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In recent times, the transition metal-catalyzed borrowing hydrogen (BH) and interrupted borrowing hydrogen
(IBH) strategies have attracted much attention and represent atom- and step-economic processes to access
diverse building blocks via various C—C and C—heteroatom bond-forming reactions. The advantages of these
approaches include (i) use of feedstock chemicals, (i) high atom economy, (i) no pre-activation of the
substrates, and (iv) producing water as the only by-product. In this context, several synthetic strategies have
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been developed in this regime for the past few decades. To the best of our knowledge, no review article
describes the important concepts of interrupted borrowing hydrogen (IBH) reaction. This review article
highlights the recent advances in the IBH strategy and its application in sustainable chemical synthesis,
particularly C—C bond formation using methanol as a C1 source, synthesis of 3,3’-bisindolylmethanes (3,3'-
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1. Introduction and brief historical
perspective

The construction of diverse molecular frameworks via the car-
bon-heteroatom and carbon-carbon bond-forming reactions is
fundamentally important in synthetic organic chemistry.! Over
the decades, several classical methods have been employed to
access C-C and C-heteroatom bond formations. Recently, there
has been a continuous challenging endeavor in the development
of sustainable, efficient, and selective protocols under benign
conditions by utilizing abundant feedstock chemicals.
Dehydrogenation of alcohols is a significant process in
organic chemistry, and its applications open a wide range of
synthetically important transformations. In particular, the catalytic
acceptorless alcohol dehydrogenation (AAD) strategy has attracted
much interest in synthetic chemistry and chemical biology due to
its advantageous properties, such as excellent step- and atom
efficiency.” This AAD method broadens the synthetic application
of C-H, C-C, and C-heteroatom bond-forming reactions in current
research by using straightforward and widely accessible feedstock
molecules as the starting ingredients. In addition, the sole by-
products are water and hydrogen gas. The application of AAD
reactions is classified into three main concepts such as acceptorless
dehydrogenative coupling (ADC), borrowing hydrogenation strategy
(BHS), and transfer hydrogenation (TH) (Fig. 1). In the ADC process,
dehydrogenation leads to condensation, which releases water and
hydrogen gas while forming unsaturated molecules. In contrast,
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BIMs), a-branched ketones/diketones, and regioselective alkylation of N-heterocycles.

BHS consumes the generated hydrogen gas from the initial
dehydrogenation step and forms saturated compounds as a final
product. Typically, the BHS concept relies on the use of transition-
metal catalysts. The concept involves borrowing hydrogen from one
of the starting materials (mainly alcohols) as the hydrogen donor.
Subsequently, the addition of hydrogen to the in situ generated an
unsaturated functional group (hydrogen acceptor) of cross-coupled
intermediate. Finally, it leads to the desired N- or C-alkylated
products.® Overall, this process is redox neutral and generates
water as the only by-product (Fig. 1). Notably, conventional alkyla-
tion reactions involve enolate formation followed by an alkylation
reaction under harsh conditions (e.g., lithium amide bases asso-
ciated with halogenoalkane electrophiles). Hence, the BHS reaction
is considered as an eco-friendly, efficient alternative to classical
alkylation reactions. On the other hand, the TH concept involves
the transfer of dihydrogen from one molecule to another. Thus, it
liberates the dehydrogenated precursor as a co-product (Fig. 1).
Transition metal-catalyzed C-X (X = carbon or heteroatom)
bond-forming reactions via the borrowing hydrogen strategy
(BHS) is one of the most promising atom-economical and eco-
benign methods and has received much attention in recent
years.” The use of BHS catalysis in organic synthesis has
facilitated the ability to specifically alkylate functional groups
like amines, ketones, and active methylene compounds with
alcohol.” Conventionally, the ADC/BHS reactions were per-
formed with precious metals,®® including Ir,°*® pd,'"'*1®
0s,”7° Rh," and Ru.'“'>'° Interestingly, Earth-abundant
transition-metal catalysts were also developed to perform these
reactions in recent years. For example, 3d-transition metals like
Cu,lg C0,17’20’21’23’24 Mn,22’24 Ni,ZG and Fe!”?325 gucceeded in
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Fig. 1 Acceptorless alcohol dehydrogenation (AAD) and its applications in organic synthesis.

catalyzing the ADC/BHS reactions.”® Significantly, employing
methanol as a starting material for the alkylation reaction via
BHS represents a highly challenging and thermodynamically
uphill process. This is due to the initial dehydrogenation step
of methanol, which is a highly energy-intensive process and
requires more energy (AH = +84.0 k] mol ') than its higher
analog alcohols, such as ethanol (AHgoy = +68.0 kJ mol™*).>”®
In 2014, Beller and coworkers reported a soluble ruthenium-
based catalytic system for selective methylation of 2-aryl ethanols
using methanol as a C1 feedstock.?® However, very few reports
describe the use of methanol and higher aliphatic alcohols,
aliphatic alcohols, and other alcohols such as benzyl alcohol
as feedstock alternatives to the corresponding aldehydes.***"
Recently, the Earth-abundant first-row transition metals have
been utilized for a simple and efficient catalytic B-C(sp’)-
methylation of various primary alcohols using methanol as a
sustainable alkylating agent.>>?? Indeed, there is a plethora of
examples that deal with C-C and C-N bond-forming reactions in
the field of borrowing hydrogen catalysis. On the other hand, the
interrupted borrowing hydrogen (IBH) strategy reactions are less
explored and rarely reported under transition metal catalysis.

