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Introduction

1 INTRODUCTION

1.1 Hydroformylation.

Hydroformylation, is the formal addition of a forbmyroup (CHO) and a
hydrogen atom to a carbon-carbon double bond ttl yieear and branched
aldehydes having one more carbon atom than thénarigompound (Scheme
1).

Scheme 1Hydroformylation reaction.

(@] H
H
H, CO +
R/\ 2, > R/\/&Q RI

catalyst
linear or normal (n) branched oriso (i)

Hydroformylation was discovered by German chemisio QRoelen in 1938

during the investigation of the origin of oxygerdate

products occurring in cobalt catalysed Fischer-$obp

reactions. He observed that ethylene, ahd CO were

converted into propanal, and at higher pressuneshyd
ketone. These findings marked the beginning |o

hydroformylation. He called this process “Oxo

synthesis™. Nowadays, hydroformylation is one of the = oo Roelen
(1897-1993)

largest industrially applied processes, which iseloaon
homogeneous catalysis. Most of the seven milliors tof aldehydes produced
annually by this process are hydrogenated to alspluxidised to carboxylic
acids or converted via aldol addition to condewsagiroducts. Esterification of
the alcohols with phthalic anhydride produces diafihthalate plasticizers that
are primarily used for polyvinyl chloride plastic®etergents and surfactants
make up the next largest category, followed by ewis, lubricants, and

chemical intermediates.
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The most important hydroformylation process on stdal scale, propene
hydroformylation (Scheme 2), provides about 75% alif oxo chemicals

consumed in the world.

Scheme 2 Industrial synthesis of butanal from propene.

COM, H GHO
N T T )\/CHO + )\/H
HaC™ ™ [M] HsC HC
n-product (major) iso-product (minor)
(n-butanal) (isobutyric aldehyde)

In addition to this industrial aspect, the hydrofigtation represents an
ideal atom economic CC-bond forming reaction withque opportunities for
application in target-oriented organic synthesigvyled that selectivity and
stereoselectivity in the course of the reaction bancontrolled. The double
bond does not react with a large set of reagerdscanditions. This inertness
allows this functionality to be carried through anber of steps in a synthetic
sequence, until the one carbon chain elongatiomygoformylation is desired.
However, despite these advantages and contraty bodustrial importance, the
hydroformylation has not been frequently used maaic synthesis yet. This is
due to the difficulty to control selectivity throgut the course of the
hydroformylation reactiof.’

Roelen's original research into hydroformylatiomalved the use of cobalt
salts that, under $1CO pressure, produced HCo(G(js the precursor. In 1966

Osborn, Young and Wilkinson reported that Rh(l)-ebmplexes were active

and highly regioselective hydroformylation catadydor 1l-alkenes, even at
ambient conditions Although Slaugh and Mullineaux had filed a patert961
that mentioned Rh/phosphine combinations for hyatraflation, it was
Wilkinson's work that really initiated serious irgst in rhodium phosphine
hydroformylation catalysts® The initial catalyst system was derived from
Wilkinson's catalyst, RhCI(PBJg. Nowadays, HRh(CO)(PRJy and

2
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Rh(acac)(CO) (acac = acetoacetonate) are two commonly usedingtar

materials for hydroformylation catalysts.

Eastman Kodak Company patented in 1987 first higiMselective Rh-
catalyst’ At present the best catalysts to achieve highideven-selectivity are
those rhodium catalysts derived from the bidentdigands BISBI*
BIPHEPHOS" ?and XANTPHOS$* *(Scheme 3).

Scheme 3Ligands for regioselective hydroformylation ofrténal alkenes.

O L

PPh; PPh, PPh,

XANTPHOS 3
linear : branched
BISBI 1 O O 53: 1 for 1-octene

linear : branched

66 : 1 for 1-hexene BIPHEPHOS 2
linear : branched
> 40 : 1 for awide range of
functionalized alkenes

1.2 Asymmetric hydroformylation

Asymmetric hydroformylation is a powerful techniquér the
construction of chiral aldehydes that can be furttensformed into chiral acids,
alcohols and amines. However, unlike its achiraunterpart, asymmetric
hydroformylation has not been practiced on a comrakiscale. There are
several reasons why this promising technology hat previously been
commercialised. The substrate scope for any simgged is limited, effective
simultaneous control of both regio- and enantiageligy is difficult and high
selectivities are normally observed at low tempees, where the reaction rates
are low.

For mono-substituted olefins, the branched produchiral and the linear

product achiral (Scheme 4).



Introduction

Scheme 4 Asymmetric hydroformylation.

CO/H, CHO
N - A e e
Metal catalyst R
Chiral ligand
R\ CO/H, CDHO R'D
— > R"“)\ + CHO
R Metal catalyst R R/K/

Chiral ligand fRARAH
In the case of non-symmetric 1,1' or 1,2-disubduolefins, both product
regioisomers are chiral. The formidable challenger fasymmetric
hydroformylation catalysts is to control the braaghto linear Ip:1) ratio or
regioselectivity, the ee and the chemoselectiatg.(versus hydrogenation) for
a desired product, while also achieving economialgst loadings and suitable
reaction times.

Many chiral phosphorus ligands have been evaluatgd regard to
induce enantioselectivity in the course of the byaimylation reaction, but
only a few ligand systems have been describedanitbrature for the highly
efficient asymmetric hydroformylation. The best aligls to date include
Chiraphite'® *° sugar-based systems from Cladgf Kelliphite,'* ** ESPHOS?
BINAPHOS* and the P,N-bidentate phosphii®,S)-5 (Scheme 5). These
ligands are used with rhodium or platinum-tin meiedcursors to provide the
active catalysin situ.

Literature data for these ligands suggest #has generally the most
useful. Styrene, vinyl acetate, and allyl cyanideergo hydroformylation with
generally high enantioselectivities (94, 92, ando6Yespectively), modest
branched:linearratios (7.3:1, 6.2:1 and 2.2:1, respectively) amatiest turnover
frequencies (ca. 200'Hor all substrates) under reaction conditions®f670°C
and ca. 10 atm of 1:1 CO/&
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Scheme 5Phosphorus ligands used in asymmetric hydrofaation reactions.

S,

(R,S)-BINAPHOS 6

tBu . . tBu

(S,S)-ESPHOS 10

(S,S)-Kelliphite 9

Ligand (R,S)5 which is prepared starting from chiral NOBIN (2{iam2’-
hydroxy-1,1’-binaphtyl) shows excellent enantioséigties (up to 99% ee) in
asymmetric hydroformylation of styrene derivativasd vinyl acetate (up to
96% ee)? Bis-3,4-diazaphospholarfedemonstrates effective control of regio-
and enantioselectivities for styrene (82% leé,= 6.6), vinyl acetate (96% ee,
b:l = 37) and allyl cyanide (87% ek;l = 4.1)?® Ligands4, 8a, 9 and 10, in
contrast, have more specialised utility. The ESPHOS ligal@ is highly
selective for vinyl acetate (ee = 90%:;l 16 : 1), but exhibits low
enantioselectivity for styrerf8.(2R,4R)-Chiraphit8a and (1R,2R,3R,4R,53)-
are effective for styrene in the temperature ranfje20 — 35°C, yielding

enantioslectivities of 76% and 89%, respectivelfghwery high regioslectivity

control (:l = 47:1 and 49:1, respectively)*’ Kelliphite 9 is particularly well
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suited for hydroformylation of allyl cyanide (ee 7%, b:l = 56:1) at low

temperature.

1.3 Asymmetric organocatalysis

1.3.1 Introduction

Until recently, the catalysts employed for the dmmelective synthesis of
organic compounds fell almost exclusively into tvgeneral categories:
transition metal catalysis and enzymatic transfdiona. Recently a third

approach to the catalytic production of enantionaly pure organic

compounds has emerged — organocatafysi©rganocatalysts are purely
“organic” molecules, composed of carbon, hydrogeitrogen, sulphur and

phosphorus. Organocatalysts have several advantélgeg are usually robust,
non-toxic, inexpensive and readily available. Bagaaf their inertness toward
moisture and oxygen, inert atmosphere, low tempezat absolute solvents, etc,
are, in many instances, not required.

List recently introduced a system of classificatioh organocatalytic
reactions based on the mechanism of catafysidMost but not all
organocatalysts can be broadly classified as Lbas®s, Lewis acids, Brgnsted
bases, and Brgnsted acids. The corresponding (8edplcatalytic cycles are
shown in Scheme 6. Accordingly, Lewis base catsal{i3t) initiate the catalytic
cycle via nucleophilic addition to the substrate (S). Theultesy complex
undergoes a reaction and then releases the pr¢Bucand the catalyst for
further turnover. Lewis acid catalysts (A) activatecleophilic substrates (S:) in
a similar manner. Brgnsted base and acid catatytdtes are initiatedria a

(partial) deprotonation or protonation, respectivel
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Scheme 6 Organocatalytic cycles.

+ - - o+
— A—S
B—S :
S S:
- - +
B: lg_F’ A ATP
P >~ )
Lewis Base Catalysis Lewis acid Catalysis
+ - -+
BH S A SH
S-H S
+ - -+
B BH P A—H A PH
P—H _ P: _ _
Bronsted Base Catalysis Bronsted Acid Catalysis

The majority of organocatalysts are N-, C-, O-,d& S-based Lewis bases that
operate through diverse mechanisarsd convert the substrates either into
activated nucleophiles or electrophiles. Typicahctere intermediates are
iminium ions, enamines, acyl ammonium ions, 1-,a2-3-ammonium enolates,
etc.(Scheme 7§°

A selection of typical organocatalysts is showiSaheme 8 Prolinell,
a chiral-pool compound that catalyses aldol anatedl reactions by iminium ion
or enamine pathways, is a prototypical examplé® The same is true for
cinchona alkaloids. For instance, quinih2 has been abundantly used as a
chiral bas& or as a chiral nucleophilic catalyitThe planar chiral DMAP-
ferrocene derivativd.3 introduced by Fti' *°is extremely selective in several
nucleophilic catalyses. Although it contains irotoma it is regarded an

organocatalyst because its “active site” is thedoye nitrogen atom.
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Scheme 7Examples of Lewis base organocatalysis.

~NF o ~ |4/

N 0 N
H, \Itl/ —~Nu i | K» El
RlJJ\ R! HOOR
R2 R2 1-ammonium enolate cataly5|s
iminium catalysis
- H Q K‘ El
~ - )\
N ~, - )\
X N\
N —~
Q - H,0 El
leﬁ - RN 2-ammonium enolate cataIyS|s
R2 R2
enamine catalysis
~ - -
i | 1
S | :
T + N
R” "X -X R” 'N— /N

\

. . 3-ammonium enolate catalysis
acyl-ammonium catalysis y

El
R1 Rl X S Nt
N N, ' OH o, S~ El
[y — [ )= T i¢
s S R R

carbene catalysis S-ylide catalysis

For Mukaiyama-Michael reaction MacMillan group apgdl
organocatalyst DNBAL43! Organocatalysi5 is used in asymmetric Michael
additior’? and in malonate additidh Chiral thioureal6 introduced by Jacobsen
et al** have enabled excellent enantioselectivity in hggamation of imines.
Peptides, such as oligo-L-Leucire/ have found use in the asymmetric
epoxidation of enones. The chiral ketdr&introduced by SH? et al. is derived
from D-fructose and catalyses the asymmetric e@tiad of a wide range of
olefins with persulfate as the oxygen source. Whid exception of the planar
chiral DMAP derivativel3 all the organocatalysts shown in Scheme 8 arereith
chiral-pool compounds themselves, or they are ddrifrom these readily

available sources of chirality by means of a femlsgtic steps.
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Scheme 8A selection of typical organocatalysts.

MezN
% > HO
COOH . N
N N
H ph © ph ~© = |
L-proline11 C D) ~
Ph/<>\Ph N
Ph quininel2
chiral DMAP-derivativel3
(@) /Me
N Bu
Me /N
N)\%Me j{<
M
Ph H Me N ©
DNBA 14 )\ thlourea-based
COOH  catalystl6 HO

N
Ph H 15
o)( tBu OR
(ibo
Ar 0
R H H

oligo- L—Leu 17, R: |S(}butyl 18

OII|

1.3.2 Organocatalysed enantioselective aldol reagtis

Control of stereochemistry during aldol additioraggons has attracted
considerable interest over the last decades, asltlod reaction is one of the
most powerful and versatile methods in modern aarbohemistry’® " This
transformation can create up to two adjacent stergers upon joining of a
nucleophilic carbonyl donor and an electrophilicbomyl acceptor. Intensive
effort has been invested to develop asymmetric |al@actions. Several
approaches have been taken to address diaster@aenantioselection issues.
Non-catalytic asymmetric aldol reactions usuallyvolwe the use of

stoichiometric amounts of chiral auxiliarids, *°

while the catalytic

enantioselective versions of this reaction incladieal Lewis acid-catalysed and
chiral Lewis base-catalysed aldol reactiohs.However, the former approach
suffers from the necessity of additional stepsnstall and remove the chiral
auxiliary, while the latter two methods typicallgquire pre-activation of the

9
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donor to a more reactive species, such as silyl ether, ketene silyl acetal, or
alkyl enol ether. Searches for more convenientedficient methods using more
accessible, small organic molecule as catalystbeirg actively carried out.

In the early 1970’s, L-proline-catalysed intramalkee aldol cyclisations
were explored in the synthesis of optically putsig materials for the C, D
rings of steroid§’ Hajos and Parrish isolated the hydrindane di@hén an

early proline-catalysed intramolecular aldol cyafisn (Scheme 9).

Scheme 9L-proline-catalysed Hajos-Parrish-Eder-Sauer-\Wegtreaction

o) o) o)
Lﬂ—'i b* Qﬁ@
o)
o o OH © 21
19 20

Experiments using 3 mol% L-proline in DMF gave 98.5 enantiomeric ratio

(er) of aldol product20 after 20 hour§? Despite these encouraging results,

which were reported in 1974, the field did not enghaand it was not until the
1990’s that a serious interest in proline as alysttavas
rekindled. Barbas and co-workers were interested in
catalysed intramolecular Robinson annulations wilexy

@)
Wieland-Miescher Started studying past syntheses of the Wieland-dVigs

ketone22 ketone22.* In 2000, they described the first intermolecular
direct asymmetric aldol reaction catalysed withlipg'® Large excesses of
acetone donors were used to suppress undesirecbselénsation of aldehydes.
In the presence of 30-40 mol% of proline catalyte, cross aldol reactions
proceeded smoothly at room temperature giving naideto good yields and

enantioselectivities (Scheme 10).

10
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Scheme 10Proline-catalysed aldol reactions with acetone.
0 0 30-40 mol% L-proline 9 OH
)J\ ¥ )k - = )J\/L
R H DMSO, rt, 3-7 days R
yield: 31 - 97%
R =Ar, Alk ee: 60 - 99%

Proline also can catalyse the direct aldol readhetween hydroxyacetone and

various aldehydes with good regio- and stereoseiges (Scheme 11¥’

Scheme 11Proline-catalysed aldol reactions with hydroxyane.

0 . O OH
20-30 mol% L-proline
0
BN - A
R H DMSO, rt, 24-72h 2
OH OH
R = Ar, Alk yield: 38 - 95%
dr:upto 20:1
ee: 67 -99%

Besides acetone and hydroxyacetone, other ketoaesgenerally be used
including cyclopentanone and cyclohexanone.
L-Proline can also catalyseenol-endealdolisations andenol-exe

aldolisations (Scheme 12).

Scheme 12Enol-ende andenol-exealdolisations.

X _0 enol-endo o OH
N aldolization m/ 0
n n

X 0 O OH
| enol-exo |
N aldolization

\

(1)

\

n n

Recently a highly enantioselective proline-catallysmol-exo aldolisation of
dicarbonyl compounds was reported by EfstThis reaction provides3-
hydroxycyclohexane carbonyl derivatives that arpatntial widespread usage
in target-oriented synthesis. Various pentane-igiiehydes were converted to

11
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the corresponding cyclic aldols in high yields aextellent diastereo- and

enantioselectivities (Scheme 13).

Scheme 13 Proline-catalyse@nol-exoaldolisations of dicarbonyl compounds.

Yields refer to diols obtained aftir situ NaBH, reduction’®

OH
OHC\LOHC\ (S)-proline (10 mol%) OHC/,,.('\
—R  _ad I
R/J CH,Cl,, t, 8-16h R/\/ R
R = Alk yield: 74 - 95%
driupto20:1
ee: 97 - 99%

This anti-diastereoselective proline-catalysetol-exo aldolisation nicely
complements alternative methodologies such as i@yhenantio- and syn-
diastereoselective Baker’s yeast reductiof-tto esteré? *° An advantage of
the aldolisation methodology is that both enantioocnproducts can be accessed
simply by using either (S)- or (R)-proline, wherghg biocatalysis route is

limited to products of a single absolute configiomat

1.3.3 Mechanism of the proline-catalysed aldol reéion

Initially, only limited mechanistic information waavailable on the
proline-catalysed intermolecular aldol reactionstl®i proposed an enamine
catalysis mechanism involving carbinolam®& iminium ion24, and enamine
25 intermediates, which is essentially identical te &accepted mechanism of
class | aldolases (Scheme 14).

The carboxylic acid is proposed to act as a gespengdose Brgnsted
cocatalyst, replacing the several acid/base funatigroups involved in the
aldolase mechanism. In the transition state ottrbon-carbon bond formation
List proposed protonation of the acceptor carbgnglp by the carboxylic acid,

which is anti with respect to th&)-enamine double bond.

12
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Scheme 14 Proposed mechanism of the proline-catalysedmitacular aldol

reaction.

R2 HN
L ¥ %
o)

RY ~0 HO

1.3.4 Organocatalysed enantioselective Mannich re@ans

A large variety of natural products and drugs arteogen-containing
molecules. Asymmetric Mannich and Mannich-type tieas are important
carbon-carbon bond forming reactions that provideeas to enantiomerically
enriched-amino carbonyl derivatives. The most desired oasiare direct
catalytic reactions that afford the syn- and anbidoicts with high diastereo- and
enantioselectivitied" *> Methods that use unmodified aldehydes and ketarees
more atom-economical than those that require predicin of carbonyl
compounds, such as preformation of silyl enol ethEor Mannich or Mannich-
type reactions involving unmodified aldehydes aetbkes, both syr=>’ and
anti-selectivé®®® methods that afford products with high enantiostelity have
been reported; for example, L-proline, L-tryptopd&® and o-tBu-L-Thr30

have been used as catalysts (Schemes 15 and 16).

13
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Scheme 15syn-Mannich reaction catalysed by L-proline.

NH2 L-proline (35 mol%) _PMP
© 0 DMSO, rt, 12h 9 HN
)H + + )K( = )K/\(
H S57% :
o OCH on 31
: dr=17:1
ee =65%

Scheme 16anti-Mannich reactions catalysed 2§and30.

2
o . catalys29 or 30 o H,;l/PMP
)J\ (20 mOl%) =
+ oo
)H H” >R DMF (for 29) or R 30
NMP (for 30), 4°C OH

OCHgy
catalysts:
Y HaCaZ-O'Bu _
I R = p-NQCH,, a) cat29, yield =
95%, syn/anti 12:1, ee = 95% b) cat.
H5>N COOH . ! .
X\ NH 2 30, yield = 85%, syn/anti 15:1, ee =
0-tBu-L-Thr 30 08%
HaN™ Ycoon
L-tryptophan29

In the reactions ofo-hydroxyketones with L-proline, products forma a
reaction involving an(E)-enamine A for Mannich-type reaction. With
pyrrolidine-derived catalysts or secondary amin&9;enamine intermediates
predominate because of steric interactions (#)-enamine B. The
stereochemistry of the product can be explainetldnsition stat€ because the
si face of thgE)-enamine reacts (Scheme 17).

To selectively form anti-Mannich products in reans involving alkyl
aldehydes and alkanone-derived nucleophiles othganocatalyst has to be
used such as (3R,5R)-5-methyl-3-pyrrolidinecarbiexybcid 33, (R)-3-
pyrrolidinecarboxylic acid (RB-proline) 34, L-tryptophan29 or o-tBu-L-Thr30
(Schemes 16 and 18).

14
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Scheme 17 Transition states of organocatalysed syn- and-Mamnich

— N — -
< N PMP\N___I_ ---0 : R
= HQT?\{R\ c OH
H\ X

syn-Mannich

reactions.

i O\(O
N <
H;\\)\ OH
B

OH
OH A

Q
-
b) X
; —_— /ﬂj/\R
pMPR_ 5 OH
/%\ anti-Mannich
H R
R
) R
HNAK
=

C

O (0] l}lHPMP
PMP\ _|_ R

H\ g\\\-o » R

R OH

OH
F H G anti-Mannich

-0

Scheme 180rganocatalysts for anti-Mannich or anti Mannigpe reactions.

COOH COOH

retanes

- J

With these catalysts, reactions proceed througsitian stateD or E,
and the reaction face of tljg)-enamine is reversed from that of the (L)-proline-

catalysed reaction (Scheme 17b,c)

1.4 Tandem catalysis

The term “tandem catalysis” has been used in tieeature to include
synthetic strategies that involve the sequenig®d of catalytic reactions with
minimum workup, or change in conditiofs.

“Tandem catalysis" constitutes a significant chade for synthetic

chemists and presents a number of opportunitiesiniprove chemical
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transformations. Multiple catalysts operating sitanéously could circumvent
the time and yield losses associated with the tismlaand purification of
intermediates in multistep sequences. Generatinghfbl chemicalsin situ,
followed by incorporation into safer, more stabledalarger molecular
structures, would eliminate the inherent dangese@ated with transportation
of chemicals over long distanc¥s®

In recent years, in our group some efforts havenbeade to combine
hydroformylation with a consecutive aldol reactioma one-pot sequence. This
strategy potentially can be applied in the consimacof a series of natural

molecules like forskolir35, ingenol36, (-)musconed7 and exalton&8, etc.

