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Abstract

Herein, we report the results of research contipirevious succe'ss the field of enantioselective
organocatalytic reduction of imines with trichloilage. Syntheses of various precursors (ketoned) an
substrates (imines) for the reduction reaction & reduction following the protocol (Scheme Adre

described in this thesis.
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Scheme AlEnantioselective Reduction of Imines with Triclisitane and Sigamide Organocatalyst

1. Aromatic heterocycles containing nitrogen— good yields of the reduced product (68-85 %@ th
enantioselectivity depended on steric bulk in pmity to the nitrogen, steric bulk improved the
enantioselectivity (up to 78 % ee), probably duthtearting the coordination of the nitrogen to HRIC
Aromatic heterocycles containing sulfur— sulfur in the ring was tolerated well (89 % ee).

3. Aromatic heterocycles containing oxygen- generally good yields (62-90 %), dependenceasitipn
isomer was observed: furan-2-yl-derived substrate® reduced in moderate enantioselectivity (45-85
% ee), possibly due to the problem of coordinatiangontrast, furan-3-yl derivatives were reduced i
good enantioselectivity (77-91 % ee).

4. Non-heterocyclicaromatic or aliphatic — good yields (62-98 %) but varied enantiomericess (10-97
%). The high enantioselectivity values (76-97 % weje for substrates with significacontrast of the

steric hindranceof the groups next to the reaction centre.

Furthermore, an example of practical utilisationtieé method is presented. Naturally occurring
alkaloid N-acetylcolchinol was synthesised in 9 steps and overall 8 % yietth¢®e A2). The stereogenic

centre was introduced using our method and affotdediesired enantioenriched amine in 96 % ee.

O

HO. o7 OMe OMe
+
OMe AcHN

96 % ee OMe N-Acetylcolchinol (96 % ee)

Scheme A2 Synthesis oN-Acetylcolchinol Applying the Method

I. (@) Malkov, A. V.; Mariani, A.; MacDougall, K. NKogovsky, P.Org. Lett.2004 6, 2253; (b) Malkov, A.
V.; Stortius, S.; MacDougall, K. N.; Mariani, A.; McGeoch, B.; Kotovsky, P.Tetrahedron2006 62,
264; (c) Malkov, A. V.; Stotius, S.; K&ovsky, P.Angew. Chem. Int. EQ007, 46, 3722; (d) Malkov, A.
V.; Figlus, M; Stogius, S. K&ovsky, P.J. Org. Chem2007, 72, 1315.
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Abbreviations and Acronyms

Ac Acetyl

ACh Acetylcholine

AcOH Acetic acid

BArg Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
Bn Benzyl

Bs Besyl, benzenesulfonyl

Bu Butyl

CAN Cerium(IV)-ammonium nitrate

Cat, cat* Catalyst, chiral catalyst

CIp Cahn-Ingold-Prelog (for nomenclature purppses
Cy Cyclohexyl

DDQ 2,3-Dichloro-5,6-dicyanobezoquinone
de Diastereomeric excess

DET Diethyl tartrate

DKR Dynamic kinetic resolution

DMF Dimethylformamide

DMSO Dimethylsulfoxide

DPP Diphenyl phosphate

E° Standard reduction potential [V]

EDG Electron donating group

ee Enantiomeric excess

Et Ethyl

EWG Electron withdrawing group

Glf Glucofuranose

Hex Hexyl

HMPA Hexamethylphosphoramide

HSD Hydroxysteroid dehydrogenase

i-, isO- Isomeric (branched alkyl chain)

L, L* Ligand, chiral ligand

LA, LA* Lewis acid, chiral Lewis acid

LB, LB* Lewis base, chiral Lewis base

Leu Leucine

M Metal

Me Methyl

MeCN Acetonitrile

mes Mesityl; 2,4,6-trimethylphenyl

n, n* nonbonding occupied orbital (electron pair), honding vacant orbital
n- Normal (linear alkyl chain)

NAC N-Acetylcolchinol



Napht
Nu
OAB
[ox]
PCC
PDC
Pent
Ph

pH
PIDA
PIFA
PKa
PMP
PNP
PTMP
Pr
Pro
T, T
[red]

S, Sec
0,0
TBHP
t-, tert-
TBDMS
TCCA
TFA
TFAA
TFAC
TfOH
Tf,0
THP
TIPS
TMS
TOF

p-Tol
TON

Tr
TS

Naphthyl

Nucleophile

Oxazaborolidine

Oxidising agent, oxidation, oxidative conditis

Pyridinium chlorochromate

Pyridinium dichromate

Pentyl

Phenyl

Negative logarithm of the hydrogen cation &tyiin aqueous solutions
Phenyliodonium diacetate

Phenyliodonium bis(trifluoroacetate)

Negative logarithm of the acid dissociation cansi,
p-Methoxyphenyl

p-Nitrophenyl

p-Trifluoromethylphenyl

Propyl

Proline

pi bonding orbital, pi antibonding orbital (migte bond)
Reducing agent, reduction, reductive condii

Secondary (branched alkyl chain)

sigma bonding orbital, sigma antibonding orb{tahgle bond)
tert-Butyl hydroperoxide

Tertiary (branched alkyl chain)

tert-Butyldimetylsilyl

Trichlorocyanuric acid

Trifluoroacetic acid

Trifluororacetic acid anhydride

Trifluoroacetyl

Trifluoromethanesulfonic acid

Trifluoromethanesulfonic acid anhydride
Tetrahydropapaverine (note the unusual useeofcronym)
Trifso-propyl)silyl

Trimethylsilyl

Turn-over frequency T$ (number of moles of formed product per mole ahbzst
per unit of time)

p-Toluyl, p-methylphenyl

Turn-over number (number of moles of formeddurct per mole of catalyst before
becoming inactive)

Trityl, triphenylmethyl

Transition state, transition structure
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1. Introduction

1.1.Development of Asymmetric Synthesis

1.1.1. Chirality

The roots of the termchirality go back to the nineteenth century when
stereochemistrnacquired serious scientific base after severaliske discoveries. The
pioneer in stereochemistry was certainly the Frendbrobiologist and chemist.
Pasteur' who had done an extensive research on tartaric both isolated from wine lees
and prepared synthetically and he noticed thatldtter one did not rotate the plane of
polarised light as the natural did. He microscaprcaxamined the crystals of sodium-
ammonium tartrate and observed that it was a nextfrtwo types of crystals, in all
aspects identical except that they were mirror iesagf each other. He used the terms
desymmetrisationr asymmetridor this and similar phenomena. 1848 he separated the
crystals manually and recorded that the polarisabb each type is the same but of
opposite orientation and apparently, equal amodirtoth of them (one being natural)
would give overall zero polarisation effect. Higpeximents in this field continued853—
first separation of a racemate by diastereomerystallisation, 1858 — first racemate
separation by fermentatioRénicillium glaucum

The year 1874 brought the real breakthrough in understanding stereo-
arrangements on saturated carbon. Two chemisButchn J. H. van't Hoff? and a French
J. A. Le Bef — postulated independently that the four groupsded to the central carbon
atom point into the corners of a regular tetrahedrdhis discovery was highly
controversial, because it codd simplyvisualise the relation between optical activitylan

the structure!

Chiral objects which are mirror images of each p#re callecenantiomorphicand
they are a part of our everyday life [e.g. handsws, scissors, cars or roads; Greledir
(xeyp) meanshand. The fact that they cannot be superimposed dméar mirror images
provides sufficient definition for what is a chirabject or molecule. The adjectieéiral
only refers to the property of the molecule havangtereogeniceelement If a compound
has more than one stereogenic element, it can agigither ofenantiomersor one of

diastereoisomer@hese are no longer mirror images to each otfiég.number of possible
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diastereomers is given by, 2vheren is the number of stereogenic centres in the midecu
A molecule it is said to bprochiral if it can be converted into a chiral molecule imeo
step — typically, an $ghybridised carbon bearing three different substits that is
transformed to an $mentre or an spcarbon with two identical substituents where a

change to one of these substituents leads to al doimpound.
1.1.2. Milestones in Asymmetric Synthesis

From the time when alchemy evolved into an acceedgcience of chemistry,
synthetic methods were focused mostlykanlding simple or more complex structures.
When these synthetic tools together with strucalueidation methods improved enough,
the accumulated synthetic and stereochemical krigelef 19" century brought up one of
the greatest questions in chemistry — howséb up a stereogenic centrén the target
molecule, and how taontrol this process The human desire to exploit contemporary
understanding and specialise for more delicatéstras led to the development of several

synthetic methods for obtaining a stereocentréemolecule.

Enantiopure Compounds - Setting up 1 Stereocentre

Chiral Pool Prochiral Substrates Racemates
Derivatisation Asymmetric Synthesis Resolution
Stoichiometric Catalytic Dynamic Kinetic Diastereomer Formation
Chiral Auxiliary Enzymatic Chemical Separation

Figure 1.1.Possible ways of Setting-up One Stereocentre

There are three main approaches (Figure 1.1) yigldhiral compounds, by using:
- chiral pool, usually common natural product@asno acids or sugars,

- prochiral substrates usedadsymmetricr stereogeniceactions,

- optical resolution of racemic mixtures.

12



Nowadays, most of the reactions yielding chiral eniat are either manipulations
of chiral pool or planning the synthesis enantiesélely’ Use of chiral pool is the
simplest way how to acquire a chiral centre atré@aaly present in the starting material and

only stereochemically unambiguous conversiorare suitable to transform it:

1. Mechanism controlled reactiorsunambiguous reaction mechanisms:
- S\2 displacements,
- &2 displacements,
- &2’ displacements,
- Wagner-Meerwein type [1,2]-migrations,

- sigmatropic rearrangements ([3,3]-Claisen, C@p8&]-Wittig, etc.).

2. Substrate controlled reactionsin general, rigid cyclic substrates exhibit bette
controlling properties:
- active via non-covalent interactions on one ef diestereotopic faces,
- passive via steric shielding of one of the dissbtopic faces,
- enhanced via cyclic TS.

Reactions of two prochiral starting materials affdwo (enantiomeric) pairs of

diastereomers in a reaction-specific ratio, no g@aeontrol can be achieved:

3. Substrate and reagent controlled reactienswo stereogenic centres are formed
from prochiral (sp) starting material:
- simple diastereoselectivity (aldol-type reacticai$ylations of carbonyls),
- endo/exo diastereoselectivity (cycloadditions).

The stereocontrol of reactions can become even wmmlicated if the starting
material already contains a chiral centre due & dbmbination of their stereodirecting
effects calleddouble differentiation The overall selectivity can be increased when the

individual effects arenatched or decreased whenismatched
4. Auxiliary controlled reactions

- persistent auxiliary (recovered after the steiféa@@ntiating step),

- restorable auxiliary (removed at work-up, bugtoeed by simple operations),

13



- self-immolate auxiliary.

5. Catalyst controlled reactions distinguishedchiraphor (the chiral ligand bearing
the chiral information) andatalaphor(the reactive site of the metal complex).

The development of methods of asymmetric synth@ste supra sub-group 4.
and 5.) dates back to beginning of th& 2@ntury, needless to say, starting with modifying
the existing synthetic methods by using naturatipots as the source of chirality:

1908/1912Hydrocyanation of benzaldehyde, in the presencenadilsine or  quinine/
quinidine, respectively (Rosenthaler, Bredig) stforganocatalysis,

1939Cinchonine-modified Pt for hydrogenation (LipkBtewart),

1956 Silk fibroin-modified Pd for hydrogenation (Akaboizumi),

1960Ketene methanolysi§)-benzoylquinine, 76 % ee (Pracejus),

1961Polymerisation of benzofurane with Alghenylalanine catalyst (Natta),

1963Raney Ni/tartrate for hydrogenation (Izumi).

Publication of Wilkinson’s homogenous cataly®thCI(PPh); in 1966 was a
breakthrough destroying the belief that only hegermus systems can activate molecular
hydrogen. The sixties brought more rationalisatibrknown metal-catalysed processes
and also creating new ones based on this rationalgust in hydrogenation reactions:

1966 Asymmetric cyclopropanation, Cu/salen, 6 % ee @kgz\oyori),

1968 Asymmetric hydrogenation, Rh/chiral phosphine%d e (Knowles, Horner),

1970Intramol. aldol condensation, proline, 93 % eejgdaWiechert),

1970Monsanto L-DOPA process — asym. hydrogenation (Hes),

1971 Asymmetric hydrogenation, Rh/DIOP, 50 % ee (Kagan)

1975Sumitomo cilastatine process — asym. cyclopropamgAratani),

1979Hydrocyanation of benzaldehyde with a dipeptidalgat, 97 % ee (Inoue),

1980 Asymmetric epoxidation of allylic alcohols, TI/TBHMDET, 95 % ee (Sharpless,
Katsuki),

1983 Asymmetric hetero-Diels-Alder reaction, Eu(hf&8 % ee (Danishefsky),

1985Takasago (—)-menthol process — asym. hydrogengtioyori),

1986 Theory of non-linear effects in asymmetric cately&agan, Agami),
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1987 0Oxazaborolidine reductions of carbonyls, 98 %lesifo, Corey),

1988Asym. dihydroxylation of olefins, Os/dihydroquiin85 % ee (Jacobsen, Sharpless),
1988 LA*-catalysed Diels-Alder reaction, 90 % ee (Yanwo Narasaka),
1990Asymmetric epoxidation of olefins, Mn/salen, 98%(Jacobsen, Katsuki),

1994 LB*-catalysed allylation, 98 % ee (Denmark),

1996Asymmetric epoxidation of olefins, fructose-deriveatalyst, 81 % ee (Shi),
1998Nucleophilic additions to imines, chiral H-dono@§, % ee (Jacobsen),

2000Intermol. aldol condensation (enamine catalygig)line, 96 % ee (Barbas, List),
2000Cycloadditions (iminium catalysis), imidazolidingré8 % ee (MacMillan),

2001Nobel Prize for asymmetric catalySis.

1.1.3. Nobel Prize for Asymmetric Synthesis vs. Hggnation

The 2001 Nobel Prize awarded to three stars in amtnc catalysis — DrW. S.
Knowles (Monsanto, St. Louis, Missouri, USA), PrdR. Noyori (Nagoya University,
Chikusa, Nagoya, Japan) and Puéf.B. Sharpless(The Scripps Research Institute, La
Jolla, California, USA). The Royal Swedish AcadewnfyScience rewarded these three
scientists for'the development of catalytic asymmetric synthegibere a half of the prize
was received by Knowles and Noyori foineir work on chirally catalysed hydrogenation
reactions” and the other half was awarded to Sharplestfsrwork on chirally catalysed
oxidation reaction” All three of them have developed remarkably &amethods for

asymmetric reductions and oxidations.

JL [RhCI3(2)s] (0.15 %) : p "
Ph” “COOH >  ph” “COOH npit Me
H, (25 atm)
1 3 (15 % ee) 2 (69 % ee)

Scheme 1.1Knowles’ First Asymmetric Hydrogenation

The publications about homogenous catalysis withkiwdon’s catalyst in
combination with new methods for preparation ofiagily active phosphinestriggered
the interest of contemporary researchers. In 1B68wles showed that the chirality could
be transferred from a small amount of chiral lig&wh a metal to a large quantity of non-

chiral substrate and an enantioenriched produdtidmiobtained(Scheme 1.1).
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Knowles, understanding the industrial needs, kepking on the efficiency of the
transformation until it reached full conversion &t % ee and could be applied on large
scale synthesis known as The Monsant®OPA Process (Scheme 1.2) — the first

commercialised chiral-metal-complex-catalysed aswgimhydrogenation.

AcO . AcO
mAC [Rh(cod)5]* BF,(0.1 %) mm
MeO ZCOOH H, (3 atm) MeO COOH
4 (S)-6 (95 % ee)

Ph
(R OMe
I

Ph

OMe (R,R)-5

Scheme 1.2The Monsanta-DOPA Process

Noyori worked on different types of asymmetric rg@cs, his first remarkable
success in asymmetric synthesis came in 1966 wstlytlopropanation reactihwith a

salen-copper cataly8taffording the cyclopropane product in 6 % ee (Suhd.3).

8 (0.9 %) :
Ph._~ > ph—A,,, SN SPh
N,CHCOOMe COOMe O,éyﬁ

Scheme 1.3Noyori’s First Enantioselective Cyclopropanation

In 1980 Noyori and co-workers discovered that theppisomeric diphosphine
BINAP could catalyse many types of asymmetric tiamsations including
hydrogenation's (Scheme 1.4) in highly enantioselective fashion.

NHAC [RhCI(11)] (0.7 %) NHAC OO
-~ PPh,

Ph
10 (R)-12 (96 % ee)

(S)-11: (S)-BINAP

Scheme 1.4Noyori’s Enantioselective Rh-catalysed Hydrogematio
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In continuation of Noyori’s research within hydroggion with BINAP ligands, in
1988, he came up with a novel idea of using Ru hmestéead of Rh. This switch brought
higher yields, enantioselectivity and reliabilitjtiva broad range of substrateéScheme
1.5). Noyori then developed several protocols fgdrbgenation of carbonyls in the

presence of double borider transfer hydrogenation of cyclic imiriévide infra).

OO COOH  [Ru(11)(OAc),] (0.5 %) COOH
MeO H, (135 atm) MeO

13 (S)-14 (97 % ee),
Naproxen

Scheme 1.5Noyori’s Enantioselective Ru-catalysed Hydrogermatio

Besides Knowles and Noyori, also Préi. B. Kagan (Université Paris-Sud,
France) has been recognised as a pioneer of asyimmatalysis and quoting Knowles
“he was left out of the act® which caused controversy. Only three people cded
awarded at a time, however, asymmetric catalysighinbe too broad a field to be
rewarded by one prize. Opposite processes as adyimrhgdrogenation or asymmetric
oxidation are, each consistent field on its ownttii@rmore, other types of asymmetric
reactions have been studied only more recentlyaf@gatalysis) and certainly, the

possibilities of asymmetric synthesis were not ested in year 2001!

Kagan published his hydrogenation protocol in 19i8ing Rh metal and DIOP
ligand'® (Scheme 1.6) which proved wrong the reasoningtttethirality must be directly

on the phosphorus atom. Because of its easy ptepafarm tartaric acid, DIOP became

widely used-’
NHAG [RhCI(15)] (0.02 %) NHAC o~ PPh;
Ph
Ph \/\COOH Hz (1.1 atm) \)\COOH ><Oj\APPh
2
10
(R)-12 (72 % ee) 15: (-)-DIOP

Scheme 1.6Kagan’s Enantioselective Rh-catalysed Hydrogenation

Kagan and co-workers carried out an extensive relsem the family of phosphine
ligands derived from DIOP and also their structtgaetivity-enantioselectivity

correlations. He improved diphosphine synthesis apglied his own hydrogenation
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protocol for the first hydrogentaion of imirégsee Chapter 2.2). He also worked on the
theory of Rh-catalysed asymmetric reductidri$and many other types of asymmetric
reactions, as an example serves the preparatie@naftioenriched sulfoxidéS?* Two
alternative approaches were developed — the fiet &an enantioselective oxidation of
sulfides® to sulfoxides where a modified Sharpless epoxdatitanium reagent was used
and sulfoxides were obtained in high ee’s (Scheriig The second approach exploited
substitution reactions on sulfur in chiral sulfit§swo consecutive steps with full inversion

of configuration).

Ti(Oi-Pr)4 (1 eq), ‘A« O
(R,R)-DET (2 eq), H,O (1 eq) \s

/©/S\ /©/S\
Me ©><OOH Me

16 (R)-17 (99.5 % ee)

Scheme 1.7Kagan’s Enantioselective Ti-mediated Oxidation offies

Kagan’s group was the first to investigate the pimeenon of nonlinear effects in
asymmetric catalysis® first examples were found in asymmetric Sharpissxidations.
Description and explanation of non-linear effectaswbuilt on the behaviour of
organometallic species. The simplest and most cammmadel is the Mk-model where it
is assumed that the reaction occurs through a meixifithree stereoisomeric complexes —
two homochiral MIgLg, MLsLs, and one meso MiLs which are in amounts, y, z and
have different reactivitykiomo Kmesg (SCcheme 1.8)

O : M + LR + LS g = kmesolkhomo
maXf---------------== . B=2z/(x+Yy)
chiral amplification | 1
(+)-NLE I K = z2/xy
eeproduct . MLRLR + MLSLS 2MLRLS
(%) I X y z
(-)-NLE KRR l Kss l krs
chiral depletion
| product product product
0 eeauxiliary (%) 100 €€max ~€€max racemic

(A) (B)

Scheme 1.8Non-linear Effect§A) and Model ML, (B)
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Then the enantiomeric excess of the product isutatled according to equation 1:

€6roduct= €6hax-E&ux (1+3)/(1+0P). (eql)

If no meso complex is forme@ & 0) or both types have the same reactivity (g =

1), the equation gives the linear correlation:
€6roduct = E6nax€&ux (eq2)
When the homochiral complex is more active thannt@so one kiomo > Kmeso 9
<1) the ee of the product is higher than expectetinear dependence anbsitive non-

linear effect chiral amplification is observed. The opposite case (g > 1) defines the
negative non-linear effear chiral depletion

19



2. Reduction of Imines

2.1. Introduction

2.1.1. Carbonyl Compounds — The Core of Amine Sytis

Carbonyl compounds, particularly aldehydes and retohave always been
favourites of synthetic chemists. They can be fansed easily to alcohols by reduction
or addition of a nucleophilic species, having theamtage of choice of various reducing
agents and nucleophiles. Furthermore, they cansked not just for introduction of an
oxygen functionality but also for an indirect indkecing of a nitrogen functionality and
similarly, a wide selection of nitrogen sources&ilable. Therefore, the transformation

ketone (aldehyde) — imine — amine is a powerful tooobtaining amines (Scheme 2.1).

[red] [red]
Rl 2 B R3 1 RZ
\ o R3_NH2 J\Jl\ /
OH / R1” “R2 Rl “R2 \ NHR3
/QNNU Nu Nu 1-XvNu
Rl R2 R R2

Scheme 2.1Crucial Synthetic Utility of Carbonyl Compounds

Obviously, the products of either of the above-noer@d synthetic ways can be —
and in most cases are — chiral. Besides, all ttogtefxerted to prepare amines simply and
efficiently is caused by the vast occurrence ofreamiin the nature and their biological
activity. It is crucial to obtain the correct isom@& enantiopure form, as the opposite
enantiomer may have severe adverse effects. Asymensghthesis, rather than resolution
of racemic mixtures, has been applied in moderpaedion (since 1970s) of enantiopure
amines. Often enough, it provides more cost arndfe effective method of gaining these

compounds than other preparative methods or isolétom natural sources.
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2.1.2. Properties and Reactivity of the Carbon-Nigen Double Bontf

The properties of carbonyl compounds and theitogén analogues are in many
ways comparable and are often researched sidedbyldowever, the progress in catalytic
enantioselective reactions of imines is rather slothian their ketone counterparts. This is
caused by the more complex behaviour of compound&ming carbon-nitrogen double
bond.

The very first fact that needs to be consideradtisgen being trivalent causing the
principal geometrical isomerism d=N bond. Even if the isomers exist under rapid
equilibrium, each of the isomers can vyield diffaremantiomer (Scheme 2.2). Some
synthetic methods preserve or even rely on theangeometrical set-up which makes

these protocols less attractive.

R3 RS

N
RlJ\RZ - JJ\

Nu Nu
back-side attack back-side attack
Nu

front side attack

NHR3 /I\iHR?’
N U "'R2
1 1
R R2 R NU

Scheme 2.2Formation of Product Depending on Isomerism of kridond and Attack Side

Another reactivity issue stems from tlosver electrophilicity of carbon atom in
C=N bond compared to thé=0 bond**° That is due to four properties closely related to

each othef”

- lower polarity of theC=N bond than of theC=0 bond, quantified by dipole
moment fic=n = 0.9 D andic=0 = 2.3 D),

- smaller electronegativity of nitrogen than oxygetom, Pauling eletronegativities
areyn = 3.0 andyp = 3.5,

- theC=N bond is slightly longer (1.28 A) tha®=O bond (1.20 A),

- the energy ofC=N bond is lower and much more variable, typicallys6&i 40
kJ.mol* (147 + 10 kcal.mét, mainly due to the impact of thé-substituent \(ide
infra) than the energy ad®=0 bond in ketones (750 kJ.nfot 179 kcal.mob).
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However, the lower electrophilicity of the iminermbcan be modulated by thé R
group or by Lewis acid activation (Scheme 2.3). gsichble group on nitrogen {Ris a
group stabilising the possible negative charge rogen resulting from addition of a

negatively charged nucleophile (organometallica bydride).

“,R3 LA\ ,R3 “,R3 LA

bl LA JI\JI\ HN LA “NHR3
- /kWNu - /kWNu
Rl R2 Rl R2 Rl RZ Rl R2

Scheme 2.3A Lewis Acid / Imine or a Lewis acid / Amine Adduct

Another problem is the basicity of imine and/or aennhitrogen which may trap the
Lewis acid before the catalytic cycle starts diuisy developed (Scheme 2.3). Typical pK
values of the conjugate acids of arylimines A)@NR® are in the range 5.5-7.5
(difficulties with measurements prevent obtainingrenaccurate data) and the basicity of
the corresponding amines (i.&l-substituted anilines) lies in a similar range. Wit
increasing the electron density on the nitrogemmatthe basicity — in both cases —

increases.

As mentioned earlier, the geometry of the imine icdluence the outcome of the
reaction performed on it. Regarding #uilibrium distribution of the E/Z isomers|of a

general arylimine Ar(BC=NR?|, several attributes need to be taken into accotffit

1. Steric and resonance factors
- increasing the bulk aE-substituent R(Ar = const.) destabilises thE)¢isomer
and moves the equilibrium towards tl@-{somer,
- [1,2]-eclipsing effects — opposed to delocai@matenergy — twisting of the€-
aryl ring from theC=N-R® plane decreases the steric interaction between the
ortho-substituent (hydrogen or X) of th€-aryl and theN-R® (e.g. for
benzylideneaniline 8= H, R’ = Ph,0 ~ 10 deg; Scheme 2.4).

2. 0-Substituted C-aryl effects

- preference towards th&){isomer (~ 9.5 kJ.md{ Ar = o-tolyl, R = R® = Me),
- the E)-isomer might be destabilised by the repulsiverattions between the
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nitrogen lone pair and the aromatilectrons if-z repulsions),

- increase of the dihedral angléends to reduce the adverse steric interactions of
the o-substituent with th€-R? andN-R? in the dominantZ)-isomer (typically
0 ~ 10-30 deg).

Q 3 Q R3
N,R N

o, A
RZ R2

“

Py
/00
Q
py) —_—
w
@
Q I
©
S
a
®
Q
)
=
Py
N

R2 /J\RZ
(2)

Scheme 2.4Equilibrium Distribution ofE/Z Ketimines

3. p-Substituted C-aryl effects

- an electron-donating group tends to stabilise ¢dbplanar conformation by
increasing the delocalisation energy, which incgeathe barrier of rotation
around theC-aryl bond and moves the equilibrium towards tEg-igomer
(Scheme 2.5; destabilisation effect has not beserobd fop-EWGS),

- n-r repulsions between the nitrogen lone pair &dryl decrease with the
electron-deficiency of the aryl ring (opposite etfef p-EDGs, can be counter-
balanced by resonance energy).

o ~ON-R? ® ON~R?
PO e O
R2 2
Scheme 2.5Stabilisation of p-Substituted Ketimine

4. Stereochemical analysis
- (&-isomer showd-alkyl signals at lowesé than the E)- due to shielding effect
of theC-aryl ring (ring-current effect, analogy fdkaryl imines),
- IR absorption <is-(Ar-C=N-R®) atv ~ 700 cnt, transrelationv ~ 690 cnf.
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The energy of the “flip” is difficult to determingrecisely as it strongly depends on

all substituents (R R?, R?), their electronic and steric properties. The ¢gpivalue of the

isomerisaton barrier lies in the rang&* ~ 83-108 kJ.mét *which corresponds to half-

life of several hours. However, traces of Brgnsted present in the solution can catalyse

this isomerisation process and decrease the Ialtdi tens of seconds! Two types of

mechanism can be outlined for acid-catalysed isisaion (Scheme 2.6¥:

protonation of the imine nitrogen generatesdramounts of the iminium iofb),
the rate of isomeristaion is correlated linearlythe amount of the protonated
species,

rotation around carbon-nitrogen bond in the gnated specie&) (the bond order
decreases with protonation and yet this might requp to ~ 190 kJ.mdleven for

the stabilised carbcations generated f@arylimines),

R? H.® R® Ho R®
H+ N \N,

N’
lej\ R2 — l)J\RZ — Rl/gRZ —

R
®) (b) ,
\ _H\ \\\R3'¢ /-HX
N

Scheme 2.6Brgnsted Acid-catalysed Isomeration of Imines

alternatively, less energy-demanding is the emghilic addition of the acid counter
anion X to (b) producing the corresponding tetrahedral interntedjd), which
then undergoes rotation about & bond,

elimination of the acid anion and proton lossirnitrogen, yielding the opposite

geometrical isomee).

2.1.3. Asymmetric Reactions Yielding Amines

Amines, naturally occurring or their unnatural agmles, both types are

pharmaceutically interesting groups of compoundhe fieed for their synthesis rather than
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isolation is obvious. There are many approachesvigirg a way of obtaining
enantioenriched amines from madyferent starting building blocks, mostly based on

carbonyl compounds’

1. Preparation of amines from imines by addititms
- N-alkyl/aryl imines,N-acyl imines,

- N-silyl, N-boryl, N-alumino,N-phosphinyl, andN-thio imines.

2. Additions to other N-derivatives of ketanes

- hydrazones, oxime ethers, and nitrones.

All of above-mentioned reactions ad@stereoselectiveeactions performed with
stoichiometric amount of the chiral inducer — chaaxiliary which can be contained either
in the substrate (carbonyl) or the attacking nuyufdle. The formation of a new
stereocentre is in relation to the already existing in the chiral auxiliary and the product
Is apair of diastereocisomer®r each added centre. The separation of the destesrs is

feasible also on larger scale; however, this ambrdws some serious disavantages:

- the introduction and later removal of the a@iligroup might be problematic,
- the stoichiometric amount of precious enantiooadlly pure chiral auxiliary is
required.

One way of overcoming these problems is to usessunilbhiometric or catalytic
amounts of the chiral source which is not chemycladiund to either of the reactants, only
interacting with them by weak interactions. Wheryoa catalytic amount is used, the
reaction must proceed ia catalytic cycleand fundamentally, that makeéise catalyst

recoverable which further improves the cost efficig

2.1.4. Catalytic Enantioselective Additions Yieldil\mines
Catalytic enantioselective reactidrisis a term used for a class of reactions where

the chirality in a large quantity of prochiral cooymd Eubstrate) is induced by a small

amount of chiral sourcecliral catalyst). This by itself is very efficient route for the
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synthesis of chiral compounds and it can be usedafwast selection of substrates,

particular interest lies on carbonyl compounds tweit analoguesv{de infra).

Usually, catalytic enantioselective reactions pened with this type of compounds
(aldehydes, ketones, ald-, ketimines) are dividezbrling tothe way of setting up the

new stereogenic centrénto two main groups which can be sorted further:

1. Transformations without carbon-carbon bond fation:
- reductive amination of ketones,

- reduction of imines, including (transfer) hydrog&on of imines.

2. Nucleophilic attack resulting in the formatioha new carbon-carbon borit This
group can be sorted accordinghe type of attacking nucleophile
- alkylmetals and cyanides,
- Diels-Alder dienes for aza-Diels-Alder, and

- enol ethers in Mannich-type reactions.

However, other way of classification of catalytita@tioselective reactions may be
applied, based on the choicetbé chiral sourcein the used catalyst; the primary carrier

of chirality — fundamentally, the catalyst can haiber Lewis-acidic or basic character:

1. Reactions catalysed by metal complexes:
“classical” transition metals — rhodium, ruthemiu

- more recently utilised — iridium, titanium, cobahenium, copper.

2. Reactions catalysed by metal-free catalystgyamocatalytic reactions:
- aminoacids as chiral source,
- carbohydrates as chiral source, and other types.

In the specific case of preparation of amines fl@tones (reductive amination) or

ketimines (reduction), there is also an option lassify these reactions according to the

choserreducing agent

1. Hydrogenation with kgas —high pressure (> 10 atm) or low pressure gfjBis.
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2. Transfer of a hydride which is formed from:
- formic acid,
- silanes and boranes,

- metal hydrides and others.

Apparently, there are many combinations and in tihésis | will pay attention to
reduction of imines / reductive aminations of ket®and particularly theorganocatalytic

enantioselective versions.

2.2. Highlights of Metal-catalysed Asymmetric Redetions'®***°

2.2.1. Rhodium Catalysis

The first report on enatioselective reduction ofnies was from Kagan et al. in
1973 The reducing reagent was diphenylsilane and tlecsoof chirality was chiral
ligand 15 (DIOP) coordinated to a rhodium metal (Table 2dtry 1; Scheme 2.7). The
catalyst loading was incredibly low (only 1 mol %9nsidering this was a pioneering
reaction. Although the moderate enantioselecti\B® % ee) was satisfying for the
novelty, it was not enough for practical applicasaand it encouraged further research in
this field.

NBn  [RNCICAHA)L (19 NHEBn

15 (2 %)
Ph)K > Ph)\

Ph,SiH,
18 (S)-19 (50 % ee)

Scheme 2.7First Enantioselective Reduction of Imines

However, it took ten years to improve the enantexdwities of reductions by
using transitions metals and new diphosphine ligaimdhigh-pressure hydrogenations.
Examples of the ligand structure optimisation weeported by Bakos et af’, who
developed a procedure for the reduction of benzgk#m8 with ligand 20 coordinated to
rhodium with up to 83 % ee (Table 2.1, entries @ anScheme 2.8).
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[Rh(nbd)Cl], (1 %)

Jﬁ” 20 (2 %), EtsN
Ph H, (69 atm) g
18
Ngn  [Rh(nbd)Cll, (0.5 %)
J\ 22 (1 %), K
PMP >
H, (68 atm)
21

NHBnN J\;
Bh P Ph,P PPh,
(R)-19 (73-83 % ee) 20
O
PMP Ph,P  PPh,
(S)-23 (84-91 % ee) 22

Scheme 2.8Enantioselective Reduction with Rh catalysts

Another useful diphosphine ligand for the Rh-cataty hydrogenation was the

cyclohexyl derivative?2,** which brought high enantioslectivity (up to 91 éépending on

the substrate) at very low loading (only 0.5 mol. Bptassium iodide was used as an

additive to improve the enantioselectivity (Tablé,2ntries 4 and 5; Scheme 2.8).

Table 2.1.Hydrogenations Catalysed by Rh Complexes

Entry  Imine Red. Reagent / Ligand Temp. (°C)  Yield (%) /
Additive (mol %) ee (%)
1 18 PhSiH, / - 15/1.0 ambient 99 / 505
2 18 H,/ E&N 20/1.0 ambient 96/ 7R
3 18 H,/ EGN 20/1.0 0 99/ 83R)
4 21 H, / Kl 22/0.5 ambient 99 / 84y
5 21 H, / Kl 22/0.5 -25 99 /919
6 18 Hy/ - 24,s=1.65/0.5 ambient 94 / Ia\)(
7 18 Hy/ - 24,s=3.75/0.5 ambient 55/ 1R)(
8 18 H, /- 26/0.1 ambient 99 / 95y
9 ketone 28 Hy/ - 30/1.0 ambient 99 / 98
10 ketone 29 Hy/ - 30/1.0 ambient 99 / 90y

Bakos and Sinou continued their research on opiois of the diphosphine and

brought about the idea of biphasic hydrogenatiostesys® (ethyl acetate — water) and

water-soluble sulfonated ligand (sodium sa#) also at very low loading. The trick was in

different degree of sulfonation which influencecke tenantioselectivity, optimum was
foundats=(m +n)=1.41to0 1.7 (Table 2.1, &%t and 7; Scheme 2.9).

Burk’s group® exploited the beneficial effect of an additionahding nitrogen

atom in hydrazones, which were successfully redwaddrhodium andR,R)-Et-DuPHOS

ligand 26, while theN-N bond in the product was cleaved with Srilromatic hydrazone

substrates afforded the highest ee’s (up to 97 &bler2.1, entry 8; Scheme 2.9).
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Rh(cod)Cl], (0.5 %) J\A_
NBn L 2 NHBn :
24 (1 %), Et;N \
Ph)l\ H( (609) t 3) > Ph/\ ArZ—mthP PPhnAl’z_n
’ o . =
10 (R)-19 (<96 % ee) 24:m,n=0,1,2

SOzNa

Ar =
J\\lf [Rh(cod)26]0TF (0.2 %) 'i'\‘\\([jl/ @P >
Ph ° >~ Ph P

H, (4 atm)
25 (S)-27 (<95 % ee) N

26: (R,R)-Et-DUPHOS

Scheme 2.9More Examples of Rh-catalysed Reductions

Kadyrov and Bérnéf showed that Rh catalysis can be applied also dacteve
aminations. They choseketo acids and benzylamine as substrates relégantustrial
production of N-benzyl-protected a-amino acids. However, the vyields and
enantioselectivities were varying, the bRdbenzyl-phenylalanin81 was obtained in high

98 % ee (Table 2.1, entries 9 and 10; Scheme 2.10).

[Rh(cod)30]BF, (1 %)

j’\ BNH, NHBn Ve
= P n
R” ~COOH H, (59 atm) R” “COOH 'PPh,
28: R=Bn (S)-31 (98 % ee) 30: (R,R)-DeguPHOS
29: R =i-Bu (S)-32 (90 % ee)

Scheme 2.10Enantioselective Reductive Amination with Rh casaly

Rhodium catalysisexhibits several general trends:
- many reactions with Rh-diphosphine catalysterdfamines only in moderate ee’s,
- often, high hydrogen pressure needed and/ochkialyst TOF/TON,
- halide ions may have positive effects on enaetectivity,

- best results obtained in biphasic systems witftosated ligands.

2.2.2. lIridium Catalysis

Chiral iridium complexes were also used in enaet@Edive hydrogenations,

mainly in the late 1990s. High enantioselectivitviesre achieved by Pfaftz(Table 2.2,
entry 1, Scheme 2.11) and later Zh?ngTabIe 2.2, entries 2-4; Scheme 2.11). Pfaltz,
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using his phosphine-oxazoline liga3d, provided the aromatic amir@b in 89 % ee,

Zhang with his ferrocene-binaphaBéobtained even better result, 99 % ee.

o}
NP r(cod)34]PE, (0.1 %) NHPh )
> /\ N~
Ph H, (99 atm) Ph PPh, g
33 (R)-35 (<89 % ee)
NAr [|I’(COd)C|]2/37 (1.0 %), NHAI’
)K additives o
Ph > P OO
H, (68 atm) "0 /O\

33: Ar=Ph 35 (84-94 % ee)
36: Ar = 2,6-diMePh 38 (<99 % ee) OO

Scheme 2.11Hydrogenation Using Ir Catalysts

Besides hydrogenations of imines, Zhang also deeelolr-catalysed reductive

aminations of aromatic ketoriésvith up to 94 % ee (Table 2.2, entry 5; Schemé)2.1

[Ir(cod)Cl],/37 (1.0 %),

|2, TI(OI—PI’)4
).L p-anisidine '?HPMP
Ph > phT ™
H, (68 atm)
39 (R)-40 (<94 % ee)

Scheme 2.12Ir-catalysed Reductive Amination

A very simple monodenate phosphinoxide ligaddvas used by de Vriés(Table
2.2, entry 6; Scheme 2.13). Its advantage wasithglisity of its preparation in two steps
and one pot, and that it did not racemise easig Best achieved enantioselectivity with

this ligand for aromatic imines was 83 % ee.

Another highly active iridium complex with ligand2 for hydrogenation of
aromatic imines by Andersson’s grdtipvas derived from 2-azanorbornane-oxazoline
structure and promoted reduction of imines to asinigh up to 90 % ee (Table 2.2, entry
7; Scheme 2.13).
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Ngn  lr(cod)Cll; (2.5 %) NHPh tBu, 0

41 (10 %), pyridine )\ - P\H
Ph >  Ph
H, (25 atm) 41
18 (S)-20 (<78 % ee)
IIDPh2
NPh i (cod)aziBAr (0.5%)  SHPR ML
F’h)K > Ph/\ o~ i-Pr
H, (20 atm)
33 (R)-35 (<90 % ee) 42

Scheme 2.13Hydrogenation Using Ir Catalysts

Iridium catalysis has been developed more recently complementingréngous
methods of Rh and Ru catalysis:
- more effective Ir analogues of Rh catalysts,
- more easily deactivated by external factors,Hawing high TOF/TON,

- halide ions may have positive effects on enaetexctivity, acid often needed, too.

Table 2.2.Hydrogenations Catalysed by Ir Complexes

Entry  Imine Red. Reagent / Ligand Temp. (°C)  Yield (%) /
Additives (mol %) ee (%)

1 33 H,/- 34/0.1 ambient 99 / 8FR)
2 33 H, /- 37/1.0 ambient 99 /84

3 33 H,/ 1, 37/1.0 -5 99/94

4 36 H, /- 37/1.0 ambient 77199

5 ketone 39  Hy/ Iy, Ti(Oi-Pr), 37/1.0 ambient 99/ 9R)
6 18 H, / pyridine 41/10 ambient 99 /78
7 33 H,/ - 42/0.5 ambient 98 / 90R)

2.2.3. Ruthenium Catalysis

The ruthenium complex4 was employed in transfer hydrogenation protdcol,
developed to avoid the use high-pressure hydrogsenkprmic acid served as the hydride
donor as other H-transfer sources (e.g. propan-2+olld require more active catalyst or
harsher conditions. However, this method was rglyam the rigidity of the structure
containing the imine double bond, and in the cdseyolic imines, e.g43, very high
enantioselectivity was achieved (up to 97 %; T&b® entry 1; Scheme 2.14).
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veo - 1
44 (0.1 %) $02

> ~NH N
MeO " HCOOH / EtzN MeO ' J: /Ru\C|
e Ph” "N
43 Me H
(R)-45 (<94 % ee) 44
)K > ,O H,N” ~Ph
Ph H, (15 atm) Ph HoN 2
33 (S)-35 (91-92 % ee) 46a 46b

Scheme 2.14Hydrogenations Using Ru Catalysts

Cobley and Henschkechose a ligand system for Ru consisting of diphospand
diamine, and the best combination proved to BR)(Et-DUPHOS 26 and either of
diamines46ab facilitating the reduction of the aromatic imi8 with enantioselectivity
of 91 % and 92 %, respectively (Table 2.3, enttiemnd 3; Scheme 2.14). Several cyclic

imines of Noyori’'s type, e.g43, were reduced with up to 79 % ee (at 0.1 mol %lgst
loading).

Table 2.3.Hydrogenations Catalysed by Ru complexes

Entry  Imine Reducing Reagent / Ligand Temp. (°C)  Yield (%) /
Additives (mol %) ee (%)

1 43 HCOOH / EtN 44/0.1 ambient 97 1 9y

2 33 H,/- 26,46a/0.1 65 99/919

3 33 H,/- 26,46b/0.1 65 92 /929

4 Ketone39 HCOOH/EtN/NH; 47/1.0 60 92/95R)

An interesting procedure for reductive aminationaodmatic ketones, based on
transfer hydrogenation with formic acid ariR)-BINAP-derived ligand47, was developed
by Kadyrov and Riermeiéf, who prepared primary amines of up to 95 % ee @ &8,
entry 4; Scheme 2.15).

RUCL,/47(1.0 %), OO
0 2 NH
)J\ NH3;/MeOH N /:\2 P(p-Tol),
- P(p-Tol
Ph HCOOH/Et;N Ph OO (p-Tobz
39 (R)-48 (<95 % ee) 47

Scheme 2.15Ru-catalysed Reductive Amination
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The appearance of Kadyrov-Riermeier's and Zharggisictive amination protocols
is even more remarkable considering the generalitthe methods in spite of all the
intermediates possibly present in the reaction unéxt— heminaminalsN,O-acetals,
aminals, imines and enamines and each of them resquspecific hydrogenation

conditions?*

Ruthenium catalysishas provided several excellent methods for hydragiens of

ketones and transfer hydrogenation of imines (wis€+N chemoselective).

2.2.4. Titanium, Cobalt, Rhenium and Copper Catatys

Several other metals were used for asymmetric lyahations. Titanium was
introduced by Buchwald et &l.in the early 1990s (Table 2.4, entries 1-4; Scharié).
Testing reactions with titanocene cataly48ab showed the best results with aromatic

imines affording corresponding amines in 85-98 % ee

NHBn NHBn
49a (2.0 %) H 49b (0.5%)
18 ————>  pp N 18 ——————>  ph
H, (136 atm) PHMS
(R)-20 (<85 % ee) (S)-20 (<98 % ee)
NPMP 490 (2.0 %) NHPMP
R —_ = R X T
|
PHMS X7 53 49a: X = (R)-BINOL
50: R = Cy (S)-52 (<99 % ee) 49b: X = F
51: R = n-Hex (S)-53 (<88 % ee)

Scheme 2.16Hydrogenation with Ti Catalysts

High pressure of hydrogen can be avoided by usinghi#ald’s protocol of PhSiH
(treated with pyrrolidine and methanol) or polymgfiydrosiloxane (PHMS) as reducing
reagent$® Exceptionally, several alkylimines & or 51 were reduced with very high

enantioselectivity (up to 99 % ee).
Mukaiyama et af’ introduced the cobalt comple%5 which induced highly

enantioselective reduction dfl-diphenylphosphinyl imines, e.db4, with a modified
borohydride reducing reagent (Table 2.4, entrychiethe 2.17).
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Table 2.4.Hydrogenations Catalysed by Other Metals

Entry Imine Red. Reagent / Ligand Temp. (°C) Yield (%) /
Additives (mol %) ee (%)
1 18 Hy/ - 49a/ 2.0 ambient 93/ 85R)
2 18 PHMS /i-BuNH, 49b/ 0.5 ambient 95/ 98
3 50 PHMS /i-BuNH, 49b/ 2.0 60 63/999%
4 51 PHMS /i-BuNH, 49b/2.0 60 70/889%
5 54 Borohydride / - 55/1.0 ambient 97 / 90§
6 57 DMPS-H / - 60/ 3.0 ambient 76 1 IR
7 58 DMPS-H / - 60/ 3.0 ambient 89 / IR
8 59 DMPS-H / - 60/ 3.0 ambient 83 /9%
9 64 DMPS-H / - 65/6.0 ambient 89 /IRy
10 67 TMDS /t-BuOH 65/6.0 ambient 93/ I&RY
11 54 propan-2-ol 70/ 120 60 85/96R)
12 69 propan-2-ol 70/120 60 85/ 93R)

Recently, an oxorhenium compl@&0 appeared as a catalyst for reductionNef

diphenylphosphinyl imineS§7-59 with dimethylphenylsilane or diphenylmethylsilafdis

reaction proceeded under mild conditions and withbe need of exclusion of air or

moisturé® — aromatic iminesy-iminoesters and conjugated imines were reducedsiyo

and in almost exclusive enantioselectivity (Tahkg 2ntries 6-8; Scheme 2.17).

.P(O)Ph,
N 55 (1.0 %)
Ph)K [ \/U] -
E0g0AS| Nat
54 H,
P(O)Ph2
N/P(O)th
60 (3.0 %)
Me,PhSiH
P(O)Ph2
)J\COOEt

mes mes

|_|N,P(O)Ph2 R)_;:
mes N N mes
Co
- 0,
(S)-56 (<90 %ee) 55
mes =§
t-Bu
_P(O)Ph
HN ( ) 2 O/\;Q
- =N, Il _\Cl
ROR NC{ ey
OPPH;
(R)-61 (<99 % ee) o
(R)-62 (<95 % ee) Q
(S)-63 (<99 % ee) B
-Bu

60

Scheme 2.17Hydrogenation of Diphenylphosphinyl Imines Cataty®y Co and Re complexes.

One of the non-precious metals used recently imemeductions was copper by
Lipshutz and ShimiZli (Table 2.4, entries 9 and 10;
Scheme 2.18). They presumed the copper hydriddhesadtual reducing agent

(preformed from CuCl), a chiral diphosphine liga&tdand tetramethyldisiloxane (TMDS).
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The standard amount of this catalyst is 6 mol %using only 1 mol % the ee’s decreased
by 1 %.

_P(O)xyl, CuCl/65/NaOMe (6.0 %), t-Bu
N (O)xyl2 L BUOH - PO
)J\ > b Xyl =§ Ar =§ OMe
Ph TMDS Ph N BU
64 (R)-66 (<96 % ee)
_P(O)xyl _P(O)xyl
N PO resiNaOMe (6.0 %) Hy-POP O O
t-BUOH : o .
> 2
TMDS @ (O ‘ \PAr,
O
67 (R)-68 (<98 % ee) 65

Scheme 2.18Cu-catalysed Hydrogenation

An interesting protocol of Meerwein-Ponndorf-Vergye aluminium-mediated
transfer hydrogenation has been developed by Ngtlydnreduces aromatic and aliphatic
imines; however, it is stoichiometric in aluminiuand §)-BINOL (Table 2.4, entries 11
and 12; Scheme 2.19).

N POPR2 AMey/70 (1.2 eq), HN/P(O)th OO
R)K propan-2-ol R/\ 8ﬂ
54: R =Ph (R)-56 (<96 % ee) OO
69: R = n-Pent (R)-71 (<93 % ee)
70: (S)-BINOL

Scheme 2.19Al-mediated Transfer Hydrogenation

Less traditionakatalysis with Ti, Co, Re or Cuhas brought several remarkable
protocols for reduction of different derivativedtem N-diphenylphosphinyl imines. These
methods vary in reaction conditions or reducingiagecording to the metal used.
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2.3. Hydroboration of C=N Bonds

2.3.1. History of Hydroboration and Early MechanistViews

The wordhydroborationis linked tightly to its discoverer and major deger H.
C. Brown (Herbert Brovarnik), the 1979 Nobel Prize winfifar the development of the
use of boron-containing compound$”His interest in boron chemistry and mechanism of
reductions with diborane goes back to his earlye@arThe initial studié$ (1930s) on
reactivity of diborane were carried out on carbargrhpounds. It was known that diborane
reduced certain carbonyl compounds, but it was elear why and how. With the
development of the techniques for the preparatibrdiborane itself, its availability
increased and the practical applications could Heeen improved, t60 (Scheme 2.20).
Even if the term hydroboration is generic faddition of boranes to multiple bonds
nowadays, it is commonly used for the first stegpparation of alcohols from alkenes,
this reaction is out of the scope of this thesis.

BoHe

o) ZBH3 ¢ H H,B—O H HB+Q H H, HO W
L L
@) (b) (© (d) (e)

@Hz

Scheme 2.20Reduction of Carbonyl Compounds with Diborane

For the reduction of carbonyl compounds to occehéme 2.20), it was suggested
that borane interacts with the carbonyl group owikeacid-base basis. Simple carbonyl
compounds (aldehydes, ketones) have sufficientreleaensity on the carbonyl oxygen
atom(a) and coordinate borane rapidly. The coordinatiatess is followed by a hydride
transfer(b) and formation monoalkoxyborarfe) which is able to act as LA, as well. In a
similar fashion as before, it can coordinate totl@ocarbonyl molecule which is the new
hydride acceptor. The resulting dialkoxyborddgis hydrolysed upon work-up to alcohol
(e) and a borate salt. Clearly, the initial coordioatstep (and the overall reactivity) is
dependent on the Lewis basicity of the carbonylgexy i.e. substituents on the carbonyl
or a-carbon. In the case of esters, a significant sigwdown the reaction rate was
observed because the carbonyl and the ether oxgens compete for coordination of
borane. However, the carborylis more probable to coordinate the boron thanks to
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resonance stabilisation provided by the adjacenmt-cumrdianted ether oxygen, even
though the ester carbon@-has decreased electron density because of theresosance

stabilisation (in comparison to ketones). On thieepthand, acids are readily reduced as
they react through acylborane intermediates, wiaieh stabilised through oxygen-boron

resonance and the reactivity of the carbonyl tlesembles that of ketones.

2.3.2. Enantioselective Hydride Reductions and Hglorations of C=N Bonds

The research on enantioselective reduction of ismwéh boranes and hydrides
begun to develop in mid-1970s and intensively cargd in the 1980s. Naturally, the
pioneering examples were carried out with ketonesadily available and stable
compounds and preliminary success with them mad/aesearchers to explore also
analogical reductions fa€=N compounds. Among these, oximes were utilised ageino
compounds for they are more stable that iminegitkethe fact they suffer more from the

impact of theC=N bond geometry on stereochemistry of the product.

NPh 72 (1.0 eq) NHPh
—_— >
Ph ether Ph HI‘O
33 (S)-35 (24 % ee) W 'oi o
&; \_O
NOH o
72 (1.0 eq) NH, o)
—_———
R ether R 72: D-GIf complex
73:R=Ph (S)-48 (11 % ee)
74:R=Cy (S)-75 (56 % ee)

Scheme 2.21Reduction with LiAlH-Glucofuranose Complex

First enantioselective reduction was published agdor in 1974" The publication
has provided several studies on reduction of ketarel their nitrogen analogues with
lithium aluminium hydride-glucofuranose compled2. They expected a kinetically
controlled hydride transfer in the sterically leagtdered transition state. However, this
was quite a vague statement and their experimanis smggested that the transfer was

intermolecular and two molecules of the reducirageant were needed.
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Table 2.5.Reductions with Modified Hydrides

Entry Imine / Reducing Reagent (equiv.) / Yield (%) /
Oxime Additives (ambient temp.) ee (%)
1 33 LiAIH ,.D-GIf (72) / 1.0 82/249
2 73 LiAIH 4,.D-GIf (72) / 1.0 >70/119)
3 74 LiAIH 4,.D-GIf (72) / 1.0 >70/56%9)
4 76 NaBH;,.L-Pro (778) / 2.5 90/86 9
5 76 NaBH,.L-Leu (77b) / 1.2 76 /709
6 76 NaBH;,.L-Leu (77b) / 1.2/ ZnCl, 72/789
7 76 NaBH,.L-Leu (77b) / 1.2/ Al,O4 81/95 0

The best obtained level of enantioselectivity wamiad 25 % ee for imines and up
to 56 % ee for oximes (Table 2.5, entries 1-3; 8w&h@.21). Somewhat better results (40-
50 % ee for several aliphatic oximes) were achiewsing cyclohexyl-protected

glucofuranose instead of the benzyl-protected asén( complex’2).>

MeO MeO -
O I a., b.orc. L [(Q\COC)) Bl Na*
MeO MeO Cbz 3
76 O OMe (S)-78 Sar 77a: L-Pro complex
OMe o 1
COO”
N +
a. 77a (2.5 eq), CH,Cl, — (S)-78 (86 % ee) @:lé'“_(i_Bu BH| T
b. 77b (1.2 eq), ZnCl, (1.2 eq), THF — (S)-78 (70 % ee) O 3|

c. 77b (1.2 eq), AlLO; — (S)-78 (95 % ee) 77b: L-Leu complex

Scheme 2.22Reductions with NaBiHAmino Acids Complexes

In early 1980s, Iwakuma brought the idea of moddysodium borohydride by an
amino acid I(-proline) and he investigated reduction of imineghwthe novel chiral
triacyloxyborohydride 77a®® The substrates of choice were 3,4-dihydropapagerin
derivatives ag6. Under the optimised conditions natural prod®t(€)-norcryptostyline
78 was obtained in 86 % ee (Table 2.5, entry 4; Seh2r82). The same target molecule
was synthesised also by Hajipour and Hantehzadeng us-leucine-derived
acylborohydride77b and the effect of ZnGladditive was investigated (Table 2.5, entries
5-7; Scheme 2.22J. More interestingly, alumina-supported solvent-fregnthesis
provided the alkaloid@8 in excellent 95 % ee.
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N Na+
MeO \f “B(OCOCF3),

79 ¢ H

Figure 2.1.1solated Complex from Iminé3 and NaBH(OCOC}j;

The authors>* speculated about the mechanism and proposed iimation of an
imine-diacyloxyborane intermediate followed by atramolecular hydride transfer. The
idea was supported by isolation 8 — a bis(trifluoroacetoxy)borohydridé3 complex
(Figure 2.1).

NOR 82 (1.2 eq) )NiZ ‘g_?h

Ph BHyTHF (2.4eq)  Ph Rm
73:R=H 48 (0 % ee) H N'B'o
80: R = Me (S)-48 (99 % ee) o
81:R=Bn (S)-48 (90 % ee) 82
NOMe g3 (1.2 eq)/zrCl, (1.2 eq) NH, %ﬁ

Ph NaBH, (5 eq), THF Ph HN - OH
80 (S)-48 (92 % ee) 83: L-Valinol

Scheme 2.23ltsuno’s Reductions with Borane and Borohydride @lax

Based on previous scattered attempts of modifymeghtydride reducing agents and
fairly successful reduction of oxime ethers contagnchiral auxiliary with BH.THF or
LiAIH 4 (up to 44 % ee); Itsuno’s group developed a reduction protocol vBtHs. THF
complex in the presence of a chiral bor&h&@he reduction of oxime ethers using this
complex was efficient only in stoichiometric loagimf the chiral source — an amino
alcohol. Although the chiral borane, e82.did show some catalytic behaviour, attempts to
decrease the loading to truly catalytic amountedaand semicatalytic version (25 mol %)
afforded the free amind8 in 90 % ee (Table 2.6, entries 1-5; Scheme 2.P%}.scope of
oxime benzylethers effectively reduced with Itsin@agent was broadened by Fontaine.

Products of all tested substrates were obtaine®m% ee and >60 % yield.

39



Table 2.6.Reductions of Oximes with Borane and Sodium Boroiagd

Entry Oxime Reducing Reagent Ligand (mol Temp. (°C) Yield (%) /
%) ee (%)

1 73 BH3. THF 82/120 30 99/0

2 80 BH3. THF 82/120 30 99/999¢

3 81 BH3. THF 82/120 30 99/959¢

4 81 BH3. THF 82/25 30 99/909

5 81 BH3. THF 82/10 30 99 /529

6 80 NaBH,.ZrCl, 83/150 ambient 96 / 95

7 80 NaBH,.ZrCl, 83/120 ambient 96/ 81

8 80 NaBH,.ZrCl, 83/100 ambient 95 / 58

Mechanistic studies have shown that the reductionxome ethers witl82 and
BHs. THF exhibited the following characteristics:

- reduction with the BEITHF complex was accelerated in the presence optom
82 (severe competition of the background reactiorn watalyst loading below 25
mol %),

- the complex82itself could not reduce oxime ethers,

- asymmetric induction wasausedoy the comple82,

- only marginal change in level of asymmetric iaoglon was observed with the
polymer-supporte82.>®

_P(O)Ph, _P(O)Ph,
)NJ\ 70 (1.2 eq) / LIAIH, (1.2 eq) H)N\
R THF - R
54: R = Ph (S)-56 (77 % ee)
84: R = 1-Napht (S)-86 (98 % ee)
85: R = Et (S)-87 (93 % ee)
_P(O)Ph, _P(O)Ph, )\
)NJ\ 89 (1.2 eq) HN KA
: H\@ o)
R THF RT B~ © 5
85: R = Et (R)-87 (61 % ee) Fﬂ o
88: R = Cy (R)-90 (84 % ee) g9 -

Scheme 2.24Reductions of Diphenylphosphinyl Imines

In effort to improve this technique, more conveni&eBH, was revisited’
Sodium borohydride could be activated by a Lewisl @0 that it reacted with an amino
alcohol only in presence of a LA to form the desiohiral borohydride reductant (Table
2.6, entries 6-8; Scheme 2.23); however, the stracof the active complex was not
investigated. Optimised conditions afforded theefi@mine48 in up to 92 % ee, the
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enantioselectivity was dependent particularly oa thtio of the reagents. Unfortunately,

neither this protocol could be made catalytic assb-stoichiometric amount of the chiral

source (the amino alcohol) severely eroded the tmsahectivity and even when a

transition metal Lewis acid was used.

Table 2.7.Reductions of Imines with Modified 9-BBN and LiAIH

Entry Imine Reducing Reagent Temp. (°C) Yield (%) /
(equiv.) ee (%)

1 54 LiAIH 4,70/ 1.2 25 351779
2 54 LiAIH 4,70/ 1.2 -78 84 /139
3 84 LiAIH 4,70/ 1.2 25 16 /989
4 84 LiAIH 4,70/ 1.2 -78 66 /79

5 85 LiAIH 4,70/ 1.2 25 38/93%
6 85 LiAIH .70/ 1.2 -40 63 /409
7 85 89/1.2 -78 58 /61R)
8 88 89/1.2 -78 95/ 84R)

Hutchins also screened several known combinatidrehioally modified hydride

reductant and found two of them quite successfuN@.-LiAIH 4 (BINAL, Noyori's

reagent) and glucofuranosyl-9-BBNIBY Glucoride K, Brown’s reagent).Reduction of

aromatic imines was more successful with BINAL eyst achieving enantioselectivity up
to 98 % ee (Table 2.7, entries 1-6; Scheme 2.24).

_OMe

N N
-Tol a. a.
ph)K/ el —~ Ph)\/ p-Tol n—Hex)K n—Hex)\

(E)-91

BnO

b.
oy O o
o BnO o

96

_OBn

NH, NH;

(S)-94 (92 % ee) (E)-92 (S)-95 (80 % ee)

N—OPNP HN-OPNP H

(S)-97 (99 % ee)

a. 93 (2.0 eq), THF
b. 93 (1.3 eq), BH5.THF (2.6 eq), THF

Scheme 2.25Reductions with (—)-Norephedrine-Borane Complex

Interestingly, at lower temperatures and shortactien times, the yields were high

and enantioselectivity low; whereas at ambient tnapire the product was obtained in

low yield and high ee. Reductions with compBXwere carried out at low temperatures

and affordedN-diphenylphosphinyl amines in moderate to gooddgelnd ee’s (Table 2.7,
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entries 7 and 8; Scheme 2.24). Although some o$tited results gave almost enantiopure

products, their unreliability made these experimaitlittle practical value.

Table 2.8.Reductions of Oximes with Borane Complexes

Entry Oxime Reducing Reagent Ligand (mol Temp. (°C) Yield (%) /
%) ee (%)
1 (E)-91 BH3. THF 93/ 200 20 64/929%
2 (2)-91 BH3. THF 93/ 200 20 58/92R)
3 (E)-92 BH3. THF 93/ 200 20 65/809%
4 (2)-92 BH3. THF 93/ 200 20 45/ 79R)
5 96 BH3. THF 93/130 ambient 52 /999
6 (E)-98 BH;.SMe, 99/10 ambient 68 / 505
7 (2)-98 BH;.SMe, 99/10 ambient n.a./ 5%]
8 101 BH;.SMe, 99/10 ambient 45/ 72R)
9 102 BH;.SMe, 99/10 ambient 65/ 70R)
10 102 BH;.SMe, 99/5 ambient n.a./ 65y
11 102 BH3z.SMe, 99/100 ambient 65/ 7R}

The influence of oxime geometrical isomerism on tth@uction with (R,29-(-)-
norephedrine-borane complé®8 was tested by Sakito and SuzukathdTheir results
clearly showed that the absolute configurationtenamine was dependent not only on the
configuration of the catalyst but also on ©eN geometry:(E)-91 gave §)-, and(2)-91
gave R)-configuration of the resulting amine, maintainitige enantioselectivity (Table
2.8, entries 1-4; Scheme 2.25). Com@&was also utilised for a commercial synthesis of
the key intermediat®7 of a potent and selective 5-lipoxygenase inhibaod it was
obtained virtually enantiopure, in low yield tholgtirable 2.8, entry 5; Scheme 2.25).

.OMe MeO

N a NH, °N a. NH;
.
Ph)K/ Ph)\/ Ph)K/ ph "
(E)-98 (S)-100 (2)-98 (R)-100
NOMe NH,
a. O Ph
— R -
Ph)J\/R Ph)\/ P:]_"\'I’S_ggh
101: R=Cl (R)-103 (72 % ee)
102: R = OTBDPS (R)-104 (70 % ee) 99

a. 99 (10 %), BH;.SMe,, (1.2 eq), toluene
Scheme 2.26Sense of Asymmetric Induction vs. Geometry of Oxime

Later on, Bolrhas shown a similar trend with his sulfoximine tate99°® (Table
2.8, entries 6 and 7; Scheme 2.26). The enantitisatg up to 72 % ee was obtained with
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a-substituted oximes, e.@01or 102 Despite the moderate levels of enantioselectittity
reaction proceeded in truly catalytic manner arateasing the catalyst loading up to 1

equivalent improved the ee’s only marginally (Tabl, entries 8-11; Scheme 2.26).

Ph OH MeQ O Me Nh
PhJ%NMez PR NSNS NS

Ph .
mé' H H H B O
H
105 106 107

Figure 2.2.Chiral Modifiers for Asymmetric Reductions with Bares

At the begining of the 1990s, Cho and Chun testesl known methods for
reduction of open-chain iminéSAmong the less successful were glucofuranosyl-9-BBN
89 or Chirald 105BH3; complex (Mosher's reagent; Figure 2.2) previousdgted by
Hutchins®® On the other hand, oxazaboroliding® (ltsuno’s reagent) an@l07 (Corey’s
reagent) or sulfoxamid&06 (Sharpless’ reagent)-BHomplex exhibited good reactivity
and enantioselectivity for a model compound propemwne phenyl imin&08 (Table 2.9,
entries 1-5; Scheme 2.27).

Table 2.9.Reductions of Imines with Oxazaborolidines and Knalborane

Entry Imine Reducing Reagent  Ligand Temp. Yield (%) /
(mol %) (°C) ee (%)
1 108 BH3. THF 106/ 100 30 60/ 66 R)
2 108 BH3. THF 82/100 30 98 /87R)
3 108 BH3. THF 82/10 30 95/ 66 R)
4 108 BHs. THF 107/100 25 96/ 78 R)
5 108 BH3. THF 107/ 10 25 92/ 70R)
6 33 BHs. THF 82/100 30 98/ 73R)
7 110 BH;. THF 82/100 30 90/80R)
8 31 112/500 0 89 / 56R)
9 18 112/500 0 70/ 72R)
10 31 BH3;.SMe 113/10 110 59 /63R)
11 18 BH;.SMe 113/ 10 110 65/ 60R)

Further experiments have shown that catalyst lgadinl0 mol % decreased the
ee’s, the least dramatically for oxazaborolidi& (from 78 to 70 % ee). Several aromatic
imines were reduced in high yields and good enaelsztivity (Table 2.9, entries 6 and 7,

Scheme 2.27). By contrast, aliphatic imines affdrthee corresponding amines in low ee’s.
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NPh NHPh
a. 106 / BHa.THF (1.0 eq) — (R)-109 (66 % ee)
Ph)K/ a. b.orc. Ph}\/ b. 82 (1.0 eq) — (R)-109 (87 % ee)

THF c. 107 (1.0 eq) — (R)-109 (78 % ee)
108 109 d. 112 (5.0 eq) — (S)-109 (73 % ee)
NR 82 (1.0 eq) NHR
Ph THE o Ph/\
33: R=Ph (R)-35 (73 % ee)
110: R = t-Bu (R)-111 (80 % ee)

Scheme 2.27Model Reduction of Imines with Various Reductants

Nakagawa and Hino have reported on reduction ofnesii with chiral
dialkoxyborane$? such asl12, and showed that diols could serve as useful lchinarces
alongside amino alcohols. Arylimine®3 and 18 were reduced with good vyields and
moderate enantioselectivities up to 73 % for madehe (Table 2.9, entries 8 and 9;
Scheme 2.28).

NR 112 (5.0 eq) NHR °
)K > Ph/\ H-B OMe
Ph MgBr,.OEt, (1.2 eq) o, -OMe
:ig: S = Eh THF (R)-35 (56 % ee)
: =bn - 0,
(R)-20 (72 % ee) 112
NR 113 (10 %) NHR
? /\
Ph BH;.SMe, (L1eq) PN p‘,,\?
33:R = Ph toluene (R)-35 (63 % ee) ©/ o
18: R=Bn (R)-20 (60 % ee) 113

Scheme 2.28Reduction of Imines with Other Types of Ligands

Brunel and Buono have investigated the possibdityeduction of imines with a
novel oxazaphospholiding13in analogy to oxazaborolidin8.The reaction proceeded
smoothly at the optimum loading 10 mol % and higkemperature (110 °C), only
moderate enantioselectivities were achieved (60468e; Table 2.9, entries 10 and 11;
Scheme 2.28).

44



NOTMS 93 (1.0 eq) NH

L

Ph BH3.THF (L.0eq) N
114 THF (S)-48 (90 % ee)
Ph > Ph)\r Ph TBDMSO OH
Ph BH.THF (3 eq) NH,
NPMP THF NHPMP
116
115 (R,R)-117 (99 % ee)

Scheme 2.29Reduction of Various Substrates withThr-Borane Complex

Cho et al. also reported reduction of TMS-protedtetbximes:’ however, high
enantioselectiviy was observed only on the casexohe 114 derived from acetophenone
using (-)-norephedrine-derived oxazaborolid@® (Table 2.10, entry 8; Scheme 2.29).
One of the few protocols where the chiral souragsid in very low catalytic amounts was
developed by Fujisawa for a stereoselective syighas1,2-diphenylenediamings The
reaction was enantiospecific when 1 equivalent hed thiral ligand116 was used.
However, loading to 0.5 mol % (!) still providedetidiamine in 99 % ee and 95:5
stereocontrol (Table 2.10, entries 2 and 3; Sch2r2®). Examples of diastereoselective

reduction of 1-oxo-2-ketoximes using ligahtié were provided, to6’

0] OH

RON a.orb. RON
> a. 107 (10 %), toluene
BH;.SMe, (2.5 eq) b. 120 (10 %), THF
118, R = TBDMS (1S,2R)-121 (91 % ee)
119, R=Tr (1S,2R)-122 (90 % ee)

- OH

0 120 (10 %) )OHV @*NHZ
. Me
Ph)Jj(Me Ph

BH5.SMe, (2.5 eq) H 120
NOTr THF NH,

123 (1S,2R)-124 (91 %ee)

Scheme 2.30Reduction of Bifunctional Substrates with Boraner@exes
In bifunctional molecules, such as 1-oxo-2-ketoxdméne oxo-functionality is
reduced preferentially and determines the configoumaon the forming amino group from

the 1-ol-2-ketoxime intermediafé the major product being the cycliis-amino alcohol
with up to 80 % de and 93 % ‘ée(Table 2.10, entry 4; Scheme 2.30) or non-cyatit-
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amino alcohol with up to 70 % de and 99 %°g@able 2.10, entries 5 and 6; Scheme
2.30). The enantioselectivity in this protocol veependent on the steric bulk of the oxime

ether group.

Table 2.10.Reductions of Bifunctional Substrates with Boranes

Entry Imine Reducing Reagent  Ligand Temp. (°C)  Yield (%) /
(mol %) ee (%)

1 114 BH;. THF 93/100 ambient 96 /909

2 115 BH;. THF 116/0.5 ambient 90 /99R,R

3 115 BH;. THF 116/ 100 ambient 90/ >99KR,R
4 118 BH;. SMe 107/10 —20to 25 78/91 82R)
5 119 BH;. SMe 120/ 10 ambient 91/90 @2R)
6 123 BH;. SMe 120/ 10 ambient 93/91 82R)

In the last decade, several variations of substrgiecedures, or oxazaborolidines
have been reported. Aromatic and aliphatic imisesh asl25 or 126, were reduced with
Corey’s reagentlO7: however, only in moderate yields and enatiosilitiets” (Table
2.11, entries 1 and 2; Scheme 2.31).

