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Enantioselective Aldol Reaction with Bromofluoroketene Silyl Acetals
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Abstract: The aldol reaction of aldehydes with bromofluoroketene ethyl trimethylsilyl acctal in the
presence of a catalytic amount of a chiral Lewis acid at -78°C provides a mixture of the corresponding
syn- and anti-0-bromo-o.-fluoro-B-hydroxy esters with high enantioselectivities (up to 99% ee).
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Reaction temperature has a great influence on the stereoselectivity. The aldol reaction at -20°C proceeds

with high enantio- and diastereoselectivities to preferentially afford the anti-aldols having opposite

signs of optical rotation to those at -78°C. © 1999 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

biological chemistry and in the development of medicines, is one of the most important aspects of modern
H 1 Taasrioters 1 viawr AF Fliramiana’e ramiara seaflazaman e Linlantionnl aaelofe 1§ v oo . S,
organofluorine chemistry in view of fluorine’s uinijue iniuence on vioiogical activily.*"> nowever, fiuorine-

containing molecules with generally unusual reactivity, due to the strongly electronegative nature of fluorine,
frequently prevent asymmetric reactions developed for nonfluorinated compounds from working. Thus,
fluoroorganic compounds remain as extremely difficult but challenging problems to be solved for
enantiocontrolled synthesis.

We previously described an efficient catalytic asymmetric aldol reaction of a difluoroketene silyl acetal
for the synthesis of optically active a,o-difluoro-B-hydroxy esters.®.”7 Furthermore, we have recently
succeeded in a highly enantioselective aldol reaction with bromofluoroketene ethyl trimethylsilyl acetal (1)

mediated by a chiral Lewis acid,39 and the details are described i

Preparation of bromofluoroketene ethyl trimethylsilyl acetal (1) and its reactivity in the absence of Lewis
acids. The bromofluoroketene acetal solution, generated by adding ethyl dibromofluoroacetate to a mixture of
chlorotrimethylsilane and activated zinc powder in tetrahydrofuran at -20°C and stirring for an additional
hour, was diluted with n-pentane and filtered to remove zinc salts, and the filtrate was concentrated in vacuo.
After the dilution-filtration-concentration sequence was repeated once more, distillation of the residue under
reduced pressure isolated the pure acetal 1 as a mixture of E- and Z-isomers. The E/Z ratio was determined to

0040-4020/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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Interestingly, the bromofluoroketene acetal 1 as well as the reported difluoroketene silyl acetal” reacted
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with benzaldehyde in the absence of a Lewis acid in dichloromethane even at -78°C to afford a mixture of

1+ R,

syn- anu anti- amms lv in23 % y1€10 On the con[rary, the reaciion of Denzamenyue with fluorine-free ketene
acetal 3 gave the corresponding aldol 4 in a trace amount at -78°C and in 21% yield even at 40°C (Scheme 2).

The syn/anti ratio (60/40) of the product 2 at 40°C is considered to correspond to the E/Z ratio (62/38) of the
substrate 1, suggesting that the uncatalyzed aldol reaction proceeds through the boat-like transition state A
shown in Figure 1.10 As previously mentioned in the case of the difluoroketene acetal,’ the high reactivity of
the bromofluoroketene acetal 1 may be explained by the model structure B in which the silicon-oxygen bond

is out of the carbon-carbon double bond plane and which bears a geometrical similarity to the acetal 1 in the

cyclic transition state A (Figure 1). The silicon-oxygen bond in the optimized structure of the fluorine-free
acetal 3 is on the same plane with the carbon-carbon double bond.”
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ig. 1. Possible transition states for the uncatalyzed aldol reaction of bromofluoroketene acetal 1
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) Masamune’s caialyst 5 at -78°C.
We nexi examined the aidol reaction of aidehydes with the bromofiuoroketene acetal 1 in the presence of
Masamune’s catalyst 5.11.12 The reaction was carried out by adding an aldehyde to 20 mol% of the catalyst
and 1.2 equivalents of 1 in nitroethane at -78°C over 3 h and stirring at the same temperature for an additional
hour.13 After the obtained silyl ether was hydrolyzed with 2 N aqueous HCl, the corresponding aldols, 2 and
6-12, were isolated by flash chromatography, and their optical yields were determined by HPLC analysis
using chiral columns. These results are summarized in Table 1.

Table 1. Enantioselective aldol reaction of various aldehydes with the bromofluoroketene silyl acetal 1 in the
presence of Masamune’s catalyst §
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F OSiMes : ; !
RCHO + :}=( cat‘:’."".s,\(gf %) )Ycozﬁ 9‘& CO=R <

\ } -—" O S 1
B  OR! B B F F Br H
(1.2 equiv) syn anti ri \”
mt_ —
1:R' = Et (EZ-62/38) 2,6-12:R'=Et, 14:R' = /Pr \|/ 5
13: R! = i-Pr (E/Z = 62/38)
Entry RCHO Yield®  syn/anti®  Ee (syn)° Ee (anti* Product
(%) (%) (%)
PhCHO 90 69/31 98 (2S.3R¥ 90 (2R,3R) 2
2 (R-Ph(CH=CHCHO (879 87143 Q2 (1) Q2 (1) 'S
P4 \Ar J7E LANCE AN R AN R ANS pra ST Vo vy O 7y w
3 PhCH,CH,CHO 89 46/54 98 (+) 98 (+) 7
4 PhCH,0CH,CHO 81 57/43¢ 97 (-)¢ 97 (4+)¢ 8
5 ¢-CgH11CHO 74 52/48 94 (+) 89 (+) 9
6 CH3CH,CH,CHO 90 46/54 97 (Hf 98 (+) 10
7 (CH3);CHCH,CHO 96 48/52 98 (+) 98 (+) 11
8 (C2Hs),CHCHO 70 54/46 99 (+) 98 (+) 12
98 (E)-PhCH=CHCHO 89 39/61¢ 95 (-)h 95 (-)¢ 14
~latad viald: ) Racad Aan icalatad vialde ~f o arnd anti_aldnle: »Y DT M ana o al Thiralsal AT
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AD column; d) Stercochemistry was determined by X-ray analysis of the camphanate obtained from syn-2 and (-)-camphanic
loride; ) Determined using the corresponding acetate; f) Enantiomeric excess was determined using the corresponding 3,5-
(_ll litrobenzoate; g) The isopropyl acetal 13 was used in place of 1; h) The acetate of s syn-14 was converted to an acetonide whose

enantiomeric excess was determined by HPLC analysis.

