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A practical and efficient route for the stereoselective synthesis &38- and (53R)-4,4,4-
trifluoroisoleucines and @ 39)-4,4,4-trifluorovaline was developed. Indium-mediated allylationR)f (
N-benzyl-2,30-isopropylideneglyceraldiminé with 4-bromo-1,1,1-trifluoro-2-buterd gave the desired
homoallylic amine8 in high diastereoselectivity>(95% de) with moderate yield. The Cbz-protected
(2R,39)-4,4,4-trifluoroisoleucind 4 and Boc-protected R39)-4,4,4-trifluorovaline21 were then readily
prepared fron8. In addition, following the same procedure, Chz-protect&BR-4,4,4-trifluoroisoleucine
28, the enantiomer o014, was prepared starting fron®)¢N-benzyl-2,30-isopropylideneglyceraldimine

24.

Introduction

trifluoromethyl groups is accompanied by a substantial increase
in hydrophobicity, owing to the low polarizability of the fluorine

Recently, fluorinated amino acids have attracted increasing gtomss It must be emphasized that enantiomerically pure

attention because of their extensive utilization as inhibitors of
enzymes,antitumor and antibacterial ageitprobes to follow
biochemical reactiondyaluable building blocks for the design
of hyperstable protein folds, as well as directing highly specific
protein—protein interactiond.There has been a special interest
in trifluoromethyl-containing amino acids (TFAAS) in peptide

and protein design, because the replacement of methyl with
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TFAAs are highly desirable for peptide synthesis to avoid
compositional heterogeneity of samples and for exploration of
stereoelectronic and packing effeétSherefore, the develop-
ment of an efficient and highly stereoselective route to enan-
tiomerically pure TFAAs promotes both synthetic and biological
research.

Isoleucine and valine are important natural amino acids; their
trifluoromethylated analogues were used in peptide and protein
design. Kumar and co-workéfseported a peptide system based
on the coiled coil region of the transcriptional activator GCN4
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Indium-Mediated Allylation of Glyceraldimines
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(2R, 38)-4,4,4-TFV (2) 3

with an unnatural hydrophobic core, prepared by the replacement

of four natural leucine and three natural valine residues with
unnatural 5,5,5-trifluoroleucine (TFL) and 4,4,4-trifluorovaline
(TFV), respectively. The resulting coiled coil structure was more
resistant to thermal- and denaturant-induced unfolding than its
hydrocarbon counterpart. Tirrell and co-work&iscorporated
D,L-trifluoroisoleucine into proteins in vivo and also found that
some resulting fluorinated proteins could fold into stable and
functional structures. However, Tirrell and co-workers used
racemic trifluoroisoleucine (TFI) prepared only in 3% overall
yield over seven step8,and Kumar and co-workers prepared
the enantiomerically pure TFL and TFV by enzymatic resoltifon.
Clearly, the existing approaches for the access of TFl and TFV
are insufficient for the procurement of enough quantities for
further detailed biological evaluation or the synthesis of other
TFI- and TFV-containing compounds. More importantly, to the
best of our knowledge, there is no report on stereoselective
synthesis of TFI and TFV so far. Herein we report a practical
and efficient approach to the highly stereoselective synthesis
of TFl and TFV.

Results and Discussion

Several years ago, Loh and’lteported the indium-mediated
allylation reaction of aldehydes with 4-bromo-1,1,1-trifluoro-
2-butene in water affordef-trifluoromethylated homoallylic
alcohols in high yield and excellent diastereoselectivity. Thus,
indium-mediated allylation of chiral pooRj-2,3-O-isopropyl-
ideneglyceraldehyd®with 4-bromo-1,1,1-trifluoro-2-buteng
was also expected to giye-trifluoromethylated homoallylic
alcohol 5 with good yield and high diastereoselectivity. The
alcohol5 should be a key intermediate for the preparation of
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SCHEME 2
fe) OH OH
4 /\)\/\ S
O/\.)J\H o) Y Y R + O/\:/Y\
N In / DMF )5\6 CFy ’\5‘6 CFs
3 5a 5b
DCC / DMAP p-nitrobenzoic acid
Q Q
OCCgH4NO, p OCCgH4NO, -p
oYY+ YIS
)5‘(5 CF; )\6 CFs

6a 6b

tography (Scheme 2). The absolute configuratiorbafwas
confirmed by the X-ray diffraction analysis of ipsnitrobenzoic
esterba (see Supporting Information). Treatment of the mixture
of 5a and5b with p-nitrobenzoic acid in the presence of DCC
and DMAP providedp-nitrobenzoic estera and6b in 88%
yield. Compound$aand6b could be easily separated by flash
chromatography on silica gel.

In comparison with the indium-mediated allylation o=O
bonds, the allylation of €N bonds usually achieves better
enantioselectivity or diastereoselectivitiloreover, the amino
group of the amino acids could be introduced directly in this
way. Accordingly, the reaction between alkefh@nd R)-N-
benzyl-2,30-isopropylideneglyceraldimin& derived from3
and benzylamine in the presence of indium powder in THF or
MeOH was carried out. However, the reaction was complicated,
and the desired product was not obtained. Fortunately, it was
found that the allylation reaction proceeded well in DMF
(Scheme 3). More strikingly, analysis of the crude reaction
mixture by'°F NMR spectroscopy (see Supporting Information)
showed that the reaction occurred highly diastereoselectively
(>95% de). Only a single diastereom8ywas isolated in 61%
yield along with 11% of tertiary amin®, which was formed
by the allylation of benzylamine. Benzylamine probably came
from the hydrolysis o7. The amine8 was further hydrogenated
to give primary aminelO in 89% vyield. To confirm the
configuration of compoun8, compoundLOwas converted into
amidell. The configuration of compountil was determined
by X-ray diffraction analysis (see Supporting Information).