Interrupted BHS ,
Nu Nu

o i L
= R

Nu Nu'
R&o — R/%Nu
-Hzo

condensation Nucleophilic addition

Fig. 2 Schematic representation of interrupted borrowing hydrogen (IBH)
strategy.
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The research group of Donohoe and coworkers developed
the first example of the IBH strategy. They described the
process that stops unsaturated intermediate reduction and
allows for the in situ conjugate addition of various nucleo-
philes, leading to diversified products named IBH strategy.>’
In this scenario, along with an alkylation reaction, other functional
group incorporation also occurs in the presence of various nucleo-
philes. Notably, there are limited precedents for intercepting metal
hydrides by stopping/interrupting hydrogen borrowing using mole-
cular oxygen or a reactive alkene (Fig. 2). These techniques,
however, only enable the creation of unsaturated derivatives.**>”
Most of the transition metal-catalyzed IBH reactions were reported
using Ru, Ir, and Co as the catalysts. The variety of transition metal
catalysts accessible for this method and the many transformations
carried out in this area are highlighted in the present review article.
In addition, we also focused on several of the most important and
recent advancements in the IBH strategy. This review article
conveys a clear explanation and communication of the diversity
of IBH strategy chemistry to the scientific audience, providing
chances for further research. Moreover, the reactions based on
the IBH strategy have never been discussed previously in any review
articles.

2. Transition-metal-catalyzed
interrupted borrowing hydrogen
strategy

2.1. Iridium catalysis

The 3,3’-bisindolylmethane derivatives (3,3’-BIMs) are essential
synthetic intermediates for the construction of many biologi-
cally active compounds and structural units of many natural
and pharmaceutical products. The Friedel-Crafts reaction of
indoles using aldehydes catalyzed by Lewis acids is a well-
known method for the preparation of 3,3’-BIMs (Scheme 1).%*

However, the problem associated with this method is the
use of highly toxic aldehydes that leads to severe environmental
! Later, the transition-metal-catalyzed coupling of
indoles with alcohols is an alternate method developed by

issues.

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthesis of 3,3’-BIMs by the Friedel-Crafts reaction of indoles with aldehydes.

various research groups.*®**” In 2007, Grigg and coworkers
reported that the [{Cp*IrCly},]-catalyzed (i.e. Cat.1) coupling
of indoles with aliphatic alcohols (except methanol) to form C3-
alkylated indoles (only minor bisindolylmethanes were formed
as by-products).>® Later, research groups, including Williams
and Beller, reported the preparation of N1-alkylated indoles
using the Shvo’s catalyst (ruthenium complex).*®

In 2013, Feng Li and coworkers reported the first example of
the direct coupling of indoles with methanol to form 3,3'-
bisindolylmethanes (3,3’- BIMs). The reaction was catalyzed
by the commercially available [{Cp*IrCl,},] as a catalyst via IBH
strategy (Scheme 2).*°

Optimization studies (Table 1) show that the reaction oper-
ates well with KO'Bu as a base, and substrate scope was not
affected by the electronic properties of substituents. During the
reaction, the iridium catalyst (1) acts as a Lewis acid and a
hydrogen acceptor. In the initial step of the reaction, the
presence of a base that activates the methanol and affords

Cat. 1 (0.2 mol%)

74 N\
R+— | + CH4OH

\ N

H

R = Alkyl, Alkoxy, halogen and NO,

KO™Bu (1 equiv)
150 °C

iridium methoxide species 3 and subsequent B-hydride elimination
of iridium methoxide complex to form iridium hydride species 4
and eliminates the reactive intermediate formaldehyde 5. Then, the
coupling reaction between indole and formaldehyde forms an
enamine intermediate 6. Finally, the enamine intermediate 6
further undergoes Michael addition in the presence of Lewis acid
(Iridium catalyst which accepts a lone pair of electrons from the
nitrogen of enamine intermediate)*® leading to the formation
of 3,3’- BIMs 2 (Scheme 3). The key step of this reaction is the
extremely low existence of metal hydride species under given
reaction conditions which interrupted the borrowing hydrogen
mechanism and promoted the Michael addition step. Thus, the
reaction between the enamine intermediate and indole gives the
corresponding 3,3'- BIMs exclusively in the presence of Lewis acid
(Iridium catalyst).

