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i. Introduction

Chirality is essential for molecular recognition in a wide range of biochemical reactions
responsible for metabolism and numerous biological functions, because enzymes, biological
receptors and other natural binding sites stereospecifically combine with substrates bearing
specific chirality [1]. In recent decades, this has greatly promoted the remarkable development
of the enantiocontrolled synthesis of single enantiomers, especially asymmetric catalysis, to
provide a deeper insight into the implications of chirality for molecular recognition and many
homochiral compounds of biological and pharmaceutical interest [2,3].

Modification of the physiological activity of bioactive compounds by introducing fluorine
into the molecules, owing to the influence of fluorine’s unique properties, frequently leads to
the discovery of novel and potent biochemical tools and medicinal agents which have a
fluorine substituent at a stereogenic center in many cases [4-9]. The steric requirement of

fluorine resembles that of hydrogen as shown by their van der Waals radu (1.29 vs. 1.35 A).
Therefore, renlaoement of a hvdrogen hv
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the ﬂl..o.rmate-d analogs to follow the metabolic pathway of the parent hydrogen compounds,
and the strong C-F bond (485.7 kJ/mol) can be often protected from unwanted metabolic
transformations. Fluorine can also function as a hydrogen bond acceptor, and the substitution
of hydroxyl by fluorine in bioactive compounds, due to the similarity of typical C-F and C-O
bond lengths (1.39 vs. 1.43 A), often retains the biological properties. Furthermore, the

extremely high electronegativity of fluorine has important effects, such as changes in the
electron density, basicity and acidity, on its neighboring groups in a molecule. The
perfluoroalkyl group is highly lipophilic, generally making the absorption and transport of the
perfluoroaikylated analogs easy. Thus, the asymmetric synthesis of homochiral fluoroorganic
compounds is now an important challenge in biological and medicinal chemistry [10-16].
These compounds are also useful in the development of optoelectronic materials with new
properties, e.g., chiral dopants for ferroelectric liquid crystal mixtures [17-19].
Fluorine-containing compounds often show unexpected and generally unusual reactivity and
stereochemical outcome, giving rise to the term “flustrates” by Seebach [20]. Thus, asymmetric
reactions developed for nonfluorinated chiral compounds are frequently inapplicable. The
strongly electronegative nature of fluorine frequently disturbs or alters the course of the
reactions established for hydrocarbon patterns. Moreover, the existence of a fluorine or a
fluorine-containing group often inverts the stereochemical results of the reactions. Therefore,
optically active compounds bearing a fluorine atom or fluorine-containing group at a
stereogenic center have been thus far mainly prepared by chemical or biocatalytic resolutions
of racemates, selective fluorination of chiral nonfluorinated substances and enzymatic or

blglogggal methods. However, much attention has been directed toward the asvmmemc
synthesis f such chiral molecdes during the last decade Espf'mally, enantiocontrolled
synthesis using asymmetric catalysis has been reported in increasingly significant numbers in
recent years and can now be said to rival the biological approach. This report focuses on the
varant advannrag 1in ratalutis acummoatrie cunthacic Af rhival flunranroanis samnimde
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2. Asymmetric hydrogenation
2.1. Asymmetric hydrogenation of olefins

Homogeneous asymmetric hydrogenation with transition metal complexes bearing chiral
tertiary phosphines has significantly developed since the 1968 reports by Knowles and Horner
and is now regarded as one of the most powerful and industrially feasible tools to prepare
enantiomerically enriched organic molecules [21-25]. In fluoroorganic chemistry, the first
successful example of catalytic asymmetric hydrogenation was recorded by Koenig and
coworkers. A DIPAMP-rhodium(I) complex catalyzes the enantioselective hydrogenation of
1,1,1-trifluoro-2-(acetyloxy)-2-propene to produce optically active 1,1,1-trifluoro-2-
(acetyloxy)-2-propane with up to 77% ee [26]. Burk developed novel, excellent C2-symmetric
chiral bidentate ligands, a series of bis(phospholanes)s [27-29], and apnlled thcm to the
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hydrogenation of 1,1,1-trifluoro-2-(acetyloxv)-2- propene to improve
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reported by Koemg etal. [30] The rhod1u m coO mplexes modified by the
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H  CFs [Rh(COD)((R,R)-DIPAMP)['BFy (1.2 molo%)  CHa~CFs
HI OCOC Hg Hz (3.5 atm) in CH30H, 50°C, overnight H OCOCH3
=\ =\ 7% ee
(\\ /) \ 7/
% /T NS
CH.O p P QCH.,
CH3O | f OGCHjz
= 7N\
(R.R)-DIPAMP
H  CFs [Rh(COD)L*J*OTf (0.1 mol%) CHaCFa
TN en. Ho(2atm)in CHgOH, 2025°C, 212 h I
H OCOCH; R' R
L* = (S,5)-Me-DuPHOS, R' = H, R2 = OCOCHg 94% ee
L* = 1,2-bis((2R,5R)-2,5-diethyiphospholanojethane, R! = GCOCH;, R? = H >95% ee
CHs~ CoHsme™N
x P—‘.'.o,CHa 02H5 P ;
L GH3 p CaHs
P
I | _K “"CoHr
CHa™' N\ 25
(S,5)-Me-DuPHOS 1,2-bis((2R,5R)-2,5-diethylphospholano)ethane

Scheme 1. Enantioselective hydrogenation of 1,1,1-trifluoro-2-(acetyloxy)-2-propene.
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In 1992, Saburi and coworkers reported that ruthenium complexes containing a chiral
BINAP ligand catalyzed the asymmetric hydrogenation of 2-fluoro-2-alkenoic acids with high
enantioselectivities [31]. Treatment of (Z)-2-fluoro-2-hexenoic acid and (Z)-2-fluoro-2-
octenoic acid with RuaCl4((R)-BINAP);N(C2Hs)3 gives the corresponding saturated acids
bearing the R configuration with 91% ee and 89% ee, respectively. A mononuclear
dicarboxylate complex, Ru(OCOC(CH3)3)2((R)-BINAP), also provides similar levels of
enantioselectivity compared to the dinuclear complex. Interestingly, the hydrogenation of (E)-
2-fluoro-2-hexenoic acid with RuzClg((R)-BINAP)2N(C2H5)3 affords (R)-2-fluorohexanoic
acid, the same enantiomer as obtained from the corresponding (Z£)-acid, with 83% ee. This is in
sharp contrast to the case of 2-methyl-2-butenoic acid [32]: Ru-BINAP catalyzed
hydrogenation of (E)- and (£)-isomers of 2-methyl-butenoic acid gives rise to the
corresponding (R)-saturated acid and its antipodal isomer, respectively, with 91% ee and 57%
ee (Scheme 2).
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2 Ho (5-50 atm) in CH3OH, 35-80°C, 24 h oH
catalyst A, R=C3H; 91%ee
catalyst B, R = CsH7 89% ee
catalyst A, R=CgHyy 89%ee
catalyst B, R = CsHy1 89% ee
F
F
- . LA
/kCQgH (A)-BINAP-Ru(Il) (1 mol%) o
B Hg (5-50 atm) in CH3OH, 50°C, 24 h " COzH
nataluvet A D _ C_Li_ Q0. An
Uﬂlﬂl’al ™~y 1= Udl l/ U /0 ©T
=3 l 2
Wp(csHs)z (R)-BINAP-Ru(il) catalyst
catalyst A = RuCis((A)-BINAP)2N(CoHs)3
2Ny P (Cets)2 catalyst B = Ru(OCOC(GHs)3)o((R)-BINAP)
X ' =
(R)-BINAP
CHs (R)-BINAP-Ru(ll) CH3 CHs R)-BINAP-Ru(Il) CHg
CHa~FNpon Mz (Batm) CHs\)\COgH (k CO2H CHa~co,H
CHj;
91% ee 57% ee
Scheme 2. Enantioselective hydrogenation of 2-fluoro-2-alkenoic acids.
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[29,34]. 1TCAUIICIIL O1 \ L )-0 "pﬂClel \Lnuuurun Cl[lyl) L= pCl 1 dalld (L )-Z-{(UH1UOIo01IC Ily )=
2-undecenol with a BINAP-Ru(ll) complex, Ru(OC CH3)((R) BINAP) affords the
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corresponding saturated 2-(trifluoromethyl)alkanois with 71% ee and 83% ee, respectively.
However, the reaction is very sluggish and needs a large amount of the catalyst. The
hydrogenation of 2-(trifluoromethyl)acrylic acid in the presence of 1 moi% of Ru2Ci4((R)-
BINAP)2N(C2Hs5)3 provides optically active 2-(trifluoromethyl)propionic acid which is treated



with CHpN7 and reduced with LiAlH4 to give (§)-2-(trifluoromethyl)propanol with 80% ee in
ONOZ. ~vrarall viald /Calhaaaa 2)
OV /0 UvCidll yl 10\ ODVHICHIIC O)
CF3
( Ru(OCOCHj)2((R)-BINAP) (10 mol%) CF3
R “OH Haz (18 atm) in CH3OH, 30°C, 240 h AL YUH