B

O

In all cases, the aldol reactions smoothly proceeded to provide a mixture of syn- and anti-aldols in
excellent-to-good chemical yields. Although the reactions were not diastereoselective (syn/anti = 69/31 to
39/61), all syn- and anti-aldol products were obtained with excellent enantiomeric excesses. For example, 2-

_‘,’lb nal afforded the (+)-syn- and anti-aldols 12 with 99% ee and 98% ee, gspg,g.tiv ely, in 70% vmld
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iowest enantiomeric excess (entry 2), use of bromofluoroketene isopropyi trimethyisilyi acetai (13) greatly
improved the enantioselectivity (entry 9).
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1. Interestingly, the enantiofacial selection in the aldol reaction was found to depend on reaction temperature.
Reaction of 3-methylbutanal with the bromofluoroketene acetal 1 was carried out by the addition of the
aldehyde to a solution of the acetal and the catalyst over 3 h at the specified temperature, followed by stirring
at the same temperature for an additional hour, prior to quenching (Table 2, entries 1-4). While the syn- and
anti-products at -78°C show dextrorotation (entry 1), those at higher temperatures (-45, -20 and -10°C) are
levorotatory (entries 2-4). It is noteworthy that the reactions at -78 and -20°C afforded the (+)- and (-)-anti-
aldols 11, respectively, with significant enantiomeric excesses (98% ee and 91% ee, entries 1 and 3). The s

-78°C. although

8°C, although th
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]

isomers at -45, -20 and -10°C also showed opposite signs

f =]
Furthermore, anti diastereoselection was observed at

amd TNOM 1

degrees of enantioselectivity were modest (entries 2-4).
t

-20 and -10°C (entries 3 and 4), while the reactions at -78 and -45°C resulied in a nearly 1:1 mixture of the
syn- and anti-aldols.
Table 2. Effects of reaction temperature on the enantiofacial selection of 3-methylbutanal
. catalyst 5 (20 mol%) .
/k/CHO + 1(1.2 equiv) EINO, synr11 +  ant-il
( r~ > I\I\ISB\
Entry Temp. Yield2 syn/anti b Ee (syn)¢ Ee (anti¥
7 1 s 4 \~J ~ \ ey
(%) (%) (%)
1 _7Qo0M QK AQISN 0o {1\ QQ 7.1\
I io JO 40/ ZO\T) TJON\T)
2 -45°C 94 51/49 id (-) 24 (-)
3 -20°C 87 11/89 31 () 91 ()
4 -10°C 80 16/84 31() 86 (-)
5 -78°C, then -20°C (2 h) 91 47/53 99 (+) 99 (+)
6d -78°C 81 50/50 97 (4) 99 (+)
7d -20°C 14 61/39 30 (+) 36 (+)
a) Isolated \npld b) Rased on isolated vwldq of syn- and anti-aldols; ¢) HPLC nnalys;s l_m_nn a Daicel Chiralcel OD-H column; d)

A solution of the acetal 1 was to a solution of 3-methy1butanal and the catalyst § in nitroethane over 3 h. The reaction was stirred
for an additional hour prior to quenching.

After an additional hour at -78°C, elevating the reaction temperature to -20°C and stirring for 2 h did not
affect the stereoselectivity [syn/anti = 47/53; syn-11: 99% ee; anti-11: 99% ee, Table 2, entry 5]. Although the
aldehyde was added to the acetal 1 and the catalyst 5 in entries 1-5, the addition of 1 to the aldehyde and 5
over 3 h at -20°C did not cause any reversal in the enantiofacial selection (entry 7).

As shown in Table 3, the aldol reactions at -20°C were examined using other several other aldehydes.
The reaction was carried out by adding an aldehyde to a solution of the catalyst 5 and the acetal 1 over 3 h and

atirring far an additinnal hanr nriar ta oamanching Tha reactinne ware ants calentive eveent for henzaldshvde
SUITINE 10T an aGGiiidna: nour prior 1O queéndiing. 1100 realulils WIIT Qi SCCCIVE CTXCCPL 10T DCRZA:dCayaC

ahe mts erzad it mdimn censamnd Lammn 531.00 4 NELETIA (mmtctna N LY A fiean A el alAdA Tl bt o Y ohaess
and el sSyn/dnrntil ratlos I gcu IHUIIL 11.07 1O LU, /4 \CIIICS £4+U), Al d)Yhi- ana diii JOU1d DUL D Y/i~& dIUW

rg -n

opposite signs of optical rotation to those obtained at -78°C. More interestingly, (-)-anti-aldols 7-10 and 12
except for anti-2 were obtained with significant degrees of enantioselectivity (72-93% ee’s, entries 2-6).
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Table 3. Enantioselective aldol reaction of various aldehydes with the bromofluoroketene acetal 1 in the
presence of the catalyst § at -20°C2
Q 1 (:) N}
) catalyst5 (20 mol%) _3A 2 CO,Et 3.2 CO,Et
RCHO + 1(1.2equiv) EING,, 20°C DA + n/_)g_
(E/Z = 62/38) F Br Br
syn anti
Entry RCHO Yield® syn/antic  Ee (syn)d Ee (antiy Product
(%) (%) (%)
1 PhCHO 89 49/51 13(25,3R)* 13 (25,39) 2
2 PhCH>CH,CHO 85 13/87 48 (-) 92 (-) 7
3 PhCH,OCH,;CHO 80 26/74f 29 (+)f 72 (-)f 8
4 ¢-CgH11CHO 90 20/80 18 () 81() 9
5 CH3CH;CH2CHO 87 11/89 49 ()8 93 (- 10
6 (CoH5)2,CHCHO 85 23/77 21 (-) 74 (-) 12
a) All reactions were carried out by a‘ ing an aldehyde to a solution of the acetal 1 and the catalyst 5 at -20°C over 3 h and

stu-rmg at the same temperature for 1 h; b) Isolated yield; c) Based on isolated yields of syn- and anti-aldols; d) HPLC analysis
using a Daicel Chiralcel OD-H, OB-H or AD column; e) Stereochcmlstry was determined by X-ray analysis of the camphanate

obtained from syn-2 and (-)-camphanic chloride; f) Determined using the corresponding acetate; g) Enantiomeric excess was

determined using the correspondmg 3,5-dinitrobenzoate.