Scheme 19Potential targets for sequential hydroformylataddol reactions.

38
In 1999 our group reported a Rh(l)-complex-catalyseéandem
hydroformylation/aldol reactions of @,y-unsaturated keton89 in a one-pot

procedure to give various cyclisation products ®oé 20)

Scheme 20 Reported hydroformylation and intramoleculaross aldol

reactions.
COIH, 1:1 0 ]
80 bar, 100C o
O [Rh(cod)Cl], 0 o
| —_— —_— +
CH,Cl, |
39 0 41 42
L a0 -
+10 mol% p-TsOH, 20h  58% 7%
+ 10 mol% p-TsOH, 42h - 97%
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In order to catalyse aldol condensation of thermezliated-keto aldehydelO
under the hydroformylation conditions, catalyticahmounts of p-
toluenesulphonic acid were us¥&d.

Later on, Fresu used tandem hydroformylation/alde&ctions for
preparation of fifteen-membered rings, which carubed as building blocks for
construction of natural macrocyclic musks (e.¢rMuscone37, Exaltone38,
etc). Fresu reported sequential hydroformylatioraldol reactions of 2-

allylcyclododecanone (Scheme 21).

Scheme 21 Reported sequential hydroformylation / aldol &ddi of 2-allyl-

cyclododecanone.

CO/H,

71%
43 44

conditions: Rh(acac)(CQ)BIPHEPHOS, TsOH, 10/10 bar CO4H
100°C, 3d

Bicyclic compound44 was obtained in 71% vyield as a mixture of two
diastereoisomers (11:1 ratio) that could not be metaly separated and
assigned.

In 2000 Hollmann and Eilbracht reported the tandgmdroformylation
and aldol addition of silyl enol ether of typ& bearing remote olefinic
functionalities to give3-silyloxy substituted cyclic ketones of tydé (Scheme
22)%° Complete transfer of the silyl fragment under lojdrmylation condition

was observed.
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Scheme 22Reported sequential intramolecular hydroformylatildol addition

of the silyl enol ethers.

COIM, (1/1)
LDA [RhCl(cod)],
Me,SiCl 80 bar, 3d, 90 °C 0
| 0] | | OSiR3 -
39 45 R=Me CH,ClL:68% O>ne

CH,CN : 76 %

Also by our group was developed a new, mild enabon /
hydroformylation / aldol addition cascade reactioat allows for the regio- and
diastereoselective construction of carbocycles ibgahighly-functionalised

quaternary carbon centers (Scheme’23).

Scheme 23 Reported enolboration / hydroformylation / aldoldition cascade
of ketoesterg 7 and49.

O
co Me
2t Condltlons* ~CO,Et 48,_82;/0,
Me A7 on 2.5:1dr
0
COMe A Me
Conditions ™CO,Me 50, 89%,
Me 6:1dr
— 49 OH

Conditions: 1.05 eq. GBCI, 1.05 eq. E4N, 0°C, 0.9 mol%
Rh(acac)(CO), 1.8 mol% XANTPHOS, 16h, 60 bar CO4H
80°C.

Ketoester47 was exposed to standard conditions for steredsede&(O)-
enolborationprior to a regioselective n-hydroformylation in tipeesence of
XANTPHOS ligand to afford after oxidative workup the desiregclisation
product ethyl 6-hydroxy-1,3,3-trimethyl-2-oxo-cybhkxane-carboxylatd8 in
82% isolated yield as a 2.5:1 mixture of diastevewiers." Starting from49

resulted in the formation of the 7-membered ringnethyl 2-hydroxy-1-methyl-
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7-oxocycloheptane-carboxylats) as the sole product in 89% vyield as a 6:1
mixture of diastereoisomers. These aldol produces @otentially useful as
stereodefined building blocks, offering in one sthpect access to the A-ring

system of forskolin and the central B-ring of ingemespectively.
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2 THEORY

2.1 Tandem metal- and organocatalysis in sequentilydroformylation and

enantioselective aldol reactions

2.1.1 Sequential hydroformylation and enantioselente intramolecular

aldol reactions

One of the main problems in aldol addition stepearnaydroformylation
conditions is control of stereochemistry. Severathonds can be used to
overcome this problem (eg Mukaiyama-aldol additibaron-enolate method,
chiral auxiliaries etc.). Our initial strategy wtee use of L-proline as a chiral
organocatalyst in sequential hydroformylation/aldddition reaction (Scheme
24). It seemed very promising when one considexrptbspect of simply adding
a catalytic amount of a chiral catalyst and perfognthe hydroformylation
reaction with no additional constraints. Also béciaf is the fact that L-proline
can be recovered by simple filtration. Workup andrification are also

simplified since no auxiliaries or protecting grewgre used.

Scheme 24 The concept of sequential hydroformylation/L-prel catalysed

aldol addition.

CO/H» R CHO R
R o
[RhL] | | | N\
| —_— — _>R
|
HOOC HoOC
Q
i
N (0]
N\ L~
R I H
H
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The first attempt to use this strategy was don&dénanen. Unsaturated ketones
39 and51 were hydroformylated and then isolated aldehydesevstirred with
L-proline in different solvents (Scheme 25).

Scheme 25 Attempted stepwise hydroformylation and intrancalar aldol

addition of unsaturated ketones.

R 20/20 bar COMH onc R
| 0.9 mol% [Rh(cod)Cl
o 80 °C, 3d, quant. °
39 R=H DMSO or CHC} 52 R=H
51,R=Me 53,R=Me

10-30 molyg DMSO or
L-proline | CHCI3, 1-7d

starting material

According to reported results, no aldol reactiors whserved even after 7 days
of stirring at room temperature. Keranen specul#tatthis lack of reactivity is
due to steric factors prohibiting the formationtleé proline-enamine necessary
to accomplish the intramolecular aldol additionH{&me 26)?

Scheme 26 Steric hindrance in the formation of proline-ema@s from ketones

bearinga-quaternary centers.
-H,0
Y — oy
@)
H [e) HO O R HO

To overcome this problem we attempted to synthemmkto isolate a proline

enamine of unsaturated ketdsie(Scheme 27).
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Scheme 27Attempts to synthesise a proline enamine.

conditions
| + COOH > starting material
N
H

o
51

conditions: 1. TiC}, rt, hexane
2. TsOH, toluene, reflux, Dean-Stark trap
3. MgSQ, Et,O

Unfortunately, all three methods appligd’ resulted only in the recovery of L-
proline and unreacted ketone (Scheme 27). Thisrabgbly due to the low
stability of L-proline derived enamines.

After our first attempts failed we performed stepsviregioselective
hydroformylation and L-proline catalysed enantieséle aldol reaction on

ketone not in possession of armguaternary carbon such as hex-5-en-2-6fe
(Scheme 28).

Scheme 28Stepwise hydroformylation and aldol reaction ex{b-en-2-oné&4.

CO/H,
0 [Rh(acac)(CO),] o
XANTPHOS

20 bar (1:1 CO/H,)

54 70 °C, 20 h, CH ,Cl, guant.
L-proline (100 mol%)
CHCl, 24h
T 1< l 16%
Ho o o) CHO
g
TS G O
56 57 58
enol-endo enol-exo

Hydroformylation of the double bond with XANTPHOSodified Rh-catalyst

gave aldehydeb5 in quantitative yield. Signals foisoc-aldehyde were not
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observed ifH NMR spectrum. Surprisingly, after stirring of altyde55 with
100 mol% of L-proline in chloroform instead of exped aldol produch7, was
isolated condensation prod®. This means that L-proline interacts preferably

with the aldehyde group, but not with the keto-groficompound 1.

2.1.2 Sequential hydroformylation and enantioselete intermolecular aldol

reactions

After the combination of hydroformylation with phoé catalysed

intramolecularaldol reaction failed, we decided to focus ourodgff on the

combination of hydroformylation with intermoleculaldol addition.

In order to find the best candidates for this tandeaction an alkene
screening was done. Hydroformylation reactions werdormed at 60°C with
triphenylphosphine modified Rh-catalyst using acetas a solvent (Table 1).
As shown in Table 1, methylenecyclohexane, 2-mba#wdl-ene, Q-
methylstyrene and cyclohexene are poor or modgrataverted (2 - 47%) to
the respective aldehydes under given conditionbléla, entries 1, 2, 3 and 6).
The best conversions (87 — 99%) were obtained fef-)-Bnonene,
cycloheptene and cyclopentene. These results sutiggsthese olefins should

be suitable candidates for tandem reaction.
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Table 1 Olefin screening for hydroformylation sequencengshkP modified
rhodium catalysf!

olefin conversion aldehyde

entr olefin roduct
Y P (%)™ yield (%)™

1

CHO
<:>—/ 47 47
59
\/\/L“L/CHO 24 24

60

—CHO
14 14

O:
PN
O
s A e e
O
o,
O

%

Q/CHO g7 g7
63

7

CHO
89 89
65

[@20/20 bar CO/l 2 mol% PBP, 0.5 mol% Rh(acac)(C®)60°C, 48h, acetone.
PIDetermined by GC using an internal standard.

In order to find milder conditions for hydrofornayion of potential olefin
substrates, triphenyl phosphite modified Rh-catalyas tested. According to
previous investigatiol3 cyclopentene and 4-vinylcyclohexane were fully
converted to respective aldehydes at 40°C, 1 baH¢@sing P(OPR)modified
rhodium catalyst. We performed hydroformylationsafveral substrates under

similar conditions, using 20/20 bar CQ/&hd acetone as a solvent.
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Table 2 Olefin screening for hydroformylation sequencengsP(OPh)

modified rhodium catalys¥!

alkene conv. aldehyde I:b

entr olefin roduct
Y P (%)™ yield (%)Y ratid”

Q/CHO > 99 > 99 i
63
CHO

U > 99 > 99 :
65

e > 99 > 99 95 : g+
+ (_7’62”0 incompleté’ nd 3: 1T

@JCHO
70
+ > 99 > 99 3:1

P00 00
g

+ > 99 > 99 3.2:
O
/\/i) 74
7 oHC™ | > 99 > 99 14:1
8 vl > 99 > 99 5:95
O
CI_©_\_ 78
9 CI—< >—\ oy > 99 > 99 4:96
A G
10 ﬂCOOEt intractable mixture nd nd nd
11 f 2 SR S0 > 99 7:93
)J\o/\ )J\O go ‘810 '

12 M intractable mixture incompleté’ nd nd

[@20/20 bar CO/l 2 mol% P(OPh) 0.5 mol% Rh(acac)(C@)40°C, 72h, acetone.
PIpetermined by GC using an internal standard.
[IDetermined byH NMR. nd — not determined. *3-aldehyde/2-aldehsate.
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As shown in Table 2, cyclic olefins such as cyclipae and
cycloheptene were fully converted to respectiveeladies under given
conditions. 2,5-Dihydrofuran and 1-tosyl-2,5-dihgdrH-pyrrole gave a
mixture of aldehydes with a predominance of 3-aydien(Table 2, entries 3 and
4). In contrast with the data reported in the ditare’ for 4-vinylcyclohex-1-
ene, vinylcyclohexane and oct-1-ene, poor to mdddra selectivities were
obtained with slight predominance of linear aldehy@able 2, entries 5, 6 and
7). As it was expected, styrene, 4-chlorostyrened ainyl acetate were
converted with excellent regioselectivities to teepectivaso-aldehydes. Ethyl
acrylate and 2-methylhex-1-ene gave an intractabbeure of compounds.
From the screening results cyclopentene was sdleda first model olefin in
order to avoid the regioselectivity problems of tofdrmylation and aldol
reactions.

In control experiments possible negative interasibetween Rh-catalyst
and organocatalyst were tested in the hydrofornoradf cyclopentene and 4-
chlorostyrene in the presence of L-proline (Table 3

As shown in Table 3, hydroformylation of olefinstiwitriphenylphosphite
modified rhodium catalyst both in the presence ianithe absence of L-proline,
takes place with excellent conversions and yiedd89%). No self-aldolisation
of the aldehyde63 and78, 79 is observed (Table 3, entries 3, 4, 7 and 8). The
unmodified Rh-catalyst under the same conditionsegyifull conversion of
cyclopentene but incomplete conversion of 4-chlyreme (Table 3, entries 1,
2, 5, and 6). According to GC afld NMR analyses of crude mixtures during
the hydroformylation reaction only aldehydes anmerfed. Under the conditions
given in Table 3, aldehydé8 is generated with excellent regioselectivities (up
to 99:1 branched/linear ratio), but shows no opacévity. Thus L-proline does

not influence the stereochemistry of the hydrofdetign step.
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Table 3. Hydroformylation reactions both in the presence imnthe absence of

conditions
a) + CO/H, > CHO
conditions
b) Cl \ + CO/H,

L-proline.

)

Y
0
F (@]
3 5

ald.
] conv. ) b:l
entry conditions substrate bl yield o]
(%) bl ratio
(%)
1  Rh(acac)(CO),, acetone cyclopentene > 99 > 99 -
2  Rh(acac)(CO),, acetone 4-chlorostyrene 49 49 97:3
3 Rh(acac)(CO),, P(OPh)s, acetone cyclopentene > 99 > 99 -
4 Rh(acac)(CO),, P(OPh)s, acetone 4-chlorostyrene > 99 > 99 98:2
5 Rh(acac)(CO),, L-proline, CH,Cl, cyclopentene > 99 >99 -
6  Rh(acac)(CO),, L-proline, CHxCl, 4-chlorostyrene 75 75 97:3
7  Rh(acac)(CO),, P(OPh)s, L-proline, CH,CI, cyclopentene >99 > 99 -

8 Rh(acac)(CO),, P(OPh)s, L-proline, CH,CI, 4-chlorostyrene >99 > 99 99:1

[@120/20 bar CO/k 40°C, 72h.

PIpetermined by GC using an internal standard.

Next we have investigated whether rhodium catalgstscompatible with
organocatalysed enantioselective aldol reactioms] performed test aldol
reactions with preformed aldehyd®&8 both under atmospheric pressure and
under hydroformylation conditions (Table 4). Foe tetermination of results
direct GC analysis was impossible. After injectiohcrude reaction mixture
aldol product82 partially self-decomposed with generation of ajdEh63,
therefore determination of the aldehyde conversias based on isolated

unreacted aldehyde.
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Table 4. Aldol reactions in the presence of Rh-catalyst hwtder atmospheric

pressure and under hydroformylation conditions.

H O (0]
(0] " : +
ditions
O*CHO v W
63 82 83

®)

temp. time aldehyde vyield (%) ee (%)

entry conditions®
(T) (hy conv.(%)® 82 83 82
1 L-proline, acetone 25 24 87 30 5 80
2 Rh(acac)(CO),, L-proline, acetone 25 24 93 27 3 71
3 Rh(acac)(CO),, P(OPh);, L-proline, acetone 25 24 88 38 12 78
4 20/20 bar CO/H,, Rh(acac)(CO),, P(OPh)s, 25 24 41 19 <1 81
L-proline, acetone
5  20/20 bar CO/H,, Rh(acac)(CQO),, P(OPh)s, 40 24 88 62 <1 81
L-proline, acetone
6  20/20 bar CO/H,, Rh(acac)(CO),, P(OPh)s, 40 48 96 65 <1 79
L-proline, acetone
7  20/20 bar CO/H,, Rh(acac)(CO),, P(OPh)s, 40 72 97 63 <1 78

L-proline, acetone

[AISee experimental section for details.
PIBased on isolated unreacted aldehyde.
[IBased on isolated product.
[IDetermined by chiral HPLC.

As shown in Table 4, under atmospheric pressureo@tn temperature the
presence of rhodium complexes only marginally daffethe conversion of
aldehyde63 (Table 4, entries 2 and 3). In contrast, at roemperature under
hydroformylation conditions, a decrease of aldehyaleversion and suppression
of the elimination to produc83 are observedTable 4, entry 4). 96% of
aldehyde 63 are converted within 48h, at 40 °C, under hydnmofdation
conditions (Table 4, entry 6). Enantioselectivsyniot affected by the pressure
and presence of rhodium catalysts. The absoluteecgteemistry of theB-
hydroxy group of the aldol addu8®g being (R) was determined by Mosher’'s
method (Scheme 29§.
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For this aldol produd®2 was converted into the two diastereomeric MTPA&rest
derivativesvia reaction with the S-(+)-acid chloride of MTPA imet presence of
pyridine. Structures (I) and (ll) illustrate Moslsemodel for correlating NMR
shifts and absolute stereochemistry of MTPA estéte substituent which

eclipses the phenyl ring in such a Newman projedsalways upfield®

Scheme 29 MTPA ester derivatives of aldol produg® (‘H NMR, 500 MHz,

CDCL).
Q/H3CO P zview Q
% (R) R) CF3

281 2.67
i/ sCO Ph <£ew _ 3C(O)c:CH2 ﬂ .
N M o) Ph
OF L= g o
3.50

CF;

For effective tandem catalysis a range of phosghtigands (Figure 1)
was tested for sequential hydroformylation and goselective aldol reactions

of cyclopentene and acetone. The results are susedadn Table 5.

Figure 1. Phosphorus ligands tested.

H3CO O CH3

t—Bu t-Bu ,%é’ ;\/(\ PPh2
P P\
0/ \ S O PPh, PPh, Pph
2
O Q XANTPHOS 3 dppb 84
dppf 85

BIPHEPHOS 2
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Table 5. Phosphorus ligand screening for sequential
hydroformylation/enantioselective aldol reactions.

CO/H,, Rh(acac)(CO),,
phosphorus ligand,

L-proline, conditions!® O/\)k 07

entry  ligand reaction alkene isolat. yield (%¥! ee (%}
time (h) conv. (%Y 82 63 82

1 none 12 none - - -
2 PPh 72 89 46 8 74
3 XANTPHOS 72 none - - -
4 dppb 72 10 3 nd 65
5 dppf 72 17 7 3 72
6 BIPHEPHOS 72 > 99 72 7 82
7 P(OPh) 72 > 99 76 6 75
8 P(OPHh) 48 95 70 8 81
9 P(OPh) 24 54 18 15 80

@05 mol% Rh(acac)(C®) 2 mol% phosphorus ligand, 30 mol% L-proline, 20/Bar
CO/H,, 40 °C, acetone.

PIDetermined by GC using an internal standard.

[IBased on isolated product.

[IDetermined by chiral HPLC.

nd = not determined.

Surprisingly, the catalytic system with unmodifigabdium catalyst gave no
conversion of the olefin (Table 5, entry 1). Therist and electronic properties
of ligands drastically influence the rate of thedfoformylation reaction
sequence. Rh-catalyst modified with non-bulky PRigand gave good
conversion (89%) of the olefin after three daysexdction (Table 5, entry 2).
Diphosphine ligands lowered the activity of theresponding Rh-catalysts as a

result the olefin is not converted with XANTPHOS)dapoor conversion is
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observed with dppb and dppf ligands under givendidmm (vide supra)
although good stereoselectivities (65-72% ee) ef atdol product82 were
obtained (Table 5, entries 3, 4 and 5). Triphenybgphite and BIPHEPHOS
show a significant advantage over all other phogphdigands tested. After 72
hours the olefin is fully converted under hydrofgtation conditions and the
aldol produci82 is formed with good enantioselectivities (Tablesbiries 6 and
7). Usually phosphites give more active cataly$tant phosphines. This is
mainly based on electronic factors. The phospigends as stronger electron
acceptor induce faster replacement of a carbogghti by the alkene substrate,
resulting in higher reaction ratés!’

As hydroformylation and aldol reactions are extrgnsensitive to the
reaction conditions, various CO and, Hartial pressures were studied to
ascertain pressure effects on tandem hydrofornoyla&nantioselective aldol
reactions. The reactions of cyclopentene and aeetmre performed at 10/10,
20/20, 30/30, 40/40 and 70/10 bar pressures of ¢(/&ble 6).

Table 6. Influence of CO and H partial pressures on sequential

hydroformylation/enantioselective aldol reactions.

CO/H,, Rh(acac)(CO),,

P(OPh)3, L-proline, C_j)H Q
0 conditions!@ O/\/k + I:>7CHO
+ -
@ PN 82 63

entry |° M alkene isolated yield (%) _ ee (%)’
(bar) (bar) conversion (%) 82 63 80

1 10 10 > 09 51 3 =2

2 20 20 > 99 26 ) e

3 30 30 > 99 20 . .

4 40 40 > 99 48 . o

5 70 10 > 99 )3 - .

?l0.5 mol% Rh(acac)(C®@)2 mol% P(OPh) 30 mol% L-proline, 40 °C, 72 hours, acetone.
PIDetermined by GC using an internal standard.
[IDetermined by chiral HPLC.
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Reactions at 10/10, 20/20, 30/30 and 40/40 bapgsssures provided medium
to good vyields (48 — 76%) of the desired compo82dTable 6, entries 1, 2, 3
and 4). In contrast witlii04a,b (vide infra) at 70/10 bar CO/ a drastic
decrease in yields of the aldol prod@2 (23%) was observed. Noteworthy,
varying the total pressure from 20 to 80 bar haly emall effects on the
enantioselectivities (73-81 % ee).

Using similar conditions cycloheptene on conversion sequential
hydroformylation and enantioselective aldol reawtiogives the aldol product
86 in 47% vyield with 89% ee (Scheme 30). The absotgefiguration of
compound6 was assigned by analogy with compo&2d

Scheme 30 Sequential hydroformylation/enantioselective aldeactions of

cycloheptene and acetone.

