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Both Boc-protected trans- and cis-4-trifluoromethyl prolines were synthesized starting from -serine simultaneously.
In our synthetic route, the key intermediate 4 was obtained through the reaction of Garner’s aldehyde 1 with ylide 2
followed by trifluoromethylation with FSO2CF2COOMe–CuI. After hydrogenation followed by reduction of 4, the
alcohol 5 was obtained in low diastereoselectivity, however, the two diastereoisomers could be separated easily by
flash chromatography in the following steps. The bromide 8b obtained from the alcohol 5 in a straightforward fashion
could not afford the desired cyclization product because of the strong electron-withdrawing properties of the
trifluoromethyl group and the low ability of bromide as a leaving group. Instead, mesylation of alcohols 12a and 12b
followed by treatment with potassium bis(trimethylsilyl)amide (KHMDS) afforded the desired cyclization products
13a and 13b respectively, which were transformed into Boc-protected cis- and trans-4-trifluoromethyl--prolines in a
straightforward fashion.

Introduction
Amino acids have excited interest for many years and are still
an area of current interest in the twenty-first century. Investi-
gations into the biological properties of amino acids have
been intensively prosecuted and have resulted in a dramatic
acceleration of activity and interest in synthesis of unusual
amino acids directed, first of all, at the creation of new
medicines and fine biochemicals.1 Among these unusual amino
acids, fluorine-containing amino acids attract a great deal
of attention because of the similar geometry of fluorine-
containing amino acids to hydrocarbon patterns, the opposite
polarization of C–H and C–F bonds, the greater energy of the
latter and the similar size of F (1.35) to O (1.40) and H (1.20).2

Once introduced, the strong carbon–fluorine bond is par-
ticularly resistant to metabolic transformation and the electro-
negativity of fluorine can have a significant effect on the basicity
or acidity of neighboring groups and on the reactivity and
stability of a molecule.3 In addition, as well as being used as
biological tracers and mechanistic probes for investigations on
the structures and properties of enzymes,3 fluorinated amino
acids also play an important role in the control of blood
pressure, allergies and tumor growth 4 and incorporation of
fluorine-containing amino acids provides a route to proteins
and peptides with unique structural and chemical features.5 For
example, Tirrell 6 and Kumar 7 recently found that a fluorinated
coil–coiled protein prepared from trifluoroleucine had en-
hanced thermal and chemical stability. Therefore, there is much
literature describing methods for the synthesis of fluorinated
amino acids.8–10

Proline and substituted prolines are interesting targets as
they are considered to be constrained analogues of natural
amino acids 11 and they are key amino acids in many naturally
occurring bioactive peptides such as gramicidin 12 and have
been extensively used in the pharmaceutical industry, for
instance as angiotensin-converting enzyme (ACE) inhibitors,

including Captopril 13 and Enalapril.14 Their incorporation
into bioactive peptides and proteins leads to constrained con-
formations which are useful tools for establishing structure–
bioactivity relationships and for understanding biological
processes.11

Besides efficient asymmetric syntheses of 3-, 4-, 5-alkyl- and
aryl-substituted prolines,11,15 there are a number of methods
describing the preparation of fluorine-substituted prolines,
especially optically pure 4-fluoro and 4,4-difluoroprolines, most
of which were realized by fluorination of 4-hydroxyproline
and 4-oxoproline with DAST.16 However, to the best of our
knowledge, except that Wakselman et al.17 reported the syn-
thesis of racemic methyl N-tert-butyl-4-trifluoromethyl--
proline by means of a [2�3] cycloaddition, there are few reports
of enantiomerically pure syntheses of 4-trifluoromethylproline
because of the difficulties in stereospecific incorporation of a
trifluoromethyl group into proline.18

Recently, our attention has been focused on the preparation
of enantiomerically pure fluorine-containing amino acids
starting from abundantly available natural products and on
the incorporation of these fluorine-containing amino acids
into peptides. In connection with our studies and the situation
mentioned above, we were challenged to develop a new, simple
synthetic strategy for Boc-protected trans- and cis-4-trifluoro-
methylprolines.19 Herein we describe the synthesis of Boc-
protected trans- and cis-4-trifluoromethyl--prolines.

Results and discussion
On the basis of retrosynthetic analysis, the 4-trifluoromethyl-
proline structure can be reached from α-trifluoromethyl-α,β-
unsaturated esters obtained through trifluoromethylation of a
serine-derived α-bromoenoate, as outlined in Scheme 1.

Previous studies 20 carried out in our laboratory on the syn-
thesis of α-trifluoromethyl-α,β-unsaturated esters showed that
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the key intermediate 4 could easily be reached through trifluoro-
methylation 21 of α-bromo-α,β-unsaturated ester 3 obtained
through a Wittig reaction between bromo phosphorane 2 22 and
Garner’s aldehyde 23 (Scheme 2).

