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Phase-transfer catalysis has long been recognized as a The key finding was a significant effect of an aromatic
versatile methodology for organic synthesis in both industrial substituent (Ar) at the 3;osition of one binaphthyl subunit
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acids by this transformation. Generally, 1 mol % laf is
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variety of natural and unnatural-amino acids can be
synthesized in an enantiomerically pure form by the phase-
transfer catalytic alkylation o2.

The salient feature dfeas a chiral phase-transfer catalyst
is its ability to catalyze the asymmetric alkylation of glycine
methyl and ethyl ester derivativesand 5 with excellent
enantioselectivities. Since methyl and ethyl esters are
certainly more susceptible toward nucleophilic additions than
tert-butyl ester, the synthetic advantage of this process is
quite obvious and highlighted by the facile transformation
of the alkylation products (Scheme ).

o
Phoc=N. I, o, +PhCHBr

Scheme 2
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With the critical role of 3,3diaryl substituents ofl in
mind, we examined the effect of 4;4nd 6,6-substituents
of one binaphthyl subunit. As shown in Scheme 3, introduc-

Scheme 3
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sufficient for the smooth alkylation, and the catalyst loading
can be reduced to 0.2 mol % without loss of enantiomeric
excess. In the reaction with the simple alkyl halides such as
ethyl iodide, use of aqueous cesium hydroxide (CsOH) as a
basic phase at lower reaction temperaturel§ °C) is
recommended. Since both enantiomers of the catalyst of type
1 can be readily assembled in exactly the same manner
starting from either §- or (R)-1,1-bi-2-naphthol, a wide
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tion of simple aromatic groups even at ‘4pbsition leads
to the exhibition of a meaningful effect on the stereoselec-
tivity of the phase-transfer-catalyzed alkylation2¥

We also made research efforts aiming at the substantial
reactivity enhancement dfl-spiro chiral quaternary am-
monium salt and the simplification of its structure in view
of establishing a truly practical method for the asymmetric
synthesis ofa-amino acids and their derivatives. Since
ultrasonic irradiation produces homogenization, i.e., very fine
emulsions, it greatly increases the reactive interfacial area,
which could deliver substantial rate acceleration in the
liquid—liquid phase-transfer reactions. Indeed, sonication of
the reaction mixture a2, methyl iodide, and$,3-1c (1 mol
%) in toluene-50% KOH aqueous solution at®@ for 1 h
gave rise to the corresponding alkylation product in 63%

yield with 88% ee (enantiomeric excess), demonstrating that

the reaction was sped up markedly, and the chemical yield
and enantioselectivity were comparable with those of the
reaction with simple stirring (OC for 8 h; 64%, 90% ee)
(Scheme 4§°

Scheme 4
O (0]
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PN Ao, * M 50% KOH ag thC_N?ekOf'Bu
2 toluene, 0 °C, 1 h H Me

63%, 88% ee
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To fully induce the potential catalytic activity di-spiro
chiral ammonium salt such 4sl, we have developed binary

phase-transfer catalysis using an appropriate achiral cocata-

lyst. For instance, the phase-transfer-catalyzed alkylation of
2 with benzyl bromide under the influence dél (0.05 mol

%) turned out to be sluggish to giBan only 4% yield (92%
ee), while similar benzylation o? in the presence of 18-
crown-6 (L0, 0.05 mol %) proceeded smoothly to furni8h

in 90% yield with 98% ee. The origin of this dramatic rate
enhancement would be the ability of the crown ether to
extract KOH into the toluene phase, accelerating the other-
wise slow deprotonation process (Schemé!3hdeed, use

Scheme 5
o (R,R)-1d, 10 o
(0.05 mol% each)
Ph,C=N._J_  +phcH,Br Ph,C=N
Ot-Bu 50% KOH ag 7 "OtBu
2 toluene, 0°C, 3 h H >Ph
Ar (83
B 90%, 98% ee
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= o) o)
N
CCL 0 s
o}
Ar o/
(RR)-1d (

R,R)-1d (Ar = 3,5-Phy-CgHs)  18-crown-6 (10)
of small-sized crown ethers such as 15-crown-5 and 12-
crown-4 dramatically lowered the chemical yield 8f
Interestingly, tetrabutyl- and tetraoctylammonium salts also
exhibited similar acceleration effects.

Although the conformationally rigidN-spiro structure
created by two chiral binaphthyl subunits represents a
characteristic feature of and related catalys9, it also
imposes limitations on the catalyst design due to the
imperative use of the two different chiral binaphthyl moieties.
Accordingly, we developed a new,Symmetric chiral
guaternary ammonium bromidd incorporating an achiral,
conformationally flexible biphenyl subunit (Scheme'8).
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The phase-transfer benzylation2fvith the catalyst -
11a having af-naphthyl group on the 3;dosition of the
flexible biphenyl moiety proceeded smoothly at°G to
afford the corresponding alkylation prodgin 85% yield
with 87% ee R) after 18 h (Scheme 7). The origin of the

Scheme 7
PhCH,Br
(S)-11a or (R,S)-1¢
\)?\ (1 mol%) O
Ph,C=N Ph,C=N
2 Ot-Bu 50% KOH aq 2 %Ot—BU
2 toluene, 0 °C (R)-3 H Ph

85%, 87% ee [18 h with (S)-11a]
47%, 11% ee [60 h with (R,S)-1c]

observed chiral efficiency could be ascribed to the consider-
able difference of catalytic activity between the rapidly
equilibrated, diastereomeric homo- and heterochiral catalysts;
namely, homochiral§S)-11ais primarily responsible for
the efficient asymmetric phase-transfer catalysis (PTC) to
produce3 with high enantiomeric excess, whereas hetero-
chiral (R,9-11adisplays low reactivity and stereoselectivity.
Supportive evidence for this hypothesis was that the ben-
zylation with 1 mol % of conformationally rigid, heterochiral
(R9-1cunder similar conditions proceeded slowly and, even
after 60 h, gave rise t8 in 47% vyield with 11% eeK), as
also shown in Scheme 7.

This unique phenomenon provides a powerful strategy in
the molecular design of chiral catalysts; i.e., the requisite
chirality can be served by the simple binaphthyl moiety, and
an additional structural requirement for fine-tuning of
reactivity and selectivity can be fulfiled by an easily
modifiable achiral biphenyl structure; this certainly obviates
the use of two chiral units and should be appreciated in the
synthesis of a variety of chiral catalysts with different steric
and/or electronic properties. Actually, guaternary ammonium
bromide possessing a sterically demanding substituent such
as §-11b can be easily prepared, and the benzylatiof of
with (9-11b as a catalyst gav@in 95% yield with 92% ee.
Further, the enantioselectivity was enhanced to 95% ee with
(9-11cas a catalyst.

On the other hand, we were intrigued with the preparation
of symmetricaN-spiro type catalyst to avoid the independent
synthesis of two different binaphthyl-modified subunits
required forl. Along this line, 4,4,6,8-tetraarylbinaphthyl-
substituted ammonium bromide? was assembled through
the reaction of agueous ammonia with bis-bromideon
the basis of our study on the substituent effect of this type
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of salts. Evaluation 012 as a chiral phase-transfer catalyst Scheme 10
in the alkylation of2 uncovered its high catalytic and chiral (S)-15

— o) o]
(0.01-0.05 mol%)
efficiency (Scheme 8¥ phac=n._IL v REr Ph,C=N
Ot-Bu o Ot-Bu
50% KOH agq S
Scheme 8 2 toluene H R
Ar 0°C,2-64 h 81-98% yields
Ar AP O >97% ee
U oo OO OO ﬁ
Br CHyCN O
pee OO OO , v o
Ar . . . . . pe -
(S.9) 123 (Ar = Ar = 3,5- th CeHa) chiral biphenyl units, as a new, easily modifiable subunit
12b (Ar = 3,5-Phy-CgHj, Ar' = H) for further elaboration. To this end, chiral phase-transfer
o (8,31)-12|§)/0r b o catalystl6 was synthesized and evaluated in the asymmetric
Phoc=N._JL + Rpr M%) o ceN alkylation of glycine Schiff bas@ (Scheme 113
Ot-Bu 50% KOH X~ Ot-Bu
. 4 H R
toluene, 0 °C Scheme 11
R = PhCH, with 12a for 24 h : 87%, 97% ee RR)-16
with 12b for 6 h : 86%, 96% ee ((1 mgl%

Ph,C= N\)J\OtB +PhCHaBr ——— Kon o Ph,C= N))kOtBu

Our further efforts toward the simplification of the catalyst foluene, 0 °C H
i - - (53 7 “pp
have led to the design of new, polyamine-based chiral phase- 16a - 94% 65
transfer catalysts of typd4 with the expectation of the 16b - 96%  94% o6

multiplier effect of chiral auxiliaries as illustrated in Scheme Ph Ph
9.12 The chiral efficiency of such polyamine-based chiral
Scheme 9 O O O +Br O
OXw ol
Ar O O Ar OO (RR) 16a (RR)-16b O
Ph Ph
Br Ar =z
N/\/\ /\/\/N\/\/N
OO In designing practical phase-transfer catalysts, the ready
Ar availability of starting chiral sources is crucial. Accordingly,
Ar i i i
S)-14

a highly practical, chiral phase-transfer catalyist was
conveniently prepared from the known, readily availaBe (
4,5,6,4,5,6'-hexamethoxybiphenyldicarboxylic acid derived
S)-14 (3 mol%) o] from gallic acid. This catalystgj-17 exhibited the high
Ph,C= N\)J\OtB PhCHzBr Ph,C=N OLBU catalytic performance (0.611 mol %) in the asymmetric
) 50% KOH aq H alkylation of2 compared to the existing chiral phase-transfer
toluene, 0 °C Ph .
catalysts, thereby providing a general and useful procedure

(S)-14a (Ar = H) 1 76%, 63% ee (S) for highly practical enantioselective synthesis of structurally
(8)-14b (Ar = 3,4,5-F5-CeH,) : 65%, 95% ee (R) diverse natural and unnaturalalkyl-a-amino acids (Scheme
12)16

phase-transfer catalystS){14 was examined by carrying out
asymmetric alkylation of glycine derivative under phase- gcheme 12
transfer conditions. Among various commercially available

) Sl : . OM
polyamines, spermidine- and spermine-based polyammonium MeO e MeO OMe Ar
salts were found to show moderate enantioselectivity. In O -
particular, introduction of the 3,4,5-trifluorophenyl group at MeG COH  5steps oo +B|;3 ,
3,3-positions of chiral binaphthyl moietied4b) showed MeO > Ve {
excellent asymmetric induction. © CO;H  67% overall © Bu
This finding led to the discovery that chiral quaternary yield
ammonium bromidel5 possessing flexible straight-chain MeO oM MeO ou Ar
; AR ! . e e
alkyl groups instead of a rigid binaphthyl moiety functions (S)17 (Ar = 3.4.5-F5-CaHy)

as an unusually active chiral phase-transfer catalyst. Most S117
notably, the reaction of2 with various alkyl halides (0_01(~1)'m0|%) 0

proceeded smoothly under mild phase-transfer conditions inPh,C= N\)J\Ot-Bu +PhCH,Br Ph,C=N OLBu
the presence of only 0.640.05 mol % of §)-15 to afford 50% KOH aq N

. . . 2 ° H
the corresponding alkylation products with excellent enan- toluene, 25 °C R3
tioselectivities (Scheme 16). (S)17 (1 mol%)  : 97%, 97% ee
We have been interested in the development ¢f C (S)-17 (0.1 mol%) : 96%, 97% ee

symmetric phase-transfer catalysts, which consist of two (8)-17 (0.01 mol%) : 95%, 96% ee
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Scheme 13. Cinchona Alkaloid Derived Monoammonium Salts
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2.1.2. Other Chiral Phase-Transfer Catalysts for the 2.1.4. Organic Solvent-Free Condition

Alkylation of Glycine Schiff Base Phase-transfer alkylation of glycine Schiff base under
Some pioneering works and our research have promptedorganic solvent free conditions was investigated by Takabe
the development of various chiral phase-transfer catalystsand co-worker$® As salient features of the organic solvent
in the past decade. They are classified into three groups: (1)free condition, the higher chemical yield and the depression
cinchona alkaloid derivatives (Schemes 13 and1#y,(2) of the imine hydrolysis are described. Zhang and co-workers
tartrate derivatives (Scheme 18)3° and (3) others (Scheme  also reported the organic solvent-free reaction separétely.
16) 3735 According to this classification, the catalytic activi- In both cases, Lygo'8l-anthracenylmethyl cinchonidinium
ties of these catalysts are summarized in the following chloride19d was found to be optimal (Scheme 17).
schemes. Among these, the development of bis- and tris- .
ammonium phase-transfer catalysts represented by Park, JewZ-1-5. Other Glycine Esters
and co-worker¥ 2> and Shibasaki and co-workétss espe- As described above, benzophenone imine glycine Schiff
cially noteworthy. Intriguingly, these bis- and tris-ammonium base was successfully applied to the asymmetramino
salts generally exhibit higher reactivity and selectivity acid synthesis. However, the rather difficult procedure for

compared to the corresponding monoammonium salts. its synthesis is considered to be the major drawback for its
. . . industrial application. At this point, we disclosed that gly-

2.1.3. Effect of the Counterions in the Asymmetric cine tert-butyl ester aldimine Schiff bas&2, which is

Alkylation of Glycine Schiff Base normally employed for the synthesis @fa-dialkyl-a-amino

