Scheme 2.22)."*? Theoretical
calculations subsequently conducted by Fraile revealed that the presence of the strongly-
coordinating chloride ion results in significant geometric changes in the catalyst structure
(Figure 2.24), with the result that the diastereomeric transition structures for the
carbenoid insertion do not possess any clear steric interaction that allows for
discrimination between the two prochiral faces of the carbene-carbon.!*

CuXn,
(4S)-t-Bu 51
/ * OEt > ) & ®) ®
Ph S \
N| CHaCh PR . CO,Et Ph . CO,Et
2 major minor
CuX, =CuOTf: 94%eec 92% ee
CuX,, = CuCl: 3% ee 8% ee
Scheme 2.22
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It has been suggested in earlier reports for other transformations that the primary function
of NaBARF is the abstraction of chloride from the catalytic structure.”®™*" It was
therefore envisaged that complete or partial abstraction of chloride by the ‘naked” sodium
ion of NaBARF occurs in the C-H insertion reactions of 35, thereby altering the
geometry of the catalytic complex resulting in higher levels of enantiocontrol. The
observation of small amounts of an insoluble white solid in the reaction flask following
reaction completion, found to be NaCl by PXRD analysis, supports this theory (Figure
2.25).

R R
o 0, Na‘* BARF
R! [ | R! —> R +  Na‘Cr
N.. N ﬁ N
b"Cluv
2 2
® Cl R

B. \RF
altered catalyst geometry

PXRD

Figure 2.25

The results obtained in Table 2.18 indicate that the nature of the counterion in the metal
(Na, K, Li, Ag) additives only plays a role in terms of enantioselectivity in so far as it
enables solubility of the group I cations. Thus, the key role of the additives is in
generating a poorly-solvated ‘naked’ alkali metal cation in the dichloromethane solution.
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Taking the above findings into account, replacement of CuCl, with a copper source
possessing a more weakly-coordinating anion should lead to increased levels of
enantioselectivity for our C—H insertion reactions. Such an effect has been previously
observed by Zhou and co-workers for copper-catalysed carbenoid insertions into Si-H
bonds in which enantioselectivites in excess of 90% ee were recorded for reactions in the
presence of Cu(MeCN),PFs and Cu(OTf), without addition of NaBARF.** In this project,
insertion reactions of diazosulfone 35 with the weakly coordinating Cu(MeCN)4PFs and
Cu(OTf), salts (Table 2.12, entries 2, 5, 7, 11, 12, 15, 16, 19, 20 and 22) were previously
found to result in significantly higher levels of enantiocontrol compared to CuCl and
CuCl,-catalysed reactions (Table 2.18, entry 1 and Table 2.12, entries 1, 3, 4, 6, 8-10,
13, 14, 17, 18, 21), although failing to reach the levels recorded for cyclisations in the
presence of NaBARF (Table 2.18, entry 2 and Table 2.14). This outcome is consistent
with BARF~ being much less coordinating than both PFs and OTf.'?®

We have previously observed (Figure 2.19) that the presence of NaBARF in the catalytic
mixture results in a significant decrease in chemoselectivity towards O—H insertion for
CuCl-catalysed reactions. In this context, interesting trends in terms of chemoselectivity
for C—H insertion versus O—H insertion into adventitious water were seen in the
cyclisations of a-diazo-p-keto sulfone 35 described in Table 2.18. Depending on the
nature of the additive species, varying amounts of O—H insertion products were observed
in the CuCl,-catalysed reactions (Figure 2.26). Significantly, with only one exception
noted [KPFg and (4R)-Bn 50], all additives tested were found to lead to reduced levels of
O-H insertion compared to reactions in which no additive was present. Therefore,
potentially the ‘naked’ metal ions are also behaving as water scavengers, complexing any
adventitious water in the medium and thereby decreasing O—H insertion. In general the
BARF salts (Na', K" and Ag") were observed to provide the highest levels of
chemoselectivity compared to the other additive species examined, however, this trend
was not absolute e.g. decreased O—-H insertion was observed for reaction with AgPFg and
(3S,8R)-Ind 53 versus corresponding reactions in the presence of NaBARF, KBARF and
AgBARF.
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%0-H insertion for CuCl,-catalysed reactions of a-diazo-f-keto sulfone 35
50
45
40 -
35 - =#= (35,8R)-Ind 53
%0-H 30 - —=— (4R)-Bn50

insertion
25

—s=— (4R)-Ph49
20 -
15 -
10 -

5 -

0 - ‘ ‘ ‘ ‘ ‘ — , . .
NaBARF KBARF ' AgBARF NaPF; = KPFg AgPFs | LiPFg NaB(CgHi)s NaBFy = —

Additive

Figure 2.26

In order to confirm the key role that the metal ion (Na*, K*, Li*, Ag") plays in enhancing
the efficiency and enantioselectivity of the C—H insertion reactions of a-diazosulfone 35,
a number of experiments were conducted with NaBARF in the presence of 15-crown-5
(Table 2.19). 8 mol% Crown ether was employed in these reactions providing a slight
excess relative to NaBARF (6 mol%). Crown ethers are widely recognized as strong
binding agents for metal ions, with 15-crown-5 known to have a particular high affinity
for sodium cations.**® Addition of 15-crown-5 to our catalytic system comprising CuCls,
bis(oxazoline) ligand and NaBARF was found to have a significant detrimental effect on
both the time required to achieve reaction completion and the level of enantioselectivity
obtained (Table 2.19, entries 1-3). Through crown ether-mediated complexation of the
sodium cation, chloride abstraction is prevented with the result that the copper-
bis(oxazoline) complex can no longer adopt a geometry leading to efficient asymmetric
induction. Thus, the presence of the crown ether negates the enhancement of
enantioselectivity previously observed for insertions employing NaBARF, thereby
confirming the key role of the sodium cation in this effect.
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Table 2.19 C—H insertions in the presence of 15-crown-5%

o o CuCl, (5 mol%), o
L* (6 mol%),
Ph SO,Ph + C o) NaBARF (6 mol%) SO,Ph
o} e}

CH,Cl,, reflux

N, \_/ ",
15-crown-5 Ph
(8 mol%)
35 42
Entry L* Time (h) Yield (%)° ee (%)% | Time (h) Yield (%)° ee (%)"°
Reactions with 15-crown-5 Reactions without 15-crown-5
1 (3S, 8R)-Ind 53 20 63 25(2R,3R) | 2 87 89 (2R, 3R)
2 (4R)-Bn 50 48 50 28 (28, 39) 2 58 81 (2S, 39)
3 (4R)-Ph 49 20 62 20 (2S, 39S) 2 69 57 (2S, 39S)

 Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for details).

b Yield of trans-cyclopentanone 42 after column chromatography.

¢ Enantioputiry determined by chiral stationary phase HPLC (see Appendix | for details).

9 Stereochemical assignments were made by comparison with previously reported rotation and HPLC data (see
Appendix | for details).%®

2.6.3 Investigation of reaction conditions

2.6.3.1 Investigation of solvent effects

Asymmetric transformations are often governed by many subtle factors including
choice of reaction solvent and reaction temperature. To this end, we next wished to
investigate the effect of variation of solvent on the copper-bis(oxazoline)-catalysed C-H
insertion reactions of a-diazo-p-keto sulfones (Table 2.20). Three solvents were chosen
for this purpose; dichloromethane (DCM), toluene and dichloroethane (DCE). All three
solvent systems are commonly employed in both rhodium- and copper-catalysed C-H
insertions in the literature.>”*® CuCl-catalysed reaction of a-diazo-p-keto sulfone 35 in
refluxing dichloromethane in the presence of bis(oxazoline) (4R,5S)-diPh 52 and
NaBARF was found to provide cyclopentanone 42 in high yield (82%) and moderate
enantioselectivity (58% ee), albeit with a long reaction time (22 h) (Table 2.20, entry 1).
Change of solvent to the higher boiling toluene resulted in a significantly decreased
reaction time (4 h), however, a reduction enantiocontrol (32% ee) was also observed
(Table 2.20, entry 2 vs. 1). Short reaction time (2 h) and moderate asymmetric induction
(51% ee) were recorded for employment of dichloroethane as solvent in the CuCl-
catalysed cyclisation of 35 (Table 2.20, entry 3 vs. 1).
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Increase of reaction temperature has previously been shown to be associated with a
corresponding decrease in enantiocontrol in several literature examples of rhodium- and
copper-catalysed insertion reactions.®**®*** Indeed, it is generally accepted that
enantioselectivity in chiral processes increases with decreasing temperature.******> Thus,
the decrease in enantioselectivity observed for employment of toluene as reaction solvent
(Table 2.20, entry 2 vs. 1) was not unexpected. Surprisingly, however, increase of
temperature for reaction in dichloroethane was found to lead to only a modest decrease in
enantiocontrol (Table 2.20, entry 3 vs. 1). As was previously observed (Table 2.14),
CuCl- and CuCl,-catalysed insertions provided very similar outcomes in terms of
enantioselectivty (Table 2.20, entry 1 vs. 4 and entry 3 vs. 5).

Table 2.20 Investigation of solvent effects for C—H insertions of a-diazo-f-keto sulfone

35°
o Cu (5 mol%), 0
L* (6 mol%),
Ph so,ph NaBARF (6 mol%) SO,Ph
reflux
N2 ///
Ph

35 42
Entry Cu L* Solvent b.p (°C) 42:54:46° Time (h) Yield 42 (%)° ee 42 (%)*°
1 CuCl (4R55)-diPh52 DCM 40 1:0.03:0.00 22 82 58 (2S, 3S)
2  CuCl (4R5S)-diPh52 toluene 111 1:0.00:0.00" 4 66 32 (28, 39)
3  CuCl (4R5S)-diPh52 DCE 84 1:0.17:0.01" 2 70° 51 (2S, 3S)
4  CuCl, (4R5S)-diPh52 DCM 40 1:0.04:005 2 54 52 (2S, 3S)
5 CuCl, (4R5S)-diPh52 DCE 84 1:0.06:0.04" 2 47 51 (2S, 3S)

2 Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for
details).

b Ratio of C—H insertion : alkene formation : O—H insertion based on integration of the C(2)H doublet of cyclopentanone
42 product, the 8, 5.62 singlet of 54 and the &y 5.14 singlet of the O—H insertion product 46, respectively, in the *H
NMR spectra of the crude reaction mixtures.

°Yield of trans-42 after column chromatography.

9 Enantiopurity determined by chiral stationary phase HPLC (see appendix | for details).

¢ Stereochemical assignments were made by comparison with previously reported rotation and HPLC data (see
Appendix | for details).'*®

" Unknown peaks (minor) observed in the *H NMR spectrum of the crude reaction mixture.

9 1solated product not fully clean.

Yields obtained for the copper-catalysed reactions in the solvent study were moderate to
good, ranging from 47% for the CuCl,-catalysed reaction in dichloroethane (Table 2.20,
entry 5) to 82% for the CuCl-catalysed cyclisation of 35 in dichloromethane (Table 2.20,
entry 1). Significantly, cleaner '"H NMR spectra were recorded for the crude reaction
mixtures arising from cyclisations in dichloromethane, with minor amounts of unknown
byproducts observed for reactions in toluene and dichloroethane, presumably due to
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higher reaction temperatures. For this reason, the use of dichloromethane as reaction
solvent was continued for all subsequent insertion reactions in this project.

2.6.3.2 Investigation of catalyst complexation time

The copper-bis(oxazoline)-catalysed C—H insertion reactions described thus far have
involved pre-generation of the catalytic species for 1.5 h prior to dropwise addition of the
o-diazo-B-keto sulfone substrate, in-line with literature procedures.’®*%* In order to
investigate the significance of this catalyst pre-generation period a number of experiments
were conducted examining variations in complexation time and diazo addition (Table
2.21).

Table 2.21 Investigation of catalyst complexation time for C—H insertions of
a-diazo-p-keto sulfone 35%

o CuCl (5 mol%), 0
L* (6 mol%),
Ph so,ph NaBARF (6 mol%) SO,Ph
reflux
N2 ’/,
“Ph
35 42
Entry L* Solvent Complexation 42 :54:46° Time (h) Yield 42 (%)® ee 42 (%)*'
time (h)°
1 (4R,55)-diPh 52 DCM 1.5 1:0.03:0.00 22 82 58 (2S, 39)
2 (4R,55)-diPh 52  toluene 15 1:0.00:0.00° 4 66 32 (28, 35)
3 (4R,55)-diPh 52 DCM 0" 1:0.12:004 21 64 33 (28, 3S)
4 (4R,55)-diPh 52  toluene 0" 1:0.00:0.00° 6 46 20 (2S, 39)
5 (4R,55)-diPh 52 DCM 0 1:0.25:001 16 62 55 (2S, 3S)
6 (4R,55)-diPh 52 DCM 24 1:0.07:0.05 2 71 50 (2S, 3S)

& Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for
details).

® Catalyst complexation time prior to dropwise addition of o-diazo-B-keto sulfone 35.

¢ Ratio of C—H insertion : alkene formation : O—H insertion based on integration of the C(2)H doublet of cyclopentanone
42 product, the 84 5.62 singlet of 54 and the &y 5.14 singlet of the O—H insertion product 46, respectively, in the *H
NMR spectra of the crude reaction mixtures.

4 Yield of trans-42 after column chromatography.

¢ Enantiopurity determined by chiral stationary phase HPLC (see appendix | for details).

" Stereochemical assignments were made by comparison with previously reported rotation and HPLC data (see
Appendix | for details).'*®

9 Unknown peaks (minor) observed in the *H NMR spectrum of the crude reaction mixture.

" All-in-one addition of a-diazo-B-keto sulfone 35 and catalyst prior to reflux.

An all-in-one addition strategy was first examined involving simultaneous addition of the
catalytic components (CuCl, ligand 52 and NaBARF) and a-diazo-B-keto sulfone 35 to
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the reaction flask followed by heating (Table 2.21, entries 3 and 4). Reaction times and
yields were largely unaffected by this variation from standard procedures, however, a
decrease in enantioselectivity was recorded for both the dichloromethane and toluene
reactions (Table 2.21, entry 3 vs.1 and entry 4 vs. 2). In contrast, when CuCl, (4R,5S)-
diPh 52 and NaBARF were mixed and brought directly to reflux, followed by immediate
dropwise addition of diazo sulfone 35 (Table 2.21, entry 5) similar results were recorded
in terms of reaction time and enantioselectivity compared to cyclisation with the standard
1.5 h catalyst pre-generation period, however, increased formation of alkene 54 was
observed (Table 2.21, entry 5 vs. 1). Extension of the pre-complexation time to 24 h
resulted in a slight decrease in asymmetric induction, however, a much faster cyclisation
was observed (Table 2.21, entry 6 vs. 1). Thus, as the modified procedures examined
offered no apparent advantage over the standard protocol adopted to date, 1.5 h was
deemed to be the optimal complexation time for C—H insertions of a-diazo-f-keto
sulfones and use of this procedure was continued for subsequent experiments.

Rationalising the results from Table 2.21 provides an insight into the formation of the
enantioselective catalyst species in our C—H insertion reactions. Comparison of entries 5
and 1 highlights that the enantioselective catalyst complex is formed very quickly when
the copper, ligand and additive are heated to reflux, with essentially the same asymmetric
induction observed with or without a 1.5 h pre-complexation time. In contrast, as shown
in Table 2.21, entry 3, when all species are added together prior to heating to reflux,
reduced enantioselectivity is recorded showing that the most enantioselective catalyst
species is not formed on mixing at room temperature. Interestingly, comparison of entries
1 versus 5, while showing similar enantioselectivity, display a noticeable difference in
chemoselectivity with substantially more of the tetrahydrofuran byproduct 54 formed in
the experiment without the pre-complexation reflux. This may indicate that a different
copper species present initially preferentially forms 54 through hydride abstraction,
however, this observation warrants exploration with a wider range of ligands and
substrates.

Interestingly, in a related project (Table 2.1),*" increased byproduct formation and lower
isolated thiopyran product yields were recorded for reactions in which catalyst pre-
generation was conducted versus reactions employing the all-in-one addition method.
Choice of catalyst preparation procedure did not appear to impact on enantioselectivity
for this related C—H insertion process.

2.7  Examination of a-diazo-p-keto sulfone substrate modification

The enantioselective C—H insertion reactions described thus far have employed a-
diazo-p-keto phenylsulfones as substrates. Highest asymmetric induction (91% ee) has
been achieved for insertions into the benzylic C—H bond of diazo sulfone 35, suggesting
the presence of the phenyl group plays a key role in permitting highly stereoselective
cyclopentanone synthesis. In order to gain a better understanding of the relationship
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between substrate structure and enantioselectivity, we next wished to evaluate the
significance of the phenyl rings present at both the sulfone substituent and adjacent to the
C—H insertion site on the stereochemical outcome of our C—H insertion reactions. For this
purpose, modification of the phenylsulfone moiety and alteration of the electronic
properties of the aromatic ring adjacent to the methylene group undergoing insertion were
examined (Figure 2.27).

SO,R SO,R

Y

N2

R = Me, p-BrCH, %
X = Br, OMe

Figure 2.27

2.7.1 Investigation of modifications to the sulfone substituent

Examination of C—H insertions employing a-diazo-p-keto methylsulfone substrates
was first conducted. The modified diazo compounds 37 (R = Me) and 38 (R = Ph) were
prepared as previously described (Section 2.2 and Section 2.3) and cyclised to provide
access to the 2-methylsulfonyl cyclopentanones 44 and 45, respectively. Enantioselective
CuCl,-bis(oxazoline)-catalysed reactions of 37 and 38 in the presence of NaBARF are
displayed in Table 2.22.
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Table 2.22 Copper-bis(oxazoline)-catalysed C—H insertions of a-diazo-f-keto
methylsulfones®

CuCl, (5 mol%),
0 L* (6 mol%), "
N SOMe NaBARF (6 mol%l SO,Me
CH,Cl,, reflux -
N, /,,//
R
Entry Diazo Product R L* Time (h) C-H:UBP:Red:O-H" Yield (%)° ee (%)*°
1 37 44 Me (4R)-Ph 49 5 1:0.21:0.01:0.02 88’ 16 (2S, 3R)
2 37 44 Me (4R)-Bn 50 5 1:0.90:0.06 : 0.05 83" 46 (28, 3R)
3 37 44 Me (4S)-t-Bu 51 5 1:0.01:0.00:0.03 95" 28 (2S, 3R)
4 37 44 Me (4R,55)-Ph52 5 1:0.16: 0.06 : 0.06 77 16 (2S, 3R)
5 37 44 Me (3S,8R)-Ind53 5 1:0.80:0.04 :0.06 87" 49 (2R, 39)
6 38 45 Ph  (4R)-Ph 49 2 1:090: - :0.04" 829 9 (2R, 3R)
7 38 45 Ph  (4R)-Bn 50 2 1:012: - :0.02" 90 70 (2S, 39)
8 38 45 Ph (4S)-t-Bu 51 2 1:0.20: - :0.03" 71 33 (2R, 3R)
9 38 45 Ph (4R,55)-Ph52 2 1:239: - :0.02" 60’ ~0
10 38 45 Ph (35,8R)-Ind53 2 1:0.12: -' ;002" 89 62 (2R, 3R)

& Reactions conducted using the general procedure for copper-catalysed C—H insertions (see Section 4.2.9 for details).

b Ratio of C—H insertion : unknown byproduct (UBP) formation : diazo reduction (Red) : O—H insertion based on
integration of the C(2)H doublet of the cyclopentanone product, the 8, 3.32 singlet of the UBP, the &, 4.02 singlet of
B-keto sulfone 29 and the &, 5.06-5.12 singlet of the O—H insertion product (R = Me: 55, R = Ph: 56), respectively, in
the 'H NMR spectra of the crude reaction mixture.

