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1. Introduction

1. Introduction

When one is talking about modern organic synthésesarea of catalysis deserves mention-
ing as one of the pillars of the field. Catalysas ldramatically changed not only the chemist’s
world and works, but the world as a whole. Manyhaf materials encountered in daily life are
made by catalytic processes, such as many typpkastics; and in a more obvious manner,
barely any car is found nowadays that is not eqedppith a catalytic converter.

Catalysts are, by definition, species that pardit@pin a reaction and enhance its rate. They
may undergo several chemical transformations, tubat consumed in the process. Catalysts

accelerate reactions by providing an alternatieetien pathway with lower activation ener-

gy.

Catalysis can be divided into two main areas: bg@neous and homogenous catalysis. In the
case of heterogeneous catalysis, the catalystim@sdifferent phase than the reactants. In
many cases it is a solid, with the substrates bkguid or gaseous. Heterogeneous catalysts
are often supported, that is, dispensed on a sescwmtdrial, which may affect the catalytic
activity by interaction of the materials, or simphgrease the surface area of the catalyst.

The great advantage of heterogeneous catalysie isdse of separation of the reaction mix-
ture from the catalyst, as it is simply a phaseas#jon. These catalysts are therefore widely
employed in industry, especially in the synthesibudk chemicals, with ammonia and sulfur
trioxide being prominent examples of catalyticajgnerated compounds. The disadvantages,
however, are that only the surface is able to atewith the substrates, and that the phase
transitions required by the reactants reduce tleeadiveaction rate.

Homogeneous catalysis is taking place when thdysatiunctions in the same phase as the
reactants. Higher reaction rates as compared &rdggneous catalysis can usually be rea-
lized since the catalyst is evenly distributedha teaction medium and no phase transition is
required prior to the reaction. Moreover, every ecale of the catalyst employed can actively
participate in the reaction and not only the sweflyer. The disadvantage of homogeneous
catalysis is that usually a purification step igquieed to remove the catalyst from the prod-

ucts. This can also influence the reusability ef tatalyst.

Another distinction between different kinds of d¢gsés can be made when the product of a
catalyzed reaction is chiral. A compound is chivlkn it is not superimposable on its mirror

image; the two compounds are then called enantmriiéese compounds are similar in most
1



1. Introduction

of their physical properties as well as their reggt when in symmetric surroundings but
differ significantly when brought into a chiral eranment. Biological systems commonly
distinguish between enantiomeric forms of moleculese they are themselves made up of
chiral molecules. Thus, two different enantiomefrthe same compound may have distinctly
different effects on a given biological system. Th® enantiomeric forms of limonene are
examples for chiral compounds (Scheme 1). Wiit)e(£)-limonene {) smells of oranges, its
enantiomer §-(-)-limonene éntl) has a piney, turpentine-like odor.

o K

(R)-(+)-limonene (9-(-)-limonene
1 ent-1

Scheme 1Enantiomers of limonene.

When two or more achiral compounds are reactedetid g chiral molecule under the influ-
ence of an achiral catalyst, this product will l#ained as a 1:1 mixture of its enantiomers,
which is a racemate. This can be called non-asymoedtalysis. However, the goal of che-
mistry is usually to obtain one particular compoward not mixtures, and strictly spoken a
racemate comprises a mixture of 50% of the degrreduct or enantiomer and 50% of the
undesired enantiomer which has to be separated us&thods of kinetic or dynamic kinetic
resolution. These separations are generally muale tedious than separations of compounds
that are not enantiomers. Moreover, the formatibrthe undesired enantiomer makes the
process less atom-economic.

One solution to these problems is to employ methafdasymmetric catalysis, in which a
small quantity of a chiral catalyst will convertaage amount of chiral or achiral starting ma-
terials into enantiomerically pure or enriched prctd. Nowadays asymmetric catalysis is

divided into three areas: biocatalysis, metal gata] and organocatalysis.

Biocatalysis is based on the use of enzymes, cisatpnsisting of proteins and often metallic
cofactors. They can be employed both as isolategpoonds as well as in form of whole
cells. Enzymes are usually very selective with réda chemo-, diastereo-, and enantioselec-
tivity due to their complex three-dimensional sture, which allows only specific target mo-
lecules to interact with the active site of theyene. Biocatalysis is the oldest known prin-
ciple for asymmetric catalysis.Enzymes are unsurpassed in enhancing reacties aatwell

as in their selectivity. Problems may arise witk tbw tolerance of changes in operational

2



1. Introduction

parameters, such as pH value or temperature, #ierpnce for water as the reaction medium,
and the often encountered strict dependence onrtatiral cofactor, which is often too costly
for stoichiometric use. Another drawback for the 0§ enzymes is that they are provided by
nature in only one enantiomeric form, and theiipdes cannot simply be made from m@ll-
amino acids to yield the opposite stereoisomergivan, chemical transformatidn.

The second major field of asymmetric catalysisasda on the use of chiral complexes de-
rived from metal centers and chiral ligands. Witlle basic idea of using a non-enzymatic
catalyst to achieve an asymmetric reaction was knfawa long timé it was not until after
the pioneering work oknowles® andNoyori® in the late 1960s that it was widely employed
in chemistry. Their contribution to the developmeitthis powerful concept was awarded
with the Nobel Prize in chemistry in 2001 togeteth Sharpless The field has seen tre-
mendous growth since its beginnings in both academwiwell as industrial contextloyori
stated in 1995 that the synthesis-gthenthol at Takasago International Corporatiopada

in which the key step is promoted by a chiral rliodicatalyst, was “[.] the world’s biggest
application of asymmetric catalysis, allowing for @annual production of about 1500 tons of
menthol [...]"® However, one major disadvantage for the industi of organometallic
compounds in asymmetric synthesis is the needefmoving trace amounts of catalyst espe-
cially in food and drug related context due to tbquisition to offer products that are free
from even traces of heavy metals.

The third and youngest area of asymmetric syntheglse field of organocatalysis, in which
small molecules not containing any metals in thevacenter act as catalysts. While sporadic

examples of asymmetric organocatalysis where lamgka> 20

it was not until the early
2000s and the seminal works ldst ** andMacMillan ** and the ensuing boom in the area
that the statement dficolaouandSorenserihat “[in] a catalytic asymmetric reaction, a simal
amount of an enantiomerically pure catalyst, eidrerenzyme or a synthetic, soluble transi-
tion metal complex, is used to produce large qtiastdf an optically active compound from
a precursor that may be chiral or achiral,” as tbum “Classics in Total Synthesis” from

19962 was made obsolete before the publication of argkeolume.
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2. Concept

2. Concept

The work described in this thesis pursued two ngaials in different areas of catalysis. First,
a new, efficient, and short route poB-disubstituted,o,p-unsaturated aldehydes was to be
found. The second goal was to develop the chemi$tNBoc-imines and related carbamate-

and amide-protected preformed imines in an orgaab@ed Mannich reaction.

2.1. Development of an efficient route to  B,B-disubsti-
tuted, a,B-unsaturated aldehydes through palladium-

mediated catalysis

B,p-Disubstituted o,p-unsaturated aldehydes have turned out to be vgliistrates for a va-
riety of transformations, but they are also intBngssubstances with regard to industrial ap-
plication, as many of these compounds are fraggrtewever, no general and simple access
to this class of compound was known.

It was one goal of this thesis to establish a galla-catalyzed route to the target molecules
(Scheme 2).

X o
TN . [Pd"] NNy
R'— 74 s
_— Y- H |
=
R
X = Hal, B(OR),, Y = Hal, B(OR),, 2
SnR3, MgHal, SnR3, or H

or ZnHal

Scheme 2General idea to obtapp-disubstitutedg,B-unsaturated aldehydes through a Pd-mediated oeacti

The development of this method was mainly focusedldehydes with an aromatic as well as
an aliphatic substituent. The choice to use a galia-catalyzed route to the targeted com-
pounds was made due to the large number of poteatations available as well as the vast

amount of substrates, many of which are commeycaadailable (Scheme 3).
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MX OEt O
) ©/ * Hal4</_< oet @ Ha—
; X OEt O
) ©/ i BU3Sn4</_<OEt o Bugsn 7 h
X OFEt o)
K @ ) (RO)2|34</_<OE'[ o Rops— ™
X OEt O
d) @ . or
M = Mg, Zn
X = Br, |, OTf

Scheme 3Possible Pd-catalyzed reactions yieldkgrdisubstitutede,f-unsaturated aldehydes.

Negishi and Kumada (a), Stille (b), or Suzuki cougs (c) are possible reactions leading to
the desired products. They require the synthesisiraftionalized unsaturated aldehydes or

acetals. Unmodified, unsaturated aldehydes or lacata substrates for the Heck reaction (d).

2.2. Development of an organocatalytic Mannich reac  tion

of preformed N-Boc and related imines

The second goal of this thesis was to develop tteméstry of preformedN-Boc, N-Chz,
N-Fmoc, andN-Bz-imines in an organocatalyzed Mannich reactione Proline-catalyzed
three-component Mannich reaction developedLisf in 2000 had shown that proline was
capable of catalyzing the reaction between endizatarbonyl compounds and imines
(Scheme 4§*

O
(S)-Proline
o) /©/0Me b (35 mol%)
)J\ ' '
HoN O,N acetone/DMSO

1:4 (viv), 50%, O-N
er 97:3

PMPHN O

Scheme 40rganocatalyzed three-component Mannich reacliscovered by ist.

The major drawback of the method is the removahefPMP-protecting group from nitrogen.
The standard method for this transformation is atie cleavage using ceric ammonium ni-
trate (CAN), a procedure which is not suitabledome substrates due to the strongly oxidiz-
6



2. Concept

ing conditions employed, and which typically is @epanied by product lo$8.Moreover,
p-anisidine is highly toxic, and ceric ammonium aié is toxic and too expensive for indus-
trial use.

In contrast to this, the Boc group is one of ttendard and most widely employed protecting
groups for nitrogen in organic and especially iptmke synthesis. Due to the ease of its re-
moval, a Mannich reaction witN-Boc-protected-imines would deliver valuall@mino car-
bonyl building blocks. However, it was known thaetreaction between hydroxyacetone,
which had become a standard reagent in aldol andnMia reactions, and a preformed
N-Boc-imine under proline catalysis was not obseied.

As part of this thesis a method should thereforddaeeloped by which unmodified aldehydes
could be reacted with preform&dBoc-imines (Scheme 5).

O O
I S
N (@) N HJ\H organocatalyst 9] NH O

Scheme 5General outline for an organocatalyzed Mannicttien ofN-Boc-imines.

A further goal was to explore the reaction withfelént carbamate and amide protecting
groups. This is of great importance for the uséhefresulting products in organic synthesis,
as many of the protecting groups can be cleavesttsatly under specific conditions. The
development of the chemistry of imines with differgrotecting group would allow for a

direct access to suitably protected building blocks

2.3. Development of an organocatalytic transformati on of

acetaldehyde

Acetaldehyde, the smallest enolizable aldehyde, v@luable two carbon donor. Its use in
synthesis leads to unbranched addition productghadre otherwise only accessible by indi-
rect methods, such as by using enol ethéf3but it has long been elusive in organic trans-
formations. This is due to its inherent reactivatyd also the reactivity of these unbranched
products.Cordova et aldescribed the formation of trimeBswhen they reacted acetaldehyde

(4) under proline catalysis (Scheme 6, |&ft).
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o]
acetalde-
OH o) hyde (2 equiv), EtO2C _CFS 0 OH
/;\/\)J\ (S)-Proline )(J)\ (S)-Proline M
CO,Et
H  tur o<, H  DCM,RT, H CFs
10%, er 95:5 81%, rac
3 4 5

Scheme 6Previous attempts at proline-catalyzed reactafracetaldehyde.

While the enantiomeric ratio of 95:5 was found &uery high, the yield of the product was
only 10%. When the group dizrgenserattempted another aldol reaction with a rathei-eng
neered acceptor, they faced the complementary groblif high yields of a racemic product
(5) (Scheme 6, right}*

Through the aforementioned literature it was knakat proline can act as a catalyst for reac-
tions of acetaldehyde, but no high yielding, er@sglective, and controllable reaction had so
far been developed. As part of this thesis it wagoal to find out whether the proline-
catalyzed Mannich reaction BEBoc-imines is a suitable reaction to allow for fhiet use of
acetaldehyde in a reaction that could lead in mase yields to monoaddition products of

acetaldehyde with high enantiopurity (Scheme 7).

0]
NJI\OJ< @) Proline >‘\Oj])\

i N _Profne |

R H R H

NH O

Scheme 70utline for the reaction of acetaldehyde wittBoc-imines.



3. Background

3. Background

3.1. Synthetic routes to B,B-disubstituted, a,B-unsaturated
aldehydes

a,B-Unsaturated aldehydes play important roles agdrags 6),>* food additives 7),>* and

starting materials for organic synthes8s $cheme 8§*

Scheme 8Examples ofy,3-unsaturated aldehydes.

The synthesis of this class of compound has thexdfeen the focus of considerable research.
The following chapter will provide an overview dfet methods available to synthesize
B,B-disubstitutedg,p-unsaturated aldehydes.

3.1.1. Oxidative methods

The oxidation of an alcohol to an aldehyde is ohehe basic transformations in organic
chemistry, and numerous methods have been develtipegossible to oxidize allylic alco-
hols as well, which leads twp-unsaturated aldehydes. Some of the methods tivat $ac-
cessfully been used are exemplified below. Typtatlants are the combination of tetra-
propyl ammonium perruthenate (TPAP) aNdnethylmorpholineN-oxide (NMO) (Scheme
9a)? pyridinium chlorochromate (PCC) (Scheme $)r manganese dioxide (Scheme %0).

iPr TPAP (10 mol%),  IPF
~ NMO (1.5 equiv), =
a) X
(I) OH DCM, 90% (I) @]
iPr Bu iPr Bu
(@]
0K PCC, Ny
b)

DCM, 56%

Scheme 9Literature-known examples of allylic alcohol oatibns toa,B-unsaturated aldehydes.



3. Background

The problem of this synthetic method is not theaialcoxidation step, but the necessity to ob-
tain suitably substituted alcoholBuganti and Serra for example, started from ketorge
which was converted in a Horner-Wadsworth-Emmoastren to the unsaturated esi€rin

an approximate ratio of 5:1 in favor of tEeisomer(Scheme 10§’ Since it is generally not
possible to reduce,p-unsaturated esters selectivelyd@-unsaturated aldehydes, the ester
was reduced to allylic alcohall, which was subsequently re-oxidized to the desatddhyde
12.

OMe O (Et0),P(0)CH,CO,Et OMe OMe

(1.2 equiv), )

NaH (1.2 equiv), X CO2Et  LiAlH,, o

THF, reflux, 64% THF, 0 C

9 10 11
OMe OMe O
X OH MnO, (4 equiv), S H
CHCl3,
78% (two steps)
11 12

Scheme 10q,B-unsaturated aldehydesm Horner-Wadsworth-Emmons reaction.

Despite the apparent drawback of a lengthy syrdhtbss method actually offers the broadest
access t@,p-disubstituted,o,p-unsaturated aldehydes, as many of the startingnkstare

commercially available or can be synthesized.

Transforming an alcohol to an aldehyde is not thly possibility to obtain,-unsaturated
aldehydessia oxidation of the starting materid{rischetransformed dien&3 to aldehydel4

through osmium tetroxide/sodium periodate oxidatilefin cleavage (Scheme 1%).

Ph

L F “ N
Ph 0] Ph
| N [Rh], Ha, . | _ 0s04 (5 mol%), | _
o N/ DCE, 40 C, 91% _NF N NalOg4 (2 equiv), 4 = N
H 2. TBSCI, imidazole, OTBS THF, 0 C, 83% OTBS
DMF, RT, 86%
15 13 14

Scheme 110xidative cleavage of dienes to yiel-unsaturated aldehydes.

Aldehyde 15 was the starting point for the rhodium-catalyzedparation of the diene. A

number of dienes have been synthesized by the aheblaib the compounds are all substituted

10



3. Background

by ay-hydroxy group. It is not mentioned that the otléfin geometric isomer was ob-

served. The focus ¢frischés work did not lie in obtaining the aldehydescolirse.
The extension of an existing olefin to @f-unsaturated aldehyde is possibigthe Vilsmei-

er-Haak formylatiorf® a-Methylcinnamaldehydé6 was obtained from-methylstyrenel7 in
52% by this method (Scheme £3).

POC|3, H

DMF, 55 T, 52%
17 16

Scheme 12Vilsmeier-Haak formylation ofi-methylstyrenel 7.

Instead of styrenes it is also possible to useatgralcohols which are dehydrated to an olefin
in situ®! The drawback of the Vilsmeier-Haak formylatiortli® use of phosphoryl chloride,
which is both corrosive and toxic. Moreover, ihighly reactive, which renders it incompati-

ble with substrates such as alcohols and amides.

3.1.2. Reductive methods

Carboxylic acid esters can often be reduced se#dygtio the corresponding aldehydes with
DIBAL at —78 °C. While the corresponding reactionogff-unsaturated esters yields mixtures
of aldehyde and alcohol, the reduction of unsataraitriles and Weinreb-amides to the alde-

hydes is possible.

Watanabé& group has used a two-step synthesis starting fidketone likel8 to obtain the

unsaturated nitrild9 which was then reduced to the desired alde2gd&cheme 13}

(Et0),P(O)CH,CN, / 1\
]\ NaH, DIBAL, 0
s 0O ST e —— 8
THF, RT, 83% THF, 0 T, H
88%
18 19 20

Scheme 13Synthetic sequenacga unsaturated nitriles.

This method also employs a Horner-Wadsworth-Emnneastion, which allows for the same

broad substrate scope as in the casgeofadescribed above (Scheme 10).

11
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Nuzillard, BoumendjelandMassiotalso employed a Horner-Wadsworth-Emmons reaction t
obtain the unsaturated Weinreb-am®ie®® The amide was then reduced to the corresponding
aldehyde22 with lithium aluminium hydride (Scheme 14).

0] 0]

"
P OMe
(Et0)5” N~ _.OMe
(0] 2 |

| N
nBuLi, | LiAlHg4,
—_—
THF, 82% THF, 90%

21 22

Scheme 14Partial reduction of a Weinreb-amide.

A number of other aldehydes and ketones could ba@lamed in the reaction sequence with

typically good yields.

Chou et alconverted vinyl iodide&3 to a,p-unsaturated aldehydad (Scheme 153

1. R?MgX,
Cul, LiBr 1 1 1
. THF, 60 C ROH RO M nBuLi bvF, R\l_iH
Rl— — (
R? TMS CCh,O0T RZ R? CHO
2. TMSCI E—téc?;c to -10C
25 THF, -60 T - RT 26 23 ’ 24

Scheme 15Substitution of iodine with DMF.

A yield of 67% of24 was obtained when'Rvas ethyl and Rwas phenyl ir23. The addition
of a cuprate to alkyneZb allows for an interesting substrate scope. Moredhe geometry in
23 could be inverted whe26 was treated with MCPBA and HI instead of ICI.

3.1.3. Rearrangements

The Meyer-Schuster rearrangement is a reactionhwinansfers a tertiary, propargylic alco-
hol 27 into ano,B-unsaturated aldehyd&! (Scheme 16aY,

12



3. Background

OH_~ +
RY 2 H
. Yo e
R
27 24

MoO,(acac), (5 mol%),

OH_~ Me O
74 ArCO5H (25 mol%),
b) Me\f/ 2 Et)\w‘JLH

0-CgH4Cly, 100 T, 73%

28 29

Scheme 16The Meyer-Schuster rearrangement.

Its use is limited by the strongly acidic condisonecessary. Moreover, if the substrate con-
tains hydrogen im-position, the Rupe rearrangement leading ta,frunsaturated ketone is
the dominant reaction pathwayHowever, under metal catalysis the Meyer-Schuster-
rangement can be predominant even for substratisowiydrogen atoms. For example, a
molybdenum complex catalyzed the rearrangementaggogylic alcohol8 to aldehyde?9

in good vyield of 73%. However, the product was otgd as a mixture dE- andZ-isomers
(Scheme 16b3°

Bruneaudeveloped a method to circumvent the problemscestsal with the Meyer-Schuster
rearrangement (Scheme £6)The addition of benzoic aci®@) to propargylic alcohol®7
under ruthenium catalysis leads to 3-hydroxy-1-profi-yl benzoates3l. In an acid-
catalyzed process the hydroxy group rearrangesandoic acid is eliminated to yield alde-
hydes24 (Scheme 17).

—— o)
ppe)Ru
1 N /—% pl
)O]\ - ERZ A Ph\n/o /<RRZ H+(cat) T»'U\H
— A\ HO tol, RT
tol, 50 T ol,
Ph™ OH OH ° o -Phco,H R "R?
30 27 31 24

Scheme 17Two-step isomerization of propargylic alcoheia benzoates.

The advantage of this method is that milder coadgican be employed in the second step.
The yields are usually good to very good for bd#ps, while the ratio of isomers seems to
depend on the conditions employed and ranges ffat030 67:33.

13
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The oxidative rearrangement of tertiary, allyliccaiols with PCC also leads to
o,B-unsaturated aldehyd&SUnlike in the Meyer-Schuster rearrangement, theiisy materi-

al may also contain hydrogendrposition to the alcohobrikrishnamade use of this reaction
to access aldehydd2 from tertiary alcohol33 as an intermediate in the synthesis of
B-herbertenol (Scheme 1¥).

Bng/\
35

S| —_—
THF, 80%
MeO = MeO

34 33 32

DCM, 84%

Scheme 18Rearrangement of a tertiary, allylic alcohol.

A suitably substituted keton84) was treated with vinyl Grignard reage3t to obtain the
necessary tertiary alcohol. The driving force foe rearrangement is the irreversible oxida-
tion of the primary alcohol/chromium intermediateat is formed during the reaction. The
reaction also uses ketones as starting materidghwopens up the same broad substrate

scope as mentioned above.

3.1.4. Eliminations

3-Methylthio-2-propenyp-tolylsulfone @6) was introduced as a general reagent for the syn-
thesis ofa,p-unsaturated aldehydes Bgura*® Twofold alkylation allows for the introduc-
tion of a variety of substituents in tReposition. The methyl sulfide 187 was displaced with
water under Lewis acid catalysis, and the hydroxalgomerized to the saturated aldehyde.
The tosyl group either eliminates under Lewis amathlysis at this stage or after subsequent

treatment with a base (Scheme 19).

LAarh Caoflasl - Mes __~_S0;Tol iy, 012H25Wo
MeS. _~_-SO,Tol 5 NaH. Mel Me" CjioHos CH4CN/H,0, Me H
‘DME 80%, E/Z 3:2
36 37 38

Scheme 19Synthesis of,B-unsaturated aldehydes by a methyl sulfide disjphecg/elimination sequence.

38 was obtained in good overall yield (80%), but wathow E/Z-selectivity (3:2). The scope

is naturally limited to alkyl- or allyl-disubstitet o,f-unsaturated aldehydes.

14
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Onoreported the elimination of the nitro group froonpounds39 to form the correspond-
ing a,B-unsaturated aldehydd® (Scheme 20§

0
1]
R3/\/S\Ph R2 L RZ Rl Rl o
NO,  DBU, 0,N-L-R" 5 (CF5C0),0, O2N DBU, )\(U\
- (o) R H
Rl)\RZ CH3CN, RT R3 S ph NaHCOsaq RS Et,0, RT e
H
42 41 39 40

Scheme 20Michael addition/elimination sequence.

The yields o#40 were good (52-82%), but only aliphatic nitro commpds41 made from nitro

alkanesA2 were used. Moreover, thi#Z-selectivity was low (typically 65:35).

3.1.5. Palladium-mediated syntheses

Herndon showed the synthesis offaalkyne-substitutede,p-unsaturated aldehyde starting
from bromoaldehydd3. The Sonogashira coupling with hexydd)(gave 3-phenyl-2-nonen-
4-ynal @5) in 89% yield*?

o (PPhs),PdCl, (6 mol%),

O
Cul (12 mol%), | H
NEts (1.5 equiv),
H N 3
A
/f‘\ ’ \nBu Ph \\

THF, RT, 89%
Ph Br nBu

43 44 45

Scheme 21Sonogashira coupling to obtain an alkyne-sulistitaldehyde from bromoaldehyda

Aldehyde43 was prepared from acetophenamea Vilsmeier-type reaction. The method has
later been extended to the palladium(0)-catalyz#chann cross-coupling® and the Suzuki

coupling®*

The synthesis db-methyl substituted,-unsaturated aldehydes was exemplifiedTyji in
the palladium(0)-catalyzed reaction of iodobenz@@p with 1,2-dienetd7 (Scheme 22
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Pd(OAc);, (5 mol%), 0]
dppe (20 mol%),
ppe ( ) ~ J\

|
. OH NMI (excess), H
DMSO, 110 <,
88%, E/Z 7:3
46 47 16

Scheme 22Arylation of a 1,2-diene.

The vyield of 88% was very good, but proddé&was obtained as a diastereomeric mixture.

Moreover,47 must be synthesized, which limits the usabilityra reaction.

The oxidative, palladium(ll)-mediated coupling ebtonaldehyde48) with benzene49) was

also reported b¥suji (Scheme 23%°
0

O Pd(OCOPh), (1 mol%), “ J\
© . H PhCO3tBu (1 equiv), H
| AcOH, 100 <, 48%
49 48

16
(excess)

Scheme 230xidative coupling of crotonaldehyde with benzene

A stoichiometric amount of a perester was necestarg-oxidize the catalysL6 was ob-
tained in moderate yield of 48% and as a mixturE-adndZ-isomers. It was reported that no
regioselectivity was observed when substituted &eeg were used, which limits the potential
of the method.

Another example of this chemistry used cinnamaldehyas the olefin and
tert-butylhydroperoxide as the stoichiometric oxidantireaction with benzene. The product

was obtained in 36% yield.

Cacchihas reported the synthesis of 3,3-diphenylacrgla/de 50) through the Heck reac-
tion of cinnamaldehyderf and phenyliodide4g).*®

Pd(OACc), (3 mol%),

o] ' NaOAc (1.5 equiv),
X + (nBu)4NBr (1 equiv),
H
DMF, 60 C, 57%
7 46
(1.5 equiv)

Scheme 24Heck reaction of cinnamaldehyde.
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The yields were moderate to high (46-84%) whenrodinematic halides were employed, and
the ratios oE- andZ-isomers ranged from 63:37 to 87:13.

The conditions were later improved Bggarwal who obtained0in 89% yield?*®

Crotonaldehyde4@8) has also been used in the Heck reaction, but @méyexample has been
described in the literatur8.In the work ofDjakovitch it was arylated with bromobenzene
(51) under catalysis of palladium-compl&g in low yields of only 20% of the desired prod-
uct (16) and a further 8% of diarylation prod2 (Scheme 25).

2|

Pd/
OvO
o Br 52 (0.1 mol%),
DMAc, 140 T, 20%
48 51
(1.5 equiv)

Scheme 25Heck reaction of crotonaldehyde.
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3.2. The Mannich reaction

In 1912 Mannich and Kroschedescribed an aminomethylation reaction betweemaiene
(54), formaldehyde §5), and ammonia that occurred under acidic conditiand gaves6

(Scheme 263" It would in later years become known as the Mamnéaction.

0 0
Ph. 0 HCl, Phey N<HCI
| + + NHy ——> .
/N / H)J\H Hy0, RT /N / +3 H0
3
54 55 56
(3 equiv) (3 equiv)

Scheme 26First Mannich reaction.

In practice, enolizable aldehydes and ketones segsame the most important nucleophiles,
and the combination of formaldehyde and an amimdohloride the predominant acceptors.

A generalized mechanism is shown below (Scheme 27).

~HCI +CH,0 +HCl, -Ho  RafeR of
HNR,® HCI —= HNR, — HO _NR; __  —— JIg
+HCI —CH,0 “HCL+H0 7
57 58
(0] OH
Rl)H R1)§
R? R2 o
R.+.R _ 59a 59b 1
j‘\ Cl R NR, ® HCI
2
H”H R
58 60

Scheme 27 Simplified reaction mechanism.

According to this mechanism the free am&¥ which is in equilibrium with its hydrochlo-
ride, will undergo a sequence of equilibrium reawsi with formaldehyde to give iminium ion
58via an N,O-acetal. An equilibrium also exists betwearbonyl compoun89aand its enol
form 59b. The enol reacts with8 to yield the hydrochloride d@0.

The products of the reaction are usu@ligmino aldehydes and ketones, also called Mannich
bases. They are of interest due to the possibledutransformations, such as the elimination

of the amine yielding Michael acceptors or manipate of the carbonyl group.
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The reaction is particularly interesting becausehef incorporation of nitrogen in the prod-
ucts, which is often present in natural products drugs. In fact, the Mannich reaction was
already used only five years after its discovemyl917, as key step Robinsors total syn-
thesis of tropinone6(l).>? In this reaction succinaldehydé?], diethyl acetonedicarboxylate
(63), and methylamine6d) gave the desired product after twofold decarbatiyh in a syn-
thesis that is nowadays recognized as a classitahsynthesis (Scheme 28).

O ~

N
H o o O 1. EtOH, 0 T to RT
H EtO OEt 2. H,S0; aqg., reflux
o} \
O
62 63 64 61

Scheme 28Total synthesis of tropinone accordingRobinson

In the years since its discovery the Mannich reacivas developed into one of the most ver-
satile carbon-carbon bond forming reactions anolallaccess to a variety of different build-
ing blocks and alkaloids™>®

3.2.1. Diastereoselective variants

As with every chemical transformation selectivisyan important issue, and the development
of diastereoselective variants of the Mannich lieachas been an early focus of research.
Diastereoselectivity can be achieved by two prilesgpOne possibility is to use the geometry
of the enolate of the starting materials,Fasand Z-enolates will often give different diaste-
reomers in a reaction.

The other possibility is the use of chiral startmgterials, as the diastereomeric distribution
of the products can be influenced by the chiraineliet already present. This concept is wide-
ly employed in chemistry and can be extended toueeof achiral starting materials by the

introduction of chiral auxiliaries.

3.2.1.1. Simple diastereoselectivity

Several ways to induce simple diastereoselectithigt is, preference for one particular dias-
tereomer resulting from the reaction of achirattstg materials, have been devised, and the

examples given in this chapter will highlight soofeéhe approaches.
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Seebachexplored the reaction of titanium-reagents withilim enolates. As an exampth
was reacted witlb6 to yield Mannich bas67in 51% yield and with a dr of 7:1 in favor of the
anti product (Scheme 29Y.

NMe, OLi MeoN O
OTiCls + :
Hex, -70 T, B
51%, dr 7:1
65 66 67

Scheme 29Diastereoselective Mannich reaction with lithiemolates.
Perfect diastereoselectivity has been reportedherreaction oE-enamine68 with ternary
iminium salt69 also leading to Mannich baé& (Scheme 305

1.DCM, -80 Cto -30 C

Me. +.Me - 2.Hcl Me,N O
AICI4] 3. NHg

N N
n
ij H)J\© 94%, anti/syn >99:1 @J\é
68

|
69 67

Scheme 30Diastereoselective reaction of enamines with inmmions.

The reaction also works with similarly high yielddadiastereoselectivity for a range of other
substrates including open-chain enamines.

Nolenreacted boron enolat@® with aminals71> It was found that preference for tignor
anti product72 depended on the aminal used (Scheme 31).

OBBu; O NMe,
. '\/lezN\r NMez
DCM, RT R
R R=Ph: 95%, syn/anti 1:17
tBu: 34%, syn/anti 14:1
70 71 72

Scheme 31Diastereoselectivity with boron enolates and atsin

The examples presented so far show that contrtiieotliastereoselectivity can be efficiently
achieved with achiral starting materials, whicloat for a fast and simple access to the target
B-amino compounds. The drawback, however, is thaptioducts will always be obtained as

racemates.
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3.2.1.2.  Auxiliary-induced diastereoselectivity

Important progress was made with the introductibohiral auxiliaries to the Mannich reac-
tion. Starting from enantiomerically pure auxilesj enantiomerically pure diastereoisomers
can be obtained which greatly improved the synthediue of the Mannich reaction (Scheme

32). Auxiliaries can be introduced on both the eaphile as well as the electrophile.

P
OH Pa~y O HN' O
* + | *

R/K le R R
*
* R

OH RN O HN

+ | -

R& Rl R R

Scheme 32General scheme for auxiliary-based strategies: €hiral auxiliary.

This concept was first employed in the Mannich tieacby Broadleyand Daviesin 1984%°
When the lithium enolate of cyclopentadienyl iramplex 73 was reacted with iminé&4,

complex75was obtained with a diastereoselectivity of 98&heme 33).

<
| 1. nBuLi, -78 T | Ox. Q NH
oc\"?e\fo S e oo“?e o (
PhsP 0 PhsP NHPh Ph
Ph .
H Ph
73 74 75 76

Scheme 33Diastereoselective Mannich reaction with a chenailiary.

The product could be converted iffidactam76 by oxidation.73 was employed as a race-
mate, but the authors pointed out that it couletasily separated, which opens up the possi-
bility to synthesize enantiopure products.

Another approach with racemic starting materials wascribed byage et al.,.who used
B-keto sulfoxides as auxiliaries (Scheme %4§or examplesynandanti enolates77 reacted
with 78 to give the ethyl-epimers of produt® with a dr of >54:1 and >48:1, respectively,
and with good yields (61% and 72%).
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_ _ O_0O
0 oL N, L Et
S N + N +\i)1\:/
C N THF, =78 Cto 25 C S E\
S \\NHPh NHPh
77 78 79

Scheme 34Use of sulfoxide as auxiliary.

Depending on the imine equivalent employed higlstdioselectivity could be achieved, but

the reaction is hampered by a rather lengthy sgnlod the enolate.

The synthesis of enantiopusdactams was put into practice Bennariand coworkers. With
the help of an excess of TiCkilyl ketene aceta80 was converted to Mannich produgt
(Scheme 35§ The four possible diastereoisomers &f were obtained in a ratio of
38:3.7:1:0.

, B _ O ,Ph
Ph,, O~ TiCly (excess), 74, Ph, O . pp  LiHMDS, N
i OTMS ey, 78, 75% O Nupp THR-10T, .,
’ NMe, w 79% Ph
NMe,
80 81 82

Scheme 35Synthesis of &-lactam with an enantiopure starting material.

The reaction was not perfectly diastereoselecti@vever, direct conversion of the mixture
to 82 led to a diastereomeric mixture of >10:1 (or 3By3n favor of theanti product, which
was obtained with an er of 97.5:2.5 (or 38:1).

Boron enolates have been developed into a sourckiraity in the Mannich reaction byo-
rey (Scheme 36>
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CF3 CF3
Ph%‘Ph OBR,
\ O EtsN,
N N + \)J\StB e
F3C S \B/ S CF3 U Hex/tol, -78 T
O, | 0,
o 84
83 o
0 N~
= BrBRZ OBR2 RZJ Rl\NH o
=~ “StBu - - )\/U\
2
H\ Hex/tol, ~78 C R 7~ "StBu

84

Scheme 36Chiral boron enolat84 in the Mannich reaction.

83 was transformed to enoladd, which was reacted with different imines in yieldsging
from 67-77% and with diastereomeric ratios from89@: >99:1.
Chiral enamine85 have been employed IRisch® They vyield the products of the aminome-

thylation with86 in good yields, but only moderate enantiomericesses (Scheme 37).

1. THF, -70 Cto 0 C

() 2 TR0
OMe 3. HCI/H,0 O NMez
+ j\Jl\ [A|C|4] 4. NH3/H,0 .
H H 79%, er 82.5:17.5 =

85 86 87

Scheme 37 Aminomethylation of chiral enamines.

Later research indicated that the low enantiompuisty of 87 may be due to racemization
during workup rather than low selectivfy.
The alkylation of imine equivaler@8 has been reported by the groupQypolzeras part of

their investigation of camphorsulfonic acid-derivedgenB9 (Scheme 385°

_ _ CbZ\'\{
BuLi 88 Cl Et |
NBULl, N
ot o THF, -78 T 2 ./O o)
Li
89 - B 90

Scheme 38Camphorsulfonic acid derivati89 as source of chirality.
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90 was obtained in 47% vyield, yet at a conversioromy ~50%. The dr was 94.5:5.5 but
could be increased to >99:1 by crystallization.

A similar alkylating agent91) has been used IBvans(Scheme 39§’

Bz.
NH

j)\ 0 0 km )OL 0 0
0 NWOMe T, 91 o) NJ\./\)J\OMe

\_4 DCM, 0 C \—< éHzNHBz
Bn Bn

92 93

Scheme 39Evans-auxiliary in an alkylation with imine eqalent91

The reaction 092 and91 was similarly diastereoselective as in the caggpyolzets system
with a dr of 96:4, but the yield of 87% 88 was much higher.

Endersused chirab-silylketones as starting materials for a highlggstiereoselective Mannich
reaction. The corresponding Bsilylenol ether®94 were reacted with N,O-acet@b in excel-
lent yields of up to 95% and with very high diasteselectivities ranging from 96:4 to 98:2
(Scheme 405

VS
OTMS MeO  NBn, o
R 95 R
N W)YNan
tHexMe,Si 5'23'\;'52% °c tHexMe,Si
94 96

Scheme 40Silicon as directing group iBnders Mannich reactiontHexMe, = 1,1,2-trimethylpropyl.

The silyl group in the produc®6 could be removed easily and in high yields bytiresnt

with ammonium fluoride.

While the chirality was usually introduced throutye nucleophileKunzdescribed a different
approach with 2,3,4,6-tet@-pivaloyl-B-p-galactopyranosylamin®7). The reaction with an
aldehyde led to a chiral imine, which was then tedavith silyl enol ethe®8 (Scheme 4157

Q _/_{)TMS

. H
PiVO  OPiv ))L Meo—/ 08 PiVO  OPiv

O o)
PivO NH, ZnClx+Et;0, PivO H X OMe

oPi THF, 20 T, 81% g g

v dr97.5:2.5 OPv. 5 &
97 99

Scheme 41Diastereoselective reaction employing a sugahasl auxiliary. Piv tBuCO.
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99 was obtained in a diastereomeric ratio of 97.5ah8 high yields when one equivalent of
ZnCl, was used. It was found that the opposite diasteeeds obtained when two equivalents
of the Lewis acid were use@9 could be converted into enantiopu®-¢oniine in a few
steps.

Chirality on sulfur could also be used to genegrtshiral electrophileFujisawa et al.used
imine 100, which was prepared in 5 steps fro8y-(-)-menthylp-toluene sulfinate, in a reac-
tion with metal ketene acetal®1 to obtain optically active productsRB102 and (¥)-102
(Scheme 42}°

oM
o} o} o}
pTol,,, | OtBu pToI/ | pTol,, |
./+ 101 (3 equiv), S NH O '/§ NH O
>< j THF, 78 T100 T [ ><\)J\Ot8u NOtBu
100 (3R)-102 (39-102

Scheme 42Mannich reactions with chiral sulfur imines. M_i K, Ti, or Al

Depending on the choice of the metalli®l both diastereoisomers were accessible in diaste-
reomeric ratios of up to 96:4 and in very good dsebf up to 89%. The auxiliary could be

cleaved off by treatment with trifluoroacetic acid.

A new concept was introduced to the Mannich chemisy Yamamotdn 19947 The chiral
Brgnsted-acid assisted Lewis adii3 used by his group is not covalently bound to eithe
nucleophile or electrophile (Scheme 43). It is assd to activate the iminga coordination
of the nitrogen to the boron atom. However, it wasd in stoichiometric amount. It is not

mentioned whether catalytic amounts were tested.

::q 9:=

N

(@)

.Bn _.Bn

JN . QTMS 103 ( equiv), ';' o

R OtBu DCMitol, ~78 C R OtBU
104 105 106

Scheme 43Use of a non-covalently bound Lewis acid as seafcchirality.

Imines 104 react with silyl ketene acetaD5 to give B-amino acid ester$06 with moderate
yields (35-58%), but with excellent enantioseleti®g (er 97.5:2.5 to 99:1). High optical
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3. Background

purity could only be achieved with aryl imines. Tdilavious advantage of this concept is that
it is not necessary to prepare chiral starting madte but that the chirality can simply be
“added” to the reactionia the Lewis acid. This development was also a mdgp wards a

catalytic variant of the Mannich reaction.

3.2.2. Metal-catalyzed, asymmetric Mannich reaction s

While the approaches presented in chapter 3.2.& hagn developed to give high diastereo-
selectivities, the need to separate the raceméatamed from simply diastereoselective reac-
tions or the handling of auxiliaries, which addsegal steps to any reaction sequence, was a
driving force to develop catalytic, enantioseleetreactions. The first successful examples of

this concept were developed with metal catalysts.

3.2.2.1. Indirect Mannich reactions

A number of highly diastereo- and enantioselecineirect Mannich reactions have been de-
veloped to date. Silyl enol ethers and silyl ketanetals have emerged as highly reactive in-

termediates for this type of reaction (Scheme 44).

Chiral ligand or _P
oM Pg. Lewis acid O HN g

N
R& ) le R)J\)\Rl

Scheme 44General concept for the enantioselective, indjireganometallic Mannich reaction. M = metal.

Chirality can be either introduced through chirghhds that directly coordinate the enolate,
or by activation through a chiral Lewis acid. Thigapter summarizes the development in this

important area.

In 1997Kobayashipublished the first highly enantioselective, cgialMannich-type reaction
of (0,0)- and (O,S)-silyl ketene acetals and prefed imines’? CatalystL07 made use of the
chirality of BINOL as in the case &famamotqsee Scheme 43), but zirconium as the metal

center allowed for a catalytic amount to be used.
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Br Br
e o LI
zr
- CO 0 -
) Br . CX
IN OTMS 107(10 mol%), NH O
' \%\OMe 0.3 equiv NMI, DCM, -45 C, OMe
70%, er 93.5:6.5
108 109 110

Scheme 45Example of the first highly enantioselective,atgiic Mannich reaction. NMI N-methylimidazole.

In the above example (Scheme 45), imli®8 reacts with109to give productl10in a yield

of 70% and with a ratio of enantiomers of 93.5:@&Bveral other aromatic as well as an ali-
phatic imine were tested, and the products weraywebtained with high yield and enantio-
selectivity.

The use of 2-aminophenol derived imines is cruimalthe reactionKobayashipostulated a
hexavalent zirconium in the transition state botméoth nitrogen and oxygen of the imine.
N-methylimidazole is speculated to generate monowifeitse catalyst.

In a later expansion the same group found that gttand anti f-amino alcohols were ac-
cessible wheit- or Z-trisubstituted silyl ketene acetals were uSkd.

In the same yeailomioka and coworkers used chiral ethg#il in a catalytic amount
(20 mol%) to allow for the enantioselective reactaf lithium ester enolat&él2 which was
generatedn situ from the corresponding ester and lithium diisogtamide, with N-para-
methoxyphenyl (PMP) imin&13™*

. N

OLi O

an._) PMP.

o Ph.  Ph
N /_< 113 -

MeO  OMe 1.tol, -78 T

2. LDA, tol, -78 T,
112 111 80%, er 87.5:12.5 114

(20 mol%)

Scheme 46Chiral etherl1las catalyst for the Mannich reaction of lithiunokates.

The reaction proceeded with reasonable enantidsetg@nd yield. Under the reaction con-
ditions the initial Mannich product cyclized felactam114. The authors had originally used
stoichiometric amounts of the ether before turrtm@ catalytic process. A drawback of the

reaction is the fourfold excess of LDA used.
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Sodeokaand co-workers used chiral BINAP (Ar = Ph) andB&NAP (Ar = para-tolyl) pal-

ladium complexed.15to add silyl enol ethers16to imino esterd 17 in an enantioselective

fashion (Scheme 475.
Ar
sov?
P‘ 2

\Pd(sz)z
O
Ar
2 2
JN,R  oms 115(5 mol%) RN\ o
Rlo,C R DMF, 28°C rRlo,C R
117 116 118

(2 equiv)

Scheme 47Palladium-compleX15yields protected amino acid estéfds8 Ar = Ph orpara-tolyl.

The yields ofLl18 were usually above 80% and the ratios of enantiswere between 80:20
and 95:5, thereby offering a useful approachketo amino acids.

Lectkadeveloped the same reaction while focusing onreetyaof different metals (silver,
palladium, copper, and nickel) in chiral BINAP aioétBINAP complexesl19to obtain ami-
no acid esterd20 from the reaction of imine esté®1 with different silyl enol etherd16
(Scheme 483°

A
r
p~

)
ML,
~
P.
OO \Ar
Ar
0,
N/Ts ))\TMS 119(10 mol%), TS\NH .
. LK
THF or DCM,
EtOZC R THE or DCM, EtOZC -
121 116 120

Scheme 48Synthesis of chiral-keto amino esters. Ar = Ph para-tolyl, M = Ag, Pd, Cu, or Ni.

The best results were obtained with silver and eopptalysts. Very high yields of up to 95%
were achieved for a number of different silyl eatilers, and only a few examples gave enan-
tiomeric ratios below 90:10. This might be attridito the lower temperatures as compared
to the studies dbodeokgScheme 47).

This methodology was later extended to includeubrssituted silyl enol ethers, which gave
diastereoselectivities of up to 25:1. The prodinetd synor anti configuration dependent on

the geometry of the enol ethér.
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3.2.2.2. Direct Mannich reactions

In contrast to the reactions discussed in chapBR 3, direct Mannich reactions are reactions
that employ unmodified nucleophiles such as aldebyd#etones, or carboxylic acid esters.
Reactions of this kind are generally preferableh@y do not require extra steps to preform
the enolate or enolate equivalents (Scheme 49).

Pg-

O OH R

R)K R& Chiral catalyst R)J\/'\Rl

Scheme 49General scheme for the direct enantioselectivetahltatalyzed Mannich reaction.

Higher reaction temperatures are commonly empl@gdompared to the reactions described
in the previous chapter because the starting naddeare less reactive.

The first example of a direct asymmetric Mannicacten of ketones was described Blyi-
basakiin 19997% Aluminium bis-BINOL complex122in combination with Lewis acidic lan-
thanum triflate mediated the reaction between &egfbnes123 and imine equivalen124
(Scheme 50).

Al
/N
00
OO0
122(30 mol%)
O P La(OTf)3enH,0 (30 mol%), Q
1+ MeO  "NEt
Ar)J\/R 2 tol, 50 T, 3A MS Ar)YNEtZ
Rl
123 124 125

(3 equiv)

Scheme 50First example of an enantioselective, directalggic Mannich reaction of ketones.

The yields of productd425 obtained in this reaction were good (61-76%), ttnet enantio-

selectivity was only moderate, and the enantiomaat®s ranged between 65.5:34.5 and
72:28. The substrate scope of this initial studg warrow, and high catalyst loadings had to
be used. However, this first example proved thahglirect Mannich reactions were possible

and stimulated further research in this area.
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Soon thereafter Ph-BOX-Cu(O%f}126) was found to be an efficient catalyst in the eiwan
and diastereoselective Mannich reactiomafarbonyl esterd27 and N-tosyl-a-imino ester
121 by the group ofigrgenser{Scheme 513°

| |

S

PR @, Ph T

0 Ts< ’ O HN®

N 126(10 mol%),
EtO,C " kc O-Et EtOZC)K('\COﬁt
R 2 DCM, RT R
127 121 128

Scheme 51Copper(I1)-BOX as catalyst system. Tpara-toluenesulfonyl.

The productsl28 were obtained in yields from 71-98%, diastereomeatios of >10:1, and
high enantiomeric ratios from 89:11 to >99:1. Tkaation time was usually 40 h. Besides
hydrogen and aliphatic substituents, R could alesoblomine. Nonetheless, the substrate
scope presented was very limited. It was later edpd to malonates afidketo ester§’

The same group also explored the reactiomNdfs-imines129 with imino glycine esters
1302 While an analogue of catalys26 gave only racemic products, ligah@1in combina-
tion with 10 mol% of copper(l) perchlorate was fduo usually achieve high yields of >90%
and very good enantiomeric ratios of >95:5, allmegome cases with little diastereoselectivi-
ty (Scheme 52). Thgynproductl32was generally favored.

Ts<
S N . thNvCOZMe 131(10 mol%), I;l Ph
mR L CuClOy4 (10 mol%), R \i/\coz|v|e
THF, 4 AMS, =20 C NHTs
129 130 132

Scheme 52Synthesis of,3-diamino acid derivative$32with a copper catalyst. Ar = 2,4,6-M&H..

B-Keto esters were thoroughly researched as nudlespby Sodeokaand coworkers, who
used BINAP {33 and SEGPHOSIB4) as ligands for palladium(If? In the study, several
B-keto esterd 35 were reacted with imines with different substatipatternsl36 (Scheme
53).
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O

o o pg Pdcat o Hy 9 OO < O
M N~ (1-5 mol%), PPh; PPh;

Rl OtBu * J Rl R3 OO PPh; @] PPh;

3 THF

2 R : { O

R 0<C or RT R* CO,tBu o

135 136 137 133 134

Scheme 53Study off3-keto esters as nucleophiles for the direct Mannéetttion.

Productsl37 were obtained in good to very good yields and ipogry high enantiopurity,
but the diastereoselectivity varied between 50r=05:5. The same study also presented an
example of a three-component reaction betwssa-methoxyaniline, ethyl-glyoxylate, and a
B-keto ester, which gave the product in 61% yieldhwan er of 98:2, and a dr of 70:30.

Trost introduced a dinuclear zinc-catalyst which gaveaaodinarily high enantiomeric ra-
tios# As an exampleyg-hydroxyketonel38 was reacted with imin&39to give 140in good

yield and with excellent stereoselectivity (Schesde

Ph Et
Ph o,/ Ph
\’//,// (@)
| Zri Zn,/ Ph
~> /)t
N O N
(@) Ar< Ar

N O HN
141(5 mol%),
OH
THF, -5 C, 66%, OH

syn/anti >15:1, er >99.5:0.5
138 139 140

(2 equiv)

Scheme 54Mannich reaction with a dinuclear zinc catalyst= 2-MeOGH,.

5 mol% of catalysti41 were sufficient to obtain high selectivity. It wako possible to use
a-imino esters as substrates, which gives direatssctoa-amino acid derivatives. While the
enantioselectivity was excellent for all of thetées substrates, the diastereoselectivity was
found to vary greatly with the imine, and was ie thorst case only 1.7:1.

Shibasakiused a combination of diethylzinc with linked BIN@gand 142 to obtainanti
Mannich productsl43 in the reaction ofr-hydroxyketonel44 with different N-diphenyl-
phosphinyl (Dpp) protected imindg5(Scheme 55§
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CCr 0
OH HO
0
OH HO 1
Ve i OO OO thp\NH O OM
i Ji| . thP\N e

l 142 (1 mol%),

OH
R Et,Zn (4 mol%), THF, 3 A MS, =20 T OH

144 145 143
(2 equiv)

Scheme 55anti Selective direct Mannich reaction.

The reaction is very selective (>94:6) for @i products for a variety of aromatic substitu-
ents R, but the selectivity drops when R is cyappt or cinnamyl. However, the enantiose-
lectivities are outstanding, as they are 99:1 ghér in all cases. The same is true for yields,
which were found to be 95% or higher for all sultists tested. In addition to that, the small
catalyst loading of only 1 mol% is another strikfiegture of this reaction.

Shibasaks group also found that the choice of the protectjroup allowed to switch be-
tweensyn and anti products”®> When they used\-Boc-protected imines instead NEDpp-
imines, the products were obtained in poor to gdiedtereoselectivities ranging from 58:42
to 95:5 in favor of theynproducts. Outstanding enantiomeric ratios of >3k vell as very
high yields were obtained in almost all cases, witly one example below 79% yiel@rost
later showed that cataly$tt1 was able to catalyze very similar reactions, bitih & focus on
aliphatic imines? It also allowed to switch betweemti andsyn products by usinéN-Dpp-
and N-Boc-imines, respectively. Good yields of up to 9@#%@ enantiomeric ratios of up to
>99.5:0.5 were achieved, but the diastereomericgaever exceeded 6:1.

Another valuable extension of the substrate scdpeatalysts based ob42 was achieved

with the introduction oN-(2-hydroxyacetyl)pyrrolel46) as nucleophile (Scheme 58).

/oTs

142 (10-15 mol%), O HN

Q oTs\
. i %
CN)S + [\i In(OiPr)3 (20-30 mol%), CNMR
— OH — OH

R THF, 5 AMS, RT

146 147 148

Scheme 56Masked carboxylic acid as donor in the Mannicicti®n.

The reaction witiN-0Ts-imines147 leads to product$48that can be converted into a variety
of carboxylic acid derivatives. The yields are gdodhigh (68-98%) and the enantiomeric

ratios are in no case lower than 94.5:5.5, butdibstereoselectivity ranges from good to al-
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most non-existent. Moreover, the selectivity fyn or anti products depends on the imine
employed. Aromatic imines preferentially yiedati products, while alkenyl imines yiekyn
products. In addition, the substrates were much eactive compared to the previously em-
ployed ketones and required higher catalyst loadofgup to 30 mol% of metal and 15 mol%
of ligand.

3.2.3. Organocatalytic, asymmetric Mannich reaction s

The organocatalytic approach directed at selegtimithe Mannich reactions differs from the
approaches described in the previous chaptersainttivas not a slow evolution from diaste-
reoselective to enantioselective, or from auxiibased to catalytic versions with ever in-
creasing selectivities for the desired productstdad, already the first organocatalytic Man-
nich reaction, published Ryist only three years afté¢obayashis initial discovery of the first
highly enantioselective Mannich reaction, featuesghects that organometallic approaches
could not compete with easily, such as a direaefmomponent reaction in a highly enanti-
oselective reaction.

This chapter is therefore organized according éorttode of activation of the catalyst rather
than their chronological development and will hight the organocatalytic methods devel-

oped for the Mannich reaction.

3.2.3.1. Indirect Mannich reactions

Brgnsted acid catalysts

Brgnsted acids are able to catalyze Mannich raastiorough activation of the imine. Imines
can be protonated by Brgnsted acids, and an imimmnis formed as an intermediate in the
reaction®® If the acid is chiral, the corresponding anion éam a chiral ion pair with the
iminium ion and lead to stereocontrol in the additstep (Scheme 57).

OSiR;

P ~ P \+/H
9 N HX" 9 N KR O HN

le le RZ)J\/'\Rl

Scheme 57General reaction scheme for the Brgnsted acalyzad indirect Mannich reaction.
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Akiyama et alreported the use of chiral phosphoric abi@® as a catalyst in an indirect Man-
nich reaction similar to the reactions examineKloypayashi(see Scheme 45). The reaction
of aliphatic and cinnamyl imines50 with different trisubstituted silyl ketene acetakl led

to productsl52in high yields of up to 100%, high diastereoselgs of up to a dr of >99:1,
and high enantiopurity of up to an er of 98:2 (Suhe58)?® The authors reasoned that the
imine is protonated by the acid and is therebwatgd towards the nucleophile.

Ar
OOO o)

7
cox
OH
\ v 2 OR? 149(10 mol%), I%IH 0o
RlJ R tol, 78 T Rl/\i)J\OR3

R2

150 151 152
(1.5 equiv)

Scheme 58 Chiral phosphoric acid149 as catalyst for the indirect asymmetric Mannichact®on.
Ar = 4-NO,-CgH,.

The enantioselectivity of the reaction decreasethf®8:2 to only 70:30 when tletho hy-
droxyphenyl group on the nitrogen was substitutgdalphenyl group. Thertho hydroxy-
phenyl group is not a common protecting group fimogen and has to be removed in two
steps.

The same group also developed catalys? based on the TADDOL scaffold for the same
reaction®® In comparison td49it could be employed with lower catalyst loadifigriol%)
and gave similarly high enantiomeric ratios. Higdtestivity could again only be achieved
with ortho hydroxyphenyl protecting groups on the nitrogehjal is reasoned to be due to
the bifunctional nature of the phosphatd &8 (Scheme 59).

Ar. Ar

Scheme 59Activation ofortho hydroxyphenyl imines b$53 Ar = p-CR;CgHj,.

A serious drawback of the method is the narrow tsatesscope, as only tetrasubstituted silyl

ketene acetals have been employed.
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Yamamotadeveloped Brgnsted acid assisted Bransted acitlysat54 % It is also based on
the BINOL backbone but is not;@ymmetric.154 catalyzes the reaction dfphenyl- and
N-(diphenylmethyl)aldimined 55 with tetrasubstituted silyl ketene acetals6 to p-amino
estersl57in good to high yields and moderate to good eoastectivity, which was in most
cases between 80:20 and 88.5:11.5 (Scheme 60).

