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Treatment of trifluoroacetaldehyde ethyl hemiacetal with enamines, derived from acetophenone de-
rivatives, at room temperature gave (E)-1,1,1-trifluoro-4-morpholino-4-aryl-but-3-en-2-ols, which are
intermediates for preparation of the b-trifluoromethylated aldol products, 4,4,4-trifluoro-3-hydroxy-1-
aryl-butan-1-ones. The structure of the intermediate (E)-1,1,1-trifluoro-4-morpholino-4-(4-nitrophenyl)-
but-3-en-2-ols could be assigned by 1H, 13C NMR, IR, and X-ray crystallography. Furthermore, hydro-
genation and reductive deamination of the intermediate (E)-1,1,1-trifluoro-4-morpholino-4-aryl-but-3-
en-2-ols with hydrogen in the presence of a catalytic amount (10 mol %) of palladium on carbon in
trifluoroethanol proceeded smoothly at room temperature to give 1,1,1-trifluoro-4-aryl-2-butanols in
good to excellent yields.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Trifluoroacetaldehyde (CF3CHO) is one of the most important
building blocks for the construction of a-trifluoromethylated al-
cohols.1,2 However, CF3CHO normally exists as a hydrate or hemi-
acetal, due to the strong electron-withdrawing properties of the
trifluoromethyl group.3 Therefore, the direct use of commercially
available CF3CHO ethyl hemiacetal with some reagents, such as
Grignard reagents, lithium reagents, and enolates, is sometimes not
suitable for the preparation of a-trifluoromethylated alcohols, due
to the difficulty of the elimination of the a-trifluoromethlyted
alkoxide resulting in the generation of CF3CHO, although Kitazume
et al. reported that a-difluoromethylated alcohols can be synthe-
sized by the direct use of difluoroacetaldehyde ethyl hemiacetal
with Grignard reagents and lithium acetylide.4

There are scattered examples of the direct reaction of CF3CHO
ethyl hemiacetal with some nucleophiles, such as nitroalkane,5

anilines,6 phenols,7 hydrazones,8 and so on.9 Some of these
methods suffer from a need of a strong base or acid, a high reaction
temperature, low regioselectivities, low stereoselectivities, and low
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versatility for introduction of the functional groups. Therefore,
there is still a need for the development of effective, stereo- and/or
regio-selective, and atom-economical methods for the direct use of
CF3CHO hemiacetal in carbon–carbon bond-forming reactions.

Recently, we reported that an equimolar amount of enamine
promoted the efficient in situ generation of CF3CHO under mild
reaction conditions and the successive carbon–carbon bond-
forming reaction with regenerated enamines without any addi-
tives, followed by hydrolysis with 10% HCl aqueous solution to give
the corresponding b-hydroxy-b-trifluoromethylated ketones in
good to excellent yields.10 However, before hydrolysis, the exact
structures of the intermediate products, produced by reacting
CF3CHO ethyl hemiacetal and enamine, have not yet been assigned.
This information should be worthwhile to develop the organo-
catalytic direct aldol reactions of CF3CHO ethyl hemiacetal with
ketones.11

In this paper, we report the structure of the intermediate (E)-1,1,1-
trifluoro-4-morpholino-4-aryl-but-3-en-2-ols based on NMR, IR, and
X-ray data, which were obtained by reacting CF3CHO ethyl hemiacetal
with enamine derived from acetophenone derivatives, as well as the
reactivities, such as not only hydrolysis but successive hydrogenation
and reductive deamination of the intermediate (E)-1,1,1-trifluoro-4-
morpholino-4-aryl-but-3-en-2-ols, which represents a convenient
method for the one-pot synthesis of 1,1,1-trifluoro-4-aryl-2-butanols.
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2. Results and discussion

2.1. Assignment of the structure and reactivity of the
intermediate product by reacting CF3CHO ethyl hemiacetal
1a with enamine 2 derived from acetophenones

When CF3CHO ethyl hemiacetal 1a was treated with an equi-
molar amount of enamine 2a or 2b, prepared from acetophenone
and morpholine or diethylamine, in toluene at room temperature,
1,1,1-trifluoro-4-morpholino-4-phenyl-but-3-en-2-ol (3aa) or 1,1,1-
trifluoro-4-diethylamino-4-phenyl-but-3-en-2-ol (3ab) was ob-
served after 1 h. The products 3aa and 3ab could be produced by
a Friedel–Crafts-type reaction of enamine, as in the reaction of the
enol silyl ether or vinyl ether with CF3CHO.1o,p Notably, the product
3aa and 3ab were each observed as only single isomer in the crude
reaction mixture, by 1H, 13C, and 19F NMR (Scheme 1), although the
E/Z ratios of the product obtained by reacting enol silyl ether and
enol methyl ether with CF3CHO ranged from 33/67 to 14/86. The
reason for complete E-selectivity of is not clear at the present time.
3ac (71%)

