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Contents bond formations via alkylations, additions to carbon
heteroatom double bonds, aldol condensations, opening of

L Introduclt.i?]p , oselect 2596 epoxides, or conjugate additions, as shown in Scheme 1.
2. glrlgyallgtci)olaslum Reagents in Enantioselective 2596 Organolithium species can be generated from three major
. . . . pathways: (1) enolization; (2) halogetithium exchange;
21 gm;%tgtrj]?hary-Medmted Asymmetric 2597 and (3) direct deprotonation with organic lithium reagents.
22 Chiral Pool-Based Alkvlations 2601 In addition, in-situ generated lithium “ate” complexes were
2'3' Intramolecular AIkyIatiZn 2602 also used in asymmetric syntheses. The most commonly used
2.4, Chiral Additive-Mediated Alkylation 2603 lithium reagents such as lithium diisopropyl amide (LDA),

. . o - butyllithium, hexyllithium, phenylithium, and lithium hexa-
3. Chiral Nucleophiic Addition of Organolithium 2604 methyidisilazide (LIHMDS) or lithium bis(trimethylsilyl)-

Reagents amide are commercially available in bulk quantities and are
3.1. Addition to a C=N Bond 2605 : : . :
3.2, Alkynylation of Imines and Ketones 2607 easy to handle in the plant. When appropriate, reactions with

- organolithium reagents will be compared with other organic
3.3. Addition to Chiral Esters 2608 g g P g

o ) ) reagents, such as organosodium, organopotassium, organo-
4. grg%nollthtlum Reagents in Chiral Aldol 2609 magnesium, organotitanium, and organozinc reagents. Ad-
ondensations ditives, such as LiCl, LiBr, CuX, and water, are often

4.1 Chiral Auxiliary-Induced Aldol Reactions 2609 introduced to organolithium reactions to enhance either the
4.2 'I&%Nelﬁyﬁglsd-Promoted Aldol Additions to Chiral 2610 reactivity or the enantioselectivity.
4.3. Chiral Lewis Acid-Catalyzed Aldol 2610 While this review focuses on the industrial applications
Condensations of organolithium reagents to asymmetric processes in the
5. Organolithium Reagents in Chiral Conjugate 2611 past two decades, there are some excellent reviews of general
Additions applications of organolithium reagents. Chiral lithium amides
5.1. Conjugate Additions to Chiral Michael 2611 and enantioselective protonation have also been reviewed
Acceptors previously~* However, most of those reviews do not focus
5.2. Auxiliary-Induced Asymmetric Conjugate 2611 on industrial applications.
Additions
5.3. Chiral Additive-Mediated Conjugate Addition 2613 Ly . . .
5.4. Addition of Lithium Chiral Nitrogen %13 2 Organolithium Reagents in Enantioselective
Nucleophiles to Michael Acceptors Alkylations
6 5,\5/| Catalytic Asymmgtrlc Conjugate Addition 2613 Enantioselective alkylation using organolithium reagents
. Miscellaneous Reactions 2614 o /
7 Conclusion 2614 as nucleo_phlles is a simple but very po_werful method for
asymmetric carboncarbon bond formation. Most of the
8. Acknowledgments 2615 reported enantioselective alkylations can be divided into two
9. References 2615

types of inductions: those using a covalently bonded chiral
auxiliary and those using a chiral additive or a catalyst. Chiral
1. Introduction auxiliary-based chemistry has been reviewed previotisly.
Chiral auxiliaries are removed in most of the reactions at

Industrial chemists have developed many efficient, asym- the end of induction whereas, in some syntheses, an auxiliary
metric processes for synthesizing new drug candidates with.

increasing structural complexity and multiple chiral centers. is incorporated into the f|.na| molle_cul_e, the SO'Ca”eq chiral
Many of these processes invoived organolithium species in pool-based approach. Chiral additive-induced alkylations are

their asymmetric steps. A review of such processes reportedmore eff;ment, as they avq|d the attachment and remova_l of
in the past two decades will, hopefully, facilitate future tN€ auxiliary steps. Both primary and secondary electrophiles
development work. (RX) can be used for enantioselective alkylations. The major

Organolithium species can generally be used as nucleo-challenge for using a secondary electrophile is how to

philes in asymmetric carbercarbon and carbon-heteroatom Minimize the elimination. Novel approaches such as 1,3-
asymmetric induction, the use of sterically rigid templates,
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2.1. Chiral Auxiliary-Mediated Asymmetric
Alkylations

Chiral auxiliary-induced alkylations of lithium enolates
have been widely used in enantioselective formations-o€C
bonds. Alkylations with organolithium species often afford

chelation-controlled products. Lithium can be replaced with

Chemical Reviews, 2006, Vol. 106, No. 7 2597
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followed by treatment with 1-(bromomethyl)naphthalene
gave R)-alkylated products. Presumably, the alkylation
proceeded via a chelation-controlled pathway \ith the
methyl group on the oxazolidinone ring blocking the front
face and the bromomethylnaphthalene approaching from the
back side. The alkylated produBtwas converted into the
desired drug intermediate via hydrolysis of the auxiliary
with a concurrent oxidation of the sulfinyl group. The
synthesis was carried out on a 100 g scale and prodéced
in 37% overall yield and 99% ee (Scheme 2).

Scheme 2
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potassium or sodium as the countercation when the chelation 0

product is not preferred.

Oxazolidinones are one of the most frequently used chiral
auxiliaries for diastereoselective alkylations. For example,

Holla et al. of Hoechst used an oxazolidino@eas an

auxiliary for the diastereoselective alkylation in a concise

synthesis of a very poteit-terminal component of aspartyl
protease inhibitorX).> The enantioselectivity was achieved
by a stereoselective alkylation of a lithium enolate of
thioether oxazolidinone carboximi@: First, attachment of
the chloropropionyl chloride to auxiliar2 followed by
displacement of the terminal chloride witlBuSH produced
amide3. A stereoselective enolization of ami@evith LDA

P, ;

> STy
'c') o (37% from 2, 99% ee)
R

In the synthesis of Trocade, a matrix metalloproteinase
inhibitor, Hilpert of Hoffmann-La Roche used the oxazoli-
dinone auxiliary to effectively construct two consecutive
chiral centers$.First, enolization of the cyclopentylpropionic
amide 7 with LDA followed by alkylation of the lithium
enolate withtert-butyl bromoacetate gave the chelation
controlled produc8in 99.6% de (Scheme 3). The alkylation
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in favor of thesynisomer12.8 As shown in Scheme 4, the
synisomer 12 was converted into its correspondiaati-
isomer via a second LDA enolization and reprotonation. The
alkylation took place from the back side of the enolate, as
the front face was blocked by the isobutyl group in the seven-

membered ring Li complex. The newly formed chiral center
was inverted fromR to S configuration via a second
deprotonation to form another Li complé8 and reproto-
nation from the back face again to affoadti-14. The anti-

14 was subsequently transformed to the desired TACE.

Both of the above processes have been scaled up in the
plant and have produced the desired Trocade and TACE in
multiton and multi-kilogram quantities.

Merck chemists developed a new class of chiral auxiliaries,
thecis- andtrans-aminoindanols, for the syntheses of various
drug candidates. Initiallygis-aminoindanol was explored as
an auxiliary because it was part of a target protease inhibitor.
Since then, it has become an important auxiliary in its own
right. Askin et al. reported the first example of usiog-
aminoindanol as an auxiliary for the synthesis of hydroxy-
ethylene dipeptide isostere (HDI) inhibitors of HIV-1
proteas€. As shown in Scheme 5, enolization of the
3-phenylpropionic amide of aminoindandb with n-BulLi
followed by simultaneous alkylations of 2 equiv of enolized

(e}
t'B“o\ﬂ/\)\ )J\OZ Piperidine tBuON'\O
d ‘" O o

1. KHMDS
2. Me
N O
>;7\/¢O
tBuOM ;
O t.squ\)k O
.o
N O
HOHN\rg\/U\ O
Trocade

product8 was converted into the corresponding piperidine
amide9 via a two-step sequence. Next, a chemoselective
enolization of the ester carbonyl lhwith a base followed
by alkylation with bromomethylhydantoin gave eitheym
or anti-succinatelO, depending on the base used.

Hilpert also studied the effects of both countercation and
temperature on thanti/synselectivity. A lithium base such
as LDA produced preferentiallyyn10 (anti/syn= 15:85),
whereas a potassium base such as KHMDS afforded pre-
dominantlyanti-10 (anti/synratio up to 99:1). In the second
alkylation, it was assumed that the chelation of the lithium
enolate with the adjacent carbonyl group induces the alkyla- gcheme 5
tion from the sterically less hindered face, leading tosyre
10 isomer. In contrast, the potassium enolate was assumed

to favor the nonchelated, thermodynamically more stable N" "o :
conformation, consequently affording the desitauti-10 —\
product. There was a temperature effect on éami/syn -
selectivity. The higher the temperature, the better the 15 (> 90% yield) v o
selectivity, as summarized in Table 1. Tdueti-10 intermedi- R (9
aJ (74%) 17
Table 1. Cation and Temperature Effects (2RI2S > 99:1)
entry base temp’C) anti-/syn10 Ph\_ Ph . c

