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Abstract

During this research project the synthesis of sp3-rich azepanes was envisioned using our
asymmetric deprotonation strategy as a key step build in chirality. First a series of chiral enol
phosphates were prepared in good to high yields with high enantioselectivities (up to 99:1) using a
C,-symmetric magnesium base developed in the Kerr group. Thereafter a series of trisubstituted
alkenes were synthesized by a cross coupling strategy using phenylmagnesium bromide and to our
delight, after a detailed optimisation, the desired products were obtained with high to excellent
yields. The scope of the nucleophilic coupling partner was also successfully expanded for primary
and secondary alkyl Grignard reagents, which are known to be more challenging coupling partners
and the desired products were obtained in high to excellent yields. When the primary alkyl cross
coupled products were used as substrates the desired 7-membered azepanes were obtained after a
one pot ozonolysis-reductive amination sequence, with good vyields and high ers in a
diastereoselective manner. Neither in the cross coupling step nor in the tandem ozonolysis-reductive
amination erosion of the enantioselectivity was not observed. In the case of the secondary and aryl
coupled products, with identical conditions the ring closure does not occur, and the corresponding
aliphatic e-amino ketones could be obtained with moderate to good yields in an enantiomerically
enriched fashion. Further optimisation of the reaction conditions allowed us to prepare the desired

chiral azepanes even with these challenging substrates.

In parallel with this a series of conformationally locked cyclobutanones were synthesised and
desymmetrised with a C,-symmetric magnesium base, developed in our group. The enol phophates
were isolated with significantly lower enantiomeric ratios (57:43 to 59:41) than the previously
reported values (95:5 to 99:1). In order to explain the observed differences a Kumada coupling
reaction was developed for the cross coupling of enol phosphates with phenylmagnesium bromide.
The products were obtained in moderate to high yields and separation of these products revealed
that the enantioselectivity of the products was identified incorrectly previously. In addition the
structure of the C;-symmetric magnesium base was also investigated by DOSY NMR and revealed
that under standard conditions a mixed alkylmagnesium amide forms instead of the previously
assumed bisamide. With these results in hand, a novel mixed magnesium amide system was
identified computationally as an efficient base, for the asymmetric deprotonation of

cyclobutanones. Finally, the desired amine was prepared through a three step synthetic sequence.



Acknowledgement

First, 1 would like to thank Billy for the oppourtunity to be part of his research group and his
continuous professional support during the last 4 years. | also would like to thank Laura and Dave for
their encouragement during group meetings and reviewing my yearly reports and the final thesis. |
would like to thank for all of those, that | shared the lab with (Renan, Leo, Liam, Garry, Adele,
Giorgia, Paul, Raymond, Jemma and Scott) and special thanks for avoiding Pizza Hut on Fat Fridays
for 3.5 years. Most of all, I'd like to thank Reka for sharing all the ups and downs that a PhD brings,
with me in the last 4 years and supporting me. Last but not least, | would like to thank my parents

for their encouragement, love and guidance during this time.



Abbreviations

Ac Acetyl group
b.p. Boiling point
CIpP Contact ion pair
D Deuterium atom
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EQ External quench
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h hour
HMPA Hexamethylphosphoramide
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IR Infrared spectroscopy
LDA Lithium di-iso-propylamide
M mmol/mL
min minute
MW Microwave irradiation
NMR Nuclear magnetic resonance
S singlet
d doublet
t triplet
q quartet



m multiplet

br broad
nOe Nuclear Overhauser effect
NOESY Nuclear Overhauser effect Spectroscopy
PE Petroleum ether
rt Room temperature
sat. Saturated
SET Single electron transfer
SSIP Solvent separated ion pair
TBDMS Tert-butyldimethylsilyl
Tf Triflate
THF Tetrahydrofuran
TLC Thin layer chromatography
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TMP 2,2,6,6-tetramethylpiperidine
TMS Trimethylsilyl
uv Ultraviolet
2-MeTHF 2-methyltetrahydrofuran
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1

Introduction

By definition, a molecule is chiral if it is not superimposable on its mirror image.! In Nature,
chirality plays a central role, with critical building blocks such as amino acids and carbohydrates
exhibiting homochirality in living organisms. In order to prepare chemical substances that can
sufficiently interact with these biopolymers, the stereochemistry of the reactive chemical
substance has to be controlled. Indeed, the preparation of such molecules is a particularly
challenging area of science due to the similar physical properties that chiral molecules exhibit. As
a consequence, there is a high demand for the preparation of molecules in an asymmetric
fashion. Most importantly, these molecules are ubiquitously used as agrochemicals and
pharmaceuticals.? For example, 56% of the drugs currently in use are chiral products.? Therefore,
the generation and preservation of chiral information is one of the most important and popular
fields in synthetic chemistry. However, the selective installation of stereocentres still presents a
considerable challenge in organic synthesis.* The development of such protocols is still
demanding, despite the fact that several generations of scientists have worked to understand the

key factors in these processes and develop rational guidelines for the synthesis of new molecules.

Historically, the synthesis of chiral targets was firstly achieved by the use of enantiomerically
pure, naturally-occurring, starting materials, which is known as the chiral pool method (first
generation asymmetric synthesis). The configuration of a new chiral centre is affected by the
existing one and the relative energy difference between the diastereomeric transition states
determines the selectivity of the transformation. This process is often termed as a substrate-
controlled reaction in asymmetric synthesis. The main disadvantages of this strategy are the
restricted availability of the source and the limited number of tolerated transformations without
the loss of stereogenicity.®> A further method, referred to as second-generation asymmetric
synthesis, employs a stoichiometric chiral auxiliary, which can be attached to a prochiral
substrate to induce chirality via a diasteroselective reaction.® These transformations are not
restricted to the availability of the chiral starting material, although, it has to be highlighted that
the attachment and removal of the chiral auxiliary increases the number of necessary reaction
steps by two. Stoichiometric chiral reagents are also successfully used in asymmetric synthesis
(often referred to as third generation asymmetric synthesis).”” In this case, the generation of
chirality is achieved using an enantiomerically pure reactant, where the starting substrate is an
achiral molecule. In addition, varying chiral organometallic reagents are easily prepared in high
yield allowing a wide variety of synthetic transformations to be carried out. " Finally, the

generation of stereocentres can also be achieved by catalytic methods, which is known as fourth
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generation asymmetric synthesis.’® Although the application of catalytic transformatios are
widely used to prepare chiral structures under milder conditions or through otherwise
unavailable disconnections, this approach typically requires the use of often expensive metals, in
order to efficiently catalyse asymmetric transformations. In addition, a chiral environment,
generated by the ligands around the metal centre is required, and synthesis of these ligands can
often be costly and time consuming. Due to these drawbacks, the application of these protocols

on industrial scale synthesis is often challenging.

As mentioned above, stoichiometric chiral reagents have been extensively used for the
preparation of highly funtionalised molecules in a stereoselective manner. One of the most
important chiral transformations with a stoichiometric chiral reagent is the enantioselective
deprotonation of a prochiral substrate, which forms a highly reactive nucleophilic intermediate,
which can be reacted with several different electrophiles to prepare enantiomerically enriched
molecules.’ Most frequently, chiral lithium amides have been used to successfully accomplish
the asymmetric deprotonation process.”®*? In relation to this, our own research team is
especially interested in the application of magnesium amides as chiral reactants in the synthesis
of complex molecular frameworks. The outstanding ability of these reagents lies in their highly
basic character, in parallel with their low nucleophilicity. These properties make these reagents

exceptional chiral bases in the asymmetric deprotonation of organic substrates.

The following sections discuss, in turn, the development of both lithium and magnesium base

species for application in asymmetric synthesis.
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2 Chiral Lithium Amide Bases

Over the last twenty years, there has been a continuing effort towards the application of
chiral bases in molecular desymmetrisation processes. In particular, chiral lithium amide bases
have emerged to become one of the most popular classes of chiral bases. They have been
extensively investigated by several research groups in order to understand the key parameters in
the desymmetrisation of prochiral substrates.>!*% Such studies have involved investigations into
the structure-selectivity relationship, including a series of crystallographic and NMR experiments.
Furthermore, the role of different additives has been investigated to increase the efficiency of
the process. Unsurprisingly, the information gained through these studies has resulted in an

increased use of chiral base mediated reactions as the key steps in total syntheses.'®

Chiral lithium amide bases have been successfully employed in the desymmetrisation of

three main classes of organic substrates as shown in Scheme 2.1:

() rearrangement of epoxides to allylic alcohols;!3
(i) aromatic and benzylic functionalisation of tricarbonyl(n®-arene)chromium complexes;*>
(iii) asymmetric deprotonation of conformationally locked prochiral cyclohexanones and other

cyclic ketones.’

Chiral base S
() e o ————— cHon .

OH

1
1
H H ! OR OR
(i) QDG Chiral base QDG E ®_/ Chiral base
ii _— i —— E
I H Electrophile I E i Electrophile
Cr(CO); Cr(CO)3 ! Cr(CO)3 Cr(CO);
1
o} OE
Chiral base
(iii)
Electrophile
R R
Scheme 2.1

All three classes of substrate possess a plane of symmetry or are achiral. With regard to obtaining
enantiomerically enriched products in these desymmetrisation processes, the chiral base has to

distinguish between a pair of equivalent but enantiotopic protons.

-11-



2.1 Enantioselective Rearrangement of Epoxides

The rearrangement of cyclic epoxides to allylic alcohols using achiral lithium amide species is
a well-known process.'® The widely accepted mechanism for the transformation of, for example,
cyclohexene oxide 1, proceeds through a syn B-elimination®® of a pseudo-axial proton, although

with cyclopentene oxide 2, an alternative a-lithiation mechanism was also suggested (Scheme
2.2).%0

p-elimination:

o -
(j + LINR, //Li—\llly\—R' _HNR, @,o Li
" A0 ),
R
1

A R Z

a-insertion:

+ LiNR', Li ("O
- HNR', ¢

_T7r2 @ o H\ré/o-u+ - 5 ©/O‘Li+

Scheme 2.2

Whitesell was the first to use a chiral lithium amide, (S,5)-4, in the asymmetric deprotonation of
cyclohexene oxide 3 in 1980 (Scheme 2.3).%! The reaction was carried out in refluxing THF and the

allylic alcohol (R)-5 was obtained in a moderate 36% enantiomeric excess.

BUPR

Ph N Ph
Li
(S,S)-4 OH
(Do S
THF, reflux
3 (R)-5
36% ee
Scheme 2.3

Since this pioneering report, several research groups have improved on Whitesell’s original
protocol. To further increase the synthetic utility of the reaction, a series of novel lithium amide
bases containing a second, electron donating, heteroatom were prepared. Firstly, Asami reported
a proline-derived base, (S)-6 (Scheme 3.4).5” The product (S)-5 was obtained in a significantly

higher 79% ee compared to Whitesell’s amine, which gave 36% ee.
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(S)-6
- =
THF, 0 °C OH
3 (S)-5

77%*, ee 79
*:Yield after benzoylation

Scheme 2.4
More importantly, with base (S,5)-4 giving (R)-5 as the major enantiomer, and base (S)-6 giving
(5)-5, these two protocols are complementary. Following these studies, Schlosser found that a
mixed alkoxy amido base effectively increased the enantioselectivity in the desymmetrisation of
oxiranes.?* Based on these initial results, Murphy demonstrated that a more readily available
chiral amine (1R,2S)-8 could also be used in the asymmetric deprotonation of cyclic epoxides to

produce chiral allylic alcohols in higher ee (Scheme 2.5).2>%6

Ph

HNLi  OLi
(1R,2S)-8 OH
o~ o oI
THF/benzene,
7 -78°Ctort 9
98%, 80% ee
Scheme 2.5
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2.2 Synthesis of Chiral Tricarbonyl (n¢-arene)chromium Complexes

2.2.1 Aromatic Functionalisation

In 1994, Simpkins first demonstrated that a chiral lithium amide base (R,R)-142 could
differentiate between the ortho-protons in a prochiral (n8-arene)chromium tricarbonyl complex

148 (Scheme 2.6).2728

PhJ\N_/\Ph
Li

OMe OMe
(RR)-4 SiMe,
4 Me,SiCl, THF, -78 °C S
Cr(CO); Cr(CO);
10 11

83%, 84% ee
Scheme 2.6

The metallation was aided by a methoxy directing group, and the product 11 was obtained in
high yield and good enantioselectivity after quenching with trimethylsilyl cholride. Subsequently,
the metallation was followed by quenching with benzaldehyde as an electrophile, however only
small amounts of the desired product was observed. In order to investigate this poor result, the
organometallic intermediate was quenched with deuterated water. In the presence of lithium

chloride, the reaction was dramatically accelerated (Scheme 2.9).%°

Ph/LN_/\Ph
Li

OMe OMe
(R,R)-4 D 100 % D incorporation:
> with LiCl 2 min
D,0, THF, -78 °C < without LiCl 180 min
Cr(CO)3 Cr(CO)3
10 11-d

Scheme 2.7

With the optimised conditions in hand, benzaldehyde was eventually used successfully as an
alternative electrophilic reactant in the desymmetrisation of (n®-arene)chromium tricarbonyl

complex 10 (Scheme 2.8).282°
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1. /l\ :
Ph” >N" Ph
Li

OMe OMe OH
(RR)-4 oh
{ LiCl, THF, -78 °C {
Cr(CO)3 2 PhCHO Cr(CO)3
10 12
67%, 65% ee
Scheme 2.8

However, the yield and ee values were still lower in comparison with Scheme 2.6. Other
coordinating groups were also successfully used in the desymmetrisation of tricarbonyl (n®-
arene)chromium complexes. In this manner, acetal 13%%%%° gnd amide 15%° were also used

(Scheme 2.9 and Scheme 2.10) in the ortho-functionalisation of these substrates.

dﬁ—g PWJ\H/\Ph dﬁ—g
(RR)-4 SiMe,
< Me;SiCl, THF, -78 °C <
Cr(CO)3 Cr(CO);
13 14

36%, 84% ee (Simpkins)
48%, 81% ee (Kindig)

Scheme 2.9

Finally, Kiindig demonstrated that a wide range of different electrophiles can react with the lithiated
organometallic species generated in situ by reaction of amide 15 with chiral base 16 (Scheme

2.10).%° Generally, the ortho-substituted complexes were obtained in high yields and with ee values

between 64-73%.
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] Li

O ) N O
. H .
NPr )\ a NP,
16 R
A\ THF, -78 °C \
Cr(CO), Cr(CO)3
2. RX
15 17
Scheme 2.10
Entry R-X Yield (%) ee (%)
1 MesSiCl 86 67
2 MeOC(0)Cl 71 73
3 Me2NC(O)Cl 85 68
4 Mel 93 64
5 DMF 93 69
Table 2.1

2.2.2 Benzylic Functionalisation

In the ortho-functionalisation of chromium complex 13, both Simpkins and Kiindig observed
relatively low yields due to competing metalation at the benzylic position (c.f. Scheme 2.9).27:2830
Inspired by their results, Simpkins?®3! and Gibson3? independently recognised the synthetic
importance of this transformation to prepare enantiomerically encriched, benzyl-functionalised
(nt-arene)chromium complexes. Initially, the same chiral base (R,R)-4 was used in these reactions,
as for the ortho-functionalisation, however, Gibson demonstrated the practical utility of a new
diamine ligand, 157, which significantly increased the ee and yield under similar conditions

(Scheme 2.11).%2
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SPh

_ 1. Chiral base
@Ao THF, LiCl, -78 °C | NN

Cr(CO); 2. PhS-SPh xCr(CO)
3

18 20

/L - Ph.  Ph

Ph” N" Ph —
II_' N N—\
|

PA  LiLi Ph
(R,R)-4 19

Scheme 2.11

Entry Chiral base Yield (%) ee (%)
1 (R,R)-4 52 22
2 19 86 97
Table 2.2

The same effect was also observed by Simpkins with dihydroisobenzofuran chromium complex 21.

The lithiated organometallic, in this case, was trapped by benzophenone to give the chiral tertiary

alcohol 22 as shown in Scheme 2.12.2%3!

Ph_OH
1. Chiral base
THF, LiCl, -100 °C
2. Ph,CO
21 22

> e
Y]
>

"
>

‘7

Scheme 2.12

Entry Chiral base Yield (%) ee (%)
1 (R,R)-4 72 75
2 19 70 99
Table 2.3

Using chiral base (R,R)-4 or 19 the product was isolated in similar yields, while the ee with amide

19 was significantly higher. Moreover, the effect of different directing groups was also
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investigated. For example, thioethers 23 were studied and several electrophiles were used with

success (Scheme 2.13).3?

Ph Ph
1, \ S
N\ /N
Ph Li Li Ph )
R
SR! 19 B
- @ASW
AN 2
Cr(CO); 2.R%-X <
Cr(CO)3
23 24
Scheme 2.13
Entry R! R? Yield (%) ee (%)
1 Me Bn 91 88
2 Me C11Ho 93 88
3 Me MesSi 62 89
4 Bn Me 84 91
5 Bn Ci11Ho 83 91
Table 2.4

The corresponding complexes 24 were furnished in high ee and in generally good yields.
However, in contrast with the ortho-functionalisation, when trimethylsilyl chloride was used as

electrophile the yield dropped to 62% (entry 3 in Table 2.4).
2.2.3 Deprotonation of Prochiral Ketones
Independently, Simpkins®* and Koga®** both demonstrated that asymmetric deprotonation of

prochiral ketones using chiral lithium amide bases is a viable process, producing silyl enol ethers in

an enantiomerically enriched fashion (Scheme 2.14).

70%, 86% ee (Simpkins)

OSiMes |

1 *

o Chiral base : TTc=0
Bu ! E——— i
H Me3SiCl i
H i
Bu : R
25a (R)-ZGa i
88%, 84% ee (Koga) i GC-H

]

Scheme 2.14

In conformationally locked ketones, a stereoelectronic preference exists to remove the axial protons

(red hydrogens in Scheme 2.14) due to the more effective overlapping interaction between the
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developing negative charge and the antibonding orbital of the carbon oxygen double bond (right-
hand side in Scheme 2.14).3° The work of Koga and Simpkins thus demonstrated that a reactive

chiral base can effectively distinguish between these two enantiotopic protons.

Based upon these results, Koga extensively studied the asymmetric deprotonation 4-tert-butyl-

cyclohexanone analogues with novel bidentate bases (R)-164 and (R)-165 (Scheme 2.15).%°

0] OSiMe;
Chiral base
Me3SiCl, THF,
By 1 or 2 eq. HMPA By
25a (R)-26a

)\NLi NMe  Bu” NLi
S U

(R)-27 (R)-28

Scheme 2.15

Entry Chiral base  Temp. (°C) Yield (%) ee (%)

1 (R)-27 -78 87 77

2 (R)-28 -78 82 82

3 (R)-27 -105 52 89
Table 2.5

The corresponding silyl enol ether 26a was obtained in high ee with both lithium amides (R)-27 and
(R)-28. In order to achieve a high yield, Corey's internal quench method was used in every case,
which means that the reactive organometallic was added to a solution of the substrate and
electrophilic reagent.*” In addition, 1 - 2 equivalents of the Lewis base HMPA was shown to be

essential to enable high enantioselectivity.

Following this study, Simpkins then showed that a more simple C;-symmetric chiral base (R,R)-4

could be used in the deprotonation of cyclohexanone 25a (Scheme 2.16).®
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PhJ\N_/\Ph
Li

(@] OSiMe3
(RR)-4
Me3SiCl, THF
Bu Bu
25a (S)-26a
Scheme 2.16

Entry Temp (°C) Yield (%) ee (%)

1 -78 73 69

2 -90 66 88

Table 2.6

In both cases, the observed enantiomeric excesses were directly proportional to the reaction
temperature. In conclusion, low temperatures were needed to reach high ee (entry 2 in Table 2.6),

although the yield was compromised in these cases.

2.2.3.1 Effect of Salt Additives

In these early studies, both Koga3® and Simpkins3? reported the in situ trapping of the generated
lithium enolates by an electrophilic reagent (internal quench). Interestingly, the enantiomeric ratios
decreased drastically if the electrophilic trimethylsilyl chloride was added last to the reaction
mixture (so-called external quench). To rationalise the observed effect, research efforts were
focused on determining the role of lithium chloride, which can be generated under the reaction
conditions. Firstly, Simpkins investigated the effect of different quenching techniques in the
asymmetric deprotonation of 4-tert-butylcyclohexanone 25a with chiral base (R,R)-4 (Scheme

2.17).%
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PhJ\N/\Ph
Li

O OSiMe;
(R5R)_4
Me3SiX, THF, -78 °C
‘Bu Bu
25a (S)-26a
Scheme 2.17
Entry X Quench  LiCl (eq.) ee (%)
1 Cl Internal - 69
2 Cl External - 23
3 cl External 0.5 83
4 Br Internal - 20
Table 2.7

Under internal quench conditions the enantioselectivity of the process increased from 23% (entry 2
in Table 2.7) to 69% ee (entry 1 in Table 2.7). On the other hand, the highest ee, 83%, was achieved
by the addition of 0.5 equivalents of lithium chloride under external quench conditions (entry 3 in

Table 2.7).

Reactions with different electrophiles and substrates were also carried out to determine the general
role of lithium chloride in the asymmetric deprotonations. The same effect was observed by

Simpkins33° and Majewski*®*! in the asymmetric aldol reaction of tropinone 29 (Scheme 2.18).
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1. Chiral base, LiCl, .
THF, -78 °C yoH

2. PhCHO
o} O

29 31

PhJ\N/\Ph Ph/LNJ\
Li Li

(R,R)-4 (R)-30

Scheme 2.18

Simpkins28:2° Majewski303!
Entry Chiral base
LiCl (eq.) ee (%) LiCl (eq.) ee (%)

1 - 24 - 35
2 - - 0.25 78
3 (R,R)-4 0.5 78 0.5 58
4 - - 1 88
5 - - 1.0* 95*
6 - 24 - 22
7 - - 0.25 65
(R)-30
8 0.5 66 0.5 71
9 - - 1 68

* Lithium chloride generated by premixing n-buthyllithium and the hydrochloride salt of the

amine precursor to chiral base (R,R)-4
Table 2.8
In both reports, the observed ee values were higher in the presence of lithium chloride. Moreover,
an alternative method has been published to increase the selectivity. Instead of the hygroscopic
amine, the less sensitive hydrochloride salt was used, which was deprotonated by 2 equivalents of n-

butyllithium, generating the lithium amide base and lithium chloride additive in situ (entry 5 in Table
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3.8). Indeed, in this case, Majewski was able to improve the enantioselectivity to an impressive 95%

ee.

Other inorganic salts were also tested in the asymmetric deprotonation of tropinone 29. In a
detailed study, Simpkins investigated the effect of different lithium, sodium, magnesium and
potassium salts, however, in each case, similar ee values were obtained as compared to the absence
of any additive at all.3® Furthermore, Majewski also obtained similar results with lithium perchlorate
and lithium iodide, however, it was noted that lithium bromide has a similarly positive effect as
lithium chloride in the asymmetric deprotonation of tropinone 29 when using base (R)-30 (Scheme

2.19).%°

~ ~ Ph
1. Chiral base, LiBr, .,
THF, -78 °C O

2. PhCHO -
0 0
29 31

PhJ\N_J\

(R)-30

Scheme 2.19

Entry Chiral base LiBr (eq.) ee (%)

1 (R)-30 0 24

2 (R)-30 1 69

Table 2.9

Due to the fact that inorganic lithium salts can be generated under standard reaction conditions,
Koga has examined the effect of different electrophilic trimethylsilyl halides in the asymmetric

functionalisation of 4-tert-butylcyclohexanone 25a with chiral base (R,R)-4 (Scheme 2.20).%
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PhJ\N_/\Ph
Li

O OSiMe;
(R,R)-4
Me3Si-X, THF, -78 °(§
Bu Bu
25a (S)-26a
Scheme 2.20
Entry X Quench  Additive (eq.) ee (%)
1 cl Internal - 90
2 Br Internal - 65
3 | Internal - 31
4 cl External - 44
5 cl External LiCl (0.5) 87
6 cl External LiCl (1.0) 88
7 cl External LiCl (3.0) 88
8 cl External LiBr (3.0) 86
9 cl External Lil (3.0) 43
Table 2.10

Under internal quench conditions, the highest enantioselectivity was reached with trimethylsilyl
chloride (entries 1-3 in Table 2.10). In summary, a similar trend to Simpkins® results was observed
(cf. Scheme 2.20 and Scheme 2.17).334? In both studies, the product (S)-26a formed in considerably
lower ee under external quench conditions in the absence of additives. On the other hand, at least
comparable ee was obtained when 0.5 equivalents of lithium chloride was added to the reaction
mixture under external quench conditions. Higher amounts of lithium chloride did not improve the
enantioselectivity (entries 5-7 in Table 2.10). In order to achieve a comparable effect with lithium
bromide, 3.0 equivalents of the salt additive were required (entry 8 in Table 2.10). However, when
lithium iodide was used the product (S)-26a was obtained with a significantly lower e.r. (entry 9 in

Table 2.10).
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Keeping the previously reported results in mind, further research efforts were focused on the
structural elucidation of different lithium amide bases in both liquid and solid phase. Koga
performed a series of asymmetric deprotonation reactions with chiral base (R,R)-4 to generate
enantiomerically enriched silyl enol ethers.*” The structure of the chiral base (S,5)-4 was
characterized by °Li and >N NMR spectroscopy. Without lithium chloride, the main component was

identified as a homo dimer 32 in THF solution (Figure 2.1).

Ro-Hsy-R
R™ "L~ "R

32
Figure 2.1

This observation was strengthened by the X-ray crystallographic analysis of chiral base (R,R)-4. In the
solid state, a dimeric structure 32 was again revealed.® In this case, the crystals were obtained from
a hexane-THF solution. With these results in hand, Koga suggested that the homo dimer, 32, is
responsible for the poor enantioselectivity. Moreover, Li and >N NMR studies showed that in the
presence of lithium chloride, two new species were formed in solution. They were identified as a
mixed dimer 33 and a trimer 34. The analogous trimeric structure has already been observed in the
solid state structure of LDA in the presence of lithium chloride.** The mixed dimer 33 was identified
as the major component in the THF solution of chiral base (S,5)-4 and this species is believed to be

responsible for the higher ee in the asymmetric deprotonation reactions (Figure 2.2).

. R R
Ronte R;NCT/L')N'—R
R Li L L

33 34
Ph/\N_/LPh
Li
(S,S)-4
Figure 2.2

The same phenomenon was observed with chelating chiral ligands (R)-27 and (R)-28 (Figure 2.3).
Koga identified a similar dimeric structure with chiral amine (R)-28 in solution (Figure 2.3), which
likewise produced high enantioselectivities in the asymmetric deprotonation of 4-tert-

butylhexanone 25a.%54
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)\NLi T NMe Bu” L O
Ph)\/N\) F’h)\/N
(R)-27 (R)-28

Figure 2.3

Unusually, when Majewski used chiral amine (R)-28 in the asymmetric aldol reaction of tropinone
29, the enantiomeric excess was independent of the amount of lithium salt (Scheme 2.21).%° This
shows that, whilst a good understanding of such base systems has been achieved, the individual

systems can still be unpredictable and, indeed, substrate or base dependant.

1. 1By “NLi O
Ph)\/N N

~N N
(R)-28
THF, -78 °C W\ Yo
© 2. PhCHO pr{ OH
29 ent-31
Scheme 2.21
Entry LiCl (eq.) ee (%)
1 = 90
2 0.5 90
3 1 90
Table 2.11
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2.2.3.2 Substrate Scope and Application in Total Synthesis

At this point, research efforts began to focus on the application of chiral base mediated
desymmetrisation to prepare a range of enantiomerically enriched cyclic ketones. Firstly, Koga
extensively studied the asymmetric deprotonation of different 4-substituted cyclohexanones 25a
and 23 with chelating amines.?®4748 Chiral amine (R)-27 was effective in the generation of
enantiomerically enriched silyl enol ethers (R)-26a (entries 1-3 in Table 2.12), although with the

small methyl group in the 4-position the enantioselectivity decreased dramatically (entry 4 in Table

2.12).

)\NLi ﬁNMe
N

o) Ph OSiMes
(R)-27

2 eq. HMPA, MesSiCl,
THF, -78 °C

R R
25a-d (R)-26a-d
Scheme 2.22
Entry R Yield (%) ee (%)
1 'Bu (25a) 87 77
2 Ph (25b) 93 75
3 'Pr (25¢) 85 78
4 Me (25d) 68 46
Table 2.12

Consequently, the deprotonation of the same substrates with chiral amine (R)-35 were also
investigated and the reactions afforded the appropriate products (R)-26a-d in higher ee and yield
(Scheme 2.23). Indeed, a good yield of 76% and excellent enantioselectivity of 94% was observed

when employing previously troublesome methyl-substituted substrate 26d (entry 4 in Table 3.13).
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F5C”7 NLi Q
N
o) Ph)\/ OSiMe;

(R)-35
HMPA (1.2 eq.), Me3SiCl,
R THF, -100 °C R
25a-d (R)-26a-d
Scheme 2.23
Entry R Yield (%) ee (%)
1 'Bu (25a) 88 93
2 Ph (25b) 95 93
3 'Pr (25¢) 92 95
4 Me (25d) 76 94
Table 2.13

However, in all of the reactions reported by Koga, low temperatures were employed and HMPA was

required as an additive in order to achieve high enantioselectivities.

Next, Majewski investigated the desymmetrisation of silyl protected cyclohexanone 36 with chiral

lithium amide (R,R)-37 (Scheme 2.24).%°

OAc o) 1.(S,S)-176, OSiMes
1. (R.R)}-176, LiCl, THF,
THF, -78 °C 78
2. Ac,0 2. MesSICI
OTBDMS OTBDMS OTBDMS
(S)-38 36 (R)-39
65%, ee 74 90%, ee 98

(R,R)-37
Scheme 2.24

Under external quench conditions, the enolate was trapped by trimethylsilyl chloride and acetic

anhydride. Either enantiomer could be obtained depending on the electrophile. The silyl enol ether
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(R)-39 was successfully used as an enantiomerically enriched starting material in the total synthesis

of dihydroquilegiolide 40 (Figure 2.4).>°

OSiMe, 0Os0O4 0 TBDOMSCI
or s
m-CPBA wOH Imidazole ~OTBDMS
—_—
OTBDMS OTBDMS OTBDMS
(R)-39 44% 88%
LDA,
TMSCH,COOEt
CO,Et
40% HF | .OTBDMS
-
OTBDMS
40 87%
86%
Figure 2.4

Adapting this methodology to the formation of chiral quaternary stereocentres, the asymmetric
deprotonation of 4,4-disubstituted cyclohexanone 41 was investigated under internal quench
conditions with several different chiral lithium amide bases.’* The best results were obtained with

chiral base (R)-28 and (R,R)-4 (Scheme 2.25).°!

OSiMes OSiMes
(R)-28 (R R)-4
,, THF, Me5SiCl THF, Me;SiCl .

Ph Me -100 °C PH Me -100 °C Ph Me
(R)-42 a1 (S)-42
66%, 66% 81%, 71% ee

ee

Bu” NLi NMe J\ /_\
Ph)\/N\) Ph” "N

(R)-28 (R,R)-4

Scheme 2.25
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In general, the observed enantioselectivity was lower than the 4-tert-butyl- cyclohenaxone 25a,

however both enantiomers were accessible with the appropriate amine (R)-28 or (R,R)-4.

In addition, the smaller, 4-membered cyclobutanones 43 were also tested in the
enantioselective deprotonation by Honda (Scheme 2.26).>2 The highest enantioselectivity was
reached when the monosubstituted (R=H 43a) cyclobutanone was reacted with chiral base (S,5)-4

under internal quench conditions.

o) OSiEts
Chiral base
Et;SiCl, THF, /
PH R -100 °C Ph R
43 44
R: H, Me

(R)-45 (S,S)-4
Scheme 2.26
Entry Substrate Amine Yield(%) ee
1 R = H (43a) (R)-45 68 47
2 R = H (43a) (S,5)-4 67 92
3 R = Me (43b) (R)-45 65 60
a R = Me (43b) (S,5)-4 85 12
Table 2.14

In addition, a series of lactones and acids 46-50 such as the natural product (-)-methylenolactocin 50

were generated from the enantiomerically enriched cyclobutene products 44 (Figure 2.5).5%>3
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Finally, extended

(@) (@)
46 47 48
Ph, HO:CZ—i
CsH; 1/4;\&() CsH11™ o7 O
49 50

(-)-Methylenolactocin

Figure 2.5

tropinone analogues were prepared by asymmetric deprotonation, in order to

produce valuable building blocks for the synthesis of alkaloids. Momose conducted a series of

experiments with carbamate protected azabicyclic ketones 51 with several different chiral lithium

amides (Scheme 2.27).5%%°

R, R.
N Chiral base N
— —
(CHZ)n/& Me;SiCl, THF, <CHz)n¢&
o -100 °C OSiMe,
51 52
- s Ph.  Ph
? u\ . N \\
Ph” >N Ph )Ni/@'v'e N N—
L Ph PH  LiLi’  Ph
(RR)-4 (R)-45 19
Scheme 2.27
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Chiral

Entry R n Yield (%) ee (%)
base
1 (R,R)-4 COOMe 0 - 15-20
2 (R)-45 COOMe 1 94 93*
3 (R)-45 COOBn 2 75 90*
4 (R)-45 COOBN 0 89 90*
5 19 COOMe 0 84 78

*.Product is ent-52
Table 2.15

Generally, bidentate bases (R)-45 and 19 performed better than Simpkins’ Co-symmetric base (R,R)-
4. The generated silyl enol ether products 52 were used as starting materials in the total synthesis of
a series of different alkaloids 53-55, such as (+)-pinidine hydrochloride, (+)-monomorine, and (-)-

indolizidine 223AB (Figure 2.6) *%°’

\‘\\‘(Nj"’//\ \/\/Q\\j /\\\\‘(Nj',//
H
“HCl v \/\)J

53 54 55
(+)-Pinidine hydrochloride (+)-Monomorine (-)-Indolizidine 223AB
Figure 2.6

2.3 Catalytic Enantioselective Deprotonation with Sub-Stoichiometric
Quantitites of Chiral Base

Despite the beneficial properties of catalytic transformations, enantioselective deprotonation
protocols with a sub-stoichiometric amount of chiral bases are rarely reported in organic synthesis,>®
due to the complex catalytic cycle as shown in Scheme 2.28. The challenges with such protocols are
the following. Firstly, the achiral base must be kinetically basic enough to mediate an efficient
deprotonation, without playing the role of the base in the competitive stereorandom process. The

former can be achieved, if the rate of the stereoselective deprotonation with the chiral amine is
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higher than the rate of analogous nonstereoselective deprotonation with the achiral base (kg>>kc).
Furthermore, the regeneration of the sub-stoichiometric chiral base also has to be quicker than the
subsequent deprotonation of the achiral or meso substrate (ka>>kc). In addition, during the reaction
the concentration of the achiral acid gradually increases, and can produce a series of different new

supramolecular complexes. These aggregates can have a significant influence on the reaction

outcome.
stoichiometric substoichiometric
base base

donor h b achlral or meso- .- donor
aC|d chiral base substrate base

LY
donor conjugate d ¢ ‘,'kc‘\L donor
base chlral acid produc acid

STEP A STEP B STEP C

Scheme 2.28

Despite these issues, in 1994, Asami reported the first catalytic system for the enantioselective

deprotonation of cyclohexene oxide 3 (Scheme 2.29).>°

H

N
\\

'\.‘
'L

05eq

| \

1.5 eq. (S)-5
Scheme 2.29

His research group investigated the effect of different parameters meticulously and demonstrated
that the structure of the achiral lithium amide donor has a major impact on the reaction outcome

(Scheme 2.30).
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(S)-6 (0.5 eq.),

o achiral amine (1.5 eq.) @\
rt, 12 h OH

3 (S)-5
Scheme 2.30
Entry Achiral amine % ee (% conv.)
1 LDA 48 (63)
2 CN_U 37 (59)
3 Et,NLi 37 (81)
4 (cyclohexyl),NLi 4 (38)
5 g 2(72)
N
Li
Table 2.16

The best enantioselectivity was obtained when lithium di-iso-propylamine was used as a
stoichiometric donor (entry 1 in Table 2.16), because its sterically hindered nature possibly
decreased the relative rate of the racemic deprotonation of the epoxide 3. In contrast, low
stereocontrol was observed with structurally similar and sterically less hindered secondary amides
(cf. entry 1 with entries 2 and 3 in Table 2.16). Interestingly, highly encumbered achiral bases are
provided the desired product 5 with a low enantiomeric ratio (entry 4 and 5 in Table 2.16). In
addition, Asami also investigated the impact of different Lewis basic additives. In the absence of
additive the product 5 was obtained with a good 63% conversion, but moderate 48% ee (entry 1 in
Table 2.17). When the reaction was performed in the presence of 2 eq. DBU the yield and ee both
increased to 61% and 71% respectively (entry 2 in Table 2.17). With higher amounts of DBU the yield
and the ee was steadily increased (entries 3-5 in Table 2.17), while the highest selectivity and
conversion (82% and 74% ee)was achieved with 10 eq. DBU (entry 5 in Table 2.17). In the presenc of
DBU and HMPA a similar ees and yields were observed in comparison with the additive free reaction

(cf. entries 6 and 7 with entry 1 in Table 2.17).
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(S)-6 (0.5 eq.),
LDA (1.5 eq.),

()O additive (n eq.) @\
rt, 12 h OH
3 (S)-5
N — Q
4 Me,N  NM P
N €2 €2 Me,N™ | NMe;
NMe2
DBU TMEDA HMPA
Scheme 2.31
Entry Additive Eq. of additive (n) % ee (% conv.)
1 - 0 48 (63)
2 DBU 2 61 (71)
3 DBU 4 68 (79)
4 DBU 6 72 (81)
5 DBU 10 74 (82)
6 TMEDA 2 43 (67)
7 HMPA 2 54 (63)
Table 2.17

Additionally, an alternative amide 56 was tested in an attempt to further increase the yield in the
deprotonation reaction of meso-cyclohexene oxide 3.%° In this case, the amount of DBU could be
decreased from 0.20 eq. to 0.05 eq. without significant loss in the conversion (93-95%) although the
ee slightly decreased from 88% to 85% (emtries 1-3 Scheme 2.32). With lower amounts of DBU the

ee and the yield decreased (entries 4 and 5 in Scheme 2.32).
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56
(20 mol%)
(0]
LDA (3 eq.), OH
DBU (x eq.),
3 THF (S)-5
Scheme 2.32
Entry DBU (eq.) ee % (% conv.)
1 0.20 88 (95)
2 0.10 88 (93)
3 0.05 85 (93)
4 0.03 79 (92)
5 0.01 60 (74)
Table 2.18

Alexakis has investigated the application of a structurally more simple C,- symmetric diamide, (R,R)-
57, as the source of asymmetric induction (Scheme 2.33).%! Despite the stoichiometric variant of this
reaction providing a good conversion (68%) and ee 76 (entry 1 in Table 2.19), employing catalytic
quanities of the chiral base resulted in lower reactivity 35-66% conversion and lower ees as
compared to stoichiometric reaction (cf. entry 1 with entries 2-4 in Table 2.19). This was suggested

to be caused by insufficient regeneration of the chiral base (R,R)-189.
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(R,R)-57,

o achiral base ©\ i <:\>
THF, oH E NLi LiN—>

O°Ctort
OMe MeO
3 (S)-5 (R,R)-57
Scheme 2.33
Entry (R,(l:)c;'1)89 Achiral base Additive (coenevt.%:’ %)
1 1.0 = = 76 (68)
2 0.2 "Buli (1 eq.)* - 67 (47)
3 0.2 LDA (1 eq.) = 32 (66)
4 0.2 LDA (1 eq.) DBU (6 eq.) 13 (35)
* Reaction was performed in benzene at 5 °C instead of 0°C then warmed to rt
Table 2.19

The catalytic asymmetric deprotonation of conformationally-locked ketones has been
investigated by Koga using chiral base 61.5% It was proposed that with a more hindered and more
Lewis basic achiral amide, 59, the competing unselective deprotonation could be supressed, and, in
addition, efficient recycling of the chiral amine could occur (Scheme 2.34). Indeed, a series of 4-
substituted silyl enol ethers (R)-26a-d was generated in moderate to high enantiomeric excesses (ee
57-77%) and with good conversions 57-85% (Table 3.19). However, HMPA and DABCO were needed
to achieve high levels of enantioselectivity and reactivity (cf. entry 5 with entries 1 and 7 in Table

2.20).
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59 60

Scheme 2.34
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Entry Substrate Chiral amine  Achiral amine HMPA DABCO ee % (conv. %)

(R group) 192 (eq.) 190 (eq.)
1 'Bu (25a) 1.24 0.0 2.4 0.0 81% (85%)
2 Ph (25b) 1.24 0.0 2.4 0.0 80% (77%)
3 iPr (25c) 1.24 0.0 2.4 0.0 79% (75%)
4 Me (25d) 1.24 0.0 2.4 0.0 78% (82%)
5 'Bu (25a) 0.30 3.6 - - 31% (57%)
6 ‘Bu (25a) 0.30 2.4 2.4 0.0 70% (75%)
7 Bu (25a) 0.30 24 2.4 1.5 79% (83%)
8 Ph (25b) 0.30 2.4 2.4 1.5 76% (77%)
9 iPr (25c¢) 0.30 24 2.4 1.5 76% (80%)
10 Me (25d) 0.30 2.4 2.4 15 75% (70%)
Table 2.20

2.4 Summary

In the last 35 years a series of a series of lithium amide bases has been developed for the
asymmetric functionalization of prochiral substrates. In this manner meso-epoxides, (nb-arene)
chromium complexes and conformationally locked cyclic ketones have been successfully
functionalised in a chiral manner. Although a series of chiral amines are reported the reactions are
typicially performed under cryogenic conditions to achieve high enantioselectivities. As a
consequence often long reaction time required to achieve high conversion. In addition the complex
aggregation state of lithium amide often hinders the application of protocol for novel substrates.
Therefore chiral magnesium amides has been extensively studied to offer an alternative thermally

more stable and less complex transformation of the synthesis of chiral enolates.
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3 Magnesium Amide Bases

636> and have been

Although, chiral lithium amides are popular bases in organic synthesis,
used frequently to prepare enantiomerically-enriched products, the application of these reagents
suffers from several drawbacks.®® First and foremost, the nitrogen-lithium bond has a high ionic
character,®” which results in a low functional group tolerance. Moreover, to suppress by-product
formation and increase enantioselectivity, the reactions often have to be performed at very low
temperatures.®®*® Kerr proposed that the analogous magnesium bisamide complexes should
overcome these difficulties, since these complexes have shown to be thermally stable and less
ionic.%’” The main developments in relation to the desymmetrisation of conformationally locked cyclic

ketones with magnesium amide bases, and the investigations into the structures of the bases

themselves, will be summarised in the following sections.

Asymmetric deprotonation of a prochiral 4-substituted cyclohexanone with a chiral magnesium
reagent, was reported for the first time with 4-tert-butylcyclohexanone 25a by Kerr et al. (Scheme

3.1).%°

O OTMS

Organometallic base

DMPU (1 eq.),
. TMSCI (1 eq.), THF, ‘
Bu -78°C, 16 h Bu
25a (S)-26a
Scheme 3.1
. o Enantiomeric ratio Conv.
Entry Organometallic base = Temp. (°C) (S):(R) (%)
1 /L 5 -78 94:6 97
Ph” >N~ >Ph 2M9
2 0 86:14 93
(R,R)-63
3* : J\ -78 85:15 62-89**
Ph” N” “Ph
4% Li 0 76:24 62-89%*
(RR)-4

*. Reaction was carried out in the presence of 0.5 eq. LiCl instead of DMPU. **:lsolated yields were
reported instead of conversion.
Table 3.1

Interestingly, when the reaction was perfomed with magnesium base (R,R)-63 a higher
enantioselectivity was observed at -78 °C, in comparison with the lithium analogue (cf. entries 1 and

3 in Table 4.1). In addition, with magnesium base (R,R)-63 the enantiomeric ratio of the product (S)-
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26a at 0 °C was still high ((S):(R) = 86:14, entry 2 in Table 4.1), while with the analogous lithium base

(R,R)-4, the enantiomeric ratio decreased to 76:24 (entry 4 in Table 4.1).

Additionally, in order to deaggregate higher lithium amide complexes, Lewis basic additive such as
HMPA are commonly required, "~° which, is a reagent with high toxicity. Kerr’s research showed that
in the asymmetric deprotonation of 4-tert-butylcyclohexanone 25a, with a series of chiral
magnesium amides, that toxic HMPA additive can be replaced by DMPU without any significant loss

of enantioselectivity (Table 3.2).%®

o) <PhJ\N/\R )2 Mg OTMS

(R)-64-66

DMPU or HMPA (0.5 eq.),
TMSCI (1 eq.), THF,

Bu -78°C, 1h Bu
25a 26a
Scheme 3.2
Entry R group Additive  Yield (%) ee (%)
1 Pr HMPA 87 72:28
2 Pr DMPU 87 80:20
3 Vinyl HMPA 80 82:18
4 Vinyl DMPU 87 81:19
5 1-Naphthyl HMPA 76 87:13
6 1-Naphthyl DMPU 87 87:13
Table 3.2

In addition to the above described advantages of employing magnesium amide bases in this area of
science, the less polar magnesium-nitrogen bond should tolerate more sensitive functional groups
than the corresponding lithium amide species. Moreover, the divalent nature of magnesium permits
the usage of a spectator ligand alongside a reactive one, i.e. using half the quantity of the precious

chiral material relative to that required by the homochiral bisamide system.®®

In relation to the above, the structure of magnesium amides have been a recent focus of the Kerr
research team and, indeed, form part of the work described in this thesis (vide infra). As such, the
following sections introduce the varying structures of such species as well as detail recent efforts

(from our laboratories and others) towards their application in deprotonation reactions.
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4 Structure of Magnesium Amides

Magnesium amides are the most well studied organometallics within group 2. Indeed, a series of
magnesium amide complexes have been reported and investigated by X-ray crystallography and
NMR spectroscopy.® The structure of homo- and heteroleptic magnesium amide complexes shows a
simple solution phase composition, where the magnesium atom is typically tetra coordinated and,

depending on the nature of the ligands, exists as a monomer or a bridged dimer in solution (Figure

5.1).7
T Ll
Mg"ll/ g TSN
e N \’L/ \e
L: ligand
S: solvent
Figure 4.1

In comparison, the most frequently used lithium amides can form even higher aggregates, and
generate a number of different supramolecular structures in solution.”* The individual contribution
of the structurally different complexes to the observed selectivity and yield is unknown in most
cases, therefore the application of structurally more simple organometallics reagents is highly

desirable.

Magnesium amides can be synthesised by a number of different routes.®®®® The most frequently
used is the deprotonation of an amine using a highly basic dialkylmagnesium species (Scheme 4.1).
Additionally, salt exchange between a magnesium(ll) halide and the lithium amide is also commonly
used.”® Finally, transamination reactions are also reported, and mixed magnesium amide complexes
can be prepared in this way.”? If monoaminated complexes are required, the amine can be reacted

with the Grignard analogue to generate what is commonly referred to as a Hauser base.
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deprotonation

MgR, + 2 HNR', Mg(NR',), + 2 RH

salt exchange

MgX, + 2 LiNR', Mg(NR',) + 2 LiX

Mg(NR',), +2 HNR", transamination Mg(NR",), + 2 HNR',
, deprotonation ,
RMgX + HNR', - Mg(NR';)X + RH
Scheme 4.1

The most simple bisamide species, magnesium dimethylamide, was obtained as an insoluble solid in
the reaction of diethyl magnesium and dimethylamine, and a polymeric structure was suggested.”
However, with bulkier ligands on the nitrogen atom ((R:N).Mg, where R = phenyl’®, benzyl’* and
trimethylsilyl”®) dimeric structures were observed. The trimethylsilyl and benzyl analogues can be
further deaggregated to obtain the monomeric species in the presence of several different Lewis
bases, such as HMPA and pyridine.”*”® Overall, these results suggest that the aggregation state of
magnesium in solution is predictable and reproducible. In addition, the position of the equilibrium
between the monomeric and dimeric state can be readily tuned. In this sense, the amount and
polarity of the solvent, as well as the stoichiometry and denticity of any Lewis base additive, are key

parameters.
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5 Homoleptic Magnesium Bisamide Complexes

5.1 Discovery and Substrate Scope

The first application of a chiral magnesium bisamide dates back to 1997 when Evans and Nelson
demonstrated that such complexes can be used in sub-stoichiometric amounts in the enolisation and
asymmetric amination of fused N-acyloxazolidinones 69a-f as shown in Scheme 5.1.77 Bismagnesium
amide 68 was prepared in a simple fashion by reacting the parent amine 67 with bismethyl
magnesium in dicholormethane. When the phenyl substituted substrate 69a was used the desired
70a product was obtained with a high yield (92%) and high e.r. (93:7) (entry 1 in Table 5.1).
Importantly, the ee of the product 70a could further elevated by recrystallization. Electron
withdrawing and electron donating substitutents are both tolerated and the corresponding products
70b-c were obtained with similarly high enatiomeric ratios ranging from 95:5 to 93:7, in excellent
yields of 93%-97% (entries 2 and 3 in Table 5.1). Disubstituted aryl rings were also incorporated in
the substrate structure and the products 70d-e were obtained with a slightly lower enantiomeric
ratios of 91:9 to 90:10, and still good yields (85% and 84%) (entries 4 and 5 in Table 5.1). Finally, the
naphthyl substituted analogue 69f was also delivered the desired product 70f in a high 87% yield and

excellent91:9 e.r.
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0,S 0,8
| |
Ph/,' NH MezMg Ph/, N\
Ji CH,CI J: Ma
Ph” “NH 2¥2 Ph” N
0,S 0,8
67 68
BocN=NBoc (1.2 eq.),
o o 68 (10 mol%), O o
- o,
)J\ )K/Ar p-TosN(H)Me (20 mol A))‘ O)]\N L Ar
O N -
DCM/ Et,0 "/ BocN
“NHBoc
69a-f 70a-f
Scheme 5.1
Reaction time, h e.r.(S):(R) .
Entry  Product Aryl group . ee (%)™
(temp. (°C)) (vield (%))"
1 70a CeHs- 48 (-75) 93:7 (92) >99
2 70b p-F-CeHa- 48 (-65) 95:5(97) >99
3 70c p-CH30-CsHa- 48 (-65) 93:7 (93) 99
o)
4 70d @[ ) 72 (-75) 91:9 (85) >99
NG
BN
5 70e Jij[ 60 (-75) 90:10 (84) 97
N
6 70f 5?19 48 (-65) 91:9 (87) 96

[*] Values reported are those for chromatographically purified hydrazides. [**] Values reported are those for

Following this, little attention was focused on the enantioselective functionalisation of organic
substrates by chiral magnesium amides until 2000, when Henderson and Kerr published the first
enantioselective deprotonation of the conformationally locked ketone 25a, using a novel homochiral

magnesium bisamide (R)-71 (Scheme 5.2).” The magnesium amide was first prepared by mixing 1

eq. of di-n-butyl magnesium and the

recrystallised hydrazides.

Table 5.1

corresponding amine, and thereafter the hexane solution was
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refluxed for 90 min. Following the removal of the hexane solvent used to prepare the base (R-71),
the deprotonation reaction was investigated taking consideration of the effect of different reaction
solvents, and of the number of equivalents of additive required (Scheme 5.2). In the absence of
HMPA in Et,0 was used as a solvent the desired silyl enol ether 26a was not observed (entry 1 in
Table 5.2). Although when 1 eq. HMPA was added the product was obtained with a good conversion
(83%) and high e.r. (80:20) (entry 2 in Table 5.2). When the reaction was performed in DCM a lower
conversion of 40% and e.r. 72:28 was detected. Interestingly, when THF was used a solvent the
desired product 26a could be obtained with a low conversion but excellent e.r. 90:10 (entry 4 in
Table 5.2). When 1 eq. of HMPA was used as an additive in THF, the product 26a was obtained with
an excellent conversion 94% and similar e.r. of 86:14 (entry 5 in Table 5.2) in comparison to the
additive free reaction (cf. entry 1 and entry 5 in Table 5.2). In the presence of the 2 eq. of the
strongly coordinating HMPA additive, the reactivity dramatically decreased to 26% conversion but
the produc could be obtained with a similar e.r. 84:16 (entry 6 in Table 5.2) Interestingly, if the
amount of the Lewis basic additive was decreased to 0.5 eq., the enantiomeric ratio increased to
91:9 (entry 7 in Table 5.2). Lower loading of HMPA decreased the conversion to 53% (entry 8 in
Table 5.2). Most importantly, Kerr and his research group demonstrated again that high conversion
of 89% and high enantiomeric ratio (90:10) could be achieved even in the absence of the toxic HMPA

additive (entry 9 in Table 5.2).

- 46 -



(R)-71 (1.0 eq.),
TMSCI (4.0 eq.)

OTMS

-78°C,6h ph >N"Vpn | MO
Bu Bu ?
(R)-T1
25a 26a
Scheme 5.2
Additive  Conversion e.r.
Entry  Solvent (eq.) (%) (S):(R)

1 Et.0 HMPA, 0.0 0 -

2 Et.O HMPA, 1.0 83 80:20

3 CHCl, HMPA, 1.0 40 72:28

4 THF HMPA, 0.0 33 90:10

5 THF HMPA, 1.0 94 86:14

6 THF HMPA, 2.0 26 84:16

7 THF HMPA, 0.5 82 91:9

8 THF HMPA, 0.1 53 91:9

9 THF DMPU, 0.5 89 90:10

Table 5.2

Kerr followed this optimisation with the disclosure that a range of 4-substituted analogues of type

25b-d could be converted to the corresponding silyl enol ether products (Table 6.3).” The observed

conversions 79-88% and enantiomeric ratios 87:13-95:5 were similarly high in all cases (entries 1-4 in

Table 5.3).

(0] OTMS
(R)-71 (1.0 eq.),
TMSCI (4 eq.)
HMPA (0.5 eq.), THF
R -78°C,6-65h R
25b-f (S)-24a-f
Scheme 5.3
Conversion e.r.
Entr R Product
Y (%) (S):(R)
1 Ph (S)-26b 79 87:13
2 Pr (S)-26¢ 77 95:5
3 Me (5)-26d 81 91:9
4 "Pr (5)-26e 88 88:12
Table 5.3
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Although, the structure of the parent amine (R)-71 was relatively simple, the synthetic utility of

chiral magnesium bisamides was clearly highlighted in the generation of molecular asymmetry.

In 2001, Kerr et al. observed a kinetic resolution process with 2,6-disubstituted cyclohexanone 72

(Scheme 5.4).7°

1 y
Ph” >N Ph , g

(0] OTMS
(R)-71 (1.0 eq.) _
TMSCI (4.0 eq.), HMPA (0.5 eq.)
THF, -78 °C, 65 h
72 73
71% conv.,
87:13 e.r.

Scheme 5.4

The diastereomeric mixture of 2,6-dimethylcyclohexanone 72, present as an 82:18 ratio of cis/trans
isomers was deprotonated by chiral amide base (R)-71. The silyl enol ether 73 was obtained with a
71 % conversion and in an 87:13 er. However, the unreacted trans-ketone 72 was also recovered, in
an increased 74:26 ratio of enantiomers, which demonstrated the capability of the chiral base to
mediate a kinetic resolution process. To further explore the potential of the reaction in a novel
kinetic resolution processes, the trans- and cis-isomer of the 2,6-disubstituted ketone 72 was
reacted with chiral base (R)-71 individually.”® With the cis-ketone 72, the product, (R)-73, was
formed with a 97:3 enantiomeric ratio, although the yield was moderate (25%) after 6 h (entry 1 in
Table 5.4). The conversion towards the desired product (R)-73 could be increased to 67% by
extending the reaction time to 65 h (entry 2 in Table 5.4). The yield could also be increased to 67%
conversion by performing the reaction at higher temperature -60 °C (entry 3 in Table 5.4) and the
stereoselectivity reached comparable levels 94:6. A final boost in the conversion was also observed
when the reaction was performed at -40 °C (entry 4 in Table 5.4) conversion (99%) with excellent

93:7 e.r.

1 y
Ph™” >N~ “Ph , g

O OTMS
(R)-71 (1.0 eq.)

TMSCI (4.0 eq.), HMPA (0.5 eq.)
THF, Temp., Time

cis-72 (R)-73

Scheme 5.5
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Reaction

Entry Temp. (°C) time Conversion e.r. (R):(S)
(%)
(h)
1 -78 6 25 97:3
2 -78 65 67 97:3
3 -60 6 67 94:6
4 -40 6 99 93:7
Table 5.4

When the reaction was performed with the racemic mixture of the trans-isomer, trans-72, the silyl
enol ether (5)-73 was obtained with good conversion 76%, and in high e.r. 79:21(Scheme 5.6).”° In
parallel, the unreacted trans-ketone trans-72 was returned in 72:28 e.r. The main component was

identified as the (R,R)-enantiomer.

L y
Ph” >N~ Ph , 9

O OTMS O
///,, (R)'71 (1 O e(.’]) ///,' ///,,
TMSCI (4.0 eq.), HMPA (0.5 eq.) +
THF.-78 °C, 65 h
trans-72 (S)-73 trans-72
Conv. 76%, 72:28 e.r.
79:21 e.r.
Scheme 5.6

In order to further explore the scope of this novel process, cis-74 was also desymmetrised by chiral
base (R)-71. The reaction with the 2,6-diphenyl substituted cyclohexanone cis-74 produced the silyl
enol ether (5)-75 in a moderate yield and 87:13 enantiomeric ratio (entry 1 in Table 5.5).”°
Importantly, a similar level of enantiomeric induction was observed at the relatively elevated
temperature of -40 °C 82:18 e.r., but the yield was significantly increased from 39% to 86% (entry 2
in Table 5.5).
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PR y
0 Ph” N Ph , 9 OTMS

Ph Ph (RIT1 (1.0 69.) Ph Ph

TMSCI (4.0 eq.), HMPA (0.5 eq.)
THF, Temp., Time

cis-74 (S)-75
Scheme 5.7
Entr Temp.(°’c)  heaction Yield (%)  e.r. (R):(S)
y P- time (h) ° - R
.60 24 39 87:13
2 -40 8 86 82:18
Table 5.5

The same phenomenon was observed in the reaction of cis-2,6-di-iso-propylcyclohexanone, cis-76
(Scheme 5.8). When the reaction was performed at -60 °C, the desired product cis-77 was obtained
with a good e.r. (99.4:0.6), but moderate conversion (66%) (entry 1 in Table 5.6). Increasing the
temperature to obtain the desired product 77 with a similarly high e.r. (98.8:1.2) and excellent
conversion of 99% (entry 2 in Table 5.6). Surprisingly, a remarkably high e.r. (91:9) was obtained
even at room temperature (entry 3 in Table 5.6) only after 2 h, which highlights the advantageous
thermal stability of the formed magnesium amide over the generally used lithium amides in

asymmetric deprotonations.
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1 y
Ph” >N~ Ph , g

0] OTMS
[ i [ [
Pr Pr (R)-71 (1.0 eq.) Pr Pr
TMSCI (4.0 eq.), HMPA (0.5 eq.)
THF, Temp., Time
cis-76 (S)-77
Scheme 5.8
Entr Temp. (°C) Reaction Conversion e.r. (R):(S)
y P- time (h) (%) - R
1 -60 6 66 99.4:0.6
2 -40 6 99 98.8:1.2
3 rt 2 99 91:9
Table 5.6

The trans-isomer of 2,6-di-iso-propylcyclohexanone, trans-76, was also exhibited similar behaviour.

Whereby at -40 °C a relatively low but still good conversion 66% was observed with a good 81:19 e.r.

(entry 1 in Table 5.7). Thereafter the reaction was performed at 0°C the product (R)-77 was obtained

a similarly good conversion 59%, and with a slightly lower e.r. value of 76:24 (entry 2 in Table 5.7).

Unfortunately, increasing the reaction time further decreased the e.r. of the product (R)-77

dramatically to 53:47 (entry 3 in Table 5.7).

L y
Ph” >N Ph , ¢

0] OTMS 0]
Pr., Pr (R)-71 (1.0 eq.) Pr,, Pr o, Pr, Pr
TMSCI (4.0 eq.), HMPA (0.5 eq.),
0 °C, THF, 100 min
trans-76 (R)-77 trans-76
Scheme 5.9
. ) Recovered
Entry Temp. Reaction Conversion Product 77 trans-76
° i h 9 .r.(R):
(0 time (h) (%) er.(RHS) o)
1 -40 67 66 81:19 94:6
2 0 1.66 59 76:24 80:20
3 0 19 >99 53:47 99:1
Table 5.7
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5.2 Structural Development

Magnesium bisamides have shown a unique and exceptional stability and reactivity in
asymmetric deprotonations. However, whilst developing the substrate scope, the demand for a
comprehensive structure-reactivity study emerged. Systematic variation of the parent amine was
proposed by alteration of the chiral and achiral side arms. Additionally, byanalogy with lithium
amides, the application of potentially chelating and C;-symmetric structures in asymmetric reactions

were also investigated in our group.

5.2.1 Alteration of the Achiral and Chiral Sidearm
In order to further investigate the structure-reactivity relationship, the achiral sidearm of the

parent amine was systematically varied. The prepared chiral amines (R)-78-(R)-89 are outlined in

Figure 5.1.%°

PhJ\N/\Ph Ph/'\N/ PhJ\N/\ PhJ\N
H H H H

(R)-78 (R)-79 (R)-80 (R)-81

P N” Ph P NN PhJ\N PhJ\N =
H H H H /

s

(R)-85

(R,R)-82 (R)-83 (R)-84 R)-

Ph N Ph N Ph Ph N Ph Ph N Ph
H H H H

(R)-86 (R)-87 (R)-88 (R)-89

Figure 5.1

The results of the corresponding enantioselective deprotonation of 4-tert-butylcyclohexanone 25a
are summarised in Scheme 5.10.%° Careful inspection of these results allowed the identification of
general trends between the structure of the magnesium amide and the selectivity and reactivity.
Firstly, with increasing size of the R substituent, the observed stereoselectivity gradually increased
from 55:45-88:12 ((R)-79, (R)-80 and (R)-81 (entries 2-4 in Table 5.8). With the bulky neopentyl
group (R)-81, the enantioselectivity obtained e.r. (88:12) was comparable with original amine (R)-78
e.r. (90:10) (cf. entry 1 and 4 in Table 5.8). On the other hand, when amine (R)-81 was used, the

conversion toward the desired product (S)-164a significantly decreased to 17% (entry 4 in Table 5.8).
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Other unsaturated systems were also investigated and in general, good conversions ranging
between 83% and 97% were observed and similar selectivities of 80:20- 87:13 were obtained with
amines (R,R)-82-(R)-86 (entries 5-9 in Table 5.8). However, these compounds do not offer an
increased selectivity in the asymmetric deprotonation of the benchmark conformationally locked
ketone 25a over the previously used magnesium bisamide (R)-71 (entry 1 in Table 5.8) e.r. of 90:10

and 89% conversion.

A /) g

o PN ) OTMS

(1.0 eq.)

TMSCI (4.0 eq.), DMPU (0.5 eq.),
THF, -78°C, 1h

By Bu
25a (S)-26a
Scheme 5.10
. . Conversion e.r.
Entry Amine R substituent (%) (S):(R)
1 (R)-78 Bz 89 90:10
2 (R)-79 Me 42 55:45
3 (R)-80 Et 73 75:25
4 (R)-81 Neopentyl 17 88:12
5 (R,R)-82 CH*(Me)Ph 87 80:20
6 (R)-83 Allyl 87 81:19
7 (R)-84 CHx(2-naphtyl) 87 87:13
8 (R)-85 CH,((5-methyl)-2-thiophene) 83 87:13
9 (R)-86 CH;Mes 97 84:16
Table 5.8

Keeping these results in mind, a comprehensive investigation of the chiral sidearm was undertaken
(Scheme 5.11).8! When the methyl group was replaced with a larger ethyl unit (R)-87, the selectivity
was slightly increased from 90:10 to 92:8 and the conversion was slightly decreased to 70%.
Interestingly, the sterically more encumbered amines were less effective in the desymmetrisation of
ketone 25a, the enantiomeric ratio of the product 26a was decreased to 88:12 and 74:26 using (R)-
88 and (R)-89. Overall, the increasing size of the branching group at the a-position seems to have a
negative effect on the selectivity of the process. In these cases, instead of HMPA the less toxic DMPU

additive was used.
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Chiral Mg bisamide OTMS
(1.0 eq.)

TMSCI (4 eq.), DMPU (0.5 eq.),
THF, -78 °C, 1 h

Bu

25a (S)-26a

"Pr
/'\ PN >Mg < /'\ PR >|V|g
Ph” N7 “Ph/, Ph Ph/2

N
(R)-78 Et (R)-88 /PLr
Conv. 89%, Conv. 88%, < A~ > M
(S):(R) = 90:10 < Ph)\N/\Ph>2Mg (S):(R) = 88:12 Ph” N Ph/p "0
(R)-87 (R)-89
Conv. 70%, Conv. 93%,
(S):(R) = 92:8 (S):(R) = 74:26

Scheme 5.11

To further extend the scope of this asymmetric deprotonation protocol, a series of 4-substituted
ketones 25c-e were deprotonated by (R)-90, which previously delivered the highest enantiomeric
ratio in the asymmetric deprotonation of 4-tert-butylcyclohexanone 25a (Scheme 5.12). Generally,

moderate levels of conversion were achieved (53-68%), with excellent enantiomeric ratios (>90:10)

(entries 1-3 in Table 5.9).