With 4 in hand, reduction of the ester with DIBAL-H
in toluene at �50 �C to the alcohol was carried out, however,
the yield was low (30%). In our opinion, the trifluoromethyl
group seemed to be responsible for the low yield because it
could cause defluorination through a similar Michael addition
reaction.24 Fortunately, initial hydrogenation of the double
bond of 4 with Raney-Ni followed by reduction 25 of the ester
group with lithium aluminium hydride (LAH) afforded the
desired product 5 in 94% yield. The syn/anti ratio was deter-
mined to 35/65 according to 19F NMR. Replacement of the
hydroxy functionality of 5 by bromide (PPh3, Et3N, CBr4,
THF) 26 was performed and 6 was obtained in 95% yield. The
hydrolysis of the hemiaminal moiety of 6 was investigated.
Initially, treatment of 6 with I2–MeOH 27 and TsOH�H2O–
MeOH 28 afforded the product 7 in low yield. We were pleased
to find that the reaction of 6 with acetic acid (80% aqueous
solution ) 11,29 at 50 �C for 24 h gave the product 7 in 74% yield.
Slightly surprisingly, the two diastereoisomers of 7 could be
easily separated by flash chromatography (hexane–ethyl acetate
10 : 1 then 5 : 1). Benzoylation of the alcohol group of 7b gave
the cyclization precursor 8b as a white solid in 82% yield. How-
ever, cyclization of 8b did not occur in THF at 0 �C or room
temperature, using KHMDS and LiHMDS as the base. When
stronger bases, NaH and t-BuOK, were used, hydrolysis of the
ester group and dehydrobromination occurred. In our opinion,
the strong electron-withdrawing properties of the trifluoro-
methyl group and the weak ability of bromide as a leaving
group seemed to be responsible for the failure of the cyclization
of 8b (Scheme 3).

In view of the failure of the cyclization of bromide 8b, we
envisioned that the mesylate as the leaving group should
probably afford the cyclization product (Scheme 4). Thus,
benzylation of the alcohol group of 5 yielded 9 in 95% yield.
Hydrolysis of the hemiaminal moiety of 9 with 80% AcOH
at 50 �C for 24 h afforded the alcohol 10 in 77% yield. The
alcohol group of 10 was protected as the tert-butyldimethylsilyl
(TBDMS) ether to give 11 in 87% yield and fortunately the two
diastereoisomers could be separated by flash chromatography
(hexane–ethyl acetate 50 : 1, 20 : 1, then 5 : 1). The hydro-

Scheme 1

Scheme 2
genations of 11a and 11b were carried out on 10% Pd/C to give
the alcohols 12a (99% yield) and 12b (91% yield) respectively.
As we expected, after mesylation of the alcohol groups of 12a
and 12b,30 the resulting mesylates were treated with KHMDS to
yield the desired cyclization products 13a (83% yield in two
steps) and 13b (80% yield in two steps) respectively. Removal
of the tert-butyldimethylsilyl groups in 13a and 13b with tetra-
butylammonium fluoride (TBAF) in THF afforded the alcohols
14a and 14b respectively. Finally, oxidation 31 of the hydroxy-
methyl moieties of 14a and 14b to carboxylic acids with Jones
reagent in acetone provided Boc-protected trans-4-trifluoro-
methyl--proline 15a (56% yield) and cis-4-trifluoromethyl--
proline 15b (68% yield) respectively. The absolute configur-
ations of 15a and 15b could be deduced from Boc-protected
cis-4-trifluoromethyl--proline 18,19 whose absolute configur-
ation was determined by X-ray and NOE studies. 1H NMR,
19F NMR, 13C NMR, IR, MS of 15b were identical to those
of Boc-protected cis-4-trifluoromethyl--proline, but the optical
rotation of 15b ([α]20

D = �79 (c 0.98, CHCl3)) was opposite to
that of Boc-protected cis-4-trifluoromethyl--proline ([α]20

D =
�77.6 (c 0.70, CHCl3))

19 which demonstrated that they are
enantiomers. Furthermore, NOESY experiments on 15a
showed that the 2-H was trans to 4-H.

In summary, we have developed a methodology for the first
preparation of both cis- and trans-4-trifluoromethyl--proline
simultaneously. Most noteworthy is the use of α-trifluoro-
methyl-α,β-unsaturated ester 4 as the key intermediate and that
the replacement of bromide by mesylate as the leaving group
successfully provided the cyclization products 13a, 13b in
good yield. The studies on incorporation of the two fluorine-
containing amino acids into peptides are in progress.

