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Abstract:

Herein, we report the synthesis of new chiral hydroic acid ligands for

the V-catalysed asymmetric epoxidation reactioagoeous solution (Figure 1).

Figure 1. New ligands for the asymmetric epoxidation reacti
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During the course of this project, a wide rangalbflic alcohols were
epoxidised under mild reaction conditions. Theeargpoxides were isolated in

good-to-excellent yields with up to 94% ee (Schéme

Scheme 1General reaction conditions for the asymmetriaxagation.
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To further develop the project, we also report thatrange of substrates
has been extended to unfunctionalised alkenes eTheaserials have been
successfully converted to the corresponding alloohols in the presence of
SeQ and acetic acid. Asymmetric epoxidation was themewved under
anhydrous conditions in good-to-moderate yieldswip to 76% ee (Scheme
2).



Scheme 2:
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In certain cases, the overall transformation caiuoas a one-pot process.

A brief investigation into the development of orgaatalytic transfer
hydrogenation mediated by chiral pyridines has btsen carried out. In this
project, a range of chiral quarternary ammoniurtsdave been prepared as
precursors to the corresponding dihydropyridines.

It was our initial intention to utilise these cHidehydropyridines in the
enantioselective reduction of imines. This woulsutein the formation of the
desired chiral amine and a quaternary pyridiniult) sdoich could then be
reduced to reform the dihydropyridine in a catalgycle (Scheme 3).

However, with all pyridinium salts formed we weneable to produce the

target dihydropyridines and this project was consatjy abandoned.

Scheme 3 Organocatalytic transfer hydrogenation medidtgdhiral pyridines
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Part A: Designing new chiral liagnds
for the asymmetric epoxidation

reaction



1.0Introduction to asymmetric

epoxidation of allylic alcohols:



1.1 Introduction:

In this literature review, the development of tlemadium-catalysed
asymmetric epoxidation of allylic alcohols will descussed. This will include
the ground-breaking work carried out by Sharplegs¥amamoto; as well as
the results previously achieved within our laboriat® A brief overview of the

Sharpless titanium system will also be described.
1.1.1 Epoxides as powerful intermediates for organisynthesis:
The formation of a chiral epoxide is a very powetéwl for organic

synthesis. These important intermediates providkess opportunities for

further functionalisation, and synthetic developm@cheme 1.1}.% 3

Scheme 1.1:
rRL ~OH Rl OH
RS\\\\ LwH 3 an T H
H R2 R7,N R =2
(R%),CuLi R3,NH
O
Rl
R* MgBr
R4\ i ! 2 N3\ v N 5
H R H R

Therefore, it is not surprising that the asymmegpoxidation reaction is
frequently used as a key method for introducingatity into a synthetic

pathway.



1.2 The Sharpless asymmetric epoxidation reaction

1.2.1 Introduction:

The Sharpless asymmetric epoxidation procedurerreictly the leading
method for preparing a chiral epoxide. The systeas|+) or ) diethyl
tartrate, Ti(@-Pr) andt-BuOOH, all of which are commercially availabile.

This system has been very successful. An extremglyyield and
excellent selectivity is nearly always obseriddowever, what is most exciting
about this process is that it is applicable to @ewange of substrates. It would
appear that the substitution pattern of the stguaitylic alcohol does not dictate
the chiral inductiorf.Scheme 1.2 highlights how this reaction wdtks.

Scheme 1.2;

D-(-)-diethyl tartrate
IIOII

2 0 pl
RZZR
(CH3)sCOOH, Ti(Oi-Pr), o)
CH,Cl,, -20°C R3O
OH
> 90 % ee

(70-87 % yields)
L-(+)-diethyl tartrate

The enantiofacial discrimination is entirely depantdon the enantiomer of
diethyl tartrate usedllf (-) diethyl tartrate is utilised, then the source®jgen
is always delivered from the top face when thelialgicohol is orientated as
shown in Scheme 1.2. Likewise, when (+) diethyiréde is employed, then the

source of oxygen is always delivered from the buotface?



Originally, the process utilised a stoichiometmgaunt of titanium,
although epoxidation of more reactive substratesdcbe carried out at 10
mol% catalysf. However, the process was modified in 1986 wherStherpless
group realised that the addition of molecular sseaowed the catalyst loading
to be lowered to 5-10 mol % for all substrat@able 1.1 shows a sample of the

results achieved in this highly successful process.

Table 1.1:Results obtained by Sharpless et al.

Entry Product Sieveg Catalyst, mol% | Yield ee
Ti/tartrate (%) (%)
0
1.1
1 R = GHy 4A 5/6.0 85 94
2 R = GHa7 4A 5/6.0 78 94
3 R = p-nitrophenyl 4A 5/7.5 82 >98
0
4 Ph\/ﬁ\/ 4A 5/7.5 79 >08
1.2L OH
5 JVO 3A 4.7/5.9 88 95
L __OH
CsH7
1.3
6 Q 4A 5/7.3 77 93
0) OH
1.4
7 )v\/ko% 4A 5/7.4 95 91
\ OH
1.5

The results indicate that for a wide range of salss, the corresponding
epoxides were obtained in high yields (>77 %) axxblent selectivities (>91
% ee)® The consistently good results produced for sutestraith diverse
substitution patterns make the Sharpless epoxidaticextremely desirable

procedure.
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1.2.2 Disadvantages of the Sharpless system:

Nevertheless, there are drawbacks associated matiprtocess.
0] The catalyst requires ageing prior to tise.

The titanium-tartrate complex is not stable at raemperature.
Attempted reactions carried out with a pre-mixextktsolution of the catalyst
were not successftlln order to form the catalyst, Ti{@r), diethyl tartrate
and the allylic alcohol are stirred at “ZDfor 30 minutes. TheBUOOH is
then introduced to the system. After this ‘ageiegqd’, the temperature is

adjusted according to the substrate.

The catalyst is extremely moisture sensifive.

As little as one equivalent of water is enoughdmpletely decompose
the catalyst. However, the addition of moleculawss helps overcome this
problem. It was therefore suggested that wateaalhjitreacts with the titanium
catalyst in a reversible manner, as the additiomaiecular sieves can revive
most of the catalytic activityHowever, this does eventually become an

irreversible problem and the catalyst will be coetely destroyed.

The procedure has a long and tedious work-up aseaocwith the formation of

colloid suspensions of titanium hydroxides.

The process requires a high catalyst loading. Ta@mity of substrates require
at least 5-10 mol% Ti/tartrate complex, and indbsence of molecular sieves a

stoichiometric amount is requiréd.
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1.3 Vanadium-catalysed epoxidations:

1.3.1 Initial Studies carried out by the Sharplesgroup:

Vanadium catalysis represents an alternative methgg capable of
overcoming these problems (section 1.2.2). Vanashased protocols tolerate
the presence of moisture; the associated work-afssmuch simpler, as the
reaction mixture only requires an aqueous quenkbbvwed by extraction with
organic solvent. However, the most important pointanadium catalysis is that

the reaction works consistently well with catalystding as low as 1 mol%.

This system was first investigated by Sharplesscardorkers in 1977
Initial studies focussed on the formation of newalHigands based offr
diketones™® However, these ligands produced poor resultse-tliketone was
not stable under the reaction conditidhs.

The Sharpless group examined many different cong®as ligands for
the asymmetric epoxidation reaction and found hiydtoxamic acids had the
greatest potential as they not only bind well toa@dium, but are also resistant
to oxidation under the reaction conditiohs.

The following three compounds6a-cwere employed as ligands for the
epoxidation of allylic alcohol%.7, 1.8 and1.9. However, the selectivities
obtained were disappointingly low.

A selection of the best results achieved with tHiggads are shown in
Table 1.2
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Table 1.2 Vanadium Catalysed Epoxidations:

R
HO/NW \\\\\ N )\/\)\A Phw
o - ' \ "0H N _oH OH
Ph
1.6a, R = CHs 1.7 1.8 1.9
1.6b, R = Ph

1.6¢c, R = 2,6-Me,Ph

Entry | Ligand (eq) | Substrate | Temp (°C) Conversion(%) | ee (%)
1 1.6a (5) 1.8 -78 10 25 80 21
2 1.6a (10) 1.8 -78 t0 25 22 18
3 1.6b (4) 1.7 -78 10 25 100 19
4 1.6b (5) 1.7 25 86 30
5 1.6b (3) 1.8 -78 10 25 100 22.5
6 1.6b (5) 1.8 -78 10 25 30 50
7 1.6b (5) 1.8 25 84 40
8 1.6b (5) 1.9 25 87 40
9 1.6b (5) 1.9 -10 75 44
10 1.6¢ (4) 1.7 0 55 19

The highest selectivity was obtained with liganéb at —78°C (entry 6). Table

1.2 highlights a sample of the best results obthinghis study. The overall

selectivities were low, ranging from just 5 - 50e%’ Therefore, a better ligand

was clearly desired.

However, an extensive search for new, more efftdigands failed to

emerge-! The best selectivity was observed by Sharplesiseiepoxidation of

a-phenylcinnamyl alcohal.8to givel.11(80% ee) using chiral ligand10

derived from proline (Scheme 1.3).
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Schemel.3

1% V*°, 2 mol% TBHP
Ph._—OH  Toluene, -20°C, 4 days phE{OH
0

J 0

Ph yOH  Ph D
// ‘ .
1.8 F3C\\(N H bp 80%ei(1910%y|eld)
O 110 '

However,1.8 was the only substrate that showed a high levakginmetric
induction, as other substrates produced much Iselectivities-* The process
was also extremely slow. In this particular examfaar days were required for
the reaction to occu. When compared to a racemic epoxidation carried out
under the same reactions conditions, epoxide fooma&tas complete in just a
few hours in the absence of a chiral ligarkherefore it was deduced that the
presence of a ligand was responsible for this netaécrease in the rate of

reaction.

1.4 The Ligand Deceleration Effect:

When a ligand is bound to a metal, the rate of pcotbrmation can
either a) increase, b) decrease or c) stay the.5&msection 1.3 we saw that
co-ordination of a hydroxamic acid ligand to th@adium catalyst substantially
reduced the rate of epoxidation. However, increatie concentration of ligand

leads to the formation of more than one specisslation (Scheme 1.4).
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Schemel .4
O O
I L—H I I—H ? —H ?
RO~Y~OR -Y~OR -V~or VL
OR -ROH  OR -R-OH L -R-OH L
A B C D
Very Active Active . .
gives racemate Enantioselective Inactive Inactive
R = Oi-Pr
I _OR
? o"V~oR
L—Y~OR

OR

I
W%
z.
oo
[e2]
I
[6;]

Scheme 1.4lustrates thathe vanadyl trialkoxide speciésis very
reactive. As there is not any steric bias, whichdamally created by a co-
ordinated ligand, the resulting epoxide will betunally, racemic. When a chiral
ligand is introduced into the system, a labile &ie group is exchanged for
one equivalent of ligand. This results in the fatioraof specie®, which is
now capable of performing a selective reaction.

However, specieB reacts much slower than specdesas the vanadium
has been patrtially deactivated by the addition loéwis basic chiral liagnd.
Nevertheless, this is the key selective specidsatbavant to produce in
solution.

As the concentration of ligand is further increasedctive specie€ and
D begin to dominate in solution*?Therefore, the resultant rate of reaction
would be significantly lowet However, an increased concentration of ligand is
required in order to achieve a selective reactasrthe presence of speches
would result in a significantly lower ee.

By using a high concentration of ligand, we relystifting the
equilibrium away from non-chiral speci@stowards inactive speci€sandD,
which could occasionally disproportionate into eetspecie®, but at the same

time avoiding the presence of spedfes the reaction mixture.
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These key points can be summarised in the followiagram (Figure 1.1).

Figure 1.1:
% ee

o 80%ee
g rate

o

5]

o

o

14

0 1 2 3 4 5 6

Chiral hydroxam ate ligand/vanadium

Figure 1.1 demonstrates that increasing the coratént of ligand,
increases the selectivity up to 80% ee. Once thligevis achieved, the
selectivity reaches a plateau. Increasing the auretgon further has no
additional effect on the ee observed.

Regarding the rate of reaction, the opposite is.tAs the concentration of
ligand increases, the rate of reaction dramatichibps and continues to
decrease as more ligand is utilised.

Because of this massive reduction in reactivity nhi@ny years the
vanadium-catalysed epoxidation reaction was thotayhe impractical. It

would take another twenty years before a feasildthod was developéd.

1.5 The New Generation of V-Catalysts

1.5.1 Outstanding developments in the field:

In 1999, the first real breakthrough in vanadiurralysis was reportetf.
This pioneering work was carried out by the Yamamgrbup, who developed a
new range of hydroxamic acid ligands for the asytnimepoxidation reaction

(Figure 1.2)t1°



16

Figure 1.2 Yamamoto’s Chiral Ligands.

HO
SoNs
RN N 1.12a, R = cyclohexyl

1.12b, R=Bn

P 0
O’ O 1.12¢, R = CHPh,

1.12

These three ligands were tested on model subdti&teith both VO(acag)
[vanadium (IV)] and VO(®@Pr); [vanadium (V)]. Different alkyl peroxides and

temperatures were also assessed. The resultsmanessised in Table 1.5

Table 1.3
Ph VO(acac), or Ph. "
L VO(Oi-Pr)3 (5 mol%) 0]
Ph oH *ROOH  ignad1.12 (15mol%)  ph-T~—on
1.8 Toluene 1.11
Entry Catalyst ROOH Conditions CC/h) ee (%)
1 VO(acac)/1.12a CHP 0, 6 days 25
2 VO(acac)/1.12b CHP 0, 8 days 54
3 VO(acac)/1.12c CHP 0, 19 65
4 VO(OPY)3/1.12¢ CHP 0,3 68
5 VO(OPY)3/1.12c| TBHP -40, 10 40
6 VO(OPY)3/1.12c| TrOOH -20, 68 86
7 VO(OPY)3/1.12c| TrOOH -20, 24 83

Note: CHP = cumenehydroperoxide, TrOOH = triphergtimylhydroperoxide.

The results show that the rate of reaction is de@ethon various factors;
including the steric bulk of the ligand, peroxidamoyed and the oxidation
state of vanadiurt’

From Table 1.3, we can see that the reaction idrfagter when
vanadium (V) is employed as a catalyst. The soafgeroxide and temperature
also have a dramatic effect on the selectivity. Enemydroperoxide at®
produced a much lower selectivity when comparedi vasults obtained using

TrOOH (entries 5-7). However, all of these examplese carried out at a much
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lower temperature. Optimum results were achievatgugO(Oi-Pr); and
TrOOH at - 20°C (entry 6).

Under the optimised reaction conditions, a widegeaof allylic alcohols
were epoxidised® Overall selectivities ranged from 38 — 94 % eaarriety
of cyclic and acyclic substraté$A selection of the best results obtained are

shown in Figure 1.3, highlighting the potential Evef this new proceduré.

Figure 1.3
Ph Ph
Pg\\\ <0 o o
OH ile)
OH OH OH OH

78 %ee' 87 % ee 91 % ee 94 % ee 71 % ee
(76 % Yield) (61 % Yield) (96 % Yield) (59 % Yield) (14 % Yield)

1.13 1.4 1.2 1.14 1.15

With these results achieved by the Yamamoto groejgcan see the
revival of vanadium catalysis. The vanadium-cadlyasymmetric epoxidation
is now well on it's way to becoming a practical hmad for selective epoxide

formation.
1.5.2 Combinatorial approach to ligand design.

After this discovery, Yamamoto went on to synthesidibrary of chiral
ligands based om-amino acids? In this study, three structural components
were independently varied:

(1) thea-amino acid part

(i) the imido part

0] the aromatic part of hydroxylamine.

All twenty-eight ligands prepared in this iteratisteidy are shown in Figure
1.41°
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Figure 1.4 Yamamoto’s library of ligands

O Amino Acid part:
O Ph 1.16a R = Ala l1.16eR=Leu 1.16h R=Trp
NJL P 1.16h R = Abu 1.16f R=Tie  1.16} R = Lys(Pht)
= N Ph 1.16¢ R = Val 1.16g R=Phe 1.16j R = Met
O R OH 1.16d R =lle
R__O Imido part:
Yo Ph 1.16k R = 4(Me)Pht
R N N)\Ph 1.16l, R = tetra(F)Pht 1.16p R = 2,3-Nap
Y 1.16m R = tetra(Cl)Pht 1.16g R = 1,8-Nap
O 4\ OH 1.16n R = 2,3-di(Me)maleoyl 1.16r, R = 4-Br, 1,8-Nap
1.16q R = 2,3-di(Ph)maleoyl 1.16sR = Ant
Ar or Ar-Ar part:
(o) 1.16t R = o-Tol 1.16y, R = fuluorenyl
O 0 )R\ 1.164 R = o-(iPr)Ph 1.16z R = dibenzosuberyl
NJ 1.16v, R = m,m-di(tBu)Ph 1.16A R = (R)-Phenethyl
- NR 1.16B R = (S)-Phenethyl
: 1.16w R = 1-naphthyl : e
o AN OH W phthy

1.16x R = 2-(Meo)naphth-1-yl

The above ligands were tested using model subdtra{@able 1.3). The best
results were obtained with ligaddl6w, which was then employed in the

epoxidation of a wide range of allylic alcohols.eBle ground-breaking results
are shown in Table 1.
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Table 1.4 Asymmetric epoxidation of various allylic alcokah the presence
of VO(GOi-Pr) (1 mol%) and hydroxamic acid16w (1.5 mol%).

Entry Epoxy alcohol Time (h) Yield (%) ee (%)
1 PhL 6 96 95
"o
Ph OH
1.11
2 15 99 86
3 Ph, 6 97 95
(o)
__OH
1.2
4 5 82 93
)
14 on
5 \K\/\C 6 95 81
Jo
15 OH
6 N 3 97 78
. oH
1.17
7 70 94 83
o
1.18 OH
8 Ph 80 58 87
10 o
1.15
9 Ph 1 week 71 76
K}
HO.__*
1.19
10 24 80 82
Ho. ©
1.20

Epoxidations were performed under mild reactionditions (0°C) using
just 1 mol % of vanadium. Table 1.4, demonstrdtasthe vanadium catalysed
epoxidation reaction is now both extremely higHdiieg and highly selective

on a wide range of substrates.
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This important work shows that vanadium catalysis cow match the
performance of the Sharpless titanium system mgeof both reactivity and

selectivity.
1.5.3 Current leading vanadium-catalysed system:

Further ligand modification and optimisation ofegan conditions has
resulted in what is currently the leading methattiie vanadiuncatalysed
epoxidation of allylic alcohols. This impressivessgm makes use of a

bishydroxamic acid ligandl.21 (Figure 1.5)'

Figure 1.5 Bishydroxamic acid..21

R
»—o
N
O’ OH 1.21-a, R = CHPh,
//”N/OH 121-b, R = CHchh3
/go 1.21-c, R = CH(3,5-dimethylphenyl),
R
1.21

This ligand was designed to overcome some issisesiased with the
ligand deceleration effe¢f.Design features include an additional binding site
resulting in a bis-hydroxamic acid ligand and thiésation of large R groups.

In theory, a bis-hydroxamic acid ligand should faarohiral
vanadium/ligand complex with greater efficiencyrtlibe corresponding mono-
hydroxamic acid ligand’

In addition, steric hinderance from R groups shquikl’ent the co-
ordination of a second ligand to the metal to a¥orchation of inactive species,
which would reduce the overall rate of reactionh@ue 1.4, Section 1.4.

In initial studies, all three ligands formed epasdn both a high yield
and selectivity.” However, optimum results were observed with lighrgla
which was then employed in the epoxidation of aeni@hge of allylic alcohols
(Figure 1.6):” Reactions were performed on a 1 mmol scale witio[6

vanadium loading at —AT.
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Figure 1.6: Epoxides produced.

Ph\_ih Q Ph CsHyq Ph
O “—OH 0 “—oH \%LOH \%LOH XOH
97 % ee 95 % ee 97 % ee 95 % ee 95 % ee
(91 % Yield) (79 % Yield) (53 % Yield) (51 % Yield) (73 % Yield)
1.11 1.4 1.15 1.22 1.23

Figure 1.6 shows a selection of the results obthyethe Yamamoto
group using ligand..21a'’ High selectivities in the range of 95 — 97 % eeeve

attained for all compounds tested in this stt/dy.

With the development of these new ligands by thenai@oto group,
vanadium epoxidation methodology can now succdgsfampete with the
Sharpless titanium systems in terms of practicadibantioselectivity and the
substrate range. Issues of reactivity, though, nemeabe resolved since in
vanadium-catalysis epoxidation on average requir@® than 24 h compared
to 2-4 h for Ti. However, by employing vanadiumaasatalyst, the Yamamoto
group has overcome many of the disadvantages assoaevith titanium
chemistry (Section 1.2.2): catalyst loading wasssaufitially reduced (1 mol%)
and aqueous peroxide can be used as an oxidantgfihim order to fully
understand these concepts, a better understanfdihg reaction mechanism is

still required.

1.5.4 Epoxidation of homoallylic alcohols:

Yamamoto has also applied this methodology to slyenanetric
epoxidation of homoallylic alcohof§. The following liagndsl.24a-f(Figure
1.7) were screened in the epoxidation of modeltsates.25(Table 1.5). The
reaction conditions employed and results obtaimedhighlighted in Table
1.5!%
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Figure 1.7: Range of ligands developed by the Yamamoto group.

R

OY\R

‘OH 1.24-a, R=Ph

N
1.24-b, R = 3,5-diphenylmethyl
OjN/OH , ,5-diphenylmethy

o)
CRs3
N\

O/ OH
//”N/OH

O)\/CRE}

1.24-c, R="Ph

1.24-d, R = 4-methylphenyl
1.24-e, R = 4-isopropylphenyl
1.24-f, R = 4-tBuPh

Table 1.5: Asymmetric epoxidation of homoallylic alcohols.

1 mol% VO(Oi-Pr); L
Ph > 0H 2 mol% Ligand Ph\/{\/\OH
105 1.5 eq. CHP, r.t 0o
' Toluene, 12 h 1.26
Entry Ligand Yield(%) ee (%)

1 1.24a 23 10
2 1.24b 48 53
3 1.24c 52 71
4 1.24d 56 90
) 1.24e 60 92
6 1.24f 61 96

Optimum results were obtained using chiral ligari2if, (Entry 6, Table 1.5)

which was then tested on a wide range of homoalgltohols (Figurd.8.)!®
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0
C:H
5 11WOH

96% ee, (89% yield)
Ph EB/\07
Ho "
99% ee, (85% yield)

D/(C‘)\AOH

Cs3H;

97% ee, (90% yield)

O
<oH

96% ee, (90% yield)

O
CeHiz
E{(’)\AOH
98% ee, (92% yield)
O
OH
/<O’\/\

C4Hg
99% ee, (91% yield)

0
C,H
2 5WOH

93% ee, (85% yield)

CaHs
95% ee, (92% yield)

0
| OH
/(O\/\
CsHyy
99% ee, (90% yield)

Therefore, the Yamamoto group has demonstratechtivade range of

bothcis andtrans homoallylic alcohols can be epoxidised in a gomddyand

excellent selectivity.

1.5.5 Applications:

Chiral epoxides have many applications in synthatiemistry. Selective

epoxidation can be used as a method for formati@m @xtremely useful

synthetic intermediate, as well as a method foulwt®n.

(a) Epoxidation in total synthesis:

To demonstrate the synthetic potential of the dgyed methods,

Yamamoto carried out the total synthesis-9td and ¢)-8-epi-u-bisabolol

using asymmetric epoxidation in the key selectidéyermining step (Scheme

1.5)*°
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Schemel.5.
H,CO.AlMe,Cl /:/ \Qo t-Bu OH 6 mol% o
CHCl, 1.29 - OH
/\ 39% ~ 2 mol% VO(Oi-Pr), N
1.28 Cumene hydroperoxide (1.5 eq) 1.30
(S)-limonene Toluene, 0°C .
1.27
84%, 90% de LiAIH,
THF
93%
)N MgBr TsClI
(5 eq) /C)\A _ byridine
CuBr.SMe, (0.5 eq) CHCI3
1.33 THF so%

81%

The known fragrance-J-(4S,89)-a-bisabolol1.33° was synthesised as
shown in Scheme 1.9he synthesis started witB){limonenel.27, which
underwent the dimethyl aluminium chloride catalysed reaction using
formaldehyde, to give the hydroxy methylated pradu28following a method
by the Cordova groufl. The resulting homoallylic alcohdl28was then
epoxidized in 90 % d.e. under mild reaction cowdi$i'® To complete the
synthetic sequence, epoxiti80was then reduced with LiAlitosylated and
alkylated to produce (4)-bisabolol1.33in an 81% vyield. Through this
synthesis, Yamamoto demonstrated that incorporati@chiral epoxide is a
quick and efficient method for preparing compouafithis type.

(b) Kinetic resolution:

The Yamamoto group have demonstrated that V-cadlgpoxide

formation can also be used as a method for kimesiclution of chiral racemic

secondary allylic alcohols (Scheme 1'6).
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Scheme 1.6

| 1 mol% Catalyst 1.21 | Q N
O 1BHP (0% AG) OH ~ <_oH U 8:

Ph CH,Cl, 0 °C Ph Ph ‘N 121a
Racemic 51% Conversion 95% ee 93% ee o) Ph
1.34 1.35 1.36
Ph

Chiral ligandl.21acan be used to epoxidis®{1.34in 93% ee, while leaving
the R)-1.34enantiomer unreacted. The process effectively remtve
undesired enantiomer from the initial racemic migtu

These two enantiopure compounds can then be esaggrated by column

chromatography and used as required.

1.6 Previous work carried out by the group:

1.6.1 Asymmetric epoxidation reaction in organic deent:

Initial studies were carried out by Dr Zaina Bourhavho synthesised a
wide range of chiral hydroxamic acids basedweamino acids for the

asymmetric epoxidation of allylic alcohols (Figur®)?2
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Figure 1.9 Range of new chiral ligands prepared by the Malioup.

RoO RoO
?
Ts—NH N-©OH R—S—NH N-OH
Ph” >Ph O b pn
1.37a, R = (R)-Ph 1.38a, R = Me
1.37b, R = (S)-i-Pr 1.38b, R = 2,4,6-Me3CgH.
1.37¢, R = (S)-PhCH, 1.38¢, R = 3,5-Me,CgHs
1.37d, R = (S)-+-BU 1.38d, R = 4-Ph-CgH,
Ph O ph Me O Ph 0O
( S /< 3 (
Ts—NMe N-OH Ts—NH N-OH Me  N-OH
Ph”™ “Ph PhAPh PhAPh
1.39 1.40 1.41

In this study, three structural features were itigated:

0] The amino acid backbon&.87a — c+ 1.40

(i) The sulfonyl groupX.38a—d)

(i) The substitution pattern at the stereogenic cémtB¥a 1.39 1.41)

The diphenylmethane hydroxylamine functionality eeéned constant
throughout the study; as literature data has shbatif a smaller group is used
in this position, then a lower selectivity is obes >

These new ligands were tested in two model reastihich were carried
out on a 1 mmol scale, in toluene at 20 An overview of the results

obtained and the reaction conditions employed lavevs in Table 1.67
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Table 1.6 Model Reactions

O
1.7 1.5

1 mol% VO(acac),
1.8 mol% Ligand R
5-6 M t-BUOOH in nonane

ﬁ(OH Toluene, -20 °C, 20 h. 0 OH

1.42 1.2
1.7 1.42
Entry Ligand Yield (%) ee (%) | Yield (%) ee (%)
1 1.37a 95 64 90 62
2 1.37b 84 15 79 17
3 1.37c 95 <5 88 <5
4 1.37d 93 66 87 51
5 1.40 87 32 - -
6 141 <5 43 - -
7 1.38a 86 4 69 8
8 1.38b 55 41 52 39
9 1.38c 62 61 85 48
10 1.38d 95 64 76 56
11 1.39 96 7 93 14

It has to be noted that the catalytic systems basdijandsl.37g 1.37cand
1.37d(entries 1,3 and 4) reacted very fast. The aveysje obtained in these
three experiments was > 87% after just 20 h, whiak close to the reaction
rate shown by VO(acacalone, meaning that these ligands did not show the
typical ligand deceleration effett.

The best results were observed with ligar@i7a(entry 1). In general, the
selectivities obtained were only slightly lowernhthose observed with the
earlier generation Yamamoto systetfit>*°Entry 6 on the other hand,
highlights the importance of the sulfonamide grduigand1.41does not
contain a sulfonamide side-chain; and as a rabaltnodel epoxidations
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proceeded extremely slow. Therefore, the sulfonargrdup was incorporated
into all further ligand desigff.%®
It is interesting to note that increasing the batkthe sulfonamide group

does not increase the observed selectivity (erried0).

Entry 11 highlights another important point. Alkiyta at the sulfonamide
nitrogen, resulted in a dramatic drop in selegtigiving nearly racemic
products. This suggests that the sulfonamide gi®likely to be involved in
the coordination to vanadium, and is another kayuie which should be
incorporated into future ligand design.

Ligand1.37aproduced the best results in the model reactiodsaas
therefore tested on a wide range of allylic alcehbligure 1.10 highlights a

selection of the best results obtairféd.

Figure 1.10 Range of epoxides formed.

Q OH
O
o PH

68 % ee 63 % ee 74 % ee
(95% Yield) (67% Yield) (32% Yield)

@] O @]

/ ﬁOH \/A(OH /A(OH

2napth Ph Ph

63 % ee 72 % ee 62 % ee
(95% Yield) (49% Yield) (90% Yiled)

Overall results were very promising. With chirgldnd1.373g selectivity
of 62 — 74 % ee was attained. However, furthemoigaation of the ligand
structure is required to bring the enantioseletstivi line with the current

standards.
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1.6.2 Asymmetric epoxidation in aqueous solution:

In section 1.4 we showed that co-ordination of isatigand to the
vanadium catalyst results in a notable deactivaticthe catalyst. This is the
major drawback associated with vanadium catalyie way to overcome this
problem is to carry out an aqueous epoxidation.

Using water as a solvent has many benefits. Thgeerda employed are
cheaper and are much more environmentally frierBjyusing an aqueous
system, the experimental procedure is also muchleinThe Sharpless
titanium system is extremely sensitive to the séghtraces of moisture and, in
addition, the process requires a very long anatexhvork-up. For our agueous
V-system this is not the case. Simple extracticth &n organic solvent is all

that is required®
Figure 1.11 shows the two ligands which were usdte aqueous
systent> both of which have already been employed in orgaaivents

(section 1.6.1.).