Et
O Mg OTMS
Ph)\N/\Ph
(R)-90 (1.0 eq.)
TMSCI (4.0 eq.), DMPU (0.5 eq.)
R THF, -78 °C, 1 h R
25c: R='Pr (S)-26¢c: R = Pr
25d: R = Me (S)-26d: R = Me
25e: R ="Pr (S)-26e: R ="Pr
Scheme 5.12
Conversion e.r.
Entr R
Y (%) (S):(R)
1 pr 53 95:5
2 Me 59 90:10
3 "Pr 65 91:9
Table 5.9

Thereafter, experiments were conducted at a higher temperature with homochiral magnesium

amide base (R)-90, in order to investigate the effect of the reaction temperature on the process
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(Scheme 5.13). Surprisingly, high levels of enantioselectivity were observed even at -40 °C with the
4-tert-butyl-substituted and cis-2,6-dimethylcyclohexanone cis-210 e.r 80:20 and 87:13, respectively

(entries 2 and 4 in Table 5.10) in comparison with the -78 °C reactions (entries 1 and 3 in Table 5.10).

Et

o) PPN Mg OTMS

R R Ph™ "N” “Ph/, R R
(R)-90 (1.0 eq.)

TMSCI (4.0 eq.), DMPU (0.5 eq.),

R' THF R'
25a:R=H, R'='Bu (S)-26a
cis-72: R = Me, R' = H (R)-73

Scheme 5.13
Entry Ketone Temp (°C) Conversion er.”
(%)

1 25a -78 70 92:8

2 25a -40 70 80:20

3 cis-72 -78 57 96:4

4 cis-72 -40 44 87:13

*: (8):(R) for entries 1-2 and (R): (S) for entries 3-4
Table 5.10
During the modification of the magnesium amide structure, it was observed that successful
deprotonation of 4-substituted cyclohexanone derivatives 25 could be achieved at -40 °C. To further
elevate the reaction temperature, and build a more economic and environmentally friendly protocol,
new amines were tested in the asymmetric enolisation process of conformationally locked ketones,
and a novel, more reactive and selective, C;-symmetric amine was reported by the Kerr group
(Scheme 5.14).22 Amide (R,R)-63 showed an unprecedented selectivities of 94:6-86:14 and high
reactivity with conversions between 93% and 97% under a wide temperature range of -78 °C to 0°C
in comparison (entries 1-5 in Table 5.11) with the previously reported systems. Even at 0 °C a high
enantioselevtivity of 86:14 was observed with an excellent conversion of 93% (entry 4 in Table
5.11.) In addition, at this temperature, the achieved enantioselectivity was comparable with the
analogous lithium base at -78 °C (e.r. 85:15). In addition, only 1 eq. of DMPU additive and 1 eq. of

trimethylsilyl chloride electrophile were used in the optimised system.
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A

o Ph | Mg (R,R)-63 QSiMes
2
Me3SiCl (1.0 eq.), DMPU (1.0 eq.),
THF
By Bu
25a (S)-26a
Scheme 5.14
Entry Temp. (°C)  Conversion (%) e.r. (S):(R)
1 -78 97 94:6
2 -60 93 92:2
3 -40 95 90:10
4 -20 97 88:12
5 0 93 86:14
6 23 89 75:25

Encouraged by this initial result, the C;-symmetic magnesium bisamide complex (R,R)-63 was used in
the asymmetric deprotonation of a range of 4-substituted cyclohexanones 25a, 25c-e and 36
(Scheme 5.15). Kerr showed that excellent conversions of 91-96% and selectivies could be achieved
in all tested substrates 25a, 25c-e and 36 (entries 1-5 in Table 5.12). Importantly, a protected alcohol
36 was tolerated under the applied conditions (entry 5 in Table 5.12) and the desired silyl enol ether
26f was obtained with a high 91% conversion and excellent 92:8 e.r. The observed enantiomeric

ratios (87:13-90:10) and vyields were generally very high (92-96%) when the reactions were

Table 5.11

conducted at -20 °C (entries 6-10 in Table 5.12).
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(e} PhJ\N/\

Ph| Mg (RR)-63 OSiMes
2
Me3SiCl (1.0 eq.), DMPU (1.0 eq.),
R THF, Temp. R
25a, (S)-26a,
25c-e, (S)-26¢c-f
36
Scheme 5.15
Entry R Temp. (°C)  Yield™ (%) e.r.(S):(R)
1 ‘Bu -78 93 (66) 93:7
2 Pr -78 96 (67) 93:7
2 Me -78 96 (69) 95:5
4 "Pr -78 92 (65) 94:6
5 OTBDMS -78 91 (68) 92:8
6 ‘Bu -20 93 (83) 88:12
7 Pr -20 95 (70) 87:13
8 Me -20 96 (69) 90:10
9 "Pr -20 96 (68) 89:11
10 OTBDMS -20 92 (70) 87:13
" solated yield
Table 5.12

In addition to the above, Kerr envisioned the synthesis of more sterically encumbered amines with
the introduction of a second, potentially chelating heteroatom. It was anticipated that the
interaction between the magnesium and the chiral ligand would be strengthened, allowing the

reaction to be performed at higher temperatures with at least the same level of enantioselectivity.

5.2.2 Chelating Amine Ligands

As such, a more comprehensive library of suitable amine candidates was constructed
through the preparation of 2-pyridyl (R)-91, 2-furyl (5)-92, 2-pyrrolyl (5)-93 and 2-thiophenyl (S)-94
analogues.®® Moreover, a second series of saturated, chelating amines with an elongated linkage
between the basic nitrogen and the second chelating atom were synthesised; (R)-95—(R)-97.
Evaluation of these amines was performed in the benchmark deprotonation of 4-tert-
butylcyclohexanone 25a (Table 5.13).82 Unfortunately, unsaturated heterocycles with a nitrogen or
oxygen heteroatom did not offer any improvement neither in the conversion nor in the

enantioselectivity in this benchmarkd deprotonation (entries 1-3 in Table 5.13). However when
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thiophene was incorporated in the structure the the desired product 26a was obtained with a good
conversion (83%) and high e.r. (14:86) favouring the (R)-product (R)-26a (entry 4 in Table 5.13).
Bases with 6-membered saturated heterocycles (R)-95-(R)-97 were also tested, unfortunately they
showed low stereoselectivities (50:50-51:49) in the asymmetric formation of silyl enol ether 26a, and

moderate to good conversions of 43-79% (entries 5-7 in Table 5.13).

O OTMS
Chiral Mg bisamide (1.0 eq.)

TMSCI (4.0 eq.), DMPU (0.5 eq.),

By THF, -78 °C By
25a 26a
Scheme 5.16
Entry Mg bisamide Conversion (%) e.r. (S):(R)
1 Ph/LN N Mg (RO 12 49:51
N~/2

19 42:58

N
)
)
Z
(@)
5
NN
N
<
«Q
°
o
N

3 Ph/\N/\@ Mg (S)-93 1 24:76
N—/
2
4 Ph/’\,(\@ Mg (S)-94 83 14:86
S / 2
5 1 /\/O Mg (R)-95 43 50:50
Ph N 2
O
6 < 1 /\/@> Mg (R)-96 64 50:50
Ph N 2
NMe
7 1 a Mg (R)-97 79 51:49
/\/N\)
Ph N 2
Table 5.13

As such, the activity of the magnesium bisamide (5)-94 was tested against a range of different 4-
substituted conformationally locked ketones 25b-e and 36. As such, a series of 4-alkyl substituted
cyclohexanones 25a and 25c-e was used as a substrate and the desired (S)-enantiomers of the silyl

enol ethers 26a-f were generated in moderate to good yields (68-83%) and with similar enantiomeric
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ratios (83:17-87:13) (entries 1-5 in Table 5.14). In addition, a silyl protected alcohol 36 was also
dessymmetrised with this novel magnesium amide (5)-94 and the desired product (S)-26f was

obtained with an a good conversion of 71% and good e.r. of 84:16 (entry 6 in Table 5.14).

o) Ph/’\N/\© Mg (S)-94 OTMS
S / 2

TMSCI (4.0 eq.), DMPU (0.5 eq.),

R THF, -78 °C &
25a-e, 26a-f

36

Scheme 5.17

Entry R Conversion' (%)  e.r.(S):(R)

1 By 83 (75) 86:14

2 Ph 68 (49) 85:15

3 iPr 73 (55) 87:13

4 Me 75 (62) 86:14

5 "pr 72 (55) 83:17

6 OTBDMS 71 (55) 84:16

T 1solated yields in bracket
Table 5.14

In a further effort to probe the chiral amine structure, Kerr incorporated a second chiral centre
within a series of new chelating amine bases. Six chiral bisamides, (R,R)-98, (R,R)-99, (R,R)-100, (S,R)-
98, (S,R)-99 and (S,R)-100, were prepared in this way (Figure 5.2).3%
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L A

Ph” “NH Ph” “NH
Ph)\/ N Ph)\/ N
(R,R)-98 (S,R)-98

PhJ\NH ﬁNMe PR NH ﬁNMe

Ph N Ph)\/ N

(R,R)-99 (S,R)-99
PhJ\NH ﬁo Ph/:\NH ﬁo

(R,R)-100 (S,R)-100

Figure 5.2

Firstly, amine 98 was used in the asymmetric deprotonation of 4-tert-butylcyclohexanone 25a. The
reaction was carried out with both diastereomers of amine 98 to determine the role of the second
chiral centre in this asymmetric process(Scheme 5.18). Overall, high enantioselectivies of 93:7 and
88:12 were observed with excellent conversions of 90% and 88% for the asymmetric deprotonation
of 4-tert-butylcyclohexanone 25a (entries 1 and 2 in Table 5.15) after only 75 min. Although it was
noted that the configuration of the second chiral centre has only a small influence on the selectivity
of the reaction (cf. entry 1 and 2 in Table 5.15). Notably, indetically high enantiomeric ratios
between 93:7 and 88:12 were observed even in the absence of Lewis basic additives with both bases
(entries 3 and 4 in Table 5.15) in comparison with the reactions when DMPU was used as an
additive, indicatingthat in the presence of a second chiral centre the Lewis basic additive is not a

necessity to achieve good enantioselectivities.

Ay
Ph@zgx

o) Ph N OTMS

"Bu,Mg (0.5 eq.), 98 (1.0 eq.)

TMSCI (4.0 eq.), Additive (0.5 eq.), y
THF, -78 °C, 75 min E

25a (R)-26a

Scheme 5.18
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Conversion

Entry Mg-amide Additive (%) e.r. (R):(S)
1 (R,R)-98 DMPU 90 93:7
2 (S,R)-98 DMPU 88 88:12
3 (R,R)-98 None 58 93:7
4 (S,R)-98 None 87 88:12
Table 5.15

In addition to the above, two complexes 99 and 100 with a third chelating heteroatom were tested
in the asymmetric deprotonation of substrate 25a. The results are summarised in Table 6.15.5* With
the N-methylpiperazine analogue 99, good enantioselectivities were achieved (92:8) with high
conversions of 94% and 92% with both diastereomeric base (R,R)-99 and (S,R)-99 (entries 1 and 2 in
Table 5.16). Interestingly when base (R,R)-99 was used a high e.r. was observed even in the absence
of DMPU (91:9) with a good conversion of 88% (entry 5 in Table 5.16). However in order to obtain
high conversion, addition of DMPU was necessary for (S,R)-99 (cf. entries 2 and 6 in Table 5.16).
Similar trends were observed with the morpholine amide 100. In the presence of DMPU the reaction
afforded the desired chiral silyl enol ether 26a with a good conversions of 88% and 83% and high e.r.
values from 88:12 to 89:11 (entries 3 and 4 in Table 5.16). Again in the absence of DMPU base (R,R)-
242 afforded the desired product 26a was obtained with similarly high conversion (86%) and e.r.
(90:10) in comparison with the DMPU protocol (cf. entries 4 and 7 in Table 5.16). On the other hand,
in the case of the diastereomeric (S,R)-base (S,R)-100, DMPU was required to achieve high
conversion, as in the absence the product was detected with a decreased 55% conversion (entry 8 in
Table 5.16). Overall these results also indicate that the second chiral centre has a minor impact on

the enantioselectivity of the process (cf. even and odd entries in Table 5.16).

BN
Phl@zgx

0 o AN OTMs

"Bu,Mg (0.5 eq.),99 or 100 (1.0 eq.)

TMSCI (4.0 eq.), Additive (0.5 eq.),
THF, -78 °C, 75 min

By
25a (R)-26a

Scheme 5.19
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Conversion

Entry Amine X Additive (%) e.r. (R):(S)
1 (RR)-99 NMe DMPU 94 92:8
2 (S,R)-99 NMe DMPU 92 92:8
3 (R,R)-100 (0] DMPU 96 88:12
4 (S,R)-100 0] DMPU 83 89:11
5 (R,R)-99 NMe None 88 91:9
6 (S,R)-99 NMe None 59 87:13
7 (R,R)-100 (0] None 86 90:10
8 (S,R)-100 0 None 55 89:11
Table 5.16

Finally, using the best performing chelating amine (R,R)-98, the substrate scope of the asymmetric
deprotonation was investigated with a series of 4-substituted cyclohexanones 25b-e (Scheme 5.20).
In general the desired silyl enol ethers 26b-e were obtained with good to excellent 89-97%
conversion and high e.r. values between 92:8 and 94:6 (entries 1-4 in Table 5.17). In the absence of
DMPU similarly high e.r. were observed (93:7-94:6) but the conversion decreased to 60-78% in every

case (entries 5-8 in Table 5.17)

S m
Ph l\ng

(0] N OTMS
Ph
"Bu,Mg (0.5 eq.), (R,R)-98 (1.0 eq.)
TMSCI (4.0 eq.), Additive (0.5 eq.),

R THF, -78 °C, 75 min I:?
25b: R = Ph (R)-26b-e
25c: R ="Pr
25d: R = Me
25e: R ="Pr

Scheme 5.20
Entry R Additive Conversion e.r. (R):(s)
(%)
1 Ph DMPU 91 94:6
2 pr DMPU 97 94:6
3 Me DMPU 89 92:8
4 "Pr DMPU 93 94:6
5 Ph None 60 94:6
6 pr None 78 94:6
7 Me None 67 93:.7
8 "Pr None 76 94:6
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Table 5.17

During Kerr’s development of the chiral amine structure, connection of the chiral amine to a polymer
matrix was envisioned to develop a more user friendly asymmetric deprotonation protocol with a

shorter work up.

5.2.3 Polymer-supported Magnesium Bisamides

A process with a polymer supported chiral base would be beneficial, since the expensive chiral
reagent could be easily recovered with a simple filtration and therefore decrease the time requied
for the work up and purification, in addition in theory the base could be reused in further cycles. In
2001, Kerr demonstrated the asymmetric deprotonation of conformationally locked ketones is a
viable and efficient transformation with polymer-supported magnesium bisamide.® In this regard,
the chiral amine was attached to the Merrifield resin to give polymer-bound amine (R)-101 and the
desymmetrisation of several different cyclohexanone analogues was explored (Scheme 5.21). When
4-substituted cyclohexanones 25 were used the desired products 26 were observed with a lower e.r.
68:32-74:26 and good conversions of 74-89% (entries 1-5 in Table 5.18). In comparison with the
homogenous reaction (Table 5.3). The conversion could be increased to 91% with the increase of the
reaction temperature to rt, but the e.r. significantly decreased to 65:35 (cf entry 1 with entry 2 in
Table 5.18). In addition 2,6-disubstitutedcyclohexanones 72 and 76 were also used as substrate and
at -78 °C a low conversions of 7% and 2% towards the desired silyl enol ether products 73 and 77
were detected (entries 6 and 9 in Table 5.18). Although by increasing the temperature to -40 °C high
conversions were observed (86% and 69%) with good e.r. (73:27 and 91:9) (entries 7 and 10 in Table
5.18). The conversion could further improved to excellent levels by increasing the temperature to rt
and interestingly slightly higher e.r. values of 75:25 and 93:7 were observed in these cases (entries 8
and 11 in Table 5.18). Overall, the polymer-supported protocol allowed for high conversions with
temperatures up to room temperature being viable. Having said this, attachment to the Merrifield
resin significantly eroded the enantioselectivity of the overall transformation, with the exception of

2,6-diisopropylcyclohexan-1-one substrate cis-76.

(R)-a-methybenzylamine (3 eq.)
C cl Nal (1 eq.), DMF, 48 h . C HN—
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i) (R)-101 (2 eq.), Bu,Mg (1 eq.), QTMS

R R' THF, reflux R R’
i) TMSCI (4 eq.), DMPU (0.5 eq.), -
R2 THF, temp., time R
Scheme 5.21
1 ) Temp. Time Conversion e.r.
Entry  Substrate R R °C) (h) (%) (S):(R)
1 -78 4 78 74:26
25a H ‘Bu
2 rt 2 91 65:35
3 25c¢ H Pr -78 4 89 68:32
4 25d H Me -78 4 85 74:26
5 25e H "Pr -78 4 74 68:32
6 -78 43 7 76:24
7 cis-72 Me H -40 24 86 73:27
8 rt 2 98 75:25
9 -78 19 2 -
10 cis-76 Pr H -40 68 69 91:9
11 rt 2 97 93:7
Table 5.18

Nonetheless, Kerr and his research group also demonstrated that the chiral amine could be recycled
up to 5 times without any detectable decrease in the e.r. of the product 26a (entries 1-5 in Table

5.19) and they also demonstrated that the resin can be reused at even -78 °C.

o) OTMS
(R)-101 (2.0 eq.), Bu,Mg (1.0 eq.)

TMSCI (4.0 eq.), DMPU (0.5 eq.),
THF, Temp., Time

Bu Bu
25a (S)-26a
Scheme 5.22
Cycle Temp. (°C)  Time (h) Com(r;r)sion e.r. (5):(R)
1 rt 2 91 65:35
2 rt 2 97 65:35
3 rt 2 86 65:35
4 rt 2 91 66:34
5 rt 2 92 66:34
6 -78 4 71 73:27
Table 5.19
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Further developments by Kerr in this area showed that by using an alternative soluble polystyrene-
based resin® for the preparation of the solid supported chiral amine (R)-102. When this reagent was
used for asymmetric deprotonation of 4-substituted-cyclohexanones 25a and 25c the desired
products 26a and 26¢ were obtained with good e.r. (83:17 and 80:20) and good to high conversion of
91% and 82% (entries 1 and 3 in Table 5.20). The conversion towards the desired products 26a and
26e could be further improved to excellent levels (99% and 96%) by performing the reaction at
higher temperature, although the e.r. slightly decreased to 70:30 and 71:29 (entries 2 and 4 in Table
5.20). When the 2,6-disubstituted substrate cis-76 was used identical e.r. ratios was detected even
at rt in comparison with the -78 °C reaction (e.r. 93:7) and the product 77 was obtained with an

almost quantitative conversion (entries 5-6 in Table 5.20).

X X
. 1) AIBN, toluene, 70 °C, 40 h :
2) (R)-a-methybenzylamine, HN—<
Nal, DMF, 48 h Ph
9:1 Cl (R)-102
9 i) (R)-102 (2 eq.), Bu,Mg (1 eq.), o OTMSR1
R R THF, reflux
ii) TMSCI (4 eq.), DMPU (0.5 eq.),
THF,-78 °C, 4 h
R? R2
25aR'=H, R?=1Bu 26aR"=H,R?>=1Bu
25¢cR'=H, R?=Pr 26cR'=H, R2 = Pr
cis-T6 R' ='Pr,R2=H 77R'='Pr, R2=H
Scheme 5.23
Entry Ketone Product Temp. (°C)  Time (h) COI‘\\(I;;SIOH e.r. (S):(R)
(1]
1 25a (5)-26a -78 4 91 83:17
2 25a (5)-26a rt 2 99 70:30
3 25c¢ (S)-26¢ -78 4 82 80:20
4 25¢ (S)-26¢ rt 2 9% 71:29
5 cis-76 (5)-77 -78 24 67 93:7
6 cis-76 (5)-77 rt 2 99 93:7
Table 5.20
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6 Heteroleptic Magnesium Amides

6.1 Advantages

The magnesisum species described until this stage have been complexes bearing two identical
amide ligands, i.e. homoleptic reagents. Indeed, the bivalent nature of magnesium theoretically
allows the enantioselective functionalisation to be carried out using a reagent bearing only one
chiral ligand and one spectator ligand, therefore there is the potential to use half of the quantity of
precious chiral amine relative to that required by the homochiral bisamide system. Moreover, the
modification of the spectator ligand would allow the overall reactivity of the corresponding
heteroleptic magnesium amide to be fine-tuned. Accordingly, several heteroleptic magnesium
complexes, such as, aryloxy-87# and alkylmagnesium amides® have been synthesised and compared

in the benchmark deprotonation reaction of 4-tert-butyl-cyclohexanone 25a.

6.2 Aryloxymagnesium Amides

In parallel with the application of novel homoleptic chiral magnesium amides in asymmetric
synthesis, Kerr targeted a relatively simple heteroleptic complex bearing the electron rich 2,6-di-tert-
butylphenolate structure as a spectator ligand in order to increase the overall stability of the
heteroleptic magnesium base (R)-103 (Scheme 6.1).°° The use of this base revealed an unusual
reactivity/selectivity profile. The results with (R)-103 were disappointing at -78 °C, a low e.r. of 46:54
and good conversion of 78% was obtained (entry 1 in Table 6.1) in comparison with the benchmark
deprotonation of 4-tert-butylcyclohexanone 25a (entry 9 in Scheme 5.2). The novel heteroleptic
base (R)-103 afforded the desired silyl enol ether product 73 analogue in higher temperatures with a
significantly higher e.r. (entries 2-4 in Table 6.1). The best result was achieved at room temperature,
where a 62% conversion and 78:22 enantiomeric ratio was obtained (entry 3 in Table 7.1). At 40°C
the product 73 was obtained with a good e.r. (83: 17) (entry 4 in Table 6.1), although the conversion
was low (33%). Reactions at higher temperature afforded the desired product 73 with significantly
lower e.r.values of 76:24 at 50°C and 67:33 at 66 °C (entries 5 and 6 in Scheme 6.1). It was also
interesting to note that the absolute configuration of the major product, (S)-73, was the opposite to
the corresponding bisamide reaction. This suggests that final stereochemical induction is not purely
controlled by the amide ligand itself but, in fact, directed by the overall chiral environment within

the magnesium base complex.
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(R)-103:

o) OTMS !
\[ij/ (R)-103 (1.0 eq.) @/ 5 Bu
TMSCI (4.0 eq.),DMPU (0.5. eq), : <Ph/LN/\Ph> Mg | O
THF, Temp., Time ;
cis-72 (S)-205 ' ‘B
Scheme 6.1
Entry Temp. (°C) Time (h) Con\(/;;smn e.r. (R):(S)
(]
1 -78 68 78 46:54
2 -40 68 54 76:24
3 rt 19 62 78:22
4 40 1 33 83:17
5 50 1 46 76:24
6 66 1 11 67:33
Table 6.1

In addition to these results, further stabilisation of the corresponding magnesium amide was
envisioned with the implementation of a second donating atom. Kerr anticipated that the use of
amino alcohols, which when derivatised to the magnesium complex, would generate a
conformationally rigid metallocycle that may deliver modified selectivity profiles and potentially
enable effective asymmetric induction at more accessible reaction temperatures. A temperature
study in the asymmetric deprotonation of 4-tert-butylcyclohexanone 25a revealed that comparable
levels of enantioselectivities of 89:11-81-19 are achievable in a temperature range between -78
and -20 °C with steadily increasing conversion values from 13% to 89% (entries 1-4 in Table 6.2). At
0 °C a the product 26a could be also obtained with a relatively good conversion (69%) but lower e.r.

of 71:29 (entry 5 in Table 6.2).
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O OTMS
(R,R)-104 (1.0 eq.)
TMSCI (4.0 eq.),DMPU (0.5. eq),
THF, Temp., 19 h
Bu Bu
25a (S)-26a
Scheme 6.2
Entry Temp. Conv. e.r.
(°c) (%) (S):(R)
1 -78 13 89:11
2 -60 77 85:15
3 -40 87 84:16
4 -20 89 81:19
5 0 69 71:29
Table 6.2

After optimisation, the generality of the process was also studied with several differently-substituted
cyclohexanone analogues as shown in Table 6.3.28 A series of 4-alkyl substituted cyclohexanones
25b-e were desymmetrised with this protocol effectively at -40 °C to generate the corresponding
chiral silyl enol ethers with good to excellent conversions of 89-90% and similarly good e. r. ranging
from 78:22 to 84:16 (entries 1-3 in Table 6.3). The phenyl substituted cyclohexanone 25b also
afforded the desired product 26b with a slightly lower e.r. (74:26) and good conversion of 81%
(entry 4 in Table 6.3). Interestingly, the desymmetrization of a 2,6-di-methylcyclohexanone cis-72

also delivered the desired product 73 with high e.r. (87:13), but moderate conversion of 56% (entry

5in Table 6.3).
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o) OTMS
(R,R)-104 (1 eq.)

TMSCI (4.0 eq.), DMPU (0.5 eq),

R? THF, -40 °C, 19 h R2
25b-e (S)-26b-e
and and
cis-72 (R)-73
Scheme 6.3
Entry Product R! R? Conversion (%)"!  e.r. (S):(R)
1 (S)-26b H Ph 81 (71) 74:26
2 (S)-26d H Me 87 (47) 78:22
3 (S)-26e H "Pr 90 (79) 82:18
4 (R)-73 Me Me 56 (35) 13:87

l'solated yields.

Table 6.3

6.3 Alkylmagnesium Amides

In a similar vein, the application of alkylmagnesium amide complexes in the asymmetric
deprotonation of prochiral ketones was also studied. Complex (R)-105 was tested with varying Lewis
basic additives in the benchmark deprotonation of 25a (Table 6.4).8%° When HMPA was used with
base (R)-105 the desired product 26a was obtained with a good conversion (88%)and high e.r.
(84:16) (entry 1 in Table 6.4). The toxic HMPA additive could be switched to DMPU and the desired
product 26a could be obtained with a slightly lower but still high conversion (80%) and 86:14 e.r.
(entry 2 in Table 6.4). Interestingly in the absence of additives the desired silyl enol ether 26a was
obtained with the highest e.r. (87:13), but the conversion slightly decreased to 61% (entry 3 in Table
6.4).
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o <PhJ\NAPh> Mg"Bu OTMS

(R)-105 (1.0 eq.)

TMSCI (4.0 eq.), Additive (0.5 eq.),

By THF, -78 °C, 6 h By
25a (S)-26a
Scheme 6.4
Entry Additive  COMVErSION o L (5):(R)
(%)
1 HMPA 88 84:16
2 DMPU 80 86:14
3 None 61 87:13
Table 6.4

Following this, four different 4-substituted cyclohexanones 25b-e were tested, and, in every case,
the products (S)-26b-e were obtained with high conversions of 83-85%, and high e.r. values of 83:17-
86:14 when DMPU was added to the reaction (Table 6.5). Importantly similar levels of
enantioselectivities (84:16-80:20) were observed with base (R)-105 with a series of 4-substituted

cyclohexanones 25b-e, but the conversion was significantly lower, (between 47% and 70%) in every

case (Table 6.5).
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<Ph/LN/\Ph> Mg"Bu OTMS

(R)-105 (1.0 eq.)

TMSCI (4.0 eq.), Additive (0.5 eq.)
THF, -78 °C, 6 h

25b-e (S)-26b-e
Scheme 6.5
Entry Product R Additive Conversion (%) e.r. (S):(R)

DMPU 83 86:14

1 (5)-26b Ph
None 47 84:16
, DMPU 85 86:14

2 (5)-26¢ 'Pr
None 63 83:17
DMPU 84 83:17

3 (S)-26d Me
None 70 80:20
DMPU 84 86:14

4 (5)-26e "Pr
None 66 85:15

Table 6.5

7 Carbon Centred Bases

7.1 Catalytic Asymmetric Deprotonation

Previously, Kerr had demonstrated the applicability of magnesium amide complexes in the
desymmetrisation of substituted cyclic ketones.”®81:82899192 pyring the pursuit of new, more efficient
strategies, a catalytic version was envisioned, which offers several advantages over the previous

protocols:

1. A sub-stoichiometric amount of the expensive chiral amine ligand is required, and
2. The chiral magnesium reagent would be generated in situ from a commercially available

organometallic and the chiral amine

The general scheme is shown in Figure 7.1.%°
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>MgR

tBu

e

RoMg
_TMSCI_ + RMgC

Figure 7.1

The chiral amine would be deprotonated by an achiral, strongly basic, dialkylmagnesium complex to
prepare the mixed chiral magnesium species in solution. Thereafter, the mixed complex would
induce chirality and distinguish between the two enantiomeric protons of the prochiral ketone.
Finally, the resultant magnesium enolate species would be trapped by the electrophilic reagent,
trimethylsilyl chloride, to obtain the enantiomerically enriched silyl enol ether product. Importantly,
the bulk dialkylmagnesium species (or indeed the RMgCI species) should not react with the ketone

substrate in an achiral fashion.

To initiate these studies, various achiral dialkylmagnesium sources were screened (Scheme 7.1).
When di-n-butyl- and di-iso-propylmagnesium were employed as the achiral magnesium source ,
both the 1,2-addition product and the reduced product were observed and the desired product 26a
was obtained with a low yields of 29% and 17%, however the observed enantioselectivity was
relatively high (83:17 and 70:30) (entries 1 and 2 in Table 8.1).8° In an attempt to prevent the
reduction pathway, homoleptic complexes with a sterically congested substituent (tert-butyl group)
and without a fS-hydrogen (mesityl) were synthesised. In this manner, di-tert-butylmagnesium and
bismesitylmagnesium were used as achiral bases (entry 3 and entry 4 in Table 8.1). When di-tert-
butylmagnesium was used in the absence of any additive, a low 3% yield and low e.r. of 58:42 was
observed (entry 3 in Table 7.1). With 2 equivalents of lithium chloride, the product 26a was obtained
in higher yield (33%) and higher e.r.of 83:17 (entry 4 in Table 7.1). Bismesitylmagnesium offered no
improvement, with a poor yield of 37% and moderate selectivity obtained of 61:39 e.r. (entry 5 in

Table 7.1).
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™
Q PhJ\”APh (20 mol%), achiral base (1 eq.) QTMS
TMSCI (4 eq.), DMPU (0.5 eq.),

By LiCl (2 eq.), THF, -78 °C, 18 h By
25a (S)-26a
Scheme 7.1
Entry Achiral base Yield (%) e.r.

(S):(R)

1* "BuzMg 29 83:17
2% ProMg 14 70:30
3** ‘Bu2Mg 3 58:42
4 ‘BuMg 33 83:17

5 Mes,Mg 37 61:39

*: Alkylated and reduced by-products were also observed
**: Reaction was carried out in the absence of lithium chloride

Table 7.1

The activation of Grignard and related magnesium reagents by lithium chloride is well known via the
formation of a more reactive mixed dimer complex.®®> Consequently, the effect of different salt
additives was investigated with similar results being obtained relative to lithium chloride at -78°C
(entry 1 in Table 7.2); lithium bromide (16% yield and e.r. 82:18, entry 2 in Table 7.2) and lithium
tert-butoxide (37% vyield and e.r. 75:35, entry 3 in Table 7.2).%° Due to the poor yields across the
board, the reaction was also performed using with the best additive, lithium chloride, at the higher
temperatures with the aim to further increase the reactivity. At -60°C the product 26a was obtained
with a higher but still moderate 43% yield and decreased e.r. of 71:29 (entry 4 in Table 7.2) and at -

40 °C a significantly higher yield of 83% was observed but the selectivity decreased to 59:41 (entry 5

in Table 7.2).
@) /L o b OTMS
Ph N~ ph (20 mol%), ‘BuaMg (1 eq.)
H
TMSCI (4 eq.), DMPU (0.5 eq.),
By Additive (2 eq.), THF, -78 °C, 18 h By
25a (S)-26a

Scheme 7.2
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Temp. . e.r.

Entry Additive °C) Yield (%) (S):(R)

1 LiCl -78 33 83:17

2 LiBr -78 16 82:18

3 LiO'Bu -78 37 75:35

4 Licl -60 43 71:29

5 Licl -40 83 59:41
Table 7.2

Based upon the modest selectivity and activity achieved in the initial efforts towards the
development of a catalytic system, a new approach was proposed at this stage as shown in Figure
7.2.3° A more acidic chiral amine (R)-106 was utilised, with the incorporation of a strongly electron

withdrawing CFs group in the amine structure.

PrN-H < /L /\CF)

ProN-Mg-X PhJ\N/\ X OTMS
H
_TmsCl
(R)-106 + MgXCl

Figure 7.2

Unfortunately, when the reaction was carried out with this new amine similar results were obtained
relative to initial efforts, despite the effect of different magnesium sources being investigated
thoroughly (Scheme 7.3).8% When magnesium bis-(di-iso-propylamide) was used as the achiral
component a low yield of 27% and low e.r. of 52:48 was detected (entry 1 in Table 7.3). Using the
analogue Hauser base, butylmagnesium amide offered an increase in the yield to 60%, but the e.r. of
the product 26a remained similar 53:47 (entry 2 in Table 7.3). Interestingly when the butyl group in
the achiral magnesium source was changed to tert-butyl unit no reactivity was observed, possibly
due to the hindered nature of the achiral base (entry 3 in Table 7.3).With an attempt to prepare a
less sterially hindered base the chloride and bromide analogues were also tested (entries 4 and 5 in
Table 7.3), although in these cases the products 26a were obtained with a low 25% and 26% yield,

but when iso-propymagnesium chloride was used a high 80:20 e.r. was detected.
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o} OTMS
(R)-106 (20 mol%), ‘Bu,Mg (1 eq.)

TMSCI (4 eq.), DMPU (0.5 eq.),
y LiCl (2 eq.), THF, -78 °C, 18 h

Bu
25a (S)-26a
Scheme 7.3
Entry Achiral base Yield (%) e.r.
(S):(R)
1 (Pr.N),Mg 27 52:48
2 Pr,NMg"Bu 60 53:47
3 ProNMg'Bu - -
4 Pr,NMgCl 25 80:20
5 Pr,NMgBr 26 58:42
Table 7.3

Although a series of conditions were screened up to this point to develop an efficient catalytic
deprotonation protocol, the identifaction of catalytic system, which affords the desired silyl enol

ether product with high e.r. and yield remained elusive. Although at the expense of yield, a high e.r.

(80:20) could be obtained (entry 4 in Table 7.3).
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7.2 Carbon Centred Bases in Organic Synthesis

7.2.1 Synthesis of Functionalised Enolates

During the development of a catalytic protocol for the asymmetric deprotonation of prochiral
substrates, the deprotonation ability of di-tert-butylmagnesium and bismesitylmagnesium in their
own right were investigated. Surprisingly, these species turned out to be effective achiral bases and
have subsequently been utilised in a series of new applications based on the suppressed
nucleophilicity in these hindred reagents. An optimisation of the reaction parameters was carried
out in the deprotonation of cyclohexanone 107 by bismesitylmagnesium 108 (Scheme 7.4).%
Pleasingly, in the presence of 0.5 eq. di-mesitylmagnesium silyl enol ether 109 was obtained with a
good 62% conversion (entry 1 in Table 7.4). The effect of salt additives was studied, with two eq. the
lithium chloride the conversion was readily increased from 62 to 94% (entry 2 in Table 7.4). The

amount of required electrophile was also reduced to 1 equivalent without any observable loss in the

conversion( entry 3 in Table 7.4).

(0] OTMS
Mes,Mg 108 (0.5 eq.)
TMSCI , THF, -
0°C,16h
107 109
Scheme 7.4

Entry LiCl(eq.) TMSCl(eq.) Conversion (%)

1 = 4 62

2 2 4 94

3 2 1 98
Table 7.4

Following these encouraging results, a series of cyclic substrates were investigated (Scheme 8.5).
This protocol delivered the desired 5-7 membered cyclic silyl enol ethers 109-111 in high to excellent
yields ranging from 85% to 90% (Scheme 7.5).>* Interestingly, with 2-methylcyclohexan-1-one only
the kinetic product 112 was observed and isolated with a good 89% vyield. In addition, 3,4-
dihydronaphthalen-1(2H)-one and 4-chloro-1-phenylbutan-1-one were also used as a substrates and

the products 113 and 114 were obtained with high yields (96% and 81%), respectively.
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OTMS

110
85%

OTMS

112
89%

Mes,Mg 108 (0.5 eq.),
TMSCI (4 eq.)

THF,0°C, 16 h

OTMS

109
88%

OTMS

113
96%

Scheme 7.5
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More recently, carbon centred bases were successfully utilised in the synthesis of racemic enol
phosphates 115 in the Kerr group.”® In this manner, the deprotonation of 4-substituted
cyclohexanones 25a-f was achieved with di-tert-butylmagnesium 116 (Scheme 7.6). Indeed, only 0.5
eg. of the base was required and delivered a range of synthetically useful products 115a-f in good to
excellent yields (74-95%). Protected functional groups, such as a silyl protected alcohol 115e and

dimethyl amine 115f, were also tolerated.

o Bu,Mg 116 (0.5 eq.), OP(O)(OPh),
(PhO),P(0)CI (1.0 eq.)
DMPU (4 eq.),
THF, rt, 1 h
R T R
OP(O)(OPh), OP(O)(OPh), OP(O)(OPh), OP(O)(OPh),
Bu Ph Me Ph
115a 115b 115¢ 115d
95% 90% 93% 90%
OP(O)(OPh), OP(0)(OPh),
OTBS NMe,
115e 115f
79% 74%
Scheme 7.6

The synthetic value of the racemic enol phosphate 115b was demonstrated with a palladium
catalysed Kumada coupling reaction (Scheme 7.7).°2 The trisubstituted alkene products 118b-123b
were isolated in good to high yields (63-94%) after 1 h at room temperature by employing just 1
mol% of PEPPSI S'Pr catalyst 117.
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iPr

:
|
, i
OP(O)OPN):  bEPPS) SiPr 117 (1 mol%), R | . m
RMgBr (1.5 eq.) E
Et,O, 1t, 1 h 5 Cl=Pd—Cl
Ph Ph i 2 |
! N
115b :.
: PEPPSI SiPr
117
Pr "Bu Ph
Ph Ph Ph Ph Ph Ph
118b 119b 120b 121b 122b 123b
94% 84% 87% 91% 63% 75%
Scheme 7.7

In addition to the above, aromatic aldehydes were also successfully reacted with
dimesitylmagnesium 108 and the corresponding aromatic phosphoryl enol ethers 270a-e were
obtained in 68-77% yield (Scheme 7.8). Interestingly, a para-bromo substituent 270b was tolerated

and no halogen-magnesium exchange product was observed.
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Mes,Mg 108 (0.75 eq.),

0] (PhO)ZP(O)C| (1 .0 eq.) OP(O)(OPh)z
Ar)J\ DMPU (4 eq.), Ar
THF, rt,1h
OP(O)(OPh), OP(0)(OPh), OP(O)(OPh),
Br MeO
124a 124b 124c
7% 75% 7%
OP(O)(OPh), OP(O)(OPh),
NC
124d 124e
68% 75%
Scheme 7.8

7.2.2 Other Applications
The applicability of carbon-centred bases has also been demonstrated by Kerr in the Wittig
reaction of acetophenone (Scheme 7.9). The desired but-2-en-2-ylbenzene 125 was obtained with

an excellent yield (97%) and (E):(2)=4:1 ratio. *®

1) MesMgBr (1 eq.), LiCl (2 eq.)

1,4-dioxane (1.05 eq.), THF,0°C, 1 h
EtPPh3Br > |
Ph

2) PhC(O)CHj3 (1 eq.), 18 h

y

Scheme 7.9

In an attempt to further widen the scope of applicable tranformations, carbon-centred bases were
employed in the Shapiro reaction. Initially, tosylhydrazone 126 was reacted with various
dialkylmagnesium complexes, and the intermediate carbanion was quenched with D,O (Scheme
7.10).°7 With (TMP),Mg 127 (entry 1 in Table 8.6) the product 128 was isolated in a high yield 97%,
although only 50% deuterium incorporation was observed in the benzylic position. The low

deuterium incorpotation was believed to be caused by the in situ generation of TMP-H, which can
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also act as a proton source. When bismesitylmagnesium 108 was used at 0 °C (entry 2 in Table 8.6),
a low 11 % yield was observed, which was increased to 69% with heating the reaction mixture to 40
°C (entry 3 in Table 8.6) and provided a high deuterium incorporation (92:8). The yield and selectivity
were further elevated (entry 4 in in Table 8.6) when 1.5 equivalent of bismesitylmagnesium 108 and
3 eq. lithium chloride were used. Di-tert-butylmagnesium 116 was also used as a base (entry 5 in in
Scheme 7.10), with the corresponding product 128 being isolated in a lower 58% vyield but with
similar selectivity D:H = 91:9.
N|/NHTS 1) R,Mg- 2 LiCl, THF "

2) D,0 -
MeO MeO

126 128

Scheme 7.10

Entry Magnesium reagent Conditions Yield (%) D:H

1 (TMP),Mg (127) 0°C,3h 97 50:50
2 Mes,Mg (108) 0°C,3h 11 98:2
3 Mes,Mg (108) 40°C,3h 69 92:8
42 Mes,Mg (108) 40°C,3h 90 94:6
5 ‘Bu,Mg (116) 40°C,3h 58 91:9

a: 1.5 eq. of magnesium base and 3 eq. LiCl were added.

Table 7.5

The generality of the protocol was demonstrated by the use of several different electrophilic agents

(Scheme 7.11).%7
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N VHTs 1) Mes;Mg 2 LiCl £

)|\ THF, 40 °C, 3 h _ /&
R 2) Electrophile R

126 129-132
R: p-OMe-C6H4
Scheme 7.11
Entry Electrophile Que:n.ch Product Yield (%) E:H
conditions
HO Ph
@O
1 -10°C,0.5h (129) 74 90:10
MeO
Me
Me—I
2 0°C,1h oo (130) 81 93:7
o) ° HO
Py
3 \ 0°C,1h (131) 65 90:10
O MeO (@) Ph
.OMe
4 N 40°C,0.5h (132) 72 97:3
MeO

Table 7.6

The use of magnesium base reagents in organic synthesis has been extensively studied by the Kerr
group in detail over the last decade. As a result a series of efficient protocols were published for the
functionalization of simple molecular frameworks to prepare synthetically valuable intermediates.
Efforts continually strive to produce convenient and practically accessible protocols of use to the
synthetic chemistry community, therefore my project was focused on the incorporation and

development of magnesium based strategies to prepare complex molecular structures.
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8 Proposed Work

8.1 Synthesis of Chiral Azepanes

At the beginning of this research project we envisoned a synthetic sequence to prepare a
series of sp>-rich azepanes from commercially available cyclohexanones using our magnesium based
strategy, to prepare the starting enol phosphate in an efficient manner. Although azepanes are
prevalent in medicinal chemistry and industry, to the best of our knowledge, a general and modular
method of the synthesis of such azepanes is not reported (vide infra). The most commonly used
strategies, for the preparation of such structures are either achieved by a ring expansion strategy®®
or through transition metal catalysed ring closing metathesis.” In both cases, highly functionalised
starting materials are required, which are prepared through several steps, and enantioselective

100192 Fyrthermore,

variants are only reported in a few cases with a highly limited substrate scope.
ring closing metathesis tecnhiques typically require expensive and elaborate catalysts in order to
deliver the desired products. Therefore, we envisioned an operationally simple synthetic sequence
for the preparation of sp3-rich azepanes using our magnesium-based deprotonation technology, as

shown in Scheme 8.1.

Ozonolysis/ R3
Mg based QPONOPh), Reductive R2 ,\‘l
deprotonation Cross coupling ammat/on
_—
R*MgX T RNH, NH,
R! 1
25 115 133 134
Scheme 8.1

The sequence starts with the magnesium-based deprotonation of cyclohexanones 25, developed in
the Kerr group.®? Using our asymmetric deprotonation strategy, the synthesis of the chiral enol
phosphates 115 would be carried out prior to the products being exploited in a palladium-catalysed
cross coupling reaction, to generate the corresponding trisubstituted alkenes 133.118 At this stage, it
was envisioned that the synthesis of the desired 7-membered rings 134 would be accomplished
through a newly developed synthetic tool involving a telescoped ozonolysis/reductive amination
sequence. Indeed, such a sequence would represent a highly accessible and practically efficient
method for the preparation of these targets, whilst also decreasing the amount of waste generated
during required work up and purification techniques as compared to a stepwise set of

transformations.
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This diverse protocol would create an ideal platform to prepare a wide range of otherwise
synthetically challenging azepanes 134, since the three different substituents on the 7-membered
core could be implemented during different stages in the overall sequence. Therefore, our strategy
would offer remarkable flexibility to fine tune molecular properties of this scaffold. In addition, the
sequence could be directly implemented for the synthesis of chiral azepanes 134, by using the

magnesium mediated asymmetric deprotonation as the key chiral step in the sequence.
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8.2 Asymmetric Deprotonation of Cylobutanones

In addition to the above, recent and preliminary efforts within the group have described a
reliable route for the asymmetric deprotonation of cyclobutanone substrates to deliver 4-membered
chiral cyclic enol phosphates with good to high yields (60-81%) and good to excellent e.r. ranging
from 90:10 to 99:1 136a-d (Scheme 8.2).1%

L) m
<Ph N/\Ph>2 J

(R,R)-66 P(
R? P(O)OPh),C, R2"

R THF, -78 °C, 16 h R!

OP(O)(OPh),

135a-d 136a R'= Ph, R = H, 81%, e.r. = 97:3
136b R'= Ph, R? = Me, 65%, e.r. = 99:1
136¢ R'= 4-CIPh, R? = H, 66%, e.r =. 90:10
136d R'= Bn, R? = H, 60%, e.r. = 95:5

Scheme 8.2

In a single example, chiral enol phosphate 137b was then successfully coupled with an aryl Grignard
reagent and the product 138b was isolated in a moderate yield (Scheme 8.3). The corresponding
product 138b was further reacted through a one-pot ozonolysis/reductive amination sequence to
afford a novel trisubstituted pyrrolidine 139b. Although, the stereochemistry of final product was
not determined, this route represents an elegant and short route for the synthesis of highly

substituted chiral pyrrolidines.

OP(O)(OPh), PhMgBr, Ph 1) 0Oz DCM, -78 °C Ph
PdCl, (2 mol%) 2) Me,S, -78 °C -t
Me""" THF, i, 160 Me"" 3) NH4OAc, NaBH5CN Mot
Ph Ph MeOH, rt PH
136b 137b 138b
49% 84%
Scheme 8.3

It was proposed at this stage, that after optimisation of the reaction conditiond for the cross
coupling step, a series of substituted cyclobutanones of type 136 will be prepared. Thereafter a

range of electronically and sterically different magnesium reagents to prepare a series of novel

-85 -



enantiomerically enriched trisubstituted alkenes 137 (Scheme 8.4). Moreover, the scope of the cross
coupling, in respect of the Grignard coupling partner will be extended for alkyl Grignard (tert-butyl-,

methylmagnesium bromide) reagents (Scheme 8.4).

OP(O)(OPh), Pd cat., R3
R3MgBr,
RZ\“ Rz\\.
R1 R1
136 137
R3 = Aryl, Alkyl
Scheme 8.4

Once a range of such species is in hand, attention will focus on the optimisation of the one-pot
ozonolysis/reductive amination sequence to further elaborate the cyclobutene structures and

prepare synthetically useful, and optically pure, heterocyclic motifs such as 138 (Scheme 8.5).

R3 R3
1) Ozonolysis
R2" 2) Reductive amination R2! NH
R' R’
137 138
Scheme 8.5

8.3 Structural Analysis of the Base by NMR spectroscopy

Previously in the Kerr group both THF and hexane were successfully used in the formation of
magnesium bisamides, such as (R,R)-63 and (R,R)-105.798%1 |nterestingly during the development of
more effective mixed magnesisum bases, an alkylmagnesium amide (R,R)-105 was developed. In the
asymmetric deprotonation of 4-substituted cyclohexanones 25, and identical results were obtained
with the corresponding bisamide (R,R)-195, in comparison with the corresponding mixed

alkylmagnesium amide (Table 8.1).9
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Conditions A: Conditions B:

A S A v
<Ph N/\Ph>2Mg <Ph N/\Ph> Mg"Bu

o) OTMS o) OTMS
(R,R)-63 - . (R,R)-105
TMSCI (1 eq.), DMPU (1 eq.), TMSCI (1 eq.), LiCl (2 eq.),
R THF, -78 °C R i R 18-c-6 (1 eq.), THF, -78 °C R
25 26 25 26
Scheme 8.6

Entry Rgroup Conditions Conversion e.r.

(%) (S):(R)
A 93 93:7
1 ‘Bu
B 93 95:5
4 A 9% 93:7
2 'Pr
B 96 98:2
A 92 94:6
3 "Pr
B 95 94:6
A 96 95:5
4 Me
B 99 92:8
A 91 92:8*
5 OTBDMS
B 87 91:9*
* Determined by optical rotation
Table 8.1

Therefore, the question arose as to whether a different or an identical magnesium species is,
responsible for the observed reactivity and selectivity in these two cases. Subsequently, a detailed
'H NMR spectroscopic investigation of the formation of magnesium amides was proposed to identify
the reactive chiral base in solution. Finally, as part of this work, a DOSY expirement was also
envisioned to determine the aggregation state of the active organomagnesium base. In addition, as
part of this project, we envisioned to test a series of frequently added additives with the standard

conditions to determine their role in our asymmetric deprotonation.
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9 Results and Discussion

9.1 Synthesis of Chiral sp3-rich Azepanes

9.1.1 Introduction

Recently, Lovering et al. reported that the proportion of sp*-rich carbon atoms in an orally
active drug candidate directly correlates with their success rate in clinical trials.}®*%> As a result,
there is an enormous demand for the generation of simple sp3-rich fragments with reactive
functionalities from readily available starting materials. Interestingly, 7-membered rings with a N-

heteroatom have been widely used as biologically active medicine as shown in Figure 9.1.

cl
O HO—/°
- o

Tolazamide Azelastine Mecillinam

Figure 9.1

Toloazamide is an oral blood glucose lowering drug, used for the treatment of type 2 diabetes,®
whilst azelastine is a H1-histamine antagonist used in the therapy of rhinitis.1”1% A further example
is mecillinim, which is an extended spectrum penicillin antibiotic used in bladder and kidney
infections.199119 As mentioned previously, we envisioned an operationally simple and highly flexible
synthetic sequence for the preparation of sp3-rich azepanes using our magnesium-based

deprotonation as the key step (Scheme 8.1).

Ozonolysis/ R3
2
Mg based OP(O)OPh), R Reductive R2
deprotonation Cross coupling amination
_— _— _—
R*MgX R3-NH,
R1 R1 R1 R1
25 115 133 134

Scheme 9.1

First, we investigated 3D properties of our target molecule 134 computionally in order to validate
our target from a medicinal-chemistry perspective.
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9.1.2 Computational Analysis of the 3D Properties of the Azepane Core

In order to assess the lead-likeness and 3D properties of the targeted 7-membered azepane

scaffold, the Llama software was used.!! In this program, the target structure is decorated at its

reactive groups by well known reactions. In this way, a virtual library is created and the 3D

properties of these molecules can be analysed. When both diastereomers of 2,5-dimethylazepane

139 (Figure 9.2) were decorated with the Llama software, a library of 52 products was created.

cis-139

-

trans-139

Figure 9.2

Analysis of these molecules revealed that they possess a high likelihood to be lead like candidates in

drug discovery projects (Figure 10.14).

Lead-likeness of the selected molecules [What is this?]

5 _ Lipinski's rule of 5' space

3
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.
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Chiral

oG

AlogP penalty
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o
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Figure 9.3
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Mean PMI coordinates: I1 = 0.304, I2 = 0.875 (denoted by +).

A high proportion of the library 21% (11 molecules out of 52) occupies the lead-like space based up

on the Lipinski’s rules and they have a low lead likeness penalty (Left graph, Figure 9.3). In addition,

when the 3D properties of these molecules were analysed by the creation of the PMI (Principal

moments of inertia) plot, a high degree of 3D character was observed and the centre point of the

library is far away from the flat-linear plane (Right graph, 9.3). Therefore, following the validation of

our target scaffold our attention turned towards the preparation of these molecules.
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9.1.3 Synthesis of Racemic Enol Phosphates

The synthetic sequence towards the preparation of 7-membered azepanes started with the
synthesis of racemic enol phosphates of type 115. Recently, the Kerr group reported a very mild and
highly efficient protocol for the preparation of racemic enol phosphates.'*? The desired products can
be obtained after just 1 h in the presence of a non-nucleophilic base, such as di-tert-butyl
magnesium, in good to excellent yields 62-90%. As such, this method was used for the preparation
of a range of enol phosphates 115a-h for further manipulation (Scheme 10.65). Firstly, the 4-tert-
butyl- and 4-phenyl-substituted enol phosphates 115a and 115b were prepared. In both cases, the
desired products 115a and 115b were obtained in a good 71% and 80% vyield (entry 1 and entry 2 in
Table 9.1), respectively. To investigate the effect of the substituent size on the asymmetric
deprotonation step, substrates with smaller alkyl groups at the 4-position were also targeted.
Therefore, the 4-propyl- 115g and 4-methyl-substituted 115d analogues were also targeted and, in
both cases, the desired products were isolated in excellent yields; 88% for 115g and 90% for 115d
(entry 3 and entry 4 in Table 9.1). Thereafter, a subsrate with a quaternary stereocenter 115e (entry
5 in Table 9.1) was synthesised in a similarly good 81% yield. Finally, substrates 115e,f-h with
additional heteroatoms were prepared. In this way, a tert-butyldimethylsilyl protected alcohol 115e
(entry 6 in Table 9.1) ), dimethyl amine 115f (entry 7 in Table 9.1) and acetal 115h (entry 8 in Table
9.1) analogues were isolated in 62%, 86% and 73% vyields .

O Bu,Mg (0.5 eq.), OP(O)(OPh),
P(0)(OPh),Cl (1.0 eq.)

DMPU (4.0 eq.),
R' R? THF, rt, 1 h R! R2

25a-h 115a-h

Scheme 9.2
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Entry Compound R! R? Yield(%)

1 115a Bu H 71
2 115b Ph H 80
3 115g "Pr H 88
4 115c¢ Me H 90
5 115d Ph Me 81
6 115e OTBDMS H 62
7 115f NMe; H 86
8 115h -O-CH,CH,-O- 73
Table 9.1

With the racemic enol phosphates 115a-h in hand, our subsequent efforts focused on the
preparation of enantio-enriched derivatives before turning to the cross-coupling reaction that would
ultimately provide starting substrates for our key ozonolysis/reductive amination procedure. Indeed,
chiral HPLC analysis methods could be established at the enol phosphate stage for most compounds
(see experimental section for full details), and we anticipated that we would be able to establish the

method for the remainder of the compounds post cross-coupling.

9.1.4 Synthesis of Chiral Enol Phosphates

As detailed in the introductory section, our research team has had a long standing interest in
the development and application of novel chiral magnesium centred amide bases.8829192 Thege
organometallic reagents offer a series of advantages over their lithium analogues, these reactants
show a simpler aggregation state, they have an increased thermal stability and the bifunctional
nature of magnesium allows to have a spectator ligand on the magnesium centre.%® Originally, these
bases were utilised for the preparation of chiral silyl enol ethers,”821 although, more recently, the
protocol has been successfully expanded for the preparation of enantiomerically enriched enol
phosphates.” As part of this programme of work towards the ultimate preparation of desirable
azepane structures, a range of chiral enol phosphates 115 were prepared via the use of previously
optimised conditions (Scheme 10.66).°> When the 4-phenyl and 4-tert-butyl substituted ketones
were used as the substrates, the target enol phosphates 115b and 115a were isolated in good yields
80% and 76% and with outstanding enantioselectivities of 93:7 and 99:1 (entry 1 and entry 2 in Table
9.2). Moving to the n-propyl and methyl derivatives 115g and 115d, which were liquid substances
stored over molecular sieves prior to the reaction, high yields were obtained 90% and 93% (entry 3

and entry 4 in Table 9.2), but the products 115g and 115d were isolated with low enantioselectivity

-91 -



(the enantioselectivity was determined after a cross coupling reaction with phenylmagnesium
bromide, entry 3 and 4 in Table 9.7). Fortunately, upon re-distilling and storing these starting
substrates under argon, and in the absence of any molecular sieves, the reactions afforded the
desired products 115g and 115d with high enantiomeric ratios of 91:9 and 84:16 and in excellent
yields 97% and 90% (entry 5 and entry 6 in Table 9.7). From this point forward, the asymmetric
deprotonation of other liquid substrates was carried out using this modification. Interestingly, with
thea alkyl substituents at the 4-position, the observed enantioselectivity decreased in the following
order: 'Bu>"Pr>Me, possibly due to the decreased capacity of the smaller groups to effectively lock
the conformation of the starting cyclohexanones. Having said this, the lowest ratio obtained in this
study related to the 4-methyl derivative 115d, which was still isolated with a very good 84:16
enantiomeric ratio (entry 6 in Table 9.7). When the 4,4’-disubstituted cyclohexanone 25d was
tested, the desired enol phosphate 115d was obtained in a high yield (93%) and good e.r. of 86:14
(entry 7 in Table 9.2). This shows that our system is capable of generating what would otherwise be
a synthetically challenging quaternary carbon stereocentre. when a bulky silyl protecting group was
applied, the desired product 115e was obtained with a good yield 74% (entry 8 in Table 9.2), but the
individual enantiomers 115e were not seperable on chiral HPLC. Finally, when a tertiary amine 25f
was incorporated in the structure, the desired product 115f was obtained in a good yield (86%),
although determination of the enantiomeric ratio was not possible by chiral HPLC (entry 8 in Table

9.2).

i Chiral base:
o Chiral base (1.0 eq.), OP(O)OPN) :
P(O)(OPh),CI (1.0 eq.) : N Mg
-78°C, THF , 1h i
R! R2 R' R? 2
25a-h 115a-h (R,R)-63
Scheme 9.3
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Entry Compound R! R? Yield(%) E.r.

1 115a ‘Bu H 80 93:7

2 115b Ph H 76 99:1

32 115g "Pr H 90 51:49¢
42 115c Me H 93 52:48¢
5P 115¢g "Pr H 97 91:9¢
6P 115c Me H 90 84:16°
7 115d Ph Me 93 86:14
8 115e OTBDMS H 74 -d

9 115f NMe, H 86 =

a:Substrates were stored over molecular sieves prior to the reaction.
b:Freshly distilled substrates were used, with no contact being made
with molecular sieves. c: E.r. was determine after cross coupling with
phenylmagnesium bromide. 9:Enantiomers were not separable on chiral
HPLC.

Table 9.2

After the successful preparation of racemic and chiral enol phosphates 115 we turned our attention

towards the optimisation of the palladium catalysed Kumada cross coupling.

9.1.5 Cross Coupling

At this stage, the application of a Kumada cross coupling reaction was targeted to
prepare the desired trisubstituted cyclic alkenes of type 133. Based upon preliminary results from
our group, the palladium-catalysed cross-coupling of enol phosphates 115 with phenylmagnesium
bromide was a viable strategy for the synthesis of cyclic trisubstituted alkenes.®> When diphenyl
(1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl) phosphate 115b was reacted with phenylmagnesium
bromide, the product 140b was obtained in a high yield 75% (Scheme 9.4).%
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OP(O)OPh)2  pEPPSI cat. (1 mol%), Ph
PhMgBr (1.5 eq.)

Et,O,rt, 1h

Ph Ph

115b 140b

75%

’Pr P iPr
Cl- Pd Cl or Cl— Pd Cl
X" "¢l
PEPPSI 'Pr PEPPSI S'Pr

Scheme 9.4

At the outset, the developing conditions from our laboratory were tested (Scheme 9.5). Indeed, the
desired product 140b was isolated in a lower but still good yield 66%, however, a low amount of the

homocoupled enol phosphate 141b 6% was obtained. Indeed, it was not a trivial process to separate

the desired product 140b from compound 141b.

Ph
OP(O)(OPh), PEPPSI SPr (1 mol%), Ph
PhMgBr (1.5 eq.)
+
Et,O, rt, 1 h
5 Ph
Ph
115b 1406 141b
66% 6%
Scheme 9.5

In an effort to improve the overall efficiency of the key cross coupling reaction, and to eliminate the

formation of the undesired homocoupled by-product 141b, our efforts focused on the optimisation

of the reaction conditions.
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9.1.6 Development of a New Protocol

At this stage, a detailed optimisation of the reaction parameters was carried out in order to further
improve the yield towards 140b (Scheme 9.6). Previous knowledge from within our laboratory
highlighted that the two important factors in such a reaction would be the catalyst and the solvent.
As such, a number of catalysts were tested and in varying solvents as described below in Scheme
9.6. In every occasion, the undesired homocoupled by-product 141b was detected. Whilst low
amounts of this was formed, it resulted in the overall purification of the desired product being non-
trivial. Initially, when PEPPSI Pr was used (entry 1 in Table 9.3), the desired product 140b was
isolated in a 60% yield with 8% of 141b also being obtained. The reaction was also performed with
PEPPSI SPr (entry 2 in Table 9.3), since this catalyst was also successfully reported in the cross
coupling of alkyl Grignard reagents and enol phosphates.® A similar yield was obtained (64%)
towards the desired product 140b, with a slightly lower amount of the undesired by-product 141b
being detected (6%). Since a similar cross coupling protocol with was also reported by Skrydstrup et
al*® for the functionalisation of achiral enol phosphates with a palladium(ll) chloride under
glovebox conditions, this protocol was also tested. Unfortunately, in this case (entry 3 in Table 9.3),
140b was obtained with lower yield (34%), in comparison with the previous runs with the PEPPSI
catalysts (cf. entries 1-3 in Table 9.3). The effect of the solvent was also investigated (entry 4 in
Table 9.3), whereby the best performing catalyst PEPPSi S’Pr was used with THF as the solvent. In
this case, whilst an improvement on the Skrydstrup conditions was detected, a significantly lower

reactivity towards the desired product 140b was detected (44%).
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Ph

OP(O)(OPh), catalyst (1 mol%), Ph
PhMgBr (1.5 eq.)
solvent, rt, 1 h *
Ph Ph
115b Ph
140b 141b
PEPPSI catalyst:
’Pr P {Pr
Cl—- Pd Cl Cl— Pd Cl
N / |
NN N
PEPPSI 'Pr PEPPSI S'Pr
Scheme 9.6
Yield of Yield of
Entry Catalyst Solvent 140b (%) 141b (%)
1 PEPPSI ‘Pr Et,0 60 8
2 PEPPSI S'Pr Et,O 64 6
3* PdCl, THF 34 3
4 PEPPSI S'Pr THF 44 2

*. 5 mol% catalyst was used and the reaction was stirred for 24 h.

Deciding to move forward with PEPPSI SPr as the catalyst and Et,0 as the solvent, we next
investigated a range of varying reaction conditions. The results of these experiments are
summarised in Table 9.4.When the reaction was performed at 0 °C (entry 1 in Table 9.4), the
product 140b was observed with a low 20% vyield and a significant amount of unreacted starting
material 115b was detected. Indeed, when the temperature of the reaction was increased to 40 °C
(entry 2 in Table 9.4), the yield increased to 63%, however, the corresponding homocoupled enol
phosphate 141b was also observed in increased amounts 13%. In an attempt to avoid the formation
of the undesired homocoupled byproduct 141b the reaction was also carried out under microwave

conditions (entry 3 in Table 9.4) and, although the desired product 140b was detected with a good

Table 9.3
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66% conversion, formation of other by-products were also detected. In a further effort to boost the
yield, the amount of Grignard reagent was increased to facilitate the formation of the catalytically
active palladium(0) catalyst before the addition of the electrophile. However, when
phenylmagnesium bromide was used in 3 eq. (entry 4 in Table 9.4) the desired product 140b was
obtained with a similar yield as obtained thus far of 63% and the byproduct 141b was also isolated
with 10% yield. Further considerations related to the addition time of the reagents. In order to avoid
any side reaction with the Grignard reagent, the enol phosphate 115b was added last over 1 h (see
experimental for full details). Unfortunately, the reaction saw the typical, moderate 66% conversion
to product 140b with a significant (16%) conversion to the undesired homocoupled product 141b
(entry 5 Table 9.4). Subsequently, the Grignard reagent was added in a slow fashion over 1 h to the
mixture of all other reagents (entry 6 in Table 9.4). To our delight, the desired coupled product 140b
was observed with an excellent 82% conversion and minimal amounts of the homocoupled enol

phosphate 141b was detected (2%).

Ph

OP(O)(OPh), Ph

PEPPSI S'Pr (1 mol%),
PhMgBr +
Et,O, Temp., Time

Ph Ph
115b Ph
140b 141b

Scheme 9.7
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Entry PhMgBr(eq.) Reaction conditions Yield(:;:)140b Yield(i:)”lb
1 1.5 0°C,1h 20 3
2 15 40°C, 1h 63 13
s as e :
4 3 0°C,1h 63 10
52 1.5 rt,1h 66 16
6° 1.5 rt, 1 h 82 2

aSlow addition of the substrate last over 1 h; bSlow addition of the Grignard reagent over 1 h

Table 9.4

Following this promising result, our attention turned towards the investigation of the effect of

catalyst loading. The results are summarised in Table 9.5. When 0.5 mol% catalyst loading was used

(entry 1 in Table 9.5), a significant decrease in the reactivity was observed. The desired product 140b

was only obtained with a 44% yield and significant amount of unreacted starting material was

detected. However, when the catalyst loading was increased to 5 mol% (entry 2 in Table 9.5) the

product 140b was observed with an excellent 87% yield without any detectable by-product 141b

formation.

OP(O)(OPh),

Ph
115b

PEPPSI SPr (X mol%),

PhMgBr (1.5 eq.)

Ph

Et,O, rt, 2 h

Scheme 9.8
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Catalyst Yield of Yield of
Entry loading 140b 141b

(mol%) (%) (%)
1 0.5 44 4
2 5 87 -
Table 9.5

Having reached an excellent system whereby the desired material 140b was obtained in high yield,
and as the sole product, we looked to translate this protocol to the range of enol phosphate

compounds 115 previously prepared.

