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ABSTRACT: A systematic study to evaluate the ability of
various organocatalysts to catalyze the aldol reaction between
acetone and 2,2,2-trifluoromethyl-1-phenylethanone was
undertaken. Benchmark organocatalysts failed to catalyze
this reaction. However, a prolinamide-thiourea consisting of
(S)-prolinamide, (1S,2S)-diphenylethylenediamine, and (S)-di-
tert butyl aspartate proved to be an efficient catalyst, providing
tertiary alcohols as the products of the reaction between
ketones and perfluoroalkyl ketones in high to quantitative
yields and high enantioselectivities (up 81% ee) at a catalyst
loading of 2 mol %.

M ore than a decade after the rebirth of organocatalalysis,
its dramatic pace of expansion has constituted it as the
third major branch of modern asymmetric catalysis.>* Since then,
a plethora of catalysts have been developed, synthesized, and
tested for their efficiency in the aldol reaction.”® However, the use
of ketones as electrophilic partners, which provides access to chiral
tertiary alcohols, remains still a challenge due to their poor
reactivity and difficulty in differentiating the two faces of the
carbonyl moiety.” Zhang and co-workers utilized proline in the
reaction between acetone and trifluoromethyl ketones leading to
mediocre enantioselectivities.® Although the perfluoroalkyl group
is one of the most attractive moieties in organic chemistry because
of its numerous applications in agricultural, medicinal, and material
chemistry,”® there have been only sporadic reports of organo-
catalytic aldol reactions employing perfluoroalkyl ketones as
electrophiles.*” Furthermore, the construction of quaternary
stereogenic centers, especially those of tertiary alcohols, remains
a great chelllenge,lo’11 although some elegant contributions, namely
by Aggarwal and co-workers,'* have provided milestone solutions
for this long-standing problem. However, for the synthesis of
tertiary alcohols bearing perfluoroalkyl groups, little is known, with
the use of the Rqupert —Prakash reagent (TMSCF;) being the
reagent of choice.”” It has to be highlighted that a variety of
tertiary alcohols bearing trifluoromethyl moieties are of medicinal
interest."*'> To provide an alternative synthesis of such
compounds, the screening of a variety of catalyst templates was
undertaken for the reaction between ketones and perfluoroalkyl
ketones. While this manuscript was under preparation, Nakamura
and co-workers reported the use of a specifically designed proline
sulfonamide that was highly efﬁc1ent for the reaction between aryl
trihalomethyl ketones and acetone.'® In their study, 10 mol %
catalyst loading was needed to ensure high yields (>90%), while
the enantioselectivities varied (77—92% ee). Herein, we present
our studies toward the construction of tertiary alcohols bearing
perfluoroalkyl chains via organocatalysis.
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Since little is known for the reaction between acetone and
2,2,2-trifluoromethyl-1-phenylethanone, a screening of a variety
of known organocatalysts was undertaken (Figure 1, Table 1).
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Figure 1. Organocatalysts employed in this study.

Initially, proline (1a) was utilized for comparison purposes
(entry 1, Table 1). Although an excellent yleld was obtained,
the ee was lower than that reported by Zhang® and similar to
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Table 1. Various Organocatalysts Employed in the
Asymmetric Aldol Reaction between Acetone and 2,
2,2-Trifluoromethyl-1-phenylethanone

[e) o catalyst 10 mol% i
Ko, " A o
Ph CF, neat, r.t,48 h Ph CF,
entry catalyst yield® [%] ee? [%]
1 la 97¢ 30
2 1b 98 22
3 1h 96 0
4 1i 92 15
s 1j 100 13
6 1k 90 34
7 Im 68 —11
8 lo 13 15
9 1r traces
10 1s 31 30
11 1t 96 19
12 2a 93 62
13 2b 98 68

“Isolated yield after column chromatography. “The ee was determined
by chiral HPLC. “Reaction time: 24 h.

the results of Nakamura.'® A number of natural acyclic @-amino
acids were also utilized (entry 2, Table 1; see also the
Supporting Information). The replacement of the secondary
amine of the pyrrolidine ring by a primary amine (catalysts 1b—
h) led to high yields but decreased selectivities, highlighting the
necessity of a five-membered-ring secondary amine. From entry
3 (Table 1), it is obvious that the presence of a free carboxylic
group or a moiety able to form hydrogen bonds on the catalyst
scaffold is a requirement. 4-Hydroxy proline (1i), proline
methanesulfonamide (1j),"” and diamine 1k'® led to high to
quantitative yields, but the enantioselectivity was not
significantly improved (entries 4—6, Table 1). The diary-
Iprolinols’ family'® as well as MacMillan’s imidazolidinones™
constitute two classes of organocatalysts that are very
frequently employed; however, inferior results were obtained
(entries 7—8, Table 1). Cinchonine, a member of the Cinchona
alkaloids family, did not furnish the desired product (entry 9,
Table 1). Continuing our interest on organocatalysis,” we
utilized bifunctional organocatalyst 1s;*'* however, the reaction
did not reach completion, albeit similar enantioselectivity was
observed as in the case of proline (entry 10, Table 1).
Pyrrolidine-thioxotetrahydropyrimidinone 1t, which is a highly
reactive catalyst for Michael reactions,”'? led to an almost
quantitative yield but poor enantiocontrol (entry 11, Table 1).
Recently, the proline scaffold has been successfully combined
with functionalities able to act as hydrogen bond donors.*>**
Our efforts focused on the combination of a prolinamide with a
thiourea moiety. Prolinamide-thiourea 2a has been proven to
be an excellent catalyst for the aldol reaction.”'¢ Catalyst 2a
afforded enhanced enantioselectivity in the model reaction
(entry 12, Table 1). Most recently, we have undertaken a study
in order to understand the features required for such a catalyst
scaffold, concluding that a tripeptide-like compound such as 2b
is an excellent organocatalyst for the aldol reaction.”* When
catalyst 2b was employed, the best enantioselectivity was
obtained (entry 13, Table 1).