Scheme 3. Reaction of 1a with enamine 2c.
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Table 1
Screening of the hydrogenation
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O
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The reactivities of thus-obtained products 3aa and 3ab were
examined by simple stirring without addition of any acids or bases.
As a result, hydrolysis of the intermediate (E)-1,1,1-trifluoro-4-
diethylamino-4-aryl-but-3-en-2-ols (3ab) occurred after 50 h to
give the corresponding aldol product 4 in 75% yield, together with
3ab in 9% yield, probably due to the high acidity of the hydroxyl
group attached by the trifluoromethyl group. Compared with this
result, the hydrolysis of 4-morpholino-substituted 3aa is much
slower than that of the diethylamino-substituted 3ab, and gave 4 in
69% yield, together with the remaining 3aa, even after 11 days.
Thus, the morpholino-substituted product 3aa is much more stable
than the diethylamino-substituted 3ab under this conditions.12

As another reaction of 3aa, methylation using iodomethane
(3 equiv) was carried out in acetonitrile as shown in Scheme 2.
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Scheme 2. Methylation of 3aa.
However, methylation did not occur at all, followed by hydrolysis to
give the corresponding aldol product 4 in 57% yield.

To confirm the exact structure of 3, including the stereochem-
istry of the carbon–carbon double bond, the following reaction was
carried out. Treatment of CF3CHO ethyl hemiacetal 1a with en-
amine 2c carrying a nitro group on the phenyl group in toluene at
room temperature for 24 h gave (E)-1,1,1-trifluoro-4-morpholino-
4-(4-nitrophenyl)but-3-en-2-ol (3ac) in 71% yield in the form of
a solid as a single isomer, as shown in Scheme 3.
The structural assignment of the isolated 3ac was based on the
results of 1H, 13C, and 19F NMR, IR, and X-ray crystallography,13

where the morpholino and 1-hydroxy-2,2,2-trifluoroethyl groups
are situated trans to each other.

2.2. Synthesis and hydrogenation of (E)-g-aryl-g-
morpholino-a-trifluoromethylated allyl alcohols through
the reaction of CF3CHO ethyl hemiacetal and enamine
to give 4-aryl-1,1,1-trifluoro-2-butanols (5)

The oily intermediate (E)-1,1,1-trifluoro-4-morpholino-4-aryl-
but-3-en-2-ols (3) could not be purified by flash chromatography
on silica gel, because 3 was easily hydrolyzed during the chroma-
tography to give the corresponding aldol products 4. Therefore (E)-
g-aryl-g-morpholino-a-trifluoromethylated allyl alcohols were
used as crude products for next hydrogenation reaction.

The mixture of CF3CHO ethyl hemiacetal 1a with enamine 2a was
stirred in hexane at room temperature, followed by concentration in
vacuum, the addition of trifluoroethanol (TFE) as a solvent, and
hydrogenation with hydrogen in the presence of a catalytic amount
(10 mol %) of palladium on carbon (Merck Ltd., loading: 10 wt %) at
room temperature for 1 h to give 1,1,1-trifluoro-4-phenylbutan-2-ol
10 wt%
Pd/C (10 mol%)
H2 (1 atm)

solvent

rt, time

F3C OEt Ph
+

1a
2a

Ph

N

O

F3C

OH

PhF3C

OH
+

5aa 6aa

hexane
rt, 1 h

Entry Solvent Time (h) 5aa, yielda (%) 6aa, yieldb (%), dr

1 TFE 1 62 23 (18:82)
2 TFE 18 84 d

3 THF 18 55 38 (16:84)
4 EtOH 18 65 23 (10:90)
5 Hexane 18 57 23 (12:88)

a All reaction was carried out with hemiacetal 1a (1 mmol) and enamine 2a (1 mmol).
b 19F NMR yields.
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Table 2 (continued)

Entry Enamine 2 Product 5 Yielda (%)
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8

2j

N

O

5aj

OH

F3C 65 (63)

a 19F NMR yields. Values in paratheses stand for yields of isolated products.
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(5aa) in 62% NMR yield and 1,1,1-trifluoro-4-morpholino-4-phe-
nylbutan-2-ol (6aa) in 23% NMR yield (Table 1, entry 1).