9.1.7 Substrate Scope for the Cross Coupling with Phenylmagnesium Bromide

With the newly optimised conditions in hand, these were applied using the previously prepared
racemic enol phosphates of type 115 to deliver the desired cross coupled products (Scheme 10.72).
Pleasingly, such substrates were succesfuly utilised as the electrophilic coupling partners in our
newly developed, operationally simple and extremely mild, palladium catalysed Kumada reaction.
The substrate scope is summarised in Table 9.6. As described above, the tert-butyl substituted enol
phosphate 115a (entry 1 Table 9.6) delivered the corresponding product 140a in a high 88% yield
after isolation. Additionally, the 4-n-propyl- 140g and 4-methyl 140d substituted analogues were
also prepared in an identical fashion (entry 2 and entry 3 in Table 9.6), and in good to excellent
yields of 87% and 65%. In the case of the methyl substituted enol phosphate 115¢ (entry 3 in Table
9.6), full conversion towards the desired product 140c was observed, however, due to its low molar
mass, the molecule was volatile and consequently some was material was lost on isolation. The
disubstituted analogue 140d (entry 4 in Table 9.6) was also successfully isolated in an excellent 95%
yield. Furthermore, and to our delight, when oxygen and nitrogen heteroatoms were included in the
structure, the desired products 140e, 140f and 140h were isolated in very good yields; 88%, 82% and
75%, respectively (entries 5-7 in Table 9.6). Such examples demonstrated that our cross coupling
conditions are compatible with important functional groups, and the products can be obtained in

good to excellent yields without poisoning the palladium catalyst.
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OP(0)(OPh), PEPPSI SPr (5 mol%), Ph
PhMgBr (1.5 eq.)
Et,O, rt, 2 h
R'R? R R2
115a-h 140a-h
Scheme 9.9
1 R2
H [+)
Entry Product R'group group Yield(%)
1 140a ‘Bu H 88
2 140g "Pr H 87
3 140c Me H 65
4 140d Ph Me 95
5 140e OTBDMS H 88
6 140f NMe; H 82
7 140h -0-CH,CH,-O- 75
Table 9.6

With the racemic substrates in hand, and chiral HPLC methods established for downstream analysis,
we targeted the preparation of the enantiomerically enriched cyclic alkenes under identical
conditions (Table 9.7). In general, and as expected, employing our enatioenriched enol phosphates
in the cross coupling reaction resulted in similarly high yields as compared to the racemic
counterparts. Pleasingly, the phenyl substituted product 140b was obtained in an outstanding 96%
yield and with a 99:1 enantiomeric ratio, as determined via the previously described magnesium
amide-based deprotonation reaction (entry 1 in Table 9.7). The tert-butyl analogue 140a was also
delivered in high yield and it was confirmed that no racemisation had occurred under the cross
coupling conditions, with the 93:7 enantiomeric ratio being retained from the starting enol
phosphate (entry 2 in Table 9.7). When the starting ketones 25g and 25c were stored over molecular
sieves the the cross coupling products were obtained with high yields of 90% and 92% but with a low
e.r. (entry 3 and 4 in Table 9.7). However when these substrates were freshly distilled and stored
under argon the product 140g was isolated in an excellent 90% yield and high 91:9 e.r (entry 5 in
Table 9.7). Similarly, the methyl substituted analogue 140c, was delivered in an excellent 92% yield
and with a very good 84:16 ratio (entry 6 in Table 9.7). During the preparation of the chiral variant
140c, the standard workup protocol was modified and extra care was taken to isolate this low boiling
oil by setting the temperature of the rotavapor bath to 30 °C and the pressure to 150 mbar.
Subsequently, the 4-phenyl-4’-methyl substituted cross croupling product 140d as well as the
heteroatom containing products 140e and 140f were all prepared efficiently and in high yields 94%,

90% and 80% (entries 5-7 in Table 9.7). It should be noted that it was still not possible to determine

-100 -



the enantiomeric ratio of the dimethyl amine derivative 140f via chiral HPLC analysis, despite a

number of columns being tested.

OP(O)(OPh), PEPPSI SPr (5 mol%), P
PhMgBr (1.5 eq.)
Et,0, rt, 2 h
R R? RIR?
115a-h 140a-h
Scheme 9.10
r? Er E.r. of
1 . .

Entry Product R'group - Yield(%) .. 115
1 140b Ph H 96 99:1 99:1
, 140a By H 80 037 B

H _C
3 140g npr 90 51:49
H _C
2 140¢ Me 92 52:48
_C
5b 140g "Pr H 91 91:9
c
6° 140c¢ Me H 93 84:16
7 140d Ph Me 94  ge1a o014
gb 140e  OTBDMS H 90 95:5 )

9P 140f NMe> H 80 =

2:Substrates were stored over molecular sieves prior to the reaction.
b:Freshly distilled substrates were used, with no contact being made with
molecular sieves.©: Enantiomers were unseparable on chiral HPLC.

Table 9.7

At this stage in the project, we had established conditions for the key asymmetric deprotonation
step to prepare a range of chiral enol phosphate 115, as well as the subsequent cross coupling for
optimised and a new protocol was developed to obtain the desired cyclic alkenes 140 with high
yields. Indeed, we now had an array of substrates that were primed for our ozonolysis/reductive
amination sequence that would ultimately lead to the targeted sp® rich azepanes. Having said this,
we were intrigued to explore further aspects of the cross coupling reaction before moving forward,

in order to postulate for the formation of the homocoupled enol phosphate 141.
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9.1.8 Mechanistic Insight in the Formation of the Homocoupled Enol Phosphate

As mentioned above, we were interested to further explore the cross coupling reaction in an effort
to explain the formation of the undesired homocoupled byproduct 141. A survey of the literature
was carried out and it was revealed that, under similar conditions, the formation of homocoupled
products had been previously reported.!’® In order to create a rational mechanistic proposal for the
formation of this somewhat unexpected product, we proposed to perform the reaction with a

molecular probe 142 (Scheme 9.11).

Ph

OP(O)(OPh), PEPPSI S/Pr (5 mol%), Ph

AN PhMgBr (1.5 eq.) A
-------------------- > or
Et,O, 1, 2 h

Bu Bu

Bu
142 143 144
Scheme 9.11

The structure of the targeted probe 142 contained a pendant alkene group and subjecting this
substrate to the reaction conditions would answer the essential question: does the coupling reaction
proceed through a two electron pathway or single electron transfer mechanism? Indeed, both of
these mechanisms have been reported for Kumada couplings in the presence of the PEPPSI
catalyst.1*#15 If 3 single electron transfer mechanism was in place, one would expect rapid
cyclisation to the bicyclic product 144, while if the reaction proceeds trhough a two electron

pathway only 143 will be detected.

Preparation of substrate 142 started with the condensation of 4-(tert-butyl)-cyclohexanone 25a and
dimethylhydrazine under acidic conditions on a 1 mmol scale (Scheme 10.75). The corresponding
hydrazone 144 was isolated in a good 62% vyield (entry 1 in Table 9.8).'® When the reaction was
scaled up to 3 mmol, the product 145 was obtained with a slightly higher 66% yield (entry 2 in Table
9.8).
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p-TSA (5 mol%), -
H,N-NMe, (3.0 eq.) |

toluene, reflux, 3 h

25a 145

Scheme 9.12
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Scale Yield

Entry (mmol) (%)
1 1 62
2 3 66

Table 9.8

With hydrazine 145 in hand, a-alkylation was attempted with 4-bromo-1-butene, using LDA as base
and perform the alkylation with 4-bromo-1-butene. Unfortunately, the desired product 146 was not
observed in the 'H NMR spectrum of the crude reaction mixture and 87% of the starting material

25a was recovered (Scheme 9.13).

i) LDA (1.1 eq.), -78 °C, 15 h

,L ii) 4-bromo-1-butene (1.2 eq.), 0
"N -78°C-rt,15h
I iii) 2 M HySO,4 Et,0, 1h X
Bu
Bu
145 146
Scheme 9.13

At this stage, it was not clear whether the failure of the reaction was caused by insufficient
deprotonation of the hydrazone or, indeed, due to the problems with the electrophile employed. To
explore, the reaction was attempted using the simpler methyl iodide reagent and the time allowed
for deprotonation of the hydrazone was explored (Table 10.25). Unfortunately, the desired product
147 was not observed in any case, even after prolonged 20 h reaction time prior to addition of the

electrophile.

R i) LDA (1.1 eq.), -78 °C, time 0]
- IN i) Mel (10 eq.),-78 °C - rt, 15 h
i) 2 M H,SO,4 Et,0, 1 h
Bu
Bu
145 147

Scheme 9.14
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Conv.

Entry R.e action towards Rei'
time (h) 147 (%) SM (%)
1 1 = 99
2 2 - 98
3 = 99
4 20 - 97
Table 9.9

Following this, a stronger base, n-butyllithium was used at -78 °C, but even after 8 hours only the

product from hydrolysis of the starting hydrazone 145 was present in the reaction mixture (Scheme

10.78).

| i) n-BuLi (1.1 eq.), -78 °C, time
N ii) Mel (10 eq.),-78 °C - rt, 15 h O

| iii) 2M H,S0, Et,0, 1h

Bu
Bu
145 147
Scheme 9.15
Entry Reaction t:ﬁ:&s Rec.
1 1)
time (h) 299 (%) SM (%)

1 1 - 99

2 2 - 99

3 4 - 99

4 8 - 99

Table 9.10

At this stage, we attributed the low reactivity with the hindrance of the a-centre, therefore the

deprotonation stage of this overall reaction sequence was attempted at the elevated temperature of

0 °Cin an attempt to boost reactivity (Scheme 9.16). Since at this stage we wanted to maximise the

conversion towards product 147, therefore the d.r. is not reported. Pleasingly, when the reaction

was stirred at 0 °C for 1 h, the desired product 147 was observed with a good 60% conversion (entry

1 in Table 9.11). Increasing the reaction time to 2 h, caused an appreciable increase in the

conversion to 73% (entry in Table 9.11), whilst increasing further showed no significant effect (entry

3in Table 9.11).

-105 -



| i) "BuLi (1.1 eq.), 0 °C, time

LN ii) Mel (10 eq.),-78 °C - rt, 15 h Q
| iii) 2 M HySO,4 Et,0, 1h
Bu
Bu
145 147
Scheme 9.16
. Conv.
Reaction
Entry time (h) towards
147 (%)
1 1 60
2 73
3 4 62
Table 9.11

As such, we considered the use of n-butyl lithium at 0 °C for 2 h optimal and we then turned to
employing our desired electrophile, 4-bromo-but-1-ene (Scheme 9.17). To our delight, the desired

product 146 was isolated in an appreciable 68% yield as a single diastereomer.

i) "BuLi (1.1 eq.),-78-0°C,2h
| ii) 4-bromo-but-1-en (1.2 eq.),

N. O
N -78 °C - rt, O/N
! iii)2 M H,SO,4 Et,0,1h X
Bu
Bu
145 146
68%
Scheme 9.17

Subsequently, the formation of the enol phosphate 142 was attempted using our previously
reported conditions (Scheme 9.18).% Surprisingly, in this case, formation of the desired product was

not detected at all, and the starting material 298 was recovered quantitatively.
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Q 'Bu,Mg (0.5 eq.), OP(O)(OPh),
A P(0)(OPh),CI (1.0 eq.) AN
S DMPU (4.0 eq.), THF, g
By rt, 1 h Bu
146 142
Scheme 9.18

In relation to the above, we rationalised the observed lack of reactivity with the sterically hindered
nature of the acidic a-hydrogen in 146 and the base. Indeed, our reported conditions had not been
used before for a-substituted ketones. As such, to monitor whether the deprotonation process was
occurring at all, D,O was used as the electrophile and the reaction was examined using 'H NMR
spectroscopy (Scheme 9.19). At the same time, we explored the nature of the base and the additive
present in the overall system. When the reaction was performed with di-tert-butylmagnesium under
our standard conditions, deuterium incorporation into the a-position was not observed (entry 1 in
Table 9.12). In an attempt to increase the kinetic basicity of the base, via the in situ formation of an
ate complex,'’ the reaction was attempted in the presence of lithium chloride (entry 2 in Table
9.12). Again, deuterium incorporation was not observed, even when the reaction temperature was
increased to reflux (entry 3 in Table 9.12). When exploring alternative magnesium base reagents, the
sterically less hindered Grignard analogue ‘BuMgCl offered no reactivity at 0 °C or rt (entry 4 and
entry 5 in Table 9.12). However, we were extrememly pleased to realise that the use of the less
hindered magnesium species bismesitylmagnesium, a reagent whose use in similar deprotonation
systems had been developed within our laboratory, delivered the desired product D-146 with

excellent deuterium incorporation of >99% (entry 6 in Table 9.12).

Q Base, Additive Q
N D,0 (10 eq.) D N
- THF, temperature, -
= 2h -
Bu Bu
146 D-146

Scheme 9.19
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D

T .
Entry Base (eq.) Additive eomp incorporation
(°c)
(%)
DMPU
t
1 Bu,Mg (0.5) (4.0 eq) rt 0
LiCl
t
2 Bu:Mg (0.5) (10.0 eq.) rt 0
LiCl
t
3 Bu>Mg (0.5) (10.0 eq.) reflux 0
BuMgCl Licl
4
(1.0) (10.0 eq.) 0 0
BuMgCl Licl
> (1.0) (10.0 eq.) t 0
Mes,Mg DMPU
6 (0.5) (4.0 eq) t >99
Table 9.12

Accordingly, when the formation of the enol phosphate 142 was attempted with these optimised
conditions, to our delight, the desired product 142 was obtained with a high 85% yield (Scheme
9.20).

(0] OP(O)(OPh),
Mes,Mg (0.75 eq.),
X P(O)(OPh),CI (1.0 eq.) _ X
DMPU (4.0 eq.), THF,

= t,1h E
Bu Bu

146 142

85%
Scheme 9.20

With the target molecular probe in hand 142, we were able to investigate the mechanism of the
cross coupling reaction. As such, we employed 142 in the standard reaction protocol and isolated

the coupling product 143 in a low 19% yield, (Scheme 9.21).

OP(O)(OPh), PhMgBr (1.5 eq.), Ph
AN PEPPSI S'Pr (5 mol%) X
Et,O,rt, 2 h -
tE’ju téu
142 143
19%
Scheme 9.21
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The reaction was also performed in the presence of iso-propyl iodide, which is a common radical

initiator in Kumada type couplings. In this case, the product 143 was obtained with a similar 22%

yield (Scheme 9.23).

PhMgBr (1.5 eq.),

OP(O)(OPh), Prl (1.1 eq), Ph
X PEPPSI S'Pr (5 mol%) X
Et,O, rt, 2 h
By By
142 143
22%
Scheme 9.22

Importantly, in the *H NMR spectrum of these experiments, signals associated with any cyclised
product, such as that corresponding 144, were not detected. This indicated that the reaction
proceeded through a two electron pathway. Based up on these observations, a catalytic cycle for the

formation of the homocoupled enol phosphate was suggested (Figure 9.4).

R-OP(O)(OPh),

Pd°
R-R R-Pd?*-OP(O)(OPh),
c A
red. elimination
ligand exchange
R-Pd**-R
+

(Ph0),P(0)0-Pd?*-OP(0)(OPh),
B

Figure 9.4

The cycle starts with the oxidative addition of the enol phosphate substrate to form A, this step is

followed by a ligand exchange step between two palladium species, which could lead to the
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formation of Pd(ll) phosphate B. At this point, reductive elimination would give rise to the observed
homocoupled product C and regenerate the catalytically active species. In addition to this, if the
Grignard reagent is present in excess, rapid transmetallation could push the equilibrium towards the
formation Pd(0), which could explain why slow addition of the Grignard reagent required in order to

synthesize the desired cross coupled in high yield.

As shown above, the reactivity of substrate 146 under the standard coupling conditions
(with and without the additive) was significantly lower than the typical monosubstituted analogues
115 previously prepared. We attributed this reactivity difference to the sterically hindered
environment that would result between the a-substituted ketone and the relatively large
phosphonate electrophile. Consequently, the formation of a similar enol phosphate 148, without the
alkene group, was targeted via the same synthetic route described previously (Scheme 9.23). When

alkylation was carried out with 1-bromo-butane, the product 149 was isolated in a good 62% yield.

i) "BuLi (1.1 eq.),-78-0°C,2h
| ii) 1-bromo-butane (1.2 eq.),

0
ANy 78 °C - 1t, OIN
' i) 2 M H,SO, Et,0, 1 h
) By
Bu
145 149

62%

Scheme 9.23

Subsequently, the corresponding enol phosphate 148 was isolated in a high 84% yield using our
optimised conditions with bismesitylmagnesium (Scheme 9.24).
O OP(O)(OPh
Mes,Mg (0.75 eq.), (X 2
P(O)(OPh),CI (1.0 eq.)

DMPU (4.0 eq.), THF,
rt,1h

ﬁln
[
ﬁln
C

148
149 84%

Scheme 9.24

However, when the cross coupling reaction was carried out, again, a poor yield of the product 150
was obtained. This indicated that steric hindrance of the electrophile is likely responsible for the

observed low yield (Scheme 9.25).
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OP(O)(OPh), PhMgBr (1.5 eq.), N

PEPPSI S'Pr (5 mol%)
Et,O,rt, 2 h

Uﬁ:n
c
ﬁlll
c

148 150
23%

Scheme 9.25

Despite the low yielding result in relation to product 150, our efforts turned to expand the cross
coupling substrate scope with traditionally more challenging alkyl Grignard reagent partners. This
would complement our array of phenyl-substituted compounds and provide a more diverse range of
starting substrates for the key ozonolysis/reductive amination sequence that will ultimately deliver a

range of highly desirable sp3-rich azepane structures.

9.1.9 Extension of the Substrate Scope: Secondary Alkyl Grignard Reagents

Alkyl Grignard reagents are well known to be more challenging nucleophilic coupling
partners due to their ability to undergo S-hydride elimination readily.’*® Within our research group,
very preliminary results in this area have shown n-butylmagnesium chloride to react successfully
with enol phosphate 115a (Scheme 9.26).°% Indeed, only 1 mol% of palladium catalyst was used and

the desired product 122a was isolated with a high 82% vyield.

OP(0)(OPh), PEPPSI SPr (1 mol%), "Bu
"BuMgClI (1.5 eq.)

Toluene, -40 °C, 16 h

115a 122a
82%
Scheme 9.26

In an effort to build on this result, we first started our investigations with the replication of this
reaction (Scheme 9.27). Surprisingly, when the reaction was performed under identical conditions
no conversion towards the desired product 122a was detected and the starting material 115a was

recovered in 96% yield.
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OP(0)(OPh), PEPPSI SPr (1 mol%), "Bu
"BuMgCI (1.5 eq.)

Toluene, -40 °C, 16 h |

115a 122a

Scheme 9.27

As such, it was decided that a re-investigation of this overall system was required. Initially keeping
toluene as the reaction solvent for these studies, a series of changes in reaction temperature and
catalyst loading were explored and the results are summarised in Table 9.13. In an attempt to
increase the conversion, the amount of catalyst was increased from the very low 1 mol% to 7.5
mol% (entry 1 in Table 9.13). In this regard, only a minimal amount (<5%) of the desired product
122a was observed. Indeed, it was envisioned that the low performance of the catalyst was due to
the very low reaction temperature applied. Accordingly, and keeping at 1 mol% catalyst loading, we
increased the reaction temperature to 0 °C (entry 2 in Table 9.13). Pleasingly, this resulted in the
desired product 122a being detected with a significantly higher (25%) conversion, although low
amount of the homocoupled product 305a was also observed. When the reaction was performed at
even higher temperature (rt, entry 3 in Table 9.13), the cross coupled product 122a was detected
with a further increase to 38% conversion, but the undesired homocoupled enol phosphate 141a
was also detected in a relatively high ratio of 11%. One should note that the separation of the
desired and undesired products was not trivial. Therefore, the reaction temperature was kept at 0 °C
for further experiments and further explored the catalyst loading. Increasing from 1% to 2% (entry 4
in Table 9.13) further improved the reaction efficiency, however, it should be noted that when this
reaction was repeated using the same vessel, varying, and often low, results were obtained (entry 5
in Table 9.13). At this point, it was considered that left over palladium in the glassware could
catalyse the decomposition of the active palladium catalyst and prevent catalyst turnover. As such,
in further experiments, the glassware was washed with aqua regia in order to remove any leftover
palladium from the vessel (see experimental section for further details). To our delight, relatively
good conversion was retained (entry 6 in Table 9.13). In addition to this, more polar, ethereal,
solvents were also used as reaction medium (entry 8 and entry 9 in Table 9.13) but the desired
product 122a was obtained in a significantly lower 10% conversion with Et,O and not at all with THF.
The final two attempts in this optimisation process looked at the use of freshly prepared Grignard
reagent as opposed to the commercial source. In fact, this proved very successful with a very good

71% conversion obtained when employing just 2 mol% of the catalyst (entry 10 in Table 9.13).
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Indeed, in this case, we were also motivated to see that none of the undesired homocoupled
product 141a was present. Furthermore, when the catalyst loading was increased to 3 mol% (entry
11 in Table 9.13) the coupling product 122a was obtained with an even higher 87% conversion, and
no starting material 115a or homocoupled product 141a signals were observed upon analysis of the

'H NMR spectrum of the crude reaction mixture.

Bu
OP(O)(OPh), PEPPSI SPr (X mol%), "Bu
"BuMgCI (1.5 eq.)
> +
Toluene, 16 h
By Bu
Bu
115a 122a 141a
Scheme 9.28
| P
Entry Temperature fj:‘:ifgt Unreacted r;)zdzl::t Product
° 115a (2 141a(Y

(°C) (mol%) 5a (%) (%) al¥)
1 40 75 95 <5 -
2 0 1 68 25 6
3 rt 1 51 38 11
4 0 2 44 44 8
5 0 2 74 21 4
6° 0 2 56 40 4
7ab 0 2 58 38 4
garc 0 2 90 10 -
924 0 2 - - =
10%® 0 2 29 71 -
11°° 0 3 - 87 -

2: Glassware was washed with aqua regia, °: Dist. toluene was used as
solvent, ©: Diethyl ether was used as solvent, ¢: THF was used as solvent,
¢: Instead of commercial Grignard freshly prepared Grignard was used.

Table 9.13

With this newly established procedure in place for the coupling of our enol phosphate compounds
with alkyl Grignard reagents, the substrate scope was tested using the range of enol phosphates 115
previously prepared (Table 9.14) . As standard, all of these reactions were carried out initially using
racemic starting materials with the ultimate aim of translating this to the asymmetric variant

downstream (vide infra). When the phenyl substituted analogue 115b was applied, we were pleased
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to obtain the desired product 122b in an impressive 80% vyield (entry 1 in Table 9.14). Whilst the
smaller 4-methyl substituted enol phosphate 115¢ showed a good conversion, the coupled product
122c was isolated in only 40% yield (entry 2 in Table 9.14). Indeed, and as mentioned previously, the
volatile nature of the molecule rendered the isolation somewhat difficult. Finally, two disubstituted
analogues were utilised as starting materials (entry 3 and entry 4 in Table 9.14). In both cases, the
products 122d and 122h were obtained in good yields, 63% and 70%, respectively. It should be
noted that, for this set of products, analysis by chiral HPLC was not possible at this stage, however,
our enantio-enriched products were assessed in the previous step, i.e. at the enol phosphate stage,

and we did not expect racemisation to occur during cross coupling conditions.

. n
OP(O)(OPh), PEPPSI S'Pr (3 mol%), Bu
"BuMgClI (1.5 eq.)
Toluene, 0 °C, 16 h
R' R? R' R?
115 122
Scheme 9.29
R? R?
Entry Compound Yield(%)
group group
1 122b Ph H 80
2 122c Me H 40
3 122d Ph Me 63
4 122h -OCH,CH,0- 70
Table 9.14

With the racemic compounds 122a-d and 122h in hand, attention turned towards the preparation of
enantiomerically enriched coupling products 122. As such, the previously prepared enantiomerically
enriched enol phosphates 115were subjected to the developed cross coupling protocol with similar
results being obtained as compared to the racemic counterparts (cf. Table 9.14 and Table 9.15). The

enantiomers of the products 122 were not separable on chiral HPLC.

) n
OP(O)(OPh), PEPPSI S'Pr (3 mol%), o
"BuMgCI (1.5 eq.)
Toluene, 0 °C, 16 h
R R? ol
115 122

Scheme 9.30
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Starting material R! 2

Entry (e.r.) group  group Yield(%)
1 115a (95:5) Bu H 88
2 115b (99:1) Ph H 76
3 115¢ (84:16) Me H 43
a4 115d (86:14) Ph Me 62
Table 9.15

At this stage, a range of compounds had been prepared which derived from the cross coupling of
either PhMgBr or n-BuMgCl. To further widen the range of compounds available to probe the
synthetic sequence towards the azepane targets, further synthetic work focused on the application
of secondary alkyl Grignard reagents in our optimised conditions (Table 9.16). When iso-
propylmagnesium chloride was used as a coupling partner (entry 1 in Table 9.16), the desired
product 121b was isolated with a high 79% vyield. Switching the halogen atom from chlorine to
bromine (entry 2 in Table 9.16) had a negligible influence on the reaction outcome, and the desired
product 121b was isolated in an almost indentical 80% yield. For the remainder of the substrate
scope, alkylmagnesium bromide reagents were used due to the availability of the starting
alkylbromides in our laboratory. The optimised conditions were also successfully expanded for the
cross coupling of secondary cyclic alkenes. Indeed, the Kumada coupling reaction is frequently used
in drug discovery projects.'*® Furthermore, the preparation of such structures can significantly
enhance the 3D character of candidate molecules, which is one of the key parameters during lead
optimisation in the pharmaceutical industry.’?#% When cyclopentylmagnesium bromide was
employed, 118b was isolated in a high 84% yield (entry 3 in Table 9.16). Larger Grignard reagents
were also coupled under theese conditions, as demonstrated by the 6- and 7-membered variants
(entry 4 and entry 5 in Table 9.16), whereby the products 119b and 120b were obtained in 90% and
78% yield, respectively. Coupling with a smaller Grignard reagent, namely cyclopropylmangesium
bromide, was successful however the reaction temperature required elevation to rt and the catalyst
loading was also increased to 6 mol% (entry 6 in Table 9.16). Under these conditions, the desired

product 151b was isolated in a moderate 43% vyield.

OP(O)(OPh), PEPPSI S/Pr (3 mol%), i
RMgX (1.5 eq.)
Toluene, 0 °C, 16 h
Bh Ph
115b 118b-121b,
151b

Scheme 9.31
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Entry Compound Rgroup Xgroup Yield(%)

1 121b 'Pr cl 79
2 121b Pr Br 80
3 118b ‘Pentyl Br 84
4 119b ‘Hexyl Br 90
5 120b ‘Heptyl Br 78
6° 151b ‘Propyl Br 43
36 mol% catalyst was used and the reaction was performed at rt.
Table 9.16

The cross coupling of enantiomerically enriched enol phosphates with alkyl Grignard reagents was
not carried out due to the lack of time and our attention was focused on the development of the

ozonolysis-reductive amination steps of the sequence.

9.1.10 Summary for the Cross Coupling

With regards to the development of the above described cross coupling chemistry, at the
outset, synthetic efforts concentrated on reacting our prepared enol phosphate structures of type
115 with phenylmagnesium bromide. Using 4-tert-butyl cyclohexanones 25a as the standard starting
substrate, the previously reported conditions delivered the desired coupled product in a significantly
lower yield and a long purification step was required due to the formation of a homocoupled enol
phosphate byproduct. As such, optimisation of the reaction conditions was successfully carried out,
which ultimately delivered the desired product in a very high yield and without the detection of the
undesired coupling product. With these newly developed conditions in hand, a series of racemic and
enantiomerically enriched enol phosphates of type 115 were readily used as electrophiles in a highly

efficient and mild coupling reaction with phenylmagnesium bromide.

Additionally, a mechanistic investigation of the reaction was also carried out using a carefully
designed substrate 142 that would provide insight into the nature of the mechanism (radical-based
or otherwise). This substrate was successfully synthetised through a three-step sequence and
provided valuable information about the mechanism of the Kumada coupling. Ultimately, we believe

that the process does not follow a single electron transfer mechanism.

With these results in hand, we focused our efforts on further expanding the substrate scope of the
coupling reaction to primary and, more challenging, secondary alkyl Grignard reagents. This new

method development neatly delivered a set of compounds that are primed to eventually deliver a
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set of pharmaceutically interesting azepane structures via our proposed ozonolysis and reductive

amination sequence. shows the array of substrates that have been prepared (Scheme 9.32) .

R2 Ozonolysis/ R3
Reductive R2 lil
amination
R3-NH;
R R’
133 134
Ph Ph Ph Bu
Ph Bu Me npr
Ph Ph Ph Ph
O O
L Ph OTBDMS NMe,
"Bu Pr
Ph Ph
Ph
Scheme 9.32
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9.1.11 Ozonolysis-Reductive Amination

With the cross coupled products in hand, we focused our synthetic efforts on the
development of an ozonolysis/reductive amination sequence for the synthesis of enantiomerically
enriched azepanes. Indeed, a similar reaction has been reported in the literature, whereby a small
series of piperidine and azepane structures have been prepared from cyclopentene and
cyclohexene, respectively.'?® The structures were obtained in moderate to good vyields 57-72%
(Scheme 9.33). It was noted that a limited number of starting alkenes were tested and only alkyl
amines had been explored in the reductive amination step, therefore, the products 154-157

obtained were relatively simple.

1) O3, DCM-MeOH

R
@ 2) NaBH(OAc); R-NH, Q

n
n

n=1(152), 154 n = 2, R = CH,Ph, 57%;
2 (153) 155 n = 2, R = CH,CH,Ph, 63%;
156 n = 1, R = CH,Ph, 65%;

157 n =1, R = CH,CH,Ph, 72%

Scheme 9.33

At the outset, and to grasp the reaction procedure, cyclohexene 153 was employed in this one pot

120

ozonolysis/reductive amination sequence. Following the literature publication,*®® in our hands, only

decomposition products were detected on analysis of the crude *H NMR spectrum (Scheme 9.34).

1) O3 CH,Cl,/MeOH, -78 °C rph

@ 2) NaBH(OAC); (1 eq.), 45 min, rt N
3) Benzylamine (1 eq.),
NaBH(OAc); (2 eq.),
1h,rt

153 154

Scheme 9.34

In an attempt to investigate the failure of this reaction, the ozonolysis and reductive amination steps
were investigated independently. First, the ozonolysis was attempted with an alternative reported
substrate 25a to prepare a stable alkylperoxide, 1-(tert-butyl)-4-methylenecyclohexane 158, which

was prepared by a Wittig reaction in a good 68% yield (Scheme 9.35).1%
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1) PhsPMe™Br (5.0 eq.),
"BuLi (5.25 eq.), rt

2) H,0
tBu tBU
25a 158
68%
Scheme 9.35

When the ozonolysis was first carried out with 158, only decomposition products were detected
(Scheme 9.36). At this point, we reasoned that even if the desired product 159 was formed, it is

likely decomposed under the ozonolysis conditions.

MeO OOH
03 CH,Cl,/MeOH, -78 °C
Bu Bu
158 159

Scheme 9.36

Therefore, extra care was taken to ensure that the ozone flux was immediately stopped after the
appearance of the blue colour (unreacted ozone). Any prolonged reaction time was found to be
detrimental for a successful reaction. In addition to this, a high stream of oxygen was used to
remove the traces of ozone from the solution as soon as possible, in order to prevent the formation
of highly oxidised by-products (Scheme 9.37).122 With these new conditions, the product 159 was

obtained in a high 75% yield, similar to the reported value in the literature (74%).'%°

MeO OOH
O3 CH,Cl,/MeOH, -78 °C
Bu ‘Bu
158 159
75%

Scheme 9.37

Subsequently, substrate 159 was subjected to the reduction and, as anticipated, ketone 25a was

obtained in a good 66% vyield, indicating that the reduction step was also successful (Scheme 9.38).
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MeO OOH O
NaBH(OAc); (1 eq.)

DCM, rt, 5h
Bu Bu
25a
159 66%
Scheme 9.38

With these encouraging results in hand, we employed these modified ozonolysis conditions with
cyclohexene 153. Unfortunately, no desired product 154 peaks were observed in the 'H NMR

spectrum of the crude mixture (Scheme 9.39).

1) O3 CH,Cl,/MeOH, -78 °C

2) NaBH(OACc)3 (1 eq.), 45 min, rt Ph
3) Benzylamine (1 eq.), NaBH(OAc); (2 eq.), (
@ 1-2h,rt g C)
153 154
Scheme 9.39

In addition, in attempt to validate our ozonolysis conditons the crude mixture was analysed by *H
NMR and a no starting material 153 was observed. Although, when the crude mixture was added to
a solution of sodium borohydride after quenching the reaction with dimethyl sulfide, the expected
diol product 160 (15%) was isolated with a low 15% vyield (Scheme 9.40), indicating that the

aldehyde or the peroxide intermediate is not stable under the reaction conditions.

O 1) O3, DCM, -78 °C, 30 min HO
NN
2) Me,S (20 eq.), -78 °C - 1t, 4 h OH

3)NaBH, (5eq.),0°Ctort,4 h
153 160
15%

Scheme 9.40

At this point, a systemic search for alternative ozonolysis conditions was performed, and it was
found that the Schreiber group had reported an alternative protocol for the ozonolysis of cyclic
substrates, whereby sodium bicarbonate was added to buffer the pH of the solution and likely aid
the formation of the hemiacetal adduct in methanol.??® It was suggested that the addition of sodium
bicarbonate is essential since the aldehyde-alkoxy hydroperoxide, produced after the ozonolysis

step, often forms oligomers and and decomposed before the reductive amination step.'?® As such, it

-120 -



was decided that, quenching the peroxo aldehyde in situ would afford the dialdehyde 161, would be
targeted, given that it is likely to be a more stable than the peroxo intermediate. Therefore, after the
completion of the ozonolysis step, dimethyl sulfide was added to quench the formed alkoxy
hydroperoxide immediately. To our delight, following this protocol resulted in the dialdehyde 161

being obtained in a significantly higher 51% yield (Scheme 9.41).
1) O3, DCM, MeOH, NaHCOs,
78 °C, 30 min 0
2) Me,S (20 eq.), -78 °C - rt, O/N o

153

161
51%

Scheme 9.41

Thereafter, and in an attempt to conserve stocks of the previously prepared cross coupled products
whilst scoping out the reaction conditions, a structurally similar trisubstituted cycloalkene 162 was
employed in the developing ozonolysis reaction (Scheme 10.105). In this case, desired keto-aldehyde
163 was obtained with an even higher 75% vyield (entry 1 in Table 9.17). The reaction was then
successfully performed at an elevated scale and the product 163 was isolated in an improved 83%

yield (entry 2 in Table 9.17).
1) O3, DCM, MeOH, NaHCOs,
O/ -78 °C, 30 min ¢}
2) Me,S (20 eq.), -78 °C - rt, O/N )J\/\/\%O

162 163
75%

Scheme 9.42

Scale Yield

Entry (mmol) (%)
1 1 75
2 3 83

Table 9.17

Given the success above, we then looked to apply one of our previously prepared (racemic) cross
coupled products. In this regard, substrate 140b was reacted and, pleasingly, the desired product

164b was obtained in a similarly high 84% yield (Scheme 9.43).
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1) O3, DCM, MeOH, NaHCO3, 0

Ph 78 °C, 30 min )J\/\{\/O
> —
o 2)Me,S (20 6q.), -78 °C -1, ON "

Ph

140b

164b
84%

Scheme 9.43

Next, the reductive amination step was examined using previously prepared, model, substrate 163

120

Under the originally reported conditions,**® none of the desired product 165 was observed upon

analysis of the 'H NMR spectrum (Scheme 9.44).

Benzylamine (1 eq.), Ph
0O NaBH(OAc); (2 eq.) r

N
)J\/\/vo 2 h, rt, DCM @

163 165

Scheme 9.44

Therefore, further optimisation of the reductive amination reaction conditions was performed. Upon

reviewing the literature, a recent review!?*

showed 1,2-DCE as a superior solvent for this reaction,
and attributed this to the fact that highly nucleophilic amines can react with DCM.® In addition to
the solvent, we also envisioned that the pH of the solution would dramatically influence the overall
reaction pathway. It has been noted that, under standard conditions, if one equivalent of organic
acid is added, the rate of the reductive amination drastically increases with ketones.'** Accordingly,
our subsequent reactions probed the effect of pH via the addition of acetic acid and/or the effect of
utilising sodium acetate as a buffer additive. Our results, using 1,2-DCE as the solvent, are
summarised in Table 9.18. Interestingly, when the reaction was performed in 1,2-DCE instead of
DCM, in the absence of any additive, the desired product 165 was detected with a 22% conversion
(entry 1 in Table 9.18), When 1 eq. of sodium acetate and 1 eq. of acetic acid was added, the
product 165 was obtained in a similar 18% conversion (entry 2 in Table 9.18). Indeed, when these
additives were added individually (entry 3 and entry 4 in Table 9.18), the product azepane 165 was
not observed at all, and, in both cases, decomposition of the starting material 163 was detected.
Thereafter, the quantity of reducing agent, NaBH(OAc); probed; increasing to 2.8 eq. resulted in a
significant increase in the conversion 44% (entry 5 in Table 9.18), however, increasing further did
not further elevate the efficiency fo the reaction, and the product 165 was observed with an almost

identical 43% conversion (entry 6 in Table 9.18). Finally, the amount of benzylamine was also
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doubled, to 2.10 eq., in an attempt to further increase the conversion, however, the desired product

165 was obtained, again, with a similar 46% conversion (entry 7 Table 9.18).

Ph
Benzylamine (1.05 eq.), r
e) NaBH(OAc); (X eq.) N
/U\/\/\&O 1,2-DCE, Additive(s), rt, 2 h U
163 165

Scheme 9.45

Entry NaBH(OAc); Additive(s) Conversion

(eq.) (eq.) (%)
1 1.4 = 22
2 14 AcOH (1), 18

NaOAc (1)
3 1.4 AcOH (1) =
4 14 NaOAc (1) -
5 2.8 = 44
6 4.2 - 43
72 2.8 = 46
32.10 eq. benzylamine was used instead of 1.05.eq.
Table 9.18

Given that switching the solvent from DCM to 1,2-DCE had a positive impact on the reaction
outcome, a series of alternative polar solvents were explored for our novel reductive amination step
(Table 9.19). When the reaction was carried out in THF, with the aim to potentially facilitate the
formation of polar intermediates, a lower conversion of 28% was detected (entry 1 in Table 9.19). It
is likely that the conversion was affected by the solubility of the reducing agent; in this case, a solid-
liquid biphasic mixture was obtained at the end of the reaction. Thereafter, alternative polar
solvents, such as EtOAc, DMC and IPA were also explored (entries 2-4 in Table 9.19), however, the
desired product 165 was obtained with low conversion in every case. Finally, when CPME was used
as the reaction medium, we were extremely pleased to find that a substantially higher coversion of
70% was observed towards the desired azepane product 165 (entry 5 in Table 9.19). It could be
reasoned that the immiscibility of water in CPME was favourable in terms of driving the required
imine formation as part of the overall process. After isolation and workup, the product 165 was

obtained with a high 71% vyield.
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Benzylamine (1.05 eq.), Ph
e} NaBH(OAc); (2.8 eq.) r

N
/U\/\/vo solvent, rt, 2 h @

163 165
Scheme 9.46
Entry Solvent Conversion

(%)

1 THF 28

2 EtOAc 10

3 DMC <5

4 IPA <5

5 CPME 70 (71)?

3Isolated yield

Table 9.19

Finally, when the ozonolysis/reductive amination sequence was carried out in the intended
telescoped fashion, without the isolation of aldehyde intermediate 163, we were delighted to obtain

the product 165 in a 56% yield (Scheme 9.47).

1) O3, DCM, MeOH, NaHCOs3, (Ph

-78 °C, 30 min N
2) Me,S (20 eq.), -78 °C - rt, O/N
3) Benzylamine (1.05 eq.),
NaBH(OAc); (2.8 eq.),
162 CPME, rt, 4 h 165

56%

Scheme 9.47

Turning to a set of our prepared alkenes 122 (obtained via enol phosphate formation and
subsequent, alkyl, cross coupling reaction), we applied the optimised reaction conditions as
described above (Table 9.20). Across the board, yields in the range of 45-54% were achieved over
this multi-step but telescoped procedure. When the tert-butyl-substituted substrate 166a was
employed (entry 1 in Table 9.20), to our delight, the desired azepane 166a was obtained with a good
50%. Importantly, only one diastereomer was detected after the reaction, and the relative
stereochemistry of the product was realised after debenzylation and via 2D NMR techniques (vide
infra). Altering the substituent at the 4-position for an aryl group, as in 122b, had a minor impact on
the reaction outcome and the target 7-membered heterocycle 166b was isolated with a similar 54%
yield (entry 2 in Table 9.20). Smaller substituents are also tolerated, as shown with the 4-methyl-

substituted analogue 166¢ (entry 3 in Table 9.20), albeit with a slightly reduced reaction yield to
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45%. We also demonstrated that quaternary stereocenters can also be included in the structure
(entry 5 in Table 9.20) and that the product 166d was obtained in a 54% yield. Finally, the ketal
functionality was tolerated in the sequence (entry 5 in Table 9.20) and the desired product 166h was

isolated in a good 52%.

"By Ph
1) O3, DCM, MeOH, NaHCOs, n
78 °C Bu, N
2) Me,S (20 eq.), -78 °C - rt, O/N
A 3) Benzylamine (1.05 eq.), o
R'R NaBH(OAc); (2.8 eq.), r11
CPME, rt, 4 h
122 166
Scheme 9.48
1 RZ
E P R Yield(?
ntry roduct group group ield(%)
1 166a ‘Bu H 50
2 166b Ph H 54
3 166¢ Me H 45
4 1e66d Ph Me 54
5 166h -OCH,CH,0- 52
Table 9.20

The above reactions used racemic starting materials 122. Indeed, the ultimate aim was to generate
optically active azepane structures 166, and, therefore, attention turned towards employing our
previously prepared enantiomerically-enriched cross coupling substrates 122. (Table 9.21). In
general, similar yields were obtained as compared to the racemic reactions (cf. Table 9.20 and Table
9.21). Again, when the chiral 4-phenyl-substituted alkene 122a was used as a starting material (entry
1 in Table 9.21), the target azepane 166a was obtained in a good 51% yield and a high e.r. of 93:7.
Indeed, we were delighted to see that the enantiomeric ratio was retained from the enol phosphate
stage, i.e. no racemisation occurred during the full reaction sequence. The 4-phenyl-substituted
molecule 166b was also successfully prepared with a 53% yield being obtained and an excellent 99:1
e.r. (entry 2 in Table 9.21). The smaller methyl variant 166¢ was also isolated, albeit with a slightly
lower 48 % vyield as compared to the racemic reaction, but with high e.r. 82:18 (entry 3 in Table
9.21). Finally, the quaternary stereocenter 166d was also implemented in the structure with a 87:13

e.r. and 54% yield (entry 4 in Table 9.21).
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n
B
! 1) O3, DCM, MeOH, NaHCOs, . é
78 °C Bu, N
2) Me,S (20 eq.), -78 °C - rt, O/N
170 3) Benzylamine (1.05 eq.), o
R'R NaBH(OAc); (2.8 eq.), RTT
CPME, rt, 4 h
122 166
Scheme 9.49
E.r. of
Rl R2 E.r. of e:i:l
Entry Product Yield(%) product
group group 166 phosphate
166
1 166a ‘Bu H 51 93:7 93:7
2 166b Ph H 53 99:1 99:1
3 166c¢ Me H 48 82:18 84:16
4 166d Ph Me 54 87:13 86:14

Table 9.21

Thereafter, deprotection of the benzyl group was carried out under extremely mild conditions to

deliver the targeted core azepane 167, functionalised at the 2- and 5-positions (Scheme 9.50).12°

Ph
"Bu,, N( 10 wt% Pd/C (10 mol%) _ "Bu,, H
H, balloon,
MeOH-DCM, rt,
24 h
Ph Ph
166b 167

81%
Scheme 9.50

The relative stereochemistry of 167 was determined by 2D NMR spectroscopic experiments to be
that shown in Figure 9.5. Indeed a strong nOe was observed between the a-CH and one of the a-
CH; hydrogen at 2.73 and 3.20 ppm, respectively (red protons in Figure 10.16) and no correlation
was detected between the benzylic hydrogen at 2.68 ppm and the same a-CH; hydrogen at 3.20
ppm. As such, the relative stereochemistry of the prepared azepane 167 was assigned tentatively as

trans.
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Ph nOe

Figure 9.5

Having successfully prepared a series of enantiomerically enriched azepane structures derived from
the n-butyl containing alkenes of type 122, we continued towards the synthesis of additional
azepane structures using the remaining phenyl and secondary alkyl cross coupling products. This

would diversify the range of azepane structures attainable via this practically accessible method.

9.1.12 Further Azepane Targets

As mentioned above, attention next turned towards the expansion of the substrate scope to deliver
a further array of chiral azepane structures. In this regard, both the phenyl-substituted alkene 291b
and a the iso-propyl derivative 304 were subjected to the telescoped ozonolysis-reductive amination
conditions (Table 9.22). In both cases, the corresponding ring opened products (327b and 328) were
isolated in moderate yields (entry 1 and entry 2 in Table 9.22). It was clear that such compounds
had derived from intial ozonolyis followed by the first reductive amination step, with the second

reductive amination to cyclise the molecule not occurring.

R1

1) O3, DCM, MeOH, NaHCO3, 0
-78°C N_ _Ph
R1 ~N
2) Me,S (20 eq.), -78 °C - rt, O/N
3) Benzylamine (1.05 eq.), Ph
Ph NaBH(OAc); (2.8 eq.),
CPME, rt, 4 h
140b R' = Ph; 168b R' = Ph;
121b R' = Pr 169 R = 'Pr
Scheme 9.51
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1
Entry Product grEup Yield(%)

1 168b Ph 52
2 169 Pr 59
Table 9.22

Although these substrates were originally not targeted, a literature search revealed that such e-
amino ketone compounds have previously been reported as important motifs in the study of

biological systems (Figure 9.6).127:128
N )
_ HN
i o H o NH g
HN . K
\/\/\)K@\ S\\
o)
e
a \T J

Cl

170
171

Figure 9.6

127 while

Molecule 170 was reported as a potent DNA directed alkylating agent of cancer cell lines,
molecule 171 was reported as a fluorescent analogue of phenytoin and reported as a neurotic pain
inhibitor.??® Synthetically, several steps were required to prepare the corresponding targets 170 and
171, with some of these being very low vyielding. In relation to that above, we believe that our
tandem ozonolysis/reductive amination sequence offers a significant advantage for the preparation
of these type of molecules. Indeed, our process is an incredibly short sequence, with only only one
chromatographic isolation required when starting from the cyclic alkene stage. Furthermore, with

our novel strategy, the preparation of chiral analogues is also readily achievable. Indeed, regarding

the previous strategies, the preparation of chiral analogues was unreported.

Based on this, using our series of (racemic) phenyl-substituted alkene starting substrates 140, a
library of differentially substituted e-amino ketones 168 were synthesised using our methodology
(Table 9.23). Across the board, moderate to good yields (44-60%) of the desired e-amino ketones
168 were achieved. A range of alkyl substituents 168a, 168g and 168c were tolerated, providing
yields in the region of 53-58% (entries 1-3 in Table 9.23). Quaternary centres can also be included in
the structure, as shown with substrate 140d, where the more heavily substituted product 168d was
isolated in a good 59% vyield (entry 4 in Table 9.23). Oxygen heteroatoms are also accepted, as
shown in entry 5 in Table 9.23 where the silyl protected product 168e was obtained with a slightly

lower 44%. Finally, the desired product 168h was isolated with a good 60% vyield (entry 6 in Table
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9.23). Notably, products such as 168e and 168h would also allow for further diversification using the

heteroatom as a functional handle.

Ph
1) O3, DCM, MeOH, NaHCOs, o
-78 °C H
N._Ph
2) Me,S (20 eq.), -78 °C - rt, O/N Ph %
{79 3) Benzylamine (1.05 eq.), R'R
R'R NaBH(OAc); (2.8 eq.), CPME,
140 . 4h 168
Scheme 9.52
. 2
E P R Yield(¢
ntry roduct group group ield(%)
1 168a ‘Bu H 54
2 168g npr H 53
3 168c Me H 58
4 168d Ph Me 59
5 168e OTBDMS H 44
6 168h -OCH,CH,0- 60
Table 9.23

In relation to the above, we also employed our enantiomerically enriched substrates 140 in this
process, delivering a range of optically active e-amino ketones 168 as shown in Table 9.24. When
chiral substrate 140a was applied, the desired product 168a was isolated in a similar 52% yield as
compared with the racemic counterpart, and with an excellent 94:6 e.r. (entry 1 in Table 9.24). With
the phenyl substituted cyclic alkene 140b, the desired product 168b was isolated with a moderate
54% yield and outstanding 99:1 e.r (entry 2 in Table 9.24). The smaller alkyl variants 140g and 140c
(entry 3 and entry 4 in Table 9.24) also delivered their corresponding €-amino ketones 168g and
168c in an efficient manner, as did the substrate bearing a quaterner stereocenter 140d (entry 5 in
Table 9.24) Finally, when the silyl protected analogue was used, 168e, as observed with the racemic
analogue, the yield obtained was slightly lower at 42% yield, however, a high 95:5 e.r. was retained
(entry 6 in Table 9.24). It is important to note that, in every case, the e.r. of the e-amino ketone
products 168 were in alignment with initial chiral enol phosphate starting material 115 prepared via

the asymmetric deprotonation with chiral magnesium amide base (R,R)-63 (vide supra).
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Ph

1) O3, DCM, MeOH, NaHCOs, o
-78 °C H
)J\/\/\/N Ph
° Ph 4 ~
2) Me,S (20 eq.), -78 °C - rt, O/N z
-, 3) Benzylamine (1.05 eq.), R'R
R'R NaBH(OAc); (2.8 eq.), CPME,
140 . 4h 168
Scheme 9.53
E.r. of
R? E.r. of
Entry Product R!group Yield(%) product r-o
group 140
168
1 168a ‘Bu H 52 94:6 93.7
2 168b Ph H 54 99:1 99:1
3 168g "Pr H 54 90:10 91:9
4 168c Me H 61 86:14 84:16
5 168d Ph Me 60 88:12 86:14
6 168e OTBDMS H 42 97:3 95:5
Table 9.24

Whilst we have described that such e€-amino ketones are intriguing and biologically useful
compounds in their own right, we returned to focus on our original aim, which was to obtain a series
of azepane structures. In relation to this, two alternative strategies were envisioned to obtain the
desired 7-membered cyclic amines of type 172; (i) direct, intramolecular, reductive amination of the
g-amino ketones, followed by a separate debenzylation step or (ii) exploring a palladium catalysed

debenzylation, followed an in situ ring closure (Scheme 9.54).

H
o Ph N
H 1) Reductive amination
N._Ph
Ph 2)D [
T, ) Deprotection
R'R R R?
168 172
o Ph H
H Ph Pd cat. hydrogenation
Ph ~ "
R1 R2 R1 R2
168 172

Scheme 9.54
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Since the latter sequence had the potential to deliver the desired targets in just one step, efforts
were initially focused on exploring palladium catalysed hydrogenation methods (Table 9.25). When
palladium on charcoal and a hydrogen balloon were used, we were disappointed to detect no
product formation, and, in fact, the starting material 168b was recovered in a 95% vyield (entry 1 in
Table 10.41). Thereafter, the more active Pearlmans’ catalyst was used, which has been previously
reported for the debenzylation of acyclic secondary amines.'?® Unfortunately, in our case, with even
this more reactive catalyst, the desired product 172b was not detected and decomposition of the
starting material 168b occurred (entry 2 in Table 10.41). Finally, the reaction temperature was
increased to reflux and, due to safety reasons, the hydrogen source was changed to ammonium
formate (entry 3 in Table 10.41).13° Disappointingly, the desired product 172b was, again, not

observed.

H
O H Ph N
)l\/\{VN Ph Pd catalyst
~ S
Ph Conditions
Ph
Ph
168b 172b
Scheme 9.55
Hydrogen - Recovered
Entry Pd catalyst source Conditions SM (%) Comment(s)
Pd/C MeOH-DCM,
1 (10 mol%) H. balloon t1d 95 -
Pd(OH) THF-PrOH, Decomposition
2 (30 mol%) Hz balloon rt,1d was detected
Pd/C NH4HCO, MeOH, Decomposition
3 . 46
(16 mol%) (5.0 eq.) reflux, 90 min was detected
Table 9.25

Due to the encountered difficulties, our attention turned towards the reductive
amination/debenzylation strategy, since it has been reported with less hindered primary amines,
such as benzylamine, for the synthesis of 6-3! and 7-membered®*13% nitrogen containing
heterocycles. Furthermore, we were also confident that we could successfully remove the benzyl
protecting group post reductive amination, given that this had previously worked effictviely on a
similar substrate (vide supra). As such, a range of conditions involving sodium triacetoxyborohydride
as the reducing agent were expored and are summarised in Table 9.26. First, it was envisaged that
the second ring closing reductive amination could be achieved through the use of higher

temperatures, since both the reacting sites in our substrate were sterically hindered. However, when
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the reaction was carried out in refluxing toluene (entry 1 in Table 9.26), the desired product 172b
was not detected and the unreacted starting material 168b was returned in 95% vyield. Since the
solubility of the reducing agent is limited in toluene, the reaction was performed in CPME, which was
successfully employed as the solvent in our initial reductive aminiation examples (c.f. Tables 10.36
and 10.37). Unfortunately, with even this solvent mostly unreacted starting material 168b was
obtained (entry 2 in Table 9.26). In an effort to increase the overall reactivity of this substrate, 1 eq.
of acetic acid was added, although a similar reaction profile was observed (entry 3 in Table 9.26). In
a further attempt to force the initial imine formation, molecular sieves were added to the reaction
mixture, however, again, only starting material 168b was obtained (entry 4 in Table 9.26). Further
efforts included employing the use of microwave heating, however, when the reaction was heated
to 120 °C for 2 h, none of the desired product 172b peaks were observed and, in fact, degradation of
the starting material 168b had occurred with only 40% being returned on this occasion (entry 5 in
Table 9.26). At this stage, a literature survey was carried out and it was realised that a series of
additives had been reported to facilitate the reductive amination of sterically hindered amines. In
this regard, Alexakis’ method was used,*3* whereby titanium iso-propoxide is used in excess and in a
solvent free environment (entry 6 in Table 9.26). Unfortunately, the desired product 172b was not
detected. Nontheless, we attempted to modify Alexakis’ protocol by repeating this reaction in the
presence of CPME as the reaction medium, but to no product 172b formation was detected (entry 7
in Table 9.26). Alternative Lewis acids such as nickel(ll) chloride and zinc(ll) chloride were also tried
as additives based upon literature precedents.!3>13¢ |n these cases, the desired product 172b was
not observed (entry 8 and entry 9 in Table 9.26). Finally, Hartley et al. reported alternative reductive
amination conditions for the synthesis of piperidine alkaloids.?” In this system, TMSCI was added as
a drying agent to react with the by-product water. Unfortunately, following this procedure on our

molecule had no effect (entry 10 in Table 9.26).

o Ph H
H Na(OAc);BH (1.4 eq.)
WNvPh
Ph "
conditions below
Ph bh
168b 172b
Scheme 9.56
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Unreacted Product

Entry Conditions 168b (%)  172b (%)
1 toluene, reflux, O/N 95 -
2 CPME, reflux, O/N 80 -
3 CPME, reflux, O/N, AcOH (1.0 eq.) 90 -

CPME, reflux, O/N,
4 o . 95 -
AcOH (1.0 eq.), 4 A mol. sieves
5 CPME, pw, 120°C, 2 h 40 -
6 Ti(O'Pr)4 (3.03 eq), 110 °C, O/N 90 -
7 Ti(O'Pr)4 (3.03 eq), CPME, reflux, O/N 95 -
8 ZnCl, (3.03 eq), CPME, reflux, O/N - -
9 NiCl,*6 H,0 (3.03 eq), CPME, reflux, O/N 95 -
10 i) TMSCI (5.0 eq.), DCM, rt, O/N €0 )

ii) NaBH(OAc)s (2.8 eq.), DCM, rt, 36 h
Table 9.26

In the absence of alternative reductive amination conditions, focus was returned to the products
from the ozonolysis reactions and it was envisoned that switching the amine component in the
subsequent step could help prepare the required azepane product 173b. Indeed, the amine was a
flexible component at this stage, with our objective to ultimately deprotect the nitrogen to reveal

the free azepene core (Scheme 9.57).

R
H
o . RNH, N __ Deprotection
Ph CPME, rt, 4 h
NS
o)
- Ph
164b 173b 172b
Scheme 9.57

As such, para-methoxybenzylamine (PMB amine) was considered as an alternative amine, due to the
number of reported strategies to successfully remove the electron rich aryl ring through acidic or SET
conditions (Table 9.27). Indeed, it was hoped that this would then allow for more fruitful results in
terms of achieving the removal of the PMB group and subsequent in situ cyclisation to the azepane.
When our previously optimised conditions were used with para-methoxybenzylamine, we
anticipated that we could obtain a mixture of products; including, although somewhat unlikely, the
fully cyclised and ultimately desired azepane (via a second, intramolecular, reductive amination),
and the g-amino ketone product. In reality, the e-amino ketone product 173 was isolated in a low
31% vyield, alongside the bis-alkylated product 174 in a significant 19% yield, which derived from a

second, intermolecular, reductive amination procedure (entry 1 in Table 9.27). Due to the observed
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low yield of the e-amino ketone 173, and based on a further literature search,**®'% NaCNBHs; was
applied in place of Na(OAc);BH. When the reaction was attempted in the presence of zinc(ll) chloride
(entry 2 in Table 9.27), the e-amino ketone product 173 was obtained in an improved 40% yield.
Pleasingly, the yield was improved further when the reaction was carried out under acidic conditions
(entry 3 in Table 9.27).138 Indeed, in the latter two cases, none of the unwanted bis-alkylated

product 174 was observed.

Ph PMB Ph
Ph N
Conditions (e} (0]
o} T, Ph +
Ph Ph OW\{/(g
o NH Ph
PMB Ph
164b 173 174
Scheme 9.58
Yield of Yield of
Ent Conditi
ntry onditions 173 (%) 174 (%)
NH,-PMB (1.05 eq.), 19,

1 Na(OAc)sBH (2.80 eq.), 31
CPME, rt,4 h
NH,-PMB (2.0 eq.),
2 Na(CN)BHs (2.0 eq.), ZnCl; (0.5 eq.), 40 -
MeOH, rt, 15 h
NH,-PMB (1.0 eq.),

dr=1:1

3 Na(CN)BHs (2.0 eq.), 54 -
Glacial acetic acid (pH = 6), MeOH, rt, 15 h
Table 9.27

Following on from the above studies, and using the Na(CN)BH3 conditions shown in entry 3 in Table
9.27, a detailed DoE study was performed in an attempt to further improve the yield towards the ¢-
amino ketone product 173. The decision to use a DoE approach was based on the fact that it was
trivial to assess the conversion level viag analysis of the *H NMR spectrum. This would allow the range
of reactions dictated by the DoE to be carried out and analysed quickly. At the beginning of the
optimisation, the key parameters were identfied as the addition time of the substrate 164b, the
volume of methanol, and the number of equivalents of the amine nucleophile. The reaction

outcomes are summarised in Table 9.28.
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Ph

Ph Na(CN)BH; (2.0 eq.),
) PMB-NH, _ pp 0o
Ph MeOH, pH=6,
o r, 2 h NH
PMB
164b 173
Scheme 9.59

A: Addition M:(:)H C: Equivalents Conversion
Run time of volume of amine 173
substrate (h) (mL) (eq.) (%)
1 1.25 2 5 50
2 1.25 2 5 54
3 2 1 7 48
4 2 4 7 39
5 1.25 2 5 50
6 0.5 4 7 71
7 2 4 3 59
8 0.5 1 3 54
9 2 1 3 40
10 0.5 1 7 65
11 0.5 4 3 68

Table 9.28
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Figure 9.7

As shown in entries 1, 2 and 5 in , the product 173 was obtained with similar conversions when the
reaction was performed under identical conditions 50%, 54% and 50%. In general, higher equivalents
of the amine did not improve the yield and it has shown to have a minimal impact on the reaction
outcome therefore for the preparation of 3D plot this variant was choosen to set constant (right side
on Figure 9.7). Analysis of the half normal pot revealded that the addition time of the aldehyde is
the most important parameter, possibily due to the rapid decomposition of the keto-aldehyde 164b,
therefore the highest yields were observed when the substrate was added quickly 54-71% (entry 6,
8, 9 and 10 in. Intrestingly, the volume of methanol has also had positive impact on the yield,
possibly because at lower concentrations formation of by-product 174 is unfavoured. With the
optimised conditions in hand we manage to isolate the desired product 173 in a good 71% yield with
out any detectable by-product 174. With a high 71% vyield obtained for key intermediate 173,
attempts to reveal the free amine 175 were performed. Researching the literature revealed two
common methods for the removal of the electron rich benzyl group; (i) the use of strong acids,4%143

and (ii) the use of single electron reductants.'® Due to the availability of reagents, initial attempts

looked at the acidic conditions (Table 9.29).

Q H Conditions 0
N. NH
Ph/u\/\/\/ PMB —X— Ph)l\/\{\/ 2
Ph Ph
173 175

Scheme 9.60



Yield of Recovered

Entry Conditions 175 (%) 173 (%)

TFA (5.0 eq.),
1 DCM, rt, 24 h 100

Triflic acid (3.0 eq.),

2 TFA, rt, 4 h ) 100
3 TFA (5.0 eq.), reflux, 4 h - 100
TFA (5.0 eq.), microwave
4 heating, 120 °C, 10 min i 100
Table 9.29

In the first instance, the reaction was carried out at room temperature using trifluoroacetic acid
(TFA), however, after 24 h, the starting material 173 recovered quantitatively (entry 1 in Table
9.29).13 Thereafter, the stronger triflic acid was used but similar results were obtained (entry 2 in
Table 9.29).*' Following this, and in an attempt to force some reactivity, the substrate 173 was
reacted with triflouroacetic acid under refluxing conditions (entry 3 in Table 9.29).14° Once again, the
desired prouct 175 was not detected. In a final attempt, microwave irradiation was used, whereby
the reaction temperature was further increased to 120 °C, but to no desired product 175 formation

was detected.#?

Despite these results, we continued our efforts by considering single electron methods. In this
respect, both ceric(lV) ammonium nitrate (CAN) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) have been reported for the selective deprotection of aliphatic amines.'** Frustratingly, when
our particular substrate 173 was exposed either of these reagents none of the desired product 175
was obtained (Table 9.30). Whilst the reaction with CAN returned the starting material in full, the

DDQ protocol completely decomposed the starting e-amino ketone 173.

(0] H (0]
)’l\/Y\/N Reagent )‘W\/NHZ
Ph PMB MeCN:H,O = 5:1, rt, Ph
Ph 1d Ph
173 175
Scheme 9.61
Yield of
Recovered
Entry Reagent product 173 (%)
(%) ’
1 CAN (2.1 eq.) - 100
2 DDQ (1.2 eq.) - -
Table 9.30

Due to the observed difficulties, we envisioned an alternative strategy for the preparation of the

core azepane structure, wherby instead of employing 4-methoxybenzylamine in the reductive
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amination process, ammonia could be used as a nitrogen source. Indeed, this would potentially lead
to direct formation of the desired uprotected 7-membered heterocycle. As such, the reaction was
carried out in the presence of ammonia and we were delighted to isolate the desired product 172b

as a single diastereomer, albeit in 21% yield (Scheme 10.124).

H
Ph Na(CN)BHj; (2.0 eq.), Ph N
Ph MeOH, pH=6,
N rt, O/N
o) Ph
164b 172b
21%
Scheme 9.62

With this promising result, we looked to further probe the reaction conditions in an effort to
enhance the isolated yield of the target azepane 172b. Optimisation included changes in solvent,
equivalents of ammonia, and attention to the rate of addition of the substrate 164b (Table 9.31).
First the solvent for the reaction was changed (used for dissolve the reducing agent and ammonia, to
this solution the solution of the aldehyde 164b was added) and a series of commonly used polar
solvents were tried. When MeOH was replaced by CPME (entry 1 in Table 9.31), the desired product
172b was obtained with 24%. Switching to a polar halogenated solvent DCE had a minor impact on
the reaction outcome and the product 172b was detected with a 25% conversion (entry 2 in Table
9.31). When THF was used as solvent for the reducing agent the product 172b was obtained with a
low 13% conversion (entry 3 in Table 9.31). Although when we switched to DCM the desired
heterocycle 172b was observed with a higher 35% conversion (entry 4 in Table 9.31). Therefore we
also attempted to change the solvent of the starting substrate 164b to DCM but in this case the
conversion decreased significantly to 14% (entry 5 in Table 9.31). At this point the amount of
ammonia was also decreased to 5 eq. and the product 172b was obtained with a similar 34 %
conversion (entry 6 in Table 9.31). In an attempt to increase the conversion we tried to add the
solution of the substrate 164b in a controlled manner. When the solution of the aldehyde-ketone
164b was added over 15 min a lower conversion was obtained 20% (entry 7 in Table 9.31. While

adding the solution slowly also decreased the conversion to 15% (entry 8 in Table 9.31).
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H
Ph Na(CN)BH; (2.0 eq.), Ph N
o) H3N
Ph Solvent(s), pH=6,
X rt, O/N
@) Ph
164b 172b
NH3 Reaction Solvent to o/ \x
Entry (eq.) solvent dissolve 164b Comment Conv. (%)
1 10 CPME MeOH - 24
2 10 DCE MeOH - 25
3 10 THF MeOH - 13
4 10 DCM MeOH - 35
5 10 DCM DCM - 14
6 5 DCM MeOH - 34
7 5 DCM MeOH aldehyde ad.ded over 20
15 min
8 5 DCM MeOH aldehyde added over 15

1h

Table 9.31

After these experiments, and given that we had increasing solubility concerns with Na(CN)BHjs in
DCM, we looked to alternative borohydride reagents (Table 9.32). When sodium triacetoxy
borohydride was used, the desired product 172b was detected with a low 9% conversion (entry 1 in
Table 9.32). In addition to this, the reductive amination sequence was attempted using a tertiary

amine salt (entry 2 in Table 9.32), however, under these conditions, the desired product 332 was not

formed at all.
Ph Ph. N
Na(CN)BH; (2.0 eq.), N
o H;N (10.0 eq.)
Ph MeOH, pH=6,
N rt, O/N
@] Ph
164b 172b
Scheme 9.63
Entry Comment Conv.(%)*
1 Na(OAc)sBH 9
2 BusN*BH4 -
Table 9.32
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Due to time constraints, at this stage in the project, we decided to take our optimal conditions thus
far and create a substrate scope for this reductive aminocyclisation. Indeed, this included initial
ozonolyis of our previously prepared alkenes to generate dicarbonyl intermediates, followed by a
double reductive amination step to deliver the targeted azepane motif. More specifically, when the
tert-butyl-substituted alkene 140a was used as a substrate in the ozonolysis step the product 164a
was isolated in a high 75% vyield (entry 1 in Table 9.33). Pleasingly, when the primary and secondary
alkyl cross coupled substrates 122b and 121b were ozonised (entry 2 and entry 3 in Table 9.33), the
desired products 176b and 177b were delivered in a high 81% and outsanding 99% vyield,

respectively.