The research groups of Chun Cai supported the proposed
mechanism.*" They observed the formation of expected C3-
methylated indole product 7 (57% yield) and bisindolylmethane

G

(16 examples
up to 91% yield)

HN NH

a (86%) b (83%) 2c (78%)
O O O O L NP o
I I
HN NH
2d (91%) (85%) 2f (86%)
D PN D D
Y N\
I I N I I N I |
HN NH HN NH HN NH
29 (77%) 2h (80%) 2i (75%)

Scheme 2
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Iridium-catalyzed coupling of indoles with methanol for the synthesis of 3,3’-

BIMs.
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Table1l Optimization of reaction conditions for direct coupling of indoles
with methanol to form 3,3’-bisindolylmethanes (3,3’- BIMs)

Entry Catalyst Base Yield % (Isolated)
1 [{Cp*IrCl,},] KOH 48

2 [{Cp*IrCL,},] KO'Bu 86

3 No catalyst KO'Bu 0

4 [{Cp*RhCl,},] KO'Bu 6

5 [{Ru(p-cymene)Cl,},] KO‘Bu 45

Reaction conditions: Indole (2 mmol), methanol (1 mL),
(0.2 mol%), base (1 equiv.) heated at 150 °C for 12 h.

catalyst

2 as a side product (33% yield). The reaction was catalyzed by a
low amount of iridium catalyst such as ([{Cp*IrCl,},], 0.2 mol%).
The formation of bisindolylmethane is due to the interruption in
the borrowing hydrogen cycle. However, increasing the iridium
catalyst loading ([{Cp*IrCl,},], 1 mol%) leads to the exclusive
formation of methylated indole product 7 (84% yield). This is
due to the suppression of the Michael addition between enam-
ine intermediate and indole under the high existence of iridium
hydride species and favored the borrowing hydrogen cycle with-
out any interruption (Scheme 4). Similarly, Ronald Grigg and
coworkers also identified the bisindolylmethane as a side pro-
duct due to the Michael addition between enamine intermediate
and indole in the presence of [IrCp*Cl,], as a catalyst.*”

[Cp*IrCl;]>
1

MeOH, Base
H

H, [|r]*
MeOH
[Ir] H

Scheme 3 Plausible mechanism for the direct synthesis of 3,3'-

Cat. 1 (0.2 mol%)

@ + CHgOH —
N

H

KO'Bu (100 mol%)

N,, 140°C

Scheme 4 Coupling of indoles with methanol leads to C3-methylated indole and 3,3'-
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Nj, 140°C

Cat. 1 (1 mol%)
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In 2019, the first heterogeneous additive free hydrotalcite-
derived Mg-Al oxides supported iridium (Ir/Mg,AlO) catalyst for
the synthesis of BIMs via the activation of methanol was
reported by Teck-Peng Loh and coworkers (Scheme 5).** Simple
coprecipitation method used to prepare the mixed oxides of
Mg-Al. 0.1 wt% of iridium content was incorporated onto the
surface of the support by an incipient-wetness impregnation
method. The size of the metal particle plays a crucial role in
product selectivity (Table 2). The cooperation between acidic-
basic sites on the Mg,AlO and oxidized iridium species incor-
poration on the same surface suppresses the other possible
products to get desired BIMs. Deuterium labeling studies and
control experiments demonstrated that the reaction mecha-
nism was consistent with the dehydrogenative condensation
mechanism for the synthesis of BIMs, as depicted in Scheme 6.
When simple methanol was replaced with deuterated metha-
nol, the expected product was observed with a lower yield when
compared with undeuterated methanol. In the absence of the
catalyst, there is no product formation. Interestingly, 0.1 wt% Ir
on the surface of Mg,AlO helps in the dehydrogenation step of
methanol. The acidic-basic sites of Mg,AlO contributed con-
densation reaction between formaldehyde and indole.

The alternate way to conventional enolate production (or)
alkylation reactions, widely established by numerous research

BIMs via coupling of indoles with methanol.

Su RTINS

7 (57%) 2 (33%)
7 (84% 2 (2%

BIMs under iridium catalysis.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc01517c

Open Access Article. Published on 24 Mee 2023. Downloaded on 19.01.26 22:43:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

ChemComm Highlight
7 Cat. 8 (0.1 wi%)
XN 150 °C, 0.4 MPa N, | I 8
H 6-35h HN= NH
(18 examples
up to 84% yield)
Br Br
I | I I I I
HN NH SN NH  C HN NH
2j (62%) 2k (66%) 21 (55%)
F F
. i I 1 i . T 1D
HN NH HN NH
2m (76%) 2n (41%) 20 (n.d.)

Scheme 5 Heterogeneous supported iridium catalyst for the coupling of indoles with methanol.

Table 2 Dehydrogenative coupling of indole and methanol with different
catalysts

Entry  Catalyst Metal size (nm)“  Yield % (Isolated)
1 1 wt% Pt/Mg,AI0 2.2 9

2 1 wt% Ru/Mg,AlO 4.3 11

3 1 wt% Ir/Mg,AlO 0.8 20

4 1 wt% Ir/TiO, 1.3 7

5 1 wt% Ir/MgO 1.6 5

6 0.1 wt% Ir/Mg,Al0 0.5 84

7 Mg,AlO — n.r.

8 No catalyst — n.r.

Reaction conditions: Indole (1 mmol), catalyst (1 mol% metal based on
1a), methanol (5.0 mL), 0.4 MPa N, 4 h; n.r. = no reaction. “ Metal sizes
were evaluated by TEM.

groups, is the alkylation of ketone enolates produced by
hydrogen-borrowing processes catalyzed by transition metals.
However, these procedures proved ineffective for forming
branching compounds from ketones from hindered alcohols.

