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Abstract: Fluorine-containing compounds are
useful in many applications ranging from pharma-
ceuticals to ferroelectric crystals. We have devel-
oped a new, highly enantioselective synthetic route
to trifluoromethyl-bearing stereocenters in up to
96% ee via asymmetric hydrogenation using N,P-li-
gated iridium catalysts. We also hydrogenated an
isomeric mixture of olefins; this reaction gave the
hydrogenation product highly enantioselectively
(87% ee), and only the E isomer was present after
the reaction had reached 56% conversion.

Keywords: asymmetric catalysis; fluorine; hydroge-
nation; iridium; PN ligands

Fluorine-containing compounds are useful in applica-
tions ranging from agrochemicals and pharmaceuti-
cals to materials for liquid crystal displays (LCDs).!"
Among the fluoroorganic compounds, trifluorometh-
yl-substituted molecules have gained much attention,
mainly because the electron-withdrawing ability of
the trifluoromethyl group can significantly change the
physical, chemical and biological properties of a com-
pound. Therefore, much effort has been put towards
the synthesis of CF;-bearing stereocenters, but their
formation is still limited in scope. The existing synthe-
ses of CF;-containing chiral centers rely mostly on
chemical or biocatalytic resolutions of racemates or
on the selective fluorination of chiral, non-fluorinated
substrates.*’!

Chiral Rh and Ru catalysts have been used in the
asymmetric hydrogenation of CF;-substituted olefins.
Because both types of catalysts require a coordinating
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group near the substrate double bond to obtain high
enantioselectivity, all of the trifluoromethyl olefins
hydrogenated so far have possessed functionality on
or close to the double bond that bears the CF; group.
In 1980, Koenig etal. reported the first successful
asymmetric hydrogenation of a CF;-substituted olefin
by applying a chiral Rh catalyst in the hydrogenation
of 2-acetoxy-3,3,3-trifluoromethyl-1-propene  with
good enantioselectivity (77% ).l Ten years later, Burk
reported a higher ee (>95%) for the reduction of the
same substrate using Rh catalysts.’) Kobayashi, Iseki
and their co-workers enlarged the scope of functional-
ized trifluoromethyl olefin hydrogenation using a
chiral Ru-(R)-BINAP catalyst.[! They produced opti-
cally active 2-(trifluoromethyl)alkan-1-ols with ee
values up to 83% and 2-(trifluoromethyl)propionic
acid with 80% ee after derivatization; whereas they
hydrogenated an unsaturated CF;-substituted ester to
an almost racemic product. To the best of our knowl-
edge, there are no routes to obtain simple chiral fluo-
roalkanes, because all methods give optically active
fluoroalkanes with additional functionality.

In the past decades, Ir complexes with chiral N,P li-
gands have proven to be efficient catalysts for the
enantioselective hydrogenation of olefins."”” As these
catalysts hydrogenate both unfunctionalized and func-
tionalized olefins, they have an advantage over Rh
and Ru catalysts. Since the first chiral mimic of Crab-
tree’s complex was reported by Pfaltz and his co-
workers,®! many groups have contributed to an ever-
growing bank of chiral N,P-ligated Ir complexes that
work very well in olefin hydrogenation, but have only
been tested with a limited range of substrates.”'”! Re-
cently, the demand for new, optically active chiral
centers has encouraged us!'!! and others!' to test the
Ir-catalyzed asymmetric hydrogenation of more
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Figure 1. N,P-chelating ligands to iridium used in the hydro-
genation studies.

‘exotic’ substrates. For example, we have successfully
hydrogenated vinyl fluorides with good to excellent
enantioselectivities."™ This was the first example of
the Ir-catalyzed asymmetric hydrogenation of fluori-
nated compounds. To further develop this field, we
set out to perform the Ir-catalyzed asymmetric hydro-
genation of non-coordinating CF;-substituted olefins,
that is trifluoromethyl olefins with no additional func-
tional groups.