Taking the reaction pathway of the phase-transfer catalystsacids, can be also utilized for-alkyl-o-amino acids under
into consideration, it is quite interesting that the counterion the influence ofle or 15. This finding demonstrated the
affects the enantioselectivity of the process in some casespossibility to use glycingert-butyl ester aldimine Schiff base
This observation was revealed by Shibasaki and co-workersinstead of benzophenone Schiff base as a cost-effective way
for the first time during their research on phase-transfer cata-to obtain optically activex-alkyl-a-amino acids (Scheme
lyzed allylation of2 with 24b. Thus, the reaction catalyzed 18)°
by 24b that contains tetrafluoroborate as counterions pro- Use of glyoxylic acid ester imines, such 33 as unique
vided the alkylated compound in better enantiomeric excessglycine Schiff base equivalents was reported by DSM
than the reaction catalyzed I84a (Scheme 15). Further, research groufy:Imine isomerization prior to the alkylation
inspired by Shibasaki’s report, d@a prepared dimeric salts ~ provides the reactive glycine Schiff base in the reaction
22awith bromide,22b with tetrafluoroborate, ang2cwith system. This approach may have an advantage considering
hexafluorophosphate, respectively, and the counterion effectthe facile preparation of these glyoxylic acid ester imines
was examined. Consequently, a most remarkable incremencompared to glycine Shiff bases (Scheme 19).
in the enantioselectivity was observed in the reactior2 of . .
with tert-butyl bromoacetate (Scheme 14). The counterion 2.1.6. Glycine Amides
effect was also investigated in the monomeric chiral phase- As prochiral glycine-derived Schiff bases, not only esters
trasnfer catalyst by Neara and co-worker. but also amides can be used as suitable substrates for the
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Scheme 14. Cinchona Alkaloid Derived Bis- and Scheme 15. Tartrate Derived Ammonium Salts
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N-anthracenylmethyl cinchonidinium chloride9d for the yee %0 o 31 (10 mot
benzylation of various Schiff bases of terti.ary egc.in.e amides ®"Y_# o ph Br 50% KON g ‘)
34 (Scheme 20%? Generally, low enantioselectivity was . ojuene-CH,Clz (7:3)
observed in the reaction with substrates having secondary ©; i Y RX = PhCH;Br
amide moiety. 30 B " /'\ M el
Using glycine diphenylmethyl (Dpm) amide-derived Schiff Ramachandran®t

base35 as a key substrate and-spiro chiral quaternary
ammonium bromidelg as an ideal catalyst, we achieved
high enantioselectivity even in the alkylation with less- _ 9 19d (1 mol%) Q
reactive simple secondary alkyl halides. This system offers Ph,C N\)J\Ot Bu RX 50% KOH aq thc=N7)J\Ot Bu
a facile access to structurally diverse optically active vicinal 2 0°C, 1240 h H R
diamines in combination with the subsequent reduction no solvent 81-96% yields
(Scheme 2132 82-92% ee

Furthermore, our approach was found to be successfully
applicable to the asymmetric alkylation of Weinreb amide
derivative 36 utilizing 1f as a catalyst. Optically active
a-amino acid Weinreb amid&7 can be efficiently converted
to the corresponding aminoketone by a simple treatment with
Grignard reagents. In addition, reduction and alkylation of . . . . .
thegoptically e?ctivex—aminoketoness and39into bothyn- 2.1.7. Diastereoselectvie Alkylation of Glycine Schiff Base
andanti-a-amino alcohols with almost complete relative and with Optically Enriched Alkyl Halicles
absolute stereochemical control have been achieved (Scheme Despite numerous efforts for the development of the
22)44 asymmetric phase-transfer catalyzed alkylatior? éfito a

Scheme 17
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Scheme 18 Scheme 22
(R,R)-1e or (R)-15
O 0 (0}
N . REr (1 mol%) HzN\eJ\ Ph,C= N\)J\ .OMe 23 msg|°1/:) . 0 oMe
= Ot-Bu 50% KOH ag X Ot-Bu R ,C= N’
toluene, 0 °C H R Br 50% KOH ag &
(Ar = p-Cl-CgHy,4) 81-99% yields Y toluene 37
90-99% ee 0°C,6h
36a (R = Me) 36a : 96%, 96% ee (37a)

(R,R)-1e : see, Scheme 1
(R)-15 : see, Scheme 10

36b (R = CH,Ph)

36b : 99%, 97% ee (37b)

Scheme 19 ?-mggroc
o PhCH,Br ’
19d (10 mol/o HCI HCI
Ph. N 19d (10 MO o —N% —-HzNy)k
Y ST OR 40 M NaoH ORreﬂux OH
Ph 33 CH,Cl,, 0 °C
R = (-)-menthyl 81%. go% ee Scheme 23
. 1e, 19e or 40a
19d : see, Scheme 17 (o)
(10 mol% itric aci
. . Ph2CZN\)]\Ot iy cl)/\NCb ©) 1M citric acid
cheme 7§ CsOH+H,0 THF
0 CH,CI
19d (10 mol% 4 22
Proc=N_J\ o+ PhcHyer ( ) thc=N7)kNR o 50 °C then r.t
24 2 50% KOH ag A 2 (R)~R) 19d :68%, (2R4R)/(2S,4R) = 7:3
Oogl%%ne X Ph CbzN T OtBu 40a :32%, (2RA4R)I(2S4R)=T:3
, 25-28 )VO NH, (2R 4R)-42 1e 55%, (2R,4R)/(2S,4R) = T7:3
R = «(CHy)4- : 82%, 67% ee . TBAB : 68%, (2R,4R)/(2S,4R) = 7:3
R =Et 1 78%, 75% ee 0
1 84%, 80% ee (R)_~_(S)
[with CsOH+H,0 CbzN Ot-Bu
19d : see, Scheme 17 —20°C,4h )VO NH, (2S,4R)-42
Scheme 21
i g
— mol7/o
thc—N\)J\N,me+ O/I Ph,C=N
H sat. _CsOH H.
(Dpm = CHPh2 %efgy'gﬂe

1e : see, Scheme 1

Armstrong and Scutt reported a concise synthesis of
3-(trans-2-aminocyclopropyl)alanine, a component of be-
lactosin A, through the highly diastereoselective alkylation
of 2 with optically pure alkyl iodide43 under phase-transfer
conditions. Under thoroughly optimized conditions, the
desired productgl4 and 45 were obtained in good yields
and the C(2) configuration was rigorously controlled by
changing the chirality of the cinchona alkaloid-derived
catalyst (Scheme 24§.

Ar 91%, 96% ee
Br
O O 1) 1N HCI, THF
2) LiAlH,, CPME
100 °C, 2 h
H,N
Ar 3

t- tBU
t-Bu
= @ S
t-B
\ 1f - \ 19 O

tBu Scheme 24
. Ph,C=N_2 N(Boc),
powerful method for the synthesis of natural and unnatural N(Boc),
a-amino acids, the stereochemistry of the alkylation2of /V £BuO,C 44

with chiral electrophiles has scarcely been addressed. Zhu 43 19e0r40a 20mol%)  With 199:?%' dr=97:3
and co-workers investigated the reaction2ofvith stereo- CsOHH.O (10
: : : SOHH,0 (10 equiv) p s, N(Boc)
chemically defined (§)-N-benzyloxycarbonyl-5-iodomethyl C:N\)j\ toluene-CH,Cl, (1:1) 2
2 Ot-Bu —40°C, 40 h

oxazolidine41 using Corey’'sO-allyl-N-anthracenylmethyl
cinchonidinium bromidel9eto prepare (34R)-4-hydroxy-
ornithine for the total synthesis of biphenomycin. Unexpect-
edly, however, product2 with a 2R absolute configuration In connection with our study on the stereoselective
was formed as a major isomer. Further, the diastereomericfunctionalization of prochiral glycine Dpm amide derivative
ratio was not affected by the chirality and structure of the 35, we found that chiral ammonium enolate generated from
catalysts employed, indicating that the asymmetric induction 1g and 35 had an ability to recognize the chirality of
during the alkylation was dictated by the substrate (SchemeS-branched primary alkyl halides, which provides impressive
23)% levels of kinetic resolution during the alkylation with racemic

t—BquC 45

2 equiv) 2
(2 equiv) with 40a : 52%, dr = 94.6
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halide 46, allowing for twoo.- andy-stereocenters af7 to Scheme 26
be controlled, as exemplified in Scheme“25. catalyst o

O
(10 mol%)
= Ph;C=N_»
Scheme 25 RhES N\)LOR ¥ PhCH,Br ? 7<LOR

i KOH ag or
0 , (S eauv) oM H,0 H o
, 49 (R = i-Pr) toluene 50 (R = i-Pr)
RUA~ZA-Dem 2 (R=t-Bu) 3 (R=tBu)
ER .
R2 Ns 48a : 90%, 90% ee (S) (50)
2 - ~ _
o R ((2$n§Za|1/§) (2R 4R)47 CF "2 48b - 60%. 81% ee (R) (3)
phc=N._JL _ppm+_ A1 2T N 48c  84%. 81% ee (S) (3)
N R™ 46 sat CsOH 48d - 67%, 94% ee (S) (3)
35 (Dpm = CHPh,) mesitylene R1\4/\2)J\N’me 48e : 60%, 64% ee (S) (3)
0°C,25h Y%

z H [CH,Cl; as solvent]
R? Nsgpp,

(2R,45)-47

R'=Ph R2=Me :89%, dr=91(99% ee):9 (93% ee)
R' = c-Hex, R2 = Me : 93%, dr = 93 (97% ee):7 (90% ee)

= -
Cl
T
N

B 0-PEG oM
- -OMe

48¢ 5000

(e}

(S,S)-1g : see, Scheme 21

2.1.8. Recyclable Catalysts and Reagents and
Solid-Phase Synthesis

The enantioselective synthesisocomino acids employing
easily available and reusable chiral catalysts or reagents
presents clear advantages for large-scale applicatigerdNa
and co-workers prepared resin-supported ammoniurd8alt
by reaction of cross-linked chloromethylated polystyrene
(Merrifield resin) and employed it as a chiral phase-transfer
catalyst for the alkylation of glycine isopropyl ester-derived
Schiff base49.4” Optimization of the reaction parameters in
the benzylation led to the formation 50in 90% yield with 48d 30 48e (X = Cl or Br)
90% ee. Cahard and co-workers investigated the role of
flexible methylene spacer between the quaternary ammoniumscheme 27

moiety and the polystyrene backbone in the similar benzyl-
- 0 21 (10 mol%) 0
ation of2, and they found that catalydBb anchored to the  py, o=y 0 thC:N))k
matrix through the four lengths of carbon spacers was OFBU K aolin/KOH (7% water) RES Ot-Bu
optimal, giving3 with 81% e€*® Cahard and co-workers also 2 + RX toluene-CHCly (1:1)
introduced cinchonidine-derived quaternary ammonium salt 20°C,0.03-0.15h
grafted to a poly(ethylene glycol) matr#8cas an efficient RX = PhCH,Br : 90%, 92% ee
homogeneous catalyst for the asymmetric alkylatior2of  21: see, Scheme 14 n-Hexl  :78%, 93% ee
and up to 81% ee was attained in the benzylation under
standard liquie-liquid phase-transfer conditiod.Mean- ~ hexanes) as a fluorous solvent and could be used for the

while, Cahard, Plaquevent, and co-workers succeeded in€xt run without any loss of reactivity and selectivity
improving the enantioselectivity by attaching Merrifield resin  (Scheme 28j:
on the hydroxy moiety of cinchonidine-derived catalyst

possessing a 9-anthracenylmethyl group on nitro¢fah5° Scheme 28

Benaglia and co-workers immobilized the third-generation o] (5}5)@1 o]
catalyst on modified poly(ethylene glycol) through the PhZC=N\)]\Ot_Bu+ PhCH,Br (3 mol) Ph2C=N7)]\Ot_Bu
alkylation of C(9) hydroxy functionality. The chiral am- 2 50% KOH aq H "—,\
monium salt48e thus obtained acts as a homogeneous R 3

catalyst in the benzylation &to afford 3 with a maximum

Si Si
ee of 64%}! These results are showcased in Scheme 26. g; si 32 e

Yu and Koshima reported a utility of solid support O‘ Br OO reuse of 51 209
preloaded with base for the asymmetric alkylation 2of X + 92% ee
Typically, a solution of2, alkyl halide, and catalys21 in N S reuse of 51 [81%
toluene/CHG was slowly dispersed on kaolin clay-preloaded OO OO 92% ee
KOH, and the so-obtained solid was just stirred at°20 Si Si

Si Si
(

Here, residual traces of water on the support dramatically

accelerated the reaction to complete within a few minutes, R,R)-51 [Si = SiMe,(CH,CH,CgF17)]
giving rise to the corresponding alkylation product in good
yields with high enantioselectivities (Scheme 7). Solid-phase synthesis, in which polymer-bound substrates

A recyclable fluorous chiral phase-transfer catashas are utilized, has some advantages over liquid-phase synthesis,
been developed in our group, and its high chiral efficiency such as easy purification and application to combinatorial
and reusability have been demonstrated in the asymmetricchemistry. Park, Jew, and co-workers utilized Merrifield-
alkylation of 2. After the reaction,51 could be easily resin-supported glycine Schiff base? for asymmetric
recovered by the simple extraction with FC-72 (perfluoro- alkylation under PTC conditions. Considering the sensitivity
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of the ester groups for the enantioselectivity, aldimine linker Scheme 31

was chosen and asymmetric alkylation was performed by
use of 10 mol %0-allyl N-anthracenylmethyl cinchonidin-
ium bromide19e N-Benzoyloa-amino acidtert-butyl ester

53 could be isolated after treating the solid-bound products
with aqueous hydrochloric acid and protection with benzoyl

chloride (Scheme 29.