CH30H

Mg,AIO

Donohoe group®™*® revealed the reaction that inhibits enone

reduction and permits the in situ insertion of a nucleophile
followed by conjugate addition to generate a variety of complex
compounds. As a result, methanol was used to integrate the
methylene functional group between the two nucleophilic
units. Metal hydride interruption is also possible by stopping
or interrupting hydrogen borrowing using molecular oxygen or
a reactive alkene. However, these methods only enable the
creation of unsaturated derivatives.>*” The adjustment in
the reactivity of hydrogen borrowing and hydrogen returning
events is well balanced by using [{Ir(cod)Cl},] complex in
addition to various phosphine ligands and optimizing the
reaction conditions.

Furthermore, Donohoe and coworkers confirmed that the
ligand plays a crucial role in deciding product formation.
Gratifyingly, phosphine ligands that were sterically hindered
are in combination with (cataCXium A - Di(1-adamantyl)-n-
butylphosphine, DPPBz) molecular oxygen interrupts the cycle
of hydrogen borrowing and stops enone reduction, due to this

Scheme 6 Plausible reaction mechanism for the coupling of indoles with methanol under heterogeneous iridium catalysis.

This journal is © The Royal Society of Chemistry 2023
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"Reaction Conditions: Cat. 9 (1 mol%), DPPBz (2 mol%), RCH,OH (10 equiv.), KOH (2 equiv.), 85 °C, 24 h, Ar atm.
2Reaction Conditions: Cat. 9 (1 mol%), RCH,OH (5 equiv.), KOH (3 equiv.), 105 °C, 24 h, Ar atm.
Scheme 7 Iridium-catalyzed BH reactions of ketones and alcohols.

addition of a nucleophile to the in situ formed unsaturated
intermediates will give more branched carbonyls (Scheme 7
and Scheme 8).>'*3

Employing simple and less hindered phosphine ligands such
as PPh; leads to the methylated product of ketone by involving
borrowing hydrogen cycle without any interruption (Scheme 9).
These results demonstrated that both BH (Scheme 7) and IBH
(Scheme 8) strategies take place depending on the ligand system,
and the reaction was performed in the presence of low catalyst

loadings of iridium (). In the hydrogen-borrowing cycle, enone
reduction can be effectively interrupted by the coexistence of a
hindered phosphine and an oxygen environment (Table 3, entry 4).
The catalyst recycling process involves the oxidation of metal
hydrides by O,. On the other hand, Feng Li and coworkers
reported that the amount of catalyst loading plays a crucial role
in deciding product formation in the reaction.*

In 2015, Donohoe and his group reported that the borrowing
hydrogen reaction enabled a-branched ketones synthesis from

o] Cat. 9 (2 mol%) )H/\ Add SiliametS
)J\/R CataCXium A (8 mol%) . 2 _ DMTresin _ )J\IA
Ar
CH30H 0o then add base
Ar=pMeOCgH, KOH (3 equiv) )J\lﬁ
65°C, O, 48 h o R Nu -
HyCo
L oils | (8 examples cataCXium A
up to 94% yield)
Nu Product Nu Product
(@]
TolB(OH
/LNO2 ARERe Ar Ph
2.5 mol% [{Rh(cod)Cl},] CgH,OMe
11a (84%) 11b (63%)
o) (@]
{BUOOH )‘\lf\)\ Ph)vPh 4 2
Ph
11c (89%) 0% >Ph
11d (72%)
Scheme 8 Iridium-catalyzed IBH reactions of ketones and methanol in the presence of sterically hindered phosphine ligand (cataCXium A) and O,.
7852 | Chem. Commun., 2023, 59, 7847-7862 This journal is © The Royal Society of Chemistry 2023
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one-pot double alkylation
O R Cat. 9 (2 mol%) 0O R Cat. 9 (2 mol%) o)
PPh3 (4 mol%), KOH, PPh; (4 mol%), KOH,
AL PPha@mor) KoR, NN
CH30H, 65°C, O, Me RCH,0H (2-5 equiv), 100 °C
12 then add MeOH, KOH, O,
Ar = pMeOCgH,4 4 mol% PPhj 65°C
(9 examples ’
up to 94% yield)
Scheme 9 Iridium-catalyzed methylation and double alkylation of aryl ketones with methanol.

Table 3 Ligand and atmosphere effect on yield of the product

0 o] o
Conditions
Ph Ph . Ph
©).
S MeOH, 65°C, 48h. ~0 | o y Me
Entry [{1r(cod)Cl,},] Ligand Additive Atmosphere Yield % I (II)
1 1 mol% PPh; (4 mol %) 2 equiv. KOH 0, 94 (—)
2 1 mol% PPh; (4 mol %) 2 equiv. KOH Ar 75 (trace)
3 2 mol% PCy; (8 mol %) 3 equiv. KOH 0O, 23 (50)
4 2 mol% cataCXium A (8 mol %) 3 equiv. KOH 0, 4 (75)
5 2 mol% cataCXium A (8 mol %) 3 equiv. KOH Ar 29 (13)

Yields are determined by 'H NMR spectroscopy.

alcohols by iridium catalyst.>* Employing bulkier phosphine
ligands, for example, DPPBz (1,2-Bis(diphenylphosphino)-
benzene) under an oxygen atmosphere interrupted the borrowing
hydrogen cycle and gave the olefinated product instead of
a-branched ketone exclusively. This is due to the reactivity of O,
towards metal hydride in preference for enone (Scheme 10).