Initially, we evaluated the asymmetric hydrogena-
tion of the CF;-substituted olefin (Z)-1 by iridium cat-
alysts of the N,P ligands I-V (Figure 1), as these cata-
lysts are highly selective and efficient for the asym-
metric hydrogenation of imines and trisubstituted ole-
fins (Table 1).% The conversions and enantioselectivi-
ties varied widely with ligand structure. Most
thiazole- (L7 Vel') and imidazole-based (IT'%)
catalysts showed very good selectivities, whereas

Table 1. The asymmetric hydrogenation of CF;-substituted
olefin (Z)-1.14

A pentyl [L*Ir(COD)]* [BArF] - % _hexyl
CF CH,CI
3 room teng, o.n. CF3
(21 H, (100 bar) 2
Entry Ligand (L*) Conv. [%] ee [%]
1 I 95 87
2 1I 88 95
3 I 27 60
4 IVa 8 47
5 IVb 79 27
6 (S)-Va 92 47
7 (R)-Vb 31 18
8 (R)-Ve 88 96

=

Reaction conditions: 1.0 mol% catalyst, 16 h, room tem-
perature, dry CH,Cl,, 100 bar H,. Conversions were de-
termined by '"H NMR spectroscopy. ee values were deter-
mined by chiral GC/MS.
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those with ligands IIL!% IVI'*! and Va-b were less
selective. The complexes of ligands Val'®! and Vb,!'%
which were included in order to evaluate an extreme-
ly bulky and a less bulky ligand, were both less selec-
tive than the complex of ligand Ve. When the hydro-
gen pressure was decreased from 100 to 50 bar, the Ir
catalyst of ligand Ve retained selectivity (95% ee),
whereas that of ligand II became less selective (85%
ee). Additionally, a weakly coordinating solvent was
not necessary, even in a non-coordinating solvent,
2,2 4-trimethylpentane, [(Ve)Ir(COD)]*[BArg]” hy-
drogenated (Z)-1 highly selectively.

We also evaluated the asymmetric hydrogenation of
several other unfunctionalized CF;-substituted olefins
with CF; groups at the prochiral center. Chiral CF;-
containing products are especially interesting in ‘flat-
screen’ technology. So far, there are no good methods
to obtain these compounds and we therefore focused
our efforts on them. Because some applications of
chiral fluoroalkanes require varied alkyl chain lengths,
four related olefins with alkyl chains of various
lengths (Table 2, entries 1-4) were synthesized and
hydrogenated using [(Ve)Ir(COD)]*[BArg]~. Overall,
the enantioselectivies among these reductions were
excellent, with ee values up to 96%, but the catalyst
reactivity was lower when the alkyl chain was longer.
A more bulky substrate that had a phenyl group on
the alkyl chain (entryS5), was hydrogenated by
[(DIr(COD)]*[BArg]™ in very good ee but to low con-
version.

We also investigated the sensitivity of the hydroge-
nation reaction to changes of the aromatic moiety.
para-Substitutions with electron-withdrawing (fluoro,
entry 6) and electron-donating (methyl, entry 7)
groups were examined. The catalyst [(I)Ir(COD)]*-
[BArg]~ hydrogenated these to similar conversions
and with similar enantioselectivities to the unsubsti-
tuted olefin 1 (entry 3).

When a cyclohexyl substituent was present geminal
to the CF; group, high conversion and good ee were
obtained with catalyst [(Va)Ir(COD)|*[BArg]
(entry 8). Thus the asymmetric hydrogenation does
not require an aromatic substituent geminal to CF;
group and so alkyl substituents can also be present
there.

Our group has hydrogenated enol phosphinates
with excellent stereoselectivities, and we therefore in-
cluded one CF;-substituted enol phosphinate in this
study (entry 9)."“Y This was reduced in full conver-
sion with excellent enantioselectivity. Chiral alkyl
phosphinates are useful because they are easily trans-
formed to the corresponding alcohols without loss of
optical purity.'*!