) 1) O3, DCM, MeOH, NaHCO3, o
R -78 °C, 30 min
. R? _0
] 2) Me,S (20 eq.), -78 °C - rt, O/N
R R’
140a R'= Bu, R? = Ph; 164a R'= Bu, R? = Ph;
122b R'= Ph, R2 = "By; 176b R'= Ph, R2 = "Bu;
121b R'=Ph, R? = 'Pr 177b R'= Ph, R? = /Pr
Scheme 9.64
R! R? Yield
Entry  Product group group (%)
1 164a ‘Bu Ph 75
2 176b Ph "Bu 81
3 177b Ph iPr 99
Table 9.33

With these substrates in hand, the one pot double reductive amination sequence was performed

under our optimal conditions (Table 10.50).
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2 H

R Na(CN)BH; (2.0 eq.), RZ N
1 o H3N (10.0 eq.)
R MeOH, pH=6,

X0 rt, O/N "
164a R'= ‘Bu, R? = Ph; 178 R'= 'Bu, R2 = Ph;
176b R'= Ph, R? = "By; 179 R'= Ph, R? = "Buy;
177b R'= Ph, R? = 'Pr 180 R'= Ph, R2 = /Pr

Scheme 9.65
R R? Yield
Entry  Product group group (%)

1 178 ‘Bu Ph 27

2 179 Ph "Bu 32

3 180 Ph Pr 31

Table 9.34

In this regard, we were very pleased to obtain a further set of final azepane targets 178-180. Whilst
the yields were low (as somewhat expected), we had nonetheless effectively demonstrated that our
overall synthetic sequence, starting from trivial cyclohexanone structures, represented a practically

accessible and flexible method for the formation of intriguing heterocyclic motifs.
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9.1.13 Summary and Future Work

In the second part of this chapter the synthesis of chiral azepanes was described. First, a
palladium catalysed Kumada cross coupling method with arylmagnesium bromides was reoptimised
to prepare a series of trisubstituted cyclic alkenes 140 with high vyields (74-97%) and the
enantioselective enol phosphates 115 were also successfully utilised as substrates. In the future we
would like to investigate the impact of the electronic nature of the aryl Grignard reagent for the
reaction outcome. Therefore a series of differently substituted aryl Grignard reagent with electron
donating and withdrawing groups will be used in this novel cross coupling reaction. In an attempt
the rationalise the formation of the homocoupled enol phosphate 141 we also successfully
synthesized a molecular probe 142 and show evidence that the reaction proceeds through a two
electron pathway. The substrate scope of this novel cross coupling step was also extended for
primary- and secondary alkyl Grignard reagents and the desired products 118b-121b and 151b were
isolated with good to excellent yields. Thereafter the synthesis of the target protected azepanes 166
was readily achieved through an ozonolysis-reductive amination sequence with moderate yields 45-
54%. Although when the R? position was sterically hindered (R?>= Ph, 'Pr) the second ring closing
reductive amination step did not occure. In these case Although these substrates 168b and 169 were
originally not targeted, a literature research revealed that they are used as tags to attach fluorescent
probes to biologically active structures?”1?8 and therefore a series of these novel amino ketones 168
were prepared in moderate to good yields (44-60%) in an enantiomerically enriched fashion with
good ers (88:12-99:1). Finally the synthesis of the free azepanes 178-180 were also achieve under
different set of reductive amination conditions with these challenging substrates. Although
optimisation of the reaction conditions is required, to further improve the yield in this novel
reductive aminocyclisation. With the optimised conditions in hand a series of amines with different

electronic nature will be used a nucleophilic partner in this novel reductive amination sequence.
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9.2 Towards the Synthesis of Chiral Pyrrolidines

As described in the above sections, recent efforts within the Kerr research team have focused
on the preparation of chiral phosphoryl enol ethers and their further manipulation to prepare highly-
functionalised, enantiomerically-enriched cyclic systems. As part of this, the asymmetric
deprotonation of cyclobutanone substrates 135 has previously been reported by the Kerr group,
with one example being further manipulated, via a cross-coupling and ring opening sequence, to a
desirable chiral pyrrolidine motif 138b (vide supra).’®® In an effort to determine the full capacity of
this overall process, and deliver a range of desirable and enantiomerically-enriched pyrrolidine

compounds 138, a library of of cyclobutanone substrates 135 were required.

9.2.1 Synthesis of Cyclobutanones

The preparation of cyclobutanones of type 135 was envisaged using a reported two-step

cycloaddition and reduction sequence (Scheme 9.66).1%

Cu/Zn, POCl3,
(@]
bis 0 °
Clc” cl Zn, AcOH
N A R’ N o N X .
L~ R—_J R C ~F
181 182 135

Scheme 9.66

Whilst a range of styrenes were available in our laboratory or commercially, two further starting
styrenes were prepared via a standard Wittig reaction.%'% The 4-chloro-derivative 135c¢ was
prepared on varying scales (20 mmol and 40 mmol) in moderate to good yields (44-63%) (entries 1
and 2 in Table 9.35), whilst the 2-naphthalene analogue 135e was obtained with a high 86% yield

using the same reaction conditions (entry 3 in Table 9.35).

Ph;PMeBr (1.5 eq.),
n-BuLi (1.3 eq.) J

Aryl THF,0°C-rt, 16 h Aryl

(0]
|

Scheme 9.67
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Entry  Product Aryl group Scale Yield

(mmol) (%)
1 181c 4-Chlorophenyl 20 44
2 181c 4-Chlorophenyl 40 63
3 181e 2-Naphthyl 43 86

Table 9.35

With these compounds in hand, the [2+2] cycloaddition reaction was considered. In relation to this,
the requisite zinc-copper couple was prepared by mixing zinc dust and copper(ll) sulfate (Scheme

9.68).

CuSO4 * 5 H,0 (3 mol%) + Zn (1.0 eq) > Zn/Cu

Scheme 9.68

When this reagent was employed in the [2+2] cycloaddition reaction of styrene substrate 181c and
in situ prepared dichloroketene, we were pleased to obtain an improved overall yield of the desired
cyclobutanone compound as compared with the previous results.!®® Firstly, the reaction was carried
out on a 3 mmol small scale with 1-chloro-4-vinylbenzene 181c and moderate conversion of 43% to
the dichlorocyclobutanone 182c¢ was observed (entry 1 in Table 9.36). When the reaction was
repeated on a larger, 20 mmol scale, to our delight the product 182c was obtained with 63%
conversion (entry 2 in Table 9.36), which is higher than the previously reported (56% conversion).1%3

Zn/Cu (3 eq.), POCI3 (2.5 eq.),
(0] - _

)]\ (2.5eq.) o
cl,e” cl
Et,0, rt, 16 h ¢ ©
Cl Cl
181c 182¢
Scheme 9.69
Entr Scale Conv.
4 (mmol) (%)
1 3 43
20 63
Table 9.36

Subsquently, the reduction of the dichlorocyclobutanone 182c intermediate was carried out using
the crude material from the reactions described above. On a small scale, the desired product 135c
was isolated in a moderate 37% vyield (entry 1 in Table 9.37). To our delight, when the reaction was

repeated on a larger scale, a significantly higher 78% yield was achieved (entry 2 in Table 9.37).
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Zn dust (6 eq.)

Cl AcOH, rt, 16 h
Cl Cl

182c 135¢

Scheme 9.70

Scale Yield

E
ntry (mmol) (%)
1 3 37
2 20 78

Table 9.37

After successfully reproducing, and improving on, the previously reported results, the sequence was
then carried out with a series available styrenes 181a-e, including the prepared naphthalene
derivative 181e, to deliver a range of 3-substituted and 3,3 -disubstituted cyclobutanones 182a-e.
Indeed, the dichlorocyclobutanone intermediates were prepared first with generally good
conversions (Scheme 9.71). In general, with 3,3’-disubstituted styrenes, a higher conversion towards
the desired intermediates 182b and 182e was observed (81-90%), while the conversions were

slightly lower than this with the 3-substituted substrates 182a, 182c and 182d (60-69%).

Cu/Zn (3 eq.), POCI; (2.5 eq.),

(@]
)J\ (2.5eq.) 0
Cl;C Cl
R2 .
1 A Cl
R Et,O, 1t, 16 h rIT R2 Gl
=
0 O o . 0
o o m e
Cl Cl CIC
182a 182b 182d 182e
Conv. 69% Conv. 90% Conv. 60% Conv. 81%
Scheme 9.71

In the following step, the reduction of dichlorocyclobutanone intermediates 182 was carried with 6

eq. of zinc dust in acetic acid (Scheme 9.72). Overall, the corresponding products were obtained in
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moderate to good yields (46-78%), with the exception of naphthyl-substituted cyclobutanone 135e,

which was isolated in a low 22% vyield.

O O
Zn dust (6 eq.)
2 Cl g X
R1:_ R2 Cl AcOH, rt, 16 h R1:_ R2
=
O O
° B
n O

135a 135b 135d 135e
66% 46% 46% 22%

Scheme 9.72

9.2.2 Synthesis of Racemic Enol Phosphates

Having prepared a range of cyclobutanones 135a-e, the syntheses of the racemic enol phosphate
compounds 136a-e was carried out to obtain reference samples for the downstream chiral HPLC
analysis (Scheme 9.73). As such, reaction with LDA at -78 °C, followed by addition of
diphenylphosphoryl chloride, allowed access to the desired structures 136 (Table 9.38). When the
reaction was carried out on a smale scale (entry 1 in Table 9.38), the product 136a was isolated in a
high 80% yield. However, further reactions that were carried out on a 2 mmol scale delivered the

corresponding products 136a-c,e in slightly lower yields of 62-67% (entries 2-5 in Table 9.38).
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LDA (1 eq.),

ﬁo P(O)(OPh),CI (2 eq.) OP(O)(OPh),
R’ THF,-78 °Ctort, 2 h R1ﬂ
R? R2
135 136
Scheme 9.73

Entry Compound R!group R? group Yield(%)

1 136a Ph H 80*
2 136a Ph H 64
3 136b Ph Me 67
4 136d Bn H 69
5 136e Naphthyl Me 62
*: Reaction was carried out on an 1.0 mmol scale.
Table 9.38

9.2.3 Asymmetric Deprotonation of Cyclobutanones

Following the analysis of the racemic transformation, the asymmetric deprotonation with C.-
symmetric magnesium bisamide (R,R)-63 was carried out, initially with 3-phenylcyclobutanone 135a.
When the reaction was first attempted, a low 12% conversion towards the desired product 136a was
observed (Scheme 9.74). Moreover, during column chromatography, the desired product co-eluted
with by-product 183, the nucleophilic substitution product between the electrophile and the

magnesium amide species. The enantiomeric ratio was not determined in this case.

1) ©)\N/\© Mg (1 eq.)
2

(R,R)-63 | :
! -
] <
O 2) P(O)OPh)CI (2 eq.) )jop(o)(oph)z L P ONPh
g ! .0
- PZ~_Ph
THF, -78 °C, 1+16 h '. P
Fh o : Sh 7
!
135a 136a 5 183
Conv. 12% !

Scheme 9.74
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At this stage, the reaction was repeated using a fresh supply of di-n-butylmagnesium (Scheme 9.75).
However, similar results were obtained, whereby the product 136a was detected in a low 10%

conversion, and as an inseparable mixture with by-product 183 (Scheme 9.75).

1) ©)\N/\© Mg (1 eq.)
2

(R,R)-63 i B
O 2) P(O)OPh),CI (2 eq) /E(OP‘O"OP“” L Ph N ph
i e
Jj - PZ"_Ph
THF, -78 °C, 1+16 h -, o
i i ! lc'v)h 7
135a 136a ; 183
Conv. 10% !

Scheme 9.75

Subsequently, the electrophile was added at -78 °C and to our delight a substantially higher
conversion (75%) and yield (57%) was obtained, albeit with a lower e.r. (59:41) (entry 1 in Table
9.39), in comparison with the previously reported 97:3 result from our laboratories. When the
reaction was repeated, a similarly moderate yield of 55% and low enantiomeric ratio of 55:45 was

obtained (entry 2 in Table 9.39).

1) OJ\N/\Q Mg (1 eq.)
2

(R,R)-63
O 2) P(O)OPh),CI (2 eq.) OP(O)(OPh),
PH THF, -78 °C, 1+16 h .
135a 136a
Scheme 9.76
Entr Conversion Yield or
y (%) (%) ah
1 75 57 59:41
73 55 55:45
Table 9.39
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In an effort to improve the yield, the quench procedure was modified. Specifically, methanol was
employed, to quench the reaction in place of the standard saturated sodium bicarbonate solution.

However, a similar enantiomeric ratio (62:38), and yield (55%) was obtained (Scheme 9.77).

1) ©)\N/\© Mg (1 eq.)
2

(R,R)-195
O 2) P(O)(OPh),Cl (2 eq.) OP(0)(OPh),
Ph THF, -78 °C, 1+16 h PH
281a 282a
Conv. >99%,
55%,
e.r.62:38
Scheme 9.77

Finally, the base (R,R)-63 was prepared in hexane instead of THF, which was a common solvent
previously used in our group for the asymmetric deprotonation of cyclohexanones,’”® however, a
comparable e. r. of 66:34, with a lower yield of 47%, was obtained (entry 1 in Table 9.40). This
experiment was repeated to assess the reproducibility of the protocol, however, similar results were

observed and the product 136a was obtained with 52% yield and 62:38 e.r. (entry 2 in Table 9.40).

1) ©)\N/\© Mg (1 eq.)
2

(R,R)-63
O 2) P(O)OPh),CI (2 eq.) OP(O)(OPh),
pH j THF, -78 °C, 1+16 h o
135a 136a
Scheme 9.78

Conversion Yield

Entry (%) (%) e.r.
1 >99 47 66:34
>99 52 62:38
Table 9.40
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Given that these reactions were not delivering the high enantiomeric ratios disclosed previously in
our laboratories further efforts concentrated on ensuring that the reagents used were of sufficient
purity, and free from any moisture or additive that could affect the overall transformation. As such,
the starting material 135a was re-distilled and stored in a flame-dried flask, this time without 4 A
molecular sieves, to avoid possible contamination from the drying agent. Frustratingly, a similarly

poor yield of 47% and e.r. of 58:42 was obtained (Scheme 9.79).

1) ©)\N/\© Mg (1 eq.)
2

(R,R)-63
O 2) P(O)(OPh),Cl (2 eq.) OP(O)(OPh),
Ph THF, -78 °C, 1+16 h PH
135a 136a
Conv. >99,
47%,
e.r.58:42

Scheme 9.79

The enantioselective deprotonation was also attempted with three alternative substrates 135b,
135d and 135e to further explore the unexpected results obtained thus far. In comparison with the
previously reported results, low enantiomeric ratios in the range of 57:43-59:41 and low to

moderate yields (38-44%) were observed in these reactions (entries 1-3 in Table 10.11).
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1) ©)\N/\© Mg (1 eq.)
2

(R,R)-63
'El//o 2) P(0)(OPh),CI (2 eq.) jop(o)(ophb
8 THF, -78 °C, 1+16 h R
R? R2
135 136
Scheme 9.80
Entry Product R? R? Y(I;)I)d e.r.
1 136b Ph Me 44 57:43
2 136d Bn H 44 59:41
3 136e  Naphthyl  Me 38 59:41
Table 9.41

good 64% yield (Scheme 9.81).

o LDA (1 eq.),
P(O)(OPh),CI (1 eq.)
THF, -78°Ctort, 2 h
Bu
25a

Scheme 9.81
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In order to, assess whether the base or the substrate was responsible for the observed low
enantioselectivity, we envisaged employing the exact same batch of base (R,R)-63 in the asymmetric
deprotonation of both 4-tert-butylcyclohexanone 25a and 3-phenyl-cyclobutanone 135a substrates.

As such, to allow chiral HPLC analysis, the racemic enol phosphate 115a was prepared using LDA in a

OP(O)(OPh),

115a
64%



Subequently, the enantioselective deprotonation of the two different cyclic systems 25a and 135a

were tested using the same batch of chiral magnesium amide (R,R)-63 (Scheme 9.82 and Scheme

9.83).
1) ©J\N/\© Mg (1 eq.)
2
)

0 (RR)-63 OP(0)(OPh),

2) DMPU, (0.5 eq.), P(O)(OPh),Cl (4 eq.)

THF, -78 °C, 1+16 h

Bu B4
25a 115a
66%,
e.r. 964
Scheme 9.82
1) ©)\N/\© Mg (1 eq.)
2
(R,R)-63
O 2) P(O)(OPh),CI (2 eq.) OP(0)(OPh),
Ph THF, -78 °C, 1+16 h PH
135a 136a
44%,
e.r.68:42

Scheme 9.83

With the 6-membered ketone 25a, using conditions reported by our group,®? a good yield of 66%
and an excellent enantiomeric ratio of 96:4 was obtained (Scheme 9.82). In contrast, the reaction of
3-phenyl-cyclobutanone 135a delivered a significantly lower enantiomeric induction (e. r. = 68:42)
with a moderate 44% vyield (Scheme 9.83). This result proved that the lower levels of

enantioinduction were not due to issues with the preparation of the base (R,R)-63.

In addition to the above, the original protocol reported by Honda and co-workers®? that showed the
preparation of enantio-enriched silyl enol ethers were repeated. Again, the racemic product 184a

was prepared first to allow determination of the e.r. by chiral HPLC (Scheme 9.84).
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TESCI (1.3 eq.),

(e Nal (1.2 eq.), OTES
)j Et;N (1.17 eq.) ﬂ
MeCN, 0°Ctort, 8 h
Ph Ph
135a 184a
8%
Scheme 9.84

Thereafter, the asymmetric deprotonation was carried out with the chiral lithium amide base (R,R)-4
and the product 184a was isolated in a high 87% vyield and with an excellent 90:10 e.r. (Scheme
9.85). This result demonstrated that the low level of enantiomeric induction with the chiral

magnesium base (R,R)-63 are not due to issues with the purity of substrate 135a.

1) ©)\N/\© Li (1.2 eq.)

(R.R)-4
O  2)TESCI(2eq) JOTES
Ph/ THF, -85 °C, 1+16 h PH
135a
184a
87%
e.r.=90:10
Scheme 9.85

Furthermore, when the magnesium bisamide (R,R)-63 was used, the corresponding silyl enol ether

184a was not detected (Scheme 9.86).

1) N/\© Mg (1 eq.)
2

(R,R)-63
0 2) TESCI (2 eq.) OTES
PhD THF, -85 °C, 1+16 h orf
135a 184a
Scheme 9.86
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Given the issues when attempting to reproduce the high enantiomeric ratios previously described,
we began to recognise that there could have been a misassignment in the chiral HPLC analysis at the
outset. To confirm the exact enantiomeric ratio of our current transformations, it was decided to
derivatise the chiral enol phosphate products 136 and to re-assess.

In relation to this, a palladium-catalysed Kumada cross coupling reaction had recently been
established in our group as a robust and practically accessible method, for the functionalisation of

enol phosphates such as 115b (Scheme 9.87).2

PEPPSI S’Pr (1 mol%) or

OP(0)(OPh), PEPPSI Pr (1 mol%), Ph
PhMgBr (1.5 eq.)
Et,O, rt, 1 h
i Ph
115b 140b
75%
Scheme 9.87

As such, this transformation was regarded as ideal to apply to our prepared 4-membered cyclic enol
phosphate products 136, to truly determine the enantiomeric ratios. Indeed, these reactions were
first carried out using the racemic starting substrates 136 in order to obtain references for the chiral
HPLC analysis (Scheme 9.88). Pleasingly, in the case of monosubstituted cyclobutenes 136a and
136d, the products 137a and 137d were obtained in an excellent yield (entry 1 and entry 3 in Table
9.42). With disubstituted cyclobutene 136b, the product 137b was obtained in a decreased but still
good 66% yield (entry 2 in Table 9.42).

OP(O)(OPh), PEPPSI 'Pr (1 mol%), Ph
PhMgBr (1.5 eq.)
Et,O,rt, 1h }

R1 R2 R'] R2
136 137
Scheme 9.88

R R' Yield
E
ntry Product substituent substituent (%)
1 137a Ph H 82
2 137b Ph Me 66
3 137d Bn H 99
Table 9.42
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Obtaining these samples, allowed an adequate chiral HPLC analysis method to be established.With

the racemic samples in hand, t

achieved (Scheme 9.89).

he cross coupling of the corresponding chiral substrates was also

OP(O)(OPh), PEPPSI 'Pr (1 mol%), Ph
PhMgBr (1.5 eq.)

/ Et,O, rt, 1 h 4
R1R? R! R?
136 137
Scheme 9.89
Entry Product R! R?  Yield (%) e.r.

1 137a Ph H 76 59:41

2 137b Ph  Me 58 58:42

3 137d Bn H 96 58:42
Table 9.43

The chiral analysis of the enantiomerically enriched products revealed that there had, indeed, been a

mis-assignment of the e.r. and that the lower levels, as reported from this package of work, were

upheld. A summary of the previously reported and actual enantiomeric ratios for 137a, 137b and

137d are shown in Scheme 9.90.

o) Mg amide base, OP(O)(OPh), |
P(O)(OPh),ClI j ! :
1 > 1w : /'\ AN Mg
R RS, ! Ph” N7 Ph
R R ! 2
136 137 i (R,R)-63
OP(O)(OPh), OP(O)(OPh), OP(O)(OPh),
( : r )
137a 137b 137d
e.r. 97:3, e.r. 99:1, e.r. 95:5,
e.r. 57:43 e.r. 59:41 e.r. 59:41
Previously reported
Established by cross coupling
Scheme 9.90

With these results in hand, it was clear that magnesium bisamide species (R,R)-63 only induced a

moderate level of asymmetry in this overall transformation. As such, a series of experiments were
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conducted with the aim to developing a more efficient system. Firstly, the magnesium amide (R,R)-
63 was prepared in hexane, instead of THF In this case, whilst a slightly higher enantiomeric ratio

was observed (66:34), the product 136a was obtained in a similar moderate yield of 47% (Scheme

9.91).
1) ©)\N/\© Mg (1 eq.)
2
(R,R)-63
O 2) P(O)(OPh),CI (2 eq.) OP(0)(OPh),
ot THF, -78 °C, 1+16 h o
135a 136a
Conv. >99%,
47%
e.r.66:34
Scheme 9.91

In addition to the above, the mixed alkylmagnesium amide (R,R)-105 was explored (Scheme 10.48).
Indeed, such a base has been shown to be an effective base in our group in the asymmetris
deprotonation of 4-tert-butylcyclohexanone 25a and provided the desired sily enolate product 26a
with similar e.r. value of 94:6, in comparison, with the magnesium bisamide (R,R)-63 base mediated
deprotonation (e.r. =94:6) (Scheme 9.107). When the mixed alkylmagnesium amine (R,R)-105 was

used the product 136a was obtained with a moderate yield (55%), but the e.r. decreased to 55:45.

1) ©)\N/\© Mg("Bu) (1 eq.)

(R,R)-105
O 2) P(0O)(OPh),CI (2 eq.) OP(0)(OPh),
o1 THF, -78 °C, 1+16 h o
135a 136a
Conv. >99%,
55%,
e.r. 55:45
Scheme 9.92
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Unfortunately, none of these amended conditions showed a significant improvement on the
enantiomeric ratio of the product 136a, although the yield was slightly higher in both cases. In a final
attempt, different Lewis basic additives were also studied, such as TMEDA and DMPU, to stabilise
and deaggregate the chiral magnesium base (R,R)-63. The beneficial effect of DMPU was previously
reported in the asymmetric deprotonation of cyclohexanones 25a (Scheme 9.93).2! In the case of
DMPU, a slightly higher yield (62%) was obtained but the enantioselectivity of the process remained
low e.r. of 55:45 (entry 1 in Table 9.44). Unfortunately, the use of TMEDA also delivered the product
136a with significantly lower yield of 35% and the observed enantioselectivity only slightly increased

to 62:38. (entry 2 in Table 9.44).

1) ©/LN ' Mg (1 eq.)
2
)

(R,R)-63
0O 2) Additive (0.5 eq.), P(O)(OPh),Cl (2 eq.) OP(0)(OPh),
Ph)j THF, -78 °C, 1+16 h F,h/U
135a 136a
Scheme 9.93

Entry Additive Yield (%) e.r.

1 DMPU 62 55:45
2 TMEDA 35 62:38
Table 9.44

In summary, during this project a series of experiment were conducted to extend the scope of our
asymmetric deprotonation protocol with a series of chiral magnesium bases developed in our group.
In has been shown that, although these bases are efficient with 4-substituted cyclohexanones 25 as
substrates, only significantly lower enantioselectivities can be obtained in the asymmetric
deprotonation of cyclobutanones 135. Although the preparation of this molecules would allow us to
develop and a series of chiral pyrrolidines 138, which are difficult to obtain with other strategies.
Therefore based on the Kerr group’s growing expertise in theoretical design of reagents for organic
synthesis, we focused out attention on exploring this reaction in silico with the aim to propose an

efficient base for the deprotonation of cyclobutanones 135.
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9.2.4 Towards a Novel Amine Structure

At this stage due to the low enantioselectivity observed in the enantioselective
deprotonation of cyclobutanones, a series of computational investigations were carried out. With
the aim to identify a novel and synthetically achievable mixed alkylmagnesium amide, which could
afford the corresponding phosphoryl enol ethers with high enantiomeric ratios. The computational
experiments were carried out and the potential energy surfaces were created by Renan Zorzatto.
First, a known substrate 4-phenyl cyclohexanone 25b was calculated with a mixed base structure
(R,R)-63 in order to establish the used computational method. The results of this computational

experiment are summarised below (Figure 9.8).

1519 12.7
(236)
10 — 4.9 kcal mol™
H/'\
g 51
'
)
X
N—r
s 0
©)
<
5 AAGE® = 4.9 kcal mol™
6.2) ees"C =>99.99% (R)
ee € =99.98% (R) -6.3
(4.4)
-10

Reaction Coordinate

-158 -



(e}

L o
N

W

H--

@M

5,5

Figure 9.8

O

e

e
f

L0

J@i j@i

s
BN
N

The values quoted refer to the Gibbs free energy of the optimised structure and one molecule of THF was ommited from
structures 3-5 for clarity

Starting from ketone 2, and ligand 1, two different deprotonation pathways were envisioned
through the removal of the pro-(S) or pro-(R) acidic protons. In both cases the reaction started with
the decoordination of a molecule of THF and the coordination of the conformationally locked
substrate. The PES analysis showed that this elementary step is readily achievable through a
relatively small energy barrier (2.7 kcal/mol and 0.0 kcal/mol on both pathways). Thereafter the
base could remove either the pro-(S) (blue hydrogen, left side on Figure 9.8) or pro-(R) (green
hydrogen, right side on Figure 9.8) axial proton leading to the corresponding enolate. When the
energy profile leading to the pro-(S) product was calculated, a 7.2 kcal/mol barrier was observed
which is significantly higher (by 4.9 kcal/mol) than the corresponding energy barrier with the
analoguos pathway leading to the (R)-enolate 2.5 kcal/mol. Therefore a good enantiomeric ratio was
predicted for the asymmetric deprotonation of 4-phenylcyclobutanone 25b with the mixed alkyl
magnesium amide. Importanly a similarly high ee was obtained when the reaction was carried out
under the standard deprotonation conditions and the product 115b was obtained in a good yield of

76% and high e.r. of 99:1..
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1) N/\© Mg (1 eq.)

2

o (R,R)-63 OP(0)(OPh),
2) P(O)(OPh),CI (1.2 eq.)

THF, -78 °C, 1+1 h

Ph Ph
25b
115b
76%,
e.r. 99:1
Scheme 9.94

In the case of 4-phenylcyclobutanone 135a, the observed low enantioselectivity was assumed to be
caused by the small energy difference between the removal of the pseudo-axial and pseudo-
equatorial hydrogens. Therefore, the energetics of these pathways were calculated with the

benchmark mixed alkylmagnesium amide structure 1 (Figure 9.9).
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T
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Figure 9.9

The values quoted refer to the Gibbs free energy of the optimised structure and one molecule of THF was emmited from
structures 3-5 for clarity

Again, in parallel with the 4-phenylcyclohexanone 25b case, the reaction started with the
replacement of one molecule of coordinated THF, which step which was slightly endergonic by 1.9
and 0.8 kcal/mol in both cases for 3,° and 3% for the diastereomeric complexes. This was followed by
the removal of the acidic hydrogen atom by the amide. In this case, a low energy difference 0.6
kcal/mol was observed between the removal of the pseudo-axial proton (blue hydrogen, left side on
Figure 9.9) and the removal of the pseudo-equatorial proton (green hydrogen, right side Figure 9.9).
Therefore, a sterically more demanding novel amine structure would be able to create an extended,
tighter chiral pocket which would be abel to discriminate effectively between the two diastereotopic

faces of the cyclobutanone..

Due to the lack of reported protocols in the literature for the asymmetric deprotonation of
cyclobutanones 135 with alternative amide bases, our research focused on the asymmetric
deprotonation with higher membered rings, where a similar small energy difference between the
removal of the pseudo-axial and -equatorial hydrogens are expected to translate well to the
cyclobutanone system the cyclobutanone system. To our delight, benzhydryl ligands were
146,147 |n

successfully used in asymmetric deprotonation reactions of tropinone and granatanone.

addition, these ligands were also synthetically accessible through short sequences and were highly
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modular.1*®%” When a novel sterically more hindered mixed alkyl magnesium amide structre was
calculated with sterically demanding CF3 groups in the meta- position of the aryl rings, the
deprotonation event which leads to the formation of the corresponding enolates was predicted to
occur with high enantiodiscrimination in silico. In this case, all of the four possible diastereomeric
transition states were calculated to ensure the formation of the desired product would proceed with

high enantioselectivity (Figure 9.10).
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Figure 9.10

First, the energy profile for the removal of the syn-hydrogen atoms with respect to the phenyl
substituent were evaluated. In this case, a good selectivity towards the (R)-enolate was predicted,
clearly indicating the the capability of this novel alkylmagnesium amide to distinguish between the
syn-(R)- and syn-(S)-hydrogens. At this stage the inability to obtain the desired enolate with a high
e.r. was attributed to the low energy difference between the removal of syn- and anti- hydrogen
atoms (with respet to the phenyl group). Therefore the energy barriers for the removal of the anti-
hydrogen atoms were also calculated, and significant energy difference between the two transtition

states of 2.5 kcal/mol was observed in favour of the (R)-enolate (Figure 9.11).
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Figure 9.11

Finally, since equilibration of the different coordination modes can occure in the reaction medium,
the energy profile of all possible pathways were re-evaluated and the ee was calculated with the two

lowest activation energies (Table 9.45).

H(s)syn- H'R'syn- H‘s’anti- H‘manﬁ-

Parameter Adduct TS Adduct TS | Adduct TS  Adduct TS
8Gr (kcalmol') 00 131 65 154 46 16.2 59 15.0
AHre (kcal mol) 0.0 75 52 9.0 25 11.0 32 94
AAGER) -1.91

ee’8°C (%) 98.55

e °C (%) 94.23

Table 9.45

Even in this case a high ee was predicted, therefore, our efforts were focused on the synthesis of this

novel magnesium base.
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9.2.5 Synthesis of the Novel Amine

The synthesis of novel amine structure (R)-185 was envisaged through the sequence described in
Scheme 9.95. Final installation of the chiral amine arm would be carried out via a nucleophilic
displacement reaction of a suitable leaving group. The ultimate starting materials would be an

aldehyde and Grignard reagent.

X
P
e HN" Ph o FsC CF4
RS | (J T
CF CF
CF,4 CF4 8 °
(R)-185 186
2 B CF oH
F4C ! Mg 3 FsC CF3
: — (7 1T
CF, CFs CF, CF,4
189 188 187

Scheme 9.95

Due to the cost of the required 3,5-substituted benzaldehyde starting material 189, the reaction
sequence was first optimised optimised with benzaldehyde 190. Indeed, the direct addition was
carried out based upon literature conditions,’® and, pleasingly, the desired alcohol 191 was

obtained in a high 72% yield. (Scheme 9.96).

FsC
MgBr
FsC OH
0 ’ CF
188 (1.5 eq.) 8
H
Et,O,0°Cthenrt, 6 h
CF4
190 191
72%

- 164 -



Scheme 9.96

Thereafter a bromination reaction was carried out with phosphorous(lll) tribromide, delivering the

corresponding product 192 in a good 70% yield. (Scheme 9.97).1%

OH Br
(T T g (Y
DCM, 0 °C then rt, O/N
CFs CFs
191 192
70%

Scheme 9.97

Finally, nucleophilic substitution with (R)-1-phenylethylamine 193 was carried out under refluxing

conditions in toluene The desired amine product 194 was obtained in a moderate yield of 36% with a

1:0.7 d.r. (Scheme 9.98).

Br H,N" >Ph By
CF 193 HN Ph
O O 8 (3.0 eq.) CF,
toluene, O O
reflux, O/N
CF3
192 CFs
194
36%,
d.r.=1:0.7
Scheme 9.98

With the established method in hand, the same conditions were applied to prepare the desired

analogue, bis(3,5-bis(trifluoromethyl)phenyl)methanol 187 (Scheme 9.99). Indeed, we were pleased
to obtain 187 in a similar 73% yield.
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FsC

MgBr
FsC i s F5;C 4 CF
3 H 188 (1.5eq)  ° O O 3
Et,O0,0°Cthenrt,6 h
CF3 CF; CF;
189 187
73%
Scheme 9.99

Thereafter, bromination was attempted (Scheme 9.100). After 24 h at rt, only starting material 187
was observed, therefore, after a work-up procedure, the crude mixture was resubjected, using
further quantities of PBrs, and refluxed for a further 24 hours. Whilst a series of new peaks were

detected using TLC analysis, during isolation, the desired product 186a decomposed on silica.
OH Br
T e O
DCM, 0 °C then temp.,'

24 h
CF3 CF; CF; CF3

187 186a

Scheme 9.100

Entry Temp. (°C) Comment
1 rt Only SM
2 reflux Decomposition
Table 9.46

At this stage, alternative leaving groups were considered, including chloro-, tosyl-, and mesityl
derivatives in place of the bromo compound 186a. As such, the chlorination of 187 was attempted
with thionyl chloride as shown in Scheme 9.101.1* To our delight, the desired chlorinated product

186b was isolated in a good 66% vyield after recrystallisation from petroleum ether.
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OH Cl

FoC CFs SOCI, (12.0 eq.) FoC CFs
O O DCM, 0 °C then reflux, O O
72 h
CF3 CF3 CF3 CF3

186b

187
66%

Scheme 9.101
Subsequently, nucleophilic substitution was carried out in an effort to deliver the desired final amine
target (R)-185 (Scheme 9.102). Unfortunately, under refluxing conditions for 24 h, only starting

material 186b was detected in the crude *H NMR spectrum.

/-\ =

c H,oN Ph
| :
193 N
HN Ph
F5;C CF
3 O O 3 (3.0eq.) - FsC CF4
toluene, O O
reflux, 24 h
CF3 CF;
CF; CF;
186b (R)-185

Scheme 9.102

Indeed, this is possibly due to the increased stability of the carbon-chlorine bond. Employing harsher

conditions, via the use of the higher boiling solvent xylene, also did not yield the desired product (R)-

185 (Scheme 9.103).

AN =
FaC CF 193 HN® - Ph
xylene,
reflux, 24 h
CF5 CF;
CF; CF5
186b (R)-185

Scheme 9.103

Due to these observed difficulties, our attention turned to alternative, but still reactive, leaving
groups, which could be easily prepared from the corresponding secondary alcohol 187. In this
manner, the analogous mesylate 186¢ was prepared using literature conditions (Scheme 9.104).1%
The corresponding mesylate 186¢ was obtained in an excellent 87% yield in the presence of 1.5 eq.

triethylamine and 1.2. eq. mesyl chloride.
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OMs

TEA (1.5 eq.),
MsCI (1.2 eq.) FsC O O CF,
DCM, 0 °C,
90 min CFs CFs
186¢
87%

Scheme 9.104

The final nucleophilic substitution step was attempted with the mesylate starting material 307 (entry

1 in Table 9.47). When toluene was used as a solvent the desired product peaks 185 were not

observed in the crude H NMR spectrum. As such, the reaction was performed at higher

temperatures, using xylene as the reaction medium, and for an extended time period 72 h. In this

case the desired product (R)-185 was obtained with a low 16% yield (entry 2 in Table 9.47).

OMs

FsC O O CF3

CFj3 CF3

186¢

Ho,N" Ph :
193 HN” “Ph
(3.0 eq.) _ FsC CF4
toluene, O O
reflux, 24 h
CF3 CF;
(R)-185

Scheme 9.105

Entry Solvent Ret?::leon Y(';I)d
1 toluene 24 h =
2 xylene 72 h 16
Table 9.47

At this stage due to the low vyielding last step and the lack of time we focused our synthetic

endevours on the preparation of chiral azepanes through via enantiomerically enriched 6-membered

cyclic enol phosphates, which project was carried out parallel with the asymmetric deprotonation of

cyclobutanones.
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9.2.6 Summary and Future Work

The enantioselective deprotonation of a series of cyclobutanone substrates was performed
using conditions developed in the Kerr group, with the ultimate aim of elaborating the enantio-
enriched products to desirable heterocyclic motifs. Employing identical deprotonation conditions to
that previously reported,®® it was realised that the corresponding phosphoryl enol ether products
were obtained with a significantly lower enantiomeric ratio. In an attempt to rationalise the results,
various parameters such as the reaction solvent, the use of additives, and testing various starting
cyclobutanones were explored, but to no avail. In addition to this, the same batch of the magnesium
base was used for the known deprotonation of 4-tert-butylcyclohexanone 25a and the reaction of
interest as part of this programme of work (the deprotonation of 3-phenylcyclobutanone 135a). In
the former case, the corresponding phosphoryl enol ether 115a was isolated with a high e.r. of 96:4,
which was in line with what had been reported previously. In the latter case, the product 136a was
obtained with a low enantioselectivity (e.r. = 68:42). This result eliminated the formation of the
magnesium base (R,R)-63 as a possible source for the observed low selectivity. In addition to this,
the integrity of the starting cyclobutanone substrate 135a was confirmed by successfully replicating
literature conditions® in the preparation of the corresponding silyl enol ether 184a derivative with
high enantiomeric ratio (90:10).After these significant attempts to rationalise the results, it was
realised that the issues related to a previous mis-assignment of the chiral HPLC analysis. Indeed,
following further manipulation of the products via a cross-coupling reaction, the real enantiomeric
ratios were established as those obtained as part of these studies, i.e. the lower ratios reflected the

true results.

Due to the observed difficulties, a rational approach to develop a new, and effective, chiral
magnesium base was undertaken. Employing a series of DOSY experiments, the main component of
the commonly used base (R,R)-63 in solution under the standard conditions was identified as the
mixed alkylmagnesium amide (vide infra) and the reaction energetics were calculated
computationally. After establishing an in silico method for the enantioselective deprotonation with a
known 6-membered cyclic substrate 25a, a novel alkylmagnesium amide (R)-185 was identified as a

potentially effective base for the asymmetric deprotonation of cyclobutanone 135a.

Synthesis of the requisite novel amine (R)-185 was attempted with a synthetic sequence involving
Grignard addition, bromination, and nucleophilic substitution steps. The corresponding secondary
alcohol 187 was readily prepared by the addition of the Grignard reagent to aldehyde 189.

Unfortunately, attempts to synthesise the bromo analogue 186a failed. However, the corresponding

- 169 -



chloro 186b and mesylate 186c analogues were prepared in a good 66% and 87% yield, respectively.
Whilst the choro derivative 186b did not react further, mesylate 186¢ was successfully transformed
into the desired novel amine (R)-185, albeit in a low 16% yield.At this stage, due to the low yielding

last step and the lack of time the asymmetric deprotonation reaction was not carried out.

Future work should be focused on the optimisation of the last, nucleophilic substitution, step in
order to prepare the desired amine in gram quantities. Thereafter, the alkylmagnesium amide (R)-
195 base will be prepared using our standard conditions and tested as a chiral base in the

enantioselective deprotonation of cyclobutanones 135 (Scheme 9.106).

OP(O)(OPh),

135 136

Scheme 9.106
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9.3 Structural Studies of Magnesium Amides

As previously mention during the development magnesium-based organometallic reagents for
the enantioselective deprotonation of conformationally-locked cyclic ketones, the enantiomeric
induction of mixed alkylmagnesium amides was evaluated.® Interestingly, when only 1 equivalent of
(R)-bis((R)-1-phenylethyl)amine was used in the preparation of the base, a mixed alkylmagnesium
amide (R,R)-105 was believed to form. When 4-substituted cyclohexanones 25 were reacted with
this base (R,R)-105, the corresponding chiral silyl enol ethers 26 were isolated in high yield and in an
excellent enantiomeric ratios of 94:6-98:2. More importantly, comparing these results with the
analogous magnesium bisamide (R,R)-63 mediated deprotonation, similar yields and

enantioinductions were observed (Table 8.1).

In addition, more recently during the synthesis of chiral enol phosphates, the asymmetric induction
of a mixed magnesium species was evaluated. When the alkylmagnesium amide (R,R)-63 was used,
comparable levels of enantioselectivity and yield were obtained, with the analogous bisamide (R,R)-

105 mediated deprotonation (Scheme 9.107).%

Conditions A:
o) <PhJ\NAPh>2Mg(1'Oeq') OP(O)(OPh),
(R,R)-63
CIP(O)(OPh), (1.2 eq.),
By THF, -78 °C, 2 h By
25a 115a
93%,
e.r.94:6
Conditions B:
o e
o) <Ph N/\Ph> Mg"Bu (1.0€a:) b0y 0Ph),
(R,R)-105
CIP(O)(OPh), (1.2 eq.),
By DMPU (0.5 eq.), By
THF, -78 °C, 2 h
25a 115a
92%,
e.r. 94:6

Scheme 9.107
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Therefore, the question arose as to whether a different or an identical magnesium species is,
responsible for the observed reactivity during the formation of chiral enol phosphates.
Subsequently, a detailed *H NMR spectroscopic investigation of the formation of magnesium amides
was performed with the previously used sets of conditions.®® Originally, the magnesium bisamide
(R)-187 was formed in hexane under reflux conditions (Scheme 9.108).7°°! Later the solvent was
successfully changed to THF, when C,-symmetric amines were used and it was believed that he
bisamide (R,R)-63 was formed under these conditions.® Finally, the mixed alkylmagnesium amide
(R,R)-105 was also prepared by stirring 1 eq. of amine and 1 eq. of di-n-butylmagnesium in THF at

room temperature for 90 min (Scheme 9.108).%°

hexane, reflux,

<F>h/'\N/\F>h>2 Mo

BN :
Ph H/\Ph + "BuMg

90 min
(R)-195
J\/:\ + "Bu,Mg < J\/\ >Mg
Ph ” Ph THF, reflux, Ph N Ph 2
90 min (R,R)-63
/'\ AN + "Bu,Mg < J\ /_\ >Mg”Bu
Ph ﬁ Ph THF, rt, 90 min Ph™ 'N° Ph
(R,R)-105

Scheme 9.108

However, a series *H NMR spectroscopy experiments showed that different species formed in THF
and hexane under these conditions. More importantly, it has recently been shown that in order to
prepare the C,-symmetric magnesium bisamide (R,R)-63, hexane has to be used and the reaction
requires heating to reflux for 90 min. If THF was used as a solvent, only the alkylmagnesium amide
(R,R)-105 was detected in solution (Scheme 9.109), even when the reaction was heated to reflux

temperature for 90 min.%
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Lo .
Spn * BuMg <Ph N/\Ph>2Mg

Ph H hexane, reflux,
90 min
(R,R)-63
/'\ /:\ + nBuzMg > < /'\ /?\ >MgnBU
Ph ﬁ Ph THF, reflux, Ph™ 'N° 'Ph
90 mi
min (R,R)-105
LA - "Bu,Mg < PP )Mg”Bu
Ph ﬁ Ph THF, rt, 90 min Ph™ 'N° 'Ph
(R,R)-105

Scheme 9.109

Firstly, reproduction of the previously reported results in THF and hexane was attempted. Formation
of the base was carried out in hexane and similar spectra was obtained as previously. A new quartet

was detected at 3.65 ppm, indicating that a magnesium bisamide species (R,R)-63 is formed (Figure

9.12).
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Figure 9.12

When the reaction was carried out in THF, only the alkylmagnesium amine (R,R)-105 was observed
at 3.46 ppm. In addition, the molar mass of the species corresponding to the newly formed peaks
was determined by a DOSY NMR experiment. A selection of the most probable organometallic

species are summarized in Figure 9.13.

Q
QG ofe) P

N~--M
/'\ /Mg\/\/ /'\ / 9. /\Ph g

\\“‘kPh Ph) )\Ph Mg""N

/ \
Molecular Weight: 450 g/mol C;— Q

Molecular Weight: 617 g/mol

Molecular Weight: 1106
g/mol
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Figure 9.13

The results of the DOSY experiment are summarized in Table 9.3. A significant difference between
the diffusion coefficents for the peaks at 3.46 ppm and 3.65 ppm was observed. The former was
identified as the mixed alkylmagnesium amide (R,R)-105, with a molar mass of 450 g/mol, while the
latter was determined as the corresponding signal for the benzylic proton in the magnesium

bisamide (R,R)-63 species.

Difference

Peak Molar mass from
Entry  Solvent (ppm) Diff. coeff. (m?%/s) (g/mol) expected
structure

(%)

1 THF 3.46 9.78E-10 366 -18.6

2 THF 3.46 9.65E-10 380 -15.6

3 Hexane 3.65 6.22E-10 1270 +14.8

4 Hexane 3.65 6.22E-10 1270 +14.8

Table 9.48 @: Calculated from the difference between the observed and calculated molar masses.

In an attempt, to determine the ratio between the formed alkylmagnesium amide (R,R)-105 and the
unreacted amine in hexane, a PureShift DOSY study was envisioned, which would simplify the
spectra by collapsing the multiplets to single peaks. The experiment was carried out by Dr. John
Parkinson. Unfortunately, even with this technique, an unidentified signal at 3.44 ppm and the
product alkylmagnesium amide signal at 3.46 ppm, are overlapping as shown in Figure 9.14, and as a

result the amount of alkylmagnesium amide (R,R)-105 could not be determined quantitatively.
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“|M PureShift spectra (10 1H)
_|M Hexane (10D 1H)

Figure 9.14

Thereafter we investigated the effect of reaction time in ds-THF with and attempt to synthetize the

bisamide quantitatively (Scheme 9.110). After 90 min reflux, a good conversion of 89%, towards the

desired mixed alkylmagnesium amide (R,R)-105 was detected with low amount 11% of the bisamide

(R,R)-63 (entry 1 in Table 9.49). When the heating was continued, extensive decomposition of these

species were detected, and the solution was slowly turned to black. After 4 h only (R,R)-105 was

detected with a low 10% conversion, indicating the instability of the organometallic base. By

extendind the reaction time further the amount of (R,R)-105 decreased further to 5% (entry 3 in

Table 9.49).
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Ph

H "Bu,Mg (1.0 eq.) /L : T /L : y
: _ : y :
A~ ph SN Ph g("Bu) 4+ ph N Ph 9

Ph
dg-THF, reflux, X h 2

Iz

2.0 eq.
(R,R)-105 (R,R)-63

Scheme 9.110

Time R,R)-105 R,R)-63
) | (34)) | (tyzo
1 1.5 89 11
2 4 10 -
3 24 5 -
Table 9.49

In an attempt, to drive the reaction to completion ds-toluene was used as a solvent, due to its higher
boiling point in comparison with THF. Unfortunately, upon addition of the solvent, the reaction
turned black and the desired magnesium amine signals (R,R)-105 and (R,R)-63 were not detected

(entries 1-3 in Table 9.41).

/L z "Bu,Mg (1.0 eq.) /L B - /L : y
. . ! .
Ph ”/\Ph > P N Npn) OB+ g S e MO

dg-toluene, reflux, 2
00 Xh
.0 eq.
(R,R)-105 (R,R)-63
Scheme 9.111
Entr Time Monoamine Diamine
Y (h (%) (%)
1 1.5 - -
2 4 - -
3 24 - -
Table 9.50

In both cases isolation of the decomposition products were attempted by flash column
chromatogprahy, but proved to be challenging. At this stage, a fluorinated amine analogue (R,R)-196
was targeted to prepare in order to follow the formation of the two different magnesium species
with a less crowded spectrum (**F NMR). The synthesis of the amine was achieved through a two
step sequence.’® Imine formation was carried out in the presence of p-TSA and reduction of the
intermediate was achieved under hydrogynation with Pd/C. The corresponding amine 196 was
obtained in a good 83% vyield and high diasteomeric ratio. of (R,R):(R,S) = 1.0:0.1 (Scheme 9.112).

The (R,R) diastereomer (R,R)-196 was obtained after HCl salt formation and recrystallization.
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o i) p-TSA (1 mol%), =
toluene, reflux, 26 h :

NH, - N
* ii) NaBH, (2.5 eq.), MeOH, H -

F 0°C,12h

196
83%,
(RR):(R,S) = 1.0:0.1

Scheme 9.112

Unfortunately, when the base formation was carried out in THF and hexane, identical spectrums

were obtained (Figure 9.15).

PhJ\ﬁ + "Bu,Mg <Ph/'\N >2 Mg
F hexane, reflux,

90 min F
(R,R)-197
: : Mg"Bu
/'\ + "Bu,Mg - < /L > g
Ph ﬂ/\©\ ? THF, reflux, Ph N/\©\
E 90 min =
(R,R)-198

Scheme 9.113
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M Base prepared in THF (1D 19F)

-116.262
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— M Base prepared in THF (1D 1H)

M Base prepared in Hexane (10 1H)

Figure 9.15
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Thereafter, the effect of different additives was investigated, in an attempt to form the magnesium
bisamide (R,R)-63 at room temperature. Firstly, lithium chloride was used as an additive. The
activation of magnesium-based organometallics in the presence of lithium chloride thorough a
mixed-ate complex is well documented,® but the desired product bisamide (R,R)-63 was not
observed in this case at 3.65 ppm (Figure 9.16). Secondly, 18-c-6 was added as an additive. The
presence of 18-c-6 as an additive has been shown to be beneficial, in the asymmetric depronation of
4-tert-butylcyclohexanone 25a.%° Unfortunately, even in this case the formation of magnesium

bisamide (R,R)-63 species was not observed (Figure 9.16).

J\ : B LiCI (2.0 eq.) < /L z > "
PN + u,Mg > A g
Ph™ N Ph THF, rt, 90 min Ph™ "N™ “Ph/,
(R,R)-63
- 18-c-6 (1.0 eq.),
/L : . LiCl (2.0 eq.) /L z y
A~ + u ;
Ph H Ph 2V9 THF, rt, 90 min Ph N/\Ph A d
(R,R)-63
Scheme 9.114
| LicI + 18-c-6 additive (1D 1H)
|m LiC! additive (1D 1H)
;“‘-U T | L I T T | T LI | LI T I T T | T LI | LI T | T T | T L I LI T | T T
PEM 365 36 3.55 3.5 3.45 34 3.35 33 3.25 3.2 3.15

Figure 9.16
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Due to the lack of time further experiments were not carried out, but in the future we intend to
investigate the effect of different substituents on the a-methyl position by DOSY NMR. Previously, a

series of such amides was prepared during the development of new bases for the asymmetric

deprotonation of conformationally locked ketones 25 (Scheme 9.115).%°
O OTMS
Mg bisamide
DMPU (1 eq.),
TMSCI (1 eq.), THF,
B ~78°C, 16 h Bu
25a 26a
(L)
=), : 1"
Ph” >N ph/ M9 <Ph N/\Ph> Mg <Ph N/\Ph> Mg
2 2 2
(R,R)-63 (R,R)-199 (R,R)-200
Conv. 97%, Conv. 88%, Conv. 36%,
(S):(R) = 94:6 (S):(R) = 94:6 (S)(R) = 86:14

Scheme 9.115

Interestingly, with larger substituents at the a-position, the reactivity dramatically decreased. It is
not clear at this point, if this effect was caused by the incomplete formation of the chiral base, or by
the decreased reactivity of the in situ formed organometallic reactant. These reasons could be

further probed using *H NMR techniques.

9.3.1 Summary for the Structural Studies of Magnesium Amides

Previously in the Kerr group THF and hexane were successfully used in the formation of
magnesium bisamides.”#>%! Interestingly when mixed alkylmagnesium amide (R,R)-105 was
prepared identical results were obtained with the corresponding bisamide (R,R)-63, in the
deprotonation of conformationally locked cyclohexanones.’? Therefore, a DOSY studied was
performed, which formation of bisamide (R,R)-63 only occurs in hexane, while in THF only the

formation of mixed alkylmagnesium amide (R,R)-105 was detected.

-181 -



I A
P >N ph + "Bu2Mg (Ph N/\Ph>2Mg

N hexane, reflux,
90 min
(R,R)-63
/'\ AN + "Bu,Mg < /L . >M”Bu
Ph™ "N “Ph THF, reflux, Ph N7 P
90 min
(R,R)-105

Scheme 9.116

After reproduction of the previously obtained results, PureShift DOSY technique was used in order to
quantify the formation of the two different magnesium species. Unfortunately, even with this
technique the quantitative determination of the alkylmagnesium amide is not possible from the
obtained crowded spectra. Therefore an alternative fluorinated amine was synthetised in order to
investigate the formation of magnesium bases in solution with °F NMR spectroscopy. In this case
the magnesium bisamide (R,R)-197 and alkylmagnesium amide (R,R)-198 were identical by **F NMR
spectroscopy. Finally, the effect of lithium chloride and 18-c-6 was also investigated, since these
reagents were previously successfully reported for the activation of organometallic reagents. When
the formation of the bisamide (R,R)-63 was attempted in the presence of these additives in THF, only
the alkylmagnesium amide (R,R)-105 was detected. Therefore, our research efforts will focus on the
guantitave determination of the different magnesium species in THF and hexane. In the future, a
series of a-substitued amines (R,R)-199-(R,R)-200 will be investigated with 'H NMR techniques to

determine the influence of substituents in the a-position.
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10 Experimental

10.1 Reagents

All reagents were obtained from commercial suppliers and used without further purification,
unless otherwise stated. All reactions were carried out under an inert argon atmosphere, unless

otherwise stated. Purification was carried out according to standard laboratory methods.*?

e Dichloromethane dried by heating over calcium hydride and then distilled under nitrogen,

unless otherwise stated.

e 1,2-DCE was distilled from calcium hydride and stored over 4 A molecular sieves under

argon.

e THF was dried by heating to reflux over sodium wire, using benzophenone ketyl as an

indicator, then distilled under nitrogen, unless otherwise stated.

e SPS grade solvents: hexane, toluene, DCM and THF were obtained from an Innovative

Technology, Pure Solv., SPS-400-5 solvent purification system.

e Methyllithium was obtained as a 3.6 M solution in ether from Sigma-Aldrich. The reagent

was titrated with I, in the presence of lithium chloride at 0 °C.>?

e Methylmagnesium chloride was obtained as a 3.0 M solution in THF from Sigma-Aldrich. The

reagent was titrated with |, in the presence of lithium chloride at rt.*>?

e tert-Butylmagnesium chloride was obtained as a 1.0 M solution in THF from Sigma-Aldrich.

The reagent was titrated at rt using salicaldehyde phenylhydrazone as an indicator.>?

e Di-tert-butylmagnesium was titrated with |, in the presence of lithium chloride at rt prior to

use.'™

e Diphenylphosphoryl chloride dried by heating over calcium chloride and then distilled under

vacuum (2 mbar) and stored over 4A molecular sieves.
e DMPU and TMEDA were distilled from calcium hydride and stored under argon.

e Di-iso-propylamine was distilled from CaH, under an argon atmosphere and stored over 4A
moleculer sieves in the fridge.

e Petrol ether refers to light petroleum ether, boiling point (b.p.) range 40-60 °C.
e Low b.p. petrol ether refers to light petroleum ether, b. p. range 30-40 °C

e Liquid cyclobutanones were distilled from calcium hydride and stored over molecular sieves

and under argon, unless otherwise stated.
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e Solid cyclubutanones were recrystallised from hexane.

e Benzylamine was distilled from calcium hydride and stored over molecular sieves under

argon.

10.2 General Instrumentation
Thin layer chromatography was carried out using Merck silica plates coated with fluorescent
indicator UVass. TLC plates were analysed using a Mineralight UVGL-25 lamp or developed using

vanillin, potassium permanganate or ninhydrin stain solutions.

Flash column chromatography was carried out using Prolabo silica gel (230-400 mesh).

IR spectra were obtained on a Shimadzu IRAffinity-1 machine.

'H and *3C NMR spectra were recorded on a Bruker Avance 3 (400 MHz) spectrometer at 400 MHz,
and 100 MHz, respectively, or on a Bruker AV 400 spectrometer at 400 MHz and 100 MHz,
respectively. 2D, °F, and 3P NMR spectra were recorded on a Bruker AV 400 spectrometer at 60
MHz, 376 MHz, and 162 MHz, respectively. Chemical shifts are reported in ppm. Coupling constants

are reported in Hz and refer to 3Jy.ninteractions, unless otherwise stated.

High resolution mass spectra were recorded on a Finnigan MAT 90XLT instrument at the EPSRC Mass

Spectrometry facility at the University of Wales, Swansea.
Ozone was formed using a Fischer OZ 500 ozone generator.

Microwave reactions were carried out in a CEM DISCOVER-S microwave reactor.

10.3 General Procedures

General procedure A for the synthesis of racemic enol phosphates:

A Schlenk flask was equipped with a stirrer bar, closed with a suba seal, and flame dried under an
atmosphere of argon. After cool to rt, the flask was charged with the substrate (1 mmol, 1.0 eq.),
DMPU (0.24 mL, 4.0 mmol, 4.0 eq.), diphenylphosphoryl chloride (0.21 mL, 1 mmol, 1.0 eq.), and THF
(10 mL). To the reaction mixture di-tert-butylmagnesium (1 mL, ¢ = 0.5 mmol/mL, 0.5 eq.) was added
dropwise and the reaction was stirred at rt for 1 h. The mixture was quenched with sat. NaHCO; (10
mL), the aqueous phase was extracted with Et;0 (3 x 10 mL), and the organic phase was collected.
The combined organic phase was dried over sodium sulfate, filtered, and the solvent was evaporated
in vacuo. The crude product was purified by flash column chromatography using 0-40% diethyl ether

in petrol ether as the eluent.
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General procedure B for the synthesis of chiral enol phosphates:

A Schlenk flask was equipped with a stirrer bar, a suba seal, and flame dried. After cool to rt, a
solution of di-n-butyl-magnesium (1 mL, c = 1 mmol/mL in heptane, 1 mmol, 1.0 eq.) was added and
the solvent was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was
purged with argon and THF (10 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.46 mL, 2.0
mmol, 2.0 eq.) was added and the suba seal was swapped for a cold finger. The reaction was
refluxed for 90 min and, subsequently, the mixture was allowed to cool to room temperature.
Complete formation of the magnesium bisamide was assumed. The reaction mixture was cooled to -
78 °C and diphenyl phosphoryl chloride (0.21 mL, 1 mmol, 1.0 eq.) was added at the stated
temperature. The cyclic substrate (0.8 mmol, 0.8 eq) was dissolved in THF (2 mL) and added

dropwise to the solution over 1 h via a syringe pump at -78 °C. The reaction was stirred at -78 °C for

the stated time. After this time, the reaction was quenched with sat. sodium bicarbonate solution
(10 mL), the aqueous phase was extracted with diethyl ether (3 x 10 mL), and the organic phase was
collected. The combined organic phase was washed with 1N HCI (10 mL), dried over sodium sulfate,
filtered, and the solvent was evaporated in vacuo. The crude product was purified by flash column

chromatography using 0-40 % diethyl ether in petrol ether as the eluent.
General procedure C for the optimisation of the Kumada cross coupling reaction:

A flame-dried microwave vial was allowed to cool to room temperature under an argon atmosphere
and charged with the diphenyl (1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl) phosphate 115b (102 mg,
0.25 mmol, 1.0 eq.) and with the appropriate catalyst. Thereafter, the stated solvent (1 mL) was
added and the mixture was stirred for 5 min before the addition of phenylmagnesium bromide (0.38
mL, c =1 M in THF, 0.38 mmol, 1.5 eq.) at rt rapidly. The reaction was stirred at rt for 1 h. Then the
reaction mixture was then partitioned between water (5 mL) and diethyl ether (5 mL). The organic
phase was washed with brine (2 mL), dried over sodium sulfate, filtered, and the solvent was
evaporated in vacuo. The product was purified by flash column chromatography using petrol ether

as the eluent.
General procedure D for the optimisation of the Kumada cross coupling reaction:

A flame-dried microwave vial was allowed to cool to room temperature under an argon atmosphere
and charged with the diphenyl (1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl) phosphate 115b (102 mg,
0.25 mmol, 1.0 eq.) and PEPPSI SPr (2 mg, 2.5*10 mmol, 1.0 mol%). Thereafter, diethyl ether (1
mL) was added and the mixture was stirred for 5 min before the addition of phenylmagnesium

bromide (c =1 M in THF). The Grignard reagent was added at the stated temperature over the stated
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time. The reaction was stirred at the stated temperature for the stated time. Then the reaction
mixture was then partitioned between water (5 mL) and diethyl ether (5 mL). The organic phase was
washed with brine (2 mL), dried over sodium sulfate, filtered, and the solvent was evaporated in

vacuo. The product was purified by flash column chromatography using petrol ether as the eluent.
General procedure E for the Kumada cross coupling reaction (catalyst loading screen):

A microwave vial was equipped with a stirrer bar and flame-dried. After cool to rt, diphenyl (1,2,3,6-
tetrahydro-[1,1'-biphenyl]-4-yl) phosphate 115b (102 mg, 0.25 mmol, 1.0 eq.), the appropriate
amount of PEPPSI S/Pr catalyst, and diethyl ether (1 mL) were added, and the reaction was stirred
for 5 min at room temperature. A solution of phenylmagnesium bromide (0.38 mL,, ¢ = 0.38
mmol/mL in THF, 0.38 mmol, 1.5 eq.) was added over 1 h via a syringe pump and then the reaction
was stirred for a further 1 h. The crude product was partitioned between diethyl ether (5 mL) and
water (5 mL). The aqueous phase then was washed with diethyl ether (3 x 5 mL) and the organic
phase was dried over sodium sulfate, filtered, and the solvent was removed in vacuo. The product

was purified with flash column chromatography using petrol ether as the eluent.
General procedure F for the Kumada cross coupling reaction:

A microwave vial was equipped with a stirrer bar and flame-dried. After cool to rt, the substrate (1.0
mmol, 1.0 eq.), PEPPSI S’Pr (35 mg, 5.0*102 mmol, 5.0 mol%) and diethyl ether (4 mL) were added,
and the reaction was stirred for 5 min at room temperature. A solution of phenylmagnesium
bromide (3.0 mL, ¢ = 0.50 mmol/mL in THF, 1.5 mmol, 1.5 eq.) was added over 1 h via a syringe
pump and then the reaction was stirred for a further hour. The unreacted Grignard reagent was
qguenched with methanol (5 mL) and the crude mixture was dry loaded on silica prior to purification

via flash column chromatography using petrol ether as the eluent.
General Procedure G for the synthesis of hydrazine 145:

A 50 mL round bottom flask was equipped with a stirrer bar and charged with 4-(tert-
butyl)cyclohexan-1-one 25a (1.0 eq.), toluene, N,N-dimethylhydrazine (3.0 eq.) and p-TSA (5 mol%).
The flask was equipped with a Dean Stark apparatus for the removal of water and the reaction
mixture was refluxed for 3 hours. The solvent was removed in vacuo and the crude product was

distilled in vacuo (b.p 78 °C at 2 mbar).
General Procedure H for the preparation of LDA:

A pear-shaped, two neck, 50 mL flask was equipped with a stirrer bar, closed with suba seals, and

flame dried. Once cooled to rt under argon, di-iso-propyl-amine (0.15 mL, 1.1 mmol, 1.1 eq.) and THF
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(5 mL) were added. The solution was cooled to -78 °C and n-BuLi (0.40 mL, ¢ = 2.5 mmol/mL in
hexane, 1.1 eq., 1.1 mmol) was added dropwise. The cooling bath was removed and the reaction

mixture was stirred at rt for 1 hour and used in the subsequent steps.
General procedure | for the deprotonation and alkylation of hydrazine with Mel:

To the solution of LDA prepared by general procedure H, the solution of hydrazine 145 (154 mg, 1.0
mmol, 1.0 eq.) in THF (5 mL) was added at -78 °C and the reaction was stirred at -78 °C temperature
for 20 h. After the stated period a small aliquot (1.0 mL, 0.1 mmol sample, 0.1 eq.) was transferred
to a solution of Mel (62 uL, 1.0 eq., 1.0 mmol) in THF (1.5 mL) at -78 °C, the cooling bath was
removed again and the small reaction were stirred at rt for 15 h, the crude mixture was poured into
the biphasic mixture of Et,0 (5 mL) and 2 M H,SO4 (5 mL). The resulting biphasic mixture was stirred
for 1 h vigorously and the phases were separated. The water phase was washed with Et,0 (3 x 5 mL).
The combined organic phase was dried over Na,SO, and filtered. The solvent was evaporated in
vacuo. To the crude product cyclohexene (11 pL, 0.1 mmol, 0.1 eq.) was added as an internal
standard, and the mixture analysed with *H NMR spectroscopy the conversion was determined by
the relative ratio of the alkenic protons of cyclohexen at 5.69 ppm and the methyl doublet peaks in

product 147 at 1.09 and 0.95 ppm.
General procedure J for the deprotonation and alkylation of hydrazine with Mel:

A Schlenk flask was equipped with a stirrer bar, closed with a suba seal and flame dried. The flask
was charged with the n-Buli (0.44 mL, c = 2.5 mmol/mL in hexane, 1.1 mmol, 1.1 eq.)and he solution
of hydrazine 145 (154 mg, 1.0 mmol, 1.0 eq.) in THF (5 mL) was added at -78 °C and the reaction was
stirred at the stated temperature for 8 h. After the stated period a small aliquot (1.0 mL, 0.1 mmol
sample, 0.1 eq.) was transferred to a solution of Mel (62 uL, 1.0 eq., 1.0 mmol) in THF (1.5 mL) at -78
°C, the cooling bath was removed again and the small samples were stirred at rt for 15 h, the crude
mixture was poured into the biphasic mixture of Et,0 (5 mL) and 2 M H,SO4 (5 mL). The resulting
biphasic mixture was stirred for 1 h vigorously and the phases were separated. The water phase was
washed with Et;O (3 x 5 mL). The combined organic phase was dried over Na,SO, and filtered. The
solvent was evaporated in vacuo. To the crude product cyclohexene (11 pL, 0.1 mmol, 0.1 eq.) was
added as an internal standard, and the mixture analysed with *H NMR spectroscopy the conversion
was determined by the relative ratio of the alkenic protons of cyclohexen at 5.69 ppm and the

methyl doublet peaks in product 147 at 1.09 and 0.95 ppm.