A plausible reaction mechanism for the formation of BH and
IBH products is explained in Scheme 11. The research group of
Donohoe believed that in the absence of sterically hindered
phosphine ligand (cataCXium A) the reaction follows BH path-
way and gives alkylated products (Scheme 7, Scheme 9 and
Scheme 11). In this BH reaction pathway, in the presence of
catalyst 9 the starting material alcohol is converted into its
corresponding carbonyl compound (14) and reacts with 15 to
give enone 16. The in situ generated enone further hydroge-
nated by 9-H (in the presence of a base) to give the expected BH
product 19. On the other hand, in the presence of sterically
hindered phosphine ligand (cataCXium A) along with the
enone intermediate 16, a methoxy addition product 17 is also
formed. This may be explained that in combination of hindered
phosphine and an oxygen atmosphere with a low loading of
catalyst 9 the BH cycle is interrupted, see Scheme 10 and

(0]
dj\(ph
CHs“Bh

13 (62%)

o Cat. 9 (1 mol%)

DPPBz (2 mol%)
ij\ﬂph
CH

BnOH (10 equiv)
3

KOH (2 equiv)
0,,85°C, 24 h

Scheme 10 Control experiment to prove that the O, can interrupt the BH
cycle.

This journal is © The Royal Society of Chemistry 2023

Table 3 (entries 4 and 5). Indeed, it was observed that oxygen
atmosphere and ligand play very important role in the for-
mation of methoxy addition product. Notably, the formed
intermediates 16 and 17 further reacts with nucleophile
(NuH) to give the IBH product 18 (more branched carbonyl
compound in Schemes 8 and 11). In case of IBH mechanism,
closing the catalytic loop from the metal hydride is unclear.
Although, there is no experimental evidence, it is postulated
that oxidation of metal hydride under O, atm is responsible for
the regeneration of the active metal catalyst. It was observed
that for accessing better yield of the IBH product, a metal
scavenging resin treatment is recommended to the crude
reaction mixture before the addition of base and the external
nucleophile.

Recently in 2020, an attractive approach that describes the
combination of both rearrangement and hydrogen borrowing
cascade reaction catalyzed by [Ir(cod)Cl], complex was reported
by Donohoe and coworkers. The reaction of aryl methyl ketone
and cyclopropyl alcohols 20 under iridium-catalyzed hydrogen
borrowing reaction to give substituted stereo-defined cyclopen-
tanes 28 via a vinyl cyclopropane 22 rearrangement. They
identified that the delay of the enone 22 reductions would
allow further rearrangement of enone intermediate and thus
minimize the formation of directly alkylated products.

The reaction mechanism involves the initial vinyl cyclopro-
pane ring expansion that leads to the cyclopentene carbonyl
moiety via single electron transfer (SET) initiation (20-21)
followed by rearrangement (23-25) and SET propagation
(25-26) pathway. Finally, the selective hydrogenation of cyclo-
pentene carbonyl moiety 27 gives substituted stereo-defined
cyclopentane 28 as a final product.*” This stereo-defined

Chem. Commun., 2023, 59, 7847-7862 | 7853
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Scheme 11 A plausible reaction mechanism for the formation of IBH and BH products.

cyclopentane product formation is due to the delay in enone
reduction process that is caused by rearrangement of eneone
intermediate (Scheme 12).

systems paid much attention due to its high efficiency and
excellent chemoselectivity. Significantly, the ruthenium catalysis
has also contributed to the area of BIMs synthesis with a few

reports under the IBH methodology. In 2012, the first report for
the bis(indolyl)methanes (BIMs) synthesis was disclosed by
Liangxian Liu and workers using commercially available RuCl;-
3H,0. This catalytic system is amazingly effective for the one-
pot reactions of benzyl alcohols with indoles to give a wide range

2.2. Ruthenium catalysis

One of the most powerful tools in organic chemistry is transi-
tion metal catalysis, especially the ruthenium-based catalytic

Cat. 9 (1 mol%)
CatacXium A (8 mol%) 1)

R KO'Bu (1 equiv.) P
A e Ph
Ph toluene, 125 °C, 24 h
20 28
Ir

Hydrogen borrowing phase
Ir

H

(14 examples
up to 79% vyield)