Figure 1.11 Chiral ligandsl.37aand1.37d

Ph}—<0 A{%o

Ts—NH N-OH Ts—NH N-OH
Ph” _"Ph Ph” "Ph
1.37a 1.37d

The results of aqueous epoxidation were comparddtive respective results
obtained under anhydrous conditions using modedtsatesl.7 and1.42(Table
1.7)%
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Table 1.7:Comparison of epoxidations in either toluene oranat

)\/\)\/\ o
PPN ~
OH PH

1.7 1.42
Toluene Water

Entry Liagnd | Yield (%) ee (%) Yield (%) ee (%)
Geraniol(1.7)

1 1.37a 95 64 73 60

2 1.37d 93 66 52 32
Alcohol(1.42)

3 1.37a 90 62 79 59

4 1.37d 87 51 73 46

The original epoxidations were carried out in alllgyand/vanadium ratio, in
toluene at —26C while the aqueous epoxidations were performéf@twith
just 10% excess of ligand over vanaditim.

Table 1.7 shows that the rate of epoxidation inattpgeous system is
slightly slower. Nevertheless, the products areaioled in acceptable yields. But
what was really important, was that the enantiasefiéy produced in the
aqueous system was equal to results obtained antigdrous conditions.
Therefore, the aqueous method represents a pragmsin technique for

asymmetric epoxidations.

Investigation into the influence of ligand/vanadiuatio using geraniol
1.7 as a model substrate uncovered a very surprisstr(Table 1.8

Conversion without a ligand (entry 1) turned oub&extremely slow.
This is the opposite to what has been observed brganic solvent reactidf.
Previously, in section 1.4, we have seen that uadbydrous conditions
racemic epoxidation catalysed by VO{Er); proceeds very fast. As more
ligand is added to the reaction mixture, the réteaction begins to rapidly

drop?
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Table 1.8:Effect of the ligandL.37avanadium ratio on epoxidation of geraniol
1.7

Entry | Ligand/mol% V/mol% | T/°C | Conversion (%) ee (%)
1 0 1 0 18 -
2 1 0 0 <1l -

3 0.5 1 0 84 57
4 1 1 0 93 60
5 1.1 1 0 73 60
6 1.1 1 20 100 -

7 1.1 1 -20 69 69
8 1.5 1 0 76 61
9 2.5 1 0 47 61

However, the exact opposite trend is observedaratjueous system:
presence of a hydroxamic acid ligand is requirearder to produce a
reasonable rate of reaction (entry 3). When de kit 0.5 mol% ligand is used,
an 84% vyield is recorded. Now it appears that tlesgnce of a ligand is
necessary for the reaction to occur. Thereforey@madium-catalysed
epoxidation has now become a ligand acceleratetkpsovhen carried out in
an aqueous solutidf.

Ligand1.37aonce again produced the highest enantioselectiviyas
therefore employed to assess the efficacy of themethod using a range of

allylic alcohols (Figure 1.12%

Figure 1.12:Range of epoxides formed.

)\NJPAOH MO‘AOH QNOH

69% ee 70% ee 72% ee

(69% Yield) (61% Yield) (92% Yield)
OH Ph Ph A\

63% ee 57% ee 59% ee

(41% Yield) (55% Yield) (79% Yield)
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Figure 1.12 demonstrates the very promising reshéishave been
achieved in the new ligand accelerated system. &taging work inspired the
development of a new range of hydroxamic acid kitgafor the asymmetric

epoxidation in agueous solution.

1.7 Proposed reaction mechanism:

The exact mechanism for the asymmetric epoxidaBantion in organic
solvent is not yet fully established. In an attetapget a deeper insight into the
process, a number of kinetic and multinuclear NNiRIes have been carried
out using™V, 3C and*’0 NMR 2*?" The following evidence obtained from
these studies, allowed to formulate the reactioohaeism for simple bidentate
hydroxamic acid ligands.

VO(On-Bu)s gives a single peak iV NMR at$ = -594 ppnt*
Bryliakov et al found that when 1 equivalent of chiral hydroxameid is mixed
with VO(On-Bu)s, the signal at -594 ppm disappears and a newlsagjpa08
ppm appear$’ This suggests the formation of a new vanadiumispéa3 in

which the hydroxamic acid is now co-ordinated te anadium (Figure 1.13§.

Figure 1.13 Formation of new Vanadyl species.

R o
N-O. ) -OR

%\ /7 "OR
o)

1.43

R2

This implies that the alkoxide groups surroundimg vanadium (V) are labile
and can be easily exchanged for 1 equivalent ofdxginic acid’?

However, this single vanadium species is only oleskat a
ligand:vanadium ratio of 1:¥When the ratio is increased to 1.73:1 the

concentration of this single species at -508 ppanaedeses and four new signals
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at ~ -440 ppm appeétimplying the formation of four new different variach
species.

When an excess 6BuOOH was added tb.43 four separate vanadium
signals were once again obser¢étt.can be assumed that if one labile alkoxide
group can be exchanged with one equivalent of dg#ren in a similar manner,

one of the other alkoxide groups can also be replayt-BuOOH.

Figure 1.14 Diastereomeric pairs.

N T.O=N"
4 8/\(\ _ — /wso
OR O R2 R? O OR
1.44 1.45
1 1
O, I O\N/R R N-O. H o
0~ I\
>r ORO™ 2 %o OR j<
1.46 1.47

When a chiral hydroxamic acid is employed, two s¢tdiastereomeric pairs
1.44 — 1.47Figure 1.14) could represent the four signaleoksd in theV
NMR spectr&? The relative reactivity and the ratios of thes&stireomers are
likely to contribute to the overall selectivit§.

Once the ligand and peroxide have co-ordinateddosénadium, the axial
labile alkoxide group can then be replaced by thessate allylic alcohol
(Figure 1.15¥2

Figure 1.15 In situ Chiral Catalyst.
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Once complex.48is formed, an oxygen atom can be easily translerre
from the co-ordinated peroxide onto the closest fafche allylic alcohof?

This mechanism for the asymmetric epoxidation reaat/as investigated
using only bidentate hydroxamic acids. In the eczdée ligands developed by
Yamamoto and in our group, which have groups capabadditional
coordination, the mechanism, and particularly i step of

enantiodifferentiation, may differ substantially.

1.8 Conclusions:

From this literature review we can see that vanmadiatalysis has come a
long way over the past thirty years. For decadesSharpless titanium system
dominated the field, but this process was not withts disadvantages.

Pioneering work by the Yamamoto group has shownviiaadium-
catalysed epoxidations can not only match the $ss®ystem in terms of
selectivity; but can also overcome many of the essed problems.

For many years, vanadium catalysed epoxidations wensidered to be
impractical due to the deleterious ligand deceilegagffect. However, as this
literature review has shown, with careful ligandida and the use of an

aqueous system, a highly successful ligand-actetb@ocess can be achieved.
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1.9 Aims of the project:

To optimise the vanadium-catalysed epoxidationaiwmeed to develop a
new range of hydroxamic acid ligands for the agsexystem. The new
catalysts should be highly reactive and capabaducing selectivity of the
practically acceptable level.

Previous investigations from our laboratories fotimat in aqueous
solution, the vanadium-catalysed epoxidation becsoaggand-accelerated
process. However, previous ligands synthesisedmiitie group only achieved
a maximum of 72% ee.

Nevertheless, this iterative study highlightedithportance of two key
functional groups. Therefore, the sulfonaimde aydfdxmic acid functional

groups shall be incorporated into all future ligalesign.

The main target of this project was to improvedbserved selectivity
through careful ligand design. Previous ligandsensl based on theamino
acid scaffold, where the sulfonamide and hydroxaamid functional groups
were separated by just one carbon atom.

We aim to extend this separation to two carbon atatmile varying the
backbone. These new ligands shall be synthesisattfre corresponding chiral
1,2-diamines, and both their reactivity and slattiwill be compared within
our model systems.

Once an optimum ligand is found, the reaction coowi$ of the aqueous
system can then be optimised accordingly, anddestea much wider range of

allylic alcohols.



36

References:

1. Berrisford, D. J.; Bolm, C.; Sharpless, K.Agew. Chem. Int. Ed. Engl.
1995 34, 1059-1070.

2. Bolm, C.Coord. Chem. Rev. 2003 237, 245-256.

3. Adam, W.; Saha-Moller, C. R.; Ganeshpure, PChhem. Rev. 2001, 101,
3499-3548

4. Katsuki, T.; Sharpless, K. B. Am. Chem. Soc, 198Q 102, 5974-5976.

5. Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Masamune, H.;

Sharpless, K. BJ. Am. Chem. Soc, 1987, 109, 5765-5780.

Hanson, R. M.; Sharpless, K. B.0rg. Chem.1986 51, 1922-1925

Hoshino, Y.; Yamamoto, Hl. Am. Chem. Soc. 200Q 122, 10452-10453.

Michaelson, R. C.; Sharpless, K. BAm. Chem. Soc, 1973 95, 6136-6137.

Michaelson, R. C.; Palermo, R. E.; Sharpless, Kl. Bm. Chem. Soc, 1977,

99, 1990-1992.

10. Sharpless, K. B. Unpublished results.

11.Verhoeven, T. R.; Sharpless, K. Adrichimica Acta, 12, 1979 63-73.

12.Malkov, A. V.; Czemerys, L.; Malyshev, D. Org. Chem. 2009 74, 3350-
3355.

13.Bourhani, Z; Malkov, A.V.Synlett, 2006 20, 3525-3528.

14.Murase, N.; Hoshimo, Y.; Oishi, M.; Yamamoto, HOrg. Chem. 1999
64, 338-339.

15.Hoshino, Y.; Murase, N.; Oishi, M.; Yamamoto, Bull. Chem. Soc. Jpn.
200Q 73, 1653-1658.

16.Hoshino, Y.; Yamamoto, Hl. Am. Chem. Soc. 200Q 122, 10452-10453.

17.Zhang, W.; Basak, A.; Kosugi, Y.; Hoshino, Y.; Yamato, H.Angew.
Chem. Int. Ed. 2005 44, 4389-4391.

18.Barlan, A. U.; Zhang, W.; Yamamoto, Metrahedron. 2007, 63, 6075 —
6087

19.Makita, N.; Hoshino, Y.; Yamamoto, Angew. Chem. Int. Ed. 2003 42,
941-943.

20.Nemoto, H.; Shiraki, M.; Nagamochi, M.; Fukumota,Tt. Lett. 1993 34,
4939-4942.

© ® N O



37

21.Snider, B. B.; Rodini, D. J.; Kirk, T. C.; CordovR, J. Am. Chem. Soc.
1982 104, 555-563.

22.Malkov, A. V.; Bourhani, Z.; Kocovsky, Rrg. Biomol. Chem. 2005 3,
3194-3200.

23.Bourhani, Z.; Malkov, A. V.Chem. Commun. 2005 4592-4594.

24.Bryliakov, K. P.; Talsi, E. P.; Kuhn, T.; Bolm, GBlew J. Chem. 2003 27,
609-614.

25.Mimoun, H.; Mignard, M.; Brechot, P.; Saussine,JLAm. Chem. Soc.
1986 108, 3711-3718.

26.Bryliakov, K. P.; Talsi, E. P.; Stas’ko, S. N.; Kbeeva, O. A.; Popov, S.
A.; Tkachev, A. VJ. Mol. Catal. A. 2003 194, 79-87.

27.Bryliakov, K. P.; Talsi, E. PKinet. Catal. 2003 44, 334-346.



2.0 Results and Discussion:

2.1 Design and structure of hydroxamic acid

ligands for an aqueous epoxidation
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2.1 Design and structure of hydroxamic acid ligand$or an

aqueous epoxidation.

2.1.1 Target Ligands:

Figure 2.1: Chiral ligands for the asymmetric epoxidation react

( > Ph  Ph
Ph O
\ — 0
5 P _N /—< Ph
Ts—NH N Ts—NH N _
/ Ha oh Ts—NH  N—(
HO Ph HO  Ph
Ph Ph
2.1 2.2 2.3

2.1.2 Ligand design:

All ligands prepared for the vanadium catalysedxegadion reaction are
based on chiral hydroxamic acids. Ligands of otiyges were less successful in
our agueous system.

Previous work carried out in the group has highikgrthe importance of
the sulfonamide grouplt proved to be the key feature responsible faiaing
the high reactivity of the catalytic systems, tlere any new design of the
chiral ligand should incorporate both sulphonanadd hydroxamate
functionalities.

Previously, the general ligand structure was basedamino acids where
the sulfonamide and the hydroxamic acid functigralip were separated by
just one carbon atom (Figure 2.1, liggh8). In an attempt to further improve
selectivity, we decided to move the chelating saf@mide group from the acid
fragment onto the hydroxylamine moiety (Figure Zgands2.1and2.2).

Therefore, compoundal1land2.2were chosen as new target ligands as
they can both be prepared from simple commercahdaes.

The retrosynthetic analysis of all three chiraaihids are discussed in

section 2.1.3.
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2.1.3 Retrosynthetic analysis:

General retrosynthetic routes are shown in Sché&xeand 2.2. Scheme
2.1 highlights disconnections of hydroxamic acidghwa diamine backbone,
while Scheme 2.2 focuses on the retrosynthesisedligand derived from am
amino acid.

Following a traditional route for hydroxamic aciligands2.1and2.2
can be disconnected to give the corresponding kythmine2.5and
commercial diphenyl acetyl chloride (Scheme 2.1nd&ional group
interconversion of the hydroxylamine affords theane?2.7, which can be
produced from the corresponding cyanomethylateshidi@2.8. This can then
be further disconnected to the mono-tosylated dia2i9, which can be

produced from commercial diami2elOand tosyl chloride.

Scheme2.1: Retrosynthetic analysis of ligan@dsl and2.2

R R R R 0
= O
Ts—NH N3 — Ts—NH NH * Ph
HO  )—Ph HO PH
2.1/2.2Ph 2.5 2.6
FGIU
R R R R
SAD CN CN
Ts—NH N=/ Ts—NH HN-
OO0 2.8
2.7 I
? R R R R
és‘)fu . L(H —



In a similar fashion, disconnection of the hydroxaacid functional
group in2.3 (Scheme 2.2yives the acid chlorid2.12and benzhydryl
hydroxylamine2.13 which can be easily prepared from commercial
benzhydrylamine. Functional group interconversibthe acid chlorid®.12
produces the tosyl protected amino aitbwhich can be prepared from

commercial phenyl glycine and tosyl chloride.

Scheme2.2: Retrosynthetic analysis of ligarzd3.

Ph O
Ts—NH “N-OH
ph—
Ph
2.3
Ph O J HN—OH
+
Ts—NH Cl PR,
2.12 2.13
UFGI U
Ph O NH,
ph—
Ts$-NH OH Ph
2.15 2.14

2.1.4 Ligand Synthesis:

The general synthetic pathways towards hydroxagigts2.1— 2.3are

illustrated in Schemes 2.3 and 2.5.



42

Scheme2.3: Synthesis of ligand8.1/2.2 (Yields shown for synthesis @f1).

R R L-tartaric acid R R 1 eq TsCl R R
— acetic acid \—< NEt; \
H,N  NH,  water H,N  NH, DCM Ts—NH NH,
(+/-) o o . tartrate Ag. NaOH
210 90 "Cto5°C 217 86% 29
: 77% '
° BrCH,CN
i-Pr,EtN
MeCN
99%
R R NH,OH.HCI R R m-CPBA R R
MeOH @ CN DCM A CN
Ts—NH NH = 84% Ts—NH N=/ 75% TeNH HN—Y
HO eYe!
N - 2.8
2,6-Lutidine
TMSCI
THF

Diphenylacetyl Chloride

R R
O

Ts—NH N
HO Ph

Ph
2.1 67% yield

2.2 24% yield

Ligands2.1and2.2 were prepared as shown in Scheme 2.3. Initiadly th
synthesis oR.1was carried out using commercial enantiomericalisepR,R)-
cyclohexyl diamine. However, due to its high cegt, switched to a much
cheaper racemic diamirZelQ whichwas resolved using-tartaric acid to form
the R ,R)-diamine tartrate saft.17as described by Jacobsehhis was then
mono-tosylated following a literature protoddiext, compoun@.9was
cyanomethylated using bromoacetonitrile, followgdkidation withm-CPBA
to give the corresponding nitro8e7 as described by Fukuyarfidlitrone2.7
was then hydrolysed using hydroxylamine hydrochlefito produce the
desired hydroxylamin2.5.

Initially, a direct coupling method was undertakemroduce the desired
hydroxamic acid, in which the corresponding hydtaryine was mixed with

diphenyl acetyl chloride in DCM. However, the yi@flligand obtained in this
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way was very low (~ 20%). TH#i NMR of the crude reaction mixture revealed
that a mixture of products was forming. These commgls proved very difficult

to separate by column chromatography, so we weablaro get a clear picture
of what was going on. However, based on the previoyerience in the grodp,
formation of theD-acylated produc2.18can be suggested (Scheme 2.4).

Scheme2.4: Possible competing side reaction.

R R
R R R R
A 2,6-Lutidine Ts—NH  NH Y~ o
Ts—NH 'NH  _TMSCI, THF O _o +| Ts—NH N
Hd Diphenylacetyl Chloride HO Ph
/
25 2.18 Ph” Ph 2.1/2.2 7N

In order to prevent this from happening, TMS protecwas employed
as described by Kimiwhere the TMS group specifically protects theroygl
group due to the high affinity of silicon for oxygerThis would then leave the
nitrogen free to react as desired.

This new coupling procedure allowed us to obtaetdrget ligan@.1
in a much improved yield (67%).

Scheme2.5: Synthesis of ligan@.3.

@ TsCl, ether @ PCI @
/o 0 2 /o

g NaOH, water ~ THF
- AL ANIEAL Ny ~
/—4 EtsN /—/< 68%
HoN OH 52% Ts—NH OH Ts—NH CI
2.16 2.15 2.12
—CN 60 4+ CN HO.
/'\&_'2 BrCH,CN HN N E
(i-Pr),EtN m-CPBA
2.14 87% 2.19 54% 2.20 45%

o

Ts—NH  N—(
HO  Ph
2.3

Ph
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Ligand2.3was prepared as shown in scheme 2.5 followingpeguiure
developed earlier in the grotff:he synthesis begins with the commeradial
amino acid phenyl glycing.16which was tosylated at the nitrogen using tosyl
chloride. Compoun@.15was converted to the acid chloridd 2by treatment
with PCE, and then coupled with benzhydryl-hydroxylamih&3 The latter
was prepared in parallel from benzhydryl ann®4as described by
Fukuyamé’

The coupling step produced the target ligar&in a 40% yield.
However, unlike in the synthesis 2fl and2.2 TMS protection did not bring

any increase in the yield.

2.1.5 Synthesis of allylic alcohols:

In order to fully test our new chiral ligands, aer range of substrates
were required. From previous investigations cardetin the group, it was
found that epoxidation reaction was highly selextithen the substrate allylic
alcohol had ais orientation of the vicinal substituents. Therefa@mpounds

2.21-2.35(Figure 2.2) were chosen as new substrates foaqugous system.
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Figure 2.2 Range of new allylic alcohols synthesised.

OH
2.21
GLOH
2.25
[ ©H OH OH
o R
2.29 "o 2.30 Br 231

e 0,40

Two main procedures were used in the preparatidheodbove allylic
alcohols. The synthesis of compourd®1 and2.22involved the addition of a
mixed copper Grignard reagent to the corresponcamgmercial alkyn-1-ol
(Scheme 2.6). Onlgyn-products as shown in Scheme 2.6 were formed, no
traces of thanti-product were detected B NMR.

Scheme2.6. General synthesis @21and2.22
OH OH
—=— _PhMgBr ﬂ
R Et,O, Cul R Ph
2.36 2.37

Allylic alcohols2.23 2.25and2.27 — 2.34Figure 2.2)were all prepared

from their corresponding aldehydes or ketones. & lieslerwent Wittig
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reaction under reflux conditions followed by DIBAfL+eduction to form the
desired allylic alcohol (Scheme 2.7). All Wittigagents were acquired from

commercial sources.

Scheme2.7: General synthesis @f23 2.25and2.27 — 2.34

(@]
o PhsP /\
R)k H COzEt ‘ @) DIBAL-H in hexanes_ jAOH
Toluene ether R
2.38 R 2.39 2.40

2.1.6 Conclusions:

In conclusion, new chiral ligands for the asymnue¢ypoxidation reaction
in aqueous solution have been synthesised. Wedtawen that the
optimisation of the synthetic pathway is highlydigl dependant, and TMS
protection prior to coupling is of great benefithe case of ligands of ty@2e1/
2.2

Application of all new ligands in V-catalysed asyetnc epoxidation is
discussed in the next chapter.



2.2 Optimisation of the asymmetric epoxidation

reaction in aqueous solution:

47
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2.2.1 Advantages of aqueous conditions:

In chapter one, we showed that the Sharplessuitasystem is very
sensitive to trace amounts of waltdrherefore strict anhydrous conditions must
be employed. Similar strict anhydrous conditioressaen in the earlier
vanadium-based protocols carried out in an orgsmlieent’ However, as
previously stated, the greatest drawback assocrtad/anadium catalysis is
the ligand decelerating effect observed in organlgents. One way to
overcome both of these problems is to carry oueffaxidation in agqueous
solution. This not only results in a much simpbeperimental procedure, but
also gives rise to a highly desirable ligand agedésl process (Section 1.6.2).

2.2.2 Proposed reaction mechanism:

In Chapter 1, we summarised the current hypotlmsite mechanism of
the asymmetric epoxidation catalysed by V(V) basedthe evidence collected
to date for the process performed in an organiest! However, when the
epoxidation reaction is carried out in aqueoustsmiya bi-phasic system is

formed (Figure 2.3).
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Figure 2.3 Schematic of bi-phasic aqueous system.

R\N/o,,o\\oJ<

R>7(OH . . Rko'o‘o
Rj)\R

o L

I

/V\‘\\ /V\‘

RO™ YO

RO™OR OR

2.43 2.43
Water

It is important to note that in the aqueous metivecare using an inorganic
source of vanadium (VOSM,0) and a 70 % aqueous solution-&uOOH.
Both of these reagents are much cheaper thanspeatve VO(®-Pr); and
anhydroug-BuOOH previously used in the organic systéms.

Figure 2.3 gives a schematic presentation on hdalysis may operate in
this bi-phasic aqueous system.

Both the vanadium salt and aqueous peroxide aselded in the
aqueous layer. The allylic alcohol substrate issodtible in water and forms the
organic layer of our bi-phasic system. The chigdnd dissolves in the allylic
alcohol, so that a mixture of ligand and allylicatol is floating on top of an
agueous solution containing the vanadium and glkybxide.

Within the aqueous layer, the alkyl peroxide readth vanadium to
form peroxo comple®.43as shown in Figure 2.3. At the interface, the dhira
ligand present in the organic layer is capableoebiinating to the vanadium
peroxo complex and thus transferring it up intodghganic layer where finally,
the allylic alcohol co-ordinates to the vanadiumgducing the active reaction

complex2.44(Figure 2.3).
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Once everything is held together, an oxygen atombeaselectively
transferred from the co-ordinated peroxide ontoctbsest face of the allylic
alcohol to form the corresponding chiral epoxide.

In this way, only coordinated metal species arsgmein the organic
phase, while the ligand-free metal species camuatsdhe interface, thus

preventing the non-selective pathway from occutring

2.2.3 Optimisation of the asymmetric epoxidation raction in aqueous
solution:

a) Catalyst loading

Initial investigations in the grodpvere carried out using 2 mol% of the
catalyst prepared from ligartd3 and VOSQ.H,0. It was found that only a
slight excess of chiral ligand was necessary (dR4hand on average, the
process required at least 60 h to react@.0\ summary of these conditions
and the results obtained are highlighted in Talle 2

Table 2.1: Previous results obtained in the group.

Ph @)
2 mol% VOSO4H20 -

OH —X
/:( 2.2 mol% Chiral Ligand = DO O\EOH Ts—NH N%Ph
\R /

R R 70% ag. t-BuOOH

water R HO Ph
2.3
Entry Epoxide T/°C | t/h | Yield (%) |Ee (%) (config)
1 - 20 20 69 695(S)
)\/\/B/\OH
2.450
2 © 0 60 55 5MRR)
e~ on
2.46
O —OH
3 Va 0 60 79 5%
Ph
2.47




- 20

60

92 72 (+)

60

61 7RR)

60

41 63R)

To allow a direct comparison with the earlier résulve have chosen two

commercially available allylic alcoho&51,and2.52as model substrates. The

results of the epoxidations using the two new thigands2.1and2.2 are

shown in Table 2.2. Epoxidations were carried 0@ at 2 mol% catalyst

loading over 48 h unless otherwise stated.

Table 2.2 Model reactions using.1 and2.2.

Ph Ph
Ts—NH N Ts—NH N
HO Ph HO Ph
Ph Ph
2.1 2.2
Substrate Ligand 2.1 Ligand 2.2
Yield (%), ee (%), Yield (%), ee (%),
Configuration Configuration
W -, 69%9* 59, 33%9
\ N"0oH
2,51
ﬁ(OH 73, 82%9 63, 6635
Ph 5 50

* Result obtained at — AT in a 3:1 mixture of water/methanol.
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The results in Table 2.2 show that hydroxamic &cidderived from cyclohexyl
diamine proved to be a much more effective ligardlie asymmetric
epoxidation. These results highlight an importantctural feature. Ligand.1
has a rigid cyclohexyl backbone, with little pofahto rotate, whereas the

diphenyl backbone of ligan2l2 allows more rotational flexability.

As ligand2.1 produced higher enantioselectivities, all furtbptimisation
from this point onwards focussed primarily 2d. A brief investigation into the
effect of the catalyst loading was then carriedusiimg allylic alcohok.52as a

model substrate. The results are shown in Table 2.3

Table 2.3 Effect of catalyst loading (ligarn2l1).

OH VOSO,.H,0 .
ﬁ( Chiral Ligand _ o/ ﬁ
PH 70% ag. t-BuOOH

2.52 water PR .47
Catalyst Loading t/h Yield (%) | ee (%)
2 mol % 48 72 82
5 mol % 12 95 85
7 mol % 12 94 87

A slight increase in selectivity is observed whatatyst loading is
increased from 2 mol% up to 5 mol%. However, a muiglger effect is seen on
both the yield and the time required for completdihe reaction. At 5 mol%,
a complete conversion was obtained overnight, wirideiously 48 h were

required to give a maximum vyield of 73 %.

When the catalyst loading was further increasednml %, the overall
improvement was marginal. Although the selectidibgs go up from 85 % ee
to 87 % ee, it is not large enough to justify imgiag the catalyst loading any

further. Therefore, optimum conditions were s atol %, for 12 h at 6C.
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Table 2.4 shows the results obtained under thesmwm conditions for a

wider range of allylic alcohols.

Table 2.4 Epoxidation reaction at 5 mol % V using ligahd.

Entry Allylic Alcohol Yield (%) ee (%) Config.
| J@f i R A
Br 2.31
| @f N
FoC 2.32
3 ﬁ(OH 74 85 SS
PH
2.52
4 /_(OH 84 85* (+)
Ph
2.22
5 ﬁ(}OH 8 84 SS
Ph Ph
2.35
6 I(OH 71 78 (+)
Ph
2.21
E 2.34
8 NN 0H 42 70 RR

2.53
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66 58 )

|

10 oH 63 60 (+)

73 46* RR

H

11 >_\_>1 7 20** SR
OH
H

@)

13 52 56 (+)

@)
8
.29
O

2.2
|
2
0]
24
23
14 <:>J H 61 38 )
.25

2.54
12
H
2.
th(
2.
2

* Reactions carried out at catalyst loading 2 mol%.
** Reaction carried out at catalyst loading 2 mal¥a 3:1 water/methanol

mixture at —20C

Table 2.4 shows some very promising results. Seiges in entries 1-8
ranged from 70 — 87 % ee. However, the yields efgpoxy alcohols varied
from just 7% up to a maximum of 84%.

The lowest yield was observed with nerol (entry. IThjis reaction was
carried out at —20C, so it was not surprising that at a lower tempeeathe
reaction proceeded much slower. However, the dighadlylic alcohol2.35

(entry 5) was reacted at’G and produced only 8 % yield. The reason for such
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poor conversion might be that this compound isafrtee few solid allylic
alcohols tested. It is much more difficult for tlallylic alcohol to effectively
mix with the chiral ligand and vanadium in an aqueesolution, thus resulting
in a much slower rate of reaction. Therefore, eorto achieve a more
homogeneous mixture, addition of small quantitiesrganic solvents were

investigated.

b) Organic solvent additives:

Table 2.5 shows the effect of different organiwveat additives. The
reactions were carried out at 5 mol% vanadium,gusytlohexyl ligand®.1 and
allylic alcohol2.52as a model substrate. In the original aqueousautthe
epoxidation is taking place in the organic phasesisting predominantly of the
starting alcohol, however, alcohols were shbtarbe poor solvents for this
process. On the other hand, toluene and dichlotwanet(DCM) had a proven
record in successful V-catalysed epoxidation reasfi'® therefore they were
chosen as additives. The reactions were performadil water/organic

solvent mixture.

Table 2.5 Effect of organic solvent additives.

OH 5 mol% VOSO,.H,0 5 Q /—OH
/—( 5.5 mol% 2.1 #@
Ph

70% ag. t-BuOOH Ph
2.52 Solvent 2.47
Entry Solvent System Yield (%) ee (%)
1 Water 74 82
2 Water/DCM (3:1) 97 80
3 Water/Toluene (3:1) 97 90

Epoxidation carried out in water alone producedxem2.47in 82% ee (Entry
1).
Addition of DCM to the reaction mixture (entry 2)creased the yield of

the product, however, it had a very little effenttbe selectivity. At the same
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time, a dramatic increase in selectivity and yiskte observed when small

amounts of toluene were added into the aqueousumixéntry 3).

Thus, the previous reactions employing model sabetrwere repeated

with all three chiral ligands under the new optietonditions using a 3:1

mixture of water/toluene as the solvent system. rElsalts are given in Table

2.6.

Table 2.6: Model reactions at 5 mol% in water/toluene migtusing ligands

2.1,2.2and2.3

-

Ph Ph
2.1 2.2 2.3
Substrate Ligand 2.1 Ligand 2.2 Ligand 2.3
Yield (%), ee (%) | Yield (%), ee (%) | Yield (%), ee (%)
ﬁ(OH 98, 90 89, 78 41, 58
Phos2
OH 92, 94 90, 86 40, 26
Ph Ph
2.35
M\A 65, 50 72, 32 -, -
~ N"0oH
2,51

It is worth noting that not all ligands benefitedrh the addition of an

organic solvent. Thus, ligar®i3, which has already been synthesised in the

group did not produce improved selectivities under the mptimised reaction

conditions. In fact, results obtained were idertiodhose already achieved at

just 2 mol % in water alone.