Table 2.11.Miscellaneous Reductions with Boranes

Entry Imine Reducing Reagent Ligand Temp. (°C)  Yield (%) /
(mol %) ee (%)
1 125 BH;. THF 107/100 0 60/749
2 126 BH;. THF 107/100 0 79/60
3 129 BH;. THF 82/200 ambient 77161
4 129 BH;. THF 82/25 ambient 60 / 3
5 131 Catecholborane 133/5 -15 87 / 86R)
6 132 Catecholborane 133/5 -15 86/ 75R)
7 136 Catecholborane 107/10 25 94 /63R)
8 18 BH;. THF 138a/100 50 39/49
9 80 BH;. THF 138a/100 50 61/849
10 80 BH3. THF 138b/ 223 50 56/72R)
11 80 BH3. THF 138c/ 223 0 70/99R

Novel a-fluoro™ 129 and a-trifluoromethyl NH-imines 131, 132" or imino ester
136'° were also successfully reduced with Itsuno’s raa§2 or Corey’s oxazaborolidines
107 and 133 to afford the correspondingfluoroamines,a-trifluoromethyl-arylamines,
and a-aminoo-trifluoromethylcarboxylates, respectively (Tabld P, entries 3-7, Scheme
2.32). Unlike the majority of the previous applicas, these methods were catalytic.
Another interesting application of the reducing tegs 107-catecholborane was the
reduction ofo-trifluoromethyl-C-phosphorylatedNH-imines” in analogy to the previous
NH-imines and esters. The-aminoo-trifluoromethylphosphonates were obtained in

moderate ee, up to 70 %.
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)'\ﬂe 107 (1.0 eq) INHR
R BH3.THF (5 eq) R
125:R = Ph toluene (S)-127 (74 % ee)
126: R = i-Pr (S)-128 (60 % ee)
NOMe g2 (2.0 eq) N2
PMF’/\HK BHy. THF (4.1 eq) P'V'P/\H\
F THF F
129 (S)-130 (61 % ee)

Scheme 2.31Novel Substrates for Reduction with Oxazaborolidine

ltsuno has continued his research on enantiosetetductions of ketones, imines

or oximes and he has developed a new piperazinemaitsulfonamide ligand.38a’®

Ketones were reduced catalytically (20 mol %), cesmstoichiometrically, both in

moderate ee’s (up to 84 % ee) and imines afforddy @cemic products (Table 2.11,
entries 8-11; Scheme 2.33).

NH 133 (5 %) NH; Nh
)J\ > /'\ N Ph

CF3 catecholborane (1.5eq) A CFs -0
131: Ar = Ph toluene (R)-134 (86 % ee) n-Bu
132: Ar = 2-Napht (R)-135 (75 % ee) 133

NPMP 107 (10 %) NHPMP
EtOOC™  CF3 catecholborane (2.0 eq) EtOOC™  CFs
136 CH,Cl, (R)-137 (63 % ee)

Scheme 2.32Novel Substrates for Catalytic Reduction with Oxawralidines

The monomeric138a was anchored to a polystyrene framework and the

dependency of enantioselectivity on the compositbthe polymer was investigated. It

was found that the optimal molar fraction of thgahd monomer was 20 mol %. The co-

polymer138cafforded free amind8in 99 % ee (opposite configuration than when using

1389 and could be reused 6 times with no loss of eoselectivity. This was a rare case

when the polymeric catalyst exhibited better emmatfiectivity than the homogenous

monomer.
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NHR
)’\ﬁ 138a (1.0 eql Me XV Y2
N Ph
Ph BHy THF 2eq) PN i ;g
18: R=Bn THF (S)-20, R = OBn (4 %ee) o
80: R =OMe (S)-48,R=H (84 % ee)  O:g oSN
o NH

138b (2.23 eq), x =0.10,z=0.10 — (R)-48, R =H (72 % ee)
=0.20,z=0. =

138c (2.23 eq), x = 0.20, 02 - (R)-48, R=H (99 % ee) 1382  OH HO™ 138bc

Scheme 2.33Polymer-supported Ligand for Reduction with Borane

A newer type of catalysts which form active redgcspecies with borane are
spiroborate esters. The first protocol utilising tfR)-BINOL-proline-based spiroborate
139a afforded free amines in high level of enantiosildy (up to 98 % ee) only in
stoichiometric amountd (Table 2.12, entry 1; Scheme 2.34).

NOMe 139a (1.0 eq) NH2 OO S
> O.,-0~
Ph BH,THF (L5eq) PN \\O'BNH :
80 THF (S)-48 (98 % ee) OO Q
139a
NOBn 139b (10 %) NH; oh
Ar N Ar i I
BH3.THF (4 eq) B
81: Ar = Ph dioxane (S)-48 (97 % ee) N
140: Ar = pyridin-3-yl (S)-141 (98 % ee) 2 139

Scheme 2.34Reduction of Oxime Ethers with Spiroborates

An improvement of this method came with the aminoolaol-ethyleneglycol
catalyst139b which reduced the oximes in the presence of (uadyst equivalents of
borane to free amines in very high enantioseldagtiiypically 95-98 % ee}’ The
reduction was also stereoselective, i.e. tli§-okime was reduced toSfamine,
exclusively. The interesting fact was that a variet heterocycles were tolerated in the
place of the aryl group, except pyridin-2-yl substs, which were reduced by borane in an
uncatalysed (racemic) fashion.

Table 2.12.Reductions with Spiroborates

Entry Oxime Reducing Reagent Ligand Temp. (°C)  Yield (%) /
(mol %) ee (%)

1 80 BH3. THF 139a/ 100 0 76/98 9

2 81 BH3. THF 139b/ 10 25 83/899%

3 81 BH3. THF 139b/ 10 0 771979

4 140 BH3. THF 139b/ 10 0 38/989
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2.3.3. Mechanistic Considerations of Reductionsiw@®xazaborolidines

The oxazaborolidines (OABs) play the role of Lewd-Lewis base bifunctional
asymmetric inducers for activation of the carbcanydl the borarfé (shown for Itsuno’gb)
and Corey’qyd) OAB, Scheme 2.35):

- the Lewis-basic nitrogen site of the OAIB d) coordinates a molecule of borane,
forming acis-fused oxazaborolidine-BHtomplex(c, e) activating the borane,

- thus, the Lewis acidity of the OAB boron atominsreased and it can bind the
carbonyl compoundf, g) — simultaneous activation of both reacting species
towards the intramolecular hydride trangigrh),

- the substrate approaches the OAB with the lasgbstituent (R cis towards the
vicinal BH; so that the hydride is transferredrésface of the substrate (providing
CIP priority is also R> Rg),

- the catalytic cycle is maintained by excesshef teducing borane (BHRBH.R,

BH3) (i, J, k).
Ph BHR, Ph BH; Ph Ph
H,N  OH H-N. O H=N_ O H=N. O
B H.8 B 4
I 3 I H,B I
(@ (S)-OABs R (0 © R )
Nh BH3 Nh Ph,
PR = ® Ph .
NS NS / @QB,R
B~ HeB B~ 0 PRNT" G0 _Rs
R (d) R (e) )J\ HZB_J
H OBH, R~ “Rs © RL
3 (® (@)
oH MO RTTRs TN
R Rs 1)
Ph Ph
(R)-product > .
(k) 0_R 0_R
d @ ~BO d @ ~BO
Ph"N” "\ Rg Ph " N™ N5 R
/ /C)/,, \ ,/O/,' S
H,B, , /\ B A
\H/BHZH R_ BH5 H H =

(i) (h)

Scheme 2.35Proposed Mechanism for Reduction of Ketones withZakorolidines
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Tight organisation in the transition state secutbat the chiral relay is
unambiguous and the&S)fOAB is translated intoR)-configuration of the product. The
optimal temperature was found to be 20-30°“C.

From the previous overview of examples and methiodseduction of imines (and
oximes) with boranes or hydrides, it is clear thavere lack of reliability persists. Only
very few protocols have been made catalytic, wieetlkea opposite is true for reduction of
ketones with oxazaborolidinéSNumerous examples of this have been documentgttin
literature, posing a question of why this systeraesdoot work for imines. It could be due
to lower electrophilicity of the imine carbon arapid equlibration betweerk)- and g)-
isomers. Often enough, Lewis acidic boron is deat#d by the basic imine/amine
nitrogen of the substrate or the product as distuss Chapter 2.1.2.

Ph Ph
o R @ Ph g
ol Jg N vl R
PR N B\ \ Hofl B0 @OB’ /g
\ Ph ,Ph N’ AN
S/ N’ R N Ph N3

Ph ’ Ph (f Ph (d)

Scheme 2.36Proposed Mechanism for Reduction of Imines with Zxerolidines

Another problem is the rate of the uncatalysed Kbgemund) reduction, which is —
in the case of ketones — considerably slower thancatalysed reaction (using BAHF)
or it does not proceed at all (using catecholboradewever, for imines, the background
reaction affords the racemic product in high yiéd both reducing reagefifs(Scheme
2.36). If an E)-imine is taken as substrate, the organisatighetransition state can differ

according to the used reductant:
- using a sterically less demanding 8H is likely that the approach of the imine

towards the OAB happens in similar fashion as endase of ketones, as(it) (R.

~ Ph, R ~ Me), resulting in formation of afRf-amine(d),
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- if a sterically more demanding borane is useg. (@atecholborane), it is likely that
the less crowded conformation would be the oppasite (e), affording an §)-

amine(f).

Thus, the research of reductions of carbonyls itfanes has brought considerable
achievements only for ketonic substrates. An adtive reducing reagent — virtually

inactive on its own and activated by catalyst — yetdto be developed.

2.4. Hydrosilylations of Imines

2.4.1. History of Hydrosilylations and Early Mechastic Views

The reductive properties of trichlorosilane wergeesively studied since the 1950s
and resulted in reductive silylation of severalssks of compounds, such as alkenes and
alkynes (HSiI only); aldehydes, ketones and imines, acids aed terivatives (HSiGl
with a tertiary amine® Though, it was not until the 1980s that the meigtan
understanding allowed development of new methaaghstically truly useful.

@® O
R3N;§iCI3
H
(@) (b) (©

©) ©

RsN + HSICl, =—= ——= RyN-H + SiCl,

Scheme 2.37First Proposed Mechanism for Formation of Trichgld Anion

Mixtures of trichlorosilane and a Lewis base (piyre] tertiary amine) were known
to form isolable (but not very stable) adducts aonhg two equivalents of the base, prone
to disproportionation to tetrachlorosilane and rel® The early mechanistic NMR
experiments were targeted to propose and provsttheture of the trichlorosilane-tertiary
amine complex (Scheme 2.37)'H NMR showed a new signal &t11.03 assigned as of
protonated basg);®’ therefore creating trichlorosilyl anion availaliteact as the reactive
nucleophile. Another proof of this species wasdahene-catalysed deuterium exchange of
'H-trichlorosilane with a tertiary amine-deuterioatidle salt where the formation of the

new complex was the rate-determining stéphe silicon-bonded hydrogen would gain
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a substantial hydride character(see also Chapter 3.2). Another support for teemhis
gained from the properties of pyridine-trichlorasié adduct?’ It has been shown that the
S+Cl and SFN bonds are predominantly ionic; however, the latiend also featured
donor-acceptor character, and 8id bond was categorised as polar-covalent. The ratura
charges on atoms were shifted to more extreme salpen coordination, i.¢he ligands
became more negatively charged and silicon more pogely .

T
f\N/@
RZ  SiCl
Ho
RU R®  Hsicl R R HO LR
YN i (b) z%” —> N
R2 RTL s R%W H
(@) R R® HOP &l (d)
RN (©)
B RZ\%CI3 a
H

Scheme 2.38Proposed Mechanism for Formation of Trichlorosilyline Intermediate

The first reduction of imines was successful wikie tstandard trichlorosilane-
tertiary amine mixture, but also without the aduftiof a tertiary amine (Scheme 2.38).
Both methods afforded the corresponding amine awtderpected hydrocarbon as did
carbonyls. An NMR study suggested that the actualdyct of the reaction was
trichlorosilylamine (c) which was hydrolysed easily on work-up to the feemine (d).
Supposedly inactive trichlorosilane reduced thenardouble bond with no amine catalyst,
suggestinng that the imine nitrogen is sufficientlgwis basic to form an adduct with
trichlorosilane, where the silicon atom is pentahexacoordinate (Chapter 3.2.2), similar
to the species formed with a tertiary amine. Thdriae transfer could then occur in an

intramolecular fashion to the highly electrophitizrbon atoft”in (b) (Scheme 2.38).

Rl RS Rl RS Rl R3 Rl R3
/ BF : HSICl, / H,O /
2>:N —>3 2>:N\G-) e RZ%N\ . —>2 RZ%N\
R R?  BF; - BF3 H SiCl, H H

@ (b) ) (d)

Scheme 2.39Proposed Mechanism for BEatalysed Trichlorosilylation
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The attraction of the simple reduction method waslsby the harsh conditions —
reflux in acetonitrile. A modification with mildezonditions was developed in 19%1the
use of catalytic amounts of a strong Lewis acidB&s facilitated the reaction at room
temperature (Scheme 2.39). Authors claimed thatdBie HSIC4{ did not react with each
other and therefore the imirfa@) would preferentially form a complex with BEb) which
then could be hydrosilylatec) and hydrolysed to the amine product). Another

possibility was to use more potent reductant didditane, without BE-catalysis.

P SNPh of PEXYSN0 % o b SNHPh or PR OH

142 143 144 (98 %) 145 (87 %)
QL BY

P N0 * ph o P SOH + Ph” OH 98:2)
146 39 147 148

a. HSIiCly CH,CI,/DMF (4:1), 0 T, 4h
b. HSIiCl;, CH,CIl,/DMF (4:1), =20 T, 4h

Scheme 2.40Examples of DMF-catalysed Trichlorosilylation

Five years later, another method was developed kmybakashi, where
trichlorosilane was activated with DME This method was a real breakthrough — simple,
reliable, high-yielding and chemoselective! Aldebgdvere reduced at —20 °C, aldimines
at 0 °C in 4 hours, and ketones at room temperadnce with longer reaction times
(Scheme 2.40). Moreover, conjugated multiple bomdse not reduced, the reduction was

entirely 1,2-selective. A°Si NMR study identified the hypervalent silicates.

DMF is a Lewis base capable of coordinating tricbdilane to produce penta- or
hexacoordinate silicate®) that are strong Lewis acids highly electrophibevards the
carbonyl. The hydrogen bonded to silicon gains lofdcharacter and once the carbonyl
compound is in proximity of the silicdie), an intramolecular hydride transfer can occur to

produce trichlorosilylalcohdle) which affords alcoha(ff) upon hydrolysis (Scheme 2.41).
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Scheme 2.41Proposed Mechanism of DMF-catalysed Trichlorostlgia

2.4.2. Enantioselective Hydrosilylations of Imines

The variability of the Lewis basic component operied door for asymmetric
applications by using chiral Lewis bases. Thet fagantioselective reduction of imines
with trichlorosilane was reported in 2001 by Matsuar” His protocol was based on the
Lewis base activation of trichlorosilane. In thegence of the proline-derived formamides
149ab, ee’s up to 66 % and high imine chemoselectivigravachieved (Table 2.13,
entries 1-3; Scheme 2.42).

NR 149 (10 %) NHR HN-Ar
. > H Q_%
Ph HSICl; Ph/\ \QO
CH,Cl,
33: R=Ph (R)-35 (<66 % ee) 149a: Ar = Ph
18: R=Bn (R)-20 (55 % ee) 149b: Ar = 1-Napht

Scheme 2.42First Enantioselective Reduction of Imines withchtorosilane

For the same model reaction with imi8®& the valine derived formamide catalyst
152aexhibited better results, aryl imines were reduagtt high enantioselectivity up to
92 % ee” Imines derived from aliphatic amines afforded maiwe (or close) products
(Table 2.13, entries 5-8; Scheme 2.43).
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Table 2.13.Model Reductions of Imines with Trichlorosilane

Entry Imine Catalyst (mol Solvent Temp. Yield (%) /
%) (°C) ee (%)

1 33 149a/ 10 CHCI, ambient 91/ 55R)

2 33 149b/ 10 CHCI, ambient 52 / 66R)

3 18 149a/ 10 CH,CI, ambient 97 / 55R)

4 31 152a/ 10 CHCI, ambient 68 /799

5 31 152a/ 10 CHC} ambient 79 /869

6 31 152a/ 10 CHC} -20 49/929

7 18 152a/ 10 CHC} ambient 46/ 8

8 150 152a/ 10 CHC} ambient 50/5

Interestingly, the same configuration on the amacm scaffold afforded opposite
configuration of the amine indicating different rhaaism of enantiodifferentiation.
Second generation analogue, cataliSb performed even better and it was used for
screening of its activity towards electronically aifeed substrated51to 156 (Table 2.14,
entries 1-5; Scheme 2.4%).

NR 152 (10 %) NHR
e

CHZCIZ or CHC|3 HN-Ar
33:R =Ph (S)-35 (79-92 % ee)
18: R=Bn (S)-20 (8 % ee) —N_ 0O
150: R = Cy (S)-153 (5 % ee) o
151: R = PMP (S)-154 (91% ee)

152a: Ar=Ph

NPh 152b (10 %) NHPh 152b: Ar = |

—_—

CHCI; or toluene
155: R = PMP (S)-157 (85 % ee)
156: R=PTMP (S)-158 (89 % ee)

Scheme 2.43Enantioselective Reduction of Imines with Trichlsitane and Valine Catalyst

Optimisation of the reaction conditions includedriaon of solvent (CHCI,,
CHCI;, MeCN, toluene), temperature, catalyst loadingd amaction time. Their

combination has led to several practical conclusion

- toluene as solvent increased the enantioseigctiom 79 % (CHCI,) to 92 % ee,

- lower temperature increased the enantioselégtimainly in case of aliphatic
imines by slowing down the background reaction ifigantly), but decreased
yields and the optimum temperature was determiodxd troom temperature,

- the background reaction for aromatic iminedasvsand low-yielding,

- the catalyst loading could be as low as 1 moltl&, convenient optimum was
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determined to be 5 mol %,
- the reaction time for full conversion was uRtbh,
- linear relationship between the enantiopuritytlué catalyst and the product; no

non-linear effects were observed.

D\
R C N—E
H N/I CAr
HN B, S— —_— N
B-N O J)LK NS
MeN\:OO R >:o
A

Figure 2.3.Catalyst152and Imine Structure Effects

From preliminary experiments it was clear that ithene must be derived from an
aromatic amine (Figure 2.3, positia)y ideally p-methoxyaniline which then can be
oxidatively removed. The reduction proceeds withcfical enantioselectivities only if it is
derived from an aryl-alkyl ketone (positionsandK). The catalyst structure was also
varied, virtually on every position (Figure 280 E):

- A = H, the formamide moiety is crucial for the reagty and enantioselectivity —
the carbonyl group must be sufficiently Lewis baanc small,

- B = Me, theN-methyl group is important for enantioselectivityt Imot reactivity,

- C =i-Pr, the particular amino acid used determinesondt the enantioselectivity
of the reduction, but also the absolute configoratf the product, the continuum
of enantioselectivity from highly enrichedS{configured amine with valine-
derived catalyst through phenylglycine-derived lyataaffording racemic product

to moderatelyR)-enantioenriched amine obtained with alanine-eetivatalyst:
(9-product ee— i-Pr ~ Cy >t-Bu > Bn >i-Bu > Ph facemiq < Me — (R)-product ee

- D =H,E = aryl, it is desirable that the catalyst is aoselary anilide derivative; a
tertiary anilide or an aliphatic amide are unreagti

- R group, the enantioselectivity of the reductionr@ases as: H < Mei<Pr <t-Bu.

The first organocatalyst catalysing reduction oiiesand ketones was a pyridyl-

oxazolinel57 from the same group.It showed appreciable results for reduction of iesin
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(Table 2.14, entries 6 and 7; Scheme 2.44), up/t&oe8ee, though it performed better in
reduction of aromatic ketones. From mechanistievsjetrichlorosilane coordinates both

heterocyclic nitrogens and the reaction exhibitgjloanging chiral induction.

Jl\ph 157 (20 %) NHPh
_— =
HSICI PN — O-pPh
R 3
CHCl, R 2\ ,\;—<\NI
155: R = PMP (R)-158 (87 % ee)
156: R = PTMP (R)-159 (87 % ee) 157
NR 160 (10 %) NHR
—_ >
CHyCl, \ N O PhPh
33:R=Ph (S)-35 (73 % ee)
18: R =Bn (S)-20 (80 % ee) 160

Scheme 2.44Enantioselective Reduction of Imines with Trichlsitane and Non-formamides

Another non-formamide catalyst was a picolinic adetrivative 160 where the
silicon atom is coordinated to the picolinyl nitesg and carbonyl group, and the
transition state might be additionally stabilisegt the alcohol group. The highest
enantioselectivity achieved with this catalyst \88s% ee for imine.8 (Table 2.14, entries
8 and 9; Scheme 2.44).

Table 2.14.0Other Organocatalyst for Reduction of Imines witichlorosilane

Entry Imine Catalyst (mol Solvent Temp. Yield (%) /
%) (°C) ee (%)

1 33 152b/ 10 CHCl, ambient 70/89 (S)
2 33 152b/ 10 toluene ambient 81/92(S)
3 151 152b/ 10 toluene ambient 85/91(S)
4 155 152b/ 10 toluene ambient 86 /85 (S)
5 156 152b/ 10 toluene ambient 86 /89 (S)
6 155 157/ 20 CHC} -20 51/87R)

7 156 157/ 20 CHC} =20 65/87R)

8 33 160/ 10 CHCI, ambient 86/73%

9 18 160/ 10 CHCl, ambient 67 / 80S)

Sun’s group published several organocatalysts &mtuction of imines with
trichlorosilane in a period of two years. The earlivork was represented by formamides
based on the idea of replacing the 5-memberednarbleterocycle of Matsumura'’s catalyst
149 with its six-membered analogligpipecolinic acid)161 and further modification to

piperazin-2-carboxylic acid 162 (Figure 2.4).
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Figure 2.4.Most Successful Sun’s Organocatalysts for Reduafdmines with Trichlorosilane

Catalysts derived from pipecolinic acid, il&1aand161bexhibited good catalytic
properties and high enantioselectivities for mdghe aryl-methyl imines (up to 95 % ee;
Table 2.15, entries 1 and 2; Scheme 2.45) and goadtioselectivity was reached also in
the case of alkyl-methyl imines (up to 86 % ee)wdeer, longer alkyl chain was not
tolerated (Table 2.15, entry 3; Scheme 2.45). Botise catalysts showed similar reactivity
in reduction of imines, the latter oaé1b however, performed much better in reduction of
ketones, when enantioselectivity tdladropped to ~75 % ee. Another structural feature
important for reduction of ketones (but not iminess the configuration at carb@h?2’.
Removal of this stereogenic centre or reversinglitsolute configuration § — (R)] has
led to a drop of enantioselectiviy (for ketonesydnb ~70-80 % ee. This fact pointed to a
possibility of different transition states for redion of ketones and imines. On the other
hand, §-configuration aC-1' was distinctively preferred. The change@®p’-acetoxy for
C-2’-methoxy group increased the catalyst reactiitgoling to —20 °C needed) and
toluene was determined as an optimal solvent @adstaf typical CHCI,, Table 2.15,

entries 4 and 5).

J\Eh a.-tod ; NHPh NPh a.orc. NHPh
HSICI - . ; B
R CH,Cly R Ph™ “n-Bu HS'C'f Ph” n-Bu
. CH,C
33: R = Ph (R)-35 2Ll )
150: R = Cy (R)-153 166 (R)-167
a. 161a (10 %) b. 161b (10 %), toluene  c. 162a (10 %) d. 162b (10 %)
— (R)-35 (95 %ee)  — (R)-35 (93 %ee) — (R)-35 (89 %ee)  — (R)-35 (87 Y%ee)
— (R)-153 (95 %ee) — (R)-153 (92 %ee) — (R)-153 (82 %ee)
— (R)-167 (29 %ee) — (R)-167 (89 %ee)

Scheme 2.45Enantioselective Reduction of Imines with Trichlsitane and Formamides
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The second generation of formamide catalysf2a and 162h derived from
piperazine-2-carboxylic acid performed better vatkl-alkyl imines (typically 92 %, up to
97 % ee; Table 2.15, entry 8; Scheme 2.45), whadentaining the selectivity for classical
aryl-methyl and alkyl-methyl imines (Table 2.15treas 6 and 7; Scheme 2.45). Imines
with a substitutedN-phenyl group were reduced only in moderate edwugh.
Interestingly, variation at positioN-4 from sulfonamide to carboxamide influenced the
enantioselectivity only marginally, but improved reactivity (reaction carried out at 0 °C
instead of at —20 °C; Table 2.15, entry 9). It seemlausible that group X (S©@r CO in
structurel6?) provided the right steric shielding.

Table 2.15.0ther Organocatalyst for Reduction of Imines witichlorosilane

Entry Imine Catalyst (mol Solvent Temp. Yield (%) /
%) ¢C) ee (%)
1 33 161a/10 CHCl, 0 97 /95R)
2 150 161a/10 CHCl, 0 81/95R)
3 166 161a/10 CHCI, 0 n.a./29R)
4 33 161b/ 10 toluene -20 94 / 9R)
5 150 161b/ 10 toluene =20 93/ 9R)
6 33 162a/ 10 CHCI, =20 95/ 89R)
7 150 162a/ 10 CHCI, =20 86 / 82R)
8 166 162a/ 10 CHCl, -20 84 / 89R)
9 33 162b/ 10 CHCI, 0 87/87R)

A different class of sulfinamide catalysts was aldeveloped by Sun. The
preliminary success of commerci&){tert-butylsulfinamidel68 which exhibited catalytic
activity with 21 % ee, has brought catalgs8°® An important feature of this catalyst was
the phenolic group, whose position influenced theactivity rather than the
enantioselectivity. An additional electron-withdiiag group caused significant increase of
enantioslectivity, indicating its role as a Brguistecid andnot a coordination site for
trichlorosilane. Together with non-linear effecis,seemed probable that this phenolic
hydroxyl facilitated assembly of two moleculesl®3 chelating trichlorosilane with their
sulfinamide groups. New, improved cataly€i4 resulted from attempts to incorporate
chemically the two sulfinamide groups in one moleculinked together with an
appropriate spacéf. The catalyst164 exhibited linear dependence of product’s ee on
catalyst’s enantiopurity and loading of 10 mol %s@ed enantioenriched amines with the
same levels as 20 mol % D63 (Table 2.16, entries 2-7; Scheme 2.46), enanBoteities
up to 96 % ee for aromatic and 78 % ee for alighatines. The authors also described

beneficial effect of 0.3 equiv of 2,6-lutidine onamtioselectivity (Table 2.16, entry 8).
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NPh a orb. NHPh NPh a.orb.

—_— NHPh
R HSICls R T hasicn
CH,Cl, Ph™ “n-Bu CH'C|3 Ph” “n-Bu
33: R=Ph S)-35 212
150: R = Cy 233-153 166 (S)-167
O
a. 163 (20 %) b. 164 (10 %) S.

— (S)-35 (92 %ee)  —= (S)-35 (96 %ee) O7 7 NHy

— (S)-153 (74 %ee) — (S)-153 (75 %ee)

— (S)-167 (93 %ee) — (S)-167 (91 %ee) 168

Scheme 2.46Enantioselective Reduction of Imines with Trichlgitane and Sulfinamides
Table 2.16.0ther Organocatalyst for Reduction of Imines witichlorosilane
Entry Imine Ligand (mol %) / Solvent Temp. Yield (%) /
Additive (mol %) (°C) ee (%)

1 33 168/ 20/ - CH,Cl, 0 60/219
2 33 163/ 20/ - CH.Cl, -20 92/929)
3 150 163/ 20/ - CH.Cl, =20 781749
4 166 163/ 20/ - CH,Cl, =20 94/939
5 33 164/ 10/ 2,6-lutidine / 30 CHCI, -20 91/969
6 150 164/ 10/ 2,6-lutidine / 30 CHCI, -20 84/759
7 166 164/ 10/ 2,6-lutidine / 30 CHCI, -20 89/919
8 33 164/ 10/ - CH,Cl, =20 93/919
9 18 165/ 10/ - toluene 0 98/96 R)
10 169 165/ 10/ - toluene 0 82/92R)
11 170 165/ 10/ - toluene 0 67 /66 R)
12 173 165/10/ - toluene 0 80/99.6R)

Reuvisiting the existing catalysts for reductionmfnes with trichlorosilane offered
the idea of combining structural features of fornden (an amino acid as a source of
chirality) and an extra chelating sulfinamide grpspch a hybrid catalyst proved very
efficient?° Catalyst165 exhibited deviation from the other catalysts, ¢ygical solvent
CH.ClI; and chloroform caused dramatic drop of enantiotiéy (down to ~20-30 % ee),
and interestingly, CGlwas an excellent solvent alongside with toluertee Vields were
comparable in both solvents and the enantioslégtvas complementary (Scheme 2.47).
First virtually enantiopure amine (99.6 % ee) wasppred by this method (Table 2.16,
entry 12; Scheme 2.47) and various unudt:aryl andN-alkyl 169 170 and173 imines
were reduced with very high levels of enantiosélégt (typically 96 % ee; Table 2.16,

entries 9-11; Scheme 2.47).
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a.orb.
NR NHR NBn a.orb. NHBn

. _— T
Ph HSICl, RS PNP HSICl,  prp” ™
18: R=Bn (R)-20 }
169: R = allyl (R)-171 173 (R)-174
170: R=Et (R)-172
a. 165 (10 %), toluene — (R)-20 (96 %ee) b. 165 (10 %), CCl, — (R)-20 (97 %ee)
— (R)-171 (92 %ee) — (R)-171 (93 %ee)
— (R)-172 (66 %ee) — (R)-172 (90 %ee)
— (R)-174 (99.6 %ee) — (R)-174 (94 %ee)

Scheme 2.47Enantioselective Reduction of Imines with Trichlsitane and Sulfinamide

After a thorough analysis of structural featureshef valine-derived cataly$62, it
was recognised that introducing more butkgroups (-Pr ort-Bu) into the 3,5-positions
of the anilide moiety (Figure 2.5) may cause furtimerease of the enantioselectivity in
comparison to its unsubstituté82aor methyl-substituted52b predecessors (Figure 2.3).

R i-Pr Me
oy e oo
R"
MeN (e} R MeN (e} i-Pr MeN O Me
=0 \=0 \=0
152c: R =i-Pr 175a: R' = CH,-CH»-CgF 3 176a: R" = @ (Merrifield
152d: R =t-Bu 175b: R' = CgHq7 176b: R" = C5H1p-CgH4
176¢: R" = O-CH,-C¢H,-B (Wang)

Me .y n-Bu

N\ S/
‘é—H{\‘ Q 2 SA )‘\ /(\A
X—s U s—npu 177a: X =%, "C H; J

MeN (@] Me
/S S\

n-Bu \-Bu 177b: X = C11H22'S- Au

Figure 2.5.Variations on Valine-derived Catalys52

This assumption was proved correct by synthesisitglysts152c and 152d°*
With the increasing bulk of the 3,5-substituentse £nantioselectivity of reduction of
model iminel51was enhanced up to 94 % ee (Table 2.17, entrglerSe 2.48; compare
to Table 2.14, entry 3; from 91 % ee with 10 mol%ccatalyst152b in toluene). This
beneficial role of the bulk at the anilide moietasveven more obvious for aliphatic and
conjugated imines a%0, 178 and 179 (1,2-reduction) which were reduced to the
corresponding amines with 85, 62 and 81 % ee, otsply (Table 2.17, entries 5-7;
Scheme 2.48). Furthermore, the catalytic activisswmproved and the loading d52d
could be decreased to 1 mol % while maintaining $ame level of enantioselectivity
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(Table 2.17, entries 1-4; Scheme 2.48). For comrer@, though, 5 mol % of catalydi2d
was recognised as an optimal loading, for the m@actarried out in toluene at ambient

temperature for 18 hours.

NPMP a., b.orc. NHPMP
—_—
: a. 152¢ (5-10 %) —= (S)-154 (93-94 % ee)

R HsiCly R)\ b. 152d (1-10 %) — (S)-154 (93-94 % ee)

151 R = Ph (S)-154 c. 152d (5 %) — (S)-52 (85 % ee)

50: R = Cy (S)-52 — (5)-180 (62 2@ ee)

178: R =i-Pr (S)-180 — (S)-181 (81 % ee)

179: R = (E)-CH=CH-Ph (S)-181

Scheme 2.48Enantioselective Reduction of Imines with Sigamide

Investigation of the valine-derived cataly§i2 was extended also on the practical
points of the methodology. The purification procedwas simplified by attaching a
perfluoroalkoxy chain or polymer support to tNearylamide (Figure 2.5). From previous
results, it was clear that 4-methoxy anilide denxawas well tolerated and therefore there

would be a possibility of derivatisation at thitesi

Table 2.17.Reductions with Modified Valine-derived Catalysts

Entry Imine Ligand Solvent Temp. Yield (%) /
(mol %) (°C) ee (%)

1 151 152c/ 10 toluene ambient 99 / 94)
2 151 152c¢/ 5 toluene ambient 95/ 93)(
3 151 152d/5 toluene ambient 95/ 98)(
4 151 152d/1 toluene ambient 92 /939

5 50 152d/5 toluene ambient 86 / 85)(
6 178 152d/5 toluene ambient 83/ 63)(
7 179 152d/5 toluene ambient 94 / 8%)(

Catalyst with an attached perfluoroalkoxy chaiti75a exhibited high
enantioselectivity* (89 % ee; Table 2.18, entries 1 and 2; Scheme 2agi9vell as its-
octyl congenerl75b which proved no interference with the fluorous.tdbe advantage
was simple purification by filtration through a pafifluorous silica gel, the amine eluted
with a methanol — water mixture and the catalyst waleased with pure methanol
afterwards. Recycling the catalyst up to five tincasised ~5 % loss of enantioselectivity,
mainly because the catalyst recovery was not gaéing and the loading successively

decreased.

62



a. 175a (10 %), toluene — (S)-154 (89 %ee)
b. 175b (10 %), toluene — (S)-154 (90 %ee)

NPMP a.log. NHPMP c. 176a (25 %), CHCl; — (S)-154 (76-82 %ee)
HsiCl /k d. 176b (15 %), CHCl; — (S)-154 (77-82 %ee)

Ph 3 Ph e. 176¢ (20 %), CHCl; — (S)-154 (73-77 %ee)
151 (S)-154 f. 177a (20 %), toluene — (S)-154 (79-84 %ee)

g. 177b (20 %), toluene — (S)-154 (79 %ee)

Scheme 2.49Enantioselective Reduction of Imines with Recovirdatalysts

The polymer supported series of catalykT® exhibited approximately 10 % ee
lower enantioselectivity than their monomer-catatysersion'”” This was attributed to
the heterogenous character of the reaction andalekground reducing activity of the
polymer support. Another major difference was ttwtiene proved unsuitable for the
polymeric catalysts as the background (polymertgsgal) reaction was even faster.
Typically, the first run afforded amines with 5 %wler ee’s (73-76 % ee; Table 2.18,
entries 3-5; Scheme 2.49) than th&t® 6" run (77-82 % ee, respectively; Scheme 2.49).
It was hypothesised that formation of a small amadigel by quenching of trichlorosilane

during the first work-up would “condition” the paher.

Table 2.18.Reductions with Recoverable Valine-derived Catalyst

Entry Imine Ligand Solvent Temp. Yield (%) /
(mol %) (°C) ee (%)
1 151 175a/10 toluene ambient 98 /89 (
2 151 175b/ 10 toluene ambient 98 / 909
3 151 176al 25 CHC} 25 80/769
4 151 176b/ 15 CHC} 25 871779
5 151 176¢/ 20 CHC} 25 83/739
6 151 177al 20 toluene 20 90/84 9
7 151 177b/ 20 toluene 20 86/799¢

The catalyst surface-immobilised on gold nanoplagi¢Figure 2.5) was another
option for constructing a homogenous recoverabtalyst’®® The standard ether linker
was used il 77k furthermore, lipoic ester linkage was tolerategllwn 177a(Table 2.18,
entries 6 and 7; Scheme 2.49). The coating levtierfirst case was approximately 10 %
of the available sulfide functions, in the latterecaround 5 %. The enantioselectivity was
comparable with the polymer-supported catalysttup4 % ee); however, the gold-coated
catalyst failed to keep it aftef®un, probably due to washing off the catalyst frtma

gold support or aggregation of the nanoparticlescrange to heterogenous system.
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NPMP 152d (5 %) NHPMP t-BuOK

— oy meeeeees > N—PMP
R)J\/Cl HSICl, R)\/Cl THF R/<l
toluene
182: R = Ph (R)-185 (89-96 %ee) (R)-188
183: R = PMP (R)-186 (91 %ee) (R)-189
184: R = PTMP (R)-187 (84 %ee) (R)-190

Scheme 2.50Enantioselective Reduction @fChloro Imines with Sigamide

Besides the reduction of simple imines,chloro imines were reduced with
Sigamide152d and trichlorosilan€®* (Method (A); Table 2.19, entry 1). This innovation
offered shorter synthetic access to enantioenridh2etlisubstituted (terminal) aziridines
than the known cyclisation of vicinal amino alcahdReactivity ofa-chloro ketones with
aliphatic amines, which would undergo substitutbérthe chlorine rather than to form the
imine, was not an issue as the reduction protaceffective only for less nucleophilid-
aromatic imineso-Chloro imines which were not isolable were geredtan situ in the
presence of an excess of the ketone (Method (B)leTA.19, entries 2-4; Scheme 2.50),
affording the chloro amines with up to 96 % ee itgfly 89-93 % ee). Aziridine ring

closure proceeded smoothly witBBuOK in THF maintaining the enantiopurity.

Table 2.19.Novel Application of Sigamide in Reductions withidforosilane

Entry Imine Ligand (mol %) [/ Solvent Temp. Yield (%) /
Additive (equiv.) (°C) ee (%)
1 182 (A) 152d/5/ - toluene ambient 98 / IR)
2 182 (B) 152d/5/ - toluene ambient 94 / 8
3 183 (B) 152d/5/ - toluene ambient 86 / 9RY
4 184 (B) 152d/5/ - toluene ambient 88 / 84R)
5 191 152d/5/ AcOH /1 toluene ambient 98 / 89539
6 192 152d/5/ AcOH /1 toluene ambient 751 87339
7 193 152d/ 10/ AcOH / 1 toluene ambient 84 | 76339
8 194 152d/ 10/ AcOH /1 toluene ambient 46 / 83339
9 195 152d/ 10/ AcOH /1 toluene ambient 84 /76 @39

In the case of enamine esters or enamine nitfifes,clear drop of reactivity was
observed. It is likely that equilibration betweef)-(and g)-forms (promoted by the
presence of an acid) proceeds through the iminm fahich is the actual substrate for

reduction (also see Chapter 2.1.2); however, aathlyses also the non-selective

background reduction.
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J\izl\ip H* ACOH (1 eq) NHPMP
1 1 > 1 X
R , R , HSICl, R
R R toluene R?
191: R! = Ph, R? = H, X = COOEt (S)-196 (89 %ee)
192: R'=Ph, R2=H, X=CN (S)-197 (87 %ee)  syn:anti
193: R! = Ph, R? = Ph, X = COOEt ()-198 (76 %ee)} g9:1
194: R! = Ph, R2 = Ph, X = CN (S)-199 (83 %ee) '

195: R! = Ph, R2 = n-Bu, X = COOEt (5)-200 (76 %ee)  ~95:5

Scheme 2.51Enantioselective Reduction of Enamines with Sigamid

An optimal compromise between the enantioselegtigihd the reactivity was
found to be with 1 equivalent of acetic acid andct®n time 48 hours. The desir@d
amino esters were obtained in 87-89 % ee (Table, 21tries 5 and 6; Scheme 2.51). The
a-substituted3-amino esters were obtained in high diastereoseilgc(>95:5) and good
enantioslelctivity (typically 76 % ee; Table 2.1é&ntries 7 and 9; Scheme 2.51). The

corresponding nitriles exhibited lower reactivibyt slightly higher ee’s (entry 8).

C12
A X J
| Me I HN PPh,
N NIMG NN < PPh
N Ar Ar = N /| 2
H HO \QO

(e}
201a 201b 202

203: (S)-BINAPO

Figure 2.6.Novel Catalysts for Enantioselective Reductionroinles with Trichlorosilane

Two main research groups (Sun and ¢ésky/Malkov) have demonstrated
sufficiently the utility of the reduction of iminesith a system of an organocatalyst and
trichlorosilane. Another Chinese group (Zheng) pred a series of new cataly&8l,
based on those previously published by MatsumudaSam (Figure 2.6).

Table 2.20.Novel Catalysts for Reductions with Trichlorosilane

Entry  Imine Ligand (mol %) Solvent Temp. Yield (%) /
) ee (%)
1 18 20l1a/ 20 CHC} -10 85/80R)
2 33 201a/ 20 CHCl; -10 88/92R)
3 204 201a/ 20 CHC} -10 70/ 67R)
4 206 20l1a/ 20 CHC} -10 85/95R)
5 208 201b/ 10 CHC} -30 82/959
6 209 201b/ 10 CHC} -30 96 /959
7 212 203/ 10 CH,ClI, ambient 68/ 74R)
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Screening of several diastereoisomers of the cdtalgrived from picolinic acid
and 1,2-disubstituted aminoethanol has lead tetstre201lawhich exhibited the desired
levels of reactivity and enantioselectivity. Catalyst201aperformed well with a variety
of N-benzyl (80 % ee; Table 2.20, entry 1; Scheme 2a82)N-aryl imines (Table 2.20,
entries 2-4; Scheme 2.52). Aryl-methyl imines we@uced with up to 92 % ee, tetralone-
derived imine with excellent 95 % ee and aliphati;mes with up to 67 % ee. However,

the required catalyst loading was 20 mol %.

—_— - _— =
CHCl, CHCl3 Y
33: R =Ph (R)-35 (92 % ee) 204 (R)-205 (67 % ee)
18: R=Bn (R)-20 (80 % ee)
N,PMP HN/PMP
201a (20 %) :
e
O me o OO
CHCl5
206 (R)-207 (95 % ee)

Scheme 2.52Enantioselective Reduction of Imines with Trichlsitane and Novel Catalysts

Catalyst 201a gave unsatisfactory results for enantioselectiegluction of

107

enamines, whereas the opposite was true for cagdyd. "’ A series of enamino esters as

208 and 209 derived from aromati@-keto esters and aromatic amines afforfemmino
esters with 92-96 % ee (Table 2.20, entries 5 ai@tlbeme 2.53).

NHPMP 201b (10 %) NHPMP

I coome T2 COOMe
HSICl R)\/

208: R= Ph CHCl (S)-210 (95 % ee)

209: R = Napht (S)-211 (95 % ee)

Ph

O
)J\ 203 (10 %) )\
—>
O HN Ph HSICl, 0] O NHBz

N
PhM CH,Cl, Ph - PhM

212 (R)-213 (74 % e€) (S)-214 (7 % ee)

12

.

Scheme 2.53Enantioselective Reduction of Enamino Substratéls Wiichlorosilane
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Reductive cyclisation oR-acylatedB-amino enoné§® to 4H-1,3-oxazines was an
elegant method utilising trichlorosilane and a giiseoxides as catalysts. The best result
was obtained with§)-BINAPO 203 the desired produ@13 was formed in moderate
enantioselectivity (74 % ee; Table 2.20, entry GheéSne 2.53) and the acyclic by-product

was found to be in low enantioselectivity.

e 0 Q
HN X
et X N N
X= ¢ |
N Ob Qx X e [N o PN
\so Me
oA(j
215 N~

216a 217
216b

Figure 2.7.More Novel Catalysts for Enantioselective Reducttbimines with Trichlorosilane

Several other modifications of the already existoagalysts have been published
recently (Figure 2.7). Among these is formamd& containing an additional stereogenic
centre in the amide part, designed for allylatibimdnes and along that, it was tested also
for reduction with trichlorosilan&’ However, the best results were achieved with atdit
of HMPA and even then the enantioselectivity waly oip to 74 % ee (Table 2.21, entries
1 and 2; Scheme 2.54). Better results were obtaivithd picolinamide catalyst216ab,
carrying a chiral cyclic diamine or binaphtyl mgieparticularly when considering the
simplicity of their preparation (in 1 or 2 step$).They exhibited very high reactivity and
good enantioselectivity up to 83 % ee (Table 2e2itries 3 and 4; Scheme 2.54).

NPh a.toe. NHPh a. 215 (30 %), HMPA (30 %) — (S)-35 (74 % ee)
—_— }\ b. 216a (10 %) — (S)-35 (69 % ee)
Ph HSICls Ph c. 216b (10 %) — (S)-35 (73 % ee)
CH,Cl, d. 217 (1 %) — (S)-35 (85 % ee)
33 (S)-35 e. 202 (10 %) — (R)-35 (63 % ee)
NPMP 217 (1 %) NHPMP
R
HSICl,
Ph™ R CH,Cl, Ph™ R
151: R =Me (S)-154 (87 % ee)
108: R = Et (S)-109 (83 % ee)

Scheme 2.54Enantioselective Reduction of Imines with Trichlsitane and Novel Catalysts

The latter of the above-shown novel catalysts,lygstt217 used imidazole moiety
instead of the previously used pyridines (imidaa@esion of Mastsumura’s catalyst. Its
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extraordinary catalytic activity enabled loadinglyod mol % (!) and yet, keeping the
enantioselectivity at high level for aryl-alkitaryl imines affording corresponding amines
in 83-87 % ee (Table 2.21, entries 5-7; Scheme)2.54

Table 2.21.Novel Catalysts for Reductions with Trichlorosilane

Entry  Imine Ligand (mol %) / Solvent Temp. Yield (%) /
Additive (mol %) (°C) ee (%)
1 33 215/ 30/ - CH.ClI, ambient 52 /679
2 33 215/ 30/ HMPA /30 CH.CI, ambient 64 /749
3 33 216a/ 10/ - CH.ClI, 25 99/699
4 33 216b/ 10/ - CH.CI, 0 98/839
5 33 217/17/ - CH.ClI, 0 82/859
6 151 217/17/ - CH.ClI, 0 96/879
7 108 217/1/- CH,Cl, 0 95/839
8 33 202/10/ - CH.CI, 0 85/63R)

A series of secondary amides bFformyl proline were synthesised for the
mechanism-structural studi€s, adamantylamide202 used for the most of the
experiments. The enantioselectivity was comparafile the Matsumura’s cataly$#9, 63
% ee (Table 2.21, entry 8; Scheme 2.54).

2.4.3. Mechanistic Considerations of the Reductith Trichlorosilane

The mechanistic stud{ provides calculations for the mode of coordinatifn
trichlorosilane to the catalyst’s formamide moiatyd the transition state upon interaction
with the imine (Scheme 2.55). It is known that fammdes are present in the solution as
two isomers, thérans (a) being the major one, possibly thanks to hyperagatjon of the
non-bonding electrons and intra-molecular hydrodpemding. Thecis-isomer (b) is,
however, the more reactive species and can coaeditidchlorosilane while its
conformation changes, tqg). Interestingly, a strong interaction between themnamide
carbon and a chloride ligand is predict@) and that is how the authors reason the
importance of the formamide group. Then the iminlesgrate(e) approaches the complex
and interacts with the catalyst's secondary amigidgen while hydride is transferrégl.
These calculations have a drawback — they do rdude the effect of Brgnsted acid

present in the solution and the model catalystggraary amide.
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Scheme 2.55Model Transition State with a Representative Peo@atalyst

2.5.Transfer Hydrogenation with Hantzsch Dihydropyidines

2.5.1. Hantzsch and Other Dihydropyridines (DHP)

The term Hantzsch pyridine and dihydropyridine are reserved for 3,5-
bis(ethylcarboxy)-2,6-dimethyl-pyridine222 and its 1,4(B)-dihydro-analogue 221,
respectively, first synthesised By Hantzschin late nineteenth century (Scheme 2.56).

He also demonstrated the ease of oxidation of ddpydidines to their pyridine analogues.

H_ _H
EtO0C T COOEt
k o) EtOOC COOEt Fec|3 EtOOC._ -~ COOEt
O+ O HZO II HZO | N/
NH,OAC relfux, 1h relfux, 2h
222 (93 %)
218 to 220 221

Scheme 2.56Hantzsch Synthesis of Pyridines
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Later on, the concurrent reduction process becaspmiof interest, particularly as
a reduction method for organic substrates. Theyeexperiments on reduction with
dihydropyridines were inspired by the biochemicalfactor NADH and proved that its
synthetic analogues showed similar activity. Thiaracter of 1,4-dihydropyridines was
studied systematically by Westheiniemid-twentieth century;” the first model substrate
was malachite green dy@23 reduced to its leuco base26 with N-benzyl-1,4-
dihydronicotinamide€24 (Scheme 2.57).

(j/CONHZ @CONHZ Ph

I
N o
Me,N NMe > MeyN NMe,

H,0, rt., 15 h 026

Scheme 2.57Early Experiments on Reductions with Dihydropyrigsn

A series of experiments with different substrated deuterium labelling showed
that only the 1,4- and not the 1,2- or 1,6-dihygragines carried useful reduction
potential. The kinetic studies with 4-deuterio-1-hydropyridineave suggested a hydride

ion transfer mechanism because of:

- the presence of common radical traps did netcathe reduction,
- the reaction proceeded faster in polar solvents,
- high kinetic isotopic effeck(/kp ~ 4-5).

H H H
f‘j/CONHZ s g*© fj/CONﬂ @CONHZ
- AN/ |

N

A 297 e transfer H* transfer H (b)

‘ 5 7] S = substrate e transfer o step-wise
H=S SH
synchronous H / @
A CONH,
] CONT, CONH
CJ 2

S H (9

Scheme 2.58Two Proposed Mechanisms for Hydride Transfer froRPD
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However, the order of the kinetic isotopic effecould point to the reaction
pathway through discrete intermediat&$. Later, it was shown that the existence of
radical intermediates from productive and/or unpiaive side reactions could explain this
discrepancy. Furthermore, it would be difficult ¢listinguish kinetically an electron-

transfer driven process from a synchronous hydratesfer (Scheme 2.58).

HsB.NEt; 221
HSiPh, 3 3 NaBH,

HSIEt, 224 (( NaBH;CN
ﬁ | | W | I ( Nucleophilic reactivity
| | | | |

I [ I I T i i i » of a hydride donor

1 3 5 7 9 11 13 15

(order of magnitude)

Figure 2.8.Reactivity of Common Reductants

The reactivity of different dihydropyridines and rbbydride anions towards
benzhydrilium ions such @23 was studied only recently® It was found that Hantzsch
ester221 was around three times more reactive than dihydotinamide224 (used in
reduction of malachite green). The reaction was iimsacetonitrile (in agreement with
previous observations of reactivity in polar sohk&rand addition of water had beneficial
effect on the reaction rate. An interesting conolusof the study was the order of
reactivity of some common reductants (Figure 2t8)as shown that dihydropyridines are

much more potent hydride donors than silanes,dss potent than borohydrides.

2.5.2. Enantioselective Reductions with Hantzschiadropyridines

An elegant utilisation of Hantzsch dihydropyridi@@1 in asymmetric synthesis
was published in 1989 by Singh and Batralt was quite a unique concept at that time
studying enantioselective reduction of imines ia pnesence of an amino acid as the chiral
inducer (Table 2.22, entry 1; Scheme 2.59).

NPh  229.Hcl NHPh NH,
_— HS.__~
Ph 221 Ph "~ cooH
33 benzene (S)-35 (62 %ee) 229: L-Cysteine

Scheme 2.59First Enantioselective Reduction of Imines with DHP
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It was only fifteen years later, an extensive regde@n enantioselective reduction
of imines was triggered by a publication of Ruepimdio demonstrated that aromatic
imines or quinolines were reduced easily an cleamhafford the corresponding amines
with DHP in the presence of various Brgnsted aeiglgsts’® (10 mol % of CSA, HCI,
TFA, HBF, or DPP).

Table 2.22.Reductions of Imines with DHP21 and BINOL Catalysts

Entry  Imine Ligand Temp. (°C)  Yield (%) /
(mol %) ee (%)
1 33 229/ n.a. reflux 55/62 9
2 33 (R)-230a/ 20 60 71/ 72R)
3 151 (R)-230a/ 20 60 761 74R)
4 231 (R)-230a/ 20 60 82/84R)
5 151 (9)-230b/ 1 35 96/889¢
6 178 (9)-230b/ 1 35 95/859¢
7 231 (S)-2301b/ 1 35 80/909%
8 Ketone 39 (R)-230c/ 10 45 87 /94R)
9 Ketone 233 (R)-230c/ 10 45 49/86R)
10 Ketone 234 (R)-230c/ 10 45 60/83R)
11 Ketone 235 (R)-230c/ 10 45 71/83R)
12 237 (R)-230c/ 10 40 82/97R)

The catalysis by diphenyl phosphate (DPP) was showe the most successful
regarding yields and the reaction rate; moreovecpuld be easily modified to a chiral
version which was published later. Several BINOL-derived phosphates were tested and
the best results were obtained with cataB&aaffording the aromatic amines such38s
151 0r231in good yields and enantioselectivity (typicall®-84 % ee; Table 2.22, entries
2-4; Scheme 2.60); however, relatively high catdlyading was required (20 mol %).

Y
O. P,,O '/O: P:O

So o
‘ Ar

‘Ar
(R)-230 (S)-230

CF3 i-Pr ipr O
Ar = EK/@CQ Eg;;m/ a,(SiPh3 OOO OO

230a 230b 230c 230d 230e

Figure 2.9.BINOL-derived Catalysts for Enantioselective Reédutivith DHP
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The method represented a novel example of BINOLitytifollowed by
improvements in the catalyst structure (Figure.2®}he course of two following years,
the family of BINOL-derived ortho sterically congested phosphoric acid catalysts
expanded to having five successful members — the Bne substituted with 3,5-
bis(trifluoromethyl)phenyl230g 2,4,6-tris{so-propyl)phenyl 230k, triphenylsilyl 230g
and two derivatives containing bulkier aromatic9gshenanthryR30d or 9-anthryl230e

analogues.

NR 230a (20 %) NHR
Ph 221 (1.4 eq) Ph”
33:R = Ph benzene (R)-35 (72 % ee)
151: R = PMP (R)-154 (74 % ee)

NPMP NHPMP
230a (20 %) :

(:fj\ 221 (1.4 eq) (;(\
E benzene F

231 (R)-232 (84 % ee)

Scheme 2.60Enantioselective Reduction of Imines with DHP aradaly/st230a

Very shortly after the Rueping’s report, List pshiéd an improved procedii®
and catalyst with bulkier aryl substituent on thiNBL-core, catalys30b (Table 2.22,
entries 5-7, Scheme 2.61). His method providecebgields (however, with reaction times

three times longer) and also better ee’s (up t@®2vith much lower catalyst loading (1

mol %).
NPMP 230b (1 %) NHPMP 230b (1 %) NHPMP
> 231 >
R 221 I(1.4 eq) R 221 (1.4 eq)
151:R=ph  ouene (S)-154 (88 % ee) toluene F
178: R =i-Pr (S)-180 (90 % ee) (S)-232 (85 % ee)

Scheme 2.61Enantioselective Reduction of Imines with DHP aradalyst230b

MacMillan’s protocol for reductive aminatiott introduced even bulkier catalyst
230¢ affording the aromatic and aliphatic amines indjgields and enantioselectivity up
to 95 % ee, typically ~85 % ee (Table 2.22, ent®%0; Scheme 2.62). The more
interesting outcome of this protocol was the higledtivity for reductive amination of

73



methylketones over other homologues, e.g. metlnyteketone 235 was reductively
aminated to producdrj-amine236 (Table 2.22, entry 11; Scheme 2.62). The cyclioani
237 was reduced with high enantioselectivity (Tabl222.entry 12) affording a useful

alanine precursor.

0 230c (10 % NHPMP NHPMP
)K ( °), H 230c (10 %) :
R p-anisidine p- an|5|d|ne
221 (1.4 e

39: R = Ph begzene(” (R)-154 221 (1.4 eq) =

233: R=Cy (94 % ee) benzene
(R)-52 (R)-232 (83 % ee)
(86 % ee)

230c (10 %)
o} 230c (10 %) NHPMP

_— 221 (1 4 eq)
\)J\ p-anisidine NN \[H\ benzene j(\

221 (14e
235 beﬁlzeneq) (R)-236 (83 % ee) o

(R)-238 (97 % ee)

Scheme 2.62Enantioselective Reductive Amination of KetonesdwidHP and Catalys230c

Catalyst230b was also successful in the reductive aminatioaldéhydes?* e.g.
239241, via dynamic kinetic resolution (DKR; Table 2.Z%tries 1-3; Scheme 2.63). The
fact of easy racemisation atbranched carbonyl compounds has rendered thembaiit

for DKR and the corresponding amines were obtainexkcellent ee’s up to 98 %.

O 230b (5 %) NHPMP
Ry —> Rl\) t-BuOOC COOMe
p-anisidine Y JL/I
R2 242 (1.2 eq) R2 N
1 ) benzene H
239: R' = Ph, R? = Me (R)-243 (96 % ee) 242
240: R! = Ph, R? = Et (R)-244 (98 % ee)
241: R! = t-Bu, R? = Me (R)-245 (80 % ee)
NHPMP
p-anisidinel -H,0 Rl\é/ T 242
/ R (b)
NPMP ® NHPMP  © B*
Ry 230b (=HB*) Rt
R?  (a) R2 (o)

Scheme 2.63Enantioselective Reductive Amination of a-BrancAédkehydes.

The latter reaction required efficient removal ofter to attain the optimal

enantioselectivity and oxygen-free conditions tevent the cleavage of the enamine
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intermediate (b) to ketone andN-formyl-p-anisidine. The optimisation of reaction

conditions also included the use of a different D@ mixed methytert-butyl ester242

provided a good compromise between reactivity arahgoseletivity.

Table 2.23.Reductive Amination and Reduction of heterocycléb WHP

Entry Imine Reducing Ligand Temp. (°C)  Yield (%) /
DHP (mol %) ee (%)

1 239 242 (R)-230b/ 5 6 87/96 R

2 240 242 (R)-230b/ 5 6 92/98R)

3 241 242 (R)-230b/ 5 6 77/80R)

4 246 221 (R)-230d/ 2 60 92/979

5 247 221 (R)-230d/ 2 60 93/>999%
6 248 221 (R)-230d/ 1 60 91/889%

7 252 221 (R)-230d/ 2 60 54 /83 R)

8 253 221 (R)-230d/ 5 60 43 /99RR) and

29/ n.a. RS

Rueping has adopted the strategy of employing lethadology on wide selection

of substrates formally containing=N bon

123
d,

such as quinolines, benzoxazin(on)es or

activated pyridines. The best enantioselectivitiesre obtained with catalyst®830de

containing bulky aromatics.

246: R =
247:R =
248: R =

230d (2 %)

7

R

Ph
2-Napht
CH,CI

221 (2.4 eq)
benzene

(S)-249 (97 % ee)
(S)-250 (>99 % ee)
(S)-251 (88 % ee)

@RE HN
H

R

Scheme 2.64Enantioselective Reduction of Quinolines with DHP

The quinoline substratés® were easily reduced to tetrahydroquinolines by a

cascade hydrogenation (Table 2.23, entries 4-6e18el2.64). Even if only 1.2 equivalents

of DHP were used, no 1,4- or 3,4-dihydroquinolineswormed. Thus, it was suggested

that 1,4-hydride addition (as rate determining steas followed by acid-catalysed

iIsomerisation to 3,4-dihydroquinolinium and secdmndlride addition in a 1,2-fashion.

Excellent yields and enantioselectivities (typigdllF-99 % ee), and tolerance of functional

groups (e.g. substraBd8 Table 2.23, entry 6) was shown. The tetrahydrigline motive

is found in numerous alkaloids and enantioselediwgheses (90-91 % ee) of three such

examples (Cuspareine, Galipinine, Angustureinepvpeovided.
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—
=N 221 (6 eq) NH NH
benzene z
R 252:R=H R (R)-254 (83 % ee) Me
253: R = Me (R,R)-255 (99 % ee); (R,S)-255

Scheme 2.65Enantioselective Reduction of Phenanthrolines DitP

In addition to reduction of quinolines, 2-subsewit or 2,9-disubstituted
phenanthrolines were reducEd,as well, by another group (Table 2.23, entried &;
Scheme 2.65). The enantioselectivity and yieldsewkwer, though. Disubstituted
substrates produced along the expect®){octahydrophenanthroline als® §)-meso
which was probably formed from the mino®)-tetrahydrophenanthroline after partial

reduction of one ring and thus helped to increaseehantiopurity of theRR)-isomer.

@X]\ 230d (0.1-1 %) @X ]\
N ar 221 (1.25 eq) NTTA — HN

CHCl, R)\/ X

256: Ar=Ph, X=0
257: Ar = 4-Br-Ph, X
258: Ar = 4-Br-Ph,

(S)-259 (98 % ee)
(S)-260 (>99 % ee)
(S)-261 (>99 % ee)

o
X=S

Scheme 2.66Enantioselective Reduction of Benzoxazines and Béamnes with DHP

Another remarkable employment of the method waseduction of benzoxazines
and benzthiaziné&™ (Table 2.24, entries 1-3, Scheme 2.66) or benioaaes>” (vide
infra). Unlike the previous quinoline reduction, chlaoh was found to be the optimal
solvent for benzoxazines, 2§6 and257. Unusually low catalyst loading, only 0.1 mol %
() was sufficient to drive the reaction to compmat at room temperature overnight,
maintaining the high yields and enatioselectivit{88-99 % ee). The sulfur analogues,
such a258 were reduced at the same level of enantioseigcbut with 1 mol % catalyst
loading (Table 2.24, entry 3).
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Table 2.24.Reductions of Heterocycles with DHR1and BINOL Catalysts.

Entry Imine Ligand Temp. (°C) Yield (%) /
(mol %) ee (%)
1 256 (R)-230d/ 0.1 ambient 95/989
2 257 (R)-230d/ 0.1 ambient 93 />999
3 258 (R)-230d/ 1 ambient 87 / >999)
4 262 (R)-230d/ 1 ambient 85/989
5 263 (R)-230d/ 1 ambient 92 / >999)
6 268 (R)-230d/ 5 60 n.a./ 82R)
7 268 (R)-230e/ 5 60 66 /92R)
8 269 (R)-230e/ 5 50 72/191R)
9 270 (R)-230e/ 5 50 47 /86 R)
10 271 (R)-230e/ 5 50 73/90R)

The reduction of 3-aryl benzoxazinones I1#&2 and263 (Table 2.24, entries 4 and
5; Scheme 2.67) was investigated in order to opendihydrobenzoxazinones with a
primary amine (in the presence of 2-pyridone toven¢ the racemisation) to afford the
arylglycine amidef66 and267 retaining its enantiopurity in around 90 % yielko two

steps (Scheme 2.67).

» | 1 - >
NT Ar 221 (1.25 eq) H Ar THF NH
h

CHCl,

262: Ar=P

263: Ar = 4-Br-Ph (S)-264 (98 % ee) 266 Ar

(S)-265 (>99 % ee) 267 NHBn

Scheme 2.67Enantioselective Reduction of Benzoxazinones wittPD

Another important nitrogen-containing heterocydiattwas reduced successfully
by the Rueping method was substituted pyriditieFor the reaction to work in terms of
rate and enantioselectivity, position-3 of the stais must be a carbonyl or equivalent. A
series of trisubstituted pyridin€68 to 271 was investigated (Table 2.24, entries 6-10;)
and their reduction was found to proceed in moéeyalds and good enantioselectivities
(86-92 % ee). The reaction conditions were sintdathose employed for the reduction of
quinolines; however, better enantiomeric excesthefreduced species was obtained with
catalyst230e (Table 2.24, entry 6 vs. 7; Scheme 2.68). ThehglildDHP ester221 was
found to be the optimal reductant. Tetrahydropyedor piperidine is also an abundant

moiety in alkaloids.
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(0]

0
NC
— '
N R N" R 221 (4 eq) R (R)-272 (92 % ee)

N
benzene H (R)-273 (91 % ee)

NC CN
L= T
(R)-274 (86 % ee) >N~ VR R

(R)-275 (84 % ee)  H

268: R = CH»-Bn 270: R = CH,-Bn
269: R=n-Bu 271: R=n-Bu

Scheme 2.68Enantioselective Reduction of Pyridines with DHP

Acyclic a-imino esters proved suitable substr&tefor reduction with DHP (Table
2.25, entries 1-3; Scheme 2.69). The screeningwdral BINOL and other biaryls showed
that 4,4’-dihydroxy-3,3’-biphenanthrene (VAPQI79 compare t@30e Table 2.25, entry
1 vs. 2) was the most successful catalyst yieldiego-aryl (or alkyl) a-amino esters in
high ee’s (95-99 %). The arylglycinates, e20, were of R)-configuration, while
alaninate281 was obtained asSf-isomer. Reductive amination version providedah@no

acids in lower yields (10-20 %) but maintained én@ntioselectivity.

NPMP a. orb. NHPMP

RY” “COOR? 221 (1.4 eq) RY” “COOR?
276: R' = Ph, R? = Et (R/S)-280
277: R' = Me, R? = Et (S)-281
278: R = Ph, R = i-Pr (S)-282

a. 279 (5 %), toluene — (R)-280 (96 % ee)

— (S)-281 (99 % ee)

b. 230e (1 %), ether — (S)-280 (92 % ee) 279, (S)-VAPOL
— (S5)-282 (97 % ee)

Scheme 2.69Enantioselective Reduction aflmino Esters with DHP.

Another group investigated the same substrates aaithlyst230€° (Table 2.25,
entries 4 and 5; Scheme 2.69) and found that saatbstwith bulky ester groupsBu, i-Pr)
were reduced with higher enantioselectivity (u@10% ee); in particular, methyl ester was
obtained in only 33 % ee. The ester group on DHPmdit affect the enantioselectivity
much; however, it did influence the reaction ratel 221 was found to be the optimum.

The reaction was carried out in ether, unlike thexjpus ones.
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NPMP a.tod. NHPMP
e N

"~ ~COOot-Bu Ph/\}\COOt-Bu
Ph 283 284

a. 230c (5 %), 221 (2.2 eq), ether — (R)-284 (85 % ee)
b. 230e (5 %), 221 (2.2 eq), ether — (S)-284 (90 % ee)
c. 230e (1 %), 221 (2.2 eq), toluene — (S)-284 (92 % ee)
d. 230e (1 %), 242 (2.2 eq), toluene — (S)-284 (86 % ee)

Scheme 2.70Enantioselective Reduction pfy-Alkynyl-a-imino Esters with DHP.

Reduction ofa-imino esters a283 containing,y-triple bond gave rise toE}-
alkenyl-o-amino esters’ (Table 2.25, entries 6 and 7; Scheme 2.70). Theeince of the
ester group of the reductant (Scheme 2.70) andubstrate was screened. The bulkier
esters in substratet-Bu vs. Et) improved the conversion but influenceéde
enantioselectivity only marginally; similar effectgere observed with the change in the
reductant’s ester group (Table 2.25, entry 8). {Bealkenyl-w-amino esters were not
reduced further under these conditions and it wagpgsed that the triple bond was

reduced much faster than the imino bond.

Table 2.25.Reductions of Imino Esters with DHP and BINOL Cgstd

Entry Imino Reducing Ligand Temp. (°C)  Yield (%) /
Ester DHP (mol %) ee (%)
1 276 221 (S)-230e/ 5 50 771/80R)
2 276 221 (9-280/5 50 93/96R)
8 277 221 (9-280/5 50 88/999¢
4 276 221 (9)-230e/ 1 ambient 88/929
5 278 221 (9)-230e/ 1 ambient 87 /979
6 283 221 (9)-230e/ 1 ambient 341929
7 283 221 (9)-230e/ 1 ambient 58 /949
8 283 242 (9)-230e/ 1 ambient n.a. / 865

Polymer-supported Hantzsch ester was also develdmadkever, it was used only
for the 1,4-reduction of unsaturated aldehydesraddctive amination of aldehyd&s.

2.5.3. Mechanistic Considerations

The proposed catalytic cycle (Scheme 2(A)) of the reduction of imines with
DHP involves the LUMO-lowering activation of the ime (b) by protonation with the
chiral (§-Brgnsted acida) generating the highly organised iminium ion gajr(plausible
transition structure from aci#30d and 2-methylquinoline is shown at Scheme 2(B}).
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The nucleophilic DHRd) can then approach the compl@) from the less hindered face
and transfer the hydride ion which in turn affoessine(e) and pyridinium sal{f). Proton

transfer recycles the acfd) and releases the free pyridifgp.

o o NR3
ROOC._ -~ -COOR * 4 R1J\Rz
N/ ()
0. 0
@ *C :P:/ HE@ s
ROOC COOR "o g JNJ\R ©
@
0 S

o P H H H (8)
o 0o ROOC.__*.__COOR
NHR3 |
- N

(A) (e) (d)

Scheme 2.71Proposed Mechanis(#) and Transition Structur@)
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3. Lewis Base Organocatalysis

3.1. Organocatalysi§’

3.1.1. What is Organocatalysis?

Organocatalysis is a younger brother of metal gsisl| a group of reactions that
are promoted by small organic molecule catalystalrfece catalysis. The well-established
metal-catalysed synthesis has been built on thearddgeous properties of metal

complexes:

- diversity in the metallocentre and the ligands,
- possible “tailoring” the complex structure amactivity,
- usually high TON/TOF and low catalyst loadind. (ol %).

However, as every method, metal catalysis has inentisadvantages and

drawbacks, which calls for the development of nesthrads because of:

- price of the metal and the ligand, complicateckess to it,
- toxicity and pollution issues,

- product contamination with metal residues.

On the other hand, organocatalysis can be considasea relative of enzyme
catalysis. Organocatalytic reactions show soméaefeatures of bioorganic reactions — the
catalyst can get saturated, the kinetics oftenofel the Michaelis-Menten equation
describing the reversible formation of a catalysnzime)-substrate complex.
Organocatalysts, however, amdt exclusively substrate-specific and they are able t
catalyse a vast area of organic reactions. The rwaas is inherently on asymmetric
reactions and application of the well known, simghéal small molecules for catalysing a

growing number of reactions. These can be sortedrding to the mechanism pathways:
1. Activation via covalent transition complexasueleophilic
- aldol condensationg;amination,a-aminooxylation, Mannich reaction,

- nucleophilic epoxide opening,
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conjugate additions @ p-unsaturated carbonyls,
Morita-Baylis-Hillman reaction,

cycloadditions ([4+2] Diels-Alder, [2+2] of ketes, [3+2] of allenes),
S\2 alkylation,a-halogenation of carbonyls,

hydrocyanations, acylations, and

benzoin condensation and Stetter reaction (batetium catalysts).

2. Activation via covalent transition complexeslectrophilic

1,4-additions, cycloadditions ([4+2], [3+2], [},

epoxidations, Baeyer-Villiger reaction.

3. Activation via reactive intermediates — nonaewnt activation

allylation reactions, hydride reductions,
epoxidations, oxidation of sulfides to sulfoxsge
desymmetrisation of vicinal diols by oxidatiorerizylic oxidations, and

ylide reactions (epoxidation, cyclopropanatianiridination).

4. Phase-transfer catalysis

alkylations, protonations, reductions,
Michael additions and 1,2-additions, aldol corsigions
Horner-Wadsworth-Emmons olefination,

oxidations (epoxidation, ox. of sulfides), andren reaction.

5. Chiral-cavity-accelerated transformatians

hydrocyanations, reductions, transaminations-kétoacids (with cyclodextrins
and calixarenes),

ester hydrolysis (template imprinting).

Several catalysts have an amazingly broad speabfucatalytic activity, whereas

others are very specific for certain types of reas or substrates. Overall, it is possible to

define several groups of catalysts that are usest m@ammonly and assign the typical

reactions catalysed by them:
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1. Cinchona alkaloids catalysts
- aldol reactions,
- acyl transfer reactions, desymmetrisation oficyanhydrides,
- kinetic resolution of secondary alcohols,

- phase-transfer catalysis.

