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Protic additives or impurities promote imine
reduction with pinacolborane†

Blake S. N. Huchenski and Alexander W. H. Speed *

We report here that addition of stoichiometric amounts of alcohols or water to mixtures of imines and

pinacolborane promote reduction reactions. The reactions of several imines were examined, revealing

that alkyl imines were reduced, while aniline derived imines were not effectively reduced. The use of binol

as an additive resulted in modest enantioinduction, however other chiral additives that were screened

gave negligible enantioinduction. While the reactions described herein are not competitive in conversion

with established imine reduction technologies, this work reveals that the presence of protic impurities

must be considered as a promoter of side reactions in catalyzed imine hydroborations. Amines also

promote imine reduction in certain cases, raising the possibility of a slow autocatalytic reaction. The

ability of water or other protic impurities to promote the reduction of imines with pinacolborane rep-

resents an important identification of a potential source of background reaction in catalyzed reductions

of imines.

Introduction

The use of pinacolborane as a reductant for carbonyl and
imine compounds has undergone extensive growth in recent
years.1 A variety of protocols and catalysts have been disclosed
for carbonyl reduction with pinacolborane. Frequently, Lewis-
base activation of the borane is an integral part of the
reduction mechanism.2 Alkoxides, and recently butyllithium
have been used as Lewis-bases in the reduction of carbonyls.3

Under neat conditions, it has been shown that the hydride
transfer can proceed from pinacolborane to aldehydes or
benzophenone imine in an uncatalyzed manner.4

Imine reduction by neutral boranes such as pinacolborane
has undergone many relatively recent developments (Fig. 1).

In contrast to Lewis-base mediated ketone and aldehyde
hydroborations with pinacolborane, Lewis or Brønsted acid
mechanisms appear to be more prevalent in imine hydrobora-
tion. Seminal reports on imine hydroboration with catechol-
borane showed that coinage metal complexes could catalyse
imine hydroboration.5 Catecholborane slowly reacts with
imines in the absence of catalysis, however Brønsted acid cata-
lysed imine reductions with catecholborane employing chiral
phosphoric acids did allow significant enantioinduction,
demonstrating the merit of exploring catalysed processes even
when a background reaction exists.6 Despite the initial use of

coinage metal complexes in imine hydroboration with cate-
cholborane, main-group element-based catalytic systems have
grown to occupy a pre-eminent position in imine hydrobora-
tion reactions with pinacolborane, which is considered to be
less reactive than catecholborane.7 In 2012, Crudden and co-
workers reported borenium catalysed imine hydroboration

Fig. 1 Selected existing systems for imine reduction with
pinacolborane.
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with pinacolborane, which did not undergo a non-catalyzed
background reaction with imines.8 The proposed mechanism
for this reaction involves hydride delivery from a borane–imine
complex to an imine activated by complexation to a borenium
cation. After this report, a number of protocols for imine
hydroboration with pinacolborane have been reported, invol-
ving several different mechanistic proposals.9 Neutral boron-
based Lewis acids have been shown to catalyse imine hydro-
boration, with a proposed mechanism involving imine acti-
vation by the Lewis acid, rather than a borenium-catalyzed
reaction.10 Magnesium centres have also proven competent at
imine hydroboration, via the intermediacy of magnesium
hydrides which are regenerated through pinacolborane.11 Most
recently, the use of diazaphospholene-based phosphorus
hydride complexes for imine hydroboration has recently been
reported by our group and others.12 Diazaphospholene
hydrides effect reduction through delivery of a phosphorus
hydride to an imine, and represent one of the least Lewis-
acidic catalyst systems for imine reduction. Finally, several
transition metal based catalysts, including ruthenium,
rhenium, and cobalt-based catalysts have been employed in
imine hydroboration.13 These reductions are typically proposed
to occur through the intermediacy of metal-hydride bonds.

During the course explorations of catalysed imine hydro-
boration reactions, we explored the use of methanol to rapidly
quench reactions. We observed that with the use of methanol
as a quenching agent, even control reactions without added
catalyst showed high conversions to the amine product. Since
previous reports of imine hydroboration had not reported
background reactions between pinacolborane and imines, this
result suggested that methanol was promoting the observed
reduction reaction. In addition, we conducted experiments
verifying no background reaction between pinacolborane and
the imines under question in the absence of methanol,
suggesting that other contaminants in our solvents or sub-
strates were not promoting this observed background reaction.

