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Figure 1. cis-1-Amino-2-indanol.
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L-685,434 (2)
Figure 2. Structure of HIV-PR inhibitor L-685,434.

mercially available, both enantiomers of a target molecule
can be easily preparéd®

The present review focuses on the importanceisfl-
amino-2-indanol (Figure 1) as a chiral template in the
development of new methodologies for the asymmetric
synthesis of organic compounds.

2. cis-1-Amino-2-indanol in Drug Design

cissAminoindanol was first introduced as a chiral amino
alcohol B’ ligand in a human immunodeficiency virus
protease (HIV-PR) inhibitor series (at Merck). This led to
the discovery of potent inhibitor L-685,4342)( This
compound displayed enzyme inhibitory potencysg©f 0.3
nM and antiviral potency (Clgg) of 400 nM. Crystal-
lographic experiments of enzym@hibitor complexes re-
vealed that the indane hydroxyl group acted as carbonyl
surrogate, which seemed to indicate that conformationally
constrainegs-hydroxy amines could be generally useful as
amino acid replacements (Figure'2).

The aqueous insolubility of L-685,434 was later addressed
by introducing polar, hydrophilic substituents at thara
position of the P phenyl ring*~13 These compounds indeed
displayed improved solubilities as well as improved antiviral
potencies. Further structur@ctivity relationship studies led
to a pseudeC,-symmetric inhibitor and several hydroxyl
ethylene isosteres. These compounds either displayed poorer
enzyme inhibitory and antiviral potencies tharor were
found extremely potent but still lacked adequate agueous
solubility and acceptable pharmacokinetic profitet?

In 1994, the design and pharmacological properties of
orally bioavailable HIV-PR inhibitor L-735,5243) was
disclosed, and it eventually became known as therapeutic
agent Indinavir and commercialized as Crixiv&r?® Merck
researchers hypothesized that the bioavailability of L-685,-
434 could be improved by incorporating a basic amine into
the backbone of this inhibitor series. In fact, replacement of
the N-Boc and phenyl moieties AP, ligands of2 by the
decahydroisoquinolindert-butyl amide B/P;’ ligand of
potent HIV-PR inhibitor Ro 31-89594( Saquinavir) en-
hanced aqueous solubility of the series. Despite the high
enzyme inhibitory potency of the resultirg(ICso = 7.6

native environment in which highly diastereo- or enantiose- nM) and its favorable pharmacokinetic profile, this novel
lective reactions can be achieved. Furthermore, as bothinhibitor displayed low-antiviral potency (Cg= 400 nM).
enantiomers ofl are readily accessible and now com- Systematic modification of the decahydroisoquinoline ring
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N \/L : indicated that the HIV-protease existed a€asymmetric
dimer. The peptidomimetic scaffold of this new class of
inhibitors was based on-mannitol and duplication of the

L-735,524 (3) C-terminus. Compountiil was found roughly equipotent to

; ; o ; 3-36
by 3-pyridylmethylpiperazine finally led to the discovery of Indinavir (K; = 0.4 nM, Figure 3J:

L-735,524, which possessed high enzyme inhibitory and
antiviral potencies (16 = 0.35 nM, ClIGs = 25—100 nM),
as well as a good pharmacokinetic profile. Improvement in
formulation with the sulfate salt & gave increased aqueous o OH o OH
solubility and oral bioavailability (Scheme 9. , : H >

Although it contains 5 chiral centers with 32 possible Y NM 8
stereoisomers, only a single stereoconformation of Indinavir OH O OH O
confers the desired therapeutic effect. The industrial produc-
tion of Crixivan took advantage of the chirality of$PR)-
aminoindanol to set the two central chiral center8 bfy an
efficient diastereoselective alkylation-epoxidation sequéhce. Figure 3. Csymmetric HIV-PR inhibitor.
The lithium enolate of amidé was reacted with allyl
bromide to give7 in 94% yield and 96:4 diastereoselective Researchers at DuPont also took advantage ofctke
ratio. Treatment of a mixture of olefid and N-chlorosuc- aminoindanol moiety to develop a new series of potent,
cinimide in isopropyl acetate/aqueous sodium carbonate withselective, and orally bioavailable aggrecanase inhibffors.
an aqueous solution of sodium iodide led to the desired Aggrecanase is mainly responsible for a degenerative joint
iodohydrin in 92% yield and 97:3 diastereoselectivity. The disease. Preliminary studies identifié@ as a very potent
resulting compound was converted to the epox&lén and selective aggrecanase inhibitor & 12 nM), with
quantitative yield. Subsequent epoxide opening with pipera- excellent oral bioavailability and pharmacokinetic profite.
zine 9 in refluxing methanol and Boc-deprotection gah@ Subsequent work at Bristol-Myers-Squibb led to the discov-
in 94% yield. Finally, treatment of piperazine derivati/@ ery of 13, in which the potentially metabolically labile
with 3-picolyl chloride in sulfuric acid afforded Indinavir  hydroxyphenyl has been replaced by a biphenyl group. This
sulfate in 75% yield from epoxid8 and 56% yield for the new inhibitor displayed remarkably increased potency
overall process (Scheme 2)26 (ICso = 1.5 nM) and selectivity ovet2 and represented a

Continuing efforts in the search for more effective protease fresh lead in development of new medication for degenerative
inhibitors led to the discovery of several drug candidates joint disease (Figure £§:40
which displayed comparable enzyme-inhibitory effects and More recently,ciss-aminoindanol was found a valuable
antiviral potencies to Indinav#’. 3¢ In particular, Samuelsson  substituent in malarial Plasmepsin inhibitors. Malaria is one
and co-workerd 36 designed a new,-symmetric HIV-PR of the most serious infectious diseases in the world. Malaria
inhibitor, on the basis of X-ray crystal structures, which parasites use hemoglobin as a source of nutrients during their
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Figure 4. Aggrecanase inhibitors.
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Figure 5. Malarial Plasmepsin inhibitor KNI-10006.

growth and maturation in red blood cells. In the most lethal
parasite,Plamodium falciparum four aspartic proteases,
plasmepsin (PIm) I, II, IV, and histo-aspartic protease (HAP),

have been identified in the food vacuole. These enzymes
are responsible for the hemoglobin degradation pathway, and

PIlm | and Il initiate the degradation proce$sA series of
dipeptide-type inhibitors containing allophenylnorstatine-
dimethylthioproline scaffold were designed and synthesized.
Among these compounds, KNI-100064f, which has an
aminoindanol at the P position, was found to inhibit PIm

Il with a remarkableK; value of 0.5 nM. Replacement of
the aminoindanol moiety by aminoindan or l-amino-2-

cyclohexanol led to decreased affinity. Therefore, both the

hydroxyl group and the indane platform of aminoindanol of
KNI-10006 are important for its tight binding (Figure 4).
However, achieving selectivity versus the highly homolo-

gous human aspartic protease cathepsin D (Cat D) has

emerged as a major challenge. Hallberg and co-wotkérs
designed a series of nonpeptidigsymmetric inhibitors with
high affinities to both PIm | and II; = 0.5—-37 and 6-181

nM, respectively), and all inhibitors demonstrated a unique

selectivity versus the human Cat IXj(> 2000 nM).
Modeling studies starting from a 3D structure of PIm II
complexed with pepstatin A suggested that 1,2-dihydroxy-

ethylene, which had successfully been used in HIV-1 protease

inhibitors, could provide an alternative tetrahedral intermedi-
ate mimicking scaffold in PIm Il inhibitors (Figure 634

3. Practical Syntheses of Enantiopure
cis-1-Amino-2-indanol

Early syntheses of enantiopucgs-aminoindanols relied
either on starting materials from the chiral pool or on
chemical or enzymatic resolution of racemic interme-
diates!45-55 Advances in catalytic asymmetric epoxidation
and asymmetric dihydroxylation of prochiral ol€efin?
enabled the development of truly practical asymmetric
syntheses otis-1-amino-2-indanol§3-68

Research groups at Sepradééfand Merck® 8 indepen-
dently developed similar strategies to access(1S 2R)-

Gallou and Senanayake
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by chirality transfer of the €0 bond of indene oxid&9 to
obtain enantiopureis-(1S,2R)-aminoindanol (Scheme 3).
Researchers at Sepracor demonstrated the preparation of
(1R,29)-indene oxidel9 from readily available indené&?
in the presence of 1.5 mol % oR(R)-MnLCl/13% NaOClI
in dichloromethane in 83% yield and 84% enantiomeric
excess (Scheme 3). Chiral indene oxid® was then
subjected to nucleophilic opening with ammonia to provide
transaminoindanol, which was transformed without isolation
to its benzamide under SchotteBaumann conditions (83%
ee,> 99.5% ee after recrystallization). The optically pure
transbenzamidoindane was then converted to the optically
pure benzaoxazolirg0 by exposure to 80% $$0O,, followed
by addition of water to giveis-1-amino-2-indanof*®The

aminoindanol. Both processes utilized Jacobsen’s Mn-(salen)sequence was demonstrated on multi-kilogram scale to

catalyst (MnLClI,18)%6-%88for indene epoxidation, followed

prepare optically pure &29-1 in 40% vyield from indene.
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discrimination ofcis-aminoindanol. 27 28

A complementary approach to the synthesis &,25)-1
was developed by Merck and usegl§)-MnLCl catalystin  the hydrochloride salt ofis-aminoindanol is fairly compa-
a hypochlorite medium to provide $2R)-indene oxidel9. rable (48.9 Hz for H and 34.8 Hz for H).””
Addition of an axial ligand, such as commercially available  virgili and co-workers studied the enantiorecognition of
phenyl propyl pyridineN-oxide (RNO), to the §5)-MnLCl- cis-aminoindanol by R R)-o,o/-bis(trifluoromethyl)-9,10-
NaOCI-PhCl system, resulted in a highly activated and anthracenedimethan®®.’® The examination of the bidentate
stabilized catalyst for indene epoxidati®f® 72 This reagent  associations betweeB2 and 1 revealed that thecisoid
mixture was demonstrated on a multi-kilogram scale to afford conformation of22 is responsible for the separation of the
indene oxide in 89% vyield with an optical purity of 88% NMR signals. When 1 equiv 022 on a 3:1 mixture of
ee® Intermediatel9 was then converted without isolation (1R 25)-1 and (1S2R)-1 was used, mean differentiation was
to cis-aminoindanol in a stereo- and regioselective manner gpserved for Hand H. Protons Hs and Hyans are more
using the Ritter acid as an oleum (21% S@®SQ). This  shielded in (52R)-1, while H, in (1IR29-1 is the most
led to chiralcis-1-amino-2-indanoll in 80% yield?°%737  ghifted to higher field28 Virgili and co-workers later found
(Scheme 3). that (R,R)-23 gave similar enantiodiscrimination aR,R)-
Despite these highly practical and cost-effective processes,22, but (R R)-23 also enantiodifferentiates nuclei not sepa-
the suitability of a bioconversion process for the production rated by RR)-22, for example, the signal of H°
of cisaminoindanol continues to be explored alongside

further optimization of these chemical synthe3es. 5. cis-1-Amino-2-indanol as Resolving Agent

4. cis-1-Amino-2-indanol in NMR Chiral Solvating 5.1. Separation of Carboxylic Acids by

Agents’ Studies Preparation of Diastereomeric  cis-Aminoindanol
Esters

Chiral solvating agents (CSA) are used to determine the
composition of a mixture of enantiomers by NMR® The Despite the unusual properties of cyclopropenes that make
chiral reagent can form association complexes with the them interesting synthons, methods that produce enantio-
enantiomers in solution, and the diastereomeric complexesmerically enriched cyclopropenes are rare and cyclopropenes
thus formed may have different chemical shifts. In addition, with quaternary centers unknown. Fox and co-workers
the association constants of the two enantiomers with therecently devised a simple and inexpensive resolution for
chiral reagent are often different. This will cause different obtaining numerous derivatives of cyclopropene carboxylic
time-averaged solvation environments that may contribute acids in enantiomerically pure forfA.A number of chiral
to chiral recognition in the NMR spectrum. Chiral solvating alcohols such as—<)-menthol or quinidine were screened,
agents work for a wide range of compounds, including but none of the diastereomeric esters were separable by
amines and alcohols. Because of its rigid platform and dual chromatography. Computational screening of various aux-
functionality, cissaminoindanol is an ideal template to test iliaries using molecular mechanics indicated that chiral
chiral solvating agents’ efficiency (Figure 7). oxazolidinones could be excellent resolving groups for the

Wenzel and co-workef&”” studied the utility of chiral cyclopropene carboxylic acids because of the difference in
crown ethe1 as an enantiomeric discriminating agent. The the relative orientation of the alkene and oxazolidinone
carboxylic acid groups df1 can discriminate neutral amines. substituents for the diastereomers. Indeed, a variety of
An acid—base reaction occurs between the carboxylic acid cycloprop-2-ene carboxylic acids can be resolved through
groups of21 and amines and produces ammonium salts, conversion to diastereomeribl-aryl-oxazolidinones and
which then associate with the crown cavitWhen 21 is separated by column chromatography to provide gram
mixed with racemicis-aminoindanol in methanal,, certain guantities of diastereomerically pure cyclopropenes. In the
resonances in thid NMR spectrum show downfield shifts ~ cases where the oxazolidinone &-phenylalaninol or §-
that are consistent with protonation of the amino group. An phenylglycinol failed to provide good separation, the ox-
excellent enantiomeric discrimination was observed in the azolidinone of cis-(1S2R)-1-amino-2-indanol proved an
14 NMR of the primary amine ofl in the presence of an  excellent resolving agent (Scheme®2).
equimolar amount o1 (74.1 Hz for H and 30.5 Hz for The chiral derivatizing agent-cyanoe.-fluoro-p-tolyl-

H7). The magnitude of the enantiomeric discrimination for acetic acid (CFTA) was found particularly effective from
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the viewpoint of both reactivity and NMR resolution ability.
A very convenient method for obtaining optically pu®-(
CFTA by fractional recrystallization was recently discloged.