The results collected in Table 2.6 confirm thatrdoyx@mic acid.1 still

remained the best ligand under the new optimisactian conditions.

Therefore, the catalyst based on this ligand wstedieon a wider range of

allylic alcohols. The results are shown in Tablé 2.




Table 2.7: Epoxidation results at 5 mol% in a 3:1 water/évla mixture.

57

Entry Allylic Alcohol Yield (%) Ee (%) Config.
1 ﬁ(OH 98 94 SS
Ph Ph
2.35
2 /_(OH 97 91 (+)
Ph
2.22
3 ﬁ(OH 98 90 SS
PH
2.52
4 OH 90 85* (+)
|
(T 22
5 OH 75 83* @)
o8
O 2.28
6 | OH 65 84 (+)
2.34
F
7 /@jﬁm 48 87 )
FAC 2.32
8 OH 60 87 (+)
2.31
Br
9 I(OH 80 72 (+)
Ph
2.21
10 W 65 50 SS
AN N"Non
2.51
11 (OH 77 48 (+)
pn—'__




58

12 <:>JOH 67 37 @)

2.25

* - epoxidations carried out with a 2:1 Ligand/Vdnan ratio

Good-to-excellent selectivities (up to 94% ee) hlagen achieved for
geminal allylic alcohols (Entries 1-8). Table 2hbws that a water/toluene
mixture is most beneficial for bigger, bulkier strages which are relatively
sluggish in the aqueous mixture (entries 1- 8)sThparticularly beneficial for
solid allylic alcohols (entry 1) as the presencéotidene allows the reactants to
fully mix.

In the case of epoxides derived from 1- and 2-rfegdbhe (entries 4 and
5), it was found that an increased quantity ofiidjavas required. In all other
cases, epoxidation was carried out using a ligamdetium ratio of 1.1 to 1. For
naphthyl derivatives, the standard conditions gavg 60% ee. Therefore, the
epoxidations of these substrates was carried dhtaigand/vanadium ratio of
2:1.

It is worth noting that not all substrates showdtdgher selectivity in the
water/toluene mixture. In fact, allylic alcoholsentries 7 and 8 produced
identical results to those obtained in water alovigle alcohols in entries 9 —12

all produced better results in water alone.

In summary, we have demonstrated that by usingri@tion of
different ligands and the addition of small quaesitof toluene for larger, bulky
substrates, a wide range of epoxides can be prddaod®th a high yield and
high selectivity (Figure 2.4).
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Figure 2.4 The highest enantioselectivities achieved to dagand is shown in

parenthesis).

@) OH OH 0] OH
#\( /L( v
Ph Ph Ph
94% ee (2.1) 91% ee (2.1) 90% ee (2.1)
OH OH —OH

Q):% ee (2.1) “{% ee (2.1) F, CQJ:% ee (2.1)

OH OH
~
(O ‘ (@] fﬁOH

F 84% ee (2.1) O 83% ee (2.1) 78% ee (2.1)
0] OH
OH \ OH 3
70% ee (2.1) 69% ee (2.3) 72% ee (2.3)

2.2.4: Performance of ligand 2.1 under anhydrous calitions.

Next, we briefly tested the performance of ligantlin a model
epoxidation under anhydrous conditions using a@lglcohol2.52as a model
substrate (Scheme 2.8).

Scheme2.8 Anhydrous epoxidation of model substratg2

oy

Ts—NH /NJ§>
OH HO Ph O —OH
ﬁ( 21 ph D/jfﬂ
PH i Ph

252 VO(Oi-Pr)3 2.47
5-6 M TBHP in nonane 58% ee

Toluene, - 20°C, 16 h  (78% Yield)




60

In organic solvent alone, epoxy alcolzofi7was obtained in only 58 % ee
(ligand/vanadium ratio of 1.1:1). In our optimisagueous system, 90 % ee was

achieved (Table 2.7). This experiment demonstitatesmportant points:

0] Utilisation of an aqueous system has overcome ithielgmatic ligand
deceleration effect. Under anhydrous conditionsxefe2.47 was
formed in a 78 % yield after 12 h at —ZD. Equal length of reaction in
the agueous system provided epoX@d&7in a 98 % yield. However, the
aqueous reaction was performed 8€0so this vast improvement in the

yield can also be attributed to the temperatuneadction.

(i) For substrat@.52a much higher selectivity is achieved in the agseou

system.

Therefore, with careful ligand design and the usth® optimised aqueous
system, higher yields and better selectivitieslmaproduced using simpler
methodology and more affordable reagents.
2.2.5:Effect of structural variations in substratealcohols:
a) Effect of the steric size of substituents in allyti alcohols.

The effect of the steric size of substituents lgtialalcohols was
investigated next. Figure 2.5 highlights the expédtend in enantioselectivity

for allylic alcohols2.22, 2.21 and 2.24

Figure 2.5 Series of decreasing selectivites of substratésincreasing bulk.

/_(OH OH OH
> I( > -
h Ph Ph
2.21 2.24

P
2.22
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Under the optimised reaction conditions, compo2i2 produced 91 % ee.
With a slight increase in the steric size to aryleghoup @.21), we observed a
drop in selectivity to 78 % ee. Further increasariopropyl group 2.24
caused the selectivity to plummet to just 46% dwrs Tesult seemed
uncharacteristically low considering the high enzsdlectivity obtained in the
epoxidation of the diphenyl substrate (Table 2niryel).

Alcohol 2.24was prepared following a literature protocol (Suke
2.9)%13First, benzylcyanid@.55was converted t8.56 Kimura et af®
claimed that on reduction of the nitrile, the ismmyl group flipped over to the

other side of the double bond to becaristo the phenyl group.

Scheme2.9: Synthesis of alcohd.24

H H
@ACN Isobutyraldehyde ‘ 1. DIBAL-H/hexane
KoCOj3 CN 2 H,50,
MeOH 3. LIAIH,/THF OH
2.56 2.24

2.55

If no isomerisation was occurring during the redacstep, this would
result in the formation of a different allylic alvol 2.57, which would no longer
have the requireds orientation of the vicinal substituents shownampound
2.58(Figure 2.6)

Figure 2.6: Possible structure after reductidb7 and general structure for

substrate®.58
R
|
R
OH OH

2.57 2.58

In order to confirm the structure of the reducexbhbl, we carried out NOE
studies on compounds24and2.56 to establish the position of th@ropyl

group both before and after the reduction step.r€helts are illustrated in
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Figure 2.7. The NOE studies confirmed that, indéesmimerisation of the double

bond was taking place during the reduction.

Figure 2.7: NOE studies on compounéd24and2.56

COYy H
0 o o

2.24 2.24

b) Epoxidation of homo-allylic alcohols.

To extend the range of substrates, vanadium cathlggoxidation of
homoallylic alcohols in aqueous solutiuon was afttad, however, it was
unsuccessful. After work-up, only the chiral ligands isolated suggesting that
any product formed in the reaction remained inatpgeous layer.

Two possible explanations to account for the restdn be proposed.

1. Hydrolytic opening of the epoxide produced tighly water-soluble triol
2.61,which after work-up stayed in the aqueous phaskegi@e 2.10)

Scheme2.10 Formation of water-soluble tri@.61

o 0 o HO OH
2.59 2.60

2.61

2. Jamison et & have found evidence that under aqueous conditimmap-
allylic alcohols can cyclise to form the correspmigctetrahydrofurans
(Scheme 2.11).
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Scheme2.11 Cyclisation of homo-allylic alcohols under aqus@onditions.

H11®
o) o
o] o ’
)%/\OH /ﬁj ﬁ{
H
2.60 2.62 2.630H

Both of these reactions result in a highly watdtisie product which
cannot be extracted from the aqueous layer. lear¢hat substrates with large
lipophilic groups should be investigated before aogclusion can be made

regarding applicability of this method to homoatylcohols.

2.2.6 Conclusions:

In conclusion, we have developed a range of nevaklgands for the
asymmetric epoxidation reaction in water. The agsesystem employed has
been extensively optimised and selectivities ofaip4 % ee have been
achieved. We have also demonstrated that for oestdistrates the addition of a

small quantity of toluene is extremely beneficial.



2.3 Asymmetric epoxidation in organic solvent:
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2.3 Asymmetric epoxidation in organic solvent:

2.3.1 Aims:

To further develop the project, we were interesteetending the range
of substrates to unfunctionalised alkenes. Fostloeess of this protocol, the
starting alkenes would need to be initially congdrto the corresponding allylic
alcohols, which are traditional substrates for\theatalysed epoxidation.

One of the possible methods for this transformatitiiises selenium
dioxide in the presence of acetic acid (Scheme)2TI# conditions of this

allylic oxidation seem compatible with V-mediatgubgidation.

Scheme2.12
Jk Se0, Chiral Ligand FO
AcOH OH VO(Oi-Pr); ~<_OH
R R R
26 DCM Toluene
64 70% aq. TBHP 2.65 TBHP 2.66

Once these two steps have been individually opéidjidevelopment of a
one-pot process could be envisioned, as both seeand vanadium are able to

co-exist within the same reaction vessel.

2.3.2 Introduction: Selenium catalysed ene reaction

Selenium dioxide is a very reliable reagent foentigag an oxygen atom
into an allylic C-H bond?® In 1977, Sharpless et‘afound that highly active
alkenes such g&pinene can be oxidized to the corresponding allgicohols

in the presence of 0, and catalytic amounts of Se(dcheme 2.13).
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Scheme 2.130xidation off-pinene.

0.0067 mol SeO, OH
//// . 0.575 mol TBHP
0.5 mol 7 : 0.052 mol acetic acid

dry hexane
2.67 2.68

However, there are several drawbacks associatédiwg process.
Sharpless found that less reactive alkenes producethplex mixture of
products'®In combination with the problems of removal of teeulting
organoselenium by-products, these are the majbculifes associated with
selenium chemistry?

A variety of mechanisms have been proposed foptbeess. Wiberg and
Nielson suggest that an allylselenic a2idOis produced, which then undergoes

solvolysis to form a complex mixture of produ€gScheme 2.14).

Scheme2.14 Mechanism proposed by Wiberg and Nielson.

%/v — Hogf\’(v . 5 +  Se(OH),
©O0
2.69 2.70

2.71
+H,0

-HF

A + +
OH
2.72 2.73 2.74

However, Sharple$5'®has reported evidence that the process occurs by
the selenium catalysed ene reaction followed bysas@ymatropic

rearrangemer{Scheme 2.15).
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Scheme2.15 Mechanism proposed by Sharplés¥

O. -0
CSe\X (2,3] SU RO,H 2.78
) reaction 7 o ‘ROH *
KN > N/ O\\S/,O
e
2.75 2.76 2,77

If the proposed reaction pathway is correct, thenz,3-sigmatropic
rearrangement of the allyl selenic a2id@0(Scheme 2.14yould result in the

stereoselective formation dE)-ester2.79(Scheme 2.16)’

Scheme2.16

I
HO- Se

HOSeO

In order to test this theory, a range of alkyl pfeselenides were preparéd.
Then, under the same reaction conditions (for tralitions, see Scheme 2.13)
all the selenides prepared were successfully negedto the corresponding
allylic alcohols®’

Therefore, these results confirm that ene readtibowed by 2,3-

sigmatropic rearrangement is the most likely medmarof allylic oxidation by
SeQ.
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2.3.3 Optimisation of reaction conditions:

Scheme2.17 Oxidation of the model substrate with seleniuxdie.

SeO,, AcOH OH
70% aq. TBHP _
DCM, r.t, 20h

2.80 2.81

Compound.80was chosen as a model substrate for the two-step

oxidation sequence. Scheme 2.17 shows the reamimitions in whichu-
methyl styren.80can be converted into the corresponding allylohbl2.81
by treatment with selenium dioxide.

Initial investigations focussed on the catalystliag. Sheldon et # have
shown that only catalytic amounts of S4@ mol%) are required for the
formation of allylic alcohols. However, in our madgstem only 8%
conversion was observed under these reaction ¢omnglitTable 2.8 highlights
the effect of catalyst loading on conversion. Tésuits show that in order to
achieve complete conversion of the starting mdtesithin 20 h, the catalyst

loading needs to be increased to at least 10 mol%.

Table 2.8 — Optimisation of catalyst loading for Se oxidatio

Entry | SeQ (mol %) | Acetic Acid (mol %) | t/h | Conversion (%)
1 1.3 0.8 0.5 <5
2 1.3 0.8 20 8
3 4.0 6 20 35
4 10 10 20 68
5 10 15 20 100

Complete conversion was deemed necessary in ard@mediately carry
out a successful epoxidation reaction. Therefddendl% was chosen as the

optimal catalyst loading.
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The epoxidation of allylic alcoh@.81was then investigated. Originally,
the initial aim was to develop an aqueous one-pmtq@ure for the oxidation of
an alkene followed by asymmetric epoxidation. Hogretwo major problems

were encountered.
0] The selenium oxidation does not occur in aqueoligisn.
(i) Allylic alcohol 2.81does not undergo epoxidation in aqueous solution.

Inspection of théH NMR spectrum of the product mixture obtained afte
the aqueous epoxidation revealed that the formatidhe corresponding
aldehyde was more favourable than epoxide formaliberefore, the

epoxidation step was carried out in organic medium.

A brief investigation into the vanadium catalysading was then carried
out using positional isome&s8land2.82as model substrates. The results are

shown in Table 2.9.

Table 2.9 Optimisation of vanadium catalyst loading usiigguhd2.2in
toluene at —26C for 16 h.

OH
OH —
2.81 2.82
Entry |Substrate | V (mol %) |L:Vratio | Conversion(%) | ee (%)
1 2.81 1 1:1 57 58
2 2.81 1 1.8:1 40 73
3 2.81 2 1.8:1 50 76
4 2.82 1 1.8:1 42 58
5 2.82 2 1.8:1 33 66

From Table 2.9, we can see that optimum seleas/itiere achieved at 2 mol%

catalyst loading at a ligand/vanadium ratio of 1.&s expected, increasing the
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ligand concentration resulted in a dramatic droghanrate of reaction due to the
ligand decelerating effect, which was reflectededuced conversions. (Table
2.9). Nonetheless, a reasonable compromise betgaetivity and selectivity
had been achieved at 2 mol% catalyst loading.

Once the optimum conditions for each individuapstesre established,
we went on to combine them into a one-pot prod@sse agairu-
methylstyren&€.80was employed as a model substrate. The reactiwgtitams

are shown in Scheme 2.18.

Scheme2.18 One-pot oxidation/epoxidation procedure.

1. SeO, (10 mol%)
1.5 eq. 5-6M TBHP in nonane
AcOH (15 mol%)

Toluene, r.t, overnight QOOH
leq 2. VO(Oi-Pr)3 (2 mol%)

1.5 eq 70% ag. TBHP

2.80 o , 2.83
Toluene, -20 “C, overnight
Ph Ph 60% ee
\ : o (33% Yield)
Ts—NH N
HO Ph

2.2 Ph

The target epoxid2.83was isolated in a 33% vyield. In the one-pot procass
slight decrease in selectivity was observed. Fargarison, when the process
was carried out over two separate st@@83was isolated in 76% ee.

The one-pot process was also investigated usamg-p-methylstyrene
2.84(Figure 2.8).

Figure 2.8 Substrat®.84

Ph
2.84

However, no epoxide was formed. Taking into accolat cinnamyl alcohol

2.82(Table 2.9) does undergo epoxidation under thesetion conditions, it
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was assumed that the problem must lie within thengeém dioxide oxidation
step.

Therefore, this first step was investigated sepératsing the optimised
reaction conditions (step 1, Scheme 2.18). At 1®%r&elenium dioxide, no
reaction was taking place and 100 % of starfir@ft was recovered. When the
process was attempted under reflux conditionseaotion occurred in DCM,
whereas in toluene a complex mixture of products detected bjH NMR.
The reaction in toluene was repeated at a lowepéeature (65C) but with no
success. It would appear that compo@r&#is not reactive at room
temperature; while at increased temperatures ienguods polymerisation.
Therefore2.84was deemed an unsuitable substrate for our twnestielation
protocol.

Consequently, a range of new substrates were @@ Bigure 2.9).

Figure 2.9 Substrates for hydroxylation/epoxidation sequence

2.85 2.86 2.87

Compound®.85and2.86were successfully oxidised to the
corresponding allylic alcohols following a litera¢uprotocol employing 1.3
mol% SeQ.”’ The conditions optimised f&80(10 mol%) were less
satisfactory in these instances.

The new substrates were then tested in the epaxidstep. The reaction
conditions and results are shown in Scheme 2.1¢h Mgand2.2, both
epoxide2.90and2.91were formed in low-to-moderate yield and with
disappointing ee’s. The selectivities were improlsgemploying cyclohexyl
ligand2.1(Scheme 2.19).
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Scheme2.19 Epoxidation of geranyl and neryl acetate wittahigs2.1and2.2

HOM
~ ~ o

2.88

HO)—\—>—\OA

2.89

(0]

A

c

HO%O/\)\AO)OK

Ph Ph
S O
N 2.90
Ts NHHdN 38% ee
Ph 48% Yiel
22 Ph 8%(ee (nganoPZ 1)

VO(Oi-Pr)3 (2 mol%)
1.5 eq 70% aq. TBHP
Toluene, -20 °C, overnight

o}
DN
HO OAc
291
34% ee
(32% Yield)
62% ee (Ligand 2.1)

It would appear that in order to achievsiecessful one-pot process, each

substrate needs to be individually optimised irhbvegction steps; including

which chiral ligand is employed in the epoxidatgiap.

2.3.4: Future work for the project:

Further investigation into the selenium dioxide foyg/lation step is

clearly required. Out of the chosen substrateshigrreaction, the compounds

shown in Figure 2.16id not produce the desired allylic alcohols.

Figure 2.10 Range of substrates tested in Se oxidation step.

o o) o}
/\/\/\ok )k/\ok >Hk )\/\/K/\Nk
2.92 2.93 2.94 2.87 2.95 4

Nevertheless, reaction of compouh87requires special comments. When

selenium dioxide oxidation was attempted using ioresty described

conditions, a complex mixture of products was atedi Because of this, the

corresponding allylic alcohol could not be idemtifj nor isolated from the

reaction mixture.
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It became apparent that the selenium dioxide oxidatas occurring too
fast, resulting in the decomposition of the resgltallylic alcohol. Therefore,
we reasoned that all the reagents required for $tetbs should be introduced at
once. This would allow for epoxidation to occur tregy instance allylic alcohol
is produced.

Preliminary investigations were carried out withauthiral ligand.
Reactions were conducted at room temperature tremsfaster rate of
epoxidation, removing any trace of allylic alcolfr@m solution before it
decomposes. Conditions for this racemic one-patgs® are illustrated in
Scheme 2.20.

Scheme2.20 Racemic one-pot epoxidation 2i87.
SeO, (10 mol%)

AcOH (15 mol%) o)
<_-OH

1.5 eq. TBHP

VO(OI-Pr)3 (2 mol%)

2.87 Toluene, r.t, overnight 2.96
39% Yield

Under these new reaction conditions, target epaXigéwas isolated in a 39%
yield. This exciting result proves that not onlyaiene-pot process possible for
this transformation, but in some cases it is neagdga order for the reaction to

Ooccur.
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2.3.5 Conclusionsin conclusion, we have carried out the preliminaoyk for
the development of a new one-pot process comprgstenium dioxide
catalysed oxidation of an alkene to the correspandllylic alcohol followed

by vanadium-catalysed epoxidation. We have shoanttis process can occur
in a reasonable yield with good selectivity. HoweWerther investigation is

still required to develop a reliable protocol appble to a wider range of
substrates. We have also demonstrated that tigatibh of a rapid one-pot
process can be extremely beneficial for some satiestr
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Part B:
Development of organocatalytic
transfer hydrogenation mediated by

chiral pyridines.



3.1 Introduction:

78
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3.0 Introduction:

At present, there are three main methods for se&gtreducing an
imine. These are:
(1) Transition metal catalysed high-pressure hydrogenst
(i)  Hydrosilylations®
(i)  Transfer hydrogenatiorts.
As stated above, transition metal catalysed hydrati@ens can sometimes
require extremely harsh reaction conditions in otdeachieve a high yield and
selectivity’ Hydrosilylations, although highly selective, aseremely moisture
sensitive? Therefore, our attention was drawn to transferbgenations, where

we aimed to develop a mild, organocatalytic process

At present, metal-free transfer hydrogenationsvaaly used in the
following three reactions:
()  Reduction ofy,p-unsaturated aldehyd&$.
(i) Reduction of ketiminésand a closely related reductive aminiatfon.
Each of these reactions has been carried out iprésEnce of an
organocatalyst where the Hantzsch dihydropyridias used as a hydride
source. This exciting work was the inspirationtfue development of our new
organocatalytic system. A detailed overview of ¢hksy reactions are given in

sections 3.1 and 3.2.

3.1: Reduction ofa,p-unsaturated aldehydes

The reduction of imines andp-unsaturated compounds through selective
hydrogen transfer reactions is currently a chaileggnd thought provoking
area of organic synthesis. At present, the majorfityydrogenation processes
rely heavily on the use of a transition metal gatdl However, the complete
removal of any residing metal particles can be faotime consuming and

expensive process.
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Looking to nature for inspiration, many researchsugh as List and
MacMillan, observed that organic co-factors suchiastinamide adenosine
dinucleotide (NADH) can carry out these procesedke presence of a
metalloenzymé&®'°*!They have since shown that a metal-free organlysata
can be used in combination with diethyl Hantzsdkre® perform a highly

chemoselective reduction aff-unsaturated aldehydes (Scheme*3.1)

Scheme 3.1Reduction ofy,f-unsaturated aldehydes performed by tist.

N N
N
R H, H R
R-)\WCHO 32 3.3 R')VCHO
3.1 THF, r.t, 2h 3.4

High yield and chemoselectivity

In general, transition metal catalysed hydrogemnatiofa,-unsaturated
aldehydes usually have a low chemoselectivity,amedalso intolerant of certain
functional groups such as benzyloxy, nitro andleigroups: This is not the
case for the organocatalytic processes developdaebgroups of List and
MacMillan, which are compatible with these func@abgroups while still
retaining a high standard of chemoselectiviScheme 3.2 shows the catalytic

cycle proposed by List al.®
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Scheme 3.2Catalytic cycle proposed by List et al.

Bn\%/Bn 0 H/, H 0
H CF3CO, \ \
H | | N
R R' H
R R' 37 33
35 @20 : <0 o)
A
N
3.8
Bn\(ﬁ/Bn
\ ©
Bn\CNaBn o H CF3CO,
H2 CF3C02
R R'

Thea,B-unsaturated aldehyde5 can reversibly bind to the amine cataly
to form the iminium ior8.7. Formation of iorB.7 lowers the energy of the
LUMO compared with the starting aldehyde, allowangydrogen to be easily
transferred from the Hantzsch es3e8. On addition of water, the now reduced
iminium ion 3.9 quickly reverts back to the corresponding aldel3:d€
recycling the amine cataly8t6 which can then be used again.

This process has proven to be extremely succe$dfsllts to date are
best achieved using a chiral binaphthol-derivedsphoric acid catalyst, which

has delivered consistently high yields and seléii/of > 96% eé?

The MacMillan group have developed a highly enasiective reduction
of a,p-unsaturated aldehydes using chiral amine catatystis as L-prolin&.11
and imidazolidinone8.12and3.13(Figure 3.1), in the presence of the

Hantzsch dihydropyridin.
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Figure 3.1 Chiral amine catalysts developed by the MacMitgoup.
LN e Wl
N
N~ TCO,H @ HX N*ﬁ HX
H 7( N QN
H  pPh 7{ H

L-Proline
3.11 3.12 3.13

The reaction proceeds via a similar mechanism ewrsin Scheme 3.2, where
the aldehyde is activated to the correspondingathirinium ion prior to
reduction. The results obtained are highlighte@iable 3.1°

Table 3.1 Selective reduction af,f-unsaturated aldehydes.

1

R WO EtO,C CO,Et )
52 | 20 mol% (R) 3.13.TFA R _~_0O
N E

E and Z isomers o CHCI3, -30 °C R?
3.1 3.3 3.4
Entry | Product Time (h) Yield (%) ee (%)
1 m 23 91 93
_0
; 3.14
2 ©W 16 74 94
_0
\ 3.15
3 Cl 16 92 97
C|:©\/vo
- 3.16
4 OW 10 91 96
_O
; 3.17
5 OW 23 95 91
_O
5\3.18
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72 74 90

All products were formed in a very good yield ahdwed excellent
enantioselectivity. However, the most exciting feBom these experiments is
that only the §-product is formed irrespective of the geometryhaf starting
double bond (Table 3.f)Scheme 3.3 highlights this resbilt.

Scheme 3.3Configuration of products obtained by MacMillanakét

CY\%O
E only E = 91 % yield, 93 % ee (S)

N*ﬁ .TCA

L e
N :

AN f

3.13 3.14

A0 + Hantzsch ester 3.3 Same enantiomer (S)
J Z =90 % Yield, 87 % ee (S)
Z only
3.23
. As above . .
50 : 50 E/Z mixture Mixture = 88% yield, 90 % ee (S)

When a single isomeE(or Z) is used, only theS-product is formed. If
the reaction is performed on a 505 mixture, again only the§-enantiomer
is formed. Therefore the MacMillan group came t® ¢bnclusion that under
their reaction conditions, the two isomers arequikbrium so that the
geometry of the alkene substrate does not didtatstereoselectivity of the

product.



3.2 Reduction of ketimines and reductive amination:

3.2.1 Reduction of Ketimines:

The reduction of ketimines has also been achiegewan

organocatalytic/Hantzsch ester transfer hydrogenaRueping et al have

developed a highly selective process for the rednaif ketimines in the

presence of a phosphoric acid catdfig$cheme 3.4).

Scheme 3.4Ketimine reductions carried out by Rueping et al

H H
Etozﬂiozﬂ
_R? N _R?
By i o
3.3
R™ "R ot R™ "R!
talyst 3.25
3.24 a
70 - 84 % ee

R = Ar, R! = alkyl, R, = Ph, PMP

The mechanism is similar to the one shown in Sch@geonly this time the

ketimine3.24is activated by formation of iminium ion pair spExA (Scheme

3.5).

R

P<
o~ TOH

L,

3.26
R = 3,5-(CF3)-Phenyl
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Scheme 3.5Mechanism proposed by Rueping et?al.

2
ArO___0O R
it T A0 T OH N
[
NN ‘ o ™ 3.26 ﬁ R Rl
N
N ™ 3.24
o) o)
P 2
HY R
-0 /® ‘ o™ ArO. O N
PAIRN ‘
ArO:PfO \'?‘ Ar0” "0 o /\\ .
Ar0”" "0 U R R

3.25 3.3

This is then delivered a hydride from Hantzsch diopyridine3.3 resulting in
the formation of chiral amin&.25and the pyridinium ion pair speciBs This
can then be used to regenerate the starting phosauoid catalysB.26
However, as in the case of conjugated reductiorhar@sm, the Hantzsch
dihdropyridine3.3is not reformed and has to be used in stoichiametr

guantities.

3.2.2 Reductive amination:

MacMillan and co-workers extended this conceph®grocess of

reductive amination of ketones (Scheme 3.6).



86

Scheme 3.6General reductive amination carried out by MacMilé al.

X/\/ NH,

AN
Fragment A
3.27

N

AN

Hydrogen bonding Catalyst X\/
(enzyme analog) - ‘
H H HNT N
EtOZCfICOZEt Y
N AN
H 3.29
33 Enantioselective

Fragment B
3.28

fragent coupling
>96 % ee

Following essentially the same route as describexction 3.1, the two

fragments can combine to form an iminium specieghwvis then reduced by the

Hantzsch dihydropyriding.

In nature, reductive amination has been shown ¢taraa the presence of

a transferase enzyme, which uses hydrogen bondiagtivate an iminium
species. A hydride can then be selectively delivérem NADH?2 As the

dihydropyridine is acting as a NADH mimic, it wdsetefore assumed that a

hydrogen bonding catalyst would be most benefioithis systenf.

Recent advances in hydrogen bonding catdf/stted to the

investigation of the following three compoundshe MacMillan system

(Figure 3.2).

Figure 3.2: Hydrogen bonding catalysts.

NM62
3.30
Jacobsen, Takemoto

Ph

R
I .

CF5
S
@NLNQ% >
H H

Ph
o\)<OH
o ‘k/OH

Ph/\

O-
N
o  TOH
OO R

Ph 326 a=2-naphthyl

Rawal
awa ¢ = 3,5 NO, Phenyl
d = 3,5 CF3 Phenyl

Akiyama, Tarada
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The group found that both cataly8t80and3.31showed no catalytic
activity, where as cataly8t26dafforded 65 % ee in their trial studies.
Optimisation of the catalyst structure by varyihg R groups of compound
3.26resulted in catalys2.32 (Figure 3.3) which achieved selectivities of up to
94 % eé.

Figure 3.3: Optimum hydrogen bonding catalyst.

SiPhs
OO \O\ e

Pl
o TOH

C ‘ SiPh

3.32

-

Reductive amination is a very important reactiont aiows for the
reduction of imines which are not stable to isolatiBy developing this mild,
selective reduction, the MacMillan group have patredway to selectively

reduce a much wider range of substrates.
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3.3 Conclusions:

Many research groups have demonstrated that orgteatggts can be used
in combination with the Hantzsch dihydropyridinecenry out a highly
selective transfer hydrogenation reaction. Paditylhigh enantioselectivities
have been observed in:

()  The reduction of,p-unsaturated aldehydés®

(i)  Reductions of ketiminé3and reductive amination of ketorfes.

By carrying out these organocatalytic reductioriagiglantzsch
dihydropyridine, new highly selective protocols Bdxeen developed, which
tolerate the presence of other functional groupsisiee to hydrogenation, and
furthermore have avoided the many drawbacks agedarath transition metal

catalysed processes.
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4.0 Results and Discussion:

4.1 Design and Synthesis of New Chiral Pyridines:
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4.1 Design and Synthesis of new chiral pyridines:

4.1.1 Aims:

From the literature overview, we have seen thattkta
dihydropyridine in the presence of an organocatalga be used to perform
highly selective reductions. The drawback of the®seesses is that a
stoichiometric amount of heavy dihydropyridineeguired, which adversely
affects the overall atom efficiency. The aim oftproject was (i) to develop a
reaction where@ihydropyridine can be used in catalytic quantitg &ii) to
combine the source of chirality and the dihydrogiyré functionality in the

same molecule (Scheme 4.1).

