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The introduction of trifluoromethyl (CF;) groups into organic
molecules can substantially modify the lipophilicity, meta-
bolic stability, and bioavailability of the biologically interest-
ing molecules, and thus has attracted much attention from
synthetic chemists over recent years."? Optically active
carboxylic acids with CF; substituents are versatile chiral
building blocks for the synthesis of pharmaceuticals, agro-
chemicals, natural products and fragrances.”’! Accordingly, the
development of methodologies for the enantioselective con-
struction of trifluoromethylated carboxylic acid derivatives is
highly desirable and has become an important research
area.”) However, the catalytic asymmetric synthesis of
optically active a-CF;- or B-CF;-substituted propanoic acid
derivatives is less explored, with a-trifluoromethylation of
some specific carbonyl compounds and conjugate addition
of B-trifluoromethylated acrylic acid derivatives being among
the few documented examples.”! In this context, asymmetric
hydrogenation (AH) of a- or p-trifluoromethylated acrylic
acid derivatives, one of the most straightforward and environ-
mentally benign approaches, still remains a big challenge,®”
probably because of the highly electron-withdrawing nature
of the CF; group in the olefinic substrates, despite the fact that
numerous chiral catalysts have been successfully developed
for the AH of various nonfluoro-substituted acrylic acids.
Even though a few Ru" or Rh' complexes with chiral
bisphosphine ligands catalyze the hydrogenation of some
specific a-CF;- or f-CF;-substituted acrylic acids, the proce-
dures are usually associated with only a single substrate.®”!
Herein, we report a highly enantioselective AH of a broad
range of a-CF;- or B-CF;-substituted acrylic acids, using a Rh'
complex generated in situ with a mixture of a chiral secondary
phosphine oxide (SPO) and an achiral triarylphosphine
ligand, as the catalyst.

The research project was inspired by the excellent
performance of chiral SPO molecules as preligands in Rh'™-
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catalyzed AHs of a variety of olefinic substrates.®! The
feasibility of using Rh'/SPO-type catalysts in AHs of CFs-
substituted acrylic acid derivatives was first investigated by
screening several SPO ligands (L1-L6) with o-CF;-substi-
tuted cinnamic acid ((Z)-1a) as a model substrate (Table 1).

Table 1: Effect of PPh; on the Rh'-catalyzed asymmetric hydrogenation of

(2)-1a in the presence of SPO preligands L1-L6.1
+ COOH
%

[RN'] (1 mol%)
~COOH
CFs

L (2 mol%), PhzP
morpholine (10 mol%)

20 atm CH,Cly, RT, 16 h
(2)-1a 2a
Entry L ([mol%]) Ph;P [mol %] Conv. [%]"! ee [%]1
1 (5,9)-L1 (2) 1 30 37 (S)
2 (R)-L2 (2) 1 44 58 (R)
3 (R,R)-L3 (2) 1 95 23 (S)
4 (S)-L4 (2) 1 74 11 (R)
5 (5)-L5 (2) 1 80 84 (R)
6 (5)-L6 (2) 1 82 92 (R)
7l (S5)-L6 (2) 1 >99 98 (R)

[a] Reaction conditions: 1 mol % [Rh(cod),|BF,, [1a]=0.1m. [b] Deter-
mined by '°F NMR spectroscopy. [c] Determined by HPLC on a chiral
stationary phase after 2a was transformed to its corresponding methyl
ester with CH,N,. The absolute configurations were assigned by
comparison of their optical rotations with reported values (see the
Supporting Information). [d] The solvent mixture CHCl;/H,0 (4/1) and
[Rh(cod),]PF, were used in the reaction. cod =1,5-cyclooctadiene.

R
ne QO
O o._.0 O. P/’O
o™ o "H 0" "H
o en (LI
R
(RR)-L3 (S-L4R=H
(S)-L5 R = Me
(S)-L6 R =Et

