Scuola Normale Superioredi Pisa
Classe di Scienze

Corso di Perfezionamento in Scienze Chimiche
Ph.D. Thesis

wiby
=

o

Synthesisand use of bile acid derived
organocatalysts

Author
Gian Luigi Puleo

Supervisor
Prof. Anna luliano

Pisa, May 2009






A mio padre, a mia madre e a mia sorella






“Se non temi Dio, temi | metalli.”
GABRIEL GARCIA MARQUEZ






| ndex

Summary 1
Scope of this Thesis 6
Chapter 1-Organocatalysis by proline derivatives 9
1.1 Introduction 10
1.2 Enamine generalized catalytic cycle 14
1.3 Structural features of enamine based organoc#talys 17
1.4 Proline derived organocatalysts for aldol reaction 19
1.5 Prolinamide derived organocatalysts in aldol reacti 29

Chapter |1-Bile acids as scaffold in organic chemistry 43

2.1 General features of bile acids 44
2.2 Bile acid derivatives as scaffolds in recogmitprocesses 45
2.3 Bile acids as scaffolds in chiral discriminatjgrocesses 48
2.4 Cholestanic backbone as chiral structure fansoselective
reactions 53
Chapter 111-Synthesis of organocatalysts 61
3.1 Prolinamide derivatives 62
3.2 Bis-prolinamide derivatives 69
Chapter 1V-Organocatalytic aldol reaction 75
4.1 Direct asymmetric aldol reactions 76
4.2 Water as solvent in organocatalytic aldol neast 85
4.3 Direct aldol reactions in water and organic iaed 87
Chapter V-Organocatalytic Michael reaction 97
5.1 Organocatalytic Michael reactions 98

5.2 Bile acid derived organocatalysts in Michaelkt®ns 103



Chapter VI-Studieson B3b and its cyclopentanone

enamine 111
6.1 NMR measurements 112
6.2 PCM in solvation modelling 115
6.3 Computational studies 118
Conclusions 127
Chapter VII-Experimental section 133
7.1 General procedures and materials 134
7.2 Instrumentation 134
7.3 Synthesis of monoprolinamide derivatives 135
7.4 Synthesis of bis-prolinamide derivatives 162
7.5 General procedure for aldol reactions 170
7.6 General procedure for Michael reactions 172
7.7 Computational details 172
Bibliography 175

Ringraziamenti 189



Summary

The enantioselective formation of C-C bonds prowholby chiral
organic molecules (asymmetric organocatalysts) esspits an
attractive approach for the synthesis of enanticxalty enriched
products. Organocatalysts are usually endowed wi#ntness and
robustness, so that demanding reaction conditisash as inert
atmosphere or absolute solvents, are not requifbese features
make advantageous the use of organocatalysts dngtearganic
ligands in transition metal complexes to promoteynasetric
transformations. For these reasons, since List Badbas have
reported the use of L-proline as organocatalyst floe direct
asymmetric aldol reaction, the last nine years hanmessed an
explosive growth of asymmetric organocatalytic noeh (Chapter 1)
First, a lot of effort was devoted towards the bgsis of new
organocatalysts and, in this context, a great aéainterest was
addressed to the development of proline contaisysgems to be used
in the asymmetric formation of C-C bonds via enanpathway, such
as aldol and Michael additions (Chapter | and Gérag). The interest
in the development of this kind of system liesha tonsideration that
some molecular architectures, where proline iselthkfiorm a chiral
cleft that can mimic the active site of the classldolase enzymes,
which catalyse enantioselective C-C bond formingctiens by an
enamine pathway (Chapter I).

Secondarily, the organocatalytic version of a cloamiransformation
offers the advantage to be environmental friendgcause no metal



species are involved, and to perform the reactighout the use of
inert atmosphere or absolute solvents (Chapter I).

Recently a new type of organocatalyst was propoted, joins the
features of proline and those of a chiral natunadpct. Among
natural products, bile acids look very interestifog this purpose
because not only they have been employed sucdgsdsful our
research group as chiral auxiliaries in variousrathrecognition
processes, but also because the cholestanic backbod the
appended substituents form a chiral hole which ccoklp the
enantioselection (Chapter II).

These considerations have prompted us to propodieisiPhD Thesis,
new organocatalytic systems based on proline mdiekgd to bile
acid scaffold. In fact the longstanding experienoe bile acid
chemistry of the research group where this Thesas werformed
allowed us to develop and use a new concept retatdte molecular
recognizing properties of the cholestanic backb(@eapter II): its
simple and readily accessible semi-cavity can mithie enzyme
chiral cavity responsible for enantioselection lass | Aldolase; in
this particular micro environment the prolinamideiety can show
catalytic activity in a really well defined conceated organic phase.
(Chapter llI)

By transforming the hydroxyl groups of the choliedadeoxycholic
acids into amino groups and derivatizing them wptoline, new
asymmetric organocatalysts have been obtainedinyles selective
and low cost synthetic methods. Since the enastodiination
capability of bile acid derivatives depends strgngh the position



where the substituent is located, the three hydomataining

positions of cholic and deoxycholic acids were formalized

obtaining the 3,7 and 12 proline derivatives, shawRigure 1; either
L and D proline were introduced to evaluate the bestch between
the stereochemistry of the bile acid and the albsatanfiguration of
proline for the asymmetric organocatalysis; moreaezivatives with
free hydroxyl groups were synthesized to contrel plosition of the
substrate in the cavity of organocatalyst (Chalbter

Bla R=0OAc R1=L-Pro R2=H
B1b R=OAc R1=D-Pro R2=H
Blc R=OH R1=D-Pro R2=H
B2a R=L-Pro R1=OH R2=H
B2b R=D-Pro R1=OH R2=H
B3a R=R2=0OAc R1=D-Pro
B3b R=R2=0OH R1=D-Pro
B3c R=R2=0OH R1=L-Pro
B4a R=R1=0Ac R2=L-Pro
B4b R=R1=0Ac R2=D-Pro
B4c R=R1=0OH R2=L-Pro
B4d R=OH R1=0Ac R2=L-Pro

Figure 1: structure of bile acid derived organocatalysts

In order to investigate also the possible coopegagffect of two
proline moieties linked to the cholestanic backhome propose for
the first time 12,7 bisprolinamide cholic derivasy as reported in
Figure 2 (Chapter IlI).
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AcO™ "0 y HN
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Figure 2: bisprolinamide bile acid derivatives

This new family of organocatalysts was first testedrganocatalytic
aldol reaction between acetone and aromatic aldehgdd gave good

results in terms of enantioselectivity and yield.particular the bile



acid derivatives bearing the D-proline moiety a gosition 12 of the
steroid skeleton B1b, B3a, B3b) were the most active and
enantioselective. In addition, the presence of @ékgroups at 3- and
7-positions of cholic acid afforded the most effiti organocatalyst,
able to promote the asymmetric aldol reaction betwacetone and 4-
nitrobenzaldehyde even with a very low catalysiding (2%) with
e.e. up to 80% (Chapter V).

Further studies realized that organocataB8b is able to catalyze
without the presence of any additive also the atdattion between
cyclic ketones and electron-poor aromatic aldehydésrding aldol
products in good yield and e.e.s up to 98%, in watea solvent.
Interestingly water made easy the recovery of tloelyct, produced a
great increase of reaction rate and, in the casyabpentanone, led
to the achievement of the opposite diastereoisawtarrespect to the
use of organic solvent (Chapter V).

With the idea of extending the scope of this newnifia of
organocatalysts we used our new systems in thenocgsalyzed
Michael reaction between traBsnitrostyrene and cyclohexanone,
evidencing a dependence of the behaviour of thgsteras on the
solvent, which lead to the change of the asymmaetdaction sense in
passing from protic to aprotic solvents. In pafacuthe derivative
B4b bearing a D-proline in position 7 was very intéres for
enantioselectivity in the Michael reaction betwekatones and
nitroolefins with good conversion in few days ané.eup to 95%
(Chapter V).



The formation of an enamine transition state betwedz3b

organocatalyst and cyclopentanone was investigatesbmputational
studies: we chose polarizable continuum model éncise of DCM as
solvent and we performed calculations in the preseof explicit

molecules in the case of water in order to desdhbepresence of H-
bond. Structural information coming from NMR stusliwas used to
build up the starting geometries for the calculaiowhich revealed
energy differences for the enamine intermediatgseni@dng on the

solvent. (Chapter VI)



Scope of thisThesis

The central idea of this work was design, synthesid study of
catalytic activity and enantioselectivity of new ganocatalysts
containing a chiral cavity mimicking the enzymatpmocket of
Aldolase I. Following the longstanding interestonfr research group
in the use of bile acid derivatives in enantiosilec processes,
attention was addressed to the development ohoagaialysts having
bile acid structure, where, because of its consaneeture, due to the
cis junction of the A and B cyclohexanic rings (Figugg, the
cholestanic backbone and the appended substits@oidd form a
chiral cleft that can help the enantioselectioradidition, the presence
of free hydroxyl groups can constitute a furthervaadage by
controlling, via hydrogen bonds, the position oé thubstrate in the

cavity of organocatalyst.

R= OH cholic acid
R=H deoxycholic acid

Figure 3: cholic and deoxycholic acid structure

In particular in this project were synthesized:

A wide class of monoprolinamide derivatives of kaleids, in
order to find the right match between proline ahdlestanic
backbone. In particular synthesis of proline ddes in

different position of bile acid could throw lighhdhe influence



of position of proline moiety in the cholestanic ieavity on
selectivity of organocatalyst.

» A class of bisprolinamide derivatives of bile acitiat could
take advantage from the cooperative effect of twoliqe

moieties.

In designing synthesis of these derivatives atventias been paid to
the use of low cost, easy and fast procedures dieroio improve
availability of the new organocatalysts.
Activity and enantioselectivity of this new orgaatalysts have been
studied with particular attention to:

» Aldol reaction

* Michael reaction
During the activity studies evaluation of parametdrat can improve
rate of different reaction (temperature, solverdatalyst loading,
reagents...) was considered. The possibility to caut/reactions in
water and with very low catalyst loading was checke order to
evaluate ecosostenibility of the chemical process.
Experimental results were collected and analyzeith wie help of

conformational and computational studies.

Part of this work is collected in the following iales:

» Puleo, Gian Luigi; Masi, Matteo; luliano, Ann&ynthesis of
proline derivatives of bile acids and ther evaluation as
organocatalysts in the asymmetric direct aldol reaction.
Tetrahedron: Asymmetr®007, 18(11), 1364-1375



 Puleo, Gian Luigi; Iluliano, Anna. Methyl 12-[D-
prolinoylamino] cholate as a versatile organocatalyst for the
asymmetric aldol reaction of cyclic ketones. Tetrahedron:
Asymmetry2007, 18(24), 2894-2900

* Puleo, Gian Luigi; luliano, Annaubstrate control by means of
the chiral cavity of prolinamide derivatives of cholic acid in the
organocatalyzed Michael addition of cyclohexanone to
nitroolefins. Tetrahedron: Asymmetr3008, 19(17), 2045-2050.
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Organocatalysis by prolinederivatives



1.1 Introduction

Organocatalysis is the acceleration of chemicaktieas with a
substoichiometric amount of an organic compoundiclwliloes not
contain a metal atom.

The word organocatalysis, proposed by David MacMill derives
from “organic catalysis”, a concept developed i”29%y Wolfgang
Langenbeck and originally indicating the use andlgtof a reaction
catalyzed by an organic compoufid.Historically the first example
of a completely organocatalyzed reaction was prefppas 1860 by
Justus von Liebi§® in his synthesis of oxamide from dicyan and

water, using acetaldehyde as catalyst.

Scheme 1 First organocatalytic reaction and Jutus von lgetli;fther

In 1960s Yasnikov studied the catalytic activity aino acid in
aldol-like condensation and reported kinetic andcimaaistic studies
on activation of carbonyl groupln early 1970s Hajos and Parrish at
Hofmann La Roche proposed the first proline-catdyZRobinson

anulation} and in the same year, Eder, Sauer and Wiethdth the

" In many cases it is difficult to define the boang between organometallic and purely organic
asymmetric catalysis. Organometallic reactionsyimich a catalytic amount of an organic ligand
participates, are not considered as organocatabaictions. The elements that can be contained in
“organic” compounds can also be decided arbitraiityparticular for metalloid elements. For
example, according to general consensus, silicowtisonsidered to be a metal, but boron is. On
the other hand, the absence of a metal is not swl@b criterion: Thus, in phase-transfer reactions
a metal ion (e.g. NaK", Cs) may play an indirect role through associatiorhwite base. For this
reason, in organocatalytic reactions the “abseriamatals” is more correctly considered within
the context of the postulated “primary” catalyticke. For more information about organocatalyst
see also P. I. Dalko, L. MoisaAingew. Chem.. Int. Ed. 2004, 43, 5138-5175.
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mechanistic interpretation offered by Agamfnasontributed to
develop the Hajos-Parrish-Eder-Sauer-Wiechert pobdtdor this

reaction that was used to synthesize starting madgefor industrial

synthesis of steroidal derivatives and other patiicyinteresting

organic compounds’

Between 1968 and 1997, there were only a few remamncerning the
use of small organic molecules as catalysts foamreactions, but
in these early publications, there was no emphasishe potential
benefits of using organocatalysts or on the demainsh of new

organocatalytic concepts.

\\\\\

o o}

Q
?% (S)-Proline /J/i\/@ .
o — 0

2
(Wieland- Mieschr Ketone)

Cortisone

OH
=
SOL
(0]

Progesterone Norethindrone

Scheme 2 Hajos-Parrish-Eder-Sauer-Wiechert reactions

In the late 1990s, however, things began to chavigen Yian Shf
Scott Denmarkand Dan Yand® and their co-workers, demonstrated
that enantiomerically pure ketones could be usecatalyse the
enantioselective epoxidation of simple alkenes.rtBhafterwards,
Eric Jacobséen and Elias J. Corel?, and their co-workers, described
the first examples of hydrogen-bonding catalysis, a Strecker
reaction, and Scott Miller and his co-workérstroduced the use of
short peptides for the enantioselective kinetiokdggon of alcohols.
Although, collectively, these works did not coneepize
organocatalysis as a field of research, they detrated for the first
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time that small organocatalysts could be used twesomportant
problems in chemical synthesis. It was not untiD@0Ohowever, that
the field of organocatalysis was effectively lavedhby two papers
that appeared almost simultaneously: one from G&hkrbas, Richard
Lerner and Benjamin List, and the other from MacMillan research
group®®

O o] COOH O OH

N List reactio
PR N (20-30 mol%)
A, " A,

H3C™ CHs R
DMSO, 1, 24-72 h -
_ —— 11 up to 97% yield
R= Cy, i-Pr, i-Bu up to 99% ee

Me
@) N>\\Me
PhHZCI Me
0 H H H
@ + R/\)J\H 10-20 mol% cat. MO McMillan reaction
N THF/H,0 -60°- -30C ~R
\ N N
ChHa CHy !
R: Me, n-Pr, i-Pr, Ph S .
! up to 87% yield

up to 93% ee
Scheme 3 List’s organocatalytic reaction and McMillan Miadaeaction

The explosion of this field makes organocatalysgpad candidate to
develop some new methodologies in asymmetric ocgapnthesis.
The broad utility of synthetic chiral molecules as $@gnantiomer
pharmaceuticals, as electronic and optical deviass;omponents in
polymers with novel properties and probes of bimabfunctions, has
made asymmetric catalysis a prominent area of tigasn. Until a
few years ago, it was generally accepted that itransmetal
complexes and enzymes were the two main classesrgfefficient

asymmetric catalysts.
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In comparison with metal asymmetric catalysts, nogatalysts are
generally insensitive to oxygen and moisture, vehs no need for
special experimental techniques or for ultra-dagents and solvents;
a wide variety of organic reagents — such as amawoids,
carbohydrates and hydroxy acids — are naturallyilava from
biological sources as pure enantiomers. Preparafionganocatalysts
is usually cheap and they are accessible in a rafigguantities,
suitable for small-scale reactions to industrialscreactions. Some
critics suggest that low turnover numbers mightitlithe potential
uses of organocatalysis for industrial applicatjobat, in general
organocatalysts are cheaper than metal based statalyd they can be
used in larger amounts than metal-based ones atahe price.
Moreover, organocatalysts are typically less tdtian metal catalysts,
can be tolerated to a large extent in waste streantdsare more easily
removed, again mitigating the cost of high catalyatlings.
Organocatalytic methodologies are also good alteewm to
enzymatic reactions, working well both in organindaaqueous
solutions without denaturation nor product inhiniti Extreme
specificity of enzymes lead to the production ofitde range of
substrates and in a well defined configuration: $och a reason,
enzymatic synthetic pathways to obtain two différenantiomers of
the same molecules are in general longer than oogdalytic
processes; in fact organocatalysts are more viersatirecognizing
different substrates and, in a lot of reactionganging of only one

stereocenter in organocatalyst structure leadstgptete inversion in

13



stereochemical outcome of reactions, broadeningstiope of this
methodology.

1.2 Enamine generalized catalytic cycle™®

As proposed by List all organocatalyst mechanisms can be broadly
classified as presented in Figure 4.

® O
SN
@
P

P-H
Brgnsted Base catalysis Bragnsted Acid catalysis
® ©®
S B S A

S \

[S)

B: (‘D@ A A—
P P

Lewis Base catalysis Lewis Acid catalysis

Figure 4. General mechanism of organocatalysis

Accordingly, Brgnsted base and acid catalytic cyelee initiatedia a

@
=)

partial or total deprotonation or protonation obswate S; we can
include in this group both general Brgnsted baassjyuanidine and
chinchona alkaloids derivatives, and general Bmeahsacids, as
phosphoric acids, thioureas and diols derivatives.

In the second case, Lewis base catalyst (B:), lahsmwn as donor,

initiates the catalytic cyclgia nucleophilic addition to the substrate

14



(S), that behaves as acceptor. The resulting compledergoes
reaction and then releases the product (P) andatadyst for further
turnover; in a similar way, Lewis acid catalyst (Ahat displays
acceptor role, activates nucleophilic substratey (Sthis case donor,
and then the reaction takes place, followed by riflease of the
product (P:).

While Lewis acid catalysis is used mainly to explgbrocess
acceleration in the presence of ammonium saltgphasic systems,
Lewis base catalysis is represented by feat majority of
organocatalysts: amines, phospines, sulphidesgrash all of them
possess an electron doublet to form a new bond sulistrate and to
active it to the following reaction. The most knovrewis base

catalysis patterns are listed in Scheme 4.

NP ~\ ©
@ N (0] N (@)
~
Q NH, 17 N | E
. )J\ | Ri . N
1 —_— -HX -
v R x N
Iminium catalysis “ -H® 2-Ammonium Enolate catalysis
o - \N/ o \N/ Oe
rlle e | /Y E
Rl —_— Rl N | o
R, -HO R, |
. . Ne
Enamine catalysis |
N NUu 3-Ammonium Enolate catalysis
N
o | O/|\ X o &
X I R -HX R :
AcyI-Ammé)nium catalysis S-ylide catalysis
1 N,
o l\i leﬂE '|3 |/ @/-\E
1
: P
J [ 2N eH AEWG — 7o EWG
R s [ )= . .
S R P-ylide catalysis
Carbene catalysis N Nu
o ~! - )J\ )J\ |
c SN e R™ X o7 RN
I e R
o
H R R Acyl-Phosphonium catalysis

1-Ammonium Enolate catalysis

Scheme 4: Lewis base catalysis patterns
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The vast majority of organocatalytic reactionsegresented by amine
based reactiorfd;so we will focus on one of the most used concept in
organocatalysis, in order to offer a good backgdouor the
comprehension of this research work: the enamineergézed
catalytic cycle (Scheme 5).

\N/
Y
o) R X
RJ\
- H,0

®

~, +H0 \N/
H ‘7_ l

R)\
o X

X=Y: C=0, C=N, C=C, N=N
Scheme 5 The enamine catalysis cycle

The donor molecule can be activated through thend@ion of an

enamine, which leads to an increase in the eleatlemsity at the
reactive center or centers. Chiral secondary amatalysts can form
imonium ions with ketones or aldehydes. These img¢gliates react by
iImine—enamine tautomerism or a related mechanisnmfotmm a

nucleophilic enamine species, which can be tragmetveniently by
an activated electrophile, for example, an aldehykletone, or
azodicarboxylate.

Normally organocatalysts possess more than twdiveacentres that
can react in different manner, either by Brgnstd-base mechanism
and by Lewis acid-base mechanism, as reported beldast

organocatalysts used currently are bifunctionammonly with a

Bronsted acid and a Lewis base cefit&ifunctional organocatalysts
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activate both the donor and the acceptor, thusltreguin a

considerable acceleration of the reaction rate.

1.3 Structural features of enamine based organocatalysts
Organocatalysts that display a typical enamine igdized catalytic
cycle present a huge variety of structures, butsih@lest structure
proposed for an organocatalyst, derived by the Idiogiion of
peptide structure, is aminoacidic. The most usedn@ecid as
organocatalyst is proline, an abundant chiral mdé&cthat is
inexpensive and available in both enantiomeric forim addition,
there are various chemical reasons that contriboitehe proline
success in catalysis. Proline is bifunctional, vatbarboxylic acid and
an amine portion. These two functional groups aath lact as acid or
base and can also facilitate chemical transformation concert,
similar to enzymatic catalysis. While enzymes tgfic use several
different functional groups in their catalytic mawdry, bifunctional
asymmetric catalysis has become a very successategy in the
laboratory??

While all of these criteria apply for all amino dsj proline is a
secondary, cyclic, pyrrolidine-based amino acid. #nique
consequence of this property is the increasegvyattue of its amino
group compared to primary amino groups of othernaaxids. The
most important difference with respect to other ravacids is the
effectiveness of proline aminocatalysis — a Levasdstype catalysis
that facilitates iminium- and enamine-based tramsétions>> The
unique nucleophilic reactivity of proline is prinigr due to the

17



pyrrolidine portion, which forms iminium ions anchamines more
readily than other amines, including cyclic oneshsas piperidiné’
The carboxylic function further contributes to pnel aminocatalysis
by acting as general Brgnsted acid co-catalyst.

Thanks to List’'s seminal work, proline was usedeaganocatalyst in
the synthesis of different compourfdsjery interesting was the use of
proline-catalyzed aldol reaction of acetone withunbranched
aldehydes, starting step in the synthesis of theralapheromone (S)-

ipsenol 1°%2

or the use of proline-catalyzed intermolecularohld
reaction with acetone in the synthesis of complagas derivatives
2%°®(Scheme 6).

o o Proline, O OH N OH
P /U\)\ 10- 20mol% /U\/k)\ —_—
H —

CHCl3 34% yield (4 steps, 50% total yield) (S)-ipsenol 1
73% ee

OH (S)-Proline
><O"- © (30mol%)
o DMSO

# acetone e
07Q
>99% de, 2

Scheme 6 Synthetic application of proline organocatalysis

Proline is not the only organic molecule able tonpote enamine
based reactions, and not all enamine based reaataom be mediated
by L-proline. Furthermore, synthetic shortcomingersst; for

example, in the dimerization or oligomerization @funbranched
aldehydes it is difficult to avoid competing reacis. Moreover
proline is soluble only in water and agueous-orgamixtures of

solvents (like DMSO/water, DMF/water, THF/water)dathis fact can
limit the scope of this organocatalyst. Althouglolppre continues to

play a central role in aminocatalysis, its suprgmas being

18



challenged by new synthetic analogues able to ovegcsome typical
proline drawbacks, such as the high catalyst laadusually more
than 20%) or failure of the proline organocatalyzedctions with
some substrates (low yield and selectivity with tegkenone or
acetaldehyde).

1.4 Proline derived organocatalysts for aldol reaction®’

The design of new organocatalysts is devoted toodery of new
functional groups that can enhance the performaontgwoline, in
terms of catalytic activity and selectivity increas as well as
broadening of application.

A solution to increase the stereoselectivity is twodify the
substitution on proline ring, for example by usidnydroxyproline.
For example, among more than forty organocataliedted in the
enantioselective desymmetrization of meso-3,4-diswbed-1,6-
dialdehydes3, 4-hydroxyprolineda emerged as the best catalyst as far
as enantioselectivity is concerned. The intramd&caldol reaction
gave the corresponding chiral bicyclic compo&nah 66% e.e., albeit

.. o
N o
H OH
4a O\\]\ e G)J\ H
(20 mol%)

N
r \(\)

Ph

in low yield?® (Scheme 7)

CH,Cl,, 25T, 16h

5
(19%, 66% ee)

Scheme 7 Intramolecular aldol reaction catalyzed by 4-hygqroline 4

The hydroxylic group of catalysta was derivatized with different

groups, in order to obtain organocatalysts havietyeb efficiency or

19



displaying recyclable properties. The first examplas catalysib,
which has a polyfluorous tail anchored to the hygitgroup in order
to improve solubility of this organocatalyst in feifent fluorous
solvents (entry 1 in Table 1). As a result, thectiea could be
performed in a biphasic trifluoromethylbenzene/acet system
affording the expected produgtwith similar results to those obtained
using proline in DMSO. Decreasing the amount oflyat 4b to 7
mol % led to an important detrimental effect nolyasn the yield, but

also on the enantioselectivity.

Table 1: Aldol reaction catalyzed by derivatives of 4-hgxlyproline

02
6 7 8
Entry R Catalyst Reaction Conditions Yield (%) B8 (

1 GF1/(CHy), 4b Ref 29 72 73
2 Ph 4c Ref 30 75 76
3 Ph 4c Ref 30 81 75
4 ad Ref 31 41 86
5 3/02 de Ref 32 60 81

0
6 4f Ref 32 71 90

o

0,5
7 SN TS 4 Ref 33 94 82
N \95\@ 5 g

Catalyst4c allowed the reaction to be carried out either lassical
organic solvents or in ionic liquif. The reaction using acetone as

both source of nucleophile and organic solvent gdnee expected

20



product8 with similar results to those obtained using amddiquid
(entries 2 and 3 in Table 1). However, the catatgst be reused at
least four-times with decrease of yield, under tager reaction
conditions. Similar yields and enantioselectivitigere found when
other highly electrophilic aromatic aldehydes wased, while results
were accountably lower when benzaldehyde or p-nitsthyaldehyde
were used as the electrophilic partners of thel atdhation. In order to
increase the solubility of the catalyst in commoivents, compound
4d was prepared. However, the reaction had to beedaout at low
temperature in order to improve the previous eonastectivities, with
the normal cost of decreasing the chemical yielsb(@& 1, entry 4§!
The preparation of very hindered cataly$tsand4f allowed to reach
very good levels of enantioselectivity (entriesrid& in Table 1),
with the camphorsulfonyl derivativdf giving better results even
when using half amount of catalyétThe introduction of an ionic
liquid motif at the hydroxyl group in catalydy allowed to perform
the reaction under ionic liquid phase conditionghwiery good results
(entry 7 in Table 1). Although the enantioseletyiwas constant after
a six-fold recycling process, the chemical yieldfened a little
decreasé’® In addition to aceton®, other aliphatic ketones have been

used as a source of nucleophile in the intermoé@ltol reaction.

OH O
O O 4h,DMF, 4T, 1-4d : o,
Rp AL
! H

R H o |
R H0 § (}\(o
9 10 Ry N

anti-11 4h  H OH

R1=Me, nBu, iPr, CH,Ph
R,=Et, iBu, Ph, iPr

Scheme 8 Cross aldol reaction catalyzed 4y
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Catalyst4h (10 mol %) emerged from another related estevdtve
set as the best catalyst for the intermoleculaolatdaction using
enolizable aldehyde8 (5 equiv) as source of the nucleophile and
water (18 equiv) as the additive (Scheme 8). Thenmpeoduct was
the isomeranti-11, which was isolated aften situ reduction to the
corresponding 1,3-diol (29-97% vyield, 60-90% d7&;99% e.e.).
The length of the alkyl chain of the catalyst seénte play an
important role, with longer or shorter chains ggilower results; in
fact this organocatalyst generates emulsion betwedar and DMF,
allowing the reaction to take place in an emulssowvironment that
simulates slow addition conditiofs.

In some proline derivatives, carboxylic group wagstituted by
another functional group with similar pKn the reaction medium.
There are a lot of approaches in the design ofetltesnpounds and
we want to discuss the best known in order to thioe our synthetic
design choice.

Tetrazoles and carboxylic acids have similar agsepki, values.
However, tetrazole has a lower pKalue in DMSO (8.2) than in
acetic acid (12.3 Moreover, tetrazoles show higher solubility,
lipophilicity, and metabolic stability than the dogous carboxylic

acids, being frequently used as their bioisosteres.
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jl\/ + IS _Tetrazole
R cl3¢” H T ClC R CI C
o 8 cat. 25C 3 L 3

12 13

R,=Me, Et Ry=H antl 14 syn-14

or Ry Ro=-(CHp)3-, -(CHy)4-

N~ N
= =ICC
N NN N N
H H H
15

Scheme 9 : Aldol reaction catalyzed by tetrazole derivative

The reaction between different keton#2 (2 equiv) and chloral
monohydratel3 (Scheme 9) has been catalyzed by tetraZi® mol
%) in acetonitrile, affording the expected produetswvith high yields
(35-88%) and enantioselectivities (36— 97%).

As usual, when the reaction was performed usindgppgntanone as
the source of the nucleophile, isonsn-14 was the main product
(80% d.e.), whereas using cyclohexanone, the maidugt wasanti-
14 (92% d.e.). Other alkyl methyl ketones, as well addehydes
(trifluoroacetaldehyde monohydrate or aqueous ftdetgyde) could
be used successfully, with the reaction alwaysntakplace at the
methylene position of the ketone. Finally, it sltbbk pointed out that
the reaction can be also performed with aryl metkgtiones, this
being the only example presented in the literatinere aryl ketones
have been used. Cataly§t (20 mol %) has shown its activity in the
reaction between aceton@ (34 equiv) and several aromatic or
aliphatic aldehydes in DMSO/acetone mixture (4:4;),vachieving
products8 with good yields (65-82%) and enantioselectivit{63—
99%) in very short reaction times (10 min—13 h)eThgh solubility
of catalyst15 permitted its use in other solvents, as well ashm
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presence of 10 mol % of water without affecting #fierementioned
results’’ The related heterocyclic compouri® (20 mol %), in
conjunction with trifluoroacetic acid (20 mol %)a$ been used as
catalyst in the classical intermolecular aldol tmerc giving good
results®® For example, and only for comparison with othemlyats,
the reaction between stoichiometric amounts of cee® and p-
nitrobenzaldehyd& in THF at -5°C gave the expected prod8etith

67% vyield and 82% e.e..

The conversion of the carboxylic moiety o$)-proline into the
corresponding sulfonamide derivative would provide catalytic
system having, in general, similar acidity, but vehthe acidic, steric,
and electronic properties could be finely tunedst joy a simple

change of the sulfonyl moiety.