R = C3H4CgHs 40% yield, 71% ee
R = CgHy7 85% yield, 83% ee

/ RuzClg{(R)-BINAP)oN(C2Hg)3 (1 mol%) CF3 1) CHoNa CF3
~~ i Ho(7 atm)in CH.OH, 0°C, 48 h P PN 2) LiAlH, . A~_0OH
CO» Hp (7 atm) in CH30H, 0°C, 48 CHz” ~CO,H 2 LiAIH, CHgy’

80% yield, 80% ee

2.2. Asymmetric hydrogenation of ketones

Halogen-containing diphosphine-Ru complexes are well-known to be excellent catalysts for
the hydrogenation of a wide range of functionalized ketones including a-dialkylamino ketones,
B-keto esters and B-diketones to provide the corresponding secondary alcohols with
exceptionally high enantiomeric excesses [35]. Sayo et al. reported that ethyl 4,4,4-
trifluoroacetoacetate was reduced in the presence of 0.1 mol% of RuHCI((R)-BINAP); to give
the corresponding B-hydroxy ester with 46% ee [36]. This unexpected enantiomeric excess
may be possibly caused by the high electronegativity of fluorine atoms, because the same
catalyst also causes low enantioselectivity in the hydrogenation of methyl 4-bromoacetoacetate

(45% ee) and methyl 4-chloroacetoacetate (67% ee). The reduction of 1,1,1,5,5,5-hexafluoro-

2,4- pentanedlone catalyzed by Ru((-)-p- TolBINAP)(PFe)z produced an 85 15 mlxture of
i ] 1,5,5,5-hexafluoro-2,4-pe
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The anti-isomer showed an enantiomeric purity of 70% [37] (Scheme 4)
9 RUHCI((R)-BINAP), (0.1 mol%)
. A _coscaHs 2 ° )\,cozcaHs
CF3” ™~ Ha (77 atm) in CH3OH, 30°C, 16 h CF3
aror i NN
Yo' YIelCI 46% ee [’ |I ‘1
{\./ N
o a Ru((-)-p- ToIBINAP)(PFg)2 (0.2 mol%) OH OH i
U(i-)- O
o~ /U\ )L,..._ - i 62 - Fal= Mnc = 1 = PAI’Z
CF3” ™~ "CF3 Hp (39 atm) in CH3OH, 30°C, 44 h CFy” ™~ CRy |
89% vield, anti:syn = 85:15 XNNF
70% ee (anti)

p-ToIBINAP: Ar = p-CH3CgHa

Scheme 4. Asymmetric hydrogenation of trifluoromethyl ketones.

3. Asymmetric oxidation

Catalytic asymmetric dihydroxylation (AD) reactions of olefins catalyzed by chiral tertiary
amine ligand-osmium tetroxide complexes are important methods of stereospecifically creating
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cis vicinal diols and simultaneously introducing two asymmetric centers into a prochiral
molecule. In 1992, Sharpiess and coworkers developed an excellent asymmetric catalysis using
novel cinchona alkaloid derivatives as chiral ligands [38-40]. Bis-DHQD (dihydroquinidine)
and bis-DHQ (dihydroquinine) ethers of phthalazine-1,4-diol (PHAL) coordinate with OsO4
and accelate the AD reaction of a variety of olefins including olefins substituted by electron-
withdrawing groups to give the corresponding vic-diols with high enantiopurities.
a-Methoxy-a-(trifluoromethyl)phenylacetic acid (MTPA), Mosher’s acid, is a useful agent
for the enantiomeric excess determination of alcohols and amines. In 1994, the enantioselective
synthesis of (R)-MTPA using the AD reaction as a key step was disclosed by Bennani et al.
[41]. Treatment of a-(trifluoromethyl)styrene with 0.2 mol% of OsO4 and 1 mol% of
(DHQD)2PHAL under the AD-mix conditions gives (R)-2-phenyl-3,3,3-trifluoropropane-1,2-
diol in 83% optical yield. Use of the ligand bearing a new heterocyclic spacer (DPP),
(DHQD),DPP, causes a reaction with a similar yield and with higher enantioselectivity (91%

ee). The diol produced by the AD reaction is oxidized using Pt/C as a catalyst in a sodium

bicarbonate solution and recrystallized from toluene-hexane to give enantiomerically pure (R)-
o-hydroxy-o-( tnﬂl..oromf‘f VDn-.eD.VIavetic acid which is converted to (R)-MTPA according to
7 o \ v s o o &%/ =]

reported procedures (Scheme 5).
CF3 HQ CF; HQ CF3
A 0504 (0.2 mol%), L* (1 mol%) A X _oH 1) PYC, O P
- | =~ KzFe(CN)g, KoCO3 I = - NaHCOg, HO | ™ san
x +BuOH-Ho0 (1:1), 0°C, 72 h Z 75°C,20h Z
2) recrystallization 99% ee
94% yield L* = (DHQD)2-PHAL 83% ee 68% yield

L* = (DHQD)2-DPP 91% ee

[ ¥

Ao~ Yo, A Ao~ '\—o

CH30 OCH3 H3O OCH3
T Y TN f\,(j
N/ \N N CeHs CgHsN

(DHQD),-PHAL (DHQD),-DPP

Scheme 5. Enantioselective synthesis of MTPA via asymmetric dihydroxylation (AD) reaction.

4. Asymmetric hydroboration of ketones

Asymmetric reduction of ketones is one of the most useful methods for preparing chiral
secondary alcohols which are versatile synthetic intermediates for the synthesis of a variety of
biologically active compounds. This has encouraged many organic chemists to undertake
the ethodolomes including biocatalytic transformations using baker’s

, highly enantioselective borane reduction of

ketones using the xazaborohdme de nved rom (S)-proline as chiral ligands [42-44].

o =
o

(@)

g

Q

3
~

]

r

n 3
'D

-l

i

D
[T
»;
a

o

o

_.



K. Iseki / Tetrahedron 54 (1998) 1388713914

JJJJJ

This catalytic system was aiso applied to the reduction of trifluoromethyl ketones. Reaction
of 9-anthryl trifluvoromethyl ketone and mesityl trifluoromethyl ketone with catecholborane as
stoichiometric reductant in toluene in the presence of 10 mol% of a chiral oxazaborolidine as
catalyst at -78°C provides (R)-9-anthryl trifluoromethyl carbinol and (R)-mesityl-2,2,2-
trifluoroethanol, respectively, with 94% ee and 100% ee [45,46] (Scheme 6).

(1.5-2 equiv)
CH; O
a CF; N0,
g + (L BH
CHz” ™~ “CHj =~ 0
(2 equiv)

15 A0,
S O e
CH3” X-""CHj,4 X0

(2 equiv)

Y S [T

Sl

A. M el n n =

A. N =TFugng, Ng = o-dl ntnracenyi, lllehllyl
R

H
Q CF3
oxazaborolidine catalyst (10 mol%) = TS S
toluene, -78°C, 15 h RAAAA
>95% vyield, 94% ee
CHzHOH
oxazaborolidine catalvst (10 mol%) //l\ : ~
J \ r » I/ II br—s
toluene, -78°C, 24 h AN
CHs 7 CH3

CHzHQOH
oxazaborolidine catalyst {10 mol%) 2\! CHg
toluene, -78°C, 48 h -
CH3 CH3
95% yield, 99.7% ee
i/\.uvgc
AR 174 a. b

Scheme 6. Enantioselective hydroboration of trifluoromethyl ketones.