With the optimum catalyst in hand, various reaction
conditions were tested to maximize the enantioselectivity.
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Initially, the reaction medium was studied (entries 1—S5, Table 2).
Among a range of solvents, toluene provided the best results

Table 2. Optimization of the Reaction Conditions on the
Reaction between Acetone and 2,2,2-Trifluoromethyl-1-
phenylethanone Using Catalyst 2b

(o]
)oj\ O  catalyst 2b, 10 mol% H%([k
Ph” “CF, solvent,r.t,48h CF,
entry catalyst loading (%) solvent yield” [%] ee? [%]

1 10 neat 98 68
2 10 THF 923 SS
3 10 CH,Cl, 95 60
4 10 MeCN 100 5SS
S 10 toluene 97 74
6 2 toluene 98 74
7 1 toluene 98 72
8¢ 2 toluene 97 80
9¢ 0.1 toluene 67 69

“Isolated yield after column chromatography. “The ee was determined
by chiral HPLC. “The reaction was performed at 0 °C.

(entry S, Table 2; see also the Supporting Information). The
use of 2 mol % led to quantitative yield and 74% ee (entry 6,
Table 2), whereas with only 1 mol %, the enantioselectivity
dropped (entry 7, Table 2). The catalyst loading can be
successfully reduced to 0.5 mol % without any considerable impact
on both yield and enantioselectivity (see the Supporting
Information). When the reaction was carried out at 0 °C with
2 mol % catalyst loading, an excellent yield (97%) and good
enantioselectivity (80% ee) were obtained (entry 8, Table 2).
When only 0.1 mol % catalyst was applied, the desired product
was isolated in good yield and enantioselectivity (entry 9, Table 2).

The scope and limitations of the current methodology were
also investigated (Scheme 1). The use of substituted aromatic
trifluoromethyl ketones led to similar results as in the model
reaction (3b—d). Once one of the fluorine atoms was replaced
by a chlorine, an excellent yield but lower enantioselectivity
were observed (3e). When the phenyl ring was replaced by a
perfluorophenyl moiety, the enantioselectivity dropped sig-
nificantly (3f). The use of the ethyl ester functionality instead
of the phenyl ring was also well tolerated, leading to a high yield
and good enantioselectivity (3g). Recently, a number of
trifluoromethyl and perfluoroalkyl ketones have been identified
as enzyme inhibitors exhibiting interesting medicinal proper-
ties.”> Perfluoroalkyl ketones can be efficiently synthesized
from the corresponding Weinreb or morpholine amides.*
Unfortunately, when such a ketone, where the phenyl ring is
not adjacent to the carbonyl moiety but rather four carbon
atoms away, was used, a high yield was observed; however, the
enantioselectivity dropped significantly (3h). Interestingly,
other methyl ketones can also be utilized in the place of
acetone. 2-Butanone led to a single regioisomer in a high yield
and good enantioselectivity (3i). It has to be highlighted that in
the same reaction, proline affords a mixture of regioisomers
(data not shown). Acetophenone led to inferior results (21%
yield, 42% ee, after 7 days, data not shown), while cyclo-
hexanone did not lead to the desired product. Furthermore,
when 2-hydroxyacetone was utilized, an inseparable mixture of
two diastereomers was obtained in almost equal amounts in
good yield and good enantioselectivity (3j). In the case of

dx.doi.org/10.1021/j02020104 | J. Org. Chem. 2012, 77, 1131-1135



The Journal of Organic Chemistry

Scheme 1. Direct Asymmetric Aldol Reaction between
Ketones and Various Perfluoroalkyl Ketones Using Catalyst 2b
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perfluoroalkylphenyl ketones, lower yields but the same levels
of enantioselectivity were observed (3k—m).

In order to account for the good enantioselectivity of the
reaction, the transition state in Figure 2 is proposed. The
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Figure 2. Proposed transition state model for the aldol reaction.

pyrrolidine functionality activates the methyl ketone through
the formation of an enamine intermediate, while the
trifluoromethyl carbonyl compound may be activated through
multiple hydrogen bonding.