Table 2: Aldol reaction catalyzed by derivatives of sulfoide

O
O s
OH O

0 N HN-SO, C
0 17 :
)J\ + H
OoN O5N
6 7 8
Entry R Catalyst Reaction Conditions  Yield (%) @@ (
1 O 17a Ref 39 92 98
Me
2 O 17a Ref 40 96 84
Me
Me 17b Ref 41 78 79
Ph 17c Ref 41 49 84
17d Ref 42 47 63
o]
6 \g 17e Ref 42 78 60
O
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The synthesis of catalysi¥ was easily accomplished by coupling
the corresponding aryl- or alkylsulfonamide witholpre. The first
example was imidel7a, which gave excellent results in the
intermolecular aldol reaction of acetone, perfornmegolar aprotic
solvents such as DMSO or THEThe use of protic solvents, such as
methanol, led to a diminution of the yields andrerselectivities.
Catalyst17a gave better results in the preparation of compo8nd
(Table 2, entry 1), than simpl&){proline, with these results being
attributed to a better shielding of one of the passible enantiotopic
faces of the aldehyde by the aryl ring. Similarldsebut slightly
decreased enantioselectivities were obtained whenreaction was
carried out using an ionic liquid as solvent (er2rip Table 2}
Attempts to recycle catalyd¥a under the aforementioned conditions
failed, as a decrease in the yield and enantiasatgovas observed
in the successive reaction cycles. These results explained by a
possible leaching of the catalyst during produdrastion. Worse
results were obtained when catalykib and17c were used (entries 3
and 4 in Table 2), performing the reaction in mé&thgchloride.
Under these conditions different acyclic, as wall gyclic, ketones
could be used as the source of the nucleophilengithe expected
products8 with, in general, modest results (42—-88% yield;-38%
d.e., and 23-94% e.é)).Attempts to improve the aforementioned
results by using diastereomeric camphorsulfonardelevatives17d
and 17e also failed (entries 5 and 6 in Table 2), bothalyats giving
lower enantioselectivities independent of the digstisomer usef.
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Catalystl7c has been surprisingly and successfully used iraltiel
reaction using ynonek8 as the source of the nucleophile giverdi-
19 as the main product with good diastereoseleatisi(c0-90%) and
enantioselectivities (Scheme 10), with the bestltedeing obtained

for the less bulky ynone (RMe in 18).°

0
H\ ?  Dmsom,081,25¢,54 27 @
\ + )J\
N R "H Rz/\H\
0 0 Ry
OMe m Q W
OMe

N  HN-SO
18 H 2 anti-19
17¢ (20mol%) (26-90%, 77-94% ee)
Scheme 10: Aldol reaction between ynones and aldheydesyzagdlby sulfonimide
Compounds19 are very unstable and are transformed into the

corresponding 3-oxotetrahydrofuranone derivativeshie addition of
an alkoxy moiety at the-position of the triple carbon—carbon bond,
catalyzed by phosphine compounds.

The very bulky sulfinimidel7f is able to catalyse the intermolecular
aldol reaction using highly electrophilic ketonesch as compounds
20 (Scheme 11). The addition of trifluoroacetic ati® mol %) was
crucial in order to obtain produc® with good results. The absolute
configuration of the final aldol was determined t@me basis of
crystallographic data. Finally, it should be pothteut that other
different methyl alkyl ketones could be used withikar results, the

reaction always taking place at the methyl gréup.
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3 TFA (10 mol%),
Me,CO, 25T, 6-31h R

e} (@]
17f (10mol%)
)J\ + R/\)J\CF
6 20

21
(76-99%, 81-95% ee)

Scheme 11 Aldol reaction between keton@8 and acetone catalyzed by very sterically hindered

sulfonimide

Shortly after §-proline was reported as a suitable catalyst lar t
intermolecular aldol reaction, prolindiamine detivas 22 were tested
in the same type of transformation; &t ammonium species present
in reaction medium can be quite similar to thatafboxylic acid and,
moreover, amine itself can activate the acceptorBbgnsted acid
catalysis. Several diamines derived from prolin€ambination with

protic acids were screened in the aldol reactidwéen acetoné and

aldehydes.”
Oﬁ 22a R-R=(CHy),
N—R 22b R:(CHz)QCHg

Among the catalysts tested, prolinamines bearingraary amine
group gave better results, with the reaction ragerehsing as the
above moiety become bulkier. The catal¥za (3 mol %) showed an
excellent catalytic efficiency in the reaction afetone (source of
nucleophile and solvent) with aldehydes in the @mnes of carboxylic
acids: for instance, using trifluoroacetic acid r(@®l %), the aldol
compound could be obtained after 2 h at 30°C in 51% yield 82%
e.e., but together with the correspondm@-unsaturated compound.
In order to minimize the formation of this byprotluthe amount of

carboxylic acid was reduced, although the decre&diee by-reaction
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was marginal. The reaction has been also expamdethér ketones,
such as cyclic ketones and 3-pentanone, which gthes main
diastereoisomemnti-8 with very low enantioselectivities (81-97%
yield, 84-96% d.e., and 8-48% e.e.). The hydroghchtalyst22b
(10 mol %) in combination with trifluoroacetic ac{@dO mol %) has
been used in the intermolecular aldol reaction betwketones (2
equiv) and aromatic aldehydes in water as solvent.

The expected produc& were obtained with good yields (46—99%),
when highly electrophilic aldehydes were used, @y low to good
diastereoselectivities (8—82%) and enantioseles/(22—99%). The
presence of the carboxylic acid was of vital impode, since the
reaction in the absence of trifluoroacetic acidegéive product as a
racemic mixturé?

Ethyl pyruvate23 has been used as both the source of the nucleophil
and electrophile in the aldol reaction promoted datalyst 22a
(Scheme 12). Initially, the reaction gave a congiféd mixture of
different products; however, the use of polymerpsuped sulfonic
acid Amberlist 15, in order to eliminate the casalyand final
treatment of reaction mixture with a silylating agepermitted the

isolation of isotetronic acid derivatia4.*’
1) 22a
(30 mol%)
o) H @ 0
)J\H/OEt I NG

lo) TFA (30 mol%), i-PrOH, — (0]
23 25T, 16 h
OSiPh,tBu
2)( >*SO H
S 24
3) t-BuPh,SiCl (59%, 86% ee)

Scheme 12 Condensation of ethyl-pyruvate catalyzed?28g
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Catalyst22a in combination with trifluoroacetic acid has petted the
intermolecular aldol reaction betweenmethylaldehyde&5 (source
of the nucleophile) and aromatic aldehydes in DM&O 25°C
(Scheme 13), affordingnti-26 as the main diastereoisomer, although

with moderate diastereoselectivity (24—70% d'®.).

0 o  TFA (10mol%), DMSO OH O
+ 25T, 2d /Vk
\HJ\H R, H R2 “, H
R, 22a Ry ~
(10mol%) anti-26
e ezi v) H @ 9-97%, 89-95% ee

Scheme 13: Cross aldol reaction betweenmethylaldehydes and aromatic aldeydes catalyzed by

22a
On the contrary, the enantioselectivities were hgeneous, and

independent of the size of the &oup and on the electronic nature of
the substituent on the aromatic ring of the elgitilac aldehyde, the
chemical yields depended strongly on the last fadds a matter of
fact, compound26 was obtained in low chemical yields with

aldehydes bearing electron-donating groups.

1.5 Prolinamide derived organocatalystsin aldol reaction®’

The most commonly used family of proline derivasivare
prolinamides. Some general facts make these deegatiseful. First,
their easy preparation starting fror8)-proline. Second, the robust
amide linkage provides very stable compounds, winckome cases
can be recovered and reused without detrimentatstf Finally, the
hydrogen of NH moiety is acidic enough to activatectrophiles by
hydrogen bonding, as in a general Brgnsted acalysas. Although
the simple prolinamid@7 failed in catalyzing the intermolecular aldol
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reaction between two carbonyl compoufitithis organocatalyst has
shown its efficiency in the intermolecular aldolac&on between
ketones28 and diethyl formylphosphona9, affording the expected
secondary-hydroxyphosphonated0 (Scheme 14)° The best results
were found when the ketone was used as both thecesaf the

nucleophile and solvent, with moderate to goodtdrasselectivities
(30-90%).

O
(o=, 7
NH,

5 N OH O
HJ\ @ (5 mol%) EO /\HJ\
EtO—P._ OH P Rz
R + |
2 e T 0T, 24 h O Ry
Ry OH 0
28 29 (63-95%, 85-99% ee)

Schema 14: Aldol reaction betweena-hydroxyphosphonates and ketones catalyzed by

prolinamide27

The auto-aldol dimerization reaction between aldeisy(Scheme 15)
has been reported very recently. The reaction af pepionaldehyde
catalyzed by $-prolinamide27 (20 mol %) in the presence of 20
equiv of water gave the expected prodegn-/anti-31 as a 1.3:1
diastereoisomeric mixture. The enantiomeric excefsoth diols
obtained after reduction with NaBHvas practically identical (78%

and 74% e.e. faanti- andsyn-31, respectively§!

e

N NH
0] 0] 2 OH O OH O
e 27 b molos) = .
anti-31 syn-31

Scheme 15: auto-aldol dimerization reaction between aldelsyde

The use of amides derived from proline and chinahas has allowed

the intermolecular aldol reaction to be performedcgssfully. The
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comparison of different systems can be made omalses of the data
reported in Table 3. The reaction between p-nitnabklehydeZ and
acetones to give the corresponding aldol prod&dtan be carried out
in the presence of simple N-alkyl prolinamide datives. However,
the best results were obtained using the correspgrid/drobromide
32a in the presence of water (Table 3, entry 1). Iditazh, the use of
the diastereomeric amide derived froR)-L-phenyl-1-propylamine
showed higher reactivity but lower enantioselettivihen the
reaction was carried out using different aromatielydes, the best
results were found for those possessing electroimewawing groups,
with the ortho-substituted aromatic aldehydes @virhigher
enantioselectivities than the related para-sutietitones? The use of
prolinamides derived from 1,2-aminoalcohols has nbemore
successful for this purpose. Thus, prolinami8&s and32c (entries 2
and 3 in Table 3, respectively) showed good perémres in this

reaction, although the reaction must be perforntedGt

Table 3: Intermolecular aldol reaction catalyzed by praiimide32

7 8
Entry NHR Reaction conditions Yield(%) Ee(%)
1 AN .«Ph H,O/Me,CO (1:1, v:v),32a (20 mol %}, 6 (10 83 46
L equiv), 25 °C, 8 h
2 HNIPE Me,CO, 32b (5 mol %),6 (13.1 equiv), -40°C,1d 70 99
P
HO Ph
3 HNJV(F’“ Me,CO, 32¢ (10 mol %),6 (13.1 equiv), -40°C, 2 78 85
iBu d
iBu
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4 HNjPh Me,CO, 32d (20 mol %),6 (27.2 equiv), -25°C, 2 66 93
HO™ “Ph d
5 HNjPh [omim]BF,, 32d (20 mol %),6 (27.2 equiv), 0°C, 82 94
HO™ “Ph 1d
6 HNJ/COOEt Me,CO, 32e (2 mol %),6 (27.2 equiv), -25°C,1d 62 99
HO™ “COOEt

7 HN:Q/BU Me,CO, 32f (20 mol %),6 (27.2 equiv), 25°C,3d 16 68
HO
Bu
O hexane32g (5 mol %),6 (3 equiv), 25°C, 10 h 99 70
HN
HO l

t
O Me,CO, 32h (1 mol %),6 (27.2 equiv), -25°C, 5h 82 55

aCatalyst used as hydrobromide derivative.

The replacement of diphenyl or di-isobutyl moieti®g other less
hindered alkyl groups or by hydrogen led to a drt@rédecrease of the
enantioselectivities: this effect can be attributed higher
conformational homogeneity, higher hydrogen bondaiulity and
higher solubility of compound32b and 32c. In addition, the use of
the corresponding diastereomeric amides gave wesdts>>® Both
catalysts32b and 32c have shown their efficiency in the reaction
between ketones and aromatic aldehydes when thetiomais
performed in brine at -5°C, affording the corresiiog aldol products
with even better result§® Other 1,2-aminoalcohols bearing two
stereogenic centers have been used in the preparat the
corresponding amide€®2. The use of the hindered amide derived from
(§9-1,2-diphenyl-2-aminoethanol  32d gave excellent
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enantioselectivities (entry 4 in Table °3).The use of other
electrophilic aldehydes besidésafforded different results depending
on the nature of the aldehyde: good vyields and teosslectivities
were obtained with aromatic aldehydes (48-93% &Mheb3% e.e.)
and modest yields and excellent enantioselectsvitising aliphatic
aldehydes (12-77% and 86-99% €& When alkyl methyl ketones,
such as butanone, were used, the reaction toole praxnly at the
methyl group giving the correspondingo-regioisomer derivative
with moderate yields and high enantiomeric exce¥é&etter results
were obtained when an ionic liquid ([omin]pFwas used as the
reaction medium (Table 3, entry 5), permitting tivéce catalyst
recycling, without losing of the initial activity nd
enantioselectivity’® The replacement of the phenyl groups of the
above organocatalyst with electron-withdrawing @gusuch as
ethoxycarbonyl, led to a new organocatal&e showing stronger
acidity, and therefore forming stronger hydrogennds3® This
catalyst gave slightly better results than the joe one (compare
entries 4 and 6 in Table 3), with homogenous yielasd
enantioselectivities for the reaction between aesmtand aromatic
aldehydes, increasing the enantiomeric excess umtibnly one
enantiomer in the case of-branched aldehydes. For methyl alkyl
ketones, such as butanone, the reaction B2agnainly gave theso-
regioisomer derivative (43— 62% yield) with excetleenantiomeric
excess (98-99%), together with a minor amounrantif isomer (21—
42%, 98% d.e., and 98-99% e.e.). The results wsoeexcellent for

cyclic ketones, although the diastereomeric exceggended on the
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ring size (90% de for thanti-product with cyclohexanone and 0% de
for cyclopentanonet? The high activity of this catalyst has permitted
the use of other less reactive ketones as a sofitbe nucleophile. In
the reaction ofo-hydroxyacetone33a (15 equiv) in THF/HO (2:1
v.v) at -15°C (Scheme 16), only the regioisornser35 was isolated
with good yields, with similar results being foufa the relateda-
fluoroacetone (X = F iB3b). In contrast, when the reaction was
performed only in THF, the main product for the atean of a-
fluoroacetone was the isomanti-34 (X = F) obtained in 89-96%
yield, 33-60% d.e. and 94-98% e€3.. The use of a-
(methylsulfanyl)acetone (X = MeS B8c) drove the reaction to give

only the regioisomeiso-35 up to 99% e.e>*

0
w COOEt

N HN
H

(0] (0] 1COOEt OH O OH O OH O
32e HO z + =
+ + -
x AL+ A . Rﬁ)g T A
33a: X=0OH X X
33b: X=F . iso-35
33c: X=SMe anti-34 syn-34

Scheme 16: Aldol reaction of a-branched ketones with different aldehydes catalyby

prolinamide32e.

Although the change of the hydroxy group of theolhtd with a more
acidic phenol derivative seems to be inefficiemttre 7 in Table 3),
the results obtained in water, when a large exoésyclohexanone
(11.7 equiv) was used as the source of the nuclegplere very
good, affording aldol products with high yields aselectivities® The
NOBIN-prolinamide derivative82g has been shown to be an active
catalyst for the aldol reaction under unusual cioon, such as the
use of hexane as reaction medium or the use ofetyiv of ketone

(entry 8 in Table 3}’ The important role of phenolic OH was
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demonstrated by the very scarce results obtaineshwine analogous
methyl ether derivative was used as catalyst. stt&82g has been
used in combination with trifluoroacetic acid inrpwvater in the aldol
reaction between cyclic ketones (only 2 equiv usaajl aromatic
aldehydes, affording good results (53-99% vyield; 8% d.e., 62—
97% e.e.J® The use of prolinamide derivatives bearing a stgzaic
axis has been further explored with the spiro campd2h, which
showed so high activity that a reduction of the amf catalyst to
only 1 mol % (entry 9 in Table 3) was possible, afforded modest
asymmetric inductions.

Other prolinamides have been used as catalyst & dhect
intermolecular aldol reaction. Thus, the simple da@2i was used in
the reaction betweem-chloroacetone and aromatic aldehydes,
affording mainlyanti product (18-57% vyield, 66—-94% d.e., 91-98%

e.e.) with a minor amount ao-product (X = CI)*
mo O\(O
N
H HN H HN{
32i 32 Ho

The norephedrine derivatid2j has also been used as a catalyst. The

Ph

reaction of different aldehydes in neat acetonel@tC gave modest
results (22—67% vyield and 60— 80% e°&Prolinamides derived from
chiral diamines have been synthesized and emplagedatalysts in
the intermolecular aldol reaction. The results eebd with

bisprolinamides are generally superior to thoseiaktd with other
diamides. The first example of these types of camps was diamide

36a, which bears only one unit of proline and is used
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substoichiometric amounts (20 mol %) in the aldedation between
cyclohexanone (19.2 equiv) and different aromdtlelaydes. For this
catalyst, the use of 20 mol % of acetic acid wasebeial in order to
enhance its catalytic activify. Better results were obtained with
bisprolinamide catalysB6b, affording aldolanti products with high
diastereo- (60—98%) and enantioselectivities (7937
o~
N  HN
H
HN
=0
R
36a: RCO=4-MeCgH,CO
36b: RCO= (S)-proline
It has been hypothesized that the NH group of dianplays an
important role in the stabilization of the transitistate, activating the
electrophile. Therefore, the change of the R giau6 could have an
important effect on the selectivity of the reactismce the acidity is
altered. For instance, catalydéc, which has a lower pK has been
used in the reaction of N-Boc-4-piperidor8¥a with different
aromatic and heteroaromatic aldehydes giving mdhdyisomeanti-
38 with diastereoselectivity higher than 90% (Schei@g However,
catalyst36a gave better results in the reaction of tetrahytiiepyran-
4-one 37b.%° Catalyst36a has shown its superiority in the aldol
reaction between tetrahydro-4H-thiopyran-4-ad¥e, affording the

productanti-38 in 37—-99% yield, 78-99% d.e. and 90-99% ¥.e..
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THF
AcOH (40mol%)

o -20T, 2-4 d
Ry
SRS 2
~N

X 0 X
37a: X=NBoc m anti-38
37b: X=0 ) Q

N HN! (32-96%, 86-99% ee)
37c: X=S H
(5 equiv.) 36a: R=4-MeCgHys-  HN
36c: R=CF4 o
(20 mo%) R>:

Schema 17: Aldol reaction with cyclic ketones as nucleophileatalyzed by prolinamid@6a,c

The presence of two units of proline in derivatiBSsincreases the
catalytic activity; In fact, the reaction betweeare®ne6 (27.2 equiv)
and p-nitrobenzaldehydéat -35°C catalyzed by bisprolinami@6b

(10 mol %) gave the expected compowhavith an excellent result
(75% vyield, 98% e.e.) in only 5 h, with this reshiing not quite
dependent upon the nature of the electrophilichalde (aromatic or
aliphatic) used. Conversely, the same reactiorlyzad by amide39c

gave worse resulfs.

39a: RCO=4-MeCgH,CO

39b: RCO= (S)-Proline

39c: RCO=MeCO
The Dbisprolinamide derived from 1,1-binaphthyl-2¢2mine
(BINAM) 40 has attracted a great deal of attention as a lgessi
catalyst for the intermolecular aldol reaction. Thweatched
combination was constituted bg){proline and £)-BINAM units.

Different reaction conditions were proposed for ocaldeaction
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catalyzed by this system: the mixture of 1,4-dicefkatone (4:1, v:v)

at 4°C, affording the corresponding aldols withlggeranging from
9% to 79% and enantiomeric excess from 50% to &ate mixture
DMF/water (1:1, viv) at 0°C or DMF at 25°C, givinghe
corresponding products with slightly better res($2-99% yield, 78—
95% e.e.) and permitting the recovery of catal8tjust by an
aqueous acidic extraction and its reuse three twib®ut detrimental
effect on yields and enantioselectivittéthe mixture CHGlketone
(1:1, v:v) at -27°C, which provided worse restiftan the previously
reported one¥’ Catalyst40 has been used in the reaction between
substituted-acetone33 and aldehydes (Scheme 18) to mainly give
regioisomer34, with small amounts of correspondingp-35. The
diastereoselectivity depended upon the nature eiXttgroup, giving
always compound anti-34 as the main product, with the
enantioselectivity reaching values up to 9%% should be pointed
out that simplex-hydroxyaceton&3a can be also used as a source of
nucleophile, but in this case the best reactiorditimms were DMSO

at 25°C, affordinganti-34 with 85% e.e..

i '*@ B

33a: X=0OH

is0-35
33c: X=SMe DME anti-34 syn-34
33d: X=ClI 07T, 1-4d
(27.6 equiv.)

Schema 18: Aldol reaction between-substituted ketones and aromatic aldehydes cat@lipy
40
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The addition of substoichiometric amounts of cagfioxacid$® "
permitted the enhancement of the reaction ratpamicular benzoic
acid (20 mol%) reduced the reaction time from 3sdi@y1.5 h, while
maintaining the enantioselectivity 8f This fact permitted a decrease
in the reaction temperature from 25°C to -20°C,reasing the
corresponding enantioselectivity (86—99%)rhe amount of ketone
could be reduced to 3 equiv, just by using water amicellar agent,
stearic acid (20 mol %) as a co-catalyst at 2°@nder these
conditions, aldol adducts (61-99% vyield, 58-93%) evere obtained
in 12 h. The combination of catalyé4® (10 mol %) and benzoic acid
(20 mol %) in either DMF or pure water permitteck thse of less
reactive ketones as the initial source of nucldepfiine reaction odi-
(methylsulfanyl)aceton83c (X = MeS) with p-nitrobenzaldehydeé
could be performed, givingso-35 as the main product in either
DMPF/water or pure water with 93% yield.

The reaction of chloroacetor33d (X = CIl) with aromatic aldehydes
catalyzed by amidd0 (10 mol %) and benzoic acid (20 mol %) gave
the isomeranti-34 as the main product (27-96% yield, 50-98% d.e.,
and 40-97% e.e.), which could be easily convertetb ithe
corresponding chiral 3R49-trans-epoxide, by treatment with
triethylamine, with excellent enantioselectivitiés.

Other catalytic systems that can be included iftie group are
hydrazide derivatives and thioamides. The additiorteogen atom at
the hydrazide derivative4l provides a new hydrogen-bonding site,
improving the activity of these catalysts compared simple

prolinamides32. The reaction between cyclohexanone (27.2 equiv)
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with different aldehydes in toluene at 0°C usintplyst4la (20 mol
%) and trifluoroacetic acid (20 mol %) gave the exted aldol
product with good enantioselectivities (for compan with Table 3,
compound8 was obtained in 7 h, 95% yield and 96% e.e.). Wors
results were obtained with aromatic aldehydes hgaelectron-
donating group$’

HD 42
4la: R=H
41b: R=OH
The use of hydroxyl derivatiwilb did not change the aforementioned

results’®

The conversion of the amide into the corresponding
thioamide derivative increases the acidity of thid Nydrogen and
therefore would form a stronger hydrogen bond, owprg its
catalytic activity. With this idea in mind, cataly® was prepared and
tested in the intermolecular aldol reacti6nThus, the standard
reaction between acetone (27.2 equiv) and p-nitrndldehyder at
4°C catalyzed by thioamidd2 (20 mol %) in the presence of
trifluoroacetic acid (20 mol %) gave the expectethpound8 in 81%
yield and 94% e.e.. Although this result seems ¢ofion that
thioamides could perform the reaction more selefgtithan the
related amides (compare with entry 1 in Table 3) ather results
using aromatic aldehydes bearing strong electrahelnawing groups
are in keeping with the previous one, the reactith less reactive

aldehydes gave lower enantioselectivities. Otherathides assayed

40



gave lower or similar results, as well as othediactatalysts. For
instance, the use of stronger acids than trifluceta acid led to the
deactivation of catalyst2, whereas the use of acids with similar,pK
such as trifluoro-, difluoro-, or dichloroacetic idhcgave similar
results’’ Thus, the aldol reaction between cyclic ketonesamomatic
aldehydes catalyzed by thioamid2 (10 mol %) and dichloroacetic
acid (10 mol %) could be performed in brine asrection medium
and using only 1.2—-3 equiv of ketone as the sooftke nucleophile.
Moderate to good results (32—-97% vyield, 20-90%, cdued 68—98%
e.e.) were obtained in the formation of the cormesiing anti
products’® As presented above, the use of ketones as acglbitic

partners of the aldol reaction is a more challeggask.

)J\ 7
1)0“/( =
6 N HN—
(27.2 equiv.) 32k N 0]
+ (20mol%)
MeO s
0] PhMe, 0C, 2d HO™ 'R o
2) CH,N
R)H(OH 2N2 24
o (66-99%, 24-98% ee)
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Scheme 19: Aldol reaction between acetone gitetocarboxylic acidl3 catalyzed bys2k

However, it has also been accomplished by usingathele catalyst
32k (Scheme 19). In order to obtain good results,kétene partner
should have a carboxylic acid moiety and the cataly pyridine ring.
The use of either ester derivative 4f or non-heteroaromatic ring
catalyst had a strongly detrimental effect on theldg and
enantioselectivities. This has been attributed e presence of a
strong interaction between the hydrogen from thdaeylic moiety

and the basic nitrogen atom of pyridine ring, whigtp the approach
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of reagents to each other in enantioselective Waye reaction is not
only restricted to acetone but other ketones, sschyclopentanone,
could be used with a slightly lower enantioselattivFinally, it
should be pointed out that cataly3k can be recovered and reused

threefold just by aqueous acidic—basic extraction.
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Chapter |11

Bile acids as scaffold in organic chemistry
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2.1 General featuresof bile acids.
In the field of chiral recognition, natural substas represent a class

of very interesting compounds, because they possif$srent
functional groups and multiple stereogenic centédmiong these,
compounds with steroidal structures have attractegieat deal of
attention. In particular bile acids and their datives have found
applications in different cases: as a matter of, fadot of application
of bile acids or their derivatives as molecular ¢ners,®* chiral
inclusion complexe¥®® gelling agent§®® HPLC stationary phasg&s
and also as chiral auxiliars in asymmetric syn#i&g} are found in
the literature.

Their success is due to their commercial availgbiliow cost and
very easy functionalization without use of inertdny atmosphere.
The bile acid structure IS formed by a
(cyclopentane)perhydrophenanthrenic backbone withlighatic tail,

containing 24 C atoms, named cholanic acid.

45 cholanic acid R=R'=R"=H
46 cholic acid R=R'=R"=0H
47 deoxycolic acid R=R"=0H, R'=0OH

mﬁﬂ%

trans-5a-cholanic acids cis-5B-cholanic acids

The family of cholestanic derivatives is obtainednf 45, and it is
possible to evidence the presence of two isometractsires,
depending on the junction between A and B ringsfor the acids B

cholanic andrans for the % ones”
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Probably the best known compound of this naturatpct family is
the 3,7a,120-trihydroxy-3-cholan-24-oic acid, also named cholic
acid, a primary bile acid, directly derived by hgxrlylation of cholanic
acid. Hydroxy groups of this molecule, even ifsdcondary, could be
derivatizated selectivefif, because of high asymmetry of this structure
that does not possess two equal positions on #neastlal backbone.
Hydroxy groups at positions 7 and 12 are axial, thedone at position
3 is equatorial, and then more reactive. This fadtue for a lot of
reactions, such as acetylation, hydrogenationpiofig the reactivity
order 3-OH>7-OH>12-OF3while in the case of oxidation with NBS
position 7 is the most reactive, following the ardeOH>12-OH>3-
OH.

Also, the acid group in position 24 is particularlyseful in
enantiorecognition chromatographic processes, Heranchorage of
this structure to a support (polymi&r silica get*?...), in inclusion
processes, for the host recovery by acid-base niggdf® in
spectroscopic analysis, for the linkage of fluorm@s* sensitive to
complexation of bile acid with different analytemd in medicinal

chemistry for the linkage of pharmacophdfés

2.2 Bileacid derivatives as scaffolds in recognition processes

The bile acids, with their polyfunctional and rigsttuctures, are one
of the best sources of host molecules in host-guesbgnition
processes. The concavity of the bile acid backkomesforms these
compounds into good systems for incorporation Bieéknt substrates

by interactions with functional groups presenthia steroid structure.
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+ (RS)-guest AT* ‘Bile aCid'(S)-guest]

(R)-guest

Their curved amphiphilic architecture is generallytable for binding
polar species, and especially so for binding anfoigith this idea in
mind, Davis and co-worket8 proposed in 1999 cholapodal structure
48, which binds chloride anion in chloroform with tbgceptional K

of 10" M, the best result among those obtained with syiathet
chloride receptors; further studies developed @mle systems as
anionophores through lipids membranes, which a#damnterest in
medicinal chemistry as a valid substitute of ndtuanion
transporter°*®in particular, among the new steroids investigalbést
4-nitrophenylthiourea49 showed unprecedented activity, giving

measurable transport through membrane with a tostesfipid ratio

of 1:250000 (an average of <2 transporter molequéesesicley’.

A different structural solution for binding aniongas proposed by
Maitra et al® with the synthesis of cholapha®®, a head-to-tail
dimer of cholic acid which can bind two fluoridei@ms in chloroform
solution with a K of 10° Mt and a K of 10°M™, estimated by NMR
titration; NMR studies of chemical shift in glyctdéa bridge in
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difluoride complex showed indeed that in this coempan interaction
Is present between Gldand F by hydrogen bonding.

In 2008 Davis et a’ transformed cholic acid into cyclotrimeric
toroidal amphiphilesl with inward-directed ammonium substituents

that display an influence on the transport of ddeithrough bilayer

membrane.

Particular structural features of bile acids aredualso in recognition

of organic molecules, like nucleotides, flavines adenosine
nucleotides. For example Pan#f8yproposed derivative52 and 53
which can recognize uratif® and flavined® with a particular
hydrogen bond network, and, more recently, Chanamdorkers®
proposed cyclic derivatives4 that can be used as chemosensors for
ATP, displaying a selectivity for this molecule 38-124 times higher
than for other nucleotides. As evidenced by fluoeese binding
studies,55 is a highly sensitive probe; as little as 30 nMPATan

cause 15% fluorescence quenching of the sensor.
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54a R;=H R=Hexyl, Octyl
54b Ry=OH

2.3 Bile acids as scaffoldsin chiral discrimination processes
Moreover the bile acid cavity is a chiral cavitydanan be used
successfully in host-guest chiral recognition peses- 2%

It is possible to resolve racemic mixtures by teshnique, with great
advantage on quantitative recovery both of the hudecule and the
guest molecule under very mild conditiofi$:°> There are numerous
procedures that we could classify into absorbinghoes'®® i.e. host
and guest simply are left together for a deternsinperiod, and
crystallization method?” i.e. host is dissolved in the guest and
recrystallized from this. The very high enantiodistnating ability is
well revealed in different applications of thesesteyns, among the
other the resolution of lacton&$, cyclic carbonate¥? alcohols'”’
sulphoxides, amines? epoxides, cyclic amides?