Experimental
Compound 4 was prepared according to the literature pro-
cedures.32

2-Trifluoromethyl-3-[(4R )-N-[(1,1-dimethyl)ethoxycarbonyl]-
2,2-dimethyl-1,3-oxazolidin-4-yl]propanol (5)

To a solution of 4 (2.75 g, 7.49 mmol) in MeOH (260 ml) was
added Raney-Ni (8 g, 50% w/w slurry in water, 50% mol). The
mixture was hydrogenated at room temperature overnight and
filtered through a pad of Celite, and the solvent was removed
in vacuo. The residue was taken up in Et2O (3 × 100 ml) and
the combined organic phase was washed with H2O and brine.

Scheme 3
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Scheme 4

After the organic phase was dried over anhydrous Na2SO4 and
filtered, the solvent was removed in vacuo to afford an oil which
was used without further purification. To a cooled solution of
LAH (0.76 g, 20 mmol) in 100 ml ether, the oil obtained above
in 100 ml ether was added slowly. The mixture was stirred at
0 �C until the reaction was shown to be complete by TLC and
the reaction was quenched by addition of 50 ml water. The
mixture was filtered and the filtrate was extracted with ether
(3 × 200 ml). The combined organic phases were washed with
brine and dried over anhydrous Na2SO4. After removal of the
solvent in vacuo, the residue was purified by flash chroma-
tography (hexane–ethyl acetate, 10 : 1) to give 5 as a white solid
(2.30 g, 94%). Mp = 47–49 �C; 1H NMR (CDCl3, 300 MHz)
δ 1.45–1.49 (m, 12H), 1.57–1.63 (m, 3H), 1.83–2.19 (m, 3H),
3.72–3.75 (m, 2H), 3.96–4.01 (dd, J = 4.8, 5.1 Hz, 2H), 4.27–
4.29 (br s, 1H); 19F NMR(CDCl3, 282 MHz) δ �69.7 (d, J =
9.3 Hz), �70.8 (d, J = 9.3 Hz); IR (KBr) 3473, 2983, 1690 cm�1;
EI-MS m/z 312 (M� �15, 5%), 212 (52), 57 (100); Found: C,
51.33; H, 7.44; N, 4.17. C14H24F3NO4 requires C, 51.38; H, 7.34;
N, 4.28%.

1-Bromo-2-trifluoromethyl-3-[(4R )-N-[(1,1-dimethyl)ethoxy-
carbonyl]-2,2-dimethyl-1,3-oxazolidin-4-yl]propane (6)

To CBr4 (5.80 g, 17.5 mmol) and Ph3P (4.80 g, 18.3 mmol), 5
(2.30 g, 7 mmol) in THF (70 ml) was added slowly, followed
by Er3N (5 ml, 35 mmol). The mixture was stirred at room
temperature overnight. The resulted red solution was diluted
with Et2O (100 ml) and H3PO4 (0.167 M, 50 ml). The aqueous
layer was extracted with Et2O (3 × 100 ml) and the combined
organic phases were washed with saturated aqueous Na2CO3

(2 × 50 ml) and brine and dried over anhydrous Na2SO4. After
removal of the solvent in vacuo, the residue was purified by flash
chromatography (hexane–ethyl acetate, 15 : 1) to give 6 as a
clear oil (2.59 g, 95%). 1H NMR (CDCl3, 300 MHz) δ 1.41–1.48
(m, 12H), 1.56–1.61 (m, 3H), 1.89–2.07 (m, 2H), 2.60, 2.76 (2 br
s, 1H), 3.34–3.45 (m, 1H), 3.53–3.58 (dd, J = 4.5, 4.2 Hz, 1H),
3.72–3.75 (d, J = 9.0 Hz, 1H), 3.97–4.02 (dd, J = 5.4, 4.5 Hz,
1H), 4.13 (br s, 1H); 19F NMR (CDCl3, 282 MHz) δ �70.5 (d,
J = 9 Hz), �70.8 (d, J = 9 Hz); IR (thin film) 2966, 1701, 1390,
1099 cm�1; EI-MS m/z 392 (M� � 2, 6%), 391 (M� � 1, 5), 390
(M�, 6) 389 (M� �1, 5), 292 (50), 292 (56), 57 (100); Found:
C, 42.64; H, 6.03; N, 3.30. C14H23F3NO3Br requires C, 43.07; H,
5.90; N, 3.59%.

(2R )-2-[N-(1,1-Dimethyl)ethoxycarbonylamino]-5-bromo-4-tri-
fluoromethylpentanol (7)

A solution of 6 (500 mg, 1.28 mmol) in 80% AcOH was stirred
overnight at 50 �C, then the solvent was removed in vacuo and
the residue was diluted with Et2O (30 ml) and H2O (20 ml). The
aqueous phase was extracted with Et2O (3 × 20 ml) and the
combined organic phases were washed with saturated aqueous
NaHCO3 (20 ml) and brine and dried over anhydrous Na2SO4.
After removal of the solvent, the residue was purified by flash
chromatography (hexane–ethyl acetate, 10 : 1 then 5 : 1) to give
7a (less polar, 153.5 mg, 34%) as a white solid and 7b (more
polar, 181.4 mg, 40%) as a white solid. 7a mp = 72–74 �C; [α]20