In conclusion, in an effort to broaden the applicability of the
aldol reaction, a variety of the most common organocatalysts
were tested for their activity in the model reaction of acetone
with phenyltrifluoromethyl ketone. Our prolinamide-thiourea
catalyst combining the (S)-prolinamide unit with (15,25)-
diphenylethylenediamine and (S)-di-tert butyl aspartate proved
to have the best catalytic activity for the aldol reaction that was
studied. A variety of parameters were scrutinized in order to
find the optimum reaction conditions for this transformation
that provides tertiary alcohols bearing a perfluoroalkyl moiety.
A number of substituted aryl trifluoromethyl ketones and
perfluoroalkyl ketones are well tolerated leading to good to
excellent yields and moderate to high enantioselectivities.
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Finally, other methyl ketones instead of acetone were
successfully used.

B EXPERIMENTAL SECTION

General Remarks. Chromatographic purification of products was
accomplished using forced-flow chromatography. Thin-layer chroma-
tography (TLC) was performed on aluminum backed silica plates
(0.2 mm, 60 F,g,). Visualization of the developed chromatogram was
performed by fluorescence quenching using phosphomolybdic acid,
anisaldehyde, or ninhydrin stains. IR spectra are reported in terms of
frequency of absorption (cm™). 'H and "*C NMR spectra are
internally referenced to residual solvent signals (CDCl,). Data for
"H NMR are reported as follows: chemical shift (§ ppm), integration,
multiplicity (s = singlet, d = doublet, t = triplet, ¢ = quadruplet, m =
multiplet, bs = broad signal, bs m = broad signal multiplet), coupling
constant, and assignment. Data for "*C NMR are reported in terms of
chemical shift (§ ppm). For mass spectra, only molecular ions and
major peaks are being reported with intensities quoted as percentages
of the base peak. Chiral high performance liquid chromatography
(HPLC) analyses were performed using Chiralpak AD-H, OD-H, and
AS-H columns. The configuration of the products has been assigned
either by comparison to literature data (compounds 3a, 3b, 3d, and
3m) or by analogy (all other compounds). Catalysts 1a—t and 2a were
either commercially available or prepared following literature
procedures.

General Procedure for the Synthesis of the Catalyst 2b. The
catalyst 2b was first described in reference 24. The same procedure for
its synthesis was followed.

(5)-Di-tert-butyl 2-{3-[(1S5,25)-1,2-Diphenyl-2-[(S)-(pyrrol-
idine-2-carboxamidol-ethyl]thioureido}succinate (2b). White
solid: mp 89-91 °C; [a]p = +35.3 (c = 0.88, CHCL;); 'H NMR
(200 MHz, CDCl,) & 8.56 (1H, d, J = 8.6 Hz), 8.05—7.87 (1H, br m),
7.46-7.01 (10H, m), 6.92—6.66 (1H, br m), 5.98—5.65 (1H, m),
5.33—5.06 (2H, m), 3.97-3.68 (1H, m), 3.09—2.76 (4H, m), 2.19—
2.03 (1H, m), 1.87—1.55 (4H, m), 1.43 (9H, s), 1.36 (9H, s); °C
NMR (50 MHz, CDCl;) § 182.6, 170.4, 170.1, 169.9, 138.7, 138.6,
128.5, 128.3, 1280, 127.7, 127.5, 1274, 822, 81.4, 64.2, 60.3, 58.8,
54.0, 47.1, 37.8, 30.5, 28.0, 27.9, 2S8.8.

General Procedure for the Aldol Reaction. To a stirring
solution of catalyst 2b (4 mg, 0.007 mmol, 2 mol %) in toluene
(1.0 mL), perfluoroalkyl ketone (0.34 mmol) followed by acetone or
ketone (3.40 mmol) were added at 0 °C. The reaction mixture was left
stirring at 0 °C for 44 h. The solvent was evaporated, and the crude
product was purified using flash column chromatography eluting with
various mixtures of petroleum ether (40—60 °C)/EtOAc to afford the
desired product.

(5)-5,5,5-Trifluoro-4-hydroxy-4-phenylpentan-2-one (3a).'®
Data: 78 mg, 99% vyield; [a], = +18.8 (¢ = 0.4, CHCL;); IR (KBr)
3422, 3062, 1707, 1602, 1497, 1246, 1075, 906, 709 cm™’; '"H NMR
(200 MHz, CDCL,) § 7.62—7.52 (2H, m), 7.46—7.34 (3H, m), 5.46
(1H, br s), 3.39 (1H, d, J = 17.2 Hz), 3.21 (1H, d, J = 17.2 Hz), 2.22
(3H, s); *C NMR (50 MHz, CDCl;) § 209.1, 137.3, 128.7, 128.4,
126.0, 124.4 (q, J = 284.9 Hz), 759 (q, ] = 29.1 Hz), 44.8, 31.8; °F
NMR (188 MHz, CDCl;) § —13.97 (s); HPLC Diacel Chiralpak AS-
H, hexane/PrOH 95:5, flow rate 0.7 mL/min, retention time = 12.34
(minor) and 17.06 (major).