Results and discussion

It has been reported that reduction of carbonyl functionality
with pinacolborane occurs in some cases in the absence of
solvent, while addition of solvent supresses the reduction reac-
tion.4 Verifying the absence of a background reaction for
imine reduction at room temperature under neat conditions,
mixing imine 1 with pinacolborane (2) for 3 hours, followed by
dissolution in chloroform-d showed no reduction reaction.
Upon addition of 10 equiv. of methanol as a 2 M solution in
chloroform-d to a mixture of 1 and 2 we observed conversion
to the amine by NMR spectroscopy (eqn (1), Scheme 1).

Spectra were obtained within 10 minutes of mixing, with
the time limitation being transport of the sample to the
spectrometer, and subsequent pre-acquisition steps of sample
insertion, locking, and shimming. No additional conversion
was observed after further reaction time. Supporting this lack
of further reactivity, unreacted boron hydride was not observed

in the 11B NMR spectra during acquisition of the initial
spectra in these experiments. Conversion was measured by
measuring ratios of starting material to product as determined
by integration of the 1H NMR spectra of the reaction mixtures.
The ratios are shown under the corresponding equation
arrows in Scheme 1. The reduction reactions were relatively
clean, generally only showing starting material and product as
the only nitrogen containing compounds, supporting the use
of this measurement method. Use of ferrocene as an internal
standard in some cases to calculate NMR yield gave good
agreement with the ratios of starting material to product deter-
mined by NMR spectroscopy. Switching to isopropyl alcohol or
tert-butyl alcohol resulted in higher conversions (eqn (3) and
(4), Scheme 1). Use of isopropyl alcohol allowed determination
of the fate of the B(pin) moiety. The boron was transferred to
the isopropyl alcohol with concomitant loss of the proton, as
revealed by comparison of spectral data of the reaction
mixture with an authentic sample of iPrOB(pin) in chloro-
form-d.

Despite the use of excess pinacolborane relative to imine,
some imine starting material remained, despite complete con-
sumption of the pinacolborane, indicating that dehydrocou-
pling of the alcohol and pinacolborane is a competitive
process. Non-catalyzed dehydrocoupling of HB(pin) and alco-
hols, amines, and thiols with concomitant loss of hydrogen
gas has been reported by Bertrand and co-workers.14

In these dehydrocoupling reactions, simple mixing of the
pinacolborane, with the protic substrates in the presence or
absence of solvent results in loss of hydrogen, and formation
of a boron–heteroatom bond. In our reactions, gas bubbles,
presumed to be hydrogen, were observed during the mixing
process. In conjunction with the formation of iPrOB(pin),
these results show a dehydrocoupling process is also active
under our reported reaction conditions. We attribute the

Scheme 1 Investigation of primary, secondary, and tertiary alcohols as
reduction promoters.

Paper Organic & Biomolecular Chemistry

Org. Biomol. Chem. This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
6 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 G
ot

he
nb

ur
g 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
1/

21
/2

01
9 

2:
40

:4
4 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8ob02330a


higher conversions for imine reduction with the bulkier alco-
hols isopropyl alcohol and tert-butyl alcohol to a slower rate of
dehydrocoupling relative to imine reduction.

Given the ability of alcohols to promote reduction of imines
by pinacolborane, we decided to explore the ability of water to
promote this reaction. While pinacolborane rapidly reacts with
water and is therefore intrinsically dry, water would be
expected to be the most common protic contaminant in sol-
vents or imines that have not been adequately dried. If water
can promote imine reduction in a fashion analogous to alco-
hols, this would represent an important source of non-cata-
lyzed reactivity of the reactions of imines with pinacolborane.
This could lead to unexpected outcomes, or erosion of stereo-
selectivity in reactions conducted with chiral catalysts. We pre-
pared a 0.25 M solution of water in either THF or acetonitrile.
These water-miscible and hygroscopic solvents are commonly
used in imine reduction chemistry.11 While addition of 1.25
equivalents of water in either acetonitrile (eqn (1), Scheme 2)
or tetrahydrofuran (eqn (2), Scheme 2) to neat mixtures of
pinacolborane and imine 1 resulted in rapid gas release indi-
cating significant reaction of pinacolborane with water, con-
centration of the resulting mixture and analysis by NMR spec-
troscopy in chloroform-d showed approximately 80% conver-
sion to the amine, indicating water is also an effective promo-
ter of this reduction reaction. The gas release was observed
only for the first couple of seconds of mixing, implying that
reaction of pinacolborane with water is rapid. For the observed
levels of reduction of the imine to have occurred, the imine
reduction must also be rapid. These results indicate the impor-
tance of ensuring the dryness of solvent and substrate in the
exploration of catalytic hydroboration reactions, especially
asymmetric ones, since a rapid and uncatalyzed water-
mediated background reaction would erode catalyst-mediated
selectivity.