Polonski and co-workel¥ illustrated the efficacy of cholic acids in

chiral discriminations of low molecular weight NHmsamines.

48



O O QL
! !
56 I:;O 56

The chirality of N-nitroso pyperidines is only die the hindered
rotation around the N-N bond, because of its prt@double bond
character. Co-crystallization of cholic acid withese molecules
leaded to crystals containing an inclusion comgekween the two
molecules. Crystal analysis by solid state CD anday studies
suggested that these complexes are made by sel@ttiorporations
of one of the two enantiomers: in the casé&@®fand57 there is the
formation of a host guest crystal with only one réimamer, while, in
the case ob8, authors report a preferential complexationEofvith
respect t&Z (geometric enantiomerism) form of N-nitroso pyperes.
The papers of Fantin and PedHni reported some examples
concerning the resolution of cyclic and bicyclidd®es. In particular
the authors obtained by chiral resolution the aoawrically pure
form of bicyclo[3.2.0]-ept-2-en-6-one, a very imgant starting
material for the synthesis of prostaglanditis;” very difficult to
obtain in high enantiomeric excess by normal reéswlyrocedures.
The inclusion in the cholic acid afforded the emamer (-)-(S5R)
with an e.e. of 65%; in order to obtain an increakéhis excess the
procedures was repeated twice and 95% e.e. wakeeaBy using
deoxycholic acid, the opposite enantiomer was aobthi this fact
suggested that the discrimination is completelyedelent on the host
structure and little structural variation could ¢ fundamental

importance.
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For solution-phase separation a series of molecd&s/ed from
cholic acid was synthesized and studied: in pd#rca, obtained by
introducing a guanidinic function at position 3 antio

phenylcarbamate groups at positions 7 and 12, reasaled to be
very efficient in the enantioselective extractionarganic solvent of

different amino acidst®

<L H j\ Ph
59 o N

A suitable application of chiral recognition byéiacid derivatives is
offered by chiral HPLC: in fact, the possibility adpportune
derivatizations on cholestanic backbone and thesemee of a
carboxylic function, useful to connect these molestto silica gel,
transforms these natural substances into very gaadidates for the
development of new chiral stationary phases (C®PR) useful in the

resolution of racemic mixtures.

The first use of cholic acid in this field concednthe synthesis of
derivative60, which was anchored on silica gel by hydrosilgatof
the double bond, followed by transesterificatiotwsen the silane

obtained and hydroxyl groups on silica surface. Tise& of this
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compound as CSP allowed the resolution of 3,5ibénzoyl amine
and amino acid derivatives, of the 2,2’-dihydro=hihaphtyl and
heterocyclic prescursors of aminoacids.

Starting from bile acids and using the differenaaterity of the
hydroxyl groups, new biselective CSP were developed, by the
simultaneous presence facid andrebasic functionalities, were able
to resolve a huge variety of racemic mixtur€s.Particularly
interesting were CSP61 obtained by introducing selectively
arylcarbamate groups with different electronic elataristics, by
reacting deoxycholic acid with 3,5-dimethylphengtganate, the
electron rich moiety, and 3,5-dichlorophenylisoctan the electron
poor moiety. The spatial disposition of the two oy groups on
cholestanic system indeed proved very favourablbuitd up these
new FSC: in fact the two hydroxyl groups are 6.5p%rt and they are
almost parallel, so interacting independently wité substrates. Some

examples of these new CSPs are reported belowrasdm homo and

hetero derivatizations®
(@]

Ars N JJ\O “, H N/\/\

Substitution of arylcarbamate group with arylamgteup improved

enantiodiscrimination in some cases but generagss lersatile
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systems, as reported for CSE2 in the chiral resolution of
benzodiazepines?

Recently, in order to improve the enantiodiscrimtiora by increasing
the number of interactions, the attention was aaptiy cholic acid,
that presents one other hydroxyl group at posiioihe stationary
phase$3, which possesses all the hydroxyl groups functiaasid®
or only one free hydroxyl grous’ showed good selectivity in the

resolution of binaphtols or alkylarylcarbyndf§.

R'<. = HNN A
(@) .
H S

MeO

o 0 63

R, R, R" = OH, arylcarbamate

The chiral cavity of a cholaphane was used by Dansl co-
workers? as chiral recognizer for sugars, as reported éuivdtives
64a-b; in fact, as previously demonstrated in early vgdok the same
authors'*® the three dimensional arrangement of polar funefities

in cholaphane is particularly suitable for the gguton of
carbohydrate nuclei in non polar media, aftd NMR studies
confirmed the capability of the bile acid derivati@4b to transfer
methyl 3-D-glucoside65 from aqueous to organic medium while no

transfer was observed in the absence of this recept

52



2.4 Cholestanic backbone as chiral structure for enantioselective
reactions

The stereodefined structure of the cholestanic lb@o& suggested its
use as chiral auxiliary in organic reactions. Mand co-workers™
by using the reactivity of the hydroxyl groups ahmolic acid,
synthesized compoun@®6 that was used as chiral auxiliary in

asymmetric Diels-Alder reaction (Scheme 20).

COOMe

o—° @ BF; Et;0
0.0 O\{O Q
~ g by O
66 ee 88% 67

Scheme 20: Asymmetric Diels-Alder stereocontrolled by auxily 66

The dienophile was bound at position C3, while @sifon C7 was

C)Ac

bound the naphthoate group, in order to cover drleeotwo faces for
the attack of the substrate, and then to incrdasemantioselectivity
of the reaction (e.e. up to 88%). This steric @ffe@ossible thanks to
thecisjunction between A and B rings that allows the substituents

to be faced. The same chiral auxiliary was useth& asymmetric
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reduction of a-ketoesters to the correspondinghydroxyesters®
Also in this case the naphthoate group, by shigldine of two faces
of a-ketoesters, allowed the attack of LiBlnly on one side of

carbonylic group (Scheme 21).

COOMe

oA~ LiBH,4, THF, -80C, 4h 0P
00O 0.0
L O T O
R0 Q R~ “OH Q

R=Me, Ph 98%, ee 70%
Scheme 21: Asymmetric reduction afi-ketoester ta-hydroxyester in presence of auxilis&§

Bandyopadhyaya and co-work&fs exploited the geometric

characteristics of deoxycholic acid for the asymmesynthesis of
2,2’-dihydroxy-1,1’-naphthyl. Using 2,7-dihydroxyplathalene, the
authors could easily anchor the substrates by siragterification; a
spacer was firstly introduced in order to have @&t in 1 and 1’
positions at the best distance for the formatiothefnew bond: using
as spacer a carbonate unit it was possible toroB&do of e.e. in the

case of binaphthyl derivativg® (Scheme 22).
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70 71
Scheme 22: Asymmetric synthesis of 2,2'-dihydroxy-1,1-bif@hyl stereocontrolled by
derivativesr0

Deoxycholic acid has been revealed as a good duivdliary for the

synthesis of some analogues of Troger ¥’ in fact, the spatial
disposition of hydroxyl groups 3 and 12 made pdegsiie asymmetric
coupling of two aniline moieties linked at thesesiions by means of
a spacer, affording a diastereoisomeric mixture/dfand 75 (ratio
1:2.5), that can afford pur&5 after crystallization from ethanol
(Scheme 23).

Y
HoN

NH, COOMe

@)
@)
S0 o~ MsOH el (“
reflux, 2 days (0]
0 + 74
o COOMe
o O " N
(@)
73 0 COOMe
o
75

~_ T°

WQ ("

Scheme 23: Asymmetric synthesis of Troger base controlledibsivative73
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Covalent functionalization of substrates is notahé/ way to use bile
acid derivatives in promoting chiral processes.phrticular, good

enantiomeric excesses are obtained in epoxidad@ction of different
cinnamic acid derivatives using Oxéhes oxidizing agent and
dehydrocholic acid as chiral inducer in stoichiomeetmount. The

presence of a carboxylic group allowed the reactiobe performed
in different solvents, also in aqueous solvents.

On this basis Bortolini and co-work&? performed a systematic
study where a family of dehydrocholic derivativegswested, in order
to check the influence that the position of carbbogsoup in the

steroid backbone, the oxidation state of the othdpstituents in
position 3,7 and 12 (H, OH, OAc), the steric himd and the
absolute configuration of the position where thaselinked have on
enantiomeric excess and configuration of prevaipropuct.

In this manner it is possible to understand tha pvesence of
carbonyl group in position 3 is fundamental for tkemplete

conversion of substrate in short time, while thébsstuents at

positions 7 and 12 influence enantioselectivityfprafing 95% e.e.

with 76 (Scheme 24).

0]
Ar 76, Oxone/NaHCO
H,0, EDTA, 0T

COOH

O

76
Scheme 24: Asymmetric epoxydation of cinnamic acid promotgd’b

A new approach for the use of bile acid derivatiiresasymmetric

synthesis is the preparation of phosphorous ligabdsxycholic acid

was used to synthesize phosphit@sand 78, as ligands in the Cu(l)
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catalyzed asymmetric conjugate addition of dietimgzto cycli¢®
and acyclic enoné¥. In particular derivativg7a, whichpresents &-
binaphtyl phosphite unit in position 12, gave goagymmetric

induction (e.e. up to 78%) in this reactioh.

77a,b R*O 78a,b

Crye oy

A second generation of these derivativewas designed with the idea
that the bile acid backbone can display a diastsseweric control on
atropos moiety. According to such a concept, phosphitarids79a-c
based on a bile acid unit andtr@pos biphenol moiety have been
studied: their main characteristic lies in the dajgg of the
configurationally stable cholestanic unit to inducgrevalent screw
sense in the flexible biphenol moiety, as evidenogdNMR and CD
studies. In particular, phosphif®a showed an unusual dependence of
the sense of twist of the biphenyl moiety on thdvesat that
definitively pointed out itdropos nature: the equilibrium between the
two M and P forms of the biphenyl unit is shiftedvard the M form
in CH;CN and toward the P form in THF. The achievemerd bile

acid-based biphenyl phosphite having opposite semvwge depending
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on the solvent represented an important resulfamss its use as a
chiral ligand in the copper-catalyzed conjugateitsmit of diethylzinc

to enonedn fact, thetropos nature of phosphité9a, joined to a low
interconversion MP barrier of its biphenyl moiety, which determines
the dependence of its sense of twist on the sqlvaidwed the
different enantiomers of the same product to beaionbt using the

same chiral inducer, simply by changing the reacsiolvent.

Recently different deoxycholic acid derived biphipimpsphites80,

whosetropos nature was ascertained by NMR and CD measurements,
were used in the rhodium-catalyzed asymmetric ryeination of
dimethylitaconate achieving enantiomeric excess@s to 91%
(Scheme 25§*

M H, 20h [Rh/L* (1:2) /‘\)?\ R Q P . o
MeOOC oM MeOOC OMe oo

e

ee up to 91% R
AcO"

R=H, 'Pr, Ph, Br, COPh R'=H, Ph

Scheme 25: Asymmetric hydrogenation of dimethylitaconate tated by [Rh(l)].*, complex
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The comparison of these results to those obtainsthguthe

corresponding atropoisomeric binaphthyl analoguegether with

NMR and CD measurements on the rhodium complexesoafe

phosphites, shed light on the nature of the adatalytic species and
on the asymmetric induction process and hence atlol@ recognize
the most appropriate stereochemical features tthrgaod levels of
enantioselectivity.

Moreover the use of the phosphité8a as ligands for Rh(l) in
conjugate addition of boronic acids to cyclic ero@cheme 26) has
shown an original switching in reactivity basedmoatal-ligand ratio:

if an equimolar amount of ligand is used a monosiuted metal

complex is obtained which gives the conjugatedtamdproduct (e.e.
up to 88% ) while when two equivalents of phosplite used a
disubstituted complex is formed and double additgmoeduct is

obtained with complete diastereoselectivity an«bcadge.e. (809%6)*

o} B(OH), 0"> f

ee 88%

+ A Ph
@ © \/U/f9a (1:5) of

79a

de 100% ee 80%
Scheme 26: Asymmetric conjugate addition of boronic acids dgclic enones catalyzed by

[Rh]/79a complex
Variable temperaturdP NMR of Rh monocoordinate complex has

shown decoalescence of the signals of the M ad$fereoisomers

at -80°C, in agreement with tkrpos nature of this complex.
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Chapter 111

Synthesis of organocatalysts
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3.1 Prolinamide derivatives
As reported in Chapter |, in the transition state of reactions proceeding
via enamine pathway a hydrogen bond between an acidic proton of the

135 As a

catalyst and an acceptor group on the substrate is present.
result, we judged that the proline moiety had to be linked to the
cholestanic skeleton by means of an amide bond. This required that
one of the hydroxyl groups of bile acids was selectively transformed
into an amino group. In addition, since it is known that the
enantioselectivity of bile acid derivatives depends not only on the
nature of the appended moieties, but also on ther position on the
cholestanic backbone,***9 derivatives containing L or D proline at 3,
7 and 12 positions were synthesized, in order to find the best
appendage position and the best match between the stereochemistry of
the bile acid and the absolute configuration of proline for the
asymmetric organocatalysis, which guarantee the achievement of high
asymmetric inductions (Figure 5). The synthesis of analogous systems
having free hydroxyl groups was also designed in order to evauate the
effect of the presence of these groups on the asymmetric
organocatalysis.

Bla R=0OAc Ri=L-Pro Ry=H

B1lb R=OAc R;=D-Pro R,=H

Blc R=OH R;=D-Pro R,=H

B2a R=L-Pro R;=OH  R,=H

B2b R=D-Pro R;=OH  R,=H

B3a R=R,=0OAc R;=D-Pro

B3b R=R,=OH  R;=D-Pro

B3c R=R,=0OH R,=L-Pro

B4a R=R;=0OAc R»=L-Pro

B4b R=R;=OAc R,=D-Pro

B4c R=R;=OH  R,=L-Pro
B4d R=OH R;=OAc R,=L-Pro

Figure5: structure of bile acid derived organocatalysts
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The amino derivatives of deoxycholic acid, from which
organocataysts Bla-c and B2a-b can be prepared, were synthesized
as previously described.®

Briefly, as reported in scheme 27, 3-hydroxyl and carboxylic groups
of deoxycholic acid 45 were protected with one pot double
esterification; then oxidation of 12-OH group, followed by
transformation of the carbonyl function in oxime and reduction with
H, and PtO, gave amine 81

Scheme 27: synthesis of 12 amine derivatives of deoxycholic acid

HO' AcO"

AcO" AcO"

Reagents and conditions: (a) TsOH H,O, AcOMe, H,0, reflux, 24 h, 67%; (b) K,Cr,O7, H,0, AcOH, r.t.

20 h, 90%,; (c) NaOAc, NH,OH HCI, MeOH, reflux, 4.5 h, 88%; (d) PtO, xH,0, AcOH, H, (2 bar), r.t. 6 d,
then Zn, r.t., 12 h, 70 %.

A different path was followed to obtain amine 82 from deoxycholic
acid 45 according to scheme 28. After esterification of the carboxylic
group with DBU and Mel, we performed a Mitsunobu reaction™" i

presence of MsOH, DEAD and PPh; to obtain mesyl derivative that

n

was treated with sodium azide to afford the corresponding azide.
Reduction of this product with H, and Pd/C led to desired amine 82.
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Scheme 28: synthesis of 3 amine derivatives of deoxycholic acid

Reagents and conditions: (a) Mel, DBU, CH,Cl, r.t., 12 h, 84%; (b) PPhz DEAD, MsOH, THF, 40T, 24h,
43%; (c) NaN3 DMF, 40T, 48 h, quant.; (d) H,, Pd/C, AcOEt/MeOH, r.t., 24 h, 91%.

The synthetic route to 12- and 7-amino derivatives of cholic acid was
performed in this work for the first time and is reported in Scheme 29.
It is quite similar for the two compounds, requiring the oxidation of 7-
or 12-hydroxyl groups to ketones that can be transformed into oximes,
easily reduced to amino groups.™® In fact, due to the axial position of
7 and 12 hydroxyl groups, Mitsunobu transformation does not work;
in addition, because of the asymmetric structure of the cholestanic
backbone, the catalytic hydrogenation of an oxime at these positions

proceeds with complete stereosel ectivity.***
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Scheme 29: synthesis of amine derivatives of cholic acid

AcO"

OMe

AcO™ “'NH,

Reagents and conditions: a) AcOMe, TsOH, H,0, reflux, 24 h; b)Mel, DBU, CH,ClI;, r.t. 12 h; c)NBS, acetone/H,0,
r.t, 30 h; d)Ac,0, Py, toluene, r.t. 24 h; e) Ac,O, DMAP, Et3N, THF, r.t., 24 h; )K,Cr,07 Hp0, AcOH, r.t. 20 h;
g)NH,OH HCI, NaOAc, MeOH, reflux, 3 h; h)PtO, xH,O, AcOH, H, (2 bar), r.t., 6 d, then Zn powder, r.t., 12 h.

To obtain ketone 85, the carboxylic function of cholic acid was
transformed into a methyl ester, then the 3- and 7-hydroxyl groups
were acetylated by reacting 83 with acetic anhydride and pyridine:***
under these experimental conditions the 12-OH group does not react
and 7 was obtained in 72% yield, after chromatographic purification.
The oxidation of the 12-OH group, performed with potassium
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bicromate, 3%

gave 85 in quantitative yield. Ketone 88 was obtained in
four steps from cholic acid, which was firstly reacted with methyl
acetate™® to give 86 in 75% yield, after chromatographic purification.
The selective oxidation of the 7-hydroxy group with NBS in acetone
solution™*® afforded 87 in quantitative yield, which was then reacted
with acetic anhydride and triethylamine in presence of DMAP giving
88 in 88% vyield. Both 12- and 7-keto derivatives 85 and 88 were
transformed, under standard reaction conditions,® into the
corresponding oximes, which were eventually reduced, with complete
stereoselectivity, to the amino derivatives by means of cataytic
hydrogenation followed by reaction with Zn in acetic acid.**®

Synthesis of monoamides at 12a- and 7a-position is quite delicate
because of the steric demand of these positions on aminocholic
skeleton; in particular amides of 7a,12a-diaminocholic acid methyl
ester are known in the literature in some cases, as precursors in the
synthesis of scaffolds for medicinal chemistry, as reported by Davis
and Savage. Before this work, no article reports the synthesis of a
12a- or 7a-monoamide of correspondent aminocholic acid methyl
esters, even if there is a lot of synthesis of amides in position 3a,

where steric request is lessimportant.
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Scheme 30: Reactions of condensation of bile acid amino derivatives and proline
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Reaction conditions: a) (L)- or (D)-Boc- Pro, isobutylchloroformate, NMM, CH,Cl,, 0C, 26h; b) CH ,Cl, TFA, r.t.

15'

We tried to synthesize the amides 93a-b, 94a-b, 95a-b, 96a-b, viathe

mixed-anhydride method, by coupling the corresponding amino

derivatives of cholic acid with L- or D-BOC-proline, using a classical

and readily available coupling reagent, EEDQ, but in this case the

mixed-anhydride was too stericaly demanding to react efficiently

with the amino groups at the positions 12a or 7a (yield <20%). Also
the use of ethyl chloroformate lead to a low yield (30%) with the

presence of carbamate derivatives of cholic acid as byproducts.
Finally, the desired derivatives 93a-b, 94a-b, 95a-b, 96a-b were
obtained by reacting the corresponding amino derivatives 81, 82, 91,

92 with L- or D-BOC-proline (Scheme 30) in the presence of isobutyl
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chloroformate:**" by working at room temperature, the corresponding
prolinamides of bile acids were obtained in 50% vyield, after
chromatographic purification. The final products Bla-b, B2a-c, B3a,
B4a-b were obtained in quantitative yield by removing the BOC
protecting group by means of trifluoroacetic acid in dichloromethane

solution.*®

Scheme 31: Hydrolysis of 3-acetyl group and 7,12-acetyl group on organocatal ysts
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Reaction conditions: a) HCl conc., MeOH, r.t., 24 h; b) MeONa/ MeOH 10%, r.t., 24 h; c) TFA, CH,Cl, r.t., 15"

To obtain analogous systems having free hydroxyl groups, the acetyl

moieties of compounds Blb, B4a, 95a-b and 96a were removed
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(Scheme 31). The hydrolysis of the 3-acetyl group of Blb was
performed by reacting Blb with HCl in methanol a room

temperature,***

reaction conditions that do well because the 3-acetyl
group is equatorial and hence very reactive and afforded Blc in
guantitative yield. This experimental procedure cannot be used for
removing the acetyl groups at 7- and 12-positions, since they are axia
and thus less reactive. The same methodology was used to obtain B4d,
a cholic derived 7-prolinamide with only one free hydroxy group in
position 3. Therefore, to obtain B3b-B3c and B4c the hydrolysis was
carried out with sodium methoxide in methanol at room temperature
on 95a-b and 96a:** under these reaction conditions the methylester
group is stable and, after BOC deprotection, B3b-B3c and B4c were
obtained in 46% and 50% vyield, respectively, after chromatographic

purification.

3.2 Bis-prolinamide derivatives

Bisprolinamide derivatives were designed to resemble the peptides
involved in the active pocket of enzyme.**® In that case the achieved
stereoselectivity is reasonably due to the presence of several amide
bonds with restricted rotation, as well as to the possible cooperation
between proline residues, which create a non covalent bonding
environment similar to that of enzyme.**™ The goa of our approach
was to find a new system with the broad substrate applicability of
proline and the specificity of aldolase enzymes for the direct aldol
reaction. Therefore, we synthesized three new bisprolinamides B5-B7

derivatives of cholic acid (Figure 6).
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Figure 6: bisprolinamide bile acid derivatives
The design of these catalysts is based on the following facts. the
cholestanic backbone would provide restricted rotation around the bile
acid moiety due to steric hindrance of polycyclic structure.**® This
structural motif would look like the 3-turn pocket associated with the
presence of proline residues in the active sites of several enzymes, and
it could work as specifically as the proper enzyme.*** Moreover, the
presence of two proline moietiesin avery close position could lead to
cooperative effect between the two residues.***

Synthesis of organocatalysts BS and B6 is quite similar to the

synthesis of B3-B4 derivatives and is briefly presented in Scheme 32.
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Scheme 32: synthesis of organocatalyst B5-B6

H
H

Reagents and conditions: a) AcOMe, TsOH, H,0, reflux, 24 h; b)K,Cr,07 H,0, AcOH, r.t. 20 h; c)NH,OH HCI,
NaOAc, MeOH, reflux, 3 h; d)PtO, xH,0, AcOH, H, (2 bar), r.t., 6 d, then Zn powder, r.t., 12 h,e) (D)-Boc- Pro,
isobutylchloroformate, NMM, CH,Cl, 0C, 26h; f) CH ,Cl, TFA, r.t. 15'; g) HCI conc., MeOH, r.t. 24 h.

; “N
AcO O),

Diketone 99 was obtained in two steps from cholic acid, which was
reacted with methylacetate’®® to give 86 in 70% yield, after
chromatographic purification. The oxidation of the 12 and 7-hydroxy
groups with bichromate in AcOH solution™ afforded 99 in
quantitative yield, which was transformed to the corresponding
dioxime 100, under standard reaction conditions;"® this last was
eventually reduced, with complete stereoselectivity, to the diamino
derivative 101 by means of catalytic hydrogenation, followed by
reaction with Zn in acetic acid.™® The bis-prolinamide B5 was
obtained starting from the corresponding diamino derivative 101 in
two steps. By reacting 101 with L- or D-BOC-proline in the presence

137
€

of isobutyl chloroformat at room temperature the corresponding

bis-prolinamide of bile acid 102 was obtained in 50% yield, after
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chromatographic purification. The final product B5 was obtained in
quantitative yield by removing the BOC protecting group by means of
trifluoroacetic acid in dichloromethane solution.*®

Deprotection of the 3-hydroxy group by reacting with HCI in MeOH,
as reported for organocatalyst Blc, afforded derivative B6. The

synthesis of organocatalyst B7 is shown in Scheme 33.
Scheme 33: synthesis of organocatalyst B7

AcO"” AcO™

AcO"

Pro, sabuylchlorofommate, NI CrsCls, 0, 26h ) G oGy TRA 1t 151 o e 195 bBee
Diamine 104 was obtained from derivative 86 in two steps.
esterification with N-BOC-Glycine promoted by DMAP and DCC,'*
giving quantitative yield of 103, and successive removing of BOC
groups with TFA in CH,CI,"®. By reacting 104 with L-BOC-proline

e a room temperature the

in the presence of isobutyl chloroformat
corresponding prolinamide of bile acid 105 was obtained in 40%

yield, after chromatographic purification. The final product B7 was
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obtained in quantitative yield by removing the BOC protecting groups
by means of trifluoroacetic acid in dichloromethane solution.**®

73



74



Chapter 1V

Organocatalytic aldol reaction
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4.1 Direct asymmetric aldol reactions

2a-c

The aldol reactio Is one of the most successful reactions in
organic chemistry because it readily allows themimion of a C-C
bond by reaction of an enolizable carbonyl compoanting as a
source of nucleophile with itself or another cajda@ompound acting
as an electrophile to givef®ahydroxy carbonyl compound, known as
aldol. In particular this transformation is a consmt methodology to
obtain by an atom economic way one or more stereogeenters
starting from achiral molecular sources. For thmason, this
transformation has been chosen historically aseaddal test to prove
the efficiency of new methodologies, especiallyrasyetric ones: ™
Therefore organocatalyst881-B4 were assayed in the direct
asymmetric aldol reaction between acetone andrdbahzaldehyde.
The effect of different reaction parameters, sushtl@e solvent,
temperature, catalyst loading, presence of additivas investigated
usingB1lb as organocatalytic system and the results obtanetisted

in Table 4. All the reactions were stopped whenveosion of the
substrate was complete or did not proceed furteejudged by TLC
analysis. The first run, performed by mixing p-oiienzaldehyde
(0.25 mmol) andB1b (0.025 mmol) in acetone, used as reaction
solvent****® at room temperature gave complete conversion ef th
substrate in 48 hours and the condensation prodastobtained in
27% e.e. (entry 1). However, together with the klgooduct,
appreciable amounts of other condensation prodagether with the
product coming from the dehydration of the aldokevebtained, and

their formation was observed even performing thectien at 0°C.
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This problem was avoided using a different reacgaycedure, which
involves the preactivation of the organocatalystamied by reacting
B1b and acetone for 1 hour, then adding the aldefijde.

Table 4:Reaction of p-nitrobenzaldehyde with acetone iespnce of organocatalyBtlb in

different conditions.

0 o OH O
/©)J\H . )J\ cat. Blb w
O,N O,N

Entry? Solvent T (°C) E.e. (%) Conv. (%
1 neat r.t. 27 >99
2 neat 0 46 >99
3 neat -20 34 >99
4° neat 0 37 >99
5° neat 0 44 >09
6' CHCl, 0 32 >99
7 CH,CN 0 38 50
g THF 0 17 73
99 toluene 0 29 >99
1d DMSO 10 23 26
11 H,O/DMF 2:1 0 49 72
12 H,O/DMF 2:1 r.t. 36 >99
13 DMF 0 37 36
14" H,O/DMF 1:1 0 n.d. 0

15> H,O/acetone 4:1 rt. 14 26

# Reagents and conditions: p-nitrobenzaldehyde rfir®!), acetone (0.5 mL), catalyst (generally
10 mol%); reactions are monitored by TLC;

® Determined by HPLC on chiral stationary phasesrédirack AS); the absolute configuration of
the prevailing enantiomer w&s

° Determined by H NMR

dWith 20% of catalyst

€ With 5% of catalyst

" Solvent/ acetone ratio 4:1, in a mL of volume

9 Reaction stopped after 96 h of conversion

" With 10% of TFA as additive

' Reaction stopped after 120 h of conversion
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Under these experimental conditions, at 0°C corapteinversion of
the aldehyde was reached in 48 h, and neither atbedensation
products nor the dehydration product were obserire@gddition the
aldol was obtained in 46% e.e. (entry 2). Furtlewering of the
reaction temperature, as well as increasing theysttioading, caused
worsening of enantioselectivity (entries 3 and®)e use of a lower
amount of catalyst did not improve the enantiogeli#ég, even if the
activity of the catalyst remained unchanged, cotepleonversion
being reached in 48 hours (entry 5). Changing efsblvent gave, in
general, inferior results both in terms of substrabnversion and
enantioselectivity (entries 6-13). In fact, usingH@; or toluene
complete conversion of the substrate was obsebtgd6 hours were
required in toluene solution and in both casesdlses were lower
(entries 6 and 9). In a polar solvent as THF weaiolked low
conversion and very low e.e. (entrie 8). Accorditag what was
proposed by List and Barbas in early wotksye try to use DMSO
with worse results (entry 10) and also the mixt®F-water,
affording a slightly higher e.e., unfortunately @sated with lower
substrate conversion (entry 11). Raising of thepenature in the
presence of this solvent mixture gave complete emiwon of the
substrate but lower enantioselectivity (entry 12).some cases the
literature proposed the use of acid addifived’ "in order to favour
the formation of the enamine intermediate but,un case, the use of
trifluoroacetic acid as additive did not afford five results, neither

in DMF-H,O solution (entry 14) where no reaction took plags;, in
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acetone (entry 15), where a very low conversiothefsubstrate and
36% e.e. of the product were obtained.

On the basis of these results, for comparative quap, the other
organocatalysts were assayed, under the experimeotalitions

which afforded the best results in terms of conearsand

enantioselectivity, i.e. the use of acetone aseswhat 0°C with the

pre-activation of the catalyst. The results aredisn Table 5.

Table 5: reaction of p-nitrobenzaldehyde with acetoner@spnce of organocatalyBfia-c, B2a-
b, B3a-b, B4a-c at 0°C.

Entry? Catalyst e.e. (R) Absolute configuratioh
1 Bilb 46 S
2 Bla 12
3 B2a 32 R
4 B2b 38 S
5 B4a 21 R
6 B4b 21 S
7 B4c 20 R
8 Blc 41 S
9 B3a 42 S

10 B3b 64 S

% Reaction conditions: p-nitrobenzaldehyde (0.5 mmatetone (solvent), organocatalyst (10
mol%), 0°C. All reaction are stopped after 48 k@nplete conversion.
® Determined by HPLC on chiral stationary phase (&pack AS).