A possible mechanism for the asymmetric hydroboration can be expained by a transition

state assembly shown in A (Rs =

smaller group, R1, = larger group) [47] (Scheme 6). For

example, the reduction of acetylmesitylene with the same catalyst gave (R)-mesitylethanol with
99.7% ee (Rs = CH3, R1, = mesityl). Thus, it is notable that the trifluoromethyl group acts as a
larger group than 9-anthracenyl or mesityl in the reduction of the trifluoromethyl ketones. This

result indicates that the oxazaborolidine coordinates with trifluoromethyl ketones selectively at
the lone pair a (anti to CF3) as shown in C, and this has been explained on the basis of the X-

L A Q2 2228
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ray analysis of the ketones [48]. The anthryl ketone was found to be locked firmly in the
conformation shown in B where the carbonyl oxygen is placed away from the 9-anthryi carbon,
thus favoring the catalyst coordination at lone pair a. This distorted structure implies that lone
pair a is delocalized into the anti-bonding 6* orbital of the carbon-carbon bond between the
carbonyl and the CF3 group [48]. Homochiral 9-anthryl trifluoromethylcarbinol and mesityl-
2,2,2-trifluoroethanol are useful tools for analytical work including NMR studies.

Sakai er al. reported that optically active 3,3,3-trifluoroalanine was synthesized via the
borane reduction of CF3-substituted imines with a B-methyloxazaborolidine catalyst [49]. 2-
(N-Arylimino)-3,3,3-trifluoropropanoates, prepared from N-aryl-trifluoroacetamides in two
steps, were treated with 2 equiv of catecholborane and 10 mol% of the oxazaborolidine in
CH2Cl2 in the presence of 4A molecular sieves at room temperature to provide the
corresponding (R)-3,3,3-trifluoroalanine derivatives in good yields. The optical yields were
moderate, and the highest enantioselectivity was obtained with benzyl 2-(N-p-tolylimino)-
3,3,3-trifluoropropanoate (68% ee). N-p-Anisyl-3,3,3-trifluoroalanine benzyl ester (62% ee)
was reacted with (NH4)2Ce(NO3)s (CAN) in CH3CN-H20 to give 3,3,3-trifluoroalanin

itll LR VA SRR L 1RILIV)

fore

benzyl ester (87% yield) which was deprotected by hydrogenolysis with Pd/C as catalyst n

........... was RPN V) 22RO Yo WAL TR &S

methanol to afford (R) 3,3,3-trifluoroalanine in 90% yield and with 62% ee (Scheme 7).

NHAT X0, oxazaborolidine catalyst (10 mol%) NHAr

Ldicdly ol

BH
Cpa)l\cozﬂ L /)\o' CHLClp, MS 4A, 1t, 24 h CE

Liiv) R = CoHs, Ar = p-CH3OCgHs  93% yield, 63% ee
(5; R = CH2CgHs, Ar = p-CH30CgH4 91% yield, 62% ee
~ % _\nCgHs R = CHyCgHs, Ar = P-CH3CgHy  95% vield, 68% ee

oxazaborolidine catalyst
~_ OCH

Yy ¥ NH,

HN/\/ CAN in CH3CN-H,0 2 Pd/C,HpinCHsOH_  : ~
0°C.2h CF3” “COzCHaCeHs ™. 2h “reT LR2n
87% yield 90% yield 62% ee

CF5 COQCH206H5
62% ee

Scheme 7. Enantioselective synthesis of 3,3,3-trifluoroalanine via asymmetric reduction of imines.
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aluminum compiex as Lewis acid cataiyst as shown in Scheme 8 {50]. The ene reaction of
pentafluorobenzaldehyde with 2-(phenyithio)propene is carried out in the presence of 20 moi%
of the chiral catalyst (AIL*), derived from (CH3)3Al and (R)-3,3'-bis(triphenylsilyl)-1.1'-bi-2-
naphthol, and molecular sieves 4A in CHCly at -78°C to afford the corresponding, optically
active homoallylic alcohol in 88% chemical and 88% optical yields.

F
CHO R . FY\/F
. Sy AIL*, MS 4A, CHoCl, AN

- CHa -78°C, 1.5-2h WR
| |
F on |

(1.2 equiv)

AIL* = 10 mol%, R = SCgHs 67% yield, 78% ee

AlL* = 20 mol%, R = SCgH5 88% yield, 88% ee
A A 0 SiPhg AlL" = 20 mol%, R=CgHs 35% yield, 78% ee
2l vl =
XX,
AIL* = /Al—Me
X X0

Scheme 8. Enantioselective ene reaction of pentafiuorobenzaldehyde.

Mikami and coworkers showed that chiral binaphthol (BINOL)-modified titanium(IV)
complexes are extremely efficient catalysts for the ene reaction of glyoxylic esters with a
variety of olefins [51-54]. The chiral catalysts have been also applied to the enantioselective
ene reaction of trifluoroacetaldehyde ( ﬂuoral) to give the corresponding homoallylic alcohols

with high enantioselectivities [55-57]. The t um catalyst can be easily prepared in situ from
RY-BINOI, and diisgprgpoxytit_am] m dihalide in the presence nf mnlemﬂar sieves (4/&} whwh

,.

excesses of the syn-homoallylic alcohol products are up to y6%. The syn-seiectivity can be
explained by assuming that the fluoral-ene reaction proceeds preferentially via the chair-like
cyclic transition structure A because the transition state B to afford the anti-isomer is
disfavored by 1,3-diaxial repulsion (Scheme 9).

As shown in Scheme 10, the binaphthol-titanium complex-catalyzed fluoral-ene reaction is
also applicable to vinylsulfides [58]. The ene reactions of (E)-3-t-butylthio-2-hexene and (Z)-3-
phenylthio-2-hexene mediated by 10 mol% of (R)-BINOL-TiCl2 give mainly the anti-alcohol
[ul (Ra,SB)] and syn-alcohol [lk (Ra,Rp)], respectively, with 93% ee and 92% ee. These
optically active products were converted to liquid-crystalline molecules.
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— e OH ~—  OH
-BINOL-TICly (10 mol%), MS 4A
LV/K\_ + CFycHo  ADMOLTIC 21 ) AN+ AN
) toluene, 0°C, 30 min CF3 CF3
(2 equiv) 82% yield >95% ee 77:23 >9%5%ee
Y (R)-BINOL-TiBrz (10 mol%), MS 4A (\l' gH Y o
KA * :;FSCH? CHoCl, 0°C, 30 min \/\/kc..:s * WCF.’%
UIV,
ed 95% yield >95% ee 79:21  >95%ee
AN () QH Y ©oH
{R)-BINOL-TiClz (10 moi%), MS 4A I |
+ CF3CHO . +
L\/Lbc“ @oquy)  CheCla 0°C, 30 min |\/I\,/'\c-!=3 l\)\_;/LCFs
94% yield CHa 98:2 CHa
syn (96% ee) anti
— —N
/N or.ono (F-BINOLTICE (10 moi), MS 4A )8 ()¢
+ + W
wCHa @ :quiv) CH,Clp, 0°C, 30 min \\/\l/'\CFa T CFs
76% yield CH3 94:6 CHs
syn (95% ee) anti
OH OH
CHs (R)-BINOL-TICl, (10 mol%), MS 4A ﬂ P <
cH )\/CH3 + GF3CHO ——————— Y “CF3 + CH3” Y~ "CFg
- (2equiv) vTEFR Y M SH Ci CHs
RARYL vinlrd aizm {7007 ,.A\ 91:9 s
VU0 yioia yii\i Q7o ) dr
9¢!
I r o< 1
NN AKX F
[ Pair e 1 * > - =~
SO T T
A CHj CHz § TiL
A B

Scheme 9. Enantioselective ene reaction of triflucroacetaldehyde (fluoral).