(5)-5,5, 5 Trifluoro-4-(4-fluorophenyl)-4-hydroxypentan-2-
one (3b)."® Data: 82 mg, 96% yield; [a]p = +15.2 (c = 1.0, CH,CL,);
IR (KBr) 3414, 2925, 1708, 1606, 1512, 1422, 1336, 1238, 1168, 1058,
916, 838, 736 cm™'; 'H NMR (200 MHz, CDCl;) § 7.58—7.51 (2H,
m), 7.08 (2H, t, ] = 8.7 Hz), 5.49 (1H, br s), 3.33 (1H, d, ] = 17.2 Hz),
320 (1H, d, ] = 17.2 Hz), 2.21 (3H, s); *C NMR (50 MHz, CDCl;) §
2089, 162.9 (d, J = 248.2 Hz), 133.2 (d, ] = 3.2 Hz), 128.1 (d, ] = 8.4
Hz), 124.3 (q, ] = 283.7 Hz), 1154 (d, J = 21.6 Hz), 75.7 (q, ] = 29.4
Hz), 44.9, 32.1; YF NMR (188 MHz, CDCl,) § —14.15 (s), —46.93
(s); HPLC Diacel Chiralpak AS-H, hexane/PrOH 95:5, flow rate 0.7
mL/min, retention time = 13.32 (minor) and 19.79 (major).

(S)-5,5,5-Trifluoro-4-hydroxy-4-(4-trifluoromethylphenyl)-
pentan-2-one (3c). Data: 78 mg, 76% yield; [a]p = +7.5 (¢ = 1.0,
CH,CL,); IR (KBr) 3478, 2929, 1716, 1622, 1416, 1330, 1168, 1100,
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994, 839, 760 cm™'; 'H NMR (200 MHz, CDCL,) § 7.72 (2H, d, ] =
9.1 Hz), 7.66 (2H, d, J = 9.1 Hz), 5.63 (1H, brs), 3.36 (1H,d, J = 174
Hz), 3.26 (1H, d, ] = 17.4 Hz), 2.24 (3H, s); *C NMR (50 MHz,
CDCl,) 6 208.6, 141.5, 131.1 (q, J = 32.7 Hz), 126.7, 125.5 (q, ] = 3.7
Hz), 124.2 (q, ] = 285.2 Hz), 123.8 (q, ] = 272.1 Hz), 759 (q, ] = 29.6
Hz), 44.9, 32.0; ’F NMR (188 MHz, CDCl;) 6 3.58 (s), —13.74 (s);
HRMS exact mass calculated for [M + Na]* (C|,H,,F4O,Na) requires
m/z 323.0477, found m/z 323.0472; HPLC Diacel Chiralpak AS-H,
hexane/'PrOH 97:3, flow rate 0.7 mL/min, retention time = 10.95
(minor) and 16.83 (major).

(S)-5,5,5-Trifluoro-4-hydroxy-4-p-tolylpentan-2-one (3d
Data: 80 mg, 96% yield; [a]p, = +9.6 (¢ = 0.5, CHCL); IR (KBr)
3468, 3038, 2926, 1714, 1516, 1412, 1160, 990, 808, 733 cm '; 'H
NMR (200 MHz, CDCly) 6 7.45 (2H, d, J = 8.0 Hz), 7.21 (2H, d, ] =
8.0 Hz), 5.30 (1H, br s), 3.37 (1H, d, J = 17.0 Hz), 3.19 (1H, d, ] =
17.0 Hz), 2.36 (3H, s), 2.21 (3H, s); *C NMR (50 MHz, CDCl;) §
209.3, 1389, 134.4, 129.4, 126.4, 1244 (q, ] = 283.4 Hz), 76.1 (q, ] =
29.5 Hz), 45.3, 32.3, 21.1; '°F NMR (188 MHz, CDCl;) § —14.13 (s);
HPLC Diacel Chiralpak AS-H, hexane/PrOH 95:5, flow rate 0.7
mL/min, retention time = 6.50 (minor) and 9.11 (major).

(S)-5-Chloro-5,5-difluoro-4-hydroxy-4-phenylpentan-2-one
(3e). Data: 81 mg, 96% yield; [a]p, = +6.2 (c = 1.0, CHCLy); IR (KBr)
3464, 3065, 1712, 1448, 1368, 1332, 1169, 1118, 1065, 1014, 955, 890,
757, 719 em}; '"H NMR (200 MHz, CDCL,) § 7.64—7.52 (2H, m),
7.44-7.30 (3H, m), 5.19 (1H, br s), 3.46 (1H, d, ] = 17.0 Hz), 3.25
(1H, d, J = 17.0 Hz), 2.18 (3H, s); *C NMR (50 MHz, CDCl,) §
209.1, 138.0, 130.1 (t, J = 298.9 Hz), 128.8, 128.2, 126.6, 79.4 (t, ] =
25.4 Hz), 45.5, 32.2; ’F NMR (188 MHz, CDCl,) 6 2.26 (d, ] = 166.3
Hz), 1.10 (d, ] = 166.3 Hz); HRMS exact mass calculated for [M +
Na]* (C,;H,,F,0,CINa) requires m/z 271.0308, found m/z 271.0313;
HPLC Diacel Chiralpak AS-H, hexane/'PrOH 95:5, flow rate
0.7 mL/min, retention time = 11.74 (minor) and 16.15 (major).