° Determined by comparison with literature data

The activity of the different organocatalysts waemgparable,
complete conversion of the substrate being reachd@ hours in all
cases. Compouridlla, which possesses L-proline moiety linked at the
12-position of the deoxycholic acid, gave a remhlkalower
enantioselectivity (entry 2), suggesting that amaitched couple is

obtained when L-proline is linked at the 12-positidHowever the

79



sense of asymmetric induction remained unchangeds énantiomer
being obtained with both the diastereoisomers i@ntt and 2): this
result suggests that the sense of asymmetric iiatustainly depends
on the stereochemistry of the cholestanic backbobhewer
enantioselectivity is obtained when the proline etwis linked at the
3-position of deoxycholic acid, as BRa andB2b (entries 3 and 4),
suggesting that, as observed with other kind ofe bacid
derivatives’*®  derivatizaton of positon 3 affords less
enantioselective chiral auxiliaries. Again, the ohad couple is
constituted by the diastereoisomer bearing the difg, although, in
this case, the difference in the extent of asymimetrduction is
smaller. The sense of asymmetric induction chamgemssing from
one to another diastereoisomer, suggesting thatindepends on the
aminoacid moiety. Very unusual results were obthinging,B4a and
B4b as organocatalysts, where L- or D-proline moistlinked at the
7-position of the cholic acid. Both the diasteremers gave products
having the same e.e. (entries 5 and 6) but oppasisolute
configuration, suggesting a scarce influence ofcth@estanic moiety
on the asymmetric induction, which seems dependeiyt on the
aminoacid moiety. The use 8flc, the analogue dBlb possessing a
free OH group at the 3-position of the deoxychatioiety, did not
give better results thaBlb (entry 8), suggesting that a free OH group
at this position does not help the enantioseldygti the reaction, by
controlling the position of the substrate at theeinof the cavity of the
catalyst. This is likely due to the high distancetvwieen moieties
linked at the positions 3 and 12 of the cholestdr@ckbonewhich
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prevents interaction of the 3-OH group with a stdistthat lies near
the 12-position, where the active moiety of thealyast is located.
Even the use oB3a, the analogue dB1b, bearing D-proline moiety
linked to the 12-position of 3,7-diacetyl cholicigacdid not work
better thanBlb, affording the aldol product in 42% e.e. On the
contrary, the use dB3b, the analogue oB3a bearing two free OH
groups at 3 and 7 positions, gave the best enafams/ity (entry 10).
The higher e.e. can be explained taking into adcthat groups at 7
and 12 positions are closer than groups at 3 angdsiions:®
therefore the 7-OH group can interact with a sabstreacting with
the group linked at 12-position, by controlling gesition inside the
chiral cavity and then affording higher asymmetnduction. This
result suggested that the behaviouB8b could be different from that
one exhibited by the other organocatalysts and pted us to
investigate the effect of various reaction paransetan activity and

enantioselectivity of this system. The resultsraported in table 6.
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Table 6: Effect of reaction parameters on activity and ¢ioaelectivity ofB3b organocatalyst

Entry?  Catalyst (mol%) T(°C) Time (h) Solvent Conversién) E.e. (%}

1 10 0 48 Acetone >99 64
2 10 0 48 THF 8 45
3 10 0 48 DMF 53 65
4 10 0 48 THF/HO >99 67
5 10 0 24 DMF/HO >99 64
6 5 0 24 DMF/HO >99 67
7 2 0 48 DMF/HO >99 65
8 5 -20 24 DMF/HO >99 75
9 5 -40 48 DMF/HO >99 78

# Reagents and conditions: p-nitrobenzaldehyde rfir®l), acetone (0.5 mL), catalyst (generally
10 mol%); reactions are monitored by TLC;

® Determined by H NMR;

¢ Determined by HPLC on chiral stationary phasesré@iack AS); the absolute configuration of

the prevailing enantiomer wé&s

Changing of the solvent from acetone to THF or DMi@ not
improve the previous result. In fact using THF alveant the activity
remained unchanged but the extent of asymmetricicineh was
lower (entry 2). On the contrary, the use of DMH dbt change the
enantioselectivity to a significant extent, but semed the activity of
the catalyst (entry 3). The use of THEHor DMF/HO mixtures
afforded better results in terms of catalyst astjvgiving complete
substrate conversion in 24 hours instead of 48ié=n# and 5). In
addition, the presence of water avoided the fownatif by-products
coming from the acetone auto-condensation givicteaner reaction.
Using the DMF/HO mixture as reaction solvent allowed us to lower
the catalyst loading to 5% without loss of activatgd with a slight
improvement of asymmetric induction (entry 6). Rert lowering of

the catalyst loading to 2% did not give rise toslad asymmetric
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induction and complete conversion of the substnate still obtained,
even if a longer reaction time was required (efryimprovement of
asymmetric induction was obtained by lowering theperature to -
20°C, without loss of catalytic activity (entry 8)he best result in
terms of asymmetric induction was reached by furtbeering the
reaction temperature to -40°C (entry 9), but a$ tteimperature the
reaction was slower, affording complete substrateversion in 48
hours.

Indeed organocatalys®5 and B7 were subjected to a preliminary
screening in aldol reaction between acetone anirgbenzaldehyde
in order to evaluate the catalytic activity and es@lity.
OrganocatalysB5 gave a behaviour similar to free proline in organi
solvent (Table 7). DMF gave low yield (20% after APbecause of
formation of polymer of acetone (entry 2); wated lsadramatic effect
on reaction rate but gave only 9% e.e. (entryr@prestingly use of an
acid additivé*®®’ did not affect e.e. but lowered reaction rater{est
4-5). Reaction with cyclohexanone in DMF and in evagave good
stereoselectivity, respectively of 41 and 60% ef éentries 6-7). All

these results are comparable with those obtaingdpsoline*®
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Table 7 Reaction of 4-nitrobenzaldehyde with ketones irsenee of organocatalyBs®

(0] O OH O
/©)‘\H . )J\ cat. B5 (5mol%)
Lo 0T Lo
O,N > O2N ~
Entry Ketone Time (h) Solvent Conv. (%) e.e. (%)
1? Acetone 48 Acetone >98 16
22 Acetone 12 DMF 20 25
3 Acetone 12 HO >08 9
42 Acetone 120 T4l <2 19
5 Acetone 120 RO’ <2 22
6° Cyclohexanone 120 DMF 41 64 (71)
7° Cyclohexanone 120 o) 62 60 (80)

& Reaction conditions: p-nitrobenzaldehyde (0.5 mymatetone (27 equiv.), organocatalyst (5
mol%), 0°C. Main enantiomer for this reaction iwaysS.
® Reaction conditions: p-nitrobenzaldehyde (0.5 mmmiclohexanone (2 equiv.), organocatalyst
(5mol%), 0°C. Main diastereisomersdati with d.e. of 19% (entry 6) and 51% (entry 7). E.e.
into brackets is referred syn diastereoisomer
¢ Determined by HPLC on chiral stationary phase (@pack AS).
4 Determined byH NMR.
¢10mol% of TFA is added
" 10mol% PhCOOH is added

Similar results were obtained with organocatalst (Table 8).
Organic solvents DMF and CHCbave low conversion and low
enantiomeric excess (entries 1-5): in particuldolteaction in DMF
produced a lot of polymerization products (entBes) and acidity of
solvent did not affect the selectivity and the cension (entry 2). The
presence of water increased the reaction rate avitbtrimental effect
on e.e. (entry 6). Eventually, TFA additive in candiion with
organic solvertf®®! gave good enantiomeric excess, up to 67 %,

independently of amount of acid (entries 8-10).bRldy in this case
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cooperative effect between the two residues ofiqpgokcould be

postulated.
Table 8 Reaction of 4-nitrobenzaldehyde with ketones irspnee of organocatalyB7?
(o) o OH O
@H . )J\ cat. B7 (5mol%) /©)\)‘\
O,N O2N

Entry Time (h) Solvent Temperature (°C)  Conv.{%) e.e. (%)
1 48 Acetone 25 32 25
2 48 CHC} 0 37 39
3 48 DMF 0 26 43
4 120 DMF 0 27 43
5 72 DMF 0 26 45
6 96 DMF/H0° 0 >08 29
7 72 DMF -20 12 50
8 120 DMF/TFA 0 >98 57
9 120 DMF/TFA 0 >08 58
10 120 DMF/TFA 0 >98 67

% Reaction conditions: p-nitrobenzaldehyde (0.5 mmatetone (27 equiv.), organocatalyst (5
mol%), 0°C. Main enantiomer for this reaction iwaysR.

® Determined byH NMR.

¢ Determined by HPLC on chiral stationary phase (&pack AS).

4 Withuot preactivation

°*DMF/H,0 2:1

"5mol% TFA is added

920mol% TFA is added

" 10mol% TFA is added

4.2 Water as solvent in organocatalytic aldol reactions

The use of pure water as solvent is consideredeireral, to be of
high interest because water is an inexpensive, , saed

environmentally benign solvent. Importance of wadsr solvent in
organocatalytic processes was widely discussedademia in 2005-
2006, in particular by Janda and Hayashi, bothhefrt involved in a
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deep diatribe about the water-media coné€ptoday we consider
reasonably the organocatalytic reactions in water raactions
performed in an organic concentrated phase anaa @om to define
it is “reaction performed in the presence of wat&s proposed by
Sharpless et af°

Proline derived organocatalysts are reported teffextive for aldol
reaction even in the presence of large amounts asémbut some
additives were added in order to facilitate tharfation of enamine
intermediate. In 2005 Chimni and coworKé&tsproposed firstly
prolinamide 106 hydrobromide salts in the enantioselective direct
aldol reaction between acetone and p-nitrobenzgteehin the

presence of water, obtaining high yield and goaghénselectivity.

N NH
H TR 107a NH W
106a; (R)-methylbenzylammine H 107¢

106b: (S)-methylbenzylammine

In 2006 Barbas et af’ proposed to use emulsion obtained by proline
derivatives107 with long alkyl tails in order to form micelles the
reaction medium, sequestering reagents and inageasiectivity. In
particular the diaminel07c/TFA bifunctional catalyst system
demonstrated excellent reactivity, diastereoseliggti and
enantioselectivity in the presence of water in tieac between
aromatic aldehydes and cyclohexanone (yield up8,9d.e. up to
80% foranti product and e.e. up to 94%).
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More recently Visnhu Maya and co-workéfs exploited the
electroconstriction effect obtained by very salteeldium as a way to
improve results in organocatalytic aldol reactignglinamide 108a
and108b catalyzed the direct aldol reaction of both acyaind cyclic
ketones with different aldehydes in an excess démlarine (Scheme
34). Excellent enantioselectivites up to >99% and
diastereoselectivities up to 99% with very gooddgewere obtained

by using much lower catalyst loadings (0.5 mol %).

0
Ph
o o) C,)\H)\iLPh O OH _
PN NH oH csmom) ML 108a: R=iPr
N T RS H R,

108b: R=Ph

AY -
o -5C, brine oz

>99% ee

Scheme 34: Aldol reaction organocatalyzed &98 in brine

4.3 Direct aldol reactionsin water and organic media

Taking into account these results, we tried to @pthe possibility to
use our best organocatalytic systé&filb in reactions in aqueous
solvent and moreover in the presence of a largeuatnaf water, in
order to study different reaction conditions anctémpare results in
water and in organic solvents. To pursue this divjecwe chose as
test system the aldol reaction between cyclohexanand p-
nitrobenzaldehyde.

As previously reported (see section 4.1), thistieaovas performed
using B3b as organocatalyst and according to the “pre-aobna
method, which entails mixing of ketone alBb at the reaction
temperature for 1 hours, then adding the aldefi{’dRefore studying
the behaviour of this reaction in the presence atewwe explored the
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effect of different reaction parameters, such akvest, catalyst

loading, amount of ketone and temperature, as treghar Table 9.

Table 9 : Reaction of 4-nitrobenzaldehyde with cyclohexanonpresence of organocatalisb-
B3c®

o) 0 O OH
a
+ H - 5
NO, NO,

Entry Cat.(%) Solvent Temp. Time  Conv.(%f d.e.(%) e.e.
(°C) (h) (anti)® (%)°
1 5 H,O/DMF* r.t. 24 >08 28 77
2 5 HO/DMF 0 24 70 80 87
3 5 HO/DMF -20 24 50 82 90
4 5 MeOH 0 24 46 82 63
5 5 DMF 0 24 28 83 87
6 5 Toluene 0 24 97 83 85
7 5 Nitrobenzene 0 24 >08 84 86
8 5 DCM 0 24 >08 84 86
9 5 H,0° 0 48 61 80 81
10 2 HO® 0 96 31 85 68
11 5 HO"® 0 96 12 95 68
12 2 DCM 0 48 >08 92 87
13 1 DCM 0 48 >08 94 87
14 5 HO/DMF 0 48 >08 46 60

% Reagents and conditions: p-nitrobenzaldehyde (@2%l), cyclohexanone
(0.5 mmolL), catalyst, solvent (usually 0.5 mL); agans were monitored by
TLC;

® Determined by HPLC on chiral stationary phase (@pack AS, hexane: 2-
propanol 85:15, 1 mL/min, 254 nm); main diasterewier wasanti.

¢ Determined byH NMR

¢ H,O/DMF 1:2

€ All this reactions are performed in 2 mL of®

"1 equivalent of ketone was used:;

9 Organocatalyst with IRro B3c was used; the opposite enantiomer was

obtained in prevalence.
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The use of the 1:2 J-DMF mixture, the solvent giving the best
result with acetone as donor substrate, as reportsection 4.1, with
a 5% catalyst loading at room temperature and usittg a twofold
excess of ketone, afforded complete conversion hef aldehyde
substrate in 24 hours (entry 1). The aldol produas$ obtained with
low diastereoselectivity in favour of tlaati isomer, which showed an
e.e. of 77% (entry 1). Lowering of the temperatio® °C (entry 2)
caused an improvement of both diastereoselectiwtyich went to
80%, and enantioselectivity of tlaati isomer, which was obtained in
87% e.e. This good result was flanked by a slowdogvn of the
reaction rate, with a 70% of substrate conversiemg obtained.
Further lowering of the reaction temperature uf2lD °C (entry 3)
slightly improved both diastereoisomeric and ermanéric excesses,
but slowed down the reaction rate so that only @ S0nversion was
obtained in 24 hours. Screening of various orgaaleents (entries 4-
8) showed that the best results in terms of comwersf the substrate
as well as stereoselectivity were obtained when-awmpeting for
hydrogen bond solvents, such as toluene, nitrolenzer
dichloromethane, were used. As a matter of faetuse of methanol,
a protic solvent, caused a worsening both in cawwer and
asymmetric induction (entry 4). It is notable thaluene arerich
aromatic solvent and nitrobenzeneracceptor aromatic solvent gave
the same results allowing us to conclude that stacking between
solvent molecules and aldehyde substrate was natlvied in
determining the outcome of the reaction. It seeikslyl that the

organic solvent acts only as diffusion medium, wherannot interact
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with the substrate or the organocatalyst by meéimyarogen bonds.
As a matter of fact, worsening of the reaction oate occurs using a
protic solvent (DMF, entry 5, caused only slowingwth of the
reaction rate), probably because hydrogen bondgeeet solvent and
aldehyde substrate or organocatalytic species cenmvpigh hydrogen
bonds between the reactive enamine species ofrtfamacatalyst and
the aldehyde, which are believed important fordtezeoselectivity of
the reactiorf. Water behaved in a different way (entry 9): aliiothe
reaction was slower, when performed in pure watenaolvent, a
good level of asymmetric induction was obtained.isTis not
surprising if we take into account that water doessolubilise either
reagents or organocatalysts. The hydrophobic coemisrare obliged
by water to react in a “concentrated organic meditfitffin this sense
water does not compete for hydrogen bonds behasnipr example,
dichloromethane and guarantees the achievemenoaif g.e.s. The
lowering of catalyst loading or ketone amount hatetimental effect
both on reaction rate and asymmetric inductionrigntl0 and 11).
On the contrary, lowering of the catalyst loadingdichloromethane
solution did not affect the extent of asymmetriduation, as well as
the reaction rate (entries 12 and 13). The aldattren between 4-
nitrobenzaldehyde and cyclohexanone can be castiedsing a very
low amount ofB3b (1%), without loss of catalytic efficiency or
asymmetric induction: in addition, the low catalystding had a
positive effect on the diastereoselectivity of tteaction, with the
aldol product being obtained in 94% d.e. (entry. II3)e use of the

diastereoisomeric analogueB3b, which possesses an L-prolinamide
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moiety linked at the 12-position of cholic addBc , gave the aldol
product in high yield but in lower enantiomeric egs (entry 14),
suggesting that the more effective diastereoisas@btained when
D-proline moiety is linked at the 12-position ofodic acid. The
opposite enantiomer of thanti product was obtained in prevalence:
this result suggests that the sense of asymmatiietion is governed
by the proline moiety linked to the 12-positiontleé cholic acid.

The conditions giving the best results in the aswtnim aldol reaction
of cyclohexanone and 4-nitrobenzaldehyde, i.e. watéh 5% of
catalyst loading and dichloromethane with 1%B&b at 0°C, were
used to test the reaction with other substrates. r€bults concerning
the aldol reaction of cyclohexanone and variousnat@ aldehydes
are reported in Table 10. The reactions carriedrowtater (entries 1-
6) were faster than those performed in dichlorome¢h(entries 7-11)
independently of the aldehyde substrate. This eaattributed mainly
to the different catalyst loading that has a scarfteence in the case
of the reaction of 4-nitrobenzaldehyde but affdot® greater extent

the reaction of other kind of aldehyde substrates.
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Table 10 : Reaction of aromatic aldehydes with cyclohexanang@riesence of organocatalyst
B3b*

o) 0 O OH
ij + HJ\Ar ;, &Ar

Entry Ar Solvent Catalyst (mol%) Time(h) Conv.®6)d.e. (%§ e.e. (%)
1 4-FGH, H,0° 5 48 95 94 81
2 4-CIGH,  HO° 5 48 58 84 68
3  4-CRCgH, H0O 5 48 >08 97 63
4 2-CIGH,  H,0" 5 48 93 95 62
5  2-NOCgH, H,0° 5 48 46 99 62
6 Ph HO° 5 72 61 80 80
7 4-FGH, DCM® 1 120 >08 80 80
8 4-CIGH,  DCM® 1 120 80 83 do
9  4-CRCH, DCM® 1 48 74 85 8%
10  2-NOQCeH, DCM® 1 120 76 95 80
11 Ph DCM 1 120 81 26 8o

# Reagents and conditions: aldehyde (0.25 mmol)lobgxanone (0.5 mmol),
catalyst, solvent at 0°C

® Enantiomeric excess of tlaati diastereoisomer.

¢ Determined byH NMR; main diastereisomers wasti.

¢ All this reactions are performed in 2 mL of®

¢ All this reactions are performed in 0.5 mL of DCM

" Determined by HPLC analyses on Chiralpack AD, 26% hexane:2-propanol 90:10, 0.5
mL/min.

9Chiralcel OD-H, 254 nm, hexane:2-propanol 95:5,L¥min.

"Chiralcel OD-H, 210 nm, hexane:2-propanol 99:1,ral4min.

The extent of the substrate conversion dependeitherlectrophilic
character of the aromatic aldehyde as well astégrechindrance near
the carbonyl group in both the solvents: as a matte fact,

benzaldehyde and 2-nitrobenzaldehyde gave loweversion (entry
5) or required longer reaction times to afford goowmhversions
(entries 6, 10 and 11). Only 4-chlorobenzaldehyate electrophilic

92



and unhindered substrate, exhibited in dichloros@than unusual
behaviour, giving a 58% conversion (entry 2). Bdihstereomeric
and enantiomeric ratios were affected by the solweapposite ways:
water gave very high diastereoisomeric excess vouia of anti
diastereoisomer (entries 1-6), whereas the higlesintiomeric
excesses were obtained by performing the reaatioiichloromethane
solution (entries 7-11). The extent of asymmetnigduiction depended
on the nature of the aldehyde substrate more irerwHtan in
dichloromethane: aldehydes possessing a less gaiddei aromatic
ring gave the highest enantiomeric excess in w@etries 1 and 6),
whereas the e.e.s in dichloromethane were aroued8@% value
(entries 7, 9-11) except for 4-chlorobenzaldehyd&ch afforded the
aldol product in 90% e.e. (entry 8).

The same conditions were used in the aldol reactmn
cyclopentanone and various aromatic aldehydes: rdsailts are
reported in Table 11.

The conversions of the aldehyde substrates wendasim water and
in dichloromethane, except for 2-chlorobenzaldehydd-
chlorobenzaldehyde and 4-nitrobenzaldehyde whicke gamarkably
higher conversions in water (entries 8, 10 and 14).
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Table 11:Reaction of aromatic aldehydes with cyclopentanionthe presence of organocatalyst
B3b*

0] 0 0] OH
é + HJ\Ar 2 &Ar
Entry Ar Solvent  Catalyst(mol%)  Cori6) d.ré (%) er’ (%) er’(®)

(anti:syn) (anti) (syn)
1 4-NOCsH, DCM? 1 36 69:31 9738 55:45
2 4-FGH, DCM® 1 >08 53:47 93:7 65:35'
3 4-CIGH,  DCm 1 83 54:46 90:10  67:3F
4 4-CRCeH, DCM 1 >98 69:31 90:1 71:29
5 Ph DCM' 1 93 72:28 9555 81:19
6 2-NOCH, DCM 1 53 43:57 9713 65:35
7 2-CIGH,  DCMm® 1 51 44:56 955 72:28
8 4-NOCeH,  H,0° 5 >08 41:59 98:2 20:80°
9 4-FGH, H,0° 5 89 39:61 80:20 4456
10 4-CIGH,4 H,O° 5 >98 41:59 73:29 47:53
11 4-CRCeH;  H,0° 5 >08 36:63 95:5 36:64
12 Ph HO®' 5 87 54:46 5:95 53:47
13 2-NOCeH,  H,0° 5 57 33:67 94% 72:2&
14 2-CIGH, H,0° 5 91 28:72 41:59 35:65

# Reagents and conditions: aldehyde (0.25 mmoljppgntanone (0.5 mmol), catalyst, solvent at
0°C for 60 h.

® Enantiomeric ratio: first eluted enantiomer:secehded enantiomer.

° Determined by H NMR.

4 All this reactions are performed in 0.5 mL of DCM

€ All this reactions are performed in 2 mL of®

" Reaction time: 96 h.

9Determined by HPLC analyses on Chiralpack AS, 264 mexane:2-propanol 85:15, 1 mL/min.
"Chiralpack AD, 210 nm, hexane:2-propanol 95:5,rAl3min.

'Chiralpack AD, 254 nm, hexane:2-propanol 90:10,roL3min.

I Chiralcel OD-H, 210 nm, hexane:2-propanol 90:18,rL/min.

kChiralcel OD-H, 254 nm, hexane:2-propanol 95:5,L¥min.

' Chiralpack AD, 220 nm, hexane:2-propanol 99.5:0.5)L/min.

Conversions depended, also with this ketone, oreleronic nature

of the aldehyde as well as on the steric hindrarez the carbonyl
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group (entries 5-7 and 12-14), with the sole exoapdf the reaction
of 4-nitrobenzaldehyde in dichloromethane (entry°d s far as the
diastereoisomeric ratios are concerned, low diesiteomeric
prevalence was observed in all the cases: thistisurprising, given
that the use of cyclopentanone as donor substeatally affords low
diastereoisomeric excesses.However, it is notable that in most
cases the diastereoisomeric ratios are higherttiese reported with
other proline-derived organocataly$ts The reactions performed in
dichloromethane gave a prevalence ofdht diastereoisomer, except
when 2-nitro and 2-chlorobenzaldehyde were usedsudsstrates,
suggesting that the ortho-substitution is a stmattieature that helps
the formation of thesyn isomer. By contrast, when water was used as
reaction solvent prevalence of tha isomer was obtained, apart from
the reaction of benzaldehyde (entry 12) that galve prevalence of
the anti isomer, but to a remarkably lower extent. Thesaulte
suggest that water can stabilise the transitiote skeading to the
formation of thesyn product: such a kind of stabilisation gives rige t
the inversion of the diastereisomeric ratio (estie4 and 8-11), or to
a lower prevalence of thanti product (entries 5 and 12) or to a higher
prevalence of theyn isomer (entries 6, 7, 13, 14), in passing from
dichloromethane to water. Thamti products were obtained in good
enantiomeric excesses in both solvents, apart thmmweactions of 2-
and 4-chlorobenzaldehyde in water (entries 10 &)dak observed in
the case of cyclohexanone, the best asymmetricciims were
achieved when reaction was performed in dichlorbare (entries 1-
7). On the contrary, the enantiomeric excessehefyn products
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were lower and a general trend depending on theesblcannot be
found: thesyn product coming from the reaction of benzaldehyds w
obtained in 62% e.e. in dichloromethane (entrybereas a 60% e.e.
of the syn product coming from the reaction of 4-nitrobenehigde
was obtained in water (entry 8). The sense of asgtmerinduction, as
far as theanti product was concerned, changed in passing from
dichloromethane to water in the case of benzaldehgdd 2-
chlorobenzaldehyde (entries 5, 7, 12 and 14). Aasahesyn product
was concerned, the opposite enantiomer was obtain@evalence in
water in several cases (entries 8-11). These sepaitt out a change
of asymmetric induction mechanism depending onsibigent with
some aldehyde substrates. This particular behawbarganocatalyst
B3b is very useful when benzaldehyde is reacted: Hgtuboth
enantiomers of thanti aldol product can be obtained in 90% e.e.

simply by changing the reaction solvent (entries8 12).
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Chapter V

Organocatalytic Michael reaction
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5.1 Organocatalytic Michael reactions™

The asymmetric Michael addition of carbon nucletgshito nitro
olefins has attracted a lot of attention becausdlatvs functionalized
products with multiple stereogenic centres to b&iolked in a single

step*™®

Moreover,Michael reactions of aldehydes and ketones with
nitro olefins represent a convenient route to Valeiduilding blocks
in organic synthesiS? In fact, the nitro functionality can be easily
transformed into a nitrile oxide, ketone, amine,carboxylic acid,
etc., providing a wide range of synthetically iesting compounds.
Organocatalysis of the Michael reaction was pioa@ersing proline
first by List'®*® and Barbd$S™ in 2001; afterward, excellent results
have been obtained in the Michael addition of caybocompounds to
nitroalkenes using chiral amines as organocatalystghich promote
the reaction via enamine pathwayAmong these, proline derivatives
bearing substrate orienting functional grddpsucceeded in reaching
good levels of asymmetric induction. Barbas desdt for the first
time highly diastereoselective direct catalytic Michaedactions
involving the addition of unmodified aldehydes fitran olefins using
proline derivative organocatalysts 942-
(morpholinomethyl)pyrrolidine and S-1-(2-
pyrrolidinylmethyl)pyrrolidine 109 as catalysts (Scheme 35). The
reactions proceed in good to high yields (up to Pé%@ highlysyn-
selective manner (up to 98:2), with up to 91% eadues.
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H o}
110 111 R, 109a 109b

112

o)
Cat. 109 (20%mol) O R N N N N
~NO Ho( >
Rl/\/ 2 4 HJJ\/RZ _— )J\‘/'\/Noz H Q

up to 96% yield up to 96% yield
up to 98:2 syn/anti  up to 89:11 syn/anti
up to 78% ee up to 91% ee

Scheme 35 Organocatalyzed Michael addition of aldehydesittmstyrene promoted bi09
Chiral (&-pyrrolidine trifluoromethanesulfonamidd13 has been

shown by Wang’s grodf’ to serve as an effective catalyst for direct
Michael additions of aldehydes and ketones to rotefins (Scheme
36). Studies with linear chain aldehydes revedbhad these substrates

reacted much more rapidly than the more hindesgdtdialkyl

aldehydes.
o up to 99% yield O_\
AN, R Cat. B (20%mol) O  Ar Up 10 501 dr RNy
. H 2 ProH,0T . H NO2 upto 99% ee H 2 3
113
114 115R1 R111R62
o 0 ér up to 96% yield
A NNO; 4 HH Cat. B (20%mol) MNOZ b 10 50r1 o
iPrOH, 0C R ﬁ up to 99% ee
114 Ri R 2 1

117 118
Scheme 36: Organocatalyzed Michael reaction promotedLby

More significantly, reactions witl3-nitrostyrenesl14 bearing either
electron-withdrawing or electron-donating substitiseoccurred with
excellent levels of enantio- (94-99% e.e.) andtdrasselectivity (up
to 50:1 d.r.). The generality of Michael additiomactions between
ketones and nitro olefins promoted by S-pyrrolidine
trifluoromethanesulfonamid&l3 was also explored. Excellent levels
of enantio- (97% e.e.) and diastereoselectivity (op50:1 d.r.)
accompanied the reactions of cyclohexanone, butpimrast, almost
no reaction occurred in the cases of five and sevembered ring
cyclic ketones, presumably due to difficulties ime tformation of
enamines. The electronic nature of the substitummtiie nitro olefins
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had no effect on stereoselectivity; excellent Isvel enantio- (96—
99% e.e.) and diastereoselectivity are observetef8e 36). More
recently, Wang’s group has report&dthe recyclable and reusable
fluorous ©-pyrrolidine sulfonamide organocatalystt19 for
promotion of highly enantio- and diastereoselectMiehael addition
reactions of aldehydes and ketones with nitro oeiin water (Scheme
37).

They demonstrated that fluorou$§)-pyrrolidine sulfonamide is a
robust catalyst that is effective in water and banreadily separated
and reused without significant loss of catalytictiaty and

stereoselectivity.

(=

(@] H NHSOZH'C4F9 (0] Ar up to 98% vield
Ar/\/NOZ + 119 (10%mol) R )’H)*\/NOZ up to 50:1 dr
Ry 1 up to 95% ee
114 120 R2 H,0, r.t. Ro 121

Scheme 37: Organocatalyzed Michael reaction of ketones twosiyrene promoted by (S)-

pyrrolidine sulphonamid&19

Alexakis and co-worket¥ have developed new 3,3-bimorpholit2?
derivative for asymmetric conjugate additions ofimas aldehydes to

different nitro olefins (Scheme 38).

O—‘/,/_(O
iy
Q 122NHA< (15%mol) 9 R up to 90% yield
R N0, o+ )J\/'\/NOZ up to 95:5 syn/anti
2 H z up to 91% ee
110 111 Rq CHClg, r.t., 1-13 days Ri 112

Scheme 38: 1,4-addition of aldehydes t nitro olefins catalgtzy bimorpholind 22

Interestingly, the nature of aromatic nitro olefihad no influence
either on the stereoselectivity or on the yield, fen-aromatic groups

on the nitro olefins played a crucial role in terrmof reactivity.
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Although the stereoselectivity was maintained, tkactivity, and
consequently the yield, decreased dramaticallyhm d¢ase of nitro
olefins bearing saturated cyclic systems (e g= BHex).