CO/H,, Rh(acac)(CO),,
P(OPh)3, L-proline, OH O

0 conditions!® 2
+ ~
)J\ >99% conversion® 86
47% yield, 89% ee

[820/20 bar CO/K 0.5 mol% Rh(acac)(C@)2 mol% P(OPh) 30 mol% L-proline, 40 °C,

72 h, acetone.

/

PIpetermined by GC using an internal standard.

2.1.3 Intermolecular aldol reactions catalysed byrganocatalysts other than
L-proline

Although L-proline showed good enantioselectiviti@s sequential
hydroformylation and aldol reactions (65-89% eeg decided to test other
organocatalysts in hope to find more active aneéctiele catalyst for aldol
reaction.

Usually for the asymmetric aldol addition new repdrorganocatalysts
are evaluated in reactions between aromatic alag=hgglich as benzaldehyde or

p-substituted benzaldehydes) and ketones. Sindeydnoformylation always
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enolizable aldehydes are formed, we were interestedrganocatalysts that
catalise asymmetric aldol reaction between sucthgides and ketones.

Scheme 31. Reported aldol reaction between cyclteparbaldehyde and

acetone catalysed by different organocatalysts.

o OH O
0 organocatalyst
H + )K =
87
organocatalyst Phy  Ph
O Ph e} 0
Ph NH HN—
Ph 7
OH % O
H-L-Pro-D-Ala-D-Asp-NH, 0

91 Oj COOEL O)( Ph
N/Su\cooa NH H/S-I\Ph

NH H
H-L-Pro-L-Pro-L-Asp-NH
92 93 HO 94 HO

New L-proline based chiral organic molecules havargemdiphenyl groupd8
and 89 were recently reported to give excellent enankamdiities (up to 99%
ee) in the direct aldol reactioffs.In contrast with L-proline these organic
compounds can be used with low catalyst loadingt@up mol%). Also a &
symmetric bisprolinamide0’® with two prolinamide moieties has been found to
be an excellent catalyst for direct aldol reactmith more than doubled
reactivity and better asymmetric induction than itsonoprolinamide
counterpart. Gong et al. reported that L-prolinadas derived from chirgB-
amino alcohols that bear strong electron-withdrgwgroups exhibit high
catalytic activities and enantioselectivities imedt aldol reactions of a wide
range of aldehydes with acetone and butanone,vi® the 3-hydroxy ketones
with very high enantioselectivities ranging from8&o > 99% e&’ Peptide®1
and 92 containing a secondary amine and a carboxylic &tidh specific
orientation to each other also are highly efficieatalysts for asymmetric aldol

reactions® Their activity is considerably higher comparedthat of proline.
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The enatioselectivity of the peptidic catalysts banchanged from (R)- to (S)-
selectivity by simple modifications of the secondatructure. Unfortunately
reported catalyst88, 90, 93 and94 gave high enantioselectivities at relatively
low temperatures, between (—40)°C and 0°C. At simh temperatures
hydroformylation rates usually are very low, therefthese catalysts cannot be
used in our tandem reactions.

It was found that linear aminoacids L-valine, Lraltee and L-serine as
well as several acylsulfonamides (e9%) catalyse asymmetric aldol reaction
between unmodified ketones and aldehydes with kxtestereocontrdf ® In
some cases addition of 1 equivalent of water acatelé the reaction spe&d.
The carboxylic acid proton in proline plays a cafi role in enhancing the
reactivity and stereoselectivity of proline basetatyst®> ® In contrast, L-
prolinamide is known to be ineffective in catalygpireactions” The acidity of
NH protons in L-prolinamide is much less than tbéta carboxyl group in
proline and, as a result the significant differemtecatalytic activity between
this two substances is likely due to their différanidity. We hypothesised that
increasing the acidity of the NH amide protons woldad to a significant
enhancement in the catalytic activity of L-proliné.is known that pk of
trifluoromethane-sulfonamide in water is 6.3, whishcomparable to that of
acetic acid (pKof 4.76)%"® However, in DMSO, trifluoromethane-sulfonamide
has an even greater acidity (p&f 9.7) than that of acetic acid (pK2.3)%"®°
With these observations in mind, we envisioned thatorporation of
trifluoromethane-sulfonamide moiety into a pyrratiel system would create a
new amine-sulfonamide bifunctional organocatalysit tcould function in the
same way as proline in catalysing organic reactions

The synthesis of acylsulfonamid@s and96 were conducted according to
the procedure published by Ley’s group and invidltke coupling of Z-L-
proline 97 with the relevant sulfonamide (Scheme %2).
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Scheme 32Synthesis of acylsulfonamid@$ and96.

O\(OSS%N O\(

// 7 7% z HN\

Me §\ CF3
¢ l 88% c l 65%
O Oy
N
N N © Ho HN~
95 §C\) Me 96 %6 CF3

Reagents and conditions: [a] methanesulfoamideCIEIDMAP, CHCl,, rt, 48h. [b]
trifluoromethanesulfonamide, EDCI, DMAP, GEl,, rt, 48h. [c] 10% Pd/C, H MeOH, rt,
20h.

Both catalysts were obtaind in good overall yiedaisl together with a range of
amino acids were tested in sequential hydrofornoiétnantioselective aldol
addition of cyclopentene and acetone (Table 7)hdper the most important
observation is that the cyclopentene was fully ested in the presence of all
organocatalysts. L-Alaninel00, L-serine 101, L-valine 102 and trans-4-
hydroxy-L-proline103did not convert aldehyd&3 to aldol produc82 (Table 7,
entries 1, 2, 3 and 5). Addition of one equivalefivater to L-valine in order to
improve catalyst turnover via faster hydrolysis tbk intermidiates of the
enamine catalytic cycle, as well as the suppressi@atalyst inhibition gave no
expected effect (Table 7, entry 4)3% %% 92 Surprisingly, acylsulfonamid@6
instead of aldol addition reaction catalysed Mah+type elimination reaction.
Organocatalystd5 gave moderate yield and enantioselectivity of #idol
product 82 (Table 7, entry 7). The results of the organocatalcreening
revealed that all tested organocatalysts showedcrianf activities and

enantioselectivities in comparison with proline.
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Table 7. Sequential hydroformylation/enantioselective &ldeactions of
cyclopentene and acetone in the presence of differganocatalysts.

CO/H2, Rh(acac)(CO),,

P(OPh)3, organocatalyst,
0O
<jl +)J\ conditions(® G/\)k
+ O*CHO

63

t vt alkene conv. yield (%) ee (%Y
entr organocatalys
y o Y (%) g29 834 3" 82
O,
1 QL on > 99 nd . >95 nd
O
2 HN,,&"“ > 99 nd - >95 nd
3 ;g "INH, > 99 nd - > 95 nd
102
4 102+ 1eq. HO > 99 nd - > 95 nd
5 O\COOH > 99 nd - >95 nd
103
6 O\( P > 99 i 36 5§ i
HN % CF3
7 O\( > 99 43 nd 3¢ 47
HN~5\~CH3

[@20/20 bar CO/Izl 0.5 mol% Rh(acac)(C@)2 mol% P(OPh) 30 mol% organocatalyst, 40
°C, 72 h, acetone.

PIpetermined by GC using an internal standard.

[IBased on isolated product.

[IDetermined by chiral HPLC.

nd - not determined or not detected
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Up to now, olefins and ketones explored in the satal
hydroformylation and enantioselective aldol reatsiavere not prochiral. For
further studies prochiral olefins and/or prochikatones were considered since
additional stereogenic centres are formed (Sch&ye 3

Scheme 33 Origin of stereogenic centres in  sequential
hydroformylation/enantioselective aldol reactions.

prochiral aldehyde

Rl OH /O R O o
p— +
R? R? H
prochiral olefin  prochiral ketone ~U/
Rl
RZJ\

At first, for the reaction between prochiral 4-aladstyrene and acetone, pressure
experiments were performed using 40 and 80 bal ¢gas pressures (Table 8).
The absolute stereochemistry of fhaydroxy group of the aldol addutD4a
again was determined by Mosher's methbdhe relative configurations of
compunds 104a,b were assigned by analogy with the known racemic
compound405a,b(vide infrg.*®

Scheme 34The absolute configuration determination of aldalquct104a

3.03

R)
. H3C (O)CCH, CH(CH3)CgH,CI
view _
 — <> = M?o ﬁ oh
NG

(1)

CF3

3,12
¥

. ©)
— <> —  CICgH4(HsC)HC ﬂ CH,C(0)CHj
MeO Ph
3

3.48

()
CFs
cl
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Table 8 Influence of CO and § partial pressures on sequential
hydroformylation/enantioselective aldol reactions.

COJ/H», Rh(acac)(CO),

P(OPh)s, L-proline  ClI
COﬂditiOﬂS[a] m \©j/\i
CI—< >—\ + /ﬁ\
\ 104b

&, 1042
entry Peo Puo alkene yield (%) d.r ee (%Y
(bar) (bar) conversion(%)' 104a+104b (syn :anti) 104a 104b
1 20 20 > 99 89 15:1 72 >99
40 40 > 99 85 15:1 76  >99
3 70 10 > 99 89 15:1 77 >99

80,5 mol% Rh(acac)(C@)2 mol% P(OPh) 30 mol% L-proline, 40 °C, 72 hours, acetone.
PIDetermined by GC using an internal standard.

[IBased on isolated product.

[IDetermined byH NMR analyses.

[IDetermined by chiral HPLC.

As shown in Table 8, here, no significant influenafe pressure on vyields,
enantio- and diastereoselectivities was observed. tvo major stereoisomers
obtained, have the same configuration at the catimwded to the hydroxy
group and opposite configurations at the carboasimg the methyl group. Here
diastereoselectivities are not expected to be $iigte the hydroformylation step
gives a racemate even in the presence of L-pr¢diee Table 3, entries 6 and 8),
whereas the organocatalyst stereoselectively caslihe aldol step towards the
same configuration at tigehydroxy group of both diastereoisomers.

Despite the findings that best enantioselectivituese obtained at 80 bar
total pressure, 20/20 bar CQ/Mas selected as the milder reaction conditions
for all further studies with styrene and 2,5-dilgfdran as prochiral olefins
(Table 9).
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Table 9. Sequential hydroformylation/enantioselective &ldeactions of
prochiral alkenes with P(OPfinodified rhodium catalyst.

ketone = ol. conv.

entry  substrate product n  vield ) synanti ee (%)™
solvent %)
P! 72 (for syn)
o >
1 > 99 83 15:1
®_\\ A CHs > 99 (for anti)

105a-syn 105b-anti

o P! 71 (for syn)

2 o w > 99 71 1:1
a A ° 71 (for anti)

106a-syn 106b-anti

80,5 mol% Rh(acac)(C@)20/20 bar CO/k 2 mol% P(OPh) 30 mol% L-proline, 40 °C,
72 hours.
PIDetermined by GC using an internal standard.

[IBased on isolated product.
[IDetermined byH NMR analyses.
[)Determined by chiral HPLC.

Styrene, as another prochiral olefin, gave idehtiesults as compared to
4-chlorostyrene. In the reaction of prochiral 2ibydrofuran and acetone
enantioselectivities of 71% were observed, butiastdreoselectivity.

In contrast to tandem reactions, where cyclopentese a substrate (see
Table 4),the determination of styrene and 4-chlorostyreneversions was
possible by direct GC analysis. After injectionatrude reaction mixture, in
GC spectra no signs of self-decomposition of afitolducts104 and105 were
observed.

Pro-chiral ketons can also be applied to sequenyidioformylation and
enantioselective aldol reactions. According to literature L-proline catalyses
aldol reaction between aldehydes and prochiral nestosuch as butanone,
hydroxyacetone, pentan-3-one, cyclopentanone, lgzknone and
cycloheptanone with good to excellent yields andnéinselectivitied> % 9+ 9

% All these ketones were screened for aldol readtioter the condition from
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Table 10, using cyclopentanecarbaldehyde as arhyaldecomponent and L-

proline as an organocatalyst.

Table 10 Investigation of ketone scope.

Q 30 mol% L-proline QH 0
-
Do+ N~ M
63 Rl R? Rl R?
entry ketone = solvent product aldehyde conversiéh
OH O
O *
Me
1 Hj\ 107a,b+ none
OH O
108
O H
2 HJ\ O none
OH
OH 109a,b
hydroxyacetone/ "
3 0 none
CH2C|21:3 OH
109a,b
o OH
4 O none
Me
110a,b
0 OH 0]
5 é G)D\% 50-80 %
111a,b
o OH O
112a,b

(o) OH
113a,b

[BDetermined byH NMR analyses
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Surprisingly under given conditions only cyclopemae afforded an aldol
product. Therefore just cyclopentanone was usdtiduias a ketone component

in sequential hydroformylation and aldol reacti¢hable 11).

Table 11 Sequential hydroformylation/enantioselective aléactions of cyclic

olefins and a prochiral ketone.

9 condition&! oH o
n )
n=1or2 n
ketone = ol. conv. ) ] b ]
entry substrate product o] yield (%) syn:anti ee (%)
solvent %)

0 P 95" (for syn
1 @ é M 59 1:2.7 (for syn)
>99 96 (for anti)

111a-syn 111b-anti

oH o
0
2 Q é O/\i/) > 99 76 1:1.9 :z EIZ: :ﬁ:;
114a-syn 114b-anti
@0.5 mol% Rh(acac)(C®)20/20 bar CO/b 2 mol% P(OPh) 30 mol% L-proline, 40 °C,
72 hours.
PIpetermined byH NMR analyses.
[IBased on isolated product.
[IDetermined by chiral HPLC.

[IDetermined by Mosher’s method.

As shown in Table 11, with non-prochiral cyclic @fies and prochiral
cyclopentanone very good vyields and enantioselgeBy but low
diastereoselectivities, were obtained.

In order to determine the relative and absolute figorations of
compoundsllla,b and 114a,b a control room temperature experiment was
performed with cyclohexanecarbaldehyde and cycli@peme in the presence of
L-proline (Scheme 35).
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Scheme 35 L-proline-catalysed asymmetric aldol reaction of
cyclohexanecarbaldehyde and cyclopentanone.

OH OH o
L-proline (30 mol%)
CHO + +
cyclopentanone,

r, 72h 115a 115b
(43% yield, 86% ee) (23% yield, 79% ee)

X
. U\& 116 (9% yield)

The assignment was based on the comparison ofrapdata known for

racemic compoundd15a,5° and the results obtained in the reaction of
cyclohexanone with benzaldehyeln all cases the absolute configuration at
the B-hydroxy group is not identical for the syn/antastereomers (Table 11 and
Scheme 35). Noteworthy, with cyclohexanecarbaldehyScheme 35) the
syn:anti ratio is reversed as compared to the tarréactions with cyclic olefins
and cyclopentanone described above (Table 11). $h@wvs a surprising
sensitivity of the diastereoselectivity towards Sudte structure and reaction
conditions. Thus, for further investigations of mmti diastereoselectivities

various parameters have to be explored.

2.1.4 Sequential hydroformylation and aldol reactias of a-non-branched
aldehydes

In order to combine hydroformylation and enarglestive aldol reactions
of a-non-branched aldehydes, regioselectivity of hyainofylation sequence has
to be controlled. For this reason a bulky phosphgand BIPHEPHOS was
employed. According to the literature this phosphiexhibits excellent
regioselectivities for a wide range of functionatisolefins’’ Usually in order to
have better regioselectivities relatively low prees and high temperatures

have to be used.Vinylcyclohexane, oct-1-ene and 2-allylisoindolibh@-dione
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117 were chosen as model substrates and were hydrgfiad at 10/10 bar
CO/H, and 50°C (Table 12).

Table 12 Olefin screening for regioselective hydroformidat sequence using
BIPHEPHOS-modified rhodium cataly&t.

t lefi duct alkene aldehyde
entr olefin roduc _
’ P conv. (%8 | yield @) | b ratid”
: : /‘CHO
1 <:>_// C s > 99 > 99 20:1
CHO
/\/ij 74
2 ;ij G >99 >99 | 20:1
= /\/%/Y
CHO
[ 118
@ N7\ eHo
3 @:ﬁ“‘\: of - > 99° nd 33: 1
5 117 @:«(N
(e

[10/10 bar CO/B 2 mol% BIPHEPHOS, 0.5 mol% Rh(acac)(GBP°C, 72h, acetone.
PIpetermined by GC using an internal standard.

[IDetermined byH NMR.

nd — not determined

All subtrates were fully converted with BIPHEPHOSodified Rh-
catalyst and gave excellent regioselectivitiesta33:1 ratiolinear:branched
aldehydes. Then, L-proline was added to the salutob these aldehydes in

acetone (Scheme 36).
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Scheme 36 L-proline-catalysed aldol reaction between acet@amd a-non-

branched aldehydes.

30 mol%
0 L- prollne
)k no aldol product
7 r, 3d
o 30 mo_I%
% no aldol product
30 mol%

0 L- prollne
_/_\ )k no aldol product
rt, 3d

Surprisingly, after three days of stirring in athses no aldol products were
observed. It is known from the literature that om& cases L-proline do not
catalyse aldol reactions between acetonecandn-branched aldehyd&s.

On the other hand, according to Yamasaki undecaeatts with
cyclopentanone in the presence of L-proline wittodygyields and excellent
enantioselectivitied’ We envisioned that changing the ketone compomnent f
acetone to cyclopentanone would allow L-prolinecttalyse aldol reaction
between an-non-branched aldehyde and a cyclic ketone. F&r tbason we
applied oct-1-ene to sequential hydroformylaticsdhl reactions in
cyclopentanone as the solvent (Scheme 37). Unfai@lynonly the elimination
productl20and traces of desired aldi®21 could be isolated after reaction.
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Scheme 37Sequential hydroformylation/enantioselective aléactions of oct-
1-ene®

120
20%

OH o )
o)
SN cond?
+ 121
OH 0

122 )
[410/10 bar CO/W 2 mol% BIPHEPHOS, 0.5 mol% Rh(acac)(G@0 mol% L-proline,
50°C, 72h, acetone.

~ 3%

2.1.5 Room temperature hydroformylation

Since L-proline-catalysed aldol reactions usually performed at room
temperature we decided to investigate the effeclowkering temperature on
yields, enantio-  and diastereoselectivities  of  thesequential
hydroformylation/enantioselective aldol reactios. first, we performed a
ligand screening in order to find the most actiagatyst at room temperature.
Hydroformylation of styrene in acetone was chosem anodel reaction (Table
13).

According to GC analysis, unmodified, triphenyl ppbite- and perfluoro-
triphenyl phosphite-modified Rh-catalysts gave dasst hydroformylation
catalysts (Table 13, entries 1, 4 and 7). Sincaes@tpl hydroformylation / aldol
reactions do not proceed with unmodified Rh-catalfsee Table 5, entry 1)

triphenylphosphite ligand was selected for allliertstudies.
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Table 13 Phosphorus ligand screening for room temperdtydeoformylation.

" CHO CHO
conditions(@
+ COH, —> *

olefin conv.  aldehyde yield

entry ligand 06 06 b:l ratid”
1 none 32 32 77 :23
2 PPh 5 5 96 : 4
3 BIPHEPHOS 3 3 96 : 4
4 P(OPh) 16 16 92:8
5 dppe 0 0 -
6 dppb 0 0 -
7

Ff”\j:i 12 12 96: 4

E

@l0.5 mol% Rh(acac)(C®)20/20 bar CO/b 2 mol% phosphorus ligand, 25°C, 24h, acetone.
PIDetermined by GC using an internal standard.

2.1.6 Room temperature sequential hydroformylatiordldol reactions

On the basis of our previous screenings (Tabler&m temperature
sequential hydroformylation and enantioselectivedoll reactions of
cyclopentene and acetone were performed at 20/d07@i0 bar CO/k gas
pressures (Table 14).

As shown in Table 14, after 72 h cyclopentene via®st fully converted
both at 20/20 and 70/10 bar CQ/IAccording to the GC analysis and yields of
isolated products at 20/20 bar CQ/&ldol addition is considerably slower than
hydroformylation (Table 14, entries 1 and 2). A{I®bar CO/H a decrease in
aldol yield was observed (Table 14, entry 3).
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Table 14 Room temperature sequential hydroformylation/@naelective aldol

reactions of cyclopentene and acetone.

OH o
.\ 0 condition&?! S + Q—CHO
82 63

_ olefin conv. isolated yield (%) ee82
entry Pco P42 time (h) .
(%)" 82 63 (%)
1 20 20 72 94 33 18 83
2 20 20 120 94 45 6 82
3 70 10 72 93 18 8 82

0.5 mol% Rh(acac)(C@) 2 mol% P(OPh) 30 mol% L-proline, 25°C, acetone.
PIpetermined by GC using an internal standard.
[IDetermined by chiral HPLC.

Next, in order to investigate how the decreaseeafction temperature
influences vyields, diastereo- and enantioselems/it of sequential
hydroformylation and enantioselective aldol addifiaceaction of prochiral
styrene and acetone was performed (Table 15).

The results from Table 15 indicate that olefinnwersion is
drastically influenced by pressure. Styrene is alnfiglly converted at 20/20 bar
CO/H, after 3 days reaction, however at 70/10 bar GQGdetording to GC
analysis only 43% of alkene is converted. Diasteagml enantioselectivities are
not influenced by pressure and are slightly highan in reaction performed at
40°C (see Table 9, entry 1).
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Table 15 Room temperature sequential hydroformylation/@naelective aldol
reactions of styrene and acetone.

o cond®@l OH
+ e R +
O~ |

= 105b

olefin conv. isolated yield (%) . |
entry Peo P b syn:ant?!  ee (%"
(%) 105a,b 77

79 (for syn)
> 99 (for anti)
80 (for syn)
> 99 (for anti)

@0.5 mol% Rh(acac)(C@) 2 mol% P(OPh) 30 mol% L-proline, 25°C, 72h, acetone.
PIDetermined by GC using an internal standard.

[IDetermined byH NMR analyses.

