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Hydrosilylation and hydroboration in a sustainable
manner: from Earth-abundant catalysts to
catalyst-free solutions

Krzysztof Kucinski & * and Grzegorz Hreczycho &

Hydroelementation enables a facile reduction or functionalization of several unsaturated systems, and
thus activation of such bonds like B—H and Si—H is a powerful synthetic tool. Furthermore, the addition of
these moieties is in line with the main aspects of green chemistry, in particular with regard to atom
economy. In view of the above, several effective methods have been developed in recent years. This criti-
cal review will mainly detail solutions utilizing Earth-abundant catalysts (based on s-block elements),
although their potential will be particularly discussed in relation to sustainability problems. Besides, there
is increasing interest in catalyst-free and solvent-free approaches, which will also be included. This review
highlights recent developments in hydroboration and hydrosilylation of unsaturated carbon—heteroatom

rsc.li/greenchem

Introduction

In a period of increasing society’s awareness in terms of sus-
tainable developments and risks arising from irresponsible
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(O, N) moieties and covers the literature from the last ten years.

resource management, scientists pay more and more attention
to the development of greener synthetic solutions. One of the
main directions is gradual, although noticeable resignation
from the use of highly expensive and quite often toxic coordi-
nation compounds of transition metals (e.g., platinum, ruthe-
nium, rhodium, etc.). It is not an easy process due to the
highest catalytic activity and selectivity of most of them.
Nevertheless, an increasing number of research teams focus
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on catalysis based on main-group elements or Earth-abundant
transition metals (Fe, Mn, Ni, Co). Moreover, catalyst-free and
solvent-free approaches are attracting more and more attention
too.

Hydroboration and hydrosilylation are used to reduce unsa-
turated moieties, as well as for synthesizing sila- and bora-
functionalized derivatives. Both processes have been described
in innumerable articles and have been covered in several
reviews in recent years."*’ In this respect, it should be noted
that the purpose of the presented summary was to include
selected recent literature in the field (since 2010) concerning
both hydroboration and hydrosilylation of unsaturated
carbon-heteroatom moieties, with an emphasis on aspects
related to green and sustainable chemistry. To the best of our
knowledge, this is the first example of such coverage and the
authors hope that this account will stimulate further develop-
ment of greener alternatives.

Hydrosilylation and hydroboration — a
short overview

Undoubtedly, hydrosilylation is to the most useful and appli-
cable reaction in organosilicon chemistry, being simul-
taneously one of the most important homogeneous processes
in industry.?® In spite of a multitude of efforts to replace noble
metals as catalysts, it should be made clear that platinum-
based systems are still the most useful for both large®® and
small-scale®*™” productions of organosilicon derivatives,
which were quite nicely summarized by Marciniec and co-
workers.*® However, an extremely high price of these catalysts
and often also harsh reaction conditions have caused an exten-
sive exploration of less expensive and milder alternatives.

Hydrosilylation may lead to different products depending
on the type of unsaturated system. In the case of carbonyls
(aldehydes and ketones), imines, and nitriles, it leads (via
reduction) to the formation of the corresponding silyl ethers,
which might be easily hydrolyzed to give alcohols or amines
(Fig. 1).

On the other hand, hydrosilylation of terminal alkenes may
give an a or B-isomer (Fig. 1). Whilst the formation of the latter
one, known as anti-Markovnikov regioselectivity, is the most
common, it should be noted that Markovnikov regioisomers
are the subject of increasing interest, and they have been
recently reviewed by Zaranek and Pawluc.’® In the case of
alkynes, a whole range of possible products can be observed.
Monohydrosilylation of terminal alkynes leads to vinyl-substi-
tuted silanes (E/Z-p-isomers or o-isomers), which are one of
the most important organosilicon species because of their
unique physical properties and specific reactivity (Fig. 1).
Moreover, their use as synthetic intermediates or building
blocks has been confirmed by many scientists. Furthermore,
the double hydrosilylation can also be observed in some cases.

The applicability of hydroboration is much more specific
and targeted to the preparation of some fine chemicals or
useful reagents.” Its industrial potential is incomparably lower
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Fig. 1 Hydrosilylation reaction of various unsaturated systems.

compared to hydrosilylation. Although transition metal com-
plexes are still essential components of this powerful hydroele-
mentation pathway, the research into Earth-abundant catalysts
has grown and evolved in extraordinary ways. Perhaps more
importantly, the addition of B-H moieties can also be per-
formed under -catalyst-free conditions, which is virtually
uncommon in the case of Si-H bond addition.”®*" This extre-
mely high reactivity mainly applies to non-hindered boranes.
Unfortunately, such non-catalytic synthesis requires special
precautions and often also harsh reaction conditions.
Furthermore, it may sometimes lead to mixtures of products,
including those of dihydroboration. However, in general, the
hydroboration of unsaturated bonds gives access to analogous
products to those of hydrosilylation, as shown in Fig. 2.
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Fig. 2 Hydroboration of various unsaturated systems.
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To sum up, the last ten years have witnessed considerable
advances in hydrosilylation and hydroboration, in terms of
sustainability and economy. The key to success was the use of
Earth-abundant species, which are less expensive, in contrast
to classical noble metal catalysts. In this review, the most inter-
esting implementations from the perspective of green chem-
istry will be discussed, without a detailed description of
mechanical studies.