A CFy g™ CFy ¢~ CF
E/L ~  CF3CHO, (A)-BINOL-TiCly (10 mol%) )\3/[ . 3 . 3//\
Z~gr MS 4A, CHClp, 0°C, 1 h HO™ Y~ "SR "HO SR ~ HO SR

vinylsulfide (R) vield (%) ul (R, Sp) Ik (R, Re)
tBu, 98% E 80 62.9 (93%ee) : 255 : 116
CeHs, 94% Z % 136 . 30.3(92%ee) :  56.1(86% ee)

caHﬂo—@—Qoo ~<_/>

liquid-crystalline molecule

Scheme 10. Enantioselective fluoral-ene reaction with vinylsulfides.
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The titanium-binaphthoi-catalyzed ene reaction was also examined with
difluoroacetaidehyde [57]. Difluoroacetaldehyde ethyl hemiacetal was used in place of the
aldehyde which is extremely difficult to isolate. The reaction of methylenecyclopentane with
the hemiacetal in the presence of 10 mol% of (R)-BINOL-TiCl; at 0°C provided a mixture of
the homoallylic and allylic alcohols in low chemical yield (23%). However, the use of
molecular sieves (5A), due to their trapping effect for ethanol, improved the chemical yield

(47%). The homoallylic alcohol product was obtained in high optical yield (>95% ee) (Scheme
11).

O\ ) )O\H (R)-BINOL-TICl (10 moi%) @\)O\H + O\/OLH
CF2H” ~OCzHs ~ additive, CHyCly, 0°C, 2 h CF2H R

(1.2 equiv)
additive Yield (%)
- 23 90 (>95% ee) : 10
MS 4A 0 93 (>95% ee) : 7 (>95% ee)
MS 5A 47 91 (>95% ee) : 9

Scheme 11. Enantioselective ene reaction of difluoroacetaldehyde hemiacetal.

5.2. Asymmetric aldol and related reactions

Chiral ferrocenylphosphine-gold(I) complexes have been shown by Ito and Hayashi to be
highly effective catalysts for an asymmetric Knoevenagel reaction [59-61]. The reaction of
aldehydes with isocyanoacetates is catalyzed by the Au(l)-ferrocenylphosphine catalysts to
predominantly provide trans-5-substituted-2-oxazoline-4-carboxylates with high enantiomeric
excess

R COsCH; R  CO.CHj
H11NC)2]BF4-L* (1 mol® —{
RCHO + CNGH,CO,CH; —adl@CeH1NC) B e L” (1mol%) - 57— (4 .
CHxCly oN oN
trans cis
R yield (%) trans : cis % e (irans) % ee {Cis)
fa Py W | 0na na n NnNC 1AQEM AN 1A IR
Lgrs o+ 94 ., O 0 (40,0M) 49 (4r,0r)
2-F-CgHg 9 89: 11 90 (45,5R) 40
2,6-F2-CgHg B 75:25 86 (45,5R) 78
2,4,6-F3-CeH2 % 67 :33 73 (45,5R) &
2,3,5,6-F4-CgH %0 47 : 53 48 (45,5R) 8
CéFs % 57 :43 36 (4S,5R) 78 (45,55)
CHy
CHQ ‘N\'/\N/\

<z

L* |~ P(CeHs)2
Fe
A?_li_mr‘,. )5
— PAVD D2

Scheme 12. Gold(l)-catalyzed asymmetric aldol reaction of fluorinated benzaldehydes with methyl
isocyanoacetate.
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Soloshonok and Hayashi applied the Au(l)-ferrocenylphosphine catalyst (1 moi%) to the
reaction between fluorinated benzaldehydes and methyl isocyanoacetate [62,63]. As shown in
Scheme 12, while the reaction of benzaldehyde gives the corresponding trans-oxazoline with
high diastereo- and enantioselectivity (trans/cis = 94/6, 95% ee), increasing the number of
fluorine atoms in the phenyl ring of benzaldehyde brings about a remarkable decrease in both
the trans-selectivity and enantiomeric excess of the trans-isomer. Contrastingly however, the
enantioselectivity of the cis-isomer is gradually enhanced (up to 89% ee). With
perfluorobenzaldehyde, the trans-cis ratio is 57:43 and the trans-(4S,5R)- and cis-(4S,59)-
isomers are obtained, respectively, in optical yields of 36% and 78%.

As shown in Scheme 13, use of N,N-dimethyl-0-isocyanoacetamide in place of methyl
isocyanoacetate was found to improve the trans-selectivity and enantiomeric excesses of the
dominant trans-oxazolines [63,64]. The reaction of 2,3,5,6-tetrafluorobenzaldehyde gives the
corresponding (4S,5R)-trans-isomer with 77% ee (trans/cis = 89/11). Hydrolysis of the trans-

oxazoline esters and amides with 6 N HCI, followed by dehydrochlormatlon with propylene
oxide in methanol, affords optically active B-(mono- and polyfluorophenyl)serines.

R CON(CHgz)z R CON(CHg),
[AU(C‘CsHHNC)g]BF.g-L' (2 mol%) . 5'/ ‘4

RCHO + CNCHpCON(CH3)z CHoCls O\‘ﬁN + O\,;,N
trans cs
R yield (%) trans : cis % ee (trans) % ee (cis)
CeHs 74 94: 6 94 (45,5R) -
2-F-CgHg4 87 87:13 93 (45, SR) -
2,6-F>-CgH3 & 77:23 93 (45,5AR) 64
2,4,6-F3-CgH2 o< 85:15 91 (4S,5R) 48
2,3,5,6-F4-CgH 88 8911 77 (45,5R) 28
CsFs & 77:23 80 (4S,5A) 20
G 1
CH R COR
g 'N\V/\‘N’/\ L s 6 N HCi R,_- CO>H
<=5 — —
L= [ PlCeHs) N2 OH NHz
= Ca
/'7|?\ (Y a R B R1 = OCHS’ N(CH3)2
S F(LgH5)2

Scheme 13. Gold(l)-catalyzed asymmetric aldol reaction of fluorinated benzaldehydes with N,N-dimethyl
isocyanoacetamide.

The enantioselective Mukaiyama-type aldol reaction of trifluoroacetaldehyde (fluoral) has
been accomplished by Mikami and coworkers using a titanium-binaphthol complex as chiral
catalyst [57,65]. Because of its high electrophilicity, fluoral easily condenses with ketene silyl
acetals, derived from a thioester, even at -78°C in the absence of a Lewis acid catalyst.
Therefore, it was critical for the enantioselective aldol reaction to suppress the uncatalyzed
reaction process, which was overcome by improving the addition procedure: fluoral and the
ketene silyl acetal are added separately but simultaneously to the catalyst solution. S-zert-Butyl
and S-phenyl 4,4 4-trifluoro-3-hydroxybutanethioates having the R configuration are obtained

in moderate yields and with high enantioselectivity (90% ee and 96% ee, respectively).



Although neither the E- nor the Z-isomer of S-ethyl O-(trimethylsilyl) methylketene thioacetal
shows any diastereoselectivity, both syn- (89% ee) and anti- (83% ee) products are obtained
with good enantioselectivity from the (E)-acetal (Scheme 14).

Uncatalyzed reaction:

OSi(CHa)3 o) O OH
— - + ..)L,-!-— L. P DC‘/U\/kr\I:
RS H™ CF3 toluene, -78°C, 3 h no Crg
(2 equiv) R = (CHs)sC  50% yield
R = CgHjs 66% yieid
(R)-BINOL-TiClo-catalyzed reaction:
OSi(CH3)s
A
RS O OH
(R)-BINOL-TiCl> &, A
/7 toluene, 0°C, 10 min HS ™~ CFj
(20 mol%) _
; 4 R = (CH3)3C  56% yield, 90% ee
R = CgHs 38% yield, 96% ee
CF3
(2 equiv)
OSi(CH3)s
o CH
Cats O 9 on 0 QH
(R)-BINOL-TiCl, S LS N NCFs ¢ CoHsS” N “CFs
/ woluene, U L, iumin hd [ § ~ z
(20 mol%) A CHj3 CHs
H CF 95% 7 64%yield 48 (55% ee) : 52 (64% ee)
3 98%E  48%yield 44 (89% ee) : 56 (83% ee)

(2 equiv)
Scheme 4. Asymmetric aidoi reaction of fiuorai with ketene siiyi acetai.