1 LDA —78 15:85 4

2 NaN(SiMe), -78 50:50 N__ 0

3 KN(SiMes), -78 80:20 \

4 KN(SiMes), —60 92:8

5 KN(SiMes), —40 99:1 % BocNH

R

ate was converted into Trocade in good yield. o
In the synthesis of another Trocade analogue, Hilpert & BULV/THF/-78°C, 0.5 eq. H,C=C(CH)
demonstrated that alkylation of a dianion lithium enolate of b: BuL/THF/-78 °C; c: Camphorsulfonic acid

succinic acidl1 with cinnamyl bromide gave a 93:7 mixture

R' = Ph or Cyclohexyl
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15 with H,C=C(CH,l), gave aC, symmetry dimerl6. The Scheme 7

lithium enolate could also be trapped with an epoxide to give o . Br Ph )

hydroxylamide17 in 90% yield and>98% ee. Thecis- T~ L 4

aminoindanol in compoundl7 was hydrolyzed using cam- N' O  LHMDSITHF Z N o

phorsulfonic acid to give the desired HDI inhibitor. " -25°C o /M
The outcome of th&-stereochemistry at the C-2 positions 15 (94%, 2R/2S = 96:4)

of products16 and 17 indicated that both the alkyliodide 18

and the epoxide electrophiles approached from the opposite

site to the aminoindanol group of the lithium enolate. The 50 O | LiIHMDS/THF

facial selectivity observed here is different from those of 45 10 -25 °C 1) Nal/NCS/aq. NaHCO;

reactions observed with prolinol amide enolaf&Grignard (72%) 2) NaOMe

reagents such as isopropylmagnesium chloride gave lower (92%, dr = 97:3)

yields (~60%) of the desired product in the epoxide-opening

; o Ph . Ph
reaction. /< X N/\ OH H HO
Treatment ofl5 with LDA followed by reacting with Mel N0 | P K/N N, 2
produced alkylated product in 94% de (Scheme 6). o [\ — N H s 7R o
BuNH” Y0
Scheme 6
o o 19 MK- 639
s 1. LDA/THF/ . Lo
/( e s /( Indinavir (CRIXIVAN)
N O N" O . . " L .
2. Mel Me ~— gregates in solution and addition or in situ generation of
another lithium species can either break or change the
15 aggregation stateFor example, addition of LiCl to alkylation
15 (94% de) of cissaminoindanol-modified glycine enolat20 with a

number of alkyl halides gave the corresponding alkylated

The high diastereoselectivity obtained with thoés- product21 in excellent diastereoselectivity (9®9%)8 In
aminoindanol auxiliary can be explained by electrophile the absence of LiCl, both the diastereoselectivity and the
attack from the upper level of the enolate being favorable Yi€ld suffered. Merck chemists also developed an effective
because of the steric interaction between the pseudoaxialmethOd to remove the auxiliary without epimerization of the

methyl and the incoming electrophiles at the lower level of Newly formed chiral center, providing a practical synthesis

the enolate as shown in Figure 1.

E*
1 OLi O
R\)_N Me

: Me
.l
E+

Figure 1.

Merck chemists have also successfully applied a rigid

tricyclic aminoindanol acetonide to the asymmetric syntheses —

of Crixivan, one of the leading orally active HIV protease
inhibitors? Two alternative approaches were developed
starting from indanol amid&5, as outlined in Scheme 7. In
the first approachgis-aminoindanol amide was enolized with
LIHMDS followed by addition of allyl bromide to give
intermediatel8 in 92% de. The terminal double bond was
converted into the corresponding epoxiti@in 94% yield
and 92% de. In the second approach, indanol arbisleas
enolized with LIHMDS and alkylated with a chiral epoxy
tosylate to give compount®in 72% yield. The predominant
pathway was the Li-enolate opening of the epoxide followed
by ring closure on to the tosylate to give the desired
diastereomers. A minor amount of the epimeti@ was
obtained from a direct enolate attack on the tosylate.
Compoundl9was subsequently converted into Crixivan. The
above syntheses are very efficient becausecte@mino-

of a-amino acids as shown in Scheme 8.

Scheme 8
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In another successful application ofR2S)-cis-amino-
indanol as an auxiliary, Song et al. of Merck developed an
efficient synthesis of the side chain of an endothelin receptor
antagonist. As shown in Scheme 9, enolization of a
propionamide22 with LIHMDS followed by alkylation with
benzyl chloride gave 2-methyl-3-(2-bromo-5-methoxy)phen-
ylpropionamide23in 96% de. Intermediat23 was converted
into the desired endothelin receptor antagonist in several
steps, and the de was further enhanced in the down stream
chemistry.

Pseudoephedrine is another useful chiral auxiliary for
alkylations initially developed by Myer$.Unlike the rigid
oxazolidinones or Merck’s aminoindanols, the pseudoephe-
drine auxiliary has a linear structure. In the synthesis of a

indanol served both as an auxiliary and as a part of the final nonpeptidic enzyme inhibitor, for example, Dragovich of

molecule.
Under certain reaction conditions, addition of some
additives such as LiX, CuX, or water to organolithium

reactions can enhance either the reactivity or the enantio-

selectivity. In general, organolithium species exist as ag-

Agouron Pharmaceuticals obtained excellent diastereoselec-
tivity in the alkylation step using pseudoephedrine as a chiral
auxiliary™ Two equivalents of LDA are required both to
deprotonate the alcohol and to enolize the amide carbonyl
in 7-methyloct-4-enoic amid24 (Scheme 10). Alkylation
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Scheme 9 Myers proposed a reactive conformer to explain the high
Br 0 diastereoselectivities in the alkylation of pseudoephedrine

B 1 . . .
r \ji N>< amide enolate¥. As shown in Figure 2, the electrophile
0
“ N7L LIHMDS o
B-face
* O THF,-10°C \
OMe OMe )C'—'(Sowe"t)n
2 (92(;3 de) H H OLi(solvent),

HsC' /NK\F
H3C

5 R
HO,C !
Br I
. oTBS ° HO,C otoce |
- gy O\Gm-- sl OMe . RX
Figure 2.
OMe  (ArBr) —\ _
(> 99% ee) N\ approached preferentially from theface of the conformer
Bu because the solvated lithium species blocks fiHface of
Endothelin Receptor Antagonist the (£)-enolate.
Sandham et al. of Novartis have applied the chiral
Scheme 10 alkylation of pseudoephedrine amides to the synthesis of a
0 Me 1.2 eq. LDA o M novel orally active renin inhibitor, CGP60536B (Scheme
R\)J\ R - 2. BnBriLiCl vie 12)12The two key chiral moietie81 and32in CGP60536B
N R_Ph RQI\N X Ph
I\I/Ie OH &n I\llle o Scheme 12
24 25(76%, 96% de) g
R= )\/\/ N
O / A
o}
"'l//Ph
Br CGP60536B
N 0

Lactone o /6
Me Y., ey
. o
1.2eq.LDA BN )\_/Ph ----- T 0 Ar M
o e q T, — £S5
Bn\)J\ /'\/Ph Me OH XOC (

NX 2. \ 31 32
Me OH Br Y = N3 or NHy X=H,Cl
26 Lict M = MgCl, Li
27(96% de) were both obtained from alkylations using the pseudoephe-

drine auxiliary.

of the lithium dianion derivative with benzyl bromide gave ~ As shown in Schemes 12 and 13;){pseudoephedrine
product25in 76% yield and 98% de. Alternatively, the same Was used to prepare two chiral moiet@sand32in high
product @5) could be obtained in 96% de using29- ee’s. First, enolization ofY,§-pseudoephedrine amidk3
pseudoephedrine as a chiral auxiliary when 3-phenylpropio- With LDA along with LiCl followed by addition of isopropyl
nyl amide 26 was used as a starting amide and an allyl iodide gave alkylation produ@4in >95% de and 52% yield
bromide derivative was employed as an electrophile. It is (Scheme 13). Conversion 8#to the corresponding alcohol
worth noting that LiCl is necessary for this type of auxiliary- 35 followed by chlorination gave chiral moie§2 in 78%
promoted alkylation. yield.

The Myers §9)-pseudoephedrine auxiliary was also used Scheme 13
in the synthesis of a similar alkylation produ2® in 97%
de, as shown in Scheme 14.

0]
i /k/
Ph
S
Scheme 11 Ar/\)J\TJ\-S/Ph a Ar/r\lil 6H

0 e o yZoutPA O Me OH  (52%)
)\)LN I _pn NP 33 34 (> 95% de)
Z | =
Me OH g Me OH b ,Ar/fOH c Ar/rCI
28 0 / N 29 (97% de) 7%
0
Y Ay a: LDA/LICIITHF/0 °C; Me,CHI
Br b: BH3 eNHy/BULiTHF/rt

30 c: POCI3/DMF/Toluene/80 °C
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2.2. Chiral Pool-Based Alkylations

Recently, McWhorter of Pfizer reported a chelation-
controlled stereoselective alkylation ofidactam intermedi-
ate for the synthesis of Premafloxacin, a potent antibidtic.
Treatment of isobutyl9)-3-(N-methyl)aminobutyratd4 with
1 equiv of LDA produced a monosubstitutgtilactam
intermediatet5. Enolization of the monosubstitutgalactam
45 with a second equivalent of LDA followed by alkylation
with allyl bromide generated @mans disubstituted3-lactam

Organolithium Reagents in Asymmetric Processes

Similarly, the spiro chiral moiety31 was prepared in
several steps starting from alkylation & %)-pseudoephe-
drine amide36in >95% de (Scheme 14). Interestingly, the

Scheme 14

el le

B ; . .
37 (> 95% de) "/ ' 47 in 100% de and 83% overall yield (Scheme 16). In this
0 ph\/i f Scheme 16
_ 0o
>_&o = 0L d HN O N LDA
o /\)j\ LDA/THF
3 CHO ] o N -
“CHO H
a: LDA/LICI/THF/0 °C; CH,=CHCH,l; 78% 44
b: NBS/MeOH/H,0/0 °C 45
formation of the amide spiroaceta8 was used as a novel \N OLi /\/Br
lactone-protecting group for a stereoselective Grignard | | —_—
addition reaction. The process was reported to be amenable” (83%)
to large-scale operation, demonstrating the feasibility of
pseudoephedrine as an inexpensive and recoverable chiral 46
auxiliary.
In an elaborated, tandem asymmetric transformation
process, Armstrong et al. of Merck used various chiral SNHOF

azZ

auxiliaries to prepare a zincate homoenolate, a key interme-
diate in the preparation of HIV protease inhibitors and renin
inhibitors!® In a series of sequential transformations, an

amide derivative was converted intg ehydroxyl amide43
with two new chiral centers. First, enolization of amino-
indanol amide39 with BuLi followed by a treatment with
bis(iodomethyl)zinc afforded a chiral enolate of lithium
zincated0. Second, treatment of the resulting zincédavith

an alkoxyllithium reagent followed by a 1,2-migration
resulted in a chiral zincate homoenolated prodd2tFinally,
the homologated zincatd2 could add to an aldehyde,
producingy-hydroxy amide43in 80% overall yield and 99%
de (Scheme 15). Alternatively, zinca#® could undergo

Scheme 15
1
o J?\ Lt RO 0
I.«”\XC_b- (ICH)Zn~"xc | = [(ICH22Zn ~">x¢
R R R
39 40, enolate zincate 41, higher order zincate
(o) S+
Li (0]
-Lil /\)L TI(OPrCl3 g2
ICH,Zn T X 2 - Xe
1, 2-migration I R R“CHO H
R'O OH R
(80%)

43 (99% de)

><°" [@

42, zincate homoenolate
a: BULi/THF/-65 °C
b: (ICH,),Zn/THF/-70 °C
¢: R'OLiITHF/-20 °C

further transmetalation reactions, in a one-pot process. A

number of chiral auxiliaries such as-aminoindanol deriva-

|
/\E>N N *HCI
OMe A

Premafloxacin

case, thgg-lactam ring served as a chiral template to induce
the chiral alkylatiortransto the existing methyl group. The
disubstituteds-lactam47 was converted into optically pure
monosubstituted pyrrolidind8, a key intermediate in the
formation of Premefloxacin.

