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Apart from molecular hydrogen (H,),"! other small mole-
cules, such as CO,,” N,O,FINO,™ and SO,,”! were targeted by
frustrated Lewis pairs (FLPs)® and resulted in the fixation or
activation of these small molecules by Lewis acid interaction.
Consequently, functionalized molecules, such as a,f-unsatu-
rated esters, sulfoxides, or nitro compounds, are challenging
substrates for FLP-catalyzed hydrogenations, and strategies
toward higher functional-group tolerance are topic of current
research. Sods et al. demonstrated that bulky mesityl-substi-
tuted boranes could attain a level of functional-group
tolerance according to the size exclusion principle."! Other
modifications of boranes to achieve stronger®! and weak-
er’**“1 Lewis acidity in conjunction with FLP chemistry were
reported. In particular, weaker Lewis acids appear to be
favorable for the reduction of electron-deficient double
bonds, such as o,p-unsaturated ketones, owing to the pro-
nounced nucleophilicity of the corresponding hydridoborate
anion.'”l However, reduced Lewis acidity might also suppress
the H, activation, and a careful balance must be met. To date,
there has been no report on the FLP-catalyzed hydrogenation
of nitroolefins and acrylates. Only recently, B(C¢Fs); (1) was
applied for the reduction of strongly electrophilic malonates
at elevated temperatures and pressure (80°C, 60 bar H,).[1%!

Herein we report the reactivity of B(2,6-F,-C¢F); (2) as
Lewis acid in FLP-catalyzed hydrogenations and its unique
structural features in solid state and solution. The unprece-
dented FLP-mediated hydrogenation of nitroolefins"! and
a,p-unsaturated esters under mild conditions (RT or 40°C;
4 bar H,) was established. In contrast to the size-exclusion
concept, in this case functional-group tolerance was solely
achieved by modification of the electronic nature of the Lewis
acid and the Lewis base.

We initiated our studies with the synthesis of the borane
B(2,6-F,-C¢sH;);-~THF adduct (2-THF) according to Nau-
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mann.'?l Surprisingly, 2"*! has not been studied in FLP
chemistry to date, even though it resembles an electronically
modified B(C¢Fs); with identical steric shielding. The solid-
state structure of 2 was established and displays similar
structural features to BPh, (Figure 1a).l"¥

Figure 1. X-ray crystal structures of a) B(2,6-F,-C¢Hs)5 (2), b) [tBusP-
HI[H-B(2,6-F-CoHy)s] (B-HI[H-2]), and ) [TMP-HI[H-B(2,6-F-C;H),]
([4-H][H-2]). Ellipsoids set at 50% probability; solvent molecules and
selected hydrogen atoms omitted for clarity. Selected interatomic
distances [A]: [3-H][H-2]: H1—H2 1.97(4), H3—F1 2.84(5); [4-H][H-2]:
H1-H3 1.91(1), H9—F26 2.54(8), H7—H16 2.48(0).

The relative Lewis acidity of 2 compared to B(CFs); (set
to 100 % )" was determined to be 58 % and 82 % according to
the methods of Childs"® and Gutmann-Beckett,**!"! respec-
tively.'¥ When the Lewis acid 2 was reacted with tBu;P (3) or
2,2,6,6-tetramethylpiperidine (TMP; 4) and molecular hydro-
gen at room temperature, the respective hydridoborate salts
[3-H][H-2] and [4-H][H-2] were quantitatively formed. The
H, activation products were fully characterized in the solid
state (Figure 1b,c)!"” and in solution by NMR spectroscopy.
The most striking features are the short PH--HB and
NH--HB distances of 1.97 A and 1.91 A, respectively® and
indicate an intermolecular dihydrogen bond.!!