2. Oligopeptides- aldol reactions, phosphorylations, and hydroatians.

3. Lewis base activationaldol reactions, allylations, and reductions.

4. Catalysis with enamine intermediates — pronalogues
- aldol condansationg;amination,a-aminooxylation, Mannich reaction,
- Michael additions, Morita-Baylis-Hillman reactip
- cycloadditions ([4+2] Diels-Alder, [2+2] of ketes, [3+2] of allenes),

- S2 alkylation and acylations.

5. Carbene catalystsbenzoin condensation and Stetter reaction.

Organocatalysis has become a well accepted padrg#nic synthesis and the
understanding of the reaction mechanisms is impgpwith its current rapid development.
This is a good foundation for novel, more efficiemtthods to grow.

3.1.2. Highlights of Organocatalytic Reactioffs

Organocatalysiss a relatively new term, only used since 2001 nwiavas coined
by MacMillan. However, if looked thoroughly intoemumerous methodologies in organic
chemistry, it can be dated back to beginning &t 2éntury when Rosenthaler and Bredig
studied hydrocyanations of benzaldehyde in thegmes of quinin@85a(Table 3.1, entry
1; Scheme 3.1). The milestones of asymmetric csitabre also depicted in Chapter 1.1.2.
As the first highly enantioselective organocatalytaction can be considered Pracejus’
ketene methanolysi¥ catalysed withD-acetylquinine286b achieveing remarkable 74 %
ee of the methyl ester (Table 3.1, entry 3; Scharhg

83



Table 3.1.Highlights of Organocatalysis

Entry  Substrates Catalyst Temp. (°C) Yield (%) /
(mol %) ee (%)
1 146 285a/ n.a. n.a./<10
2 146 286/ 2 35 40 / 90R)
3 288 285b/ 1 -111 90/ 74R)
3 290 291/3 20 84 / 93R)
4 146, 294 291/30 ambient 62/ 6(R)
5 293, 294 291/30 ambient 97 /1 9R)
6 297, 298 299/ 10 —78 73/ 74¢ndg
7 301, 302 303/10 -40 90/ 10efndg, 5/ n.a. éx9
8 143, 305 306/5 23 43 /93dndqg, 56 / 93 éx9
9 308 309a/ 100 0 65/ 94RR)
10 308 309hb/ 10 0 95 /90RR)

The hydrocyanation reaction was revisited in 1880k by Inout™ and later by
others. He developed a dipeptide catalg®6 that afforded cyanohydri287 in
enantioselectivity as high as 90 % ee at low cowar(Table 3.1, entry 2; Scheme 3.1).
Unfortunately, racemisation occurred under thetreaaonditions, lowering the ee to 69

% at 80 % conversion.

CN = =
HO AcO
PN a.orb. AL N% N%
P S0 ————»  Ph” "OH MeO Q MeO Q
146 HCN 287 | |
N N
b. 286 (2 %), benzene — (R)-287 (90 % ee) 285a: Quinine 285b
Q H
Ph 285b (1 %) Ph 0 HN)H‘\\ \ N>
——0 > \ /
8 | NH
Mé MeOH (1.1 eq) Mé  OMe Bn N
288 toluene 0 286

(R)-289 (74 % ee)

Scheme 3.10rganocatalytic Enantioselective Hydrocyanation Ketene Methanolysis

In early 1970s, Hajos and co-workers published anarkably simple
organocatalytic intramolecular aldol reactitnusing 3 mol % of proline as the catalyst
(Table 3.1, entry 2; Scheme 3.2). The enantionexoess of the Wieland-Miescher ketone
292was 93 %! This method was already known in stoiet@tric version leading up to 84
% ee'* After this sporadic report, proline was forgottem the following 30 years, not
only for aldol reaction — it proved difficult to delop a highly enantioselective
intermolecular version, due to self-condenstaiomimducts, as one can expé&tt.The
successful protocol is inspired by aldolase I-gadl biochemical reactions via enamine

formation. The yields and enantioselectivities Byomatic aldehydes were moderate;

84



however, isobutyraldehyde gave the aldol pro@3&in excellent 97 % yield and 96 % ee

(Table 3.1, entries 4 and 5; Scheme 3.2).

291 3% O
: Dls/IF % Me QCOOH
H
2. HCI 291: L-Proline
(@)

292: Wieland-Miescher ketone (93 % ee)

0 0 OH O
0, -
. j . )J\ 291 (30 %)
146:R=Ph 294 DMSO (R)-295 (60 % ee)
293 R = i-Pr (R)-296 (96 % ee)

Scheme 3.20rganocatalytic Enantioselective Aldol Condensation

In 1989, a report on the first Diels-Alder (DA) atilch catalysed by a chiral boron-
based Lewis aci®99 appeared® In analogy to the traditional metallic Lewis acids
catalysing this reaction, lowering of the LUMO-emer was assumed. The
enantioselectivity was around 70 % ee for a rarfgdienes and dienophiles (Table 3.1,

entry 6; Scheme 3.3).

i f 299 (10 %) ArOZSN i-Pr.
CH2C|2 - HB\Oj\(\ Ar = § _<: >_I-PI'

O
297 CHO i-Pr

300 (74 % ee) 299

\/& @ 303 (10 %) L% BArF

MeCN

)4 R- P'Neme
endo-304 (10 % ee) W -

Scheme 3.30rganocatalytic Enantioselective Diels-Alder Adaofiti

The first DA reaction catalysed by a silicon-baseewis acidic catalyst®
containing covalently bonded chiral backbone to glieon atom and upon treatment of
the hydrosilane precursor with a base (e.g. taaglon), the silylium cationic cataly803
was obtained (Table 3.1, entry 7; Scheme 3.3)niti results, the reaction proceeded in

low enantioselectivity (10 % ee) which only triggdran extensive research in this field.
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Me
306 (10 %) oN
P "0 + @ - ﬁbph . ﬁblCHo \V},],f
Ph B

143 o MeOHM:0 tHo d oo

endo-307 exo0-307 306
(43 %, 93 % ee) (56 %, 93 % ee)

Scheme 3.40rganocatalytic Enantioselective Diels-Alder Adaofiti

The reversible iminium ion formation from imidaztihi-4-one catalysBO6 can be
considered as the first truly organocatalytic, simgwalso characteristics of Lewis acid
catalysis:®’ Addition of a,p-unsaturated aldehyde to cyclopentadiene was asthiwith
excellent 93 % ee, even though a mixture of isotneyclo-adducts was obtained (Table
3.1, entry 8; Scheme 3.4).

309 (10 %)

BzO— o
e) (@] O\f = \A
X Ph Oxone (1.4 eq) Ph Q 0

Ph >  Ph \ o
K,CO-, (5.8 e R
308 E)uffe3r(DMEq) 310 #O O 300a 7L0 O 309b

Scheme 3.50rganocatalytic Enantioselective Epoxidation

Oxidations proved more difficult to realise in arg@anocatalytic fashion. The first
report on enantioselective organocatalytic epoiodag¢xploied the idea of chiral dioxirane
oxidant — the chiral ketone precursors are vergatde an easy to access, e.g. from sugars.
The first catalyst was the fructose-based ket8d@a and its dioxirane epoxidisedE)
alkenes in very high ee (typically 95 %); howewaly in stoichiometric amounts (Table
3.1, entry 9)-** System309b/Oxone mediated epoxidation of a large number&)f &nd
trisubstituted alkenes (Table 3.1, entry 10; Sch&®5¢ and optimisation of the reaction
conditions extended the substrates scopeigalkenes, dienes, enynes, 2,2-disubstituted

vinylsilanes, enol silylethers and estarslthe process became catalytic.
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3.2. Lewis Base Catalysi§"

3.2.1. Lewis Bases in Organic Synthesis and Catafy$

Definition of acid andbaseby G. N. Lewis (1923) has changed the view of the
chemical society on acid-base interactions. It &g unified the earlier theories and
simply explained chemical behaviour by electronrisizaphenomenon — haseis an
electron pair donor and aacid is an electron pair acceptor. Over the many years
studying the Lewis acid-base behaviour and redgfithey have found a firm place in
organic synthesis, Lewis acids, in particular. LeWwase-catalysis is less common, because
of a lack of Lewis acidic sites in common organiolecules (substrates) and limited
possibilities of valence expansion on carbon centkHowever, it can be well used to

interact with a reagent of the desired Lewis agmtmperties.

(AY, = simple) (AY,, = polyatomic)
5 & TN 5 3 & +
X,D—AY, <=—— X0 (COAY,—> X,D—AY, — > [XnD—AYn_l] Y-

(©) @) (b) (d) (e)

Scheme 3.6Formation of an Acid (Acceptor) - Base (Donor) Adtu

An acid-base adduct as the product of neutralisai@ommonly expected to have
increased thermodynamic stability and decreasedivég. The binding of a Lewis base
(a) to an acid(b) doesincrease theoverall electron densityat the Lewis acid centre
(Scheme 3.6); however, it is more important to aersvhere the electrons are localised
and how they are distributed in the moleculeThis can result in either quenching each-
other’s reactivity(c) or the opposite — the acidity (electrophilicityf) the Lewis acid is
enhancedd,e)

C-Cl: 1..76—>1.74 A Cl C=0:1.15—1.22 A

Cl ,cl
C-C:153—143A } O—Sbh—Cl Sb-ClI: increase
- : ~ (Q

Figure 3.1.LB-LA Adduct and the Change of Bond Lengths
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It is the enhancement of the electrophilicity ok thewis acid centre that is
synthetically useful. Even though the net electiamsfer is from the donor towards the
acceptor, in polyatomic specighe accepted electrons are redistributed over the
peripheral ligands Y which results in a net decrease of the electrasitdeat the acceptor
central atom (Scheme 3.6). The donor (D) — acce@tpradducts exhibit characteristics
formulated by Gutmann rules (an example examine&4pgty crystallography on Figure
3.1)M

- the smaller the distance between the donor &edatceptor, the smaller the
polarisation of D-A bond and the longer the periphbonds (D-X or A-Y)

- the higher the coordination number, the lonbergeripheral bonds on this centre,

- the peripheral bonds compensate (by elongatioooatraction) the changes of
electron density at D and A.

For example, the Mulliken charges at the silicommain SiR, (Sifs)” and (Sik)*
are +1.19, +1.14 and +2.12 or in series of $i(SiCk) and (SiC)* are +0.178, +0.279
and +0.539/%“**?respectively, even if an additionahionic ligand (CI) coordinates! The
synthetic consequence of this phenomenon is thatL#éwis acidic (acceptor) centre

becomes more acidic and electrophilic while itatigs become more nucleophilic.

QD () — LUMO - antibonding
O ° Q —H— HOMO - nonbonding
O & - O ‘H‘ bonding

Cl Si Cl

Figure 3.2.Three-centre Four-electron Bond in Hypervalentc&tks

Silicon Lewis acids are among the most common netehic acids that are used
in organic synthesis. Silicon’s ability to coordi@edbeyond the octet rule was originally
explained by the availability ofd3orbitals in analogy to transition metals. Latdrede
orbitals were shown to be too diffuse to providadiog and theory of three-centre four-
electron bond of B orbitals formed instead. Thus, the expanded patgat silicon atom is
formally sg-hybridised and of trigonal bipyramid geometry trexavalent species is sp-
hybridised octahedral (bond lengths in Siffe 1.560 A, (Si§): ax 1.660 A,eq 1.622 A
and (Sik)*: 1.685 A)**? The hypervalent bonds are electron-rich at thaniity and
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electron-deficient at the central silicon atom. Tiworbitals of the donor and one silicen
orbital create three molecular orbitals (Figure) 3whose HOMO has a node at the silicon
atom and concentrate the electron density at tendis. As the strength of the donor
increases, the energy gap between the HOMO and LWsl®© be sufficiently large to
cause ionisation of the A-Y bond (Scheme 3.6). Timislecular orbital theory is in

agreement with the empirical Gutmann analysis.

Lewis base-catalysed reactions cover a broad rahgeactions, with or without
the formation of a new stereogenic centre (roomefwantioselective modifications). Any

of the three types of interactions might be sigaifit for the catalytic process:

1. Reactions occurring via #i= interactions — nucleophilic additions
- electrophilic acylations, nucleophilic reactiarfsacylated LB,
- reactions of ketenes, cycloadditions,
- Morita-Baylis-Hillman reaction (alkenoates, alkates),

- amine organocatalysis.

2. Reactions via &* interactions — polarised or ionised intermediates
- allylations, alkylations, epoxide ring-opening
- aldol condensations, Mannich reaction, Michaeligons,
- trifluoromethylation, silylcyanation, Streckezaction,

- reductions of carbonyls.

3. Reactions via n-n* interactions — boron

- reductions of carbonyls, allylations.

4. Bifunctional catalysis
- n-o* Lewis base / Lewis acid catalysis —
alkylations with diethylzinc, silylcyanation, fluole-catalysed reactions,
- n-r * Lewis base / Brgnsted acid catalysis —
Morita-Baylis-Hillman, amino-acid-catalysed reacis

- dual activation — carbene catalysts.
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3.2.2. Hypervalent Silicates’

Reduction potential of silanes has been studiedgalsith their other properties
since the 1950s. Over the following decades, it veg®rted that their reducing activity
could be enhanced with acids, fluorides, alkoxidegransition metal complexes. Silicon
complexes activated by fluoride anion — pentavaflemtrosilicates — were the first group
of hypercoordinate silicon reagents that were mdy studied structurally, but also used in
organic synthesis for reduction of carbonyl compisiti or allylation reaction$:” They
became particularly popular in late 1970s when Weldluoride sources (e.g. TBAFJ?
were introduced to replace the insoluble inorgasitts (such as KF or CsEY, which
triggered a major expansion of their synthetic mapility. The bond energié€ shed
some light onto the activation of silicon with fhigbes:

- very high SiF bond energy (in average 143 kcal.thot 599 kJ.mot; for
comparison, th&Cl is 71 kcal.mof ~ 297 kJ.mat),

- relatively low energy of the newly form&C (83 kcal.mof* ~ 348 kJ.mat) or C-
H bond (99 kcal.mél ~ 414 kJ.mot).

It was noticed that not only fluorides but also tnalustrong nucleophiles, such as

HMPA, DMSO and DMF can activate silicon and thisq&ss is entropy-controlled

Rl SiMe,Ph HSiMe,Ph

R*~—0O
"o ©
g

Me,, ! -
LB" T ph
RV Me=Si. el TBAT
R? H H

Scheme 3.7Proposed Mechanism of Fluoride and/or a NeutrakhBxlysed Reduction of Carbonyls.
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The mechanism of silicon-activation with fluoridg&cheme 3.7) was based on fast
bonding of fluoride to silicon, generating a peotacdinate fluorosilicatgc) which is
assumed to be the active hydride doriérHowever, in the presence of a Lewis basic
solvent (e.g. HMPA), this speci€s) can coordinate another molecule of Lewis base to
form a hexacoordinate silicatel). Intermolecular hydride transfer frofd) to carbonyl
compound(e) is then followed by immediate trapping of the alikle by the solvent-
coordinated fluorosilane. The resulting hexacoatid complexf) dissociates to produce

silylated alcoho(g) and two molecules of Lewis bases &#Rd HMPA).

Table 3.2.Selected Lewis-Base-catalysed Reactions Involviggervalent Silicates

Entry  Substrates Catalyst Temp. (°C) Yield (%) /
(mol %) ee (%)
1 39 311/04 ambient 89 /5XR)
2 146, 312 313a/ 100 -78 85/63R)
3 146, 312 313a/10 -78 40/ 53R)
4 146, 315 313b/ 10 -78 93/ 934nti), 2 / n.a. $yn)
5 146, 312 317/7 -60 72198
6 318, 312 17/300 -78 80 /989
7 146, 320 321/5 -78 99 / 81dyn) or 99 / 59 &nti)
8 146, 323 321/5 -78 95/98 §

Similar catalytic process was observed in reductiad allylation reactions with
alkyl-, aryl-, alkoxy- or mixed silanes because ythexhibit the desired nucleophilic
character under Lewis base activation. Polyalkoapd chlorosilanes are naturally
(weakly) electrophilic, in contrary to polyalkyl+ @rylsilanes, and can attain nucleophilic
charactersolely under LB activation (ide infrg. The understanding that alkyl- and
alkoxysilanes can perform analogous reactions laadinherently more versatile alkoxides
can be conveniently used for activation of therslaaused rapid development of the

alkoxide activatiort*®*4°

j\ 311 (0.4 %) O+ (=

> N N OLi
HSi(OMe)s (1.5 eq) Ph Li
39 THF (R)-148 (52 % ee) 311

Ph

Scheme 3.80rganocatalytic Enantioselective Reduction of Apenone.

The first organocatalytic (Li is not mechanistigaihvolved) enantioselective
version of reduction of ketones with activated aljglanes appeared only 2 years after the

discovery of its racemic parefit The trimethoxysilane was activated and desymneetris
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by dilithium salt of prolino311**°

This catalyst mediated extremely efficient cyclenly
0.4 % (!) loading and the product was obtainecemarkable 52 % ee (Table 3.2, entry 1,

Scheme 3.8).

The realisation that neutral Lewis bases can detiwlanes as efficiently as

anions'®?

set the scene for developing mild catalytic methadd new opportunities in
enantioselective modifications. Even milder comais could be achieved by using
chlorosilanes instead of alkylsilanes because tlitenphilicity of the dialkylchlorosilane
Is approximately 1000 times lower than the triadikigine — i.e. electrophilicity of the
hypervalent centre increases ~300 times with tise¢ inethyl-for-chloride substitution, and
up to 16 times for all three methyl-for-chloride substiarts on silicon™” Furthermore,
halosilanes gain greater nucleophilic charactethat halogen (or carbon) ligandsd
greater electrophilic character at the silicon atorhat provides a binding site for
substrates as carbonyls, in other words — dualaain for both reactants — the substrate
and the reagent. The choice of an appropriateatoti\{fluoride, alkoxide, neutral LB) and
the silane (from polyalkyl- to polyhalosilanes) aheir right combination shows how the

reactivity can be tailored according to the needs.

o) OH
0, -
. T v csie~ 3132 (10%) NN N
M
146 312 CH,Cl, (R)-314 (53 % ee) RINf 0

/P\N
R N
OH O Me Q
j @osu 313b (10 %)
+ 1©ls - Ph™ ™ 313a: R = -(CH,)a-
Ph CH2C|2 = ( 2)3

146 315 313b: R=Ph

anti-316 (93 % ee)

Scheme 3.90rganocatalytic Enantioselective Allylation and dldReaction.

Lewis acidic silicon reagents activated by a Lebase were used as very potent
hydride and allyl donors from the 1990s when emaelective allylatiofr® attracted much
attention. The first addition of allyltrichlorosiia312to benzaldehyd&46 was carried out
with 10 mol % of phosphoramide catalyal3a and afforded the homoallylic alcohol in
moderate yield and 53 % enantioselectivityTable 3.2, entries 2 and 3; Scheme 3.9).
Analogous catalyst313b was more successful in catalysing the addition eabl
silylethers® (Table 3.2, entry 4; Scheme 3.9), which was knéwsvproceed uncatalysed.
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However, it was significantly accelerated by thdiidn of a Lewis base. The product was
almost exclusively ofinti-configuration (>95:5) and high enantiopurity (95&#). This
was a breakthrough in the reactions of Lewis-basiwated Lewis acids as it demonstrated
its applicability in enantioselective (organo)cgsad. Other Lewis bases used in analogous

reactions were chiral formamidég,oxides and sulfoxidewide infra).

3
LB C| LB Cl
e Slv ; Slv Cl
\'//\j\ RL_/"- \\O/ Cl
h
RY

(B)

Figure 3.3.Proposed Transition Structure for Addition of E&dllethers(A) and Allylation(B)

The diastereoconvergency of the enol silyletheitetd[(E)-enol — anti, (Z2)-enol
— syr] and allylation [crotylation: £)-alkene— anti, (Z)-alkene— syr] indicates that the
reaction proceeds through a cyclic, chair-like $raon state organised around the
hypervalent (hexavalent) silicon (Figure 3.3). Agadhe best performing catalysts were
the monoN-oxide 317 for allylation of aldehydes affording the homoétyalcohol in very
high yields and enantioselectivitj (both 98 %:; Table 3.2, entry 5; Scheme 3.10).
Interestingly, the allylation reaction of nitroganalogues of carbonyls has not been very
successful. One exception, yet only in stoichiornemounts (3 equivalents!) of sulfoxide
activator17 performed well in allylation of hydrazorié5with ee up to 98 % (Table 3.2,
entry 6; Scheme 3.10).

o 317 (7 %) OH
. = >
PhJ *oclsiT Y BuyNI (1 eq) ph/'\/\
CH,CI
146 312 2¥2 (S)-314 (98 % ee)
| -NHBZ 173 ea) N VHBZ
€q
| + N -
318 312 (S)-319 (98 % ee)

Scheme 3.100rganocatalytic Enantioselective Allylation.

Aldol reactions are commonly catalysed by Lewislacthus they can be suitable
model reactions for catalysis by a chiral Lewisdagr a Lewis acid activated by a chiral
Lewis base (Scheme 3.9, Scheme 3.11). Various Hosfihoramides) were tested as
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potential catalysts for aldol reactions and thet Ibesults were achieved with binaphtyl-
derived catalysB821 — patrticularly for the addition of enol silyletlserThe mechanism of
addition of enol silylethers® as320to aldehydes (Table 3.2, entry 7; Scheme 3.11) was
expected to be similar to the allylation mechan(sm-membered chair-like TS; Figure
3.3), producing the alcohol in high diastereoseldgt The enantioselectivity was higher

in the case offf)-enols (up to 90 %)Exo-enols also reacted with aldehydes in the presence
of the catalysB21 affording p-hydroxy ketones in excellent enantioselectivityTable

3.2, entry 8; Scheme 3.11).

o 1. 321(5%) OH OMe OH OMe
J + Me"d\/OSiCI?’ CHCI3/CH2CI2‘ or
Ph > Moot Ph OMe Ph™ 7 “OMe
146 320 ' Me Me
syn-322 (81 % ee) anti-322 (59 % ee)
321 (5 %)
i-Pr,EN (10 %) OO ve
o) 1. sicl, (1.5 eq) O
J + yOTMS CH2C|2 (:)H o \N \N C5H10
Ph > /\)J\ OO MeMe
i-Pr NaHCO.. KF Ph i-Pr 2
146 3
323 2. H,O (R)-325 (98 % ee) 391

Scheme 3.110rganocatalytic Enantioselective Aldol Reactions

Formamide and sulfinamide catalysts became verylpogdor the reductions of

imines with silanes, as described in detail in Gaap.4.

A generalised mechanistic picture can be drawrtHerdescribed reaction as they

all have common features of LB-activated LA-catelys

- a Lewis acidic silicon reagent is used as a&aof a carbon fragment or a hydride,
- the silicon atom in the reagent is activatealfghiral) Lewis base,
- the LB-activated hypervalent silicon speciethistrue intermediate.

The example of trichlorosilane and a neutral Levasic activator (Scheme 3.12) is
the most common combination used up-to-date. Tloedamation of a Lewis bas@) to
silicon forms the pentavalent silicaie) in which the silicon is more electrophilic and the
chlorides are more nucleophilic than in the origimaeakly Lewis acidic tetravalent

trichlorosilane(b). The highly Lewis acidic silicon irfc) can now bind another Lewis
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basic molecule — either another catalyst or a safest(typically carbonyl) to form a
hexavalent specigg). Depending on the character of the LB-catalydigand (chloride)

may dissociate from either of these hypervalentas(c) or (e) to form a pair of

hyperreactive electrophiléd) or (f) and nucleophile (Ol

enahnced

enhanced
electrophilic 5+/_‘ nucleophilic
character & 5 / character
! & seh [ - LBQT' Cl
| 17\Cl x- RN
1B<%) H-Sicl —> LB—68|i~C|5 -~ 5 Ilsll‘ |6‘ hypervalency
cl Cl = C C M
(@) (b) c =0 5 By
/,,/6+ w\\\ ,/"6+ T \
I/l \|T| o +\', /// |I| zl + Y
: 6_ -G | CI_ II -\ - “ - <L
(|0 LBTSEC | (s o e
) J NN 5 / l ionisation
/ ) N P _
_ el S _.-~ hyperreactive
hyperreactive electrophile T nucleophile

Scheme 3.12Activation of Trichlorosilane (Lewis Acid) with adwis Base

While many metal centres are often good Lewis acidany known organic
catalysts tend to react as heteroatom N(O)-, P46J- S(O)-centred Lewis bases. Side by

side with enamine catalysis which also does exldatures of Lewis acid catalysis, these
methods of catalysis are complementary.
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Part B:

Results and Discussion
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Aims

The field of enantioselective organocatalysis beza®ry competitive in the new
millennium. The enantioselective organocatalytiduation of imines with trichlorosilane
became quickly one of the research targets itosky / Malkov group, where it has been

in development since 2004.

OMe OMe
HSICl;
Sigamide (5 %)
N HN

[
'

toluene /k“H _N\_OO
\

R "R? r.t., overnight R R2

[
I
z

Scheme A3Scope of Enantioselective Reduction of Imines W&iCl; and Sigamide

My contributions to the advancements in understaggliof the methodology are
based on investigating the scope and synthetigyutif the new methodology using the
improved catalyst Sigamide (Scheme A3). The syimhet Sigamide has already been
established (see Chapter 2.4.2). The choice oftmbs of interest is based on their
possible practical use as synthetic intermediates synthesis of natural products. A
diverse substrate scope has to be explored topgeaes of information for the mechanistic
proposal. Thus, imines derived from acetylhetenmatics containing nitrogen, sulfur or
oxygen are of importance for they prove the (itahce towards different heteroatoms.
On the other hand, aromatic or aliphatic imineswiaried groups in the proximity of the
C=N bond may demonstrate the impact of setric andrel@c variations in the substrate

structure and tolerance to functional groups.

The experimental results gathered from a librarypoépared enantioenriched
amines will be assessed and a mechanistical pigtilkdde drawn concluding the scope
and limitations of the methodology. The practicak uwf the method in a short total

synthesis will be demonstared, as well.

Il. (@) Malkov, A. V.; Mariani, A.; MacDougall, KN.; Ko¢ovsky, P.Org. Lett.2004 6, 2253; (b) Malkov,
A. V.; Stortius, S.; MacDougall, K. N.; Mariani, A.; McGeoch, B.; Kotovsky, P.Tetrahedron2006
62, 264; (c) Malkov, A. V.; Statius, S.; K@ovsky, P.Angew. Chem. Int. EQ007, 46, 3722; (d) Malkov,
A. V.; Figlus, M; Stoitius, S. K&ovsky, P.J. Org. Chem2007, 72, 1315.
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4. Preparation of Imines

4.1. Synthesis of Ketones

A majority of the ketones used in this study wethes commercially available or
synthesised according to the literature proceduvaghout optimisation. For future

reference, | will keep sorting according to theetyyf group in the side chain:

- N- (pyridines);N,S (thiazoles) oS-heterocyclic (thiophene),

- O-heterocyclic (furan) an®- or N-bicyclic (benzob]furan, indole),
- aryl-alkyl chain with functional groups or inasng bulk, and

- miscellaneous.

4.1.1. Ketones containing N-; N, S-; S- and O-haieycles

The only prepared ketone from the pyridine serias the bulky 2,6-diso-propyl-
analogue of 4-acetylpyridine (Scheme 4.1). Elevatdperature and acidic conditions
were required for the formation and propagatiothefradical chain® On the other hand,
the presence of radicals and the harsh conditighiniave been also the reason why the
yield was so poor (7 %).

0] Fe(OAc); (5 %) (0]
t-BUOOH (2.5 eq)
SN TFA (1 eq), i-Prl (4 eq) N
= AcOH B} | 2
N reflux, 16 h N
326 327 (7 %)

Scheme 4.1Derivatisation of 4-Acetylpyridine

Precursors for 2-acetyl-4-alkylthiazoles, the 4yHlkazoles, were constructed
from the corresponding-bromo ketones and thioformamide (Scheme 4.2). Bration of
simple ketone$® afforded essentially pure-bromo ketones which were cyclised with
formamide in the presence of phosphorus pentasulfid the source of sulfti

Distillation of the crude mixtures yielded the 4dthiazoles.
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P,Ss5 (0.2 eq) R

R\fo Br, (1 eq) R\EO formamide (2 eq) \[N\>
MeOH ar 090, 1h S
-30 Ctor.t.,, 30 min

Pr 330 (64 %) 332 (34 %)
Bu 331 (97 %) 333 (26 %)

Scheme 4.2Synthesis of 4-Alkylthiazoles

Acetylation of 4-alkylthiazoles was carried outtwo different ways (Scheme 4.3).
Ethyl acetate acted as a potent acetylating reageatthe 2-lithiated intermediate was
acetylated in at least 75 ¥ However, approximately a third of the prod@&4A thus
formed over-reacted witm-butyllithium to produce the corresponding alcolZ34B.
Using less base only caused decreased conversibyields. HencelN-acetylmorpholine,
an acetyl-transfer reagent, was used to diministrigk of over-reacting while the amount

of the base was decreased to 1.05 equivatéhts.

1 n-BuLi (1.3 eq),
N\ Et,0,-80C, 1 h N\ N\
> ACcOEt (2 eq) | >_< + | >_4 n-Bu
S 2 S o} S OH

" Et,0, -80 Ttor.t.

Y

332 334A (49 %) 334B (28 %)
n-BuLi (1.05 eq),
N 1 THF,-80<T, 1h N
B - (<
S 2 d N« (13eq) S o)
“— 0 -80 TCtor.t.
333 335 (53 %)

Scheme 4.3Acetylation of 4-Alkylthiazoles

Another acetylthiazole derivative was prepared bgrivdtisation of 2,4-
dibromothiazole336, starting by acetylation at the most reactive fmsi2. This step
proved rather tricky as extensive decompositiothef material occurred easil§, Metal-
halogen exchange witiso-propylmagensium chloride or ethylmagnesium bromade
temperatures varying from —20 °C to room tempeeaind subsequent quenching with
acetonitrile or ethyl acetaté® afforded only a mixture of unreacted dibromo-conmuh
the desired 2-acetylated compouei’A and 2-debrominated speci@37Bin 1:1:2 ratio
and combined maximum 60 % yield (Scheme 4.4). dhig showed that the electrophile

was not sufficiently reactive.
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Br~__-N a. BN BN
\[ \>—Br —_— \[ \>—< + \[ \> + 336 (15 %) (1:2:1)
S S © S

336 \ 337A (14 %) 337B (29 %)
a. 1.i-PrMgCl (1 eq), THF, 0 C, 1 h
337A (56 %) 2.MeCN (1.5eq), THF, rt., 1 h

b. 1. n-BuLi (1.1 eq), THF, -80 C, 30 min
/7 \
2. o_N—\(o (1.4 eq), THF, -80 T to r.t.

Scheme 4.4Acetylation of 2,4-Dibromothiazole

Alternatively, metal-halogen exchange wittbutyllithium at low temperature (—80
°C) and 4-acetylmorpholine as acetylating ageneweilised instead”’ and this method
resulted in clean conversion to 2-acetylated tHea@o56 % yield (Scheme 4.4).

Before further derivatisation at the position-4 veasried out, the carbonyl group
was protected as a ketdl (Scheme 4.5) in excellent 98 % yield 389, For comparison,
analogous furan derivativd40 was obtained in low 37 % vyield, possibly due te kigher
volatility of the product and co-evaporation witbluene during the work-up. These
protected acetyl-heterocycles were metallated aadted with an electrophile, such as

trimethylsilyl chloride or carbon dioxide.

b. A =N a. BN
< 337A:Ar= [
WO ) Ar \ES>—§ — | \HLO
© o _J O 338:Ar= f\\r§ s o )
(@]
340 (37 %) a. HOCH,CH,OH (4 eq), p-TSOH (0.1 eq) 339 (98 %)

b. HOCH,CH,OH (3.6 eq), p-TsOH (1 %)
both: toluene, Dean-Stark trap, reflux, 10 h

Scheme 4.5Protection of the Carbonyl Group

Even if the reaction 0839 with n-butyllithium was quantitative, the yield of the
desired 5-trimethylsilylated thiazo@41A was low (49 %). The relatively similar acidity
of the positions 4 and 5 in thiazole ring could lexp why the expected metal-halogen
exchange at position-5 was accompanied by condumedesired deprotonation at
position-4, despite the cooling (Scheme 4.6). Tésulted in the formation of a mixture of
two major products 5-TMS41A, 5-bromo-4-TMS341B, moreover, double lithiation
yielded the 4,5-di-TMS41C. This is in contrast to clean silylatidh of furan derivative
340in 77 % yield (Scheme 4.6), where the positiorattivity is clearly differentiated.
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1. n-BuLi(1.2 eq) TMS__N Br_N TMS__N
THF, —80 T, 30 min \[ \>740 + I \>ﬁ40 + I \>ﬁ40
339 -
, TMSCI (1.8 eq) So J wsTS o TmsT S o J

* —-80 Ctor.t.
341A (49 %) 341B (43 %) 341C (7 %)

n-BuLi (1.5 eq)

1. .
THF, -80 T, 30 min | A\ o
340 > S
T™S 0\)

> TMSCI (2 eq)
"-80Ctor.t.,2h

342 (77 %)

Scheme 4.6.Silylation of Protected 2-Acetylthiazole and 2-Adéiran

Reactivity of both heterocycles was very differatgo in the ketal-deprotection
step. The furan-derived dioxolar812 was deprotected in 3 hours while the thiazole
analogue341A was quite resistant to the acid catalysed tranikation with acetone and
the reaction mixture had to be refluxed for 4 dg8sheme 4.7). However, the deprotection

step was not optimised because enough of mateaislobtained.

T™S T™MS
m b. A f o 341A: Ar = IZ)— % a. \[N\H
o “Ar= S
™S o) o\) 342: Ar Jf(}_ § o)

T™S
344 (88 %) 343 (66 %)
a. Py.p-TsOH (0.15 eq), acetone/H,0, reflux, 4 d
b. Py.p-TsOH (1 %), acetone/H,0, reflux, 3 h

Scheme 4.7Deprotection of the Carbonyl

The 5-lithiated protected 2-acetylfufdhwas also carboxylated using dry ice. It
turned out that during the acid-base work-up ofdheale acid, the dioxolane moiety was
cleaved and produced the intermediate keto @4t From practical reasons, the crude
acid was transformed into ethyl es&46 using the mixed anhydride method with ethyl

chloroformate®®

n-BuLi (1.5 eq)

L THF, -80 T, 2h m CICOOE (1 eq) m
340 > AN - AN
2.

CO, (excess) HOOC CH,Cl, EtOOC
-80 Ctor.t. OCtort,2h

345 346 (38 %)
Scheme 4.8Carboxylation of Protected 2-Acetylfuran

For the group of Grignard addition reactions, oohe aldehyde was synthesised,
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the others were commercially available. The Vilsnéiaack formylation of
benzop]furan produced selectively the 3-formyl ison848, even if it was in only 36 %
yield (Scheme 4.9).

=0
(@] DMF (8 eq) (0]

80 C,24h
347 348 (36 %)
Mel (6 eq)
NaH (4 eq) MelLi (4 eq)
®COOH B — N COOH —mM > N
N DMF N THF N e}
H rt,24h Me 0 Ctoreflux., 4 h Me
349 350 351 (18 %)

Scheme 4.9Vilsmeier-Haack Formylation of Benzofuran and Pragian of 2-Acetylindole

N-Methylated 2-acetylindole was prepared by a tvepgirocedure from thiH-
free acid 349 (Scheme 4.9). The mixture dfi-methyl and/orO-methyl compounds
resulting from the methylation of the add9was unified by facile basic hydrolysis of the
methyl ester. Addition of methyllithium to tié¢methyl acid intermediat850 afforded the
2-acetyl derivativ851in 18 % overall yield.

4.1.2. Grignard Additions and Concomitant Oxidatisen

The addition of an appropriate Grignard reagent tivasmost common way for the
preparation of the desired alcohols that were egidito the corresponding ketori&sThe
reactions were reliable and high-yielding (65-97. %he oxidation with pyridinium
chlorochromat&® (PCC) was the method of choice for alcohols whside chains were
not sensitive to the acidic oxidative condition$u$, the furan-derived alcohols were

oxidised preferentially with pyridinium dichromaf&(PDC) which is less acidic.
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o R?MgX (1.5 eq) OH a.orb. o
J >
1 ether or THF 13\ 2 JJ\ 2
R O0Ttor.t R R RY "R
3htol6h .
a. PCC (1.5 eq), Celite, CH,Cl,, r.t.,, 2-3 h
b. PDC (1.4-1.75 eq), DMF, 3 h
OH OH OH OH OH OH OH
S ~ O A 0} MeO
352a 352b 352c 352d 352e 352f 352g
73% 89 % 90 % 69 % 94 % 65 % 97 %
o] o] o] o o] o]
353a 353b 353d 353e 353f 353g
32% 23 % 60 % 40 % 84 % 72 %

Scheme 4.10Grignard Additions and Concomitant Oxidations

Remarkably, furaldehydes did not undergo Grignadditeon with silylether-
protected 3-bromopropantt: although this protocol was described in the lime’’?

Reaction conditions were varied:

- reaction temperatures — from cooling to heating,
- dilution —to prevent undesired reactions ofitheally formed magnesio-species,

- activation with iodine or 1,2-dibromoethane veapected to promote the formation

of the Grignard reagent.

b. a.
B ~_OTMS «—— B_~_OH — » Br~_~_OTBDMS
455b (54 %) 354 455a (95 %)

a. TBDMSCI (1.2 eq), Et3N (1.3 eq), DMAP (5 %), THF, 0 Ctor.t., 16 h
b. TMSCI (1.2 eq), 2,4-lutidine (1.2 eq), CCly, 0 Ttor.t,, 3 h

O O
Y a., b.orc. OPG + Vi
- /\/\/\/
[ PGO / 5

1 -

M
o) 456 O

a. Mg/455 (1.5 eq), ether or THF, 0 T to reflux, 3 h
b. 455 (1 eq), Sml, (2 eq), HMPA (7 eq), THF, r.t., 2 h
c. 455 (3 eq), Sm (3 eq), I, (5 %), THF, r.t., 16 h

Scheme 4.11Protection of Bromoalcohol and Its Attempted GrighAddition

However, none to these attempts produced the deslicehol; instead, only Wurtz
coupling occurred and the silylated hexanediol wadated in high yields (~80 %),
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presumably because the Grignard magnesiohalidenataformed. The Grignard addition
of an O-protected 3-bromoalcohol was problematic also wather protecting group
(tetrahydropyranyl}/® Another possible way for the preparation of thégfard reagent
was metal-halogen exchange wisto-propylmagnesium chloridé’ followed by standard
addition of the aldehyde. However, this method mtes only the products afPrMgCl
addition to the aldehyde (30 %) and reduction efdaldehyde to a primary alcohol (50 %).
The attempt to promote the formation of the corneagnesio-species by performing
Barbier-version’ with Smb or Sm/} afforded similar Wurtz-type product, if any (Schem
4.11).

o) o o)
a. b.
| N
ot - + COOMe
Ph)vCOOH Ph)vCOOMe Ph)

457 459 (57-96 %) 146 458
a. H,SO, (cat.), MeOH, reflux, 3 h

- Me

b. [(PPh3)3Rh]CI (5 %), PhCOOH (0.2 eq), N""NH, (0.4 eq), toluene, 130 T, 2 h

Scheme 4.12Synthesis of-Keto Ester

Previously attempted synthesisfpf-functionalised ketones led us to an alternative
v-keto ester (Scheme 4.12) which could be reducedidohol for further applications.
Besides the simple high-yielding esterification tbk corresponding acid57, a Rh-
catalysed addition of benzaldehyde to methyl atel/%afforded the ester (57 % vyield).

4.1.3. Aryl-alkyl or dialkyl ketones

Two model substrates were examined before embarkimgthe synthesis of
colchinol (Chapter 7.2). Chalcod&0 was hydrogenated at an atmospheric pressure over
palladium on charcoal (Scheme 4.13). This heteroggihydrogenation provided selective
reduction of thea,p-double bond, whereas its selectivity failed in thelchinol
intermediate562 and homogenous protocol was used (Scheme 7.183-®¥ group was
expected to have deleterious effect on the reduaifothe corresponding imine, hence a
silylether protecting group™ was utilised for 3-hydroxyacetophenone (Schemé)4.1
Structurally analogous protected hydroxyl ketd@&3 was applied in the synthesis of
colchinol (Scheme 7.19).
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o) 10 % Pd/C, H, o)

Ph)% Ph ACOEt Ph)vPh

460 461 (94 %)
o TBDMSCI (1.2 eq) o
EtzN (1.3 eq)
HO DMAP (5 %) TBDMSO
THF
462 O0<Ctort,16h 463 (96 %)

Scheme 4.13Hydrogenation of Chalcone and Silylation of 3-Adghenol

Three o,B-unsaturated conjugated ketones were synthesigethvWestigating the
effect of an extended conjugation on the reducsiep. The easiest to prepare proved to be
the E)-3-methyl-4-phenylbut-3-en-2-onel64 (Scheme 4.14). Acid-catalysed aldol
condensatiot’ favoured the reaction of benzaldehyde with thentoelynamically more

stable trisubstituted-enol (derived fr&285) and give rise td64.

O
(0]
o“ H,SO, (1 eq) Z
+ Y
AcOH
235 146 464 (62 %)

Scheme 4.14Synthesis of 3-Methyl-4-phenylbut-3-en-2-one

By contrast, the synthesis of the 2-methyl analog@A proved tricky. Careful
addition of phenylmagnesium bromide to acetylacgtSryielded a mixture of (at least)

five products466in low yields (Scheme 4.15).

O O phMgBr (L5 eq) M MH HWH
PN - T Ph * Ph Ph

Et,0,
465 0 T to reflux (E)-466A (12 %) 466B (7 %) 466C (6 %)
(2)-466A (6 %)

Scheme 4.15Reaction of Acetylacetone with Phenylmagnesium Bdem

Hence, a three-step approach, lengthy but seleatige choser®’ (Scheme 4.16).
Horner-Wadsworth-Emmons reaction of acetophenonth wiethyl phosphonoacetate
afforded the E)- and ©)-o,p-unsaturated este467 in moderate yield and good 9:1
selectivity. These two isomers were separable lhynmo chromatography and the starting
material was also recovered. TH8-gester was transformed into the Weinreb ansd8
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and subjected to the addition of methylmagnesiuomimte to provide the desired 4-
methyl-4-phenylbut-3-en-2-oré66 in 10 % overall yield. According to the literatyffé
the two latter reactions should have been almasttipative.

Q
EtOOC.P(OEY; (1.3 eq) i-PrMgCl (4.5 eq)
/L NaH (1.4 eq) )\WCOOEt MeNH-OMe.HCI (2 eq)
Ph” 0 > Ph > 468 (69 %)
39 THF, r.t, 24 h THF, r.t, 1h

(E)-467 (46 %)
(2)-467 (5 %)

)\)OJ\ i
MeMgBr (1.3 eq) J\)J\
Ph” N7 L

) THF,
468 OMe  ahciort (E)-466 (31 %)

Scheme 4.16Synthesis of 4-Methyl-4-phenylbut-3-en-2-one

4,4-Diphenyl analogue was prepared by condensatbndilithium salt of
acetonoxime469 and benzophenof in nearly quantitative yield with no purification
required (Scheme 4.17). Not surprisingly, the foiluy oxime deprotectidfi* and
dehydration in concentrated HC|I was non-selectimd accompanied by closure of
isoxazoline ringd71h.

NH,OH.HCI (1.3 eq) n-BuLi (2 e HO..
o NaOH (1.4 eq) NOH L THF, 0 "(C, 1qr)1 N Ph Bh
)J\ > )J\ o > M
EtOH/HZO X (1 eq) OH
294 80T, 1h 469 (48 %) 2. Ph”Ph 470 (99 %)
THF, -80 T to r+t.
HCI (conc.) M | Ph
470 > on * Negph
471A (31 %) 471B (36 %)

Scheme 4.17Synthesis of 4,4-Diphenylbut-3-en-2-one

The p,p’-disubstituted benzophenone was synthesised bydhterafts acylation
of anisole by the appropriate adld2 (Scheme 4.18). Crystallisation of the proddcd

from the solution was induced by addition of mettlan
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(excess)
TFAA (2 equiv)

o)
COOH
o QY O
+
FsC OMe  THO (5 %) FsC OMe

472 473 90T, 2h 474 (61 %)

Scheme 4.18Synthesis of Substituted Benzophenone

4.2. Formation of Imines

Four methods were used for the preparation of rarfbof imines and enamines,

which differ in the way the reaction water is reradv

4.2.1. Prepared Imines

The first two methods required elevated temperatufée first of them used 4A
molecular sieves as the water scavenger (MethddcAeme 4.19.). The advantage of this
method was that the imine solution was obtaineditmple filtration from the sieves and,

in general, it provided imines in good isolateddse

OMe
H2N—©—0Me (1.5 e0) r,‘©/
- N

o]
1JJ\ ) toluene, 4A sieves 1J\ )
R R reflux, 16 h R* R
NPMP 7)l\liDMP NPMP NPMP NPMP NPMP NPMP
) N
| W U S EtOOC— | o_ o_
475a 475d 475k 475l 475m 4750 475p
95 % 95 % 74 % 74 % 72 % 31 % 40 %
NPMP NPMP NPMP NPMP NPMP
o O O o7 O70
475¢ 476a 476k 476n 476u
74 % 48 % 69 % 16 % 39 %

Scheme 4.19Imines Synthesised by Method A
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However, in the cases where only small amounts@iketone were available, the
reaction became quite sensitive to the traces demwim the apparatus, the reaction
components and the activity of the sieves. Thisleesd it inconvenient and unsuitable for

imination of precious ketones.

OMe
H2N—©—0Me (1.1eq) ©/
o) p-TSOH (0.1 eq) N
R TR2 Dean-Stark trap R1” "R2
benzene, reflux, 16 h

NPMP NPMP NPMP NPMP NPMP NPMP NPMP
s
X N \Sw)l\ < W)l\ \Sw)l\ \Sw)l\ w
N2 Nz }/N N N S/N \
oo 475¢ 475e 475f 475 =S 475h 4751
96 % ~57% 65 % 73 % 76 % 91 % 41 %
NPMP NPMP NPMP . NPMP NPMP
o o N N <A
I Y g @fk y
475 475n 475¢ 475s 475t
78% ~10 % 57 % 56 % 38 %
NPMP NPMP NPMP NPMP NPMP
Q)‘\/\COOMe CI\O)M MGOO)‘\/\/\ MGOO)‘\/\/
476b 476m 4760 476p 476q
29 0% 67 % 40 % 38 % 72 %
NPMP NPMP NPMP NPMP
TBDMSO\©)‘\ %‘\
476v 476w - i \ 476l Fes, 476t
27 % 87 % 66 % ~32%

Scheme 4.20lmines Synthesised by Method B

An alternative method used a Brgnsted acid cat§bysiluenesulfonic acid) and a
solvent that forms azeotropic mixtures with waeg., benzene or toluene (Method B,
Scheme 4.20.). This method was efficient even ioalsquantities of ketones, provided a
Dean-Stark trap of an adequate size was used. Hower obtaining pure imines, the
removal the g§-TsOH)-(p-anisidine) salt and other polar components (easidues of
unreactedp-anisidine) by filtration on the triethylamine-tted silica proved beneficial,
followed by crystallisation (typically from hexane)

Generally, either of the previously mentioned mdth@ or B was suitable for

imines from methyl or other non-hindered ketoneswklver, when steric bulk was built

around the carbonyl, conversion to imines became(&g. iminesA75n 476b). A third
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method was chosen, a Lewis-acid-mediated imin&tfamhere the Lewis acidic titanium

tetrachloride also served as a powerful dehydraagent (Method C, Scheme 4.21.). This
method proved to be the most efficient and was a¢sal when the other methods failed or
when a sensitive imine was formed (e.g., imdY®9. This method required anhydrous
conditions and large excess of the aniline (3 efjubut the imine was obtained essentially

pure (in particular, containing np-anisidine residues) by simple filtration from the

precipitate.
HZNOOMe (3 eq) ©/0Me
o TiCl, (1 eq) N®
RlJ\RZ Et,0, reflux, 12 h RlJ\RZ
NPMP NPMP NPMP NPMP NPMP NPMP NPMP
OvY oo g0 OF o -
476¢C 476d 476e 476f 476i 476j 476s
52 % 63 % 53 % 68 % 75 % 69 % 22%

Scheme 4.21lmines Synthesised by Method C

As revealed byH NMR spectroscopy, the configuration at the imitveible bond
was predominantlyH)-, typically in 7:1-10:1 ratio when R Me; otherwise, the imine
adopted E)-form exclusively. When the Rgroup became very bulky, in particular for
476¢f, 5:2-5:3 mixtures ofH/Z)-isomers were isolated, where&s6j was a 3:2 mixture.
However, this did not influence the enantioselettiof the reduction, as shown later.

4.2.2. Attempted Syntheses of Imines
It is pertinent to note that some ketones did motpce the corresponding imines.
One of these was thgy-unsaturated ketongb3b, as it underwent isomerisation followed

by Michael addition (Scheme 4.22). The standardnaton is unsuitable for,y-
unsaturated ketones; thus, other ways were tried.
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== Imination _—
o/ Method B O/ NHPMP
0]

> o]
353b 477
OH 1.a,b.,c.ord. \/ NR-PMP - NPMP
Ph}\/\ 2 RHN—@—OMe /\ Ph}\/\ Ph AN
314 478

a. MsCl/Py, CH,Cl,, 0 T
b. Tf,0/Py, CH,Cl,, 0 T R=H

C. szO/Et3N, CH2C|2, 0T

d. PPh3/DEAD, THF, r.t., overnight, R = Ts

Scheme 4.22Michael Addition under Imination Conditions and posed Alternative Route

An easy-to-perform but lengthy approach would be Hubstitution-oxidation
sequence (Scheme 4.22). A model homoallyl alc8ld] activated as mesylaté’ triflate,
tosylate, or via Mitsunobu condition’ was subjected to nucleophilic substitution with
anisidine. None of these reactions led to any mease product and this type of substrate

was erased from the list.

Interestingly, the a,p-unsaturated,p-disubstituted ketones were not suitable
substrates for imination by any of the above-mewib methods, including reductive
amination. The only imine prepared was thf-disubstituted476s the other twof,p-
disubstituted analogues failed even if three adtiwve routes were investigated.

1. NaNO; (1 eq), HCI

H,0, 0 T, 30 min
MeOONHZ 2 . MeOONg,

o NaN3 (1.2 eq), H,O
479 rt.,2h 480 (47 %)

NPMP
V > )\)J\
A Ph
481

480 (1.5 eq) } PPhs

)\/ﬁ\ PPhs (1.5 eq)) M®© N
PN

THF, reflux, 20 h

Scheme 4.23Attempted Aza-Wittig reaction

The first non-traditional method for introducingethimino group was an aza-Wittig
reaction with the corresponding ketone, performét prazidoanisolet80 (Scheme 4.23)

as the source of nitrogen. This method afforded/ satovered starting ketone and
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triphenylphosphing-anisidine adduct. This method was reported fprusaturatedr

imino ester”’ which are much more reactive thaf-unsaturated ketones.

Ph PR N (E)-483 —  pp” N

482 (E)-483 (52 %) 484 (98 %.)
(2)-483 (8 %)

a. POCl; (1 eq), DMF (4 eq), 80 C,1.5h
b. p-anisidine (1.05 eq), p-TsOH (5 %), MgSO,, CH,Cl,, r.t., 1.5 h

Scheme 4.24Vilsmeier-Haack Formylation of Styrene and Iminataf The Aldehyde

In parallel to thef,y-unsaturated ketones, an alternative way was baselde idea
of oxidation of the corresponding racemic aminee Bynthesis of the amine started by
Vilsmeier-Haack formylation ofa-methylstyrene482 which produced K)- and @)-
iIsomeric B-methylcinnamaldehydd83 in good selectivity and moderate yield (Scheme
4.24). Separation by column chromatography affortiedE)-ao,f-unsaturated aldehyde in
52 % yield.

MelLi (1 eq) NHPMP a.toe.
484 > N 481
THF, Ph

0 C, 30 min 485 (24 %)

a. DDQ (1.2 equiv), benzene, r.t., 2 h (no reaction)
b. DDQ (1.1 equiv), benzene, r.t., overnight (tar)
c. DDQ (1.8 equiv), benzene, r.t., 2 h (tar)

d. MnO,, toluene, reflux, 2 h (no reaction)

e. MnO,, toluene, reflux, overnight (tar)

Scheme 4.25Addition of MeLi on Aldimine to Produce Aming85 and Attempts to Oxidise It

The aldehydeH)-483 was iminated in virtually quantitative yield andethbroduct
484 was used for the addition of methyllithium to produhe racemic aming85in poor
24 % yield (Scheme 4.25). However, that was endagtarry out the following oxidation
reactions and no optimisation was attempted. Théation was performed with DD’
and freshly prepared manganese dioxfie¢hough, no success was achieved. Production
of tar material or occasional isolation of acetopivee pointed at the instability of the
possibly-formed imine.
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NH,OH.HCI (4 eq)

F
J\)OJ\ pyridine (5 eq) )\/Lk F E
Ph X

MeOH 0

466A reflux, 1.5 h 486a (97 %) Uk F
O F
Ph N
466A <— 487 #’ 487a (76 %)
(41 %) :;@

F (1.2 eq), Et3N (2 eq), CH,Cl,,0 C, 2 h

b, (HO)ZB—@OMe (1.2 eq), Cu(OAC),, DMF, 0 T, 3 h

Scheme 4.26Copper(ll)-catalysed Coupling Reaction

Much milder method of preparation of imine was regedl'he nitrogen atom could
be introduced in the form of oxim&86a because this is not an equilibrium reaction and
coupling with an appropriate boronic acid would ypde the imine. The final coupling
precursor pentafluorobenzoaBeexime estef’’ 487a(Scheme 4.26) was formed from the
corresponding oxime in 76 % vyield. Copper(ll)-cgsad coupling of487a with 4-
methoxyphenylboronic acid (Scheme 4.26) affordely time ketone466A (41 % yield),
which might have been a result of hydrolysis ofnewl81 by traces of reaction water

produced from the boronic acid.

464 486b 487b 476t

Figure 4.1.Reference Intermediates for Cu-catalysed Imine Btion

The whole synthesis was carried out in parallegfé 4.1) with 3-methyl-4-
phenylbut-3-en-2-oné64 whose imined76swas prepared by imination Method C in 22 %
yield. In this case, the coupling yielded a 1:1 tomig of the desired imine and the
corresponding ketone (26 % each). It became appé#rahthe imine481 would not be
stable enough to bring it through to the next skeis. likely that the imine of ketoné71A

would be even less stable.
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5. Reduction of Imines®®

5.1. Preparation of Enantioenriched Amines

The reduction of all imines was carried out under standard conditions at 0.2
mmol scale with 2 equivalents of trichlorosilanep®l % of the catalyst Sigamide in
toluene at ambient temperature for 18 hours undargon atmosphere (Scheme 5.1). In
some cases an additive was used to improve theoeaate.

OMe OMe| !
/©/ HSICl; (2 eq) /©/ 5 o
N cat* (5 %) HN ' /k(lL

RL” OR2 toluene lelj\RZ
r.t., 18 h

cat*
g Sigamide

Scheme 5.1Enantioselective Reduction of Imines

All enantioenriched amines were were also syntbdsis their racemic forms
(Scheme 5.2), either by reduction with sodium bgdoide in methanol at ambient
temperature or by a way analogous to the enandéicbed one using DMF as the activator.

OMe OMe
a. NaBH, (4 eq)
A orb MeQH, r.t., 2-16 h
N . . HN b. HSICl; (2 eq), DMF (1 eq)
e toluene, r.t.,, 18 h
Rl R2 Rl RZ

Scheme 5.2Racemic Reduction of Imines

The typical isolated yields of the racemic aminesrev65-95 %. These were
prepared at 0.3 mmol scale to be used for charsaten and calibration of the HPLC

conditions.

In the following text, only the formation of enasgnriched amines will be

discussed, they are colour-codgeklds are in blugenantiomeric excess in red
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5.1.1. Amines Containing N-; N,S- and S-heterocygle

In the previous study’'%**% the method showed a good substrate generality,
however only considering the electronically modifiaromatic imines. Introduction of a
heteroatom into the aromatic system of the modeipmunds was a natural step towards
broader applicability in the view of the role of teecyclic compounds in the
pharmaceutical industry. At first, substrates comtg an N- or Sheterocycle were

investigated (Figure 5.1, Figure 5.2).

The pyridin-2-yl and pyridin-4-yl derivative488ab were reduced cleanly only
with the addition of 1 equivalent of acetic acidg{ife 5.1); without it, these substrates
reacted sluggishly. However, the products turnégd@be almost racemic (7 and 21 % ee,
respectively). In another study, it was shown tteg pyridine nitrogen is capable of
coordinating the silicon of trichlorosilafié?* Hence, the lack of enantioselection can be
attributed to this type of coordination, which i®ishiometric and non-chiral and can
compete with the coordination to the chiral catilydich is present in only 5 mol %. To
support this theory of the undesired coordinatgiaric bulk was built around the nitrogen
of the substrate, as in the 2,6isl-propyl analoguet88c which was reduced with good

enantioselectivity (78 % ee).

NHPMP NHPMP NHPMP NHPMP
N\ A X S
| | | I
= N~ N~ \
488a 488b 488c 488i
70 % (AcOH) 72 % (AcOH) 68 % 77 %
7 % ee 21 % ee 78 % ee 89 % ee

Figure 5.1.Amines Containing Pyridine and Thiophene Heteroeycl

Thiazole is another heterocycle favoured in mangrpiaceuticals (Figure 5.2).
However, in its character it is similar to the plme nitrogen and its coordinating
properties can account for the low observed enseitativity (13 %) of the aminé38d
Introduction of increased bulk next to the nitroges Me <i-Pr <t-Bu improved the
enantioselectivity in this series (31, 34, and 41e#% respectively); though, not as
efficiently as in the case of pyridine. A drop ofamtioselectivity (to 6 % ee) was caused
by even bulkier, but more electron-donating 4-TM8up in derivative488h The longer

C-Sibond also might have caused overall smaller skenidrance of the nitrogen.
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NHPMP NHPMP NHPMP NHPMP NHPMP

OIS DS S = G, o

488d 488e 488f 4889 488h
83 % 30 % 71 % 58 % 91 %
13 % ee 31 % ee 34 % ee 41 % ee 6 % ee

Figure 5.2. Amines Containing Thiazole Heterocycle

Sulfur as a heteroatom is free of negative effemssshown by the thiophen-2-yl
derivative 488i (Figure 5.1), where the enantioselectivity (89 %) was close to that

observed for the acetophenone-derived imines (9% @¢).

PG, ,PMP PG\ ,PMP
NHPMP 50 N Rl R2 R N
S OX. \\é’ \—¢ RL
[ > e T > m]
\ | \ | Diels-Alder
-S0,

Scheme 5.3Possible Use of Enantioenriched Thiophene-deriveina

Thiophene in form of its 1,2-dioxide is known to Aegood substrate for Diels-
Alder reaction:®® First attempt of oxidation of thiopher88i to thiophene-1,1-dioxide
was performed with Oxone/acetone mixtifdorming 3,3-dimethyldioxirane in situ. This
produced thiophene-1-oxidB9 undesirably oxidised also at t@eN bond destroying the
stereogenic centre previously formed (Scheme 5.4).

NHPMP  Oxone (1.35 eq) O NPMP
S EDTA, NaHCO3 S
\ Acetone/H,0 \
488 rt., 2-16 h 489 (72 %)

Scheme 5.40xidation of Thiophene with Oxone

When Oxone was used with the imid&5i, partial hydrolysis occurred (Scheme
5.5). Thus, more experiments were carried out whith corresponding ketor®90. The
mild oxidant asm-chloroperoxybenzoic acid proved inefficient and the starting ketone
was recovered. Stronger oxidising reagent potaspenmoxydisulfate or aqueous hydrogen
peroxide in trifluoroacetic acid was utilised, lagfain with no success. In the latter case, it
is plausible that Baeyer-Villiger product was fodniastead of the 1,1-dioxidé® Urea-
hydrogen peroxide adddét or catalytic methyltrioxorhenium with stoichiomietr

hydrogen peroxidé® were reported to oxidise,p-unsaturated ketones to lactones or
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pyridines to theirN-oxides, respectively, however they provided nodpmd (at no

conversion).

NPMP (e
S a. S a.toc, e, f.
S ’ —_— 4 ’ »  no reaction
475i 490 + tar
d.
s. _0__0O a. Oxone (1.35 eq), EDTA, NaHCO3 acetone/H,0, r.t., 2-16 h
g Y b. K,S,04 (5 €q), DCM/H,0, r.t., 16 h
c. m-CPBA (5 eq), DCM, r.t.,, 16 h
491 + tar d. H,0, (3 eq), TFA, r.t, 3 days

e. UHP (10 eq), Na,HPO4 (9 eq), TFAA (4 eq), CH,Cl,, 20d
f. MeReOj3 (0.5 %), H,0, (2 eq), CH,Cl,, 2 d

Scheme 5.5Attempted Oxidation of Thiophene to Its 1,1-Dioxide

It was reported that in the cases where the comma@ants (Scheme 5.5) failed in
oxidations of sulfides to sulfones, anhydrous cbods were found to be helpful. The
literaturé® also describes how to avoid the Baeyer-Villigaact®n by using extremely
strong oxidant as 95 % hydrogen peroxide in TFAydénxer this was not attempted for

safety concerns.

5.1.2. Amines Containing O-heterocycles and N- oibi@yclics

From the oxygen-containing heterocycles, furanatigularly interesting as it can
be oxidatively opened to substituted 1,4-dicarbsrgthd then further reactions can be
performed (Scheme 5.6). Several furan-derived imimere prepared to study a library of

substituted furans which then could undergo otfarsformations.

Scheme 5.6Possible Trasformations of Furan

Furan-derived imined88j-n were found to be reduced with the efficiency laying
between that of the sulfur and nitrogen heterosy{b-77 % ee; Figure 5.3). Oxygen in
the furan ring might also interact with trichlorasie, which would explain the drop of
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enantioselectivity in comparison with its thiophemalogue (from 89 to 56 % ee, structure
488)). Decreased temperature helped to improve thetiesatectivity only marginally, to
62 % ee at —20 °C and at the expense of reactiVite. substitution in position-5 also

influenced the enantioselectiviy, however, the itasuere rather confusing.

NHPMP NHPMP NHPMP NHPMP NHPMP
O O O (@) O
\ \ | TMS— | EtOOC— | \
488j 488k 488l 488m 488n
62 % (r.t.) 86 % 62 % (AcOH) 62 % 75 %
56 % ee 45 % ee 63 % ee 70 % ee 85 % ee
57 % (=20 C)
62 % ee

Figure 5.3.Amines Containing 2-Substituted Furan

Bulk at the position-5 caused droprise of enantioselectivity — the 5-mett#3d8k
(drop to 45 % ee) and 5-TM&B8I (increase to 63 % ee) analogues exhibited the sigpo
trend in comparison to the members of thiazoleesefiFigure 5.2). Trimethylsilyl group
can be considered not only as a sterically hindesuabstituent, but also an electron-
donating one. The effect of an electron-withdrawgrgup was shown on ami8m
Unfortunately, only marginal change of enantiosléy was observed (62 %). Good
enantioselectivity was achieved for the fuisd-propyl derivative488n (85 % ee). The

effect of the bulk around the prochiral centrelsdf imine is discussed in Chapter 5.1.3.

NHPMP NHPMP
03/'\ o;j)\
4880 488p
60 % 90 %
77 % ee 91 % ee

Figure 5.4.Amines Containing 3-Substituted Furan

The results obtained with the furan-2-yl series enveslightly disappointing,
therefore no further synthetic application of thesdstrates was provided. On the other
hand, the furan-3-yl derivatives (Figure 5.4) extiedd a significantly higher level of
asymmetric induction, thé880(77 % ee) than its 2-isomet88h (56 % ee). In their case,
increasing the steric bulk in position-5 had chealpositive effect, as documented by the
2,5-dimethyl derivative88p (91 % ee).
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NHPMP NHPMP Me NHPMP NHPMP
Ol o N l MeN"
488q 488r 488s 488t
79 % 84 % 77 % 0%
70 % ee 65 % ee 91 % ee n.a.

Figure 5.5.Amines Containing Benzb[furan and Indole Heterocycles

The benzdp]furans488q (70 % ee) and88r (65 % ee) followed similar trends as
the furans (Figure 5.5)N-Methylindol can be viewed as the bergéjran nitrogen
congener with a non-coordinating (protected) nigrogtom (Figure 5.5). In contrast to the
indol-2-yl 4885 which was reduced in good yield and high enastesgivity (91 % ee),
the indol-3-yl analogud88t did not react at all, even with the addition oét&c acid or at

elevated temperature (50 °C).

5.1.3. Aryl-alkyl Chain with Increasing Bulk or Fustional Groups

The imines investigated so far were all derivedrfreither electronically modified

acetophenone or heteroaryl methyl ketones. Nayyrallpresent a complete study, it was
of interest to vary the methyl group (Figure 5.6).

NHPMP NHPMP NHPMP NHPMP NHPMP NHPMP
492a 492b 492¢ 492d 492e 492f
81 % 98 % 87 % 75 % 83 % 18 %
92 % ee 97 % ee 95 % ee 94 % ee 76 % ee 10 % ee
46 % (AcOH)
10 % ee

Figure 5.6.Aryl-alkyl Amines with Increasing Bulk

The ethyl analogud92a (92 % ee) turned out to behave in the same wayeas t
acetophenone-derived counterpart. Branching inRthgroup, as in the isopropy92h,
had a positive effect, in fact it was the “bestiti)” substrate (97 % ee). The structurally
similar, but more rigid cyclopropyl92cand the cyclobutyl derivativé92d were obtained
in high enantiopurity (95 and 94 % ee, respectivaiyoving to the bulkier cyclohexyl
derivative492¢ a drop of enantioselectivity was observed (76 Even more sterically
congestedert-butyl substrate was reduced 482f in very sluggish and close-to-racemic
fashion (10 % ee).
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NHPMP NHPMP NHPMP NHPMP

O T, WO,

492¢ 492h 492i ,
83 % 86 % 63 % 492j
62 % ee 85 % ee 39 % ee 79 %
92 % (AcOH) 6 % ee
38 % ee

Figure 5.7.Dialkyl or Diaryl Amines

The dialkyl iminesA92gi (Figure 5.7) showed a similar pattern as the phalhkyl
congeners. Good fit of theyclo-hexyl group in substraté92h (85 % ee), but drop of
enantioselectiviy iM92j raised a question of what is the role of the atamaoiety or the
bulk of the group. As expected, tise-propyl substrate was reduced in moderate (62 % ee)
and tert-butyl-methyl in low enantioselectivity (38 % edjydrolysis occurred partially
when no additive (e.g. acetic acid) was used, ain the case o492f. However, the
yield was better a492i has at least one sterically non-hindered sitetheamore, an imine
with two electronically opposite aromatic groups swarepared to investigate the
importance of the electronics in either of steficatlentical sides (Figure 5.7). The
corresponding aminé92j was obtained readily but almost racemic (6 % €bgse results
show that the electronics in the imine plays aigégé role during the reduction compared

to the steric effects.

NHPMP NHPMP HN ; HN ;
O @/\/

492k 492! 264 260
89 % 0% 91 % 69 %
0 % ee n.a. 41 % ee 26 % ee

Figure 5.8.Cyclic Amines

Reduction of the cyclic exo-imines to amind82k| (Figure 5.8) was briefly
investigated. The tetralone-derived imine, whiclilddoe viewed as a cyclic analogue of
4923 was reduced readily, but in a racemic fashion.ti@nother hand, the isophorone-
derived imine was not reduced at all. The reductmramines264 and 260 carrying
familiar structural features N-aryl, N-C-phenyl group (B and a functionalised carbon
chain (R), also proceeded smoothly but in low enantiosilitiets (41 and 26 % ee):;
noteworthy, in opposite configuration to each othrese results suggest that a highly
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enantioselective reduction occurs in a conformatiuat is attainable by the non-cyclic

imines but not available for the rigid cyclic sttuies (discussion in Chapter 5.2).

NHPMP NHPMP NHPMP NHPMP
MeO %
COOMe ~ C X n
492m 492n 4920 492p: n=2; 4920: n=1
38 % 64 % 62 % 98 % 99 %
88 % ee 84 % ee 82 % ee 90 % ee 95 % ee

Figure 5.9.Aryl-alkyl Amines with Functionalised Side Chain

Further interest lied in functionalised side chamat would be available for
synthetic transformations. Extension of thedkkyl chain to a functionalised one with a
double bond or a carboxylic acid was also successfuterms of yields and
enantioselectivity (Figure 5.9)y-Imino ester was reduced t492m in comparable
enantioselectivity as the enamino est8i'® (88 % ee). Terminal double bond was also
tolerated well id92n-p (82-90 % ee) and proved very profitable in the otidum to amine
492q(95 % ee).

NHPMP NHPMP NHPMP
N A

492r 492s Fe, 492t

94 % 62 % 0%

81 % ee 84 % ee n.a.

Figure 5.10.Cinnamyl-methyl and Ferrocene-derived Amines

Extended conjugation and distance between the @omacleus and the imine
moiety caused a minor decrease of the enantiosate¢B1 and 84 % ee) for the cinnamyl
derivative492r and its more hinderegdtmethyl analogud92s respectively (Figure 5.10).

The ferrocene-based imine was not reduced undeeaation conditions.

NHPMP NHPMP NHPMP
492u 492v 492w
0% 95 % 72 %
n.a. 95 % ee 93 % ee

Figure 5.11.Targeting Colchinol
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Amine 492v containing the 1,3-diphenyl core was obtained ne of the highest
enantioselectivities (95 % ee) which was exploitethe synthesis of the natural product
N-acetylcolchinol (Chapter 7.2). Its conjugated agak492u was not formed under our
conditions, possibly because of the extensive gatjon of the iminet76u A silylether
protecting group was also tolerated and the amBawv was prepared in high yield and
enantiopurity (93 % ee); no desilylation occurréidis noteworthy to say that the free

phenol obstructed the reduction and a protectiogmmust be used.

5.2. Proposed Mechanism

5.2.1. The Impact of a Brgnsted Acid and the Imi&/Z2)-isomerism

Bulkier imines were obtained in mixtures &/Z)-isomers, e.g., the phenyl-alkyl
imines 492b-d existed as up to 5:3E(Z) mixtures of isomers. However, the
enantioselectivity of the Lewis base-catalysed amieduction with trichlorosilane does not
seem to be affected by the isomeric non-homogefitye starting imines as the above-
mentioned imines were reduced to the corresporatimges with 94-97 % ee.

Scheme 5.7Brgnsted-acid-catalysed Isomerisation of Imines

The Brgnsted-acid-catalysed isomerisation of comgsicontainingc=N bonds is
a well-known process (Scheme 5.7; also describec€Chapter 2.1.2). The generally
accepted mechanism involves the initial protonatibthe imine nitrogen, generating trace
amounts of the iminium ior(b), followed by rotation around th€-N bond in the
mesomeric carbocatiofc,d) and loss of the proton. Alternatively, addition tbk acid
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counter-anion to the iminiurtb) produces the corresponding tetrahedral intermedet
which also undergoes rotation () and elimination of a molecule of acid yields thbes

isomer(Q).

Traces of hydrochloric acid, naturally present i tmoisture-sensitive HSIg|
trigger an E/Z2)-equilibration of imines, which must be faster nth#he reduction.
Apparently, the EE)-isomer is the more stable imine species andnedsiced from thee-
face to give the§)-amine. However, the absence of steric preferémcg)- or (2)-isomer
may account for the loss of enantioselectivity &mnation of a racemic product in the
case of iminet92j (Figure 5.7).