With the intermediatelO in hand, optically pure [®&,39)-

4,4 4-trifluoroisoleucine was synthesized in a straightforward

the two target molecules (Scheme 1). The other key elementsfashion (Scheme 4). Treatment of amib@with CbzClI gave

in this synthetic approach included the use R Seaction to
install an amino group, cutting a carbon atom via ozonization
of double bonds, dehydroxylation via Barton’s radical reaction,
deisopropylidenation, and then a final oxidation mediated by
RuCk/NalOs.

Alkene 4 was prepared on a large scale in 38% overall yield
over four steps from commercially available ethyl-4,4,4-
trifluoro-3-oxobutanoaté8 However, the reaction of aldehyde
3 with alkene4 in the presence of indium powder in DMF at
room temperature afforded a mixture of homoallylic alcohols
5aand5b in moderate yield (65%) and low diastereoselectivity
(dr = 1.5:1), which could not be separated by flash chroma-

(7) (a) Loh, T.-P; Li, X.-RAngew. Chem., Int. Ed. Endl997, 36, 980.
(b) Loh, T.-P.; Li, X.-R.Eur. J. Org. Chem1999 1893.

(8) (a) Bevilacqua, P. F.; Keith, D. D.; Roberts, J.1.0Org. Chem.
1984 49, 1430. (b) Mcbee, E. T.; Pierce, O. R.; Smith, D.DAm. Chem.
Soc.1954 76, 3722.

compoundl2 in 93% vyield. After the removal of the isopro-
pylidene ketal, the diol3 was obtained in 94% yield. Finally,
oxidation of the dihydroxyl moiety with Ru@NalO,4 success-
fully provided the desired Cbz-protectedR39)-4,4,4-triflu-
oroisoleucinel4in 76% yield. The'H, 13C and'*F NMR spectra

of compoundL4 showed clearly that no epimerization occurred.
Thus, Chz-protected R39-4,4,4-trifluoroisoleucine was syn-
thesized stereoselectively in 60% overall yield over four steps
starting from amines.

In addition, (R,39-4,4,4-trifluorovaline was also readily
synthesized starting from homoallylic amige (Scheme 5).
Exposure of compounfl to (CRCO),0O provided amind5in
97% yield. Ozonization of5followed by reduction with NaBkl
gave the desired alcohd6in 86% yield. Removal of the benzyl

(9) (a) Beuchet, P.; Marrec, N. L.; Mosset, Retrahedron Lett1992
33, 5959. (b) Lu, W.; Chan, T. HJ. Org. Chem200Q 65, 8589. (c) For
a review, see: Bloch, RChem. Re. 1998 98, 1407.
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SCHEME 3
o] NBn NHBn
O/\;)J\H BnNH, O/\-)J\H O/M . Bn\N/\/\CF:;
)é\o‘ MgSO, )2\5 In / DMF )é\d' CF, NGE,
T3 T g B 8 9
Pd/C | H,
Il
_ " :10
SCHEME 4 261in 88% yield for two steps. Removal of isopropylidene ketal
NH, NHCbz NHCbz of 26in the presence of TsOH in methanol afforded the &iol
NN CbzCl oYY T in 93% vyield. Finally, oxidation of the dihydroxyl moiety of
)\o CFs NaHCO )‘0 CFs OH CFy 27 with RuCk/NalO, provided Cbz-protected §3R)-4,4,4-
10 12 RuCl/NalO 13 trifluoroisoleucine28 in 71% yield. The optical rotation d28
([a]?% = —0.5 (¢ 0.85, CHC})) was opposite to that of its
NHCbz enantiomer Cbz-protected RBS)-4,4,4-trifluoroisoleucinel 4
Hol(\éf\ ([0]?% = +0.6 (c 1.10, CHCY)).
3

14

The different stereoselectivity in the allylation reaction of
aldehyde3 and imine7 could be illustrated by the indium-

group via hydrogenation and protection of the resultant amine chelated six-membered transition state (Figure 1). Theg@tp

with Boc;O were carried out in a one-pot process to provide
compoundLl?in quantitative yield. Treatment of alcohbr with
PhOC(S)CI provided thiocarbonyl derivatil® in 95% yield.
However, exposure of compoud8to BusSnH (4 equiv)/AIBN
(0.8 equiv) in toluene at 80C produced the expected product
19 only in 25% yield. Notably, it was reported that raising the

reaction temperature as well as prolongation of addition time

of BusSnH could efficiently increase the yield of the Barton
radical dehydroxylation for the primary hydroxyl substrte.
Thus, when the reaction temperature was raised to°C4(n
xylene) and the addition time of BBnH was prolonged to 12
h, the dehydroxylation of compourid proceeded smoothly to
give the desired produd9 in 65% isolated yield. Finally, Boc-
protected (R,39)-4,4,4-trifluorovaline21 was provided in 58%

/ H
H I OH
Fio — /Imdg O/\/k/\
3 H Y 3 N B
o i 4 )5\0 CF,
\.%—o
29 30 5a (anti )
0
2 ,,O/,,.
/"( ~ il NHBn
(@) O-==p AN~ \ B
7 = \ _CFys — > A" X
N = s YT
A Bn Bn ’_ O CFs
FaC M H =
31 32 8 (syn)

yield over two steps using the same procedures as described

for the synthesis of amino aciti4 from 12. Although the
absolute configuration o21 could be determined from the
configuration of homoallylic amines, it was not sufficient
because there was the possibility of racemization in the follow-
up steps. To further confirm the configuration of compo@id
treatment of21 with trifluoroacetic acid at room temperature
gave free amino acid R39-4,4,4-trifluorovaline22 in quan-
titative yield. The optical rotation 022 ([o]%% = —12.1 €
0.30 1 N HCI)) was opposite to that of its reported enantiomer
(2S3R)-4,4,4-trifluorovaline (f]%% = +12.8 ¢ 0.50, 1 N
HCI)),6 therefore, the absolute configuration 2 was further
confirmed.

