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The alkali metal tert-butoxides have found wide application as
catalysts and activators for the conversion of numerous organic
molecules. These formidable additives in catalytic amounts are
extensively employed in the transition metal-free approaches to
serve for the single-electron transfer processes towards the
formation of C� C and C-heteroatom bond formation. This
review elucidates their multifaceted roles encompassing a series
of novel synthetic methodologies, in-depth analyses of their

reactivity patterns, and catalytic efficiencies across a myriad of
reactions. The involvement of alkali metal tert-butoxides either
directly or in combination with other metals as catalysts are
discussed along with the detailed mechanistic pathways in
various reactions. Overall, this article summarises approximately
all reactions those have been influenced by the catalytic
amounts of tert-butoxides and reported in the last decades.

1. Introduction

In recent years, the development of novel reagents in organic
transformations has generated extensive interest in the con-
struction of biologically important N, O, and S containing
heterocycles.[1–3] The alkali metal tert-butoxides are among these
significant class of reagents, which are commercially available
chemical compounds with the general formula (CH3)3COM,
where M is (Li, Na, or K). Recently, the unexampled reactivity of
these reagents has prompted the search for a new area of
research due to their unique ways of involvement in organic
transformations as catalysts or activators. The basic strength of
tert-butoxides has been found to be solvent dependent, which
is highest in DMSO solvent and lowest in nonpolar solvents like
benzene and others.[4] In the previous years, tert-butoxides have
witnessed enormous utilization in organic reactions and have
been found to be effective surrogates of transition metals. For
instance, one of the most industrially important transformations
in organic chemistry refers to the cross-coupling reactions of
arylhalides with activated or non-activated arenes to furnish
biaryl products, and these types of reactions can be generously
affected by tert-butoxides through a single electron transfer
mechanism.[5–8] In recent years two review articles have been
published on KOtBu mediated reactions;[9,10] whereas, a broad
perspective of organic transformations using catalytic amounts
of all alkali metal tert-butoxides would attract the attention of
readers in organic chemistry.

The alkali metal tert-butoxides in catalytic amounts, have
mostly been discovered as either activators or co-catalysts in
combination with transition metals or have even been directly
used as catalysts. More recently, Jenkins and Krenske in 2020,
reviewed a mechanistic study on HSiR3/KO

tBu-mediated
reactions[11] and Yoshida in 2016 has shown the combination of
base/metal catalysis for the borylation of alkynes.[12] In this

review article, in detail we have described various approaches
related to alkali metal tert-butoxides as catalysts or activators in
a wide range of organic transformations.

2. Role of catalytic amounts of alkali metal
(Li, Na, and K) tert-butoxides in efficient
organic transformations: In transition
metal-free synthetic procedures

2.1. Silylation reactions

Grubbs et al.[13] in 2015 demonstrated a mild approach for the
dehydrogenative C� H silylation of substantial numbers of
heteroarenes 1 at the C2 centre using tBuOK as a catalyst and
hydrosilanes 2 as a silylating reagent, producing C2 silylated
products with good yield and regioselectivity (>20 :1, C-2 :C-3),
which is presented in Scheme 1.
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Scheme 1. KOtBu Catalyzed cross dehydrogenative C� H silylation of hetero-
arene.



After stabilizing the methodology, various heteroarenes
containing N, O, and S were tested and successfully converted
into C-2 silylated product 3 in moderate to good yields and
exhibited good functional group tolerance having neutral or
electron-donating heterocycles, whereas indoles having elec-
tron-withdrawing substituents were unreactive. Further, the
application of heteroaryl silanes has been performed to
investigate the efficiency of this described protocol.

Based on the literature precedents[13] and extensive exper-
imental and computational studies, Stoltz et al.[14] published an
article in 2017 depicting the detailed reaction mechanism of
C� H bond silylation of heteroarenes using environmentally
benign potassium tert-butoxide as a catalyst. This research
introduced the concept of utilizing the earth-abundant main
group metal alkoxide, i. e. KOtBu as a catalyst for the effective
direct dehydrogenative C� H silylation of many important



heteroarenes including 1-methyl indole 1 a in the presence of
hydrosilanes. Alkali metal alkoxides embedded with small
cations like NaOtBu were found to be inactive. Silylation at the
C2 position of 1-methyl indole was observed to be the major
product, whereas silylation at the C3 was realized as a minor
product. However, the reverse was observed with an increased
temperature and prolonged reaction time, provided that the C2
functionalization is the kinetically controlled product and the
C3 silylation is the thermodynamically controlled product.

Moreover, the KOtBu-catalyzed silylation of heteroarenes
was observed to be reversible in the cross-over experiments.
The use of stoichiometric 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) as a radical inhibitor indicated that the reaction
proceeds via a radical mechanism, and the mixture of KOtBu
with Et3SiH in THF was found to be electron paramagnetic
resonance (EPR) active at the temperature of 45 °C. Based on
these observations, it was postulated that a silyl radical species
is involved in the catalytic C� H silylation reaction. Furthermore,
to understand the involved reaction mechanism, many studies
and experiments were performed including a radical clock
experiment, a kinetic isotope effect, an NMR study, and a
ReactIR in situ study. A computational study, Density Functional
Theory (DFT), was carried out that sheds light on the radical
chain process. Considering the crucial role of heteroarenes in
medicinal chemistry, natural products, and polymer chemistry
the direct dehydrogenative C� H silylation using this approach is
worth mentioning. The proposed approach is environmentally-
friendly with a simple experimental procedure that has good
functional group tolerance.

The proposed reaction mechanism in Scheme 2 indicates
the addition of triethylsilyl radical at the C2 position of the
indole moiety to form benzylic radical II, as the silyl radical
addition to the double bond occurs readily which facilitates the
formation of a more stable σ-bond in the expense of a less
stable π-bond. Hydrogen gas is liberated when the C2-H bond

α-position to the radical centre gets fragmented by β-H scission
and then aromaticity gets restored in the system. The chaining
process is restored when the generated silicate radical anion III
reacts with triethylsilane 2 a to form triethylsilyl radical.

An alternative reaction mechanism has also been proposed
in Scheme 3, where (KOtBu)4 plays the role of hydrogen atom
transfer catalyst by abstracting one hydrogen atom from II and
forming silylated moiety 3 a in addition to the base-hydrogen
adduct IV. The adduct IV reacts with 2 a to form a triethylsilyl
radical and the catalytic cycle is continued.

Interestingly, in the same year (2017), Zare et al.[15] brought
two more possible reaction mechanisms into the limelight for
the C� H silylation of heteroarenes using potassium tert-
butoxide as a catalyst. After going through extensive exper-
imental and computational studies including DFT calculations,
they proposed a mechanism that involves an ionic pathway,
and another proposal is based on a neutral pathway.

In the proposed ionic pathway (Scheme 4), the electron-rich
heteroarene 1 in the companionship of potassium ion forms a
cation-π complex I, and in the presence of tert-butoxide ion,
silane moiety 2 forms an intermediate V which deprotonates
C2-H and C3-H to form the complexes IIa and IIb respectively,
in addition to the release of hydrogen gas. From the complexes
IIa and IIb, reactive carbanions IIIa and IIIb are formed which
form pentacoordinated silicon intermediates IVa and IVb in the
presence of silyl ether VI. Finally, products 3 and 4 were formed
by the dissociation of tert-butoxide from IVa and IVb.

In the neutral mechanism (Scheme 5), the intermediates are
neutral, otherwise, it resembles the ionic pathway. One silicon-
oxygen bond is formed in the reaction between Me3SiH and the
KOtBu tetramer giving rise to pentacoordinated intermediate II.
The KOtBu tetramer does not dissociate in the neutral
mechanism. In the next step, the silicon-hydrogen bond of
intermediate II is reported to undergo heterolysis followed by
the formation of complex III in which the hydride ion remains

Scheme 2. Proposed mechanism via radical pathway promoted by penta-
coordinated silicon. Scheme 3. Radical pathway promoted by tetrameric KOtBu.



attached to one corner of intermediate III. In the next step,
carbanion complex IV is formed via deprotonation, and hydro-
gen is liberated. In the consecutive steps, intramolecular silicon-
carbon bond formation takes place in intermediate V, and a
pseudorotation in intermediate VI is reported to happen.
Finally, tert-butoxide is dissociated, silylated heteroarene 3 is
generated, and the cycle is continued.

An article published by Kim et al.[16] has focused on the site-
selective Si� H functionalization of hydrosilane using a continu-
ous flow sequential organolithium reaction catalyzed by
potassium tert-butoxide. The purpose of the research was to
develop a continuous flow system for the functionalization of

hydrosilanes, especially to synthesize functionalized silanes in a
highly efficient and sustainable manner (Scheme 6).

The authors achieved this goal by using a sequential
organolithium reaction catalyzed by potassium tert-butoxide.
This reaction was found to be highly effective and produces
high yields of functionalized silanes in a short amount of
reaction time. In addition, it was highly scalable, allowing for
large-scale production of functionalized silanes. This novel
method does not require the use of transition metals and is
atom-economic with high yields of the functionalized syntheti-
cally important organosilanes. The proposed reaction mecha-
nism highlights that potassium tert-butoxide assisted in the
generation of a pentacoordinated silyl moiety I in combination
with hydrosilane. The generation of pentacoordinated silyl
moiety is pivotal in the rapid transformation of the reactant.

In the proposed reaction mechanism (Scheme 7), initially,
the potassium tert-butoxide reacts with hydrosilane 2, forming
a penta-coordinated silyl species I. The activated silyl moiety I
reacts with 5 to generate silylated product II and regenerates
the tert-butoxide ion. It has been reported that the intermediate
I can decompose in the absence of 5, which has been verified
by the formation of gas with the excess reaction time in the
flow method. It is noteworthy to mention that an instant tert-
butoxide-catalyzed reaction between I and 5 is crucial to
generate a silylated product II.

2.2. Carbon-Carbon bond forming reactions

In 2018, Boris et al.[17] investigated the reaction between
ketimine 7 and arylacetylene 8 in the presence of 50 mol% of
tBuOK in DMSO to obtain propargylamine 9 as a targeted
product. The tBuOK has been found to be an effective catalyst
to complete the reaction, while the transformation was
ineffective when carried out using other bases. The reaction
condition shows good potential over the diversity of both
substrates 7 and 8 (Scheme 8) and produces the required

Scheme 4. Proposed ionic mechanism for silylation reaction.

Scheme 5. Neutral mechanism for silylation reaction.

Scheme 6. Si� H Functionalization by KOtBu.



products in good to excellent yields. It has been mentioned
that, using the Br-substituted substrates 7, the corresponding
products 9 e and 9 g were found to have in lower yields (38%
and 53%, respectively) because of their solubility in the tBuOK/
DMSO system.

Based on this assumption, a mechanistic path has been
provided (Scheme 9) for this reaction, in which the first step of

the reaction involves deprotonation of substrate 8 to yield the
intermediate I in the presence of a base. Afterwards, the
nucleophilic addition of intermediate I may occur over the
substrate 7 to form the intermediate II and lastly upon
protonation, the final product 9 could be obtained (Scheme 9).

Using a similar catalytic approach with a combination of
tBuOK/DMSO, Claus and co-workers have reported 4-exo-dig-
cyclization of substituted-propionamides 10 to synthesize the
different substituted derivatives of α-methylene-β-lactams 11
(Scheme 10).[18] To achieve the required cyclization, 30 mol% of
KOtBu has been shown to be most effective and they have
proved this methodology to be efficient by synthesizing
diversely substituted β-lactams through different propiola-
mides.

Based on the experimental evidence, the mechanism of this
reaction has been proposed. The mechanism for cyclization of
propionamides proceeds with the formation of dimesyl anion
through the mixture of potassium tert-butoxide and DMSO
solvent. The intermediate I is obtained by deprotonation of 10
and then as a result of the nucleophilic attack of anionic carbon

Scheme 7. Proposed reaction mechanism for Si� H.

Scheme 8. tBuOK Catalysed addition of arylacetylenes to ketimines.

Scheme 9. Provisional mechanism for the addition of arylacetylenes to
ketimines.

Scheme 10. Method for the synthesis of α-methylene-β-lactams.



over the C� C triple bond, the intermediate II could be obtained.
Next, upon protonation, the cyclized product 11 has been
found (Scheme 11).

Milstein and co-workers[19] in 2019 reported a transition
metal-free, highly efficient, and supportable approach for the
construction of the C� C bond by performing the reaction
between benzyl alcohols 12 and arylacetylene 8 in the presence
of 5 mol% of tBuOK. A wide range of α-alkylated ketones 13
were prepared by employing the different benzyl alcohols and
substituted phenyl acetylenes (Scheme 12).