Mikami and coworkers also reported that the titanium-binaphthol complex can catalyze the
asymmetric aldol reaction of difluoroacetaldehyde ethyl hemiacetal [57]. S-tert-Butyl O-
(trimethylsilyl) ketene thioacetal reacts with the difluoroacetaldehyde hemiacetal (2 equiv) in
the presence of 20 mol% of (R)-BINOL-TiCl; at 0°C to provide the corresponding (R)-aldol in
an optical yield of 96%, although the chemical yield is not satisfactory (Scheme 15).

QSi(CHals j)\H (R)-BINOL-Ti 1 ¢
+ CoH50” CFoH " a

(2 equiv)

e hemiacetal with ketene silyl acetal.
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state for hydrolytic amide bond cleavage [66-68]. Thus, chiral o,0-difluoro B-hydroxy
carboxylates are considered to be the useful building blocks for the enantiocontrolled synthesis
of these fluorinated peptides. In 1995, Braun et al. disclosed the enantioselective Reformatsky
reaction of a bromodifluoroacetate [69]. Benzaldehyde reacts with an excess of the
Reformatsky regent, prepared from zinc and methyl bromodifluoroacetate (3 equiv), in the
presence of 2 equivalents of a chiral aminoalcohol, (1R,25)-N-methylephedrine, in THF at 0°C
for 40 h to provide the corresponding a,0-difluoro B-hydroxy ester in 61% yield and with 84%
ee. However, the decrease in the amount of the chiral ligand markedly suppresses the optical
yield. Use of 10 mol% of the aminoalcohol affords the product with 54% ee. Aromatic
aldehydes give rather good optical yields, but aliphatic aldehydes provide the products with
modest enantiomeric excesses (Scheme 16).

OH
Pry 00t _ZTHE | 3 2n(CRa00CHY e | —CBHSCHO - o A CO2CHs
FF 25°C THF, 0°C, 40 h I

BrCF,CO,CH3 (equiv) L* (equiv) CgHsCHO (equiv) yield (%) ee (%)

CHs CeHs 3 2 1 61 8
L= 1 0.3 1 47 7
{CHsjaN  OH i 0.1 i 45 54
OH CH3CI) QH oYY
*_CO,CH AL
T /\l/\/ 2CHs ~_A_COsCHg
T \ FF T &%
o x c (]) o
67% ee H3O' 210hee 46% ee

Scheme 16. Asymmetric Reformatsky reaction of methyl bromodifluoroacetate.

Andres and coworkers also reported the asymmetric synthesis of optically active o,o-
difluoro B-hydroxy esters using chiral aminoalcohol ligands [70]. However, both chemical and
optical yields were insufficient (Scheme 17).

AN
OH A
BrnZn(CF2CO2C2Hs)2.n + CeH5CHO L’(_S():no_l%)___ CSHS/YCOZCZHS CHg3 rll,CHsCHa?\J «CH3
e oS THE, 0'C,24 h s L CHesy N
o o 38%yield, 80% eGP OH  HO” “CeHe

Scheme 17. Asymmetric Reformatsky reaction of ethyl bromodifluoroacetate.
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The first example of the asymmetric Mukaiyama aldol reaction of difluoroketene silyl
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acetals catalyzed by chiral Lewis acids was described in 1997 by Iseki and coworkers [71,72].
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trialkylchiorosilane have been applied to some useful reactions which are not asymmetric
syntheses [73-76]. However, this impure acetal containing zinc sait is not suitabie for the
asymmetric aldol reaction because the salt itself acts as a Lewis acid. Thus, the salt-containing
acetal solution is diluted with pentane and filtered to remove the salt, and the filtrate is
concentrated. The dilution-filtration-concentration sequence is repeated two more times to
provide difluoroketene ethyl trimethylsilyl acetal in pure form (51-53°C/45 mmHg). The aldol
reaction of the salt-free difluoroketene acetal has been examined using several chiral Lewis
acid catalysts. As shown in Scheme 18, two chiral boron complexes, Masamune’s (A) and
Kiyooka’s (B) catalysts, gave good results in nitroethane. Masamune’s catalyst induces
favorable chemical yields and excellent enantioselection at -78°C for benzaldehyde, (E)-
cinnamaldehyde, benzyloxyacetaldehyde, butanal and decanal. The highest enantioselectivity
is obtained with benzyloxyacetaldehyde (98% ee). Kiyooka’s catalyst (-45°C) is more effective
in the enantioselectivity with secondary aldehydes than Masamune’s catalyst (-78°C).

Isolation of difluoroketene ethy! trimethylsilyl acetal:

4\ A saridby v b
i) uuuuuu VVILlH Wllld"e

. 2) filtration .
Zn, (CH3)3SiCl [F\ (OS'(CHE')S ] 3) concentration in vacuo OSi(CHa)s
B!‘CFgCOgCgHg THF 2h /—N\ *ZnXo - 7=\
1, F OC,Hs | 4) 51-53°C/45 mmHg E OC,Hs5
Asymmetric aldol reaction catalyzed by chiral Lewis acids:
F\ IOSi(CHS)3 bt A L B INDON IO\ O‘.H — - P
Cdidiyst A U D (cV [T10170) > COZC2H5

RCHO + =< C2HENO> Ry

F UC2Hg < “ FF

(1.2 equiv)
aldehyde catalyst temp. product
R (20mol%s)  (°C) yield (%) ee (%)
CeHs A -78 @ 97 (R)
®- GeHsCH=CH A 78 o % I o
CgH5CH2CH, A 78 o8 76 ') 2
CeHsCH,OCHz A 78 o % N , o
c-CgHy4 B 45 97 e} ! 9 (CH3)3C== é H
CH . CH_ ML A 70 ad Q7 4 ™ [N Rl
\ARKAS IR PV, NP ~ ig i Jgi H N'b N
CH3(CHz)g A -78 B ® ATs p-NO2CgH4S0>
(CH3)2CHCH, B 45 & %
{CaHs)aCH B 45 0 % A B

Scheme 18. Asymmetric aldol reaction of difluoroketene silyl acetal.

Salt-free bromofluoroketene ethyl trimethylsilyl acetal can be also prepared as an E/Z
mixture (E/Z = 62/38) from ethyl dibromofluorocacetate in a manner similar to the
difluoroketene silyl acetal. The enantioselective aldol reaction of various aldehydes with the
bromofluoroketene acetal is carried out in nitroethane at -78°C using 20 mol% of Masamune’s
c--"ta}yst (A) to provide a mixture of the syn- and anti-0-bromo-0-fluoro-B-
i RN DI, P ) P Alet L [ P B I, | PR . P e I | L. .s+1L
llyUI U)&ybdl UU)&yldle Allnougi / il UladLCiIcoOsCICO LlVlly IS 10l OOUdCIVCUd, DOl

o <
~
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diastereomers are obtained with high enantioselectivities (up to 99% ee) [77].
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OH OH
F i(CH 1 1
RCHO %Y /OS'( 3)a catalyst A (20 mol%) ﬁ3 7,COngH5 ﬁ3 ;%,C0202H5
+ $ =\ % + %
Br OC2Hs5 C3aHsNOo, -78°C Br F F Br
(E/Z = 62/38,1.2 equiv) syn anti
aidehyde (R) yieid (%) syn/anti  ee (syn) (%) ee (ant) (%) { 0o
sHs 0 69/31 98 (2S,3R) 90 (2R,3R)
(E)-CeHsCH=CH % 57/43 8 8 _
CgH5CH2CH2 & 46/54 8B B N B' H
CgH5CHZOCH; 8t 57/43 a7 a7 H ¥’
c-CgHy1 74 52/48 % 89 P
CH3CH20H2 0 46/54 97 8 A
(CH3)2CHCH3 % 48/52 ] s ]
(C2Hs5)2CH 70 54/46 ® %8

Scheme 19. Asymmetric aldol reaction of bromofluoroketene silyl acetal.