[IDetermined by chiral HPLC.

1 20 20 96 75 S 1.8:1

2 70 10 43 12 11 1.8:1

4-Chlorostyrene was also applied to room tempesatusequential
hydroformylation and enantioselective aldol reawio(Table 16).Again a
drastic decrease in olefin conversion at 70/10 6&/H, was observed.

Diastereo- and enantio-selectivities are similahwhe results obtained at 40°C.
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Table 16 Room temperature sequential hydroformylation/&naelective aldol

reactions of 4-chlorostyrene and acetone.

cl + . *
N\ )J\ : 104b
CHO

Z 104a

78

olefin conv. isolated yield (%)

syn:ant®  ee (%"
)"  104ab 78

entry Pco Pao

75 (for syn)
1 20 20 97 82 2 1.6:1
> 99 (for anti)

71 (for syn)
2 70 10 51 32 14 16:1
> 99 (for anti)

@0.5 mol% Rh(acac)(C®) 2 mol% P(OPh) 30 mol% L-proline, 25°C, 72h, acetone.
PIDetermined by GC using an internal standard.

[IDetermined byH NMR analyses.

[IDetermined by chiral HPLC.

Next, reaction of cyclopentene and prochiral cyeltanone was
investigated (Table 17).

Again at 70/10 bar CO/Ha drastic decrease in yields of aldol products
was observed. 20/20 bar CQ/gave a slightly higher conversion of olefin than

70/10 bar CO/kl No effect of pressure on enantioselectivities alaserved.
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Table 17. Room temperature sequential hydroformylation/@naelective aldol

reactions of cyclopentene and cyclopentanone.

0 OH o OH o
@ cond! l Z( : l(
+ +

111a 111b
+ E>*CHO
63

olefin conv. isolated yield (%)
@) 111ab 63

entry Peo P syn:ant®  ee (%"

nd (for syn)
1 20 20 98 61 <1 1:1.1 _
96 (for anti)

nd (for syn)
2 70 10 92 11 <1 1:1.1 _
96 (for anti)

@0.5 mol% Rh(acac)(C@) 2 mol% P(OPh) 30 mol% L-proline, 25°C, 72h, acetone.
PIpetermined by GC using an internal standard.

[IDetermined byH NMR analyses.

[IDetermined by chiral HPLC.

nd — not dermined

2.1.7 Summary

In summary, we have achieved to introduce enandosety into the
hydroformylation/aldol addition sequence. Scopdjneigation and application
of this sequence have been described herein. Otvod@ogy is operationally
simple, gives good chemical yields and provides gheducts in high optical
yields. We found that P(OPJthodified Rh-catalyst and L-proline are the best
catalysts for our tandem reaction. Possible negatiteractions between
hydroformylation catalyst (Rh-catalyst) and alddd#éion catalyst (L-proline)
were not observed. Also sequential hydroformylafiamtra- or inter-molecular
aldol addition of alkenes that generat@on-branched aldehydes were explored.

In these cases L-proline did not catalyse effityermtidol step. Conducting

50



Theory

tandem reaction at room temperature (instead ofC¥(Qsroved to be less
efficient because of slow L-proline catalysed aladdlition.

2.2 Tandem metal- and organocatalysis in sequentilydroformylation and

enantioselective Mannich reactions

2.2.1 First experiments

On the basis of our previous results concerning d¢bmbination of
hydroformylation and stereoselective aldol readtiove became interested in
whether we can combine metal catalysed enantidsetdtydroformylation and
organocatalysed enantioselective Mannich reactionsa tandem reaction
sequence. In this transformation three componeamtsllene, a ketone and an
amine are converted toflamino-ketone B) in one pot procedure, generating

up to four new stereocenters (Scheme 38).

Scheme 38 Tandem metal- and organocatalysis in sequeng@iofiormylation

and enantioselective Mannich reactions.

NHz
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At first, we performed sequential hydroformylatiand enantioselective
Mannich reactions under conditions that were fotnlde optimal for sequential
hydroformylation and enantioselective aldol reawtioCyclopentene, acetone
and aromatic amine (p-anisidine or p-chloroaniliweye converted t-amino-

ketonesl23and124in the presence of Rh-catalyst and L-proline (S &9).

Scheme 39 Sequential hydroformylation and enantioselectiiannich

reactions.

COM; \©\
- © [Rh]+ Lproine__ O)Nii
n

123 R=Cl 53% yield, 19% ee
124 R=0CH3; 57% yield, 4% ee

Conditions: 0.5 mol% Rh(acac)(CO),, 2 mol% P(OPh)3, 30 mol% L-proline,
20/20 bar CO/H, , 40C, 3d, acetone

Desired Mannich products were obtained with mediomgood yields (53-57%),
but modest enantioslectivities were observed. Theolate configuration of
compundsl123 and 124 were assigned by analogy with the knof4amino
ketones obtained in L-proline catalysed Manniclctiea>> >” %t is important
to note that absolute stereochemistry of the nevesgenic center is opposite to
that which we have observed for the correspondidgl aeactions using the
same catalyst.

When p-anisidine is used as an amine componentethaxyphenyl
function of thep-amino-ketoneB) can be removed under oxidative conditions

affording free amino group (Scheme 48)2

Scheme 40Deprotection of PMP-protected amines.

OMe o) Ho R o
/©/ _oxidation _ T2y TONH O+
R R+ '
\ R

N 125 ) © .
R! (R = H, alkyl) R' 126 127 benzoquinone
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2.2.2 Summary

In conclusion, for the first time Rh-catalysed hyfdrmylation was
combined with enantioselective proline-catalysed nMeh reactions. Our
methodology does not require separate preactivatfosubstrates and can be
performed on a multigram scale under operationsiigple conditions. One
more important features of this transformation haittinexpensive catalyst
proline is available in both enantiomeric forms arah be recovered from the
reaction mixture via filtration. At the moment thmitation of our methodology
Is poor optical yields, therefore more investigatan the solvent, substrate and

amine scope has to be done.

2.3 Enantioselective sequential hydroformylation ag aldol addition

2.3.1 Enantioselective hydroformylation of styrene

In order to combine enantioselective hydroformglatiwith enantioselective
aldol addition, styrene was chosen as a model ubstin 1995 Piet W.N.M
van Leeuwen’s group reported both good regio- amdngoselectivities
obtained with diphosphite ligands in the Rh-catdyshydroformylation of
styrene®® Enantioselectivities up to 76% at 50% conversiamehbeen obtained
with Chiraphite modified Rh-catalyst using relatienild reaction conditions
(25-40°C, 9 bar of CO/f1:1 pressure, toluene).

2.3.2 Synthesis of Chiraphite ligands

Chiraphite ligands were prepared according to tha lzeeuwen procedure
(Scheme 415
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Scheme 41Synthesis of new diphosphite ligand based ongoent2,4-diol.

OCHj

KOH, KsFe(CN)g H,O
HO 3Fe(CN)g Hy . O OH
CH30OH tBu
Py 30 tBu
(@]
OH
128 129 oy
Cl
b
PCl; (6 eq.) 7N m
Et;N (2.5€q.) By P Q  Bu oy on
R — - —eeee
rt, toluene, EN (4eq.)
then 2h reflux rt, toluene
H,CO OCH3

At first, 2,2’-dihydroxy-3,3’-di-tert-butyl-5,5’-dnethoxy-1,1’-biphenyll29 was
prepared in high yield from 2-tert-butyl-4-methokgmol following the

literature procedur®® Treatment ofl29 with PCL in the presence of i gave

phosphorochloriditedd 30, which was further used without purification. In erd
to avoid losing of relatively expensive (2R,4R)-fzere-2,4-diol or (2S,4S)-

pentane-2,4-diol, compountiB0 was treated with propane-1,3-diol affording

new phosphorus ligant31in moderate yield (28%).

Next, phosphorochloriditd30was reacted with (2R,4R)-pentane-2,4-diol
or (2S,4S)-pentane-2,4-diol in the presence ofNEaffording (2R,4R)-
Chiraphite 8a or (2S,4S)-Chiraphit&b respectively in moderate yields (25-

30%) (Scheme 42).
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Scheme 42Synthesis of (2R,4R)-Chiraphite and (2S,4S)-Qitnri@ ligands.

Cl

(2R,4R)-Chiraphite 8a (2S,4S)-Chiraphite 8b

Since tandem hydroformylation/aldol addition ofrstye and acetone is
performed at 40°C a series of chiral phosphoruantig (Scheme 43) was
evaluated in enantioselective hydroformylation tfrene at this temperature
(Table 18).

Scheme 43 Chiral phosphorus ligands wused in enantioselectiv

hydroformylation.
tBu 4, t-Bu, Oe
PPh
@ o 4T 0 Q QP_/ PQ L Lo
ol o °\p—
00
HsCO t-Bu t-Bu OCH3 R-(+)-BINAP 133
(2R,4R)-Chiraphit8a (+) DIOP132a
OCHs
RS t-Bu,
H3CO o< ,o o /o OCHs @
b O (S) P/N
HsCO tBu t-Bu OCHs
(2S,4S)-Chiraphit@b (-) DIOP 132b OCHs
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Table 18 Ligand screening for enantioselective hydroforatigin reaction.

@JCHO
76

+ CO/Hy
\Wa

conditions!®
_—

C CHO
+

40°C .
entry ligand {ﬁrﬁuem(ﬁ? (EZ?) (EHaZ}) o) a'?%ﬁ'c?'d g o

101 (2R,4R)-Chiraphite 4 20 20 52 52 98:2 19 (S)
2 ) 24 10 10 80 80 98:2 74 (S)
3 “ 24 20 20 53 53 97:3 60 (S)
4 “ 24 40 40 66 66 91:9 73(S)
5 “ 72 20 20 >99 > 99 96:4 62 (S)
6 “ 72 40 40  >099 > 99 97:3  45(S)
7 (2S,4S)-Chiraphite 24 10 10 75 75 96:4 40 (R)
8 “ 24 20 20 48 48 94:6 59 (R)
9 “ 24 40 40 52 52 85:15 63 (R)
10 “ 72 20 20 >99 > 99 96:4 62 (R)
11 “ 72 40 40 84 84 96:4 53 (R)
12 (-)-DIOP 72 40 40  >099 > 99 97:3 0

13 (+)-DIOP 24 20 20 42 42 97:3 0

14 “ 72 40 40  >099 > 99 97:3 0

15 BINAP 24 20 20 none none - -

16 66 24 20 20 68 68 96:4 0

17 67 24 20 20 >99 > 99 96:4 0

18 68 24 20 20 93 93 96:4 0

@0.5 mol% Rh(acac)(C®)2 mol% phosphorus ligand, 40°C, acetone.
ln.25 mol% Rh(acac)(C@)0.31 mol% phosphorus ligand, 40°C, toluene.

[IDetermined by GC using an internal standard.

At first, we performed a test enantioselective lyoirmylation of styrene at
20/20 bar CO/K with not-preformed catalyst (Table 18, entry I).dontrast
with van Leeuwen’s results (98% conv, 94:6 b:l &itho ee 0f62)*° we

obtained 2-phenylpropanal in only 19% ee at 53%vemion of styrene. In

order to increase the enantioselectivity of reactiwe increased two times the

concentration of Chiraphite modified Rh-catalystl ave used acetone instead of

56



Theory

toluene. Pleasingly, enantioselectivities have grdw 59-60% ee (Table 18,
entries 3 and 8). As enantioselective hydrofornigtats extremely sensitive to
the reaction conditions, various CO and partial pressures were studied to
ascertain pressure effects. The stereoselectiveatoyn of 2-phenylpropanal
was performed at 10/10, 20/20, and 40/40 bar pressof CO/H (Table 18).
The best results 74% ee for (S)-2-phenylpropanad &3% for (R)-2-
phenylpropanal were obtained at 10/10 and 40/4@CkAH, respectively (Table
18, entries 2 and 9). Since L-proline-catalysedolaldkaction between 2-
phenylpropanal and acetone requires 3 days ofingfirrthe time of
enantioselective hydroformylation of styrene wasr@ased from 24h to 72h.
Noteworthy, at 20/20 bar COHhfter 72h of hydroformylation no decrease in
enantioselectivity was observed (Table 18, entBied 5). Thus, Chiraphite-
modified Rh-catalyst do not racemise-aldehyder7.

It is reported in the literature that Rh-catalystsdified with DIOP132
and BINAP 133 provide low ees (12 —25 %) in hydroformylationstyrene in
toluene at 65°C%* However, we expected that lowering temperaturdGtC
and performing the hydroformylation in acetone wiobhbve some beneficial
effect on enatioselectivities. Unfortunately no rasyetric induction was
observed with these ligands (Table 18, entries182,14 and 15). Moreover,
BINAP-modified Rh-catalyst gave no conversion gfehe after 24 hours. Also
no enantioselectivity was observed when Rh-catalygst modified with chiral
phosphoramidite ligandk34, 135and136.

In order to determine the right configurationisd-aldehyde obtained in
hydroformylation of styrene with (2R,4R)-Chiraphiteodified Rh-catalyst, 2-
phenylpropanal was reduced with NaBid the presence of ethanol (Scheme
44).
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Scheme 44Reduction of 2-phenylpropanal to 2-phenylpropanol

CH, CHy

cHO NaBH, :
—_—
. CHOH ©/(S>\ CH,OH
137
from reaction catalysed by
(2R,4R)-Chiraphite-
modified Rh-catalyst
Absolute configuration of obtained 2-phenylpropansas determined by
comparison of the retention time with that of oplly pure (R)-(+)-2-
phenylpropanol which is commercially available.
Next we investigated whether presence of 30 mol%rofine has some

effect on enantioselective hydroformylation of stye (Table 19).

Table 19 Enantioselective hydroformylation both in the qmese and in the
absence of proline.

/ condltlons ®_< @J
\ + CO/H, 40 C

en liaand oraanocatalvst S0V ald. yield b:l ee’’
- g 9 YSU (o) (9p)) ratid® (%)
1 (2S,4S)-Chiraphite none 53 53 96:4 61 (R)

2 (25,4S)-Chiraphite  L-proline 46 46 96:4 32 (R)
3 (2S,4S)-Chiraphite  D-proline 68 68 9%6:4 14 (R)

@40/40 bar CO/B 0.5 mol% Rh(acac)(CQ) 2 mol% (2S,4S)-Chiraphite, 30 mol%
organocatalyst, 40°C, 24h, GEl,.
PIpetermined by GC using an internal standard.

The reaction was performed both in the presence ianthe absence of
organocatalyst in dichlormethane at 40°C. A suligtandecrease in
enantioselectivities was observed when L-proling Brproline were added to
the reaction mixture (Table 19, entries 2 and 3pbRbly this is due to
racemisation of formed hydratropaldehyde. Pradsiaab influence on reaction

conversion and reaction regioselectivity was detict
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In order to investigate whether proline is resplolesfor racemisation of
aldehyde77, enantioenriched (S)-2-phenylproparf@6% ee) was synthesised
from enantiopure (S)-2-phenylpropanaing a Dess-Martin oxidation (Scheme
45)

Scheme 45Synthesis of (S)-2-phenylpropanal by Dess-Markialation of (S)-
2-phenylpropanol.

Ac, OAc

oL |_ '
O;(CL\OAC

(6]
Dess-Martin periodinane

CH3 CHj

(S) "CH,OH > (9 CHO
©/\ 2 CH,Cl,, 20 min, ©/\
77%

(S)-137 (<98%ee) (S)-77 (96%ee)

Among a variety of oxidizing reagents that werde@sn the literature (Swern
oxidation'®® tetra-n-butylammonium per-ruthenate (TPA®), chromium
trioxide/Celité®), it appeared that the only reagent to g{®-77 in good
chemical yield and almost without loss of enantiomexcess is the Dess-
Martin periodinané?? ¢ 107

After we obtained compound/ as the S-enantiomer we have stirred the
aldehyde in one flask with L-proline and in anothsith D-proline in

dichlormethane at room temperature (Scheme 46).

Scheme 46Control reactions between (S)-2-phenylpropandl@mmoline.

CHs L-proline or s
(S') CHO D-proline (30 mol%)= ©/kCHO
©/9;%>ee o, CRC, 0% ee
(S)-77 (rac)-77
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We observed slow racemisation of aldehyde in thesgmce of both L-
proline and D-proline. Hydratropaldehyde was fudgemised within 8 hours at

room temperature in both cases (Scheme 47).

Scheme 47Racemisation of (S)-2-phenylpropanal in the pmeseof L-proline

or D-proline.

Racemisation of (S)-2-phenylpropanal

100 \

80 \
60 \z\\ —&— L-proline
40 \ —&— D-proline
0 2 4 6 8

time (hours)

ee (%)

In order to investigate what part of the prolineéasponsible for racemisation of
(S)-2-phenylpropanal we performed two control ekpents. In one flask
aldehyde(S)-77 was stirred with 30 mol% of pyrrolidine in GEl,, in second
flask with 30 mol% of acetic acid in G8I, (Scheme 48).

60



Theory

Scheme 48 (S)-2-Phenylpropanal racemisation and self-asadlon under
acidic or basic conditions.

conditions?!
@_\: 8 hours @_{
S ho conditiong?! CHO
(S)-77(96% ee) 2 min (rac)-77 (0% ee)
CH;COOH| 48 hours
(33 rg;al%) room temp. condition®! %oggitéon@
2L o 8 days, 10% ys,
no racemization no self-
Q aldolisation
condition§¥: L-proline (30 mol%), CHCI, H
O OH O 138

condition®!: () (30 mol%), CHCl,
N

H

Acetic acid did not racemise aldehy()-77 even after 48 hours of stirring at
room temperature. In contrast, pyrrolidine racemaleehyde within 2 minutes.
If stirring continues after 8 days in the preseotpyrrolidine aldehyde partially

self-condensate to aldol produ@B8 Since pyrrolidine part of proline is

responsible for racemisation probably racemisai®ndue to formation of
enaminel39 (Scheme 49).

Scheme 49Formation of enamin&39 from hydratropaldehyde and proline.

L
@—é * O*COOH - — COOH
CHO N
77 H 139

In order to have better asymmetric induction, al@alction has to be faster than
aldehyde racemisation. In order to know which rieacis faster racemisation or

aldol reaction we investigated proline-catalysedohlreaction between 2-
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phenylpropanal and acetone at room temperatureo s were wondering
whether we could increase the rate of the aldati@a using some additives.

2.3.3 Effects of additives on the proline-catalysealdol reactions

Recently several groups have tried to find addstivieat can improve
enantioselectivity or accelerate the L-proline-yetad aldol reaction. Pihko
demonstrated that water has an accelerating effegroline-catalysed ketone-
aldehyde aldol reactioris.'® This allows the use of stoichiometric amounts of
both ketone and the aldehyde acceptor, therebyowimy the overall economy
of the process. In addition, aldol reactions with excess of ketone are also
improved by the addition of water. Also Pihko gratpdied the effect of base
on the proline-catalysed aldol reaction betweemiflsdrobenzaldehyde and

acetone (Scheme 50)

Scheme 50 L-proline-catalysed aldol reaction between acetcand p-

trifluoromethylbenzaldehyde.

L-proline

(20 mol%),
I la sl dan ol
(excess,
20 vol%)

According to their results N,N-dimethylaniline, Nethylmorpholine,
triethylamine, and dimethylamine did not exert dmneficial effect on the
reaction rate. For the same reaction the effecta@fls as additives was
studied'® Acetic acid had a slight retarding effect on tleaation whereas
trifluoroacetic acid, a stronger acid, brought taction to a complete halt. The
enantioselectivity of the reaction was not affedigdicetic acid.

C,-symmetric chiral diols have been examined as m@gitby Shan and
Zhou in the L-proline catalysed direct aldol reant{Scheme 51f°
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Scheme 51L-Proline-catalysed aldol reaction assisted hyathliols.

0
o o chiral diols MO\ o— |, 9
* )J\ ~Loroline NSTH H\ )J\/'\
L-proline “ \
H™ R O.. .0 R
B R” H 1

On the basis of their results authors attributexlghiral induction in the aldol
reaction to the chirality of L-proline, and probghbihe role of additives is only
enhancing chiral inductive ability of L-proline e formation of a chiral
supramolecular system through hydrogen-bondingdnt®ns (Scheme 515
They observed a significant improvement in enaet@givity, conversion and
yield, using 1 mol% of (S)-BINOL as an additive (Bme 52).

Scheme 52Screening of the additives on the direct aldatten.

0 o L-proline, additive o OH
+ -
Ph)J\H )k acetone/DMSO (3:1) MPh
0°C, 48h 141

1. no additive - 60% conv., 43% yield, 72% ee
2. (R)-BINOL - 93% conv., 52% vyield, 91% ee
3. (S)-BINOL - 76% con., 52% yield, 94% ee

4. rac-BINOL - 72% conv., 50% vyield, 76% ee

In the reaction between benzaldehyde and acetomestlantioselectivity of
reaction using additives was increased to 94% eepaced with the original

72% ee in which no additive was used (Schemé®2).
In our tandem reaction is not desirable to usengtibase as an additive

since it can cause fast racemisation of formed dtyojpaldehyde. We supposed

that G-symmetric chiral diols would be a suitable additfer our system.

63



Theory

To clarify the additive effect on the aldol reaatithree parallel reactions
were performed; a) without additive b) with 3 mod#a(S)-BINOL and c) with 3
mol% of (R)-BINOL (Scheme 53).

Scheme 53 L-proline-catalysed aldol reaction between hyanoedldehyde and
acetone.