To investigate the possible mechanistic path, the authors
have performed several controlled experiments, EPR spectrom-

etry analysis, and DFT studies. Upon the experimental observa-
tions, the first step of the mechanism involves the proton
abstraction of benzyl alcohol 12 a in the presence of catalytic
amounts of tBuOK and then the reaction may be initiated by
hydrogen atom transfer from intermediate I to form intermedi-
ates II and III. The radical chain reaction starts with the insertion
of the radical anion I to phenylacetylene 8 a to produce B and
may be converted into A via a 1,2-hydrogen shift. The species A
and B can be transformed into either C or D by hydrogen
shifting and then protonation occurs by 12 to form molecules E
and I. The radical anion E can then be transformed into F via
hydrogen atom transfer from I and regenerated the intermedi-
ate II. Finally, F can be transformed into product 13 a
(Scheme 13).

The synthesis of polysubstituted naphthalenes (Scheme 14)
was investigated by Wang et al.[20] in 2019 using an alkoxide
catalyst. It is a transition metal-free transformation via the
C� C coupling reaction to form 1-cyano-3-acylnaphthalenes 16
from 2-(2-alkynylphenyl)acetonitriles 14 and alkynones 15 as
substrates with complete regioselectivity. The optimization of
the reaction was started by considering 2-(2-
(phenylethynyl)phenyl)acetonitrile and alkynone as starting
materials and taking 10 mol% K2CO3 in DMF as solvent at 40 °C.
The expected product was obtained with 56% yield. Further
experiments for screening of the reaction have been performed
and it was found that a higher yield of the product was
obtained with 10 mol% loading of LiOtBu, and hence, it is
considered as the ideal condition for the reaction. To find the
application of various substrates, a broad scope of reactions has
been developed with complete regioselectivity, excellent func-
tional group tolerance, high atom-economy and good to
excellent isolated yields.

Scheme 11. Proposed mechanism for cyclization of substituted propiola-
mides.

Scheme 12. Synthesis of α-alkylated ketones. Scheme 13. Proposed mechanism for the synthesis of α-alkylated ketones.



The plausible mechanism starts with the formation of
intermediate A in the presence of LiOtBu by the deprotonation
of compound 14 and intermediate B is formed by the
nucleophilic attack of intermediate anion A on compound 15.
Then, the intermediate C is formed by intramolecular cyclization
of B, which followed by the proton abstraction gives the
intermediate D. Finally, the product 16 was formed through the
aromatization process (Scheme 15).

A recent article published by Wang and co-workers which
introduces a novel method utilizing potassium tert-butoxide as

a catalyst for the C� C bond forming reaction via alpha homo-
allylic alkylation of lactams in the presence of 1,3-dienes.[21] This
method produces a quaternary carbon centre with high
regioselectivity and very good yields. This transformation avoids
the use of precious transition metals. The proposed mechanism
shows that the cation-pi interaction of potassium enolate with
diene plays a vital role in the transformation, which proceeds
via the 1,2-addition pathway. This method includes a broad
substrate scope, environmentally benign, high atom-economic
pathways, which has been reported to give a high yield (in
gram-scale) transformation as well (Scheme 16).

From the proposed reaction mechanism (Scheme 17), it is
evident that a cation-pi interaction occurred between potassi-
um enolate I and aryl-substituted diene 18 a. Due to this cation-
pi interaction-based carbon-carbon bond formation, the inter-

Scheme 14. Synthesis of 1-cyano-3-acylnaphthalenes from 2-(2-
alkynylphenyl)acetonitriles and alkynones.

Scheme 15. Reaction mechanism for the synthesis of 1-cyano-3-acylnaph-
thalenes naphthalenes.

Scheme 16. Alpha homo-allylic alkylation of lactams.

Scheme 17. Proposed reaction mechanism for alpha homo-allylic alkylation
of lactams.



mediate III is generated. The interaction of intermediate III with
tBuOH delivers the product of interest 19 a.

Recently in 2022, Xing et al.[22] reported the C� C bond
formation approach for the synthesis of α-alkylated amides via
C� H functionalization at α-position in the presence of catalytic
(20 mol%) amounts of tBuOK. From a catalytic point of view, the
reaction was inactive in the absence of tBuOK. Different
catalysts were attempted in order to substitute tBuOK; whereas,
all catalysts were found to be ineffective for this reaction. Upon
employing the reaction conditions, a broad range of substrate
scope was developed (Scheme 18).

With the help of controlled experiments, a plausible
mechanism has been proposed (Scheme 19). According to the
mechanism, enolate species I is afforded from the reaction of
tBuOK with substrate 20, then as a result of the potassium
cation and π-interaction of intermediate I, a six-membered
species II is formed. The intermediate III may result in the

generation of C� C bond, which followed by protonation gives
the final product 21.

2.3. Carbon-heteroatom (N, O, S, and Se) bond forming
reactions

Li and co-workers[23] in 2014, reported that the alkeynols and
alkynylamines can be cyclized with transition metal-free
catalysis in the presence of 10 mol% of tBuOK with excellent
selectivity and good to excellent yields of the generated
compounds. In terms of synthetic potential, they have devel-
oped a broad range of substrate scope by employing various
alkynols and alkynylamines in DMSO at 80 °C. For the cyclization
of alkynols, it was seen that the type and position of
substituents on aromatic rings do not show any remarkable
effects on the outcome of the reaction (Scheme 20).

With the support of previous literature, they have proposed
a plausible reaction mechanism. According to that, the
substrate 22 involves in the hydrogen abstraction process in
the presence of tBuOK to deliver the intermediate I. After which
as a result of nucleophilic addition the intermediate II could be
formed. Finally, the protonation of intermediate II leads to the
formation of exo-cyclized product 23 (Scheme 21).

An intramolecular cyclization method to develop the
various substituted benzofuroazepines 25 derivatives has been
achieved successfully by performing the reaction of 2-alkynyl
benzyloxy nitriles 24 in the presence of catalytic amounts
(20 mol%) of tBuOK (Scheme 22), which is reported by Zeni
et al.[24] A wide range of compounds 25 can be synthesized with

Scheme 18. The α-alkylation of acyclic amides.

Scheme 19. Plausible mechanism for α-alkylation of acyclic amides. Scheme 20. Cyclisation of alkynyols and alkynylamines.



the application of developed reaction conditions and it was
mentioned that the electron-donating groups present at the
acetylene terminus have no effect on the yields of the products;
whereas, the bulkiness of the substituents delivers the products
in comparatively lower yields. An electron-deficient phenyl ring
shows effective yields due to the partial polarization of the C� C
triple bond.

A mechanism of the reaction has been proposed based on
the controlled experiments, which starts with the abstraction of
proton of 24 a by tert-butoxide anion to give the intermediate I,
which can undergo 5-exo-dig cyclization to give intermediate II.
The intermediate II followed by the consecutive 7-endo-dig
mode of cyclization delivers the intermediate III, which upon
protonation the intermediate IV can be formed that can further

undergo [1,5]-H shift to give the final product 25, or
intermediate V and VI might be involved to furnish the product
25. In the second way, if the 6-exo-dig cyclization mode
engages, the intermediate II can be converted into VII and then
via the formation of intermediates VIII and IX, the isoquinoline
moiety 25 can be formed (Scheme 23).

A mechanism of the reaction has been proposed based on
the controlled experiments, which starts with the abstraction of
proton of 24 a by tert-butoxide anion to give the intermediate I
that can undergo 5-exo-dig cyclization to give the intermediate
II. The intermediate II followed by the consecutive 7-endo-dig
mode of cyclization delivers the intermediate III, which upon
protonation the intermediate IV can be formed, that can further
undergo [1,5]-H shift to give the final product 25, or
intermediate V and VI might be involved to furnish the product
25. In the second way, if the 6-exo-dig cyclization mode
engages, the intermediate II can be converted into VII and then
via the formation of intermediates VIII and IX, the isoquinoline
moiety 25 can be formed (Scheme 23).

Yan et al.[25] have reported the intramolecular C� N coupling
reaction of ortho-vinyl benzamides 26 in the presence of
catalytic amounts of tBuOK and DMF as a solvent to produce a
valuable nitrogen-containing compounds such as isoquinoli-
none 27 (Scheme 24) and isoindolinone (Scheme 25) derivatives
29. This straightforward and sustainable methodology shows
good functional group tolerance towards the formation of
products 27 and 29 in good yields. Based on several controlled
experiments and with the support of previous literature, a
provisional mechanism has been postulated (Scheme 26).

According to the mechanism, upon deprotonation of DMF
in the presence of tBuOK followed by a single electron-transfer
process, the radical species III is formed. After that, the
intermediate III might abstract the proton from 26 a and
another radical species IV can be generated. Next, the species
IV can undergo radical cyclization to form species V and finally
DMF can donate a proton to V to generate the final product
27 a and carbamoyl radical III.

Reddy and co-workers[26] developed a synthetic method for
acquiring functionally rich tricyclic-oxadiazines using p-quinols
and azomethine imines (Scheme 27) as starting materials
through [3+3]-cycloaddition pathways, using catalytic potassi-

Scheme 21. Proposed mechanism for cyclization of alkynols and alkynylani-
mens.

Scheme 22. Synthesis of benzofuroazepines.

Scheme 23. Mechanistic proposal for the synthesis of benzofuroazepines.



um tert-butoxide. The reaction was investigated in the presence
of 20 mol% DBU as a catalyst to observe a very low yield (<5%)
of the product. Different types of catalysts such as tertiary
amines, Lewis bases, organic bases, inorganic bases, and
organic acids and solvents were examined successively. The
bases such as sodium tertiary butoxide, sodium methoxide, and
potassium tertiary butoxide catalyzed the reaction by furnishing
product yields 54%, 67%, and 70% respectively. However, the
yield was much less when 1.5 equiv. of NaH was used, and it
was also noted that some of the catalysts such as DMAP,
DABCO, quinine, triphenylphosphine, potassium carbonate, and
p-TSA were unable to catalyze the reaction.

It was mentioned that the mechanism of this reaction has
no proof whether it involves a concerted or stepwise pathway
(Scheme 28); but as there was no intermediate obtained, this is
depicted as a concerted mechanism. It starts with an abstrac-
tion of protons from p-quinols 30 and produces intermediate I.

Scheme 24. Intramolecular hydroamination of ortho-Vinyl Benzamides.

Scheme 25. Intramolecular hydro-amination of stilbene derived amides.

Scheme 26. Proposed reaction mechanism of intramolecular hydroamina-
tion.

Scheme 27. Regioselective preparation of tricyclic oxadiazines.



A transition state TS1 is formed, when I reacts with compound
35. Transition state TS2 is less selective due to steric hindrance
and electrostatic repulsions and lastly, in situ chemoselective
intramolecular addition of the nitrogen anion to the Michael
acceptor system would take place instantaneously in a highly
diastereoselective 1,4-addition mode to result in the product
32.

Govindarajan and co-workers have described the carboal-
koxylation of styrene 33 in transition metal-free reaction
conditions (Scheme 29) using phenyl diazoniumtetrafluorobo-

rate 34, phenalenyl ligand 36 and the catalytic amount of KOtBu
in the presence of alcohols as sources of carboalkoxylation.[27]

The reaction was optimized by using 4-methoxystyrene and
phenyl diazoniumtetrafluoroborate as starting materials with
KOtBu and ligand in DMSO as solvent. These conditions have
been applied to various substrates in good to excellent yields
and it was observed that employing electron-withdrawing
effects on the aryl diazonium salt and 4-methoxy styrene, the
reactions delivered unsatisfactory results. The yields of reaction
were reduced up to 38% when simple styrene was used with 4-
nitrophenyldizonium salt for the developed carboalkoxylation
process. This protocol was executed in the presence of various
alcohols to provide 35 as well as in the absence of alcohols to
provide compound 37 (Scheme 30).

This reaction progressed through the single electron-trans-
fer (SET) mechanism (Scheme 31), which was witnessed by
performing a DFT calculation of the catalytic cycle. In order to
explain, firstly a (PLY-N,O)-K complex was formed by reacting
the ligand PLY-N,O with KOtBu, which was then reduced by
other KOtBu to form a (PLY-N,O)-K radical anion complex. In the
catalytic cycle, electron transfer occurs from the radical anion
complex to compound 34 to give aryl radicals I and this aryl

Scheme 28. Proposed reaction mechanism.

Scheme 29. Carboalkoxylation of styrenes in the presence of various
alcohols.

Scheme 30. Carboalkoxylation of styrenes in the absence of various alcohols.

Scheme 31. Catalytic pathways for carboalkoxylation of styrenes.



radical I is converted into benzylic radical II by the nucleophilic
attack of aryl radicals on alkene 33. The catalyst is regenerated
by the benzylic radicals II through SET 2, and forms a benzylic
cation V.

Recently, Thiyagarajan and co-workers[28] have witnessed an
efficient tBuOK catalyzed Michael addition reaction between
nucleophile 38 and Michael acceptor 39 to obtain the product
40. A wide range of different substituted alcohols, thiols, and
amines can be treated with various substituted nitriles, amides,
and esters that show good functional group tolerance and
produce the required products in excellent yields (Scheme 32).

