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The pyrrolidine fragment is a privileged scaffold within chiral ligands employed in
coordination complexes exhibiting catalytic activity in asymmetric reactions and, more recently, as
enantioselective organocatalysts per se. Likewise, the employment of (S)-proline as starting material
constitutes the most direct form to synthesize those chiral derivatives. Afterwards, a preliminary
evaluation of the catalytic performance of proline-derived compounds consists of screening many
prochiral substrates in well standardized model reactions such as Michael additions and Mannich
reactions, with the aim of identifying “broad spectrum” catalysts for more complex synthetic
applications. Therefore, a central part of this process involves the fast and direct measurement of
enantioselectivities of optically active adducts. The growing development of chiral stationary phases
and thus, the wide commercial availability of chiral columns have consolidated high performance
liquid chromatography (HPLC) as the preferred technique to identify the most effective catalysts.
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1. Introduction

In recent times, a growing demand for enantiopure,
value-added chiral compounds such as pharmaceuticals, food
additives and agrochemicals has been registered.! Likewise,
one of the major aims of organic synthesis is the creation
of molecular diversity and complexity from simple and
readily available substrates.” Therefore, the development of
stereoselective synthetic strategies focused on those classes
of organic molecules has increased in an extraordinary way.

Asymmetric synthesis makes use of different analytical
techniques such as X-ray diffraction,’ chiral nuclear magnetic
resonance (NMR) shift reagents,* chiral chromatography,’
among others,® with the aim of evaluating the efficiency of
a given strategy, either via chiral auxiliaries,” asymmetric
catalysis mediated by metal complexes,® enzymatic catalysis’
and, a more recently developed methodology, organocatalysis.'

2. Brief Overview of Chiral Stationary Phases

In the beginnings of asymmetric synthesis, enantiomeric
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purities of chiral compounds were usually determined
by comparison of experimental optical rotations or via
the preparation of diastereomeric derivatives followed
by analysis of their "TH NMR spectra. This situation
gradually changed since Gil-Av er al. (1966)'" achieved the
analytical separation of single enantiomers from racemic
o-amino acids by means of a chiral stationary phase for
gas chromatography (GC). Thus, chiral chromatography
currently allows a direct comparison of chromatograms
obtained from enantioenriched samples with those recorded
from the corresponding racemates. High performance liquid
chromatography (HPLC) is the preferred technique over
GC for most of the chiral analytes since it not only allows
the analysis of enantiopurity, but also the easy recovery
of the sample or even the enantio-enrichment of optically
active compounds at the semipreparative or preparative
scale.'”” GC is ideal for the analytical resolution of volatile
substances, especially chiral hydrocarbons, which pose a
special challenge due to the lack of functional groups that
could reversibly interact with a chiral selector and thus lead
to usual chiral recognition strategies.'

In general, the separation of enantiomeric compounds
via chiral stationary phases is based on the formation of
transient diastereomeric complexes (of different bonding
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energies) in a thermodynamic equilibrium, which in
turn results from the different fitting onto the structures
of chiral selectors, depending on the configurational
complementarity with the functional groups belonging to the
analyte." Therefore, one of the two transient diastereomeric
complexes formed by each of the enantiomers comprising
a racemate will be more stabilized by means of potential
intermolecular interactions such as hydrogen bonding,
n- complexation, dipole stacking, ionic and/or steric
interactions, and others." In this regard, in-depth studies
have allowed a sophisticated understanding of the chiral
recognition mechanisms performed by enantioselective
stationary phases, though forefront research continues
emerging."” Hence, it is plausible to achieve the analytical
resolution of almost any existent chiral compound given
the presently available chiral stationary phases.

SiO-alkylated leucinol-based ligand-exchange CSP

Vargas-Caporali and Juaristi 897

Two main groups of chiral stationary phases (CSPs) for
HPLC can be recognized:’

(i) Brush-type chiral stationary phases (or selector-
based chiral sorbents) that usually consist of relatively
small chiral molecules immobilized onto an achiral
support (e.g., organic polymers or silica gel particles).
Chiral metal complexes,'® crown ethers,'” cyclodextrins,'®
cyclofructans,” antibiotics,?® Pirkle-type receptors,?!
zwitterionic quinine-based selectors,?? among others enter
in this category.”

(ii) Sorbents based on optically active polymers,
which can be synthetic such as the molecularly imprinted
polymers?* or obtained from natural sources, e.g.
polysaccharides derivatives® or protein based CSP.*

Figure 1 depicts some salient examples of the
abovementioned chiral stationary phases.?’* Table 1
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Figure 1. Some relevant examples of chiral selectors developed for their use in liquid chromatography (all structures are adapted from the corresponding
references).
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Table 1. Salient developments regarding chiral selectors for HPLC (based on the summary table compiled by Limmerhofer)*

Year Research group Pioneering work Reference Compounds resolved in the

. Main features of the chiral selector
chiral selector

Early developments

resolution by gas

hi hy usi i fi Ti lytical luti
1966 Gil-Av et al. c ror‘natog.rap- y using amino 1 natural amino acids rst baseline analytical resolution by gas
acid derivatives as chiral chromatography
selector
first CSP (based on proline
derivative and divinylbenzene
1 for L
1971 Rogozhin and Davankov po y‘T‘er support) .or c 34 amino acids first baseline resolution by LC
enantiomer separation by
enantioselective ligand
exchange
izsgnﬁf(iﬁ::z:a;lriz:ﬁfj this achievement led to the observation that the
1973 Hesse and Hagel . .p 35 Troger’s base secondary structure of the natural polymer was
microcrystalline cellulose . .
. crucial for the sorption of the analyte
triacetate
CSP based on proteins: complete resolution of DL-tryptophan was
1973 Stewart and Doherty egantiomer separafion on 36 ryptophan a?complished Whgn chromatographed on
bovine serum albumin bound bovine-serum albumin-succinoyl-aminoethyl-
to sepharose sepharose
the recognition ability of these polymers
depends on the employed synthetic methods
since the chiral recognition sites within the
CSPs must be formed during the polymerization
process.
resolution using optically mandelic acid and ephedrine t.he poly mers' exhibited a remarkably hlgh?r
1974 Blaschke . . 37 o chiral recognition when prepared by the radical
active polyacrylamides derivatives el ; ) ‘
polymerization of optically active monomers in
comparison to those prepared by the reaction of
poly(acryloyl chloride) with the corresponding
chiral amines. It has been found that the tacticity
of polymethacrylamides influenced their chiral
recognition abilities®?*
chiral crown ethers
bis(dinaphthyl)-22- -6 . . .
1975 Cram and co-workers [ 18(001;?; ani iovalcernot\lj;,/n ! a3 natural or unnatural o-amino chiral selectors capable of resolving compounds