©/L o conditions M9 + H 0
CHO + )J\ —_— : -

Te)
Te)

(rac)-77 = 105a 105b
conditions: syn/anti 1.9: 1
a) L-proline, acetone (after 72h)

b) L-proline (30 mol%), (S)-BINOL (3 mol%), acetone
c) L-proline (30 mol%), (R)-BINOL (3 mol%), acetone

aldol reaction in the presence of additives

100
a0
80
70 ~
60 - —e— no additive
50 + —&— S-BINOL

40 / —a— R-BINOL

conversion (%)

20 ~
10 -
0 \ ‘ ‘ ‘

0 20 40 60 80

time (hours)

In contrast with reported effects of chiral diold&d/es on proline-catalysed
aldol reactio® 3 mol % of S-BINOL and R-BINOL gave no variatiofi 0
enantioselectivity  and diastereoselectivity  in teac  between
hydrotropaldehyde and acetone. After 72 hours ih three reactions
diastereomeric ratio was 1.9:1 in the favor of dyastereomer. When using S-
BINOL or R-BINOL as an additive just a slight inese of aldol reaction speed
as compared with reaction without additive was olexd
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It was hoped that increasing concentration of adsitvould further
increase the rate of aldol reactions (Scheme 54).

Scheme 54Influence of (S)-BINOL concentration on the alde&ction rate.

o] conditions H O H O
©/LCHO ¥ )J\ <j\/=\)J\+ ©\r\)k

nQ
nQ

(rac)-77 ®  105a 105b
conditions:
a) L-proline (30 mol%), acetone
b) L-proline (30 mol%), (S)-BINOL (3 mol%), acetone
c¢) L-proline (30 mol%), (S)-BINOL (30 mol%), acetone

Influence of additive concentration on the aldol
reaction rate

100

N /
60 _— —&—no additive
o —=—3 mol % S-BINOL

40 / —a— 30 mol% S-BINOL
20 |

0 -
0 10 20 30 40 50

conversion (%)

time (hours)

However, according to GC analyses 3 mol% and 3®4rawfl (S)-BINOL gave
similar results, thus increasing of additive coricaion had no expected effect.

We envisaged that using a tandem reaction woultlvalls ta have an
excellent asymmetric induction in aldol reactionnc® according to our
previuos investigations at 40°C hydroformylatioruaiyy is slower than aldol
reaction we expected the aldehyde formed, woultl basconverted to aldol
product without racemisation.

At first, standard conditions for tandem hydrofofatypn/enantioselective
aldol reactions were used to convert styrene amdoae into aldol products.

Since best conversion and enantioselectivitiesnfmlroformylation of styrene
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were obtained with Chiraphite ligands at 40/40 G&yH, (Table 18, entries 4

and 9) this pressure was used in initial tandeneexgents (Table 20).

Table 20 Enantioselective sequential hydroformylation ahdol reactions at
40/40 bar CO/H

CO/H, [RhL*] OH O
0 organocatalyst ©\L)/:Oi)?\ OH o .
Q_\ © I onditons® ) : 2 (©

conditions!@ s (R) (R CH
CHs s 4555)105
(4R 5R)-105 (4R,5S)-105 (4S.53)-

+ + *
R

T (S

CH, (4S,5R)-105

77

en. ligand orgncat.| corlv| yield® | syn:ant{” yield of 105 (ee) % ee77

4R5R 4R 55 4555 4S5R| (%)
1 | 2S.4ScChiraphite| L-prolind 88| 65 25:1  66(8p7(87) | 50 20 | 5(R)
2 | 25,4S-Chiraphite| D-proliné 85| 66 13:1 7 ) -C | 50(76)| 43(98)] 9 (R)
3 | 2R,4R-Chiraphite| L-proline, 83| 63 13:1] 49(72)43(98) | 8() O- 1 8(S)
4 | 2R.4R-Chiraphite| D-prolind 85| 65 251 5 (2 | 66(87)| 27(89)| 3(3)
5 P(OPh) L-proline | 99 | 83 15:1 | 53(76) 40(99) 7() Y| o0

240/40 bar CO/l 0.5 mol% Rh(acac)(CQ@)2 mol% phosphorus ligand, 30 mol% organocatalyst,
40°C, 72h, acetone.
bIDetermined by GC using an internal standard.
IBased on isolated product.
[Determined byH NMR analyses.
IDetermined by chiral HPLC.
According to GC analyses after 72 hours Chiraptmoelified Rh-catalysts gave
83-85% of styrene conversion (Table 20, entrie$. Ndteworthy, with P(OPR)
modified Rh-catalyst styrene is fully convertedhwit the same period of time.
This means that Chiraphite ligands give slower bf@mylation catalyst in
comparison with P(OPh) modified Rh-catalyst (Table 20, entry 5).
Enantioselective sequential hydroformylation andokladdition provides an
interesting example of a double asymmetric inducti®R,4R)-Chiraphite/L-
proline and (2S,4S)-Chiraphite/D-proline couplepresent a mismatched pair
of catalysts. (2S,4S)-Chiraphite/L-proline and @R)-Chiraphite/D-proline a
matched pair of catalysts for induction of diastsedectivity (Table 20, entries
1-4). For better understanding of phenomena hagbent&andem reactions for

every pair of catalysts we calculated distributidraldol products and from this
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distribution we calculated ratio of stereocentremring Ph and OH groups.
(Schemes 55-59). For matched pair of catalysts,4&SChiraphite/L-proline
and (2R,4R)-Chiraphite/D-proline) at 40/40 bar C®/Bbme asymmetric
induction from aldehyde to aldol products occurkisTcan be seen from the
ratio of stereocentres bearing Ph group (Schemans861). Noteworthy this
ratio in sequential enantioselective hydroformylataldol addition is smaller
than in enantioselective hydroformylation under Hame conditions. This is
probably due to slow racemisation of formed aldehyay organocatalyst.
Completely different picture is for mismatched pair catalysts ((2S,4S)-
Chiraphite/D-proline and (2R,4R)-Chiraphite/L-prad) (see Schemes 56 and
57). In this case calculated ratio of stereocentrearing Ph group is 1:1
suggesting that racemisation of the formed aldehygde@roline is faster than
sequential aldol reaction.

In order to increase asymmetric induction fromealgtle to aldol products
it is necessary to adjust the hydroformylation tatéhe rate of proline-catalysed
aldol addition in such a way that no accumulatiérihe aldehyde during the
reaction is facilitated. In order to slow down spe¢ hydroformylation reaction
we lowered the pressure from 40/40 to 20/20 bagayiiTable 21).
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Table 21 Tandem metal- and organocatalysis in enantiosedecequential

CO/H, [RhL*]

hydroformylation and aldol reactions at 20/20 b&y/ig,.

(e}

organocatalyst oH O
( j AN )J\ ditionslal (R) (R)
conaitions' CH3 CH 4;:';35 o
(4R 5R)-105 (4R,5S)-105 (4S5S)-
CHO
QL O
(S 77
CH3 (4S,5R)-105
en. ligand orgncat.| corlv| yield® | syn:ant{® yield of 105 (ee) % ee77
4R5R 4R 55 4555 455R (%)
1 2S,4S-Chiraphite L-proling 69 53 3:1 69 (84) .5280) 6(-)| 25() nd
2 2R,4R-Chiraphite L-proline 45 31 1:1.2 34 (50) 54 (99) 11()| 1() nd
3 P(OPH) L-proline | 99 83 15:1| 52(72) 40@) 8¢ )d nd

@20/20 bar CO/K 0.5 mol% Rh(acac)(C@)2 mol% phosphorus ligand, 30 mol% organocatalyst,

40°C, 72h, acetone.

MDetermined by GC using an internal standard.
IBased on isolated product.

Determined byH NMR analyses.

IDetermined by chiral HPLC.

Pleasingly, at 20/20 bar CO/Hin contrast with 40/40) even with mismatched
pair of catalysts occurs asymmetric induction fraliehyde to aldol products

(Scheme 61). The results indicate that formatioaldéhyde is relatively slow;

therefore aldehyde is immediately converted to lafitoduct. As transfer of

chiral information is not full, from 60% ee to 308& (see Scheme 61), aldol

hydrotropaldehyde by organocatalyst.

reaction probably is not fast enough to fully sggsr racemisation of formed

Again, in contrast to mismatched case, matched gfanatalyst (2S,4S-

mismatched case.

Chiraphite gave better transfer of chiral inforroati(Scheme 60). This is

probably due to faster aldol addition in matchedecan comparison with

The different conversions of styrene for matched amsmatched pair of
catalysts at 20/20 bar COfl{lTable 21, entries 1 and 2) are due to differemtes

conditions used. These reactions were not perforinetthe same autoclave;

therefore some parrameters (e.g. pressure) cowd va
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Scheme 55. Enantioselective sequential hydroformylation and aldol reactions at 40/40 bar CO/H,

ee% (R)-77 = 63% ee
(without L-proline)

—_—

Wl

(2S,4S)-Chiraphite

syn anti
2.5 1
71% 29%

1

4R,5R  4S,5S 4S,5R
92.5% 7.5% 6.5%

4R,5S
93.5%

vse
. e

(R)-77
(g ,CHO

(S)-77

66%

2%

L-proline

OH O
(RLAG
51 (R)
CH, (4R,5R)

OH O

R
7 (S)
CH, (4S,5R)

CH;  (4R,5S)

OH O

S
(S)
CHj
(4S,5S)

ratio of stereocentres
bearing Ph group

(R) = 66% + 2% = 68%
(S) = 27% + 5% = 32%
ee% (R)= 36%

ratio of stereocentres
bearing OH group

(R) = 66% + 27% = 93%
(S)=2% +5% =7%
ee% (R) = 84%

Conditions: 40/40 bar CO/H,, 0.5 mol% Rh(acac)(CO),, 2 mol%
(2S,4S)-Chiraphite, 30 mol% L-proline, 40C, 72h, acetone .
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Scheme 56. Enantioselective sequential hydroformylation and aldol reactions at 40/40 bar CO/H,

ee% (R)-77 = 63% ee
(without D-proline)

9
o> 8
© ”
| -
= (R)-77
< > \ | ©
n
< | (s)HO
)
N
~ (S)-77
syn anti
1.3 1
57% 43%
4R,5R 4S,5S 4S,5R  4R,5S
12% 88%  99% 1%

D-proline

7% oH 9
- (RLAS
M 4R5R)
43% OH O
7 ()
cH, (4S,5R)
50% OH O
—_— S
(S)
CH,
(4S,5S)

ratio of stereocentres
bearing Ph group

(R) = 7% + 43% = 50%
(S) = 0% + 50% = 50%
ee% (R)= 0%

ratio of stereocentres
bearing OH group

(R) = 7% + 0% = 7%

(S) = 43% + 50% = 93%
ee% (R) = 86%

Conditions: 40/40 bar CO/H,, 0.5 mol% Rh(acac)(CO),, 2 mol%
(2S,4S)-Chiraphite, 30 mol% D-proline, 40C, 72h, acetone .
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Scheme 57. Enantioselective sequential hydroformylation and aldol reactions at 40/40 bar CO/H,

ee% (S)-77 =73% ee
(without L-proline)

—_—

vse
. e

(5 CHO

(2R,4R)-Chiraphite

(S)-77

syn anti
1.3 1
57% 43%

1

4R,5R 4S,5S 4S,5R
86% 14% 1%

4R,5S
99%

71

| =

49% oH @
Y (R4
51 (R)
CH: (4R 5R)
" i OH O
I R
= 7 (S)
O cH, (4S,5R)
&
—
43%
CH;  (4R,5S)
8% OH O
— S
(S
CHj
(4S,5S)

ratio of stereocentres
bearing Ph group

(R) = 49% + 0% = 49%
(S) = 43% + 8% = 51%
ee% (S)= 2%

ratio of stereocentres
bearing OH group

(R) = 49% + 43% = 92%

(S) = 0% + 8% = 8%
ee% (R) = 84%

Conditions: 40/40 bar CO/H,, 0.5 mol% Rh(acac)(CO),, 2 mol%
(2R,4R)-Chiraphite, 30 mol% L-proline, 40C, 72h, acetone.
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Scheme 58. Enantioselective sequential hydroformylation and aldol reactions at 40/40 bar CO/H,

ee% (R)-77 = 73% ee
(without D-proline) 50 oH O
I (R A
5: (R)
O "5 (4R 5R)
= ratio of stereocentres
S (R ,CHO bearing Ph group
@ | P OH O = 5o, 0p = 320
! 3 | 27% (R) = 5% + 27% = 32%
= cl— - (R (S) = 2% + 66% = 68%
O R)-77 |5 £ (9 ee% (S) = 36%
\ P 15 cH, (4S,5R)
5 A
d (s FHO 0 ratio of stereocentres
N 2% bearing OH group
~— -
(S)-77 CH:  (4R5S) (R) = 5% + 2% = 7%
(S) = 27% + 66% = 93%
ee% (R) = 86%
syn anti 66% oH 9
2 1 209
71% 29%
CH,
r \' r (4S,5S)
4R5R 4S5S 4S5R  4R,5S Conditions: 40/40 bar CO/H,, 0.5 mol% Rh(acac)(CO),, 2 mol%
6.5% 93.5% 945% 5.5% (2R,4R)-Chiraphite, 30 mol% D-proline, 40C, 72h, acetone.
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Scheme 59. Enantioselective sequential hydroformylation and aldol reactions at 40/40 bar CO/H,

ee% (R)-77 = 0% ee
(without L-proline)

P(OPh),;

syn anti
15 1
60% 40%

1

4R,5R 4S,5S 4S,5R
88% 12% 0.5%

4R,5S
99.5%

vse
. e

| =

(5 CHO

(S)-77

73

53%

L-proline

CH: 4R 5R)

OH O
R

7 (S)

cH, (4S,5R)

CH;  (4R,5S)

OH O

S
(S)
CHj
(4S,5S)

ratio of stereocentres
bearing Ph group

(R) =53% + 0% = 53%
(S) = 40% + 7% = 47%
ee% (S) = 6%

ratio of stereocentres
bearing OH group

(R) = 53% + 40% = 93%
(S)=0%+7%=7%
ee% (R) = 86%

Conditions: 40/40 bar CO/H,, 0.5 mol% Rh(acac)(CO),, 2 mol%
P(OPh)3, 30 mol% L-proline, 40T, 72h, acetone.
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Scheme 60. Enantioselective sequential hydroformylation and aldol reactions at 20/20 bar CO/H,

ee% (R)-77 = 59% ee
without L-proline
( p ) 69% QH 0
N (R 4
‘ 5¢ (R
“Hs 46-RR)
Q ratio of stereocentres bearing
E (R CHO Ph group
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Scheme 61. Enantioselective sequential hydroformylation and aldol reactions at 20/20 bar CO/H,
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Conditions: 20/20 bar CO/H,, 0.5 mol% Rh(acac)(CO),, 2 mol%
(2R,4R)-Chiraphite, 30 mol% L-proline, 40C, 72h, acetone.
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ee% (R)-77 = 0% ee

Scheme 62. Enantioselective sequential hydroformylation and aldol reactions at 20/20 bar CO/H
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Conditions: 20/20 bar CO/H5, 0.5 mol% Rh(acac)(CO),, 2 mol%
P(OPh)s, 30 mol% L-proline, 40T, 72h, acetone.
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Also styrene was applied to enantioselective seiplen
hydroformylatio/aldol addition at 20/20 bar CQ/id the presence of 3 mol% or
30 mol% of (S)-BINOL. No influence of additive omrversion, enantio- and

diastereoselectivities of tandem reaction was oeskr

2.3.4 Summary

In conclusion, we successfully combined an enagliasive Rh-catalysed
hydroformylation reaction with a proline-catalysstdreoselective aldol reaction
in a tandem reaction sequence. Unfortunately duademisation of the formed
aldehyde asymmetric induction asymmetric inductimm aldehyde to aldol
products is moderate. Addition of additives did matve any effect on the
outcome of reaction. To solve this problem it isessary either to prevent
aldehyde racemisation (e.g. to apply other orgalabtsds) or to decrease the

hydroformylation rate and increase the rate of lalgaction.
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3 CONCLUSIONS AND OUTLOOK

A study designed to combine metal- and organocsialy order to control
stereochemical outcome of hydroformylation/aldol diadn  and
hydroformylation/Mannich reaction sequences hasnbaedertaken. At first
sequential hydroformylation and intramolecular &ldddition was studied. In
order to apply this method to the production oSkmlin A-ring analogs in an
enantioselective fashion various unsaturated ketomeere synthesised.
Sequential and stepwise hydroformylation and alddlition reactions were
carried out. However, it was found that L-prolind dot catalyse cyclisation of
formed ketoaldehydes. In contrast with intramolagcull-proline-catalysed
intermolecular aldol addition proceeds in good dgebnd enatioselectivities.
Much optimisation of the sequential hydroformylatiand intermolecular aldol
addition was carried out. A range of phosphorusnds and organocatalysts was
tested for this tandem reaction. Triphenyl phosplahd L-proline showed a
significant advantage over all other catalystsetsiAlso various CO and ,H
partial pressures were studied to ascertain pressifects on tandem
hydroformylation and enantioselective aldol reawsio Usually variation of
pressure had no effect on yields, enantio- andtetiesselectivities of aldol
addition. However, in case of cyclopentene at 700H0 CO/H a drastic
decrease in yield was observed. Also we investiyateether rhodium catalysts
are compatible with organocatalysts in our tandemction. No potentially
negative interactions were found.
Our new methodology has been applied to severbstsates. Three

possibilities were considered (see Scheme 63):

a) not prochiral olefin and not prochiral ketone

b) prochiral olefin and not prochiral ketone

c) not prochiral olefin and prochiral ketone
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Scheme 63 Origin of stereogenic centers in sequential higfraylation and

enantioselective aldol reactions.

prochiral aldehyde

CO/H,, OH
) R OH/O conditions o X
a -
RWJ\ @ )K 76% yield, 75% ee 82
R R R

prochiral aldehyde CO/Hjy,
R O'i/ 0 @_\ N conditions
AN H
b) R% CHs 105a 105b

R R R 83% yield, 1.5:1 syn/anti
| prochiral olefin 72% ee (for syn)
99% ee (for anti)

prochiral aldehyde

R OH (@] CO/H,,
condltlons
c) R

111a: 111b:
prochlral ketone 16% vyield, 95% ee 43% yield, 96% ee

Conditions: Rh(acac)(CO),, 20/20 CO/H,, P(OPh)3, L-proline, 48 h

It could be demonstrated that organocatalysis dblateactions even under
hydroformylation conditions occurs with high enasglectivities, although the
usually observed diastereoselectivities are still to be optimised.

After we successfully combined hydroformylation amdantioselective
aldol reactions we decided to extend our studies.aftempted to combine Rh-
catalysed hydroformylation with proline-catalysedaetioselective Mannich
reactions. A simple one-pot three-component reagbicedure consisting of
alkene, acetone and an aromatic amine in the presaf Rh- and
organocatalysts provided the correspondiigminoketones with good vyields
(53 - 57%), but poor ees (4-19%). In the literatuseially observed ees for L-
proline-catalysed enantioselective Mannich reastiare in the range of 50 —
90% ee’* > "Therefore, several parameters have to be exploredder to
increase the stereocontrol of our tandem reactior. instance interaction
between Rh- and organocatalyst has to be furtherstigated. Also will be
beneficial to perform our tandem reaction stepwiseprder to find which

parameter is responsible for such low enantioseites. In order to broaden
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the scope of our transformation, after optimal a¢tmigls are found, other more
complicated substrates (inclusive prochiral alkeared prochiral ketones) can
be applied to our new methodology.

Especially challenging was combination of enantedee
hydroformylation and enantioselective aldol reawdion a tandem reaction
sequence. Enantioselective sequential hydroformylaand aldol addition of
styrene and acetone was chosen as a model reaCtmaphite modified Rh-
complexes and proline were found to be the beslysis for this tandem
reaction. We expected that aldehyde generated thenolefin unit would react
immediately with acetone allowing an asymmetricuicttbn from aldehyde to
aldol unit. However this requires correct adjusttmeh the enantioselective
hydroformylation rate to the rate of proline-catsg aldol addition, since
accumulation of the aldehyde will facilitate raceation of that component. A
pressure screening revealed that at 20/20 bar CthiHtransfer of chirality is
not complete, but better than at 40/40 bar GO/Fhis is due to lowering of
stationary aldehyde concentration in consequence ddcrease of
hydroformylation rate. In order to prevent aldehydecemisation further
optimisations have to be done. One possible solutitl be increase of aldol
reaction speed by using additives. Also other tiprasphorus ligands (e.g.
BINAPHOS) and other organocatalysts have to besdlest order to increase
enantioselectivities of hydroformylation and aldt#ps respectively.
Noteworthy, enantioselective sequential hydrofoatiph and aldol addition
provides an interesting example of a double asymenetduction. (2R,4R)-
Chiraphite/L-proline and (2S,4S)-Chiraphite/D-pnali couples represent a
mismatched pair of catalysts. (2S,4S)-Chiraphifgiline and (2R,4R)-
Chiraphite/D-proline a matched pair of catalystsr fanduction of
diastereoselectivity.

So far, for our tandem reaction we used two differeatalysts: one

(phosphorus modified Rh-catalyst) to catalyse higaroylation reaction and
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another (proline) to catalyse aldol addition reactiOne of the extension of our
methodology can be synthesis and application oftifunttional catalysts
bearing both organocatalyst and phosphite moi€ieseme 64).

Scheme 64Multifunctional catalyst that can be used in tmadreactions.
0] 0., 0 O\O
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H,CO O
146

H,CO

These catalysts offer many advantages over montdmat catalysts including
ease of separation, facility of reuse, and everalfilgy for multifunctionality.