In the proposed mechanism (Scheme 33), a nucleophilic
intermediate species I was generated by the proton abstraction
of 38 in the presence of tBuOK, which further underwent
conjugated nucleophilic addition or Michael addition to form
the intermediate II that upon protonation gave the final
product 40.

Shigeno and co-workers have demonstrated the tBuOK
catalyzed anti-Markovnikov hydrothiolation of various aliphatic
and aromatic β-(hetero) arylethyl ethers to produce the
corresponding thioethers in good to excellent yields
(Scheme 34).[29] In the preliminary investigation of the reaction,
20 mol% of tBuOK was found to be an effective catalyst and
successfully employed for hydrothiolation reaction. The reaction
conditions have been applied to diverse β-(hetero) arylethyl
ethers using different aliphatic and aromatic thiols.

According to the mechanism, the first step involves the
elimination of MeOH in the presence of tBuOK to give styrene
compound 33. Then, in the second step deprotonation of
thioalcohol occurs, and as a result species I is obtained. The
species II was formed by the addition reaction of 33 with I and
finally, the protonation of II afforded the final product 43
(Scheme 35).

The article published by Malakar et al.[30] presents a new
method for the synthesis of benzimidazoles through a transition
metal-free, transfer hydrogenative cascade reaction process.
The reaction utilizes nitroarenes 44 and amines/alcohols 45 as
starting materials, and potassium tert-butoxide as a catalyst,
which proceeds through a series of redox-economical steps to
produce the desired benzimidazoles 46. Compared to the
traditional transition metal-mediated, expensive, and complex

Scheme 32. KOtBu Catalysed Michael addition reaction.

Scheme 33. Proposed mechanism.

Scheme 34. Hydrothiolation of β-(hetero) arylethyl ethers. Scheme 35. Proposed reaction mechanism for hydro-thiolation reaction.



methods for the reduction of nitro compounds, this new
method utilizes a transfer hydrogenative cascade reaction that
involves the transfer of hydrogen from amines or alcohols to
nitroarenes.

This reaction is redox-economical and that requires less
energy input than traditional methods, and is an environ-
mentally benign process. The effectiveness of this method has
been demonstrated by synthesizing a variety of benzimidazoles
using different nitroarenes and amines/alcohols. It has been
shown that the yields of these compounds are high and that
the reaction is highly selective, producing only the desired
product. Lower cost and ease of execution make this process
very attractive for large-scale synthetic applications
(Scheme 36).

The proposed cascade reaction pathways (Scheme 37) for
the above reaction have been established by investigations
through control experiments including the timely monitoring of
intermediate formation by GC-MS and DFT calculations. The
experimental supports reveal that the in situ reduction of the
nitro group into aniline results in the formation of o-phenyl-
enediamine E from 2-nitro aniline 44. It was reported by the
authors that the use of HFIP was pivotal in nitro group
reduction through its hydrogen bonding capability.

2.4. Other reactions

The article by Hashimoto et al.[31] provides new insights into the
dehydrogenation reaction of NH-NH bonds to form N=N bonds
using cost-effective potassium tert-butoxide as a catalyst in the
presence of liquid ammonia as a solvent at room temperature
with air. It has been reported that the presence of air is
important in this transformation; whereas, the presence of
nitrogen inhibits the reaction. The application of this novel
method ranges from the efficient synthesis of azo compounds
with high yield in a very short period of reaction time (3
minutes) to the one-pot facile synthesis of diazirines, which has
importance in photoaffinity labeling. The broad substrate scope,
synthetic utility in chemical biology, dehydrogenation of
phenylhydrazine, time and cost-effectiveness, and gram scale
transformation are the uniqueness of this reported method
(Scheme 38).

Xu and co-workers have demonstrated the efficient catalytic
activity of KOtBu for the construction of unsymmetrical disulfide
S� S, S� Se, Se� Se, N=N and C=N bonds.[32] The potential of
reaction conditions has been demonstrated by the synthesis of
various unsymmetrical disulfide compounds in excellent yields
(Scheme 39). Furthermore, they have utilized 5 mol% of tBuOK
in THF at 25 °C to carry out the reaction of substrates 42, 49
and 53 to construct the symmetrical S� S, Se� Se, and Se� S
bonds (Scheme 40). Finally, the scope of this method has been
extended to the construction of N=N and C=N bonds
(Scheme 41).

Scheme 36. Reaction scheme and substrate scope for TH cascade reaction of
nitroarenes.

Scheme 37. Proposed reaction mechanism for transfer hydrogenative cas-
cade reaction.

Scheme 38. Substrate scope for KOtBu catalysed dehydrogenation of NH-NH
bond.



The article published by Kim and co-workers[33] presents a
thorough and well-executed study on the use of lithium tert-
butoxide as a catalyst for the hydroboration of carbonyl
compounds under mild reaction conditions. The authors clearly

describe their experimental methods and results, and provided
a detailed analysis of the mechanism of the developed reaction
(Scheme 42).

This article includes a comprehensive survey of the different
carbonyl compounds that are suitable for this reaction and the
yields of the corresponding products. The authors also
presented a comparison of the results obtained with lithium
tert-butoxide as a catalyst with other catalysts, which provides
valuable insight into the efficiency of this catalytic system.
Stoichiometric conversion of aldehydes and ketones as well as
of ester moieties under the optimized conditions was obtained

Scheme 39. KOtBu Catalysed unsymmetrical S� S bond formation.

Scheme 40. KOtBu Catalysed symmetrical S� S, Se� Se, and Se� S bond
forming reactions.

Scheme 41. KOtBu Catalysed N=N and C=N bond formation.

Scheme 42. Lithium tert-butoxide catalysed hydroboration.



using 1.0 mol% of lithium tert-butoxide, which added weight-
age to the effectiveness of this developed catalyst system.

The semi-reduction of alkynes into (E)-selective alkenes
under transition metal-free conditions with pinacolborane and
catalytic potassium tertiary butoxide were demonstrated by
Grams and co-workers.[34] This protocol involves the reaction of
primary and secondary propiolamide to provide the (E) isomer
selectively and a broad range of substrate scope has been
developed under the optimized reaction conditions. Instead of
stoichiometric amounts, a catalytic amount of KOtBu produces
the required molecules efficiently and in good yields. It was
found that upon increasing the size of the counterion on
tertiary butoxide from Li to K, reaction productivity increases
amazingly (Scheme 43). The mechanistic investigations were

carried out by employing deuterated propiolamide
(Scheme 44).

Initially, the potassium tert-butoxide assists in the deproto-
nation of propiolamide 66 which is in equilibrium with tBuOD
and the conjugate base of 66 i. e. I. In the next step, the Lewis
basic oxygen from I forms a complex with pinacolborane 60
and activates the B� H bond, and also assists in the intra-
molecular pseudo-5-exo-dig hydride transfer to the α-carbon
which is shown in TS-II. The trans alkene geometry in III is
obtained due to the deuteration from the opposite side of the
alkyne in TS-II. Upon workup of III, the compound 67 is
generated.

A highly regioselective synthesis of polythiocarbonates from
epoxides 68 and carbon disulfides can be achieved by the
utilization of catalytic amounts of LiOtBu (Scheme 45), which is
reported by Warner et al.[35] The investigation of the reaction
has been started with 5 mol% of tBuOLi at ambient temper-
ature, and the reaction was directed towards the formation of
cyclic dithiocarbonates product 70, while at lower catalyst
loading with 0.25 mol% of tBuOLi, the reaction prefers the
formation of 69, a polymeric product over the cyclised product
70.

Next, the effects of temperature and solvent have been
observed on selectiveness. It was found that upon increasing
the temperature, the reaction prefers the formation of product
70 with lower conversion and the same effect was observed in
the case of solvent. The formation of polymeric product 69 via
chain reaction growth has also been shown in Scheme 46
where both pathways of chain growth were exhibited.

Scheme 43. Reduction of propiolamide into E-alkene.

Scheme 44. Mechanism for the reduction of propiolamide. Scheme 45. Co-polymerization of epoxides with CS2.



3. Utilization of catalytic amounts of
alkali-metal tert-butoxides with transition
metals in organic transformations

3.1. Utilization with copper-complexes as catalysts

3.1.1. Kinetic resolution of oximes and alcohols

In 2018, Oestreich et al.[36] reported the kinetic resolution of
oxime ethers having alpha-hydroxy substitution 71 using an
enantioselective Cu-catalyzed dehydrogenative silylation meth-
od taking into consideration of catalyst system CuCl/NaOtBu/(R,
R)-Ph-BPE. Good conversion rate and selectivity were observed
in the presence of less bulky substituents on the hydrosilane
keeping the catalyst system intact. On the other hand, more
bulky substituted oxime ethers in the presence of Et3SiH as a
resolving agent using the same catalyst system show higher
selectivity and a lesser conversion rate during the kinetic
resolution. It was observed that the TIPS group substituted Z-
isomer (Z-1b) of oxime ether shows remarkable selectivity and a
good conversion rate as well (Scheme 47).

It is worth mentioning that to check the influence of oxime
ether geometry on the selectivity and resolution processes, the
Z and E isomers of TIPS substituted oxime ethers were
employed with different substituted hydrosilanes in the pres-
ence of the same catalyst system. Based on the observed
experimental results, it was concluded that the least bulky
substituted hydrosilane (Me2PhSiH) showed the highest selec-
tivity and conversion rate. They also mentioned that the
geometry of oxime ether is not very important to consider.
Some differences were observed in the selectivity and con-

version rate, which may be associated with steric reasons. The
possibility of two-point binding of oxime nitrogen as a ligand
with the copper catalyst in the resolution process was ruled out
(Scheme 48).

Also, the substrate scope for kinetic resolution involving the
E-isomer of oxime ether with different electronically modified
substituents was examined. The bulky substituents hampered
the selectivity to a greater extent; whereas, the conversion rate
was around 50% throughout. Branching in the substituted
groups was not tolerated and hardly any conversion or
selectivity were observed with aryl substitution. Despite these
drawbacks, this method of kinetic resolution of oxime ether can
be used over a broad range of substrates and different
synthetically crucial conversions from highly enantiopure alco-
hol can be carried out with a negligible loss of enantiopurity in
the product (Scheme 49).

Oestreich et al.[37] have published an article that presents a
new method for the dynamic kinetic resolution of alcohols 75
using enantioselective silylation. The method utilizes two
orthogonal transition metal catalysts, which allows for high
yields and enantioselectivity. This nonenzymatic DKR process of
acyclic and cyclic benzylic alcohols was innovative in the sense
that the ruthenium and osmium pincer complexes were utilized
as racemization catalysts with chiral copper catalysts to achieve
the resolution in high yield and enantioselectivity instead of
using the traditional ruthenium sandwich complex, which fails
to fulfill the goal. The broad substrate scope and functional
group tolerance represent this process as highly effective for
the kinetic resolution of alcohols (Scheme 50).

Scheme 46. Possible chain growth via different linkages.

Scheme 47. Kinetic resolution of oxime ethers.

Scheme 48. Influence of the oxime ether geometry.

Scheme 49. Substrate scope of the kinetic resolution of α-hydroxy-substi-
tuted oxime silyl ethers.



Oestreich et al.[38] in 2020, reported for the first time, how
efficiently the enantioselective kinetic resolution of the secon-
dary alcohols 77, which are neopentyl substituted at the beta
position and sterically congested is carried out in the presence
of CuCl/NaOtBu/R,R-Ph-BPE catalyst system along with 3,5-xylyl-
substituted tertiary hydrosilane as a resolving agent
(Scheme 51). The observations they have drawn upon hydro-
silane screening are that the hydrosilane is showing better
selectivity and conversion rate with the substrate compared to
other hydrosilane derivatives. Next, the substrate scope for this
enantioselective kinetic resolution was examined in presence of
the hydrosilane keeping the catalyst system intact. When the
methyl group is attached to alpha carbon with reference to the
OH group was replaced with ethyl substituent, and as a results
both selectivity and conversion rate are tremendously ham-
pered. Further, to check the effects of rigidity on the reaction
rate, different cyclic and acyclic substituted substrates were
subjected to the same reaction conditions.

It is worth mentioning that the spirocyclic compounds were
found to be promising candidates in terms of reaction time and
selectivity. To move on, further spirocyclic derivatives were
tested and revealed great selectivity as well as reactivity. It was
observed that cyclic alcohol structure is not required for
excellent kinetic resolution, when an indane backbone is

present in the substrate. Furthermore, the functional group
tolerance is high to achieve excellent selectivity and reaction
rates. This method represents a unique approach to acquiring
enantiomerically pure, sterically congested, all beta-carbon
substituted alcohol.

3.1.2. Borylation reactions

Park and co-workers have demonstrated that the catalytic Cu(I)-
NHC/NaOtBu system produces selective (α and β) vinylboro-
nates with high conversion via hydroboration of propargyl
alkynes 79 utilizing bis(pinacolato)diborane 80 compound as
borylation reagent[39] (Scheme 52).