Tf
Tf
o™

NP9 OSiRs L5410 mas "NH o
mol~o), -
RJ ’ \%\OM‘? > _ Rl%OMe
R“OH (1 equiv),
PrCl, =78
155 156 157
(1.5 equiv)

Scheme 60Brgnsted acid assisted Brgnsted acid catalysieifMannich reaction. Pg = Ph or CHPh

It was necessary to add a proton source to accsimalcatalytic cycle. The reaction was also

limited to tetrasubstituted silyl ketene acetals.

Thiourea catalysis
According to Jacobsen thioureas are able to activate imines throughrdgeh bonding
(Scheme 615*

R3
Scheme 61General mode of activation of imines through loggm bonding.

Chirality can be introduceda the substituents on nitrogen.

The introduction of thiourea-based catalys8to the Mannich reaction bjacobserwas not
only remarkable because of the catalyst motif,dish because it showed the first use of pre-
formed N-Boc-imines159 in a highly enantioselective catalytic Mannichatean (Scheme
62) %
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tBu
e
Ph

0 ﬁl i
)]\ J< OTBS 158 (5 mol%), tBu >L
oS e \
; tol, =30 °C or -40 °C :
J QiPr RVJ\OIPr

159 161 160
(2 equiv)

Scheme 62Thiourea-derivativd 58 as catalyst in the indirect Mannich reaction.

The reaction gave product§0in generally very high yields (84-99%) and witraatiomeric
ratios of >93:7 in all cases. Silyl ketene acetdlser thanl61 have been investigated and
gave somewhat lower enantioselectivity. It is aletable that amN-Cbz-imine tested under
the same conditions gave an er of only 63:37, wihiéeproduct of aiN-Ts-imine was race-
mic.

Jacobsels method allowed for an access NeBoc-protecteds®-amino acid esters in very
high yields and selectivities. The use of a Boaigreenders this transformation a very valua-
ble synthetic method to obtafii-amino acids for peptide synthesis. Aliphatic insireuld
not be tested, as there was no method known fardimethesis at the time the study was con-
ducted.

3.2.3.2. Direct Mannich reactions

syn-Selective enamine catalysts

Carbonyl groups can often be efficiently activatediards electrophiles by the addition of
primary or secondary amines. Timesitu formation of the corresponding enamines leads to a
more nucleophilic species. Moreover, if the ammehiral, asymmetric induction can occur
(Scheme 63).
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N
] L

*
o +HNRy, -H,0 NR, R o HN’Pg

RJ\ ~HNR3, +H,0 R/K +H,0, -HNR, RMRl

Scheme 630utline for the direct asymmetric Mannich reactlmased on enamine catalysis. The imine may be
preformed or generated situ.

The first example of a direct organocatalytic asyetrma Mannich reaction described hist
can be regarded as a prototype of this kind of/atitin}* It made use ofS)-proline as chiral
amine in the reaction of an aldehyde, an amine,aaketone in one pot in a reminiscence of
the original Mannich conceppara-Methoxyaniline 162 was chosen as a very reactive
amine, acetone as the nucleophile, and severarédift aliphatic and aromatic aldehydes were
used as electrophiles. In the example given bgara-nitrobenzaldehydel63 gave the cor-
responding PMP-imina situ and reacted to produt64 under proline-catalysis in 50% vyield

and with excellent stereoselectivity (Scheme 64).

OMe Q (S)-Proline PMPHN o
0 /@/ g (35mol%),
)J\ ' '
H.N acetone/DMSO
2 O2N 1:4 (viv), 50%,  O,N
er 97:3
162 163 164

Scheme 64Example of the first direct, highly enantioseileetthree-component Mannich reaction.

Only traces of the aldol product were found undher reaction conditions. This reaction pro-
vided the starting point for intense research dreiobrganocatalytic protocols for the Man-
nich reaction, as it showed the use of convenieattion conditions and a simple catalyst
leading very selectively to valuable compounds. @hky real drawback of the reaction is that
the products are PMP-protected, and PMP is nadead protecting group due to the oxidative
and sometimes low-yielding removal.

The same group also showed that branched ketomespgaducts with higlsyn selectivity
(95:5)1* % Similar results were published Barbasand coworkers, who also demonstrated
the use of preformed-imino esters as starting materials® These esters are direct precur-

sors ofa-amino acids.

The Barbas group made an important contribution to the dgwelent of the proline-

catalyzed Mannich reaction by introducing aldehydssdonorS® As an exampleN-PMP-
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protecteda-imino esterl65was reacted with a small excess of 1.5 equivalehisovaleral-

dehyde {66) to yield protected-amino acid estet67 (Scheme 65).

o PMP o) HN/PMP
S)-Proline (5 mol%), =
H + lco (S) ( 0) H)K;/\COZE'[
2Et 1,4-dioxane, RT, 81%, z
dr >10:1, er 96.5:3.5 N
166 165 167
(1.5 equiv)

Scheme 65First use of unmodified aldehydes in the proliag¢alyzed Mannich reaction.

The diastereomeric ratio was higher with increastedc bulk on the aldehyde. It was noted

that some products epimerized upon purificatiomddymn chromatography.

The development of a three-component, proline-ga¢al cross-Mannich reaction of two un-
modified aldehydes anghra-methoxyaniline 162 was reported independently by the groups
of Hayashj’’ Barbas® andCérdova®® While the three methods differ slightly, all usgiche-
thylformamide orN-methylpyrrolidinone as solvent and employed a terapure range of
0 °C to—20 °C. In many cases the products were reductsdu to the correspondingramino
alcohols168 (Scheme 66).

1. (S)-Proline BMPHN OH
0O (10-30 mol%),
Q OMe DMF or NMP,
HJ\ + ¥ | X OH 0Tto -20 C | =
H>N 7 R
R 2 Rl// 2. NaBHy Rl/
169 162 170 168

Scheme 66Enantioselective three-component cross-Manniabtien with unmodified aldehydes.

A variety of aldehyde469 could be employed as donor. The reactions prockedté good
selectivity. Diastereomeric ratios were typical§5:5, and only very few examples had enan-
tiomeric ratios below 95:5. In addition, the rean8 gave good to high yields (70-90%) in
most cases. While aromatic aldehyd&® were mostly used as acceptdBarbasalso re-
ported the self-Mannich reaction between two alighaldehydes. The products were gener-
ally formed with lower selectivities, with diasteraeric ratios around 5:1 and enantiomeric
ratios ranging from 90.5:9.5 to 93.5:6.5. The pridierived from isovaleraldehyd&g6) as

the bulkiest aldehyde in this screening was formid an er of only 59:41.
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A later study focused on the use of benzyl-protkgiiycolaldehydel71 as both donor and

acceptor. The reaction provides access to aminosgt72in one stefScheme 673%

o) OMe PMPHN O
)H . /©/ (S)-Proline (20 mol%), H\‘)J\
H H
HoN DMF, RT, 80%, dr 4:1,
OBn 2 er97.5:2.5 OBn OBn
171 162 172
(2 equiv)

Scheme 670ne-step synthesis of 3-amino-tetra3e

PreformedN-PMP-protectedu-imino esters andN-PMP-aryl aldimines could also be em-
ployed. The enantiomeric ratio was higher than 38nlall cases and the yields were good,
but the diastereoselectivity was low, and the rafidiastereoisomers was typically between
1:1 and 7:1.

The organocatalytic entry to amino sugeia the Mannich reaction has been broadened by
the groups of6rdova’® Westermanfi®? andEnders*®® with the use of protected dihydroxy-
acetonel 73 (Scheme 68).

o (S)-Proline PMPHN O
HJ\ O OMe  (5-30 mol%) or )\(U\ TBSQ,
+ + 175 (10-30 mol%), R ]
H)J\R /©/ O. .0 Q‘COZH
O 0 HN DMSO or DMF, N
7< 2 CorRT ><
173 162 174 175

Scheme 68Synthesis of aminoketoses through Mannich reactio

The yields of amino sugads/4 were typically found to be good to high, and bettantio-
and diastereoselectivities were high, too. The grouWestermanmused preformed imines,
while both Cérdova and Enders developed three-component reactions. Moreokeders
reported TBS-protected 4-hydroxyprolink7f) to be a superior catalyst due to the better so-
lubility.

It can be seen from the literature reviewed sothat proline has emerged as a catalyst of
broad utility for the Mannich reaction. Apart frate high selectivity, easy handling, and non-
toxicity, it has the additional advantage of betiggap and available in both enantiomeric
forms. However, several researchers have beeregtéet in finding different catalystsist 3

and Barbas®® have researched pyrrolidine-derived catalyststtier reaction of ketones and

aldehydes in the Mannich reaction, but proline rieeth the catalyst of choic&€drdova
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screened acyclic amino acids such as alanine aresexhich also catalyzed the Mannich

reaction with good selectivitis?

Wang and coworkers disclosed the use of pyrrolidindesidmide176 as an alternative to
proline!®® As an example, it was used in the reaction ofatyekanone 177) with 165 in

protic and aprotic solvents with yields varyingrfr@6% to 90% (Scheme 69).

Y

@ PMP. H HN-go,cF, o nnTMP
+ | 176(20 mol%s) -
177 165 178

Scheme 69Pyrrolidine-sulfonamidd 76 as an alternative catalyst to proline.

Product 178 was obtained with high selectivity in all casesthwenantiomeric ratios of
>98.5:1.5 and diastereomeric ratios of >95:5 irofaxf thesynproduct.

Ley chose the same reaction (Scheme 69) to evalutab/sta179 180, and181 (Scheme

70).106
N.

QY N Q\ 0 Q\

H HN—N H HN H HN

179 180 181

Scheme 70Improved catalysts for the Mannich reaction.

Leys survey focused mainly on the use of less potdvenits. While proline-catalysis is
usually conducted in highly polar solvents suclb&SO or DMF due to the low solubility of
proline in less polar solvents, the new catalystsenfound to be efficient even in DCM or
THF, and produclt78was obtained in all cases with diastereomeriosatf >95:5 and with
high enantiomeric ratios of >97.5:2.5 in most cadesvas furthermore demonstrated that
even a catalyst loading of only 1 mol%13f9 was enough to catalyze the reaction efficiently

and without loss of enantioselectivity.

40



3. Background

anti Selective enamine catalysts
The firstanti selective organocatalytic Mannich reaction wasliphbd byBarbasin 2002’
20 mol% of §-2-methoxymethylpyrrolidinel82) served as catalyst in a reaction that is ex-

emplified by the reaction df66and165to yield183(Scheme 71).

O PMP. H O HN
H N | 182 (20 mol%), -
§ H CO,Et
CO,Et DMSO, RT,

52%, dr 10:1, er 91:9

166 165 183
(2 equiv)

Scheme 71Firstanti selective organocatalytic Mannich reaction.

Different aldehydes were employed in the initialegning. The diastereoselectivity was typi-
cally higher than 90:10, but when a very small hjdke liken-butanal was used, it dropped to
1:1. Moreover, the yields only ranged from 44-78f@ @ahe enantioselectivity was mostly
between 87:13 and 91:9.

Jargensels group later used,a-diarylprolinol silyl etherl84 as catalyst in the same reaction

(Scheme 72§%®

Ar
Ar

N
0 PMP.. H OTMS o nn TP

H + N| 184 (10 mol%), By
§ H CO,Et
CO,Et CH4CN, RT,

79%, dr 92:8, er 99:1
166 165 183
(2 equiv)

Scheme 72 a,a-Diarylprolinol silyl ether 184 as catalyst for theanti selective Mannich reaction.
Ar = 3,5'(CE)2C6H3.

While the diastereoselectivity was not improved mumoth the yield and enantioselectivity
were significantly better witli84. In addition, it could also be used for small, rantzhed

aldehydes such as propionaldehyde without sigmfitess of selectivity.
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3. Background

Maruokaintroduced a new motif to chiral enamine-basedlgats with185.%°

Unlike proline
and its derivatives, the catalyst is based on arsevembered ring. The chirality is derived

from the BINOL-backbone.

NHTf
OO TFHN,  NHTf

NH
(1 :
H

185 186

Scheme 73 Axially chiral BINOL-derived catalys185 and G-symmetric catalysi86 developed byaruoka
Tf = SOCFs.

The catalyst was tested in the same reactioBabas and Jgrgensen’yScheme 71 &
Scheme 72), but with 1,4-dioxane as the solven®®2 yield was achieved, but a bulky al-
dehyde gave significantly lower yield (42%). Theaetiomeric ratios were between 98.5:1.5
and >99.5:0.5, while the dr ranged between 11:1>#l1.185 also proved to be superior
with regard to the activity, as it could be usethvaatalyst loadings of 0.2 to 5 mol%.

To obtain a more reactive catalyst for bulky aldidg; the same group synthesized
C,-symmetric catalys186™° Higher yields were indeed obtained, and the cstalas also
suitable to activate ketones. While the diastedecteity remained as high as before, the

enantiomeric ratios were a little lower as compdoetB5 (95:5 to 97.5:2.5).

From a combined effort of computational and synthelttemistryBarbasandHouk disclosed
the highly selective catalydB87.*** In the same test reaction as in all other cassussed in
this section, aldehydd$9 were reacted with differetN-PMP-imino esterd88(Scheme 74).

COOH
we CNj
H _PMP
o] PMP. O HN
187(1-5 mol%), )Y
+ | 2
H H CO5R
)H L kc:oZR2 DMSO, RT L 2
R R
169 188 189
(2 equiv)

Scheme 74Designer amino acitl87 as highly activeanti selective catalyst.
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Products189 were obtained in excellent diastereoselectivitagying from 94:6 to 98:2 and
enantioselectivities from >98.5:1.5 to >99.5:0.%rkbver, the reaction proceeded fast, gave
good to very high yields of 54-92%, and used s@u@lbunts of catalyst.

Brgnsted acid catalysis
Uraguchiand Teradaused chiral BINOL-derived phosphoric adifi0 as catalyst in a direct

Mannich reaction between different aromaleBoc-imines 159 and acetylacetonell)

(Scheme 75)*2
X,

Z
o0 ™ i
0] @) Ar >I\O)J\
JNJ\OJ< ‘ ﬁ 1902 moi), RXK
DCM, RT
R (6] o

159 191 192

Scheme 75Chiral phosphoric aci@90as catalyst for the direct asymmetric Mannich tieacof N-Boc-imines.
Ar = 4-(3-naph)-GHa.

Products192 were obtained in very high yields (>90%) and ebec#tlenantiomeric excesses
(er 95:5 or higher). The synthesis of ldfBoc-protectedr-amino acid ester from one of the
products in four steps and an overall yield of 46&s exemplified.

Brgnsted base catalysts

Brgnsted bases can be used as catalysts withisaofficacidic nucleophiles. After deprotona-

tion by the Bragnsted base the nucleophile canlattae imine, and the developing negative
charge on the imine nitrogen will abstract a prdrem the Brgnsted base, thereby complet-
ing the catalytic cycle (Scheme 76a). The protah&@se can form an ion pair with the de-
protonated nucleophile. If the base is chiral, ¢h@ality of the ion pair can be transferred to

the product.
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3. Background

Pg\NI
- e HN
a) Nu-H + B* — |Nu H-BH*] Nu/'\Rl B+
Pg\N
L P
b)  NuH + Br — Nu—H——B*] Nu/'\Rl * B*

Scheme 76General schemes for the Brgnsted base catalyzeahibh reaction.

Another possibility is that the base activates iieleophilevia a hydrogen bond (Scheme
76b).

Jargensenused commercially available hydroquinidine-2,5kdipyl-4,6-pyrimidinediyl di-
ether (DHQD)Pyr (193 as a chiral base in a reactionMBoc-protected imino estefi94
with different benzyb-aryl cyanoacetatek95 (Scheme 77*

MeO OMe

j’\ J< oN NC, CO,Bn
o . 193(5 mol%), )“\_/COZR

N Ar
J Ar” ~CO,Bn DCM, -78 T
RO,C

194 195 196

ﬁHBoc

Scheme 77(DHQD),Pyr (193 as Brgnsted basic catalyst.

Very good yields between 89% and 99% of prodd&s were reported. The reaction also
proceeded in a highly enantioselective fashion witantiomeric ratios ranging from 95.5:4.5
to 99:1, but the diastereoselectivity was only nmatkeand ranged from 80:20 to 98:2. None-
theless this method allows for a very efficientrgmto quaternary stereocenters with excel-

lent enantiomeric excesses.
The idea of cinchona-alkaloid derived cataly88 was taken back to the parent compound

cinchonine {97) by Schausand coworkers* It was found that the reaction pfketo esters

198 and acyl iminedl99 led to products with high yield and high enantioimeurity, but
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3. Background

often without diastereoselectivity. The initial duats 200 were therefore transformed to

products201 or 202 depending on the ester functionalfcheme 78).

R=allyl
Pd(Il) 5 moly O  NHCO,Me
Ar
o) jJ\ O NHCO,Me 201
)J\ . Moo 19710 molo), N
RO,C kAr DCM, -78 T
0" ©OR NHCO,Me
R=Me O OMe
Yb(OTf)3 (1 mol%),
BnNH- 202

Scheme 78Cinchonine 197) catalyzing the reaction of acyl imines wjtfketo esters.

The scope was extended in a subsequent publidatioyclic f-keto esters anp-diketones-*
The corresponding quaternary products were obtdmeacellent selectivities for both enan-

tiomeric ratios and diastereomeric ratios of up9d:0.5 and with almost quantitative yield.

Dixon used the combination of a cinchona alkaloid akieakbase and a thiourea moiety to
activateN-Boc- andN-Cbz-imines203 towards the addition di-diketones, malonates, and

cyclic B-keto esters (Scheme 795.

A I Z
I
N7 NH
H
N

| AN
N~ H
NHCO,R! OMe NHCO,R?
j)\ 204(10 mol%), sl G O NHCO.R'
Rlo N NuH (1 equiv), (0] Ar (0] Ar s Ar
| or or
KAr tol, -78 T o 0 OMe COMe
203 205 206 207

Scheme 79Combined thiourea/chiral base cataB8t. Ar = 3,5-(CFk),CeHa.

Catalyst204 gave the corresponding produ2gb, 206, and207 usually in good to high enan-

tiomeric ratios and in very good yields.
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Thiourea catalysis
Thiourea-based cataly208 was used in the direct Mannich reaction of nitkkaaks209 and
N-Boc-imines159(Scheme 803’

tB:u S
MEZN \n/\ N J]\ N\\
o H H

NHAC o)
o J< 208(10 mol%), >L L
lN)I\O + )NOZ iPrNEt, (1 equiv), o NH NO,
P Rr! tol, 4 T, 4 AMS R
Rl
159 209 210
(2.5 equiv)

Scheme 80Thiourea-catalyzedynselective Mannich reaction.

The products of this reaction gFeamino nitroalkane210that were obtained with high yields
and enantiomeric ratios generally above 96:4, htht warying diastereoselectivities between
2:1 and 16:1.

3.3. Acetaldehyde in asymmetric synthesis

Acetaldehyde is a compound of potentially high edir synthetic chemistry. It is very cheap
and accessible in large quantities. In chemicaingerit is a two-carbon donor, at the
2-position through its enol form as well as at fhposition through umpolung, but also a
good acceptor because of the carbonyl group. M@mreavis very reactive because little steric
hindrance occurs due to the lack of substituents.

Because of the problems associated with the highaambivalent reactivity acetaldehyde has
not found widespread use as donor in asymmetradytet reactions as of yet. All of the few
known examples are aldol reactions. This chapteewes the approaches to the use of acetal-
dehyde in asymmetric catalysis.

3.3.1. Biocatalysis

Deoxyribose-5-phosphate aldolase (DERA) is an emezynat catalyzes the aldol reaction
between two aldehydé$® and also catalyzes aldol reactions with acetaldehfor example
with phosphat@11 It was first employed to obtain 5-membered rig§2 which are in equi-

librium with the initial reaction produ@13(Scheme 81)°
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o) o OO OH O ~ 043P0
DERA @)
703PO/\.)J\H + )J\ WJ\H — k(_\/\MOH
B H buffer pH 7.5, = g
OH RT, 78% OH Ho'
211 4 213 212
(3 equiv)

Scheme 81DERA-catalyzed aldol reaction with acetaldehydelanor.

DERA was also able to catalyze the reaction betvi@enmolecules of acetaldehyde and one
molecule of another aldehyde as well as the trira¢ion of acetaldehyde (Scheme &9).

Cl

OH O OH OH O
O +)CJ)\ DERA M DERA M KKOJﬂOH
HJ\H H o}

Cl Cl )LH Cl 6H
70%
214 4 215 216

Scheme 82Tandem aldol reaction of chloroacetaldehyde waihtaldehyde.

In the example above chloroacetaldehy2iBf was reacted with acetaldehyde under catalysis
by DERA. The initial produc215was again attacked by a molecule of acetaldel§gdiza-

tion led to the final produ@16, which was not susceptible to further nucleoplaliack.216
was obtained in 70% vyield, but the self-aldol-aldehction sequence of three molecules of
acetaldehyde gave the corresponding product in 20 yield. Moreover, the reaction con-

ditions employed, stirring for 6 d at room temperatunder argon and in the dark, are clearly

not optimal.

3.3.2. Organocatalysis

Two publications have been dealing with acetaldehgsl donor in organocatalytic reactions.

Barbas and coworkers observed prodgtin an aldol reaction/Mannich-type reaction se-

quence (Scheme 8%).

o acetaldehyde (2 equiv), OH 0)
(S)-proline (0.8 mol%), =
)J\ /\/\)J\
H THF, 0 T, H
10%, er 95:5
4 3

Scheme 83First organocatalytic, highly enantioselectivaaon of acetaldehyde.
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This example showed that proline is able to indhigh stereocontrol in the reaction of even
the smallest enolizable aldehyde. However, it waspnssible to stop the reaction at the aldol
stage, and a trimerization was observed. The |l@ldys another drawback of this reaction.

Jargenseriound the reaction of acetaldehydég &nd highly activated acceptdi7to proceed
with high yield (81%), but proline was unable talilce stereoselectivity in this case (Scheme
84)#

O O OH
(@] (S)-Proline (50 mol%), J\/(\
e M H CO,Et
H EtO,C” CF3 DCM, RT, 81%, rac CF,
4 217 5

Scheme 84High-yielding, proline catalyzed aldol reactiohazetaldehyde.

A high load of proline was necessary to obtain gomaversion. Even thoudghwas obtained
as racemate, this reaction showed that the repctiViacetaldehyde can indeed be controlled
as the major product was the result of the mond@adi

48



4. Results and discussion

4, Results and discussion

4.1. Heckreactions of a,B-unsaturated aldehydes

A number of palladium-mediated reactions have tbtential to givea,p-unsaturated alde-
hydes or acetals from their respective precurdbrgas initially assessed which reaction was
the most suitable and the conditions were themopéid. The efficiency of this new method
was demonstrated in the shortest asymmetric syistb&Elorhydralf reported to date.

4.1.1. Orienting experiments to compare the differe nt palladium-

mediated reactions available

The utilization of the Heck reaction in the synikesf a,f-unsaturated aldehydes has been
discouraged in the years after the discovery &f tbaction by one of its pioneeRichard F.
Heckhimself, when he found that “[r]Jeactions carriad between bromobenzene and acrole-
in, crotonaldehyde, and 3-buten-2-one at 60 to°T0(...] never contained more than 5-10%
of the 3-phenylcarbonyl product®! This is potentially due to polymerization reacton
Alongside the investigation of the Heck reaction tlee desired transformation other palla-
dium-mediated carbon-carbon bond forming reactiwere evaluated, most notably the Stille
coupling. For the Stille coupling it was necesstrysynthesize a suitable precursor, which
was possible in a two-step sequence describddpshutz*?? andQuintard *?3in 80% yield

(Scheme 85).
OEt

— OEt O
' OEt / sio, /
BusgSnH + CuCN + BuLi 78, THF, 2h  BusSn OEt BusSn H

218

Scheme 85Synthesis of tin-precurs@i18

218 was tested in a reaction with 4-iodotolueB@29j, but the yields ofi,f-unsaturated alde-

hyde8 obtained under different conditions were poor (édb).
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Table 1. Stille coupling of226.

o) | o
(L o
BusSn H
218 219 8
219 Cul Additive Tempera-| Reaction )
Entry (equiv) | (equiv)| (equiv) Pd(PP) ture time Yield
1 2 1 EtN (1.0) | 4.5 mol% RT 12 h 12%
2 0.9 0.1 CsF (2.6) 6.1 mol% 45 °C 25h 37%
3 1.5 0.2 CsF (4.0) 4.5 mol% 42 °C 2h 249

The synthesis of precursors for the Suzuki reactaled completely 220 Scheme 86a).
Vinyl iodide 221, which could have been used with different coupliartners, was accessi-
ble (Scheme 86b), but was found to be very unstaliies route was therefore not pursued

further, since the project should lead to a berabls aldehyde precursor.

OEt
OEt §e ;{
a) %<0Et v HB\0:© (R0)2|34</_< OEt
220

b) = CO,Et N |4</7 O
AcOH
221
Scheme 86Syntheses of precursors for palladium-mediatedtiens.
While these studies were conductedyggarwal had reported the synthesis of

3,3-diphenylacrylaldehydes() through Heck reaction of cinnamaldehydg &and phenylio-
dide @6) (Scheme 87§°

Pd(OAc), (0.5 mol%),
NaOAc (1.5 equiv),
(nBu)4NBr (1 equiv),

DMF, 120 <C, 24 h,

7 46 89%

(1.5 equiv)

Scheme 87 Synthesis 050 reported byAggarwal

50



4. Results and discussion

The use of similar conditions in the Heck reactidrerotonaldehyde4@) (Scheme 88) led to
results comparable to those of the best Stille itimmd (Table 1). The lower reaction temper-
ature was chosen to account for the lower boilioigtpof 48.

Pd(OAC), (0.5 mol%), O

O ' NaOAc (1.5 equiv), .
/\)J\ + (nBu)4NBr (1 equiv), H
H

DMF, 66 T, 12 h,
48 219 35% 8

(1.1 equiv) (1.5 equiv)

Scheme 88Heck reaction of crotonaldehyde using modiffegharwalconditions.

The orienting experiments showed that the synthelsisldehyde precursors for palladium
mediated reactions was only possible in the castheoftributyl-tin derivative218 thereby
ruling out reactions other than the Stille andieek coupling for the desired transformation.
However, in addition to the necessity to synthe&ix8 the Stille coupling suffers from the
use and release of highly toxic trialkyl-tin compds, and is therefore not an ideal reaction.
With the results for the Heck and the Stille reactin terms of yield being rather similar, the
Heck reaction was chosen for development becauseeahherent advantages of using un-

modified aldehydes and much less harmful chemicals.

4.1.2. Optimization of the reaction conditions

The initial change in conditions as comparedggarwalwas that owing to the abundance of
crotonaldehyde a twofold excess was used for funmbactions. With less than two equiva-
lents the reaction became slower, while three orensgjuivalents did not lead to increased
yield, but rather increased side-product formatibtoreover, crotonaldehyde always re-
mained in the reaction mixture after the reacti@s finished. This shows that polymerization
and loss of crotonaldehyde does not lead to demdegiglds, as there is always crotonalde-

hyde available for the arylation.

Catalyst loading and temperature were screened(hakte 2).
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Table 2 Screening of temperature and catalyst loading.

Pd(OAC), (x mol%), ©)

O I NaOAc (1.5 equiv), 2
/\)J\ + (nBu)4NBr (0.75 equiv), H
H

DMF, temp., time

48 219 8
(2 equiv)
Entry Catalyst Temperature Reaction Conversiofi
loading time based or219
1 1.3 mol% 66 °C 24 h ~70%
2 1.3 mol% 80 °C 24 h ~90%
3 1.3 mol% 90 °C 12 h >90%
4 1.0 mol% 90 °C 24 h full
5 1.5 mol% 90 °C 12 h >90%
6 2.0 mol% 90 °C 12 h full

a) Determined by GC. Samples taken after 12 artal 24

The reaction temperature was limited to a maxim@i®00°C in this screening because of the

low boiling point of crotonaldehyde (104 °C).

It was found that the reaction proceeds fastengiten temperatures and the conversion was
also better (entries 1 - 3). The screening of ckffié catalyst loadings revealed that with

2 mol% a reasonable time to achieve full conversias achieved (entry 6).

Aggarwalemployed a modification afefferie$ phase-transfer conditiort$? which were de-
veloped to allow for the use of inorganic baselaathan the amines originally employed by
Heck Since in the original publication tetrabutylammaon chloride was used and a variety
of other counteranions are available the effe¢hefanion was screened (Table 3). The reac-

tions were run at 80 °C to better observe any acathg effect.
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Table 3: Effect of the tetrabutylammonium counteranion.

Pd(OAC), (2 mol%), 0

(@] I NaOAc (1.5 equiv), A
/\)J\ N (NBu)4NX (1 equiv), H
H

DMF, 80 C, time

48 219 8

(2 equiv)

Entry X R?ﬁ’gon é‘ Zg\ée(rj;zolg Side produé
1 Br 12 h ~ 80% no
2 Ccl 4 h full no
3 | 12 h ~ 70% no
4 OAC 4h full predominant
5 p-Tol-SO; 4h >90% considerable
6 H,PO, 12 h ~ 80% much
7 NO; 4 h >90% considerable
8 BF, 8h >90% considerable
9 HSO, 12 h ~ 50% considerable

a) Determined by GC. Samples taken after 4, 8,12nil

It was revealed that the halides gave a cleanetio®a with chloride increasing the reaction
rate much more than bromide and iodide (entrie$. 1a3all other cases, an unidentified aro-
matic side product was formed, which even becamethdominant product when acetate or

dihydrogenphosphate were used (entries 4 & 6).

At this stage8 was formed in a yield of 75-80% at full conversemd with a ratio oE/Z of
2.8:1. However, the corresponding reaction withrdrtotoluene Z22) did not go to full con-
version. The following optimizations were therefaraertaken witl222 as a model substrate
for bromoarenes (Table 4).

The initial screening was undertaken to find a macxgve catalyst. Palladium acetate is a
good catalyst precursor as it is bench-stable amdbe easily handled. However, in recent
years many catalysts for palladium mediated reastibecame commercially available. A
variety has been tested for the transformatio22# under the conditions developed so far
(Table 4).
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Table 4 Catalyst screening.

Cat. (2 mol%), O
PN R O i) S
DMF, 80 C
8
(2 equiv)
_ 5 -
-0 (2o
:DgMezé [N>_Pd\/ A @P/\Pd/ &
i Mes ~~ " 1, i \O\\/O
224 52
Entry Catalyst R(tei?r?;ion Yield®
1 Pd(OAC) 3h 55%
2 Pd(PPE)4 5h 0%
3 Pd(P{-Bu)s)» 1.5h 58%
4 Pd(P(Cy))> 4h 9%
5 Pd(P(Cy3):Cl> 4 h 0%
6 Pddbay/P(furyl)s 3h 5%
7 223 5h 2%
8 224 5h 42%
9 52 3h 42%

a) Determined by GC.

The catalyst screening revealed that only bis¢nt-butylphosphine) palladium(0) (entry 3)
gave results comparable to palladium acetate. Duleet much higher sensitivity of this cata-

lyst and the prerequisite to handle it under angjavas decided to continue the optimization

process with palladium acetate.

The effect of the catalyst loading on the yield veéso studied in the case of bromoarenes
(Scheme 89), and samples were taken after 2.5, &d& 26 h. However, it was found that

higher amounts of catalyst actually lead to lowietds. This observation is probably due to
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the precipitation of catalytically inactive pallada black, which is more likely to occur when
the catalyst concentration is higher.
Pd(OAC), (2 mol%), o
O Br NaOAc (i.S equiv), 2
/\)J\ + (nBu)4NCI (1 equiv), H
H

DMF, 80 T, time

48 222 8

(2 equiv)

70

60

O\
o jz / f——"\\ \ ——2% Pd
2 / / > —.— 4% Pd
BT NS
/// X —%—10% Pd
10
V. | S |
0 2.5 5 7 26 28.5
time (h)

Scheme 89Development of the yield over time with differemb@unts of palladium acetate.

It also turned out that the reaction was completeuch shorter time than expected and the
product decomposes upon prolonged heating. Theiaadif further palladium acetate after
3 h reaction time had no effect on the yield.

It was finally tried to increase the yield by scoreg some other solvents commonly em-

ployed in Heck reactions (Table 5).
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Table 5. Screening of solvents.

Pd(OAC), (2 mol%), o)
0 Br NaOAc (1.5 equiv), e
/\)J\ + (nBu)4NCI (1 equiv), H
H

solvent, 80 C, 3 h

48 222 8
(2 equiv)
Entry Solvent Yield
1 DMF 55%
2 DMAc 57%
3 NMP 68%

a) Determined by GC.

Slight improvement was observed when DMAc was ubatthe yield was significantly bet-
ter with NMP, which was therefore chosen as sol¥@nthe reaction.

Finally the solvent was deoxygenated before theti@ma and the reactions were run under
argon. While this procedure increased the yielgghgy by about 2% and was subsequently

employed, the reaction can also be run withoutgupiotective gas techniques.

A problem observed with the conditions employedasowas that arenes substituted with an
electron withdrawing group (EWG) did not yield panty the desired Heck products, but
rather gave Ullmann-type homocoupling products é8ut 90a). As a result of this competing
reaction pathway, the vyields of desired productshsas 225 produced from 1-iodo-4-

nitrobenzened26) were very low, even when the best conditions tbsa far were employed
(Scheme 90b).

Pd(0) (2 mol%),
| NaOAc (1.5 equiv),
a) (nBu)4NCI (1 equiv),
EWGEWG
EWG DMF, 90 T
o | Pd(OAc); (2 mol%), o)
NaOAc (1.5 equiv),
b) w + /©/ (nBu)4NCI (1 equiv), X H
/\)J\H O2N DMF, 90 C, 3 h, 17%
! ! ! 02N

48 226 225
(2 equiv)

Scheme 99Homocoupling (a) and best results for an electteficient iodoarene (b).
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The reaction was also tested with all catalystemiabove (Table 4), but in no case was any
yield exceeding 17% of the desired product found.

It was assumed that bromides or even chloridesasrg groups would be beneficial to use,
but no significant enhancement of yields was ole@gmwith bromides, while chlorides proved
to be completely unreactive. It was finally testdukether the slow addition of aryl bromide or
aryl iodide to a solution of crotonaldehyde andlgthlm acetate would drive the reaction
towards the Heck product, but also in these caggSs@-measured yield exceeding 15% was

measured.

4.1.3. Substrate scope and limitations

With the optimal conditions in hand the scope wébard to different aryl and vinyl bromides
and iodides was explored in the reaction with aratdehyde.

Table 6 Substrate scope.

o Pd(OAC), (2 mol%), )
X NaOAc (1.5 equiv), /\)\)J\
P (MBULNCT (L equiv), ¢ Ny "y
H

~ NMP, 90 T, o
48 45 min - 75 min
(2 equiv)
Entry Product Yield (X=Br) Yield (X=I) E/Z2
o)
NNy
1 50% 68% 2.8:1
16
(@]
Nh
2 70% 7% 2.8:1
8
o)
Ny
3 70% 70% 3.0:1
227a
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Entry Product Yield (X=Br) Yield (X=I) E/Z2

4 46% 55% 1:2.9
5 65% b 2.5:1
6 71% 43% 1:2.1
7 76% 87% 4:9
O
Ny
8 73% 92% 3.3:1
MeO
227f
O
X H
9 40% 44% 3.0:1
F
2279
O
A H
10 ©/\)\)L 74% 60% 1.7:1
227h
O
N
11 44% b 6.7:1
227i

a) Determined by GC analysis of the crude reagtioture; b) not attempted; c) determined*BlyNMR after
column chromatography.
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The reaction was initially evaluated with regardthie substitution on the arene. Bqthra
and metasubstitution gave very good yields (entries 2 &\8hile they were slightly lower
with a substituent iortho position (entry 4). Moreover, thletho product was obtained with a
higher preference for th&-isomer, which was also found in the case of 1-traphhalides
(entry 6). If bothortho positions were occupied in the starting matehal teaction yielded
almost no product at all (Scheme 2P8). In contrast to that, increased steric bulkriata
position was well tolerated (entry 5).

With regard to the electronic properties of thel drglide it was found that the reaction
proceeds better with electron-rich substituentgrign 7 & 8), which also give bettér/Z-
ratios. This also explains why the least sterichllydered phenylbromide gave lower yields
as compared toneta and para-tolyloromide (entries 1-3). With increasing electrwith-
drawing properties of the arene the yield decreésdsy 9).

It was furthermore possible to employ vinyl halidgsssubstrates (entries 10 & 11). The yield
was found to be only moderate f227i, but it showed the be&/Z ratio observed in the
study.

The reaction limitations are shown below (Schemg 8part from sterically too hindered
substrates228 and electron-poor aromatic compoundg9 230 the reaction did also not
proceed with 2-halothiophen@81, which also predominantly gave the homocouplingdpr
uct, and indole-derivativ@32, which was found to be unstable during the prdpmaraand

decomposed very quickly under the reaction conastio

|
X X X oTf
oL T oL O T
O,N NC s~ X N
228 229 230

Boc

231 232 233

Scheme 91Substrates that could not be coupled succesgiuily reasonable yields. X = Br, I.

Triflate 233 reacted very slowly as compared to bromide an@l&dvith barely any conver-

sion observed after 2 h, and still very low coni@rsafter 5 h.

With the scope probed with regard to different dhedi, it was next investigated what alde-

hydes could be employed in the reaction with 4-gdsole 234) (Table 7).
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Table 7: Scope with regard to different aldehydes.

Pd(OAC)5 (2 mol%), R O
O | NaOAc (1.5 equiv), A
A, /©/ (NBU)SNCI (1 equiv), H
R H
MeO NMP, 90 T, MeO

75 min

(2 equiv) 234 235

Entry Product Yield E/Z%

=
/EE
@)

T

61% 141
MeO
235a
n-Pr O
Q)\VMH
2 80% 1.6:1
MeO
235b
n-Hex O
Q)\VMH
3 65% 141
MeO
235cC
Ph 0]
Q)\VMH
4 52% 1.7:1

MeO
235d

a) Determined by GC analysis of the crude reagatiodure.

Several linean,-unsaturated aldehydes could be reacted in gowdriogood yields (entries
1-3), but the diastereomeric ratios observed weset as compared to crotonaldehyde. It was
further possible to employ aryl-conjugated cinnadehlide 7), giving the product in good
yield (entry 4).

The limitation with regard to aldehydes also ligghvihe steric hindrance of the starting ma-
terial (Scheme 92).
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o) 0] 0]
236 237 238

Scheme 92Aldehydes that could not be coupled successfully.

Using branched aldehydes like 4-methyl-2-penta@db)(led to only trace amounts of the
desired product being formed. The useraubstituted aldehyd237 as well as its fused ana-

logue238also only led to trace amounts of product.

It was briefly investigated whether the conditidas the Heck reaction with crotonaldehyde
could also be used to form nitro olefins. This wested by the reaction of 1-nitropropene
(239 with 219 (Scheme 93).

Pd(OAc);, (2 mol%),

| NaOAc (1.5 equiv),
X NO, //[::j// (nBu)4NCI (1 equiv), N-NO2
NMP, 90 T,

75 min

239 219 240
(2 equiv)

Scheme 93Attempted extension of the method to nitro olgfin

Under the conditions employed for the Heck reactibansaturated aldehydes no reaction to

the desired nitro olefi@g40took place.

4.1.4. Discussion

With the best conditions in hand a small kinetuedstwas conducted on the reaction2d®
with crotonaldehyde4@). Samples were taken every 10 min and the yieldradgned by GC

is plotted over time in Scheme 94.
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(0]
| O Pd(OAc), (2 mol%) S
(nBu)4NCI, NaOAc H
+ H >
| NMP, 90 °C
219 48 8
(2 equiv)
100
90
80 rreeeees®
70 [ S
g 60 > 22
T 50 ra
o
£ 40
30
20
10 +
0 " T T T T 1
0 10 20 30 40 50
Time (min)

Scheme 94Kinetic study of the reaction.

It can be seen from the results of this study thatreaction was finished very quickly, with
most of the product already formed in the firstd@ of the reaction. The dotted line does not
represent real data, as there is usually an inolugieriod in which the active catalyst is

formed, and which could not be observed on thedoalke chosen for these measurements.

The mechanism of the Heck reaction is both welll@ngal and little understood at the same
time due to the multitude of reaction conditionseleped so far. The outcome of the reaction
often depends on the starting material, and ndesicagalyst or system has yet emerged that is
of universal use. The mechanism given below isefloee simplified and shows the most im-
portant steps in the catalytic cycle (Scheme 95)revtletailed discussions go far beyond the
scope of this thesis, but can be found for exammie Beletskayaand Cheprakov*®® or

KnowlesandWhiting'%®
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0
I
L—Pd=X
B Ar C
ArX
L L cHo
| A4
1l A 0 Pd---- |
Pd(OAC)2 - > L2Pd X/ |
Ar
HX D
[l
F X X-Pd._,CHO
|
(1] L
L—Pd—H I
Il_ Ar” 2'H
E

Scheme 95Catalytic cycle of the Heck reaction.

The reaction sequence starts with the formatiothefactive catalyst from palladium acetate
by reduction. In the absence of the common reduagents for Heck reactions, phosphines,
the reduction is likely to be brought about by tihefin, which is in turn oxidized in a Wack-
er-type oxidation (Step). The halide then undergoes an oxidative addtiothe palladium
(stepB). Coordination of the olefin on a free site of gedladium C) is the prerequisite for
the carbopalladation step). B-Hydride elimination E) liberates the product, and the catalyst
is recycled through a reductive eliminatidf).(The acid formed in this step is quenched by
the added base.

The Heck reaction igansselective in the case @funsubstituted olefins, as product control
during theB-hydride elimination (Scheme 96a) will favor therf@tion of the thermodynami-
cally favored olefin with afE-configured double bond.

The Heck reaction of crotonaldehyde can yield amhg product with regard to the olefin
geometry, and it is defined by the geometry presentotonaldehyde (Scheme 96b). This is

because both the carbopalladation step anfl-thalride elimination argyn
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L
I n
L, CHO |_—||Do|II CHO L—Pd._ ,CHO CHO
a) L—Pd—X + W )I(I ] kj: J/
Ar N > -L,PdHX
Ar T—|H H ArH Ar
I|_ 1] II_ 1
Ly CHO lI—Pd. LCHO  L—Pd.__CHO CHO
b)  1—Pd—x - J ;(I _ )I(I J/\
Ar A H H ‘—Zr -L,PdHX Ar

Scheme 96pB-Hydride elimination and resulting product.

However, mixtures oE- andZ-olefins were observed in all cases. To explore phablem
pure E-3-(4-methylphenyl)-2-butenaE¢8) was subjected to isomerization conditions and it
turned out that the Heck reaction yields the thelynamic mixture of olefin isomers
(Scheme 97).

/©/' . CHO _PdOAG), Bn,NH
)/ NMP, 90 C DMF, 80 T

219 48 E-8
dr 2.8:1 dr >50:1

Scheme 97Comparison of the Heck reaction and an isomeadaatxperiment withe-8.

It is assumed that the isomerization is broughtualb@ a nucleophilic pathway. It is also
possible that the reaction product re-inserts th&o palladiumhydride, but with the opposite
regiochemistry. With two hydrogen atoms now reaatythep-hydride elimination this path-
way will also lead to thermodynamic mixtures. Maren aldehydes of this type are generally
prone to undergo isomerization. While this is datyea drawback of the reaction, the isomers
are separable by column chromatography, and meth@available to isomerize the unde-

sired olefin geometry.

Common side products obtained in the Heck reactiere the saturated aldehyd&$l cor-
responding to the desired products. They can bergibrmed through a conjugate addition to
the olefin rather than a carbopalladation (ScheBep@thA), or by a mechanism involving
an enolate (patB).
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CHO

. L -

CHO /
L,PdArX j 241 ~ . H
\ ) . o} X OPdL, OPdL, OH
B djikH

X L2P T 7 HT T 7 H T FH

Ar Ar Ar Ar

Scheme 98Plausible pathways leading to the observed ssirdehydes.

Both pathways are more favored under conditionferiiifig from the ones described. Conju-
gate addition is usually observed in a larger arhadnen triethylamine is used as base, while
bromide ions inhibit this reaction. PathwBy however, needs an external hydride source, as
the palladium-enolate cannot eliminafé No further studies were undertaken to determine
the source of the saturated aldehydes obtainedt Wwats concluded that a one-pot Heck reac-
tion/ asymmetric transfer hydrogenation, for examfar the synthesis described in chapter
4.1.5., will not be possible since the saturatetbl@®yde is formed as a racemate during the

Heck reaction.

At the time this study was undertaken there wegargtes known employing acrolein as the
substrate in Heck reactiof®; 1**33put there was only one example described\bjjar et

al. in which crotonaldehyde was arylated with bromoleseb1 in low yields of only 20% of
the desired produdt6 and a further 8% of diarylation prod&3 (Scheme 993°

0 52 (0.1 mol%) 0 0
Br .1 mol%),
/\)J\ + ©/ NaOAc, ©)\/U\H + ©)\KU\H
H DMAc, 140 T, Ph
16 53

20 h, 20%
48 51
(1.5 equiv)

Scheme 99Heck reaction of crotonaldehyde previously ddmamdi

It was possible to increase the yields to 50% is@from bromobenzené() and to obtain
68% product starting from iodobenzene. Moreovemwch less sophisticated and cheaper
catalyst could be employed, the reaction conditiware significantly less harsh, and the reac-
tion proceeded much faster than in the case repbstdlejjar.

Another use of crotonaldehyde was published_byluring the course of this study, which
featured very good-selectivity when employing silver carbonate aslthse in the reaction
of crotonaldehyde with a vinyl iodid&* When the same conditions were applied to the aryla
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tion of crotonaldehyde with 4-iodotoluen21@), a good dr of ~10:1 was observed, albeit at

low conversion.

In conclusion, it was found that palladium acetate suitable catalyst precursor for the aryla-
tion and vinylation of crotonaldehyde and relate@-unsaturated aldehydes to form
B,B-disubstituted products. It is both one of the glesa sources of palladium as well as stable
under air and at room temperature. The conditiausnd, employing tetrabutylammonium
chloride as the phase transfer catalyst and sodicetate as an inexpensive inorganic base,
with N-methylpyrrolidinone as the solvent, provides quackess to the target compounds in
good to very good yields and only employs reagesdasdily available in any chemical labora-
tory. Moreover, the operational simplicity of theopess described makes it easy for every
practitioner of chemistry to obtain the productsiM/the lowE/Z ratios obtained in this syn-
thesis are clearly not ideal, the reaction wasaihytintended to offer quick access to the start-
ing materials for organocatalytic transfer hydraafems®° It meets this criterion very well,
as the transfer hydrogenations are enantioconvergeh both olefin geometric isomers are
converted to the same enantiorfier*® **'The usefulness of the reaction in this context is

exemplified with a short synthesis of Florhydrai the following chapter.

4.1.5. Asymmetric synthesis of (+)-3-(3-isopropylph  enyl)butanal
(Florhydral ©)

Florhydraf® (242) is a chiral fragrance that is marketed as a raterhy Givaudan®® **|t

can be prepared froom-diisopropenylbenzene243 in two steps by a hydroformyla-
tion/hydrogenation sequence (Scheme 100).

RhHCO(PPh3)3 Q 0
H (250 ppi) H PdC H
CO (250 ppi) H» (50 psi)
110-140 T, 41% EtOH, 96%
243 242
Scheme 100Racemic synthesis of Florhydfal
It was first synthesized in a highly enantioseleetiashion byAbate et al**° who presented

two methods. The first synthesis uses racemic alca#4, which is subjected to a kinetic

resolution withporcine pancreatidipase (PPL), to give key intermediat®-244 (Scheme
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101). The synthesis 05f-242 is completed in three more steps. Since the kirresolution
had to be repeated to obtain high enantiomericssesethe overall yield for this synthesis is
3.5% with an er of >99:1.

1. BH3*SMe, OH OH PPL,
THF RT Pd/C, Hy, vinyl acetate,
e TR
2 NaOHH,0, NaOH/H,0, EA MTBE, RT
OH CN DIBAL,
TSCI NaCN THF, -10 °C
—(5)-242
Py, 0 °C DMOSO 3.5% (7 steps),
50°C er >99:1

(5)-244

Scheme 101Synthesis of Florhydr) relying on a kinetic resolution as the key s®pL =porcine pancreatic
lipase.

The second route employs ketd@#5, which is made frol243through partial ozonolysis and
subsequent reduction of the remaining olefinic dediond. It is transferred in three steps
through a Wadsworth-Horner-Emmons reaction, redoctand reoxidation sequence into
a,p-unsaturated aldehyd®7c This key intermediate is then reduced by Bakgeast, which
shows low chemoselectivity and also reduces thehgide in the process, and must be reoxy-
dized to yield §-242in an overall yield of 2.6% and an er of 98.5:1.5.

O
_ N
05, PPy, _PdIC, Hy,_ O PPhg=CHCO,EL, OEt
tol, reflux
DCM/MeOH
-78 C
243
OH
Baker's
_Red-Al, MnOz yeast, PCC,
H — = (9)-242
tol, RT DCM H,0, RT DCM, RT
reflux

227c

Scheme 102Synthesis of Florhydr) relying on an enzymatic reduction as the key.step
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The latter method is not only low in yield, but tkey reduction step is conducted on a 9 g
scale of227¢ which was transformed by 1.5 kg of baker’'s yeast beaker containing 1 kg
of glucose and 5 L of water, clearly no ideal ctiods for a large-scale synthesis. In addition

to that, the yeast was found to only reduceBhigomer.

Another approach was reported Bgiganelli et al. who used chiral ligands in the hydrofor-
mylation step** (R)-BINAP was found to be the best ligand for thedinon catalyst em-

ployed in their research, and gave the productvierg low enantiomeric ratio of 52.5:47.5.

The synthesis developed for this thesis made ugkeoHeck reaction of crotonaldehyde to
access key intermedia227cfrom Abatés work in only one step instead of the five preixge

ly necessary. This is possible becansesopropylbromobenzene246) is a commercially
available substrate. As was already stated beitoboeuld be used to arylate crotonaldehyde
(48) in 65% combined yield of a 2.5:1 mixture®f andZ-isomers (Scheme 103).

@]
) Pd(OAC), (> mol%)
Br (NBU),NCI, NaOAc N H
+ H
| NMP, 90 T,
75 min, 65%
246 48 227c
(2 equiv) i-P i-Pr
(@)
MeO,C CO,Me [+ j
XX ;
N i-Pr Ha
H
O
i-Pr i-Pr H
247 (1.1 equiv) 248 (20 mol%)
227c
Dioxane, 50 C, 27 h, 60%, er 99:1
(9-242

Scheme 103Synthesis of Florhydr&lusing Heck reaction and transfer hydrogenation.

The synthesis was completed using the methodoleygldped byMayer and List for the
asymmetric counteranion directed organocatalyéingdfer hydrogenation of enals to saturated
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aldehydes$? Both isomers oR27ccould be employed in this enantioconvergent reactind

were converted to the product.

In this reaction Hantzsch est&47 serves as the reducing agent, while the TRIP-nubinpdn

salt 248 activates227c through iminium ion formation. The reaction wasighed after 27 h

with a good yield of 60% and an outstanding enamgioc ratio of 99:1.

The method described here provides rapid accdsg talmost enantiomerically pure forms of
Florhydraf® in an overall yield of 39% as compared to the Idgelding seven step syntheses
described previously. It is by far the shortesttsgais published to obtain Florhydtah high

enantiomeric excess, and it is possible to prothatle enantiomers.
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4.2. Mannich reactions of N-Boc-imines

The reactions described in this chapter have beseloped in cooperation with Dr. Jung
Woon Yang, who discovered the initial highly seleetMannich reaction. The compounds
249eandf, 159eandf, 2583 b, f andl, and264have been synthesized by Dr. Yang.

4.2.1. Synthesis of the starting materials

The starting materials for the experiments haven lsy@thesized following a two-step proto-
col first outlined byKanazawa Denis and Greene**? In the first step, the stable sulfones
249a-iare prepared, which are subsequently transfeoréloet corresponding imine by elimi-
nation. Several method$ *** ***have been used to obtain the required sulfone oanmgs
249a-iin yields of 22-81% frontert-butyl carbamat®50, benzenesulfinic acid sodium salt
251, and the corresponding aldehy@&Za-h 7) (Scheme 104).

I )<
HN O
2 R "H €OH/H,0 or O//

THF/H,0 \©

250 251 252a, R=Ph 24%, 81%
252b, R =2-Furyl 24Sh,  46%
252c, R = 2-Naphthyl 24%c, 229
252d, R =4-CRCsHq 24¢d, 67%
252, R =4-CIGH, 24%, 57%
252, R =4-MeOGH, 24¢f,  78%
2529, R =i-Bu 2499, 229
252h, R =Et 24¢h, 249
7, R = €)-PhCH=CH 24, 489%

Scheme 104Synthesis of sulfone compound@é9a-i Conditions employed: a) MeOH48 (1:2, v/v), RT;
b) MeOH/HO (1:2, v/v), 65 °C; c) THF/ED (2:5, viv), RT; d) MeOH/KD (1:10, v/v), 65 °C.

The products generally precipitated from the reactnixture and are purified simply by
washing with water and diethyl ether. However,ame cases it was necessary to recrystall-
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ize. Crotonaldehyde and 2,2,2-trichloroacetaldehailed to give the desired product when
subjected to the reaction conditions.

The sulfones were then converted into the corredipgnimines159a-i by treatment with
base, either according to the conditionsKahazawa et al** for aromatic and unsaturated
substituents or according Beng*** for aliphatic compounds. In most cases the prodiast
pure after filtering off the insoluble inorganicltsa giving satisfying to very good vyields
(64-98%, Scheme 105). When necessary, they coybditieed by bulb-to-bulb distillation.

)<
.
H )J\ K>CO3 (10 equiv), )J\ J<

N //OO THF, reflux, 8-12 h |N

AL 2
2493, R = Ph 15%, 91%
249D, R = 2-Furyl 15%b, 80%
248c, R = 2-Naphthyl 159, 949%
249d, R = 4-CRCgH, 159d, 90%
249, R = 4-CIGH, 15%, 95%
249f, R = 4-MeOGH, 159f, 98%
249g, R =i-Bu 1599, n.d®
248N, R =Et 15¢h, n.d’
249, R =E)-PhCH=CH 159, 649%

Scheme 105Synthesis of imine$59a-i Conditions employed: a),K0s, THF, 65 °C; b) C&£L£0;, DCM, RT.

Aliphatic imines were found to be very unstable aodnpletely decomposed within a day
even at-18 °C. It is believed that this instability is disethe possibility of tautomerization to

the more stable ene carbamifeCompounds59gandh were therefore directly used in the
subsequent Mannich reaction, while the other imcuadd be stored for prolonged times un-
der argon in a freezer.

Though several attempts were made, it was not lplesw obtain the formaldehyde-derived
imine from its sulfone precursor. These imines hasen prepareith situand used in addition

reactions beforé&*® 1*’put have not been isolated.
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4.2.2. Attempts directed towards a one-step protoco | for the syn-
thesis of the starting materials

While the synthesis following the two-step sequeiscan acceptable way to obtain the re-
quired starting materials in multigram amountsstill suffers from several drawbacks. First,
the reaction sequence is time consuming, with st $tep usually run for 48 h and the
second step up to 12 h. Second, it is not atomasnandue to the use of the sulfinic acid salt
and the subsequent use of large amounts of basaly-ion an industrial scale the precipita-
tion of large amounts of products in the first stdgeir collection by filtration, and the neces-
sity to stir even higher amounts of insoluble oigdrases in the second step make this me-
thod problematic for large-scale synthesis. It Wasefore attempted to develop a one-step
protocol.

The synthesis of imines in one step from the cpording aldehyde and a proper source of
nitrogen is widely employed. For example, the corsd¢ion ofp-anisidine 162 and benzal-
dehyde 2528 proceeds smoothly to yield the correspondwiMP-protected imine263

Scheme 106a), even without removal of the formetdmva

OMe
a) H ) IN
+ MeOH, RT, 4 h + H,0
H,N

252a 162 253
o O
JOJ\ J< additives NJ\OJ<
b) O)J\H T HNT O C J * HO
252a 250 159a

Scheme 106a) Synthesis of benzaldehyde derid®MP-imine253 b) attempted one-step synthesid59a

Both the syntheses ®¥-Boc-sulfones249 as well as that oN-PMP-imines commence with
an attack of the nitrogen on the carbonyl groupeardimination of water. While thid-PMP-
imine is stable enough towards hydrolysis to takethe waterN-Boc-imines are easily hy-
drolyzed, and the equilibrium lies on the left. Tihgially formed N-Boc-imine is therefore
intercepted by the sulfinate.