A mixture of the diastereomeric CFTA esters was prepared

from racemic CFTA chloride and R2S5)-N-carbobenzyloxy-
cis-1-amino-2-indanol. Hydrolysis of the less soluble ester
followed by conversion to the acid chloride led 8-CFTA-

Cl in 99% ee (Scheme 3}.

5.2. Chiral Discrimination of 2-Arylalkanoic Acids

Production of enantiomerically pucearylpropanoic acids,

Gallou and Senanayake

Scheme 6
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isomer (R)-ketoprofen in Scheme 6) can be racemized and
recycled, and enantiopui@s-aminoindanol can be easily

also known as profens, is of critical |mportance to the recovered for reus¥.
pharmaceutical industry as they constitute a major class of

antiinflammatory agents. Resolution with chiral amines is 5 3 Enantioselective Acetylation of Racemic

one of the most practical approaches for the preparation OfSecondary Alkylamines

optically purea-arylpropanoic acids. Examples of efficient
chiral amines include brucine, quinidine, cinchonidine,
morphine, ephedrine, and-(1-naphthyl)ethylamine. For
instance, racemic ibuproférand ketoprofe#t were resolved
(9-a-methylbenzylamine and~)-cinchonidine, respectively.

A new cis-aminoindanol-derived\-cyanoimino)oxazoli-
dine acetylating agent was developed by Tanaka and co-
workers and applied to the kinetic resolution of secondary
alkylamines?” Chiral acetylating agent83 and 34 were

However, most of these chiral amines are either expensive,readily prepared from @ 239-1-amino-2-indanol by reaction

difficult to recover, available in only one enantiomeric form,
or substrate-specific.

Enantiopurecis-1-amino-2-indanols have been demon-
strated to effectively overcome these limitations. Not only
are both enantiomers afis-1-amino-2-indanol rapidly ac-

with SS-dimethylN-cyanodithioiminocarbonate followed by
acetylation (78-85% vyield, 2 steps) Kinetic resolution of
racemic 1-phenylethylamine using 10 mol %38 at —70
°C led to R)-N-benzoyl-1-phenylethylamingsin 87% yield
and 83% ee. ChiraB2 was easily recovered by column

cessible via an inexpensive process, but also they have beeghromatography (Scheme 7). The-acyl transfer was
shown to be extremely effective in the resolution of a number activated by the strong electron-withdrawiNecyanoimino

of 2-arylalkanoic acid&}%¢ including ketoprofen, flurbipro-
fen, and ibuprofed? In the case of ketoprofeit, use of
(1R,29-1-amino-2-indanol allowed for the selective crystal-
lization of (§)-ketoprofen in the presence dR)tketoprofen
(Scheme 6). Similarly,R)-ketoprofen was shown to selec-
tively precipitate with (52R)-1-amino-2-indanol in the
presence of9-ketoprofen. Extensive solubility studies led
to the following observations: (a) diastereomeric saltRpf (
and ©-ketoprofen with aminoindanols exhibited larger
differences in solubility than diastereomeric saltsR)f @nd
(9-ketoprofen with other chiral amines, (b) diastereomeric
salts of R)- and §-acids with aminoindanol displayed large
differences in solubility for a wide range of chiral acids, and
(c) a catalytic amount of water in acetonitrile had a significant
impact on the rate of crystallization, leading to higher yields

moiety of33. Interestingly, no aminolysis of the oxazolidine
ring of 33 was observed. Other acetylating agesdgR =
4-MeO—CgH4, 4-Me-GHy, 4-F-GH,, Me) were shown to
efficiently resolve35 at low temperature<70 °C for R =
aryl and—20°C for R= Me), leading to protected secondary
alkylamines in moderate to good enantioselectivities+(65
78% ee). Kinetic resolution of a variety of racemic secondary
alkylamines using a catalytic amount &3 was also
examined. It was rapidly established that a phenyl group in
amines was essential to achieve high selectivities. Replace-
ment of the methyl group a5 by larger groups decreased
the reaction rate but led to similar selectivitiés.

To explain the stereochemical outcome of the reaction,

Tanaka and co-workers speculated that fheyanoimino
groups in33 would prefer an opposite orientation to the

of the precipitating diastereoisomer. Finally, the undesired amide carbonyl in order to minimize unfavorable dipele
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dipole interaction. In this conformation, tiReface of the .
carbonyl group would be shielded by the large and confor- (s%?tftfaﬁil

mationally rigid indane ring, thus, favoring the approach of
the amine from theSiface. Overlap of the amine phenyl
ring with the carbonyl aryl or alkyl group &3 would create

a stabilizingz—m or CH—x interaction, respectively, in
which case, the approach of ttg{somer would suffer from
steric interaction between'Rand N-cyanoimino groups
(Scheme 8§’

showed that products can be obtained with enantiomeric
purities in the 96-99% range® In situations where the
asymmetric transfer hydrogenation of a given ketone led to
moderate enantioselectivity, the enantiomeric purity of the
resulting alcohol could be enhanced via a subsequent
asymmetric dehydrogenation with the antipode of the
catalyst®® On the other hand, when applied to the kinetic
resolution of &)-tetralol and {)-indanol, the [RuClp-
cymene)}-(1R,29-1-amino-2-indanol-KQ-Bu combination

in acetone yielded the correspondirig)-alcohols in 99%

ee, aryl ketones and 2-propanol. In turn, reduction 'ef 1
tetralone and 'lindanone using the same catalytic system
in 2-propanol led to $-alcohols in 97% ee (Scheme 10).
These studies provide a compelling demonstration of the
generally unappreciated notion that a single enantiomer of a
catalyst can lead to both antipodes of the same product with
high levels of stereoselectiviti€.

5.4. Kinetic Resolution of Secondary Aryl
Alcohols

A novel kinetic resolution of secondary aryl alcohols using
an enantiopureis-1-amino-2-indanol-derived catalyst was
disclosed by Fallet® The investigation was based on earlier
findings by Wills® that stereochemically rigid R29-1-
amino-2-indanol was a powerful ligand for the asymmetric
ruthenium-catalyzed transfer hydrogenation of aryl ketones
using 2-propanol, leading to high enantioselectivities (up to
98%). The stereoselectivity of the reaction was obtained

rimarily by kinetic discrimination of enantiofaces of the P ; ;
Brochirgl k)e/)tone, but thermodynamic factors favoring the 5.5. Crystallization-Induced Dynamic Resolution
reverse process were not negligible (Schem®9%.Thus, Researchers at Eli Lilly have disclosed the significance
it was argued that an asymmetric transfer hydrogenation of the trans-6-nitro-1-amino-2-indanol template in a new
catalyst should be capable of dehydrogenation as well asclass of resistant neoplasms inhibitors of tygFigure 8).
hydrogenation. Unfortunately, multidrug resistance remains an important

Since Wills’s hydrogenation catalyst provided an excellent issue in chemotherapy, where cells may become cross-
route to §-aryl alcohols from aryl ketones, Faller decided resistant to a wide range of drugs with different structures
to expand the scope of this catalyst to the kinetic resolution and cellular targets. Compounds of typg which contain
of racemic aryl alcohols to prepar)aryl alcohols. Results  a bulky and constrained platform isomericdis-1-amino-
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Figure 8. Resistant neoplasms inhibitor.
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2-indanol, were shown to selectively inhibit intrinsic and/or
acquired resistance conferred in part or in total to the 190
kDa multidrug resistance protein commonly referred to as
MRP124

Compound38was recently identified as a valuable chiral
auxiliary in the preliminary studies on the Crystallization-
Induced Dynamic Resolution (CIDR) of imin&€s.This
resolution/deracemization process provided a practical acces
to large quantities of nonracemie;epimerizable, unfunc-

Gallou and Senanayake

Scheme 12
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number of asymmetric reactions. The availability of boith
enantiomers, the high levels of asymmetric induction at-
tained, and the ease of recovery are all assets to the
development of efficient and practical processes with those
auxiliaries.

Rigid cis-1-amino-2-indanol-derived oxazolidinod& was
first introduced by Ghosh as a useful chiral auxiliary in the
asymmetricsynrraldol reactiorf®°7 Later, the C-2 hydroxyl
moiety of aminoindanof#i2 was shown a valuable handle in
the aldol reaction as weif:?° Askin utilized the rigid tricyclic
aminoindanol acetonide as a chiral platform for the asym-
metric synthesis of HIV-1 protease inhibit@r'> Scientist
at Merck used\,0-acetal43 as a Michael acceptor for 1,4
addition of lithium diphenyl cuprate or aryllithium te,s-
unsaturated esters, where the selectivity is controlled by the
neighboring chiral auxiliary (Scheme 12). Effective re-
moval and recovery of these chiral auxiliaries was carried
out under mild hydrolysis conditiorf§:57.100

6.1. Alkylation and Electrophilic Amination
Reactions

s A concise and practical synthesis of HIV-1 protease

inhibitor 2 was developed by Askitf. Diastereoselective

tionalized ketones and aldehydes. For example, crystalline@/kylation of ¢)-lithium enolate of amidel4 with amino

imines of epimerizable 2-methylcyclohexano8 were
formed, and40 was found to exist as a 3:1 solution mixture
of E/Z imine isomers with a 1:1 diastereoselective ratio. In
the case of keton89, equilibration in methanol afforded
the best results, where imin&,R)-40 is the least soluble
crystalline product. Filtration and hydrolysis under acidic
conditions gaveR)-1-methylcyclohexanone in 97% yield and
92% ee, and the chiral auxiliary was recovered (Scheme
11)9%

6. cis-1-Amino-2-indanol-Derived Chiral Auxiliaries

Conformationally constrainedis-aminoindanols and its
derivatives have been utilized as chiral auxiliaries in a

epoxide45 occurred from the less hindergdface and led

to intermediatel6in >90% yield and>99:1 d.r. The amino
alcohol was deprotected by treatment with camphorsulfonic
acid and gave in good yield (Scheme 13).

This alkylation strategy was successfully implemented to
the diastereoselective synthesis of a number of biologically
active compoundg;23:36.101.108ncluding the orally active HIV
protease inhibitor CrixivanX195:5 d.r.}'?3and nucleoside
antibiotic (+)-sinefungin ¢199:1 d.r.)*%* The C-6 amine
stereochemistry of K)-sinefungin was set by a highly
diastereoselective allylation of $PR)-1-amino-2-indanol-
derived oxazolidinon&7 (Scheme 143%1

The low reactivity of glycine enolate with unactivated alkyl
halides to forma-amino acids could be overcome by
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stabilizing the nucleophile usingis-aminoindanol-derived
hippuric acid50. This key substrate was readily prepared
from commercially available azalacto® by a one-pot
operation (85% vyield, 2 steps). The reaction of lithium
enolate of amide acetonidg0 with a wide range of alkyl

halides proceeded in moderate yielgd$0%) and excellent
diastereoselectivities(195:5 d.r.). A 25% increase in yield
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Amide 44 was diastereoselectively allylated (94% yield, 96:4
d.r.), and the resulting olefinR)-53 was then subjected to
Yoshida’'s unbuffered conditionfTHF/H,O) to give iodo-
lactone55in 97:3anti/synratio1%* The efficient 1,3 chirality
transfer was consistent with a highly ordered imidate
transition state54 wherein the Agjs strain between the
iminium indanol substituent and the benzyl group shifts the
latter in apseudeaxial orientation, which resulted in a high
preference for the formation of thermodynamically less stable
anti-2,4-substituted-lactorteh. Pro-(5)-diastereomeb3 was
prepared in high yields with excellent diastereoselectivity
by reversal of the order of introduction of the benzyl and
allyl groups. Interestingly, exposure to the buffered iodohy-
drin process (NIS/kED, NaHCQ) resulted in the formation
of the 2,4synproduct57 with outstanding selectivity (197:3
d.r.). Epoxide formation in a basic medium followed by acid-
mediated lactonization gaeyn2,4-disubstituted-butyro-
lactone58.24

A novel asymmetric synthesis of-amino acids via
electrophilic amination has been demonstrated by Zheng and
Armstrongi® Transmetalation of lithium enolaté4 with
copper(l) cyanide was necessary to generate a reactive amide
cuprate, which then added efficiently to the lithitent-butyl-
N-tosyloxycarbamate (LIBTOC) electrophile. Electrophilic
amination of chiral cuprates with LIBTOC provided an
expedient approach tm-amino acids with predictable
absolute configuration in high enantiomeric purity and good
yield (Scheme 18).

was achieved by using lithium chloride as an additive in order 6.2. Aldol and Homoaldol Reactions

to facilitate the dissociation of the amide enolate from the

aggregated state and thus enhance its reactivity (Scheme 15). With proper choice of chiral template ofs-aminoindanol

Reactions with secondary halides remained low-yielding,

presumably because of competing elimination reacién.

The methodology was extended by Askin to the asym-

metric syntheses afyn-and anti-2,4-substituteg-butyro-
lactones in a stereoselective fashib{Bchemes16 and 17).

1 and aldehyde, all four possibégn andanti-aldol products

can be prepared with predictable stereochemistry. Both boron
and titanium enolate methodologies were successfully applied
to the stereoselective syntheses of several biologically active
compoundg91106-109 gych as Hapalosin (Scheme 19), and
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natural product synthorf§%8110.11sych asanti-a-methyt

fB-hydroxy acid66 (Scheme 20).

Aldol condensation using boron enolate&dfwith various
aldehydes proceeded with complesgn diastereofacial

Gallou and Senanayake
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Figure 9. Proposed transition states by titanium chelation.