Scheme 4.1:

(0] (@]
[ X o] X

_ . @®_
N R Imine Amine N R

R
O
X
R

To accomplish these tasks, we needed to develambytic cycle in which the
pyridinium ion4.2 resulting from the reduction of an imine is regaied in-

situ to the initial chiral dihydropyridiné.1
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4.1.2 Retrosynthetic analysis:
The retrosynthetic analysis for target compodr&is shown in Scheme 4.2.

Scheme 4.2Retrosynthetic analysis.

4.3
U FGI
0

T
Y
4.4

Target dihydropyridind.3 can be formed from the corresponding
pyridine4.4. Disconnection ofl.4 produces pinocarvonkb, ethyl acetoacetate
and ammonium acetate. Pinocarvone can be obtaioedthe commercially

available (+)a-pinene4.8 by functional group interconversion.
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4.1.3 Synthesis of dihydropyridines

The synthesis of dihydropyridirfe3is shown in Scheme 4.3. The
sequence commenced with the ene reactienhene4.8 with singlet oxygen
generated by UV irradiation to form pinocarvahg, following a literature

|19

protocol.” The mechanism is highlighted in Scheme 4.4.

Scheme 4.3Synthesis of dihydropyriding.3.

Oz, hv
0 py. DMAP, TPP ‘ _NH,OH.HCI _ >(
Ac,0, DCM o EOHpy \N
48

0 92 %
84 % 0 49 OH

O O
AL~
5 mol% FeCl3

59 %

o)
. o
w < N2:S;04 @/ MeOTf, DCM ST
=

0
T 72% N
4.3 4.10 4.4

0% 0
G O-OH )ko)K 0-0
RO -
pp
DCM DMAP

o

Pinocarvonet.5was converted to the corresponding ox#rieusing
hydroxylamine hydrochloride and then cyclised ipyoidine 4.4 using ethyl

acetoacetate in the presence of 5 mol% -eCHiral pyridined4.4 was then
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converted to the quaternary ammonium 4&l0 by treatment with methyl
triflate.

The final stage was then to reduce the triflate4aDwith sodium
dithionite to produce the target dihydropyridinewever, this proved to be a
major problem. Various reducing agents and teclesquere screened in an
attempt to produce the target dihydropyridine. Bhe® summarised in Table
4.1.

Table 4.1 Summary of various reducing agents and conditenployed.

Entry Reagent Solvent Time (h) TempC)

1 NaSO, EtOAc/HO |3 50

2 NaSO, H.O Overnight Room temp
3 NaSO, DCM Overnight 60

4 Hantzsch ester DCM 2.5 Room temp
5 Hantzsch ester DCM Overnight 60

6 NaBH, EtOH 1 Room temp
7 NaBH, THF 1 Room temp
8 Et:SiH EtOH Overnight Reflux

9 Et:SiH Toluene Overnight Reflux

10 PhSiH Toluene Overnight Reflux

11 Na(OAckBH EtOH Overnight Room temp
12 Na(OAckBH EtOH Overnight 60

13 Na(OAcxBH THF Overnight Room temp

Unfortunately, none of these procedures producedattget dihydropyridine.

From the literature, there are very few exampledilofrdopyridines with

a structure similar to our models. Only one exanople triflate sald.11was

found, which was synthesised by Vasse et al (Sche®)é° Pyridinium salt

4.11was reduced td.12using sodium borohydride in ethanol. When these
same conditions were used for our pyridinium saitijes 6 and 7, Table 4.1),

no reduction was observed.
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Scheme 4.5Reduction of pyridinium salt by Vasse et al

NaBH,, EtOH_
®/
OTf

4.11 4.12

However, the basic structure of Vasse’s pyridinguie different to ours.
There are two functionalities in particular whiclgiht be affecting their
reduction potential: (i) the presence of a quinmliimg systerft and (i) a
tertiary amide group’ Due to the structural features of our systemsy tie
option of functionalising the nicotinamide groupigilable to us. Therefore,
two corresponding amides were synthesised as sho$cheme 4.6.

Schemed.6. Synthesis of chiral pyridines with an amide sigdeup.

@)
KOH, EtOH ST Y oo
53% N
4.4 413
. HoN
N-Methyl Morpholine
Methyl Chloroformate
THF
41% 23%
W Q @
4.14
MeOTf MeOTf
99% 99% 0
=N N
N g

4.15 4.17
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Ester4.4 prepared according to Scheme 4.3 was hydrolysdteto
corresponding acid using aqueous KOH. Atitl3was then coupled to the
corresponding amine in the presence of methyl ofdomate andN-methyl
morpholine. The resulting pyridindsl14and4.16were then converted to the
respective triflate sal.15and4.17using methyl triflate.

It was also thought that the position of the bmdpggroup may be
interfering with the attempted reduction step. Bfere the positional isomer
4.24was prepared in parallel as shown in Scheme 4.7.

Schemed.7: Synthesis of dihydropyriding.24

HCO,Et A""0OH Aqg. CH,0
‘ DCM/MeOH ‘ _ NaOMe “ K,CO
| _No~V3 o
7 780 tOIUene / e} ether 7 (0)
4.18 96% 4.19 86% 4.20 78% 4.21

CH3;COCH,COOCH,CH3
NH,4OAc

AcOH

Toluene

50%
(0]

o) o)
o ™ N0 N o
L - @, MeOTf
-/ N 7 N i

) ) DCM N

4.24 423 OTf 100% 4.22

The synthesis began with the ozonolysig-pinene4.18to give
nopinone4.19%3 This was then converted to the 1,3-dicarbonyl campiat.20
using ethyl formate in the presence of sodium mettey which was then
reacted with an aqueous solution of formaldehydaedduce the,p3-
unsaturated compourd212* A direct cyclisation resulted in the formation of
pyridine4.22 so there was no longer any need to form the spording oxime
prior to cyclisation. Pyridind.22was then converted to the quaternary
ammonium salt as previously described.

These three new pyridine sa#td5 4.17and4.23were then screened
against a wide range of reducing agents and conditas before, and once

again no trace of dihydropyridine was observed.
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On further consultation of the literature, our atien was drawn to a
report by Mikata et at who carried out a detailed investigation into the

reduction of pyridinium salts (Scheme 4.8).

Scheme4.8 Reduction of pyridinium salts carried out by Mi&&

0 0
R
/ -
‘ N\R Na28204 N:R
\CKI) \ R
\
1 X® '\\ll ©
4.25 RY 6 *
R =Me, Rl =Me, X =1
O O
R Na,S,0O R
AN l\\l 020, l\\l
@/ R
l‘\l N
4.27 4.28
o) o}
Z | NP NayS;0, 7 N
\ > \
O iPr iPr
N Ag. Na,CO4 N
R
4.29 4.30

Compoundgt.25and4.29 which are close in structure to our novel
pyridinium salts, did not undergo reduction to toeresponding target
dihydropyridines. On the other hartd27, did undergo the desired reduction.

From their results it appears that the preseneeqiinoline ring is crucial
for a successful reduction of derivatives featuang—methyl group. Without
this added stability, it was thought that thismethyl group was in some way
hindering the desired reduction.

With this in mind, we then set out to make two nawidinium salts, one
with a phenyl group in place of the methyl grod8@ and unsubstituted
derivative4.38(Schemes 4.9 and 4.10, respectively).
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Scheme4.9: Synthesis of phenyl substrate.

0
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The phenyl substrae32was prepared in a similar manner as previously
described (Scheme 4.3), only this time, pinocarvbbevas directly cyclised
with ethyl benzoyl acetate and ammonium acetapedduce pyridinet.31,
which was converted to the triflate s4lB2.As before, the phenyl substrate was
screened against a wide range of reductants arelagain, no formation of
dihydropyridine was observed.

In order to get a better understanding of what gasg on during the
reduction step, a CV analysis was carried out erptienyl derivativd.32 The
results (Figure 4.1) showed that the initial onectrbn reduction was occurring,
however, it was irreversible suggesting that tiseiiteng pyridinium radical is
unstable under these conditions and is consumedifi@sed) before the

second electron can be delivered to give the tatipgtropyridine.
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Figure 4.1 Cyclic voltammogram (4.1 mg in 6ml of acetondjil Scan rate 100
mVs™. Reference electrode: Ag/AgCl; Working electroBledisk; Counter

electrode: Pt wire
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The final pyridinium salt.38was prepared as shown in Scheme 4.10.

Scheme4.1Q Synthesis of compountl38
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Synthesis of compountl 38started with 1,3-dicarbonyl compouAd®0
prepared according to Scheme 4.7. It was cyclisddayanoacetamide to form
pyridone4.33 which was converted to chloro-pyridide84 using PGJ.

Purification of pyridonet.33proved extremely difficult, furthermore
chloropyridine4.34was extremely unstable and even trace amounts istune
resulted in its hydrolysis. Therefore, we were ueab progress beyond this
step.

The difficulties encountered during the synthe$i4.88in combination
with the disappointing results obtained from CVlgsia of other terpene-

derived pyridinium salts led us to abandon thigquio

4.1.4 Conclusions:

In conclusion, we have synthesised a range of lgyradinium salts as
precursors to chiral dihydropyridines which wereemded for use in
enantioselective reduction of imines or ketones.

However, under a wide variety of conditions, thg keduction step to
produce dihydropyridines did not occur. ElectroclenCV analysis of
compound4.32confirmed that the intermediates in the reductibaur
pyridinium salts are too unstable and decomposksdithe target
dihydropyridines can be formed. Therefore, thiggmbwas not investigated
any further. In future development, the structureloral NADH analogues
should be based on chiral quinolines to ensuréefgeneration of

dihydropyridine fragment from pyridinium salt.
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Chapter 5.0 Experimental:
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General Methods.Melting points were determined on a Kofler blocklare
uncorrected. Boiling points (bp) of compounds atdi by Kugelrohr (bulb-to-
bulb) distillation correspond to uncorrected aithbi@mperatures. Optical
rotations were recorded in CHGIt 25°C unless otherwise indicated with an
error of <0.1. The §]p values are given in 1]Odeg cmf g'l. The NMR spectra
were recorded in CD@IlH at 400 MHz and>C at 100.6 MHz on a Bruker
spectrospin 400 (400 MHz) spectrometer with chlonokd; (6 7.26,1H; 6 77.0,

1?’C) as internal standard unless otherwise indicAtadous 2D-techniques and

DEPT experiments were used to establish the stegand to assign the
signals. The IR spectra were recorded for a tthim lietween NaCl plates or for
CHC I3 solutions or in a solid by the Golden Gate techeidq’he mass spectra
(El and/or CI) were measured on a dual sector s@astrometeusing direct
inlet and the lowest temperature enabling evapmrathll reactions were
performed under an atmosphere of dry, oxygen-fiteegen (or argon where
specified) in oven-dried glassware twice evacuatatifilled with the nitrogen.
Solvents and solutions were transferred by syrgsg@um and cannula
techniques. All solvents for the reactions wereealgent grade and were dried
and distilled immediately before use as followthkyl ether from lithium
aluminium hydride; tetrahydrofuran (THF) from sodlilbenzophenone;

dichloromethane from calcium hydride. Standard wprkf an ethereal solution

means washing 8 with 5% HCI (aqueous), water, anck3vith 5% KHCG;
(aqueous) and drying with MgQCPetroleum ether refers to the fraction boiling

in the range of 40-68C. Yields are given for isolated products showing o
spot on a TLC plate and no impurities detectabkb@NMR spectrum. The
identity of the products prepared by different noelhwas checked by
comparison of their NMR, IR, and MS data and byTh€ behaviour. The
chiral GC and HPLC methods were calibrated withdbeesponding racemic

mixtures.

Allylic alcohols2.51, 2.52 2.53 2.54and2.82were purchased from Sigma-
Aldrich and used as received.
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5.1 Synthesis of hydroxamic acids:

5.1.1 Synthesis of cyclohexyl ligand 2.1

HsN  NHa
C)
© ©
0.C O,
HO'  OH
217

Cyclohexane-1,2-diamine tartrate salt (R,R): Following a procedure by
Jacobsen et atlistilled water (23 mL) and L-tartaric acid (6.§743. 79 mmol)
were added to a 100 mL beaker and warmed ftafntil the solid dissolved.
Cyclohexyldiamine (10.5 mL, 87.57 mmol) was thedetidropwise, followed
by acetic acid (4.4 mL) making sure the temperadiisienot rise above HC.
The mixture was warmed to 8G, then allowed to cool slowly, over 2 h, to
room temperature. Then it was placed in an ice {@18) for a further 2h.The
precipitate was collected by filtration, washedhagbld water (10 mL) and a
few pipettes of methanol. The salt was dried umeduced pressure to give a
white solid (8.86 g, 77%) which was used immediaielthe next step.

[a]p 12.2 (c = 1, water) in accordance with literatdaga®

N-(2-Amino-cyclohexyl)-4-methyl-benzenesulfonamide. (R,R): Following a
procedure by Ng et 3o a stirred solution of L-tartrate saltl7(4 g, 15.14
mmol) in 2M aqueous NaOH (18 mL) was addegNHR.80 mL, 38.11 mmol)
and DCM (130 mL). The mixture was cooled t8@and a solution of TsCl
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(3.17 g, 16.65 mmol) in DCM (90 mL) was added driganover 30 mins. The
mixture was warmed to room temperature and stiwed2 h. The resulting
reaction mixture was washed with 2 M Ag HCI (3 xr&Q) and the organic
phase was removed. The aqueous phase was coléertetijusted to pH 9 by
addition of 6M NaOH. The basic aqueous solution @dsacted with DCM (3
x 50 mL). The combined DCM layers were dried ovey9¥D, and evaporated
in vacuo to give a pale yellow solid (3.5 g, 86 %)»small sample was
recrystallised from ethyl acetate: yellow sofil; NMR (400 MHz, CDCJ) &
0.99-1.21 (m, 4H), 1.57-1.66 (m, 3H), 1.86-1.95 {id), 2.37 (s, 3H), 2.42 (dt,
J=10.3 Hz, 3.7 Hz, 1H), 2.66 (dt= 10.3 Hz, 3.7 Hz, 1H), (bs, 2H), 7.26 (,
= 8.2 Hz, 2H), 7.76 (d) = 8.2 Hz, 2H):**C NMR (100.6 MHz, CDG) § 21.5
(CHg), 24.7 (CH), 25.0 (CH), 32.4 (CH), 34.9 (CH), 54. 7 (CH), 60.4 (CH),
127.0 (aromatic CH), 129.7 (aromatic CH), 138.2 3.1 (C).

In accordance with literature ddta.

N-[2-(Cyanomethyl-amino)-cyclohexyl]-4-methyl-benzenesulfonamide. (R,R):
Following a procedure by Fukuyama etdiisopropylethylamine (2.30 mL,
23.67 mmol), was added to a solution of monotoginthe2.9 (1.8 g, 6.72
mmol), in acetonitrile (30 mL) and was stirred $omins. Bromoacetonitrile
(0.51 mL, 7.39 mmol) was then added via syringa d@emins and the mixture
was left with stirring overnight at room temper&ufrhen the mixture was
concentrated on a rotary evaporator to give a yedld, which was treated with
sat agueous NaHG®50 mL). The suspension was extracted with DCM (50
mL), the organic phase was washed with brine (50 amid the combined
agueous phases were extracted with DCM (3 x 50 ifhg.combined organic

extracts were dried over Mgg@nd evaporated in vacuo to give a yellow solid
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(2.98 g, 99 %). This was used in the next stepawitiiurther purification. A
small sample was recrystallized from ethyl acetg#ow solid;m.p = 104 —
105°C (petroleum ether/ethyl acetatey]f —9.3 (c = 1, DCM);*H NMR (400
MHz, CDCk) & 0.90-1.20 (m, 4H), 1.38-1.64 (m, 4H), 1.93-2.01 {iH), 2.36
(s, 3H), 2.40 (dt) = 10.8 Hz, 3.9 Hz, 1H), 2.77-2.87 (m, 1H), 3.50J¢d; 17.7
Hz, 1H), 3.63 (dJ = 17.7 Hz, 1H), 5.10 (d] = 8.4 Hz, 1H), 7.26 (d]) = 8.2
Hz, 2H), 7.72 (dJ = 8.2 Hz, 2H);"*C NMR (100.6 MHz, CDG)) § 18.7 (CH),
21.6 (CH), 24.2 (CH), 30.4 (CH), 32.4 (CH), 34.5 (CH), 57.4 (CH), 59.5
(CH), 118.1 (C), 126.8 (aromatic CH), 129.8 (aram@&H), 137.6 (C), 143.6
(CN); IR (NaCl) 3353.6 (NH), 2940.9 (C-H), 2253@N), 1062.6 (O=S=0);
MS (FAB), mVz (%) 281.2 (100), 308.3 ((M H)" 55), 153.1 (29), 92.9 (25);
HRMS (FAB) 308.1430 (&H22N30.S requires 308.1433).

Nitrone (R,R): Following the procedure of Fukuyama ef alflask containing a
solution of cyanodiamin2.8 (1.52 g, 4.95 mmol) in DCM (23 mL) under argon
was cooled in an ice bath. Followed by additiome€PBA (2.14 g, 12.38
mmol) in small portions over 30 mins. After cometof addition, the ice bath
was removed and the mixture was stirred at roonpésature for 2h. It was
then diluted with DCM (20 mL), washed with conc.,8#3 (30 mL) and, sat
NaHCG; (3 x 30 mL). The aqueous phases were extractédiitM (2 x 30
mL) and the combined organic extracts were driezt MgSQ and
concentrated to give a white solid (1.19 g, 75 Rajas used in the next step
without further purification. A small sample wagrgstallized from DCM:
white solid; m.p = 152 — 15% (petroleum ether/ethyl acetatey] —27.3 (c =
1, Acetone)H NMR (400 MHz, CDC}) 6 1.14-1.40 (m, 4H), 1.62-2.04 (m,
4H), 2.38 (s, 3H), 3.50-3.59 (m, 1H), 3.82 @d; 11.2 Hz, 4.4 Hz, 1H), 5.10
(bs, 1H), 6.60 (s, 1H), 7.25 (d= 8.2 Hz, 2H), 7.64 (d] = 8.2 Hz, 2H);*C
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NMR (100.6 MHz, CDd) 6 23.6 (CH), 24.3 (CH), 30.3 (CH), 33.1 (CH),
54.5 (CH), 77.3 (CH), 79.4 (CH), 107.4 (CH), 111.9 (C), ®faromatic CH),
129.9 (aromatic CH), 137.5 (C), 144.2 (CN); IR (N)a®303.5 (NH), 2949.6
(C-H), 2253.4 (CN), 1087.7 (0=S=0), 911.Z4)D); MS (CI),m/z (%) 322.3
((M+ H)" 12), 306.3 (50), 281.3 (40), 125.2 (31); HRMS (82p.1224
(C15H20N305S requires 322.1225).

N-(2-Hydroxyamino-cyclohexyl)-4-methyl-benzenesulfonamide. (R,R):
Following a procedure by Fukuyama ef alydroxylamine hydrochloride (1.29
g, 18.5 mmol) was added to a solution of nitr@n&(1.19 g, 3.70 mmol) in
methanol (32 mL) and the mixture was heated 4Co@r 2h. After that time,
the reaction mixture was cooled to room temperauacediluted with DCM (50
mL). After stirring for 5 mins, the resulting prediate was collected by
filtration and the filter cake was washed with DCHhe filtrate was neutralised
with NaHCQ; (30 mL) and the organic layer separated. The atgipbase was
extracted with DCM (25 mL). The organic phase washed with brine (30
mL) and the combined aqueous phases were baclcdraith DCM (3 x 30
mL). The organic extracts were then dried over Mg&a concentrated to give
a pale yellow solid (0.88 g, 84%). It was usedh@ next step without further
purification. A small sample was recrystallizedfr@®@CM: pale yellow solid;
m.p = 100 — 102C (petroleum ether/ethyl acetatey] —28.9 (c = 1, Acetone);
'H NMR (400 MHz, CDC}) 6 0.99-1.18 (m, 4H), 1.45-1.84 (m, 4H), 2.34 (s,
3H), 2.43 (td,J = 11.3 Hz, 3.9 Hz, 1H), 3.0 (m, 1H), 4.74 (bs, 15192 (bs,
1H), 7.25 (d,J = 8.3 Hz, 2H), 7.74 (d] = 8.3 Hz, 2H);*C NMR (100.6 MHz,
CDCl3) 6 21.6 (CH), 24.4 (CH), 24.7 (CH), 29.3 (CH), 33.2 (CH), 54.4
(CH), 64.2 (CH), 127.1 (aromatic CH), 127.3 (aram@aiH), 129.8 (aromatic
CH), 136.9 (aromatic CH), 137.7 (C), 143.6 (C);(NaCl) 3263.9 (NH),
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3155.0 (OH), 2938.0 (C-H), 2253.4 (C=C), 1026.9 §26); MS (FAB),m/z
(%) 285.2 ((M+ H)* 100), 92.9 (16), 130.4 (15), 92.9 (13); HRMS (FAB)
285.1274 (GsH21N,0sS requires 285.1273); IR (NaCl) 3263.9 (NH), 3155.0
(OH), 2938.0 (C-H), 2253.4 (C=C), 1026.9 (0=S=0).

2.1

N-Hydroxy-2,2-diphenyl-N-[ 2-(toluene-4-sulfonylamino)-cyclohexyl]-
acetaminde. (R,R): Following a procedure by Kim et &R,6-Leutidine (0.58
mL, 4.94 mmol) and TMSCI (0.63 mL, 4.94 mmol) wadkded to a solution of
hydroxylamine2.5 (0.7 g, 2.47 mmol), in THF (21 mL) at’C and the resulting
mixture was stirred for 6 h at room temperaturee Whxture was cooled toC
and diphenyl acetyl chloride (0.57 g, 2.47 mmolY HF (5.5 mL) was added
dropwise. The mixture was stirred at room tempeeatwernight. Water (0.9
mL) was added and the resulting solution was stifoe 1 h at room
temperature. Volatile organics were evaporatedasuw. Ethyl acetate (20 mL)
was added to the residue and the organic layemwabked successively with
10% citric acid (30 mL), then 5% NaHGCBO mL), then water (30 mL).
Organic phase was thdrnied over MgS®@and concentrated to give a yellow
sticky oil which was recrystallised in methanobige a white solid (0.80 g,
67%). White solid: m.p. 183 - 18€ (petroleum ether/ethyl acetatej] + 4.8
(c = 0.25, CHGJ); *H NMR (400 MHz, CDGJ) & 0.90-1.20 (m, 4H), 1.30-1.74
(m, 4H), 2.35 (s, 3H), 3.10 (m, 1H), 4.30 (d; 11.0 Hz, 3.6 Hz, 1H), 4.76 (d,
J=9.6 Hz, 1H), 5.62 (s, 1H), 7.14-7.31 (m, 12HK17(d,J = 8.3 Hz, 2H);*C
NMR (100.6 MHz, CDd) 6 20.6 (CH), 23.3 (CH), 24.0 (CH), 27.1 (CH),
31.1 (CH), 52.1 (CH), 52.8 (CH), 58.2 (CH), 125.6 (aroma&lid), 125.7
(aromatic CH), 125.8 (aromatic CH), 126.2 (aromé&tit), 126.3 (aromatic
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CH), 127.3 (aromatic CH), 127.5 (aromatic CH), B2@&romatic CH), 127.7
(aromatic CH), 128.2 (aromatic CH), 128.7 (arom@&tit), 136.5 (C), 138.4
(C), 138.5 (C), 142.5 (C), 172.5 (C=0). IR (NaClp3a.0 (OH), 2940.9 (C-H),
2253.4 (C=C), 1709.6 (C=0), 1093.4 (0=S=0); HRM§ (&z 478.1929
(Ca7H30N20,4S requires 478.1926).

5.1.2 Synthesis of diphenyl ligand 2.2:

Ph Ph

Ts—NH NH,
2.97

N-1,2-diphenyl-ethyl]-4-methyl-benzenesulfonamide. (R,R): Tosyl chloride
(0.09 g, 0.47 mmol) was added to a solution of @dm@nf0.1 g, 0.47 mmol) in
DCM (2 mL) and EN (0.13 mL, 0.94 mmol). This was stirred at room
temperature overnight. The reaction mixture was thiited with water (10
mL) and neutralised with 1 M HCI (20 mL). The orgalayer was then dried
over MgSQ and concentrated in vacuo. The resulting solid thes
recrystallised in HO/EtOH to give a white solid (0.067 g, 38%HL NMR (400
MHz, CDCk) 6 1.51 (bs, NH), 2.36 (s, 3H), 4.15 (d,= 5.2 Hz, 1H), 4.40 (d]
= 5.2 Hz, 1H), 6.05 (bs, NH), 7.00 @z 8.2 Hz, 2H), 7.12 — 7.24 (m, 10 H),
7.34 (d,J = 8.2 Hz, 2H);*C NMR (100.6 MHz, CDG) & 21.5 (CH), 60.5
(CH), 63.1 (CH), 126.5 (aromatic CH), 126.9 (arom&tH), 127.0 (aromatic
CH), 127.4 (aromatic CH), 127.5 (aromatic CH), B2@&romatic CH), 128.5
(aromatic CH), 129.2 (aromatic CH), 137.1 (C), B3Z), 141.4 (C), 142.5 (C).

In accordance with commercial data.
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Ph Ph

CN
Ts—NH HN—"

2.98

N-[2-(Cyanomethyl-amino)-1,2-diphenyl-ethyl]-4-methyl-

benzenesulfonamide. (R,R): Following a procedure by Fukuyama et al.
Diisopropylethyl amine (1.90 mL, 10.92 mmol) wasled to a solution of
commercial diamin@.97(2.00 g, 5.46 mmol), in MeCN (14 mL) and was
stirred for 5 mins. Bromoacetonitrile (0.42 mL, 5.mol) was then added
over 10 mins and the mixture was stirred at roampierature overnight. The
mixture was then concentrated on a rotary evapotatgive a yellow oil, to
which was added sat NaHG(B0 ml). The suspension was extracted with DCM
(50 mL), the organic phase was washed with Bri®enG8) and the combined
agueous phases were back-extracted with DCM (2m120 Combined

organics were then dried over Mg&S&hd concentrated in vacuo to give a
yellow oil which was then purified by column chrotmgraphy on silica gel (15
x 3 cm) with a petroleum ether-ethyl acetate mxt{2:1) to give a white solid
(1.54 g, 70%): m.p = 107 - 168 (petroleum ether/ethyl acetatey]{ — 49.5 (c
=1, DCM);*H NMR (400 MHz, CDGJ) 6 2.32 (s, 3H), 2.60-2.68 (m, 1H), 3.22
(dd,J=17.5Hz, 11.1 Hz, 1H), 3.65 (ddi= 17.5 Hz, 4.2 Hz, 1H), 4.06 (d=
6.8 Hz, 1H), 4.40 (t) = 8.3 Hz, 1H), 5.48 (d] = 8.3 Hz, 1H), 6.81 (d] = 6.8
Hz, 2H), 6.99-7.19 (m, 10H), 7.40 @z 8.3 Hz, 2H):*C NMR (100.6 MHz,
CDCl3) 6 20.4 (CH), 33.8 (CH), 62.7 (CH), 65.2 (CH), 116.6 (C), 126.3 (CH),
127.1 (CH), 127.2 (CH), 127.4 (CH), 127.6 (CH), 22{(CH), 128.0 (CH),
128.1 (CH), 135.7 (C), 135.8 (C), 136.3 (C), 14L% IR (NaCl) 3259.1 (NH),
2254.4 (CN), 1599.7 (C=C), 1161.9 (S=0); MS (@¥z (%) 379.1 (99), 106.1
(59), 223.2 (49), 157.1 (23), 260.1 (20), 406.1 {(M)" 13); HRMS (CI)
406.1587 (GsH240,N3S requires 406.1589).
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Ph Ph

CN
_ _/
Ts—NH /N

e 0]
2.99

Nitrone (R,R): Following a procedure by Fukuyama et &lyanomethylated
diamine2.98(1.54 g, 3.80 mmol) was dissolved in DCM (25 mL).this was
addedm-CPBA (1.64 g, 9.50 mmol) portion-wise over 10 mat$°C. This
was then stirred at room temperature for 4.5 h.réaetion mixture was diluted
with DCM (30 mL), then washed with N&3; (2 x 20 mL), followed by
NaHCG; (4 x 20 mL). Combined aqueous layers were thek-eatracted with
DCM (2 x 20 mL). Combined organics were then dogdr MgSQ and
concentrated in vacuo to give a white solid (1.49296) This was used
immediately in the next stefif NMR (400 MHz, CDC}) § 2.24 (s, 3H), 5.13
(dd,J = 8.8 Hz, 6.5 Hz, 1H), 5.21 (d,= 6.5 Hz, 1H), 6.21 (d] = 8.8 Hz, 1H),
6.49 (s, 1H), 6.95-7.35 (m, 14H).

Ph Ph

Ts—NH NH
HO
2.100

N-(2-Hydroxyamino-1,2-diphenyl-ethyl)-4-methyl-benzenesulfonamide.

(R,R): Following a procedure by Fukuyama et &litrone2.99(1.47 g, 3.50
mmol) was dissolved in methanol (19 mL). Hydroxylaenhydrochloride (1.22
g, 17.50 mmol) was then added and the mixture vaaswd to 60C for 2 h.
The reaction mixture was cooled to room temperaancediluted with DCM
(50 mL). After stirring for 5 mins, the resultinggeipitate was collected by
filtration and the filter cake was washed with DCHhe filtrate was neutralised
with NaHCGQ; (100 mL) and partitioned. The aqueous phase wasdRtracted
with DCM (50 mL), washed with brine (50 mL), anetbombined aqueous
phases were back-extracted with DCM (2 x 50 mL} €bmbined organics
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were then dried over MgS@nd concentrated in vacuo to give a yellow solid
which was then purified by column chromatographysitica gel (15 x 3 cm)
with a petroleum ether-ethyl acetate mixture (2olgive a pale yellow solid
(0.98 g, 73%): m.p = 45 — 48 (petroleum ether/ethyl acetatey]{ — 8.2 (c =
1, DCM); *H NMR (400 MHz, CDCJ) § 2.21 (s, 3H), 4.14 (dl = 8.5 Hz, 1H),
4.65 (m, 1H), 5.71 (bs, 1H), 6.14 M5 6.4 Hz, 1H), 6.77 (d] = 8.2 Hz, 2H),
6.86-7.11 (m, 10H), 7.35 (d,= 8.2 Hz, 2H);**C NMR (100.6 MHz, CDG) 5
21.5 (CH), 60.8 (CH), 70.4 (CH), 127.1 (CH), 127.4 (CH)712(CH), 127.9
(CH), 128.1 (CH), 128.2 (CH), 128.4 (CH), 129.2 (C#37.2 (C), 137.3 (C),
137.6 (C), 142.9 (C); IR (NaCl) 3370.0 (OH), 2924C5H), 1599.7 (C=C),
1160.9 (S=0); MS (FAB)XVz (%) 383.3 ((M+ H)" 100), 212.5 (92), 107.7
(58), 350.3 (50), 92.9 (46), 194.7 (39), 260.2 (HRMS (FAB) 383.1434
(C21H2303N,S requires 383.1429).