FIGURE 1. Proposed explanation for stereoselectivity.

would be in the equatorial position due to its steric bulki-
ness’1112The chirality of aldehyd& would block there-face

of itself, thus the indium species would mainly attack ie
face. In addition, the isopropylidenyl moiety preferentially
favored the equatorial position due to its large steric bulk. All
of these factors led to mainly the formation of transition states
29 and30, which delivered anti isomésa as the main product.
On the other hand, the benzyl group and isopropylidenyl moiety
in E-imine 7 must adopt orthogonal positions so that indium
could efficiently chelate with the nitrogen atofh.Another
advantage for the orthogonal position of the isopropylidenyl

We also wanted to extend this methodology to the synthesis moiety was that five-membered ring chelation between the

of enantiomer of Cbz-protectedRBS)-4,4,4-trifluoroisoleucine
14. The indium-mediated reaction of alkefvith (S-N-benzyl-
2,3-O-isopropylideneglyceraldimin@4 derived from §)-2,3-
O-isopropylideneglyceraldehyd@8 and benzylamine also pro-
ceeded smoothly to give homoallylic ami2& in 55% yield
and high diastereoselectivity: 05% de) along with byproduct
tertiary amine9 in 9% yield (Scheme 6). Hydrogenation of
compound?5 followed by treatment with CbzCI gave compound

(10) Barton, D. H. R.; Motherwell, W. B.; Stange, Synthesisl981
743.
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indium and the oxygen atom could occu Thus, transition
state31 or 32 was predominantly formed, leading to the highly
stereoselective generation of syn isorBer

In conclusion, we have developed a practical and efficient
route for the stereoselective synthesis of TFl and TFV.

(11) Corey, E. J.; Link, J. O.; Bakshi, R. Retrahedron Lett1992 33,
7107.

(12) Konno, T.; Yamazaki, T.; Kitazume, Tetrahedron 996 52, 199.

(13) Lu, W.; Chan, T. HJ. Org. Chem200Q 65, 8589.

(14) Bernardi, L.; CergV.; Femoni, C.; Pollicino, S.; Ricci, AJ. Org.
Chem.2003 68, 3348.
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SCHEME 5
NHBn NBNnCOCFj NHBn
O/\/\/\ __(CFCOR0 o A 1) O3 OWOH
B —=6 &R NGB, N5 G,
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2
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SCHEME 6 p-nitrobenzoic acid (254 mg, 1.52 mmol), DCC (322 mg, 1.56
o NBn NHBR mmol), and DMAP (5 mg) in methylene chloride (8 mL) was stirred
oﬁ)\H BniNH /YL 4 o N for 6 h atroom temperature. The resulting solid was removed by
—0 MgSO, i\o " nsowe —-4  CR 9 filtration, and the solvent was evapqr_ated in vacuo. Ether (20 mL)
- S : 2 was added to the residue, the additional precipitate of DCU was
= 1) PAIC, Hy removed by filtration, and the filtrate was concentrated. The residue
2) CbzCl was purified by silica gel column chromatography (petroleum ether/
NHChz ethyl acetate= 30/1) to give6a (155 mg, 54%) as a white solid
o, 1 Ruckaio, 1% reom and6b (97 mg, 34%) as a clear ofba: mp 124-125°C; [a]?% =
Y HO/\/'Y\ I +61.7 € 1.25, CHC}); 'H NMR (300 MHz, CDC}) 6 8.26 (d,
B 3

O CF,
28

OH CF,
27

26

J = 9.0 Hz, 2H), 8.19 (dJ = 9.0 Hz, 2H), 5.99-5.87 (m, 1H),
5.68-5.55 (M, 3H), 4.224.16 (m, 1H), 4.02 (dd) = 8.7, 5.7 Hz,
1H), 3.89 (dd,J = 8.7, 4.8 Hz, 1H), 3.473.35 (m, 1H), 1.45 (s,

Compared with those reported methods on the synthesis or3H), 1.36 (s, 3H)%°F NMR (282 MHz, CDC}) 6 —69.12 (d,J =

procurement of racemic or chiral TFl and TFV, the following
advantages of our synthetic route are noteworthy: (1) The

9.3 Hz, 3F); IR (thin film) vma 2989, 1728, 1529, 1348, 1282,
1186, 1112, 1057, 846, 724 chy MS (ESI)mVz 390 (M + H)*.

starting materials could be prepared in large scale. (2) The keyAnal. Calcd for GHigF3 NOg: C, 52.45; H, 4.66; N, 3.60. Found:
indium-mediated allylation reaction was operationally simple C. 52.68; H, 4.71; N, 3.3%b: [a]*% = —42.8 € 0.75, CHCY);

and highly stereoselective. (3) The synthesig-ofifluorometh-
yl-a-amino acids starting from the trifluoromethylated homoal-
lylic amine was efficient, producing a high yield in a straight-
forward fashion.