General procedure K for the alkylation of hydrazine 145 with bromo acyclic electrophiles:
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A pear-shape flask was equipped with a stirrer bar, closed with suba seals, and flame dried under an
atmosphere of argon. After cool to rt, the flask was charged with hydrazine 145 (196 mg, 1.0 mmol,
1.0 eq.) and THF (5 mL). The solution was cooled to -78 °C and n-Buli (0.44 mL, c = 2.5 mmol/mL in
hexane, 1.1 mmol, 1.1 eq.) was added dropwise over a period of 5 min. The solution was warmed to
0 °C and stirred for 2 h prior to the addition of the electrophile (1.2 mmol, 1.2 eq.). The reaction was
let to warm rt and stirred O/N. The crude mixture was poured into a biphasic mixture of Et;0 (5 mL)
and 2 M H;SO4 (5 mL). The resulting mixture was vigorously stirred for 1 h. The phases were
separated and the water phase was washed with Et,0 (3 x 5 mL). The combined organic phase was
dried over Na,SO, and filtered. The solvent was evaporated in vacuo and the crude product was

purified by flash column chromatography using 0-20% Et,0 in PE as the eluent.
General procedure L for the preparation D-146:

A small vial was equipped with a stirred bar, closed with a suba seal and flame dried under an
atmosphere of argon. After cool to rt, the vial was then charged with ketone 146 (21 mg, 0.1 mmol,
1.0 eq.), the additive and THF (0.5 mL). The mixture was stirred for 5 min and the appropriate base
was added dropwise. The solution was then stirred for 2 h at the stated temperature. Subsequently,
the reaction was quenched with D,0 (18 uL, 1 mmol, 10.0 eq.).The crude mixture was diluted with
THF (5 mL), dried over Na,SO,4 and filtered. The solvent was evaporated in vacuo. The reaction was

monitored by the disappearance of the signal at 2.38-2.29 ppm.
General Procedure M for the preparation enol phosphates with Mes.Mg:

A Schlenk flask was equipped with a stirrer bar, closed with a suba seal and flame dried under an
atmosphere of argon. After cool to rt, the flask was charged with the substrate 146 (1 mmol, 1.0
eq.), DMPU (0.24 mL, 4.0 mmol, 4.0 eq.), diphenylphosphoryl chloride (0.21 mL, 1 mmol, 1.0 eq.) and
THF (10 mL). To the reaction mixture bismesitylmagnesium (1.5 mL, ¢ = 0.5 mmol/mL, 0.75 mmol,
0.75 eq.) was added dropwise and the reaction was stirred at rt for 1 h. The mixture was quenched
with sat. NaHCOs (10 mL), the aqueous phase was extracted with Et,0 (3 x 10 mL) and the organic
phase was collected. The combined organic phase was dried over sodium sulfate, and the solvent
was evaporated in vacuo. The crude product was purified by flash column chromatography using 0-

30% diethyl ether in petrol ether.
General procedure N for the cross coupling of the mechanistic probe:

A microwave vial was equipped with a stirrer bar and flame-dried under an atmosphere of argon.
The substrate (0.5 mmol, 1.0 eq.), the additive (if required), PEPPSI SPr (18 mg, 2.5%102 mmol, 5.0

mol%) and diethyl ether (2 mL) were added, and the reaction was stirred for 5 min at rt. A solution of
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phenylmagnesium bromide (1.5 mL, ¢ = 0.5 mmol/mL in THF, 0.75 mmol, 1.5 eq.) was added over 1
h via a syringe pump and then the reaction was stirred for a further 1 h. The unreacted Grignard
reagent was quenched with methanol (5 mL), the crude mixture was dry loaded on silica, and the
solvent was removed in vacuo. The product was purified with flash column chromatography using

petrol ether.

General procedure O for the optimisation of the cross coupling of enol phosphate 115a with n-

butylmagnesium chloride

A 2 mL microwave vial was equipped with a stirrer bar, closed with a suba seal, and flame dried
under an atmosphere of argon. Once cool, the vial was charged with 4-(tert-butyl)cyclohex-1-en-1-yl
diphenyl phosphate 262a (20 mg, 0.05 mmol, 1.0 eq.), PEPSSI S'Pr, and solvent (0.1 mL). The reaction
was set to the stated temperature, n-butylmagnesium chloride (0.075 mmol, 1.5 eq.) was added
rapidly, and the reaction mixture was stirred for 16 h. After this time, MeOH (4 mL) was added to the
mixture to quench the unreacted Grignard reagent and the organic phase was filtered, dried over
Na,S0,, and the solvent was evaporated in vacuo. To the crude mixture, internal standard, 1,2-
dibromomethane (3.5 pL, 0.05 mmol, 1.0 eq.), was added and the reaction was analysed by *H NMR

spectroscopy.
General Procedure P for the preparation of alkyl Grignard reagents

A two neck, 250 mL, round bottom flask was equipped with a stirrer bar, a condenser and closed
with suba seals. The flask was charged with magnesium turnings (4.86 g, 200 mmol, 5.0 eq.) and
flame dried under an atmosphere of argon. Once cool, Et,0 (40 mL) was added and the biphasic
mixture was cooled to 0 °C whilst stirring vigorously. Two crystals of iodine were added and the
colour of the solution turned from purple to yellow-brown. The appropriate alkyl halide (50 mmol,
1.0 eq.) was added dropwise as a solution in Et,0 (40 mL). After the addition (approx. 15 min), the
cooling bath was removed and the solution was allowed to warm to rt. Thereafter, the solution was
refluxed over a period of 4 h. The colour of the solution during this time slowly turned from brown-
yellow to black. Subsequently, the heating was turned off and the mixture was allowed to cool to rt.
The supernatant was transferred to a flame dried pear shape flask via cannulation and the solution

was titurated with iodine to determine the concentration.*?
General procedure Q for the cross coupling of enol phosphates with alkyl Grignard reagents:

A 20 mL microwave vial was equipped with a stirrer bar, closed with a suba seal, and flame dried
under an atmosphere of argon. Once cool, the vial was charged with the appropriate enol phosphate

substrate 115 (1.0 mmol, 1.0 eq.), PEPSSI S'Pr (20.5 mg, 0.03 mmol, 3 mol%) and toluene (2 mL). The
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reaction mixture was cooled to 0 °C and the appropriate Grignard reagent (1.5 mmol, 1.5 eq.) was
added rapidly. The reaction mixture was stirred for 16 h. After this time, MeOH (20 mL) was added
to the mixture to quench the unreacted Grignard reagent and the organic phase was filtered, dried
over Na,SQ,, filtered and the solvent was evaporated in vacuo. The crude product was dry loaded on

silica and purified by flash column chromatography using petrol ether.
General procedure R for the ozonolysis of cyclic alkenes:

A 25 mL three-neck round-bottom flask was equipped with a stirrer bar and fitted with a
suba seal and two glass stoppers was flame-dried. Once cool, the alkene (1.0 eq.) was dissolved in a
4:1 = DCM:MeOH mixture (10 mL/mmol alkene). Then sodium bicarbonate (17 mg/mL methanol)
was added and the reaction was stirred at room temperature for 15 min. The reaction mixture was
cooled down to -78 °C and ozone was bubbled through the solution until the blue colour (unreacted
0s) appeared. Thereafter the ozone was purged with argon or oxygen, and dimethyl sulphide (20
eq.) was added and the reaction was allowed to warm room temperature and then stirred for 12 h.
The solvent was removed in vacuo and the crude product was purified by flash column

chromatography using 30% ethyl acetate in petrol ether.
General procedure S for the reductive amination of keto-aldehyde :

A small microwave vial was equipped with a stir bar. The vial was charged with the solution of 6-
oxoheptanal 163 (20 mg, 0.16 mmol, 1.0 eq.) in the appropriate solvent (26 mL/mmol substrate), the
appropriate amount of benzylamine (1.05 eq.) and the additive(S) (if required). Finally the
appropriate amount of sodium triacetoxyborohydride was added. The reaction was stirred at rt for 2
h. The reaction was quenched with sat. potassium bicarbonate solution (8 mL) and 1IN NaOH
solution (2 mL) was added. The organic phase was separated and the aqueous was extracted with
dichloromethane (3 x 10 mL). The organic phase was combined, dried over sodium sulfate and the
solvent was removed in vacuo. The conversion was determined by the addition of cyclohexene or
COD as internal standard. The crude product was purified with flash column chromatography using

1-2% MeOH in DCM. Triethylamine (10 droplets) was added for 100 mL eluent.
General procedure T for the telescoped ozonolys/reductive aminocyclisation:

A 50 mL three neck round bottom flask was equipped with a stirrer bar closed a suba seal, two glass
stoppers and flame dried. The subsrate (0.25 mmol, 1.0 eq.) was dissolved in a 4:1 = DCM:MeOH
mixture (40 mL/mmol). Then sodium bicarbonate (35 mg, 1.68 eq., 0.42 mmol) was added and the
reaction was stirred at room temperature for 5 min. The reaction was cooled down to -78 °C and

ozone was bubbled through until the blue colour appeared. The ozone flux was turned off and the
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reaction mixture was bubbled through with argon or oxygen over a period 10-15 min. Thereafter
dimethyl sulphide (20 eq. ) was added and the reaction was let to warm to rt and stirred O/N. The
solvent was removed in vacuo and he crude product was dissolved in CPME (12 mL/mmol).
Benzylamine (28 uL, 0.26 mmol, 1.05 eq.) and sodium triacetoxyborohydryde (148 mg, 0.70 mmol,
2.8 eq.) were added rapidly and the reaction was stirred for 4 h at rt. The reaction was quenched
with the mixture of sat. potassium bicarbonate solution (8 mL) and 1N NaOH solution (2 mL). The
organic phase was separated and the aqueous phase was extracted with dichloromethane (3 x 10
mL). The organic phase was combined, dried over sodium sulfate and the solvent was removed in
vacuo. The crude product was purified by flash column chromatography using 1-2% MeOH in DCM.

Triethylamine (10 droplets) was added for every 100 mL eluent.

General procedure U for the deprotection of 168b with Pd:

A flame dried 5 mL round bottom flask was equipped with a stirrer bar, a condenser if required and
closed with suba seals. The substrate 168b (20 mg, 0.06 mmol, 1.0 eq.), the appropriate catalyst and
the solvent were added. Then hydrogen was bubbled through the solution over a period of 10-15
min. Thereafter the reaction was stirred at the stated temperature for the appropriate time. The
crude mixture was filtered through celite and the filtrate was washed with DCM (3 x 10 mL ). The
combined organic phase was dried over Na,SO,, filtered and the solvent was removed in vacuo. The
crude mixture was analysed by *H NMR spectroscopy and the starting material 168b was recovered

by flash column chromatography using 1-2% MeOH in DCM.
General procedure V for the reductive amination of 168b:

A flame dried 5 mL round bottom flask was equipped with a stirrer bar, a condenser if required and
closed with suba seals. The substrate 168b (20 mg, 0.06 mmol, 1.0 eq.), the appropriate solvent and
the additives were added. Thereafter the reaction was stirred at the stated temperature for the
required time. The crude mixture was partitioned between DCM (4 mL) and sat. K,CO5; (4 mL). The
aqueous phase was washed with DCM (3 x 4 mL) and the organic phase was collected. The combined
organi phase was dried over Na;SO,, filtered and the solvent was removed in vacuo. The crude
mixture was analysed by H NMR spectroscopy and the starting material was recovered by flash

column chromatography using 1-2% MeOH in DCM.

Following general procedure W for the reductive amination of 164b with sodium

cyanoborohydride:

A flame dried microwave vial was equipped with a stirrer bar and charged with the appropriate

amount of 4-methoxy benzylamine and MeOH (2 mL). The solution was acidified with glacial acetic
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acid and pH was set to 6. To this solution the solution of the aldehyde-ketone 164b (20 mg,
0.075mmol, 1.0 eq.) made with the stated amount of MeOH was slowly added over the reported
time. Thereafter sodium cyanoborohydride (10 mg, 0.075 mmol, 2.0 eq.) was added in one portion
and the reaction was stirred for 2 h at rt. The crude mixture was partitioned between DCM (5 mL)
and the prepared mixture of 1N NaOH:sat. K,CO3; = 1:4 (5 mL). The aqueous phase was washed with
DCM (3 x 5 mL) and the organic phase was collected. The combined organic phase was dried over
Na,S0O,, filtered and the solvent was removed in vacuo. The crude mixture was analysed by 'H NMR
spectroscopy using cyclohexene as an internal standard and the product was isolate by flash column

chromatography using 1-2% MeOH in DCM.
General procedure X for the deprotection of 173 under acidic conditions:

A flame dried microwave vial was equipped with a stirrer bar and charged with the substrate 173 (20
mg, 0.05 mmol, 1.0 eq.), any additive if required and the reported solvent.The solution was stirred at
the stated temperature for the reported time. The crude mixture was partitioned between DCM (5
mL) and a mixture of 1N NaOH:sat. K,CO3 = 1:4 (5 mL). The aqueous phase was washed with DCM (3
x 5 mL) and the organic phase was collected. The combined organic phase was dried over Na;SOa,
filtered and the solvent was removed in vacuo. The crude mixture was analysed by 'H NMR
spectroscopy using the starting material 173 was recovered by flash column chromatography using

1-2% MeOH in DCM.
General procedure Y for the deprotection of 173:1%*

A flame dried microwave vial was equipped with a stirrer bar and charged with the substrate 173 (28
mg, 0.075 mmol, 1.0 eq.), and dissolved in 5:1 mixture of MeCN (0.60 mL): H,0 (0.12 mL). Thereafter
the reductant was added and the solution was stirred at rt for 1 d. The crude mixture was
partitioned between DCM (5 mL) and a mixture of 1N NaOH:sat. K,CO; = 1:4 (5 mL). The aqueous
phase was washed with DCM (3 x 5 mL) and the organic phase was collected. The combined organic
phase was dried over Na,S0O,, filtered and the solvent was removed in vacuo. The crude mixture was
analysed by 'H NMR spectroscopy, the starting material 173 was recovered by flash column

chromatography using 1-2% MeOH in DCM.

General procedure Z for the reductive aminocyclisation of aldehyde-ketones:

A flame dried microwave vial was equipped with a stirrer bar and charged with the appropriate
amount of ammonia and stated amount of the solvent (2 mL). The solution was acidified with glacial
acetic acid and pH was set to 6. To this solution the solution of the aldehyde-ketone substrate 324b

(0.075mmol, 1.0 eq.) made with the stated amount of MeOH was slowly added ovet the reported
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time. Thereafter sodium cyanoborohydride (10 mg, 0.15 mmol, 2.0 eq.) was added in one portion.
The reaction was stirred for O/N at rt. The crude mixture was partitioned between DCM (5 mL) and
the mixture of 1N NaOH:sat. K,CO3 = 1:4 (5 mL). The aqueous phase was washed with DCM (3 x 5
mL) and the organic phase was collected. The combined organi phase was dried over Na,SO,, filtered
and the solvent was removed in vacuo. The crude mixture was analysed by 'H NMR spectroscopy
using COD or cyclohexene as an internal standard and the product was isolate by flash column

chromatography using 1-2% MeOH in DCM.

General procedure AA for the reductive aminocyclisation of aldehyde-ketones with different
reducing agents:

A flame dried microwave vial was equipped with a stirrer bar and charged with the ammonia (55 pL,
¢ =7 mmol/mLin MeOH, 0.375 mmol, 5 eq.) or ammonium acetate (29 mg, 0.375 mmol, 5.0 eq.) and
MeOH (2 mL). The solution was acidified with glacial acetic acid and pH was set to 6. To this solution
the solution of the aldehyde-ketone substrate 164b (20 mg,0.075 mmol, 1.0 eq.) made with MeOH
(4 mL) was slowly added over the reported time. Thereafter the reducing agent (0.15 mmol, 2.0 eq.)
was added in one portion. The reaction was stirred for O/N at rt. The crude mixture was partitioned
between DCM (5 mL) and the mixture of 1N NaOH:sat. K,CO; = 1:4 (5 mL). The aqueous phase was
washed with DCM (3 x 5 mL) and the organic phase was collected. The combined organi phase was
dried over NaySO,, filtered and the solvent was removed in vacuo. The crude mixture was analysed
by 'H NMR spectroscopy using COD or cyclohexene as an internal standard and the product was

isolate by flash column chromatography using 1-2% MeOH in DCM.
General procedure AB for the preparation of styrene derivatives via a Wittig reaction:

A flame-dried, three-neck, round-bottom flask was charged with methyltriphenylphosphonium
bromide (1.5 eq.) and THF (5.4 mL/mmol of methyltriphenylphosphonium bromide) was added. The
suspension was cooled to 0 °C and a solution of n-butyllithium (c = 2.5 mmol/mL in hexane, 1.3 eq.)
was added dropwise. The colour of the solution changed from white to bright yellow, indicating
formation of the ylide. The reaction was stirred at 0 °C for a further 20 min before the addition of
the substrate (1.0 eq.). The ice bath was then removed and the reaction was allowed to warm up to
rt and stirred for 16 h. The reaction was then quenched with sat. ammonium chloride solution (5.4
mL/mmol of substrate) and diluted with diethyl ether (2.7 mL/mmol of substrate). The water phase
was extracted with diethyl ether (3 x 2 mL/mmol of substrate) and the combined organic phase was
washed with brine and water (2 x 2 mL/mmol of substrate). The organic phase was dried over
sodium sulfate, and the solvent was evaporated in vacuo. The crude product was purified by flash

column chromatography using petrol ether.
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General procedure AC for the [2+2]-cycloaddition with trichloroacetyl chloride:

A three-neck round-bottom flask was equipped with a stirrer bar and a dropping funnel, and was
flame-dried under nitrogen. After cooling to room temperature, the flask was charged with diethyl
ether (3.33 mL/mmol of styrene derivative), zinc-copper couple (3 eq.) and the styrene derivative
(1.0 eq.), and then stirred vigorously. The dropping funnel was charged with diethyl ether (1.67
mL/mmol of styrene derivative), trichloroacetyl chloride (2.5 eq.), and phosphoryloxy(V) trichloride
(2.5 eq.). The solution was added dropwise over 1 h to the stirred solution of styrene and then
stirred at room temperature for 16 h. After this time, the mixture was filtered through celite and
washed with hexane. The filtrate was diluted with hexane (3.33 mL/mmol of styrene derivative) and
concentrated to 1/3 of its volume in vacuo to induce the precipitation of zinc salts. The dilution-
concentration sequence was repeated twice and the final concentrate was washed with sat. sodium
bicarbonate (3.33 mL/mmol of styrene derivative) solution and sat. brine solution (3.33 mL/mmol of
styrene derivative). Progress of the reaction was checked with TLC analysis and H NMR

spectroscopy. The crude material was used in the subsequent step without further purification.
General procedure AD for the reduction of dichlorocyclobutanones:

The crude product of the previous step was dissolved in acetic acid (6.5 mL/mmol of styrene
derivative) and zinc dust (6 eq.) was then added portion-wise. The suspension was then stirred for
16 h at rt. The reaction mixture was filtered and diluted with diethyl ether (50 mL). The organic layer
was washed with water (2 x 50 mL), saturated sodium bicarbonate (2 x 50 mL) and brine (50 mL).
The organic phase was dried over sodium sulfate, filtered, and the solvent was evaporated in vacuo.
The crude product was purified by flash column chromatography using 0-20% diethyl ether in petrol

ether as the eluent.
General procedure AE for the synthesis of racemic enol phosphates using LDA:

A Schlenk flask was equipped with a stirrer bar and flame-dried under a nitrogen atmosphere. Once
cool, di-iso-propylamine (1.0 eq) and THF (1 mL/ mmol of di-iso-propylamine) were added then the
solution was cooled to -78 °C and a solution of n-butyllithium (c = 2.5 mmol/mL in hexane, 1.0 eq.)
was added dropwise. The reaction was then allowed to warm to rt over 30 min. The solution was -
cooled to -78 °C again and the substrate (0.9 eq.) was added dropwise as a solution in THF (6
mL/mmol substrate). The reaction was then stirred for 30 min at -78 °C, before the addition of
diphenyl phosphoryl chloride (1.0 eq.) at -78 °C. The reaction mixture was warmed to room
temperature over 30 min and stirred for 2 h. The reaction was quenched with sat. sodium

bicarbonate solution (10 mL) and the aqueous phase was extracted with diethyl ether (3 x 10 mL).
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The organic phase was dried over sodium sulfate, filtered, and the solvent was evaporated in vacuo.
The crude product was purified by flash column chromatography using 30% diethyl ether in petrol

ether as the eluent.
General procedure AF for the synthesis of chiral enol phosphates:

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. Once cool to rt, a
solution of di-n-butyl-magnesium (1 mL, c = 1 mmol/mL in heptane, 1 mmol, 1.0 eq.) was added and
the solvent was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was
purged with argon and THF (10 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.46 mL, 2.0
mmol, 2.0 eq.) was added and the suba seal was swapped for a cold finger. The reaction was
refluxed for 90 min and, subsequently, the mixture was allowed to cool to room temperature.
Complete formation of the magnesium bisamide was assumed. The reaction mixture was cooled to -
78 °C and diphenyl phosphoryl chloride (0.21 mL, 1 mmol, 1.0 eq.) was added at the stated
temperature. The cyclic substrate (0.8 mmol, 0.8 eq) was dissolved in THF (2 mL) and added

dropwise to the solution over 1 h via a syringe pump at -78 °C. The reaction was stirred at -78 °C for

the stated timt. After this time, the reaction was quenched with sat. sodium bicarbonate solution
(10 mL), the aqueous phase was extracted with diethyl ether (3 x 10 mL), and the organic phase was
collected. The combined organic phase was washed with 1N HCI (10 mL), dried over sodium sulfate,
filtered, and the solvent was evaporated in vacuo. The crude product was purified by flash column

chromatography using 0-40 % diethyl ether in petrol ether as the eluent.
General procedure AG for the synthesis of chiral enol phosphates:

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. Once cooled to rt, a
solution of di-n-butyl-magnesium (1 mL, c = 1 mmol/mL in heptane, 1 mmol, 1.0 eq.) was added and
the solvent was removed in vacuo and the residue was dried under vacuum for 1 h. The flask was
purged with argon and hexane (10 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.46 mL,
2.0 mmol, 2.0 eq.) was added and the suba seal was swapped for a cold finger. The reaction mixture
was refluxed for 90 min then allowed to cool down to room temperature. Complete formation of the
magnesium bisamide was assumed. The reaction mixture was cooled to -78 °C and diphenyl
phosphoryl chloride (0.21 mL, 1 mmol, 1.0 eq.) was added at the stated temperature. The cyclic
substrate (0.8 mmol, 0.8 eq) was dissolved in THF (2 mL) and added dropwise to the solution over 1

h via a syringe pump at -78 °C. The reaction was stirred at -78 °C for the stated time. After this time,

the reaction was quenched with sat. sodium bicarbonate solution (10 mL), the aqueous phase was

extracted with diethyl ether (3 x 10 mL), and the organic phase was collected. The combined organic
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phase was washed with 1IN HCI (10 mL), dried over sodium sulfate, filtered, and the solvent was
evaporated in vacuo. The crude product was purified by flash column chromatography using 0-40 %

diethyl ether in petrol ether as the eluent.

General procedure Al for the synthesis of racemic enol phosphates:

A Schlenk flask was equipped with a stirrer bar, closed with a suba seal, and flame dried under an
atmosphere of argon. When cool, the flask was charged with the substrate (1 mmol, 1.0 eq.), DMPU
(0.24 mL, 4.0 mmol, 4.0 eq.), diphenylphosphoryl chloride (0.21 mL, 1 mmol, 1.0 eq.), and THF (10
mL). To the reaction mixture di-tert-butylmagnesium (1 mL, ¢ = 0.5 mmol/mL, 0.5 eq.) was added
dropwise and the reaction was stirred at rt for 1 h. The mixture was quenched with sat. NaHCO; (10
mL), the aqueous phase was extracted with Et;O (3 x 10 mL), and the organic phase was collected.
The combined organic phase was dried over sodium sulfate, filtered, and the solvent was evaporated
in vacuo. The crude product was purified by flash column chromatography using 0-40% diethyl ether

in petrol ether as the eluent.

General procedure AK for the synthesis of chiral enol phosphates:

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. Once cool, a
solution of di-n-butyl-magnesium (1 mL, c = 1 mmol/mL in heptane, 1 mmol, 1.0 eq.) was added and
the solvent was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was
purged with argon and THF (10 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.46 mL, 2.0
mmol, 2.0 eq.) was added and the suba seal was swapped for a cold finger. The reaction was
refluxed for 90 min and, subsequently, the mixture was allowed to cool to room temperature.
Complete formation of the magnesium bisamide was assumed. The reaction mixture was cooled to -
78 °C and diphenyl phosphoryl chloride (0.21 mL, 1 mmol, 1.0 eq.) and the appropriate additive (0.5
mmol, 0.5 eq.) were added at the stated temperature. The cyclic substrate (0.8 mmol, 0.8 eq) was

dissolved in THF (2 mL) and added dropwise to the solution over 1 h via a syringe pump at -78 °C.

The reaction was stirred at -78 °C for the stated timt. After this time, the reaction was quenched
with sat. sodium bicarbonate solution (10 mL), the aqueous phase was extracted with diethyl ether
(3 x 10 mL), and the organic phase was collected. The combined organic phase was washed with 1N
HCI (10 mL), dried over sodium sulfate, filtered, and the solvent was evaporated in vacuo. The crude
product was purified by flash column chromatography using 0-40 % diethyl ether in petrol ether as

the eluent.

General procedure AK for 1,2-addition of Grignard to aldehydes:
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A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. When cool, the
solution of the in THF (2 mL) aldehyde (1 mmol, 1.0 eq.) was added. Thereafter the solution was
cooled down to 0 °C and the Grignard reagent (3 mL, ¢ = 0.5 mmol/mL in Et,0, 1.5 mmol, 1.5 eq.)
was added dropwise. Thereafter the reaction was let to warm up to rt and stirred for 6 h. The
Grignard reagent was quenched with sat. NH4Cl (5 mL). The phases were separated and the organic
phase was washed with brine (2 mL), dried over sodium sulfate, filtered, and the solvent was
evaporated in vacuo. The product was purified by flash column chromatography using 5-10% diethyl

ether in petrol ether as the eluent.

General procedure AM for the bromination of secondary alcohols:

A 100 mL round bottom flask was equipped with a stirrer bar and a suba seal, and flame dried. After
cool, the flask was charged with the secondary alcohol (1 mmol, 1.0 eq.) and DCM (19 mL). The
solution was cooled to 0 °C and Phosphorous(lll) bromide (1.88 mL, 20 mmol, 20.0 eq.) was added
dropwise to the solution. The reaction was stirred at the stated temperature O/N. The reaction was
qguenched with sat. NaHCOs; solution (10 mL) and the phases were separated. The aqueous phase
was was hed with DCM (3 x 20 mL). The organic phase was combined and the solvent was
evaporated in vacuo to give the desired product which was used without further purification in the

next step.

General procedure AN for the nucleophilic substitution with benzhydril electrophiles:

A 25 mL round bottom flask was equipped with a stirrer bar, a suba seal, a condenser and flame
dried. The flask was charged with the the primary amine (0.24 mL, 1.87 mmol, 3.0 eq.) and the
appropriate solvent (8 mL). To this solution the electrophile (0.62 mmol, 1.0 eq.) was added and the
reaction was refluxed for the stated time. The mixture was allowed to cool down to rt and the
organic phase was washed with sat. NaHCO; solution (3 x 5 mL) and the phases were separated. The
organic phase was dried over sodium sulfate, filtered, and the solvent was evaporated in vacuo. The
product was isolated with flash column chromatography using 0-2% diethyl in petrol ether as an

eluent.

-197 -



10.4 Experimental Procedures

Synthesis of Chiral sp3-rich Azepanes
Entry 1in Table 9.1

Following General procedure A for the synthesis enol phosphates, data is presented in the following

format: (a) substrate and (b) yield of product.

(a) 4-tert-butylcyclohexan-1-one 25a (154 mg, 1 mmol, 1.0 eq.) and (b) 274 mg (71%).
Characterisation of 4-((tert)butyl)cyclohex-1-en-1-yl diphenyl phosphate 115a:%
Obtained as a colourless oil.

OP(O)(OPh),

‘Bu
115a

IH NMR (CDCls): 7.29-7.23 (m, 4H, ArH), 7.20-7.09 (m, 6H, ArH), 5.49-5.51 (m, 1H, CH=C), 2.27-2.10
(m, 2H, CH), 2.06-1.97 (m, 1H, CH), 1.85-1.72 (m, 2H, CH,), 1.29-1.14 (m, 2H, CH,), 0.79 (s, 9H, CH)

13C NMR (CDCl5): 150.9 (d, 1C, %Jc» = 7.3 Hz), 148.0 (d, 2C, ¥ = 9.8 Hz), 130.0, 125.6, 120.4 (d, 1C,
3Jep = 4.7 Hz), 112.1 (d, 4C, 3Jcp = 7.3 Hz), 43.4, 32.3, 28.8 (d, 1C, ¥Jcp = 3.2 Hz), 27.5, 25.1, 24.2 (3C)

ppm.

31p NMR (CDCls): -17.4 ppm.
Vmax (cm™): 2956, 1693, 1587, 1487, , 1304, 1182, 1109, , 997, 958, , 765, 752, 731.
Entry 2 in Table 9.1

Following General procedure A for the synthesis pf racemic enol phosphates, data is presented in

the following format: (a) substrate and (b) yield of product.
(a) 4-phenylcyclohexan-1-one 25b (174 mg, 1 mmol, 1.0 eq.) and (b) 333 mg (80%).

Characterisation of 4-(phenyl)cyclohex-1-en-1-yl diphenyl phosphate 115b:%
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Obtained as a white solid.
M.p.: 148-150 °C (lit.: not reported)

OP(O)(OPh),

Ph
115b

IH NMR (CDCls): 7.43-7.36 (m, 4H, ArH), 7.37-7.27 (m, 6H, ArH), 7.26-7.20 (m, 5H, ArH), 5.77-5.64 (m,
1H, CH=C), 2.89-2.76 (m, 1H, PhCH), 2.57-2.22 (m, 4H, CHz), 2.12-1.87 (m, 2H, CH) ppm.

13C NMR (CDCls): 150.8 (d, 1C, “Jcp = 8.5 Hz), 147.9 (d, 2C, *Jcp = 10.4 Hz), 145.8, 130.0, 128.7, 127.0,
126.5, 125.6, 120.3 (d, 1C, *Jcp = 5.0 Hz), 111.7 (d, 4C, *Jc.p = 5.6 Hz), 39.4, 31.7, 29.9, 28.2 (d, 1C, *Jcp

=4.4 Hz) ppm.

31p NMR (CDCl3): -17.4 ppm

Vmax (cm): 2922, 2885, 1690, 1589, 1489, 1284, 1191, 1106, 916, 782, 766, 691.
Entry 3 in Table 9.1

Following General procedure A for the synthesis enol phosphates, data is presented in the following

format: (a) substrate and (b) yield of product.

(a) 4-n-propylcyclohexan-1-one 25g (140 mg, 1 mmol, 1.0 eq.) and (b) 328 mg (88%).
Characterisation of 4-n-propylcyclohex-1-en-1-yl diphenyl phosphate 115g:
Obtained as a colourless oil.

OP(O)(OPh),

npr

115¢g

IH NMR (CDCls): 7.30-7.22 (m, 4H, ArH), 7.20-7.09 (m, 6H, ArH), 5.49-5.42 (m, 1H, CH=C), 2.31-2.02
(m, 3H, CHz), 1.76-1.58 (m, 2H, CH,), 1.53-1.40 (m, 1H, CH,), 1.34-1.11 (m, 5H, CH, CH), 0.81 (t, 3H, J
= 7.4 Hz, CHs) ppm.
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13C NMR (CDCls): 150.9 (d, 1C, 2Jce = 6.5 Hz), 148.0 (d, 2C, e = 9.3 Hz), 130.0, 125.6, 120.3 (d, 1C,
3Jcp = 4.9 Hz), 111.5 (d, 4C, 3Jcp = 5.5 Hz), 38.1, 32.6, 30.2, 29.0, 27.2 (d, 1C, *Jcp = 4.1 Hz), 20.4, 14.5

ppm.

31p NMR (CDCls): -17.4 ppm

Vmax (cm™):2954, 2920, 1487, 1296, 1184, 1161, 1120, 1101, 947, 823, 725.

HR-MS (ESI): m/z calculated for M = C,1H,604P, theoretical [M+H]*: 373.1563. Found: 373.1557.
Entry 4 in Table 9.1

Following General procedure A for the synthesis enol phosphates, data is presented in the following

format: (a) substrate and (b) yield of product.

(a) 4-methyl-propylcyclohexan-1-one 25¢ (112 mg, 1 mmol, 1.0 eq.) and (b) 310 mg (90%).
Characterisation of 4-methyl-cyclohex-1-en-1-yl diphenyl phosphate 115¢:%

Obtained as a colourless oil.

OP(O)(OPh),

Me
115c¢c

IH NMR (CDCls): 7.31-7.22 (m, 4H, ArH), 7.20-7.08 (m, 6H, ArH), 5.49-5.42 (m, 1H, CH=C), 2.33-2.01
(m, 2H, CH>), 1.71-1.54 (m, 4H, CH.), 1.35-1.24 (m, 1H, CH), 0.88 (d, 3H, J = 6.5 Hz, CHs) ppm.

13C NMR (CDCls): 150.9 (d, 1C, Ycp = 7.4 Hz), 147.9 (d, 2C, Ycp = 9.7 Hz), 130.0, 125.6, 120.3 (d, 1C,
3Jep = 4.4 Hz), 111.5 (d, 4C, ¥Jcp = 5.4 Hz), 32.1, 30.9, 27.9, 27.6 (d, 1C, *Jcsp = 3.6 Hz), 21.2 ppm.

31p NMR (CDCl3): -17.4 ppm
Vmax (cm™): 2951, 2924, 1589, 1487, 1296, 1184, 1161, 1114, 945, 904, 821, 767, 752.
Entry 5in Table 9.1

Following General procedure A for the synthesis enol phosphates, data is presented in the following

format: (a) substrate and (b) yield of product.
(a) 4-methyl-4-phenylcyclohexan-1-one 25d (188 mg, 1 mmol, 1.0 eq.) and (b) 341 mg (81%).
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Characterisation of 4-methyl-4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115d:°%°
Obtained as a white solid.
M. p.: 154°C (lit.: not reported).

OP(O)(OPh),

Ph Me

115d

'H NMR (CDCl5): 7.30-7.22 (m, 8H, ArH), 7.14-7.07 (m, 7H, ArH), 5.65-5.55 (m, 1H, CH=C), 2.59-2.46
(m, 1H, CH;), 2.21-2.11 (m, 2H, CH.), 2.03-1.89 (m, 2H, CH,), 1.83-1.75 (m, 1H, CH>), 1.22 (s, 3H, CH3)

ppm.

13C NMR (CDCls): 150.9 (d, 1C, Jcp = 6.7 Hz), 147.3, 146.7 (d, 2C, Ycp = 8.9 Hz), 129.3, 127.8, 125.4,
125.1, 124.9, 119.6 (d, 1C, *Jcp = 5.1 Hz), 110.0 (d, 4C, 3Jcp = 5.2 Hz), 35.6, 35.2, 34.4, 27.9, 25.0 ppm
(d, 1C, 3Jcp = 4.3 Ha).

31p NMR (CDCl3): -17.7 ppm
Vmax (cm™): 2956, 2926, 1589, 1489, 1188, 1117, 944, 907, 756, 689.
Entry 6 in Table 9.1

Following General procedure A for the synthesis enol phosphates, data is presented in the following

format: (a) substrate and (b) yield of product.

(a) 4-((tert-butyldimethylsilyl)oxy)cyclohexan-1-one 25e (228 mg, 1 mmol, 1.0 eq.) and (b) 286 mg
(62%).

Characterisation of 4-((tert-butyldimethylsilyl)oxy)cyclohex-1-en-1-yl diphenyl phosphate 115e:%
Obtained as a colourless oil.

OP(O)(OPh),

OTBDMS
115e
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IH NMR (CDCls): 7.36-7.27 (m, 4H, ArH), 7.26-7.13 (m, 6H, ArH), 5.44-5.38 (m, 1H, CH=C), 3.93-3.85
(m, 1H, OCH), 2.36-2.18 (m, 3H, CH), 2.10-1.99 (m, 1H, CH.), 1.82-1.66 (m, 2H, CH.), 0.85 (s, 9H,
CHs), 0.02 (s, 6H, SiCH3) ppm.

13C NMR (CDCl3): 150.8 (d, 1C, %Jcp = 8.2 Hz), 147.3 (d, 2C, %Jcp = 11.5 Hz), 130.0, 125.7, 120.3 (d, 1C,
3Jcp = 4.3 Hz), 109.3 (d, 4C, 3Jcp = 6.5 Hz), 66.4, 33.2, 31.4, 26.0, 25.9 (d, 1C, 3Jcp = 3.6 Hz), 18.5 (3C), -
4.50 (2C) ppm.

3P NMR (CDCl3): -17.6 ppm
Vmax (cm™): 2950, 2926, 2854, 1591, 1491, 1299, 1190, 1102, 944, 836, 756, 689.
Entry 7 in Table 9.1

Following General procedure A for the synthesis enol phosphates, data is presented in the following

format: (a) substrate and (b) yield of product.

(a) 4-(dimethylamino)cyclohexan-1-one 25f (141 mg, 1 mmol, 1.0 eq.) and (b) 321 mg (86%).

Characterisation of 4-(dimethylamino)cyclohex-1-en-1-yl diphenyl phosphate 115f:%

Obtained as a colourless oil.

OP(O)(OPh),

N

PN

115f

IH NMR (CDCls): 7.31-7.24 (m, 4H, ArH), 7.19-7.09 (m, 6H, ArH), 5.47-5.43 (m, 1H, CH=C), 2.44-2.34
(m, 1H, CH), 2.29-2.17 (m, 9H, NCHs, CH,), 2.07-1.97 (m, 1H, CH,), 1.94-1.86 (m, 1H, CH,), 1.56-1.43
(m, 1H, CH,) ppm.

13C NMR (CDCls): 150.8 (d, 1C, Ycep = 6.6 Hz), 147.5 (d, 2C, Ycp = 9.2 Hz), 130.0, 125.6, 120.3 (d, 1C,
3Jep = 4.7 Hz), 110.4 (d, 4C, *Jep = 5.7 Hz), 59.5, 42.0 (2C), 27.7 (d, 1C, *Jcp = 3.9 Hz), 26.0, 25.5 ppm.

31p NMR (CDCl3): -17.5 ppm
Vmax (cm™): 2930, 2772, 1589, 1489, 1290, 1188, 1113, 942, 775, 756, 689.

Entry 8 in Table 9.1
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Following General procedure A for the synthesis enol phosphates, data is presented in the following

format: (a) substrate and (b) yield of product.

(a) 1,4-dioxaspiro[4.5]decan-8-one 25h(156 mg, 1 mmol, 1.0 eq.) and (b) 284 mg (73%).
Characterisation of diphenyl (1,4-dioxaspiro[4.5]dec-7-en-8-yl) phosphate 115h:%
Obtained as a colourless oil.

OP(O)(OPh),

0" o
-/
262f

IH NMR (CDCls): 7.31-7.23 (m, 4H, ArH), 7.20-7.09 (m, 6H, ArH), 5.45-5.38 (m, 1H, CH=C), 3.83-3.88
(m, 4H, OCH>), 2.42-2.33 (m, 2H, CH2), 2.29-2.23 (m, 2H, CH2), 1.79 (t, 2H, J = 6.2 Hz, CHz) ppm.

13C NMR (CDCl5): 150.8 (d, 1C, %Jcp = 7.7 Hz), 147.7 (d, 2C, Y = 9.7 Hz), 130.0, 125.7, 120.4 (d, 1C,
3Jep = 4.4 Hz), 109.3 (d, 4C, *Jcp = 5.2 Hz), 107.7, 64.7 (2C), 34.0, 31.1, 26.7 (d, 1C, *Jcp = 4.0 Hz) ppm.

31p NMR (CDCl3): -17.7 ppm
Vmax (cm™): 2928, 2956, 2880, 1589, 1487, 1294, 1188, 1112, 1022, 940, 756, 689.
Entry 1 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product, and (c) enantiomeric ratio.
(a) 4-tert-butylcyclohexan-1-one 25a (123 mg, 0.8 mmol, 0.8 eq.), (b) 247 mg (80%), and (c) 93:7.

OP(O)(OPh),

Ph

115a

Chiral analysis: OD-H column, 1.40 mL/min, detector 254 nm, 1% IPA in hexane. t;= 25.4 min and t,=

26.2 min.
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Entry 2 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product, and (c) enantiomeric ratio.
(a) 4-phenylcyclohexan-1-one 25b (139 mg, 0.8 mmol, 0.8 eq.), (b) 253 mg (76%), and (c) 99:1.

OP(O)(OPh),

Ph

115b

Chiral analysis: HPLC OJ column, 1.20 mL/min, detector 254 nm, 3% IPA in hexane. t;= 60.3 min

(major) and t,= 66.8 min (minor).
Entry 3 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product, and (c) enantiomeric ratio.
(a) 4-n-propylcyclohexan-1-one 25g (112 mg, 0.8 mmol, 0.8 eq.), (b) 268 mg (88%), and (c) N.D.
Entry 4 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product, and (c) enantiomeric ratio.
(a) 4-methyl-propylcyclohexan-1-one 25d (90 mg, 0.8 mmol, 0.8 eq.), (b) 256 mg (93%), and (c) N.D.
Entry 5 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product and (c) enantiomeric ratio.
(a) 4-n-propylcyclohexan-1-one 25g (112 mg, 0.8 mmol, 0.8 eq.), (b) 295 mg (97%), and (c) N.D.
Entry 6 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product and (c) enantiomeric ratio.
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(a) 4-methyl-propylcyclohexan-1-one 25¢ (90 mg, 0.8 mmol, 0.8 eq.), (b) 248 mg (90%), and (c) N.D.
Entry 7 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product, and (c) enantiomeric ratio.

(a) 4-methyl-4-phenylcyclohexan-1-one 25d (150 mg, 0.8 mmol, 0.8 eq.), (b) 248 mg (93%), and (c)
86:14.

OP(O)(OPh),

Ph Me

115d

Chiral analysis: HPLC OJ column, 1.00 mL/min, detector 254 nm, 10% IPA in hexane. t;= 17.3 min

(major) and to= 18.3 min (minor).
Entry 8 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product, and (c) enantiomeric ratio.

(a) 4-((tert-butyldimethylsilyl)oxy)cyclohexan-1-one 190h (182 mg, 0.8 mmol, 0.8 eq.), (b) 273 mg
(74%), and (c) N.D.

Entry 9 in Table 9.2

Following General procedure B for the synthesis of chiral enol phosphates, data is presented in the

following format: (a) substrate, (b) yield of product and (c) enantiomeric ratio.

(a) 4-(dimethylamino)cyclohexan-1-one 190g (113 mg, 0.8 mmol, 0.8 eq.), (b) 257 mg (86%), and (c)
N.D.

Scheme 9.5

A flame-dried microwave vial was allowed to cool to room temperature under an argon atmosphere
and charged with the diphenyl (1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl) phosphate 115b (102 mg,
0.25 mmol, 1.0 eq.) and PEPPSI SPr (2 mg, 2.5*10 mmol, 1.0 mol%). Thereafter, diethyl ether (1

mL) was added and the mixture was stirred for 5 min before the addition of phenylmagnesium
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bromide (0.38 mL, c=1 M in THF, 0.38 mmol, 1.5 eq.) at rt rapidly. The reaction was stirred at rtbfor
1 h. Then the reaction mixture was then partitioned between water (5 mL) and diethyl ether (5 mL).
The organic phase was washed with brine (2 mL), dried over sodium sulfate, filtered, and the solvent
was evaporated in vacuo. The product was purified by flash column chromatography using petrol

ether as the eluent. Yield of product 140b 39 mg (66%) and yield of by-product 141b: 5 mg (6%).
Characterisation of 1',2',3',6'-tetrahydro-1,1":4',1"-terpheny| 140b:*>

Ph

Ph
140b

Obtained as a white solid.
M.p.:103 °C (lit.: 102 °C).*>*

IH NMR (400 MHz, CDCls): 7.38-7.33 (m, 2H, ArH), 7.29-7.12 (m, 8H, ArH), 6.15-6.13 (dd, 3/ = 4.6 Hz,
1.9 Hz, 1H, CH=C), 2.86-2.76 (m, 1H, CH), 2.60-2.40 (m, 3H, CH,), 2.35-2.21 (m, 1H, CH,), 2.10-2.00
(m, 1H, CH>), 1.93-1.78 (m, 1H, CH) ppm.

13C NMR (100 MHz, CDCl5): 146.3, 141.5, 135.8, 127.9 (2C), 127.8 (2C), 126.4 (2C), 126.2, 125.6 (2C),
124.5,123.7,39.2, 33.6, 29.7, 27.5 ppm.

vmax (cm™): 2912, 1489, 1190, 1070, 1028, 968, 912, 746.
Characterisation of 4,4'-diphenyl-[1,1'-bi(cyclohexane)]-1,1'-diene 141b:'%

Ph

Ph
141b

Obtained as a white solid.
M.p.: 160-165 °C (lit.: not reported)
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IH NMR (CDCls): 7.38-7.20 (m, 10H, ArH), 5.95-5.91 (dd, 3/ = 4.6 Hz, 1.9 Hz, 2H, CH=C), 2.89-2.76 (m,
2H, CH), 2.56-2.25 (m, 8H, CH,), 2.20-2.14 (m, 2H, CH>), 1.90-1.78 (m, 2H, CH,) ppm.

13C NMR (CDCls): 147.3 (2C), 128.6 (4C), 127.1 (4C), 126.2 (2C), 121.8 (2C), 121.6 (2C), 40.4 (2C), 34.4
(2C), 30.4 (2C), 26.7 (2C) ppm.

vmax(cm™): 2922, 1597, 1259, 1103, 1022, 960, 800, 761.
Entry 1 in Table 9.3

Following General procedure C for the cross coupling of enol phosphates, data is presented in the
following format: (a) catalyst, (b) amount of solvent, (c) yield of product 140b, and (f) yield of

homocoupled enol phosphate 141b.

(a) PEPPSI 'Pr (2 mg, 2.5%10 mmol, 1.0 mol%), (b) diethyl ether (1 mL), (e) 35 mg (60%), and (f) 7 mg
(8%).

Entry 2 in Table 9.3

Following General procedure C for the cross coupling of enol phosphates, data is presented in the
following format: (a) catalyst, (b) amount of solvent, (c) yield of product 140b, and (f) yield of

homocoupled enol phosphate 141b.

(a) PEPPSI 'Pr (2 mg, 2.5*10° mmol, 1.0 mol%), (b) diethyl ether (1 mL), (c) 37 mg (64%), and (f) 5 mg
(6%).

Entry 3 in Table 9.3

A microwave vial was equipped with a stirrer bar and flame-dried. After cooling to rt, palladium(Il)
chloride (10 mg, 1.25*10° mmol, 5.0 mol%), diphenyl (1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl)
phosphate 115b (102 mg, 0.25 mmol, 1.0 eq.), and THF (0.5 mL) were added. Thereafter,
phenylmagnesium bromide (0.38 mL, c = 1 M in THF, 0.38 mmol, 1.5 eq.) was added to the stirred
solution over 10 min. Then the reaction was stirred at rt for 24 h. The reaction was quenched with
methanol (5 mL) and concentrated in vacuo. The crude product was purified by flash column
chromatography using petrol ether as the eluent. The yield of product 140b 20 mg (34%) alongside
with the undesired homocoupled enol phosphate 141b 3 mg (3%).

Entry 4 in Table 9.3
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Following General procedure C for the cross coupling of enol phosphates, data is presented in the
following format: (a) catalyst, (b) amount of solvent, (c) yield of product 140b, and (f) yield of

homocoupled enol phosphate 141b.
(a) PEPPSI 'Pr (2 mg, 2.5*10°3 mmol, 1.0 mol%), (b) THF (1 mL), (c) 26 mg (44%), and (f) 2 mg (2%).
Entry 1in Table 9.4

Following General procedure D for the optimisation of the Kumada cross coupling reaction, data is
presented in the following format: (a) amount of phenylmagnesium bromide, (b) addition time of
phenylmagnesium bromide, (c) reaction temperature, (d) reaction time, (e) yield of product 140b,

and (f) yield of homocoupled enol phosphate 141b.

(a) phenylmagnesium bromide (0.38 mL, c =1 M in THF, 0.38 mmol, 1.5 eq.), (b) 1 min, (c) 0 °C, (d) 1
h, (e) 12 mg (20%), and (g) 3 mg (3%).

Entry 2 in Table 9.4

Following General procedure D for the optimisation of the Kumada cross coupling reaction, data is
presented in the following format: (a) amount of phenylmagnesium bromide, (b) addition time of
phenylmagnesium bromide, (c) reaction temperature, (d) reaction time, (e) yield of product 140b,

and (f) yield of homocoupled enol phosphate 141b.

(a) phenylmagnesium bromide (0.38 mL, c =1 M in THF, 0.38 mmol, 1.5 eq.), (b) 1 min, (c) 40 °C, (d)
1h, (e) 38 mg (63%), and (g) 10 mg (13%).

Entry 3 in Table 9.4

A microwave vial was equipped with a stirrer bar and flame-dried. Diphenyl (1,2,3,6-tetrahydro-[1,1'-
biphenyl]-4-yl) phosphate 115b (102 mg, 0.25 mmol, 1.0 eq.), PEPPSI S’Pr (2 mg, 2.5%10°3 mmol, 1.0
mol%), diethyl ether (1 mL), and phenylmagnesium bromide (0.38 mL, ¢ =1 M in THF, 0.38 mmol, 1.5
eq.) were added. The reaction vessel was heated to 80 °C under microwave irradiation for 15 min.
The crude product was partitioned between diethyl ether (5 mL) and water (5 mL). The aqueous
phase was washed with diethyl ether (3 x 5 mL) and the organic phase was dried over sodium
sulfate, filtered, and the solvent was removed in vacuo. The product was purified with flash column
chromatography using petrol ether as the eluent. Yield of the desired product 140b: 30 mg (50%)
yield of the homocoupled enol phosphate 141b: 4 mg (5% yield).

Entry 4 in Table 9.4
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Following General procedure D for the optimisation of the Kumada cross coupling reaction, data is
presented in the following format: (a) amount of phenylmagnesium bromide, (b) addition time of
phenylmagnesium bromide, (c) reaction temperature, (d) reaction time, (e) yield of product 140b,

and (f) yield of homocoupled enol phosphate 141b.

(a) phenylmagnesium bromide (0.76 mL, c =1 M in THF, 0.76 mmol, 3.0 eq.), (b) 1 min, (c) 0 °C, (d) 1
h, (e) 38 mg (63%) and (g) 8 mg (10%).

Entry 5in Table 9.4

A flame-dried microwave vial was allowed to cool to room temperature under an argon atmosphere
and charged with PEPPSI S’Pr (2 mg, 2.5%10°3 mmol, 1.0 mol%) and phenylmagnesium bromide (0.38
mL, ¢ =1 M in THF, 0.38 mmol, 1.50 eq.). Thereafter, the mixture was stirred for 5 min before the
addition of the solution of diphenyl (1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl) phosphate 115b (102
mg, 0.25 mmol, 1.0 eq.) in diethyl ether (1 mL) over 1 h. The reaction was stirred for 1 hour, then the
reaction mixture was partitioned between water (5 mL) and diethyl ether (5 mL). The organic phase
was washed with brine (2 mL), dried over sodium sulfate, filtered, and the solvent was evaporated in
vacuo. The product was purified by flash column chromatography using petrol ether as the eluent.

Yield of product 140b: 40 mg (66%), yield of the by-product enol phosphate 141b :(13 mg (16%).
Entry 6 in Table 9.4

A microwave vial was equipped with a stirrer bar and flame-dried. diphenyl (1,2,3,6-tetrahydro-[1,1'-
biphenyl]-4-yl) phosphate 115b (102 mg, 0.25 mmol, 1.0 eq.), PEPPSI S’Pr (2 mg, 2.5%10°3 mmol, 1.0
mol%), diethyl ether (1 mL) were added and the reaction was stirred for 5 min at room temperature.
The solution of phenylmagnesium bromide (0.38 mL, c =1 M in THF, 0.38 mmol, 1.50 eq.) was added
over 1 h via a syringe pump and then the reaction was stirred for a further hour. The crude product
was partitioned between diethyl ether (5 mL) and water (5 mL). The agqueous phase was washed
with diethyl ether (3 x 5 mL) and the organic phase was dried over sodium sulfate, filtered, and the
solvent was removed in vacuo. The product was purified with flash column chromatography using
petrol ether as the eluent. Yield of the desired product 140b: 48 mg (82%), yield of the homocoupled
by-product:2 mg (2%).

Entry 1 in Table 9.5

Following General procedure E for the Kumada cross coupling reaction (catalyst loading screen), data
is presented in the following format: (a) amount of PEPPSI SPPr, (b) yield of cross coupled product

140b, and (c) yield of homocoupled product 141b.
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(a) PEPPSI S’Pr (1 mg, 1.25*%10°3 mmol, 0.5 mol%), (b) 26 mg (44%), and (c) 4 mg (4%).
Entry 2 in Table 9.5

Following General procedure E for the Kumada cross coupling reaction (catalyst loading screen), data
is presented in the following format: (a) amount of PEPPSI SPPr, (b) yield of cross coupled product

140b, and (c) yield of homocoupled product 141b.
(a) PEPPSI S’Pr (10 mg, 1.25*102 mmol, 5.0 mol%), (b) 51 mg (87%), and (c) 0 mg (0%).
Entry 1 in Table 9.6

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate and (b) yield of product 140a.

(a) 4-(tert-butyl)cyclohex-1-en-1-yl diphenyl phosphate 115a (386 mg, 1.0 mmol, 1.0 eq.) and (b) 188
mg (88%).

Characterisation of 4-(tert-butyl)-2,3,4,5-tetrahydro-1,1'-biphenyl 140a:>®
Obtained as a white solid.

Ph

Bu
140a

M. p. 85-88 °C (lit.: not reported)

IH NMR (CDCls): 7.39-7.34 (m, 2H, ArH), 7.31-7.26 (m, 2H, ArH), 7.22-7.16 (m, 1H, ArH), 6.13-6.10 (m,
1H, CH=CH,), 2.56-2.35 (m, 2H, CHz), 2.29-2.19 (m, 1H, CH), 2.01-1.90 (m, 2H, CH), 1.40-1.22 (m, 2H,
CH.), 0.90 (s, 9H, CHs) ppm.

13C NMR (CDCl3): 142.5, 136.6, 128.4 (2C), 128.2 (2C), 126.7, 125.1, 44.0, 32.4, 29.1, 27.7, 27.5, 24.6
(3C) ppm.

Vmax (cm™): 2951, 2916, 2866, 2835, 1494, 1467, 1442, 1363, 912, 746.

Entry 2 in Table 9.6
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Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate and (b) yield of product 140g.

(a) 4-(n-propyl)cyclohex-1-en-1-yl diphenyl phosphate 115g (372 mg, 1.0 mmol, 1.0 eq.) and (b) 174
mg (87%).

Characterisation of 4-(n-propyl)-2,3,4,5-tetrahydro-1,1'-biphenyl 140g:
Obtained as a colourless oil.

Ph

npr
140g

IH NMR (CDCls): 7.33-7.28 (m, 2H, ArH), 7.25-7.19 (m, 2H, ArH), 7.15-7.09 (m, 1H, ArH), 6.06-5.99 (m,
1H, CH=CH,), 2.42-2.34 (m, 2H, CHa), 2.29-2.20 (m, 1H, CH.), 1.88-1.69 (m, 2H, CHz), 1.58-1.48 (m,
1H, CH,), 1.36-1.11 (m, 5H, CH., CH), 0.85 (t, J = 7.0 Hz, 3H, CHs) ppm.

13C NMR (CDCls): 142.6, 136.6, 128.4 (2C), 126.7 (2C), 125.2, 124.6, 38.9, 33.1, 32.9, 29.6, 27.7, 20.3,

14.6 ppm.

Vmax (cM™): 2953, 2910, 2868, 1492, 1452, 916, 758, 742.

HR-MS (El): m/z calculated for M = CysHa0, theoretical [M*]: 200.1565. Found: 200.1571.
Entry 3 in Table 9.6

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate and (b) yield of product 140c.

(a) 4-methylcyclohex-1-en-1-yl diphenyl phosphate 115c (344 mg, 1.0 mmol, 1.0 eq.) and (b) 112 mg
(65%).

Characterisation of 4-methyl-2,3,4,5-tetrahydro-1,1'-biphenyl 140c:

Obtained as a colourless oil.
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Ph

Me
140c

IH NMR (CDCls): 7.34-7.29 (m, 2H, ArH), 7.25-7.20 (m, 2H, ArH), 7.16-7.11 (m, 1H, ArH), 6.04-5.99 (m,
1H, CH=CH,), 2.43-2.34 (m, 2H, CH.), 2.28-2.14 (m, 1H, CH), 1.83-1.60 (m, 3H, CHz), 1.36-1.25 (m, 1H,
CH,), 0.94 (d, J = 6.5 Hz, 3H, CHs) ppm.

13C NMR (CDCls): 142.7, 136.4, 128.4 (2C), 126.8 (2C), 125.1, 124.5, 34.7, 31.5, 28.3, 27.6, 21.9 ppm.
Vmax (cm™): 2947, 2920, 2868, 2850, 1494, 1454, 1257, 894, 783, 740.

HR-MS (El): m/z calculated for M = Cy3Hs6, theoretical [M*]: 172.1252. Found: 172.1254.

Entry 4 in Table 9.6

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate and (b) yield of product 140d.

(a) 1-methyl-1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl diphenyl phosphate 115d (420 mg, 1.0 mmol,
1.0 eq.) and (b) 236 mg (95%).

Characterisation of 1'-methyl-1',2',3',6'-tetrahydro-1,1":4',1"-terphenyl 140d:
Obtained as a colourless oil.

Ph

Ph
140d

IH NMR (CDCls): 7.34-7.26 (m, 4H, ArH), 7.25-7.18 (m, 4H, ArH), 7.15-7.07 (m, 2H, ArH), 6.16-6.11 (m,
1H, CH=CH,), 2.59-2.63 (m, 1H, CHa), 2.42-2.32 (m, 1H, CH,), 2.62 (m, 1H, CH,), 2.19-2.07 (m, 1H,
CH,), 2.06-1.97 (m, 1H, CH,), 1.87-1.78 (m, 1H, CH,), 1.26 (s, 3H, CHs) ppm.

13C NMR (CDCls): 149.3, 142.1, 136.0, 128.4 (2C), 128.3 (2C), 126.9 (2C), 125.9, 125.6 (2C), 125.1,
123.5, 38.5, 36.4, 35.6, 28.9, 25.5 ppm.

-212 -



Vmax (cm™): 2950, 2915, 2898, 1597, 1495, 1444, 1026, 905, 762, 745, 693.
HR-MS (EIl): m/z calculated for M = CigH>0, theoretical [M*]: 248.1565. Found: 248.1570.
Entry 5 in Table 9.6

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate and (b) yield of product 140e.

(a) 4-((tert-butyldimethylsilyl)oxy)cyclohex-1-en-1-yl diphenyl phosphate 115e (461 mg, 1.0 mmol,
1.0 eq.) and (b) 254 mg (88%).

Characterisation of tert-butyldimethyl((2,3,4,5-tetrahydro-[1,1'-biphenyl]-4-yl)oxy)silane 140e:
Obtained as a yellow oil.

Ph

OTBDMS

140e

IH NMR (CDCls): 7.39-7.34 (m, 2H, ArH), 7.31-7.26 (m, 2H, ArH), 7.22-7.17 (m, 1H, ArH), 5.99-5.93 (m,
1H, CH=CH,), 4.04-3.89 (m, 1H, OCH), 2.66-2.54 (m, 1H, CH,), 2.53-2.38 (m, 1H, CH,), 2.25-2.13 (m,
2H, CH,), 1.98-1.71 (m, 2H, CH2), 0.91 (s, 9H, CCHs) ), 0.10 (s, 3H, CH3), 0.09 (s, 3H, CH3) ppm.

13C NMR (CDCls): 142.0, 136.4, 128.4 (2C), 126.9 (2C), 125.2, 122.4, 67.8, 35.8, 32.3, 26.6, 26.2
(3C),17.8, - 4.37 (2C) ppm.

vmax (cm™): 2950, 2926, 2885, 2854, 1463, 1253, 1100, 872, 836, 777, 756, 695.
HR-MS (Cl): m/z calculated for M = C15H,50Si, theoretical [M*]: 288.1931. Found: 288.1910.
Entry 6 in Table 9.6

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate and (b) yield of product 140f.

(a) 4-(dimethylamino)cyclohex-1-en-1-yl diphenyl phosphate 115f (373 mg, 1.0 mmol, 1.0 eq.) and
(b) 164 mg (82%).

Characterisation of N,N-dimethyl-2,3,4,5-tetrahydro-[1,1'-biphenyl]-4-amine 140f:
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Obtained as a yellow oil.
Ph

/N\

140f

IH NMR (CDCls): 7.30-7.12 (m, 5H, ArH), 5.94-5.87 (m, 1H, CH=CH,), 2.85-2.72 (m, 1H, NCH), 2.62-
2.44 (m, 3H, CH,), 2.43 (s, 6H, NCHs), 2.30-2.12 (m, 2H, CH,), 1.68-1.55 (m, 1H, CH.) ppm.

13C NMR (CDCls): 140.8, 136.9, 128.5 (2C), 127.4 (2C), 125.2, 121.6, 61.5, 40.3 (2C), 27.5, 26.6, 24.5

ppm.

vmax (cm™): 2964, 2924, 2560, 2467, 1489, 1251, 1210, 1091, 762, 745, 693.
HR-MS (APCl): m/z calculated for M = C14H20N, theoretical [M+H]*: 202.1589. Found: 202.1590.
Entry 7 in Table 9.6

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate and (b) yield of product 140h.

(a) diphenyl (1,4-dioxaspiro[4.5]dec-7-en-8-yl) phosphate 115h (388 mg, 1.0 mmol, 1.0 eq.) and (b)
162 mg (75%).

Characterisation of 8-phenyl-1,4-dioxaspiro[4.5]dec-7-ene 140h: 1*®
Obtained as a colourless oil.

Ph

oo
-/
140h

IH NMR (CDCls): 7.39-7.29 (m, 2H, ArH), 7.26-7.20 (m, 2H, ArH), 7.18-7.12 (m, 1H, ArH), 5.94-5.88 (m,
1H, CH=CH,), 3.97-3.93 (m, 4H, OCH,), 2.63-2.55 (m, 2H, CH,), 2.42-2.38 (m, 2H, CH,), 1.86 ppm (m,
2H, CH,).
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13C NMR (CDCls): 141.7, 136.6, 128.4 (2C), 127.2 (2C), 125.4, 121.8, 108.1, 64.7 (2C), 36.4, 31.6, 30.0

ppm.
vmax (cm™): 2947, 2924, 2877, 1242, 1112, 1056, 1022, 864, 761, 738, 692.
Entry 1in Table 9.7

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate, (b) yield of product 140b and (c) enatiomeric ratio of product 140b.

(a) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115b (406 mg, 1.0 mmol, 1.0 eq.), (b) 225 mg
(87%) and (c) 99:1.