Scheme 29

0
HCI
TEA, CgH
cl DMSO oHs N e,

150 °C, 12 h  reflux, 27 h
52

BnBr o
19e (10 mol%) i i) 1N HCl gy
i i B
“BuU :: .,

50% CsOH ag iiy BzClI H
toluene-CHCly (7:3) H ~ph Ph
0°C, 4 days (S)-53

70%, 92% ee

o)
_ 15% citric acid
PhaC=N~ot.8u 18d (10 mol%) THF o 0
2 oC %
+ -
Br 9MKOH ag  (Boc),0 s, OtBu

B

toluene-CH,Cl, EtsN

rt // \Br(

75%, 94% ee
(0}

HoN
n Ko
H ~ (0]
HaN kynurenine
52%
Scheme 32
(0] 20:1dr O
PhZC=N\)J\ 18d 15% citric acid BocHN
2 OFBU (10 mol%) THF, rt 7 OtBu
N 2

19e : see, Scheme 23

11:1dr 9M KOH ag (Boc),0, EtN  T1° \|/
ACO 0 (\\\ﬂ/\l toluene, rt. CH,Cl, O
_ 0°C-rt. P "
2.1.9. Applications of the Asymmetric Synthesis of ACO™ is AcO
o.-Amino Acids

o] o]
The vast synthetic utility of the asymmetric phase-transfer BocHN% BocHN%k
. . : - . 7 "Ot-Bu H 7 "Ot-Bu o

alkylation of glycine Schiff bas@ has been visualized by 2 2 2 3.
: N . . H O 10% Pd/C H O cDCly, -50 °C
its successful application to synthesize various types of useful QAc \f OAc
amino acid derivatives and natural products. SN EtOAG, r.t. o then PPhg, r.t.

6-(2-Dimethylaminonaphthoyl)alanine (DANA) was pre- 57 e
pared by Imperiali as a highly fluorescent amino acid through AcO 77% s

the asymmetric alkylation ¢ with a-bromoketoné4 using

19eas a phase-transfer catalyst, and incorporated into theaqueous phase. This offers a convenient yet efficient means

Speptide of RNase S, establishing the large changes inof preparing labeled-amino acid esters as shown in Scheme
fluorescence that can occur upon peptigeotein interaction 3358

(Scheme 30%°

Scheme 33
Scheme 30 0 18d (10 mol%) 0
mol“) 15% citric acid

0 o 19e 25moi%) T "2OsN o Ph,C=N \)I\O,_Bu HzNy.)kOt-Bu

Hk + Ph2c=N\)k —— {BuO. 40% KOD/D,O THF, 25 °C s
R OFBU 40% KOH ag i R 2 4 Rer toluene, 5°C
Br 54 2 CH,CI o "
272 83% R = PhCH, : 90%, 94% 2H, 94% ee
87% ee

p-Br-CgH4CH, : 80%, 95% 2H, 95% ee

1) 6M HCI, reflux CH,=CHCH, : 92%, 95% 2H, 92% ee

/ -25°C /
R= FmocHN O
NM 2) Fmoc-OSu
®2 Ho A R DMF,NaHCO;
i
(0]

Fmoc-DANA 96%

With both enantiomers ofie in hand, we carried out
asymmetric synthesis o8f-N-acetylindoline-2-carboxylate
59, a key intermediate in the synthesis of the ACE inhibitor
60. The structure and stereochemical integrity58f was

Lygo and Andrews employed 2,3-dibromopropene as a simultaneously constructed by the asymmetric alkylation of
maskedo-haloketone and, in combination with Suzuki- 2 with o-bromobenzyl bromide in the presence BfY)-1e,
Miyaura coupling and ozonolysis, provided an alternative and subsequent hydrolysis aNeacetylation afforded8 in
access to various aroylalanine derivatives, as exemplified in 86% yield with 99% ee. According to Buchwald’s procedure,
Scheme 3%° almost enantiopurg8 was efficiently converted t69 (94%,

Lygo et al. utilized a similar strategy for the stereoselective 99% ee) (Scheme 343.
synthesis ofC-glycosylasparagines. For instance, the liguid The chiral phase-transfer catalysis & was further
liquid phase-transfer alkylation & with stereochemically  applied to the facile synthesis af-Dopa ester and its
defined allylic iodide55 followed by the imine hydrolysis  analogue, which have usually been prepared by either
and reprotection affordesb in 71% overall yield with high asymmetric hydrogenation of eneamides or enzymatic pro-
diastereoselectivity. The selective oxidative cleavage of the cesses and tested as potential drugs for the treatment of
1,1-disubstituted olefin and subsequent hydrogenation of theParkinson’s disease. Phase-transfer-catalyzed alkylation of
remaining double bond furnished the targ&{Scheme 32j7 2 with the requisite benzyl bromidéla in toluene-50%

Another useful feature of the phase-transfer alkylation of KOH aqueous solution proceeded smoothly &under
2 was also demonstrated by Lygo and Humphreys, that is, the influence of RR)-1eto furnish fully protected -Dopa
rapid H/D exchange oR upon using KOD/RO as the tert-butyl ester, which was subsequently hydrolyzed to afford

19e : see, Scheme 23
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Scheme 34 Scheme 36

(0] O fe}
-N (R,R)-1e 1) 1M citric acid - (S,9)-1e [
Ph,C \)ZJ\Ot—Bu (1'mol%)  THF,rt,3h ©\/\‘/C°2“3“ PhyC N\)i\Ot—Bu (1mol%) 1N HCI -“‘J\Ot-Bu
+ +
Br 50°tAy IKOH aq2) AcCl, Et;N Br NHAc 58 . 50°t/oIKOH ag THF ‘sz
oluene CH,ClI oluene
B 0°C, 24 h 2%12 86%, 99% ee ©CBF 0 OCy 6 h (Br

Pd,(dba)s, P(o-tolyl)s l NaHCO;

G . Cs,CO0;, toluene cl ~CO,t-Bu (excess)
; : 100 °C, 10 h '

; ©j><COQH: mH 65 7

. N . cl RS

LH";}{?{;COQB ©j’\>—002t-8u 67%, 98% ee Ot-Bu
: Ac 59 CO,t-Bu NH 64
Me Me 60 94%, 99% ee OO R A 5200 0560
(R,R)-1e : see, Scheme 1 NH g6 " 0o
69%, 96% ee (S,S)-1e : see, Scheme 1
the corresponding amino est&2ain 81% yield with 98%
ee. Debenzylation o62a under catalytic hydrogenation —Scheme 37
conditions produced the desiredDopatert-butyl ester63a 0 19e 0
in 94% yield. The successful asymmetric synthesis of natural pr,c=n__J_ T 7)1\
tyrosinetert-butyl ester63b in a similar manner strongly o OfBu CSOHH,0 7 OtBu
implies the feasibility of highly enantioselective synthesis  meo toluene H OMe
of variousL-Dopa analogues (Scheme 35%° BT 0ec, 10 min
MeO 18p 18 OMe
Scheme 35 0] %ooﬁ,o@ 2 >_90%, 96% ee
o < (RR)-1e HzN).)kOH , 20 min
(1 mol%) 1M citric acid E
thC:N\)J\Ot-B . :©/\Br H OH
Y Bno 50% KOHaq  THF 67
2 61a (R = OBn) toluene rt,10h 57% 18 OH 19e: see, Scheme 23
61b(R=H) 0°C,1-2h
HAN 0 HN 0 lecatalyzed asymmetric phase-transfer alkylation of glycine
2 %Ot—Bu 10% Pd/C, Hp ' 2 %Ot—Bu amide-derived Schiff bas@8, where theN-benzylateds8b
H - R ——————= H-T R was found to be more suitable as a substrate for attaining
\@[ THF, rt,5h \@ high selectivity (Scheme 383.
OBn OH
62a (R = OBn) : 81%, 98% ee 63a (R =0H): 94%, 98% ee Scheme 38
62b (R=H) :83%, 98% ee 63b (R=H) :93%, 98% ee
Me O~ Me
(R,R)-1e : see, Scheme 1 O (RR)-1e (1 mol%) (0]
thc:N\)LN thc:N7)f\N
The catalytic and chiral efficiency ofS(S-1e was also R o CS%':"'CZIO - H R
appreciated in the asymmetric synthesis of isoquinoline  gga =ty "° 020 ann ) CI/\) Me
derivatives, important conformationally constraimedmino 68b (R = CH,Ph) ' o«
X . A g a : 63%, 43% ee
acids. Treatment o2 with o,o'-dibromoo-xylene under v 2= 6ab:57% 0% oo

liquid—liquid phase-transfer conditions in the presence of 68b : 85%, 96% ee

(S9-1eshowed complete consumption of the starting Schiff N § n tol for 22 h with
base. Imine hydrolysis and subsequent treatment with an i [gsgﬂmjo?&zco;&m)]
excess amount of NaHGOacilitated intramolecular ring Mg

closure to give 1,2,3,4-tetrahydroisoquinoline-3-carboxylic levobupivacaine

acidtert-butyl ester64in 82% yield with 98% ee. A variety (RR)-te : see, Scheme 1

of 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid deriva- ) . .
tives possessing different aromatic substituents sudbbas Castle and Srikanth showed that the alkylatior2afith

and 66 can be conveniently prepared in a similar manner Propargylic bromides9 was catalyzed by the chiral quater-
with excellent enantioselectivity (Scheme 36). nary ammonium bromidd8a under phase-transfer condi-
Lemaire et al. synthesized!8F]fluoro-L-Dopa 67, an tions. The resulting enantiomerically enricheédwas then

important radiopharmaceutical for positron emission tomo- transformed tor1, the central tryptophan residue of celo-

graphy (PET), by the asymmetric alkylation@fvith 2-[18F]- gentin C, through the palladium-catalyzed heteroannulation.
fluoro-4,5-dimethoxybenzyl bromide under phase-transfer This process allows an efficient assembly of tryptophan

conditions using CsOHH,O as a base and-allyl-N- derivatives having substituent on the indole ring (Scheme
anthracenylmethyl cinchonidinium bromid&eas a stereo- 39)%

controller. Although an excess amountl®&fewas required, For establishing a practical enantioselective total synthesis

the reaction completed within 10 min to give radiochemically of the bengamides B, E, and Z, Boeckman et al. achieved
and enantiomerically pur@7 after hydrolysis (Scheme 3%. the highly diastereoselective alkylation ®fwith optically

Kuman and Ramachandran reported an efficient catalytic active iodoepoxid@2 based on Corey'’s protocol. Essentially
route to levobupivacaine, an azacyclic amino acid amide diastereopure produ@B was successfully derivatized to the
showing anesthetic activity. The key step involves R&)- desired amino caprolactai (Scheme 40%*
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Scheme 39
o] o]
18a (10 mol%
phc=N._J ( Y . Phc=N
Ot-Bu <~ Ot-Bu
.2 50% KOH ag i
. toluene-CHCls (7:3) \
—=——SiEts —20°C 70 SiEt
Br 69 79%, 94% ee 2
1) 1N HCI
THF
1 TBSO\/@ 2 B
HN Cbhz-Cl
Cbz )')kOt_ NH,

e Pd(OAC), (5 mol%)
{ LiCl, Na,CO;, CbZHN%Ot_BU
SIEt H *
TBSO N "% DMF,90°C,23h \

58% M 71 97%  SEb

18a : see, Scheme 13

Scheme 40
o) 0
19e (10 mol%)
Proc=N I o Ph,C=N %Ot_Bu
2, CSOH+H,0 e
| CHzclz ‘E
\/\<cl> -60°C, 18 h 73
72 83% o

single diastereomer

R2 O
1= . 2 oM ! O—{
bengamide Z (R" = Me, R* = OH) R
B (R' = Me, R? = 0,C(CHj)1,Me) 74
E (R1 R%= H) (R=Meor n-C13H27)

19e : see, Scheme 23

Kim et al. used cinchonidine-derived dimeric catal@&t
for the enantioselective alkylation @ with appropriately
functionalized phenanthryl bromid®, which constitutes one
of the key steps of the asymmetric total synthesis-of-(
antofine (Scheme 4Z%5.

Scheme 41
OMe
OMe (2 mol%)
MeO + PhyC= N\)J\Ot BT
U 50% NaOH aq
75 Br 2 toluene-CHClj3 (7:3)
0°C,72h

(-)-antofine

21 : see, Scheme 14

Shibasaki and co-workers demonstrated the power o

tartrate-derived bis-ammonium s&# as a chiral phase-

Hashimoto and Maruoka

Scheme 42
(0]
Br Ph,C=N \)kc)t_Bu 2
24 (10 mol%), CsOH+H,O
toluene—CH,Cl, (7:3)
OO —78 °C under Ar R

Br

[(R,R)-24a] ‘

0 [R = H R = Me
) (RR)-24b (RR)-24a
PhyC=N )%J\Ot-Bu
. -bu = R
0
o)
80%, 88% ee 85%, 93% ee 93%, 91% ee

! H ]

L-Choi "'Ar9°' D-Leu

v “L-Argol )'\ll\'-l
: .N/\” i "N “NH,
HO OH | o) H
iDdeu: T OH___j

24 : see, Scheme 15

the asymmetric alkylation a with requisite alkyl halides,
as illustrated in Scheme 4866

Park, Jew, and co-workers applied their dimeric dihy-
drocinchonidinium salt21 to the synthesis of hygrine
hydrochloride salv6. Asymmetric methallylation of glycine
Schiff base2 was chosen as a key step and completed the
synthesis with 12 steps in overall 29% vyield. They also
succeeded in the determination of the absolute configuration
of the (+)-hygrine asR (Scheme 43§’

Scheme 43

0 )
21 (1 mol%)
Ph,C=N QJ\Ot_Bu Ph2C=N7)J\ LB
; .

50% KOH aq .

+ toluene-CHCl; (7:3) H \’/
Br\)l\ -20°C,7h /
/ 95%, 97% ee
o}

(R)-(+)-hygrine HCI { 5
12 steps, 29%, 97% ee N )\

| HCl 76 21 : see, Scheme 14

GlaxoSmithKline group synthesized 4-flugfet4-fluo-
rophenyl)-L-phenylalaning8 as a key intermediate for a
lead drug candidate by phase-transfer catalyzed alkylation
of glycine Schiff bas&. Their report described the detailed
study of the catalyst decomposition, which disclosed the
vulnerability of cinchonidinium salt under phase-transfer
conditions in the absence @7 and/or2 (Scheme 44§28

2.1.10. Use of Allyl Acetates in the Asymmetric Alkylation
fof Glycine Schiff Base

In the asymmetric alkylation of prochiral protected glycine

transfer catalyst by the application to enantioselective derivatives such a&by chiral phase-transfer catalysis, alkyl
synthesis of aeruginosin 298-A and its analogues, which havehalides are typically employed as alkylation agents. Take-
serine protease inhibitor activity. The structure and stereo- moto and co-workers developed the palladium-catalyzed
chemistry of the three characteristic amino acid components,asymmetric allylic alkylation of using allylic acetates and

p-Leu,L-Choi, and.-Algol, were nicely constructed through

chiral phase-transfer catalysts sucti 8 The proper choice
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Scheme 44

Ph,C=N
Ph,C= N\AOtBu 19e (5 mol%) (5 mol%) 2C= \)J\OtBu

Br 5% KOH aq
CH2C|2 5 VO|
0°C,5h

0,

77 crystallization|: 80:20 e r. crude

56%, >99:1 e.r.