As previously reported, such a reversal of enantiofacial selection was not observed with a fluorine-free
acetal, the dimethylketene silyl acetal 3, although elevating the reaction temperature to -20°C decreased the

uonrine-cuhceti cilv]l aratale
AAUVILIIV JUUVILHIVULWGY DDWwiuiiv 011 Y4 Awwidild
Tha aldal o —~ mtbholhitaa T cne alan mvorrimad sicima tha tameenesd anado
11C d41dul 1 llyloulallal wads ulbU CKdIlullﬁU using U 1s0pr pyl dLCldl ID dnu

PRS-y ~£ 2 ~t
avlivil U1 O-1CL
bromofluoroketene methyl trimethyisilyl acetal (16) at -20°C. As shown in Scheme 3, both the acetals also
showed anti stereoselectivity and provided the corresponding anti-aldols having levorotation as well as the

ethyl acetal 1. However, the degrees of enantioselectivity except for that of syn-15 could not be improved.

OH OH
K OSiMe3 catalyst 5 (20 mol%) /k/s(cozpp 3 2 CO.R!
.J\./CHO + Ilﬁ':( EiNOL. Ao 3 .

Ld

Brf ‘OH1 CLI‘\JZ, WAV V) F B( Br F
{1.2 equiv) Yield syn/anti  syn anii
i3: R! = iPr (E/Z = 62/38) i5:R'=iPr 8% 1387 55%ee(+) 67%ee ()
16: R' = Me (E/Z = 61/39) 17:R'=Me 8% 14/86 21%ee(-) 88%ee()

Scheme 3

Reaction mechanism. The reason remains unclear why elevating the reaction temperature causes the reversal
of the enantiofacial selection and the anti stereoselectivity is obtained at -20°C. However, the 19F NMR
spectra of a 1:1 mixture of acetal 1 and catalyst 5 in CoDsNO» at -78 and -20°C gave a hint for the reaction
mechanisms: the former (-78°C) showed two singlet peaks originating from the bromofluoroketene acetal 1 [-
132.88 ppm (E-1) and -134.13 ppm (Z-1)], while four new peaks (-128.73, -129.65, -137.30, and -137.70

) appeared in the latter (-20°C) as shown in Figure 2. The appearance of these new peaks at -20°C may
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1e other hand, the 13C NMR of a 1:1
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mixture of the 13C-labelled fluorine-free acetal 3 [13Me-MeC=C(OMe)OSiMe3] and the catalyst § in
C2D5NO; at -20°C showed almost the same spectrum as that at -78°C,

By PSiMes
R DSiMes -20°C
= ¥ b
B Et P
f( E-i -
i
A A “ ] ‘ A
I ___J\ e n UL
rmmmmmrmmmm
pom -130 -132 -134 -436 -138
Fig. 2. !9F NMR of a 1:1 mixture of acetal 1 and catalyst 5 in CoDsNO; at -20°C

In the aldol reaction mediated by the catalyst 5, the bromofluoroketene acetal 1 preferentially reacts on
the si face of aldehydes at -78°C and the fluorine-free dimethylketene acetal 3 also shows the same
enantiofacial selection.!1.12 We propose extended open transition states C and D for the reaction at -78°C
(Figure 3). The syn- and anti-aldols are given through transition states C and D, respectively.

Me3S|O Measi(‘? R
Etoﬂ%gfx _78°C _ /'\/coza EtO Br _7e°c )\/coga
A B F HEQ Far
C LA syn (25,3R) D LA anti (2R,3R)
LA = catalyst 5
Fig. 3. Possible transition staies for the aidol reaction at -78°C

On the contrary, the aldol reaction at -20°C preferentially proceeds with re facial enantioselection and
is anti stereoselective. We propose chair-like closed transition states G and H, derived from boron acetal E or
F and an aldehyde (RCHO), for the reaction at -20°C (Figure 4). These transition states lead to the reversal of
the enantioselectivity when transmetallation to the boron acetals E and F rapidly occurs.15 The anti
selectivity may be caused by the predominant formation of the (Z)-boron acetal E and/or its higher reactivity
than the (E)-isomer F. From the (Z)-boron acetal E, the corresponding (2S,38)-anti-aldol should be obtained
through the cyclic transition state G. However, a cyclic transition state I coordinated by the catalyst § is also

tc tha antr‘ rr\ﬂl 16 17
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F -B* _,,JQI;_ .-Br -/\2 CO2Et
\ RCHO 7 Lo 4
5 r— y ——- B I' O ——— B!. F
F, OSiMez =  Br g OEt F G anti (25,39)
Br:_OEt / j’\OEt ! 39H CO.E
-B* |z --B2 "3 t
1(EZ=62/38) 5 Bry /0 B\ RCHO R ,f/}o —,,B\ Ry 2
ﬁl’-‘f F [ F Br
F F o Br H syn (2R39)
TQEtsLA / HoEtLA ,
T Ny Ax|s £ .Si—
Brjl;f ,O:/ A anti (25,35) > F\R,"‘?’l\oo'l N — = syn(2R39)
F o Br 4
LA = cataiysi 5
Fig. 4. Possible transition states for the aldol reaction at -20°C
CONCLUSION
Aldol reaction of aldehydes with bromofluoroketene ethyl trimethylsilyl acetal (1) catalyzed by chiral
Lewis acid 5 at -78°C provides the correspondm g syn- and anti-o-bromo-a-fluoro-B-hydroxy esters with
high enantiomeric excesses although the reaction is not diastereoselective. Elevating the reaction temperature
to -20°C predominantly affords the anti-aldols showing the opposite signs of optical rotation to those
obtained at -78°C in excelient-to-good optical yieids.