. . . acids (or their esters bearing a primary amino functionalit
immobilized on silica gel for ( ) gap y y

amino-acid esters

first donor-acceptor type CSP

(later known as Pirkle concept) coated and bonded chiral charge-transfer

1976 Gil-Av and co-workers . . . 39 helicenes . .
based on oxime derivatives of complexing agents as stationary phases
lactic acid and analogues of it
chiral sulfoxides, small molecules with groups acting as donors or
first Pirkle CSP, based on 3,5-dinitrobenzoyl derivatives receptors of m electrons leading to the formation
2,2,2-trifluoro-1-(9-anthryl) 40 of amines, alcohols, thiols, of m-m charge transfer (face to face or face to
ethanol-bonded selector amino acids, amino alcohols  edge) diastereomeric complexes with a specific
and hydroxy acids enantiomer. Greater uniformity in distribution

of chiral selectors upon the inert matrix,
amplified enantio-recognition via effective steric

1979 Pirkle et al. N-acyl-1-arylaminoalkanes; barriers from structurally rigid fragments being
iperidi - art of these selectors, tailor-made molecular
Pirkle CSP based on piperidines and polyhydro- — par - ;
. isoquinolines; chiral design for specific analytes, mobile or reverse
N-(3,5-dinitrobenzoyl)- 31,41 . . .. .
. secondary arylalkyl-carbinols; phases allowed, mechanical stability, chemical
phenylglycine derivatives of BINOL; inertness, capacity to separate high sample
hydantoins and succinimides loading and an exceptionally good accessibility
to chiral selectors with different features in both
enantiomeric forms
Landmark papers that have led to modern (silica-based) CSPs and commercial columns
twelve ra ic di
Weve racenie . e o,-AGP stationary phase proved to be highly
o,-acid glycoprotein-bonded substances from different stable since no tendency for degradation of the
1984 Hermansson ! glycop Y €

CSP (Chiralpak AGP) 42 pharmacological groups (e.g.
P tropicamide, mepivacaine,
mepensolate bromide)

solid phase or denaturation of protein could be
observed after daily use during prolonged period
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Table 1. Salient developments regarding chiral selectors for HPLC (based on the summary table compiled by Limmerhofer)? (cont.)

Compounds resolved in the

Year Research group Pioneering work Reference . Main features of the chiral selector
chiral selector
Landmark papers that have led to modern (silica-based) CSPs and commercial columns
the grooves-shaped asymmetric structure
polysaccharide CSPs obtained Pirkle’s alcohol, Troger’s  characteristic of polysaccharide polymers allows
by coating of cellulose base; acrylates and the adsorption of enantiomers via inclusion
1984 Okamoto et al. and amylose esters and 43 methacrylates, anticholinergic mechanism. Cellulose triacetate and tribenzoate
carbamates onto the surface of drugs, miscellaneous coated onto aminopropyl-silanised macroporous
macroporous silica particles compounds silica gel exhibited enhanced mass transfer and
substantial mechanical stability
immobilized bovine serum
1984 Allenmark ef al. albumin as a chir.al sta'tionary a N-acylated a—a@ino acids, immobilized protein as CSP using aqueous
phase (Resolvosil, Chiralpak benzoin buffer systems as eluents
human serum albumin (HSA))
diverse enantiomeric drugs:
B-adrenergic blockers,
B-cyclodextrin-bonded CSP @tihistamine, sedaFivc separation of .stereoisomers of di.vefse drqgs
1986 Armstrong et al. 45 anticonvulsants (barbitals), by the formation of B-cyclodextrin inclusion
(Cyclobond I and others)
central nervous system complexes
stimulant, cinchona alkaloids,
antiestrogens, among others
profens; N-Boc or
N-Cbz o-ami ids;
bz o amllno .aCI q the discriminating ability of this class of selector
a-aryloxy propionic acids, . . o
cimarv and secondar has been attributed to a “pre-organized” cleft
Donor-acceptor CSP with algoholzy diols. a-h dro)),( which provides an active site in which but
1992 Pirkle ef al. m-acidic and m-basic aromatic 30, 46 § ’ 'y y one enantiomer of a profen could undergo
.. ketones, o-substituted . .
moieties (Whelk O1) R simultaneous hydrogen bonding, n-w face-to-
cyclohexanones, oxiranes, R . .
o . face stacking, and m-7 face-to-edge interaction
aziridines; phthalides, [ . . .
while in a relatively low energy conformation
lactams, y-lactones;
oxazolidinones
warfarin, proglumide, macrocycles are functionally diversified,
bendroflumethiazide; amino possessing many stereogenic centers, so
macrocyclic-antibiotic-based acids (free, N-acylated or the chiral recognition might be carried
CSPs (Chirobiotic V, T, O-methylated); Chirobiotic™  through different mechanisms including nt-7
TAG, R). TAG: common a-amino acids complexation, hydrogen bonding, hydrophobic
1994 Armstrong et al. 29,47 A N . N .. .
and other carboxylic acids; pocket, dipole stacking, steric interactions, or
Chirobiotic™ T: atenolol their combinations®
V: vancomycin; T: teicoplanin; and pindolol (B-blockers);  CSPs based on macrocyclic antibiotics could be
TAG: teicoplanin aglycone; uncommon analogues of used in both normal and reversed mobile phases
R: ristocetin A phenylalanine; B-amino acids (multimodal selectors)
these chiral selectors immobilized onto porous
.. - ilica h ferentiall ted with buffered
Lammerhofer and quinine-carbamate-based CSPs N-protected Phe derivatives; srhica have pr.e erentiaty operated wi . uere .
1996 X . 48 . . .7 aqueous mobile phases to resolve enantiomers of
Lindner (Chiralpak QN-AX) other chiral carboxylic acids L . . . .
acidic analytes, involving ion pair mechanisms
as the dominating binding interaction
s . . photochemically cross-linked polysaccharide
initially, optically active S .
derivatives in which the OH groups have been
. e . compounds usually employed . s .
immobilized polysaccharide as standards to test CSP were esterified as OR’ groups or converted into a
1996 Francotte CSPs (Chiralpak IA, IB, IC, 49 . ., carbamate. The use of CH,Cl, or THF is allowed
resolved: benzoin, Troger’s . L X .
etc.) . . since covalent binding avoids the sweeping
base, trans-stilbene oxide, . .
. . observed for polysaccharides only physically
benzodiazepines, etc.
adsorbed
amines, o-amino acids, o
and B-amino acids, o-amino
amides, aryl o-amino
ketones, primary amines and tetracarboxylic-acid-derived crown ether chiral
Machida et al. covalently bonded 18-crown- amino alcohols selectors have proved being successful for the
1998 6-tetracarboxylic-acid-based 50 . resolution of various primary amino compounds
Hyun et al. chiral drugs:

CSP (ChiroSil)

with the use of aqueous mobile phases

benzodiazepinones, .. K [ R
containing organic and acidic modifiers

mexiletine analogues, amino
esters of acyclovir, B-blockers

% and B*-homo-amino acids
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Table 1. Salient developments regarding chiral selectors for HPLC (based on the summary table compiled by Limmerhofer)? (cont.)