s-Block element catalysts
Introduction

The main and undeniable advantage of alkali and alkaline
earth metals is their high abundance in Earth’s crust. These
compounds are relatively inexpensive and widely accessible. In
this regard, it should be mentioned that the general develop-
ment of humanity and modern synthetic chemistry would not
have been possible without simple salts of these metals. What
is more, from the perspective of organic chemists, the key role
of organolithium** and organomagnesium® compounds is
also not to be underestimated. Nowadays, there has been con-
siderable progress in the development of s-block compounds
that can replicate catalytic activity associated with transition
metal complexes. However, financially speaking, the main key
is to find the most simple, environmentally benign and in-
expensive solution.

Hydrosilylation of unsaturated carbon-heteroatom (O, N)
moieties

Historically, the pioneering reports by Ojima (in the early
1970s), on the rhodium-catalyzed hydrosilylation of C=0 and
C=N bonds, are commonly recognized as a step forward for
the use of hydrosilanes as reducing agents.****> These early
studies were conducted by several efficient procedures utilizing
transition-metal catalysts’®>® and main-group species.’*"** In
this context, our attention was drawn in particular to the pro-
cedures utilizing s-block element species. As a result, selected
examples were discussed with an emphasis on sustainability
problems.

In 2010, Beller and co-workers disclosed a convenient base-
mediated protocol that used simple bases such as sodium
hydroxide or potassium tert-butoxide as catalysts (Scheme 1).%

The authors tested a few reducing agents, including phenyl-
and diphenylsilane, as well as diethoxymethylsilane. All of
them are commercially available, but they are not regarded as
inexpensive reagents. In general, the ‘BuOK-mediated pathway
gives better yields than that carried out in the presence of
NaOH. The halogenated substrates are well tolerated, as well
as nitrile and nitro groups, which remain untouched during
the process. Summing up, it should be said that the scope of
substrates was quite narrow and was mostly limited to aryl
methyl ketones. All transformations were carried out in
toluene at rt, and under an argon atmosphere. Finally, the
crude products were purified by extraction and column chrom-
atography. It should be noted that the concept of base-
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Scheme 1 General scheme and substrate scope for ‘BuOK-mediated
hydrosilylation of carbonyls.

mediated reduction of carbonyls is not new, and there were
already known similar synthetic solutions, headed by
Kobayashi work utilizing fluoride ions.®® To conclude, the
method developed by Beller has many advantages, including a
simple catalyst and quite mild conditions. Of the major draw-
backs should be noted are a fairly high price of silane reducing
agents, moderate isolation yields, and the use of toluene as
the solvent.

Next, the Nolan group has expanded the application of
simple potassium bases to the reduction of esters and tertiary
amides (Scheme 2).°® Phenylsilane was used as a reducing
agent once more and the reaction was carried out at rt under
solvent-free conditions.

Within these studies, the authors demonstrated that several
functional groups such as chloro, methoxy, and trifluoro-
methyl were shown to be tolerated, regardless of their position
in the benzene ring. What is more, a wide range of tertiary
amides was reduced, including aryl, heterocyclic, and alkyl
groups. During the investigation, primary and secondary
amides were non-reactive. From a green chemistry perspective,
the authors accomplished the synthesis of alcohols and ter-
tiary amines in very good isolated yields (up to 96%) at rt. In
contrast to the analogous ‘BuOK-catalyzed hydrosilylation of
simple carbonyls, this procedure avoided the use of a solvent
and an argon atmosphere. Unfortunately, these reactions are
not compatible with other, less expensive silanes.

Fernandez-Salas et al.,
Chem. Comm. 2013, 49, 9758-9760
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Scheme 2 General scheme and substrate scope for KOH-mediated
hydrosilylation of esters and amides.
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Scheme 3 General scheme and substrate scope for ‘BuOK-mediated
hydrosilylation of ketones and esters with PMHS.

Literally, at the same time as Nolan and his co-workers, the
Nikonov group has investigated base-catalyzed hydrosilylation
of C=0 bonds in esters and ketones (Scheme 3).°® The main
idea was to implement much more economic reducing agents
in the form of polymethylhydrosiloxane (PMHS). Apart from
the obvious difference in the price, PMHS is easy to use, very
stable and non-toxic. A broad scope of substrates was remark-
able, including several aldehydes, ketones, and esters. In the
latter case, the reaction takes place mostly at elevated tempera-
tures (70 °C). The conversion rates were excellent, albeit the
isolated yields were less satisfactory, as well as there is a need
to ensure an inert atmosphere during the process.
Furthermore, the authors investigated the reducing source in
detail and provided very useful mechanistic information for
the formation of very reactive hydrosilanes, which served as
the true reducing agents.

Meanwhile, further investigations on the ‘BuOK-catalyzed
reduction of tertiary amides utilizing an excess of trialkoxyhy-
drosilanes set the stage for the formation of the corresponding
enamines in excellent yields (Scheme 4).°” In sharp contrast to
Nolan and Nikonov reports, the a-proton is removed, which
finally leads to the formation of carbon-carbon double bonds.
A high chemoselectivity and efficiency of this approach are
remarkable, but it must be emphasized that trialkoxyhydrosi-
lanes are quite toxic and their use requires special precaution
(i.e., they may cause eye damage).