To date, reported H, activation products employing
B(C¢Fs);? or B(4-H-C¢F,);*! and PrBu, (3) or TMP (4)
have longer H—H distances, suggesting majorly electrostatic
interactions between the ions pairs rather than dihydrogen
bonding. Careful inspection of the molecular structures
revealed additional interactions of the ions in the solid
state. For [3-H][H-2] six and for [4-H][H-2] four short H---F
interactions were found (2.9 A to 2.5 A). Surprisingly this
structure is also conserved in solution. The cross-peaks in the
corresponding 'H,"H NOESY NMR spectra confirmed the
vicinity of the PH and NH to the H-B moiety in the onium
borate salts. Furthermore the orientation of the onium salts
were verified by '"H,"”"F HOESY NMR experiments (see the
Supporting Information). Polarization transfer from the /Bu
group in [3-H|[H-2] and from the CH; and the 3,5-CH, groups
in [4-H][H-2] to the ortho-F-atoms of the borate verified the
facial arrangement as observed in solid state. To our knowl-
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edge this is the first report of spectroscopic evidence of FLP-
derived onium hydridoborate ion-pair structures in solution.

The reduced Lewis acidity of 2 suggests increased
nucleophilic character of the hydride in the [H-2]~ ion,* so
that the reduction of functionalized o,fB-unsaturated sub-
strates seems feasible. For this challenging task the reactivity
of the onium hydridoborates (nucleophilicity, pK, of the
onium species), as well as the free FLP towards such
substrates is of utmost importance, because multiple deacti-
vation pathways are possible as for B(C¢Fs); (1). In our hands
the catalytic hydrogenation of nitroolefins or acrylates using
the FLPs derived from 3/1 or 4/1 was unsuccessful owing to
Lewis acid inhibition, in contrast to free borane 2 or the
2'THF adduct.™

We investigated the stoichiometric reduction of (E)-p-
nitrostyrene (5a) by [3-H][H-2] at ambient temperature.
Indeed the complete reduction of the double bond was
observed within a short time, providing the saturated product
6a in excellent yield (Scheme 1, top). Surprisingly, when

Ph\?\No

H, (4 bar)

[3-HI[H-2] 4>Ph\/\No

CDZCIZ CD.,Cl,, 6a
quant. RT

99%

tBusP (3) + THF+2
1 equiv 3, | CgHg, RT,
1 equiv 5a| 98%

fPfBUg

tBu3P®

NN N® BArF

'

Q F
_N.-BA; + 0=PtBu;

IBU3P®H
Ph
H 7

Scheme 1. Reactivity of nitroolefin 5a with FLP 3/2 (Arf=2,6-F,-C¢H;).
Ellipsoids set at 50% probability; selected hydrogen atoms omitted for
clarity.

equimolar amounts of substrate 5a, 2, and two equiv PrBu, (3)
were mixed in CD,Cl, in the absence of hydrogen, the clean
conversion into the FLP-stabilized oxime 7 was observed
(Scheme 1, bottom). The oxime 7 resulted from the conjugate
addition of 3 to the P position in 5a and reduction of the
generated nitronate species by the second equiv of PrBus. The
NMR data are in accordance with the proposed zwitterionic
structure 7, which was also verified by X-ray crystal structure
analysis (see the Supporting Information).

The reduction of the nitro group to an oxime functionality
shows new reactivity of FLPs in reduction processes of
functional groups, although not in a catalytic fashion. In
contrast, when TMP (4) was used as Lewis base, no nitro
group reduction was observed. Subsequent pressurization of
an equimolar mixture of TMP (4), B(2,6-F,-C¢H;); (2), and
nitroolefin Sa with hydrogen led to the clean formation of the
hydride addition intermediate 8, which was unambiguously
identified by NMR spectroscopy and X-ray crystallography
(Scheme 2). This finding provides important evidence for the
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Scheme 2. Hydrogenation of B-nitrostyrene by FLP 4/2 (Arf =2,6-F,-
C¢Hs). Ellipsoids set at 50% probability; solvent molecules and
selected hydrogen atoms omitted for clarity. Selected interatomic
distances [A] for 8: H2—F12 2.14, H1-02 1.85.