Scheme 21
OLiX 2Li* OBn O
Bn\/\N o e Znyl\NXQ
s (ICH5),Zn ) oo N
BnOLi/-70°C |7 Bn (9
70 71
Li* oBn ]
/\Zn (0] X
k_/U\N 0
[1,2]-Migration Bn 1) (i-PrO)TiCl,
& S
L 72 | BocHN” “CHO
73
Bn

s TsO"
>99:1 dur. @-'-OH

auxiliary were readily available, both enantiomers ofgiie
aldol could be prepared with equal asymmetric inductfofi:

When titanium enolate of estéd was added to a solution
of aldehyde, precomplexed with titanium tetrachloride, the
anti-aldol product65 was obtained in excellent diastereo-
selectivities® Hydrolysis of 65 afforded anti-o-methytp-
hydroxy acid66 as a pure enantiomer, aruis-1-p-tolyl-
sulfonamido-2-indanol was recovered without loss of optical
purity %8 In contrast, reaction of titanium enolate & with
bidentate oxyaldehydes proceeded with excelsmtdia-
stereoselectivity (Scheme 28)The stereochemical outcome
was rationalized by a ZimmermaiTraxler-type transition
states68 and 69.12 Assuming aZ-geometry for titanium
enolate of64 and a seven-membered metallacycle with a
chairlike conformation, a model was proposed where a
second titanium metal coordinated to the indanol and
aldehyde oxygens in a six-membered chairlike conformation.
Aldehydes which were not precomplexed with titanium
tetrachloride did not react, thus, corroborating the involve-
ment of two titanium centers (Figure 9). A chelating
substituent on the aldehyde would alter the transition state
and consequently the stereochemical outcome of the con-
densation, leading teynaldol product$8.99.112

An elegant tandert,2-migration/homoaldgbrotocol for
the synthesis of highly functionalizesin2,4-y-butyrolac-
tones took advantage of aminoindanol acetonide as a
powerful chiral auxiliary for stereocontrolled 1,6 asymmetric
induction (Scheme 22}3114Lithium enolate70was reacted

selectivity (Scheme 19). As both enantiomers of the chiral with bis(iodomethyl) zinc in the presence of lithium benzyl-
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alkoxide. Armstrong and Williams hypothesized that the
higher order alkoxy zincatél, in which theo-center has
been set, underwent a 1,2-migration with remarkable reten-
tion of stereoselectivity to give alkoxy zincaf®. The
stereoselective migration, which proceeded in a remarkable
>99:1 d.r., set the absolute configuration of theenter.
Zinc homoenolat&2 was then transmetalated withRrO)-
TiCl; and subjected to homoaldol reaction witk(tert-
butoxycarbonyl)phenylalaninal. Homoaldét was obtained

in 59% vyield and>99:1 d.r. for the overall two-step
transformation. Treatment of-hydroxyamide74 with p-
toluenesulfonic acid induced cyclization to lactatten good
yield. Purep-toluenesulfonate salt afis-(1S2R)-aminoin-
danol crystallized from the reaction mixture and was
recovered by simple filtration. Thus, asymmetric induction
in two disparate transformations was achieved dig
aminoindanol acetonide as the single chiral controlling
elementt3:114

6.3. Conjugate Addition

cisAminoindanol was the chiral auxiliary of choice for
both the stereoselective alkylation and the chiral Michael
addition steps of Merck’s asymmetric synthesis of endothelin
receptor antagonisB3. Aldehyde 76 was treated with
(1S2R)-N-methyl-1-amino-2-indanol to yielt,O-acetal43
quantitatively. The aryllithium generated fro8d was added
at low temperature to Michael accep#3followed by acidic
workup. Aldehyde32 was obtained in 92% overall yield from
76 and 96:4 d.r. In comparison, conjugate addition to
dimethyl acetal of76 using external chiral additives led to
diastereoselectivities that would not exceed 84:16 d.r.
(Scheme 22).100.115.116 cis Aminoindanol was also used
successfully as chiral auxiliary on Michael donors. Michael
adducts from the reaction of chiral amide enole@dsand
85 with o,f-unsaturated esté36 and the resultant adducts
were reduced and cyclized td-lactones88 in order to
determine the facial selectivity. Interestingly, acetorde
did not lead to significant diastereofacial discrimination,
whereas85 afforded lactone88 with high 4-(9-selectivity
(Scheme 23§17

6.4. Metal Chelation

Secondarya-hydroxy acids were readily accessed by
reduction ofo-ketoesters bearingis-1-arylsulfonamido-2-
indanol derivatives as a chiral auxiliary in high yields and
good-to-excellent diastereoselectivities (from 4:1>189:1
d.r.) using bulky alkyl hydrides. Indeed, reductior8&fusing
I-selectride and zinc chloride affordedthydroxy ester91
in 96% vyield and>99:1 diastereomeric ratio. Hydrolysis
under mild conditions released the chiral auxiliary and
produced essentially optically pueehydroxy acid92. The
high degree of stereoselection was attributed to metal
chelation of the carbonyl oxygens, which lo@%in an seis
conformation. The vicinal toluenesulfonamide most probably
shields theReface and, consequently, leads to the prefer-
ential hydride attack from th&i-face (Scheme 24}8

A thorough investigation was led by researchers at
Sepracor on the advantage of using the C-1 amine or C-2
alcohol ofcis-aminoindanol as a chiral handle. Hydroxy acid
(9-93, a key component of muscarinic receptor antagonist
(9-oxybutynin, was generated by diastereoselective cyclo-
hexyl or phenyl Grignard addition to the appropriate ketoester
or ketoamide, followed by removal of aminoindanol unit
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(Scheme 25)!°129pPhenyl Grignard addition to ketoamide
94 and ketoeste®4 proceeded via magnesium coordination
and led to high diastereoselectivities. In the case of cyclo-
hexyl Grignard addition, zinc chloride was a necessary
additive in order to achieve good degrees of diastereoselec-
tion. InterestinglyN-tosyl-derived ketoesté&6 provided the
most expedient avenue to the preparation of optically pure
(9-acid 93.

6.5. Pericyclic Reactions

6.5.1. Diels—Alder Reaction

Pioneering work by Evans has shown that very high levels
of diastereofacial discrimination could be achieved in the
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Diels—Alder reaction of isoprene using oxazolidino@8 103 104 105
(94:6 d.r.). Use of phenyl glycinol derivati89 gave reduced 91% e.e. 70% e.e. 96% e.e.

diastereoselectivity (2:1 d.§%1?2The low level of selectiv-

ity of 99was envisioned to result from the rotational freedom rationalized by considering the favoreddotransition state.

of the phenyl group which can adopt a more or less sterically The carbamate carbonyl is expected to adopt a position away

demanding conformation. Conformationally constrained phen- from the dienyl moiety in order to avoid steric interaction

yl glycinol analoguel00 was subjected to Evans Diels  with the hydrogen at C-2. In this conformation, the oxazo-

Alder reaction conditions (1.4 equiv #&ICIl, —15 °C, lidinone substituent blocks one face of the diene. The higher

CHCl,) and gave excellergnde and diastereoselectivities  diastereoselectivity obtained with diei@5 is believed to

(193:7 d.r.). Homologous six- and seven-membered ring- originate from more efficient steric shielding by the indanyl

containing systemslO1 and 102 led to low levels of group compared to isopropyl or phenyl groups (Scheme

asymmetric induction (2:1 d.r.), thereby demonstrating the 27)125

importance of the rigidity of the aminoindanol platform )

(Scheme 262 In another example dfisaminoindanol as ~ 6-9.2. Claisen Rearrangement

chiral auxiliary on dienophiles, use of titanium tetrachloride  The versatility ofcis-aminoindanol as chiral auxiliary has

as the Lewis acid resulted in high degrees of diastereose-been considered in various Claisen rearrangert#@itdand

lection nddexoratios superior to 99:1 and 96:4 d.¥3}. was found to be particularly efficient in theréazaelectro-
cis-Aminoindanol was also shown to be an excellent chiral cyclization reactiort?”-1?° Indeed, the reaction ofE}-3-

auxiliary when attached to the diene moiety. Cycloaddition carbonyl-2,4,6-trienal09with enantiopureis-aminoindanol

of readily accessible and stable 1-(2-oxazolidinon-3-yl)-3- 1 proceeded under remarkably mild conditions to produce

siloxy-1,3-butadiene403—105 with a-substituted acrolein  pentacyclic piperidind.12 as a single isomer. The reaction

106 proceeded in quantitative yields and in excellente was thought to proceed via isomerization of dihydropyridine

selectivities. Crude cycloadducts were transformed directly intermediatel11toward the thermodynamically more stable

into cyclohexenonel08 The asymmetric induction was aminoacetall12 (Scheme 28)?7



cis-1-Amino-2-indanol in Drug Design
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6.5.3. Wittig Rearrangement

The diastereoselectivity of the [2,3]-Wittig rearrangement
of a-allyloxy amide enolates such 444 was shown to be
a function of the counterion witkynselectivity increasing
from K < Na < Li < Zr (Scheme 29)¥ Although zirconium
enolates led to the highest diastereoselectivities (8%t
anti), the reaction conversion was found moderate (73%
yield). Optimal results were observed using a LIHMDS/
HMPA combination, andl15 was obtained in 97% vyield
and 89:11syn/antiselectivity. The scope of this methodology
was extended to olefins bearing different substitution patterns.
In generalfrans-substituted olefins exhibited excellesyn
diastereoselectivities, whereeis-olefins afforded low dia-
stereofacial discrimination (12yn/ant). Unsubstituted allyl
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by Senanayake and co-workers froMsulfonyl-1,2,3-
oxathiazolidine-2-oxide¥® Reaction ofN-Mes-(1R,29-1
(118), containing the conformationally constrained indane
platform and an arylsulfonyl group as N-activator, with
thionyl chloride and 3,5-lutidine in THF, provided oxathia-
zolidine oxide119in excellent 97:3nddexoselectivity. The
activated N-S bond was cleaved chemoselectively with a
variety of organometallic reagents with inversion of config-
uration at the sulfur atom. Subsequent mild displacement of
the O-S bond with a nitrogen nucleophile also proceeded
with inversion of configuration at the sulfur atom and led to
enantiopure sulfinamides21 in good overall yield. Enan-
tiopure aminoindandl18was recovered and readily recycled
(Scheme 3038140 The base/solvent combination used in
the formation of oxathiazolidine oxide was shown to have a
pronounced effect on trenddexooutcome. In fact, complete
reversal of selectivity was obtained by reaction NTs-
(1R,29)-1 with thionyl chloride using 2,6-diert-butyl-
pyridine in THF, leading to a 2:98nddexo ratio, which
gave access to th&tenantiomer ofl21 The methodology
thus afforded both enantiomers of sulfinamid®4.in 99%

ee from one enantiomer of the indane platform and was
proved amenable to multi-kilogram scale producfigh.

The same strategy was successfully applied to the synthesis
of enantiopure sulfoxides, which are often used as chiral
controllers for C-C bond formations or as ligands in catalytic
asymmetric processé¥. The O-S bond of 120 was
displaced by a carbon nucleophile to give enantiopure
sulfoxides (Scheme 30). Indeed, treatment of individual
diastereoisomers df20 (R = t-BuMgCl) with isopropyl-
magnesium chloride provided the corresponding enantiomers
of 122in excellent yield and optical purity, with remarkable

ethers led to diastereoselectivities greater than 98%. Thefecovery of enantiopurgl8 In addition to alkyt-alkyl chiral

utility of this process was demonstrated by conversion of
115to functionalized acyclic and cycli@-amino esterd 16
and117.

6.6. Other Electrophiles

Enantiopure sulfinamides have proved a powerful tool for
the asymmetric synthesis of chiral amit#és'*¢ and were
efficiently utilized in the preparation of natural products and
potential drugs such asR)J-didesmethylsibutramin®&’ A
general method for the modular synthesis of optically pure
aryl and tertiary alkyl sulfinamide auxiliaries was developed

sulfoxides, this powerful process gave access to either
enantiomers of alkytaryl and aryt-aryl sulfoxides in high
enantioselectivity ¥ 90% ee)**

6.7. Solid State lonic Chiral Auxiliary

Scheffer and co-workers described their strategy for the
synthesis of enantiomerically enriched alkenes by irradiation
of ammonium salts of prochiral carboxylic acid-containing
photoreactant in the crystalline statéSince ionic auxiliaries
(ammonium ions in this case) are optically pure, these salts
crystallize in chiral space groups. This provides the asym-
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Scheme 31
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dro-1H-indene 126, although only to a moderate extend
(Scheme 31). These low to moderate ee values were
tentatively explained by the fact that Norrish type I
photoelimination breaks one molecule into two, thus, de-
stroying the original crystal lattice. In addition, photoproduct
126 is a liquid and softens the solid-state medium, and
therefore, the topochemical control decreases as the reaction
proceeds#?

A more successful use afis-aminoindanol in the solid
state was recently disclosed by Hattori and Yamatia
diastereomeric mixture of the-amino nitrile prepared by
the Strecker reaction of benzaldehydeS 25)-1-amino-2-
indanol, and cyanotrimethylsilane epimerized in DMSO at
room temperature to give a 1:1 mixture of ti#-(and the
(R)-configurations at ther-position to the nitrile moiety. In
contrast, the same mixture epimerized in the solid state at
65°C to give a single diastereomer (Scheme 32).