Volkov et al.,
Org. Lett. 2014, 6, 680-683
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Scheme 4 General scheme and substrate scope for ‘BuOK-mediated
reduction of tertiary amides with trialkoxyhydrosilanes.
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Scheme 5 Cesium carbonate-catalyzed hydrosilylation of aldehydes
and ketones.

In independent studies, the Cui group developed an expedi-
ent synthetic solution for the preparation of several alcohols
from aldehydes and ketones (Scheme 5).°® Here, the combi-
nation of catalytic amounts of Cs,CO; and expensive Ph,SiH,
as a reducing agent enabled this transformation under
solvent-free conditions. Cesium is far less common in the
Earth’s crust, but its compounds are still relatively inexpensive.
All operations were carried out at rt. Various functional groups
were well-tolerated and finally, a wide range of alcohols was
produced in very good yields. Notably, the o,f-unsaturated
aldehydes were selectively reduced to the corresponding 1,2-
addition products. Furthermore, the Yang group applied car-
bonate-mediated hydrosilylation of carbonyls to the selective
reduction of biobased derivatives like furfural and 5-hydroxy-
methylfurfural (HMF).*>”° In the case of HMF, the hydrosilyl-
ation was achieved by using Ph,SiH, in the presence of potass-
ium carbonate at rt. As a result, 2,5-bis(hydroxymethyl)furan
was isolated in excellent yield (94%). On the other hand, fur-
fural was reduced to furfuryl alcohol over cesium carbonate in
yields up to 99%. This time, PMHS was used as an eco-friendly
and inexpensive reducing agent. However, DMF was applied as
the solvent, to ensure homogeneity and high conversion.

In 2014, the Crabtree group demonstrated that a wide range
of unsaturated compounds, including aldehydes, ketones,
esters, amides, imines, and N-heterocycles, can be easily
reduced in the presence of lithium and sodium borohydrides
(Scheme 6).”" This extremely simple hydrosilylation procedure
is based on commercially available catalysts and inexpensive
silyl reagents (PMHS). All transformations are carried out
under mild conditions (rt-60 °C) and give desired products in

Manas et al.,
New J. Chem. 2014, 38, 1694-1700

o OH
L 5 mol% MBEt;H (M = Li or Na) i
R + PhSiH; or PMHS REAR
(0.35-2.1eq.) (1.5-3.0eq.)
R)LNRZ RNRy
-60°C o

R, R'= H, Aryl, Alkyl;

Scheme 6 Metal borohydride-catalyzed reduction of various unsatu-
rated systems.
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good yields. Furthermore, the authors also investigated the
mechanism in detail and presented very useful information.

Next, Sekar and co-workers reported K;PO,-mediated hydro-
silylation of a-ketoamides to form a-hydroxyamides and 3-phe-
nyloxindoles at rt.”> Various substituents, both electron-donat-
ing and electron-withdrawing, are compatible with the reaction
conditions and led to very good yields of products. PMHS
ensures cost-effectiveness of this transformation. Notably, this
methodology offers convenient access to several Passerini
adducts by avoiding harmful isocyanides. Later, the same
research group improved their method by utilizing cesium car-
bonate as the catalyst. What is more, 2-methyltetrahydrofuran
was used as the solvent in exchange for a carcinogen 1,4-
dioxane (Scheme 7).”?

Subsequently, Ding et al exploited the KOH-catalyzed
system for the reduction of cyclic imides (Scheme 8).”* Upon
the investigation of the reaction scope, several
o-hydroxylactams and aryl lactams were obtained in quite
good yields, utilizing PMHS or Ph,SiH, as reducing agents.
However, the main drawback of this approach is the need to
use DMF as the solvent.

Next, the Adler group has reported an unusual approach
enabling the reduction of carbonyls with air-stable hydrosila-
tranes (Fig. 3).”>7® This is a very interesting alternative to
simple hydrosilanes. 1-Hydrosilatrane is very expensive in the
commercial market, but it might be individually synthesized

the Sekar group
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Scheme 9 Potassium carbonate-catalyzed hydrosilylation of aldehydes
and ketones.

from cheap and easily accessible reagents, and finally, it can
be stored for several months without any special handling. Of
the major drawbacks should be noted are an extremely high
excess of a base activator and the use of DMF as the solvent.

Meanwhile, the hydrosilylation of aldehydes and ketones
under base catalysis also became possible by the utilization of
potassium carbonate at rt (Scheme 9).”” In this process, both
carbonyls were effectively reduced with inexpensive PMHS to
deliver corresponding alcohols. Under an oxygen atmosphere,
the reaction was carried out in DMF and offered satisfactory
product yields. The optimization studies showed that efficient
reduction of aldehydes is possible with 25 mol% of K,COs;,
whilst ketones required 2 eq. of potassium salt as the activator.

Later, the Xie group developed an efficient strategy for the
formation of isoindoles and isoquinolines (Scheme 10).