D =
�34.8 (c 0.53, CHCl3); 

1H NMR (CDCl3, 300 MHz) δ 1.44
(s, 9H), 1.85–1.94 (m, 2H), 2.05 (br s, 1H), 2.59–2.62 (m, 1H),
3.59–3.66 (m, 2H), 3.73–3.81 (m, 3H), 4.79–4.82 (d, J = 9 Hz,
1H); 19F NMR (CDCl3, 282 MHz) δ �70.8 (d, J = 9.9 Hz); IR
(KBr) 3338, 3256, 3072, 2976, 1670, 1558, 1175 cm�1; EI-MS
m/z 352 (M� � 2, <1%), 351 (M� � 1, <1), 350 (M�, <1), 349
(M� � 1, <1), 252 (6), 250 (6), 57 (100); Anal. Calcd for
C11H19F3NO3Br: C, 37.71; H, 5.44; N, 4.01. Found: C, 38.10;
H, 5.62; N, 3.87%. 7b mp = 102–104 �C [α]20

D = �13.0 (c 0.26,
CHCl3); 

1H NMR (CDCl3, 300 MHz) δ 1.46 (s, 9H), 1.89–1.94
(m, 2H), 2.70–2.74 (br s, 1H), 3.34–3.40 (dd, J = 7.2, 7.8 Hz,
1H), 3.58–3.63 (dd, J = 3.3, 3.3 Hz, 1H), 3.70–3.73 (m, 2H),
3.81–3.82 (m, 1H), 4.82–4.85 (d, J = 7.2 Hz, 1H); 19F NMR
(CDCl3, 282 MHz) δ �71.2 (d, J = 8.7 Hz); IR (KBr) 3370,
2977, 1681, 1529, 1170 cm�1; EI-MS m/z 352 (M� � 2, <1%),
351 ( M� � 1, <1), 350 (M�, <1), 349 (M� � 1, <1), 252 (6), 250
(6), 57 (100); Found: C, 38.10; H, 5.63; N, 3.85. C11H19F3NO3Br
requires C, 37.71; H, 5.44; N, 4.01%.

(2R )-2-[N-(1,1-Dimethyl)ethoxycarbonylamino]-1-benzoyloxy-
5-bromo-4-trifluoromethylpentane (8b)

To a solution of 7b (206 mg, 0.59 mmol) in dry Et3N (6 ml),
benzoyl chloride (68µl, 0.59 mmol) was added dropwise. The
mixture was stirred at room temperature for 2 h and the solvent
was removed in vacuo. The residue was diluted with Et2O
(60 ml) and the organic phase was washed with 5% aqueous
NaHCO3 (2 × 10 ml), 3% aqueous hydrogen chloride (2 ×
10 ml), and brine and dried over anhydrous Na2SO4. After
removal of the solvent, the residue was purified by flash
chromatography (hexane–ethyl acetate, 15 : 1) to give 8b as a
white solid (219 mg, 82%). Mp = 104.5–106.5 �C; [α]20

D = �30.1
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(c 0.53, CHCl3); 
1H NMR (CDCl3, 300 MHz) δ 1.43 (s, 9H),

1.94–2.03 (m, 2H), 2.75–2.80 (m, 1H), 3.34–3.40 (dd, J = 10.5,
8.7 Hz, 1H), 3.62–3.67 (dd, J = 3.6, 3.9 Hz, 1H), 4.18–4.22 (m,
1H), 4.34–4.36 (d, J = 4.5 Hz, 2H), 4.69–4.72 (d, J = 9 Hz, 1H),
7.44–7.50 (t, J = 7.8 Hz, 2H), 7.60–7.62 (t, J = 7.8 Hz, 1H),
8.03–8.06 (d, J = 7.8 Hz, 2H); 19F NMR (CDCl3, 282 MHz)
δ �70 (d, J = 66 Hz); IR (KBr) 3362, 2982, 1720, 1711, 1679,
1605, 1531 cm�1; EI-MS m/z 252 (6%), 57 (100); ESI-MS
m/z 456.1 (M� � 2), 454.1 (M�); Found: C, 48.00; H, 5.18; N,
3.02. C18H23F3NO4Br requires C, 47.58; H, 5.07; N, 3.08%.