However, protonation does not only catalyse thenesisation process, but may
also contribute to the non-selective backgroundtiaa by enhancing the electrophilicity
of the imines in the form of iminium ions. To shedre light on the effect of the solution
acidity on the rate and enantioselectivity of teduction catalysed by Sigamidé2d, a
few common acidic and basic additives were brigfijestigated (Table 5.1).

Reduction of iminel51 in the presence of triflic acid (0.1 equiv) led@aaminor
decrease of enantioselectivity (91 % ee; Table éntry 1; compare with 93 % ee, Table
2.17, entry 2 in Chapter 2.4.2). Addition of metblarraused partial hydrolysis of
trichlorosilane producing HCI and the enantioséggt of the reduction dropped to 84 %
ee (Table 5.1, entry 2). In the case of enaminerd$tl, the addition of acetic acid was
found to have a beneficial effect on reactivitytla slight expense of enantioselectivity,
affording thep-amino esterl96 in 85-89 % ee (Table 5.1, entries 3 and 4). Reolct
carried out in the presence of the stronger trifhacetic acid, afforded a racemic mixture
of aminel54 (Table 5.1, entry 5).

Table 5.1.Reduction of Imines with Trochlorosilane in the $&ece of Additives

Entry Imine Additive (equiv) Yield (%) / ee (%)
1 151 CR;SOsH (0.1 equiv) 90/91

2 151 MeOH (1.0 equiv) 90/84

3 191 AcOH (1.5 equiv) 95/85

4 191 AcOH (1.0 equiv) 98/89

5 191 TFA (1.0 equiv) 89/0

6 151 i-PrL,EtN (1.0 equiv) trace /0

7 151 Proton Sponge (1.0 equiv) 0/n.a.

8 151 2,6-Lutidine (0.3 equiv) 73192

9 151 Proton Sponge (1.0 equiv) + 92 /87

After 10 min AcOH (1.5 equiv)
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By contrast, stoichiometric amounts of proton sogees, such as-PrEtN
(HUnig’s base) or 1,8-bis(dimethylamino)naphthal@eton sponge), were found to slow
down the reaction dramatically and to ruin the ¢ioaelectivity (Table 5.1, entries 6 and
7). An analogous effect of a stoichiometric amowtft 2,6-lutidine has also been
observed? On the other hand, the reported beneficial efiésb-stoichiometric amounts
of this base on enantioselectivifijyvas not noticed with our model imine (Table 5t
8; compare with Table 2.16, entries 5-8 in Chaf@tdr2). The complete loss of reactivity
in the presence of stoichiometric amounts of basgdies that the Bregnsted acid is
involved in the catalytic cycle. This hypothesissigpported by the observation that the
addition of acetic acid (1.5 equiv) to the reactmixture, first deactivated with proton
sponge (1.0 equiv), restored the reactivity prowgdihe amine in high yield and 87 % ee
(Table 5.1, entry 9).

5.2.2. Impact of the Spatial Organisation

The key importance of low concentrations of fidr the reaction to occur suggests
that protonated imines (the iminium ions), might the actual species undergoing the
reduction by trichlorosilane (Figure 5.12). It da@ speculated that the protonated iminium
interacts with the catalyst’'s secondary anilideboayl via hydrogen bonding and
trichlorosilane is activated by coordination to tteemamide carbonyl group to form a
pentacoordinated silicon species (Figure 5(B). However, increasing the concentration
of Brgnsted acid in the reaction mixture leadsn@esion of enantioselectivity due to the

competing non-selective background reduction (Fadgufi2(C)).

N g e TN OTHE -
e H NSNS ClgSi--H™ ™|
o——,SI,CI \o—-/Si: PMP MP

A B) ¢ C ©

Figure 5.12.Proposed Calculatgd) and Our(B) Transition Structure and Non-selective Reduc(oh

A recent mechanistic and computational study onr#ddiction of imines with
HSIiCl;, catalysed by a series of secondary amitfesuggests that the catalyst not only

coordinates to the reagent (in hexacoordinate da3hbut also acts as a proton donor to
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the imine in the transition structure [Figure 5.1&)]. However, the calculated structure
does not take into account the role of the preBemnsted acid. Moreover, the calculations
are performed with a model catalyst containing prynamide moiety instead of the
secondary amides that were used experimentally.

Based on the experimental results, it is likelyt i@ enantioselective reduction of
imines proceeds smoothly only in cases when therenbugh flexibility in the imine
structure (Scheme 5.8). Aromatic imines usuallgiattonformation in which the aromatic
ring (R* substituent) is coplanar with ti@=N bond to maintain the conjugation, as(a).
However, it is not rare that bulkier aromatic greypr substituted phenyl rings) rotate to
minimise the steric hindrance (also see SchemeChdpter 2.1.2). Thus, it is expected
that the steric bulk is even greater in the protesidorm(b) and more prone to adopt a
non-coplanar position of the'Raryl moiety in(c), defined by dihedral angle (Scheme

5.8). TheN-aryl group is typically close to perpendicularhwespect to th€=N-H plane.

Scheme 5.8Stereochemistry of a Model Imine and Its Protondwteidium Form

The cases of cyclic imines strongly support thethehat highly enantioselective
reduction occurs in a conformation attainable lgyribn-cyclic imines but not available for
the rigid cyclic structures [Figure 5.13))]. In the cyclic iminesA76k and 257262, the
aromatic R group is locked in coplanar arrangement and tecstongestion around the
C=N bond prevents the catalyst from coordination dedktackground racemic reaction is
the only feasible. Furthermore, the reduced conddional mobility of theN-aryl moiety,
which is nearly coplanar with tHé=N bond in imine257and262[Figure 5.13,(A)], has
a similar effect; i.e. the reduction proceeds waitich lower enantioselectivities than those

observed for the acyclic imines.
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476k 262: X=C=0,R=H

Figure 5.13.Problematic Substrates witfA) Rigid Conformations an(B) Extreme Bulk

The effect of the steric hindrance is even morei@mis/ in imines containing
extremely bulkytert-butyl group, which impedes the protonation andfwrdination to the

catalyst, resulting in low reactivity and enantiesévity (Figure 5.13(B)).

O

HNJ< HN
R T
/ N/ 0 -

- /HsC N\Zoo
493:9=7.7° 152a: 6= 60°

Figure 5.14.Dihedral Angle in Crystals of Selected Catalysts

It is pertinent to note that the proline-derivedatyst 149b, which has the same
absolute configuration as Sigamiti®2¢ induced the formation ¢R)-35, i.e. the opposite
enantiomer to that produced by our catalysi®a-d This result suggests that the two
catalysts assume a different conformation on coatdn of the silicon. This is partially
supported by single crystal X-ray analysis of Kertlari52a and the acetamidé93 an
analogue ofl49 which significantly differ in the dihedral angld the CH,-N-C*-alkyl
fragment® (n = 2 or 3; Figure 5.14). Note also that thalanine-derived (alkyl = Me)
analogue ofl52balso affords R)-configured amines (see Chapter 2.4.2). The flbwilof
the valine-derived catalyst combined with tienethyl moiety of the catalyst is crucial for
the enantioselectivity, presumably by controllifg tspatial orientation of the formamide
group and relaying the stereochemical informatiamf the chiral centré and allow an

optimal conformation in the transition state.
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5.2.3. Conclusions

Trichlorosilane is a main building block of silicamdustry (chips, solar cells), thus
it is a cheap reducing agent, easily handled wleehniques for moderately moisture-
sensitive compounds are taken into account. Toluasesolvent represents lower
environmental risk than the commonly used chlogdasolvents and aqueous work-up
only produces non-toxic inorganic materials (Na@tl ailica). Catalysii52dis a bench-
stable compound synthesised in four steps fMHBOC-valine’*" Its reaction reliability
and wide spectrum of substrates made it a suifableommercial sale. It appeared under

nameSigamidean the Aldrich catalogue from year 20G8.20 per 100 mg).

A broad scope of the reduction of imines with tlicbsilane catalysed by the
Lewis-basic Sigamidel52d was demonstrated in this thesis. Current limitedicare

relatively few:

- the reaction exhibits very low enantioselecyiwitith imines derived from pyridine
(containing a coordinating nitrogen atom), but medy to this flaw was found in
the shape of steric bulk around the heteroatom,

- reduction of imines derived from diaryl ketorggges practically racemic products
even if the two aryl groups differ in their electrcs,

- the current system only works efficiently witmines derived from aromatic
amines (e.g., aniline and anisidine), nevertheligsanisidine-derived amines can
be oxidatively deprotected to produce primary asine

- imines derived from cyclic ketones exhibit lona@tioselectivity.

Excluding the difficult types of substrates, highastioselectivity (typically up to
90 % ee) was observed across the spectrum of amrhateroaromatic, and aliphatic
substrates, which may contain additional functiagralups (protected hydroxyl, carboxyl
or double bonds). The reaction proceeds in tols#meom temperature overnight with 5
mol % of the catalyst. Hence, our protocol compa@spetitively with its alternatives,
such as catalytic hydrogenation, reduction with t@sch dihydropyridines catalysed by
chiral acids or reduction with boranes.
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6. Experimental Part

6.1. General

6.1.1. General Methods

Melting points were determined on a Kofler blockdaare uncorrected. Optical

rotations were recorded in CH@QInless otherwise indicated, with an errox@£0.1), the
[o]p values are given in iJOdeg.ch?i.g'l. The NMR spectra were recorded in C@Cl,H at
400.0 MHz and®C at 100.6 MHz with chloroforndy (5 7.26,H; & 77.0,*°C) or TMS as

internal standard unless otherwise indicated. V&rio2D-techniques and DEPT

experiments were used to establish the structur@gaassign the signals. The IR spectra
were recorded for a thin film of CH&bkolutions between NaCl plates unless otherwise

stated. The mass spectra (El and/or Cl) were medsur a dual sector mass spectrometer
using direct inlet and the lowest temperature e@ngbkvaporation. The enantiomeric
excess values (ee) were determined by HPLC equipfibddiode array detector and were
calibrated with the corresponding racemic mixtufidse identity of the products prepared
by different methods was checked by comparisorheir NMR, IR, and MS data and by
the TLC behaviour. Yields are given for isolatedducts showing one spot on a TLC

plate and no impurities detectable in the NMR spmct

6.1.2. Materials

Some reactions, when needed, were performed undeatrmosphere of dry,
oxygen-free argon in oven-dried glassware threegigvacuated and filled with the argon.
Solvents and solutions were transferred by syrsgmum or cannula technique. Solvents
for the anhydrous reactions were of reagent gradeveere distilled immediately before
use as follows: tetrahydrofuran (THF) from sodiuembophenone; dichloromethane and
triethylamine from calcium hydride, benzene wasiltisl from sodium and stored over 4A
molecular sieves and under argon, methanol (MeOBS distilled from magnesium /
magnesium methoxide, absolute ethanol (EtOH) froagmesium / magnesium ethoxide

and stored over 4A molecular sieves and under argtiarnatively, THF, toluene and
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dichloromethane were obtained from Pure-Solv™ SulRarification System (Innovative
Technology). Aniline ando-anisidine were distilled prior to use. All othehemnicals
needed were used as received unless otherwisd.ska&oleum ether (PE) refers to the
fraction boiling in the range of 40-60 °C, AcOEfers to ethyl acetate, AcOH refers to
acetic acid, TsOH refers tp-toluenesulfonic acid and Py refers to pyridinetugsted

solutions of NaHC@or NH,ClI refer to aqueous solutions unless otherwisedtat

6.2. Precursors and Ketones

4-Acetyl-2,6-diiso-propylpyridine (327), C13H1oNO, FW = 205.33

Neattert-butylhydroperoxide (11.3 mL, 61.9 mmol, 2.5 equigs added to a solution of
4-acetylpyridine (2.74 mL, 24.8 mmol, 1 equige-propyl iodide (3.42 mL, 99.0 mmol, 4
equiv), trifluoroacetic acid (1.84 mL, 24.8 mmolefuiv) and ferric acetate (29 mg, 1.24
mmol, 5 mol %v) in acetic acid (250 mL) and the e was refluxed overnight. The
reaction was quenched with NaOH (2.0 M, 600 mL) #relaqueous layer was extracted
with CH,CI, (3 x 150 mL). The combined organic layers were driedraMgSQ and
evaporated. The residue was purified on a silidacgkimn (75 mL) with a petroleum
ether — ethyl acetate mixture (92:8) to aff@27 (355 mg, 1.73 mmol, 7 %): colourless
liquid; *"H NMR (400 MHz, CDC}) § 1.28 (d,J = 6.9 Hz, 12H), 2.58 (s, 3H), 3.08 (sejt,
= 6.9 Hz, 2H), 7.37 (s, 2H}*C NMR § 22.49 (4x CHs), 26.74 (2x CH), 36.39 (CH),
115.17 (2x CH), 143.83 (C), 167.83 (2 C), 198.40 (C)jR v 2964, 2929, 2871, 1697,
1564, 1468, 1409, 1359, 1283, 1202 oIS (Cl/isobutane)n/z (%) 206 [(M+H), 100],
205 (33), 204 (90), 202 (33), 143 (1MHRMS (Cl/isobutane) 206.1546 (gH,0NO
requires 206.1545).

a-Bromination of Ketones:%°

Neat bromine (5.12 mL, 16.0 g, 100 mmol, 1 equigswadded drop-wise to a cooled (-30

°C) solution of ketone (100 mmol, 1 equiv, see &abll) in methanol (50 mL) over a
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period of 30 min. The reaction mixture was allowtedwarm to room temperature, at
which time the solution became colourless and wasadiately quenched with cold
saturated NaHCO(1 mL). After 5 min, water was added (50 mL) andracted with
petroleum ether (¥ 50 mL). The combined organic layers were driedravgSQ, and
evaporated to afford crude liquid product (stroaghfrymatory!) which was used without

further purification.

Table 6.1.Preparation of-Bromoketones

Ketone a-Bromoketone product
3-methylbutan-2-one (10.7 mL, 8.61 g) 330(10.5 g, 64 mmol, 64 %)
3,3-dimethylbutan-2-one (12.5 mL, 10.2 g) 331(17.4 g, 97.2 mmol, 97 %)

R . 1-Bromo-3-methyl-butan-2-one (330§’° CsHsOBr, FW = 165.04 greyish
)\ﬁo liquid; *H NMR (400 MHz, CDC})  1.10 (d,J = 6.9 Hz, 6H), 2.92 (sept d,=
- % 6.9, 0.7 Hz, 1H), 3.96 (br s, 2H).

| o 1-Bromo-3,3-dimethyl-butan-2-one (331§° CeH.:0Br, FW = 179.07
S B colourless liquid*H NMR (400 MHz, CDC}) § 1.21 (s, 9H), 4.16 (s, 2H).

Cyclisation of Thiazoles'®

Solid diphosphorus pentasulfide (0.2 equiv) wasedd a stirred mixture af-ketone (1
equiv) and formamide (2 equiv) pre-cooled to O Y@hle 6.2). The reaction mixture was
allowed to warm to room temperature (highly exothier reaction occurred when the
temperature reached 5 °C) and the slurry was heéat@d °C for 1 h. Then it was diluted
with water (50 mL), basified with saturated aqueansmonia and extracted with ethyl
acetate. The combined organic layers were washtdbrine (60 mL), dried over MgSO
and evaporated. Distillation of the crude mixtufforaed pale yellow liquid of thiazole

(stench!).

Table 6.2.Preparation of Thiazoles

o-Bromoketone Formamide BS Alkylthiazole

330 5.05 mL, 5.73 g, 5.654¢, 332

(10.5g, 64.0 mmol) 127 mmol 12.7 mmol (2.78 g, 21.9 mmol, 34 %)
331 7.5 mL, 8.6 g, 189 8.44 g, 333

(17.0g, 94.9 mmol) mmol 19.0 mmol (3.49 g, 24.7 mmol, 26 %)
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J— . 4-iso-Propylthiazole (332), GHoNS, FW = 127.22pale yellow liquid;bp 25

‘ NI °C (18 mbar)*H NMR (400 MHz, CDCY) & 1.29 (d,J = 6.9 Hz, 6H), 3.12
o S (sept dJ=6.9, 0.7 Hz, 1H), 6.88 (dd,= 2.0, 0.9 Hz, 1H), 8.71 (d,= 2.0 Hz,

1H); 13C NMR § 22.32 (2x CHs), 30.63 (CH), 110.69 (CH), 152.11 (CH), 164.30;(®)

v 3116, 3083, 2964, 2928, 2873, 1702, 1508, 1409) tA8".

T | 4-tert-Butylthiazole (333),% C7H1NS, FW = 141.25 pale yellow liquid;bp
>k[N\> 55 °C (60 mbar)*H NMR (400 MHz, CDCJ) § 1.37 (s, 9H), 6.95 (dl = 2.0
"""" Wz, 1H), 8.75 (dJ = 2.0 Hz, 1H)%C NMR 5 30.13 (3x CH), 34.67 (C),
110.14 (CH), 152.09 (CH), 167.42 (C).

Acetylation of 4iso-propylthiazole:**®

A solution of thiazole832(2.00 g, 15.7 mmol, 1 equiv) in anhydrous ethe2ND.79 mL)
was added drop-wise to a solution mbutyllithium (1.6M in pentane, 12.8 mL, 20.4
mmol, 1.3 equiv) in ether (13 mL) at —80 °C andtéestir. After 1 h, a solution of ethyl
acetate (3.08 mL, 2.77 g, 31.4 mmol, 2 equiv) hreet(0.2 M, 157 mL) was added drop-
wise at —80 °C. The mixture was let to stir at ©80for 10 min and then let to warm to
room temperature. Then it was quenched with sadraiaHCQ (100 mL) and extracted
with ether (2x 30 mL). The combined organic layers were washetl Wine (30 mL),
dried over MgSQ@ and evaporated. The crude product was purified siica gel column
(60 mL) with a gradient of petroleum ether to pkewon ether — ethyl acetate mixture
(95:5) to afford the desired acetylthiaz8@4A and over-reacted alcoh®84B.

T ECREEEE RN . 2-Acetyl-44so-propylthiazole (334A), GH1;NOS, FW = 169.26(1.30
)\[NH g, 7.65 mmol, 49 %): pale yellow liquiddd NMR (400 MHz, CDC}) &
A% .9 1.31(d,J=6.9 Hz, 6H), 2.67 (s, 3H), 3.13 (septdds 6.9, 0.7 Hz, 1H),
7.22 (d,J = 0.8 Hz, 1H);"*C NMR § 22.38 (2x CH;), 26.03 (CH), 31.00 (CH), 119.01
(CH), 166.08 (C), 166.15 (C), 191.93 (@} v 3358, 3105, 2966, 2928, 2871, 1691, 1499,
1430, 1360, 1274 cth MS (EI) m/z (%) 169 (M*, 38), 154 (50), 112 (35HRMS (EI)
169.0558 (GH1;NOS requires 169.0561).

oy 2-(2’-Hydroxy-hex-2’-yl)-4-iso-propylthiazole (334B),
)\[N\>—AH_BU C12H21NOS, FW = 227.39(992 mg, 4.38 mmol, 28 %): yellow
L " liquid; '"H NMR (400 MHz, CDCJ) § 0.84 (t,J = 7.2 Hz, 3H), 1.10-
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1.41 (m, 4H), 1.27 (dd] = 6.9, 0.6 Hz, 6H), 1.59 (s, 3H), 1.83-1.85 (m, 2BiP4 (sept d,
J=6.9, 0.9 Hz, 1H), 3.50 (br s, 1H), 6.76 {d= 0.9 Hz, 1H);*C NMR § 13.94 (CH),
22.17 (CH), 22.24 (CH), 22.77 (CH), 25.76 (CH), 29.48 (CH), 30.75 (CH), 43.56
(CHp), 75.13 (C), 110.54 (CH), 162.80 (C), 177.44 (IR);v 33426, 3113, 2960, 2932,
2871, 1519, 1462, 1381, 1165 ¢nMS (Cliisobutane)n/z (%) 228 [(M+H), 100], 210
(42), 170 (20)HRMS (Cl/isobutane) 228.1416 (&1,,NOS requires 228.1422).

2-Acetyl-4+ert-butylthiazole (335), GH13NOS, FW = 183.29

n-Butyllithium (7.43 mL, 2.0M in pentane, 14.9 mmaIP5 equiv) was added drop-wise to
a solution of thiazol®33(2.00 g, 14.2 mmol, 1 equiv) in anhydrous THF (30, 1.2 M)
under an argon atmosphere at —80"CAfter 1 h at this temperature, neldtacetyl
morpholine (2.13 mL, 2.38 g, 18.4 mmol, 1.3 equigs added drop-wise and the mixture
was let to warm up to room temperature. The reaatnixture was diluted with ether (50
mL) and washed with a saturated NaHC&lution (20 mL), dried over MgSCand
concentrated. The residue was purified on a sgalacolumn (120 mL) with a gradient of
petroleum ether to petroleum ether — ethyl acetaitdure (97:3) to afford the desired
acetylthiazole335 (1.37 g, 7.47 mmol, 53 %): pale yellow liquid whisolidified upon
standing;mp 26-27 °C;'*H NMR (400 MHz, CDC}) & 1.38 (s, 9H), 2.70 (s, 3H), 7.25 (s,
1H); **C NMR & 25.96 (CH), 30.06 (3x CHs), 35.02 (C), 118.17 (CH), 165.98 (C),
168.99 (C), 192.16 (C)R (ATR)v 3099, 2955, 1679, 1493, 1417, 1355, 1276, 124% cm
MS (El) m/z (%) 183 (M*, 30), 168 (100), 141 (15), 126 (53IRMS (El) 183.0721
(CoH13NOS requires 183.0718).

Acetylation of 2,4-Dibromothiazole:

Method A:'*°°®A solution ofiso-propylmagnesium chloride (2.06 mL, 4.12 mmol, BLn
THF, 1 equiv) was added drop-wise to a solutior2@f-dibromothiazole (1.00 g, 4.12
mmol, 1.0 equiv) in anhydrous THF (10 mL) at O 9@ det to stir for 1 h. Then neat
acetonitrile (323 pL, 254 mg, 6.18 mmol, 1.5 equigs added drop-wise. The mixture
was let to warm to room temperature and stirredtiathél 1 h after which it was quenched
with water (10 mL) and extracted with etherX3l5 mL). The combined organic layers
were washed with brine (20 mL), dried over MgS(dd concentrateith vacuo The crude

product was purified on a silica gel column (25 midh a petroleum ether — ethyl acetate
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mixture (95:5) to afford the desired acetylthiaz8l@7A, debrominated produc337B
resulting from the quenched unreacted 2-magneamtke chloride and recovered starting

material (151 mg).

,,,,,,,,,,,,,,, . 2-Acetyl-4-bromothiazole (337A),°" CsH,NOSBr, FW = 206.04 (122
Br\[ %\< mg, 0.592 mmol, 14 %): white crystalsyp 65-66 °C (hexane, with
"""""""" sublimation);*H NMR (400 MHz, CDC}) & 2.69 (s, 3H), 7.78 (s, 1H)*C
NMR § 25.82 (CH), 125.03 (CH), 126.85 (C), 166.82 (C), 190.36 (&);v 3080, 3019,
1691, 1458, 1386, 1274 ¢imMS (El) m/z(%) 207 (M*, 10), 205 (M, 10), 179 (10), 177
(10); HRMS (El) 204.9196 (GHsNOS®Br requires 204.9197), 206.9183s(GNOS 'Br
requires 206.9176).

S . 4-Bromothiazole (337B).” CsH,NSBr, FW = 206.04(197 mg, 01.20 mmol,
N |

\[S\>§ 29 %): yellowish quuid;lH NMR (400 MHz, CDC}) 6 7.30 (d,J = 2.3 Hz,

””””” 1H), 8.74 (d,) = 2.2 Hz, 1H).

Method B:'®* n-Butyllithium (6.80 mL, 2.0 M in pentane, 13.58 mint.1 equiv) was
added drop-wise to a solution of 2,4-dibromothiaz(#.00 g, 12.35 mmol, 1.0 equiv) in
THF (14 mL) under an argon atmosphere at —80 °@rA0 min at this temperature, neat
N-acetyl morpholine (2.00 mL, 2.23 g, 17.29 mmo#i &quiv) was added drop-wise and
the mixture was stirred for 2 h at —80 °C. The tieacmixture was diluted with ether (50
mL) and washed with a saturated NaHC&lution (20 mL), dried over MgSCand
concentrated. The residue was purified on a sgilacolumn (60 mL) with a petroleum
ether — ethyl acetate mixture (95:5) to afford dlesired acetylthiazol@37B (1.43 g, 6.94
mmol, 56 %).

2-Methyl-2-(4’-bromothiazol-2’-yl)-1,3-dioxolane (89), CG;HgNO,SBr, FW = 250.12

Br N 3
| >—F-o.

S !

339 O\) |

A solution of337B (1.55 g, 7.52 mmol, 1 equiv), ethyleneglycol (118L, 1.87 g, 30.1
mmol, 4 equiv) ang-tolueneulfonic acid (142 mg, 0.752 mmol, 10 moli#kjoluene was
refluxed in a Dean-Stark apparatus for 10 hotir§he reaction mixture was cooled to
room temperature, concentrated, loaded on a giktaolumn (40 mL) and eluted with a

petroleum ether — ethyl acetate mixture (99:1 td@pto afford the dioxolan839(1.84 g,
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7.36 mmol, 98 %): pale yellow liquidH NMR (400 MHz, CDC}) & 1.81 (s, 3H), 3.97-
4.13 (m, 4H), 7.19 (s, 1H}’C NMR & 25.25 (CH), 65.57 (2 x CH), 106.75 (C), 117.87
(CH), 125.46 (C), 173.31 (C)R v 3115, 2992, 2890, 1476, 1423, 1373, 1254, 1198;cm
MS (El) m/z(%) 251 (M*, 10), 249 (M*, 10), 236 (32), 234 (32), 208 (20), 206 (20), 192
(18), 190 (18), 87 (100)HRMS (El) 250.9436 (GHgNO2'Br requires 250.9438),
248.9460 (GHsNO, *Br requires 248.9459);

Silylation of Bromothiazole:*®’

n-Butyllithium (4.30 mL, 2.0 M in pentane, 8.64 mmil2 equiv) was added drop-wise to
a solution of339 (1.80 g, 7.20 mmol, 1.0 equiv) in THF (14 mL) unden argon
atmosphere at —80 °C and the mixture was stirrésisstemperature for 30 min. Then neat
trimethylsilyl chloride (1.66 mL, 1.41 g, 13.0 mmal8 equiv) was added drop-wise to the
resulting red slurry and it was stirred at this pemature for 1 h. The solution was then let
to warm to room temperature and quenched with w@@mmL). The aqueous layer was
extracted with ether (2 x 15 mL), the combined argdayers were dried over h&0O, and
evaporated. The residue was purified on a silicacglumn (60 mL) with a solvent
gradient from petroleum ether to a mixture of plewm ether — ethyl acetate (90:10)

affording three products.

N ~1 2-Methyl-2-(4’-trimethylsilylthiazol-2’-yl)-1,3-dio xolane (341A),
\[ >740 C10H17NO,SSIi, FW = 243.43882 mg, 3.62 mmol, 49 %): pale yellow
77777777 SOQ liquid; *H NMR (400 MHz, CDC}) & 0.32 (s, 9H), 1.83 (s, 3H), 3.97-
4.15 (m, 4H), 7.75 (s, 1H}*C NMR § -0.11 (3 x CH), 25.50 (CH), 65.37 (2 x Chj),
107.23 (C), 133.50 (C), 148.91 (CH), 176.72 (IR, v 2991, 2956, 2894, 1498, 1372,
1252, 1201 c; MS (Cllisobutane) 244 [(M+H) 100], 113 (20), 85 (38)HRMS

(Cl/isobutane) 244.0832 (gH:sNO,SSi requires 244.0828).

TTTT e : 2-Methyl-2-(4’-bromo-5’-trimethylsilylthiazol-2’-yl )-1,3-dioxolane
- I HLO (341B), GoH1NO,SBrSi, FW = 322.32(1.03 g, 3.18 mmol, 43 %):
e i thick pale yellow oil which solidified upon standinmp 55-56 °C
(hexane)H NMR (400 MHz, CDC}) § 0.39 (s, 9H), 1.81 (s, 3H), 4.00-4.12 (m, 4Hg,
NMR & —0.84 (3 x CH), 25.27 (CH), 65.48 (2 x ChH), 106.82 (C), 129.35 (C), 131.05
(C), 175.98 (C)JR v 2991, 2957, 2895, 1473, 1403, 1372, 1253, 1203, n8 (El) m/z
(%) 323 (M*, 18), 321 (M", 18), 308 (70), 306 (70), 280 (80), 278 (80), 26@), 262
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(10), 87 (100);HRMS (EIl) 322.9832 (GH1sNO,S'BrSi requires 322.9834), 320.9850
(C;HsNO,S"BrSi requires 320.9854).

””” \ 2-Methyl-2-[4’,5'-bis(trimethylsilyl)thiazol-2’-yl] -1,3-dioxolane
. I ﬁio (341C), G3H25NO,SSh, FW = 315.63(181 mg, 0.573 mmol, 7 %):
.C gl 3 pale yellow oil;'"H NMR (400 MHz, CDC}) 5 0.36 (s, 9H), 0.38 (s,

9H), 1.86 (s, 3H), 4.10 (s, 4H).

2-Acetyl-4-trimethylsilylthiazole (343), GH13sNOSSi, FW = 199.37

A solution 0f341A (730 mg, 3.00 mmol, 1 equiv) and pyridinium to$gl6113 mg, 0.450
mmol, 15 mol %) in an acetone (17 mL) / water (3)miixture was refluxed for 4 days’
The reaction mixture was concentratedacuq the residue was dissolved in ether, and the
resulting solution was washed with water (2 x 30)rahd evaporated. The residue was
purified by flash chromatography on a silica gduoan (30 mL) with a petroleum ether —
ethyl acetate mixture (98:2) to affo843 (394 mg, 1.98 mmol, 66 %): colourless liquid,;
'H NMR (400 MHz, CDC}) § 0.37 (s, 9H), 2.72 (s, 3H), 4.01-4.14 (m, 4H),77(S, 1H);

13C NMR & —0.26 (3 x CH), 26.33 (CH), 142.04 (C), 149.85 (CH), 171.08 (C), 191.46
(C); IR v 2958, 1688, 1479, 1387, 1358, 1267, 1254"ckiS (EI) m/z(%) 199 (M*, 45),
184 (90), 142 (38), 115 (5HRMS (EI) 199.0489 (gH13NOSSi requires 199.0487).

2-(Furan-2-yl)-2-methyl-1,3-dioxolane (340), @H1003, FW = 154.18

A solution of 2-acetylfuran (2.20 g, 20.0 mmol,que), ethyleneglycol (3.13 mL, 4.47 g,
72.0 mmol, 3.6 equiv) ang-toluenesulfonic acid (38 mg, 0.200 mmol, 1 mol )
toluene was refluxed in a Dean-Stark apparatud@ohours-®’ The reaction mixture was
cooled to room temperature and washed with a gatlfdaHCQ solution (50 mL), water
(2 x 50 mL) and concentratéa vacuo The residue was filtered through a short siliea g
column (35 mL) with petroleum ether to obt&#40 (1.13 g, 7.33 mmol, 37 %): colourless
liquid; *H NMR (400 MHz, CDC}) § 1.72 (s, 3H), 3.96-4.06 (m, 4H), 6.29 (dds 3.2,
1.7 Hz, 1H), 6.30 (ddJ = 3.2, 1.0 Hz, 1H), 7.35 (dd,= 1.7, 1.0 Hz, 1H)!}*C NMR §
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24.33 (CH), 65.12 (2x CHy), 104.71 (C), 106.49 (CH), 109.86 (CH), 142.35 JC1b4.44
(C); IR v 3121, 2993, 2891, 1373, 1258, 1199, 1039"ckS (Cl/isobutanem/z (%) 155
[(M+H)", 100], 139 (30), 111 (12), 109 (11), 87 (1#RMS (Cl/isobutane) 155.0710
(CgH1103 requires 155.0708).

2-Methyl-2-(5’-Trimethylsilylfuran-2’-yl)-1,3-dioxo lane (342), GiH1s03Si, FW =
226.38

n-Butyllithium (1.6 M in hexane, 3.04 mL, 4.87 mm@l5 equiv) was added to a solution
of 340 (500 mg, 3.24 mmol, 1 equiv) in THF (3 mL) undaraagon atmosphere at —80 °C
and the mixture was stirred at this temperatur@fbr®’ Then trimethylsilyl chloride (829
uL, 705 mg, 6.49 mmol, 2 equiv) was added drop-wosie resulting red solution and the
solution was let to warm to room temperature angtiofor 3 h. Then the mixture was
diluted with CHCI, (2 mL) and quenched with water (3 mL). The aquelayer was
extracted with CECl, (2 x 5 mL), the combined organic layers were dogdr NaSOy
and evaporated. The residue was purified by fldsbrmatography on a silica gel column
(25 mL) with petroleum ether to affoB#2 (562 mg, 2.48 mmol, 77 %): colourless liquid;
'H NMR (400 MHz, CDC}) & 0.25 (s, 9H), 1.74 (s, 3H), 3.98-4.06 (m, 4H),86(&,J =
3.2 Hz, 1H), 6.52 (dJ = 3.2 Hz, 1H);**C NMR & —1.71 (3% CHs), 24.15 (CH), 64.99 (2

x CHy), 104.72 (C), 106.25 (CH), 119.65 (CH), 158.60, (1§0.21 (C)]R v 2960, 2896,
1374, 1251, 1185, 1040 ¢mMS (El) m/z (%) 226 (M*, 20), 212 (38), 211 (100), 167
(82), 87 (32)HRMS (EI) 226.1026 (&H1s03Si requires 226.1025).

2-Acetyl-5-trimethylsilylfuran (344), CgH140,Si, FW = 182.32

A solution of342 (500 mg, 2.21 mmol, 1 equiv) and pyridinium to$g1é83 mg, 0.330
mmol, 15 mol %) in an acetone (13 mL) — water (2) miixture was refluxed for 3 h and
then stirred overnight at room temperature overrigh The reaction mixture was
concentratedn vacuq the residue was dissolved in ether, and the tregu$olution was
washed with water (2 x 20 mL) and evaporated. Hs&due was purified on a silica gel
column (25 mL) with a petroleum ether — ethyl atetaixture (99:1) to affor®44
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(355 mg, 1.94 mmol, 88 %): colourless liquttt NMR (400 MHz, CDC}) § 0.30 (s, 9H),
2.47 (s, 3H), 6.68 (d] = 3.5 Hz, 1H), 7.14 (d) = 3.5 Hz, 1H);"*C NMR & —1.96 (3x
CHs), 26.14 (CH), 117.00 (CH), 121.24 (CH), 156.45 (C), 166.45, (£89.97 (C)IR v
2960, 1689, 1563, 1453, 1360, 1252, 1118 cMS (EI) m/z (%) 182 (M*, 44), 167
(100), 151 (23)HRMS (EI) 182.0767 (6H140,Si requires 182.0763).

Two-step Procedure for Preparation ofEthyl 5-acetylfuran-2-carboxylate:

n-Butyllithium (1.6 M in hexane, 4.30 mL, 6.81 mm@l5 equiv) was added to a solution
of 340 (700 mg, 4.54 mmol, 1 equiv) in THF (3.5 mL) un@er argon atmosphere at —80
°C and the mixture was stirred at this temperdir® h'°’ The resulting red solution was
transferred by cannula technique onto a large exakdry ice continuously cooled to —80
°C. After 3 h (or when all the dry ice was consujrtbd suspension was dissolved in water
(15 mL) and extracted with ether (3 x 20 mL). Thieea aqueous layer was acidified to pH
3 and extracted with ether (3 x 20 mL); the combireganic layers (of the latter
extraction) were washed with water, dried over Mg®@d evaporated. The crude acid

345thus obtained was considered pure enough to bedisdly in the next step.

Triethylamine (484 pL, 308 mg, 3.20 mmol, 1.05 &yjwvas added to a solution of the
crude acid (470 mg, approximated as 3.05 mmol, divgdn CH,Cl, (14 mL)**® The
mixture was cooled to 0 °C and ethyl chloroform@H0 uL, 316 mg, 3.05 mmol, 1 equiv)
was added dropwise. The mixture was let to warnooon temperature, then refluxed for 2
h and let to stir at room temperature overnighe Téaction was quenched with water (10
mL), the aqueous layer was extracted with,CH (2 x 10 mL), the organic layers were
combined, dried over MgSQ and evaporated. The residue was purified by
chromatography on a silica gel column (60 mL) watlpetroleum ether — ethyl acetate
mixture (85:15) to obtain white crystalline soBd6 (317 mg, 1.74 mmol, 38 % over two

steps).

Ethyl 5-acetylfuran-2-carboxylate (346), GH1¢004, FW = 182.19

346°* white crystals;mp 69-70 °C (hexane/Gigly), [lit.>** gives 77 °C (EtOH)]}H
NMR (400 MHz, CDC}) & 1.38 (t,J = 7.1 Hz, 3H), 2.55 (s, 3H), 4.39 (@@= 7.1 Hz, 2H),
7.18 (d,J = 3.7 Hz, 1H), 7.20 (dJ = 3.7 Hz, 1H);"*C NMR & 14.29 (CH), 26.41 (CH),
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61.71 (CH), 116.69 (CH), 118.63 (CH), 146.55 (C), 154.16, ({§8.21 (C), 187.65 (C);
IR v 3020, 1725, 1686, 1575, 1298, 1263, 1217-cMS (El) m/z(%) 182 (M*, 54), 169
(82), 154 (32), 139 (100), 137 (50), 95 (52), 86)(484 (61);HRMS (EI) 182.0582
(CoH1004 requires 182.0579).

Benzop]furan-3-carbaldehyde (348), GHgO,, FW = 146.15

Freshly distilled phosphous oxytrichloride (12.6 n20.8 g, 135 mmol, 8 equiv) was
added drop-wise to a stirred solution of benzofydaB7 mL, 2.00 g, 16.9 mmol, 1 equiv)
in anhydrous DMF (10.5 mL, 9.90 g, 135 mmol, 8 gyat 80 °C and the to stir for 24 h at
this temperaturé? After cooling to room temperature, the reaction wagnched with
water (150 mL) and extracted with ethyl acetate @ mL). The combined organic layers
were washed with brine (20 mL), dried over MgS&hd evaporated. The crude product
was purified on a silica column (30 mL) with a geadt of petroleum ether to petroleum
ether — ethyl acetate mixture (95:5) to furnishiowish liquid aldehyde348°% (897 mg,
6.14 mmol, 36 %): yellowish liquidH NMR (400 MHz, CDC}) § 7.32 (ddd,)= 7.9, 7.1,
1.0 Hz, 1H), 7.50 (ddd] = 8.4, 7.1, 1.3 Hz, 1H), 7.55 (d,= 1.0 Hz, 1H), 7.58 (ddd] =
8.5, 1.7, 0.9 Hz, 1H), 7.73 (dddi= 7.9, 1.2, 0.8 Hz, 1H), 9.85 (s, 1HJC NMR & 112.56
(CH), 117.82 (CH), 123.56 (CH), 124.10 (CH), 1263, 129.12 (CH), 152.55 (C),
156.15 (C), 179.65 (CH)R v 3123, 3092, 2835, 1685, 1611, 1557, 1448, 13289 128
cm’; MS (El) m/z(%) 116 (M*, 100), 145 (90), 118 (17), 89 (7TBRMS (EI) 146.0369
(CoHsO: requires 146.0368).

General Procedure for Grignard Addition: **°
Grignard reagents were commercial solutions (mathghesium bromide,iso-
propylmagnesium chloride) or freshly prepared frtiva corresponding alkyl halogenide

(methyl iodide, allyl bromide, 5-bromopent-1-enafianagnesium (1:1 equiv) as follows:

The alkyl halogenide was added drop-wise to magnesurnings in ether in a three-
necked flask under an argon atmosphere and théamamixture was heated to maintain
the reflux. When all the magnesium was consumesl imixture was cooled to 0 °C and

neat aldehyde (1 equiv for 1.5 equiv of the Grignaagent; Table 6.3) was added drop-
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wise. The reaction was monitored by TLC and whemmlete, it was quenched with a
saturated aqueous NEI solution and the aqueous layer was extracted etiter (2 x one
fold volume). The combined organic layers were dloeer MgSQ and evaporated. The
residue was used without further purification astidled on Kugelrohr apparatus at 5 mbar

(3.75 mmHg, temperature in Table 6.3) to obtaireflcohols as colourless oils.

Table 6.3.Addition of Grignard Reagents onto Aldehydes

Alkylhalogenide or Aldehyde/ Purif. Alcohol

Grignard reagent Reaction time

Mel (467 uL, 1.07 g, 3-Furaldehyde (433 uL, 481 - 352a(500 mg,

7.50 mmol), mg, 5.00 mmol) /1 h 4.46 mmol, 89 %)

ether 10 mL

AllylIBr (1.04 mL, 1.45 3-Furaldehyde (692 pL, 769 dist. 352h (996 mg,

g, 12.0 mmol), mg, 8.00 mmol) / 2 h 60 °C 7.21 mmol, 90 %)

ether 20 mL

AllylBr (2.60 mL, 3.63 2-Furaldehyde (1.66 mL, dist. 352¢(1.92 g,

g, 30.0 mmol), 1.92 g, 20.0 mmol) /4 h 75 °C 13.89 mmol, 69 %)
ether 50 mL

MeMgBr (3.0 M in Benzop]furan-3- 20 mL SiQ, PE 352d(927 mg, 5.72
ether, 3.04 mL, 9.13 carbaldehyde(890 mg, 6.09 — EA (90:10) mmol, 94 %).

mmol), ether 24 mL mmol, 1 equiv) / 3 h

i-PrMgCl (2.0 M in 2-Furaldehyde (1.66 mL, - 352e(2.04 g, 14.6 mmol,
THF, 13 mL, 25.0 1.93 g, 20.0 mmol) / 18 h 73 %)

mmol),

THF 10 mL

i-PrMgCl (2.0 M in Benzaldehyde(4.06 mL, 40.0 75 mL SiQ, PE 352f(3.88 g, 25.8 mmol,
THF, 4.06 mL, 40.0 mmol) / 18 h — EA (95:5) 65 %)

mmol),

THF 20 mL

5-Bromopent-1-ene 3-Methoxybenzaldehyde - 3529(4.03 g, 19.5 mmol,
(3.55mL, 4.47 g,30.0 (2.43mL, 2.72 g, 20.0 mmol) / 97 %)

mmol), ether 50 mL 25h

1-(Furan-3'-yl)ethanol, 3-(1’-hydroxyethyl)furan (352a), GHgO,, FW = 112.14

352a””® colourless liquid*H NMR (400 MHz, CDC}) & 1.49 (d,J = 6.4 Hz, 3H), 1.71 (br
s, 1H), 4.87 (q) = 6.3 Hz, 1H), 6.42 (dd] = 1.4, 1.2 Hz, 1H), 7.38 (s, 1H), 7.39 (s, 1H);
3C NMR 5 22.97 (CH), 62.02 (CH), 107.48 (CH), 129.28 (C), 137.50 (C#¥2.35
(CH); IR v 3357, 2975, 1503, 1371, 1160 ¢nMS (Cl/isobutane)n/z(%) 112 (M*, 14),
95 (100).
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1-(Furan-3'-yl)but-3-en-1-ol, 3-(1'-Hydroxybut-3’-en-1’-yl)furan (352b), CgH100>,
FW =138.18

352h*°°° colourless liquid*H NMR (400 MHz, CDC}) & 2.45-2.49 (m, 2H), 2.52 (br s,
1H), 4.66 (tJ = 6.4 Hz, 1H), 5.09-5.12 (m, 1H), 5.13 (ddd; 17.1, 3.3, 1.4 Hz, 1H), 5.78
(ddt,J = 17.2, 10.2, 7.0 Hz, 1H), 6.38 (d#i= 1.4, 0.9 Hz, 1H), 7.34-7.35 (m, 1H), 7.36
(dd, J = 3.4, 1.6 Hz, 1H)*C NMR § 42.41 (CH), 66.10 (CH), 108.63 (CH), 118.38
(CH,), 128.51 (C), 134.22 (CH), 139.08 (CH), 143.27 JOR v 3375, 3077, 2908, 1642,
1502, 1160 ci; MS (El) m/z(%) 138 (M*, 10), 97 (100), 95 (12HRMS (El) 138.0679
(CsH100, requires 138.0681).

1-(Furan-2'-yl)but-3-en-1-ol, 2-(1’-Hydroxybut-3’-en-1’-yhfuran (352c), CgHgO,, FW
=138.18

352¢*% colourless liquid*H NMR (400 MHz, CDC)) § 2.54-2.64 (m, 2H), 3.02 (br s,
1H), 4.68-4.71 (m, 1H), 5.09-5.17 (m, 2H), 5.78t(dd= 17.1, 10.1, 7.1 Hz, 1H), 6.22-23
(m, 1H), 6.32 (ddJ = 3.1, 1.7 Hz, 1H), 7.36-7.37 (m, 1HYC NMR § 40.03 (CH), 66.92
(CH), 106.13 (CH), 110.14 (CH), 118.19 (§H133.90 (CH), 141.88 (CH), 156.19 (C);
IR v 3375, 3078, 2912, 1642, 1505, 1149 ciIS (EI) m/z (%) 138 (M, 5), 97 (100);
HRMS (EI) 138.0680 (€H100. requires 138.0681).

1-(Benzop]furan-3’-yl)ethanol, 3-(1’-Hydroxyethyl)benzo[b]furan (352d), CioH100>,
FW = 162.20

352a°°° yellowish oil which solidified upon standing; mp-37 °C;'H NMR (400 MHz,
CDCly) § 1.50 (d,J = 6.6 Hz, 3H), 2.56 (br s, 1H), 4.88 (&= 6.6 Hz, 1H), 6.47 (s, 1H),
7.10 (dddJ = 7.4, 7.4, 0.9 Hz, 1H), 7.16 (dddl= 7.8, 7.3, 1.3 Hz, 1H), 7.34 (d= 8.2
Hz, 1H), 7.42 (ddJ = 7.0, 1.2 Hz, 1H)**C NMR & 21.30 (CH), 64.01 (CH), 101.69
(CH), 111.10 (CH), 120.97 (CH), 122.66 (CH), 124(@H), 128.04 (C), 154.64 (C),
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160.13 (C);IR v 3347, 3066, 2981, 2928, 1454, 1254 'cvS (EI) m/z (%) 162 (M",
42), 147 (100), 145 (20), 91 (4BRMS (El) 162.0682 (GH1d0, requires 162.0681).

1-(Furan-2'-yl)-2-methylpropan-1-ol (352e), GH1,0,, FW = 140.20

352e?°° colourless liquid*H NMR (400 MHz, CDC¥) 6 0.83 (d,J = 6.8 Hz, 3H), 1.00 (d,
J=6.7 Hz, 3H), 2.08 (oct] = 6.8 Hz, 1H), 2.40 (br s, 1H), 4.34 (brds 6.9 Hz, 1H),
6.20 (dd,J = 3.2, 0.5 Hz, 1H), 6.31 (dd,= 3.2, 1.8 Hz, 1H), 7.34 (dd,= 1.8, 0.8 Hz,
1H); **C NMR § 18.26 (CH), 18.68 (CH), 33.32 (CH), 73.43 (CH), 106.43 (CH), 110.02
(CH), 141.60 (CH), 156.25 (C)R v 3389, 2962, 2873, 1505, 1468, 1386, 1150'cMS
(Cl/isobutane)m/z (%) 141 [(M+HY, 10], 123 (100), 97 (200HRMS (Cl/isobutane)
141.0923 (@H130, requires 141.0916).

2-Methyl-1-phenylpropan-1-ol (352f), GoH140, FW = 150.24

e N

J=6.7 Hz, 3H), 1.94 (octef, = 6.8 Hz, 1H), 2.47 (br s, 1H), 4.31 (brds 6.9 Hz, 1H),
7.25-7.36 (m, 5H)**C NMR § 18.12 (CH), 18.73 (CH), 34.97 (CH), 79.68 (CH), 126.38
(2 x CH), 127.08 (CH), 127.87 (2 CH), 143.43 (C)JR v 3388, 2959, 2872, 1453, 1383
cm’; MS (El) m/z (%) 150 (M*, 12), 107 (100)HRMS (EI) 150.1046 (GH140 requires
150.1045).

1-(3’-Methoxyphenyl)hex-5-en-1-ol (3529), GH1502, FW = 206.31

352g°°® colourless liquid*H NMR (400 MHz, CDC}) § 1.21-1.35 (m, 1H), 1.35-1.48 (m,
1H), 1.55-1.73 (m, 2H), 1.97 (td1,= 7.3, 6.8, 1.3 Hz, 2H), 2.19 (br s, 1H), 3.7034),
4.51 (ddJ=7.1, 6.1 Hz, 1H), 4.85 (ddi,= 10.2, 2.2, 1.2 Hz, 1H), 4.90 (ddt= 17.1, 3.6,
1.6 Hz, 1H), 5.69 (ddt) = 17.1, 10.2, 6.7 Hz, 1H), 6.71 (dddi= 8.2, 2.6, 0.9 Hz, 1H),
6.79-6.81 (m, 2H), 7.15 (dd,= 8.2, 8.0 Hz, 1H)*C NMR & 25.09 (CH), 33.63 (CH),
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38.67 (CH), 55.22 (CH), 74.38 (CH), 111.40 (CH), 112.89 (CH), 114.22 (};H18.27
(CH), 129.46 (CH), 138.64 (CH), 146.67 (C), 159(); IR v 3392, 3075, 2937, 2837,
1640, 1602, 1488, 1457, 1436, 1318, 1259, 1156, &A% (El) m/z(%) 206 (M*, 80), 163
(90), 150 (81), 138 (80), 137 (100), 135 (60), 134), 109 (100), 94 (93HHRMS (EI)
206.1306 (G3H150, requires 206.1307).

General Procedures for Oxidation of Alcohols to theCorresponding Ketones:

Method A: A mixture of pyridinium chlorochromate (PCC, 1efuiv) and Celite (1:1
w/w) was added in several portions to a solutioralebhol (1 equiv) in CbCl,.**° The
reaction was monitored by TLC. When no startingamal was observed (approximately 2
h), the mixture was diluted with ether (one folduroe) and let to stir for 15 min. Then the
suspension was filtered through a pad of silica\wakhed with ether, and the filtrate was
evaporated. The crude ketone was filtered on easdel column (10 fold weight of the

crude) with a petroleum ether — ethyl acetate mex{@5:5) (Table 6.4).

Table 6.4.0xidation of Alcohols the Corresponding KetoneswiRCC

Alcohol / CH,CI, PCC Ketone

352a(500 mg, 4.50 mmol) / 1.50 g, 6.75 mmol 353a(161 mg, 1.46 mmol, 32 %)
2(5)2?'(700 mg, 5.07 mmol) / 1.64 g, 7.60 mmol 353b(157 mg, 1.15 mmol, 23 %)
éQZrQI(_l.GS g, 8.00 mmol) / 2.59 g,12.0 mmol 353e(1.37 g, 6.71 mmol, 84 %)
2(5)2T(L2.50 g, 16.6 mmol) / 5.38 g, 25.0 mmol 353f(1.78 g, 12.0 mmol, 72 %)
75 mL

Method B:*"° A solution of pyridinium dichromate (PDC, 1.4 t&/% equiv) in anhydrous
DMF was added drop-wise to the neat alcohol (1\9gamd the reaction was let to stir
overnight at room temperature for 3 Fhe mixture was diluted with ether (60 mL) and
guenched with water (300 mL). The layers were sdpdrand the aqueous layer was
extracted with ether (8 60 mL). The combined organic layers were washel krine (60
mL), dried over MgS®@and evaporateth vacuo The crude ketone was purified on a silica

gel column with a petroleum ether — ethyl acetat¢ure (Table 6.5).
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Table 6.5.0xidation of Alcohols the Corresponding KetoneswiDC

Alcohol / DMF PDC SiO, Ketone

PE — EA
352d (900 mg, 292 g, 7.78 mmol, 1.420 mL, 98:2 353d (534 mg, 3.33
5.55 mmol) / 6 mL equiv mmol, 60 %)
3529(800 mg, 9.98 mmol, 3.75 g, 1.7535mL, 97:3 353g (319 mg, 3.31
5.70 mmol) / 7.5 mL equiv mmol, 40 %)

3-Acetylfuran (353a), GHgO,, FW = 110.12

353a°” white crystals: mp 47-48 °C (hexane) [lit. 48.554%C (pentane)fH NMR (400
MHz, CDCk) 6 2.37 (d,J = 0.9 Hz, 3H), 6.69-6.70 (m, 1H), 7.36-7.37 (m, 1AHP5-7.96
(m, 1H); *C NMR & 27.85 (CH), 108.59 (CH), 128.12 (C), 144.32 (CH), 147.59 JCH
192.49 (C):IR v 3122, 1658, 1562, 1311, 1161 &nMS (Cllisobutane)m/z (%) 111
[(M+H)", 100];HRMS (Cl/isobutane) 111.0442 (8,0, requires 111.0446).

1-(Furan-3'-yl)but-3-en-1-one, 3-(1’-Oxobut-3’-en-1-yl)furan (353b), CgHgO,, FW =
136.16

353h: colourless liquid*H NMR (400 MHz, CDC}) § 3.51 (dt,J = 6.8, 1.4 Hz, 2H), 5.16-
5.22 (m, 2H), 6.01 (ddt] = 17.1, 10.3, 6.8 Hz, 1H), 6.76 (d#i= 1.9, 0.8 Hz, 1H), 7.42
(dd,J = 1.8, 1.5 Hz, 1H), 8.04 (dd,= 1.4, 0.8 Hz, 1H)*C NMR & 20.99 (CH), 46.34
(CHy), 46.97 (CH), 108.54 (CH), 114.84 (©H127.27 (C), 130.71 (CH), 144.25 (CH),
147.46 (CH), 192.66 (C)IR v 3134, 1678, 1562, 1511, 1390, 1333, 1157 cMS
(Cllisobutane)m/z (%) 137 [(M+H), 100], 95 (55);HRMS (Cl/isobutane) 137.0601
(CgHgO; requires 137.0603).

3-Acetyl-benzop]furan (353d), C;0HsO,, FW = 160.18

353a°%* off-white crystalsmp 58-59 °C (hexanefH NMR (400 MHz, CDC}) & 2.60 (s,
3H), 7.30 (ddd) = 7.8, 7.2, 0.8 Hz, 1H), 7.47 (dd#i= 8.4, 7.2, 1.3 Hz, 1H), 7.49 (@~
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0.9 Hz, 1H), 7.57 (ddd] = 8.4, 1.8, 0.9 Hz, 1H), 7.70 (dd= 7.9, 1.1, 0.8 Hz, 1H):C
NMR § 26.47 (CH), 112.49 (CH), 113.05 (CH), 123.31 (CH), 123.93JC127.08 (C),
128.29 (CH), 152.67 (C), 155.69 (C), 188.64 (I;v 3121, 3086, 3019, 1678, 1613,
1556, 1362, 1295 ¢ MS (EI) m/z (%) 160 (M*, 52), 144 (100), 89 (27), 86 (32), 84
(48); HRMS (EI) 160.0526 (GoHsO- requires 160.0524).

1-(Furan-2’-yl)-2-methylpropan-1-one (353e), @H100,, FW = 138.18

353e colourless liquid*H NMR (400 MHz, CDC}) § 1.21 (d,J = 6.9 Hz, 6H), 3.33 (sept,
J=6.9 Hz, 1H), 6.52 (dd] = 3.5, 1.7 Hz, 1H), 7.18 (dd,= 3.5, 0.6 Hz, 1H), 7.57 (dd,=
1.6, 0.7 Hz, 1H);*C NMR & 18.80 (2x CHg), 36.25 (CH), 112.11 (CH), 117.15 (CH),
146.24 (CH), 152.13 (C), 193.69 (AR v 3131, 2973, 2935, 2875, 1671, 1567, 1468,
1396, 1255 ci; MS (El) m/z(%) 138 (M*, 10), 95 (30), 86 (62), 84 (LOBRMS (EI)
138.0679 (GH100, requires 138.0681).

2-Methyl-1-phenylpropan-1-one (353f), GoH1,0, FW = 148.22

353f2'° colourless liquid*H NMR (400 MHz, CDC}) & 1.11 (d,J = 6.9 Hz, 6H), 3.44
(sept,J = 6.8 Hz, 1H), 7.32-7.36 (m, 2H), 7.43 (dddd; 8.2, 6.5, 1.3, 1.3 Hz, 1H), 7.84-
7.87 (m, 2H);**C NMR § 18.98 (2x CHs), 35.14 (CH), 128.12 (% CH), 128.43 (2«
CH), 132.62 (CH), 135.98 (C), 204.45 (GR v 2972, 2933, 2873, 1682, 1597, 1465,
1384, 1224 cil; MS (El) m/z (%) 148 (M*, 16), 147 (10), 105 (100HRMS (EI)
148.0889 (GuH120 requires 148.0888).

1-(3’-Methoxyphenyl)hex-5-en-1-one (353Q), gH1602, FW = 204.29

353g°°® colourless liquid’H NMR (400 MHz, CDC}) & 1.81 (tt,J = 7.5, 7.2 Hz, 2H),
2.12 (ddt,J = 7.3, 6.8, 1.2 Hz, 2H), 2.92 @,= 7.3 Hz, 2H), 3.80 (s, 3H), 4.97 (ddt=
10.2, 2.1, 1.2 Hz, 1H), 5.02 (ddt= 17.1, 3.6, 1.6 Hz, 1H), 5.79 (ddt= 17.1, 10.3, 6.8
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Hz, 1H), 7.05 (dddJ = 8.2, 2.7, 0.9 Hz, 1H), 7.32 (dd= 8.0, 7.9 Hz, 1H), 7.45 (dd,=
2.6, 1.5 Hz, 1H), 7.49 (ddd, = 7.6, 1.4, 1.0 Hz, 1H)**C NMR & 23.33 (CH), 33.19
(CH,), 37.79 (CH), 55.36 (CH), 112.31 (CH), 115.29 (G} 119.26 (CH), 120.65 (CH),
129.54 (CH), 138.05 (CH), 138.39 (C), 159.80 ((99.93 (C);IR v 3076, 2940, 2837,
1685, 1640, 1598, 1583, 1486, 1452, 1431, 1260, 84S (EI) m/z(%) 204 (M*, 45), 150
(100), 135 (96), 122 (18), 107 (68), 92 (4BJRMS (EI) 204.1152 (@H1dO, requires
204.1150).

3-Bromo-1-(tert-butyldimethylsilyloxy)propane (455a), GH»;0SiBr, FW = 253.29

3-Bromopropan-1-ol (2.71 mL, 4.17 g, 30.0 mmol) wadded to a solution of
t-butyldimethylsilyl chloride (5.44 g, 36.0 mmol,2lequiv), triethylamine (5.90 mL, 3.75
g, 39.0 mmol, 1.3 equiv) and A(-dimethylamino)pyridine (183 mg, 1.50 mmol, 5 mol
%) in THF (45 mL) at 0 °C’* The mixture was let to warm to room temperature &n
stir overnight. The reaction was quenched with taraéed aqueous NI solution (50
mL) and the aqueous layer was extracted with@ (2 x 40 mL). The combined organic
layers were dried over MgS@nd evaporated to afford a colourless4&iba’* (7.24 g,
28.57 mmol, 95 %). The residue was used in the seef without further purification:
colourless liquid;*H NMR (400 MHz, CDC}) & 0.06 (s, 6H), 0.89 (s, 9H), 2.02 (ft=
6.2, 5.9 Hz, 2H), 3.50 (] = 6.4 Hz, 2H), 3.73 (1) = 5.7 Hz, 2H);"*C NMR & -6.53 (2x
CHy), 17.14 (C), 24.76 (¥ CHg), 29.48 (CH), 34.39 (CH), 59.22 (CH); IR v 3360,
2961, 2832, 1670, 1511, 1155 ¢nMS (FAB/NOBA) m/z (%), 221 (21), 207 (19), 148
(56), 75 (100).

3-Bromo-1-(trimethylsilyloxy)propanol (455b), CsH1s0SiBr, FW = 211.20

Trimethylsilyl chloride (8.18 mL, 7.82 g, 72 mmdl,2 equiv) was added to a solution of
3-bromopropan-1-ol (5.43 mL, 8.34 g, 60 mmol) an@-IAtidine (8.39 mL, 7.72 g, 72
mmol, 1.2 equiv) in CGI (60 mL) at 0 °C."* The mixture was let to warm to room
temperature and to stir for 3 h. The resulting saspn was filtered and the solvent was
distilled off at atmospheric pressure. The resid@as distilled at 5 mbar (3.75 mmHg) at
70 °C to afford455b as a colourless oil (6.87 g, 32.50 mmol, 54%)oudess liquid;*H
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NMR (400 MHz, CDC}) & 0.12 (s, 9H), 2.04 (tt] = 6.2, 6.0 Hz, 2H), 3.50 (§,= 6.4 Hz,
2H), 3.70 (t,J = 5.7 Hz, 2H);"*C NMR § -0.62 (3x CHs), 31.11 (CH), 35.89 (CH),
60.83 (CH); IR v 2957, 1251, 1100 ¢ MS (Cl/isobutane)n/z (%) 213 [(M+H), 100],
211 [(M+H)", 100], 197 (15), 195 (15), 167 (15), 85 (24RMS (Cl/isobutane) 211.0144
(CsH160si"Br requires 211.0154), 213.0114sHGOsP'Br requires 213.0133).

Two-step Procedure for Preparation of 2-Acetyl-1-mthyl-1H-indol:

A solution of H-indol-2-carboxylic acid (2.42 g, 15 mmol, 1 equia)anhydrous DMF
(24 mL) was added drop-wise to a suspension ousodiydride (neat, 1.44 g, 60 mmol, 4
equiv) in THF (12 mL) at 0 °@nd the mixture was let to stir for 1 h. Then métbgide
(5.61 mL, 12.8 g, 90.0 mmol, 6 eq) was added arddhction was left overnight at room
temperature. The reaction was quenched with ettgtiate (10 mL) and water (100 mL)
and extracted with ether (3 x 50 mL). The combioeganic layers were washed with
brine (20 mL), dried over MgSQand evaporated. The crude contained mixture of
compounds and was subjected to hydrolysis of tselual methyl ester as follows: a
solution of potassium hydroxide (30 %, 30 mL) wasled to a suspension of the crude
material in toluene (30 mL) and refluxed for 2 heTcooled mixture was diluted with
water (100 mL) and the basic aqueous layer wasexdl with ether (3 x 40 mL). Then
the aqueous layer was acidified to pH = 1 and etdthwith ether (3 x 50 mL). The
second etheric extracts were combined, washedbwsiitie (20 mL), dried over MgS{and
evaporated. The crude after hydrolysis (1.57 g) wsesl for the next step without further

purification.

A solution of methyllithium (1.6 M in ether, 11.2L;n18.0 mmol, 2 equiv) was added
drop-wise to a cooled solution (0 °C) of crude ddi%7 g, approximated as 9.00 mmol, 1

equiv)?t

The solution was let to warm to room temperatume stir for 1 h, then another
portion of methyllithium was added (1.6 M in eth&t,2 mL, 18.0 mmol, 2 equiv) and the
mixture was refluxed for 4 h. After cooling to 0,%Be reaction was quenched with water
(20 mL) and extracted with ether (3 x 30 mL). Tloenbined organic layers were washed
with brine, dried over MgSpand evaporated. The crude mixture was purified @ilica
gel column (75 mL) in a petroleum ether — ethyltatse mixture (85:15) to obtain white
crystalline solid of keton&52 (469 mg, 2.71 mmol, 18 % fromHlindol-2-carboxylic

acid).
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2-Acetyl-1-methyl-1H-indol (352), G;H1:NO, FW = 173.23

3527 off-white crystals;mp 54-55 °C (hexaneYH NMR (400 MHz, CDC}) 6 2.62 (s,
3H), 4.08 (s, 3H), 7.16 (ddd,= 8.0, 4.4, 3.5 Hz, 1H), 7.29 (s, 1H), 7.38-7.39 @H),
7.70 (dddJ = 8.0, 0.9, 0.9 Hz, 1H)?*C NMR & 27.90 (CH), 32.10 (CH), 110.31 (CH),
111.91 (CH), 120.63 (CH), 122.81 (CH), 125.72 (I25.84 (CH), 134.85 (C), 140.02 (C),
191.56 (C)JIR v 3017, 2935, 1656, 1513, 1465, 1392, 1352, 1214 &ns (Cl/isobutane)
m/z (%) 174 [(M+H), 100], 173 (15), 85 (27)HRMS (Cl/isobutane) 174.0918
(C11H12NO requires 174.0919).

Procedures for Preparation of Methyl 4-oxo-4-phenydutanoate:

Method A: A Schlenk flask loaded with a solution of benzdigde (105 mg, 100 uL, 1.00
mmol, 1 equiv), methyl acrylate (172 mg, 180 plo@mmol, 2 equiv), Wilkinson catalyst
(48.4 mg, 0.050 mmol, 5 mol %), 2-amino-3-picolifZ8 mg, 40 uL, 0.400 mmol, 0.4
equiv) and benzoic acid (24 mg, 0.200 mmol, 0.2\ggn anhydrous toluene (0.4 mL)
under an inert atmosphere was put into an oil pegheated to 130 °@hd was let to stir at
this temperature for 2 H® After cooling down, the reaction was diluted wither and
washed with water (3 x 5 mL). The combined orgdayers were washed with brine (5
mL), dried over MgS® and evaporated. The crude product was purifiech ailica gel
column (40 mL) in a petroleum ether — ethyl actetaixture (95:5) to obtain thgeketo
esterl67(110 mg, 0.572 mmol, 57 %).

Method B: A solution of 4-oxo-4-phenylbutanoic acid (5 .2 mmol) and concentrated
sulphuric acid (3 drops from Pasteur pipette) was vefluxed in methanol (50 mL) for 3 h
after which the mixture was let to cool down andi@mtratedn vacuo The residue was
then dissolved in ether (50 mL) and washed witlhirsé¢d NaHC®@ (2 x 50 mL), water
(50 mL), brine (50 mL), dried over MgQ@nd evaporated. The crude methyl ed&9
(5.20 g, 27.1 mmol, 96 %) was used without furghenification.
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Methyl 4-oxo-4-phenylbutanoate (459), GH1,03, FW = 192.23

459'"° colourless liquid!H NMR (400 MHz, CDC}) & 2.73 (t,J = 6.6 Hz, 2H), 3.29 (1)
= 6.6 Hz, 2H), 3.67 (s, 3H), 7.43 (dii= 7.8, 7.4, 2H), 7.53 (dd} = 7.4, 7.1, 1H), 7.95
(dd,J = 7.8, 0.5, 2H);*C NMR & 23.88 (CH), 27.99 (CH), 51.84 (CH), 128.04 (2x
CH), 128.63 (2x CH), 133.27 (CH), 136.48 (C), 173.39 (C), 198.07; (R v 3061, 1737,
1686, 1597, 1449, 1438, 1221 ¢nMS (El) m/z (%) 192 (M, 10), 161 (14), 105 (100);
HRMS (El) 192.0785 (@H1,0s requires 192.0786).

1,3-Diphenylpropan-1-one (461), &GH140, FW = 210.29

A suspension of 10 % palladium on carbon (514 ng) ehalcone460 (4.17 g, 20.0
mmol) in ethyl acetate was placed under an atmaspbfeH, (balloon). The reaction was
monitored by TLC and when the starting material s@ssumed (ca. 60 h), the suspension
was filtered through a Celite pad and the adsorbes washed with ethyl acetate. The
filtrate was evaporated to affod1°* as a crystalline residue (3.95 g, 18.8 mmol, 94 %)
which was used without further purification: whiteystals;mp 70-71 °C (hexane)H
NMR (400 MHz, CDC}) 6 3.00 (dd,J = 8.0, 7.4 Hz, 2H), 3.23 (dd,= 8.0, 7.4 Hz, 2H),
7.14 (ddddJ = 7.1, 7.0, 1.8, 1.5 Hz, 1H), 7.18-7.25 (m, 4 HR87(dd,J = 8.5, 7.5 Hz,
2H), 7.45 (ddd) = 8.0, 1.3, 1.3 Hz, 1H), 7.89 (dd#i= 8.2, 1.7, 1.1 Hz, 2H)*C NMR §
30.15 (CH), 40.51 (CH), 126.18 (CH), 128.08 (2 CH), 128.48 (2x CH), 128.58 (2x
CH), 128.65 (2x CH), 133.13 (CH), 136.85 (C), 141.33 (C), 199.¢8, MS (EI) m/z(%)
210 (M7, 42), 105 (92), 87 (38), 85 (1L0OMRMS (El) 210.1046 (@H140 requires
210.1045).

A solution oftert-butyldimethylsilyl chloride (907 mg, 6.00 mmol2lequiv) in anhydrous
THF (2.5 mL) was added to a mixture of 3-hydroxyapbenone (681 mg, 5.00 mmol),
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triethylamine (983 uL, 625 mg, 6.50 mmol, 1.3 equind 4-{,N-dimethylamino)pyridine
(31 mg, 0.250 mmol, 5 mol %) in THF (5 mL) at 0°€The mixture was let to warm to
room temperature and to stir overnight. Then it \yaenched with a saturated aqueous
NH,4CI solution (50 mL) and the aqueous layer was etg¢chwith ether (2 x 40 mL). The
combined organic layers were dried over MgS(Dd evaporated to affo4b3 (1.20 g,
4.79 mmol, 96 %) as a colourless oil, which wasdusethe next step without further
purification: colourless liquid*H NMR (400 MHz, CDC}) & 0.21 (s, 6H), 0.99 (s, 9H),
2.57 (s, 3H), 7.04 (ddd,= 8.1, 2.5, 1.0 Hz, 1H), 7.31 (ddi= 7.9, 7.8 Hz, 1H), 7.41 (dd,
=2.2, 1.8 Hz, 1H), 7.54 (ddd= 7.7, 1.6, 1.0 Hz, 1H)*C NMR & —4.40 (2x CHs), 18.22
(C), 25.67 (3x CHg), 26.78 (CH), 119.49 (CH), 121.59 (CH), 125.00 (CH), 129.58JC
138.60 (C), 155.98 (C), 197.96 (TR v 2956, 2931, 2859, 1687, 1582, 1483, 1436, 1359,
1283 cm'; MS (Cllisobutane)m/z (%) 251 [(M+H), 100], 193 (5), 137 (5)HRMS
(Cl/isobutane) 251.1462 (¢H.30,Si requires 251.1467).

Reaction of acetylacetone with phenylmagnesium broide:*’®

Freshly prepared etheral solution of phenylmagmesimomide [3.0 M, prepared from
bromobenzene (15.8 mL, 23.6 g, 150 mmol, 1.5 eqamg magnesium turnings (3.45 g,
150 mmol, 1.5 equiv) in ether (50 mL), see genpratedure stated previously] was added
drop-wise (ca 30 min) to a solution of freshly dlistl acetylacetone (10.3 mL, 10.0 g, 100
mmol, 1 equiv) in anhydrous ether (100 mL) at O Y@e resulting suspension was let to
warm to room temperature, to stir for 1 h at teimperature and refluxed for an additional
1 h. The mixture was the cooled to 0 °C and quehehth saturated NkCI (100 mL). The
aqueous layer was extracted with ethex @ mL), washed with brine (40 mL), dried over
MgSQO, and concentratesh vacuo The residue was purified on a silica gel colurB@Q(
mL) with gradient of petroleum ether to a petroleether — ethyl acetate mixture (80:20)

to obtain five distinguished fractions.

4-Phenylpent-3-en-2-one (466A), gH1,0, FW = 160.23

(s, 3H), 2.45 (dJ = 1.2 Hz, 3H), 6.42 (q] = 0.9 Hz, 1H), 7.27-7.30 (m, 3H), 7.38-7.40 (m,
2H): (2)-466A (883 mg, 5.51 mmol, 5.5 % yellowish oil;*H NMR (400 MHz, CDC}))
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§1.81 (s, 3H), 2.20 (dl = 1.4 Hz, 3H), 6.13 (q] = 1.3 Hz, 1H), 7.19-7.22 (m, 2H), 7.35-
7.44 (m, 3H).

