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N-Heterocycles form weak adducts with B(C¢Fs); that exist in
equilibrium with the corresponding FLP; nonetheless, these
heterocycles are reduced in the presence of a catalytic amount
of the borane B(C¢Fs); and H,.

The growing field of organocatalysis is providing a variety of
strategies to non-toxic catalysts for a variety of organic
reactions.! While a number of organic species, such as a
Hantsch ester,” have been used as stoichiometric sources of
H,, it has only been recently that metal-free systems capable of
H, activation® have been extended to reveal catalysts that can
utilize H, directly for catalytic hydrogenation.* These latter
systems have been based on the concept of frustrated Lewis
pairs (FLPs).” These combinations of Lewis acids and Lewis
bases which cannot interact directly due to steric bulk are
capable of the heterolytic activation of H, and the delivery of
the resulting proton and hydride to organic substrates.
The initial report on catalysis described the use of the
phosphinoborane Mes,P(C¢F4)B(C¢Fs), as a catalyst for the
hydrogenation of imines, Lewis acid protected nitriles and
the reductive ring-opening of aziridines.*” In a subsequent
work, this concept has been subsequently expanded.® The
Erker research group in Germany have developed related
FLP catalysts for the hydrogenation of enamines and silyl-
enol-ethers.* ¢ The mechanistic details of these FLP hydro-
genations continue to be the subject of theoretical study. Early
computational studies’ support the view that the electrostatic
approach of the Lewis acid and base yields an “encounter
complex’” which polarizes H, for heterolytic cleavage. A recent
refinement of this model suggests “‘side-on” and “‘end-on”
interactions with B and P, respectively.® Regardless, these
reactions offer an atom-economical, metal-free alternative to
conventional stoichiometric reductions. While the variety of
bases including carbenes,” amines,* imines,**!® pyridines,''
phosphinoboranes'? and boranes have been found to activate
H,, an important extension of this work recognized that the
sterically hindered imines can act as the Lewis base partner of
an FLP.* This permits the catalytic reduction of imine by
simply employing a catalytic amount of B(C¢Fs); in the
presence of the imine and H,.
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In seeking to expand further the array of substrates that
undergo FLP hydrogenation, we noted that bulky pyridines,
in combination with B(CgFs)s, can activate H,'! to generate
the corresponding pyridinium hydridoborate. More recent
studies have examined analogous reactions of electron deficient
pyridines such as 2,6-dimethyl-3,5-pyridinedicarboxylate resulting
in the formation of the corresponding 1,2-dihydropyridine as a
result of hydride transfer to the pyridinium cation.'® This
result suggested that the reactions of other electron deficient
N-heterocycles with the borane B(C¢Fs); in the absence and
presence of H, should be examined.

Acridine and substituted quinolines have been previously
hydrogenated by a variety of methods,'* including Birch
reduction,'® transition metal catalyzed hydrogenation,'® transfer
hydrogenation,!” stoichiometric reduction using a boro-
hydride source'® and H, transfer from Hantsch’s ester.'® These
known reactions suggest these compounds may be viable
substrates for metal-free catalytic hydrogenations. Stoichio-
metric combinations of acridine with B(C¢Fs); establish an
equilibrium in CDCl; involving the frustrated Lewis pair and
the classical Lewis-acid—base adduct. The ratio of the two is
approximately 1 : 1 as determined by '°’F NMR spectroscopy.
The '"F and "B NMR spectra show signals typical of
a pyridine-borane adduct (“’F: § = -130.3, —157.0,
—163.7 ppm; ""B: § = —2.8 ppm) as well as resonances
corresponding to free B(CgFs); while the '"H NMR spectrum
showed only one set of broad peaks, indicative of an exchange
process. The green colour of the solution is similar to that
described for the acridine-BCl; adduct.?”

The formation of an FLP suggested the possibility of
reaction with H,. Treatment of acridine with 5 mol%
B(C4Fs)3 over 2 hours under 4 atm of H, at room temperature
led to catalytic hydrogenation of the central ring of acridine.
The product (1) was easily identifiable by characteristic peaks
in the '"H NMR spectrum at 6 = 4.11 and 5.79 ppm, arising
from the methylene and N-H protons, respectively. Flash
chromatography afforded (1) in 80% isolated yield. This
reduction is believed to proceed via heterolytic activation of
H, by acridine and borane. Subsequent hydride attack at the
strongly electrophilic 9-position affords (1) (Table 1).

In a similar fashion quinolines with substituents in the 2- or
8-position, which provide sufficient bulk to hinder adduct
formation, were explored for FLP reactivity. Stoichiometric
reactions of 2-phenylquinoline, 8-methylquinoline and
2-methylquinoline with B(C¢Fs); were monitored by NMR
spectroscopy. 2-Phenylquinoline and 8-methylquinoline
showed only trace (<5%) signs of adduct formation with
B(C4Fs);, while the mixture of 2-methylquinoline with
B(C¢4F5)3 also showed an equilibrium mix of free Lewis acid
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Table 1 Catalytic hydrogenations of N-heterocycles

Substrate Cat/mol% t/h T/°C Product (yield)

H
(1) (80%)

m C(jﬁ_
5 4 25
N ph N Ph
(2) (80%)
L .
5 16 50
N/ Me N Me
H
(3) (74%)
x
_ 10 6 80
N
y Me H
Me (4) (88%)
A
N/ 5 325
_N

and classical adduct. Again free B(C¢Fs); and the adducts
were observed in approximately a 1 : 1 ratio in CDCl; at room
temperature.