It was tried to circumvent the hydrolysis by remmayithe water, either by adding 0,

(Table 8, entry 1) or molecular sieves 4 A (entrp2by employing a Dean-Stark water con-
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denser (entry 3), and to shift the equilibriumhe product side. However, no product forma-

tion was observed by GC in these cases.

Table 8 Reaction conditions employed for the one-stepitsgis ofl59a

Entry | Additive Reaction conditions Result

1 NaSO, toluene (0.15 M), reflux no reaction

2 molecular sieves 4 A acetonitrile (0.25 M), 50 °C no reaction

3 / Dean-Stark water condense',no reaction

toluene (0.15 M), reflux

4 20 mol% R)-proline, | acetonitrile (0.25 M), 18 °C no reaction

molecular sieves 4 A | and 50 °C
0 )

5 10 mol% BNDHF?, acetonitrile (0.25 M), 50 °C low conversion
molecular sieves 4 A

6 20 mol% TFA, molecu; acetonitrile (0.25 M), RT, low conversion
lar sieves 4 A then 50 °C

r 40 mol% 3,3,3-tri- CHCI; (0.5 M), reflux, Dean-| product and byproducts,
fluoropropionic acid Stark water condenser medium conversion

a) 1,1’-Binaphthalene-2,2’-diyl phosphoric acid.

With tert-butyl carbamate250) being a much weaker nucleophile as compardd®it was
then tried to accelerate the reaction by activathey carbonyl group through acid catalysis
(Table 8, entries 4-7). Proline was not acidic eoto affect the desired reaction (entry 4),
while a phosphoric acid and trifluoroacetic acidg) gave low conversion even after 24 h
(entries 5 & 6). 3,3,3-Trifluoropropionic acid waekosen as being of similar pKa, but higher
boiling point then formic acid, but even though ttenversion under these conditions was
better, the reaction never went to completion geir Moreover, the reaction was not clean
and side products were observed, potentially dagiiom the attack of a second unit of car-
bamate to the imine.

So far no reaction conditions leading to satisfyyrejds have been developed.

4.2.3. Optimization of the reaction conditions

Proline was known to be an excellent catalyst lier Mannich reactiofi’ and has since been
used in numerous reactiomg® enamine intermediates. It was therefore chosehesntitial
catalyst for the reaction d-Boc-imines with unmodified aldehydes. The modektea of
159awith propionaldehyde264) is shown below (Scheme 107).
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j\oj< * >I\oj\NH 0

|N 20 mol% (S)-Proline
©) * H ©)\H‘\H
solvent, temp
159a 254 255a
(2 equiv)

Scheme 107Model reaction for the proline-catalyzed reactidiN-Boc-imines with unmodified aldehydes.

In an orienting solvent screen including DMSO, didxane, chloroform, and acetonitrile, it
was found that the reaction proceeded well in DM8@oroform and acetonitrile and gave
full conversion after 4 h (Table 9, entries 1, 3% while it was sluggish and not very clean in
dioxane (entry 2). Acetonitrile was chosen over dkiger solvents because it gave excellent
enantiomeric ratios, combined with a very clearctiea. Moreover, as a unique feature, the
product precipitated when the reaction mixture wasred into water, which could later be

used in a very simple and elegant workup/purifaaprocedure.

Table 9 Effect of solvents and temperature

Entry | Solvent :)-sgiure R?i?ﬁ(teion Conversiofi dr er
1 | DMSO RT 4h full n.d. n.d.
2 | 1,4-dioxane RT 4 h ~ 50% n.d. n.d
3 | chloroform RT 4h full n.d. n.d.
4 | acetonitrile RT 4 h full 54:1 99:1
5 | acetonitrile 0°C 8 h full >00:1  >99:1

a) Estimated by TLC.

It was next investigated if conditions could berfdwhich led to better diastereomeric ratios.
Gratifyingly, the dr was found to be mostly depamtden the temperature, and simply carry-
ing out the reaction at 0 °C was enough to leadety high levels of diastereoselectivity
(Table 9, entry 5).

Further attempts to improve the reaction conditaase not successful (Table 10).

74



4. Results and discussion

Table 10 Reaction conditions screened

Entry Mc;';’lri' gzgiure %i[;lzzt Conversiofi aIIEcI(]eL;:;//de dr er
1 0.1 0°C 10 mol% ~60% 2 96:4  99]1
2 0.2 0°C 10 mol% ~70% 2 97:3 9713
3 0.1 0°C 10 mol% full 5 95:5 >99i1
4 0.1 0°C 20 mol% full 5 8.4:1 >99i1

Reaction conditions: 0.2 mmol imine, acetonitr)€,C, reaction time 8 h; a) estimated by TLC.

Lowering the catalyst loading led to a sluggishctiem and the formation of side products,
presumably due to decomposition of the startingenmdt (Table 10, entry 1). This effect
could not be compensated by a higher molarity, vihéc to a lower enantioselectivity and
increased aldol formation (entry 2). An increaséhimm amount of aldehyde was also not bene-
ficial as the diastereoselectivity was eroding tredreaction was less clean (entries 3 & 4).
As was mentioned before, the product precipitatednupouring the reaction mixture into
water and could be isolated by filtration. Thisqpéate usually contained a small amount of
the aldehyde impurity as detected by TLC, whichldédae removed by triturating the solid

with hexanes precooled +@8 °C.
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4.2.4. Reaction scope and limitations

The substrate scope was evaluated with regardferetht donor carbonyls as well as differ-

ent imines.

Table 11 Substrate scope

0] O
AR S L
N (0] . HJ\H 20 mol% (S)-Proline (9] NH O
>

R R2 CH3CN, 0 T, 8-12h Rl H
159 (2 equiv) 255 R?
Entry Product Yield dr er

O
>I\OJ\NH O

1 ©/‘\HJ\H 91% >99:1 >99:1
2 ©/5iU\H 88% >99:1 >99:1

84% >99:1
H .
(75%F >99:1 (99:1

4° H 69% 95:5 99:1
OTBS
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Entry Product Yield dr er

O
>‘\O)J\NH O

76% 98:2 >99:1

a1
T

6 /@/jiu\H 80% >99:1 >99:1
MeO

7 H 59% 90:1 99:1

99:1

0 .
82% 99:1 (96:4F

[o0]
I

9 S H 74% 97:3 99:1

10 A H 64% 95:5 >99:1
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Entry Product Yield dr er

11° NH 369 11:1 98:2
i-Pr

127 73% — >99:1

255

O
>‘\O)J\NH O

13 20% 17:1 99:1
OTBS

255m

a) Reaction run on a 50 mmol scale; b) er of tedeproduct; c) reaction run at RT; d) yield frdre torres-
ponding sulfone; e) reaction run in acetone.

The reaction of unmodified aldehydes was first eatdd using benzaldehyde-derived imine
159awith severaki-unbranched aldehydes (Table 11, entries 1-5).yidlds were very good
to excellent in all cases, with almost perfect sieleies for thesynproduct. The next investi-
gation covered the electronic properties of theeptr for imines derived from aromatic and
heteroaromatic precursors. The reaction proceedtdaxcellent selectivities regardless of
the electronic nature of the imine (entries 6-®er at reduced vyield for electron-deficient
p-chloro substituted imin&59e(entry 7). It was also possible to use cinnamaldekyerived
imine 159i, which led to the unsaturated compo@dj (entry 10). The reaction was initially
believed to be unable to yield products from altghanines, as several had been tested and
failed to give the desired transformation (see Wwefor the limitations). However, after the
discovery that aliphatic imines are viable subssdor the Mannich reaction dFFBoc-imines
with acetaldehyde (see chapter 4.3.2), one exawgealso successfully employed under the
original conditions (entry 11) with excellent enaselectivity but only moderate yield. The
use of ketones as donors was finally demonstratédagetone and TBS-protected hydroxya-

cetone, with the latter also giving rather low gie(entries 12 & 13).
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While the reaction was found to be of broad utjlityfailed to give the desired product in
some cases, most notably for aliphatic imihB8h j, andk, which presumably decomposed
to the more stable but under these conditions gtiveaenamines.

Hl\lj)\oj< le)\OJ< le\OJ< j)\oj<
©/\) O) EtO%
159h 159 159k 256

Scheme 108Reaction limitations with regard to acceptors.

Another class of potential substrates afienino ester£256. These unstable compounds can
be accessetlia a bromination/elimination reaction sequence frbABoc glycine ester§™
and were immediately subjected to the Mannich reactonditions. However, only trace
amounts of aldehydes were obtained.

Some donors could also not be employed. No desiadtion was observed when Cbz-
protecteda-aminoaldehyd®57 was used as donor, which would have led to a fodiaani-
nation. The reaction with unmodified hydroxyacet@%8 only led to decomposition of the

starting imine.

O
H( O 0 0
@\/ H HJ\ \HJ\
O. _NH H H
hif OH
O 257 258 259 260

Scheme 109Reaction limitations with regard to donors.

a,0-Disubstituted aldehydezb9 and260 could also not be activated towards the reactypn b

proline and consequently no reaction was observed.
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4.2.5. Experiments towards a two-step, one-pot prot  ocol

With the development of the Mannich reaction uphis point three reaction and three wor-
kup steps needed to be conducted to obtain theginduct (Scheme 110).

Scheme 110Route to Mannich products.

It was therefore tested whether it would be possiblconduct the two final steps in one pot.
In the model reaction sulfor&9ashould be transformed to the imine and then dyrexn-
verted to the corresponding Mannich prod@66b through reaction with isovaleraldehyde
(166) without workup. The conditions tested are giveiol (Table 12).

Table 12 Experiments towards a one-pot protocol
JCJ)\ )< i J< >L )CJ)\
O B O NH O
jo)
/
S
/

) AL oS el
Oy O o

249a 159a 255b
Entry | Conditions employed SolventYield dr er
Step A: 1.2 equiv GEO3, 20 mol% §)-proline,
1 2 equiv166 CHCN | 0% n.d. n.d.

Step B: 0 °C, 48 h

Step A: 1.2 equiv NEt 20 mol% §)-proline,
2 2 equiv166 CHsCN | <5% | n.d. n.d.
Step B: 0°C,48h

Step A: 1.2 equiv CsOH, 20 mol%){proline,

3 | 2equivl66 (3/';3%'\' 0% | nd.| n.d.
Step B: 0°C, 44 h 2
Step A: 1.2 equiv N&L O3, 20 mol% §)-proline, CH-CN

4 |2 equivl66 /H?;o 0% | nd.| n.d.

Step B: 0 °C, 44 h

Step A: 1.0 equiv GEO;, RT, 6 h
5 Step B: 20 mol%)-proline, 2 equivi66, 0 °C, DCM | ~20% | 95:5| 97:3
12 h

Step A: 10.0 equiv GEO;, RT, 6 h
6 Step B: 20 mol%S)-proline, 2 equivi66, 0 °C, DCM 0% n.d. n.d.
12 h
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Initially all compounds were mixed and left stigim the solvent indicated (entries 1-4). Dif-
ferent bases were tried for the first step, buy amthe reaction using triethylamine was some
product formed. This problem probably arose duth&lower temperature (0 °C or RT) as
compared to the temperatures usually employedhrirnine preparation (65 °C), and the
imine is probably not formed in sufficient quarggi It was next undertaken to separate the
imine formation from the Mannich reaction. Elevatithe temperature in the first step led to
formation of the imine, and after addition of pr@iand the aldehyde at again lowered tem-
perature, about 20% of product was obtained incteigtes comparable to the original reac-
tion (entry 5). However, an additional 20% of stagtmaterial was also recovered during
workup, so the product needed to be purified bummwol chromatography. To drive the imine
formation to completion a higher amount of base wsed (entry 6), but this resulted in no
Mannich product being formed, most likely due tmonation and thereby deactivation of
proline.

The experiments showed some potential for a ones@guence, but since the products were
obtained in lower yields and needed to be purifiedoriginal protocol was deemed superior.

4.2.6. Conversion to a B**-amino acid and determination of the ab-

solute configuration

The products of the Mannich reaction, protectednanaldehydes, are viable substrates for
further manipulation. Their most prominent derivas are possiblij{-Boc-protecte@-amino
acids, which can be accessea simple oxidation.

255a could be transformed into aci@61 by oxidation with catalytic amounts of chro-
mium(VI)oxide and periodic acid or sodium chlords oxidizing agents in high yields and
with complete conservation of the stereochemidarmation (Scheme 111).

o o
S costea) S
o NH O HglOg (1.3 equiv), 91% o NH O

or

H NaH,PO4 (2 equiv), OH
2-methyl-2-butene (10 equiv),
NaClO; (2 equiv), 96%

255a 261

Scheme 1110xidation reactions to yield a¥Boc-protecte@-amino acid.

To obtain the free amino acidé1l was treated with acid according to standard methBdth

HCl and TFA could be used for this step, but thectien was cleaner and proceeded faster
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with TFA (Scheme 112}*° The compound was obtained as the pure produat sifteply
evaporating the volatile side products, dissohitnigg water, and washing this solution with
diethyl ether.

S )iy
O O NH O TFA* NH, O

TFA
OH OH
DCM, 0 T -RT, 97%

261 262°TFA

Scheme 112Deprotection to the free amino acid.

To confirm the absolute configuration of the pradyu261 was deprotected t®62HCI with

1 M HCI in diethyl ether262HCI was previously synthesized Bavies et aland the abso-
lute configuration determined to beS§25)."*° The specific optical rotation measured was
[a]3® -4.7 € = 0.91, HO), which has the same sign as the compound desclipDavies
([a]3® —1.7€ = 1.06, HO)), thereby confirming the expected absolute cpmfition. The re-
protection of262 with Boc-anhydride and the comparison with HPL@adaom 261 showed
no loss of enantiopurity during the oxidation.

4.2.7. Discussion

Proline was found to be an excellent mediator lier Mannich reaction of severddiBoc pro-
tected imines with a variety of aldehydes and kesoffhe use of proline as catalyst is benefi-
cial because it is inexpensive, available in batanéiomeric forms, can be stored for long
times on the shelf, and is non-toxic.

The reaction is presumed to proceed through an ieeaintermediate, with proline acting as a
bifunctional catalyst. This reasoning is in agreetmeith previous work on the mechanism of
the proline-catalyzed intra- and intermoleculamolgactions™* as well as work on the Man-
nich reactior’> *2The proposed catalytic cycle starts with the cosdéion of proline263)
and an enolizable aldehydé9, which leads to iminium ion intermediafeand liberates one

molecule of water (Scheme 113).
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Boc .

2"
H
N
" oH O\(O
263 N -
Boc \ﬂ /H“O
N
R 1

Scheme 113Proposed catalytic cycle.

Possibly with the aid of the carboxylafe tautomerizes to the uncharged enanBn® then

coordinates a molecule of imird&9. In the transition stateT§) the iminium ion is held in

place by a hydrogen bond to the carboxylate. Thaens forced in a position so that the

si-side is facing the enamine, and the reaction gde¢o give iminium ior€C. The catalytic

cycle is completed by the hydrolytic liberationgrbline and the amino aldehy@85, which

shows the observed absolute configuration.

With the outcome of the Mannich reaction besygy the selectivity is opposite as compared

to the proline-catalyzed aldol reaction. This ieesult of the different transition state geome-

try which is possible for the aldol reaction (Scleebi4).
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H-O Boc.J ., H O
re.._ /O Si\r N
~I e
RRl\\H H \\R
'si re
TS-A TS-B

Scheme 114Transition states of the alddl$-A) and Mannich reactiornmrS-B).

While in both cases the enamine can reach an dreifefavorable pseudo-equatorial posi-
tion, transition statef'S-B shows both the Boc group as well a5 iR pseudo-axial posi-
tions®? This is necessary to allow for the formation af thydrogen bond with the carbox-
ylate and leads to a nucleophilic attack onghside. In transition stat€S-A for the aldol
reaction, however, a hydrogen bond can be formel @iher lone pair on the carbonyl oxy-
gen, and the acceptor can therefore attain an etieatly lower geometry in which 'Rs in

pseudo-equatorial position, leading to the obsergesklectivity.

The proline-catalyzed Mannich reaction featurehigelds and almost perfect selectivities
especially for simple carbonyl compounds, suchrapipnaldehyde or acetone. The reactions
were generally driven to completion in reasonalsiees. While small amounts of aldol reac-
tion and aldol condensation side products coulddiected by TLC, the only major side reac-
tion was hydrolysis of the imine to the parent higke andtert-butyl carbamate (Scheme
115). It is possible that the carboxylic acid mypiet proline activates the imine towards the
nucleophilic attack of water. Though the use oédrsolvents can prevent this to some extent,

there will always be some water in the reactiontorix due to the formation of the reactive

NJ(J)\OJ< Q

(0]
| S
+ H0 acetonitrile, H >‘\O)J\
0T or RT NH;

159a 252a 97

enamine.

Scheme 115Hydrolysis of starting material.

In many cases the product of the Mannich reacti@tipitated directly from the reaction
mixture or during an aqueous workup, which, in corabon with the clean course the reac-

tions ran, led to simple product collection (Scheih6).
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Scheme 116Preparation of255h a) reaction mixture after adding all componehjdReaction mixture after
completion of the reaction.

The products, generally colorless solids, couldlyag collected by filtration and were pure

after simple washing with cool hexanes without tleeessity of further purification. Moreo-

ver, they were typically also obtained enantio- almstereomerically pure (Scheme 117).
This is a great advantage of this method whichseeially interesting in an industrial con-
text, where column chromatographic purificationcgst intense and avoided if possible. A
small enrichment in enantiopurity was sometimesnolel due to the precipitation. Chroma-
tographic purification became necessary when ettieecarbonyl donor or the imine was un-
stable, for example in the case of aliphatic imioea-oxygenated carbonyls, or the product

did not precipitate.
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a) b)

2 1Det.A Ch1 1Det.A Ch1
a

/“%

8
) N _ 8 i Y
T Tt _—— e — T
T T T S N T T F &
30 40 50 30 40 50
min min

Detector A Ch1220nm

Peak# | Ret. Time Area% |

1 ~ 26.276 0.733] Detector A Ch1 220nm o

2 30.452 0.722 [ Peak# | Ret. Time Area % |

3 — 33549| 49207 [ 30.106 0.060
4 44.123] 49.@‘ 2 43479 99.940
Total | | 100.000 Total | —100.000

Scheme 117HPLC traces of255c (Chiralpak AS-H column, 2%-PrOH/heptane, 0.50 mL/min, 220 nm);
a) reaction run with racemic proline at RT; b) te&acrun with §)-proline at 0 °C.

In extension of the originally published resultshieh indicated a rather narrow substrate
scope’®® ***the Mannich reaction was shown to have broadyutilith regard to both donor
and acceptor. The majority of products are derivech aromatic aldehydes. It was found that
the electronic properties of the aromatic ring pdasole in the reactivity of the imine. While
electron-rich or neutral substituents led to goedctivity, electron-poor substituents like
chlorine led to a lowered yield when the same reaatonditions were employed. This ob-
servation became even more obvious during the stdidpe Mannich reaction oN-Boc-
imines with acetaldehyde (see chapter 4.3.2), whelbstrates bearing even stronger electron
acceptors like a nitro or trifluoromethyl group vidunot react at O °C at all. This also offers
an explanation why-imino ester266 (see Scheme 108), in which the imine is also substi
tuted with a strong electron withdrawing group, dat react. The observed reactivity is coun-
ter-intuitive as the electron-deficient substragiesuld be more reactive towards a nucleophil-
ic attack. However, through the conjugated systeennitrogen atom of the imine should be
less basic when substituted by an electron-defigesup. Since the transition state involves
an iminium ion, it would be higher in energy as @amed to the more basic electron-rich im-

ines, which leads to the observed lower reacti{@igheme 118).
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less electron density more electron density
less basic more basic

LN Beg

less electron density more electron density
more electrophilic less electrophilic

Scheme 118Consequences of the different electronic properif the aromatic part.

Due to the aforementioned problems associated aliphatic imines, it was initially believed
they would not undergo the Mannich reaction attddiwever, it turned out that, provided the
imine is sufficiently stable, the Mannich reacticem indeed take place and yield the desired
product even under the original conditions. At tiniement, however, the yields are poor, and
further research into these starting materials ballnecessary. Particularly interesting is the
possibility of generating the iminés situ as pioneered bfpengand coworkers?® which
limits the problem of imine decomposition during tfeaction.

With regard to the donor it was shown that a vgradt different carbonyl functions can be
employed. Apart from the use of aliphatic aldehyidlegas possible to employ phenylacetal-
dehyde, the Mannich product of which should be primnundergo epimerization. However, it
was isolated in excellent isomeric purity, therelgmonstrating the mildness of the reaction
conditions. Moreover-oxygenated aldehydes and ketones could be usédhamroducts of
this reaction complement the asymmetric aminohyglegions described bysharplesd®
a-Oxygenated aldehydes were found to be less reattian carbon-substituted and required
higher temperatures and longer reaction times. cdieesponding reaction witt-aminated
aldehyde257 was not observed. Another limitation is thati-disubstituted aldehydes could
not be activated by proline, which excludes themfation of quaternary carbons directly
through this methodology. The reason is probaliiyoastrong steric interaction between the
pyrrolidine and the substituent #xposition of the required enamine. On the other h#md
non-reactivity of proline is a prerequisite to abtéhe observed higeyrnanti ratios, which
would be lower if proline could form an enamine wit,a-disubstituted aldehydes, as the
product of the Mannich reaction is also an aldelhyfdéis type.

The use of two cyclic ketones as donors in thistrea was already reported B3ndersand
coworkers during the time this research was cawoigd® *’It was demonstrated in this the-
sis that acyclic ketones are also donors for therth reaction. Their reactivity is lower as

compared to aldehydes due to the lowered electiopyiof the carbonyl carbon atom, which
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results in higher reaction temperatures being requiThe combination of a ketone with an
a-oxygen seems to mark the limitation with regardlémor reactivity. Only low yields could
be obtained with the rest of the starting iminengéiydrolyzed.

It was possible to scale the reactions up fromn@olar to 50 mmolar without loss of selec-
tivity, albeit at a longer reaction time of 24 hasnpared to 8 h on a small scale and some-
what reduced yields of 75% instead of 84%. Botls¢hebservations may be explained by
problems intermixing the reactants, which woulddléa prolonged reaction time and there-
fore higher starting material decomposition. Howeteis experiment showed that the reac-
tion can easily be run at much larger than usumiritory scale$®

The described process does not require protectigetechniques, since all components em-
ployed are stable to air. Due to the nature ofstiaeting material it is necessary to limit the

amount of water in the reaction mixture.

The usefulness of the products for further synthetanipulation was shown with the easy
transformation to &*-amino acid in two high-yielding steps. Howevee tarbonyl group is
not only limited to oxidations, but is readily sabjed to a wide range of reactions which open
the door to a variety of products that can be nfemla these aminoaldehydes. The products
of the Mannich reaction dN-Boc-imines are therefore valuable chiral buildidgcks with
diverse substitution patterns (see also chapte8y.3

Even though the Mannich reaction fBoc protected imines results in excellent yieldd an
selectivities and offers access to stable, crysgproducts, it has a distinct disadvantage over
the already known organocatalytic, proline-catatlyteree-component Mannich reaction al-
ready discovered in 2000 in that it is necessary to pre-form the imine, ebhis both unat-
tractive in terms of atom economy as well as imgiregathe number of steps to obtain the final
product. The major advantage of the new method.elew lies in the protecting group em-
ployed. While thepara-methoxyphenyl (PMP) nitrogen protecting group lisaged under
oxidative conditions, the Boc-protecting group da@ removed by treatment with acid
(Scheme 119).

Pg Boc: p
NH, O g\ Pg PMP:

+ CO, + -~
OH +Ho0

Scheme 119Removal ofN-Boc andN-PMP protecting groups.

NH2
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The removal of the protecting group is the maj@wbyack in any synthesis containing PMP-
protected amines. Even though new methods for ¢fpeotection have been develoged 1*°
the PMP-group is most commonly deprotected withcammonium nitrate (CAN), which is
toxic, too expensive for industrial use, and natadie for functional groups prone to undergo
oxidation. Moreover, PMP-deprotections are oftqroreed with yields of 70% - 8096, while
especially the deprotection step in a synthesisildhnot consume considerable portions of
the valuable product. The Boc group in contrasisgally cleaved under mild acidic condi-
tions, typically in high or even quantitative yisfd@ As an additional benefit, only gases are
formed during the Boc deprotection, allowing for @asy purification. In conclusion, while
the preparations for the Mannich reactiorNaBoc-imines require more work, the final prod-
ucts are of greater value, rendering this a higisigful method to synthesiieamino carbo-

nyls and derivatives thereof.
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4.3. Mannich reactions of acetaldehyde

The Mannich reaction of acetaldehyde was develdpgéther with Dr. Yang, who synthe-
sized compound264g d, andf. Dr. Carley Chandler joined for the further deystent of
the chemistry of aliphatic imines in this reactiand synthesized compoun@64b and h.
Daniela Kampen worked on the functionalizationhsd Mannich products that is briefly dis-

cussed in chapter 4.3.3 and will be described {ailde her thesis.

4.3.1. Development of reaction conditions

Since the Mannich reaction bfFBoc-imines proved to be a very clean and efficreattion it
was chosen as the model for attempts to use aehtald in a first practical, controlled, and
asymmetric chemical transformation. In the initiahction, N-Boc-imine 159a was to be
reacted with acetaldehyd4)(to givep-amino aldehyd@64a(Table 13). It was known from
studies towards a proline-catalyzed aldol reaabioacetaldehyde that it is very reactive in the
presence of proline and is quickly converted, preshly in a selfaldol condensation, to co-
lored oligo- and polymers. Orange to red solutiohshese compounds have been observed
until the reaction temperature was lowered-20 °C. Low temperatures where therefore in-

itially chosen for the Mannich reaction to limietkide reactions.

Table 13 Screening of conditions
T ST :
0 S¥e)
H OH H OH
H

| + )J\ —»
H
©) tso|vent’ ©)\)J\ 263 265 R=Me
emp
266 R=nPr

159a 4 264a 267 R=allyl
Entry | Solvent Tzrt?ﬁsr- Eq4uiv Catalyst R?i?r(l:éion Yield® er

1 CHCN | -18°C 2 20 mol%263 13 h <5% n.d.
2 CHCN | -30°C 2 20 mol%263 30 h <5% n.d.
3 CHCN | —40°C 2 20 mol9%263 60 h <5% n.d.
4 THF —72 °C 2 20 mol%263 30h 0% n.d.
5 CHCN | -20°C 2 20 mol9%263 4d ~10% n.d.
6 CHCN | -20°C 2 50 mol9263 4d <5% n.d.
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Entry | Solvent Tzrtnl?gr' Eq4uiv Catalyst R?i?r(l:;ion Yield® er

7 CHCN | -32°C 2 20 mol9%263 16 d ~20% n.d.

8 CHCN | -26 °C 2 20 mol9%263 45d ~10% 99.8:0.2

9 CHCN 0°C 5 20 mol%265 2d ~30% n.d.

10 | CHCN| O0°C 5 20 mol%266 2d 0% n.d.

11 | CHCN 0°C 5 20 mol¥®257 2d 0% n.d.

12 | CHCN | -10°C 5 10 mol%265 2d <5% n.d.

13 | CHCN | -10°C 5 20 molY%265 2d <10% n.d.

14 | CHCN 0°C 5 20 mol%263 3h ~50% >00:1

a) Determined by TLC or GC

Toujaset al. had previously describe2b4a as unstable during column chromatograpty
which could be disproved during this study.

The reaction was initially explored with regardthe temperature, using prolin26g as the
catalyst. While the product was detected uni0 °C, no desired reaction was observed at
—72 °C even after 30 h (Table 13, entries 1-4). dhvgéd reaction times improved the yield
slightly, but an increase in catalyst loading hatrichental effects (entries 5 & 6). The best
result with regard to the yield was obtained atyMew temperatures, but at extremely long
reaction time (entry 7), and also an excellent @ measured (entry 8).

Dr. Yang joined the project at this stage and enquloa different approach usirgmethyl
proline 265 as catalyst265 had previously been used in the intramoleculatkylation of
aldehydes®® but was hampered towards the aldol reaction. # tharefore believed to sup-
press the side reactions of acetaldehyde in thenidaneaction. Moreover, a higher amount
of acetaldehyde was employed, which should incrédaseverall reaction rate, but also help
suppress the potential follow-up Mannich reacti@w®en265a and another equivalent of
159a

The initial experiment gave promising results abzgegrees (entry 9), while structurally sim-
ilar catalyst266 and267 did not yield the desired product (entries 10 §. 1o coloring of
the solution was found even though the amount efaddehyde was increased to five equiva-
lents.

The yields were drastically reduced when the reactvas run at lower temperature as the
reaction become sluggish (entries 12 & 13). Witesthencouraging results and the know-
ledge that five equivalents of the aldehyde areeheial, it was finally tried to use proline

under the same conditions, which turned out to giseeptable yields (entry 14). It was also
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discovered that the order of addition is import&dhen proline is added to a solution of the
imine in acetonitrile and then a solution of acd¢alyde in the same solvent is added, an oli-

gomerization of the aldehyde is not observed.

These conditions worked well for aromatic iminesd @ince the reactions with acetaldehyde
were faster as compared to other aldehydes, aiipimines were investigated as substrates
for this reaction. It was found that it is indeeabgpible to us&59hto obtain the first example

of an aliphaticN-Boc protected Mannich product under proline catalgScheme 120).
0 0 0
N)J\OJ< Q >LOJ\NH o) >‘\OJ\NH OH

20 mol% (S)-proline NaBH
H S N NaBH;
CHsCN, 0 C, 4 h H
(5 equiv)
159h 4 264b 268

Scheme 120First synthesis of an aliphatic product of theriigh reaction.

A solvent screen revealed yields of 6-11%268 in acetonitrile, dichloromethane, and 1,4-
dioxane/tetrahydrofuran mixtures, but with an ebergler of 98.5:1.5. The reduction step was
deemed necessary due to initial problems with iswathe product, and concerns regarding
the product stability. However, it could soon bewh that the aldehyd264b is also stable
and could be isolated.

As was mentioned before (see chapter 4.2.4), #iglisy of the imine was discovered to be
an important factor for the outcome of the reaction Chandler joined the search for better
reaction conditions and succeeded in improvingtle&ds by using a solution of aliphatic
imine and acetaldehyde in acetonitrile, cooled 16 °C, which was added slowly to a slurry
of proline in acetonitrile at the reaction temparatof 0 °C. The imine had a longer lifetime

due to the cooling and the yields could be incrédasea maximum of 23% &64b.
The reaction was also attempted with different grpnotecting groups (Scheme 121).

g“i" i : pre

269a 270 253

Scheme 121Additionally screened imines.
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The reaction witiN-Fmoc-protected iming69anever reached complete conversion under the
conditions found above, and at the same time tbdymts could not be obtained pure (also
see chapter 4.5.3). The attempts at reacting det¢tadle withN-benzoyl-protected imin270

at room temperature failed completely, as there amasnmediate decomposition of the start-
ing material, and the solution became orange. €asan for this decomposition became ap-
parent during the later research into this clasenafies as an acid-catalyzed reaction of the
starting material (chapter 4.6.4). The grouplalashilater showed that the Mannich reaction
with acetaldehyde is indeed possible with thissclasimine under proline catalysi& PMP-
protected imin@253was finally found to be much less reactive everoaim temperature, and
the reaction led to a multitude of products as olexeby TLC. Since both the products of the
Mannich reactions o270 and 253 would have been protected with non-optimal pratect
groups it was decided to explore the reaction w&itBoc-protecting group following these

orienting experiments.
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4.3.2. Reaction scope and limitations

The Mannich reaction of acetaldehyde was evaluatddregard to different acceptors. Both

aromatic as well as aliphatic imines could be yJadble 14).

Table 14 Substrate scope

0] J< >‘\ (0]
NJJ\O O 20 mol% (S)-Proline O)J\NH o)

1 CH3CN, 0 C or RT, 1
R 3-43h R H
159 4 264
(5-10 equiv)
Entry Product Yield er

1 ©)\)kH 54% >99:1
2 “/K)k! l ! 40% >99:1

3 /@/k/KH 58% 98:2
42 /©)\)kH 42% 99:1
FsC
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Entry Product Yield er
S
OJ\NH o)
5ab H 42% >99:1
NO 264f

6 “ y 30% 99:1
\ @)
7 /i\)kH 55% >99:1

>‘\O)J\NH O

8 23% >99:1

264b

a) Reaction run at RT; b) yield and er determinféel & situ reduction with NaBH

The Mannich reaction of acetaldehyde wiNFBoc-imines showed the same broad substrate
spectrum as was described for other enolizabléhgittes (chapter 4.2). The enantioselectivity
was again found to be outstanding, but the yieldsevonly moderate to good.

The substituents of the aromatic ring were goveynire reactivity of the imine. Phenyl and
naphthyl substituted imines as well as an iminéhvaib electron donating substituent were
reacting at low temperatures in the desired wapl@rd4, entries 1-3). Electron-poor imines
were found to be of lower reactivity, but couldreacted in satisfying yields at room temper-
ature (entries 4 & 5)264f had to be reduceunh situ to alcohol271 because it was prone to
undergo elimination. Slightly lower yields were aioied for a heteroaromatic substituent (en-
try 6).

It was also possible to demonstrate the use ofatip imines in the Mannich reaction Nf
Boc-imines for the first time, with yields strongligpendent on the stability of the parent im-

ine (entries 7 & 8).
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4. Results and discussion

Apart from the somewhat low yields, the limitatiohthe reaction lies with the imines, and

the very unreactive aliphatic imin@89j and| could not be converted to the desired products

(Scheme 122).
0 0
S MalCan
159j 159I

Scheme 122Imines that could not be successfully employethéreaction with acetaldehyde.

4.3.3. Discussion

In the course of this work and at the same timer¢élsearch oHayashiand coworkers on the
aldol reaction of acetaldehyd® it was demonstrated for the first time that ackthide can
indeed be used directly as a nucleophile in orgayithesis in a controlled manner. The chal-
lenge here lay with the reactivity of acetaldehyidend its enamine formed with prolin27@,
Scheme 123).

4 263 272

Scheme 123Acetaldehyde and its proline enami2&2).

Because of the substitution with only a methyl grétoe carbonyl function of acetaldehyde is
a better acceptor than most other aliphatic aldesyyendering it prone to undergo self-aldol
reactions. The reaction products of acetaldehydettegmselves also potential nucleophiles
and electrophiles for further transformations. Ageom the possibility of aldol reactions be-

tween two molecules of acetaldehyde the producteeoMannich reaction may also undergo

several follow-up reactions to account for the kelds (Scheme 124).
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,Boc Boc\
/

N

274 ©/\) o 277
Boc\ BOC\
NH (@)
©/’\/\/U\H ©/\)J\ )j/u\
’NHBoc

Scheme 124Potential overreactions of the initial additioroguct.

PathwayA shows the initial produ@73undergo another Mannich reaction with an additiona
equivalent of acetaldehyde to form intermedi&@4, which would then eliminate to
a,f-unsaturated aldehyd&r5. This Mannich-Mannich reaction sequence is analego the
explanation ofCordova et alfor the formation of the trimer of acetaldehydehe self-aldol
reaction’> Some hints were found that this reaction is talitage with the discovery of the
typical signal set fom,p-unsaturated aldehydes in crude NMR measurements wéich
could be neither attributed to cinnamaldehydeor crotonaldehyde. However, this compound
could not be isolated.

Another elimination is possible directly fro@73 to yield iminium ion276 (Scheme 124,
pathwayB), which would hydrolyze to cinnamaldehydeAs an alternative pathwag64a
may eliminate the carbamate to yield the same mtodu

Both reaction pathways procee iminium ion273, and are in competition with the hydro-
lysis to 264a Little influence can be taken on this competitias an increase in the water
concentration which would increase the rate ofttherolysis would also lead to decomposi-
tion of the starting material. Gratifyingly, howeyéhe hydrolysis is faster under the chosen

conditions than the undesired follow-up reactions.
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PathwayC shows the tautomerization 873 to enamine&77. This can then react with a fur-
ther equivalent ofl59a in a second Mannich reaction, yielding double Mahrproduct
278'% This reaction pathway can be suppressed by usamme excess of acetaldehyde.

The manipulation of the products of the Mannichctiesm was not part of this thesis, but is
covered by Daniela Kampen in detail in her the$ise following paragraph will therefore
only briefly sum up the results already publisheghow the synthetic potential deriving from
the Mannich reactiof®

The synthetic utility was exemplified wi64a which can be reacted in a Wittig reaction to
yield 279, an intermediate in the synthesis of 2-phenylpidee 280 (Scheme 125)’

Boc-
NH

NM82 ©)\/\/C02Et
Sy >
>99%, er 98.5:1.5 PR N
286

280

‘ PhaP” ~CO,Et

T 0
T o
BoC~\H BOC~ \H i) NaBH,
©)\/\OH NaBH, ©)\/CH o ii) KOtBu 281
085 82%, er >99:1
87%, er >99:1 2048 RE {giz ;22'.2 [(R)]

piperidine
NaBH(OAc)3
\NaC|02
Boc\NH ,////////
0~ "NH g@ /<
Boc~
NH
©/’\/\,\© (0] ©/’\/\N N\\/N
284 OH \\(}\N
283 282

86%, er >99:1
95%, er >99:1

Scheme 125Possible transformations 264a

It could also be reduced and cyclized2®l, and the absolute configuration of the product
could be determined by comparison with the optiogtion of the knownR)-enantiomer?®
264ais a known intermediate in the synthesis of UK-837 @82), a recently approved
CCRS5 inhibitor for the treatment of AID'S® *"°can be oxidized to the correspondhtdBoc-
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4. Results and discussion

protectedp®-amino acid283 and reductively aminated @84 in very high yields. Finally,

simple reduction of the aldehyde to alcoB8b gives a known intermediate in the synthesis

of serotonin reuptake inhibitoBDapoxetine 286).> *"

The advantage of the new methodology presentednhesia be demonstrated by comparison
with the previously reported synthesisa@4ain the patent of Pfizer concerning the synthesis
of 282 (Scheme 126).

291 Pd(OH),/C,
X CO,tBu CO,tBu
THF, -78 T, MeOH, H,0, AcOH,
290 88%, dr 99:1 RT, 91%
NH,
CO,tBu HCI MeOH,
reflux 97%

287

Boc\ BOC\

DIBAL,
DCM, -78 T, 90%
264a

Scheme 126Known synthetic route ta64a

COZMe (tBuCO),0,

THF, NaOH aq.,
RT, 100%

Pfizer's patent starts from est287, which is converted int@64avia transesterification to
288 Boc-protection ta289, and finally a DIBAL-reductiort’® 287 can be prepared from
cinnamic este290in two steps.* This synthesis does not only employ several meaetion,
workup, and purification steps as compared to #we synthesis presented here, but it also
relies on the use of a stoichiometric amount ohiaat amine 291) to introduce the chirality
of the molecule. Moreover, several steps are caeduat-78 °C, which is preferentially

avoided in industry because of economic reasons.

In the course of the study reported in this chaptesuld not only be shown that acetaldehyde
is indeed a useful nucleophile in asymmetric, gétareactions, but also that this reaction
directly leads to a variety of interesting folloys-products through transformations that can
be undertaken starting from an essentially enant®gtarting material. It has, together with
the research on the aldol reactiontigyashiand co-worker$®* thus opened the way to fur-

ther explore the chemistry of this smallest endligacarbonyl compound by proving that it is
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4. Results and discussion

in fact not as uncontrollable as was believed ftorgy time. The use of acetaldehyde has al-
ready been extended to the Michael-reactiorn,’®and other approaches to the Mannich reac-
tion have already been reportéd.}”” The value of this discovery lies therefore notyoinl

the products that can be obtained, but in operiegdoor for the future exploration of the

chemistry of acetaldehyde.
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4. Results and discussion

4.4. Mannich reactions of N-Cbz-imines

With the chemistry oN-Boc-imines established in the Mannich reactionsirmhodified al-
dehydes under proline catalysis, the developmethefsimilar reaction wittN-Cbz-imines
was undertaken.

The Cbz group is orthogonal to the Boc group inghaection of the amino function since it
is able to withstand the mild acidic conditionsdieg to the cleavage of the Boc group, but is

itself cleaved under hydrogenolytic conditions whare tolerated by Boc.

4.4.1. Synthesis of the starting materials

The starting imines have been prepared in a two syathesis followinganazawa Denis
andGreene™*? which was first extended 8-Cbz-protected iminegia their sulfones biFill-

man Ye andDixon 1'®

H,N

X
O NaO,S o) HCOOH OO
Y + D U 5
O/\© R™OH  MeOH/M,0 R ,,S\©
@)

292 251 252a, R =Ph 293a, 50%
252, R =4-MeGH4 293b, 30%
252d, R =4-CECgH4 293¢, 34%

Scheme 127Synthesis of the starting sulfone compounds.

The reactions were conducted as described in ah&@e with benzylcarbama92 as the
amine compound, giving sulfon@93a- c in rather low yields (Scheme 127). Nonetheless,
enough of the products could be obtained for furtt@nsformations since the reactions could
be run on a large scal€illman described the use of the tosylsulfinic acid sodaatt instead

of 251, and a much better yield of 97% for the tosyl-agak of293awas reported'® The
use of a stronger nucleophile is obviously benafiei this reaction.

The elimination step was also possible accordintyéaeaction previously described (chapter
4.2.1) and proceeded to give the required imindsgh yields, which could either be directly
employed in the subsequent Mannich reactk848, or were purified by bulb-to-bulb distil-
lation 294b & c, Scheme 128).
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(@]
HN o/\© 6 equiv K,CO3 NJ\ o
O
R)\S// THF, reflux, 15 h J /\©
// R
A0

2933, R =Ph 2%a, 94%
283D, R = 4-MeGH4 284b, 87%
293c, R = 4-CRECeH4 2%c, 96%

Scheme 128Synthesis of the imines.

Apart from imines derived from aldehydes, a ketiewmas also synthesized following a pro-

cedure byMatsuoandishibashi(Scheme 129}
0 0

N HNJ\OBn 1. nBuLli, NJ\OBn tBu
©)\ N i NEts THF, -78 T N
—— _S<
ClI” "OBn EtO, 79% 2. 298, 62% Pl
295 296 297 299 298

Scheme 129Synthesis of alN-Cbz-ketimine.

In this synthesis, phenylethylamin9§) is protected with Cbz-chloride296). Protected
amine297 is deprotonated withBuLi and oxidized withN-tert-butyl benzenesulfinimidoyl

chloride 98 to yield the ketimin99in good overall yield.
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4. Results and discussion

4.4.2. Reaction scope and limitations

There were no further optimizations undertaken @apared to the Mannich reaction with
N-Boc-imines. The scope was evaluated with regattiree different imines and a variety of
different carbonyl functions (Table 15). The abs®lconfiguration has been assigned in anal-

ogy to the absolute configuration of tNeBoc protected products.

Table 15 Substrate scope for the Mannich reactioN&Ebz-imines

O O
L i L
N O/\© . HJ\H 20 mol% (S)-Proline ©ﬂo NH O
I
1) 2 CH5CN, 0 C or RT, 1
R R 12-24 h R)\CU\H
294 (2 equiv) 300 R
Entry Product Yield dr er
0
©AO)J\NH 0
1 QJIJ\H 57% 49:1 90.5:9.5
300a
o)
©AOJ\NH 0
2 H 57% 19:1 >08:2
300b
o)
©/\OJ\NH 0
3 ©/’\HJ\H 33% 14:1 89:11
300c
O

©/\OJ\NH o)
42 H 49% 8.8:1 >09:1
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Entry Product Yield dr er

©AO)J\NH 0
5 H 57% 39:1 >99:1
OTBS

©/\OJ\NH o)

6 /©/'Ij\|_| 81% 29:1 91.7:8.3
©/\OJ\NH o)

7 H 94% 19:1 >99:1

©AOJ\NH o)
g° /@JILH 54% 5:1 88:12
FaC
©AOJ\NH o)
o° H 69% 7:1 97:3

©AOJ\NH o)
107 ©/'\)‘\ 55% - 96:4

300j

a) Yield and er determined aftersitu reduction with NaBht b) reaction run at 15 °C for 48 h; c) reaction ru
at RT; d) reaction run in acetone.
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Different aldehydes could be employed in this reactgiving products of very high to excel-
lent diastereomeric and optical purity, with thelgls being somewhat lower as compared to
the Mannich reaction dfl-Boc-imines (Table 15, entries 1-5). Some produase epimeriz-
ing during column chromatography and therefore toalde reduced to the corresponding al-
cohols before the workup (entries 3 & 4).

It was further possible to show the use of election (entries 6 & 7) as well as electron-poor
aromatic imines (entries 8 & 9). The yields werarfd to be better for the electron rich im-
ines. The reactivity of the electron-poor iminesvi@und to be reduced and the reactions had

to be run at room temperature.

Ketimine299was investigated as potential substrate for theriitd reaction (Table 16).

Table 16 Attempts at reacting aN-Cbhz-ketimine

X X
cat. 263
Lo Lm0 0
CH4CN, H o =N
temp
299 166 179
(2 equiv)
Entry Temper- Catalyst Reaction y,q14 er
ature time
1 RT 50 mol%63 46 h n.d. n.d.
2 40 °C 30 mol%263 26 h n.d. n.d.
3 RT 20 mol%l79 19h n.d. n.d.

However, it was found that proline could not adivéhe ketimine at room temperature (en-
try 1) even at higher than usual catalyst loadarg] an increase in the temperature lead to
unidentified side reactions, but not to the forrmatof any desired product (entry 2). Tetra-
zole-derivativel 79 was investigated as a potentially more activelysitalue to its better so-
lubility, but the major product in this case was ttonversion to the enamide corresponding to

299(entry 3), and the desired prod@€tl was not observed in any case.
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4.4.3. Discussion

The products of the Mannich reaction fCbz-imines were typically also precipitating at
least during the aqueous workup and are stablstatlije compounds. However, unlike in
the corresponding reactions fBoc-imines, simple filtration and washing was naffisient

to isolate the pure products, and column chromaggc purification was necessary. This is
due to the lower amount of product formation, whatlows for the appearance of side prod-
ucts, but also due to the different solubility loé tbenzoyl carbamate formed through hydroly-
sis which has to be removed.

The reaction of294a with propionaldehyde was previously reported ®§rdova™>* who
found that treating the imine with propionaldehydeDMF at 4 °C gave800cin an enanti-
omeric ratio of 86:14 and a diastereomeric ratid:@f The results of the study presented here
suggest that the reaction is in fact of higher tei@oselectivity, but product epimerization
occurs during column chromatography, as the drdaduring this study was 14:1 aftersitu
reduction, but was considerably lower when theasoh of 300cwas attempted by chroma-
tography. This instability of some products madedtessary to reduce themsitu before
attempting workup and chromatographical purificati®On a larger scale this can possibly be
circumvented by the use of crystallization for fination.

The yields were found to be lower as compared ¢octirresponding reactions wit-Boc-
imines, but were still good to very good in almaltcases. This is probably due to a higher
rate of decomposition of the starting material.

It was also observed that the optical purity isinall cases as good as for tRéBoc-imines.
While several aldehydes, both bulky as well as 1ongin aliphatic aldehydes, gave almost
perfect enantiomeric ratiof;substituted isovaleraldehyde as well as the spralbionalde-
hyde gave lower selectivities. The Cbz group senasrupt the transition state geometry in
contrast to the Boc group.

Extending the substrate scope to ketimines wasusadt found possible. Ketimines are ex-
pected to be much less reactive as compared tmiakels because of the steric interaction of
the enamine and the additional substituent on rtiee carbon atom in the transition state
(Scheme 130). The transition state geomeffisiown are based on the lowest energy states
in the calculations bBahmanyarandHouk on the reaction of thil-phenyl imine of acetal-
dehyde with acetone under proline cataly3is.
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O @)
Cbz. "N Chz. "N
N---h—o N---h—o
R2 J/ R2
TS-A TS-B

Scheme 130Transition states for aldiming@ $-A) and ketimine TS-B).

It was found that proline cannot activate the intm@ards the nucleophilic attack of the ena-
mine. Attempts at using the tetrazole derivativ® also proved not fruitful, because the ke-
timine has another reaction pathway under thesditons in tautomerizing to the corres-
ponding ene carbamate.

The Mannich reaction oN-Cbz-imines accepted the same substrates as thesponding
Mannich reaction oN-Boc-imines, albeit at sometimes reduced yield® 3électivities were
found to be very good with larger aldehyde donbtg,are somewhat lowered with small al-
dehydes. It can be seen as complementary to tkgaraf N-Boc-imines with regard to the

protecting group and its removal.

107



4. Results and discussion

4.5. Mannich reactions of N-Fmoc-imines

The last of the three most important carbamateeptiolg groups is the Fmoc group. It is or-
thogonal to the previously described Boc and Clongs in that it is cleaved under mild basic
conditions, but is able to withstand acidic cormfis that remove a Boc group as well as hy-
drogenolytic conditions that liberate Cbz-protecéednes. The chemistry &f-Fmoc-imines

in the Mannich reaction was therefore also explored

4.5.1. Synthesis of the starting materials

The synthesis oN-Fmoc-imines is also a two-step process. Due tanstability of the Fmoc
group under basic conditions, a different appra@cthis kind of imine was used, based on
the conversion of silanamines to carbamates thatimtaoduced bywiirthwein*’® The re-
quired silanamine802a- ¢ could be obtained in good to very good vyields digiothe reac-
tion of the corresponding aldehydes with lithiunxémethyldisilazane303 according to a

| 180

procedure described Iyart et al.™" (Scheme 131) and were purified by distillation.

O N/SiMeg
|
/©)J\H +  LiN(SiMe3), hex, 0 T - RT, 90 min /@A
R R
2523, 303 R =Ph 3023, 83%
257}, R = 4-MeGH,4 302b, 54%
252d, R = 4-CECgH4 302c, 69%

Scheme 131Preparation of the starting silanamines.

The silanamines were converted into the correspgnieimoc-protected iming69a- ¢ by
reaction with Fmoc chloride804). The compounds were purified by crystallizatiorgive

the products in acceptable yields (Scheme 132).
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IN/SiMfs aj\o .O — . le\o .O
. O 0CT-RT,20h /@2 O

R
3C2a, 304 R =Ph 26¢a, 65%
3C2b, R = 4-MeGH4 269D, n.d.
3C2c, R = 4-CECeH4 26Sc, 37%

Scheme 132Preparation of th&l-Fmoc-imines.

269bwas found to be very unstable and decomposed appkind of attempted purification
as well as upon storage <18 °C. The same instability was found for the 4tm&yphenyl

imine.

4.5.2. Reaction scope and limitations

The scope of the reaction was evaluated underdime onditions as for the previously re-
ported Mannich reactions (see chapter 4.2.3). Dukd instability of the electron-rich imines
this class of starting materials was not testedhasstarting materials could not be purified,
and no trustworthy data could therefore be expecié@ absolute configuration has been

assigned in analogy to the absolute configuratidheN-Boc protected products.

Table 17 Substrate scope of the Mannich reactiolNdfmoc-imines

Q _ . 0" NH O
20 mol% (S)-Proline
y A
R2 CH3CN, 0 T or RT, O )
14-22 h R
(2 equiv) 305
Entry Product Yield dr er

O QJIJ\H 61% 2.8:1 93:7
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Entry Product Yield dr er

2 O H 59% 2.2:1 84:16

305b

3 O ©/’\HJ\H 45% 2.5:1 >99:1

305c¢

42 O O H 67% n.d. 99:1
5° O H 61% 44:1 >99:1
OTBS

& O ] 579% 2.2:1 92:8

FsC
305f
O
O. OJ\NH o)
74e O ©/‘\)‘\ 38% - 93.5:6.5
305g

a) Yield and er determined aftersitu reduction with NaBlg b) yield of single isomer; ¢) reaction run at°ls
for 48 h; d) reaction run at RT; e) reaction rumagtone.
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The yields were good with various carbonyl compauedcept acetone (entry 7). A good
yield was also obtained for an electron deficienine (entry 6). The enantiomeric purity of
the products was better when bulkier aldehydes wseel, but was generally high to excel-
lent. However, the diastereomeric ratios were poaall cases except for theoxygenated
product305e(entry 5).

4.5.3. Discussion

The Mannich reaction oN-Fmoc-imines shows results similar to the reactiorNeCbz-
imines with regard to the yields and enantiomexicesses obtained. It was also observed that
larger donors lead to better enantioselectivitiesb(e 17, entries 4 & 5), with the difference
that hexanal reacted with lower selectivity. Thestmaronounced difference to the chemistry
of N-Boc- andN-Cbz-imines, however, is the very low diastereogeliég obtained in the
reaction ofN-Fmoc-imines.

Three explanations for the low diastereomeric satian be discussed. First, the diastereomer-
ic ratio can decrease during the reaction as dtresSepimerization. Epimerization occurred
during column chromatography 805candd, but the other products were found to be stable
on silica. Moreover, in all other Mannich reactiaesscribed so far, no epimerization took
place under the reaction conditions, so this istrikaly not responsible for the low dr in the
products.

A second possibility is the involvement Biimines. During the synthesis of the substrates it
was observed that sometimes another imine peakdei@eted by NMR, which is probably
from theZ-configured imineZ-imines have been studied in calculations regarthegransi-
tion states of Mannich reactions, but are usuatlyy gonsidered to be the dominant species
because the correspondiBgmines are more stable. Based on the resulth®ftawest ener-
gy transition states bioukin the reaction of th&lphenyl imine of acetaldehyde with ace-
tone (Scheme 133, left), the two transition statdéfer by only 1.6 kcal/mol and TS-Z is
therefore energetically accessibtélf the same concept is applied to the Fmoc-imaes it

is assumed that the energy difference is no bitgger in the calculated case, this can explain
an erosion of the dr if sufficierd-configured imine is present during the reactionh&ne
133, middle and right). The requir@imine would then have to be formed during the reac

tion by a nucleophilic mechanism.
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(e
Ph<
N N

age
H

E(el = 0.0 kcal/mol
TS-E1

O

Ph-
N—N

H

E;e = 1.6 kcal/mol
TS-Z

Scheme 133Plausible transition states far(TS-E1) andZ-imines {S-Z); left: calculations byHouk**? mid-
dle: corresponding transition state fd#=moc-imines; right: corresponding products.

The third possible explanation deals with the titeors states invoking aik-imine (Scheme

134).

Scheme 134 Plausible transition states

Houk.
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The relative energies are again referring to tlhetren of theN-phenyl imine of acetaldehyde
with acetone Houk found thatTS-E1 and TS-E2, in which the enamine double bond is
oriented away from cainti to the carboxylate, are lower in energy ti&E3 with the double
bond on the same side synto the carboxylate (Scheme 134, left row). It t@nassumed
that the corresponding transition stat-E6 for an aldehyde is even higher in energy because
of the steric interaction between the double bamdithe carboxylate, which does not occur in
the corresponding transition stat€S-E4 and TS-E5 (Scheme 134, middle row). In fact,
Hayashiand co-workers have calculated the differencenergy betweemnti andsyn con-
formations of the enamine of acetaldehyde withethylpyrrolidine to be 0.7 kcal/mdf®

The two predominant transition states should tloeecbeTS-E4 andTS-ES. To account for
the lower selectivity the steric interaction betweke Fmoc group and the substitueAtiR
transition statd S-E5 is assumed to be lower as compared to the Mamaaxttion ofN-Boc-
imines. This can also explain why a much higheweds found in the case of the sterically
more demanding TBS-etheBQ5¢, as this would increase the unfavorable inteoacte-
tween R and the Fmoc protecting group.

During the characterization of the products thestexice of rotamers was observed, which do
not interconvert on the NMR timescale at room terapge and give two sets of signals
(Scheme 135). This was also found for compowtelsd andk with a Boc group an800e

with a Cbz group, respectively.

R
O

R)J\H

T S

syn anti
R = (9H-fluoren-9-yl)methyl

Scheme 135Rotamers 0805a

At 333 K the rotamers were interchangeable and onky set of signals was observed in

NMR measurements (Scheme 136).
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Scheme 136NMR spectra o805ain CDCk. Top: measured at 293 K (500 MHz); bottom: meadate333 K

(300 MHz).