Experimental Section

1-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2-(trifluoromethyl)but-
3-en-1-ol (5).To a stirred solution ofR)-2,3-O-isopropylidene-
glyceraldehyde3 (2.7 g, 20.7 mmol) in DMF (35 mL) at room
temperature was added 1,1,1-trifluoro-4-bromo-2-bute(@7 g,
35.5 mmol), followed by indium powder (4.1 g, 35.5 mmol). The
resulting mixture was stirred for 48 h at room temperature, treated
with 1 N HCI (10 mL), and extracted with ethyl acetate X315
mL). The combined organic layers were washed sequentially with
water and brine, dried over anhydrous,8@y, and concentrated
in vacuo. The residue was purified by silica gel column chroma-
tography (petroleum ether/ethyl acetate20/1) to afford5 (3.24
g, 65%)."H NMR (300 MHz, CDC}) 6 6.00-5.81 (m, 1H), 5.52
5.29 (m, 2H), 4.1#3.71 (m, 4H), 3.22-2.62 (m, 1H), 2.21 (br,
1H), 1.45-1.33 (m, 6H);%F NMR (282 MHz, CDC}) 6 —67.97
(d,J=9.0 Hz, 1.2F) —68.12 (d,J = 11.5 Hz, 1.8F); IR (thin
film) vmax 3468, 2992, 1375, 1261, 1071, 846 ¢hmMS (ESI)m/z
241 (M + H)*, 263 (M + Na)*. Anal. Calcd for GoH15F30s: C,
50.00; H, 6.29. Found: C, 49.67; H, 6.58.

(1S,29)-1-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2-(trifluoro-
methyl)but-3-enyl 4-Nitrobenzoate (6a) and (R,2R)-1-((R)-2,2-
Dimethyl-1,3-dioxolan-4-yl)-2-(trifluoromethyl)but-3-enyl 4-Ni-
trobenzoate (6b). A mixture of 5 (177 mg, 0.74 mmol),

I1H NMR (300 MHz, CDC}) ¢ 8.32 (d,J = 9.0 Hz, 2H), 8.22 (d,
J = 9.0 Hz, 2H), 5.98-5.86 (m, 1H), 5.675.64 (m, 1H), 5.52
5.40 (m, 2H), 4.42-4.36 (m, 1H), 4.10 (dd) = 8.7, 6.6 Hz, 1H),
3.83 (dd,J = 8.7, 5.7 Hz, 1H), 3.193.06 (m, 1H), 1.45 (s, 3H),
1.34 (s, 3H);F NMR (282 MHz, CDC}) 6 —68.46 (d,J = 9.0
Hz, 3F); IR (thin film) vy 2989, 1728, 1529, 1282, 1186, 1092,
846, 724 cm?'; MS (ESI) m/z 390 (M + H)™. Anal. Calcd for
CiHis FsNOg: C, 52.45; H, 4.66; N, 3.60. Found: C, 52.19; H,
4.51; N, 3.27.
(1R,25)-N-Benzyl-1-()-2,2-dimethyl-1,3-dioxolan-4-yl)-2-(tri-
fluoromethyl)but-3-en-1-amine (8) and E)-N-Benzyl-4,4,4-tri-
fluoro-N-((E)-4,4,4-trifluorobut-2-enyl)but-2-en-1-amine (9).A
mixture of 2,30-isopropylidenes-glyceraldehyde (1.05 g, 8.12
mmol), benzylamine (869 mg, 8.12 mmol), and anhydrous MgSO
(1.47 g, 12.24 mmol) in CKCl, (24 mL) was stirred overnight.
The white solid was removed by filtration, and the solvent was
evaporated in vacuo to affor@)-N-benzyl-2,30-isopropylidene-
glyceraldimine7 (1.75 g, 98%), which was used directly in the
next step without further purification. To a stirred solution f
(1.0 g, 4.6 mmol) in anhydrous DMF (15 mL) at room temperature
was added 1,1,1-trifluoro-4-bromo-2-butefhél.72 g, 9.1 mmol),
followed by indium powder (780 mg, 6.8 mmol). The resulting
mixture was stirred for 15 h at room temperature and then treated
with 1 N HCI (10 mL) and extracted with ethyl acetate X315
mL). The combined organic layers were washed sequentially with
water and brine, dried over anhydrous,88y, and concentrated
in vacuo. The residue was purified by silica gel column chroma-
tography (petroleum ether/ethyl acetate20/1) to afford8 (916
mg, 61%) and® (160 mg, 11%)8: [a]?% = —16.1 € 0.95, CHCY});
IH NMR (300 MHz, CDC}) 6 7.37-7.22 (m, 5H), 5.975.84 (m,