Furthermore Alexakis et af° reported additions of aldehydes and
ketones to nitrostyrene catalyzed by chiral 2,3Abvigdidines 123
(Scheme 39). The reaction with acetone gave nohgildg amounts
of dinitro adduct, but the addition of a catalydimount ofpTSA (0.15
equiv.) completely eliminated the formation of thog-product and
also produced an increase in the reaction ratealy@iat Michael
additions of unsymmetrical ketones such as metthyl &etone and

methyl propyl ketone raised the issue of regiosifiey. *°*

. O3 )
Cat. 123 (15%mol) O R N N
X NO N H
Rl/\/ 2+ R)J\/R3 - 5 . NO, /« /«
110 2 Ry *

120 R 123a 123b
3 .
124 up to 99% yield up to 84% yield
up to 96:4 syn/anti  UP to 95:5 syn/anti
up to 85% ee up to 98.6% ee

Scheme 39: 1,4-addition of unsymmetrical ketones to nitrefols catalyzed by bipyrrolidines
123

When the enamine was formed under kinetic conditigdhe less
hindered methyl group reacted preferentially, ifo@ to moderate
regioisomeric ratio (43:57 and 33:67, respectivdiy)the presence of
pPTSA or the hydrochloride catalyst, the formation tbé enamine
under thermodynamic conditions inverted the redemsivity to

74:26'%% Several advances in asymmetric additions of ketcioe
nitroolefins with the help of two proline derivedttazole catalysts

125 have been discovered by Ley et%4(Scheme 40).
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N~
=N %N
Ar H HN. N

o NN
Cat. 125 (15%mol
Ar/\/NO2 + )J\/Rz ( )R )J\/\/ H H
114 Ri o0 EIOH/IPA (111) R : 1253 125b
20T, 24h Upto 100%yield  Upto 74%yield
121 up to 19:1 syn/anti  up to >19:1 syn/anti

up to 70% ee up to 93% ee
Scheme 40: Michael reaction between ketones and nitrostyggm®moted by tetrazole-proline

derived125
The results are a definite improvement on thoseiqpusly reported in

the literature for this reaction with prolin€. These organocatalysts
outperfom by far L-proline in terms of yield, enaselectivity, and
reaction times. (Scheme 40). Kotsuki et®alhave developed a new
direct method for asymmetric Michael addition reats of ketones to
nitro olefins in the presence of new pyrrolidineidine catalyst426,
which are easily prepared from L-prolinol. The teat was highly
efficient in terms of productivity (up to 100% v
enantioselectivity (up to 99% e.e.), asyh diastereoselectivity (up to
99:1syn/anti, Scheme 41).

© N H—nR, QA up to 100% yield
A X NO; + 126 — (20%mol) NO;, upto 99:1dr
r ) . : up to 99% ee
acid additive, CHClj, r.t. >
114 128
127
Scheme 41: 1,4-addition of cyclohexanone to nitrostyreneatated by pyrrolidine-pyridiné26

Since several studies had indicated that amindystgabehave as
initiators  of polymerization, Barbas Il et &P very recently
hypothesized that, if the anion intermediate defrifrem the addition
of the amine catalyst top-nitrostyrene could be stabilized,
polymerization should be inhibited and the chemigald should be

improved. They found that the best results weraiobtl when brine
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was used as a solvent, providing excellent yielus$ lasigh levels of

diastereo- and enantioselectivity.

01 129

o) N N-CioHy QA up to 99% vield
Ar/\/ N02 + I—t:]_oHZl (20%mol) R )J\/\/Noz up to 98:2 dr
Ri TEA brine. 25C 1 up to 97% ee

114 120 Re - Prine. ?221

Scheme 42: Michael addition of ketone to nitrostyrene catal¢t by diaminel29 in brine

Addition of TFA to the reaction in brine improveteamical yields by
acceleration of enamine formation. The diamine/TB#unctional
catalyst system29 thus demonstrated excellent reactivity (up to 99%
yield), diastereoselectivity (up to 98:2 d.r.), amhntioselectivity (up

to 97% e.e.) in brine (Scheme 42). Oriyama ef’abnvisaged that
(S9-homoproline might catalyze highly enantioselesticarbon—
carbon bond formation and developed asymmetric dtladdition
reactions of ketones t@-nitrostyrene and its derivatives in the
presence of)-homoproline as a chiral organocataly80 (Scheme
43). The reaction was highly diastereoselective tup8:2 d.r.) and

enantioselective (over 90% e.e.).

O—\ 130

N  COOH
o H - HC [EtsN O Bh up to 90% yield

Ph/\/NOz + R)H (20%mol) (20%mol) Rl)J\_/TVNOZ up to 98:2 dr

1 H up to 94% ee
114a 120 Ry tBUOH, r.t. Ry 1o

Scheme 43: 1,4-addition of ketone to nitrostyrene in presentproline sali30

5.2 Bileacid derived organocatalystsin Michael reactions
An alternative approach to the achievement of loiigistereoisomeric
and enantiomeric excesses by means of substratieolc@an be

realized using a proline derivative where the amanb moiety is a
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part of a chiral cavity where the reaction takesce| as reported in
Chapter IV. Since the amine catalyzed Michael aolulibf ketones to
nitro olefins proceeds via an enamine intermediate,the proline
promoted aldol reaction, (see Chapter |) we reasdmat our class of
organocatalysts could succeed also in this reacfian verify this
hypothesis cholic acid derived prolinamides and-po@inamides
were checked as organocatalysts in the asymmeitchadl addition
of cyclohexanone to aromatic nitro olefins.

i

H

R

B3a R: OAc, D-Pro B4a (L-Pro) R: OAc
B3b R: OH, D-Pro B4b (D-Pro) R: OAc B5 R: OAc
B4d (D-Pro) R: OH B6 R: OH

These derivatives possess D or L-proline linked the
stereochemically demanding 7 and 12 positions efctiolic acid and
free or protected hydroxyl groups to check the atffef these
structural features on the outcome of the reaction.

DerivativesB3-B6 were assayed as organocatalysts in the asymmetric
Michael addition of cyclohexanone f&nitrostyrene and the results
obtained are reported in Table 12. The reaction® werformed by
stirring cyclohexanone and the organocatalyst m s$blvent, then
addingB-nitrostirene after 1 hour, and were interruptedally after

48 h. All the reactions proceeded with completestaigeoselectivity in

favour of thesyn diastereoisomer. DerivativB3a, bearing a D-
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prolinamide moiety linked to the 12-position, affed, in
dichloromethane at room temperature, the reactimdyzt in 44%
yield and 41% e.e. (entry 1). Better results wdrained using34b,
which possesses the same moiety linked at the ifiggosunder the
same reaction conditions the Michael adduct wasioéd in 94%
yield and 61% e.e. (entry 2). Lowering the catalgsding gave rise
to lower yield, without affecting the extent of amyetric induction
(entry 3). The use of toluene as reaction solvavega higher e.e.
(entry 4) that further increases using lower catalgading (entry 5).
Unfortunately, this afforded lower yield of the pret, suggesting
that the use of 10% catalyst loading is mandatoryave satisfactory
amount of the Michael adduct. On lowering the terapge the extent
of asymmetric induction increased and the produas wbtained in
50% vyield and 82% e.e. (entry 6). The use of thr@igrsolvent 2-
propanol gave poor results both in terms of yield a.e. (entry 7),
suggesting that the Michael addition is favouredapwglar or scarcely
polar solvents. DerivativB4a, bearing a L-prolinamide moiety at the
same position adB4b, gave worse results with respect to its
diastereoisomer both in terms of yield and e.etryeB), suggesting
that the D-prolinamide moiety is in a matched releghip with the
cholestanic backbone when linked at the 7-positibime absolute
configuration of the prevailing enantiomer of theguct depends on
the absolute configuration of the prolinamide mgiets a matter of
fact the same prevailing enantiomer was obtainetyui3a andB4b,
whereas the sense of asymmetric induction was tewewvhen the

reaction was promoted [34a.
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Table 12 Michael addition of cyclohexanone to traghsitrostyrene in the presence of

organocatalystB3-B6.

7 cat, 48 h, 0C Q Q =
©/\/ NO, NO, ij:/\/ NO-
+ + B

127 114a (R,S)-128a (S,R)-128a
Entry Cat. Cat. loading (%mol) Solvent  E.e. (%) A.C®  Conv. (%f

1 B3a 10 DCM 41 (RS 44

2 B4 10 DCM 61 RS 94

3 B4b 5 DCM 62 RS 38

4  Bdb 10 PhMe GE 80

5  B4b 5 PhMe 79 (RY 28

6 Bdb 10° PhMe 82 (R9 50

7 B4 10 i-PrOH 23 (R9 8

8 Bda 10 DCM 34 (SR) 65

9 B4d 10 DCM 60 (SR 50

10 B4d 10 PhMe 75 (SR 36

11 B3b 10 DCM 47 (SR 68

12 B5 5 DCM 56 RS 97

13 B5 5 PhMe 50 (RY 75

14  B5 5 THF 10 (R9 31

15  B6 5 DCM 65 (SR) 53

16 B5 5 EtOH 27 (SR) 47

17 B5 5 i-PrOH 36 (SR) 19

% Reaction conditions: cyclohexanone (2 eq.), tfxnétrostyrene (1 eq.), organocatalyst,
solvent (1 mL), 48 h, r.t.

® Enantiomeric excess of thgn diastereoisomer (d.e.>98%, evaluated B NMR)
determined by enantioselective HPLC: Chiralcel ®é&xane/2-propanol 97:3, 220 nm,
1mL/min. ¢ Absolute configuration of the prevailing enantiondetermined by comparison
with literature data.

4 Determined byH NMR.

® Reaction performed at 0°C for 60 h.
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It is to note that the same stereoselectivity isi® is observed using
B4d (entry 9), which possesses a D-prolinamide mdiaked at the
7-position asB4b but has a free hydroxyl group at 3-position. In
addition, this organocatalyst gave better resualteims of asymmetric
induction with respect t®4a, which further improved using toluene
as solvent (entry 10). These results suggest tieet ©OH on the
cholestanic backbone enters in the transition skadeling to the
product, changing the asymmetric induction mechmanidt is
conceivable that this could happen only if the draon state is
developed in the interior of the chiral cavity fadby the cholestanic
backbone and the appended prolinamide moiety wileze3-OH
group is directed. Changing of the asymmetric itidacmechanism
depending on the presence of free 3-OH group isrgbd also using
B3b, which possesses a D-prolinamide moiety linked Zposition
(entry 11). It gave opposite prevailing enantionveh respect td33a
(entries 1 and 11), although both derivatives pgsseD-prolinamide
moiety. These results point out the role of thealhtavity of these
organocatalysts in determining the stereochemicdatome of the
Michael reaction independently of the position vehtlre prolinamide
moiety is located on the cholestanic backbone. éSBvb gave the
best results both in terms of yield and e.e. ofpfeluct and gave the
same prevailing enantiomer B8a, we were interested in checking if
two D-prolinamide moieties linked at 7-and 12-posis could work
in a synergistic way, affording higher asymmetniduction. The bis-
prolinamide derivativeB5 gave the reaction product in quantitative
yield under a 5% catalyst loading (entry 12). Unfoately, the e.e.
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was slightly lower than that obtained usiBgb, suggesting that the
presence of two prolinamide moieties on the chatest backbone
does not afford an improved organocatalyst wittpees toB4b. On
the contrary, the higher reaction rate and the gemnylar asymmetric
induction extent suggest that the two moieties wodependently as
organocatalysts of the reaction. No better resuitse obtained by
changing reaction solvent (entries 13 and 14). Hemse of
asymmetric induction still changes in passing fr8® to B6, the
analogue possessing a free OH group at 3-posigatry( 15) and a
slight improvement of the e.e. is also observed.e Téame
enantioselectivity inversion is observed when pglestic solvents,
such as ethanol or 2-propanol were used (entriend6l7): however,
the poor results both in terms of yield and e.ekanacarcely
interesting these reaction conditions.

The conditions giving the best results in the asgtnim Michael
addition of cyclohexanone an@nitrostyrene, i.e. 10% oB4b as
organocatalyst in toluene at 0°C, were used totlestreaction with

other aromatic nitro olefins and the results apored in Table 13.

108



Table 13. Michael addition of cyclohexanone to aromatiaautefins 114 in the presence of

organocatalystB4b
114b Ar:;p-NO,CgHy
114c Ar:p-MeOCgHy4
o o Ar i
B4b (10%mol), NO, ﬁjd ﬁr.-o'g%2%6H4
r oA A~ NO, € Arp-brighy
' 72 h, 0T 114f Ar: 2-furyl
114 Toluene 128 1149 Ar: p-MeCgHy4
127 114h Ar: 2-naftyl
114i Ar: 1,3-benzodioxolane-5-yl
Entry? Ar d.e.(%) Conv.(%Y e.e.(%)
1 114b 98 64 o3
2 114c 98 55 55
3 114d 98 59 49
4 114e 62 65 8@
5 114f 61 68 83
6 114g 70 66 79
7 114h 71 65 75
8 114i 98 26 0

 Reaction conditions: cyclohexanone (2 equiv.yoeiefin (1 equiv.), organocatalyst (10% mol),
toluene, 0°C, 72 h.

® Determined byH NMR.

¢ Enantiomeric excess of tisgn prevailing diastereoisomer determined by enantctee HPLC
dChiralcel 0J, 238 nm, 1mL/min, Isoct/Ipa 80:20

€ Chiralpack AD, 238 nm, 1 mL/min, Hex/lpa 95:5

" Chiralpack AD, 254 nm, 0.5 mL/min, Hex/Ipa 90:10

9 Chiralpack AS, 238 nm, 1 mL/min, Hex/Ipa 90:10

" Chiralpack AD, 254,nm, 0.7 mL/min, Hex/Ipa 90:10

" Chiralcel 0J, 220 nm, 1 mL/min, Hex/Ipa 97:3

I Chiralpack AS, 254 nm, 0.7 mL/min, Hex/Ipa 55:45

K Chiralpack AS, 214 nm, 1 mL/min, Hex/Ipa 97:3

All the reactions were stopped after 72 hours éomparative
purposes. Conversions ranging from 55 to 68% wétaimed, with

the only exception of substratEldi that gave poor yield of the
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Michael adduct (entry 8), probably because the gmes of an
electron rich aromatic ring slows down the additiora greater extent.
The reaction is diastereoselective in favour ofdfrediastereocisomer
with all the substrates, but the extent dependfi@mature of the nitro
olefin. A general trend depending on the electrahiaracter or the
substitution pattern of the aromatic ring cannofdaend: as a matter
of fact complete diastereoselectivity was obtaingth both electron-
poor and electron-rich substrates (entries 1 andr 2yith substrates
bearing substituent on different positions of thenaatic ring (entries
1, 3 and 8). The same considerations can be materegard to the
substrates giving lower diastereoisomeric excegsasies 4-7). The
e.e.s are moderate only for substrate and114d (entries 2 and 3).
The other nitro olefins gave the Michael adductthva.e.s ranging
from 75 to 95%. Again a trend depending on eleatroharacteristics
or substitution of the aromatic rings cannot bentband there is no
correlation between diastereoselectivity and epaatectivity. In fact,
starting from olefin 114c a Michael adduct with high
diastereoisomeric excess but moderate e.e. wasnebtgentry 2),
whereas substratel14f afforded a product with moderate

diastereoselectivity and good e.e. (entry 5).
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Chapter VI
Studies on B3b and its cyclopentanone

enamine
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6.1 NM R measur ements

Given that the bile acid derived organocatalystsspss a prolinamide
moiety, it can be reasonably assumed that thetdmegmmetric aldol
reaction catalyzed by this new class of organogsiisl proceeds
through the same mechanism reported in the litexatar proline
(Scheme 443 According to this mechanism, both a basic siteand
acidic proton are required for effective catalysrsthe case of bile
acid derived prolinamides the transferred protorstnasiginate from
the amide group. This assumption is supported kybigtter results
obtained using bile acid prolinamides with resppobline itself,
suggesting that the amide group is able to formreng hydrogen
bond with an aldehyde and, as a result, a tighakfiete Zimmerman-
Traxler-like transition state as the carboxylic dtianality does. In
particular L-proline affords aldol adduct of acetonto p-
nitrobenzaldehyde in 24 h with 30-40% of organdgatawith 68% of
yield and 76% of enantiomeric eccédsvhile we obtained witB3b
the same result in enantioselectivity and compbeteversion in the
same time with only 5% of catalyst loading (Chaptértable 6, entry
8). Good catalytic performance of our system comgado other alkyl
amide can be explained by considering the impoetaoic double
activation® of aldehyde acceptor by hydrogen bonding with 12-N
amide and 7-OH groups attached to the cholestatklone. As far
as the enantioselectivity is concerned, the presafiche bile acid
chiral cavity plays an important role: in fact nmtly prolinamide
bearing additional stereocenters leads to a vegly Btereocontrol in
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aldol reactiort’ as proposed by Gong et al., but also the developmen
of the transition state at the inner of the chalest pocket helps the

asymmetric induction process.

o
e P{ D e 1,0 o D‘”‘/(O
EI\?M<NH'R* N M<NH'R* @ N*R*— %HN*R* o
H \
OH )
OH O 7\ R)LH
R
Fe
0 p »
(o4 A NN
HO ﬁfH(ﬁ MO o N MR | TNEOTH g
3RO > wo N
R R*

Scheme 44: Mechanism of the aldol reaction between acetorttaddehydes in the presence of a

chiral prolinamide.

Nevertheless enamines are not the only transi@tiep present in the
reaction medium: in fact, several reports have llgbted the
importance of the formation of bicyclic oxazolidimes, like131 and
132 formed between the proline and the aldehyde ariet®

0
E,}Y 131 Ry=H, Ry=tBu

-0 132 R;=R,=Me
2

R.” -
'R

List et al’®*?established that such oxazolidinone formation ldads

parasitic consumption of the catalyst for the aldalction in DMSO,
while Blackmond et al. showed that bicyclic oxadwione formation
in the proline-catalyzedi-aminoxylation anda-amination reactions
may actually make the catalyst more active by iasireg the

solubility of proline or itself can participate as catalyst in the
reaction:”®

In order to get insights into the enamine formatsbarting from our

organocatalysts and to find the traces of somesiah species as an
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aza-like oxazolidinone, we carried outH-NMR studies on

organocatalysB3b

_\’3 Ha trans

Ha cis

A

Figure 6: *H-NMR spectrum oB3b (600 MHz,CDC}), amide region.

The *H-NMR spectrum oB3b, recorded at 600 MHz in CDLas a
solvent, shows in region between 7.5 and 9.0 ppigu(é 6) two
doublet signals at 7.8 ppm (J = 9.9 Hz) and atppsd (J = 9.9 Hz)
corresponding to the resonances of two amide psotdhe same
coupling constant suggests that they are due toet@nances of the
amide protons ofB3b trans and cis isomers, present in solution
because of the restricted rotation around the anbdad. By
comparison with literature dafait is possible to attribute the signal
at 8.2 ppm to the resonance of the amide protahefrans isomer;
the integrated areas of the two signals givesaas.cis 10:1 ratio
(Figure 6).
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Attempts at studying the formation of enamine iretane-d, as
reported by Gryko et al. for prolinethioamitf® were unsuccessful
because only the deuterium exchange of amide pmwamobserved.
In addition, no appreciable difference between dpectra ofB3b
recorded in CDGland in acetonegdis observed: this allows the
formation of cyclic stable intermediates to be arleld, but, at the
same time, suggests the presence of a fast equifidsetweenB3b
and the corresponding enamine, which prevents aMR Nstudy
concerning the enamine formation.

Therefore, in order to gain some information alibet conformation
of the enamines deriving frolB3b we turned our attention to
computational studies on these intermediates. tticpéar, given that
different enantio and diastereoselectivities hagenbobserved in the
direct asymmetric aldol reaction between cyclopeote and
arylaldehydes, promoted B3b, depending on the reaction solvent
(dichloromethane or water), we were interested @&nigg some
information about the conformation &3b and its cyclopentanone

enamine in these solvents.

6.2 PCM in solvation modeling

In the literature, enamine formation and transitistates for
organocatalytic reaction have been studied quametg and

qualitatively by DFT in vacuuri? Nowadays, only few pioneer

works " study the influence of the solvent on the enarfiimeation,
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because of the difficulty in calculating interacisobetween solvent
and transition states.
A good model to introduce solvent effect in DFT ccaédition is the
polarizable continuum model (PCMY. This simple approach
describes solvation as a process composed by taree

« Formation of a cavity in the solvent to host a maleM

» Transport ofM in the cavity

* Interaction betweeM and solvent
The first two points depend on the molecule onlypart, being
determined exclusively by the molecular geometrg a@ot by its
electronic structure. In general,cavitation free energy (AGca), I.€.
the isobaric work necessary to form the cavity tiagts the molecule
M, is assigned to the first part; the second pddctdf the thermic
component of free energy, i.e. the temporary fregenif the degree of
translational freedom. The third contribute, whidescribes the
interaction between solute and solvent, is the nmpbrtant from a
chemical point of view.
Solute-solvent interactions are in general clessi@ as repulsions,
dispersions and purely electrostatic forces: thrst fiwo can be
described by an exact quantum model because thegndeon the
electronic exchange and the solute-solvent fasarjzaition due to
electronic correlation; the electrostatic forces t@® described by a
classical model that takes into account the equilib reciprocal
polarization between the charge density of a mdéeand the charge

density of the solvent.
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PCM describes the solvent as a polarizable contmulielectric
medium; in particular this model is focused on th&lute and
consequently considers the solvent as a perturbttet can influence
molecular properties. This model solves in a ctadsnanner only the
electrostatic part of the solvation problem: thentobutes to free
energy due to dispersion and repulsion forces tedmal and
cavitation phenomena are described by semi-empmoaels and, in
a first approximation, do not affect solute behavioMoreover
directional interactions (as H-bond) between scéute solvent are not
straightforward to describe with such a method aedd more
complex techniques.

In contrast, molecular properties are mostly deteech by electronic
structure of the solute and the classical intevactietween its charge
density and, with no doubts, solvent is the mogtartant contribution
in the calculation of chemical properties (geomespgectroscopic
behaviour,...). In an accurate description it is gaesto include in
the PCM the first solvation sphere, with a comglexif calculation
similar to that used for solute.

PCM divides the space in two different regionsauity that contains
the molecule and where solvent molecules cannet eciharacterized

by a dielectric constard, in vacuum, the bulky solvent, represented

by its dielectric constant. From electrostatic classical theory we
know that in vacuum:
O[E = 47p,
In a dielectric the equation was modified as fokow
OM=4p, With D=¢
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From which derives:

D(eE) = 47p,
But we have:

E=-0V
Then the problem is solved when we know the paéRr), solution
of the Poisson equation:
~0de(r)ov(r))=4mp, (r)

This differential equation in the space can besi@med in a integral
equation on a surfack, the interface between the solvent and the
cavity. The integrated form of this equation hageaeral form like
this:

Ao = I\A/IVM
With A and M are two operators. Different forms of A aml give
different types of PCM. Solution of the Poisson a&n is used to
build the perturbation in Hamiltonian of our molé&ousystem:

YuR)= 7, (R)+ 7eeu (R€)  With 74, (R,€)= J'rdsa(s)\/M (s)

PCM is an iterative method and, starting fromoaobtained by
calculations program, it generates a correspondipgcalculates the

pew and the energy and then, starting from this neergn it is

possible to calculate anotheand so on.
6.3 Computational studies
In order to model qualitatively theis and trans isomeric forms of

catalystB3b, and the corresponding enamines in dichloromethade a

water, the solvents used to perform direct aldattien (see Chapter
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I\VV), we carried out calculations on a local devehgmt version of the
Gaussian03 packalje at the density functional theory (DFT) level.
For calculations in dichloromethane, the organdgstavas described
using B3LYP/6-31G(d,p) and solvent interactions evebtained by
using |IEF-PCM levél®. For calculations in water, a hybrid
approach’® was used: six molecules of water were tentatipédged
near the functional groups &3b able to form H-bond, choosing a
disposition that prevents the water molecules froofliding in a
separate cluster. The system constituted by thenoatalyst and the
water molecules was described at the Hartree-Feckl lof theory
with the smaller STO-3G basis, the external H-bioieracting part of
the molecule was described, using B3LYP/6-31G(dith ONIOM
techniqué’” and solvent interactions were obtained by using- IE
PCM. Relative free energies afs andtrans forms of organocatalyst
B3b and the corresponding enamines in dichloromettli@@M) and
water are reported in Figure 6. As far as enamamesconcerned the
calculations were performed using as input geoetooth theiisyn
and anti isomeric forms. Whatever was the starting geomedywy
enamine showed the lowest free energy and hengetlusl one was
considered in proposing a reasonable interpretatfoaxperimental

data.
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trans-B3b-l (DCM)
trans-B3b-Ill (H,0)

Solvent

trans-B3b-Il (DCM)
trans-B3b-1V (H,0)
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Figure 7: Free energy profiles for formation of enamineshwayclopentanone in DCMA() and
water B8) for B3b.

In accordance ttH-NMR measurements, calculations showed that the
trans isomeric form of free organocatalyB8b is favoured both in
dichloromethane and in watetrgns-B3b-1 and trans-B3b-I11); the
same result was obtained for the correspondingopsgcitanone
enamines,trans-B3b-I11 and trans-B3b-1V. In particular, while in
DCM the difference between the free energyrahs andcis forms is
very similar for the organocatalyst and the coroesiing isomeric
enamines (Figure 7A), in the case of water thestifice between the
free energy oftrans and cis forms is remarkably higher for the

organocatalyst than for the corresponding enamiftegure 7B).
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Moreover the free energy offs andtrans enamines are closer in water
than in DCM and it can be reasonably assumed hweati$ form of
enamine was present in a major percentage, atgihébeium, in the
reactions performed in water.

Geometry optimization in DCM and water of both free
organocatalysts and enamines gave the resultsteepor Figures 8
and 9.

The most noticeable difference in the conformatiaisthe two
iIsomeric forms of the organocatalyst is represkie the different
disposition of the proline moietyrans form (trans-B3b-I andtrans-
B3b-I11) is closed, with proline inside the semi-cavity tie
cholestanic backbone in both solvents, even warer a large part of
this pocket is occupied by the cluster of watesform (cis-B3b-1 and

cis-B3b-111) is open, with proline moiety outside the pocket.
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%

trans-B3b-I
cis-B3b-
?
L. KK
trans-B3b-111
‘o go°
‘e @
cis-B3b-I11

Figure 8: Trans and cis forms of free organocataly&3b in DCM (B3b-I) and in water with

explicit water moleculesB3b-I11) (C grey, H light blue, N blue, O red).
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Enamine intermediates display a very interestingabm®ur: trans-
B3b-11 in DCM presents the enamine moiety deeply buriedhie
semi-cavity of cholestanic backbone, with the cgelatene ring near
to 3-OH group, and 12-NH amide and 7-OH group b&iag A apart
(Figure 9A). On the contrary, intermedidtans-B3b-1V in water has
a more open structure, with cyclopentene moiety neacarboxylic
ester tail, and 12-NH amide and 7-OH group beirgg 32 apart
(Figure 9A). Enamine<is-B3b-I1 and cis-B3b-IV display quite a
similar geometry, having an open structure withl@yentene moiety

next to 3-OH group. (Figure 9B)

trans-B3b-I1 trans-B3b-1V

Figure 9A: Trans isomeric form of enamines derived from oogatalystB3b in DCM (B3b-11)
and in water with explicit water moleculeB3pb-1V) (C grey, H light blue, N blue, O red).
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cis-B3b-I1 cis-B3b-1V

Figure 9B: Cis isomeric form of enamines derived from orgatalystB3b in DCM (B3b-11) and
in water with explicit water moleculeB38b-1V) (C grey, H light blue, N blue, O red).

This study on enamine formation can suggest a Iplessiterpretation
of the complete inversion of diastereoselectivitythe aldol reaction
between cyclopentanone and aromatic aldehydeshamgg solvent
from DCM to water, as reported in Chapter IV. Thaimmproducts of
the aldol reactions between aldheydes and cyclapene in DCM
showed prevalently amnti configuration (Chapter IV Table 11):
according to this experimental results and with ieicgd rule
proposed by List et al’?® TS-1 (Figure 10) can be proposed as a
reasonable pathway for the aldol reaction in didrttethane: this
transition state is obtained by the interactionweein aromatic
aldehydes andrans-B3b-I1 form of enamine, energetically more
accessible, as shown in Figure 6A; both positionhef NH and OH

groups and steric hindrance of the cholestanic bi@uk favour the
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attack of aromatic aldehydes “from the back” , vithggves rise to the

anti configuration of the final product.

trans-B3b-Il trans-B3b-IV cis-B3b-II
TS-1 TS-2 Ccis-B3b-IV
TS-3
(Anti) (Syn)
(Syn)

Figure 10: Proposed mechanism for change of diastereosetgdtiv cyclopentanone: for clarity,
cholestanic backbone was represented as a credtaped system with OH, amide and enamine

moiety, and tail as explicit groups. Objects nbarobserver are represented in bold style.

In order to explain the inverse diastereoselegtivitthe case of ortho-
substituted aromatic aldehydes in DCM (Chapterdbld¢ 11, entries
6,7) we can hypothesize that for these substrditesenergetically
disfavouredcis-B3b-I1 of organocatalyst, is more active in a catalytic
cycle: in fact, even ifrans-B3b-I1 is the most energetically accessible
configuration of the organocatalyst, its geometsy dlosed and
interactions with much sterically demanding 2-cbloor 2-nitro-
benzaldehydes can be prevented because of the djpthce in the
semi-cavity. Space filling representationstadns-B3b-11 show that
these aldehydes hardly approach the active sitbeobrganocatalyst,

placing the aromatic cycle in the cavity (Figurg.11
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Open face of trans-B3b-1 | Close face of trans-B3b-11

7-OH group enamine
2 ﬂ’.\
T

amide CO grop

enamine

Figure 11: Space filling representations of enamine trBBb-11 (C grey, H light blue, N blue, O
red).

In this case probably only the cavity @&-B3b-I1 possesses enough
space for this substrate, as can be sedr5i3 (Figure 10), and this
fact can explain the prevalenckthesyn product.

On the contrary, aldol reaction in water shows alently syn
diastereoselectivity (Chapter 1V, table 11) andoaa assume that the
reaction follows the pathway described by transittatesT S-2 and
TS-3: in fact, in water bothrans-B3b-1V andcis-B3b-IV present a
direction of attack shielded by the cholestanickbace and the
position of NH and OH groups in this case favotes formation of a
syn product. As obtained by the geometry optimizative, can also
try to explain the different behaviour of benzalged (table 11, entry
12), assuming that this little substrate does offesthe steric effect
of the cholestanic backbone and it can attack emaralso on the

hindered side, affording prevalently theti product.
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Conclusions

In this PhD Thesis, the synthesis of proline derivatives of bile acids as
a new class of organocatalysts has been proposed. These
organocatalysts were able to promote the direct asymmetric aldol
reaction and the asymmetric Michael reaction affording the products
in good yield and high enantiomeric excesses. A computational study
on the best performing organocatalyst in the aldol reaction was also
performed. On the basis of the results obtained the following

conclusions can be drawn.