An increase in the reaction time from 1 h to 18 h for hydrogenation
resulted in an increased yield of trifluoromethylated alcohol 5aa as
well as the disappearance of amino alcohol 6aa. Among the solvents
examined, which included ethanol, tetrahydrofuran (THF), hexane,
and TFE, the use of TFE gave the best yield of the product 5aa (entry
2).14 Ethanol, THF, and hexane were also used as a solvent, but were
not as effective in the deamination of amino alcohol 6aa (entries 3–5).

The results of hydrogenation leading to 4-aryl-1,1,1-trifluoro-2-
butanols (5) are summarized in Table 2.

Other enamines 2d–j, derived from 40, 30, and 20-substituted ace-
tophenones as well as 1-acetonaphthone, successfully participated in
the one-pot three-components coupling reactions to give the corre-
sponding 1,1,1-trifluoro-4-(40, 30, and 20-substituted aryl)-2-butanols
5aa, 5ad, 5ae, 5ag, 5ah, 5ai, and 5aj in good to excellent yields. The
reaction of enamine 2f carrying a 4-chlorophenyl group also pro-
ceeded smoothly to give not 4-chlorophenylated alcohol 5af but
rather phenylated alcohol 5aa in 64% yield, which could be obtained
by the reduction of the chlorine atom on the phenyl group (entry 4).

As shown in Scheme 4, in the case of enamine 2k, reductive
deamination was very sluggish under the same reaction conditions,
due to the effect of the fluorine atom on the phenyl group.15 A
prolonged reaction time (five days) was required to obtain the
product 5ak in good yield.

When difluoroacetaldehyde ethyl hemiacetal 1b was treated
with enamine 2j in hexane at room temperature and hydrogenated
in the presence of a catalytic (10 mol %) amount of palladium on
carbon at room temperature, 1,1-difluoro-4-(naphthalen-1-yl)bu-
tan-2-ol (5bj) was obtained in 53% yield, together with a compound,
that is, dehydroxylated at the a-carbon of the difluoromethyl group,
1-(4,4-difluorobutyl)naphthalene (7), and a defluorinated com-
pound, 1-butylnaphthalene (8), in respective yields of 9% and 7%
(Scheme 5). Comparable dehydroxylated and defluorinated com-
pounds were not detected in the case of CF3CHO ethyl hemiacetal 1a.
The weaker bond energy of the carbon–fluorine bond of the
difluoromethylated group as well as carbon–oxygen bond, com-
pared with that of the trifluoromethyl group, may cause the dehy-
droxylation as well as defluorination of the product 5bj.16

Hydrogenation of the product, which was obtained by the reaction
of trifluoroactaldehyde ethyl hemiacetal 1a with enamine 2l derived
from cyclohexanone, was carried out under the same reaction con-
ditions. Consequently, hydrogenation of the carbon–carbon double
bond smoothly proceeded. But reductive deamination did not occur at
all to give amino alcohol 6al in 47% yield (Scheme 6).
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Based on these findings, we can propose the following reaction
mechanism. As shown in Scheme 7, the reaction of CF3CHO ethyl
hemiacetal 1a with enamine 2a gives the oily intermediate, 1,1,1-
trifluoro-4-morpholino-4-phenylbut-3-en-2-ol (3aa), as a single
isomer. The intermediate 3aa is hydrogenated with hydrogen in the
presence of a catalytic amount (10 mol %) of palladium on carbon to
give the amino alcohol 6aa. The amino alcohol 6aa undergoes
palladium-catalyzed deamination at the benzyl position with hy-
drogen to produce 1,1,1-trifluoro-4-phenylbutan-2-ol (5aa). TFE
was effective in the deamination process of 6.
F3C N

OH

O

Ph

F3C

OH

F3C OEt

OH N

O

+

F3C Ph

OH N

O

Phreductive 
deamination

6aa 5aa

1a 2a
3aa

cat. Pd/C, H2

H H

H

H H

H H

hydrogenation

cat. Pd/C, H2

Scheme 7. Proposed reaction mechanism.
3. Conclusion

In conclusion, the structure of the intermediate (E)-1,1,1-trifluoro-
4-morpholino-4-(4-nitrophehyl)but-3-en-2-ol (3ac), obtained by
reacting CF3CHO ethyl hemiacetal 1a with enamine 2 derived from
acetophenones, could be assigned based on the results of an X-ray
analysis. Furthermore, we have developed a new method for the
synthesis of 4-aryl-1,1,1-trifluoro-2-butanols based on the tandem
effective in situ generation of CF3CHO and successive carbon–carbon
bond-formation reactions with enamines, followed by hydrogenation
and deamination with hydrogen in the presence of a catalytic amount
(10 mol %) of palladium on carbon at room temperature. The use of
a fluorine atom or a trifluoromethyl group gave interesting results: (1)
In the step of deamination, trifluoroethanol (TFE) was more effective
than other usual organic solvents. (2) A fluorine atom on the phenyl
group apparently disturbed the deamination process at the benzyl
positions of the intermediates. The diastereoselective and enantio-
selective synthesis of a-trifluoromethylated alcohol based on this
hydrogenation reaction is currently being investigated in our
laboratory.