N-[1,2-Diphenyl-2-(toluene-4-sulfonylamino)-ethyl]-N-hydroxy-2,2-diphenyl-
acetamide. (R,R): Following a procedure by Kim et &llo a solution of
hydroxylamine2.100(0.5 g, 1.31 mmol) in dry THF (8 mL) was added 2,6-
Leutidine (0.31 mL, 2.62 mmol) and TMSCI (0.33 n2.62 mmol) at C and
the resulting mixture was stirred at room temperatar 6 h. The mixture was
cooled to @C and diphenyl acetyl chloride (0.16 g, 0.7 mmadsvadded drop-
wise with stirring and the solution was stirred@m temperature overnight.
0.4 mL water was added and resulting solution wia®gd for 1 h at room
temperature, THF was then evaporated in vacuo.| Btetate was added to the
residue and the organic layer was washed succésgiith 10% citric acid
solution (30 mL), 5% NaHC§X30 mL), then water (30 mL). Organics were
then dried over MgS£and concentrated in vacuo to give a yellow oilakhi
was then purified by column chromatography on aigel (15 x 3 cm) with a
petroleum ether-ethyl acetate mixture (4:1) to giyeale yellow solid (0.18 g,
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24%): m.p = 65 — 68C (petroleum ether/ethyl acetatey] — 70.3 (c = 1,
DCM); *H NMR (400 MHz, CDCJ) § 2.21 (s, 3H), 4.69 (dd,= 11.2 Hz, 9.8
Hz, 1H), 5.61 (s, 1H), 5.93 (d,= 9.8 Hz, 1H), 6.04 (d] = 11.2 Hz, 1H), 6.60-
7.34 (m, 23H), 7.63 (s, 1H)*C NMR (100.6 MHz, CDG)) 5 19.9 (CH), 52.6
(CH), 56.7 (CH), 61.8 (CH), 125.0 (C), 125.3 (CH25.5 (CH), 125.6 (CH),
125.7 (CH), 125.8 (CH), 126.1 (CH), 126.3 (CH), 2@CH), 126.8 (CH),
126.9 (CH), 127.1 (CH), 127.3 (CH), 127.4 (CH), I2{CH), 172.7 (C=0); IR
(NaCl) 3299.6 (OH), 1715.4 (C=0), 1599.7 (C=C), 808(S=0); MS (FAB),
m'z (%) 577.2 ((M+ H)" 100), 350.2 (96), 167.9 (94), 194.6 (82), 1077)(6
260.2 (61), 92.9 (44); HRMS (FAB) 577.2155;{83304N,S requires
577.2161).

5.1.3 Synthesis of Benzhydryl hydroxylamine 2.13

(Benzhydrylamino)-acetonitrile: Following a procedure by Fukuyama ef al.
Bromoacetonitrile (3.10 mL, 45.00 mmol) was added stirred suspension of
NaCOs (6.36 g, 60.00 mmol) in a solution of aminodiphlemgthane (5.20 mL,
30.00 mmol) in anhydrous acetonitrile (26 mL) i@ mL flask and the
mixture was stirred at 61T for 24 h. The reaction mix was then filtered thgb
celite and the filtrate was concentrated to givemamge liquid. This was
recrystallised in a 4:1 mixture of petroleum etb#yl acetate to give a white
solid (2.72 g, 41%)*H NMR (400 MHz, CDCJ) § 2.02 (s, NH), 3.51 (s, 2H),
5.12 (s, 1H), 7.25-7.55 (m, 10HYC NMR (100.6 MHz, CDG) § 35.3 (CH),
65.8 (Ch), 117.8 (C), 127.1 (CH), 128.1 (CH), 128.9 (CH)1B (C).

In accordance with literature déta.
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Nitrone: Following a procedure by Fukuyama ef &l.solution of
cyanomethylated amir219(2.72 g, 12.24 mmol), in dry DCM (20 mL), in a
250 mL flask was cooled to®C in an ice bath. In another 250 mL flask, 70%
m-CPBA (5.28 g, 30.60 mmol) was dissolved in dry DG mL), then

MgSO, (2.70 g) was added and the mixture was stirred@®mins. The solid
was removed by filtration and washed with dry DCIMe organic solution was
then transferred to a dropping funnel and slowlgeatito the mixture
containing the cyanomethylated amine 8€0After all of the solution had been
added, the flask was stirred at room temperatur@ fo Reaction mixture was
then washed with sat. sodium thiosulfate (2 x 50,resat. NaHC® (2 x 50 mL)
and water (2 x50 mL). Aqueous layer was then etd¢thwith DCM (50 mL).
Combined organics were then dried over Mg&@d concentrated in vacuo to
give a yellow solid (1 57 g, 91%), which was usatniediately in the next step.
'H NMR (400 MHz, CDC}) 6 6.25 (s, 1H), 6.68 (s, 1H), 7.15-7.40 (m, 10H);
3C NMR (100.6 MHz, CDG)) 6 83.3 (CH), 107.2 (CH), 127.7 (CH), 129.5
(CH), 133.8 (C), 138.4 (C).

In accordance with literature data.

HO-NH

Ph Ph
2.13

N-Benzhydryl-hydroxylamine: Following a procedure by Fukuyama ef al.
Hydroxylamine hydrochloride (3.02 g, 43.40 mmol)snealded to a stirred
solution of nitrone2.20(2.05 g, 8.68 mmol), in methanol (30 mL) and the
mixture was stirred at 61T for 24 h. The solution was allowed to cool tonoo
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temperature and then concentrated in vacuo. DCMnPwas added and the
solution was filtered through celite. The filtratas washed with NaHC2 x
30 mL) and the aqueous layer was extracted with O&0/mL). The organic
phase was dried over Mg®@nd concentrated in vacuo to give a yellow oil
which was then purified by column chromatographysitica gel (15 x 3 cm)
with a petroleum ether-ethyl acetate mixture (4olgive a pale yellow oil (0.46
g, 35%):"H NMR (400 MHz, CDCJ) 6 5.02 (s, 1H), 5.65 (NH), 7.29-7.45 (m,
10H); **C NMR (100.6 MHz, CDG)) § 70.7 (CH), 127.4, (CH), 127.5 (CH),
129.0 (CH), 140.6 (C).

In accordance with literature data.

5.1.4 Synthesis of ligand 2:3

)

Ts—NH OH

-

2.15

Phenyl-(toluene-4-sulfonylamino)-acetic acid: Following a procedure by
Malkov et al’ A solution of tosyl chloride (1.37 g, 7.20 mmai)éther (12 mL)
was added drop-wise to a solution of amino acigl ¢9.6.0 mmol) and NaOH
(0.6 g, 15 mmol) in water (12 mL) at room temperatdhe mixture was stirred
for 16 h and then acidified to pH ~ 2 with 12 M HGIproduce a white
precipitate. Precipitate was then separated batidin and washed with water
to give a white solid. (0.88 g, 48% ) NMR (400 MHz, DMSOds) & 2.38 (s,
3H), 4.92 (dJ= 9.1 Hz, 1H), 7.29-7.35 (m, 7H), 7.66 (& 8.2 Hz, 2H), 8.68
(d,J= 9.1 Hz, 1H);**C NMR (100.6 MHz, DMSGds) & 20.9 (CH), 59.5

(CH), 126.5 (CH), 127.3 (CH), 127.9 (CH), 128.3 (CH29.2 (CH), 136.6 (C),
138.2 (C), 142.4 (C), 171.0 (C).

In accordance with literature data.
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Ts—NH CI

2.12

(R)-(-)-Phenyl-(toluene-4-sulfonylamino)-acetyl chloride: Following a

procedure by Malkov et 8IPC (0.40 g, 1.90 mmol) was added portion-wise to
a stirred solution of N-protected a@dl5(0.50 g, 1.60 mmol) in dry THF (5

mL). After stirring at room temperature for 2 hhexane (18 mL) was added
and the mixture was left in a freezer overnighte Pphecipitated crystals were
quickly separated by filtration, washed with n-hexand used immediately in

the next step.

g

, Ph
TsN/H—</N{
HO  Ph
2.3

(R)-(-)-N-Benzhydryl-N-hydroxy-2-phenyl-2-(toluene-4-sulfonylamino)-
acetamide: Following a procedure by Malkov etaAcid Chloride2.12(0.35 g,
1.09 mmol) in dry THF (4 mL) was added to a solutad hydroxylamine2.13
(0.22 g, 1.09 mmol) in dry THF (3 mL) afG. This was then warmed to room
temperature and stirred for 2 h. Reaction was dueshby a 10 % N&O;
solution (150uL). A sat. solution NECI (20 mL) was then added and mixture
was extracted with DCM (2 x 30 mL). The organic gdavas dried over
MgSO, and concentrated in vacuo to give a yellow oilekhivas then purified
by column chromatography on silica gel (15 x 3 avith a petroleum ether-
ethyl acetate mixture (4:1) to give a pale yellmkids(0.21 g, 40%)*H NMR
(400 MHz, CDC}) 6 2.25 (s, 3H), 5.57 (&= 7.3 Hz, 1H), 6.04 (d] = 8.3 Hz,
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1H), 6.77 (dJ = 7.3 Hz, 1H), 6.96-7.28 (m, 17 H), 7.47 {5 8.3 Hz, 2H);
13C NMR (100.6 MHz, CDG)) § 21.6 (CH), 57.5 (CH), 63.1 (CH), 127.1
(CH), 127.8 (CH), 127.9 (CH), 128.1 (CH), 128.3 (CER8.4 (CH), 128.6
(CH), 128.6 (CH), 128.8 (CH), 128.9 (CH), 129.5 (CH36.0 (C), 137.0 (C),
137.2 (C), 143.2 (C), 169.2 (C).

In accordance with literature data.

5.2 Synthesis of allylic alcohols:

General procedure for copper grignard additionkgrees:

Mg turnings (0.72 g, 29.73 mmol) and 4 crystalgodine were added to a
three-neck flask. This was then heated gently timtiliodine sublimed
producing a purple vapour. Into a dropping funnatwadded 6 mL of dry ether
and bromobenzene (3.10 mL, 29.73 mmol). This wes #dded slowly to the
magnesium and was warmed with the palm of the katitreaction started. 9
mL of dry ether was then added slowly and reactias refluxed for 15 mins.
The reaction mixture was then cooled over an i¢b.#asolution alkyne-1-ol
(2.1 mL, 11.89 mmol) in ether (6 mL) was addedh® dropping funnel and
then added dropwise to a cooled reaction mixtutei@d by addition of
copper iodide (0.23 g, 1.19 mmol). The reactiontorx was then warmed to
room temperature and stirred for 48 h. Then it gdrolysed with saturated
NH,4CI (20 mL) at °C and the two layers were separated. The orgayec la
was washed with 4M HCI solution (2 x 20 mL) and deenbined organic phase
was dried over MgSg£and concentrated to give a brown liquid which was
purified by column chromatography on silica gel L3 cm) with a petroleum

ether-ethyl acetate mixture (10:1).
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J(OH
Ph
2.21

2-Phenyl-pent-2-en-1-ol: Alcohol 2.21was prepared from 2-pentyne-1-ol (1.1
mL, 11.89 mmol) anbromobenzene (5.30 mL, 50.13 mmead)a yellow oil
(1.34 g, 69%)*H NMR (400 MHz, CDCJ) § 0.99 (t ,J= 7.5 Hz, 3H), 1.73 (bs,
OH), 2.00-2.10 (dt)= 7.5 Hz, 7.5 Hz, 2H), 4.34 (d,= 1.0 Hz, 2H), 5.72-5.77
(m, 1H), 7.23-7.41 (m, 5H}*C NMR (100.6 MHz, CDG)) § 14.4 (CH3), 22.0
(CH2), 68.1 (CH2), 127.3 (CH), 127.9 (CH), 128.51)C130.9 (CH), 138.5 (C)
139.6 (C); IR (NaCl) 3602.4 (OH), 3022.9 (C=C-H963.9 (C-H), 1599.7
(C=C); MS (El),mVz (%) 162.1 (M" 11), 145.1 (43), 129.1 (54), 105.1 (100),
91.1 (88), 77.1 (60).

OH
ﬁ@
2.22

2-Phenyl-but-2-en-1-ol: Alcohol 2.22was prepared as above from 2-butyne-1-

ol (1.5 mL, 20.05 mmol) and bromobenzene (5.30 &L.13 mmol) as a yellow
oil (0.40g, 14%)™H NMR (400 MHz, CDCJ) & 1.68 (dtJ = 6.9 Hz, 1.2 Hz,
3H), 4.35 (s, 2H), 5.87 (d,= 6.9 Hz, 1H), 7.25-7.44 (m, 5H)’C NMR (100.6
MHz, CDCk) 6 14.4 (CH), 68.1 (CH), 123.5 (CH), 127.5 (aromatic CH),
128.4 (aromatic CH), 128.8 (aromatic CH), 138.3 @1..0 (C); IR (NacCl)
3263.9 (NH), 3401.8 (OH), 2917.8 (C-H), 2253.4 (§A@S (El), m/z (%)

148.1 (M" 48), 137.1 (78), 105.1 (100), 51.0 (66).
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HO\ i

2-Methyl-1-phenyl-propan-1-ol: Compound 2.101 was prepared from
Isobutyraldehyde (1.80 mL, 20.05 mmol) and bromakee (5.30 mL, 50.13
mmol) as a yellow oil (1.97g, 66%) NMR (400 MHz, CDCJ) § 0.82 (d,J =

6.8 Hz, 3H), 1.03 (dJ = 6.8 Hz, 3H), 1.92-2.03 (m, 1H), 2.12 (bs, OHB
(dd,J = 6.8 Hz, 1.8 Hz, 1H), 7.27-7.39 (m, 5HJC NMR (100.6 MHz, CDG)

6 18.4 (CH), 19.2 (CH), 35.3 (CH), 80.1 (CH), 126.7 (aromatic CH), 127.3
(aromatic CH), 128.2 (aromatic CH), 143.7 (C).

In accordance with literature data.

CN

2.56

4-Methyl-2-phenyl-pent-2-enenitrile; Following a procedure by ElI Gharbi et
al* a mixture of phenylacetonitrile (0.23 mL, 117.10moi), potassium
carbonate (0.3 g, 138.21 mmol), methanol (5 mL) motbutyraldehyde (0.18
mL, 72.11 g) was stirred vigorously at 66 for 4 h. After completion of
reaction, the mixture was filtered and solvent waaporated to give an orange
oily solid (0.36 g, 99%)*H NMR (400 MHz, CDC}) § 1.21 (d,J = 6.7 Hz,
6H), 3.06-3.16 (m, 1H), 6.67 (d= 10.1 Hz, 1H), 7.35-7.45 (m, 3H), 7.55-7.58
(m, 2H);*C NMR (100.6 MHz, CDG)) 6 22.2 (2 x CH), 32.0 (CH), 113.6 (C),
116.6 (C), 125.7 (CH), 129.1 (2 x CH), 133.2 (C»356 (CH); IR (NaCl)
3032.5 (C=C-H), 2968.9 (C-H), 2253.4 (CN); MS (Qt)z (%) 172.2 (M+
H)* 100), 69.11 (24); HRMS (Cl) 172.1124.481.N requires 172.1126).
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OH
2.24

4-Methyl-2-phenyl-pent-2-en-1-ol: Following a procedure by Kimura et*3la
1M solution of DIBAL-H in hexanes (1.60 mL, 1.60 rathwas added to a
solution of phenylisopropylacrylonitril2.56 (0.3 g, 1.75 mmol), in hexane (2
mL) at —30°C over 20 mins. After 2h atST, the reaction mixture was poured
into ice-cold 3M HSQ, ensuring the mixture remained below’@ The
resulting solution was stirred afG for 42 mins and then at 8Q for 19 h. The
organic layer was separated, and the aqueous plaasextracted with ethyl
acetate (50 mL). The combined organic layers wexrghed witrsaturated
NaHCG; (3 x 30 mL), Organics were thened over MgS®@and concentrated
to give a yellow oil which was purified by columhromatography on silica gel
(15 x 3 cm) with a petroleum ether-ethyl acetatetane (4:1) to give a yellow
oil (0.13g, 74%)H NMR (400 MHz, CDCJ) § 0.87 (d,J = 6.6 Hz, 6H), 1.45
(bt,J=5.0 Hz, OH), 2.25-2.35 (m, 1H), 4.20 (b5 4.5 Hz, 2H), 5.44 (dt] =
10.1 Hz, 1.1 Hz, 1H), 7.11-7.31 (m, 5HJC NMR (100.6 MHz, CDG) § 23.2
(2 x CHs), 27.6 (CH), 68.2 (ChJ, 127.1 (aromatic CH), 128.4 (aromatic CH),
128.5 (aromatic CH), 136.2 (CH), 137.9 (C), 13&9.(

In accordance with literature ddfa.

Cr|

Cyclohex-1-enyl-methanol: A 1M solution of DIBAL-H in hexanes (4.50 mL,
4.50 mmol) was added to a solution of cyclohexemmarboxaldehyde (0.52

mL, 4.54 mmol) in dry ether (3.5 mL) a®G. The mixture was allowed to
warm to room temperature and was stirred for ZDhien, the mixture was

diluted with ether (6.5 mL), cooled to°G, and quenched by a careful addition
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of Brine (6.5 mL), followed by a dropwise additioh4M HCI (6.5 mL). The
agueous layer was extracted with ether (3 x 20 iiie) combined organic
phase was dried over Mg%@nd concentrated to give a yellow oil. (0.5 g,
98%):*H NMR (400 MHz, CDCY) § 1.47-1.62 (m, 4H), 1.91-1.99 (m, 4H),
3.90 (s, 2H), 5.60 (s, 1HY*C NMR (100.6 MHz, CDG) § 22.5 (CH), 22.5
(CHy), 24.9 (CH), 25.6 (CH), 67.7 (CH), 123.0 (CH), 137.6 (C).

In accordance with literature ddth.

@Mo

2.102

3-Phenyl-but-2-enoic acid ethyl ester: Following a procedure by Kakinumnet
al**, to a solution of ethyl(triphenylphosphoranyl)atet(8.70 g, 25.0 mmol), in
dry toluene (25 mL) was added acetophenone (1.40 X830 mmol) in dry
toluene (13 mL). The mixture was stirred at°@for 10 days. The solvent was
then removed under reduced pressure. The residgepwdfied by column
chromatography on silica gel (15 x 3 cm) with argleum ether-ethyl acetate
mixture (50:1 to 20:1) to give a colourless oil4@y, 17%):'*H NMR (400
MHz, CDCk) & 1.35 (t,J = 7.2 Hz, 3H), 2.60 (s, 3H), 4.25 (@= 7.2 Hz, 2H),
6.19 (s, 1H), 7.34-7.54 (m, 5HYC NMR (100.6 MHz, CDG)) & 14.0 (CH),
27.2 (CH), 59.8 (CH), 117.8 (CH), 126.8 (aromatic CH), 127.8 (arom&itd),
127.9 (aromatic CH), 140.9 (C), 155.5 (C), 166.0; (@S (El), m/z (%) 190.1
(M%) 79), 145.1 (99), 115.1 (65) 91 (29); HRMS (EI)01®93 (G.H140,
requires 190.0994).

In accordance with literature ddfa.
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OH

2.27

3-Phenyl-but-2-en-1-ol: A 1M solution of DIBAL-H in hexanes (4.20 mL, 4.20
mmol) was added to a solution of e2¢¥02(0.4 g, 2.09 mmol) in dry ether (2
mL) at 0°C. The mixture was allowed to warm to room tempesand was
stirred for 20 h. Then, the mixture was dilutedhagther (6.5 mL), cooled to O
°C, and quenched by careful addition of brine (619,rfollowed by a dropwise
addition of 4M HCI (6.5 mL). The aqueous layer wagacted with ether (3 x
20 mL) and the combined organics wered oveMgSO, and concentrated to
give a sticky white oil. (0.23 g, 74%}4 NMR (400 MHz, CDCY) § 1.93 (s,
3H), 2.43 (s, OH), 4.23 (d,= 6.5 Hz, 2H), 5.86 (dd] = 6.5 Hz, 5.7 Hz, 1H),
7.11-7.32 (m, 5H)**C NMR (100.6 MHz, CDG)) 5 14.9 (CH), 58.7 (CH),
124.7 (CH), 125.6 (CH), 126.2 (CH), 127.2 (CH), 43@C), 141.8 (C).

In accordance with literature ddfa.

(@)
o

2.103

Cyclohexylidene-acetic acid ethyl ester: Following a procedure by Kulkarni et
al'” a solution of cyclohexanone (1.30 mL, 13.99 mmoebs added to a
solution of ethyl(triphenylphosphoranyl)acetate4(.g, 12.70 mmol) inp-
xylene (10 mL) and the mixture was heated at reftux24 h. The solvent was
then removed under reduced pressure. The residgepwdfied by column
chromatography on silica gel (15 x 3 cm) with arpleum ether-ethyl acetate
mixture (10:1) to give a colourless oil (1.54g, 72%H NMR (400 MHz,
CDCl3) 6 1.27 (t,J = 7.1 Hz, 3H), 1.55-1.68 (m, 6H), 2.15-2.22 (m,)2R180-
2.85 (m, 2H), 4.13 (gJ = 7.1 Hz, 2H), 5.58 (s, 1H)*C NMR (100.6 MHz,
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CDCl3) 6 14.2 (CH), 26.0 (CH), 27.8 (CH), 28.6 (CH), 29.8 (CH), 38.0
(CHyp), 59.4 (CH), 113.0 (CH), 163.5 (C), 166.8 (C); MS (Etyz (%) 168.15
((M™) 100), 140.10 (47), 123.10 (80) 105.09 (74), 8388, 80.07 (36);
HRMS (EI) 168.1154 (¢H1602 requires 168.1150).

In accordance with literature ddfa.

OH

2.25

2-2Cyclohexylidene-ethanol: A 1M solution of DIBAL-H in hexanes (18.30
mL, 18.30 mmol) was added to a solution of e2t&03(1.54 g, 9.16 mmol) in
dry ether (8.80 mL) at @C. The mixture was allowed to warm to room
temperature and was stirred for 20 h. Then, theéurexwas diluted with ether
(10 mL), cooled to 6C, and quenched by careful addition of Brine (18 mL
followed by a dropwise addition of 4M HCI (18 m)he aqueous layer was
extracted with ether (3 x 50 mL) and the combineghnics werelried over
MgSO, and concentrated to give a sticky yellow oil. @ 81%)H NMR
(400 MHz, CDC}) 6 1.41-1.51 (m, 6H), 2.00-2.05 (m, 2H), 2.07-2.13 2i),
2.49 (bs, OH), 4.04 (d= 7.1 Hz, 2H), 5.26 (tt, 7.1 Hz, 1.1 Hz, 1K€ NMR
(100.6 MHz, CDGJ) 6 25.9 (CH), 26.8 (CH), 27.2 (CH), 27.6 (CH), 35.9
(CHy), 57.0 (CH), 119.3 (CH), 142.9 (C); MS (Eliwvz (%) 126.1 (M) 21),
108.1 (96), 93.1 (74) 55.1 (41), 54.1 (25); HRMY) (26.1048 (GH14,0
requires 126.1045). In accordance with literatiaatl
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\j)ko/\
Ph

2.104

2-Methyl-4-phenyl-but-2-enoic acid ethyl ester: Phenylacetaldehyde (1.16 mL,
10.4 mmol) was added to a solution of
(carbethoxyethylidene)triphenylphosphorane (3.7Z034 mmol) in dry toluene
(10 mL) and was heated to reflux overnight. Reactimixture was then
evaporated. This was then purified by column chttography on silica gel (15
x 3 cm) with a petroleum ether-ethyl acetate mixt(20:1) to give a pale
yellow liquid (0.84 g, 40%)*H NMR (400 MHz, CDCJ) & 1.31 (t,J = 7.1 Hz,
3H), 1.99 (s, 3H), 3.52 (d,= 7.6 Hz, 2H), 4.23 (¢qJ = 7.1 Hz, 2H), 6.96 (id,
7.6 Hz, 1.3 Hz, 1H), 7.22-7.37 (m, 5HfC NMR (100.6 MHz, CDG) & 12.6
(CH3), 14.3 (CH), 34.9 (CH), 60.6 (CH), 126.4 (CH), 128.6 (C), 128.6 (CH),
128.7 (CH), 139.1 (C), 140.1 (CH), 168.1 (C); IRa@M) 3029.6 (C=C-H),
2984.3 (C-H), 1704.8 (C=0), 1257.4 (C-0O); MS (Ehz (%) 131.1 (100), 91.1
(75), 204.1 ((M+ H)" 68), 129.1 (50), 159.1 (33); HRMS (El) 204.1149
(C13H1602 requires 204.1150).

<
Ph
2.23

2-Methyl-4-phenyl-but-2-en-1-ol: A 1M solution of DIBAL-H in hexanes (8.30
mL, 8.30 mmol) was added to a solution of e&d04(0.84g, 4.13 mmol) in
dry ether (4 mL) at 6C. The mixture was allowed to warm to room tempeat
and stirred for 20 h. Then, the mixture was diluteth ether (12 mL), cooled to

0 °C and quenched by careful addition of brine (12 nfb)owed by a drop-

wise addition of 4M HCI (12 mL). The aqueous layexs extracted with ether
(3 x 20 mL). The organic phase was dried over Mg8@d concentrated in
vacuo. This was then purified by column chromatpgyaon silica gel (15 x 3

cm) with a petroleum ether-ethyl acetate mixturel4o give a colourless
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liquid (0.23 g, 82%)*H NMR (400 MHz, CDC}) 6 1.82 (s, 3H), 2.05 (bs, OH),
3.46 (d,J = 7.3 Hz, 2H), 4.08 (s, 2H), 5.67 @= 7.3 Hz, 1H), 7.22-7.38 (m,
5H); *C NMR (100.6 MHz, CDG) & 13.9 (CH), 34.0 (CH), 70.0 (CH),
124.7 (CH), 126.0 (CH), 128.5 (CH), 128.6 (CH), IB3%C), 141.0 (C); IR
(NaCl) 3378.7 (OH), 3028.7 (R-C=CH), 2917.8 (C-#$02.6 (C=C); MS (EI),
m/z (%) 131.1 (100), 91.0 (70), 83.9 (47), 129.0 (36R2.1 ((M+ H)* 26).

2-Methyl-3-naphthalen-1-yl-acrylic acid ethyl ester: 1-naphthaldehyde (1.30
mL, 9.60 mmol) was added to a solution of
(carbethoxyethylidene)triphenylphosphorane (3.48.60 mmol) in dry toluene
(10 mL) and was heated to reflux overnight. Reactimixture was then
evaporated. This was then purified by column chtography on silica gel (15
X 3 cm) with a petroleum ether-ethyl acetate mt(20:1) to give a yellow
liquid (2.30 g, 99%)* NMR (400 MHz, CDC}) § 1.29 (t,J = 7.2 Hz, 3H),
1.89 (d,J = 1.5 Hz, 3H), 4.23 (¢) = 7.2 Hz, 2H), 7.31 — 7.43 (m, 4H), 7.69 —
7.87 (m, 3H), 8.10 (s, 1H}?*C NMR (100.6 MHz, CDG) & 14.3 (CH), 14.4
(CHg), 61.0 (CH), 124.8 (CH), 125.0 (CH), 126.1 (CH), 126.4 (CHR6.7
(CH), 127.0 (CH), 128.3 (CH), 133.3 (C), 133.4 (€37.3 (CH), 168.4 (C),
193.6 (C); IR (NaCl) 3061.4 (C=C-H), 2938.0 (C-H);02.8 (C=0), 1638.2
(C=C). 1272.8 (C-O); MS (El))vz (%) 240.0 (M’ 53), 195.0 (22), 167.1 (100),
165.0 (65), 152.0 (40); HRMS (El) 240.1147,4d:¢0, requires 240.1150).
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o
2.28

2-Methyl-3-naphthalen-1-prop-2-en-1-ol: A 1M solution of DIBAL-H in
hexanes (19.20 mL, 19.20 mmol) was added to aisolof ester2.105(2.30 g,

9.58 mmol) in dry ether (9 mL) at%C. The mixture was allowed to warm to

room temperature and stirred for 20 h. Then, theaure was diluted with ether
(20 mL), cooled to C and quenched by careful addition of brine (20 mL)
followed by a drop-wise addition of 4M HCI (20 mLJhe aqueous layer was
extracted with ether (3 x 30 mL). The organic phaas dried over MgS£and
concentrated in vacuo to give a cloudy white oihish was used without
further purification. (1.37 g, 69%JH NMR (400 MHz, CDC}) 6 1.67 (d,J =
1.3 Hz, 3H), 1.79 (tJ = 6.1 Hz, OH), 4.23 (dJ = 5.3 Hz, 2H), 6.98 (s, 1H),
7.21 — 7.49 (m, 4H), 7.64 — 7.92 (m, 3£AC NMR (100.6 MHz, CDG)) § 15.4
(CHg), 68.5 (CH), 122.8 (CH), 125.3 (CH), 125.4 (CH), 125.8 (CHR7.2
(CH), 127.5 (CH), 128.4 (CH), 132.0 (C), 133.6 (€34.8 (C), 139.5 (C); IR
(NaCl) 3376.8 (OH), 3060.5 (R-C=CH), 2985.3 (C-t$63.3 (C=C); MS (EI),
m'z (%) 198.0 (M 50), 167.0 (33), 165.0 (65), 141.0 (100), 128.0),(415.0
(16); HRMS (El) 198.1047 (zH140 requires 198.1045).

~o 2.106

3-(4-Methoxy-phenyl)-2-methyl-acrylic acid ethyl ester: Anisaldehyde (0.50
mL, 414 mmol) was added to a solution of
(carbethoxyethylidene)triphenylphosphorane (1.50.%4 mmol) in dry toluene
(6 mL) and was heated to reflux overnight. Reactmixture was then

evaporated. This was then purified by column chtography on silica gel (15
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x 3 cm) with a petroleum ether-ethyl acetate mixt{(#0:1) to give a colourless
liquid (0.88 g, 97%)H NMR (400 MHz, CDC}) & 1.35 (t,J = 7.1 Hz, 3H),
2.14 (d,J = 1.4 Hz, 3H), 3.84 (s, 3H), 4.28 @~ 7.1 Hz, 2H), 6.91 — 6.96 (m,
2H), 7.37 — 3.42 (m, 2H), 7.66 (s, 1HJC NMR (100.6 MHz, CDG)) & 14.0
(CHg), 14.4 (CH), 55.2 (CH), 60.8 (CH), 114.1 (CH), 126.4 (C), 128.6 (C),
131.4 (CH), 138.4 (CH), 159.6 (C), 168.9 (C).