AP 4-Hydroxy-4-phenylpentan-2-one (466B%;* C11H140,, FW = 178.25,
% (1.28 g, 7.18 mmol, 7 %); yellowish ofH NMR (400 MHz, CDC}) 5
B | 152 (s, 3H), 2.08 (s, 3H), 2.85 (= 17.1 Hz, 1H), 3.20 (dl = 17.1 Hz,
1H), 4.53 (s, 1H), 7.21-7.25 (m, 1H), 7.31-7.35 BH), 7.41-7.43 (m, 2H).

— T 2,4-Diphenylpentan-2,4-diol (466C¥;> Cy7H 20, FW = 256.37,
(1.62 g, 6.32 mmol, 6 %); yellowish oifH NMR (400 MHz,
T  CDCl) 6 1.26 (s, 6H), 2.40 (s, 2H), 3.77-3.79 (m, 2H),377227
(m, 2H), 7.34-7.38 (m, 4H), 7.47-7.49 (m, 4H).

Biphenyl (466D), G.H1o, FW = 154.22 (775 mg, 5.03 mmol, 5 %); white crystat$]
NMR (400 MHz, CDCY) 8 7.33-7.38 (m, 2H), 7.43-7.47 (m, 4H), 7.59-7.62 2i).

Three-stepProcedure for Clean Preparation of E)-alkene 466A*"°

(E)-Ethyl 3-phenylbut-2-enoate (467), &H140,, FW = 190.26

3 ©)\/cooa 3
L 467 3

A solution of triethyl phosphonoacetate (10.7 m2.11g, 54.1 mmol, 1.3 equiv) in
anhydrous THF (10 mL) was added drop-wise to aenspn of NaH (neat, 1.4 g, 58.2
mmol, 1.4 equiv) in anhydrous THF (10 mL) cooledt8C and the mixture was let to stir
at room temperature for 30 min. Then, acetopher®8® mL, 5.0 g, 41.6 mmol, 1 equiv)
was added at O °C, and the mixture was let toastioom temperature for 24 h. The
reaction was quenched with saturated NaBL(BD mL) and extracted with ethyl acetate (3
x 50 mL). The combined organic layers were washetth Wwrine (40 mL), dried over
MgSO, and concentrateth vacuo The residue was purified on a silica gel colurBa(
mL) with a petroleum ether — ethyl acetate mixt(88:4) to give E)-ester467 (3.63 g,
19.1 mmol, 46 %): colourless ofitd NMR (400 MHz, CDC}) & 1.32 (t,J = 7.1 Hz, 3H),
2.58 (d,J = 1.3 Hz, 3H), 4.22 (q) = 7.1 Hz, 2H), 6.13 (9] = 1.3 Hz, 1H), 7.35-7.40 (m,
3H), 7.47-7.49 (m, 2H).
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A solution ofiso-propylmagnesium chloride (2.0M THF, 36.0 mL, 72 mmol, 4.5 equiv)
was added drop-wise at 0 °C to a solutior(E9F467 (3.04 g, 16.0 mmol, 1 equiv) and
N,O-dimethylhydroxylamine hydrochloride (3.12 g, 321mol, 2 equiv) in anhydrous
THF (40 mL). The mixture was let to stir for 1h raom temperature, after which the
reaction was quenched with saturated,8H40 mL) and the mixture was extracted with
ethyl acetate (&% 50 mL). The combined organic layers were washet tiine (40 mL),
dried over MgS@ and evaporated. The residue was purified on easgel column (80
mL) with a petroleum ether — ethyl acetate mixt(#@:30) to afford the Weinreb amide
468 (2.25 g, 11.0 mmol, 69 %JH NMR (400 MHz, CDC}) & 2.53 (d,J = 1.2 Hz, 3H),
3.27 (s, 3H), 3.71 (s, 3H), 6.57 (br s, 1H), 7.3467m, 3H), 7.46-7.49 (m, 2H).

(E)-4-Phenylpent-3-en-2-one (466A), £H1,0, FW = 160.23

A solution of methylmagnesium bromide (3.0 M inezth4.80 mL, 14.3 mmol, 1.3 equiv)
was added drop-wise to a solution of amdé8 (2.25 g, 11.0 mmol, 1 equiv) in anhydrous
THF (20 mL) at —30 °C and was let to warm to ro@mperature. Then the reaction was
quenched with saturated NEI (40 mL) and extracted with ether ¢850 mL). The
combined organic layers were washed with brine @), dried over MgS® and
evaporated. The residue was purified on a silidacgkimn (30 mL) with a petroleum
ether — ethyl acetate mixture (95:5) to obtaire t{)-alkene466A'"° (1.74 g, 11.0 mmol,
99 %) in overall 31 % yield over three steps: y&l&h oil; '"H NMR (400 MHz, CDC}) &
2.20 (s, 3H), 2.45 (d] = 1.2 Hz, 3H), 6.42 (q) = 0.9 Hz, 1H), 7.27-7.30 (m, 3H), 7.38-
7.40 (m, 2H);®*C NMR § 18.39 (CH), 32.31 (CH), 124.54 (CH), 126.51 (2 CH),
128.61 (2x CH), 129.14 (CH), 142.52 (C), 153.93 (C), 198.9¢; (R v 3058, 3026, 1681,
1600, 1446, 1356, 1266, 1182 tnMS (Cl/isobutane)m/z (%) 161 [(M+H), 100], 89
(100); HRMS (Cl/isobutane) 161.0965 (€30 requires 161.0966).
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(E)-3-Methyl-4-phenylbut-3-en-2-one (464), gH1,0, FW = 160.23

Concentrated sulphuric acid (5.33 ml, 9.81 g, 108ah 1 equiv) was added slowly to a
solution of butanone (17.9 mL, 14.4 g, 200 mmogqiiv) and benzaldehyde (10.1 mL,

Y7 The solution was let to stir

10.5 g, 100 mmol, 1 equiv) in glacial acetic ad@@ mL)
for 20 h at room temperature. Then the reactiondiased with water and quenched with
aqueous solution of NaOH (25 %, 50 mL). The aqudmyes was extracted with ether%3
100 mL), washed with brine (40 mL), dried over Mg{dd concentratesh vacuo The
residue was purified on a silica gel column (120) with a petroleum ether — ethyl acetate
mixture (95:5) to obtain the desired alkene asoyalh oil which solidified upon standing
4647 (9.94 g, 62.0 mmol, 62 %): yellowish oil which islified upon standing; mp 29-30
°C; 'H NMR (400 MHz, CDC}) & 2.06 (d,J = 1.4 Hz, 3H), 2.46 (s, 3H), 7.31-7.36 (m,
1H), 7.37-7.41 (m, 4H), 7.52 (d,= 1.3 Hz, 1H);"*C NMR & 12.96 (CH), 25.89 (CH),
128.35 (2x CH), 128.60 (CH), 129.74 (2 CH), 135.92 (C), 139.73 (C), 142.22 (CH),
200.34 (C)IR v 3057, 3026, 2963, 2924, 1665, 1625, 1445, 13654 t&#; MS (El) m/z
(%) 160 (M™, 88), 159 (62), 145 (40), 117 (100), 115 (70),(32), 86 (32), 85 (30), 84
(48), 83 (63)HRMS (EI) 160.0887 (¢H120 requires 160.0888).

Propan-2-oxime (469)CsH;NO, FW = 73.11

Sodium hydroxide (5.6 g, 140 mmol, 1.4 equiv) wede to a solution of acetone (7.34
mL, 5.81 g, 100 mmol, 1 equiv) and hydroxylamin&twoghloride (9.03 g, 130 mmol, 1.3
equiv) in an ethanol (30 mL) — water mixture (10)mad the mixture was heated to 80 °C
for 1 h’®° Then the solvent was removédvacuq re-dissolved in ethyl acetate, filtered
and concentrated to afford the crude ox#68 (3.49 g, 47.7 mmol, 48 %) which was used
without further purification: white crystalsnp 59-59.5 °C (EtOH, with sublimation)H
NMR (400 MHz, CDCY¥) 6 1.89 (s, 3H), 1.90 (s, 3H), 8.15 (br s, 1H).
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4,4-Diphenyl-4-hydroxybutan-2-oxime (470), GH17/NO, FW = 255.34

n-Butyllithium (2.0 M in pentane, 27.4 mL, 54.8 mmalequiv) was added drop-wise to a
solution of oxime469 (2.0 g, 27.4 mmol, 1 equiv) in anhydrous THF (3b)rat 0 °C and
the mixture was let to stir for 30 min (to gain hmgenous yellow solution) after which
time it was cooled to —80 °C and a solution of lo@hznone (4.99 g, 27.4 mmol, 1 equiv)
in THF (15 mL) was added drop-wis€.The solution was stirred for 10 min at this
temperature, then allowed to warm to room tempegadand quenched with brine (50 mL).
The aqueous layer was extracted with an ether tomeenixture (2:1, 4« 30 mL). The
combined organic layers were dried over Mg@d evaporated. The crude oxi#he0
was used without further purification: white crystdH NMR (400 MHz, CDC}) & 1.22
(s, 3H), 3.35 (s, 2H), 3.64 @,= 6.6 Hz, 1H), 4.99 (br s, 2H), 7.15-7.19 (m, 2HR2-7.26
(m, 4H), 7.39-7.41 (m, 4H).

Deprotection of Oxime 470:

A suspension of oximé70(6.90 g, 27.0 mmol) in HCI (15 % aq, 50 mL) waliead for

1 h after which time it was let to cool to room fEemature and extracted with etherx(30
mL).'*! The combined organic layers were dried over Mgal evaporated. The residue
spontaneously crystallised from ether to affordstalfine 471B and mother liquor which
was purified on a silica gel column (40 mL) withgaadient of petroleum ether to
petroleum ether — ethyl acetate mixture (90:10% fitain fraction proved to be the desired
alkened71A

_ 4,4-Diphenylbut-3-en-2-one (471A)° CigH140, FW = 222.30(1.88 g,
8.6 mmol, 31 %): yellowish oitH NMR (400 MHz, CDC}) & 1.89 (s,
3H), 6.60 (s, 1H), 7.22-7.24 (m, 2H), 7.29-7.44 @H); °C NMR 3
30.40 (CH), 127.75 (CH), 128.46 (4 CH), 128.85 (% CH), 129.52 (X
CH), 129.66 (2x CH), 139.00 (C), 140.80 (C), 154.02 (C), 200.27: (& v 3058, 3027,
1958, 1895, 1812, 1660, 1590, 1491, 1445, 1354712677 crit; MS (Cl/isobutane)n/z

(%) 223 [(M+H)', 100];HRMS (Cl/isobutane) 223.1126 (§H1:0 requires 223.1123).
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T T | 5,5-Diphenyl-3-methylisoxazoline (471B), ¢H1sNO, FW = 237.32

O (2.32 g, 9.83 mmol, 36 %): white crystatap 111-112 °C (ether)*H
\-0 O NMR (400 MHz, CDCY) 6 2.00 (s, 3H), 3.56 (dl = 0.7 Hz, 2H), 7.24-
R " 7.28 (m, 2H), 7.31-7.35 (m, 4H), 7.40-7.42 (m, 4HE NMR § 13.50
(CHs), 51.79 (CH), 126.06 (4x CH), 127.54 (2 CH), 128.41 (4x CH), 144.39 (2 C),
155.21 (C);IR v 3059, 3023, 2985, 2921, 1957, 1881, 1807, 15960,14945, 1387,
1329, 1217 c; MS (Cllisobutane)m/z (%) 238 [(M+H), 100], 89 (35);HRMS
(Cl/isobutane) 238.1233 (gH16NO requires 238.1232).

Trifluoroacetic anhydride (2.19 mL, 3.31 g, 15.8 oip2 equiv) was added to a solution of
p-trifluoromethylbenzoic acid (1.50 g, 7.89 mmoleduiv) in anisole (solvent, 7.5 mL)
and the mixture was heated to 80°°CAfter 1h, trifluoromethanesulfonic acid (35 pL, 59
mg, 0.395 mmol, 5 mol %) was added and the mixias stirred 2 h at 90 °C. After this
period, methanol (7 mL) was added and the produdtcrystallised overnight at 0 °C
(1.35 g, 4.82 mmol, 61 %): pinkish crystafsp 100-101 °C (MeOH/anisolefH NMR
(400 MHz, CDC}) 6 3.88 (s, 3H), 6.95-6.99 (m, 2H), 7.72-7.74 (m, 2H)7.7-83 (m,
2H), 7.81-7.84 (m, 2H)}*C NMR § 55.52 (CH), 113.81 (2x CH), 123.76 (q,) = 272.6
Hz, CR), 125.24 (qJ = 3.7 Hz, 2x CH), 129.33 (C), 129.78 (2 CH), 132.62 (2x CH),
138.22 (q,J = 32.6 Hz, C), 141.52 (C), 163.74 (C), 194.23 #F:NMR & —62.92:IR v
3019, 2971, 2845, 1645, 1601, 1326, 1264, 12164 th3"; MS (EI) m/z (%) 280 (M*,
37), 145 (15), 135 (100), 92 (13HRMS (EI) 280.0707 (GH110.F3 requires 280.0711).

Vilsmeier-Haack formylation of a-methyl styrene:**®

Phosphorus oxytrichloride (9.32 mL, 15.3 g, 100 rhmoequiv) was added drop-wise
with stirring and cooling to dimethylformamide (81mL, 29.2 g, 0.40 mol, 4 equiv) so
that the temperature was kept under 20 °C. Meatthyl styrene (13.0 mL, 11.8 g, 100
mmol, 1 equiv) was added drop-wise and the solut@s heated to 50 °C when an
exotermic reaction occurred and cooling was necg$sanaintain this temperature. After
the exotermic reaction subsided, the mixture wagdaeto 80 °C for 1.5 hour. Then the

mixture was cooled to 0 °C, 200 mL of 30 % aquesmgium acetate was added slowly (at
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first, then rapidly) and the mixture was reheat@®® °C for 15 min. The aqueous layer
was then extracted with ether ¥3L00 mL) and the combined organic layers were wéshe
with water (100 mL), brine (100 mL), dried over MgSand evaporated. The crude
material was purified on a silica gel column (20Q@)mvith a solvent gradient from
petroleum ether to a mixture of petroleum ethethyleacetate (95:5) to afforZ)- and
(E)-isomers as yellow oils.

NMR (400 MHz, CDC}) § 2.57 (d,J = 1.2 Hz, 3H), 6.39 (dg] = 7.9, 1.2 Hz, 1H), 7.41-
7.43 (m, 3H), 7.53-7.56 (m, 2H), 10.18 {d& 7.8 Hz, 1H){E)-483(7.65 g, 52.3 mmol, 52
%):**° yellow liquid; *"H NMR (400 MHz, CDC}) § 2.32 (d,J = 1.4 Hz, 3H), 6.13 (dgl =
8.3, 1.4 Hz, 1H), 7.29-7.31 (m, 2H), 7.39-7.43 8H), 9.47 (d,J = 8.1 Hz, 1H).

(E)-4-Methoxy-N-(3’-phenylbut-2’-en-1'-ylidene)aniline (484), G/H./NO, FW =
251.35

A solution of p-anisidine (3.88 g, 31.5 mmol, 1.05 euiqv) in anoys CHCI, (10 mL)
was added to a solution of aldehy@g-483(4.39 g, 30.0 mmol, 1 equiy);toluensulfonic
acid (284 mg, 1.5 mmol, 5 mol %) and anhydrous Mg@&®D g) in CHCI, (20 mL) under
an inert atmosphere. The mixture was let stir anraemperature for 1.5 h and then
concentratedn vacuoto obtain the crude aldimir&84 (7.79 g, 31.0 mmol, 98 %), which
was used without further purification: yellow sglfth NMR (400 MHz, CDCJ) & 2.43 (d,
J=1.3 Hz, 3H), 3.83 (s, 3H), 6.83 (dfj= 9.5, 1.3 Hz, 1H), 6.91-6.95 (m, 2H), 7.19-7.23
(m, 2H), 7.33-7.42 (m, 3H), 7.56-7.59 (m, 2H), 8(82J = 9.5 Hz, 1H).
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4-Azidoanisole (480), GH;N3O, FW = 149.17

Solid sodium nitrite (8.40 g, 122 mmol, 1 equiv)snadded to a cooled (0 °C) solution of
p-anisidine (15.0 g, 122 mmol, 1 equiv) in 12 % ameHCI (150 mLY** After stirring

for 30 min at this temperature, sodium azide (995246 mmol, 1.2 equiv) in water (50
mL) was added and the mixture was let stir fordt lkoom temperature. The aqueous layer
was extracted with ethyl acetateX30 mL) and the combined organic layers were washed
with brine (100 mL), dried over MgSGand evaporated. The crude azi#®9™** (8.53 g,
57.2 mmol, 47 %) was used without further purificat grey solid;"H NMR (400 MHz,
CDCl3) 6 3.80 (s, 3H), 6.87-6.91 (m, 2H), 6.94-6.98 (m, 2H)

Procedure for Preparation of Oximes*®’

Pyridine (753uL, 740 mg, 9.36 mmol, 5 equiv) was added to a smubf ketone466A or
464 (300 mg, 1.87 mmol, 1 equiv), hydroxylamine hyddocide (520 mg, 7.49 mmol, 4
equiv) in methanol (7.5 mL) and the mixture waswefd for 1.5 h. Then the mixture was
concentrated, dissolved in a 1:1 mixture of etlogtate and hexane (20 mL) and washed
with diluted HCI (20 mL). The aqueous layer wasrasted with the same solvent mixture
(2 x 20 mL), washed with water (20 mL), brine (20 mbhpaevaporated. The oximes were
used without further purification (319 mg, 1.82 min8y %).

T . (2E,3E)-4-phenylpent-3-en-2-one oxime (486a), 1¢H1sNO, FW =

% .~ 175.25 white solid:'H NMR (400 MHz, CDC}) 5 2.08 (s, 3H), 2.32 (d,
asa  Moni J= 1.4 Hz, 3H), 6.1 (qJ = 1.3 Hz, 1H), 7.29-7.37 (m, 3H), 7.43-7.45

! i (2E,3E)-3-methyl-4-phenylbut-3-en-2-one oxime (486b), 6H13NO,
% FW = 175.25 yellowish solid:'H NMR (400 MHz, CDC})  2.08 (d,J
[486b TOHI =12 Hg, 3H), 2.17 (s, 3H), 6.92 (@= 0.4 Hz, 1H), 7.28-7.39 (m, 5H).

Preparation of Pentafluorobenzoates of Oximes?’

Pentafluorobenzoyl chloride (166, 277 mg, 1.20 mmol, 1.2 equiv) was added dropwis
to a cooled (0 °C) solution of oxin86 (175 mg, 1.00 mmol, 1 equiv) and triethylamine
(279 uL, 202 mg, 2.00 mmol, 2 equiv) in anhydrous £LH (3 mL) and the mixture was
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stirred at this temperature for 2 h. The reacti@s \quenched with saturated NaHJ@0
mL) and extracted with ethyl acetate X320 mL). The combined organic layers were
washed with water (20 mL), brine (20 mL), dried oiMgSQO, and concentrateish vacuo
The residue after evaporation was purified onieasiel column (40 mL) with a petroleum
ether — ethyl acetate mixture (85:15) to obtain tevherystalline solid487a or the

evaporation residue dB7bwas used crude.

N (2E,3E)-4-phenylpent-3-en-2-one pentafluorobenzoyB-
%O b F oxime ester (487a), GH12NOFs , FW = 369.31(269 mg,
iﬁ;i[F 0.763 mmol, 76 %): white crystalsnp 121-122 °C (visible
8T F____! softening and sublimation, hexane/AcOEd NMR (400
MHz, CDCk) 6 2.23 (s, 3H), 2.46 (dl = 1.3 Hz, 3H), 6.15 (dJ = 1.3 Hz, 1H), 7.33-7.40
(m, 3H), 7.45-7.47 (m, 2H}’C NMR & 19.14 (CH), 19.44 (CH), 120.80 (CH), 126.28 (2
x CH), 128.45 (2x CH), 128.48 (CH), 142.70 (C), 147.59 (C), 156.89, (164.53 (C),
136-147 (pentafluorophenyly’F NMR § (-160.02)-(-159.87) (m, 2F), —147.92 (t=
20.8, 4.5 Hz, 1F), (-137.23)-(-137.12) (m, 2W; v 1747, 1497, 1324, 1199 999, 987
cm’; MS (Cllisobutane)m/z (%) 370 [(M+HY), 20], 350 (25), 214 (15), 160 (100), 158
(45), 113 (22)HRMS (Cl/isobutane) 370.0867 (gH13NO,Fs requires 370.0866).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (2E,3E)-3-methyl-4-phenylbut-3-en-2-one
% . pentafluorobenzoyl-O-oxime ester (487b), GH12NOsFs , FW
! N.g Fi = 369.31(327 mg, 0.926 mmol, 93 %): white crystaisp 115-
)j;j; 117 °C (visible softening and sublimation, hexan&kt); *H
””””””””””””””” NMR (400 MHz, CDC}) 8 2.20 (d,J = 1.2 Hz, 3H), 2.32 (s,
3H), 7.13 (br s, 1H), 7.30-7.42 (m, 5HJC NMR & 13.18 (CH), 14.51 (CH), 127.94
(CH), 128.39 (2¢< CH), 129.50 (2 CH), 133.27 (C), 135.34 (CH), 136.24 (C), 156.68, (
166.87, 134-150 (pentafluorophenyifF NMR & (-159.92)-(-159.77) (m, 2F), —147.72
(tt, J=20.9, 4.7 Hz, 1F), (-137.14)-(-137.02) (m, AR)v 1751, 1652, 1525, 1487, 1415,
1376, 1322, 1189, 999, 986 ¢rMS (Cl/isobutane)n/z (%) 370 [(M+H), 25], 310 (20),
308 (22), 160 (100HRMS (Cl/isobutane) 370.0869 (gH13NO.Fs5 requires 370.0866).
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6.3.Imines

General Procedures for Preparation of Imines:

Method A. 5A Molecular sieves (6.25 g) were added to a solutibthe corresponding
ketone (5.00 mmol, 1 equiv) angranisidine (770 mg, 6.25 mmol, 1.25 equiv) in
anhydrous toluene (25 mL) and the reaction mixtas heated under reflux for 5 h. The
cooled reaction mixture was filtered from the sgwvihe filtrate was evaporated and the
residue was purified by flash chromatography onlieasgel column (5 g unless otherwise
stated, pre-treated overnight with 10% triethylagnim petroleum ether) with a petroleum
ether — ethyl acetate mobile phase, followed byystallisation.

Method B. A solution of the corresponding ketone (5.00 mmoéquiv),p-anisidine (647
mg, 5.25 mmol, 1.05 equiv) ampdtoluenesulfonic acid monohydrate (47 mg, 0.250 ihmo
5 mol % equiv) in anhydrous benzene (25 mL) wagsdreander reflux with a Dean-Stark
trap for 16 h, then cooled and evaporated to ds/n€ke residue was purified by flash
chromatography on a silica gel column (25 g, tr@ateernight with 10 % triethylamine in

petroleumether) with a petroleum ether — ethylaeetixture.

Method C. A solution of titanium(lV) chloride (1.0 M in Ci&l; or toluene, 3.0 mL, 3.00
mmol, 1 equiv) was added dropwise to a pre-coolef) solution of the ketone (3.00
mmol, 1 equiv) andp-anisidine (1.11 g, 9.00 mmol, 3 equiv) in anhydrather. The
reaction was let to reflux overnight and after aoglto room temperature it was filtered
and the solids were washed with anhydrous etheg. filtnate was then washed with a
KOH solution (2.0 M, 15 mL) and the aqueous layas\extracted with ether (3 x 10 mL).
The combined organic layers were dried ove€®&; and evaporated. The crude mixture
was purified on a silica gel column (15 g, treate@rnight with 10 % triethylamine in
petroleumether) with a petroleoum ether — trietmyiee (99:1).

For yields and purification methods see Table Bahle 6.7 and Table 6.8.
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6.3.1.

Imines with Heterocycles

Table 6.6.Preparation oN,S-heterocyclic Imines from the Corresponding Ketones

Method Ketone SiO, Imine
p-anisidine PE - EA
p-TsOH (mg) or TiCl, (mL)

A 561 uL, 606 mg, 5.00 mmol 25 mL 475a(1.03 g, 4.77 mmol, 95 %)
770 mg, 6.25 mmol 95:5

B 658 pL, 721 mg, 5.95 mmol 25 mL 475b(1.08 g, 4.82 mmol, 96 %)
770 mg, 6.25 mmol 60:40
57 mg, 0.300 mmol

B 327(250 mg, 1.22 mmol) 20 mL 1475¢c(~ 214 mg, 0.69 mmol, 57 %)
165 mg, 1.34 mmol 100:0
23 mg, 0.122 mmol

D 1.05 g, 4.00 mmol Cryst. 475z(1.19 g, 3.23 mmol, 81 %)
542 mg, 4.40 mmol MeOH/ether
76 mg, 0.400 mmol (1:2)

A 521 pL, 636 mg, 5.00 mmol 25 mL 475d(1.10 g, 4.74 mmol, 95 %)
770 mg, 6.25 mmol 95:5

B 500 mg, 3.54 mmol 20 mL 475e(564 mg, 2.29 mmol, 65 %)
480 mg, 3.90 mmol 97:3
67 mg, 0.354 mmol

B 334A(1.48 g, 8.79 mmol) 40 mL 475f(1.76 g, 6.46 mmol, 73 %)
1.19 g, 9.67 mmol 99:1
83 mg, 0.440 mmol

B 335(800 mg, 4.37 mmol) 25 mL 4759g(964 mg, 3.34 mmol, 76 %)
591 mg, 4.80 mmol 99:1
83 mg, 0.437 mmol (PE/EEN)

B 343(349 mg, 1.75 mmol) 15 mL 475h (486 mg, 1.60 mmol, 91 %)
253 mg, 2.06 mmol 99:1— 97:3
33 mg, 0.175 mmol

B 540 pL, 631 mg, 5.00 mmol 25 mL 475i(475 mg, 2.05 mmol, 41 %)
647 mg, 5.25 mmol 100:0

47 mg, 0.250 mmol

(E)-4-Methoxy-N-[1'-(pyridin-2"-yl)ethylidene]aniline (475a),

226.29

C1H1aN2O, FW

475a yellow oil; *H NMR (400 MHz, CDC}) & 2.38 (s, 3H), 3.82 (s, 3H), 6.78-6.82 (m,
2H), 6.91-6.94 (m, 2H), 7.34 (ddd,= 7.5, 4.8, 1.2 Hz, 1H), 7.77 (dddi= 8.0, 7.5, 1.8
Hz, 1H), 8.25 (dddJ = 8.0, 1.0, 1.0 Hz, 1H), 8.65 (ddd= 4.8, 1.8, 0.9 Hz, 1H)"*C
NMR & 16.38 (CH), 55.50 (CH), 114.25 (2 x CH), 120.85 (2 x CH), 121.36 (CH),
124.66 (CH), 136.38 (CH), 144.32 (C), 148.52 (CH)6.25 (C), 157.04 (C), 167.36 (C);
IR v 3001, 2952, 2834, 1636, 1504, 1241cMS (EI) m/z(%) 226 (M*, 100), 211 (45),
185 (14), 148 (80), 123 (15), 108 (23), 92 (28RMS (El) 226.1104 (&H1aN-O requires
226.1106).
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(E)-4-Methoxy-N-[1-(pyridin-4"-yl)ethylidene]aniline (475b), Ci1sH14aN2O, FW =
226.29

475h yellow crystalsmp 112-113 °C (hexanejH NMR (400 MHz, CDC}) & 2.27 (s,
3H), 3.82 (s, 3H), 6.75-6.79 (m, 2H), 6.91-6.95 @hl), 7.80 (ddJ = 4.6, 1.6 Hz, 2H),
7.77 (dddJ = 8.0, 7.5, 1.8 Hz, 1H), 8.25 (ddii= 8.0, 1.0, 1.0 Hz, 1H), 8.65 (ddii= 4.8,
1.8, 0.9 Hz, 1H)!*C NMR § 17.05 (CH), 55.51 (CH), 114.33 (2 x CH), 120.75 (2 x
CH), 121.09 (2x CH), 143.82 (C), 146.56 (C), 150.34 X2CH), 156.48 (C), 163.93 (C);
IR v 3019, 2965, 2837, 1634, 1597, 1504, 1216-cMS (El) m/z(%) 226 (M™, 85), 211
(100), 148 (32), 92 (24HRMS (El) 226.1104 (GH14N,0 requires 226.1106).

(E)-N-[1’-(2",6”-Di- iso-propylpyridin-47-yl)ethylidene]-4-methoxyaniline (475c¢),
ConzeNzo, FW =310.48

475c 'H NMR (400 MHz, CDC}) § 1.28 (d,J = 6.9 Hz, 12H), 2.58 (s, 3H), 3.08 (sept,
= 6.9 Hz, 2H), 6.67-6.67 (m, 2H), 6.82-6.85 (m, 2H)37 (s, 2H). No further data

provided as the imine was obtained only in a mixtwith the corresponding ketone.

(E)-4-Methoxy-N-[1'-(1"-methylpyridinium-4"-yl)ethylidene]aniline  iodide (475z),
C15H17N20|, FW = 368.24

475z brown crystalsmp 158-160 °C (MeOH/&O); *H NMR (400 MHz, CDC}) & 2.43
(s, 3H), 3.85 (s, 3H), 4.63 (br s, 3H), 6.82-6.86 2H), 6.95-6.99 (m, 2H), 8.54 (d@= 6.0
Hz, 2H), 9.25 (dJ) = 6.0 Hz, 2H);"H NMR (400 MHz, DMSO¢) 5 2.39 (s, 3H), 2.78 (s,
3H), 4.39 (s, 3H), 6.91-6.95 (m, 2H), 7.00-7.04 gH), 8.54 (dJ = 6.4 Hz, 2H), 9.07 (d,
J = 6.4 Hz, 2H);*C NMR (DMSO-ds) 5 17.18 (CH), 47.63 (CH), 55.27 (CH), 114.31
(2 x CH), 121.55 (2x CH), 124.83 (2x CH), 142.23 (C), 145.91 (2 CH), 152.60 (C),
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156.78 (C), 161.79 (C)IR (ATR) v 3038, 2996, 1628, 1504, 1445, 1283tnMS
(FAB+/NOB) m/z (%) 241 (M*, 100), 157 (17);HRMS (FAB+/NOB) 241.1340
(C15H17N20 requires 241.1341).

(E)-4-Methoxy-N-[1'-(thiazol-2"-yl)ethylidene]aniline (475d), Ci2H1:N,OS, FW =
232.32

475a yellow crystalsmp 44-45 °C (hexanefH NMR (400 MHz, CDC}) § 2.42 (s, 3H),
3.82 (s, 3H), 6.83-6.87 (m, 2H), 6.90-6.94 (m, 2HA5 (d,J = 3.2 Hz, 1H), 7.91 (d] =
3.2 Hz, 1H):**C NMR & 16.81 (CH), 55.48 (CH), 114.21 (2 x CH), 121.50 (2 x CH),
122.86 (CH), 142.58 (C), 143.64 (CH), 156.77 (31.B0 (C), 170.92 (C)iR v 3019,
2954, 2833, 1629, 1505, 1243, 1215%tmS (El) m/z(%) 232 (M*, 100), 217 (60), 148
(53), 92 (38)HRMS (EI) 232.0668 (GH12N20OS requires 232.0670).

(E)-4-Methoxy-N-[1-(4"-methythiazol-2"-yl)ethylidene]aniline (475e), C3H14N20S,
FW = 246.35

475e yellow oil; *H NMR (400 MHz, CDCY) & 2.39 (s, 3H), 2.50 (s, 3H), 3.81 (s, 3H),
6.81-6.84 (m, 2H), 6.89-6.92 (m, 2H), 6.99 (s, 11¢; NMR § 16.88 (CH), 17.37 (CH),
55.46 (CH), 114.17 (2x CH), 117.60 (CH), 121.48 (% CH), 142.75 (C), 153.81 (C),
156.67 (C), 161.35 (C), 169.90 (TR v 2954, 2923, 2834, 1626, 1504, 1455, 1365, 1244
cm’; MS (El) m/z (%) 246 (M*, 55), 231 (37), 148 (30)HRMS (El) 246.0828
(C13H14N20S requires 246.0827).

(E)-4-Methoxy-N-[1-(4"- iso-propylthiazol-2"-yl)ethylidene]aniline (475f),
C14H18N208, FW =274.41

475f yellow oil; mp 44-45 °C (hexanefH NMR (400 MHz, CDC}) & 1.34 (d,J = 6.9
Hz, 6H), 2.40 (s, 3H), 3.13 (septds 6.9, 0.8 Hz, 1H), 3.80 (s, 3H), 6.81-6.85 (m, 2H)

160



6.88-6.92 (m, 2H), 6.99 (d, = 0.8 Hz, 1H);**C NMR & 16.76 (CH), 22.30 (2x CHb),
30.94 (CH), 55.29 (Ch), 114.02 (2x CH), 114.90 (CH), 121.32 (2 CH), 142.71 (C),
156.46 (C), 161.59 (C), 164.59 (C), 169.54 (B);v 2962, 2929, 2869, 2834, 1627, 1505,
1466, 1365, 1293, 1244 ¢mMS (EI) m/z (%) 274 (M*, 100), 259 (52), 218 (15), 148
(50), 92 (15)HRMS (El) 274.1136 (@H1sN-OS requires 274.1140).

(E)-N-[1’-(4"- tert-Butylhiazol-2"-yl)ethylidene]-4-methoxyaniline (4759g), GeH20N20S,
FW = 288.44

475g yellow oil which solidified upon standingnp 33-34 °C;'H NMR (400 MHz,
CDCls) 5 1.38 (s, 9H), 2.40 (s, 3H), 3.81 (s, 3H), 6.8156(f, 2H), 6.89-6.93 (m, 2H),
7.01 (s, 1H);*C NMR § 16.83 (CH), 30.05 (3x CHs), 34.92 (C), 55.44 (C), 114.18 (2
x CH), 114.23 (CH), 121.39 (2 CH), 143.00 (C), 156.57 (C), 162.00 (C), 167.57, (C
169.33 (C):IR v 2959, 1628, 1505, 1364, 1295, 1243 'S (El) m/z (%) 288 (M,
55), 273 (34), 148 (30HRMS (EI) 288.1297 (GsH20N-0OS requires 288.1296).

(E)-4-Methoxy-N-[1'-(4"-trimetylsilylthiazol-2"-yl)ethylidene]anil ine (475h),
C15H20NzoSSi, FW = 304.52

475h colourless oil which solidified upon standingp 54-55 °C;'H NMR (400 MHz,
CDCl) 3 0.35 (s, 9H), 2.41 (s, 3H), 3.80 (s, 3H), 6.8156(8, 2H), 6.89-6.92 (m, 2H),
7.89 (s, 1H)**C NMR § —0.23 (3x CHg), 16.95 (CH), 55.37 (CH), 114.10 (2x CH),
121.40 (2x CH), 137.43 (C), 142.70 (C), 148.97 (CH), 156.6}, (161.28 (C), 174.85 (C);
IR v 3067, 2955, 2899, 2834, 1627, 1505, 1487, 1365),12844 crit; MS (El) m/z (%)
304 (M", 100), 303 (80), 148 (32HRMS (El) 304.1070 (GH20N.0SSi requires
304.1066).
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(E)-4-Methoxy-N-[1'-(thiophen-2"-yl)ethylidene]aniline (475i), Ci3H13NOS, FW =
231.33

A75i yellow crystalsmp 77-78 °C (hexane}H NMR (400 MHz, CDC}) & 2.26 (s, 3H),
3.81 (s, 3H), 6.76-6.80 (m, 2H), 6.88-6.91 (m, 2AHQN9 (dd,J = 5.1, 3.7 Hz, 1H), 7.44
(dd,J = 5.1, 1.1 Hz, 1H), 7.46 (dd,= 3.7, 1.1 Hz, 1H)}*C NMR & 17.39 (CH), 55.49
(CHs), 114.14 (2 x CH), 121.42 (2 x CH), 127.44 (CH)826 (CH), 129.71 (CH), 143.71
(C), 146.78 (C), 156.16 (C), 160.47 (TR v 3009, 2961, 2837, 1617, 1502, 1428, 1239,
1241, 1206 cil; MS (El) m/z (%) 231 (M*, 95), 216 (100), 201 (20), 173 (20), 92 (25);
HRMS (EI) 231.0717 (gH13NOS requires 231.0718).

Table 6.7.Preparation 0O,N-heterocyclic Imines from the Corresponding Ketones

Method Ketone SiO, Imine
p-anisidine PE — EA
p-TsOH (mg) or TiCl, (mL)

B 550 mg, 5.00 mmol 25 mL 475) (838 mg, 3.89 mmol, 78%)
647 mg, 5.25 mmol 98:2
47 mg, 0.250 mmol

A 349 uL, 373 mg, 3.00 mmol 25 mL 475k (507 mg, 2.211 mmol, 74 %)
462 mg, 3.75 mmol 98:2

A 353b(150 mg, 1.10 mmol) 25 mL Amino Ketone477
170 mg, 1.38 mmol 90:10 (217 mg, 0.837 mmol 76 %)
Heating to 50 °C

A 344(250 mg, 1.30 mmol) 25 mL 4751 (275 mg, 0.566 mmol, 74 %)
200 mg, 1.63 mmol 98:2
346(182 mg, 1.00 mmol) 40 mL 475m(206 mg, 0.712 mmol, 72 %)
154 mg, 1.25 mmol 97:3

B 300 mg, 2.17 mmol 25 mL 475n(~ 52 mg, 0.214 mmol, 10 %)
334 mg, 2.71 mmol 99:1
21 mg, 0.109 mmol (PE:EgN)

A 353a(160 mg, 1.45 mmol) 10 mL 4750(97 mg, 0.451 mmol, 31 %)
224 mg, 1.82 mmol 85:15

A 399 pL, 415 mg, 3.00 mmol 25 mL 475p (292 mg, 1.200 mmol, 40 %)
462 mg, 3.75 mmol 99:1

A 481 mg, 3.00 mmol 25 mL 475q(590 mg, 2.224 mmol, 74 %)
462 mg, 3.75 mmol 90:10

B 353d(300 mg,1.87 mmol) 30 mL 475r (282 mg, 1.06 mmol, 57 %)
254 mg, 2.06 mmol 100:0— 97:3
18 mg, 0.094 mmol

B 352(200 mg, 1.16 mmol) 25 mL 475s(194 mg, 0.70 mmol, 56 %)
144 mg, 1.17 mmol 97:3
22 mg, 0.116 mmol

B 866 mg, 5.00 mmol Cryst. DCM 475t(528 mg, 1.900 mmol, 38 %)

647 mg, 5.25 mmol
47 mg, 0.250 mmol
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475j: yellow crystalsmp 82-83 °C (hexanefH NMR (400 MHz, CDC}) & 2.17 (s, 3H),
3.81 (s, 3H), 6.51 (ddl = 3.4, 1.7 Hz, 1H), 6.78-6.81 (m, 2H), 6.87-6.9Q @&H), 6.92 (d,

J = 3.4 Hz, 1H), 7.55-7.56 (m, 1H)*C NMR & 14.62 (CH), 55.56 (CH), 109.82 (CH),
111.01 (CH), 112.21 (% CH), 119.51 (2x CH), 141.68 (C), 142.82 (CH), 151.86 (C),
154.26 (C), 154.64 (C)R v 3019, 2964, 2837, 2400, 1625, 1504, 1482, 123% tai";
MS (El) m/z (%) 215 (M", 75), 200 (100)HRMS (El) 215.0948 (GH:aNO, requires
215.0946).

(E)-4-Methoxy-N-[1-(5"-methylfuran-2"-yl)ethylidene]aniline  (475k), Ci4sH1sNO,
FW = 229.30

475k yellow oil; '"H NMR (400 MHz, CDC4) & 2.10 (s, 3H), 2.39-2.40 (m, 3H), 3.79 (s,
3H), 6.10 (dg,J = 3.3, 0.9 Hz, 1H), 6.75-6.79 (m, 2H), 6.79 (bdJd 3.4 Hz, 1H), 6.85-
6.89 (M, 2H);°C NMR & 14.09 (CH), 16.37 (CH), 55.43 (CH), 108.15 (CH), 114.03 (2
x CH), 114.86 (CH), 121.42 (2 CH), 143.95 (C), 152.18 (C), 155.58 (C), 155.96, (C
156.35 (C)JR v 2956, 1621, 1501, 1242, 1217 tnMS (EI) m/z(%) 229 (M*, 76), 214
(100), 186 (12)HRMS (EI) 229.1101 (&H1sNO, requires 229.1103).

1-(Furan-3'-yl)-3-(4"-methoxyanilino)butan-1-one (477), CisH1;NO3, FW = 259.33

.

477 prepared according to imination Method A or B (22¢, 0.864 mmol, 76 %): yellow
oil; *"H NMR (400 MHz, CDC}) 6 1.27 (d,J = 6.4 Hz, 3H), 2.77 (dd] = 15.6, 7.4 Hz,
1H), 3.05 (dd,) = 15.6, 4.5 Hz, 1H), 3.48 (br s, 1H), 3.99 (ddd; 13.7, 6.5, 4.6 Hz, 1H),
6.59-6.63 (m, 2H), 7.76-7.80 (m, 2H), 6.75 (dd& 1.9, 0.8 Hz, 1H), 7.42 (dd,= 1.8, 1.6
Hz, 1H), 7.97 (ddJ = 1.3, 0.9 Hz, 1H)**C NMR & 45.39 (CH), 108.72 (CH), 114.84 (2
CH), 115.47 (2< CH), 128.38 (C), 140.96 (C), 144.35 (CH), 147.@HY), 152.45 (CH),
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194.03 (C); IRv 3360, 2961, 2832, 1670, 1511, 1155cmS (Cl/isobutanejn/z (%) 260
[(M+H)", 100], 176 (21), 150 (70), 138 (26); HRMS (Cl/istdne) 260.1284 (gH:sNOs
requires 260.1287).

(E)-4-Methoxy-N-[1-(5"-trimetylsilylfuran-2”-yl)ethylidene]anilin e (475l),
C15H21N028i, FW = 287.56

475t yellow crystalsmp 65-66 °C (hexane}H NMR (400 MHz, CDC}) 5 0.31 (s, 9H),
2.18 (s, 3H), 3.81 (s, 3H), 6.71 (= 3.4 Hz, 1H), 6.75-6.79 (m, 2H), 6.87-6.91 (m, 2H)
6.97 (d,J = 3.4 Hz, 1H);"*C NMR & —1.62 (3x CHs), 16.74 (CH), 55.41 (CH), 112.09
(CH), 114.05 (2 CH), 121.25 (% CH), 121.46 (CH), 155.98 (C), 155.98 (C), 157.89, (
158.04 (C), 163.44 (C)R v 3019, 2959, 1623, 1504, 1241, 1215'cwIS (El) m/z (%)
287 (M*, 83), 272 (100), 170 (47)HRMS (El) 287.1341 (@H2NO.Si requires
287.1342).

Ethyl (E)-5-[1"-(4"-methoxyphenylimino)ethyl]furan-2-carboxylate (475m),
C15H17NO4, FW = 287.34

475m vyellow crystalsmp 69-70 °C (hexanefH NMR (400 MHz, CDC}) 6 1.36 (t,J =
7.1 Hz, 3H), 2.23 (s, 3H), 3.78 (s, 3H), 4.36J&; 7.1 Hz, 2H), 6.74-6.78 (m, 2H), 6.86-
6.90 (m, 2H), 7.04 (d] = 3.6 Hz, 1H), 7.22 (d] = 3.6 Hz, 1H);**C NMR & 13.30 (CH),
15.49 (CH), 54.39 (CH), 60.18 (CH), 111.33 (CH), 113.17 (% CH), 118.09 (CH),
120.24 (2x CH), 142.09 (C), 144.28 (C), 155.49 (C), 155.8%, (55.92 (C), 157.53 (C);
IR v 3019, 1718, 1627, 1502, 1291, 1242, 1225'cMS (El) m/z (%) 287 (M*, 100),
272 (87), 244 (32), 199 (17), 148 (17), 92 (23),(26), 84 (32);HRMS (EI) 287.1161
(C16H17NO4 requires 287.1158).

164



N-[1’-(Furan-2"-yl)-2’-methylprop-1'-ylidene]-4-meth oxyaniline (475n), GsH1/NO,,
FW =243.33

475n *H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca. 11:5, the minor
one is marked *$ 1.27 (d,J = 6.9 Hz, 8.7H), 3.16* (sepd,= 7.1 Hz, 0.45H), 3.40 (sept,
= 6.8 Hz, 1H), 3.79 (s, 4.35H), 5.67 (ddb>= 3.6, 0.6 Hz, 1H), 6.21 (dd,= 3.6, 1.7 Hz,
1H), 6.49* (dd,J = 3.5, 1.8 Hz, 0.45H), 6.60-6.64 (m, 2H), 6.69-8.7®, 0.9H), 6.85-
6.89 (m, 2H), 7.32-7.36* (m, 0.9H), 6.99* (dil= 3.5, 0.7 Hz, 0.45H), 7.31 (dd= 1.7,
0.6 Hz, 1H), 7.53* (ddJ = 1.8, 0.7 Hz, 0.45H). No further data providedlesimine was

obtained only in a mixture with the correspondirgoke.

(E)-N-[1’-(Furan-3"-yl)ethylidene]-4-methoxyaniline (4750), Ci3H13NO,, FW = 215.27

TP s
o N‘@*OMG)

\ 4750

475a pale yellow crystalsmp 54-55 °C (hexane}H NMR (400 MHz, CDC}) § 2.10 (s,
3H), 3.79 (s, 3H), 6.72-6.76 (m, 2H), 6.87-6.91 @hl), 6.92 (ddJ = 1.9, 0.8 Hz, 1H),
7.44 (dd,J = 1.7, 1.7 Hz, 1H), 7.83 (dd,= 1.4, 0.8 Hz, 1H)}*C NMR § 16.90 (CH),
54.46 (CH), 107.63 (CH), 113.17 (& CH), 119.97 (2x CH), 128.11 (C), 142.73 (CH),
142.80 (CH), 143.08 (C), 154.97 (C), 158.67 (C)0.86 (C);IR v 2961, 1629, 1501,
1241, 1218 cm; MS (Cl/isobutane)m/z (%) 216 [(M+H), 100], 85 (18);HRMS
(Cl/isobutane) 216.1026 {gH14NO, requires 216.1025).

(E)-N-[1-(2",5"-Dimethylfuran-3"-yl)ethylidene]-4-metho xyaniline (475p),
C1sH17NO2, FW = 243.33

475p pale yellow crystalsmp 49-50 °C (hexanefH NMR (400 MHz, CDC4) § 2.07 (s,
3H), 2.27 (br s, 3H), 2.56 (s, 3H), 3.79 (s, 3HR46(br s, 1H), 6.69-6.73 (m, 2H), 6.86-
6.90 (m, 2H);**C NMR & 12.23 (CH), 13.42 (CH), 18.09 (CH), 54.43 (CH), 105.14
(CH), 113.14 (2< CH), 119.91 (2 CH), 121.67 (C), 143.77 (C), 148.35 (C), 150.39, (C
154.65 (C), 160.85 (C)R v 3018, 1611, 1503, 1241, 1216 tnMS (EI) m/z (%) 243
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(M'*, 26), 228 (25), 87 (27), 85 (L00HRMS (EI) 243.1256 (GH:/NO, requires
243.1259).

(E)-N-[1’-(Benzofuran-2"-yl)ethylidene]-4-methoxyaniline (475q), G/H1sNO,, FW =
265.33

475q yellow crystals;mp 119-120 °C (hexanefH NMR (400 MHz, CDC}) & 2.28(s,
3H), 3.80 (s, 3H), 6.82-6.86 (m, 2H), 6.90-6.94 @Hl), 7.25 (d,J = 0.9 Hz, 1H), 7.30
(ddd,J = 7.8, 7.3, 1.0 Hz, 1H), 7.38 (dd#l= 8.3, 7.3, 1.3 Hz, 1H), 7.60 (dddi= 8.3, 1.7,
1.0 Hz, 1H), 7.64 (ddd] = 7.8, 1.3, 0.7 Hz, 1H)*C NMR § 16.81 (CH), 55.46 (CH),
109.49 (CH), 112.16 (CH), 114.14 ¥2CH), 121.39 (% CH), 122.05 (CH), 123.35 (CH),
126.49 (CH), 127.94 (C), 143.45 (C), 154.78 (C}.58 (C), 156.40 (C), 157.20 (GR v
3019, 2982, 1619, 1503, 1244, 1215%mIS (El) m/z(%) 265 (M*, 76), 250 (100), 181
(10), 115 (13), 92 (12HRMS (EI) 265.1105 (GH1sNO; requires 265.1103).

(E)-N-[1’-(Benzofuran-3"-yl)ethylidene]-4-methoxyaniline (475r), C7H1sNO,, FW =
265.33

475r: yellow crystals;mp 101-102 °C (hexanejH NMR (400 MHz, CDC}) & 2.28 (s,
3H), 3.82 (s, 3H), 6.82-6.86 (m, 2H), 6.90-6.94 @H), 7.25-7.29 (m, 2H), 7.38 (dddi=
8.3, 7.2, 1.2 Hz, 1H), 7.60 (dd= 8.3, 0.7 Hz, 1H), 7.65 (br d,= 7.7 Hz, 1H);**C NMR

8 16.75 (CH), 55.45 (CH), 109.32 (CH), 112.12 (CH), 114.15%2CH), 121.32 (& CH),
122.00 (CH), 123.31 (CH), 126.42 (CH), 127.95 (©)3.49 (C), 154.84 (C), 155.53 (C),
156.41 (C), 157.16 (C)R v 3023, 2982, 2962, 1619, 1502, 1450, 1217 cMS (EI) m/z
(%) 265 (M™, 80), 250 (100), 115 (15), 85 (53), 84 (28), 83)(3IRMS (EIl) 265.1101
(C17H1sNO; requires 265.1103).
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(E)-4-Methoxy-N-[1’-(1"-methyl-1 H-indol-2"-yl)ethylidene]aniline (475s), GsH1sN20O,
FW =278.38

475s yellowish crystalsmp 143-144 °C (hexane)d NMR (400 MHz, CDC}) & 2.29 (s,
3H), 3.80 (s, 3H), 4.14 (s, 3H), 6.74-6.78 (m, 26189-6.93 (m, 2H), 6.99 (d,= 0.7 Hz,
1H), 7.12 (dddJ = 7.9, 6.9, 1.0 Hz, 1H), 7.30 (ddd#i= 8.4, 6.9, 1.1 Hz, 1H), 7.37 (dddl,
= 8.4, 0.7 Hz, 1H), 7.64 (dd,= 7.9, 0.8 Hz, 1H)*C NMR § 18.62 (CH), 32.98 (CH),
55.56 (CH), 107.37 (CH), 110.03 (CH), 114.31 x2CH), 120.02 (CH), 120.85 (2 CH),
121.57 (CH), 123.92 (CH), 126.49 (C), 137.70 (&)0.01 (C), 144.28 (C), 156.02 (C),
160.23 (C)JIR v 3019, 2945, 1621, 1500, 1465, 1391, 1240, 1217, &nS (EI) m/z (%)
278 (M, 50), 263 (12), 171 (10), 121 (58RMS (EI) 278.1417 (@H1gN20 requires
278.1419).

(E)-4-Methoxy-N-[1’-(1"-methyl-1 H-indol-3"-yl)ethylidene]aniline (475t), CigH1sN0O,
FW =278.38

475t pale yellow crystalsmp 222-223 °C (ChCl,); *H NMR (400 MHz, CDC}) § 2.27
(s, 3H), 3.86 (s, 3H), 3.98 (s, 3H), 6.83-6.87 @Hl), 6.93-6.97 (m, 2H), 7.28 (ddd,=
7.9, 6.7, 1.4 Hz, 1H), 7.34 (dddi= 8.0, 6.7, 1.3 Hz, 1H), 7.37 (dddl= 8.0, 1.4, 0.8 Hz,
1H), 7.53 (s, 1H), 8.61 (ddd,= 7.8, 1.2, 0.8 Hz, 1H)**C NMR & 18.00 (CH), 33.24
(CHa), 55.56 (CH), 109.21 (CH), 114.11 (2 CH), 117.12 (C), 121.34 (2 CH), 121.41
(CH), 122.80 (CH), 123.41 (CH), 126.17 (C), 131(881), 137.78 (C), 145.47 (C), 155.43
(C), 161.76 (C)iR v 3019, 2927, 2830, 1658, 1602, 1535, 1498, 14662,18716 cril;
MS (El) m/z (%) 278 (M*, 65), 263 (100), 220 (10), 85 (37), 83 (5HRMS (EI)
278.1417 (GsH18N20 requires 278.1419).
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6.3.2.

Imines without Heterocycles

Table 6.8.Preparation of Aryl-alkyl and Dialkyl Imines

Method Ketone SiO, Imine
p-anisidine PE - EA
p-TsOH (mg) or TiCl, (mL)

A 671 pL, 671 mg, 5.00 mmol 25 mL 476a(571 mg, 2.39 mmol, 48 %)
770 mg, 6.25 mmol 100:1

B 353f(700 mg, 4.72 mmol) 20 mL 476b (345 mg, 1.36 mmol, 29 %)
727 mg, 5.90 mmol 100:0
89 mg, 0.472 mmol

C 500 mg, 3.42 mmol 30 mL 476¢(448 mg, 1.78 mmol, 52 %)
1.26 g, 10.26 mmol 100:0
3.4 mL, 3.42 mmol

C 500 mg, 3.12 mmol 30 mL 476d(524 mg, 1.98 mmol, 63 %)
1.15g, 9.36 mmol 100:0
3.1 mL, 3.12 mmol

C 395 mg, 2.10 mmol 30 mL 476e(325 mg, 1.11 mmol, 53 %)
775 mg, 6.29 mmol 100:0
2.1 mL, 2.10 mmol

C 517uL, 500 mg, 3.08 mmol 15mL 476f (560 mg, 2.09 mmol, 68 %)
1.19 g, 9.65 mmol 100:0
3.1 mL, 3.08 mmol

C 1.04 mL, 832 mg, 8.27 mmol 25 mL 476i(1.28 g, 6.23 mmol, 75 %)
3.06 g, 24.8 mmol 100:0
8.3 mL, 8.27 mmol

C 474(500 mg, 1.78 mmol) 30 mL 476j (476 mg, 1.24 mmol, 69 %)
659 mg, 5.35 mmol 85:15
1.8 mL, 1.78 mmol (PE:DCM)

A 400 pL, 439 mg, 3.00 mmol 40 mL 476k (517 mg, 2.057 mmol, 69 %)
462 mg, 3.75 mmol 98:2

B 750pL, 691 mg, 5.00 mmol 30 mL 4761 (809 mg, 3.32 mmol, 66 %)
677 mg, 5.50 mmol 99:1— 955
95 mg, 0.500 mmol

B 459(1.00 g, 5.20 mmol) 35 mL 476m(921 mg, 3.10 mmol, 60 %)
705 mg, 5.72 mmol 100:0— 95:5
49 mg, 0.260 mmol

A 630 mg, 3.62 mmol 25 mL 476n(157 mg, 0.562 mmol, 16 %)
557 mg, 5.19 mmol 98:2

B 390 mg, 1.905 mmol 60 mL 4760(237 mg, 0.761 mmol, 40 %)
246 mg, 2.000 mmol 100:0
18 mg, 0.095 mmol

A 500 mg, 2.45 mmol 40 mL 476p (287 mg, 0.93 mmol, 38 %)
377 mg, 3.06 mmol 100:0
19 mg, 0.104 mmol

B 500 mg, 2.68 mmol 25 mL 476q(573 mg, 1.940 mmol, 72 %)
340 mg, 2.76 mmol 100:0
25 mg, 0.134 mmol

C 464 (500 mg, 3.12 mmol) 25 mL 476s(185 mg, 0.697 mmol, 22 %)
1.15 g, 9.36 mmol 100:0— 97:3
3.1 mL, 3.12 mmol

B 430 mg, 1.89 mmol 20 mL 476t(~ 200 mg, 0.600 mmol, 32 %)
255 mg, 2.07 mmol 85:15
18 mg, 0.0943 mmol (PE:DCM)

A 521 mg, 2.50 mmol 40 mL 476u(306 mg, 0.976 mmol, 39 %)
385 mg, 3.13 mmol 90:10
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Table 6.8.— Cont. Preparation of Aryl-alkyl and Dialkyl Imines

Method Ketone Sio, Imine
p-anisidine PE —EA
p-TsOH (mg) or TiCl, (mL)

B 1.05 g, 5.00 mmol 25 mL 476v (433 mg, 1.373 mmol, 27 %)
647 mg, 5.25 mmol 100:0
47 mg, 0.250 mmol

B 463(501 mg, 2.00 mmol) 20 mL 476w (644 mg, 1.75 mmol, 87 %)
308 mg, 2.50 mmol 95:5

19 mg, 0.104 mmol

(E)-4-Methoxy-N-(1’-phenylprop-1'-ylidene)aniline (476a), GeH1/NO, FW = 239.33

476a°** yellow crystals;mp 104-105 °C (hexane) [fit* gives 101-102 °C (MeOH)}H
NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ca. 10:1 ratio, the minor one is
marked *)§ 1.09 (t,J = 7.7 Hz, 3H), 1.22* () = 7.4 Hz, 0.3H), 2.69 (gl = 7.7 Hz, 2H),
2.78* (t,J= 7.4 Hz, 0.2H), 3.71* (s, 0.3H), 3.82 (s, 3H),B&59* (m, 0.2H), 6.64-6.68*
(m, 0.2H), 6.73-6.77 (m, 2H), 6.89-6.93 (m, 2H)Q4£7.07* (m, 0.2H), 7.21-7.23* (m,
0.3H), 7.44-7.46 (m, 3H), 7.90-7.93 (m, 2HYC NMR & 11.01* (CH), 12.92 (CH),
23.28 (CH), 34.60* (CH), 55.29* (CH), 55.50 (CH), 113.74* (2x CH), 114.29 (2 x
CH), 120.29 (2 CH), 122.29* (2 x CH), 127.58 (2 x CH), 127.85*ZH), 128.11* (2
x CH), 128.21* (CH), 128.51 (2 x CH), 130.26 (CHR8108* (C), 138.29 (C), 144.10*
(C), 144.86 (C), 155.58* (C), 155.77 (C), 171.37,(C73.06* (C);IR v 3017, 2979, 2835,
1626, 1503, 1240, 1216 ¢mMS (EI) m/z (%) 239 (M*, 44), 210 (100), 195 (12), 167
(13), 92 (18)HRMS (EI) 239.1307 (&H17/NO requires 239.1310).

(E)-4-Methoxy-N-(2’-methyl-1’-phenylprop-1'-ylidene)aniline (476b), C;7H10NO, FW
= 253.37

476k yellow oil; *"H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca. 7:1,
the minor one is marked ® 1.07* (d,J = 7.1 Hz, 0.9H), 1.13 (d] = 6.8 Hz, 6H), 2.93
(sept,d = 6.8 Hz, 1H), 3.10* (sepd = 7.1 Hz, 0.15H), 3.58 (s, 3H), 3.71* (s, 0.4513.

6.47 (m, 2H), 6.53-6.56 (m, 2H), 6.65-6.69* (m,@H3, 6.79-6.83* (m, 2H), 6.91-6.93 (m,
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2H), 7.07-7.15 (m, 3H), 7.30-7.32 (m, 0.45H), 7559 (m, 2H):**C NMR § 20.17 (2x
CHs), 20.88* (2x CHs), 31.62* (CH), 38.45 (CH), 55.14 (GH 55.35* (CH), 113.52 (2
CH), 114.14* (2x CH), 119.88* (2x CH), 121.95 (2 CH), 127.77 (3 CH), 127.83 (4
CH), 128.86* (3x CH), 138.10 (C), 139.22* (C), 144.07* (C), 144.4®), 155.29 (C),
155.56* (C), 176.59* (C), 176.64 (C)R v 3056, 2967, 2832, 2834, 1633, 1503, 1464,
1442, 1290, 1241 ch MS (El) m/z(%) 253 (M*, 20), 210 (100), 167 (10), 106 (33), 91
(54); HRMS (El) 253.1464 (&/H1oNO requires 253.1467).

(E)-N-[Cyclopropyl(phenyl)methylene]-4-methoxyaniline (#6c), GH1/NO, FW =
251.35

476¢** yellow oil; *H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca.
5:3, the minor one is marked 3)0.58* (ddd,J = 6.2, 5.8, 4.6 Hz, 1.2H), 0.82 (dd#i=
8.6, 6.6, 4.6 Hz, 2H), 0.98 (dddi= 8.1, 6.5, 3.6 Hz, 2H), 1.16* (ddd= 6.3, 4.8, 3.5 Hz,
1.2H), 1.89* (ttJ = 8.6, 5.7 Hz, 0.6H), 1.99 (t,= 8.1, 4.8 Hz, 1H), 3.69 (s, 3H), 3.82* (s,
1.8H), 6.52-6.55 (m, 2H), 6.63-6.67 (M, 2H), 6.8938 (M, 1.2H), 6.94-6.97* (m, 1.2H),
7.14-7.18 (m, 2H), 7.20-7.24 (m, 3H), 7.38-7.42* (in8H), 7.74-7.78 (m, 1.2H)°C
NMR § 7.98 (2x CHy), 79.36 (2x CHy), 13.90* (CH), 20.19 (CH), 55.27 (GH 55.44*
(CHg), 113.76 (2x CH), 114.00* (2x CH), 121.60* (2x CH), 122.21* (2x CH), 127.93*
(2 x CH), 127.97 (2x CH), 128.02* (2x CH), 128.10 (2< CH), 128.23 (CH), 129.25*
(CH), 138.16 (C), 138.79* (C), 144.03* (C), 144.(0), 155.46 (C), 155.99* (C), 170.68
(C), 172.58* (C)JIR v 3056, 3001, 2968, 2833, 1627, 1576, 1503, 1443118289, 1241
cm; MS (El) m/z (%) 251 (M*, 100), 250 (27), 236 (30), 212 (28), 210 (50), 1¥2),
128 (15), 92 (15)HRMS (El) 251.1307 (§H1;NO requires 251.1310).
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(E)-N-[Cyclobutyl(phenyl)methylene]-4-methoxyaniline (4Bd), CigHigNO, FW =
265.38

476a yellow crystalsmp 43-44 °C (hexane}H NMR (400 MHz, CDC}, a mixture of
(E/Z) isomers in ratio ca. 5:3, the minor one is markKed 1.48-1.56* (m, 0.6H), 1.67-
1.79* (m, 0.6H), 1.81-2.06 (m, 4.4H), 2.17-2.24 @hl), 2.36-2.46 (m, 2H), 3.64 (ttd,=
8.2, 8.2, 1.0 Hz, 1H), 3.69 (s, 3H), 3.79 (s, 1,8480-3.90* (m, 0.6H), 6.59-6.62 (m, 2H),
6.65-6.69 (m, 2H), 6.79-6.83* (m, 1.2H), 6.85-6.9@1, 1.2H), 7.00-7.05 (m, 2H), 7.17-
7.21 (m, 3H), 7.38-7.43* (m, 1.8H), 7.67-7.69* (h2H); *C NMR & 17.73 (CH),
18.34* (CH,), 26.55 (2x CH,), 29.16* (2% CH,), 39.44* (CH), 44.16 (CH), 55.23 (GH
55.40* (CH), 113.74 (2x CH), 113.88* (2x CH), 120.78* (2x CH), 122.55 (2x CH),
127.50* (2x CH), 127.78 (2x CH), 128.01 (2x CH), 128.05* (2x CH), 128.08 (CH),
129.17 (CH), 137.50 (C), 139.88* (C), 143.95* (C¥4.23 (C), 155.60 (C), 155.93* (C),
172.97* (C), 173.47 (C)R v 3056, 2944, 2866, 2833, 1630, 1502, 1442, 12891 t#;
MS (El) m/z(%) 265 (M*, 59), 250 (15), 236 (12), 210 (100), 134 (12), (1%), 92 (20);
HRMS (EIl) 265.1464 (gH1oNO requires 265.1467).

(E)-N-[Cyclohexyl(phenyl)methylene]-4-methoxyaniline (48e), GoH2sNO, FW =
293.44

476e yellow oil; *H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca. 10:1,
the minor one is marked %) 0.98-1.10* (m, 0.3H), 1.12-1.27 (m, 3H), 1.34-1(42 2H),
1.57-1.61 (m, 1H), 1.70-1.74 (m, 2H), 1.82-1.86 (@h{), 1.41-1.64* (m, 0.7H), 2.57
(dddd,J = 11.4, 11.4, 3.3, 3.3 Hz, 1H), 2.75* (ddddz 12.2, 12.2, 3.1, 3.1 Hz, 0.1H),
3.53 (s, 3H), 3.68* (s, 0.3H), 6.41-6.45 (m, 2H}%6.53 (m, 2H), 6.63-6.66* (m, 0.2H),
6.77-6.80* (m, 0.2H), 6.69-6.91 (m, 2H), 7.04-7(10, 3H), 7.26-7.28* (m, 0.3H), 7.48-
7.50% (m, 0.2H);**C NMR & 22.66* (2x CH,), 25.97* (CH), 26.01* (2x CHy), 26.29
(CHy), 26.31 (2x CHy), 30.65 (2x CHy,), 30.92* (2x CHy), 43.15* (CH), 48.52 (CH),
55.18 (CH), 55.38* (CH), 113.63 (2x CH), 114.20* (2x CH), 120.05* (2x CH), 121.95
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(2 x CH), 127.75 (CH), 127.77 (% CH), 127.83 (4x CH), 128.64* (CH), 138.44 (C),
140.40* (C), 144.07* (C), 144.39 (C), 155.43 (C35167* (C), 176.03 (C), 176.20* (C);
IR v 2930, 2852, 1635, 1503, 1445, 1290, 1241-chiS (EI) m/z(%) 293 (M*, 55), 292
(25), 238 (48), 210 (100), 92 (26JRMS (EI) 293.1778 (GoH2sNO requires 293.1780).

N-(2’,2’-Dimethyl-1’-phenylprop-1'-ylidene)-4-methoxyaniline (476f), GsH21NO, FW
= 267.40

4761 colourless crystalsnp 53-54 °C (hexane}H NMR (400 MHz, CDC}) 6 1.28 (s,
9H), 3.64 (s, 3H), 6.46-6.50 (m, 2H), 6.57-6.60 @H), 6.90-6.93 (m, 1H), 7.11-7.20 (m,
3H); 1°C NMR § 28.56 (3x CHs), 40.45 (C), 55.20 (Ch), 113.41 (2x CH), 121.49 (2
CH), 127.16 (CH), 127.39 (2 CH), 127.98 (2 CH), 137.40 (C), 144.54 (C), 155.09 (C),
180.15(C);IR v 3046, 2955, 2930, 2905, 2867, 2833, 1640, 15031,14890, 1361, 1291
cm; MS (El) m/z (%) 267 (M*, 20), 210 (100);HRMS (El) 267.1621 (GH.:NO
requires 267.1623).

(E)-N-(3’,3’-Dimethylbut-2’-ylidene)-4-methoxyaniline (476i), Ci3H10NO, FW =

.....................

476t colourless oil*H NMR (400 MHz, CDC}) § 1.19 (s, 9H), 1.72 (s, 3H), 3.74 (s, 3H),
6.53-6.57 (m, 2H), 6.79-6.82 (m, 2HFC NMR & 14.95 (CH), 27.68 (3x CHs), 40.05
(C), 55.19 (CH)), 113.97 (2x CH), 119.93 (2x CH), 145.22 (C), 155.24 (C)R v 2966,
2907, 2867, 2834, 1650, 1504, 1466, 1364, 1288) T4 MS (El) m/z (%) 205 (M™,
20), 148 (100), 92 (LOHRMS (El) 205.1463 (GH1oNO requires 205.1467).

172



4-Methoxy-N-[(4’-methoxyphenyl)-(4”-trifluoromethylphenyl)meth ylene]aniline
(476)), Cr1H1802NF3, FW = 385.41

476j. yellow oil which solidified upon standingnp 60-62 °C;’'H NMR (400 MHz,
CDCls, a mixture of isomers in ratio ca. 3:2, the miooe is marked *p 3.71 (s, 3H),
3.74* (s, 2H), 3.80* (s, 2H), 3.84 (s, 3H), 6.6B4 (m, 1.34H), 6.63-6.68 (m, 2H), 6.67-
6.70* (m, 1.34H), 6.71-6.73 (m, 2H), 6.79-6.83* (lh34H), 6.89-6.93 (m, 2H), 7.03-
7.06* (m, 1.34H), 7.24-7.25 (dd,= 7.9, 0.7 Hz, 2H), 7.54 (dd,= 8.0, 0.6 Hz, 2H), 7.63-
7.65* (m, 1.34H), 7.64-7.67 (m, 2H), 7.82-7.85* (in34H);*C NMR & 55.21* (CH),
55.29 (CH), 55.32* (CH), 55.41* (CH), 113.67* (2x CH), 113.68 ( CH), 113.91 (X
CH), 113.95* (2x CH), 122.48 (2x CH), 122.59* (2x CH), 123.89 (qJ = 272.5 Hz,
CRs), 124.09* (q,J = 272.2 Hz, CF), 125.06 (qJ = 3.6 Hz, 2x CH), 125.06* (qJ = 3.6
Hz, 2x CH), 127.96 (C), 129.80* (C), 129.60* ¢ CH), 129.89 (2x CH), 130.74 (2x
CH), 131.31* (2x CH), 130.31 (gqJ = 32.6 Hz, C), 131.93* (gq] = 32.4 Hz, C), 131.95
(C), 132.64* (C), 144.00 (C), 144.21* (C), 155.95),(156.19* (C), 159.94* (C), 161.92
(C), 165.60 (C), 166.03* (C)**F NMR & —62.67;IR v 3006, 2957, 2837, 1605, 1502,
1325, 1245, 1168 ¢ MS (El) m/z(%) 385 (M*, 100), 370 (44), 240 (35), 171 (15), 92
(15); HRMS (EI) 385.1289 (H1sNO,F; requires 385.1290).

(E)-N-(3’,4’-Dihydronaphthalen-1'(2H)-ylidene)-4-methoxyaniline (476k), G/H1/NO,
FW = 251.35

476k?*** yellow crystals;mp 116-117 °C (hexanejH NMR (400 MHz, CDC}) 5 1.88-
1.95 (m, 2H), 2.56 (ddJ = 6.6, 6.2 Hz, 2H), 2.90 (] = 6.1 Hz, 2H), 3.82 (s, 3H),
6.74-6.78 (m, 2H), 6.89-6.92 (m, 2H), 7.20 (bdd 7.5 Hz, 1H), 7.29 (dddl = 7.9, 7.3,
0.6 Hz, 1H), 7.64 (dd) = 7.4, 1.4 Hz, 1H), 8.31 (dd,= 7.9, 1.1 Hz, 1H)*C NMR
23.08 (CH), 29.88 (CH), 30.00 (CH), 55.52 (CH), 114.24 (2x CH), 120.92 (2x CH),
126.29 (CH), 126.46 (CH), 128.77 (CH), 130.58 (C184.09 (C), 141.24 (C), 144.68 (C),
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155.82 (C), 166.00 (C)R v 3019, 2946, 1625, 1503, 1241, 1216 cIS (EI) m/z (%)
251 (M, 100), 236 (80), 223 (20), 208 (24), 180 (14), (29), 128 (18), 84 (22HRMS
(El) 251.1313 (&H17/NO requires 251.1310).