Pl

S

-H,0
|

N
=
n)
=
*
N f
~

(e}

Ph*)J\

(o}

P Ph*)‘\i}
R

26
22 S)
O .
R'Oe ~
. SET initiation SET Propagation Ph* R
R'O
O™

O@ O@ o C()a . Ph* R
PR Yy T Ph*)\)j - Ph*/%

R ) A

23 24 25

Rearrangement phase

Scheme 12 Iridium-catalyzed hydrogen borrowing cascade reaction via a vinyl cyclopropane ring expansion.
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Scheme 13 Ru-catalyzed synthesis of bis(indolyllmethanes using benzyl alc

of BIMs. Indeed, moderate to excellent yields were achieved
under an air atmosphere at room temperature. However, the
intermolecular competitive experiment reveals that the reaction
preferred primary alcohols over secondary alcohols of diols for
the corresponding BIMs synthesis (Scheme 13).**

The plausible reaction mechanism for the ruthenium-
catalyzed BIMs involves the initial dehydrogenation step of
benzyl alcohol to give corresponding aldehyde and ruthenium
hydride species. Then, the formed ruthenium hydride species
react with oxygen in the atmospheric oxygen, regenerate the
catalyst, and eliminate the water molecules. This is the key step
in which the BH mechanism interrupts by the external oxygen
source. After that, the formed benzaldehyde is activated by
TsOH and undergoes an electrophilic substitution reaction

Ar” O OH
H,0
O,

Mechanism of Ru-catalyzed synthesis of bis(indolyllmethanes u

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Ru(ll)

RUHZ

Scheme 14
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30b (88%)

QA

30e (62%)

®
S0
HN NH

30c (36%)

30f (61%)

ohols and indoles via IBH strategy.

with indole at C-3 positions to give mono(indolyl)methanes.
Next, the elimination of water leads to an enamine intermedi-
ate. Further, the enamine intermediate interacts with another
indole molecule to give the desired BIMs product, shown in
Scheme 14. Advantageously, this reaction operated at room
temperature under an air atmosphere and was catalyzed by a
commercially available RuCl;-3H,0 catalyst.

Tetsuo Ohta group reported that the RuCl,(PPh;);.catalyzed
bis(3-indolyl)phenylmethane preparation by taking DPEphos as a
ligand under reflux conditions (Scheme 15).*> Examining various
benzyl alcohols produced bis(3-indolyl)phenylmethane in up to
90% yield. When compared to electron-withdrawing substituents,
excellent yields were observed for electron-releasing substituents
in the para position of the benzyl alcohol.

sing benzyl alcohols and indoles via IBH strategy.
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Scheme 15 Ruthenium-catalyzed synthesis of bis(3-indolyl)phenylmethanes.

Recently, the ruthenium pincer complex-catalyzed BIMs
synthesis from indoles and alcohols was reported by Srimani
and coworkers (Scheme 16).%° Starting from lower-order alcohol
such as methanol to higher-order alcohols such as octanol and
benzyl alcohol reacted well with indoles. The reaction afforded
excellent yields of corresponding BIMs derivatives using
acridine-derived Ru-SNS pincer complex as a catalyst under
reflux conditions. This BIMs synthesis was achieved by redu-
cing 50% of the base loading compared to C3-alkylated pro-
ducts under standard reaction conditions. This result revealed
that the interruption of the BH cycle happened by lowering the
base amount (Table 4). Moreover, the present protocol was
successfully applied to pharmaceutically important alkaloid
derivatives such as arundine, vibrindole A, and tryptamine.

Very recently, Biswal et al., reported phosphine-free ligand-
controlled ruthenium-catalyzed IBH functionalization of
ketones for the formation of C-C bond using methanol as a C1
Source.” In this report by changing the ligand system authors
achieved both BH and IBH products as shown in Scheme 17.
Optimization studies reveals that at low loading of base and
Ru-N,C catalyst 35 gives the BH product (a-methyl propiophe-
none 37), wherein Ru-N,N catalyst 36 at high loading of base
gives IBH product (1,5-diketones 38).

Cat. 33 (1 mol%)

KOH (0.25 mol%)
+ REOH ———

Toluene
135 °C, Argon, 18 h

x
7N\
IZ/

R? =X
W

In this Ru-catalysed IBH reaction, both electron-releasing and
-withdrawing substituents reacted smoothly to give the desired
products in excellent yields. Importantly, alicyclic and heteroaryl
ketones gave the expected diastereomeric products in good yields
(Scheme 18). Control experiments and deuterium labeling experi-
ments suggest that the in situ formed formaldehyde from metha-
nol reacts with ketone to give enone 40. Intermediate 40 further
reacts with another ketone molecule and forms 1,5-diketone 39
via Michael addition (Scheme 19). The electronic effect of cationic
complex 36 that contain pyridine moiety plays crucial role in
irreversible hydrogenation reaction to liberate hydrogen gas.