45% KOH aq X

9-anthracenyl
CH,Cly, r.t. |

V79

Z
0
N, thcszkOt-Bu

0 9-anthracenyl
\/ + 79 + deallylated catalyst

2

19¢
45% KOH aq
CH2C|2, r.t.

19e : see, Scheme 23

of the achiral palladium ligand, (PhgP, was crucial to
achieve high enantioselectivity (Scheme %5).

Scheme 45
19f (10 mol%)
[Pd(C3Hs)Cl]; (8.7 mol%) o
Ph,C= N\)J\ot Bu  (PhOJSP (40 mol%) _
Ph,C=N
7~ "Ot-Bu
/\/\ 50% KOH aq H A
AcO Ar toluene A
0°C,3-23h 39-89%, 91-96% ee

(X = H, Cl, F, NO,, Me, OMe)
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are often effective enzyme inhibitors but also because they
are indispensable for the elucidation of enzymatic mecha-
nisms. Accordingly, numerous studies have been conducted
to develop truly efficient methods for their preparatidand
phase-transfer catalysis has made unique contributions.

Since the aldimine Schiff bas$? can be readily prepared
from glycine, direct stereoselective introduction of two
different side chains t82 by appropriate chiral phase-transfer
catalysis would provide an attractive yet powerful strategy
for the asymmetric synthesis of structurally diverse-
dialkyl-o-amino acids. This possibility of the one-pot asym-
metric double alkylation has been realized by udihgpiro
chiral quaternary ammonium bromide (Scheme 4752

Scheme 47
o} (0]
| e—
HZN\)LOH HN oy

glycine R' R?
+

1 Ph
le) (S,S)-1e fe)

. 1) R'X
ArvN\)]\Ot-BU . Ar\/N\el\Ot Bu

2) R°X RT R2

base/toluene

(Ar' = p-CI- C Hy)
) one-pot double a/kylat/on

ss e ( Ar—345F3C6H2)

Initial treatment of the toluene solution 8R and §9)-
1le (1 mol %) with allyl bromide (1 equiv) and CsGH,O
at—10°C and the subsequent reaction with benzyl bromide
(1.2 equiv) at 0°C resulted in formation of the double
alkylation product82a in 80% yield with 98% ee after
hydrolysis. Notably, in the double alkylation 82 by the
addition of the halides in a reverse order, the absolute
configuration of the producd2a was confirmed to be the
opposite (Scheme 48).

Ramachandran et al. reported an asymmetric conjugateScheme 48

addition—elimination reaction of activated allylic acetates
80 and glycine Schiff basg. Use ofO-allyl-N-anthracenyl-
methyl cinchonidinium sali9e developed by Corey gave
the glutamic acid derivative81 with the enantiomeric
excesses ranging from 80 to 97% (Scheme’26).

Scheme 46
0

thc:N\)i\or-Bu 19e (10 mol%) R “OMe

oA +o CsOH-H,0 (10 eq) CO,t-Bu
. i 1A

CH,Cl,, 78 °C 81 N=CPh,
R OMe R = Ph 1 92%, 92% ee
80 R = 4-NOy-CgHy4 : 72%, 97% ee
R = n-Pr - 63%, 82% ee

19e : see, Scheme 23

2.2. Asymmetric Synthesis of
o, a-Dialkyl- o-amino Acids

Nonproteinogenic, chiral,a-dialkyl-o-amino acids pos-

(0]
1) CHy,=CHCH,Br
— = HZN Ot-Bu
2) PhCH,Br Ph
Ar\/N\)J\ {Srﬁ())|1/f 3) 10% citric acid /7 82a
Ot-Bu 80%, 98% ee (R)
CsOH H,O
(Ar = p-CI- C6H4) toluené 1) PhCH,Br o]
-10~0 °C

2) CHQ-CHCHzBr
— HZN Ot-Bu
3) 10% citric acid ph—
82a \
74%, 92% ee (S)

Since the stereochemistry of the newly created quaternary
carbon center was apparently determined in the second alkyl-
ation process, the core of this method should be applicable
to the asymmetric alkylation of aldimine Schiff bag88
derived from the corresponding-amino acids. Indeed,
phenylalanine-, alanine-, and leucine-derived imid&a—c
can be alkylated smoothly under similar conditions, affording
the desired noncoded amino acid est@2swith excellent
asymmetric induction, as exemplified in Scheme’49.

sessing stereochemically stable quaternary carbon centers This powerful quaternization method enabled the catalytic
have been significant synthetic targets not only because theyasymmetric synthesis of quaternary isoquinoline derivatives
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Scheme 49
/\/Br
o (S,5)-1e o)
. N (1 mol%) 10% citric acid H.N
~ W)J\Of-Bu # 3 TotBu
R CsOH-H,0 THF R \
Ar = p-Cl-C<H toluene 82
(Ar=pChCefla) — p0~0°c

83a (R = PhCHy)
83b (R = Me)
83c (R = i-Bu)

82a (R = PhCH,) : 73%, 98% ee
82b (R = Me) : 70%, 93% ee
82c (R=iBu) :71%, 97% ee

with 83b as a substrate. Whe88b was treated witho,a'-
dibromo-o-xylene, CsOHH,0, and §9-1e (1 mol %) in
toluene at @C, the transient alkylation product was rapidly
produced, which was transformed into the desBé{64%,
88% ee) during workup procedure. Catalytic asymmetric
alkylation of 83b with functionalized benzyl bromid8&5
followed by the sequential treatment tvit N HCI and then
excess NaHC®furnished the corresponding dihydroiso-
quinoline derivative86in 87% with 94% ee (Scheme 58).

Scheme 50
Br
1 0. 85
R SIPUN
o) @Cf\\cogt-Bu
(5.9-10 | NaHCO, 7 8
AN otBu (1 mol%) S §7%, 94% ee

Me
(Ar = p-Cl-CgHy)

83b CsOH-H,0
toluene
-10~0 °C

M

A\\%Ozt-Bu

64%, 88% ee

Br
1
oy
2) 0.5M citric acid
3) excess NaHCO3

Bis-ammonium tetrafluoroboragib developed by Shiba-
saki and co-workers successfully promotes the alkylation of
83beven at low temperature to give the corresponding
dialkyl-a-amino ester in good yield with high enantioselec-
tivity (Scheme 51%8® Particularly, RR)-24b-catalyzed

Scheme 51
RBr
o (S,5)-24b 0.2M o)

A N (10 mol%) citric acid N

2 j/mor-su 2 %Ot—Bu

CsOH+H,0 THE v R
8'\:;'5 toluene-CH,Cl, (7:3)
(Ar = p-CL-CaH) —70 °C, under Ar
p-EieMa R = PhCH, - 83%, 89% ee

(S,5)-24b : see, Scheme 15 CH,=CHCH, : 76%, 88% ee

allylation under the optimized conditions has been utilized
for the synthesis of aeruginosin 298-A analogue.

Recently, Maeda and co-workers utilized thgS-1e
catalyzed asymmetric alkylation of phenylglycine-derived
Schiff base83d for the stereoselective synthesis of 4-hy-
droxy-2-phenylproline framework. After hydrolysis and
transesterification, the resulting)(87 was derivatized to
its N-tosylate88. Subsequent treatment 88 with Br, in
CH.ClI; at —10 °C resulted in the formation of-lactones
89 with high diastereoselectivity, which was then treated with
NaH in methanol to give essentially pureS(2R)-4-hydroxy-
2-phenylproline derivativ80in 80% yield from88 (Scheme
52).73

Hashimoto and Maruoka

Scheme 52
(S,S)-1e o
A N (1 mol%) H,SO, LN
rv Ot—B —_— 2 ‘ M
u CSOH'H,0 MeOH s\
Ph _~_Br toluene 50°C A\
83d 240 °C (S)-87
(Ar = p-CI-CgHg) 72%, 91% ee
(0]
p-TsClI
TsHN < “OMe l
PR Me,N(CHy)sNMe,
N\ 88 MeCN, r.t.
quant.
lBrz, CH,Cl,
-10°C
Ph HO,
< NHTs I;DhNHTs NaH
r . x e ‘s
o’ O Br v o’ 0 MY ¥S CO,Me
89a 89b 90

(89a/89b = >20:1) 80% (from 88)

(S,S)-1e : see, Scheme 47

of 83b. Without chiral phosphine ligand on palladium, the
desired produc®1 was obtained with 83% ee after hydrolysis
of the imine moiety and subsequent benzoylation, as depicted
in Scheme 53%

Scheme 53

Q 19f (10 mol%)
AN otBu [Pd(CsHs)Cll o

(PhO);P  15% citric acid
Me 83b BzHN OLBU

(Ar = p-Cl-CeHa) 50% KOH ag BzCl, Ets;N e

+ toluene, 0 °C AN

91

CH,=CHCH,0A
2 20Re 24%, 83% ee

19f : see, Scheme 45

Jew, Park, and co-workers made systematic investigations
to develop an efficient system for the asymmetric synthesis
of o-alkylalanines by chiral phase-transfer catalysis of
cinchona alkaloid-derived catalysts. Consequently, sterically
more demanding 2-naphthy! aldimitext-butyl estel92 was
identified as a suitable substrate, and its alkylation in the
presence of stronger base rubidium hydroxide (RbOH) and
18aat lower reaction temperature 85 °C) led to the highest
enantioselectivity (Scheme 5%).

Scheme 54
1) 18a (10 mol%), RBr

OO i olien i
toluene, -35 °C
/N\‘)J\O"B” 2) HCI-H,0, THF HZN%O“B“
I\:/Ie ) RV ] It Meé R

92
RBr = PhCH,Br 1 91%, 95% ee
18a : see, Scheme 13 2,6-F,-CgH3CH,Br : 92%, 96% ee
The efficient phase-transfer-catalyzed alkylation strategy
with 1e was successfully applied by Jew and Park to the
asymmetric synthesis af-alkyl serines using phenyl ox-
azoline derivativ®®3aas a requisite substrate. The reaction
is general and provides a practical access to a variety of
optically activea-alkyl serines through acidic hydrolysis of

Takemoto and co-workers demonstrated that the strategy94a as exemplified in Scheme 35.

of combining achiral palladium catalysis and chiral phase-
transfer catalysis was effective for the asymmetric allylation

They also succeeded in expanding their methodology to
the similar asymmetric alkylation of 2-phenyl-2-thiazoline-
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Scheme 55
(S,5)-1e
CO,t-Bu 2 5 rTzoI%) N COt-Bu
O™ m E R O
KOH o
toluene
0°C, 3-20 h (S)-94a
RX = PhCH,Br
6N Hol  HoN- L0 (98%, >99% ee)
TR CH,=CHCH,Br
EtOH  HO (87%, 97% ee)
reflux 989 (R = CH,Ph) Etl
(48%, 93% ee)

(S,S)-1e : see, Scheme 47

4-carboxylic acid esteB5a to furnish optically enriched
o-alkyl cystein derivative®6a (Scheme 56)!

Scheme 56
(S,9)-1e g
N_-COt-Bu (1 mol%) N CO2tBU
O™ m G O
S KOH S
toluene, 0 °C
95a e (S)-96a
35-40min oy = PhCH,Br

(S,S)-1e : see, Scheme 47 (90%, >99% ee)

Further, they undertook the modification of the phenyl
moiety of 93a to various aromatic groups and identified
o-biphenyl analogu®3b as a suitable substrate for attaining
high enantioselectivity witld-allyl-N-anthracenymethy! di-
hydrocinchonidinium bromid&8eas phase-transfer catalyst
(Scheme 575¢

Scheme 57
18e
N-_-CO,t-Bu (10 mol%) CO,t-Bu
¢ ]/ + RBr ]/
o) CsOH-H,0
Ph 93b CH2C|2
-40°C R)-94b

RBr = PhCH,Br
(90%, 96% ee)
CH,=CHCH,Br
(75%, 90% ee)

Br
'~
Bl

5 12
g ®
| 18e

In a following report, the applicability of this approach to
the synthesis oft-alkyl cysteins was disclosed by the same
authors (Scheme 58}.