(S)-2,2,2-Trifluoro-1-(perfluorophenyl)ethanone (3f). Data:
87 mg, 97% yield; [a]p, = +10.8 (¢ = 1.0, CHCL,); IR (KBr) 3465,
2940, 1713, 1654, 1530, 1495, 1419, 1358, 1245, 1170, 1135, 1002,
949, 842, 779, 743 cm'; 'TH NMR (200 MHz, CDCl,) 4.80 (1H, br
s), 3.81 (1H, dt, J = 18.3 and 2.7 Hz), 3.14 (1H, dt, J = 18.3 and 3.7
Hz), 2.29 (3H, s); *C NMR (50 MHz, CDCl;) § 206.9, 150.0—110.0
(m), 123.6 (q, J = 285.0 Hz), 78.0—75.0 (m), 46.5 (t, ] = 6.0 Hz),
30.5; "F NMR (188 MHz, CDCl;) 6 —15.25 (t, J = 8.3 Hz), —71.65
(m), —85.21 (tt, J = 21.4 and 4.2 Hz), —94.36 (m); HRMS exact mass
calculated for [M + Na]* (C;;H¢FsO,Na) requires m/z 345.0132,
found m/z 345.0127; HPLC Diacel Chiralpak AS-H, hexane/PrOH
97:3, flow rate 0.7 mL/min, retention time = 7.47 (minor) and 11.07
(major).

(S)-Ethyl 3-Hydroxy-5-oxo-3-(trifluoromethyl)hexanoate
(39). Data: 75 mg, 91% yield; [a]p = +10.7 (¢ = 1.0, CH,CL,); IR
(KBr) 3399, 3020, 2923, 2853, 1733, 1708, 1464, 1216, 1176, 1113,
761, 699 con™!; 'H NMR (200 MHz, CDCl,) 6 5.78 (1H, br s), 4.18
(2H, q, J = 72 Hz), 3.03 (1H, d, ] = 16.2 Hz), 2.95 (1H, d, ] = 16.2
Hz),2.85 (1H, d, ] = 15.5 Hz), 2.75 (1H, d, ] = 15.5 Hz), 2.29 (3H, s),
1.28 (3H, t, ] = 7.2 Hz); *C NMR (50 MHz, CDCl,) § 208.2, 170.4,
124.9 (q, J = 286.0 Hz), 73.8 (q, ] = 29.0 Hz), 61.4,43.1,37.3 (q,] =
1.1 Hz), 32.3, 13.9; '’F NMR (188 MHz, CDCl;) § —15.88 (s);
HRMS exact mass calculated for [M + Na]* (CoH,3F;0,Na) requires
m/z 265.0658, found m/z 265.0664; HPLC Diacel Chiralpak OD-H,
hexane/'PrOH 99:1, flow rate 0.7 mL/min, retention time = 13.06
(minor) and 15.36 (major).

(R)-4-Hydroxy-8-phenyl-4-(trifluoromethyl)octan-2-one
(3h). Data: 79 mg, 81% yield; [a]p = +2.6 (¢ = 1.0, CHCLy); IR (KBr)
3397, 3022, 2923, 2855, 1707, 1455, 1217, 1172, 1075, 761, 705 cm™
'"H NMR (200 MHz, CDCl;) § 7.35—7.08 (5H, m), 5.38 (1H, br s),
2.85 (1H, d, ] = 16.9 Hz), 2.69—2.48 (3H, m), 2.24 (3H, s), 1.82—1.34
(6H, m); *C NMR (50 MHz, CDCl;) § 2104, 142.1, 128.4, 128.3,
125.9 (q, J = 286.8 Hz), 125.8, 752 (q, ] = 27.6 Hz), 42.3, 35.7, 34.6,
32.1, 31.5, 22.3; "’F NMR (188 MHz, CDCl;) § —13.97 (s); HRMS
exact mass calculated for [M + Na]* (C;sH;oF;0,Na) requires m/z
311.1229, found m/z 311.1226; HPLC Diacel Chiralpak AS-H,
hexane/'PrOH 98:2, flow rate 0.5 mL/min, retention time = 19.90
(major) and 32.33 (minor).
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(5)-6,6,6-Trifluoro-5-hydroxy-5-phenylhexan-3-one (3i).
Data: 74 mg, 88% yield; [a], = +5.7 (¢ = 1.0, CHCL); IR (KBr)
3426, 3023, 2921, 1705, 1455, 1217, 1169, 1076, 1011, 762, 705 cm”;
'"H NMR (200 MHz, CDCl;) § 7.62—7.50 (2H, m), 7.46—7.32 (3H,
m), 5.61 (1H, br s), 3.33 (1H, d, J = 17.0 Hz), 3.18 (1H, d, ] = 17.0
Hz), 2.69—2.31 (2H, m), 1.01 (3H, t, J = 7.2 Hz); *C NMR (50
MHz, CDCl,) 6 211.8, 137.5, 128.8, 128.4, 126.1, 124.5 (q, J = 284.9
Hz), 759 (q, J = 29.0 Hz), 44.1, 382, 7.1; ’F NMR (188 MHz,
CDCl;) § —13.85 (s); HRMS exact mass calculated for [M + Na]*
(Cy,H,3F;0,Na) requires m/z 269.0760, found m/z 269.0766; HPLC
Diacel Chiralpak AS-H, hexane/PrOH 99:1, flow rate 0.5 mL/min,
retention time = 20.07 (minor) and 23.64 (major).