An alternative strategy to control stereochemidtrging aldol sequence in
tandem reaction can be an enzyme-catalysed aldotioa. One of the main
attractions for the use of enzymes is their abitiyperform reactions in a
stereoselective way. Nature has developed two edass aldolases for direct
aldol reactions, in which an unmodified ketone doisoadded to an aldehyde
acceptor:”* Class | aldolases activate the ketone donor viafdhmation of a

Schiff base intermediate with a lysine residue e tactive site. Class Il

2+
aldolases contain an active site Zmofactor that facilitates the enolate
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formation by coordinating to the carbonyl oxygento ketone donor (Scheme
65).

Scheme 65General Mechanisms for Class | and Class Il akkd'®

Donor ,V
X=H,OH,NH, “%s,

2
(0/5) A
Se

It would be very promising whether is possible ¢mbine metal-catalysis
(e.g hydroformylation) with enzyme catalysis (egnantioselective aldol

reactions) in a tandem reaction sequence (Schejne 66

Scheme 66 Sequential hydroformylation / enzyme-catalysednsioselective

aldol addition.

O R OH O
R CO/H, + [Rh-and enzyme] 0
+ -~
; A\ H,O R
R R R R R R R

The use of enzymes has several advantages overcatienethods™
Because of the mild conditions in enzymatic reastiand the regioselectivity
displayed by enzymes, protective group chemistrm €& reduced to a
minimum. Since most enzymes operate at room terfyreran agueous solution

around pH 7, their reactions are often compatibtb wach other. This makes it

82



Conclusions and outlook

possible to combine several enzymes in a one-paitjstep reaction sequence.
Their use in aqueous solution and their biodegriéitamake enzymes also an
excellent environmentally acceptable option. Theghhi regio- and
stereoselectivity and catalytic efficiency makeynes especially useful for the
synthesis of complex, highly functionalised molesulike carbohydrates.
According to our previous studies (see Chapter 62.1sequential
hydroformylation and aldol reaction can be perfairegen at room temperature
(working temperature of enzymes). Since most engymexuire aqueous
solution water-soluble catalysts for hydroformydati have to be used. The
rhodium complex of water-soluble ligand TPPTS it
sulfonyl)triphenylphosphine trisodium salt), usedkuntz and Cornils, can be
one of candidatesS? Its properties are very similar to the parent couml

triphenylphosphine.

Scheme 67Water-soluble ligands used in hydroformylation.

O3Na

Ar =
NaOsS O O PAD

NaOsS P SO3Na NaO3S

SOs3Na

SO3N
TPPTS sNa  BINAS

Besides the TPPTS-system a number of other suddnphosphines can be
tested. Among them are systems, which are dernged biphenyl (e.g. BINAS
= sulfonated NAPHOS, sulfonation grade betweenasi®d eight). Rhodium-
BINAS is the most active and selective water-s@ubldroformylation catalyst,
therefore it would be clearly the ligand of cholteAlthough enzymes are
efficient in catalysing aldol reactions, their apations in organic synthesis are
still restricted owing to the long reaction times fargescale reactions and the

relatively high price.
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Another attempt to bring asymmetric induction itdodem reactions can
be combination of enantioselective Rh-catalysedrdfpdmylation with an

enantioselective Rh-catalysed Mukaiyama aldol amdi{Scheme 68).

Scheme 68 Enantioselective sequential hydroformylation/Miykana aldol

addition.

_SiRs R
R
R CO/H, + [RhL¥] .
>:\ + \ R D
R R R R R R R

In this tandem reaction it would be possible toeeiff two processes,
hydroformylation and aldol addition, through theeusf a single chiral Rh-
catalyst. Initiall experiments done in our groupvéashown that not-
enantioselective variant of such a tandem react@nbe applied with success
for a wide range of unsaturated substrates, howavamntioselective variant still

has to be investigated.
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4 ZUSAMMENFASSUNG

Eine Untersuchung ,angelegt , um Metall- und Orgatadyse zu kombinieren
und den stereochemischen Verlauf von HydroformyhgrAldoladdition und
Hydroformylierung/Mannich-Reaktion ~ Sequenzen zu uste, wurde
durchgefihrt. Zunachst wurde die sequentielle Higtroylierung und
intramolekulare  Aldoladdition untersucht. Um dieséethode zur
enantioselektiven Herstellung von Forskolin A-Ringga anzuwenden,
wurden verschiedene ungesattigte Ketone synthetidiee sequentielle und
stufenweise Hydroformylierung und AldoladditionséR8onen wurden
durchgefuhrt. Es stellte sich jedoch heraus dasrdlifP nicht die
Cyclisierungen der gebildeten Ketoaldehyde katalysiim Gegensatz zu L-
Prolin katalysierten, intramolekularen Aldoladdien laufen intermolekulare
Aldoladditionen mit L-Prolin in guten Ausbeuten ukdantioselektivitaten ab.
Es wurden viele Optimisierungen der sequentiellgrdrbformylierung und
intermolekularen Aldoladdition-Reaktion durchgefiinfEine Auswahl an
Phosphorliganden und Organokatalysatoren wurdedigse Tandemreaktion
erprobt. Triphenylphosphit und L-Prolin zeigten esinwesentlichen Vorteilen
gegentber allen anderen erprobten Katalysatorenssekdem wurden
verschiedene CO und,HPartialdriicke untersucht um Druckeffekte auf die
Tandem Hydroformylierung und enantioselektive Aatiditions-Reaktion zu
bestimmen. Gewdhnlich hat die Veranderung des Brieknen Einfluss auf die
Ausbeute und Enantio- bzw. DiastereoselektivitéitAldoladdition. Im Fall des
Cyclopentens wurde jedoch eine drastische AbnaheneAdsbeute bei 70/10
bar CO/H beobachtet. Ebenso wurde untersucht ob der Rhaédtahgsator mit
dem Organokatalysator in der Tandemreaktion Kkorbphtiist. Eine
maoglicherweise negative Wechselwirkung wurde nggfunden.

Die neue Methode wurde fur verschiedene Substraevendet. Drei
Mdoglichkeiten wurden betrachtet (s. Schema 69):

a) nicht-prochirales Olefin und nicht-prochiralestén
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b)  prochirales Olefin und nicht-prochirales Keton

C) nicht-prochirales Olefin und prochirales Keton

Schema 69 Herkunft des stereogenen Zentrums in sequemntielle

Hydroformylierung und enantioselektiven Aldoladdits-Reaktionen.

prochiral aldehyde

(]

i

CO/Hy, H O

R E) 0] conditions
3) @ ¥ )K i g
R 76% yield, 75% ee 2

R R R

prochiral aldehyde CO/Hjy,
R O'i/ o @_\ N _conditions
AN :
b) R% CHs 105a 105b

R R R 83% yield, 1.5:1 syn/anti
| prochiral olefin 72% ee (for syn)
99% ee (for anti)

prochlral aldehyde

R CO/H,,
condmons
) )ﬁ)\)\ D+ é M

111a: 111b:
prochlral ketone 16% vyield, 95% ee 43% yield, 96% ee

Conditions: Rh(acac)(CO),, 20/20 CO/H,, P(OPh)s, L-proline, 48 h

Es konnte gezeigt werden, dass die OrganokatalgseAltlolreaktion selbst
unter Hydroformylierungsbedingungen mit hohen Eisetektivitaten erfolgt,
wenngleich die beobachteten Diastereoselektivitatah zu optimisieren sind.
Nachdem wir die Hydroformylierung und enantiosalekt Aldoladditions-
Reaktion erfolgreich miteinander kombiniert habdreschlossen wir die
Untersuchungen auszuweiten. Wir versuchten die Rho#atalysierte
Hydroformylierung mit der Prolin-katalysierten etiaselektiven Mannich-
Reaktion zu kombinieren. Eine einfache Eintopf-Roenponenten
Reaktionsdurchfiihrung bestehend aus Alken, Acetaheinem aromatischen
Amin in Gegenwart von Rhodium- und Organokatalysateferte das
entsprechendB-Aminoketon mit guten Ausbeuten (53 - 57%), abdilexthten
ee’s (4 — 19%). In der Literatur werden fir die rolid-katalysierte Mannich-
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Reaktion Ublicherweise ee im Bereich von 50 — 9@ablachtet’ > *°Daher

mussen verschiedene Parameter untersucht werdeiieinstereochemische
Kontrolle der Tandemreaktion zu erhdhen. Beispielser muss die
Wechselwirkung zwischen Rhodium und Organokatabysateiter untersucht
werden. Ausserdem wird es vorteilhaft sein die Eameaktion stufenweise
durchzufihren, um die Parameter die fir die genngmantioselektivitaten
verantwortlich sind zu finden. Nachdem die optimakedingungen gefunden
wurden, konnen komplexere Substrate (inklusive lprate Alkene und

prochirale Ketone) mit der neuen Methode verwenderden, um den
Anwendungsbereich auszuweiten.

Besonders herausfordernd war die Kombination voangoselektiver
Hydroformylierung und enantioselektiver Aldol-Reakt in einer Tandem
Reaktionssequenz. Die enantioselektive, sequentldildroformylierung und
Aldoladdition von Styrol und Aceton wurde als Madslktion ausgewahlt. Der
beste Katalysator fir diese Tandemreaktion war @&rraphite-Rhodium
modifizierte Komplex und Prolin. Wir erwarteten ddex vom Olefin gebildete
Aldehyd sofort mit Aceton reagiert und eine asymmehe Induktion vom
Aldehyd zum Aldol ermdglicht. Dies erfordert jedodie genaue Anpassung der
enantioselektiven Hydroformylierungsgeschwindigkaind der Geschwindig-
keit der Prolin-katalysierten Aldoladdition, da dMtkumulation des Aldehyds
die Racemisierung und Homodimerisierung dieser Kamepte foérdert. Ein
Druck Screening zeigte, das bei 20/20 bar GQlfid asymmetrische Induktion
nicht komplett, aber besser als bei 40/40 bar G@&td Das ist auf Grund der
geringen stationédren Aldehydkonzentration die Kguonsez der verringerten
Hydroformylierungsgeschwindigkeit. Weitere Optimngizingen missen gemacht
werden um die Aldehyd Racemisierung zu unterdrickeame mogliche Losung
ware die Erhohung der Reaktionsgeschwindigkeit Afolreaktion durch
Verwendung von Additiven. Ausserdem missen andeospghorliganden (z. B.
BINAPHOS) und andere Organokatalysatoren erprobtrdere um die
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Enantioselektivitaten der Hydroformylierung bzwr dddolschritte zu erhéhen.
Bemerkenswerterweise bietet die enantioselektive, equentielle
Hydroformylierung und Aldolreaktion ein interessast Beispiel fir eine
doppelte, asymmetrische Induktion. Das (2R,4R)-&hite/L-Prolin) und
(2S,4S)-Chiraphite/D-Prolin Paar bilden ein misrhattpair des Katalysators.
(2S,4S)-Chiraphite/L-Prolin  und (2R,4R)-Chirapiteéfipolin  bilden ein
matched-pair des Katalysators fur Induktion vonsi@eeoselektivitat.
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5 EXPERIMENTAL

5.1 General Remarks

Hydroformylation experiments were carried out iBERGHOF HR-200 high
pressure reactor with magnetic stirring and elealtrneating. The inside part of
the cover was made from Teflon® to protect the tsmhufrom direct contact
with the stainless steel. All reactions were cdrrigut in freshly distilled
solvents. Dichloromethane and triethylamine werstiltid from calcium
hydride. All phosphorus ligands, except BIPHEPHQG8e commercially
available. BIPHEPHOS was synthesised accordingediterature procedurd.
Commercial reagents were used as received. Orgapiations were
concentrated under reduced pressure on a rotanportar. Column
chromatography was carried out using MN Kieseldg®l(®.063 — 0.2 mm/70-
230 mesh). TLC was performed on Merck SilicageF8Q plates. Visualizasion
of the developed chromatograms was performed guidtiet irradiation (254
nm) or by anisaldehyde stain. Melting points werrf@med on a Biicfii
melting point apparatus, and are uncorrected. Bsrcpromatographic analyses,
Carlo Erba HRGC Mega2 Series MFC 800 chromatogvatiha Carlo Erba EL
580 flame-ionisation detector (FID) was used. $&pgans were performed on
the column CHROMPACK DB-1701 (25 m x 0.32 mm x u®). '"H NMR
spectra were recorded on a Bruker 400 and Brukér dpctrometers, with
residual proton signal of the deuterated solventtltes internal reference
(5,=7.26 ppm for CDGl and 8,=7.15 ppm for €Dg). *C NMR spectra were
recorded on the same spectrometers and referencsdivient signals&=77
ppm for CDC} and$,=128.02 ppm for €D¢). Chemical shifts&) are given in
parts per million (ppm) and coupling constantsaf® given in Hertz (Hz). The
proton spectra are reported as follodgpm (multiplicity, number of protons,
coupling constant J/Hz). DEPT135 and two dimendigi@OSY, HMQC,
HMBC) NMR spectroscopy were used where approprtatajd the assignment
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of signals in the'H and *C NMR spectra. IR spectra were recorded on an
Impact 400 spectrometer and are reported in tefnisequency of absorption
(cmt). Mass spectra were obtained from University oftBoind Mass Spectral
facility. Elemental analyses were carried out ie ttaboratory of Elemental
Analyses at the University of Dortmund. Opticalatoins were measured on a
Perkin Elmer 341 polarimeter. Semi-preparative HRi&S performed using a
SUPELCOSII™ LC-SI 5um (25 cm x 21.2 mm) column. Analytical HPLC
was performed on a Hewlett-Packard 1050 Seriesnwu@graphs using a
CHIRALCEL OD (250 x 4.6 mm), CHIRALCEL OJ (250 x64.mm) and
CHRALPAK AD (250 x 4.6 mm) columns as noted.

5.2 Working methods

Method A: Hydroformylation To a solution of Rh(acac)(CO§5 mg, 0.019

mmol, 0.005 eq.) in 5 ml of solvent in a vial, wadded phosphorus ligand
(0.078 mmol, 0.02 eq.). The solution was stirrethwmagnetic stirrer for 5 min
and then charged with olefin (3.8 mmol, 1 eq.) d@odlecane (199 mg, 1.17
mmol, 0.3 eq.). The vial was transferred to theoeave, pressurised and
heated. After the reaction was completed, the #gmMecwas cooled down to
room temperature, depressurised, flushed with ameguh opened to obtain a

sample for GC analysis.

Method B: Sequential hydroformylation and enantioselectiv@ohreactions.
To a solution of Rh(acac)(Ce)5 mg, 0.019 mmol, 0.005 eq.) in 5 ml of ketone
in a vial, was added phosphorus ligand (0.078 mtoOE eq.). The solution was
stirred with magnetic stirrer for 5 min and therafed with alkene (3.8 mmol,
1 eq.), dodecane (199 mg, 1.17 mmol, 0.3 eq.) agdnocatalyst (1.17 mmol,
0.3 eq.). The vial was transferred to the autoclavessurised and heated to 40
°C. After the reaction was completed, the autochas cooled down to room

temperature, depressurised, flushed with argonogreshed to obtain a sample
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for GC analysis. Then the reaction mixture wagifdt through a column filled
with silica gel. Additionally the column was washeadath 50 mL of diethyl
ether. The filtrate was concentratedvacuoand the crude product was purified

by column chromatography.

Method C: Enantioselective hydroformylatiofio a solution of Rh(acac)(C9)
(2 mg, 0.0077 mmol, 0.005 eq.) in 3 ml of solvemtai vial, was added chiral
phosphorus ligand (0.019 mmol, 0.0125 eq.). Theiteol was stirred with
magnetic stirrer for 5 min and then charged witleste (158 mg, 1.52 mmol, 1
eq.) and dodecane (78 mg, 0.456 mmol, 0.3 eq.) vidiavas transferred to the
autoclave, pressurised and heated to 40 °C. Afierréaction was completed,
the autoclave was cooled down to room temperatigesessurised, flushed with
argon and opened to obtain a sample for GC analgsisconditions: carrier gas
50 kPa He, temperature program of 100°C for 5 thiern 4°C/min to 160°C and
20°C/min to 200°C; retention times: 8.69 min foyrehe, 16.26 min for
dodecane, 18.02 min for (R)-2-phenylpropanal, 18.&8n for (S)-2-
phenylpropanal and 21.8 min for 3-phenylpropanal.

Method D: Enantioselective sequential hydroformylation andbdbddition.To

a solution of Rh(acac)(C®j2 mg, 0.0077 mmol, 0.005 eq.) in 3 ml of ketome i
a vial, was added Chiraphite (17 mg, 0.019 mm@I125 eq.). The solution was
stirred with magnetic stirrer for 5 min and theraed with styrene (158 mg,
1.52 mmol, 1 eq.), dodecane (78 mg, 0.456 mmolef.8 and proline (53 mg,
0.456 mmol, 0.3 eq.). The vial was transferrechmdutoclave, pressurised and
heated to 40 °C. After the reaction was completlkd, autoclave was cooled
down to room temperature, depressurised, flush¢d angon and opened to
obtain a sample for GC analysis. Then the reactiottiure was filtered through

a column filled with silica gel. Additionally theolumn was washed with 50 mL
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of diethyl ether. The filtrate was concentratedvacuoand the crude product

was purified by column chromatography.

Method E: Sequential hydroformylation and enantioselective niMeh
reactions.To a solution of Rh(acac)(CO(b mg, 0.019 mmol, 0.005 eq.) in 5 ml
of ketone in a vial, was added P(OP[94 mg, 0.078 mmol, 0.02 eq.). The
solution was stirred with magnetic stirrer for Shnnaind then charged with alkene
(3.8 mmol, 1 eq.), amine (4.18 mmol, 1.1 eq.), dade (199 mg, 1.17 mmol,
0.3 eq.) and L-proline (131 mg, 1.17 mmol, 0.3 .edhe vial was transferred to
the autoclave, pressurised and heated to 40 °Cer Afie reaction was
completed, the autoclave was cooled down to roonpégature, depressurised,
flushed with argon and opened to obtain a sampleGl0 analysis. Then the
reaction mixture was filtered through a column efill with silica gel.
Additionally the column was washed with 50 mL oétthyl ether. The filtrate
was concentratedh vacuo and the crude product was purified by column

chromatography.

Method F. Preparation of MTPA Derivatives (Mosher's Methodhe reaction
was carried out in a dry schlenk tube fitted withubber septum. The reagents
were injected via syringe into the tube in thedwaling order: E4N (300ul, 220
mg), DMAP (1 mg, 0.01 mmol), S-(+)-MTPA-CI (MTPA =-methoxye-
trifluoro-methylphenylacetic acid) (35 mg, 26 0.14 mmol), CHCI, (300 ul)

and the substrate aldol (0.10 mmol). After 24 halfrstirring, the mixture was
diluted with diethyl ether, washed (cold dilute HH€bld saturated NaHGnd
brine), dried (MgS® and concentrated under reduced pressure. Thee crud
product was further purified by column chromatodmap
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5.3 Syntheses

Preparation of 6-oxoheptanal (55).
CHO

A

55
C7H 1202
Mol. Wt.: 128,17

Amounts: 383 mg 3.9 mmol (1 eq.) hex-5-en-2-one
5mg 0.019 mmol (0.005 eq.) Rh(acac)(&£0)
33 mg 0.057 mmol (0.015 eq.) XANTPHOS
Procedure: Method A; using 5 mL CkCl,, 10/10 bar CO/k| 70 °C, 72h
Yield: 504 mg55 (>99%) as a brown oil.

'H NMR (400 MHz, CDCJ) 9.74 (t, 1H); 2.46 — 2.43 (m, 4H); 2.12 (s, 3H)B0
— 1.58 (m, 4H).

Preparation of 2-methylcyclopent-1-enecarbaldehydés8).
To a solution of 6-oxoheptanal (200 mg, 1.56 mmoIB ml
e CHCl; in a flask, was added L-proline (179 mg, 1.56 mmol)
E&iCHS The suspension was stirred for 24h. Then, the icraatixture

58
C;H10 was filtered and the filtrate concentrated undesuuan. The

Mol. Wt.: 110,15 crude product was purified by column chromatography
(hexane/acetone 10:1.5) to afford the title comploas a colourless oil (yield:
27 mg, 16%)*H NMR (400 MHz, CDCJ) 10.00 (s, 1H); 2.57 — 2.54 (m, 4H);
2.14 (s, 3H), 1.87 — 1.83 (m, 2HYC NMR (100 MHz) 189.63, 42.35, 31.57,

22.66, 15.73.
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Olefin screening for hydroformylation sequence usig PhP modified
rhodium catalyst (Table 1).
Amounts: 3.9 mmol (1 eq.) olefin
5 mg 0.019 mmol (0.005 eq.) Rh(acac)(€0)
20 mg 0.078 mmol (0.02 eq.) PPh
199 mg 1.17 mmol (0.3 eq.) dodecane
Procedure: Method A; using 5 mL acetone, 20/20 bar C&Q/M0 °C, 72h

Yield: Determined by GC using an internal standard.

Olefin screening for hydroformylation sequence usig P(OPh) modified
rhodium catalyst (Table 2).
Amounts: 3.9 mmol (1 eq.) olefin
5mg 0.019 mmol (0.005 eq.) Rh(acac)(&€O)
24 mg 0.078 mmol (0.02 eq.) P(OPN)
199 mg 1.17 mmol (0.3 eq.) dodecane
Procedure: Method A; using 5 mL acetone, 20/20 bar CQ/40 °C, 72h

Yield: Determined by GC using an internal standard.