As shown in Table S1 in the Supporting Information, only
very poor conversions (16 h, < 15 %) were obtained under the
initially tested conditions, indicating that the complexes
generated with Rh' and these SPO ligands are not adequately
active for catalysis. Gratifyingly, when we investigated the
reaction using Rh' complexes with SPO/PPh;/! monodentate
ligand mixtures'*'® the addition of achiral PPh; had
a profound influence on the catalysis, as evidenced by the
substantial improvement in the catalytic performance (30—
95% conversions, 11-92% ee, Table 1, entries 1-6). Such
a dramatic change in catalytic behavior upon addition of
Ph,P can be attributed to an active Rh' species, coordinated
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simultaneously with a chiral SPO and an achiral Ph;P"”! The
screening of achiral triarylphosphine ligands, the change of
the Rh! source, and the variation of the molar ratios of SPO/
PPh; resulted in the optimized reaction conditions including
CHCly/water (4:1) as solvent mixture at 20 atm of H, in the
presence of morpholine (0.1 equiv), with the catalyst gener-
ated in situ from [Rh(cod),]PF/(S)-L6/PPh; (1:2:1, 1 mol %
Rh loading; see the Supporting Information). Under these
conditions, full conversion was achieved with 98 % ee of the
corresponding product (R)-2a (Table 1, entry 7). It should be
noted that the addition of water seems to be critical in order
to achieve high activity and selectivity. Although the exact
underlying reason is not clear yet, we speculate that water
helps to break down the [Rh'(SPO),]-type complex (e.g., by
cleaving the Hbond between two SPO ligands),®!" thus
facilitating the formation of the Rh' species with both ligands
([Rh'(SPO)(Ph;P)]), which is responsible for the catalysis.

With the optimal catalyst [Rh(cod),|PF/(S)-L6/PPh,
(1:2:1, 1 mol% Rh') in hand, we subsequently investigated
its use in the reaction of a-CF;-substituted substrates with
various [3 substituents under the optimized reaction condi-
tions. AHs of a-CF;-substituted acrylic acid derivatives 1b—
1n proceeded smoothly to give the corresponding a-CF;-
substituted propanoic acid derivatives 2b-2n with excellent
enantioselectivities (95-99 % ee; Table 2). It is remarkable
that this catalyst system tolerates both electronic and steric
modifications of the substituent on the B-aryl rings of the
acrylic acids (Table 2, entries 1-9), even though a higher H,
pressure and longer reaction time are required for sterically
hindered substrates ((Z)-1b, (Z)-1h, and (Z)-1i; entries 1, 7,
and 8). The AHs of a-CF;-substituted substrates with f3-
heteroaryl groups, such as furan-2-yl ((Z)-1k) or 2-thien-2-yl
((Z2)-11), were also successful, affording the corresponding
propanoic acid derivatives (R)-2k and (—)-21, respectively,
with 97 % ee (Table 2, entries 10 and 11). The protocol was
also successfully applied to the hydrogenation of 1m, afford-
ing an excellent ee value (97%) of 2m, which has much
structural resemblance to an important intermediate® of the
synthesis of the blood-pressure-lowering drug aliskiren
(Table 2, entry 12). Moreover, the hydrogenation of 1n,
a prototype a-CF;-substituted acrylic acid without a {3 sub-
stituent, afforded the a-CF;-substituted propanoic acid 2n
with 96 % ee (Table 2, entry 13). Finally, with a slight modi-
fication of the reaction conditions, the catalyst loadings in the
hydrogenation of (Z)-la could be decreased to 0.1-
0.01 mol% (Table 2, entries 14 and 15), still giving the
product with 93% ee, albeit with only 70 % conversion of
substrate in the latter case (entry 15).

Encouraged by these results, we sought to extend the
[Rh(cod),]PF4/(S)-L6/PPh; catalyst system to the AH of {3-
CF;-substituted acrylic acid derivatives. The reactions were
performed under the conditions optimized for (Z)-1a
(Table 3). The catalyst system proved to be quite versatile
for this type of substrate, leading to complete the conversion
of all tested substrates and affording the corresponding
products with excellent ee values (92->99%; Table 3,
entries 1-20). For the substrates with an aryl ring at the
P position, the electronic nature of the aryl substituent(s) had
no obvious effect on the reaction (Table 3, entries 8-12).
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Table 2: Rh'-catalyzed asymmetric hydrogenation of a-CF;-substituted
acrylic acids Ta-1n."!
[Rh(cod),PFs] (1 mol%)

R/\(COOH . H (S)-L6 (2 moi%), PPh; (1 mol%) RO
CFy 20 atm morpholine (10 mol%) 6F3
(Z}btn CHCly/H,0 (4/1), RT, 16 h (R)2b-2n
Entry Substrate Product ee [%)]
COOH COOH
10l CF3 CF3 98 (R)

2-1b (R)-2b
COooH COOH
2 m3 ma 97 (R)
(2)1c (R)-2¢c
COOH COOH
3 /©/\(;3 /©/E3 95 (R)
@2-1d (Ry-2d
COOH COOH
4 Fms Fm3 97 (R)
@-1e (R)-2e
COOH COOH
5 al m3 al /©/\C/F;, 96 (R)
(@2¢1f (R)-2f
COOH COOH
6 or mg Br m3 97 (R)
(2)19 (R)-29
OMe OMe
COOH + COOH
70! g7Ifl
MeO CF3 MeO CFs
@-1h (-):2h
" O ~~COOH O cooH
“ U % % (%)
(2¢i (R-2i
~COOH COOH
9 OO CFs OO CFs 97 (R)
(21 (R)-2j
-, ~COOH CA/COOH
10 Lo cr Lo cr 97 (R)
211k (R)-2k
. ~COOH -~ -COOH
1 \_s cF, @Acra 971