EXPERIMENTAL

General. Al reactions were carried out under an argon atmosphere with magnetic stirring in oven-dried
glassware. Nitroethane was distilled from phosphorus pentoxide in the presence of hydroquinone

immediately before use. Other solvents and reagents were used as supplied or purified. Anhydrous MgSO4
and Na3SO4 were used as the drying agents. TLC was carrie d out with pre-coated Kieselgel 60F,54 plates

u Y LC was carried out with p
el 60 (Merck , 230-400 mesh) was used for column

L
ranhy T imiid aheamatacgeanhia

10r Coumn CAromatograpny. 11quiG ong Ofatograpnic

analysns was performed ona ShlmadLu LC-10A at 254 nm or 230 nm using a chiral column (Daicel Chiralcel
OD-H, OB-H and AD columns). Optical rotations were measured at 589 nm using a 1.0-dm cell with a total
volume of 1 mL on a JASCO DIP-370 polarimeter. Infrared spectra were taken on a Perkin-Elmer 1600 FT-
IR. Absorption was expressed in reciprocal centimeters (cm!). 'TH NMR and 19F NMR spectra were recorded
at 200 MHz and 188 MHz, respectively, on a Varian Gemini-200 instrument. 'H NMR signals were
expressed in parts per million (ppm) downfield from TMS as the internal standard. !F NMR spectra were
given upfield from CCI3F as the internal standard. Coupling constants are in hertz. CDCl3 served as solvent
for 1H and 19F NMR. Low- and high-resolution mass spectral analyses were performed at 70 eV electron-

impact (EI) using a Kratos CONCEPT-1H double-focusing magnetic sector spectrometer. Elemental and X-
ray structure analyses were carried out at the Toray Research Center, Inc., Tokyo.

Preparation of bromofluoroketene ethyl trimethylsilyl acetal (1). To a suspension of activated zinc powder
(4.5 g, 61.95 mmol) in anhydrous THF (120 mL) were added 1,2-dibromoethane (375 pL, 4.35 mmol) and
chlorotrimethylsilane (450 pL, 3.55 mmol) at 40°C. This mixture was stirred at the same temperature for 20
min and then cooled to -20°C. Chlorotrimethylsilane (7.57 mL, 59.68 mmol) was added. Ethyl
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dibromofluoroacetate (7.92 mL, 56.84 mmol) was then added over 10 min at -20°C, and the reaction mixture
was stirred at the same temperature for an additional hour. After warming to room temperature, the mixture
was diluted with n-pentane (200 mL), stirred vigorously for 5 min and then filtered through a pad of Celite to
remove some salts. The filtrate was concentrated in vacuo (<25°C/20-30 mmHg). The dilution-filtration-
concentration sequence was repeated once more, and the residue was distilled under reduced pressure to give
1 (9.37 g, 64%) as a colorless oil: bp 37.0-38.5°C/1.2 mmHg; IH NMR 0.25 (s, 5.54H), 0.25 (s, 3.46H), 1.26
(t,J =7.1 Hz, 1.85H), 1.28 (t, J = 7.1 Hz, 1.15H), 3.88 (q, J = 7.1 Hz, 1.23H), 3.95 (q, J = 7.1 Hz, 0.77H);
I9F NMR -133.14 (s, 0.62F), -134.52 (s, 0.38F); IR (neat) 2964, 1703, 1255, 1149, 1060, 851 cm™!; MS: m/z

A7 1A1_. TTD

258 [M+], 256 {Mt], 230, 228, 143, 141; HRMS calcd for C;H14BrFO,Si [M+*]: 255.9931. Found: 255.9921.

Rrnmanflunrabatons icnnranul trimothuloilul anatal (T2} HNanmanarie A 1?2 wag nhtainad AQOT  wrinld £oronn
Dromaojiuorokeiene muyluy_y; tr yneinywsSuy: acelar (4J5). LOMPpOoUna xS was ooidinea in 48% yicia momi

isopropyl dibromofluoroacetate using the same procedure as 1: a colorless oil; bp 55-62°C/7 mmHg; !H NMR
0.21-0.23 (m, 5.58H), 0.24-0.26 (s, 3.42H), 1.20-1.27 (m, 6H), 4,20-4,36 (m, 1H); 19F NMR -131.82 (s,

2.04

0.62F), -138.08 (s, 0.38F); IR (neat): 2981, 1702, 1255, 1146, 1052, 851 cm-; MS: m/z 272 [M+], 270 [M-],
230, 228, 143, 141; HRMS calcd for CgH16BrFO,Si [M*]: 270.0087. Found: 270.0075.

Bromofluoroketene methyl trimethylsilyl acetal (16). Compound 16 was obtained in 37% yield from methyl
dibromofluoroacetate using the same procedure as 1: a colorless oil; bp 42-49°C/5S mmHg; !H NMR 0.26 (s,
5.47H), 0.28 (s, 3.53H), 3.58 (s, 1.83H), 3.69 (s, 1.17H); 19F NMR -135.00 (s, 0.61F), -135.58 (s, 0.39F); IR
(neat): 2960, 1706, 1256, 1149, 1066, 851 cm"l; MS: m/z 244 [M+], 242 [M+], 229, 227, 201, 199; HRMS

calcd for CgH1oBrFO,Si [M*]: 241.9774. Found: 241.9777.
ction with br Oi‘ﬂOjluO‘i‘Ol«:mne Eu'iyt' trim

e f ca
catalystS Ethyl 2-bromo-2-fluoro-3- droxy-3-phenylpropanoat (2). To(

i l arbo 1) in
dropwise a 1 M THF solution of BHq-THF co pl X (200 uI O 20 mmol) at room temperature. The solution

1.2 mmol) was added. A soluuon of benzaldehyde (106 mg, 1.0 mmol) in nitroethane (2 mL) was then added
using a syringe pump over 3 h at -78°C, and the reaction mixture was stirred at the same temperature for an
additional hour, quenched with saturated NaHCO3 and extracted with ether. The combined extracts were
washed with brine, dried and filtered. Concentration in vacuo gave an oily residue which was redissolved in 2
N HCI (2 mL) and THF (10 mL). After stirring at room temperature for 1 h, the reaction mixture was
extracted with ether. The combined extracts were washed with saturated NaHCO3 and brine, dried and
fiitered. After evaporation of the soivent, the oiiy residue was puriﬁed by flash chromatography (n-hexane-

2 O . OO N, . Py U, PRpuss- PO U0 | 71 s 1 L9 f

EtOAc) to afford syn-2 (180 mg, 62%) and anti-2 (82 mg, 28%): s _yn-A a coloriess oil; {gjp=" +1.6° {c

CHCI2) (98% ee): THNMR 124 (t. J=7.1 Hz. 3. 3.0 (hea 1THN A28 (x T =
UIILI3) (YO /0 €C); "Il INIVIN 1.24 (1, J = /.1 I1Z, 511}, 3. (brs, 1H), 4.25 G, v =