Two different copper-NHC complexes A and B have been
investigated to find the selectivity pattern of the hydroboration
adduct. In most of the conditions catalyst A preferred the
hydroboration of propargyl species with high α-selectivity;
whereas, the catalyst B preferred β-selectivity. It was also
observed that the nitro-substituted phenyl ethers and the
bulkier groups have been found to posses opposite selectivity.
In the case of nitro-substituted phenyl ethers, the products
were obtained with α-selectivity 81 in high yield in the
presence of both catalysts A or B (Scheme 53).

Tsuji et al. have reported another regio-controlled (α-and β-
selective) copper-catalyzed hydroboration reaction of alkynes
using a copper/ligand/NaOtBu catalyst system via two different
copper (Cu� H and Cu� B) species, and the regioselectivity was
controlled by introducing the effects of directing group[40]

Scheme 50. Dynamic kinetic resolution of acyclic and cyclic benzylic alcohols
by enantioselective silylation.

Scheme 51. Kinetic resolution of alcohols by copper-catalyzed enantioselec-
tive silylation with hydrosilanes.



(Scheme 54). The α-selective boronates were synthesized with
high regio-selectivity in good yields by utilizing Cu� H species,
which were furnished by pinacolborane (HBpin) and MeAr-Xan
as a ligands. When the HBpin was replaced with B2pin2/MeOH
and CF3Ar-Xan ligand, the Cu� B species were obtained, which
resulted in the formation products with β-selectivity
(Scheme 55).

The catalytic cycle for the hydroboration reaction has been
proposed by considering the experimental results. The species
II LCu(OtBu) was obtained from LCuCl and NaOtBu, after the
reaction with HBpin or B2Pin2, the active catalysts LCu� H or
LCu� B III were formed. The syn addition of active catalyst III on
83 either by hydrocupration or borylcupration delivered the
species V. Thus, the reaction with HBpin, the corresponding α-
selective product 84, and the reaction with B2pin2/MeOH, the β-
selective product 85 were observed (Scheme 56).

Yun et al. have demonstrated the regio and stereo-selective
monoboration of alkynes having electron-withdrawing groups
by considering bis(pinacolato)diboron as borylating agent, and
catalyzed by ligand-copper(I)/NaOtBu system in the presence of
MeOH.[41] Further, one pot conjugate reduction of alkenyl
boronates has been achieved for the synthetic application of
alkenyl boronates to produce an important building block of
chiral boron compounds. The reaction of alkynoates 86 with
borane compound 80 and 1 equiv. of MeOH in the appearance
of josiphos ligand completed in 7 hours and after insertion of
1.5 equiv. of PHMS and tertiary butanol to the reaction mixture,
delivered the desired product 87 (Scheme 57).

Another ligand-copper(I)/NaOtBu catalyzed selective mono-
boration approach of conjugated diynes 89 has been reported
by Yun et al.[42] in 2014 by employing bis-(pinacolato) diboron
80 as a borylation reagent. The optimized reaction conditions
have been found with diynes in the presence of catalytic
amounts of CuCl (5 mol%), NaOtBu (10 mol%), and P(p-tol)3
(6 mol%) as monodentate ligand using 2 equiv. of MeOH in THF
as solvent at 11 °C. It was found that the utilization of other
bases or bidentate ligands was not helpful to the reaction. The
reaction demonstrated good functional group tolerance with

Scheme 52. Regioselective hydroboration of functionalized-propargylic al-
kynes.

Scheme 53. Regioselectivity for catalysts A and B.

Scheme 54. Regio-controlled hydroboration of alkynes.

Scheme 55. Hydroboration of different alkynes for α-selective and β-
selective product formation.



high regio- and stereo-selectivity and good yields of the
products. The symmetrical diynes produced product 90 without
the formation of any other isomer and the effects of sterically
hindered substitution on diynes and further transformation of
borane-substituted enynes have been mentioned (Scheme 58).

Moure and co-workers[43] have demonstrated a regio-
controlled borylation of various propargylic-functional groups
containing internal alkynes 92 with bis(pinacolato)diboron 80 in
the presence of a copper/ligand/NaOtBu catalytic system to
deliver the product 93 in good yields and the further trans-
formation of 93 has been achieved. The reaction was robustly
based on the nature of the reactivity of the ligands and the
ligands with a more donating tendency proceeded with
complete conversion. The bidentate ligands showed poor
reactivity for this reaction (Scheme 59).

Liu and co-workers[44] have described the copper-catalyzed
and ligand/tBuONa assisted regio and enantioselective cycliza-
tion and borylation of 1,6-enynes 94 to obtain the chiral
hydrobenzofuron derivatives 95 via effective β-borylation and
consequtive conjugate addition to cyclohexadienone
(Scheme 60).

Zhu and co-workers have reported a brief study on the
hydroboration reaction of thioacetylene to obtain the (Z)-α and
(Z)-β-selective alkenyl boronates in moderate to good yields.[45]

Based on the control experiments and DFT calculations, they
have found that the selectivity of the reaction is not directed by
the ligand, but it depends upon the sulfur atom of the � SR
group. Concerning the selectivity of the reaction, a controlled
experiment was performed by considering 96 and 80 as
substrates without using the ligand DPEphos, although the β-
selective product was observed with excellent selectivity. It was
concluded that the selectivity was directed by the � SR group
(Scheme 61).

Scheme 56. Proposed mechanism of Hydroboration of alkynes.

Scheme 57. Boration and reduction of activated alkyne.

Scheme 58. Borylation of symmetrical and unsymmetrical diyenes.



In 2014, Yoshida and co-workers[46] reported the α-selective
hydroboration of various terminal alkynes with (pin)B� B(dan) as
a borylating reagent in the presence of a copper-NHC/KOtBu
catalyst system to deliver a variety of alkenyl boronates in
excellent yields. By reducing the Lewis acid character of boron
moieties using masked diboron compounds 98, the regio-
selectivity has been achieved successfully following Markovni-
kov selectivity and further transformation of delivered com-
pounds has been mentioned to obtain bexarotene and
LG100268 (Scheme 62).

In the proposed catalytic cycle of this hydroboration
approach, the alkenyl copper species V was formed through the
addition of alkynes 8 to active catalyst III. Afterwards, upon the
protonation of V with MeOH, the desired product 99 was
obtained and it was mentioned that the formation of Cu� B(dan)
was controlled by the steric interaction between copper and
substituent groups present on the alkynes (Scheme 63).

Scheme 59. The β-borylation of propargylic substituted different internal
alkynes.

Scheme 60. Borylative cyclization of cyclohexadienone.

Scheme 61. The selective hydroboration of thioacetylenes.

Scheme 62. The α-selective hydroboration of alkynes.



In 2014, Clark et al.[47] published an article demonstrating a
novel method for the synthesis of 1,1-disubstituted and
trisubstituted vinyl boronate ester 102 (Scheme 64). It is worth
mentioning that previously in 2010, the same group reported
the synthesis of alpha-hydroxy boronate ester 101 from ketone
100 using (ICy)CuCl (ICy=N,N-dicyclohexylimidazolyl) and
NaOtBu as catalyst system and B2pin2[Bis(pinacolato)diboron] as
a borating agent in toluene as solvent. Alpha hydroxy boronate
ester was prepared by following the same strategy using
ketones, but it was further subjected to para-toluene sulfonic
acid (p-TsOH) in DCM solvent to obtain the desired product 1,1-
disubstituted and trisubstituted vinyl boronate ester via E1
elimination reaction. The electron-poor groups attached to aryl
substituents were found to particularly increase the rate of the
borylation reaction, and better yields of desired products were
observed with aryl-moieties attached to electron-donating
groups. The stereochemistry in the vinyl boronate product was
observed to favor Z over E to decrease the steric congestion
caused by Bpin.

Various ketones as substrates showed good selectivity of Z
over E, except for the substrates having 2-degree alpha-carbon
on either side of the carbonyl in the keto-substrates. The
Suzuki-Miyaura coupling reaction was performed on the
resulting vinyl boronate ester, which produces the correspond-
ing cis alkene, and this indirectly proved Z-vinyl boronate ester
formation. Overall, the described method to synthesize 1,1-
disubstituted and trisubstituted vinyl boronate ester is impor-
tant considering the crucial role of trisubstituted alkenes in
natural products and pharmaceutically important candidates.

Chae and co-workers demonstrated the selective mono-
borylation of silylalkynes using a copper/ligand/NaOtBu catalytic
system and utilizing diborane compounds as borylating
reagents in methanol to produce a diverse (Z)-β-(borylvinyl)
silanes.[48] To understand the effects of ligands on regioselectiv-
ity, several bulky and robustly electron-rich NHC ligands were
tested, and the SIMes ·HCl NHC ligand was found to be the
optimal ligand to carry out the reaction with great selectivity
(Scheme 65).

Zhu et al. have witnessed copper/tBuONa catalyzed stereo-
selective hydroboration of alkynamides to produce Z-alkena-
mides with quantitative yields.[49] Upon investigation of the
reaction, it was observed that the product 107 was not
observed with mono-dentate phosphine ligand, while the
products 108 and 109 were observed. The reaction becomes
stereospecific with the bidentate ligand xanthphos, which has
produced the product 107 with high regio and stereo-
selectivity (Scheme 66).

Zhu et al. reported the hydroboration reaction of ynamides
and bis(pinacolato)diboron under mild conditions to obtain the
stereo-selective (E)-β-alkenylamide boronates in good yields
using CuCl (10 mol%), ligand P(2-furyl)3, and LiOtBu (15 mol%),
and methanol (2 equiv.) in THF as solvent[50] (Scheme 67).

The possible catalytic cycle for the reaction mechanism has
been discussed by considering N-butyl-N-(phenylethynyl) meth-
anesulfonamide as a starting material (Scheme 68). Initially,
upon trans-metalation between I and B2pin2, the complex II was
formed, and then by the addition of starting material 110, the
intermediate III was formed in which S� O oxygen interacts with
copper metal and causes the regioselectivity. Finally, the
product 111 was formed as a result of protonation.

Scheme 63. The proposed catalytic cycle for hydroboration approach.

Scheme 64. Copper-catalyzed vinyl boronate ester formation. Scheme 65. The selective mono-borylation of silylalkynes.



3.1.3. Silylation reactions

He and co-workers[51] have developed a well-organized copper/
ligand/tBuONa catalyzed approach for the asymmetric silylative
cyclization through the 1,4-addition of silylated allyl-copper
intermediate towards the formation of bicyclo[4.3.0]nonanes.
The optimized reaction conditions were obtained by consider-
ing 1,6-enalene 112 and PhMe2Si-Bpin 113, as model substrates
in the presence of CuCl (10 mol%), ligand (12 mol%), tBuONa
(15 mol%), and 2 equiv. of MeOH in THF as a solvent.
Furthermore, by utilizing these reaction conditions, a diverse
substrate scope was developed (Scheme 69).

Considering the immense importance of organosilanes
particularly the α-aminosilanes in the pharmaceutical applica-
tions and as a precursor of important chemical transformations,
Xu et al.[52] reported for the first time (in 2018) an asymmetric
synthesis of cyclic alpha-aminosilanes 116 from 3-acylindole
derivative 115 using a chiral (N-aryl-N‘-alkoxy)-N-heterocyclic-
carbene (NHC)-Copper(I) catalyst system in the presence of a
catalytic amounts of NaOtBu and PhMe2Si-Bpin as a silylating
reagent. The role of solvents was examined, and CH3CN was
seen to increase the yield of the product and enantioselectivity.
The enantioselectivity in this reaction was improved by the
installation of a larger N-aryl group in NHC and the presence of
a free hydroxyl group at the ligand side, which was also noted
for a better conversion rate. Good to excellent enantimeric
excess (ee) was observed for 5/6-substituted indole substrates.

Scheme 66. Hydroboration of alkylnamide.

Scheme 67. Borylation of alkynes and substrate scopes.

Scheme 68. Proposed mechanism for the borylation of alkynes.

Scheme 69. The scope of various 1,6-enalenes as substrates.



However, in some cases, THF was used as a solvent to increase
the yield. Overall, the substrate scope for this dearomative
silylation reaction was good, with moderate to good yields of
the products and enantioselectivity. Regioselectivity was ob-
served due to the addition of nucleophilic silicon at the 2-
position of indole, which does not hamper the chirality of the

products, and the isolation of single diastereomers was tacti-
cally possible due to epimerization, which is evident from the
reaction mechanism established by proton NMR studies
(Scheme 70).

From the proposed reaction mechanism (Scheme 71), it is
evident that LCuOR III has generated the intermediate IV upon
reaction with the borylsilane. The intermediate IV has given rise
to the oxygen-bounded copper enolate II after coordinating
with the C2-C3 double bond followed by the 1,4-addition
reaction. Due to the presence of the silyl group in the enolate
ion II, the protonation occurs from the opposite site selectively
and results into cis-isomer as a major product 116 b and 116 a
as a minor isomer. In situ active species III is regenerated in the
previous step. The epimerization of 116 b during the course of
the reaction gives rise to the diastereoisomer 116 a, which is
thermodynamically more stable.