The enantioselective aldol reactions of the difluoroketene and bromofluoroketene silyl
acetals catalyzed by Masamune’s catalyst (A) are carried out by the addition of an aldehyde to
a solution of the acetal and the catalyst in nitroethane at -78°C over 3 h, followed by stirring at
the same temperature for 1 h prior to quenching. Interestingly, the stereochemical outcome was
found to depend on the reaction temperature [72]. The reactions of aldehydes with
difluoroketene ethyl trimethylsilyl acetal at -78 and -45°C afford the aldol products having
opposite signs of optical rotation. For example, cyclohexanecarboxaldehyde provides the
corresponding (+)-aldol preferentially in an optical yield of 76% at -78°C, while the reaction at

ding (+) P
-45°C gives the antipodal (-)-aldol as the major enantiomer with 92% ee (Scheme 20).
R PSiCHa)s  atalyst A (20 mol%) 9!
RCHO + \>=< Y = n)\/COZC2H5
F OC3Hs5 CoHgNO,, -78°C or -45°C, 4 h {-
(1.2 equiv) 81-99% yield
gldehyde ee (%) 1
R -78°C 45°C 0
CgHs 97 (R) 33(S8 /\ \
CgHsCH20CH; 8(r)  BI() L9
c-CgH11 76 (+) 92(-) Y 'N-BH
CH3CH,CH) 97 (+) 79(-) PR
(CHg3)2CHCH, 82 (+) 75()
(C2Hs)2CH 64 (+) 88 (-) A

Scheme 20. Effects of reaction temperature on the stereoselectivity in the aldol reaction with difluoroketene silyl
acetal.

The reaction of bromofluoroketene ethyl trimethylsilyl acetal at -20°C provides different
results in diastereoselectivity and enantiofacial selection from those of the reaction at -78°C
[78]. While the reaction at -78°C results in a nearly 1:1 mixture of syn- and anti-aldols, anti
diastereoselection is observed at -20°C. The aldol reaction of butanal at -20°C gives the
corresponding aldol with an anti/syn ratio of 89/11. The anti-isomers obtained at -78°C show
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dextrorotation. On the contrary, those at -20°C are levorotatory, and the highest enantiomeric
excess is 93% with butanal. It is notable that the reactions at -78 and -20°C provide (+)- and (-)
-anti-a-bromo-a-fluoro-B-hydroxy esters, respectively, with significant enantioselectivities
(Scheme 21).

i OH OH
RCHO + E‘LI_/OSI(CHS)3 calalyst A (20 mol%) ] S ngcsz 3' . COQCzHS
B  OCo-Hs CoHsNOp, -78°C R + R
L Br F F Br
(E/Z = 62/38,1.2 equiv) syn anti
aldehyde -78°C -45°C
R yield (%)  synanti  ee (ant) (%) lyield (%) syn/anti  ee (ant)) (%)
CgH5CH2CH3 5 ¢] 46/54 98 (+) & 13/87 92 (1)
CeHsCHOCH, | 81 57/43 97 (+) 0 2674 72()
c-CgH14 74 52/48 89 (+) 0 2080  81(-)
CH3CH,CH, P 46/54 98 (+) 87 1188  93()
(CHg)2CHCH, % 48/52 98 (+) 87 11/89  81()
{C2H5)2CH 70 54746 98 (+) & 2377 74 ()

Scheme 21. Effects of reaction temperature on the stereoselectivity in the aldol reaction with
bromofluoroketene silyl acetal.

Although the reason is not clear for the anti selectivity in the reaction with
bromofluoroketene silyl acetal, the reversal of the enantioselection may be possibly explained
by some transition structures shown in Scheme 22. The reaction at -78°C proceeds through the
extended open transition states, and the bromofluoroketene and difluoroketene acetals react
preferentially on the si face of the aldehyde. On the other hand, the reaction at -20°C (-45°C in
the case of the bromofluoroketene acetal) proceeds with re facial selection via transmetallation
to the boron enolate and the cyclic chair transition state [78].

The reaction at -78°C:

. OH CH-)=SiO OH
CHz)sSi0 ] I_( 3)aSi 'l
lCszO#ﬁ,\ | —" ¢ Br(F) | CaHsO HMO | — F Br(F)
TR L TEL o
LA anti (2R,3R) (F)LA syn (25,3R)
L J \ y ] L \1J J \ ] ]
The reaction at -26{-45)C
' HocoHsl. ] 39“
{F)Bf 0- B/n- RCHO [ R ‘I:O'—;‘B\- l R/\I%,COZC2H5
e \ F—f o | F Br(F)
F OCgHs Br(F) ] syn (2R,3S)
F. OSi(CHgz)s
Br _O_‘H / r HOC‘HS!f1 QH
2Hs5 -g* . 2
\ F>__;<O B\ RCH R{‘: ‘O"—/B\ — Fvs\?(C02C2H5
(c\Dy YR TH (F)Br—¢ (o) E Br(F)
\I')Dl \J\erls | \* 7/
F ] anti(25.35)

LA = Masamune’s catalyst

Scheme 22. Possible mechanism of asymmetric aldol reactions of difluoroketene and bromofiuoroketene silyl

acetale
acelas.
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Optically active o, 0-difluoro and a-bromo-a-fiuoro f-hydroxy esters are versatile synthetic
intermediates for various fiuorinated bioactive compounds. As shown in Scheme 23, the
hydrolysis of ethyl (+)-2,2-difluoro-3-hydroxydodecanoate (92% ee) with aqueous NaOH-THF
and treament with p-anisidine in the presence of bis(2-oxo0-3-oxazolidinyl)phosphinic chloride
(Bop-Cl) and N,N-diisopropylethylamine gives the corresponding amide which can be purified
to enantiomerically pure form by a single recrystallization. The amide is converted to the
homochiral B-lactam without racemization using a Mitsunobu protocol. Hydrolysis of the -
lactam, followed by the esterification of the resulting acid, provides the B-amino a,a-difluoro
ester with 98% ee [72].

A mixture of optically active syn- and a nti-2-bromo-2-fluoro-3-hydroxy-3-
phenylpropanoates [syn/anti = 69/31, 98% ee (syn), 90% ee (anti)] is reduced with
(C4Ho)3SnH in the presence of (C2Hs)3Al and (C2Hs)3B in CH2Cl at -78°C according to the
procedure given by Ishihara and coworkers to afford (2S,3R)-2-fluoro-3-hydroxy-3-
phenylpropanoate with high diastereo- and enantioselectivities (syn/anti = 91/9, 98% ee)
(Scheme 23) [77,79]. Ethyl (25,35)-2-bromo-2-fluoro-3-hydroxy-5-phenylpentanoate (92% ee)

---------- 57 < a° o AN i it === == Iniadea® ey aliadainbiatbad bt

is treated with 1 8-diaza h1 clo[5.4.0lundec-7-ene (DBU, ﬂ o enmv \ in CH2Cl at 0°C to mvp

ethyl (25,35)-2,3-epoxy-2- ﬂuoro S-phenylpentanoate in 67% yleld and with 92% ee (Scheme

72
HJ}-
1) NaOH, THF-H,O A o
)O\H 2) p-anisidine, Bop-Cl, /OLH "N
FPraNEt, CH2CI DEAD, PPh
CoHig” "CF2C0,CaHs 2 e "2 ~2—= CgHig” “CF2CONHAr —— 0= LcF,
o) feCiySianiZauion CoH!
92% ee >99% ee 91
4\ Nall TLIC LY NHA[
) Nawn, 1nr-naw - H
2) HoSOy4, CH30H, reflux C9H19 CF2CO.CH3
noo/ —~~ Ar = 4-GHQ-G£HA
';’D/a ee i) (eIl ]
OH (CaHg)aSnH, (CzHs)aAl, OH
CO5CoH5 (C2oHs)3B, CHoCly, -78°C /‘\/CO CoH
: : 2C2Hs5
CBHs/Sf_ 95% yield CeHs™ Y
r or N F
syrn/anti= 69/31 syn/anti = 91/3, 38% ee
98% ee (syn), 90% ee (anti)
OH
‘ CO,CoH
CoHsCHaCH,™ g C0202Hs DBU, CH,Clp, 0°C CoHsC ‘Q 2C2Hs
F Br 67% yield F
92% ee 92% ee
Scheine 23. Stereoselective conversion of a,o-difluoro and a-bromo-o-fitioro B-hydroxy esters to chiral usefut
intermediates.
5.3. Asymmetric nitroaldol reaction
Shibasaki and coworkers have developed a series of highly selective heterobimetallic

B
o
Z
)
r

catalysts for a variety of catalytic asymmetric reactions [80]. Lanthanoid (Ln)-lithiu



(LLB catalyst) complexes are the most efficient catalysts for the asymmetric nitroaldol reaction
(Henry reaction) and catalyze the reaction of aldehydes with nitroalkanes to provide the
nitroaldols with very good enantio- and diastereoselectivities [81-88].