2 Q 1 -

17.8 Hz, 1H), 7.30-7.52 (m, SH); 19F NMR -131.65 (d, J = 17.8 Hz); IR (neat): 3496, 1748, 1301, 1274, 70
cm-l; MS: m/z 292 [M*], 290 [M+], 186, 184, 107, 79; HRMS calcd for C nH}gBrFO_, [M+]: 2899954,
Found: 289.9940. HPLC analysis: fg (minor), 12.6 min (1.1%); tr (major), 14.3 min (98.7%) (Chiralcel OB-
H, n-hexane/EtOH 20/1, 1.0 mL/min); anti-2: a colorless oil; [@]p23 -57.8° (c 0.93, CHCl3) (90% ee); H
NMR 1.37 (t, J = 7.1 Hz, 3H), 2.80-3.00 (brs, 1H), 4.40 (q, J = 7.1 Hz, 2H), 5.30 (d, J = 20.7 Hz, 1H), 7.33-
7.58 (m, SH); 19F NMR -137.23 (d, J = 20.7 Hz); IR (neat): 3480, 1749, 1298, 1266, 700 cm"1; MS: m/z 292
[M+], 290 [M+], 186, 184, 107, 79; HRMS calcd for C11H7BrFO3 [M+]: 289.9954. Found: 289.9950. HPLC
analysis: fg (major), 20.0 min (95.1%); tg (minor), 21.7 min (4.9%) (Chiralcel OD-H, n-hexane/EtOH 20/1,
0.5 mL/min).

C

]
Q)
s V4
=1

'yeuwal
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0.82, CHCI3) (83% ee); TH NMR 1.34 (t, J = 7.2 Hz, 3H), 1.
(m, 1H), 6.24 (ddd, J = 15.9, 7.0, 1.0 Hz, 1H), 6.80 (d, J = 6.

RE2]y VA \ReSSe, Al 2 a2y 222) O (5=

58 (brs, 1H), 4.
RF
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(d, J = 15.9 Hz); IR (neat): 3481, 1760, 1272, 1029, 755 cm-1; MS: m/z 318 [M+], 316 [M+], 237, 147, 133,
105; HRMS calcd for C13H14BrFO; [M+]: 316.0110. Found: 316.0089. HPLC analysis: fg (minor), 27.7 min
(8.5%); tr (major), 30.7 min (91.5%) (Chiralcel OD-H, n-hexane/EtOH 50/1, 1.0 mL/min); anti-6: a colorless
oil; [@]p28 +27.4° (c 0.85, CHCl3) (83% ee); 'H NMR 1.39 (t, J = 7.1 Hz, 3H), 2.60 (m, 1H), 4.41 (g, J = 7.1
Hz, 2H), 4.80-5.00 (m, 1H), 6.39 (dd, J = 15.6, 6.7 Hz, 1H), 6.87 (d, J = 15.6 Hz, 1H), 7.27-7.50 (m, 5H); 15F
NMR -137.02 (d, J = 19.4 Hz); IR (neat): 3446, 1749, 1278, 1040, 758 cm1; MS: m/z 318 [M+], 316 [M+*],
237, 147, 133, 105; HRMS calcd for C13H14BrFO3; [M*]: 316.0110. Found: 316.0089. HPLC analysis: g
(minor), 10.9 min (8.7%); tr (major), 12.4 min (91.3%) (Chiralcel OD-H, n-hexane/EtOH 20/1, 1.0 mL/min).
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. , L.
rm lm 4,2';&1 I—7IHZ 2H), 7.13-7.40 (m, SH): 19FNMR £):
1748, 1271, 1033, 701 cm1; MS: m/z 320 [M*], 318 [M+], 239, 221, 129, 91; HRMS calcd for C13H14BrFO3
[M*]: 318.0267. Found: 318.0260. HPLC analysis: g (minor), 9.9 min (_0.8%), {r (major), 12.5 min (99.2%)
(Chiralcel OD-H, n-hexane/EtOH 20/1, 1.0 mL/min); anti-7: a colorless oil; []p26 +33.2° (¢ 1.01, CHCl3)
(98% ee); 1H NMR 1.36 (t, J = 7.1 Hz, 3H), 1.80-2.03 (m, 1H), 2.30-2.50 (m, 2H), 2.67-3.08 (m, 2H), 4.06-
4.29 (m, 1H), 4.37 (q, J = 7.1 Hz, 2H), 7.12-7.38 (m, 5H); 1°F NMR -136.85 (d, J = 19.9 Hz); IR (neat):
3468, 1749, 1298, 1053, 700 cm-!; MS: m/z 320 [M+], 318 [M+], 239, 221, 129, 91; HRMS calcd for
Cy3H16BrFO3 [M*]: 318.0267. Found: 318.0262. HPLC analysis: tg (minor), 8.1 min (1.2%); tr (major),
10.9 min (98.8%) (Chiralcel OD-H, n-hexane/EtOH 20/1, 1.0 mL/min).
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could not separated, was acetylated with acetic anhydride (2 equiv) in the presence of 4-
(dimethylamino)pyridine in pyridine at room temperature for 14 h and purified by flash chromatography: the
acetate of syn-8: a colorless oil; [a]p27 -0.2° (c 0.89, CHCl3) (97% ee); 1H NMR 1.24 (t, J = 7.1 Hz, 3H),
2.20 (s, 3H), 3.67 (dd, J = 7.0, 1.0 Hz, 2H), 4.05-4.28 (m, 2H), 4.41-4.55 (m, 2H), 5.80 (dt, J = 22.4, 7.0 Hz,
1H), 7.21-7.45 (m, 5H); 19F NMR -131.41 (d, J = 22.4 Hz); IR (neat): 1765, 1371, 1219, 1041, 913 cm'};
MS: m/z 378 [M+*], 376 [M+], 229, 227, 131, 103, 91; HRMS calcd for C15H;gBrFOs [M*]: 376.0322. Found:
376.0312. HPLC analysis: fr (major), 6.8 min (98.5%); tr (minor), 7.6 min (1.5%) (Chiralcel OD-H, n-
hexane/EtOH 50/1, 1.0 mL/min); the acetate of anti-8: a colorless oil; [at]p26 +15.3° (c 0.83, CHCl3) (97%

ee); IH NMR 1.32 (t, J = 7.1 Hz, 3H), 2.10 (s, 3H), 3.84 (ddd, J = 11.4, 7.8, 1.0 Hz, 1H), 4.16 (dd, J = 11.4,
3.1 Hz lH) 26 4.38 (m, 2H), 4.49-4.69 (m, 2H), 5.86 (ddd, J = 22.1, 7.8, 3 1 Hz, 1H), 7.25-7.40 (m, SH);
1
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-