2-Phenylquinoline was reduced quantitatively to 1,2,3,4-
tetrahydro-2-phenyquinoline (2) using 5 mol% B(C¢Fs)s
under similar conditions described for the acridine reduction
above. The product (2) was isolated following chromatography
in 80% yield. 2-Methylquinoline and 8-methylquinoline were
similarly reduced although these systems required heating to
50 °C. Nonetheless, the respective products (3) and (4) were
isolated in yields of 88 and 74%, respectively.

The related heterocycle 1,10-phenanthroline reacts stoichio-
metrically with B(C4Fs)s, to form a new species (5). The ''B
NMR spectrum of (5) showed a signal at § = —3.2 ppm while
the '""F NMR spectrum was consistent with 15 inequivalent
fluorine environments. This latter observation has been seen
previously for asymmetrically substituted pyridine adducts
and for systems where steric congestion inhibits fluoroarene
ring rotation."' The X-ray crystal structure of (5) (Fig. 1)
confirmed the anticipated connectivity and revealed extra-
ordinarily long B-N bond lengths of 1.691(3) A and 1.692(3) A
for the 2 crystallographically independent molecules.§ This
bond length is substantially longer than that observed in the
B(C4Fs5); adduct of 2,6-lutidine (1.661(2) A), which is in
equilibrium with the free Lewis acid and base.'> While no
such equilibrium was observed for 1,10-phenanthroline, the
long B-N bond length and broad signals in the ’F NMR
spectrum suggested that the free Lewis acid and base may be
accessible. Indeed, treatment of 1,10-phenanthroline with
5 mol% B(C¢Fs); for 3 hours under 4 atm of H, at 80 °C

Fig. 1 POV-ray depictions of the cation of 5. C: black, N: blue-green,
F: pink, B: yellow-green; H atoms are omitted for clarity.

resulted in the hydrogenation affording 1,2,3,4-tetrahydro-
1,10-phenanthroline (6) in 84% isolated yield.

In contrast to the acridine reduction, the quinoline and
phenanthroline reduction products incorporate two equivalents
of H,. In the proposed mechanism (Scheme 1), it is thought
that following FLP activation of H,, the location of the
subsequent hydride attack could be either at the 2- or 4-posi-
tion as both sites are electrophilic in protonated quinoline or
phenanthroline. Attack at the 4-position would generate a
transient enamine. Nonetheless, attack by hydride at the
2-position would give the corresponding 1,2-dihydro-quinoline
or phenanthroline which can undergo 1,3 proton shifts to
regenerate an imine which could be subsequently hydro-
genated. In this regard, it is also noteworthy that 1,2- or 1,4-
dihydro-quinoline are known to redistribute to quinoline and
tetrahydroquinoline in the presence of a Brénsted acid.?!
Direct reaction of the enamine may also occur.
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Scheme 1  Proposed mechanism of hydrogenation of 2-phenylquinoline.

This journal is © The Royal Society of Chemistry 2010

Chem. Commun., 2010, 46, 4884-4886 | 4885


http://dx.doi.org/10.1039/C0CC00719F

Downloaded by Brown University on 09 June 2012
Published on 14 June 2010 on http://pubs.rsc.org | doi:10.1039/COCCO00719F

5 mol%

SN B(CeFs)s
— |
N/ py, EtsSiH N Ph

(7 siet,
Scheme 2 Hydrosilylation of 2-phenylquinoline.

It is noteworthy that analogous catalytic hydrosilylation®*
of 2-phenyquinoline using Et;SiH gives exclusively the 1,4
N-SiEt; product (7) (Scheme 2). The inability of the silyl-
group to migrate to regenerate an imine precludes further
reduction.

In conclusion, the N-heterocycles acridine and bulky
quinolines form weak adducts with B(C¢Fs); that exist in
equilibrium with the corresponding FLP. In the case of
phenanthroline, the isolated adduct exhibits a long N-B bond.
Nonetheless, all of these heterocycles are reduced in the
presence of a catalytic amount of borane B(C¢Fs); and H,
to dihydroacridine substituted 1,2,3,4-tetrahydroquinolines
and 1,2,3,4-tetrahydro-1,10-phenanthrolines, respectively.
These are the first such metal-free, atom economic reductions
of N-heterocycles. The utility of such reductions continues to
be the subject of study in our laboratories.
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V = 2571.3(4) A3, 7 = 4, w = 0.182 mm ™!, measured reflections =
42719, independent reflections = 11857, parameters = 865, Ry, 0.0512,
R = 0.0443, R,, = 0.1161, GOF = 1.009.
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