In accordance with literature daa.

OH

2.30

3-(4-Methoxy-phenyl)-2-methyl-prop-2-en-1-ol: A 1M solution of DIBAL-H in
hexanes (8.00 mL, 8.0 mmol) was added to a soluifoaster2.106(0.88 g,
4.01 mmol) in dry ether (4 mL) at €. The mixture was allowed to warm to
room temperature and stirred for 20 h. Then, thaure was diluted with ether
(10 mL), cooled to C and quenched by careful addition of brine (10 mL)
followed by a drop-wise addition of 4M HCI (10 mLhe aqueous layer was
extracted with ether (3 x 20 mL). The organic phaas dried over MgS£and
concentrated in vacuo to give a white solid, whielis used without further
purification (0.58 g, 81%): white solid, m.p = 388°C (ether);"H NMR (400
MHz, CDCk) 8 1.47 (t,J= 6.2 Hz, OH), 1.84 (d) = 1.3 Hz, 3H), 3.74 (s, 3H),
4.10 (d,J= 5.5 Hz, 2H), 6.38 (s, 1H), 6.79 — 6.83 (M, 2H),37-17.18 (m, 2H);
3C NMR (100.6 MHz, CDG) & 13.7 (CH), 53.6 (CH), 67.7 (CH), 112.0
(CH), 123.2 (CH), 128.4 (CH), 128.5 (C), 134.4 (@p6.5 (C); IR (NaCl)
3414.4 (OH), 3004.6 (R-C=CH), 2956.3 (C-H), 160{C4C), 1442.5 (C-0O);
MS (EIl), m/z (%) 178.0 (M 38), 121.0 (100), 108.0 (22), 91.0 (16); HRMS (EI)
178.0993 (G H140; requires 178.0994).
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2-Methyl-3-naphthalene-2-yl-acrylic acid ethyl ester: 2-naphthaldehyde (1.50
g, 9.60 mmol) was added to a solution of
(carbethoxyethylidene)triphenylphosphorane (3.48.60 mmol) in dry toluene
(10 mL) and was heated to reflux overnight. Reactmixture was then
evaporated. This was then purified by column chtography on silica gel (15
x 3 cm) with a petroleum ether-ethyl acetate mxt(#0:1) to give a yellow oil
(2.15 g, 93%)'H NMR (400 MHz, CDC}) § 1.42 (t,J = 7.2 Hz, 3H), 2.26 (d]

= 1.5 Hz, 3H), 4.35 (q) = 7.1 Hz, 2H), 7.50 — 7.57 (m, 3H), 7.84 — 7.92 (M,
5H); *C NMR (100.6 MHz, CDG) & 14.3 (CH), 14.4 (CH), 61.0 (CH),
126.2 (CH), 126.5 (CH), 126.6 (CH), 127.9 (CH), 128CH), 128.6 (CH),
129.4 (CH), 132.7 (C), 133.0 (C), 133.2 (C), 13&5l), 168.7 (C), 192.3 (C);
IR (NaCl) 3059.5 (R-C=CH), 2983.3 (C-H), 1699.0 @7 1632.5 (C=C),
1446.4 (C-0); MS (Cl)m/z (%) 241.2 (M + H) 100), 240.2 (8); HRMS (CI)
241.1227 (GgH170, requires 241.1229).

‘ OH

2-Methyl-3-naphthalen-2-yl-prop-2en-ol A 1M solution of DIBAL-H in
hexanes (18.00 mL, 18.00 mmol) was added to aisolof ester2.107(2.15 g,

2.29

8.95 mmol) in dry ether (8 mL) at%C. The mixture was allowed to warm to
room temperature and stirred for 20 h. Then, theaure was diluted with ether

(20 mL), cooled to C and quenched by careful addition of brine (20 mL)
followed by a drop-wise addition of 4M HCI (20 mLJhe aqueous layer was
extracted with ether (3 x 30 mL). The organic phaas dried over MgS£and

concentrated in vacuo to give a white solid, whielis used without further
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purification (1.31 g, 74%)'*H NMR (400 MHz, CDC}) 6 1.46 — 1.52 (m, OH),
1.92 (s, 3H), 4.18 (d1 = 5.1 Hz, 2H), 6.61 (s, 1H), 7.33 — 7.43 (m, 3HB67(s,
1H), 7.71 — 7.77 (m, 3H)*C NMR (100.6 MHz, CDG) & 15.5 (CH), 69.1
(CHy), 125.1 (CH), 125.2 (CH), 125.7 (CH), 127.4 (CHR7.6 (CH), 127.6
(CH), 127.6 (CH), 127.9 (CH), 132.1 (C), 133.4 (£35.1 (C), 138.2 (C).

In accordance with literature ddfa.

FsC 2.108

2-Methyl-3-(4-trifluoromethyl-phenyl)-acrylic  acid  ethyl  ester:  4-
(trifluoromethyl) benzaldehyde (1.20 mL, 5.41 mmef)s added to a solution
of (carbethoxyethylidene)triphenylphosphorane (3¢,28.61 mmol) in dry
toluene (9 mL) and was heated to reflux overnigtgaction mixture was then
evaporated. This was then purified by column chrtography on silica gel (15
X 3 cm) with a petroleum ether-ethyl acetate mt(20:1) to give a yellow
liquid (2.09 g, 94%)* NMR (400 MHz, CDC})  1.38 (t,J = 7.1 Hz, 3H),
2.12 (s, 3H), 4.31 (g1 = 7.1 Hz, 2H), 7.50 (d] = 8.1 Hz, 2H), 7.66 (d] = 8.1
Hz, 2H), 7.71 (s, 1H)**C NMR (100.6 MHz, CDG) & 14.0 (CH), 14.3 (CH),
61.1 (CH), 125.2 (CH), 125.3 (C), 129.7 (CH), 130.9 (C)6BB(CH), 139.5
(C), 168.2 (C).

In accordance with literature d&ta.
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OH

FAC 2.32

2-Methyl-3-(4-trifluoromethyl-phenyl)-prop-2-en-1-ol: A 1M solution of
DIBAL-H in hexanes (16.20 mL, 16.20 mmol) was adde solution of ester
2.108(2.09 g, 8.09 mmol) in dry ether (9 mL) af®. The mixture was allowed
to warm to room temperature and stirred for 20HenT the mixture was diluted
with ether (20 mL), cooled to @C and quenched by careful addition of brine
(20 mL), followed by a drop-wise addition of 4M HQ0 mL). The aqueous
layer was extracted with ether (3 x 30 mL). Theaoig phase was dried over
MgSO, and concentrated in vacuo to give a yellow cloadlywhich was used
without further purification (1.17 g, 67%)H NMR (400 MHz, CDCJ) 6 1.80
(s, 3H), 4.13 (s, 2H), 6.47 (s, 1H), 7.28Jd; 8.0 Hz, 2H), 7.50 (d] = 8.0 Hz,
2H); *C NMR (100.6 MHz, CDG) & 14.2 (CH), 67.4 (CH), 122.4 (CH),
124.0 (C), 124.1 (CH), 128.0 (CH), 138.9 (C), 142

In accordance with literature d&fa.

Br 2.109

3-(4-Bromo-phenyl-2-methyl-acrylic acid ethyl ester: 4-bromobenzaldehyde
a5 g, 8.10 mmol) was added to a  solution of
(carbethoxyethylidene)triphenylphosphorane (2.98.40 mmol) in dry toluene
(10 mL) and was heated to reflux overnight. Reactimixture was then
evaporated. This was then purified by column chrtography on silica gel (15

X 3 cm) with a petroleum ether-ethyl acetate mt(20:1) to give a yellow
liquid (2.04 g, 95%)* NMR (400 MHz, CDC}) § 1.36 (t,J = 7.0 Hz, 3H),



131

2.11 (d,J = 1.5 Hz, 3H), 4.29 (q) = 7.0 Hz, 2H), 7.25 — 7.30 (m, 2H), 7.51 —
7.56 (m, 2H), 7.62 (s, 1H}*C NMR (100.6 MHz, CDG)) § 14.1 (CH), 14.3
(CHs), 61.0 (CH), 122.4 (C), 129.4 (C), 131.2 (CH), 131.6 (CH)4133(C),
137.3 (CH), 168.4 (C); IR (NaCl) 3154.0 (R-C=CHp82.3 (C-H), 1701.9
(C=0), 1635.3 (C=C), 1446.4 (C-O); MS (Ei)Vz (%) 268.0 (M* 43), 196.0
(28), 160.1 (15), 115.1 (100), 83.9 (21); HRMS (2§8.0101 (GH1:0,Br
requires 268.0099).

OH

Br 2.31

3-(4-Bromo-phenyl)-2-methyl-prop-2-en-1-ol: A 1M solution of DIBAL-H in
hexanes (15.20 mL, 15.20 mmol) was added to aisolof ester2.109(2.04 g,
7.58 mmol) in dry ether (8 mL) at €. The mixture was allowed to warm to
room temperature and stirred for 20 h. Then, thaure was diluted with ether
(20 mL), cooled to C and quenched by careful addition of brine (20 mL)
followed by a drop-wise addition of 4M HCI (20 mLhe aqueous layer was
extracted with ether (3 x 30 mL). The organic phaas dried over MgS£and
concentrated in vacuo to give a white solid, whieas used without further
purification (1.14 g, 66%). White solid; m.p = 4416°C (petroleum ether/ethyl
acetate)!H NMR (400 MHz, CDCJ) & 1.51 (d,J = 4.9 Hz, OH), 1.80 (s, 3H),
4.10 (s, 2H), 6.39 (s, 1H), 7.07 @= 8.3 Hz, 2H), 7.38 (d) = 8.3 Hz, 2H);
¥C NMR (100.6 MHz, CDG) & 14.2 (CH), 67.7 (CH), 119.2 (C), 122.7
(CH), 129.5 (CH), 130.2 (CH), 135.4 (C), 137.5 (G3; (NaCl) 3451.0 (OH),
3154.0 (R-C=CH), 2918.7 (C-H), 1588.1 (C=C); MS)(ENz (%) 226.0 (M"
87), 211.0 (30), 169.0 (100), 115.1 (97), 91.0 (69)0 (40), 43.0 (23); HRMS
(El) 225.9990 (GH1,0Br requires 225.9993).
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F 2.110

3-(4-Fluoro-phenyl)-2-methyl-acrylic acid ethyl ester: 4-Fluorobenzaldehyde
a5 g, 12.08 mmol) was added to a solution of
(carbethoxyethylidene)triphenylphosphorane (4.38 14,08 mmol) in dry
toluene (15 mL) and was heated to reflux overnigaaction mixture was then
evaporated. This was then purified by column chtography on silica gel (15
X 3 cm) with a petroleum ether-ethyl acetate mt(20:1) to give a yellow
liquid (2.08 g, 83%)’H NMR (400 MHz, CDC}) & 1.25 (t,J = 7.1 Hz, 3H),
2.00 (d,J= 1.4 Hz, 3H), 4.17 (qJ = 7.1 Hz, 2H), 6.95 — 7.01 (m, 2H), 7.25 —
7.31 (m, 2H), 7.55 (s, 1H}*C NMR (100.6 MHz, CDG)) & 14.1 (CH), 14.5
(CHgs), 60.9 (CH), 115.5 (CH), 115.9 (CH), 128.4 (C), 131.2 (CHj14 (CH),
137.5 (CH), 161.2 (C), 163.7 (C), 168.5 (C=0).

In accordance with literature d&ta.

2.34

3-(4-Fluoro-phenyl)-2-methyl-prop-2-en-1-ol: A 1M solution of DIBAL-H in
hexanes (20.00 mL, 20.00 mmol) was added to aisolof este2.110(2.08 g,
9.99 mmol) in dry ether (10 mL) at°C. The mixture was allowed to warm to
room temperature and stirred for 20 h. Then, thdure was diluted with ether
(20 mL), cooled to 6C and quenched by careful addition of brine (20 mL)
followed by a drop-wise addition of 4M HCI (20 mOjhe aqueous layer was
extracted with ether (3 x 30 mL). The organic phaas dried over MgS£and

concentrated in vacuo to give a colourless liquidich was used without
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further purification (0.99 g, 60%JH NMR (400 MHz, CDGCY) §1.76 (s, 3H),
2.38 (s, OH), 4.06 (s, 2H), 6.38 (s, 1H), 6.87956m, 2H), 7.09 — 7.14 (m,
2H); **C NMR (100.6 MHz, CDG) § 15.4 (CH3), 68.7 (CH2), 114.9 (CH),
115.1 (CH), 124.1 (CH), 130.4 (CH), 130.7 (CH), BC), 137.5 (C), 161.1
(C); IR (NaCl) 3155.0 (OH), 3040.2 (R-C=CH), 2984C3H), 1601.6 (C=C),
1379.8 (C-F); MS (El)m/z (%) 166.1 (M 90), 151.1 (53), 133.1 (75), 109.1
(100), 96.1 (48), 95.0 (19); HRMS (EI) 166.079Q4d3:0F requires
166.0794).

O:N 2.111

2-Methyl-3-(4-nitro-phenyl)-acrylic acid ethyl ester: p-nitrobenzaldehyde (1.5
g, 9.99 mmol) was added to a solution of
(carbethoxyethylidene)triphenylphosphorane (3.62.99 mmol) in dry toluene
(12 mL) and was heated to reflux overnight. Reactmixture was then
evaporated. This was then purified by column chtography on silica gel (15
x 3 cm) with a petroleum ether-ethyl acetate mxt(20:1) to give a yellow
solid (2.06 g, 88%): Yellow solid; m.p = 40 — 4@ (petroleum ether/ethyl
acetate)H NMR (400 MHz, CDCJ) § 1.29 (t,J = 7.2 Hz, 3H), 2.05 (s, 3H),
4.23 (q,J = 7.2 Hz, 2H), 7.44 — 7.48 (m, 2H), 7.62 (s, 1H)68- 8.20 (m, 2H);
¥C NMR (100.6 MHz, CDG) & 14.2 (CH), 14.3 (CH), 61.4 (CH), 123.7
(CH), 130.2 (CH), 132.3 (C), 136.0 (CH), 142.6 (C4,7.2 (C), 168.5 (C); IR
(NaCl) 3155.0 (R-C=CH), 2985.3 (C-H), 1707.7 (C=0940.2 (C=C), 1475.3
(C-0); MS (El),mV/z (%) 235.0 (M" 32), 190.0 (39), 161.0 (22), 117.9 (26),
115.0 (62), 84.9 (100), 47.0 (96); HRMS (El) 23388 Ci,H1304,N requires
235.0845).
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OH

OzN 2.33

2-Methyl-3-(4-nitro-phenyl)-prop-2-en-1-ol: A 1M solution of DIBAL-H in
hexanes (17.50 mL, 17.50 mmol) was added to aisolof ester2.111(2.06 g,
8.76 mmol) in dry ether (9 mL) atC. The mixture was allowed to warm to
room temperature and stirred for 20 h. Then, theaure was diluted with ether
(20 mL), cooled to C and quenched by careful addition of brine (20 mL)
followed by a drop-wise addition of 4M HCI (20 mLJhe aqueous layer was
extracted with ether (3 x 30 mL). The organic phaas dried over MgS£and
concentrated in vacuo to give a red oil, which weed without further
purification (0.98 g, 58%)*H NMR (400 MHz, CDCJ) & 1.85 (s, 3H), 4.17 (s,
2H), 6.55 (s, 1H), 7.33 — 7.37 (m, 2H), 8.11 — 8(i6 2H); *C NMR (100.6
MHz, CDCk) 6 15.5 (CH), 68.2 (CH), 122.6 (CH), 123.6 (CH), 129.5 (CH),
141.9 (C), 144.5 (C), 146.1 (C); IR (NaCl) 3413@H), 3154.9 (R-C=Cb),
2983.3 (C-H), 1650.8 (C=C), 1518.7 (C-BOMS (CI), m'z (%) 194.1 (M +
H)* 100), 193.1 (20), 130.1 (10).

OH

2.35

2,3-Diphenyl-prop-2-en-1-ol: Following a procedure by Rodriguez €¥al
LiAIH 4 (2.03 g, 53.5 mmol) was dissolved in dry diethylez (40 mL) and
cooled to °C. A solution of aluminium chloride (2.37 g, 17.80nol) in dry
diethyl ether (30 mL) was then added to the mixatr@°C and stirred for 20
mins at this temperature before the addition inlspmations ofa-phenyl
cinnamic acid (4.0 g, 17.8 mmol) afO. After the addition, the solution was

allowed to warm to room temperature and was stioreginight at this
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temperature. Then the reaction was quenched bgdtiigion of small portions
of N&SQO,.10H,0. Then the mixture was filtered through celite #melresidue
washed with diethyl ether. The filtrate was concated in vacuo to afford a
brown oil. Purification of the products was accoisiptéd by column
chromatography on silica gel (15 x 3 cm) with all@ixture of petroleum
ether-ethyl acetate yielded a white solid (1.38%%6):'H NMR (400 MHz,
CDCl) 6 1.70 (t,J= 6.2 Hz, OH), 4.36 (dd] = 6.2 Hz, 1.3 Hz, 2H), 6.60 (s,
1H), 6.90 — 7.28 (m, 10H}’C NMR (100.6 MHz, CDG)) 5 68.5 (CH), 126.5
(CH), 126.9 (CH), 127.7 (CH), 128.2 (CH), 128.7 (CE29.1 (CH), 136.5 (C),
138.6 (C), 141.6 (C).

In accordance with literature d#t.

5.3 Asymmetric epoxidations in aqueous solution:
General procedure for asymmetric epoxidation in water/toluene mixture:

Following a procedure by Malkov et#lligand2.1 (5.5 mol%) and vanadyl
sulfate (5.0 mol%) were added to distilled wate2%2mL) and toluene (0.75
mL) and stirred at room temperature. Allylic alcbflbmmol) was then added
in one portion and the mixture was stirred at raemperature for 30 mins and
then cooled to 6C. A 70% aqueous solution BBuOOH (0.15 mL) was added
and the mixture was stirred af© overnight. The reaction mixture was then
guenched with a concentrated solution of®@; (10 mL) and after stirring for
1 h at (°C it was extracted with DCM (3 x 20 mL), the comdzirorganic
extracts were dried ovétgSQO, and concentrated in vacuo to give a brown oil.
Purification of the products was accomplished bymm chromatography on
silica gel (15 x 3 cm) with a 4:1 mixture of petom ether-ethyl acetate. The
absolute configuration of the epoxide products assgned by comparison of
their optical rotations with the literature datae enantiomeric excess was
determined using analysis by chiral GC or HPLC.
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2.112

(2,3-Diphenyl-oxiranyl)-methanol: Epoxide was isolated as a white solid: m.p
= 73 — 75°C (petroleum ether/ethyl acetatey] —65.2 (c = 1, DCM); chiral
HPLC (Chiracel IB; 0.75 mL/min; hexane/2-propan8lM, kr = 9.27, §s=
9.99) showed 94% e&4 NMR (400 MHz, CDGJ) 6 2.12 (t,J = 6.2 Hz, OH),
3.96 (d,J = 6.2 Hz, 2H), 4.44 (s, 1H), 6.94-7.15 (m,10HE NMR (100.6

MHz, CDCk) 6 60.8 (CH), 64.9 (Ch), 69.2 (C), 126.6 (aromatic CH), 127.6
(aromatic CH), 127.7 (aromatic CH), 127.8 (aromé@tit), 127.9 (aromatic

CH), 128.1 (aromatic CH), 134.3 (C), 134.7 (C).

In accordance with literature ddta.

2.47

(2-Methyl-3-phenyl-oxiranyl)-methanol: Epoxide was isolated as a pale orange
solid: m.p = 35 — 37C (petroleum ether/ethyl acetatey]d + 9.4 (c = 1,

DCM); chiral GC (Supelca-Dex 120 column, oven temp. 110 for 2 mins,

then 1°C/min to 200°C trr= 31.96, £s= 33.42) showed 90% et NMR (400
MHz, CDCk) 6 1.00 (s, 3H), 2.10 (bs, OH), 3.68 (dd; 12.4 Hz, 6.6 Hz, 1H),
3.79 (d,J = 12.4 Hz, 1H), 4.14 (s, 1H), 7.18-7.32 (m, 5Hi¢ NMR (100.6

MHz, CDCk) 6 13.5 (CH), 60.3 (CH), 63.9 (C), 65.0 (Gl 126.5 (aromatic
CH), 127.6 (aromatic CH), 128.2 (aromatic CH), B3&).

In accordance with literature data.
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2.113

(3-Methyl-2-phenyl-oxiranyl)-methanol: Epoxidation of alcoha?.22 was
isolated as a yellow oilp]p + 33.5 (c = 1, DCM); chiral GC (Supel@eDex
120 column, oven temp. 12C for 2 mins, then 1C/min to 200°C trg= 22.65,
tss= 23.44) showed 91% el4 NMR (400 MHz, CDC}) § 1.05 (d,J = 5.5 HZ,
3H), 2.02 (bgJ = 4.2 Hz, OH), 3.53 (g] = 5.5 Hz, 1H), 3.91-4.02 (m, 2H),
7.31-7.42 (m, 5H)*C NMR (100.6 MHz, CDG)) 6 14.1 (CH), 56.9 (CH),
64.6 (CH), 66.0 (C), 127.0 (aromatic CH), 127.9 (aromatit)C128.4
(aromatic CH), 135.7 (C); IR (NaCl) 3449.1 (OH%68.0 (C-H), 2252.5
(C=C); MS (CI),mVz (%) 165.2 (M + H) 14), 147.2 (100), 121.1 (94), 85.2
(31), 69.1 (50); HRMS (ClI) 165.0915 {§H1130, requires 165.0916).

OH
e

2.114

(2-Methyl-3-naphthalene-1-yl-oxiranyl)-methanol: Epoxidation of alcohol
2.28 was isolated as a red solid, m.p = 62 2@G%petroleum ether/ethyl
acetate); ¢]p — 73.40 (c = 0.5, DCM); chiral HPLC (Chiracel 1870 mL/min;
hexane/2-propanol 95:5-= 15.30, t(+) = 22.35) showed 83% &¢:NMR
(400 MHz, CDC}) 6 0.95 (s, 3H), 2.02 (dd,= 8.2 Hz, 4.9 Hz, OH), 3.91 -
3.93 (m, 2H), 4.61 (s, 1H), 7.39 — 7.48 (m, 4Hy 17— 7.75 (m, 1H), 7.80 —
7.88 (m, 2H);**C NMR (100.6 MHz, CDG)) § 13.9 (CH), 59.1 (CH), 63.8 (C),
64.9 (Ch), 123.0 (CH), 124.1 (CH), 125.4 (CH), 126.0 (CE6.4 (CH),
127.8 (CH), 128.7 (CH), 130.9 (C), 131.9 (C), 13&2, IR (NaCl) 3588.9
(OH), 3062.4 (epoxide-H), 2929.3 (C-H), 1598.7 (¢=a@S (EI), Wz (%)
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214.1 (M* 16), 183.1 (66), 181.0 (19), 141.1 (29), 140.10j183.9 (26);
HRMS (EI) 214.0990 (GH140 requires 214.0994).

~ OH
o)

115

[3-(1,8a-Dihydro-naphthal en-2-yl)-2-methyl-oxiranyl]-methanol: Epoxide
2.115was isolated as an orange/red solid m.p = 78 %Cg@etroleum
ether/ethyl acetate)y]p + 14.50 (c = 2, DCM); chiral Europium tris[3-

(heptafluoro-propylhydroxymrthylene)-(+)-camphoiathowed 85% eeH

NMR (400 MHz, CDC4) 6 1.04 (s, 3H), 2.04 (dd,= 8.7 Hz, 4.0 Hz, OH), 3.73
(dd,J = 12.4 Hz, 8.7 Hz, 1H), 3.82 (dd= 12.4 Hz, 4.0 Hz, 1H), 4.30 (s, 1H),
7.32 —7.43 (m, 3H), 7.69 (s, 1H), 7.72 — 7.77 3M); °*C NMR (100.6 MHz,
CDCl3) 5 13.6 (CH), 60.4 (CH), 64.1 (C), 65.0 (GH 124.3 (CH), 125.4 (CH),
126.0 (CH), 126.4 (CH), 127.8 (CH), 127.9 (CH), 22{CH), 133.0 (C), 133.1
(C), 133.2 (C); IR (NaCl) 3585.0 (OH), 3060.5 (ejute<H), 2929.3 (C-H),
1602.6 (C=C); MS (Chm/z (%) 215.1 ((M+H)" 70), 197.1 (100), 185.1 (86),
157.1 (31), 69.1 (27); HRMS (Cl) 215.1070,48150, requires 215.1072).

OH

E 2.116

[3-(4-Fluoro-phenyl)-2-methyl-oxiranyl]-methanol: Epoxide2.116was
isolated as a red oily]p + 8.40 (c = 1, DCM); chiral GC (Supel@eDex 120
column, oven temp. 11 for 2 mins, then 2C/min to 20°C t(-) = 31.01,
t(+) = 31.77) showed 84% eb4 NMR (400 MHz, CDGJ) 6 0.99 (s, 3H), 2.40
(bs, OH), 3.67 (dJ = 12.5 HZ, 1H), 3.77 (d] = 12.5 Hz, 1H), 4.11 (s, 1H),
6.93 — 6.99 (m, 2H), 7.16 — 7.21 (m, 23C NMR (100.6 MHz, CDG)) § 12.4
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(CHa), 58.7 (CH), 62.8 (C), 63.8 (GH 114.1 (CH), 114.2 (CH), 126.9 (CH),
127.0 (CH), 160.1 (C), 162.5 (C); IR (NaCl) 36268), 3155.0 (epoxide-H),
2965.0 (C-H), 1609.3 (C=C); MS (Chyz (%) 183.2 ((M+H) 83), 165.2
(100), 157.1 (18), 125.1 (40), 69.1 (31); HRMS (C88.0818 (GoH1.0,F
requires 183.0821).

General procedure for the asymmetric epoxidation in water:

Following a literature protocgf ligand2.1 (5.5 mol%) and vanadyl sulfate (5.0
mol%) were added to distilled water (3 mL) andretirat room temperature.
Allylic alcohol (1 mmol) was then added in one pamtand the mixture was
stirred at room temperature for 30 mins and thesecbto 0°C or — 20°C. A

70% aqueous solution 6BuOOH (0.15 mL) was added and the mixture was
stirred at the same temperature for 2 d. The @aatixture was then quenched
with a concentrated solution of p80; (10 mL) and after stirring for 1 h at’G

it was extracted with DCM (3 x 20 mL), the combiregdanic extracts were
dried oveMgSO, and concentrated in vacuo to give a brown oilifleation of
the products was accomplished by column chromapbgran silica gel (15 x 3
cm) with a 4:1 mixture of petroleum ether-ethyltate. The absolute
configuration of the epoxide products was assidgnedomparison of their
optical rotations with the literature data; the r@neric excess was

determined using analysis by chiral GC or HPLC.

OH
\go\
Fgc/©/

2.117

[2-Methyl-3-(4-trifluoromethyl-phenyl)-oxiranyl]-methanol: Epoxide was
isolated as a white solid: m.p = 34 —%8B(petroleum ether/ethyl acetatey]
+ 7.80 (c = 0.5, DCM); chiral HPLC (Chiracel 1B;76. mL/min; hexane/2-
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propanol 95:5, t(+) = 13.37,4( = 14.27) showed 87% el4 NMR (400 MHz,
CDCls) & 1.00 (s, 3H), 1.88 (dd,= 9.1 Hz, 4.1 Hz, OH), 3.71 (dd= 12.6 Hz,
9.1 Hz, 1H), 3.81 (dd] = 12.6 Hz, 4.1 Hz, 1H), 4.19 (s, 1H), 7.36 Jd; 8.1

Hz, 2H), 7.55 (dJ = 8.1 Hz, 2H);**C NMR (100.6 MHz, CDG) & 13.5 (CH),
60.5 (CH), 64.0 (C), 64.6 (G 125.1 (CH), 125.1 (C), 125.2 (C), 126.8 (CH),
139.9 (C); IR (NaCl) 3566.7 (OH), 3154.0 (epoxidg-2P99.7 (C-H), 1620.9
(C=C), 1325.8 (C-F); MS (Cl)yVz (%) 233.1 ((M+ H)" 100), 215.1 (72), 203.1
(40), 175.1 (9); HRMS (CI) 233.0788 {{E1,,0,F; requires 233.0789).

OH

Br
2.118

[3-(4-Bromo-phenyl)-2-methyl-oxiranyl]-methanol: Epoxide was isolated as a
white solid: m.p = 73 — 7%C (petroleum ether/ethyl acetata)]d = 10.60 (c =
1, DCM); chiral HPLC (Chiracel I1B; 0.75 mL/min; haxe/2-propanol 99:1,
t(+) = 44.10, t€) = 48.07) showed 87% ek NMR (400 MHz, CDC) § 1.00
(s, 3H), 1.90 (dd] = 9.0 Hz, 4.3 Hz, OH), 3.67 (dd= 12.5 Hz, 9.0 Hz, 1H),
3.78 (ddJ = 12.5 Hz, 4.3 Hz, 1H), 4.10 (s, 1H), 7.09 — 7.13 2id), 7.40 —
7.43 (m, 2H);*C NMR (100.6 MHz, CDG) § 13.5 (CH), 59.6 (CH), 63.8 (C),
64.7 (CH), 121.6 (C), 128.2 (CH), 131.3 (CH), 134.7 (C);(MaCl) 3599.5
(OH), 3155.0 (epoxide-H), 2987.2 (C-H), 1597.7 (¢S (CI), 'z (%)
245.0 ((M+ H)" 14), 227.0 (41), 185.0 (66), 107.1 (32), 94.1 {$HMS (CI)
243.0015 (GoH120-Br requires 243.0021).



141

/\/<OV\
OH

2.49

(3-Propyl-oxiranyl)-methanol: Epoxidation of trans-hexene-1-ol: was isolated
as ared oil;d]p + 31.7 (c = 1, CHG); the product was converted into the
trifluoroacetate derivative for GC analysis; chiGC (Supelc@-Dex 120
column, oven temp. 78 for 2 mins, then 1C/min to 200°C tss= 14.66, kr=
15.00) showed 70% e&#d NMR (400 MHz, CDC) § 0.90 (t,J = 7.2 Hz, 3H),
1.33-1.52 (m, 4H), 1.78 (bs, OH), 2.84-2.92 (m, ,28{%6 (dJ= 12.5 Hz, 1H),
3.85 (d,J = 12.5 Hz, 1H)*C NMR (100.6 MHz, CDG)) 5 13.9 (CH), 19.3
(CHa), 33.6 (CH), 55.9 (Ch), 58.5 (CH), 61.7 (CH).