Oestreich et al.[53] in 2020 demonstrated the 1,4-conjugate
addition of silylboronic esters to the enynoates, enynamides,
and enynones with high enantioselectivity to form propargylic
silane (Scheme 72) using copper/potassium tert-butoxide as a
catalyst system. The screening reactions were performed with
three different types of ligands, out of which the ligand III was
found to be the propitious chiral ligand for 1,4-selectivity over
1,6-selectivity. The reactions were also tested with solvent THF
and various bases/alcohols as additives, and it was found that
KOtBu/MeOH was the most promising condition to afford 1,4-
adduct with 74% yields in 70%ee. When the solvent was
replaced with 2-Me THF, the yields of the products increased up
to 85% with 91%ee. The reaction conditions were in accordance
with good functional group compatibility with different δ-aryl-
substitutions on 117 towards the formation of 1,4-adducts in
high enantiomeric excess. The enantiomeric excess is slightly
less in the case of 117 (having an alkyl or silyl group at δ-
position) with good yields of 1,4-adducts. The chemoselectivity
is directed towards 1,6-adducts and delivers allenes with 50%
yields, when a methyl substituent is attached to β-carbon. The

Scheme 70. NHC� Cu-Catalyzed asymmetric dearomative silylation.

Scheme 71. Plausible reaction mechanism of asymmetric dearomative
silylation. Scheme 72. Synthesis of α-chiral propargylic silanes.



same reaction conditions were applied to enynamides and
enynones, which usually occurred over a longer period of time
(60 hours).

3.1.4. Other reactions

Stahl et al.[54] in 2013 witnessed the mechanistic evaluation of
aerobic oxidation of alcohols catalyzed by the copper/TEMPO/
KOtBu catalytic system. The aerobic oxidation of alcohols into
aldehydes or ketones using copper/TEMPO catalytic systems
was developed by Semmelhack in 1984. In 2003, using catalytic
CuBr2, Sheldon and his group reported the same approach by
considering bpy as a ligand and catalytic KOtBu as an additive.

Next, Koskinen has performed the reaction with CuII(OTf)2/
TEMPO by substituting KOtBu with NMI and/or DBU in
acetonitrile. Finally, Stahl and coworkers (in 2011) have carried
out the mechanistic evaluation using the CuIOTf/TEMPO/NMI
catalytic system with an improvement in the performance of
catalyst and substrate scope. The role of various bases such as
NMI, DBU, and KOtBu has been discussed, and among these,
NMI and DBU are beneficial as they can act as ligands. However,
usage of a strong base such as KOtBu was not required; rather,
it was mentioned that a strong base can result in epimerization
of stereo-centers adjacent to the aldehyde in the product or
isomerization of (Z)-enals to the thermodynamically favored (E)
product.

They have investigated the mechanistic path of the Cu(I)-
catalyzed system based on experimental observations. In the
catalytic cycle (Scheme 73), the catalyst LnCu

I as well as TEMPOH
were oxidized in the presence of oxygen to generate complex
II. After which the copper alkoxide intermediate III was
obtained by the oxidation of alcohol 65. The alkoxide may be
generated without using any base and via hydrogen atom
abstraction in the presence of TEMPO; the aldehyde 59 was
delivered with the regeneration of the LnCu

I catalyst.
The first site-selective allenylation of aldehydes and ketones

59 using propargylic boronates 119 in the presence of copper/
ligand/LiOtBu catalytic system was reported by Frandrick and
co-workers in 2013.[55] The site-selectiveness of the reaction
depends on the nature of PBE ligand. The ligands MePBE and
EtPBE provide the corresponding product 120 alone, and it was
established that iPrPBE was not a good choice to deliver the
product 120; whereas, PhPBE ligand provides the product 121
with good selectivity (Scheme 74).

In this approach, it was assumed that the active intermedi-
ate B, the allenyl cuprate provides the product 120 and upon
disturbing the intermediate B, it can be converted into
intermediate A and thus, the product 121 can be obtained
(Scheme 75).

O’Neil et al.[56] in 2013 published an article indicating the
synthesis of 1,3-diols from alpha-beta unsaturated ketones, or
terminal enones. The terminal enones were first converted into
beta-hydroxy ketones using the beta-borylation/oxidation se-
quence in the presence of CuCl, B2pin2 [bis(pinacolato)diboron],
catalytic NaOtBu, and NaBO3 (Scheme 76). In the following step,
the beta-hydroxy ketones were converted directly into cyclic

siloxane products (Scheme 77) by the use of diphenylchlorosi-
lane (Ph2SiHCl), imidazole, and triethylamine (Et3N) as base via
the co-operative Lewis base mediated intramolecular carbonyl
hydro-silylation process.

The proposed mechanism indicates the formation of a six-
membered chair-like transition state during the silylation of
beta-hydroxy ketones, due to which the important diastereose-
lectivity was observed. This particular protocol has been found
to produce syn-syn and syn-anti stereotriads in very good yields.
These are the crucial precursors for the preparation of
complicated polytide targets such as discodermolide
(Scheme 77).

Pooi and co-workers[57] have demonstrated a method for
the cyclization of two isocyanides 127 and 128 (Scheme 78) to
furnish a range of cyclic products (1,4-diaryl imidazoles), using
copper metal as a catalyst and catalytic amounts (50 mol%) of
potassium tertiary butoxide as an additive. An activator IPrCl
[1,3-bis(2,6-diisopropylphenyl)-1H-imidazol-3-ium chloride] has
also been used to activate the C� H bond.

Scheme 73. Mechanistic evaluation of copper/TEMPO catalyzed oxidation of
alcohols.



During the optimization of the reaction, it was discovered
that the reaction was functioning only with KOtBu as an additive
in catalytic amounts, and when it was replaced by NaOtBu, the
yield of the reaction decreased from 83% to 47%. It was also
found that the yields of the product were much less with other
alkali metal alkoxides and using other additives, the trans-
formation was not realized. It is also perceived that the variation
in product yields occurred due to the changes in the amounts
of catalysts and additives; on decreasing the amounts of
catalyst the yields of the product increased, while on decreasing
the loading of additives the product yields decreased drasti-
cally. The scope of this reaction was analyzed over various
substrates by applying the reaction conditions, which showed

excellent yields. On application to the first component of the
reaction, with the substrate 127 which has para-substitution on
the phenyl ring, an excellent yield of product 129 c was seen,
and the yields of the products with respect to the second
component 128 were also excellent.

The mechanism is described in two cycles; the first cycle
involves the formation of N-arylformimidate E as an intermedi-
ate, and the second cycle involves the product formation. As in
the proposed mechanism (cycle I) the catalyst first interacts

Scheme 74. Allenylation of various ketones and aldehydes with propargyl
boronates.

Scheme 75. Approaches for the propargylation and allenylation.

Scheme 76. Preparation of β-hydroxy ketones from terminal enones via
beta-borylation/oxidation method.

Scheme 77. Felkin-controlled intramolecular hydrosilylation.



with KOtBu to form active compound A in a very short time
(within 5 min), after which A reacts with 128 and forms B. Upon
an intramolecular rearrangement of B and introducing potas-
sium tert-butoxide and tert-butyl alcohol compound E was
obtained. Then, the (cycle II) intermediate E undergoes
nucleophilic substitution with benzylic nitrile anion F to give G,
which is stabilized by the coordination with potassium cation
followed by the introduction of KOtBu, G converts into vinyl
isocyanide H which makes the isocyanide carbon more electro-
philic, and this causes cyclization to deliver the compound 129
(Scheme 79).

3.2. Utilization of tert-butoxides with Iron-complexs as
catalysts

Asymmetric transfer hydrogenation of ketones has been
disclosed by Bigler and coworkers (Scheme 80) in 2014 by the
application of isonitrile iron(II) complex as a catalyst and a
catalytic amount of sodium tertiary butoxide in isopropanol as
solvent.[58] The reaction conditions were found by considering
1.0 mmol of 130 in iPrOH (0.25 M) to obtain the desired product
131 in excellent yield. Various isonitrile iron(II) complexes were
synthesized and applied successfully for the asymmetric hydro-
genation of ketones. The reaction was optimized by using

isonitrile iron(II) complex (1 mol%) in the presence of (4 mol%)
NaOtBu. A broad range of substrate scope was developed with
excellent enantioselectivity. Ortho-substituted acetophenones
gave higher enantioselectivity of product 131 f in 91%ee, with
bulkier group substitutions 131 g and 131 h giving 90%ee and
85%ee respectively.

Thomas et al.[59] in 2016, discovered a new catalytic system
for hydro-functionalization reactions by the activation of non-
precious earth-abundant metals like iron, cobalt, and manga-
nese in the low oxidation state using NaOtBu as a pre-catalysts
activator. This approach is successfully applicable with air- and
moisture-sensitive stable reagents and catalysts to carry out the
hydroboration, hydrosilylation, hydrogenation, and [2π+2π]
cycloaddition reactions of alkenes 132 and 135. The NaOtBu
was successfully applied for the activation of iron and cobalt
pre-catalyst and the conditions were applied for the hydro-
boration and hydrosilylation of alkenes and alkynes
(Scheme 81). It was observed that the reaction condition
provides a Z-selective product with an iron catalyst and an E-
selective product with a cobalt catalyst.

In 2018, Cheng and co-workers[60] developed a chiral oxazo-
line-iminopyridine (OIP) iron complex (OIP-FeCl2) and using this
metal-complex as a precatalyst in the presence of NaOtBu as an
activator, an enantioselective, and highly Markovnikov selective
hydrosilylation process of terminal aliphatic alkenes was
accomplished to obtain the crucial chiral organosilane. The
phenyl silane was used as a silylating agent. An increase in
regio and enantioselectivity was noted, when more sterically
hindered imines were introduced in the ligand backbone.

Scheme 78. The synthesis of 1,4-diaryl imidazoles.

Scheme 79. The proposed mechanism for synthesis of 1,4-diaryl imidazole.

Scheme 80. Asymmetric transfer hydrogenation of acetophenones.



Whereas the oxazolone did not show any change in regio and
enantioselectivity upon stereoelectronic modification. This cata-
lytic hydrogenation process can tolerate large functional group
variance and delivers high yield (up to 97%) with very good
enantioselectivity (>97%) on various substrate scopes. Further
derivatization of chiral organosilane was processed to synthe-
size important products (Scheme 82).

In the proposed reaction mechanism (Scheme 83), the iron-
silyl moiety I is generated from the reduction of OIP ·FeCl2 in
the presence of sodium tert-butoxide and PhSiH3, and delivers
the intermediate II after reacting with the alkene moiety 138.
Afterwards, the alkene moiety gets inserted into the iron-silicon
bond and gives rise to an iron alkyl moiety III. In the next step,
III reacts with PhSiH3 to form hydrosilylation moiety 139, which
regenerates iron-silicon moiety I.

Transfer hydrogenation is a well-established method for the
reduction of a wide variety of substrates including ketone,
aldehyde, imine, etc. The iron-based complexes are known to
be efficient catalysts for the transfer hydrogenation reactions,
and NHC ligands are particularly effective in increasing the
activity and selectivity of these catalysts. The use of donor-
functionalized NHCs in this process is designed to improve the
electronic properties of the catalyst leading to increased
reactivity and selectivity. Additionally, donor-functionalized
NHCs can lead to improved catalytic stability and catalyst
recovery. Lopes and co-workers[61] published an article where
they studied the catalytic activities of bifunctional iron(II)
complexes bearing NHC ligands functionalized with acetamide,

amine, and hydroxyl groups in transfer hydrogenation reactions.
They have reported that the complex containing the acetamide
group showed the best catalytic activity. In the NMR study, it
was concluded that the use of the catalytic amounts of LiOtBu
assisted in the deprotonation of the acetamide group in the
reaction mechanism, and iPrOH acted as the hydrogen source
(Scheme 84). In addition, the authors prepared a Fe-NHC
catalyst system for this reaction by utilizing glycerol as a

Scheme 81. The Iron and cobalt catalyzed hydrosilylation and hydroboration
of alkenes and alkynes.

Scheme 82. Iron-catalyzed Markovnikov selective, enantioselective hydro-
silylation of alkene.

Scheme 83. Proposed reaction mechanism.



hydrogen source under microwave irradiation in the presence
of catalytic amounts of an additive.

3.3. Utilization with cobalt-complexs as catalysts

3.3.1. Hydrogenation of nitriles

Adam and his co-workers devised the selective hydrogenation
of nitriles using a catalytic tetra-dented phosphine ligand with a
cobalt catalyst in the presence of 10 mol% of KOtBu
(Scheme 85).[62] To understand the effects of base, solvent, and
catalyst; several reactions were performed and it was observed
that an appropriate amount of additive was required for the
conversion into an amine. At low loading (less than 10 mol%) of
KOtBu, a side product N-benzyl-1-phenylmethanimine was
observed, and when the loading of the base was increased
further, the formation of N-benzyl-1-phenylmethanimines was
inhibited and the benzylamine derivative 141 was detected
instead.