3,4-Dihydroxy-8-phenyl-4-(trifluoromethyl)octan-2-one (3j).
Data: 1:1 mixture of diastereomers, 72 mg, 70% yield; IR (KBr) 3439,
3021, 2924, 1714, 1453, 1362, 1246, 1169, 1076, 1027, 763, 714 cm”;
'"H NMR (200 MHz, CDCL,) § 7.72—7.62 (4H, m), 7.52—7.36 (6H,
m), 4.84 (1H, br s), 4.65 (1H, brs), 3.72 (2H, br s), 2.17 (3H, s), 1.56
(3H, s); *C NMR (50 MHz, CDCl,) § 207.5, 206.0, 134.0, 133.2,
129.5, 129.4, 128.5, 128.0, 126.4, 125.9, 124.6 (q, ] = 287.8 Hz), 124.6
(q,J = 2882 Hz), 78.7, 78.7, 784 (q, ] = 25.6 Hz), 779 (q, ] = 274
Hz), 29.7, 28.1; F NMR (188 MHz, CDCL;) § —7.61 (s), —8.65 (s);
HRMS exact mass calculated for [M + Na]* (C,;H,,F;0;Na) requires
m/z 271.0552, found m/z 271.0549; HPLC Diacel Chiralpak AS-H,
hexane/PrOH 97:3, flow rate 0.5 mL/min, retention time = major
diastereomer 49.33 (minor) and 55.65 (major), minor diastereomer
67.27 (minor) and 75.53 (major).

(5)-5,5,6,6,6-Pentafluoro-4-hydroxy-4-phenyl-hexan-2-one
(3k). Data: 54 mg, 56% yield; [a]p, = +7.8 (c = 1.0, CH,CL,); IR (KBr)
3406, 3066, 1707, 1419, 1341, 1222, 1124, 1000, 842, 709 cm™’; 'H
NMR (200 MHz, CDCl;) § 7.61-7.51 (2H, m), 7.44—7.34 (3H, m),
5.60 (1H, brs), 3.39 (1H, d, ] = 16.9 Hz), 3.24 (1H, d, ] = 16.9 Hz),
2.17 (3H, s); 3C NMR (50 MHz, CDCl;) § 209.6, 137.5, 134.8—
1042 (m), 1289, 128.7, 126.1, 769 (q, ] = 29.4 Hz), 45.1, 32.3;
F NMR (188 MHz, CDCl,) § —11.43 (s), —55.1 (m); HRMS exact
mass calculated for [M + Na]* (C,,H,F;O,Na) requires m/z
305.0571, found m/z 305.0576; HPLC Diacel Chiralpak AS-H,
hexane/'PrOH 97:3, flow rate 0.5 mL/min, retention time = 14.18
(minor) and 22.33 (major).

(S)-5,5,6,6,7,7,7-Heptafluoro-4-hydroxy-4-phenyl-heptan-2-
one (3l). Data: 76 mg, 67% yield; [a]p = +7.5 (c = 1.0, CH,CL); IR
(KBr) 3407, 3068, 1706, 1419, 1340, 1224, 1121, 1000, 844, 709 cm™’;
'"H NMR (200 MHz, CDCL,) § 7.62—7.54 (2H, m), 7.44—7.32 (3H,
m), 5.69 (1H, br s), 3.36 (1H, d, J = 16.8 Hz), 3.25 (1H, d, ] = 16.8
Hz), 2.16 (3H, s); *C NMR (50 MHz, CDCl,) 6 209.5, 137.6, 136.1—
106.9 (m), 128.7, 128.3, 1262, 77.3 (q, ] = 29.2 Hz), 45.5, 32.3; “F
NMR (188 MHz, CDCl,) 6§ —14.49 (t, J = 11.0 Hz), —51.32 (m),
—56.54 (m); HRMS exact mass calculated for [M + Na]*
(Cy3H,,F,0,Na) requires m/z 355.0539, found m/z 355.054S;
HPLC Diacel Chiralpak AS-H, hexane/PrOH 97:3, flow rate 0.5
mL/min, retention time = 12.25 (minor) and 15.25 (major).