Ethyl 2-bromo-3-cyclohexyl-2-fluoro-3-hydroxypropanoate (9). Compound 9 (syn/anti = 52/48) was obtained
in 74% yield from cyclohexanecarboxaldehyde using the same procedure as 2: syn-9: a colorless oil; [®]p25
+5.5° (¢ 0.76, CHCl3) (94% ee); 'H NMR 1.12-2.03 (m, 11H), 1.37 (t, J = 7.1 Hz, 3H), 2.45 (brs, 1H), 3.84-
4.03 (m, 1H), 4.38 (q, / = 7.1 Hz, 2H); 19F NMR -128.70 (d, J = 21.8 Hz); IR (neat): 3502, 1761, 1269, 1043,
896 cm-1; MS (FAB): m/z 299 [MH+], 297 [MH*]; HRMS (FAB) calcd for C;1H19BrFO3 [MH*]: 297.0502.
Found: 297.0499. HPLC analysis: tg (minor), 6.7 min (3.0%); tR (major), 7.1 min (97.0%) (thralcel OD-H,

n-hexane/EtOH 50/1, 1.0 mL/min); anti-9: a colorless oil; [aJp27 +11.4" (¢ 0.88, CHCI3) (89% ee); 'H NMR
1.07-2.41 (m, 12H), 1.37 (t, J = 7.2 Hz, 3H), 3.91-4.13 (m, 1H), 4.37 (q, J = 7.2 Hz, 2H); 19F NMR -133.98

7331 T N2 1 DALTe T femnat)l. 2E n1 17&0N 1")"71 1N QON ama-le RMAC /TADY: 21/ 200 TAT+T 207 INLI+1.
Wada, J = £3.1, &4 L), IN \JICat). JJUL, 170U, 1471, 1VDJ, OTJU LIl 7, VIO \I'NAAD). W4 £77 |1Vl |, &7/ [iviil - g,



2234 K. Iseki et al. / Tetrahedron 55 (1999) 2225-2236

HRMS (FAB) calcd for C11H19BrFO3 [MH*): 297.0516. Found: 297.0495. HPLC analysis: fg (minor), 6.4
min (5.6%); tr (major), 7.0 min (94.4%) (Chiralcel OD-H, n-hexane/EtOH 50/1, 1.0 mIL/min).

Ethyl 2-bromo-2-fluoro-3-hydroxyhexanoate (10). Compound 10 (syn/anti = 46/54

i

s obtained in 90%
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an) lunn,n: NAL ¢+ T — 71 L 2L\ 1 2Q (¢ T — "7 1 I0ex 2LIY 1 2D 1 ™0 fonw AL N LA (e 1IN 7 NO A 172
CCJy, "I1 INIVINN UV, U \Ly v = /.1 114y D11}, 1.0 \LWJ — /.1 [14, OI1), 1.04~1./0 \1ll, 411), £.04 (DTS, 1I11), 3.Y0-4.1D0
(m THN 43R (a. J=17.1 7z 7HN 1912‘ NMR -12063(d. J=13.0 .,\ TR (neat): A0 1740 1221 1044 £70
\ildy 2Adjy TadU \MYy v fex Alsy 4ed i)y ANAVARN TALFIT \u, v Aoe\T RAL)y LN \JIVQALS. JTTUSy LISTT, LLO1y, AJTT, VIV

cml; MS (FAB): m/z 259 [MH*], 257 [MH*]; HRMS (FAB) caled for CgH;5BrFO3 [MH*]: 257.0189.
Found 257.0194. The corresponding 3, 5-d1n1trobenzgate was prepared according to the literature.!8 HPLC
analysis of the 3,5-dinitrobenzoate: /g (minor), 13.3 min (1.7%); tr (major), 15.2 min (98.3%) (Chiralcel AD,
n-hexane/EtOH 20/1, 1.0 mL/min); anti-10: a colorless oil; [a]p25 +20.6° (¢ 1.01, CHCl3) (98% ee); |H NMR
0.99 (t,J = 7.4 Hz, 3H), 1.36 (t, / = 7.1 Hz, 3H), 1.42-2.23 (m, 5H), 4.06-4.29 (m, 1H), 4.37 (g, = 7.1 Hz,
2H); 19F NMR -137.39 (d, J = 20.5 Hz); IR (neat): 3466, 1750, 1299, 1167, 672 cm'1; MS (FAB): m/z 259
[MH*], 257 [MH*]; HRMS (FAB) calcd for CgH5BrFO3 [MH*]: 257.0189. Found: 257.0192. HPLC
analysis: tfg (minor), 5.0 min (1.1%); fr (major), 5.9 min (98.9%) (Chiralcel OD-H, n-hexane/EtOH 20/1, 1.0
ml./min).
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z, 3H ) 1 58-2.02 (m, 2H), 2.55-2.62 (m, 1H), 4.02-4, 20 (m, 1H), 4.29-4. 43 (m, 2H) 19F NMR 129 86
(d J = 15.2 Hz); IR (neat): 3467, 1749, 1265, 1046, 899 cm-!; MS (FAB): m/z 273 [MH*], 271 [MH*];
HRMS (FAB) calcd for CoH17BrFO3 [MH*]: 271.0345. Found: 271.0356. HPLC analysis: R (minor), 13.1
min (0.8%); tR (major), 13.9 min (99.2%) (Chiralcel OD-H, n-hexane/EtOH 50/1, 0.5 mL/min); anti-11: a
colorless oil; [a]p26 +28.2° (¢ 0.91, CHCl3) (98% ee); 1H NMR 0.99 (d, J = 6.2 Hz, 3H), 1.02 (d, J = 6.4 Hz,
3H), 1.38 (t, J = 7.2 Hz, 3H), 1.48-2.25 (m, 4H), 4.12-4.32 (m, 1H), 4.39 (q, J = 7.2 Hz, 2H); 19F NMR
-137.67 (d, J = 20.5 Hz); IR (neat): 3468, 1751, 1262, 1047, 855 cm-1; MS (FAB): m/z 273 [MH*], 271
[MH*]; HRMS (FAB) calcd for CgH17BrFO3 [MH*]: 271.0345. Found: 271.0336. HPLC analysis: g
(minor), 12.7 min (0.9%); tgr (major), 14.7 min (99.1%) (Chiralcel OD-H, n-hexane/EtOH 50/1, 0.5 mL/min).
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CHCl3) (99% ee); IH NMR 0.80-0.98 (m, 6H), 1.20-1.73 (m, SH), 1.36 (t,J = 7. 2 Hz 3H), 2.38 (brs, 1H),
4.06-4.25 (m, 1H), 4.36 (q, J = 7.2 Hz, 2H); 19F NMR -128.79 (d, J = 23.7 Hz); IR (neat): 3523, 1750, 1271,
1045, 891 cm-1; MS (FAB): m/z 287 [MH*], 285 [MH+]; HRMS (FAB) calcd for CyoH;9BrFO3 [MH*]:
285.0502. Found: 285.0500. HPLC analysis: t{g (minor), 14.5 min (0.5%); tr (major), 16.2 min (99.5%)
(Chiralcel AD, n-hexane/EtOH 50/1, 0.5 mL/min); anti-12: a colorless oil; [a]p26 +15.6° (¢ 0.97, CHCl3)
(98% ee); 'H NMR 0.97 (1, J = 7.7 Hz, 6H), 1.02-2.35 (m, 6H), 1.37 (t, J = 7.1 Hz, 3H), 4.17-4.30 (m, 1H),
4.37 (q, J = 7.1 Hz, 2H); 19F NMR -136.05 (d, J = 25.0 Hz); IR (neat): 3512, 1751, 1270, 1038, 890 cml; MS
(FAB): m/z 287 [MH*], 285 [MH*]; HRMS (FAB) calcd for C;gH19BrFO3 [MH*]: 285.0502. Found:

285.0503. HPLC analysis: g (minor), 17.2 min (0.8%); tr (major), 21.8 min (99.2%) (Chiraicel AD, n-
hexane/EtOH 50/1, 0.5 mL/min).

o

Ternnranv! 2 _hramn D _flunra. 3 _hvdravv.§.-nhonvl d_nontonnate (14 Comnonnd 14 (ecv /nnh = 30/61) was
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obtained in 89% vield from cinnamaldehvde using the same procedure as 2. A mixture of syn- and anti-14,
obtained 1n 3% yielg Irom cinnamaidenyde using tne proce as Z, A mixt Syn- an 14}

using sa . d ant
which could not separated, was acetylated with acetic anhydride (2 equiv) in the presence of 4-
(dimethylamino)pyridine in pyridine at room temperature for 14 h and purified by flash chromatography: the
acetate of syn-14: a colorless oil; []p?2 -15.8° (¢ 0.61, CHCl3) (95% ee); 1H NMR 1.29 (d, J = 6.3 Hz, 3H),
1.30 (d, J = 6.3 Hz, 3H), 2.20 (s, 3H), 5.15 (qq, J = 6.3, 6.3 Hz, 1H), 6.05 (dd, J = 23.1, 8.6 Hz, 1H), 6.12 (dd,
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= 15.5, 8.6 Hz, 1H), 6.80 (d, J = 15.5 Hz, 1H), 7.22-7.42 (m, 5H); 19F NMR -130.14 (d,J = 23.1 Hz); IR
(neat) 2985, 1761, 1221, 1104, 1028 cm1; MS: m/z 374 [M*], 372 [M+], 293, 251, 209, 133; HRMS calcd
for C1¢H18BrFO4 [M*]: 372.0373. Found: 372.0360. The acetate of syn-14 (50 mg, 0.13 mmol) was reduced
with NaBH4 (10 mg, 0.26 mmol) in EtOH (2 mL) at room temperature for 1 h. The reaction mixture was
quenched with 2 N HC1 and extracted with ether. The combined extracts were washed with brine, dried and
filtered. After evaporation of the solvent, the crude diol was treated with 2,2-dimethoxypropane (160 uL, 1.3
mmol) in the presence of p-TsOH-H,0 (5 mg) in benzene at room temperature for 48 h. The mixture was
quenched with saturated NaHCO3 and extracted with ether. The combined extracts were washed with brine,
dried and filtered. After evaporation of the solvent, the res1due was passed through a short sxhca gel column
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A b mdera o meme A L.
\H llCKdllC‘Dl.UﬂL} io Elve a Cluuc accoinuce, o-viul

dinvana HPI " analvcic of the acatanida: f5 (mainr) A min Q7 200\ to feminar) Q O min (D TOL) (Th rnlnnl
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AD, n-hexane/EtOH 50/1, 1.0 ml, /rmn\ the acetate of gnti-14: a colorless oil* [01n22 228 8° (¢ 0.47. CHCl)
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(95% ee); TH NMR 1.29 (d J= 63Hz, 3H), 1.34 (d, J = 6.3 Hz, 3H), 2.06 (s, 3H), 5.18 (qq, J = 6.3, 6.3 Hz,
1H), 6.03 (dd, J = 22.8, 8.4 Hz, 2H), 6.25 (dd, J = 15.9, 8.4 Hz, 1H), 6.92 (d, / = 15.9 Hz, 1H), 7.28-7.51 (m,
5H); 19F NMR -134.63 (d, J = 22.8 Hz); IR (neat): 2984, 1763, 1216, 1104, 1037 cm"1; MS: m/z 374 [M+],
372 [M], 293, 251, 209, 133; HRMS caled for C1H13BrFO4 [M*]: 372.0373. Found: 372.0363. HPLC
analysis: tg (minor), 11.0 min (2.6%); tg (major), 12.0 min (97.4%) (Chiralcel AD, n-hexane/EtOH 50/1, 0.5
mL/min)

Isopropyl 2-bromo-2-fluoro-3-hydroxy-5-methylhexanoate (15). Compound 15 (syn/anti = 13/87) was

obtained in 84% yield from 3-methylbutanal at -20°C using the same procedure as 2: syn-15: a colorless oil;
[a]p24 +12.2° (¢ 0.29, CHCl3) (55% ee); 'H NMR 0.92 (d, J = 6.6 Hz, 3H), 0.97 (d, J = 6.8 Hz, 3H), 1.18-