The Mannich reaction dl-Fmoc-imines was found to be less rewarding tharptegiously

discussed Mannich reactionsfBoc- andN-Cbz-imines. Although precipitation occurs dur-

ing the reaction, the collection of the pure prdduas not possible by simple filtration. This

is due to the formation of the Fmoc-carbamate whasults from the hydrolysis of the start-

ing material and has to be removed by chromatograpimethods.
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Moreover, the reaction yields mixtures of diastesemers which are usually difficult to sepa-
rate and sometimes required two or more columnk wdatferent eluents for purification.
While the yields obtained are good, they are khlter than in the comparable reaction with
N-Boc imines. Nonetheless, the Fmoc protected amilebgdes may well serve as building
blocks in synthesis, and separation of the diasieees will not necessarily be difficult at a
later stage in a desired synthesis. In additioth#d, B-amino acids derived from these prod-
ucts are especially valuable for solid phase swishdor example of peptides, because the

reactions can be monitored by following the UV-absion of the Fmoc-group.
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4.6. Mannich reactions of an N-benzoyl-imine

The benzoyl group is an example for a non-carbagiatep and was chosen to investigate if
the Mannich reaction also works with an amide stuEsit on nitrogen. Its cleavage requires
much harsher acidic conditions for removal thanBbe group, such as refluxing 6N HCI or
HBr in acetic acid?® It is also more electrophilic compared to the eathtes.

Furthermore, the reaction of tiebenzoyl-imine of benzaldehyde with a suitably pcigtd

a-hydroxyaldehyde offers a direct approach to tde shain of paclitaxel (taxol).

4.6.1. Synthesis of the starting material

N-benzylidenebenzamid806 was synthesized in the same reaction sequencesasiltbd
before (chapter 4.5.1) for the synthesis offheémoc-imines from benzaldehyde in very good
yields and could be purified by bulb-to-bulb distiion (Scheme 137).

0 0
O N/TMS C|)‘\©
LiN(SiMe3), I IN
3 Hex, 0 C - RT, CHCl3, 0 T - RT,
90 min, 83% 11 h, 85%

252a 302a 306

Scheme 137Synthesis oN-benzylidenebenzamick06.

4.6.2. Optimization of the reaction conditions

The major factor to be investigated in the Mannmidction ofN-benzylidenebenzamid&8Q6)
was the reaction temperature. It was found thaf\Hbenzoyl-imine reacted very slow at re-
duced temperatures, which is in accordance witlobservations for electron-poor imines in
the previously described reactions. Moreover, it lba hydrolyzed to benzaldehyde or poten-
tially react with itself under inclusion of one reolle of water in an acid-catalyzed process
(see chapter 4.6.4). The latter could be avoidestibyng the starting materials over base for
10 min prior to use.

In the model reactioiN-benzylidenebenzamid&)6 was reacted with isovaleraldehydks€)

to yield 307a Several temperatures where investigated andeihetion progress monitored
by NMR (Table 18).
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Table 18 Optimization of temperature and reaction time

0 o}
0 P
|N . H 20 mol% (S)-Proline Ph NH O
©) CD3CN, temp, time H
306 166 307a
(2 equiv)
Entry Temper- Re.actlon dr Resylf?
ature time
1 0°C 78 h n.d. ~ 70% conversion, decompositiartisg
2 10 °C 52 h n.d. ~ 90% conversion, decompositiarting
3 21 °C 19h 3.4:1 full conversion
4 30 °C 7.5h 2.2:1 full conversion

a) Determined by NMR; b) decomposition refersii® acid-catalyzed process becoming observable.Dezo
sition to yield benzaldehyde can be seen from dggriming of the reaction.

The reaction was found to be sluggish at 0 °C d@h8CL(Table 18, entries 1 & 2). The start-
ing material was never consumed completely, arat #free and two days, respectively, the
decomposition of the starting material to the dimeas observed, probably due to oxidation
of the formed benzaldehyde to benzoic acid, whientcatalyzed the other decomposition
pathway.

Raising the temperature to 21 °C led to an accéptaaction time. It was even shorter at
30 °C, yet at the cost of lower diastereoselegtiaitd an approximate 1:1 rate of product to
benzaldehyde (entries 3 & 4).
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4.6.3. Reaction scope and limitations

A number of aldehydes were investigated as domorthé reaction witl306 (Table 19).

Table 19 Substrate scope

o O
o 20 mol% (S)-Proline Ph)I\NH 0
II\I . HJ\RZ or (R)-Proline
©) Rl CH3CN, 21 T, WRZ
12-40 h R
306 (2 equiv) 307
Entry Product Yield dr er
O
Ph)J\NH (@]
1 H 73% 3.4:1 93.7
307a
(e}
Ph)]\NH (@]
2 H 69% 2.8:1 98.8:1.2
307b
O
Ph)J\NH O
3 ©/H/U\H 67% 3.5:1 >909:1
307c
O
Ph)J\NH O

42 O H 54% 2:1 98:2
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Entry Product Yield dr er

5 S H 579% 5:1 98:2
OTBS

6° 47% — 76:24

307f

a) Yield and er determined aftersitu reduction with NaBht b) yield of single isomer; c) reaction run in ace
tone.

The vyields for the Mannich reaction were found &éodood in all cases. Due to the higher
reaction temperature, the diastereoselectivitieevi@wv, with the best being 5:1 for TBS-
protecteda-hydroxy acetaldehyde8Q7¢ entry 5), a result that was also found for thenMa
nich reaction of the correspondifgtFmoc-imines. Isovaleraldehyde was found to give a
slightly lower er compared to the other aldehyadsich gave excellent results. Unlike in all
previously reported cases, however, acetone waglftaibe a rather unselective nucleophile,

leading to the lowest er observed in the wholeystud

4.6.4. Discussion

N-benzylidenebenzamid&06 was found to be less stable under the reactioditons than

the N-Boc-imines and was hydrolyzed faster, which accodmt the lower yields obtained in
the reactions. It was also found that it is abshubhecessary to work in acid-free conditions,
as the starting material quickly decomposes incioh-@atalyzed process. Based on mass spec-
trometric and NMR measurement3)8 is suggested as the potential, undesired product,
which could be formed according to the mechanisrergbelow (Scheme 138).
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j)\ 0 0 0
N~ ~Ph [H'] HN”~ ~Ph H] Ph)J\NH HNJ\Ph
! H,0 306
- OH - 0
306

Scheme 138Decomposition produ@&08 and proposed mechanism for its formation.

This decomposition was sometimes even observedtddbp use of freshly distilled or pre-
pared starting materials. A simple and reliablehaétto circumvent this problem was there-
fore needed. It turned out that this side reactionld be completely suppressed when solu-
tions of the starting compounds where stirred d¢g20O; for 10 min immediately prior to

use.

In many cases, the Mannich product precipitatethftioe reaction mixture or upon treatment
with water. However, it was not possible to isoltte pure products, as the precipitate con-
tained mixtures ofynandanti products as well as benzamide formed during tliediysis of

the starting material. Column chromatography wasettore necessary to obtain the pure
products. The products were stable to chromatograplrification with the exception of
307d, which had to be reduced to the aldehyde to ptegpimerization. The reaction ac-
cepted the same nucleophiles as did the previgeglyrted Mannich reactions and gave the
corresponding products in good yields and typicedlyy good enantioselectivities, but at low
diastereoselectivities. This is due to the higleaction temperatures required to overcome the

lower reactivity of the imine.
It was possible to obtain crystals suitable foray-diffraction measurements by slow diffu-

sion of pentane into a solution 807ein dichloromethane at 8 °C. The measurement con-
firmed the preference for tlsynproduct in the Mannich reaction (Scheme 139).
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Scheme 139Crystal structure 0807eshowing the relative geometry. The absolute caméition is assigned
arbitrarily.

The use of arN-benzoyl-imine shows that not only carbamate-pret&dmines are viable
substrates for the proline-catalyzed Mannich reasti but also amide-based protecting
groups are suitable. It was shown that a more relectemanding protecting group is also
lowering the reactivity of the imine in this kindl i@action. The removal of the benzoyl group
from nitrogen requires harsher conditions than tfiahe Boc group, which will likely make
it less useful in the synthesis [dfmino acids, but allows for the direct introduntiof a stur-
dy protecting group early on in any synthesis usikigenzoyl Mannich products as chiral
building blocks. The synthesis of paclitaxel desed in the following chapter will illustrate

this point.

4.6.5. Semisynthesis of paclitaxel

To demonstrate the use of the Mannich reactioN-benzylidenebenzamid&06 as the key
step in a semisynthesis of paclitaxel it was detitte prepare key intermediaB®9 of the
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paclitaxel-synthesis from 7-TES-baccatin IIB10)) developed byGreene and Guéritte-
Voegeleirin 1988 (Scheme 146!

_SiEt;
X
DMAP (2 equiv)
Ph™ "NH O DPC (6 equiv) O
Y O ta, 73
()T W 100 h
(6 equiv)
309 310 311

Scheme 140Synthesis of protected paclitaxel-precur8bi from acid309 and 7-TES-baccatin 111310) devel-
oped byGreeneandGuéritte-Voegelein.

It was envisioned to install the correct absoluégechemistry 0809 via an organocatalytic
Mannich reaction according to the scheme below€8eh141).

M i 0
;jJ\OH N ) + Hk“
o ©f© o

309 312

Scheme 141Retrosynthetic analysis 8D9.

The synthesis of paclitaxel began with the seaochaf suitable method to produce the re-
quired aldehyd@12through ozonolysig§Scheme 142). This aldehyde should already have the
proper ethoxyethyl (EE) protecting group at thexygen.

R o}

HJ\H 1) 03, HJ\H
2) PPhg
o. O —_ o.__0O
Y oo e [ ]
312
Scheme 1420utline for the preparation Gfl2

The different reactions tried are shown in theddidlow (Table 20). Several allylic alcohols
were tested in the addition reaction to ethylvityde @13 or a substitution on
1,1-diethoxyethane3(4).
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Table 20 Reagents and conditions tried for the syntheflsexaldehyde precursor

Entry Reagents CatalystR?i?r(]:gon Conditions Yield
o
_~_OH .
1 ~ ) CoChb | 18h | DCM.RT| 2%
315 313
o)
Pha~_OH .
2 W W CoCb 18 h CHCN, RT 0%
316 313
EtO_ _OEt
Ph ~_OH .
3 \r HCI 6 h neat, 110 °C 0%
316 314
/‘/\/OH o
4 o " W W TFA 3h neat, RT 93%
317 313
/‘/\/OH o
5 HO " W 7 p-TsOH 3h neat, RT 80%

The reactions of both allylic alcohdBX5 and cinnamyl alcohol3(6) with ethylvinylether
(313 or 1,1-diethoxyethane3{4) were found to be low yielding under CeGind HCI-
catalysis (Table 20, entries 1-8)s-1,4-Butendiol 817), however, was found to give the de-
sired double-protected product in high yield undeth TFA as well ap-TsOH-catalysis.
TFA proved to be superior, @TsOH presumably also catalyzed the polymerizatibthe
starting materials and the solution was coloreérdfte reaction.

1) Og,

With a high yielding synthesis for a suitable pmsow in hand the ozonolysis was undertaken
_QPPhy
S e 2 o
DCM, -78 T,

next (Scheme 143).
O
-
0
12 h, 74% f T

318 312

Scheme 1430zonolysis 0318to give required aldehyd12

The ozonolysis of protected alcol818 proceeded smoothly a78 °C, and the desired alde-
hyde was formed by addition of triphenylphosphiaA&er warming to room temperature and

removal of the solvent the aldehyde was obtaineditsct distillation from the reaction ves-
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sel in a yield of 55% or by column chromatograpmy 4%. The lower yield in the distillation
may be due to the precipitation of triphenylphosphwith ongoing removal d312 which
possibly trapped some of the product. This readsoperfectly atom-economic with respect
to the starting olefin.

312 was found to be rather unstable and even storaderwargon and at78 °C did not en-
sure a long lifetime. It is therefore more convehito store318 and prepare the aldehyde
freshly prior to use.

The optimal conditions to perform the key step he tlesigned synthesis were determined

with regard to temperature, catalyst loading, aibs of the reactants (Table 21).

Table 21 Conditions for the key step converti@g6to 319

o) (@]

N o _ Ph)J\NH o)
| N HJ\H X mol% rac-Proline =
(@) (0] CD3CN, 30 T, time E H
Y o o0

T

306 312 319
(y equiv)

Entry Catalyst Equiv312 Reaction time Yield
1 5 mol% 2 8 17%
2 10 mol% 2 8 41%
3 15 mol% 2 8 49%
4 20 mol% 2 6 51%
5 30 mol% 2 6 48%
6 40 mol% 2 6 39%
7 20 mol% 0.8 10 40%
8 20 mol% 1.0 10 45%
9 20 mol% 1.5 7 47%
10 20 mol% 4 6 47%
11 20 mol% 6 6 38%

a) Determined by NMR. Yields refer to the combimeethyl epimers of the desirsginproduct.
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The reaction was found to proceed sluggish at 20bUE fast enough when the temperature
was increased to 30 °C. A maximum yield was founthwa catalyst loading of 20 mol%
while becoming lower when much less (entries 1 &2Jnuch more catalyst was employed
(entry 6). It was also established that the bestltevas obtained when two equivalents of
aldehyde were used. Lower yields with higher amewfitaldehyde are possibly due to a pa-
rasitic equilibrium between proline and the aldehighding to oxazolidinoné&?

Under the optimal conditions (entry 4) and usiRyjigroline as the catalys319was obtained
as an approximately one to one mixture of methiyheps with asyrfanti ratio of 8:1 which is
consistent with the previous observation that bualdehydes give better diastereoselectivity.
The synandanti isomers could be separated by column chromatograptythe desiredyn
isomer was finally obtained in 52% vyield.

The oxidation 0f319to 309 was also tried under different conditions (Tak?®y. Zhe condi-
tions used previously to oxidize the Mannich prdduo protecte@-amino acids turned out
to be not suitable, as the product was not cletn tife workup (entry 1), and it was observed

that column chromatographical purification was posgsible due to the sensitivity 8399

Table 22 Oxidation of319to 309

- oxidant -
z H solvent, temp. z OH
o o OTO

319 309
Entry Oxidant Solvent (v/v) TZTJ?EGF Result

2-methyl-2-butene, o

1 NaClQ {BUOH, HO (1:1:1) 0°C product not clean
2-methyl-2-butene, o

2 NaClQ {BUOH, HO (5:1:1) 0°C product not clean

3 BAIB/ cat. TEMPO CHCN/H,O (1:1) RT product not clean

NaClQ,, cat. TEMPO, | aqueous buffer (pH o i
4 cat. NaClO 6.7) CHCN (5:3) | ! 77% yield

An increase in 2-methyl-2-butene to more effectivetavenge the sodium hypochlorite

formed during the reaction did not lead to a clegmeduct, and the same result was observed

for the BAIB/TEMPO system (entries 2 & 3). Finatlye mixture of sodium chlorite, sodium
125



4. Results and discussion

hypochlorite and TEMPO in an aqueous buffer as ritestt byZhao et af®® for the direct
oxidation of alcohols to carboxylic acids turned éw give the product in 77% vyield and
without significant loss of diastereoselectivity §20:1).

A major problem during this optimization study tedhout to be the sensitivity 809 as the
ethoxyethyl protecting group will be very easilgaled under acidic conditions. The workup
of 309, as with many acids prepared in a similar waypidasify the reaction medium and
extract all organic compounds with diethyl ethethe first step. It is then acidified to proto-
nate the acid and make it soluble in an organieesalfor a second extraction with ethyl ace-
tate. In the case @&09 this was the only means of purification possittiavas therefore ne-
cessary to control the pH-value very strictly dgrthe workup, a809is stable to a pH of 4.5,
but will very quickly be deprotected at a pH beldwThe acid was found to be so unstable
that it would even decompose when it was dissoinettutralized chloroform and the solvent
removed on a rotary evaporator at room temperature.

The deprotection d809, however, gave the opportunity to check the epargtric ratio of the
compound as well as its absolute configuratiorB2&was described byacobsert®* before

(Scheme 144).

Q O
Ph)]\NH 0 TEMPO (0.15 equiv) )J\

- NaClO, (3.3 equiv) Ph NH O
NaClO (drop) aq. workup, pH <4 =
T H
0.__0O buffer pH 6.7, RT, 2 h : OH

T T

319 320

Scheme 1440xidation andn situ deprotection to aci@20.

On this stage the er 820 was determined by HPLC to be 99.6:0.4 and by coisga of the
specific rotation measured f820 and the literature-known results the desired aftealonfi-
guration of the product was confirmefa]3® —26.9 [ = 0.22, EtOH]; Lit!*® [a]3® -35.9
[c= 0.565, EtOH]).

With 309in hand the coupling with suitably protected 7-Tiz&catin Il 810) could be un-
dertaken with dipyridin-2-yl carbonate (DPC) as tloeipling reagenB810was obtained from
Toronto Research Chemicals, Inc. (TRC). The reaottas conducted according to the pro-

cedure byGreeneandGuéritte-VoegeleifScheme 145)%
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SiEts
x
DMAP (2 equiv)
Ph™ "QH O DPC (6 equiv) O
p O to,73C
o) 110 h
T1 o
(6 equiv)
309 310 311

Scheme 145Coupling 0f309and310. DPC = dipyridin-2-yl carbonate.

After 110 h the reaction was worked up and 539X were recovered by column chroma-
tography.311 was not obtained very pure but was directly emgdbin the final step of the

synthesis, which was the deprotection of the hygrgrsoups in 7 and 2’ positions which
could be brought about in one step with dilutedrbgdloric acid in ethanol.

o HCI (0.5%) O
H B - EtOH, 0 T,
o.__0O OHF OAc 31h,
\( W 59% (2 steps)
O
311 321

Scheme 146Completion of the synthesis of paclitax@2().

The product was isolated by column chromatograpiayfarther purified by preparative scale
HPLC to give pure paclitaxel in 59% yield over tst@ps (based on 47% conversion in the

first step), which is slightly lower than the 71&ported byGreeneandGuéritte-Voegelein

Paclitaxel (taxol) was and is one of the provingumds for organic synthesis. Especially the
synthesis of the side chain has naturally receimadh attention, and some of the best catalyt-
ic asymmetric methods have been explored in itshggis. The synthesis kacobsenfor
example, relying on the asymmetric epoxidatiortisfcinnamic acid este8322, gives323in
56% vyield and with enantiomeric ratios from 97.5:2p to 98.5:1.5 (Scheme 148R0 is
obtained in 25% overall yield but needs to be mteie in an additional step to gige9%* 1#°
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. tBu But
B Lindlar-Pd __ (6 mol%)
EtO,C—=——Ph EtO,C Ph 4-PPNO (25 mol%)

NaOCI
322
& NH, O NH; O
yAN NHs 1. Ba(OH),
Eo,  Ph Ph/\;)J\NHz " Ph/\:)J\OH
tO, 2 2. HpS0, A
OH OH
323
X i
(0] Cl
Ph™ "NH O ( T Ph)J\ NH O
1. PhcOC /—\)J\ /'\)J\
T P o P o
OH OEE
320 309

Scheme 147Synthesis 0809 through Jacobsen asymmetric epoxidatf8@-PPNO = 4-phenylpyridine
N-oxide

In the patent ofSharplessregarding the asymmetric aminohydroxylation a roétfor the
synthesis of the paclitaxel side chain is descritsatheme 148

(0]
(DHQ),-PHAL
25 m<2>|%), TsNH O 1. HBr-HOAc h)J\
K,0s(OH)4 : 2. Amberlite 120 P NH O
(2.0 mol%), Ph” ™~ “OMe 3.PhcoCI /\)J\
o X CO2Me SH Ph™ " OH
TsNCINa (3 equiv) OH
324 320

Scheme 148Paclitaxel side chain synthesis using asymmatmmohydroxylation.

Key intermediate324 was obtained in only moderate enantiopurity and tharefore recrys-
tallized several times, which gave a total yieldarsfly 35% of a material having an er
>99.5:0.5.320 was therefore obtained in only 17.5% overall yitdl is still one step short of
a suitably protected acid.

In comparison to these results, the methodologeldged in this thesis yield309 in 28%
starting from benzaldehyde and with an enantionratio of 99.6:0.4 in a total of 6 steps.

As the manufacturing of paclitaxel is nowadays Has® fermentation and the side-chain pro-

duction for semisynthetic approaches accordingdation**" is firmly established, the metho-
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dology described in our synthesis will likely n@ve a great impact on the production of the
drug. It does, however, show the potential of thethmd and also organocatalysis in the
whole. Together with the baccatin Ill and paclifaketal synthesis oDanishefsky® in
which the complete stereochemistry of the bacdéiticore of the molecule is based on the
Wieland-Miescher-ketone (which is produced thropgbline catalysis), our organocatalytic
asymmetric synthesis of the paclitaxel side chhows that all the stereochemistry in such a
complex molecule can be derived from as simpletayst as proline.
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5.  Summary

The palladium-catalyzed reaction of aryl and vihglides withao,-unsaturated aldehydes or
their respective precursors was initially studiathwegard to the most promising reactions. It
was possible to identify the Stille coupling asoéeptial reaction for development, and a suit-
able tin-substituted aldehyde precursor was prepdree test reaction between aldehyde sur-
rogate 218 and 4-iodotoluene2(9) under catalysis of tetrakis-triphenylphosphindigpa
dium(0) gave the desired product, 3-(4-methylpheBybutenal 8), in 37% yield (Scheme

149).
6 mol% Pd(PPh3)4 (@)

O | Cul (0.1 equiv),
/ N CsF (2.6 equiv), A H
BusSn H
45, 2.5h, 37%

218 219 8

Scheme 149Stille coupling to yieldx,f-unsaturated aldehyde

Since218was found to be rather stable and could be stimreldnger times, the Stille coupl-
ing could have been developed into a method foaininty the desired products. However,
similar yields were obtained in the initial expeeints for the Heck reaction (Scheme 150). In

this case crotonaldehydé8j was directly arylated bg19.

Pd(OAC), (0.5 mol%), @)
O | NaOAc (1.5 equiv), A
/\)J\ ; (nBU)4NBr (1 equiv), H
H
DMF, 66 C, 12 h,
48 219 35% 8

(1.1 equiv) (1.5 equiv)

Scheme 150Initial Heck reaction to yield,p-unsaturated aldehydes.

The Heck reaction has obvious advantages over tile &action since unmodified alde-
hydes can be used, and there are no toxic tinepeacvolved. It was therefore chosen for
further development.
After optimizing the reaction conditions, severgylaand vinyl bromides and iodides were
tested (Scheme 151).
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Pd(OACc);, (2 mol%),

O
O X NaOAc (1.5 equiv), /\)\)J\
M . /\f (nBu)aNCI (1 equiv), XN Xy
H CooLd L J
~ NMP, 90 C, AV
48 45 min - 75 min
40% - 92%
(2 equiv) 20 examples

Scheme 151Substrate scope of the Heck reaction of crotatglde.

The reaction was found to give the desired product®od to very good yields ranging from
40% to 92%, usually as thermodynamic mixture€ofand Z-isomers. It tolerates aryl and
vinyl halides. Strongly electron-deficient arenesr&found to be unsuitable for the reaction.

It was next evaluated with regard to different algies and again the products were obtained
in good to high yields of 52% to 80% (Scheme 152).

Pd(OAC)5 (2 mol%), R @]
O | NaOAc (1.5 equiv), .
SN, /O/ (BN (1 equiv), H
MeO NMPZ 90 C, MeO
. 75 min, 52% - 80%
(2 equiv) 4 examples

Scheme 152Different aldehydes in the Heck reaction.

With the newly developed reaction a practical agion was undertaken. Florhydt4242),

a saturated aldehyde serving as a fragrance, weasopsly synthesized in an enantiopure
fashion in poor yields in seven step syntheses.|l&imng the newly discovered Heck reaction
and the previously developed reductiornugf-unsaturated aldehydésit was possible to cut
the synthesis to only two steps and obtain a goeld pf 39% of a highly enantiopure prod-
uct (Scheme 153).

Br 0] Pd(OAc), (2 mol%)
n (nBug)NCI, NaOAc
| H NMP, 90 °C,
75 min, 65%
48
(2 equiv)

Scheme 153Synthesis of Florhydrél

S TRIP-morpholine
H' HEH (1.1 equiv) H

1,4-dioxane, 40 °C,
27 h, 60%, er 99:1

227¢ 242

This short synthesis also demonstrates the spdéduiich chemical sciences evolve; a mere

five years lay between the aforementioned longhsgis and the one presented here.
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The second part of this thesis concerned the deredat of an asymmetric Mannich reaction
betweenN-Boc and related imines and unmodified aldehyddsetones. It could quickly be
established that proline was a viable catalystHerreaction (Scheme 154).

I
) CH3CN, 0 T or RT,
8-12 h, 20% - 91%

13 examples R2

(0] o @]
NJ]\OJ< N HJ\R?’ 20 mol% (S)-Proline >‘\O)J\NH o
2
R R
(2 equiv)

Scheme 154Mannich reaction oN-Boc-imines and unmodified aldehydes or ketonedyzgd by proline.

With the exception of very demanding substrates &kphatic imines, the yields for the ex-
pectedsynamino carbonyl compounds were found to be gooctty kigh. Moreover, in most
cases the desired product precipitated during é¢betion or upon treatment with water, and
could be collected by filtration without the need &dditional purification. The products were
also obtained in very high optical and diastereaer@urity of up to >99:1.

The benefit of the Boc group as compared to thevknBMP-protecting group was shown by
a high-yielding two step transformation of the Mafnproduct into #**amino acid by oxi-
dation and deprotection (Scheme 155).

@)
>‘\ S 1. NaH,PO4 (2 equiv), TFA* NH, O
(@) NH O 2-methyl-2-butene (10 equiv),

NaCIO2 (2 equiv), 96% OH
H
2. TFA,
DCM, 0 T - RT, 97%

255a 262TFA

Scheme 155Transformation of th&l-Boc aminoaldehyde to the amino acid salt.

Based on the chemistry df-Boc-imines with unmodified aldehydes the use otadehyde
was explored. It turned out that this aldehyde dalso be used as donor with a variety of
substrates. Moderate to good yields from 23% to ¥83e realized and the products were

again obtained in excellent optical purity of up>0:1 (Scheme 156).

O J< >I\ O
NJI\O )(J)\ 20 mol% (S)-Proline O)J\NH o)

| +
Rl) H CH3CN, 0 C or RT, Rl H
. 3-4h, 23% - 58%
(5-10 equiv) 8 examples

Scheme 156First organocatalyzed Mannich reaction of acetajdie.
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Together with the work ofHayashi*®*

on the aldol reaction of acetaldehyde the resbts
tained during the research for this thesis showiiteeuse of acetaldehyde as donor in a con-

trolled addition reaction leading to high opticadluction with good yields.

Apart from the Boc-group several other protectingugs could be usetN-Cbz-imines were
found to generally give good to high yields betw88f6 and 94%, and also optical purity and
diastereoselectivity were usually high with diasteaneric ratios ranging from 5:1 to 49:1 and

enantiomeric ratios from 88:12 to >99:1 (Scheme)157

0 O
lNJJ\O/\© N HJ\R:J, 20 mol% (S)-Proline ©/\O)J\NH 0
Rl) R2 CH3CN, 0 <Cor RT, Rl)\‘/U\R3

12-24 h, 33% - 94%

(2 equiv) 10 examples R2

Scheme 157Mannich reaction olN-Cbz-imines and unmodified aldehydes catalyzed bijine.

The third carbamate protecting group of generalisisee Fmoc grougN-Fmoc-imines were
next investigated for the Mannich reaction. Underilar conditions as before the reaction
proceeded with moderate to good yields of 38% - &% with high enantioselectivity of
84:16 to >99:1, but the diastereoselectivity, whighs usually around 2.5:1, was very low as

compared to the other carbamate protecting grdbgiseime 158).

O O
HJ\RQ) 20 mol% (S)-Proline O. O)J\NH 0
R2 CH3CN, 0 C or RT, Rl R3
14-22 h, 38% - 67% O
(2 equiv) 7 examples Rz

Scheme 158Mannich reaction oN-Fmoc-imines and unmodified aldehydes catalyzedrbiine.

Moreover, in some cases it was difficult to sepathe mixture of isomers.

Finally, the Mannich reaction of aN-Bz-imine was developed, a protecting group of the
amide type. It was found that the imine was lesstree than the corresponding carbamate-
protected imines, and higher reaction temperathaesto be used. The yields were good to
high (47% - 73%) with typically high optical pues (er in almost all cases >93:7), but higher
temperature was found to be detrimental for thatdr@oselectivity, and the diastereomeric
ratios range from 2:1 to 5:1 (Scheme 159).
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O
P
Rl

(2 equiv)

dN*@

O
20 mol% (S)-Proline )]\
or (R)-Proline Ph NH O
CH3CN, 21 <, R2
12-40 h, 47% - 73%
6 examples Rl

Scheme 159Mannich reaction of aN-Bz-imine and unmodified aldehydes catalyzed byipeol

The utility of the last reaction was shown whewits employed as the key step in a semisyn-

thesis of paclitaxel321). A protected and esterification-ready paclitagiele chain can be

obtained by oxidation a819, which is in turn available from a Mannich reaatiof 306 and

312in a yield of 52% of the major isomer and with elient enantiopurity of >99:1 (Scheme

160).

O
N
l )b ) HJ\H
Y
306 312
(2 equiv)

319 ——

20 mol% (R)-Proline

CH3CN, 30 C,6h

"side chain"

321

Scheme 160Semisynthesis of paclitaxe3Z1) with a Mannich key step.

This approach compares very well to establishelds$ical” methods of asymmetric cataly-

sis, such as the Sharpless asymmetric aminohydowylor the Jacobsen epoxidation, which

have both previously been used to obtain the sidenaf paclitaxel.

Parts of the results presented in this thesis hiready been publishéd® 1°8: 166 189
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6. Outlook

6.1. Heck reactions of crotonaldehyde

There are two major problems unsolved for thistieacthe lowE/Z ratios and the inability
to use electron-deficient arenes. THE ratios did not pose a problem for the intendedaise
the products as starting materials for asymmaetriganocatalytic transfer hydrogenations, as
they are enantioconvergent. While the reaction evagnally developed to give quick access
to such starting materials in high yields, it ismdesirable to find ways to selectively obtain
one isomer.

A possible starting point has already been mentioni¢h the use of the conditions employed
by Li,"** which are themselves modified conditionsfermant® The use of silver or thal-
lium salts, for example, is known to prevent theslof chirality in asymmetric Heck reactions
due to their ability to suppress the re-insertiérthe reaction products into the palladium-
hydride bond?® If this re-insertion is causing the erosion ofnimgic excess, an addition of
silver or thallium salts may circumvent this proble

[P,
additives,

/\)}\ . RX suitable base J\)(J)\
H RTN"h

Scheme 161General scheme for development of the Heck reacti

Since the conversion in the arylation of crotonhiake was low wheli’'s conditions were
employed, it would be necessary to find suitabladitions, for example by using phase-

transfer-catalysts, to again achieve good convessamd high yields.

No good solution is currently at hand for the sec@moblem, the inability to efficiently
couple electron-deficient arenes under the conditiscreened. The Ullmann coupling is
known to proceed under palladium catalysis, andldeses described for 4-iodobenzene by
Dyker under very similar conditions to the ones giveretfer the Heck reactiol* From the
results obtained during the work on this thessegms that the Pd(ll)-species obtained after
the oxidative addition is much less reactive towactbtonaldehyde than the corresponding
ones from electron-rich arenes.

Future work in this area will therefore have tadfiout whether it is possible to couple these

intermediates with electron-richer or electron-mwoolefins and to draw conclusions from
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this. It will also be possible to use differentdigls on palladium to tune the electronic proper-

ties of the intermediate.

6.2. Mannich reactions of N-Boc and related imines

One of the main drawbacks of the organocatalyzednith reaction ofN-Boc and related
imines is the necessity to synthesize the starnaterials in two steps. While this sequence
usually allows for good yields of the starting niatks and is usable on a multigram scale, it is

nonetheless desirable to develop a one-step pidiecheme 162).

0
J
j\ ’ HZN)OJ\OJ< : )'N OJ<

R” "H H20

Scheme 1620ne-step synthesis of Boc-imines.

Ideally and in the most atom-economic manner tbaction will, in a condensation reaction
of the aldehyde and Boc-carbamate, release theein@dne problem in this case is that the
carbamate is not very nucleophilic, which requittes aldehyde to be activated by an acid.
The other problem is that the carbamate may alsa@kathe imine as a nucleophile. During
the course of this thesis, some acids were screé¢neas shown that the activation of the
imine by an acid was necessary to activate it tdwaucleophilic attack. A careful screening
of acids of different pKa-values may enable thedgale formation of the imine, and concur-
rent removal of the formed water should drive th&ction to completion.

Another possibility is the synthesis of a HMDS-ammple compound with one silyl- and one
Boc group 825). It could then be lithiated and used in a simiéshion as LIHMDS to gener-
ate imines directly from the corresponding aldelsy(Bcheme 163).

O
O 0 I o )<
T'V'S\,T,J\Ok . TMS\NJ\OJ< _t NJ\O
H Li R
325

? 1L
TMS\’I\IJ\OJ< — N
VS -TMS,0 j
326

Scheme 163Synthesis of Boc-imineda 325and326
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The same reaction would also be possible @26 While this is not the perfect solution, it
would at least eliminate the necessity to prepagestlfones for every single aldehyde.
Another option could be the use#Boc-protected amines, many of which are commeiciall

available. If suitable conditions can be found,caidation would lead to the desirédBoc-

imine (Scheme 164).
0 0
H)NJLOJ< Xk

Scheme 164Possible route to iminaga oxidation.

The reaction could be explored using anodic oxahati

On the side of the Mannich reaction it is desirablénd better conditions for the use of ali-
phatic imines. These imines may undergo tautom@izao the corresponding enamides,
which is unreactive under the conditions descril#e@lausible solution would be the use of

additional acid to equilibrate enamide and iminerfe (Scheme 165).

0
HNj\OJ< - |Nj\0)< ﬁH >‘\Oj\ NH O
o S

Scheme 165Enamide-imine equilibrium.

This could also be brought about when using praliexvatives that are stronger acids.

Another possibility to obtain higher yields withgdlatic imines is to prepare thamsitu.
_ - o)

HNj)\OJ< |N)OJ\OJ< ﬁH >‘\O)(J)\NH o)
AR e

R R R R’

Scheme 166In situ preparation of aliphatic imines.

145 and later byMelchiorre %2

Thein situ formation of imines has been describedO®ng
where the latter states that aliphatic imines rgacy slowly under the conditions employed.

The problem here lies with the need to employ besiitions for the imine formation and
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an acidic catalyst to activate the imine. A possgmlution to this could be the use of a Lewis-
acidic instead of a Brgnsted acidic catalyst.

This thesis dealt with methods to fof+ andp%*-aminocarbonyl compounds. It was so far
not possible to use t¥-Boc-imine of formaldehyde, even though the preauvsas synthe-
sized. In this case it might also be possible t&arthe reaction work witin situ generation

of the imine, as the failure to obtain the prodwsddar is likely due to the high reactivity of

the imine which prevented its isolation (Scheme)167
_ - 0

j\o)< j)\oj< ﬁH >‘\Oj)\NH 0
HJ\X HJ\H - KA/U\H

R'

Scheme 167In situ generation of formaldehyde-derived imine and Mahmeaction.

Another interesting development would be the Mammeaction with ketimines. The problem
of the imine-enamide tautomerism could be solvedralogy to the problem described for

aliphatic imines if a suitable catalyst for the #iguation is available (Scheme 168).

Scheme 168Mannich reaction with ketimines.

This reaction could probably be catalyzed by a daatiobn of a strong acid and a chiral sec-

ondary amine of the type used Igrgenser{see Scheme 72).

Finally, an important extension would be the use-amino aldehydes as donors. This reac-
tion would give direct access to 1,2 diamino comqutsu The use of a Cbz-protected amino
aldehyde failed, but it is possible to use difféngrotecting groups, for example phthalimide

327, or a different source of nitrogen such as a3i2in this reaction (Scheme 169).
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327 328

Scheme 169Potential nitrogen-containing donors.
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7.1. General experimental conditions

Solvents and reagents

All solvents were purified by distillation beforesei following standard procedurégsolute
diethyl ether, tetrahydrofuran and toluene weraioled by distilling over sodium, using ben-
zophenone as indicator. Absolute chloroform andhldromethane were obtained by distilla-
tion over calcium hydride. Ethanaso-propanol and methanol were dried by distilling ove
magnesiumN-Methylpyrrolidine was commercially available andedsas received. Acetoni-
trile was refluxed over a 60% suspension of sodnyadride in mineral oil for 10 min, distill-
ed, refluxed over phosphorous(V)-oxide for 10 mird alistilled again. Acetaldehyde was
freshly distilled prior to use. Other commerciahgents were obtained from various sources

and used as received unless indicated otherwise.

Inert gas atmosphere
Air and moisture-sensitive reactions were conducteder an argon atmosphere. Argon was
obtained fromAir Liquide with higher than 99.5% purity.

Thin layer chromatography (TLC)

Materials:Macherey-NageMN POLYGRAM Sil G/UV,s,4 plates (0.20 mm thickness). The
spots were visualized with UV-lighk & 254 nm) and/or by staining with vanillin, ancsed
hyde, or bromocresol green.

Preparative scale TLC was conducted Macherey-Nagebglass plates with a thickness of
0.25, 1, or 2 mm silica gel, respectively.

Flash column chromatography

Materials: Silicagel 60Merck60 A, 230-400 mesh 0.040-0.063 mm). Separations witner
performed at slightly elevated pressure in a gtademn or using the automated Sepacore
Flash system fromBuchi consisting of fraction collector C-660, UV-photetar C-635, and
pump module C-605.

Gas chromatography (GC)
Gas chromatography was conducted withAayilent TechnologyGC 6890 N (Carrier gas:

helium or hydrogen) with flame ionization detectbtD) and a HP 6890 Series Injector, em-

143



7. Experimental part

ploying HP-5 (30 m, 0.25 mm ID, 0.28n film thickness) or MN Optinfa5 (30 m, 0.25 mm
ID, 0.25um film thickness) columns.

GC-MS-couplings were performed on Agilent TechnologC 6890 Series and MSD 5973
(Carrier gas: helium) with HP6890 Series Injecesnploying an MN Optima5 column. The
mass spectra were recorded withAayilent Technolog$973 Network MSD.

High performance liquid chromatography (HPLC)

Analytical HPLC was carried out onZhimadzu.C-2010C HPLC-system equipped with a
spectrophotometric detector or diode array. Coluemployed werdaicel Chiralpak AS-H
(0.46 cm x 25 cm), OD-H (0.46 cm x 25 cm), AD-H4®.cm x 25 cm) and IA
(0.46 cm x 25 cm). Commercial HPLC-grade solvergsavemployed.

Preparative scale HPLC was performed on a Shima@z8A/10A apparatus with SPD-10A
detector. The column was a 150 mm YMC, 20 mm irgtedhameter column packed with
YMC Pack ODS-A, 5 um.

All measurements were conducted at 20 °C.

Nuclear magnetic resonance spectroscopy (NMR)

Spectra were recorded @ruker DPX 300 {H: 300 MHz,**C: 75.5 MHz),Bruker AV 400
(*H: 400 MHz,**C: 100.8 MHz), and@ruker AV 500 (*H: 500 MHz,**C: 125 MHz) spectro-
meters. The spectra were recorded at room temperé®98 K) unless otherwise stated.
Chemical shifts for protons and carbons are reparteparts per million (ppm) relative to
tetramethylsilane as internal standard or to tisedtal signal of the NMR solvents (CRCI
Oy 7.26 ppmoc 77.16 ppm; CBCN: 64 1.94 ppmoc 118.26 ppm; DMSO+ 6y 2.50 ppm,
d¢c 39.52 ppm; CBOD: 6y 3.31 ppmpc 49.00 ppm; acetonesdy 2.05 ppmoc 29.84 ppm).
The coupling constantgl)(are reported in Hertz (Hz). The signals have bessigned using

1D and 2D experiments.

Mass spectrometry (MS)

Mass spectra were measured on a Finnigan MAT 8200ey) or MAT 8400 (70 eV) by
electron ionization, chemical ionization, of fagtra/ion bombardment techniques. High reso-
lution masses were determined on a Bruker APEXTHMS (7 T magnet). All masses are
given in atomic units/elementary charge/d and reported in percentage relative to the basic

peak.
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Melting point (MP)
All melting points were measured oiBéchi540 Melting Point apparatus in open glass capil-

laries. The values are given in °C and are unctedec

Specific rotation ([ a])
Optical rotations were measured oRerkin Elmer343 polarimeter using a 1 mL cell with a
path length of 1 dm at the temperature and wavétemglicated, with “D” referring to the

sodium D-line wavelength (589 nm). Concentratiomsgaven in g/100 mL.
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7.2. Heck reactions of a,B-unsaturated aldehydes

7.2.1. Synthesis of starting materials

7.2.1.1.  4-lodo- N,N-dimethylaniline

| NaBH, (6.0 equiv) |
O H,SO04 (3 M)
' HJ\H N
HoN

THF, RT, 1 h |

(3.5 equiv)

A literature-known procedure was follow&d.2.5 g (11.4 mmol, 1.0 equiv) of 4-lodoaniline
were mixed with 2.51 g (66.5 mmol, 5.8 equiv) ofely powdered NaBlHand suspended in
21 mL of tetrahydrofuran. This mixture was slowlgdad (about 20 min) to a mixture of
21 mL tetrahydrofuran, 3.3 mL of aqueous formalaEh{37% formaldehyde by weight) and
3 mL 3 M HSQO,. After approximately half the aniline was addedpther 3 mL of 3 M
H.SO: were added and the slow addition of aniline comtchuiWhen the addition was com-
plete, the mixture was left stirring for 1 h at nmdemperature. It was then diluted by addition
of water, basified with NaOH, and extracted twic¢hvdiethyl ether. The green product ob-
tained after evaporation of the solvent was putifsg column chromatography to yield a co-
lorless solid. The NMR data was in agreement withliterature'>*

Chemical Formula CgH1oIN (247.08 g/mol)

Purification flash column chromatography on silica gel, elutimigh ethyl
acetate/ hexane (5/95 — 25/75 v/v)

Yield 1.75 g (67%)

H-NMR (300 MHz, CDC}): 6= 2.92 (s, 6H, E3), 6.50 (d,J = 8.9 Hz,
2H, arom), 7.47 (d) = 8.9 Hz, 2H, arom);

13C.NMR (75.5 MHz, CDCY): 3= 40.4 CHa), 77.0 CI), 114.7 CHay),
137.5 CHar), 150.0 Cdar);
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7.2.1.2. (E)-(2-lodovinyl)benzene

5
©/\/B\O + |2 NaOH ©/\/|
) THF, RT, 2.5 h
(2.0 equiv)

A literature-known procedure was follow&8. (E)-1-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)ethane (525 mg, 2.28 mmol) wassalved in 5.5 mL of tetrahydrofuran
and introduced into flask filled with argon. 270 r{§75 mmol) of sodium hydroxide in
2.2 mL of water was added and the mixture leftriaty for 10 min. 1.11 g (4.37 mmol,
2.0 equiv) of iodine was dissolved in 23 mL of adtydrofuran and added to the reaction mix-
ture slowly, so that the mixture would turn frongddesh-brown to yellow before further addi-
tion of iodine. When the color stayed red, the tieacwas quenched by addition of an
agueous solution of sodium thiosulfate. The reactoxture was extracted with diethyl ether
(3 times) and dried over anhydrous magnesium sulfette product was purified by column

chromatography. The NMR data was in agreement thitHiterature">°

Chemical Formula CgH-~I (230.05 g/mol)

Purification column chromatography on silica gel, eluting witxane
Yield 416 mg (79%, Lit*> 99%)

H-NMR (300 MHz, CDC}): 8= 6.83 (d,J = 15.0 Hz, 3H, PhCH=@)),

7.22-7.38 (m, 5H, arom), 7.43 @z= 14.9 Hz, 1H, PhB=CHI);

7.2.1.3. trans-1,2-Dibromocyclohexane

O )
CHCI3, 5 C-RT "'Br

A literature-known procedure was follow&t.8.2 g (0.10 mol) of cyclohexene were dis-

solved in 30 mL of chloroform and cooled to 5 °@.41Lg (0.09 mol) of bromine, dissolved in
10 mL of chloroform were then added, and the teatpee was kept at 5 °C. After comple-

tion of the addition the reaction was warmed tomdemperature and stirred over night. The
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solvent was removed on a rotary evaporator andesielue was distilled to yield a slightly

yellow oil. The NMR was in agreement with the laamre®®’

Chemical Formula CeH10Br2 (241.95 g/mol)

Boiling point 80 °C (2 mbar)

Purification distillation

Yield 19.2 g (88%, Lit*® 95%)

H-NMR (300 MHz, CDC}): 8= 1.43-1.60 (m, 2H, B,CH,CHBI),

1.70-1.95 (m, 4H, 8’ ,CH,CHBr and G4,CHBY¥), 2.38-2.53 (m,
2H, CH’,CHBY), 4.45 (t,J = 2.3 Hz, 2H, EiBI);

¥3C-NMR (75.5 MHz, CDCJ): d= 22.4 CH,), 31.9 (br, CH,), 55.2
(CHB);

7.2.1.4. 1-Bromocyclohex-1-ene

Br NaNH,, tBuOH Br
., THF, =40 T (2 h),
‘Br

RT (1 h)

A literature-known procedure was employ&¥22.4 g (0.57 mol) of sodium amide were add-
ed to 230 mL of tetrahydrofuran and cooled to —@0 23.8 g (0.32 moRert-butanol were
added dropwise over a period of 5 min. The resyltmxture was stirred for 1 h at —40 °C,
then a solution of 19.2 g (0.079 mol) tohns-1,2-dibromocyclohexane in 70 mL tetrahydro-
furan was added dropwise over 1 h. After stirriog &n additional hour the solution was
warmed to room temperature and stirred for 75 fime solution was filtered and the tetrahy-
drofuran removed on a rotary evaporator. The reswas taken up in 200 mL of diethyl eth-
er, washed with water and saturated sodium chlgadetion, dried over anhydrous magne-
sium sulfate, and the solvent evaporated. The wesieas purified by distillation. The NMR

was in agreement with the literatdré.

Chemical Formula CeHoBr (161.04 g/mol)

Boiling point 60-62 °C (25 mbar)
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Purification distillation
Yield 1.41 g (11%, Lit*® 63%)
H-NMR (300 MHz, CDC}): 8= 1.54-1.65 (m, 2H), 1.65-1.80 (m, 2H),

2.00-2.14 (m, 2H), 2.35-2.48 (m, 2H), 5.98-6.08 {i);

7.2.2. Products of the Heck reaction

7.2.2.1.  3-Phenyl-2-butenal (16)

O Pd(OAC), (2 mol%)

©/ X (nBu)sNCI, NaOAc X-H
+ H
| NMP, 90 <,
60 min (X=Br) or
55 min (X=I)

X =Br, | (2.0 equiv)
48 16

Phenylbromide (239.4 mg, 1.5 mmol) or phenyliod{@84.9 mg, 1.5 mmol), tetrabutylam-

monium chloride (420 mg, 1.5 mmol), and sodium aee(148 mg, 1.8 mmol) were sus-
pended in 8 mL of NMP. Palladium acetate (6.8 m@30nmol) was dissolved in 4 mL of

NMP and added, followed by crotonaldehyde (RE@B mmol). Oxygen was removed by two
cycles of freeze-pump-thaw. The mixture was theatdgkat an oil bath temperature of 90 °C
for 60 min. After being cooled, the reaction mixduwvas poured into a half-concentrated
aqueous solution of sodium bicarbonate (80 mL) extdacted three times with dichlorome-
thane (120 mL in total). The combined organic fiatd were washed with brine once, dried
over magnesium sulfate, and concentrated undeceedpressure. The resulting solution in
NMP was directly loaded onto a column packed wilisas gel and eluted with diethyl eth-

er/pentane (12/88, then 15/85 v/v) to give fradiohpureE- andZ-isomers as yellow oils.

Chemical Formula C10H100 (146.19 g/mol)

TLC Rr = 0.49 and 0.55 (SK) ethyl acetate/hexane 25/75 viv),

stained purple with anisaldehyde

Purification column chromatography on silica gel, eluting waliethyl eth-
er/pentane (12/88, then 15/85 v/v)
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Yield X=Br: 111 mg (50%)
X=I: 146 mg (68%)

Diastereomeric ratio E/z=2.8:1

'H-NMR E-isomer (300 MHz, CDC}): 6=2.57 (d,J = 1.2 Hz, 3H, Ch),
6.40 (dq,J = 7.7, 1.3 Hz, 1H, =CH), 7.40-7.44 (m, 3H, arom),
7.53-7.56 (m, 2H, arom), 10.18 @z 7.8 Hz, 1H, CHO);

Z-isomer (300 MHz, CDC}): 6=2.31 (d,J = 1.4 Hz, 3H, CH),
6.13 (dq,J = 8.2, 1.4 Hz, 1H, =CH), 7.28-7.33 (m, 2H, arom),
7.39-7.43 (m, 3H, arom), 9.47 (@= 8.0 Hz, 1H, CHO);

¥3C-NMR E-isomer (75.5 MHz, CDCJ): = 16.4 CHs), 126.3 CHa/),
127.3 CHCHO), 128.8 CHy/), 130.1 CHp), 140.6 Cga),
157.6 (ACCHs=), 191.2 CHO);

Z-isomer (75.5 MHz, CDCY): 8= 26.4 CHs), 128.4 CHay),
128.5 CHa), 129.2 CHa), 129.2 CHCHO), 138.5 Caay),
162.1 (ACCHy=), 193.4 CHO);

Mass m/z(%) (DE) 145 (M-H, 100), 131 (M-C# 25), 115 (36), 103
(15), 91 (18), 78 (13);

HRMS (ESlpos) calculated for gH1:0 (M+H) 147.080988; found
147.080836;

7.2.2.2. 3-(4-Methylphenyl)-2-butenal (8)

Pd(OAc); (2 mol%)

O
/@/ X (nBu)4NClI, NaOAc A H
+ H
| NMP, 90 <,
60 min (X=Br) or
50 min (X=I)

X=Br, | (2.0 equiv)
48 8

The procedure of 7.2.2.1 was followed. THreésomer was obtained as a slightly yellow solid,

theZ-isomer as a yellowish oil.

150



7. Experimental part

Chemical Formula

Purification

Yield X=Br:

X=l:

Diastereomeric ratio

'H-NMR

BBC-NMR

Mass

HRMS

Ci11H120 (16021 g/mol)

column chromatography on silica gel, eluting wdliethyl eth-
er/pentane (12/88, then 15/85 v/v)

167 mg (70%)
182 mg (77%)

E/Zz=2.8:1

E-isomer (400 MHz, CDC}): 6= 2.38 (s, 3H, El3), 2.54 (d,
J=1.2 Hz, 3H, E©3), 6.40 (dqg,J = 7.9, 1.2 Hz, 1H, =8),
7.20-7.22 (m, 2H, arom), 7.44-7.47 (m, 2H, aron(,16 (d,
J=7.9Hz, 1H, EO),

Z-isomer (400 MHz, CDC}): 6=2.30 (d,J = 1.3 Hz, 3H, El5),
2.39 (s, 3H, El3), 6.10 (dg,J = 8.1, 1.3 Hz, 1H, =8B),
7.18-7.25 (m, 4H, arom), 9.49 @z 8.1 Hz, 1H, EGO);

E-isomer (100 MHz, CDC}): &= 16.2 CHs), 21.3 (ACH3),
126.2 CHAT), 126.5 CHCHO), 129.5 CHAr), 137.5 Cdar),
140.5 Cqar), 157.5 (ACCHs=), 191.3 CHO);

Z-isomer (100 MHz, CDCY): 8= 21.3 (AICH3), 26.4 CHa),
128.5 CHAr), 129.0 CHAr), 129.1 CHCHO), 135.5 Cdar),
139.4 Caar), 162.2 (ACCHs=), 193.6 CHO);

m/z (%) (EI) 159 (M-H, 27), 145 (M-Ck} 100), 131 (6), 115
(32), 103 (2), 91 (27);

(ESlpos) calculated for H;20 (M) 160.088819; found
160.088651;

151



7. Experimental part

7.2.2.3.  3-(3-Methylphenyl)-2-butenal (227a)

Pd(OAC), (2 mol%)

O
\\I:::]/X (nBu)4NCI, NaOAc X
+ H
| NMP, 90 C, 60 min

X=Br, |

(2.0 equiv)

48 227a

The procedure of 7.2.2.1 was followed. B&handZ-isomer were obtained as slightly yel-

low solids.

Chemical Formula

Purification

Yield X=Br:
X=l:

Diastereomeric ratio

H-NMR

BBC-NMR

152

Ci11H120 (16021 g/mol)

column chromatography on silica gel, eluting wdliethyl eth-
er/pentane (12/88, then 15/85 v/v)

169 mg (70%)
168 mg (70%)

E/Zz=3.0:1

E-isomer (300 MHz, CDC}): 6= 2.38 (s, 3H, €E3), 2.54 (d,
J=1.2 Hz, 3H, E©3), 6.37 (dg,d = 7.9, 1.2 Hz, 1H, =8),
7.21-7.23 (m, 1H, arom), 7.25-7.29 (m, 1H, arom3077.34
(m, 2H, arom), 10.16 (d,= 7.9 Hz, 1H, EIO);

Z-isomer (300 MHz, CDC}): 6=2.30 (d,J = 1.3 Hz, 3H, El5),
2.38 (s, 3H, El3), 6.11 (dg,J = 8.2, 1.4 Hz, 1H, =8B),
7.08-7.11 (m, 2H, arom), 7.20-7.23 (m, 1H, arom®777.32
(m, 1H, arom), 9.47 (dl = 8.2 Hz, 1H, EGO);

E-isomer (75.5 MHz, CDCY): 8= 16.5 CHa), 21.5 (ACHS3),
123.4 CHAr), 127.0 CHAr), 127.2 CHCHO), 128.7 CHAY),
130.9 CHAr), 138.4 Cqa), 140.6 Caa), 157.8 (ACCHs=),
191.2 CHO);
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Z-isomer (75.5 MHz, CDCY): &= 21.4 (AICH3), 26.5 CHa),
125.5 CHAr), 128.3 CHAr), 129.0 CHAr), 129.1 CHCHO),
138.2 Caar), 138.4 Caar), 162.4 (ACCH;=), 193.5 CHO);

Mass m/z(%) (EI) 160 (M, 35), 145 (M-Ck 100), 131 (9), 115 (31),
103 (2), 91 (27);

HRMS (ESlpos) calculated for H;30 (M+H) 161.096637; found
161.096484;

7.2.2.4.  3-(2-Methylphenyl)-2-butenal (227b)

(@]
O Pd(OAC); (2 mol%)
X (NBu)4NCI, NaOAc X H
+ H
| NMP, 90 C, 60 min

X =Br, | (2.0 equiv)
48 227b

The procedure of 7.2.2.1 was followed. B&andZ-isomer were obtained as slightly yellow

oils.

Chemical Formula C11H120 (160.21 g/mol)

TLC Rr = 0.46 and 0.52 (SK) ethyl acetate/hexane 25/75 v/v),
stained purple with anisaldehyde

Purification column chromatography on silica gel, eluting walilethyl eth-
er/pentane (10/90, then 15/85 v/v)

Yield X=Br: 109 mg (46%)

X=I: 133 mg (55%)
Diastereomeric ratio E/Z=1:2.9
'H-NMR E-isomer (400 MHz):6 = 2.31 (s, 3H, El3), 2.46 (dJ = 1.4 Hz,

3H, CHg), 5.95 (dg,J = 7.9, 1.4 Hz, 1H, =8), 7.09-7.11 (m,
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1H, arom), 7.18-7.27 (m, 3H, arom), 10.16 Jds 7.9 Hz, 1H,
CHO);

Z-isomer (400 MHz, CDC}): 6=2.23 (d,J = 1.4 Hz, 3H, El5),
2.26 (s, 3H, @3), 6.14 (dq,J = 8.3, 1.4 Hz, 1H, =8),
7.08-7.10 (m, 1H, arom), 7.20-7.29 (m, 3H, arompR19(d,
J=8.3 Hz, 1H, EO);

¥3C-NMR E-isomer (100 MHz, CDC}): = 19.3 CHs), 19.8 (ACHa),
125.9 CHa)), 126.7 CHa/), 128.3 CHa), 130.1 CHCHO),
130.7 CHa), 133.6 Caa), 142.7 Caa), 161.0 (ACCHs=),
191.1 CHO);

Z-isomer (100 MHz, CDC}): 6= 19.5 (ACH3), 26.7 CHys),
125.9 CHar), 127.8 CHar), 128.3 CHar), 129.6 CHCHO),
130.4 CHar), 134.3 Cqar), 138.5 Cqar), 163.4 (ACCH;=),

193.5 CHO);

Mass m/z (%) (El) 159 (M-H, 6), 145 (M-Chk 100), 115 (30), 91
(22);

HRMS (ESlpos) calculated for H;30 (M+H) 161.096637; found
161.096454;

7.2.2.5.  3-(3-Isopropylphenyl)-2-butenal (227c)
Br 0 Pd(OAC), (2 mol%) .
(nBu)4NCI, NaOAc H
+ H
!Oz/ )|)J\ NMP, 90 C, 75 min
(2.0 equiv)
48 227c

The procedure of 7.2.2.1 was followed. The isomeree not separated and obtained as yel-

lowish oil.