7. cis-1-Amino-2-indanol-Derived Ligands in
Asymmetric Catalysis

The conformationally constrained indanyl platform has
emerged as a particularly valuable backbone in a variety of
catalytic processes leading to high levels of asymmetric
induction. This includes catalytic asymmetric carbon
hydrogen, carboncarbon, and carberheteroatom bond-
forming reactions. Ligand derivatives dinclude oxazaboro-
lidines, bis(oxazoline$}* and pyridine bis(oxazoline}31,

metric medium in which to carry out the photoreaction. The Phosphinooxazolin@32 Schiff bases, triazolium salts, aryl
dense packing of the crystal prevents large conformational Phosphatel34, benzoquinonel35 and phosphaferrocene-
motions and ensures that only one conformational diastere-0xazolinel36(Scheme 33)* cis-1-Amino-2-indanoll itself
omer of the photoreactant will be present. In other words, was shown to be an efficient ligand in reduction of
the molecule is pre-organized for abstraction of only one of carbonyls®®146-149

the diastereotopig-hydrogen atoms. Upon photolysis, the

Oxazaborolidines otis-aminoindanol 129 were devel-

chiral auxiliary attached to the aromatic ring of the aryl oped for reduction of carbonyls and were shown to be of
ketone is lost as part of the Norrish type Il cleavage process,value in the reduction of iming8%1%4 B-Hydrogen ox-
leaving the enantiomerically enriched olefin behind. Experi- azaborolidines were prepared in situ frdnand BH-THF,
mentally, in the presence of different chiral auxiliaries, while stock solutions oB-methyl oxazaborolidines were

enantiomeric excess was inducectis-3a,4,5,6,7a-hexahy-

Scheme 33
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The extremely versatile class of aminoindanol-derived Scheme 34

chiral bis(oxazoline) ligands were developed by Davies, 0.5% VO(acac),

Senanayake, and co-work&s!%6and Ghosh and co-work- 0.52% 142

erg*4157independently to study the effect of conformational acetone. 0°C 0

rigidity of ligands in the catalytic asymmetric Dietélder gy S~gBY ' rpe S g tBY
reactiont*®-162 These ligands were later found equall " 98% vield
efficient for asymmetric %etero-DieisAlder reactionsl,63(’1164 d 137 slow addition of 138 oot
conjugate addition®¥® and conjugate radical additioff$. H,0, over 200 kg-scale
Inda-box ligandl30(R = H) was obtained by condensation .

of 1 with the appropriate amide enol ether dihydrochlotéte. " ;'gHZT‘HF 0
More constrained inda-box ligands (R H) were prepared ke t_Bu«S\NHz
either by Ritter type reaction df with the corresponding 2) crystallization 139

dinitriles in the presence of trifluoromethanesulfonic &%id
or by dialkylation of 130 with the corresponding alkyl
iodidest®®

Chiral pybox ligands were synthesized as ligands for the
asymmetric cyclopropanation of styret¥#In-pybox ligand

_ OH _
131 was prepared by reaction of with 2,6-pyridine N OH
dicarbonyl dichloride in the presence of potassium hydrogen R OH R OH

R R

t-Bu

carbonate in isopropyl acetate followed by cyclization of the
bis-hydroxyamide with BEEt, at 120°C 168
140 R=tBu 142 R=tBu

In light of the remarkable results obtained with the ligands 141 R=H 143 R=H
described above, several new classes of aminoindanol- ) N ) )
containing ligands were recently disclosed which take copper-catalyzed conjugate addition of diethylzinaxg-
advantage of the rigidity and steric bulk of the indanyl unsaturated ketoné®
platform. Among those, phosphinooxazolih®2, prepared , o
by reaction of1 with diphenylphosphinobenzonitrile, was 7.1. Asymmetric Oxidations

studied as a possible ligand for the asymmetric allylic  gnantiopure sulfinamides have proven extremely versatile
alkylation of small acyclic allyl acetate substratés. chiral ammonia equivalents for the asymmetric synthesis of
Aminoindanol-derived Schiff basek33 were developed  chiral amines. Ellman first introducedrt-butylsulfinamide
as tridentate ligands for the chromium-catalyzed hetero- in 1997186 Enantiomerically purd 39 was first synthesized
Diels—Alder reaction between weakly nucleophilic dienes in two steps from the inexpensive petroleum byproduct di-
and unactivated aldehyd&8.The generality of the utility tert-butyl disulfide137in 68% yield. Asymmetric oxidation
of these Schiff bases, readily obtained by condensatidn of of 137proceeded with high enantioselectivity and conversion
with the corresponding aldehyde, was later demonstrated inusing VO(acag)ligand 140 and hydrogen peroxide in
the hetero-DielsAlder reaction between Danishefsky's chloroform. After purification of the thiosulfinate este88,
diene and chiral aldehydé&, as well as in the inverse displacement with LiNH provided A in analytically and
electron-demand, hetero-Dielglder reaction of a,f- enantiomerically pure form by simple recrystallization
unsaturated aldehydes with alkyl vinyl ethéfs,and in (Scheme 34)8 Scalability and reproducibility ¥1 mol)
hetero-ene reactiort* More recently, these tridentate Schiff issues arose due to the following: (a) ligai#Dis derived
bases have been successfully applied to the quinone-biels from tert-butyl glycinol (the §)-enantiomer is expensive and

Alder reactioA™ for the asymmetric synthesis of-{- the R)-enantiomer is not commercially available), (b) use
colombiasin A" They also proved efficient ligands for of chloroform (toxic) to achieve high conversion and
asymmetric oxidation¥6:177 enantioselectivity, (c) the biphasic system chloroform/water

Aminoindanol-derived triazolium salts were developed as IS sensitive to the vessel shape and rate of stirring, and (d)

extremely efficient catalysts for the enantioselective intramo- Necessary purification of thiosulfinaf8 by bulb-to-bulb
lecular Stetter reaction and were later applied for the distillation. A new homogeneous oxidation was therefore

synthesis of optically pure-chloroesterd?-182 developed’® It proceeded efficiently, independent of the
reaction scale and can be performed at high concentrations
using the relatively nontoxic acetone as solvent. This
homogeneous oxidation was found to proceed with suf-
ficiently high conversion and fidelity that no purification of

Aryl phosphatel34 was studied as a possible ligand in
the palladium-catalyzed allylic alkylation and allylic sul-
fonation reactions. This P,N-ligand was easily accessed by
condensation of ferrocenealdehyde followed by reaction with 138 was necessary to prepal@9 by direct addition of

bls(2,6-d|m§thylphenyl)chlorophosphFl‘é”?. LiNH . Finally, optimization of the ligand source led to the
Benzoquinond 35was reported as one of a new class of gejection of ligand.42 Both enantiomers df42are readily

amino alcohol-derived benzoquinones tested in the pal- gccessible in one step from commercially available, enan-
ladium-catalyzed 1,4-dialkylation of 1,3-dienes. These ligands tjomerically pure cis-1-amino-2-indanol and 3,5-dért-

were prepared by reaction df with C-symmetric 1,4-  pytyisalicylaldehyde. These significant improvements over-

diallyloxy-2,5-benzenedicarboxylic acid chloride followed by  came the scalability problems of the original synthesis of

allyl deprotectior®* 139 and was run on a large kilogram scale (Scheme 34).
Bidentate phosphaferrocene-oxazolit®6 generated by In a very detailed study, Hartung and co-workers described

acylation with the corresponding phosphaferrocene trifluo- the (Schiff-base)vanadium(V) complex-catalyzed oxidation
roacetate followed by oxazoline formation, has proved to of substituted bis(homoallylic)alcohols for the stereoselective
be a highly efficient ligand for asymmetric induction in the synthesis of functionalized tetrahydrofurdisOxidation of
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Scheme 35 >_<_T_>_

R4 . .Ru
1.5 equiv. TBHP W
R OH 10 mol% 143 oH OH LR H HONI H)Mke
] .
CHCly, 1t,48h Ry RR . R H--o" “ph
Rs | R OH
2
R” R Ra Rs Ry
144 145 146 Figure 10. Proposed transition state for the transfer hydrogenation
R=Me, Ry=Ph, Ry=H, R;=H  83% (93:3 cis:trans) 13% (46:54) to carbonyls.
R1=H, Ry=Ph, Ry=H 55% (9:91) 4% (<2:>98)
Ry=H, Ry=H, R;=Ph 76% (<2:>08) - Scheme 37
R=H, Ry=t-Bu, Ry=R3=H 59% (39:61) -
R4=R,=H, R3=t-Bu 61% (<2:>98) -
Cl, i /Q
Scheme 36 S) RN RN
‘OH  1p ~r e
0.25 mol% [RuCly(p-cymene)l, R (D/ Cl
1 mol% L* NH
2.5 mol% KOH 1 2 148
0 FProH, rt OH
PN e
Ph” “Me Ph” "Me HCI
L*= (1R,2S)-1 91% e.e.

147 23% e.e.
77 21% e.e. ®E>
=0
NH, NH, Me~NH HN--—-Rh
o : 149 ¢l
OH ©:>--'OH

(1R25)1 147 77 l Base

secondary or tertiary 1-substituted 5,5-dimethyl-4-penten-

1-ols, usingtert-butyl hydroperoxide (TBHP) as primary @O\
HN—RHh
150

oxidant and vanadium(V) complex, prepared from tridentate

Schiff-base ligand41and VO(OEt), as catalyst, provided OH

2,5cis-configured tetrahydrofurans in good yield and moder- Ph OH
ate-to-good diastereoselectivity (61:39 to 98:2 d.r.). In )\
addition, by the use of the same oxidation system, 2- or o

3-substituted 5,5-dimethyl-4-penten-1-ols ledrems-disub-
stituted oxolanes (81:19 to 98:2 d.r.). Finally, oxidation of Ph

o}
4-penten-1-ols (i.e., substrates with monosubstituted olefinic ©:>...o )]\
m-bonds) gavérans-disubstituted tetrahydrofurans as major 7\ ﬁi

)

product (60:40 to 98:2 d.r.) regardless of the substitution on HN—Rh
the alkenol chain (Scheme 35). 151
7.2. Reduction of Carbonyls metal-ligand bifunctional mechanism is considered to be
. valid as well}*? In the presence of base, the catalytic species
7.2.1. Transfer Hydrogenation 150 is formed from precursofi49 by HX removal. This
cis-:Aminoindanols have been shown to be excellent active catalytic specie$50 facilitates the H-transfer from
ligands for asymmetric transfer hydrogenattd#:146Reduc-  the solvent 2-propanol to the substrate ketone through the

tion of acetophenone in 2-propanol in the presence of 0.25formation of intermediatd 51 and acetone. The catalyst is
mol % of [RUCk(p-cymene)}, 1 mol % (IR,29)-cis-1-amino- restored by reduction of the ketone (Scheme37).
2-indanol, and 2.5 mol % of potassium hydroxide proceeded A thorough study of this catalyst system was made by
in 70% vyield and 91% eeS. Enantioselectivities were Gauvriilidis. It appears that this rhodium catalytic system gives
considerably lower with phenylglycinol (23% ee) ok faster reaction rate than Wills’s ruthenium catalyst, although
methyl<cis-aminoindanol (27% ee) as ligands. These results @ slightly lower conversion is obtainétf. The enantiose-
strongly suggested that a stereochemically rigid backbonelectivity was found to decrease with conversion. The effects
enhanced the degree of asymmetric induction and that aof various reaction parameters were investigated, and the
primary amine function in the ligand was essential (Scheme results indicated that the catalyst can be deactivated by high
36). temperature and air atmosphere. Also, the use of acetone
Mechanistic studié4’ tended to demonstrate that the Was found to decrease the reaction rate. Overall, this catalytic
hydrogen transfer proceeds via a six-center transition stateSyStem was found highly efficient both in terms of economics
similar to that proposed by Noyori with monotosylated (Iow catalyst usage and cheap, readily available ligand) and
diamine complexes of ruthenium(ll) (Figure 169. in terms of efficiency (consistent high-quality produt®).

Excellent results have also been obtained using the CATHy 722 Borane Reduction
(catalytic asymmetric transfer hydrogenation) catalyst and ==
aminoindanol/pentamethylcyclopentadienylrhodium. Since  Since the discoveries of Itsut¥®and Corey° remarkable
this catalyst’s structure is similar to Noyori’s catalyst, the advances have been made in the enantioselective reduction
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Scheme 38 Scheme 40
1.25 equiv. (1S,2R)-1 o] OH
0 2.9 equiv. BHg THF OH e BH, THF T 6L
Ph)LMe 95% yield, 87% PhMe Ph P
> ield, e.e.
°Y ’ 154 10mol% N\B 155
Scheme 39 ©i> >99% vyield
1) x equiv. (1S,2R)-1 (1S.2R)
N‘,OMe y equiv. BH3.THF, rt NH, 156 R;=H, Ry=H 89% (0°C); 91% (rt)
®) 157 R4=Me, R,=H 96% (-20°C); 94% (0°C); 92% (1t
Ph M 2) oxoess BHGTHF, 70°C o e 158 R.=Mo, R.=Bu b (20°C): 9% (0°C); 52 Ert;
x=125,y=29 95% e.e.
x=0.12,y=29 46% e.e. 159 R;=Me, R,= 82% (rt)
. . . . =| = 9
of prochiral ketones using amino alcohol-derived oxazaboro- 160 Ri=Me. R, : 89% (1t
idi 191,192 i Z
lidines: In most cases, these amino alcohols were ¢4 g e R, m 40% ()
obtained from chiral pool sources. Consequently, extensive HN
synthetic manipulations were often necessary to access their 162 R,=Me, R,= 0% (rt)

"’3}

unnatural antipode. Didier and co-workers were first to
examine the potential ofis-aminoindanol as a ligand for 163 R;=OMe, Rp=H 85% (rt)
the asymmetric oxazaborolidine reduction of ketot¥es. |
Several acyclic and cyclic amino alcohols were screened for

the reduction of acetophenone (Scheme 38), aiw Scheme 41
aminoindanol led to the highest enantioselectivity (87% ee). H

Interestingly, Didier also studied the reduction anfti- Br ® g
acetophenone oxime methyl ether (Schemé®3®)d again BH,.THF, T°C
observed thatis-aminoindanol yielded one of the highest g o BnO
selectivities (95% ee). However, a stoichiometric amount of NO, X mol% N\B NO,
amino alcohol was needed to achieve high degrees of 164 165
asymmetric induction. Use of a catalytic amount of amino (1st)
alcohol resulted in a considerable decrease in product
enantioselectivity.