Tian et al. of Pfizer have applied a 1,3-asymmetric
induction to the synthesis of AG7088 (Scheme 17) by

Scheme 17
2.2 eq.LIHMDS Nc

NHBoc  THF/-78 °C NHBoc
Meo\n/\/\n/OMe Br_CN MeO ~OMe —=
o)

(¢] (0] o 0
49 (90%) 50
o H
BocHN >j)( I"/\)‘\
51 COzEt C02Et

AG7088
(30% overall yield)

(98% de, 100% E isomer)

extending Hanessian's meth8d®Thus, treatment dfi-Boc-

tives, oxazolidinones, Meyer’s auxiliaries, camphor deriva- L-(+)-glutamate49 with 2 equiv of LIHMDS generated a
tives, diamines, amino alcohols, and their derivatives worked dianion. Alkylation of the lithium dianion with bromo-
well for this process. This novel sequence of transmetalationsacetonitrile proceeds with remarkable stereoselectivity in the

can be potentially useful in other industrial processes.

absence of additives to give almost exclusively the corre-
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spondinganti-isomers50 in 90% yield. This asymmetric by addition of 4-BrGH4,CH,Br at —27 °C gave the alkylation
dianionic cyanomethylation has been applied to an efficient product55in excellent yield and>98% de. Intermediatg5
synthesis of the chiraly-lactam derivative51, a key was converted intBIRT-377 in 40% overall yield and
intermediate in the synthesis of the rhinovirus protease >99.9% ee (Scheme 20).
inhibitor AG7088. This process was scaled up in the plant
and produced AG7088 in multi-kilogram quantities. Scheme 20

Hanessian proposed a transition state to account for the

observed 1,3ransinduction as shown in Scheme ¥8lhere
o)
Scheme 18 H LiHMDS

. i o 4 BTC6H4CH28I' o)
Li, Li - \/COZH YN = .|
O-. + O /'

RoJ;:hl;/cogw — Rtal%Q//N;/cozRZ oo 840 G0 OO
BuO
OR! OR! Ph 54
(O) Type Enolate
R\O“\L- E* I_i/,OR /v E 4-BrCeHs—, /L(O // (>:85% de) Ph
LquOQ/NI’A/C%RZ — LoooN COR? e N N al
j)/m OR! E

E (O) Type Enolate BIRT-377 cl

are two possible chair forms aZ(O) or E(O) enolate 2.3. Intramolecular Alkylation

geometries. In both enolates, however, the incoming elec-

trophile approaches from the preferred equatorial position ~Chemists at Schering-Plough have been interested in a

to generate the desired IffZnsproduct. series of azetidinone structures for use as novel cholesterol
Yee et al. of Boehringer Ingelheim have applied Seebach’s absorption inhibitors. In one of the syntheses, Chen et al.

principle of self-regeneration of stereocenters (SROSG)  have applied an intramolecultians-alkylation of a 2-aze-

an enantioselective synthesis of tiarylhydantoin LFA-1 tidinone to the synthesis of a spirocyclic cholesterol absorp-

antagonist BIRT-377 The SROSC first relays the amino  tion inhibitor (Scheme 21 Enolization of56 with LDA

chiral center in an amino acid to the 2-position of an

oxazolidinone or an imidazolidinone. Then, the relayed chiral Scheme 21
center is used to induce the stereoselectivity attpesition Ar, N,Ph
of the carbonyl. For exampl®&l-Boc-p-alanine was converted | LDA
into an imidazolidinone derivative2 in high de. The newly ~ Y5 ] ,
formed tert-butyl or isopropyl substituent chiral center in \r’\l (96%) HT’\| OLi
imidazolidinone52 induced the alkylation of the-carbonyl Al Br (> 99% ee) Al Br
position to give53in >99% ee and 96% yield (Scheme 19). 56
Scheme 19
2 0
7 LiIHMDS
R ch' O T
52 a
Re iPr. B (+)-SCH 54016
4-BrCeHs—, 4'BrCSH4_e_. 0O followed by an intramolecular alkylation gave the spiro
E.C NN ol p-lactam. The Ar substituent on thelactam ring controls
¢ \n/ Me” Y the facial selectivity, producing exclusively the desired
0 diastereomer «)-SCH 54016 in 96% vyield and 99% de
(>99% ee) BIRT-377 cl (SCheme 21) -
single diastereomer Kress et al. of Merck reported another intramolecular

alkylation for enantio- and diastereoselective synthesis of a

Both the tert-butyl and the isopropyl templates worked substituted proline using §2R)-1-aminoindanol as a chiral
equally well for the asymmetric induction in terms of yield auxiliary. Enolization of 2-pentenoxyamide with LHMDS
and diastereoselectivity. This represented the first applicationgave thea-allyloxyamide lithium enolatés9.2* An in situ
of the 2-isopropylimidazolidinone template to the asymmetric [2,3]-Wittig rearrangement produced homoallyl-3-ethyl-2-
synthesis ofi-disubstituted amino acid derivatives. hydroxyamide in 67% yield and 94:6 diastereoselectivity. It

Analogously, Napolitano and Farina usedais-oxazoli- was found that LIHMDS is a much better base than
dinone derivative for the SROSC in the synthesis of BIRT- NaHMDS, KHMDS, or n-BuLi. Addition of HMPA or
377 The amino chiral center iN-Boc--alanine was DMPU was required for the reaction. After removal of the
completely relayed to the 2-position of 2-aryloxazolidinone auxiliary, the resulting optically active-hydroxy acid was
54. Enolization of the carbonyl iB4 with LIHMDS followed converted into 3-ethylproline derivativ@&l (Scheme 22).
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Scheme 22 Scheme 24
Et o LIHMDS 0 r~7 al
NN xJJ\N><\O THF Et\/do\/\ >< - \ Br—/ ) Cl
— - +.® N 10 =N
HMPA ' 1 Br — d
-78t0 0 °C
58 59 j\/OCONHZ .
O H
Et O
oA X Lonafarnib (Sch 66336) 64
Mo Et L
. OH - . @H o B~ o
CO,Me N ~
N 2 ‘
60 . P N
:1 HCl \ d
(67%, 94:6 selectivity) Chiral 65
Ligand L*
2.4. Chiral Additive-Mediated Alkylation Scheme 25
One of the major challenges for industrial chemists is to Br—/
- . , Cl
develop efficient, practical, and low-cost asymmetric pro- Br—7 \ c LDA - \
cesses for the synthesis of drug candidates. In general, chiral =N N '
additive-mediated alkylations are much more efficient than Br Li gr
auxiliary-based reactions because the former type does not 65 66
require the attachment and removal of the auxiliaries, thus Ligand*  Br—/ ) cl
increasing the throughput. However, the challenge is how -
to obtain high enantioselectivity with an external chiral OMs N 6da
additive. In 1984, Dolling et al. of Merck reported the first fj Br
example of a catalytic asymmetric alkylation for the synthesis g
of (+)-Indacrinone (Scheme 23).Methylation of 6,7- e :}3‘
0C
Scheme 23 )\/(l)l\ ~
¢ o NaOH/PhMe/Mel ¢ o y OH oo N
Clmph 10-50 mol% catalyst i zf . 0,5
959 ., N
MeO (95%) MeO Ph D
— N
62 63 (92% ee) (-)-Sparteine  D-Valine
(0% ee) Sulfonamide (-)-Cinchonidine
NY/ wg (15% ee) (20-30% ee)
catalyst = =
Ho 4N/ Ho AN
N R MeO. . MeO N
/ N/
dichloro-5-methoxy-2-phenyl-1-indané® in toluene with Quinine Hydroguinine
aqueous sodium hydroxide in the presencé&dfenzylcin- (50-85%e€)  (50-85%ee)

choninium chloride as a phase transfer catalyst produced the
desired alkylation produd3 in 95% yield and 92% ee. feature of the cinchonidine family is the hydroxy group. In
Other chiral amine-promoted alkylations have been ex- addition, the extra methoxy group on the quinoline moiety
tensively studied in academic reseafghheir application, exerts a great influence on the enantioselectivity. The
however, to drug syntheses is rare. presence of the hydroxyl group required 2 equiv of LDA
Chemists at Schering-Plough discovered a novel enanti-for the dianion formation.
oselective alkylation of doubly benzylic substrates with  To account for the high enantioselectivity with the
secondary electrophiles and applied it to the synthesis of cinchonidine additives, a three-point interaction model was
Lonafarnib, an anticancer agentAs shown in Scheme 24, proposed for the asymmetric induction (Figure 3). First, both
the desired chiral center in Lonafarnib was established via the alkoxyl and the bridge-head nitrogen act as a bidente to
an alkylation of the doubly benzylic carbon 65 with a chelate the lithium anion at the benzylic position. The
secondary electrophile of the piperidine derivative. sr-stacking between the quinoline moiety and the pyridine
First, lithiation of the doubly benzylic position B5 with ring in the substrate provides the third point of interaction.
LDA and displacement dfl-Boc-piperidine mesylate inthe  The methoxy group on the quinoline donates the electrons
presence of a chiral ligand gave alkylated prodaga As to the aromatic ring and enhances thstacking effect. The
shown in Scheme 25)-sparteine gave no stereocontrol three-point interaction locked the doubly benzylic anion into
while p-valine sulfonamide afforded 15% ee. However, a proR configuration, resulting in the desired alkylation
quinine and hydroquinine gave up to 85% ee. The common product.
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Scheme 26
1.2.3 eq. LDA/Tol
2.1.3 eq. quinine Br—¢" cl
3.1.0eq H,O —
Cl - N
Br—/ \ 4. N-Boc-piperidine-
- 4-OMs Br
N
Br (95%) l}l
65 Boc
64a (95% ee)
Br—/ \ cl
=N