1-Benzyloxy-2-trifluoromethyl-3-[(4R)-N-[(1,1-dimethyl)ethoxy-
carbonyl]-2,2-dimethyl-1,3-oxazolidin-4-yl]propane (9)

A mixture of Bu4NI (750 mg, 2.03 mmol) and NaH (950 mg,
60% in oil, 23.75 mmol) was cooled to 0 �C and 5 (4.95 g, 15.13
mmol) in THF (60 ml) was added dropwise. The mixture was
stirred for 10 min at 0 �C and then stirred at room temperature
for 10 min. The mixture was cooled to 0 �C again and benzyl
bromide (2 ml, 16.78 mmol) was added dropwise and the
mixture was stirred at room temperature for 5 h. The reaction
was quenched with H2O (20 ml) and the mixture was extracted
with Et2O (3 × 100 ml). The combined organic phases were
washed with brine and dried over anhydrous Na2SO4. After
removal of the solvent in vacuo, the residue was purified by flash
chromatography (hexane–ethyl acetate, 100 : 1) to give 9 as a
clear oil (5.97 g, 95%). 1H NMR (CDCl3, 300 MHz) δ 1.44
(s, 9H), 1.55–1.61 (m, 6H), 1.82–2.05 (m, 2H), 2.41 (br s, 1H),
3.46–3.80 (m, 3H), 3.92–3.97 (dd, J = 6.6, 5.4 Hz, 1H), 4.08–
4.10 (br s, 1H), 4.53–4.55 (m, 2H), 7.27–7.38 (m, 5H); 19F NMR
(CDCl3, 282 MHz) δ �69.2 (d, J = 8.7 Hz), �70.4 (d, J =
9.6 Hz); IR (thin film) 2982, 1699, 1497, 1480, 1173 cm�1; EI-
MS m/z 402 (M� � 15, 2%), 302 (29), 91 (100), 57 (65); Found:
C, 60.42; H, 7.20; N, 3.38. C21H30F3NO4 requires C, 60.43; H,
7.19; N, 3.36%.

(2R )-2-[N-(1,1-Dimethyl)ethoxycarbonylamino]-5-benzyloxy-
4-trifluoromethylpentanol (10)

The solution of 9 (920 mg, 2.21 mmol) in 80% AcOH (26 ml)
was stirred overnight at 50 �C. The solvent was removed in
vacuo and the residue was diluted with ethyl acetate (40 ml).
The organic phase was washed with saturated aqueous
NaHCO3 (2 × 30 ml) and brine and dried over anhydrous
NaSO4. After removal of the solvent in vacuo, the residue was
purified by flash chromatography (hexane–ethyl acetate, 5 : 1)
to give 10 as a clear oil (645 mg, 77%). 1H NMR (CDCl3,
300 MHz) δ 1.44 (s, 9H), 1.65–1.98 (m, 2H), 2.28 (br s, 1H), 2.56
(m, 1H), 3.48–3.58 (m, 1H), 3.60–3.65 (m, 2H), 3.68–3.77 (m,
2H), 4.50–4.59 (m, 2H), 4.85, 5.07 (2 br s, 1H), 7.27–7.38 (m,
5H); 19F NMR (CDCl3, 282 MHz) δ �70.1 (d, J = 9.3 Hz),
�70.4 (d, J = 5.6 Hz); IR (thin film) 3423, 2979, 1692, 1509,
1456, 1170 cm�1; EI-MS m/z 347 (M� � 30, <1%), 91 (100), 57
(76); C, 57.57; H, 7.05; N, 3.71. C18H26F3NO4 requires C, 57.29;
H, 6.90; N, 3.71%.

(2R,4S )-2-[N-(1,1-Dimethyl)ethoxycarbonylamino]-1-tert-
butyldimethylsilyloxy-5-benzyloxy-4-trifluoromethylpentane
(11a), and (2R,4R )-2-[N-(1,1-dimethyl)ethoxycarbonylamino]-
1-tert-butyldimethylsilyloxy-5-benzyloxy-4-trifluoromethyl-
pentane (11b)

To a solution of 10 (2.89 g, 7.67 mmol) and imidazole (2.00 g,
29.40 mmol) in CH2Cl2 (80 ml), TBDMSCl (2.10 g, 13.93
mmol) in CH2Cl2 (40 ml) was added dropwise. After the mix-
ture was stirred at room temperature for 1 h, the reaction was
quenched with H2O (40 ml). The aqueous layer was extracted
with CH2Cl2 (3 × 100 ml) and the combined organic phases
were washed with brine and dried over anhydrous Na2SO4.
After removal of the solvent, the residue was purified by flash
chromatography (hexane–ethyl acetate, 50 : 1, 20 : 1, then 5 : 1)

to give 11a (less polar, 1.41 g, 37%) as a clear oil and 11b (more
polar, 1.88 g, 50%) as a clear oil. 11a [α]20

D = �39.7 (c 0.80,
CHCl3); 