Researchers at Sepracor later disclosed the use of a new
class of chiral oxazaborolidines derived frass-aminoin-
danol in the enantioselective borane reductionudfaloke-
tonest®?51The B-hydrogen oxazaborolidine ligarid6was OH
prepared in situ froncis-aminoindanoll and BH THF 152 . H
Stock solutions oB-methyl oxazaborolidiné57—162were -
obtained by reaction of the correspondiiglkyl aminoin-
danol with trimethyl boroxiné®®151 B-Methyl catalyst157 NHCHO
was found to be more selective (94% ee &) than the (R.R)-formoterol
B-hydrogen catalysi56 (89% ee at (*C), and enantiose-
lectivities with 157 increased at lower temperatures (96% trimethyl boroxine for the reduction of acetophenone with
ee at—20 °C). The catalyst structure was modified by comparable enantioselectivity (for the one-pot and the two-
introduction of N-alkyl substituents. As a general trend, step process). Finally, they found tHa&3and the traditional
reactivities and selectivities decreased as the steric bulk orl57 B-Me catalyst, both generated in situ, have significant
the chelating ability of theN-alkyl substituent increased endurance during iterative reaction sequences (up to 12),
(Scheme 40). allowing for in situ recyclingt>*

Borane reduction of a variety of aromatic ketones using  This methodology was successfully applied to the asym-
5—10 mol % of B-methyl catalystl57 proceeded ir-95% metric synthesis of,R)-formoterol, a potenf,-agonist for
yield and in 86-97% eea-Haloketones were generally more the treatment of asthma and bronchi#s:°¢ Reduction of
reactive (96-97% ee) than simple ketones which required bromo ketonel64 was a key step in the synthesis (Scheme
higher temperatures (IC compared to-20 °C) to react to 41). An extensive study, involving varying temperatures,
completion and led to lower enantioselectivities {80% boron sources, and phenylglycinol catalyst backbones, was
ee)®0 A complementary study by Umani-Ronchi and co- undertaken in order to determine the optimal conditions for
workers® described the borane reduction of cyclic and the reactiort?® Experimental data clearly demonstrated that
acyclic ketones using catalyst56 All products were each catalyst had its own optimal conditions with respect to
obtained in>89% yield and>85% ee. Cyclic and hindered temperature, boron source, and additives. Conformationally
ketones led to the highest enantioselectivities (up to 96% rigid oxazaborolidine catalysts, containing the tetraline or
ee) at room temperature. indane backbone, proved to be the most effective in the

More recently, Jones and co-workers investigated the reduction ofl64 The highest selectivity was achieved using
utility and applicability ofB-OMe oxazaborolidinel 63154 a stock solution of catalysi57 at —10 °C (96% ee).
They prepared thB-OMe complex in situ from inexpensive  Although lower selectivity was obtained with the in situ
borate esters. The results show that all the borate esters usegreparedl56at 0°C (93% ee), this catalyst was chosen for
in situ performed as effectively as the isolated catalyst. Also, the large-scale process as its preparation was easier, less time-
inexpensive trimethyl borate could be used instead of consuming, and involved inexpensive reagents. On a multi-

\ 7

0O

156 R=H x=10mol%, T=0°C 93% e.e.
157 R=Me x=5mol%, T=-10°C 95% e.e.
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kilogram scale, bromohydrifi65 could be isolated in 85% PP Ph

yield by crystallization, which directly enriched its enan-

Ph
tiopurity to >99% ee. CHe{)h @Nié%lo_m
Or@

The proposed mechanism of reduction involves the { _—
coordination of a borane molecule to the nitrogen of the N-§ Me—R5
oxazaborolidine in dransrelationship to the indanyl sub-
stituent. The ketone coordinates to the boron center of the 175
oxazaborolidinegis to the coordinated borane, in a possible . ) o
boatlike transition stat&66 or chairlike transition staté67 ~ THF,**they studied the dependency of the enantioselectivity
(Figure 11). In both cases, intramolecular hydride attack Of the asymmetric reduction of acetophenone with solvent
occurs from theReface of the carbonyi®©.193 and borané®* They found BH-DMS in THF or EtO to be

Mechanistic studies by Jones and co-workers excluded thethe optimal hydride and solvent source for ketone reduction
possibility of dimeric catalytic species, as a linear dependenceusing catalystl71 A strong correlation of the monomer/
was observed between the catalyst's enantiopurity and thedimer ratio and high selectivities in THF and.@t was
reaction’s enantioselectivifif#19719 The test reaction was ~ Observed and lent further support to the hypothesis that the
the desymmetrization afeseimide 168 using chiral ox- ~ Predominance of the monomeric forh75is essential for
azaborolidine catalysts derived froais-(1R,25)-1-amino-  achieving high enantioselectivitié%'
2-indanol. The sense of the enantioselectivity of the reduction .
was established by conversion of hydroxy lacti®®to the 7.3. Addition to Carbonyls
known ethoxy lactani70 (Scheme 42)%° . , , .

The decreasing enantioselectivity with increadiiglkyl 7.3.1. Trimethylsilylcyanide Addition
steric bulk was rationalized by assuming the model described Tridentate salen ligands derived from enantiopaig
above (Figure 11). As mentioned earlier, the key feature of aminoindanol were prepared in an effort to explain the
this model is the coordination of borane on the least hinderedrelationship between the ligand structure and the enantiose-
exoface of the oxazaborolidine. This coordination is revers- lectivity in the Ti(IV)-Schiff base-catalyzed asymmetric
ible, and large substituents on the nitrogen can displace theaddition of trimethylsilylcyanide to benzaldehy#&.The
equilibrium toendoface coordination, therefore, diminishing nature and position of substituents on the Schiff base phenyl

Pr 176

the sense of asymmetric induction (Scheme’43). ring were shown to have a great influence on the reactivity
These results prompted Jones and co-workers to investigateand selectivity of the reaction. An enantiomeric excess of
further mechanistic details of reactions of catalystl 85% was reached using 20 mol % of a 1:1 complex of Ti-

Bearing in mind that the key feature of this catalyst system (O-i-Pr), and tridentate ligandi80(Scheme 45). Modification

is the equilibrium that coexists between the monomgris of the titanium/ligand ratio to 1:2 resulted in a considerable
and the dimerid 76 forms of oxazaborolidine (Scheme 44), loss in enantioselectivity (19%). These observations are in
the latter of which breaks down to the active monomeric accordance with Oguni's studi@swhich identified L*Ti-
form 175in the presence of a coordinating solvent such as (O-i-Pr), 181as the active species and determined bis(Schiff
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Scheme 45 Scheme 47
TMSCN 20 mol% catalyst o
x mol% 138 20 mol% KHMDS
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catalytic

species 191 Y=OMe 94%, 94% e.e. (R)
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Scheme 46 Scheme 48
20 mol% 189 o
j\ y auiy. Btz 2EYSt oH 20 mol% KHMDS
+ 2 equiv. n ——— : CHO PhMe, rt, 24 h
" 2 M X T (e
177 182 0 " Ewe 0o
NR, 192 193
: EWG=CO,Et 58%, 95% e.e.
catalyst = 0, " 78-989 EWG=COEt 90%, 92% e.e.
o oo (] oon qeem horee 0 e
= 0,
R = n-Bu, allyl EWG=CONH,, CHO, NO, 0%
R. OH in an acyl anion equivalent attacking an electron-deficient
. N . olefin. This transformation provides access to 1,4-dicarbonyl
20 mol% NR, O oo systemg% In addition, if the Michael acceptor is a prochiral
R = Et n-Bu alkene, this reaction generates a new stereocenter. Rovis and
R' = Me, Et, Ph co-workers reported a highly enantioselective intramolecular

Stetter reaction using a family of chiral triazolium salts,
base) compounds LTi to be inactive toward the catalytic ~ Which includes185-191 (Scheme 47)®

hydrocyanation of aldehydes. Under optimized conditions (KHMDS as base and xylenes
as solvent at room temperature), the reactivity of structurally
7.3.2. Diethylzinc Addition similar carbenes was studiert-Leucine-derived catalyst

- S . 186 proved inactive in the intramolecular Stetter reaction
In parallel to their investigations on the asymmetric 0 4 steric congestion. The benzyl catali@was found
reduction of ketones, Umani-Ronchi and co-workers exam- g \herior to hoth valine- and phenylglycine-derived catalysts

ined the utility ofcis-aminoindanol derivatives as catalysts 187 and 188 Aminoindanol-derived catal
. " . . - - yst89 showed
in the addition of diethylzinc to aldehyd&SWhenN-dibuty! optimal selectivities, with reduced yields. Electronic tuning

or N-diallylaminoindanol were used as catalysts, secondary ; ; ;

. A . ' =¥ of the phenyl ring of the triazole nitrogen to produce a more
alcohols could be obtained in high yields, but the enantio- electropn—ricz cogr]nple>CL91 led to im%rovedp yields with
selectivities fema'”ed low, in the 4G0% rgtsnge (Scheme o cellent enantioselectivity (Scheme 47 Substitution on
46). Interestingly, several recent studis™ have taken o "phenvi ring of 1 is tolerated and leads to subtle
advantage of alternative isomers of aminoindanol: foigh differences in reactivity (8695% yield) and enantioselec-

a_ndtrrz]a_nﬁN-_d:Subt;stittute%-z-atmino-l-ti_ndan(_)l were found 5“% tivity (84—97% ee). Furthermore, sulfur and nitrogen atoms
give high yields but moderate enantiomeric excesses ( in place of the oxygen in the tether are well-toleratéd.

80% ee)™ high degrees of enantioselection in the dieth- " rinay " ifferent Michael acceptors were evaluatétt
ylzinc addition to aliphatic and aromatic aldehydes were g 1teq in the observation that the reactivity and selectivity
eventually achieved by introducing an alkyl or aryl substitu- ¢ o hstrates containing different electron-deficient double
ent at C-1 oftransN-disubstituted-2-amino-1-indanol (Up ,n4q yaried significantly under identical conditidfi.
to 93% eef Optimal results were obtained with bulky \yhije o s-unsaturated aldehydes, amides, and nitro com-
groups at the hydroxy-bearing carbon and at the nitrogen ,,,nqs did not yield any cycloadduat,3-unsaturated esters,
(R=Ph,R= n-Bu), Wh'(’fh led to the formation ofR)-1- ketones, and nitriles led to Stetter products in high yield and
phenylpropanol in 90% yield and 93% ee (Scheme 46). enantioselectivity (Scheme 48:160
Subjecting a,,a-disubstituted Michael acceptors to the
asymmetric Stetter reaction using triazolinylidene carbene
Umpolung reactivity of functional groups is a powerful 197resulted in a highly enantioselective conjugate addition
methods for reversing the normal mode of reacti¥®yThe (99% ee) and a diastereoselective intramolecular proton
Stetter reaction, which requires a catalytic amount of transfer (150:1 d.r.) (Scheme 4'}.
thiazolium salts in the presence of a weak base, takes In an extension of this work, Rovis and co-workers
advantage of umpolung of the aldehyde reactivity and resultsdecribed the efficiency of thecis-aminoindanol-derived

7.3.3. Umpolung Reactions
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Scheme 49

O CO,Et
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@CHO Me _PhMe, rt,24h ©\)ﬁ)
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88%, 90% e.e., 15:1d.r.
80%, 99% e.e., 150:1d.r.
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Scheme 50
10 mol% 201
1.2 equiv. 200
1.0 equiv. KH
0.5 equiv. 18-crown-6
. CHO q R/\rcozph
+ PhOH >
e e PRMe, T, T9h &
10 equiv.
198 199
Br R=Ph 79%, 93% e.e.
R=Cy 65%, 93% e.e.
Me OH R=n-Pr 65%, 83% e.e.
R=(CH,)sCO,Me 75%, 84% e.e.
200 Br
e} F
=N F
N\/N
F
201 F
F

triazolinylidene carbene€201 as catalyst for the in situ
generation of chirad-haloenolates of 2,2-dichloroaldehydes
and their reaction with phenol to produaechloroesters in
good vyield and enantioselectivity. Although limited to
aldehydes lackinga-branching, the reaction was found
robust, allowing for the synthesis of a wide range of phenolic
esters (Scheme 58%

7.4, Asymmetric Alkylations

7.4.1. Catalytic Asymmetric Cyclopropanation

Davies and co-workers have explored the role of ligand
conformation in the ruthenium(ll)-catalyzed cyclopropanation
of styrene'®® This study was based on results reported by
Nishiyama in which the catalyst prepared in situ from
pyridine-bis(oxazoline)205 and [RuCH(p-cymene)} was

Gallou and Senanayake

Scheme 51
0.2 mol% catalyst
0.8 mol% L* Ph
P ~ CH2C|2 , trans
Ph™ X + N COOEt
2 COOEt
202 203 204

catalyst = [RuCl,(p-cymene)],
L* =205 66%, 92:8 d.r., 89% e.e. (1R,2R)
51%, 9:1d.r, 59% e.e. (1S,2S)

| b \‘/(ﬁ\r
o] “ O, O “ (0]
r N ) T N |
N N N N—
i-Pr 131 é
in-pybox

*=131

205
pybox
Scheme 52
10 mol% Pd(OAc),
10 mol% L*
20 mol% MeSO3zH
3 mol% Fe(Pc)
PH O,/ Solvent
206

Ph
209
L*=135 Solvent = EtOH 31%, 24.8% e.e.
L*=210 Solvent = EtOH 57%, 36.3% e.e.
L*=210 Solvent = CH,Cl, 45%, 54.4% e.e.