In the latter, a quite expensive diethoxymethylsilane, sensi-
tive potassium silanolate and very toxic diglyme solvent were
used. Both reactions delivered the corresponding products in
moderate yields.

In continuation of Crabtree’s idea, the Yao group has devel-
oped the selective cleavage of inert C-N bonds in tertiary
amides with triethoxysilane as the reducing agent.”® The reac-
tions were carried out under mild conditions, using a simple
NaBEt;H catalyst in the absence of any additives. Most
recently, the same research group also reported a controlled
reduction of amides by wusing different hydrosilanes
(Scheme 11).”°

This method is compatible with a wide range of functional
groups, including halides, alkoxy, and trifluoromethyl moi-
eties. All of them can be reduced in a controlled way to deliver
corresponding tertiary or secondary amines in extremely high
yields, depending on the type of reductant. All reactions were

the Xie group

Org. Lett. 2017, 19, 22, 6048 - 6051 Org. Lett. 2018, 20, 18, 5610 - 5613
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R = Aryl, Alkyl, Benzyl; R' = Alkyl, Halogen; R, R'= Aryl;

Scheme 10 General schemes for base-mediated formation of isoin-
doles and isoquinolines.

This journal is © The Royal Society of Chemistry 2020
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Scheme 11 NaBEtsH-catalyzed reduction of various amides.

carried out at elevated temperature (80 °C) in the presence of
n-hexane or THF as the solvent. According to pathway A, the
amide undergoes C-O bond dissociation. In pathway B, the
selectivity was switched to the C-N bond scission (see
Scheme 11).

Harder and co-workers reported that potassium, calcium,
strontium and barium-based catalysts can be used for an
efficient reduction of imines.®*”®! Notably, the authors showed
that the incorporation of well-defined ligands is not necessary,
and Si-H bonds might be easily activated by simple amides
such as alkali and alkaline earth metal bis(trimethylsilyl)
amides. One amongst them is easy to use potassium hexa-
methyldisilazide, which is commercially available. In each
case, an expensive phenylsilane was used as a reducing agent
and the reactions were performed in deuterated benzene.
However, it is worth pointing out in the end that any of the
optimization studies has been performed, which opens a wide
field for further investigations.

In contrast, there are also more sophisticated synthetic
solutions utilizing more complex s-block species. Certainly,
the discoveries done by the pioneers such as Harder, Hill,
Okuda, and Sadow might be brought forward here.®*"*® They
are less sustainable, and the installation of special ligands
requires a number of steps, during which undesired wastes are
generated. In this respect, it should however be noted that
such research investigations are extremely interesting and
provide a wide range of theoretical answers that may have an
impact on practical approaches, especially in order to ensure
high selectivity for the synthesis of fine chemicals. Thus, given
the fact that all of these protocols mainly concern mechanistic
matters, we decided to not discuss them.

Hydroboration of unsaturated carbon-heteroatom (O, N)
moieties

A substantial amount of work related to the hydroboration of
all unsaturated systems was carried out by Herbert C. Brown,
who is recognized as the godfather of organoboron chemistry.
His contribution opened up a new method for preparing
several boron derivatives.**"* The innumerable catalytic solu-
tions have been implemented over many years, starting with
those based on transition metals,” "% through those utilizing
rare-earth element complexes,'® ™% up to the main group

This journal is © The Royal Society of Chemistry 2020
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Scheme 12 Alkoxide-catalyzed hydroboration of ketones.

species-catalyzed approaches.'®™"* Once more, our attention
was drawn in particular to the procedures utilizing Earth-abun-
dant s-block species. As a result, selected examples were dis-
cussed with an emphasis on sustainability problems.

In 2011, Query et al. reported on the pioneering example of
the reduction of ketones in the presence of basic sodium tert-
butoxide at rt (Scheme 12)."** The authors suggested the for-
mation of trialkoxyborohydride derived from the catalyst and
pinacolborane (HBPin), which can subsequently serve as the
active hydride source in the hydroboration of ketones. The
scope of substrates was quite narrow, but the reaction pro-
ceeded with very good functional tolerance. To conclude, the
method developed by the Clark group has many advantages,
including a simple catalyst, mild conditions, and very good
isolated yields. Of the major drawbacks should be noted is the
use of toluene as the solvent.

After these remarkable findings, we had to wait relatively
long for the next versions of base-catalyzed hydroboration pro-
tocols. In 2017, Nembenna reported the amide-catalyzed selec-
tive reduction of esters with HBPin (Scheme 13)."**

Initially, the authors tested both simple and much more
complex magnesium amides. As a result, magnesium bis(tri-
methylsilyl)Jamide [Mg(HMDS),] turns out to be a very active
catalyst, and a variety of esters was effectively reduced to
provide the corresponding alcohols, even in the presence of
other functional groups (e.g., nitro, alkynes, alkenes, etc.).
Interestingly, in the case of liquid substrates, the reactions
were carried out under solvent-free conditions. Notably, the
catalyst loading was remarkably low (0.1-0.5 mol%). Of the

Barman et al.,
Dalton Trans. 2017, 46, 4152-4156
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Scheme 13 Mg(HMDS),-catalyzed hydroboration of esters.
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Scheme 14 General scheme and substrate scope for NaOH-mediated
hydroboration of aldehydes, ketones, and imines with pinacolborane.

major drawbacks should be noted are a high price and sensi-
tivity of Mg(HMDS),, which implies the need for an inert
atmosphere.