4-Methoxy-N-(3',5",5'-trimethylcyclohex-2’-enylidene)aniline (476l1), CieH21NO, FW =
243.38

476k yellow oil; *"H NMR (400 MHz, CDC}, a mixture of isomers in ratio ca. 55:45, the
minor one is marked *§ 1.77* (d,J = 1.2 Hz, 2.4H), 1.90 (d] = 1.1 Hz, 3H), 2.04 (br s,
2H), 2.07* (d,J = 0.5 Hz, 1.6H), 2.09 (s, 2H), 2.34* (s, 1.6H), &7(s, 3H), 3.799* (s,
2.4H), 5.90* (qJ = 1.4 Hz, 0.8H), 6.12 (d} = 1.4 Hz, 1H), 6.65-6.70 (m, 2H), 6.70-6.73*
(m, 1.6H), 6.83-6.87 (m, 3.6H}*C NMR § 24.21 (CH), 24.36* (CH), 28.19* (CH),
28.25 (CH), 32.09 (C), 32.41* (C), 41.02 (GH 45.16 (CH), 45.72* (CH), 47.99*
(CH,), 55.41 (2x CHg), 113.97 (2x CH), 114.04 (2x CH), 117.18* (CH), 121.10 (8
CH), 121.75* (2x CH), 126.02 (CH), 144.22* (C), 144.39 (C), 148.96), 150.95 (C),
155.66 (C), 155.73* (C), 166.40* (C), 167.80 (@} v 2955, 2896, 2833, 1637, 1608,
1502, 1466, 1287, 1241 ¢mMS (El) m/z(%) 243 (M*, 100), 228 (52), 187 (32), 91 (30);
MS (Cl/isobutanen/z(%) 244 [(M+HY, 100].

Methyl (E)-4-[N-(4’-methoxyphenyl)imino]-4-phenylbutanoate (476m), C1gH19NO3,
FW = 297.38

476m yellow crystalsmp 62-63 °C (hexanefH NMR (400 MHz, CDC}, a mixture of
(E/Z) isomers in ratio ca. 2.3:1, the minor one is redrk) 6 2.42-2.47 (m, 2H), 2.81* (dd,
J=7.0, 6.9 Hz, 0.86H), 3.00-3.07 (m, 2.86H), 3.603H), 3.698* (s, 1.29H), 3.701* (s,
1.29H), 3.82 (s, 3H), 6.51-6.55* (m, 0.86H), 6.68® (m, 0.86H), 6.71-6.75 (M, 2H),
6.89-6.92 (M, 2H), 7.98-7.12* (m, 0.86H), 7.20-724n, 1.29H), 7.42-7.47 (m, 3H),
7.85-7.90 (m, 2H)!*C NMR & 25.18 (CH), 30.30* (CH), 31.99 (CH), 35.50* (CH),
51.67* (CH), 51.86 (CH), 55.28* (CH), 55.47 (CH), 113.77* (2x CH), 114.45 (2x
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CH), 120.08 (2 CH), 122.12* (2x CH), 127.49 (% CH), 127.78* (2x CH), 128.20* (2
x CH), 128.47* (CH), 128.66 (2 CH), 137.91 (C), 137.99* (C), 143.74* (C), 144(%)),
155.69* (C), 156.00 (C), 168.29 (C), 169.20* (Cy,2140 (C), 173.80* (C)IR v 3020,
2951, 2834, 11735, 1630, 1503, 1439, 1287, 1241 tns (Cl/isobutane)m/z (%) 298
[(M+H)", 100];HRMS (Cl/isobutane) 298.1441 (§,0NOs; requires 298.1443).

(E)-4-Methoxy-N-(1"-phenylhex-5’-en-1"-ylidene)aniline, (476n), GgH»1NO, FW =
279.41

476n yellow oil; *H NMR (400 MHz, CDC4, a mixture of E/Z) isomers in ratio ca 10:1,
only the major one is given) 1.44-1.52 (m, 2H), 1.86-1.92 (m, 2H), 2.56-2.6Q @Hl),
3.73 (s, 3H), 4.81-4.65 (m, 2H), 5.57 (ddt 17.7, 9.6, 6.6 Hz, 1H), 6.63-6.67 (m, 2H),
6.80-6.84 (m, 2H), 7.33-7.37 (m, 3H), 7.79-7.81 2H); *C NMR & 26.73 (CH), 29.54
(CHy), 33.65 (CH), 55.50 (CH), 114.28 (2x CH), 115.36 (CH), 120.33 (2x CH), 127.52
(2x CH), 128.61 (% CH), 130.25 (CH), 137.64 (CH), 138.66 (C), 1448, 155.79 (C),
158.47 (C), 170.27 (C)R v 3018, 2936, 1627, 1503, 1242, 1216'cmMIS (Cl/isobutane)
m/z(%) 280 [(M+HY)', 20], 228 (100), 212 (31), 206 (30), 175 (70), (24).

(E)-N-[1’-(3"-Chlorophenyl)hex-5’-en-1"-ylidene]-4-methoxyaniline (4760),
ClgHzoNOCL FW = 313.85

476a yellow oil; *H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca. 10:1,
only the major one is giverd) 1.42-1.50 (m, 2H), 1.86-1.91 (m, 2H), 2.54-2.58 @Hl),
3.73 (s, 3H), 4.81-4.87 (m, 2H), 5.57 (ddt 17.7, 9.6, 6.6 Hz, 1H), 6.61-6.65 (m, 2H),
6.80-6.84 (m, 2H), 7.27 (§,= 7.7 Hz, 1H), 7.33 (dddl = 7.9, 2.0, 1.3 Hz, 1H), 7.64 (ddd,
J=17.6, 1.5, 1.3 Hz, 1H), 7.82 (dd= 1.8, 1.7 Hz, 1H)}*C NMR & 25.56 (CH), 27.11
(CHy), 33.54 (CH), 55.50 (CH), 114.32 (2 CH), 115.56 (Ch), 120.23 (2¢x CH), 125.63
(CH), 127.72 (CH), 129.72 (CH), 130.20 (CH), 134@&9, 137.43 (CH), 140.49 (C),
144.26 (C), 156.00 (C), 168.95 (AR v 3072, 2933, 1628, 1567, 1503, 1292, 1242, 1208
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cm’; MS (Cl/isobutanen/z (%) 316 [(M+H), 38], 314 [(M+H)*, 100], 259 (12)HRMS
(Cllisobutane) 316.1287 (6H.:NO*'Cl requires 316.1289), 314.1315 1§8,,NO*Cl
requires 314.1312).

(E)-4-Methoxy-N-[1-(3"-methoxyphenyl)hex-5’-en-1"-ylidene]aniline (476p),
C20H23N02, FW = 309.44

476p: yellow oil; *"H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca. 7:1,
the minor one is marked %) 1.54-1.62 (m, 2H), 1.72-1.82* (m, 0.30H), 1.9522(tn, 2H),
1.15-1.21* (m, 0.30H), 2.66 (tg) = 8.1, 5.3 Hz, 2H), 2.75-2.79* (m, 0.30H), 3.64* (s
0.45H), 3.70* (s, 0.45H), 3.82 (s. 3H), 3.86 (s,)3K#90-4.96 (m, 2H), 4.98* (ddg =
10.2, 2.2, 1.1 Hz, 0.15H), 5.04* (ddt,= 17.1, 3.6, 1.6 Hz, 0.15H), 5.67 (ddt= 17.8,
11.3, 6.7 Hz, 1H), 5.83* (dd§,= 17.1, 10.2, 6.8 Hz, 0.15H), 6.57-6.61* (m, 0.456155-
6.69* (m, 0.45H), 6.72-6.77 (m, 2.15H), 6.89-6.48 @H), 7.01 (ddd) = 8.2, 2.6, 1.0 Hz,
1H), 7.14* (dd,J = 8.0, 7.9 Hz, 1H), 7.34 (dd,= 8.1, 7.8 Hz, 1H), 7.43 (ddd= 7.7, 1.6,
1.1 Hz, 1H), 7.50 (dd] = 2.6, 1.6 Hz, 1H)**C NMR & 25.72* (CH), 27.32 (CH), 29.65
(CHp), 33.41* (CH), 33.65 (CH), 40.78* (CH), 55.14* (CH), 55.29* (CH), 55.39
(CHg), 55.48 (CH), 112.38 (CH), 113.48* (CH), 113.80* ¢CH), 113.89* (CH), 114.29
(2 x CH), 115.03* (CH), 115.36 (CH), 116.43 (CH), 120.02 (CH), 120.23* (CH), 120.28
(2 x CH), 122.08* (2x CH), 129.25* (CH), 129.40 (CH), 137.62 (CH), 13B:3CH),
139.32* (C), 140.13 (C), 144.06* (C), 144.71 (Cy5166* (C), 155.81 (C), 159.16* (C),
159.81 (C), 170.04 (C), 171.69* (CIR v 3074, 2936, 2834, 1627, 1579, 1503, 1463,
1285, 1241, 1208 ¢ MS (EI) m/z(%) 309 (M™, 77), 268 (27), 256 (43), 255 (100), 254
(92), 240 (90), 197 (38), 134 (80), 122 (92), 92)(HRMS (EI) 309.1728 (GH23NO-
requires 309.1729).
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(E)-4-Methoxy-N-[1'-(3"-methoxyphenyl)pent-4’-en-1'-ylidene]aniline (476q),
C19H21N02, FW = 29541

476q yellow oil; *"H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca. 6:1,
the minor one is marked %) 2.11-2.17 (m, 2H), 2.31-2.37* (m, 0.28 H), 2.66&(m,
2H), 2.75-2.78* (m, 0.28H), 3.56* (s, 0.42H), 3.6&* 0.42H), 3.73 (s, 3H), 3.73 (s, 3H),
4.82 (dddJ = 7.3, 3.0, 1.5, 1H), 4.86 (dd,= 1.3, 1.2, 1H), 4.91-4.98* (m, 0.28H), 5.55
(ddt, J = 17.5, 10.9, 6.6, 1H), 5.84* (dd§,= 17.1, 10.3, 6.6, 0.14H), 6.48-6.52* (m,
0.42H), 5.56-6.60* (m, 0.42H), 6.63-6.67 (m, 2HB®6.84 (m, 2H), 6.92 (ddd,= 8.1,
2.6, 1.0, 1H), 7.06* (t) = 7.9, 0.14H), 7.27 (1) = 7.9, 1H), 7.34 (ddd) = 7.7, 1.4, 1.1,
1H), 7.40 (ddJ = 2.4, 1.6, 1H);*C NMR & 29.507 (CH), 30.59* (CH), 32.02 (CH),
40.50* (CHy), 55.17* (CH), 55.33* (CH), 55.43 (CH), 55.49 (CH), 112.38 (CH),
113.46* (CH), 113.80* (% CH), 113.97* (CH), 114.29 (& CH), 115.18* (CH), 115.39
(CHy), 116.48 (CH), 120.01 (CH), 120.29 gCH), 122.08* (2x CH), 129.27* (CH),
129.44 (CH), 136.85 (CH), 137.67* (CH), 139.21* (@140.03 (C), 143.97* (C), 144.57
(C), 155.68* (C), 155.84 (C), 159.15* (C), 159.83),(169.47 (C), 171.00* (C}R v
3000, 2954, 2834, 1628, 1579, 1502, 1464, 1285),12208 crit; MS (El) m/z (%) 295
(M'*, 61), 294 (57), 280 (38), 240 (100), 197 (16), 178), 135 (28), 123 (41), 92 (30);
HRMS (EI) 295.1570 (gH21NO; requires 295.1572).

(E)-4-Methoxy-N-[(E)-3’-methyl-4’-phenylbut-3’-en-2’-ylidene]aniline (476s),
ClnggNO, FW = 265.38

476s yellow crystalsmp 72-73 °CH NMR (400 MHz, CDC}) § 2.12 (s, 3H), 2.22 (d]
= 1.2 Hz, 3H), 3.81 (s, 3H), 6.67-6.71 (m, 2H),BB91 (m, 2H), 7.21 (¢J = 1.1 Hz,
1H), 7.28-7.33 (m, 1H), 7.40-7.42 (m, 4HJC NMR § 14.66 (CH), 16.40 (CH), 55.49
(CHs), 114.19 (2 CH), 120.56 (2 CH), 127.36 (CH), 128.25 (2 CH), 129.46 (2 CH),
133.75 (CH), 137.42 (C), 139.43 (C), 145.22 (CH5.80 (C), 167.91 (C)}R v 3015,
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2959, 2836, 1664, 1606, 1503, 1442, 1243, 1218;dv5 (Cl/isobutane)m/z (%) 266
[(M+H)", 45], 89 (100)HRMS (Cl/isobutane) 266.1542 (g§,0NO requires 266.1545).

(E)-N-[1’-(Ferrocen-1"-yl)ethylidene]-4-methoxyaniline (476t), GgH1oNOFe, FW =
333.24

476t orange oil;'H NMR (400 MHz, CDC}) § 2.10 (s, 3H), 3.81 (s, 3H), 4.21 (s, 5H),
4.41 (t,J=1.9 Hz, 2H), 4.79 (I = 1.9 Hz, 2H), 6.69-6.73 (m, 2H), 6.86-6.90 (M, 2Nd
further data provided as the imine was obtaineg onk mixture with the corresponding

ketone.

(E,E)-N-(1",3’-Diphenylallylidene)-4-methoxyaniline (476u) C,;H10NO, FW = 313.42

476u yellow oil; *"H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ca. 3:1 ratio,
the minor one is marked %) 3.63* (s, 3H), 3.76 (s, 3H), 6.56-6.60* (m, 1.4K8)72* (d,J

= 16.4 Hz, 0.4H), 6.81-6.88 (m, 6.2H), 7.05-7.0i@t, 0.8H), 7.18* (dJ = 5.2 Hz, 0.4H),
7.20-7.28 (both isomers, m, 7.5H), 7.36-7.43 (hstimers, m, 3.9H), 7.63-7.66 (m, 2H);
13C NMR § 55.29* (CH;), 55.51 (CH), 113.65* (2x CH), 114.08 (2 x CH), 122.32 (CH),
122.55 (2x CH), 122.90* (2 x CH), 127.49 (2 x CH), 127.51* X2CH), 128.26* (2x
CH), 128.37 (2x CH), 128.41* (CH), 128.82* (X CH), 128.85 (2x CH), 129.05 (CH),
129.18* (CH), 129.36* (% CH), 129.44 (2x CH), 129.84 (CH), 132.05* (CH), 135.84
(C), 135.87* (C), 135.94* (C), 139.71 (C), 140.7€EH), 141.14 (CH), 143.64* (C),
144.19 (C), 156.04* (C), 156.57 (C), 167.09 (C)888* (C); IR v 3019, 2962, 2836,
2399, 1603, 1502, 1288 ¢mMS (El) m/z (%) 313 (M*, 100), 312 (95), 298 (13), 236
(12), 210 (12), 191 (44HRMS (EI) 313.1464 (GH1NO requires 313.1467).
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(E)-N-(1",3-Diphenylprop-1'-ylidene)-4-methoxyaniline @76v), G:H,NO, FW =
315.44

476v. yellow crystals;mp 60-61 °C (hexane}H NMR (400 MHz, CDC}, a mixture of
(E/Z) isomers in ratio ca. 10:1, only the major ongii®n)é 2.68-2.72 (m, 2H), 2.87-2.91
(m, 2H), 3.73 (s, 3H), 6.45-4.48 (m, 2H), 6.75-6(9 2H), 6.88-6.90 (m, 1H), 7.10-7.17
(m, 4H), 7.37-7.41, (m, 3H), 7.84-7.87 (m, 2} NMR & 32.07 (CH), 33.98 (CH),
55.53 (CH), 114.23 (2x CH), 120.13 (2 CH), 126.32 (CH), 127.61 (2 CH), 128.29 (2

x CH), 128.52 (2x CH), 128.60 (2x CH), 128.65 (2x CH), 130.38 (CH), 138.52 (C),
140.65 (C), 144.61 (C), 155.79 (C), 169.37 (®);v 3027, 2946, 1629, 1502, 1454, 1241,
1208 cni; MS (El) m/z (%) 315 (M*, 100), 314 (37), 238 (24), 219 (84), 180 (16), 167
(14), 121 (25), 91 (47HRMS (EI) 315.1624 (@H2:NO requires 315.1623).

(E)-N-{1’-[3"-( tert-Butyldimethylsilyloxy)phenyl]ethylidene}-4-methoxyaniline
(476W),021H29N053i, FW = 355.60

} TBDMSOO)K
L 476w

476w yellow oil; '"H NMR (400 MHz, CDC}) § 0.23 (s 6H), 1.00 (s, 9H), 2.22 (s, 3H),
3.82 (s, 3H), 6.73-6.77 (m, 2H), 6.89-6.93 (m, 26{R3 (ddd,J = 8.1, 2.5, 0.9 Hz, 1H),
7.29 (dd,J = 8.0, 7.9 Hz, 1H), 7.44 (dd,= 2.0, 1.9 Hz, 1H), 7.55 (ddd,= 7.8, 1.6, 1.0
Hz, 1H);3C NMR & —4.34 (2x CHs), 17.43 (CH), 18.23 (C), 25.73 (¥ CHs), 55.49
(CHg), 114.22 (2¢ CH), 118.83 (CH), 120.24 (CH), 120.74XZH), 121.94 (CH), 129.23
(CH), 141.35 (C), 144.84 (C), 155.74 (C), 155.9}, (G5.44 (C)IR v 2955, 2930, 2858,
1631, 1580, 1503, 1434, 1352, 1285, 1241:ckS (Cllisobutane)n/z (%) 356 [(M+HY,
100], 298 (5), 186 (8}4RMS (Cl/isobutane) 356.2043 §@H3NO,Si requires 356.2046).
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6.4.Amines

General Procedure for Racemic Reduction of Imines:

Method A: Sodium borohydride (46 mg, 1.20 mmol, 4 equiv)sveaded to a cooled
solution (0 °C) of the imine (0.300 mmol, 1 equeee Table 6.9) in anhydrous methanol (3
mL) under an argon atmosphere. The reaction mixwes let to warm to room
temperature and to stir for 16 h. Then the mixiues concentratesh vacuq the residue
was dissolved in ethyl acetate (5 mL) and washdl water (10 mL). The aqueous layer
was extracted with ethyl acetate (2 x 5 mL); thenbimed organic layers were washed
with brine (5 mL) dried over anhydrous 5, and evaporated. The residue was purified
by flash chromatography on a silica gel column (25) with a petroleum ether — ethyl

acetate mixture (Table 6.9).

Method B (marked *): Trichlorosilane (60 pL, 0.600 mmol, @ué&v) was added dropwise
to a cooled solution (0 °C) of the imine (0.300 mymb equiv, see Table 6.9),
dimethylformamide (21.9 mg, 23 pL, 0.300 mmol, Ligyin anhydrous toluene (3 mL)
under an argon atmosphere. The reaction mixturdetvas stir at room temperature for 24
h. Then the reaction mixture was diluted with ethgketate (5 mL), quenched with a
saturated NaHC®solution (20 mL) and the layers were separateé. dqueous layer was
extracted with ethyl acetate (2 x 5 mL) and washk#ld water (2 x 15 mL), brine (5 mL),
dried over anhydrous MgSOand evaporated. The residue was purified by flash
chromatography on a silica gel column (25 mL) watlpetroleum ether — ethyl acetate

mixture (Table 6.9, marked *, racemates only inl&&10).

Table 6.9.Racemic reduction of Imines

Imine PE —EA Amine

475a(67 mg) 80:20 488a(50 mg, 0.219 mmol, 73 %)
475b (67 mg) 60:40 488b (47 mg, 0.206 mmol, 69 %)
475¢(88 mg) 95:5 488¢(50 mg, 0.160 mmol, 53 %)
475z(110 mg)* Cryst., 50:50 488z(60 mg, 0.178 mmol, 59 %)

(EA:MeOH)

475d(70 mg) 90:10 488d(38 mg, 0.162 mmol, 54 %)
475e(734 mg) 95:5 488¢e(47 mg, 0.189 mmol, 63 %)
475f(82 mg) 95:5 488f(78 mg, 0.283 mmol, 94 %)
475¢g(87 mg) 97:3 488g(44 mg, 0.152 mmol, 50 %)
475h (91 mg) 95:5- 90:10 488h (42 mg, 0.137 mmol, 46 %)
4751 (69 mg) 95:5 488i (56 mg, 0.240 mmol, 80 %)
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Table 6.9. — Cont.Racemic reduction of Imines

Imine PE —EA Amine

475j (65 mg) 95:5 488j (42 mg, 0.193 mmol, 64 %)
475k (69 mg) 93:7 488k (65 mg, 0.281 mmol, 94 %)
4751 (86 mg) 95:5 4881 (61 mg, 0.211 mmol, 70 %)
475m(90 mg) 90:10 488m (63 mg, 0.218 mmol, 73 %)
475n(73 mg) 95:5 488n(53 mg, 0.216 mmol, 72 %)
4750(63 mg) 95:5 4880(45 mg, 0.214 mmol, 71 %)
475p (78 mg) 97:3 488p (56 mg, 0.228 mmol, 76 %)
475q(80 mg) 937 488q(74 mg, 0.277 mmol, 92 %)
475r (80 mg) 96:4 488r (65 mg, 0.243 mmol, 81 %)
475s(84 mq) 95:5 488s(83 mg, 0.296 mmol, 99 %)
475t(84 mg) 80:20 488t(75 mg, 0.271 mmol, 90 %)
476a(72 mg) 98:2 492a(64 mg, 0.265 mmol, 88 %)
476b(76 mg) 98:2 492b(74 mg, 0.290 mmol, 96 %)
476¢(75 mg) 95:5 492¢(74 mg, 0.292 mmol, 97 %)
476d(80 mg) 95:5 492d(67 mg, 0.251 mmol, 84 %)
476e(88 mg) 98:2 492¢e(87 mg, 0.295 mmol, 98 %)
476f(80 mg) 98:2 492f(58 mg, 0.215 mmol, 72 %)
4761 (62 mg) 98:2 492i (60 mg, 0.289 mmol, 96 %)
476j (116 mg) 96:4 492j (79 mg, 0.204 mmol, 68 %)
476k (75 mg) 95:5 492k (53 mg, 0.209 mmol, 70 %)
4761 (73 mg) 97:3 492](68 mg, 0.277 mmol, 92 %)
476m(594 mg) * 93:7 492m (201 mg, 0.872 mmol, 44 %)
262(67 mg) 85:15 264 (49 mg, 0.218 mmol, 73 %)
257(86 mg) * 90:10 260(76 mg, 0.262 mmol, 87 %)
476n(94 mg) 97:3 492n(23 mg, 0.080 mmol, 27 %)
4760(94 mg) 98:2 4920(34 mg, 0.108 mmol, 36 %)
476p(93 mg) 95:5 492p(69 mg, 0.222 mmol, 74 %)
476q(89 mg) 95:5 4927(88 mg, 0.299 mmol, 99 %)
476s(80 mg) 97:3 492s(40 mg, 0.150 mmol, 50 %)
476t(100 mg) 95:5 492t(71 mg, 0.209 mmol, 70 %)
476u(94 mg) - no reaction

476v(93 mg) 95:5 492v(82 mg, 0.258 mmol, 86 %)
476w (107 mg) 100:0 492w (90 mg, 0.244 mmol, 81 %)

Table 6.10.Attempts ofEnantioselective Reduction of Imines

Imine / Additives Amine

475t(56 mg) 1. AcOH (12 uL)  no reaction
2.40°C

4761 (49 mg) no reaction

476t(67 mg) no reaction

476u(63 mg) 1. AcOH (12 uL)  no reaction
2.50°C

General Procedure for Enantioselective Reduction dmines:

Trichlorosilane (40 pL, 0.400 mmol, 2 equiv) wasled dropwise to @, :
cooled solution (0 °C) of the imine (0.200 mmoleduiv, see TabIe% ‘
6.11) catalystcat* (3.46 mg, 0.010 mmol, 5 mol %) and a possible
additive (0.2 mmol, 1 equiv, see Table 6.11) inyalmbus toluene (2% N<
mL) under an argon atmosphere. The reaction mixta® let to stir at e Q@ :
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room temperature (unless otherwise stated) for.2zhln the reaction mixture was diluted
with ethyl acetate (5 mL), quenched with a satutdi@HCQ solution (20 mL) and the
layers were separated. The aqueous layer was edradath ethyl acetate (2 x 5 mL) and
washed with water (2 x 15 mL), brine (5 mL), driesder anhydrous MgSQand
evaporated. The residue was purified by flash clatography on a silica gel column (20

mL) with a petroleum ether — ethyl acetate mixi{irable 6.11).

Table 6.11.Enantioselective reduction of Imines

Imine / Additives PE —EA Amine
475a(45 mg) / AcOH (12 uL) 85:15 488a(32 mg, 0.140 mmol, 70 %)
475b(45 mg) / AcOH (12 uL)  70:30 488b(33 mg, 0.145 mmol, 72 %)
475¢(59 mg) 95:5 488c¢(43 mg, 0.136 mmol, 68 %)
475z(74 mg) 50:50 (EA:MeOH) 488z(36 mg, 0.097 mmol, 49 %)
not pure, decomposition
475d(47 mg) 90:10 488d(39 mg, 0.166 mmol, 83 %)
475e(49 mg) 95:5 488¢e(15 mg, 0.060 mmol, 30 %)
465f(55 mg) 95:5 488f(39 mg, 0.142 mmol, 71 %)
4759g(58 mg) 97:3 488¢g(34 mg, 0.117 mmol, 58 %)
475h (61 mg) 95:5- 90:10 488h (56 mg, 0.183 mmol, 91 %)
475i (46 mq) 95:5 488i (36 mg, 0.154 mmol, 77 %)
475j(43 mqg) / - 95:5 488j (27 mg, 0.124 mmol, 62 %)
475j (43 mg) / -20 °C 488j (25 mg, 0.115 mmol, 57 %)
475k (46 mq) 93:7 488k (40 mg, 0.173 mmol, 86 %)
4751 (57 mg) / AcOH (12 pL) 95:5 488l (36 mg, 0.124 mmol, 62 %)
475m(61 mg) 93:7 488m (36 mg, 0.124 mmol, 62 %)
475n(47 mg) 95:5 488n(37 mg, 0.150 mmol, 75 %)
4750(43 mQ) 94.6 4880(26 mg, 0.120 mmol, 60 %)
475p(52 mg) 95:5 488p(44 mg, 0.180 mmol, 90 %)
475q(53 mg) 95:5 488((42 mg, 0.157 mmol, 79 %)
475r (53 mg) 97:3 488r (45 mg, 0.168 mmol, 84 %)
475t (56 mg) 95:5 488t(43 mg, 0.153 mmol, 77 %)
476a(48 mg) 98:2 492a(39 mg, 0.162 mmol, 81 %)
476b(51 mg) 98:2 492b(50 mg, 0.196 mmol, 98 %)
476¢(50 mg) 93:7 492¢(44 mg, 0.174 mmol, 87 %)
476d(53 mg) 93:7 492d(40 mg, 0.150 mmol, 75 %)
476e(59 mg) 98:2 492e(49 mg, 0.166 mmol, 83 %)
476f(54 mg) / - 99.5:0.5 492f(25 mg, 0.0366 mmol, 10 %)
476f(54 mg) / AcOH (12 uL) 492f(25 mg, 0.0930 mmol, 46 %)
476i(41 mg) / - 99.5:0.5 492i(10 mg, 0.125 mmol, 63 %)
476i(41 mg) / AcOH (12 uL) 492i (38 mg, 0.183 mmol, 92 %)
476j (77 mg) 97:3 492j (61 mg, 0.157 mmol, 79 %)
476k (50 mg) 95:5 492k (45 mg, 0.178 mmol, 89 %)
476m(60 mg) 93:7 492m (23 mg, 0.077 mmol, 38 %)
262(45 mg) 85:15 264(41 mg, 0.182 mmol, 91 %)
257(58 mg) 90:10 260(40 mg, 0.138 mmol, 69 %)
476n(56 mq) 95:5 492n(36 mg, 0.128 mmol, 64 %)
4760(63 mQ) 98:2 4920(39 mg, 0.124 mmol, 62 %)
476p(62 mQ) 95:5 492p(61 mg, 0.196 mmol, 98 %)
476q(59 mg) 95:5 492q(59 mg, 0.198 mmol, 99 %)
476s(53 mg) 97:3 492s(33 mg, 0.123 mmol, 62 %)
476v(63 mQ) 95:5 492v(60 mg, 0.189 mmol, 95 %)
476w (71 mg) 100:0 492w (53 mg, 0.143 mmol, 72 %)
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6.4.1. Amines with Heterocycles

N-(4-Methoxyphenyl)-N-[1'-(pyridin-2"-yl)ethyllamine (488a), C 14H16N20O, FW =
228.31

488a°*° yellowish oil;'H NMR (400 MHz, CDC}) & 1.44 (d,J = 6.7 Hz, 3H), 3.56 (br s,
1H), 3.60 (s, 3H), 4.46 (4l = 6.7 Hz, 1H), 6.42-6.46 (m, 2H), 6.64-6.68 (m, 2A04
(ddd,J = 7.4, 4.9, 1.1 Hz, 1H), 7.24 (br 3= 7.9 Hz, 1H), 7.50 (ddd} = 7.7, 7.7, 1.8 Hz,
1H), 8.48 (dddJ = 4.8, 1.6, 0.8 Hz, 1H)!*C NMR & 23.33 (CH), 55.72 (CH), 55.76
(CHs), 114.76 (2 x CH), 114.81 (2 x CH), 120.40 (CH)1D7 (CH), 136.85 (CH), 141.34
(C), 149.32 (CH), 152.02 (C), 164.21 (GJPLC analysis (Chiralcel OJ-H, hexane -
propan-2-ol (80:20), 0.75 mL/mity, = 56.477 min{, = 63.686 min) showed 7 % ee.

N-(4-Methoxyphenyl)-N-[1'-(pyridin-4”-yl)ethyllamine (488b), Ci1sH1N.O, FW =
228.31

488N yellowish oil;*H NMR (400 MHz, CDC}) & 1.49 (d,J = 6.8 Hz, 3H), 3.69 (s, 3H),
3.93 (br s, 1H), 4.38 (d} = 6.8 Hz, 1H), 6.39-6.43 (m, 2H), 6.67-6.71 (m, 2AHP9 (dd,J

= 4.6, 1.5 Hz, 1H), 8.53 (dd,= 4.5, 1.6 Hz, 1H)}*C NMR § 23.57 (CH), 52.44 (CH),
55.66 (CH), 113.42 (2 x CH), 113.74 (2 x CH), 120.18xZH), 139.79 (C), 149.07 (2
CH), 151.15 (C), 153.68 (C)R v 3424, 3015, 2969, 2834, 1600, 1512, 1237, 1218; cm
MS (EI) m/z (%) 228 (M*, 90), 213 (100), 150 (24), 122 (76), 106 (2ARMS (EI)
228.1265 (G4H16N20 requires 228.1263)HPLC analysis (Chiralcel OJ-H, hexane —
propan-2-ol (80:20), 0.75 mL/Mifyajor = 27.009 MiNfminor = 39.127 min) showed 21 %

ee.
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(-)-N-[1’-(2”,6"-Di- iso-propylpyridin-4’-yl)ethyl]- N-(4-methoxyphenyl)amine (488c),
ConngzO, FW =312.50

488c colourless oil{a]p —12.7 € 1.0, CHCH); *H NMR (400 MHz, CDC}) 6 1.26 (d,J =
7.0 Hz, 3H), 1.28 (d) = 7.0 Hz, 3H), 1.49 (d] = 6.9 Hz, 3H), 3.01 (sepd,= 6.9 Hz, 2H),
3.71 (s, 3H), 4.34 (g] = 6.7 Hz, 1H, 6.44-6.48 (m, 2H), 6.69-6.73 (m, 26196 (s, 2H);
13C NMR § 22.67 (2x CHs), 22.71 (2x CHs), 24.42 (CH), 36.30 (CH), 54.04 (CH),
55.66 (CH), 114.60 (2<x CH), 114.68 (2 CH), 114.73 (2 CH), 141.31 (C), 152.05 (C),
154.90 (C), 166.72 (2 C); IR v 3396, 2962, 2869, 1602, 1567, 1513, 1467, 123%;cm
MS (Cl/isobutane)m/z (%) 313 [(M+H), 100], 312 (20), 192 (10), 93 (40HRMS
(Cl/isobutane) 313.2282 {gH29N,O requires 313.2280HPLC analysis (Chiralpak IB,
hexane — propan-2-ol (99:1), 0.75 mL/MiGinor = 12.73 MiNtmajor = 17.31 min) showed
78 % ee.

N-(4-Methoxyphenyl)-N-[1'-(thiazol-2"-yl)ethyl]amine (488d), C1,H14N20S, FW =
234.34

488 yellowish oil;'"H NMR (400 MHz, CDC}) & 1.65 (d,J = 6.7 Hz, 3H), 3.71 (s, 3H),
3.97 (br s, 1H), 4.80 (¢,= 6.7 Hz, 1H), 6.55-6.59 (m, 2H), 6.72-6.76 (m, 2HPO0 (dJ =
3.3 Hz, 1H), 7.72 (dJ = 3.3 Hz, 1H);®*C NMR § 23.57 (CH), 53.31 (CH), 55.68 (C#),
114.82 (CH), 114.96 (CH), 118.71 (CH), 140.62 (@2.64 (CH), 152.73 (C), 177.68 (C);
IR v 3419, 3018, 2834, 1512, 1237, 1216 ¢S (EI) m/z(%) 234 (M", 100), 219 (78),
150 (58), 134 (34), 122 (80), 112 (77), 108 (428, ®2); HRMS (El) 234.0824
(C12H14N20S requires 234.08273PLC analysis (Chiralpak IB, hexane — propan-2-ol
(93:7), 0.75 mL/mint; = 16.48 min{, = 19.17 min) showed 13% ee.
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(+)-N-(4-Methoxyphenyl)-N-[1’-(4"-methylthiazol-2"-yl)ethyl]Jamine (488e),
C13H15N208, FW = 248.37

488e colourless oil{a]p +24 € 1.0, CHC}); *H NMR (400 MHz, CDC}) 6 1.63 (d,J =
6.7 Hz, 3H), 2.44 (s, 3H), 2.50 (s, 3H), 3.71 (4),34.74 (gJ = 6.7 Hz, 1H), 6.56-6.60 (m,
2H), 6.72-6.75 (m, 2H), 6.76 (s, 1HC NMR § 17.18 (CH), 23.93 (CH), 53.41 (CH),
55.68 (CH), 113.08 (CH), 114.79 (2 CH), 115.08 (2x CH), 140.43 (C), 152.63 (C),
152.79 (C), 176.78 (C)R (ATR)v 3391, 2923, 2831, 1506, 1441, 1312, 1291, 123% cm
MS (El) m/z (%) 248 (M*, 100), 233 (64), 150 (25), 126 (75), 123 (40), 120), 100
(30); HRMS (EI) 248.0982 (@3H16N2OS requires 248.09830PLC analysis (Chiralpak
IB, hexane — propan-2-ol (97:3), 0.75 mL/MiRinor = 18.63 min,tmajor = 21.18 min)

showed 31 % ee.

(+)-N-(4-Methoxyphenyl)-N-[1’-(4"- iso-propylthiazol-2"-yl)ethyl]amine (488f),
Ci13H23NO, FW = 276.43

488f yellow oil; [a]D +17.6 € 1.0, CHC}); *H NMR (400 MHz, CDC})  1.31 (dd,J =
6.9, 1.7 Hz, 6H), 1.63 (d, = 6.7 Hz, 3H), 3.09 (sept d,= 6.9, 0.9 Hz, 1H), 3.71 (s, 3H),
3.97 (brs, 1H), 4.74 (d,= 6.7 Hz, 1H), 6.56-6.60 (m, 2H), 6.72 (&= 0.9 Hz, 1H), 6.72-
6.76 (m, 2H),);"*C NMR § 22.21 (CH), 22.31 (CH), 23.72 (CH), 30.91 (CH), 53.27
(CH), 55.57 (CH), 110.29 (CH), 114.65 (& CH), 114.76 (2x CH), 140.70 (C), 152.46
(C), 163.65 (C), 176.73 (C)R v 3385, 2963, 2929, 2869, 2831, 1512, 1462, 13147 123
cm’; MS (El) m/z (%) 276 (M*, 85), 261 (60), 154 (100), 150 (30), 123 (55), 122),
108 (22); HRMS (EI) 276.1293 (@H20N.OS requires 276.1296)HPLC analysis
(Chiralpak 1B, hexane — propan-2-ol (99:1), 0.75/miln, tyinor = 15.28 Min fmajor = 18.92
min) showed 34 % ee.
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(+)-N-[1-(4"- t-Butylthiazol-2"-yl)ethyl]- N-(4-methoxyphenyl)amine (4880q),
C15H22N208, FW = 290.46

488g white crystalline solidmp 69-70 °Cfa]p +31 € 1.0, CHC}); *H NMR (400 MHz,
CDCl) 6 1.34 (s, 9H), 1.64 (d] = 6.7 Hz, 3H), 3.72 (s, 3H), 4.76 (= 6.7 Hz, 1H),
6.59-6.63 (M, 2H), 6.72-6.75 (m, 2H), 6.76 (s, 1HE NMR & 23.58 (CH), 29.99 (3x
CHs), 34.78 (C), 53.57 (CH), 55.68 (GH 109.76 (CH), 114.76 (& CH), 115.31 (2x
CH), 140.43 (C), 152.83 (C), 166.56 (C), 175.79 (R)(ATR) v 3285, 3104, 2959, 2899,
1507, 1313, 1238 ch MS (El) m/z(%) 290 (M*, 100), 275 (70), 168 (90), 150 (30), 123
(55), 122 (30);HRMS (EI) 290.1452 (@H22N20OS requires 290.1453HPLC analysis
(Chiralpak 1B, hexane — propan-2-ol (99:1), 0.75/miln, tminor = 12.63 MiNfmajor = 16.41

min) showed 41 % ee.

N-(4-Methoxyphenyl)-N-[1'-(4"-trimethylsilylthiazol-2"-yl)ethyllamine (4 88h),
C15H22NzoSSi, FW = 306.54

488h yellowish crystalsmp 95-97 °C (hexane)*H NMR (400 MHz, CDC}) & 0.29 (s,
9H), 1.64 (dJ = 6.7 Hz, 3H), 3.72 (s, 3H), 3.99 (br s, 1H), 4(82J = 6.5 Hz, 1H), 6.57-
6.61 (m, 2H), 6.73-6.77 (m, 2H), 7.72 (s, 1 NMR & —0.30 (3% CH), 23.44 (CH),
52.97 (CH), 55.40 (Ck), 114.53 (2x CH), 114.59 (2x CH), 132.03 (C), 140.52 (C),
148.10 (CH), 152.33 (C), 181.61 (AR v 3417, 3018, 2959, 2834, 1512, 1250, 1235,
1216 cni; MS (El) m/z (%) 306 (M*, 100), 291 (55), 184 (95), 150 (30), 123 (33), 85
(52), 83 (80);HRMS (EI) 306.1221 (@H2:N,OSSi requires 306.1222HPLC analysis
(Chiralpak IB, hexane — propan-2-ol (98:2), 0.75/min, tminor = 13.865 Min,tmajor =
16.935 min) showed 6 % ee.
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(—)-N-(4-Methoxyphenyl)N-[1’-(thiophen-2"-yl)ethyl]Jamine (488i), C13H1sNOS, FW =
233.35

488t yellow oil; [a]p —9.0 € 1.0, CHC}); *H NMR (400 MHz, CDC}) & 1.61 (d,J = 6.6
Hz, 3H), 3.73 (s, 3H), 4.74 (4,= 6.6 Hz, 1H), 6.58-6.62 (m, 2H), 6.74-6.78 (m, 261p4
(dd,J = 4.9, 3.5 Hz, 1H), 6.97 (ddd,= 3.5, 1.2, 0.9 Hz, 1H), 7.14 (dd= 4.9, 1.4 Hz,
1H); **C NMR & 24.81 (CH), 50.54 (CH), 55.74 (CH), 114.79 (2 x CH), 115.09 (2 x
CH), 122.95 (CH), 123.63 (CH), 126.75 (CH), 141(9, 150.62 (C), 152.39 (C)R v
3417, 3017, 2835, 1510, 1239, 1216ciS (EI) m/z (%) 233 (M*, 50), 123 (44), 111
(100); HRMS (EI) 233.0869 (gH1sNOS requires 233.0874HPLC analysis (Chiralcel
OD-H, hexane — propan-2-ol (99:1), 0.70 mL/Mifnor = 27.44 mMiN tmajor = 30.94 min)
showed 89% ee.

(=)N-[2’-(Furan-2"-yl)ethyl]- N-(4-methoxyphenyl)amine (488j), GsH1sNO,, FW =
217.28

488j:****"colourless oil{a]po —48 € 1.0, CHCE); *H NMR (400 MHz, CDC}) § 1.54 (d,
J=6.7 Hz, 3H), 3.53 (br s, 1H), 3.74 (s, 3H), 4(§6J = 6.7 Hz, 1H), 6.14 (br d = 3.2
Hz, 1H), 6.28 (ddJ = 3.2, 1.8 Hz, 1H), 6.59-6.63 (m, 2H), 6.74-6.78 @Hl), 7.34 (dd)

= 1.8, 0.8 Hz, 1H)*C NMR & 20.92 (CH), 48.48 (CH), 55.72 (C#), 105.12 (CH),
110.08 (CH), 114.78 (% CH), 115.30 (2x CH), 141.04 (C), 141.42 (CH), 157.44 (C);
HPLC analysis (Chiralcel OJ-H, hexane — propan-2-ol:30Q) 0.70 mL/min,tmajor =
42.237 min,tminor = 52.590 min) or (Chiralpak IB, hexane — propaat299:1), 0.75
mL/min, tminor = 14.719 Min tmajor = 15.203 min) showed 56/62% ee (amhat room
temperature /- 20 °C respectively), fﬁ'P. gives Chiralpak OJ, hexane — propan-2-ol
(80:20), 1.0 mL/Minty-minor = 12.6 MiN t+)-major= 16.2 min].
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(—)-N-(4-Methoxyphenyl)N-[1’-(5"-methylfuran-2"-yl)ethyllamine (488Kk),
C14H17N02, FW =231.32

488k colourless oil{a]p —44 € 1.0, CHC}); *H NMR (400 MHz, CDC}) 6 1.51 (d,J =
6.7 Hz, 3H), 2.27 (dJ = 0.9 Hz, 3H), 3.61 (br s, 1H), 3.74 (s, 3H), 4(§0J = 6.7 Hz,
1H), 5.86 (dgJ = 3.0, 1.0 Hz, 1H), 6.02 (d4,= 3.0, 0.4 Hz, 1H), 6.60-6.64 (m, 2H), 6.75-
6.79 (m, 2H);*C NMR § 13.64 (CH), 20.96 (CH), 48.38 (CH), 55.74 (Ch), 105.83
(CH), 105.92 (CH), 114.75 (CH), 115.21 (2 CH), 141.30 (C), 151.02 (C), 152.33 (C),
155.56 (C);IR v 3407, 3006, 2931, 1512, 1235 ¢nMS (EI) m/z(%) 231 (M*, 34), 216
(8), 123 (45), 109 (100RMS (EI) 231.1259 (GH;/NO, requires 231.1260HPLC
analysis (Chiralpak IB, hexane — propan-2-ol (990175 mL/min tminor = 12.27 MiNfmajor
=13.07 min) showed 45 % ee.

(=)-N-(4-Methoxyphenyl)N-[1’-(5"-trimethylsilylfuran-2"-yl)ethyllamine (488 1),
C16H23N02Si, FW = 289.58

488l colourless oil{a]p —39 € 1.0, CHCH); *H NMR (400 MHz, CDCJ) § 0.24 (s, 9H),
1.54 (d,J = 6.7 Hz, 3H), 3.62 (br s, 1H), 3.74 (s, 3H), 4(§8J = 6.7 Hz, 1H), 6.10 (dd]

= 3.1, 0.7 Hz, 1H), 6.50 (d, = 3.1 Hz, 1H), 6.59-6.63 (m, 2H), 6.74-6.78 (m, 2K

NMR & —1.59 (3x CHs), 20.99 (CH), 48.60 (CH), 55.69 (C#), 104.88 (CH), 114.68 (2

CH), 115.21 (2 CH), 120.15 (CH), 141.26 (C), 152.30 (C), 159.00), (161.86 (C)iR v

3396, 2957, 2900, 2831, 1512, 1464, 1294, 118%; 6AS (El) m/z(%) 289 (M*, 21), 167
(70), 123 (15), 86 (50), 85 (95), 84 (80), 83 (TAIRMS (EI) 289.1495 (GeH23NO,SI

requires 289.1498)HPLC analysis (Chiralpak IB, hexane — propan-2-ol (%9475
mL/min, tminor = 9.06 MiNtmajor = 9.73 min) showed 63 % ee.
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(—-)-Ethyl 5-[1’-(4”-methoxyphenylamino)ethyl]furan- 2-yl-carboxylate (488m),
C15H19NO4, FW = 289.36

488m colourless oilja]p =35 € 1.0, CHC}); *H NMR (400 MHz, CDC}) & 1.36 (t,J =
7.1 Hz, 3H), 1.57 (d) = 6.8 Hz, 3H), 3.71 (br s, 1H), 3.72 (s, 3H), 4(84J = 7.1 Hz,
2H), 4.68 (gqJ = 6.7 Hz, 1H), 6.23 (dd] = 3.4, 0.5 Hz, 1H), 6.53-6.57 (m, 2H), 6.72-6.76
(m, 2H), 7.05 (dJ = 3.4 Hz, 1H);"*C NMR § 14.42 (CH), 21.30 (CH), 48.63 (CH),
55.70 (CH), 60.85 (CH), 107.50 (CH), 114.78 (2 CH), 115.01 (2 CH), 118.79 (CH),
140.65 (C), 143.68 (C), 152.53 (C), 158.89 (C),.464C);IR v 3384, 2981, 1714, 1512,
1299, 1235, 1137 cm MS (El) m/z(%) 289 (M*, 85), 274 (32), 216 (36), 167 (100), 139
(67), 123 (82), 122 (45), 118 (28), 93 (32), 86)(324 (51);HRMS (El) 289.1315
(C16H19NO4 requires 289.1314)HPLC analysis (Chiralpak 1B, hexane — propan-2-ol
(99:1), 0.75 mL/mintmajor = 50.21 MiNtminer = 55.85 min) showed 70 % ee.

(=)-N-[1’-(Furan-2"-yl)-2’-methylprop-1'-yl]- N-4-methoxyphenylamine (488n),
C15H19N02, FW = 245.35

s HN\C s
© 488n OMe'

488n colourless oila]p —97 € 1.0, CHC}); 'H NMR (400 MHz, CDC}) § 0.94 (d,J =
6.8 Hz, 3H), 1.03 (d) = 6.8 Hz, 3H), 2.16 (octl = 6.7 Hz, 1H), 3.72 (s, 3H), 4.16 (@7
6.1 Hz, 1H), 6.12 (dJ = 3.2 Hz, 1H), 6.27 (dd] = 3.2, 1.8 Hz, 1H), 6.55-6.59 (m, 2H),
6.72-6.76 (m, 2H), 7.33 (dd,= 1.8, 0.8 Hz, 1H)*C NMR § 19.07 (CH), 19.12 (CH),
32.88 (CH), 55.75 (C§), 58.94 (CH), 106.67 (CH), 109.99 (CH), 114.7%(2H), 114.88
(2 x CH), 141.25 (CH), 141.78 (C), 152.19 (C), 155.C3; (R v 3398, 2959, 2831, 1513,
1464, 1233 cm; MS (El) m/z(%) 245 (M, 20), 203 (20), 202 (100), 134 (10), 123 (25);
HRMS (EI) 245.1415 (@H1o0NO, requires 245.1416}PLC analysis (Chiralcel OJ-H,
hexane — propan-2-ol (90:10), 0.75 mL/miifkjor = 25.14 MiNtminor = 28.60 min) showed
85 % ee.

189



(=)-N-[1’-(Furan-3"-yl)ethyl]- N-(4-methoxyphenyl)amine (4880), @H1sNO,, FW =
217.29

o s
o HNOOMB .

| 4880
488a colourless oilja]p =17 € 1.0, CHCY); *H NMR (400 MHz, CDC}) 6 1.48 (d,J
6.6 Hz, 3H), 3.48 (br s, 1H), 3.74 (s, 3H), 4.45J¢ 6.6 Hz, 1H), 6.37 (d) = 0.8 Hz,
1H), 6.57-6.61 (m, 2H), 6.75-6.79 (m, 2H), 7.33Jd; 0.6 Hz, 1H), 7.33 (t) = 1.6 Hz,
1H); 13C NMR & 22.73 (CH), 46.42 (CH), 55.78 (C}), 109.08 (CH), 114.84 (& CH),
115.00 (2x CH), 129.69 (C), 138.90 (CH), 141.48 (C), 143.CHYJ, 152.21 (C)IR v
3397, 2967, 1511, 1299, 1235 ¢nMS (El) m/z (%) 217 (M*, 90), 202 (52), 123 (60),
122 (26), 108 (67), 95 (L00HRMS (El) 217.1107 (@H1sNO, requires 217.1103);
HPLC analysis (Chiralcel OJ-H, hexane — propan-2-0i28)) 0.70 mL/minfmajor = 37.33
MinN, tminor = 40.73 min) showed 77 % ee.

(-)-N-[1’-(2”,5"-Dimethylfuran-3”-yl)ethyl]- N-(4-methoxyphenyl)amine (488p),
C15H19N02, FW = 245.35

488p yellow oil; [a]p —4.5 € 2.0, CHC}); *H NMR (400 MHz, CDC}) § 1.42 (d,J = 6.7
Hz, 3H), 2.21 (br s, 3H), 2.25 (br s, 3H), 3.36 ¢bdH), 3.74 (s, 3H), 4.29 (4,= 6.6 Hz,
1H), 5.88 (br s, 1H), 6.53-6.57 (m, 2H), 6.73-6(@¥ 2H);*C NMR & 11.86 (CH), 13.61
(CHa), 23.18 (CH), 46.37 (CH), 55.75 (C#), 104.64 (CH), 114.76 (2 CH), 114.94 (X
CH), 123.55 (C), 141.79 (C), 144.85 (C), 149.72, (152.10 (C)JIR v 3398, 2964, 2921,
1583, 1511, 1450, 1234 émMS (EI) m/z(%) 245 (M*, 25), 123 (100), 86 (35), 84 (54);
HRMS (El) 245.1414 (@H19NO, requires 245.1416)HPLC analysis (Chiralpak IB,
hexane — propan-2-ol (99:1), 0.75 mL/MiGinor = 12.78 Min tmajor = 14.55 min) showed
91 % ee.
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(-)-N-[1’-(Benzofuran-2"-yl)ethyl]- N-(4-methoxyphenyl)amine (488q), &H1/NO,,
FW = 267.35

488q colourless oil{a]p =121 € 1.0, CHC}); *H NMR (400 MHz, CDC}) § 1.51 (d,J =
6.7 Hz, 3H), 1.65 (dJ = 0.9 Hz, 3H), 3.74 (s, 3H), 4.67 (@~ 6.7 Hz, 1H), 6.54 (d] =
0.7 Hz, 1H), 6.63-6.67 (m, 2H), 6.75-6.79 (m, 2A).7-7.27 (m, 2H), 7.45-7.50 (m, 2H);
13C NMR & 21.17 (CH), 48.88 (CH), 55.73 (C¥), 102.14 (CH), 111.07 (CH), 114.85%2
CH), 115.20 (2x CH), 120.80 (CH), 122.63 (CH), 123.67 (CH), 128(€j, 140.89 (C),
152.59 (C), 154.77 (C), 160.39 (AR v 3424, 3017, 2832, 1512 1235, 12165rMS
(El) m/z (%) 267 (M*, 65), 145 (100), 123 (46), 117 (28), 115 (40),(22); HRMS (EI)
267.1261 (GH17NO, requires 267.1259)HPLC analysis (Chiralpak 1B, hexane —
propan-2-ol (99:1), 0.75 mL/Mittyinor = 21.69 MiNtmajor = 24.21 min) showed 70 % ee.

(-)-N-[1’-(Benzofuran-3"-yl)ethyl]- N-(4-methoxyphenyl)amine (488r), G7H1/NO,,
FW = 267.35

488r: colourless oil{a]p —93 € 1.0, CHC}); *H NMR (400 MHz, CDC})  1.66 (d,J =
6.8 Hz, 3H), 3.75 (s, 3H), 4.70 (@~ 6.8 Hz, 1H), 6.56 (s, 1H), 6.65-6.69 (m, 2H),8.7
6.82 (m, 2H), 7.22 (ddd] = 7.4, 7.3, 1.0 Hz, 1H), 7.27 (dddl= 7.9, 7.3, 1.4 Hz, 1H),
7.48-7.52 (m, 2H)C NMR & 21.20 (CH), 48.85 (CH), 55.74 (C), 102.14 (CH),
111.10 (CH), 114.88 (2 CH), 115.17 (x CH), 120.80 (CH), 122.67 (CH), 123.70 (CH),
128.50 (C), 140.99 (C), 152.57 (C), 154.80 (C),.48(QC);IR v 3396, 3060, 2974, 2931,
2832, 1584, 1512, 1454, 1236 tnMS (Cl/isobutane)m/z (%) 268 [(M+HY, 55], 267
(29), 145 (100), 124 (33)HRMS (Cl/isobutane) 268.1339 (@&:sNO, requires
268.1338)HPLC analysis (Chiralpak IB, hexane — propan-2-ol (370375 mL/min,tminor

= 14.44 min{major = 16.17 min) showed 65 % ee.
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(—)-N-(4-Methoxyphenyl)N-[1’-(1"-methyl-1 H-indol-2"-yl)ethyl]amine (488s),
ClgHzoNzo, FW = 280.40

488s pale yellow crystalsmp 74-75 °C (hexane/GiEl); [a]o —64 € 1.0, CHCY); *H
NMR (400 MHz, CDC}) 6 1.53 (d,J = 6.6 Hz, 3H), 3.38 (br s, 1H), 3.636 (s, 3H), 863
(s, 3H), 4.61 (gJ = 6.5 Hz, 1H), 6.37 (br s, 1H), 6.49-6.53 (m, 2Bl%6-6.70 (M, 2H),
7.00 (dddJ = 7.9, 7.0, 1.0 Hz, 1H), 7.11 (dddi= 8.2, 7.0, 1.2 Hz, 1H), 7.21 (ddi= 8.2,
0.7 Hz, 1H), 7.48 (ddd] = 7.8, 1.0, 0.8 Hz, 1H)-*C NMR & 20.27 (CH), 29.75 (CH),
46.81 (CH), 55.71 (CkJ, 99.63 (CH), 108.89 (CH), 114.64 ®CH), 114.93 (2x CH),
119.36 (CH), 120.37 (CH), 121.34 (CH), 127.27 (©37.79 (C), 140.99 (C), 142.57 (C),
152.25 (C);IR v 3395, 3009, 2975, 1933, 2834, 1511, 1467, 13063,12316 crit; MS
(El) m/z (%) 280 (M*, 18), 159 (12), 158 (100), 157 (55), 156 (30), 182), 108 (85);
HRMS (EI) 280.1578 (@H20N2O requires 280.1576}PLC analysis (Chiralpak IB,
hexane — propan-2-ol (95:5), 0.75 mL/MiGinor = 20.16 MiN tmajor = 29.08 min) showed
91 % ee.

6.4.2. Amines without Heterocycles

(—)-N-(4-Methoxyphenyl)N-(1’-phenylprop-1’-yl)amine (492a), GeH1NO, FW =
241.35

492a°*>*** colourless oil{a]p —20 € 2.0, CHC); *H NMR (400 MHz, CDC})  0.85 {t,
J=7.4 Hz, 3H),1.62-1.78 (m, 2H), 3.59 (s, 3H), 3(BR's, 1H), 4.06 (t) = 6.7 Hz, 1H),
6.36-6.40 (m, 2H), 6.57-6.61 (m, 2H), 7.10-7.14 {H), 7.19-7.26 (m, 4H)**C NMR &
10.87 (1x CHg), 31.74 (1x CH,), 55.78 (1x CHs), 60.61 (1x CH), 114.52 (2 x CH),
114.81 (2 x CH), 126.59 (2 x CH), 126.87XICH), 128.51 (2 x CH), 141.86 @ C),
144.2 (1x C), 151.87 (1x C); HPLC analysis (Chiralpak IB, hexane — propan-2-ol
(80:20), 0.75 mL/MiNtminor = 12.80 Mintmajor = 13.63 min) showed 92 % ee, flit. gives
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Chiralcel OD, hexane — propan-2-ol (97:3), 1.0 miny+)-major = 8.9 mMin,ty.minor = 9.8

min].

(=)-N-(4-Methoxyphenyl)N-(2’-methyl-1'-phenylprop-1'-yl)amine (492b), C;7H21NO,
FW = 255.39

492h:**’ colourless oil{a]p =22 € 1.0, CHC}); *H NMR (400 MHz, CDC})  0.82 (d,J

= 6.8 Hz, 3H), 0.89 (d] = 6.8 Hz, 3H), 1.92 (ocfl = 6.8 Hz, 1H), 3.58 (s, 3H), 3.78 (br s,
1H), 3.96 (d,J = 5.8 Hz, 1H), 6.35-6.39 (m, 2H), 6.56-6.60 (M, 2AV9-7.15 (m, 1H),
7.20-7.21 (m, 4H)*3C NMR § 18.65 (CH), 19.63 (CH), 34.85 (CH), 55.66 (C}), 64.55
(CH), 114.28 (2 CH), 114.65 (% CH), 126.65 (CH), 127.17 (2 CH), 128.09 (% CH),
141.95 (C), 142.71 (C), 151.60 (TR v 3412, 3025, 2958, 2931, 2871, 2831, 1511, 1465,
1298, 1233 ¢, MS (El) m/z (%) 255 (M*, 12), 212 (100)HRMS (El) 255.1622
(C17H21NO requires 255.1623)HPLC analysis (Chiralpak 1B, hexane — propan-2-ol
(99:1), 0.75 mL/mintminor = 10.39 MiNfmajor = 10.84 min) showed 97 % ee.

(+)-N-[Cyclopropyl(phenyl)methyl]- N-(4-methoxyphenyl)amine (492c), G/H1dNO,
FW = 253.37

492c¢ colourless oil{a]p +66 (€ 1.0, CHCE):"H NMR (400 MHz, CDCJ) § 0.29 (ddd,J =
14.3, 5.2, 4.1 Hz, 1H), 0.36 (ddd#i= 9.5, 5.0, 4.5 Hz, 1H), 0.39-0.49 (m, 1H), 0.5ddd,
J=14.2, 8.0, 5.4, 4.0 Hz, 1H), 1.08 (dtb= 8.2, 5.0, 5.0 Hz, 1H), 3.48 (d,= 8.4 Hz,
1H), 3.58 (s, 3H), 4.02 (br s, 1H), 6.32-6.36 (1H),26.55-6.59 (m, 2H), 7.14 (dddd,=
8.1, 6.4, 2.2, 1.4 Hz, 1H), 7.20-7.25 (m, 2H), 77282 (m, 2H);**C NMR § 3.50 (CH),
4.26 (CH), 19.86 (CH), 55.76 (Ch), 63.87 (CH), 114.67 (X CH), 114.74 (2x CH),
126.54 (2x CH), 127.02 (CH), 128.53 (2 CH), 141.98 (C), 143.63 (C), 151.97 (@®; v
3405, 3062, 3005, 2951, 2832, 1512, 1452, 12974 t28"; MS (El) m/z(%) 253 (M*,
43), 136 (20), 131 (100), 91 (3HRMS (EI) 253.1473 (GH1oNO requires 253.1467);

193



HPLC analysis (Chiralpak 1B, hexane — propan-2-ol (990175 mL/min,tminor = 12.98

min, tmajor = 15.24 min) showed 95 % ee.

(=)-N-[Cyclobutyl(phenyl)methyl]- N-(4-methoxyphenyl)amine (492d), GH21NO, FW
= 267.40

492d colourless oilja]p —0.8 € 1.0, CHC}), [0]a3s—17.2 ¢ 1.0, CHC}); *H NMR (400

MHz, CDCk) 6 1.63-1.85 (m, 5H), 1.98-2.08 (m, 1H), 2.38-2.48 (Hl), 3.57 (s, 3H),
3.67 (br s, 1H), 4.01 (d,= 9.1 Hz, 1H), 6.34-6.38 (m, 2H), 6.55-6.59 (m, 2H12 (dddd,
J=7.7,6.224, 1.6 Hz, 1H), 7.17-7.25 (m, 3¢ NMR & 17.59 (CH), 25.53 (CH),

26.20 (CH), 42.67 (CH), 55.77 (C}), 64.71 (CH), 114.62 (2 CH), 114.77 (2x CH),

126.66 (2x CH), 126.90 (CH), 128.41 (2 CH), 142.06 (C), 142.81 (C), 151.90 (@}, v

3405, 3026, 2936, 2831, 1512, 1452, 1295, 1238: cMS (El) m/z (%) 267 (M*, 22),

212 (100), 91 (20), 85 (55), 84 (31), 83 (BARMS (EI) 267.1624 (gH21NO requires
267.1623)HPLC analysis (Chiralpak 1B, hexane — propan-2-ol (%0175 mL/min,tminor

= 10.49 minfmajor = 10.97 min) showed 94 % ee.

(=)-N-[Cyclohexyl(phenyl)methyl]-N-(4-methoxyphenyl)amine(492e), GoH2sNO, FW
= 295.46

492e**colourless oil{a]p —11.6 € 1.0, CHC}), [lit.?*® gives p]ass—70.1 € 1.59, EtOH)];

'H NMR (400 MHz, CDC}) § 1.02-1.30 (m, 5H), 1.57 (br d,= 12.9 Hz, 1H), 1.63-1.81
(m, 4H), 1.93 (br dJ = 12.6, 1H), 3.70 (s, 3H), 4.07 (d= 6.2 Hz, 1H), 6.46-6.50 (m,
2H), 6.67-6.71 (m, 2H), 7.20-7.26 (m, 1H), 7.2947(&, 4H);**C NMR § 26.41 (CH),
26.44 (CH), 26.48 (CH), 29.55 (CH), 30.24 (CH), 44.99 (CH), 55.78 (Ch), 64.32
(CH), 114.35 (2 CH), 114.78 (% CH), 126.70 (CH), 127.31 (2 CH), 128.17 (% CH),
142.16 (C), 142.94 (C), 151.71 (GR v 3421, 3023, 2928, 2853, 1512, 1451, 1236, 1217
cmt; MS (EI) m/z(%) 295 (M*, 37), 213 (50), 212 (100), 197 (10), 168 (15), (B3, 91
(23); HRMS (EI) 295.1935 (@H2sNO requires 295.1936HPLC analysis (Chiralcel OJ-
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H, hexane — propan-2-ol (85:15), 0.75 mL/MiQinor = 12.85 min,tmajor = 15.83 min)
showed 76 % ee, [Iit® givesChiralcel OJ, hexane — propan-2-ol (25:1), 1.0 mb/ry).-
(9-major = 14.7 MiNt).®)-minor= 36.0 Min showing 98 % ee].

N-(2’,2’-Dimethyl-1'-phenylprop-1'-yl)- N-(4-methoxyphenyl)amine (492f), GH23NO,
FW = 269.42

492f2?® colourless oil'H NMR (400 MHz, CDC}) & 0.90 (s, 9H), 3.57 (s, 3H), 3.88 (s,
1H), 3.93 (br s, 1H), 6.33-6.37 (m, 2H), 6.54-6(88 2H), 7.10-7.14 (m, 1H), 7.16-7.24
(m, 3H); **C NMR & 27.05 (3x CH;), 34.88 (C), 55.68 (C#), 68.03 (CH), 114.21 (2
CH), 114.65 (2x CH), 126.69 (CH), 127.62 (& CH), 128.47 (2x CH), 141.35 (C),
142.08 (C), 151.53 (C), 180.15 (TR v 3430, 3026, 2954, 2604, 2869, 2831, 1511, 1396,
1366, 1237 ci;, MS (El) m/z (%) 269 (M*, 8), 212 (100);HRMS (El) 269.1783
(C1gH23NO requires 269.1780)HPLC analysis (Chiralpak 1B, hexane — propan-2-ol
(99:1), 0.45 mL/MiNfminor = 12.91 Mintmajor = 13.39 min) showed 10 % ee, ffit. gives
Chiralcel OJ, hexane — propan-2-ol (100:1), 0.5mk, t(+)-®-minor = 33.6 MiN,t)(9-major

= 39.3 min showing 90 % ee].

(-)-N-(3',3'-Dimethyl-but-2’-yl)- N-(4-methoxyphenyl)amine (492i), @GH>:NO, FW =
207.35

....................

492t colourless oil{a]p =19 € 1.0, CHCY); *H NMR (400 MHz, CDC}) 5 0.98 (s, 9H),
1.08 (d,J = 6.5 Hz, 3H), 3.09 (br s, 1H), 3.12 @7 6.5 Hz, 1H), 3.76 (s, 3H), 6.56-6.60
(m, 2H), 6.76-6.80 (m, 2H)?°C NMR & 15.73 (CH), 26.52 (3x CHj), 34.66 (C), 55.79
(CHa), 58.55 (CH), 114.46 ( CH), 114.87 (2 CH), 142.84 (C), 151.50 (ChRr v 3399,
2960, 2869, 2831, 1511, 1465, 1371, 1233'cMS (EI) m/z (%) 207 (M*, 12), 150
(100); HRMS (EIl) 207.1624 (gH21NO requires 207.1623PLC analysis (Chiralpak
IB, hexane — propan-2-ol (99:1), 0.75 mL/Miajor = 6.73 MiN tminor = 7.53 min) showed
39 % ee.
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N-(4-Methoxyphenyl)-N-[(4’-methoxyphenyl)(4”-
trifluoromethylphenyl)methyllamine (492j) C21H2002,NF3, FW = 387.43

492j: colourless oil!H NMR (400 MHz, CDC}) & 3.73 (s, 3H), 3.80 (s, 3H), 3.98 (br s,
1H), 5.44 (s, 1H), 6.48-6.52 (m, 2H), 6.72-6.76 @H), 6.86-6.90 (m, 2H), 7.22-7.26 (M,
2H), 7.53 (d,J = 8.2 Hz, 2H), 7.60 (dJ = 8.2 Hz, 2H);"*C NMR & 55.28 (CH), 55.72
(CHs), 62.95 (CH), 114.29 (& CH), 114.73 (2x CH), 114.81 (2x CH), 124.23 (g =
272.0 Hz, CF), 125.68 (g, = 3.8 Hz, 2x CH), 127.52 (% CH), 128.70 (2 CH), 129.40
(q,J = 32.3 Hz, C), 134.79 (C), 141.29 (C), 147.45 ({52.43 (C), 159.14 (C}*F NMR

8 —62.32;IR v 3398, 3006, 2935, 2835, 1617, 1511, 1326, 12465 th6"; MS (El) m/z
(%) 387 (M, 20), 265 (100), 153 (10), 122 (10), 86 (16), 88)(HRMS (EIl) 387.1445
(Ca2H20NOoF3 requires 387.1446}PLC analysis (Chiralpak 1B, hexane — propan-2-ol
(97:3), 0.75 mL/mint; = 22.79 mint, = 26.83 min) showed 6 % ee.

N-(4-Methoxyphenyl)-N-(1",2’,3",4’-tetrahydronaphth-1’-yl)Jamine (492k), C17;H19NO,
FW = 253.37

492k*** colourless oil:'H NMR (400 MHz, CDC}) § 1.76-2.02 (m, 4H), 2.74-2.90 (m,
2H), 3.62 (br s, 1H), 3.78 (s, 3H), 4.56 (dd; 5.0, 4.4 Hz, 1H), 6.64-6.68 (m, 2H), 6.81-
6.85 (m, 2H), 7.13-7.23 (m, 3H), 7.44 (dids 6.8, 1.7 Hz, 1H)**C NMR § 19.34 (CH),
28.66 (CH), 29.39 (CH), 52.15 (CH), 55.90 (C¥), 114.51 (2x CH), 115.05 (¢ CH),
126.09 (CH), 127.14 (CH), 129.06 (CH), 129.34 (C+87.64 (C), 138.35 (C), 141.64 (C),
152.06;IR v 3398, 3018, 2933, 2860, 1513, 1452, 1239"cMS (El) m/z(%) 253 (M™,
28), 199 (13), 131 (50), 123 (52), 108 (26), 91)(26 (37), 84 (60)HRMS (EI)
253.1469 (G/H19oNO requires 253.1467HPLC analysis (Chiralpak 1B, hexane — propan-
2-0l (99:1), 0.75 mL/minf; = 11.95 min;t, = 12.76 min) showed 0 % ee, [iit' gives
Chiralcel OD, heptanes — propan-2-ol (97:3), 0.5mih, t()-major = 10.5 Min,t )minor =
13.0 min].
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(-)-3-Phenyl-3,4-dihydro-2H-benzop][1,4]oxazin-2-one (264), @H1i.NO,, FW =
225.26

264% yellowish crystalsmp 78-79 °C (hexane/Gi8l,); [a]p —64 € 1.0, CHC}), [lit.**
gives[a]o —46.3 € 1.0, CHC})]; *H NMR (400 MHz, CDC}) § 4.33 (br s, 1H), 5.04 (s,
1H), 6.80-6.82 (m, 1H), 6.87 (ddd= 8.1, 7.4, 1.5 Hz, 1H), 7.01-7.05 (m, 2H), 7.3427.
(m, 5H);**C NMR § 57.51 (CH), 113.20 (CH), 115.22 (CH), 118.62 (CH)3.50 (CH),
125.77 (2x CH), 127.27 (2 CH), 130.70 (C), 134.63 (C), 139.15 (C), 163.6); (B v
3368, 3020, 2927, 1766, 1619, 1597, 1502, 12984 T MS (EI) m/z (%) 225 (M*,
58), 197 (65), 196 (70), 120 (100), 104 (12), 8@){BHRMS (EIl) 225.0792 (GH11NO,
requires 225.0790HPLC analysis (Chiralcel OD-H, hexane — propan-2-ol:Z8), 0.60
mL/min, tmajor = 16.27 Minfminor = 21.85 min) showed 41 % ee, fiit gives Chiralcel OD-
H, hexane — propan-2-ol (80:20), 0.60 mL/Min,major = 18.6 Min,tu)minor= 25.5 Min
showing 98 % ee].

(+)-3-(3’-Bromophenyl)-3,4-dihydro-2H-benzop][1,4]oxazine (260), GsH1,NOBr, FW
=290.17

260***yellowish oil; [a]p +31 € 1.0, CHC}), [lit.** gives[a]p —118.2 ¢ 1.0, CHC)]; H
NMR (400 MHz, CDC}) & 3.85 (dd,J = 10.7, 8.4 Hz, 1H), 3.89 (br s, 1H), 4.15 (dd;
10.7, 2.9 Hz, 1H), 4.35 (dd,= 8.4, 2.9 Hz, 1H), 6.58 (dd,= 7.7, 1.5 Hz, 1H), 6.62 (td,

= 7.6, 1.6 Hz, 1H), 6.72 (dd,= 7.6, 1.5 Hz, 1H), 6.75 (dd,= 7.8, 1.4 Hz, 1H), 7.15 (8

= 7.8 Hz, 1H), 7.22 (dt) = 7.7, 1.1 Hz, 1H), 7.37 (ddd= 7.8, 1.9, 1.2, 1H), 7.46 (dd=
1.9, 1.7 Hz, 1H*¥C NMR § 53.73 (CH), 70.71 (Ch), 115.57 (CH), 116.65 (CH), 119.25
(CH), 121.71 (CH), 122.99 (C), 125.96 (CH), 130(8M), 130.45 (CH), 131.48 (CH),
133.53 (C), 141.61 (C), 143.48 (GR v 3363, 3058, 3018, 2922, 2871, 1730, 1609, 1591,
1499, 1429, 1340, 1310, 1278, 1210%cMS (EI) m/z(%) 291 (M*, 90), 289 (M, 100),
184 (16), 182 (15), 180 (17), 134 (46), 120 (505 (19), 103 (18), 103 (21HRMS (EI)
291.0085 (GH1,NO®Br requires 3291.0083), 289.0096 148:.NO’°Br requires
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289.0102);HPLC analysis (Chiralcel OD-H, hexane — propan-2-otZ8), 0.60 mL/min,
tminor = 16.02 MiN,tmajor = 27.17 min) showed 26 % ee, fitt gives Chiralcel OD-H,
hexane — propan-2-ol (80:20), 0.60 mL/miny.major = 19.8 Min, ti).minor = 30.6 min
showing 98 % ee].