Aromatic nitriles were hydrogenated by using 4.0 mol% of
cobalt catalyst and 10 mol% of potassium tert-butoxide at 80–
120 °C in tert-butanol as solvent under 30 bar pressure of H2;
while, the same conditions were applied to aliphatic nitriles
using 5 mol% catalysts under similar conditions as for aromatic
nitriles at 140 °C for 24 hours. It was found that alkyl nitriles
with bulkier substituents require either a higher amounts of
catalyst loading or longer reaction time.

Fout et al.[63] in 2017 developed a method for the selective
hydrogenation of nitriles into primary amines (Scheme 86) by
the application of a cobalt precatalyst (MesCCC)Co(H2)PPh3
system in the presence of a catalytic amounts of potassium
tertiary butoxide as an additive and a 4.0 atmosphere pressure
of H2. This reaction involved a Co(I/III)-catalyzed redox process,

which has been studied with para-hydrogen induced polar-
ization (PHIP) transfer NMR.

The reaction was optimized by considering benzonitriles as
starting materials, cobalt-complex as catalyst, and catalytic

Scheme 84. Reaction scheme for Fe(II)-NHC catalyzed transfer hydrogenation
reaction.

Scheme 85. Cobalt phosphine catalyzed selective hydrogenation of nitriles.

Scheme 86. Cobalt phosphine catalyzed selective hydrogenation of various
nitriles.



amounts of KOtBu under a 4 atmosphere pressure of H2. It was
found that the reaction works best under the conditions of a
2 mol% catalyst, KOtBu (4 mol%) as an activator, and an additive
NaHBEt3 (6 mol%) in toluene as solvent at 115 °C. With these
optimized conditions, various substrate scopes have been
developed for aromatic and aliphatic nitriles. The hydrogenated
product yields were high for aromatic nitriles having an
electron-donating group (141 h–i) and slightly less for sub-
strates having an electron-withdrawing group 141 j
(Scheme 86).

3.3.2. Hydroboration and silylation reactions

In 2017, Thomas et al.[64] developed a bipyridyl oxazoline ligand
substituted cobalt catalyst (tBuBPOCoCl2), which was used for
alkene hydroboration in the presence of NaOtBu as a co-catalyst
to activate the catalyst in situ. The HBpin was used at room
temperature as a boronating agent, and the addition was
Markovnikov selective. This catalytic, Markovnikov selective
alkene hydroboration was carried out on a variety of functional
groups bearing electronically and sterically modified styrene
derivatives to form corresponding boronic esters in high yields
(up to 92% isolated yield) and excellent regioselectivity (98 :2
branched to linear selectivity). This boronic ester is a powerful
precursor for various carbon-carbon and carbon-heteroatom
bond-forming reactions (Scheme 87).

In 2017, Cheng and co-workers[65] synthesized an oxazoline-
iminopyridine backbone by utilizing a cobalt catalyst
(OIP ·CoCl2). With the help of this co-catalyst, a very efficient

enantioselective, Markovnikov selective hydrosilylation of aryl
and aliphatic alkenes was achieved to afford highly enantiose-
lective organosilanes. The higher yield (up to 97%) and better
enantioselectivity (up to 99%ee) were achieved using Et2O as a
solvent, NaOtBu as an activator for the catalyst, and phenyl
silane as a silylating agent. An increase in enantioselectivity was
observed by introducing sterically hindered imine as the ligand,
attached to the catalyst. The electron-poor ligands lead to low
yields, but high regioselectivity in comparison to electron-
donating moieties (Scheme 88). Additionally, better selectivity
was noted in less sterically hindered oxazolines. This enantiose-
lective hydrosilylation has a very good substrate scope and
atom economy, with excellent functional group tolerance. The
turnover frequency (TOF) and turnover number (TON) are up to
1800 and 860 respectively. This reaction can be easily processed
for gram-scale synthesis with 0.1 mol% of Co-catalyst. From the
proposed reaction mechanism (Scheme 89), it is evident that
OIP ·CoCl2 gets reduced to cobalt-silicon moiety I in the
presence of sodium tert-butoxide and PhSiH3. In the next step,
the intermediate I undergoes alkene insertion to generate
intermediate II, which upon reaction with PhSiH3 forms the
corresponding hydrosilylation product 139 and regenerates
cobalt-silicon species I.

Cobalt(II) coordination polymers have emerged as a promis-
ing class of pre-catalysts for the selective hydroboration of
aldehydes, ketones, and imines. The use of these polymers
allows for the efficient and selective formation of corresponding
alcohols or amines, with high selectivity and low catalyst
loading.

Scheme 87. Bipyridyl-oxazoline cobalt-catalyzed Markovnikov selective hy-
droboration of alkenes.

Scheme 88. Cobalt-catalyzed enantioselective Markovnikov selective hydro-
silylation of alkenes.



In a recent study, Wu et al.[66] synthesized a series of
cobalt(II) coordination polymers using different ligands and
investigated their performance as pre-catalysts for the hydro-
boration of aldehydes, ketones, and imines. In one study, Wu
et al. synthesized a cobalt(II) coordination polymer using a
ligand containing both bidentate and tridentate binding sites.
The polymer was found to have a high selectivity for the
hydroboration of aldehydes over ketones and imines with low
catalyst loading and shorter reaction times.

The hydroboration was carried out in the presence of
cobalt(II) coordination polymers as the pre-catalyst and HBpin
as the hydroborating agent, in THF at room temperature. It was
found that the use of cobalt(II) coordination polymers resulted
in the high conversion of the aldehydes and ketones and
excellent selectivity for the formation of corresponding alco-
hols. The same ligand also showed good activity in the
hydroboration reaction of imines, but the selectivity was not as
high as that observed for aldehydes and ketones. The authors
also performed a detailed characterization of cobalt(II) coordi-
nation polymers using various techniques such as powder X-ray
diffraction, Fourier transform infrared spectroscopy, and ther-
mogravimetric analysis. These studies revealed that the
cobalt(II) coordination polymer had a highly porous structure,
with a high surface area and a high number of active sites,
which likely contributed to its high activity and selectivity in the
hydroboration reaction (Scheme 90).

3.3.3. Dehydrogenative coupling reactions

Ding et al.[67] in 2018, developed a catalytic system of cobalt
complexs for dehydrogenating homo-coupling of alcohols.
Benzyl alcohols (0.5 mmol) 65 were successfully converted into
benzyl benzoate 147 in the presence of cobalt catalyst
(1.25 mol%) and catalytic KOtBu (3.75 mol%) in excellent yields.
Using the optimized conditions of reaction, a broad range of
substrate scope was developed (Scheme 91). The role of KOtBu
was tested by loading it with benzyl alcohol in various amounts,
and it was observed that the loading of 1.25 mol% of KOtBu
was only enough to activate the catalyst, and the desired
products were obtained with only a 4% yield. When the loading

amount increased to 2.5 mol%, the product yield also increased
to 88%.

Cobalt catalyzed formation of carbon-carbon bonds towards
the selective synthesis of 1,5-diketones 148 using hydrogen
borrowing strategies has been demonstrated in 2021 by

Scheme 89. Proposed reaction Mechanism.

Scheme 90. Reaction scheme and substrate scope for Co(II) coordination
polymer catalyzed hydroboration reaction.

Scheme 91. Dehydrogenative homo-coupling of primary alcohols.



Chandrasekhar et al.[68] Propiophenone 100 and methanol
(carbon source) were used as model substrates under the
influence of the cobalt porphyrin complex and catalytic
amounts of NaOtBu (Scheme 92). The reaction conditions were
optimized, and it was found that the loading of 3.0 mol%
catalyst and 50 mol% additive gave the best conditions for the
reaction. Upon application of reaction conditions, a wide range
of substrate scope was developed.

Based on the controlled experiments and literature support,
a plausible mechanism for the reaction of propiophenone and
methanol in the presence of catalyst Co-por was proposed
(Scheme 93). According to the proposed mechanism, the
catalytic cycle is initiated by the formation of a complex (A*)
produced by MeOH in the presence of a catalyst and additive.
The complex (A*) released formaldehyde and species (B*). Then
the species (B*) reproduced the complex (A*). The transient
formaldehyde generates the intermediate (C*) in the reaction
with propiophenone. Upon Michael’s addition reaction between
the intermediate (C*) and propiophenone, the desired product
1,5-diketone 148 was obtained.

3.3.4. Reductive C� O bond cleavage of lignin β-O-4 ketones

Xia et al. developed the reductive C� O bond cleavage of lignin
β-O-4 ketone substrates to give corresponding ketones and
phenols using a pyridine diimine cobalt-catalyst system and
diboron as a reducing agent.[69] The use of NaOtBu in catalytic
amounts with cobalt-catalyst and additive helps towards the
complete conversion of lignin β-O-4 ketone. A broad substrate
scope was developed employing the lignin β-O-4 ketone
derivatives (Scheme 94). The described synthetic method was
applied for the depolymerization of polymeric lignin β-O-4
ketone compounds. The plausible catalytic cycle was proposed
based on quantitative kinetic studies and literature reports
involving the 1,2-Brook type rearrangement reaction
(Scheme 95).

3.4. Utilization with manganese-complexes as catalysts

Manganese pincer complex and catalytic tBuONa were found to
be an effective catalytic system for the selective hydrogenation
of various aldehydes, ketones, and nitriles into corresponding
alcohols (Scheme 96) and amines (Scheme 97).[70] In this
methodology of hydrogenation, four different types of catalysts
were prepared and applied for the investigation of reaction
parameters, and the optimal conditions were found at 50 bar
pressure of H2 in toluene solvent and catalytic amounts of
tBuONa to activate the manganese complex. The reaction
reveals good functional tolerance and was employed success-
fully for the hydrogenation of aliphatic and aromatic nitriles
and various aldehydes and ketones to deliver the desired
products in excellent yields.

An outer sphere mechanism was proposed (Scheme 98)
with the understanding of controlled experiments and previous
literature. According to the mechanism, the transfer of hydride

Scheme 92. Selective synthesis of 1,5-Diketones.

Scheme 93. Proposed reaction mechanism.



and proton takes place between Mn� H and N� H. As a result,
the formation of imine 45 and complex II would occur. The
catalyst was regenerated by the addition of molecular hydro-
gen, and in the further cycle of the mechanism, the imine 45
was converted into amine 141.

Rueping et al.[71] have successfully introduced the very first,
catalytic hydrogenation of carbonates and polycarbonates into
alcohols under mild conditions by employing the base-metal
catalysis approach. To investigate the methodology, a precise

Mn-pincer complex has been synthesized and investigated with
a very small loading of catalyst and base to establish the

Scheme 94. Reductive C� O bond cleavage of lignin β-O-4 ketone com-
pounds.

Scheme 95. Proposed mechanism of reductive C� O bond cleavage of lignin
β-O-4 ketone.

Scheme 96. Hydrogenation of various nitriles.

Scheme 97. Catalytic hydrogenation of aldehydes and ketones.

Scheme 98. Proposed outer sphere mechanism.



reaction conditions. Upon applying the optimized conditions to
various carbonates and polycarbonates, they have been con-
verted into the corresponding diols and methanols
(Scheme 99).

The reaction mechanism has been proposed in three
catalytic cycles; among which the first cycle involves the
hydrogenation of 151 a into 153, the second involves the
hydrogenation of 153 into 152 a and formaldehyde; and the
third cycle involves the hydrogenation of formaldehyde into
methanol. The catalytic cycle 1 was initiated by the addition of
H2 with Mn-complex via a non-spontaneous process to provide
(Mn-H2) complex I. Thereafter, upon hydride transfer via species
II, the species III was obtained. Again, in the presence of excess
methanol which was produced in the reaction mixture, the
metathesis of III occurs and species IV is produced. The species
V was then directed by the addition of an H2 molecule, prompt
rehydration of active spots of manganese, and proton transfer
to metholates leading to the regeneration of MeOH and Mn-H2

species. Following the similar steps in cycles 2 and 3, the final
products 152 a and MeOH can be delivered (Scheme 100).

Balaraman et al. have reported the utilization of a base/
metal catalysis hydrogen borrowing approach for the selective
C3-alkylation of oxindoles 154 using secondary alcohols 155 as
an alkylating reagent to produce various 2-oxindole derivatives
156 in excellent yields by developing a manganese(II) complex
in the presence of catalytic tBuOK and THF as solvent
(Scheme 101).[72] The reaction was not effective in the absence
of either Mn(II) catalyst or co-catalyst tBuOK.

Based on several controlled experiments, the reaction
mechanism was postulated, and according to the proposal, the
dehydrogenation of secondary alcohols through the catalytic

Scheme 99. Mn-Catalyzed hydrogenation of ethylene carbonates.