Compounds resolved in the

Year Research group Pioneering work Reference . Main features of the chiral selector
chiral selector
B-blockers, N-protected ion exchanger type chiral stationary phases
. .. natural oi-amino acids, based on zwitterionic selectors. These selectors
zwitterionic quinine- . e N
. free natural and unnatural interact with ionizable analytes via ionic
2008 Lindner and co-workers carbamate-based CSPs 51 . . . . . . .
. o-amino acids with interactions, but ©-7 interactions and hydrogen
(Chiralpak ZWIX) . L. . . e
pharmaceutical activity, bonding contribute to the stabilization of the
B-amino acids complex
trans-1-amino-2- . . . .
indanol, Troger’s base, dlthdth lenC.thIldl%ZCd lcyc?o.fr‘uct.amb possess
o baced CSP orphenadrine citrate salt, uml;]ue Znantlomli:rlc se (?Ct]Vl[leS to Zepgrgte
cyclotructan-base S i a broad range of racemic compounds, 1t 18
2009  Armstrong and co-workers 52 N-(3,5-dinitrobenzoyl)- & P

(Larich series)

possible to modulate the affinity of cyclofructans
by partially derivatizing the hydroxyl groups
therefore disrupting internal hydrogen bonding

DL-leucine, thalidomide,
among others

o-aryl ketones'

CSP: chiral stationary phase; LC: liquid chromatography; DL: D (dextrorotation) and L (laevorotation); BINOL: 1,1’-bi-2-naphthol.

summarizes progress on the development of chiral liquid
chromatography.?>3+52

From stationary phases based on naturally occurring
chiral compounds such as a-amino acid derivatives
to the design of synthetic chiral receptors, chiral
chromatography constitutes a medullar part in the
assessment of new asymmetric synthetic strategies through
the fast determination of enantiomeric excesses (ee) in
routine reaction tests encompassing multiple samples.
Currently, the most widely employed chiral columns are
those presenting polysaccharide-derived stationary phases
due to their broad-spectrum applicability for optically active
analytes of almost any nature.

3. Synopsis of the Development of Organo-
catalysts and their Applications

Organocatalysis, conventionally defined as the use of
small organic molecules as catalysts to promote asymmetric
organic transformations, is now considered a stablished
strategy for asymmetric synthesis.”® Though the term
organocatalysis was introduced by Ostwald in 1900,
it remained relatively forgotten until the 1970’s when
Hajos and Parrish (Hoffmann-La Roche),” and Eder et al.
(Schering)*® independently reported the intramolecular
aldol reaction catalyzed by (S)-proline, whose product
was obtained in 99% yield and 93% enantiomeric excess.
This asymmetric approach experienced a rebirth since
2000, when List et al.>® published their seminal work
describing the employment of proline as organocatalyst in
the enantioselective intermolecular aldol reaction between
acetone and different aldehydes.

Proline is an abundant o-amino acid available in both
enantiomeric forms. Its functional amino and carboxylic
groups situated at a convenient distance confer the proline
a great versatility as organocatalyst since on one side of the

molecular structure, the carboxylic acid fragment allows
the formation of hydrogen bonds with one heteroatom
from a non-enolizable electrophile and on the other side,
the secondary amine functionality participates in the
formation of a nucleophilic enamine with an enolizable
aldehyde or ketone.’” The modification of the carboxylic
acid functionality can modulate the capability of forming
hydrogen bonds, in turn improving the solubility of
resulting proline-derived catalysts. With respect to the
second point, bifunctional pyrrolidine catalysts have been
also obtained from frans-hydroxyproline, whose hydroxy
group enables the support of the organocatalyst onto
silica gel (heterogeneous catalysis) or ionic tags (ionic
liquid catalytic systems), thus facilitating their recovery.
Figure 2 depicts grosso modo the development of ligands
with an efficient organocatalytic activity, from simple and
affordable chiral compounds such as amino acids, up to
molecules with greater complexity and versatility.>* 7!

Given the great diversity of reactions in which it is
possible to employ (R)- or (S)-proline and its derivatives
as organocatalysts, it is worthy to mention that relatively
few methods of activation were initially identified.!*”"-”> For
example, the stereoinduction observed in reactions listed
in Figure 3 is ruled by a simplified rationalization of the
mechanistic principle of catalysis via enamine.

On the other hand, the applications of chiral
organocatalysts have not been limited to the development
of asymmetric methodologies, but have also fruitfully
extended to the asymmetric synthesis of various chiral
natural and synthetic bioactive compounds.”

For instance, Hong er al.”* developed the
enantioselective total synthesis via cascade three-
component organocatalysis of (+)-conicol [(+)-26,
Scheme 1], an interesting chiral compound isolated
from the ascidian Aplidium conicum, that has exhibited
antiproliferative activity against human acute lymphoblastic
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Figure 2. Early development of organocatalysts.

(S)-16a

E-s-trans enamine E-s-trans enamine
Re face attack O_( Si face attack
0 ¢

O\S,CHs
I~CH
zH O Q—( (3)13 o) s |, Q -

H C N
Y, y -~ O «—— g+ [ ) Chs | —> Y.,
z Z'H Y ™

Where IZ\; is an electrophilic double bond.

If, Z: O and Y:CH-R, Y=Z: aldehyde Aldol Reaction

If, Z: N-R and Y:CH-R, Y=Z: imine Mannich Reaction
If,Z: C-CEWG and Y:CH-Aror-R Y=Z: activated olefin Michael Reaction
If, Z: N-Boc and Y: N-Boc, Y=Z: azodicarboxylate a-Amination

Figure 3. General asymmetric o-functionalizations of aldehydes by means of enamine addition to electrophilic double bonds.

leukemia CEM-WT cells as well as antibacterial activity precursor 23 could be achieved in one-pot in 66% overall
against the Gram-positive bacteria Micrococcus luteus. yield. An alternative sequence involving diverse reduction
Hong et al.™ envisioned that precursor y-nitro aldehyde and oxidation reactions allowed the preparation of the
(23) could be asymmetrically assembled by means of final product (+)-conicol, (+)-26. The development of this
the tandem oxa-Michael-Michael reaction between synthetic route also permitted the unambiguous assignment
(E)-2-(2-nitrovinyl)-benzene- 1,4-diol (20), 3-methylbut- of its absolute configuration by means of X-ray diffraction.
2-enal (21) employing the Jgrgensen-Hayashi catalyst Thus, one of the main aims in our research group is the

(S)-16a. The subsequent reaction to obtain 24 from development of new ligands with potential organocatalytic
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Scheme 1. Synthetic route for (+)-conicol developed by Hong et al.™* (adapted).

activity, in which the evaluation of enantioselectivities via
chiral HPLC plays a central role.