2-Methoxy-1-(4'-methoxyphenyl)-5-phenyl-H-pyrrole (494), CgHi/NO,, FW =
279.36

494 white crystalsmp 101-102 °C (hexane)d NMR (400 MHz, CDC}) § 3.80 (s, 3H),
3.81 (s, 3H), 5.45 (d] = 3.7 Hz, 1H), 6.26 (d) = 3.7 Hz, 1H), 6.84-6.88 (m, 2H), 7.03-
7.16 (m, 7H):**C NMR & 54.30 (CH), 56.71 (CH), 82.86 (CH), 105.73 (CH), 112.92 (2
x CH), 124.24 (CH), 125.80 (C), 126.13 ¥2CH), 126.95 (2x CH), 128.10 (2x CH),
129.00 (C), 132.24 (C), 149.12 (C), 157.39 (®);v 3019, 2956, 2931, 2832, 1599, 1564,
1515, 1454, 1420, 1294, 1250, 1216cnMS (EI) m/z(%) 279 (M*, 55), 264 (100), 193
(10), 103 (10)HRMS (El) 279.1258 (GH1/NO; requires 279.1259).

(-)-Methyl 4-[N-(4’-methoxyphenyl)amino]-4-phenylbutanoate (492m),C;sH21NOs3,
FW =299.40

492m yellow oil; mp 59-60 °C (hexane/Gigl,); [a]po —13.5 € 1.0, CHC}); *H NMR
(400 MHz, CDC}) 6 2.03-2.19 (m, 2H), 2.41 (dd,= 7.3, 7.2 Hz, 3H), 3.66 (s, 3H), 3.69
(s, 3H), 3.98 (br s, 1H), 4.30 (dd= 7.2, 6.5 Hz, 1H), 6.45-6.49 (m, 2H), 6.66-6.7Q (m
2H), 7.21-7.25 (m, 1H), 7.29-7.34 (m, 4HJC NMR & 31.06 (CH), 33.32 (CH), 51.77
(CHs), 55.75 (CH), 58.52 (CH), 114.60 (2 CH), 114.77 (2x CH), 126.46 (2x CH),
127.21 (CH), 128.71 (& CH), 141.39 (C), 143.33 (C), 151.97 (C), 174.0Y. (R v 3394,
3025, 3005, 2951, 2833, 1733, 1513, 1452, 1237 cMS (El) m/z (%) 299 (M*, 30),
212 (100), 117 (23)HRMS (El) 299.1518 (GH:NOs requires 299.1521)HPLC
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analysis (Chiralpak IB, hexane — propan-2-ol (99:1075 mL/min,tyinor = 16.52 min,
tmajor = 28.60 min) showed 88 % ee.

(=)-N-(4-Methoxyphenyl)N-(1’-phenylhex-5-en-1'-yl)amine (492n), GgH23NO, FW =
281.43

492n colourless oilfa]p —6.5 € 1.0, CHCE): 'H NMR (400 MHz, CDC}) § 1.28-1.49
(m, 2H), 1.61-1.78 (m, 2H), 1.96-2.02 (m, 2H), 3(603H), 3,73 (br s, 1H), 4.15 {,=
6.8 Hz, 1H), 4.87 (ddt) = 10.2, 2.0, 1.2 Hz, 1H), 4.92 (dddi= 17.1, 3.5, 1.6 Hz, 1H),
5.68 (ddtJ = 17.0, 10.2, 6.7 Hz, 1H), 6.37-6.41 (m, 2H), 6662 (m, 2H), 7.11-7.16 (m,
1H), 7.21-7.26 (m, 4H)}*C NMR & 23.69 (CH), 33.51 (CH), 38.32 (CH), 55.58 (CH),
58.87 (CH), 114.37 (2 CH), 114.69 (2¢x CH), 114.83 (Ch), 126.37 (2x CH), 126.81
(CH), 128.48 (2 CH), 138.34 (CH), 141.64 (C), 144.34 (C), 151.@% (R v 3405, 3061,
3026, 2933, 2857, 2832, 1639, 1513, 1453, 1237 84S (El) m/z(%) 281 (M*, 65), 212
(100), 168 (20), 123 (37), 108 (23), 91 (68), 82)(HRMS (El) 281.1778 (@H23NO
requires 281.1780)HPLC analysis (Chiralpak 1B, hexane — propan-2-ol (9975
mL/min, tminor = 13.09 Mintmajor = 14.20 min) showed 84 % ee.

(=)-N-[1’-(3"-Chlorophenyl)hex-5’-en-1"-yl]- N-(4-methoxyphenyl)amine (4920),
C19H22N0C|, FW = 315.87

492a colourless oil{a]o —2.1 € 1.0, CHCA); *H NMR (400 MHz, CDC}) § 1.26-1.50
(m, 2H), 1.59-1.75 (m, 2H), 1.90-2.02 (m, 2H), 3(613H), 3.71 (br s, 1H), 4.11 @,=
6.8 Hz, 1H), 4.87-4.90 (m, 1H), 4.92 (ddds 17.2, 3.5, 1.6 Hz, 1H), 5.68 (ddt= 17.1,
10.2, 6.7 Hz, 1H), 6.34-6.38 (m, 2H), 6.59-6.63 #H), 7.09-7.17 (m, 3H), 7.24-7.25 (m,
1H); **C NMR & 25.51 (CH), 33.48 (CH), 38.30 (CH), 55.75 (CH), 58.68 (CH), 114.46
(2 x CH), 114.83 (2 CH), 115.06 (CH), 124.66 (CH), 126.54 (CH), 127.12 (CH), 129.84
(CH), 134.49 (C), 138.19 (CH), 141.34 (C), 146.8%,(152.08 (C);IR v 3406, 3072,
2934, 2832, 1639, 1595, 1510, 1574, 1470, 14337 t28"; MS (El) m/z (%) 317 (M*,
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8), 315 (M™, 20), 248 (25), 246 (70), 212 (10), 123 (13), 88)(HRMS (EI) 317.1367
(C10H2:NO?'CI requires 317.1367), 315.138618,,NO**CI requires 315.1390HPLC

analysis (Chiralpak 1B, hexane — propan-2-ol (990175 mL/min,tminor = 15.44 Minfmajor
=16.73 min) showed 82 % ee.

(—)-N-(4-Methoxyphenyl)N-[1’-(3"-methoxyphenyl)hex-5-en-1’-ylJamine (492p)
C20H25N02, FW = 311.46

492p yellowish oil; [a]p =5.0 € 1.0, CHCh); '"H NMR (400 MHz, CDC}) & 1.28-1.48
(m, 2H) 1.62-1.76 (m, 2H), 1.96-2.01 (m, 2H), 3(603H), 3.69 (s, 3H), 4.11 @,= 6.6
Hz, 1H), 4.86-4.93 (m, 2H), 5.79 (ddt,= 17.0, 10.2, 6.7 Hz, 1H), 6.37-3.41 (m, 2H),
6.58-6.61 (m, 2H), 6.67 (dd,= 8.1, 2.4 Hz, 1H), 6.81 (d,= 1.6 Hz, 1H), 6.83 (d]=7.8
Hz, 1H), 7.14 (dd,]) = 8.0, 7.6 Hz, 1H)!*C NMR & 25.65 (CH), 33.62 (CH), 38.33
(CHy), 55.19 (CH), 55.77 (CH), 59.02 (CH), 111.91 (CH), 112.29 (CH), 114.48%(2
CH), 114.77 (2 CH), 114.93 (CH), 118.89 (CH), 129.55 (CH), 138.45 (CH), 141.74,(C
146.34 (C), 151.87 (C), 159.86 (TR v 3404, 2935, 2833, 1600, 1586, 1513, 1486, 1455,
1438, 1237 cm; MS (El) m/z(%) 311 (M*, 98), 243 (94), 242 (100), 226 (46), 207 (45),
147 (48), 134 (80), 123 (84), 122 (66), 121 (9®)8 168), 107 (40), 91 (59), 84 (35);
HRMS (EI) 311.1886 (GH2sNO, requires 311.1885)HPLC analysis (Chiralpak IB,
hexane — propan-2-ol (99:1), 0.75 mL/Mifinor = 20.32 Min tmajor = 23.48 min) showed
90 % ee.

(-)-N-4-(Methoxyphenyl)-N-[1'-(3"-methoxyphenyl)pent-4’-en-1’-yllamine (4920,
CooH23NO,, FW = 297.43

492q colourless oilfa]p —9.1 € 2.0, CHCE): 'H NMR (400 MHz, CDC}) § 1.71-1.85
(m, 2H), 1.97-2.10 (m, 2H), 3.59 (s, 3H), 3.693H), 4.14 (t,J = 6.7 Hz, 1H), 4.89-4.97
(m, 2H), 5.74 (ddtJ = 17.0, 10.3, 6.6 Hz, 1H), 6.38-6.41 (m, 2H), 66662 (m, 2H), 6.67
(ddd,J = 8.2, 2.6, 0.8 Hz, 1H), 6.81 (dd= 2.4, 1.6 Hz, 1H), 7.20 (br d,= 7.6 Hz, 1H),
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7.14 (t,J = 7.9 Hz, 1H);:*C NMR & 30.54 (CH), 37.80 (CH), 55.17 (CH), 55.74 (CH)),
58.65 (CH), 112.03 (CH), 112.34 (CH), 114.60x(ZH), 114.76 (2 CH), 115.29 (CHj),
118.93 (CH), 129.58 (CH), 137.95 (©H141.59 (C), 146.02 (C), 151.95 (C), 159.88 (C);
IR v 3403, 2936, 2833, 1600, 1513, 1454, 1238'chS (EI) m/z(%) 297 (M*, 23), 243
(15), 242 (100), 212 (10), 154 (18), 123 (15), {28), 108 (12), 91 (13), 84 (1HRMS
(El) 297.1728 (GH23NO, requires 297.1729¥PLC analysis (Chiralpak IB, hexane —
propan-2-ol (98:2), 0.75 mL/Mittyinor = 14.09 MiNntmajor = 16.16 min) showed 95 % ee.

(-)-N-(1’,3’-Diphenylprop-1'-yl)- N-(4-methoxyphenyl)amine (492v), &H23NO, FW =
317.46

492v. colourless oilfa]p —2.5 € 2.0, CHC}); *H NMR (400 MHz, CDC}) & 1.94-2.09
(m, 2H), 2.52-2.66 (m, 2H), 3.58 (s, 3H), 3.75 ¢brlH), 4.17 (tJ = 6.8 Hz, 1H), 6.33-
6.37 (m, 2H), 6.56-6.60 (m, 2H), 7.06-7.25 (m, 10HL NMR & 32.70 (CH), 40.25
(CHy), 55.76 (CH), 58.66 (CH), 114.68 (2 CH), 114.79 (2 CH), 126.04 (CH), 126.57
(2 x CH), 127.06 (CH), 128.50 (4 CH), 128.65 (2% CH), 141.47 (C), 141.61 (C), 144.04
(C), 151.99 (C)IR v 3405, 3026, 2943, 2831, 1602, 1512, 1453, 12957 128" MS
(El) m/z (%) 317 (M*, 34), 212 (100), 123 (11), 91 (40HRMS (EI) 317.1782
(Co2H23NO requires 317.1780)HPLC analysis (Chiralpak 1B, hexane — propan-2-ol
(98:2), 0.75 mL/mintmajor = 29.00 MiNfminor = 32.68 min) showed 95 % ee.

(=)-N-{1’-[3-(tert-Butyldimethylsilyloxy)phenyl]ethyl}- N-(4-methoxyphenyl)amine
(492W),021H31N053i, FW = 357.62

} TBDMSOO/K
| 492w

492w yellowish oil;[a]p —2.1 € 1.0, CHC}); *H NMR (400 MHz, CDC}) § 0.16 (s 6H),
0.98 (s, 9H), 1.49 (dl = 6.7 Hz, 3H), 3.71 (s, 3H), 4.37 (@= 6.7 Hz, 3H), 6.46-6.50 (m,
2H), 6.68-6.72 (m, 3H), 6.85 (br s, 1H), 6.96 (bdd 7.6 Hz, 1H), 7.18 (dd] = 7.8, 7.7
Hz, 1H); **C NMR & —4.39 (2x CHs), 18.25 (C), 25.04 (C§), 25.74 (3x CHs), 54.08
(CHs), 55.79 (CH), 114.65 (2x CH), 114.75 (2 CH), 117.75 (CH), 118.49 (CH), 118.93
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(CH), 129.54 (CH), 141.57 (C), 147.24 (C), 151.99),(155.92 (C);IR v 3406, 2957,
2931, 2858, 1602, 1586, 1511, 1483, 1442, 1233;dvt5 (Cl/isobutane)m/z (%) 358
[(M+H)", 100], 235 (8), 124 (84RMS (Cl/isobutane) 358.2202 §¢4:,NO,Si requires
358.2200)HPLC analysis (Chiralpak IB, hexane — propan-2-ol (30175 mL/min tminor
= 9.21 min tmajor = 10.65 min) showed 93 % ee.

(—)-N-(4-Methoxyphenyl)N-[(E)-3’-methyl-4’-phenylbut-3’-en-2’-ylJamine (492s),
C13H21NO, FW = 267.40

492s colourless oilfa]o —63 € 1.0, CHC}):; *H NMR (400 MHz, CDC}) § 1.41 (d,J =
6.7 Hz, 3H), 1.86 (dJ = 1.3 Hz, 3H), 3.59 (br s, 1H), 3.75 (s, 3H), 3(§4J = 6.6 Hz,
1H), 6.58 (br s, 1H), 6.60-6.64 (m, 2H), 6.76-6(&) 2H), 7.19-7.23 (m, 1H), 7.26-7.28
(m, 2H), 7.31-7.35 (m, 2H)**C NMR & 13.78 (CH), 21.57 (CH), 55.80 (CH), 57.67
(CH), 114.57 (2x CH), 114.80 (2x CH), 125.10 (CH), 126.17 (CH), 128.07 ¥2CH),
128.92 (2x CH), 138.09 (C), 140.83 (C), 141.86 (CH), 151.8); (R v 3405, 3023, 2963,
2930, 2831, 1511, 1442, 1234 tnMS (Cl/isobutane)m/z (%) 268 [(M+HY, 45], 145
(100), 124 (32), 85 (25XARMS (Cl/isobutane) 268.1701 (&1,.NO requires 268.1701);
HPLC analysis (Chiralpak IB, hexane — propan-2-ol (9875 mL/min,tminor = 11.09
min, tmajor = 12.76 min) showed 84 % ee.

6.4.3. Racemic Amines

(£)-N-(4-Methoxyphenyl)-N-[1’-(1"-methyl-1 H-indol-3"-yl)ethyllamine (488t),
ClgHzoNzo, FW = 280.40

488t pale yellow crystalsmp 96-97 °C (hexane/Gigl,); 'H NMR (400 MHz, CDCJ) &
1.63 (d,J = 6.6 Hz, 3H), 3.731 (s, 3H), 3.732 (s, 3H), 4.85)(= 6.5 Hz, 1H), 6.59-6.63
(m, 2H), 6.72-6.76 (m, 2H), 6.98 (br s, 1H), 7.8Ad,J = 6.9, 6.9, 1.1 Hz, 1H), 7.24 (ddd,
J=7.1,6.9, 1.1 Hz, 1H), 7.31 (d,= 8.2 Hz, 1H), 7.69 (d) = 7.9 Hz, 1H);"*C NMR §
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22.88 (CH), 32.75 (CH), 47.35 (CH), 55.81 (C#), 109.38 (CH), 114.64 (X CH),
114.80 (2x CH), 118.64 (C), 118.91 (CH), 119.38 (CH), 125(88), 126.34 (C), 137.41
(C), 142.01 (C), 151.88 (C)R v 3406, 3005, 2962, 2832, 1509, 1467, 1371, 123%; cm
MS (EI) m/z (%) 280 (M*, 64), 273 (20), 159 (74), 158 (100), 157 (100) {88), 143
(50), 123 (100), 115 (93), 108 (100HRMS (EI) 280.1577 (GH2oN-O requires
280.1576).

(£)-N-(4-Methoxyphenyl)-N-[1'-(1"-methylpyridinium-4"-yl)ethyllamine iodide
(488z), GsH19N2OI, FW = 370.26

488z brown oil;*H NMR (400 MHz, CDCY) § 1.56 (d,J = 6.8 Hz, 3H), 3.67 (s, 3H), 4.42
(br s, 3H), 4.62 (¢ = 6.8 Hz, 1H), 6.36-6.40 (m, 2H), 6.65-6.69 (m, 2812 (d,J = 6.1
Hz, 2H), 8.88 (dJ = 6.1 Hz, 2H).

(£)-N-(4-Methoxyphenyl)-N-(3’,5’,5'-trimethylcyclohex-2’-enyl)amine (492I),
C16H23NO, FW = 245.40

492} colourless oil’H NMR (400 MHz, CDC}) & 0.96 (s, 3H), 1.00 (s, 3H), 1.11 (db;

12.4, 10.1 Hz, 1H), 1.63-1.67 (m, 1H), 1.67 J&; 1.2 Hz, 2H), 1.82 (dddd,= 12.4, 5.5,
1.7, 1.2 Hz, 1H), 1.83-1.89 (m, 1H), 3.75 (s, 38192-3.96 (m, 1H), 5.45 3.84 (= 1.1
Hz, 1H), 6.60-6.64 (m, 2H), 6.77-6.81 (m, 23C NMR & 23.63 (CH), 25.88 (CH),

30.74 (C), 31.54 (Ch), 43.15 (CH), 44.32 (CH), 49.40 (CH), 55.80 (C}), 114.96 (2x

CH), 115.15 (2 CH), 122.15 (CH), 135.34 (C), 141.70 (C), 152.G8; (R v 3365, 2951,
2868, 2828, 1510, 1464, 1264, 1232, 1179'cMS (El) m/z (%) 245 (M*, 38), 123
(100), 108 (20)HRMS (El) 245.1776 (GH23NO requires 245.1780).
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(£)-N-[1'-(Ferrocen-1"yl)ethyl]-4-(methoxyphenyl)amine (492t), CgH,1NOFe, FW =
335.26

492t yellow crystals;H NMR (400 MHz, CDC}) & 1.51 (d,J = 6.4 Hz, 3H), 3.62 (br s,
1H), 3.78 (s, 3H), 4.13-4.16 (m, 2H), 4.18-4.22 (H), 4.21 (s, 5H), 4.23-4.24 (m, 1H),
4.26 (9, = 6.4 Hz, 1H), 6.63-6.67 (m, 2H), 6.80-6.84 (m, 2HET NMR & 21.17 (CH),
48.40 (CH), 55.86 (C§J, 66.16 (CH), 67.06 (CH), 67.49 (CH), 67.71 (CH8.43 (5%
CH), 93.80 (C), 114.95 (% CH), 115.02 (2x CH), 141.89 (C), 152.09 (C)R v 3393,
3092, 2969, 2930, 2831, 1510, 1463, 1294, 1233, 6aS$ (El) m/z(%) 335 (M*, 25), 213
(100), 120 (30)HRMS (EI) 335.0970 (GH,:NO®Fe requires 335.0973).

(x)-N-(4-Methoxyphenyl)-N-[(E)-4’-phenylpent-3’-en-2’-yllamine (485), G/H21NO,
FW = 267.40

A solution of methyllithium (22.5 mL, 36 mmol, 1M in ether, 1.2 equiv) was added
dropwise to a solution of aldiming84 (7.54 g, 30.0 mmol, 1.0 equiv) in anhydrous THF
(50 mL) at 0 °C after which it was quenched withtewg100 mL). The aqueous layer was
extracted with ether (8 50 mL) and the combined organic layers were wasVigdbrine
(50 mL), dried over MgS©and evaporated. The residue was purified on aasijel
column (200 mL) with a solvent gradient from a et of petroleum ether — ethyl acetate
(98:2) to (95:5) to afford the amid85 (2.03 g, 7.59 mmol, 25 %): red thick oif NMR
(400 MHz, CDC}) 6 1.34 (d,J= 6.5 Hz, 3H), 2.14 (d] = 1.3 Hz, 3H), 3.74 (s, 3H), 4.25
(dg,J = 8.1, 6.6 Hz, 1H), 5.69 (dqg,= 8.3, 1.2 Hz, 1H), 6.58-6.62 (m, 2H), 6.74-6.78 (m
2H), 7.20-7.25 (m, 1H), 7.28-7.32 (m, 2H), 7.3687(6, 2H).
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Part C:

Applications of the Method
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7. Applications in Synthesis of Alkaloids (1)

7.1. N-Acetylcolchinol and Other Allocholchicinoids

7.1.1. Historical Overvie®w®*“and Biological Properties™**?

The toxic effects of plant extracts fra@olchicum autumnalbave been known for
two millennia — already ancient Greeks used@loéchicumextracts for treatment of gout,
first described byedanius Dioscoridesn De Materia Medica78 AD. The active species
— colchicine495 (Figure 7.1) — was isolated only in"1@entury (1820) by two French
chemistsP. J. PelletierandJ. B. Caventou It took another hundred years to determine
the structure of colchicine, the main contributicare indebted tAA. O. R. Windaus
(1923),J. W. Cook (1940) andM. J. S. Dewar(1945). The biological properties, the anti-
tumour activity in particular, were of high intetedter the observation of tumour growth
inhibition (C. Dominici, 1932), followed by mechanistic explanations mageF. Lits
(1934),A. P. Dustin (1934) ancE. C. Amoroso(1935).

(-)-495 (-)-496 (5)-497:R=H
(-)-(aR,7S)-Colchicine (-)-(aR,7S)-Allocolchicine (9)-(@R,7S)-N-Acetylcolchinol
(-)-498: R = Me

(-)-(aR,7S)-N-Acetylcolchinol-methylether
(-)-499: R = P(O)(OH),
(-)-(aR,7S)-N-Acetylcolchinol-phosphate

Figure 7.1.Colchicine and Family of Allocolchicinoid Alkaloids

However, after years of research, the high toxipitoved it clinically unusable
and the attention turned to its close biphenylxgtianalogues called allocolchicinoids as
allocholchicine496, N-acetylcholchinol497 and its methylethed98 These compounds
contain six-membered aromatic C-ring instead ofséaneen-membered tropolone ring.

The numbering of the allocolchicinoid structuresas follows (Figure 7.2), the
oxygenated substituents on A-ring in positions And 3, and on ring-C in position 8
acetamide of the ring-B in position 7; the bondwial chirality is the 11a(11b) biaryl link.
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Figure 7.2.Numbering of Allocholchicinoids Structures

The main mode of action of tumour regression wimm dloses of colchicine (or
allocolchicinoids) are administered is binding yooskeletal protein tubulin and disruption
of the tubulin-microtubule equilibrium (in microtulin polymerisation) in the cell, thereby
suppression of the mitosis and cell division. Mégthyer 498 has higher tubulin affinity
and better stability than colchicid®5 and it serves as vitro anti-tubulin standard. It is
well accepted that the primary pharmacophore o$dhalkaloids is the ring-A — any
alteration of the trioxygenated-phenyl moiety leatds compromised tubulin-binding
ability. The biological activity of the C-ring vas$ with its size, position and substitution.
The character of B-ring influences significantlye tbonformational mobility of the A-C-
biphenyl backbone and any change (e.g. five-, @ixeight-membered B-ring analogues)
results in inability to affect the tubulin-bindinghe natural (-)-($)-colchicine adopts
(aR)-configuration and it is the only isomer activetire tubulin polymerisation process.
Regarding the allocolchicinoids, in general, thegy @onformationally unstable, dominated
by the (&,79-atropoisomer. However, it is not clear whethex thajor (&,79- or the

minor (&5 79-isomer is the active species.

N-Acetylcholchinol (NAC) has been tested succesgfulvivo and its phosphate
pro-drug499 (Figure 7.1) has been used in clinical trials (Asfeneca). Because of this
pharmaceutical potential, in recent years, muatnétn has been dedicated to developing
effective ways of obtaining NAC. Unfortunately, &idse blood vessels congestion has
been observed in clinical trials and further depeient has ceasétf”
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wNHAC
NaOH/HzoZ
© 24 %

(=)-500 OH
(-)-(aR,7S)-Colchiceine

H,0, A HONO
33%
83 % | Zn/AcOH
NaOH/I,/Nal NHAC
Hzoz/
95 % MeSOsH
OH 90 %
501 |

NaOMe/MeOH
100%‘

wNHAC “NHACc

NaOH/MeOH .

100 % MelLi

COOMe 85 %

(-)-496 502
wNHAC
% wWNHACc
COOH NaN3/H2804 . {
503 22 % NH;

(aR,7S)-Allocolchiceine 504

Scheme 7.1Degradation of Colchicine td-Acetylcolchinol

In principle, the production methods are:

- low yielding extraction from North Indian lilloriosa superba
- synthesis by degradation of natural (-)-colateci’ (Scheme 7.1),

- synthesis from commercially available startingtenials (Chapter 8.1.1).

1. One-step-degradation of colchicine to N-acetginol (in red):

- treating colchicine with aqueous hydrogen perextfers NAC.

N

Two-step-degradation to N-acetylcolchinol

- oxidative ring-C contraction of colchicein®0(Q in green) — a product of acidic
hydrolysis of colchicine — with basic hydrogen pede leads to NAC in
overall 20 % vyield,

- reviewed original Windaus proceduiie plue) affords NAC in overall 79 %
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yield by reaction of colchicine with sodium hypoited and subsequent

reductive deiodination &01

3. Three-step-degradation to N-acetylcolchinol

- the contraction of ring-C can also be achievedubipg methanolic methoxide
or hydroxide affording allocolchicinel96, in pink) or allocolchiceine03 in
black), respectively,

- addition of methylithium to allocolchicine&96, in pink) gives tertiary alcohol
502 which is then oxidised with hydrogen peroxide asarranged under acidic
conditions to NAC in overall 76 % yield,

- allocolchiceine %03 in black), can be converted to aniline04 and its

diazotisation with subsequent elimination leadslAL in yield as low as 7 %.

{ ~NHAc
@)

OMe
(-)-495

(-)-497
Scheme 7.2Degradation of Colchicine td-Acetylcolchinol-methylether

4. Preparation of N-acetylcolchinol-methyletl{cheme 7.2):
- singlet oxygen is used to form bridggds from colchicine
- triphenylphosphine-induced ring-C contractionfoafs N-acetylcolchinol-
methylethe98in overall 40 % yield,
- methylation of NAC prepared by any of previousigntioned methods can be

performed with methyliodide/potassium carbonaterigliag 498in good yield.

7.1.2. Syntheses of N-Acetylcolchinol and Closebi&ed Allocolchicinoids

In principle, there are three synthetic approachesv to construct the

dibenzocycloheptadiene tricyclic system:
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- cleavage of the B-ring of phenanthrene and lemton to seven-membered ring,
- aldol condensation of two components and sulm#qoxidative coupling of

substituted diphenylpropane,

- metal-mediated coupling of two components arigbsquent aldol condensation.

HOOC HOOC
o=
Zsteps O
MeO @ + ON OMe —> MeO @ 9 OMe
63 %
MeO OMe 507
506 508

Scheme 7.3Synthesis of 2,3,4,7-Tetramethoxyphenanthroic Acid

The first total synthesis was published in 1950R@apoport and Cisney? It was
based on popular phenanthrene chemistry since (t®-8ouble bond was known to be
oxidatively cleaved to highly functionalised biplykrstructures. Their synthesis started
from 2,3,4,7-tetramethoxyphenanthoic a&d8 which was prepared in two steps from

3,4,5-trimethoxyphenylacetic ackD6 and 2-nitro-5-methoxybenzaldehy887 (Scheme
7.3).

(@) NOH
HOOC
3 steps .
o Tz e (G om0 () o
64 % 76 %
MeO OMe 509

Scheme 7.4First Total Synthesis df-Acetylcolchinol-methylether

Phenanthroic acid08 was derivatised in three steps to monoxis®® and its
Beckmann rearrangement afforded cyano&dii Recyclisation 0610 was achieved in
three steps leading to dibenzocycloheptadieridrie an intermediate known from various
degradation works. This classical synthesis pralideemic colchinol-methyleth&d2in

13 steps and 4.5 % overall yield (Scheme 7.4). Ra#sn of 512 with d-tartaric acid
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afforded crystalline salt from which the free amimas released and acetylated to N+)-

acetylcolchinol-methylethet98

Me
v,
MeO @ @ OMe ——> MeO
65 %
MeO OMe 513
%. Pb(OAC),
2. HCI/AcOH

Scheme 7.5Alternative Synthesis dfl-Acetylcolchinol-methylether

Under competitive conditions, Cook published a similar synthesis, using 2,3,4,7-
tetramethoxy-9-methylphenanthrene derivaBie as the crucial precursor (Scheme 7.5).
This aromatic compound was dihydroxylated on thactiee 9(10)-double bond. The
resulting dialcohol514 was cleaved with lead tetraacetate and recycliseter acidic
conditions to conjugated ketorted5 which was hydrogenated over Pd-black to above-

mentioned dibenzocycloheptadiendsiel

COOH
1. LiAIH,, 2. PCC OH

MeO OTBDMS
70
MeO @ 3. @OTBDMS MeO

> OMe 517
MeO OMe 77 %
516
l 3 steps, 48 %
NHAc
NHACc
T|(OTFAC)3 MeO OTBDMS
MeO OH <—71 o
0
OMe MeO
MeO 497 OMe 518

Scheme 7.6First Total Synthesis of N-Acetylcolchinol
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The first total synthesis of NAC appeared 37(!) years later and it approached the
construction of tricyclic core in very different wgScheme 7.6). Addition of 3t
butyldimethylsilyloxy)phenylmagensium bromide to 43-trimethoxyphenylpropanal
(prepared from corresponding aé&tl6) afforded racemic 1,3-diphenylpropartd7 which
was converted to acetami@d8 in three steps and 48 % yield. Non-phenolic oxieat

coupling of precursds18 gave racemitN-acetylcolchinol.

The Sawyer’s synthesis was very effective — stext gteps) and the high yielding
(26 % overall). The only drawback was the use a&fctd|®* salt for the oxidative biaryl
coupling. Due to the toxicity of thallium, otherugding reagents have been tried since
then. Racemic colchicine and two members from altdgcinoid family (salimine526)
and jerusaleming27, isolated fromColchicum decaisnghave been synthesisédusing
lead tetraacetate for the crucial step of oxidatnano-phenolic coupling (Scheme 7.7).

3 steps MeO
MeO
7o 85 % OMe

519: R! = Me 522: R' = Me 1. Pb(OAc),
520: Rl = TBDMS 523: Rl = TBDMS 2. TFA
42-54 %
3
7 steps .
oH T o O (Do
OMe OMe

526: R = Me, R = COOH, R® = Ac (0.3 %) 524: R' = Me
527: R'=H, R' = OH, R® = Me (34 %) 525: R' = TBDMS

Scheme 7.7Total Syntheses of Salimine and Jerusalemine

The coupling precursor of Banwell’'s synthesis wiie 1,3-diphenylpropands2?2
and 523 which were subjected to Umezawa cyclisation wihgent sequence of lead
tetraacetate/trifluoroacetic acid. Resulting kes24 or 525 were converted to the final
products in additional seven steps. However, therallyield differed significantly for
salimine526 (0.3 %) and jerusalemir27 (34 %).
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OTBDMS
e 4 steps Q
wo (3 S we -
32 % 1.=—COOMe
O 2. DDQ

528 529 79 %
OTBDMS

6 steps .
< MeO O Q COOMe

48 %

MeO OMe  ().496

Scheme 7.8Total Synthesis of{)-Allocolchicine by Diels-Alder Reaction

A very original approach was adopted by Wulff et*alemploying Diels-Alder
reaction for constructing the ring-C around the Ar8mework (Scheme 7.8). The starting
material was benzosuberob28 which was derivatised to bicyclic Diels-Alder deb29.

The Diels-Alder reaction, using methyl propiolasedaenophile, afforded the tricyclic core
in correct regiochemistry and its rearomatisatiomhwbDQ led to 530 A series of
deprotection and oxidation-reduction steps on @é oxygen functionality led to the
desired natural (-)-allocolchicird96. The only stereocentre was set up by reduction of
corresponding-7 ketone with (+)-TarB-N@LiBH4in 91 % ee.

// O OMOM

2
4-5 steps MeO R
MeO R2

54- 56 %  MeO

532:R1=CI, R2=Br
531 533: R =Br, RZ=H 534: Rl = Cl, R2 = COOMe
535: R =Br, RZ=H

Pd(OAC),/K,CO5
OMOM FCys
s . ata
Rt
Som—V I Me,N

86 %

536: R? = COOMe (73 %)
537: R = H (69 %)

Scheme 7.9Syntheses of Allocolchicinoids by Direct Arylation
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Another novel approach for synthesis of allocoleioas exploited several
palladium-catalysed reactions (Scheme 79)tarting with a coupling of 3-(3',4',5-
trimethoxyphenyl)propyn®31 and acid chloride$32 or 533 The resulting ketone was
enantioselectively reduced witt5{pinene/9-BBN in 97 % ee followed by a short
sequence, including Pd-catalysed carboxylatighs{ibstituent). The formed intermediates
534 or 535 were cyclised by direct arylation method 386537 in overall 39 % yield.
Unnatural allo-analogug38was prepared in three steps and 86 % yield B8ih

0 , MeO
| OTBDMS % 'I&I(I:-|CI\I/IDS/TMSCI
> MeO

3. Ph

o> T

0 MeO OTBDMS
539 MeO = B:O 540 (72 %)

1

Ph

l Pd/C, H, (100 %)

NHAc
TIOTFAC),  MeO ' OTBDMS
53 % MeO
OMe  (-)-518

Scheme 7.10First Enantioselective Synthesis ej{\N-Acetylcolchinol

Wu and Chon@® have used their own enantioselective protocolllofreylation of
N-acetylaldimines (formed in situ from aldehyde5&$) to form the stereogenic centre in
enantioenriched diphenylpropyad0 (72 % vyield, 94 % ee) which was hydrogenated to
known precursor (518 (Scheme 7.10). Sawyer's *fimediated oxidative coupling
afforded cyclised (—N-acetylcolchinol497 in 53 % yield. This synthesis featured only

three separate synthetic steps and 38 % overddl. yie

In co-operation with Astra-Zeneca, Kocienski and/IBo” have published several
syntheses of NAC, three of them based on Sawygrithesis (however, employind'4
based oxidantj’® and one based on metal-catalysed aryl coupftigrhe first synthesis
(Scheme 7.11) starts with sequence of aldol coradiems of 519 and 462 and
hydrogenation of the chalcone product. The resyltgaturated ketone was reduced
enantioselectively in 92 % ee using Noyori’'s hydnogtion protocol to afford the alcohol

(+)-517 which was converted to azide (5441 by Mitsunobu reaction. Hydrogenation of (—
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)-541 and acetylation of the free amine gave the enantiched (-)518 which was
cyclised to (-)-NAC either with thallium tris(trifbroacetate) in 31 % yield (in contrast to
Sawyer’'s 71 %) or with phenyliodonium bis(trifluacetate) (PIFA) in 50 % yield.

3steps MeO OTBDMS
MeO _>
66 % MeO
OMe  (+)-517
519

1. MsCl
2. NaNj3 (90 %)

1. Pd(OH),, H,

PhI(TFAC), 2. Ac,0 MeO OTBDMS
()-497 <—————— (-)-518 =
50 % 85 % MeO

Me  (9)-541

Scheme 7.11Enantioselective Synthesis ef){N-Acetylcolchinol

An alternative way of preparing alcohol ()7 (Scheme 7.12) utilised
stereospecific Matteson-type [1,2]-metallate resgesment of an o-

(carbamoyloxy)alkylboronate (943 which was synthesised from alcoladdl2in 2 steps.

BrM
2 steps o ~o rmg
MeO B/ 1. @OTBDMS
60% 0. > (+)-517
2. H,0,/K,CO3

73 %
542 OMe (+)-543

Scheme 7.12Alternative Route for Synthesis of Alcohel7

Their third synthesis (Scheme 7.13) exploited amidibf a Grignard reagent onto
chiral tert-butylsulfinyl aldimine (+)545 (made from the corresponding aldehysi).
The major diastereomer tdrt-butylsulfinyl amine546 was obtained in 88 % de and series
of protection-deprotection steps then providedabetamide (-p18 which was cyclised

as stated previously.
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o
\
OMe 544 OMe  (+)-545
BrMg

N -S(O)t-Bu @OTBDMS

4 steps MeO OTBDMS
(18— O O 99 %
77 % MeO

Scheme 7.13Enantioselective Synthesis ef){N-Acetylcolchinol

The following two syntheses have applied a compidarg approach of
constructing the biaryl backbone by means of med#dlysed or metal-mediated coupling

reactions and successive cyclisation providingsteen-membered ring-B.

MeO B(OH), (0] AcO
@ n | OMe 5 steps \ \C02(CO)g
E—
MeO _— e
OMe Br

59 %
MeO OMe
548

1. BF;.0OEt,
3 steps 2. Et3SiH
3. TFA (71 %)

OH
56%
ZSteps
oo A (D -ome < 0 O Q

OMe  (4).551

547

(-)-498

Scheme 7.14Enantioselective Synthesis ef){N-Acetylcolchinol-methylether

In the synthesis of Djurdjevic and Gré&h(Scheme 7.14), the Suzuki-Miyaura
coupling partnerb47 and 548 afforded a biaryl which was derivatised further the
cobalt-coordinated cyclisation precurss49. The cyclisation mediated by a Lewis acid
(boron trifluoride etherate) afforded dibenzocyeptadienyne coordinated with
hexacarbonyldicoblalt which was decomplexed by bgtylation-acidic desilylation
method to550. Dibenzosuberon&50 was hydroborated and oxidised to i€/ ketone
511 which was enantioselectively reduced to alcohp531 with (+)-TarB-NG/LiBH 4 in
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95 % ee. Mitsunobu reaction, reduction of the azadd acetylation of the free amine
provided N-acetylcolchinol-methylethe498 The overall yield of this 11-step synthesis
was 18 %.

o 9
MeO 0. 0
2 steps OBn
- 3 steps
519 —— Meo Br 462 >
84 % — > Br
OMe 59 %
552 553

Scheme 7.15Precursors for Astra-Zeneca’s Synthesis-3iNAC

Astra-Zeneca has been involved in the developména @ro-drug (—)499 a
phosphate of (=)-NAE® (Scheme 7.16). Their approach employed Ullmantisaton of
precursors552 and 553 (Scheme 7.15) to biaryb54 which on ketal-deprotection
condensed to unsaturated ketddeb (a 9-benzyloxy analogue d&15 Scheme 7.5).
Ketone555 was converted in three steps to enantif a substrate for enantioselective
hydrogenation over rutheniurgj{iso-propyl-ferroTANE catalyst to afford (—)-NAC. The
linear sequence of seven steps provided thdg#jn 32 %.

1. n-BuLi/CuBr.P(OEty) 0 0/>
2.553 )

3. AcOH
552 > MeO @ @ OBn
77 %

MeO OMe 554 1. HCl
) 2. K,CO4
[red] = (S)-i-Pr-FerroTANE/Ru(methallyl),, H, 91 %

NHAc
[red] 3 steps

100 % e .
MeO OH 46 % MeO OBn

(-)-497 <-—

Scheme 7.16Synthesis of{)-NAC from Astra-Zeneca

A modification of this synthesis was published bycienski and Boyfg®
(Scheme 7.17) who utilised palladium-catalysed &ukllyaura coupling instead of the
copper-mediated Ullmann reaction. The resultingryieb58 was cyclised in basic

conditions to555 which was transformed to alcohol (3%9in 98 % ee (a 9-benzyloxy
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analogue of (+p51, Scheme 7.14). (959 was converted to (497 in similar fashion as
was (+)551 The length (11 steps) of the synthesis causea afrthe overall yield to 22 %
in comparison to the synthesis of Astra-Zeneca.

O Pd(PPh3)4/NaZCO3 o o
3 steps MeO
519 o @ )‘\@/
85 % MeO B(OH), MeO O Q OBn
OMe -
52 % MeO  OMe 558
557
l K,COj3 (68 %)
4 steps . 2 steps
(-)-497 S O Q - 555
89%  MeO OBn 81 %

Me  (4)-559

Scheme 7.17Alternative Synthesis of§-NAC

7.2. Our Synthesis oN-Acetylcolchinol

7.2.1. Synthesis of Precursors, Imine and Its Retio to Amine

As it was previously explainedN-acetylcolchinol is a biologically active
compound with useful anti-tumour activity. Our dyesis of this molecule is based on the
synthesis of an appropriate imine (Scheme 7.18¢hvban be organocatalytically reduced
with trichlorosilane according to our method.

NPMP

TBDMSO O O OMe TBDMSO O O OMe
OMe
561
OM

ﬂ J

()-497 462 + 519

Scheme 7.18Retrosynthetic Analysis
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The beginning of the synthesis (Scheme 7.19) wasedaout according to known
proceduresThe core was constructed in the first step by sodnethoxide-catalysed aldol
condensation of 3,4,5-trimethoxybenzaldeh$d® and 3-hydroxyacetophenodé2 This
step afforded chalcor®2 which needed to be hydrogenated to saturated &&tih

NaOMe HO OMe [(PPh3)3sRh]CI /H,
462 + 519 —— >

MeOH AcOEt/MeOH

r.t.,3d rt.,3d

562 (96 %) OM

TBDMSCI
TBDMSO OMe Eth/DMAP HO OMe
O P
OMe r.t., overnight OMe

564 (93 %) OMe 563 (90 %) OMe

Scheme 7.19Synthesis of Ketone for Imination

Literaturé®® describes hydrogenation on Bt@ffording 563 in 85 % vield.
However, with attempted methods of heterogenousagghation over different palladium
or platinum catalysts (Table 7.1), a mixture ofdket563 (not more than 70 % content)
and over-hydrogenated saturated alcots@5 (Figure 7.3) was produced when
disappearance of starting material was detectednddenous hydrogenation over

Wilkinson catalyst proved to be more efficient,oaffing 563 selectively in 90 % isolated

yield.
Table 7.1.Hydrogenation of chalcore62
Catalyst / H balloon 10 % Pd/carbon PtO, 10 % Pt/active coal Wilkinson
(2.4 % Pd) (2.0 % Pt) (2.4 % PY) (5 % Rh)
563565ratio 1.1 2:1 5:3 <955

OH
HO O O OMe
OMe
565 OMe

Figure 7.3.0ver-hydrogenated Product
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The subsequent step of silylation of the phenoletyoivas performed according to
literaturé* and afforded the keton®64 in 93 % vyield; 80 % over 3 steps. Imination
proceeded smoothly in agreement with previous motighine 476w. Standard reaction
time of 18 h afforded the desired imifélonly in ~ 50 % vyield; however, prolonged time
to 36 h improved the yield to 78 % (Scheme 7.20).

OMe
Sigamide (5 %) HN

p-TsOH HSICl; (2 eq)
564 > g1 » T1BDMSO OMe
benzene, (78 %) toluene,
reflux, 36 h rt,18h OMe
OMe

(-)-(S)-566
(69 %, 96 % ee)

Scheme 7.20Synthesis of Amine Intermediate

The reduction of iminé&61 followed the expectations and enantioenriched amin
566 was obtained in moderate yield (69 %) and excebem@intioselectivity (96 % ee), 43
% vyield after 5 steps. Attempts to crystallise #isine for X-ray analysis failed, however,
according to the broad library of amines synthekiseeviously, the anticipated absolute

configuration was$).

7.2.2. Amine Deprotection and Oxidative Coupling

Obtaining the amin&66 successfully provided two possible synthetic apphes
towards the advanced stages of synthesis of catffditheme 7.21). The first one was a
novel route by performing phenolic or non-phenaupling on the amine intermediate
566, also expecting that the oxidative conditions wlodéprotect th@ara-methoxyphenyl
group from nitrogen. A straightforward, but someweagthy sequence of deprotection of
the PMP-group and carrying out the synthesis gsaxiously published work®’ was kept

as a back-up method.
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H,N NH,
RO OMe
<--- 566 - O O
RO OMe

OMe
OMe 568

Scheme 7.21Two Possible Synthetic Routes

The non-phenolic oxidative coupling was trialled amine 566 (Scheme 7.22),
even if there was no literature precedent for gpling of a substrate containing secondary
amino-group. Different oxidants were used accordinthe literature procedures. Attempts
of coupling with ruthenium(IV}** or molybdenum(\* resulted in no coupling reaction
and only provided the deprotected pheB@D. On the other hand, vandium@® and
standard Bfactivated PIFA were too reactive and tar matewi@s obtained. The
alternative reagent, heteropolyacid-activated PitAdid mediatea reaction, however

according tdH NMR, no coupled product was obtained.

N PMP tar

[coupling c. and d.]

HO OMe [couplmg a. and b.]
Saae “ o
OMe w&]
570 (97 %) OMe

unknown, no coupled product obtained

[coupling]:

a. RuO, (2.0 equiv), BF;.0Et, (2 eq), CH,CL/TFA/ITFAA, r.t., 24 h

b. MoCls (1.9 or 3.2 equiv), TiCl, (1.9 or 3.2 equiv), CH,Cl,, 0-20 C, 16 h
c. VOCl; (2.5 equiv), CH,CI, or ether, -80 Ctor.t.,5h

d. PIFA (1.2 equiv), BF3.0OEt, (2 eq), CH,CI,/TFA/TFAA, -5 Ctor.t.,,5h
e. PIFA (1.0 equiv), PMA (1.0 eqg), MeCN, -10 Ttor.t,, 1.5h

Scheme 7.22Attempts of Oxidative Coupling of Aming66

The N-acetamides71 was prepared frori66 by standard acetylation procedure in
virtually quantitative vyield (Scheme 7.23). The ®antoupling procedure with
ruthenium(lV) was applied on this substrate. Theultewas very similar to the previous
case, only desilylated phend72 was recovered. This phenol was subjected to
molybdenum(V) and vanadium(V)-mediated couplingdibons, again leading to similar
results as before. This synthetic approach wagileftto probable problems with removal

of PMP-group, even if the coupling did afford thesoled product.
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Ac_

NPMP
[acetylation a. or b] TBDMSO OMe
566
[acetylation]: 0 OMe i
a. Ac,0 (10 eq), pyridine (20 eq) 571 (98 %) [coupling & ]
benzene, r.t., 60 h
b. AcCl (2.4 equiv), Et;N (3.0 eq) AC\NPMP
CHClj, reflux, 15 min
recovered  Icouplingb]  HO OMe
572 <
[coupling c.] OMe
tar -——— 572 (85%) OMe

Scheme 7.23Attempts of Oxidative Coupling of Acetami&&'1

The PMP-deprotection reaction was carried out ugis@blished methods with
cerium(lV)-ammonium nitrate (CANJ° or trichlorocyanuric acid (TCCAJ® (Scheme
7.24). Despite some variation of conditions, ilearege of amount of the oxidant and/or
solvent system, they failed to produce the freenanmand only small quantities of tar

material were isolated (Table 7.2).

Table 7.2.Deprotection of PMP-group of Amirs66

Oxidant Temp., Time Additives, Solvents Product
TCCA (0.5 equiv) r.t., 75 min 1M 30, MeCN / HO (1:1) tar
CAN (4 equiv) 0°C,4h MeCN /40 (4:1) tar
CAN (2 equiv) rt,4h MeOH / 0 (1:1) tar

Partial success was achieved with less active gieriacid”*® However, this
method afforded the free amino alcotadl3 in extremely variable yields! Unfavourable
outcome of biaryl couplings and other deprotectitethods has led us to optimisation of
the reaction conditions rather than trying morerdegetion reagents (Table 7.3). The
reproduction of literature proceddt®(run 1) afforded the free amis&3in 38 % vyield.
Increasing the content of acetonitrile and keepheytemperature under 16 °C seemed to
improve the yield (run 2). Decreasing the amounsuwfuric acid or not adding it at all,
caused faster side reactions and isolation of tvaes of the desired product (runs 4 to 6).

On contrary, higher content of acid appeared tbeyeeficial (runs 7 and 8).
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NH,
[deprotection a. or b.] [deprotection c.] HO OMe
tar —= 566 -
OMe

[deprotection]:

a. TCCA (0.5-1 eq), 1M H,SO4, MeCN/H,0O, r.t.,, 1.5h
b. CAN (2-4 eq), MeOH/H,0, 0-20 C, 1.5-4 h

c. H5104 (1 eq), 1M H,SO,4, MeCN/H,0, 0-20 C, 6 h

573 (0-74 %) OMe

Scheme 7.24Attempts of Deprotection of the PMP-group from ae66

From the results of these experiments, it coulddyluded that important features

of this oxidative deprotection reaction were agidf the aqueous acetonitrile, reaction

temperature and work-up:

- the cleanliness of the reaction benefited fraghér content of acid (3$Oy),

- lowered temperature to 12-16 °C had also peasitiwvpact; however, temperature

close to 0 °C significantly slowed down the deprtiten reaction, and higher

temperature (~ 20 °C) caused faster decomposifitimcsubstrate (presumably by

over-oxidation at other sites of the electron acyl rings or free phenol),

- pH of the work-up — extraction from aqueous ghamist have been done at pH 8,

as the amino alcohi73is well soluble in acidic or basic aqueous layer.

Table 7.3.Deprotection of PMP-aming66(0.033 M solution) with Periodic Acid @HD,4, 1 equiv)

Run 1M H,SO, Time, Temp. Solvents Product

1 1mL overnight, r.t. MeCN /D (1:1) 573(38 %)

2 1mL lhat0°Cthen3hatl16°C MeCN,OH2:1) 573(74 %)

3 1mL 2hat0°Cthen3 hat18°C MeCN,OH2:1) tar

4 - SM disappearance, MeCN / HO (2:1) tar
200 min at 16 °C

5 0.1 mL SM disappearance, MeCN / HO (2:1) tar +566in acid washes
3hatl6°C

6 2mL SM disappearance, MeCN / HO (2.5:1) 573(trace)
6.5hat 16 °C

7 10 mL SM disappearance, MeCN 573 (trace) +570in acid
25hat16°C washes

8 10 mL completion, 5 h at 16 °C MeCN 573(69 % overall)

These observations helped to develop the improveckpure that is as follows: the

0.033 M concentration of the substr&i@6 was kept by using two-components solvent

system of acetonitrile and 1M sulfuric acid in Z\M/V) ratio while the temperature was

held between 12-16 °C. These modifications inciekadlse reliability of the deprotection;
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however, the yields stayed mediocre (47 % in awragd the reaction time varied (Table
7.4).

Table 7.4.Deprotection of PMP-group of Amirig66with Periodic Acid (1 equiv)

Amine Time, Temp. Product

566 6 hat 14-16 °C 573(41 %)
566 5hat11l°C 573(63 %)
566 20 h at9-15°C 573(27 %)
(-)-566 5hat11°C (-)-573(63 %)
(-)-566 9hat12-16 °C (5)-573(42 %)

Having obtained the free amin@;resilylation andN-acetylation was required to
reach the known intermedia®@ 8 for the iodine(lll)-mediated oxidative couplingaf®&me
7.25). In parallel, amido esté&74 was also synthesised as it was repdrtetb be a
suitable substrate for the coupling and it wouldrehasaved some protection steps.
Unfortunately, the coupling of this substrate yegldar material. Therefore, amino alcohol
573 was protected as silyleth860. Interestingly, resilylation* using triethylamine as a
base and mopping reagent did not proceed to coimpland 1:1 mixture was obtained
even if 2.5 equivalents of the silicon source wsedu Applying another common silylation

proceduré®® with imidazole base solved this inconvenience.

NHAc
AcO OMe [coupllng d.]
tar
_ OMe
[acetylation a.] 574 (80%) OMe
573 [acetylation]:
(+)-573 a. Ac,0 (10-20 eq), pyridine (excess), benzene, r.t., 5 h
[silylation]:
a. TBDMSCI (2.2 eq), Et3N (3.0 eq), DMAP (5 %), THF, r.t., 16 h
[silylation b. TBDMSCI (2.4 eq), imidazole (5 eq), CH,Cl,, r.t., 16 h
a.orb.] [coupling]:
d. PIFA (1.2 equiv), BF3.0Et; (2 eq), CHxCIL/TFA/TFAA, -5 Ttor.t, 5h
TBDMSO OMe [acetylation a] [coupling d.]
» (-)-518 ——————> ()-497
OMe (91-96 %) (45 %)
-)-560
(51 -86 %)

Scheme 7.25Synthesis of NAC from aming73

Acetylation of the silylether560 afforded the crucial coupling substrabd8

(Scheme 7.25), also known from literature. The dogpitself was a reproduction of
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Kocienski et af*® method using phenyliodonium bis(trifluoroacetaayl it proceeded as
described. However, the purification was more ladaa as crystallisation was not feasible
in our scale (30 mg), the yield was 45 % (compaoeguliblished 53 %).

7.2.3. Conclusions

The optical rotation of the coupling product wasviery good agreement with

g9,230,238
)

literature source therefore we can assume that the natural occurf)eN-

acetylcolchinol was successfully prepared, in @-$teear sequence and 7 % overall yield.

7.3.Experimental Part (1)

(E)-1-(3’-Hydroxyphenyl)-3-(3”,4”,5"-trimethoxyphenyl )prop-2-en-1-one (562),
C13H1305, FW = 314.36

: o :
3 HO. O = O OMe 3
} OMe !

1 C147 OMe

A solution of 3,4,5-trimethoxybenzaldehyde (9.850,0 mmol, 1 equiv) was added drop-
wise to a solution of freshly prepared MeONa in Me(.0 M, 100 mL) at 0 °C and 3-
hydroxyacetophenone (6.81 g, 50.0 mmol, 1 equignhydrous MeOH (100 mL) over 1
h.?*° The resulting solution was let to stir at ambiemhperature for 60 h. The solvent was
then removedn vacuo and the residue was dissolved in water (150 mL)e Phasic
aqueous layer (pH 12) was washed withCE{3 x 40 mL) and acidified by addition of
conc. HCI to pH 1. The precipitate was filteredyrtsughly washed with water and dried
under reduced pressure to obtain chalce®2>° (15.2 g, 48.3 mmol, 96 %) which was
used without further purification: yellow crystalsip 150-151 °C (AcOEt), [lit*° 177-
178.5 °C (EtOH-water), Iit” 173-174 °C (EtOH)]*H NMR (400 MHz, CDC4) & 3.91 (s,
3H), 3.92 (s, 6H), 6.17 (br s, 1H), 6.86 (s, 2H}17(ddd,J = 8.1, 2.6, 0.9 Hz, 1H), 7.39
(dd,J = 7.9, 7.8 Hz, 1H), 7.38 (d,= 15.6 Hz, 1H), 7.57-7.60 (m, 2H), 7.73 (b= 15.6,
1H); °C NMR § 56.26 (2x CHs), 61.08 (CH), 105.72 (2x CH), 115.18 (CH), 120.29
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(CH), 120.98 (CH), 121.27 (CH), 129.94 (CH), 130(28, 139.67 (C), 140.49 (C), 145.53
(CH), 153.49 (2x C), 156.36 (C), 190.55 (C)R v 3020, 1650, 1576, 1459, 1504, 1418,
1287, 1215 ci; MS (Cl/isobutane)n/z (%) 315 [(M+HY, 13], 113 (34), 97 (28), 95 (42),

93 (28), 85 (78)HRMS (Cl/isobutane) 315.1234 (gH1¢0s requires 315.1232).

1-(3’-Hydroxyphenyl)-3-(3”,4”,5"-trimethoxyphenyl)p ropan-1-one (563), GgH200s,
FW = 316.38

A solution of Wilkinson catalyst (97 mg, 0.100 mmbl mol %) and chalcong62 (629
mg, 2.00 mmol, 1 equiv) in an ethyl acetate (20 mUnethanol (2 mL) mixture was
placed under an atmosphere of @alloon). The reaction was monitored by TLC and
when the starting material was consumed (ca 7@enptixture was concentratedvacuo
The residue was dissolved in ethyl acetate andréiselting suspension was filtered
through a Celite pad and washed with ethyl acefte.filtrate was evaporated to afford
563 as a crystalline residue (573 mg, 1.81 mmol, 90 Whjch was used without further
purification: white crystalsmp 119-120 °C (hexane)!H NMR (400 MHz, CDC}) &
2.98-3.02 (m, 2H), 3.25-3.29 (m, 2H), 3.82 (s, 3BIB3 (s, 6H), 6.24 (br s, 1H), 6.45 (s,
2H), 7.11 (dddJ = 8.1, 2.6, 0.9 Hz, 1H), 7.39 (dddl= 8.1, 7.7, 0.7 Hz, 1H), 7.49-7.52
(m, 2H);*C NMR & 30.63 (CH), 40.70 (CH), 55.09 (2x CHs), 60.91 (CH), 105.34 (2«
CH), 114.59 (CH), 120.51 (CH), 120.65 (CH), 129@H), 136.15 (C), 137.08 (C),
138.20 (C), 153.18 (2 C), 156.44 (C), 199.82 (C)R v 2942, 1684, 1592, 1508, 1450,
1421, 1216 cm; MS (El) m/z(%) 316 (M*, 93), 302 (13), 195 (100), 181 (75), 121 (70),
94 (38), 84 (33)HRMS (EI) 316.1310 (H200s requires 316.1311.

1-[3'-(tert-Butyldimethylsilyloxy)phenyl]-3-(3”,4”,5"-trimetho xyphenyl)propan-1-one
(564), G4H3405Si, FW = 430.67

] o !
| TBDMSO OMe !
! ! l OMe !
: OMe :

564

A solution oftert-butyldimethylsilyl chloride (1.64 g, 10.8 mmol,3lequiv) in anhydrous
THF (4 mL) was added to a mixture of ketob@3 (2.64 g, 8.34 mmol), triethylamine
(2.52 mL, 1.60 g, 16.7 mmol, 2.0 equiv) andNIN-dimethylamino)pyridine (102 mg,
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0.830 mmol, 5 mol%) in THF (9 mL) at 0 °C. The mixture was let to warm to room
temperature and to stir overnight. The reaction wasnched with a saturated NMH
solution (80 mL) and the aqueous layer was extdaetéh ether (2 x 80 mL). The
combined organic layers were dried over Mg3@d evaporated to afforsb4 (3.35 g,
7.77 mmol, 93%) which was used in the next stepaut further purification: colourless
oil which solidified upon standingnp 66-67 °C (hexane}H NMR (400 MHz, CDC}) &
0.20 (s, 6H), 0.98 (s, 9H), 2.97-3.01 (m, 2H), 3337 (m, 2H), 3.81 (s, 3H), 3.83 (s, 6H),
6.45 (s, 2H), 7.02 (ddd,= 8.1, 2.5, 1.0 Hz, 1H), 7.30 (ddi= 8.0, 7.8 Hz, 1H), 7.41 (dd,

= 2.1, 1.8 Hz, 1H), 7.53 (dd,= 7.8, 1.6 Hz, 1H), 7.49-7.52 (m, 2HYC NMR & —4.42 (2

x CHg), 18.19 (C), 25.64 (¥ CHg), 30.65 (CH), 40.69 (CH), 56.05 (2x CH;3), 60.84
(CHg), 105.30 (2x CH), 119.28 (CH), 121.19 (CH), 124.96 (CH), 129(6€N), 136.24
(C), 137.13 (C), 138.32 (C), 153.19 ¥2C), 156.01 (C), 199.01 (C)R v 2955, 2932,
2858, 1686, 1590, 1508, 1461, 1434, 1284, 12529 th2"; MS (Cl/isobutane)m/z (%)
431 [(M+H)", 70], 251 (13), 133 (82)HRMS (Cl/isobutane) 431.2252 {@H3505Si
requires 431.2254).

(E)-N-{1’-[3"-( tert-Butyldimethylsilyloxy)phenyl]-3'-(3"",4™,5™-
trimethoxyphenyl)prop-1'-ylidene}-4-methoxyaniline (561), GiH4NOsSi, FW =
535.82

/©/OMe .

' N !
| TBDMSO O OMe !
3 OMe'!
' 561 !

OMe

561 prepared according general procedure for iminatiethod A: yellow crystalsmp
76-77 °C (hexanefH NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca. 5:1,
the minor one is marked % 0.01* (s, 1.2H), 0.24 (s, 6H), 0.90* (s, 1.8H)Q1.(s, 9H),
2.70 (dd,J = 8.0, 7.2 Hz, 2H), 2.91-3.00 (m, 2.4H), 3.02-3.Q@t 0.4H), 3.70* (s, 0.6H),
3.74 (s, 6H), 3.78 (s, 3H), 3.81 (s, 3H), 3.83083:8(m, 1.8H), 6.08 (s, 2H), 6.44-6.48 (m,
2.4H), 6.54-6.58* (m, 0.4H), 6.62-6.74* (m, 1.018)81-6.85 (m, 2H), 6.96 (ddd,= 8.0,
2.4,0.9 Hz, 1H), 7.12* (ddl = 8.0, 7.7 Hz, 0.2H), 7.33 (dd= 8.0, 7.9 Hz, 1H), 7.40 (dd,
J=2.0, 2.0 Hz, 1H), 7.51 (ddd,= 7.8, 1.5, 1.0 Hz, 1H)*C NMR & —4.60* (2x CHs), —
4.28 (2x CHg), 18.14* (C), 18.24 (C), 25.61* (8 CHg), 25.68 (3x CHg), 32.26 (CH),
33.10* (CH,), 34.34 (CH), 43.04* (CH), 55.27* (CH), 55.44 (CH), 55.93 (2x CH),
56.04* (2x CHg), 60.88 (2x CHg), 105.16 (2 CH), 105.38* (2x CH), 113.94* (2x CH),
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114.02 (2x CH), 119.32 (CH), 119.81* (CH), 120.21 CH), 120.50* (CH), 120.74
(CH), 120.87* (CH), 121.96 (CH), 122.12* (2 CH), 129.46* (CH), 129.56 (CH),
136.10* (C), 136.30 (C), 136.28 (C), 137.29* (C39119* (C), 140.11 (C), 143.78* (C),
144.59 (C), 153.09 (4 C), 155.36* (C), 155.73 (C), 155.83* (C), 155.9%,(169.11 (C),
170.74* (C);IR v 2954, 2932, 2858, 1624, 1590, 1503, 1462, 1423),12128 crit; MS
(+FAB) m/z (%) 536 [(M+H), 100], 535 (75), 340 (20), 181 (7OHRMS (+FAB)
536.2830 (G1H420sNSi requires 536.2832).

(=)-N-{1’-[3"-( tert-Butyldimethylsilyloxy)phenyl]-3’-(3"",4™,5™-
trimethoxyphenyl)prop-1'-yl}- N-(4-methoxyphenyl)amine (566), gH43NOsSi, FW =
537.84

3 HN

| TBDMSO O OMe
3 OMe!
' 566 |

OMe

566 prepared according to general procedure for imaakeiction: colourless oi[p]p —11.0
(c, 1.0, CHCY); *H NMR (400 MHz, CDC}) & 0.16 (s, 6H), 0.97 (s, 9H), 2.02-2.17 (m,
2H), 2.68 (ddJ = 7.7, 7.5 Hz, 2H), 3.69 (s, 3H), 3.80 (s, 6H),53(8, 3H), 4.21 (dd) =
7.0, 6.5 Hz, 1H), 6.39 (s, 2H), 6.44-6.48 (m, 2.46157-6.71 (m, 2H), 6.73 (ddd,= 8.0,
2.4, 0.9 Hz, 1H), 6.83 (dd,= 2.0, 1.8 Hz, 1H), 6.94 (br d,= 7.7 Hz, 1H), 7.40 (dd] =
7.8, 7.8 Hz, 1H)2C NMR & —4.56 (CH), —4.51 (CH), 18.11 (C), 25.59 (8 CHs), 32.97
(CHy), 39.92 (CH), 55.62 (CH), 55.84 (2x CHs), 58.06 (CH), 60.73 (C#), 105.13 (2%
CH), 114.50 (2 CH), 114.60 (2< CH), 118.28 (CH), 118.55 (CH), 119.42 (CH), 129.40
(CH), 135.95 (C), 137.15 (C), 141.40 (C), 145.68, 51.80 (C), 153.01 (2 C), 155.73
(C); IR v 3397, 3008, 2932, 2857, 1589, 1512, 1463, 1239; ¢t (Cl/isobutane)yn/z
(%) 206 [(M+HY, 65], 537 (25), 415 (28), 308 (40), 161 (52), 143), 85 (83)HRMS
(Cl/isobutane) 538.2991 {gH44NOsSi requires 538.2989HPLC analysis [Chiralpak IB,
hexane — propan-2-ol (75:25), 0.75 mL/mifigor = 12.37 MiNntmajor = 19.67 min] showed
96 % ee.
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N-[1'-(3"-Hydroxyphenyl)-3’-(3",4™,5-trimethoxyp henyl)prop-1'-yl]- N-(4-
methoxyphenyl)amine (570), GsH29NOs, FW = 423.55

HO O O OMe 3
OMe

570 white crystalsmp 139-140 °C (ChCl,); *H NMR (400 MHz, CDC}) & 2.04-2.09
(m, 2H), 2.67 (ddJ = 7.6, 7.4 Hz, 2H), 3.69 (s, 3H), 3.78 (s, 3H),33(8, 3H), 4.19 (ddJ
= 7.0, 6.4 Hz, 1H), 6.36 (s, 2H), 6.41-6.45 (m, 26166-6.70 (m, 2H), 6.81 (dd,= 2.1,
1.8 Hz, 1H), 6.89 (dJ = 6.7 Hz, 1H), 7.19 (dd] = 7.8, 7.8 Hz, 1H)**C NMR § 33.14
(CHy), 40.01 (CH), 55.83 (CH), 56.01 (2x CHs), 58.25 (CH), 60.92 (C#), 105.29 (2x
CH), 113.30 (CH), 114.05 (CH), 114.63X2CH), 114.83 (2 CH), 118.78 (CH), 129.80
(CH), 135.98 (C), 137.30 (C), 141.52 (C), 146.1%, (51.89 (C), 153.12 (2 C), 156.15;
IR v 3300, 3019, 2635, 1835, 1589, 1511, 1460, 1218; S (El) m/z (%) 423 (M,
14), 300 (10), 228 (50), 181 (2BYRMS (EI) 423.2047 (GsH2eNOs requires 423.2046).

General Procedure for Acetylation of Amines and Anmo Alcohols:

Acetanhydride (10-20 equiv) was added to a soluioamine (1 equiv) and pyridine (<12
equiv) in solvent and the mixture was let stiram temperature. Then diluted HCI (7 %,
5 mL) was added and the aqueous phase was extrattedCH,Cl, (3 x 5 mL). The
combined organic layer was washed with saturated@@® (5 mL), brine (5 mL), dried
over MgSQ and concentrateth vacuo The crude amide was purified on a silica gel
column (7 or 15 mL) with a gradient of petroleurhest— ethyl acetate (1:1) to pure ethyl

acetate and the amide was obtained as a thicRedction details in Table 7. 5.

N-{1’-[3"-( tert-Butyldimethylsilyloxy)phenyl]-3'-(3"",4™,5"-trim  ethoxyphenyl)prop-
1'-yl}- N-(4- methoxyphenyl)acetamlde (571), £H4sNO6SI, FW = 579.88

TBDMSO ! ! OMe
OMe

Acetyl chloride (64uL, 71 mg, 0.900 mmol, 3 equiv) was added drop-wasa solution of
amine566 (161 mg, 0.300 mmol, 1 equiv) and triethylamin@9gaL, 152 mg, 1.50 mmol,
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5 equiv) in CHC4 (3 mL) at 0 °C. The mixture was heated to reflox 5 min and let to
cool to room temperature. Then water (15 mL) wadeddand the agueous phase was
extracted with ChHCl, (3 x 7 mL). The combined organic layer was washed satiurated
NaHCG; (15 mL), brine (15 mL), dried over MgQ@nd concentrateitt vacuo The crude
amide was purified on a silica gel column (10 mldwma petroleum ether — ethyl acetate
mixture (1:1) to afford the amid&71 as a thick oil (170 mg, 0.293 mmol, 98 %):
colourless thick oil*H NMR (400 MHz, CDC}) § 0.11 (s. 3 H), 0.12 (s, 3H), 0.94 (s, 9H),
1.76 (s, 3H), 1.98-2.15 (m, 2H), 2.52-2.70 (m, 2B81Y,6 (s, 3H), 3.81 (s, 3H), 3.84 (s, 6H),
6.12 (ddJ = 7.7, 7.7 Hz, 1H), 6.39 (s, 2H), 6.57 (dd; 1.9, 1.9 Hz, 1H), 6.73 (ddd,=
8.0, 2.4, 0.8 Hz, 1H), 6.76 (br di= 7.7 Hz, 1H), 7.11 (ddl = 7.8, 7.8 Hz, 1H), very broad
signal in aromatic region (4H}°C NMR & —4.42 (CH), —4.39 (CH), 18.17 (C), 23.39
(CHs), 25.67 (3x CHg), 33.06 (CH), 33.35 (CH), 55.32 (CH), 56.09 (2x CHs), 56.44
(CH), 60.83 (CH), 105.39 (2x CH), 114.03 (4x CH), 119.38 (CH), 120.38 (CH), 122.21
(CH), 129.10 (CH), 129.10 (C), 131.69 (C), 136.2),(137.52 (C), 141.05 (C), 153.13 (2
x C), 155.48 (C), 159.13 (C), 170.85 (@}, v 2955, 2932, 2858, 1653, 1589, 1510, 1463,
1250 cni; MS (Cllisobutane)m/z (%) 580 [(M+HY), 50], 417 (30), 166 (100}XRMS
(Cl/isobutane) 580.3099 {gH46NOsSi requires 580.3094).

Table 7. 5.Acetylations with Acetanhydride According to Methad

Substrate Acetanhydride / Pyridine Solvent Time Product

566 (108 mg, 95uL, 102 mg, 1.00 mmol/ benzene 64h 571 (55 mg, 0.0949
0.200 mmol) 97 L, 95 mg, 1.20 mmol (2 mL) mmol, 95 %)

560 (40 mg, 85uL,92mg, 0.902 mmol/ benzene 5h 574 (42 mg, 0.0865
0.0902 mmol) 88uL, 86 mg, 1.08 mmol (2.5 mL) mmol, 96 %)

573 (62 mg, 369uL, 398 mg, 3.90 mmol/ CH,Cl, 5h 518 (63 mg, 0.157
0.195 mmol) 1mL (1 mL) mmol, 80 %)

N-[1'-(3"-Hydroxyphenyl)-3’-(3",4",5-trimethoxyp henyl)prop-1’-yl]- N-(4-acetyl-

o OMe

N !
o
OMe

OMe ‘

HO.
' 572 ;

572 colourless thick oil*H NMR (400 MHz, CDC}) § 2.03-2.09 (m, 2H), 2.04 (s, 3H),
2.55-2.73 (m, 2H), 3.79 (s, 3H), 3.80 (s, 3H), 3(843H), 6.20 (br s, 1H), 6.21 (ddi=
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7.7, 7.5 Hz, 2H), 6.41 (s, 2H), 6.41 (br s, 1HE6B(br s, 1H), 6.81 (dd] = 8.0, 2.3 Hz,
1H), 6.89 (br s, 1H), 7.08 (dd= 7.9, 7.8 Hz, 1H), 7.12 (s, 1H).