In 1996, Iseki et al. reported the nitroaldol reaction of o,0- diﬂuoroaldehydes using the
lanthanoid-lithium-BINOL complexes which can be easily prepared in situ from Ln(O-i-Pr)3,
BuLi, H2O and (R)-BINOL [89]. After surveying various rare earth (lanthanoid) metals,
samarium was found to be the most suitable for the asymmetric nitroaldol reaction of o0
difluoroaldehydes. The reaction of the aldehydes with nitromethane is carried out at -40°C in
THEF in the presence of samarium-lithium-(R)-BINOL (SmLB) catalysts to afford the optically
active nitroaldols, and samarium-lithium-(R)-6,6"-bis((triethylsilyl)ethynyl)-BINOL (SmLB*-I)
(5-8 mol%) gives the best enantioselectivity (74-95% ee) although the chemical yields are
moderate. 2,2-Difluoro-5-phenylpentanal provides (S)-3,3-difluoro-6-phenyl- 1-nitro-2-hexanol
with 92% ee, and the highest enantiomeric excess (95% ee) is obtained with 2-cyclohexyl-2,2-
difluoroacetaldehyde (Scheme 24).

1~ )
R. _CHO oH +0. 1 0L
v SmLB™-l, CH3NO, (10 equiv) _ R _A__NO, LLB* = A,L;ﬂ‘n/l—l
FF THF, 40°C, 168 h e \'I_', )

aldehyde (R) SmL* (mol%)  yield (%) ee (%)

CsHs(CH2) 5 % 92 (9 /R \
CH3(CHa)e 5 % 74 / 7Y \
CgH5CH20(CHa)2 5 2 &0 / +~OH _ WO H
4-(CH30C2H)CeHsO 8 P 77 ‘ 6 )
¢-CgH1y 8 58 b

LLB*-I R = C=CSi(C2Hsg)3 /
\ LLB*-II R=H

\ /

Scheme 24. Asymmetric nitroaldol reaction of a,a-difluoroaldehydes.
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reaction of 2,2-difluoro-5-phenylpental gives the hlghCS
complex, while the best result for 3-phenylpropanal is otdmcu with the lanthanum catalyst
(LaLB). The relationship given by @,0-difluoroaldehydes may be rather similar to that of an
aromatic aldehyde, benzaidehyde.

Lanthanoid-lithium-(R)-BINOL complexes generally direct the attack of the nitronate with a
re face preference to aldehydes. Interestingly, the enantiotopic facial selection of o,c-
difluoroaldehydes is the reverse of that of nonfluorinated aldehydes employed in the usual
catalytic asymmetric nitroaldol reaction. This stereoselection of o,0-difluoroaldehydes is

indentical with that of B-oxa-aldehydes, suggesting that the fluorine atoms at the a-position
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exert a pronounced influence on the enantiotopic facial selection. The difluoromethylene
moiety is frequently thought to function as a mimic of ether-oxygen (Scheme 26).

o GgHs(CHz)3CF2C FF \ sitace
100- s etsiohaco /1 SR\
sHs
80 \
H R
! e :74/3% AT \
| S\ L
| 40— V/ \ K e ave
ee/% (R)-LLB-CH3;NO» complex
27 Eu (R)-LLB-CH3NO, complex
nl La SmGd_ Yb _
v 1 1 F o
11 1.0 09 08 /) H\ o-F\ S face
o(Ln3*)/A——
y. A
Scheme 25. Effect of the ionic radii « of the rare- Scheme 26. Stereochemical course
earth elements on the optical yield of nitroaldols. of asymmetric nitroaidoi reaction.

An optically active nitroaldol product obtained from an o,0-difluoroaldehyde has been
applied to the synthesis of a difluorinated analog of the P-selective f-adrenergic blocking
agent, metoprolol [90]. As shown in Scheme 27, the o,0-difluoroaldehyde prepared from 4-(2-
methoxyethyl)phenol reacted with nitromethane in the presence of 8 mol% of Sm-Li-(R)-
BINOL, followed by recrystallization, to give the corresponding nitroaldol in enantiomerically
pure form. Reductive alkylation of the nitroaldol thus obtained was accomplished by PtO;-
catalyzed hydrogenation in the presence of acetone in methanol to afford the homochiral
metoprolol analog bearing the S configuration. The fluorinated analog showed a slightly lower
affinity to the B-receptor and was less potent in B1-adrenergic activity compared to metoprolol.

RF EF
Q" 07 CO,C,Hs 07 cHo
= 1) Na, CICF>,COzH 1) SmLB*-ll (8 mol%), CH3NO»
« | dioxane, reflux  (* I DIBAL-H & i THF, -40°C, 168 h
2) KoCO0j, CoHs! ™ ether, -78°'C & - {52% yield, 75% ee)
[\/OC. i3 acetone, reflux \]/ 80% yield \/ 2) recrystallization from ether-
73% yield \_OCH3 K/OCHa hexane (65% yield)
FF R F J\ J\
L OH PtOg, Hp, CH3OH, L oH | oH
m then acetone, 50°C, 24 h (\! m
x
X 89% yield N
_OCHgz _OCH3 _OCH3
>99% ee >99% ee metoprolo!

SmLB*-Il = Sm-Li-(R)-BINOL

Scheme 27. Synthesis of a fluorinated analog of the B-adrenergic blocking agent, metoprolol.



etrahedron 54 (1998) 138871

(-u
O
Loy

5.4. Asymmetric addition to carbonyl compounds

Trifluoromethyltrimethylsilane [(CH3)3SiCF3] has been shown by Prakash et al. to be an
excellent reagent for the trifluoromethylation of carbonyl compounds [91-93]. The reaction of
aldehydes or ketones with (CH3)3SiCF3 is catalyzed by a catalytic amount of

tetrabutylammonium fluoride (TBAF) to afford the a-trifluoromethylated alcohols in good
yields.

HQ H

| CF3Si(CHa)s (1.3 equiv), B (20 mol%) Q/\ CF3
™ toluene, -78°C, 2 h

>99% yield, 46% ee

X K\HO‘?H

Z
CF3Si(CHg)g (1.3 equiv), A (10 mol%) | CF3
X l toluene, -78°C, 2 h p
0 O
98% yield, 45% ee
0 HQ CFs
r/ l ~ CF3Si(CHg)a (1.3 equiv), A (20 mol%) L u
N
N toluene, -78°C, 2 h ~
- 91% yield, 48% ee
o HQ CF3
N A CF3Si(CHa)3 (1.3 equiv), A (20 mol%) AN
U T toluene, -78°C, 8 h L\ /I l
87% yield, 51% ee
HOQ H
Z,CHO CF3SH{CHa)s (1.3 equiv), A (1 mo!%) N\CFS
U MS 4A, toluens, -768°C, 2 h L\,J
>99% vyield, 35% ee
Z5
HO I~ F
L* _ H Ny 4 z i
=N H H
—
N I
NN EQ
Y
A: X=H,Y=CF3
B:X=Y=CF;3

Scheme 28. Asymmedric trifiuoromethyiation of carbonyi compounds catalyzed by chirai quaternary ammonium
fluorides

N
o
17,]

a
~
=,
=
=
0
=
Q
3
o
=3

<

g
=3
N

<

o
c.
=
o
=2
Qo
E.
c
3
=h
o
]
=
Q.