°Yield of trans-cyclopentanone after column chromatography.

9 Enantiopurity of trans-cyclopentanone determined by chiral stationary phase HPLC (see appendix | for details).

¢ Stereochemical assignments for 44 were made by comparison to previously reported rotation and chiral HPLC
data.”® Absolute stereochemistry of 45 determined by single crystal analysis (see appendix | for details).

fIsolated product contains minor amount of unknown byproduct(s).

9 Unknown byproduct also isolated in ~10% yield.

" Unknown peaks observed in the *H NMR spectrum of the crude reaction mixture.

" Ratio not determined due to overlap of the 8 4.02 singlet of B-keto sulfone 30 with the C(2)H doublet of 45, but 30 is
presumed to be present in low levels.

1 |solated product not fully clean.

Replacement of the phenylsulfonyl moiety adjacent to the diazo group with a
methylsulfonyl group was found to have a dramatic effect on enantioselectivity in the
C-H insertions under investigation (Figure 2.28). In general, considerably reduced
asymmetric induction was recorded for reactions of the a-diazo methylsulfones 37 and
38 compared to reactions with the corresponding a-diazo phenylsulfones 1 and 35,
although two exceptions to this trend were observed for insertion of 37 (Table 2.22,
entries 3 and 4 vs. Table 2.14, entries 2 and 5), albeit with modest enantiopurities. As
was previously noted for cyclisations with a-diazo-B-keto phenylsulfones 1 and 35, the
benzyl ligand (4R)-50 and the indane-derived bis(oxazoline) (3S,8R)-53 were found to
provide the highest levels of enantiocontrol for synthesis of the cyclopentanones 44 and
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45 (Table 2.22, entries 2, 5, 7 and 10). Interestingly, in two instances (Table 2.22,
entries 3 and 6) the opposite enantiomer to that observed for the corresponding
phenylsulfonyl derivatives (Table 2.14, entries 5 and 22) was found to be in excess.
This indicates that the change of the sulfone substituent results in a significant
alteration in transition state geometry, to the extent that enantiomeric preference is
reversed for synthesis of the products 44 and 45 in the presence of the ligands (4S)-t-
Bu 51 and (4R)-Ph 49, respectively. This observation is significant in enhancing our
understanding of the mechanistic aspects of the enantioselective C—H insertion process
(see Section 2.9 for discussion).

Comparison of enantioselectivities for copper-bis(oxazoline)-catalysed C—H insertions
of a-diazo-f-keto methylsulfones versus phenylsulfones
100 -

80 -

60 - (25,3R)
" EWG=50,Me44

Y%ee o

m EWG=50,Ph 2
20 -

40 A
(2R,35)
60 -

80 -

100 2 -
(4R)-Ph49  (4R)-Bn50  (45)-t-Bu51  (4R,55)-diPh52  (35,8R)-Ind53

L*
100

. EWG=50;Me 45

% ee
B EWG=50,Ph 42

20

40

60

(2R,3R)

80

(4R)-Ph 49 (4R)-Bn 50 (45)-1-Bu 51 (4R,55)-diPh 52 (35,8R)-Ind 53
L*
Figure 2.28
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In addition to the observed effects on enantioselectivity discussed above, change from the
phenylsulfonyl to methylsulfonyl group was found to result in reduced chemoselectivity
towards intramolecular C-H insertion. Thus, increased levels of byproducts were
observed in the *H NMR spectra of the crude reaction mixtures obtained from the
experiments described in Table 2.22. Such byproducts included 1-hydroxy-1-
(methylsulfonyl)heptan-2-one 55 and 1-hydroxy-1-(methylsulfonyl)-5-phenylpentan-2-
one 56 arising from O-H insertion of 37 and 38, respectively, 1-(methylsulfonyl) hexan-
2-one 29 and 1-(methylsulfonyl)-5-phenylpentan-2-one 30 resulting from reduction of the
diazo moieties of 37 and 38, respectively, and 2-[(methylsulfonyl)methylene]-5-
phenyltetrahydrofuran 57, formed by intramolecular nucleophilic attack of the enolic
oxygen at the benzylic position of the phenyl-substituted diazo 38, as previously
discussed in Section 2.6.1. Levels of 57 observed in the *H NMR spectra of the crude
product mixtures for reactions of 38 (Table 2.22, entries 6-10) were largely in line with
those previously observed for formation of 54 in corresponding cyclisations of a-diazo-f-
keto phenylsulfone 35 (Figure 2.29).

100 -

90 -

80 - °

70 - ==

60 -

—+— R=Me 57
% 50 -

40 -
30 -
20 -

10 P

0

{4R)-Ph48  (4R)-BnS0  (45)-£BuS1  (4R5S5)-diPh52  (35,2R)-Ind53
L*

*04 relative to cyclopentanone formation as determined by integration of the *H NMR spectrum of the crude reaction mixtures

Figure 2.29

The *H NMR spectrum of the crude reaction mixture from the CuCl,-catalysed reaction
of 37 in the presence of (3S,8R)-Ind 53 and NaBARF (Table 2.22, entry 5) is presented in
Figure 2.30. The spectrum shows minor signals for the byproducts 29 and 55, however,
the presence of several other unidentified byproduct peaks are also noted. In particular,
major signals (~40% relative to cyclopentanone 44) are observed at o4 2.71 and 3.32
(UBP in Table 2.22), meaning byproduct formation is occurring to a significant level.
The unknown singlet signals were also observed in the *H HMR spectrum of the product
44 isolated after column chromatography. These signals were no longer observed by *H
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NMR analysis of a sample of 44 stored for approximately 1 month at low temperature,
suggesting the unknown byproduct formed is an unstable compound. Observation of these
unknown singlet signals were not previously recorded for cyclisations with a-diazo-p-
keto phenylsulfone substrates. C—H insertion into the methylsulfonyl group is not thought
to have occurred as such a byproduct would be characterised by distinctive multiplet
signals in the region of &y 3.5-4.5, representing the methylene protons of the episulfone
ring. It is possible that the unknown byproduct signals observed in Figure 2.30 may
represent a methyl sulfonyl compound analogous to the ‘unknown aromatic compound’
previously described for reactions of a-diazo-B-keto phenylsulfones (Scheme 2.21),
however, no evidence to support this theory was obtained in this project.

Figure 2.30 &4 (400 MHz, CDCl3)

It was clear from the results discussed above that the presence of the phenyl ring at the
sulfone substituent plays a key role in chemo- and enantiocontrol in the C—H insertion
reactions of a-diazo-p-keto sulfones. Therefore, we next wished to assess the impact of
modification of the electronic properties of this aromatic ring. For this purpose, a novel
diazo compound possessing a para-bromophenylsulfonyl group was prepared (Scheme
2.23). Synthesis began from commercially available 4-bromothioanisole which was
converted to the corresponding sulfone 58 by oxidation with hydrogen peroxide. Reaction
of 58 with ethyl 4-phenylbutanoate 20 and lithium diisopropylamide in THF provided 1-
(4-bromophenyl)sulfonyl-5-phenylpentan-2-one 59 which was converted to its diazo
derivative 60 by treatment with p-tosyl azide 31 and potassium carbonate as previously
described (Section 2.3). Cyclisation of 1-diazo-1-(4-bromophenyl)sulfonyl-5-
phenylpentan-2-one 60 with rhodium(ll) acetate produced the novel cyclopentanone 2-(4-
bromophenyl)sulfonyl-3-phenylcyclopentanone 61 as a racemic mixture for use in chiral
stationary phase HPLC analysis. The synthesis and behaviour of each of the compounds
in Scheme 2.23 mirrored very closely the parent series in the absence of the bromine
substituent, except for the first step of the sequence in which a slightly decreased yield
(30%) was recorded.
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Scheme 2.23

CuCl,-bis(oxazoline)-catalysed C—H insertions of a-diazo-p-keto 4-bromophenylsulfone
60 are presented in Table 2.23. Interestingly, the introduction of an electron-withdrawing
substituent (Br) on the phenylsulfonyl ring was found to have little or no effect on
efficiencies, yields and levels of enantioselectivity achieved for cyclopentanone synthesis
(Figure 2.31). This would seem to suggest that the primary influence of the
phenylsulfonyl ring on enantiocontrol is a steric one, although further experiments
examining a wider range of modifications at the sulfone site are required to fully validate

this view.
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Table 2.23 Copper-bis(oxazoline)-catalysed C—H insertions of a-diazo-f-keto
4-bromophenylsulfone 60%

CuCl, (5 mol%),
L* (6 mol%),
NaBARF (6 mol%),
CH,Cl,, reflux

o o}
O\\S// ° \\S/ ° o Ph N i O\S //O
sqgoRiosses
“, H OH
% Br Br Br
61 62 63
(major) (minor) (minor)
Entry L* Time (h) 61:62: 63" Yield 61 (%)° ee 61 (%)*'
1 (4R)-Ph 49 2 1:0.30:0.03° 77 47 (2, 3S)
2 (4R)-Bn 50 2 1:0.12:0.03 62 83 (28, 39)
3 (4S)-t-Bu 51 18 1:032:0.11 71 68 (2R, 3R)
4 (4R,55)-Ph52 2 1:0.26:0.04° 49 53 (25, 39)
5 (35,8R)-Ind 53 2 1:0.19:0.04 47 87 (2R, 3R)
& Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9

for details).

b Ratio of C—H insertion : alkene formation : O—H insertion based on integration of the C(2)H doublet of
cyclopentanone 61, the &y, 5.62 singlet of 62 and the 8y 5.14 singlet of 63, respectively, in the 'H NMR spectra of the
crude reaction mixtures.

¢ Ratio of B-keto sulfone 59 formation not determined due to overlap of the C(1)H, signal of 59 with the C(3)H signal
of cyclopentanone 61.

9 Yield of trans-cyclopentanone 61 after column chromatography.

¢ Enantiopurity determined by chiral stationary phase HPLC (see appendix | for details).

T Absolute stereochemistry of 61 determined by single crystal analysis (see appendix | for details).

% Unknown peaks observed in the *H NMR spectrum of the crude reaction mixture.
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Comparison of enantioselectivities for copper-bis(oxazoline)-catalysed C—H insertions of

a-diazo-p-keto phenylsulfone 35 versus a-diazo-f-keto 4-bromophenylsulfone 60
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Figure 2.31

As was previously observed for reactions of 1-diazo-1-phenylsulfonyl-5-phenylpentan-2-
one 35, intramolecular alkylidene THF formation and O-H insertion were found to
compete  with C-H insertion.  Thus, minor  amounts  of  2-[(4-
bromophenylsulfonyl)methylene]-5-phenyl tetrahydrofuran 62 and 1-[(4-
bromophenyl)sulfonyl]-1-hydroxy-5-phenylpentan-2-one 63 were noted in the *H NMR
spectra of the crude reaction mixtures in Table 2.23. Observed byproducts levels were
largely in line with levels recorded for reactions of the non-brominated diazo derivative
35.

2.7.2 Investigation of modifications to the phenyl ring adjacent to the C-H
insertion site

As previously discussed (Section 2.4), C-H insertion reactions occur via a mechanism
involving complexation of the electron-deficient a-diazo carbon with the electron density
in the target C—H bond. As a result, modification of electronic properties at the target C—
H bond should in theory affect the outcome of the C—H insertion reaction. In order to
investigate this effect, two novel a-diazo-p-keto sulfone substrates were targeted: 1-diazo-
5-(4-bromophenyl)-1-phenylsulfonylpentan-2-one 64 and 1-diazo-5-(4-methoxyphenyl)-
1-phenylsulfonylpentan-2-one 65, featuring electron-withdrawing and electron-donating
groups, respectively, at the para position of the phenyl ring.

The diazo compounds 64 and 65 were prepared as outlined in Scheme 2.24. Synthesis of
carboxylic acid 67 was previously described in the literature and was prepared following
these reported procedures.*****® Accordingly, synthesis of 64 began with the Friedel-
Crafts reaction of bromobenzene and succinic anhydride with aluminium trichloride in
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1,2-dichlorobenzene to give 4-(4-bromophenyl)-4-oxobutanoic acid 66 in 62% yield. This
was followed by Wolff-Kishner reduction of the ketone moiety of 66 using the Huang-
Minlon procedure,**® providing the carboxylic acid 67 in good yield (76%). Conversion to
the corresponding previously described ester derivative 68'* was achieved by reaction of
67 with DBU and ethyl iodide in acetonitrile. The Fischer esterification procedure was
initially attempted for the synthesis of 68, however, as was previously observed for
preparation of the tert-butyl-substituted ester 18, this was not a viable synthetic route due
to formation of a large amount of an unknown byproduct. Notably, the unidentified
byproduct formed in the reaction of 67 was identical by *H NMR analysis to the
byproduct observed for the reaction of the tert-butyl-substituted carboxylic acid 16
(Figure 2.5). Employment of the Fischer procedure was successfully used for the
esterification of commercially available 4-(4-methoxyphenyl)butanoic acid, providing
access to the previously described ester methyl 4-(4-methoxyphenyl)butanoate 69*° in
high yield (98%).

Br.

(o]
AICly o]
0 + - = _
dichlorobenzene
Br 85 °C OH
[e]

o 66

KOH, H,NNH,
TEG, reflux

62% yield

MeO.
o Br.
o
OH Hy80,, DBU, Etl,
w;ref lux jy OH
67

R 76% yield
\©\/\/ﬁ\
OR!

68R =Br,R! =Et:  48% yield
69 R = OMe, R! = Me: 98% yield

(1)PhSO,Me,
n-BuLi (2 equivs),
DIPA (2.1 equivs), THF

(1)PhSO,Me,

n-BuLi (2 equivs),

= R=Br
R =0Me [THF

(i1) aq.NH4Cl (ii) aq.NH,C1
o
R o R (OA SO,Ph
p-TsN;, K,CO; R lzfnol;)“’
SO,ph —mM8M8m—— °
MeCN SOPh e e,

70R=Br:  53% yield 64R=Br:  63%yield | reflux
71 R = OMe: 82% yield 65R = OMe: 81% yield

72R=Br: 86% yield
73 R = OMe: 34% yield

Scheme 2.24
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The esters 68 and 69 were subsequently transformed to the corresponding sulfone (70 and
71) and diazo (64 and 65) compounds (Scheme 2.24) using similar procedures to those
reported for synthesis of the unsubstituted phenyl derivatives 27 and 35 (Section 2.2.6
and Section 2.3). Lithium diisopropylamide was used in place of n-butyllithium for the
synthesis of 5-(4-bromophenyl)-1-phenylsulfonylpentan-2-one 70 to avoid lithium-
halogen exchange. Rhodium(Il) acetate-catalysed cyclisation of the a-diazo-p-keto
sulfones 64 (R = Br) and 65 (R = OMe) provided the novel cyclopentanones 72 and 73,
respectively. Both products were isolated exclusively as trans-isomers, with no evidence
for formation of cis-72 or cis-73 observed in the *H NMR spectra of the crude reaction
mixtures. The crude reaction mixture obtained for synthesis of para-bromo-substituted 72
was relatively clean, with approximately 12% O-H insertion product also observed.

In contrast, a complex mixture of crude products was observed in the *H NMR spectrum
for reaction of the p-methoxyphenyl diazo 65 (Figure 2.32). Such products included
those arising from competing O—H insertion (74), intramolecular attack of the enolic
oxygen at the benzylic site [(Z)-75] and hydride abstraction (trans-76).
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Figure 2.32 &4 (400 MHz, CDCly)

The observed decreased chemoselectivity towards C—H insertion is surprising given that
increase of electron density at the target C—H insertion site might be expected to result in
increased reactivity towards the electron-deficient carbenoid carbon. Rationalisation of
the altered chemoselectivity may be achieved by examination of the mechanism for C-H
insertion. Two important events are involved in the transition state for the crucial C—H
insertion step; hydride transfer from the alkane to the carbenoid carbon and catalyst
dissociation/formation of a new C-C bond. C—H insertion is widely known to be a
concerted process,”*®°? however, as reported by Nakamura and co-workers in 2002, the
C-C bond formation lags behind the hydride transfer, meaning that C-H bond
activation/C—C bond formation occurs in a nonsynchronous concerted manner (Figure
2.33). Taking this into account, the presence of the electron-donating para-methoxy
substituent on the diazo substrate 65 is believed to enhance the extent of hydride transfer
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relative to C—H insertion due to stabilisation of the cationic carbon in TS-11, resulting in
increased byproduct formation via the hydride transfer route.