Chemical Formula C13H160 (188.27 g/mol)
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TLC

Purification

Yield

Diastereomeric ratio

'H-NMR

B3C-NMR

Mass

HRMS

R = 0.49 and 0.55 (Si) ethyl acetate/hexane 25/75 v/v),
stained purple with anisaldehyde

column chromatography on silica gel, eluting wdilkhlorome-
thane/hexane (50/50, then 80/20 v/v)

192 mg (65%)
E/Z=25:1

E-isomer (400 MHz, CDC}): 6= 1.27 (d,J = 6.9 Hz, 6H,
CH(CH3),), 2.51 (d,J = 1.2 Hz, 3H, Ei3), 2.93-2.96 (septet,
J=6.9 Hz, 1H, EI(CHs),), 6.40 (dgJ = 7.9, 1.2 Hz, 1H, =B)
7.10-7.48 (m, 4H, arom), 10.18 @z 7.9 Hz, 1H, EIO);

Z-isomer (400 MHz, CDC}): 6= 1.26 (d,J = 7.0 Hz, 6H,
CH(CH3)), 2.31 (d,J = 1.4 Hz, 3H, E3), 2.93-2.96 (m, 1H,
CH(CHj3)y), 6.12 (dgJ = 8.2, 1.3 Hz, 1H, =B), 7.10-7.48 (m,
4H, arom), 9.47 (dJ = 8.2 Hz, 1H, EGO);

E-isomer (100 MHz, CDC}): 6 = 16.5 CH3), 24.0 CHs), 123.9
(CHAr), 124.4 CHAr), 127.2 CHAr), 128.3 CHAr), 128.7
(CHCHO), 140.7 Cqa;), 149.4 Cqa;), 158.1 (ACCHs=), 191.3
(CHO);

Z-isomer (100 MHz, CDC}): 8= 26.5 CH3), 34.2 CHs), 125.8
(CHAr), 126.6 CHAr), 127.3 CHAr), 128.4 CHAr), 129.1
(CHCHO), 138.5 Cqa;), 149.2 Caa), 162.6 (ACCH;=), 193.6
(CHO);

m/z (%) (EIl) 187 (M-H, 6), 173 (M-CHl 4), 145 (100), 117
(16), 115 (15), 91 (9);

(ESlpos) calculated for GH60 (M) 188.120116; found
188.120170;
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7.2.2.6.  3-(1-Naphthalenyl)-2-butenal (227d)

O X O Pd(OAC), (2 mol%)
(nBu)4NCI, NaOAc

+ H
| NMP, 90 T, 60 min

X =Br, | (2.0 equiv)
48 227d

The procedure of 7.2.2.1 was followed. TBe&somer was obtained as a colorless solid, the

Z-isomer as a yellowish oil.

Chemical Formula C14H120 (196.24 g/mol)

TLC Rr = 0.43 and 0.51 (Si) ethyl acetate/hexane 25/75 v/v),

stained blue with anisaldehyde

Purification column chromatography on silica gel, eluting walilethyl eth-
er/pentane (30/70, then 40/60, then 50/50 v/v)

Yield X=Br: 205 mg (71%)
X=I: 128 mg (43%)

Diastereomeric ratio E/z=1:2.1

'H-NMR E-isomer (300 MHz, CDC}): = 2.65 (d,J = 1.4 Hz, 3H, El3),
6.18 (dg,J = 7.9, 1.3 Hz, 1H, =A) 7.32 (dd,J = 7.0, 1.1 Hz,
1H, arom), 7.43-7.56 (m, 3H, arom), 7.82-7.92 (#d, @rom),
10.29 (dJ = 7.9 Hz, 1H, GO);

Z-isomer (400 MHz, CDC}): 6=2.40 (d,J = 1.4 Hz, 3H, El5),

6.36 (dg,J = 8.3, 1.3 Hz, 1H, =8), 7.32 (dd,J = 7.0, 1.1 Hz,
1H, arom), 7.47-7.56 (m, 3H, arom), 7.77-7.81 (id, &rom),
7.85-7.91 (m, 2H, arom), 9.18 (@ 8.3 Hz, 1H, EIO);

13C-NMR E-isomer (75.5 MHz, CDCJ): = 20.1 CHs), 124.1 CHCHO),
125.0 CHar), 125.2 CHa), 126.2 CHa/), 126.6 CHa/), 128.7
(CHar), 128.9 CHar), 129.6 Cqar), 131.2 CHa;), 133.8 Coar),
140.9 Caa), 159.8 (ACCHs5=), 191.0 CHO);
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Z-isomer (100 MHz, CDC}): 6= 27.4 CHg), 125.0 CHCHO),
125.1 CHar), 125.4 CHar), 126.4 CHpr), 126.9 CHar), 128.6
(CHar), 128.7 CHar), 130.7 Cdar), 130.9 CHar), 133.6 Cdar),
136.6 Cqar), 162.0 (ACCHs=), 193.3 CHO);

Mass m/z (%) (EI) 196 (M, 44), 195 (M-H, 47) 181 (M-GH100),
167 (46), 152 (58), 128 (18), 115 (6), 83 (16);

HRMS (ESlpos) calculated for H;20 (M) 196.088813; found
196.088607;

7.2.2.7.  3-(4-(Dimethylamino)phenyl)-2-butenal (227 e)

O
) Pd(OAC), (2 mol%)
X (NBu)4NCI, NaOAC X H
+ | H _
Me,N NMP, 90 T, 70 min Me,N

X =Br, | (2.0 equiv)
48 227e

The procedure of 7.2.2.1 was followed. B&handZ-isomer were obtained as yellow-orange

solids.

Chemical Formula C12H15NO (189.25 g/mol)

TLC Rr = 0.25 and 0.31 (SK) ethyl acetate/hexane 25/75 viv),
stained purple with anisaldehyde

Purification column chromatography on silica gel, eluting withyl ace-
tate/hexane (20/80 v/v)

Yield X=Br: 219 mg (76%)

X=l: 249 mg (87%)
Diastereomeric ratio E/Z=4:1
'H-NMR E-isomer (300 MHz):5 = 2.53 (d,J = 1.0 Hz, 3H, &l3), 3.03 (s,

3H, CHy), 6.42 (dg,J = 8.1, 1.1 Hz, 1H, =B), 6.67-6.73 (m,
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2H, arom), 7.50-7.57 (m, 2H, arom), 10.12 Jd&; 8.0 Hz, 1H,
CHO);

Z-isomer (300 MHz, CDC}): 6=2.29 (d,J = 1.1 Hz, 3H, El5),
3.02 (s, 3H, E@3), 6.04 (dq,J = 8.1, 1.2 Hz, 1H, =8),
6.67-6.73 (m, 2H, arom), 7.21-7.26 (m, 2H, arom}p69(d,
J=8.0 Hz, 1H, EO);

¥3C-NMR E-isomer (75.5 MHz, CDC}): 8= 15.6 CHs), 40.1 CHa),
111.6 CHar), 123.3 CHa), 126.6 CHCHO), 127.7 Cqa),
151.9 Coar), 157.4 (ACCH3=), 191.2 CHO);

Mass m/z(%) (EI) 189 (M, 100), 174 (M-Ckl 31), 160 (M-CHO, 23),
146 (24), 121 (58), 115 (21), 91 (9), 77 (11);

HRMS (ESlpos) calculated for @HisNO (M) 189.115366; found
189.115343;

7.2.2.8.  3-(4-Methoxyphenyl)-2-butenal (227f)

O Pd(OAC), (2 mol%)
X (nBu),NCI, NaOAc X-H
+ | H _
MeO NMP, 90 C, 60 min MeO
X=Br, | (2.0 equiv)
48 227f

The procedure of 7.2.2.1 was followed. TEsomer was obtained as a yellowish solid, the
Z-isomer as a yellowish oil.
Chemical Formula C11H120, (176.21 g/mol)

TLC R = 0.27 and 0.35 (SiK) ethyl acetate/hexane 25/75 v/v),

stained purple with anisaldehyde

Purification column chromatography on silica gel, eluting wdliethyl eth-
er/pentane (15/85 v/v)
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Yield X=Br: 197 mg (71%)

X=l:
Diastereomeric ratio

H-NMR

BBC-NMR

Mass

HRMS

242 mg (92%)
E/Z=3.3:1

E-isomer (400 MHz, CDC}): 6=2.54 (d,J = 1.2 Hz, 3H, El3),
3.85 (s, 3H, @3), 6.38 (dq,J = 7.9, 1.1 Hz, 1H, =8),
6.91-6.95 (m, 2H, arom), 7.52-7.56 (m, 2H, aron(,1% (d,
J=7.9Hz, 1H, EO);

Z-isomer (300 MHz, CDC}): 6=2.30 (d,J = 1.4 Hz, 3H, El5),
3.85 (s, 3H, E3), 6.10 (dg,J = 8.1, 1.3 Hz, 1H, =8B),
6.90-6.96 (m, 2H, arom), 7.24-7.29 (m, 2H, aromp09(d,
J=28.1Hz, 1H, GO);

E-isomer (100 MHz, CDC}): 8= 16.1 CHs), 55.4 (QCHa),
114.1 CHAr), 125.6 CHCHO), 127.9 CHAr), 132.5 CgAr),
156.9 CgAr), 161.4 (ACCHs=), 191.2 CHO);

Z-isomer (75.5 MHz, CDC}): 6= 26.2 CH3), 55.4 (CCH3),
113.8 CHAr), 128.7 CHCHO), 130.1 CHAr), 130.7 CqAr),
160.6 CgAr), 161.6 (ACCHs=), 193.5 CHO);

m/z (%) (EI) 175 (M-H, 100), 161 (M-Ck 84), 145 (86), 133
(35), 115 (33), 108 (26), 91 (28), 77 (37);

(ESlpos) calculated for H1,0, (M) 176.083733; found
176.083741;
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7.2.2.9.  3-(4-Fluorophenyl)-2-butenal (2279)

Pd(OACc);, (2 mol%)

X O
(nBu)4NCI, NaOAc A H
+ | H
NMP, 90 C,
F 60 min (X=Br) or F
75 min (X=I)

X =Br,| (2.0 equiv)
48 2279

The procedure of 7.2.2.1 was followed. TH&somer was obtained as a slightly yellow solid,
theZ-isomer as a yellowish oil.

Chemical Formula C10HoFO (164.18 g/mol)
Diastereomeric ratio E/z=3.0:1
TLC Rr = 0.31 and 0.39 (Si) ethyl acetate/hexane 25/75 v/v),

stained blue with anisaldehyde

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (15/85 v/v)

Yield X=Br: 100 mg (40%)
X=I: 108 mg (44%)

'H-NMR E-isomer (400 MHz, CDC4): 8= 2.55 (d,J = 1.2 Hz, 3H, Els),
6.35 (dg,J = 7.7, 1.2 Hz, 1H, =B), 7.08-7.13 (m, 2H, arom),
7.51-7.57 (m, 2H, arom), 10.16 @@z 7.8 Hz, 1H, GlO);

Z-isomer (300 MHz, CDC}): 6=2.30 (d,J = 1.3 Hz, 3H, El5),
6.14 (dg,J = 8.1, 1.4 Hz, 1H, =8), 7.08-7.15 (m, 2H, arom),
7.27-7.32 (m, 2H, arom), 9.47 @= 8.1 Hz, 1H, ElO);

¥3C-NMR E-isomer (100 MHz, CDC}): 6= 16.4 CHs), 115.8 (d,
2Jce = 21.7 Hz, CHp), 127.1 (€H), 128.2 (d,3Jcr= 8 Hz,
CHa), 136.6 (d,*Jcr = 4.0 Hz,Caa), 156.2 (€Ar), 163.9 (d,
Ler = 249.5 HzCap,), 191.1 CHO);

160



7. Experimental part

Z-isomer (75.5 MHz, CDC)): 6= 26.5 CHj3), 115.6 (d,
2Jce = 21 Hz,CHa,), 129.5 (€H), 130.2 (d2Jce = 8 Hz, CHapy),
134.4 (d, “Jce = 3 Hz, Coa), 160.7 (€Ar), 163.2 (d,
YJce = 249.3 HzCaa), 193.0 CHO);

Mass m/z (%) (EI) 163 (M-H, 100), 149 (M-Ck 34), 145 (10), 133
(30), 115 (25), 109 (21);

HRMS (ESlpos) calculated for HFO (M) 164.063742; found
164.063574;

7.2.2.10. 3-Methyl-5-phenyl-2,4-pentadienal (227h)

(@]
O Pd(OAC), (2 mol%)
X (nBu)4N02|, NaOAc Xy H
+ H
| NMP, 90 C, 60 min
X=Br, | (2.0 equiv)
48 227h

The procedure of 7.2.2.1 was followed. B&hand Z-isomers were obtained as yellowish

liquids.
Chemical Formula C12H120 (172.22 g/mol)
Purification column chromatography on silica gel, eluting withyl ace-
tate/hexane (15/85 v/v)
Yield X=Br: 194 mg (74%)
X=I: 140 mg (60%)
Diastereomeric ratio E/Zz=1.71
'H-NMR E-isomer (300 MHz, CDC}): 6=2.39 (d,J = 1.1 Hz, 3H, El3),

6.09 (d,J = 8.0 Hz, 1H, =€ICHO), 6.90 (dJ = 16.2 Hz, 1H,
PhCH=CHR), 7.09 (dJ = 16.1 Hz, 1H, PhB=CHR), 7.29-7.42
(m, 3H, arom), 7.47-7.54 (m, 2H, arom),10.17 Jds 8.0 Hz,
1H, CHO);
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Z-isomer (300 MHz, CDC}): 6=2.21 (d,J = 1.1 Hz, 3H, El3),
5.96 (dd,J = 7.8, 0.7 Hz, 1H, =BCHO), 6.98 (dJ = 15.9 Hz,
1H, PhCH=@R), 7.83 (d,J = 15.9 Hz, 1H, PhB=CHR),
7.30-7.43 (m, 3H, arom), 7.49-7.55 (m, 2H, aromBQ0(d,
J=7.8 Hz, 1H, GO);

¥3C-NMR E-isomer (75.5 MHz, CDC}): 5= 13.1 CHs), 127.4 CH),
128.9 CH), 129.3 CH), 130.1 CH), 131.4 CH), 135.7 CH),
135.9 Coar), 154.2 (CHCCH3=), 191.2 CHO);

Z-isomer (75.5 MHz, CDCY): 6= 21.3 CH3), 123.4 CH),
127.4 CH), 128.8 CH), 129.0 CH), 129.3 CH), 136.0 CH),
136.9 Cqar), 154.1 (CHCCH3=), 189.9 CHO);

Mass m/z(%) (DE) 172 (M-H, 100), 157 (M-C¥l 49), 143 (M-CHO,
22), 129 (83), 115 (22), 95 (MeHs, 25), 77 (19);

HRMS (ESlpos) calculated for @H;,0 (M) 172.088816; found
172.088595;

7.2.2.11. 3-Cyclohex-1-enyl-2-butenal (227i)

O
9 Pd(OACc); (2 mol%)
o (nBu)4NCI, NaOAc AN 4
+ H
| NMP, 90 <, 75 min
(2.0 equiv)
48 227i

The procedure of 7.2.2.1 was followed. Only Bassomer was isolated and obtained as color-

less oll.
Chemical Formula C10H140 (150.22 g/mol)
TLC R: = 0.49 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple

with anis-aldehyde
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Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (10/90 v/v)

Yield 100 mg (44%)
Diastereomeric ratio E/Zz=6.7:1
'H-NMR E-isomer (400 MHz, CDC}): 8= 1.60-1.62 (m, 2H), 1.70-1.72

(m, 2H), 2.17-2.28 (m, 4H), 2.29 (d= 0.8 Hz, 3H, El3), 6.04
(d, vJ = 80 HZ, lH, :HCHO), 644 (m, 1H, :Ecydohe)), 1015
(d,J=7.9 Hz, 1H, EGO);

¥3C-NMR E-isomer (100 MHz, CDC}): = 13.9 CHs), 21.7 CH,), 22.6
(CHy), 25.6 CH.), 26.6 CH,), 124.2 CH), 133.0 CHCOH),
137.3 Cq), 157.1 (CKECH5=), 192.3 CHO);

Mass m/z (%) (EI) 149 (M-H, 20), 135 (M-CH 33), 121 (100), 107
(18), 91 (28), 79 (45);

HRMS (ESlpos) calculated for &H1.0 (M) 150.104463; found
150.104295;

7.2.2.12. 3-(4-Methoxyphenyl)-2-pentenal (235a)

Et O
| O Pd(OAC), (2 mol%)
(nBu)4NCI, NaOAc A H
- | H _
MeO - NMP, 90 T, 60 min MeO
(2.0 equiv)
242 235a

The procedure of 7.2.2.1 was followed. B&handZ-isomers were obtained as slightly yel-

low oils.
Chemical Formula C12H1402 (190.24 g/mol)
TLC Rr = 0.38 and 0.44 (SK) ethyl acetate/hexane 25/75 v/v),

stained purple with anisaldehyde
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Purification

Yield
Diastereomeric ratio

H-NMR

B3C-NMR

Mass

HRMS

164

column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (8/92 v/v)

173 mg (61%)
E/Z=1.41

E-isomer (400 MHz, CDC}): 6= 1.20 (t,J = 7.6 Hz, 3H,
CH,CH3), 3.04 (q,J = 7.6 Hz, 2H, E,CHs), 3.85 (s, 3H,
OCH3), 6.25 (dJ = 8.0 Hz, 1H, =El), 6.92-6.95 (m, 2H, arom),
7.48-7.52 (m, 2H, arom), 10.13 @+ 8.0 Hz, 1H, EO);

Z-isomer (400 MHz, CDC}): 6= 1.09 (t,J = 7.4 Hz, 3H,
CH,CHs), 2.59 (qdJ = 7.4 Hz, 1.3 Hz, 2H, B,CHs), 3.85 (s,
3H, OHy), 6.08 (dt,J = 8.0, 1.3 Hz, 1H, =H), 6.91-6.95 (m,
2H, arom), 7.20-7.24 (m, 2H, arom), 9.48 {d= 8.0 Hz, 1H,
CHO);

E-isomer (100 MHz, CDC}): 6= 15.2 CHj3), 23.0 CHy), 55.4
(OCHg3), 114.3 CHar), 125.3 CHCHO), 128.2 CHar), 131.3
(Caar), 161.3 Cqar), 164.0 (ACCH,=), 191.0 CHO);

Z-isomer (100 MHz, CDC}): 6= 12.3 CHs), 32.5 CH,), 55.4
(OCH3), 113.8 CHar), 127.1 CHar, CHCHO), 130.1 Cqa),
160.4 Cqar), 167.5 (ACCH,=), 193.9 CHO);

m/z(%) (EI) 190 (M, 100), 175 (M-Ckl 29), 161 (M-CHO, 47),
147 (16), 135 (20), 121 (16), 108 (17), 91 (17);

(ESIpos) calculated forH14NaO, (M+Na) 213.088597; found
213.088879;
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7.2.2.13. 3-(4-Methoxyphenyl)-2-hexenal (235b)

|
o -
MeO

242

n-Pr O
Pd(OACc), (2 mol%)

O
(nBu)4NCI, NaOAc /@)\)‘\H
H
| NMP, 90 €, 75 min MeO
n-Pr

(2.0 equiv)

235b

The procedure of 7.2.2.1 was followed. B&handZ-isomers were obtained as slightly yel-

low oils.

Chemical Formula

Purification

Yield
Diastereomeric ratio

'H-NMR

BC-NMR

Ci13H160- (20426 g/mol)

column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (10/90 v/v)

245 mg (80%)
E/Z=1.6:1

E-isomer (400 MHz, CDC}): & = 0.96 (t,J = 7.4 Hz, 3H,
CH,CH,CH3), 1.56 (tq,J = 7.5, 7.5 Hz, 2H, CpCH,CHs), 2.99
(t, J = 7.6 Hz, 2H, E,CH,CHg), 3.85 (s, 3H, O83), 6.30 (d,
J=8.0 Hz, 1H, =@l), 6.91-6.95 (m, 2H, arom), 7.46-7.50 (m,
2H, arom), 10.11 (d] = 8.1 Hz, 1H, EO);

Z-isomer (300 MHz, CDC}): 6= 0.91 (t,J = 7.4 Hz, 3H,
CH,CH,CHj3), 1.56 (tq,J = 7.5, 7.5 Hz, 2H, CKCH,CHj3), 2.55
(td,J=7.3, 1.0 Hz, 2H, B,CH,CHj), 3.84 (s, 3H, O83), 6.07
(dt, J = 8.0, 1.0 Hz, 1H, =B), 6.90-6.95 (m, 2H, arom),
7.20-7.24 (m, 2H, arom), 9.47 (@z= 8.0 Hz, 1H, EIO);

E-isomer (100 MHz, CDC}): 8= 13.8 CHa), 23.4 CH,), 31.4
(CH,), 55.4 (GCH3), 114.2 CHa), 126.4 CHCHO), 128.2
(CHa), 131.7 Ca), 161.2 Coa), 162.3 (ACCH,=), 191.0
(CHO);
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Z-isomer (75.5 MHz, CDC}): 8= 13.6 CHs3), 20.9 CH,), 41.5
(CH,), 55.4 (QCHs), 113.8 CHa), 128.2 CHCHO), 129.9
(CHar), 130.2 Cqar), 160.4 Cdar), 166.0 (ACCH,=), 193.8
(CHO);

Mass m/z (%) (DE) 204 (M, 100), 189 (M-C 22), 175 (M-CHO,
18), 173 (M-OMe, 36), 161 (65), 148 (23), 133 (2121 (22),
91 (19), 77 (19);

HRMS (ESIpos) calculated for H1gNaO, (M+Na) 227.104248; found
227.104164;

7.2.2.14. 3-(4-Methoxyphenyl)-2-nonenal (235c)
n-Hex O
Pd(OACc), (2 mol%)

O
' (nBu)4NCI, NaOAC X~ H
+ | H _
MeO NMP, 90 T, 75 min MeO

n-Hex

(2.0 equiv)
242 235C

The procedure of 7.2.2.1 was followed. The isorhesge not been separated.

Chemical Formula C16H220, (246.34 g/mol)

TLC R: = 0.46 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple
with anisaldehyde

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (8/92 v/v)

Yield 238 mg (65%)
Diastereomeric ratio E/z=1.4:1
'H-NMR E-isomer (400 MHz, CDC}): 8= 0.86 (t,J = 6.9 Hz, 3H,

CH,CHx(CH,)sCH3), 1.18-1.46 (m, 6H, CHCHy(CH,)sCHa),
1.47-1.56 (m, 2H, CHCH(CH,)sCHs), 3.00 (t,J = 7.7 Hz, 2H,
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BBC-NMR

Mass

HRMS

CH,CH,(CH,)3CHj3), 3.83 (s, 3H, OHj3), 6.27 (d,J = 8.0 Hz,
1H, =CH), 6.91-6.95 (m, 2H, arom), 7.46-7.50 (m, 2H, arom)
10.12 (dJ=8.0 Hz, 1H, EO);

Z-isomer (400 MHz, CDC}): 6= 0.86 (t,J = 6.8 Hz, 3H,

CHy(CH,)4CH3), 1.18-1.46 (m, 8H, CH(CH,)4CHs), 2.56 (td,

J=7.5, 1.0 Hz, 2H, 8,(CH)4CHj3), 3.83 (s, 3H, OH83), 6.07

(dt, 3 = 8.0, 1.0 Hz, 1H, =H), 6.91-6.95 (m, 2H, arom),
7.20-7.23 (m, 2H, arom), 9.48 (@ 8.1 Hz, 1H, EIO);

E-isomer (100 MHz, CDC}): 0= 13.6 CHz3), 22.1 CH>), 28.8
(CH2), 29.2 CHy), 29.9 CH2), 31.1 CHy), 55.0 (QTH), 113.8
(CHar), 125.7 CHa), 127.8 CHCHO), 129.8 Ca), 160.8
(Cqar), 162.3 (ACCH;=), 190.6 CHO);

Z-isomer (100 MHz, CDC}): 6 = 13.6 CHs), 22.1 CH,), 27.3
(CHy), 28.4 CHy), 31.1 CHy), 39.1 CHy), 54.9 (CCH3), 113.4
(CHar), 127.7 CHCHO), 129.5 CHay), 131.2 Cqar), 160.0
(Caar), 165.9 (ACCH,=), 193.4 CHO);

m/z (%) (DE) 246 (M, 94), 231 (M-Ck 6), 215 (M-OMe, 22),
203 (36), 189 (71), 176 (M<El11, 82), 161 (M-GHys, 53), 148
(100), 133 (25), 121 (53), 108 (23), 91 (21), 77)(1

(ESlpos) calculated for H2,NaO, (M+Na) 269.151201; found
269.151315;
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7.2.2.15. 3-(4-Methoxyphenyl)-3-phenyl-propenal (23 5d)

Ph O
| O Pd(OAC), (2 mol%)
(nBu);NCI, NaOAc N H
+ | H _
MeO o NMP, 90 C, 75 min MeO
(2.0 equiv)
242 235d

The procedure of 7.2.2.1 was followed. The isonmarge not been separated and the mixture
was obtained as a slightly yellow oil.

Chemical Formula C16H140- (238.28 g/mol)

TLC R = 0.24 (SiQ, dichloromethane), stained dark purple with ani-
saldehyde

Purification column chromatography on silica gel, eluting wdichlorome-

thane/hexane (50/50, then 100/0 v/v)

Yield 186 mg (52%)
Diastereomeric ratio 1.7:1
'H-NMR major isomer (400 MHz, CDC}): 6= 3.82 (s, 3H, OH3), 6.56

(d,J=8.0 Hz, 1H, =@l), 6.88 (m, 2H, arom), 7.20-7.50 (m, 7H,
arom), 9.45 (dJ = 8.0 Hz, 1H, EO);

minor isomer (400 MHz, CDC}): 6= 3.86 (s, 3H, O&3), 6.51
(d,J=7.9 Hz, 1H, =@), 6.95 (m, 2H, arom), 7.20-7.50 (m, 7H,
arom), 9.56 (dJ = 8.0 Hz, 1H, EO);

13C-NMR (100 MHz, CDCY): 8= 55.4 (QCH3), 113.8 CHa), 114.1
(CHa), 125.6 CHCHO), 127.0 CHCHO), 128.5 CHp,), 128.9
(CHa), 129.3 CHa), 130.3 CHa), 130.4 CHa), 130.6
(CHar), 131.8 CHay), 132.5 CHar), 136.9 Cqar), 140.3 Caar),
160.9 Cqa), 161.7 Coar), 161.9 (AsC=), 162.2 (AsC=), 193.4
(CHO), 193.5 CHO);
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Mass m/z (%) (DE) 238 (M, 100), 223 (M-CH 12), 207 (M-CHO,
30), 165 (26), 135 (12), 102 (15);

HRMS (ESlpos) calculated for gH14NaO, (M+Na) 261.088597; found
261.088521;

7.2.3. Synthesis of (+)-3-(3-isopropylphenyl)butana | (Florhydral ®)

(242)
MeO,C
X
N i-
H
O (1.1 equiv) O
A
H (20 mol%) H
Dioxane, 50 C, 27 h, 60%
227c 247 248 242

The reaction was performed employing a literatutevin proceduré? The isomeric mixture
of 3-(3-isopropylphenyl)-2-butena27q (92.0 mg, 0.5 mmol) was dissolved in 1,4-dioxane
(5 mL), heated to 50 °C, and the morpholine 84R of 3,3-bis(2,4,6-triisopropylphenyl)-
1,1’-binaphthyl-2,2’-diyl hydrogen phosphate (TRI®as added (84.0 mg, 0.1 mmol). The
mixture was allowed to stir for 5 min before adaltiof dimethyl 2-isopropyl-6-methyl-1,4-
dihydropyridine-3,5-dicarboxylate47 (142 mg, 0.55 mmol). After stirring for 27 h theac-
tion mixture was allowed to cool to room temperatyroured into 15 mL of distilled water,
and extracted twice with 15 mL of dichloromethambe combined organic fractions were
washed with brine once, dried over magnesium ®ylfand the solvent was removed under
reduced pressure. The product was purified by colahromatography with 50/50 dichloro-

methane/hexane (v/v) as the eluent. The producb&sned as a colorless oil.

Chemical Formula Ci13H1580 (190.28 g/mol)
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TLC

Purification

Yield
Enantiomeric ratio

Optical rotation

H-NMR

BC-NMR

Mass

HRMS

GC

170

R: = 0.55 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple

with anisaldehyde

column chromatography on silica gel, eluting wdilkhlorome-
thane/hexane (50/50 v/v)

56 mg (60%)
99:1

[a]3® +34.7 € = 1.45, CHC)), Lit.**° [a]Z® +30.7 € = 1.39,
CHCly)

(400 MHz, CDC}): 8= 1.24 (d,J = 7.0 Hz, 6H, CH(El5),),
1.32 (d,J = 7.0 Hz, 3H, CHEl3), 2.65 (dddJ = 16.6, 7.8, 2.3
Hz, CHH,CHO), 2.75 (ddd,J = 16.5, 6.7, 1.8 Hz,
CHCH,CHO), 2.88 (septetd = 6.9 Hz, 1H, CE(CHy)y),
3.29-3.39 (m, 1H, GCHg), 7.01-7.11 (m, 3H, arom), 7.21-7.27
(m, 1H, arom), 9.71 (] = 2.0 Hz, 1H, EIO);

(100 MHz, CDC}): 8= 22.2 CHs), 24.0 CHs), 34.2 CH),
34.4 CHNH), 51.8 CH,COH), 124.1 CHa), 124.6 CHa),
125.1 CHa), 128.6 CHa)), 145.4 Cqa), 149.3 Coar), 202.1
(CHO);

m/z (%) (DE) 190 (M, 60), 175 (M-CH 11), 147 (M-CHO,
100), 133 (27), 119 (21), 105 (77), 91 (38);

(ESlpos) calculated for &His0 (M) 190.135761; found
190.135807;

TR 29.71 min
TR 30.01 min
(lvadex-1/PS-86 column 25 m (80 °C, 1.5 °C/min ub80 °C,
20 °C/min until 220 °C, 10 min at 320 °C, 0.7 barad carrier

gas));

(major enantiomer)

(minor enantiomer)



7. Experimental part

7.3. Mannich reactions of N-Boc-imines

7.3.1. Synthesis of N-Boc-imines

7.3.1.1.  (Benzenesulfonyl-phenylmethyl)-carbamic ac  id tert-butyl ester
(249a)

O
0 J ke
9 NaO,S HCOOH (2.0 equiv) HN™ O
X ke« u e N 3
HoN- O MeOH/H,0 1:2 viv P
RT, 48 h 3 \©

(1.0 equiv) (1.5 equiv) (2.0 equiv)
250 252a 251 249a

A literature procedure was follow&8To a stirred solution ofert-butyl carbamate (10.2 g,
87.1 mmol, 1.0 equiv) and benzenesulfinic acid wwdsalt (28 g, 170.6 mmol, 2.0 equiv) in
methanol/water (83 mL/167 mL) was added benzaldel{¥8 mL, 128.6 mmol, 1.5 equiv) in
one portion, followed by formic acid (6.4 mL). Thaxture was stirred at room temperature
for 48 h, during which a colorless precipitate aced. The solid was filtered, washed with

water and diethyl ether and driedvacuo The NMR data was in agreement with the litera-

ture?

Chemical Formula C18H21NO4S (347.43 g/mol)

Purification washing with water and diethyl ether

Yield 24.6 g (81%; Lif? 80%)

'H-NMR (300 MHz, CDC}): 6= 1.25 (s, 9H, C(E3)3), 5.83 (d,
J=9.8 Hz, 1H, CHM), 5.94 (d,J = 10.5 Hz, 1H, ENH),
7.38-7.48 (m, 5H, arom), 7.49-7.57 (m, 2H, arom}B077.68
(m, 1H, arom), 7.87-7.95 (m, 2H, arom);

13C-NMR (100 MHz, CDC}): 8= 28.0 (CCHs)s), 73.9 CNH), 81.3

(C(CHa)3), 128.8 CHa), 128.9 CHa), 129.0 CHa), 129.5
(CHar), 129.9 CHar), 129.9 CHar), 134.0 Caar), 137.0 Cdar),
153.5 COz);
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7.3.1.2.  Phenylmethylene-carbamic acid tert-butyl ester (159a)

Lk Tk
2
P

HN K,CO3 (10.0 equiv) IN
THF, 65T, 12 h
ey ®
249a 159a

For this synthesis a modified literature proceduas employed” A 250 mL round-bottomed
flask was charged with 21 g of,80; (150 mmol, 10.0 equiv) which was then flame dried
under vacuum. After cooling, 5.2 g of (Benzenesuffgphenylmethyl)-carbamic acid benzyl
ester (15 mmol, 1.0 equiv) were added and the fheskcharged with argon. After addition of
140 mL of dry tetrahydrofuran the reaction mixtuwvas heated to reflux for 12 h under an
atmosphere of argon. After cooling the mixture Viitdsred through a glass frit and the sol-

vent evaporated to give a colorless oil.

Chemical Formula C12H15NO, (205.25 g/mol)

Purification Usually the product was sufficiently pure and wagctly used
in subsequent reactions. If impurities were detkdtee com-
pound was distilled with a bulb-to-bulb distillati@pparatus at
120 °C/0.01 mbar

Yield 2.08 g (91%; Lif? 100%)

'H-NMR (300 MHz, acetone-d6)>= 1.54 (s, 9H, C(63)s), 7.49-7.58
(m, 2H, arom), 7.59-7.66 (m, 1H, arom), 7.91-7.99, @H,
arom), 8.80 (Ei=N);

13C-NMR (75.5 MHz, acetone-d6)>= 28.1 (CCHas)3), 82.0 C(CHs)s),
129.9 CHar), 130.5 CHa), 134.1 CHa/), 135.6 Cqa;), 163.4
(CO,), 168.4 CHN);
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7.3.1.3.  (Benzenesulfonyl-furan-2-ylmethyl)-carbami ¢ acid tert-butyl ester

(249hb)

O
0 J<

O NaO,S HCOOH (2.0 equiv) HN Q

I v o~ g

© \ MeOH/H,0 1:2 viv N
o) RT,5d \ o O \©

(1.0 equiv) (1.5 equiv) (2.0 equiv)
250 252b 251 249b

The aldehyde was freshly distilled prior to useq #ime procedure of 7.3.1.1 was followed.
The'H-NMR of the product, obtained as a colorless salids in full agreement with the lite-

rature¥?

Chemical Formula C16H19NOsS (337.39 g/mol)

Purification washing with water and diethyl ether

Yield 4.7 g (46%; Lit? 55%)

'H-NMR (300 MHz, CDC}): 6= 1.28 (s, 9H, C(83)3), 5.82 (d,

J=10.8 Hz, CHM), 6.03 (d,J = 10.6 Hz, GINH), 6.44 (dd,
J=3.4,1.9 Hz, 1H, Bg,), 6.58 (dJ = 3.3 Hz, 1H, Elr,), 7.48
(s, 1H, GHry), 7.50-7.57 (m, 2H, Ba), 7.60-7.69 (m, 1H,
CHar), 7.89 (dJ = 7.4 Hz, 2H, Gla);

7.3.1.4.  Furan-2-ylmethylene-carbamic acid tert-butyl ester (159b)

O 0] J<
K,CO3 (10.0 equiv) IN @
CH\/, THF, 65 C, 12 h ~
\ O
249b 159b

The procedure of 7.3.1.2 was followed. The produwets obtained as a yellow oil. The

'H-NMR was in full agreement with the literatu¥e.

173



7. Experimental part

Chemical Formula C10H13NO3 (195.22 g/mol)

Purification The product was directly used in the next stefpouit purifica-
tion

Yield 2.16 g (80%; Lif? 95%)

'H-NMR (400 MHz, CDC}): 8= 1.57 (s, 9H, C(6)s), 6.60 (ddJ = 3.6,

1.7 Hz, 1H, ®lgy), 7.23 (d,J = 3.5 Hz, 1H, Glry), 7.69 (s, 1H,
CHry), 8.78 (s, 1H, B=N);

13C-NMR (75.5 MHz, acetone-d6)>= 28.0 (CCHa)3), 81.8 C(CHs)s),
113.8 CHew), 121.9 CHrw), 149.2 CHew), 152.0 Coeuy), 156.6
(COy), 163.4 CH=N);

7.3.1.5.  (Benzenesulfonyl-naphthalen-2-ylmethyl)-ca  rbamic acid tert-butyl
ester (249c)

0]
Q HN)J\OJ<

(@] NaO,S HCOOH (1.0 equiv) o
JJ\ J< + H + 4
H,N~ ~O MeOH/H,0 1:2 viv P
O 65 C, 12 h o \©
(1.5 equiv) (1.0 equiv) (2.0 equiv) O

250 252¢c 251 249c

4.4 g (26.9 mmol, 1.0 equiv) of 2-naphthaldehyd@&, @ (40.4 mmol, 1.5 equiv) ¢ért-butyl
carbamate and 8.8 g (53.8 mmol, 2.0 equiv) of beedfinic acid sodium salt were dis-
solved in methanol/water (22 mL/44 mL). Formic a(d35 mL, 1.0 equiv) was added and
the mixture heated to 65 °C for 12 h. After coolittte precipitate was filtered, washed with
water and diethyl ether and then driedracuo It was purified by crystallization from chloro-
form at—40 °C to yield a colorless solid. ThE-NMR was in full agreement with the litera-

ture??
Chemical Formula CooH23NO4S (397.49 g/mol)
Purification crystallization from chloroform
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Yield 2.37 g (22%)

'H-NMR (300 MHz, CDC}): 8= 1.24 (s, 9H, C(EBi)3), 6.22 (d,
J=10.8 Hz, CHM), 7.53-7.78 (m, 6H, Ba, and CHNH), 7.82
(dd,J = 8.7, 1.8 Hz, 1H, B4,),7.90-8.00 (m, 5H, Ba), 8.21 (s,
1H, CHay);

7.3.1.6.  Naphthalen-2-ylmethylene-carbamic acid tert-butyl ester (159c)

LKk Xk
g
s

HN K2CO3 (8.0 equiv) IN
THF, 65 T, 13 h
T oL
249c 159

The procedure of 7.3.1.2 was followed. The produat obtained as a yellow solid. The

'H-NMR was in full agreement with the literatu¥e.

Chemical Formula C16H17NO; (255.31 g/mol)

Purification The product was directly used in the next stefevit purifica-
tion

Yield 752 mg (94%; Lif? 100%)

H-NMR (400 MHz, CDC}): 8= 1.62 (s, 9H, C(83)3), 7.53-7.63 (m,

2H, CHy), 7.89 (t,J = 8.3 Hz, 2H, CH), 7.94 (d,J = 8.1 Hz,
1H, CHy), 8.09 (dd,J = 8.6, 1.6 Hz, 1H, Ba), 8.29 (s, 1H,
CHay), 9.05 (s, 1H, B=N);

BC-NMR (100 MHz, CDCY): 8= 28.1 (CCHa)3), 82.4 C(CHa)s), 124.2
(CHa), 127.0 CHa), 128.1 CHa), 128.7 CHa), 129.0
(CHar), 129.3 CHar), 132.0 Caar), 132.9 Coar), 134.3 CHa),
136.2 Coa), 162.8 CO), 170.0 CH=N);
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7.3.1.7.  [Benzenesulfonyl-4 -(trifluoromethyl)phenyl-methyl]-carbamic acid
tert-butyl ester (249d)

0]
0O NaO,S HCOOH (6.0 equiv) 0
J\ J< * H 4
HoN- O THF/H,0 2:5 viv /S
e RT, 22 h . 3 \©

F3

(1.0 equiv) (1.08 equiv) (1.02 equiv)
250 252d 251 249d

The compound was obtained according to 7.3.1.1catoaless solid.

Chemical Formula C1oH20F3sNO4S (415.43 g/mol)

Purification The product was directly used in the next stefevit purifica-
tion

Yield 2.79 g (67%)

H-NMR (300 MHz, CDCH): 3= 1.25 (s, 9H, C(B3)s), 5.85 (d,

J=10.4 Hz, 1H, ENH), 6.01 (d,J = 10.9 Hz, 1H, CHN),
7.52-7.63 (m, 4H, arom), 7.64-7.74 (m, 3H, aromB37(d,
J=7.7 Hz, 2H, arom);

13C-NMR (75.5 MHz, CDCJ): 8= 28.0 (CCHs)3), 73.3 CHNH), 81.7
(C(CHs)3), 123.8 (q, “Jer = 273.0 Hz, CF3), 125.7 (q,
3Jce= 3.9 Hz, CH),CCF;), 129.3 CHa), 129.4 CHa/), 129.5
(CHar), 131.9 (q,%Jcr = 32.7 Hz, (CH)CCFs), 133.9 Caa),
134.3 CHa/), 136.6 Coa), 153.4 CO,);
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7.3.1.8.  4-(Trifluoromethyl)phenylmethylene-carbamic acid tert-butyl ester
(159d)

NJ\OJ<

Ko,CO3 (6.0 equiv) |
/@2\0 \© THF, 65 C, 14 h /O)
FsC

249d 159d

The procedure of 7.3.1.2 was followed. The produa$ obtained as a colorless solid. The

'H-NMR was in full agreement with the literatu¥e.

Chemical Formula C13H14F3NO; (273.25 g/mol)

Purification The product was directly used in the next stefovit purifica-
tion

Yield 832 mg (90%)

'H-NMR (400 MHz, CDCY): &= 1.60 (s, 9H, C(B3)3), 7.73 (d,
J=8.3 Hz, 2H, arom), 8.02 (d,= 8.2 Hz, 2H, arom), 8.86 (s,
1H, CH=N);

¥3C-NMR (100 MHz, CDC}): 6= 27.9 (CCHs3)3), 82.9 C(CHs)3), 123.2

(q, YJce = 272.0 HzCF3), 125.9 (g2Jcr = 4.0 Hz, CH),.CCR),
130.2 CHa), 134.7 (q,%Jcr = 32.4 Hz, (CH)CCR), 137.3
(Caar), 162.2 CO,), 167.5 CH=N);
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7.3.1.9.  (Benzenesulfonyl-4-chlorophenylmethyl)-car  bamic acid tert-butyl
ester (249e)

O J<
J\O
S
P

0]
j\ J< NaO,S HCOOH (2.0 equiv) HN
+ H +
H,N O \© THF/H,0 2:5 viv
cl RT, 48 h o \©
Cl

(1.0 equiv) (1.02 equiv) (1.0 equiv)
250 252e 251 249e

The reaction was performed according to 7.3.1.2e product was obtained as a colorless
solid. The'H-NMR was in full agreement with the literatufe.

Chemical Formula C18H20CINO,S (381.87 g/mol)

Purification crystallization from chloroform

Yield 7.6 g (57%)

'H-NMR (300 MHz, acetone-d6)d= 1.21 (s, 9H, C(B3)3), 6.07 (d,

J=10.9 Hz, 1H, EINH), 7.44-7.50 (m, 2H, arom), 7.58-7.67
(m, 3H, CHNH and arom), 7.68-7.78 (m, 3H, arom), 7.89-7.97

(m, 2H, arom);

13C-NMR (75.5 MHz, acetone-d6§ = 28.2 (CCHs)3), 74.6 CHNH), 80.6
(C(CHs)3), 129.3 CHa/), 130.0 CHa), 130.4 CHa), 130.8
(Coar), 132.2 CHar), 134.8 CHa), 135.9 Cqar), 138.5 Caa),
154.8 COy);
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7.3.1.10. 4-Chlorophenylmethylene-carbamic acid tert-butyl ester (159¢)
O o) J<
NJ\O

K>CO3 (8.0 equiv) |
/@)\ \© THF, 65 C, 13 h /@)
Cl

249e 159e

The procedure of 7.3.1.2 was followed. The produas obtained as a colorless solid. The

'H-NMR was in full agreement with the literatu¥e.

Chemical Formula C12H14CINO, (239.70 g/mol)

Purification The product was directly used in the next stefevit purifica-
tion

Yield 1.79 g (95%)

H-NMR (400 MHz, acetone-d6)3= 1.54 (s, 9H, C(63)s), 7.56-7.61

(m, 2H, arom), 7.93-7.99 (m, 2H, arom), 8.79 (s, CH=N);

13C-NMR (100 MHz, acetone-d6)5= 28.1 (CCHs)s), 82.2 C(CHa)s),
130.1 CHa:), 132.0 CHa/), 134.4 Caa), 139.6 Caa), 163.1
(COy), 167.2 CH=N);

7.3.1.11. (Benzenesulfonyl-4-methoxyphenylmethyl)-c  arbamic acid tert-butyl
ester (249f)

O
O
O NaO,S HCOOH (2.0 equiv)
X k- N0
(e} MeOH/H,0 1:2 viv ,/
MeO RT, 48 h
(1.0 equiv) (1.5 equiv) (2.0 equiv)
250 252f 251 249f

The reaction was performed according to 7.3.1.2e product was obtained as a colorless
solid. The'H-NMR was in full agreement with the literatufe.
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Chemical Formula C19H23NOsS (377.45 g/mol)

Purification the compound was directly employed in the nexp sti&hout

further purification
Yield 3.5 g (78%; Lit?? 80%)

'H-NMR (300 MHz, acetone-d6p = 1.21 (s, 9H, C(B)3), 3.83 (s, 3H,
OCHs), 5.97 (d,J = 10.7 Hz, 1H, EINH), 6.92-7.02 (m, 2H,
arom), 7.50 (dJ = 10.7 Hz, 1H, CHM), 7.54-7.67 (m, 4H,
arom), 7.67-7.77 (m, 1H, arom), 7.87-7.95 (m, 2tdna);

¥3C-NMR (75.5 MHz, acetone-d6§ = 28.3 (CCHs)3), 55.7 (QCH3), 74.9
(CHNH), 80.4 C(CHs)3), 114.5 CHa), 123.6 CHa/), 129.8
(CHa), 130.3 CHa), 131.8 CHa,), 134.5 Caa), 138.9 Caa),
154.9 CO,), 161.6 Cgar OCH);

7.3.1.12. 4-Methoxyphenylmethylene-carbamic acid  tert-butyl ester (159f)

Ik Lk
0 J\o

2

P

HN K,COg3 (8. equiv) |N
THF, 65 C, 13 h
@)
MeO MeO

249f 159f

The procedure of 7.3.1.2 was followed. The produa$ obtained as a colorless solid. The
'H-NMR was in full agreement with the literatu¥e.

Chemical Formula C13H17NO3 (235.28 g/mol)

Purification The product was directly used in the next stefpouit purifica-
tion

Yield 2.14 g (98%; Lif? 98%)

'H-NMR (300 MHz, CDC}): 8= 1.53 (s, 9H, C(E3)3), 3.90 (s, 3H,
OCHg), 7.05-7.12 (m, 2H, arom), 7.88-7.95 (m, 2H, aro8y6
(s, 1H, Gi=N);
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13C-NMR (75.5 MHz, acetone-d6§i= 28.1 (CCHs)s), 56.0 (CCH3), 81.5
(C(CHs)s), 115.3 CHa), 128.3 (Cq,), 132.7 CHa), 163.6
(COy), 165.0 CgarOCH), 168.3 CH=N);

7.3.1.13. (1-Benzenesulfonyl-3-methylbutyl)-carbami ¢ acid tert-butyl ester
(24909)

Xk
0 Q NaO,S HCOOH (2.0 equiv) HN™ ~O
P S A e
HoN- O H MeOH/H,0 1:10 viv S
65T, 2h 3 \©
(1.0 equiv) (2.2 equiv) (1.0 equiv)
250 252 251 249g

A modified literature procedure was follow&4.To a stirred solution akrt-butyl carbamate
(2.5 g, 21 mmol, 1.0 equiv) and benzenesulfinid acdium salt (3.45 g, 21 mmol, 1.0 equiv)
in methanol/water (2 mL/21 mL) was added isovatigayde (5 mL, 46.2 mmol, 2.2 equiv)
in one portion, followed by formic acid (2 mL). Thaxture was stirred at 65 °C for 2 h, dur-
ing which a colorless precipitate occurred. Thedsefs filtered, washed with water and die-
thyl ether and drieth vacuo The material thus obtained was not pure and eaystallized

from diethyl ether/hexane to yield colorless crigsta

Chemical Formula C16H25NO4S (327.44 g/mol)

Purification recrystallization from diethyl ether/hexane

Yield 2.37 g (22%)

'H-NMR (300 MHz, CDC}): 5= 0.92 (d,J = 6.5 Hz, 3H, El3), 0.99 (d,

J=6.5 Hz, 3H, El3), 1.19 (s, 9H, C(B3)3), 1.65-1.85 (m, 2H,
CHy), 1.92-2.08 (m, 1H, B(CHj3),), 4.91 (td,J = 11.0, 3.0 Hz,
1H, CHNH), 5.01 (d,J = 11.0, 1H, CHM), 7.48-7.69 (m, 3H,
arom), 7.88-7.95 (m, 2H, arom);
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13C-NMR (75.5 MHz, CDCY): 5= 21.2, 23.3, 24.9, 28.1 (CHs)s), 34.7
(CH,), 69.7 CHNH), 80.8 C(CHs)s), 129.1 CHa/), 129.5
(CHar), 133.9 CHa,), 137.1 Caa), 153.8 COy);

Mass miz (%) (El) 210 (M-GH1NO»-H, 2), 186 (PhS@ 21), 130
(1864Bu+H, 84), 86 (186-HsO+H, 83), 57 (Bu, 100);

HRMS (ESlpos) calculated for {gH2sNNaO,Si (M+Na) 350.139651;
found 350.139674;

7.3.1.14. 3-Methylbutylidene-carbamic acid tert-butyl ester (1599)

O J<
Cs,CO3 (10.0 equiv) JJ\O

Ik
HN™ O
)\)\ /O )\)N
7 |
2 THF, RT, 4 h
(@]

249g 159g

The product was obtained following a literature-kmoproceduré?* 1.625 g (5 mmol,
10 equiv) of CZCO; were introduced into a 25 mL round-bottomed flaskl flame dried un-
der high vacuum. After cooling, 163 mg (0.5 mmol,equiv) of (1-benzenesulfonyl-3-
methylbutyl)-carbamic acitert-butyl ester were added and the solids suspend&dmhb of
dry tetrahydrofuran. After stirring at room tempera for 4 h, the mixture was cooled to
0 °C, diluted with pre-cooled pentane (5 mL), wakhdth water (0 °C) twice and with brine
(0 °C) once. The organic phase was dried over nsagmesulfate and the solvent removed on
a rotary evaporator while being kept at 0 °C. Tortess oil thus obtained was used imme-
diately in the Mannich reaction.

Chemical Formula C10H19NO; (185.26 g/mol)

Purification The product was directly used in the next stefpouit purifica-
tion

'H-NMR (500 MHz, CRCN): 6=10.89 (d,J = 6.7 Hz, 6H, Ei3), 1.41 (s,

9H, C(CHs)s), 1.85-1.89 (m, 2H, B,), 2.06-2.08 (m, 1H,
CH(CHs),), 8.06 (s, 1H, E=N);
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7.3.1.15. (1-Benzenesulfonylpropyl)carbamic acid  tert-butyl ester (249h)

1 L
O O NaO,S HCOOH (1.75 equiv) HN™ O
(@]
+ +
HZNJ\OJ< \)J\H \© MeOH/H,0 1:10 viv \)\//S//
65T, 2h o \©
(1.0 equiv) (1.35 equiv) (1.0 equiv)
250 252h 251 249h

A modified literature procedure was follow&.To a stirred solution akrt-butyl carbamate
(3.5 g, 29.9 mmol, 1.0 equiv) and benzenesulfirsd asodium salt (5.0 g, 30.0 mmol,
1.0 equiv) in methanol/water (3 mL/30 mL) was adgeapionaldehyde (2.35 g, 40.4 mmol,
1.35 equiv) in one portion, followed by formic a¢®&lmL). The mixture was stirred at 65 °C
for 2 h, during which a colorless precipitate ocedr The solid was filtered, washed with
water and diethyl ether and driedvacuo The material thus obtained was not pure and was

recrystallized from chloroform to yield colorlesystals.

Chemical Formula C14H21NO4S (299.39 g/mol)

Purification crystallization from chloroform

Yield 2.18 g (24%)

H-NMR (300 MHz, CDC4): 8= 1.09 (t,J = 7.5 Hz, 3H, CHCH3), 1.22

(s, 9H, C(®H3)3), 1.71-1.87 (m, 1H, B,CHg), 2.24-2.39 (m,
1H, CH,CHs), 4.78 (td,J = 10.5, 3.6 Hz, 1H, BNH), 4.95 (d,
J=11.0, 1H, CHM), 7.50-7.57 (m, 2H, arom), 7.59-7.68 (m,
1H, arom), 7.88-7.95 (m, 2H, arom);

HRMS (ESIpos) calculated for gH2,NO,S (M+H) 300.126955; found
300.127069;

183



7. Experimental part

7.3.1.16. Propylidenecarbamic acid tert-butyl ester (159h)

(@)
1k 0
HN (@) OJ<

O

\)\/,S//\© THF, RT, 4h \)

O Cs,CO3 (10.0 equiv) JJ\

249h 159h

The product was obtained according to 7.3.1.14. NlWR was in agreement with the litera-

ture* The colorless oil

Chemical Formula

Purification

'H-NMR

thus obtained was used immelgiatehe Mannich reaction.

CgH15NOz (15721 g/mol)

The product was directly used in the next stefpovit purifica-

tion

(300 MHz, CDC}¥): 6=1.16 (t,J = 7.4 Hz, 3H, CHCH3), 1.53
(s, 9H, C(MH3)3), 2.37-2.50 (m, 2H, B,CHj3), 8.30 (bs, 1H,
CH=N);

7.3.1.17. (1-Benzenesulfonyl-3-phenylallyl)carbamic  acid tert-butyl ester (249i)

HN)OJ\OJ<

9 O HCOOH (4.0 equiv
H,N™ ~O Ph™ ™ H THF/H,0 25viv. Ph™ X S

/7
RT, 72 h 3 \O

(1.0 equiv) (2.0 equiv) (1.0 equiv)

250 7

251 249i

A modified literature procedure was follow&d.To a stirred solution akrt-butyl carbamate

(586 mg, 5 mmol, 1.0

equiv) and benzenesulfinid asmdium salt (821 mg, 5.0 mmol,

1.0 equiv) in tetrahydrofuran/water (2 mL/5 mL) wadded cinnamaldehyde (0.68 mL,

4.9 mmol, 0.98 equiv) in one portion, followed byrrhic acid (1.2 mL). The mixture was

stirred at room temperature for 72 h, during whactolorless precipitate occurred. The solid

was filtered, washed with water and diethyl ethlired in vacuqg and recrystallized from

chloroform.
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Chemical Formula CooH23NO4S (373.47 g/mol)

Purification recrystallization from chloroform

Yield 901 mg (48%)

H-NMR (300 MHz, CDCA): 8= 1.44 (s, 9H, C(B3)3), 4.61 (m, 1H),

5.40 (m, 1H), 6.43 (m, 1H), 6.67 (m, 1H), 7.15-7(@4, 2H,
arom), 7.21-7.30 (m, 3H, arom), 7.36-7.42 (m, 2kona,
7.50-7.62 (m, 3H, arom);

3C-NMR (125.8 MHz, CDGJ): 8= 28.2 (CCHs)3), 73.5 CHNH), 81.1
(C(CHa)3), 98.7 (ArCH=CH), 128.6 CHa,), 128.6 CHa), 128.7
(CHa), 129.2 CHpr), 129.4 CHp), 131.5 (ACH=CH), 132.9
(Car), 133.5 CHar), 137.3 Coar), 152.1 COy);

7.3.1.18. 3-Phenylallylidenecarbamic acid tert-butyl ester (159i)
0 o)
Ao

KoCO3 (10.0 equiv) |
©/\)\// \© THF, 65 C, 12 h ©/\)

249i 159i

The product was obtained according to 7.3.1.2 pal@ yellow oil after bulb-to-bulb distilla-

tion.