i-Pr

OH O
o o
OH KrN OH
5 OH 210

i-Pr O

OH

13

OH O
N
H
”Y@ )
(0] OH

introducing a substituent on th@carbon resulted in de-
creased selectivities, whereas introduction of bulky groups

found to be highly active and selective in the reaction of on theo-carbon enhanced enantioselectivities (Scheme 52).
ethyl diazoacetate with styrene (66% yield, 92:8 d.r. and 89% It was hypothesized that the hydroxyl group was coordinating
ee of majortransisomer)?° Several ligands hindered on to the palladium center, which brought the sterically de-
the oxazoline ring, including 31, were tested, and poorer manding group at the-position of the amide closer to the
yields and selectivities were obtained (ft81, 50% yield, w—allyl. This intermediate207 is in equilibrium with the
9:1 d.r. and 59% ee of majtrans-isomer), which indicated  noncoordinated comple208 which should result in lower
unfavorable steric interactions between styrene and the Ru-levels of asymmetric induction. Sterically demanding groups
(in-pybox)—carbene complex (Scheme 5%). at the S-carbon would indeed favor the noncoordinated

) ) . . intermediate. The effect of the solvent seemed to confirm
7.4.2. Asymmetric 1,4-Dialkylation of 1,3-Dienes this suggested mechanism, as the use of nonpolar, noncoor-

The potential of asymmetric induction of chiral benzo- dinating solvents led to higher enantioselectiviti#s.
quinones containing-amino alcohols as ligands in palla- ) .
dium(ll) catalysis was demonstrated by dB&sall and co- 7.4.3. Allylic Alkylation
workers, although enantioselectivities remained WA Helmchen and co-workers reported phosphinooxazoline
variety of 5-amino alcohols were tested as ligand components (PHOX) ligands to be particularly efficient for the palladium-
in the 1,4-dialkylation of 1,3-dienes, and it became clear that catalyzed allylic alkylation&%%2°7 Although P,N-chelate
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Scheme 53 Scheme 54
NaCH(COOMe), 10 mol% CuClO4-L* -
1 mol% [Pd(allyl)Cl] 10 mol% EtsN
1 Me._~__Me Ph 3
Me._~_ Me 1.1 mol% L vi MS / THE PY
Ph N7 ~Ph
\/\O(A THF, 1t N%Ph + | e Ph
11 ¢ ’ MeOOC™ "COOMe Norg -20°C, 18-20h ~">cooMe
212 COOMe NHTs
L*=213 57% e.e. (S)
L* = 132 76% e.0. (R) 216 27 218
L*=214 70% e.e. (R) L* yield syn:anti (syn) / (anti)
ent-213 81% 67:33 64% e.e. |/ 68% e.e.
219 >10% - -
0 0 3 >95% 6337 84% e.e./ 82% e.e.
| S 520 76% 28 14% e.e./ 46% e.e.
N  PPh, ( N PPh, 94% 79:21 97% e.e. | 94% e.e.
P 213 O 132 n=1
214 n=2
o] ° |
ligand 213 furnished excellent results with large acyclic IN ba (.‘\N PAr,
substrates (e.g., 1,3-diphenylallyl acetate) up to 99% ee, 2
reaction on small acyclic substrates (e.g., 1,3-dimethylallyl R
acetate) gave low enantioselectivities. Taking into account 213 R=i-Pr 132 n=1,Ar=Ph
the many aspects of the allylic alkylation mechanism, it was 219 R=Ph 214 n=2,Ar=Ph

. . . . 220 =2, Ar=24,6-Me-CgH
argued that bulkier substituents on the oxazoline ring would neaA ez

lead to improved enantiofacial discrimination of small acyclic
substrates. Indeed, constrained ligad82 and 214 led to
considerably increased enantioselectivities (Scheme 53)
which were further optimized by running the reaction at
lower temperatures2(4 led to 89.5% ee at40 °C).16°

A series of chiral P,N-bidentate aryl phosphite ligands were
recently studied for the allylic alkylation of small acyclic
substrates (Figure 12). In this case, the rigid indanyl

derivatives?1°In the course of the study, copper(l) complexes
of phosphine-oxazoline ligands were found to be the most
'effective catalysts for the transformation. Among, the P,N-
ligands tested, those derived fromR(2S)-1-amino-2-hy-
droxy-1,2,3,4-tetrahydronaphthalene gave the most encour-
aging results in terms ayn/antiselectivities. Althougi214

led to improved diastereoselectivities compared1®&2,
enantioselectivities were much poorer. Rapid steric and
electronic tuning of the phosphine aryl substituents yielded

the novel ligand220, which gave the diamine adduz1i8in
\—/ a remarkable 79:2%yn/antiselectivity and 97% ee for the
o) 0 '

, an synisomer (Scheme 54§°
dP—O N= dp—o N= SpectroscopiéH NMR investigations revealed that only
b _@ 216coordinated to the Lewis acid. It was therefore assumed
@7 Fe @7 Fe that the catalyst activatexl 6 by coordination followed by
134 R deprotection by the base to give the chiral ligand Cu(l)-

stabilized imino glycine alkyl ester anion. Mechanistic studies
gave the geometry 0221—-224 derived from ligand214
backbone led to moderate enantioselectivities (50% ee using?nd 220 as tetrahedral around the copper center (Figure
134in THF) compared to ligan@15(69% in THF and 82%  13)**° Semiempirical PM3 calculations showed that inter-
in CH,Cl,).18 The fact that the allylic alkylations could be

performed at room temperature and did not necessitate lower

Figure 12. P,N-Bidentate aryl phosphite ligands.

reaction temperatures to achieve high selectivities is par- 0 | 0 |

ticularly noteworthy. These ligands were also tested in the WN, PAr, WN, PAr,

allylic sulfonation reaction, and the same trends in enantio- :Cu’\ /CU’\ Ph

selectivities were observée / \>=N 0 o, N=<
\-={ Y/ PR

7.4.4. Mannich Reaction OMe MeO

) ) ) 221 Ar=Ph 223 Ar=Ph
Studies using the tetrahydronaphthol backbone as chiral 222 Ar=2,4,6-Me-CgH, 224 Ar=2,4,6-Me-CgH,

auxiliary or as ligand in catalysis often showed that the Figure 13. Possible coordination modes.
relative flexibility of the six-membered ring was highly
detrimental to the achievement of good levels of asymmetric mediate221is <1 kcal/mol less stable tha?23 whereas
induction, such as in the DielAlder reactiod?? or in the 222 was found 12.4 kcal/mol more stable thz@4 The
addition of diethyl zinc to benzaldehyd®.However, it led remarkable gap in energy differences correlates and accounts
to similar or slightly improved selectivities compared to the for the difference in enantioselectivities obtained experi-
more rigid indanol platform in the borane reduction of mentally with ligands214 and 220 (20% ee and 97% ee,
carbonyl$°6:208.2093nd the addition of Grignard reagents to respectively). The relative stability @22 compared t®24
ketones:° was attributed to steric repulsion #24 between the 2- and

In a recent publication, Jgrgensen and co-workers de-6-methyl substituents of the phosphine aryl groups of the
scribed the first enantioselective Lewis acid-catalyzed chiral ligand with the phenyl groups of the benzophenone
Mannich reaction of imino glycine alkyl esters with imines imine. The same methyl substituents of the phosphine aryl
as a new approach to optically actiwes-diamino acid groups apparently shield tiReface of the carbon atom of
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Lo ooou, U,

Figure 14. Schematic illustration of the possible advantage of
tridentate ligands over tetradentate ligands for the activation of
aziridines.

U

Scheme 55
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Gallou and Senanayake

Scheme 56

5 mol% Cu(OTf),
6 mol% L*

toluene, 0°C Et O

Prgs/)'\/U\Ph

34% e.e.
62% e.e.
79% e.e.
71% e.e.
82% e.e.
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L = 121

Me
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Me@NJ
! R
Me ke Me
Me/@Me
Me

232 R=j-Pr
233 R=Ph

enones with good enantioselectivity. The substitution pattern
on the phosphoryl ring, as well as on the oxazoline, was
shown to have an enormous impact on the selectivity.

216 which acts as a nucleophile. Indeed, the proposed Ligands 230 and 231, which share the same absolute

preferred approach of imin@17 from the Siface of
benzophenone imin216 accounts for the diastereo- and
enantioselectivities observed (Figure 3).

7.4.5. Azide Addition
Tridentate Schiff base chromium(lll) complexes were

configuration in the oxazoline, provide th&){1,4-adduct

preferentially. This observation led to the conclusion that
the stereochemistry at the oxazoline, and not the planar
chirality of the phosphaferrocene, was responsible for the
stereochemistry of the conjugate addition. Introduction of a
phenyl group at C-5 of the phosphoryl ring further enhanced

identified as the optimal catalysts for the enantioselective the enantioselectivity of the reaction. The best result was

ring opening of meseaziridines by TMSN.?!! Indeed,

preliminary studies have shown that, although the (salen)-

obtained with thecis-aminoindanol-derived ligandL36
(Scheme 563%° The reaction conditions were optimized by

chromium complexes catalyzed the reaction to some extent,USing Cu()OTf instead of Cu(ll)(OT) and diethylzinc
they consistently led to low enantioselectivitiesl4% ee).  addition to chalcone witli36as ligand gave the 1,4-adduct
It was rationalized that the diminished reactivity and N 87% ee. . .
selectivity of the salen complexes with aziridines compared _ SiPi studied the copper-catalyzed conjugate addition of
to epoxides was due to the steric hindrance created by theSilylketene acetals t;Bs-enamdomalonates using chiral bisox-
N-substituent of the coordinated aziridine. As expected, 8zolines as ligand$> Addition of neutral nucleophil®©,S
improved results were observed using tridentate ligands onketene silyl aceta?35to malonate234was performed with

the chromium center, as they offer a less hindered coordina-10 mol % of Lewis acid Cu(OTf)and 10 mol % of

tion environment (Figure 14)!
Extensive optimization studies identified highly electron-
deficient 2,4-dinitrobenzyl-substituted aziridines as the mos

reactive substrates, chromium as the metal of choice, and
indanol-derived Shiff bases as the most effective ligands. In

this ring-opening process, catalys7 provided the highest

selectivities. When these optimized conditions were used, a

variety of aziridines were selectively opened in a very
efficient manner (Scheme 55} This reaction can provide
an easy access @-symmetric 1,2-diamines, a valuable class
of chiral auxiliaries, and even to less accessible Ggn-
symmetric 1,2-diamines because of the differentially pro-
tected amines of the ring-opened products.

7.5. Conjugate Addition

bisoxazolines130 and 237—240 as chiral source. When
ligand 238 was used,-amino acid derivative236 was

; obtained in 96% yield and 89% ee (Scheme 57). A working

model for the conjugate addition was proposed where the
copper metal coordinates the malonate carbonyls and the
addition occurs from theSiface of the olefinic bond.
However, other chelation modes can be speculated, involving
the amido functional group in six- or eight-membered
rings16s

The enantioselective conjugate radical addition using chiral
bis(oxazoline)-based Lewis acid was also studied by Sibi
and Portet$ Stoichiometric amounts of metaligand
complexes derived from a number of box-ligands and a
variety of Lewis acids including Mgland Zn(OTf} were
examined in the addition t8-substituted o, -unsaturated
N-oxazolidinone compounds. The enantioselectivity of prod-

A new class of phosphaferrocene-oxazoline ligands was uct 243 which ranged from 37% to 82% ee., was dramati-
recently disclosed by Fu and applied to the copper-catalyzedcally improved (up to 93% ee) using rigid aminoindanol-

asymmetric conjugate addition of diethylzinc to acyclic

derived inda-box ligands (Scheme 38 Catalytic amounts
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Scheme 57
(0]
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>95% yield 236 COOMe
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* =238 89% e.e.
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i-Prl
x mol% Mgl,-L*,
BU3SnH, Eth/Oz
L 7 R
0 NJ\/\Ph 0" N Ph
_/ -/
242 243
*=241 x =100 mol% 61% e.e. (R)
L*=239 x =100 mol% 47% e.e. (S)
*=238 x =100 mol% 93% e.e. (R)
=238 x=30mol% 97% e.e. (R)

(5—30 mol %) of the Mg}-238 catalyst retained excellent
enantioselectivity levels (9997% ee). The reaction could
be performed at room temperature with little loss of
selectivity (93% ee using 30 mol % 888). In comparison,
conjugate radical addition to pyrazole derivatives using Zn-
(OTf),—box- Ilgand complexes led to moderate enantiose-
lectivities?'? It is still unclear why pyrazole and oxazoli-

Chemical Reviews, 2006, Vol. 106, No. 7 2865

Scheme 59
)o]\ o) M(OTf),-L* i
ToC o]
o NJ\/ i
7/ 0”7 °N
L°
244 245
L* M T endo/exo e.e.
ent-148  Cy(10mol%) -50C 30%
155 Cu (10 mol%) -50C 50:1 82% (S)
155 Cu (10 mol%) -65C 130:1 92% (S)
;,17?_11 ¢ Cu(@mol%) 78C >99:1 94% ()
o i1e  Cu (4 mol%) 8C >99:1 99% (R)
Mg (10 mol%) ~78C 95:5 349 (S)

SR,

Ph Ph

239

g &%

by Evans'®® which results in a preferentis#ndo-Siface
attack of the diene. For magnesium Lewis acids, a Cerey
Ishihana transition state would explain the reversal of
selectivity as magnesium adopts a tetrahedral geometry,
favoring the diene attack from the less hindertlo-Re
face (Figure 15}°°

endo
Re-face
attack

H\Z: &=, ° \<; \2+,O—?
H\O—N_/ \04} endo O—<:|

\/ Si-face

attack
Figure 15. Proposed transition states for the copper- and magnesium-
catalyzed asymmetric DielsAlder reaction.