4. Experimental section

4.1. General

Melting points were obtained on a Yanagimoto MP-S2 micro
melting point apparatus and are uncorrected. IR spectra were
recorded on a SHIMADZU FT-IR 8100A spectrometer. 1H (400 MHz)
or 13C (100 MHz) NMR spectra were measured with a JEOL a-400 FT
NMR spectrometer in deuteriochloroform (CDCl3) solutions with
tetramethylsilane (Me4Si) as an internal standard. 19F NMR
(376 MHz) spectra were recorded on a JEOL a-400 FT NMR in CDCl3
solutions using trichlorofluoromethane (CFCl3) as an external
standard. HRMS were measured on a JEOL JMS-700 mass spec-
trometer. Pure products were isolated by column chromatography
using Silica Gel 60 (spherical, 270–325 mesh, KANTO CHEMICAL
CO., INC.) or Wakogel C200 (100–200 mesh, Wako Pure Chemical
Ind., Ltd.). Analytical TLC was performed on Merck precoated
(0.25 mm) silica gel 60 F254 plates. All chemicals were of reagent
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grade and, if necessary, purified in the usual manner prior to use.
Palladium on carbon was purchased from Merck Ltd. (loading:
10 wt %). Anhydrous tetrahydrofuran (THF), dichloromethane, and
diethyl ether were purchased from Kanto Chemical Co.

4.2. Preparation of (E)-1,1,1-trifluoro-4-morpholino-4-
(4-nitrophenyl)but-3-en-2-ol (9j)

To a toluene (2 ml) solution of enamine 2c (0.234 g, 1 mmol) was
slowly added CF3CHO ethyl hemiacetal 1a (0.144 g, 1 mmol) at
room temperature. After the mixture was stirred for one day, the
precipitate was filtered, and washed with toluene (1 ml) to give (E)-
1,1,1-trifluoro-4-morpholino-4-(4-nitrophenyl)but-3-en-2-ol (3ac)
in 71% yield.

4.2.1. (E)-1,1,1-trifluoro-4-morpholino-4-(4-nitrophenyl)but-3-en-
2-ol (3ac). Mp 155–156 �C; IR (KBr) 3391 (OH), 1628 (C]C), 1524,
and 1350 (NO2), cm�1; 1H NMR (400 MHz, CDCl3) d 2.31 (1H, s),
2.83–2.85 (4H, m), 3.71–3.73 (4H, m), 4.02–4.11 (1H, m), 4.83 (1H, d,
J¼9.9 Hz), 7.61, and 8.32 (4H, AB quartet, J¼8.7 Hz); 13C NMR
(100 MHz, CDCl3) d 48.9 (s), 66.5 (s), 68.8 (q, J¼32.8 Hz), 97.1 (s),
123.3 (s), 124.7 (q, J¼281.8 Hz), 130.5 (s), 142.1 (s), 148.2 (s), 155.1
(s); 19F NMR (376 MHz, CDCl3) d �78.4 (3F, d, J¼6.1 Hz); HRMS (EI)
found: m/z 332.0989, calcd for C14H15F3O4N2, 332.0985.

4.3. A typical procedure

To a solution of 4-(1-phenylvinyl)morpholine (2a) (0.189 g,
1 mmol) in hexane (2 ml) was added CF3CHO ethyl hemiacetal 1a
(0.144 g, 1 mmol) at room temperature under argon. After stirring at
room temperature for 1 h, the reaction mixture was concentrated by
distillation under reduced pressure. To a resultant reaction mixture
was added of a catalytic amount (10 mol %, 0.106 g) of palladium on
carbon (Merck, loading: 10 wt %) and trifluoroethanol (10 ml). After
replacement of air with hydrogen, the mixture was vigorously stirred
at room temperature under ordinary hydrogen pressure (balloon) for
18 h. The reaction mixture was filtered using Celite� 545RVS and the
filtrate was concentrated under pressure to provide 1,1,1-trifluoro-4-
phenylbutan-2-ol (5aa). After the measurement of the residue by 19F
NMR using benzotrifluoride (5aa:84%), purification by flash chro-
matography on silica gel (hexane–EtOAc¼10:1) gave 1,1,1-trifluoro-
4-phenylbutan-2-ol (5aa) (70%, 0.143 g).