During the course of this work, we noticed that cat-
alyst [(I)Ir(COD)|*[BArg]~ hydrogenated the cis and
trans isomers of CF;-substituted olefins at different
rates. This phenomenon has been observed with
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Table 2. Asymmetric hydrogenation of CF;-substituted ole-

fins.[®
R R [L*ICOD)* [BArg]- R, R
= —_— —
FsC CHCl FaC
H, (100 bar)
Entry L* Olefin Conv. [%] ee[%]
Ph
1 (R)-Ve >=\ 94 95 (-)
FsC Me
Ph
2 (R)-Ve )=\ 87 92 (—)
FoC Pr
Ph
3 (R)-Ve )=\ 88 96 (—)
FsC Pentyl
Ph
4 (R)-Ve )=\ 85 95 (—)
F,C Octyl
Ph
5 (R)I = 21 90 (—)
FaC CH,CH,Ph
p-F-CgH,
6 (R)-I )=\ 84 81 (—)
FsC Pentyl
p-Tol-C¢H,
7 (R)-1 =\ 92 84 (-)
FsC Octyl
Cy Ph
8 S)va )= 96 74 (<)
FsC
Ph,(O)PO Ph
9 (R)-I — > 99! 96 (+)

FsC

51 General reaction conditions: 0.5-1.0 mol% catalyst, 72 h,
room temperature, dry CH,Cl,, 100 bar H,. Conversions
were determined by 'HNMR spectroscopy. ee values
were determined by chiral HPLC or chiral GC/MS. For
details see Supporting Information. Optical rotations are
in parentheses. To date, the absolute configurations have
not been correlated with optical rotations.

I The reaction was run at 50 bar H,.

ruthenium catalysts by Iseki, Kobayashi and co-work-
ers, but not for iridium catalysts.’! As seen in Table 3,
the hydrogenation of an isomeric mixture of olefin 1,
gives almost the same ee as the hydrogenation of the
pure Z isomer. Apparently, Z-1 reacts much faster
than its E isomer, which was the only olefin isomer
seen in the '"H NMR spectrum after the reaction had
reached 56% conversion. This is interesting because it
offers the possibility to hydrogenate mixtures of cis/
trans olefins, leaving the E isomer available for fur-
ther functionalization.

In conclusion, we have developed a new, highly
enantioselective synthetic route to building blocks
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Table 3. Asymmetric hydrogenation of an isomeric mixture
of CF;-substituted olefins.™

pentyl
hexyl
| [(NIr(COD)]*[BAr]™
CF3 o Ed CF3
100 bar Hy. CHyCl,
1 2
Entry Olefin Conv. [%] ee [%]
1 E-1 4 0
2 Z-1 95 87 (-)
3 E/Z-1(1:1) 56 83 (-)

[l Reaction conditions: 1 mol% catalyst, room temperature,
dry CH,Cl,, 100 bar H,, 72 h.

with CF; at the chiral center. This synthetic route
does not rely on additional functionality to direct its
stereochemical course, and is therefore useful in the
formation of chiral fluorine-containing molecules for
a wide range of applications.

Experimental Section

General remarks, experimental details and preparation and
spectral data of the new compounds can be found in the
Supporting Information.

General Procedure for the Asymmetric
Hydrogenation of CF;-Substituted Olefins (Table 2)

A vial was charged with substrate (0.1-0.5 mmol) and cata-
lyst (0.5-2 mol%), and CH,Cl, (2 mL) was added. The vial
was placed in a high-pressure steel apparatus, which was
purged three times with H, before it was pressurized to 50—
100 bar, left at room temperature and held at this pressure
for 12-72 h. The pressure was released and the solvent was
evaporated off. At this point, the conversion was measured
by 'HNMR spectroscopy. Then 1.5mL of Et,O:pentane
(1:1) were added, and the resulting solution was filtered
through a short plug of silica. The silica plug was rinsed with
3mL Et,O:pentane (1:1). The solvent was evaporated and
the ee was determined by GC-MS or HPLC.
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