Chemical Formula C14H17NO> (231.29 g/mol)

Purification bulb-to-bulb distillation (165-175 °C;BJ? mbar)

Yield 178 mg (64%)

'H-NMR (300 MHz, CDCY): 6= 1.57 (s, 9H, C(83)3), 6.98 (dd,

J=16.0, 9.2 Hz, 1H, B=CHAr), 7.36 (d,J = 15.8 Hz, 1H,
CH=CHAr), 7.40-7.47 (m, 3H, arom), 7.51-7.60 (m, 2H,majp
8.69 (d,J = 9.4 Hz, 1H, G=N);
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3C-NMR (125.8 MHz, CDGJ): 5= 28.1 (CCHs3)3), 82.1 C(CHs)3), 127.0
(CH=CHAr), 128.3 CHa), 129.2 CHa), 130.9 CHa/), 134.9
(Caar), 150.7 (CHEHAr), 162.5 COy), 171.7 CH=N);
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7.3.2. Products of the Mannich reaction

7.3.2.1.

159a

tert-Butyl-(1 S,2S)-2-methyl-3-o0xo-1-phenylpropylcarbamate (255a)

0]
0 S,
H}\ 20 mol% (S)-Proline
+
CH3CN, 0 <C, 12 h

(2.0

equiv)
255a

The reaction was performed according to 7.3.2.2 ptoduct was obtained as a colorless

solid.

Chemical Formula

TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio
Optical rotation
Melting point

'H-NMR

BC-NMR

C15H21NO3 (263.33 g/mol)

R: = 0.33 (SiQ, ethyl acetate/hexane 15/85 v/v), stained with
anisaldehyde

The colorless solid obtained in the workup wasutaited with
cold hexanes<{/8 °C)

120.2 mg (91%)

>99:1

>99:1

[a]3® +11.5 € = 1.00, CHCJ)
133-135 °C

(400 MHz, CDCY¥): 6=1.07 (d,J = 7.0 Hz, 3H, El3), 1.41 (s,
9H, C(H3)3), 2.80-2.94 (m, 1H, BCHO), 5.04-5.24 (m, 2H,
CHNH and CHM), 7.37-7.24 (m, 5H, arom), 9.71 (s, 1H,
CHO);

(75.5 MHz, CDCY): 5= 9.3 (CHCH3), 28.3 (CCHa)s), 51.6

(CHCOH), 54.7 CHNH), 80.1 C(CHs)3), 126.7 CHa), 127.7

(CHar), 128.8 CHa), 139.7 Caar), 155.1 CO,), 203.0 CHOY;
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Mass

HRMS

HPLC

miz (%) (El) 206 (M-GHsO, 39), 150 (208Bu+H, 97), 118
(20), 106 (150-CQ 92), 91 (CHPh, 16), 57tBu, 100);

(ESlpos) calculated for &H>;NNaO; (M+Na) 286.141350;
found 286.141365;

TR 44.7 min (minor enantiomer)
TR 60.5 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 2/98);

7.3.2.2.  tert-Butyl-(1S,2S)-2-formyl-3-methyl-1-phenylbutylcarba  mate (255b)

Piok
of

159a

O
>‘\O)J\NH O

O
20 mol% (S)-Proline
+ H
CHsCN, 0 C, 12 h MH

(2.0 equiv)

255b

102.5 mg (0.5 mmol, 1.0 equiv) of phenylmethyleaebamic acidert-butyl ester were dis-

solved in 5 mL of anhydrous acetonitrile. 86.1 ridd(mmol, 2.0 equiv) of isovaleraldehyde
were then added and the mixture cooled to 0 °C5 g (0.01 mmol, 20 mol%) of

(9-proline were added and the mixture stirred folhl2pon completion of the reaction, the

mixture was poured into water, and a colorlessdspiecipitated. The precipitate was col-

lectedvia filtration and then triturated with cold hexane3& °C) to give the pure product as

a colorless solid.

Chemical Formula

TLC

Purification

Yield

Diastereomeric ratio

188

C17H25NO3 (29139 g/mol)

Rt = 0.45 (SiQ, ethyl acetate/hexane 15/85 v/v), stained with
anisaldehyde

The colorless solid obtained in the workup wasutaited with
cold hexanes{/8 °C)

128.5 mg (88%)

>99:1
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Enantiomeric ratio
Optical rotation
Melting point

'H-NMR

BC-NMR

Mass

HRMS

HPLC

>00:1
[a]3® —70.9 € = 0.81, CHCJ)
141-142 °C

(300 MHz, CDCY): 8= 1.02 (d,J = 6.9 Hz, 3H, Els), 1.13 (d,
J= 6.9 Hz, 3H, @l3), 1.40 (s, 9H, C(B3)3), 2.14-2.08 (m, 1H
CH(CHs),), 2.47-2.53 (m, 1H, BCHO), 5.01-5.20 (m, 2H,
CHNH and CHM), 7.21-7.34 (m, 5H, arom), 9.49 (d,
J=4.2 Hz, 1H, GlO);

(75.5 MHz, CDCY): 8= 19.1 CH(CHa)2), 21.2 (CHCHa3).),
27.0 (CHCHa)2), 28.3 (CCHa)s), 53.5 CHNH), 62.0 CH-
CHO), 79.8 C(CHs)s), 127.2 CHa), 127.8 CHa), 128.8
(CHar), 139.9 Caar), 155.0 CO,), 204.9 CHOY;

m/z (%) (El) 235 (MiBu+H, 1), 206 (M-GHsO, 38), 150
(2064Bu+H, 100), 106 (150-C£96), 91 (CHPh, 11), 57t8u,
99);

(ESlpos) calculated for @H,sNNaO; (M+Na) 314.172600;
found 314.172661;

TR 33.4 min (minor enantiomer)
TR 54.7 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 2/98);
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7.3.2.3.

159a

tert-Butyl-(1 S,2S)-2-formyl-1-phenylhexylcarbamate (255c)

0 S i
O)J\NH O

H 20 mol% (S)-Proline

CHsCN, 0, 12 h H

(2.0 equiv)

255¢C

The reaction was performed according to 7.3.2.2 ptoduct was obtained as a colorless

solid.

Chemical Formula

TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio
Optical rotation
Melting point

H-NMR

BBC-NMR

190

ClgH27NO3 (305.41 g/mol)

Rr = 0.43 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple
with anisaldehyde

The colorless solid obtained in the workup wasutaited with
cold hexanes<{/8 °C)

131 mg (84%)

>00:1

>00:1

[a]3’ -14.2 ¢ = 1.01, CHG))
139-140 °C

(400 MHz, CDC}): 6= 0.85 (t,J = 6.9 Hz, 3H, Ei3), 1.41 (s,
9H, C(Hs)3), 1.18-1.53 (m, 5H), 1.63-1.76 (m, 1H), 2.65-2.74
(m, 1H, HCHO), 5.00-5.10 (m, 1H, I@NH), 5.10-5.21 (m, 1H,
CHNH), 7.21-7.29 (m, 3H, arom), 7.32-7.36 (m, 2H, arom)
9.59 (dJ= 2.4 Hz, 1H, EO);

(75.5 MHz, CDC)): 8= 13.8 (CHCHa), 22.7 CHy), 25.3
(CH), 28.3 (CCHs)s), 29.6 CHy), 54.7 CHNH), 56.7
(CHCOH), 80.0 C(CHa)s), 126.9 CHal), 127.7 CHa), 128.8
(CHar), 139.7 Caar), 155.0 CO,), 203.7 CHOY;
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Mass miz (%) (El) 249 (MiBu+H, 1), 206 (M-GH1O, 39), 204
(249-CQ, 1), 189 (204-Chl 6), 150 (208Bu+H, 100), 106
(150-CQ, 80), 91 (CHPh, 10), 57tBu, 67);

HRMS (ESlpos) calculated for H,7/NNaG; (M+Na) 328.188606;
found 328.188316;

HPLC TR 35.5 min (minor enantiomer)
TR 44.1 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 2/98);

7.3.2.4.  tert-Butyl-(1 R,2S)-2-(tert-butyldimethylsilyloxy)-3-oxo-1-phenylpro-
pylcarbamate (255d)

O
7 J< Q >‘\ )J\
J\O 20 mol% (S)-Proline o NH O

.
OTBS CH4CN, RT, 23 h H
OTBS

(2.0 equiv)

159a 255d

The reaction was performed according to 7.3.2.2 wbth a different workup: The solution
was poured into water and extracted with dichlorivaee (3x). The combined organic frac-
tions were washed with brine, dried over magnessuifate, and the solvent was removed on

a rotary evaporator. The product was obtainedamdaaless oil.

Chemical Formula Co0H33NO,4Si (379.57 g/mol)

TLC Rr = 0.15 (SiQ, diethyl ether/pentane 20/80 v/v), stained pink
with anisaldehyde

Purification flash column chromatography on silica gel, elutmth diethyl

ether/pentane (8/92 v/v)
Yield 132 mg (69%)

Diastereomeric ratio >95:5
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Enantiomeric ratio 99:1

'H-NMR (400 MHz, CDCH): 3=-0.33 (s, 3H, Si(El3)a(CHs)g), —0.16 (s,
3H, Si(CH)a(CH3)g), 0.79 (s, 9H, C(83)s), 1.42 (s, 9H,
C(CH3)3), 4.13-4.28 (m, 1H, BCOH), 5.10-5.27 (m, 1H,
CHNH), 5.35-5.50 (m, 1H, CHN), 7.21-7.29 (m, 3H, arom),
7.29-7.38 (m, 2H, arom), 9.70 (s, 1H;10);

¥3C-NMR (100 MHz, CDCK: 8= -5.6 (SiCH3)a(CHs)s), -5.1
(Si(CHs)a(CH3)g), 18.3 (SC(CHs)s), 25.8 (SiCCHs)s), 28.5
(C(CHa3)s), 55.6 CHNH), 80.2 €q), 81.6 Cq), 126.6 CHa,),
127.7 CHa), 128.6 CHa), 139.5 Cga), 155.1 CO.NH),
201.6 CHO);

Mass miz (%) (EI) 306 (MiBuO, 6), 206 (M-GH170,Si, 26), 150
(2064Bu+H, 100), 106 (150-C42), 57 (Bu, 28);

HRMS (ESlpos) calculated for gH3sNNaO,Si (M+Na) 402.207104;
found 402.2074009;

HPLC TR 17.8 min (minor enantiomer)
TR 29.3 min (major enantiomer)
(AD-H, 0.5 mL/min,iPrOHh-heptane 3/97);

7.3.2.5. tert-Butyl-(1 S,2S)-3-0x0-1,2-diphenylpropylcarbamate (255e)
0 o)
0
NJ\OJ< >‘\OJ\NH 0

[ . H 20 mol% (S)-Proline
©) CHsCN, 0T, 13 h O H
(2.0 equiv) !

159a 255e

The reaction was performed according to 7.3.2.2 product was obtained as a colorless

solid.

Chemical Formula Co0H23NO3 (325.40 g/mol)
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TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio

H-NMR

BC-NMR

Mass

HRMS

HPLC

R: = 0.37 (SiQ, ethyl acetate/hexane 25/75 v/v), stained green-

blue with anisaldehyde

The colorless solid obtained in the workup wasutaited with
cold hexanes{/8 °C)

127 mg (76%)
98:2
>00:1

(400 MHz, CDC}): 6= 1.31 (s, 9H, C(B3)3), 4.00 (d,
J=7.6 Hz, 1H, GICHO), 4.87-5.10 (m, 1H, CHHN), 5.42 (t,
J=7.6 Hz, 1H, €EINH), 7.08-7.14 (m, 2H, arom), 7.15-7.20 (m,
2H, arom), 7.23-7.37 (m, 6H, arom), 9.72 Jd+ 1.8 Hz, 1H,
CHO);

(75.5 MHz, CDCY): 8= 28.2 (CCHs)s), 54.9 CHNH), 64.5
(CHCHO), 80.0 C(CHa)s), 127.2 CHal), 127.4 CHay), 127.7
(Coar), 128.2 CHa,), 128.6 CHar), 129.0 CHar), 130.0 CHay),
135.5 Cqar), 154.9 COy), 198.6 CHO);

m/z (%) (El) 206 (M-GH;O, 39), 181 (12), 150 (20¢Bu+H,
99), 120 (GH;O+H, 25), 106 (150-C¢ 100), 91 (CHPh, 15),
77 (Ph, 8), 57tBu, 96);

(ESlpos) calculated for FGHsNNaO; (M+Na) 348.157014;
found 348.156602;

TR 26.7 min (minor enantiomer)
TR 35.7 min (major enantiomer)
(AD-H, 0.5 mL/min,iPrOHh-heptane 10/90);
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7.3.2.6. tert-Butyl-(1 S,2S)-2-formyl-1-(4-methoxyphenyl)-3-methylbutyl-
carbamate (255f)

159f

0J< i >I\oj\NH 0

20 mol% (S)-Proline
+ H
/ij\ CH3CN, 0T, 12 h /@JIJ\H
(2.0 equiv) MeO
255f

The reaction was performed according to 7.3.2.2 product was obtained as a colorless

solid.

Chemical Formula

TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio
Optical rotation
Melting point

H-NMR

BC-NMR

194

Ci1gH>7/NO4 (32141 g/mol)

R: = 0.30 (SiQ, ethyl acetate/hexane 15/85 v/v), stained with

anisaldehyde

The colorless solid obtained in the workup wasutaited with
cold hexanes</8 °C)

128.9 mg (80%)

>99:1

>99:1

[a]3® —95.2 € = 1.01, CHCJ)
151-152 °C

(300 MHz, CDC}): 6=1.02 (d,J = 6.9 Hz, 3H, El3), 1.11 (d,
J=6.9 Hz, 3H, Ei3), 1.40 (s, 9H, C(83)3), 2.07-2.13 (m, 1H
CH(CHg)y), 2.44-2.50 (m, 1H, BCHO), 3.77 (s, 3H, OB3),

5.00-5.15 (m, 2H, BNH and CHNH), 6.83 (d,J = 8.6 Hz, 2H,
arom), 7.15 (dJ = 8.6 Hz, 2H, arom), 9.49 (d,= 4.2 Hz, 1H,
CHO);

(75.5 MHz, CDCY): 5= 19.0 CH(CHs)2), 21.2 (CHCH3),),
27.1 (CHCHs)2), 28.4 (CCHa)3), 52.9 (QCHs), 55.3 CHNH),
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Mass

HRMS

HPLC

62.1 CHCHO), 79.8 C(CHs)s), 114.2 CHa), 128.4 CHay),
132.0 Cqa), 155.0 €O2), 159.1 Cga,OMe), 205.1 CHO);

miz (%) (EI) 264 (MiBu, 3), 236 (M-GHsO, 21), 180
(2364Bu+H, 100), 136 (180-C£44), 57 (Bu, 43);

(ESlpos) calculated for H,7NNaO, (M+Na) 344.183209;
found 344.183224;

TR 28.2 min (minor enantiomer)
TR 58.4 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 5/95);

7.3.2.7. tert-Butyl-(1 S,2S)-2-formyl-1-(4-chlorophenyl)-3-methylbutyl-
carbamate (2559)

159e

S 41

20 mol% (S)-Proline NH O
+ H
CHsCN, 0%, 12 h /@/‘IJ\H
Cl

(2.0 equiv)
255¢

The reaction was performed according to 7.3.2.2 ptoduct was obtained as a colorless

solid.

Chemical Formula

TLC

Purification

Yield

Diastereomeric ratio

Enantiomeric ratio

Cl7H24C|N03 (325.83 g/mol)

R = 0.42 (SiQ, ethyl acetate/hexane 15/85 v/v), stained with
anisaldehyde

The colorless solid obtained in the workup wasutaited with
cold hexanes<{/8 °C)

96 mg (59%)
99:1

99:1
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Optical rotation [a]3® —90.5 € = 1.04, CHCJ)
Melting point 137-140 °C
IH-NMR (400 MHz, CDC4): 8= 1.02 (d,J = 6.9 Hz, 3H, El), 1.13 (d,

J=6.9 Hz, 3H, El3), 1.40 (s, 9H, C(B3)3), 2.03-2.17 (m, 1H

CH(CHj3),), 2.45-2.54 (m, 1H, BCHO), 4.96-5.18 (m, 2H,

CHNH and CHMNH), 7.18 (d,J = 8.3 Hz, 2H, arom), 7.25-7.32
(m, 3H, arom), 9.50 (dl = 3.9 Hz, 1H, EGO);

3C-NMR (100 MHz, CDC#): 8= 19.2 CH(CHa),), 21.3 (CHCHx),), 27.1
(CH(CHs),), 28.5 (CCHa3)s), 53.0 CHNH), 61.9 CHCHO),
80.2 C(CHs)a), 128.8 CHar), 129.1 CHa,), 133.8 Cqar), 138.7
(Coar), 155.0 CO,), 204.7 CHO);

Mass miz (%) (EI) 269 (MiBu+H, 1), 240 (M-GH,O, 20), 184
(269-GHo0, 54), 140 (150-C§ 47), 57 (Bu, 100);

HRMS (ESlpos) calculated for &H24CINNaO; (M+Na) 348.133388;
found 348.133693;

HPLC TR 16.1 min (minor enantiomer)
TR 28.7 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 7/93);

7.3.2.8.  tert-Butyl-(1 S,2S)-2-formyl-3-methyl-1-(naphthalene-2-yl)-butyl-
carbamate (255h)

Xk SR
IN ° . /{iH 20 mol% (S)-Proline 0" NH O
OO CH3CN, 0, 12 h H
(2.0 equiv)
159c 255h

The reaction was performed according to 7.3.2.2 product was obtained as a colorless

solid.
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Chemical Formula C21H27NO3 (341.44 g/mol)

TLC R: = 0.36 (SiQ, ethyl acetate/hexane 25/75 v/v), stained blue

with anisaldehyde

Purification The colorless solid obtained in the workup wasutaited with
cold hexanes{/8 °C)

Yield 136 mg (82%)

Diastereomeric ratio 99:1

Enantiomeric ratio 99:1 (crude: 96:4)

Optical rotation [a]3® -81.8 € = 1.02, CHCJ)

Melting point 177-180 °C (decomp.)

H-NMR (300 MHz, CDC}): = 1.04 (d,J = 6.9 Hz, 3H, Els), 1.17 (d,

J=6.9 Hz, 3H, El3), 1.40 (s, 9H, C(B3)3), 2.10-2.25 (m, 1H
CH(CHj3),), 2.55-2.65 (m, 1H, BCHO), 5.10-5.35 (m, 2H,
CHNH and CHM), 7.35 (dd,J = 8.3, 1.5 Hz, 1H, arom),
7.43-7.51 (m, 2H, arom), 7.70 (brs, 1H), 7.77-7(&4 3H,

arom), 9.54 (dJ = 4.1 Hz, 1H, GO);

13C-NMR (75.5 MHz, CDC}): 8= 19.1 CH(CHs),), 21.3 (CHCHs3).),
27.1 (CHCHa3)2), 28.3 (CCHs)s), 53.6 CHNH), 62.0 CH-
CHO), 79.9 C(CHs)s), 125.0 CHp), 126.2 CHa), 126.3
(CHa), 126.4 CHa), 127.6 CHa/), 128.0 CHa), 128.8
(CHar), 132.9 Caar), 133.2 Cdar), 137.3 Caar), 155.0 COy),

204.9 CHO);

Mass m/z (%) (El) 341 (M, 2), 285 (MBu+H, 6), 256 (M-GH-O,
25), 200 (285-6Hg0, 100), 156 (200-C§ 60), 127 (naph, 7),
57 tBu, 47);

HRMS (ESlIpos) calculated for gH,7NNaO; (M+Na) 364.188025;

found 364.188315;
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HPLC TR 37.5 min (minor enantiomer)
TR 73.5 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHAh-heptane 2/98);

7.3.2.9. tert-Butyl-(1 S,2S)-2-formyl-1-(furan-2-yl)-3-methylbutylcarbamate
(255i)

0 J< >[\ o
INJ\o . /i(iH 20 mol% (S)-Proline OJ\NH o
d CH4CN, 0T, 12 h @)/'IJ\ H
(2.0 equiv)
159b 255i

The reaction was performed according to 7.3.2.2 gldifferent workup had to be employed

since the product did not precipitate after addimg reaction mixture to water. Instead, the
agueous layer was extracted three times with dietmer, and the combined organic phases
were washed with brine once and dried ovesS@. The product was obtained as a colorless

solid after purification by column chromatography.

Chemical Formula C15H23NO4 (281.35 g/mol)

TLC Rr = 0.40 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple

with anisaldehyde

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (20/80 v/v)

Yield 103 mg (74%)
Diastereomeric ratio 97:3

Enantiomeric ratio 99:1

Optical rotation [a]3® -104.1 € = 1.01, CHCJ)
Melting point 62-64 °C
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H-NMR

BC-NMR

Mass

HRMS

HPLC

7.3.2.10.

(300 MHz, CDC}): 5= 0.97 (d,J = 6.8 Hz, 3H, El3), 1.06 (d,
J= 6.8 Hz, 3H, El3), 1.43 (s, 9H, C(83)3), 1.90-2.07 (m, 1H
CH(CHa)2), 2.39-2.50 (m, 1H, BCHO), 5.06-5.24 (m, 2H,
CHNH and CHM), 6.21-6.25 (dJ = 3.0 Hz, 1H, Elry), 6.29
(dd,J = 3.4, 1.9 Hz, 1H, Bey), 7.32 (ddJ = 1.9, 0.8 Hz, 1H,
CHgy), 9.60 (d,J = 3.9 Hz, 1H, EO);

(75.5 MHz, CDCY): 5= 20.1 CH(CHs)2), 20.6 (CHCH3),),
26.7 (CHCHa)2), 28.5 (CCHa)s), 47.7 CHNH), 61.1 CH-
CHO), 80.2 C(CHg)s), 108.0 CHry), 110.5 CHey), 142.3
(CHru), 152.2 Caru), 154.9C0,), 204.8CHO);

m/z (%) (EI) 281 (M, 1), 225 (MBu+H, 37), 196 (M-GHO,
12), 182 (225-GH-, 29), 165 (182-O, 13), 140 (182460,
100), 96 (140-CQ 78), 57 (Bu, 65);

(ESlpos) calculated for &H23NNaO, (M+Na) 304.151806;
found 304.151928;

TR 22.4 min (minor enantiomer)
TR 39.7 min (major enantiomer)
(AS-H, 0.5 mL/min,iPrOHh-heptane 3/97);

tert-Butyl-(3 R,4S,E)-4-formyl-5-methyl-1-phenylhex-1-en-3-yl-
carbamate (255))

O
I o
|N o . H 20 mol% (S)-Proline 0
©/v CH3CN, 0 T, 16 h MH

The reaction was performed according to 7.3.2.9,dizthloromethane was used for the ex-

(2.0 equiv)
255j

traction. The product was obtained as a colorlebd after column chromatographical purifi-

cation.
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Chemical Formula

TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio

H-NMR

BC-NMR

Mass

HRMS

HPLC

200

CigH>7/NO3 (31742 g/mol)

R: = 0.43 (SiQ, ethyl acetate/hexane 25/75 v/v), stained green-

blue with anisaldehyde

flash column chromatography on silica gel, elutimigh ethyl
acetate/pentane (10/9@®0/80 v/v)

100.8 mg (64%)
95:5
>00:1

(400 MHz, CDC}): 8= 0.99 (d,J = 6.7 Hz, 3H, Els), 1.06 (d,
J=6.7 Hz, 3H, El), 1.38 (s, 9H, (C(H)3), 2.00-2.14 (m, 1H,
CH(CHs),), 2.28-2.36 (m, 1H, BCHO), 4.51-4.68 (m, 1H,
CHNH), 4.85-5.02 (m, 1H, CHN), 6.10 (dd,J = 15.8, 7.6 Hz,
1H, ArCH=CH), 6.51 (d,J = 15.8 Hz, 1H, ArGI=CH),
7.14-7.30 (m, 5H, arom), 9.70 @= 3.1 Hz, 1H, EIO);

(100 MHz, CDCY): &= 20.4 CH3), 21.0 CHs), 27.0 (GH), 28.5
(C(CHa)s), 52.1 (GINH), 62.0 CHCHO), 80.0 C(CHs)s), 126.7
(CHa), 128.1 CHa), 128.7 CHa), 131.6 Caga), 132.7
(ArCH=CH), 136.5 (ACH=CH), 155.1 CO,), 205.9 CHO);

m/z (%) (El) 317 (M, 2), 261 (MBu+H, 18), 232 (M-GHgO,

4), 200 (M-GH1oNO»-H, 63), 176 (261-¢HgO, 100), 132
(232-GHoOx+H, 34), 115 (132-NH, 48), 91 (Bz, 12), 77 (Ph, 4),
57 {Bu, 54);

(ESlpos) calculated for gH,7NNaGO; (M+Na) 340.188310;
found 340.188470;

TR 25.9 min (major enantiomer)
TR 31.2 min

(OD-H, 0.5 mL/min,iPrOHhN-heptane 2/98);

(minor enantiomer)
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7.3.2.11. tert-Butyl-(3 S,4R)-3-formyl-2,6-dimethylheptan-4-ylcarbamate (255k)

O
>‘\O)J\NH O

@]
Ik o
|N 0o . H 20 mol% (S)-Proline
/ﬁ CH4CN, 16 T, 14 h /i\HJ\H

I-Pr

(2.0 equiv)
1599 255k

The reaction was performed according to 7.3.2.4 ifhine was employed in the reaction
immediately after preparation. The product was iokthas a colorless solid.
Chemical Formula C15H20NO3 (271.40 g/mol)

TLC Rr = 0.32 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple
with anisaldehyde

Purification column chromatography on silica gel, eluting withyl ace-
tate/hexane (20/80 v/v)

Yield 48.5 mg (36% over two steps)

Diastereomeric ratio 11:1

Enantiomeric ratio 98:2

Melting point 50-56 °C

'H-NMR (300 MHz, CDC4, 333 K):0=0.91 (d,J=6.7 Hz, 3H, CHCH-

(CH3)a(CHs)g), 0.93 (d,J = 6.6 Hz, 3H, CHCH(CHs)a(CHa)s),
1.03 (d,J = 6.7 Hz, 3H, CHCH(B3)a(CHa)s), 1.06 (d,
J=6.8 Hz, 3H, CHCH(CB)A(CHa)g), 1.22-1.32 (m, 2H, B)),
1.44 (s, 9H, C(€l)3), 1.61-1.79 (m, 2H, CHCH(CH3),), 2.08
(dgg,J = 6.8, 6.8, 6.8 Hz, 1H, CHE(CHs),), 2.21 (ddd,) = 7.5,
6.5, 3.4 Hz, 1H, EBCH(CHs),), 3.98-4.13 (m, 1H, BNH),

4.32-4.54 (m, 1H, CHN), 9.75 (dd,) = 3.4, 0.4 Hz, 1H, BO);

¥C-NMR (125.8 MHz, CDGJ): 5= 20.2 CHs), 20.6 CHs3), 21.3 CHa),
23.8 CH3), 25.0 (H), 26.6 (GH), 28.4 (CCHa)s), 41.2 (GHy),
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Mass

HRMS

HPLC

47.9 (HNH), 62.6 CHCHO), 79.3 C(CHs)s), 155.4 COy),
206.3 CHO);

miz (%) (El), 214 (MiBu, 2), 200 (214-CH 1), 186
(214-CHO+H, 26), 170 (214-GD1), 158 (214Bu+H, 7), 130
(214-GHgO+H, 77), 86 (§HsO+H, 96), 57 Bu, 100);

(ESlpos) calculated for @HogNNaO; (M+Na) 294.203959;
found 294.203784;

TR 11.4 min (minor enantiomer)
TR 13.7 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 8/92);

7.3.2.12. (S)-tert-Butyl-3-oxo-1-phenylbutylcarbamate (255I)

159a

O
j\O)]\NH O

o 20 mol% (S)-Proline
PN
acetone, RT, 12 h ©)\)J\

255|

The reaction was performed according to 7.3.2[&ialn acetone as the solvent and at room

temperature to account for the lower reactivitytired ketone. The product was obtained as a

colorless solid.

Chemical Formula

TLC

Purification

Yield

Enantiomeric ratio

202

CisH>1NO3 (26333 g/mol)

R: = 0.20 (SiQ, ethyl acetate/hexane 15/85 v/v), stained with
anisaldehyde

The colorless solid obtained in the workup wasutaited with
cold hexanes{8 °C)

96.2 mg (73%)

>99:1
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Optical rotation [a]3® —23.8 € = 1.02, CHCJ)
Melting point 106-107 °C (decomp.)
IH-NMR (300 MHz, CDCY): 8= 1.41 (s, 9H, C(E)s), 2.08 (s, 3H,

COCHS3), 2.90 (dd,J = 16.2, 4.5 Hz, 1H, BAHgCOMe), 3.03
(dd, J = 14.9, 3.2 Hz, 1H, CkHgCOMe), 5.00-5.14 (m, 1H),
5.30-5.52 (m, 1H), 7.20-7.37 (m, 5H, arom);

13C-NMR (75.5 MHz, CDCJ): 8= 28.5 (CCHs)s), 30.7 (CQCH3), 49.5
(CH,COH), 51.2 CHNH), 79.8 C(CHs)s), 126.3 CHa/), 127.5
(CHar), 128.8 CHar), 141.7 Caar), 155.3 CO,), 207.0 CHO);

Mass miz (%) (EI) 207 (MiBu+H, 85), 162 (M-CQ 43), 150
(207-GHsO, 55), 106 (150-C§) 99), 57 (Bu, 100);

HRMS (ESlpos) calculated for &H,;NNaGO; (M+Na) 286.141260;
found 286.141359;

HPLC TR 20.5 min (minor enantiomer)
TR 27.1 min (major enantiomer)
(AS-H, 0.5 mL/min,iPrOHh-heptane 10/90);

7.3.2.13. tert-Butyl-(1 R,2S)-2-(tert-butyldimethylsilyloxy)-3-oxo-1-phenylbutyl-

carbamate (255m)
Xk X
o) >I\
|N 0 N Hj\ 20 mol% (S)-Proline 0o NH O
OTBS CH3CN, 21 C, 16 h
OTBS
(5.0 equiv)
159a 255m

The reaction was performed according to 7.3.212itkt room temperature to account for

the lower reactivity of the ketone. The product whatained as a colorless oil.

Chemical Formula C21H35NO,4Si (393.59 g/mol)
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TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio

H-NMR

BC-NMR

Mass

HRMS

HPLC

204

R: = 0.44 (SiQ, ethyl acetate/hexane 25/75 v/v), stained orange

with anisaldehyde

flash column chromatography on silica gel, elutimigh ethyl

acetate/hexane (8/92 v/v)
40.4 mg (20%)

17:1

99:1

(500 MHz, CDC}): 6= -0.35 [rotamer: bs;-0.54] (s, 3H,
Si(CH3)a(CHg)g), —0.13 (s, 3H, Si(Ch)a(CH3)g), 0.81 (s, 9H,
Si(CH3)3), 1.42 [rotamer: bs, 1.26] (s, 9H, G4¢)s), 2.15 [rota-
mer: bs, 2.23] (s, 3H, COGH 4.24 [rotamer: bs, 4.10] (s, 1H,
CHCO), 5.12 [rotamer: bs, 4.90] (d,= 9.4 Hz, 1H, EINH),
5.50 [rotamer: bs, 5.27] (d,= 9.1 Hz, 1H, CHM), 7.22-7.28
(m, 3H, arom), 7.29-7.35 (m, 2H, arom);

(125.8 MHz, CDG)): 8= -5.7 (SCH3), 5.2 (SCH3), 18.2
(SIC(CHa)s), 25.8 (SICCHa3)s), 26.9 (CQCH3), 28.5 (CCHa)a),
56.9 CHNH), 80.0 C(CHs)s), 82.0 COTBS), 126.7 CHa),
127.6 CHa), 128.5 CHa), 139.5 Caar), 155.1 CO,), 209.6
(COCHg);

m/z (%) (EI) 393 (M, 1), 320 (MBUO, 5), 206 (M-GH140Si,
29), 188 (GH1s0,Si+H, 4), 150 (208Bu+H, 100), 131
(CeH1s0Si, 12), 106 (150-C§48), 57 (Bu, 22);

(ESlpos) calculated for £H3sNNaO,Si (M+Na) 416.222759;
found 416.223148;

TR 9.3 min (minor enantiomer)
TR 10.8 min

(OD-H, 0.5 mL/miniPrOHh-heptane 2/98);

(major enantiomer)
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7.3.3. Conversion of the Mannich product to a

B*3-amino acid

7.3.3.1. (2S,3S)-3-(tert-butoxycarbonylamino)-2-methyl-3-phenylpropanoic
acid (261)
>L j\ NaH,POy (2.0 equiv), >|\ j\
2-methyl-2-butene (10.0 equiv),
O NH O NaClO, (2.0 equiv) O NH O
H t-BUOH/H,0 (5:1 viv), OH

O0C-RT,6h

255a 261

500 mg (1.9 mmol,
carbamate, 524.4 mg (3.8 mmol, 2.0 equiv) bR®; and 1.33 g (19 mmol, 10.0 equiv)

2-methyl-2-butene were dissolved in a mixture ofewvandtert-butanol (1:5, v/v) and cooled

1.0 equiv) oftert-Butyl-(1S2S)-2-methyl-3-oxo-1-phenylpropyl-

to 0 °C. NaClQ was then added and the solution allowed to warmam temperature. After
vigorous stirring for 6 h, the reaction was quentchry adding a saturated solution of
NaS,03. Ethyl acetate was added, the phases separat@dharorganic layer was washed
with aqueous HCI (10%) and water and then dried avegnesium sulfate. The product was
obtained as a colorless solid after column chrografzhy.

Chemical Formula C15H21NO4 (279.33 g/mol)

TLC R: = 0.41 (SiQ, ethyl acetate/hexane 40/60 v/v),

Purification column chromatography on silica gel, eluting withyl ace-
tate/hexane (15/85 — 50/50 v/v)

Yield 509.1 mg (96%)

'H-NMR (400 MHz, DMSO0-d6):d = 1.11 (d,J = 6.9 Hz, 3H, CHEl),
1.36 (s, 9H, C(B3)3), 2.68-2.78 (m, 1H, BCHs), 4.68 (t,
J=9.5 Hz, 1H, €INH), 7.17-7.24 (m, 1H, arom), 7.28 (m, 4H,
arom), 7.37 (dJ = 9.8 Hz, 1H, CHM), 12.06 (s, 1H, COOH);

3C-NMR (100 MHz, DMSO-d6)3 = 14.4 (CHCH3), 28.2 (CCHa)s), 45.2

(CHCHs), 56.4 CHNH), 77.9 C(CHa)s), 126.9 CHa,), 127.1
(CHa), 128.0 CHa), 142.2 Cga), 155.2 (NCO,), 175.2
(COOH);
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HPLC

TR 22.4 min (minor enantiomer)
TR 30.1 min (major enantiomer)
(AD-H, 0.5 mL/min,iPrOHh-heptane/TFA 10/90/0.1);

7.3.3.2. (2S,3S)-3-amino-2-methyl-3-phenylpropanoic acid trifluoro acetic acid

salt (262)

0
>L L TFA* NH, O
0" NH O

TFA

OH
OH DCM, 0 T - RT, 95 min

261

262 TFA

The Boc-protected amino acid (50.1 mg, 0.18 mma wissolved in 1 mL of dichlorome-

thane und cooled to 0 °C. 0.14 mL of trifluoroacetcid were then added dropwise and the

mixture was allowed to warm to room temperatureraibmplete addition. The solution was

stirred for 70 min and the solvent was removed unelduced pressure. The residue was tak-

en up in dichloromethane, evaporated again, ana dned under high vacuum for 16 h at

room temperature. After this, it was dissolved imé of H,O, washed with 2 mL of diethyl

ether once, and the aqueous phase was evaporatattiad under high vacuum to give the

product as a colorless solid.

Chemical Formula
Purification

Yield
Diastereomeric ratio
Enantiomeric ratio

Optical rotation

206

C12H14F3NO4 (293.24 g/mol)

washing with diethyl ether

51.2 mg (97%)

>99:1

>99:1 (determined after Boc-protection)

[a]2® -4.7 € = 0.91, HO); [ [a]zD5 -1.7 € = 1.06, HO);

both values refer to the corresponding HCI-salt.
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H-NMR

BC-NMR

(400 MHz, CROD): 8= 1.31 (d,J = 7.1 Hz, 3H, CHE),
3.06-3.16 (m, 1H, GCHs), 4.49 (d,J = 7.7 Hz, 1H, EINH,),
7.41-7.46 (m, 5H, arom);

(100 MHz, CROD): 8= 14.3 (CHCH3), 44.8 CHCHs), 58.3
(CHNH), 117.8 (g,%Jcr = 291.0 Hz,CFs), 128.7 CHar), 130.2
(CHa), 130.5 CHa), 136.6 Coa), 162.2 (g,%Jcr = 36.3 Hz,
CF;COOH), 175.8 COOH);
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7.4. Mannich reactions of acetaldehyde

7.4.1. (S)-tert-Butyl-3-oxo-1-phenylpropylcarbamate (264a)
0 o)
NJ\OJ< @) >I\o)J\NH 0

[ . 20 mol% (S)-Proline
©) )J\H CH4CN, 0 T, 2.5 h ©)\)J\H
(5.0 equiv)
159a 264a

A 0.74 M stock solution was prepared from 0.63 nilfreshly distilled acetaldehyde and
14.37 mL of acetonitrile. 9.5 mL (7 mmol acetaldédy5.0 equiv) of this solution were add-
ed to 287.4 mg (1.4 mmol, 1.0 equiv) of Phenylmiethg-carbamic acitert-butyl ester and
cooled to 0 °C. 32.2 mg (0.28 mmol, 0.2 equiv) BFdroline were added and the mixture
stirred for 2.5 h. The reaction was quenched wiglhewand extracted three times with dichlo-
romethane. The combined organic fractions were aés¥ith brine, dried over N8O, and
the solvent evaporated under reduced pressureprbigleict was obtained as a colorless solid

after column chromatography.

Chemical Formula C14H1o0NO3 (249.31 g/mol)

TLC Rr = 0.24 (SiQ, ethyl acetate/hexane 20/80 v/v), stained purple
with anisaldehyde

Purification column chromatography on silica gel, eluting withyl ace-
tate/hexane (20/80 v/v)

Yield 188.2 mg (54%)
Enantiomeric ratio >09:1
'H-NMR (300 MHz, CDC}): 6= 1.42 (s, 9H, C(BE3)3), 2.85-3.05 (m,

2H, CH,CHO), 4.97-5.13 (m, 1H, CHM), 5.13-5.27 (m, 1H,
CHNH), 7.24-7.39 (m, 5H, arom), 9.75 (db= 2.2, 1.5 Hz, 1H,
CHO);
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BC-NMR

Mass

HRMS

GC

(125.8 MHz, CDGJ): 8= 28.2 (CCHs)s), 49.8, 50.0, 79.8
(C(CHa)s), 126.2 CHa), 127.6 CHa), 128.7 CHa), 140.9
(Caar), 155.0 CO,), 200.2 CHOY;

miz (%) (El) 206 (M-GH3O, 5), 193 (MtBu+H, 46), 150
(2064Bu+H, 43), 106 (150-C§)54), 77 (Ph, 25), 57&u, 100);

(ESlpos) calculated for H;0NNaG; (M+Na) 272.125716;
found 272.125418,;

TR 72.6 min (minor enantiomer)
TR 73.4 min (major enantiomer)
(lvadex-7/PS086 column 25 m (100 °C, 0.7 °C/minilunt
160 °C, 20 °C/min until 220 °C, 10 min at 320 °C5 Bar H as
carrier gas));

7.4.2. (S)-tert-Butyl-1-(naphthalene-2-yl)-3-oxopropylcarbamate (2  64c)

159c

0]
>‘\O)J\NH 0]

. )OJ\ 20 mol% (S)-Proline
H CHsCN, 0 C, 2.5 h H

(5.0 equiv)

264c

The product was obtained as a colorless solid dowpto the procedure described in 7.4.1.

Chemical Formula

TLC

Purification

Yield

Enantiomeric ratio

C18H21NO3 (299.36 g/mol)

Rr = 0.27 (SIiQ, ethyl acetate/hexane 25/75 v/v), stained blue-

green with anisaldehyde

column chromatography on silica gel, eluting whetha-
nol/dichloromethane (1.5/98.5 v/v)

70 mg (40%)

>99:1
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H-NMR (300 MHz, CDCY): 6= 1.42 (s, 9H, C(B3)3), 2.96-3.12 (m,
2H, CH,CHO), 5.09-5.25 (m, 1H, CHN), 5.29-5.42 (m, 1H,
CHNH), 7.42 (ddJ = 8.5, 1.8 Hz, 1H, arom), 7.44-7.51 (m, 2H,
arom), 7.72-7.75 (m, 1H, arom), 7.78-7.86 (m, 3téng, 9.78
(dd,J=2.3, 1.5 Hz, 1H, BO);

3C-NMR (75.5 MHz, CDCY): 8= 28.4 (CCHs)s), 49.8, 49.8, 80.2
(C(CHa)3), 124.4 CHa), 125.1 CHa), 126.2 CHa), 126.5
(CHar), 127.7 CHar), 128.0 CHar), 128.9 CHar), 132.9 Caar),
133.3 Cqar), 138.4 Caa), 155.1 CO), 200.1 CHO):

Mass m/z (%) (El) 299 (M, 7), 256 (M-gH30, 1), 243 (MtBu+H,
100), 200 (243-gH30, 90), 198 (243-H-C¢) 28), 183 (198-NH,
19), 156 (47), 154 (183-CHO, 31), 1296KziNO,, 17), 127
(naphth., 10), 57Bu, 41);

HRMS (ESlpos) calculated for @H,:NNaO; (M+Na) 322.141361,
found 322.141369;

HPLC TR 26.8 min (minor enantiomer)
TR 34.1 min (major enantiomer)
(AS-H, 0.5 mL/min,iPrOHh-heptane 10/90);

7.4.3. (S)-tert-Butyl-1-(4-methylphenyl)-3-oxo-propylcarbamate (26  4d)
0 o)
NJ\OJ< O >LOJ\NH o)

| N )j\ 20 mol% (S)-Proline
H H
CH3CN,0 T, 2.5h

(5.0 equiv)

264d

The product was obtained as a colorless solid dowpto the procedure described in 7.4.1.

Chemical Formula C15H21NO3 (263.33 g/mol)

TLC R = 0.34 (SiQ, ethyl acetate/hexane 20/80 v/v), stained with

anisaldehyde
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Purification

Yield

Enantiomeric ratio

H-NMR

BBC-NMR

Mass

HRMS

GC

column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (10/90 — 20/80 v/v)

214.7 mg (58%)
98:2

(300 MHz, CDC}): 6= 1.42 (s, 9H, C(B3)3), 2.33 (s, 3H,
ArCHg), 2.87 (ddd,J = 16.4, 6.3, 1.0 Hz, 1H, K,HgCHO),
2.97 (ddd,J = 16.5, 7.2, 2.5 Hz, 1H, G#igCHO), 4.92-5.09
(m, 1H, CHNH), 5.09-5.25 (m, 1H, BNH), 7.12-7.21 (m, 4H,
arom), 9.73 (dd) = 2.3, 1.9 Hz, 1H, BO);

(75.5 MHz, CDCJ): 8= 21.1 (Ar(Hs), 28.4 (CCHs)s), 49.9,
50.0, 80.0 C(CHs)s), 126.2 CHa,), 129.6 CHar), 137.6 Caa),
138.0 Cqay), 155.0 COy), 200.3 CHO);

m/z (%) (EI) 220 (M-GH5O, 7), 207 (MtBu+H, 69), 189 (13),
164 (207-GH30, 83), 162 (MBUCO,, 25), 147 (162-NH, 20),
131 (147-CH-H, 13), 120 (72), 118 (147-CHO, 38), 91 (5B,
18), 77 (Ph, 5), 57Bu, 100);

(ESlpos) calculated for &H2;NNaG; (M+Na) 286.141364;
found 286.141227,

TR 68.7 min (minor enantiomer)

TR 69.0 min (major enantiomer)

(lvadex-1/PS086 column 25 m (100 °C, 1.2 °C/minilunt
220 °C, 5 min at 320 °C, 0.5 bap &k carrier gas);
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7.4.4. (S)-tert-Butyl-3-oxo-1-(4-trifluoromethylphenyl)propylcarba mate (264e)
o) o)
NJ\OJ< @) >I\OJ\NH o)

[ . )J\ 20 mol% (S)-Proline
H CH4CN, RT, 2.5 h H
F3C F3C

(5.0 equiv)

105d 264e

The product was obtained as a colorless solid doogpto the procedure described in 7.4.1.

Chemical Formula Ci5H18F3NO3 (317.30 g/mol)

TLC Rr = 0.26 (SiQ, ethyl acetate/hexane 25/75 vlv), stained blue-
green with anisaldehyde

Purification column chromatography on silica gel, eluting withyl ace-
tate/hexane (15/85, then 20/80 v/v)

Yield 185.7 mg (42%)
Enantiomeric ratio 99:1
'H-NMR (400 MHz, CDC}): 6= 1.42 (s, 9H, C(HE3)3), 2.88-3.08 (m,

2H, CH,), 5.16-5.31 (m, 2H, CHN and GiNH), 7.43 (d,
J=8.2 Hz, 2H, arom), 7.60 d,= 8.1 Hz, 2H, arom), 9.74 (dd,
J=1.8,1.1 Hz, 1H, B0O);

3c-NMR (100 MHz, CDCH): &= 28.3 (CCHas)s), 49.5, 49.8, 80.3
(C(CHs)3), 124.0 (q, YJce=272.7 Hz, CF3), 125.8 (q,
3Jce=4.1Hz, CH),CCR), 126.7 (CHa), 130.0 (q,
2Jcr = 32.5 Hz, (CH)CCRs), 145.3 Caa), 155.0 CO,), 199.5
(CHO);

Mass m/z (%) (El) 274 (M-GH30, 3), 261 (MtBu+H, 35), 218
(261-GH30, 25), 174 (29), 172 (M-Ei4Fs, 25), 145 (GH4Fs,
5), 57 (Bu, 100);

HRMS (ESlpos) calculated for gHigFsNNaO; (M+Na) 340.113096;
found 340.113416;
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GC TR 76.2 min (major enantiomer)
TR 76.9 min (minor enantiomer)
(lvadex-1/PS086 column 25 m (100 °C, 1.0 °C/minilunt
220 °C, 10 min at 320 °C, 0.6 bag bk carrier gas);

7.4.5. (S)-tert-Butyl-3-hydroxy-1-(3-nitrophenyl)propylcarbamate (  271)

O O
N J\OJ< O >‘\O)J\ NH

| . )J\ 20 mol% (S)-Proline NaBH, (6.0 equiv)
H

CH4CN, RT, 3 h CH3CN/ MeOH OH
0 C, 10 min

(5.0 equiv)
NO, NO,

271

The Mannich reaction was performed according topffeeedure described in 7.4.1, albeit at
room temperature to compensate for the lower naacdf the imine. After the Mannich reac-
tion, 3 mL of methanol were added, the solution e@sled to 0 °C, and the excess of acetal-
dehyde removed under reduced pressure. 90.8 mgni@2dl, 6.0 equiv) of sodium borohy-
dride were added and the reaction left stirringlf@min. It was then quenched by addition of
saturated ammonia chloride solution and extracheeet times with ethyl acetate. Column

chromatographical purification gave the produca aslorless solid.

Chemical Formula C14H20N205 (296.32 g/mol)

Purification column chromatography on silica gel, eluting withyl ace-
tate/hexane (20/80, then 30/70, then 50/50 v/v)

Yield 360.4 mg (42%)
Enantiomeric ratio >09:1
'H-NMR (300 MHz, CDC}): 6= 1.41 (s, 9H, C(B3)3), 1.77-1.96 (m,

1H, CHAHsCH,OH), 1.98-2.20 (m, 1H, CkHgCH,OH), 2.38
(brs, 1H, OH), 3.62-3.74 (m, 2H,H3OH), 4.84-5.09 (m, 1H,
CHNH), 5.34-5.59 (m, 1H, CHN), 7.50 (t,J = 7.9 Hz, 1H,
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arom), 7.65 (dJ = 7.9 Hz, 1H, arom), 8.07-8.14 (m, 1H, arom),
8.15-8.20 (m, 1H, arom);

¥C-NMR (75.5 MHz, CDCJ): 8= 28.3 (CCHs)s), 38.6 CH,CH,OH),
51.8 CHNH), 59.0 CH,OH), 80.4 C(CHa)s), 121.2 CHa),
122.4 CHar), 129.6 CHa), 132.8 CHa), 144.8 Caar), 148.5
(CgarNOy), 155.9 COy);

Mass m/z (%) (El) 296 (M, 1), 251 (M-gHsO, 25), 240 (MiBu+H,
5), 223 (M-GHO, 5), 195 (223-CO, 36), 179 (195-NHL2),
151 (52), 57Bu, 100);

HRMS (ESlpos) calculated for gH20NoNaQ; (M+Na) 319.126445;
found 319.126559;

HPLC TR 45.4 min (minor enantiomer)
TR 51.3 min (major enantiomer)
(OJ-H, 0.5 mL/minjPrOHA-heptane 5/95);

7.4.6. (S)-tert-Butyl-1-(furan-2-yl)-3-oxo-propylcarbamate (2649)

Nj)J\OJ< O >I\Oj])\ NH O

[ . )J\ 20 mol% (S)-Proline
\\ H CHsCN, 0C, 3 h \\ H
O O

(5.0 equiv)
159b 2649

The product was obtained as a colorless oil acogrtti the procedure described in 7.4.1.

Chemical Formula C12H17NO4 (239.27 g/mol)

TLC Rr = 0.32 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple
with anisaldehyde

Purification column chromatography on silica gel, eluting whetha-

nol/dichloromethane (2/98, v/v)

Yield 92 mg (30%)
214
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Enantiomeric ratio 99:1

H-NMR (400 MHz, CDC}): 8= 1.44 (s, 9H, C(65)3), 2.89-3.03 (m,
2H, CHy), 5.00-5.19 (m, 1H, CHN), 5.19-5.35 (m, 1H,
CHNH), 6.20-6.22 (m , 1H, Bgy), 6.31 (dd,J = 3.3, 1.8 Hz,
1H, CHgy), 7.34 (dd,J = 1.8, 0.8 Hz, 1H, Bry), 9.77 (dd,
J=1.8, 1.8 Hz, 1H, BO);

B¥C-NMR (100 MHz, CDC}): 5= 28.4 (CCHa)3), 44.5 CHNH), 47.5
(CH2), 80.3 C(CHs)s), 106.5 CHry), 110.6 CHru), 142.2
(CHew), 153.3 Cqru), 155.0 CO5), 199.9 CHOY);

Mass m/z (%) (El) 239 (M, 1), 183 (MBu+H, 99), 154 (183-CHO,
18), 139 (183-gH,0, 50), 138 (M-GHyO,, 43), 123 (138-NH,
45), 110 (138-CHO+H, 22), 96 (110-CH, 92), 94 (1230,
47), 57 (Bu, 100);

HRMS (ESlpos) calculated for @Hi/NNaQ, (M+Na) 262.104978;
found 262.105062;

GC TR 51.9 min (major enantiomer)
TR 52.4 min (minor enantiomer)
(Lipodex E column 25 m (120 °C, 0.5 °C/min until016C,
18 °C/min until 220 °C, 10 min at 320 °C, (b&r H; as carrier

gas));

7.4.7. (R)-tert-Butyl-5-methyl-1-oxohexan-3-ylcarbamate (264Q)

O )< >I\ o
INJ\O . )OJ\ 20 mol% (S)-Proline OJ\NH o
/i H CHsCN, 0T, 3h /i\/u\H
(10.0 equiv)
159g 2649

A solution of 3-methylbutylidene-carbamic actdrt-butyl ester, freshly prepared from
163.7mg (0.5 mmol, 1.0 equiv) of (1-benzenesulk®nethylbutyl)-carbamic acid
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tert-butyl ester, was immediately dissolved in acetdai{4 mL) and cooled te10 °C. Re-
distilled acetaldehyde (300 mL, 5.3 mmol, 10.0 gjjwas added and the mixture was trans-
ferred to an addition funnel equipped with a capkystem set atl0 °C. In a separate round-
bottomed flask a solution o8f-proline (11.5 mg, 0.1 mmol, 0.2 equiv) in acetold (4 mL)
was cooled to 0 °C. The above mixture was adddteaatalyst solution over 2 h, then the
addition funnel was rinsed with 1 mL acetonitrilga the reaction flask, and the mixture
stirred an additional 30 min at 0 °C after compladelition. The reaction was poured into a
separation funnel containing water (30 mL) and aoted with dichloromethar(8x25 mL).
The combined organic fractions were dried ovepS\@, filtered, and the solvent was re-
moved under vacuum. Purification by column chromgedphy on silica gel (10% ethyl ace-
tate in hexane) gave the corresponding productcatoaess solid.

Chemical Formula C12H23NO3(229.32 g/mol)

TLC R: = 0.53 (SiQ, ethyl acetate/hexane 30/70 v/v), stained green-
ish-blue with anisaldehyde

Purification column chromatography on silica gel, eluting withyl ace-
tate/hexane (10/90, v/v)

Yield 63.5 mg (55% over two steps)
Enantiomeric ratio >900:1
'H-NMR (300 MHz, CDC}): = 0.91 (d,J = 3.4 Hz, 3H, CH(El3)a-

(CHg)g), 0.93 d,J = 3.4 Hz, 3H, CH(CH)A(CHs)s), 1.19-1.34
(m, 2H, CHGH,), 1.43 (s, 9H, C(Ba)3), 1.58-1.74 (m, 1H,
(CH3),CHCH;), 2.47-2.68 (m, 2H, B,CHO), 3.99-4.18 (m, 1H,
CHNH), 4.58 (d,J = 7.1 Hz, 1H, CHMI), 9.76 (dd,J = 2.0,
2.0 Hz, 1H, GlO);

13C-NMR (75.5 MHz, CDC{): 8= 22.2 CHs), 23.1 CHs), 25.1 (),
28.5 (CCHa3)3), 44.4 (CHCH,), 44.9 (GHNH), 49.9 CH,CHO),
79.6 C(CHs)3), 155.5 CO,), 201.4 CHO);

Mass miz (%) (El) 214 (M-CH, 1), 201 (M+H-CHO, 1) 186
(M-C,H30, 1), 173 (MiBu+H, 10), 172 (M-GHe, 9), 130
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(186+H-CHe, 11), 116 (172-GHo, 14), 86 (18), 72 (33), 57
(tBu, 100);

HRMS (ESlpos) calculated for @H23sNNaG; (M+Na) 252.157010;
found 252.156743;

GC TR 36.1 min (major enantiomer)
TR 37.3 min (minor enantiomer)
(HYDRODEX-B-TBDAc column 25 m (120 °C isotherm,

0.6 bar H as carrier gas));

7.4.8. (R)-tert-Butyl-1-oxopentan-3-ylcarbamate (264b)

|N © . )Cf\ 20 mol% (S)-Proline
H H CH3CN,0<C, 3h ('\/U\H
(10.0 equiv)
159h 264b

The compound was obtained according to 7.4.7 adoaless solid.