4+
(FLP)
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initial hydride attack mechanism.[%" Heating a solution of 8
to 40°C resulted in the protodeboronation to liberate the
saturated nitro compound 6a and the FLP. However, the
hydrogenation of S5a could not be achieved in a catalytic
fashion, because 4 served as potent base for Henry-type
additions of the produced nitro alkane 6a to Sa. This side-
reaction was prevented by the application of weaker bases
according to our transient hydrogen-activation concept.”!
The combination of 2 with 2,6-lutidine (9) or collidine (10;
pK,(2,6-lutidine) =6.6 or pK,(collidine)=7.4 versus pK,
(TMP)=11.1)?"" under an atmosphere of H, showed no
change of the individual NMR resonances of the components.
However, we have demonstrated that the H, activation is
a fast equilibrium that is determined by the pK, of the
generated Brgnsted acids.”! Accordingly, the FLP system
derived from 9% efficiently hydrogenated the nitroolefins
5a-k under mild conditions (Scheme 3).”)! Electron-rich
(5b,c) and electron-deficient (5d,e) aromatic nitroolefins
proved to be viable substrates for the FLP-catalyzed hydro-
genation. Heteroaromatic substrates bearing strong Lewis-
basic donor functionalities (furyl 6 f and thiophenyl 6 g) were
hydrogenated in high to excellent yield. Aliphatic substitution
on the nitroolefin fragment was also well tolerated, and the
saturated compounds 6h—j were obtained in excellent yield.
Even oa-methyl-f-nitrostyrene (5k), a challenging substrate
for Hantzsch’s ester reductions,®” was hydrogenated in 94 %
yield. Furthermore, the catalyst system showed high reactivity
for the reduction of a,B-unsaturated esters. Collidine (10)
proved to be the best base for the hydrogenation of malonate
51 under mild conditions (4 bar H,, RT; compared to 60 bar
H, and 80°C).'™ Identical conditions allowed the hydro-
genation of acrylates, which have not been viable substrates to
date for FLP-catalyzed hydrogenations. Irrespective of the
nature of the ester, excellent yields (6m—-o0) were obtained,
and even the quantitative reduction of the smallest acrylate
5o was observed. This finding clearly underlines that the
functional-group tolerance is achieved by electronic and not
by steric modifications. Reactions on a 1 mmol scale with
various catalyst loadings (20 mol% and S5 mol%) were
investigated for selected examples (5a and 5m). Prolonged
reaction times were necessary for the reduction of 5a, but the
product was provided in good to excellent yields (74-93 %)
with catalyst loadings as low as 5 mol %. The acrylate S5m was
rapidly hydrogenated within 24 h with only 5 mol % catalyst
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Scheme 3. FLP-catalyzed hydrogenation of a,f3-unsaturated com-
pounds. Reactions were performed on 0.1 mmol scale unless indicated
otherwise; yields were determined by NMR spectroscopy (see the
Supporting Information). [a] Yields of isolated product. [b] Reduced
yield of isolated product owing to the high volatility of the product
(vield from crude reaction mixture determined by NMR > 95 %).

Cy = cyclohexyl.

loading, rendering the FLP-catalyzed hydrogenation of nitro-
olefins and acrylates a synthetically valuable method.

In conclusion, we have achieved functional-group toler-
ance by electronic modification of the Lewis pairs. We have
demonstrated that the electronic modulation of both the
Lewis acid and the Lewis base in FLP chemistry provides
functional-group tolerance towards nitro, furyl, or thiophene
groups. This approach was exemplified by the hydrogenation
of nitroolefins and acrylates, which have been incompatible
with FLP-chemistry to date. The weak Lewis acid B(2,6-F,-
C¢H;); in combination with tBu;P and TMP activated hydro-
gen at room temperature reversibly, providing the corre-
sponding onium hydridoborate salts, which were character-
ized in solid state and in solution. Solid-state and solution
structure analysis support the unprecedented interaction of
the H,-activation product through a dihydrogen bond.
Pyridine-derived bases in combination with B(2,6-F,-C¢H;),
provided highly active catalysts for the reduction of nitro-
olefins and acrylates. The reversible coordination of the
borane to polar functional groups and the adjustment of the
Lewis base provided the basis for the FLP-catalyzed hydro-
genations. The electronically adjusted FLP system is another
example for the transient hydrogen-activation concept in
catalysis, and the application of weaker Lewis pairs is in focus
of current research.
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