(5)-5,5,6,6,7,7,8,8,8-Nonafluoro-4-hydroxy-4-phenyl-octan-
2-one (3m)."® Data: 58 mg, 45% yield; [a], = —3.7 (¢ = 1.0, CHCL,);
'"H NMR (200 MHz, CDCl;) § 7.63—7.53 (2H, m), 7.44—7.32 (3H,
m), 5.67 (1H, br s), 3.35 (1H, d, ] = 16.8 Hz), 3.26 (1H, d, ] = 16.8
Hz), 2.16 (3H, s); *C NMR (50 MHz, CDCL;) § 209.5, 137.7, 136.1—
106.9 (m), 128.8, 128.5, 1262, 774 (q, ] = 29.2 Hz), 45.7, 32.5;
HPLC Diacel Chiralpak AD-H, hexane/PrOH 99:1, flow rate 1.0
mL/min, retention time = 5.42 (minor) and 5.73 (major).

B ASSOCIATED CONTENT

© Supporting Information

Full optimization details, 'H and ¥C NMR spectra, and HPLC
data are available. This material is available free of charge via
Internet at http://pubs.acs.org.

H AUTHOR INFORMATION

Corresponding Author
*E-mail: ckokotos@chem.uoa.gr.

dx.doi.org/10.1021/j02020104 | J. Org. Chem. 2012, 77, 1131-1135


http://pubs.acs.org
mailto:ckokotos@chem.uoa.gr

The Journal of Organic Chemistry

B REFERENCES

(1) (a) List, B.; Lerner, R. A;; Barbas, C. F. Il J. Am. Chem. Soc. 2000,
122,2395—2396. (b) Ahrendt, K. A.; Borths, C. J.; MacMillan, D. W. C.
J. Am. Chem. Soc. 2000, 122, 4243—4244.

(2) For a book, see: In Enantioselective Organocatalysis: Reactions and
Experimental Procedures; Dalko, P. 1, Ed.; Wiley-VCH: Weinheim,
Germany, 2007.

(3) For recent reviews, see: (a) Zhong, C.; Shi, X. Eur. J. Org. Chem.
2010, 2999—3025. (b) Brazier, B.; Tomkinson, N. C. O. Top. Curr.
Chem. 2010, 291, 281—347.

(4) For a recent review on aldol reaction, see: Trost, B. M.; Brindle,
C. S. Chem. Soc. Rev. 2010, 39, 1600—1632.

(5) For reviews on the organocatalyzed aldol reaction, see:
(a) Guillena, G.; Najera, C.; Ramon, D. J. Tetrahedron: Asymmetry
2007, 18, 2249—-2293. (b) Adachi, S.; Herada, T. Eur. . Org. Chem.
2009, 3661—3671. For examples using ketones as aldol acceptors,
see: (c) Chen, W.-B,; Du, X.-L.; Cun, L.-F,; Zhang, X.-M.; Yuan, W.-C.
Tetrahedron 2010, 66, 1441—1446.

(6) Qiu, L.-H.; Shen, Z.-X,; Shi, C.-Q;; Liu, Y.-H.; Zhang, Y.-W. Chin.
J. Chem. 2008, 23, 584—588.

(7) For books, see: (a) Hiyama, T. In Organofluorine Compounds:
Chemistry and Applications; Springer: New York, 2000. (b) In
Bioorganic and Medicinal Chemistry of Fluorine; Begue, ].-P., Bonnet-
Delpon, D., Eds.; Wiley-VCH: Hoboken, NJ, 2008.

(8) For a recent review, see: Purser, S.; Moore, P. R;; Swallow, S.;
Gouverneur, V. Chem. Soc. Rev. 2008, 37, 320—330. For selected
examples, see: (a) Eignerova, B.; Dracinsky, M.; Kotora, M. Eur. J. Org.
Chem. 2008, 4493—4499. (b) Barata-Vallejo, S.; Postigo, A. J. Org.
Chem. 2010, 75, 6141—6148.

(9) For the use of a,f-unsaturated trifluoromethyl ketones in the
aldol reaction, see: (a) Wang, X.-J.; Zhao, Y.; Liu, J.-T. Org. Lett. 2007,
9, 1343—1345. (b) Zhang, D.; Yuan, C. Tetrahedron 2008, 64, 2480—
2488.

(10) For a book, see: In Quaternary Stereocenters: Challenges and
Solutions for Organic Synthesis; Christoffers, J.; Baro, A., Eds.; Wiley-
VCH: Weinheim, Germany, 2005.

(11) (a) Riant, O.; Hannedouche, J. Org. Biomol. Chem. 2007, S,
873—888. (b) Corey, E. J.; Guzman-Perez, A. Angew. Chem,, Int. Ed.
1998, 37, 388—401. (c) Shibasaki, M.; Kanai, M. Chem. Rev. 2008, 108,
2853—2873.

(12) Stymiest, J. L; Bagutski, V.; French, R. M,; Aggarwal, V. K.
Nature 2008, 456, 778—782.

