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A highly efficient, room temperature double hydroboration of
nitriles under transition metal-free and solvent-free conditions is
reported. Sodium triethylborohydride is used as a catalyst and
yields up to 99% are disclosed. Mechanistic studies reveal the
reaction proceeds in a stepwise manner with initial formation of a
boryl-imine which undegroes a second hydroboration to afford
diborylated amine product.

Introduction

Primary amines are ubiquitous in chemistry: as building blocks
of proteins, drug molecules, agrochemicals and dyes.l**
Specifically, the utility of primary aromatic amines ranges from
electro-conducting polymers in material chemistry® to ligands
for synthesis and catalysis.® Owing to their widespread utility,
numerous methods have been reported for their synthesis, the
most conventional ones being reductive amination of aldehydes
or ketones’10 and N-alkylation of nitriles and ammonia.l% 12
However, generation of large quantities of organic waste, use
of strong reductants and formation of mixtures of products limit
their utility in organic synthesis.’® Still, another attractive
method for synthesis of primary amines is reduction of nitriles
and nitro compounds using molecular H,'* which requires the
use of precious metals and pressurized H, and offers poor
selectivity. However, hydrofunctionalization is recently
garnering attention due to milder reaction conditions and
better selectivity of the products. Catalytic hydroboration is an
attractive strategy for nitrile reduction because it employs mild
reaction conditions and offers, typically, excellent functional
group tolerance. Moreover, the borylated amine product which
forms can act as an excellent synthetic surrogate, which can
easily be transformed into a wide array of functional groups; for
instance, N-substituted amides via direct C-N cross coupling.?>
The C=N bond in nitriles is extremely stable and has a high bond
dissociation energy (212 kcal mol?).’6 However, if the
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functionalization of this bond were possible, a range of valuable
nitrogen-containing molecules could be accessed, making it an
attractive substrate for hydroboration studies.

There has been significant progress reported in the
development of hydroboration of nitriles using main group,7-*°
d- 15 20-29 gnd f-block3® 31 elements during the past few years.
Shown in Figure 1 are current state-of-the-art s- and p- block
complexes which have been shown to effect catalytic double
borylation of nitriles. Notably, in this year alone there have
been three reports of main group-based (aluminium) catalysts
which have been disclosed. Ma and Yang reported an
economical and environmentally friendly aluminium-hydride
based catalyst for double borylation of nitriles.'”

Figure 1: (a) Selected examples of catalysts for nitrile
hydroboration and (b) representation of this work
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In a subsequent paper Ma, Yang and Roesky reported the bis(n-
butyl) aluminium complex LAl(n-Bu), (L = (ArNCMe),CH, Ar =
2,6-i-Pr,CgHs) which was capable of the chemoselective
hydroboration of nitriles and carbodiimides under solvent-free
conditions.!® Panda and co-workers also disclosed an aluminium
alkyl complex [k?-{2-F-CgH4sNP(Se)Ph,},Al-(Me)] that proved
capable of catalysing the hydroboration of nitriles in the
presence of either pinacolborane or catecholborane.l®
Furthermore, there have been two reports of magnesium
catalysed hydroboration. In 2018, Ma reported the synthesis
and catalytic activitiy of a series of unsymmetrical f#
diketiminate coordinated magnesium (l) complexes.3? In 2016,
Hill group disclosed that Adiketiminato n-butylmagnesium
complex could successfully hydroborate a variety of organic
nitriles.33 In 2018, Cowley and Thomas demonstrated the use of
commercially available LiAlH; for hydroboration of alkenes.
However only one example was shown for nitrile
hydroboration.3* Hence, an opportunity exists to develop main
group catalysts that can effectively carry out the hydroboration
of nitriles at room temperature with a wide substrate scope and
broad functional group tolerance with operationally facile
conditions.

Our group has a long-standing interest in the areas of
hydroboration and hydrosilylation.3>3° We have previously
shown that commercially available base-metals salts can be
employed for efficient hydrofunctionalization of a range of
functional groups. For instance, carbonyls,*% 4! alkenes*! and N-
heteroarenes*? were successfully hydroborated using Fe(acac)s,
Co(acac); and Ni(acac), (acac: acetylacetonate) respectively. In
pioneering work from the Kucinski group, lithium
triethylborohydride was used as a catalyst to hydroborate a
variety of ketones to effectively obtain boronate esters and
subsequently secondary alcohols in excellent yields.*? Given the
exceptional activity of this borohydride we decided to probe the
ability of a similar borohydride to effect the hydroboration of a
more challenging substrate, namely, organic nitriles. Herein, we
report the hydroboration of nitriles using commercially
available and inexpensive sodium triethylborohydride
(NaHBEt3), which can be used to afford bis(boryl) amines in
excellent yield.

The reaction is carried out with 5 mol% catalytic loading at room
temperature and most of the nitriles went to >99% conversion
in less than 15 minutes. Additionally, we came across only one
other example in the literature which is capable of catalysing
this reaction at room temperature using pinacol borane.?®
Moreover, by using NaHBEt; as the catalyst, the use of inert
atmosphere techniques (glovebox and Schlenk line) for
laborious preparation of ligands and their metal complexes can
be circumvented. Additionally, generation of stoichiometric
amounts of metal waste are avoided; the only by-product
generated was (pinB),0, which was confirmed using GC-MS.
The presence of (pinB),0 may arise from the reaction of excess
HBpin with residual moisture present in the nitrile substrates.
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Results and discussions

Initial optimization of the reaction conditions was performed
using benzonitrile (1a) as a model substrate. Thus, exposure of
la to NaHBEt; (2 mol%) and HBpin (2.2 eq.) afforded
diborylated amine (2a) in >99% conversion. The reaction was
carried out under neat (solvent-free) conditions at 50 °C. It is
worthwhile to mention here that GC-MS showed only
benzylamine as the exclusive product with no trace of imine by-
product. We repeated the reaction at room temperature and
surprisingly, and to our delight, a similar yield was obtained in
ca. 2 minutes. However, the nature (solid) of some nitrile
substrates caused inefficient mixing of the reagents; the
catalyst (NaHBEt;) and HBpin loadings were increased to 5 mol
% and 2.5 eq., respectively. With these optimized conditions in
hand, we explored a range of nitrile substrates to test the scope
of this transformation; inclusion of electron releasing /
withdrawing, halogen and heteroatom substituents and cyclic/
acyclic substrates all afforded diborylated amines in good to
excellent yields (Scheme 1).