Scheme 100. Proposed mechanism for hydrogenation of ethylene carbo-
nates.

Scheme 101. C3-Alkylation of oxindoles.



cycle occurs to produce compound V, and then condensation
of V and 154 gives the condensation product VI. On catalytic
hydrogenation of VI final product 156 was formed
(Scheme 102).

Kempe et al.[73] in 2019 reported the hydrogenation of
substituted imines using an Mn-based catalytic system in the
presence of potassium tert-butoxide in a catalytic amount. This
catalyst system can tolerate a variety of functional groups
including the hydrogenation of olefins, nitriles, ketones, nitro
groups, iodoarenes, benzyl ethers, etc. The X-ray findings

suggested that the K� Mn bimetallic species was the main
catalyst for hydrogenation. Consecutive two times deprotona-
tions are required from the ligands, and large amounts of base
do not accelerate the rate of this transformation. From the NMR
studies, the reaction kinetics were observed to be first order
with respect to imine, K� Mn-bimetallic moiety, and independ-
ent of potassium tert-butoxide concentration. The experimental
studies, including the Hammett study, were performed to
conclude that the hydrogenation step goes via the outer sphere
mechanism, and proton transfer was not seen to be a part of
the rate-determining step. The hydrogenation reaction of
aldimines and ketimines occurs in the presence of a K� Mn
bimetallic complex as a major catalyst, which was prepared
from [Mn� H]H2 and 2 equivalents of potassium tert-butoxide
has been found to be very chemoselective. The proposed
catalytic cycle was based on the NMR studies. This synthetic
transformation only requires 4 mol% of potassium tert-butoxide
as co-catalyst loading, and gram-scale synthesis has been
achieved successfully (Scheme 103).

Scheme 104 represents the catalytic cycle for the hydro-
genation of imines. It is assumed that the complex [Mn� Br]H2 is
first activated in the presence of potassium tert-butoxide and
produces [Mn� H]K2 by reacting with H2 and potassium tert-
butoxide. Amine 146 and [Mn]K are produced when hydride

Scheme 102. Plausible mechanism for C3-alkylation.

Scheme 103. Substrate scope for hydrogenation of imines. Scheme 104. Proposed reaction mechanism for the hydrogenation of imines.



transfer occured from [Mn� H]K2 to imine 144 in the presence of
tert-butanol and potassium tert-butoxide is reproduced. The
complex [Mn]K further reacts with potassium tert-butoxide and
H2 to reproduce complex [Mn� H]K2 and 1 equivalent of tert-
butanol which closes the catalytic cycle.

3.5. Utilization with nickel-complexes as catalysts

Buslov and co-workers have demonstrated a silylation reaction
of alkenes 138, catalyzed by a nickel complex using sodium
tert-butoxide in catalytic amounts as a co-catalyst.[74] The
reaction conditions worked well only with catalytic NaOtBu,
which was proven by performing a reaction with the 1.0 equiv-
alent of NaOtBu. No product was observed for the reaction,
while using 5–10 mol% of NaOtBu with a nickel catalyst. These
were considered the ideal conditions for the reaction. These
results were similar, when NaOtBu was replaced by KOtBu. The
reaction conditions were applied for the number of substrates
and resulted in good yields by using Me2(OMe)SiH with various
terminal alkenes (Scheme 105).

In the proposed mechanism, NaOtBu initiated the dispropor-
tionation reaction. Initially, the reaction starts with a nucleo-
philic attack of the anion (� OtBu) on 2 generating a penta-
coordinated species I and that reacts with compound 2 to form

hydrosilane compounds 2 g and 2 f with the regeneration of
NaOtBu (Scheme 106) and then, by applying nickel pincer
complex with 2 and 2 g alkylhydrosilane 157 was obtained.

Zhang et al.[75] in 2021 reported the hydrosilylation of
terminal alkenes using the NiCl2 · 6H2O catalyst system in the
presence of potassium tert-butoxide as an activator in catalytic
amounts and primary silanes as a silylating agent. The
secondary and tertiary silanes are found to not be suitable for
the reported transformation. The mild reaction conditions, large
substrate scopes, and favorable turnover numbers are the
important features of this reported transformation. The exper-
imental studies revealed that this anti-Markovnikov selective
transformation occurs via an electrophilically active Si� H bond
and does not generate metal hydrides (Scheme 107).

Scheme 108, represents the proposed reaction mechanism
for the electrophilically activated hydrosilylation of terminal
alkenes. The catalytic cycle starts with the reduction of Ni(II) to
Ni(0) in the presence of primary silane 2 h. In the presence of
potassium tert-butoxide as an activator, the silane forms a
pentacoordinated complex. In step I, which is basically the rate-
determining step, the Si� H bond of pentacoordinate complex
displaces the solvent molecule to form active Ni(0)-complex B
via the electrophilic activation of the Si� H bond. In step II, the
electrophilic attack from the Si� H bond to alkene via intermo-
lecular or intramolecular pathway happens, which completes
the addition reaction. In step III, activator and secondary silane
products 158 are generated.

Obata and co-workers[76] contributed an innovative work,
which was published in 2017 indicating the use of nickel
complex as a catalyst in the presence of potassium tert-

Scheme 105. Hydrosilylation of alkenes using sodium tert-butoxide as a co-
catalyst.

Scheme 106. Mechanism of hydrosilylation initiated by NaOtBu. Scheme 107. Substrate scope for terminal alkene hydrosilylation.



butoxide in catalytic amounts for selective C� H activation
starting from aromatic moieties and alkynes. The interesting
fact is that many 3d-metal catalysts (Pd, Rh, Ir based) are
present for the same purpose, but the use of nickel is cost-
effective and the complexes are readily available. Recently, the
same group shared a report with nickel catalyst [Ni(0), Ni(II)],
but the limitation of this method was that only a few aromatic
moieties possessing directing groups showed considerable
conversion. The use of potassium tert-butoxide, high substrate
scope, functional group tolerance, and regioselectivity are
noteworthy to mention for this method. The use of potassium
tert-butoxide facilitates the formation of nickel-nitrogen bonds
for the C� H activation process (Scheme 109).

In the main catalytic cycle (Scheme 113), where the Ni(0) is
the main catalytic moiety that initiates the reaction. The
amidate anion 159’ in the presence of Ni(0) gives complex I,
which undergoes an oxidative addition reaction to generate the
nickel-hydride species II. The complex IV is generated after
successive insertions of an alkyne into H� Ni and C� Ni bonds.
Afterwards, the reductive elimination and protonation by tert-
butanol generate the isoquinolinone 161 with the regeneration
of Ni(0) and potassium tert-butoxide with the formation of an
alkene (Scheme 110).

In Scheme 111, the potassium tert-butoxide captures a
proton from amide to generate the amidate anion 159’, which
in the presence of Ni(II) forms complex I. The breaking of ortho
C� H bonds produces complex II, which undergoes an insertion
reaction with an alkyne into an N� Ni bond, followed by the
reductive elimination reaction to generate complex IV and
regenerate Ni(0).

Obata and co-workers[77] in 2019 reported the development
of a new catalytic system based on nickel catalyst for the first
time, which can perform C� H activation and N� H annulation in
N-heteroarene moieties without the use of noble transition
metal as a catalytic system. The interesting fact in this case is
that there is no need of N,N’-bidentate directing group for the
successful transformation, which was reported by this group in
2011, rather an earth-abundant cost-friendly potassium tert-
butoxide has been found to play a crucial role in the reaction
mechanism, albeit in catalytic amounts. Experimental studies
supported by DFT calculations have been pivotal in proposing
two pathways for the above-said transformation. One pathway
requires a Ni(II) system in presence of a catalytic amount of
potassium tert-butoxide; whereas, the second pathway utilizes a

Scheme 108. Proposed mechanism for the hydrosilylation of terminal
alkenes.

Scheme 109. Nickel catalyzed annulation of aromatic amides with alkynes. Scheme 110. Proposed mechanism via path A.



Ni(0) system in the absence of any co-catalyst, and the
transformation proceeds successfully. The Ni(0) catalytic system
in the absence of a base has been found to be the major
catalytic system for this transformation, which has a vital role in
the pharmaceutical industry as most of the drugs contain N-
heteroaromatic scaffolds. High functional group tolerance has
been observed (Scheme 112). The major catalytic cycle has

been found to proceed through the ligand-to-ligand hydrogen
transfer mechanism.

Scheme 113 represents the proposed reaction mechanism
of C� H/N� H annulation of N-heteroaromatic arenes where
potassium tert butoxide abstracts protons from 163 a to
generate 163’a, which in the presence of Ni(II) produces
complex I. Complex III was generated when the ortho C� H
bond brokes, followed by the insertion of an alkyne into a C� Ni
bond in complex II. Then, reductive elimination generates
product 164 and Ni(0) species. It is noteworthy to mention that
here Ni(0) does not undergo oxidation to Ni(II), rather initiates
another catalytic cycle. In the presence of Ni(0) the sp2 N-atom
of 163 a gives complex IV, which further produces complex V
via the ligand-to-ligand hydrogen transfer mechanism, where
the ortho hydrogen atom is directly transferred to alkyne
carbon. The generation of complex VI happens by successive
insertions of an alkyne into C� Ni bonds. The compound 164
was generated after reductive elimination followed by deproto-
nation, which also regenerates Ni(0) and alkene.

Very recently, Panigrahi and co-workers[78] have developed
diphosphine-phosphonite as well as triphosphine-phosphite
ligands having tridentate and tetra-dentate capacities respec-
tively, and their corresponding complexes built upon 3d metal
Nickel (II) core. The structure and flexibility of the complexes
bearing the above-mentioned ligands have been determined
by single-crystal XRD. It is noteworthy to mention that the
2.5 mol% of Ni(II) complexes with the phosphonite ligand
PhP(OCH2PPh2)2 have been found promising in N- alkylation
reaction of primary aryl amines 165 (0.5 mmol), 4-methoxy
benzyl alcohols 65 (1 mmol) with the catalytic presence of
potassium tert-butoxide (0.4 mmol). The substrate scopes
include challenging environments and the carbon-nitrogen
coupled products were isolated in good yield in Scheme 114.

Scheme 111. Proposed mechanism via path B.

Scheme 112. Ni-Catalysed C� H/N� H annulation of N-heteroaromatic arenes.
Scheme 113. Proposed mechanism for Ni-catalysed C� H/N� H annulation of
N-heteroaromatic arenes.



3.6. Utilisation with ruthenium-complexes as catalysts

A ruthenium-catalyzed hydrogen borrowing approach was
reported by Seayad et al. for selective N-methylation and
dimethylation of primary amines 165.[79] The strategy proceeds
through in situ production of a ruthenium complex from
[RuCp*Cl2]2 and ligand dpePhos in the presence of catalytic
lithium-tert-butoxides and MeOH as a methylation reagent. The
potential of this method was expressed by developing the
substrate scope and applying the reaction conditions to a
diversity of primary amines. The reaction conditions can tolerate
a series of both electron-rich and electron-poor functional
groups (Scheme 115).

The reaction mechanism has been proposed based on
experimental results and literature reports. According to the
mechanism, the reaction might be initiated with the formation
of active catalyst II via ruthenium complex I, which was
produced in situ. Thereafter, upon the β-hydride abstraction,
complex III was formed with formaldehyde. Next, the catalytic
cycle is undergone upon insertion of imine that generates
complex IV, and finally the hydrogen transfer may take place
with the formation of compound 166 in the presence of
methanol (Scheme 116).

In another, the ruthenium-catalyzed N-methylation ap-
proach is witnessed by the N-alkylation of aromatic amines
(Scheme 117) by applying a catalytic amounts of KOtBu as a co-
catalyst.[80] To better understand this transformation, the
authors performed the isotope-labeling experiments and it was
revealed that the formation of N-methylaniline-d3 took place in
the presence of CD3OD. The examination of the reaction was
carried out by considering aniline as a standard substrate with
methanol, using various ruthenium catalysts and a catalytic

amount of co-catalyst to obtain the exact methylated products
over the dehydrogenating coupling products.

Using the optimized conditions, various scopes of substrates
has been developed; methylated products 166 b and 166 i
having o/p- methyl substituted anilines were produced with
excellent yield, while on the contrary sterically crowded 166 j
was obtained with 13% yield. The compounds with halogen
substituents at para position 166 k, 166 d, and 166 l were also
obtained with 97%, 86%, and 97% yields respectively. It has
been mentioned that for mono-methylation of 3-aminopyridine
60 mol% of KOtBu was required; whereas, for 2-aminopyridine
100 mol% of KOtBu was required. It was also investigated that
at low loadings of ruthenium catalyst, more amounts of KOtBu
is needed to complete the reaction, and when the amount of
catalyst loading is reduced, yield is also decreased. It was also
found that at 0.005 mol% catalyst loading, the yield was
reduced to 80% and at 0.002 mol% the yield changed to 43%.