We explored several other reducible substrates, including
electron rich and poor aniline derived imines 5 and 6, chal-
cone 7, ketone 8, pyridine 9, and cyclic imine 10, which is a
precursor to the pharmaceutical candidate SIB-1508Y
(Fig. 2).15 In the case of aniline derived imines 5, and 6, only
trace conversion to the product amines was observed, in con-
trast to the relatively high conversion observed with 1.
Chalcone 7, ketone 8, pyridine 9, and imine 10 did not
undergo reduction reactions, with dehydrocoupling of the
pinacolborane being the only observed reaction.

Aniline derived imines have lower Lewis-basicity than alkyl
imines. The above results suggest that a relatively basic alkyl
imine is important for high conversion, and that addition of
alcohol or water is necessary for reduction to take place.
A mechanism involving a six membered transition state is
proposed for the reduction reaction (Scheme 3).

Association of the HB(pin) and alcohol would be expected
to increase both the acidity of the alcohol, and hydricity of the
boron hydride.13 In the absence of an imine, dehydrocoupling
and release of hydrogen would occur. In the presence of a
reducible imine, the hydride and hydrogen could be delivered
to the imine via the cyclic six-membered transition state. The
current data do not rule out an open transition state or non
concerted proton/hydride transfer for this reaction and this
scenario is also shown in Scheme 3. The use of deuterated

Scheme 2 Water as a reduction promoter.

Fig. 2 Substrates that were not efficiently reduced with pinacolborane/
alcohol mixtures.

Scheme 3 Proposed mechanism for imine reduction.
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pinacolborane as a reductant resulted in delivery of the deuter-
ium to the imine carbon, which is consistent with the mechan-
istic proposals presented in Scheme 3.16 The results of the
small substrate screen shown in Fig. 2 suggest that having a
relatively basic substrate is important. We postulate that the
reduced basicity of the aniline derived imines reduces the
extent of intermolecular interaction with the HB(pin)/alcohol
complex, either by hydrogen bonding, or a full deprotonation,
increasing the relative proportion of dehydrocoupling within
the complex. The other unreactive substrates shown in Fig. 2
can be considered in this context: carbonyl-based substrates 7
and 8 are also less basic than alkyl imines, corroborating the
need for a relatively basic substrate. The failure of pyridine 9
to undergo reduction may be a consequence of the added ener-
getic penalty of pyridine dearomatization making the rate of
reduction uncompetitive with dehydrocoupling. The failure of
imine 10 to undergo reduction was slightly more unexpected,
since it is an alkyl imine. In this case, the basicity of the pyri-
dine may interfere with imine reduction by changing the site
of protonation on the molecule.

We subsequently explored a small scope of alkyl imines.
The imines shown in Scheme 4 were reduced with varying con-
versions. The yields reported under substrates 11–16 were
obtained by integration of NMR spectra with addition of
0.050 mmol of ferrocene as an internal standard. These
numbers were in good agreement with observed ratios of start-
ing material to product, showing that the reactions were rela-
tively clean. Substitution of the 4-methoxybenzyl (PMB) group
for a benzyl group (11) did not perturb the reaction. The pre-
cursor to the antidepressant sertraline (12) was reduced,
however an essentially 1 : 1 mixture of diastereomers was
obtained.17 An alkyne in the precursor to rasagiline (13) did
not interfere with the reaction. A pyridyl imine (14) was
reduced, in contrast to imine 10. In this substrate, the imine

in the 2 position of the pyridyl ring may attenuate the pyridine
basicity by withdrawing electrons through conjugation, redu-
cing its interference in proton transfer, as compared with
imine 10. It is also possible that even if the pyridine is proto-
nated, the close proximity of the imine nitrogen would allow
rapid proton transfer, and subsequent imine reduction.
Imines 15 and 16 were reduced uneventfully. Imine 16 is the
precursor to fendiline, which is a pharmaceutical molecule. A
reduction of imine 1 on 200 mg scale was also conducted
using tert-butyl alcohol. The product was isolated and purified,
affording amine 3 in 77% isolated yield. These reaction con-
ditions are convenient, however imine reductions employing
alternative reagents such as sodium borohydride or catechol-
borane can reach higher conversions, which means this
reported method does not have added preparative value.