Br

j\/@\lCONHZ
Figure 3. Y

Lonafarnib (>99% ee)

To further improve the enantioselectivity, chemists at
Schering-Plough designed and prepared a norephedrineN-Boc-pyrrolidine with sBuLi in the presence of )-
derived ligand based on the hypothesis in Figure 3. While sparteine followed by trapping the anion with ethylene oxide
tertiary amine67 gave low induction (1328% ee), its  gave the homologated alcoh8® in 83% yield and 82% ee.
secondary amine counterpes8 afforded up to 88% ee  BF.-OEt, was required for the epoxide opening, presumably
(Figure 4). Once again, the presence of the methoxy group-coordinating with the epoxide and activating it for the attack
(s) on the benzene ring greatly enhances the enantioselec¢scheme 27).
tivity.
! Scheme 27
OMe OMe

s-BuLi/Et,0/-78 °C
oM L) L
lgand' = o 'ﬁ T o H\/©[0Me N + A _()Sparteine, 4h N~ OH
= AN :
Ph/\r OMe ph/\r"‘ OMe o)\ojv BF3.Et,0/-78 °C, 2h oé\ojv

67 (28% ee) 68 (88% ee) N-Boc-pyrrolidine 69 (83%, 82% ee)

Figure 4. / /
Furthermore, chemists at Schering-Plough discovered a HO/©\” D /

pronounced water effect on the enantioselectivity. Initially, -

n=0

the enantioselectivity was inconsistent and not reproducible. 0 (_ / \ o~ \@
Later, the reaction mixture was spiked with different amounts N N~ 0
of water prior to the addition of LDA. As shown in Table 2, I
Table 2. Water Effect P
entry water spiked (equiv) yield (%) ee (%) S$B-269970 Clemastine
1 0.0 506-60 55-60 . . .
2 05 nla 72 Hodgson et al. of Isis Innovation Limited, U.K., reported
3 0.7 92 85 a process for the preparation of optically active unsaturated
4 1.0 95 95 alkene diols in a regio-, stereo-, and enantiocontrolled fashion

via an alkylative double ring opening of oxa-bicycles with

the higher the water content, the better the enantioselectivity©rganolithium in the presence of chiral ligands such-a (
and the higher the yield. The alkylation with 1 equiv of added SPartein€?For example, exo-6,7-epoxy-8-oxabicyclo[3.2.1]-
water produced the doubly benzylic chiral center in 95% Octane7Owas reacted with isopropyllithium in the presence
yield and 95% ee using either the quinine or the norphedrine- of (—)-sparteine in cumene to give§PR)-(—)-3-isopropyl-
base ligands. Presumably, water reacted with LDA to form cyclohept-3-ene-1,2-diol’1 in 44% vyield and 85% ee
LIOH. The in situ generated LiOH breaks the lithium (Scheme 28).

aggregate and therefore enhances the reactivity. Addition of

solid LiOH, however, did not have any impact on the Scheme 28
enantioselectivity. D

This novel chiral alkylation was scaled up in the plant to 35eq.i PrL'./Cljmene S
a 33 kg batch size and produced multi-hundred kilograms o 3.5eq.()-sparteine, -78 ~ 25 °C oH
of Lonafarnib (Scheme 26). The enantiomeric excess was (44%) HO
further enhanced from 95% t©99% in the down stream 70 0

71 (85% ee)

processes.

Recently, Mani et al. of Johnson & Johnson developed a 3 chjra) Nucleophilic Addition of Organolithium
practical ()-sparteine-induced asymmetric lithiation of Reagents

N-Boc-pyrrolidine for the synthesis ofRf-N-Boc-2-(2-
hydroxyethyl)pyrrolidine 69, a key intermediate in the Addition of organometallic, particularly organolithium,
syntheses of SB-269970 and Clemastié.ithiation of reagents to electrophiles such as imines, ketones, and
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epoxides is a powerful method to form chiral centers. Most Scheme 30
of the examples discussed in this section focus on the

addition of organolithium reagents to imines for the formation Toluene .
of chiral centers as a key step in drug syntheses. . -7810 -60 °C
NI L 0.2eq.77 o HN__
3.1. Addition to a C =N Bond cl ~ To5%)
76 (70:30 (R/S)-DMS)

While addition of organolithium reagents to imines has
been reviewed previoushf,? this review focuses on 1 (R)-mandelic acid
industrial applications. Similar to the case of the alkylation 5 o yp
reactions, the chiral centers can be induced by a chiral
auxiliary, a chiral additive, a chiral catalyst, or a chiral (90%) 1 o
template that is part of the molecule. R, R

In the synthesis of a key intermediate for a potent protease
inhibitor (SB-203388%, Pridgen et al. of SmithKline Beecham Scheme 31
have developed a nucleophilic addition of a lithium reagent
to chiral 1,3-oxazolidines, presumably serving as a masked

imine (Scheme 29¥31Thus, addition of the lithium dianion
Scheme 29 /©/'\/ '
F

G ae o T - Q

Ezetimibe E

o< g
(R)-DMS W><\(
g, N\? R'='Bu

(>99% ee)

] )roa 76%) “ny H  OH
72Et 73 74 (95% de) Scheme 32
. Ar?
Ph 5 \/ OH 2eq. LDA/DMF/ OLi =N
1. HCI w DMPU/-40 to -15 oC Al N
2. LTA C\ A NH, ——=. BooNH N/\(J o 0Y
) NH
(86%) Non 5 5
75 (>99% de) SB 203386 79 L

of ortho ester-protected imidazof to 2-isopropyloxazo- Lio Lio

lidine 73 produced R,SYamino alcohol74in 76% yield and : Ar' ' Ar' )

95% de. The chiral induction came from the origing)-( :%\( 2 :%m\i\ LiCl
NA

phenylglycinol, and the nitrogen atom became part of the (64% isolated yield)
molecule 74) after an oxidative removal of the auxilia#y.
The correspondingSR)-enantiomer was prepared in 84%
yield using the R)-2-phenylglycinol as the auxiliary. Com- S,S,5-81 (80:20) S,S,R-81
pound 75 was converted into a protease inhibitor (SB- ’
203386) in several steps.
Senanayake et al. of Sepracor have developed an aldimine- (' Ar‘
catalyzed chiral addition gfBuLi to an imine substrate for /l;y'
an asymmetric synthesis dR¥desmethylsibutramine (DMS), . * OH
a metabolite of an antiobesity compoutidlhus, addition
of i-BuLi to aldimine76in the presence of 0.2 equiv of bis- trans-82 cts-82
oxazoline77 gave R)-desmethylsibutramine in 40% ee and (95:5)
95% conversion. The enantioselectivity was only moderate
and was independent of the amount of the chiral ligand used.addition of lithium enolate80 to an imine took place
Use of otherC, symmetric chiral catalysts such as bis- exclusively from the opposite side of the alkoxide group to
oxazolines or {)-sparteine gave poorer results. A partial give the §-configuration. However, the diastereoselectivity
resolution with R)-mandelic acid further enhanced the ee at the benzylic position was only 80:20 in favor of the desired
from 40% to>99% with >90% recovery (Scheme 30). SSSisomer. Initially, the cyclization to form thg-lactam
Chemists at Schering-Plough have developed a novel andcould not be completed under the reaction conditions. The
efficient enantio- and diastereoselective synthesis of Ezetimibe,addition of lithium chloride drove the cyclization to comple-
a cholesterol absorption inhibitor. The key to this novel tion. It was speculated that some stable lithium aggregates
synthesis was the development of a one-step formation of may account for the incomplete cyclization and that addition
the trans3-lactam 78 from a chiral aldol condensation of of a different lithium salt may be able to break the stable
the lithium dianion of 3-R)-hydroxy--lactone79 and an aggregates and increase the reacti®iffy. It was also
imine (Ar'CH=NATr?), as shown in Scheme 3i. observed that§S9-81 cyclized four times faster than
First, conversion of hydroxy-lactone79 to its corre- (SSR)-81, enhancing the ratio dfansto cis from 80:20 to
sponding lithium dianior80 with 2 equiv of LDA followed >87:13. The desired product was isolated by a simple
by addition to an imine produced two adducsSR)-81 and filtration to give thetrans-lactam in 64% yield and a 95:5
(5S9-81 together with a small amount of two cyclized ratio of trangcis on a 300 g scale (Scheme 32). Tinens
products {rans andcis-82), as shown in Scheme 32. The 82was converted into Ezetimibe in several steps.

2
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Interestingly, a cationic effect on the diastereoselectivity effect was observed. For example, sodium 4-fluorophenoxide
was observed for this aldol condensation. For example, gave a very slow reaction at 6% with less than 10% of

addition of 1 equiv of BEZn to the lithium dianiorB0 gave
an 11:89 ratio of $S59-81/(SSR)-81 while addition of a
mixture of NaHMDA and LiHMDA reversed the ratio to
86:14. Therefore, either thteans or thecis-Hisomer can be
obtained depending upon which additive is introduced.

the desired ether. Calcium 4-fluorophenoxide gave only a
trace of etheB4 even at elevated temperatures. The use of
lithium 4-fluorophenoxide improved the yield to 43%, but a
long reaction time was still required (95% conversion at 60
h). The best yield (67%) was obtained with 44H0ZnCl.