4.3.1. 1,1,1-Trifluoro-4-phenylbutan-2-ol (5aa)17. Rf 0.20 (hexane–
EtOAc¼10:1); IR (NaCl) 3399 (OH) cm�1; 1H NMR (400 MHz, CDCl3)
d 1.80–1.99 (2H, m), 2.42 (1H, s), 2.65 (1H, dt, J¼13.9, 8.2 Hz), 2.83
(1H, ddd, J¼13.9, 8.7, 5.3 Hz), 3.79 (1H, ddq, J¼9.9, 6.5, 3.2 Hz), 7.11–
7.24 (5H, m); 13C NMR (100 MHz, CDCl3) d 30.7 (s), 30.9 (s), 69.5 (q,
J¼31.1 Hz), 125.2 (q, J¼281.8 Hz), 126.3 (s), 128.4 (s), 128.6 (s), 140.4
(s); 19F NMR (376 MHz, CDCl3) d �79.8 (3F, d, J¼6.9 Hz); HRMS (EI)
found: m/z 204.0755, calcd for C10H11F3O, 204.0762.

4.3.2. 1,1,1-Trifluoro-4-morpholino-4-phenylbutan-2-ol (6aa). Rf 0.20
(hexane–EtOAc¼10:1); IR (NaCl) 3375 (OH) cm�1; HRMS (EI) found:
m/z 289.1293, calcd for C14H18F3O2N: M�H, 289.1290; major isomer
1H NMR (400 MHz, CDCl3) d 1.82 (1H, ddd, J¼14.3, 2.7, 2.7 Hz), 2.34
(2H, s), 2.48 (1H, ddd, J¼14.3, 11.8, 11.1 Hz), 2.67–2.72 (2H, m), 3.68
(4H, m), 3.89 (1H, dd, J¼11.8, 2.7 Hz), 4.24–4.33 (1H, m), 7.14–7.41
(6H, m); 13C NMR (100 MHz, CDCl3) d 27.6 (s), 66.9 (s), 68.5 (s), 71.5
(q, J¼31.1 Hz), 124.5 (q, J¼280.2 Hz), 128.3 (s), 128.6 (s), 134.3 (s); 19F
NMR (376 MHz, CDCl3) d �80.8 (3F, d, J¼6.9 Hz); minor isomer 1H
NMR (400 MHz, CDCl3) d 1.99 (1H, ddd, J¼5.4, 4.6, 3.1 Hz), 2.39 (2H,
s), 2.50 (1H, ddd, J¼15.3, 11.2, 4.6 Hz), 2.62–2.67 (2H, m), 3.68–3.74
(4H, m), 4.08 (1H, dd, J¼11.2, 3.1 Hz), 4.23–4.32 (1H, m), 7.18–7.20
(2H, m), 7.32–7.40 (4H, m); 13C NMR (100 MHz, CDCl3) d 27.5 (s), 49.6
(s), 66.2 (s), 66.9 (s), 69.5 (q, J¼30.3 Hz), 125.7 (q, J¼282.6 Hz), 128.3
(s), 128.4 (s), 128.5 (s), 134.9 (s); 19F NMR (376 MHz, CDCl3) d �77.6
(3F, d, J¼7.6 Hz).

4.3.3. 1,1,1-Trifluoro-4-p-tolylbutan-2-ol (5ad). Rf 0.23 (hexane–
EtOAc¼6:1); IR (NaCl) 3435 (OH) cm�1; 1H NMR (400 MHz, CDCl3)
d 1.96–2.14 (2H, m), 2.43 (3H, s), 2.79 (1H, dt, J¼13.9, 8.2 Hz), 2.97
(1H, ddd, J¼13.9, 8.7, 5.3 Hz), 3.96 (1H, ddq, J¼16.4, 6.5, 3.2 Hz), 7.19–
7.24 (4H, m); 13C NMR (100 MHz, CDCl3) d 20.9 (s), 30.3 (s), 31.0 (s)
69.5 (q, J¼31.1 Hz),125.2 (q, J¼281.8 Hz),128.3 (s),129.3 (s),135.8 (s),
137.2 (s); 19F NMR (376 MHz, CDCl3) d�79.9 (3F, d, J¼6.5 Hz); HRMS
(EI) found: m/z 218.0916, calcd for C11H13F3O: M�H, 218.0919.