Scheme 1: Room temperature double borylation of organic
nitriles with NaHBEt3“
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Yields in the parentheses are the isolated yields when the
reaction was carried out on a 0.5 mmol scale

Nitriles with electron releasing groups (-Me and -OMe) afforded
products (2b-2e) in 99% yield in ca. 10- 15 minutes. In the case
of o-toluonitrile (1c) the sterically encumbering methyl group
didn’t adversely affect the formation of product, the reaction
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proceeded smoothly without any deterioration of the vyield
(98%, 10 minutes). Additionally, substrates with electron-
withdrawing functional groups (-F, -Cl, -Br and -CF3) on the
backbone were well tolerated and yields of about 95-99% were
obtained (2f-2i). The rate of hydroboration in the case of 1-
naphthonitrile (1j) was also comparative to benzonitrile and
99% NMR yield was obtained in 2 minutes. Gratifyingly,
acetonitrile also led to the formation of the desired product
(2k), albeit in diminished yield and under more forcing
conditions (74%, 24 h, 80 °C). Similarly, for other alkyl chain
nitriles; the excellent yields of the products (2I-2n) were
obtained only when the reaction mixture was heated at 80 °C.
Cyclohexanecarbonitrile also afforded the diborylated product
20 in 99% vyield in 3 h when the reaction mixture was kept at
room temperature. Electron deficient aryl nitrile 1p led to
borylation of both the cyano groups when 4 equivalents of
HBpin were used.

We next turned our attention to heteroaromatic substrates.
Interestingly, furan and thiophene-based substrates proved to
be highly amenable to our reaction conditions, 3-furonitrile
(1q) and 3-thiophenecarbonitrile (1r) afforded 2q and 2r
respectively in 99% yield in a few minutes. The reaction of 3-
acetylbenzonitrile led to the hydroboration of both ketone and
nitrile functional groups (2s). Finally, for 3-pyridylcarbonitrile
(1t), 4-nitrobenzonitrile (1u) and 4-nitrobenzonitrile (1v) no
bis(boryl)amine product was formed even after prolonged
reaction times. Formation of the products 2a-2s (except 2I-2n)
was readily visualized. Upon addition of HBpin and NaHBEt; to
the substrate the reaction mixtures become homogenous
before precipitation of a white solid (product) occurs or the
entire reaction mixture solidifies, indicating the completion of
the reaction (Figure S1). To further demonstrate the synthetic
utility of our approach a gram-scale reaction was carried out of
1a. An isolated yield of 2.21 g (63%) was obtained.

Scheme 2: Plausible mechanism for hydroboration
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To help explore the reaction mechanism more fully, an
equimolar amount of NaHBEt; was added to 1a in toluene-d8
(Scheme 2). Analysis of the mixture using 1B NMR spectroscopy
reveals a sharp peak at -6.53 ppm which supports the formation
of intermediate ion pair A. This is consistent with the previous
report by Ramachandaran, where B-iminotriethylborate is
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characterized by a peak at -6 ppm in the B NMR spectrum.**
Upon addition of a further equivalent of HBpin, *H NMR
spectroscopy shows a peak at 4.26 ppm in addition to a peak at
6.77 ppm indicating that some of the imine intermediate
formed has been converted to the 1,1-bis(boryl) amine.
Subsequently, addition of 0.5 eq. of HBpin, converts the entire
imine to bis(boryl) amine product (See Figure S44). Based on
these observations, we are led to propose the reaction
mechanism shown in Scheme 2. Initially, the coordination of
NaHBEt; to benzonitrile (1a) affords iminoborate intermediate
A. Subsequent addition of 1 eq. of HBpin to A generates the bis
(boryl)amine intermediate B. Finally, on addition of another
equivalent of HBpin, diborylated amine product 2a is released
with concomitant regeneration of NaHBEts.

To put the synthetic utility of our system into context, a brief
comparison to previously reported hydroboration catalysts is
warranted. Two of the highest TOF values have been disclosed
by Eisen using a thorium metallacycle (TOF = 500 h'1)3? and Baik
and Trovitch employing a well-defined cobalt complex (TOF =
380 h-1).1> Herein, we achieve a comparatively much higher TOF
of up to 2400 h! using a commercially available and relatively
inexpensive sodium triethylborohydride (NaHBEt;) as catalyst.
To the best of our knowledge, this is the maximum TOF value
reported to date for nitrile hydroboration.

Conclusions

In conclusion, we have disclosed the ability of a commercially
available reductant, NaHBEts;, to act as an efficient catalyst for
room temperature, transition metal- and solvent-free
hydroboration of organic nitriles. The key advantage of this
process is that no metal waste is generated, and most
substrates examined afford excellent conversions. Additionally,
no other by-product is generated (intermediate imine) in
addition to bis(boryl) amine. However, under optimized
conditions substrates incorporating pyridine or nitro groups
afforded no product even after prolonged reaction times.
Additionally, competition studies revealed that carbonyl groups
are reduced preferentially over the nitrile group.
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