4. Diazabicycloheptanes as Organocatalysts

(18,45)-2,5-Diazabicyclo[2.2.1]heptane, (1S5,4S5)-29,
was deemed a promising chiral scaffold for diverse
applications in asymmetric catalysis. This compound
can be easily prepared from trans-4-(S)-hydroxyproline
(Scheme 2), and several derivatives were tested as chiral
ligands coordinating metal reagents or as organocatalysts
themselves in different asymmetric reactions, inducing
enantioselectivities with varying levels of success. In
particular, diethylzinc addition to carbonyls of aldehydes
was the most successful.”

HO, 1. TsCl, NapCOs, H,0

", MW, 30 min (95%) Ts0,,, OTs
CO.H >
N 2. NaBH, / F3B*OEt, N
\H THF, 15 h (85%) \
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MeOH
quant.
Ts\
N-
N
H
(15,49)-31

Scheme 2. Synthesis of chiral diazabicycloheptanes ligands.

Furthermore, in one of the first examples of
organocatalyzed asymmetric Biginelli reaction, the
hydrobromide of diazabicycloheptane (15,45)-(R)-30
afforded moderate results (Scheme 3).” Outstandingly good

24

25

(+)-conicol [(+)-26]

resolutions were achieved for the series of chiral cyclic
ureas (35) by means of using Chirobiotic™ T column.
Figure 4 shows a typical example of chromatograms for a
product of the tested Biginelli reaction.

N
3 | /—R‘ CHy  ®2HBr
> @ .
Ph N- =
[} O 9 NH [e] ?
10 mol %
NH, (15,49)-(R)-30

PN

33

PrOH-MeOH (6:1 v/v)
HzN o . 5 days CH;

H
CHaono)i +
cHy N0

32

CHSCHZO)E(;\ NH
o

35
4 examples
60-90% yield
up to 46% ee

Scheme 3. Asymmetric Biginelli reaction catalyzed by diazabicycloheptane
(15,45)-(R)-30.

More recently, it was found that diastereomeric
salts of diazabicycloheptane (1S5,45)-31 combined with
(R)-mandelic acid [(R)-38] successfully organocatalyzed the
Michael addition reaction under solvent-free conditions.”
A general overview of performance of (1S5,45)-31 in the
aforementioned reaction is depicted in Scheme 4. These
results were interesting since it has been known that the
structural nature of an acidic proton source had no influence
on stereoselectivity given that acid additives tend to carry
out general acid catalysis type.’

5. Organocatalysis via Proline Dipeptide
Derivatives Assisted by Mechanochemistry

Mechanochemical synthesis involves mechanical
grinding of the corresponding reagents under solvent free
conditions or in the presence of molar equivalents of a
suitable solvent (e.g. water), either generated during the
reaction or added (minimal solvent). The reaction usually
proceeds with no heating other than that produced from the
conversion of the mechanical energy of milling into heat,
being the dispersion and an incremented surface area the
determining factors in reactions subjected to the mechanical
action.” A wide range of applications of mechanochemistry
have been found, not only in areas typically related to
mechanical grinding such as in the preparation of oxides,”
metal complexes,®® energy-related or environmental
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Figure 4. Comparison of chromatograms (racemic vs. enantioenriched sample) corresponding to 3,4-dihydro-pyrimidin-2(1H)-one, 35a. Chromatographic
conditions: Chirobiotic T (0.46 x 25 cm, 10 um), mobile phase acetonitrile:water (70:30 v/v), =230 nm and U = 1 mL min"'; retention time (tz) = 3.30 min

(enantiomer R, minor); t; = 4.78 min (enantiomer S, major).

Ts.
NH

o (15,48)-31

10 mol%
. X NO2 0 mol%
/= (R)-Mandelic acid
h R

(10 mol%)
36 o 25 °C, 48 h, neat -
R= 85-99% vyield
ortho- or para- dr 90:10 to 95:5
-CH3-OCHjs, up to 90% ee (n =2)
-Cl, -Br, -F up to 94% ee (n = 3)

¢

anti

NO, + .
Isomer

Scheme 4. Solvent-free Michael addition reaction of cyclic ketones to
different nitroolefins catalyzed by (15,45)-31.

heterogeneous catalysts®! and metal-organic frameworks or
hosts for molecular inclusions,* but also in non-traditional
fields such as molecular co-crystal formation® and
production of pharmaceutical materials.®* In recent years,
mechanochemistry has also constituted a developing field
of interest in organic synthesis,**¢ thus ball-milling has
been successfully employed in the synthesis of peptides
and aromatic amides,” in the preparation of substituted
hydantoins from dipeptides® in carbon-heteroatom bond
forming reactions, in the synthesis of heterocycles,® in the

synthesis of Ugi 4-CR and Passerini 3-CR adducts,” in
cross-coupling reactions as well as in other metal-catalyzed
organic processes.”!

Likewise, asymmetric organocatalysis can also
take advantage of mechanochemical tools to carry out
solvent free (or minimal solvent versions) of existing
reactions which proceed via enamine formation among
other activation mechanisms.”” In this regard, it should
be noted the pioneering work implemented by Bolm and
co-workers,”® and Ngjera and co-workers* in aldol and
Michael reactions under ball-milling activation.

Our research group evaluated the organocatalytic
activity of the methyl ester of (S)-proline-(S)-phenylalanine
dipeptide (S,5)-39 in the asymmetric aldol reactions
between cyclohexanone or acetone together with various
aromatic aldehydes under ball-milling, solvent-free
conditions.” Using a milling frequency of 2760 rpm (46 Hz)
at =20 °C, dipeptide (S)-39 stercoselectively catalyzed
the formation of aldol products in yields as high as 94%,
with up to 91:9 anti:syn d.r. (diastereomeric ratio) and up
to 95% ee.
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Furthermore, (S)-proline-containing thiodipeptides could
also be employed for the mechanochemical asymmetric
aldol reaction, which in some cases proved to be better
organocatalysts relative to their amide analogues [(S,S)-39
vs. (8,5)-43].°¢ Equally, the methyl ester of (S)-proline-
(S)-tryptophan (S,S)-44 combined with benzoic acid as additive
and a small amount of water, afforded higher diastereo- and
enantioselectivities (up to 98:2 anti:syn d.r. and up to

Determination of Enantioselectivities by Means of Chiral Stationary Phase HPLC
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98% ee).”” More recently, O-methyl esters of proline-derived
o f-dipeptides, e.g. (S)-45, have been evaluated,” as well as
amides supported on MBHA (4-methylbenzhydrylamine)
resin, (§5)-46.” Table 2 summarizes the selected results
regarding the obtained enantioselectivities induced by diverse
organocatalysts in aldol reactions. Table 2 also includes the
available details of the chromatographic separations of the

resulting stereoisomeric products.

