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Abstract: The strong boron Lewis acid tris(pentafluorophen-
yl)borane, B(CFs);, is shown to abstract a hydride from
suitably donor-substituted cyclohexa-1,4-dienes, eventually
releasing dihydrogen. This process is coupled with the FLP-
type (FLP = frustrated Lewis pair) hydrogenation of imines
and nitrogen-containing heteroarenes that are catalyzed by the
same Lewis acid. The net reaction is a B(C4Fs);-catalyzed, i.e.,
transition-metal-free, transfer hydrogenation using easy-to-
access cyclohexa-1,4-dienes as reducing agents. Competing
reaction pathways with or without the involvement of free
dihydrogen are discussed.

The potent Lewis acid B(CFs); mediates the heterolytic
splitting of Si—H and H—H bonds in the presence of both
weak and strong Lewis bases, provided that Lewis pair
formation is either reversible!!! or frustrated.”) The hydride is
transferred to the boron atom to yield [HB(C4Fs);]~, and the
silicon cation or the proton are absorbed by the Lewis base.
The borohydride generated by that unique bond activation
engages in various reduction processes where the silicon
cation or proton lower the energy of the lowest unoccupied
molecular orbital of the acceptor. In this way, several
transition-metal-free hydrosilylations**! and hydrogena-
tions" ' catalyzed by B(CFs); became possible.

We recently discovered that B(C4Fs); is also capable of
hydride abstraction from cyclohexa-1,4-dienes I that bear
a silicon group in the 3-position (Scheme 1, top).'*! The
C(sp®)—H bond in I develops hydridic character through
hyperconjugation with the C(sp*)—Si bond that later stabilizes
the resulting Wheland intermediate II. With [HB(C4Fs);]~ as
the counteranion, II collapses to liberate the free hydrosilane
along with benzene at room temperature. The net reaction is
catalytic in B(C4Fs); and was then coupled with B(C4Fs);-
catalyzed alkene hydrosilylation, thereby enabling the pre-
viously unprecedented ionic transfer hydrosilylation."™ These
findings led us to consider the related but more demanding
B(CFs);-catalyzed release of dihydrogen from cyclohexa-1,4-
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Scheme 1. B(C4F);-catalyzed release of hydrosilanes (verified) and
dihydrogen (planned) from cyclohexa-1,4-dienes.

dienes III (Scheme 1, bottom). The challenge resides in the
unfavorable formation of the high-energy intermediate IV.
We disclose here the successful implementation of this
unusual hydride abstraction!™ in the transfer hydrogenation
of imines."™! While a B(C4Fs);-catalyzed transfer hydrogena-
tion of imines using amines as the dihydrogen source is known
(Meerwein-Ponndorf-Verley-type reduction),'*!” an unsa-
turated hydrocarbon is used in the present approach.['¥l

We began our investigation by screening easily accessible
cyclohexa-1,4-dienes 1 in the reduction of an aldimine
(Scheme 2). The tert-butyl group at the imine nitrogen atom
was shown before to be compatible with B(C¢F;);-catalyzed
hydrogenation.!”’ We anticipated that elevated reaction tem-
peratures would be necessary to facilitate hydride abstraction
but cyclohexa-1,4-diene itself was reluctant to react even at
125°C (1a, Scheme 2). We reasoned that +I and +M
substituents in the appropriate positions of 1 (1,5 rather
than 2,4, favoring the hydrogen atoms at the C3- over the C6-
methylene group) could render the formation of the corre-
sponding Wheland complexes possible at high temperature.
We were then delighted to find that full conversion was seen
with 1,5-dimethylcyclohexa-1,4-diene, forming m-xylene as
the sole byproduct (1b, Scheme 2). The methyl groups are
also capable of hyperconjugation, thereby lending further
stabilization to the phenonium ion intermediate. Surprisingly,
1,5-dimethoxycyclohexa-1,4-diene was slightly less effective
(1¢, Scheme 2), and we attribute this to formation of a Lewis
pair between B(C¢Fs); and the ether oxygen atoms.'""! The
poor reactivity of y-terpinene with its unprofitable 1,4-
substitution pattern emphasizes the requirement of elec-
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Scheme 2. Screening of various cyclohexa-1,4-dienes.

tron-donating groups in the 1,5-positions of 1 (1d, Scheme 2).
This trend is in accordance with the dramatic effect of
a silicon group in the bisallylic position, allowing for hydride
abstraction at room temperature.[”] The reaction temperature
of 125°C is in the range of those reported for the B(C¢Fs)s-
catalyzed imine hydrogenations under moderate dihydrogen
pressure.”] Reactions were routinely maintained at that
temperature for 18h but monitoring the progress by
"H NMR spectroscopy indicated full conversion after 4 h
(1b, Scheme 2). Again, similar results were obtained with
dihydrogen as the reductant.’’ Lowering the catalyst loading
to 5.0mol% was detrimental to conversion, resulting in
markedly prolonged reaction times.