1H NMR (CDCl3, 300 MHz) δ 0.05 (s, 6H), 0.89
(s, 9H), 1.43 (s, 9H), 1.76–1.83 (m, 2H), 2.43–2.45 (m, 1H),
3.53–3.58 (dd, J = 3.3, 3.3 Hz, 1H), 3.61–3.69 (m, 2H), 3.73–
3.77 (dd, J = 4.2, 4.8 Hz, 2H), 4.54 (s, 2H), 4.68–4.71 (d, J =
9.3 Hz, 1H), 7.30–7.40 (m, 5H); 19F NMR (CDCl3, 282 MHz)
δ �69.9 (d, J = 8.7 Hz); IR (thin film) 3363, 2951, 1716, 1499,
1455 cm�1; EI-MS m/z 493 (M� � 2, <1%), 492 (M� � 1, <1),
393 (11), 392 (13), 91 (100), 57 (32); Anal. Calcd for C24H40-
F3NO4Si: C, 58.66; H, 8.15; N, 2.85. Found: C, 58.88; H, 7.92;
N, 2.84%. 11b [α]20

D = �17.7 (c 0.75, CHCl3); 
1H NMR (CDCl3,

300 MHz) δ 0.04 (s, 6H), 0.90 (s, 9H), 1.44 (s, 9H), 1.64–1.95
(m, 2H), 2.48–2.51 (m, 1H), 3.51–3.74 (m, 5H), 4.53 (s, 2H),
4.80–4.82 (d, J = 7.8 Hz, 1H), 7.31–7.38 (m, 5H); 19F NMR
(CDCl3, 282 MHz) δ �70.3 (d, J = 8.2 Hz); IR (thin film) 3449,
3067, 3033, 1716, 1499, 1455 cm�1; EI-MS m/z 493 (M� � 2,
<1%), 492 (M� � 1, <1), 392 (4), 91 (100), 57 (19); Found:
C, 58.90; H, 7.87; N, 2.82. C24H40F3NO4Si requires C, 58.66;
H, 8.15; N, 2.85%.

(2S,4R )-4-[N-(1,1-Dimethyl)ethoxycarbonylamino]-5-tert-
butyldimethylsiloxy-2-trifluoromethylpentanol (12a)

To a solution of 11a (1.41 g, 2.86 mmol) in ethanol (80 ml),
Pd/C (10% Pd, 150 mg) was added. The mixture was hydro-
genated overnight at room temperature and filtered through a
pad of Celite, and the solvent was removed in vacuo. The
residue was purified by flash chromatography (hexane–ethyl
acetate, 5 : 1) to give 12a as a clear oil (1.14 g, 99%). [α]20

D =
�22.0 (c 0.71, CHCl3); 

1H NMR (CDCl3, 300 MHz) δ 0.07 (s,
6H), 0.91 (s, 9H), 1.45 (s, 9H), 1.66–1.85 (m, 2H), 2.30 (br s,
1H), 3.57–3.61 (dd, J = 2.7, 3.0 Hz, 1H), 3.67–3.72 (dd, J = 3.6,
3.6 Hz, 1H), 3.78–3.99 (m, 3H), 4.86–4.89 (d, J = 9.6 Hz, 1H);
19F NMR (CDCl3, 282 MHz) δ �70.5 (d, J = 8.7 Hz); IR (thin
film) 3447, 3357, 1694, 1505, 1256, 1171, 1124 cm�1; EI-MS
m/z 302 (M� � Boc, 20%), 57 (100); Found: C, 51.26; H, 8.40;
N, 3.51. C17H34F3NO4Si requires C, 50.87; H, 8.48; N, 3.49%.

(2R,4R )-4-[N-(1,1-Dimethyl)ethoxycarbonylamino]-5-tert-
butyldimethylsiloxy-2-trifluoromethylpentanol (12b)

Compound 12b (1.40 g, 91%) was prepared as a clear oil from
compound 11b (1.88 g, 3.82 mmol) using the same conditions
as for compound 12a. [α]20

D = �10.5 (c 0.44, CHCl3); 
1H NMR

(CDCl3, 300 MHz) δ 0.10 (s, 6H), 0.90 (s, 9H), 1.52 (s, 9H),
1.73–1.99 (m, 2H), 2.23–2.26 (br s, 1H), 3.60–3.72 (m, 3H),
3.72–3.86 (dd, J = 5.7, 5.7 Hz, 1H), 3.91–3.95 (dd, J = 4.5, 4.5
Hz, 1H), 4.96–5.00 (d, J = 6 Hz, 1H); 19F NMR (CDCl3, 282
MHz) δ �70.6 (d, J = 9.3 Hz); IR (thin film) 3447, 3357, 1694,
1505, 1256, 1171, 1124 cm�1; EI-MS m/z 302 (M� � Boc, 20%),
57 (100); Found: C, 51.26; H, 8.40; N, 3.51. C17H34F3NO4Si
requires C, 50.87; H, 8.48; N, 3.49%.