J. Org. ChemVol. 71, No. 10, 2006 3765
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1H), 5.41-5.32 (m, 2H), 4.36-4.30 (m, 1H), 3.983.87 (m, 3H),
3.72-3.68 (m, 1H), 3.283.18 (m, 1H), 2.91 (ddJ = 3.9, 2.4 Hz,
1H), 1.70 (br, 1H), 1.38 (s, 3H), 1.33 (s, 3HJF NMR (282 MHz,
CDCly) 6 —66.10 (d,J = 9.6 Hz, 3F);13C NMR (75.5 MHz, CDC})
0139.9,129.2,128.3, 128.1, 127.1, 126.5)g; 168.3 Hz), 122.5,
109.3, 75.4, 66.9, 54.9, 50.9, 50.1 {g= 14.7 Hz), 26.3, 25.3; IR
(thin film) vmax 3356, 3088, 3031, 2989, 2937, 1456, 1381, 1261,
1125, 850, 742 cmt; MS (ESI)nV/z 330 (M + H)*. Anal. Calcd
for Ci7H2oF3NO,: C, 61.99; H, 6.73; N, 4.25. Found: C, 61.91;
H, 6.43; N, 4.159: H NMR (300 MHz, CDC})  5.37—5.27 (m,
5H), 6.44-6.37 (m, 2H), 5.9%5.79 (m, 2H), 3.61 (s, 2H), 3.20
3.19 (m, 4H);*°F NMR (282 MHz, CDC}) 6 —64.54 (s, 3F); IR
(thin film) vnax 3034, 2928, 1685, 1328, 1122, 981, 741¢nMS
(ESI) m'z 324 (M + H)™. Anal. Calcd for GsHisFgN: C, 55.73;
H, 4.68; N, 4.33. Found: C, 56.03; H, 4.94; N, 4.08.
(1R,25)-1-((9)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2-(trifluoro-
methyl)butan-1-amine (10). A mixture of 10% palladium on
charcoal (181 mg) and (570 mg, 1.73 mmol) in ethyl acetate (14
mL) was stirred under hydrogenrfel h atroom temperature.
Filtration and the removal of the solvent gave the crude product,
which was purified by column chromatography on silica gel
(petroleum ether/ethyl acetate3/1) to givel0 (372 mg, 89%) as
a yellow oil. 10: [a]?%, = +2.5 (¢ 1.05, CHC}); 'H NMR (300
MHz, CDCl) 6 4.26-4.18 (m, 1H), 4.05 (ddJ = 8.1, 6.6 Hz,
1H), 3.73-3.68 (m, 1H), 2.942.91 (m, 1H), 2.071.94 (m, 1H),
1.75 (dg,d = 14.7, 7.2 Hz, 2H), 1.71 (br, 2H), 1.43 (s, 3H), 1.37
(s, 3H), 1.03 (tJ = 7.2 Hz, 3H);°F NMR (282 MHz, CDC}) 6
—64.01 (d,J = 9.6 Hz, 3F);**C NMR (75.5 MHz, CDC}) 6 128.0
(9,J = 281.9 Hz), 109.3, 77.6, 66.8, 52.6, 47.9 Jg= 23.0 Hz),
26.6, 25.2, 18.8 (¢ = 2.9 Hz), 11.9; IR (thin film)vnax 2988,
2940, 2887, 1373, 1253, 1163, 1064, 861 ¢énMS (ESI)nvz 242
(M + H)*; HRMS calcd for GoHi19FNO,, 242.1372; found,
242.1362.
N-((1R,29)-1-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2-(trifluo-
romethyl)butyl)-4-nitrobenzamide (11). To a suspension of
4-nitrobenzoic acid (100 mg, 0.6 mmol) in methylene chloride (5
mL) was added oxalyl chloride (57L) and DMF (10uL). The
resulting suspension was stirred ®h atroom temperature. The
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as a clear 0il12: [0]?% = +28.6 (€ 0.95, CHC}); 'H NMR (300
MHz, CDCl) 6 7.39-7.25 (m, 5H), 5.185.08 (m, 3H), 4.33
4.27 (m, 1H), 4.134.02 (m, 2H), 3.63 (dd) = 8.4, 7.2 Hz, 1H),
2.40-2.28 (m, 1H), 1.771.67 (m, 2H), 1.41 (s, 3H), 1.34 (s, 3H),
1.04 (t,J = 7.5 Hz, 3H);°F NMR (282 MHz, CDC}) 6 —65.67
(d, J = 9.9 Hz, 3F); IR (thin film)vyax 3452, 3345, 3056, 2988,
2889, 1726, 1512, 1251, 1066, 847, 742¢nMS (ESI)m/z 376
(M + H)™. Anal. Calcd for GgH4FNO4: C, 57.59; H, 6.44; N,
3.73. Found: C, 57.99; H, 6.31; N, 3.57.

Benzyl (2S,3R,49)-1,2-Dihydroxy-4-(trifluoromethyl)hexan-
3-ylcarbamate (13).A mixture of 12 (460 mg, 1.23 mmol) and
p-toluenesulfonic acid monohydrate (233 mg, 1.23 mmol) in
methanol (14 mL) was stirred overnight. The reaction was quenched
with water and extracted with ethyl acetate ¥310 mL). The
combined organic layers were washed with water and brine, dried
over anhydrous N&QO,, and concentrated in vacuo. The residue
was purified by silica gel column chromatography (petroleum ether/
ethyl acetate= 2/1) to give13 (385 mg, 94%) as a white solid.
13: mp 79-80°C; [a]?°, = +16.5 € 0.40, CHC}); *H NMR (300
MHz, CDCk) 6 7.38-7.27 (m, 5H), 5.24+5.12 (m, 3H), 4.16
4.04 (m, 1H), 3.94-3.89 (m, 1H), 3.66-3.57 (m, 2H), 2.56-2.45
(m, 1H), 2.19 (br, 2H), 1.761.69 (m, 2H), 1.04 (t) = 6.9 Hz,
3H); 1F NMR (282 MHz, CDC}) ¢ —65.02 (d,J = 7.9 Hz, 3F);

IR (thin film) vmax 3388, 3329, 2974, 2893, 1695, 1504, 1263, 1049,
752, 696 cm!; MS (ESI) m/z 336 (M + 1). Anal. Calcd for
Cl5H20F3NO4: C, 53.73; H, 6.01; N, 4.18. Found: C, 53.58; H,
5.88; N, 3.95.