The ligand bite angle and its impact on the enantioselec-
tivity were examined by Davies, Senanayake, and co-
workers1®>156.169 g first series of experiments, such ligands
as 246, which form a six-membered copper chelate, were
found to be the most selective. It was postulated that ligands
249and250were far less selective because of the increased

dinone templates gave products of opposite configuration flexibility of the seven- and eight-membered metal chelates

using the same chiral Lewis acid.

7.6. Pericyclic Reactions

7.6.1. Diels—Alder

Inda-box ligands were applied to the metal-catalyzed
asymmetric Diels-Alder reaction of cyclopentadiene with
o,B-unsaturated\N-oxazolidinones by Davies and Senana-
yake®5156 and GhosH’ independently. Conformationally
constrained inda-box ligar@#6 displayed excellent selectiv-
ity level (82% ee) compared to phe-box liga@d@9 (30%
ee) in the copper-catalyzed Dieldlder reactiont® In

formed with coppet® Modification of ligand246to increase
the bite angle (calculated in the increasing or@dB <
246 < 252 < 251 < 238 resulted in higherenddexo
selectivities as well asndeenantioselectivities of cycload-
duct244(Scheme 60Y°¢169The orientation of the C-8 proton
of the aminoindanol moieties in the “chiral pocket” of the
copper complex was believed to play an important role on
the stereoselectivity of the DielAlder reactiont®® Another
explanation raised the possibility that a larger bite angle
would altogether change the coordination around the copper
center, away from the idealized square planar mé&el.
Ghosh improved the utility of inda-box ligands in the

addition, Ghosh has shown that the use of magnesium asDiels—Alder reaction by using cationic aqua complex derived
Lewis acid led to moderate and reversed enantioselectivitiesfrom 130 and Cu(CIQ)-6H,O. The complex had the

compared to copper Lewis acid (Scheme 59T hese results

considerable advantage of being air-stable, and reaction of

have been rationalized using a square planar conformation244and cyclopentadiene at78 °C for 11h using 10 mol %

of copper and sis-conformation of the dienophile proposed

of agqua complex afforded cycloaddu245 in 88% yield,
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Scheme 60 Scheme 61
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246 50:1 82% (S)
249 8:1 13% (R)
250 29:1 6% (R) /
238 44:1 96% (S)
251 38:1 92% (S) 0.9 (
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Scheme 62
TMSO 10 mol% Cu(OTfH,-L*
S +
OMe
257

0
-78°C
246 X =CMe: 238 n=1 J\
249 X = (CHy} 251 n=2 H® COOMe
250 X = (CHy)s 252 n=3
253 n=4 258
B - . O
>99:1 enddexo selectivity and 98% eeS. Cryogenic 0 OTMs
temperatures were not necessary to achieve high levels of Meo™ X ~coome *
enantioselectivity as the same reaction could be run°&t,0 0~ ~COOMe
which allowed for completion of the reaction within 1 h, to 259 260
give 245in similar yield (91%) with little loss of selectivity | TFA T
(98:2 enddexg 95% ee §)).161 )
The importance of the rigid aminoindanol backbone in L yield (2steps) - e.e.
asymmetric catalytic DietsAlder reactions is a subject of 2 3322 1122 @
continued interest??4A recent example immobilized the ent-130 70% 72% (S)
copper-inda-box complex onto mesoporous silica in the
context of continuous large-scale production of chiral Om/\f}
compound$% When 10 mol % of this catalyst was used S/N N~
(Figure 16), the DielsAlder reaction betweer244 and R R
241 R=tBu
A 239 R=Ph
~ 0. OEt
- —o’S'Yﬁo diastereoselectivity, and 93% ee. The absolute stereochemical
Siozé—OEt outcome of the reaction is consistent with the proposed
= transition state assembl256 in which the dienophile
7% ho coordinates at the axial site of the metal, proximal to the
;—OH indane moiety throughr-attractive interactions. In this

complex, ther-basic indole and the-acidic dienophile can

Figure 16. Immobilized coppetrinda-box catalyst. assume a parallel orientation facilitated by the octahedral
geometry of the transition metal. The aldehyde would then

cyclopentadiene proceeded in 99% yield, 1&dddexo react through a preferentia-cis-conformation (Scheme

selectivity, and 78% ee aéndocycloadduct. The catalyst 61)2%°

could easily be recovered and reused several times without )

significant loss of diastereoselectivity (15%ehddexoselec- 7.6.2. Hetero-Diels-Alder

tivity after the fifth reuse) or enantioselectivity (72% ee after ~ The asymmetric hetero-DietsAlder reaction using inda-
the fifth reuse)®? The same remarkable reactivity was pox ligands was first investigated by Ghosh and co-
observed with a number of diene/dienophile partners. workers!3 Danishefsky’s diene and glyoxylate esters were

Isomers ofcis-1-amino-2-indanol have attracted consider- reacted using copper triflate as Lewis acid. The reaction gave
ably less attention, even though improved asymmetric a mixture of Mukaiyama aldd@259 and pyranone derivative
inductions have been reported on several occasions. For260 after standard workup. Treatment of the crude mixture
example, Corey and co-workers envisioned thgR-amino- with trifluoroacetic acid allowed for ring-closing @9and
1-indanol-derived titanium comple364 could provide high led to260as the sole product. Aminoindanol-derived ligand
selectivities in the DielsAlder reaction of 2-bromoacrolein  ent130 afforded the highest yields and enantioselectivities
and cyclopentadieri@®When 10 mol % of titanium catalyst  (Scheme 62). As observed for the Dielslder reaction, use
254 was used, synthetically versatil®)(bromoaldehyde  of magnesium triflate as Lewis acid resulted in largely
adduct 255 was obtained in 94% vyield, 67:&xdendo decreased and reversed enantioselectivifies.
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Scheme 63 Scheme 64
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The synthetic utility of this methodology was demonstrated catalyst
in the asymmetric construction of the;€C,4 segment of (1R22638)-269 113
antitumor macrolide laulimalide. When Cu(OZF§nt130 (1S.2R)-269 1:33

was used as catalyst, Danishefsky’s diene reacted with
benzyloxyacetaldehyd261 to provide cycloadduc262 in
76% yield and 85% ee. Standard synthetic manipulations on
dihydropyran262led to the G—Cy4 segment of laulimalide

(Scheme 63)%* | i 5
Jacobsen and co-workers investigated the diastereoselec- [N\Cr/o Qj: o

tive hetero-Diels-Alder reaction between Danishefsky’s o e Ny (IR2S)

diene and chiral aldehydes catalyzed by chromiBuhiff 268 269 X=Cl

base complexe¥! A variety of chiral aldehydes underwent 270 X =SbFg

the doubly diastereoselective reaction using cataR&®sand Scheme 65

270in good yield (up to 99%), satisfactory diastereomeric

ratio (about 10:1 for unhindered aldehydes), and excellent RO e o]

enantiomeric excess of the major diastereoisomefs ee). 7 o 1) 3mol% 269 or 270 .Me

In the case of congested aldehydes, tridentate indane-derived ~ HJJ\R. : ‘ '

catalysts were far less effective, leading to dihydropyrans Mo 2) TFA Me” “0” "R

in moderate yields (4458%) and selectivities<{4:1 d.r.). 271 272 273

While the reaction o257 and 266, using achiral complex R = SiMes, SiEts, Si(-Bu)Mey, Si(i-Pr); >39:1 d.r.

268 as catalyst, gav@67in a relatively high 1:4.5 diaster- R' = Ph, CH,0Si(t-Bu)Me,, CH,0Bn, (all-cis)
1-CsH11, (CH2)4CH=CH,, (CHy),Ph, >94%e.e.

eomeric ratio, the matched catalyst/substrate system using
(1S2R)-269provided the highest level of diastereoselectivity
(2:33) of the study (Scheme 64). With judicious choice of scheme 66

chiral aldehyde and catalyst enantiomer, any of the four R, R,

possible diastereoisomers of dihydropyranone can be syn- g f 5-10 mol% ent269 o \(yj\
- |

(CH,),NHBn, 2-futyl

thesized with high selectivity’? This methodology was molecular sieves, neat

successfully applied by Burke to the enantioselective syn- H o OEt o~ NOEt
thesis of the G—Cs, segment of the Phorboxazoés. 274 275 276

In a complementary study, Jacobsen and co-workers R, =H, Me, Br 70-95% yield
utilized their new chromium complex of aminoindanol- Rz =Me, Et, i-Pr, n-Pr, >39:1dr.
derived Schiff bases to perform an efficient hetero-Diels NG Gty BNOSCH, sos8kee
Alder reaction between less nucleophilic mono-oxygenated CH,0Bn, CH,0TBS, COOEt, OBz

dienes and unactivated achiral aldehydes. This reaction

provided enantiomerically enriched dihydropyrans with three of aromatic aldehydes, where use of acetone as solvent was
defined stereogenic centers in one step (Schemé&’&bhe critical, solvent-free conditions gave satisfactory results. This
best results were obtained using cataly8—270, which method provided highly efficient access to several interesting
bear a very large adamantyl group. In all cases, reaction ofsynthons, which, by further elaboration of the double bond,
dienes271 with various aldehydes gave excellent ail- would ultimately lead to tetrahydropyran derivatives with 5
diastereoselectivities>(39:1 d.r.). In addition, all aliphatic ~ defined stereogenic centers.

aldehydes led to remarkable enantioselectivitie84% ee). Chromium complex269 was also shown to efficiently
The tetrahydropyranone formed from benzaldehyde was catalyze the inverse electron-demand, hetero-Biglder
obtained with a lower level of enantioselectivity (65% ee reaction ofo,5-unsaturated aldehydes with alkyl vinyl ethers
using269and 81% ee usin®70). In general, reactions with  (Scheme 663}72 While the uncatalyzed process required
hexafluoroantimonate cataly&70 were faster and more elevated temperatures and pressures to give dihydropyrans
enantioselective than with chlorid9. With the exception in good yields but pooenddexoselectivities, the reaction
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proceeded at room temperature in the presence of 5 mol %Scheme 67

of 269and 4 A molecular sieves in dichloromethaneest-
butyl methyl ether with excellent diastereoselectivitndd
ex0>96:4) and promising enantioselectivities {728% ee).
Optimal results were achieved using a solvent-free system
and excess vinyl ether. Both reactivity and selectivity
decreased with increasing steric bulk of alkyl group on the
vinyl ether (Et> n-Pr > n-Bu ~ i-Bu), andtert-butyl vinyl
ether was completely unreactive. The cycloaddition of ethyl
vinyl ether with a wide variety of.,5-unsaturated aldehydes
bearing aliphatic and aromaffesubstituents proceeded with
high selectivity &39:1 d.r., 89-98% ee). Only 5 mol % of

catalyst were necessary except in the case of sterically more

demanding substituents Ri-Pr, aromatics) which required
10 mol % of catalyst loading. Substitution could also be
introduced in thex-position of the unsaturated aldehyde, and
cycloadducts were obtained with similar high selectiviti@s.

The above results were particularly remarkable in light of
the few precedents which only involved chelation of oxa-
butadienes bearing oxygen-containing,electron-withdrawing
groups by a two-point binding catalyst, which would easily
explain the enantioface discrimination. In contrast, Jacobsen’s
tridentate chromium catalys269 is a one-point binding
complex which activated the unsaturated aldehyde and
discriminated its enantiotopic faces through simple chelation
to the carbonyl. In efforts to understand the source of
stereoinduction, the crystal structure 269 was analyzed,
and the catalyst was shown to exist in the solid state as a
dimeric structure bridged through a single molecule of water
and bearing a terminal water ligand on each chromium center.
On the basis of preliminary solution molecular weight and
kinetic studies, it was proposed that the dimeric species was
maintained in the catalytic cycle and that dissociation of one
terminal water ligand would open one coordination site for
substrate binding. These mechanistic studies not only ex-
plained the crucial need for molecular sieves in the reaction,
but also clearly indicated that the role 289is comparable
to activation of the aldehyde by a Lewis aéid.

7.6.3. Hetero-ene Reaction

The generality of the activation of aldehydes for reaction
with weak nucleophiles, using tridentate Schiff base chro-
mium(lll) complexes, was further demonstrated by the
successful and highly selective ene-reaction of alkoxy- and
silyloxyalkenes with aromatic aldehyd&8The ene-reaction
of 2-methoxypropene or 2-trimethylsilyloxypropene with a
number of substituted benzaldehydes catalyze®&¥in
acetone or ethyl acetate proceeded in high yields-@7®%6)
and good-to-excellent enantioselectivities{BB% ee, with
>85% ee in the majority of cases). Cataly289 and 183
were also effective in the ene-reaction, but enantioselectivities
were 2-5% lower. Interestingly, chiral (salen)CrCl com-
plexes afforded good yields of ene-reaction but considerably
poorer selectivities{$30% ee)5-Hydroxy enol ethers thus
obtained were readily transformed iffiehydroxy ketone and
B-hydroxy ester derivatives (Scheme 8%).