After the identification of 1b as the reducing agent, we
screened typical protecting groups (Table 1) at the aldimine
nitrogen atom (entries 1-7) and tested a series of ketimine
protecting groups (entries 8-12). Of the oxygen donor-free
groups, only tert-butyl and benzhydryl imparted optimal steric
shielding of the nitrogen lone pair (Table 1, entries 1 and 3). A
benzyl group was too small (Table 1, entry 2), in agreement
with observations made by Stephan and co-workers with

Table 1: Variation of the protecting group at the imine nitrogen atom.

H H
n-Pe . Me Me  B(CoFs)s (10 mol%) wn-Pe
Ph)J\R toluepe Ph HR
125 °C
2(R=H) HH 18 h 3(R=H)
and 1b (1.3 equiv) (sealed tube) and

4 (R =Me) 5 (R = Me)
Entry Imine R PG Amine  Conv. [%]"  Yield [%]"
11 2a H tBu 3a 100 quant.
2 2b H  CH,Ph 3b 0 -
3 2c H  CHPh, 3c 100 95
4 2d H Ph 3d 0 -
5 2e H S(0),Tol 3e 82 73
6 2f H P(O)Ph, 3f 0 -
7 2g H C(O)OtBu 3g 0 -
8 4b Me CH,Ph 5b 0 -
9l 4d Me Ph 5d 100 94
10 4e Me S(O),Tol Se 20 -
11 4f Me P(O)Ph, 5f 0 -
12 4g Me PMP 5g 100 99

[a] Determined by GLC analysis with reference to starting material.
[b] Isolated after flash chromatography on silica gel. [c] 4 h reaction time.
[d] 12 h reaction time. PG = protecting group.
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FLPs."! Decreased Lewis basicity accounts for the lack of
reactivity seen with the phenyl-substituted aldimine (Table 1,
entry 4). As described earlier for the imine reduction with
dihydrogen,” the tosyl group was compatible with B(CFs),
but other oxygen-containing groups were not (Table 1,
entries 5-7). The results were different with the more Lewis
basic ketimines, and the N-phenyl-substituted ketimine was
fully converted into the corresponding amine in 12 h (Table 1,
entry 9). This prompted us to also test the removable para-
methoxyphenyl (PMP) group, and that worked equally well
(Table 1, entry 12). As expected, protection with the less
hindered benzyl group and coordinating groups was unsuc-
cessful (Table 1, entries8, 10, and 11). The N-tosylated
ketimine was much less reactive than the related aldimine
(entry 10 vs. entry 5).

The survey of the substrate scope held a surprise
(Table 2). A handful of aldimines protected by the useful
tosyl group reacted smoothly, even with ortho substitution
(entry4) or a peri position (entry5). Phenyl-substituted
ketimines were generally sufficiently reactive but increased
electron density at the imine (or iminium ion) carbon atom
thwarted the borohydride reduction. A 4-anisyl group was not
tolerated (entry 10), and the cyclohexanone-derived imine
was also completely unreactive (entry 14).

Table 2: Substrate scope for tosyl-protected aldimines and phenyl-
substituted ketimines.
H H

n-Pe e Mo pceFg)s(10mol%)  HNTC
R1u\R2 tolue?e R HR2
% El:;'d 'se_ge " 1f§ hC 3e, 10e-13e, 5d
aldimines ) e, 10e—13e, 5d,
4d(and 14d—;1d 1b (1.3 equiv) (sealed tube) 1 224294
(ketimines)
Entry Imine R’ R? PG Amine  Yield [%]"
1 2e Ph H S(O),Tol 3e 73
2 6e 4-MeCH, H  S(O),Tol 10e 85
3 7e 4-CIC¢H, H S(0),Tol 11e 71
4 8e 2-BrCH, H  S(O),Tol 12e 71
5 9e 1-naphthyl H S(O),Tol 13e 83
6 4d Ph Me Ph 5d 94
7 14d  4CFCH, Me Ph 22d 98
3 15d  4-BrC,H, Me Ph 23d 9%
9 16d  3,5-Me,CH; Me Ph 24d 93
10 17d 4-MeOC¢H, Me Ph 25d no reaction
11 18d Ph Et Ph 26d 99
12 19d Ph iBu Ph 27d 91
13 20d  Ph Ph  Ph 28d 75P!
14 21d -(CH,)s- Ph 29d no reaction

[a] Isolated after flash chromatography on silica gel. [b] 84 % conversion.