(2R,39)-2-(Benzyloxycarbonyl)-3-(trifluoromethyl)pentano-
ic acid (14). To a stirred mixture ofLl3 (80 mg, 0.24 mmol) in
CCly (1 mL), CHCN (1 mL), and HO (1.5 mL) at room
temperature were added Nal®10 mg, 0.98 mmol) and Rugl
H,0 (2 mg). Stirring was allowed to continue for 6 h. Then ethyl
acetate (20 mL) was added, and the mixture was dried over
anhydrous Nz50, directly and concentrated in vacuo. The residue
was purified by silica gel column chromatography (petroleum ether/
ethyl acetate= 2/1) to givel4 (58 mg, 76%) as a white solid4:
mp 90-92°C; [a]®%> = +0.6 (¢ 1.10, CHC}); 'H NMR (300 MHz,
CD3COCD;) 6 7.27-7.16 (m, 5H), 6.28 (d) = 9.6 Hz, 1H), 5.04

mixture was concentrated. The residue was dissolved in methylene4.95 (m, 2H), 4.63 (dd) = 9.3, 3.0 Hz, 1H), 2.882.74 (m, 1H),

chloride (5 mL) and treated withO (144 mg, 0.6 mmol in 2.5 mL
methylene chloride) and triethylamine (28.). The resulting

1.69-1.46 (m, 2H), 0.97 (t) = 7.8 Hz, 3H);1°F NMR (282 MHz,
CDsCOCD) 8 —61.47 (d,J = 10.7 Hz, 3F)13C NMR (75.5 MHz,

mixture was stirred overnight at room temperature. The reaction CD;COCD;) 6 172.2, 158.0, 138.1, 129.6, 129.1, 129.0, 128.6 (q,

was quenched with water and extracted with methylene chloride.
The combined organic layers were washed with water and brine,

dried over anhydrous N80, and concentrated in vacuo. The
residue was purified by silica gel column chromatography (petro-
leum ether/ethyl acetate 15/1) to givell (30 mg, 13%) as a
white solid.11: mp 122-124°C; [a]?% = +34.6 € 0.85, CHCY});

IH NMR (300 MHz, CDC}) ¢ 8.32 (d,J = 9.0 Hz, 2H), 7.93 (d,

J = 9.0 Hz, 2H), 6.51 (dJ = 9.0 Hz, 1H), 4.66-4.55 (m, 1H),
4.48-4.44 (m, 1H), 4.16:4.10 (m, 1H), 3.723.66 (m, 1H), 2.57
2.45 (m, 1H), 1.86-1.74 (m, 2H), 1.45 (s, 3H), 1.37 (s, 3H), 1.10
(t, J = 6.9 Hz, 3H);°F NMR (282 MHz, CDC}) 6 —65.07 (d,

J = 9.9 Hz, 3F);13C NMR (75.5 MHz, CDC}) 6 165.3, 149.8,
139.7, 128.0, 127.5 (q] = 284.6 Hz), 124.0, 109.8, 74.4, 66.8,
48.6, 46.8 (qJ = 23.8 Hz), 26.4, 24.5, 19.0, 11.8; IR (thin film)
Ymax 3270, 2925, 1644, 1558, 1351, 1174, 870, 707 %S (ESI)
m/z 391 (M + H)™; HRMS calcd for G;H21FsN,OsNa, 413.1313;
found, 413.1295.

Benzyl (1R,25)-1-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2-(tri-
fluoromethyl)butylcarbamate (12). To a stirred solution 010 (320
mg, 1.33 mmol) in THF (16 mL) was added CbzCl (341 mg, 2.0
mmol), followed by saturated agueous NaHLCG mL). The
reaction mixture was stirred fa2 h atroom temperature. The

J = 168.7 Hz), 67.6, 52.6, 48.0 (4,= 15.6 Hz), 19.7, 12.0; IR
(thin film) vmax 3342, 3070 (br), 1725, 1550, 1274, 1145, 1095,
735, 696 cm?; MS (ESI) mvz 320 (M + H)*; HRMS calcd for
Ci1sH16F3NO4Na, 342.0924; found, 342.0923. Anal. Calcd for
CuH16F3NOs: C, 52.67; H, 5.05; N, 4.39. Found: C, 52.69; H,
5.07; N, 4.16.
N-Benzyl-N-((1R,29)-1-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-2-
(trifluoromethyl)but-3-enyl)-2,2,2-trifluoroacetamide (15). To a
stirred solution of8 (200 mg, 0.60 mmol) in methylene chloride
(8 mL) was added trifluoroacetic anhydride (277 mg, 1.32 mmol)
dropwise. The reaction mixture was stirredr fd h at room
temperature. The mixture was washed with water and brine, dried
over anhydrous N&O,, and concentrated in vacuo. The residue
was purified by silica gel column chromatography (petroleum ether/
ethyl acetate= 20/1) to givel5 (249 mg, 97%) as a rotamet5:
[0]?% = —1.1 (¢ 1.05, CHC}); *H NMR (300 MHz, CDC}) 6
7.36-7.26 (m, 5H), 5.5£5.29 (m, 3H), 4.974.80 (m, 2H), 4.57
4.31 (m, 2H), 4.06:4.01 (m, 2H), 3.443.31 (m, 2H), 1.341.19
(m, 6H);*°F NMR (282 MHz, CDC}) 6 —66.81 (m, 0.37F);-67.41
(s, 2.63F),—68.71 (m, 0.37F)~69.04 (s, 2.63F); IR (thin film)
vmax 3034, 2991, 1695, 1453, 1250, 1151, 1074 &nMS (ESI)
m/'z 426 (M + H)™. Anal. Calcd for GoH»1FsNOs: C, 53.65; H,

reaction was quenched with water and extracted with ethyl acetate4.98; N, 3.29. Found: C, 53.82; H, 5.13; N, 3.27.