Bla R=OAc L-Pro
B1bR=0OAc D-Pro
Blc R=OH D-Pro
NH B4a R1=R2=0Ac L-Pro
HNY

B4b R1=R2=0Ac D-Pro

B4c R1=R2=0H L-Pro
B2aL-Pro B4d R1=0OH R2=0Ac L-Pro

© O B2b D-Pro
AN \

X
W o)

R= Hdeoxychol|caC|d NH A~

R=OH cholic acid OMe

07 "NH
: OMe § ] }
R R;

B6 R=OH
B3a R1=R2=0OAc D-Pro o ) OMe
B3bR1=R2=0H D-Pro
B3c R1=R1=0OH L-Pro
AcO™ "0

Monoprolinamide and bis-prolinamide of bile acids were

obtained in good yield by simple, selective and low cost synthetic
methods. In particular, the yield of the reaction between Boc-proline
and 12-amino derivatives of bile acids was improved, by using
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optimized procedures that overcome problems due to the steric
demand of this position.

Both activity and enantioselectivity of this new family of
organocataysts in the asymmetric aldol reaction between cyclic or
acyclic ketones and aromatic aldehydes depend not only on the
absolute configuration of the proline moiety but also on the position
where this one is linked to the cholestanic backbone. As already
observed with other kind of chiral auxiliaries derived from bile acids,
the derivatives bearing the proline moiety at the position 12 of the
steroid skeleton (B3a-c) are the most active and enantioselective. In
addition, the presence of free OH groups a 3- and 7-positions of
cholic acid affords the most efficient organocatayst, B3b, able to
promote the asymmetric aldol reaction between acetone and 4-
nitrobenzaldehyde, even with a very low catalyst loading (2%), with
ee. up to 80%. These results confirm the centra role of the
cholestanic chiral pocket on the asymmetric induction process. its
concave structure endowed with the proline moiety and hydroxyl
groups gives rise to a chira environment able to host and to orientate
substrates in the transition state, determining the formation of a more
energetically favourable and stereoselective pathway that results in
good enantiomeric excesses.

The use of bisprolinamide derivatives B5 and B7 as
organocatalysts in the asymmetric aldol reaction suggests that a
synergistic action of the two proline moieties linked to the cholestanic
backbone is obtained depending on their distance. As a matter of fact

compound B5 displays low activity and selectivity, quite similar to
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proline, suggesting that the proline moieties at 12 and 7 positions are
too distant and act independently of each other, because of the rigid
structure of cholic acid that does not allow them to cooperate in the
trangition state of the adol reaction. On the contrary, organocatalyst
B7, possessing a spacer between proline and cholestanic backbone
that increases mobility of proline moieties and alows them to
cooperate in the transition state, gives good results both in terms of
yield and enantioselectivity (e.e. up to 67%), carrying out the reaction
in organic solvents and in the presence of acid additives.

The bile acid derivative B3b is an efficient organocatalyst also
for the asymmetric direct aldol reaction of cyclic ketones and aromatic
aldehydes, affording aldol productsin good yield and e.e.s up to 98%.
This organocatalyst showed high versatility, giving good results both
in water and in organic solvent, where it works also when used at very
low catalyst loading (1%), without loss of stereoselectivity, conditions
that rarely afford good results. In addition, organocatalyst B3b affords
also the highest diastereoisomeric ratios, reported until now, in the
aldol reactions of cyclopentanone. The sense of asymmetric induction
is determined by the absolute configuration of the proline moiety and,
when cyclopentanone is used as donor carbonyl, it depends also on the
solvent. This unusua behaviour, which can be likely attributed to a
change of asymmetric induction mechanism depending on the solvent,
allowed both enantiomers of an aldol product to be obtained starting
from the same chira organocatalyst, smply by changing the reaction

solvent.
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Screening of different prolinamide and bis-prolinamide
derivatives of cholic acid as organocatalysts in the asymmetric
Michagl addition of cyclohexanone not only allowed us to find a
chiral system able to afford satisfactory yields of the products and
e.e.s up to 95% (for B4b organocatalyst) but also pointed out again the
role of the chiral cavity constituted by the cholestanic backbone and
the appended prolinamide moieties in determining the stereochemical
outcome of the reaction. As a matter of fact, the presence of a free
hydroxyl group, which can interact with the substrate only in a
trangition state developed at the inner of the cavity, gives rise to the
change of the sense of asymmetric induction, with respect to the
corresponding systems having a protected hydroxyl group. This result
has aso a practical implication given that deprotection of the OH
group is easily realized, so that it is possible to obtain both
enantiomers of the Michael adducts starting from the same chiral
architecture.

DFT calculations on organocatalyst B3b and its cyclopentanone
enamine using the polarizable continuum model approach gave the
most populated conformations of the two systems in dichloromethane
and in water. According to NMR data, calculations found two
different isomeric forms of B3b, originating from the restricted
rotation around the amide bond: the trans form is more stable than the
cis one and the extent of this difference depends on the solvent.
Minimum energy conformations of the corresponding enamines
obtained starting from trans and cis forms of organocatalyst B3b,

display different free energy and the extent of the difference again
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depends on the solvent: in DCM the free energy gap between trans
and cis forms of B3b and the gap between trans and cis forms of the
enamine is the same, whereas in water this gap is much greater for
B3b than for enamine. In addition, only the syn form of the enamineis
energetically favoured in both solvents. On the basis of these
calculations a model of the transition state of the adol reaction
between cyclopentanone and arylaldeyde was proposed, which
explains the results obtained, in terms of diastereoselectivity, in the
asymmetric direct adol reaction between cyclopentanone and

aromatic aldehydes.
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Chapter VII

Experimental section
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7.1 General proceduresand materials

TLC analyses were performed on silica gel 60 sheétsh
chromatography separations were carried out omuwduusing silica
gel 60 (230-400 mesh). Toluene was refluxed oveliuso and
distilled before the use. THF was refluxed over Nalloy and
distilled before use. Ci&l,, triethylamine, pyridine and N-
methylmorpholine were refluxed over Calind distilled before use.
MeOH was refluxed over magnesium methoxide andllddtbefore
the use. Acetic anhydride was distilled before tise. NBS was
recrystallized from water before the use. Zn powdas washed with
concentrated HCI, water, acetone, diethylethehat drder before the
use. MeONa was prepared immediately before the wadie dry
MeOH and metallic Na at 0°C. Glacial acetic acicswsed. Unless

otherwise specified, the reagents were used withioyipurification.

7.2 Instrumentation

'H and®C NMR spectra were recorded in CRQGh a Varian Gemini-
300 300 MHz NMR spectrometer, using TMS as extestahdard.
The following abbreviations are used: s= singletdalblet,
dd=double doublet, t=triplet, m=multiplet, br=broddPLC analyses
were performed on a JASCO PU-980 intelligent HPLGmMp
equipped with JASCO UV-975 detector. Optical ratasi were
measured with a JASCO DIP-360 digital polarimekéelting points
were taken using a Kopfler Reichert-Jung appardRispectra were

recorded on a Perkin-Elmer 1710 spectrophotometer
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7.3 Synthesis of monoprolinamide derivatives.

Synthesis of amine 81

Methyl 3a-acetyloxy-12a-hydroxy-5B-cholan-24-oate Hydrated 4-
toluenesulphonic acid (500 mg, 3 mmol) was added smlution of
deoxycholic acidi5 (5 g, 12.72 mmol) in AcOMe (150 mL) and water
(1.5 mL).The reaction mixture was stirred undefuefor 24 h. The
colourless solution was then poured in NaH&% (200 mL), the
organic product was extracted with &Hb (6x40 mL) and the organic
solution dried over anhydrous pMEO,. After removing the solvent
under vacuum, the crude product was purified by urol
chromatography (Si§) CH,Cl,:acetone 85:15) affording methylester
(3.8 g, 67% vyield). Chemical-physical and speciopsc data were

identical to those reported in the literatdfe.

Methyl 3a-acetyloxy-12-keto-5B-cholan-24-oate A solution of
K.Cr,0O; (2.62 g, 8.89 mmol) in water (5 mL) was added sohution
of the previous compound (3.8 g, 8.47 mmol) in iacatid (170 mL).
The mixture was stirred at room temperature forh2@hen poured
into water (350 mL): the solid was filtered, washeith water then
dried under vacuum affording chemically pure ke{8¥0 g, 90%
yield). Chemical- physical and spectroscopic daaewidentical to
those reported in the literaturg.

Methyl 3a-acetyloxy-12-oxime-53-cholan-24-oate Sodium acetate
trihnydrated (5.70 g, 41.86 mmol) and hydroxylammglrochloride
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(951 mg, 13.70 mmol) were added to a solution efgtrevious keton
(3.40 g, 7.61 mmol) in methanol (70 mL). The reactmixture was
stirred under reflux for 4.5 h. The solvent was egad under vacuum
and the residue dissolved in &€B, (30 mL). The organic solution
was washed with water (4x20 mL) then dried {8{&,). The solvent
was evaporated under reduced pressure and the prodect was
crystallized from methanol affording chemically purxime (3.40 g,
88% vyield). Chemical-physical and spectroscopi@det¢re identical

to those reported in the literaturé.

Methyl 3a-acetyloxy-12a-amino-5B-cholan-24-oate Hydrated PtQ
(184 mg, 0.81 mmol) was added to a solution ofpitexious oxime (3
g, 6.50 mmol) in glacial acetic acid (5 mL) and thture was stirred
under H (2 bar) at room temperature for six days. Thedseolas
filtered off and powdered Zn (3.48 g, 53.17 mmojswadded to the
solution, concentrated under vacuum to 2 mL. Theune was stirred
at room temperature for 12 h then the solid waeréd and washed
with acetic acid. After concentration under redugedssure, water
(60 mL) was added and the aqueous solution was rnasie with
KOH pellets. The organic product was extracted vathyl acetate
(6x30 mL) and the organic extracts dried £8/&;). The crude product
was purified by column chromatography (&iOCH,Cl,:acetone
90:10) affording amin&l1 (2 g, 70% vyield). Chemical-physical and
spectroscopic data were identical to those repantéue literature™®
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Synthesis of amine 82

Methyl 3a,12a-dihydroxy-5B-cholan-24-oate To a solution of
deoxycholic acidi5 (5.00 g, 12.24 mmol) in anhydrous THF (25 mL),
DBU (1.83 mL, 12.24 mmol) and GH(4.80 mL, 77.11 mmol) were
added and the resulting mixture was stirred unefux for 10 h and
at r.t. overnight. The reaction mixture was conedetl under reduced
pressure, dissolved in GEI,, washed with NaHCO5% (25 mL),
Na,S,05; 30% (50 mL, to eliminate iodine) and then with erat3x25
mL); organic phases were dried over anhydrousSRa The solvent
was evaporated under vacuum affording chemicalhg poethyl ester
(4.39 g, 84% vyield). Chemical-physical and speciopgc data were

identical to those reported in the literatdfe.

M ethyl-12a-hydr oxy-3B-mesyl-53-cholan-24-oate
Methanesulphonic acid (1.5 mL, 23.0 mmol) was added solution
of deoxycholic acid methylester (4.39 g, 10.8 mmand
tryphenylphosphine (8.47 g, 33.0 mmol) in anhydrdag= (40 mL).
The solution was stirred at 40°C and DEAD (tolusakition 40%, 15
mL) was added dropwise during 20 min. The resultmgture was
stirred at 40°C for 24 h. After removing solventden reduced
pressure, the crude product was purified by colwm@matography
(SIO,, CH,Cl,: acetone 92:8) affording the pure product (2.19igjd
43%). Chemical-physical and spectroscopic data weeatical to
those reported in the literaturg.
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M ethyl-12a-hydr oxy-3a-azido-53-cholan-24-oate  Sodium azide
(2.00 g, 31.0 mmol) was added to a solution ofptevious mesylate
(2.00 g, 4.13 mmol) in DMF (20 mL). The resultingxtare was
stirred 40°C for 48 h, then water was added andréaetion was
extracted with diethyl ether; the organic phaseseweashed with
water and dried over anhydrous sodium sulphateerAféemoving
solvent under reduced pressure, the crude prodast purified by
column chromatography (S)OCH,Cl,: acetone 93:7), affording pure
azide (1.78 g, quantitative vyield). Chemical-phgsic and

spectroscopic data were identical to those repantéte literaturé™®

M ethyl-12a-hydroxy-3a-amino-5B-cholan-24-oate A mixture
containing the previous azide (1.78 g, 4.13 mmodf Bd/C 5% (190
mg) in ethyl acetate and methanol (1:2) was stifed24 h at r.t.
under H pressure (8.5 atm). After filtering off catalystdaremoving
solvent under reduced pressure, the pure aBiinegas obtained (1.52
g, 91% vyield). Chemical-physical and spectroscodmta were

identical to those reported in literatdré.
Synthesis of amine 91

Methyl 3a,7a,12a-trihydroxy-5B-cholan-24-oate 83 To a solution
of cholic acid46 (5.00 g, 12.24 mmol) in anhydrous THF (25 mL)
DBU (1.83 mL, 12.24 mmol) and GH(4.80 mL, 77.11 mmol) were
added and the resulting mixture was stirred unefux for 10 h and

then at r.t. overnight. The reaction mixture wasaamtrated under
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reduced pressure, dissolved in £H, washed with NaHC95% (25
mL), NaS;0; 30% (50 mL, to eliminate the iodine) and then with
water (3x25 mL); the organic phases were dried cuanydrous
NaSO,. The solvent was evaporated under vacuum affording
chemically pure83 (3.3 g, 64% vyield). Chemical-physical and

spectroscopic data were identical to those repantée literature>®"

Methyl 3a,7a-diacetoxy-12a-hydroxy-53-cholan-24-oate 84 A
solution of methyleste83 (3.6 g, 8.52 mmol), pyridine (5 mL, 62
mmol) and acetic anhydride (5 mL, 53 mmol) in dsjuene (20 mL)
was stirred at r.t. for 24 h and then poured intdern (100 mL). The
organic phase was separated and washed with w2x&0 (mL),
NaHCQO; 5% (3x50 mL) and again with water and finally driever
anhydrous NgzZ0,. The crude product was purified by flash
chromatography (Si§) CH,Cl,:acetone 95:5) affording pug4 (3.1 g,
72% yield). Mp 76-77°C.d]* + 0.34 (c=1.00, CKCl,). '*H NMR
(300 MHz, CDC}, 9): 0.66 (s, 3H, Ck), 0.89 (s, 3H, Ch), 0.95 (d,
3H, 21-CH), 0.90-2.40 (m, 28H, steroidal CH and §HL.99 (s, 3H,
3-CH;,CO), 2.03 (s, 3H, 7-C¥0), 3.63 (s, 3H, CHDCO), 3.97 (br t,
1H, 7-CH), 4.55 (m, 1H, 3-CH), 4.86 (br d, 1H, 1PHC5.03 (br s,
OH). *C NMR (75 MHz, CDC}, 8): 12.7, 17.6, 21.7, 21.9, 22.8, 23.2,
26.9, 27.5, 28.4, 28.8, 31.1, 31.2, 32.5, 34.67,335.0, 35.2, 38.3,
41.2, 42.3, 46.8, 47.4, 51.7, 71.1, 72.9, 74.36,7570.6 (acetate
C=0), 170.9 (acetate C=0), 174.8 (24 C=0). IR (K&n"): 2948,
2870, 1773 (C=0), 1733 (C=0), 1711 (C=0), 1655, 0156458,
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1380, 1363, 1256,1027, 891. Anal. Calcd foeHz:O;: C 68.64, H
9.15. Found: C 68.70, H 9.11.

Methyl 3a,7a-diacetyloxy-12-keto-53-cholan-24-oate 85 A solution

of K,Cr,O; (1.28 g, 4.35 mmol) in water (5 mL) was added to a
solution of methyldiacetylesté34 (2.1 g, 4.14 mmol) in acetic acid
(50 mL). The mixture was stirred at room tempemtiar 20 h, then
poured into water (200 mL): the solid was filteragshed with water
then dried under vacuum affording chemically pue&ohk85 (1.81 g,
87% vyield). Mp 164-165°C o], + 0.76 (c=1.00, CkCl,). *H NMR
(300 MHz, CDC}4, 9): 0.80 (d, 3H, 21-Ck), 0.98 (s, 3H, CkJ, 0.99
(s, 3H, CH), 0.90-2.55 (m, 28H, steroidal CH and §HL.97 (s, 3H,
3-CH,CO), 1.98 (s, 3H, 7-C¥0), 3.61 (s, 3H, C¥DCO), 4.52 (m,
1H, 3-CH), 4.94 (br t, 1H, 7-CH)*C NMR (75 MHz, CDC}, d):
11.7, 18.7, 21.6, 21.6, 22.3, 23.9, 26.7, 27.56,381.4, 31.5, 34.7,
35.1, 35.7, 35.7, 37.8, 38.0, 38.0, 40.6, 46.56,583.3, 57.2, 70.8,
73.7, 170.3 (acetate C=0), 170.8 (acetate C=0),71724 C=0)
182.1 (12 C=0). IR (KBr, cil): 2948, 2869, 1734 (br C=0), 1700
(C=0),1553, 1470, 1436, 1358, 1245,1228, 1149, 106Q1, 964,
937. Anal. Calcd for &H4,07: C 69.02, H 8.79. Found: C 69.07, H
8.83.

Methyl 3a,7a-diacetyloxy-12-oxime-5B-cholan-24-oate 89 Sodium
acetate trihydrate (2.37 g, 17.44 mmol) and hygeamine
hydrochloride (397 mg, 5.71 mmol) were added tolat®n of keton
85 (1.60 g, 3.17 mmol) in methanol (37 mL). The reattmixture
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was stirred under reflux for 4.5 h. The solvent washoved under
vacuum and the residue dissolved in,CH (30 mL). The organic
solution was washed with water (4x20 mL) then diid&,SO,). The
solvent was evaporated under reduced pressuréhanttude product
was crystallized from methanol affording chemicagyre oxime89
(1.60 g, 97% vyield). Mp 94-96°Ca]*% + 1.30 (c=1.00, CKCl,). *H
NMR (300 MHz, CDC}{, 9): 0.91 (s, 3H, CH), 0.92 (d, 3H, 21-C¥],
1.00 (s, 3H, CH), 0.90-2.40 (m, 28H, steroidal CH and §H.00 (s,
3H, 3-CHCO), 2.03 (s, 3H, 7-C¥0), 3.35 (br dd, 1H, NOH), 3.64
(s, 3H, CHOCO), 4.57 (m, 1H, 3-CH), 4.92 (br d, 1H, 7-CHiC
NMR (75 MHz, CDC}, 9): 12.2, 19.2, 19.9, 21.6, 21.7, 22.3, 23.8,
26.8, 28.2, 30.7, 31.5, 34.7, 35.2, 35.6, 35.80,388.2, 40.9, 47.0,
49.7, 51.7, 53.7, 70.9, 74.0, 165.9 (C=NOH), 17@cetate C=0),
170.9 (acetate C=0), 174.9 (24 C=0). IR (KBr, 32949, 2868,
1734 (br C=0), 1714 (C=0),1557, 1537, 1502, 147K7] 1437,
1376, 1361, 1250, 1230, 1169, 1059, 1023, 963, Ah@l. Calcd for
CooH4sNO;: C 67.03, H 8.73, N 2.70. Found: C 67.05, H 88@,50.

Methyl  3a,7a-diacetyloxy-12a-amino-5B-cholan-24-oate. 91
Hydrated PtQ (69.25 mg, 0.31 mmol) was added to a solution of
oxime 89 (1.27 g, 2.44 mmol) in glacial acetic acid (5 mindathe
mixture was stirred under,H2 bar) at room temperature for six days.
The solid was filtered off and powdered Zn (1.3119.96 mmol) was
added to the solution, concentrated under vacuun2 tmL. The
mixture was stirred at room temperature for 12 éntkthe solid was

filtered off and washed with acetic acid. After centration under
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reduced pressure, water (60 mL) was added andgineoas solution
was made basic with KOH pellets. The organic proeaas extracted
with ethyl acetate ( 6x30 mL) and the organic estga@ried (NgSQy).
The solvent was evaporated under vacuum affordmoe9l (1 g,
81% yield). Mp 57-58°C.d]*s + 0.35 (c=1.00, CkCl,). ‘*H NMR
(300 MHz, CDC}, 9): 0.70 (s, 3H, Chk), 0.90 (s, 3H, Ch), 0.95 (d,
3H, 21-CH), 0.90-2.40 (m, 28H, steroidal CH and §H.00 (s, 3H,
3-CH;CO), 2.04 (s, 3H, 7-C¥€0), 3.16 (br t, 1H, 12-CH), 3.64 (s,
3H, CH;0CO), 4.56 (m, 1H, 3-CH), 4.86 (br d, 1H, 7-CHC NMR
(75 MHz, CDC}, 9): 13.7, 17.4, 21.6, 21.8, 22.7, 23.3, 27.0, 27.7,
28.2, 28.9, 31.1, 31.3, 31.5, 34.6, 34.8, 34.93,338.6, 41.2, 42.0,
46.5, 48.0, 51.7, 54.0, 71.1, 74.3, 170.6 (ac&iat®), 170.8 (acetate
C=0), 174.7 (24 C=0). IR (KBr, cf): 2949, 2868, 1734 (br C=0),
1710 (C=0), 1683, 1653, 1542, 1507, 1472, 1457614376, 1366,
1250, 1235, 1169, 1063, 1023, 928. Anal. CalcdGaiH,,NOg: C
68.88, H 9.37, N 2.77. Found: C 68.80, H 9.22, V2.

Synthesis of amine 92

Methyl  3a-acetyloxy-7a,12a-dihydroxy-5B-cholan-24-oate 86

Hydrated 4-toluenesulphonic acid (1 g, 5.9 mmolsvealded to a
solution of cholic acidi6 (10 g, 24.47 mmol) in AcOMe (300 mL)
and water (3 mL).The reaction mixture was stirrader reflux for 24
h. The colourless solution was then poured in Naki&% (200 mL),

the organic product was extracted with £ (6x70 mL) and the
organic solution dried over anhydrous,N@)y. After removing the
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solvent under vacuum, the crude product was pdribg column
chromatography (Si§) CH,Cl,:acetone 70:30) affording6 (8.5 g,
75% vyield). Chemical-physical and spectroscopi@de¢re identical

to those reported in the literaturg.

Methyl 3a-acetyloxy-7-keto-12a-hydr oxy-5B-cholan-24-oate 87 N-
Bromosuccinimide (4.71 g, 26.48 mmol) was added solution of
methylesteB6 (8.20 g, 17.65 mmol) in a mixture of acetone (20
and water (140 mL); the resulting yellow mixturesnsirred for 30 h
at r.t. and then concentrated under reduced pessbe residue was
dissolved in CHCI, (100 mL), washed with brine (3x30 mL) and the
organic solution dried over anhydrous ,N@y. The solvent was
evaporated under vacuum affording ket®n (8.07 g, 97% vyield).
Chemical-physical and spectroscopic data were ichEnto those

reported in the literature?

Methyl 3a,12a-diacetyloxy-7-keto-5B-cholan-24-oate 88 To a
solution of DMAP (385 mg, 3.15 mmol) and ket8n(7.70 g, 16.64
mmol) in anhydrous THF (70 mL), triethylamine (3.#%. 24.96
mmol) and AgO (4.71 mL, 49.92 mmol) were added and resulting
mixture was stirred at r.t. for 24 h. The solutiobtained was
concentrated under reduced pressure and the residgelved in
CH,ClI, (100 mL), washed with HCI 10% (2x30 mL) and NaH{&E%0
(3x40 mL) and then dried over anhydrous,8la,. The solvent was
evaporated under vacuum affordi8®)(6.70 g, 88% yield). Chemical-
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physical and spectroscopic data were identicahdsd reported in the

literature3?

Methyl 3a,12a-diacetyloxy-7-oxime-53-cholan-24-oate 90 Sodium
acetate trihnydrated (5.94 g, 43.62 mmol) and hyygemine
hydrochloride (992 mg, 14.27 mmol) were added solation of88
(4.00 g, 7.93 mmol) in methanol (70 mL). The reattmixture was
stirred under reflux for 3 h. The solvent was repwwnder vacuum
and the residue dissolved in &€, (75 mL). The organic solution
was washed with water (5x20 mL) then dried f8{a;). The solvent
was evaporated under reduced pressure and the prodect was
crystallized from methanol affording chemically pusxime90 (3.30
g, 80% vyield). Mp 94-96°Ca*% + 0.12 (c=1.00, CkCL,). *H NMR
(300 MHz, CDC}, 9): 0.75 (s, 3H, Ch), 0.82 (d, 3H, 21-Ck}, 1.05
(s, 3H, CH), 0.90-2.40 (m, 28H, steroidal CH and £H.00 (s, 3H,
3-CH;,CO), 2.12 (s, 3H, 12-Ci€0), 3.10 (br dd, 1H, NOH), 3.66 (s,
3H, CHOCO), 4.68 (m, 1H, 3-CH), 5.10 (t, 1H, 12-CHiC NMR
(75 MHz, CDC4, 9): 12.7, 17.9, 21.5, 21.6, 23.2, 24.8, 26.0, 26.5,
27.5, 27.6, 31.0, 31.2, 32.8, 34.1, 34.8, 35.24,332.1, 42.6, 44.6,
45.3, 47.0, 51.7, 73.3, 75.2, 160.6 (C=NOH), 17@detate C=0),
170.8 (acetate C=0), 174.8 (24 C=0). IR (KBr, 32952, 2867,
1735 (br C=0), 1650, 1449, 1382, 1243, 1188, 1053, 860, 732,
605. Anal. Calcd for gH4sNO;: C 67.03, H 8.73, N 2.70. Found: C
67.10, H 8.70, N 2.52.
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Methyl 3a,12a-diacetyloxy-7a-amino-5B-cholan-24-oate = 92
Hydrated PtQ (164 mg, 0.72 mmol) was added to a solution ofmaxi
90 (3 g, 6.5.77 mmol) in glacial acetic acid (5 mlgdathe mixture
was stirred under H(2 bar) at room temperature for six days. The
solid was filtered off and powdered Zn (5.10 g,24i7mmol) was
added to the solution, concentrated under vacuun2 tmL. The
mixture was stirred at room temperature for 12 éntkthe solid was
filtered off and washed with acetic acid. After centration under
reduced pressure, water (60 mL) was added andgiineoas solution
was made basic with KOH pellets. The organic proaias extracted
with ethyl acetate ( 6x30 mL) and the organic estgaried (NaSQOy).
The solvent was evaporated under vacuum affordmge92 (1.60 g,
55% vyield). Mp 58-60°C.d]*% + 0.68 (c=1.00, CkCl,). 'H NMR
(300 MHz, CDC}, 9): 0.72 (s, 3H, CH), 0.79 (d, 3H, 21-Ck), 0.89
(s, 3H, CH), 0.90-2.40 (m, 28H, steroidal CH and £H.00 (s, 3H,
3-CH,CO), 2.08 (s, 3H, 12-C§€£0), 3.12 (br s, 1H, CHN}), 3.64 (s,
3H, CHOCO), 4.54 (m, 1H, 3-CH), 5.07 (br s, 1H, 12-CHE NMR
(75 MHz, CDC}, 9): 12.3, 17.7, 21.3, 21.5, 22.1, 22.7, 23.0, 25.3,
26.6, 27.4, 27.5, 30.9, 31.2, 31.4, 34.6, 34.89,337.2, 40.6, 42.8,
45.5, 47.5, 48.8, 51.7, 73.8, 75.0, 170.8 (acefat®), 170.9 (acetate
C=0), 174.7 (24 C=0), 177.0 (7 CHMH IR (KBr, cm): 2948,
2870, 1734 (br C=0), 1654, 1559, 1475, 1447, 1328], 1026, 717,
611, 583. Anal. Calcd for gH4;NOs: C 68.88, H 9.37, N 2.77.
Found: C 68.79, H 9.32, N 2.43.
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Synthesis of Organocatalysts B1-B4

General procedurefor prolinamide synthesis

To a solution of N-Boc protected proline (1.1 equim anhydrous
CH,Cl;,, N-methylmorpholine (1.22 equiv.) was added arartfixture
was cooled to -20°C then isobutyl chloroformatel (&#quiv.) was
added. The reaction temperature was maintaineg0aC-for 5 min.,
then a CHCI, solution of amine (1 equiv.) was added dropwiserov
15 min at 0°C. The reaction mixture was stirred26rh. Finally the
reaction mixture was treated with HCI acg., NaHG0Oq., NaCl acq.
and dried over N&QO,. The organic phases were concentrated in
vacuo and the residue was purified by column chtography
affording the pure product.

Methyl  3a-acetyloxy-12a-N-(L-Boc-prolinoyl)amino-5B-cholan-
24-oate 93a Purified by chromatography (SiO2, CH2CI2:acetone
92:8). Yield 350 mg, 50%. Mp 68-70°Calf, + 31.0 (c=1.00,
CH,Cl,). '"H NMR (300 MHz, CDC}, 8): 0.78 (s, 3H, Ch), 0.86 (d,
3H, 21-CH), 0.90 (s, 3H, Ch), 1.00-2.05 (m, 28H, steroidal CH and
CH,, and 3’ and 4’-CHof Boc-Pro), 1.51 (s, 9H, Boc-3GH 1.99 (s,
3H, CHCO), 3.47 (m, 2H, 5-CH of Boc-Pro), 3.64 (s, 3H,
CH;OCO), 4.16 (br s, 1H, 2'-CH of Boc-Pro), 4.34 (hritH, 12-CH),
4.69 (m, 1H, 3-CH), 7.41 (br s, NH amidéJC NMR (75 MHz,
CDCls, 9): 13.9, 17.3, 21.6, 23.4, 23.9, 24.7, 25.9, 28&6, 26.9,
27.6, 28.8 (3 CkIBoc), 31.0, 31.3, 32.4, 34.2, 34.9, 35.1, 36.0841.
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44.7, 47.3, 48.5, 50.9, 51.6, 52.9, 60.5, 74.24,780.6, 156.4 ( C=0
Boc), 170.6 (acetate C=0), 171.0 (amide C=0), 17240C=0). IR
(KBr, cm®): 2959, 2858, 1767 (C=0), 1745 (C=0), 1734 (CABH9
(C=0), 1678, 1649, 1633, 1554, 1537, 1520, 1509314245, 1161,
1020. Anal. Calcd for GHgoN-O;: C 68.91, H 9.38, N 4.34. Found: C
68.99, H 9.33, N 4.30.