97 (R)
(2)-1m (R)-2m
CooH \(COOH
130 ﬁ;s CFs 96!
1n 2n
~COOH COOH
144 ms ms 93 (R)
@2-1a (R)-2a
- COOH COooH
156 ma ¢Fs 93 (R)
@2-1a (Ry-2a

[a] Reaction conditions: [1]=0.10 M. All conversions were higher than
99%, as determined by '°F NMR spectroscopy, unless otherwise noted.
The ee values were determined by HPLC on a chiral stationary phase after
the acids were transformed to their corresponding methyl esters with
CH,N,, and the absolute configurations of the products were deduced by
comparison of their Cotton effects with that of (R)-(—)-2a in the CD
spectra (see the Supporting Information). [b] 50 atm H,, 24 h.

[c] ee values were determined by GC on a chiral stationary phase without
prior esterification. [d] 0.1 mol % of [Rh'], 50 atm H,, iPrOH/H,0 (4/1),
24 h. [¢] 0.01 mol % of [Rh'], 50 atm H,, iPrOH/H,O (4/1), 48 h, 70%
conversion of (Z)-1a was achieved. [f] The absolute configuration was
not assigned.
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Table 3: Rh'-catalyzed asymmetric hydrogenation of 3-CF;-substituted acrylic acids 3a-s."

Rf [Rh(cod),PFg] (1 mol%)
(S)-L6 (2 mol%), PPhs (1 mol%)
H
R)\ * z morpholine (10 mol%) R/I*\/COOH
COOH  20atm CHCly/H,0 (4/1), RT, 16 h
(E)- or (2)-3a-3s 4a-4s
Entry Substrate Product Ee [%] Entry Substrate Product Ee [%)]
CFs CFs3 CF; CF3
N 2 COOH < “_COOH
1 Lo ©N 99 (R) n N SooH BrJ@N 97 (R)
(E)3a (R1-4a 3 (R)-4j
OMe CF3 OMe CF3 CFs
N COOH “_COOH
2" >99 12 m >99 (R
MeO COOH COOH MeO ®
(E)-3b E)-3k (R)-4k
OMe CFs OMe CF3
CFs3
A\ L COOH § 7 cooH
3l Me COOH Me > 99 13 OO COOH 98 (R)
OMe OMe
(Erse R ()31 (R4l
OMe CF OMe CF, oF
X COOH COOH CH\ E cooH
* XX N
4lbel Me Me 941 e \_NH  CooH m >99 (R)
OMe OMe (R)-4m
(2)-3c (+)-4c
CF, CF3 CFs
5 Loon Uv >99 (R) 15 CooH . 99 (R)
H
(E)-3d (R)-4d (R-4n
CFs CF3
: FaC, CF.
COOH \ 3
X —
6 Lo )\©/V >99 (R) 16 Mé  COOH e COOH L
(E)-3e (R)-4e (E)-30 40
I§ F g COOH TFs s
F N \ :_COOH
7 COOH >99 (R) 17 oo ON >99 (R)
E)af F R E)3p (Ryap
CF, CFs CFH CFH
N “_COOH ~COOH CooH
8 COOH /©/\/ 98 (R) 18 97 (S)
(E)-39 (R)-4g (S)-4q
CFs CFs chcF3 CF,CFs
‘_COOH “_COOH
9 SooH . O/V >99 (R) 19 L oon ©/V 99 (R)
(R)-4h (R)-4r
CFs3
L :_COOH FaG_ FaC
10 o COOH o /©/\/ 97 (R) 200 COOH CooH 92!
(E)3i (R4 (E)3s 4s

[a] Reaction conditions: [3]=0.10 m. All conversions were higher than 99%, as determined by '°F NMR spectroscopy. The ee values were determined
by HPLC on a chiral stationary phase after the acids were transformed to their corresponding methyl esters with CH,N,, and the absolute
configurations of the products were deduced by comparison of their Cotton effects with that of (R)-(—)-4f in the CD spectra (see the Supporting
Information). [b] 50 atm H,, 24 h. [c] 2 mol % catalyst. [d] The ee values were determined directly by GC on a chiral stationary phase. [e] The absolute

configuration was not assigned.