TS-1 TS-11
hydride transfer catalyst dissociation &
C-C bond formation

Figure 2.33

Copper-bis(oxazoline)-catalysed C—H insertions of the electronically modified a-diazo-f-
keto sulfones 64 and 65 are presented in Table 2.24. The impact of electronic effects on
the chemoselectivity of the a-diazo-p-keto sulfone transformations was again evident
(Figure 2.34). While the introduction of an electron-withdrawing halide substituent (R =
Br) on the phenyl ring was found to result in largely similar byproduct patterns to
reactions with the unmodified diazo substrate 35 (R = H), a dramatic shift in
chemoselectivity towards intramolecular tetrahydrofuran formation was observed for
reactions of the para-methoxyphenyl-substituted diazo sulfone 65. For each of the
copper-catalysed reactions examined (Table 2.24, entries 6-10) a large excess of 75 was
observed relative to cyclopentanone 73. This is in agreement with the mechanism earlier
proposed (Scheme 2.19) for formation of 75 and related compounds; the increase in
electron density contributed by the para-methoxy substituent favours carbocation
formation through complete hydride transfer relative to the more concerted C—H insertion
pathway. Subsequent intermolecular attack of the carbocationic centre by the enolic
oxygen leads to formation of the tetrahydrofuran ring.
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Table 2.24 Copper-bis(oxazoline)-catalysed C—H insertions of electronically modified
a-diazo-p-keto sulfones®

(e}
CuCl, (5 mol%), soph
o L* (6 mol%), 2
SO,Ph NaBARF (6 mol%)
CH,Cl,, reflux - >,
N2
R
Entry Diazo Product R L* Time (h) C—H : THF: O-H" Yield (%)° ee (%)%°
1 64 72 Br (4R)-Ph 49 3 1:0.01 :0.17' 69 39 (25,3S)
2 64 72 Br (4R)-Bn 50 5 1:0.09 :0.04 86 67 (2S,39)
3 64 72 Br (45)-t-Bu 51 4 1:0.18 :0.14 73 59 (2R,3R)
4 64 72 Br (4R,58)-diPh 52 2 1:0.02 :0.04" 65 49 (25,3S)
5 64 72 Br (3S,8R)-Ind53 6 1:0.04 :0.08 60 87 (2R,3R)
6 65 73 OMe (4R)-Ph 49 2 1:3.719:0.03 25" 49 (2S,35)
7 65 73 OMe (4R)-Bn 50 2 1:8.699:0.07 20" 71 (25,39)
8 65 73 OMe (4S)-t-Bu 51 2 1:8.11%:0.25 10" 58 (2R,3R)
9 65 73 OMe (4R5S9)-diPh52 2 1:4.989:0.11 26" 59 (2S,39)
10 65 73 OMe (3S,8R)-Ind53 2 1:8.80%:0.06 19" 88 (2R,3R)
11' 35 42 H (4R)-Ph 49 2 1:0.15 :0.05 69 57 (25,39)
12' 35 42 H (4R)-Bn 50 2 1:0.06 :0.01 58 81 (25,39)
13' 35 42 H (45)-t-Bu 51! 19 1:0.27 :0.01 55 64 (2R,3R)
14' 35 42 H (4R,58)-diPh 52 2 1:0.04 :0.05 54 52 (2S,39)
15' 35 42 H (3S,8R)-Ind53 2 1:0.17 :0.02 87 89 (2R,3R)

& Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9

for details).

b Ratio of C—H insertion : THF formation : O—H insertion based on integration of the C(2)H doublet of the
cyclopentanone product, the 8 5.59-5.64 singlet of the THF byproduct (R = Br: 77, R = OMe: 75, R = H: 54) and the
8y 5.14 singlet of the O—H insertion byproduct, respectively, in the *H NMR spectra of the crude reaction mixtures.

°Yield of trans-cyclopentanone after column chromatography.

9 Enantiopurity of trans-cyclopentanone determined by chiral stationary phase HPLC (see appendix | for details).

¢ Absolute stereochemistry of cyclopentanone 72 determined by single crystal analysis (see appendix | for details).
Absolute stereochemistry of 73 and 42 determined by comparison to previously reported polarimetry and chiral HPLC

data.
" Unknown peaks (minor) observed in the *H NMR spectrum of the crude reaction mixture.

% Mixture of (2)-75 (major) and (E)-75 (minor) observed in the *H NMR spectrum of the crude reaction mixture (see

Table 2.25 for exact ratios).
" Isolated product contains minor amount (<10%) of (E)-75.
" Reproduced from Table 2.14.
I Reaction catalysed by CuCl.
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Comparison of byproduct formation for copper-bis(oxazoline)-catalysed C—H insertions

of electronically modified a-diazo-f-keto phenylsulfones
100 -

90 -

80 - ‘/‘_/_—‘\-/‘ % o
70 - 5
60 - ©/H

% 50 - —+— R=H54
a0 - R=Br77
30 - —4— R=0Me 75
20 |
0 T T T T !
(4R)-Ph 49 (4R)-Bn 50 (45)-t-Bu51  (4R,55)-diPh 52 (35,8R)-Ind 53
L*
Figure 2.34

Interestingly, a mixture of Z- and E-isomers of 75 was observed in the *"H NMR spectra
of the crude reaction mixtures for reactions of a-diazo-p-keto sulfone 65 [for (2)-75 : (E)-
75 ratios see Table 2.25]. While the Z-isomer of the tetrahydrofuran-derived byproduct
had been routinely observed for the copper-catalysed reactions of phenyl-substituted
diazo substrates (35 and 38) examined to date, the corresponding E-isomer had not been
observed. The *H NMR spectrum of (E)-75, isolated from reaction in the presence of
(4R)-Ph 49 (Table 2.24, entry 6), is presented in Figure 2.35. The novel byproduct (E)-
75 was characterised by distinctive singlet and triplet peaks at oy 5.32 and 5.83,
representing the alkene and C(2)H protons, respectively. The E-geometry about the
double bond results in pronounced changes in signal pattern for the C(4)H, protons
relative to the corresponding methylene signal (51 2.68-2.86, m) in the *H NMR spectrum
of (Z2)-75. Thus, the C(4)H, protons of (E)-75 are observed further downfield than the
C(4)H, protons of (Z)-75 and as individual multiplet signals, due presumably to
interaction with the contiguous phenylsulfonyl moiety resulting in a characteristic
diastereotopic splitting pattern. The stereochemistry of (Z)-75 was assigned by
comparison to the analogous THF derivative 54 (stereochemistry of 54 confirmed by X-
ray crystallography, see Scheme 2.19). High resolution mass spectrometry (HRMS)
analysis confirmed the presence of the molecular ion of both (Z)-75 and (E)-75 (see
Section 4.2.9 for details).
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In contrast to the dramatic effects on chemoselectivity described above, the introduction
of electron-withdrawing and electron-donating substituents onto the para position of the
phenyl ring of the diazo substrate was found to have mimimal effect on enantiocontrol
(Figure 2.36). With only one exception noted (Table 2.24, entry 9 vs. 14), a slight
decrease in enantioselectivity was recorded for reactions of the bromo- and methoxy-
substituted a-diazo-B-keto sulfones 64 and 65, respectively, relative to cyclisations with
the corresponding unsubstituted diazo compound 35. This outcome is in agreement with
previous reports by Hashimoto and co-workers who also observed reduced levels of
asymmetric induction for rhodium(ll)-catalysed C—H insertion reactions of a-diazo-p-
keto esters featuring electron-withdrawing (Br, 70% ee) and electron-donating (OMe,
57% ee) groups on the para position of the phenyl ring, relative to reactions with the
unsubstituted diazo substrate (76% ee) (Table 1.2, entries 6-8).° In the same study,
cyclopentanone synthesis was achieved with 80% enantiopurity for reaction of an a-diazo
substrate possessing a triflate substituent at the para position (Table 1.2, entry 9). The
triflate moiety is a much stronger deactivator by comparison to bromine and thus, as
increased enantioselectivity was observed with the triflate-substituted substrate, the
synthesis and exploration of a-diazo-pB-keto sulfones featuring strongly electron-
withdrawing substituents, e.g. CF3SO3, NO,, may be warranted in future projects in this
area. Indeed, improvements in both yield and enantiocontrol have been recorded for
intermolecular C—H insertions with electron deficient aryl diazoacetate precursors.****>

Comparison of enantioselectivities for CuCl,-catalysed C—H insertion reactions of
electronically modified a-diazo-f-keto sulfones

100 - —_—
(8]
60 -
40 - Q
- %
20 - (25’3'5] m X=H 42
%ee 0 - mX=Br 72
= X=0Me73
20
40 -
60 -
80 - (2R,3R)
100 - _
(4R)-Ph 49 (4R}-Bn 50 (45)-t-Bu 51 (4R,55)-diPh 52 (35,8R)-Ind 53
L*
Figure 2.36
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The samples of cyclopentanone 73 isolated from the experiments described in Table 2.24
also contained minor amounts of (E)-75 owing to co-elution of these compounds by
column chromatography. Thus, when developing methods for the determination of
enantiopurity of 73 by chiral stationary phase HPLC analysis, efforts were also made to
achieve efficient separation of the enantiomers of (E)-75. As displayed in Figure 2.37,
this was indeed achieved, albeit without full baseline separation, allowing the
enantiopurities obtained for the copper-catalysed synthesis of (E)-75 to be tentatively
assigned (Table 2.25).

0.007
] RT Area | % Area | Height ©
0.006- 1|45.767 | 250460 | 11.39| 1897 © (25,35)-73
] 2154816937898 4264 5530 m
0.0057] 3169.743 | 355466 16.16 | 2170 "-I /—\
_ 475720 | 655004 | 20.82| 3576 o S
0.004 \ (E)-75
= 1 | e~
< lI I-'-;
o« |
0003-: 5 | x|
5 g |
0.002] (2R,3R)-73 gg} f
] ' | [ II
0.00 ||l \ ]
1My [N B A
0,000l ¥ At — \"er— N TN
000 1000 2000 3000 4000 5000 6000 7000 8000 9000
Minutes
*isolated from reaction of 65 in the presence of CuCl,, (4R,5S)-diPh 52 and NaBARF (Table 2.24, entry 9).
Figure 2.37

Significantly, for the first time in this project, evidence was observed (Table 2.25) for the
influence of the chiral catalytic complex on the formation of THF products via the
hydride abstraction pathway. In each of the copper-bis(oxazoline)-catalysed reactions of
a-diazo-B-keto sulfone 65 examined some extent of asymmetric induction was observed
by chiral HPLC analysis, ranging from ~6% ee for reaction in the presence of (4R)-Ph 49
(Table 2.25, entry 1) to ~43% for cyclisation with the benzyl-substituted ligand (4R)-50
(Table 2.25, entry 2). Indeed, the copper catalyst-mediated formation of (E)-75 was also
evident by examination of the observed enantiomeric series pattern; thus, as was
previously observed for cyclopentanone synthesis (Figure 2.15), the use of ligands (4S)-t-
Bu 51 and (3S,8S)-Ind 53, with the same absolute stereochemistry, lead to the same
enantiomeric series for (E)-75 (Table 2.25, entries 3 and 5), while the opposite
enantiomer of (E)-75 was found to be in excess for reactions in the presence of the (4R)-
substituted ligands 49, 50 and 52, which have the opposite absolute stereochemistry
(Table 2.25, entries 1, 2 and 4).
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Although not isolated for reactions in the presence of the other bis(oxazoline) ligands, a
sample of (Z)-75 obtained from the CuCl,-catalysed reaction of 65 with (4R,5S)-diPh 52

displayed a specific rotation value of [a]é°—10.95 (c 0.3, CH.CIly) when subjected to

polarimetry analysis, suggesting some extent of asymmetric induction had also occured
for the formation of the Z-isomer of 75. Determination of enantiopurity by chiral
stationary phase HPLC analysis was not undertaken for this compound.

Table 2.25 Enantioselectivities for the copper-catalysed synthesis of (E)-75°
MeO

SO,Ph

65 N

CuCl, (5 mol%),

L* (6 mol%),
NaBARF (6 mol%),
CH,Cl,, reflux, 2 h

o OMe

OMe
SO,Ph
O\ o
\S/ o
> + -
H
OMe
73 (E)-75 (2)-75
Entry L* 73:(E)-75: (2)-75°  Yield 73 & (E)-75 (%)°  ee (E)-75 (%)"*
1 (4R)-Ph 49 1:1.16:2.55 55 6
2 (4R)-Bn 50 1:0.16:8.53 20 43!
3 (4S)-t-Bu 51 1:0.06: 8.05 10 8¢
4 (4R,5S)-diPh 52 1:0.07:4.91 26 30'
5 (3S,8R)-Ind 53 1:0.06:8.74 19 259
2 Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9
for details).

® Ratio of C—H insertion : (E)-THF formation : (Z)-THF formation based on integration of the C(2)H doublet of
cyclopentanone 73, the &y 5.83 singlet of (E)-75 and the &4 5.59 singlet of (Z)-75, respectively, in the *H NMR spectra
of the crude reaction mixtures.

¢ Yield of trans-73 and (E)-75 after column chromatography.

¢ Enantiopurity of (E)-75 determined by chiral stationary phase HPLC (see appendix | for details).

¢ Baseline separation not achieved, therefore, values are tentatively assigned.

" Second peak in the HPLC trace in the major peak.

9 Opposite enantiomer in excess: first peak in the HPLC trace is the major peak.

151



Chapter 2 Results & Discussion

Previous chiral stationary phase HPLC analysis of a recrystallised sample of
tetrahydrofuran (Z)-54 had revealed a 50 : 50 mixture of enantiomers i.e. no asymmetric
induction (Section 2.6.1, see Appendix Il for HPLC trace). As a result, and owing to the
minor amounts of sample typically obtained, determination of enantiopurity of the THF
byproducts obtained from subsequent cyclisation reactions was not conducted. However,
given the observation of asymmetric induction for the synthesis (E)-75, it is probable that
some extent of enantiocontrol may also have occurred for the earlier syntheses of the THF
byproducts 54, 57, 62 and 77.

The observation of asymmetric induction for the synthesis of (E)-75 and (Z)-75 is
particularly interesting considering the literature precedent for the application of similar
alkylidene tetrahydrofuran products as key intermediates in the synthesis of prostacyclin
PGI,.1%% Indeed, tetrahydrofuran derivatives are widely found in many natural products
of biological interest.*? Thus, further exploration of this reaction is warranted in future
projects, with the aim of identifying a broader range of substrates and catalysts for the
production of novel enantioenriched alkylidene THF products.

2.7.3 Investigation of diastereocontrol

As part of our investigations into the effects of substrate modification on
stereoselectivty in intramolecular C—H insertion reactions, an additional novel a-diazo-p-
keto sulfone substrate 78 was prepared. Control of stereochemistry in this substrate is
more complex as both the site of insertion and the selection of the pro-chiral hydrogen at
the methylene group must be controlled (Figure 2.38).

(pro-R) H\\\\

(pro-$) H,

(pro-R) H

78

Figure 2.38

1-Diazo-1-phenylsulfonyl-3-propylhexan-2-one 78 was prepared using methods
previously outlined for the synthesis of a-diazo-f-keto sulfones 1, 32—38 (Section 2.2 and
Section 2.3) Accordingly, commercially available valproic acid was transformed to
methyl valproate 79, a known compound,™ using Fischer esterification (Scheme 2.25).
Reaction of 79 with the anion of methyl phenyl sulfone 21 (generated using n-
butyllithium) provided 1-phenylsulfonyl-3-propylhexan-2-one 80 in 64% yield. Synthesis
of 1-diazo-1-phenylsulfonyl-3-propylhexan-2-one 78 was then achieved by diazo transfer
employing p-tosyl azide 31 and potassium carbonate (Scheme 2.25). 3-Keto sulfone 78
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and a-diazo-B-keto sulfone 80 are novel compounds and were thus fully characterised
(see Section 4.2.7 and Section 4.2.8 for details). The efficiency of the sulfone and diazo
syntheses was essentially comparable to those observed for earlier preparations of related
B-keto sulfones 23-30 (Table 2.6) and their diazo derivatives 1, 32-38 (Table 2.8).

OH H,S0, OMe
—_— >
MeOH, reflux
72% yield
79
PhSO,Me,
n-BuLi, THF
64% yield
O 0
SO,Ph p-TsN;, K,CO4 SO,Ph
N, MeCN
7% yi
78 77% yield 30
Scheme 2.25

Rhodium(ll) acetate-catalysed C—H insertion of a-diazo-B-keto sulfone 78 in refluxing
dichloromethane provided access to cyclopentanone 81. This novel product possesses
three stereogenic centres, therefore, the formation of four diastereomers, each present as a
pair of enantiomers, is possible (Figure 2.39). The relative stereochemistry assigned to
each enantiomeric pair is shown in Figure 2.39.
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Figure 2.39

Signals for all four diastereoisomers were observed in the *H NMR spectrum for the
crude reaction mixture resulting from the rhodium(ll)-catalysed reaction of 78 [Figure
240 (a)]. A 1.00 : 4.87 : 1.96 : 3.21 ratio of diastereoisomers was recorded, meaning
some level of diastereoselection is seen in the C—H insertion process. The observed
diastereocontrol indicates that the carbenoid does not insert indiscriminately into each of
the two methylene units, but instead selectively inserts at one of the two possible sites
presumably due to conformational features of the transition state for insertion.’#*****" The
doublet signals at 84 3.71 and 3.84 were not observed in the 'H NMR spectrum of the
product sample isolated after column chromatography. These signals were, therefore,
assigned to (2R*,3R*,55*)-81 and (2R*,3R*,5R*)-81 which possess cis stereochemistry at
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C2 and C3, in line with previous trends for exclusive isolation of trans-cyclopentanones
following chromatographic purification (Section 2.4 and Section 2.5). Two product
fractions were isolated following purification by column chromatography, both
containing a mixture of (2R*,3S*,5R*)-81b and (2R*,35*,55*)-81a in differing ratios [the
'H NMR spectrum for one product fraction is displayed in Figure 2.40 (b)].
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Figure 2.40 &4 (400 MHz, CDCl3)
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An unknown doublet of doublets signal (J = 7.2/2.4) was also observed at oy 4.24 in the
'H NMR spectrum of the crude racemic reaction mixture, indicating the occurrence of
competing reaction processes. Removal of this unknown byproduct via column
chromatography proved difficult, meaning minor quantities were often present in the final
isolated product samples. One possible structure considered for this byproduct was the
cyclohexanone derivative shown in Figure 2.41, derived from C-H insertion into the
primary C-H bond rather than the secondary C-H bond. While insertion into primary C—
H bonds is not generally favoured, isolated examples have been seen in our research team
in previous projects.”"® Comparison of the spectral features with those of structurally
related compounds prepared by O’Riordan®® indicate that this is not likely to be the
compound responsible for the signal observed at 6y 4.24.

(0] (0]
SO,Ph SO,Ph
——————— >
811 3.84 (1)
possible cyclohexanone product O'Riordan®

insertion into 1° C-H bond

Figure 2.41

C—H insertion of a-diazo-p-keto sulfone 78 catalysed by Cu(OTf), was next examined.
As was noted for previous copper-catalysed reactions, the presence of cyclopentanone
products possessing exclusively trans stereochemistry across the C2-C3 bond was
recorded. Thus, a 1 : 2.6 mixture of isomers was observed [later identified as
(2R* 35* 55*%)-81a : (2R* 35* 5R*)-81b] in the *H NMR spectrum of the crude reaction
mixture for the Cu(OTf),-catalysed cyclisation, as determined by integration of the
doublet signals at oy 3.40 and 3.33, respectively. Careful purification via column
chromatography, employing a 0-10% gradient mixture of ethyl acetate in hexane as
eluent, allowed separation of the two diastereomers in individual fractions, thus
permitting individual spectroscopic analysis of both (2R*,35*5R*)-81b and
(2R*,35*,55*)-81a [Figure 2.42, (a) and (b)]. Assignment of the spectroscopic features of
(2R*,35*,5R*)-81b and (2R*,35*5S*)-8la was aided by COSY and HETCOR
experiments. Determination of the relative stereochemistry of an isolated sample of 81b
was later achieved by single crystal analysis of enantioenriched cyclopentanone 81b
obtained from copper-bis(oxazoline)-catalysed reactions of 78. The relative
stereochemistry of 81a was also assigned on the basis of this structure.
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Figure 2.42 (b)
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Enantioselective CuCl,-catalysed C—H insertion reactions of 1-diazo-1-phenylsulfonyl-3-
propylhexan-2-one 78 in the presence of our portfolio of commercially available
bis(oxazolines) are presented in Table 2.26. For all reactions examined, preferential
formation of (2R*,35*5R*)-81b over (2R*,35*5S*)-8la was recorded. Little or no
competing byproduct formation was observed in the 'H NMR spectra of the crude
reaction mixtures arising from the copper-catalysed reactions, with the exception of the
unknown doublet of doublets signal at 64 4.24 which was observed in minor quantities
(<5%).