Ph

Ph

291b

Chiral analysis: HPLC OJ column, 0.40 mL/min, detector 254 nm, hexane. t;= 77.4 min (major) and t=

82.3 min (minor).
Entry 2 in Table 9.7

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate, (b) yield of product 140a and (c) enatiomeric ratio of product 140a.

(a) 4-(tert-butyl)cyclohex-1-en-1-yl diphenyl phosphate 115a (386 mg, 1.0 mmol, 1.0 eq.), (b) 171 mg
(80%) and (c) 93:7.

Ph

Bu
140a

Chiral analysis: HPLC OD-H column, 0.40 mL/min, detector 254 nm, hexane. t;= 34.8 min (major) and

t,= 38.2 min (minor).

Entry 3 in Table 9.7
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Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate, (b) yield of product 140g and (c) enatiomeric ratio of product 140g.

(a) 4-(n-propyl)cyclohex-1-en-1-yl diphenyl phosphate 115g (372 mg, 1.0 mmol, 1.0 eq.), (b) 180 mg
(90%) and (c) 91:9.

Ph

npr
291c

Chiral analysis: HPLC OD-H column, 0.20 mL/min, detector 254 nm, hexane. t;= 62.3 min (major) and

t,= 66.1 min (minor).
Entry 4 in Table 9.7

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate, (b) yield of product 140c and (c) enatiomeric ratio of product 140c.

(a) 4-methylcyclohex-1-en-1-yl diphenyl phosphate 115c¢ (344 mg, 1.0 mmol, 1.0 eq.), (b) 158 mg
(92%) and (c) 52:48.

Ph

Me
115¢

Chiral analysis: HPLC OD-H column, 0.30 mL/min, detector 254 nm, hexane. t;= 37.7 min (major) and

t,=39.8 min (minor).
Entry 5 in Table 9.7

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate, (b) yield of product 140g and (c) enatiomeric ratio of product 140g.

(a) 4-(n-propyl)cyclohex-1-en-1-yl diphenyl phosphate 115g (372 mg, 1.0 mmol, 1.0 eq.), (b) 182 mg
(91%) and (c) 91:9.

Entry 6 in Table 9.7
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Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate, (b) yield of product 140c and (c) enatiomeric ratio of product 140c.

(a) 4-methylcyclohex-1-en-1-yl diphenyl phosphate 115c¢ (344 mg, 1.0 mmol, 1.0 eq.), (b) 160 mg
(93%) and (c) 84:16.

Entry 7 in Table 9.7

Following General procedure F for the Kumada cross coupling reaction, data is presented in the
following format: (a) substrate, (b) yield of product 140e and (c) enatiomeric ratio of product 140e
(a) 1-methyl-1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl diphenyl phosphate 115e (420 mg, 1.0 mmol, 1.0
eq.), (b) 234 mg (94%) and (c) 86:14.

Ph

pH *
140e

Chiral analysis: HPLC OD-H column, 0.40 mL/min, detector 254 nm, hexane. t;= 85.6 min (major) and

t,= 89.0 min (minor).
Entry 8 in Table 9.7

Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate, (b) yield of product 140e and (c) enatiomeric ratio of product 140e

(a) 4-((tert-butyldimethylsilyl)oxy)cyclohex-1-en-1-yl diphenyl phosphate 115e (461 mg, 1.0 mmol,
1.0 eq.), (b) 260 mg (90%) and (c) 95:5.

Ph

OTBDMS

140e

Chiral analysis: HPLC OD-H column, 0.30 mL/min, detector 254 nm, hexane. t;= 32.4 min (major) and

t,= 44.1 min (minor).

Entry 9 in Table 9.7
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Following General procedure F for the Kumada cross coupling reaction, data is presented in the

following format: (a) substrate, (b) yield of product 140f and (c) enatiomeric ratio of product 140f

(a) 4-(dimethylamino)cyclohex-1-en-1-yl diphenyl phosphate 115f (373 mg, 1.0 mmol, 1.0 eq.), (b)
160 mg (80%) and (c) -:-.

Ph

/N\

291g

Chiral analysis: -.
Entry 1in Table 9.8

Following general procedure G, data is presented in the following format: (a) amount of ketone 253,

(b) amount of toluene, (c) amount of p-TSA and (d) yield of product 145.

(a) 4-(tert-butyl)cyclohexan-1-one 25a (154 mg, 1.0 mmol, 1.0 eq., (b) 10 mL, (c) N,N-
dimethylhydrazine, 0.23 mL, 3.0 mmol, 3.0 eq., (d) p-TSA, 10 mg, 0.05 mmol, 5 mol%, and (e) 122 mg
(62% ).

Characterisation of 2-(4-(tert-butyl)cyclohexylidene)-1,1-dimethylhydrazine 145:*’

145

Obtained as a yellow oil.

IH NMR (CDCls): 3.31-3.24 (m, 1H, CH,), 2.46-2.38 (m, 7H, NCHs, CH,), 2.14-2.04 (m, 1H, CH,), 1.98-
1.86 (m, 2H, CHy), 1.79-1.65 (m, 1H, CH,), 1.31-1.07 (m, 3H, CH,, CH), 0.85 (s, 9H, CHs) ppm.

13C NMR (CDCls): 170.4, 47.9, 47.8 (2C), 35.9, 32.7, 28.5, 28.3, 27.8, 27.5 (3C) ppm.

Vmax (cm™): 2945, 1465, 1365, 993, 964, 557, 534, 526, 509, 499, 484, 478, 468, 454, 432, 406.
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Entry 2 in Table 9.8

Following general procedure G, data is presented in the following format: (a) amount of ketone 25a,

(b) amount of toluene, (c) amount of p-TSA and (d) yield of product 145.

(a) 4-(tert-butyl)cyclohexan-1-one 25a (462 mg, 3.0 mmol, 1.0 eq.), (b) 30 mL, (c) N,N-
dimethylhydrazine (0.69 mL, 9.0 mmol, 3.0 eq.), (d) p-TSA (30 mg, 0.15 mmol, 5 mol%) and (e) 389
mg (66%).

Scheme 9.13%1°%%%°

A solution of LDA in THF was prepared as described in General Procedure H. The solution was cooled
to -78 °C and hydrazine 145 (154 mg, 1.0 mmol, 1.0 eq.) in THF (5 mL) was added. The resulting
reaction mixture was stirred for 15 h. After this period, the reaction mixture was cooled to -78 °C
and 4-bromo-1-butene (0.12 mL, 1.2 mmol, 1.2 eq.) was added. The cooling bath was removed and
the reaction was stirred at rt for 15 h. The crude mixture was poured into a biphasic mixture of Et,0
(20 mL) and 2 M H3S04 (20 mL). The resulting mixture was stirred for 1 h vigorously and then the
phases were separated. The aqueous phase was washed with Et,0 (3 x 20 mL) and the combined
organic phase was dried over Na;SO, and filtered. The solvent was evaporated in vacuo and the
crude product was analysed by *H NMR spectroscopy. Unfortunately, no product formation was
detected and, 4-(tert-butyl)cyclohexan-1-one 25a was recovered 171 mg (87%, resulting from

hydrolysis of the starting hydrazine).
Entry 1in Table 9.9

Following General Procedure H for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a), deprotonation reaction time, (b) conversion towards

product 147, and (c) conversion towards 4-(tert-butyl)cyclohexan-1-one 25a.
(@) 1 h, (b) —, and (c) 99%.
Entry 2 in Table 9.9

Following General Procedure H for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a), deprotonation reaction time, (b) conversion towards

product 147, and (c) conversion towards 4-(tert-butyl)cyclohexan-1-one 25a.
(a) 2 h, (b) -, and (c) 98%.

Entry 3 in Table 9.9
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Following General Procedure H for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a), deprotonation reaction time, (b) conversion towards

product 147, and (c) conversion towards 4-(tert-butyl)cyclohexan-1-one 25a.
(a) 4 h, (b) —, and (c) 99%.
Entry 4 in Table 9.9

Following General Procedure H for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a), deprotonation reaction time, (b) conversion towards

product 147, and (c) conversion towards 4-(tert-butyl)cyclohexan-1-one 25a.
(a) 4 h, (b) —, and (c) 97%.
Entry 1 in Table 9.10

Following General procedure J for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a) deprotonation temperature, (b) deprotonation reaction
time, (c) conversion towards product 147 and (d) conversion towards unreacted starting material 4-

(tert-butyl)cyclohexan-1-one 25a.
(a)-78 °C, (b) 1 h, (c) —and (d) 99%.
Entry 2 in Table 9.10

Following General procedure J for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a) deprotonation temperature, (b) deprotonation reaction
time, (c) conversion towards product 147 and (d) conversion towards unreacted starting material 4-

(tert-butyl)cyclohexan-1-one 25a.
(a) -78 °C, (b) 2 h, (c) —and (d) 99%.
Entry 3 in Table 9.10

Following General procedure J for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a) deprotonation temperature, (b) deprotonation reaction
time, (c) conversion towards product 147 and (d) conversion towards unreacted starting material 4-

(tert-butyl)cyclohexan-1-one 25a.
(a) -78 °C, (b) 4 h, (c) —and (d) 99%.

Entry 4 in Table 9.10
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Following General procedure J for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a) deprotonation temperature, (b) deprotonation reaction
time, (c) conversion towards product 147 and (d) conversion towards unreacted starting material 4-

(tert-butyl)cyclohexan-1-one 25a.
(a) -78 °C, (b) 8 h, (c) —and (d) 99%.
Entry 1in Table 9.11

Following General procedure J for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a) deprotonation temperature, (b) deprotonation reaction

time and (c) conversion towards product 147.
(a)0°C, (b) 1 h, (c) 60%
Characterisation of 4-(tert-butyl)-2-methylcyclohexan-1-one 147: 1%

0]

Bu
147
Obtained as a yellow oil
Mixture of distereomers is reported d.r. =1.0: 0.7.

'H NMR (CDCls): 2.38-2.18 (m, 3.4H, CH,), 2.06-1.97 (m, 1.7H, CH), 1.98-1.85 (m, 0.7H, CH,), 1.70-
1.57 (m, 1.7H, CH,), 1.57-1.48 (m, 1.7H, CH), 1.45-1.16 (m, 4.1H, CH>), 1.09 (d, J = 6.9 Hz, 2.1H, CH;),
0.95 (d, J = 7.3 Hz, 3H, CH3s), 0.83 (s, 9H, C(CHs)s), 0.84 (s, 6.3H, C(CHs)3) ppm.

13C NMR (CDCls): 216.7, 214.0, 47.3, 44.8, 41.5, 38.8, 37.5, 30.5, 29.2, 28.9, 27.9 (3C), 27.6 (3C), 23.8,
23.2,17.0, 15.0, 14.2, 11.2 ppm.

Vmax(cm™): 2954, 2933, 1712, 1271, 1120, 1070, 742.
Entry 2 in Table 9.11

Following General procedure J for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a) deprotonation temperature, (b) deprotonation reaction

time and (c) conversion towards product 147.
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(@) 0°C, (b)1 h,(c)73%
Entry 3 in Table 9.11

Following General procedure J for the deprotonation and alkylation of hydrazine 145 with Mel, data
is presented in the following format: (a) deprotonation temperature, (b) deprotonation reaction

time and (c) conversion towards product 147.
(a)0°C, (b)1h,(c)62%
Scheme 9.17

Following General procedure W for the alkylation of hydrazine 297 with bromo acyclic electrophiles,

data is presented in the following format: (a) electrophile and (b) yield of product.
(a) 4-bromo-1-butene, 0.12 mL, 1.2 mmol, 1.2 eq. and (b) 142 mg (68%).

Charactesiation of 2-(but-3-en-1-yl)-4-(tert-butyl)cyclohexan-1-one 146:1%!

146

Obtained as a colourless oil.

IH NMR (CDCls): 5.79-5.72 (m, 1H, CH), 4.98-4.96 (dq, 3/ = 17.4 Hz, 1.6 Hz, 1H, CH), 4.93-4.88 (m, 1H,
CH), 2.38-2.29 (m, 2H, CH.), 2.27-2.18 (m, 1H, CH), 2.07-1.87 (m, 3H, CH.), 1.81-1.70 (m, 2H, CH>),
1.64-1.33 (m, 4H, CH_), 0.84 (s, 9H, C(CH3)3) ppm.

13C NMR (CDCls): 215.9, 138.0, 115.4, 48.7, 41.6, 38.7, 32.6, 31.59, 31.56, 30.9, 27.6 (3C), 27.1 ppm.
vmax (cm™): 2943, 2908, 2866, 1708, 1365, 908.
Scheme 9.18

Following General Procedure C for the synthesis of racemic enol phosphates, data is presented in the

following format: (a) substrate 146 and (b) yield of product 142.
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(a) 2-(but-3-en-1-yl)-4-(tert-butyl)cyclohexan-1-one 146 (208 mg, 1 mmol, 1.0 eq., and (b) 0%;

starting ketone 146 was recovered quantitatively 208 mg (100%) yield.
Entry 1 in Table 9.12

Following General Procedure L for the preparation D-298, data is presented in the following format:

(a) additive, (b) base, (c) reaction temperature, and (d) deuterium incorporation.

(a) DMPU, 0.05 mL, 0.40 mmol, 4 eq., (b) di-tert-butylmagnesium, 0.1 mL, ¢ = 0.5 mmol/mL, 0.05
mmol, 0.5 eq., (c) rt, and (d) 0% D.

Entry 2 in Table 9.12

Following General Procedure L for the preparation D-298, data is presented in the following format:

(a) additive, (b) base, (c) reaction temperature, and (d) deuterium incorporation.

(a) LiCl, 42 mg, 1.0 mmol, 10 eq., (b) di-tert-butylmagnesium, 0.1 mL, ¢ = 0.5 mmol/mL, 0.05 mmol,
0.5 eq., (c) rt, and (d) 0% D.

Entry 3 in Table 9.12

Following General Procedure L for the preparation D-298, data is presented in the following format:

(a) additive, (b) base, (c) reaction temperature, and (d) deuterium incorporation.

(a) LiCl, 42 mg, 1.0 mmol, 10 eq., (b) di-tert-butylmagnesium, 0.1 mL, c = 0.5 mmol/mL, 0.05 mmaol,
0.5 eq., (c) reflux, and (d) 0% D.

Entry 4 in Table 9.12

Following General Procedure L for the preparation D-298, data is presented in the following format:

(a) additive, (b) base, (c) reaction temperature, and (d) deuterium incorporation.

(a) LiCl, 42 mg, 1.0 mmol, 10 eq., (b) tert-butylmagnesium chloride, 0.05 mL, ¢ = 2.0 mmol/mL, 0.1
mmol, 1.0 eq., (c) 0 °C, and (d) 0% D.

Entry 5 in Table 9.12

Following General Procedure L for the preparation D-298, data is presented in the following format:

(a) additive, (b) base, (c) reaction temperature, and (d) deuterium incorporation.

(a) LiCl, 42 mg, 1.0 mmol, 10 eq.), (b) tert-butylmagnesium chloride, 0.05 mL, c = 2.0 mmol/mL, 0.1
mmol, 1.0 eq., (c) rt, and (d) 0% D.
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Entry 6 in Table 9.12

Following General Procedure L for the preparation D-298, data is presented in the following format:

(a) additive, (b) base, (c) reaction temperature, and (d) deuterium incorporation.

(a) DMPU, 0.05 mL, 0.40 mmol, 4 eq., (b) bismesitylmagnesium, 0.15 mL, ¢ = 0.5 mmol/mL, 0.75
mmol, 0.75 eq., (c) rt, and (d) >99% D.

Scheme 9.20

Following General Procedure M for the preparation enol phosphates with Mes,Mg, data is presented

in the following format: (a) substrate and (b) yield of product.

(a) 2-(but-3-en-1-yl)-4-(tert-butyl)cyclohexan-1-one, 208 mg, 1.0 mmol, 1.0 eq. and (b) 374 mg, 85%

yield.
Characterisation of 6-(but-3-en-1-yl)-4-(tert-butyl)cyclohex-1-en-1-yl diphenyl phosphate 142:

OP(O)(OPh),
X

ﬁlll
c

142

Obtained as colourless oil.

'H NMR (CDCl3): 7.41-7.33 (m, 4H, ArH), 7.29-7.18 (m, 5H, ArH), 6.92-6.80 (m, 1H, ArH), 5.76-5.65 (m,
1H, CH), 5.63-5.58 (m, 1H, CH), 5.02-4.92 (m, 2H, CH.), 2.34-2.26 (m, 2H, CH,), 2.16-2.04 (m, 2H,
CH;), 2.00-1.82 (m, 2H, CH;), 1.81-1.66 (m, 2H, CH), 1.40-1.34 (m, 2H, CH.), 0.89 (s, 9H, CHs) ppm.

13C NMR (CDCls): 151.2 (d, Ycp = 10.6 Hz), 150.8 (d, Zc = 8.2 Hz), 138.5, 130.0 (4C), 126.6 (4C), 120.4
(d, 4C, 3Jcp = 4.4 Hz), 114.9, 111.7 (d, 2C, *Jcp = 4.8 Hz), 38.3, 37.3 (d, 1C, 3Jcp = 4.7 Hz), 32.1, 31.9,
31.0, 27.5 (3C), 27.4, 25.5 ppm.

31p NMR (CDCl3): -17.5 ppm
Vmax(cm™): 2951, 2935, 1487, 1296, 1186, 1101, 945, 906, 769, 752, 686.
HR-MS (APCIl): m/z calculated for M = CyH3404P, theoretical [M+H]" : 441.2195. Found: 441.2190.

Scheme 9.21
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Following General Procedure N, data is presented in the following format: (a) substrate, (b) additive,

and (c) yield of product.

(a) 6-(but-3-en-1-yl)-4-(tert-butyl)cyclohex-1-en-1-yl diphenyl phosphate 142 (220 mg, 0.5 mmol, 0.5
eq.), (b) none, and (c) 26 mg (19%).

Characterisation of 2-(but-3-en-1-yl)-4-(tert-butyl)-2,3,4,5-tetrahydro-1,1'-biphenyl 143:

Ph

ﬁlll
c

143

Obtained as a colourless oil.

'H NMR (CDCl3): 7.35-7.29 (m, 2H, ArH), 7.24-7.18 (m, 3H, ArH), 5.96-5.83 (m, 1H, CH), 5.80-5.63 (m,
1H, CH), 5.60-5.32 ( dd, %/ = 18.6 Hz, 1.7 Hz,, 1H, CH), 5.02-4.85 (m, 1H, CH), 2.85-2.68 (m, 2H, CH.),
2.44-2.16 (m, 3H, CH,), 2.15-2.08 (m, 2H, CHa), 2.07-1.95 (m, 1H, CH,), 1.46-1.40 (m, 1H, CH), 1.39-
1.35 (m, 1H, CH), 0.90 (s, 9H, CHs) ppm.

13C NMR (CDCls): 143.1, 142.6, 142.1, 139.2, 129.4, 128.2, 126.7, 125.8, 37.6, 36.4, 33.8, 33.3, 32.3,
28.2,27.5,27.4 ppm.

Vmax (cm™?):2937, 2912, 2860, 1492, 1467, 1452, 1363, 906, 758, 696.

HR-MS (APCl): m/z calculated for M = CyoHas, theoretical [M+H]*: 269.2269. Found: 269.2262.

Scheme 9.22

Following General Procedure N, data is presented in the following format: (a) substrate, (b) additive,

and (c) yield of product.

(a) 6-(but-3-en-1-yl)-4-(tert-butyl)cyclohex-1-en-1-yl diphenyl phosphate 142 (220 mg, 0.5 mmol, 0.5
eq.), (b) iso-propyl iodide (0.055 mL, 0.55 mmol, 1.1 eq.) and (c) 30 mg (22%).

Scheme 9.22
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Following General Procedure N, data is presented in the following format: (a) substrate, (b) additive,

and (c) yield of product.

(a) 6-(but-3-en-1-yl)-4-(tert-butyl)cyclohex-1-en-1-yl diphenyl phosphate 142(220 mg, 0.5 mmol, 1.0
eq.), (b) iso-propyl iodide(0.055 mL, 0.55 mmol, 1.1 eq.) and (c) 30 mg (22%).

Scheme 9.23

Following General Procedure K for the alkylation of hydrazine 145 with bromo acyclic electrophiles,

data is presented in the following format: (a) electrophile and (b) yield of product.

(a) 1-bromo-butane (0.13 mL, 1.2 mmol, 1.2 eq.) and (b) 143 mg (62%).

Characterisation of 4-(tert-butyl)-2-butylcyclohexan-1-one 149:

ﬁln
c

149

Obtained as a colourless oil.

IH NMR (CDCls): 2.43-2.24 (m, 2H, CH.), 2.23-2.14 (m, 1H, CH), 1.98-1.88 (m, 1H, CH,), 1.80-1.71 (m,
1H, CH.), 1.68-1.49 (m, 3H, CH.), 1.44-1.36 (m, 2H, CH), 1.29-1.17 (m, 4H, CH.), 0.83 (s, 9H, C(CHs)s),
0.82 (t, J=7.2 Hz, 3H, CHs) ppm.

13C NMR (CDCls): 216.2, 49.6, 41.5, 38.6, 32.5, 31.7, 31.0, 29.6, 27.7 (3C), 27.4, 22.7, 14.1 ppm.
Vmax (cm™): 2951, 2931, 2866, 1708, 1365.

HR-MS (APCl): m/z calculated for M = C14H>70, theoretical [M+H]*: 211.2056. Found: 211.2058.
Scheme 9.24

Following General Procedure M for the preparation enol phosphates with Mes,Mg, data is presented

in the following format: (a) substrate and (b) yield of product.

(a) 4-(tert-butyl)-2-butylcyclohexan-1-one 149:(210 mg, 1.0 mmol, 1.0 eq.) and (b) 372 mg (84%).

-226-



Characterisation of 4-(tert-butyl)-6-butylcyclohex-1-en-1-yl diphenyl phosphate 148:

Obtained as a colourless oil.

OP(O)(OPh),

ﬁlll
[

148

IH NMR (CDCls): 7.31-7.23 (m, 3H, ArH), 7.19-7.08 (m, 6H, ArH), 6.58-6.71 (m, 1H, ArH), 5.67-5.60 (m,
1H,C=CH), 2.18-2.09 (m, 1H, CH), 2.03-1.92 (m, 1H, CH,), 1.83-1.71 (m, 1H, CH), 1.70-1.64 (m, 1H,
CH,), 1.52-1.43 (m, 1H, CH,), 1.30-1.00 (m, 7H, CH>), 0.79 (s, 9H, CHs), 0.77 (t, J = 7.1 Hz, 3H, CHs)

ppm.

13C NMR (CDCls): 151.6 (d, 2cp = 10.3 Hz), 150.9 (d, 2cp = 8.0 Hz), 129.9 (4C), 125.6 (4C), 120.4 (4C,
3Jep = 4.4 Hz), 111.3 (d, 2C, *Jcp = 4.8 Hz), 43.6, 38.3, 37.9 (d, ¥Jcp = 4.8 Hz), 32.1, 31.4, 30.0, 27.5 (3C),
25.6, 22.9,14.3 ppm.

3P NMR (CDCl5): -17.5 ppm

Vmax (cm™): 2954, 2929, 2862, 1487, 1184, 948, 752, 686.

HR-MS (APCl): m/z calculated for M = C6H3504P, theoretical [M+H]*: 443.2351. Found: 443.2349.
Scheme 9.25

Following General Procedure N, data is presented in the following format: (a) substrate, (b) additive

and (c) yield of product 150.

(a) 4-(tert-butyl)-6-butylcyclohex-1-en-1-yl diphenyl phosphate 148 (221 mg, 0.5 mmol, 1.0 eq.), (b)-
and (c) 31 mg (23%).

Characterisation of 4-(tert-butyl)-2-butyl-2,3,4,5-tetrahydro-1,1'-biphenyl 150:

Obtained as a colourless oil.
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Ph

ﬁlll
c

150

'H NMR (CDCls): 7.30-7.24 (m, 1H, ArH), 7.23-7.18 (m, 2H, ArH), 7.15-7.11 (m, 2H, ArH), 5.76-5.73 (m,
1H, C=CH), 2.71-2.60 (m, 1H, CH), 2.16-2.08 (m, 1H, CH), 2.01-1.95 (m, 1H, CH>), 1.91-1.74 (m, 2H,
CH;), 1.40-1.28 (m, 2H, CH;), 1.16-1.07 (m, 2H, CH>), 1.03-0.93 (m, 3H, CH;) 0.84 (s, 9H, CHs), 0.70 (t,
J=7.2 Hz, 3H, CH3) ppm.

13C NMR (CDCls): 142.6, 142.2, 127.5 (2C), 126.9 (2C), 125.9, 125.5, 43.3, 37.5, 33.6, 30.3, 29.3, 29.1,
27.2,26.7 (3C), 22.3, 13.6 ppm.

vmax (cm™): 2953, 2924, 2854, 1465, 1363, 1259, 1018, 798, 759.
HR-MS (APCl): m/z calculated for M = CyH30, theoretical [M-H]*: 269.2269. Found: 269.2271.
Scheme 9.82

A 2 mL microwave vial was equipped with a stirrer bar, closed with a suba seal, and flame dried
under an atmosphere of argon. Once cool, the vial was charged with 4-(tert-butyl)cyclohex-1-en-1-yl
diphenyl phosphate 262a (20 mg, 0.05 mmol, 1.0 eq.), PEPSSI S'Pr, and solvent (0.1 mL). The reaction
was set to -40 °C, n-butylmagnesium chloride (0.075 mmol, 1.5 eq.) was added rapidly, and the
reaction mixture was stirred for 16 h. After this time, MeOH (4 mL) was added to the mixture to
guench the unreacted Grignard reagent and the organic phase was filtered, dried over Na,;SO,, and
the solvent was evaporated in vacuo. To the crude mixture, internal standard, 1,2-dibromomethane

(3.5 uL, 0.05 mmol, 1.0 eq.), was added and the reaction was analysed by *H NMR spectroscopy.

Entry 1 in Table 9.13

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.
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(a) PEPSSI S'Pr (2.55 mg, 3.75*102 mmol, 7.5 mol%), (b) toluene (1 mL), (c) commercial Grignard
solution (38 pL, ¢ = 2.0 mmol/mL in Et,0, 0.075 mmol, 1.5 eq.), (d) -40 °C, (e) 95%, (f) <5% and (g)
N/A.

Entry 2 in Table 9.13

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.

(a) PEPSSI SPPr (0.34 mg, 5*10* mmol, 1.0 mol%), (b) toluene (1 mL), (c) commercial Grignard
solution (38 pL, ¢ = 2.0 mmol/mL in Et,0, 0.075 mmol, 1.5 eq.), (d) 0 °C, (e) 68%, (f) 25% and (g) 6%.

Entry 3 in Table 9.13

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.

(a) PEPSSI S'Pr (0.34 mg, 5*10* mmol, 1.0 mol%), (b) toluene (1 mL), (c) commercial Grignard
solution (38 pL, c = 2.0 mmol/mL in Et,0, 0.075 mmol, 1.5 eq.), (d) rt, (e) 51%, (f) 38% and (g) 11%.

Entry 4 in Table 9.13

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

11543, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.

(a) PEPSSI SPr (0.68 mg, 1*10° mmol, 2.0 mol%), (b) toluene (1 mL), (c) commercial Grignard
solution (38 pL, c = 2.0 mmol/mL in Et,0, 0.075 mmol, 1.5 eq.), (d) 0 °C, (e) 44%, (f) 44% and (g) 8%.

Entry 5 in Table 9.13

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.
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(a) PEPSSI SPr (0.68 mg, 1*10° mmol, 2.0 mol%), (b) toluene (1 mL), (c) commercial Grignard
solution (38 pL, c = 2.0 mmol/mL in Et,0, 0.075 mmol, 1.5 eq.), (d) 0 °C, (e) 74%, (f) 21% and (g) 4%.

Entry 6 in Table 9.13 (note: glassware was washed with aqua regia prior to use)

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.

(a) PEPSSI SPPr (0.68 mg, 1*103 mmol, 2.0 mol%), (b) toluene (1 mL), (c) commercial Grignard
solution (38 pL, ¢ = 2.0 mmol/mL in Et,0, 0.075 mmol, 1.5 eq.), (d) 0 °C, (e) 56%, (f) 40% and (g) 4%.

Entry 7 in Table 9.13 (note: glassware was washed with aqua regia prior to use)

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.

(a) PEPSSI S'Pr (0.68 mg, 1*10°° mmol, 2.0 mol%), (b) dist. toluene (1 mL), (c) commercial Grignard
solution (38 pL, c = 2.0 mmol/mL in Et,0, 0.075 mmol, 1.5 eq.), (d) 0 °C, (e) 58%, (f) 38% and (g) 4%.

Entry 8 in Table 9.13 (note: glassware was washed with aqua regia prior to use)

(a) PEPSSI S’Pr (0.68 mg, 1*10° mmol, 2.0 mol%), (b) Et,0 (1 mL), (c) commercial Grignard solution
(38 pL, c=2.0 mmol/mLin Et,0, 0.075 mmol, 1.5 eq.), (d) 0 °C, (e) 90%, (f) 10% and (g) N/A.

Entry 9 in Table 9.13 (note: glassware was washed with aqua regia prior to use)

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.

(a) PEPSSI S'Pr (0.68 mg, 1¥*103 mmol, 2.0 mol%), (b) THF (1 mL), (c) commercial Grignard solution
(38 pL, c=2.0 mmol/mLin Et,0, 0.075 mmol, 1.5 eq.), (d) 0 °C, (e) N/A, (f) N/A, and (g) N/A.

Entry 10 in Table 9.13 (note: glassware was washed with aqua regia prior to use)

-230-



Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.

(a) PEPSSI S’Pr (0.68 mg, 1*10°3 mmol, 2.0 mol%), (b) THF (1 mL), (c) the Grignard solution (0.15 mL,
¢ = 0.50 mmol/mL in Et,0, 0.075 mmol, 1.5 eq.) was prepared by General procedure P, (d) 0 °C, (e)
29%, (f) 71% and (g) N/A.

Entry 11 in Table 9.13 (note: glassware was washed with aqua regia prior to use)

Following General Procedure O for the optimisation of the cross coupling of enol phosphate 115a
with n-butylmagnesium chloride, data is presented in the following format: (a) amount of catalyst,
(b) solvent, (c) amount of n-butylmagnesium chloride, (d) temperature, (e) amount of unreacted

1154, (f) conversion to product 122a, and (g) conversion to homocoupled 141a.

(a) PEPSSI SPPr (1.12 mg, 1.5*10° mmol, 3.0 mol%), (b) THF (1 mL), (c) n-butylmagnesium chloride (3
(0.15 mL, ¢ = 0.50 mmol/mL in Et;0, 0.075 mmol, 1.5 eq.) was prepared by General procedure P, (d)
0°C, (e) N/A, (f) 87%, and (g) N/A.

Characterisation of 4-(tert-butyl)-1-butylcyclohex-1-ene 122a:6?

"Bu

By
122a

Obtained as colourless oil.

IH NMR (CDCls): 5.35-5.28 (m, 1H, C=CH), 1.99-1.82 (m, 6H, CH,), 1.77-1.62 (m, 2H, CH,), 1.34-1.02
(m, 3H, CH, CHa), 1.16-1.02 (m, 2H, CH,) 0.82 (t, J = 6.8 Hz, 3H, CHs), 0.79 (s, 9H, C(CHs)3) ppm.

13C NMR (CDCls): 138.1, 120.9, 44.5, 37.5, 32.4, 30.3, 30.0, 27.5 (3C), 27.0, 24.6, 22.7, 14.2 ppm.
Vmax (cm™): 2953, 2922, 2870, 1465, 1363, 912, 808.

Entry 1 in Table 9.14 (note: glassware was washed with aqua regia prior to use)
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Following General Procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(a) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 122b (406 mg, 1.0 mmol, 1.0 eq.), (b) n-
butylmagnesium chloride (3 mL, ¢ = 0.5 mmol/mL in Et,0, 1.5 eq. 1.5 mmol) was prepared by

General procedure P and (c) 171 mg (80%).
Characterisation of 4-butyl-1,2,3,6-tetrahydro-1,1'-biphenyl 122b:
Obtained as a colourless oil.

"Bu

Ph
122b

IH NMR (CDCls): 7.31-7.20 (m, 2H, ArH), 7.17-7.08 (m, 3H, ArH), 5.45-5.37 (m, 1H, C=CH), 2.73-2.63
(m, 1H, CH), 2.27-2.16 (m, 1H, CH.), 2.14-2.01 (m, 2H, CH.), 1.99-1.81 (m, 4H, CH.), 1.75-1.58 (m, 1H,
CH,), 1.37-1.13 (m, 4H, CH.), 0.84 (t, J = 7.1 Hz, 3H, CHs) ppm.

13C NMR (CDCl3): 147.6, 138.1, 128.5 (2C), 127.1 (2C), 126.1, 120.4, 40.5, 37.5, 33.2, 30.4, 30.2, 29.2,
22.7,14.3 ppm.

Vmax(cm™): 2954, 2920, 2852, 1730, 1454, 1257, 1070, 1008, 786, 698.
HR-MS (EI): m/z calculated for M = Ci6H3», theoretical [M*] :214.1721. Found: 214.1724.
Entry 2 in Table 9.14 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(a) 4-methylcyclohex-1-en-1-yl diphenyl phosphate 115b (344 mg, 1.0 mmol, 1.0 eq.) .), (b) n-
butylmagnesium chloride (3 mL, ¢ = 0.5 mmol/mL in Et;0, 1.5 eq. 1.5 mmol) was prepared by

General procedure P and (c) 61 mg (40%).

Characterisation of 1-butyl-4-methylcyclohex-1-ene 122b:162
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Obtained as a colourless oil.

"Bu

Me
122b

IH NMR (CDCls): 5.36-5.30 (m, 1H, C=CH), 2.09-2.00 (m, 1H, CH), 1.95-1.85 (m, 3H, CH,), 1.71-1.63
(m, 1H, CH,), 1.62-1.54 (m, 2H, CH.), 1.38-1.16 (m, 6H, CHz), 0.92 (d, J = 5.8 Hz, 3H, CHCH;), 0.87 (t, J
= 7.2 Hz, 3H, CH,CHs) ppm.

13C NMR (CDCl3): 138.0, 120.3, 37.6, 34.2, 31.6, 30.2, 28.8, 28.6, 22.7, 22.0, 14.2 ppm.
Vmax(cm): 2951, 2906, 2870, 2854, 1456, 1435, 1375, 894.
Entry 3 in Table 9.14 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(a) 1-methyl-1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl diphenyl phosphate 115c¢ (420 mg, 1.0 mmol,
1.0 eq.) .), (b) n-butylmagnesium chloride (3 mL, ¢ = 0.5 mmol/mL in Et,0, 1.5 eg. 1.5 mmol) was

prepared by General procedure P and (c) 144 mg (63%).
Characterisation of 4-butyl-1-methyl-1,2,3,6-tetrahydro-1,1'-biphenyl 122c:
Obtained as a colourless oil.

"Bu

Ph  Me

122¢

IH NMR (CDCls): 7.32-7.25 (m, 2H, ArH), 7.23-7.18 (m, 2H, ArH), 7.11-7.05 (m, 1H, ArH), 5.41-5.35 (m,
1H, C=CH), 2.40-2.36 (m, 1H, CH,), 2.09-1.99 (m, 1H, CH), 1.91-1.80 (m, 4H, CHs), 1.73-1.64 (m, 2H,
CH,), 1.29-1.08 (m, 7H, CHs, CHz), 0.78 (t, J = 7.2 Hz, 3H, CH.CH3) ppm.
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13C NMR (CDCls): 149.8, 137.5, 128.1, 126.0 (2C), 125.6 (2C), 119.7, 37.9, 37.3, 36.4, 35.5, 30.0, 28.7,
26.4,22.5,14.2 ppm.

vmax(cm™): 2953, 2922, 2858, 1494, 1444, 1079, 761, 696.
HR-MS (APCI): m/z calculated for M = Ci7H24 [M*] :229.1951. Found: 229.1954.
Entry 4 in Table 9.14(note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(a) diphenyl (1,4-dioxaspiro[4.5]dec-7-en-8-yl) phosphate 115d (388 mg, 1.0 mmol, 1.0 eq.) .), (b) n-
butylmagnesium chloride (3 mL, ¢ = 0.5 mmol/mL in Et,0, 1.5 eq. 1.5 mmol) was prepared by

General procedure P and (c) 137 mg (70%).
Characterisation of 8-butyl-1,4-dioxaspiro[4.5]dec-7-ene 122d:

"By

oo
/
122d

Obtained as a colourless oil.

'H NMR (CDCls): 5.30-5.26 (m, 1H, C=CH), 3.96 (t, J = 2.8 Hz, 4H), 2.29-2.20 (m, 2H, CH>), 2.19-2.09
(m, 2H, CH>), 2.00-1.92 (m, 2H, CH,), 1.78-1.70 (m, 2H, CH,), 1.43-1.22 (m, 4H, CH,), 0.86 (t, J = 7.2
Hz, 3H, CH3) ppm.

13C NMR (CDCl5): 138.0, 117.8, 108.5, 64.6 (2C), 37.0, 35.8, 31.5, 30.2, 27.8, 22.7, 14.2 ppm.
vmax(cm™): 2953, 2924, 2870, 1431, 1375, 1251, 1116, 1056, 1039, 1012, 945, 856.
HR-MS (APCl): m/z calculated for M = Ci7H24, theoretical [M*] :229.1951. Found: 229.1954.

Entry 1 in Table 9.15 (note: glassware was washed with aqua regia prior to use)
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Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent, and (c) yield

of product 122a.

(a) 4-(tert-butyl)cyclohex-1-en-1-yl diphenyl phosphate 115a (95:5 e.r.), 386 mg, 1.0 mmol, 1.0 eq.,
(b) n-butylmagnesium chloride (3 mL, ¢ = 0.5 mmol/mL in Et;0, 1.5 eq. 1.5 mmol) was prepared by
General procedure P, (c) 171 mg (88%) and (d) 95:5.

Entry 2 in Table 9.15 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent, (c) yield of

product 122b and (d) e.r. (determined as enol phosphate).

(a) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115b (406 mg, 1.0 mmol, 1.0 eq.), (b) n-
butylmagnesium chloride (3 mL, ¢ = 0.5 mmol/mL in Et,0, 1.5 eq. 1.5 mmol) was prepared by

General procedure P, (c) 162 mg (76%) and (d) 99:1.
Entry 3 in Table 9.15 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent, (c) yield of

product and (c) e.r. (determined as enol phosphate).

(a) 4-methylcyclohex-1-en-1-yl diphenyl phosphate 115c¢ (344 mg, 1.0 mmol, 1.0 eq.), (b) n-
butylmagnesium chloride (3 mL, ¢ = 0.5 mmol/mL in Et,0, 1.5 eq. 1.5 mmol) was prepared by

General procedure P, (c) 66 mg (43%) and (d) 84:16.
Entry 4 in Table 9.14 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent, (c) yield of

product and (c) e.r. (determined as enol phosphate).

(a) 1-methyl-1,2,3,6-tetrahydro-[1,1'-biphenyl]-4-yl diphenyl phosphate 115d (420 mg, 1.0 mmol, 1.0
eq.), (b) n-butylmagnesium chloride (3 mL, ¢ = 0.5 mmol/mL in Et,0, 1.5 eqg. 1.5 mmol) was prepared

by General procedure P, (c) 142 mg (62%) and (d) 86:14.

Entry 1 in Table 9.16 (note: glassware was washed with aqua regia prior to use)
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Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product 121b.

(a) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115b (406 mg, 1.0 mmol, 1.0 eq.), (b) iso-
propylmagnesium chloride (3.0 mL, ¢ = 0.5 mmol/mL, 1.5 eq. 1.5 mmol) was prepared by General

procedure P and (c) 158 mg (79%).
Characterisation of 4-iso-propyl-1,2,3,6-tetrahydro-1,1'-biphenyl 121b:
Obtained as a colourless oil.

ipr

Ph
121b

IH NMR (CDCls): 7.26-7.19 (m, 2H, ArH), 7.17-7.09 (m, 3H, ArH), 5.45-5.39 (m, 1H, C=CH), 2.73-2.58
(m, 1H, CH), 2.30-1.96 (m, 5H, CH, CH,), 1.93-1.86 (m, 1H, CH), 1.74-1.60 (m, 1H, CH,), 0.95 (d, /= 6.8
Hz, 6H, CHs) ppm.

13C NMR (CDCls): 147.7, 143.7, 128.6 (2C), 127.1 (2C), 126.1, 118.3, 40.7, 35.2, 33.9, 30.4, 26.8, 21.9,

21.5 ppm.

Vmax (cm™): 2956, 2916, 2887, 1429, 1452, 815, 756, 696.

HR-MS (El): m/z calculated for M = CisHao, theoretical [M*] :200.1565. Found: 200.1565.
Entry 2 in Table 9.16 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(a) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115b (406 mg, 1.0 mmol, 1.0 eq.), (b) iso-
propylmagnesium bromide (3.0 mL, ¢ = 0.5 mmol/mL, 1.5 eq. 1.5 mmol) was prepared by General

procedure P and (c) 160 mg (80%).

Entry 3 in Table 9.16 (note: glassware was washed with aqua regia prior to use)
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Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(a) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115b (406 mg, 1.0 mmol, 1.0 eq.), (b)
cyclopentylmagnesium bromide (3.0 mL, ¢ = 0.5 mmol/mL, 1.5 eq. 1.5 mmol) was prepared by

General procedure P and (c) 190 mg (84%).
Characterisation of 4-cyclopentyl-1,2,3,6-tetrahydro-1,1'-biphenyl 118b:

Obtained as a colourless oil.

Ph
118b

IH NMR (CDCls): 7.25-7.19 (m, 2H, ArH), 7.17-7.08 (m, 3H, ArH), 5.47-5.42 (m, 1H, C=CH), 2.73-2.60
(m, 1H, CH), 2.35-2.15 (m, 2H, CH>), 2.14-1.97 (m, 3H, CH, CH,), 1.93-1.85 (m, 1H, CH), 1.80-1.39 (m,
7H, CH:) 1.39-1.25 (m, 2H, CHz) ppm.

13C NMR (CDCls): 147.7, 141.0, 128.5 (2C), 127.1 (2C), 126.1, 118.7, 47.4, 40.7, 33.9, 31.4, 31.0, 30.5,
27.9, 25.43, 25.40 ppm.

Vmax(cm™): 2945, 2910, 2864, 1490, 1450, 754, 693.
Entry 4 in Table 9.16 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(a) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115b (406 mg, 1.0 mmol, 1.0 eq.), (b) cyclo-
hexylmagnesium bromide (3.0 mL, ¢ = 0.5 mmol/mL, 1.5 eq. 1.5 mmol) was prepared by General

procedure P and (c) 216 mg (90%).
Characterisation of 4-cyclohexyl-1,2,3,6-tetrahydro-1,1'-biphenyl 119b:
Obtained as a colourless oil.

-237 -



Ph
119b

IH NMR (CDCls): 7.24-7.19 (m, 2H, ArH), 7.17-7.13 (m, 2H, ArH), 7.12-7.07 (m, 1H, ArH), 5.42-5.36 (m,
1H, C=CH), 2.74-2.59 (m, 1H, CH), 2.28-2.16 (m, 1H, CH), 2.13-1.94 (m, 3H, CH.), 1.93-1.83 (m, 1H,
CH,), 1.79-1.55 (m, 7H, CH,), 1.29-1.00 (m, 5H, CHz) ppm.

13C NMR (CDCls): 147.7, 143.2, 128.5 (2C), 127.1 (2C), 126.1, 118.7, 45.8, 40.7, 33.9, 32.4, 32.1, 30.5,
27.6,27.1(2C), 26.7 ppm.

vmax(cm™): 2945, 2910, 2864, 1490, 1450, 754, 693.
HR-MS (El): m/z calculated for M = CigH>4, theoretical [M*] :240.1878. Found: 240.1875.
Entry 5 in Table 9.16 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(a) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115b (406 mg, 1.0 mmol, 1.0 eq.), (b)
cycloheptylmagnesium bromide (3.0 mL, ¢ = 0.5 mmol/mL, 1.5 eq. 1.5 mmol) and (c) 198 mg (78%).

Characterisation of 4-cycloheptyl-1,2,3,6-tetrahydro-1,1'-biphenyl 120b:

Obtained as a colourless oil.

Ph
120b
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IH NMR (CDCls): 7.25-7.18 (m, 2H, ArH), 7.17-7.07 (m, 3H, ArH), 5.43-5.35 (m, 1H, C=CH), 2.72-2.62
(m, 1H, CH), 2.25-2.15 (m, 1H, CH), 2.13-1.81 (m, 5H, CH.), 1.93-1.83 (m, 1H, CH,), 1.69-1.29 (m, 12H,

CH3) ppm.

13C NMR (CDCls): 147.7, 144.6, 128.5 (2C), 127.1 (2C), 126.1, 118.2, 48.0, 40.6, 34.4, 34.0, 33.8, 30.5,
28.4 (2C), 27.49, 27.45, 27.0 ppm.

Vmax(cm™): 2916, 2848, 1490, 1450, 968, 754, 732, 696.
HR-MS (El): m/z calculated for M = CigH>6, theoretical [M*] :254.2034. Found: 254.2033.
Entry 6 in Table 9.16 (note: glassware was washed with aqua regia prior to use)

Following General procedure Q for the cross coupling of enol phosphates with alkyl Grignard
reagents, data is presented in the following format: (a) substrate, (b) Grignard reagent and (c) yield

of product.

(@) 4-phenylcyclohex-1-en-1-yl diphenyl phosphate 115b (406 mg, 1.0 mmol, 1.0 eq.), (b)
cyclopropylmagnesium bromide (3.0 mL, ¢ = 0.5 mmol/mL, 1.5 eq. 1.5 mmol) was prepared by

General procedure P, and (c) 85 mg (43%).
Characterisation of 4-cyclopropyl-1,2,3,6-tetrahydro-1,1'-biphenyl 151b:

Obtained as a colourless oil.

Ph
151b

IH NMR (CDCls): 7.25-7.18 (m, 2H, ArH), 7.16-7.08 (m, 3H, ArH), 5.48-5.43 (m, 1H, C=CH), 2.75-2.63
(m, 1H, CH), 2.28-2.15 (m, 1H, CH), 2.14-1.95 (m, 2H, CH.), 1.94-1.84 (m, 2H, CH,), 1.75-1.61 (m, 1H,
CH,), 1.34-1.21 (m, 1H, CH,), 0.56-0.32 (m, 4H, CH,) ppm.

13C NMR (CDCl5): 147.5, 138.4, 128.5 (2C), 127.1 (2C), 126.2, 119.4, 40.6, 33.7, 30.2, 27.3, 17.3, 4.9,

4.1 ppm.
Vmax(cm™): 2910, 2887, 2833, 1490, 1452, 1016, 754, 696.

HR-MS (EI): m/z calculated for M = CysHis, theoretical [M*] :198.1409. Found: 198.1409.
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Ozonolysis/Reductive Amination Sequence
Attempted synthesis of 1-benzylazepane 154'%°
Scheme 9.34

A 25 mL three-neck round-bottom flask was equipped with a stirrer bar, fitted with suba seals, and
flame dried under an atmosphere of argon. Thereafter, cyclohexene 153 (0.10 mL, 1 mmol, 1.0 eq.),
methanol (0.3 mL), and distilled DCM (10 mL) were added. The reaction was cooled to -78 °C and
ozone was bubbled through for 30 min. The ozone was then purged with argon. Sodium
triacetoxyborohydride (211 mg, 1 mmol, 1.0 eq.) was added and the cooling bath was removed. The
reaction was stirred at rt for 45 min, after which, benzylamine (0.11 mL, 1.0 mmol, 1.0 eq.) and
further quantity of sodium triacetoxyborohydride (422 mg, 2 mmol, 2.0 eq.) were added. The
reaction was stirred for a futher 2 h before being filtered through celite. The celite pad was washed
with DCM (2 x 20 mL) and the organic phase was washed with saturated sodium bicarbonate
solution (20 mL) and brine (20 mL). The organic phase was dried over sodium sulfate, filtered, and
the solvent was removed in vacuo (mass of the crude material, 340 mg). Upon analysis of the H

NMR spectrum, none of the desired product was observed.
Scheme 9.35

Two 100 mL round-bottom flasks were equipped with a stirrer bar and flame dried under an
atmosphere of argon. In the first flask, triphenylmethylphosphonium bromide (4.00 g, 11.25 mmol,
5.0 eq.) was added and dissolved in diethyl ether (10 mL). The resulting solution was cooled to 0 °C,
n-butyllithium (4.72 mL, ¢ = 2.5 M in hexane, 11.8 mmol, 5.25 eq.) was added dropwise, and the
solution was stirred for 1 h. In the second flask, 4-tert-butylcyclohexanone (347 mg, 2.25 mmol, 1.0
eq.) was dissolved in diethyl ether (60 mL). To the solution of the ketone, 1/5 of the Wittig solution
(3 mL, 2.25 mmol, 2.25 eq.) was added and the resulting reaction mixture was stirred for 15 min at
room temperature. Water (0.04 mL, 2.25 mmol, 1.0 eq.) was added to quench the unreacted Wittig
reagent and the cycle was repeated 5 times to add the Wittig reagent. Once all of the Wittig reagent
had been added, the reaction was quenched with water (10 mL) and the aqueous phase was
extracted with diethyl ether (3 x 40 mL). The organic phase was dried over sodium sulfate, filtered,
and the solvent was removed in vacuo. The product was purified via flash column chromatography

using petrol ether as the eluent (232 mg, 68% yield)

Characterisation of 1-(tert-butyl)-4-methylenecyclohexane 158
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Bu
158

Obtained as a colourless oil.

IH NMR (CDCls): 4.57 (t, J = 1.7 Hz, 2H, CH,=C), 2.37-2.26 (m , 2H, CH,), 2.03-1.91 (m, 2H, CH,), 1.89-
1.79 (m, 2H, CHy), 1.17-0.94 (m, 3H, CH»+CH), 0.83 ppm (s, 9H, C(CH3)s).

13C NMR (CDCl3): 150.3, 106.2, 48.1, 35.5, 32.6 (2C), 29.2 (2C), 27.9 (3C) ppm.
vmax (cm™): 2943, 2920, 2866, 2835, 1606, 1510, 1363, 1242, 1228, 1178, 1037, 981, 968, 798.
Scheme 9.36

A 25 mL three-neck round-bottom flask was equipped with a stirrer bar, fitted with suba seals, and
flame dried under an atmosphere of argon. Thereafter, 1-(tert-butyl)-4-methylenecyclohexane 158
(76 mg, 0.5 mmol, 1.0 eq.), methanol (0.15 mL), and distilled DCM (5 mL) were added. The reaction
was cooled to -78 °C and ozone was bubbled through for 30 min. The ozone was purged with argon.
The reaction was partitioned between DCM (10 mL) and saturated sodium bicarbonate (10 mL). The
aqueous phase was extracted with DCM (3 x 10 mL). The organic phase was then dried over sodium
sulfate, filtered, and the solvent was removed in vacuo. Upon analysis of the 1H NMR spectrum,

none of the desired product was detected.
Scheme 9.37

A 25 mL three-neck round-bottom flask was equipped with a stirrer bar, fitted with suba seals, and
flame-dried under an atmosphere of argon. Thereafter, 1-(tert-butyl)-4-methylenecyclohexane (76
mg, 0.5 mmol, 1.0 eq.), methanol (0.15 mL), and distilled DCM (5 mL) were added. The reaction was
cooled to -78 °C and ozone was bubbled through until the blue colour appeared (ca. 30 min.). The
ozone flow was then immediately stopped and the solution was purged with oxygen under high flux
over 10-15 min. The reaction was partitioned between DCM (10 mL) and saturated sodium
bicarbonate (10 mL). The agueous phase was extracted with DCM (3 x 10 mL). The organic phase
was then dried over sodium sulfate, filtered, and the solvent was removed in vacuo. The product
was purified by flash column chromatography using 20% EtOAc in PE as the eluent (76 mg, 75% yield,
1:0.4d.r.)

Characterisation of 4-(tert-butyl)-1-hydroperoxy-1-methoxycyclohexane 1592
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HOO OMe

Bu
159

Obtained as a white solid, as a mixture of diastereomers d.r. = 1.0:0.4
Melting Point: 54-56 °C (lit.:53-56°C)*¥

IH NMR (CDCls): 7.82-7.67 (s, 1.4H, OOH), 3.29 (s, 1.2H, CHs), 3.26 (s, 3.0H, CHs), 2.24-2.13 (m, 0.8H,
CH), 2.13-2.03 (m ,2H, CH>), 1.75-1.64 (m, 2.8H, CH), 1.44-1.32 (m , 2.8H, CH>), 1.29-1.11 (m , 2.8H,
CH,), 1.10-0.99 (m, 1.4H, CH), 0.88 (s, 12.6H, C(CHs)s) ppm.

13C NMR (CDCls): 105.8, 105.6, 48.7, 48.4, 47.8, 47.7, 32.5 (2C), 31.7 (2C), 31.2 (3C), 27.8 (3C), 23.8
(2€), 23.6 (2C) ppm.

vmax(cm™): 3392, 3348, 2947, 2864, 1363, 1082, 1029, 958, 904, 817, 738.
Scheme 9.38

A microwave vial was equipped with a stirrer bar, fitted with a suba seal, and flame dried under an
atmosphere of argon. Thereafter, 4-(tert-butyl)-1-hydroperoxy-1-methoxycyclohexane 318 (36 mg,
0.18 mmol, 1.0 eq.), sodium triacetoxyborohydride (40 mg, 0.18 mmol, 1.0 eq.), and DCM (4 mL)
were added. The reaction was stirred at room temperature for 5 h. The reaction was partitioned
between DCM (10 mL) and saturated sodium bicarbonate (10 mL). The aqueous phase was extracted
with DCM (3 x 10 mL). The organic phase was dried over sodium sulfate, filtered, and the solvent
was removed in vacuo. The product was purified by flash column chromatography using 20% diethyl

ether in petrol ether as the eluent (18 mg, 66% yield).
Characterisation of 4-(tert-butyl)cyclohexan-1-one 25a:%°

@)

Bu
25a

Obtained as a white solid.

Melting Point: 47-49 °C (lit.: 48-50 °C)*%°
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IH NMR (CDCls): 2.42-2.20 (m, 4H, CH,), 2.11-1.98 (m, 2H, CH,), 1.53-1.34 (m, 3H, CH+CH.), 0.89 ppm
(S, 9H, C(CH3)3).

13C NMR (CDCls): 212.8, 46.9 (2C), 41.5 (2C), 32.7, 27.8, 25.8 (3C) ppm.
vmax (cm™): 2945, 2900, 2866, 1718, 1363, 1220, 1161, 943, 775.
Scheme 9.39

A 25 mL three neck round-bottom flask was equipped with a stirrer bar, fitted with suba seals and
flame-dried. Thereafter cyclohexene 153 (0.10 mL, 1 mmol, 1.0 eq.), methanol (0.30 mL) and distilled
DCM (10 mL) were added. The reaction was cooled to -78 °C and ozone was bubbled through until
the blue colour appeared. The ozone was then purged with argon. Sodium triacetoxyborohydride
(211 mg, 1 mmol, 1.0 eq.) was added and the cooling bath was removed. The reaction was stirred at
rt for a further 45 min, after which benzylamine (0.11 mL, 1.0 mmol, 1.0 eq.) and sodium
triacetoxyborohydride (422 mg, 2 mmol, 2.0 eq.) were added. The reaction was then stirred for 2 h
and filtered through celite. The celite pad was washed with DCM (2 x 20 mL). The organic phase was
washed with saturated sodium bicarbonate solution (20 mL) and brine (20 mL). The organic phase
was dried over sodium sulfate, filtered and the solvent was removed in vacuo. Mass of the crude

product: 138 mg, yield of the product: 0%.
Scheme 9.40

A 25 mL three-neck round-bottom flask was equipped with a stirrer bar, fitted with suba seals and
flame dried. Thereafter, cyclohexene 153 (0.10 mL, 1 mmol, 1.0 eq.), methanol (0.30 mL) and
distilled DCM (10 mL) were added. The reaction was cooled to -78 °C and ozone was bubbled
through until the blue colour appeared. The ozone was then purged with argon or oxygen over a
period of 10-15 min and dimethyl sulphide (1.47 mL, 20 mmol, 20 eq.) was added, the reaction was
allowed to warm room temperature and stirred for 4 h. The solvent was then removed in vacuo. The
crude product was dissolved in methanol (10 mL) and cooled to 0 °C. Sodium borohydride (190 mg, 5
mmol, 5.0 eq) was added to the solution and the reaction allowed to warm to room temperature
and stirred for a further 4 h. The reaction mixture was filtered through celite and concentrated in
vacuo. The crude product was purified by flash column chromatography using 10% methanol in

DCM. Yield of the product: 18 mg (15%).
Characterisation of hexane-1,6-diol 160:%%3

Obtained as a colourless oil.
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Ho\/\/\/\OH
160

IH NMR (CDCls): 3.68-3.59 (m, 4H, CH.) and 1.74-1.32 (m , 8H, CH,) ppm.
13C NMR (CDCls): 62.7 (2C), 32.7 (2C), 25.8 (2C) ppm.

Vmax(cm™): 2927, 2865, 2068, 1480, 1466, 1375, 1251, 1082, 1020, 1006.
Scheme 9.41

Following general procedure R for the ozonolyis of cyclic alkenes, data is presented in the following

format (a) substrate, (b) amount of solvent, (c) amount of dimethyl sulfide and (d) yield of product.

(a) cyclohexene 312 (0.10 mL, 1 mmol, 1.0 eq.), (b) DCM (8 mL) and MeOH (2 mL), (c) dimethyl
sulphide (1.47 mL, 20 mmol, 20 eq.) and (d) 58 mg (51%).

Characterisation of adipaldehyde 161:%

Obtained as a colourless liquid.

ONWO

IH NMR (CDCls): 9.75 (t, J = 1.5 Hz, 2H, CHO), 2.50-2.41 (m, 4H, CH-CHO ) and 1.68-1.59 (m , 4H, CH>)

ppm.

13C NMR (CDCl3): 202.1 (2C), 47.8 (2C), 21.7 (2C) ppm.
Vmax(cm™): 2937, 2868, 1712, 1409, 1390, 1166, 1093, 995.
Entry 1 in Table 9.17

Following general procedure R for the ozonolyis of cyclic alkenes, data is presented in the following
format (a) substrate, (b) amount of solvent, (c) amount of dimethyl sulfide and (d) yield of product

163.

(a) 1-methyl-cyclohexene 162 (0.12 mL, 1 mmol, 1.0 eq.), (b) DCM (8 mL) and MeOH (2 mL), (c)
dimethyl sulfide (1.47 mL, 20 mmol, 20 eq.) and (d) 96 mg (75%).

Characterisation of 6-oxoheptanal 163:1°
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0]
)J\/\/\?O

163

H NMR (CDCls): 9.74 (t, J = 1.4 Hz, 1H, CHO), 2.47-2.40 (m, 4H, CH>), 2.12 (s, 3H, CHs) and 1.65-1.55
(m, 4H, CH,) ppm.

13C NMR (CDCls): 208.3, 202.1, 43.6, 43.2, 29.9, 23.1, 21.5 ppm.
Vmax(cm™): 2937, 1708, 1409, 1359, 1159.
Entry 2 in Table 9.17

Following general procedure R for the ozonolyis of cyclic alkenes, data is presented in the following
format (a) substrate, (b) amount of solvent, (c) amount of dimethyl sulfide and (d) yield of product

163.

(a) 1-methyl-cyclohexene 162 (0.36 mL, 3 mmol, 1.0 eq.), (b) DCM (24 mL) + MeOH (6 mL), (c)
dimethyl sulfide (1.47 mL, 20 mmol, 20 eq.) and (d) 320 mg (83%).

Scheme 9.43

Following general procedure R for the ozonolyis of cyclic alkenes, data is presented in the following
format (a) substrate, (b) amount of solvent, (c) amount of dimethyl sulfide and (d) yield of product

164b.

(a) 1',2',3',6'-tetrahydro-1,1":4',1"-terphenyl 140b (58 mg, 0.25 mmol, 1.0 eq.), (b) DCM (8 mL) and
MeOH (2 mL), (c) dimethyl sulfide (0.37 mL, 5 mmol, 20 eq.) and (d) 56 mg (84%).

Characterisation of 6-ox0-3,6-diphenylhexanal 164b:

Obtained as a courless oil.

O
0]
Ph
164b
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IH NMR (CDCls): 9.60 (t, J = 1.8 Hz, 1H, CHO), 7.79-7.71 (m, 2H), 7.50-7.41 (m, 1H), 7.40-7.37 (m, 2H),
7.37-7.30 (m, 2H), 7.27-7.21 (m, 3H), 3.29-3.19 (m, 1H, PhCH), 2.92-2.59 (m, 4H, CH.), 2.18-2.06 (m,
1H, CH,), and 2.01-1.87 (m, 1H, CH,) ppm.

13C NMR (CDCls): 201.6, 199.8, 143.0, 137.0, 133.2 (2C), 129.1 (2C), 128.8 (2C), 128.2 (2C), 127.8,
127.2,50.9, 39.6, 36.4, 30.7 ppm.

vmax(cm™): 2949, 2927, 2883, 2846, 2742, 1707, 1676, 1446, 1396, 1255, 1211, 914, 758.
HR-MS: m/z calculated for C1sH150,, theoretical [M+H]*: 267.1381. Found: 267.1380.
Scheme 9.44

6-oxoheptanal 163 (20 mg, 0.16 mmol, 1.0 eq.) was dissolved in DCM (4 mL). Benzylamine (0.02 mL,
0.16 mmol, 1.0 eq.) and sodium triacetoxyborohydride (68 mg, 0.32 mmol, 2.0 eq.) was added. The
reaction was stirred at rt for 2 h and filtered through celite. The celite pad was washed with DCM (2
x 20 mL). The organic phase was washed with saturated sodium bicarbonate solution (20 mL) and
brine (20 mL). The organic phase was dried over sodium sulfate, filtered and the solvent was

removed in vacuo. Mass of the crude product: 60 mg, yield of product: 0%.
Entry 1 in Table 9.18

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) DCE (4 mL), (b) Benzylamine (0.02 mL, 0.18 mmol, 1.05 eq.), (c) sodium triacetoxyborohydride (48
mg, 0.22 mmol, 1.4 eq.), (d) - and (e) 22%.

Characterisation of 1-benzyl-2-methylazepane 165:

Ph
N—

165

IH NMR (CDCls): 7.34-7.27 (m, 2H), 7.26-7.20 (m, 2H), 7.20-7.19 (m, 1H), 3.64 (s, 2H, CH.Ph), 2.96-
2.79 (m, 1H, CH), 2.75-2.64 (m, 1H, CH), 2.55-2.40 (m, 1H, CH), 1.83-1.67 (m, 1H, CH), 1.63-1.1.32 (m,
7H, CH+CH,) and 1.01 (d, J = 6.5 Hz, 3H) ppm.
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13C NMR (CDCls): 129.0, 128.9 (2C), 128.3 (2C), 126.8, 57.5, 57.0, 49.3, 36.1, 29.1, 28.5, 25.5, 19.3

ppm.

Vmax(cm™): 2920, 2846, 1492, 1450, 1365, 1354, 1157, 956, 740, 715.

HR-MS (ESI): m/z calculated for M = C14H,1N, theoretical [M+H]*: 204.1756. Found: 204.1752.
Entry 2 in Table 9.18

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) DCE (4 mL), (b) Benzylamine (0.02 mL, 0.18 mmol, 1.05 eq.), (c) sodium triacetoxyborohydride (48
mg, 0.22 mmol, 1.4 eq.), (d) acetic acid (9 uL, 0.16 mmol, 1.0 eq.) and sodium acetate (13 mg, 0.16
mmol, 1.0 eq.) and (e) 18%.

Entry 3 in Table 9.18

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) DCE (4 mL), (b) Benzylamine (0.02 mL, 0.18 mmol, 1.05 eq.), (c) sodium triacetoxyborohydride (48

mg, 0.22 mmol, 1.4 eq.), (d) acetic acid (9 uL, 0.16 mmol, 1.0 eq.) and (e) -.
Entry 4 in Table 9.18

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) DCE (4 mL), (b) Benzylamine (0.02 mL, 0.18 mmol, 1.05 eq.), (c) sodium triacetoxyborohydride (48
mg, 0.22 mmol, 1.4 eq.), (d) sodium acetate (13 mg, 0.16 mmol, 1.0 eq.) and (e) -.

Entry 5 in Table 9.18

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .
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(a) DCE (4 mL), (b) Benzylamine (0.02 mL, 0.18 mmol, 1.05 eq.), (c) sodium triacetoxyborohydride (95
mg, 0.44 mmol, 2.8 eq.), (d) - and (e) 44%.

Entry 6 in Table 9.18

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) DCE (4 mL), (b) Benzylamine (0.02 mL, 0.18 mmol, 1.05 eq.), (c) sodium triacetoxyborohydride
(143 mg, 0.66 mmol, 4.2 eq.), (d) - and (e) 43%.

Entry 7 in Table 9.18

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) DCE (4 mL), (b) Benzylamine (0.04 mL, 0.36 mmol, 2.10 eq.), (c) sodium triacetoxyborohydride (95
mg, 0.44 mmol, 2.8 eq.), (d) - and (e) 46%.

Entry 1 in Table 9.19

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) THF (4 mL), (b) Benzylamine (0.04 mL, 0.36 mmol, 2.10 eq.), (c) sodium triacetoxyborohydride (95
mg, 0.44 mmol, 2.8 eq.), (d) - and (e) 28%.

Entry 2 in Table 9.19

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) EtOAc (4 mL), (b) Benzylamine (0.04 mL, 0.36 mmol, 2.10 eq.), (c) sodium triacetoxyborohydride
(95 mg, 0.44 mmol, 2.8 eq.), (d) - and (e) 10%.