The crystal structure 0283 revealed that the complex

existed as a dimeric species where the two chromium centers

are bridged through the indane oxygen and each chromium
metal bears one molecule of water (Figure 17). It was
therefore proposed, as for the inverse electron-demand,
hetero-Diels-Alder reaction, that the barium oxide desiccant

removed one molecule of bound water from the catalyst

OH O
S
X
X 280

H,0*
5 mol% 282
BaO
o acetone or EtOAc OH OR
OR 4°C
DA B
N X
X 277 278 X 279

75-97% vyield

X = H, Me, OMe, Br, Cl, NO,, CN 70-96% e.e.
R = Me, TMS

1) Oy

2) DMS

OH O
@A*OCHg
X 281
Br

N o
Cef

t-Bu

ﬁ i “t-Bu t-Bu
N O
/:< of /:<
SEVAAN e
(0] (¢]] 282 (0] ¢]] 283

dimer, which opened one coordination site for binding of
the substrate carbony/®

8. cis-2-Amino-3,3-dimethyl-1-indanol

Saigo designed and demonstrated the general utilitysof
2-amino-3,3-dimethyl-1-indanol as a chiral auxiliary in a
variety of carbor-carbon and carborheteroatom bond-
formation reactions and as ligands in several catalytic
processed'’ 2?1 Racemiccis-2-amino-3,3-dimethyl-1-indanol
287 was prepared in three steps from 3,3-dimethyl-1-
indanone by oxime formation followed by sequential reduc-
tion of the keto and imino functional groups. The resolution
of 287 was performed usingS-mandelic acid. Salt)-
289crystallized from ethanol and recrystallization followed
by treatment with an alkaline solution gave optically pure
(1R,29-287in 35% yield. The enantiomeric §2R)-287was
obtained in 37% yield from the crystallization/recrystalliza-
tion filtrates by successive treatment with base aRp (
mandelic acid, followed by filtration of the crystalline-}-
289 and treatment of the salt with alkali (Scheme 88718

Figure 17. X-ray crystal structure of cataly&83
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Scheme 68
0o o}
n-BuONO 1) NaBH,
HCI N 2) Ac0
OH
284 285
OAc OH Ph._CO,H
BH;. THF OH 288
=N ~— NH,
OAc
286 287
filtrate:
Ph CO(? 1) concentration thCOC?
hd 2) 2M KOH aq. T
3
OH o, ) Ph._CO,H OH o
OH '
@;2—& Crp
(+)-289 (-)-289
crystallization from EtOH crystallization from EtOH
35% 37%
2M KOH 2M KOH
98% >99%
(1R,2S)-287 (1S,2R)-287
>99% e.e. >99% e.e.
Scheme 69
~NH
i )Ok "’o)Q ©
R
1) LDA \‘)kN 9] (1R,2S)-293
2) RX R/  LioH +
'—' R YCOZH
o O 291 R 202
R L R = Me, R' = Et, allyl, Bn > 98% e.e.
JkN_ ¢ R=Bn, R =Me 94% e.e.
1R,25)-290 o Q
(1R2S)- Bn\‘)J\NJ\O
R=Bn Br =7 . Bn\;/COZH
1) n-Bu,BOTf NH;
2) RX
294 295

95%, 99:1 d.r.
8.1. cis-2-Amino-3,3-dimethyl-1-indanol-Derived
Chiral Auxiliaries
8.1.1. Electrophilic Additions

The diastereoselective alkylation Nfacyloxazolidinones
enolates were first examined. Lithium enolate280were
reacted with a variety of alkyl halides, and alkylation
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Scheme 70
X
R A
R =Ph
R=Me 1) NaHMDS
2) 0
1) LDA )
2) R'COCI o _ANTs
(1S,2R)-290 3) Csa 296
o o O o O
Ph N
A Ao
OH
297 298

R'=Me, 89%, 98:2 d.r.
R'=Bn, 86%, 199:1 d.r.

84%, 93:7 d.r.

R = Ph
1) Zn(BHa), (MeO),Mg
2) LiO,H
3) CH N,
o Ph._CO,Me
COzMe :
Fh OH
299 300

97%, >99% e.e. 92%, 86% e.e.

imides were obtained in good yield and excelle®3:2 d.r.
The acylated products could be convertedgttydroxy
carboximides in highsyn/antiselectivity (96:4 in the case
of R = Ph) by treatment with zinc borohydride. Recrystal-
lization afforded optically puresynproducts. Hydrolysis
followed by methylation led to chirgB-hydroxy esters in
good yield and>99% ee (Scheme 70). In addition, reaction
of the sodium enolate d290 with 2-(p-toluenesulfonyl)-3-
phenyloxyaziridine followed by acidic quenching led to the
hydroxylated product with high diastereoselectivity (93:7
d.r.). Treatment with magnesium methoxide gaReraethyl
mandelate in 86% ee, and the chiral auxili&293 was
recovered (Scheme 78§

The stereochemical outcome of these electrophilic addi-
tions is consistent with a transition state in which the metal
chelates the oxazolidinone carbonyl and the enolate oxygen.
Reaction with an electrophile would therefore occur at the
less hindered diastereotopic face of tf@-¢nolate, away
from the shielding methyl groups of the auxiliary (Figure
18). As both enantiomers of oxazolidinoB83 are equally

]
o

‘E}T/LO,M

Rk’ E*

E+

301

products were formed with excellent diastereoselectivities Figure 18. Chelating model for electrophilic additions.

(97:3t0 199:1 d.r.). Hydrolysis gave optically pure carboxylic

acids, and the chiral auxiliary was recovered almost quan- available, the direction of the asymmetric induction can be

titatively 217218 Highly diastereoselective bromination was
also achieved by reaction of the boron enolat@@ with
NBS (99:1 d.r.) to ultimately access optically pure amino
acids (Scheme 69}

Diastereoselective acylation of the imide enolate290
proceeded smoothly, and the correspongiifgeto carbox-

controlled by proper choice of the absolute stereochemistry
of the chiral auxiliary?'®

8.1.2. Pericyclic Reactions

Saigo and co-workers reasoned that, by analogy, high
levels of diastereofacial discrimination could be achieved in
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Scheme 71 B 7
R "
o—’
R/\)LN 9 oa\,\l‘)u
=~ o
= H., .
=Xc Si
@ N /Q B 7\ 308 |
302 R=H,Me ; i ; ;
EtAICI ELAICI Figure 19. Proposed transition state for the diastereoselective
Ireland—Claisen rearrangement.
0 Scheme 73
LN
R T Xe HQ ZnCl,
OAXC / PhClI, reflux o
R + HNi - . I
303 304 CN 48% F N
>97:3 endo : exo >99:1 endo : exo F
> 98:2 d.r. (endo) >99:1 d.r. (endo) 309 (1R,25)-287 310
Scheme 72 Ph,PK
R R’ dioxane, rt O,’
1) NaHMDS — I
| 2) DMSCI 68% PPhyN...
R" j\ 3) CHyN,
Et,0
N o (+)-311

o SR
R=R'=HMe
R"=H, Me Scheme 74
2 equiv. BnNH,
305 1.5-2.0 mol% [Pd(allyl)Cl],

2.5-3.6 mol% L*

" . Ph._~~__Ph rt Ph._~(R.Ph
RR /I‘\/ER \/\{ \/\/
Q A OA X
MeO )J\ MeO\n/?\ )k 312 ¢ 313 NHEn
N0 + N0
o) — o} — L* reaction time yield e.e.
314 96h 97%  73%
315 96h 87% 89%
306 307 311 24h 89% 97%
>92:8d.r.
the Lewis acid-mediated DietsAlder reaction of dienes with o)
oxazolidinone293-derived dienophiles. Indeed, excellent PthN[\) 314 R=Ph
regio- Enddexg and diastereoselectivities were reached in A 313 RItu

the Diels—-Alder reaction of302 with cyclic and acyclic
dienes using BAICI as the activator (Scheme 73%. The
selectivities obtained actually surpassed those reported with
cis-1-amino-2-indanol as the chiral auxiliary (193:7 d.rt}3

The additional bulk introduced in the rigid backbone by the

dipole moment repulsion, with the allylic moiety oriented
away from the hindered indane backbone. This transition
state not only accounts for the direction of the asymmetric

vicinal methyl groups proved an asset to improved stereo- induction but also explains the better results observed with
control smaller silylating groups (Figure 19%°

cis-2-Amino-3,3-dimethyl-1-indanol was also employed as I continuing work, Saigo and co-workers synthesized
chiral auxiliary for the asymmetric IrelantClaisen rear- ~ Phosphorus-containing oxazolirgd 1 derived fromcis-2-
rangement of allyl carboxylates. Preliminary studies on the @mino-3,3-dimethyl-1-indanol and studied the utility of this
racemic system demonstrated the potential of the processnew ligand in palladium- and rhodium-catalyzed asymmetric
as unoptimized reaction conditions (NaHMDS, TMSCI in Processed22 The chiral ligand was rapidly prepared by
THF) led to the rearranged products in a promising 84:16 condensation of optically pure RI2S)-287 with 2-fluoroni-
diastereomeric ratio. The reaction solvent was shown to affecttrile in the presence of a catalytic amount of zinc chloride
the selectivity, and slightly improved results (87:13 d.r.) were followed by reaction with potassium diphenylphosphide
obtained in BO. It also appeared that the diastereoselectivity (Scheme 73§
depended on the bulkiness of the silane used. Smaller Ligand #)-311was first tested in the palladium-catalyzed
silylating agents such as dimethylsilane chloride (DMSCI) allylic amination reaction. Preliminary studies on 1,3-bis-
gave better selectivities (93:7 d.r.). The Irelar@aisen phenyl-2-propen-1-yl acetat&l2 showed that phosphine-
rearrangement of several enantiopure allyl carboxylates wasoxazoline311 was a more effective ligand than the parent
carried out, and the corresponding products were obtainedligands 314—315 with shorter reaction time and better
with high diastereoselectivity (Scheme 72. enantioselectivity (Schemes 74 and 78)2*Other 1,3-bis-

A six-membered chairlike transition state was proposed (p-substituted-aryl)-2-propen-1-yl acetates were also con-
in which the E)-ketene silyl acetal is placed in the opposite verted to the corresponding amines with excellent selectivity
direction to the oxazolidinone carbonyl in order to avoid (>95% ee). The amination reaction of 1-alkyl-3,3-diphenyl-
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Scheme 75
x BnNH,, y AcOH
5 mol% [Pd(allyl)Cl],
12 mol% (+)-311
Ph Z Me THF, reflux
Ph OAc
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Ph = (’f Me . PhW
Ph  NHBn Ph
317 318
X y yield 317 (e.e.) yield 318
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Scheme 76
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319 320
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Scheme 77
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L* yield e.e.
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Scheme 78

OoTf [Pd,(dba); dba] / L*
o} (i-Pr),NEt, 70°C O(R)
( /7 + 5 2
323 324 325
L* yield e.e.
315 87%  97% (R)
(+)-311 81%  96% (R)

coupling of aryl and alkenyl triflates usingll as ligand
proceeded with high asymmetric induction90% ee) in all
cases. Furthermore, both enantiomers of Heck reaction
product can easily be obtained by proper choice of the ligand
enantiomer (Scheme 78). Low yields were observed with
bulky alkenes and were attributed to the rigid methyl groups
of 311, which ensure high stereoselection but may also hinder
the approach of the alkene in the coordination sphere of the
metal. Finally, in contrast to BINAP ligand which led to a
2,3- and 2,5-dihydro-2-phenylfuran mixture, phosphine-
oxazolines were shown to have a low tendency to promote
carbor-carbon bond migration. In the case of phosphine-
oxazoline311, no migration was observed

9. Conclusion

The scope of applications ofs-aminoindanol has grown
substantially since its discovery as a ligand for HIV-protease
inhibitors and the development of a practical industrial
process for the synthesis of eitl@s-isomers in enantiopure
form. The remarkable properties of the rigid indane platform
have been extensively utilized in the past decade in an ever-
increasing number of asymmetric methodologies.

cis-1-Amino-2-indanol-based chiral auxiliaries have proven

2-propen-1-yl acetates was examined, and addition of aceticeffective in various carboncarbon and carboenheteroatom

acid to the reaction system was found to be necessary tobond formations, in particular in electrophilic additions, aldol
minimize the competing elimination reaction and to achieve &nd homoaldol reactions, conjugate additions, and pericyclic

high enantioselectivitie¥! In the case 0f316 (alkyl =
methyl), the allylic amination with 2 equiv of benzylamine
led to a mixture of allylamin&17 (38% yield, 92% ee) and
elimination producB18 (54% vyield). Addition of 10 equiv

reactions. Examples of the utility of these chiral auxiliaries
include the syntheses ofamino acidsy-lactones, sulfina-
mides, sulfoxides, natural products, and pharmaceutical drugs
in a highly stereoselective fashion. The industrial process

of acetic acid resulted in a faster reaction, decreasedfor Crixivan is an especially notable illustration of the
elimination product formation (13%), and higher enantio- remarkable properties @is-aminoindanol. The availability

meric excesses 0817 (98% ee). Increased amounts of

of optically activecis-1-amino-2-indanol, the high levels of

benzylamine (10 equiv) were necessary to achieve high asymmetry it induces, and its easy recovery and recycling

chemical yields of allylic aromatic product, probably to
balance the acidity of the medium which may lead to ligand
decomposition.

Encouraged by these successful results, Saigo and co

workers tested ligand11in the rhodium-catalyzed hydrosi-
lylation of ketone$?? Asymmetric hydrosilylation of ace-
tophenone and tetralone usiBdlas a chiral source led to

considerably improved enantioselectivities (94% and 89%
ee, respectively) compared to reactions performed with

valinol-derived, phosphorus-containing oxazol#i8 (82%
and 59%, respectively¥>?26The equal accessibility of the
two enantiomers of theis-2-amino-3,3-dimethyl-1-indanol
backbone in311 represented an additional advantage over
oxazoline213 The latter is derived from an amino alcohol
of the chiral pool, which enantiomers are not equally
available. When +{)-311 was used, $)-tetralol was easily
obtained in 97% yield and 92% ee (Schemes 76 and??7).
Phosphine-oxazolin811 also proved a valuable ligand
in the palladium-catalyzed asymmetric Heck reactdn.
Although slightly less selective than ligaBd52?” the Heck

are considerable assets to the development of practical and
economical large-scale processes.
The explosion of new aminoindanol-derived ligands

disclosed in the past few years is the unmistakable mark of

recognition and appreciation of the indanyl platform as a
valuable backbone in the field of catalytic asymmetric
synthesis. The emergence of related and novel structural
designs and their success in achieving improved selectivities
clearly reveals the continuing interest in the synthetic
potential of conformationally constrained amino alcohols.
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