For comparison, the same absolute stereochemistry at thePresumably, a “push-and-pull” effect accounts for the high
B-lactam ring of the major product was obtained when an yield with the organozinc reageftin all of the reactions
open-chain 3-hydroxybutyrate was used as a starting materialcarried out, epoxid83 was found to be the intermediate.
despite the opposite stereochemistry for the side-chain Claremon et al. of Merck Sharp & Dohme Research

alcohols (Scheme 33§. Thus, treatment of ethylS-3-

Scheme 33
_Ph
2 eq. n-BuLi Li Nl
2.2 eq. i-Pr- Lie "\
OH O (cyclohexy)NH o O Ph
/\/”\OEt /\/\
OEt
(S)-Hydroxybutyric acid Dianion
OH OH
4, Ph L +Ph
(@) Ph o] Ph

(S,S,S)-B-Lactam (S,R R)-p-Lactam
(95:5)

hydroxybutyrate with 2 equiv of LiN(cyclohexyl)Rrfol-
lowed by addition of the resulting dianion to benzylidene-
aniline gave a mixture of§S9-S-lactam and $R,R)-5-
lactam in a 95:5 ratio.

Chemists at Schering-Plough have also convetitais-
82 into an Ezetimibe analogue (SCH 57939) (Table3).

Table 3. Cation Effect

Sch 57939
Entry M Yield, 84
1 Na 10%
2 Li 43%
3 ZnBr 67%

Thus, conversion of the terminal alcohol rans-82 to a
leaving group followed by a displacement with 4-4FHz-
OM gave the desired produ8d. Again, a strong cationic

Laboratories reported higtinreo diastereoselectivity in the
addition of organolithium to the aldehyde dimethylhydrazone
(Scheme 34%? Addition of 2.5 equiv of MeLi to §-2-

Scheme 34
OH 25eq. M;aLi/ OH OH
Ph/K?NNMeZM Ph/'\:/NHNMez — Ph/'\:/NHZ
(95%) = H
85

86 (92% de) 87

(S)-2-(Dimethyl-hydrazono)-1-
phenyl-ethanol

(dimethylhydrazono)-1-phenylethan@®5) produced hydra-
zine 86 in 92% de and 95% vyield. The amino alcol&x
was obtained after removal of the hydrazine group.

The above methodology was used to prepare a number of
amino alcohols in high yields and excellent diastereoselec-
tivity, as summarized in Table #.For example, treatment

Table 4. Diastereocontrolled Organolithium Addition to
Hydrazones
R R

R, ‘0 ‘0
° R'LI A_NNMe. _A_NNMe
A —- 2 2
n-CeHy i \FNNMe n-can/\A'I‘/1 n-CsHqj 5

88a R = CH,0CH,Ph

88b R = CH,Ph threo-89 erytro-89
88c R = C(CH3),OCH3
88d R =CPh3
88e o><o
N.
Z"~NMe,
entry  Hydrazone RLi 89 Yield%  threo:erythro-89
1 88a MeLi 95 97:3
2 88a PhLi 95 >08:2
3 88b MelLi 98 97:3
4 88b PhLi 93 >08:2
5 88b t-BuLi 98 >08:2
Li
6 88b o~ ¥ >98:2
7 88c PhLi 93 >08:2
O _Li
8 88c S\ /r 85 >08:2
Li
9 88c 88 98:2
Si(CH3)3
10 88d MeLi 85 1:10
1 88e MelLi 95 3:1
12 88e MelLi 75 6:1
13 88e MeLi(Cul,0.1eq) 96 1:3

of different ether-protected hydrazon&8&—e) with 1.5—
2.5 equiv of RLi gave alkylated produc89 in 85—98%
yields and 94-96% de. It is worth noting that use of the
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trityl protecting group switched thiarederythroselectivity Scheme 36

from about 98:2 to 1:10. The selectivity also varied when Li%<]

88ewas used as a substrate. This synthetic method provided 94 (3.0 eq)

a general access to various amino alcohols. R? CFs o 2 CF%

R’ § LIHMDS (36eq) R 1. Z

3.2. Alkynylation of Imines and Ketones /’L THFF101020 R\d\NH
Recently, chiral mediator-promoted additions of lithium '}' © Me OH (:j N"o

acetylides to prochiral imines and ketones have been used H N - H

to establish key chiral centers in enantioselective syntheses 95 96a: R'=R"=F (99.7% ee)

of HIV-1 non-nucleoside reverse transcriptase inhibiteré. 96b: R' = Cl, R2= H (99.6% ee)

Researchers at both Merck and Dupont Pharmaceuticals have Me it

developed a number of highly effective chiral mediators for © (77- 85% overall yield)

this type of addition. In collaboration with scientists at 93(36ea)

Cornell University, they have also elucidated the reaction g.heme 37
mechanisms and aggregation states of lithium species.
Two syntheses discussed below involved the addition of o Lia] f
Li acetylides to cyclidN-acyl ketimines for the establishment o 2.2 eq. 94/THF/ FaQ F
of the quaternary benzylic chiral centétg?First, Huffman CF; _-60°C Cl “OH .
of Merck used a stoichiometric amount of quinine to induced NH 2.2 eq. 97 " —
|

the enantioselective addition of Li acetyli@d to a cyclic

|
N-acyl ketimine90, producing the §-enantiomeB2in 84% 98a R = 4_MZOC HaCHoe R
yield and 97% ee (Scheme 38)One equivalent of lithium g o 642 99 (95% yield, 98% ee)
Scheme 35 F C Me Ph
3
- N  OLi
Li—= SN Q
\ Z /K
cl X cl
N 91 (1.5¢q.) “NH 97
O,
N ,& THF/-25°C /g Efavirenz

1.6 eq. Quinine-Li conditions was carried out, and the best procedure is as

follows: use of 2 equiv of Li acetylide and 2 equiv of Li

OQ (84%) COQ aIkoxidé followed by equilibration of the resulting acetylide
90

alkoxide solutions at temperatures abové0 °C prior to
the addition of the ketoaniline. Among the bases tried
92 (97% ee) (LIHMDS, BuLi, and LDA), LIHMDS gave the best result
(Scheme 37).
Merck chemists also collaborated with Collumn’s group
at Cornell on the mechanism of this type of acelylide
addition. Based orfLi, °C, and'*N NMR spectroscopy

e .’ studies in solution and X-ray crystallography in the solid
lithium salts of both acetylene and alcohol, generated with state, they proposed a cubic 2:2 tetramer formed from Li

BuLior LIHMDS, gave better enantioselectivity than either ,oiviide “and Li alkoxide to be the active intermediate
sodium or magnesium salts produced from sodium (NaH- (Figure 5)%2-45

MDS) or magnesium (EtMgBr). THF is a better solvent than
either toluene or diethyl ether. Under the reaction conditions, &
: Y/

base was required to neutralize the hydroxyl group in quinine.
The opposite R)-enantiomer could be obtained in high

enantioselectivity using quinidine as a chiral ligand. There
is a metal cation effect on the enantioselectivity. For example

a bulky 9-anthrylmethyl was apparently required to protect
the distal nitrogen in order to obtain high enantioselectivity.

For enantioselective addition of Li cyclopropylacetylide : L.—
94 to a similar imine95, Parsons et al. of Merck have &
developed a-)-3-carene amino alcohol-based liga8a)(**
Three equivalents oP4 and 3.6 equiv each 093 and THF
LIHMDS are required to givé6 in >99.6% ee. The+)- 2:2 tetramer
3-carene-derived amino alcof@sligand could be recovered  Figyre 5.
in 92% vyield and recycled directly (Scheme 36).

Furthermore, Merck chemists developed a class of chiral An N-protection step of the aniline group in the ketone
amino alcohol-based ligand for enantioselective addition of and a deprotection step were required in the above addition
Li acetylide to prochiral ketones in the synthesis of Efavirenz in order obtain high enantioselectivtiy. To streamline the
(Scheme 373 Thus, addition of 2.2 equiv of Li acetylide  synthesis, Merck chemists developed an organozinc-mediated
94 to trifluoromethyl benzoketon®8 in the presence of 2.2 addition of Li acetylide to alN-unprotected prochiral ketone
equiv of a lithium amino alcohol derivative gave a chiral (Scheme 38j* Treatment of lithium acetylid®4 with the
tertiary alcohol product99) in 95% yield and 98% ee. While  cyclic aminoalkoxide zincat&00formed the “ate” complex
quinine was not effective for this type of additionR29)- 101 Addition of the zine-lithium “ate” complex101to free
N-pyrrolidinylnorephedrine 47) was found to be the best aniline trifluoromethyl benzoketor@6b afforded the chiral
chiral mediator. An extensive optimization of the reaction tertiary alcohol9in 83% ee and 83% yield. The formation

Ll—
|/L| |
Ph' THF
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Scheme 38
OMe Y
oZn/\ Li—<] MeO, 7 Lt
Nj } 94 oZn
Ph _— N
Me Ph
100 L Me .
0 101
Cl
@Ca & %
NH, cl OH
96b
_— NH,
(83%)

99 (83% ee)

of a zinc adduct lowers the basicity yet still maintains the
nucleophilicity of the acetylide. This procedure is the most
efficient synthesis of Efavirenz and has been scaled up in
the pilot plant (Scheme 38}.

A similar lithium acetylide,102 could also be used to
open a chiral epoxide, with complete retention of the chiral
center, to form a secondary alcoHdl3in 99% ee (Scheme
39)4°

Scheme 39
OH

}\/\OCHZPh

103 (> 99% ee)

o DMsO

= OCH,Ph
/ + /<] (80%)

102

Li

3.3. Addition to Chiral Esters

This part of the review will focus on addition of organo-
lithium reagents to esters bearing chiral centers as a templat
Under basic conditions, the chiral centerto the carbonyl
has a tendency to racemize. However, addition of alkyllithi-
ums or lithium amides to chiral esters has been proven to
retain the configuration at either tleor thes carbon. The
weak basicity and the strong coordination ability of the
lithium cation account for this retention of the chiral centers.
All the substrates discussed in this sectioncamino esters,
and only 1 equiv of organolithium addition was observed to
give ketone derivatives.