Literally, at the same time as Nembenna and his co-
workers, Wu et al. achieved base-catalyzed hydroboration of
various unsaturated systems (aldehydes, ketones, alkenes,
alkynes, and imines), in the presence of sodium hydroxide as
the catalyst (Scheme 14)."°

Taking into account the combination of desirable features,
such as operation simplicity, the high yields, benign reaction
conditions, and the utilization of inexpensive and commer-
cially available NaOH as the catalyst, this method is expected
to provide a promising alternative and attractive approach to a
series of organoboron compounds. Well, on the one hand, the
authors were able to extend the substrate scope to a wide
range of unsaturated compounds. On the other hand, the
hydrolysis of the obtained boronate esters was not performed
and all reactions were carried out in deuterated benzene. The
authors also tested a less toxic alternative in the form of deute-
rated tetrahydrofuran. This shows further opportunities to
improve the described approach such as the development of a
one-pot procedure for the hydroboration/hydrolysis processes.

Subsequently, several efficient protocols have been devised
for the hydroboration of related substrates with catalytic
amounts of various compounds. Sen and his co-workers
studied different lithium compounds such as 2,6-di-tert-butyl-
phenoxylithium (1c), 1,10-dilithioferrocene (2c¢) and the
nacnac lithium complex (3¢) (Fig. 4).""”

All of them have been found to be efficient catalysts for the
reduction of carbonyls at ambient temperature, with HBPin as
the reducing agent. Later, however, the most Lewis acidic Li

Selected Single Site Lithium Catalysts
For The Hydroboration of Carbonyls

Tl-tF
oBTHE o o b
! 1
Bu Bu Fe TMEDA  Dipp~ /N -Dipp
‘@
=" A
(1c) (2c) (3¢)

Fig. 4 Structures of catalytically active single site lithium compounds.

5216 | Green Chem., 2020, 22, 5210-5224

View Article Online

Green Chemistry

center (3c) revealed the highest catalytic activity. Both ketones
and aldehydes were efficiently converted, and thus delivered
several boronate esters with different functional groups in very
good yields. Despite their low toxicity, neither of them is com-
mercially available, which is a significant practical problem.
Concurrently, the Bao and An groups reported that the readily
accessible n-butyllithium reagent is an extremely active catalyst
for the hydroboration of a variety of aldehydes and ketones
(Scheme 15).1'811°

The low catalyst loading is remarkable (even to 0.1 mol%,
under solvent-free conditions). However, it should be noted
that commercially available "BulLi is always marketed as a solu-
tion in alkanes. Despite their many virtues, and in the light of
other methods, the practicability of these protocols is ques-
tionable, due to the high sensitivity of n-butyllithium.
Nevertheless, Bao and Shi recently expanded its utility in the
hydroboration of allylic alcohols,"® alkenes, alkynes, and
imines.'?"1??

Meanwhile, An and co-workers disclosed an example of
hydroboration of aldehydes and ketones in the presence of
sodium hydride at rt, to give corresponding alcohols (after
hydrolysis) in almost quantitative yields (Scheme 16)."*?
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Scheme 16 Alkali metal hydride-catalyzed hydroboration of various
unsaturated systems.
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A considerable drawback of this protocol is again connected
to the sensitivity of the catalyst. A reaction involving its utiliz-
ation requires special care and is extremely hazardous.
Admittedly, the authors also tested a commercially available
calcium hydride, which is easier to use than similar alkali
hydrides, but it showed lower activity (conversion up to 77%).
In our opinion, the use of CaH, seems to be much more practi-
cal, and further research is needed to determine its usefulness.
The outstanding activity of alkali metal hydrides in B-H
additions was recently extended by the Zhang group
(Scheme 16)."** Here, the authors devised a regioselective KH-
mediated 1,2 or 1,4-hydroboration of N-heteroarenes with
pinacolborane, which provided access to N-borylated-1,2-
reduction products (up to 99% yield) and N-borylated-1,4-
reduction products (up to 95% yield). Despite its roughly
similar disadvantages, the simplicity of this approach should
be made clear.

At almost the same time, the Chang group reported a
similar procedure utilizing less sensitive potassium alkoxide
as the catalyst (Scheme 17).'>> Here, the reduction occurs
selectively at the 1,4-position under an argon atmosphere, and
in the presence of expensive 18-crown-6 ether. In addition, the
authors disclosed detailed mechanistic studies. Finally, the
same research group also explored the related transformation
using imidazolium salts as a catalyst precursor, which pro-
ceeds with remarkably high regioselectivity at the 1,2-position.
This exploration goes far beyond the scope of this review but
deserves particular attention.'?®

Another illustrative example of alkoxide-mediated hydro-
boration is the utilization of lithium tert-butoxide." In con-
trast to Clark’s work, the An group was able to extend the sub-
strate scope to include aldehydes and esters (Scheme 18).
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Scheme 17 The example of ‘BuOK-catalyzed hydroboration of
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Scheme 18 ‘BuOLi-catalyzed hydroboration of aldehydes and ketones.
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Scheme 19 K,COs-catalyzed hydroboration of carbonyls.