Chemical Formula C10H19NO3(201.26 g/mol)

TLC R: = 0.52 (SiQ, ethyl acetate/hexane 25/75 v/v), stained green

with anisaldehyde

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (10/90, v/v)

Yield 22.8 mg (23% over two steps)
Enantiomeric ratio >909:1
'H-NMR (400 MHz, CDC}): 8= 0.94 (t,J = 7.4 Hz, 3H, E), 1.42 (s,

9H, C(CH3)3), 1.50-1.60 (M, 2H, C4CH,), 2.54 (ddd,) = 16.4,
7.0, 2.6 Hz, 1H, BaHsCHO), 2.58-2.66 (m, 1H, CHHsCHO),
3.89-4.02 (m, 1H, BNH), 4.53-4.72 (m, 1H, CHN), 9.76 (dd,

J=2.3, 1.8 Hz, 1H, 80),
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BC-NMR

Mass

HRMS

GC

218

(100 MHz, CDCY): 8= 10.6 CHa), 28.2 CH,CHs), 28.5
(C(CHa)s), 48.0 CHNH), 49.0 CH,CHO), 79.7 C(CHa)s),
155.6 CO,), 201.4 CHO);

miz (%) (EI) 172 (M-GHs, 5), 145 (MiBu+H, 10), 116
(CsH1NO», 9), 102 (116-N, 7), 72 (23), 5By, 100);

(ESlpos) calculated for gH,0NO3 (M+H) 202.144319; found
202.144152;

TR 58.4 min (major enantiomer)

TR 61.0 min (minor enantiomer)
(HYDRODEX-B-TBDAc column 25 m (110 °C isotherm,
0.6 bar H as carrier gas));
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7.5. Mannich reactions of N-Cbz-imines

7.5.1. Preparation of N-Cbz-imines

7.5.1.1. (Benzenesulfonyl-phenylmethyl)-carbamic ac  id benzyl ester (293a)

O
0 A
0 NaO,S HCOOH (2.0 equiv) HN OO

)J\ PN + H + 7

HoN" O° Ph MeOH/H,0 1:2 viv S
RT,48h o \©
(1.0 equiv) (1.5 equiv) (2.0 equiv)
292 252a 251 293a

A modified literature procedure was follow&8.To a stirred solution of benzyl carbamate
(5.7 g, 37.7 mmol, 1.0 equiv) and benzenesulfirgil ssodium salt (12.3 g, 74.9 mmol,
2.0 equiv) in methanol/water (37 mL/74 mL) was atitbenzaldehyde (5.7 mL, 56.4 mmol,
1.5 equiv) in one portion, followed by formic aci@d.9 mL, 2.0 equiv). The mixture was
stirred at room temperature for 72 h, during whactolorless precipitate occurred. The solid
was filtered, washed with water (50 mL) and dietiyler (50 mL) and then driéal vacuo

Chemical Formula C21H10NO4S (381.45 g/mol)

Purification washing with water and diethyl ether

Yield 7.2 g (50%; Lit*® 97%)

H-NMR (400 MHz, CDCY): 8= 4.91 (d,J = 12.0 Hz, 1H, OBaHg),

4.95 (d,J = 12.0 Hz, 1H, OCKHg), 5.96 (d,J = 10.6 Hz, 1H,
CHNH), 6.02 (d,J = 10.6 Hz, 1H, CHM), 7.18-7.25 (m, 2H,
arom), 7.30-7.48 (m, 10H, arom), 7.60)t 7.5 Hz, 1H, arom),
7.83 (d,J=7.6 Hz, 1H, arom);

13C-NMR (100 MHz, CDC}): 8= 67.9 (CQCH,), 74.6 (NHCH), 128.7
(CHar), 128.8 CHa), 129.0 CHa), 129.0 CHa), 129.2
(CHar), 129.6 CHa), 130.0 CHa), 130.2 CHar), 134.4 Caa),
135.7 Coar), 136.7 Coar), 154.8 CO,CHy);
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Mass miz (%) (EI) 240 (M-SQPh, 19), 239 (240-H, 24), 196
(240-CQ, 14), 142 (SGPh+H, 11), 132 (11), 107 (OBn, 34), 91
(CHPh, 100), 77 (Ph, 32);

HRMS (ESlpos) calculated for gH1gNNaO,S (M+Na) 404.092698;
found 404.092622;

7.5.1.2. Phenylmethylene-carbamic acid benzyl ester  (294a)

Y Y
N OO/\© K>CO3 (6.0 equiv) |N O/\©
//
©)\/,S\© THF, 65 C, 15 h ©)
O
293a 294a

The procedure of 7.3.1.2 was followed. The prodvet obtained as a colorless solid.

Chemical Formula C15H13NO, (239.27 g/mol)

Purification the product was sufficiently pure and was directhed in sub-

sequent reactions.
Yield 1.47 g (94%)

H-NMR (500 MHz, CDC}): 6=5.32 (s, 2H, O8,), 7.34-7.41 (m, 3H,
arom), 7.44-7.50 (m, 4H, arom), 7.56-7.60 (m, lténg, 7.92
(d,J=7.7 Hz, 2H, arom), 8.95 (s, 1H, NH{

3C-NMR (125.8 MHz, CDCJ): 8= 67.9 (CQCH,), 127.5 CHa), 127.6
(CHar), 127.6 CHa)), 127.9 CHa), 129.4 CHa), 132.8
(CHa), 132.9 Coa), 134.3 Coa), 162.7 (NCO,), 170.2
(PhCN);

Mass miz (%) (EI) 239 (M, 49), 194 (18), 132 (M-OBn, 20), 7.0
(OBn, 67), 91 (ChPh, 100), 77 (Ph, 22);

HRMS (ESlIpos) calculated for @HisNNaO, (M+Na) 262.083847,

found 262.083931;
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7.5.1.3. (Benzenesulfonyl-4 -methylphenyl-methyl)-carbamic acid benzyl es-

ter (293b)
X
o]
O /©)J\ NaO,S HCOOH (2.0 equiv) HN OO/\©
J\ A~ T H + /7
H2N (@] Ph \© MeOH/Hzo 1:2 V/V/©)\//S\©
RT, 48 h 1)
(1.0 equiv) (1.5 equiv) (2.0 equiv)
292 252] 251 293b

The procedure of 7.5.1.1 was followed. The proavast obtained as a colorless solid.

Chemical Formula CooH21NO4S (395.49 g/mol)

Purification washing with water and diethyl ether

Yield 2.64 g (30%)

'H-NMR (500 MHz, acetone-d6)d= 2.35 (s, 3H, Ch), 4.87 (d,

J=12.4Hz, 1H, OCkHg), 4.91 (d,J = 12.4 Hz, 1H,
OCHaHg), 6.03 (d,J = 10.9 Hz, 1H, EINH), 7.21-7.26 (m, 4H,
arom), 7.29-7.37 (m, 3H, arom), 7.53 {ds 8.0 Hz, 2H, arom),
7.57 (t,J=7.9 Hz, 2H, arom), 7.72 (8, = 7.8 Hz, 1H, arom),
7.87 (dJ = 7.4 Hz, 2H, arom), 7.92 (d,= 12.0 Hz, 1H, Mi);

13C-NMR (125.8 MHz, DMSO-d6)d = 20.8 CHs), 66.0 (CQCH,), 74.7
(NHCH), 127.1 CHa), 127.6 CHa), 127.9 CHa), 128.3
(CHar), 128.7 CHa), 129.0 CHa), 129.1 CHa), 129.5

(CHar), 134.1 Caar), 136.3 Cdar), 136.7 Caar), 138.9 Caar),
155.2 CO,CHy);

Mass m/z (%) (El) 254 (M-SQPh, 7), 238 (43), 208 (10), 146 (23),
142 (SQPh+H, 15), 107 (OBn, 53), 91 (GPh, 100), 77 (Ph,
31);

HRMS (ESIpos) calculated for £H2,NO,S (M+H) 396.126954; found
396.126626;
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7.5.1.4. [(4-Methylphenyl)methylene]-carbamic acid  benzyl ester (294b)

1 5
" //OO/\© K>CO3 (6.0 equiv) IN O/\©
/@)\/,S\Q THF, 65 T, 15 h /@)
(@)
2930 294b

The procedure of 7.3.1.2 was followed. The proavas obtained as a colorless solid.

Chemical Formula C16H15NO; (253.30 g/mol)

Purification bulb-to-bulb distillation (165-175 °C; 402 mbar)

Yield 578 mg (87%)

H-NMR (300 MHz, CDC}): 8= 2.42 (s, 3H, €l3), 5.31 (s, 2H, Of)),

7.26-7.30 (m, 2H, arom), 7.33-7.41 (m, 3H, arom%277.48
(m, 2H, arom), 7.82 (dJ = 8.1Hz, 2H, arom), 8.94 (s, 1H,
N=CH);

13C-NMR (75.5 MHz, CDCJ): 6= 21.9 CHs), 68.8 (CQCH,), 128.1
(CHa), 128.5 CHa/), 128.6 CHa/), 129.2 CHa), 129.8
(CHar), 130.6 Car), 131.4 Coa), 135.5 Coa), 163.9 (NCOy),
171.5 (PIEN);

Mass miz (%) (EI) 253 (M, 10), 238 (M-Ck 48), 208 (9), 146
(M-OBn, 25), 107 (OBn, 58), 91 (GRh, 100);

HRMS (ESlpos) calculated for Hi;sNNaO, (M+Na) 276.099495;
found 276.099419;

222



7. Experimental part

7.5.1.5.

[Benzenesulfonyl-4 -(trifluoromethyl)phenyl-methyl]-carbamic acid

benzyl ester (293c)

o)
j\ NaO,S
+ H +
H,N" 07 Ph \©
FsC

(1.0 equiv)

292 252d

(1.5 equiv)

HCOOH (2.0 equiv)

MeOH/H,0 1:2 viv s

RT, 72 h 19
FsC

293c

(2.0 equiv)
251

The procedure of 7.5.1.1 was followed. The proavas obtained as a colorless solid.

Chemical Formula
Purification
Yield

'H-NMR

3C-NMR

Mass

HRMS

CooH18FNO4S (44944 g/mol)
washing with water and diethyl ether
3.40 g (34%)

(300 MHz, CDC}): 6= 4.83 (d,J = 12.8 Hz, 1H, OCkHg),
4.89 (d,J = 12.7 Hz, 1H, OBHg), 6.31 (d,J = 10.8 Hz, 1H,
CHNH), 7.15-7.22 (m, 2H, arom), 7.30-7.36 (m, 3H, m)p
7.57-7.65 (m, 2H, arom), 7.73-7.83 (m, 3H, aromB577.94
(m, 4H, arom), 9.27 (dl = 10.7 Hz, 1H, NH);

(75.5 MHz, CDC)): 3= 66.50 (CQCH,), 74.51 (NHCH),
124.38 (q,%Jcr = 272.1 Hz,CFs), 125.40 (q,%Jce= 3.9 Hz,
(CH),CCFs), 128.04 CHa/), 128.31 CHa), 128.72 CHa),
129.50 CHp), 129.54 CHya), 130.14 (q, 2Jcr = 31.7 Hz,
(CH),CCFs), 130.88 CHp), 134.74 CHa), 135.22 Caoa),
136.58 Cqar), 136.71 Cqar), 155.49 CO.CHy);

m/z (%) (El) 308 (M-SGQPh, 13), 264 (308-C£ 10), 200 (8),
142 (SQPh+H, 9), 107 (OBn, 39), 91 (GPh, 100), 77 (Ph,
22);

(ESlpos) calculated for £HigFsNO4S (M+H) 450.098695;
found 450.098932;
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7.5.1.6.  [(4-Trifluoromethylphenyl)methylene]-carba  mic acid benzyl ester

(294c)

THF, 65 T, 15 h
F3

K2CO3 (6.0 equiv) | O/\©
C

294c

The procedure of 7.3.1.2 was followed. The prodvet obtained as a colorless solid.

Chemical Formula
Purification
Yield

'H-NMR

BC-NMR

Mass

HRMS

224

CieH12FNO2 (30727 g/mol)
bulb-to-bulb distillation (120-125 °C, 113 mbar)
778 mg (96%)

(500 MHz, CDC}): 6= 5.32 (s, 2H, O8y), 7.33-7.40 (m, 3H,
arom), 7.43-7.47 (m, 2H, arom), 7.72 {ds 8.2 Hz, 2H, arom),
8.01 (d,J=8.2 Hz, 2H, arom), 8.91 (s, 1H, NH({

(125.7 MHz, CDG): 5= 69.2 (CQCH,), 123.5 (q,
YJce = 272.5 Hz,CF3), 125.9 (q,%Jce = 3.6 Hz, CH),CCR)),
128.7 CHa), 128.7 (CHa), 130.4 (CHa), 134.9 (q,
2Jor = 32.1 Hz, (CH)CCFs), 135.1 Coar), 136.9 Caa), 163.2
(NCO,), 169.1 p-CRPhCHN);

m/z(%) (EI) 307 (M, 55), 262 (M-H-C® 16), 238 (M-CE, 5),
200 (M-OBn, 17), 173 (M+H-CgBn, 9), 145 (CEPh, 22), 107
(OBn, 91), 91 (CkPh, 100);

(ESlpos) calculated for H13FNO, (M+H) 308.0892289;
found 308.089121;
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7.5.1.7.  Benzyl-1-phenylethylcarbamate (297)

NH, O
o “@
/\O Et,0, RT, 20 h ©)\
(1.3 equiv)
295 296 297

A solution of 0.86 g (7.1 mmol, 1.0 equiv) phenlldamine and 3 mL of triethylamine in
250 mL of diethyl ether was treated with 1.5 mL2(gamol, 1.3 equiv) of Cbz chloride over
5 min and left stirring for 20 h. 40 mL of a 1 Muwegpus HCI| was added. The phases were
separated, the aqueous layer extracted with ethes, and the combined organic fractions
washed with brine and dried over magnesium sulfser column chromatographical purifi-

cation the product was obtained as a colorless.sblie'H-NMR was in agreement with the

literature?™*

Chemical Formula C16H17NO, (255.31 g/mol)

Purification column chromatography on silica, eluting with ethgetate/Hex
20/80, viv

Yield 1.44 g (79%)

H-NMR (300 MHz, CDC}): 5= 1.48 (d,J = 6.8 Hz, 3H, El3), 4.78-4.92

(m, 1H, HNH), 4.96-5.04 (m, 1H, CHN), 5.05 (d,
J=12.2 Hz, 1H, E@ACHgO), 5.12 (d,J = 12.2 Hz, 1H,
CHACHgO), 7.16-7.46 (m, 10H, arom);
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7.5.1.8.  Benzyl-1-phenylethylidenecarbamate (299)

o 1. nBuLi (1.1 equiv)

J\ THF, -78 T, 30 min
HN (@]
,t Bu
(1.5 equiv),
THF, -78 C, 2 h
297 298 299

The product was obtained following a literature wnoproceduré’® 198.3 mg (0.78 mmol)
of benzyl-1-phenylethylcarbamate were dissolved mL dry tetrahydrofuran and cooled to
—78 °C. 0.35 mL of a 2.5 M solution of BuLi in hexa(D.87 mmol, 1.1 equiv) where added
within five min, and the mixture left stirring f&0 min. After that time, a solution of 259 mg
(2.32 mmol, 1.5 equiv) o-tert-butyl benzenesulfinimidoyl chloride in tetrahyducdn was
added portion wise af78 °C and stirred for an additional 2 h. The reactvas quenched by
adding 10 mL of a saturated solution of NaHC@xtracted with ethyl acetate three times,
washed with brine, and dried over JS&,. The product was obtained as a slightly yellow oil

after purification on preparative scale TLC. TH&NMR was in agreement with the data

published.

Chemical Formula C15H15NO, (253.30 g/mol)

TLC R = 0.38 (SiQ, ethyl acetate/hexane 25/75 v/v), stained orange
with anisaldehyde

Purification preparative scale TLC on silica, eluting with ethgetate/Hex
25/75, viv

Yield 123 mg (62%, Lit’® 97%)

'H-NMR (400 MHz, CDC}): 6= 2.37 (s, 3H, E3), 5.30 (s, 2H, 08,),

7.30-7.46 (m, 8H, arom), 7.88 (@= 7.5 Hz, 2H, arom);
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7.5.2. Products of the Mannich reaction

7.5.2.1. Benzyl-(1 S,2S)-2-formyl-3-methyl-1-phenylbutylcarbamate (300a)

(0]

NJJ\O 0 O)J\NH O
| /\@ ) y 20 mol% (S)-Proline ©ﬂ
©) CH3CN, 0, 16 h QJI‘\H

294a

(2.0 equiv)
300a

The reaction was performed according to 7.3.2.2 wbth a different workup: The solution

was poured into water and extracted with dichlorbraiee (3x). The combined organic frac-

tions were washed with brine, dried over magnessutfate, and the solvent removed on a

rotary evaporator. The product was obtained adaless oil. The product was obtained as a

colorless solid after column chromatographical fozation.

Chemical Formula

TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio
Optical rotation

H-NMR

Con23NO3 (325.40 g/mol)

Rr = 0.35 (SIiQ, ethyl acetate/hexane 25/75 v/v), stained blue-
green with anisaldehyde

column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (15/85 v/v)

94.5 mg (57%)

49:1

90.5:9.5

[a]3® -46.1 €= 0.91, CHC))

(500 MHz, CDC}): 8= 1.02 (d,J = 6.7 Hz, 3H, ©l3), 1.13 (d,
J= 6.7 Hz, 3H, Ely), 2.06-2.16 (M, 1H, B(CHs)y), 2.50-2.56
(m, CHCOH), 5.03 (d,J = 12.2 Hz, 1H, OBHs), 5.10 (d,
J=12.2 Hz, 1H, OCKHg), 5.16 (dd,J = 8.2 Hz, 1H, EINH),
5.36 (d,J = 8.4 Hz, 1H, M), 7.21-7.37 (m, 10H, arom), 9.51 (d,
J=3.5Hz, 1H, ElO);
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3C-NMR (125.8 MHz, CDGJ): 8= 19.0 CH(CHs),), 21.2 CHs), 27.0
(CHs), 54.0 CHNH), 61.8 CHCHO), 67.0 (@H,), 127.3
(CHa), 128.1 CHa/), 128.2 CHa), 128.2 CHa), 128.5
(CHar), 128.9 CHa/), 136.2 Caar), 139.4 Caa/), 155.5 CO,),
204.7 CHO);

Mass miz (%) (El) 240 (M-GHO, 37), 196 (240-C® 28), 91
(CH,Ph, 100), 77 (Ph, 3);

HRMS (ESlpos) calculated for fH23NNaO; (M+Na) 348.157011;
found 348.156691;

HPLC TR 33.80 min (minor enantiomer)
TR 53.78 min (major enantiomer)
(AS-H, 0.5 mL/min,iPrOHh-heptane 10/90);

7.5.2.2. Benzyl-(1 S,2S)-2-formyl-1-phenylhexylcarbamate (300b)

O O

A 0 PR
|N O/\© 20 mol% (S)-Proline ©/\O NH O
ot Fh
H

CH3CN, 0 T, 16 h

(2.0 equiv)

294a 300b

The reaction was performed according to 7.5.2.% ptoduct was obtained as a colorless

solid.

Chemical Formula C21H25NO3 (339.43 g/mol)

TLC R: = 0.37 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple
with anisaldehyde

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (15/85 v/v)

Yield 94.5 mg (57%)
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Diastereomeric ratio 19:1
Enantiomeric ratio >08:2
'H-NMR (500 MHz, CDC}): 8= 0.85 (t,J = 7.0 Hz, 3H, El3), 1.19-1.35

(m, 4H), 1.44-1.53 (m, 1H), 1.64-1.73 (m, 1H), 2.2, 1H,
CHCHO), 5.04 (dJ = 12.2 Hz, 1H, OB HgPh), 5.04-5.12 (m,
1H, CHNH), 5.10 (d,J = 12.2 Hz, 1H, OCkKHgPh), 5.52 (t,
J=8.4 Hz, 1H, CHM), 7.20-7.24 (m, 2H, arom), 7.24-7.29 (m,
2H, arom), 7.29-7.37 (m, 6H, arom), 9.56 (s, 1H{J;

13C-NMR (125.8 MHz, CDGJ): 8= 13.8 CHs), 22.6 CH.), 25.5 CH,),
29.5 CH.), 55.3 CHNH), 56.4 CHCHO), 67.1 (TH,), 127.0
(CHar), 127.9 CHa), 128.2 CHa), 128.2 CHa), 128.5
(CHar), 128.8 CHa), 136.2 Coa), 139.2 Coa), 155.6
(NHCO,), 203.7 CHO);

Mass m/z (%) (El) 240 (M-GHuO, 26), 196 (240-C® 25), 91
(CH,Ph, 100), 77 (Ph, 3);

HRMS (ESlpos) calculated for gH2sNNaO; (M+Na) 362.172664;
found 362.172084;

HPLC TR 16.45 min (minor enantiomer)
TR 20.02 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 20/80);
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7.5.2.3. Benzyl-(1 S,2S)-3-hydroxy-2-methyl-1-phenylpropylcarbamate (329)

O

/\© H}\ 20 mol% (S)-Proline NaBHy4 (3 equiv) ©/\O NH
CH3CN, 0 C, 16 h CH3CN/ 2-PrOH OH
0 €C, 10 min
(2.0 equiv)
294a 329

The reaction was performed according to 7.5.2.1erAhe Mannich reaction was finished,
2-3 mL of 2-propanol were added to the solutiotipfeed by 59 mg (1.5 mmol, 3 equiv) of
NaBH,. The solution was stirred for 10 min, then 5 mlwaiter were added and the mixture
extracted 3 times with dichloromethane. The contbineganic layers were washed with
brine, dried over anhydrous magnesium sulfate, taerdsolvent was evaporated. The crude
mixture was purified by flash column chromatograpby silica gel, eluting with
20/80 - 50/50 ethyl acetate/hexanes, to yield A¥g6of a colorless solid.

Chemical Formula C18H21NO3 (299.36 g/mol)

TLC R: = 0.23 (SiQ, ethyl acetate/hexane 50/50 v/v), stained with
vanillin

Purification flash column chromatography on silica gel, elutimigh ethyl

acetate/hexane (20/80 — 50/50 v/v)

Yield 47.6 mg (33% over two steps)

Diastereomeric ratio 14:1

Enantiomeric ratio 89:11

H-NMR (300 MHz, CDC4, 333 K):3=0.77 (d,J = 7.0 Hz, 3H, Ei),

2.12-2.26 (m, 1H, EBCHj3), 2.40 (bs, 1H, @), 3.36-3.52 (m,
2H, CH,0OH), 4.94-5.04 (m, 1H, BNH) , 5.06 (d,J = 12.3 Hz,
1H, OCHaHg), 5.12 (d,J = 12.3 Hz, 1H, OCkKHg), 5.54 (d,
J=9.1 Hz, CHM), 7.21-7.36 (m, 10H, arom);

13C-NMR (125.8 MHz, CDCJ): = 11.3 CHs), 40.7 CH,CH,0OH), 55.7
(CHNH), 64.9 (CHCH,OH), 67.2 (Q@CH,), 126.6 CHa/), 127.2
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(CHar), 128.2 CHa), 128.3 CHa), 128.4 CHa), 128.6
(CHar), 136.3 Caar), 140.0 Caa), 156.8 (NFCO);

Mass m/z (%) (EI) 299 (M, 1), 240 (M-gH-O, 35), 196 (240-CQ®
25), 91 (CHPh, 100), 77 (Ph, 3);

HRMS (ESlpos) calculated for H2;NNaG; (M+Na) 322.141365;
found 322.141426;

HPLC TR 23.10 min (major enantiomer)
TR 27.52 min (minor enantiomer)
(IA, 0.5 mL/min,iPrOHh-heptane 20/80);

7.5.2.4. Benzyl-(1 S,2S)-3-hydroxy-1,2-diphenylpropylcarbamate (330)

o) O

NJ\O Q _ _ O)J\NH
| 20 mol% (S)-Proline NaBH,4 (3 equiv)
SRS o

CH3CN,0<C, 15h CH3CN/ iPrOH

0 <, 10 min O
(2.0 equiv)

294a 330

The reaction was performed according to 0. Theywbdas obtained as a colorless solid.

Chemical Formula Ca3H23NO3 (361.43 g/mol)

TLC R: = 0.34 (SiQ, methanol/dichloromethane 2/98 v/v), stained

yellow-green with vanillin

Purification flash column chromatography on silica gel, elutimigh ethyl
acetate/hexane (20/80 — 50/50 v/v)

Yield 87.5 mg (49%, only major isomer)
Diastereomeric ratio 8.8:1
Enantiomeric ratio >99:1
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Optical rotation [a]3® -11.9 €= 0.91, CHCJ)
Melting point 146-148 °C
IH-NMR (500 MHz, CDC4): 5= 2.68 (s, 1H, @), 3.13-3.20 (m, 1H,

CHCH,OH), 3.70 (dd,J = 11.1, 5.7 Hz, 1H, BaHgOH),
3.78-3.86 (m, 1H, CKHgOH), 5.02 (d,J = 12.4 Hz, 1H,
OCHaHgPh), 5.07 (dJ = 12.4 Hz, 1H, OCKHgPh), 5.24-5.31
(m, 1H, GHNH), 5.33 (d,J = 8.3 Hz, 1H, CHM), 6.90-7.08 (m,
4H, arom), 7.19-7.37 (m, 11H, arom);

3C-NMR (125.8 MHz, CDQJ): & = 54.0 CHCH,OH), 55.6 CHNH), 63.3
(CHCH,OH), 67.1 (GCH,), 126.8 CHa), 127.4 CHa), 128.1
(CHa), 128.2 CHa), 128.4 CHa), 128.5 CHa), 128.5
(CHar), 128.9 CHa), 136.2 Caar), 137.5 Cgar), 140.2 Cqar),
156.4 (NCO,);

Mass miz (%) (El) 240 (M-GH¢O, 45), 196 (240-C§® 28), 121
(M-240, 3), 104 (121-OH, 17), 91 (GPh, 100), 77 (Ph, 8);

HRMS (CI) calculated for @H>NO; (M+H) 362.175617; found
362.175304;
HPLC TR 34.15 min (major enantiomer)

TR 45.29 min (minor enantiomer)
(1A, 0.5 mL/min,iPrOHh-heptane 20/80);

7.5.2.5. Benzyl-(1 R,2S)-2-(tert-butyldimethylsilyloxy)-3-oxo-1-phenylpropyl-
carbamate (300e)

O

X X
(@]
|N O/\© HJ\ 20 mol% (S)-Proline ©/\O NH O
+ H

CH3CN, 15 C, 48 h
TBS

(2.0 equiv)
294a 300e

The reaction was performed according to 7.5.2.%. ffoduct was obtained as a colorless oil.
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Chemical Formula Ca3H31NO,4Si (413.58 g/mol)

TLC R = 0.34 (SiQ, ethyl acetate/hexane 25/75 v/v), stained with

anisaldehyde

Purification flash column chromatography on silica gel, elutimigh ethyl
acetate/hexane (10/90 to 30/70 v/v)

Yield 116.8 mg (57%)

Diastereomeric ratio 39:1

Enantiomeric ratio >99:1

Optical rotation [a]3® -11.3 €= 2.41, CHCJ)

H-NMR (300 MHz, CDC}, 333 K): 8= -0.30 (s, 3H, Si(Bl3)a(CHa)g),

—0.13 (s, 3H, Si(CBa(CHs3)s), 0.80 (s, 9H, C(B3)3), 4.20 (m,
1H, CHCOH), 5.07 (s, 2H, OBy), 5.23 (d, J = 9.0 Hz, 1H,
CHNH), 5.61 (d,J = 8.0 Hz, 1H, CHMI), 7.21-7.36 (m, 10H,
arom), 9.68 (dJ = 1.0 Hz, 1H, GINH);

13C-NMR (125.8 MHz, CDCJ): 8= -5.6 (SiCH3)a(CHs)s), -5.2
(Si(CHs)a(CH3)g), 18.3 (SC(CHs)z), 25.7 (SiCCHs)s), 56.0
(CHNH), 67.4 CH,0), 81.4 CHCHO), 126.6 CHa/), 127.9
(CHa), 128.5 CHa/), 128.5 CHa/), 128.7 CHa), 128.7
(CHa/), 136.2 Cga), 139.0 Cqa), 155.6 CO.NH), 201.7
(CHO);

Mass miz (%) (El) 356 (MiBu, 2), 240 (M-GHyO.Si, 37), 196
(240-CQ, 31), 91 (CHPh, 100), 77 (Ph, 2);

HRMS (ESlpos) calculated for &£H3;NNaO, (M+Na) 436.191454;
found 436.191958;

HPLC TR 27.16 min (minor enantiomer)
TR 45.97 min (major enantiomer)
(1A, 0.5 mL/min,iPrOHh-heptane 10/90);
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7.5.2.6. Benzyl-(1 S,2S)-2-formyl-3-methyl-1-(4-methylphenyl)butylcarbamat e

(300f)
X X
O
|N O/\© . H 20 mol% (S)-Proline ©/\O NH O
(2.0 equiv)
294b 300f

The reaction was performed according to 7.5.2.% product was obtained as a colorless

solid.

Chemical Formula C21H25NO3 (339.43 g/mol)

TLC R = 0.31 (SiQ, ethyl acetate/hexane 25/75 v/v), stained blue
with anisaldehyde

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (15/85 v/v)

Yield 136.5 mg (81%)

Diastereomeric ratio 29:1

Enantiomeric ratio 91.7:8.3

Optical rotation [a]3® -59.9 ¢ = 1.35, CHCJ)

'H-NMR (500 MHz, CDC}): 6=1.01 (d,J = 6.4 Hz, 3H, €El3), 1.11 (d,
J= 6.7 Hz, 3H, El3), 2.05-2.15 (m, 1H, B(CHs),), 2.31 (s,
3H, p-CH3), 2.47-2.54 (m, EICOH), 5.02 (dJ = 12.2 Hz, 1H,
OCHaHg), 5.09 (d,J = 12.2 Hz, 1H, OCkKHg), 5.12 (dd,
J=8.4 Hz, 1H, GINH), 5.35 (d,J = 8.5 Hz, 1H, M), 7.07-7.16
(m, 4H, arom), 7.26-7.37 (m, 5H, arom), 9.49 Jds 3.1 Hz,
1H, CHO);

3c-NMR (125.8 MHz, CDGJ): 6 = 18.9 CH(CHj3),), 21.1 (ACH3), 21.2

(CHa), 27.1 CHa), 53.7 CHNH), 61.8 CHCOH), 67.0 (TH)),

127.2 CHa), 128.2 CHa), 128.2 CHar), 128.5 CHar), 129.6
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(CHar), 136.2 Cqar), 136.4 Cqa), 137.8 Cqa), 155.5 COy),
204.9 CHO);

Mass m/z(%) (El) 254 (M-GHgO, 38), 248 (M-Bn, 2), 210 (254-GD
35), 91 (CHPh, 100);

HRMS (ESlpos) calculated for gH2sNNaO; (M+Na) 362.172662,;
found 362.172456;

HPLC TR 24.41 min (minor enantiomer)
TR 42.16 min  (major enantiomer)
(AS-H, 0.5 mL/minjiPrOHh-heptane 10/90);

7.5.2.7. Benzyl-(1 S,2S)-2-formyl-1-(4-methylphenyl)hexylcarbamate (300g9)

O O

J\ 0 )J\
IN O/\© . ’ 20 mol% (S)-Proline ©/\O W2
H

CH3CN, 0T, 22h
(2.0 equiv)
294b 300g

The reaction was performed according to 7.5.2.2 product was obtained as a colorless

solid.

Chemical Formula C2oH27/NO3 (353.45 g/mol)

TLC Rr = 0.40 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple
with anisaldehyde

Purification flash column chromatography on silica gel, elutimigh ethyl
acetate/hexane (10/90 - 15/85 v/v)

Yield 165.2 mg (94%)

Diastereomeric ratio 19:1

Enantiomeric ratio >99:1
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Optical rotation
Melting point

'H-NMR

BBC-NMR

Mass

HRMS

HPLC

236

[a]3® —22.6 €= 0.9315, CHG))
99-101 °C

(500 MHz, CDC}): 6= 0.85 (t,J = 6.7 Hz, 3H, CHCHy),

1.20-1.36 (m, 4H), 1.44-1.53 (m, 1H), 1.63-1.73 (iHl), 2.32
(s, 3H, CH), 2.66-2.74 (m, 1H, BCHO), 4.98-5.07 (m, 1H,
CHNH), 5.05 (d,J = 12.1 Hz, 1H, O@aHg), 5.10 (d,
J=12.1 Hz, 1H, OCkHg), 5.40 (d,J = 7.7 Hz, 1H, M),

7.06-7.16 (m, 4H, arom), 7.27-7.38 (m, 5H, arom»69(s, 1H,
CHO);

(125.8 MHz, CDGJ): &= 13.8 CH3), 21.1 CHy), 22.6 CHy),
25.7 CHy), 29.5 CH,), 55.1 CHNH), 56.4 CHCOH), 67.1
(OCH,), 126.9 CHa/), 128.2 CHa), 128.2 CHa), 128.6
(CHa), 129.5 CHa), 136.2 Cqga), 137.7 Cga), 155.6
(NHCO,), 203.9 CHO);

m/z (%) (El) 254 (M-GH.110, 44), 210 (254-C§), 91 (CHPHh,
100);

(ESlpos) calculated for £H,7NNaO; (M+Na) 376.188310;
found 376.188569;

R 17.24 min (minor enantiomer)
TR 21.81 min  (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 20/80);



7. Experimental part

7.5.2.8. Benzyl-(1 S,2S)-2-formyl-3-methyl-1-(4-trifluoromethylphenyl)-but  yI-
carbamate (300h)

O
N)J\O 0 O)J\ NH O
| /\O ) 20 moi% (S)-Proline OA
/©) CHaCN, 21 T, 30 h /@JIJ\H
FsC

294c

(2.0 equiv) FsC

300h

The reaction was performed according to 7.5.2.2 product was obtained as a colorless

solid.

Chemical Formula

TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio
Optical rotation

'H-NMR

BBC-NMR

Co1H2oFN O3 (39340 g/mol)

R: = 0.35 (SiQ, ethyl acetate/hexane 25/75 v/v), stained blue

with anisaldehyde

column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (15/85 v/v)

106.0 mg (54%)

5:1

88:12

[a]3® -52 (¢ = 0.07, CHCY)

(500 MHz, CDC}): 6=1.02 (d,J = 6.6 Hz, 3H, El3), 1.15 (d,
J=7.0 Hz, 3H, El3), 2.07-2.18 (m, 1H, B(CHj3),), 2.56-2.63
(m, CHCOH), 5.02 (d,J = 12.2 Hz, 1H, OBaHg), 5.10 (d,
J=12.2 Hz, 1H, OCHHg), 5.19 (dd,J = 8.2 Hz, 1H, EINH),
5.49 (d,J = 8.3 Hz, 1H, M), 7.24-7.36 (m, 5H, arom), 7.39 (d,
J=7.5Hz, 2H, arom), 7.57 (d,= 7.5 Hz, 2H, arom), 9.52 (d,
J=2.5Hz, 1H, EO);,

(125.8 MHz, CDGJ): 3= 18.9 CH(CHs),), 21.2 CH3), 27.0
(CHs), 53.5 CHNH), 61.4 CHCOH), 67.2 (@H,), 123.9 (q,
YJce = 272.1 Hz,CFs3), 125.8 (m, CH),CCF;), 127.8 CHa),
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128.2 CHa), 128.3 (CHa), 128.6 CHa), 130.2 (q,
2Jce = 32.4 Hz, (CH)CCFR), 136.0 Cdar), 143.7 Cga), 155.5
(NHCO,), 204.1 CHO);

Mass miz (%) (EI) 308 (M-GH¢O, 28), 264 (308-C® 18), 91
(CH,Ph, 100);

HRMS (ESlpos) calculated for gH2.FsNNaO; (M+Na) 416.144397;
found 416.144359

HPLC TR 8.21 min (minor enantiomer)
TR 12.31 min  (major enantiomer)
(AS-H, 0.5 mL/min,iPrOHh-heptane 40/60);

7.5.2.9. Benzyl-(1 S,2S)-2-formyl-1-(4-trifluoromethylphenyl)-hexylcarbama  te
(300i)

1 bt
o)
IN O/\© + . 20 moi% (S)-Proline ©ﬂo NH O
o “
FsC

CH4CN, 21 C, 21 h
F3C

(2.0 equiv)

294c 300i

The reaction was performed according to 7.5.2.% ptoduct was obtained as a colorless

solid.

Chemical Formula CaoH24F3NO3 (407.43 g/mol)

TLC Rt = 0.37 (SIQ, ethyl acetate/hexane 25/75 v/v), stained green
with anisaldehyde

Purification flash column chromatography on silica gel, elutimigh ethyl
acetate/pentane (10/90 — 20/80 v/v)

Yield 146.0 mg (69%)

Diastereomeric ratio 71
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Enantiomeric ratio
Optical rotation
Melting point

'H-NMR

BC-NMR

Mass

HRMS

HPLC

97:3
[a]3® -13.2¢ = 0.07, CHC))
122-124 °C

(500 MHz, CDCY¥): 6=0.79 (t,J = 6.8 Hz, 3H, E3), 1.15-1.32
(m, 4H), 1.35-1.44 (m, 1H), 1.58-1.67 (m, 1H), 2.6@, 1H,
CHCOH), 4.97 (d,J = 12.0 Hz, 1H, OBHsPh), 5.03 (d,
J=12.0 Hz, 1H, OCkKHgPh), 5.07 (dd,J = 6.7 Hz, 1H,
CHNH), 5.51 (d,J = 7.7 Hz, 1H, CHM), 7.21-7.34 (m, 7H,
arom), 7.53 (dJ = 8.1 Hz, 2H, arom), 9.51 (s, 1HHO);

(125.8 MHz, CDGJ): 5= 13.8 CHs), 22.6 CH,), 25.5 CH,),
29.5 CH>), 54.8 CHNH), 55.9 CHCOH), 67.3 (@TH,), 123.9
(q, e = 272.0 Hz,CFs), 125.8 (q.3)ce = 4.0 Hz, CH),CCHR),
127.5 CHa), 128.2 CHa)), 128.4 CHa), 128.6 CHp), 130.1
(0, 2Jep=32.1 Hz, (CH)CCFs), 136.0 Cga), 143.4 Caa),
155.6 (NHCOy), 203.3 CHO);

m/z (%) (El) 407 (M, 1), 308 (M-gH1:0, 17), 264 (308-CQ
12), 172 (264-BnC@H, 7), 107 (BnC@CO, 6), 91 (CHPh,
100);

(El) calculated for GH.4sFNOs (M) 407.170829; found
407.171111,

R 13.55 min (minor enantiomer)
TR 16.35 min  (major enantiomer)
(AS-H, 0.5 mL/minjiPrOHh-heptane 20/80);
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7.5.2.10. Benzyl-(1 S)-3-oxo0-1-phenylbutylcarbamate (300j)

X X
|N O/\© N )CJ)\ 20 mol% (S)-Proline ©/\O NH O
©) acetone, 24 C,8.5h ©/'\/U\
294a 300j

The reaction was performed according to 7.5.2ldeiakt higher temperature to account for
the lower reactivity of the ketone. The product whtained as a colorless solid.
Chemical Formula C18H10NO3 (297.35 g/mol)

TLC R: = 0.12 (SiQ, ethyl acetate/hexane 25/75 v/v), stained orange-

red with anisaldehyde

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (30/70 v/v)

Yield 82.4 mg (55%)

Enantiomeric ratio 96:4

Optical rotation [a]3® -12.7 €= 0.565, CHGJ)

H-NMR (500 MHz, CDC4): 8= 2.07 (s, 3H, €l), 2.91 (dd,J = 16.4,

5.4 Hz, 1H, CHGEIAHgCOMe), 3.07 (d,J = 14.4, 1H,
CHCHaHsCOMe), 5.06 (d,J = 12.3 Hz, 1H, OBlaHsPh), 5.10
(d, J = 12.3 Hz, 1H, OCKHgPh), 5.14 (ddd) = 13.5, 6.5 Hz,
1H, CHNH), 5.76 (bs, 1H, CHN), 7.22-7.37 (m, 10H, arom);

13C-NMR (125.8 MHz, CDCJ): 8= 30.7 CHs), 48.9 CH,COCH;), 51.5
(CHNH), 66.8 (QCH,), 126.3 CHa/), 127.6 CHa/), 128.1
(CHar), 128.5 CHar), 128.7 CHar), 136.4 Cqar), 141.1 Coar),
155.6 (NHCOy), 206.8 COCHy);

Mass m/z (%) (EI) 297 (M, 2), 240 (M-gHsO, 3), 206 (M-CHPh,
31), 196 (240-CQ 9), 162 (206-CQ 45), 148 (162-NH+H,
12), 120 (30), 107 (£4,0, 13), 91 (CHPh, 100), 77 (Ph, 5);
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HRMS

HPLC

(ESlpos) calculated for Hi;0NNaGO; (M+Na) 320.125709;
found 320.125610;

TR 32.60 min (minor enantiomer)
TR 46.57 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 20/80);
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7.6. Mannich reactions of N-Fmoc-imines

7.6.1. Preparation of N-Fmoc-imines

7.6.1.1. 1,1,1-Trimethyl- N-(phenylmethylene)-silanamine (302a)

_SiMe
O N 3
H + LlN(SlMe3)2 !
hexane, 0 € - RT, 90 min
252a 302a

The product was obtained following a procedure layttet af*®*®. A 50 mL two-neck flask

was evacuated and flame dried. It was charged avigon and 33 mL of a 1 M solution of
lithium hexamethyldisilazane (33 mmol) in hexan€ke solution was cooled to 0 °C, and
3.3 mL (33 mmol) of benzaldehyde was added ponwse over 30 min. The mixture was
stirred at 0 °C for 1 h, then the solvent was evafeol. The resulting yellow solution was
distilled at 70 °C/ 1 mbar to yield 4.37 g of algel oil, which was sensitive to air and mois-

ture.

In an alternative procedure lithium hexamethyldizine was freshly prepared by adding
13.2 mL of a 2.5 M solution (33.75 mmol) wfbutyllithium in hexanes to a solution of 7 mL
(33.8 mmol) of hexamethyldisilazane in dry pentakept at O °C in a flame-dried 50 mL
two-neck flask, over approximately 5 min. The aditof the aldehyde and subsequent

treatment were similar to the above described.

Chemical Formula C10H15NSI (177.32 g/mol)

Purification distillation (70 °C/1 mbar)

Yield 4.37 g (83%; Lit®° 89%)

H-NMR (300 MHz, CDC}): 8= 0.28 (s, 9H, Si(B3) 3), 7.42-7.47 (m,

3H, arom), 7.79-7.85 (m, 2H, arom), 9.00 (s, IHON;

3C-NMR (75.5 MHz, CDC}): 8= —1.0 (SiCHs)3), 128.6 CHa/), 128.7
(CHar), 131.4 CHa/), 139.0 Cqa), 168.6 (N£H);
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7.6.1.2.  Phenylmethylene-carbamic acid (9H-fluoren-  9-yl)methyl ester (269a)

(j 2 50 (j)k

302a 269a

The compound was prepared by extension of a literdtnown procedurt? 1.04 g
(5.6 mmol) of 1,1,1-trimethyl-N-(phenylmethylenalasamine were introduced into a flame-
dried Schlenk flask and dissolved in 10 mL of dnjocoform, which was passed through a
plug of neutral aluminium oxide immediately befarge. The solution was cooled to 0 °C.
1.43 g (5.6 mmol) of 9-fluorenylmethyl chloroforreatvere dissolved in 5 mL of chloroform
treated as above and added drop wise over a pefigd min. After the addition was com-
plete, the ice bath was removed and the mixturteskating for 20 h. The solvent was re-
moved on a rotary evaporator and the residue wagstallized from tetrahydrofuran/pentane

to yield 1.28 g of a colorless solid.

Chemical Formula C22H17/NO, (327.38 g/mol)

Purification recrystallization from tetrahydrofuran/pentane

Yield 1.28 g (65%)

H-NMR (500 MHz, CDC}): 8= 4.38 (t,J = 7.4 Hz, 1H, GICH,), 4.57

(d, J = 7.4 Hz, 2H, CHE,), 7.33 (td,J = 7.6, 1.0 Hz, 2H,
arom), 7.42 (tJ = 7.6 Hz, 2H, arom), 7.51 (@, = 8.9 Hz, 2H,
arom), 7.61 (tt)J = 7.4, 1.7 Hz, 1H, arom), 7.67 (@= 7.7 Hz,
2H, arom), 7.78 (d) = 7.5 Hz, 2H, arom), 7.96 (d,= 7.0 Hz,
2H, arom), 8.90 (s, 1H,KN);

3C-NMR (100 MHz, CDCY): 8= 46.4 CHCH,), 68.7 (GQCH,), 119.7
(CHar), 124.9 CHa), 126.8 CHa), 127.5 CHa), 128.3
(CHar), 128.6 CHar), 130.1 CHar), 133.6 Caar), 141.0 Caa),
143.2 Coar), 163.6 (@(O)N), 170.7 CHN);

Mass m/z (%) (EI) 327 (M, 2), 179 (M-gHeNO,, 16), 178 (179-H,
100), 165 (178-CH, 15), 132 {8sNO,-0, 11), 77 (Ph, 4);
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HRMS (ESlpos) calculated for £H;7NNaO, (M+Na) 350.115150;
found 350.115310;

7.6.1.3. 1,1,1-Trimethyl- N-(4-methylphenylmethylene)-silanamine (302b)

(@) N/SiMeg
ﬁH +  LiN(SiMejy), /©)
hexane, 0 C-RT,2h
252j 302b

The product was obtained following the alternagiwvecedure described in 7.6.1.1. The pro-

duct was obtained as a yellow oil.

Chemical Formula C11H17NSi (191.34 g/mol)

Purification distillation (88-90 °C/1 mbar)

Yield 3.4 g (54%)

H-NMR (500 MHz, CDC}): 8= 0.25 (s, 9H, Si(B3)s), 2.39 (s, 3H,

CHj), 7.23 (d,J = 7.9 Hz, 2H, arom), 7.69 (d,= 7.9 Hz, 2H,
arom), 8.94 (s, 1H, @=N);

¥3C-NMR (75.5 MHz, CDCJ): 5= -1.0 (SiCH3)3), 21.7 (GCH3), 126.5
(CHa), 128.6 CHa), 136.6 Cga), 141.8 Cga), 168.7
(CH=N);

244



7. Experimental part

7.6.1.4.  4-Methylphenylmethylene-carbamic acid (9H- fluoren-9-yl)methyl es-

ter (269b)
lN/SiMeg, )(J)\
Cl O
/@2 * . CHCl3,
O 0<C-RT,17.5h [ j
302b 269b

The procedure of 7.6.1.2 was followed. The produas obtained as a yellow solid. Every
attempt at purification (distillation and crystalition) led to product decomposition.

Chemical Formula Co3H1gNO; (341.40 g/mol)

Purification not possible

Yield not determined

H-NMR (500 MHz, CDC}): 5= 2.45 (s, 3H, Ch), 4.38 (t,J = 7.4 Hz,

1H, CHCH,0), 4.56 (d,J = 7.4 Hz, 2H, CHE,0), 7.33 (t,
J=7.5 Hz, 4H, arom), 7.41 (§,= 7.5 Hz, 2H, arom), 7.68 (d,
J= 7.4 Hz, 2H, arom), 7.78 (d,= 7.5 Hz, 2H, arom), 7.86 (d,
J=8.0 Hz, 2H, arom), 8.91 (s, 1HHEN);

7.6.1.5. 1,1,1-Trimethyl- N-(4-trifluoromethylphenylmethylene)-silanamine

(302¢)
5 N,SiMeg
/@)J\H + L|N(S|Me3)2 hexane, 0 T-RT, 4h /©)
F\C F3C
252d e

The product was obtained following the alternativecedure described in 7.6.1.1. The prod-

uct was obtained as a slightly yellow oil as a#ixture ofE- andZ-isomers.

Chemical Formula C11H14F3NSI (245.32 g/mol)
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Purification distillation (105°C oil bath temperature/1 mbat;it.?%

47-57 °C/0.1 mbar)

Yield 3.64 g (69%; Lit% 55%)

'H-NMR (300 MHz, CDCY): &= 0.27 (s, 9H, Si(83) 3), 7.69 (d,
J=8.4 Hz, 2H, arom), 7.91 (d,= 8.1 Hz, 2H, arom), 9.00 (s,
1H, N=CH);

7.6.1.6.  4-Trifluorophenylmethylene-carbamic acid (  9H-fluoren-9-yl)methyl
ester (269c)

: O
N,S|Me3 )]\

" o O

302c 269c

The procedure of 7.6.1.2 was followed. The prodvet obtained as a colorless solid.

Chemical Formula Ca3H16F3NO; (395.37 g/mol)

Purification recrystallization from tetrahydrofuran/pentane

Yield 2.17 g (37%)

H-NMR (500 MHz, CDC}): 8= 4.37 (t,J = 7.3 Hz, 1H, GICH,), 4.60

(d, J = 7.3 Hz, 2H, CHE,), 7.34 (td,J = 7.7, 0.8 Hz, 2H,
arom), 7.43 (tJ = 7.5 Hz, 2H, arom), 7.66 (d,= 7.6 Hz, 2H,
arom), 7.78 (tJ = 7.4 Hz, 4H, arom), 7.67 (d,= 7.7 Hz, 2H,
arom), 7.78 (dJ = 7.5 Hz, 2H, arom), 8.07 (d,= 8.2 Hz, 2H,
arom), 8.86 (s, 1H, @N);

B¥C-NMR (125.8 MHz, CDGJ): 3= 46.8 CHCH,), 69.2 (GCH,), 120.1
(CHar), 123.5 (qNcr = 272.8 HzCFs), 125.2 CHar), 126.0 (q,
3Jcr = 3.7 Hz, CH),CCRy)), 127.2 CHa), 128.0 CHa/), 130.4
(CHar), 135.0 (q,%Jcr = 32.4 Hz, (CH)CCFs), 136.9 Caar),
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Mass

HRMS

141.4 Coa), 1434 Caa), 1634 (NCOy), 168.9
(P-CRPICHN);

miz (%) (El) 395 (M, 3), 200 (M-§H..O, 6), 179
(M-CgHsF3sNO,, 17), 178 (179-H, 100), 165 (178-CH, 22);

(ESlpos) calculated for gHigFsNNaO, (M+Na) 418.102535;
found 418.102054;
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7.6.2. Products of the Mannich reaction

7.6.2.1.  (9H-fluoren-9-yl)methyl-(1 S,2S)-2-formyl-3-methyl-1-phenylbutyl-
carbamate (305a)

T (K

O
lN ° . + H 20 mol% (S)-Proline . O NH O
©) O CH3CN, 0 T, 145 h O ©/';<‘\H

(2.0 equiv)
269a 305a

The reaction was performed according to 7.5.2.% ptoduct was obtained as a colorless

solid.

Chemical Formula Co7H27NO3 (413.51 g/mol)

TLC R = 0.26 (SiQ, ethyl acetate/hexane 25/75 v/v), stained blue
with anisaldehyde

Purification flash column chromatography on silica gel, elutimigh ethyl
acetate/hexane (10/90 — 20/80 v/v)

Yield 124.4 mg (61%)

Diastereomeric ratio 2.8:1

Enantiomeric ratio 93:7

Optical rotation [a]3® 51 (€= 0.1745, CHG))

Melting point 165-167 °C

H-NMR (300 MHz, CDC4, 333 K): 5= 0.91 (d,J = 6.2 Hz, 3H, Ei),

1.02 (d,J = 6.7 Hz, 3H, El3), 1.90-2.08 (m, 1H, B(CHs)y),
2.38-2.51 (m, 1H, BCHO), 4.09 (dd,) = 6.8, 6.8 Hz, 1H, B-
CHaHg), 4.31 (ddJ = 10.8, 6.5 Hz, 1H, CHEBsH), 4.40 (ddJ
= 10.8, 6.6 Hz, 1H, CHCkHg), 4.83-5.07 (m, 1H, BNH),
5.07-5.22 (d,J = 6.4 Hz, 1H, CHM), 7.03-7.33 (m, 9H, arom),
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7.39-7.47 (m, 2H, arom), 7.62-7.69 (m, 2H, arom329(s, 1H,
CHO);

¥C-NMR (100 MHz, CDC}): 8= 18.9 CH(CHs),), 21.2 CHg), 27.1
(CH3), 47.3 CHCH,), 53.9 CHNH), 61.6 CHCOH), 66.7
(CHCH,0), 120.0 CHa/), 125.0 CHa/), 127.1 CHp), 127.3
(CHa), 127.7 CHa), 128.1 CHar), 128.9 CHao), 139.5 Caa),
141.3 Coar), 143.8 Cqar), 155.5 (NHCO,), 204.7 CHO);

Mass m/z (%) (El) 328 (M-GHgO, 1), 179 (328-gH:NO,, 25), 178
(179-H, 100), 165 (178-CH, 6);

HRMS (ESlpos) calculated for £H,7NNaO; (M+Na) 436.188314;
found 436.187994;

HPLC TR 20.83 min (minor enantiomer)
TR 48.17 min (major enantiomer)
(AS-H, 0.5 mL/min,iPrOHh-heptane 20/80);

7.6.2.2.  (9H-fluoren-9-yl)methyl-(1 S,2S)-2-formyl-1-phenylhexylcarbamate

(305Db)
Yo (o
o}
|N o .\ H 20 mol% (S)-Proline . o NH O
©) CH4CN, 0T, 22 h O H
(2.0 equiv)

269a 305b
The reaction was performed according to 7.5.2.2 product was obtained as a colorless
solid.
Chemical Formula CaogH20NO3 (427.53 g/mol)
TLC R: = 0.30 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple

with anisaldehyde
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Purification

Yield
Diastereomeric ratio
Enantiomeric ratio
Optical rotation

H-NMR

BC-NMR

Mass

HRMS

HPLC

250

column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (10/90 — 20/80 v/v); diastereocisomeparsted by
column chromatography on silica gel, eluting witkethanol/di-
chloromethane (0.3/99.7 v/v);

130.6 mg (59%)

2.2:1

84:16

[a]3® 14 (= 0.265, CHG)

(500 MHz, CDC}): 6=0.79 (t,J = 6.8 Hz, 3H, El3), 1.12-1.27
(m, 4H), 1.33-1.46 (m, 1H), 1.51-1.67 (m, 1H), 25869 (m,
1H, CHCOH), 4.11 (t,J = 6.6 Hz, 1H, GICHAHgO,C), 4.33
(dd,J = 10.8, 6.5 Hz, 1H, CHEAHzO.C), 4.39 (ddJ = 10.8,
6.8 Hz, 1H, CHCHHgO,C), 4.85-5.01 (m, 1H, BNH),
5.15-5.30 (m, 1H, CHN), 7.06-7.14 (m, 2H, arom), 7.15-7.33
(m, 7H, arom), 7.44 (d] = 7.1 Hz, 2H, arom), 7.66 (di,= 7.6,
0.8 Hz, 2H, arom), 9.47 (s, 1IHHD);

(125.8 MHz, CDGJ): 5= 13.8 CHa), 22.6 CH,), 25.6 CH>),
29.5 CH,), 47.3 CHCH,0,C), 55.3, 56.2, 66.8 (OBH,0,C),
120.0 CHar), 125.0 CHar), 127.0 CHar), 127.1 CHa), 127.7
(CHar), 128.0 CHar), 128.9 CHar), 139.1 Caa), 141.3 Caa),
143.8 Cqay), 155.6 COy), 203.8 CHO);

m/z (%) (El) 328 (M-GH110, 2), 179 (328-gH:NO,, 26), 178
(179-H, 100), 165 (178-CH, 7), 91 (GPh, 3);

(ESlpos) calculated for fH29NNaO; (M+Na) 450.203959;
found 450.204333;

TR 28.31 min
TR 46.69 min
(AS-H, 0.5 mL/min,iPrOHh-heptane 20/80);

(minor enantiomer)

(major enantiomer)
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7.6.2.3.  (9H-fluoren-9-yl)methyl-(1 S,2S)-3-hydroxy-2-methyl-1-phenylpropyl-
carbamate (331)

O
20 mol% _ O O)I\NH
(S)-Proline NaBH4 (3 equiv) .
CH3CN, CH3CN/ 2-PrOH OH
0<C,16h 0 €, 10 min
(2.0 equiv)
269a 331

The reaction was performed according to 7.5.2.2 product was obtained as a colorless

solid.

Chemical Formula CosH25NO3 (387.47 g/mol)

TLC R: = 0.20 (SiQ, methanol/dichloromethane 2/98 v/v), stained
yellow-green with vanillin

Purification flash column chromatography on silica gel, elutimigh ethyl
acetate/pentane (25/75 — 55/45 viv).