We also subjected a few nitrogen-containing heteroarenes,
known to undergo partial hydrogenation with B(C4Fs);,'! to
the transfer-hydrogenation protocol (Figure 1). Their Lewis
acid/Lewis base pairing with B(C¢Fs); had been analyzed by
NMR spectroscopy at room temperature previously showing
50% adduct formation for acridine (30) and 2-methylquino-
line (32) and traces for 2-phenylquinoline (31).""% Gratify-
ingly, transfer hydrogenation of 30-32 afforded 33-35 in high
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Figure 1. Transfer hydrogenation of acridine (30—33 using 1.3 equiv of
1b) and 2-substituted quinolines (31 or 32—34 or 35 using 2.6 equiv
of 1b).

yields. Quinolines 31 and 32 required double the amount of
1,5-dimethylcyclohexa-1,4-diene (1b, 2.6 equiv) as the reduc-
tion did not stop at the dihydroquinoline. Close to equimolar
ratios of the tetrahydroquinoline and the starting material
were obtained with 1.3 equiv of 1b, indicating that the second
reduction is faster than the first.

We had initially assumed that the overall process consists
of the proposed B(C4Fs);-mediated release of dihydrogen
from cyclohexa-1,4-dienes and the known FLP-type imine
reduction®?” (Scheme 3, catalytic cycle with gray pathway).
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Scheme 3. Simplified catalytic cycle with alternative pathways for
iminium ion formation.

The fate of Wheland complex IV is, however, not obvious. It is
a potent Brgnsted acid®! that could protonate imine V to
directly arrive at the ion pair VI rather than react with the
hydridic [HB(C4Fs);]~ counteranion (Scheme 3, catalytic
cycle with black pathway). The instability of the Wheland
intermediate IV in the absence of Lewis basic V was verified
by '"HNMR spectroscopy. Treatment of 1,5-dimethylcyclo-
hexa-1,4-diene with B(C¢Fs); at 125°C yielded m-xylene and
dihydrogen quantitatively in less than 4 h with no IV, ie.,
protonated m-xylene,”!) detectable (slow reaction at room
temperature with equimolar amounts of B(C4F;s); and 1b).
To distinguish between these alternatives in the presence
of Lewis basic V, we followed the transfer hydrogenation by
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"H NMR spectroscopy, again using a 1.3-fold excess of the
cyclohexa-1,4-diene. Interestingly, the outcome is different
for representative aldimines and less reactive ketimines. With
aldimines (e.g., 2a), full conversion is reached within 4 h with
no detection of intermediates, and traces of dihydrogen are
only seen in the 'H NMR spectrum at ¢ =4.55 ppm after full
consumption of the aldimine. Conversely, dihydrogen is
present at an early stage yet not immediately in the reduction
of ketimines (e.g., 4d). Highly acidic I'V rapidly protonates V,
and the resultant ion pair VI will transform into amine VII at
a low rate. That final step of the catalytic cycle hence
competes with dihydrogen release from ion pair VI. The
backward reaction, that is FLP-type dihydrogen activation, is
relatively slow, and that is a logical explanation for the initial
accumulation of dihydrogen. More importantly, product
formation is very slow at the beginning but increases
significantly once the amine VII starts to form. The induction
period and the rate acceleration are consistent with the
reported phenomenon of autocatalysis®?! where the more
basic amine VII replaces imine V in the reversible FLP-type
dihydrogen-activation step® as well as in the deprotonation
of IV. These experimental observations clearly corroborate
the notion that deprotonation of IV by the nitrogen atoms of
imine V or (once formed) amine VII outcompetes dihydrogen
release from IV. Instead, liberation of dihydrogen from ion
pair VI occurs through an FLP-type equilibrium if VI is
sufficiently stable. The net reaction is the result of a complex
interplay of several reaction channels and protonation
equilibria that is further complicated by the reversibility of
the hydride-transfer step (VI—VII—VI).[¢%]

To recap, we described here the transfer hydrogenation of
imine-type functional groups catalyzed by B(C¢Fs);.*! The
new method distinguishes itself from the work of Stephan and
co-workers''® in that cyclohexa-1,4-dienes instead of amines
serve as reducing agents. The mechanism may or may not
involve free dihydrogen depending on the basicity of the
imine nitrogen atom and the electrophilicity of the carbon
atom of the iminium ion intermediate. Initiation of the
transfer hydrogenation process by hydride abstraction from
cyclohexa-1,4-dienes to generate the actual reductant sets this
Lewis acid catalysis apart from the highly efficient organo-
catalytic methods employing 1,4-dihydropyridines.”!
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