(3 x 10 mL). The combined organic layers were washed with water
and brine, dried over anhydrous 9, and concentrated in vacuo.
The residue was purified by silica gel column chromatography
(petroleum ether/ethyl acetate 10/1) to givel2 (462 mg, 93%)
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(R)-2-((R)-(Benzylamino)-()-2,2-dimethyl-1,3-dioxolan-4-yl)-
methyl)-3,3,3-trifluoropropan-1-ol (16). Ozone was bubbled
through a solution 015 (240 mg, 0.56 mmol) in methylene chloride
(30 mL) at —78 °C. The reaction was monitored by TLC, and
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NaBH, (372 mg, 9.8 mmol) in ethanol (15 mL, 95%) was then
added. The resulting mixture was stirread ®©h atroom temper-
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NMR (75.5 MHz, CDC4) 6 155.5, 127.4 (¢ = 280.7 Hz), 109.5,
79.9,74.1,66.5, 49.4, 41.2 (§= 24.8 Hz), 28.3, 26.2, 24.9, 10.1;

ature. The reaction was quenched with water and extracted with IR (thin film) v, 3383, 2988, 1687, 1533, 1175, 1069, 867 ¢m

methylene chloride (3% 10 mL). The combined organic layers were
washed with water and brine, dried over anhydrousS@, and
concentrated in vacuo. The residue was purified by silica gel column
chromatography (petroleum ether/ethyl acetat&/1) to give16
(160 mg, 86%) as a clear oil6: [0]2% = —12.0 € 0.80, CHC});

1H NMR (300 MHz, CDC}) 6 7.34-7.26 (m, 5H), 4.554.40 (m,
1H), 4.12-3.92 (m, 4H), 3.79-3.69 (m, 2H), 3.053.03 (m, 1H),
2.81-2.67 (m, 1H), 1.44 (s, 3H), 1.36 (s, 3HJF NMR (282 MHz,
CDCl;) 6 —65.79 (d,J = 9.3 Hz, 3F); IR (thin film)vmnax 3363,
2989, 1456, 1382, 1054, 857, 741 ¢inMS (ESI)mVz 334 (M +
H)*. Anal. Calcd for GeH2oFsNOs: C, 57.65; H, 6.65; N, 4.20.
Found: C, 57.49; H, 6.80; N, 3.92.

tert-Butyl (1R,2R)-1-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)-3,3,3-
trifluoro-2-(hydroxymethyl)propylcarbamate (17). A mixture of
10% palladium on charcoal (116 mg),@r-butyl dicarbonate (131
mg, 0.60 mmol) and.6 (135 mg, 0.41 mmol) in ethyl acetate (10
mL) was stirred under hydrogenrfel h at room temperature.
Filtration and the removal of the solvent gave the crude product,
which was purified by column chromatography on silica gel
(petroleum ether/ethyl acetate 5/1) to givel7 (140 mg, 100%)
as a white solid17: mp 81-82°C; [0]2% = +17.8 £ 0.65, CHCY});

I1H NMR (300 MHz, CDC}) 6 5.06 (d,J = 9.9 Hz, 1H), 4.4%
4.36 (m, 1H), 4.2+4.15 (m, 1H), 4.11 (dd) = 12.3, 6.6 Hz, 1H),
3.96-3.80 (m, 2H), 3.73-3.67 (m, 1H), 2.622.49 (m, 1H), 1.45
(s, 12H), 1.38 (s, 3H)**F NMR (282 MHz, CDC}) 6 —65.42 (d,
J = 10.4 Hz, 3F);*C NMR (75.5 MHz, CDC}) ¢ 156.5, 126.2
(d,J=169.0 Hz), 110.0, 80.6, 74.9, 67.0, 57.4, 48.6)&; 14.0
Hz), 47.8, 28.2, 26.2, 25.2; IR (thin film)max 3297, 2986, 1678,
1559, 1124, 1059 cni; MS (ESI) m/z 366 (M + Na)*; HRMS
calcd for G4H24F3NOsNa, 366.1497; found, 366.1498.

O-Benzyl O-(R)-2-((R)-(tert-Butoxycarbonyl)-((S)-2,2-dimeth-
yl-1,3-dioxolan-4-yl)methyl)-3,3,3-trifluoropropyl Carbonothio-
ate (18).To a stirred mixture ofL7 (225 mg, 0.66 mmol), pyridine
(0.14 mL), and DMAP (18 mg) in methylene chloride (18 mL) at

MS (ESI) m/'z 350 (M + Na)*; HRMS calcd for G4H2sF3NO,,
328.1733; found, 328.1730.

tert-Butyl (2S,3R,49)-1,1,1-Trifluoro-4,5-dihydroxy-2-meth-
ylpentan-3-ylcarbamate (20) A mixture of 19 (86 mg, 0.26 mmol)
and p-toluenesulfonic acid monohydrate (24 mg, 0.13 mmol) in
methanol (5 mL) was stirred overnight. The reaction was quenched
with water and extracted with ethyl acetate x310 mL). The
combined organic layers were washed with water and brine, dried
over anhydrous N&Oy, and concentrated in vacuo. The residue
was purified by silica gel column chromatography (petroleum ether/
ethyl acetate= 2/1) to give20 (62 mg, 83%) as a white soli@0:
mp 102-103°C; [a]*%> = +18.3 € 0.30, CHC}); *H NMR (300
MHz, CDsCOCD;s) 6 5.89 (d,J = 9.9 Hz, 1H), 4.26-4.18 (m,
1H), 3.95-3.84 (m, 3H), 3.46 (br, 2H), 2.792.64 (m, 1H), 1.42
(s, 9H), 1.24 (dJ = 6.9 Hz, 3H);*F NMR (282 MHz, CRCOCD;)
0 —65.11 (d,J = 9.0 Hz, 3F);3C NMR (75.5 MHz, CQRCOCD:)
0 156.2, 128.4 (qJ = 280.2 Hz), 78.6, 70.2, 63.2, 50.3, 39.6 (q,
J=24.4 Hz), 27.6, 10.1 (q] = 3.2 Hz); IR (thin film)vnax 3338,
2926, 1723, 1679, 1270, 1168 ciMS (ESI)m/z310 (M + Na)*;
HRMS calcd for G{H,0FsNO4sNa, 310.1237; found, 310.1236.