Table 2.26 Copper-catalysed C—H insertion reactions of 1-diazo-1-phenylsulfonyl-3-
propylhexan-2-one 78%

0 Cu (5 mol%), o
L* (6 mol%), 1 so.Ph
SOzPh NaBARF (6 mol%) ~_ ", o
5 2
N, CH,Cl,, reflux y p
Me
78 2R*, 3S*, 58% 2R*, 3%, 5R*
81a 81b
Entry Copper  Ligand Additive Time (h) 81a:81b° Yield (%)° ee 81a (%)° ee 81b (%)
1 cuOThH, - - 4 1:26 87 - -
2 CuCl, (4R)-Ph 49 NaBARF 12 1:14 93 ~0 14 (2R,3S,5R)
3 CuCl, (4R)-Bn 50 NaBARF 4 1:21 95 64 63 (2R,3S,5R)
4 CuCl, (4S)-t-Bu 51 NaBARF 10 1:29 99 35 19 (2R,3S,5R)
5  CuCl, (4R,55)-diPh 52 NaBARF 2 1:16' 89 ~0 13 (2R,35,5R)
6 CuCl, (3S,8R)-Ind 53 NaBARF 3 1:1.7 99 75 59 (2S,3R,5S)

2 Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9 for
details).

b Ratios based on integration of the C(2)H signals from the *H NMR spectra of the crude products.

¢ Yield of 81a and 81b following column chromatography.

4 Enantiopurity determined by chiral stationary phase HPLC (see appendix | for details).

¢ Absolute stereochemistry assigned by single crystal analysis (see appendix | for details).

" ~2% O—H insertion byproduct observed in the *H NMR spectrum of the crude reaction mixture (characterised by
singlet at 8y 5.12).

The enantiomers of (2R*,35*5R*)-81b and (2R*,35*5S*)-8la were successfully
resolved by chiral stationary phase HPLC analysis employing a Chiralpak® OJ-H column
(for details of HPLC conditions see appendix I). Single crystal analysis of the
diastereomerically pure compound 81b, obtained from reaction in the presence of
(3S,8R)-Ind 53 , followed by chiral HPLC analysis of the isolated crystal was conducted
to determine the absolute stereochemistry corresponding to each HPLC peak of
(2R*,35*,5R*)-81b (see appendix I for full details). Single crystal analysis to determine
the absolute stereochemistry corresponding to each HPLC peak of (2R*,35*,55*)-81a is
pending.

159



Chapter 2 Results & Discussion

As was observed for earlier reactions of a-diazo-p-keto sulfones 1, 32-36, the indane-
derived and benzyl-substituted bis(oxazolines) (3S,8R)-53 and (4R)-50, respectively, were
found to provide the highest levels of enantiocontrol, with up to 75% ee recorded for the
synthesis of 81a in the presence of the former ligand (Table 2.26, entry 6). In contrast,
very little enantioselection was recorded for reactions of 78 in the presence of (4R)-Ph 49
and (4R,5S)-diPh 52 (Table 2.26, entries 2 and 5). A slight improvement in
enantioselectivity was observed for cyclisation with the tert-butyl-substituted ligand (4S)-
51 (Table 2.26, entry 4). Curiously, in contrast to previous trends (Figure 2.15), the tert-
butyl-substituted ligand (4S)-t-Bu 51 was found to provide cyclopentanone 81b with the
opposite stereochemistry to that obtained for the analogous reaction in the presence of
(3S,8R)-Ind 53 (Figure 2.43). Significantly, as shown in Figure 2.43 the results obtained
for C—H insertions reactions of 78 displayed in Table 2.26 are largely similar to those
obtained for the analogous copper-bis(oxazoline)-catalysed cyclisations of a-diazo-B-keto
sulfone 1 (Table 2.14, entries 1-5). Thus, the extra stereogenic centre present in
cyclopentanone 81 does not appear to impact the overall enantiocontrol for this process.

Comparison of enantioselectivities for CuCl,-catalysed C—H insertion reactions of 1-
diazo-1-phenylsulfonyl-3-propylhexan-2-one 78 versus 1-diazo-1-phenylsulfonyl

hexan-2-one 1
100 -

80
60

(2R,3S,5R), TBD, (2S,3R)
40

.

%ee O

m (2R*,35%,55%)-81a

= (2R*,35%,5R*)-81b

20 m (2R*,35%)-2

40

60 J (25,3R,5S), TBD, (2R,35)

80 -
100 £ : 7
(4R)-Ph49  (4R)}-Bn50 (4S)tBu51 (4R,55)-diPh52 (35,8R)Ind53
L*

Figure 2.43

The overall outcome of this study demonstrated a moderate selectivity in terms of which
of the two of the propyl chains in Figure 2.38 is the site of insertion. This is likely to be
conformationally controlled with a preference for the transition state in which the
additional propyl chain is pseudo-equatorial leading to the major isomer.”>****" More
interestingly, in terms of enantiocontrol, the outcome in terms of insertion into the pro-
chiral C-H bonds in Figure 2.38 is practically unaffected by the presence of the
additional stereogenic centre, with the trends in Figure 2.43 displaying essentially the
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same overall features as seen for the analogous cyclopentanone 2 which does not bear the
extra n-propyl substituent. The implication of this is that the presence of the chiral copper
catalyst does not result in selective insertion into one of the two pendant alkyl chains, but
instead this feature is entirely conformationally controlled. A discussion of the theoretical
transition states associated with the C—H insertion reactions of 78 and rationalisation of
the observed stereoselectivity is included in Section 2.9.

2.8 Synthesis of bis(oxazoline) ligands and investigation of effects on
enantiocontrol

Since their introduction in 1989, many novel C,-symmetric bis(oxazoline) ligands
encompassing a vast array of structural features have been reported in the literature.®>%
Included in these structures are a wide range of variations in aryl substituents of phenyl-
and benzyl-substituted ligands. As shown in Figure 2.44, compounds prepared to date
have featured largely methoxy, alkyl (X = Me, t-Bu) and halide (X = CI, Br) substitution
patterns. Additionally, Desimoni,**® Itagaki®™® and Rutjes*®*'®* have reported naphthyl-
and anthryl-derived ligands.

o o X = 4-OMe™® X = 4-CI'***
| | X = 4-Br'®® X = 4-Ph'®
X =2-OMe* X = 2-OMe, 5-CI'*

X = 4-t-Bu'® X = 2-OMe, 5-t-Bu™

s Z__ X = 4-Me™® X = 2-(CH,),Cl, 5-t-Bu**
X = 4-CF3* X = 2,4,6-triMe®’

/ X = 3,4-diOMe® X = H: 49

om
of é(j
X X
adnn

D - O OO O

1-naphthyl 2-naphthyl 9-anthryl

= O-t-Bu*®®
OCH,Ph'¢®
OCF3168

OMe168
OCH,Ph'¢®
OCH,CH=CH,'**
H: 50

PRPPPOOO
XX X XX XX

N

> 5 5 5 35 35 S
LI I 1 I 1 A T 1|

Figure 2.44
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The importance of electronic effects in asymmetric catalysis has been increasingly
recognised.'’®*"* Indeed, substituents on ligands that are situated remote from the active
metal centre can significantly influence the enantioselectivity and rate of a reaction.
Several examples to this effect have been described for bis(oxazoline)-catalysed reactions
in the literature e.g. electron-withdrawing groups were shown to enhance the reaction rate
and induce higher levels of enantioselectivity in the asymmetric hydrosilyation of simple
ketones,'” in asymmetric cyclopropanation reactions of alkenes'’® and in asymmetric
reductive aldol reactions’™ catalysed by Rh-PyBOX, Ru-PyBOX and Rh-PhBOX
catalysts, respectively. Evans and co-workers investigated the contribution of electronic
effects on enantioselectivity for copper-catalysed hetero-Diels-Alder reactions by
incorporation of both electron-donating and electron-withdrawing substituents in the
para-position of the bis(oxazoline) phenyl ring (Scheme 2.26).2%% It was found that the
level of asymmetric induction remained the same when a para-hydrogen was replaced by
a para-methoxy group (93% ee), while a slight decrease was observed for reactions with
a chlorine atom (89% ee) at the para position. The influence of the electronic properties
of ligands has also been described for C—H insertion reactions with rhodium carboxylate
and carboxamidate catalysts. In general, electron-withdrawing ligands were found to
generate a more reactive carbenoid that undergoes bond formation through an earlier
transition state, resulting in reduced selectivity.” 1"

T

=
=

Me Me
+ L (10 mol%)
(Me0),0P o OEt CH,Cly, -78°C (MeO),0P o} OFEt
X =H:93% ee

X =Cl: 89% ee
X =0Me: 93% ce

Scheme 2.26

The steric influence of catalysts may also contribute to the stereochemical outcome of
asymmetric transformations.**®°**** As outlined in Figure 2.45,* positive and negative
effects on enantioselectivity may result for increased steric demand of the aryl substituent
of bis(oxazoline) ligands depending on the reaction under investigation; the 1-Np-BOX
ligand was shown to provide the highest enantioselectivity (74% ee) for the Mg(OTf),-
catalysed tandem oxa-Michael addition-Friedel-Crafts alkylation reaction, with a slight
decrease in enantiocontrol observed for reactions in the presence of the Ph-BOX (65% ee)
and 2-Np-BOX (62% ee) ligands [Figure 2.45, (a)]. Despite the increased steric demand
of the 9-Ant-BOX, the use of this ligand in combination with Mg(OTf), resulted in a
dramatic decrease in asymmetric induction (20% ee). In contrast, a significant increase to
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45% ee was observed for the hetero-Diels-Alder reaction in the presence of 9-Ant-BOX
relative to corresponding reactions with the Ph-BOX (13% ee) and 1-Np-BOX (19% ee)
ligands [Figure 2.45, (b)]. Similar levels of enantioselectivity were recorded for the Ph-
BOX- (24% ee), 1-Np-BOX- (19% ee) and 2-Np-BOX-catalysed (31% ee) Mukaiyama
aldol reactions [Figure 2.45, (c)]. Despite the use of X-ray crystallography to acquire
more details on the exact geometry of the copper-aryl-BOX complexes, Rutjes and co-
workers could not find a conclusive explanation for the observed dependency of the
stereochemical outcome of the reactions examined on a particular ligand.

T

-
2%

HO, (COzMe
OH 0 S

Mg(OTf),, L*
(a) + p-TolNMe, (10 mol%)
(p-Cl)CeH4 ~ CO,Me >

toluene, 0 °C

-
MeO o “/CeHa(p-Cl)

OMe tandem oxa-Michael addition-Friedel- R=Ph: 65%cc  (2R4S)
Craf'ts alkylation reaction R = I-Np' 74% co (2S’4R)

R =2-Np: 62% ec (2S5,4R)
R =9-Ant: 20% ee (2S,4R)

OTMS
o (i) Cu(OTf),, L*,

(b) + CH,Cl,,-78 °C

S
MeO i
= (i) TFA MeO:Crpy,,,

hetero-Diels-Alder reaction

OMe

R=Ph: 13%ece (S)
R =1-Np: 19% ee (S)
R =9-Ant: 45% ee (S)

i ot (i) Cu(OTf), L*,
4 THF, -78 °C
— >
© MeO StBu (ii) HCI, THF
o Mukaiyama aldol reaction o
R=Ph:24%ee ()
R =1-Np: 19% ee (R)
R =2-Np: 31% ee ()
Figure 2.45

Taking the above reports into account, we envisaged that alterations of the electronic and
steric properties of the substituents on the aryl ring on the bis(oxazoline) scaffold should
modulate asymmetric induction and consequently, the preparation of five ligands was

163



Chapter 2 Results & Discussion

targeted (Figure 2.46), exploring modifications to both the phenyl- and benzyl-
substituted bis(oxazoline) series. In particular, we hoped to gain a greater insight into the
key ligand properties which govern enantiocontrol in the copper-catalysed C—H insertions
under investigation, and thereby allow for better informed and more logical catalyst
design in future research projects in this area. The ultimate objective of this work was to
use the information obtained to design a generally applicable catalyst-ligand system.

@><% d?g
S |

F
(4R)-p-CIC¢H, 82 (4R)-p-FC4H, 83

1
i

N

ey X Iz

X=Cl: (4R)-CH,-p-CIC4H, 84 (4R)-CH,(2-Np) 86
X = OMe: (4R)-CH,-p-MeOCH, 85

Note: shorthand ligand names used for convenience

Figure 2.46

//In.(\
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The phenyl-substituted ligands (4R)-82 and (4R)-83 were previously prepared in this
research group in a project examining asymmetric induction in the intramolecular
Buchner reaction of a-diazoketones.*”® In this earlier work, inclusion of inductively
electron-withdrawing chlorine and fluorine substituents on the phenyl ring was found to
have little or no effect on enantioselectivity, with minimum effects on catalyst reactivity
also recorded. It was found in this case that the stereochemical outcome of the aromatic
addition reaction was governed more by the electronic nature of the aryl ring on the a-
diazoketone substrate.

The benzyl-substituted bis(oxazoline) (4R)-50 has displayed a particular propensity for
highly enantioselective cyclopentanone syntheses in the C-H insertion reactions
described thus far in this research project. Fine-tuning of the catalyst scaffold of (4R)-Bn
50 was, therefore, a logical choice considering the potential for further enhancing the
enantioselectivity of this ligand. In addition, synthesis of benzyl-substituted ligand
structures (derived from phenylalaninol analogues) is inherently easier than the synthesis
of the analogous phenyl-substituted bis(oxazolines) due to risk of racemisation of the
more labile stereogenic centre starting from substituted phenylglycines, an occurrence
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which had proved problematic in previous bis(oxazoline) syntheses with phenylglycine-
derived substrates.'’® Three novel benzyl-substituted ligands (84, 85 and 86) were
prepared in this study, allowing investigation of the impact of both electron-withdrawing
effects (X = CI) and electron-donating effects (X = MeO) and examination of steric
effects via the introduction of a bulky naphthalene substituent.

Note: while chlorine is inductively electron-withdrawing it can also donate electron
density through resonance effects.

Investigation of the influence of ligand structure on enantiocontrol was also extended to
include application of the commercially available pyridine-bis(oxazolines) 87 and 88 and
the semicorrin ligand 89 (Figure 2.47).

X
Z

-

o E/N"N\J
S % ’ﬁ<§ O

Py-(4R)-Ph 87 Py-(45)-i-Pr 88 CN-(45)-Ph 89

Note: shorthand ligand names used for convenience

Figure 2.47

2.8.1 Synthesis of bis(oxazoline) ligands

Synthesis of the phenyl-substituted bis(oxazolines) (4R)-82 (previously described by
Evans'®) and (4R)-83 (previously described by O’Keeffe;'"® not reported in the literature)
was first conducted using the synthetic strategy previously adopted by O’Keeffe.!"
Accordingly, (R)-4-chlorophenylglycine methyl ester hydrochloride’”” and (R)-
fluorophenylglycine methyl ester hydrochloride®’” were transformed to the corresponding
enantiopure amino alcohols (R)-90 and (R)-91 in the presence of NaBH, following
methodology outlined by Meyers (Table 2.27).}
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Table 2.27 Synthesis of amino alcohols 90 and 91

@ O
NH,CI NH,
NaBH, (4.8 equivs)
oMe EtOH: H,0 50:50 oH
»
5 0°C —»r1t,4.5h,
X reflux, 3h, X
rt, o/n
i i 0, T
Entry X Amino alcohol Yield (%) [o]]
1 Cl 90 70 -41.2 (¢ 0.69, 18 °C, CHCly)
lit."® —40.1 (c 0.69, 18 °C, CHCl5)
2 F 91 74 —-47.1 (c 0.79, 20 °C, CHCl,)

lit.'"® —46.2 (¢ 0.79, 20 °C, CHCl5)

Work-up procedures employed by O’Keeffe for this reaction involved extraction of the
crude product mixture with ethyl acetate. In this project, such a strategy was found to
result in the formation of significant amounts of the tentatively assigned N-acetyl side
product N-[1-(4-halophenyl)-2-hydroxyethyl)acetamide (Figure 2.48), characterised by
signals at oy 6.14 (1H, bs, NH), 5.03-5.09 (1H, m, CHCH,OH), 3.89 (2H, d, J 3.2,
CHCH,0OH), 2.05 (3H, s, COCHjs), in line with literature reports for similar
compounds.**® This side product most likely results from N-acetylation through
reaction of the primary amine with ethyl acetate. Ethyl acetate was, therefore, replaced
with diethyl ether for purification of subsequent reduction reactions, providing access to
the desired amino alcohols (R)-90 and (R)-91 in excellent purity and good yield (Table
2.27).

(e}

PR o
N

H

N-[1-(4-halophenyl)-2-hydroxyethyl]acetamide
Figure 2.48

Acylation of the amino alcohols (R)-90 and (R)-91 was next conducted via reaction with
triethylamine and 0.5 equivalents dimethylmalonyl chloride 92, which functions to
introduce two methyl groups on the spacer carbon of the bis(oxazoline) skeleton,
providing the analogous bisamides (R)-93 and (R)-94 (Table 2.28). Yields obtained for
synthesis of the bisamides were poor (35%) for both the chlorine and fluorine products
(Table 2.28, entry 1 and 2), representing significantly lower values than those reported by
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O’Keeffe (73% for 93 and 80% for 94).7® It is suspected that loss of yield may have
occurred due to formation of bisamide salts following addition of aqueous hydrochloric
acid to the reaction mixture and resulting loss of product during agueous extractions.
Careful monitoring of pH during work-up procedures is, therefore, warranted for future
bisamide syntheses via this method. Challenges with solubility may also have contributed
to low product yields. Varying amounts of triethylamine hydrochloride salt were typically
observed in the 'H NMR spectra of the isolated products. Accordingly, the crude
bisamides (R)-93 and (R)-94 were triturated in water for approximately 15 minutes
followed by filtration of the suspension and rinsing with hexane to remove the
triethylamine side-product.