4.3.4. 1,1,1-Trifluoro-4-(4-methoxyphenyl)butan-2-ol (5ae). Rf 0.17
(hexane–EtOAc¼6:1); IR (NaCl) 3436 (OH) cm�1; 1H NMR
(400 MHz, CDCl3) d 1.83–2.04 (2H, m), 2.66 (1H, ddd, J¼14.0, 8.3,
8.2 Hz), 2.84 (1H, ddd, J¼14.0, 8.8, 8.7 Hz), 3.78 (3H, s), 3.85 (1H,
ddq, J¼16.4, 6.5, 3.3 Hz), 6.82–7.13 (4H, m); 13C NMR (100 MHz,
CDCl3) d 29.8 (s), 31.1 (s), 55.2 (s), 69.4 (q, J¼31.1 Hz), 114.0 (s), 125.0
(q, J¼281.8 Hz), 129.4 (s), 132.5 (s), 158.0 (s); 19F NMR (376 MHz,
CDCl3) d �79.7 (3F, d, J¼6.5 Hz); HRMS (EI) found: m/z 234.0873,
calcd for C11H13F3O2: M�H, 234.0868.

4.3.5. 1,1,1-Trifluoro-4-(4-(trifluoromethyl)phenyl)butan-2-ol
(5ag). Rf 0.18 (hexane–EtOAc¼6:1); IR (NaCl) 3390 (OH) cm�1; 1H
NMR (400 MHz, CDCl3) d 1.91–2.07 (2H, m), 2.26 (1H, dd, J¼5.8,
5.8 Hz), 2.81 (1H, ddd, J¼13.9, 8.3, 8.2 Hz), 2.98 (1H, ddd, J¼13.9,
8.8, 5.3 Hz), 3.89 (1H, ddq, J¼16.0, 6.5, 3.3 Hz), 7.33, and 7.57 (4H, AB
quartet, J¼8.1 Hz); 13C NMR (100 MHz, CDCl3) d 30.6 (s), 69.4 (q,
J¼31.1 Hz), 124.9 (q, J¼281.8 Hz), 125.5 (s), 125.6 (s), 128.8 (q,
J¼32.8 Hz), 144.5 (s); 19F NMR (376 MHz, CDCl3) d �62.3 (3F, s),
-79.8 (3F, d, J¼6.5 Hz); HRMS (EI) found: m/z 272.0647, calcd for
C11H10F6O: M�H, 272.0636.

4.3.6. 1,1,1-Trifluoro-4-m-tolylbutan-2-ol (5ah). Rf 0.20 (hexane–
EtOAc¼6:1); IR (NaCl) 3408 (OH) cm�1; 1H NMR (400 MHz, CDCl3)
d 1.97–2.10 (2H, m), 2.38 (3H, s), 2.61 (1H, s), 2.73 (1H, ddd, J¼13.9,
8.5, 8.3 Hz), 2.92 (1H, ddd, J¼13.9, 8.8, 5.3 Hz), 3.91 (1H, ddq, J¼9.9,
6.5, 3.3 Hz), 7.04–7.26 (4H, m); 13C NMR (100 MHz, CDCl3) d 21.2 (s),
30.7 (s), 30.9 (s), 69.5 (q, J¼31.1 Hz), 125.2 (q, J¼281.8 Hz), 125.4 (s),
127.1 (s), 128.5 (s), 129.2 (s), 138.2 (s), 140.3 (s); 19F NMR (376 MHz,
CDCl3) d �79.9 (3F, d, J¼6.5 Hz); HRMS (EI) found: m/z 218.0911,
calcd for C11H13F3O: M�H, 218.0919.

4.3.7. 1,1,1-Trifluoro-4-o-tolylbutan-2-ol (5ai). Rf 0.28 (hexane–
EtOAc¼8:1); IR (NaCl) 3389 (OH) cm�1; 1H NMR (400 MHz, CDCl3)
d 1.91–2.11 (2H, m), 2.42 (3H, s), 2,73 (1H, s), 2.81 (1H, ddd, J¼14.0,
9.4, 7.5 Hz), 3.00 (1H, ddd, J¼14.2, 9.4, 5.0 Hz), 4.00, (1H, m), 7.11–
7.24 (4H, m); 13C NMR (100 MHz, CDCl3) d 19.1 (s), 28.2 (s), 29.7 (s),
69.9 (q, J¼31.1 Hz), 125.2 (q, J¼281.8 Hz), 126.1 (s), 126.5 (s), 128.8
(s), 130.4 (s), 136.0(s), 138.6 (s); 19F NMR (376 MHz, CDCl3) d �79.8
(3F, d, J¼6.9 Hz); HRMS (EI) found: m/z 218.0924, calcd for
C11H13F3O: M�H, 218.0919.