Table 2. Organocatalyzed direct aldol reaction between cyclohexanone and aryl-aldehydes aryl-substituted with electron-withdrawing groups (respecting

to carbonyl electrophilicity)

o o Cat.*
* H A . = G
| _Ewe Ball-milling EWG
2760 rpm
40 Lyl 42
EWG =
-Cl, -NO,
(ortho-, meta-, para-)
NH
(S) (S) i > i i 7 i
S, S, S) S)
& r}l O‘CH3 & \ O‘CH3 & I:I(S) O‘(:H3 C(#LN/\)LOI C{?LN/\)LN
N H O N H O N H O N, H CH, N, H H
H H H H H CH;,
(S,5)-39 (S,5)-43 (S,5)-44 (S)-45 (S)-46
Optimized reaction . ... er’ Chromatographic Resolution .
entry Product Catalyst conditions Yield/ % d.r. (anti:syn) (ce/ %) conditions factor (Ry) tg / min
(8,9)-39 40:41 (1.1:1) . 97.5:2.5
! (7 mol%) -20°C,4h 92 00:10 (95)
(8,5)-43 40:41 (1.1:1) . 95.5:4.5 .
2 (7 mol%) -20°C,4h 89 98:2 o1 antt
40:41 (1.1:1) 23.28 (2R,1°S)
O OH : L . (minor)
1.1 equiv. H,0 . Chiralpak AD-H . R
3 G (5.5)-44 PhCOH 88 92:8 99:1  Hex:iprOH (90:10) 99 (@nti) 30.57 (25.I'R)
F (3 mol%) (>98) _ o (major)
5 mol% U =1 mL min
NO, 20°C, 6 h A =254 nm 3:52 (sym)
42a B ’ syn
40:41 (2:1) 18.35
3.0 equiv. H,O . 20.78
4 ’ (()SI)I;‘)IS,?) PhCO,H 94 90:10 ?;2?
? 20 mol%
rt, 0.5 h
O OH excess of 40 . anti
Chiralpak AD-H . ,
) (S)-46 H,0 (solvent) . 89:11 Hex:iPrOH (90:10) 009 (@) 23.28 CR.I’S)
5 H (10 mol%) PhCO,H 97 94:6 78) U=1mL min" (minor)
? 20 mol% . 3.52 (syn) 30.57 (2S,1’R)
A =254 nm .
42a rt, 6 h (major)
(8,9)-39 40:41 (1.1:1) . 87.5:2.5
6 (7 mol%) -20°C,4h o4 88:12 (85)
(8,9)-43 40:41 (1.1:1) . 98:2 .
L (7 mol%) —20°C,6h 86 92:8 (96) anti
40:41 (1.1:1) 23.28 (2S,1’R)
O OH : e . (major)
1.1 equiv. H,O ) Chiralpak AD-H . ,
8 S (R) NO, (35’5)':; PhCO,H 90 93:7 9;';6 Hex:iPrOH (95:5) 7.30 (anti) 305(r7nfrzlfr)l 5)
: (3 mol%) 5 mol% ®®)  y=08mL min"
20°C. 6 h 2 =254 nm 1.62 (syn)
42b - > syn
40:41 (2:1) 18.35
3.0 equiv. H,O . 20.78
9 (1 (()S>'415(7 ) PhCO,H 74 89:11 8(97'5;)1
ot 20 mol%

rt, 0.5 h
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Table 2. Organocatalyzed direct aldol reaction between cyclohexanone and aryl-aldehydes aryl-substituted with electron-withdrawing groups (respecting
to carbonyl electrophilicity) (cont.)

Optimized reaction . ..., er® Chromatographic Resolution .
entry Product Catalyst conditions Yield/ % d.r. (anti:syn) (ce/ %) conditions factor (Ry) tg / min
(8,9)-39 40:41 (1.1:1) . 95:5
10 (7 mol%) -20°C,4h 88 89:11 (90)
1 g QH Noe ((75 ri 3)'1‘;3) 4?2:3108 ' é}ll) 80 >08:2 96(9555 Chiralpak AD-H 103 ‘(’;;’ R
) ¢ ’ Hex:iPrOH (90:10) . A
H 40:41 (1.1:1) U=1mL min" 1.91 (anti) (major)
1.1 equiv. H,O ) A =254 nm 20.6 (2R,1°S)
12 42c (5,5)-44 PhCO,H 86 98:2 97:3 (minor)
(3 mol%) S mol% 94)
—20°C,6h
NP 3 30é43i52}?o Chiralpak AD-H 19.3 L(l;;l I'R)
-G (5)-45 - eduiv. 93:7  Hex:iPrOH (90:10) L
13 E (10 mol%) PhCO,H 52 91:9 (86) U=1mL min’ 1.91 (anti) (major)
? 20 mol% A =254 nm 20.6 (2R,1°S)
42c rt, 0.5 h - (minor)
(S,5)-39 40:41 (1.1:1) . 95:5
14 (Tmol%)  —20°C,4h 80 19 (90)
(S.5)-43 40:41 (1.1:1) . 95:5
15 (7 mol%) -20°C,6h 8 98:2 (90)
40:41 (1.1:1) .
O OH CI . anti
1.1 equiv. H,0 ) Chiralpak AD-H ,
16 S (R) (.5)-44 PhCO,H 77 94:6 95:5 Hex:iPrOH (95:5) . 30.15 (2.8’1 B
H (3 mol%) (90) _ . 2.41 (anti) (major)
5 mol% U =0.5 mL min ,
oo = 254 nm 34.44 2R,1’S)
42d 20°C,6h (minor)
40:41 (2:1)
3.0 equiv. H,O .
17 (1(()Sr)r;g]5 %) PhCO,H 87 88:12 ?g;
v 20 mol%
rt,2h
“Determined by 'H NMR spectroscopy of the crude product; *determined by chiral column HPLC of the predominant anti product. d.r.: diastereomeric

ratio; e.r.: enantiomeric ratio; U: volumetric flow rate of the mobile phase.