Hydroformylation reactions in the presence of L-prdine (Table 3, entries 7
and 8).
Amounts: 3.9 mmol (1 eq.) olefin
5 mg 0.019 mmol (0.005 eq.) Rh(acac)(€0)
24 mg 0.078 mmol (0.02 eq.) P(OP)
199 mg 1.17 mmol (0.3 eq.) dodecane
135 mg 1.17 mmol (0.3 eq.) L-proline
Procedure: Method A; using 5 mL CkCl,, 20/20 bar CO/H 40 °C, 72h
Yield: Determined by GC using an internal standard. (Qyaiene
products: carrier gas 40 kPa He, temperature pnmogfa30°C for
10 min, then 15°C/min to 260°C; retention times574min for
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cyclopentene, 17.60 min for cyclopentanecarbaldehgd.23 min
for dodecane. 4-Chlorostyrene products: carrier gfaskPa He,
temperature program of 35°C for 10 min, then 109€/ta 260°C,;
retention times: 21.63 min for 4-chlorostyrene, 222.min for
dodecane, 26.47 min for aldehyd@ (branched regioisomer), 27.86

min for aldehyde&’9 (linear regioisomer).

Aldol reaction in the presence of Rh-catalysts unadeatmospheric pressure
(Table 4, entry 3).To a solution of Rh(acac)(C©Of5 mg, 0.019 mmol, 0.005
eq.) in 5 ml of acetone in a flask, was added P{o4 mg, 0.078 mmol, 0.02
ed.). The solution was stirred with magnetic stifoe 5 min and then charged
with cyclopentanecarbaldehyde (373 mg, 3.8 mmagl and L-proline (131
mg, 1.17 mmol, 0.3 eq.). The resulting mixture waged at room temperature
for 24 hours. Then, the reaction mixture was fdtethrough a column filled
with silica gel. Additionally the column was washeadath 50 mL of diethyl
ether. The filtrate was concentratedvacuo(compound$3 and83 are volatile,
not recommended to use pressure less than 200 ahlZr °C) and the crude
product was purified by column chromatography (MT@&f€lohexane 1:4) to
give unreacted cyclopentanecarbaldehyde (yield: 8§, 12%), (2)-4-
cyclopentylbut-3-en-2-one 4 (R 0.68)as a pale yellow oil (yield: 51 mg, 12%)
and (R)-4-cyclopentyl-4-hydroxybutan-2-one 3 €R0.34)as a pale yellow oll
(yield: 178 mg, 38%). HPLC: CHIRALPAK AD, n-heptdir€rOH, 98.2:1.8,
1.0 mLTin™, 280 nm, ee = 78%; {major) = 19.0 min;& (minor) = 20.5 min.

Aldol reaction in the presence of Rh-catalyst underhydroformylation

conditions (Table 4, entry 6). To a solution of Rh(acac)(CO{5 mg, 0.019
mmol, 0.005 eq.) in 5 ml of acetone in a vial, mdsled P(OPhB)24 mg, 0.078
mmol, 0.02 eq.). The solution was stirred with netgnstirrer for 5 min and

then charged with cyclopentanecarbaldehyde (3733n8gmmol, 1 eq.) and L-
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proline (131 mg, 1.17 mmol, 0.3 eq.). The vial wassferred to the autoclave,
pressurised to 20/20 bar CQ/ldnd heated to 40 °C. After the reaction was
completed, the autoclave was cooled down to roonpégature, depressurised,
flushed with argon and opened. The reaction mixtwias filtered through a
column filled with silica gel. Additionally the asinn was washed with 50 mL
of diethyl ether. The filtrate was concentratedsacuo(compound$3 and83
are volatile, not recommended to use pressurehess200 mbar at 40 °C) and
the crude product was purified by column chromaapby (MTBE/cyclohexane
1:4) to give unreacted cyclopentanecarbaldehydgdyil?2 mg, 4%) and (R)-4-
cyclopentyl-4-hydroxybutan-2-one 3R 0.34)as a pale yellow olil (yield: 396
mg, 65%). HPLC: CHIRALPAK AD, n-heptane/i-PrOH, 28..8, 1.0 mlmin™,
280 nm, ee = 79%g{(major) = 19.0 min;g (minor) = 20.5 min.

(S)-2-Methanesulfonylaminocarbonyl-pyrrolidine-1-caboxylic acid benzyl
ester (98).
5 To a stirred solution of Z-L-proline (5.00 g, 20rimol, 1
Q\( eq.) in dichlorometane (150 mL) were added
HN <~
o}\o TMe methanesulfonamide (2.10 g, 22.1 mmol, 1.1 eq.),APM
(0]
(380 mg, 3.11 mmol, 0.15 eq.) and EDCI (3.85 g,120.
98 . . . .
mmol, 1 eq.) respectively. The resulting mixturesveéirred

CiHigN,OsS at room temperature for 2 days. The reaction was
Mol. Wt.: 326,37 - oncentrated to half the volunmie vacuoand the resulting
mixture was partitioned between EtOAc (250 mL) ahd aqueous HCI
(100mL). The organic layer was washed with haltisgted brine (50 mL), dried
(MgSQ,) and concentrateith vacuo The crude product was purified by column
chromatography (dichlormethane/EtOAc, 7 : 3) toedilie title compound as a
clear colourless residue (yield: 3.79 g, 58%) NMR (500 MHz CDC}, 10.08

(broad s., 1H); 7.36 (m, 5H); 5.21 (d, 1H, J = 1B®); 5.15 (d, 1H, J = 12.2
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Hz): 4.36 (m, 1H); 3.46 (m, 2H): 3.25 (s, 3H); 2.46 1H): 1.94 (m, 3H), in
accord with the literature data.

(S)-N-(methylsulfonyl)pyrrolidine-2-carboxamide (995.

o To a solution of (S)-2-methanesulfonylaminocarbenyl
Q\( pyrrolidine-1-carboxylic acid benzyl esté8 (1.00 g, 3.06

HN— °

95 %(\;Me mmol, 1 eq.) in MeOH (100 mL) was added 10%Pd/@(18

CeH1oN,05S mg). The mixture was stirred at room temperatuie 2foh
Mol. Wt.-192,24  hder an atmosphere of hydrogen. The reaction Wwasetl
through Celit& and 1cm of silica gel, and the filtrate was coneadin vacuo
to give a white solid. The crude product was pedfiby flash column
chromatography (CyCl,/MeOH 8:2) to give the title compound as a whitkdso
(yield: 517 mg, 88%)'H NMR (500 MHz, CROD) 4.02 (dd, 1H, J = 6.5, 8.5
Hz); 3.41 — 3.36 (m, 1H); 3.27 — 3.24 (m, 1H); 3@0 3H); 2.37 — 2.29 (m,
1H); 2.15 — 2.09 (m, 1H); 2.02 — 1.96 (m, 2H), ecard with the literature

data®

(S)-benzyl 2-(trifluoromethylsulfonylcarbamoyl)pyrr olidine-1-carboxylate
(99).
To a stirred solution of z-L-proline (4 g, 16.0 mino 125
N o ml DCM were added trifluoromethanesulfonamide (2062
041\0 HN\?\//\CFg 17.6 mmol), DMAP (294 mg, 2.4 mmol) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide (EDCI) 43g,
99 16.0 mmol). The resulting mixture was stirred abmo
CH.sFN,0S  temperature for 4 days. The reaction was conceutrai
Mol. Wt.: 380,34 a1t volumein vacuoand was partioned between 250 ml
EtOAc and 100 ml 1.5 M HCI. The organic phase washed with 50 ml half-
saturated brine, dried with MgQ@nd concentrateth vacuoto afford the title
compound(yield: 5.17g, 77%) as a colourless residlid. NMR (400 MHz,

CDCly) 7.38 (m, 5H): 5.21 (m, 2H, 12.4 Hz); 5.19 (d, THs 12.4 Hz); 4.42 (d,
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1H, J = 6.8 Hz); 3.56 — 3.48 (m, 1H); 3.47 — 3.88 {H); 2.58 — 2.49 (m, 1H);
1.95 — 1.89 (m, 3H)*C NMR (100 MHz, CDC}) 24.3, 26.4, 47.3, 61.3, 68.6,
128.2, 128.5, 128.6. LRMS (FAB+) exact mass catedlafor [M+H]
(C14H16F3N20OsS) requires m/z 381.0, found m/z 381.1. HRMS (FAEBxact
mass calculated for [M+H](C14H16F3N-05S) requires m/z 381,0732, found m/z
381.0752.

(S)-N-(trifluoromethylsulfonyl)pyrrolidine-2-carbox amide (96).

O\(O (S)-benzyl 2-(trifluoromethylsulfonylcarbamoyl)pgiidine-
N

1-carboxylate99 (4.73g, 12.4 mmol) was dissolved in 250 ml

96HN\?§\CF3 MeOH and stirred with 2 g Pd/C for 20 hours under a
CoHoFsN,0S atmosphere of hydrogen. The solution was filtetfa@ugh
Mol. Wt.: 246,21 celite® and 1cm of silica gel and the filtrate was concatett
in vacuo to give a white solid. The crude product was pedlif by

recrystallisation from MeOH to give the title comymal (yield: 1.97 g, 65%) as

fine white crystals'™H NMR (400 MHz, DMSO-8) 8.69 (br. s., 1H); (t, 1H, J =

6.8 Hz); 3.19 — 3.16 (m, 1H); 3.13 — 3.08 (m, 1RIP1 — 2.16 (m, 1H); 1.90 —
1.79 (m, 3H). LRMS (FAB+) exact mass calculated[fa#H]" (CsH1oFsN2OsS)

requires m/z 247,0364, found m/z 247.0. HRMS (FABxact mass calculated

for [M+H]" (CsH10FsN,05S) requires m/z 247,0364, found m/z 247,0395.

L-Proline-catalysed asymmetric aldol reaction of cglohexanecarbaldehyde
and cyclopentanone(Scheme 35). To a stirred suspension of L-proline (126
mg, 1 mmol, 0.3 eq.) in 5 ml of cyclopentanone waslded
cyclohexanecarbaldehyde (300 mg, 3.65 mmol, 1 ddpég. resulting mixture
was stirred at room temperature for 72 hours. Thie®,reaction mixture was
filtered through a column filled with silica gel.dditionally the column was

washed with 50 mL of diethyl ether. The filtratesa@ncentratech vacuoand

98



Expermiental

the crude product was purified by column chromadpby (EtOAc/cyclohexane
1:4) to afford compoundsl16,® 115&° and115.

(E)-2-(cyclohexylmethylene)cyclopentanone (116)Rs = 0.50 (yield: 43 mg,
o 9%).'H NMR (400 MHz, CDCJ) 6.37 (td, 1H, J = 6.0, 2.5

NN Hz); 258 (dt, 2H, J = 7.2, 2.5 Hz); 2.30 (t, 2H 7.8 Hz);

116~ 2.19-2.10 (m, 1H); 1.94 — 1.89 (m, 2H); 1.75611(m, 5H);

Mol 1800 57 1.32 — 1.10 (m, SHC NMR (100 MHz, CDG) 19.8, 25.4,
25.7, 26.5, 31.6, 38.5, 38.7, 135.2, 140.9, 20A%ccord with the literature

data®

(S)-2-((R)-cyclohexyl(hydroxy)methyl)cyclopentanongll15a).

R = 0.31 (yield: 225 mg, 43%jH NMR (400 MHz, CDC})
OH o)

3.98 (br. s, 1H); 3.51 (dd, 1H, J = 9.0, 1.9 Hz%02- 1.10 (m,

O)\é 18H). **C NMR (100 MHz, CDG)) 20.6, 25.0, 26.4, 26.6,
Clzﬁifgz 30.0, 38.4, 40.9, 51.3, 76.0, 224.9, in accord Withliterature

Mol. Wt.: 196,29 data® '"H NMR (400 MHz, GDg) 4.29 (br. s, 1H); 3.37 (dd,
1H, J = 9.1, 2.5 Hz); 1.88 — 0.80 (m, 18HC NMR (100 MHz, GDg) 20.5,
25.2, 26.3, 26.8, 26.9, 27.1, 30.5, 38.1, 41.31,516.1, 223.6[a]*% -112.8 (c
1.00, n-heptane) HPLC: CHIRALPAK AD, n-heptane/GiPf, 95:5, 1.0

mLhin™, 280 nm, ee = 86% (major) = 11.1 min;& (minor) = 9.7 min.

(S)-2-((S)-cyclohexyl(hydroxy)methyl)cyclopentanon€l15b).
oH o Ri=0.13 (yield: 120 mg, 23%JH NMR (400 MHz, CDC})

O/‘\é 3.79 (dd, 1H, J = 9.0, 2.4 Hz); 2.33 — 0.82 (m, 18fC NMR
1150 (100 MHz, CDC}) 20.6, 22.4, 25.7, 26.0, 26.2, 29.0, 29.5,

CiH®,  39.0, 41.2, 52.1, 73.9, 2224 NMR (400 MHz, GD¢) 3.80
Mol. Wt.: 196,29
(dd, 1H, J = 8.8, 1.8 Hz); 2.06 — 0.66 (m, 18K} NMR (100

MHz, CD¢) 20.8, 22.6, 26.2, 26.4, 26.7, 29.3, 29.7, 38B8452.0, 74.0,
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220.2. p]*% +115.5 (c 1.00, n-heptane) HPLC: CHIRALCEL OD-H; n
heptane/i-PrOH, 98:2, 1.0 rihin™, 280 nm, ee = 79%g {major) = 12.3 min;

tr (Minor) = 9.6 min.

Regioselective hydroformylation using BIPHEPHOS-modied rhodium
catalyst (Table 12).
Amounts: 3.9 mmol (1 eq.) olefin

5 mg 0.019 mmol (0.005 eq.) Rh(acac)(€0)

61 mg 0.078 mmol (0.02 eq.) BIPHEPHOS

199 mg 1.17 mmol (0.3 eq.) dodecane
Procedure: Method A; using 5 mL acetone, 10/10 bar C&/&0 °C, 72h
Yield: Determined by GC using an internal standard.

Sequential hydroformylation and aldol reactions ofoct-1-ene (Scheme 37).
Amounts: 438 mg 3.9 mmol (1 eq.) oct-1-ene
5mg 0.019 mmol (0.005 eq.) Rh(acac)(£0)
61 mg 0.078 mmol (0.02 eq.) BIPHEPHOS
131 mg 1.14 mmol (0.3 eq.) L-proline
199 mg 1.17 mmol (0.3 eq.) dodecane
Procedure: Method B; using 5 mL cyclopentanone, 10/10 bar GOS0 °C,
72h
Yield: Elimination productl20 was obtained in 20% vyield. Also traces of
aldol productsl21 and122 were isolated.

3,3'-di-tert-butyl-5,5'-dimethoxybiphenyl-2,2'-diol (129).

This compound was prepared according to a litegatmoceduré® A solution
of 3-tert-butyl-4-hydroxyanisole (10 g, 0.055 mat) methanol (300 mL) was
prepared and a solution of KOH (11.07 g, 0.19 namljl K;Fe(CN) (18.3 g,

0.055 mol) in water (300 mL) was added dropwiseroteh at room
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temperature. The mixture was stirred for 2 hours

OCH3
before the addition of 200 mL of water. The oH
suspension was extracted with 500 mL of ethyl tBu
acetate twice. The aqueous solution was extracted OH O

with 150 mL of ether and the organic phases were  12° ocH;

CoH300,4
Mol. Wt.: 358,47

The organic phase was dried over MgS@emoval of the solvents under

combined and washed with 200 mL of saturated brine.

vacuum afforded a light brown solid. Washing withexane resulted in an off-
white powder (yield: 19.60 g, 98%H NMR (400 MHz, CDCJ) 6,96 (d, 2H,J

= 3 Hz); 6,63 (d, 2H, 3 Hz); 3,77 (s, 6H); 1,43 18H).*°*C NMR (100 MHz,
C6D6) 153.4, 146.1, 139.2, 123.5, 115.5, 112.(00),586.4, 29.7 in accord with
the literature dat&?

4,8-di-tert-butyl-6-chloro-2,10-dimethoxy-dibenzol[df][1,3,2]dioxa-
phosphepine (130).This compound was prepared
according to the literature proceddie3,3'-Di-tert-
By P 3 /B butyl-5.5-dimethoxy-biphen-yl-2,2-diol129 (1.79g

O Q 5.0 mmol), was dissolved in toluene (20 mL) and

HsCO 130 ocH; pyridine (10 mmol, 0.81 mL). This solution was adde
Co2H,6CIOLP . .
Mol. Wt.: 422,88 dropwise to a cooled solution (0°C) of R{.52 mL,
6.0 mmol) and pyridine (0.81 mL, 10 mmol). The teat mixture was stirried
for 2h at reflux temperature. The solvent and excasPCt were removed
under vacuum and compout80 obtainedin situ was dissolved in toluene and

use in next step without purificatioP NMR (81 MHz) 173.9 ppm.

1,3-bis(4,8-di-tert-butyl-2,10-dimethoxydibenzo[d J{1,3,2]dioxaphosphepin-
6-yloxy)propane (131).

CompoundL30 (5.0 mmol) was dissolved in toluene (10%=nd pyridine (1.62
mL, 20 mmol). Propane-1,3-diol (152 mg, 2.0 mmo§swdissolved in toluene

and added in 30 min to the solution 180 at room temperature. The reaction
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mixture was stirred overnight and the
pyridine salts formed were filtered off°

Evaporation of the solvent gave white foam,

which was purified by chromatography — "<°

. CyH62010P>
(toluene/cyclohexane  4:1, silica gel Mol. Wt.: 848,94

deactivated with 1% BNl) to afford the title compound as a white powder
(yield: 424 mg, 25%)%*'P NMR (CDC} 81 MHz) 136.57 ppmiH NMR (400
MHz, CDCk) 6.96 (d, 1H, J = 2.8 Hz); 6.69 (d, 2H, J = 2.8;k&86 — 3.78 (m,
4H); 3.80 (s, 12H), 1.77 (p, 2H, J = 6.4 Hz); 1(4236H)."*C NMR (100 MHz,
CDCly) 30.9, 32.4, 35.4,55.7, 61.2, 112.8, 114,4, 1833183.55, 142.3, 155.5

6,6'-(2R,4R)-pentane-2,4-diylbis(oxy)bis(4,8-di-terbutyl-2,10-
dimethoxydibenzo[d,f][1,3,2]dioxaphosphepine) (8a).

Compound130 (5.0 mmol) was dissolved in
toluene (10 mL) and pyridine (1.62 mL, 20
mmol). (2R,4R)-pentane-2,4-diol (208 mg, 2.0

mmol) was dissolved in toluene and added in

(2R 4R)-Chiraphite 8a 30 min to the solution 0of130 at room
C49Hs6010P: . i .
Mol We: 876.09 temperature. The reaction mixture was stirred

overnight and the pyridine salts formed were fdteroff. Evaporation of the
solvent gave white foam, which was purified by c¢habography
(toluene/cyclohexane 4:1, silica gel deactivatetth\iPo EgN) to afford the title
compound as a white powder (yield: 350 mg, 20%6).NMR (80 MHz, GDs)

147.1 ppm, in accordance with the literature data.
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6,6'-(2S,4S)-pentane-2,4-diylbis(oxy)bis(4,8-di-tebutyl-2,10-
dimethoxydibenzold,f][1,3,2]dioxaphosphepine) (8b)

Compound130 (5.0 mmol) was dissolved in
05 0 O ocn, toluene (10 mL) and pyridine (1.62 mL, 20

O -
O - Q mmol). (2S,4S)-pentane-2,4-diol (208 mg, 2.0
ocHs mmol) was dissolved in toluene and added in
(25:45)-Chiraphite 8b 30 min to the solution 0f130 at room
CaoHe6010P2 : : ,
Mol. Wt.: 876,99 temperature. The reaction mixture was stirred

overnight and the pyridine salts formed were fdteroff. Evaporation of the
solvent gave white foam, which was purified by c¢habography
(toluene/cyclohexane 4:1, silica gel deactivatetthiPo EgN) to afford the title
compound as a white powder (yield: 350 mg, 20%6).NMR (80 MHz, GDs)
147.1 ppm, in accordance with the literature data.

Reduction of (S)-2-phenylpropanal to S-2-phenylprognol.

2-phenylpropanal (obtained using conditions fronbl&als,
entry 3) (134 mg, 1 mmol) was dissolved in ethat@oml).
©/(S)\CH20H Sodium tetrahydroborate (76 mg, 2 mmol) was adaeditiae

137
CoH1,0 reaction mixture stirred for 90 min at room tempara. After

CH3

Mol. Wt.: 136,19 quenching the mixture with water, it was extracied times
with ethyl acetate. The organic layers were contbialed dried on magnesium
sulfate. This reduced reaction mixture were analysy GC. Absolute
configuration of resulted 2-phenylpropand87 was assigned being (S) by
comparison of the retention time with that of oglig pure (R)-(+)-2-
phenylpropanol which is commercially available. G&hditions: carrier gas 50
kPa He, temperature program of 100°C for 5 minn th&C/min to 160°C and
20°C/min to 200°C; retention times: 21.21 min f&)-@-phenylpropanol and
21.47 min for (S)-2-phenylpropanol.
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Enantioselective hydroformylation in the presence foL-proline (Table 19,

entry 2).
Amounts: 158 mg 1.52 mmol (1 eq.) styrene
2 mg 0.0077 mmol (0.005 eq.) Rh(acac)(£0)
24 mg 0.019 mmol (0.0125 eq.) (2S,4S)-Chiraphite
78 mg 0.456 mmol (0.3 eq.) dodecane
53 mg 0.456 mmol (0.3 eq.) L-proline
Procedure: Method C; using 3 mL C§Ll,, 40/40 bar CO/H 40 °C, 24h
Yield: Determined by GC using an internal standard.