(2R,4S )-2-(tert-Butyldimethylsilyloxymethyl)-4-trifluoromethyl-
N-[(1,1-dimethyl)ethoxycarbonyl]pyrrolidine (13a)

A mixture of 12a (1.14 g, 2.84 mmol), methanesulfonyl chloride
(4 ml, 51.68 mmol) and Et3N (15 ml, 107.9 mmol) in CH2Cl2

(30 ml) was stirred overnight at room temperature. After dilu-
tion with H2O, the aqueous layer was extracted with CH2Cl2

(3 × 40 ml) and the combined organic phases were washed
with saturated aqueous NaHCO3, H2O and brine and dried
over anhydrous Na2SO4. After removal of the solvent, the resi-
due was treated with KHMDS (3.0 ml, 20% in toluene) in THF
(200 ml) at 0 �C for 24 h. The reaction was quenched with
saturated aqueous NH4Cl (40 ml) and the aqueous layer was
extracted with Et2O (3 × 50 ml). The combined organic phases
were washed with H2O (50 ml), brine and dried over anhydrous
Na2SO4. After removal of the solvent, the residue was purified
by flash chromatography (hexane–ethyl acetate, 100 : 1) to give
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13a (904 mg, 83%) as a clear oil. [α]20
D = �40.8 (c 1.93, CHCl3);

1H NMR (CDCl3, 300 MHz) δ 0.03 (s, 6H), 0.88 (s, 9H), 1.45
(s, 9H), 2.05–2.15 (m, 2H), 3.08–3.22 (m, 1H), 3.37–3.68 (m,
3H), 3.86–3.90 (dd, J = 3.6, 3.3 Hz, 1H), 4.00–4.01 (br s, 1H);
19F NMR (CDCl3, 282 MHz) δ �72.6 (t, J = 8.6 Hz); IR (thin
film) 2961, 1704, 1473, 1391, 1262, 1137 cm�1; EI-MS m/z 384
(M� � 1, 15%), 284 (100), 57 (66); ESI-HRMS m/z 406.1996
(M� � Na, C17H32F3NO3NaSi requires 406.1933); Found:
C, 53.27; H, 8.28; N, 4.07. C17H32F3NO3Si requires C, 53.26;
H, 8.36; N, 3.66%.

(2R,4R )-2-(tert-Butyldimethylsilyloxymethyl)-4-trifluoromethyl-
N-[(1,1-dimethyl)ethoxycarbonyl]pyrrolidine (13b)

Compound 13b (1.07 g, 80%) was prepared as a clear oil from
compound 12b (1.40 g, 3.49 mmol) using the same conditions
as for compound 13a. [α]20

D = �58.0 (c 1.21, CHCl3); 
1H NMR

(CDCl3, 300 MHz) δ 0.05 (s, 6H), 0.88 (s, 9H), 1.46 (s, 9H),
2.20–2.25 (m, 2H), 2.76–2.84 (m, 1H), 3.19–3.26 (t, J = 10.2 Hz,
1H), 3.62–3.97 (m, 4H); 19F NMR (CDCl3, 282 MHz) δ �71.6
(t, J = 7.0 Hz); IR (thin film) 2957, 1702, 1474, 1392, 1167 cm�1;
EI-MS m/z 385 (M� � 2, 5%), 384 (M� � 1, 4) 271 (100), 57
(66); Found: C, 53.39; H, 8.16; N, 3.65. C17H32F3NO3Si requires
C, 53.26; H, 8.36; N, 3.66%.

(2R,4S )-2-Hydroxymethyl-4-trifluoromethyl-N-[(1,1-dimethyl)-
ethoxycarbonyl]pyrrolidine (14a)

To a cooled solution of 13a (395 mg, 1.03 mmol) in THF (10 ml),
TBAF (1.1 ml, 1.1 M in THF, 1.1 mmol) was added dropwise.
The mixture was stirred at room temperature for 2 h. The
reaction was quenched with H2O (5 ml) and Et2O (20 ml) was
added. The aqueous layer was extracted with Et2O (3 × 20 ml)
and the combined organic phases were washed with brine and
dried over anhydrous Na2SO4. After removal of the solvent, the
residue was purified by flash chromatography (hexane–ethyl
acetate 10 : 1 then 5 : 1) to give 14a (280 mg, 100%) as a clear
oil. [α]20

D = �26.8 (c 1.47, CHCl3); 
1H NMR (CDCl3, 300 MHz)

δ 1.45 (s, 9H), 1.94–2.01 (br s, 1H), 2.16–2.27 (m, 1H), 2.97–3.06
(br s, 1H), 2.97–3.05 (m, 1H), 3.57–3.63 (m, 3H), 3.70–3.75 (dd,
J = 3.3, 3.9 Hz, 1H), 4.09–4.10 (br s, 1H); 19F NMR (CDCl3,
282 MHz) δ �72.7 (d, J = 7 Hz); IR (thin film) 3437, 2980, 1699,
1678, 1480, 1134 cm�1; EI-MS m/z 238 (M� � 31, 8%), 138 (34),
57 (100); Found: C, 49.33; H, 7.14; N, 5.08. C11H18F3NO3

requires C, 49.07; H, 6.69; N, 5.20%.