Table 2.28 Synthesis of bisamides 93 and 94

X X
O O
NH,
OH C'%C' o o <
NEt; ddDCM, NJ><”\N/\
; H H
X rt,1.5h
OH OH
Entry X Amino alcohol Bisamide Yield (%)®
1 Cl 90 93 35
2 F 91 94 35

2 Yield of bis(oxazoline) following column chromatography.

Finally, the oxazoline ring-forming step was achieved by treatment of the bisamides (R)-
93 and (R)-94 with p-tosyl chloride and triethylamine in the presence of a catalytic
quantity of 4-(dimethylamino)pyridine (DMAP) following the procedure described by
Evans and employed earlier by O’Keeffe.'’®*®! This affects the in situ formation of the
bis(tosylate), which undergoes cyclisation to give the desired bis(oxazolines) (4R)-82 and
(4R)-83 in good yields (Table 2.29, entry 1 and 2) in the same range as those previously
reported by Evans and O’Keeffe.'”®*® Column chromatography on silica gel, using
diethyl ether and hexane as eluent, was employed to purify the crude bis(oxazolines).
TLC analysis proved troublesome as the bis(oxazolines) products were not UV active and
could only be visualised by staining with potassium permanganate solution and in
practice several rounds of chromatography were often required to remove all impurities
present. Nonetheless, (R)-82 and (R)-83 were successfully isolated in analytically pure
form and critically, specific rotations for these compounds compared favourably with
literature data.'"®
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Table 2.29 Synthesis of bis(oxazoline) ligands 82 and 83

X X
o} o]
DMAP (cat.) \%ﬁ/
NEt; (4.4 equivs.) N | | 5
4 N N 4

p-TsClI (2 equivs.)

: DCM, 1t, 27 h
N)‘>%‘\N/\‘
H H

OH OH

1, 1,

Entry X Bisamide  Bis(oxazoline) ~Yield (%) [¢]2°

1 Cl 93 82 67 +133.0°% (¢ 0.37, CH,Cl,)
lit."® +169.0 (c 0.37, CH,CL,)
lit."** —141.0 (c 7.4, CH,Cl,, $-82)
2 F 94 83 75 +130.3 (c 0.30, CHCly)
lit"® +125.7 (c 0.30, CHCly)

& Bis(oxazoline) 82 was found to be >98% enantiopure by chiral stationary phase HPLC analysis (see appendix for
details).

Spectral characteristics for the para-chlorophenyl- and para-fluorophenyl-substituted
bis(oxazolines) (4R)-82 and (4R)-83, respectively, were in line with previous
reports.®>*"® The protons at C5 of the oxazoline ring are diastereotopic due to the
adjacent chiral centre at C4 and each proton appears as a doublet of doublets due to ABX
splitting with each other (AB) and the C4 proton (X). Similarly, a doublet of doublets
signal is also observed for the C4 proton.

When subsequently commencing synthesis of the benzyl-substituted ligands 84, 85 and
86, an alternative synthetic route was sought due to the poor yields obtained for
preparation of the bisamides and difficulties encountered when purifying the
bis(oxazolines), both of which contributed to a poor overall product recovery for the
synthetic sequence. Many routes have been identified in the literature by which amino
alcohols can be used for the construction of the bis(oxazoline) framework.***% In 2005,
Garcia and co-workers described an efficient and general one-pot method for the
synthesis of chiral bis(oxazoline) ligands catalysed by zinc triflate (Scheme 2.27).*% This
was an attractive procedure for our desired ligand syntheses as the requirement for
bisamide synthesis was circumvented and, therefore, the synthetic pathway to the final
bis(oxazoline) product was reduced by one step. In addition, yields of typically 90% or
greater were reported for reactions with a wide variety of different chiral amino alcohols
without the need for product purification via column chromatography.
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OH

S Zn(OTf
S/ NH, >\\ n(OTf),
' + 3
. s, , NC CN

R toluene

rRY =
R!=H and R =Ph, CH,Ph, i-Pr, t-Bu, Me, indanyl. R’ R' R
R!=Me and R = Ph. 75-100% yield

Scheme 2.27

In order to prepare the desired benzyl-substituted ligands, access to the enantiopure
phenylalaninol derivatives 95 (R = p-CICgH,), 96 (R = p-MeOCsH,) and 97 (R = 2-Np)
was first required. Reduction of the commercially available 4-chlorophenylalanine, 4-
methoxyphenylalanine and 2-naphthylalanine starting materials was initially attempted
using the NaBH, procedure employed for synthesis of the phenylglycine-derived amino
alcohols (R)-90 and (R)-91, however, no reduction product was obtained, likely due to
poor solubility of the amino acid substrates in the ethanol/water solvent system. Several
other reduction methods were subsequently trialed including NaBHy/iodine reduction in
tetrahydrofuran (THF)'®* and transformation of the carboxylic acid moiety to a mixed
anhydride via treatment with N-methylmorpholine and ethyl chloroformate, followed by
NaBH, reduction in methanol,*® however, again little or no amino alcohol formation was
observed. Reduction of the phenylalanine-substituted amino acids was next attempted
with LiAlH, using the procedure described by Hilmersson.'®® This method, involving
slow addition of the amino acid substrates to a mixture of the hydride in THF followed by
overnight reflux of the resulting solution, proved successful, allowing access to the
desired amino alcohols in high yield and without the need for further purification (Table
2.30). Spectral characteristics for 95, 96 and 97 were in agreement with previously
reported data,**®*8"18 however, specific rotation values were available only for (S)-96.

Note: literature precedent exists for the use of both NaBH, and LiAlH, for the reduction
of both phenylalanine and phenylglycine derivatives with excellent retention of
enantiopurity,'#318>1%

The targeted benzyl-substituted bis(oxazolines) 84, 85 and 86 are novel compounds.
Thus, as no literature data was available to confirm the enantiopurity of the novel ligands
by comparison of specific rotation values, synthesis of both enantiomers of 84, 85 and 86
and thus, the corresponding amino alcohols 95, 96 and 97 (Table 2.30), was undertaken
to allow determination of enantiopurity of the final bis(oxazoline) ligands by chiral
stationary phase HPLC analysis.
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Table 2.30 Synthesis of amino alcohols 95, 96 and 97

LiAlH,
R OH —_— R/\/\OH
THF, reflux

NH, NH;

Entry R Amino alcohol Yield (%) [a]ZDO

1 p-CICeH, (5)-95 78 —12.4 (¢ 0.99, CH,Cl,)

2 p-CIC¢H, (R)-95 99 +13.0 (c 0.99, CH.Cly)

3 p-MeOCgH, (5)-96 72 —19.0 (c 0.99, CH,Cl,)
lit.**® —15.0 (c 0.99, CH,Cl,)

4 p-MeOCgH, (R)-96 95 +17.1 (c 0.99, CH,Cl,)

5 2-Np (5)-97 91 -15.8 (¢ 0.99, CH,Cl,)

6 2-Np (R)-97 98 +17.6 (¢ 0.99, CH,Cl,)

With the required enantiopure chiral amino alcohols (S)-95, (R)-95, (S)-96, (R)-96, (S)-97
and (R)-97 now in hand, synthesis of the corresponding bis(oxazolines) (S)-84, (R)-84,
(S)-85, (R)-85, (S)-86 and (R)-86, respectively, was next conducted using the one-pot
method reported by Garcia and co-workers (Scheme 2.27).2% Accordingly, the
phenylalanine-derived amino alcohol substrates were reacted with 2,2-
dimethylmalononitrile in the presence of a stoichiometric amount of zinc triflate.
Following heating of the reaction mixture under reflux in toluene for 48 h and subsequent
brine and aqueous sodium bicarbonate washes, the bis(oxazoline) products were obtained
in good yields and excellent purity (Table 2.31). Chromatographic purification was,
therefore, unnecessary thus avoiding the difficulties previously encountered during
column chromatography of (R)-82 and (R)-83 owing to the poor UV activity of the
bis(oxazoline) products. Purification by recrystallisation was, however, required for the
synthesis of (S)-85 and (S)-86 due to the presence of baseline impurities in the isolated
product samples (Table 2.31, entries 3 and 5).
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Table 2.31 Synthesis of bis(oxazoline) 84, 85 and 86

Zn(OTf), 0 o
R/ﬁ/\ on + >< , \ )
NC CN
NH,

toluene, <4/ N N—_¢
reflux, 48 h :5

R/ R
Entry R Bis(oxazoline) Yield (%) [oc]éo
1 p-CICsH, (S)-84 70 —46.0 (c 0.30, CHCIs)
2 p-CICsH, (R)-84 55 +53.5 (¢ 0.30, CHCl5)
3 p-MeOC¢H, (S)-85 60° —-33.5(c 0.30, CHCl5y)
4 p-MeOCgH, (R)-85 74 +25.7 (¢ 0.30, CHCl5)
5 2-Np (S)-86 41° —34.7 (¢ 0.30, CHCIs)
6 2-Np (R)-86 61 +33.7 (¢ 0.30, CHCl5)

2 Yield of bis(oxazoline) following recrystallisation in a 4 : 1 mixture of hexane : DCM.

The bis(oxazolines) (S)-84, (R)-84, (S)-86 and (R)-86 were obtained as white solids, while
the corresponding para-methoxyphenyl derivatives (S)-85 and (R)-85 were isolated as
light yellow oils. HRMS was employed to characterise the molecular ions of the novel
ligand structures (see Section 4.8.3 for details). The benzyl-substituted bis(oxazolines)
were characterised in the 'H NMR spectra by doublet of doublet signals at approximately
dy 3.97 and 4.16, representing the individual diastereotopic protons at C5 which exist in
an ABX splitting pattern with the C4 proton as was previously observed for the phenyl-
substituted ligands (R)-82 and (R)-83. A similar signal pattern was observed for the
diastereotopic benzylic protons which also undergo ABX splitting with the C4 proton
resulting in two doublet of doublet signals in the region of 6y 2.60-3.22. Characteristic
aromatic signals were also detected; two doublets for the para-chloro and para-methoxy-
substituted bis(oxazolines) 84 and 85, respectively, and a singlet at 6y 7.61 confirming
the 2-naphthlene substitution pattern of 86 (Figure 2.49).

H o ° H 81y 3.94 (dd, J 8.4/6.8) &
D —

, \ Oy 4.18 (dd appears as t, J ~8.6)
H N N
H S

H H
H \\H
84

Cl

0 2.69 (dd, J 13.8/7.4) &
0;72.96 (dd, J 13.8/5.0)

m

Figure 2.49
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The enantiopurity of each of the bis(oxazoline) products 84, 85 and 86 was determined by
chiral stationary phase HPLC analysis. In all cases, the synthesised ligands were found to
have enantiopurities >97% ee. The absolute stereochemistry of the novel bis(oxazolines)
(S)-84, (R)-84, (S)-86 and (R)-86 was determined by single crystal analysis (Figure 2.50),
thus confirming the retention of stereochemistry imparted by the commercially available
D- and L-phenylalanine starting materials. Single crystal analysis of (S)-85 and (R)-85
was not possible as these products were isolated as oils. However, as retention of
stereochemistry was observed for the corresponding para-chlorophenyl- and 2-naphthyl-
substituted ligands (S)-84, (R)-84, (S)-86 and (R)-86, we were confident that analogous
assignment of absolute stereochemistry for the para-methoxy bis(oxazolines) (S)-85 and
(R)-85 was justified.

(R)-84 c

(single crystal analysis pending)
(R)-86 l l

Figure 2.50

2.8.2 C-H insertion reactions with modified bis(oxazoline) ligands

C—H insertions employing the prepared modified bis(oxazoline) ligands (4R)-p-
CICgH4 82, (4R)-p-FCgH4 83, (4R)-CH,-p-CIC¢H, 84, (4R)-CH2-p-MeOCgH, 85 and
(4R)-CH2(2-Np) 86 were next conducted in an effort to further understand the role played
by the phenyl ring on the ligand structures in influencing enantioselectivity. The results
obtained for these reactions are collated below in Table 2.32. Yields recorded for the
CuCl,-catalysed reactions were generally good, ranging from 54% (Table 2.32, entry 25)
to 98% (Table 2.32, entries 2, 7 and 13). As was previously observed for reactions with
the commercially available phenyl and benzyl bis(oxazolines) (4R)-49 and (4R)-50,
respectively, competition between C—H insertion, diazo reduction and O—H insertion was
found to occur, resulting in the formation of minor quantities of byproducts as observed
in the *H NMR spectra of the crude reaction mixtures. Levels of byproducts formed were
largely in line with those observed for the corresponding reactions in the presence of
(4R)-Ph 49 and (4R)-Bn 50.
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Table 2.32 C—H insertion reactions with modified bis(oxazoline) ligands?

CuCl, (5 mol%),
0 L* (6 mol%),
NaBARF (6 mol%)

-

SO,Ph

CH,Cl,, reflux

2
“,
2

R

SO,Ph

Entry Diazo Product R L* Time (h) C-H:Red: O-H" Yield (%)° ee (%)"°
1 1 2 Me (4R)-p-CICsH, 82 2 1:0.03:005 94 24 (2S, 3R)
2 1 2 Me (4R)-p-FCgH, 83 2 1:0.07:005 98 31 (2S, 3R)
3 1 2 Me (4R)-CH,-p-CICqH, 84 2 1:004:004 95 62 (2S, 3R)
4 1 2 Me (4R)-CHy-p-MeOC¢H, 85 4 1:0.01:002 98 61 (2S, 3R)
5 1 2 Me (4R)-CH,(2-Np) 86 2 1:0.00:0.04 77 53 (2S, 3R)
6 32 39 Et (4R)-p-CICsH, 82 2 1:0.04:003 84 37 (25, 3R)
7 32 39 Et (4R)-p-FCgH, 83 2 1:0.03:0.03 98 36 (25, 3R)
8 32 39 Et (4R)-CH,-p-CICqH, 84 2 1:0.10:0.05° 88" 68 (25, 3R)
9 32 39 Et (4R)-CHy-p-MeOC¢H, 85 2 1:0.04:004 93 60 (2S, 3R)
10 32 39 Et (4R)-CH,(2-Np) 86 2 1:0.01:0.05° 87 56 (2S, 3R)
11 33 40  i-Pr (4R)-p-CICsH, 82 2 1:001:001 78 42 (28, 39)
12 33 40  i-Pr (4R)-p-FC¢H, 83 2 1:0.06:004 62 42 (28, 39)
13 33 40  i-Pr (4R)-CH,-p-CICqH, 84 2 1: - :003 98 63 (25, 3S)
14 33 40  i-Pr (4R)-CH,-p-MeOCgH, 85 2 1:0.06:0.00 93 56 (25, 3S)
15 33 40  i-Pr (4R)-CH,(2-Np) 86 2 1:0.25:0.10° 76' 48 (28, 39)
16 34 41  tBu (4R)-p-CICqH, 82 2 1:0.06:0.05 90" 77 (28, 3S)
17 34 41  tBu (4R)-p-FC¢H, 83 2 1:052:0.14 67" 74 (28, 35)
18 35 42  Ph (4R)-p-CICqH, 82 2 1: - :005 83" 51 (2S, 39)
19 35 42  Ph (4R)-p-FC¢H, 83 3 1: - :013 57 64 (28, 39)
20 35 42 Ph (4R)-CH,-p-CICqH, 84 2 1: - :003 92 77 (28, 35)
21 35 42  Ph (4R)-CH,-p-MeOCgH, 85 2 1: - :003 91 75 (25, 35)
22 35 42  Ph (4R)-CH,(2-Np) 86 2 1: - 1003 95 70 (28, 3S)
23 35 42 Ph Py-(4R)-Ph 87 20 1: - :007” 59 ~0
24 35 42  Ph Py-(4R)-i-Pr 88 5 1: - 007 77 32 (2R, 3R)
25 35 42  Ph CN-(4R)-Ph 89 20 1: -' :009 54 17 (2R, 3R)
26 64 72  Ph(p-Br) (4R)-p-CICsH, 82 2 1:015:0120 82" 45 (28, 39)
27 64 72 Ph(p-Br) (4R)-p-FC¢H, 83 2 1:0.07:007 89" 54 (2, 3S)
28 64 72  Ph(p-Br) (4R)-CH,-p-CICcH,84 2 1:0.01:004 90 68 (25, 35)
29 64 72  Ph(p-Br) (4R)-CH,-p-MeOC¢H,85 2 1:0.01:0.04 83 64 (2S, 3S)
30 36 43 Bn (4R)-p-CICgH, 82 2 1:012:003 59 31 (2S, 39)
31 36 43 Bn (4R)-p-FCgH, 83 2 1:013:007 74 34 (28, 35)
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32 36 43 Bn (4R)-CH,-p-CICeH, 84 2 1:240:000 86 60 (2S, 3S)
33 36 43 Bn (4R)-CH,-p-MeOC4H, 85 2 1:0.18:004 66 55 (25, 3S)
34 36 43 Bn (4R)-CH,(2-Np) 86 2 1:040:050 69 42 (28, 39)

2 Reactions conducted using the general procedure for copper-catalysed C—H insertion reactions (see Section 4.2.9
for details).

b Ratio of C—H insertion : diazo reduction (Red) : O—H insertion based on integration of the C(2)H doublet of the
cyclopentanone product, the C(1)H singlet of the B-keto sulfone byproduct and the C(1)H singlet of the O—H insertion
product (see Figure 2.9 for general structures), respectively, in the *H NMR spectra of the crude reaction mixture.

°Yield of trans-cyclopentanone after column chromatography.

9 Enantiopurity of trans-cyclopentanone determined by chiral stationary phase HPLC (see appendix | for details).

¢ Stereochemical assignments for 2, 39, 40, 42 and 43 were made by comparison with previously reported rotation and
HPLC data.?®° Absolute stereochemistry of 41 and 72 determined by single crystal analysis (see appendix | for
details).

" Isolated product contains minor amount of B-keto sulfone (R = Et: 24, i-Pr: 25, t-Bu: 26, Ph(p-Br): 70, Bn: 28).

9 Unknown singlet observed at 8,4 9.22 in the *H NMR spectrum of the crude reaction mixture.

" Isolated product not fully clean.

" Not determined due to overlap with unknown impurity peak.

TUnknown peaks observed in the 'H NMR spectrum of the crude reaction mixture.

k Chiral HPLC trace was complex, therefore, value is tentatively assigned.