What is more, less toxic tetrahydrofuran was used as the
solvent. In the case of simple carbonyls, the catalyst loading
was remarkably low (1 mol%). The reduction of esters was
more challenging and required 40 mol% of ‘BuOLi and a sig-
nificant excess of HBPin (3.0 eq.).

Next, the same group developed an efficient protocol for
hydroboration of aldehydes, ketones, and alkenes using pot-
assium carbonate as the catalyst (Scheme 19)."*® This salt is
widely accessible, non-toxic, inexpensive, and not so sensitive
as Grignard reagents. In the case of carbonyls, the reaction
proceeds under mild conditions (rt) in tetrahydrofuran, and a
low amount of the catalyst is required (0.5 mol% for aldehydes,
5 mol% for ketones). The reduction of alkenes was more chal-
lenging and required elevated temperature (110 °C).

On the other hand, it was conducted under neat conditions.
It should be noted that the analogous method utilizing hydro-
silanes as reductants in the presence of K,CO; was less
efficient and required higher amounts of the catalyst
(25 mol% for aldehydes, 200 mol% for ketones) and hazardous
DMF as the solvent. Considering this, the presented approach
has strong potential and might be useful for large-scale
reductions.

Furthermore, Kucinski and Hreczycho have also developed
the B-H activation strategy for the synthesis of several primary
and secondary alcohols (Scheme 20).*° A wide range of alde-
hydes, and more importantly also ketones, was reduced with
pinacolborane in the presence of lithium triethylborohydride
under mild conditions (air atmosphere, rt). Most of these
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Green Chem. 2019, 21, 1912 1915
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Scheme 20 General scheme and substrate scope for LiHBEts-mediated
hydroboration of aldehydes and ketones with pinacolborane.
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Scheme 21 MgBu,-catalyzed hydroboration of various unsaturated
derivatives.

transformations proceed under solvent-free conditions at very
low catalyst loading (0.1-0.3 mol%). The key advantages of this
process are its exclusive aldehyde selectivity over ketones, wide
reducible functional group tolerance, the possibility of one-pot
hydrolysis to desired alcohols, and wide availability of the cata-
lyst, as well as its low price.

The group of Rueping reported a series of examples that
involve hydroboration of ketones, carbonates, and alkynes
(Scheme 21)."*°7'3? In these processes, a commercially avail-
able, non-toxic, and quite inexpensive di-n-butylmagnesium
solution has been applied as the catalyst. An enantioselective
version provides products with excellent yields (up to 99%)
and enantioselectivities (er up to 99:1). Here, the chiral mag-
nesium complex with a BINOL backbone was found to be the
most efficient one. As has been shown, the alkali salt additive
(20 mol%) increases the enantiomeric ratio, as well as
decreased temperature (—40 °C), using toluene as the solvent.
In our opinion, without a doubt, this method represents a
valuable and benign alternative to TM-catalyzed versions.
Mostly the same concept also enabled a chemoselective Luche-
type reduction of o,f-unsaturated ketones. Besides simple
enones and propargylic ketones, some natural derivatives were
also feasible, and a broad substrate scope proved the versatility
of this method. Finally, an efficient reduction of linear and
cyclic organic carbonates was also possible. All of these
approaches are characterized by mild conditions and low cata-
lyst loading (especially in the case of a,p-unsaturated ketones;
0.2 mol%).

Almost at the same time, the Ma group utilized less expen-
sive methylmagnesium iodide as the catalyst for the hydro-
boration of a wide range of aldehydes and ketones
(Scheme 22)."** The reaction proceeds at remarkably low cata-
lyst loadings (aldehydes = 0.05 mol%, ketones = 0.5 mol%),
and requires extremely short time (aldehydes = 10 min,
ketones = 20 min). What is more, it is conducted under the
neat conditions at room temperature.

5218 | Green Chem., 2020, 22, 5210-5224

View Article Online

Green Chemistry

Wang et al.,
Tetrahedron 2020, 76, 131145

o 0.05-0.5 mol% MgMel OH

H=BPin e

(1.1 eq.) rt, solvent-free R R

(1.0eq.)
R = Aryl, Cycloalkyl, Alkenyl; R' = H, Alkyl;
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Fig. 5 Catalytic system for asymmetric ketone hydroboration reported
by the Gade group.

Among the most recent accomplishments, the Gade group
reported highly enantioselective hydroboration of ketones in
the presence of the magnesium dialkyl precursor [Mg
(CH,SiMe;),THF] and boxmi-H ligand (Fig. 5)."** The reactions
were performed with high enantioselectivity, but commercial
inaccessibility of some reagents is a major problem.

In this context, the Melen group recently reported on the
use of commercially available lithium amide in combination
with BINOL-derived ligands for the enantioselective hydrobora-
tion of acetophenones at rt (Fig. 6)."*° In our opinion, the
asymmetric catalysis for this reaction is very challenging, and
the application of s-block based catalysts is a significant
achievement that would be of great interest to other scientists.
However, the main drawback of this approach, within the
context of green chemistry, is the use of carcinogen 1,4-
dioxane as the solvent. Furthermore, there is still considerable
room for improvement with regard to the optimal selection of
chiral ligands, in particular in view of their prices.