(13) For selected references, see: (a) Prakash, G. K. S.; Yudin, A. K.
Chem. Rev. 1997, 97, 757—786. (b) Prakash, G. K. S; Panja, C;
Vaghoo, H.; Surampudi, V.; Kultyshev, R;; Mandal, M.; Rasul, G;
Mathew, T.; Olah, G. A. J. Org. Chem. 2006, 71, 6806—6813.
(c) Bastos, R. S. Synlett 2008, 1425—1426. (d) Dilman, A. D.; Levin,
V. V. Eur. J. Org. Chem. 2011, 831—841.

(14) Song, J. J; Xu, J; Tan, Z.; Reeves, J. T.; Grinberg, N.; Lee, H,;
Kuzmich, K.; Feng, X.; Yee, N. K;; Senanayake, C. H. Org. Process Res.
Dev. 2007, 11, 534—538.

(15) Sebhat, I. K.; Franklin, C.; Lo, M. M.-C.; Chen, D.; Jewell, J. P.;
Miller, R.; Pang, J.; Palyha, O,; Kan, Y.; Kelly, T. M; Guan, X.-M,;
Marsh, D. J.; Kosinski, J. A,; Metzger, J. M,; Lyons, K,; Dragovic, J.;
Guzzo, P. R; Henderson, A. J; Reitman, M. L.; Narund, R. P,;
Wryvratt, M. J,; Lin, L. S. ACS Med. Chem. Lett. 2011, 2, 43—47.

(16) Hara, N; Tamura, R.; Funahashi, Y.; Nakamura, S. Org. Lett.
2011, 13, 1662—1665.

(17) (a) Bellis, E.; Vasilatou, K.; Kokotos, G. Synthesis 2005, 2407—
2413. (b) Cobb, A.J. A; Shaw, D. M.; Longbottom, D. A;; Gold, J. B;
Ley, S. V. Org. Biomol. Chem. 2005, 3, 84—96.

(18) (a) Mase, N.; Tanaka, F.; Barbas, C. F. III Org. Lett. 2003, S,
4369—4372. (b) Mase, N.; Tanaka, F.; Barbas, C. F. Il Angew. Chem,,
Int. Ed. 2004, 43, 2420—2423.

(19) For a review, see: Mielgo, A.; Palomo, C. Chem.—Asian J. 2008,
3, 922-948.

(20) For a review, see: Lelais, G.; MacMillan, D. W. C. Aldrichimica
Acta 2006, 39, 79—87.

1135

(21) (a) Tsandi, E; Kokotos, C. G.; Kousidou, S.; Ragoussis, V.;
Kokotos, G. Tetrahedron 2009, 65, 1444—1449. (b) Kokotos, C. G.;
Kokotos, G. Adv. Synth. Catal. 2009, 351, 1355—1362. (c) Fotaras, S.;
Kokotos, C. G.; Tsandi, E,; Kokotos, G. Eur. J. Org. Chem. 2011,
1310-1317. (d) Kokotos, C. G.; Limnios, D.; Triggidou, D.;
Trifonidou, M.; Kokotos, G. Org. Biomol. Chem. 2011, 9, 3386—3395.

(22) For a review, see: Liu, X; Lin, L.; Feng, X. Chem. Commun.
2009, 6145—6158.

(23) For selected examples, see: (a) Tang, Z.; Yang, Z. H,; Chen,
X. H,; Cun, L. F;; Mij, A. Q; Jiang, Y. Z,; Gong, L. Z. J. Am. Chem. Soc.
2005, 127, 9285—9289. (b) Samanta, S.; Liu, J.; Dodda, R; Zhao,
C.-G. Org. Lett. 2008, 7, 5321—5323. (c) Vishnumaya, M. Raj; Ginotra,
S. K; Singh, V. K. Org. Lett. 2006, 8, 4097—4099. (d) Wang, B.; Chen,
G.-H; Liu, L-Y,; Chang, W.-X,; Li, J. Adv. Synth. Catal. 2009, 351,
2441-2448.

(24) Fotaras, S.; Kokotos, C. G.; Kokotos, G. manuscript submitted.

(25) (a) Lopez-Vales, R;; Navarro, X.; Shimizu, T.; Baskakis, C.;
Kokotos, G.; Constantinou-Kokotou, V.; Stephens, D.; Dennis, E. A,;
David, S. Brain 2008, 131, 2620—2631. (b) Kalyvas, A.; Baskakis, C.;
Magrioti, V.; Constantinou-Kokotou, V.; Stephens, D.; Dennis, E. A,;
Kokotos, G.; David, S. Brain 2009, 132, 1221—1235. (c) Kokotos, G.;
Hsu, Y.-H,; Burke, J. E.; Baskakis, C.; Kokotos, C. G.; Magrioti, V,;
Dennis, E. A. J. Med. Chem. 2010, 53, 3602—3610.

(26) Kokotos, C. G.; Baskakis, C.; Kokotos, G. J. Org. Chem. 2008,
73, 8623—8626.

dx.doi.org/10.1021/j02020104 | J. Org. Chem. 2012, 77, 1131-1135