In accordance with literature d&ta.

f(OH

2.119

(3-Ethyl-2-phenyl-oxiranyl)-mathanol: Epoxidation of alcoha?.21 was
isolated as a yellow oilp]p + 28.9 (c = 1, CbLCly); chiral GC (Supelc@-Dex
120 column, oven temp. 12Q for 2 mins, then 1C/min to 200°C t(-) =
28.29, t(+) = 29.09) showed 78% éd;NMR (400 MHz, CDC}) 6 0.84 (t,J =
7.5 Hz, 3H), 1.07-1.28 (m, 2H), 2.09 (ds 8.2 Hz, 5.0 Hz, OH), 3.25 @,=
6.3 Hz, 1H), 3.82-3.92 (m, 2H), 7.20-7.35 (m, 5HE NMR (100.6 MHz,
CDCl3) 6 10.1 (CH), 21.7 (CH), 62.3 (CH), 64.7 (Ch), 66.2 (C), 126.9 (CH),
127.9 (CH), 128.3 (CH), 135.9 (C); IR (NaCl) 34560H), 2972.7 (C-H); MS
(CI), Wz (%) 161.2 (100), 121.2 (82), 179.2 (vH)" 60), 120.2 (16); HRMS
(CI) 179.1074 (GH150, requires 179.1072).
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[3-Methyl-3-(4-methyl-pent-3-enyl)-oxiranyl]-methanol: Epoxidation of
geraniol: was isolated as an orange ailp[=-2.1 (c =1, DCM); chiral GC
(Supelcou-Dex 120 column, oven temp. 100 for 2 mins, then 1C/min to
200°C tss= 26.99, kg = 27.46) showed 50% eb4 NMR (400 MHz, CDCY) §
1.20 (s, 3H), 1.40 (ddd,= 16.5 Hz, 9.2 Hz, 7.6 Hz, 2H), 1.55 (s, 3H), 1.62 (
3H), 2.02 (qJ = 7.6 Hz, 2H), 2.91 (dd]l = 6.8 Hz, 4.2 Hz, 1H), 3.62 (dd~=
12.1 Hz, 6.8 Hz, 1H), 3.77 (dd= 12.1 Hz, 4.2 Hz, 1H), 5.00 d,= 5.7 Hz,
1H). In accordance with literature data.

2.120

[3-Methyl-3-(4-methyl-pent-3-enyl)-oxiranyl]-methanol: Epoxidation of nerol:
was isolated as a pale yellow oil}§ + 7.3 (c = 1, CHG); the product was
converted into the trifluoroacetate derivative ®€ analysis; chiral GC
(SupelcoB-Dex 120 column, oven temp. 70 for 2 mins, then C/min to 200
°C tsr = 39.23, ks= 39.50) showed 20% e#4 NMR (400 MHz, CDC}J) § 1.27
(s, 3H), 1.33-1.46 (m, 2H), 1.55 (s, 3H), 1.623(d), 1.94-2.13 (m, 2H), 2.90
(dd,J= 6.8 Hz, 4.5 Hz, 1H), 3.75 (ddd= 11.7 Hz, 6.8 Hz, 4.5 Hz, 1H), 3.60
(ddd,J = 11.7 Hz, 6.8 Hz, 4.5 Hz, 1H), 5.00-5.06 (m, 1H).

In accordance with literature ddta.
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2.121

(3-1'sopropyl-2-phenyl-oxiranyl)-methanol: Epoxidation of alcoho?.24 was
isolated as a red/brown oil]p + 14.3 (c = 1, CHG); chiral GC (Supelc@-
Dex 120 column, oven temp. 130 for 2 mins, then ¥C/min to 200°C t(-) =
35.06, t(+) = 36.27) showed 46% éd;NMR (400 MHz, CDC}) 5 0.70 (d,J =
6.7 Hz, 3H), 0.92-0.99 (m, 1H), 0.96 (s, 3H), 1(BS, OH), 2.92-3.40 (m, 1H),
3.90 (s, 2H), 7.22-7.30 (m, 5HYC NMR (100.6 MHz, CDG)) 5 16.8 (CH),
18.8 (CH), 26.1 (CH), 63.6 (Ch}, 65.4 (C), 65.8 (CH), 125.7 (aromatic CH),
126.8 (aromatic CH), 127.2 (aromatic CH), 135.0. (C)

In accordance with literature ddfa.

=
.

2.48

(1-Oxa-spiro[ 2,5]oct-2-yl)-methanol: Epoxidation of alcohoR.25 was isolated
as a colourless oilia]p — 2.80 (c = 1, DCM); chiral GC (Supel@Dex 120
column, oven temp. 11% for 2 mins, then £C/min to 200°C t(-) = 18.37,
t(+) = 18.75) showed 37 % e#4 NMR (400 MHz, CDC)) § 1.41 (m, 8H),
1.60-1.72 (m, 2H), 2.92 (bs, OH), 2.90 (dds 6.9 Hz, 4.3 Hz, 1H), 3.63 (dd,
J= 12.1 Hz, 6.9 Hz, 1H), 3.79 (dd,= 12.1 Hz, 4.3 Hz, 1H)**C NMR (100.6
MHz, CDCL) 3 23.9 (CH), 24.5 (CH), 28.5 (CH), 34.4 (CH), 60.0 (CH2),
62.3 (CH), 63.1 (C).

In accordance with literature d&fa.
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(3-Benzyl-2-methyl-oxiranyl)-methanol: Epoxidation of alcoho2.23 was
isolated as a yellow oilp]p + 12.5 (¢ = 1, CBELCly); chiral HPLC (Chiracel IB;
0.75 mL/min; hexane/2-propanol 90:10, t(+) = 10#8) = 11.30) showed 56%
ee;'H NMR (400 MHz, CDC}) 6 1.34 (s, 3H), 1.77 (dd,= 8.5 Hz, 4.6 Hz,
OH), 2.80 (dd) = 14.7 Hz, 6.2 Hz, 1H), 2.89 (dd= 14.7 Hz, 6.5 Hz, 1H),
3.22 (t,J= 6.3 Hz, 1H), 3.52 (dd] = 12.3 Hz, 8.5 Hz, 1H), 3.63 (dd= 12.3
Hz, 4.5 Hz, 1H), 7.15-7.28 (m, 5H)'C NMR (100.6 MHz, CDG) & 14.5
(CHa), 34.7 (CH), 60.3 (CH), 61.3 (C), 65.3 (GH 126.7 (CH), 128.7 (CH),
128.8 (CH), 137.6 (C); IR (NaCl) 3446.2 (OH), 3@(epoxide-H), 2928.4 (C-
H); MS (EI),m/z (%) 91.0 (100), 103.0 (75), 121.1 (63), 78.0 (33)7.1 (31),
43.0 (23), 178.1 (M H)" 12); HRMS (EI) 178.0997 (GH140, requires
178.0994).

5.4 Acetylation of homoallylic alcohols:

General procedure for acetylation of homo-allylic alcohols:

Following a procedure by Watson efaEtN (2.70 mL, 19.04 mmol) was
added to a solution of alcohol (3.00 mL, 17.04 mnmodry DCM (15 mL) and
mixture was cooled over an ice bath. Acetic anldel(iL.80 mL, 19.04 mmol)
was then added and the resulting mixture was dtateoom temperature
overnight. The solution was transferred to a seépaydunnel and washed with
water (20 mL) and NaHC£)2 x 20 mL). Combined aqueous layers were then
extracted with DCM (20 mL). Combined organic extsagere then dried over
MgSO, and concentrated in vacuo.
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Geranyl acetate: Following the general procedure compown8@5was prepared
from geraniol (3 mL, 17.04 mmol) as a pale yelliguid (2.35 g, 70%)'H
NMR (400 MHz, CDCY) 6 1.54 (s, 3H), 1.60 (s, 3H), 1.63 (s, 3H), 1.973@),
1.95-2.07 (m, 4H), 4.52 (d,= 7.1 Hz, 2H), 4.99-5.04 (m, 1H), 5.27 4t 7.1
Hz, 1H);*C NMR (100.6 MHz, CDG) 5 16.4 (CH), 17.7 (CH), 21.0 (CH),
26.3 (CH), 26.6 (CH), 39.5 (CH), 61.4 (CH), 118.2 (CH), 123.4 (CH),
131.8 (CH), 142.2 (C), 171.1(C).

In accordance with literature d&ta.

P on
2.86

Neryl acetate: Following the general procedure, compo@86was prepared
from nerol (3 mL, 17.04 mmol) as a colourless li(.31 g, 69 %)*H NMR
(400 MHz, CDC}) 6 1.53 (s, 3H), 1.61 (s, 3H), 1.70 (s, 3H), 1.973@), 1.98-
2.08 (m, 4H), 4.48 (dd] = 7.2 Hz, 0.7 Hz, 2H), 4.98-5.05 (m, 1H), 5.29 (id;
7.3 Hz, 1.2 Hz, 1H)}*C NMR (100.6 MHz, CDG)) § 17.7 (CH), 21.1 (CH),
23.5 (CH), 25.7 (CH), 26.3 (CH), 32.2 (CH), 61.1 (CH), 119.1 (CH), 123.6
(CH), 132.2 (C), 142.7 (C), 171.1 (C).

In accordance with literature déta.
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Acetic acid hex-4-enyl ester: Following the general procedure, compowné?
was prepared from 4-hexen-1-ol (3 mL, 25.46 mmsla &olourless oil (2.59 g,
78%):*H NMR (400 MHz, CDCJ) & 1.51 — 1.65 (m, 5H), 1.94 — 1.99 (m, 5H),
3.98 (t,J = 6.70 Hz, 2H), 5.27 — 5.43 (m, 2HC NMR (100.6 MHz, CDG) &
16.7 (CH), 19.9 (CH), 27.4 (CH), 27.9 (CH), 63.0 (CH), 124.8 (CH), 128.9
(CH), 170.2 (C); IR (NaCl) 3023.8 (R-C=CH), 2939®H), 1741.4 (C=0),
1450.2 (C=C), 1041.4 (C-O); MS (Chyz (%) 143.2 ((M+ H)" 100), 101.2
(12), 83.2 (83), 69.1 (22); HRMS (Cl) 143.1063K=0, requires 143.1072).

Acetic acid 3-methyl-but-3-enyl ester: Following the general procedure,
compound2.93was prepared from 3-methyl-3-butene-1-ol (1 mB69mmol)
as a yellow oil (0.36 g, 28%)H NMR (400 MHz, CDC}) § 1.68 (s, 3H), 1.95
(s, 3H), 2.26 (t) = 6.9 Hz, 2H), 4.10 () = 6.9 Hz, 2H), 4.65 (s, 1H), 4.72 (s,
1H); **C NMR (100.6 MHz, CDG) 5 19.2 (CH), 20.8 (CH), 35.5 (CH), 61.2
(CHa), 110.8 (2 x CH), 140.5 (C), 169.5 (C); IR (NaB078.8 (R-C=CH),
2972.7 (C-H), 1734.7 (C=0), 1456.0 (C=C), 1044.30; MS (CI),m/z (%)
129.3 (M + H)" 100), 69.14 (93); HRMS (CI) 129.0911 450, requires
129.0916).

In accordance with literature d&ta.
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Geranylamine acetate: Following the general procedure, compo@i@bwas
prepared from geranylamine (0.5 mL, 2.70 mmol) gslw liquid (0.48g,
91%):*H NMR (400 MHz, CDCY) & 1.59 (s, 3H), 1.66 (s, 3H), 1.68 (s, 3H),
1.97 (s, 3H), 1.98 — 2.12 (m, 4H), 3.84)t 6.1 Hz, 2H), 5.07 () = 6.7 Hz,
1H), 5.19 (tJ = 6.7 Hz, 1H), 5.70 (bs, NH}*C NMR (100.6 MHz, CDG) 5
16.2 (CH), 17.7 (CH), 23.2 (CH), 25.7 (CH), 26.4 (CH), 37.6 (CH), 39.5
(CHyp), 119.9 (CH), 123.8 (CH), 131.7 (C), 139.9 (C)91B5(C); MS (Cl),m/z
(%) 196.5 ((M + H) 100), 195.5 (7); HRMS (CI) 196.1703 (E,;0N requires
196.1701).

In accordance with literature dafa.

W /T S
x X N
H

2.123

N-(3,7-Dimethyl-octa-2,6-dienyl)-4-methyl-benzenesulfonamide: A solution of
EtN (0.3 mL)in DCM (14 mL) was added toa stirred solution ofegg/lamine
(0.3 mL, 1.63 mmol) in ag. 2M NaOH (2 mL). The miset was cooled to @
and a solution of tosyl chloride (0.31 g, 1.63 mmoIDCM (9 mL) was added
dropwise over 30 mins. This was then allowed tomver room temperature
and was stirred for 12 h. The resulting mixture washed with 2M HCI (3 x
30 mL). Organic phase was dried over Mg®@d concentrated in vacuo to
give an orange oil (0.45g, 90%H NMR (400 MHz, CDCJ) & 1.45 (s, 3H),
1.49 (s, 3H), 1.59 (s, 3H), 1.80 — 1.95 (m, 4H352s, 3H), 3.48 (1) = 6.43
Hz, 2H), 4.38 (t) = 5.7 Hz, 1H), 4.90 — 5.00 (m, 2H), 7.23 J¢& 8.2 Hz, 2H),
7.70 (d,J = 8.2 Hz, 2H);*C NMR (100.6 MHz, CDG) & 16.3 (CH), 17.7
(CHa), 21.6 (CH), 25.7 (CH), 26.2 (CH), 39.3 (CH), 41.0 (CH), 118.6 (CH),
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123.7 (CH), 127.2 (aromatic CH), 129.8 (aromatic)CE31.9 (C), 137.1 (C),
141.0 (C), 143.4 (C); MS (Eliwz (%) 307.3 (M’ 8), 224.2 (11), 184.1 (56),
155.1 (61), 91.1 (100), 69.1 (74), 68.1 (33); HRED 307.1609 (&H250,NS
requires 307.1606).

In accordance with literature dafa.

5.5 Formation of allylic alcohols using Se@

General procedure for Selenium oxidation:

Following a modified procedure by Sheldon et’atBuOOH (1.20 mL, 14.31
mmol), Se@ (0.094 g, 085 mmol) and acetic acid (0.07 mL, In#%ol) were
stirred in DCM (13.2 mL) at room temperature for 3ns. Substrate alkene
(8.46 mmol) was then added and reaction mixture wtiged at room
temperature for 20 h. After removal of solventeduced pressure, the residue
was purified by column chromatography on silica @& x 3 cm) with a 2:1 or

4:1 petroleum ether-ethyl acetate mixture.

e

2.81

2-Phenyl-prop-2-en-1-ol: Compound.81was prepared from-methyl styrene
as a colourless oil (1.10 mL, 8.46 mmdbt NMR (400 MHz, CDCJ) 6 1.97
(bs, OH), 4.55 (s, 2H), 5.37 (s, 1H), 5.50 (s, 1H30-7.51 (m, 5H)**C NMR
(100.6 MHz, CDGJ) 6 64.9 (CH), 112.6 (CH), 126.1 (aromatic CH), 128.0
(aromatic CH), 128.6 (aromatic CH), 138.6 (C), BAL); IR (NaCl) 3375.8
(OH), 3058.6 (R-C=Ch), 2925.5 (C-H), 1632.5 (C=C); MS (Chyz (%)
135.19 ((M+ H)" 100), 117.17 (72), 69.11 (17); HRMS (CI) 135.08C3H,0
requires 135.0810).
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Acetic acid 8-hydroxy-3,7-dimethyl-octa-2,6-dienyl ester: Following a
procedure by Kato et &f,compound2.88 was prepared frotxBuOOH (0.60
mL, 7.15 mmol), selenium dioxide (0.005 g, 0.05 nmjmacetic acid (15.L,
0.26 mmol) and geranyl aceta2e85 (0.2 g, 3.85 mmol) as a colourless liquid
(0.098 g, 45%)*H NMR (400 MHz, CDC}) & 1.58 (s, 3H), 1.64 (s, 3H), 1.97
(s, 3H), 1.97-2.15 (m, 4H), 3.91 (s, 2H), 4.52Jd, 7.1 Hz, 2H), 5.24-5.32 (m,
2H); 3C NMR (100.6 MHz, CDG) § 13.7 (CH), 16.4 (CH), 21.2 (CH), 25.7
(CHp), 39.1 (CH), 61.4 (CH), 68.8 (CH), 118.4 (CH), 125.2 (CH), 135.3 (C),
141.8 (C), 171.3 (C).

In accordance with literature data.

2.89

(o

Acetic acid 8-hydroxy-3,7-dimethyl-octa-2,6-dienyl ester: Following a
procedure by Kato et &f,compound2.89 was prepared frotxBuOOH (0.60
mL, 7.15 mmol), selenium dioxide (0.005 g, 0.05 nmmacetic acid (15.L,
0.26 mmol) neryl acetat2.86(0.2 g, 3.85 mmol) as a colourless liquid (0.70 g,
32%): '"H NMR (400 MHz, CDCJ) 81.59 (s, 3H), 1.70 (s, 3H), 1.88 (s, 3H),
2.06-2.11 (m, 4H), 3.92 (s, 2H), 4.50 ®= 7.2 Hz, 2H), 5.26-5.35 (m, 2H);
3C NMR (100.6 MHz, CDG) & 12.6 (CH), 20.1 (CH), 22.4 (CH), 24.9
(CHy), 30.7 (CH), 60.2 (CH), 67.7 (CH), 118.5 (CH), 123.8 (CH), 134.6 (C),
140.9 (C), 170.2 (C).

In accordance with literature data.
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5.6 Asymmetric epoxidation in organic solvent:

General procedure for epoxidation in organic solvent:

Following a procedure by Malkov et Hligand2.1 (1.8 mol%) anditPrOxVO
(4.0puL, 20 umol) were dissolved in dry toluene (3 mL) undeiiteogen
atmosphere and the resulting deep brown solutiansivared at room
temperature for 30 mins. Allylic alcohol (1 mmolagithen added in one
portion and the mixture was stirred at room temipeeafor a further 10 mins
and then cooled to —2C. A 5M solution oft-BuOOH in nonane (0.3 mL) was
added and the mixture was stirred at 22®vernight. The solution was then
washed with water (10 mL), the aqueous phase waaated with DCM (3 x 20
mL), the combined organic extracts were dried d&g50, and concentrated in
vacuo to give a red oil. Purification of the prottuwas accomplished by
column chromatography on silica gel (15 x 3 cmhvet4:1 petroleum ether-
ethyl acetate mixture. The absolute configuratibthe epoxides were assigned
by comparison of their optical rotations with titerature data; the
enantiomeric excess was determined using chirallFBL.C or Europium

tris[3-(heptafluoro-propylhydroxymrthylene)-(+)-cahorate .

(2-Phenyl-oxiranyl)-methanol: Epoxidation of alcohoR.81 was isolated as a
red/brown oil; f]p = +7.1 (c = 1, DCM); chiral GC (SupelddDex 120
column, oven temp. 11%C for 2 mins, then £C/min to 200°C t(-) = 31.60,
t(+) = 33.12) showed 76% e#4 NMR (400 MHz, CDG)) & 1.99 (bs, OH),
2.75 (d,J = 5.3 Hz, 1H), 3.19 (dJ = 5.3 Hz, 1H), 3.93 (dJ = 12.6 Hz, 1H),
4.03 (d,J = 12.6 Hz, 1H), 7.20-7.34 (m, 5HYC NMR (100.6 MHz, CDG)) §
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50.2 (CH), 58.1 (C), 60.7 (Ch), 123.7 (CH), 125.9 (CH), 126.3 (CH), 137.1
©).

In accordance with literature data.

2.46

(3-Phenyl-oxiranyl)-methanol: Epoxide2.46was isolated as an orange solid
mp = 29 - 31°C: (petroleum ether/ethyl acetate)]{ + 10.2 (c = 1, DCM);
chiral HPLC (Chiracel I1B; 0.75 mL/min; hexane/2-pamol 95:5,4s = 23.70,
trr = 25.87) showed 66% e#4 NMR (400 MHz, CDCY) & 1.89 (ddJ= 7.0
Hz, 5.6 Hz, OH), 3.15 (dt)J = 3.9 Hz, 2.3 Hz, 1H), 3.73 (ddd~= 12.7 Hz, 4.8
Hz, 2.3 Hz, 1H)) , 3.86 (d,= 2.1 Hz, 1H), 3.70-3.78 (m, 1H)), 7.18-7.30 (m,
5H); **C NMR (100.6 MHz, CDG) & 54.5 (CH), 60.2 (Ch), 61.4 (CH), 124.7
(CH), 127.3 (CH), 127.5 (CH), 135.6 (C). In accarcawith literature dati.

O
0]
2.90

Acetic acid 5-(3-hydroxymethyl-3-oxiranyl)-3-methyl-pent-2-enyl ester:
Epoxide2.90was isolated as a red oit]p — 8.80 (c = 0.5, DCM); chiral
Europium tris[3-(heptafluoro-propylhydroxymrthylen@)-camphorate]
showed 50% eéH NMR (400 MHz, CDCY) & 1.21 (s, 3H), 1.65 (s, 3H), 1.58-
1.70 (m, 2H), 1.99 (s, 3H), 2.03-2.23 (m, 2H), 2(89 = 6.2 Hz, 1H), 3.50 (d,
J=12.2 Hz, 1H), 3.60 (dl= 12.2 Hz, 1H), 4.53 (d]= 7.0 Hz, 2H), 5.35 (1)

= 7.0 Hz, 1H);**C NMR (100.6 MHz, CDGJ) § 13.3 (CH), 15.4 (CH), 20.0
(CHa), 25.3 (CH), 35.1 (CH), 58.7 (CH), 60.0 (C), 60.2 (GH 64.3 (CH),
118.1 (CH), 140.0 (C), 170.1 (C).
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In accordance with literature dafa.

M
HO OAc
2.91

Acetic acid 4-(3-hydroxymethyl-3-methyl-oxiranyl)-but-1-enyl ester: Epoxide
2.91was isolated as a red oit]p — 6.40 (c = 0.25, DCM); chiral Europium
tris[3-(heptafluoro-propylhydroxymrthylene)-(+)-cahorate] showed 62% ee;
'H NMR (400 MHz, CDC}) § 1.22 (s, 3H), 1.55 — 1.69 (m, 2H), 1.72 (s, 3H),
1.98 (s, 3H), 2.17-2.23 (m, 2H), 2.96Jt 6.3 Hz, 1H), 3.52 (d] = 12.1 Hz,
1H), 3.60 (dJ = 12.1 Hz, 1H), 4.52 (d] = 7.3 Hz, 2H), 5.34 () = 7.3 Hz,
1H); **C NMR (100.6 MHz, CDG) 6 13.2 (CH), 20.0 (CH), 22.3 (CH), 25.6
(CHy), 27.7 (CH), 58.5 (CH), 59.9 (ChJ, 60.0 (C), 64.3 (Ch), 119.1 (CH),
140.2 (C), 170.1 (C). In accordance with literatda¢a®

o f b L

2.124

Acetic acid 3-[2-(3-hydroxymethyl-3-methyl-oxiranyl)-ethyl]-3-methyl-
oxiranylmethyl ester: m-CPBA (0.045 g, 0.26 mmol) was added portionwise
over 10 mins to a cooled ta’G solution of allylic alcoho2.88(0.05 g, 0.24
mmol) in DCM (4 mL). The reaction mixture was allesvto warm to room
temperature and was stirred for 3 h. Reaction maxivas then diluted with
DCM (50 mL), washed with a saturated solution afism thiosulfate (2 x 30
mL) and sat NaHC¢X3 x 30 mL). The combined aqueous layers were then
back-extracted with DCM (2 x 30 mL) and combinedanrics were then dried
over MgSQ and concentrated in vacuo to give a colourlesfdi18 g, 31%):
'H NMR (400 MHz, CDCJ) § 1.23 (d,J = 3.8 Hz, 3H), 1.27 (d] = 5.3 Hz,
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3H), 1.60 — 1.66 (m, 4H), 2.04 (s, 3H), 2.94 — J10Q 2H), 3.56 ()= 12.7
Hz, 2H), 3.97 (dtJ = 12.1 Hz, 6.5 Hz, 1H), 4.28 (ddd= 14.3 Hz, 12.2 Hz,
4.2 Hz, 1H).

One pot procedure for selenium oxidation followed by vanadium catal ysed

asymmetric epoxidation:

A 5-6 M solution oft-BuOOH in nonane (1.5 mmol) was added to dry taduen
(3 mL) followed by addition of solid Se0.1 mmol) and acetic acid (0.15
mmol). After stirring the resulting mixture for 30ins at room temperature,
substrate was added (1 mmol) and reaction mixtaestirred at room
temperature overnight. Chiral ligand (6 mol%) ard(@i-Pr); (2 mol%) were
then added to the mixture and stirring continuecafurther 30 mins. Then, the
reaction mixture was cooled to —2D and 5 - 6 M-BuOOH in nonane was
added (1.5 mmol). The mixture was stirred at 22@or 48 h. Then, the mixture
was allowed towarm to room temperature, quenchédwater (10 mL) and
extracted with DCM (3 x 25 mL). The combined orgagxtracts were dried
over MgSQ and concentrated in vacuo to give a red oil. Ration of the
products was accomplished by column chromatographsilica gel (15 x 3

cm) with a 4:1 mixture of petroleum ether-ethyltate. The absolute
configuration of the epoxide products was assignedomparison of their
optical rotations with the literature data; the i@neric excess was
determined using chiral GC, HPLC or Europium trigigptafluoro-
propylhydroxymrthylene)-(+)-camphorate.
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One-pot procedure for oxidation of compound 2.87:

(2-tert-Butyl-oxiranyl)-methanol: A 5-6 M solution oft-BuOOH in nonane (0.3
mL, 1.5 mmol), Se©(0.011 g, 0.1 mmol) and acetic acidu(8 0.15 mmol)
were added in succession to a solution of 2,3Betfiyl-1-butene (0.14 mL, 1
mmol) in dry toluene (4 mL), followed by additioh \6O(Oi-Pr); (4 pL,
20umol) and a second portion of 5-6tMBUOOH in nonane (0.3 mL, 1.5
mmol). The reaction mixture was stirred overnigito@m temperature. Then it
was quenched with water (10 mL) and extracted DM (3 x 15 mL).
Combined organic extracts were dried over Mg&@d concentrated in vacuo
to give the racemic product as a yellow oil. (0.8589%):*H NMR (400 MHz,
CDCl3) 3 0.9 (s, 9H), 2.74 (d] = 4.5 Hz, 1H), 2.82 (d] = 4.5 Hz, 1H), 3.70 (d,
J=12.1 Hz, 1H), 3.84 (d] = 12.1 Hz, 1H).

In accordance with literature dat.

5.7 Synthesis of chiral pyridines:

4.5

(+) Pinocarvone: Following a procedure by Bell et ®a solution of (4)-
pinene (10.4 mL, 66.6 mmol) in DCM (150 mL) was icjead with acetic
anhydride (6.3 mL, 66.6 mmol), pyridine (3.4 mL,44nmol), DMAP (2.17 g,
17.77 mmol) and TPP (5 mg, 0.009 mmol) turninggblkeition purple. Oxygen

was bubbled through the solution and a UV lamp (@4 provided the
irradiation. The process continued for 24 h to gv@ht brown solution. The

reaction mixture was diluted with DCM (50 mL) andshed with saturated
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NaHCG; until basic (3 x 50 mL). Then, the organic layerswvashed with 1M
HCI (2 x 30 mL) turning the solution green followetith washing with
saturated CuS£2 x 50 mL) and brine (2 x 50 mL). Organic layeasndried
over MgSQ and concentrated in vacuo to give a red/browi(8s49 g, 55.9
mmol, 83.9 %), which was used immediately in thetséep without further
purification:'H NMR (400 MHz, CDGC}) § 0.75 (s, 3H), 1.23 (d} = 10.3 Hz,
1H), 1.30 (s, 3H), 2.11 — 2.17 (m, 1H), 2.46 (@&, 19.2 Hz, 3.1 Hz, 1H), 2.57
- 2.66 (M, 2H), 2.70 (] = 5.8 Hz, 1H), 4.95 (s, 1H), 5.90 (s, 14} NMR
(100.6 MHz, CDGJ) 6 22.1 (CH), 25.9 (CH), 32.4 (CH), 38.5 (CH), 40.7 (C),
42.5 (CH), 48.2 (CH), 117.4 (Ch), 149.1 (C), 199.9 (C).

In accordance with literature data.

(+)-Pinocarvoxime: Hydroxylamine hydrochloride (1.39 g, 20.03 mmol)swa
added to a solution of pinocarvoaé (1.82 g, 12.11 mmol) in ethanol (30 mL)
and pyridine (0.9 mL) and the mixture was heatecttimix for 2h. This was
then immediately diluted with water (100 mL) andragted with DCM (3 x
100 mL). The combined organic extracts were wastigd1M HCI (2 x 100
mL) and water (100 mL), then dried over Mgshd concentrated in vacuo to
give a dark green oil (1.83 g, 11.08 mmol, 92 %)ich was used immediately
in the next step without further purificatiold NMR (400 MHz, CDCJ) § 0.70
(s, 3H), 1.10 (dJ = 10.1 Hz, 1H), 1.23 (s, 3H), 2.01 — 2.07 (m, 1HA3 — 2.49
(m, 1H), 2.51 (tJ = 5.7 Hz, 1H), 2.63 (dt] = 19.0 Hz, 3.0 Hz, 1H), 2.73 (dd,
= 19.0 Hz, 3.0 Hz, 1H), 4.66 (s, 1H), 5.52 (s, 15, NMR (100.6 MHz,
CDCl3) 6 21.1 (CH), 26.1 (CH), 29.1 (CH), 31.3 (CH), 37.7 (CH), 40.6 (C),
49.9 (CH), 108.2 (Ch), 145.4 (C), 154.7 (C).