Coming back to the theme of sustainable solutions, just
recently, Kucinski et al developed the KF-mediated B-H
addition to several carbonyls (Scheme 23)."*”

Unlike the hydrosilylation,"?**° this was the first study
about the utilization of simple inorganic salts containing flu-
oride anions (potassium and cesium fluorides) in such trans-
formation. Hydroboration occurs under mild conditions (air
atmosphere, room temperature). As a result, the numerous
ketones and aldehydes, bearing a wide array of electron-with-
drawing and electron-donating groups, were successfully

Willcox et al.
Dalton Trans. 2020, 49, 2417-2420

Jgt. CO

P(O)Ph,
OH

Fig. 6 Catalytic system for asymmetric ketone hydroboration reported
by the Melen group.
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mediated hydroboration of nitriles with pinacolborane.

reduced to the corresponding alcohols (after the hydrolysis
step). Of the major drawbacks should be noted is the use of
DMEF as the solvent.

Next, the Findlater group achieved highly efficient hydro-
boration of organic nitriles with HBPin, in the presence of
sodium triethylborohydride (Scheme 24)."*!

The power of this catalytic system was reflected by solvent-
free synthesis under extremely mild conditions (rt), which is
quite difficult in the case of nitriles. Moreover, it resolves
several problems related to waste generation. This combined
with wide accessibility of the catalyst and its price could be
seen as a step in the right direction.

In a related process, von Wangelin and his co-workers
achieved the double hydroboration of nitriles with a remark-
ably low amount of pinacolborane (2.1 equiv.) as the reductant
(Scheme 25).'** The reaction occurred under mild conditions
(20-70 °C) in the presence of lithium bis(trimethylsilyl)amide
(10 mol%). Despite the fact that the applied catalyst is com-

Ghosh et al.,
Org. Chem. Front. 2020, 7, 960-966

10 mol% Li(HMDS) BPin
R-CEN  +  H=BPin ————— [
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Scheme 25 Li(HMDS)-catalyzed hydroboration of nitriles.
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mercially available, its high sensitivity to moisture should be
noted. Moreover, all reactions were investigated in deuterated
benzene.

Very recently, the Mandal group further expanded the
capacity of disilazide salts."*® They employed a potassium
complex consisting of potassium bis(trimethylsilyl)amide and
abnormal N-heterocyclic carbene (Fig. 7). Such a catalytic
system allows a selective reduction of aliphatic, aromatic and
heterocyclic primary amides with excellent functional group
tolerance. The reaction proceeds at low catalyst loading
(2 mol%) in toluene, under mild conditions (40 °C). Despite
some critical drawbacks in the context of green chemistry, the
presented discovery brings many interesting mechanistic con-
clusions, including the Lewis acidic activation by potassium
cations.

Most recently, the Panda group reported the hydroboration
of aldimines with pinacolborane (Scheme 26).'** Here, cata-
Iytic amounts of potassium benzyl (5 mol%) enabled the syn-
thesis of N-borylated products, which upon hydrolysis fur-
nishes a wide range of secondary amines. The key advantages
of this process are mild conditions (rt), and the solvent-free
synthesis. Of the major drawbacks should be noted is an extre-
mely high sensitivity of CcH;CH,K, which implies the need for
the inert atmosphere.

Also this time, the contemporary developments in the dis-
covery of sophisticated alkali and alkaline earth metal catalysts
for the hydroboration are not presented in detail here.'**™%®
The majority of these approaches requires further investi-
gations that will allow for a better understanding of these
metal complexes, while taking into account the aspects of
green chemistry.

At this point, we would like to raise an interesting issue.
Most recently, the Thomas group published a brilliant article
on the subject of nucleophile-mediated decomposition of
pinacolborane.'® The authors showcased strong evidence that
most commonly used nucleophiles (intended to be the cata-
lysts) only promote the formation of BH; which serves as a
true catalyst in the hydroboration of alkynes and alkenes.

Panda et al.,
Appl. Organomet. Chem. 2020, doi: 10.1002/a0c.5765
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Scheme 26 CgHsCH,K-catalyzed hydroboration of aldimines.
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However, in the case of ketones (and most likely for other car-
bonyl derivatives), the formation of triorganoborohydride
species is proposed, which is in line with previous Clark’s dis-
coveries.''* The mechanistic matters are not dealt with in this
review; however, Thomas and his co-workers touched on a vital
issue. In consequence, future studies need to provide more
insights regarding the nature of the process.

Catalyst-free approaches

Conversely, in contrast to hydrosilylation, the hydroboration of
various unsaturated moieties can proceed in the absence of
any catalyst. In a historical context, when the boron source is
highly reactive diborane (B,Hs) or borane adducts (e.g,
BH;-THF), the reaction occurs rapidly at room temperature, in
the absence of any catalyst."’®'”> There are also some pioneer-
ing studies reported by Knochel and Piers, which used
different boranes in the catalyst-free hydroboration of alkenes
and alkynes."”?”"7> But before we get to recent examples, it
should be noted that absolute exclusion of even traces of any
catalytic species is extremely difficult. These words might be
confirmed by a recent article written by Ananikov - a world-
class specialist in the field of catalysis."’® This amazing publi-
cation has shown the importance of every little detail even like
defects of magnetic stir bars. However, in the case of boranes
(and despite the potential contaminations of substrates and
equipment), the nature of these compounds (e.g:, Lewis
acidity, extremely high oxophilicity,"”” etc.) allows assuming
the possibility of the catalyst-free pathways.