2.3. Cobalt catalysis

Most of the BH and IBH reactions were reported with Ir and Ru-
based catalysts. These noble metal catalyst systems have
potential drawbacks, such as being expensive, having low earth
abundance, difficulties in preparing complexes, and high air
and moisture sensitivity. Thus, the replacement of noble metal
catalysts by less expensive and highly efficient earth abundance
non-noble metal catalysts system finds potential applications
in the scientific community. As a result, in recent years,
manganese, cobalt, iron, and nickel-based catalysts have been
designed to replace noble metals. In this context, Chunshan Li

(o

i

(15 examples |
up to 92% yield) c

ey QY

34a (68% )
Arundine

34b (85%)
Vibrindole A

Scheme 16 Ru-SNS pincer-catalyzed synthesis of bis(3-indolyl)phenylmethane derivatives.
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Table 4 Optimization of the reaction condition for the synthesis of bisindolylmethane

=

R1—m + OH
oy AV
H

Entry” Base (mmol) Indole : Alcohol Yield %
1 KOH (1) 1:1 65
2 KOH (1) 1:3 60
3 KOH (1) 1:4 45
4 KOH (1) 1:5 43
5 KOH (0.5) 1:5 0
6 KOH (0.25) 1:5 25
7° KOH (0.5) 1:1 60
8¢ KOH (0.25) 1:0.5 75

“ Reaction conditions: Indole (1 mmol), 1-octanol (5 mmol), Cat. 36 (0.01 mmol, 1 mol%), pressure tube, 135 °C, 18 h. ? Toluene as a solvent
(1 mL). € Indole (1 mmol), alcohol (0.5 mmol), catalyst 1 (0.005 mmol, 1 mol%), KOH (0.25 mmol), toluene (1 mL), 135 °C, 18 h.

Ph Ph pF,
Ph—(/\lll/ o ph— IN i
[\ % G
:Ru :Ru
<c~ =N \
\/ L/
Cat. 35 Cat. 36
(0] Cat. 35 (1 mol%) o) Cat. 36 (1 mol%) o) o)
KOH (20 mol%) KOH (50 mol%)
Ar Ar Ar Ar
MeOH (1mL) MeOH (1mL)
o] [o}
37 70°C,24h 70°C,24h -
BH Reaction IBH Reaction

Scheme 17 Ru-catalyzed ligand controlled IBH and BH reaction of a-alkyl ketones for the formation of C~C bonds using methanol as a C1 source.

o Cat. 36 (1 mol%)
KOH (50 mol%)
Ar
R MeOH (1mL)
70°C,24h
R = Me, Et
-CHy(Cyclic)
-CHzAI'

(23 examples
up to 81% yield)

JTTu

R= -Me 39a (78%) (1.25:1)?
= -Et 39b (69%) (1:1.14)
(o] (@]
S S
\_| W,

39¢ (65%)

[¢) (6]
39f (76%) (1.25:1)?
2Diastereomeric ratio calculated from 'H NMR.

R= 39 (72%) (1.05:1)?
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39d (76%) (1.05:1)
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Scheme 18 Ru-catalyzed synthesis of 1,5-diketones by using methanol via the IBH strategy.

This journal is © The Royal Society of Chemistry 2023

Chem. Commun., 2023, 59, 7847-7862 | 7857


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc01517c

Open Access Article. Published on 24 Mee 2023. Downloaded on 19.01.26 22:43:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

[Ru-N,N] (Cat.36)

View Article Online

ChemComm

MeOH + KOH
u-N,N o 0 o
TV J _KoH__ CaN
2
3 H H Ar -HoO Ar Ar
R a0 R R
KOH Mlchael
MeOH addition
Ru-N,N
[| u-N,N] o) o)
H
Ar Ar
R R
39

Scheme 19 A plausible reaction pathway for Ru-catalyzed synthesis of 1,5-diketones via IBH strategy.

and coworkers reported that the cobalt-catalyzed O,-IBH strat-
egy synthesizes a,B-unsaturated esters from esters and alcohols
(Scheme 20).*® They have demonstrated that the PNsP ligand
stabilized cobalt complexes were highly active in catalyzing
the dehydrogenation of alcohol into aldehyde and showed
excellent activity in the IBH reaction of esters with alcohol.
These complexes are very stable toward air and moisture, and
the preparation follows a simple synthetic procedure (using
PN;P ligands and CoCl,). Indeed, moderate to good yields were
obtained for a wide range of substrates with high functional
group tolerance, including alcohols, acetates, propionates, and
diols. Mechanistic investigations illustrate that the activation of

Cat. 41 (5 mol%)

% K'OBu (1M in ‘BuOH)
o~ _R"
R” "OH + HJ\O 20% O, toluene, 80 °C

R’

cobalt complex was done by KO‘Bu via double deprotonation of
PN;P ligand and the removal of dichloro ligands, followed by
alcohol activation and dehydrogenation. The oxygen atmo-
sphere in the catalytic reaction is crucial for interrupting the
hydrogen borrowing pathway to avoid the further hydrogena-
tion of C=C bonds in ¢-butyl cinnamate (Scheme 20).