However, the sterically more crowded substrates required
higher hydrogen pressure (50 atm), a longer reaction time
(24 h), and/or a higher catalyst loading (2 mol %) for com-
plete conversions (Table 3, entries 2-4). Remarkably, AHs of
E or Zisomers of 3¢ gave the products (—)-4¢ or (+)-4c,
respectively, with the same level of enantioselectivity
(94 % ee), but the opposite sense of asymmetric induction
(Table 3, entry 3 vs. entry 4), suggesting a directing effect of
carboxy group.’ 'l The AH of analogous substrates contain-
ing pyrrol-2-yl or indol-3-yl at the [} position of acrylic acid

proceeded with excellent enantiocontrol to give the corre-
sponding hydrogenated products (R)-4m or (R)-4n, respec-
tively, in more than 99 % ee (Table 3, entries 14 and 15). The
catalyst system also worked very well for p-alkyl-f3-CF;-
substituted acrylic acid derivatives (E)-30 and (E)-3p
(Table 3, entries 16 and 17), as well as B-difluoromethyl-
and pentafluoroethyl-substituted cinnamic acids ((Z)-3q and
(E)-3r; Table 3, entries 18 and 19), to afford full conversion of
the substrates with excellent enantioselectivities. Further-
more, the AH of (E)-3s, a 3-CF;-substituted acrylic acid with
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an a-methyl substituent, provided the corresponding product
with 92% ee (Table 3, entry 20). It should be noted that some
of the obtained hydrogenation products are highly valuable
chiral synthons or bioactive molecules. For example, (R)-4 f
(>99% ee) is the key intermediate in the synthesis of an
inhibitor of p-amyloid production,’ while (R)-4m
(>99% ee) has been used as a key intermediate for the
synthesis of a biologically interesting heliotridane ana-
logue.’¥) Compound (R)-4n (>99% ee) itself is a plant
growth regulator (TFIBA),”® while (S)-40!" and 4s%*
are well-known intermediates for pharmacologically active
compounds that contain a trifluoromethyl group, such as
amino acid antagonists or inhibitors.

Apart from the useful hydrogenation products 4 f, 4m, 4n,
and 40 mentioned above, the synthetic utility of the present
procedure was further demonstrated with a series of trans-
formations of (R)-4g into the corresponding alcohol 5,
cycloketone 6,?'! and Weinreb amide 7 without any loss of
enantiopurity (Scheme 1; for details, see the Supporting
Information). As a synthetically versatile intermediate, the

2 CF3
~ LAH, THF COOH CF3803H
/©/\/\ 0°C > RT /@N 70°C
95% 89%

R)-5, 98% ee R)-49, 98% ee R)-6, 97% ee

HN(OMe)Me-HCI
EDC-HCI, DMAP

CF3

EtsN, CH,Cl,, RT
85% 79%
(R)-9, >99% ee (R)-7,99% ee (R)-8, >99% ee
60% .
for two steps THF, 0°C > RT
86%
(R)-10, 98% ee (R)-11,>99% ee

trifluorinated trifluorinated

90%
LAH THF PhMgBr
THF, RT
Bng\)\
CFs CF3 O
dehydrocurcumene tumerone

CF3 O CF; O

HN(OMe)Me-HCI
OH EDC-HCI, DMAP
=

EtsN, CH,Clp, RT

90%

(R)-4e, >99% ee (R)-12, 98% ee (R)-13, 98% ee

trifluorinated florhydral

Scheme 1. Transformation of hydrogenation products to optically
active CF;-substituted synthons and bioactive molecules. DMAP =4-
dimethylaminopyridine, EDC = 3-(3-dimethylaminopropyl)-1-ethylcarbo-
diimide, LAH =lithium aluminum hydride.

Weinreb amide 7 was further transformed into a variety of
useful chiral products (8-11), including trifluorinated natural
products,® such as dehydrocurcumene 10 and tumerone 11.
Finally, (R)-4e was transformed into a trifluorinated analogue
of florhydral through a two-step sequence without significant
loss of optical purity.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In summary, a Rh' catalyst containing a simple chiral SPO
ligand (S)-L6 and an achiral Ph;P ligand was developed for
highly efficient asymmetric hydrogenations of various a-CF;-
or B-CF;-substituted acrylic acids with excellent enantiose-
lectivities. This catalyst system provides a straightforward
approach to diverse optically active a-CF;- or [3-CF;-substi-
tuted propanoic acid derivatives with biological importance.
The resultant products were readily transformed to a variety
of optically active CF;-substituted synthons and bioactive
molecules.
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