! Ratio of B-keto sulfone (Red) 27 not determined due to overlap with the C(3)H signal of cyclopentanone 42, but 27 is
presumed to be present in low levels.
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Comparison of enantioselectivities for copper-catalysed C—H insertion reactions
with modified phenyl-substituted bis(oxazoline) ligands

80 -
O\]X[/O
70 - <,'~ Ni
L= 2
60 - Q
50 - X *
m 49 X=H
%ee 40
m 82 X=CI
30
B 83 X=F
20 -
10 -
0 1 1 1 1 1 1 1
Me Et i-Pr t-Bu Ph p-BrCsH, Bn

R (cyclopentanone)

Figure 2.51

Comparison of enantioselectivities for copper-catalysed C—H insertion reactions
with modified benzyl-substituted bis(oxazoline) ligands

100 -
80 - L‘=<,/|“ ”I{
70 R/E‘- R
60 - B 50 R=Ph

%ee 50 - ® 84 R=p-ClCsH,
40 m 85R =p-OMeCsHy
30 - m 86 R=2-Np
20 -
10 -

0 f

Me ERt i-Pr Ph  pBrCH,  Bn

R (cyclopentanone)

Figure 2.52
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The inclusion of electron-withdrawing substituents (X = CI, F) on the phenyl ring of (4R)-
49 was found to have minimal effect on enantiocontrol in the cyclisation reactions of a-
diazo-B-keto sulfones 1 (R = Me), 32 (R = Et), 33 (R = i-Pr), 34 (R =t-Bu), and 35 (R =
Ph) (Figure 2.51). This outcome is in line with previous observations by O’Keeffe for
application of (4R)-p-CICgH, 82 and (4R)-p-FCgH4 83 in the Buchner reaction of a-
diazoketones.*”® For C—H insertions with the para-bromophenyl- and benzyl-substituted
diazo substrates 64 and 36, respectively, a slight increase in asymmetric induction was
noted for employment of the modified ligand structures in the order X =H 49 < X = CI 82
< X = F 83. Cyclisations with the para-methoxyphenyl-substituted diazo 65 in the
presence of the modified bis(oxazoline) ligands were not attempted due to the low
chemoselectivity towards C—H insertion observed for reactions with 65 (Table 2.24,
entries 6-10).

A similar outcome was observed for reactions with the electronically modified benzyl-
substituted bis(oxazolines) (4R)-CH,-p-CICsH4 84 and (4R)-CHj-p-MeOCgH, 85. Thus,
alteration of the electronic nature of the benzyl-ligand structure was found to have
minimal impact on enantioselectivity for all a-diazo-p-keto sulfone substrates examined
(Figure 2.52). Notably, decreased levels of enantiocontrol were recorded for insertions in
the presence of (4R)-CH2(2-Np) 86 which features an increased steric demand of the aryl
moiety of the benzyl-ligand scaffold relative to reactions with ligand (4R)-Bn 50. Increase
of ligand steric bulk, therefore, appears to correlate to a decrease in asymmetric induction,
however, examination of further benzyl-ligand modifications e.g. R = CH,(1-Np), CH(9-
Ant), is required to validate this finding.

Examination of enantiocontrolling effects at the ligand bridgehead position was also
conducted. C—H insertions of diazo 35 with the commercially available PyBOX ligands
87 (~0% ee) and 88 (32% ee) and the semicorrin ligand 89 (17% ee) resulted in
significantly reduced asymmetric induction compared to reaction with ligand (4R)-Ph 49
(57% ee) (Table 2.32, entries 23-25 vs. Table 2.14, entry 22). Thus, the bis(oxazoline)
ligand framework is more effective in terms of enantiocontrol for our a-diazo-B-keto
sulfone C—H insertion reactions. In order to further investigate the importance of the
bridgehead substituents on the bis(oxazoline) scaffold, reaction of diazo 35 in the
presence of (4R,5S)-diPh 98, featuring a dimethyl substitution pattern at the bridgehead
position, was also carried out (Scheme 2.28). This ligand was synthesised in our research
group by Aoife Ring'®® using the zinc triflate-mediated method described by Garcia.'®®
Interestingly, alteration of ligand structure in this way was found to have little effect on
enantiocontrol. Previous literature reports have shown that increased steric bulk at the
carbon connecting the oxazoline rings generally correlates to an increase in
enantiocontrol,™!821921%3 therefore, further modifications at this position (R = Et,*** i-
Pr," i-Bu,"® Bn'®) may lead to enhanced enantioselectivity in the C—H insertion
reactions of 35 and other a-diazo-B-keto sulfone substrates.
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CuCl, (5 mol%), R R
0 L* (6 mol%), " 0\’><‘/ o
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_— Lo \
CH,Cl,, reflux Phs "
N, ", o P
33 42 o R=H: (4.55).diPh 52

L*=98:54% ee
L*=52:52% ee

Scheme 2.28

2.9  Transition state studies of enantioselective copper-catalysed C—H insertion
reactions of a-diazo-p-keto sulfones

Reports of enantioselective copper-catalysed C—H insertion reactions in the literature
are sparse, and as a result a detailed mechanistic understanding of such processes has
lagged behind that of corresponding rhodium-catalysed transformations, of which many
mechanistic studies have been conducted.>®"*"%1720 Therefore, in an effort to gain a
better insight into the mechanism of enantiocontrol in copper bis(oxazoline)-catalysed
insertions, an attempt to rationalise the transition states for this process was undertaken. If
achieved, a detailed knowledge of the steps that control the stereochemistry of the
insertion products should aid in the identification and design of more efficient catalyst
systems for future studies.

Copper-catalysed cyclopropanation of alkenes with diazoacetates was one of the first
asymmetric reactions described employing bis(oxazoline) ligands.?**?®® Much work has
been conducted to elucidate the mechanism of this carbenoid transformation and an
examination of results obtained is worthwhile as background for understanding the key
features of copper bis(oxazoline)-catalysed C—H insertion reactions. Pflatz and co-
workers proposed an early model in 1988 for cyclopropanation that was later extended by
theoretical studies conducted by Fraile and co-workers to rationalise the stereochemical
outcome of this reaction.’**?** The postulated mechanism involves initial formation of the
carbenoid (ligand)Cu=CHCO,Me complex (Figure 2.53)** followed by approach of the
alkene substrate and direct carbene insertion into the double bond. The active species in
the cyclopropanation reaction is the monomeric copper(l)-ligand complex. According to
the model, the substituents on the carbene of this complex adopt positions perpendicular
to the plane spanned by the copper-bis(oxazoline) moieties. This geometry is thought to
arise due to steric factors, avoiding interactions of the ester with the R groups of the
ligand.?%
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ethylene

methyldiazoacetate catalyst-carbene complex

Figure 2.53 adapted from ref.**®

Subsequent alkene attack may result in two possible diastereomeric transition structures,
arising from approach of the alkene molecule to the Re and Si stereofaces of the plane
defined by the Cu=C-C arrangement, each leading to different configurations (R or S) at
C(1) of the cyclopropane product. The two transition structures and the asymmetric
induction model are displayed in Figure 2.54."* The main steric interaction responsible
for enantioselectivity has been determined to be that between the carbonyl oxygen atom
of the ester and the substituent on one of the stereogenic carbon atoms of the
bis(oxazoline) ligand. A short distance (2.287 A) is observed between these two groups
for ethylene attack to the Si face, meaning the alternative Re attack is preferred. Although
not shown in Figure 2.54 (R' and R? = H), the cis/trans selectivity of the final
cyclopropane products is determined by the steric interaction between the carbene ester
group and the substituents on the prochiral carbon of the double bond, with bulky ester
groups generally required to achieve good diastereoselectivity. The prochiral alkene
carbon is thought to be too remote from the bis(oxazoline) ligand for any efficient
asymmetric induction from the ligand to occur.
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alkene attack to Re face alkene attack to Si face
(favoured) (disf avoured)
o JJ\RZ o /“\R2
Re attack Si attack
(favoured) (disfavoured)
3 3
1
% COMe MeO,C ﬁ
2 1 2
R R2 R R?

Figure 2.54 adapted from ref.**®

As proposed in theoretical studies on diastereo- and enantioselective rhodium-catalysed
C—H insertions, an n-membered ring formation reaction proceeds via an [n+1]-membered
cyclic transition state involving the transferred hydrogen atom.”® Accordingly, in our
system, cyclopentanone formation is proposed to occur via a six-membered transition
state in a pseudo-chair conformation. Four chair-like transition states are possible, each
leading to one of the four possible enantiomeric products (Figure 2.55).

Note: in the following analysis we assume that the copper-ligand complex is more
sterically demanding than the sulfonyl substituent, and therefore occupies the pseudo-
equatorial position as illustrated in Figure 2.55 and Figure 2.56.
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Figure 2.55

SO,Ph
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WSOzPh

cis-(2R,3S)

Exclusive trans-cyclopentanone formation was observed for copper-bis(oxazoline)-
catalysed C-H insertions in this project, although epimerisation of the less
thermodynamically favoured cis-cyclopentanone cannot be unambiguously ruled out.
This observation is rationalised on the basis of the transition states displayed in Figure
2.55, as the diaxial substituents [leading to cis-(2S,3R) and cis-(2R,3S)] would be
disfavoured due to 1,3-steric interactions, thereby favouring formation of the alternative
trans-cyclopentanone products via a diequatorial arrangement of the copper species and R
group substituent in the transition state (Figure 2.56).

SO,Ph
H Q4
.
S~ UL SO,Ph

o SO,Ph o

- “H

Figure 2.56
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A mixture of cis- and trans-cyclopentanones were observed for rhodium-catalysed C—H
insertion. This finding may be due to the increased length of the carbon-rhodium bond
versus the carbon-copper bond in the transition state model, owing to the larger van der
Waal radius of the former metal. This means that the sulfone group and the rhodium
complex may be in equilibrium at the equatorial position and, therefore, a less
diastereoselective C—H insertion occurs (Figure 2.57).

SO,Ph RhL,

o
+ +
,’/ \‘\ RhL4 _— ,’, \‘\ SO,Ph
TTH “TH
R

Figure 2.57

o

R

A similar rationalisation can be applied to explain the observed stereoselectivities
recorded for the C-H insertion reactions of 1-diazo-1-phenylsulfonyl-3-propylhexan-2-
one 78 (Section 2.7.3). A 1.00 : 4.87 : 1.96 : 3.21 ratio of diastereoisomers was was
observed in the *H NMR spectrum of the crude reaction mixture for the rhodium(ll)
acetate-catalysed reaction of 78 (Figure 2.39). The latter two values (1.96 : 3.21) were
found to correspond to (2R*,35*,55*)-81a and (2R*,3S*,5R*)-81b, respectively. Thus,
(2R*,35*,5R*)-81Db, which is formed via the transition state with no unfavourable 1,3-
diaxial interactions was found to be in excess (Figure 2.58). Similar 1,3-diaxial
interactions are observed in the transition states leading to both cis-diastereoisomers of
81: 2R*3R*,55* and 2R*3R*5R* (Figure 2.58), which are less thermodynamically
favourable relative to the corresponding trans isomers and are therefore, not observed in
the 'H NMR spectrum of the product mixture isolated followed chromatographic
purification (Figure 2.40). A 1.00 : 4.87 ratio of cis-diastereoisomers was observed for
the rhodium(Il) acetate-catalysed reaction of 78. Although unambiguous assignment of
the relative stereochemistry of these diastereocisomers cannot be made as the cis-
cyclopentanone products were not isolated, presumably the minor diastereocisomer is
(2R*,3R*,55*)-81 owing to the occurrence of two 1,3-diaxial interactions in the transition
state leading to this product (Figure 2.58). In the copper-catalysed reactions of 78, an
excess of (2R*,35* 5R*)-81b over (2R*,35*,55*)-81a was observed in the 'H NMR
spectra of the crude reaction mixtures for each of the cyclisations examined (Table 2.25).
Again, this outcome is accounted for by the steric strain resulting from 1,3-diaxial
interactions between the n-propyl and sulfonyl substituents in the transition states leading
to 81a (Figure 2.58).
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Over-interpretation of the different outcomes in terms of diastereocontrol for the copper-
and rhodium-mediated systems must be undertaken with caution. In general, rhodium-
catalysed C-H insertions occur very quickly (~0.5 h) and are essentially complete
following dropwise addition of the a-diazo sulfone substrate, while extended heating (>2
h) is generally required to bring the corresponding copper-catalysed reactions to
completion. Thus, while cis-cyclopentanone formation may occur in the initial C-H
insertion step, epimerisation to the more thermodynamically stable trans-isomer can be
envisaged. Indeed evidence for this epimerisation has been seen in this work (Table 2.11)
and by other researchers in the team.™

Unlike achiral rhodium and copper complexes, the two faces of a chiral carbene complex
are no longer equivalent. Thus, as shown in Figure 2.59, there are two possible
approaches of the reacting C—H bond (A and B). For each approach, the R group of the
diazo precursor can be either cis or trans with respect to the sulfone substituent bonded to
the carbene carbon. Accordingly, diastereoselectivity (as discussed above) is controlled
by insertion into either of the two pro-chiral hydrogen atoms (as determined by the steric
influence of the diazo R substituent, Figure 2.55), while enantioselectivity is governed by
the facial selectivity of the carbenoid to which the reacting C-H bond approaches (as
determined by the ligand R substituents). Enantiocontrol thus occurs in a similar manner
to that reported for asymmetric cyclopropanation reactions, where enantioselectivity is
determined by approach of the alkene substrate to either the Re or Si face of the carbene
carbon.

Figure 2.59

Rationalisation of the basis for the observed enantioselectivities in the C—H insertions of
a-diazo-B-keto sulfones recorded in this project (Figure 2.18) may be achieved by
examination of the transition states presented in Figure 2.60. Moderate levels of
asymmetric induction were typically recorded for reactions in the presence of (4R)-Ph 49.
Change to the benzyl-substituted ligand (4R)-Bn 50 resulted in increased levels of
enantiocontrol, presumably because the latter ligand positions the aryl ring in a better
position for interaction with the diazo substrate, resulting in decreased cyclopentanone
formation via the “minor” reaction pathway depicted in Figure 2.60 (a). Interestingly,
reactions in the presence of the diphenyl-substituted ligand (4R,5S)-diPh 52 typically
resulted in significantly reduced enantiocontrol relative to reactions with (4R)-Ph 49.
Thus, the conformational impact of the additional phenyl substituent in the disubstituted
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ligand (4R,5S)-diPh 52 appears to orientate the phenyl ring in a less favourable
orientation in terms of asymmetric induction than can be achieved with the more
conformationally mobile ligand (4R)-Ph 49, although exceptions to this trend were
observed for two diazo substrates (R = t-Bu, Ph).

Largely similar levels of enantioselectivity were observed for C—H insertions in the
presence of (4R)-Ph 49 and (4S)-t-Bu 51. This outcome is particularly important in
enhancing our understanding of ligand effects for this process. Thus, it is evident that the
influence of the R' substituent of the bis(oxazoline) is mainly steric as no significant
impact in terms of asymmetric induction is observed when the aryl ring is present at the
position adjacent to nitrogen. This finding is further reinforced by the observation of
comparable levels of enantiocontrol for reactions of a-diazo-p-keto sulfones 34 (R = t-
Bu) and 35 (R = Ph) and the fact that minimal impact on enantioselectivity was recorded
for diazo substrates 64 and 65 which feature electronically-modified phenyl rings (Figure
2.36).

Interestingly, the enantiocontrol observed in the C-H insertion reactions of a-diazo-p-
keto sulfone 78, displayed in Figure 2.43, can be rationalised in essentially the same
manner as that applied for synthesis of the disubstituted cyclopentanones 2, 39-43,
illustrating that the pendant alkyl chain and the resulting stereogenic centre has no
fundamental impact on the enantioselective C—H insertion. The diastereocontrol in this
series is essentially conformationally controlled (see Section 2.7.3 for discussion).
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*the structures displayed above are designed to show the favourable and unfavourable steric interactions leading to the
major and minor cyclopentanone products, respectively, however, these structures may not accurately represent the
transition state geometries leading to C—H insertion.

Figure 2.60

Highest levels of asymmetric induction in this project were achieved for reactions
employing the indane-derived bis(oxazoline) (3S,8R)-Ind 53 which is characterised by a
rigid ligand structure. It is apparent therefore, that the aryl ring in this ligand is positioned
in a very favourable position for enantiocontrol, with up to 91% ee achieved for C-H
insertion with a-diazo-p-keto sulfone 35 (R = Ph). As the combination of ligand (3S,8R)-
53 and substrate 35 provided the best result in terms of asymmetric induction in this
project, this system was chosen for further modelling studies conducted in conjuction
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with Dr. Noel O’Boyle in University College Cork. The results obtained from this study
are presented in Figure 2.61.

Note: In the structures in Figure 2.61, the geometry of the chiral ligand, the Cu, the
carbene C, as well as the two ligand atoms adjacent to the carbene C, are all taken from
a DFT calculation at the B3LYP/3-21G level of theory [but using 6-31G(d,p) for the Cu
and S] using the Gaussian09 software. The geometry of the remaining atoms was
prepared interactively by optimising with the UFF forcefield with the Avogadro software.

As shown in Figure 2.61 (a), unfavourable steric interactions between the ligand aryl
system and the diazo substrate result in the formation of only minor quantities of the
(2S,3S) isomer of cyclopentanone 42. The transition state leading to cis-(2R,3S)-42
[Figure 2.61, (b)] is also characterised by unfavourable steric interactions, and thus this
isomer is not observed in the *H NMR spectrum of the initial crude product mixture for
this reaction. In contrast, no such steric interaction is observed for the transition state
presented in Figure 2.61 (c) in which the phenyl group is in a pseudo-equatorial position,
thereby avoiding interaction with the ligand indane ring and accounting for the significant
preference for cyclopentanone formation via this transition state.