(2R ,39)-2-(tert-Butoxycarbonyl)-4,4,4-trifluoro-3-methylbu-
tanoic Acid (21). To a stirred mixture o20 (87 mg, 0.30 mmol)
in CCl; (2 mL), CH,CN (2 mL), and HO (3 mL) at room
temperature were added Nal(321 mg, 1.50 mmol) and Rugl
H,0 (2 mg). Stirring was allowed to continue for 12 h. Then ethyl
acetate (20 mL) was added, and the mixture was dried over
anhydrous Ng50O, directly and concentrated in vacuo. The residue
was dissolved in saturated NaHg@nd the aqueous phase was
washed with ethyl acetate, acidified with saturated Nalj%@d
extracted again with ethyl acetate. The organic phase was then dried
and evaporated. The residue was recrystallized from petroleum ether
to give 21 (58 mg, 71%) as a white soli®1: mp 85-86 °C;
[0]?% = —13.2 € 0.80, CHC}); *H NMR (300 MHz, C;COCD;)
0 6.28 (d,J = 9.0 Hz, 1H), 4.75 (ddJ = 9.3, 5.4 Hz, 1H), 3.34

room temperature was added dropwise phenyl chlorothionoformate3.22 (m, 1H), 1.65 (s, 9H), 1.47 (d,= 6.9 Hz, 3H);F NMR

(227 mg, 1.32 mmol). The resulting mixture was stirred6dc at

(282 MHz, CQ,COCDs) 6 —69.11 (d,J = 9.3 Hz, 3F);*3C NMR

room temperature. The reaction was quenched with water and(75.5 MHz, CQRCOCDs) 6 170.6, 155.5, 127.4 (d,= 279.1 Hz),

washed with water and brine. The organic layers was dried over
anhydrous Nz50, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (petroleum ether/
ethyl acetate= 20/1) to givel8 (298 mg, 95%) as a clear oil8:
[0]?% = —9.6 € 0.60, CHCY); *H NMR (300 MHz, CDC¥}) o
7.45-7.40 (m, 2H), 7.337.26 (m, 1H), 7.127.09 (m, 2H), 5.03
(d, J = 9.6 Hz, 1H), 4.91 (dd) = 12.0, 4.5 Hz, 1H), 4.79 (dd,
J=12.3, 6.6 Hz, 1H), 4.424.37 (m, 1H), 4.23 (dd) = 8.7, 4.8
Hz, 1H), 4.08 (ddJ = 8.4, 7.2 Hz, 1H), 3.743.68 (m, 1H), 3.16
3.05 (m, 1H), 1.48 (s, 3H), 1.45 (s, 9H), 1.36 (s, 3HF NMR
(282 MHz, CDC}) 6 —65.52 (d,J = 8.7 Hz, 3F);}*C NMR (75.5
MHz, CDCk) 6 194.4, 155.4, 153.3, 129.6, 126.7, 125.8JG+
281.8 Hz), 121.8, 109.9, 80.4, 73.9, 68.2, 66.5, 47.9, 45.8 ¢,
24.9 Hz), 28.3, 26.2, 24.7; IR (thin film)max 3453, 2984, 2936,
1718, 1492, 1161, 771 criy MS (ESI)mVz502 (M + Na)t; HRMS
calcd for GHogFsNOgSNa, 502.1487; found, 502.1481.

tert-Butyl (1R,29)-1-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)-3,3,3-
trifluoro-2-methylpropylcarbamate (19). Tributylstannane (0.64
mL, 2.10 mmol) in xylene (12 mL) is added during 12 h18
(210 mg, 0.44 mmol) in xylene (6 mL) at 14 under nitrogen.
After heating for an additional 12 h, the reaction mixture was
concentrated in vacuo. The residue was purified by silica gel column
chromatography (petroleum ether/ethyl acetat20/1) to givel9
(93 mg, 65% yield) as a white solid9: mp 60-61 °C; [0]%% =
+27.5 € 0.50, CHC}); *H NMR (300 MHz, CDC}) ¢ 4.90 (d,
J = 9.9 Hz, 1H), 4.36-4.31 (m, 1H), 4.03 (ddJ = 8.1, 6.6 Hz,
1H), 3.96-3.91 (m, 1H), 3.673.62 (m, 1H), 3.583.45 (m, 1H),
1.45 (s, 9H), 1.44 (s, 3H), 1.34 (s, 3H), 1.21 Jd= 7.2 Hz, 3H);
19F NMR (282 MHz, CDC}) 6 —69.19 (d,J = 9.3 Hz, 3F);13C

79.1, 53.2, 40.0 (o) = 25.4 Hz), 27.5, 10.3 (q) = 2.5 Hz); IR
(thin film) vmax 3370, 2983 (br), 1737, 1643, 1263, 1177, 1026
cm™1; MS (ESI)m/z 270 (M — H)~; HRMS calcd for GoHieFs-
NOsNa, 294.0918; found, 294.0923.
(2R,39)-4,4,4-Trifluorovaline (22). To a stirred mixture oR1
(78 mg, 0.29 mmol) in CKCl, (5 mL) at room temperature was
added CBECOOH (0.4 mL) dropwise. The mixture was stirred
overnight and then concentrated in vacuo to ¢i2¢49 mg, 100%)
as a white solid22: [a]?°, = —12.1 € 0.30 1 N HCI); *H NMR
(300 MHz, B,0) 6 3.78 (d,J = 4.5 Hz, 1H), 3.042.92 (m, 1H),
1.12 (d,J = 7.2 Hz, 3H);!% NMR (282 MHz, D,O) 6 —69.17 (d,
J = 9.0 Hz, 3F).
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