Since alcohols promote the observed reduction, we decided
to investigate if the use of chiral non-racemic alcohols could
result in chirality transfer. Solutions of the alcohols in chloro-
form-d were added to mixtures of 1 and pinacolborane (2). The
use of the alcohols cedrenol (17), (1S,2R,5S)-(+)-menthol (18), 1
(S)-and endo-(−)-borneol (19) did provide varying levels of con-
version, however the amines obtained were essentially
racemic. Use of (R)-(+)-1,1′-bi-2-naphthol resulted in modest
induction (63 : 37 R to S). The sense of induction was deter-
mined by HPLC on a chiral stationary phase, and by compar-
ing the order of elution a previous report of analysis of amine
3 of known configuration under the same HPLC conditions.11

Finally, we investigated the use of Ellman’s (S)-(−)-tertbutyl-
sulfinimide (21), to examine if this protic functionality could
also promote hydroboration. Meng and Du have reported
catalytic reductions of imines employing an adduct of Piers’
borane and Ellman’s sulfinimide.18 While addition of 21 to a
mixture of imine 1 and pinacolborane (2) did promote
reduction, but in our case, no asymmetric reduction was
observed (Scheme 5).

Scheme 4 Imines reduced with tert-butyl alcohol/pinacolborane (NMR
yields from integration with internal standard). Scheme 5 Investigation of chiral additives.
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The observation that nitrogen containing compound 21
promoted reduction raised the possibility that other nitrogen-
containing compounds may promote the reaction. Of special
interest as promoters are alkyl amines, since these are the pro-
ducts of the reduction reaction of imines, raising the possi-
bility that imine reduction by pinacolborane could occur via
an autocatalytic reaction. Since imines are typically made from
the condensation of an amine and carbonyl compound, excess
amine is a likely impurity in imines, representing another
potentially confounding factor in amine reduction.

To test for autocatalysis, two substrates were examined.
Imines 1 and 13 were separately mixed with pinacolborane in
chloroform-d, in the presence of ferrocene as an internal stan-
dard (Scheme 6). Amine 3 was added to each sample. NMR
spectra were obtained for each reaction after approximately
30 minutes, then again after 24 hours. In both cases, approxi-
mately 30% consumption of starting imine was observed in
the 30-minute NMR spectra. Neither reaction went to com-
pletion in the 24-hour timeframe but there was an increase in
conversion to approximately 60% consumption of starting
material for each reaction in the 24-hour measurement. The
spectra were complicated compared to those obtained from
the use of stoichiometric protic additives because of the pres-
ence of a mixture of borylated and non-borylated amines, so

rather than measuring product formation, decrease of peak
area corresponding to imine starting material were used to
ascertain starting material consumption. The observation of
continued conversion over several hours, in contrast to results
with the water and alcohol mediated reactions suggests that
autocatalysis is occurring, however the reaction is slow relative
to the reduction observed in the presence of alcohols or water.
Dehydrocoupling of amine with pinacolborane and loss of
hydrogen would terminate the autocatalytic process by remov-
ing free amine without producing more amine to continue the
catalytic cycle. The structure (steric environment) of the imine
and amine is probably a factor in the extent of autocatalysis,
and some substrates may prove to be more susceptible to auto-
catalysis than others. Because of the lack of high conversion
for the substrates tested, and slow progression, amine autoca-
talysis is probably not a significant factor in ketimine
reductions with pinacolborane, but ensuring imine substrates
are free of amines would ensure absence of this possible back-
ground reaction in future catalytic investigations.

Conclusion

We have demonstrated that a combination of pinacolborane
and alcohol or water results in the reduction of alkyl imines.
Imines that are electron deficient are not reduced under these
conditions. The use of chiral alcohols in chloroform-d did not
result in chirality transfer except for binol, which afforded
modest selectivity. This transformation is operationally simple
and rapid, however the preparative value is limited by incom-
plete conversion of imine to amine because of competitive
dehydrocoupling of the pinacolborane with the protic additive.
The most important consideration arising from this work is
that the promotion of imine reduction with pinacolborane by
protic contaminants represents an important potential back-
ground reaction that must be considered in future studies of
catalysed reductions of imines, since this reactivity could
erode intended selectivity of catalytic systems.
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