Methyl  3a-acetyloxy-12a-N-(D-Boc-prolinoyl)amino-5B-cholan-
24-oate 93b Purified by chromatography (Si0O CH,Cl,:acetone
90:10). Yield 266 mg, 49%. Mp 61-62°Ca]f% + 176.0 (c=1.00,
CH,Cl,). *"H NMR (300 MHz, CDC], 8): 0.77 (s, 3H, CH), 0.79 (d,
3H, 21-CH), 0.90 (s, 3H, Ch), 0.95-2.60 (m, 28H, steroidal CH and
CH,, and 3’ and 4’-CH of Boc-Pro), 1.52 (s, 9H, Boc-3GH 2.01 (s,
3H, CHCO), 3.34 (m, 2H, 5-CH of Boc-Pro), 3.65 (s, 3H,
CH5;OCO), 4.20 (br d, 1H, 2'-CH of Boc-Pro), 4.37 (hridH, 12-CH),
4.67 (m, 1H, 3-CH), 7.57 (br s, NH amidéJC NMR (75 MHz,
CDCls, 9): 13.8, 17.5, 21.7, 23.6, 24.0, 24.9, 26.2, 2@&9, 27.2,
27.7, 28.7 (3 CkIBoc), 31.2, 31.3, 32.5, 34.5, 35.1, 36.2, 42.2944.
47.5, 48.8, 50.6, 51.7, 52.2, 60.6, 74.8, 74.24,780.6, 170.9 (acetate
C=0), 171.0 (amide C=0), 174.8 (24 C=0) 181.1 ( CB). IR
(KBr, cm™): 2950, 2862, 1738 (br C=0), 1694 (C=0), 1679,1154
1526, 1457, 1438, 1398, 1364, 1241, 1167, 11188,10824, 980,
886 Anal. Calcd for gHgoN,O7: C 68.91, H 9.38, N 4.34. Found: C
68.92, H 9.39, N 4.20.
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Methyl 12a-hydroxy-3a-N-(L-Boc-prolinoyl)amino-53-cholan-24-
oate 94a Purified by chromatography (SiOCH,Cl,.:acetone 87:13).
Yield 180 mg, 20%. Mp 63-65°Ca]*% + 65.0 (c=1.00, CkCl,). 'H
NMR (300 MHz, CDC}, 9): 0,69 (s, 3H, CH), 0,93 (s, 3H, Cbh),
0,98 (d, 3H, 21-Ch), 1,00-2,00 (m, 28H, steroidal CH and £ldnd
3" and 4’-CH of Boc-Pro), 1.51 (s, 9H, Boc-3GH 1.99 (s, 3H,
CH;CO), 2.20 (m, 2H, 5-Ckof Boc-Pro), 3.67 (s, 3H, GB@CO),
3.76 (m, 1H, 3-CH), 4.00 (br d, 1H, 12-CH), 4.b8¢, 1H, 2’-CH of
Boc-Pro).**C NMR (75 MHz, CDC}, 8): 12.9, 17.6, 23.5, 23.8, 26.3,
27.1, 27.6, 28.0, 28.6, 28.9, (3 ¢€Bbc), 31.1, 31.3, 33.9, 34.3, 35.3,
36.0, 36.2, 42.6, 46.7, 47.5, 48.6, 49.4, 51.74,730.6, 128.7( C=0
Boc), 174.8 ( 2C methylester C=0, amide C=0). IRBi(Kcm®):
2956, 2862, 1774 (br C=0), 1730, 1656, 1570, 1961,0, 1456,
1450, 1420, 1270, 1190, 1170, 1087, 1069, 1038, &04l. Calcd for
CssHsgNoOg: C 68.73, H 9.70, N 4.65. Found: C 68.79, H 9.N5,
4.50.

Methyl 12a-hydroxy-3a-N-(D-Boc-prolinoyl)amino-53-cholan-24-
oate 94b Purified by chromatography (S)OCH,Cl,.:acetone 87:13).
Yield 420 mg, 42%. Mp 69-71°Ca]*% + 102.0 (c=1.00, C4Cl,). 'H
NMR (300 MHz, CDC}, 9): 0,67 (s, 3H, ChH), 0,90 (s, 3H, Cbh),
0,96(d, 3H, 21-CH), 1.00-2.00 (m, 28H, steroidal CH and £ldnd
3" and 4’-CH of Boc-Pro), 1.52 (s, 9H, Boc-3GH 2.01 (s, 3H,
CHsCO), 2.20 (m, 2H, 5-Ckof Boc-Pro), 3.65 (s, 3H, G&CO),
3.75 (m, 1H, 3-CH), 3.97 (br d, 1H, 12-CH), 4.18 @b 1H, 2'-CH of
Boc-Pro).**C NMR (75 MHz, CDC}, 8): 12.9, 17.6, 23.5, 23.8, 26.3,
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27.2, 27.6, 28.1, 28.6, 28.9 (3 ¢€Bobc), 31.1, 31.3, 34.0, 34.3, 35.3,
35.9, 36.2, 42.6, 46.8, 47.5, 48.6, 49.3, 51.73,613.4, 80.6, 171.7
(Boc C=0), 174.8 (methylester C=0, amide C=0). KBr cm™):
2950, 2870, 1753 (br C=0), 1718, 1682, 1655, 13598, 1507,
1470, 1437, 1371, 1277, 1190, 1169, 1092, 10505,1898. Anal.
Calcd for GsHsgN.Og: C 68.73, H 9.70, N 4.65. Found: C 68.80, H
9.72, N 4.50.

Methyl 3a,7a-diacetyloxy-12a-N-(D-Boc-prolinoyl)amino-53-
cholan-24-oate 95a Purified by flash chromatography (SIiO
CH,Cl,:acetone 95:5). Yield 236 mg, 33%. Mp. 63-64%%, +
113.0 (c=1.00, CKCl,). *H NMR (300 MHz, CDC}, 3): 0.78 (s, 3H,
CHs), 0.79 (d, 3H, 21-CH), 0.95 (s, 3H, CH), 0.95-2.60 (m, 28H,
steroidal CH and Ckl and 3’ and 4'-CH of Boc-Pro), 1.52 (s, 9H,
Boc-3CH), 2.06 (s, 3H, 3-CKCO), 2.19 (s, 3H, 7-C4€0), 3.36 (m,
2H, 5'-CH, of Boc-Pro), 3.68 (s, 3H, G®CO), 4.28 (br d, 1H, 2'-CH
of Boc-Pro), 4.47 (br d, 1H, 12-CH), 4.57 (m, 1HCB), 4.94 (br d,
1H, 7-CH) 8.04 (br s, NH amide}*C NMR (75 MHz, CDC}, d):
13.3, 17.2, 21.6, 21.6, 22.9, 23.2, 24.9, 26.71,227.4, 28.5 (3 CH
Boc), 28.8, 30.8, 30.9, 31.5, 34.5, 34.7, 35.03381.1, 43.8, 44.6,
47.4, 48.2, 51.6, 51.7, 59.8, 70.7, 74.3, 80.6,4%&=0 Boc), 170.5
(acetate C=0), 170.6 (acetate C=0), 170.8 (amid®)Cx74.6 (24
C=0). IR (KBr, cni): 2961, 1738, 1703, 1698, 1682, 1537, 1457,
1400, 1365, 1260, 1167, 1118, 1024, 935, 802. AGallcd for
C3oHs2N,Og: C 66.64, H 8.89, N 3.99. Found: C 66.70, H 8.80,
3.60.
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Methyl 3a,7a-diacetyloxy-12a-N-(L -Boc-pr olinoyl)amino-5f3-
cholan-24-oate 95b

Purified by flash chromatography (SIGCH,Cl,:acetone 93:7 ). Yield
250 mg, 36 %. Mp. 57-59°@1]*% +28.3 (c=1.00, CkCl,). *H NMR
(300 MHz, CDC}, 9): 0.80 (s, 3H, Ch), 0.89 (d, 3H, 21-Ck), 0.93
(s, 3H, CH), 1.00-2.60 (m, 28H, steroidal CH and £Hnd 3’ and 4'-
CH, of Boc-Pro), 1.48 (s, 9H, Boc-3GH 1.98 (s, 3H, 3-CkCO),
2.10 (s, 3H, 7-CkCO), 3.47 (m, 2H, 5’-Cklof Boc-Pro), 3.64 (s, 3H,
CH;0CO), 4.25 (br d, 1H, 2’-CH of Boc-Pro), 4.34 (hrldH, 12-CH),
4.57 (m, 1H, 3-CH), 4.91 (br d, 1H, 7-CH) 6.71 ¢biNH amide)*C
NMR (75 MHz, CDC}, ¢): 13.7, 17.4, 21.6, 21.8, 22.8, 23.4, 24.5,
26.3, 26.9, 27.4, 28.7 (3 GIBoc), 29.5, 30.8, 31.4, 34.6, 34.8, 34.9,
38.2, 40.9, 44.6, 47.4, 48.5, 51.5, 51.6, 61.11,743.8, 80.6, 155.4 (
C=0 Boc), 170.3 (amide C=0), 170.7 (acetate C=@).4 (acetate
C=0), 174.8 (24 C=0). IR (KBr, cm: 2950, 2872, 1738 (C=0),
1654, 1516, 1431, 1364, 1246, 1180, 1070, 921, BkAl. Calcd for
CsoHs2N2Oo: C 66.64, H 8.89, N 3.99. Found: C 66.74, H 883,
3.50.

Methyl 3a,12a-diacetyloxy-7a-(L -Boc-Pr olinoyl)amino-5@-

cholan-24-oate 96a Purified by flash chromatography (SiO
CH,Cl,:acetone 90:10). Yield 260 mg, 50%. Mp 160-161%0°% +

23.0 (c=1.00, CkCl,). '"H NMR (300 MHz, CDC}, d): 0.72 (s, 3H,
CHs), 0.79 (d, 3H, 21-Ch), 0.93 (s, 3H, CH), 0.90-2.40 (m, 28H,
steroidal CH and Ciand 3’ and 4’-CH of Boc-Pro), 1.49 (s, 9H,
Boc-3CH), 2.02 (s, 3H, 3-CkCO), 2.15 (s, 3H, 12-C§€0), 3.39 (br

150



s, 1H, 7-CH), 3.64 (s, 3H, GBCO), 4.27 (br s, 1H, 2’-CH of Boc-
Pro), 4.52 (m, 1H, 3-CH), 5.11 (br s, 1H, 12-CH®®.(br s, NH
amide).”*C NMR (75 MHz, CDC}, §): 12.5, 17.8, 21.6, 21.7, 23.1,
25.8, 27.3, 27.4, 28.7 (3 GiBoc), 29.2, 29.5, 31.0, 31.4, 34.8, 34.9,
35.0, 36.8, 41.5, 44.2, 45.3, 47.5, 47.9, 51.72,7%5.5, 170.5 (acetate
C=0), 170.8 (acetate C=0), 171. (amide C=0), 1124 C=0),
181.1 ( C=0 Boc). IR (KBr, cij: 2948, 2353, 1733 (br C=0), 1677,
1654, 1560, 1520, 1509, 1452, 1408, 1357, 12507,11621, 1021,
802, 611. Anal. Calcd for 4HgN-Og: C 66.64, H 8.89, N 3.99.
Found: C 66.65, H 8.93, N 3.72.

Methyl 3a,12a-diacetyloxy-7a-(D-Boc-Prolinoyl)amino-53-
cholan-24-oate 96b Purified by flash chromatography (SIO
CH,Cl,:acetone 90:10). Yield 170 mg, 32%. Mp 67-68°G]*}, +
103.0 (c=1.00, CkCl,). 'H NMR (300 MHz, CDC}, 8): 0.76 (s, 3H,
CHy), 0.81 (d, 3H, 21-C¥H}, 0.96 (s, 3H, ChH), 0.90-2.40 (m, 28H,
steroidal CH and CHand 3’ and 4’-CH of Boc-Pro), 1.54 (s, 9H,
Boc-3CH), 2.03 (s, 3H, 3-CkCO), 2.18 (s, 3H, 12-C}€0), 3.32 (br
s, 1H, 7-CH), 3.67 (s, 3H, GBCO), 3.94 (br s, 1H, 2’-CH of Boc-
Pro), 4.36 (br s, 1H, 12-CH) 4.54 (m, 1H, 3-CHRIBppm (br s, NH
amide).”>C NMR (75 MHz, CDC}, ): 12.4, 17.6, 21.6, 22.7, 23.0,
25.8, 27.0, 27.2, 28.6, 29.3, 30.8, 31.0, 34.68,336.6, 41.3, 43.9,
45.3, 46.6, 47.3, 47.6, 51.6, 74.2, 75.4, 80.4,.4,7070.7, 171.2,
174.6, 198.1 ppm. IR (KBr, chx 2960, 2871, 1738 (br C=0), 1703
(C=0), 1679, 1654, 1526, 1506, 1457, 1437, 1398813245, 1162,
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1118, 1083, 1022, 960, 887. Anal. Calcd fasHE.N.Oy: C 66.64, H
8.89, N 3.99. Found: C 66.66, H 8.95, N 3.84.

General procedurefor deacetylation

Boc protected diacetylated derivative (1 equiv.svieeated with a
10% MeONa solution in MeOH (2.2 equiv.) for 6 hrdt Reaction
was quenched in HCI acqg., extracted with ,CH and dried over
NaSQ,. Organic phases were concentrated in vacuo and

chromatographated over silica gel.

Methyl 3a,7a-dihydroxy-12a-N-(Boc-D-Prolinoyl)amino-53-
cholan-24-oate 97a Purified by chromatography (SiO
CH,Cl,/acetone 1:1). Yield 210 mg, 46%. Mp 97-98°@*f, + 97.4
(c=1.00, CHCL,). *H NMR (300 MHz, CDC}, ): 0.77 (s, 3H, Ch),
0.83 (d, 3H, 21-Ch), 0.84 (s, 3H, Ch), 0.90-2.40 (m, 28H, steroidal
CH and CH, and 3’ and 4’-CH of Boc-Pro), 1.45 (s, 9H, Boc-3GH
3.37 (m, 2H, 5-CH of Pro), 3.44 (m, 1H, 3-CH) 3.63 (s, 3H,
CH;0CO), 3.83 (br s, 1H, 12-CH), 4.27 (br d, 1H, 7-CH)L0 (br d,
NH amide).”®*C NMR (75 MHz, CDC}, d): 13.7, 17.6, 19.5, 22.7,
23.4, 24.7, 26.1, 27.7, 27.9, 28.8, 30.5, 31.11,334.7, 35.0, 35.6,
39.7, 39.9, 41.6, 44.5, 44.6, 47.8, 48.7, 51.72,5461.1, 68.2, 71.9,
81.0, 171.0 (Boc C=0), 174.7 (24 C=0). IR (KBr, Bm2954, 2870,
1772 (br C=0), 1762, 1650, 1569, 1457, 1366, 12946, 1118,
1078, 1020, 982. Anal. Calcd forsElsgN,O;: C 67.93, H 9.45, N
4.53. Found: C 67.99, H 9.60, N 4.32.
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Methyl 3a,7a-dihydr oxy-12a-N-(Boc-L -Prolinoyl)amino-53-
cholan-24-oate 97b

Purified by chromatography (SOCH,Cl,/acetone 6:4). Yield 66 mg,
39% . Mp 95-98°C.d]?, +15.3 (c=1.00, CKCl,). 'H NMR (300
MHz, CDCk, 8): 0.78 (s, 3H, Ch), 0.87 (d, 3H, 21-Ch), 0.89 (s, 3H,
CHs), 1.10-2.60 (m, 28H, steroidal CH and £End 3’ and 4’-CH of
Boc-Pro), 1.47 (s, 9H, Boc-3GH 3.40 (m, 2H, 5’-CHof Pro), 3.49
(m, 1H, 3-CH) 3.64 (s, 3H, GOCO), 3.84 (br s, 1H, 12-CH), 4.27
(br d, 1H, 7-CH), 7.15 (br d, NH amidéjC NMR (75 MHz, CDC],
0): 13.5, 17.4, 22.6, 23.4, 24.3, 26.0, 27.5, 286t Boc), 29.4,
30.8, 30.9, 31.3, 34.7, 34.8, 35.1, 35.3, 39.60,401.5, 44.1, 44.4,
47.3, 48.7, 51.5, 51.9, 60.6, 68.2, 71.9, 80.8,1%%=0 Boc), 171.2
(amide C=0), 174.7 (24 C=0). IR (KBr, &n 2955, 2871, 1774 (br
C=0), 1761, 1650, 1569, 1457, 1380, 1243, 1133811078, 1019,
954. Anal. Calcd for gsHsgN,O;: C 67.93, H 9.45, N 4.53. Found: C
67.96, H 9.40, N 4.38.

Methyl 3a,12a-dihydroxy-7a-N-(Boc-L -Prolinoyl)amino-53-
cholan-24-oate) 98a Yield 180 mg, 93%. Mp 104-108°Gaf% — 3.6
(c=1.00, CHCl,). *H NMR (300 MHz, CDC}, 8): 0.66 (s, 3H, Ch),
0.92 (s, 3H, Ch), 0.96 (d, 3H, 21-C}J, 0.90-2.40 (m, 28H, steroidal
CH and CH, and 3’ and 4’-CHof Boc-Pro), 1.46 (s, 9H, Boc-3G}
3.37 (m, 2H, 5-CH of Pro), 3.49 (m, 1H, 3-CH) 3.65 (s, 3H,
CH;0CO0), 3.92 (br s, 1H, 12-CH), 3.92 (br s, 1H, 2’-6HPro), 4.18
(br d, 1H, 7-CH), 7.18 (br d, NH amidéjC NMR (75 MHz, CDC],
5): 12.5,17.3, 22.5, 23.2, 27.4, 27.7, 28.2, 2860, 30.9, 31.3, 32.3,
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34.8, 35.4, 36.8, 39.9, 41.6, 42.2, 46.1, 46.60,427.2, 51.5, 60.0,
71.8, 73.1, 80.8, 171.2 (Boc C=0), 174.7 (24 C4R)(KBr, cm):
2963, 2880, 1780 (br C=0), 1702, 1684, 1539, 14@F0, 1260,
1162, 1118, 1087, 1048, 920. Anal. Calcd fasHgsN,O-: C 67.93, H
9.45, N 4.53. Found: C 67.89, H 9.53, N 4.30.

General procedurefor Boc-deprotection

A solution of amide in CKCl, (typically 5 mL) was treated with a
large excess of TFA (typically 2 mL) and stirredrat for 15’. The
resulted mixture was washed with 5% NaHG®remove the excess
of acid and extracted with GBI, (typically 3x30 mL). Organic phase
was then washed with brine (3x50 mL) and dried ocseinydrous
NaSQ,. The solvent was evaporated under vacuum affording

chemical pure product.

Methyl 3a-acetyloxy-12a-N-(L -prolinoyl)amino-53-cholan-24-oate
Bla Yield 250 mg, 94%. Mp 55-57°C.a]*» + 73.0 (c=1.00,
CH,Cl,). *"H NMR (300 MHz, CDC}, 8): 0.79 (s, 3H, Ch), 0.82 (d,
3H, 21-CH), 0.89 (s, 3H, Ch), 0.90-2.40 (m, 28H, steroidal CH and
CH,, and 3’ and 4'-CH of Pro), 1.98 (s, 3H, C}0O), 3.05 (m, 2H,
5’-CH, of Pro), 3.64 (s, 3H, C#DCO), 3.82 (br m, 1H, 2’-CH of Pro),
4.16 (br d, 1H, 12-CH), 4.68 (m, 1H, 3-CH), 8.18 ¢b NH amide).
¥C NMR (75 MHz, CDC}, 8): 13.8, 17.5, 21.6, 23.3, 24.00, 26.3,
26.4, 26.6, 26.9, 27.7, 31.1, 31.3, 32.3, 34.39,335.1, 36.0, 41.9,
44.8, 47.6, 49.0, 51.1, 51.7, 51.8, 60.8, 74.2). A {acetate C=0),
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173.1 (amide C=0), 174.8 (24 C=0). IR (KBr, §m2940, 2867,
1733 (br C=0), 1655, 1517, 1450, 1383, 1361, 12444, 1166,
1100, 1022, 978, 805. Anal. Calcd fos8s,N,0s C 70.55, H 9.62, N
5.14. Found: C 70.59, H 9.60, N 5.02.

Methyl 3a-acetyloxy-12a-N-(D-pr olinoyl)amino-53-cholan-24-
oate B1lb Yield 174 mg, quantitative. Mp 75-77°Ca]f% + 171.0
(c=1.00, CHCI,). *H NMR (300 MHz, CDC}, &): 0.79 (s, 3H, Ch),
0.81 (d, 3H, 21-Ch), 0.90 (s, 3H, Ch), 0.90-2.40 (m, 28H, steroidal
CH and CH, and 3’ and 4’-CH of Pro), 2.02 (s, 3H, C{€0), 3.09
(m, 2H, 5’-CH, of Pro), 3.65 (s, 3H, C}¥»CO), 3.95 (br s, 1H, 2’-CH
of Pro), 4.17 (br d, 1H, 12-CH), 4.67 (m, 1H, 3-CE)14 (br d, NH
amide).’*C NMR (75 MHz, CDC}, 8): 13.9, 17.4, 21.7, 23.5, 24.0,
26.2, 26.3, 26.7, 26.9, 27.1, 27.8, 31.1, 31.25,324.3, 34.9, 35.1,
36.2, 42.0, 44.8, 47.7, 48.7, 51.0, 51.8, 52.19,614.5, 170.8 (acetate
C=0), 172.8 (amide C=0), 175.0 (24 C=0). IR (KBm™: 2941,
2872, 1737 (br C=0), 1664, 1649, 1556, 1511, 144883, 1359,
1256, 1228, 1167, 1093, 1025, 975, 758. Anal. Calcs,Hs,N,Os:

C 70.55, H 9.62, N 5.14. Found: C 70.60, H 9.55.08.

Methyl 12a-hydroxy-3a-N-(L-prolinoyl)amino-53-cholan-24-oate
B2a Yield 150 mg, quant. Mp 68-72°Ca*% + 36.0 (c=1.00,
CH,Cl,). '"H NMR (300 MHz, CDC}, d): 0,67 (s, 3H, CH), 0,91 (s,
3H, CHy), 0,96 (d, 3H, 21-C}J, 1,00-2,00 (m, 28H, steroidal CH and
CH,, and 3’ and 4’-CHl of Pro), 1.98 (s, 3H, Ci€0), 2.90 (m, 2H,
5°-CH, of Pro), 3.66 (s, 3H, C}¥»CO), 3.75 (m, 1H, 3-CH), 3.98 (br
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d, 1H, 12-CH).*C NMR (75 MHz, CDCJ, &): 12.9, 17.6, 23.5, 23.8,
26.3, 27.2, 27.6, 28.0, 29.0, 30.8, 31.0, 33.5),334.3 35.3 36.0, 36.2
42.6 46.7 47.4, 47.6, 48.6, 48.9, 51.6 (Q180.7 (C3), 73.4 (C12),
173.7 (amide C=0), 174.9 (24 C=0). IR (KBr, tm2939, 2858,
1734 (br C=0), 1713, 1678, 1648, 1633, 1628, 18522, 1507,
1456, 1431, 1376, 1260, 1189, 1169, 1099, 10698,18G2. Anal.
Calcd for GoHsoN,O,: C 71.67, H 10.02, N 5.57. Found: C 71.69, H
10.09, N 5.42.

Methyl 12a-hydroxy-3a-N-(D-prolinoyl)amino-53-cholan-24-oate
B2b Yield 360 mg, quantitative. Mp 80-85°Gx]f% + 54.0 (c=1.00,
CH.Cl,). 'H NMR (300 MHz, CDCJ, 3): 0.64 (s, 3H, Ch), 0.88 (s,
3H, CH), 0.94 (d, 3H, 21-Ck}, 1.00-2.00 (m, 28H, steroidal CH and
CH,, and 3’ and 4'-CH of Pro), 2.02 (s, 3H, C}0O), 2.95 (m, 2H,
5'-CH, of Pro), 3.67 (s, 3H, C}¥DCO), 3.73 (m, 1H, 3-CH), 3.96 (br
d, 1H, 12-CH)**C NMR (75 MHz, CDC}, 3): 12.9, 17.5, 23.5, 23.8,
26.2, 27.2, 27.6, 28.0, 29.0, 30.8, 31.0, 33.50,334.2, 35.2, 35.9,
36.1, 42.6, 46.7, 47.4, 48.7, 48.9, 51.6 (QCHO.7 (C3), 73.4 (C12),
173.6 (amide C=0), 174.8 (24 C=0). IR (KBr, ®m2939, 2858,
1734 (br C=0), 1718, 1678, 1648, 1638, 1632, 134622, 1507,
1457, 1437, 1371, 1260, 1189, 1169, 1099, 10698,1862. Anal.
Calcd for GoHsgN,O4: C 71.67, H 10.02, N 5.57. Found: C 71.75, H
9.99, N 5.32.

Methyl 3a,7a-diacetyloxy-12a-(D-Prolinoyl)amino-53-cholan-24-
oate B3a Yield 30 mg, quantitative. Mp 70-71°Calf, + 69.5
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(c=1.00, CHCl,). *H NMR (300 MHz, CDC}, 8): 0.77 (s, 3H, Ch),
0.82 (d, 3H, 21-Ch), 0.90 (s, 3H, Ch), 0.90-2.40 (m, 28H, steroidal
CH and CH, and 3’ and 4’-CHof Pro), 2.01 (s, 3H, 3-G&€0), 2.05
(s, 3H, 7-CHCO), 2.99 (m, 2H, 5-CH of Pro), 3.62 (s, 3H,
CH;OCO), 3.78 (dd , 1H, 2’-CH of Pro), 4.16 (br d, 1#2-CH), 4.52
(m, 1H, 3-CH), 4.88 (d, 1H, 7-CH), 8.19 (br d, Nhhide).*C NMR
(75 MHz, CDC}, 8): 13.4, 17.4, 21.6, 22.8, 23.4, 26.4, 26.6, 27.1,
27.5, 28.9, 30.8, 31.1, 31.4, 34.6, 34.8, 35.03,388.2, 41.0, 44.3,
44.7, 47.7, 48.7, 51.1, 51.6, 61.0, 70.9, 74.8.A7acetate C=0),
170.6 (acetate C=0), 173.8 (amide C=0), 174.6 RO IR (KBr,
cm’): 2954, 2875, 1740 (br C=0), 1662, 1652, 1516,81413865,
1249, 1172, 1099, 1066, 1024, 968, 892. Anal. Clice;,HsN,O-:
C 67.74, H9.03, N 4.65. Found: C 67.69, H 9.09,.4P.

Methyl  3a,7a-dihydroxy-12a-(D-Prolinoyl)amino-53-cholan-24-
oate B3b Yield 100 mg, quant. Mp 98-100°Qa]f%, + 79.9 (c=1.00,
CH,Cl,). '"H NMR (300 MHz, CDC], 8): 0.81 (s, 3H, Ck), 0.84 (d,
3H, 21-CH), 0.89 (s, 3H, Ch), 0.90-2.40 (m, 28H, steroidal CH and
CH,, and 3’ and 4’-CHof Pro), 2.98 (m, 2H, 5’-Ckbf Pro), 3.45 (m,
1H, 3-CH) 3.66 (s, 3H, C¥DCO), 3.78 (dd , 1H, 2’-CH of Pro), 3.87
(br s, 1H, 12-CH), 4.19 (br d, 1H, 7-CH), 8.17 ¢brNH amide)**C
NMR (75 MHz, CDC}, ¢): 13.7, 17.5, 23.0, 23.5, 26.6, 27.8, 28.0,
30.9, 31.3, 34.8, 35.2, 39.8, 41.6, 44.7, 47.79/481.7, 61.0, 68.2,
72.1, 173.9 (Boc C=0), 174.8 (24 C=0). IR (KBr, Bm2957, 2925,
2869, 1739 (br C=0), 1648, 1523, 1448, 1382, 12488, 1170,
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1078, 992, 801. Anal. Calcd forlsoN,Os: C 69.46, H 9.72, N 5.40.
Found: C 69.49, H 9.79, N 5.33.

Methyl 3a,7a-dihydroxyl-12a-(L -Prolinoyl)amino-53-cholan-24-
oate B3c

Purified by chromatography (S}OAcCOEt/MeOH 7:3).Yield 25 mg,
38%. Mp 103-105 °C.d]% +28.3 (c=1.00, CkCl,). *H NMR (300
MHz, CDCE, 8): 0.79 (s, 3H, Chk), 0.83 (d, 3H, 21-CkJ, 0.88 (s, 3H,
CHs), 0.90-2.70 (m, 28H, steroidal CH and £nd 3’ and 4’-CH of
Pro), 3.12 (m, 2H, 5’-CHof Pro), 3.45 (m, 1H, 3-CH), 3.65 (s, 3H,
CH;0CO), 3.87 (br d, 1H, 12-CH), 4.00 (d, 1H, 2’-CHbpr4.25 (d,
1H, 7-CH), 8.32 (br d, NH amide}’C NMR (75 MHz, CDC}, &):
13.4, 17.5, 22.6, 23.4, 25.6, 26.6, 27.6, 30.81,331.4, 34.8, 34.9,
35.0, 35.2, 39.3, 39.6, 41.5, 43.8, 44.6, 47.27,48B1.5, 52.1, 60.6
68.2, 70.3, 71.9, 171.8 (amide C=0), 174.6 (24 C4R®)KBr, cni’):
2944, 2864, 1734 (C=0), 1714, 1658, 1648, 1623315343, 1508,
1437, 1382, 1261, 1166, 1075, 985. Anal. CalcdGgiHsoN,Os: C
69.46, H 9.72, N 5.40. Found: C 69.52, H 9.74, 295.

Methyl 3a,12a-diacetyloxy-7a-(L-Prolinoyl)amino-53-cholan-24-
oate Bda Yield 120 mg, 74%. Mp 78-79°Ca]*% + 84.0 (c=1.00,
CH.Cl,). 'H NMR (300 MHz, CDC}, 8): 0.73 (s, 3H, Ch), 0.80 (d,
3H, 21-CH), 0.94 (s, 3H, Ch), 0.90-2.40 (m, 28H, steroidal CH and
CH, and 3’ and 4’-CH of Pro), 2.03 (s, 3H, 3-G§&0), 2.13 (s, 3H,
12-CHCO), 3.08 (m, 2H, 5’-Chlof Pro) 3.60 (br s, 1H, 7-CH), 3.65
(s, 3H, CHOCO), 3.96 (brs, 1H, 2’-CH of Pro), 4.53 (m, 134CH),
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5.10 (br s, 1H, 12-CH) 7.95 (br s, NH amid®C NMR (75 MHz,

CDCl,, 0): 12.5, 17.8, 21.6, 21.7, 23.0, 23.2, 25.7, 28@)], 27.2,

27.3, 29.2, 31.0, 31.3, 32.0, 34.8, 34.9, 35.07,386.9, 41.5, 44.4,
45.2, 46.0, 47.5, 47.9, 51.7, 60.6, 74.3, 75.55,76€70.4 (acetate
C=0), 170.5 (acetate C=0), 171.1 (amide C=0), 17247C=0). IR

(KBr, cmi®): 2925, 2861, 1739, 1734, 1730, 1718, 1700, 16864,

1675, 1669, 1663, 1653, 1647, 1636, 1559, 15347,15499, 1457,
1437, 1395, 1375, 1026, 804. Anal. Calcd fgsHg/N,O;: C 67.74, H

9.03, N 4.65. Found: C 67.79, H9.01, N 4.47.