Synthesis of (S)-2-phenylpropanal by Dess-Martin odation of (S)-2-
phenylpropanol.
To a solution of (S)-2-phenylpropanol (1g, 7.3 mpiokq.) in

CHg3
: dry dichloromethane (40 mL) was added the DessiMart

(s) CHO
[ j ()77 periodinane (5.3 g, 12.4 mmol, 1.7 eq.) in oneiportThe

CoHy O reaction was stirred for 20 min at room temperatéduffer
Mol Wt.: 134,18 golution of NaHPQJKHPO, (25 mL) was added to the
reaction flask and the mixture was stirred for 1i@.nthe reaction mixture was
filtered through Celite and washed with dichloronazete. The solution was
extracted with CEKCl, and dried over magnesium sulfate. The organia lages
filtered and evaporated to give a colourless liqwith a strong characteristic
odour. The latter was diluted with pentane an@rdt again over Celite. After
evaporation of the solvent, the product was furtieed without purification.
Spectral data are in accordance with the literdfGr@hiral GC: 18.04 min (R)-
iIsomer (minor), 18.35 min (S)-isomer (major), 936w (S)-isomer.

Control reaction between enantioenriched (S)-2-phempropanal and L-
proline (Scheme 46).To a solution of enantioenriched (93% ee) (S)-2-
phenylpropanal (20 mg, 0.15 mmol, 1 eq.) in 1 miGH,Cl, in a flask, was
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added L-proline (5 mg, 0.045 mmol, 0.3 eq.). Thiutszn was stirred with
magnetic stirrer at room temperature for 8 daysafple for GC analysis was
taken every hour. According to GC analysis (S)-2miipropanal was fully
racemised within 8 hours. After 8 days reaction setf-aldolisation of the

aldehyde was observed.

(S)-2-Phenylpropanal racemisation under acidic contlons (Scheme 48).

To a solution of enantioenriched (93% ee) (S)-2Agt@opanal (40 mg, 0.3
mmol, 1 eq.) in 2 ml of C§Cl, in a flask, was added acetic acid (5 mg, 0.09
mmol, 0.3 eq.). The solution was stirred with magnestirrer at room
temperature for 2 days. A sample for GC analysis talen at first every hour
and then every 24 hours. According to GC anal\8)s2¢phenylpropanal is not

racemizing under acidic conditions.

(S)-2-Phenylpropanal racemisation and self-aldoligeon under basic
conditions (Scheme 48).

To a solution of enantioenriched (93% ee) (S)-2Agt@opanal (40 mg, 0.3
mmol, 1 eq.) in 2 ml of CKCl, in a flask, was added pyrrolidine (6.4 mg, 0.09
mmol, 0.3 eq.). The solution was stirred with mdgnestirrer at room
temperature for 8 days. A sample for GC analysis ta&en at first every hour
and then every 24 hours. According to GC analySis2(phenylpropanal is
racemizing under basic conditions within 2 minutéer 8 days reaction self-

aldolisation product38was isolated in 10% vyield.

Influence of additives on the L-proline-catalysed Mol reaction between
hydrotropaldehyde and acetone (Scheme 53).

To a solution of racemic 2-phenylpropanal (300 &hg4 mmol, 1 eq.) in 10 ml
of acetone in a flask, was added S-BINOL (19 m@6®.mmol, 0.03 eq.) and L-

proline (77 mg, 0.67 mmol, 0.3 eq.). The solutioaswstirred with magnetic
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stirrer at room temperature for 72 hours. A sanipleé5C analysis was taken at

first every hour and then every 24 hours.

(R)-4-Cyclopentyl-4-hydroxybutan-2-one (82) (Tablé, entry 4).
OH O Purified using column chromatography (EtOAc/cychoduee
: 1:4) to yield the title compound as a colourleds(203 mg,
Cngeéz 48%).'H NMR (400 MHz, CDCJ) 3.84 — 3.79 (m, 1H); 2.96
Mol. Wt.: 156,22 (d, 1H, J = 3.2 Hz); 2.64 (dd, 1H, J = 17.6, 2.0;z52 (dd,
1H, J = 17.6, 9.6 Hz); 2.17 (s, 3H); 1.90 — 1.75 2H); 1.67 — 1.49 (m, 5H);
1.42 — 1.34 (m, 1H); 1.19 — 1.13 (m, 1H)C NMR (100 MHz, CDG)) 25.4,
25.6, 28.7, 28.9, 30.7, 45.2, 49.0, 71.5, 210.2M3R(FAB+) exact mass
calculated for [M+H] (CoH170,) requires m/z 157.1229, found m/z 157.1155.
Elemental analysis (%), calculated fogHzO,: C 69.19, H 10.32; found C
68.96, H 10.60. IRma (film)/cm™ 3435, 2952, 2868, 1709, 1360]F, +45.7
(c 1.00, n-heptane). HPLC: CHIRALPAK AD, n-heptare/OH, 98.2:1.8, 1.0
mLIhin™, 280 nm, ee = 81%; (major) = 19.1 min; (minor) = 20.7 min.

(2)-4-Cyclopentylbut-3-en-2-one (83).
O

'H NMR (400 MHz, CDCJ) 6.76 (dd, 1H, J = 16.0, 8.0 Hz);
83 6.03 (d, 1H, J = 16.0 Hz); 2.61 — 2.54 (m, 1H);02(8, 3H);

CgH140 1.89 —1.21 (m, 8H), in accord with the literatdega™’
Mol. Wt.: 138,21

X

(R)-4-Cycloheptyl-4-hydroxybutan-2-one (86).
Purified using column chromatography (EtOAc/cychoduee

OH 2 1:.4) to yield the title compound as a colourleds(yield:
Q/\)%k 337 mg, 47%)'H NMR (400 MHz, CDC}) 3.91 — 3.87 (m,
Cutyo,  TH)2.92 (d, 1H, J = 2.8 Hz); 2.60 — 2.48 (m, 2816 (s,

Mol. Wt.: 184,28 3H): 1.86 — 1.17 (m, 13H):*C NMR (100 MHz, CDGJ)
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26.7, 26.9, 28.2, 29.2, 29.8, 30.8, 44.1, 46.63,7210.5. HRMS (FAB+) exact
mass calculated for [M+H](C;1H»0,) requires m/z 185.1542, found m/z
185.1565. Elemental analysis (%), calculated foiHgO,: C 71.70, H 10.94;
found C 71.46, H 11.10. IR (film)/cm™ 3435, 2921, 2854, 1709, 1358.
[a]*%> +50.8 (c 1.00, n-heptane). HPLC: CHIRALPAK AD, egtane/i-PrOH,
98:2, 1.0 mimin™, 280 nm, ee = 89%g (major) = 15.7 min;& (minor) = 18.9

min.

5-(4-Chlorophenyl)-4-hydroxyhexan-2-one (104a,b)(Table 8, entry 1).
Purified using column chromatography (EtOAc/cycicdmee 1:4) to yield the
mixture of syn/anti diastereomers (1.5:1) of thke tcompound as a colourless
oil (yield: 0.786 g, 89%). The diastereomers wespasated on a semi-
preparative HPLC column (EtOAc/cyclohexane 1:6).
(4R,5R)-5-(4-Chlorophenyl)-4-hydroxyhexan-2-di#la
'H NMR (500 MHz, CDC}) 7.29 — 7.26 (m, 2H); 7.21
oH ©  _7.11 (m, 2H); 4.06 (dddd, 1H, J = 7.8, 5.8, 3.8,
S o Hz); 3.13 (d, 1H, J = 3.8 Hz); 2.73 (qd, 1H, J 8,7..0
CoHieCIO, Hz): 2.41 - 2.39 (m, 2H); 2.08 (s, 3H); 1.33 (84,3 =
Mol. Wt.:226,70 7 0 Hz)."*C NMR (100 MHz, CDGJ) 17.3, 30.8, 44.3,
47.4, 71.4, 128.4, 129.5, 132.3, 141.4, 209.4. HR(#BB+) exact mass
calculated for [M+H] (Ci,H1ClO,) requires m/z 227,0839, found m/z
227.0822. Elemental analysis (%), calculated fgHGCIO,: C 63.58, H 6.67;
found C 63.39, H 6.90. IR (film)/cm™ 3464, 2964, 2927, 1711, 1492, 1411,
1360, 1091, 1012, 828u]f% +17.8 (c 1.60, n-heptane). HPLC: CHIRALPAK
AD, n-heptane/i-PrOH, 98:2, 1.0 rihin™, 230 nm, ee = 72%g (major) = 16.0
min; tg (minor) = 17.3 min.
(4R,5S5)-5-(4-Chlorophenyl)-4-hydroxyhexan-2-drelb
'H NMR (500 MHz, CDC}) 7.30 — 7.26 (m, 2H); 7.21 — 7.18 (m, 2H); 4.17
(ddd, 1H, J=9.2, 6.00, 2.8 Hz); 2.78 (qd, 1H,d.Z 6.0 Hz); 2.58 (dd, 1H, J =

Cl
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17.3, 2.8 Hz); 2.43 (dd, 1H, J = 17.3, 9.2 Hz)42(&, ©

OH O
3H); 1.29 (d, 3H, J = 7.2 HzJ’C NMR (125 MHz, :
CDCl) 17.3, 30.8, 44.3, 47.4, 71.4, 128.4, 129.5, 132.3 CHy  104b

ClelSClOZ

141.4, 209.4. HRMS (FAB+) exact mass calculated for ;. "\t 226,70
[M+H]" (C;-H16CIO,) requires m/z 227,0839, found m/z 227.0822. Elagaien
analysis (%), calculated for,€,sCIO,: C 63.58, H 6.67; found C 63.45, H
6.90. IRVmax(film)/cm™ 3464, 2964, 2927, 1711, 1492, 1411, 1360, 10912,10
828. p]*b +45.4 (c 1.00, n-heptane). HPLC: CHIRALCEL OJ, eptane/i-
PrOH, 97:3, 0.5 mIin™, 230 nm, ee > 99%:; t 16.0 min.

4-Hydroxy-5-phenylhexan-2-one  (105a,b). Purified using column
chromatography (EtOAc/cyclohexane 1:4) to yield tmeture of syn/anti
diastereomers (1.5:1) of the title compound as witdss oil (yield: 615 mg,
83%). Diastereomers were separated on a semi-pitearHPLC column
(EtOAc/cyclohexane 1:6).
(4R,5R)-4-Hydroxy-5-phenylhexan-2-ori®5a 'H NMR (500 MHz, CDC))
7.32 —7.29 (m, 2H); 7.24 — 7.16 (m, 3H); 4.09 (dtid, J
M =79, 58 58Hz): 274 (qd, 1H, J = 7.9, 7.0:HZ}2 -
éHg 1054 2.40 (m, 2H); 2.07 (s, 3H); 1.36 (d, 3H, J = 7.0 HXC
CioH1 05 NMR (100 MHz, CDC})) 17.6, 30.7, 45.4, 47.9, 72.1,
Mol Wt:192.25 1766, 127.6, 128.6, 143.8, 210.1, in accord wite t
literature datd> HRMS (FAB+) exact mass calculated for [M+H]C1,H170>)
requires m/z 193.1229, found m/z 193.1236. Elememalysis (%), calculated
for C,H160,: C 74.97, H 8.39; found C 74.48, H 8.50.MR« (film)/cm™ 3461,
2965, 1708, 1493, 1452, 1361, 1164, 708°°} +13.8 (c 1.23, n-heptane).
HPLC: CHIRALPAK AD, n-heptane/i-PrOH, 98:2, 1.0 hin™, 254 nm, ee =
72%: & (major) = 14.9 min;g (minor) = 15.8 min.
(4R,5S)-4-Hydroxy-5-phenylhexan-2-oi®5b ‘H NMR (500 MHz, CDC))
7.34 - 7.31 (m, 2H); 7.26 — 7.22 (m, 3H); 4.20 (ddiHl, J = 9.3, 6.1, 2.6 Hz);
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2.82 (qd, J = 7.0, 6.1 Hz); 2.58 (dd, 1H, J = 12.B, Hz);

OH O
2.47 (dd, 1H, J = 17.2, 9.3 Hz); 2.14 (s, 3H), 1(B13H, J :
= 7.0 Hz).*C NMR (125 MHz, CDGJ) 17.0, 30.8, 45.0, L ios
3
47.3, 71.7, 126.6, 128.1, 128.4, 142.8, 209.4, deoa CyoHeOs
Mol. Wt.: 192,25

with the literature dat®¥ HRMS (FAB+) exact mass
calculated for [M+H] (Cy2H170,) requires m/z 193.1229, found m/z 193.1236.
Elemental analysis (%), calculated fog.,60,: C 74.97, H 8.39; found C
74.62, H 8.60. IRV (film)/cm'1 3461, 2965, 1708, 1493, 1452, 1361, 1164,
702. ]*%, +32.7 (c 1.97, n-heptane). HPLC: CHIRALCEL OJ, eptaneli-
PrOH, 90:10, 1.0 minin™, 254 nm, ee > 99% £ 13.4 min.

(syn+anti)-4-Hydroxy-4-(tetrahydrofuran-3-yl)butan- 2-one (1:1 mixture,
106a,b) Purified using column chromatography (EtOAc) telgia mixture of
inseparable syn/anti diastereomers (1:1) of tileygound as
. colourless oil (yield: 432 mg, 71%jH NMR (500 MHz,
A\ 1osas106s CDCl) 3.97 — 3.67 (m, 9H): 3.51 — 3.48 (m, 1H): 2.6, (d
MoI.C‘\;\|/-:.1:2(1)§6,18 1H, J = 17.5, 2.0 Hz); 2.56 — 2.50 (m, 3H): 2.32.24 (m,
2H); 2.174 (s, 3H); 2.170 (s, 3H); 2.03 — 1.97 {MH); 1.94 —
1.87 (m, 1H); 1.87 — 1.79 (m, 1H); 1.57 — 1.49 {H). °C NMR (125 MHz,
CDCl) 28.1, 28.7, 30.7, 44.4, 48.4, 48.5, 68.0, 68&88,669.6, 70.5, 209.4,
209.5. HRMS (FAB+) exact mass calculated for [M*KJsH1505) requires m/z
159,1021, found m/z 159.1014. Elemental analysis (&culated for gH140x:
C 60.74, H 8.92; found C 60.38, H 9.10. VR, (film)/cm™ 3411, 2936, 2873,
1709, 1361, 1066. CHIRALPAK AD, n-heptane/i-PrOH,:3, 1.0 mlmin™,
280 nm, ee = 71% (for | diastereomer), ee = 71%l(fdiastereomer):gt(major
1) = 32.1 min; & (major Il) = 34.3 min; ¢ (minor |) = 36.6 min; & (minor II) =
41.6 min.

OH
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(S)-2-((R)-Cyclopentyl(hydroxy)methyl)cyclopentanoe (111a). Purified
using column chromatography (EtOAc/cyclohexane Ri4s

0

H o
0.48) to yield the title compound as a colourleds(yoeld:

112 mg, 16%)H NMR (400 MHz, GDg) 4.15 (dd, 1H, J =

Clllll—|lf802 1.8, 1.0 Hz); 3.49 (ddd, 1H, J = 8.4, 3.4, 1.8 HzB5 — 1.44

Mol. Wt.: 182,26 11, 13H): 1.36 — 1.30 (m, 1H); 1.10 — 0.90 (m, 2K NMR

(100 MHz, CDC}) 20.7, 25.7, 25.8, 26.0, 27.1, 28.8, 38.7, 43%3574.3,

224.2. HRMS (FAB+) exact mass calculated for [M*KT..:H140,) requires

m/z 183,1385, found m/z 183.1374. Elemental analy%b), calculated for

CuH1g0,: C 72.49, H 9.95; found C 72.28, H 10.10.VR. (film)/cm™ 3496,
2952, 2867, 1720, 1405, 1158]%5 -119.0 (c 1.00, n-heptane).

;.

(S)-2-((S)-Cyclopentyl(hydroxy)methyl)cyclopentanoe  (111b). Purified
using column chromatography (EtOAc/cyclohexane R4,

0

H o
= 0.25) to yield the title compound as a colourleisgyield:

e 302 mg, 43%)'H NMR (400 MHz, GDg) 3.88 (dd, 1H, J =
CiHigO, 9.2, 2.0 Hz); 2.02 — 0.86 (m, 16HC NMR (100 MHz,
Mol. W+ 182,26 CDCl) 20.6, 22.4, 25.4, 29.1, 29.9, 39.0, 44.2, 53407
221.6. HRMS (FAB+) exact mass calculated for [M*KT..:H140,) requires
m/z 183,1385, found m/z 183.1351. Elemental analy%b), calculated for
CuH10,: C 72.49, H 9.95; found C 72.21, H 10.20. VR (film)/cm™ 3451,
2953, 2869, 1732, 11561)f°% +152.0 (c 1.00, n-heptane). HPLC: CHIRALCEL
OD, n-heptane/i-PrOH, 90:10, 1.0 fmhin™, 280 nm, ee = 96%; (major) = 5.4

min; tz (minor) = 4.7 min.

i

(S)-2-((R)-Cycloheptyl(hydroxy)methyl)cyclopentanoe (114a) Purified
using column chromatography (EtOAc/cyclohexane R:4; 0.62) to yield the
title compound as a colourless oil (yield: 211 2§%).'H NMR (400 MHz,
CeDe) 3.45 (dd, 1H, J = 9.2, 2.0 Hz); 1.90 — 1.10 (8HY), 1.10 — 0.97 (m, 1H);
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0.90 — 0.79 (m, 1H)*C NMR (100 MHz, GD¢) 20.4, 26.4,
26.6, 27.4, 27.9, 28.9, 32.9, 38.0, 42.8, 51.67,7223.6.
HRMS (FAB+) exact mass calculated for [M+H

(CisHsOy) requires m/z 211,1698, found miz 211.1675. ¢ 410,
Elemental analysis (%), calculated fog€,,05: C 74.24, H Mol Wt- 210,31
10.54; found C 73.96, H 10.80. NR.. (film)/cm™ 3498, 2923, 1712.a[*% -
90.3 (c 1.00, n-heptane). HPLC: CHIRALCEL OJ, niaep, 0.5 mimin?, 280

nm, ee = 83%:t(major) = 19.4 min;g& (minor) = 21.1 min.

10
T
(@]

¢

(S)-2-((S)-Cycloheptyl(hydroxy)methyl)cyclopentanoa  (114b). Purified
QH o using column chromatography (EtOAc/cyclohexane Rd4,
Q/:\é = 0.40) to yield the title compound as colourlesgstals
114b (yield: 406 mg, 50%). Mp 72 — 74 °éH NMR (400 MHz,
Vol %58 31 CeDe) 3.87 (dd, 1H, J = 8.2, 1.8 Hz); 2.01 — 1.15 (9}
0.98 — 0.89 (m, 1H)°C NMR (100 MHz, GDg) 20.8, 22.9,
26.6, 26.8, 28.8, 29.3, 29.6, 30.7, 38.8, 43.43,523.3, 219.8. HRMS (FAB+)
exact mass calculated for [M+H]C;3H,:0,) requires m/z 211,1698, found m/z
211.1724. Elemental analysis (%), calculated feHgO,: C 74.24, H 10.54;
found C 74.05, H 10.70. IRy (KBr)/cm™ 3441, 2912, 17240]*, +157.4 (¢

1.00, n-heptane). HPLC: CHIRALPAK AD, n-heptane/OPi, 98:2, 1.0
mLhin™, 280 nm, ee = 85%; (major) = 28.5 min;& (minor) = 26.8 min.

(S)-4-(4-Chlorophenylamino)-4-cyclopentylbutan-2-oa (123) Purified using
cl column chromatography (EtOAc/cyclohexane 1:4,=R
\©\ 0.40) to yield the title compound as a brown oikelg-

" [ 535 mg, 53%)H NMR (400 MHz, CDC}) 7.08 — 7.06

123 (m, 2H); 6.53 — 6.51 (m, 2H); 3.76 (br. s., 1H)7B.—~

Cy5H20CINO 3.64 (m, 1H); 2.67 (dd, 1H, J = 16.7, 5.1 Hz); 2(6d,
Mol WL:265.78 11 3= 16.7, 5.4 Hz): 2.12 (s, 3H): 2.11 — 2.02 TH):
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1.82 — 1.48 (m, 6H); 1.28 — 1.16 (m, 2H). ESI-M&e&xmass calculated for
[M+H]" (C1sH,:CINO) requires m/z 266,13117, found m/z 266.13084V max
(film)/cm™ 3386, 2952, 2866, 1708, 1598, 1504} +7.5 (c 1.00, n-heptane).
HPLC: CHIRALCEL OD-H, n-heptane/i-PrOH, 90:10, InfLin, 254 nm,

ee = 19%:4 (major) = 6.6 min;& (minor) = 5.4 min.

(S)-4-Cyclopentyl-4-(4-methoxyphenylamino)butan-2ne (124). Purified
HsCO using column chromatography (EtOAc/cyclohexane
\©\ 1:4, R = 0.40) to yield the title compound as a brown
I oil (yield: 566 mg, 57%)'H NMR (400 MHz, CDC))
124 6.75 — 6.73 (M, 2H); 6.58 — 6.56 (M, 2H); 3.723(d);
Ci6H2aNO, 3.66 — 3.61 (m, 1H); 2.64 (dd, 1H, J = 19.1, 5.5;Hz
Mol Wt: 261,365 60 (dd, 1H, J = 19.1, 55 Hz): 211 (s, 3H): 242
2.01 (m, 1H); 1.83 — 1.75 (m, 1H); 1.70 — 1.47 &id); 1.31 — 1.19 (m, 2H}*C
NMR (100 MHz, CDC}) 25.30, 25.39, 29.63, 29.66, 31.0, 45.1, 46.93,55.
55.6, 114.85, 141.72, 151.9, 208.6. ESI-MS exacsnwalculated for [M+H]
(C16H24NO,) requires m/z 262,18070, found m/z 262.1794)%°f +1.2 (c 1.00,
n-heptane). HPLC: CHIRALCEL OJ, n-heptane/i-PrOH;59 1.0 miltin™,

254 nm, ee = 4%git(major) = 17.1 min;g(minor) = 15.4 min.
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