Procedures for Deprotection of PMP-group with HIO¢:

Method A:**® Periodic acid (34.2 mg, 0.150 mmol, 1.0 equiv) weded portion-wise to a
solution of amines66 (80.7 mg, 0.150 mmol, 1.0 equiv) in a mixture oéGN (3 mL),
water (1.5 mL) and diluted 230 (1.0 M, 0.15 mL) at 0 °C. The mixture was let tarm

to 16 °C and let to stir for 3 hours at this terapgne. Then water was added (3 ml) and the
agqueous phase was extracted with,Cll (3 x 3 mL). The aqueous layer was basified to
pH 8 () and the observable precipitate was ex¢chahto AcOEt (3x 10 mL). The
combined AcOEt layers were dried over MgS&nhd evaporated affording crude amino
alcohol573 as off-white solid (35 mg, 0.110 mmol, 74 %) whighs used without further

purification.

Method B: Periodic acid (98.3 mg, 0.431 mmol, 1.0 equivsvealded portion-wise to a
solution of amines66 (232 mg, 0.431 mmol, 1.0 equiv) in a mixture of G (8.6 mL)
and diluted HSO, (1.0 M, 4.3 mL) at 0 °C. The mixture was let to &r 8 hours at
temperature between 10-16 °C. Work-up as in Methaafforde 573 as off-white solid
(114 mg, 0.359 mmol, 42 %) which was used withauthier purification.

(+)-N-[1-(3’-Hydroxyphenyl)-3-(3”,4”,5"-trimethoxyphenyl )prop-1-yllamine  (573),
C13H23NO4, FW =317.42

NH,

! HO ! ! OMe'!

} OMe
573 OMe

573 white solid; mp 132-133 °C (GBL,); [e]p +4.8 € 1.0, MeOH);*H NMR (400 MHz,
CDCl3) 6 2.00-2.07 (m, 2H), 2.49 (dd,= 7.8, 7.8 Hz, 2H), 3.80 (s, 9H), 6.33 (s, 2H),36.7
(dd,J=7.9, 2.0 Hz, 1H), 6.78 (d,= 7.4 Hz, 1H), 6.84 (s, 1H), 7.12 (d#i= 7.8, 7.7 Hz,
1H); IRv 3426, 3019, 1937, 1591, 1462, 1214%m
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N-{1-[3’-(tert-Butyldimethylsilyloxy)phenyl]-3-(3”,4”,5”-trimetho xyphenyl)prop-1-yl}
amine (560), GsH3/NO,Si, FW = 443.72

s NH, s
! TBDMSO O O OMe !
3 OMe !
: OMe ;

| 560

tert-Butyldimethylsilyl chloride (41.0 mg, 0.272 mma2.4 equiv) was added in one
portion to a solution of amino alcoh®¥3 (36 mg, 0.113 mmol, 1.0 equiv) and imidazole
(38.5 mg, 0.567 mmol, 5.0 equiv) in anhydrous,CH (5 mL) at 0 °C:*° The mixture was
let to warm to room temperature and stir overnighien water was added (10 ml) and the
aqueous phase (at pH 8) was extracted withGTH(3 x 5 mL). The combined organic
layer was dried over MgSQOand evaporated. The crude silylated amino alcated
filtered on a short silica gel column (5 mL) withnaixture of petroleum ether — ethyl
acetate (1:1) and ethyl acetate — methanol (5:Blute the free aminB60 which was
concentrated to oil (40 mg, 0.0902 mmol, 79 %)oadkess thick oil*H NMR (400 MHz,
CDCl) 6 0.20 (s, 6H), 0.98 (s, 9H), 1.93-2.06 (m, 2H) 52(lr s, 2H), 2.45-2.59 (m, 2H),
3.81 (s, 3H), 3.82 (s, 6H), 4.95 (br s, 2H), 6.862H), 6.73 (ddd) = 8.0, 2.4, 0.8 Hz, 1H),
6.81 (ddJ=2.0, 1.8 Hz, 1H), 6.91 (d,= 7.7 Hz, 1H), 7.19 (dd] = 7.8, 7.8 Hz, 1H).

N-[1'-(3"-Acetoxyphenyl)-3'-(3",4”,5”-trimethoxyp henyl)prop-1’-yl]- N-(4-acetyl-4-
methoxyphenyl)amine (574), @H»/NOg, FW = 401.50

A,
! o OMe '
T |
' OMe |
1574 OMe

574 prepared according to acetylation Method \d¢ suprd colourless thick oil:*H
NMR (400 MHz, CDC}) 6 1.94 (s, 3H), 2.04-2.16 (m, 2H), 2.27 (s, 3H),12557 (m,
2H), 3.80 (s, 3H), 3.81 (s, 3H), 5.01 (ddds 7.9, 7.8, 7.4 Hz, 1H), 6.02 (d,= 7.9 Hz,
1H), 6.35 (s, 2H), 6.98 (ddd,= 8.0, 2.2, 0.9 Hz, 1H), 7.15 (d~ 8.0 Hz, 1H), 7.33 (dd]
= 7.8, 7.8 Hz, 1H);*C NMR § 21.15 (CH), 23.34 (CH), 32.89 (CH), 37.26 (CH),
52.74 (CH), 56.04 (2x CHg), 60.84 (CH), 105.17 (& CH), 119.94 (CH), 120.74 (CH),
124.27 (CH), 129.75 (CH), 136.05 (C), 136.96 (@&3.54 (C), 150.92 (C), 153.13 ¥X),
169.47 (C), 171.24 (C)R v 3286, 2938, 1765, 1650, 1590, 1508, 1459, 13716,1P1R7
cm’; MS (El) m/z (%) 401 (M*, 40), 195 (55), 182 (40)HRMS (El) 401.1836
(Co2H27NOg requires 401.1838).
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(=)-N-{1’-[3"-( tert-Butyldimethylsilyloxy)phenyl]-3’-(3"",4™,5"-
trimethoxyphenyl)prop-1'-yl}- N-(4-acetyl-4-methoxyphenyl)amine (518),
C26H39NO5Si, FW =473.75

3 ANH |
| TBDMSO O O OMe
3 OMe
; OMe

1 518

518%023>Z8¢g|ourless thick oil{a]p —39.8 € 1.0, CHCY), [lit.***gives[a]p —42 € 1.0,
CHCl) for 99.6 % ee, lit* gives[a]p*> —35 € 1.1, CHC}) for 94 % ee]'H NMR (400
MHz, CDCk) & 0.20 (s, 6H), 0.98 (s, 9H), 1.97 (s, 3H), 1.0082(t, 1H), 2.13-2.22 (m,
1H), 2.45-2.60 (m, 2H), 3.81 (s, 3H), 3.83 (s, 6HP7 (dddJ = 7.9, 7.5, 7.5 Hz, 1H),
5.72 (d,J = 8.0 Hz, 1H), 6.36 (s, 2H), 6.76 (ddbs 6.8, 2.4, 0.9 Hz, 1H), 6.77 (d= 1.3
Hz, 1H), 6.89 (dJ = 7.7 Hz, 1H), 7.21 (dd] = 8.8, 7.5 Hz, 1H)**C NMR § —4.36 (2x
CHs), 18.20 (C), 23.41 (C#)l, 25.68 (3x CHs), 32.94 (CH), 37.48 (CH), 53.28 (CH),
56.03 (2x CHs), 60.84 (CH), 105.23 (& CH), 118.58 (CH), 119.18 (CH), 119.60 (CH),
129.80 (CH), 136.17 (C), 137.09 (C), 143.22 (C}3.15 (2x C), 156.03 (C), 169.33 (C);
MS (EI) m/z(%) 473 (M", 50), 416 (20), 222 (25), 185 (90), 182 (100), {B), 47 (30),
116 (32), 91 (45);HRMS (El) 473.2602 (GsHsNOsSi requires 473.2598)HPLC
analysis [Chiralpak 1B, hexane — propan-2-ol (80:Z075 mL/min,tminor = 13.326 min,
tmajor = 16.529 min] showed 96 % ee.

(—)-N-Acetylcolchinol (497), GoH23NOs, FW = 357.44

An oven-dried flask was charged with phenyliodonibia(trifluoroacetate) (PIFA, 105
mg, 0.244 mmol, 1.2 equiv) and dissolved in anhydr@HCl, (3 mL) under an argon
atmospheré® After trifluoroacetic acid (2.0 mL) and trifluoroetic acid anhydride (0.4
mL) were added, the mixture was cooled to —4 °Goltion of the acetamid&l8 (93 mg,
0.203 mmol, 1.0 equiv) in anhydrous &, (1 mL) was added and followed immediately
by BF;.OEbL (60 uL, 69 mg, 0.487 mmol, 2.4 equiv). The reaction mmgtturned yellow
on addition of the acetamide and then from yellowiteen and dark brown on addition of
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BF3;.OEL. The reaction mixture was allowed to warm to rommperature and stir for 4
hours at room temperature. The reaction was quenohelrop-wise addition of saturated
NaHCGQ; solution and the organic layer was separated. aueous layer was extracted
with CH,CI, (3 x 10 mL). The combined organic layer was washed Withe, dried over
MgSO, and evaporated under reduced pressure. The besidue was purified on a silica
gel column (10 mL) twice: first with a gradient pétroleum ether — ethyl acetate (1:1) to
pure ethyl acetate and then with £CHh — methanol (98:2) to afford acetylcolchid87 as
off-white solid (29 mg, 0.0820 mmol, 40 %Y-***#*>*%ff-white amorphous solidu]p*>
—-30.1 € 0.5, CHCY), [lit.?*® gives[a]p?® -51.6 € 1.23, CHCY), lit.>**? gives[a]p?° —45.2

(c 0.6, CHC}) for 94 % ee, lit*® gives[a]p?’ —34.0 € 1.0, CHC}) for 94 % ee]'H NMR
(400 MHz, MeOHsd,) 6 1.90-1.96 (m, 1H), 2.01 (s, 3H), 2.25-2.27 (m, 2H%9-2.51 (m,
1H), 3.49 (s, 3H), 3.86 (s, 3H), 3.88 (s, 3H), 4685 (m, 1H), 6.71 (s, 1H), 6.72 (dilz
8.6, 2.6 Hz, 1H), 6.79 (dl = 2.7 Hz, 1H), 7.23 (d) = 8.3 Hz, 1H), 8.49 (dJ = 7.8 Hz,
1H); **C NMR & 22.66 (CH), 31.55 (CH), 39.92 (CH), 50.53 (CH), 56.62 (C#), 61.33
(CHs), 61.62 (CH), 109.07 (CH), 110.86 (CH), 114.19 (CH), 126.59,(€26.77 (C),
132.14 (CH), 136.68 (C), 142.39 (C), 142.46 (C)2.18 (C), 153.71 (C), 157.98 (C),
172.45 (C)jJR v 3284, 2930, 2855, 1643, 1608, 1535, 1483, 14524, 14805, 1236, 1142
cm™; MS (El) m/z (%) 357 (M*, 18), 298 (10);HRMS (EI) 357.1573 (GoH23NOs
requires 357.1576).
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8. Applications in Synthesis of Alkaloids (Il)

8.1. Properties and Synthesis of Atracurium

8.1.1. What is Atracurium

Atracurium 402 is a drug designed to act as a non-depolarisingonguscular
blocker binding to acetylcholine (Ach) receptorgg(ffe 8.1). Its development was based
on the previously widely used suxamethoniwfl, a polarising blocke¥?® The
pharmaceutical outcome of these two drugs is simdla both block the muscle activity
required during surgery. However, the substanii&mnce between them is the mode of
muscle blockage. Suxamethonium is acetylchadigenist relatively stable to degradation
by Ach-esterase; thus, it depolarises the plasmabrane of the muscle and the muscle
fibore becomes resistant to stimulation of acetylickeo This results in muscle twitching
during the depolarising phase and post-experieraiasp Atracurium acts as a post-
synaptic competitive acetylcholine-receptantagonist that only blocks the receptors

without further effects.

O (0] O

/ \

575: Acetylcholine O ‘

o MeO O O OMe
Ve %/\/ONO/\,QM% OMe OMe MeO OMe
8 o OMe OMe
576: Suxamethonium 577: Atracurium

Figure 8.1.Neuromuscular Transmitter Acetylcholine and BloskBuxamethonium and Atracurium

Stenlake and co-workers provided extensive studghersynthesis, stereochemical
analysis’*® structure-and-properties relationshifi$*° and pharmacological data which
was very successful and the drug became commdroial Borroughs Wellcome, NC,

USA under the name Tracrium (for atracurium) or Nax (for cisatracuriumyide infra).
Atracurium means a mixture of ten possible isomeric mole¢wash containing

four stereocentres — the asymmetric carbon in #imhydropapaverin part and the

asymmetric quaternary nitrogen. Its synthesis iy whort, only five steps, starting from
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homoveratrylamin®78 and 3,4-dimethoxyphenylacetic a&d9 (Scheme 8.1). The amide
580 was prepared just by heating the components to°20@nd collecting the crystals.
Bischler-Napieralski cyclisation o680 with phosphorus oxytrichloride afforded the
protonated dihydropapaverin@81 which was reduced with sodium borohydride to

tetrahydropapavering32in overall 23 % yield.

NH,
+
MeO 200 T, 2 h
OMe HOOC on
578 €
580 (57 %)

OMe

?IH CI POCI; (excess)
toluene, reflux, 3 h
NaBH4 (4.4 eq) O
MeO EtOH MeO
Me r.t., 18 h
OMe OMe OMe
581 OMe

582: Tetrahydropapaverine, THP
(40 % over 2 steps)

Scheme 8.1Synthesis of Tetrahydropapaverine, Intermediat®yimthesis of Atracurium

Michael addition 0582 to pentandiol diacrylate afforded the tertiaryndiae 583
which was quaternised with methyl besylate to sélatracurium577 in 39 % yield
(Scheme 8.2).

o) e} MeOBs

(0] (6]
2 St G (excess)
£go O (05eq) O O-(CH,)s-O ———> 577 (73%)
- MeCN
benzene, reflux, 48 h THPN 583 (53 %) NTHP It.48 h

Scheme 8.2Synthesis Atracurium from Tetrahydropapaverine

The main pathway for biological degradafighis via non-enzymatic Hofmann
elimination and ester hydrolysis that produce iwvactnetabolites (pH of blood is ~ 7.4;
Scheme 8.3). Hofmann elimination of atracurium pies laudanosine584 and
monoacrylatéb85 whereas ester hydrolysis produces alc&@&d and quaternary acibiB7

and these processes can be interlinked.
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Scheme 8.3Biodegradation of Atracurium

Optimisation of the structure according to the klemlge of its pharmacology
provided valuable data, but it proved difficultdombine all of the factors and build “an

ideal blocker™?*®#°0251

1. Fit of the quaternary nitrogen centre with th€tAreceptordo enhance:
- the uptake — the nature and size of the quatgrmantre, the overall
lipophilicity,
- the potency — lipid substituents at or near thuaternary centre facilitate

binding.

2. Increasing the rate of biodegradation:
- minimise the concurrent hydrolysis %87 which is not susceptible to Hofmann
elimination and being hydrophilic, has also redua#hity to ACh receptor,
- substitution patterns and electron propertiestloa nitrogen heterocycle or
polyalkylene chain — duration of action decreasegh wthe electron-

withdrawing power of the acylating group and smaskeric hindrance.

3. Pharmacology, pharmacokinetics:
- effect of counter anion on solubility — besylafe577 is soluble in water up to
60 mg.mi* at 25 °C,
- inter-quaternary spacer — 13-14 methylene otiapaequivalent groups allow

adequate chain flexibility.
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Atracurium was synthesised in the late 1970s armah ¢lrough research continued
for 15 more years, a more suitable analogue habewt identified. The only improvement
was the analysis of the mixture and resolutionefmasate isomers or subgroups of isomers
which have different potency. As mentioned earliee, mixture consists of four racemates
and twomesecompounds. Each isomer can be defined by absotné&guration at the
carbon stereocentre and relative configuratiomatguaternary nitrogen. Considering that
the synthetic methods afford thes-isomer 3.07 times more likely than ttrans (attack of
the methylating reagent is more probable from #ss hindered site; thus, furnishicig-
isomer) and assuming that quaternisation at one-UtiAs not affected by the other one,

thecis-cis, cis-trans andtranstransisomers are in 10.5:6.2:1 rafio.

OMe

(R-cis,R'-cis)-577: Cisatracurium besylate
Figure 8.2.Cisatracurium

The potency of these isomers decreases in oRdeis) > (R-trans) > (Scis) > (S
trans) for each centre and it was quantified that theepoy in seriesR-cisR-cis), (R-
cis,Scis) and Scis,Scis) is in ratio 2.6:1.5:%* The most potent isomeR{cis,R-cis) is

calledcisatracurium(Figure 8.2).

8.1.2. Our Synthesis of Atracurium

Our synthesis of atracurium was based on Stenlakagdproach, using
tertahydropapaverin®82 as the crucial intermediate. However, it was etgubdhat
Sigamide catalyst would afford thg){isomer of the THP-core. The retrosynthetic analys
from it to phenylacetic acid was designed throughopen-chain secondary amib88
(Scheme 8.4) as it was already known (see Chaptdrab cyclic imines are unsuitable

substrates.
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NH LG OMe
HOOC
HN
O — —
" T ® 2
OMe OMe MeO O oM OMe
e
OMe OMe
582 OMe

588 OMe >79

Scheme 8.4Retrosynthetic Analysis of TetrahydropapaverinetUni

Thus, the first synthetic step provided the 1,Zhdipylethane structure, easily
prepared by Friedel-Crafts acylation®f9 by another molecule &79in polyphosphoric
acid mediunt>? This procedure afforded essentially pure keto &6 though only in 35
% vyield. The acid functionality was protected aghykester590°°°

HOOC MeOOC

polyphosphoric Q Mel (8 eq) Q
acid K>,CO3 (4 eq)
e -
r.t., 24 h acetone
MeO 50 C,40 min ~ MeO
OMe e
OMe OMe
OMe

oM
589 (35 %) OMe 590

Scheme 8.5Synthesis of Keto Ester Substrate

Keto este590 was used in subsequent imination step; howevemethods used
so far were unsuccessful, slow reaction rate wasmpanied with the formation of tar
material. Assumption that the ester group is rgaatinough to interact with the activated
keto-group led us to an alternative route wherectiuele ester was reduced with lithium
aluminium hydride to diob92(Scheme 8.6).

MeOOC Imination
NPMP  Method A, B or C HO OH
LiAIH, (4 eq)
590 >
MeO O THF MeO
rt. 18 h OMe
OMe OMe OMe
591 OMe 592 (71 % from 589) OMe

Scheme 8.6Alternative Route from Esté&90
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It should be possible to oxidise an activated sdapnalcohol selectively in the
presence of a primary one. From the numerous reporthe literature describing this
transformation, two representative reagents weeel t+ manganese dioxide and sodium
hypochlorite, known for selective oxidation of bglz alcohols, in particular (Scheme
8.7). However, NaOC1* afforded a mixture of compounds, from which selevare
identified as aldehydes. Freshly prepared mangaties&le either did not react when 4
equivalents were used or it caused cyclisatiosdchromarb94 when a large excess was

used. Reaction proceeded presumably via radicahamesm.

HO 0 o
a. orc.
b.
592 ——>
MeO O MeO O
oM oM
503  OMe a. MnO; (4 eq), CH,Cl,, r.t,, 24 h 594  OMe

b. MnO, (40 eq), CH,Cl,,r.t., 24 h
c. NaOClI (1 eq), AcOH/H,0 15 T, 3 h

Scheme 8.7Attempts for Selective Oxidation of the Secondalgofol in592

At this point, the synthesis was becoming rathagtley, but it was interesting to
find out whether it is possible to prepare the mesiopen-chain imine and reduce it to
amine as this molecule is, obviously, very proneckose a six-membered ring. The
primary alcohol group 0592 was selectively protected as silyletf®5 which was then
oxidised at the benzylic position to ketds@6 (Scheme 8.8).

OTBDMS OTBDMS

TBDMSCI (1.1 eq) oH PCC (1.5 eq) 0

imidazol (2.2 eq) Celite
592 > >
CH,Cl, O CH,Cl, O
rt.,3h MeO OM O rt,3h MeO oM O
© OMe © OMe

595 (89 %) OMe 596 (52 %) OMe

Scheme 8.8Alternative Route to Ketone Substrate

The mildest, Lewis-acid-mediated imination methaasvehosen and to our initial
delight, a yellow foam was obtained. Unfortunatefige *H NMR analysis of this
compound was complicated by signal overlappindhendromatic and methoxy region of

both of theC=N isomers. Thus, we decided not to perform full ebtarisation and

240



submitted the semi-purified sample to reductiorhé&ee 8.9). However, only confusing,
mixed material was isolated and amib@8 was not detected in the mixture. Racemic

reduction either with NaBlHor DMF/HSICE did not afford the desired product.

_ OTBDMS _ OTBDMS
NPMP . NHPMP
L Reduction
Imination
Method C
506 —— >
MeO MeO
OMe OMe
OMe OMe
597 OMe 598 OMe

Scheme 8.9Attempts for Imination of KetonB96 and Concominant Reduction

This synthetic approach proved unsuitable for aeeude, which contains benzylic
carbonyl group and a side chain which can cyclisa six-membered ring. However, our
methodology does not affold-cyclic amines in useful levels of enantioseletyiwhich
means that it is not possible to apply our methatd dihydropapaverine-like substrates.

8.2. Other Applications

8.2.1. PMP-Deprotection Study

While the synthesis of atracurium was in processdeh deprotections of the-
methoxyphenyl group were carried out with 3,4,B&thoxy- and 3,4-dimethoxy-
acetophenone-derived amines (Table 8.1; Schemg &18imulate the impact of the

methoxy-groups on the oxidative cleavage.

Table 8.1.PMP-deprotection of Electron-rich Amines

PMP- Free Amine Oxidant (Method), PMP- Free Amine
Amine (Yield) React. Time Amine (Yield)

599 601 (47 %) TCCA(C),1.5h 600 602 (58 %)
599 601 (80 %) HsIO6 (A), 1.5 h 600 602 (66 %)
599 601 (52 %) HIOg (B), 2 h 600 602 (25 %)
(+)-599 (-)-601(85 %) HsIOg (A), 4 h (-)-600 (—)-602(66 %)
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It was shown that the cleavage with trichlorocyanwacid (TCCA) was fast,
affording the free amine®01 and602 in moderate yields (47-58 %). Better yields of the
free amines (66-80 %) were achieved by employirg dhiginal Rutjes’ proceduf®
(Method A) with peroxyiodic acid (HOg). On the other hand, the procedure optimised for
the deprotection of amino alcohols (Method B, st &hapter 7.2.2) furnished the
amines601 or 602 only in unsatisfactory yields (25-52%). Thus, tlethod A was also

used for preparing the enantioenriched amines, wbicurred in yields comparable to the

racemates.
NHPMP NH,
MeO MeO
a., b.orc.
—_—
MeO MeO
R 599: R = OMe R 601 (47-85 %)
600: R=H 602 (25-66 %)

a. HslOg (1 eq), IM H,SO,, MeCN/H,0, 18 T, 1.5-4 h
b. HslOg (1 eq), 1M H,SO,, MeCN, 18 T, 2 h
c. TCCA (0.5 eq), MeCN/H,0, 18 T, 1.5 h

Scheme 8.10Deprotection of Polymethoxy-substrates

Owing to the disappointing results of the depratectof the p-methoxyphenyl
group from the amine intermediate in the synthes$igolchinol (Chapter 7.2.2), some
additional experiments were carried out with thedelaamine476w prepared previously.
The same three methods were used — with TCCA aadwb procedures with #0¢
(Scheme 8.11).

NH, NHPMP NH,
TBDMSO .. TBDMSO aorh HO
- —_—
604 476w 603

a. HglOg (1 eq), 1M H,S0O,, MeCN/H,0, 18 T, 2.5-5 h
b. H5|O6 (1 eq), 1M H2804, MeCN, 18 <, 6-12 h
c. TCCA (0.5 eq), MeCN/H,O, 18 T, 0.5 h

Scheme 8.11Deprotection of Aminet76w

The deprotection od76wwith TCCA was very fast; however, only small amtsun
of material were isolated (15 %) being the aminglether 604 Also in the case of
colchinol, this method produced only traces of abté material that was not examined
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further. The use of §iOg in either modification afforded the free aminoaddol 603 in
variable yields (Table 8.2), strongly dependenthlanreaction time and temperature, 74 %

at the best.

Table 8.2.PMP-deprotection of Amino Silylethdi76w

PMP- Free Amine Oxidant (Method),
Amine (Yield) React. Time
476w 604 (15 %) TCCA(C),0.5h
476w 603 (24 %) HslOg (A), 5.5 h
476w 603 (75 %) Hsl06 (B), 6 h
(-)-476w (-)-603(34 %) Hsl06 (B), 12 h

Similar fluctuations of yields were also observeddeprotection of the model
amine476w to 603 Interestingly, in both cases, the enatioenriclied amine603 was
obtained in significantly lower yield and with lomgreaction times (disappearance of the
starting material was monitored). It is hard tolaxpwhy the reactivity should be different
for the racemate and either of the enantiomerssiBlgs presence of trace of chiral

impurities could catalyse over-oxidation of the argnantiomers.

NHPMP

HO

H* — > tar

NHPMP / \©)\R
TBDMSO R HslOg
(b)
HslOg NH
\ 2 H+

NH,

TBDMSO\@ HO\©/§\
R| ——> R

(© (d)

@)

Scheme 8.12Parallel Pathways for Deprotection of Amine&w or 566

It seems plausible that the generally low yieldd anreliability of the reaction
were caused by the fast acid-catalysed deproteofidine silylether group ofa) or (c) to
free phenolgb) or (d). This was indicated by isolation of pheifib) or mixtures ofb) and
(d) when the disappearance of the starting matéasiaivas observed. Further oxidative
processes can occur at the PMP-site affording ¢élseetl amino alcohdt) from (b) or at

their phenolic sites leading to uncontrolled reatti(Scheme 8.12).
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NHPMP

NH» . o NH»
Oxidative 2
PGO\©/1R deprotection PGO\©/§\R base HO\©/§\R
-~ e
PG =Bn or Ac
(b) (©

@)

Scheme 8.13Use of AlternativeD-Protecting Groups

In conjunction with the results of deprotectionspolymethoxy-analogues, where
the reactivity problem was not observed, this krealgke could be (have been) exploited for
improvement of the synthesis of colchinol (see @raf.2). Benzylether or acetate
protecting group instead of the TBDMS silyletherulb be probably tolerated better
during the PMP-deprotection step (Scheme 8.13).

OTMS OH o
/©/ . /©/ Oxidative NH,
H deprotection
HN —_— HN /g\

> Ph

fast fast
Ph/é\ 605 Ph/é\ 606 607

Scheme 8.14Use of AlternativeN-Protecting Groups

Another possible way of improving the yield of tliee amine would be using a
different protecting group on nitrogen instead bk fp-methoxyphenyl group. Two
possibilities arose, the use pitrimethylsilyloxyphenyl orp-nitrophenyl group. The first
type (Scheme 8.14) is the acid-labile silyletb®b which would easily hydrolyse to free
phenol 606 and its oxidative deprotection should be very.f&twever, this approach

could not be trialled as the corresponding imine wat isolated.

NO, NH, o
/©/ el /©/ Oxidative NH,
nCly deprotection
HN — HN /5\

> Ph

Ph}\ 608 Ph/é\ 609 fast 610

Scheme 8.15Use of AlternativeN-Protecting Groups

The other alternative was relatively unreactigenitroaniline derivative 608
(Scheme 8.15) which could be selectively reducgataminoaniline derivativé09 that is
known to be oxidised fast. Unfortunately, the readucof the corresponding imine 608
proceeded in low yields so this method could natehlaad a practical outcome and the

deprotection was not attempted.
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8.2.2. Synthesis of BtHSD Inhibitor?>°

Besides the electron-rich amines resembling alakiructures, the method of
imine reduction was successfully applied to thetlsysis of an electron-poor amine
derived fromo-fluoroacetophenone. The high-yielding iminatiortted ketone afforded the
corresponding imine which was reduced in high yiatdl enantioselectivity (95 %) to
amine 232 The PMP-group was oxidatively cleaved using Bwgjes’ method with
TCCA*® which was the most efficient time- or yield-wissd the free aminé11 was
obtained in good 71 % yield (Scheme 8.16).

2 steps TCCA (0.5 €eq)
g 1M H,SO .
0o —= HN@—OMe T, NH,

MeCN/H,O F

r.t.,, 2h
234 232 (63 %) 611 (71 %)

Scheme 8.16Synthesis of an Electron-poor Amine

Thiazolone613 (Scheme 8.17) is a precursor opdiydroxysteroid dehydrogenase
(HSD). In mammals, IBHSD serves for reduction of cortisone to the activ
glucocorticoid cortisol (in humans, type 1) and dation back to cortisone (type 2).
Metabolic disorders (obesity, insulin-resistancediabetes 2) caused by glucocorticoid
excess or over-expression ofiHSD-1 could be treated by inhibiting this enzyme.
Simple synthesis of a family of BHSD inhibitors was published recerifly and our

methodology was exploited for preparing the enamiiched amine unit.

1. BzNCS (1 eq)
EtzN(1.1 eq) Br

CHyCl, 0C,1.5h )\COOH (1.1 eq)
(R=B2) / NHR| NaOAc (2.5 eq) F N O
611 > HN—§ > HN—</ :/L;l
2. KOH (2 eq) F S EtOH F S
MeOH, r.t., 3 h reflux, 2 h
(R=H) 612b 613 (47%)

Scheme 8.17Synthesis of Thiazolone §IHSD Inhibitor from Amine611

The free aminé11 was converted into the desired thiazol&is in three steps
(Scheme 8.17). The first two steps were the fomwnatdf the N-benzoylN’-[1-(2'-
fluorophenyl)ethyl]-thiourea 612a and direct hydrolysis to the N-[1-(2'-
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fluorophenyl)ethyl]-thioure®12b. The thiazolone ring was constructed by reactibthe
crude thiourea material with racemic 2-bromopromiacid. Thus, the final structul3
was prepared from the free amiiel in three steps in overall 47 % vyield. It is notethy
to say that613 was obtained as a mixture of four isomers — a paiC*-N epimers
resulting from the enantioselective reduction (ih592.5 ratio) and a pair &C*-CO
epimers (in 1:1 ratio) as a result of the cyclsatith racemic 2-bromopropionic acid.
Further derivatisation at the thiazoloHeC*-CHs; position would lead to a series offit1
HSD inhibitors>

8.3. Experimental Part (I1)

8.3.1. Atracurium

2-{2’-[2"-(3"",4""-Dimethoxyphenyl)acetyl]-4’,5’-di methoxyphenyl}acetic acid (589),
C20H2207, FW =374.42

2-(3’,4’-Dimethoxyphenyl)acetic acid (50.0 g, 25%wl) was mixed into polyphosphoric
acid (84 % BOs, 1 kg) and the thick suspension was let to stanth (occasional stirring)
for 24 h at room temperatuf& Then the mixture was poured into cold water (4ah
stirred occasionally. When the precipitation wamsfied (no brown oily material left), the
yellow precipitate was filtered off and pre-driedttwsuction of air. The wet crude solid
was crystallised from water-EtOH (2:1) mixture féoed 589 (18.9 g, 45.1 mmol, 35 %):
yellowish crystalsmp 132-133 °C (water: EtOH) [Iit® gives 135-136 °C (water:EtOH)];
'H NMR (400 MHz, CDC}) & 3.78 (s, 2H), 3.83 (s, 3H), 3.85 (s, 3H), 3.883(4), 3.92
(s, 3H), 4.19 (s, 2H), 6.75-6.83 (m, 4H), 7.37 18)); *C NMR & 41.03 (CH), 47.35
(CHy), 55.90 (2x CHg), 56.20 (2x CHg), 111.43 (CH), 112.28 (CH), 113.12 (CH), 115.07
(CH), 121.47 (CH), 126.69 (C), 128.57 (C), 129.£9, (147.59 (C), 148.22 (C), 152.51
(C), 173.78 (C), 201.62 (C)R (ATR) v 2939, 2839, 1699, 1664, 1606, 1568, 1452, 1516,
1452, 1427, 1352, 1331, 1273, 1215%mS (Cl/isobutaneyn/z (%) 375 [(M+H), 25],
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357 (25), 331 (50), 223 (45), 167 (5E)RMS (Cllisobutane) 375.1448 §gH,:0; requires
375.1444).

Methyl 2-{2'-[2"-(3"",4"-dimethoxyphenyl)acetyl]-4 ’,5-dimethoxyphenyl}acetate
(590), GiH 2407, FW = 388.45

Methyl iodide (19.9 mL, 45.6 g, 321 mmol, 8 equngs added to a suspension of &3
(15.0 g, 40.1 mmol, 1 equiv) and potassium carl®ifaR.1 g, 160 mmol, 4 equiv) in
acetone (400 mL) and the mixture was heated toC5€P 40 min®>® Then solids were
filtered off and the filtrate was concentratiedvacuo The crude solid est&90°>° was
used without further purification: yellowish cryltamp 104-106 °C (hexane) [fit? gives
130-132 °C (MeOH)]*H NMR (400 MHz, CDC}) & 3.68 (s, 3H), 3.84 (s, 3H), 3.85 (s,
3H), 3.87 (s, 3H), 3.89 (s, 2H), 3.92 (s, 3H), 4@&62H), 6.71 (s, 1H), 6.76-6.83 (m, 3H),
7.39 (s, 1H);**C NMR § 40.08 (CH), 47.37 (CH), 51.85 (CH), 55.83 (CH), 55.88
(CHg), 55.99 (CH), 56.15 (CH), 111.34 (CH), 112.39 (CH), 113.50 (CH), 115.3HJC
121.44 (CH), 127.51 (C), 128.62 (C), 129.71 (C)7.26 (C), 147.98 (C), 151.70 (C),
172.13 (C), 199.06 (C)R (ATR) v 2951, 1736, 1605, 1522, 1462, 1339, 1265, 1234,
1126 cm'; MS (Cl/isobutanem/z (%) 389 [(M+HY), 30], 167 (25), 113 (32), 97 (45), 85
(70); HRMS (Cl/isobutane) 389.1601 {¢H,50; requires 389.1600).

1-(2’-(2'-Hydroxyethyl)-4”,5"-dimethoxyphenyl)-2-(3 ,4""-dimethoxyphenyl)ethanol
(592), GoH2606, FW = 362.46

A solution of esteb90(15.5 g, 41 mmol, 1 equiv) in anhydrous THF (300) mvas added
drop-wise to a suspension of lithium aluminium hgdr(6.08 g, 160 mmol, 4 equiv) in
THF (100 mL) under an argon atmosphere at 0 °C.niiixéure was allowed to warm to
room temperature and then heated to reflux for.Iehle mixture was then cooled down to
0 °C and the excess of LiAlHvas quenched with ethyl acetate and water. Theaamu
layer was neutralised and extracted with AcCOEt @0 mL), the combined organic layers

were washed with brine (200 mL), dried over Mg@@d evaporated. The crude solid was
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crystallised from ethyl acetate to yield the aldob®2 (10.3 g, 28.4 mmol, 71 % over two
steps): off-white crystalsnp 122-123 °C (AcOEY) [lit>® gives 135-136 °C (AcOEt){H
NMR (400 MHz, CDC}) ¢ 2.60 (dddJ = 15.8, 4.1, 4.0 Hz, 1H), 2.78-2.85 (m, 1H), 3.02
(dd,J = 14.3, 7.8 Hz, 1H), 3.10 (dd= 14.3, 4.7 Hz, 1H), 3.71-3.77 (m, 1H), 3.78 (s),3H
3.84 (s, 3H), 3.85 (s, 6H), 4.11 (ddd+ 11.1, 4.8, 4.7 Hz, 1H), 4.94 (ddi= 7.4, 4.8 Hz,
1H), 6.50 (s, 1H), 6.59 (s, 1H), 6.79 (s, 1H), .79, 1H), 6.799 (s, 1H)}*C NMR 3
28.49 (CH), 42.19 (CH), 55.67 (CH), 55.71 (CH), 55.77 (CH), 55.80 (CH), 62.79
(CHy), 76.19 (CH), 108.23 (CH), 110.93 (CH), 111.32 jCH12.63 (CH), 121.53 (CH),
126.15 (C), 129.35 (C), 131.09 (C), 147.04 (C),.287C), 147.42 (C), 148.46 (AR v
3411, 3019, 2960, 2938, 1608, 1515, 1465, 12617 TM"; MS (Cl/isobutanem/z (%)
345 {[M—OH)+H]", 100}, 327 (15), 195 (20}4iRMS (Cl/isobutane) 345.1703 {6,505
requires 345.1702).

1-{2’-[2’-(tert-Butydimethylsilyloxy]ethyl]-4”,5"-dimethoxyphenyl} -2-(3",4"-
dimethoxyphenyl)ethanol (595), GeH4c0eSi, FW = 476.75

Neat tert-butyldimethylsilyl chloride (4.57 g, 30.4 mmol, 11equiv) was added to a
solution of diol592 (10.0 g, 27.6 mmol, 1.0 equiv) and imidazole (49120.7 mmol, 2.2
equiv) in anhydrous C§€l, (270 mL) under an argon atmosphere and the mixtaselet
to stir at room temperature for 3H.The reaction was quenched with water (400 mL) and
the aqueous layer was extracted with,CH (3 x 150 mL). The combined organic layers
were washed with water (100 mL), brine (200 mL)edrover MgSQ and evaporated. The
crude oil was purified on a silica gel column (380) with a gradient of petroleoum ether
— ethyl acetate mixture (80:20 to 50:50) to affordno-protected alcoh&95(11.7 g, 24.5
mmol, 89 %): colourless oi*fH NMR (400 MHz, CDC}) & —0.07 (s, 6H), 0.84 (s, 9H),
2.78 (dd,J = 6.8, 6.8 Hz, 2H), 2.96 (s, 1H), 2.98 (&5 2.7 Hz, 1H), 3.74 (dd] = 6.7, 6.7
Hz, 2H), 3.80 (s, 3H), 3.84 (s, 3H), 3.849 (s, 3BiB54 (s, 3H), 5.05 (dd,= 7.1, 6.0 Hz,
1H), 6.65 (s, 1H), 6.66 (s, 1H), 6.73 (ddF 8.2, 1.8 Hz, 1H), 6.78 (dl = 8.2 Hz, 1H),
6.96 (s, 1H)*C NMR & —5.47 (2x CHj), 18.29 (C), 25.86 (3 CHs), 35.04 (CH), 44.56
(CHy), 55.67 (CH), 55.71 (CH), 55.79 (CH), 55.87 (CH), 64.45 (CH), 71.59 (CH),
109.15 (CH), 111.08 (CH), 112.63 (CH), 112.91 (CH1.37 (CH), 128.37 (C), 130.86
(C), 134.27 (C), 147.50 (C), 147.60 (C), 147.94, (148.65 (C)]R v 3410, 3018, 2955,

248



2933, 2856, 1608, 1515, 1465, 1259 cmlS (Cl/isobutanen/z(%) 459 {{[M—H,0)+H]",
100}, 329 (50), 327 (95), 325 (AMRMS (Cl/isobutane) 459.2570 §gH3905Si requires
459.2567).

1-(3',4’-Dimethoxybenzyl)-6,7-dimethoxy-3,4-dihydrelH-isochromene (594),
CaoH240s, FW = 344.44

Manganese dioxide (959 mg, 11.0 mmol, 40 equiv) agded to a solution of di&@92
(100 mg, 0.276 mmol, 1 equiv) in anhydrousJCH (5 mL) under an argon atmosphere
and the mixture was let to stir at room temperatare h. The solids were filtered off and
the filtrate was concentrated vacuo The crude was purified on a silica gel column (20
mL) with a gradient of petroleoum ether — ethyltate mixture (80:20 to 60:40) to afford
the cyclised produck94>* (71 mg, 0.206 mmol, 75 %): colourless dif NMR (400
MHz, CDCk) & 2.60 (ddd,J = 15.8, 4.1, 4.0 Hz, 1H), 2.77-2.84 (m, 1H), 3.08,0 =
14.3, 7.7 Hz, 1H), 3.10 (dd,= 14.3, 4.7 Hz, 1H), 3.71-3.77 (m, 1H), 3.78 (s),38484 (s,
3H), 3.85 (s, 6H), 4.11 (ddd,= 11.2, 6.5, 4.7 Hz, 1H), 4.95 (d#iz 7.4, 4.9 Hz, 1H), 6.50
(s, 1H), 6.58 (s, 1H), 6.78 (s, 1H), 6.79 (s, 16180 (s, 1H);**C NMR § 28.55 (CH),
42.26 (CH), 55.72 (CH), 55.77 (CH), 55.79 (CH), 55.86 (CH), 62.85 (CH), 76.25
(CH), 108.28 (CH), 110.93 (CH), 111.36 (CH), 112(&€H), 121.52 (CH), 126.18 (C),
129.37 (C), 131.11 (C), 147.09 (C), 147.40 (C),.4271C), 148.52 (C)tR v 3002, 2934,
2834, 1609, 1516, 1465, 1259, 1217 RIS (EI) m/z (%) 344 (M*, 5), 193 (100), 151
(30); HRMS (EI) 344.1626 (GoH240s requires 344.1624).

2-(3",4"-Dimethoxyphenyl)-2’-(2""-hydroxyethyl)-4’, 5’-dimethoxyacetophenone
(596), GeH3306Si, FW = 474.74

OMe !

i O :
MeO 1
© O OMe !

1 596 MeO OTBDMS

Oxidation of alcoholb95 with PCC according to general procedure in Chaft2r The
crude mixture was purified on a silica gel colurB0d mL) with a gradient of petroleoum
ether — ethyl acetate mixture (80:20 to 70:30)ftord the keton&96 (5.67 g, 11.9 mmol,
52 %): colourless oil*H NMR (400 MHz, CDC$) & —0.034 (s, 3H), —0.029 (s, 3H), 0.83
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(s, 9H), 3.00 (tJ) = 6.3 Hz, 2H), 3.80 () = 6.3 Hz, 1H), 3.84 (s, 3H), 3.85 (s, 3H), 3.87 (s,
3H), 3.90 (s, 3H), 4.12 (s, 2H), 6.75-6.78 (m, 261B0-6.82 (s, 2H), 7.264 (s, 1H)C
NMR 6 -5.39 (2x CHg), 18.31 (C), 25.96 (¥ CHs), 37.59 (CH), 48.09 (CH), 55.81
(CHg), 55.86 (2x CHg), 56.15 (CH), 64.21 (CH), 111.29 (CH), 112.30 (CH), 112.63
(CH), 115.44 (CH), 121.48 (CH), 127.46 (C), 129(22, 135.14 (C), 146.46 (C), 147.95
(C), 149.02 (C), 151.06 (C), 199.70 (@ v 2933, 2855, 1737, 1681, 1605, 1568, 1517,
1464, 1348, 1264 cih MS (Cl/isobutanem/z (%) 475 [(M+HY, 100], 417 (35), 343 (20),
323 (20);HRMS (Cl/isobutane) 475.2514 {gH3¢06Si requires 475.2516).

N-(1-(2'-(2""-( tert-Butyldimethylsilyloxy)ethyl)-4’,5’-dimethoxyphenyl )-2-[3",4"-
dimethoxyphenyl)ethylidene]-4-methoxyaniline (597)C33H4s06NSi, FW = 579.88

OMe :

MeO O !
O OMe !
OTBDMS !

597 prepared according general procedure for iminatidethod C: semipurified sample,
yellow foam;'H NMR (400 MHz, CDC}, a mixture of E/Z) isomers in ratio ca. 2:1, the
minor one is marked *y —0.08* (s, 1.5H), —0.03 (s, 3H), 0.81* (s, 4.5 H)85 (s, 9H),
2.54* (t,J = 6.7 Hz, 1H), 3.20 (t) = 6.8 Hz, 2H), 3.705 (s, 3H), 3.713* (s, ?H), 3(84
3H), 3.75* (s, ?H), 3.86 (s, 4.5H), 3.89 (s, 3HP13(s, 3H), 3.95* (s, 1.5H), 3.97* (s,
1.5H), 6.65-6.78 (m, 6.5H), 6.82-6.96 (m, 6.5HB47(d,J = 2.0 Hz, 1H), 7.38 (dd] =
8.4, 2.0 Hz, 1H), 7.77* (d] = 1.9 Hz, 0.5H), 7.95* (dd] = 8.4, 2.0 Hz, 0.5H)IR v 3020,
2955, 2934, 2855, 1658, 1593, 1513, 1464, 1266;dvS (Cl/isobutane)m/z (%) 594
(80), 580 [(M+HY, 30], 475 (100), 446 (50), 272 (50), 183 (22), 129).

8.3.2. Other Syntheses

4-(Trimethylsilyloxy)aniline (614), CoH1sNOSI, FW = 181.34

n-Butyllithium (1.6 M in hexane, 28.9 mL, 45.3 mmal01 equiv) was added drop-wise to
a suspension of 4-aminophenol (5.00 g, 45.8 mmoQ &quiv) in anhydrous THF (50 mL)

at 0 °C and let to stir at room temperature fooarfi’® Then the solvent was evaporated
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vacuq the solid residue was washed with hexanex(20 mL) and re-dissolved in

anhydrous THF (50 mL). Neat trimethylsilyl chlorideas added drop-wise to the solution

of the crude lithium phenolate and let to stir &6 h at room temperature. Then the

solvent was evaporatad vacuoand the residue was washed with hexang €D mL).
The crude silylether614°° (5.99 g, 33.0 mmol, 72 %) was used without further
purification: brown oil;'H NMR (400 MHz, CDC})  0.22 (s, 9H), 3.42 (br s, 2H), 6.57-

6.59 (M, 2H), 6.65-6.67 (M, 2H).

Imination of Ketones:

Table 8.3.Preparation of Imines from the Corresponding Kesone

Method Ketone SiO, (mL) Imine
p-substituted aniline PE - EA
p-TsOH (mg) or TiCl, (mL)

B 500 mg, 2.38 mmol 20 mL 615(467 mg, 1.48 mmol, 62 %)
322 mg, 2.62 mmol 85:15 2:1 P:SM
45 mg, 0.238 mmol

C 500 mg, 2.38 mmol 20 mL 615(341 mg, 1.08 mmol, 46 %)
876 mg, 7.11 mmol 85:15 5:1 P:SM
2.4 mL, 0.238 mmol

B 1.00 g, 5.55 mmol 40 mL 616 (824 mg, 2.89 mmol, 52 %)
752 mg, 6.10 mmol 85:15 3:1 P:SM
105 mg, 0.555 mmol

C 1.00 g, 5.55 mmol 40 mL 616 (596 mg, 2.09 mmol, 38 %)
2.05g, 16.6 mmol 85:15 9:1 P:SM
5.6 mL, 5.55 mmol

B 1.00 g, 8.32 mmol 40 mL 617 (566 mg, 2.36 mmol, 28 %)
1.27 g, 9.16 mmol 95:5
157 mg, 0.832 mmol

B 500 mg, 3.62 mmol 25 mL 231(468 mg, 2.66 mmol, 74 %)
490 mg, 3.98 mmol 90: 1
69 mg, 0.362 mmol (PE:EA)

MeQ : (E)-N-[1’-(3",4”,5”-Trimethoxyphenyl)ethylidene]-4-

Meo©—< methoxyaniline (615), G;H21NO3;, FW = 287.39 yellow
solid; *H NMR (400 MHz, CDC}) § 2.29 (br s, 3H), 3.82

(s, 3H), 3.91 (s, 3H), 3.95 (s, 6H), 6.84 (br s),26190-6.94 (m, 2H), 7.29 (br s, 2H). No

further data provided as the imine was obtaineg onk mixture with the corresponding

ketone.

meq T ; (E)-N-[1'-(3",4"-Dimethoxyphenyl)ethylidene]-4-

Meo©_< methoxyaniline (616):*° C17H.1NO3, FW = 287.39 yellow
: N—< >—0Me1

solid; '*H NMR (400 MHz, CDCJ) & 2.23 (s, 3H), 3.81 (s,
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3H), 3.93 (s, 3H), 3.97 (s, 3H), 6.75-6.78 (m, 26187-6.92 (m, 3H), 7.44 (dd,=8.4, 2.1
Hz, 1H), 7.44 (d,) = 2.0 Hz, 1H). No further data provided as the ienivas obtained only

in a mixture with the corresponding ketone.

R ~ (E)-N-(1'-Phenylethylidene)-4-nitroaniline (617)7°’
‘ M@Noz C14H1N,0,, FW = 240.28 yellow solid;*H NMR (400 MHz,
o ' CDCl) & 1.85 (s, 3H), 7.05-7.08 (m, 2H), 7.47-7.51 (m, 3H)
7.97-7.98 (m, 2H), 8.18-8.22 (m, 2H). No furthetadprovided as the imine was obtained

only in a mixture with the corresponding ketone.

(E)-N-[1’-(2"-Fluorophenyl)ethylidene]-4-methoxyaniline (231), GsHisNOF, FW =
243.30

23119129 (Method B, Table 8.3): yellow oitH NMR (400 MHz, CDC}, a mixture of
(E,Z)- isomers in ratio ca. 5:1, the minor one is kedr) 6 2.27 (d,J = 3.5 Hz, 3H), 2.51*
(d,J = 0.6 Hz, 0.6H), 3.68* (s, 0.6H), 3.81 (s, 3HKB6.65* (M, 0.4H), 6.65-6.67* (M,
0.4H), 6.78-6.82 (m, 2H), 6.90-6.94 (m, 2H), 6.9978 (m, 0.6H), 7.10 (ddd) = 11.4,
8.3, 1.0 Hz, 1H), 7.17-7.21* (m, 0.2H), 7.20 (ddd& 7.6, 7.4, 1.1 Hz, 1H), 7.39 (dddH,
=8.2,7.1, 5.1, 1.9 Hz, 1H), 7.83 (ddds 7.7, 7.7, 1.8 Hz, 1H)C NMR & 20.69 (d,J =
6.6 Hz, CH), 28.54* (d,J = 1.2 Hz, CH), 55.10* (CH), 55.32 (CH), 113.59* (2x CH),
114.15 (2x CH), 115.60* (dJ = 21.8 Hz, CH), 116.07 (d,= 22.9, CH), 120.66 (2 CH),
121.57* (2x CH), 123.90* (dJ = 3.4 Hz, CH), 124.14 (d, = 3.4 Hz, CH), 126.63* (d]
=18.0 Hz, C), 128.72* (d] = 4.6 Hz, CH), 128.90* (d] = 12.3 Hz, C), 129.90 (d,= 3.6
Hz, CH), 130.06* (dJ = 8.0 Hz, CH), 131.29 (dl = 8.6 Hz, CH), 143.39* (C), 143.65
(C), 155.96* (C), 156.07 (C), 158.41* (8= 247.0 Hz, CF), 160.91 (d,= 250.3 Hz, CF),
161.95* (C), 162.15 (C), 164.86* (unresolved, 514 (d,J = 2.4 Hz, C);}*F NMR § —
113.44;IR (ATR) v 2951, 2833, 1624, 1611, 1501, 1449, 1288, 12387 20" MS
(Cllisobutane)m/z (%) 244 [(M+H), 100], 102 (28);HRMS (Cl/isobutane) 244.1141
(C1sH1sNOF requires 244.1138).
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Reduction of Imines:

Table 8.4.Reductions of Imines

Imine PE — EA Amine

615 (630 mg) 85:15 599rac (424 mg, 1.34 mmol, 67 %)

616 (570 mg) 85:15 600rac (560 mg, 1.95 mmol, 97 %)

617 (361 mg) 90:10 608rac (49 mg, 0.202 mmol, 13 %)

615(126 mg) 85:15 599(119 mg, 0.375 mmol, 94 %)

616 (114 mg) 85:15 600 (100 mg, 0.348 mmol, 87 %)

617(96.1 mg) 95:5— 90:10 608 (21 mg, 0.867 mmol, 22 %)

231(243 mg) 98:2 232rac(225 mg, 0.917 mmol, 92 %)

231(195 mg) 98:2 232(166 mg, 0.677 mmol, 85 %)
(+)-N-[1-(37,4”,5”-Trimethoxyphenyl)ethyl]- N-(4-methoxyphenyl)amine (599),

C18H23NO4, FW = 317.42

| MeO i
3 HN@OMe}
1599 MeO 1

599 white crystalsmp 66-67 °C[a]p +7.1 € 1.0, CHCH), []ass +17 € 1.0, CHCh); *H
NMR (400 MHz, CDC}) & 1.51 (d,J = 6.7 Hz, 3H), 3.71 (s, 3H), 3.82 (s, 3H), 3.83 (s,
6H), 4.31 (q,J = 6.7 Hz, 1H), 6.51-6.54 (m, 2H), 6.60 (s, 2H),B&72 (m, 2H);"*C
NMR § 24.80 (CH), 55.43 (CH), 55.66 (CH), 56.04 (2x CHs), 60.78 (CH), 102.70 (8
CH), 114.63 (2< CH), 114.75 (C), 115.22 (2 CH), 136.62 (C), 140.81 (2 C), 152.41
(C), 153.34 (2¢x C); IR v 3387, 2937, 2833, 1592, 1513, 1462, 1325, 1234; (s (EI
m/z (%) 317 (M*, 42), 195 (100)HRMS (EIl) 317.1628 (GH23NO, requires 317.1627):;
HPLC analysis (Chiralpak 1B, hexane — propan-2-ol (8Y:D.75 mL/min,tmajor = 20.14

mMin, tminor = 21.70 min) showed 86 % ee (not baseline sepaiati

(=)-N-[1’-(3",4™-Dimethoxyphenyl)ethyl]- N-(4-methoxyphenyl)amine (600),
C17H21NO3, FW = 287.39

600"“° white crystalsmp 116-118 °C[a]p —5.7 € 1.0, CHC}), [0]435—8.6 € 1.0, CHCH);
14 NMR (400 MHz, CDCY) 8 1.51 (d,] = 6.7 Hz, 3H), 3.70 (s, 3H), 3.85 (s, 3H), 3.86 (s,
3H), 4.35 (q,J = 6.7 Hz, 1H), 6.51-6.55 (m, 2H), 6.68-6.72 (M, 2681 (d.J = 8.2 Hz,
1H), 6.89 (dd,J = 8.2, 1.8 Hz, 1H), 6.92 (d} = 1.9 Hz, 1H):"*C NMR & 24.80 (CH),
54.77 (CH), 55.74 (CH), 55.90 (X CHs), 109.25 (CH), 111.19 (CH), 114.72 £2CH),
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115.31 (2x CH), 117.99 (CH), 137.55 (C), 140.82 (C), 147.6), (L49.16 (C), 152.42 (C);
IR v 3395, 2960, 2833, 1593, 1513, 1464, 1234"chS (El) m/z(%) 287 (M*, 48), 165
(100), 150 (30), 123 (42), 91 (AWRMS (EIl) 287.1523 (¢H2:NOs requires 287.1521);
HPLC analysis (Chiralpak IB, hexane — propan-2-ol (8),:D.75 mL/min tminor = 16.492
MinN, tmajor = 17.613 min) showed 94 % ee, [fit.gives Chiralpak AS-H, heptane — propan-
2-ol (90:10), 0.5 ml/mintmajor = 24.22 MiNtminor = 30.96 min showing 89 % ee].

(=)-N-(4-Nitrophenyl)-N-(1’-phenylethyl)amine (608), G4H14N,O,, FW = 242.30

608 **?yellow oil; [a]p =77 € 1.0, CHC}); *H NMR (400 MHz, CDC}) § 1.60 (d,J = 6.7
Hz, 3H), 4.59 (gJ = 6.7 Hz, 1H), 6.47-6.55 (m, 2H), 7.29-7.38 (m, 5RA)P9-8.03 (m,
2H): 13C NMR § 24.47 (CH), 53.65 (CH), 112.22 (2 CH), 125.72 (2 CH), 126.22 (
CH), 127.61 (CH), 129.01 (2 CH), 138.40 (C), 143.04 (C), 152.06 (T}, v 3373, 3026,
2972, 2927, 1601, 1524, 1503, 1473, 1315, 12785 th8"; MS (El) m/z (%) 242 (M*,
20), 227 (20), 120 (20), 118 (22), 105 (60), 87)(8% (100), 83 (100)HRMS (EI)
242.1056 (G@4H14N20, requires 242.1055)HPLC analysis (Chiralpak 1B, hexane —
propan-2-ol (94:6), 0.75 mL/Mifmajor = 32.17 MiNntminor = 39.01 min) showed 88 % ee

(negative peaks).

(-)-N-[1’-(2"-Fluorophenyl)ethyl]- N-(4-methoxyphenyl)amine (232), GH1sNOF, FW
= 245.32

232'912%(Table 8.4): colourless oi[p]p —17.0 € 1.0, CHCY), [lit.**° gives[a]p>° +8.4 €
1.0, CHC}) for 84 % ee]H NMR (400 MHz, CDC}) 5 1.56 (d,J = 6.7 Hz, 3H), 3.72 (s,
3H), 3.85 (br s, 1H), 4.80 (d,= 6.7 Hz, 1H), 6.51-6.55 (m, 2H), 6.72-6.76 (m,)2A07
(ddd,J = 17.5, 8.1, 1.2 Hz, 1H), 7.08 (@z= 8.2 Hz, 1H), 7.19-7.25 (m, 1H), 7.41 (ddd;
8.1, 7.5, 1.7 Hz, 1H)!*C NMR & 23.27 (CH), 48.20 (d,J = 2.6 Hz, CH), 55.57 (C}),
114.47 (2x CH), 114.69 (2x CH), 115.34 (dJ = 21.9 Hz, CH), 124.27 (dl = 3.4 Hz,
CH), 127.19 (dJ = 4.8, CH), 128.14 (d) = 8.2 Hz, CH), 131.79 (d] = 13.2 Hz, C),
140.96 (C), 152.01 (C), 160.43 (@ = 244.6 Hz, CF)}*F NMR & —120.37;IR v 3400,
2968, 2931, 2832, 1512, 1451, 1236 RIS (EI) m/z (%) 245 (M*, 65), 230 (78), 123
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(65), 108 (30), 103 (25), 85 (55), 83 (10B8)RMS (EI) 245.1218 (GH16NOF requires
245.1216)HPLC analysis (Chiralpak 1B, hexane — propan-2-ol (30175 mL/min,tminor

= 12.85 min{major = 14.63 min) showed 95 % ee or (Chiralcel OD-Héme — propan-2-ol
(98:2), 0.60 mL/Mintminor = 15.74 MiN tmajor = 18.79 min) showed 95 % ee, {iif.gives
Chiralcel OD-H, hexane — propan-2-ol (98:2), 0.6/mmin, tx)-major = 14.55 MIiNt)minor

= 17.24 min showing 84 % ee, 1it! givesChiralcel OD-H, heptane — propan-2-ol (98:2),
0.50 mL/min,twy-minor = 15.58 Minf(g-major= 18.11 min showing 85 % ee].

Deprotection of PMP-group:

Method A: Periodic acid (1.0 equiv) was added portion-wsea tsolution of amine (1.0
equiv) in a mixture of MeCN, water (both 10 mL demmol of amine) and diluted B8O,
(2.0 M, 1 mL per 1 mmol of amine) at room tempematd he mixture was let to stir at this
temperature for the time indicated. Then water a@dded (3 mL) and the agueous phase
was extracted with C}€l, (3 x 3 mL). The aqueous layer was basified to pH 1(QHo3

in the case of amino alcohols) and the precipiee extracted into ACOEt (8 10 mL).
The combined AcOEt layers were dried over Mg®@d evaporated affording crude free

amine as off-white solid which was used withoutHer purification.

Method B: Periodic acid (1.0 equiv) was added portion-wise solution of amine (1.0
equiv) in a mixture of MeCN (20 mL per 1 mmol of iae) and diluted EEO, (1.0 M, 10
mL per 1 mmol of amine) in 10:1 ratio at room temapere. The mixture was let to stir at

room temperature for the time indicated. Work-upnaslethod A.

Method C: Trichloroisocyanuric acid (TCCA, 0.5 equiv) wasdad portion-wise to a
solution of amine (1.0 equiv) in a mixture of Me@Nd water (both 10 mL per 1 mmol of
amine) at room temperature. The mixture was ledtitoat room temperature for the time
indicated. Work-up as in Method A.
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Table 8.5.PMP-deprotection of Amines

PMP-Amine (Method) React. Time Free Amine
Oxidant

599rac (0.2 mmol, 63.5 mg) (©)15h 601rac(~ 20 mg, 0.0947 mmol, 47 %)
23.2 mg, 0.1 mmol mix with unknown, P:U (2:1)

600rac (0.2 mmol, 57.5 mg) 602rac(21 mg, 0.116 mmol, 58 %)

599rac (0.2 mmol, 63.5 mg) (A)1.5h 601rac(34 mg, 0.161 mmol, 80 %)

600rac (0.2 mmol, 57.5 mg) 45.6 mg, 0.2 mmol 602rac(24 mg, 0.132 mmol, 66 %)

599rac (0.2 mmol, 63.5 mg) (B)2h 601rac(22 mg, 0.104 mmol, 52 %)

600rac (0.2 mmol, 57.5 mg) 45.6 mg, 0.2 mmol) 602rac (9 mg, 0.0492 mmol, 25 %)

mix with SM, P:SM (5:1)

599(0.1 mmol, 31.7 mg) (A)4h 601 (18 mg, 0.0852 mmol, 85 %)

600(0.1 mmol, 28.7 mg) 22.8 mg, 0.1 mmol 602 (12 mg, 0.0662 mmol, 66 %)

476w rac(0.4 mmol, 143 mg) (C)0.5h 604rac (15 mg, 0.0596 mmol, 15 %)
0.1 mmol, 23.2 mg

476w rac(0.4 mmol, 143 mg) (A)5.5h 603rac(13 mg, 0.0948 mmol, 24 %)
91.2 mg, 0.4 mmol

476w rac(0.4 mmol, 143 mg) (B)6h 603rac(41 mg, 0.299 mmol, 75 %)
91.2 mg, 0.4 mmol

476w (0.3 mmol, 107 mg) (B)12 h 603 (14 mg, 0.102 mmol, 34 %)
68.4 mg, 0.3 mmol

232(570 mg, 2.32 mmol) (©)3h 611(228 mg, 1.64 mmol, 71 %)

270 mg, 1.16 mmol

"""" weo T (9N-[1-(3',4,5-Trimethoxyphenyl)ethyl]amine (601)°®
 weo ' CuHiNOs, FW = 211.29 white solid: [a]o —9.8 € 0.5, CHCY):

| NH, |

601 MeO - [lit. **° gives[a]p®® +24.4 € 1.06, CHCY) for (S-enantiomer 96 %

ee];"H NMR (400 MHz, CDCY) 5 1.39 (d,J = 6.6 Hz, 3H), 2.16 (br s, 2H), 3.83 (s, 3H),
3.86 (s, 6H), 4.09 (G} = 6.6 Hz, 1H), 6.59 (s, 2H).

o . (-)-N-[1-(3",4',5’-Trimethoxyphenyl)ethylJamine (602),°°
‘ Voo C10H1sNO,, FW = 181.26 white solid;[a]p —33 € 0.5, CHCH); [lit. *®
62 N gives[a]p?® —24.2 € 1.01, CHCY) for (9-enantiomer 82 % eefH

NMR (400 MHz, CDCJ) & 1.38 (d,J = 6.6 Hz, 3H), 2.05 (br s, 1H), 3.85 (s, 3H), 3(89
3H), 4.09 (gJ = 6.6 Hz, 1H), 6.81 (d] = 8.2 Hz, 1H), 6.87 (dd] = 8.2, 1.8 Hz, 1H), 6.92
(d,J=1.9 Hz, 1H).

T v (£)-N-{1-[2’-(tert-Butyldimethylsilyloxy)phenyl]ethyl}amine (604),

3 Q_{NHZ C14H2sNOSI, FW = 251.49 white solid;'H NMR (400 MHz, CDC}) &
e " 0.19 (s, 6H), 0.98 (s, 9H), 1.47 s 6.6 Hz, 3H), 3.55 (br s, 2H), 4.15 (q,
J=6.6 Hz, 1H), 6.73 (dd] = 8.0, 1.8 Hz, 1H), 6.75 (dd,= 2.5, 1.8 Hz, 1H), 6.98 (d,=
7.6 Hz, 1H), 7.19 (dd] = 7.9, 7.8 Hz, 1H).
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i (5)-N-[1-(2'-Hydroxyphenyl)ethyl]lamine, (-)-2-(1'-Aminoethyl)phenol
GOQZ{NHZ (603)2°? CgH1:NO, FW = 137.20 white solid;[a]43s—80 € 0.5,1 10 mm,
""""""""" " MeOH); [lit.**° gives[a]p —77.6 € 1, MeOH) for §-enantiomer 95 % ee];
H NMR (400 MHz, MeOHels) § 1.38 (d,J = 6.7 Hz, 3H), 3.99 (q] = 6.7 Hz, 1H), 6.67
(ddd,J = 8.0, 2.5, 1.0 Hz, 1H), 6.77 (dd= 2.3, 1.8 Hz, 1H), 6.80-6.83 (m, 1H), 7.13 (dd,

J=17.8, 7.8 Hz, 1H).

S + (#)-N-[1-(2"-Fluorophenyl)ethyllamine  (611),°° CgHoNF, FW =
f Q_{NHZ 138.18 brown liquid:*H NMR (400 MHz, CDCY) & 1.44 (d,J = 6.7 Hz,
ST 3H), 2.24 (br s, 2H), 4.42 (br d.= 6.5 Hz, 1H), 7.01 (dddl = 10.8, 8.1,
1.2 Hz, 1H), 7.12 (dJ = 7.5, 7.5, 1.2 Hz, 1H), 7.18-7.24 (m, 1H), 7.48d,J = 7.6, 7.6,

1.8 Hz, 1H):**F NMR $ —119.73.

Three-step Procedure for Synthesis of Thiazolone 99° (Scheme 8.18):

, NHBz NH , N
RH —» R— —>= R o, R—</:/|;
s

611 612a 612b 613 (47%)

a. BzZNCS (1 eq), Et3N(1.1 eq), CH,Cl,, 0 C, 1.5 h
b. KOH (2 eqg), MeOH, r.t.,, 3 h
Br

HN- |
C.

F Acoon (1.1 eq), NaOAc (2.5 eq), EtOH, reflux, 2 h

Scheme 8.18Synthesis of Thiazolone §IHSD Inhibitor from Amine611

Benzoyl isothiocyanate (284_, 345 mg, 2.11 mmol, 1.0 equiv) was added dropewasa
solution of aminé11 (294 mg, 2.11 mmol, 1.0 equiv) and triethylamiB24uL, 235 mg,
2.32 mmol, 1.1 equiv) in anhydrous &, (3 mL) at 0 °C under an argon atmosphere.
The reaction mixture was let to stir at 0 °C fos h. and then quenched with water (20
mL). The aqueous layer was extracted with,CH (3 x 20 mL) and the combined organic
layers were washed with diluted HCI (7 %, 20 migtusated NaHC@solution (20 mL),
dried over MgS@, and concentrateth vacuoto provide crudeN-benzoylthioures612a

which was used without further purification.
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Crushed solid KOH (237 mg, 4.22 mmol, 2.0 equivkwedded in one portion to a solution
of the crudeN-benzoylthioure®12a(657 mg) in MeOH (3 mL). The reaction mixture was
let to stir at room temperature for 3 h, then wilér mL) was added and the mixture was
let to stir for further 16 h at room temperatur@eTsolution was diluted with GElI, (20
mL) and water (50 mL), the aqueous layer was etacawith CHCI, (3 x 20 mL) and the
combined organic layers were washed with dilutedsdlution (1 M, 20 mL), brine (20
mL), dried over MgS@ and concentrated vacuoto furnish the crude thiourea derivative

612bwhich was used without further purification.

2-Bromopropionic acid (21L, 359 mg, 2.32 mmol, 1.1 equiv) was added dropewisa
solution of the crude thiourea derivati®&2b (372 mg) and sodium acetate (433 mg, 5.28
mmol, 2.5 equiv) in anhydrous EtOH (2.5 mL). Themension was refluxed for 2 h, then
cooled to room temperature and quenched with w@@rmL). The aqueous layer was
extracted with ChLCl, (3 x 20 mL) and the combined organic layers were washiéul
brine (20 mL), dried over MgSDand concentratesh vacuo The crude thiazolond99
was purified on a silica gel column (40 mL) witlg@adient of dichloromethane — methanol
mixture (100:0 to 98:2) to affor@l3 as white foam (249 mg, 0.987 mmol, 47 %).

(+)-N-[1’-(2"-Fluorophenyl)ethyl]- N-(5-methylthiazol-4(@4H)-on-2-yl)amine (613),
C12H12N208F, FW = 245.32

1 1‘

D4 7, NP
A L O
1613 F STs

613 an inseparable mixture of @49 and (1S4R) diastereoisomers in 1:1 ratio; white
foam; [o]p +14.5 € 1.0, CHC}); 'H NMR (400 MHz, CDC}4, a mixture of 5-epimers in
ca. 1:1 ratio, one is marked * and *, unassigngdads are not marked)1.58" (d,J = 7.3
Hz, 3H, 5-CH- ®&13), 1.65* (d,J = 7.3 Hz, 3H, 5-CH-83), 1.78" (d,J = 6.8 Hz, 3H, 2'-
CHs), 1.79* (d,J = 6.8 Hz, 3H, 2'-®3), 4.04* (q,d = 7.3 Hz, 1H, 5-€), 4.14" (q,J = 7.3
Hz, 1H, 5-CH), 4.98* (q,J = 6.8 Hz, 1H, 1'-®), 4.99" (9,J = 6.8 Hz, 1H, 1'-®), 7.02-
7.05* (m, 1H, 3"-H), 7.03-7.07* (m, 1H, 3"-8), 7.15* (ddd,J = 7.5, 7.5, 1.1 Hz, 1H,
4’-CH), 7.16" (dddJ = 7.5, 7.5, 1.1 Hz, 1H, 4’4), 7.23-7.27* (m, 1H, 5’-@), 7.25-
7.29" (m, 1H, 5"-®1), 7.58* (ddd,J = 7.7, 7.6, 1.7 Hz, 1H, 6"48), 7.61" (dddJ = 7.7,
7.6, 1.7 Hz, 1H, 6"-€l); **C NMR & 18.51" (5-CH), 18.88" (2'-CH), 21.52* (5-CH),
21.60* (2'-CHg), 49.20" (5-CH), 49.26* (5-CH), 49.28 ®1'-CH), 115.15 (dJ=21.9, 2
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x 3"-CH), 124.78* (d,J = 3.4 Hz, 5"-CH), 124.79" (d] = 3.4 Hz, 5"-CH), 127.98* (d] =

3.5 Hz, 6”-CH), 128.05" (d] = 3.5 Hz, 6"-CH), 128.88 (d} = 10.9 Hz, 1"-C), 129.02 (d,

J =10.9 Hz, 1"-C), 129.16* (dJ = 2.4 Hz, 4"-CH), 129.24" (d) = 2.4 Hz, 4"-CH),
159.13 (d,J = 246.0 Hz, 2x 2"-CF), 181.62" (2-C), 181.72* (2-C), 188.84 (4;0B8.86
(4-C); F NMR & —-119.90, —119.97IR v 3192, 2979, 2933, 1686, 1599, 1583, 1492,
1450, 1251 cm; MS (El) m/z(%) 252 (M*, 40), 237 (90), 149 (20), 123 (100), 103 (38),
91 (44), 83 (40), 77 (39¥4RMS (EI) 252.0730 (&H13N2OSF requires 252.073HtPLC
analysis (Chiralpak IB, hexane — propan-2-ol (8%:05/5 mL/min,t;, major= 16.96 minf;,
minor = 19.79 Min,t2, major = 21.61 min,t2, minor = NOt resolved) showed 93 % ee for

diastereomer 1 and >95 % ee for diastereomer Zbas#line separation).
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