4.3.8. 1,1,1-Trifluoro-4-(naphthalen-1-yl)butan-2-ol (5aj). Rf 0.15
(hexane–CH2Cl2¼7:1); IR (NaCl) 3419 (OH) cm�1; 1H NMR
(400 MHz, CDCl3) d 1.89–2.08 (2H, m), 2.45 (1H, s), 3.04 (1H, ddd,
J¼14.1, 8.3, 8.2 Hz), 3.28 (1H, ddd, J¼14.1, 9.2, 5.1 Hz), 3.83 (1H, ddq,
J¼20.0, 6.8, 3.3 Hz), 7.23–7.93 (7H, m); 13C NMR (100 MHz, CDCl3)
d 27.9 (s), 30.3 (s), 69.8 (q, J¼31.1 Hz),125.2 (q, J¼281.8 Hz),123.4 (s),
125.5 (s), 125.6 (s), 126.2 (s), 127.2 (s), 128.9 (s), 131.7 (s), 133.9 (s),
136.5 (s); 19F NMR (376 MHz, CDCl3) d�79.6 (3F, d, J¼6.8 Hz); HRMS
(EI) found: m/z 254.0926, calcd for C14H13F3O: M�H, 254.0919.

4.3.9. 1,1,1-Trifluoro-4-(4-fluorophenyl)butan-2-ol (5ak). Rf 0.23
(hexane–EtOAc¼8:1); IR (NaCl) 3389 (OH) cm�1; 1H NMR (400 MHz,
CDCl3) d 1.92–2.09 (2H, m), 2.77 (1H, ddd, J¼14.0, 8.3, 8.2 Hz), 2.86
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(1H, s), 2.95 (1H, ddd, J¼14.0, 8.3, 5.1 Hz), 3.93 (1H, m), 7.01–7.24 (4H,
m); 13C NMR (100 MHz, CDCl3) d 30.0 (s), 31.0 (s), 69.4 (q, J¼31.1 Hz),
115.2 (s), 115.4 (s), 125.1 (q, J¼281.8 Hz), 129.8 (s), 129.9 (s), 136.0 (s),
161.5 (d, J¼244.1 Hz); 19F NMR (376 MHz, CDCl3) d �117.0 (1F, ddt,
J¼8.4, 5.3, 5.3 Hz), �79.9 (3F, d, J¼6.1 Hz); HRMS (EI) found: m/z
222.0671, calcd for C10H10F4O: M�H, 222.0668.

4.3.10. 1,1,1-Trifluoro-4-(4-fluorophenyl)-4-morpholinobutan-2-ol
(6ak). Rf 0.04 (hexane–EtOAc¼8:1); IR (NaCl) 3375 (OH) cm�1;
HRMS (EI) found: m/z 307.1203, calcd for C14H17F4O2N: M�H,
307.1196; major isomer 1H NMR (400 MHz, CDCl3) d 1.84 (1H, ddd,
J¼15.2, 5.2, 3.1 Hz), 2.16–2.31 (2H, m), 2.34–2.43 (1H, m), 2.49–2.59
(2H, m), 3.56–3.65 (4H, m), 3.98 (1H, dd, J¼11.3, 3.1 Hz), 4.13–4.23
(1H, m), 6.97–7.11 (4H, m); 13C NMR (100 MHz, CDCl3) d 27.9 (s), 49.3
(s), 65.1 (s), 66.9 (s), 69.1 (q, J¼31.1 Hz),115.1 (s),125.7 (q, J¼283.5 Hz)
130.1 (s),130.2 (s),130.8 (s),162.4 (d, J¼47.4 Hz); 19F NMR (376 MHz,
CDCl3) d �113.7–(�113.6) (1F, m), �77.7 (3F, d, J¼7.6 Hz); minor
isomer 1H NMR (400 MHz, CDCl3) d 1.72 (1H, ddd, J¼14.4, 2.8, 2.7 Hz),
2.16–2.31 (2H, m), 2.34–2.43 (1H, m), 2.49–2.59 (2H, m), 3.56–3.65
(4H, m), 3.80 (1H, dd, J¼11.3, 3.1 Hz), 4.23–4.33 (1H, m), 6.97–7.11
(4H, m); 13C NMR (100 MHz, CDCl3) d 27.9 (s), 49.3 (s), 66.8 (s), 67.6
(s), 71.2 (q, J¼31.1 Hz), 115.3 (s), 124.5 (q, J¼280.2 Hz) 130.0 (s), 130.1
(s), 130.4 (s), 162.5 (d, J¼47.4 Hz); 19F NMR (376 MHz, CDCl3)
d �113.4–(�113.3) (1F, m), �80.7 (3F, d, J¼6.9 Hz).