1.40 (m. 1H). 1.34 (4. J = 6.2 Hz. 6H). 1.55-2.05 (m. 2H). 2.59(d. 7 = 5.1 Hz. 1H). 4.12 (dddd. J = 15.9. 10.4
L4V \im, 111), 1.94 \Q,J = 0.2 0Z, 0n), 1.J3-2.UJ5 \Ifi, 211}, £2.57 (4, s = 3.1 11Z, 111}, #.12 0004, v = 15.7, 1U.4,
§2 91 Hz 1THY §1R/(dt T =64 672 Hz 2 19E NMR 12072 (d JFT =150 H2): TR (neat)- R4AR 20QR72
Jedy ek KLy LI1Jy U210\ v VT Uik Sidiy &ily, L ANIVAIN TLlUV.T e \ My v L7 1RL)y LIN \1IWAL]. JTUUy L4700,
1745, 1287, 1044 cm°l; MS (FAB): m/z 287 [MH*], 285 [MH*]; HRMS (FAB) calcd for C1gH 19BrFO3

[MH+]: 285.0502. Found: 285.0509. HPLC analysis: tg (minor), 11.1 min (22.4%); tg (major), 11.6 min
(77.6%) (Chiralcel OD-H, n-hexane/EtOH 50/1, 0.5 mL/min); anti-15: a colorless oil; [a]p25 -16.5° (¢ 0.91,
CHClI3) (67% ee); 1H NMR 0.97 (d, J = 6.2 Hz, 3H), 1.01 (d, J = 6.5 Hz, 3H), 1.35 (d, J = 6.3 Hz, 6H), 1.45-
2.02 (m, 3H), 2.20 (d, J = 8.6 Hz, 1H), 4.10-4.32 (m, 1H), 5.19 (dt, J = 6.3, 6.3 Hz, 1H); 19F NMR -137.24 (d,
J = 18.4 Hz); IR (neat): 3469, 2960, 1746, 1294, 892 cm-1; MS (FAB): m/z 287 [MH*], 285 [MH*]; HRMS
(FAB) calcd for C1oH9BrFO3; [MH+]: 285.0502. Found: 285.0494. HPLC analysis: fgr (major), 10.3 min
(83.7%); tg (minor), 11.1 min (16.3%) (Chiralcel OD-H, n-hexane/EtOH 50/1, 0.5 mL/min).

Methyi 2-bromo-2-fiuoro-3-hydroxy-5-methylhexanoate (17 ). Compound 17 (syn/anti = 1‘1’86) was obtained
in 83% yield from 3-methylbutanal at -20°C using the same procedure as 2: syn-17: a colorless oil; [alp?*

’1")° (~ N 27 I"Hr‘l N\ (D107 aad- IU\TA,{D Nnan {A T_.AKI.L. 2L NQ7 (A T —ARK7 > 2H) 1 1Q_1 &% Im
Je \U VLI, il J}\lvGC}, 15 LNIVINN V.J L \\ = V.U 114y JIl)Jy, U7 1 \Uy & Ui 114y JEiJy 1177000 11
1H), 1.58-2.02 (m, 2H), 2.63 (d, J = 5.2 Hz, 1H), 3.91( 3H), 4.11 (dddd, J = 15.4, 10.4, 5.3, 2.2 Hz, 1H);
19F NMR -129.42 (d, J = 15.4 Hz); IR (neat): 3467, 2959, 1766, 1290, 888 cm-1: MS (FAB): m/z 259 [MH+],

2 & S il & L) {1viil

257 [MH*]; HRMS (FAB) calcd for CgH 15BrF03 [MH+] 257.0189. Found: 257.0194. HPLC analysis: g
(major), 16.3 min (60.5%); tg (minor), 17.3 min (39.5%) (Chiralcel OD-H, n-hexane/EtOH 50/1, 0.5
mL/min); anti-17: a colorless oil; [o]p2?4 -27.5° (¢ 1.11, CHCl3) (88% ee); 'H NMR 0.98 (d, J = 6.1 Hz, 3H),
1.02 (d, J = 6.4 Hz, 3H), 1.45-2.01 (m, 3H), 2.20 (d, J = 8.8 Hz, 1H), 3.93 (s, 3H), 4.12-4.38 (m, 1H); 19F
NMR -137.82 (d, J = 20.7 Hz); IR (neat): 3460, 2960, 1755, 1296, 886 cm'1; MS (FAB): m/z 259 [MH*], 257
[MH*]; HRMS (FAB) calcd for CgH15BrFO3 [MH*]: 257.0189. Found: 257.0194. HPLC analysis: g
(major), 16.2 min (94.1%); (r (minor), 20.5 min (5.9%) (Chiralcel OD-H, n-hexane/EtOH 50/1, 0.5 mL/min).

The camphanate of syn-2. A mixture of syn-2 (34 mg, 0.12 mmol), > i

mmol), pyridine (95 uL, 1.16 mmol), and 4—(d1methylarmno)pynd (3 mg) in CH>Cl; (2 mL) was stirred at

m temnerature for 19 h. noured into water and extracted with
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with 2 N HCI and saturated NaHCO3, dried and filtered. After evaporation of the solvent, the residue was
purified by flash chromatography (n-hexane-EtOAc) to afford the camphanate of syn-2 (54 mg, 98%) as
colorless needles: mp 117.6-118.4°C (n-hexane-ether); 1H NMR 0.97 (s, 3H), 1.13 (s, 3H), 1.14 (s, 3H), 1.23
(t, J = 7.1 Hz, 3H), 1.65-1.81 (m, 1H), 1.90-2.20 (m, 1H), 2.49-2.66 (m, 1H), 4.23 (g, J = 7.1 Hz, 2H), 6.52
(d, J = 22.5 Hz, 1H), 7.30-7.52 (m, 5H); 19F NMR -131.37 (d, J = 22.5 Hz); IR (KBr): 2990, 1788, 1762,
1259, 1057 cm-i; MS: m/z 391, 287, 194, 181, 125, 83; HRMS calcd for C1H24FOg [M*-Br]: 391.1557.
Found: 391.1549; anal. calcd for C21Ho4B1rFOg: C, 53.5; H, 5.1; F, 4.0. Found: C, 53.3; H, 5.1; F, 4.0.
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