Scheme 58
18e
N-_-CO,t-Bu (1 mol%) COt-Bu
¢ :]/ + RBr ]/
S CsOH+H,0
Ph 95b CHzCIz
R)-96b

RBr = PhCHZBr
(>99%, 84% ee)

2.3. Alkylation of Schiff Base-Activated Peptides

Peptide modification is an essential yet flexible synthetic
concept for efficient target screening and optimization of Iead
structures in the application of naturally occurring peptides
as pharmaceuticals. The introduction of side chains directly
to a peptide backbone represents a powerful method for the

preparation of unnatural peptidé€sAchiral glycine subunit

has generally been used for this purpose, and glycine

Chemical Reviews, 2007, Vol. 107, No. 12 5669

enolates, radicals, and glycine cation equivalents have been
exploited as reactive intermediates. However, control of the
stereochemical outcome of these processes in an absolute
sense is a difficult task, especially in the modification of
linear peptides, and hence, development of an efficient and
practical approach to establish sufficient stereoselectivity and
general applicability has been an issue of central importance.
Upon facing the difficulty of the stereochemical control
in the peptide alkylation event, we envisaged that chiral
phase-transfer catalyst should play a crucial role in achieving
an efficient chirality transfer and examined the alkylation
of the dipeptide, Gly—Phe derivativ®7 (Scheme 59). When

Scheme 59

1 (2 mol%)
thC N\)J\ /(rrot-BU + PhCHzBr —_—

(1.1 equiv) 50% KOH aq

toluene, 0 °C
Ph Ph
0 o}
Ph,C=N . OtBu + phzc:N\)LN Ot-Bu
H g / H
DL-98 Ph LL-98
Ar
Br TBAB  :85%, 8% de
(S,S)-1c : 88%, 55% de
(R.R)-1c : 83%, 20% de
O O (5,9)-1g : 97%, 97% de
Ar

(S,S)-1c (Ar = ANp)
(S S) 19 (Ar = 3,5- (3 5- (t BU)2 CGH3)2-CGH3)

a mixture of97 and tetrabutylammonium bromide (TBAB,
2 mol %) in toluene was treated with 50% KOH aqueous
solution and benzyl bromide at°@ for 4 h, the correspond-
ing benzylation produc®8 was obtained in 85% yield with
the diastereomeric ratim(-98/LL-98) of 54:46 (8% de). In
contrast, the reaction with chiral quaternary ammonium
bromide §9-1c under similar conditions gave rise 88
with 55% de. The preferential formation of-98 in lower
diastereomeric excess (de) in the reaction wigR}-1c
indicates that RR)-1c is a mismatched catalyst for this
diastereofacial differentiation 097. Changing the 3,3
aromatic substituent (Ar) ol dramatically increased the
stereoselectivity, and almost complete diastereocontrol was
realized with §9-1g.7°

A variety of alkyl halides can be employed as an
electrophile in this alkylation, and the efficiency of the
transmission of stereochemical information was not affected
by the side-chain structure of the pre-existing amino acid
residues. Further, this method allowed an asymmetric
construction of noncoded,a-dialkyl-a-amino acid residues
at the peptide terminal as exemplified by the stereoselective
alkylation of the dipeptide,L-Ala-L-Phe derivative 99
(Scheme 60).

Scheme 60
RBr

Ph (S,9) 1/9

(2 mol%)
ok er L \)L me N

CSOH+H,0

CH3 toluene

Ar = p-CI-C H orc.1n
(Ar=p-Cl-Ce “) R = PhCH, - 87%, 92% de

CH,;=CHCHj; : 91%, 92% de
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The chiral phase-transfer catalysis withS)-1g can be
successfully extended to the stereoseledtisterminal alkyl-
ation of Gly-Ala-Phe derivativé01, i.e., asymmetric synthe-
sis of tripeptides, wheres(S)-1gturned out to be a matched
catalyst in the benzylation ofL-101, leading to almost
exclusive formation oboL-102 This tendency for stereo-

chemical communication was consistent in the phase-transfer

alkylation of pbL-103 and the corresponding protected
tetrapeptidebpbL-104 was obtained in 90% vyield with
excellent stereochemical control (94% de) (Scheme’61).

Scheme 61
PhCH,Br (1.1 equiv)
(S,S)-1g (2 mol%)
PhaC= N/\[( \HL Ot-Bu
toluene-50% KOH aqg
CH, °C 2h
DL-101
Ph,C= N/\n/ /g(ot Bu
CHj
DDL 102

91%, 98% de

PhCH,Br (1.1 equiv)
(S,S)-1g (2 mol%)

Ph,C= N\)J\N/\n/ /Q(Ot Bu

toluene-50% KOH aqg

0°C,2h
DDL 103 Ph
o NJANW 1* Lﬁm N
CHs

Ph
DDDL-104

90%, 94% de

2.4. Other Alkylations
Asymmetric alkylation of3-keto ester under phase-transfer

conditions can be a unique tool to construct an all-carbon
chiral quaternary carbon center easily. Dehmlow and co-

workers reported thatl-benzyl cinchoninium bromidé0b
catalyzed the asymmetric alkylation ffketo esterl05ato

Hashimoto and Maruoka

Scheme 63
; o g
COBu , gpr M) CO,t-Bu
b CsOH+H,0 )R 106a (n=1)
toluene 106b (n=2)
105a (I"I = 1) —40~-60 °C
105b (n =2) R = PhCH, - 94%, 97% ee (106aa)

PhCH=CHCH, : 80%, 92% ee (106ab)

R= PhCH2 : 88%, 92% ee (106ba)
Ar
O CF,
O \ CF
Ar
(S,S)-1h

on the bridgehead nitrogen for the asymmetric alkylation of
p-keto esters such ad)7. The enantioselectivity seems to
be quite sensitive to the alkyl halide employed, and virtually
complete stereochemical control can be achieved in the
reaction withp-nitrobenzyl bromide (Scheme 682).

toluene-KOH

(0]
CO,Me
PO
rt.,2-26 h

R =CH,=CHCH, :94%, 68% ee
PhCH, 1 85%, 66% ee
p-NOZ-CeH4CH2 . 80%, 99% ee

Scheme 64

X
=

40c (10 mol%)

Recently, Andrus et al. introduced diphenylmethyloxy-
2,5-dimethoxyacetophenont08 as a useful oxygenated
substrate that undergoes highly selective catalytic glycolate
alkylation under phase-transfer conditions in the presence

give the benzylated compound in an excellent chemical yield of N-(3,4,5-trifluorobenzyl)dihydrocinchonidinium bromide

with 46% ee, as included in Scheme %82.

Scheme 62
o 0

40b (5 mol%) .
é/COzt-BU + PhCHzBr , COzt Bu

sat. K2C03 aq “,_~-Ph

1052 toluene . .
rt,26h 97%, 46% ee
Br

40b

Efficient, highly enantioselective construction of a qua-
ternary stereocenter gftketo esters under phase-transfer
conditions has been achieved ushtgpiro chiral quaternary
ammonium bromidéh as catalyst* This system has a broad
generality in terms of the structure gfketo esterd05and
alkyl halides (Scheme 63). The resulting alkylation products
106can be easily converted into the correspongisgydroxy
esters angB-amino esters, respectively.

Kim and co-workers showed the effectiveness of cincho-
nine-derived catalys#0c with a specific bulky substituent

18adeveloped by Jew, Park, and co-workers. After depro-
tection and reprotection of the alkylation produt®9
subsequent Baeyewilliger-type oxidation and selective
transesterification afforded the correspondingydroxyester
derivative without losing the enantioselectivity (Scheme
65).83a

Two applications of this asymmetric glycolate alkylation
were reported by the same group uspi-bromomethyl)-
phenyl pivalate110 as an alkylating partner. The anti-
diabetes drug-{)-ragaglitazar was synthesized in 6 steps
from the alkylated compountill The synthesis of farne-
syltransferase inhibitor kurasoin A was also achieved in 6
steps starting fromi11 (Scheme 663383

Accessing enantioenriched carbonyl compounds of high
value, which possess quaternamycarbon stereocenters
containing heterofunctionalities, is one of the most chal-
lenging tasks in the phase-transfer catalyzed asymmetric
alkylation. In due course, we devised the asymmetric
alkylation of cyclic a-aminof3-keto ester112 with C,-
symmetric phase-transfer cataly$tas a means of obtaining
azacyclic amino acids with quaternary stereocenters (Scheme
67)8

Our other approach toward this largely unsolved problem
utilizes 3,5-diaryloxazolidin-2,4-dione&14 that undergo
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Scheme 65 Scheme 68
OMe PhCH,Br O OMe o (S,9)-113 0 A
0, , 0,
DpmO 18a(10mol%) Ph‘NJH/Af v re M%) ph\N)KﬁR
: H
CsOH:H0 DpmO /0 25°/% BK'\?E aq dioxane OH
CHCl,-hexane (1:1) O 114 —200r0°C 76-87% yields
108 OMe -35°C,13h 109 OMe 86-99% ee
(Dpm = CHPh,) 94%, 86% ee

e

o OMe NHTs
+( L
1) TiCl,, =78 °C Ph NHTs

- OBz

2) BzCl, Py

FsC Ar
L = OO
(M63Sio)2, SnC|4
85% OMe 4AMS
0 OO R
F3C Ar

NaOMe O
(20 mol%) (S,5)-113 CF;
Ph () Ph OMe
74% OBz OMe MeOH OBz 81% Scheme 69
18a : see, Scheme 13 AT~
Q (15 mol%) Q
Scheme 66 é/COQEt + ArF ooH é, é/COZEt
115 toluene-CHClg (9:1) COE
v 116
PIvVO 110 199 : 90%, 116/117 = 1.0:1

18a (10 mol%) racemic for 116

108 19h : 89%, 116/117 = 16:1

CsOH+H,0 PiVO ODP 80% ee for 116
CH,Cly-hexane (1:1) 111
-40 °C 95% 83% ee

199 (R =Bn, X=Br)
19h (R=Bz, X=CI)

%

i ¥
0 MOH O
N OEt
V\O HO OH
ragaglitazar

Scheme 70
kurasoin A o o)
Ph 118 (3 mol%)
18a : see, Scheme 13 é/COzt-Bu + (\n/ CO,t-Bu
c O 33% K,CO; aq COPh

Scheme 67 105a 119 o-xylene-CHCl3 (7:1) —

o -20°C 120
CO,t-Bu (S,S)-1h (1 mol%) COut- BU or 89%, 94% ee

+ PhCH,Br Z/E = >95:5
N sat. K2C03 aq T
“Boc o-xylene, 0
112 84%, 94% ee (R)

(S,S)-1h : see, Scheme 63

highly enantioselective alkylation under mild phase-transfer (R
conditions in the presence dfl-spiro chiral quaternary
ammonium bromidd .13 With this methodology in hand, a
wide range of tertiaryx-hydroxy-a-aryl carboxylic acid
derivatives can be easily obtained in good yields and high
enantiomeric excesses (Scheme %8).

Jorgensen and co-workers developed the catalytic, regi-
oselective, and enantioselective nucleophilic aromatic sub- S

o . . . cheme 71
stitution reaction between activated aromatic compounds and
1,3-dicarbonyl compounds under phase-transfer conditions. ? o)
Interestingly, examination of the addition of 2,4-dinitrofluo-

= 1-adamantoyl)

As an extension of this research, Jgrgensen and co-workers
succeeded in the asymmetric alkynylation of cyg@i&eto
esters employing activatggthalo-alkynel21 catalyzed by
118a(Scheme 715

CO,t-Bu  118a (3 mol%) CO,t-Bu
robenzene to 2-carboethoxycyclopentanbh&revealed that .
the use of0-benzoylated cinchonidine-derived catal§sh P e KL0s a(‘; " N
was crucial for obtaining-arylated product.16 predomi- Br—= y 20°C COLAlly!
121 OAllyl 99%, 96% ee

nantly with high enantioselectivity (Scheme 69).

Jgrgensen and co-workers reported asymmetric vinylic
substitution reaction ofy-keto esters catalyzed by dihy- Asymmeric alkylation of simple aliphatic or arylacetic acid
drocinchonine-derived phase-transfer catalyisaincorpo- esters under phase-transfer conditions is a difficult task
rating l-adamantoyl group. As vinyl sources, activated because of their lowk, values. Kumar and Ramachandran
fB-haloalkenes, which participate in the substitution reaction reported the asymmetric alkylation of 2-(6-methoxynaph-
via an additior-elimination sequence, were utilized. Starting thalen-2-yl)acetic acid estet22 by use of strong base
from (2)-vinyl halide 119 aZ-configured double bond could  potassiuntert-butoxide, as a means of an efficient synthesis
be incorporated into the produt20 (Scheme 70§’ of naproxen (Scheme 729.
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Scheme 72 Scheme 75
19e (10 mol%) Me o 19i o AR

Ot-Bu Mel (4 equiv) Ot-Bu COBn (10 mol%)
CO,B
MeO OO 0o KOt-Bu (1 equiv) OO o) AHJ\/\ArZ + < _— Ar1J\/'\r 2N

CH,Cl,-toluene (7:3) MeO CO,Bn K,CO;4

122 -50°C, 14 h 78%, 60% ee toluene CO,Bn
19e : see, Scheme 23 Z Br r.t, 14-20 h
Ar' = A% = Ph

91%, 70% ee

Ar' = 2-Thienyl, Ar? = Ph
N 94%, 51% ee
N~ OMe Ar' = m-Br-CgHy, Ar? = 2-Np
60%, 67% ee

t-Bu19i

Rozwadowska and co-workers reported the asymmetric
alkylation of Reissert compounds23 N-Benzyl cincho-
ninium bromide40b catalyzed phase-transfer alkylation of
N-phenoxycarbony! dihydroisoquinoline provided the ben-
zylated compound 24 containing a quaternary stereocenter

with 65% ee (Scheme 73). presence of 10 mol % o019i and an excess amount of

K.CO; (Scheme 75%3

Scheme 73 Salunkhe and co-workers performed the similar phase-

X 40b (10 mol%) A transfer catalyzed Michael reaction of dimethyl malonate and
N * REr chalcone with newly devised quininium bromid5b in
*CO,Ph 50% NaOH aq COPh chalcone y quininiul :
128 CN toluene, r.t. NC 12 ionic liquid such as 1-butyl-3-methylimidazolium hexafluo-
4 . .
R = PhCH R rophosphate [bmim]PR¥-tetrafluoroborate [bmim]BE and
40b : see, Scheme 62 CHy=GHCH, : 45% 56% e 1-butyl-3-pyridinium tetrafluoroborate [bpy]BFThe reac-
tions afforded the product in excellent chemical yields in
3 Michael Addition relatively short periods of time, and surprisingly, the enan-

tioselectivity was reversed in the reactions in [omimjBRd
The asymmetric Michael addtion of active methylene or [bmim]BF,, while it remained the same in [bpy]BFversus
methine compounds to electron-deficient olefins, particularly that observed in toluene (Scheme 76).
o,f-unsaturated carbonyl compounds, represents a funda-
mental yet useful approach to construct functionalized carbonScheme 76

frameworks! O CO,Me 125b (10mol%) ~ ©  Ph

Plaquevent and co-workers achieved highly enantioselec- Ph/lK/\Ph * Scom Ph)v*\(COzMe
tive Michael addition of simple dimethyl malonate to 2ne ;(OZISS% COMe
2-pentyl-2-cyclopentenone under phase-transfer conditions p ~ rt. 6-8 h 2
using KCOs; as a base and quinine- or quinidine-derived OMe Br

+ toluene  :92%, 56% ee (S)
[omim]PFg : 99%, 50% ee

(
: (R)
' [omim]BF, : 97%, 44% ee (R)
“OH [opylBF, : 97%, 42% ee (S)
SO,Ph

125ao0r 126bas catalyst: this enabled a short enantioselec-
tive synthesis of both enantiomers of methyl dihydrojas-
monate, as illustrated in Scheme %4.