In accordance with literature ddfa.
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5,10,10-Trimethyl-6-aza-tricyclo[7.1.1.0* Jundeca-2(7),3,5-triene-4-
carboxylic acid ethyl ester: Pinocarvoxime4.9 (1.38 g, 8.36 mmol), ethyl
acetoacetate (3.6 mL, 28.17 mmol) and 5% E€CQI07 g, 0.42 mmol) were
mixed together in a 50 mL round-bottom flask. Thixtare was heated under
vigorous stirring at 110C overnight. The reaction mixture was then tramefkr
to Kuglerohr apparatus and excess ethyl acetoacetat distilled off at 108C
under reduced pressure. The pure produttvas then distilled off bulb-to-bulb
at 175°C to give a pale yellow oil (1.28 g, 4.9 mmol, 59%hich was
sufficiently pure for the next step: Yellow oik]p + 17.8 (c = 1.0, DCM)*H
NMR (400 MHz, CDC}) 6 0.62 (s, 3H), 1.24 (d] = 9.7 Hz, 1H), 1.40 (t, 7.2
Hz, 3H), 1.41 (s, 3H), 2.28 — 2.33 (m, 2H), 2.7¢ {d= 9.7 Hz, 5.9 Hz, 1H),
2.72 — 2.76 (m, 3H), 3.11 (d,= 2.8 Hz, 2H), 4.36 (q] = 7.2 Hz, 2H), 7.71 (s,
1H); **C NMR (100.6 MHz, CDG)) 5 14.3 (CH), 21.3 (CH), 24.3 (CH), 25.9
(CHs), 32.0 (CH), 36.7 (CH), 39.5 (C), 40.0 (CH), 45.8 (CH), 61.0 (@H
122.2 (C), 134.9 (aromatic CH), 139.2 (C), 156.8 %9.9 (C), 167.0 (C); IR
(NaCl)v 2977.6 (C-H), 1717.3 (C=0) 1560.1 (C=C), 118€9Q); MS (EI),
m'z (%) 259.1 (M', 81), 244.1 (60), 216.1 (90), 215.1 (29), 172.4)(2A44.1
(56), 143.1 (12), 77.0 (11); HRMS (El) 259.1573:4&;NO, requires
259.1572).

0
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4.10

4-Ethoxycarbonyl-5,6,10,10-tetramethyl-6-azonia-tricyclo[ 7.1.1.0>“Jundeca-
2(7),3,5-triene triflate salt: Methyl triflate (0.2 mL, 1.7 mmol) was added to a
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solution of ester4.13 (0.3 g, 1.2 mmol) in DCM (1 mL) and the reaction
mixture was stirred for 1 h. The solvent was evapsat to give the pyridinium
salt4.10 as a pale yellow oil (0.35 g, 0.8 mmol, 72%) whighs used in the
next step without any further purificatiors]f 12.8 (c = 0.25, DCM)*H NMR
(400 MHz, CDC}) 5 0.6 (s, 3H), 1.34 () = 7.2 Hz, 2H), 1.38 (s, 3H), 1.45 (d,
J=10.4 Hz, 1H), 2.47 — 2.52 (m, 1H), 2.70 @t 10.4 Hz, 5.7 Hz, 1H), 2.95 —
3.01 (m, 4H), 3.22 (ddl = 19.0 Hz, 3.0 Hz, 1H), 3.42 (dd= 19.0 Hz, 3.0 Hz,
1H), 4.13 (s, 3H), 4.35 (d,= 7.2 Hz, 3H), 8.15 (s, 1H}*C NMR (100.6 MHz,
CDCl3) 8 14.0 (CH), 18.4 (CH), 21.1 (CH), 25.2 (CH), 30.3 (Ch), 34.8
(CHy), 38.9 (C), 39.3 (CH), 40.7 (CH), 46.3 (9H63.1 (CH), 128.6 (C), 140.8
(aromatic CH), 145.2 (C), 154.5 (C), 157.9 (C), X68C=0); IR (NaCl)v
3449.1 (aromatic C-H), 2961.2 (C-H), 1733.7 (C=0)75.3 (C=C), 1198.5 (C-
0) cm'; MS (FAB), miz (%) 274.2 (M, 100); HRMS (FAB) 274.1806
(C17H24NO; requires 274.1807).

4.13

5,10,10-Trimethyl-6-aza-tricycl0[7.1.1.0*"Jundeca-2(7),3,5-triene-4-car boxylic
acid: A 1M solution of KOH (9.5 mL) was added to a sadatiof ethyl ested.4
(2.2 g, 8.6 mmol) in ethanol (10.8 mL) and the migtwas heated at reflux for
2 h. The reaction mixture was then diluted with evafl00 mL), pH was
adjusted to 6.0 with 1M HCI followed by extractiwith DCM (3 x 50 mL).
Collected organic extracts were dried over Mg®@d evaporated in vacuo to
give crude4.13which was recrystallised from ethyl acetate toeghl3(1.1 g,
4.6 mmol, 53%) as pale yellow crystals: m.p = 14548 °C (ethyl acetate);
[a]p + 27.40 (c = 0.5, DCM)*H NMR (400 MHz, CDCJ) 5 0.69 (s, 3H), 1.31
(d,J =10 Hz, 1H), 1.48 (s, 3H), 2.20 (s, 2H), 2.42.502(m, 1H), 2.77 — 2.83
(m, 1H), 2.90 — 2.95 (m, 1H), 3.05 (s, 2H), 3.3.40 (m, 1H), 8.15(s, 1H}*C
NMR (100.6 MHz, CD(J) 6 21.4 (CH), 23.7 (CH), 25.9 (CH), 31.9 (CH),
36.1 (CH), 39.5 (C), 39.9 (CH), 45.8 (CH), 122.6 (C), 13GaBomatic CH),
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139.8 (C), 157.1 (C), 159.9 (C), 170.9 (C=0); IRn@) v 2935.1 (OH), 1698.0
(C=0); MS (El), 'z (%) 83.9 (100), 47.0 (31), 35.0 (13), 231.09°(M8);
HRMS (EI) 231.1256 (&H17NO, requires 231.1259).

4.14

5,10,10-Trimethyl-6-aza-tricycl0[7.1.1.0*"Jundeca-2(7),3,5-triene-4-car boxylic
acid(3,5-dimethyl-phenyl)-amide: N-methyl morpholine (0.6 mL, 5 mmol) and
methyl chloroformate (0.2 mL, 2.8 mmol) were susoesy added to a solution
of acid4.13(0.5 g, 2.2 mmol) in dry THF (5 mL). The mixtureasvstirred for 1
hour at room temperature. Then, 3,5-dimethyl aeili@®.3 mL, 3.6 mmol) was
added and the reaction mixture was stirred forrthéu 72 h at 46C. After this
time, the mixture was carefully diluted with waf@00 mL) and extracted with
DCM (2 x 70 mL). Combined organic extracts wereedrover MgSQ@ and
evaporated in vacuo to give crudid4 (0.7 g, 2.4 mmol). The resulting oil was
purified by column chromatography on silica gel (853 cm) with a 1:2
petroleum ether-ethyl acetate mixture to givé4 as pale a yellow solid (0.3g,
41%): m.p = 60 — 63C (petroleum ether/ethyl acetatey]d + 11.60 (c = 1,
DCM); *H NMR (400 MHz, CDC}) & 0.68 (s, 3H), 1.26 (d] = 9.6 Hz, 1H),
1.43 (s, 3H), 2.35 (s, 6H), 2.38 - 2.43 (m, 1H)®(s, 3H), 2.71 — 2.81 (m,
2H), 3.12 (s, 2H), 7.27 (bs, NH), 7.31 (s, 3H),2Z7(4, 1H);**C NMR (100.6
MHz, CDCLk) 5 21.4 (CH), 22.8 (CH), 26.0 (CH), 32.0 (GH 36.6 (CH), 39.5
(C), 40.1 (CH), 46.0 (CH), 117.7 (CH), 126.5 (CH), 128.4 (C), 131.5 (CH),
137.6 (C), 139.0 (C), 139.2 (C), 153.0 (C), 1584, (167.1 (C); IR (NaCly
3154.9 (NH), 1673.9 (amide C=0), 2932.2 (C-H), 185€=C) cni; MS (CI),
m'z (%) 335.3 ((M + H), 100), 334.3 (55), 164.2 (10); HRMS (CI) 335.2138
(C22H270N;, requires 335.2123).
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4.16

5,10,10-Trimethyl-6-aza-tricycl0[7.1.1.0*"Jundeca-2(7),3,5-triene-4-car boxylic
acid benzyamide: Compound4.16 was prepared from acid.13 (0.8 g, 3.5
mmol), N-methyl morpholine (0.9 mL, 8 mmol), methyl chlasamhate (0.4 mL,
4.5 mmol) and benzylamine (0.6 mL, 5.7 mmol) and @HF (7.5 mL). The
resulting oil was purified by column chromatograpdry silica gel (15 x 3 cm)
with a 1:2 petroleum ether-ethyl acetate mixturgit@ 4.16as pale a yellow oil
(0.3g, 0.8 mmol, 23%):0]p + 42.80 (c = 0.5, DCM)*H NMR (400 MHz,
CDCl3) 3 0.55 (s, 3H), 1.14 (d] = 9.6 Hz, 1H), 1.32 (s, 3H), 2.26 — 2.31 (m,
1H), 2.59 (s, 3H), 2.58 - 2.64 (m, 1H), 2.67Jt 5.7 Hz, 1H), 3.12 (s, 2H),
4.56 (d,J = 5.7 Hz, 2H), 6.0 (broad s, NH), 7.14 (s, 1HL77- 7.31 (m, 5H);
3C NMR (100.6 MHz, CDG) & 21.4 (CH), 22.7 (CH), 26.0 (CH), 32.0
(CHyp), 36.5 (CH), 39.5 (C), 40.1 (CH), 44.1 (GH 45.9 (CH), 127.8 (CH),
127.9 (C), 128.0 (CH), 128.9 (CH), 131.7 (CH), B7{C), 139.0 (C), 152.8
(C), 158.1 (C), 169.0 (C); IR (NaCiy 3437.5 (aromatic CH), 1655.6 (amide
C=0), 2934.2 (C-H), 1509.9 (C=C) &mMS (El), m/z (%) 320.2 (M', 100),
277.1 (75), 170.1 (27), 144.1 (35), 91.0 (90), 12.8) ; HRMS (EI) 320.1886
(C21H240N; requires 320.1889).

N N
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4.15

4-(3,5-Dimethyl-phenylcarbamoyl)-5,6,10,10-tetramethyl-6-azonia-
tricyclo[7.1.1.0>"Jundeca-2(7),3,5-triene triflate salt: Compound 4.15 was
prepared from amidd.14 (0.15 g, 0.45 mmol) and methyl triflate (0.08 mL,
0.68 mmol) in DCM (1 mL) to yield the quaternary rmonium salt4.15as a
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pale yellow solid (0.23 g, 99%): m.p = 255 — 2&8(ethyl acetate);o]p + 7.80

(c = 0.5, DCM):*H NMR (400 MHz, CDCJ) & 0.69 (s, 3H), 1.36 — 1.41 (m,
4H), 2.24 (s, 6H), 2.43 — 2.49 (m, 1H), 2.67 — 2@ 1H), 2.77 (s, 3H), 2.96
(t, J=5.7 Hz, 1H), 3.15 (dd] = 18.4 Hz, 2.8 Hz, 1H), 3.26 (dd,= 18.4 Hz,

2.8 Hz, 1H), 4.02 (s, 3H), 6.75 (s, 1H), 7.26 (8),27.77 (s, 1H);*C NMR

(100.6 MHz, CDGJ) 8 19.1, (CH3), 21.2 (CH), 21.4 (CH), 25.2 (CH3), &0.
(CH2), 34.4 (CH2), 39.2 (CHS3), 39.7 (C), 39.8 (CH&).3 (CH3), 117.9 (CH),
118.7 (C), 121.9 (CH), 136.3 (C), 137.5 (C), 13&8, 139.0 (CH), 145.9 (C),
150.0 (C), 154.6 (C), 163.1 (C); IR (Na®IB269.7 (NH), 1681.6 (amide C=0),
1563.0 (C=C); MS (FAB)Wz (%) 349.4 (M, 100), 348.4 (60), 305.3 (25),
201.7 (37), 159.0 (13); HRMS (FAB) 349.227344,50N, requires 349.2280).

4.17

4-Benzylcarbamoyl-5,6,10,10-tetramethyl-6-azonia-tricyclo[ 7.1.1.0>"Jundeca-
2(7),3,5-triene triflate salt: Compound4.17was prepared from amide16 (0.2

g, 0.6 mmol) and methyl triflate (0.1 mL, 0.8 mmoi)DCM (4 mL) to yield
the ammonium sald.17 as a yellow oil (0.3 g, 99%)u]p + 34.8 (c = 0.5,
DCM); *H NMR (400 MHz, CDCJ) & 0.64 (s, 3H), 1.38 — 1.40 (m, 1H), 1.39
(s, 3H), 2.45 (s, 1H), 2.65 (s, 3H), 2.65 - 2.72 {id), 2.91 - 2.96 (m, 1H), 3.10
(d,J=18.4 Hz, 1H), 3.25 (dl = 18.4 Hz, 1H), 3.98 (s, 3H), 4.50 05 5.7 Hz,
2H), 7.18-7.35 (m, 5H), 7.70 (s, 1H), 8.48 (broadHs); **C NMR (100.6 MHz,
CDCl) 6 17.8 (CH), 20.1 (CH), 24.2 (CH), 29.5 (CH), 33.2 (CH), 37.9
(CH), 38.2 (CH), 38.5 (C), 42.9 (GH 45.1 (CH), 126.8 (CH), 126.9 (CH),
127.7 (CH), 135.0 (C), 136.4 (C), 137.9 (CH), 14429, 149.1 (C), 153.3 (C),
164.2 (C); IR (NaClp 3295.8 (NH), 1664.3 (amide C=0), 1475.3 (C=C); MS
(Cl), m'z (%) 335.2 (M, 3), 321.2 (100); HRMS (CI) 335.2124 48,,0N,
requires 335.2123).
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(+) Nopinone: Following a procedure by Malkov et #la solution of €)-p-
pinene4.18(17.2 mL, 108.60 mmolh a mixture of methanol (30 mL) and
DCM (30 mL) was cooled to —7& in a 3-neck round bottomed flask. Ozone,
was bubbled through the solution by means of @sigiass-ended tube for 20
h, while maintaining the same temperature, unéltitue colour persisted. The
reaction progress was monitored by TLC (95:5 petnal ether/ethyl acetate).
After completion, nitrogen was bubbled through riés&ction mixture for 30
mins, and it was allowed to warm td0. Zinc powder and acetic acid were
than added carefully in small portions &®over a 1 h period. (Caution!
Reaction mixture tends to foam so effective stigiimrequired.) The resulting
suspension was filtered and the solid materialweashed with DCM
repeatedly. The organic layer was carefully washig saturated aqueous
NaHCG; solution. The aqueous layer

was extracted with DCM (3 x 60 mL). The combinegamic extracts were
washed with water (3 x 100 mL) and dried over Mg®@d the solvent was
evaporated in vacuo to give crude nopindri (14. 4 g, 104 mmol, 96%) as a
colourless liquid, which was used without furtherification: *H NMR (400
MHz, CDCk)  0.80 (s, 3H), 1.28 (s, 3H), 1.55 (t 10.1 Hz, 1H), 1.87 - 2.07
(m, 2H), 2.18 - 2.24 (m, 1H), 2.27 - 2.35 (m, 18M46 - 2.61 (m, 3H)>C
NMR (100.6 MHz, CDCJ) 6 21.2 (CH), 21.5 (CH), 25.2 (CH), 25.9 (CH),
32.8 (CH), 40.2 (CH), 41.2 (C), 57.9 (CH), 214. 9 (C=0); NH), m/z (%)
138.1 (M, 36), 123.1 (38), 95.0 (79), 83 (100), 39.1 (6HRMS (EI) 138.1036
(CyH140 requires 138.1035).

In accordance with literature ddth.
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(+) 3-Hydroxymethylene-6,6-dimethyl-bicyclo[ 3.1.1]heptan-2-one: Following

a procedure by Kwong et dla solution of ethyl formate (7.3 mL, 90.3 mmol)
in toluene (7.5 mL) was added to a suspension @Ni&a (4.9 g, 90.3 mmol) in
toluene (45 mL) under Ar. The reaction mixture waged for 5 mins at room
temperature. A solution of nopinod€l9(4.16g, 30.1 mmol) in dry toluene (7.5
mL) was added and the mixture was stirred overrag86°C. (Caution!
Reaction mixture solidified, so an extra 20-30 nildky toluene was added)
The reaction mixture was quenched with water (50,rfle agueous phase was
separated and the organic phase was extracted MitdaOH solution (2 x 50
mL). The combined aqueous extracts were acidibgaH 1 with concentrated
HCI, then extracted with DCM (3 x 50 mL). The DCMtmacts were dried over
MgSO, and the solvent was evaporated in vacuo to giweezt.20as a yellow
solid (4.3 g, 25.9 mmol, 86%), which was used witHarther purification’H
NMR (400 MHz, CDCY4) 6 0.93 (s, 3H), 1.34 (s, 3H), 1.42 (b= 10.4 Hz, 1H),
2.24 - 2.29 (m, 1H), 2.47 @,= 5.4 Hz, 1H), 2.51 - 2.60 (m, 3H), 7.2 (s, 1H),
13.35 (bs, OH)**C NMR (100.6 MHz, CDG)) 5 22.1 (CH), 26.0 (CH), 26.2
(CHg), 27.4 (CH), 39.5 (CH), 40.0 (C), 54.6 (CH), 107.1 (C), 16@kene

CH), 209.5 (C=0); MS (Clyz (%) 167.2 (M, 100), 153.2 (15) ; HRMS (CI)
167.1069 (GoH150; requires 167.1072)

In accordance with literature ddfa.

(+) 6,6-Dimethyl-3-methylene-bicyclo[3.1.1]heptan-2-one:  Following a
procedure by Kwong et &t aldehydet.20(4 g, 24.1 mmol) was mixed together
with 37% formaldehyde (27.3 mL), water (24.1 mLigtdyl ether (56 mL) and
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potassium carbonate (8.03 g). The mixture wasestitmder reflux overnight
under a nitrogen atmosphere. The organic phases&mEated and the aqueous
layer was extracted with DCM (3 x 50 mL). The condad organic extracts
were washed with 1M NaOH ( 2 x 50 mL), then wag (nL) and dried over
MgSQO.. The solvent was evaporated in vacuo to gh&l as a yellow liquid
(2.8 g, 18.7 mmol, 78%), which was used withouttfer purification:*H NMR
(400 MHz, CDC}) 6 0.8 (s, 3H), 1.29 (s, 3H), 1.37 @z 10.2 Hz, 1H), 2.14 -
2.2 (m, 1H), 2.49 - 2.56 (m, 2H), 2.6 - 2.73 (m,)16131 (s, 1H), 6.24 (s, 1H);
¥C NMR (100.6 MHz, CDG) & 21.6 (CH), 26.2 (CH), 26.9 (CH), 30.4
(CHyp), 39.2 (CH), 41.0 (C), 55.8 (CH), 122.5 (alkene;H40.6 (C), 202.7
(C=0); MS (El),m/z (%) 150.1 (M, 77), 135.1 (73), 95 (79), 83 (100), 41.1
(69), 39.1 (35).

In accordance with literature ddfa.

4.22

(-)4,10,10-Trimethyl-3-aza-tricyclo[ 7.1.1.0%"Jundeca-2(7),3,5-triene-5-
carboxylic acid ethyl ester: o,B-unsaturated compourti21 (0.5 g, 3.3 mmol)
was added to a solution of ethyl acetoacetate (A5 3.9 mmol) and
ammonium acetate (0.26 g, 3.3 mmol) in acetic gciohL) and toluene (5 mL).
The mixture was heated at reflux overnight. Theultesy mixture was then
diluted with DCM (50 mL), washed with NaHG@3 x 20 mL), water (1 x 20
mL), dried over MgS®and evaporated in vacuo. The residue was trapsféor
Kuglerohr apparatus and excess ethyl acetoacetdeaemoved under reduced
pressure at 100C and then the pure produét22 was distilled bulb-to-bulb
under vacuum at 20%C to give a yellow oil (0.43 g, 1.7 mmol, 50%)]4 —
22.30 (c = 1, DCM)’H NMR (400 MHz, CDCJ) & 0.59 (s, 3H), 1.19 (d] =
9.8 Hz, 1H), 1.33 (t) = 7.1 Hz, 3H), 1.35 (s, 3H), 2.24 - 2.29 (m, 1RiH4 (dt,
J=9.8 Hz, 5.8 Hz, 1H), 2.70 (s, 3H), 2.89 (s, 2H¥3 (t,J = 5.5 Hz, 1H), 4.29
(q,J = 7.1 Hz, 2H), 7.86 (s, 1H}*C NMR (100.6 MHz, CDG)) § 14.3 (CH),
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21.2 (CH), 25.0 (CH), 26.0 (CH), 30.5 (CH), 30.7 (CH), 39.1 (CH), 40.0
(C), 50.4 (CH), 60.9 (CB), 123.1 (C), 127.2 (C), 137.3 (aromatic CH), 155.9
(C), 167.0 (C), 169.2 (C=0); IR (NaG})2977.6 (C-H), 1717.3 (C=0), 1560.1
(C=C), 1157.1 (C-O) cily MS (CI), mz (%) 260.2 (M, 100), 216.2 (13);
HRMS (CI) 260.1649 (GH»:NO, requires 260.1651).

(+) 10,10-Dimethyl-5-phenyl-6-aza-tricyclo[7.1.1.0>"Jundeca-2(7),3,5-triene-
4-carboxylic acid ethyl ester: A solution of pinocarvond.5 (0.3 g, 1.99 mmol)
ethyl benzoyl acetate (0.41 mL, 2.34 mmol) and amom acetate (0.15 g,
1.99 mmol) in toluene (3 mL) and acetic acid (0l6)mvas heated at reflux
overnight. The mixture was then diluted with DCM (&L), washed with
NaHCG; (3 x 20 mL), water (1 x 20 mL), dried over Mg5énd evaporated to
give a red/brown oil, which was then transferre&tglerohr apparatus and
after bulb-to-bulb distillation under vacuum at 2&Dafforded pure product
4.31as a yellow oil (0.27 g, 0.85 mmol, 42%]4 + 29.0 (c = 1.0, DCM)*H
NMR (400 MHz, CDC}) 6 0.62 (s, 3H), 0.95 (t] = 7.1 Hz, 3H), 1.23 (d] =

9.8 Hz, 1H), 1.38 (s, 3H), 2.33 (septuplkt; 2.9 Hz, 1H), 2.66 (df = 9.8 and
5.7 Hz, 1H), 2.80 () = 5.7 Hz, 1H), 3.12 (] = 2.8 Hz, 2H), 4.04 (g1 = 7.1
Hz, 2H), 7.31 - 7.36 (m, 3H), 7.44 (dd, 1.6 Hz &l Hz, 2H), 7.56 (s, 1H);
3C NMR (100.6 MHz, CDG)) § 12.6 (CH), 20.4 (CH), 24.9 (CH), 30.9
(CHy), 35.9 (CH), 38.5 (C), 39.1 (CH), 45.0 (CH), 60.2 (¢H122.8 (C), 127.2
(aromatic CH), 127.5 (aromatic CH), 133.2 (arom@tit), 139.1 (C), 139.7
(C), 155.4 (C), 158.6 (C), 167.6 (C=0); IR (Na€R036 (C-H), 1714 (C=0),
15.52 (C=C), 1163 (C-0O); MS (Elx/z (%) 321.1 (M’, 100), 278.1 (48), 248.1
(23), 204.1 (20), 77.0 (9);HRMS (EIl) 321.1725{d,3NO, requires 321.1729).
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(+) 4-Ethoxycarbonyl-6,10,10-trimethyl-5-phenyl-6-azonia-

tricyclo[7.1.1.0>"Jundeca-2(7),3,5-triene triflate salt: Compound4.32was
prepared from ester.31(0.09 g, 0.28 mmol) and methyl triflate (0.05 ndL41
mmol) in DCM (0.5 mL) to give the pyridinium sa&t32as a thick white oll
(0.086 g, 0.19 mmol, 68%)a]p + 22.1 (c = 1, DCM)H NMR (400 MHz,
CDCl3) 6 0.82 (s, 3H), 0.96 (1 = 7.4 Hz, 3H), 1.52 (s, 3H), 1.77 @= 10.6
Hz, 1H), 2.58 - 2.7 (m, 1H), 2.85 (dt= 10.5 and 5.7 Hz, 1H), 3.17 {t= 5.7
Hz, 1H), 3.34 (ddJ = 19.0 and 2.3 Hz, 1H), 3.73 (dbiz 19.2 and 3.1 Hz, 1H),
4.01 (s, 3H), 4.07 (gl = 7.1Hz, 2H), 7.41 (d] = 8.3, 1H), 7.55 - 7.71 (m, 3H),
7.67 - 7.71 (m, 1H), 8.21 (s, 1HYC NMR (100.6 MHz, CDG) § 12.4 (CH),
20.4 (CH), 24.2 (CH), 28.9 (CH), 33.6 (CH), 38.1 (C), 38.2 (CH), 41.4
(CHs), 45.6 (CH), 61.6 (CbJ, 127.4 (aromatic CH), 127.9 (aromatic CH), 128.2
(aromatic CH), 128.3 (aromatic CH), 128.6 (C), B2@&romatic CH), 130.3
(C), 139.5 (aromatic CH), 146.2 (C), 152.4 (C), B5C), 162.2 (C=0); IR
(NaCl)v 2927.6 (C-H), 1638 (C=0); MS (FAB)z (%) 336.2 (M’, 100),
307.1 (16), 155.0 (58), 137.2 (36); HRMS (FAB) 33567 (G2H26NO;
requires 336.1964).

O O

AO%O&
N

H
3.3

2,6-Dimethyl-1,4-dihydro-pyridine-3,5-dicarboxylic acid diethyl ester:
Following the procedure of Perumal ef&hqueous formaldehyde (0.09 mL,
3.33 mmol), ethyl acetoacetate (0.85 mL, 6.66 mranf) ammonium acetate

(0.26 g, 3.33 mmol) in ethanol (10 mL) were placed conical flask and
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subjected to microwave irradiation for 45 secomda domestic microwave
oven with a pulse of 15 seconds each and then edlaw stand at room
temperature. The Hantzsch es368was then separated by filtration to give a
yellow solid (0.27 g, 0.9 mmol, 279} NMR (400 MHz, CDCJ) § 1.21 (t,J
=7.1 Hz, 6H), 2.10 (s, 6H), 3.20 (s, 2H), 4.10X&,7.1 Hz, 4H), 5.05 (bs, 1H)

In accordance with literature ddfa.

General procedure for Na,S,0,4 reductions:

Following the procedure of Combret ef apyridinium salt (0.05 g, 0.11 mmol)
was dissolved in degassed ethyl acetate (0.25 Agplution of NaHCQ
(0.05g, 0.55 mmol) in degassed water (0.45 mL)at £0°C was added to the
mixture under argon in the dark. Then, a solutibN&S,0, (0.15 g, 0.88
mmol) in degassed water (0.45 mL) was added drapwith stirring. After 1h
(or overnight) the mixture was extracted with DCB/x(20 mL) and the organic
phase was washed with water (30 mL), dried, comatstt and the crude

dihydropyridine was stored under argon in the dark.

General procedure for borohydride reductions:

Following a procedure of Vasse efaNaBH;, (0.033g, 0.88 mmol) was added
in small portions to a solution of ester salt (0g)®.11 mmol) in ethanol (1
mL) at 0°C under argon in the dark. The mixture was stietecbom
temperature for 1h (or overnight). Then, the reerctnixture was quenched
with degassed water and extracted with DCM (3 x20Q, washed with water
(30 mL), dried, concentrated and stored in the dark

General procedure for silane reduction:

Triethylsilane (0.03 mL, 0.17 mmol) was added sohution of ester salt
(0.05¢g, 0.11 mmol) in toluene (1 mL) and was heate@flux overnight. The
reaction mixture was then diluted with DCM (50 miwashed with water (30

mL), dried and concentrated.
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General procedure for Hantzsch ester reduction:

Hantzsch ester (0.03g, 0.11 mmol) was added tdusico of salt (0.05g, 0.11
mmol) in DCM (1 mL) and stirred at room temperat(oe60°C) for 2.5h (or
overnight). The reaction mixture was then dilutathioCM (50 mL), washed

with water (30 mL), dried and concentrated.

4.33

10,10-Dimethyl-4-oxo-3-aza-tricyclo[ 7.1.1.0>"Jundeca-2(7),5-diene-5-
carbonitrile: Following the procedure by Baxendale et*al,,3- dicarbonyl
compound (0.44 g, 2.67 mmol) and piperidine (0.10) were added to a
solution of cyanoacetamide (0.22 g, 2.67 mmol)thmaeol (0.9 mL) and water
(0.9 mL) and the mixture was heated at “85 overnight. After cooling the
reaction mixture, ethanol was removed under redymedsure. The agueous
residue was extracted with DCM (3 x 20 mL), the bored organic layers were
dried over MgS@ and the solvent was remover under reduced pressuige
4.33as a brown oil which was recrystallised from etioegive an orange/brown
powder (0.108g, 20%fH NMR (400 MHz, CDC}) § 0.80 (s, 3H), 1.42 (dl =
9.7 Hz, 1H), 1.49 (s, 3H), 2.36 - 2.41 (m, 1H),£:72.85 (m, 4H), 6.09 (bs,
NH), 8.45 (s, 1H)*C NMR (100.6 MHz, CDG) & 21.1 (CH), 25.8 (CH),
29.3 (CH), 30.4 (CH), 39.8 (C), 40.2 (CH), 45.7 (CH), 112.6 (C), 1163,
145.9 (aromatic CH), 159.2 (C), 162.9 (C), 166.; (@S (CI), m'z (%) 215.2
((M + H)" 100), 178.2 (10) ); HRMS (Cl) 215.1187 16815N,O requires
215.1184).

In accordance with literature ddt.
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4.34

4-Chloro-10,10-dimethyl-3-aza-tricyclo[ 7.1.1.0%"Jundeca-2(7),3,5-triene-5-
carbonitrile: Following the procedure of Nishikawa etk mixture of
pyridone (0.108 g, 0.51 mmol) and phosphorous péidade (0.106g, 0.51
mmol) were heated in DCM (2 mL) at reflux for 1htkvstirring. The mixture
was then poured into 5 mL of ice water. The soluti@s adjusted to pH 7 with
NaHCG; and extracted with DCM (3 x 15 mL). The combinetr&cts were
then dried over MgS£and the solvent was removed under reduced pressure
give an orange solid which was then recrystallfsech ether to givel.34as a
yellow/orange solid (0.046 g, 39%H NMR (400 MHz, CDCY) § 0.70 (s, 3H),
1.28 (d,J= 9.9 Hz, 1H), 1.39 (s, 3H), 2.27 (bs, 1H), 2.63752(m, 3H), 2.90

(t, J=5Hz, 1H), 7.60 (s, 1H).
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Appendix: Publication