Wu and Huang

Scheme 40
TMSCI, BuLi
0,
+BreH,cl 1P, 78 ©
MeO,CHN” "CO,Me @ St:ps 76%) MeO,CHN cl
’ o}
104 105
X
o}
H H
—_— — N =
— % \_)J\N N 5
o ; M oon |
HNOC  gyyNnoC A *MeSOgH
Saquinavir
Scheme 41
0 BuLi (1.3 eq.) o ¢
rf0+ BrCH,Cl  THF, -78°C Q%
BocN~, 2 B ¥ | BooN~/ oy
E:(ws ©/107
o]
HCl Hl-HN gy
(64%) :
108 (99.2% ee)
Scheme 42
Arw,_Q BuLi (1.3 eq.) A, o C
O 0
CbzN + BrCH,Cl THF,-78°C CbzN
: - OH
H (1.3 eq.) i
Ar = CGH40MG
109 0 : 110
coNi ¢
HCI H
(64%) @(

111 (98% ee)

Furthermore, Izawa used an imine as a protecting group

In the synthesis of Saquinavir, a tetrapeptide mesylate saltfor the amino group in the addition of CIGH to an amino

and the first HIV protease inhibitor, chemists at Roche have
developed an addition of chloromethyllithium to tine
protected-amino estefl04for the preparation of the center
moiety, i.e., the N-protected chloromethyl keton&05
(Scheme 40)° The chloromethyllithium was generated in
situ at —78 °C from BrCHCI and BulLi. After an acidic
workup, the chloromethyl ketonE05was obtained in 76%
yield with retention of thex-chiral center. The chloromethyl
ketonel05was converted into Saquinavir in several steps.

Similarly, Izawa et al. of Ajinomoto used chloromethyl-
lithium to add to theN-protected 3-oxazolidin-5-orE06for
the preparation oN-protected 5-chloromethyl-5-hydroxy-
3-oxazolidinesl07 (Scheme 413*

Cbz-protected substral®9worked well for this addition
to give hemiketall10 with retention of the chiral center
(Scheme 425 Both the resulting oxazolidined7and110
were readily converted inta-aminoalkyla'-chloromethyl
ketone derivatived08and111

ester group for the preparation of one-carbon-homologated
chloroketonel08 (Scheme 43)? In this case, a chemo-
selective addition of CICKELi to the carbonyl group was
achieved in the presence of an imine group to dit& in
100% vyield and retention of the chiral center. Bdth
diphenylmethylene- anN-benzylidene-protected amino acid
esters worked well to give, after hydrolysis, the desired
product108in >98% ee and good isolated yields (Scheme
43) 52

The fact that reaction stops at the ketone stage indicates
the formation of a stable chelation intermediate. In addition,
the weak basicity of the chloromethyllithium does not
promote the enolization of the starting ester, resulting in a
complete retention of the chiral center at thgposition.
o-Aminoalkyl-o’-chloromethyl ketones are useful intermedi-
ates for the preparations of serine protease and hydroxyethyl
isostere subunits found in many renin and HIV protease
inhibitors.
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Scheme 43 become part of the molecules when they are attached to other
o 0 parts of either the nucleophiles or electrophiles (chiral-pool
BuLi (1.3 eq.) approach).
Ph N Ph N cl pp
g \_)kOMe *BrCH,Cl THF,-78°C T~ _QK/ Iwanowicz et al. of Bristol-Meyers Squibb have converted
R (1.3 eq.) . R the nitrogen of art-amino ester into an oxazolidine auxiliary
(100%) (117) and applied it tanti-selective aldol reactions (Scheme

45) 56 Enolization of the ester functional group with LDA

112a: R=Ph 113
112b: R=H o Scheme 45
Het HN g o O OH
HCI H tBuO)J\‘ . J?\ LDA/THF BUO R2
~ 759 —_—
o Y O v ey O
0 ( ‘) 0
108 (98% ee) 117 118
o 1_ 2 _p, ipp 4 (anti:syn = 92:8 ~ 99:1)
Chang et al. of Abbott have reported an addition of R1 CH(Ph)2 RE=Pr, Pr, Bu,
R'=H Ph, PhthNCH,

cyanomethyllithium to an amino ester for the preparation of
a 2-carbon homologated aminoketone derivative (Scheme

44)53 Thus, addition of LINH to a mixture of amino ester followed by addition to various aldehydes afforded predomi-

nantly anti-diastereomerd18 in good to excellent yields.
Scheme 44 Furthermore, it was observed that bulkier substituents on the
oxazolidines gave better diastereo- and enantioselectivity. For

BN LiNH, NBn2 g, example, the lithium enolate of a less sterically hindered
: o : ,
Ph\/\n/OBr'+ ngcNME Ph\/\fo\\ glycine ester produced a mixture of all four possible
0o (79%) O-----°Li} diastereomers. A bulky ester groupBu) is necessary for
114 %CHch the high selectivity. Rem(_)val of_the chiral auxiliaries gave
NBn, 15 the chiral 3-hydroxy-o-amino acids of theerythro-stereo-
: isomer.
Ph\/Y\CN Jacobson et al. of DuPont-Merck used Evan’s auxiliary
o for the synthesis of a variety of 2-hydroxy-2,3-disubstituted
116 (>99% ee) succinatesl19 (Scheme 46) Thus, a number of lithium

114 and CHCN gave aminoketon&16in >99% ee and Scheme 46
with retention of the chiral center. It was found that lithium i o)

amide gave better chiral retention than the corresponding ¢ j\ LDATHF/ o0 R1O%Rz
sodium amidé?® Two key factors may have contributed to R\)I\ 0 -78°C %\NJ\O o

this difference: (1) deprotonation of acetonitrile with lithium \_/ —_— R W
amide is kinetically faster than extraction of theproton; N N ’

and (2) there may be a strong chelation between lithium Ph Ph ;

cation and carboxylic oxygen, as shown by intermedid® 120 121 R =Me, Et CHPh
thus activating the carbonyl group. The activation would R=Me, CH(Ph), R®=Me, CH.CHMex,
therefore favor the nucleophilic addition of cyanomethyl CH2Ph, (CH2),Ph,

anion to the carbonyl over the deprotonation of ¢hproton. 2 OO O 2 6 (CHz)3Ph
The f-keto nitrile productl16 could be converted into a R1OR//"‘ )J\ R10H04. R )J\

protease inhibitor Ritonavir (Norvir) (Scheme 44). 273 N o * 2Y3 N 0
= \_/ =
O R o O R \\—/
\ \

4. Organolithium Reagents in Chiral Aldol Ph oh
Condensations anti-119 syn-119

Enantioselective aldol condensations can be divided into (antl:syn = 63:37 to 83:17)

chiral auxiliary-induced, Lewis acid-mediated, and catalytic
asymmetric reactions. While a vast number of reactions have
been reported in the past two decades, this review will focus
on industrial application of additions of lithium enolates to
aldehydes. Enantioselective aldol and Michael additions o
chiral lithium amides and amines were reviewed pre-
viously 5455

enolates 121) generated from the Evan’s auxiliary amide
120 and LDA in THF were added to the ketone functional
group ofo-keto esters to give 2,3-trisubstituted adducts in
fgood yield. The enantioselectivity at the C-3 position was

exclusive because th&enolate reacted preferentially from

the Siface. However, the diastereoselectivity at C-2 was only

modest (63:37 to 83:17). For comparison, addition of lithium,
. o : boron, and titanium enolates of Evans’ chiral imides to
4.1. Chiral Auxiliary-Induced Aldol Reactions a-keto esters were examingd.

Chiral auxiliaries can be attached to either the nucleophiles In a related titanium-promoted aldol condensation, chem-
(such as esters or imides) or the electrophiles (aldehydes olists at Schering-Plough used Evan’s auxiliary for the
ketones). They are generally removed at the end of the synthesis of azetidinone-based cholesterol absorption inhibi-
synthesis when they are attached to the carbonyl bonds, asor SCH 48461 (Scheme 4% Treatment of the oxazolidi-
either amides or esters (auxiliary-induced). The chiral centersnone auxiliary122 with BuLi followed by phenylvaleryl
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Scheme 47 Scheme 48
1. TiCl/EtzN/

R R .
0O o 0 0 O PhLi OLj Acetaldehyde
o BuLi or 2 eq. TMEDA JI >{ Et,0/-78 °C >/ 0 Et,0/-78 °C
)% J )kN o K . Etor78°C yal
Br
30

o EtsN'DMAP O~ °N 2. p-MeOPhCHO ¢ | o
— e L T, Ph Ph O (85%)
Ph(CH,),COCI - a e 131

1
CH,Ph

122 Path A 123 / 127 0
" ’4 [EtsN/ o R >/ 0~ H ’“/<O
- [ . TiCl4/Et3l Y, d .
o o 1 eq. TMEDA )L /g. Ar Ph/<0 ....TOH pif O
Q" N + R
/9% H OH
z T 132 33

|
O)\N A 2. p-MeOPhCHO
\_{ % 5 i 1
f: N Cin

Bn  PH (130/131 = 37:63)
124 128
2 steps

| |

‘ 2 steps

O o OoH o 0 0O O
,%'To )
M SCH — HO < OH
Q" "N Bn OMe
\_/  (CHp)Ph CH.Ph (S)-Ethyl acetolactate (R)-Ethyl acetolactate
2 2
B”125 129 lithium enolate of malonate ester to variowsalkoxy
l l aldehydesl134 for the preparations oénti-1,2-diols 135
o o' oH (Scheme 49%° It was observed that the bigger the ester
o )LN z Ph(CHp)s,  CeHa-OMe-p group, the better the diastereoselectivity. For example, when
\_/ SiS /J;f the alkyl group was changed from methyl to a more bulky
o N
Bn OMe 0" “CgHs-OMe-p Scheme 49
CHgPh OH OH
SCH 48461 O
126 CHO Z"CLZ/T < _CO,Bu \H\rcogsu
chloride afforded théN-acyloxazolidinonel23 For the Ti- . oy 18°C Y\r
. . O + LiCH(CO,'Bu), O CO,Bu* O CO,BuU
promoted aldol condensation, either tIgS- or the R R)- (81%) 2
hydroxy adduct can be obtained as major product. The use
of 1 equiv of TMEDA in combination with TiCl resulted

in (§9-adductl26following reaction Path A. First, forma- 134
tion of a six-membered ring titanium enolate compled
followed by addition of the enolate to a benzaldehyde from

the opposite side of the existing benzyl group on the isopropyl or phenyl group, higheanti-selectivity was
oxazolidinone auxiliary gave a trioxo-titanium complé2%)  obtained. Direct aldol condensation in the absence of any
with the phenylpropyl group situated at the equatorial | ewis acids gave products in lower diastereoselectiwityti{
position of the newly formed chair form. On the other hand, syn= 60:40) and lower yield (71%). Introduction of BF
the use of 2 equiv of TMEDA gaveR(R)-adduct129as  QOEt, resulted in higher diastereoselectivignti/syn= 91:
major product via intermediat&28 (Path B). The RR)- 9), although in lower yield (52%). Other Lewis acids such
adductl29was converted into the desirgdactam product  as MgBg or ZnBr, gave poorer diastereoselectivity. Lower-
(SCH 48461) in good yield (Scheme 47). This synthesis was jng the reaction temperature from78 to —98 °C in the
scaled up in the pilot plant and produced API on hundred presence of ZnGlincreased the selectivity from 82:18 to
kilo scale for clinical supply. o 87:13 and the yield from 81% to 89%.