In the structures depicted in Figure 2.61, the phenylsulfone moiety is seen to reside in a
position roughly perpendicular to the plane occupied by the bis(oxazoline) ligand. In this
research, replacement of the phenylsulfone group with a methylsulfone substituent
resulted in decreased levels of enantiocontrol and in two instances a reversal of
enantiomeric preferences (Figure 2.28). Thus, the presence of the aryl ring in the latter
group does impact on the stereochemical outcome of the C-H insertion reaction,
presumably through 1,3-steric interactions with the diazo R group (Figure 2.55), which
would be more unfavourable for the phenyl-substituted sulfone versus the methylsulfone,
although interactions with the ligand structure cannot be ruled out. Notably, similar trends
in terms of enantioselectivity have also been observed by Hashimoto and co-workers who
reported increased levels of asymmetric induction for increasing size of the ester alkoxy
substituent in studies examining the C—H insertion reactions of a-diazo-p-keto esters
(Table 1.2).”%? Further modelling studies examining cyclisations of the methylsulfonyl-
substituted substrates 37 and 38, and indeed diazo compounds featuring a wider range of
sulfone substituents (e.g. SO,t-Bu, SO,Np), are required to fully probe the influence of
the sulfone substituent.
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(a)

SO,Ph
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Figure 2.61
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It should be noted that in the above discussion of the transition states for copper-
bis(oxazoline)-catalysed C—H insertions, the effect of the metal counterion and the
additive species has not been included. Two principal geometries are possible for
tetracoordinated bis(oxazoline) complexes, namely, tetrahedral and square-planar.
Copper(ll)-halide complexes with bis(oxazolines), which was the main catalyst type
investigated in this project, are known to be considerably more distorted towards a
square-planar geometry.®® As shown in Figure 2.62,%® the chlorine ligands orientate
themselves away from the ligand quadrants blocked by the sterically demanding R*
substituents. Notably, the degree of distortion away from the ideal tetrahedral geometry
has been shown to increase with increasing steric bulk of the ligand R* substituent.%®
Complexes possessing either tetrahedral or square-planar geometry have been found, in
certain cases (mostly hetero-Diels Alder reactions), to display opposite selectivity,?%’ %4
however, in this project cyclopentanones with the opposite sense of asymmetric induction
were obtained for reactions in the presence of (4S)-t-Bu 51 and (4R)-Ph 49 (Figure 2.15),
highlighting the mechanistic differences between C—H insertion and other copper-
bis(oxazoline)-catalysed processes.

| &
RS
CuCl,*(S)-1-tBu CuCl,*(R)-1-Ph

Figure 2.62 ref.*®

The effect of the additive species has previously been discussed in Section 2.6.2.2.
Dramatic increases in enantioselectivity were recorded for CuClI- and CuCl,-catalysed C—
H insertions in the presence of NaBARF compared to reactions in which no additive was
present (Figure 2.17). This increase was rationalised by changes in the geometry of the
catalyst structure (Figure 2.24) resulting from complete or partial abstraction of chloride
by the ‘naked’ sodium ion of NaBARF (Figure 2.25). The presence of NaBARF in the
reaction mixture has not been accounted for in the structures presented in Figure 2.61,
therefore, further detailed examination of the transition states for C—H insertion including
the influence of the additive species on catalyst geometry is warranted in future studies to
provide a more accurate representation of this process. In reality, in the transition states in
Figure 2.61, association of chloride with the copper appears to reduce the levels of
enantiocontrol through variation of the nature of the catalytic complex.
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2.10 Conclusions

In this work, the synthesis and C—H insertion of a range of a-diazo-B-keto sulfones,
including seven novel compounds (33, 34, 36, 60, 64, 65 and 81), has been described.
Cyclisations of a-diazo-B-keto sulfone substrates were conducted in the presence of a
range of achiral and chiral rhodium and copper catalysts, with particular emphasis on the
use of chiral copper complexes, which have not been widely exploited for C—H insertion
reactions in the literature. Significantly, the results obtained in this study represent the
highest enantioselectivities (up to 91% ee) reported to date for cyclopentanone synthesis
via C—H insertion and indeed are the only example in the literature of asymmetric copper-
catalysed synthesis of a-sulfonyl cyclopentanones. The influence of various additive
species on the  C-H insertion process was also explored. The borate additives NaBARF
and KBARF were found to be the most effective species for permitting highly
enantioselective syntheses with short reaction times and minimal byproduct formation.
Notably, direct evidence of the mechanistic role of the additive in enantioselective C—H
insertion reactions has been reported for the first time.

The impact of substrate and ligand structure was also examined via the preparation of
several novel a-diazo-B-keto sulfones and bis(oxazoline) compounds. From the results
collected it is apparent that enantiocontrol for this process is more sensitive to changes in
steric bulk at the C—H insertion site than to alteration of the electronic properties at this
position. Modification of the electronic nature of the aryl ring of the ligand was also
found to have minimal impact on enantiocontrol, however, increased steric demand of the
aryl moiety of the ligand scaffold did lead to decreased asymmetric induction.
Importantly, rationalisation of the basis of enantioselectivity has been achieved via
examination of the theoretical transition states for the C—H insertion process, while
further analysis is required to fully rationalise the observed trends based on ligand
structure.

In addition to the observed effects on enantioselectivity, interesting trends were also
recorded in this project in terms of chemoselectivity. A number of reaction pathways
were found to compete with carbenoid C—H insertion, including those leading to O-H
insertion and diazo reduction byproducts. Byproduct formation via hydride transfer was
also observed for reactions of phenyl-substituted diazo substrates, providing the
alkylidene tetrahydrofuran byproduct (Z)-54 and the analogous novel compounds (Z)-57,
(2)-62, (2)-77, (2)-75 and (E)-75, with some sense of asymmetric induction observed for
synthesis of the latter two compounds. Significantly, the formation of alkylidene
tetrahydrofuran byproducts via this mechanistically interesting reaction pathway has not
previously been reported in the literature.
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Appendix | Chiral stationary phase HPLC and polarimetry data

All chiral stationary phase HPLC analysis was conducted at room temperature unless
otherwise stated.

Samples for chiral stationary phase HPLC analysis were prepared at a concentration of
~1 mg/mL.

Injection volume was 10 pl for all compounds unless otherwise stated.

Notably, the retention times can change per injection (particularly for long run times),
however, the elution sequence of enantiomers remains the same.

Stereochemical assignments of known cyclopentanone products were made by comparison to
previously reported polarimetry, and chiral stationary phase HPLC data (where known).

The absolute stereochemistry of novel cyclopentanone products was assigned by single crystal
analysis and chiral stationary phase HPLC analysis of the isolated single crystal.

Wherever feasible, the crystals employed for X-ray diffraction to determine absolute
stereochemistry were subsequently analysed by chiral stationary phase HPLC to
unambiguously confirm the absolute stereochemistry corresponding to each HPLC peak. In
some instances the detection of the weak signals from the single crystal proved challenging.



(x)-trans-2-Phenylsulfonyl-3-methylcyclopentanone 2
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(-)-(2R, 3S)-2-Phenylsulfonyl-3-methylcyclopentanone 2:

[a]2’ —21.8 (¢ 0.5, CH,Cly, 20% ee)

*Isolated from reaction of 1 in the presence of Rh,(S-Mand), (Table 2.10, entry 1).

(+)-(2S, 3R)-2-Phenylsulfonyl-3-methylcyclopentanone 2:

[a]Z +71.7 (c 0.5, CH,Cly, 61% ee)

*Isolated from reaction of 1 in the presence of CuCl,, (4R)-85 and NaBARF (Table 2.32, entry 4).

lit.>2% [a]?’ +69.8 (c 1.0, CHCl,, >95% ee)




(x)-trans-2-Phenylsulfonyl-3-ethylcyclopentanone 39
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()-(2R, 3S)-2-Phenylsulfonyl-3-ethylcyclopentanone 39:

[a]5’ —68.6 (¢ 0.5, CHCl,, 71% ee)

*1solated from reaction of 32 in the presence of CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.14, entry 9).

(+)-(2S, 3R)-2-Phenylsulfonyl-3-ethylcyclopentanone 39:

[a]5 +17.0 (c 0.5, CH,Cl,, 29% ee)

*1solated from reaction of 32 in the presence of Cu(MeCN),PF¢ (Table 2.12, entry 5).

lit.?: [a]2 +78.1 (c 2.8, CH,Cl,, >95% ee)



(x)-trans-2-Phenylsulfonyl-3-i-propylcyclopentanone 40

] [+9]
i [{e]
0.3 A
] o~
] !
025 || RT Area | % Area| Height
] i 1117.088 | 9188024 | 50.04 | 325692
020- “ 2121468 9172140 | 49.96|274302
5 ]
< - |
0151 |
1 |
] 1
0104 '
] | ' | (25,35)
] [ | '
005 I i [l
4 |I| | Ill | '
U.DD—:' - :‘-_; e'l'.__.-_— — e _r’l :\1 _:zl_ "\_;.J — S I I _
000 500 1000 1500 2000 2500 3000 3500 4000 4500
Mnutes

Note: single crystal isolated from sample of 40 obtained from reaction of 33 in the presence of
CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.14, entry 14): 75% ee (2R,3R). Chiral HPLC
analysis of single crystal of 40 was attempted, however, no signal was observed.

Compound Column Flow A Max Mobile phase Retention time
(mL/min)| (nm) | (hexane:IPA) [Enantiomer| min
Q Chiralpak 1.0 218 70:30 (2R, 3R) 17
: OJ-H
WSOPh
2 (2S, 39) 22
) ’ i-Pr

()-(2R, 3R)-2-Phenylsulfonyl-3-i-propylcyclopentanone 40:
[a]5’ —23.7 (¢ 0.5, CHCl,, 42% ee)

*1solated from reaction of 33 in the presence of CuCl, (4S)-t-Bu 51 and NaBARF (Table 2.14, entry 15).

(+)-(2S, 3S)-2-Phenylsulfonyl-3-i-propylcyclopentanone 40:
[a]% +38.0 (c 0.5, CH,Cl,, 60% ee)
*|solated from reaction of 33 in the presence of CuCl, (4R)-Bn 50 and NaBARF (Table 2.14, entry 13).

Lit.%: [a]3 +56.1 (c 1.0, CHCl3, 91% ee)



(x)-trans-2-Phenylsulfonyl-3-t-butylcyclopentanone 41
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Note: single crystal analysis for this compound is pending. Assignment of absolute
stereochemistry of 41 was made by comparison to chiral HPLC data and ligand trends for
analogous cyclopentanone structures.

Compound Column Flow A Max | Mobile phase Retention time
(mL/min) | (nm) |(hexane : IPA) [ Enantiomer | min
Q Chiralcel 0.8 224 99:1 (2R, 3R) 29
L o | ODH
: (25,35 | 33
) ’ t-Bu

Note: isolated samples of 41 were of insufficient purity to obtain accurate rotation values.
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(x)-trans-3-methyl-2-phenylsulfonyl-5-propylcyclopentanone 81
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Note: single crystal isolated from sample of 81b obtained from reaction of 78 in the presence of
CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.26, entry 6): 59% ee (2R,3S,5R).

Compound Column | Flow | AMax | Mobile phase Retention time
(mL/min)| (nm) | (hexane : IPA) [ Epantiomer | min
0 Chiralcel 0.5 222 gradient (2R,3S,5R) 140
0J-H 0 min:
99.7:0.3
340 min: (2S,3R,5S) | 183
98:2

Vii

30000 35000




1 2R*, 35%,55%
0.010- f o\
-’ r(e
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Compound Column Flow A Max | Mobile phase Retention time
(mL/min)| (nm) | (hexane : IPA) [ Enantiomer | min
Chiralcel 0.5 222 gradient TBD 220
OJ-H 0 min:
99.7:0.3
100 min: TBD 232
99.7:0.3
340 min:
98:2

Single crystal analysis for (2R*,3S*,55*)-81a is pending.

Note: for each of the asymmetric copper-catalysed reactions examined (Table 2.26),
cyclopentanone 81 was isolated as a mixture of diastereomers following column chromatography
therefore, measurement of rotation values was not conducted.
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(x)-trans-2-Phenylsulfonyl-3-phenylcyclopentanone 42
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()-(2R, 3R)-2-Phenylsulfonyl-3-phenylcyclopentanone 42:

[a]2 —67.5 (c 0.5, CHCl,, 89% ee)

*|solated from reaction of 35 in the presence of CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.14, entry 30).

(+)-(2S, 3S)-2-Phenylsulfonyl-3-phenylcyclopentanone 42:

[a]3’ +19.1 (c 0.5, CHCly, 23% ee)

*1solated from reaction of 35 in the presence of Rh,(S-Phpa),.H,O (Table 2.10, entry 17).

lit."2: [a]?’ +43.8 (c 2.0, CHCl,, 86% ee)



0187
0.15—5
0.14—3
0.12—2
o1

0.08

AU

o_ns—f
0.04—5
o_nz—f
0.00-

0,02

(x)-trans-2-Phenylsulfonyl-3-(4-bromophenyl)cyclopentanone 72
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Note: single crystal isolated from sample of 72 obtained from reaction of 64 in the presence of
CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.24, entry 5): 87% ee (2R,3R). Chiral HPLC

analysis of single crystal of 72 was attempted, however, no signal was observed.

Compound Column | Flow | AMax | Mobile phase | Retention time
(mL/min)| (nm) | (hexane : IPA) [Enantiomer| min
Chiralcel 0.5 218 90:10 (2R, 3R) 84
OD-H
(2S, 39) 96

(5)-(2R, 3R)-2-Phenylsulfonyl-3-(4-bromophenyl)cyclopentanone 72:

[a]5’ —57.2 (¢ 0.5, CH,Cly, 87% ee)

*Isolated from reaction of 64 in the presence of CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.24, entry 5).

(+)-(2S, 3S)-2-Phenylsulfonyl-3-(4-bromophenyl)cyclopentanone 72:

[a]Z’ +49.0 (c 0.5, CH,Cl,, 67% ee)

*1solated from reaction of 64 in the presence of CuCl,, (4R)-Bn 50 and NaBARF (Table 2.24, entry 2).



(x)-trans-2-[(4-Methoxyphenyl)sulfonyl]-3-phenylcyclopentanone 73

0.018 % -
] g ~
0.016 RT Area | % Area | Height . o
4 w
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Note: single crystal analysis of 73 was not conducted. Assignment of absolute stereochemistry
and elution sequence of enantiomers for this compound was made by comparison to assignments
for the related phenyl-substituted cyclopentanones 42, 72 and 61.

Compound Column Flow A Max | Mobile phase | Retention time
(mL/min) | (nm) | (hexane : IPA) [ Enantiomer| min
Chiralcel 1 221 90:10 (2R, 3R) 46

OD-H

(2S,3S) | 56

OMe

Note: samples of 73 isolated after column chromatography contained minor amount of (E)-75,
therefore measurement of specific rotation values was not conducted. Separation of the
enantiomeric peaks of (E)-75 was also achieved using the HPLC conditions described above (see
below). Optimal visualisation of the enantiomers of (E)-75 was achieved at A max = 245 nm.
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Minutes

*isolated from reaction of 65 in the presence of CuCl,, (4R,5S)-diPh 52 and NaBARF (Table 2.24, entry 9).
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(x)-trans-2-[(4-Bromophenyl)sulfonyl]-3-phenylcyclopentanone 61

0.07 ]
0.060-
] RT Area | % Area | Height
0_050_: 1|64.593|3881312| 50.70 | 18415
. 2|77.167 | 3774867 | 49.30| 16734
0.040
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- N I s
o] (2R, 3R) ™ (25, 35)
oL : -
Compound Column | Flow |AMax| Mobile phase | Retention time
(mL/min)| (nm) | (hexane : IPA) [Enantiomer | min
e o5 90 Chiralpak 1.0 231 30:70 (2R, 3R) 65
N/
! \\\S Br OJ'H
5 N
2
(2S, 39) 77
¢ ’ Ph

(9)-(2R, 3R)-2-[(4-bromophenyl)sulfonyl]-3-cyclopentanone 61.:
[a]Z ~76.3 (¢ 0.5, CHCl,, 87% ee)

*1solated from reaction of 60 in the presence of CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.23, entry 5).

(+)-(2S, 3S)-2-[(4-bromophenyl)sulfonyl]-3-cyclopentanone 61:
[a]2’ +59.9 (c 0.5, CH,Cly, 83% ee)

*|solated from reaction of 60 in the presence of CuCl,, (4R)-Bn 50 and NaBARF (Table 2.23, entry 2).
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(x)-trans-2-Phenylsulfonyl-3-benzylcyclopentanone 43

0161
0.147 RT Area | % Area | Height
012] - 62.548 | 14663611 | 49.86 | 96102
] ‘_‘5 2|165.457 | 14744641 | 50.14 | 37920
0.10] ©
"R I
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06 |I g
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000 2000 4000 6000 800 10000 12000 14000 16000 18000
Mnutes
Compound Column | Flow A Max | Mobile phase Retention time
(mL/min) | (nm) | (hexane : IPA) [Enantiomer| min
o Chiralpak 1.0 210 90:10 (2R, 3R) 71
1 AS-H
WSOzPh
’ 2 (25,35) | 202
4 3
Bn

(5)-(2R, 3R)-2-Phenylsulfonyl-3-benzylcyclopentanone 43:

[a]5 —39.0 (c 0.5, CH.Cl,, 66% ee)

*|solated from reaction of 36 in the presence of CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.14, entry 36).

(+)-(2S, 3S)-2-Phenylsulfonyl-3-benzylcyclopentanone 43:

[a]3’ +37.1 (c 0.5, CH.Cly, 55% ee)

*|solated from reaction of 36 in the presence of CuCl,, (4R)-85 and NaBARF (Table 2.32, entry 33).

lit.*: [a]%’ +55.6 (c 1.0, CHCls3, 98% ee)
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(x)-trans-2-(Methylsulfonyl)-3-methylcyclopentanone 44
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Compound Column Flow A Max | Mobile phase Retention time
(mL/min) | (nm) |(hexane : IPA) [Enantiomer | min
o Chiralcel 1.0 312 90:10 (2S, 3R) 23
1 OD-H
\SO;Me
5 W
2 (2R, 3S) 26
4 3
Me

(+)-(2S, 3R)-2-(Methylsulfonyl)-3-methylcyclopentanone 44:

[a]3 +14.8 (c 0.4, CH,Cl,, 16% ee)

*|solated from reaction of 37 in the presence of CuCl,, (4R,5S)-52 and NaBARF (Table 2.22, entry 4).

lit.>2% [a]? +5.6 (c 7.7, CH,Cly, 10% ee)
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(x)-trans-2-(Methylsulfonyl)-3-phenylcyclopentanone 45

0.25{
RT Area % Area | Height
] 1(36.035| 206561 1.20| 3123
020+
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Note: two unknown peaks (50 : 50) were observed in the HPLC trace of 2-(methylsulfonyl)-3-
phenylcyclopentanone 45 at 36 and 47 minutes. These peaks were observed for both rhodium-
and copper-catalysed reactions of 38.
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Compound Column Flow A Max | Mobile phase Retention time
(mL/min) | (nm) |(hexane : IPA) | Enantiomer | min
0 Chiralpak 1.0 213 90: 10 (2R, 3R) | 40
] ! W SOzMe OJ-H
(2S, 39) 59
) ’ Ph

(9)-(2R, 3R)-2-(Methylsulfonyl)-3-phenylcyclopentanone 45:

[a]Z’ —20.7 (c 0.3, CHCly, 62% ee)

*1solated from reaction of 38 in the presence of CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 2.22, entry 10).
(+)-(2S, 3S)-2-(Methylsulfonyl)-3-phenylcyclopentanone 45:

[a]5 +20.7 (c 0.3, CH,Cl,, 70% ee)

*1solated from reaction of 38 in the presence of CuCl,, (4R)-Bn 50 and NaBARF (Table 2.22, entry 7).
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(x)-trans-2-Dimethoxyphosphoryl-3-phenylcyclopentanone 101

0.18]
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Note: single crystal isolated from sample of 101 obtained from reaction of 99 in the presence of
CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 3.1, entry 1): 32% ee (2R,3R). Chiral HPLC analysis
of single crystal of 101 was attempted, however, no signal was observed.