A wide variety of organic molecules, like heterocyclic and
polyfunctional compounds, are prepared using diketones as
building blocks. Due to their pharmacological and biological
activities, 1,5-diketones gained a lot of attraction. In long-
established methods, 1,5-diketones are prepared by the
Michael addition and condensation between aldehydes and

R1

0 1
o L
(R3),P—Co—P(R?),

R’ >
52 CI/ Cl
(43 examples M

up to 89% yield)
R'= Ph/Me, R3= j-pr/Cyclohexyl
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Scheme 20 Cobalt-catalyzed synthesis of a,B-unsaturated esters via mild O,-interrupted hydrogen borrowing strategy.
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Scheme 21 Cobalt ()porphyrin mediated selective synthesis of 1,5-diketones via IBH strategy.

aryl methyl ketones. The cobalt (i) porphyrin-mediated IBH for
the synthesis of 1,5-diketones from a variety of ketones using
methanol as a C1 feedstock was reported by the research group
of Chandrasekhar and Venkatasubbaiah (Scheme 21).*° Experi-
mental mechanistic studies and deuterium labeling experiments

revealed that the reaction mechanism proceeds through the IBH
mechanism involving protonated cobalt(u)porphyrin methoxide
complex as an intermediate followed by Michael addition of
enolate ion and alpha methylenated ketone. This intermediate
further generates formaldehyde along with metal hydride.

& q\/\;{" Cat. 45 (5 mol%)
= +
X \ "
N KO'Bu (50 mol%) R., 2 N\Mn/N
toluene
120°C,20 h
0 (32 examples 45
up to 96% yield)
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46e (80%)
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46c (47%)
ST-1385

46f (50%)
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Scheme 22 Manganese-catalyzed coupling of alcohols with indoles to form BIMs derivatives via IBH strategy.
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Scheme 23  Mechanistic experiments for Mn(i) pincer complex-catalyzed synthesis of bis(indolyllmethane derivatives.

2.4. Manganese catalysis

Recently, our group reported Mn(u) pincer complex-catalyzed
synthesis of bis(indolyl)methane derivatives (Scheme 22), and this
process is a phosphine ligand-free as well as an air-stable
method.”® A wide range of alcohols, including aliphatic and
aromatic alcohols, afforded the corresponding symmetrical and
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H
H N
¥)
V. ,
5y
R”H
KO’Bu
-HZO

. R ’ . R ’
I =N ‘— I \

N \

unsymmetrical BIMs derivatives in excellent yields. Besides, bio-
logically important compounds such as Vibrindole A, Turbomycin B
alkaloid, Antileukemic, and anticancer agents were also prepared
by our protocol.

Controlled experiments and mechanistic studies were per-
formed to establish the reaction mechanism. The reaction of

H
| X
= N\Mn/N }
H

|
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Scheme 24 Plausible reaction mechanism for Mn(i)-complex catalyzed synthesis of BIMs.
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deuterium-labeled alcohol (47) with indole was revealed under 91%
deuterium incorporation in the product by 'H-NMR analysis
(Scheme 23a). Next, parallel and competitive experiments of alco-
hol 48 and 47 with indole gave the kinetic isotope effect (KIE)
(Schemes 23b and 23c). The KIE (Ky/Kp) value obtained in parallel and
competitive experiments values 2.19 and 2.03 are in close agreement
with each other and provide evidence that the dehydrogenation of the
alcohol took place at or before the rate-determining step and revealed
that the reaction proceeds via IBH strategy (Scheme 24).

The precatalyst 45 produces the reactive intermediate 50 in the
presence of a base, and further alcohol activated via metal-ligand
cooperation (MLC)*" leads to the 51. The B-hydride elimination of
intermediate 51 gives the corresponding carbonyl by the for-
mation of intermediate 52. The reaction cycle continues with
the liberation of H, from intermediate 52 to give 50. Next, the
in situ generated carbonyl gives BIM product by base-catalyzed
condensation reaction with indole followed by Michael-type
nucleophilic addition of another indole molecule (Scheme 24).

3. Conclusions

In this review article, we summarized recent efforts on IBH
strategy to form a new C-C bond using abundant starting
materials such as methanol and other alcohols as C1 feedstocks
under transition-metal catalysis. Mainly, the reaction utilizes Ir,
Ru, Co, and Mn-based complexes as catalysts for the synthesis of
3,3'-Bisindolylmethanes (3,3'-BIMs), alpha-branched ketones,
diketones, and regioselective alkylation reaction via IBH strategy.
Importantly, this methodology provided simple, mild, efficient,
and eco-friendly methods for synthesizing various products. In
addition, the metal catalysts and reaction conditions play a crucial
role in such transformation, and the reaction mechanism was
clearly explained. For all these reactions, the initial key step
involves the dehydrogenation of alcohol to aldehyde, followed
by the formation of metal hydride species. Consequently, the
coupling reaction between the aldehyde and indole/methyl ketone
forms enamine/enone intermediates. Then, the interruption of
the borrowing hydrogen pathway was done by nucleophilic attack
under the reaction conditions leading to a new functionalization
or modification of the final product. The various parameters,
including transition metal catalyst, reaction atmosphere, and
ligand systems, play a significant role in this interruption of
borrowing hydrogen cycle to give their corresponding desired
products. On the other hand, developing new and efficient
reaction systems (homogeneous and heterogeneous) and expand-
ing reaction models including an enantioselective IBH strategy is
highly desirable, especially with more abundant 3d-transition
metal catalysts. The reported application of the IBH strategy is
limited; however, it has been highly successful to date. Moreover,
this concept can potentially broaden its synthetic scope shortly.
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