Entry 3 in Table 9.19
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Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) DMC (4 mL), (b) Benzylamine (0.04 mL, 0.36 mmol, 2.10 eq.), (c) sodium triacetoxyborohydride
(95 mg, 0.44 mmol, 2.8 eq.), (d) - and (e) <5%.

Entry 4 in Table 9.19

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) IPA (4 mL), (b) Benzylamine (0.04 mL, 0.36 mmol, 2.10 eq.), (c) sodium triacetoxyborohydride (95
mg, 0.44 mmol, 2.8 eq.), (d) - and (e) <5%.

Entry 5 in Table 9.19

Following general procedure S for the reductive amination of aldehyde-ketone 163, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium

triacetoxyborohydride, (d) amount of additive(s) and (e) conversion towards product 165 .

(a) CPME (4 mL), (b) Benzylamine (0.04 mL, 0.36 mmol, 2.10 eq.), (c) sodium triacetoxyborohydride
(95 mg, 0.44 mmol, 2.8 eq.), (d) - and (e) 70%.

Scheme 9.47

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.
(a) 1-methylcyclohex-1-ene 162 (0.03 mL, 0.25 mmol, 1.0 eq.) and yield of 165a: 29 mg (56%).
Entry 1 in Table 9.20

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 4-(tert-butyl)-1-butylcyclohex-1-ene 122a (49 mg, 0.25 mmol, 1.0 eq.) and yield of 166a: 38 mg
(50%).

Characterisation of 1-benzyl-5-(tert-butyl)-2-butylazepane 166a:

-249 -



Obtained as a yellow oil.

Ph

166a

'H NMR (CDCl3): 7.30-7.25 (m, 2H, ArH), 7.24-7.18 (m, 2H, ArH), 7.16-7.10 (m, 1H, ArH), 3.63 (d, %J =
14.3 Hz, 1H, CH2Ph), 3.57 (d, 2J = 14.3 Hz, 1H, CH.Ph), 2.81-2.72 (m, 1H, CH), 2.69-2.61 (m, 1H, CH.),
2.49-2.39 (m, 1H, CH), 1.67-1.42 (m, 5H, CH+CH.), 1.34-1.20 (m, 8H, CH.), 0.82 (t, J = 7.2 Hz, 3H, CH3)
and 0.78 (s, 9H, C(CHs)s) ppm.

13C NMR (CDCls): 141.6, 128.7 (2C), 128.3 (2C), 126.6, 61.5, 54.9, 50.7, 49.0, 34.1, 33.7, 30.9, 29.8,
29.7,27.8 (3C), 25.7, 23.2, 14.5 ppm.

vmax(cm™): 2951, 2927, 2858, 1732, 1456, 1452, 1363, 729, 696.
HR-MS (El): m/z calculated for M = Cy;H3sN, theoretical [M]*: 301.2769. Found: 301.2763.
Entry 2 in Table 9.20

Following general procedure T for the telescoped ozonolysis-reductive amination of aldehyde-

ketones, data is presented in the following format: (a) amount of substrate and (b) yield of product.

(a) 4-butyl-1,2,3,6-tetrahydro-1,1'-biphenyl 122b (54 mg, 0.25 mmol, 1.0 eq.) and yield of 166b: 43
mg (54%).

Characterisation of 1-benzyl-2-butyl-5-phenylazepane 166b:
Obtained as a yellow oil.

Ph
f
N

"Bu,,
Ph

166b
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IH NMR (CDCls): 7.34-7.29 (m, 1H, ArH), 7.26-7.03 (m, 9H, ArH), 3.74 (d, J = 14.6 Hz, 1H, CH.Ph), 3.63
(d, 2J = 14.6 Hz, 1H, CH,Ph), 2.85-2.75 (m, 2H, CH,), 2.72-2.55 (m, 2H, PhCH, NCH), 1.93-1.62 (m, 6H,
CH,), 1.56-1.33 (m, 2H, CH,), 1.32-1.18 (m, 4H, CH,), and 0.84 (t, J = 7.0 Hz, 3H, CHs) ppm.

3C NMR (CDCl3): 149.3, 141.4, 128.7 (2C), 128.6 (2C), 128.4 (2C), 126.79 (2C), 126.75, 125.9, 62.0,
55.1,50.9, 45.7,37.8,34.3,32.7,30.7, 29.8, 23.2, 14.5 ppm.

vmax(cm™): 2924, 2854, 1654, 1450, 752, 731, 696.
HR-MS (NSI): m/z calculated for M = C3H3:N, theoretical [M+H]*: 322.2529. Found: 322.2529.
Entry 3 in Table 9.20

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 4-methyl-1-butylcyclohex-1-ene 122¢ (38 mg, 0.25 mmol, 1.0 eq.) and yield of 166c¢: 29 mg (45%).
Characterisation of 1-benzyl-5-methyl-2-butylazepane 166c:

Obtained as a yellow oil.

Ph

A\

166d

IH NMR (CDCls): 7.30-7.25 (m, 2H, ArH), 7.24-7.19 (m, 2H, ArH), 7.16-7.10 (m, 1H, ArH), 3.65 (d, ¥ =
13.8 Hz, 1H, CH,Ph), 3.57 (d, %/ = 13.8 Hz, 1H, CH.Ph), 2.74-2.22 (m, 2H, CH,), 2.52-2.43 (m, 1H, CH),
1.66-1.41 (m, 7H, CH+CH,), 1.36-1.14 (m, 6H, CH,), 0.91 (t, J = 7.4 Hz, 3H, CHs) and 0.84 (d, J = 6.1 Hz,
3H, CHCHs) ppm.

13C NMR (CDCl3): 141.6, 128.7 (2C), 128.3 (2C), 126.7, 62.1, 54.8, 50.2, 37.5, 34.5, 33.7, 33.4, 30.2,
29.7,24.1,23.2, 14.4 ppm.

vmax(cm™): 2953, 2922, 1726, 1454, 1267, 1118, 1070, 736, 693.
HR-MS (EI): m/z calculated for M = C1gH29N, theoretical [M]*: 259.2300. Found: 259.2296.

Entry 4 in Table 9.20
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Following general procedure T for the telescoped ozonolysis-reductive amination of aldehyde-

ketones, data is presented in the following format: (a) amount of substrate and (b) yield of product.

(a) 4-butyl-1-methyl-1,2,3,6-tetrahydro-1,1'-biphenyl 122d (57 mg, 0.25 mmol, 1.0 eq.) and yield of
166d: 45 mg (54%).

Characterisation of 1-benzyl-2-butyl-5-methyl-5-phenylazepane 166d:

Obtained as a yellow oil.

166d

IH NMR (CDCl3): 7.32-7.18 (m, 8H, ArH), 7.16-7.07 (m, 2H, ArH), 3.72 (d, % = 13.8 Hz, 1H, CH,Ph), 3.60
(d, Y = 13.8 Hz, 1H, CHPh), 2.74-2.73 (m, 1H, NCH), 2.59-2.51 (m, 1H, NCH), 2.59-2.51 (m, 1H, NCH),
2.49-2.41 (m, 1H, CH), 2.12-2.02 (m, 2H, CH5), 1.93-1.62 (m, 1H, CH), 1.61-1.39 (m, 2H, CH,), 1.28 (t, J
= 6.2 Hz, 3H, CHs), 1.25 (s, 3H, CHCH3), and 0.96-0.83 (m, 6H, CH,) ppm.

13C NMR (CDCls): 150.2, 140.6, 129.0 (2C), 128.4 (2C), 128.3 (2C), 127.0, 126.2 (2C), 125.6, 62.7, 57.3,
46.5,40.7, 39.0, 37.0, 33.8, 31.9, 29.2, 27.9, 23.1, 14.4 ppm.

Vmax(cm™): 2951, 2924, 1726, 1492, 1444, 1028, 761, 731, 696.
HR-MS (El): m/z calculated for M = Cy4H33N, theoretical [M]*: 335.2613. Found: 335.2608.
Entry 5 in Table 9.20

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 8-butyl-1,4-dioxaspiro[4.5]dec-7-ene 122h (49 mg, 0.25 mmol, 1.0 eq.) and yield of 166h: 39 mg
(52%).

Characterisation of 8-benzyl-9-butyl-1,4-dioxa-8-azaspiro[4.6]undecane 166f:

Obtained as a yellow oil.
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Ph

"Bu N

8

166f

IH NMR (CDCls): 7.30-7.24 (m, 1H, ArH), 7.23-7.19 (m, 2H, ArH), 7.17-7.11 (m, 2H, ArH), 3.87- 3.79 (t,
J=3.1Hz, 4H, OCH,), 3.68 (s, 2H, CH:Ph), 2.85-2.74 (m, 1H, NCH), 2.68-2.60 (m, 1H, NCH), 2.50-2.42
(m, 1H, NCH), 1.84-1.42 (m, 6H, CH), 1.33-1.15 (m, 6H, CH.) and 0.81 (t, J = 6.8 Hz, 3H, CHs) ppm.

13C NMR (CDCl3): 141.1, 128.8 (2C), 128.3 (2C), 126.8, 111.8, 64.2 (2C), 62.3, 57.6, 43.2, 37.1, 34.8,
33.7,28.9, 26.5, 23.2, 14.4 ppm.

vmax(cm™): 2949, 2926, 2868, 1639, 1490, 1365, 1138, 1095, 1070, 1058, 1026, 945, 732, 696.
HR-MS (NSI): m/z calculated for M = C19H29NO, theoretical [M+H]*: 304.2271. Found: 304.2270.
Entry 1in Table 9.21

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.

(a) 4-(tert-butyl)-1-butylcyclohex-1-ene 122a (49 mg, 0.25 mmol, 1.0 eq.), (b) yield of 166a: 39 mg
(51%) and (c) e.r. =93:7.

Ph

166a

Chiral analysis: HPLC OD-H column, 0.40 mL/min, detector 254 nm, 0.5% IPA in hexane. t;= 23.9 min

(minor) and t,= 24.6 min (major).
Entry 2 in Table 9.21

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.
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(a) 4-butyl-1,2,3,6-tetrahydro-1,1'-biphenyl 122b (54 mg, 0.25 mmol, 1.0 eq.), (b) yield of 166b: 42
mg (53%) and (c) e.r. =99:1.

Ph

o
Ph

166b

Chiral analysis: HPLC OD-H column, 0.40 mL/min, detector 254 nm, 0.5% IPA in hexane. t;= 17.1 min

(minor) and t2= 20.2 min (major).
Entry 3 in Table 9.21

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.

(a) 4-methyl-1-butylcyclohex-1-ene 122¢ (38 mg, 0.25 mmol, 1.0 eq.), (b) yield of 166¢: 31 mg (48%)
and (c) e.r. = 82:18.

Ph

166¢

Chiral analysis: HPLC OD-H column, 0.40 mL/min, detector 254 nm, 0.5% IPA in hexane. t;= 17.4 min

(minor) and t,= 21.4 min (major).
Entry 4 in Table 9.21

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.

(a) 4-butyl-1-methyl-1,2,3,6-tetrahydro-1,1'-biphenyl 122d (57 mg, 0.25 mmol, 1.0 eq.), (b) yield of
166d: 45 mg (54%).and (c) e.r. = 87:13.
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Ph

166d

Chiral analysis: HPLC OD-H column, 0.40 mL/min, detector 254 nm, 0.1% IPA in hexane. t;= 23.7 min

(minor) and t,= 27.0 min (major).

Preparation of 5-(tert-butyl)-2-phenylazepane

Scheme 9.50

A microwave vial was equipped with a stirrer bar, closed with a suba seal and flame dried. Then it
was charged with the substrate azepane (26 mg,0.08 mmol, 1.0 eq.), DCM (1 mL), MeOH (0.5 mL)
and Pd/C (8 mg,0.008 mmol, 10 mol%) and the atmosphere was changed to hydrogen with a
balloon. The reaction was stirred at rt for 24 h. The crude mixture was filtered through celite and the
filtrate was washed with Et,0 (3 x 5 mL). To this solution 5 droppletts of concentrated HCl was
added and the solvdnt was evaporated in vacuo. The azepane salt was dissolved in DCM (3 mL) and
1IN NaOH (3 mL) mixture and stirred for an 1 h. The organic phase was separated and the aqueos
was was washed with DCM (3 x 3 mL). The combined organic phase was dried over Na,SQ,, filtered
and the solvent was removed in vacuo. The crude product was columned by flash column

chromatography 10% MeOH in DCM. Mass of the product: 15 mg (81%).

Characterisation of 5-(tert-butyl)-2-phenylazepane 167:
Obtained as a yellow oil.

H

N

"Bu,

‘

Ph
167

IH NMR (CDCls): 7.22-7.16 (m, 2H, ArH), 7.15-7.10 (m, 2H, ArH), 7.09-7.05 (m, 1H, ArH), 4.39 (br s,
1H, NH), 3.20 (dt, & = 13.4 Hz, J = 3.9 Hz, 1H, NCHa), 2.95-2.85 (m, 1H, NCH,), 2.75-2.69 (m, 1H, NCH),
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2.59 (m, 1H, PhCH), 1.97-1.82 (m, 4H, CH.), 1.80-1.65 (m, 2H, CHz), 1.57-1.49 (m, 2H, CH,), 1.34-1.21
(m, 4H, CH,) and 0.83 (t, J = 7.2 Hz, 3H, CHs). ppm.

13C NMR (CDCl5): 148.4, 128.5 (2C), 126.8 (2C), 126.0, 58.4, 47.6, 46.3, 39.2, 36.4, 32.1, 31.5, 28.7,
22.8,14.2 ppm.

vmax(cm™): 2951, 2924, 2854, 1450, 754, 698.
HR-MS (NSI): m/z calculated for M = Ci¢H2sN, theoretical [M+H]*: 232.2060. Found: 232.2060.
Entry 1 in Table 9.22

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 1',2',3',6'-tetrahydro-1,1":4',1"-terphenyl 140b (59 mg, 0.25 mmol, 1.0 eq.) and (b) yield of 168b:
46 mg (52%).

Characterisation of 6-(benzylamino)-1,4-diphenylhexan-1-one 168b:
Obtained as a yellow solid.

O
Ph

<Z T

168b

IH NMR (CDCls): 7.77-7.69 (m, 2H, ArH), 7.48-7.40 (m, 1H, ArH), 7.34-7.29 (m, 2H, ArH), 7.25-7.11 (m,
8H, ArH), 7.09-7.05 (m, 2H, ArH), 3.66 (d, % = 13.1 Hz, 1H, CH.Ph), 3.60 (d, %/ = 13.1 Hz, 1H, CH,Ph),
2.79-2.59 (m, 3H, CH,, PhCH), 2.55-2.42 (m, 2H, CH,), 2.11-2.02 (m, 1H, CH,), 1.96-1.70 (m, 3H, CH.),
and 1.35 (m, 1H, NH) ppm.

13C NMR (CDCls): 200.5, 144.5, 140.2, 137.0, 133.0 (2C), 128.8 (2C), 128.7 (2C), 128.6 (2C), 128.4 (20),
128.2 (2C), 127.9 (2C), 127.2, 126.7, 54.0, 47.6, 43.6, 37.3, 36.7, 16.8 ppm.

Vmax(cm™): 2926, 1676, 1446, 744, 731.

HR-MS (NSI): m/z calculated for M = CasH»7NO, theoretical [M+H]*: 358.2165. Found: 358.2165.
M.p.: 74-78 °C

Entry 2 in Table 9.22
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Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 4-isopropyl-1,2,3,6-tetrahydro-1,1'-biphenyl 121b (50 mg, 0.25 mmol, 1.0 eq.) and (b) yield of
169: 48 mg (59%).

Characterisation of 8-(benzylamino)-2-methyl-6-phenyloctan-3-one 169:
Obtained as a yellow oil.
O

H
\HJ\/\/\/N\/Ph
Ph

169

'H NMR (CDCl3): 7.25-7.09 (m, 8H, ArH), 7.08-6.97 (m, 2H, ArH), 3.64 (d, %) = 13.4 Hz, 1H, CH,Ph), 3.58
(d, 2J=13.4 Hz, 1H, CH,Ph), 2.59-2.48 (m, 1H, CH), 2.47-2.23 (m, 3H, CH, CH,), 2.27-2.06 (m, 2H, CH,),
1.97-1.85 (m, 1H, CH), 1.82-1.64 (m, 2H, CH,), 1.52-1.43 (m, 1H, NH), 0.92 (d, J = 6.5 Hz, 3H, CHs) and
0.90 (d, J = 6.5 Hz, 3H, CH3) ppm.

13C NMR (CDCl3): 214.9, 144.6, 140.5, 128.7 (2C), 128.5 (2C), 128.3 (2C), 127.8 (2C), 127.1, 126.5,
54.1,47.7,43.4,41.0, 38.4,37.5, 30.6, 18.5, 18.3 ppm.

Vmax(cm™): 2924, 2854, 1654, 1450, 752, 731, 671.
HR-MS (NSI): m/z calculated for M = C»,H29NO, theoretical [M+H]*: 324.2323. Found: 324.2323.
Entry 1 in Table 9.23

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 4-(tert-butyl)-2,3,4,5-tetrahydro-1,1'-biphenyl 140a (54 mg, 0.25 mmol, 1.0 eq.) and (b) yield of
168a: 46 mg (54%).

Characterisation of 4-(2-(benzylamino)ethyl)-5,5-dimethyl-1-phenylhexan-1-one 168a:

Obtained as a yellow oil.
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168a

'H NMR (CDCl3): 7.90-7.84 (m, 1H, ArH), 7.54-7.43 (m, 1H, ArH), 7.42-7.37 (m, 3H, ArH), 7.27-7.09 (m,
5H, ArH), 3.86 (s, 2H, NCH:Ph), 3.11-2.96 (m, 1H, CH), 2.91-2.79 (m, 1H, CH), 2.77-2.70 (m, 2H, CHz),
2.08(m, 1H, CH), 1.91-1.78 (m, 2H, CH;), 1.44-1.34 (m, 2H, CH;), 1.04 (m, 1H, NH) and 0.80 (s, 9H,

CHs) ppm.

13C NMR (CDCls): 200.8, 133.2, 128.8 (2C), 128.7 (2C), 128.6 (2C), 128.4, 128.3 (2C), 127.23, 127.20,
52.8,47.7,46.0,37.7,33.6, 29.2, 27.3, 27.1 (3C) ppm.

vmax(cm™): 2958, 2865, 1682, 1448, 1366, 745, 701.
HR-MS (NSI): m/z calculated for M = C33H3:NO, theoretical [M+H]*: 338.2480. Found: 338.2478.
Entry 2 in Table 9.23

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 4-propyl-2,3,4,5-tetrahydro-1,1'-biphenyl 140g (50 mg, 0.25 mmol, 1.0 eq.) and (b) yield of 168g:
43 mg (53%).

Characterisation of 4-(2-(benzylamino)ethyl)-1-phenylheptan-1-one 168g:

Obtained as a yellow oil.

Ph)K/\/\/ ~
"Pr
1689

'H NMR (CDCl3): 7.89-7.82 (m, 2H, ArH), 7.52-7.44 (m, 1H, ArH), 7.40-7.33 (m, 2H, ArH), 7.32-7.18 (m,
SH, ArH), 3.77 (s, 2H, NCH,Ph), 2.91-2.86 (m, 2H, CH>), 2.67-2.60 (m, 2H, CH.), 1.61 (g, J = 6.7 Hz, 2H,
CH;), 1.56-1.47 (m, 2H, CH.), 1.46-1.38 (m, 1H, CH), 1.32-1.16 (m, 4H, CH), 0.90-0.80 (m, 1H, NH)
and 0.81 (t, /= 6.7 Hz, 3H, CH3) ppm.
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13C NMR (CDCls): 200.1, 138.2, 136.2, 132.5, 128.1 (2C), 128.0 (2C), 127.6 (2C), 126.9 (2C), 125.3,
53.1, 53.0, 46.2, 35.5, 35.3, 34.7, 27.4, 19.7, 13.9 ppm.

Vmax(cmM™Y): 2921, 2861, 1679, 1448, 1268, 738, 691.
HR-MS (NSI): m/z calculated for M = C3;H29NO, theoretical [M+H]*: 324.2323. Found: 324.2323.
Entry 3 in Table 9.23

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 4-methyl-2,3,4,5-tetrahydro-1,1'-biphenyl 140c (43 mg, 0.25 mmol, 1.0 eq.) and (b) yield of 168c:
43 mg (58%).

Characterisation of 6-(benzylamino)-4-methyl-1-phenylhexan-1-one 168c:
Obtained as a yellow oil.

O

MH Ph
Ph 3 ~
Me

168c¢c

IH NMR (CDCls): 7.89-7.85 (m, 2H, ArH), 7.51-7.43 (m, 1H, ArH), 7.39-7.32 (m, 2H, ArH), 7.26-7.14 (m,
5H, ArH), 3.71 (s, 2H, NCH.Ph), 2.96-2.84 (m, 2H, CH,), 2.69-2.51 (m, 2H, CH.), 1.76-1.65 (m, 1H, CH),
1.59-1.43 (m, 4H, CH;) 1.35-1.26 (m, 1H, NH) and 0.86 (d, J = 6.3 Hz, 3H, CH3) ppm.

13C NMR (CDCls): 200.8, 140.6, 137.2, 133.1, 128.8 (2C), 128.6 (2C), 128.3 (2C), 128.2 (2C), 127.1,
54.4,47.4,37.3,36.3, 31.4, 30.9, 19.8 ppm.

vmax(cm™): 2951, 2920, 1681, 1448, 1205, 732, 690.
HR-MS (NSI): m/z calculated for M = CyoH2sNO, theoretical [M+H]*: 296.2009. Found: 296.2011.

Entry 4 in Table 9.23

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) 1'-methyl-1',2',3',6'-tetrahydro-1,1":4',1"-terphenyl 140d (62 mg, 0.25 mmol, 1.0 eq.) and (b)
yield of 168d: 55 mg (59%).
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Characterisation of 6-(benzylamino)-4-methyl-1,4-diphenylhexan-1-one 168d:

Obtained as a yellow oil.

o)

ZT

Ph ~Fh

Me Ph
168d

IH NMR (CDCls): 7.73-7.68 (m, 2H, ArH), 7.46-7.40 (m, 1H, ArH), 7.33-7.28 (m, 2H, ArH), 7.27-7.08 (m,
10H, ArH), 3.61 (s, 2H, NCH.Ph), 2.77-2.66 (m, 1H, CH), 2.59-2.48 (m, 2H, CH;), 2.38-2.29 (m, 1H,
CH;), 2.19-2.11 (m, 1H, CH,), 2.04-1.86 (m, 2H, CH>), 1.85-1.76 (m, 1H, CH), 1.29 (s, 3H, CH3) and 1.18
(m, 1H, NH) ppm.

13C NMR (CDCls): 200.7, 146.4, 139.7, 137.1, 133.1 (2C), 128.7 (2C), 128.63 (2C), 128.61, 128.4 (2C),
128.2 (2C), 127.3, 126.5 (2C), 126.2, 54.0, 45.2, 43.4, 40.1, 37.7, 34.0, 24.0 ppm.

vmax(cm™): 2927, 2853, 1680, 1633, 1446, 1317, 1211, 740, 696.
HR-MS (APCl): m/z calculated for M = Ca6H29NO, theoretical [M+H]*: 372.2322. Found: 372.2319.
Entry 5 in Table 9.23

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a) tert-butyldimethyl((2,3,4,5-tetrahydro-[1,1'-biphenyl]-4-yl)oxy)silane 140e (72 mg, 0.25 mmol,
1.0 eq.) and (b) yield of 168e: 45 mg (44%).

Characterisation of 6-(benzylamino)-4-((tert-butyldimethylsilyl)oxy)-1-phenylhexan-1-one 168e:
Obtained as a yellow oil.

0 H

N
Ph ~

OTBDMS

Ph

168e

IH NMR (CDCls): 7.93-7.88 (m, 1H, ArH), 7.54-7.49 (m, 1H, ArH), 7.44-7.38 (m, 2H, ArH), 7.30-7.26 (m,
4H, ArH), 7.23-7.18 (m, 2H, ArH), 3.91-3.83 (m, 1H, OCH), 3.75 (s, 2H, NCH,Ph), 3.02-2.96 (m, 2H,
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CH.), 2.72-2.62 (m, 2H, CH.), 1.94-1.74 (m, 2H, CH2), 1.73-1.64 (m, 2H, CH,), 1.21(m, 1H, NH), 0.83 (s,
9H, C(CH3)3) and 0.01 (s, 6H, SiCH3) ppm.

13C NMR (CDCls): 200.4, 140.3, 137.2, 133.2, 128.8 (2C), 128.6 (2C), 128.5 (2C), 128.2 (2C), 127.2,
70.0, 54.3, 45.9, 37.4, 34.2, 31.4, 26.0(3C), 18.2, -4.25 (2C) ppm.

vmax(cm™): 2951, 2926, 2852, 1683, 1448, 1251, 1096, 833, 688, 667, 657.
HR-MS (APCl): m/z calculated for M = CsH37NO,Si, theoretical [M+H]*: 412.2672. Found: 412.2669.
Entry 6 in Table 9.23

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate and (b) yield of product.

(a 8-phenyl-1,4-dioxaspiro[4.5]dec-7-ene 140h (54 mg, 0.25 mmol, 1.0 eq.) and (b) yield of 168h: 51
mg (60%).

Characterisation of 3-(2-(2-(benzylamino)ethyl)-1,3-dioxolan-2-yl)-1-phenylpropan-1-one 168h:

Obtained as a yellow oil.

Phw ~
o o
-/
168h

IH NMR (CDCls): 7.89-7.84 (m, 2H, ArH), 7.51-7.44 (m, 1H, ArH), 7.40-7.32 (m, 2H, ArH), 7.28-7.16 (m,
5H, ArH), 3.84-3.80 (m, 4H, OCH.), 3.54 (s, 2H, NCH.Ph), 2.56-2.47 (m, 2H, CH.), 2.40-2.32 (m, 1H,
CH), 1.83-1.75 (m, 2H, CH,), 1.74-1.64 (m, 2H, CH,), 1.58-1.40 (m, 1H, CH) and 0.87 (m, 1H, NH) ppm.

13C NMR (CDCls): 200.0, 137.2, 133.0 (2C), 129.0, 128.7 (2C), 128.4 (2C), 128.2 (2C), 128.2 (2C), 127.5,
110.7, 65.1 (2C), 58.8, 47.4, 37.3, 34.6, 31.5 ppm.

vmax(cm™): 2954, 2874, 1734, 1682, 1635, 1448, 1177, 1130, 1030, 742, 693.
HR-MS (APCl): m/z calculated for M = C;H2sNO3, theoretical [M+H]*: 324.1964. Found: 324.1965.
Entry 1in Table 9.24

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.
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(a) 4-(tert-butyl)-2,3,4,5-tetrahydro-1,1'-biphenyl 140a (54 mg, 0.25 mmol, 1.0 eq.), (b) yield of 168a:
44 mg (52%) and (c) 94:6.

Ph/ﬂ\w/”\T/”\\/ ~
Bu
168a

Chiral analysis: HPLC OJ column, 0.40 mL/min, detector 254 nm, 10% IPA in hexane. t;= 15.6 min

(major) and t;= 16.6 min (minor).
Entry 2 in Table 9.24

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.

(a) 1',2',3',6'-tetrahydro-1,1":4',1"-terphenyl 140b (59 mg, 0.25 mmol, 1.0 eq.), (b) yield of 168b: 48
mg (54%) and (c) 99:1

Ph/ﬂ\v/ﬁ\j/”\»/ ~
Ph
168b

Chiral analysis: HPLC OJ column, 0.40 mL/min, detector 254 nm, 0.5% IPA in hexane. t;= 70.8 min

(major) and t,= 76.9 min (minor).
Entry 3 in Table 9.24

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.

(a) 4-propyl-2,3,4,5-tetrahydro-1,1'-biphenyl 140g (50 mg, 0.25 mmol, 1.0 eq.), (b) yield of 168g: 44
mg (54%) and (c) 90:10.

O

Ph)J\/\/v

168g

ZT

Ph
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Chiral analysis: HPLC OD-H column, 1.00 mL/min, detector 254 nm, 10% IPA in hexane. t;= 42.0 min

(minor) and t2= 51.9 min (major).
Entry 4 in Table 9.24

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.

(a) 4-methyl-2,3,4,5-tetrahydro-1,1'-biphenyl 140c (43 mg, 0.25 mmol, 1.0 eq.), (b) yield of 168c: 45
mg (61%) and (c) 86:14.

Ph)J\/\/\/ ~
Me
168c

Chiral analysis: HPLC OD-H column, 1.00 mL/min, detector 254 nm, 10% IPA in hexane. t;= 42.0 min

(minor) and t,=51.9 min (major).
Entry 5 in Table 9.24

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.

(a) 1'-methyl-1',2',3',6'-tetrahydro-1,1":4',1"-terphenyl 140d (62 mg, 0.25 mmol, 1.0 eq.), (b) yield of
168d: 56 mg (60%) and (c) 88:12.

O

ZT

Ph
Ph

Ph Me
168d

Chiral analysis: HPLC OD-H column, 0.40 mL/min, detector 254 nm, 0.5% IPA in hexane. t;= 24.9 min

(minor) and t,= 25.7 min (major).
Entry 6 in Table 9.24

Following general procedure T for the telescoped ozonolysis-reductive amination, data is presented

in the following format: (a) amount of substrate, (b) yield of product and (c) e.r.
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(a) tert-butyldimethyl((2,3,4,5-tetrahydro-[1,1'-biphenyl]-4-yl)oxy)silane 140e (72 mg, 0.25 mmol,
1.0 eq.), (b) yield of 168e: 43 mg (42%) and (c) 97:3.

o H

N
Ph ~

OTBDMS

Ph

168e

Chiral analysis: HPLC OD-H column, 0.40 mL/min, detector 254 nm, 10% IPA in hexane. t;= 39.6 min

(minor) and t2= 70.4 min (major).
Entry 1 in Table 9.25'¢°

Following general procedure U for the deprotection of 168b with Pd, data is presented in the
following format: (a) amount of catalyst used, (b) hydrogen source, (c) conditions and (d) recovered

SM 168b.

(a) Pd/C (6.4 mg, 10 wt%, 0.006 mmol, 10 mol%), (b) H; balloon, (c) MeOH (4 mL), DCM (2 mL), rt, 1d
and (d) 19 mg (95%).

Entry 2 in Table 9.25%°

Following general procedure U for the deprotection of 168b with Pd, data is presented in the
following format: (a) amount of catalyst used, (b) hydrogen source, (c) conditions and (d) recovered

SM 168b.

(a) Pd(OH)2 (26 mg, 30 wt% on C, 50% wet, 0.018 mmol, 30 mol%), (b) H2 balloon, (c) THF (3 mL),
'PrOH (1 mL), rt, 1d and (d) -.

Entry 3 in Table 9.25%°

Following general procedure U for the deprotection of 168b with Pd, data is presented in the
following format: (a) amount of catalyst used, (b) hydrogen source, (c) conditions and (d) recovered

SM 168b.

(a) Pd/C (20 mg, 10 wt% on C, 0.0096 mmol, 16 mol%), (b) NHsHCO; (19 mg, 0.30 mmol, 5.0 eq.), (c)
MeOH (0.4 mL), reflux, 90 min and (d) 9 mg 46%.

Entry 1 in Table 9.26
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Following general procedure V for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.
(a) toluene (1.3 mL), (b)-, (c) reflux, (d)O/N and (e) 19 mg (95%).
Entry 2 in Table 9.26

Following general procedure V for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.
(a) CPME (1.3 mL), (b)-, (c) reflux, (d)O/N and (e) 16 mg (80%).
Entry 3 in Table 9.26

Following general procedure V for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.
(a) CPME (1.3 mL), (b) acetic acid (12 pL, 0.06 mmol, 1.0 eq.), (c) reflux, (d)O/N and (e) 16 mg (80%).
Entry 4 in Table 9.26

Following general procedure V for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.

(a) CPME (1.3 mL), (b) acetic acid (12 pL, 0.06 mmol, 1.0 eq.), 4 A mol. sieves (50 mg), (c) reflux, (d)
O/N and (e) 19 mg (95%).

Entry 5 in Table 9.26

Following general procedure V for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.
(a) CPME (1.3 mL), (b)-, (c) 120 °C (uw), (d) 2 h and (e) 8 mg (40%).

Entry 6 in Table 9.26
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Following general procedure V for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.

(a) CPME (1.3 mL), (b) Ti(O'Pr)4 (0.06 mL, 0.18 mmol, 3.03 eq.), (c) reflux, (d) O/N and (e) 19 mg
(95%).

Entry 7 in Table 9.26

Following general procedure V for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.
(a) -, (b) Ti(OPr)4 (0.06 mL, 0.18 mmol, 3.03 eq.), (c) 110 °C, (d) O/N and (e) 18 mg (90%).
Entry 8 in Table 9.26

Following general procedure T for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.
(a) CPME (1.3 mL), (b) ZnCl, (25 mg, 0.18 mmol, 3.03 eq.), (c) reflux, (d) O/N and (e) -.
Entry 9 in Table 9.26

Following general procedure AH for the reductive amination of 168b, data is presented in the
following format: (a) amount of solvent, (b) amount of additive(s), (c) reaction temperature, (d)

reaction time and (e) recovered SM 168b.

(a) CPME (1.3 mL), (b) NiCl,*6 H,0 (43 mg, 0.18 mmol, 3.03 eq.), (c) reflux, (d) O/N and (e) 19 mg
(95%).

Entry 10 in Table 9.26'%

A flame dried 5 mL round bottom flask was equipped with a stirrer bar, and closed with a suba seal.
The substrate 168b (20 mg, 0.06 mmol, 1.0 eq.) was dissolved in DCM (3 mL) and TMSCI (0.04 mL,
0.30 mmol, 5.0 eq.) was added. The solution was stirred at rt for O/N. The solvent and by-products
were removed in vacuo. The crude product was dissolved in DCM (1.3 mL) and the solution was
cooled to 0 °C under an argon atmosphere. To this solution NaBH(OAc)s (36 mg, 0.168 mmol, 2.80
eq.) was added and the reaction was stirred at rt for 36 h. The crude mixture was partitioned

between DCM (4 mL) and sat. K;COs (4 mL). The agueous phase was washed with DCM (3 x 4 mL)
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and the organic phase was collected. The combined organi phase was dried over Na,SO,, filtered and
the solvent was removed in vacuo. The crude mixture was analysed by *H NMR spectroscopy and the
starting material was recovered by flash column chromatography using 1-2% MeOH in DCM.

Recovered SM 168b: 12 mg (60%)
Entry 1 in Table 9.27

Following general procedure S for the reductive amination of aldehyde-ketone 164b, data is
presented in the following format: (a) solvent, (b) amount of benzylamine, (c) amount sodium
triacetoxyborohydride, (d) amount of additive(s), (e) yield of product 173 and (d) yield of product
174.

(a) CPME (4 mL), (b) Benzylamine (47 pL, 0.36 mmol, 2.10 eq.), (c) sodium triacetoxyborohydride (95
mg, 0.44 mmol, 2.8 eq.), (d) -, (e) 20 mg (31%) and (f) 21 mg (19%) .

Characterisation of 6-((4-methoxybenzyl)amino)-1,4-diphenylhexan-1-one 173:
Obtained as a yellow oil.
Ph

Ph

NH
PMB

173

'H NMR (CDCls): 7.75-7.70 (m, 2H, ArH), 7.45-7.39 (m, 1H, ArH), 7.35-7.28 (m, 2H, ArH), 7.24-7.16 (m,
2H, ArH), 7.15-7.04 (m, 5H, ArH), 6.78-6.72 (m, 2H, ArH), 3.69 (s, 3H, OCHs), 3.59 (d, ¥ = 12.5 Hz, 1H,
CH.Ph), 3.53 (d, 2 = 12.5 Hz, 1H, CH.Ph), 2.81-2.55 (m, 3H, CHa, PhCH), 2.52-2.36 (m, 2H, CH.), 2.25
(m, 1H, NH), 2.10-1.98 (m, 1H, CH,) and 1.92-1.69 (m, 3H, CH.), ppm.

13C NMR (CDCls): 200.4, 158.8, 144.3, 137.1, 133.1, 131.8, 129.6 (2C), 128.8 (2C), 128.6 (2C), 128.2
(2C), 127.8 (2C), 126.6, 114.0 (2C), 55.4, 53.3, 47.3, 43.6, 37.0, 36.7, 31.2 ppm.

vmax(cm™): 2935, 2358, 1672, 1508, 1446, 1234, 1029, 758, 744, 729, 700, 688.
HR-MS (APCl): m/z calculated for M = CxH29NO,, theoretical [M+H]*: 388.2277. Found: 388.2266.
Characterisation of 6,6'-((4-methoxybenzyl)azanediyl)bis(1,4-diphenylhexan-1-one) 174:

Obtained as a yellow oil. Mixture of distereomers is reported d.r. = 1:1.
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PMB Ph

Ph

174

IH NMR (CDCls): 7.74-7.69 (m, 8H, ArH), 7.45-7.39 (m, 4H, ArH), 7.33-7.24 (m, 8H, ArH), 7.19-7.11 (m,
10H, ArH), 7.10-7.05 (m, 4H, ArH), 7.03-6.95 (m, 12H, ArH), 6.71-6.65 (m, 2H, ArH), 3.67 (s, 3H,
OCH;), 3.66 (s, 3H, OCHs), 3.37 (d, ¥ = 12.6 Hz, 1H, CH.Ph), 3.29 (s, 2H, CHPh), 3.20 (d, % = 12.6 Hz,
1H, CHPh), 2.73-2.47 (m, 12H, PhCH, CH.), 2.27-2.00 (m, 8H, CH-), 1.96-1.89 (m, 4H, CH,), 1.83-1.73
(m, 4H, CH,) and 1.70-1.51 (m, 8H, CH,), ppm.

13C NMR (CDCls): 200.5, 158.6, 144.9, 144.3, 137.2, 132.9 (4C), 132.0, 130.2 (2C), 128.6 (4C), 128.2
(4C), 127.9 (4C), 126.4 (4C), 113.6 (2C), 58.1, 55.4, 51.8, 51.7, 43.4 , 36.8, 34.4, 34.3, 31.4, 29.8 ppm.

vmax(cm™): 2924, 2354, 1680, 1508, 1448, 1242, 1031, 756, 747.
HR-MS (NSI): m/z calculated for M = C44H47NO3, theoretical [M+H]*: 638.3629. Found: 638.3613.
Entry 2 in Table 9.27

A flame dried microwave vial was equipped with a stirrer bar and charged with sodium
cyanoborohydride (5 mg, 0.075 mmol, 1.0 eq.), zinc(ll) chloride (5 mg, 0.038 mmol, 0.5 eq.) and
dissolve in MeOH (1 mL). The substrate 164b (20 mg, 0.075mmol, 1.0 eq.) and 4-methoxy
benzylamine (0.02 mL, 0.15 mmol, 2.0 eq.) were dissolved in MeOH (0.3 mL) and this solution was
added dropwise to the solution of the reducing agent. The reaction was stirred at rt for 15 h. The
crude mixture was partitioned between DCM (4 mL) and sat. K2CO3 (4 mL). The agueous phase was
washed with DCM (3 x 4 mL) and the organic phase was collected. The combined organi phase was
dried over Na,SO,, filtered and the solvent was removed in vacuo. The crude mixture was analysed
by *H NMR spectroscopy and the product was isolate by flash column chromatography using 1-2%
MeOH in DCM. Mass of product 173: 12 mg (40%)

Entry 3 in Table 9.27

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.
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(a) 0.5 h, (b) MeOH (2 mL), (c) 4-methoxybenzylamine (10 pL, 0.075 mmol, 1.0 eq.) and (d) 16 mg
(54%)
Entry 1 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.
(a) 1.25 h, (b) MeOH (2 mL), (c) 4-methoxybenzylamine (50 pL, 0.375 mmol, 5.0 eq.) and (d) 50%.

Entry 2 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.
(a) 1.25 h, (b) MeOH (2 mL), (c) 4-methoxybenzylamine (50 pL, 0.375 mmol, 5.0 eq.) and (d) 54%.

Entry 3 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.

(a) 2 h, (b) MeOH (1 mL), (c) 4-methoxybenzylamine (70 pL, 0.525 mmol, 7.0 eq.) and (d) 48%.

Entry 4 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.

(a) 2 h, (b) MeOH (4 mL), (c) 4-methoxybenzylamine (70 pL, 0.525 mmol, 7.0 eq.) and (d) 39%.

Entry 5 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,

data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
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use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.

(a) 1.25 h, (b) MeOH (2 mL), (c) 4-methoxybenzylamine (50 pL, 0.375 mmol, 5.0 eq.) and (d) 50%.

Entry 6 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.

(a) 0.5 h, (b) MeOH (4 mL), (c) 4-methoxybenzylamine (70 pL, 0.525 mmol, 7.0 eq.) and (d) 71%.

Entry 7 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.

(a) 2 h, (b) MeOH (4 mL), (c) 4-methoxybenzylamine (30 pL, 0.225 mmol, 3.0 eq.) and (d) 59%.
, , y y ML, ’ q

Entry 8 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.

(a) 0.5 h, (b) MeOH (1 mL), (c) 4-methoxybenzylamine (30 uL, 0.225 mmol, 3.0 eq.) and (d) 54%.

Entry 9 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.

(a) 2 h, (b) MeOH (1mL), (c) 4-methoxybenzylamine (30 pL, 0.225 mmol, 3.0 eq.) and (d) 40%.

Entry 10 in Table 9.28

-270 -



Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.
(a) 0.5 h, (b) MeOH (1 mL), (c) 4-methoxybenzylamine (70 pL, 0.525 mmol, 7.0 eq.) and (d) 65%.

Entry 11 in Table 9.28

Following general procedure W for the reductive amination of 164b with sodium cyanoborohydride,
data is presented in the following format: : (a) addition time of substrate 164b, (b) amount of MeOH
use to prepare the solution of 164b, (c) amount of 4-methoxybenzylamine and (d) yield of product

173.
(a) 0.5 h, (b) MeOH (4 mL), (c) 4-methoxybenzylamine (30 pL, 0.225 mmol, 3.0 eq.) and (d) 68%.
Entry 1 in Table 9.29%

Following general procedure X for the deprotection of 173 under acidic conditions, data is presented
in the following format: : (a) amount of additive, (b) amount of solvent, (c) reaction temperature, (d)

reaction time, (e) conversion towards desired product and (f) recovered 173.
(a) TFA (0.02 mL, 0.25 mmol, 5.0 eq.), (b) DCM (0.5 mL), (c) rt, (d) 24 h, (e) - and (f) 100%.
Entry 2 in Table 9.29'4

Following general procedure X for the deprotection of 173 under acidic conditions, data is presented
in the following format: : (a) amount of additive, (b) amount of solvent, (c) reaction temperature, (d)

reaction time, (e) conversion towards desired product and (f) recovered 173.
(a) Triflic acid (14 pL, 0.15 mmol, 3.0 eq.), (b) TFA (0.5 mL), (c) rt, (d) 4 h, (e) - and (f) 100%.
Entry 3 in Table 9.2914°

Following general procedure X for the deprotection of 173 under acidic conditions, data is presented
in the following format: : (a) amount of additive, (b) amount of solvent, (c) reaction temperature, (d)

reaction time, (e) conversion towards desired product and (f) recovered 173.
(a) TFA (0.02 mL, 0.25 mmol, 5.0 eq.), (b) -, (c) reflux, (d) 4 h, (e) - and (f) 100%.

Entry 4 in Table 9.294
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Following general procedure X for the deprotection of 173 under acidic conditions, data is presented
in the following format: : (a) amount of additive, (b) amount of solvent, (c) reaction temperature, (d)

reaction time, (e) conversion towards desired product and (f) recovered 173.
(a) TFA (0.02 mL, 0.25 mmol, 5.0 eq.), (b) -, (c) 120 °C, (d) 10 min, (e) - and (f) 100%.
Entry 1 in Table 9.30

Following general procedure Y for the deprotection of 173, data is presented in the following format:

(a) amount of reductant, (b) conversion towards desired product and (f) recovered 173.
(a) CAN (86 mg, 0.158 mmol, 2.1 eq.), (b) - and (c) 100%.
Entry 2 in Table 9.30

Following general procedure Y for the deprotection of 173, data is presented in the following format:

(a) amount of reductant, (b) conversion towards desired product and (f) recovered 173.
(a) DDQ (21 mg, 0.09 mmol, 1.2 eq.), (b) - and (c) -.
Scheme 9.62

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(a) NH3 (0.11 mL, c = 7 mmol/mL in MeOH, 0.75 mmol, 10 eq.), (b) aldehyde-ketone 164b (20 mg,
0.075 mmol, 1.0 eq.), (c) MeOH (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 4 mg (21%).

Characterisation of 2,5-diphenylazepane 172b:

Obtained as a yellow oil.

Ph. N

Ph

172b
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IH NMR (CDCls): 7.37-7.32 (m, 2H, ArH), 7.28-7.15 (m, 8H, ArH), 3.96 (t, J = 6.3 Hz, 1H, NCHPh), 3.16
(dt, 2 = 13.2 Hz, J = 3.2 Hz, 1H, NCHPh), 2.85-2.73 (m, 2H, NCH:Ph) and 2.11-1.74 (m, 7H, NH, CH.).

ppm.

13C NMR (CDCls): 149.1, 147.1, 128.7 (2C), 128.6 (2C), 127.1, 126.9 (2C), 126.8 (2C), 126.0, 63.7, 49.1,
46.1,41.2, 36.1, 32.4 ppm.

vmax(cm™): 2928, 2850, 1683, 1598, 1490, 1448, 1138, 1072, 1028, 800.
HR-MS (NSI): m/z calculated for M = CigH:N, theoretical [M+H]*: 252.1747. Found: 252.1740.
Entry 1 in Table 9.31

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(a) NHs (0.11 mL, ¢ = 7 mmol/mL in MeOH, 0.75 mmol, 10 eq.), (b) aldehyde-ketone 164b (20 mg,
0.075 mmol, 1.0 eq.), (c) CPME (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 24%.

Entry 2 in Table 9.31

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(a) NH3 (0.11 mL, ¢ = 7 mmol/mL in MeOH, 0.75 mmol, 10 eq.), (b) aldehyde-ketone 164b (20 mg,
0.075 mmol, 1.0 eq.), (c) DCE (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 25%.

Entry 3 in Table 9.31

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(a) NHs (0.11 mL, ¢ = 7 mmol/mL in MeOH, 0.75 mmol, 10 eq.), (b) aldehyde-ketone 172b (20 mg,
0.075 mmol, 1.0 eq.), (c) THF (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 13%.
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Entry 4 in Table 9.31

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(a) NHs (0.11 mL, ¢ = 7 mmol/mL in MeOH, 0.75 mmol, 10 eq.), (b) aldehyde-ketone 164b (20 mg,
0.075 mmol, 1.0 eq.), (c) DCM (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 35%.

Entry 5 in Table 9.31

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(a) NH3 (0.11 mL, c = 7 mmol/mL in MeOH, 0.75 mmol, 10 eq.), (b) aldehyde-ketone 164b (20 mg,
0.075 mmol, 1.0 eq.), (c) DCM (2 mL), (d) DCM (4 mL), (e) 0.5 h and (f) 14%.

Entry 6 in Table 9.31

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(@) NHsz (55 uL, ¢ = 7 mmol/mL in MeOH, 0.375 mmol, 5 eq.), (b) aldehyde-ketone 164b (20 mg,
0.075 mmol, 1.0 eq.), (c) DCM (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 34%.

Entry 7 in Table 9.31

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(a) NHs3 (55 pL, c = 7 mmol/mL in MeOH, 0.375 mmol, 5 eq.), (b) aldehyde-ketone 164b (20 mg, 0.075
mmol, 1.0 eq.), (c) DCM (2 mL), (d) MeOH (4 mL), (e) 15 min and (f) 20%.

Entry 8 in Table 9.31
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Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 172b.

(a) NHs3 (55 pL, c = 7 mmol/mL in MeOH, 0.375 mmol, 5 eq.), (b) aldehyde-ketone 164b (20 mg, 0.075
mmol, 1.0 eq.), (c) DCM (2 mL), (d) MeOH (4 mL), (e) 1 h and (f) 15%.

Entry 1 in Table 9.32

Following general procedure AA for the reductive aminocyclisation of aldehyde-ketones with
different reducing agents, data is presented in the following format: : (a) ammonia source, (b)

reducing agent and (c) conversion of product 172b.

(a) NHs (55 pL, ¢ = 7 mmol/mL in MeOH, 0.375 mmol, 5 eq.), (b) sodium triacetoxyborohydride (32

mg, 0.15 mmol, 2.0 eq.) and (c) 9%.
Entry 2 in Table 9.32

Following general procedure AA for the reductive aminocyclisation of aldehyde-ketones with
different reducing agents, data is presented in the following format: : (a) ammonia source, (b)

reducing agent and (c) conversion of product 172b.

(a) NHs3 (55 pL, ¢ = 7 mmol/mL in MeOH, 0.375 mmol, 5 eq.), (b) tetrabutylammonium borohydride
(39 mg, 0.15 mmol, 2.0 eq.) and (c) -.

Entry 1 in Table 9.33

Following general procedure R for the ozonolyis of cyclic alkenes, data is presented in the following

format (a) substrate, (b) amount of solvent, (c) amount of dimethyl sulfide and (d) yield of product.

(a) 4-(tert-butyl)-2,3,4,5-tetrahydro-1,1'-biphenyl 140a (54 mg, 0.25 mmol, 1.0 eq.), (b) DCM (8 mL)
and MeOH (2 mL), (c) dimethyl sulfide (0.37 mL, 5 mmol, 20 eq.) and (d) 46 mg (75%).

Characterisation of 3-(tert-butyl)-6-oxo-6-phenylhexanal 164a:

Obtained as a courless oil.
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164a

1H NMR (CDCl3): 9.81 (t, J = 1.6 Hz, 1H, CHO), 7.9-7.89 (m, 2H, ArH), 7.56-7.51 (m, 1H, ArH), 7.47-7.40
(m, 2H, ArH), 2.96-2.90 (m, 2H, CH,,PhC(O)CH,), 2.63 (ddd, 2/ = 17.6 Hz, J = 5.1 Hz, J = 1.6 Hz, 1H,
CHOCHH), 2.25 (ddd, %) = 17.6 Hz, J = 5.1 Hz, J = 1.6 Hz, 1H, CHOCHH), 2.11-2.00 (m, 2H, CH,), 1.92-
1.82 (m, 1H, CH), and 0.90 (s, 9H, (CHs)s3) ppm.

13C NMR (CDCls): 203.1, 200.2, 133.3, 128.8 (2C), 128.2 (2C), 125.0, 46.4, 42.3, 38.0, 33.9, 27.8 (3C),

25.9 ppm.

Vmax(cm™): 2966, 2918, 1694, 1365, 1235, 1040, 700.

HR-MS (APCl): m/z calculated for M = C1¢H2,0,, theoretical [M-H]*: 245.1542. Found: 245.1545.
Entry 2 in Table 9.33

Following general procedure R for the ozonolyis of cyclic alkenes, data is presented in the following

format (a) substrate, (b) amount of solvent, (c) amount of dimethyl sulfide and (d) yield of product.

(a) 4-butyl-2,3,4,5-tetrahydro-1,1"-biphenyl 122b (54 mg, 0.25 mmol, 1.0 eq.), (b) DCM (8 mL) and
MeOH (2 mL), (c) dimethyl sulfide (0.37 mL, 5 mmol, 20 eq.) and (d) 50 mg (81%).

Characterisation of 6-oxo-3-phenyldecanal 176b:
Obtained as a courless oil.

O

nBU/U\/YvO

Ph

176b

IH NMR (CDCls): 9.59 (t, J = 1.9 Hz, 1H, CHO), 7.27-7.21 (m, 2H, ArH), 7.18-7.12 (m, 1H, ArH), 7.12-
7.06 (m, 2H, ArH), 3.10 (m, 1H, PhCH), 2.68 (t, J = 7.1 Hz, 1H, "BuC(O)CHH), ), 2.64 (t, J = 7.1 Hz, 1H,
"BuC(0)CHH), 2.24-2.16 (m, 2H, CHOCH-), 1.97-1.88 (m, 1H, CH), 1.81-1.72(m, 1H, CH), 1.44-1.32 (m,
2H, CH,), 1.22-1.16 (m, 4H, CH,), and 0.79 (t, J = 7.2 Hz, 3H, CHs) ppm.
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13C NMR (CDCls): 210.8, 201.6, 143.0, 129.0 (2C), 127.7 (2C), 127.1, 51.0, 42.8, 40.4, 39.5, 30.2, 26.1,
22.5,15.9 ppm.

Vmax(cm™): 2954, 2927, 1710, 700.
HR-MS (NSI): m/z calculated for M = Ci¢H2,0,, theoretical [M+H]*: 247.1695. Found: 247.1693.
Entry 3 in Table 9.33

Following general procedure Rfor the ozonolyis of cyclic alkenes, data is presented in the following

format (a) substrate, (b) amount of solvent, (c) amount of dimethyl sulfide and (d) yield of product.

(a) 4-iso-propyl-2,3,4,5-tetrahydro-1,1'-biphenyl 121b (50 mg, 0.25 mmol, 1.0 eq.), (b) DCM (8 mL)
and MeOH (2 mL), (c) dimethyl sulfide (0.37 mL, 5 mmol, 20 eq.) and (d) 58 mg (99%).

Characterisation of 7-methyl-6-oxo-3-phenyloctanal 177b:

Obtained as a courless oil.

\(U\/Yvo
Ph

177b

IH NMR (CDCls): 9.59 (t, J = 1.9 Hz, 1H, CHO), 7.27-7.21 (m, 2H, ArH), 7.18-7.12 (m, 1H, ArH), 7.11-
7.07 (m, 2H, ArH), 3.21 (m, 1H, (CH3),CH), 3.16-3.07 (m, 1H, PhCH), 2.66 (m, 2H, CH,), 2.43-2.37 (m,
1H, CH), 2.33-2.13 (m, 2H, CH>), 1.96-1.89 (m, 1H, CH;), 0.94 (d, / = 6.9 Hz, 3H, CH;) and 0.92 (d, J =
6.9 Hz, 3H, CHz) ppm.

13C NMR (CDCls): 214.4, 201.7, 143.1, 129.0 (2C), 127.8 (2C), 127.1, 51.0, 41.1, 39.4, 38.0, 30.2, 18.5,

18.3 ppm.

Vmax(cm™): 2966, 2922, 1708, 1240, 1045, 761, 700.

HR-MS (APCI): m/z calculated for M = C15H200,, theoretical [M+H]*: 233.1542. Found: 233.1544.
Entry 1 in Table 9.34

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is

presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
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agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 178.

(a) NH3 (0.11 mL, ¢ = 7 mmol/mL in MeOH, 0.75 mmol, 5 eq.), (b) aldehyde-ketone 164a (32 mg, 0.15
mmol, 1.0 eq.), (c) DCM (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 9 mg (27%).

Characterisation of 5-(tert-butyl)-2-phenylazepane 178:

Obtained as a yellow oil.

Ph. R

178

IH NMR (CDCls): 7.32-7.26 (m, 2H, ArH), 7.25-7.20 (m, 2H, ArH), 7.17-7.12 (m, 1H, ArH), 3.79 (dd, J =
8.9 Hz, J = 4.6 Hz, 1H, NCHPh), 3.16 (dq, % = 13.4 Hz, J = 2.8 Hz, 1H, NCHH), 2.63 (m, 1H, NCHH), 3.03
(br's, 1H, NH), 2.00-1.71 (m, 4H, CH,), 1.60-1.48 (m, 1H, CH), 1.45-1.33 (m, 1H, CH), 1.31-1.24 (m, 1H,
CH) and 0.82 (s, 9H, CH3). ppm.

13C NMR (CDCl5): 146.3, 128.7 (2C), 127.2, 126.8 (2C), 63.7, 49.8, 48.8, 36.0, 33.9, 32.3, 27.3 (3C),

26.3 ppm.

Vmax(cm™): 2937, 1438, 1363, 752, 698.

HR-MS (NSI): m/z calculated for M = Ci¢HasN, theoretical [M+H]*: 232.2060. Found: 232.2062.
Entry 2 in Table 9.34

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 179.

(a) NH3 (0.11 mL, ¢ = 7 mmol/mL in MeOH, 0.75 mmol, 5 eq.), (b) aldehyde-ketone 176b (32 mg, 0.15
mmol, 1.0 eq.), (c) DCM (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 11 mg (32%).

Characterisation of 5-(tert-butyl)-2-phenylazepane 176b:

Obtained as a yellow oil.
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ZT

"Bu

Ph

176b

IH NMR (CDCls): 7.22-7.16 (m, 2H, ArH), 7.15-7.10 (m, 2H, ArH), 7.09-7.05 (m, 1H, ArH), 4.39 (br s,
1H, NH), 3.20 (dt, J = 13.4 Hz, 3.9 Hz, 1H, NCHPh), 2.95-2.85 (m, 1H, NCHH), 2.75-2.59 (m, 2H, NCHH,
CH,), 1.97-1.82 (m, 3H, CH, CH,), 1.80-1.65 (m, 2H, CH,), 1.57-1.49 (m, 2H, CH,), 1.34-1.21 (m, 5H,
CH,) and 0.83 (t, J = 7.2 Hz, 3H, CHs). ppm.

13C NMR (CDCls): 148.4, 128.5 (2C), 126.8 (2C), 126.0, 58.4, 47.6, 46.3, 39.2, 36.4, 32.1, 31.5, 28.7,
22.8,14.2 ppm.

Vmax(cm™): 2951, 2924, 2854, 1450, 754, 698.
HR-MS (NSI): m/z calculated for M = Ci¢HasN, theoretical [M+H]*: 232.2060. Found: 232.2060.
Entry 3 in Table 9.34

Following general procedure Z for the reductive aminocyclisation of aldehyde-ketones, data is
presented in the following format: : (a) amount of ammonia, (b) substrate, (c) solvent for reducing
agent, (d) solvent for substrate solution, (e) addition time of substrate solution and (f) yield of

product 180.

(a) NH3 (0.11 mL, c = 7 mmol/mL in MeOH, 0.75 mmol, 5 eq.), (b) aldehyde-ketone 177b (32 mg, 0.15
mmol, 1.0 eq.), (c) DCM (2 mL), (d) MeOH (4 mL), (e) 0.5 h and (f) 11 mg (32%).

Characterisation of 2-iso-propyl-5-phenylazepane 180:

Obtained as a yellow oil.

ipr. H

Ph

180
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IH NMR (CDCls): 7.22-7.16 (m, 2H, ArH), 7.14-7.09 (m, 2H, ArH), 7.09-7.05 (m, 1H, ArH), 3.71 (br s,
1H, NH), 3.25 (dt, J = 13.4 Hz, 3.7 Hz, 1H, NCHPh), 2.75-2.61 (m, 1H, CH, CH.), 1.99-1.62 (m, 8H, CH,),
0.96-0.88 (m, 1H, CH), 0.90 (d, J = 1.3 Hz, 3H, CHs). and 0.89 (d, J = 1.3 Hz, 3H, CHs). ppm.

13C NMR (CDCl5): 148.9, 128.6 (2C), 126.8 (2C), 126.0, 64.4, 49.4, 45.7, 39.8, 33.7, 32.8, 29.3, 19.3,
18.7 ppm.

Vmax(cm™): 2953, 2924, 1450, 754, 698.

HR-MS (NSI): m/z calculated for M = CisH23N, theoretical [M+H]*: 218.1904. Found: 218.1903.

Asymmetric deprotonation of cyclobutanones
Entry 1 in Table 9.35

Following General Procedure AB, data is presented in the following format: (a) amount of
methyltriphenylphosphonium bromide, (b) amount of THF, (c) amount of n-butyllithium, (d) amount

of substrate, and (e) yield.

(a) 10.72 g, 1.5 eq., 30 mmol, (b) 162 mL, (c) 10.4 mL, c = 2.50 mmol/mL in hexane, 1.3 eq., 26 mmol,
(d) 4-chlorobenzaldehyde (2.81 g, 1.0 eq., 20 mmol) and (e) 1.21 g (44%).

Synthesis of 1-chloro-4-vinylbenzene 181¢'%

Cl
181c
Obtained as a colourless oil.

IH NMR (CDCls): 7.28-7.17 (m, 4H, ArH), 6.59 (dd, J = 17.3 Hz, J =10.9 Hz, 1H, H,C=CH), 5.65 (d, J =
17.3 Hz, 1H, H,C=CH), 5.15 ppm (d, /= 10.9 Hz, 1H, H,C=CH).

13C NMR (CDCls): 136.3, 135.9, 133.6 (2C), 128.9 (2C), 127.6, 114.7 ppm.
Vmax (cm™): 3088, 2956, 1629, 1490, 1395, 1090, 1012, 911, 823.

Entry 2 in Table 9.35

- 280 -



Following General Procedure AB, data is presented in the following format: (a) amount of
methyltriphenylphosphonium bromide, (b) amount of THF, (c) amount of n-butyllithium, (d) amount

of substrate, and (e) yield.

(a) 21.43 g, 1.5 eq., 60 mmol, (b) 324 mL, (c) 20.8 mL, c = 2.50 mmol/mL in hexane, 1.3 eq., 52 mmol,
(d) 4-chlorobenzaldehyde, 5.62 g, 1.0 eq., 40 mmol, and (e) 3.45 g (63%).

Entry 3 in Table 9.35

Following General Procedure AB, data is presented in the following format: (a) amount of
methyltriphenylphosphonium bromide, (b) amount of THF, (c) amount of n-butyllithium, (d) amount

of substrate, and (e) yield.

(a) 15.43 g, 1.5 eq., 43 mmol, (b) 232 mL, (c) 14.8 mL, c = 2.50 mmol/mL in hexane, 1.3 eq., 37 mmol,
(d) 1-(naphthalen-2-yl)ethan-1-one, 4.77 g, 1.0 eq., 28 mmol, and (e) 4.05 g (86%).

Synthesis of 2-(prop-1-en-2-yl)naphthalene 181e'%

181e

Obtained as a white solid.
Melting Point:. 52-54 °C. Lit. 54-55 °C.1%3

IH NMR (CDCls): 7.85-7.75 (m, 4H, ArH), 7.64 (m, 1H, ArH), 7.48-7.40 (m, 2H, ArH) 5.51 (s, 1H,
H>C=C), 5.18 (m, 1H, H,C=C), 2.22 (s, 3H, CH3) ppm.

13C NMR (CDCl3): 136.9, 134.9, 133.5, 133.1, 128.1, 128.0, 127.6, 126.4, 126.2, 125.8, 123.0, 114.1,

21.9 ppm.
vmax (cm™): 3051, 2920, 1456, 1435, 1375, 1274, 1134, 952, 881, 821.
Scheme 9.68

A solution of copper(ll) sulfate pentahydrate (0.76 g, 3 mol%, 3 mmol) in water (5 mL) was added in
two portions, with a 1 min interval, to a stirred suspension of zinc dust (6.50 g, 100 mmol, 1.0 eq.) in

water (10 mL). The resulting mixture was stirred for 5 minutes before being filtered, and the solid
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phase was washed with water (2 x 5 mL), acetone (2 x 5 mL) and diethyl ether (5 mL). The solid was

then dried at 100 °C in vacuo for 16 h and then stored under an argon atmosphere until ready to use.
Entry 1 in Table 9.36

Following General Procedure AC, data is presented in the following format: (a) amount of diethyl
ether, (b) amount of zinc-copper couple, (c) amount of substrate, (d) amount of trichloroacetyl

chloride, (e) amount of phosphoryloxy(V) trichloride, and (f) mass of crude product (conversion).

(a) 16 mL, (b) 0.71 g, 10.8 mmol, 3 eq., (c) 1-chloro-4-vinylbenzene, 0.86 mL, 3.6 mmol, 1.0 eq., (d)
1.00 mL, 9 mmol, 2.5 eq., (e) 0.83 mL, 9 mmol, 2.5 eq., and (f) 385 mg (conv. 43%).

Entry 2 in Table 9.36

Following General Procedure AC, data is presented in the following format: (a) amount of diethyl
ether, (b) amount of zinc-copper couple, (c) amount of substrate, (d) amount of trichloroacetyl

chloride, (e) amount of phosphoryloxy(V) trichloride, and (f) mass of crude product (conversion).

(a) 100 mL, (b) 4.89 g, 69.0 mmol, 3 eq., (c) 1-chloro-4-vinylbenzene, 2.75 mL, 23 mmol, 1.0 eq., (d)
6.50 mL, 58 mmol, 2.5 eq., (e) 5.41 mL, 58 mmol, 2.5 eq., and (f) 3.59 g (conv. 63%).

169

Characterisation of 2,2-dichloro-3-(4-chlorophenyl)cyclobutan-1-one 181c

O

JoF

181c

Obtained as a colourless oil.

14 NMR (CDCls): 7.34-7.30 (m, 2H, ArH), 7.18-7.10 (m, 2H, ArH), 4.12 (dd, J = 10.4 Hz, J = 10.2 Hz, 1H,
PhCH), 3.59 (t, % = 10.2, J = 10.2 Hz, 1H, CH,), 3.47 ppm (dd, 2J = 10.4, J = 10.2 Hz, 1H, CH.).

Entry 1 in Table 9.37

Following General Procedure AD, data is presented in the following format: (a) amount of acetic

acid, (b) amount of zinc dust, (c) amount of substrate, and (d) yield of product.

(a) 10 mL, (b) 0.61 g, 9.24 mmol, 6 eq., (c) crude 2,2-dichloro-3-(4-chlorophenyl)cyclobutan-1-one,
385 mg, 1.54 mmol, 1.0 eq., and (d) 104 mg, 37% yield.
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170

Synthesis of 3-(4-chlorophenyl)cyclobutan-1-one 135c¢

o

Cl
135¢c

Appearance: colourless oil.

'H NMR (CDCl3): 7.38-7.28 (m, 2H, ArH), 7.25-7.19 (m, 2H, ArH), 3.69-3.59 (m, 1H, PhCH), 3.54-3.43
(m, 2H, CH,), 3.54-3.43 ppm (m, 2H, CH.).