N
Scheme 74 125b
125a Recently, we addressed the importance of dual-functioning
o (11 mol%) chiral phase-transfer catalyst suchl&afor obtaining a
60% high level of enantioselectivity in the Michael addition of

“CH(CO,Me), “CH,COMe malonates to chalcone derivatives (Scheme °77For
K,CO4
(162mol°/) 91%, 90% ee

+ HzO Scheme 77

-20°C 190 °C
CO,Me 0] 0]
<o \j \j Q CO,Et 127a (3mol%) o A
CO,Me o K Ar1Jj\/\Ar2 + < B —— 1)WCOZEt

(30 equiv) 126a 63% CO,Et K,CO; (10 mol%) AT
(12 mol%) CH(CO.M CH,CO,M toluene, —20 °C CO,Et
) ( o2 ®) 2uBale Ar' =Ar2 = Ph £ 99%, 90% ee (R)
60%, 80% ee Ar' = Ar? = Ph [with 128 at 0 °C] : 98%, 15% ee (R)
OM Ar' = Ph, Ar2 = 2-Thienyl 1 99%, 94% ee
€ Ar1 = 2-Thienyl, Ar? = Ph - 99%, 94% ee
Ar. Ar -
Ar Ar

Kim and co-workers applietl-(3,5-ditert-butyl-4-meth- 127a (Ar=R = 35- th CeHy) 128 (Ar  R- 35. th CeHa)
oxy)benzyl cinchonidinium bromidel9i to asymmetric
Michael addition of malonates to chalcone derivatives. The 9 CN  127a (3 mol%) O Ph
reactions of dibenzyl malonate with differently substituted ph)v\ph + oN ™ Pn CN
chalcone derivatives in toluene were found to proceed at *ig?uizg‘ix!é’ CN

room temperature with moderate enantioselectivities in the 98%, 81% ee
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instance, reaction of diethyl malonate with chalcone in Scheme 80
toluene under the influence of;RO0; and127a(3 mol %) (S,5)-24

proceeded smoothly at20 °C with excellent enantioselec- bh.C= N\)]\ \)]\ (10 mol%) o GoN o
tivity, while the selectivity was markedly decreased when "2 Ot-Bu Ce.CO 2¥" Ty otBu
128possessing no hydroxy functionality was used as catalyst. 2 (x equw) v ezqu“f') H (CH,),CO,R
This system is applicable to the Michael addition of Ph-Cl
malononitrile as inclu_ded in Schgme . o 24c, R=Et x=5,y=10,-30°C,26h :71%, 82% ee

Enantioselective Michael addition of glycine derivatives 24c, R=Bn;x=15,y=10;4°C,9h  :94%, 64% ee
by means of chiral phase-transfer catalysis has been devel- 24d,R=Bn; x=15,y=0. 1_ 4°C 1h  :85% 69% ee
oped to synthesize various functionalizeealkyl-o-amino 24d, R=Bn; x=1.5,y=05,-30°C, 10 h: 84%, 81% ee
acids. Zhang and Corey utiliz&dtallyl N-anthracenylmethyl Me, /—4 -Me-CgH,
cinchonidinium bromidel9e as catalyst for asymmetric e \_
Michael addition of glycine Schiff bas2 to acrylonitrile A Me- ggﬂ‘* 2X
with high enantiose!ectivity. Naturally occurrin@)(qrnithine ' Pr’ 0O _N/,,_ ¢ (S,5)-24¢ (X = )
has been synthe5|ze_d as its dihydrochloride in a concise Me \—4-Me-CgH, (S,9)-24d (X = BF,)
manner, as included in Scheme 8.

Scheme 81
Scheme 78 o S CeHia
o] =

phc=N._J 19e (10mol%) o caN i PhaC N\)J\oan 24e (10 mol%)

‘ or8u * ZON 50% KOH © oreu Cs,CO0; (1 equiv)

0 aq 7 52003 (1 equiv) gno_ ..
CH,Cl, —78 °C H (CHZ).CN Q9 Ph-CI TN N=CPh,
85%, 91% ee \)k(\agu\/\cel_'w -40°C,66 h o) 84%, 82% ee

CoCl, 1) 10% Pd/C ;
NaBH, K Q H, Hal o 129 (1.2equiv) | !
MeOH %Ot Bu S INHGL %OH Ph /\

e ’ 3
Yeaec  PhH CHNH, 7 gque H (CHZ)sNH, Me [ et :

78% 80% HCl 0

L 20
' \—4 Me-CgH -
sHs 2BF
19e : see, Scheme 23 o /_4 Me-CgHy 4 N N

. . . . ; \_ HO— CeH13
O’Donnell et al. carried out this type of Michael additon ~ py/’ 4-Me-CeHs  24e oylindricine C

by the use of organic soluble, non-ionic bases BEMP and
BTPP. In general, the less-basic BEMP proved to be superiorScheme 82

and tolerated several representative Michael acceptors, as o) . o
shown in Scheme 79.The applicability of this system to thCzN\)J\Ot y 130 (10 mol%) PhZCZNy)J\OtB
2 7 CsOH+H,0 s !
Scheme 79 o~ (10 mol%) (CH3),CO,t-Bu
0 19¢ (10 mol%) 2 T coiRy_tauowe 73%, 77% ee
_ e (10 mol% _ —-60°C, 26 h '
thc—N\)J\Ot_Bu S B thC‘NfLOt-Bu
CH,Cly, ~78 °C H (CH,),X 4-CF3-CgHyCH,0 \OCH,CgHy-4-CF4
\-tBu N B e oo \C (j\
X= CQZMe 193 /o, 89% ee 4- CF3-C@H4CH20 OCH2C6H4-4-CF3
N P NEt, CN P NQ [with BTPP : 92%, 86% ee |
CN : 83%, 84% ee s
COMe - 82% 89% ee ammonium saltl31 derlved from ©-1,1-bi-2-naphthol as
BEMP COEt - 87%, 87% ee an efficient chiral phase-transfer catalyst. For instance,
BTPP SO,Ph 1 91%, 76% ee reaction of2 with methyl vinyl ketone in the presence of

CsCO; and 1 mol % ofl31in chlorobenzene proceeded at
—30 °C quantitatively with 75% ee (Scheme 83). The

the solid-phase synthesis with resin-bound glycine Schiff scheme 83
base was also demonstrated.

19e : see, Scheme 23

Shibasaki and co-workers successfully applied the tartrate—PhZC:N\)(J)\ 131 (1 mol%) Ph,C=N 7
derived, G-symmetric bis-ammonium sa®4 to the asym- OtBu 4 o Cs,C0;, Z 7 OtBu
metric Michael addition o® to acrylates. Exchange of the \ Ph-CI H (CH;),COMe
counterion from iodide to tetrafluoroborate using the corre- NEt Me _30°c, 114 h 100%, 75% ee
sponding silver salt dramatically accelerated the reaction even OO + 0
in the case of a catalytic amount of base (Scheme80). O_Ar

By employing the asymmetric Michael addition catalyzed 2Br
by C,-symmetric bis-ammonium saée Shibasaki and co- O o A 131
workers succeeded in the total synthesis of cylindricine C. N

N . g NEt, (Ar= p-CF3-CgH
The Michael acceptol29 was designed to include the 3 (Ar=p-ChaCofly

appropriate functionalities for the following acid-catalyzed flexibility of the catalyst modification on the substituents of

tandem cyclization (Scheme 8%). the ether and the ammonium moieties appears to be advanta-
Arai et al. designed tartrate-derived spiro-type chiral phase- geoust®

transfer catalyst30and applied it to the similar asymmetric Lygo et al. recently reported the optimization of reaction

Michael addition (Scheme 82 Arai introduced a new bis-  parameters for the asymmetric Michael addition of glycine
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derivative to methyl vinyl ketone with the-methylnaph- Scheme 86
thylamine-derived quaternary ammonium saltt28 as o] 18f OPh H O
catalyst. This uncovered the crucial importance of base and = (10 mol%) N
solvent, and high levels of enantioselectivity can be obtained Ph 50% KOH & Ph
by performing the f'iddition of g_lycine dipher]ylm_ethyl ester MeoO "o foluene quo 134
Schiff basel32to simple alkyl vinyl ketones in diisopropyl )k -10°C, 36 h 72%, 80% ee
ether at O°C in the presence of 50 mol % of &30; and 1 1) m-CPBA, CH,Cl,
mol % of ent28 (Scheme 84! 45°C,20h
2) LiOH, H,0/MeOH
Scheme 84 23°C,12h
9 ent-28 (1 mol%) 0 2 Ph e
thC_N\)I\ODp (;40> Ph,C=N ‘ ODpm Ph 135
$,C0;3 (50 Mol%) - 69%
+ 0 i-Pr,0, 0 °C H (CH,),COR (COCI),, DMF
R R=Me  :84%, 94% ee 13f ‘CH2C|2
n-CsHyq : 60%, 94% ee 23°C,1h

ent-28 : see, Scheme 16

) MeMgl, Et,0

Jew, Park, and co-workers achieved highly enantioselective /@H 0°C,1h )O\)i\\H
synthesis of (8)-a-(hydroxymethyl)glutamic acid, a potent 5, Nph 2) NaOi-Pr, i-PrOH ph” X"“pp,
metabotropic receptor ligand, through the Michael addition 85% 137  23°C, 10 min 93% 136

of 2-naphthalen-1-yl-2-oxazoline-4-carboxylic atadt-buty!
ester133to ethyl acrylate under phase-transfer conditions. Scheme 87

As shown in Scheme 85, use of BEMP as a baseGii°C o O Me O
)v\ 18f (5 mol%)
Scheme 85 Ph Me 50% KOH aq Ph - Ph
toluene 138
7 Cogt —40°C, 12 h
(S,9)-1e O l
2 5 mol%) 0 Me 1) O3, EtOAC O Me O
CO,t-Bu N CO,t-Bu oH —78°C, 3 min
j/ BEMP Q ( Ph Ph Ph
(1.25 equiv) o] 140 § 2) H,0,, AcOH |
133 CH,Cl, CO,Et 90% 23°C,22h 139
—60°C. 20 h 93%, 97% ee 87%1 89% ee
(S,S)-1e : see, Scheme 47 Scheme 88

BEMP : see, Scheme 79

with the catalysis oN-spiro chiral quaternary ammonium 625 m0|% Br

bromideleappeared to be essential for attaining an exceIIent

selectivity 102 50‘;/2)"‘31';3‘7 OBn
Zhang and Corey extended the utility Nfanthracenyl- rt u24 h

methyl dihydrocinchonidinium bromid&8f to the asym- 90%, 88% ee 40d OBn

metric Michael addition of acetophenone to 4-methoxychal- OBn

cone under mild phase-transfer conditions. Selective Baeyer

Villiger oxidation of the adductl34 and subsequent i aq an efficient catalyst. This new protocol offers a practical
saponification gave the keto aclds which can be obtained o1y 10 optically active-amino acid derivatives, as shown
in an essentially enantiopure form by a single recrystalliza- ;, gcheme 89052

tion. In addition, facile derivatization af35 into optically

active 2-cyclohexenone derivatit87via enoly-lactonel36 Scheme 89

was demonstrated (Scheme 88).

Furthermore, chiral quaternary ammonium bromid# N0, ((1Snsu)>|3yl) O,N s b HSN' .
served as an effective catalyst for the enantioselective + - cozi-Pr_" j;\
dimerization ofo.,-unsaturated ketones under phase-transfer |~ _C0,i-Pr Cs,CO; Ph™* Ph COH
conditions, which proceeded through Michael reaction to Ph , toluene COyi-Pr
form 138 followed by base-catalyzed double-bond transposi- COz-Pr 0°C, 25N 999 o "%
tion to afford chiral 1,5-dicarbonyl compounti39, as (ontisyn =86:14)  ([antiisyn = 86:14)
exemplified in Scheme 8972 The resultingl39can be readily (anti isomer) (anti isomer)
converted to the correspondingralkyl-y-keto acid 140 a) Raney Ni, H,, EtOH, r.t., b) 6N HCI, 100 °C

through ozonolysis and subsequent oxidation wit®4
Bella and co-workers recently reported the similar asym-

CF3
Ar
metric dimerization of cyclic enones catalyzed 8,4,5- O O
tribenzyloxybenzyl cinchoninium bromidd0d (Scheme
88).104 Ar =
We developed the diastereo- and enantioselective conju- O O CF3
gate addition of nitroalkanes to alkylidenemalonates under Ar

mild phase-transfer conditions by the utilization of ap- (S,9)1i
propriately designed chiral quaternary ammonium bromide
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As an extension of this research, we succeeded in theScheme 92

catalytic asymmetric conjugate addition of nitroalkanes to (5)-143
cyclic a,f-unsaturated ketones under phase-transfer ConditionNCYCOZt-Bu OB (1mol%)  NC_ CO,t-Bu
05b + = _Bu
(Scheme 90)¢ r 144 2 Cs,CO5  R™NZCo,tBu

Sch 90 toluene, —40 °C

cneme
OO AT R=PhCH,CH, :99%, E/Z= 3.6/1 (94/84% ee)
. Br CH3(CHy)s : 97%, E/Z = 3.8/1 (95/95% ee)
(8,5)-1j (1 mol%) 97% (syn/anti = 98:2) ;l/_\ (CH3);CH  : 99%, E/Z = 5.4/1 (96/ - % ee)
CsCO; (3 equiv) 91% ee (syn isomer) \__/~ CH,=CHCH,: 99%, E/Z = 6.2/1 (92/81% ee)
. toluene, —40 °C OO