Saito et al. have demonstrated the synthesis of multi-
substituted pyrrole derivatives 169 from in situ generated α-
amino aldehydes by considering ruthenium catalysts in the
presence of catalytic KOtBu as catalyst systems.[81] For prelimi-
nary investigation, the authors have performed the reaction by
considering valinol 167 a and propiophenone 168 a as starting
model substrates in a (1 : 2 molar) ratio in the presence of
ruthenium catalyst (1 mol%) and KOtBu (10 mol%) to obtain the
desired product 169 a in 77% yields (Scheme 118).

Scheme 114. Substrate scope for N-alkylation reaction.

Scheme 115. N-methylation of amines.



To illustrate the possible pathways of reaction, several
controlled experiments were conducted and it was proven that
path 3 is the more suitable reaction path. According to the
mechanistic path for 169, the intermediate III which was formed

via the dehydrogenation and nucleophilic addition process of
167 a and 168 a, underwent intramolecular condensation by the
loss of water molecule to generate the intermediate IV, which
again lost water molecule to form the intermediate species V.
As a result of the rearrangement of intermediate V, the final
product 169 a was formed (Scheme 119).

Jiang et al.[82] have reported an easy and straightforward
synthesis of various substituted quinazoline derivatives 172
(Scheme 120) from 2-aminobenzyl alcohols 171 and various
nitriles 140 by the utilization of the ruthenium/ligand/KOtBu
catalytic system. In this methodology, various ruthenium
catalysts and ligands were investigated to establish the reaction
conditions, and the obtained reaction conditions proceeded
with good functional group tolerance over the substrates 171
and 140 in moderate to good yields.

A mechanistic strategy has been proposed for this ap-
proach, which may involve the nucleophilic addition of the

Scheme 116. Proposed mechanism for N-methylation of primary amines.

Scheme 117. N-monomethylation of aromatic amine.

Scheme 118. Synthesis of substituted pyrroles.

Scheme 119. Mechanistic path for the synthesis of pyrroles.



amine group of compound 171 over nitrile 140 to generate
intermediates I or II. After which, in the presence of a ruthenium
catalyst intermediate III will be formed as a result of dehydro-
genation of the alcohol group and then, through intramolecular
condensation the final product 172 can be generated
(Scheme 121).

Nakamura and co-workers have demonstrated the hydrogen
borrowing strategy for the hydro-amination of allyl alcohols
173 by using a ruthenium/ligand/KOtBu catalytic system
(Scheme 122).[83] A hypothetical mechanism has been provided
(Scheme 123) in which the allyl alcohol undergoes an oxidation
process through β-hydride elimination to provide conjugated
ketone 122 and then hydro-amination can occur via 1,4-
addition, which generates the intermediate 176 that can
undergo hydrogenation in the presence of metal hydride
species to obtain the final product 175.

In 2016, Chianese et al.[84] contributed a Ruthenium-based
CNN-Pincer complex (Scheme 124) having no methylene linker
in between the pyridine and imidazole rings, which is a
modified version of the Ru-based complex reported by Song
et al. in 2011. This Ru-CNN-Pincer complex acts as a homoge-
neous catalyst. For ester hydrogenation and the reversible

dehydrogenation process was described under milder reaction
conditions (105 °C, 6 bar H2 pressure) using sodium tertiary
butoxide as a co-catalyst in the presence of the Ru-CNN
complex. When NaOtBu was used in larger equivalents, more
reproducible yields were observed. Diethylamino substituted
ligand was seen to increase the catalytic activity of the catalyst
to a very significant value (turnover number 420) compared to
dimethylamino substituted ligand (turnover number 33) for the
production of benzyl alcohol from ethyl benzoate at 6 : 1 ratio
of NaOtBu to Ru-CNN-complex. The transformation was carried
out at 105 °C temperature, 6 bar H2 pressure in toluene as

Scheme 120. Ruthenium catalyzed synthesis of substituted quinazolines
derivatives.

Scheme 121. Mechanistic strategy for the synthesis of quinazoline.

Scheme 122. Ruthenium catalyzed hydroamination of allyl.

Scheme 123. Hypothetically proposed mechanism.



solvent. For benzyl benzoate TON is up to 980 for the NEt2
variant. The substrate scope for ester hydrogenation using this
Ru-CNN complex system in presence of NaOtBu is high as
expected, because it converts methyl ester to corresponding
alcohol to a negligible extent. Also, the diethylamino ligand
substituted Ru-CNN-Pincer complex was seen to be a promising
catalyst for the reversible dehydrogenation process for primary
alcohols.

Le and co-workers[85] in 2018, revealed the preparation of
the CNN-pincer-ruthenium complex and applied it for the
hydrogenation of esters to observe their activity using sodium
tertiary butoxide in catalytic amounts as a co-catalyst under
6 bar H2 pressure. To observe the catalytic activity of the CNN-
pincer-ruthenium complex a variety of substrates were used
(Scheme 125).

Many experiments were performed to observe the activity
of the complex. The experiments were started by changing the
substitution on NHC substituents, and it was observed that the
NHC substituents with more bulky groups, such as dipp showed
more activity and for the smaller groups like mesityl substitu-
ents the activity was reduced. Thus, it was found that the
catalytic system Ru-dipp-Et was the most active catalyst system
for the hydrogenation of esters.

In 2020, Thiyagarajan and co-workers have developed a
ruthenium-catalyzed α-alkylation of ketones (Scheme 126)
applying a hydrogen-borrowing strategy via the C� N and C� C
bond formation reactions.[86] Aromatic ketones were treated
with secondary alcohols to provide the alkylated products of
ketones in excellent yields. The potassium tertiary butoxide
plays an important role in increasing the product yields of the
reaction. While decreasing the amounts of KOtBu from 2 equiv.
to 5 mol%, the product yield changes from 75% to 59%, and
with 2 mol% of the co-catalyst, the yield is only 40%. An
important observation was noticed that with NaOtBu the yield
was almost similar, but there was no product formation with
Cs2CO3.

The mechanistic investigation was done by using secondary
alcohols. The plausible reaction mechanism illustrated in
Scheme 127 indicates that in the presence of potassium tert-
butoxide, the unsaturated intermediate I is formed from
ruthenium catalyst, followed by the reaction of I with secondary
alcohol 155 to generate intermediate II. In the next step,
ruthenium dihydride intermediate III is formed due to the β-
hydride elimination from II and ketone 59 is generated. This
in situ generated ketone 59 undergoes a condensation reaction
with aromatic ketone 130 under basic conditions to generate
α,β-unsaturated IV which further gets hydrogenated by the

Scheme 124. Ester Hydrogenation using 5-Et catalyst.

Scheme 125. Ester hydrogenation catalyzed by ruthenium complex. Scheme 126. α-Alkylation of ketones using secondary alcohols.



intermediate III to regenerate active intermediate I and
alkylated product 177.

3.7. Utilization with rhodium and Iridium-complexes as
catalysts

Brookhart et al.[87] in 2015, published an article introducing the
concept of functionalized cyclic and acyclic ethers 178 or 179
dehydrogenations using diisopropyl substituted Ir-pincer com-
plexes I, II, and III having anthrophos, triptycene moieties as
catalysts in the presence of NaOtBu as co-catalyst to form useful
alkenes. TBE (tert-butyl ethylene) was used as a hydrogen
acceptor as well as ethylene which was reported for the first
time. Using TBE, the turnover numbers was observed to reach
660, when I was used as a catalyst for the conversion of
tetrahydrofuran to furan. Higher yield and turnover number
(over 400 in most cases, for acyclic diethyl ether up to 90) were
obtained for ethylene as a hydrogen acceptor in the presence
of a catalyst II. The substrate scopes for cyclic and acyclic ethers
were very good (Scheme 128).

Wang et al.[88] described a new method for transfer hydro-
genation of alkenes 132 using ethanol as a hydrogen source
catalyzed by a NCP pincer iridium complex. The authors
demonstrated the efficiency of the catalyst system in reducing a
wide variety of alkenes including both symmetrical and unsym-
metrical compounds. They have also provided a detailed insight
into the mechanism of the reaction, including the role of the
NCP pincer complex in promoting the transfer of hydrogen
from ethanol to the alkene substrate. One of the key findings of

the study is the high efficiency of the NCP pincer iridium
complex as a catalyst for the transfer hydrogenation of alkenes
using ethanol. The authors described that the complex can
catalyze the reaction at low temperatures and pressures with
high selectivity for the desired products (Scheme 129).

The reaction mechanism for the transfer hydrogenation
reaction in the presence of an iridium catalyst is mentioned in
Scheme 130. At first the precatalyst G reacts with sodium tert-
butoxide to form the 14-electron moiety [Ir], which upon
reaction with EtOH generates C via oxidative addition. The
intermediate C is proposed to bind with B in the presence of
two molecules of EtOH and B is a resting state. In the rate-
determining step, C generates D via β-hydride elimination with
the formation of CH3CHO which is converted into hemiacetal in
the presence of EtOH and thereafter generates ethyl acetate by
dehydrogenation. The coordination of dihydride complex D
with alkene moiety 132 generates E followed by hydride
migratory insertion to form F. Reductive elimination of F
generates hydrogenated product 182 and [Ir] is regenerated.

Tang and co-workers[89] in 2018, introduced a dual-catalyst
system consisting of pincer ligated iridium complexes (iPr-
substituted phosphinothious-phosphinite iridium complexes)
[(PSCOP)IrHCl] responsible for transfer dehydrogenation of
normal alkane to form internal olefins using tertiary butyl-
ethylene (TBE) as a hydrogen acceptor in the presence of
NaOtBu followed by the olefin isomerization-hydroformylation

Scheme 127. Reaction mechanism for alkylation of ketones with secondary
alcohols.

Scheme 128. Dehydrogenation of cyclic and acyclic ethers with TBE and
ethylene as hydrogen acceptors.



with a combination of rhodium catalyst [Rh(acac)CO5] and Co/
H2. This catalyst system has shown higher regioselectivity for n-
alkane to n-aldehyde formation and a high turnover number
(TON) in the presence of ethylene. In addition to this, the Ir/Rh
catalyst has been found to effectively form linear alkyl amines
from n-alkanes with very good regioselectivity (Schemes 131
and 132).

A consecutive alkane silylation by an Ir/Fe catalyst followed
by alkane carbonylation using Ir/Rh catalyst has been effective

in producing siloxy-terminated alkyl aldehydes from n-pentane
Catalytic dehydrogenation and olefin-isomerization-hydrofor-
mylation of various alkanes.and n-hexane, which is a crucial
precursor for silicone surfactants. This process is advantageous
as it directly converts low-value, highly accessible, and diverse
n-alkanes to industrially important linear aldehydes and amines
in a very selective way. The TON’s for the Ir/Rh catalyst for
carbonylation is up to 571/1100 using ethylene as the hydrogen
acceptor. Broad substrate scope and good site selectivity are
particularly observed in this process.

Scheme 129. Ir-Catalyzed transfer hydrogenation of alkenes and alkynes.

Scheme 130. Proposed reaction mechanism for transfer.

Scheme 131. Catalytic dehydrogenation and olefin-isomerization-hydrofor-
mylation of various alkanes.

Scheme 132. Catalytic aminomethylation of alkanes and substrate scope.



3.8. Utilization with zinc-complexes as catalysts

Recently, Paul et al. demonstrated the dehydrogenation of N-
heterocycles and dehydrogenative cross-coupling by introduc-
ing the concept of ligand accelerated redox-control method.[90]

The dehydrogenation reaction has been catalyzed by the Zn(II)

complex in the presence of a catalytic amounts of KOtBu as a
co-catalyst. The proposed methodology has been achieved
through the involvement of a single electron transfer process
from aryl-azo scaffolds of stabled azo-anion radical Zn(II)
complexes (Scheme 133 and 134). Furthermore, the authors
also explored the synthesis of various substituted quinazolines,
quinazolin-4(3H)-ones and quinolines derivatives via dehydro-
genative coupling using the Zn(II) complex (Scheme 135).

4. Conclusions

In conclusion, we have attempted to discuss the versatile
catalytic roles of alkali metal tert-butoxides in organic trans-
formations developed during the past decade (2012-2022). As
discussed above, alkali metal tert-butoxides (NaOtBu, KOtBu,
LiOtBu) have been found very useful in catalytic amounts for a
broad range of organic transformations, which includes metal-
free as well as metal-based reaction conditions. The atom-
economical, environmentally benign, and easily available alkali
metal tert-butoxides have been found as useful reagents
towards the carbon-carbon, carbon-heteroatom, and heteroa-
tom-heteroatom bond forming reactions. This review summa-
rizes the versatile roles played by alkali metal tert-butoxides as a
reagent in the synthesis of various kinds of transformations
including silylation reactions, hydrogenation reactions, hydro-
boration reactions, kinetic resolution of oximes and alcohols,
C� H activation reactions. The crucial reaction mechanisms are
also discussed to understand the reaction mechanisms involved
in these transformations.
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