In 2018, the Hreczycho group reported on the pioneering
example of the hydroboration of aldehydes with pinacolbor-
ane, under catalyst-free and solvent-free conditions at rt-60 °C
(Scheme 27).'”® They were encouraged by their previous results
and the work disclosed by the Bertrand group, which con-
cerned uncatalyzed borylation of various O-nucleophiles.”® '8
It should be noted that the authors of several previous publi-
cations have unanimously claimed that catalyst-free hydrobora-
tion of benzaldehyde displays very low conversion into the
boronic ester. However, all of them performed the reactions in
the presence of the solvent. Thus, the absence of any solvent
seems to be crucial for the entire process and allows the target
compounds to be obtained in excellent yields and in a short
period of time. Following aldehydes, the hydroboration of
ketones was also investigated, although this was found to be
less efficient. The described results became an inspiration for

Stachowiak et al.,
Green Chem. 2018, 20, 1738-1742

o catalyst-free o,BPin
L +  H=BPin ST
R”H (1.4eq,) solvent-free, R/i\H
(1.0eq.) -60°C H

R = Aryl, Alkyl, Cycloalkyl;

Scheme 27 Catalyst-free and solvent-free hydroboration of aldehydes.
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Wang et al.,
New J. Chem. 2019, 43, 10744-10749

o catalyst-free O,BPin
. +  H=BPin TR
R R (20eq) solvent-free, R/|\R'
80-140°C H

(1.0eq.)
R = Aryl, Alkyl, Cycloalkyl; R' = Aryl, Alkyl;

Scheme 28 Catalyst-free and solvent-free hydroboration of ketones.

other researchers, which led to significant progress in this
field.

Likewise, Wang et al. extended this idea to reduce a wide
range of ketones (Scheme 28)."%* This was made possible by
slight changes in the reaction conditions. Therefore, by raising
the temperature to 80 °C (or even 140 °C), the authors were
able to overcome an energy barrier, which resulted in the
desired boronic esters. The presented approach has also
strong potential and might be useful for large-scale reductions.
As an example, 5.50 g of 1-phenylethanol has been obtained in
high yield (90%).

Almost at the same time, three independent procedures
have been reported for the hydroboration of carboxylic acids in
a catalyst-free manner by the groups of Panda,'®® Ma,'®* and
Xue'®® (Scheme 29).

Both aromatic and aliphatic carboxylic acids were reduced
to boronate esters, which upon hydrolysis furnishes a wide
range of primary alcohols. Of the major drawbacks should be
noted is the formation of two by-products - diboraxane deriva-
tive, as well as hazardous dihydrogen molecules.

Finally, the Rit group developed an expedient approach for
the synthesis of secondary amines via the hydroboration of
imines (Scheme 30).'%°

Here, all reactions were carried out in a catalyst-free and
solvent-free manner, at room temperature. This simple proto-
col enables the reduction of diverse imines including several
aldimines as well as ketimines and shows very good functional
tolerance (chemoselective conversion of imines in the presence

Panda, Ma, and Xue groups

Chem. Commun. 2019, 55, 1386-1389  Org. Biomol. Chem. 2019, 17, 3604-3608 ~ ACS Omega 2019, 4, 6775-6783

o) catalyst-free o BPin
)J\ + H=BPin ) + O(Bpin), + H,
R” "OH (3.2-4.0 eq.) solvent-free, R
(1.0eq) 1t-60°C
R = Aryl, Alkyl;

Scheme 29 Catalyst-free and solvent-free hydroboration of carboxylic
acids.

Pandey et al.,
Chem. Asian J. 2019, 14, 3255-3258

catalyst-free ,

B ——————— e
solvent-free, |'3P‘

-60°C i

RAN'R 5

(1.0eq,)

hydrolysis R R

=

(1.3-1.5q.)

Scheme 30 Catalyst-free and solvent-free hydroboration of imines.

This journal is © The Royal Society of Chemistry 2020
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of alkene, alkyne, ketone, nitro, and nitrile moieties). The pre-
sented approach has also strong potential and might be useful
for gram-scale reductions. As an example, 0.86 g of
N-benzylaniline has been obtained in high yield (85%). Very
recently, the same research group extended this idea to
perform reductive amination under catalyst-free and solvent-
free conditions."®’

Conclusions

Over the past ten years, s-block metal-catalyzed hydroelemen-
tations have attracted considerable attention. Several devel-
oped methods have proved their usefulness, also taking into
account the aspects of green chemistry. In some cases, they
were even able to outperform their precious metal counter-
parts. Given the sustainable nature of these catalysts, further
exciting advances are expected in this fascinating research
arena. It is hoped that further achievements will meet the cri-
teria of broadly understood green synthesis, which will ensure
the sustainable development of our societies.
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