N
\/\N 0,

O,
F
. . Ar = 3,5-[3,5-(CF3),-CgH3l-CeHs
Ar _ O
OO = OO 4. Aldol Reaction
N
Ar= O F Although phase-transfer catalyzed enantioselective direct
OO " O \ O aldol reactions of glycine donors with aldehyde acceptors
)
(S,S)-1j F
F

'Ar (S)-143

could provide an ideal method for the simultaneous construc-
tion of the primary structure and stereochemical integrity of
B-hydroxy-a-amino acids, which are extremely important
As already addressed in this section, enantioselectivechiral units, especially from the pharmaceutical viewpoint,
Michael addition of3-keto esters te,5-unsaturated carbonyl  the examples reported to date are very limited.
compounds is a useful method for the construction of densely We recently developed an efficient, highly diastereo- and
functionalized chiral quaternary carbon centers. A charac- enantioselective direct aldol reaction2ivith a wide range
teristic feature of designer chiral phase-transfer catdligst ~ of aliphatic aldehydes under mild phase-transfer conditions
in this type of transformation is that it enables the use of employingN-spiro chiral quaternary ammonium séltas a
o,B-unsaturated aldehydes as an acceptor, leading to thekey catalyst, leading to the establishment of a general and
construction of a quaternary stereocenter having threepractical chemical process for the synthesis of optically active
different functionalities of carbonyl origin as demonstrated anti-3-hydroxy-o-amino esterd45 (Scheme 93}’
in the reaction with Zert-butoxycarbonylcyclopentanone

105a It is of interest that the use of fluorenyl esté4l Scheme 93
greatly improved the enantioselectivity. The additioridl 0 (RR)i
to MVK was also feasible under similar conditions, and the phzc:N\)J\ @mol%) 1N HCI OH
desired 142 was obtained quantitatively with 97% ee 2 OtBu R OLBu
(Scheme 91%12 + 0 1% NaOHag  THF NH

(15 mol%) } 14
Scheme 91 R™ "H  NH,CI (10 mol%) anti-145

2-5equiv) toluene, 0 °C (anti/syn = 96:4)
1) Z>CHOR equiv) o
R=Ph(CH,), :82%, 98% ee

(
—78 °C, 5 min Ar :
then —40~—35 °C Mo OO B OO Me(CHp)s  : 79%, 97% ee
- . i-Pr;3SIOCH, : 73%, 98% ee
2) Clai\p TsOH 0_7 N Me : 54%, 99% ee
o SSh | O 0o 84%, 79% ee O O O O c-Hex - 83%, 98% ee
Ar

2 mol% )t (R = t-Bu)
é/COZR ( ) 92%, 90% ee [CPME as solvent]

(R = 9-fluorenyl)

KoCO CTAr =
o (102m0|§/o ) /\H/Me 5 (RR)-1i [Ar = 3,5+(3,5-(CF3),-CgH3)2-CgHa)]
(R = t-Bu) cumene o (2 equiv) M .
141 N Castle and co-workers revealed that this type of aldol
(R = 9-fluorenyl) 78 °C, 5 min reaction could be performed in the presence of BTPP as an
I quant, 97% ee organic base under homogeneous conditions. Use of qua-
(S,5)-1h :see, Scheme 63 142 (R = 9-fluorenyl) ternary ammonium salt8adeveloped by Park and Jew was
found to be optimal, giving the aldol adduct as a mixture of
Asymmetric conjugate addition ofi-substituteda-cy- diastereomers in moderate-to-high enantioselectivities (Scheme

anoacetated44 to acetylenic esters under phase-transfer 94)1%
conditions is quite challenging, because of the difficulty to
control the stereochemistry of the product. In addition, Scheme 94

despite numerous examples of the conjugate additions to o) 1) 18a (0.17 equiv)
alkenoic esters, so far there is no successful asymmetricthC:N\)l\ BTPP (2.5 equiv)
conjugate addition to acetylenic esters. In this context, we 2 OtBu toggi'g'f':c's (7:3)  OH O
recently developed a new morpholine-derived phase-transfer + 0 _ ’ R Ot-Bu
catalyst §-143and applied it to the asymmetric conjugate R)J\H 2) 0.25N HCI HN.
additions ofa-alkyl-a-cyanoacetatek44to acetylenic esters. ' 3) NaHCO3 Bz

(4 equiv)  BzCI R = Ph(CH,),

In this asymmetric transformation, an all-carbon quaternary 64%, anti/syn = 1:1.3
0, = 1.1

stereocenter can be constructed in a high enantiomeric purityiga : see, Scheme 13 33% ee (anti), 80% ee (syn)
(Scheme 92)% BTPP : see, Scheme 79
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Andrus et al. utilized their glycolate template to the phase- Scheme 97

transfer catalyzed asymmetric aldol reaction to give 1,2- o o un-PMP
dihydroxyester. The reaction of glycolal®8 and 3-phe- _ (R.R)-1e :

' ' _ e phc=N._JL (2mol%) 1N HCI OEt
nylpropionaldehyde catalyzed by dihydrocinchoninium Ot-B +BuO”
bromide 118b afforded the aldol adduct in moderate yield + 17% NaOH ag  THF NH, O
with low enantioselectivity (Scheme 98f.To improve the PMPN _";%Slté'egi syn-148

OFt 88% (syn/anti = 82:18)
Scheme 95 147 O ] 91% ee (syn isomer)
Me RCHO OH O OMe HNJ\NPMP
118b (10 mol%
DpmO ) R H H
1% NaOHag  ppmO ¢} 'OH
toluene, 0 °C N
(Dpm = CHPh?) OMe OMe (RR)-1e : see, Scheme 47 PMB 149
R = Ph(CH,),
B 45%, syn/anti = 4:1 Scheme 98
(0] 22% ee (syn) 1) NHBoc
e ~ \)J\ (S,S)-24f (10 mol%) COLLB
N Ph,C=N Ot-Bu Ar 25U
_ NBoc Cs,CO3 (2 equiv) N 150
+ Ph-F/pentane (4:1) “CPh,
118b F F Ar —45°C,48h 950 (syn/anti = 95:5)
r (Ar=p-MeO-CgHs) 82% ee (syn isomer)
reactivity and selectlvr[y of this reaction system,_Andr_us et 4F-CgH, Me, /—a-Me-CoH,
al. employed silyl enol ether df08and hydrogen bifluoride N+ JJ\/NHBoc
salt of 118bto achieve high yields and selectiviti€8. Oj/ \—4-Me-CeHyppr  HN
Arai et al. investigated the catalytic asymmetric aldol 0 /—4-Me-CgH, <=7 4 A /'\rcozt-Bu
reaction betweetert-butyl diazoacetate and benzaldehyde _N\"_ '
. . T . s - 4-F-C:H Me 4-Me-CgHy4 HN
under various liquietliquid phase-transfer conditions with  4-F-CeHy4 \n/\NHCbz
N-anthracenylmethy! cinchonidinium chlorid®d as cata- (5.5)-24¢ o 151

lyst. The reaction was found to proceed smoothly in toluene

even at—40 °C using 50% RbOH aqueous solution as a The usefulness of the Mannich addut50 was further
base, giving rise to the desired aldol addil6in 91% yield demonstrated by the straightforward synthesis of the optically
with 56% ee. Further experiments to probe the substratepure tripeptidel51

scope revealed that the electronic property of the substituents Palomo et al. reported th&-benzyl quininium chloride

on the benzene ring in aldehydes strongly influenced the 125cacted as a promising catalyst for the asymmetric aza-
enantioselectivity, and this system was also effective for Henry reaction under solieliquid phase-transfer conditions

aliphatic aldehydes (Scheme 96). utilizing cesium hydroxide as a bageAmido sulfonesl 52
were used to generate reactiMecarbamoyl! imines in situ
Scheme 96 and succeeded in aza-Henry reactions of not only aromatic
o] 19d (10 mol%) oH O imines but also aliphatic imines (Scheme 99). Unprotected
+ —_—
RCHO %oz-su 50% RbOH ag R/\[(U\Ot—Bu Scheme 99
N, toluene N, 146
-40 °C, 12-94 h NHBoc
R=Ph :91%, 56% ee NO,
1-Np : 86%, 79% ee %HsNQZ R™ >~
19d : see, Scheme 17 t-Bu : 83%, 78% ee NHBoc 125¢ (12 mol%) (5equiv)  80~98% ee

] ] SO,p-Tol  CsOH-H,0 (130 mol%) |C,H-NO NHBoc
5. Mannich Reaction 152a foluene (& equiv NG,
Sl A

-50°C, 44 h

Phase-transfer catalyzed direct Mannich reaction of glycine R = alkyl, aryl

Schiff base2 with o-imino esterl47was achieved with high o CHs .
enantioselectivity by the utilization df-spiro chiral qua- Synians up 0 95:5
ternary ammonium bromid&e as catalyst (Scheme 9% (syn isomer)

This method enables the catalytic asymmetric synthesis of
differentially protected 3-aminoaspartate, a nitrogen analog
of dialkyltartrate, whose utility was demonstrated by the
productsyn148 being converted into a precurs@#9 of
streptolidine lactam. hydroxyl group onN-benzyl quininium chloridel25c was

A more general and highly diastereoselective Mannich- found to be crucial to obtain high enantioselectivifi&s.
type reaction was developed by Ohshima, Shibasaki, and co- At the same time, Herrera, Bernardi, and co-workers
workers. The original tartrate-derived diammonium 24l reported the same asymmetric aza-Henry reaction catalyzed
was modified by introducing an aromatic ring at the acetal by N-benzylquininium chloridel25c separately. In their
side chains, and 4-fluorophenyl-substituggd was identified report, freshly ground potassium hydroxide was utilized as
as an optimal catalyst for the reaction ®fwith various a base (Scheme 1086%.
N-Boc imines under solid (GEOs)—liquid (fluoorobenzene) Ricci and co-workers reported Mannich reaction of in situ
phase-transfer conditions, as exemplified in Schem&98. generatedN-Cbz imines frono-amido sulfoned53and bis-
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Scheme 100
NHBoc 125¢ (10 mol%) NHBoc
+ CH3NO, NO.
R SOAr Ko? I(5 equiv) R 2
- oluene
152a (Ar = p-Tol) —45 °C, 25-64 h

152b (Ar = Ph)
: 98%, 95% ee
: 84%, 98% ee
1 95%, 84% ee

152a (R = PhCH,CH,)
152a (R = c-Hex)
152b (R = Ph)

(4-methoxyphenyl) malonat&54 under the liquid-liquid

phase-transfer condition. Via decarboxylation/transesterifi-

cation sequence, the Mannich addisb could be converted
to the optically enriche@-amino acid ester (Scheme 1G19.

Scheme 101
(o]
NHCbz 125d (1 mol%) CbzHN O
+ OAr
SO,p-Tol K,CO; ag R
153 O~ OAr 154 toLuene O oA
(Ar = 4-MeO-CgH,) ~20°C. 48 h 155

R =Ph :81%, 98% ee
p MeO -CeHy : 85%, 98% ee
: 93%, 86% ee
c-Hex - 80%, 95% ee

6. Darzens Reaction
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Scheme 103
p-TsCl (1.2 equiv)
Fo i 5moi%) 1)BzCLPY  NHBs F
MeOH (10 equiv) CH,ClI, H
Ph
' 50% KOHag 2)BNHCI PP
N\oH toluene, 0 °C K O0 0162
(2)-160 (S,S)-1k : 95%, 50% ee

90%, 63% ee

/m@ F

Ar l
Ar =
I Ar ] 1I

(S,9)1

(S,9)11 :

8. Epoxidation

The catalytic asymmetric epoxidation of electron-deficient
olefins, particularlya,s-unsaturated ketones, has been the
subject of numerous investigations, and a number of useful
methodologies have been elaborat®dAmong these, the
method utilizing chiral phase-transfer catalysis occupies a
unique place featuring its practical advantages, and it allows
highly enantioselective epoxidation wéns-o.,3-unsaturated

The Darzens reaction represents one of the most powerfulketones, particularly chalcone.

methods for the synthesis af3-epoxy carbonyl and related

In contrast totrans-enone substrates, the enantiocontrol

compounds!’ Arai et al. designed a new quaternary bis- in the epoxidation otis-enones is still a difficult task, and

ammonium salfl56 easily prepared from optically pur&y¢
1,1-bi-2-naphthol and utilized it for the preparation of
optically activea,3-epoxy amides as a mixture of cis and
trans isomerd 58 and 159 by reaction of aromatic haloam-
ides 157 with aldehydes (Scheme 10Y}.

Scheme 102
Ph &
o 156 @ mot) | S=gCONPhe
phcHo + x I H , H 158
NPh2  RbOH«H,0 o
157 (X = Clor Br) CHyCly, Tt. HHCONP*‘Z
Ph H 159

: 81% (cis/trans = 3.5:1)

52% ee (cis); 51% ee (trans)
: 81% (cis/trans = 2.3:1)

58% ee (cis); 63% ee (trans)

OO @ x=cl

2B X=Br

SORS

156

7. Neber Rearrangement

successful examples are limited to the epoxidation of
naphthoquinones. A typical reaction recipe for the naphtho-
quinone epoxidation involves a treatment of 2-substituted
naphthoquinon&64with 30% HO, and LiOH in chloroform

in the presence of chiral ammonium bromide suchi26h,
affording the corresponding epoxidé5 with a quaternary
carbon center with a good enantioselectivityinterestingly,
use of the deaza derivativE63 as catalyst provided the
enhanced enantioselectivity (Scheme 194).