Yield 88 mg (45%)

Diastereomeric ratio 2.5:1

Enantiomeric ratio >99:1

'H-NMR (500 MHz, CDC}): 8= 0.70 (d,J = 6.8 Hz, 3H, El3), 2.19 (m,
1H, CHCH,OH), 2.64 (bs, 1H, 8), 3.30 (dd,J = 9.8, 9.8 Hz,
1H, CHQHACHgOH), 3.44 (dd,J = 11.5, 4.8 Hz, 1H,
CHCHACHgOH), 4.19 (t,J = 6.4 Hz, 1H, EICHACHzO-C),
4.39 (dd,J = 10.2, 6.6 Hz, 1H, CHEB,CHzO,C), 4.48 (dd,
J=10.6, 7.3 Hz, 1H, CHCKCHgO.C), 4.97-5.03 (m, 1H,
CHNH), 5.76 (d,J = 9.4 Hz, 1H, CHM), 7.19-7.40 (m, 9H,
arom), 7.55-7.59 (m, 2H, arom), 7.71-7.76 (m, 2t6nd;

13C-NMR (125.8 MHz, CDCJ): = 11.3 CHs), 40.6 CH,CH,OH), 47.4

(CHCH,0,C), 55.6 CHNH), 64.9 (CHCH,OH), 66.7 (GCH>),
120.0 CHar), 124.9 CHar), 125.0 CHar), 126.6 CHa), 127.1
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(CHar), 127.2 CHay), 127.7 CHar), 128.5 CHar), 140.0 Caar),
141.3 Cqar), 143.8 Caar), 143.9 Caa), 156.8 (NKCO):

Mass m/z(%) (El) 328 (M-GH-O, 35), 196 (328-¢H;NO+H, 4), 179
(196-0, 37), 178 (179-H, 100), 165 (178-CH, 16),(2H,Ph,
8), 77 (Ph, 2);

HRMS (El) calculated for &HxsNO; (M) 387.183440; found
387.183509;

HPLC TR 5.71 min (minor enantiomer)
TR 7.66 min (major enantiomer)

(50 mm Zorbax XDB-C18, 1 mL/min, G&N/H,O 60/40, then
150 mm CelluCoat RP 1 mL/min, GEIN/H,O 80/20);

7.6.2.4.  (9H-fluoren-9-yl)methyl-(1 S,2S)-3-hydroxy-1,2-diphenylpropyl-
carbamate (332)

O

Q 20 mol% . O)]\NH
H (S)-Proline NaBH, (3 equiv)
CH3CN, CH3CN/ 2-PrOH OH
0<%, 185h 0 C, 10 min
(2.0 equiv)
269a 332

The reaction was performed according to 7.5.2.2 product was obtained as a colorless

solid.

Chemical Formula CsoH27NO3 (449.54 g/mol)

TLC R: = 0.37 (SiQ, methanol/dichloromethane 2/98 v/v), stained
yellow-green with vanillin

Purification flash column chromatography on silica gel, elutimigh ethyl
acetate/hexane (20/80 — 50/50 v/v)

Yield 152.3 mg (67%, only major isomer)
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Diastereomeric ratio
Enantiomeric ratio
Optical rotation
Melting point

'H-NMR

BBC-NMR

Mass

HRMS

HPLC

not determined

99:1

[a]3® —42.3 €= 0.989, CHGJ)
168-171 °C

(500 MHz, CDC}): 6= 2.19 (bs, 1H, OH), 3.14 (m, 1H,
CHCH,OH), 3.59-3.74 (m, 2H, B,0OH), 4.15 (t,J = 6.4 Hz,
1H, CHCHaHgO.C), 4.30 (dd,J = 10.8, 6.4 Hz, 1H,
CHCHAHgO,C), 4.57 (dd,J = 10.8, 6.3 Hz, 1H, CHCKH-
80.C), 5.03 (dJ = 9.0 Hz, 1H, CHM), 5.17 (m, 1H, EINH),
6.87-6.94 (m, 2H, arom), 6.98-7.05 (m, 2H, arom},977.31
(m, 8H, arom), 7.34-7.41 (m, 2H, arom), 7.42-7.54, @H,
arom), 7.72-7.77 (m, 2H, arom);

(125.8 MHz, CDGJ): &= 47.5 CHCH,0,C), 54.2, 55.0, 63.1
(CH,OH), 66.3 (CHCH,0,C), 119.9 CHa), 120.0 CHa),
124.8 CHar), 125.1 CHar), 126.7 CHar), 127.1 CHa), 127.1
(CHa), 127.4 CHa), 127.7 CHa), 127.8 CHa), 128.4
(CHar), 128.5 CHar), 129.0 CHay), 137.3 Caar), 140.1 Caar),
141.4 Coar), 143.6 Caar), 143.9 Cqar), 156.5 (NCO,);

miz (%) (El) 328 (M-GHO, 53), 284 (328-C® 5), 196
(CuHuO+H, 9), 179 (196-O-H, 100), 178 (179-H, 83), 165
(178-CH, 32), 104 (§4;0-OH, 34), 91 (CkPh, 6), 77 (Ph, 6);

(El) calculated for &H27/NOs; (M) 449.199090; found
449.198900;

TR 17.37 min (major enantiomer)
TR 19.39 min (minor enantiomer)
(1A, 0.5 mL/min,iPrOHh-heptane 40/60);
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7.6.2.5.  (9H-fluoren-9-yl)methyl-(1 R,2S)-2-(tert-butyldimethylsilyloxy)-3-oxo-
1-phenylpropylcarbamate (305e)

of

269a

20 mol% (S)-Proline

H
OTBS  CHsCN, 15T, 48 h O H
OoTBS

(2.0 equiv)

NJ\O .O H(i O. OJ\NH o)

+

305e

The reaction was performed according to 7.5.2.% ptoduct was obtained as a colorless

solid.

Chemical Formula

TLC

Purification

Yield
Diastereomeric ratio
Enantiomeric ratio

'H-NMR

BC-NMR

254

C3oH35NO4Si (501.69 g/mol)

Rt = 0.30 (SiQ, ethyl acetate/hexane 25/75 v/v), stained with

anisaldehyde

flash column chromatography on silica gel, elutimigh ethyl
acetate/hexane (10/90 to 30/70 v/v)

153 mg (61%, only major isomer)
44:1
>99:1

(300 MHz, CDC4, 333 K):6=-0.28 (s, 3H, Si(El3)a(CH3)g),
—0.11 (s, 3H, Si(Ck)a(CH3)g), 0.83 (s, 9H, C(H3)3), 4.06-4.28
(m, 2H, AHCOH and GiCH,0), 4.28-4.47 (m, 2H, O&,), 5.20
(d, J = 7.8 Hz, 1H, EINH), 5.60 (d,J = 8.0 Hz, 1H, M),
7.15-7.59 (m, 11H, arom), 7.66-7.76 (m, 2H, aroék6 (d,
J=1.0 Hz, 1H, EO);

(75.5 MHz, CDC4, 333 K): = -5.5 (SiCH3)a(CHs)g), -5.1
(Si(CHs)a(CHa)s), 18.2 (SC(CHg)s), 25.7 (SICCHa)s), 47.4
(CHCH,0,C), 56.4 CHNH), 67.3 (CHCH,O,C), 81.3 CH-
CHO), 120.0 CHa?), 125.1 CHar), 126.6 CHar), 127.1 CHar),
127.1 CHar), 127.7 CHar), 127.8 CHar), 128.6 CHay), 139.2
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(Coa), 141.4 Coa), 144.0 Cga), 155.5 CO.NH), 201.3
(CHO);

Mass miz (%) (El) 444 (MiBu, 5), 328 (M-GHi/O.Si, 41), 284
(328-CQ, 7), 205 (M-OTBS-GHo, 10), 179 (GsH11, 100), 178
(179-H, 66)165 (179-CH, 7), 150 (19), 106 (10);

HRMS (ESlpos) calculated for £gH3sNNaO,Si (M+Na) 524.222759;
found 524.222828;

HPLC TR 15.40 min (minor enantiomer)
TR 41.34 min (major enantiomer)
(1A, 0.5 mL/min,iPrOHh-heptane 20/80);

7.6.2.6.  (9H-fluoren-9-yl)methyl-(1 S,2S)-2-formyl-1-(4-trifluoromethylphenyl)-

hexylcarbamate (305f)
)
M

20 mol% (S)-Proline O 0" NH O
/[:::]/J CHsCN, 21 C, 17.5h H

F5C
(2.0 equiv)
269c 305f

The reaction was performed according to 7.5.2 ieitlat a higher temperature due to the

lower reactivity of the imine. The product was ol as a colorless solid.

Chemical Formula CooH28F3NO3 (495.53 g/mol)

TLC Rt = 0.27 (SIQ, ethyl acetate/hexane 25/75 v/v), stained green
with vanillin

Purification flash column chromatography on silica gel, elutimigh ethyl

acetate/pentane (10/90 — 20/80 v/v); diastereoseparated by
flash column chromatography on silica gel, elutmth metha-
nol/dichloromethane (0.5/99.5 v/v);
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Yield
Diastereomeric ratio
Enantiomeric ratio

H-NMR

BC-NMR

Mass

HRMS

HPLC

256

140.9 mg (57%)
2.2:1
92:8

(300 MHz, CDC4, 333 K):06=0.86 (t,J = 6.8 Hz, 3H, Ei3),
1.19-1.50 (m, 5H), 1.58-1.75 (m, 1H), 2.62-2.75 (fdH,
CHCOH), 4.16 (tJ = 6.3 Hz, 1H, GICH,0,C), 4.42-4.52 (m,
2H, CHH,0,C), 4.86-5.15 (m, 1H, BNH), 5.28-5.43 (m, 1H,
CHNH), 7.21-7.30 (m, 4H, arom), 7.33-7.40 (m, 2H, arom)
7.44-7.62 (m, 4H, arom), 7.69-7.77 (m, 2H, arom$39(s, 1H,
CHO);

(125.8 MHz, CDGJ): 5= 13.8 CHa), 22.6 CH,), 25.5 CH,),
29.5 CHy), 47.3 CHCH,O,C), 54.7 CHNH), 55.8 CHCOH),
66.8 (OCH,), 120.0 CHa,), 123.9 (q,J = 272.5 HzCFs), 124.9
(CHa), 125.0 CHa), 125.8 (m, CH),.CCFy), 127.1 CHa),
127.4 CHa), 127.7 CHa), 130.1 (m, (CHYCCFs), 141.4
(Caar), 143.3 Cdar), 143.6 Caar), 143.7 Caar), 143.8 Caar),
155.6 (NHCO,), 203.3 CHO);

m/z (%) (EI) 396 (M-GH1:0, 17), 200 (396-GH:0, 2), 179
(M-C1sH:7FsNOs, 23), 178 (179-H, 100), 165 (178-CH, 9);

(El) calculated for gH2gFsNNaO; (M+Na) 518.191347; found
518.191110;

TR 33.84 min (minor enantiomer)
TR 78.54 min  (major enantiomer)
(AS-H, 0.5 mL/miniPrOHAh-heptane 10/90);
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7.6.2.7.  (9H-fluoren-9-yl)methyl-(1 S)-3-oxo-1-phenylbutylcarbamate (3059)

O

X ) v
|N O . . )OJ\ 20 mol% (S)-Proline . © NH O
©) O acetone, 21 C, 17 h O ©/'\/u\

269a 3059

The reaction was performed according to 7.5.2 ieitlat a higher temperature due to the

lower reactivity of the imine. The product was ol as a colorless solid.

Chemical Formula CasH23NO3 (385.46 g/mol)

TLC Ri = 0.71 (SiQ, ethyl acetate/dichloromethane 20/80 v/v),

stained orange with anisaldehyde

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (20/80 to 40/60 v/v) and ethyl acetatelorome-
thane (5/95 to 10/90 v/v)

Yield 75.1 mg (38%)

Enantiomeric ratio 93.5:6.5

Optical rotation [a]3® -10.1 €= 1.0, CHC})

Melting point 143-144 °C

H-NMR (300 MHz, CDC}, 333 K): 8= 1.97 (s, 3H, €3), 2.80 (dd,

J=6.0, 16.6 Hz, 1H, BAHzsCOMe), 2.94 (ddJ = 16.3, 6.3 Hz,

1H, CH\HgCOMe), 4.10 (tJ = 6.7 Hz, 1H, GICH,0), 4.32 (d,

J = 6.5 Hz, 2H, CHE@,0), 5.02 (dd,J = 14.0, 6.3 Hz, 1H,
CHNH), 5.48 (d,J = 7.1 Hz, 1H, M), 7.10-7.32 (m, 9H, arom),
7.37-7.49 (m, 2H, arom), 7.61-7.69 (m, 2H, arom);

¥3C-NMR (125.8 MHz, CDGCJ): 5= 30.6 CHis), 47.2 CH), 48.8
(CH,COMe), 51.4 CNH), 66.7 CH»0), 120.0 CHAr), 125.0
(CHAr), 126.2 CHAr), 127.1 CHAr), 127.6 CHAr), 127.7
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Mass

HRMS

HPLC

258

(CHAr), 128.7 CHAr), 141.3 CgAr), 143.8 CgAr), 143.9
(CgAr), 155.7 (QCON), 207.0 COMe):

m/z (%) (El) 179 (M-GiH.NOs, 17), 178 (179-H, 100), 165
(178-CH, 8);

(ESlpos) calculated for fH23sNNaG; (M+Na) 408.157013;
found 408.157433;

TR 54.06 min (minor enantiomer)
TR 75.96 min (major enantiomer)
(AS-H, 0.5 mL/minjiPrOHh-heptane 20/80);
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7.7. Mannich reactions of an N-benzoyl-imine

7.7.1. Preparation of N-benzylidenebenzamide (306)

O
|N/S|Me3 o |N)‘\©
©) * Cl)k© CHCl3, 0 CT-RT,11h O)
302a 306

4.1 g (23.1 mmol) of 1,1,1-trimethyl-N-(phenylmelirye)-silanamine were introduced into a
flame-dried Schlenk flask and dissolved in 30 mLdoy chloroform, which was passed
through a plug of neutral aluminium oxide immediateefore use. The solution was cooled
to 0 °C. 2.7 mL (23.1 mmol) of benzoyl chloride watissolved in 25 mL of chloroform
treated as above and added dropwise over a pefi88 min. After the addition was com-
pleted, the ice bath was removed and the mixtdtestering for 11 h. The solvent was re-
moved on a rotary evaporator and the residue wstdleti with a bulb-to-bulb distillation
apparatus at 150 °C-160 °C/A.62 mbar to yield 4.1 g (19.6 mmol) of a yellow oil ivh
solidified upon cooling. The compound obtained vimsnd to be very unstable in even
slightly acidic media.

Chemical Formula C14H11NO (209.24 g/mol)

Purification distillation (150 °C-160 °C/6:50° mbar)

Yield 4.1 g (85%)

'H-NMR (300 MHz, CDC}): & = 7.44-7.63 (m, 6H, arom), 7.96-8.00 (m,

2H, arom), 8.14-8.19 (m, 2H, arom), 8.78 (s, IHON;

13C-NMR (75.5 MHz, CDC}): 8= 128.5 CHAr), 129.0 CHAr), 130.0
(CHAr), 130.2 CHAr), 133.3 CHAr), 133.4 CHAr), 133.5
(CgAr), 134.6 CqAr), 164.5 CH=N), 181.0 (C=0);

Mass m/z(%) (EI) 209 (M, 17), 105 (M-PhCHN, 100), 77 (Pi6)24
HRMS (El) calculated for &H;;NO (M) 209.084067; found
209.083967;
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7.7.2. Products of the Mannich reaction

7.7.2.1. N-((1S,2S)-2-formyl-3-methyl-1-phenylbutyl)benzamide (307a)

O )(J)\
O
|N)K© . H 20 mol% (S)-Proline Ph NH O
©) CH3CN, 21 C, 16 h ©/E<‘\H
(2.0 equiv)
306 307a

The product was obtained as a colorless solid iaig the procedure of 7.5.2.1, albeit at
higher temperature due to the lower reactivityhw# imine. To avoid decomposition through
acid catalysis, both aldehyde and imine were stioeer KCQO; in acetonitrile for 10 min

immediately prior to use.

Chemical Formula C19H21NO, (295.38 g/mol)

TLC Rr = 0.23 (SiQ, ethyl acetate/hexane 25/75 v/v), stained blue
with anisaldehyde

Purification flash-chromatography on silica gel, eluting witthy ace-
tate/hexane (15/85 v/v)

Yield 106.2 mg (73%)

Diastereomeric ratio 3.4:1

Enantiomeric ratio 93:7

H-NMR (300 MHz, CDC}): 5= 1.06 (d,J = 6.8 Hz, 3H,CH3), 1.18 (d,

J=6.8 Hz, 3HCHj3), 2.06-2.19 (m, 1H, B (CHs),), 2.60 (ddd,
J=7.1,7.1, 3.8 Hz, 1H, @CHO), 5.64 (ddJ) = 7.5, 7.5 Hz, 1H,
CHNH), 6.90 (d,J = 8.0 Hz, 1H, MCO,), 7.26-7.35 (m, 5H,
arom), 7.40-7.51 (m, 3H, arom), 7.75-7.81 (m, 2téng, 9.64
(d, 3.8 Hz, 1H, GO);

13C-NMR (75 MHz, CDC}): 8= 19.6 ((H(CHs),), 21.2 (CH(®s),), 27.0
(CH(CHs),), 52.6 CHNH), 61.5 CHCOH), 127.0 CHp,), 127.6

(CHar), 128.1 CHa), 128.7 CHa), 129.0 CHa), 131.7
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(CHar), 134.2 Cda), 139.0 Coar), 166.3 (NHCO), 206.0
(CHO);

Mass m/z (%) (El) 295 (M, 4), 252 (MPr, 5), 210 (M-GH.O, 46),
105 (PhC=0, 100), 77 (Ph, 26);

HRMS (ESlpos) calculated for GH:NNaGO, (M+Na) 318.146447,
found 318.146378;

HPLC TR 15.84 min (minor enantiomer)
TR 19.53 min (major enantiomer)
(AS-H, 0.5 mL/minjiPrOHh-heptane 25/75);

7.7.2.2. N-((1S,2S)-2-formyl-1-phenylhexyl)benzamide (307hb)

I it
(@)
|N)K© . H 20 mol% (S)-Proline Ph NH O
©) CH4CN, 21T, 19 h H
(2.0 equiv)
306 307b

The procedure of 7.7.2.1 was followed, the prodvas obtained as a colorless solid.

Chemical Formula Co0H23NO, (309.40 g/mol)

TLC R: = 0.27 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple
with anisaldehyde

Purification flash-chromatography on silica gel, eluting witthyd ace-
tate/hexane (8/92 - 15/85 v/v)

Yield 105 mg (69%)
Diastereomeric ratio 2.8:1

Enantiomeric ratio 98.8:1.2

Optical rotation [a]3® +12 € = 0.28, CHC))

261



7. Experimental part

'H-NMR (500 MHz, CDC}): 3= 0.88 (t,J = 6.9 Hz, 3H, El3), 1.26-1.44
(m, 4H), 1.52-1.60 (m, 1H), 1.72-1.81 (m, 1H), 2B87 (m,
1H, CHCOH), 5.53 (ddJ = 8.4, 6.2 Hz, 1H, BNH), 7.06 (d,
J= 8.2 Hz, 1H, CHM), 7.26-7.36 (m, 5H, arom), 7.44 (t,
J=7.9 Hz, 2H, arom), 7.51 (tf] = 6.4, 2.2 Hz, 1H, arom),
7.77-7.80 (m, 5H, arom), 9.66 (@z= 2.3 Hz, 1H, ElO);

3C-NMR (125 MHz, CDCH): 5= 13.8 CHs), 22.6 CH,), 26.1 CHy),
29.7 CHy), 53.9 CHCHO), 55.7 CHNH), 127.0 CHa), 127.4
(CHar), 128.0 CHa)), 128.7 CHa), 128.9 CHa), 131.8
(CHar), 134.1 Caar), 138.8 Cqar), 166.5 CON), 205.0 CHO);

Mass m/z (%) (El) 309 (M, 4), 280 (M-CHO, 2), 252 (M-Bu, 1210
(M-CgH1:0, 44), 105 (PhC=0, 100), 77 (Ph, 26);

HRMS (ESlpos) calculated for fH23sNNaO, (M+Na) 332.162098;
found 332.161839;

HPLC TR 24.91 min (minor enantiomer)
TR 50.47 min (major enantiomer)
(AS-H, 0.5 mL/minjiPrOHh-heptane 20/80);

7.7.2.3. N-((1S,2S)-2-formyl-1-phenylpropyl)benzamide (307c)

I x
O
IN)K© . HJ\H 20 mol% (S)-Proline Ph NH O
©) CH4CN, 21 C, 23 h ©)\HJ\H
(2.0 equiv)
306 307c

The product was obtained as a colorless solidviafig the procedure of 7.7.2.1.

Chemical Formula C17H17/NO, (267.32 g/mol)

TLC R: = 0.11 (SiQ, ethyl acetate/hexane 25/75 v/v), stained purple

with anisaldehyde
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Purification flash-chromatography on silica gel, eluting witthy¢ ace-
tate/hexane (20/80 v/v)

Yield 90.1 mg (67%)

Diastereomeric ratio 3.5:1

Enantiomeric ratio >99:1

Optical rotation [a]3® +22 € = 1.05, CHC))

H-NMR (500 MHz, CDC}): 8= 1.13 (d,J = 7.2 Hz, 3H, E©i3), 2.93-3.01

(m, 1H, CHCHj3), 5.54 (dd,J = 8.6, 6.8 Hz, 1H, @NH), 6.88
(d, J = 8.2 Hz, 1H, CHM), 7.20-7.32 (m, 5H, arom), 7.37 (t,
J= 7.8 Hz, 2H, arom), 7.42-7.47 (m, 1H, arom), 7/6B3 (m,
2H, arom), 9.68 (s, 1H,O);

13C-NMR (100.5 MHz, CDGJ): 6= 10.4 CHs), 50.7 CHNH), 54.2
(CHCOH), 127.0 CHa)), 127.2 CHa), 128.0 CHa), 128.7
(CHar), 128.9 CHa/), 131.8 CHa), 134.1 Caa,), 138.9 Caa),
166.8 CON), 203.9 COH);

Mass m/z(%) (EI) 267 (M, 6), 238 (M-CHO, 2), 210 (Ms8s0, 28),
105 (PhC=0, 100), 77 (Ph, 32);

HRMS (ESlpos) calculated for Hi7NNaGO, (M+Na) 290.115151;
found 290.114937,

HPLC TR 28.08 min (minor enantiomer)
TR 40.43 min (major enantiomer)
(AS-H, 0.5 mL/minjiPrOHh-heptane 20/80);
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7.7.2.4. N-((1S,2S)-3-hydroxy-1,3-diphenyl-propyl)benzamide (333)

0 O

O
N H . ) Ph)J\NH
| 20 mol% (S)-Proline NaBH, (3 equiv)
(Y * ®
OH

CH3CN, 21 C, 12 h MeOH/DCM

RT,1.5h O
(1.1 equiv)

306 333

The Mannich reaction was performed according to2717 but the aldehyde was filtered over
neutral alox instead of stirring over,®80Os. After the Mannich reaction was complete, the
reaction mixture was poured into water, filteredl dhe solids dissolved in 10 mL metha-
nol/dichloromethane (1/1, v/v). 65 mg of NaBkere added and the solution stirred for 1.5 h.
HCI was then added until the evolution of hydroges seized. The mixture was diluted with
water and extracted with dichloromethane (3x). Tebined organic fractions were washed
with brine once, dried over Ma0O, and the solvent removed on a rotary evaporatoe Th
product was obtained as a colorless solid aftermanlchromatography.

Chemical Formula C22H21NO, (331.41 g/mol)

TLC R: = 0.34 (SiQ, methanol/dichloromethane 2/98 v/v), stained

yellow-green with vanillin

Purification flash column chromatography on silica gel, elutmth metha-
nol/dichloromethane (0.5/99.5 — 1/99 v/v), therparative scale

TLC on silica gel, using methanol/chloroform (5/2%) as mo-

bile phase
Yield 89.5 mg (54%)
Diastereomeric ratio 2:1
Enantiomeric ratio 98:2
Melting point 168-169 °C
H-NMR (500 MHz, CDC4): 8= 3.16-3.21 (m, 1H, BCHaHgOH), 3.92

(dd,J = 11.5, 4.1 Hz, 1H, CHEAHgOH), 4.03 (ddJ = 11.5,
3.8 Hz, 1H, CHCHHgOH), 5.61 (dd,J = 8.5, 8.5 Hz, 1H,
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BBC-NMR

Mass

HRMS

HPLC

7.7.2.5.

(0]
(@)
|N)K© . HJ\H 20 mol% (R)-Proline Ph)l\lélH (@]
©) OTBS CH3CN, 23 C, 24 h Y H
OTBS

CHNH), 7.11-7.24 (m, 10H, arom), 7.32 (d,= 7.7 Hz, 1H,
CHNH), 7.41 (t,J = 7.7 Hz, 2H, arom), 7.50 @,= 7.4 Hz, 1H,
arom), 7.77 (dJ = 7.5 Hz, 2H, arom);

(125.8 MHz, CDGJ): = 52.8 CH), 56.5 CHNH), 64.1
(COH), 126.8 CHa), 127.0 CHa), 127.2 CHa), 127.5
(CHa), 128.4 CHa), 128.6 CHa), 128.6 CHa), 128.7
(CHar), 131.8 CHar), 134.0 Caa), 139.8 Caar), 140.5 Caar),
167.5 CON);

m/z (%) (El) 301 (M-CHO+H, 1), 211 (M-PhCONH, 13), 210
(M-CgHqO, 74), 180 (211-CkD, 16), 105 (PhC=0, 100), 77
(Ph, 25);

(CI) calculated for @H,;NNaQ, (M+Na) 354.146450; found
354.146282;

R 29.42 min (minor enantiomer)
TR 37.06 min (major enantiomer)
(OD-H, 0.5 mL/miniPrOHh-heptane 15/85);

N-((1S,2R)-2-(tert-butyldimethylsilyloxy)-3-oxo-1-phenylpropyl)benz-
amide (307e)

(0]

(1.5 equiv)
307e

The procedure of 7.7.2.1 was followed; the produas obtained as a colorless solid.

Chemical Formula

TLC

CooHooN O3Si (383 .56 g/mol)

R: = 0.24 (SiQ, ethyl acetate/hexane 25/75 v/v), stained pink
with anisaldehyde
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Purification

Yield
Diastereomeric ratio
Enantiomeric ratio

H-NMR

BC-NMR

Mass

HRMS

HPLC

266

flash-chromatography on silica gel, eluting witthy¢ ace-
tate/hexane (15/85, then 25/75 v/v)

109 mg (57%, only major)
5:1
98:2

(500 MHz, CDCH): 5=-0.27 (s, 3H, Si(El3)a(CHs)g), —0.06 (s,
3H, Si(CH)a(CHs)g), 0.85 (s, 9H, C(83)3), 4.39-4.41 (m, 1H,
CHCOH), 5.72 (dd,J = 8.8, 2.1 Hz, 1H, BNH), 7.10 (d,
J=28.7 Hz, 1H, CHMI), 7.26-7.39 (m, 5H, arom), 7.43-7.57 (m,
3H, arom), 7.76-7.81 (m, 2H, arom), 9.75 {d+ 2.3 Hz, 1H,
CHO);

(125.8 MHz, CDC)): &= -55 (SiCHs)a(CHs)s), —4.9
(Si(CHs)a(CH3)g), 18.3 (SC(CHs)s), 25.8 (SiCCHa)s), 54.1
(CHNH), 81.4 CHCHO), 126.7 CHa), 127.1 CHa), 127.9
(CHar), 128.7 CHar), 128.9 CHay), 132.0 CHar), 134.2 Caa),
138.8 Cqar), 166.7 CON), 201.3 CHO):

miz (%) (El) 354 (M-CHO, 2), 326 (MBu, 7), 324
(354-PhCON, 4), 210 (M+E1:0,Si, 44), 205 (25), 105
(PhC=0, 100), 77 (Ph, 20);

(ESlpos) calculated for £GH,gNNaQO;Si (M+Na) 406.180899;
found 406.180891;

TR 19.04 min (major enantiomer)
TR 34.93 min (minor enantiomer)
(1A, 0.5 mL/min,iPrOHh-heptane 20/80);
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7.7.2.6. (S)-N-(3-oxo-1-phenylbutyl)benzamide (307f)

i x
|N)k© + )(J)\ 20 mol% (S)-Proline Ph NH O
©) acetone, 21 C, 40 h ©/V\)J\
306 307f

The imine (105.2 mg, 0.5 mmol) was dissolved in18l4 of acetone and added to a suspen-
sion of 11.5 mg ofY)-proline in 1.6 mL of acetone at a rate of 4.2nul to suppress the ad-
dition of a second equivalent of imine to the aditieaction product.

Chemical Formula C17H17/NO, (267.32 g/mol)

TLC R: = 0.07 (SiQ, ethyl acetate/hexane 25/75 v/v), stained orange
with anisaldehyde

Purification flash-chromatography on silica gel, eluting witthyd ace-
tate/hexane (20/80 — 34/66 v/v)

Yield 63.2 mg (47%)
Enantiomeric ratio 76:24
'H-NMR (500 MHz, CDC}): 8= 2.13 (s, 3H, El3), 3.03 (dd,J = 16.6,

5.8 Hz, 1H, GiAHgCOMe), 3.24 (ddJ = 16.7, 5.4 Hz, 1H,
CHaHgCOMe), 5.58-5.63 (ddd] = 8.1, 5.7, 5.7 Hz, 1H, i&

CHaHg), 7.24-7.28 (m, 1H, CHN), 7.31-7.37 (m, 4H, arom),
7.40-7.46 (m, 2H, arom), 7.46-7.53 (m, 2H, arom},977.83

(m, 2H, arom);

13C-NMR (125.8 MHz, CDCJ): = 31.0 CHa), 47.9 CH,), 50.0 CHNH),
126.4 CHa/), 127.0 CHa), 127.6 CHa/), 128.6 CHa), 128.8
(CHar), 131.7 CHa), 134.2 Caar), 140.8 Cqa;), 166.6 CON),

208.2 COMe);

Mass m/z(%) (EI) 267 (M, 4), 224 (M-COMe, 3), 210 (M38s0, 3),
162 (M-PhC=0, 68), 105 (PhC=0, 100), 77 (Ph, 343, 4
(COMe, 8);
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HRMS (ESlpos) calculated for @H;/NNaO, (M+Na) 290.115146;
found 290.114925;

HPLC TR 30.71 min (minor enantiomer)
TR 45.36 min (major enantiomer)
(AS-H, 0.5 mL/miniPrOHh-heptane 20/80);
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7.7.3. Semisynthesis of paclitaxel

7.7.3.1. 4,11-Dimethyl-3,5,10,12-tetraoxatetradec-7 -ene (318)

_\O
— 0 TFA —
HO—/_\—OH ’ r ] ° 4<o—/_\—o
neat, RT, 3 h >7
(4.5 equiv) o
A
317 313 318

A modified literature procedure was employ&8877 mg (10 mmol, 1.0 equiv) afis-2-

buten-1,4-diol and 3.29 g (45 mmol, 4.5 equiv) tiyesinylether were treated dropwise with
approximately 10 drops of TFA while being vigoraustirred. Stirring was continued for 3 h,
then the volatiles were removed on a rotary evapgrand the residue was purified by col-

umn chromatography to give a colorless oil.

Chemical Formula C12H2404 (232.32 g/mol)

TLC R = 0.43 (SiQ, ethyl acetate/hexane 25/75 v/v), decolorizes
KMnO4

Purification flash-chromatography on silica gel, eluting witkthyd ace-

tate/hexane (10/90 v/v)
Yield 2.16 g (93%)

'H-NMR (500 MHz, CDC): 8= 1.21 (t,J = 7.1 Hz, 3H, CHCH3), 1.32
(d, J = 5.3 Hz, 3H, CHEl3), 3.49 (dg,J = 9.4, 7.0 Hz, 1H,
CHaHsCHs), 3.63 (dg,J = 9.3, 7.0 Hz, 1H, CkHgCHa),
4.05-4.13 (m, 1H, =CHBaHs), 4.13-421 (m, 1H,
=CHCHaHs), 4.73 (9,J = 5.3 Hz, 1H, GICHs), 5.69-5.72 (m,
2H, =CHC);

13C-NMR (125.8 MHz, CDCJ): 8= 15.3 (CHCHs), 19.8 (CHCHs), 60.6
(=CHCHaHg), 60.8 CH-CHs), 99.1 CHCHs), 129.1 (€HC);

Mass miz (%) (EI) 159 (M-GHO, 1), 113 (159-gHs0, 1), 99
(113-CHy+H, 2), 73 (GH.O, 100), 45 (GHsO, 62);
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HRMS (ESIpos) calculated for gH2sNaO, (M+Na) 255.156678; found
255.156655;

7.7.3.2.  2-(1-Ethoxyethoxy)acetaldehyde (312)

_\O @)
— O3, DCM, PPhs, DCM, HJ\H
4<O_/—\_O>7 3 3 o 5
—78C ~78 C-RT, 12 h
. T
AN
318 312

A modified literature procedure was employ&d2.16 g (9.3 mmol) of 4,11-dimethyl-
3,5,10,12-tetraoxatetradec-7-ene were dissolvettimL of dichloromethane and cooled to
—78 °C. Ozone was bubbled through this solutionldh& color changes to light blue. The
solution was then purged with oxygen until it wascalorized, and a solution of 6.1 g
(23.2 mmol, 2.5 equiv) of PRIn 70 mL of dichloromethane was added dropwise @vh.
After complete addition the cooling bath was rentbead the reaction allowed to warm to
room temperature. Stirring was continued for anitamtehl 12 h, then the solvent was re-
moved on a rotary evaporator and the product gurifiy distillation at 1 mbar and 23 °C to

yield a clear oil.

Chemical Formula CeH1203 (132.16 g/mol)

Purification distillation (1 mbar, 23 °C)

Yield 1.355 g (55% by distillation, 74% by column chitography)
H-NMR (300 MHz, CDC4): 8= 1.19 (t,J = 7.1 Hz, 3H, CHCH3), 1.36

(d, J = 5.5 Hz, 3H, CHEl3), 3.52 (dg,J = 9.3, 7.2 Hz, 1H,
CHaHsCHs), 3.65 (dg,J = 9.3, 7.2 Hz, 1H, CkHgCHa),
4.11-4.13 (m, 2H, B,CHO), 4.81 (qJ = 5.3 Hz, 1H, GICHy),
9.73 (t,J = 1.0 Hz, 1H, EIO);

13C-NMR (75.5 MHz, CDC}): = 15.2 (CHCHs), 19.6 (CHCH3), 61.6
(CH,CHs), 70.2 CH,CHO), 100.1 CHCHs), 200.8 (CHO);
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Mass m/z(%) (EI) 117 (M-CH, 3), 103 (M-GHs, 3) 89 (117-CHh, 4),
87 (103-0, 16), 73 ({150, 70), 59 (M-GHsO, 15), 45 (GHsO,
100), 43 (GH3O, 44);

HRMS (ESlpos) calculated for 303 (M+H) 133.086469; found
133.086217;

7.7.3.3.  N-((1S,2R)-2-(1-ethoxyethoxy)-3-oxo-1-phenylpropyl)benzamide  (319)
0
N i . Ph” NH O
| + HJ\H 20 mol% (R)-Proline -
7 "H
,30C,7h H
©) rO\(O CH3CN, 30 C, 7 & o
(2.0 equiv)
306 312 319

The procedure of 7.7.2.1 was followed; after coluchmomatography, the product was ob-
tained as a 1:1 mixture of methyl epimers.
Chemical Formula Co0H23NO4 (341.40 g/mol)

TLC R: = 0.32 (SiQ, ethyl acetate/hexane 25/75 v/v), stained with
anisaldehyde

Purification flash-chromatography on silica gel, eluting witthyd ace-
tate/hexane (30/70 v/v) and with ethyl acetateldicdmethane
(10/90 v/iv)

Yield 180 mg (52%, only major)

Diastereomeric ratio 8:1 synanti)

Enantiomeric ratio 99.6:0.4 (determined after oxidation and deprobectisee
7.7.3.5)

'H-NMR epimer 1 (500 MHz, CDC§): 6= 1.05 (t,J = 7.1 Hz, 3H,

CH,CHs), 1.27 (d,J = 5.3 Hz, 3H, CHEl3), 3.30-3.43 (m, 2H,
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CH,CHs), 4.27 (dd,J = 1.8, 1.8 Hz, 1H, BCHO), 4.54 (q,
J=5.3 Hz, 1H, EICHj3), 5.69 (ddJ = 9.0, 2.2 Hz, 1H, @NH),
7.11 (d,J = 9.3 Hz, 1H, CHM), 7.26-7.31 (m, 1H, arom),
7.32-7.42 (m, 4H, arom), 7.46 &= 7.7 Hz, 2H, arom), 7.53 (t,
J = 7.2 Hz, 1H, arom), 7.79-7.83 (m, 2H, arom), 9($51H,
CHO);

epimer 2 (500 MHz, CDC}): 6= 0.96 (t,J = 7.1 Hz, 3H,
CH,CHj3), 1.24 (d,J = 5.4 Hz, 3H, CHCHg), 3.03-3.11 (m, 1H,
CHaHgCHg), 3.36-3.43 (m, 1H, CkHgCHs;), 4.50 (m, 1H,
CHCHO), 4.83 (gJ = 5.4 Hz, 1H, EGICHs;), 5.76 (dd,J = 8.6,
2.4 Hz, 1H, GINH), 7.11 (dJ = 9.3 Hz, 1H, CHMI), 7.26-7.31
(m, 1H, arom), 7.32-7.42 (m, 4H, arom), 7.46)(%, 7.7 Hz, 2H,
arom), 7.53 (tJ = 7.2 Hz, 1H, arom), 7.79-7.83 (m, 2H, arom),
9.76 (s, 1H, G0);

¥3C-NMR epimer 1 (125.8 MHz, CDG)): 8= 15.0 (CHCHs), 20.1
(CHCHSs), 53.6 CHNH), 61.8 CH,CHs), 83.0 CHCHO), 101.6
(CHCHs), 126.7 CHa), 127.1 CHa), 127.9 CHa), 128.7
(CHar), 128.7 CHar), 131.8 Coar), 134.0 Coa), 138.6 Caar),
166.6 CO,), 202.1 CHO);

epimer 2 (125.8 MHz, CDd): 6= 15.0 (CHCHgj), 19.7
(CHCH3), 53.0 CHNH), 60.8 CH,CHs), 81.2 CHCHO), 99.7
(CHCH3), 126.8 CHar), 127.1 CHar), 127.8 CHa,), 128.6
(CHar), 128.7 CHar), 131.8 Cqgar), 134.0 Cqar), 138.5 Cqar),
166.8 COy), 200.6 CHO);

Mass m/z(%) (EI) 240 (6), 210 (M-gH1:0s, 71), 105 (PhC=0, 100),
77 (Ph, 20), 73 (§Hs0, 23), 45 (GHsO, 20);

HRMS (ESlpos) calculated for fH23NNaO, (M+Na) 364.151931;
found 364.152114;
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7.7.3.4. (2R,3S)-3-Benzamido-2-(1-ethoxyethoxy)-3-phenylpropanoic acid
(309)

)J\ TEMPO (0.15 equiv) )J\

Ph™ 'NH O NaClO, (3.3 equiv) Ph™ "NH O
- NaClo
©H " OH
6 e} buffer pH 6.7, RT, 2h 6TOW

319 309

%

A literature-known synthesis was employ&420.5 mg (0.06 mmol) oN{(1S2R)-2-(1-
ethoxyethoxy)-3-0xo-1-phenylpropyl)benzamide weissalved in 0.7 mL of a phosphorous
buffer at pH 6.7. 23 mg (0.2 mmol, 3.3 equiv) ofN@, (80%) were dissolved in 0.13 mL of
water and added together with a solution of 1.4(M809 mmol, 0.15 equiv) TEMPO in
0.5 mL of acetonitrile. To this solution was addedrop of an aqueous solution of NaClO
and the mixture stirred for 2 h. 3 mL water werelel and the pH adjusted to 8 with 1 M
agueous NaOH. The mixture was cooled to 10-15 fGréeaddition of 1.3 mL of a solution
of 33 mg NaSG; in water, precooled to 0 °C. After stirring for 45in the mixture was
washed with diethyl ether once, brought to pH 4y5chreful (!) addition of aqueous HCI
(0.1 M), and extracted three times with ethyl aetahe combined ethyl acetate-fractions
were washed with brine once, dried over magnesiuufats, and the solvent was removed on
a rotary evaporator and under high vacuum. The ymtod/as obtained as colorless solid.
Note: The product was found to be very sensitivadid; if the pH was lowered below 4 dur-
ing the workup the protecting group was removed 3&ime would also happen if the product

was dissolved in chloroform and the solvent wasoneed on a rotary evaporator at 30 °C.

Chemical Formula CaoH23NOs (357.40 g/mol)

Purification The product was directly used in the next step

Yield 16 mg (77%, average of two runs)

Diastereomeric ratio >20:1 gynanti)

Enantiomeric ratio 99.6:0.4 (determined after deprotection, see AY.3

H-NMR epimer 1 (500 MHz, CDC}): 8= 1.15 (t,J = 7.1 Hz, 3H,

CH,CHs), 1.29 (d,J = 5.2 Hz, 3H, CHEl3), 3.43-3.53 (m, 2H,
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BBC-NMR

HRMS

274

CH,CH), 451 (d,J = 3.4 Hz, 1H, EGICOOH), 4.66 (q,
J=5.1Hz, 1H, EGICHy), 5.74-5.79 (m, 1H, BNH), 7.24-7.31
(m, 1H, arom), 7.32-7.48 (m, 7H, arom and GH#)N7.49-7.55
(m, 1H, arom), 7.81-7.86 (m, 2H, arom);

epimer 2 (500 MHz, CDC}): 6= 0.96 (t,J = 7.1 Hz, 3H,
CH,CHg), 1.33 (d,J = 5.2 Hz, 3H, CHE3), 3.00-3.07 (m, 1H,
CHaHgCHj3), 3.33-3.41 (m, 1H, CkHgCHs), 4.64-4.68 (m, 1H,
CHCOOH), 4.86 (gJ = 5.4 Hz, 1H, GICHs), 5.74-5.79 (m, 1H,
CHNH), 7.24-7.31 (m, 1H, arom), 7.32-7.48 (m, 7H,marand
CHNH), 7.49-7.55 (m, 1H, arom), 7.81-7.86 (m, 2H, arom)

epimer 1 (125.8 MHz, CDGJ): 8= 15.1 (CHCH3), 19.7
(CHCH3), 55.1 CHNH), 62.4 CH,CHs), 76.9 CHCOOH),
101.7 CHCHs), 126.9 CHa)), 127.4 CHa), 127.9 CHa),
128.7 CHar), 128.7 CHa), 132.0 Caa), 133.9 Coa), 138.4
(Cdar), 167.8 CO), 172.8 COOH);

epimer 2 (125.8 MHz, CD{d): 6= 14.3 (CHCH3), 19.6
(CHCH3), 55.3 CHNH), 59.8 CH,CHj3), 75.8 CHCOOH), 99.3
(CHCHs), 126.8 CHa/), 127.1 CHa/), 127.8 CHa/), 128.6
(CHar), 128.8 CHar), 132.1 Cqgar), 134.0 Cqar), 138.8 Cqar),
167.9 COy), 172.7 COOH);

(ESlpos) calculated for fH23sNNaGs (M+Na) 380.146840;
found 380.146634;
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7.7.3.5.

319

(2R,3S)-3-Benzamido-2-hydroxy-3-phenylpropanoic acid (320 )

@)

TEMPO (0.15 equiv) )J\
NaClO, (3.3 equiv) Ph

NaClO ag. workup, pH <4

H O

1Z

OH
buffer pH 6.7, RT, 2 h

2

320

The procedure of 7.7.3.4 was followed, but the tsmhuwas acidified to pH < 4 before extrac-

tion with ethyl acetate. The product was obtaingd &olorless solid. The NMR-data was in

agreement with the literatuf&

Chemical Formula
Yield
Diastereomeric ratio

Enantiomeric ratio

Optical rotation

'H-NMR

HPLC

CleH15NO4 (285.29 g/mol)
5.45 mg (71%)
>20:1 synanti)

99.6:0.4

[a]3® —26.9 € = 0.22, EtOH); Lit:*® [a]3° -35.9 € = 0.565,
EtOH);

(500 MHz, DMSO-d6)d = 4.38 (d,J = 3.6 Hz, 1H, EICOOH),
5.47 (dd,J = 9.0, 4.4 Hz, 1H, BNH), 5.55 (bs, 1H, OH),
7.22-7.27 (m, 1H, arom), 7.30-7.35 (m, 2H, arom3977.43
(m, 2H, arom), 7.48-7.52 (m, 2H, arom), 7.54-7.58, (LH,
arom), 7.83-7.87 (m, 2H, arom), 8.57 (@,= 8.8 Hz, 1H,
CHNH), 12.74 (bs, 1H, COB);

TR 13.47 min
TR 21.51 min (minor enantiomer)
(AD-H, 0.5 mL/min,iPrOHh-heptane /TFA 20/80/0.1);

(major enantiomer)
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7.7.3.6. (aR,BS)-Benzenepropanoic acid, B-(benzoylamino)- a-(1-ethoxy-
ethoxy)-(2a R,4S,4aS,6R,9S,11S,12S,12aR,12bS)-6,12b-bis(acetyloxy)-
12-(benzoyloxy)-2a,3,4,4a,5,6,9,10,11,12,12a,12b-do decahydro-11-
hydroxy-4a,8,13,13-tetramethyl-5-oxo-4-[(triethylsi  lyl)oxy]-7,11-
methano-1H-cyclodeca[3,4]benz[1,2-b]oxet-9-yl ester  (311)

DMAP (2.0 equiv)
DPC (6.0 equiv)
—_—

(6.0 equiv)

309 310 311

According to the procedure @enis et al'®' 8.9 mg (0.0127 mmol, 1.0 equiv) of 7-TES-
baccatin Il were introduced into a flame-driedgar-purged flask and dissolved in 0.6 mL
dry toluene. 28 mg (0.082 mmol, 6.0 equiv) oR@5)-3-benzamido-2-(1-ethoxyethoxy)-3-
phenylpropanoic acid were added, followed by 17¢8(6h08 mmol, 6.0 equiv) of dipyridin-
2-yl carbonate (DPC) and 3.4 mg (0.028 mmol, 2.0gpf DMAP. The mixture was then
heated at 73 °C for 110 h. After this time, the tunig was diluted with 2 mL ethyl acetate,
washed 3 times with saturated aqueous Nap@OnL in total), 2 times with water (2 mL),
and once with brine. The organic layer was driedrdNaSO, before removal of the solvent.
The major impurities were removed by column chragedphy to yield the not-pure title
compound, which was employed in the next step witHarther purification. 4.2 mg of

7-TES-baccatin Il were recovered (53% conversion).

Chemical Formula Cs7H73NO15Si (1040.27 g/mol)

Purification column chromatography on silica gel, eluting wéthyl ace-
tate/hexane (15/85, then 20/80 v/v)

Yield n.d.
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7.7.3.7. Paclitaxel (taxol) (321)

= | HCI (0.5%)
I CH EtOH, 0 T,
o.__O OHF OAc 31h

311 321

The deprotection was performed as describe®dryis et al'®* 10.18 mg of the material ob-
tained in the previous step were treated with 1ahpre-cooled (0 °C) HCI (0.5% in EtOH)
and stirred at 0 °C for 31 h. After this time, 5 mtLwater were added, and the mixture was
extracted with 10 mL of ethyl acetate. The orgdaier was washed 5 times with water
(12.5 mL in total, 0 °C), twice with brine (5 mL total), dried over N&Qy, and the solvent
removed on a rotary evaporator. The product wadigairby column chromatography and
preparative-scale HPLC.

Chemical Formula C47H51NO14 (853.91 g/mol)

Purification column chromatography on silica gel, eluting whetha-
nol/dichloromethane (2/98, then 3/97 v/v), and prafive-scale
HPLC (150 mm YMC, 20 mm internal diameter columicked
with YMC Pack ODS-A, 5 um; eluting with methanoltera
70/30 viv)

Yield 3.0 mg (59% over two steps, based on 47% conversian®
71% based on 50% conversion)

'H-NMR (500 MHz, CDCY): &= 1.14 (s, 3H, 17-8s), 1.24 (s, 3H,
16-CH3), 1.68 (s, 3H, 19-83), 1.70 (s, 1H, 1-@), 1.79 (d,
J=1.4 Hz, 3H, 18-65), 1.88 (ddd,J = 14.8, 11.0, 2.4 Hz, 1H,
6-CHaHg), 2.24 (s, 3H, OAc), 2.28 (dd, = 15.4, 9.2 Hz, 1H,
14-CHaHg), 2.35 (ddJ = 15.5, 9.0 Hz, 1H, 14-CHg), 2.39 (s,
3H, OAC), 2.46 (dJ = 4.2 Hz, 1H, 7-®), 2.55 (ddd,J = 14.8,
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BBC-NMR

Mass

HRMS

278

9.7, 6.8 Hz, 1H, 6-CkHg), 3.52 (d,J = 5.3 Hz, 1H, 2-®),
3.79 (d,J = 7.1 Hz, 1H, 3-H), 4.19 (dd] = 8.5, 0.9 Hz, 1H,
20-CHaHg), 4.31 (bd,J = 8.5 Hz, 1H, 20-ClHg), 4.38-4.43
(m, 1H, 7-H), 4.79 (ddJ = 5.2, 2.7 Hz, 1H, 2’-H), 4.95 (dd,
J=9.6, 2.0 Hz, 1H, 5-H), 5.67 (d,= 7.1 Hz, 1H, 2-H), 5.79
(dd,J = 8.8, 2.6 Hz, 1H, 3'-H), 6.23 (dj = 8.9, 1.4 Hz, 1H,
13-H), 6.26 (s, 1H, 10-H), 6.97 (d= 8.9 Hz, 1H, M), 7.36 (it
J=6.7, 1.3 Hz, 1H, arom), 7.39-7.44 (m, 4H, arom)7-7.53
(m, 5H, arom), 7.62 (tt) = 7.0, 1.3 Hz, 1H, arom), 7.73-7.76
(m, 2H, arom), 8.12-8.15 (m, 2H, arom); [assignmanpeaks
according tdNicolaou et al?®

(125.8 MHz, CDCJ): 8= 9.5 (C-19), 14.9 (C-18), 20.9
(10-O,CCHa), 21.8 (C-16), 22.7 (4-ECH3), 26.9 (C-17), 35.6
(C-6), 35.6 (C-14), 43.1 (C-15), 45.6 (C-3), 55@-F), 58.6
(C-8), 72.2 (C-7), 72.4 C-13), 73.2 (C-2)), 74.8-2%, 75.5
(C-10), 76.5 (C-20), 79.0 (C-1), 81.1 (C-4), 84@5), 127.0
(CHar), 127.0 CHa), 128.4 CHa), 128.7 CHa), 128.7
(CHar), 129.0 CHar), 129.1 Cgar), 130.2 CHar), 132.0 CHa),
133.1 Coa), 133.5 CHay), 133.8 (C-11), 137.900a;), 142.0
(C-12), 167.0 C=0 of 3'-N-Bz), 167.0 C=O of 2-0-Bz), 170.4
(CHsCO; at C-4), 171.3 (CKCO; at C-10), 172.7 (C-1"), 203.7

(C-9); [assignment of peaks accordinddaker?]

m/z (%) (EI) 568 (M-GeH14NO, [side-chain]-H, 1), 508
(568-HOAc, 1), 446 (568-PhCOOH, 1), 386 (446-HOAQ,

326 (386-HOAC, 3), 268 (M-§&H3,01;1 [baccatin 1l1], 5), 240
(268-CO, 4), 222 (24040, 10), 210 (240-CpD, 20), 121
(PhCOO, 3) 105 (450, 100), 91 (PhCH 5), 77 (Ph, 25) 43
(Ac, 13);

(ESlpos) calculated for &Hs;NNaO,, (M+Na) 876.320176;
found 876.320207;
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7.8. Crystallographic data

N-((1S,2R)-2-(tert-butyldimethylsilyloxy)-3-oxo-1-phenylpropyl)benzam ide
(307e)

Crystal data and structure refinement.

Identification code 5715

Empirical formula GoHgN O; Si

Color colorless

Formula weight 383.55 g - mol

Temperature 100 K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2/n, (no. 14)

Unit cell dimensions a=12.31992) A  a=90°.

b =9.66240(10) A  B=107.8590(10)°.
c =18.9307(4) A y = 90°.

Volume 2144.92(6) A

VA 4

Density (calculated) 1.188 Mg -“m
Absorption coefficient 0.130 min

F(000) 824 e

Crystal size 0.08 x 0.06 x 0.04 rhim
0 range for data collection 3.09 to 31.50°.

279



7. Experimental part

Index ranges

Reflections collected
Independent reflections
Reflections with I>&(])
Completeness t6 = 31.50°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on +

Final R indices [I>8&(l)]

R indices (all data)

Largest diff. peak and hole

Selected bond lengths [A]

C(1)-C(2)  1.5200(15)
C(2)-O(1)  1.4045(12)
C(2-C(3)  1.5391(14)
C(3)-N(1)  1.4559(12)

Selected bond angles’]

0(2)-C(1)-C(2) 123.94(10)
0(1)-C(2)-C(3) 107.88(8)
N(1)-C(3)-C(17)  114.09(8)
C(2)-O(1)-Si(1) 127.02(6)
C(1)-C(2)-C(3) 109.30(8)

280

-18 h< 18, -14& k< 14, -27< |1 < 27
50668
7119,JR 0.0610]

5923

99.9 %

Gaussian
1.00 and 0.99

Full-matrix least-squares dn F

7119/0/ 253

1.038
R, = 0.0395 wR= 0.1056
R= 0.0532 WR=0.1163

0.417 and -0.615 & - A
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9. Appendix

9. Appendix

9.1. Abstract

This thesis is divided into two major parts. Thstfpart deals with the development of condi-
tions for a Heck reaction to introduce aryl andyV/substituents to thp-position of crotonal-
dehyde and relatadp-unsaturated aldehydes. The reaction providesfasty<1 h) access to
the desired,-disubstitutedp,p-unsaturated aldehydes in typically good to veghhyields.
The methodology is furthermore employed in shortgrthe formerly lengthy synthesis of
enantiopure Florhydrél

The second and larger part concerns the developofetite chemistry oN-Boc, N-Chz,
N-Fmoc, andN-Bz-imines in proline-catalyzed Mannich reactionsuoinodified aldehydes
and ketones. The reactions are usually good to ihigield and with high to excellent levels
of enantioselectivity. It also describes the fuse of acetaldehyde as donor in an organocata-
lyzed reaction, leading to defined single-additmoducts of extremely high enantiopurity.
Finally, the newly developed methodology was emgtbio synthesize the side chain of pac-

litaxel (taxol), and the semisynthesis thereofrespnted.

Die vorliegende Arbeit gliedert sich in zwei TeilRer erste Teil behandelt die Entwicklung
von Bedingungen fur die Heck-Reaktion, mittels dekeyl- und Vinylsubstituenten in die
B-Position von Crotonaldehyd und verwandtefi-ungesattigten Aldehyden eingefiihrt wer-
den kénnen. Die Reaktion erméglicht einen sehraltdm (<1 h) Zugang zu den gewiinschten
B,p-disubstituierteng,B-ungesattigten Aldehyden in zumeist guten bis gelten Ausbeuten.
Weiterhin wird die entwickelte Methode angewendst die vormals lange Synthese von
enantiomerenreinem Florhydfau verkiirzen.

Im zweiten und gréReren Teil wird die Entwicklungr hemie voriN-Boc, N-Cbz, N-Fmoc,
und N-Bz-Iminen in Prolin-katalysierten Mannich-Reaktionait unmodifizierten Aldehyden
und Ketonen beschrieben. Die Produkte werden nremptiten bis sehr guten Ausbeuten und
in hoher bis exzellenter Enantiomerenreinheit ¢ginalDaneben wird zudem zum ersten Mal
die Verwendung von Acetaldehyd als Donor in eirmgianokatalytischen Reaktion beschrie-
ben, die zu definierten Produkten von hoher opésdReinheit fihrt. Schliel3lich wurde die

neuentwickelte Methode in der Semisynthese vonitael (Taxol) angewendet.
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9.2. Erklarung

“Ich versichere, dass ich die von mir vorgelegtedertation selbstdndig angefertigt, die be-
nutzten Quellen und Hilfsmittel vollstandig angegelund die Stellen der Arbeit - einschliel3-
lich Tabellen, Karten und Abbildungen-, die andeWsrken im Wortlaut oder dem Sinn
nach entnommen sind, in jedem Einzelfall als Emilety kenntlich gemacht habe; dass diese
Dissertation noch keiner anderen Fakultat oder &hsitét zur Prifung vorgelegen hat; dass
sie noch nicht verdoffentlicht worden ist, sowiessléch eine solche Veroffentlichung vor Ab-
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