Figure 5 collects representative chromatograms of
enantioenriched diastereomeric mixtures generated with
chiral dipeptides as organocatalysts. It is worthy to note that
a slight difference in the substitution pattern may affect the

elution order of the aldol products. For example, p-nitro

2
<

~
1 S (£)-u-42¢ TN
0.1500 @uwdza [ (&)-u-42d
2
8
0.1000-]
0.0500-]
0.0000-] - 2 .00 £ ----> -
k <C - =
] @SRz 0.05 (28,1'R)-42¢ 0.073 -
3 > & . E k3
0.500] Table 2 E Table 2 0.063 8
E E 1 0.04-3 Entry 13 E N -
E ntry E 005 (28,1'R)-42d
0.400- E Table 2
3 0.04 Entry 7
0.3003 3
3 0.033
0200 0023 .
3 E 8
0.100] 0.013 g
0.000] 0.003 - H—%
28

Auto-Scaled Chromatogram

substituted (25,1’ R)-42a (Table 2, entries 1-5) is last eluted
under the chromatographic conditions employed with a
Chiralpak AD-H chiral column while on the contrary, ortho-
and meta-nitro substituted [(2S,1’R)-42b and (25,1’ R)-42c¢,
respectively] elute first.

Auto-Scaled Chromatogram

16.00

20‘00
Minutes

18.00 y

18.50 19!00 19.‘50 20!00 20!50 21.‘00 21.‘50 22.00
Minutes

r Y
TTTT[ T T T I T T I T[T T[T T T[T T T T[T T TTITT[TTTT

.00 20.00 30.00 31.00 3200 3300 34.00 3500 36.00 37.00
Minutes

Figure 5. Comparison of chromatograms (racemic vs. enantioenriched samples) corresponding to aldol products (25,1’ R)-42a,c.d (left to right).
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Taking u-42c¢ as example of analyte, Table 3 collects
diverse chromatographic conditions employed for analysis
of aldol reactions catalyzed by selected organocatalysts as
recently described in the literature. Best chromatographic
conditions for the analytical resolution of (+)-42¢ were
reported by Pedotti and Patti,'” who employed a Lux
Cellulose-2 column (chiral selector: cellulose tris-3-chloro-
4-methylphenylcarbamate, 250 x 4.6 mm, 5 pm particle
size), achieving resolution factors as high as 4.53 with
hexane/i-propanol (9:1) as eluent.

J. Braz. Chem. Soc.

When evaluating new ligands as organocatalysts,
unambiguous assignment of the absolute configuration
of products obtained from organocatalytic reactions is
crucial to make an appropriate analysis of chromatograms
corresponding to racemic and enantioenriched samples. For
example, Gandhi and Singh'® developed an enantioselective
synthetic route to prepare the bicyclic azetidine (R,S,S)-55e
from aldol product (S,R)-42e, that had been obtained in
a reaction catalyzed by diamino-sulfonamide (S,R,R)-52
(Scheme 5). Gandhi and Singh'® assigned the configuration

Table 3. Direct aldol reaction between cyclohexanone 40 and o-nitro benzaldehyde 41¢ promoted by small (S)-proline-derived organocatalysts (selected

examples from literature published during 2014-2016)

o) 0 NO,
ij . *@ — - A
40 41c

HsC

—S_( o, .,

©) CH 7

© 0 SHs

[Q\( N & _NH HN— " QP
F4COy /)0 ®)

CFsCO2" 1, HNis)_” H —@ H HN Chs

O OH NO,
©)

42c

H3C‘N/§

\=pt

PFg \,\/}
N
H HN

£ <t © L
(SR-48 )/ CHs (S.S.R)-49 (55,50 51 O
(5,5,5,5)-47 QCFS
FaC
. . . Resolution
entry Catalyst ~ Reference Optlmlzefi.reactlon Yield/ % d.r. (antizsyn)* ee/ % Chromat.o.g raphic factor (Rg)* tg / min (anti)
conditions conditions .
(anti)
Chiralpak OJ-H
(8,8.S.,9)-47 40:41c (4:1) . Hex:i/PrOH (70:30) 7.4 (2S,1’R) (major)
! (5 mol%) 100 rt, 48 h 33 73 % U =0.8 mL min’ 1.69 8.0 (2R,1’S) (minor)
A =254 nm
Chiralpak AD-H
40:41c (5:1) . .
(S,R)-48 . Hex:iPrOH (95:5) 31.54 (28,1’R) (major)
2 (5 mol%) 101 ;‘fée';tgre‘f % >99:1 % U =1 mL min’ 150 33.26 (2R,1°S) (minor)
> Gays A =254 nm
Chiralpak AD-H
(S,S,R)-49 40:brine (1:1) ) Hex:/PrOH (90:10) 19.25 (28,1’R) (major)
3 (1 mol%) 102 rt, 24 h 89 99:1 68 U =1 mL min"! 159 20.76 (2R,1°S) (minor)
A =254 nm
40:41c (3:1) Chiralcel OD-H
(S,S.R)-50 AcOH (2 mol%) ) Hex:iPrOH (95:5) 16.14 (28,1’R) (major)
4 (2 mol%) 103 neat 87 96:4 o7 U =1 mL min 288 18.47 (2R,1’S) (minor)
-15°C, 17 h A =254 nm
1:(‘;4?}(11 Oélc)) . Chiralpak AD-H
) (5)-51 ™ P (22(') I;Oft}) 2 . 08 99 Hex:iPrOH (95:5) 108 53.21 (2S,1’R) (major)
(20 mol%) oo ' U = 0.8 mL min"' : 56.45 (2R,1°S) (minor)
brine
A =254 nm
rt, 48 h

“Resolution factors (Rg) calculated from chromatograms available in their corresponding supporting information files by using the formula: Rg=2(t, —t,)/w, + w,,
wherein, t, and t, are the retention times of the enantiomers and w, and w, are the peak widths at their baselines. d.r.: diastereomeric ratio.
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HH o
NH

[¢] o (S,R,R)-52 O OH
2 mol-% S,
+ H e 4G
brine H
F -5°C,40h F
40 ae (S,R)-42¢

O O
N ON—
_@ NH4OH, HCI, NaOAc
--H=-N Pyridine, EtOH

Z "Hl

OJ H-N

29 =S=0 reflux, 5 h
F’@AH Ot

NHo OH LiAIH,, THF NOH OH
%) F; e reflux, 4 h F; 0
F F
(R,R,S)-54e (R,R)-53e
p-TsCI, KOH
CHzCla:Ho0 (1:1)
0°Ctort, 12h

42%, two last steps

d (R,5,5)-55e
>99:1dr

Scheme 5. Assignment of absolute configuration by NMR nOe experiment
from a derivative of original aldol product.

of the new chiral centers by means of nuclear Overhauser
effect (nOe) experiments; in particular, they observed an
enhancement in the peak intensity of H? by irradiating H',
and vice versa.