-
=]

A
5
-
o
Ju——
&
=
o
™
s
Q
2
@!
e
=
S
= O
-
o

12}
(&Y
<

4 13907



o-(trifluoromethyi)benzyl alcohol in quantitative chemical yield and with 46% ee. The
trifluoromethyiation of 9-anthraidehyde mediated by 10 mol% of ~N-4-
(trifluoromethyl)benzylcinchonium fluoride (A) produces (R)-2,2,2-trifluoro-1-(9-
anthryl)ethanol in an optical yield of 45%. Ketones are also suitable substrates for
enantioselective trifluoromethylation. For example, the reaction of acetophenone or
isobutyrophenone in the presence of 20 mol% of catalyst A gives the corresponding tertiary
alcohols, respectively, in 48% ee and 51% ee. Use of molecular sieves (4A) can lead to a
reduction in the amount of the catalyst, and 1 mol% of catalyst A catalyzes the
trifluoromethylation of benzaldehyde at -78°C for 2 h to afford the optically active
trifluoromethylated alcohol in quantitative yield and with 35% ee (Scheme 28).

Hagiwara et al. also reported the catalytic asymmetric trifluoromethylation of benzaldehyde
[95]. However, the use of 5 mol% quinine as a Lewis base catalyst in combination with
trifluoromethyltriethylsilane [(C2Hs5)3SiCF3] in DMF produced optically active o-
(trifluoromethyl)benzyl alcohol in only 11% chemical yield and 21% ee (Scheme 29).

HQ H
o \/. =
@y """ _CFgSiCoHe)s, quinine (5 mol%)  (Z “CFy H H AN
v DMF, rt \/”

—~
21% ee CHaoN
quinine
Scheme 29. Asymmetric trifluoromethylation of benzaldehyde catalyzed by quinine

Soai and coworkers disclosed that the enantioselective addition of dialkylzinc reagents to
fluorine-containing aldehydes was mediated by chiral aminoalcohol ligands to provide the
optically active secondary alcohols with high enantioselectivities [96]. Reaction of p-
trifluoromethylbenzaldehyde with diethylzinc or dimethylzinc proceeded in the presence of 6
mol% of (1S,2R)-(-)-N,N-dibutylnorephedrine [(-)-DBNE] in hexane at 0°C to afford (S)-1-(p-
trifluoromethyl)phenylpropanol and (S)-1-(p-trifluoromethyl)phenylethanol, respectively, with
91% ee and 81% ee. The method is also applicable to monofluorinated benzaldehydes and
polyfluorinated aliphatic alcohols, and the corresponding fluorinated alcohols are obtained in
good-to-high optical yields (Scheme 30).

- o% . H OH

RCHO + RgZn (-)-DBNE (6 mol%), hexane, 0°C )Q
Ry "R
CgHg CH

R(CHO RoZn (equiv) time (h)  vyield (%) ee (%) . & /2 { 3
p-CF3CgH4CHO  (CoHs)oZn (2.2) 22 @ 91 (9 HO  N(C4Hg)2
p-CF306H4CHO (CH3)2Zn (3.0) 214 80 81 (S) 4 QM /I NDME
p-FCgH4CHO (CoHs)22n (2.2) 24 83 <] {(10,eM)-{-)-UONE
o0-FCgH4CHO (CoHz)oZn (2.2) 24 65 8
CF3(CF2)5(CH2)2  (CaHs)oZn (2.2) 12 43 73

Scheme 30. Asymmetric alkylation of fluorine-containing aldehydes (1).



After further studies, the asymmetric addition reaction using 20 mol% of (15,2R)-(-)-DBNE
at room temperature was found to provide the best enantioselectivity, and a variety of optically
active fluorine-containing aromatic alcohols were obtained with high enantiomeric excesses
(78-97% ee) as shown in Scheme 31 [97].

F R F R CF3 R
FW “OH %\”/ko H A on
1 i H
AN AU g
F R = CaHs 92% ee R=CpHs  89%ee
R = CH3 78% ee R = CH(CHg)2 93%ee R = CH(CHgz)2 96% ee
R = CaHs 96% ee R R
R = CH(CHa)z 92%ee FaC s S
R = (CHz)3CH3 89% ee Z Y OH @Y TOH
\) C/\)
I F3C
CFs R = CaHs 91% ee
R=CoHs  90%ee R = CH(CH3)> 97%ee
R = CH(CH3)2 94%ee

Scheme 31. Asymmetric alkylation of fluorine-containing aldehydes (2).

6. Other methods for chiral fluoroorganic compounds

The first example of enantioselective synthesis of optically active trifluoroacetaldehyde
hemiacetals was reported by Hiyama and coworkers using a binaphthol-titanium (IV) complex
as chiral catalyst [98]. The reaction is carried out by simultaneously adding
trifluoroacetaldehyde (fluoral) and isopropanol or benzyl alcohol to a solution of (R)-BINOL-
Ti(0-i-Pr)3 in toluene at -78°C, followed by stirring for 1 h at -78°C. The resulting hemiacetal
is benzoylated at -78°C or mesylated at 0°C to give the corresponding optically active
benzoates and mesylates, respectively. The benzoate of 1-isopropoxy-2,2,2-trifluoroethanol
having an optical purity of 82% is produced in 81% yield using 10 mol% of the titanium
catalyst. In the same manner, the benzoate of ($)-1-benzyloxy-2,2,2-trifluoroethanol is
obtained as the major enantiomer from benzyl alcohol and benzoyl chloride (74% ee).
Optically active 1-benzyloxy-2,2,2-trifluoroethanol, prepared from benzyl alcohol and 10
mol% of the catalyst, is then trapped with methanesulfonyl chloride to provide the
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transfer. The reaction of the mesyiates with lithium tetraaikyialuminates is the first exampie of
stereospecific and nucleophilic carbon-carbon bond-forming substitution at a CF3-substituted
carbon (Scheme 32).

ROH
{
CF3  RICl, (C2Hs)3N, DMAP CF3
(R)-BINOL-Ti(O--Pr)2 A » Y { 2 slal A
/’ toluene, -78°C,1h pg™SoH -780r0°C RO “OR!
I}
H” “CF3
(1.1-2.0 equiv)
N
d ! (R)-BINOL-Ti(O--Pr)> ROH R'CI vield (%)  ee (%)
XXy QA 0-+Pr 50 mol% FPrOH CeHsCOCI & %
LS 10 mol% i-PrOH CeHs5COCI 81 &
Xy X-0" O-#Pr 10 mol% CeHsCH20H  CgHsCOCI 48 74(9)
W 10 mol% CeHsCHzOH  CH3S02CI 19 50 (S)
(A)-BINOL-Ti{O-/-Pr)z
CF3 o, ¢Fs
S YT G’S ~mr LIAICoHs)4 (2.5 equiv) X0
~ wrn el
| P 3 toluene, 0°C, 1.5 h u
83% ee 59% yield 83% ee

Scheme 32. Enantioselective synthesis of optically active trifluoroacetaldehyde hemiacetals.

7. Concluding remarks

Significant progress has been recently made in the development of catalytic asymmetric
synthesis of chiral fluoroorganic compounds. However, only less than ten reactions are
comparable in efficiency, especially in enantioselectivity, to the asymmetric reactions for chiral
fluorine-free compounds, implying that the theories established for the fluorine-free
compounds are not always applicable to the preparatlon of chiral fluoroorganic compounds.
Thus, an accurate understanding of the properties of fluorine atoms and fluoroorganic

e design of chiral catalvqts sn_ljtahle_z for fluorine-containing substrates is
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“chirotechnology” and catalytic asymmetric synthesis should play a central role in the
technology. I am confident that many efficient and practical chiral catalysts will be developed
and various chiral fluorinated compounds will be produced using catalytic asymmetric
reactions on an industrial scale in the near future.

Acknowledgments: I am grateful to Professor Masakatsu Shibasaki for his valuable comments
on the typed manuscript of this review.
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