(2R,4R )-2-Hydroxymethyl-4-trifluoromethyl-N-[(1,1-dimethyl)-
ethoxycarbonyl]pyrrolidine (14b)

Compound 14b (600 mg, 100%) was prepared as a clear oil from
compound 13b (857 mg, 2.23 mmol) using the same conditions
as for compound 14a. [α]20

D = �43.8 (c 0.99, CHCl3); 
1H NMR

(CDCl3, 300 MHz) δ 1.48 (s, 9H), 1.65–1.71 (m, 1H), 2.25–2.34
(m, 1H), 2.81–2.90 (m, 1H), 3.30–3.37 (t, J = 10.8 Hz, 1H),
3.62–3.71 (m, 2H), 3.75–3.84 (m, 1H), 3.97–4.05 (m, 1H); 19F
NMR (CDCl3, 282 MHz) δ �71.9 (d, J = 4.8 Hz); IR (thin film)
3427, 2981, 1697, 1679, 1396, 1137 cm�1; EI-MS m/z 271 (M� �
2, 5%), 270 (M� � 1, 5), 238 (M� � 31, 2), 57 (100); Found:
C, 49.30; H, 7.14; N, 5.10. C11H18F3NO3 requires C, 49.07; H,
6.69; N, 5.20%.

(2R,4S )-N-[(1,1-Dimethyl)ethoxycarbonyl]-4-trifluoromethyl-
D-proline (15a)

To a 0 �C solution of 14a (220 mg, 0.82 mmol) in acetone (20 ml),
Jones reagent (10 ml) was added dropwise. The mixture was
stirred at 0 �C for 7 h. After the remaining oxidant was
decomposed by the addition of propan-2-ol (5 ml), the solvent
was removed in vacuo and the residue was diluted with ether
and water. The organic layer was separated and the aqueous
phase was extracted with ether (3 × 30 ml). The combined
organic phases were washed with brine and dried over

anhydrous Na2SO4. After removal of the solvent, the residue
was purified by flash chromatography (hexane–ethyl acetate
5 : 1 then 0 : 100) to give 15a (130 mg, 56%) as a white solid.
Mp = 113–115 �C; [α]20

D = �70.0 (c 0.45, CHCl3); 
1H NMR

(CDCl3, 300 MHz) δ 1.38, 1.44 (2s, 9H), 2.19–2.30 (m, 1H),
2.35–2.47 (m, 1H), 2.97–3.08 (m, 1H), 3.43–3.57 (m, 1H), 3.64–
3.77 (2× dd, J = 8.7, 8.4, 8.4, 9.0 Hz, 1H), 4.34–4.47 (2 × dd,
J = 2.7, 2.4, 2.4, 2.7 Hz, 1H), 8.38–8.51 (m, 1H); 19F NMR
(CDCl3, 282 MHz) δ �72.4 (d, J = 36.7 Hz); IR (KBr) 3000–
2500, 1759, 1673, 1399, 1144 cm�1; EI-MS m/z 239 (M� � 44,
3%), 138 (94), 57 (100); Found: C, 46.71; H, 5.74; N, 4.94.
C11H16F3NO4 requires C, 46.64; H, 5.65; N, 4.95%.

(2R,4R )-N-[(1,1-Dimethyl)ethoxycarbonyl]-4-trifluoromethyl-
D-proline (15b)

Compound 15b (258 mg, 68%) was prepared as a white solid
from compound 14b (360 mg, 1.34 mmol) using the same con-
ditions as for compound 15a. Mp = 124–126 �C, [α]20

D = �79.0
(c 0.98, CHCl3); 

1H NMR (CDCl3, 300 MHz) δ 1.44, 1.50 (2s,
9H), 2.19–2.42 (m, 1H), 2.54–2.64 (m, 1H), 2.94–3.02 (m, 1H),
3.47–3.52 (m, 1H), 3.83–3.97 (m, 1H), 4.34–4.48 (dt, J = 28.8,
7.6 Hz, 1H), 8.87 (br s, 1H); 13C NMR (CDCl3, 75.5 MHz)
δ 177.3, 175.7, 154.6, 153.4, 127.6, 123.9, 81.7, 81.4, 58.3, 58.2,
45.9, 45.6, 41.8, 41.5, 41.2, 40.8, 29.9, 28.6, 28.2, 28.0;19F NMR
(CDCl3, 282 MHz) δ �71.0 (d, J = 7.05 Hz); IR (KBr) 3000–
2500, 1750, 1648, 1440, 1182 cm�1; EI-MS m/z 238 (M� � 45,
4%), 138 (38), 57 (100); Found: C, 46.66; H, 5.74; N, 4.81.
C11H16F3NO4 requires C, 46.64; H, 5.65; N, 4.95%.
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