13C NMR (CDCls): 205.7, 142.5, 132.3, 129.1, 128.1, 55.0, 28.2 ppm.
Vmax (cm™): 2920, 1780, 1710, 1491, 1377, 1197, 1069, 1012, 817.
Entry 2 in Table 9.37

Following General Procedure AD, data is presented in the following format: (a) amount of acetic

acid, (b) amount of zinc dust, (c) amount of substrate, and (d) yield of product.

(a) 90 mL, (b) 5.62 g, 86 mmol, 6 eq., (c) crude 2,2-dichloro-3-(4-chlorophenyl)cyclobutan-1-one,
3.59g,14.4 mmol, 1.0 eq., and (d) 2.04 g, 78% vyield.

Scheme 9.71

Following General Procedure AC, data is presented in the following format: (a) amount of diethyl
ether, (b) amount of zinc-copper couple, (c) amount of substrate, (d) amount of trichloroacetyl

chloride, (e) amount of phosphoryloxy(V) trichloride and (f) mass of crude product (conversion).

(a) 150 mL, (b) 10.63 g, 150 mmol, 3 eq., (c) styrene, 5.73 mL, 50 mmol, 1.0 eq., (d) 13.95 mL, 125
mmol, 2.5 eq., (e) 11.65 mL, 125 mmol, 2.5 eq., and (f) 7.42 g (conv. 69%).

)

-

182a

Characterisation of 2,2-dichloro-3-phenylcyclobutan-1-one 182a %3
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Obtained as a colourless oil.

IH NMR (CDCls): 7.46-7.34 (m, 3H, ArH), 7.32-7.28 (m, 2H, ArH), 4.23 (d, J = 10.6 Hz, J = 10.2 Hz, 1H,
PhCH), 3.71 (dd, 2J = 10.6, J = 10.0 Hz, 1H, CH.), 3.53 (dd, 2/ = 10.2, J = 10.0 Hz, 1H, CH.) ppm.

Scheme 9.71

Following General Procedure AC, data is presented in the following format: (a) amount of diethyl
ether, (b) amount of zinc-copper couple, (c) amount of substrate, (d) amount of trichloroacetyl

chloride, (e) amount of phosphoryloxy(V) trichloride, and (f) mass of crude product (conversion).

(a) 150 mL, (b) 10.63 g, 150 mmol, 3 eq., (c) a-methylstyrene 6.50 mL, 50 mmol, 1.0 eq., (d) 13.95
mL, 125 mmol, 2.5 eq., (e) 11.65 mL, 125 mmol, 2.5 eq., and (f) 10.34 g, (conv. 90%).

Characterisation of 2,2-dichloro-3-methyl-3-phenylcyclobutan-1-one 182b!%

O

Cl
Cl

182b

Obtained as colourless oil.

4 NMR (CDCls): 7.43-7.37 (m, 2H, ArH), 7.37-7.32 (m, 1H, ArH), 7.28-7.23 (m, 2H, ArH), 3.97 (d, 2 =
16.5 Hz, 1H, CH;), 3.06 ppm (d, %/ = 16.5 Hz, 1H, CH,), 1.45 (s, 3H, CH3) ppm.

Scheme 9.71

Following General Procedure AC, data is presented in the following format: (a) amount of diethyl
ether, (b) amount of zinc-copper couple, (c) amount of substrate, (d) amount of trichloroacetyl

chloride, (e) amount of phosphoryloxy(V) trichloride, and (f) mass of crude product (conversion).

(a) 150 mL, (b) 10.63 g, 150 mmol, 3 eq., (c) benzylstyrene, 6.50 mL, 50 mmol, 1.0 eq., (d) 13.95 mL,
125 mmol, 2.5 eq., (e) 11.65 mL, 125 mmol, 2.5 eq., and (f) 6.93 g (conv. 60%).

Characterisation of 2,2-dichloro-3-methyl-3-(naphthalen-2-yl)cyclobutan-1-one 182d %3
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O

g
Cl

Cl

182d

Obtained as a colourless oil.

'H NMR (CDCls): 7.34-7.15 (m, 5H, ArH), 3.39-3.29 (m, 2H, PhCH,), 3.24-3.16 (m, 1H, PhCH,CH), 3.06
(dd, 2 =9.2 Hz, J = 8.0 Hz, 1H, CH,), 2.81 (dd, % = 9.2 Hz, J = 8.0 Hz, 1H, CH;) ppm.

Scheme 9.71

Following General Procedure AC, data is presented in the following format: (a) amount of diethyl
ether, (b) amount of zinc-copper couple, (c) amount of substrate, (d) amount of trichloroacetyl

chloride, (e) amount of phosphoryloxy(V) trichloride, and (f) mass of crude product (conversion).

(a) 100 mL, (b) 6.38 g, 90 mmol, 3 eq., (c) 2-(prop-1-en-2-yl)naphthalene, 5.04 g, 30 mmol, 1.0 eq.,
(d) 8.37 mL, 75 mmol, 2.5 eq., () 7.00 mL, 75 mmol, 2.5 eq., and (f) 6.43 g (conv. 81%).
Characterisation of 2,2-dichloro-3-methyl-3-(naphthalen-2-yl)cyclobutan-1-one 182e!%

Obtained as colourless oil.

O

182e

IH NMR (CDCls): 7.92-7.73 (m, 3H, ArH), 7.63 (s, 1H, ArH), 7.50-7.34 (m, 3H, ArH), 4.13 (d, ¥ = 16.4
Hz, 1H, CH,), 3.17 (d, ) = 16.4 Hz, 1H, CH,), 1.75 (s, 3H, CH3) ppm.

Scheme 9.72

Following General Procedure AD, data is presented in the following format: (a) amount of acetic

acid, (b) amount of zinc dust, (c) amount of substrate, and (d) yield of product.
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(a) 215 mL, (b) 13.53 g, 207 mmol, 6 eq., (c) crude 2,2-dichloro-3-phenylcyclobutan-1-one, 7.42 g,
34.5 mmol, 1.0 eq., and (d) 3.34 g, 66% yield.

170

Characterisation of 3-phenylcyclobutan-1-one 135a

o)

135a

Obtained as a colourless oil.

H NMR (CDCls): 7.31-7.15 (m, 5H, ArH), 3.65-3.55 (m, 1H, PhCH), 3.47-3.36 (m, 2H, CH,), 3.23-3.12
(m, 2H, CH,) ppm.

13C NMR (CDCl3): 207.0, 143.7, 128.3, 126.9, 126.7, 54.9, 28.7 ppm.
vmax(Cm'l): 3026, 2091, 1774, 1496, 1452, 1379, 1097, 910, 731.
Scheme 9.72

Following General Procedure AD, data is presented in the following format: (a) amount of acetic

acid, (b) amount of zinc dust, (c) amount of substrate, and (d) yield of product.

(a) 215 mL, (b) 14 g, 214 mmol, 6 eq., (c) crude 2,2-dichloro-3-methyl-3-phenylcyclobutan-1-one,
8.16 g, 35.6 mmol, 1.0 eq., and (d) 2.48 g, 46% yield.

Characterisation of 3-methyl-3-phenylcyclobutan-1-one 135b”°

)

135b

Obtained as a colourless oil.

'H NMR (CDCls): 7.34-7.20 (m, 4H, ArH), 7.20-7.14 (m, 1H, ArH), 3.43-3.34 (m, 2H, CH,), 3.07-2.98 (m,
2H, CH>), 1.52 (s, 3H, CH3) ppm.
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13C NMR (CDCls): 206.8, 148.3, 128.7, 126.4, 125.8, 59.4, 34.1, 31.3 ppm.
vmu(CﬁTU:2954,1778,1444,1379,1300,1139,1078,1028,869.
Scheme 9.72

Following General Procedure AD, data is presented in the following format: (a) amount of acetic

acid, (b) amount of zinc dust, (c) amount of substrate, and (d) yield of product.

(a) 100 mL, (b) 6.62 g, 101 mmol, 6 eq., (c) crude 2,2-dichloro-3-benzylcyclobutan-1-one, 3.86 g, 17
mmol, 1.0 eq., and (d) 1.25 g, 46% yield.

Synthesis of 3-benzylcyclobutan-1-one 135d7!

O

w T

135d

Obtained as a colourless oil.

IH NMR (CDCls): 7.27-7.20 (m, 3H, ArH), 7.19-7.09 (m, 2H, ArH), 3.11-3.01 (m, 2H, CH.), 2.83-2.76 (d,
J=7.2 Hz, 2H, PhCH,), 2.76-2.59 (m, 3H, CH+CH.) ppm.

13C NMR (CDCls): 207.9, 140.2, 128.8, 128.7, 126.6, 52.5, 42.1, 25.2 ppm.
vmax (cm™): 2910, 1774, 1600, 1496, 1452, 1379, 1097, 910, 731.
Scheme 9.72

Following General Procedure AD, data is presented in the following format: (a) amount of acetic

acid, (b) amount of zinc dust, (c) amount of substrate, and (d) yield of product.

(a) 150 mL, (b) 9.55 g, 146 mmol, 6 eq., (c) crude 2,2-dichloro-3-methyl-3-(naphthalen-2-
yl)cyclobutan-1-one, 6.44 g, 24 mmol, 1.0 eq., and (d) 1.11 g, 22% yield.

Characterisation of 3-methyl-3-(naphthalen-2-yl)cyclobutan-1-one 135e 172

@)

135e
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Obtained as a colourless oil.

IH NMR (CDCls): 7.87-7.79 (m, 3H, ArH), 7.71 (d, J = 1.6 Hz, 1H, ArH), 7.52-7.41 (m, 3H, ArH), 3.60-
3.53 (m, 2H, CH.), 3.22-3.15 (m, 2H, CH.), 1.68 (s, 3H, CHs) ppm.

13C NMR (CDCls): 206.8, 145.1, 133.4, 132.1, 128.8, 127.9, 127.8, 126.7, 126.1, 124.7, 123.9, 59.5,
34.4,31.1 ppm.

vmax (cm™): 3054, 2957, 2921, 1782, 1600, 1505, 1378, 1297, 1200, 1131, 1077, 906.
Entry 1 in Table 9.38

Following General Procedure AE for the synthesis of racemic enol phosphates, data is presented in
the following format: (a) amount of THF, (b) amount of di-iso-propylamine, (c) amount of n-
butyllithium, (d) substrate, (e) amount of THF, (f) amount of diphenyl phosphoryl chloride, and (h)

yield of product.

(a) 5mL, (b) 0.14 mL, 1 mmol, 1.0 eq., (c) 0.40 mL, c = 2.50 mmol/mL in hexane, 1.0 mmol, 1.0 eq.,
(d) 3-phenylcyclobutan-1-one, 134 mg, 0.9 mmol, 0.9 eq., (e) 6 mL, (f) 0.21 mL, 1.0 mmol, 1.0 eq.,
and (h) 242 mg (80%).

Characterisation of rac-diphenyl (3-phenylcyclobut-1-en-1-yl) phosphate 136a 1%

Jut

Ph

OP(O)(OPh),

136a

Obtained as colourless oil.

IH NMR (CDCls): 7.39-7.31 (m, 4H, ArH), 7.28-7.16 (m, 11H, ArH), 5.57-5.53 (m, 1H, CH=C), 3.69-3.64
(m, 1H, CHPh), 3.28 (dd, ¥ = 4.5 Hz, J = 1.5 Hz, 1H, CH,), 2.58 (t, ¥ = 1.5 Hz, J = 1.5 Hz, 1H, CH.) ppm.

13C NMR (CDCl3): 150.5 (d, 1C, %cp = 7.7 Hz), 142.3, 141.7 (d, 2C, %Jcp = 8.9 Hz), 130.1, 128.6, 126.84,
126.80, 125.9, 120.3 (d, 4C, *Jcp = 5.0 Hz), 114.0 (d, 1C, 2Jcp = 7.2 Hz), 43.1 (d, 1C, *Jcp = 6.5 Hz), 38.0

ppm.

31p NMR (CDCls): -18.2 ppm

Vmax (cm™): 2927, 1629, 1589, 1487, 1300, 1282, 1269, 1219, 1180, 1161, 1024, 1008, 937, 904, 875,
823, 754.

- 288 -



Chiral HPLC: OD-J column, 1.40 mL/min, detector 254 nm, 10% IPA in hexane. t;= 25.4 min and t;=
28.8 min.

Entry 2 in Table 9.38

Following General Procedure AE for the synthesis of racemic enol phosphates, data is presented in
the following format: (a) amount of THF, (b) amount of di-iso-propylamine, (c) amount of n-
butyllithium, (d) substrate, (e) amount of THF, (f) amount of diphenyl phosphoryl chloride, and (h)
yield of product.

(a) 10 mL, (b) 0.28 mL, 2 mmol, 1.0 eq., (c) 0.80 mL, ¢ = 2.50 mmol/mL in hexane, 2.0 mmol, 1.0 eq.,
(d) 3-methyl-3-phenylcyclobutan-1-one, 288 mg, 1.8 mmol, 0.9 eq., (e) 12 mL, (f) 0.42 mL, 2.0 mmol,
1.0 eq., and (g) 387 mg (64%).

Entry 3 in Table 9.38

Following General Procedure AE for the synthesis of racemic enol phosphates, data is presented in
the following format: (a) amount of THF, (b) amount of di-iso-propylamine, (c) amount of n-
butyllithium, (d) substrate, (e) amount of THF, (f) amount of diphenyl phosphoryl chloride, and (h)
yield of product.

(a) 10 mL, (b) 0.28 mL, 2 mmol, 1.0 eq., (c) 0.80 mL, ¢ = 2.50 mmol/mL in hexane, 2.0 mmol, 1.0 eq.,
(d) 3-methyl-3-phenylcyclobutan-1-one, 288 mg, 1.8 mmol, 0.9 eq., (e) 12 mL, (f) 0.42 mL, 2.0 mmol,
1.0 eq., and (g) 520 mg (67%).

Characterisation of diphenyl (3-phenylcyclobut-1-en-1-yl) phosphate 136b*%
OP(O)(OPh),

N

136b

Obtained as a colourless oil.

'H NMR (CDCls): 7.60-7.36 (m, 1H, ArH), 7.46-7.15 (m, 14H, ArH), 6.71 (s, 1H, CH=C), 2.96 (d, 2/ = 12.6
Hz, 1H, CH>), 2.89 (d, % = 12.6 Hz, 1H, CH>), 1.61 (s, 3H, CH3) ppm.
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13C NMR (CDCls): 151.5 (d, 1C, e = 7.5 Hz), 146.4, 141.9 (d, 2C, Ycp = 12.2 Hz), 130.1, 128.4, 126.3,
126.1, 125.9, 120.3 (d, 4C, 3Jcp = 6.0 Hz), 118.0 (d, 1C, 3Jcp = 7.4 Hz), 48.8 (d, 1C, 3Jcp = 5.6 Hz), 42.3,

27.4 ppm.
1P NMR (CDCl3): -18.1 ppm

Vmax (cm™): 2958, 1645, 1631, 1589, 1487, 1300, 1276, 1265, 1205, 1182, 1161, 1078, 1066, 1024,
1008, 941, 904, 887, 873, 802, 754.

Chiral HPLC: OD-J column, 1.00 mL/min, detector 254 nm, 20% IPA in hexane. t;= 24.3 min and t;=
25.5 min.

Entry 4 in Table 9.38

Following General Procedure AE for the synthesis of racemic enol phosphates, data is presented in
the following format: (a) amount of THF, (b) amount of di-iso-propylamine, (c) amount of n-
butyllithium, (d) substrate, (e) amount of THF, (f) amount of diphenyl phosphoryl chloride, and (h)

yield of product.

(a) 10 mL, (b) 0.28 mL, 2 mmol, 1.0 eq., (c) 0.80 mL, ¢ = 2.50 mmol/mL in hexane, 2.0 mmol, 1.0 eq.),
(d) 3-benzylcyclobutan-1-one, 288 mg, 1.8 mmol, 0.9 eq., (e) 12 mL, (f) 0.42 mL, 2.0 mmol, 1.0 eq.,
and (g) 536 mg (69%).

Characterisation of diphenyl (3-phenylcyclobut-1-en-1-yl) phosphate 136d%

"

136d

OP(O)(OPh),

Obtained as colourless oil.

IH NMR (400 MHz, CDCls): 7.40-7.34 (m, 4H, ArH), 7.31-7.12 (m, 11H, ArH), 5.27 (m, 1H, CH=C), 2.91
(d, J=13.6 Hz, 1H, CH,), 2.78-2.71 (m, 3H, CH+CH>), 2.43 (d, %/ = 13.6 Hz, 1H, CH>) ppm.

13C NMR (100 MHz, CDCls): 150.2 (d, 1C, 2Jcp = 7.3 Hz), 141.1 (d, 2C, Ycp = 9.9 Hz), 140.6, 130.1,
128.8,128.6, 126.3, 125.9, 120.3 (4C, *Jc.p = 4.6 Hz), 114.8 (1C, 3Jcp = 6.1 Hz), 40.7,38.9 (1C, 3Jcp = 6.0
Hz), 35.3 ppm.

31p NMR (162 MHz, CDCl3): -18.1 ppm
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Vmax(cm™): 2924, 1641, 1625, 1589, 1487, 1298, 1263, 1220, 1182, 1159, 1024, 1008, 995, 939, 904,
881, 819, 763, 754, 738, 700.

Chiral HPLC: OD-J column, 1.50 mL/min, detector 254 nm, 10% IPA in hexane. t;= 14.1 min and t;=
18.7 min.

Entry 5 in Table 9.38

Following General Procedure AE for the synthesis of racemic enol phosphates, data is presented in
the following format: (a) amount of THF, (b) amount of di-iso-propylamine, (c) amount of n-
butyllithium, (d) substrate, (e) amount of THF, (f) amount of diphenyl phosphoryl chloride, and (h)

yield of product.

(a) 10 mL, (b) 0.28 mL, 2 mmol, 1.0 eq., (c) 0.80 mL, ¢ = 2.50 mmol/mL in hexane, 2.0 mmol, 1.0 eq.,
(d) 3-methyl-3-(naphthalen-2-yl)cyclobutan-1-one (420 mg, 1.8 mmol, 0.9 eq.), (e) 12 mL, (f) 0.42
mL, 2.0 mmol, 1.0 eq. and (g) 547 mg (62%).

Characterisation of diphenyl (3-phenylcyclobut-1-en-1-yl) phosphate 136e%

OP(O)(OPh),

|
L

Obtained as colourless oil.

IH NMR (400 MHz, CDCls): 7.81-7.74 (m, 3H, ArH), 7.67-7.65 (m, 1H, ArH), 7.50-7.45 (m, 3H, ArH),
7.34-7.28 (m, 5H, ArH), 7.25-7.16 (m, 5H, ArH), 5.69 (s, 1H, CH=C), 2.96-2.94 (m, 2H, CH.), 1.63 (s, 3H,

CHs) ppm.

13C NMR (100 MHz, CDCls): 150.5 (d, 1C, Zcp = 7.3 Hz), 143.8, 142.0 (d, 2C, YJcp = 10.0 Hz), 133.4,
132.1, 130.1, 128.0, 127.9, 127.7, 126.3, 125.9, 125.7, 124.9, 124.2, 120.3 (1C, *Jcp = 5.5 Hz), 117.9
(4C, 3Jep = 8.1 Hz), 48.6 (1C, 3Jcp = 5.4 Hz), 42.4, 27.1 ppm.

31p NMR (162 MHz, CDCl3): -18.1 ppm

Vmax (cm™): 2958, 1647, 1629, 1589, 1487, 1300, 1278, 1265, 1205, 1182, 1159, 1089, 1068, 1024,
1008, 941, 900, 885, 869, 854, 815, 765, 746.

-291-



Chiral HPLC: OD-J column, 1.40 mL/min, detector 254 nm, 40% IPA in hexane. t;= 20.0 min and t;=
38.4 min.

Asymmetric deprotonation of cyclobutanones
Scheme 9.74

Following General Procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) e.r.

(a) 3-phenylcyclobutan-1-one (117 mg, 0.8 mmol, 0.8 eq.), (b) rt, (c) 12%, (d) by-product 288 was

coeluted with the desired product 136a, and (e) -.

Characterisation of 288:

PhJ\N/\Ph

22 ph
IO/ \O/
Ph

288

IH NMR (400 MHz, CDCls): 7.38-7.05 (m, 20H, ArH), 3.79 (g, J = 7.0 Hz, 2H, CHiCH), 1.85 (d, 6H, J =
7.0 Hz, 6H, CHsCH) ppm.

Scheme 9.75

Following General Procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) e.r.

(a) 3-phenylcyclobutan-1-one (117 mg, 0.8 mmol, 0.8 eq.), (c) rt, (d) 10%, (e) by-product 288 was

coeluted with the desired product 136a, and (f) -.
Entry 1 in Table 9.39

Following General Procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) e.r.
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(a) 3-phenylcyclobutan-1-one (117 mg, 0.8 mmol, 0.8 eq.), (c) -78 °C, (d) 75%, (e) 173 mg, 57% vyield,
and (f) 59:41.

Entry 2 in Table 9.39

Following General Procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) e.r.

(a) 3-phenylcyclobutan-1-one, 117 mg, 0.8 mmol, 0.8 eq., (c) -78 °C, (d) 166 mg, 55% vyield, and (e)
55:45.

Scheme 9.77

Following General Procedure AF for the synthesis of chiral enol phosphates, with the exception of,
guenching the reaction with methanol (10 mL) instead of saturated sodium bicarbonate solution,
data is presented in the following format: (a) substrate, (c) addition temperature of electrophile, (d)

conversion, (e) yield of product, and (f) enantiomeric ratio.

(a) 3-phenylcyclobutan-1-one, 117 mg, 0.8 mmol, 0.8 eq., (c) -78°C, (d) >99%, (e) 179 mg, 55% vyield,
and (e) 62:38.

Entry 1 in Table 9.40

Following General Procedure AG for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) e.r.

(a) 3-phenylcyclobutan-1-one, 117 mg, 0.8 mmol, 0.8 eq., (c) -78°C, (d) >99%, (e) 142 mg, 47% yield,
and (e) 66:34.

Entry 2 in Table 9.40

Following General Procedure AG for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) e.r.

(a) 3-phenylcyclobutan-1-one, 117 mg, 0.8 mmol, 0.8 eq., (c) -78°C, (d) >99%, (e) 157 mg, 52% vyield,
and (e) 62:38.
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Scheme 9.79 (re-distilling the starting cyclobutanone over calcium hydride)

Following General Procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) e.r.

(a) 3-phenylcyclobutan-1-one (117 mg, 0.8 mmol, 0.8 eq.), (c) -78°C, (d) >99%, (e) 142 mg (47%), and
(e) 58:42.

Entry 1 in Table 9.41

Following General Procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) yield of product, and (d)

e.r.

(a) 3-methyl-3-phenylcyclobutan-1-one (128 mg, 0.8 mmol, 0.8 eq.), (b) -78 °C, (c) 138 mg (44%), and
(e) 57:43.

Chiral analysis: HPLC OD-J column, 1.00 mL/min, detector 254 nm, 20% IPA in hexane. t;= 24.3 min

(major) and t;= 25.5 min (minor).
Entry 2 in Table 9.41

Following General Procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) yield of product, and (d)

e.r.
(a) 3-benzylcyclobutan-1-one (128 mg, 0.8 mmol, 0.8 eq.), (b) -78 °C, (c) 138 mg (44%), and (d) 59:41.

Chiral HPLC: OD-J column, 1.50 mL/min, detector 254 nm, 10% IPA in hexane. t;= 14.1 min (minor)

and t,= 18.7 min (major).
Entry 3 in Table 9.41

Following General Procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) yield of product, and (d)

e.r.

(a) 2-naphthyl-3-methyl-cyclobutan-1-one (128 mg, 0.8 mmol, 0.8 eq.), (b) -78 °C, (c) 119 mg (38%),
and (d) 59:41.
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Chiral analysis: HPLC OD-J column, 1.40 mL/min, detector 254 nm, 40% IPA in hexane. t;= 20.0 min

(major) and t;= 38.4 min (minor).

Scheme 9.81

Following General Procedure AE for the synthesis of racemic enol phosphates, data is presented in
the following format: (a) amount of THF, (b) amount of di-iso-propylamine, (c) amount of n-
butyllithium, (d) substrate, (e) amount of THF, (f) amount of diphenyl phosphoryl chloride, and (h)

yield of product.

(a) 10 mL, (b) 0.28 mL, 2 mmol, 1.0 eq., (c) 0.80 mL, ¢ = 2.50 mmol/mL in hexane, 2.0 mmol, 1.0 eq.,
(d) 4-tert-butyl-cyclohexanone (308 mg, 1.8 mmol, 0.9 eq.), (e) 12 mL, (f) 0.42 mL, 2.0 mmol, 1.0 eq.,
and (f) 472 mg (64%).

Scheme 9.82

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (1 mL, ¢ = 1 mmol/mL in heptane, 1 mmol, 1.0 eq.) was added and the solvent was
removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with argon and
THF (10 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.46 mL, 2.0 mmol, 2.0 eq.) was
added and the suba seal was swapped for a cold finger. The reaction was refluxed for 90 min and,
subsequently, the mixture was allowed to cool to room temperature. Complete formation of the
magnesium bisamide was assumed. Half of this solution (5 mL) was transferred to a flame-dried
Schlenk flask and the other half (5 mL) was used in the deprotonation of 3-phenyl-cyclobutanone
(see Scheme 10.36 below). The solution was cooled to -78 °C and diphenyl phosphoryl chloride (0.42
mL, 2 mmol, 2.0 eq.) was added. The substrate 135a or 115a (0.8 mmol, 0.8 eq) was dissolved in THF
(2 mL) and added dropwise to the solution of magnesium amide (1.0 mmol, 1.0 eq.) in THF over 1 h
via a syringe pump. The reactions were stirred at -78 °C for a further 16 h. After this time, the
reaction were quenched with sat. sodium bicarbonate solution (10 mL), the aqueous phase was
extracted with diethyl ether (3 x 10 mL), and the organic phase were collected. The organic phase
were washed with 1IN HCI (10 mL) then dried over sodium sulfate, filtered, and the solvent was
evaporated in vacuo. The crude product was purified by flash column chromatography using 0-20%
diethyl ether in petrol ether as the eluent, to give 115a as a colourless oil (194 mg, 66%, 96:4 e.r.)
and 136a as a colourless oil (133 mg, 44%, 68:42 e.r.)

Scheme 9.84
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A round-bottom flask was equipped with a stirrer bar, charged with sodium iodide (90 mg, 0.6 mmol,
1.2 eq.) before being flame-dried carefully and allowed to cool under an argon atmosphere.
Acetonitrile (1.4 mL) was added and the reaction mixture was cooled to 0 °C with an ice bath.
Triethylsilyl chloride (0.082 mL, 0.65 mmol, 1.3 eq.) and 3-phenylcyclobutanone (73 mg, 0.5 mmol,
1.0 eq.) in acetonitrile (0.2 mL) were added and the colour of the solution turned from colourless to
yellow. Thereafter, triethylamine (0.081 mL, 0.58 mmol, 1.17 eq.) was added dropwise. The colour of
the solution changed to brown and the reaction was allowed to warm to room temperature before
stirring for a further 6 h. To the crude mixture, diethyl ether (10 mL) was added and the organic
phase was washed with water (10 mL). The organic phase was dried over sodium sulfate, filtered,
and the solvent was evaporated in vacuo. The crude product was purified by flash column
chromatography using 1% diethyl ether in petrol ether as the eluent and the desired final product

was obtained as a colourless oil (10 mg, 8% yield).

Characterisation of racemic triethyl((3-phenylcyclobut-1-en-1-yl)oxy)silane 184a !

r/‘

O-gj
N
o)
Ph
184a

IH NMR (CDCls): 7.23-7.20 (m, 4H, ArH), 7.14-7.08 (m, 1H, ArH), 4.79 (d, J = 0.8 Hz, 1H, CH=C), 3.60-
3.55 (m, 1H, PhCH), 3.03 (dd, ¥ = 12.9 Hz, J = 4.7 Hz, 1H, CH,), 2.31 (dd, 2 = 12.9 Hz, J = 1.4 Hz, 1H,
CH;), 0.96 (t, J = 7.8 Hz, 9H, CH,CHs), 0.67 (q, / = 7.8 Hz, 6H, CH,CH3) ppm.

13C NMR (CDCls): 156.2, 128.4, 126.8 (2C), 126.3 (2C), 126.0, 106.2, 44.4, 29.9, 6.8 (3C), 5.0 (3C) ppm.

Vmax (cm™): 2953, 2918, 2875, 1639, 1622, 1456, 1286, 1271, 1238, 1215, 1093, 1066, 1016, 997, 983,
946, 835, 794, 731.

Scheme 9.85 (using chiral lithium base (R,R)-4)

A Schlenk flask was equipped with a stirrer bar and fitted with a suba seal. The flask was flame-dried
allowed to cool to room temperature before the addition of (R,R)-bis(1-phenylethyl)amine (0.08 mL,
0.31 mmol, 1.25 eq.) and THF (5 mL). The mixture was cooled to -78 °C, then n-butyllithium (0.12 mL,
¢ =2.5 Min hexane, 0.3 mmol, 1.2 eq.) was added dropwise and the mixture was cooled further to -
85 °C with a cryo-cooler unit. Triethylsily chloride (0.07 mL, 0.5 mmol, 2.0 eq.) was added and the
reaction mixture stirred for 30 min. Finally, 4-phenylcyclobutanone (37 mg, 0.25 mmol, 1.0 eq.) was

added as a solution in THF (0.5 mL) over 1 h and the reaction was stirred for a further 16 h at -85 °C.
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The reaction was quenched with water (5 mL) and extracted with diethyl ether (3 x 5 mL). The
organic phases were combined, dried over sodium sulfate, filtered, and the solvent was evaporated
in vacuo. The crude product was purified by flash column chromatography using 1% diethyl ether in

petrol ether as the eluent. To obtain the desired product 184a (57 mg, 87% yield, 90:10 e.r.).
Chiral HPLC: OD-J column, 0.40 mL/min, hexane. t;= 32.5 min (minor) and t>= 33.9 min (major)
Scheme 9.86 (using chiral magnesium base (R,R)-63)

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (1 mL, ¢ = 1 mmol/mL in heptane, 1 mmol, 1.0 eq.) was added and the solvent was
removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with argon and
THF (10 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.46 mL, 2.0 mmol, 2.0 eq.) was
added and the suba seal was swapped for a cold finger. The reaction was refluxed for 90 min and,
subsequently, the mixture was allowed to cool to room temperature. Complete formation of the
magnesium bisamide was assumed.The solution was cooled to -85 °C with a cryo-cooler unit
triethylsily chloride (0.26 mL, 2.0 mmol, 2.0 eq.) was added and 3-phenylcyclobutanone (118 mg,
0.80 mmol, 1.0 eq.) was added as a solution in THF (2 mL) over 1 h. The reaction was stirred for a
further 16 h at -85°C. After this time, the reaction was quenched with water (5 mL) and extracted
with diethyl ether (3 x 5 mL). The organic phase was then dried over sodium sulfate, filtered and the
solvent was evaporated in vacuo. The desired product was not observed via analysis of the crude H

NMR spectrum.
Entry 1 in Table 9.42

Following General Procedure A for the cross coupling of enol phosphates, data is presented in the
following format: (a) substrate, (b) catalyst, (c) amount of diethyl ether, (d) volume of Grignard

reagent, and (e) yield of product.

(a) Diphenyl (3-phenylcyclobut-1-en-1-yl) phosphate 136a (107 mg, 0.28 mmol, 1.0 eq.), (b) PEPPSI
Pr (2 mg, 0.0025 mmol, 1.0 mol%), (c) 1.5 mL, (d) phenylmagnesium bromide (0.42 mL, ¢ =1 M in
THF, 0.42 mmol, 1.5 eq.), and (e) 47 mg (82%).

Characterisation of cyclobut-1-ene-1,3-diyldibenzene 137a ;1%
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Ph

Ph
137a

Obtained as a colourless oil.

IH NMR (400 MHz, CDCls): 7.40-7.33 (m, 2H, ArH), 7.32-7.19 (m, 7H, ArH), 7.19-7.14 (m, 1H, ArH),
6.47 (d, J = 1.6 Hz, 1H, CH=C), 4.04 (m, 1H, PhCH), 3.25 (dd, % = 12.6 Hz, J = 5.0 Hz, 1H, CH), 2.59 (dd,
2)=12.6 Hz, J = 1.6 Hz, 1H, CH) ppm.

13C NMR (100 MHz, CDCls): 133.1, 130.1, 129.9, 128.6, 128.5, 128.1, 127.6, 127.0, 126.5, 124.8, 43.2,

38.7 ppm.
Vmax (cm™): 3024, 2916, 2852, 1589, 1489, 1186, 962, 948, 732.
Entry 2 in Table 10.12

Following General Procedure AJ for the cross coupling of enol phosphates, data is presented in the
following format: (a) substrate, (b) catalyst, (c) amount of diethyl ether, (d) volume of Grignard

reagent, and (e) yield of product.

(a) 3-methyl-3-phenylcyclobut-1-en-1-yl diphenyl phosphate 136b (95 mg, 0.25 mmol, 1.0 eq.), (b)
PEPPSI 'Pr (2 mg, 2.5*10% mmol, 1.0 mol%), (c) 1 mL, (d) phenylmagnesium bromide (0.38 mL, c =1
M in THF, 0.38 mmol, 1.5 eq.) and (e) 36 mg (66%).

Characterisation of (3-methylcyclobut-1-ene-1,3-diyl)dibenzene 137b:'73

Ph

Ph Me
137b

Obtained as colourless oil.

IH NMR (400 MHz, CDCls): 7.55-7.49 (m, 1H, ArH), 7.39-7.21 (m, 8H, ArH), 7.14-7.08 (m, 1H, ArH),
6.65 (s, 1H, CH=C), 2.90 (d, ¥ = 12.6 Hz, 1H, CH), 2.84 (d, 2/ = 12.6 Hz, 1H, CH), 1.56 (s, 3H, CHs) ppm.

13C NMR (100 MHz, CDCls): 133.2, 128.3, 127.8, 127.6, 127.3, 126.8, 126.7, 125.3, 125.2, 124.1, 43.8,
37.6, 27.1 ppm.
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Vmax (cm™): 2953, 1672, 1442, 1203, 1138, 856, 840, 813, 800, 748.
Entry 3 in Scheme 9.88

Following General Procedure AJ for the cross coupling of enol phosphates, data is presented in the
following format: (a) substrate, (b) catalyst, (c) amount of diethyl ether, (d) volume of Grignard

reagent, and (e) yield of product.

(a) 3-benzylcyclobut-1-en-1-yl diphenyl phosphate 136d (98 mg, 0.25 mmol, 1.0 eq.), (b) PEPPSI Pr (2
mg, 2.5*10° mmol, 1.0 mol%), (c) 1 mL, (d) phenylmagnesium bromide (0.38 mL, ¢ = 1 M in THF,
0.38 mmol, 1.5 eq.) and (e) 54 mg (99%).

Characterisation of (3-benzylcyclobut-1-en-1-yl)benzene 137d:

Ph

Ph
137d

Obtained as colourless oil.

'H NMR (400 MHz, CDCls): 7.42-7.32 (m, 6H, ArH), 7.30-7.22 (m, 4H, ArH), 6.43 (m, 1H, CH=C), 3.14-
3.05 (m, 1H, CH), 2.96 (d, & = 12.9 Hz, J = 4.4 Hz, 1H, CH), 2.87 (d, J = 7.9 Hz, 2H, CH.), 2.48 (dd, %J =
12.9 Hz, J=1.7 Hz, 1H, CH) ppm.

13C NMR (100 MHz, CDCl3): 131.1, 129.0, 128.8, 128.5, 128.4, 127.8, 127.4, 126.1, 124.6, 124.4, 41.3,
40.3,34.6 ppm.

Vmax (cm™): 3024, 2910, 1487, 1446, 1429, 1311, 1298,1074, 1022, 956, 906, 823, 750, 732.
HRMS (El): m/z calculated for M = Cy7H16, theoretical [M]*: 220.1252. Found: 220.1257.

Chiral HPLC: OD-J column, 0.40 mL/min, detector 254 nm, hexane. t;= 83.3 min and t;= 96.8 min.
Entry 1in Table 9.43

Following General procedure AJ for the cross coupling of enol phosphates, data is presented in the
following format: (a) substrate, (b) catalyst, (c) amount of solvent, (d) Grignard reagent,(e) yield of

produc and (f) enantiomeric ratio.
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(a) Diphenyl (3-phenylcyclobut-1-en-1-yl) phosphate 136a (107 mg, 0.28 mmol, 1.0 eq.),(b) PEPPSI 'Pr
(2 mg, 2.5*10° mmol, 1.0 mol%), (c) 1.5 mL, (d) phenylmagnesium bromide (0.42 mL, c =1 M in THF,
0.42 mmol, 1.5 eq.), (e) 44 mg (76%) and (f) 59:41.

Chiral analysis of cyclobut-1-ene-1,3-diyldibenzene 136a:
Ph

P H
136a

Chiral HPLC: OD-J column, 0.40 mL/min, detector 254 nm, hexane. t;= 32.5 min (minor) and t,= 33.9

min (major).
Entry 2 in Table 9.43

Following General procedure A for the cross coupling of enol phosphates, data is presented in the
following format: (a) substrate, (b) catalyst, (c) amount of solvent, (d) Grignard reagent,(e) yield of

produc and (f) enantiomeric ratio.

(a) 3-methyl-3-phenylcyclobut-1-en-1-yl diphenyl phosphate 136b (95 mg, 0.25 mmol, 1.0 eq.), (b)
PEPPSI 'Pr (2 mg, 2.5*10 mmol, 1.0 mol%), (c) 1 mL, (d) phenylmagnesium bromide (0.38 mL, c =1
M in THF, 0.38 mmol, 1.5 eq.), (e) 32 mg (58%) and (f) 58:42.

Chiral analysis of (3-methylcyclobut-1-ene-1,3-diyl)dibenzene 137b:
Ph

PH Me
137b

Chiral HPLC: OD-J column, 0.40 mL/min, detector 254 nm, hexane. t;= 59.4 min (minor) and t,= 65.3

min (major).
Entry 3in Table 9.43

Following General procedure Al for the cross coupling of enol phosphates, data is presented in the
following format: (a) substrate, (b) catalyst, (c) amount of solvent, (d) Grignard reagent, (e) yield of

product and (f) enantiomeric ratio.
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(a) 3-benzylcyclobut-1-en-1-yl diphenyl phosphate 136d (98 mg, 0.25 mmol, 1.0 eq.), (b) PEPPSI 'Pr (2
mg, 2.5*10° mmol, 1.0 mol%), (c) 1 mL, (d) phenylmagnesium bromide (0.38 mL, c = 1 M in THF,
0.38 mmol, 1.5 eq.), (e) 53 mg (96%) and (f) 58:42.

Chiral analysis of (3-benzylcyclobut-1-en-1-yl)benzene 137d:

Ph

Ph
137d

Chiral HPLC: OD-J column, 0.40 mL/min, detector 254 nm, hexane. t;= 83.3 min (major) and t,= 96.8

min (minor).
Scheme 9.91

Following General procedure AG for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) enantiomeric ratio.

(a) 3-phenylcyclobutan-1-one 135a (117 mg, 0.8 mmol, 0.8 eq.), (b) -78 °C, (c) >99%, (d) 142 mg
(47%), and (e) 66:34.

Scheme 9.92

Following General procedure AF for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) addition temperature of electrophile, (c) conversion, (d) yield of

product, and (e) enantiomeric ratio.

(a) 3-phenylcyclobutan-1-one 135a (117 mg, 0.8 mmol, 0.8 eq.), (b) -78 °C, (c) >99%, (d) 166 mg
(55%), and (e) 55:45.

Entry 1 in Table 9.44

Following General procedure AK for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) additive, (c) addition temperature of electrophile and additive,

(d) conversion, (e) yield of product and (f) enantiomeric ratio.

(a) 3-phenylcyclobutan-1-one 135a (117 mg, 0.8 mmol, 0.8 eq.), (b) DMPU (0.06 mL, 0.5 mmol, 0.5
eq.) (c) -78 °C, (d) 75%, (e) 187 mg (62%), and (f) 55:45.
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Entry 2 in Table 9.44

Following General procedure AK for the synthesis of chiral enol phosphates, data is presented in the
following format: (a) substrate, (b) additive, (c) addition temperature of electrophile and additive,

(d) conversion, (e) yield of product and (f) enantiomeric ratio.

(a) 3-phenylcyclobutan-1-one 135a (117 mg, 0.8 mmol, 0.8 eq.), (b) TMEDA (0.08 mL, 0.5 mmol, 0.5
eq.), (c) -78°C, (d) -, (e) 106 mg (35%), and (e) 62:38.

Computational experiments

175 employing the

Calculations were performed with the Gaussian09 quantum chemistry package
meta-GGA functional of Truhlar and Zhao'’® — M06L — with associated 6-31G(d) basis set for all
atoms. Stationary points were confirmed to be energy minima through vibrational frequency
calculations and depicted no imaginary frequencies. Transition states were located employing the

d¥” with inclusion of relevant guesses for

Synchronous Transit-Guided Quasi-Newton metho
transition state geometry and confirmed by vibrational frequency calculation, which featured a
unique imaginary frequency. Graphical elements presented in this document were generated

employing the OriginPro 2017 SR2 software package.

Enantiomeric excess values were calculated according to equation [Eq. 1]:®

oo 25
exp (A%(Y;,TS) +1

ee =100

[Eq.1]

Where:
ee is the enantiomeric excess in %;

AAGrs is the difference in Gibbs free energy between the two diastereomeric transition statesin kcal

mol?;
R is the gas constant, in kcal molt K%;
Tis the temperature in K.

Relative energies for structures in Figure 9.8

Entry Label AHcel (kcal mol?) AGrel (kcal mol?)
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NoubhwN e

1+24
34’
4y
54°
3n°
4,7
5n®

0.0
21.16214724
23.5630005
6.24686205
17.42783523
19.26079194
4.37248968

0.0
7.93360893
12.66189678
-4.20306198
5.21084304
7.74284589
-6.25188213

Relative energies employed starting magnesium adduct 1 and substrate 2 as reference.

Relative energies for structures in Figure 9.9

Entry Label AHcel (kcal mol?) AGrel (kcal mol?)

1 1+2 0.0 0.0

2 35° 19.00037529 6.03601869

3 4,° 22.06387911 11.70682656
4 56° 7.31237403 -5.49322254

5 3,7 18.3107418 7.1787144

6 4,7 21.43134903 11.08057158
7 5,7 4.08697263 -6.57755982

Relative energies employed starting magnesium adduct 1 and substrate 25 as reference.
Synthesis of novel amine
Scheme 9.96

Following General Procedure AL for the 1,2-addition to aldehydes data are presented in the

following format: (a) substrate and (b) yield.

(a) benzaldehyde (0.10 mL, 1.0 mmol, 1.0 eq.) and (b) 231 mg (72%).

Characterisation of (3,5-bis(trifluoromethyl)phenyl)(phenyl)methanol 191:
OH

SASH

CF;
191
Obtained as a white solid.

IH NMR (CDCls): 7.79 (s, 2H, ArH), 7.70 (s, 1H, ArH), 7.34-7.22 (m, 5H, ArH), 5.58 (d, J = 3.6 Hz, 1H,
CH), 2.30 (d, J = 3.6 Hz, 1H, OH) ppm.

13C NMR (CDCls): 146.3, 142.6, 131.9 (q, 2C, “cr = 36 Hz), 129.4, 128.9, 126.8, 126.7, 123.5 (d, 2C,
Yer =260 Hz), 121.6, 75.6 ppm.
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Vmax(cm™):1377, 1336, 1280, 1168, 1139, 1046, 900, 846.

MP: 115-120 °C.

HRMS (APCI) m/z calculated for CisH1oF¢O, theoretical [M]*: 320.0631. Found: 320.0636.
Scheme 9.97

Following General Procedure AM for the bromination of secondary alcohols data are presented in

the following format: (a) substrate, (b) temperature for O/N stirring and (c) yield.

(a) (3,5-bis(trifluoromethyl)phenyl)(phenyl)methanol 191 (320 mg, 1.0 mmol, 1.0 eq.) and (b) 331 mg
(73%).

Characterisation of 1-(bromo(phenyl)methyl)-3,5-bis(trifluoromethyl)benzene 192:

Br

oA

CF3

192

Obtained as a yellow oil.
'H NMR (CDCls): 7.79 (s, 2H, ArH), 7.82 (s, 1H, ArH), 7.50-7.32 (m, 5H, ArH), 6.33 (s, 1H, CH) ppm.

13C NMR (CDCls): 143.2, 139.5, 132.3 (q, 2C, Ycr = 36 Hz), 129.4, 129.2, 128.9, 128.5, 123.2 (d, 2C,
Yes = 267 Hz), 122.4, 52.7 ppm.

vmax(cm™):1373, 1273, 1166, 1127, 898.
HRMS (APCI) m/z calculated for CisHe”°BrFs [M-H]*: 380.9713. Found: 380.9720.
Scheme 9.98

Following General Procedure AN for the nucleophilic substitution with benzhydryl electrophiles data

are presented in the following format: (a) solvent, (b) substrate, (c) reaction time and (d) yield.

(a) 1-(bromo(phenyl)methyl)-3,5-bis(trifluoromethyl)benzene 192 (239 mg, 0.62 mmol, 1.0 eq.) and
(b) toluene, (c) O/N and (d) 95 mg (36%), d.r. = 1:0.7.
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Characterisation of (1S)-N-((3,5-bis(trifluoromethyl)phenyl)(phenyl)methyl)-1-phenylethan-1-amine
194:

194

Obtained as a yellow oil. Mixture of diastereoisomers is reported d. r. = 1.0: 1.0 determined by the

benzylic protons ratio at 4.78 and 4.75 ppm.

IH NMR (CDCls): 7.97 (s, 6H, ArH), 7.92 (s, 4H, ArH), 7.81 (s, 2H, ArH), 7.75-7.68 (m, 8H, ArH), 7.65-
7.62 (m, 6H, ArH), 4.78 (s, 1H, CH), 4.75 (s, 1H, CH), 3.65 (q, J = 6.5 Hz, 1H, CHCHs), 3.64 (q, J = 6.5 Hz,
1H, CHCHs), 1.45 (d, J = 6.5 Hz, 1H, CHCHs), 1.44 (d, J = 6.5 Hz, 1H, CHCH3), 1.16 (br s, 2H NH) ppm.

13C NMR (CDCls): 146.8, 146.2, 144.2, 141.7, 138.9, 135.5, 133.12, 133.11, 131.6 (q, 2C, %Jcr = 36 Hz),
130.8 (q, 2C, “Jcr = 34 Hz), 129.5, 129.3, 128.49, 128.41, 128.3, 128.2, 128.1, 127.7, 127.1 (d, 2C, YJer
= 230 Hz), 127.2, 127.0, 125.1, 125.0, 122.4 (d, 2C, Ycr = 272 Hz), 63.2, 63.1, 55.4, 55.1, 23.9, 23.6

ppm.

vmax(cm™):2961, 2926, 1373, 1276, 1160, 1024, 910.
HRMS (APCI) m/z calculated for CosH19F6N, theoretical [M+H]*: 424.1489. Found: 424.1494.
Scheme 9.99

Following General Procedure AL for the 1,2-addition to aldehydes data are presented in the

following format: (a) substrate and (b) yield.
(a) 3,5-bis(trifluoromethyl)benzaldehyde 189 (0.17 mL, 1.0 mmol, 1.0 eq.) and (b) 331 mg (73%).
Characterisation of bis(3,5-bis(trifluoromethyl)phenyl)methanol 187:

OH

FsC O O CF3

CF3 CF3

187
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Obtained as a yellow solid.
IH NMR (CDCls): 7.86-7.80 (m, 6H, ArH), 6.05 (d, J = 3.2 Hz, 1H, CH), 2.62 (d, J = 3.2 Hz, 1H, OH) ppm.

13C NMR (CDCls): 144.1, 131.9 (q, 4C, ¥Jcs = 33 Hz), 126.2, 122.6 (d, 2C, Ycs = 278 Hz), 121.9, 73.6

ppm.

Vmax(cm™1):1361, 1288, 1114, 910, 889, 842.

MP: 136-140 °C.

HRMS (APCI) m/z calculated for Ci7HgF1,0, theoretical [M]*: 456.0384. Found: 456.0385.
Entry 1 in Table 9.46

Following General Procedure AM for the bromination of secondary alcohols data are presented in

the following format: (a) substrate, (b) temperature for O/N stirring and (c) yield.

(a) (3,5-bis(trifluoromethyl)phenyl)(phenyl)methanol 187 (456 mg, 1.0 mmol, 1.0 eq.), (b) rt and (b)
0 mg (0%).

Entry 1 in Table 9.46

Following General Procedure AM for the bromination of secondary alcohols the solution was
refluxed for O/N, data are presented in the following format: (a) substrate, (b) temperature for O/N

stirring and (c) yield.

(a) (3,5-bis(trifluoromethyl)phenyl)(phenyl)methanol 187 (456 mg, 1.0 mmol, 1.0 eq.) and (b) 0 mg
(0%).

Scheme 9.101

A 10 mL round bottom flask was equipped with a stirrer bar and a condenser, flame dried and
purged with argon. (3,5-bis(trifluoromethyl)phenyl)(phenyl)methanol 187 (456 mg, 1 mmol, 1.0 eq.)
was dissolved in dist. DCM (8 mL) and transferred to the round bottom flask. The reaction mixture
was cooled to 0 °C and thionyl chloride (0.88 mL, 12 mmol, 12 eq.) was added dropwise. The
reaction was refluxed for 72 hours. The solvent was removed in vacuo and the crude product was

distilled (bp. 80 °C at 2 mbar). Yield of the product 186b: 315 mg (66%).

Characterisation of 5,5'-(chloromethylene)bis(1,3-bis(trifluoromethyl)benzene) 186b:
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Cl

FsC O O CF3

CF3 CF3

186b

Obtained as a white solid.
'H NMR (CDCls): 7.79 (s, 2H, ArH), 7.76 (s, 4H, ArH), 6.15 (s, 1H, CH) ppm.

3C NMR (CDCls): 142.1, 133.1(q, 4C, Ycr = 34 Hz), 128.1, 123.3, 123.2 (d, 4C, YJcr = 271 Hz), 61.0

ppm.

Vmax(cm™):1371, 1273, 1238, 1168, 1111, 908, 891, 858.

MP: 46-48 °C.

HRMS (CI) m/z calculated for C17H;CIF15, theoretical [M]*: 474.0045. Found: 474.0041.
Scheme 9.102

Following General Procedure AN for the nucleophilic substitution with benzhydryl electrophiles data

are presented in the following format: (a) solvent, (b) substrate, (c) reaction time and (d) yield.

(a) toluene, (b) 5,5'-(chloromethylene)bis(1,3-bis(trifluoromethyl)benzene) 186b (294 mg, 0.62
mmol, 1.0 eq.), (c) 24h and (d) 0 (0%).

Scheme 9.103

Following General Procedure AN for the nucleophilic substitution with benzhydryl electrophiles data

are presented in the following format: (a) solvent, (b) substrate, (c) reaction time and (d) yield.

(a) xylene, (b) 5,5'-(chloromethylene)bis(1,3-bis(trifluoromethyl)benzene) 186b (294 mg, 0.62 mmol,
1.0 eq.), (c) 24 h and (d) 0 (0%).

Scheme 9.104

To the solution of the secondary alcohol 187 (456 mg, 1.0 mmol, 1.0 eq.) in dist. DCM (5 mL) TEA
(0.21 mL, 1.5 mmol, 1.5 eq.) and mesyl chloride (0.10 mL, 1.2 mmol, 1.2 eq.) were added dropwise at
0 °C and the solution was stirred for 90 min. The reaction was quenched with water (5 mL) and dist.

DCM (10 mL) was added. The organic phase was washed with sat. NaHCOs3 (3 x 5 mL ). The organic
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phase was separated and dried over sodium sulphate and the solvent was removed in vacuo. The
unreacted electrophile was removed removed by fractional distillation (61 °C at 2 mbar). Mass of the

product 186c 470 mg (87%).
Characterisation of bis(3,5-bis(trifluoromethyl)phenyl)methyl methanesulfonate 186c¢:
OMs

FsC O O CF3

CF, CF;
186¢
Obtained as a colourless oil.
H NMR (CDCls): 7.90 (s, 2H, ArH), 7.82 (s, 4H, ArH), 6.89 (s, 1H, CH), 3.01 (s, 3H, CH3) ppm.

13C NMR (CDCl3): 139.3, 132.4 (q, 4C, “cr = 37 Hz), 126.7, 123.1, 122.2 (d, 4C, YJcr = 280 Hz), 78.9,

45.2 ppm.

Vmax(cm™): 2914, 1338, 1273, 1163, 1122, 1112, 929, 910, 896, 862, 831.

HRMS (APCI) m/z calculated for CigH10F1205S, theoretical [M-SO,CHs]*: 439.0356. Found: 439.0362.
Entry 1 in Table 9.47

Following General Procedure AN for the nucleophilic substitution with benzhydryl electrophiles data

are presented in the following format: (a) solvent, (b) substrate, (c) reaction time and (d) yield.

(a) toluene, (b) bis(3,5-bis(trifluoromethyl)phenyl)methyl methanesulfonate 186¢ (331 mg, 0.62
mmol, 1.0 eq.), (c) 24 h and (d) 0 (0%).

Entry 2 in Table 9.47

Following General Procedure AN for the nucleophilic substitution with benzhydryl electrophiles data

are presented in the following format: (a) solvent, (b) substrate, (c) reaction time and (d) yield.

(a) xylene, (b) bis(3,5-bis(trifluoromethyl)phenyl)methyl methanesulfonate 186¢ (331 mg, 0.62
mmol, 1.0 eq.), (c) 72 h and (d) 55 mg (16%).

Characterisation of (R)-N-(bis(3,5-bis(trifluoromethyl)phenyl)methyl)-1-phenylethan-1-amine
(R)-185:
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/-\

HN” “Ph
FsC O O CF,
CF, CF,
(R)-185

Obtained as a yellow oil.

IH NMR (CDCls): 7.75 (s, 1H, ArH), 7.70 (s, 2H, ArH), 7.67 (s, 1H, ArH), 7.64 (s, 2H, ArH), 7.31-7.25 (m,
2H, ArH), 7.24-7.19 (m, 2H, ArH), 7.10-7.04 (m, 1H, ArH), 3.49 (q, J = 6.6 Hz, 1H, CH), 1.84 (s, 1H, NH),
1.36 (d, J = 6.6 Hz, 1H, CHCHs) ppm.

13C NMR (CDCls): 145.4, 145.0, 144.0, 132.6 (q, 1C, %Jcr = 34 Hz), 132.4 (q, 1C, %Jcr = 33 Hz), 129.5,
127.9, 127.6, 126.6, 126.1 (d, 2C, Ycr = 271 Hz), 123.3 (d, 2C, Ycr = 275 Hz), 122.3, 122.1, 122.0,
62.6, 55.1, 23.6 ppm.

Vmax(cm™):2960, 2926, 1371, 1274, 1168, 1124, 904, 896, 844.

HRMS (APCI) m/z calculated for CosH17F12N, theoretical [M+H]*: 560.1242. Found: 560.1231.
Structural studies of magnesium amides

DOSY study

Table 9.48

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (0.3 mL, ¢ = 1 mmol/mL in heptane, 0.3 mmol, 1.0 eq.) was added and heptane
was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with
argon and the appropriate solvent (3 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.14 mL,
0.6 mmol, 2.0 eq.) was added and the suba seal was swapped for a cold finger. The reaction was
refluxed for 90 min and the mixture was allowed to cool down to room temperature. Thereafter the
solvent was removed in vacuo and ds-THF (3 mL) was added and the solution was transferred to an

NMR tube under argon.

'H NMR spectroscopic data was acquired on a Bruker Avance 400 MHz spectrometer. The operating
magnetic field strength was 9.4 T, and the spectrometer is equipped with a 5mm BBFO-z-atom
probehead equilibrated at 298K by virtue of a BCU-05 unit. The spectrometer operates under

Topspin (version 3.5, Bruker, Karlsruhe, Germany) on a HP-XW3300 workstation with a Windows XP
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operation system. One-dimensional (1D) *H NMR spectroscopic data was acquired with 4 transients
over a frequency width of 10 ppm, and centred at 5 ppm using a single pulse-acquire pulse program.
Diffusion ordered NMR data were acquired with 8 transients over the same observation frequency
window using a double stimulated echo pulse sequence with bipolar gradients for diffusion encoding
(dstebpgp3s) according to the method of Jerschow and Muller'®” to compensate the effects of
laminar flow caused by thermal convection. Diffusion encoding gradients (16 values) were
distributed between the values of 5% and 95% of maximum according to the square gradient value.
Diffusion coefficients were calculated directly by fitting the experimental data to the Stejskal-Tanner
expression relating diffusion coefficient to signal intensity and diffusion encoding gradient strength.
The diffusion coefficients were determined for all reference compounds identically. Alignment of
data sets was carried out by a virtue of THF as both solvent and internal reference point for chemical
shift and diffusion coefficients. For the calibration curve of the DOSY experiments cyclosporin A,
DPPF, squalene and BHT were used as external standards in order to determine molar mass of the

related compounds. The typical calibration curve is shown in Figure 10.1.

Calibration Curve for DOSY

-8.90 4 Equation y=a+b*
Weight No Weighting
Residual 0.0010
Sum of 5
Pearson'sr  -0.9861
Adj. R-Squar = 0.9588
Value  Stan
Intercep -8.0771
Slope  -0.3638

-8.95

-9.00

-9.05 D

log D

-9.10

-9.15

-9.20

23 24 25 26 27 28 29 30 31
log MW

Figure 10.1

PureShift DOSY data

The spectra were acquired on a Bruker 600 MHz spectrometer equipped with a 5 mm TBI 1H/13C/D-
BB Z-GRD Z8618/0020 probe at 298 K. The spectrometer is operating under Topspin (version 3.5,
Bruker, Karlsruhe, Germany) on a HP-XW3300 workstation with a Windows XP operation system. .
One-dimensional (1D) H NMR spectroscopic data was acquired with 4 transients over a frequency
width of 10 ppm, and centred at 5 ppm using a single pulse-acquire pulse program. Diffusion
ordered NMR data were acquired with 8 transients over the same observation frequency window

using a double stimulated echo pulse sequence with bipolar gradients for diffusion encoding
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(dstebpgp3s) according to the method of Jerschow and Muller'®” to compensate the effects of
laminar flow caused by thermal convection. Diffusion encoding gradients (16 values) were
distributed between the values of 5% and 95% of maximum according to the square gradient value.
Diffusion coefficients were calculated directly by fitting the experimental data to the Stejskal-Tanner
expression relating diffusion coefficient to signal intensity and diffusion encoding gradient strength.
The diffusion coefficients were determined for all reference compounds identically. Alignment of
data sets was carried out by a virtue of THF as both solvent and internal reference point for chemical

shift and diffusion coefficients.
Table 9.49

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (0.3 mL, ¢ = 1 mmol/mL in heptane, 0.3 mmol, 1.0 eq.) was added and the solvent
was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with
argon and ds-THF (3 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.14 mL, 0.6 mmol, 2.0
eq.) was added and the suba seal was swapped for a cold finger. The reaction was refluxed for the
stated time and the mixture allowed to cool down to room temperature. 0.5 mL of solution was
transferred to a flame dried NMR tube, which was previously charged with toluene (23 uL, 0.3 mmol,

1.0 eq.).

Data is represented in the following format: (a) Observed conversion towards mixed alkylmagnesium

amide (R,R)-105 and (b) observed conversion towards bisamide species (R,R)-63.
Entry 1 in Table 9.49
(a) 89% and (b) 11%.
Entry 2 in Table 9.49
(a) 10% and (b) -.
Entry 3 in Table 9.49
(@) 5% and (b) -.
Table 9.50

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (0.3 mL, ¢ = 1 mmol/mL in heptane, 0.3 mmol, 1.0 eq.) was added and the solvent

was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with
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argon and ds-toluene (3 mL) was added. Then (R)-bis((R)-1-phenylethyl)amine (0.14 mL, 0.6 mmol,
2.0 eq.) was added and the suba seal was swapped for a cold finger. The reaction was refluxed for
the stated time and the mixture allowed to cool down to room temperature. 0.5 mL of solution was
transferred to a flame dried NMR tube. The mixed alkylmagnesium amide (R,R)-105 and bisamide

species (R,R)-63 signals were not observed.
Scheme 9.112

(R)-1-phenylethan-1-amine (5.61 mL, 44 mmol, 1.1 eq.), 4-fluoro-acetophenone (4.85 mL, 40 mmol,
1.0 eq.) and p-TSA (152 mg, 2 mol%, 0.8 mmol) were heated in toluene (40 mL) at reflux for 26 h
using a Dean Stark apparatus. The solution was filtered and the solvent was evaporated. The crude
mixture was dissolved in methanol (48 mL) and cooled down to 0 °C. Finally sodium borohydride
(3.78 g, 100 mmol, 2.5 eq) was added and the reaction was stirred for 12 h. The reaction was
guenched with sat. ammonium chloride solution (40 mL) and the aqueous phase was extracted with
DCM (3 x 40 mL). The organic phase was dried over sodium sulfate, filtered and the solvent was
removed in vacuo. The crude product was purified by flash column chromatography using 1-10%

MeOH in DCM. Yield of the product: 8.08 g (83%). (R,R) : (R,S) = 1.0:0.1.

(R)-1-(4-fluorophenyl)-N-((R)-1-phenylethyl)ethan-1-amine was obtained after salt formation with
HCl and recrystallization with dist. 'PrOH and hexane. Mass of (R)-1-(4-fluorophenyl)-N-((R)-1-
phenylethyl)ethan-1-amine 196: 2.74 g (30%).

Characterisation of (R)-1-(4-fluorophenyl)-N-((R)-1-phenylethyl)ethan-1-amine (R,R)-196:1%®

Obtained as a colourless oil.

N/\©\
H

F
(R,R)-196

1H NMR (CDCls): 6 (R,R)-diastereomer: 7.30-7.07 (m, 7H, ArH), 6.98-6.88 (m, 2H, ArH), 3.43-3.35 (m,
2H, NHCH), 1.48 (br s, 1H, NH), 1.20 (d, 3H, J = 6.7 Hz, NHCHCHs(Ar(F)) and 1.17 (d, 3H, J = 6.6 Hz,
NHCHCHsAr) ppm.

19F NMR (CDCls): & (R,R): -116.5 ppm.

13C NMR (CDCls): 6 150.3 (Ycr = 240 Hz), 127.9 (Jer = 18 Hz), 127.7, 127.6, 126.0, 114.7, 114.5, 114.4,
54.0, 53.9, 24.5 and 24.4 ppm.
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v (neat): 2960, 1602, 1506, 1492, 1469, 1450, 1369, 1220, 1201, 1153, 1124, 1095, 1024, 833, 821,
761,732,700 and 682 cm™.

HR-MS (ESI): m/z calculated for M = Ci6H1sFN, theoretical [M+H]* :247.1515. Found: 247.1513.

Scheme 9.113

Synthesis of (R,R)-197:

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (0.3 mL, ¢ = 1 mmol/mL in heptane, 0.3 mmol, 1.0 eq.) was added and the solvent
was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with
argon and hexane (3 mL) was added. Then (R)-1-(4-fluorophenyl)-N-((R)-1-phenylethyl)ethan-1-
amine (R,R)-196 (0.14 mL, 0.6 mmol, 2.0 eq.) was added and the suba seal was swapped for a cold
finger. The reaction was refluxed for the stated time and the mixture allowed to cool down to room
temperature. The solvent was removed in vacuo and ds-toluene (3 mL was added), 0.5 mL of the
solution was then transferred to a flame dried NMR tube and analysed by 'H and °F NMR

spectroscopy..
Synthesis of (R,R)-198:

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (0.3 mL, ¢ = 1 mmol/mL in heptane, 0.3 mmol, 1.0 eq.) was added and the solvent
was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with
argon and THF (3 mL) was added. Then ((R)-1-(4-fluorophenyl)-N-((R)-1-phenylethyl)ethan-1-amine
(R,R)-196 (73 mg, 0.3 mmol, 1.0 eq.) was added and the suba seal was swapped for a cold finger. The
reaction was refluxed for 90 min and the mixture allowed to cool down to room temperature. 0.5 mL
of solution was transferred to a flame dried NMR tube and analysed by 'H and F NMR

spectroscopy.

Scheme 9.114

A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (0.3 mL, c =1 mmol/mL in heptane, 0.3 mmol, 1.0 eq.) was added and the heptane
was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with
argon and THF (3 mL) was added. Then lithium chloride (25.4 mg, 0.6 mmol, 2.0 eq.) and (R)-bis((R)-
1-phenylethyl)amine (0.14 mL, 0.6 mmol, 2.0 eq.) were added. The reaction was stirred for 90 min at
rt . The solvent was replaced by ds-THF (3 mL) and 0.5 mL of solution was transferred to a flame

dried NMR tube and analysed by *H NMR spectroscopy.
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A Schlenk flask was equipped with a stirrer bar and a suba seal, and flame dried. A solution of di-n-
butyl-magnesium (0.3 mL, c = 1 mmol/mL in heptane, 0.3 mmol, 1.0 eq.) was added and the heptane
was removed in vacuo. The residue was dried under vacuum for 1 h. The flask was purged with
argon and THF (3 mL) was added. Then lithium chloride (25.4 mg, 0.6 mmol, 2.0 eq.), 18-c-6 (79 mg,
0.3 mmol, 1.0 eq.) and (R)-bis((R)-1-phenylethyl)amine (0.14 mL, 0.6 mmol, 2.0 eq.) were added. The
reaction was stirred for 90 min at rt . The solvent was replaced by ds-THF (3 mL) and 0.5 mL of

solution was transferred to a flame dried NMR tube and analysed by *H NMR spectroscopy.
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