4.3.11. 1,1-Difluoro-4-(naphthalen-1-yl)butan-2-ol (5bj). Rf 0.18
(hexane–CH2Cl2¼7:1); mp 56–58 �C; IR (KBr) 3371 (OH) cm�1; 1H
NMR (400 MHz, CDCl3) 1.84–2.03 (2H, m), 2.72 (1H, s), 3.08 (1H,
ddd, J¼14.0, 9.2, 7.3 Hz), 3.32 (1H, ddd, J¼14.0, 9.4, 5.1 Hz), 3.68–
3.77 (1H, m), 5.54 (1H, dt, J¼56.0, 4.1 Hz), 7.29–8.04 (7H, m); 13C
NMR (100 MHz, CDCl3) 27.9 (s), 30.8 (s), 60.4 (t, J¼22.9 Hz), 116.3 (t,
J¼244.1 Hz), 123.5 (s), 125.5 (s), 126.0 (s), 126.1 (s), 126.9 (s), 128.8
(s), 131.6 (s), 133.9 (s), 137.0 (s); 19F NMR (376 MHz, CDCl3) �129.3
(1F, dd, J¼56.0, 9.9 Hz), �129.3 (1F, dd, J¼56.0, 12.2 Hz); HRMS (EI)
found: m/z 236.1008, calcd for C14H14F2O: M�H, 236.1013.

4.3.12. 1-(4,4-Difluorobutyl)naphthalene (7). Rf 0.68 (hexane–
CH2Cl2¼7:1); 1H NMR (400 MHz, CDCl3); d 1.90–1.97 (4H, m), 3.13
(2H, t, J¼7.2 Hz), 5.82 (1H, tt, J¼57.0, 4.1 Hz), 7.24–8.01 (7H, m); 13C
NMR (100 MHz, CDCl3) d 23.0 (s), 32.2 (s), 33.9 (t J¼20.5 Hz), 117.2
(t, J¼239.2 Hz), 123.5 (s), 125.5 (s), 125.5 (s), 125.9 (s), 126.1 (s), 127.0
(s), 128.8 (s), 131.7 (s), 133.9 (s), 137.3 (s); 19F NMR (376 MHz, CDCl3)
d�116.0–(�115.7) (2F, m); HRMS (EI) found: m/z 220.1060, calcd for
C14H14F2: M�H, 220.1064.

4.3.13. 1-Butylnaphthalene (8)18. Rf 0.83 (hexane–CH2Cl2¼7:1); 1H
NMR (400 MHz, CDCl3) d 0.97 (3H, dd, J¼7.5, 7.4 Hz), 1.41–1.51 (2H,
m), 1.70–1.78 (2H, m), 3.07 (2H, dd, J¼7.7, 7.7 Hz), 7.31–8.06 (7H,
m); 13C NMR (100 MHz, CDCl3) d 14.0 (s), 22.9 (s), 32.8 (s), 33.0 (s),
123.9 (s), 125.3 (s), 125.5 (s), 125.6 (s), 125.8 (s), 126.4 (s), 128.7 (s),
131.9 (s), 133.9 (s), 139.0 (s); HRMS (EI) found: m/z 184.1257, calcd
for C14H16, 184.1253.

4.3.14. 2,2,2-Trifluoro-1-(2-morpholinocyclohexyl)ethanol (6al). Rf

0.18 (hexane–EtOAc¼4:1); IR (KBr) 3441 (OH) cm�1; LRMS (EI)
found: m/z 267. 1H NMR (400 MHz, CDCl3) d 0.81–1.62 (8H, m),
1.79–1.87 (2H, m), 2.16 (1H, br), 2.39–2.42 (2H, m), 2.80 (1H, br),
3.58–3.81 (4H, m), 4.26 (1H, qd, J¼8.94, 7.00 Hz), 8.97 (1H, br); 13C
NMR (100 MHz, CDCl3) d 20.1 (s), 24.0 (s), 25.2 (s), 27.3 (s), 31.2 (s),
49.2 (s), 51.7 (s), 66.7 (s), 67.2 (2C, s), 70.4 (q, J¼28.7 Hz), 125.9 (q,
J¼283.5 Hz); 19F NMR (376 MHz, CDCl3) d �2.71 (3F, d, J¼7.00 Hz).
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