Scheme 104
0 ) catalyst (5 mol%) o
i-Pr 30% H,0, wi-Pr
CQ :
LiOH, CHCl;
164 1
o 6 o 65

with 126b (—10 °C, 5 h) - 93%, 70% ee
with 163 (0 °C, 5 h; r.t., 12 h) - 75%, 84% ee

OMe

The Neber rearrangement of oxime sulfonates has been
considered to proceed via a nitrene pathway or an anion
pathway. If the latter mechanism is operative, use of a certain
chiral base could result in the discrimination of two enan-
tiotropic a-protons to furnish optically active--aminoke-
tones. Verification of this hypothesis was provided by  The asymmetric epoxidation of chalcone is quite sensitive
realizing the asymmetric Neber rearrangement of simple to the choice of oxidants. In contrast to Shioiri and
oxime sulfonatel 61, generated in situ from the parent oxime co-workers’ result?! Lygo and To found that the use of
(2)-160 under phase-transfer conditions using the structurally sodium hypochlorite delivered much higher stereocontrol

126b 163

rigid, N-spiro-type chiral quaternary ammonium bromide
or 1l as catalyst, and the corresponding protecteaimino

ketonel62was isolated in high yield with notable enantio-

meric excess (Scheme 103j.

than aqueous hydrogen peroxide, and the asymmetric ep-
oxidation proceeded with only 1 mol % of a cinchona
alkaloid—derived chiral phase-transfer catal{ZtLiang and
co-workers successfully utilized trichloroisocyanuric acid as
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a safe, inexpensive, and mild oxidant for the asymmetric Scheme 107

epoxidations®® Several alkyl hydroperoxides were also o} 127 (3 mol%) 0
utilized for phase-transfer-catalyzed asymmetric epoxidations R1Jv\R2 R1J\9}\ )
of conformationally flexible and fixed enone substrates with o NaOCL R

moderate-to-high enantioselectivity. Adam et al. realized R = R? = Ph with 127a . 99% 96% ce
asymmetric epoxidation of isoflavon@§6 with (4-trifluo- . , e Conor onor

X . ; R' = t-Bu, RZ=Phwith 127b  : 99%, 92% ee
romethyl)benzyl cinchoninium bromidéOe developed by R = £Bu R2 = c-Hex with 127b : 80%, 96% ee
Merck group as catalyst and commercially available cumene

) ; ; 0
hydroperoxide as oxidant (Scheme 105). Upon reducing the 1272 (3 mol%) °
Scheme 105 ©:‘</ " Bh 13%NaOCI ©:4/ Ph

’ o toluene, 0 °C 91%, 99% ee

Ar. Ar — R
Ph OOH 40e (10 mol%) ~Ph Br
It /& O OH 127a (Ar = R = 3,5-Phy-CgHs)
MeO 0" R P \T  IMKOHag pyeo 0 R . = 3 5-PhCote R =
(1.5 equiv) _ toluene 127b (Ar = 3,5-Ph,-CgH3, R = H)
166a (R = H) : 0~20°C, 20 h 167 N 127¢ (Ar=Ph, R=H)
166b (R = Me) 127d (Ar = 4-CF3-CgHy, R = H)
Z R=H (167a) :97%, 98% ee OH 127e (Ar = 3,5-(Me0),-CgHs, R = H)
OH 1 97%, 95% ee
H f _ (1 mol% of 40e) Ar Ar R
X NI/ Br Me (167b) : 97%, 89% ee
|
N~ H Scheme 108
40e 168 (1 mol%)
CF3 o Span 20 (1 mol%) o 0
x : P
. . . 1 2 30% H,0, (10 e 1 2
catalyst loading to 1 mol %, isoflavone epoxiti&7awas R R 0% Kzoﬁ(m eq%lf\',\;) R R
obtained almost quantitatively with excellent enantioselec- i-Pry0, r.t, 0.5-12 h

R'=Ph, R? =Ph

95%, >99% ee

R' = Ph, R? = 4-F-CgH,
94%, 98% ee

R! = 2-F-CgH4, R2 = Ph
97%, >99% ee

tivity. The 2-methyl derivativel66b afforded the corre-
sponding epoxidd67b possessing two consecutive quater-
nary stereogenic centers in 97% yield with 89%'¥e.

Lygo and To also developed the direct asymmetric
transformation of allylic alcohols inta@,3-epoxyketones
based on the biphasic oxidation system catalyzed\by
anthracenylmethy®-benzyldihydrocinchonidinium bromide
18d. In combination with an ordinary carbonyl alkylation
procedure, am,3-unsaturated aldehyde is smoothly trans-
formed to a chiral epoxyketone with good enantioselectivity
(Scheme 106%%°

Hori et al. designed phase-transfer cataly§@containing
a quaternary ammonium salt moiety and a crown ether
moiety, expecting that the ammonium salt would act as
surfactant and the crown ether moiety would be for molecular

Scheme 106 recognition. The ability of the catalyst was demonstrated in
o the asymmetric epoxidation of diarylenones, furnishing the

1) PhMgBr \/\/<('))|\ epoxides in moderate enantioselectivity. The length of the

SN CHO Ph aliphatic chain was adjusted to achieve good selectivity

2) 18d (5 mol%) 0 o
15% NaOClaq /8% 78%ee
toluene, 25 °C

depending on the enones (Scheme 169).

18d : see, Scheme 31 Scheme 109
We designed d highly efficient chifddspi o (87%)61/6?-1(2)0 o 0
e designed a new and highly efficient chifddspiro- % H20; aq

type quaternary ammonium sat27 with dual functions for R1J\/\R2 oM KOH R1J\?>\Rz
asymmetric epoxidation of various enone substrates (Scheme toluene
107)1?6 The exceedingly high asymmetric induction is 0°C,24h
ascribable to the molecular-recognition ability of the catalyst R" = R? = Ph with 169 (n = 8) 1 85%, 70% ee
toward enone substrates by virtue of the appropriately aligned R'=Ph, R?=1-Npwith 169 (n=9)  :90%, 83% ee
hydroxy functionality as well as the chiral molecular cavity. R®=p-Cl-CeHy, R” = P with 169 (n = 7): 85%, 71% ee
Indeed, the observed enantioselectivity highly depends on Han+1Cn~{ -CoHzne1
the steric size and the electronic factor of both Ar and R OO /_/ \_\ OO
substituents in127, and use ofl27c¢-127e significantly o o)

decreased the enantioselection {66% ee for chalcone

I
epoxidation). o o
Park, Jew, and co-workers applied chiral dimeric cinchona CO \—\ /—/ OO
0

phase-transfer catalysit68 for the catalytic asymmetric

epoxidation of 2,4-diarylenones, providing the corresponding (S,5)-169 (n =7,8,9)

epoxide in excellent yields and selectivies. Their crucial point

was the introduction of surfactant, such as Span 20, in the The Pfizer group reported the scalemic asymmetric ep-

reaction system, which is neseccary to realize both high oxidation ofo,5-unsaturated sulfones. Among the screening

yields and enantioselectivities (Scheme 158). of several parameters, they examined the effect of the ether
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moiety of the dihydrocinchonidinium salt, leading to the use Scheme 112

of (3-fluorophenyl)methyl ethet8gas an optimal catalyst 0 40f or 19g CO.LB
design (Scheme 116%° (710 mol%) P2 =
gn ( % t—BuJ\l}j’OH + Xy CO.t-Bu N
20% NaOH |
Scheme 110 Ph Oﬁ’o,uaeﬂe & py
18g (10 mol%) o, Me 40f : 79%, 94% ee (S)
PhO,S._~ ———————— PhO,S > 199 : 56%, 88% ee (R
NP gamkoc 2PN pn g/ 88% ee (R)
toluene .
~35°C, 3 days ggz;: ggnversmn
Br—
_ Me
Br
Me
CHO
HO
40f CHO 19g
Me
189
F Scheme 113

18d (1 equiv)

Lygo et al. utilized the chiral phase-transfer catalyzed KMnO4 (1.5 equiv)
epoxidation in the stereoselective synthesis of E-64c and
E-64d (loxistatin). In the key step of these syntheses, the CH,Cl,, —60 °C OH 171

diastereoselective epoxidation of the enali®) bearing

leucine ester moiety was employed. The diastereomeric ratio 171a (X = Br) ig;/o ;gjf ee
was highly dependent on the phase-transfer catalyst, and they yg4 . see. scheme 31 e 8((: ?)Al\en)e) 3% o o
succeeded in achieving moderate diastereoselectivity by the '

gf(()en?if(lj\leig?r(ascz:ir;yggeﬂyfsgenzyld|hydrocmchon|d|n|um various 1,5-dienes, those with conjugated ketod&®

showed good-to-high enantioselectivity (Scheme 1i4).

Scheme 111
Scheme 114
18d (5 mol%) 18d (1 equiv)
KMnOy (1.6 equiv)
N OMe 15% NaOCl aq PhM
toluene, pH>12 AT AcOH (6.5 equiv) HO
170 -30°
O% 5: 1 er. 172 CH20|2 30 C
o 173a Ar = Ph : 47%, 58% ee
H 173b Ar = p-F-CgH4 : 50%, 72% ee
ROZCMH \/Y 18d : see, Scheme 31 173c Ar = p-Br-CgHy : 26%, 75% ee
O
R =H, E-64c . .
18d : see, Scheme 31 R = Et, E-64d (loxistatin) 11. Fluorination

T, In view of the importance of optically active organofluo-
9. Aziridination rine compounds in various fields of chemistry, catalytic

Chiral aziridines have been used as chiral auxiliaries, chiral enantioselective fluorination of carbonyl substrates has
ligands for transition metals, and chiral building blocks for emerged as an ever-awaited method, and the asymmetric
preparation of biologically active species such as amino acids,electrophilic fluorination off-keto esterl74 under phase-
B-lactams, and alkaloid$! Murugan and Siva developed a transfer conditions certainly belongs in this category. By the
new procedure for asymmetric aziridination reactions to combined use of appropriately modified cataly€lg and
achieve an excellent level of enantioselectivity using new N-fluorobenzenesulfonimide as a fluorinating agent in toluene
chiral phase-transfer catalys#f and 199 derived from with base (kCOs), the desired 75was isolated in 92% yield
cinchonine and cinchonidine, respectively (Scheme 13%2). with 69% ee (Scheme 115%

10. Dihydroxylation 12. Strecker Reaction

Asymmetric phase-transfer dihydroxylation@f3-unsat- The catalytic asymmetric cyanation of imines, Strecker
urated ketones has been developed by Brown uding reaction, represents one of the most direct and viable methods
anthracenylmethy®-benzyldihydrocinchonidinium bromide  for the asymmetric synthesis eof-amino acids and their
18d as catalyst and KMnQas oxidant (Scheme 113% derivatives. Numerous recent efforts in this field have
Other types of olefins were found to be less rewarding; a resulted in the establishment of highly efficient and general
simple terminal olefin gave the corresponding diol without protocols, although the use of either alkylmetal cyanide or
detectable enantiomeric excess, and stilbene and chalcon@anhydrous hydrogen cyanide, generally at low temperature,
gave over oxidation products. is inevitable. In this regard, we disclose the first example of

This methodology stems from the study on the asymmetric phase-transfer-catalyzed, highly enantioselective Strecker
oxidative cyclization of 1,5-dienes under slightly acidic reaction of aldimines using aqueous KCN based on the
conditions to promote the intramolecular ring closure. Among molecular design of chiral quaternary ammonium saié
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Scheme 115
0 40g (10 mol%) 0
(PhSO,),NF
CO,Me «» CO,Me
K2C03 F
174 toluene, r.t. 175

92%, 69% ee

t-Bu

OMe

40
9 iBu

bearing the tetranaphthyl backbone as a remarkably efficien
catalyst (Scheme 116362

Scheme 116
176 (1 mol%)

N-SO2Mes 2M KCN ag (1.5 equiv) - SO2Mes
)J\ toluene, 0 °C A~
R” H oah R” CN

Ar R = c-Hex : 89%, 95% ee (S)

A c-Oct 1 88%, 97% ee

r (CH3),CH : 85%, 93% ee

+ Me PhCH,CH, : 81%, 90% ee

Me t-Bu 1 94%, 94% ee

(Ar = p-CF3-CgHa)

This phase-transfer-catalyzed asymmetric Strecker reaction

is further elaborated by use afamidosulfone as a precursor
of N-arylsulfonyl imine. In this system, the reaction can be
conducted with a slight excess of potassium cyanide (1.05
equiv), and the reaction leads to completion within 2 h
(Scheme 1173360

Scheme 117
176 (1 mol%)
H)N\’PG 2M KCN ag (1.05 equiv) HN’PG
R”>80,-p-Tol 0L, R"CN
85-99% yield
84-99% ee

PG = mestylenesulfonyl
4-methoxy-2,3,6-trimethylbenzenesulfonyl

Herrera, Ricci, and co-workers utilized acetone cyanohy-
drin 177as a cyanide source for the phase-transfer-catalyzed
Strecker reaction. The intermediacy of the conjugate base
of acetone cyanohydrin was suggested, since use of potas-
sium cyanide as a cyanide source led to a lower enantiose-
lectivity (Scheme 118%37

Scheme 118
)N\HBoc , HO_ CN 125d (10 mol%) I;lHBoc
R”>S0,-p-Tol K,COsag R” CN

177 toluene, —20 °C

R = Ph(CH,), : 95%, 68% ee

PhCH, :95%, 79% ee
Me : 85%, 78% ee
125d : see, Scheme 101 t-Bu : 85%, 88% ee

13. Conclusion

The development of various types of chiral phase-transfer
catalysts largely relies on the molecular design of both natural

Hashimoto and Maruoka

product-derived and purely synthetic chiral quaternary am-
monium salts, which often delivers not only higher reactivity
and stereoselectivity but also new synthetic opportunities,
expanding the applicability of asymmetric phase-transfer
catalysis in modern organic synthesis. Continuous efforts
should be made toward the understanding of the relationship
between the structure of the catalyst and its activity and
stereocontrolling ability. Systematic accumulation of such
knowledge would allow us to conduct even more rational
catalyst design for pursuing selective chemical synthesis in
a manner of reliable and practical elegance, thereby allowing
us to establish genuinely sustainable chemical processes
within the context of the forthcoming paradigm shift in
worldwide production of highly valuable substances in this

fcentury.
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