Greiner et al. of Rhone Poulenc Agrochimie have devel-  syrprisingly, theanti/syn selectivity was reversed from
oped a synthesis of both enantiomers of ethyl acetolactateg2:18 to 10:90 when the substrate was changed from benzyl-

through an aldol condensation of sterica_lly hindered_ diox- protectedl34 to 2-trityl-protecteda-hydroxyaldehydel 36
olanone with acetaldehyde (Scheme #5irst, generation (Scheme 50%°

of a lithium enolate of Zert-butyl-5-methyl-2-phenyl-1,3-

anti-135 syn-135
(anti-Isyn- = 82:18)

dioxolan-4-one 131) via a halogen metal exchange starting Sc¢heme 50
from bromo-dioxolanonel30 followed by addition to an CHO LICH(CO,'Bu), OH . OH
acetaldehyde formed two of the four possible diastereomers Y /ZnCl, 02 BU+ CO,'Bu
132and133in a 37:63 ratio. The pair of diastereomers were pp, ><0 th)(o CO/BuPh. O CO,Bu
separated and converted into the corresponding enantiomeripy, ) pp Ph><
cally pure ethyl acetolactates. Ph Ph Ph
136 anti-137 syn-137

4.2. Lewis Acid-Promoted Aldol Additions to (anti-/syn- = 10:90)
Chiral Aldehydes

4.3. Chiral Lewis Acid-Catalyzed Aldol

Two related Lewis acid-mediated additions of Li enolates :
to a-hydroxy aldehydes are discussed below. Condensations

Marumoto et al. of Sankyo Co. have reported ZaCl Chiral Lewis acid-catalyzed Mukaiyama aldol condensa-
promoted diastereoselective aldol condensations of thetions have been reported as a powerful method for the
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preparation of-hydroxy ester§! A successful industrial ~ Scheme 52

application of this type of catalytic reaction will have a major

economical impact on the cost of goods due to the use of a /~Q°  R'Licul

small amount of catalyst. _peracid _ \b:

Chemists at Schering-Plough have reported the first (84°/
process using chiral Lewis acid-catalyzed Mukaiyama aldol 144
condensation for the synthesis of SCH 58053, a cholesterol R = alkyl or alkenyl /
absorption inhibitof? As shown in Scheme 51, enoclization R o
Scheme 51 \‘\/jo
OTMS 1. 0.4 eq. cat R1‘
OEt 1. LDA _~0Et 2. Ar'CHO 141
\M 2. TMSCI o 3. BusNF i . . . .
</ (90%) = gave a Michael addition produt#3in 84% yield and high
(95%) O 439 stereoselectivity. The organometallic reagents approach from
H the opposite side of the existing chiral center, resulting in a
~_Ar' Al AP trans-adduct. Alkyl- or alkenylmagnesium could also be used
HO N in the addition reaction (Scheme 52). The bicyclic intermedi-
o) OEt = A o ate143was oxidatively opened with a peracid to afford the
</o 0 o desiredtrans-3,4-disubstituted~lactonesl44.
140 (95% ee) Sch 58053 5.2. Auxiliary-Induced Asymmetric Conjugate
~/ 0 Additions
cat= /N/_f The use of chiral auxiliaries has been demonstrated to be
08" B an effective method for asymmetric induction in conjugate

C H additions. The chiral auxiliary can be placed on either a chiral
O acceptor or a chiral donor.
In the synthesis of intermediates for neutral endopeptidase

of the spiro estel38with LDA followed by trapping with inhibito.rs and inhibitors of _zinc metalloprotease such as
TMSCI gave the TMS ketene acetaB9 in 95% isolated sam_ptnlat, D_ur_m et a!. of Pfizer EngIand have _reported an
yield. A slow addition of the TMS ketene acetal to a mixture addition of lithium spiro enolate to chiral 2-aminomethy!-
of benzaldehyde and 0.4 equiv ofvaline sulfonamide acrylates (Table 5. Di-((§-o-methylbenzyl)amine was used
oxazaborolidine gave, after a BUF workup, the3-hydroxy . . -
ester140in 90% isolated yield and 95% ee.eﬁrbevaline Table 5. Chiral Michael Add't'ogh
sulfonamide oxazaborolidine catalyst was hydrolyzed, con-

verted into the corresponding sodium salt, separated from

the product via layer splitting, and recovered in 87% vyield. LDA 7/ /L
The recovered procatalyst was converted into the oxazaboro-Q % R'0,C

\\

lidine in situ, by treatment with 1 equiv of Bf&THF and /\Q )
recycled 9 times without loss of any enantioselectivity. The R?0” “OLi|147a: R' = t-Bu R'0,C COR
hydroxy ester,140, was converted into the corresponding 145a:R?=H 146a: R2—|_.147b¢ R'=Me 148a-c
spirog-lactam, SCH 58053 (Scheme 51). This route was 145p: R? = Me 146b: R? =

scaled up and prepared several kilos of API for studies.

5. Organolithium Reagents in Chiral Conjugate /L/@
Additions AQC ONH~ ~COH

CO,R?

Chiral conjugate additions have been used in a number of £BuO.C s .
. . ampatrilat

asymmetric processes. The chiral templates can be placed
on either Michael donors, Michael acceptors, chiral ligands, Ent ; 5 -
or chiral catalysts. Both carbon and nitrogen nucleophiles " 148 R R 148 Yield 148de
are_used _for conjugat_e enan_tiosele(_:tive_ additio_ns. While 'ghis a +Bu H 83% 99%
review will focus on industrial applications, Michael addi-
tions have been reviewed previousty. 2 b Me H 86% 94%
5.1. Conjugate Additions to Chiral Michael 3 ¢ tBu Me 50% 80%
Acceptors

The chiral centers in the Michael acceptors discussed hereas a chiral auxiliary on the methylacrylate to induce the
end up as part of the molecule. conjugate addition. Study of the effects of th&dRoup on

Ebata et al. of Japan Tobacco Inc. have reported a processhe acrylate and Ron the Michael donor indicated that the
for the synthesis ofrans-3,4-disubstituted~lactonesl41, size of the Rgroup has little impact on the stereoselectivity.

using Michael addition of alkyl- or alkenyllithium to a chiral However, R has a major impact. For example, conversion
levoglucosenoné&42 (Scheme 5252 Thus, addition of RLI of cyclopentanecarboxylic aciti45ato its corresponding
in the presence of a copper halide to a bicyclic enba2 dianion Li enolatel46a followed by addition to chiral
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aminomethylacrylated47aor 147b produced §,59)-glu- Scheme 54

taratesl48aand 148b in 83—86% yield and 9499% de.

On the other hand, Michael addition of the lithium enolate

of methyl cyclopentanecarboxylated6b to 147a gave a Y

glutarate diesterl48c in only 50% yield and 80% de. Br OH Li- TBSO

Apparently, the aggregation state of the dianion enolate (R 1.TBSCI

= H) is different from that of the lithium enolate of the 2. n-Bul COZtBu

methyl ester.
Several Merck process groups used Michael additions for OMe

the preparation of a key intermediate in the synthesis of an 152 153

endothelin receptor antagonist. In the first approach, they N CHO
attached a chiral auxiliary to an aldehyde in the aromatic N | -

moiety of the Michael acceptor. In the second approach, they 0 Bu” N7 CO,'Bu

have developed a chiral-ligand-promoted conjugate addition | HCl

(see section 5.5). Bu” N7 Y CO,Bu OH
First, the benzaldehyde moiety in the Michael acceptors 2 OTBS

(149) was converted into different chiral imidazolidine or Q/Y\ OMe
oxazolidine auxiliaries 50) by reacting with either chiral

diamines or amino alcohols (Scheme 8%).Addition of OMe HO.C

Scheme 53 (O HO,C

R CHO \@[/\ (0] e S OMe
P #~C0,Bu o
\@/\002 Bu 2 \ /N

R2

149

= OMe, R®=H 1. ArLi
R'=H,R?=Me l 2. HCI Scheme 55

\ R! CHO

NI:. \N \N
v=§{—< o £~C0,'Bu Li Ph

N wy ™0 Br OTr N o

/ ‘ R? Ar
n-BuLi OTr |

Endothelin Receptor Antagonist

t
151 iPHNT N CO,Bu

aryllithium reagents to the chiral Michael acceptoi$Q) oM 159
proceeded very well to give, after hydrolysis, the desired 157
addition product in high enantioselectivity. -

Similarly, the use of an oxazolidine auxiliary derived from N"N.ph CHO
cis-aminoindanols produced a Michael addi665% Thus, o] _ ;
in situ protection of the hydroxyl group ih52with TBSCI HCl-PrHN” N COzBu
followed by a halogenlithium exchange generated ArLi  i-PrHN CO,BU ——

species153 Addition of the resulting ArLi153 to chiral
Michael acceptorl54 afford adductl55in 92% de. Both ©/\ Tr
OMe

9

OTr

Q"‘

the chiral auxiliary and the TBS groups were hydrolyzed
with HCI to give Michael adduci56in 92% overall yield
and 92% de. The free aldehyd&6 was converted into one 161 (92% de)
of the endothelin receptor antagonists as shown in Scheme 160 OH
54. H020

In the preparation of another analogue of an endothelin
receptor antagonist, chemists at Merck have used imidazo-
lidine as an auxiliary for a Michael addition following a
similar sequence (Scheme 55).Thus, generation of an
aryllithium reagent 158) by reacting ArBr {57) with BuLi NHPr-i
followed by addition ofl58to chiral Michael acceptat59 Endothelin Receptor Antagonist
produced adduct60in 92% ee. A simultaneous hydrolysis
of both the chiral auxiliary and the trityl group with HCI
afforded the desired antagonist in 81% overall yield. This tion of chiral ketonel62with LIHMDS followed by addition
type of addition is practical and applicable to a wide variety to a methyl acrylate derivative in the presence of TMEDA
of structurally complex chirgs,3-diaryl propanoates on large  afforded the Michael addud64in high diastereoselectivity.
scale because it employs readily available and inexpensiveAlthough the exact induction mechanism was not known,
chiral auxiliaries. the existing chiral centers and the Li alkoxide must have

Smitrovich et al. of Merck have reported an addition of a contributed to the high diastereoselectivity. The Michael
chiral Michael donor to methyl acrylate for the asymmetric adduct was subsequently converted into a disubstituted
synthesis of 3-aryb-lactones (Scheme 58) Thus, enoliza- o-lactone (65) in 99.8% ee (Scheme 56).