Methyl 3a,12a-diacetyloxy-7a-(D-Prolinoyl)amino-53-cholan-24-
oate B4b Yield 121 mg, quantitative. Mp 80-82°Ca]f% +131.0
(c=1.00, CHCl,). *H NMR (300 MHz, CDC}, 8): 0.76 (s, 3H, CH),
0.83 (d, 3H, 21-Ck), 0.96 (s, 3H, Ch), 0.90-2.40 (m, 28H, steroidal
CH and CH and 3’ and 4’-CH of Pro), 2.02 (s, 3H, 3-G§&0), 2.15
(s, 3H, 12-CHCO), 3.08 (m, 2H, 5-CHof Pro), 3.67 (s, 3H,
CH;0CO), 3.95 (br s, 1H, 7-CH) 3.96 (br s, 1H, 2'-6H-Pro), 4.57
(m, 1H, 3-CH), 5.13 (br s, 1H, 12-CH) 8.12 (br $J Amide}°*C NMR
(75 MHz, CDC}, 9): 12.3, 17.6, 21.4, 22.8, 25.5, 25.9, 26.9, 27.2,
29.0, 30.9, 31.1, 31.9, 34.6, 34.8, 35.4, 36.73,444.2, 45.1, 45.9,
47.2, 47.6, 51.6, 60.5, 74.2, 75.3, 170.4 (acefat®), 170.5, 188.6
(amide C=0), 174.6 (24 C=0). IR (KBr, & 2964, 2923, 2856,
1743, 1722, 1650, 1637, 1623, 1565, 1544, 1525],15479, 1463,
1442, 1380, 1263, 1091, 883, 802. Anal. Calcd feHEN,O;: C
67.74, H9.03, N 4.65. Found: C 67.71, H 9.10, 504.
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Methyl  3a,12a-dihydroxy-7a-(D-Prolinoyl)amino-5@3-cholan-24-
oate B4c Yield 100 mg, quantitative. Mp 128-130°Qa]f% + 3.7
(c=1.00, CHCI,). *H NMR (300 MHz, CDC}, &): 0.67 (s, 3H, Ch),
0.94 (s, 3H, ChH), 0.96 (d, 3H, 21-C}J, 0.90-2.40 (m, 28H, steroidal
CH and CH and 3’ and 4’-CH of Pro), 3.28 (m, 2H, 5’-Cbf Pro),
3.64 (s, 3H, CKHDCO), 3.92 (brs, 1H, 2’-CH of -Pro), 3.95 (br#,
7-CH) 4.89 (m, 1H, 3-CH), 5.45 (br d, 1H, 12-CHBS.(br s, NH
amide}*C NMR (75 MHz, CDC}, §): 12.3, 17.4, 22.7, 23.6, 26.2,
27.9, 28.1, 28.2, 29.9, 31.0, 31.3, 31.4, 31.76,335.5, 36.0, 36.3,
37.1,41.4, 42.2, 42.4, 46.9, 47.7, 48.1, 48.77,980.0, 72.5, 73.5,
166.9 (amide C=0), 174.8 (24 C=0). IR (KBr, tm2960, 2923,
2864, 1740, 1727, 1698, 1661, 1631, 1562, 15567,124963, 1454,
1381, 1260, 1196, 1161, 1098, 1051, 1023, 804. .AGalcd for
CaoHsoN2Os: C 69.46, H 9.72, N 5.40. Found: C 69.48, H 988,
5.33.

General procedurefor 3-Hydroxy deprotection

A solution of the 3-acetyl derivative (1 equiv.) MeOH (typically 8
mL) was treated with a large excess of concentrdt@ld(typically 0.2
mL) and stirred at r.t. for 24 h. The resulting tare was washed with
NaHCGQ; 5% to remove the excess of acid and extracted @GHbCl,
(3x30 mL). Organic phase was then washed with HBx80 mL) and
dried over anhydrous N&0O,. The solvent was evaporated under

vacuum affording chemically pure product
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Methyl 3a-hydroxy-12a-N-(D-prolinoyl)amino-53-cholan-24-oate
Blc Yield 160 mg, quantitative. Mp 79-80°Qa]f%, +69.6 (c=1.00,
CH,CL,). *H NMR (300 MHz, CDC}, 8): 0.81 (s, 3H, Ch), 0.85 (d,
3H, 21-CH), 0.91 (s, 3H, Ch), 0.90-2.40 (m, 28H, steroidal CH and
CH,, and 3’ and 4’-CHof Pro), 3.04 (m, 2H, 5’-Ckbf Pro), 3.62 (m,
1H, 3-CH), 3.67 (s, 3H, Ci»CO), 3.84 (br s, 1H, 2'-CH of Pro), 4.18
(br d, 1H, 12-CH), 8.21 (br d, NH amidéJC NMR (75 MHz, CDC},
0): 13.7,17.4, 23.4, 23.9, 26.2, 26.3, 26.6, 242717, 29.8, 30.6, 30.8,
31.1, 31.2, 34.2, 34.9, 35.1, 36.1, 36.3, 42.17/,447.6, 48.8, 51.1,
51.6,51.8, 60.9, 71.7, 173.3 (24 C=0), 174.8 ¢en©=0). IR (KBr,
cm’) 2923, 2862, 1741, 1654, 1647, 1560, 1522, 1488311310,
1261, 1167, 1097, 1034, 802. Anal. Calcd fggHgoN,O4: C 71.67, H
10.02, N 5.57. Found: C 71.62, H 10.03, N 5.49.

Methyl 3a-hydroxy-12a-acetyloxy-7a-(D-Prolinoyl)amino-53-

cholan-24-oate B4d Yield 92 mg, quantitative. Mp 92-93°QaJf% +

132.6 (c=1.00, CKCl,). *H NMR (300 MHz, CDC}, 3): 0.76 (s, 3H,
CHy), 0.84 (d, 3H, 21-Ch}, 0.96 (s, 3H, Ch), 0.90-2.40 (m, 28H,
steroidal CH and C§), 2.14 (s, 3H, 12-CkO), 3.04 (br m, 2H, 3'-
CH, of 7-Pro), 3.49 (br s, 1H, 7-CH), 3.67 (s, 3H,{0€0), 3.77 (br
s, 1H, 2’-CH of Boc-Pro), 5.13 (br s, 1H, 12-CH®®.(m, 1H, 3-CH),
8.20 ppm (br s, NH amide)’C NMR (75 MHz, CDC}, 8): 12.4, 17.6,
21.6, 22.7, 23.0, 25.8, 27.0, 27.2, 28.6, 29.38,381.0, 34.6, 34.8,
36.6, 41.3, 43.9, 45.3, 46.6, 47.3, 47.6, 51.62,745.4, 80.4, 170.4,
170.7,171.2, 174.6, 198.1 ppm. IR (KBr, Y2960, 2871, 1738 (br
C=0), 1703 (C=0), 1679, 1654, 1526, 1506, 1457714398, 1368,
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1245, 1162, 1118, 1083, 1022, 960, 887. Anal. Cailc@;,Hs5,N,Og:
C 68.54, H 9.35, N 5.00. Found: C 68.52, H 9.33,.9V.

7.4 Synthesis of bis-prolinamide derivatives

Methyl 3a-acetyloxy-12a,7a-diketo-53-cholan-24-oate 99

A solution of KCr,0; (2.62 g, 8.89 mmol) in water (5 mL) was added
to a solution o84 (3.8 g, 8.47 mmol) in acetic acid (170 mL). The
mixture was stirred at room temperature for 20hentpoured into
water (350 mL): the solid was filtered, washed watater then dried
under vacuum affording chemically pure kefi®n(3,40 g, 90% vyield).
Chemical-physical and spectroscopic data were ichnto those

reported in the literaturé”®

M ethyl 3a-acetyloxy-12a,7a-dioxime-5B-cholan-24-oate 100
Sodium acetate trinydrated (5.70 g, 41.86 mmot) laydroxylamine
hydrochloride (951 mg, 13.70 mmol) were added teohution of
keton 99 (3.40 g, 7.61 mmol) in methanol (70 mL). The reacti
mixture was stirred under reflux for 4.5 h. Thevsolt was removed
under vacuum and the residue dissolved in,@H (30 mL). The
organic solution was washed with water (4x20 mLgnthdried
(Na&SQy). The solvent was evaporated under reduced peessut the
crude product was crystallized by methanol affagdthemically pure
oxime 100 (3.40 g, 88% yield). Chemical-physical and specinpsc

data were identical to those reported in the liteed ™
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Methyl  3a-acetyloxy-12a,7a-diamino-53-cholan-24-oate 101
Hydrated Pt@ (120 mg, 12,5 mol%) was added to a solution of
dioxime 100 (2.07 g, 4.22 mmol) in glacial acetic acid (9 nalnd the
mixture was stirred under,H2 bar) at room temperature for six days.
The solid was filtered off and powdered Zn (4.88,72 mmol) was
added to the solution, concentrated under vacuun2 tmL. The
mixture was stirred at room temperature for 12 éntkthe solid was
filtered off and washed with acetic acid. After centration under
reduced pressure, water was added and the aquaatisrswas made
basic with KOH pellets. The organic product wasanted with ethyl
acetate and the organic extracts dried,83). The solvent was
evaporated under vacuum affording pure aniifg. Yield 1.11 g,
57%. M.p. 94-95°C. .d[]*> + 35.0 (c=1.00, ChCl,). *H NMR (300
MHz, CDCE, &): 0,73 (s, 3H, Ch), 0,92 (s, 3H, Ck), 0,97 (d, 3H,
21-CH), 1,00-2,60 (m, 28H, steroidal CH and gH2.01 (s, 3H,
CH;CO), 3.10 (br t, 1H, 12-CH), 3.16 (br t, 1H, 7-CB)67 (s, 3H,
OMe), 4.56 (m, 1H, 3-CH)*C NMR (75 MHz, CDC}, &): 13.7, 17.3,
21.6, 22.8, 23.7, 26.0, 26.8, 27.7, 28.4, 31.02,334.8, 35.1, 35.1,
35.3, 36.1, 39.7, 41.7, 42.0, 46.2, 47.7, 47.96,584.0, 74.5, 170.9
(acetate C=0), 174.6 (24 C=0). IR (KBr, {m2961, 1735, 1654,
1636, 1560, 1458, 1382, 1261, 1164, 1096, 1033, &04l. Calcd for
Co7H4eN2O4: C 70.09, H 10.02, N 6.05. Found: C 70.01, H 1003
6.00.

Methyl 3a-acetyloxy-7a,12a-bis(Boc-D-Pr olinoyl)amino-5f3-
cholan-24-oate 102 To a solution of N-Boc protected D-proline (512
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mg, 2.38 mmol) in anhydrous GEl,, N-methylmorpholine (29QiL,
2.63 mmol) was added and the mixture was cooleeR@C, then
isobutyl chloroformate (34QL, 2.38 mmol) was added. The reaction
temperature was maintained at -20°C for 5 min.ntlae CHCI,
solution of diaminel01l (500 mg, 1.08 mmol) was added dropwise
over 15 min at 0°C. The reaction mixture was dificr 26 h. Finally
the reaction mixture was treated with HCI acqg., B&H acq., NaCl
acg. and dried over M&0O,. The organic phases were concentrated in
vacuo and the residue was purified by column chtography (SiGQ,
AcOEt/ Hex 1:1) affording purd02. Yield 500 mg, 54%. M.p. 66-
67°C. . p]% + 79,5 (c=1.00, CCl,). 'H NMR (300 MHz, CDC},

0): 0,77 (s, 3H, Ch), 0,90 (d, 3H, 21-Ck), 0,94 (s, 3H, Ch), 1,00-
2,40 (m, 28H, steroidal CH and ¢ldnd 8H 3’ and 4’-CH of Boc-
Pro), 1.46 (s, 18H, Boc 6GH2.03 (s, 3H, CkCO), 3.35 (br m, 1H,
2'-CH of 7-Boc-Pro), 3.37 (br m, 4H, 3’-GHbf 7 and 12-Boc-Pro)
3.66 (s, 3H, OMe), 4.01 (br m, 1H, 2’-CH of 12-BBwm), 4.27 (br d,
1H, 12-CH), 4.37 (br d, 1H, 7-CH), 4.56 (m, 1H, B)C7.60 (br d,
1H, 7 and 12-NH amide)*>C NMR (75 MHz, CDC}, 8): 13.6, 14.3,
17.0, 21.6, 23.1, 23.4, 24.5, 24.7, 26.9, 27.14,228.6 (3C, Boc),
28.6 (3C, Boc), 29.4, 31.0, 31.4, 31.9, 34.8, 38R5, 37.1, 41.5,
44.8, 45.0, 46.1, 47.2, 47.3, 48.4, 51.5, 51.99,5680.2, 60.5, 74.6,
79.9, 80.4, 170.4 (acetate C=0), 171.0 (7 and 12 ®B=O), 171.5 (7
and 12 amide C=0), 174.6 (24 C=0). IR (KBr, 9m2962, 2874,
1739, 1679, 1528, 1401, 1365, 1260, 1164, 11208,10826, 802.
Anal. Calcd for G/H;6N,Oqp: C 65.86, H 8.94, N 6.54. Found: C
65.82, H 8.97, N 6.37.
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Methyl 3a-acetyloxy-12a,7a-bis(D-prolinoyl)amino-53-cholan-24-
oate B5 A solution of amidel02 (568 mg, 0.66 mmol) in C)&l, (5
mL) was treated with a large excess of TFA (5 mhg atirred at r.t.
for 30 min. The resulting mixture was washed witaHCGO; 5% to
remove the excess of acid and extracted withGQTH3x30 mL). The
collected organic extracts were washed with brige5Q mL) and
dried over anhydrous N8O, The solvent was evaporated under
vacuum affording chemically purB5. Yield 435 mg, quantitative.
M.p. 102-103°C.{]*s + 43.4 (c=1.00, ChCl,). '*H NMR (300 MHz,
CDCls, 9): 0,82 (s, 3H, Ch), 0,84 (d, 3H, 21-CkJ, 0,96 (s, 3H, Ch),
1,00-2,60 (m, 28H, steroidal CH and £&hd 8H 3’ and 4’-Chl of
Pro), 1.99 (s, 3H, C¥O), 2.99 (br m, 1H, 2'-CH of 7-Pro), 3.09 (br
m, 4H, 3'-CH of 7 and 12-Pro) 3.66 (s, 3H, OMe), 3.78 (br i, 1
2'-CH of 12-Pro), 3.88 (br d, 1H, 12-CH), 4.24 ¢br1H, 7-CH), 4.55
(m, 1H, 3-CH), 8.18 (br d, 1H, 7 and 12-NH amidéjC NMR (75
MHz, CDCk, d): 13.6, 17.5, 21.4, 23.1, 23.2, 26.2, 26.5, 22104,
29.2, 30.7, 30.9, 31.0, 31.8, 34.7, 34.9, 35.80,3%1.2, 44.6, 45.3,
45.6, 47.3, 47.7, 48.9, 51.0, 51.6, 60.8, 61.11,7470.3 (acetate
C=0), 173.6 (7 and 12 amide C=0), 174.7 (24 C=R)(KBr, cni"):
2961, 2871, 1735, 1654, 1648, 1560, 1541, 15088,14548, 1381,
1364, 1260, 1170, 1098, 1025, 801. Anal. CalcdGgieN,Os: C
67.65, H 9.21, N 8.53. Found: C 67.62, H 9.23, 4V8.
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Methyl 3a-hydroxy-12a,7a-bis(D-prolinoyl)amino-53-cholan-24-
oate B6

A solution ofB5 (96 mg, 0.15 mmol) in MeOH (2 mL) was treated
with a large excess of HCI concentrated (0.2 mld stirred at r.t. for
24 h. The resulted mixture was washed with Nak&% to remove
the excess of acid and extracted with,CH (3x10 mL). Organic
phases were washed with brine (3x10 mL) and dnest anhydrous
NaSQO,. The solvent was evaporated under vacuum affording
chemically pureB6. Yield 90 mg, quantitative. M.p. 133-135°C.
[a]?% + 112,7° (c=1.00, CKCL,). 'H NMR (300 MHz, CDC}, d):
0,79 (s, 3H, CH), 0,85 (d, 3H, 21-CkJ, 0,92 (s, 3H, Ck), 1,00-2,40
(m, 28H, steroidal CH and GHand 8H 3’ and 4’-Ckl of Pro), 3.03
(br m, 1H, 2’-CH of 7-Pro), 3.46 (br m, 4H, 3'-Gldf 7 and 12-Pro)
3.63 (s, 3H, OMe), 3.82 (br m, 1H, 2’-CH of 12-Rr8.85 (br d, 1H,
12-CH), 4.22 (br d, 1H, 7-CH), 4.36 (br d, 1H, 3-CB.08 (br d, 1H,
NH amide) 8.28 (br d, 1H, NH amidéJC NMR (75 MHz, CDC}, &):
13.6, 17.7, 22.7, 23.1, 23.2, 26.6, 25.0, 26.24,286.9, 27.5, 29.4,
29.9, 30.6, 31.2, 31.7, 32.1, 34.8, 35.1, 36.09,387.1, 38.6, 39.9,
41.7, 41.9, 44.8, 45.5, 46.1, 46.8, 47.4, 47.73,531.7, 59.8, 60.8,
61.3, 62.0, 70.5, 71.8, 72.5, 172,5 (amide C=03.3.7Tamide C=0),
174.8 (24 C=0). IR (KBr, cif): 2937, 2862, 1737, 1669, 1538, 1458,
1433, 1371, 1340, 1309, 1247, 1197, 1167, 10898,106812, 919,
820. Anal. Calcd for gHsgN4Os: C 68.37, H 9.51, N 9.11. Found: C
68.32, H 9.53, N 9.01.
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M ethyl-3a-acetyloxy-7a,12a-bis(Boc-glycyloxy)cholate 103

To a solution of84 (2.0 g, 4.3 mmol) in 32 mL of C&l, 1.9 g of
Boc-glycine (10.8 mmol) and 0.132 g of DMAP (1.08nol) were
added; the resulting mixture was cooled to 0°C 228 g of DCC
(11.05 mmol) in 15 mL of dry C}€l, were added in 15’. The reaction
was stirred at 0°C for 15 and then a r.t. overhigholid formed
during the reaction was removed by filtration amgamic phase was
washed with 10% HCI, 10% NaHGCGand dried over anhydrous
Na,SQO,. The solvent was removed under reduced pressutethen
residue was purifed by flash chromatography ¢SICH,Cl,:acetone
90:10). Yield 3.41 g, quantitative. Mp 72-75°@]%% +45.5 (c=1.00,
CH,Cl,). *H-NMR (300 MHz, CDC}, 8): 0.72 (s, 3H, Ck), 0.79 (d,
3H, CH; 21), 0.91 (s, 3H, CH 1.00-2.40 (m, 43H, CH and GH
steroidal, Boc, and CHacetyl), 3.65 (s, 3H, COG}H 3.80-4.02 (m,
4H, CH, Boc-glycine), 4.53 (m, 1H, 3-CH), 5.01 (m, 1H, AHC5.11
(d, 2H, NH), 5.17 (m, 1H, 12-CH}*C-NMR (75 MHz, CDC}, d):
12.3, 17.6, 21.6, 22.6, 22.9, 25.0, 25.7, 27.02,228.6 (6C Boc),
30.7, 30.9, 31.5, 32.7, 34.0, 34.4, 34.7, 34.99,370.9, 42.9, 43.2,
45.3,47.4,49.2,51.6, 72.2, 73.9, 80.1, 155.60@Boc), 157.3 (C=0
Boc), 169.7 (C=0 glycine), 170.0 (C=0 glycine), X¥(C=0 acetyl),
174.6 (24 C=0). IR (KBr, cif): 3395, 2964, 2118, 1734, 1559, 1521,
1456, 1383, 1367, 1260, 1164, 1054, 1029, 965, 8aal. Calcd for
Ca1HseN2O12: C 63.22, H 8.54, N 3.60. Found: C 63.25, H 8N1,
3.50.
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M ethyl-3a-acetyloxy-7a,12a-bis(glycyloxy)cholate 104

A solution of 103 (3 g, 3.8 mmol) in CkCl, (7.5 mL) was treated
with a large excess of TFA (2.6 mL) and stirred.atfor 15’. A 5%
solution of NaCO; was then added dropwise and the reaction was
extracted with CKCl,. The organic phases were washed with brine
and then dried on anhydrous JS&y. The solvent was removed under
reduced pressure affording puf®4 without further purification.
Yield 2 g, 92%. Mp 53-56°C.0*p +58.9 (c=1.00, CkCl,). *H-
NMR (300 MHz, CDC}, 9): 0.72 (s, 3H, Ch), 0.78 (d, 3H, ChKl21),
0.90 (s, 3H, Ch) 1.00-2.40 (m, 25H, CH and GHteroidal, and CH
acetyl), 3.30-3.57 (m, 4H, GHylycine), 3.65 (s, 3H, COGJ){ 4.53
(m, 1H, 3-CH), 4.96 (d, 1H, 7-CH), 5.14 (m, 1H, C&). *C-NMR

(75 MHz, CDC}, 9): 12.3, 17.7, 21.6, 22.6, 22.9, 25.0, 25.7, 27.0,
27.2, 28.9, 30.8, 30.9, 31.4, 34.0, 34.4, 34.79,3%0.9, 43.4, 44.2,
44.3, 45.3, 47.5, 49.1, 51.6, 71.5, 73.9, 76.0,.A{C=0 acetyl),
173.5 (C=0 glycine), 173.7 (C=0 glycine), 174.5 240). IR (KBr,
cm®): 3386, 3327, 2950, 2871, 1734, 1653, 1624, 15486, 1392,
1365, 1260, 1196, 1071, 1026, 964, 891. Anal. Cailcs;Hs0N,Og:

C 64.34,H8.71, N 4.84. Found: C 64.32, H 8.73. 1.

M ethyl-3a-acetyloxy-7a,12a-bis(L -Boc-pr olylglycyloxy)cholate

105

To a solution of N-Boc L-proline (1.5, 7.4 mmol) @nhydrous
CH,CI; (24 mL), N-methylmorpholine (1.1 mL, 9 mmol) waddad
and the mixture was cooled to -20°C, then isobeitybroformate (1.1

mL, 7.4 mmol) was added. The reaction temperatag maintained

168



at -20°C for 5 min., then a GBI, solution of104 (2 g, 3.4 mmol) was
added dropwise over 15 min at 0°C. The reactiortunexwas stirred
for 26 h. Finally the reaction mixture was treatgth 10% HCI, 5%
NaHCQG;, brine and dried over N&80O,. The organic phases were
concentrated in vacuo affording produd05 without further
purification. Yield 1,3 g, 40%. Mp 94-96°CaJ*% -8.63 (c=1.00,
CH,Cl,). *H-NMR (300 MHz, CDC}, 8): 0.73 (s, 3H, CH), 0.79 (d,
3H, CH; 21), 0.91 (s, 3H, CHl 1.00-2.40 (m, 51H, CH and GH
steroidal, CH 3’ and 4’ Boc-proline, 3 CkHBoc, and CH acetyl),
3.47 (m, 2H, CH 5’ Boc-proline), 3.65 (s, 3H, COg}H.80-4.35 (m,
6H, CH, glycine, CH 2’ Boc-proline), 4.57 (m, 1H, 3-CH), 5.01 (d,
1H, 7-CH), 5.17 (m, 1H, 12-CH), 6.58 (bs, 1H, NHide), 7.30 (bs,
1H, NH amide)*C-NMR (75 MHz, CDC}, 8): 12.4, 17.7, 21.7, 22.7,
23.0, 23.9, 24.5, 25.1, 25.8, 25.9, 27.1, 27.38,228.3, 28.6, 29.1,
29.7, 30.8, 31.1, 31.6, 34.0, 34.5, 34.8, 38.00,443.5, 45.6, 46.5,
47.3, 47.6,49.4,51.7, 53.6, 59.2, 73.9, 76.00,8149.2 (C=0), 153.6
(C=0 Boc), 167.4 (C=0 proline), 167.9 (C=0 proling&p9.3 (C=0
glycine), 169.4 (C=0 glycine), 171.0 (C=0 acetyly4.7 (24 C=0).
IR (KBr, cmi'): 3334, 2953, 2876, 1734, 1701, 1560, 1534, 1395,
1249, 1162, 1124, 1026, 965, 891, 856, 774. AnallcdC for
Cs1HgoN4O14: C 62.94, H 8.29, N 5.76. Found: C 62.92, H 8183,
5.61.

M ethyl-3a-acetyloxy-7a,12a-bis(L -prolylglycyloxy)cholate B7

A solution of 105 (1 g, 1.0 mmol) in CkCl, (2.5 mL) was treated
with a large excess of TFA (2.6 mL) and stirred.atfor 15’. A 5%
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solution of NaCO; was then added dropwise and the reaction was
extracted with CHCI,. The organic phases were washed with brine
and then dried over anhydrous ,N&y. The solvent was removed
under reduced pressure affording pBiewithout further purification.
Yield 0.64 g, 84%. Mp 74-78°Ca]* +13.41 (c=1.00, CKCl,). *H-
NMR (300 MHz, CDC}, 9): 0.73 (s, 3H, Ch), 0.81 (d, 3H, Chl21),
0.91 (s, 3H, CH), 1.00-2.40 (m, 33H, CH and Glsteroidal, CH 3’

and 4’ proline and CHacetyl), 3.00 (m, 6H, CH 2’ and GHp’
proline), 3.65 (s, 3H, COGH{ 3.80-4.35 (m, 4H, CHglycine), 4.55
(m, 1H, 3-CH), 5.04 (d, 1H, 7-CH), 5.17 (m, 1H, €2, 8.16 (m,
2H, NH amide)*C-NMR (75 MHz, CDC}, ): 12.4, 17.7, 21.7, 22.7,
23.0, 25.1, 25.9, 26.4, 27.1, 27.3, 29.1, 30.91,331.6, 34.2, 34.6,
34.8, 35.0, 38.9, 41.1, 41.5, 43.5, 45.5, 47.56,4%9.3, 51.6, 60.7,
60.8, 72.2, 74.1, 76.7, 169.5 (C=0 glycine), 16@CZO glycine),
170.8 (C=0 acetyl), 174.6 (24 C=0), 175.8 (C=0 ips)| 175.8
(C=0 proline). IR (KBr, crit): 3334, 2946, 2871, 1734, 1668, 1521,
1437, 1382, 1364, 1249, 1194, 1100, 1062, 1026, 8814, 802, 604.
Anal. Calcd for GHesN4O1p: C 63.71, H 8.35, N 7.25. Found: C
63.72, H 8.33, N 7.11.

7.5 General procedurefor aldol reactions
The organocatalyst (usually 5%) was stirred inrAl5of solvent with
keton (0.5 mmol) for 1 h. Aromatic aldehyde (0.26ah) was added

and the mixture was stirred at the desired temperdor the desired

time. This solution was quenched in aqueous,@&IH1 mL) and
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extracted with AcOEt (1 mL), then dried over antoudy NaSO, and
concentrated under reduced pressure. The residaepwidied over
silica gel (AcOEt:hexane 1:1) and after concerdratanalyzed with
HPLC and'H NMR. All the aldol adducts matched the reported

characteristics.

2-(Hydroxy-(p-fluoro)methyl)cyclopentan-1-one

9yn diastereocisometH NMR (300 MHz, CDC}, 8): 1.28-2.52 (m,
6H, CH, cyclopentanone), 2.71 (dd; =11.4 Hz,J, = 4.4 Hz 1H,
CHCHOH), 4.63 (s, 1H, CHCHB), 5.29 (d, 1H,J = 2.8 Hz,
CHCHOH) 7.04 (t,J = 7.8 Hz, 2H, aromatic), 7.30 (d#l,= 6.0 Hz,J,
= 2.6 Hz, 2H, aromatic). Enantiomeric excess waterdened by
HPLC with a Chiralpak AD column (95:5 hexane:2-@ogl), r.t.,
220 nm, 0.5 mL/minsyn diastereoisomerigt= 22.55 min, § = 27.47

min; anti diastereomerigt= 31.69 min,g¢ = 35.72 min.

2-(Hydroxy-(p-chloro)methyl)cyclopentan-1-one

9yn diastereocisometH NMR (300 MHz, CDC}, 8): 1.22-2.38 (m,
6H, CH, cyclopentanone), 2.90 @ = 13.2 Hz 1H, GZICHOH), 4.63
(s, 1H, CHCH®), 5.23 pr s, 1H, CHGIOH) 7.32 (ddJ; = 22.8 Hz,
J> = 8.4 4H, aromatic). Enantiomeric excess was deted by HPLC
with a Chiralpak AS column (90:10 hexane:2-propgamnal., 220 nm,
1 mL/min; syn diastereocisomeryt= 12.35 min, g = 14.65 min;anti

diastereisomerzt 16.85 min, g = 21.11 min.
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7.6 General procedurefor Michael reactions

The organocatalyst (5 or 10 mol%) was stirred ia@ solvent with
cyclohexanone (0.5 mmol) for 1 h. Tragsytrostyrene (0.25 mmol)
was added and the mixture was stirred at desir@dpdeature,
monitoring the reaction by TLC (SpCethyl acetate: hexane 30:70).
The reaction was stopped evaporating the solvedt tae crude
product was analyzed by HPLC on chiral stationanase andH
NMR.

7.7 Computational details

For the qualitative purposes of this work all thedcalations were
carried out at the density functional theory (DH&Yyel, using the
B3LYP hybrid functional in conjunction with the @&G(d) basis set.
The largest calculations were performed at thereletEock level of
theory with the smaller STO-3G basis set as regéelsigid skeleton
of the molecule ad at the B3LYP/6-31G(d,p) as régdhe external,
H-Bond interacting part of the molecule, using @&IOM technique.
The simulations in dichloromethane were carried waating the
solvent by means of the IEF-PCM model, while thieatfof water
was described with an hybrid approach: a smalltefusade by the
molecule and a few water molecules, placed wheb®itl formation
was possible, was described at the ONIOM levesaas before, while
the bulk effect of the solvent was described atlEfe PCM level. All

the geometries were fully optimized using analytigeadients. All
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computations were performed with a local developgmension of the

Gaussian03 package.
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