In the case of organocatalyst (S,5)-44, chromatographic
examination of the experimental stereochemical results
(see Table 2, conditions described in entry 12) led to
propose a reasonable transition state to explain the
observed stereocontrol (Figure 6). Thus, the creation of a
hydrophobic pocket enhances non-covalent t-Tt interactions
between aromatic rings present both in the catalyst and
in the aldehyde, so that the interaction between these
fragments leads to a more rigid transition state, which is
translated into a higher stereoselectivity.”’

It is worth mentioning that high-speed ball milling
has been recognized as an environment-friendly
mechanochemical technique given that it enhances atom
economy by diminishing or eliminating solvent usage when
carrying out organocatalytic reactions.!?” At this point, it is
appropriate to mention that recent advances on separation
techniques such as supercritical fluid extraction,'®® solid
phase extraction,'” among other practices!!® might permit
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m

Figure 6. Proposed transition state model of the aldol reaction catalyzed
by (S.5)-44.

a greater level of sustainability in chemical reactions in
general.

6. Thiohydantoin (S)-Proline Derivatives as
Organocatalyst

Kokotos et al.'"' have synthesized diverse (S)-proline
derivatives containing a thiohydantoin fragment and
tested them as organocatalyst in the asymmetric Michael
addition reaction. Similarly, in our research group, a
different series of thiohydantoins derived from proline
was prepared by means of the synthetic route presented in
Scheme 6.!'? Various techniques including X-ray diffraction
structural analysis, *C NMR and MS-TOF (time-of-flight
mass spectrometry) helped confirm the formation of the
thiohydantoin scaffold rather than isothioureas, a result that
was explained in terms of the hard and soft acid and base
theory (HSAB theory) proposed by Pearson,'"® considering
that nitrogen (a hard nucleophile) preferably attacks the
carbonyl group (a hard electrophile).'* These thiohydantoin
derivatives were tested as organocatalysts in the asymmetric
Michael reaction, and variables such as solvents, acidic
additives and temperature were modified in order to find
the most optimal conditions. The importance of solvent-free
reaction conditions to maximize the suitable intermolecular
interactions affording the desired stereocontrol constitute
salient features of these catalytic systems (Scheme 7).

7.Diaza-Analogues of gem-Diphenyl Prolinols
and their Application as Organocatalysts

a,o-Diarylprolinol derivatives are well-established
families of catalysts, which are widely used to promote
diverse asymmetric reactions.®® The enantioinduction
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o Boc,0O NaBH,, F3B:OEt, L—>\\
N > >

iy OH Na,CO3 Na,COg Boc OH
1,4-dioxane, 95% 1,4-dioxane, 95%
(9)-13 (5)-56
HNg, DIAD
PPhg
CeHs
0°Ctort
50 min, 75%
5
Boc No
(5)-57
Hy, Pd/C
MeOH
1 atm
12 h, 85%
R ™S CSClp, EtsN R [_>\\
BY 5 SR S v
HoN" ~CO.H l\giCLH CHCl, N~ ~CO.H Boc e
0°Ctort s
(-1 A sf’C (559 (5)-58
EtsN
CHCl,
12h
50-90%
& 8 U-\ P
. 4— I}l N& =
e CHxCl  Boc S)\N
H H
(9)-61 (5,5)-60

(5,5)-61a, R =Bn, 79%
(S)-61b, R = H, 73%

(5,9-61c, R = Bu, 90%

(5,5)-61d, R = iPr, 81%

(S,R)-61d, R = iPr (R)-Val, 80%

(5,5,5)-61¢e, R = sBu, 80%
Scheme 6. General synthetic route to obtain the (S)-proline-derived amino
thiohydantoins 61a-e.

N7(s) N//g(S) CHg

B
s”"N  CH, N

(5,5)-61d (5 mol-%) | R
0 o 7

NO, O-HO-CeHy-COsH i No
L YT _sma - 2
—_— H
// neat ’
R

oA 92-99% ee (syn)
up to 99:1 dr (syn/anti)
83-99% vyield

R = 0-OCHjg, 0-Br, o-Cl
p-CHs, p-F, p-Bn

Scheme 7. Michael addition reaction catalyzed by thiohydantoin (S,S5)-61d
under solvent-free conditions.

generated from these catalysts is mainly due to the
gem-diphenyl carbinol fragment, that may be considered
as a chiral amplifier.''s Hence, the synthesis of chiral diaza
analogues of the classical and privileged amino alcohols
seemed an evident goal to address in the development of
alternative chiral ligands. In this regard, in our group there
has been a continuous interest in the synthesis of o-phenyl
and o,0-diphenyl prolinamines and its derivatives.!'°

In particular, in 2008 we accomplished the substitution
of the tertiary hydroxyl group within N-benzyl
o,0-diphenylprolinol (5)-64-1 by an azide ion [(5)-65-1]

J. Braz. Chem. Soc.

in the presence of high concentrations of sulfuric acid (to
provoke Sy1 type reaction, see Scheme 8). The resulting
aminoazide was reduced and deprotected to obtain diamine
(5)-68a, that was used as precursor of a diazaborolidine,
in turn tested as catalyst in the asymmetric reduction of
prochiral ketones.!"” An alternative route was developed
to carry out the OH—N, substitution directly from
(S)-diphenyl(pyrrolidin-2-yl)methanol (S5)-64-II by using
trifluoroacetic acid, this in order to afford the pyrrolidine-
derived azide (S)-65-1I, which could be N-Boc protected
and then reduced to the diamine derivative (5)-66. The
N-Boc protecting group on the pyrrolidine nitrogen allowed
the functionalization of the primary amino group into
various amide, alkylated amine, sulfonamide and triazole
derivatives [(S)-68a-f] (Scheme 8). In each case, carefully
controlled conditions were required to generate the desired
derivatives from the sterically hindered benzhydrylamine
moiety.'!®

e 10

(9-13 (5)-64-1, R =Bn (5)-65-1, R =Bn
(S)-64-II, R=H H*: H,SO, (50-70% aq.)-CHCly
(5)-65-11, R = H
H*: CF3C02H
N HN~R N HN‘R
Boc
(5)-68a-1 (5-67 (3)'56

-R: -H (a), -Ts (b), -Bz (c),
-Ac (d), -Bn (e), -Et (f)

Scheme 8. Synthesis and derivatization of amino azides (S)-65-I and
(S)-65-11.

It is worth mentioning that by-product (5)-68d’ formed
as a consequence of the Thorpe-Ingold effect.!’ The
enantiomeric purity of amidine (5)-68d’ was evaluated
by HPLC (Figure 7) in order to correlate the ee with the
enantiopurity of amino azide (S5)-65-II and its derivatives.