Compound Column Flow A Max | Mobile phase | Retention time
(mL/min) | (nm) | (hexane : IPA) [ Epantiomer | min
Q Chiralpak 1.0 215 80:20 (2R, 3R) 24
OJ-H
WPO(OMe),
5 S (2S, 35) 58
) ’ Ph

(+)-(2S, 3S)-2-Dimethoxyphosphoryl-3-phenylcyclopentanone 101:
[a]3 +64.1 (c 0.5, CH,Cl,, 28% ee)

*1solated from reaction of 99 in the presence of CuCl, and (4R)-Bn 50 (Table 3.3, entry 4).

Note: Enantioenriched sample of (2R,3R)-101 obtained from reaction of 99 in the
presence of CuCl,, (3S,8R)-Ind 53 and NaBARF (Table 3.3, entry 1) was of insufficient
purity to obtain an accurate rotation value.
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(x)-trans-2,4-Dimethylpentan-3-yl 2-oxo-5-phenylcyclopentanecarboxylate 104
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Compound Column Flow A Max | Mobile phase | Retention time
(mL/min) | (nm) | (hexane : IPA) | Enantiomer | min
0 0 Chiralpak 1.0 218 90:10 (1S, 5R) 7
. “\ 0J-H
3 \}\“\\ OCH(i-Pr),
(IR,55) | 9
) Ph

A sample of 104 isolated from cyclisation of 103 in the presence of CuCls, (3S,8R)-Ind
53 and NaBARF (Table 3.5, entry 1, 65% ee) was hydrolysed and decarboxylated to
provide 3-phenylcyclopentanone 115 (see Section 4.5.5 for details), which was used to
determine which enantiomer was in excess by comparison to literature rotation values
for 115.

(-)-(S)-3-Phenylcyclopentanone 115:

[a]2’ —44.6 (¢ 0.77, CHCl3, 65% ee)

(+)-(R)-3-Phenylcyclopentanone 115:

lit.>: [a]?’ +65.4 (c 1.06, CHCl3, 60% ee)

XVii



(x)-1-(Phenylsulfonyl)bicyclo[3.1.0]hexan-2-one 117
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Dm; 2(73.420 (17754014 | 50.02|156617| | I
] ‘I (1
0.08 [ ]
=) ] l
<oosf | II I.
: m
0.04~ [
: ‘ [ [
002 | | ]|
] | | ! II
ooo}— | (15,55) N | | (1R,5R)
1\ RR
-0.02: A N —
000 2000 4000 6000 8000 10000 12000
Minutes
Compound Column Flow A Max | Mobile phase | Retention time
(mL/min) | (nm) | (hexane : IPA) [ Enantiomer | min
Chiralpak 0.5 215 80: 20 (1S, 59) 66

AS-H

(IR, 5R) | 71

(+)-(1S, 5S)-1-Phenylsulfonyl-2-oxobicyclo[3.1.0]hexane 117:
[a]3*® +20.7 (c 0.6, CHCl3, 61% ee)

*Isolated from reaction of 116 in the presence of Cu(OTf), and (4R)-Bn 50 (Table 3.7, entry 2).

(-)-(1R, 5R)-1-Phenylsulfonyl-2-oxobicyclo[3.1.0]hexane 117:

lit.%: [a]3*® —62.1 (c 0.6, CHCl3, 100% ee)
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(x)-trans-2-Allyl-2-methoxycarbonyl-2,3-dihydrofuran-3-one 121

1.40+
] <+
] 3
I.20‘_ 2
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Compound Column Flow A Max | Mobile phase Retention time
(mL/min) | (nm) | (hexane : IPA) [ Enantiomer | min
i Chiralcel 0.3 210 99:1 TBD 38
° OD-H
e TBD 41
o} \

(-)-2-Allyl-2-methoxycarbonyl-2,3-dihydrofuran-3-one 121.:

[a]% —66.7 (c 0.5, CH,Cl,, 48% ee)

*1solated from reaction of 120 in the presence of Rhy(R-p-CIMand), (Table 3.10, entry 8).
[a]% -31.2 (c 0.5, CH,Cls, 26% ee)

*|solated from reaction of 120 in the presence of CuCl,, (4R,5S)-diPh 52 and NaBARF (Table 3.9, entry 10).

(+)-2-Allyl-2-methoxycarbonyl-2,3-dihydrofuran-3-one 121:

[a]% +51.0 (c 0.5, CH,Cly, 37% ee)

*1solated from reaction of 120 in the presence of Rhy(S-Mand), (Table 3.10, entry 3).

Note: specific rotation values for 121 not reported in the literature, however, Hodgson’
had reported that reactions of 120 with Rhy(S-PTTL), provide (-)-121 while reactions

with Rhy(R-BNP), provide (+)-121. Single crystal analysis of 121 to determine absolute
stereochemistry has yet to be conducted.
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(R)-2,2-bis{-[4-(4-Methoxyphenyl)-1,3-oxazolinyl]}propane 82

0.24
0224 RT Area |% Area| Height
0.20 1]45.634 175542 0.96 1733
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Column Flow A Max Mobile phase Retention time
(mL/min) (nm) (hexane : IPA) Enantiomer min
Chiralcel 0.5 209 98:2 (S) 46
OD-H
(R) 49

*HPLC conditions are in line with those previously reported by O’Keeffe.®

Note: for details of specific rotation values for (R)-82 see Section 4.8.3
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(R)-2,2'-(Propane-2,2-diyl)bis[4-(4-methoxybenzyl)-4,5-dihydrooxazole] 85
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(S)-2,2'-(Propane-2,2-diyl)bis[4-(4-methoxybenzyl)-4,5-dihydrooxazole] 85

0.254 g
=] -
‘IT- RT Area % Area | Height
0.20 |
| 1(28.195| 124157 0.39| 1400
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', 240.180| 32099993 | 99.61 | 242697
|
0.157 [
2 | !I
0.10- |
| ]
!I
[ |
0.05 |
0 |
| 2 [
1 d | \
0.00- SN —_— = \“"‘—a — —
000 1000 2000 3000 4000 5000 6000 7000 8000 9000
Minutes
Note: (S)-85 was not used in catalyst studies in this project.
Column Flow A Max Mobile phase Retention time
(mL/min) (nm) (hexane : IPA) Enantiomer | (min)
Chiralcel 1 231 95:5 (R) 26
OD-H
(S) 40

Note: single crystal analysis of 85 was not conducted as this ligand is an oil. Assignment
of absolute stereochemistry of 85 was made by comparison with polarimetry values and
chiral HPLC data for 84 and 86. For details of specific rotation values for (R)-85 and
(S)-85 see Section 4.8.3
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(R)-2,2'-(Propane-2,2-diyl)bis[4-(4-chlorobenzyl)-4,5-dihydrooxazole] 84
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(S)-2,2'-(Propane-2,2-diyl)bis[4-(4-chlorobenzyl)-4,5-dihydrooxazole] 84
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Note: (S)-84 was not used in catalyst studies in this project.

Column Flow A Max Mobile phase Retention time
(mL/min) (nm) (hexane : IPA) Enantiomer min
Chiralcel 1 220 95:5 (R) 14
OD-H
(S) 32

Note: for details of specific rotation values for (R)-84 and (S)-84 see Section 4.8.3
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(R)-2,2'-(Propane-2,2-diyl)bis[4-(naphthalen-1-ylmethyl)-4,5-dihydrooxazole] 86

0.80] g
: ; .
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(S)-2,2'-(Propane-2,2-diyl)bis[4-(naphthalen-1-ylmethyl)-4,5-dihydrooxazole] 86

g ]
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1 T?I RT Area % Area | Height
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Note: (S)-86 was not used in catalyst studies in this project.
Column Flow A Max Mobile phase Retention time
(mL/min) (nm) (hexane : IPA) [ Enpantiomer min
Chiralcel 1 218 95:5 (R) 27
OD-H
(S) 40

Note: for details of specific rotation values for (R)-86 and (S)-86 see Section 4.8.3, single
crystal analysis for this compound is pending.
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Appendix Il Single crystal analysis

1-Diazo-1-phenylsulfonyl-5-phenylpentan-2-one 35

(2)-2-Phenyl-5-[(phenylsulfonyl)methylene]tetrahydrofuran 54

[#)]
] [Ts]
0251 E; RT | Area |% Area| Height
1115.759 | 8929936 | 49.54 | 234465
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Note: single crystal of 54 displayed above is racemic.

Chiral stationary phase HPLC conditions: Chiralcel OJ-H column at room
temperature, with hexane : IPA (60 : 40) as eluent, a flow rate of 1 mL/min, and the
detector set at A 217 nm.
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1-Diazo-1-phenylsulfonyl-5-phenylpentan-2-one 35:

C17H16N,05S, M = 328.38, triclinic, space group P1, a = 7.5490(15), b = 10.288(2), ¢ = 10.625(2)
A, p=82722(4)°, V = 783.1(3) A%, Z = 2, D, = 1.393 g cm >, Fooo = 344, Mo-Ka radiation, A =
0.71073 A, T = 100(2) K, 20max = 22.30°, 1 = 0.223 mm . 18492 reflections collected, 3177
unique (R, = 0.0482). Final GooF = 1.189, R; = 0.0486, WR, = 0.1350 [obs. Data: | > 20(1)]; R, =
0.0647, wR, = 0.1466 (all data).

(2R,3R)-2-Phenylsulfonyl-3-i-propylcyclopentanone 40:

C14H1503S, M = 266.34, monoclinic, space group P2;, a = 7.990(5), b = 10.332(7), ¢ = 8.397(6)
A, p=99.126(13)°, V = 684.4(8) A%, Z = 2, D, = 1.293 g cm 2, Foo = 284, Mo-Ka. radiation, A =
0.71073 A, T = 296(2) K, 26 = 18.4049°, 11 = 0.234 mm . 6158 reflections collected, 2456
unique (R, = 0.0509). Final GooF = 0.996, R; = 0.0529, WR, = 0.1143 [obs. Data: | > 20(1)]; R, =
0.1074, wR, = 0.1374 (all data).

(2R,3R)-2-(Methylsulfonyl)-3-phenylcyclopentanone 45:

C1oH1403S, M = 238.29, monoclinic, space group P2;, a = 11.8164(18), b = 9.2321(11), ¢ =
11.9043(19) A, g = 110.492(3)°, V = 1216.5(3) A®, Z = 4, D, = 1.301 g cm 2, Foo = 504, Mo-Ka
radiation, A = 0.71073 A, T = 296(2) K, 20max = 22.7146°, u = 0.255 mm . 13855 reflections
collected, 4845 unique (Ri; = 0.0367). Final GooF = 1.068, R; = 0.0414, wR, = 0.0967 [obs. Data:
I > 20(1)]; Ry = 0.0578, WR, = 0.1063 (all data).

(2)-2-Phenyl-5-[(phenylsulfonyl)methylene]tetrahydrofuran 54:

Ci7H1603S, M = 300.36, monoclinic, space group P2;/c, a = 11.590(3), b = 8.639(2), ¢ =
16.028(4) A, p = 110.434(7)°, V = 1503.8(6) A% Z = 4, D, = 1.327 g cm 2, Fooo = 632, Mo-Ka.
radiation, A = 0.71073 A, T = 300(2) K, 26 = 18.4894°, u = 0.222 mm . 9428 reflections
collected, 2663 unique (R = 0.0375). Final GooF = 1.036, R; = 0.0396, wR, = 0.1054 [obs. Data:
I > 20(1)]; Ry = 0.0549, WR, = 0.1150 (all data).

(2S,3S)-2-[(4-Bromophenyl)sulfonyl]-3-phenylcyclopentanone 61:

C17H1sBrOsS, M = 379.26, orthorhombic, space group P2,2,2;, a = 7.8064(14), b = 12.6377(19), c
=16.783(3) A, #=90°,V = 1655.7(5) A®, Z = 4, D, = 1.521 g cm 3, Fogo = 768, Mo-Ka radiation,
A=0.71073 A, T = 292(2) K, 20max =21.9468°, 1 = 2.617 mm *. 10139 reflections collected, 3622
unique (Riy = 0.0382). Final GooF = 1.123, R; = 0.0403, WR, = 0.0829 [obs. Data: | > 20(1)]; R, =
0.0621, wR, = 0.0888 (all data).

(2R,3R)-2-[(4-Bromophenyl)sulfonyl]-3-phenylcyclopentanone 61:

C17H1sBrO;S, M = 379.26, orthorhombic, space group P2,2,2;, a = 7.8117(10), b = 12.6388(16), ¢
=16.816(2) A, #=90°,V = 1660.3(4) A*>, Z =4, D, = 1.517 g cm 3, Fooo = 768, Mo-Ka radiation,
A=0.71073 A, T = 292(2) K, 20max = 24.4402°, u = 2.610 mm . 20445 reflections collected,
3628 unique (Riy = 0.0401). Final GooF = 1.051, R; = 0.0351, wR, = 0.0771 [obs. Data: | >
20(1)]; Ry = 0.0476, wR, = 0.0815 (all data).

(2R,3R)-2-Phenylsulfonyl-3-(4-bromophenyl)cyclopentanone 72:

C17H1sBrOsS, M = 379.26, orthorhombic, space group P2,2,2,, a = 5.7065(15), b = 14.346(4), ¢c =
20.106(6) A, = 90°, V = 1646.0(8) A%, Z = 4, D, = 1.530 g cm ®, Fogo = 768, Mo-Ka radiation, A
=0.71073 A, T = 296(2) K, 20max = 16.2142°, 11 = 2.633 mm L. 8389 reflections collected, 2875
unique (Ri; = 0.0844). Final GooF = 0.935, R; = 0.0498, wR, = 0.0841 [obs. Data: | > 2¢(1)]; R, =
0.1304, wR, = 0.1053 (all data).
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(2R,3S,5R)-3-methyl-2-phenylsulfonyl-5-propylcyclopentanone 81:

Ci5H2003S, M = 280.37, orthorhombic, space group P2,2,2;, a = 5.7169(5), b = 15.0913(14), ¢ =
17.6302(17) A, f=90°,V = 1521.1(2) A3, Z = 4, D, = 1.224 g cm >, Fogo = 600, Mo-Ka radiation,
A =071073 A, T = 296(2) K, 20max = 22.3374°, u = 0.214 mm . 17654 reflections collected,
3117 unique (R = 0.0408). Final GooF = 1.038, R; = 0.0523, wR, = 0.1334 [obs. Data: | >
20(1)]; R, =0.0781, wR, = 0.1509 (all data).

(R)-2,2'-(Propane-2,2-diyl)bis[4-(4-chlorobenzyl)-4,5-dihydrooxazole] 84:

CaH,4CIN,O,, M = 431.34, monoclinic, space group C,, a = 24.450(9), b = 7.313(3), ¢ =
6.144(2) A, B = 94.970(6)°, V = 1094.4(7) A%, Z = 2, D, = 1.309 g cm>, Fooo = 452, Mo-Ka
radiation, A = 0.71073 A, T = 296(2) K, 26ma = 23.7782°, u = 0.318 mm™. 4913 reflections
collected, 1826 unique (R, = 0.0355). Final GooF = 1.069, R; = 0.0370, wR, = 0.0858 [obs. Data:
| >20(1)]; Ry = 0.0626, WR, = 0.1019 (all data).

(2R,3R)-2-Dimethoxyphosphoryl-3-phenylcyclopentanone 101:

Ci3H1704P, M = 268.24, monoclinic, space group P2,/c, a = 10.9008(11), b = 15.0108(15), ¢ =
9.2924(9) A, p = 115.228(2)°, V = 1375.5(2) A3, Z = 4, D, = 1.295 g cm>, Fogo = 568, Mo-Ka.
radiation, A = 0.71073 A, T = 296(2) K, 20 = 26.6217°, u = 0.204 mm. 15951 reflections
collected, 3033 unique (R, = 0.0253). Final GooF = 1.071, R; = 0.0527, wR, = 0.1143 [obs. Data:
| >20(1)]; Ry = 0.0649, WR, = 0.1539 (all data).
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Appendix 111 PXRD analysis of NaCl isolated from copper-catalysed C—H insertion
reactions in the presence of NaBARF

Theoretical (black) and recorded (red) results

e Intensity (%)

Relativ

2Theta
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Appendix 1V List of abbreviations

Ar aryl

Bu butyl

BulLi butyllithium

Bn benzyl

bp boiling point

CDI carbonyldiimidazole

COSsY correlation spectroscopy

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCE 1,2-dichloroethane

DCM dichloromethane

DEPT distortionless enhancement of polarisation transfer
DMAP (dimethylamino)pyridine

DMB dimethylbutane

DMF dimethylformamide

DMS dimethylsulfide

DMSO dimethylsulfoxide

ee enantiomeric excess

Et ethyl

EWG electron-withdrawing group

equiv equivalents

g gram

h hour(s)

HETCOR heteronuclear correlation

HPLC high performance liquid chromatography
HRMS high resolution mass spectrometry
i iso

IR infrared

lit literature

M molar

mand mandelate

Me methyl

mg milligram

MHz megahertz

min minute(s)

mp melting point

NaBARF sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
NMR nuclear magnetic resonance

PCC pyridinium chlorochromate

Ph phenyl

Pr propyl

rt room temperature

RCM ring closing methathesis

scCO, super critical carbon dioxide

t tert

THF tetrahydrofuran

TLC thin layer chromatography

tosyl toluenesulfonyl
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Appendix V *H NMR spectra of aromatic B-keto carbonyl compounds
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Appendix VI *H NMR spectra of aromatic a-diazo-A-keto carbonyl compounds
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Catalytic asymmetric C-H insertion reactions of a-diazocarbonyl compounds
Catherine N. Slattery, Alan Ford, Anita R. Maguire
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sulfones
Catherine N. Slattery, Anita R. Maguire

Org. Biomol. Chem., 2011, 9, 667—669.

Copper-catalyzed C-H insertion in a-sulfonyl cyclopentanone synthesis

Catherine N. Slattery, Anita R. Maguire
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aromatic addition reactions of a-diazocarbonyl compounds

Catherine N. Slattery, Leslie-Ann Clarke, Shane O’Neill, Aoife Ring, Alan Ford, Anita R. Maguire
Synlett, 2012, 23, 765-767.

Copper-catalysed enantioselective intramolecular C—H insertion reactions of a-diazo-p-keto
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Catherine N. Slattery, Simon E. Lawrence, Kevin S. Eccles, Anita R. Maguire

Tetrahedron Letters, 2012, submitted manuscript.

Catalyst, additive and counterion effects on the efficiency and enantioselectivity of copper-
catalysed C—H insertion reactions of a-diazo sulfones
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Tetrahedron, 2012, submitted manuscript.

Investigation of substrate and ligand modifications in enantioselective C-H insertion
reactions of a-diazo-p-keto sulfones
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