J/, OMe
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Scheme 56 acrylate derivativel 66 in the presence of 2 equiv of chiral
o M LHMDS/ ' o} ligands gaves,-diaryl propanoate467. For example, use
ar 2e ph, TMEDA/ \)O\L' Yo " OJ\/\R of 2 equiv of aC, symmetric chiral diether in toluene at
N N L N/\‘/Ph e —78 °C produced the Michael addu&b7 in 88% ee and
Me OH Me OLi 80% vyield (Scheme 58}
162 163 " - . .
5.4, Addition of Lithium Chiral Nitrogen
MeOLS 6 me 0 Nucleophiles to Michael Acceptors
R&HLN/\rPh - RY o In the synthesis oN—meth_yIN—{(18).—1—[(_3R)—pyrrolidin—.
Ar Me OH Ar 3—y|]ethyl} amine @8), a key |ntermed|ate in the preparation
164 165 of the antibiotic premafloxacin, McWhorter et al. from Pfizer
(up to 78% yield, 99.8% ee) used an asymmetric Michael addition of a chiral lithium

o amide to isobutyl crotonate to set the first stereocenter
Furthermore, Smitrovich et al. at Merck have shown that (Scheme 59% Thus, conversion of chiral diaming68 to

the stereochemical outcome can be changed dramatically in

the presence of LiCl. For example, Michael reaction of gcheme 59
lithium enolates of pseudoephedritié3in the absence of

LiCl gives predominantly thdérans-165%7 In contrast, the

syn165is the predominant product in the presence of LiCl B , i /\)I\o/\(
(Scheme 57). Ph/\ - M, Ph/\N/
H -70°C Ui
Scheme 57 168 160
1. LHMDS/ =
. MeOZC\ H
5eq LiCl, 0 °C : O Me : NH
2. acrylate/-78 °C R/\)LN/\rPh Ph/\l;l/ O . < .
A\)OL Fy Ph RTNAEOME A the O /\)I\O/\( /\CNH
I
N —| 1. Limos Syn-164 170
Me OH TMEDA, 0°C |\ o (83~88°% yield) 48
162 2. acrylate/-78 °C 2 Y O Me (>94% de) o o
- - ~_Ph
Ar l\llle OH I%IH F | OH
anti-164
/ N N He
o 7 OMe A
RY o}
Ar Premafloxacin
165 . . . . . .
trans-3,4-disubstituted B-lactone its corresponding lithium amid&69 followed by addition
to and isobutyl acrylate derivative gayleamino Michael
5.3. Chiral Additive-Mediated Conjugate Addition adduct170 in 83-88% yield and greater than 94% de

(Scheme 59). The chiral auxiliary was removed, and the
resulting intermediate was converted into monosubstituted
pyrrolidine48. This synthesis is complimentary to the chiral
alkylation approach discussed in Scheme 16.

Recently, a group of scientists at Pfizer reported an

To improve process efficiency, chemists at Merck have
developed a chiral-ligand-promoted addition of aryllithium
to an achiral Michael acceptor for the synthesis of an
endothelin receptor antagonist (Scheme®8) induce the

Scheme 58 asymmetric Michael at_jdition for the synthesisSF,(}—amino
OMe acid ester171, a key intermediate in the route to an/s
1.2eq. L* Integrin Antagonist® As shown in Scheme 60, Michael
Toluene 5 166/-78 °C OMe addition of lithiumN-(9-a-methlybenzylN-allyl amide (L72)
ArBr + t-Buli Ari om CO,'Bu to tert-butyl cinnamate 173 at —30 °C in THF gave the
© Ar protecteds-amino acid esterl(74) in 75% yield and>98%
©$Me . de. The allyl group was removed successfully using Pd-
COBu 167 (PPh),. However, the debenzylation tb71 with Pd(OH)
166 (80% yield, up to 88% ee) was accompanied by the undesired dehalogenation of the
aromatic ring.
Ph Ph
Chiral Ligand L* = 5.5. Catalytic Asymmetric Conjugate Addition
MeO OMe

Process chemists at Merck have developed a ZnCl
chiral center, they have introduced an external ligand such MAEP-catalyzed diastereoselective Michael addition and
as diamines, diethers, or amino ethers. The aldehyde groupapplied it to the synthesis of a muscarinic receptor antagonist
on the aromatic ring was protected as dimethylacetal. (Scheme 61}° Enolization of dioxolanel75 with LDA
Addition of ArLi reagents generated from the reaction of followed by addition to 2-cyclopenten-1-one in the presence
arylbromides and-BuLi to a,5-unsaturatedert-butyl aryl- of 15% of ZnC}h-MAEP afforded the adduct77in 74%
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Scheme 60
CO,'Bu k
. J/ 7 T_;g:oc 1, _N_CH,CO5Bu
Ph/.\l}l * OMOM 5oy Prh OMOM
i .
172 173 cl Br

174 (>98% de)
COH COzH

H 9 H
H2N N N N
— SO N
— OH — NH H o OH
HO
cl Br HO ol
171

Br
o, B3 Integrin Antagonist

Scheme 61
0 OLi

Ph/,,gko
_

1. ZnCl,-MAEP
4 eq. MAEP Ph\%\o (15 rr210I%)

A LDADME o—., - 2. Toluene
O—, 0 ~N"oocn
/< -15°C 0°C, 1h
175 176 '
(74% isolated,
99.0% de)
N._ _NH
o) N | =~ ’
N =
7 N ~\
H ZnCl-MAEP = N /N/ﬁ
Zn N
F 7N h
I ca”

Muscarinic Receptor Antagonist

Wu and Huang

Scheme 62

Asymmetric

0O o0
o)J\N M _ornRy) Aldol

ﬂ

o) O OH
O)LN)J\./-\R

ﬂ OR(NR,)

Ph Ph’ 179
178
DIBAL
O OH
H v R
OR(NR))
180
Scheme 63
Me
N 1) Li/NH3 NHMe
t-amyl alcohol
-35t0 -40 °C
N 2) H,O HN
ph— O (84%) 0
181 Sumanirole Maleate

(PNU-95666E)

was regioselectively opened at the benzylic position. Lithium,
sodium, and potassium work similarly for the reduction in
liquid ammonium. However, lithium was selected for the
scale-up for its better molar solubility in liquid ammonium
and higher reduction potential compared to the cases of both
sodium and potassium. Joshi’s group has addressed both
process and safety issues, including the hazardous analysis,
the physical form of lithium metal, and the lithium addition
apparatus, and scaled up the process in the plant on 50 kg
scale to produce API for phase lll clinical studies.

7. Conclusion

yield and 99.0% de. It was believed that the unsymmetrical ) _ _

triamine ligand 1-(2-dimethylaminoethyl)-4-methylpiperazine ~ In the past two decades, industrial chemists have developed
(MAEP) stabilizes the lithium enolate. A homogeneous Many asymmetric syntheses using organolithium reagents.
reaction mixture was required prior to the addition of Some of the processes have been scaled up in the plant and
cyclopentenone for high selectivity. This synthesis was scaledProduced active pharmaceutical ingredients for clinical

up and prepared multi-kilograms of the muscarinic receptor Studies, and some have been commercialized to produce
antagonist (Scheme 61). marketed products on multi-kilo scale. Most lithium reagents,

such as BulLi, LDA, PhLi, and LIHMDS, are commercially
6. Miscellaneous Reactions a_lva_lilable on a large scale. In ad<_:litiqn, a variety of (_)ther
' lithium species can be generated in situ in excellent yields,
Recently, Davies has published a series of chiral auxiliary- and those lithium species can be transmetalated to other
induced Michael additions and aldol condensatitnfar organometallic reagents. Industrial chemists have applied
example, use ofY)-N-acyl-4-benzyl-5,5-dimethyloxazolidin-  literature precedents to their asymmetric processes. However,
2-one for the synthesis of,3-dihydroxy or a-amino$- as we have attempted to show in this review, they have also
hydroxy acid derivatives (Scheme 62). Those reactions caninvented new asymmetric procedures for their processes and
be potentially useful for drug synthesis. scaled the processes up in the plant. The catalytic addition
Joshi’s group at Pfizer has developed a dissolving metal of Li acetylides to ketones for the synthesis of the HIV
(lithium) reaction to simultaneously remove a benzyl group inhibitor Efavirenz, and the chiral-ligand-promoted alkylation
on an amide nitrogen and regioselectively open a benzylic of doubly benzylic carbon for the synthesis of an anticancer
aziridine for the synthesis of Sumanirole (PNU-95666E). agent, Sarasar, are two examples.
As shown in Scheme 63, the aziridih81 was treated with Development of efficient and practical asymmetric phar-
lithium metal, ammonium gas, anert-amyl alcohol at-35 maceutical API processes will continue to be the focus of
to —40 °C to give, after an aqueous workup, the desired industrial research. Organometallic, particularly organo-
Sumanirole Maleate in 84% yield. Notice that the aziridine lithium, reagents will play an important role in establishing
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asymmetric centers. With a better understanding of the (23) (a) O’'Donnell, M. JAldrichimica Acta2001, 34, 3. (b) Lim, S. H.;

reaction mechanisms and the development of novel methods
by both academic institutions and industrial companies, there

will be more new inventions of practical and efficient

asymmetric processes for the synthesis of complex drug

candidates.
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