Chiral diamines (S)-65-II and (S)-68a,b.e.f were
evaluated as bifunctional organocatalysts in the asymmetric
Michael addition (Table 4). (S)-2-(Azidodiphenylmethyl)
pyrrolidine (S)-65-1II was identified as the most efficient
organocatalyst. As it could be anticipated, stereocontrol
is mainly directed by steric hindrance. Diamine (S)-68a
was the only derivative where hydrogen bonds apparently
play a significant role according to the stereoselectivity
observed (Figure 8).
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Chiralpak AD-H, Hexane-IPA (95:5)
A 230 nm, U = 1.0 mL/min
{r(R) = 5.85 min, tz(S) = 6.90 min

0.700—
0.600— O
0.500— =N i
o.4ooé (4)-68d"
2
0.300—] Rs=2.19
o.zoo~;
0.100]
0.000—
T T T T T
5.
0.800 | O
‘ ‘onY,
0.600 —| -
] »N
1 H;C
1 (S)-68d"
2
20.400 — o> 9%
1 [o]; =-635
0.200 ¢ 1.01, CHCI,
: ; :
0.000 T -
T T ‘ T T T T \ T T
5.00 10.00
Minutes
‘ Base
N* un_ O N O
CFiCO7 /H ~ =N
CHs HC
(S)-68d (S)-68d"

Figure 7. Confirmation of enantiopurity of a derivative obtained
from azide (S)-65-I1. The absolute configuration of (5)-68d’ was also
corroborated by X-ray diffraction analysis.

Vargas-Caporali and Juaristi

Table 4. Asymmetric Michael reaction catalyzed by pyrrolidine derivatives
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Auto-Scaled Chromatogram
o35y Peak Results 3 _NO,
RT | Acen | Hoight [ % Aren [0}
030 (13414 7238112 | 357508 | 54.08 H A
028 2| 19439 458075 | 15878 598
2 020 (R)}-T1a
0.8 88 % ee
0.904
8
008 a
- 7. 7o)
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Mnutes

Peak Results NO.
RT Arsa | Hoight | % Area o) 2
020+ |1[13.374| 1360442 | 68372| 1560
2| 18179 7360733 | 243851 8440 H
0.15
S)-71a
32 ' (S)
] 5 68 % ee
“
e
i r A
Lo — 2K PN
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Peak Results

RT | Arca | Height| % Area o NO,
1 13:250] 1867467 [ 80204 | 027 1
2| 19.041] 1830771 [ 85166 | 4973 H
(+)-71a

Re=6.88
—
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Figure 8. Chromatograms corresponding to Michael adduct (R)-71a
generated from the reaction promoted by azide (S)-65-11, (5)-71a
obtained with moderate ee from catalysis with diamine (S)-68a, and
comparison with the racemic mixture. Chiralcel OD-H, Hex:IPA (95:5),
U =0.8 mL min", A =210 nm, tg,, = 13.4 min, ty = 19.2 min.

20 %-mol Cat.*
9 on N0z (5 60 PHOOM . NO
B e oo S :
CHy o HoC GHs
69 70a 71a
entry Catalyst Yield / % e.r.* (ee/ %) Configuration®
1 (5)-68a 57 84:16 (68)° )
2 (5)-68a 98 80:20 (60) )
3 (S5)-65-11 70 95:5(90) (R)
4 (S5)-65-11 87 94:6 (88)" (R)
5 (5)-68b 7 83:17 (66) (R)
6 (S5)-68e 50 94:6 (88) (R)
7 (S)-68f 32 93:6 (86) (R)

“Determined by HPLC with chiral column OD-H; "IPA:H,O (3:1) was employed as solvent; ‘configuration confirmed based on previous reports in

literature.'? e.r.: enantiomeric ratio.
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Table 5. Salient examples of Michael adducts generated by azide (S)-65-11

e

J. Braz. Chem. Soc.

()
NH Nengy- R
(S)-65-11 o
20 %-mol Cat.* Z
7
. . . Chromatographic Resolution .
B 25 25 a
entry R Yield/ % er. ee/% [o]y” (c1.0,CHCly) Lit. [o]y” (¢, CHCL,) Product conditions factor (Ry) tg / min
1 -CH;- 94 96:4 92 +3.0 +4.9 (¢ 0.49, CHCI,)"?'  (R)-71b 6.62 12.5 (R)
P : ‘ R A 3 Chiralcel OD-H ‘ 17.3 ()
Hexane:iPrOH 162 (R)
2 p-CH;0- 63 95:5 90 -14 -3.0 (¢ 1.0, CHCl,)'* (R)-71c (80:20) 7.93 '
. 253 (S)
U =0.8 mL min!
3 m-Cl- 81 97:3 94 +8.0 +10.0 (¢ 1.0, CHCL)'  (R)-71d A =210 nm 8.29 ggg i’g

*Stereochemistry assigned by comparing optical rotation from literature, which is in accordance with the observed stereoinduction promoted by steric
hindrance. e.r.: enantiomeric ratio; U: volumetric flow rate of the mobile phase; t,: retention time.
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Figure 9. Chromatograms corresponding to Michael adduct (R)-71a-c (bottom, left to right) generated from the reaction promoted by azide (S5)-65-11,

these are compared with their corresponding racemic mixture (+)-71a-c (top).

Table 5 presents selected results regarding the
enantioselectivities observed with diverse substrates by
employing organocatalyst ($)-65-II. In addition, Figure 9
includes chromatograms pertinent to Table 5.

8. Conclusions

The development of chiral stationary phases since
the second half of the twentieth century constitutes an
indispensable tool that is frequently taken by granted.
Nevertheless, without chiral chromatography, the enormous
advance registered in several areas of asymmetric synthesis
such as organocatalysis would not have been possible.

Diverse standard compounds such as o-amino acids,
Troger’s base, benzoin, Pirkle’s alcohol, among others,
have been conventionally employed to evaluate newly
designed chiral selectors. Continuing studies with available
techniques have also allowed a better understanding of
specific mechanisms of chiral recognition.

Organocatalysis has been a buoyant area in asymmetric
synthesis during the last 15 years. An immense quantity of
data used to evaluate new ligands and reactions is available
thanks to the employment of chiral chromatography.
It would be interesting to develop “tailor-made” chiral
selectors for e.g. chiral Michael adducts, which should be
feasible considering the principle of reciprocity (Pirkle
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concept) employed in the design of selectors. Combined
techniques such as HPLC-circular dichroism (CD) together
with quantum chemical CD calculations!?* will help
evaluate stereoinduction from a newly developed ligand
as potential organocatalyst.
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