
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

07
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A new and inform
S
d
d
a
C
t
w
t
T
f
s
p
o

ically active natural products and
methods.

Department of Chemistry, Indian Insti

Mumbai-400076, India. E-mail: kpk@chem.

Cite this: RSC Adv., 2018, 8, 21292

Received 18th April 2018
Accepted 4th June 2018

DOI: 10.1039/c8ra03338b

rsc.li/rsc-advances

21292 | RSC Adv., 2018, 8, 21292–2130
ative [a,b,c,d] nomenclature for
one-pot multistep transformations: a simple tool to
measure synthetic efficiency

Satrajit Indu and Krishna P. Kaliappan *

Domino, cascade and tandem reactions constitute the most efficient and creative chemical

transformations with a huge domain of synthetic utility and applications. A number of reactions may

be achieved in a single pot, accompanied by the formation of new rings and new bonds, leading

towards higher molecular complexity. A lack of one unified, yet informative descriptor often

understates the synthetic ingenuity of certain highly creative transformations. In this review, we

propose a new tetra-coordinated [a,b,c,d] nomenclature which takes into account and displays the

basic parameters which generally indicate the level of efficiency of a chemical transformation. An

almost exhaustive set of one-pot multistep reactions may be described by this system and this review

is an attempt to display the one-pot multistep transformations reported from our group and to classify

them based on our proposed descriptor.
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Scheme 1 Roush's tandem inter- and Intramolecular Diels–Alder
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1 Introduction

Over the last few decades, one-pot multistep reactions have
evolved into one of the major tools for synthetic organic
chemists to execute the construction of highly complex molec-
ular architectures.1 With the isolation of more and more new
natural products of signicant complexity every year, the need
for assembling a complicated molecular framework using less
resources and in a short time period has gained utmost
importance. An ideal synthetic route demands: (i) quantitative
yields, (ii) fewest possible steps, (iii) shortest possible reaction
times, (iv) zero by-product formation and (v) easy purication.
Of course, an ideal synthesis is far from realistic, but difficult as
the planning and execution may be, many groups have suc-
ceeded in exhibiting reactions where a number of processes are
wonderfully orchestrated into a single well-controlled sequence.

With gradual increase in the number of one-pot, multistep
and multicomponent reactions, there arises a denite need to
dene and classify them according to some general represen-
tative system. The terms “domino”, “cascade” and “tandem”

have all been interspersed in their use to describe one-pot
multistep reactions. Tietze dened “domino” reactions as “a
process involving two or more consecutive reactions in which
subsequent reactions result as a consequence of the function-
ality formed by bond formation or fragmentation in the
previous step”.1a,1b In other words, any multistep process where
the reaction conditions were altered aer formation of
a primary product would be counted as “consecutive reac-
tions”.1b Denmark dened “tandem reactions” as an all-
encompassing term to refer to reactions that occurred “one
aer the other” to classify cycloaddition reactions. He used the
terms “cascade” (or domino), “consecutive” and “sequential” to
determine how the two (or more) reactions follow.1d Nicolaou
also described all the three terms as broadly interchangeable
and used “cascade reactions” as the common descriptor.1e

In more recent times, the efficiency of a synthetic route is
measured in terms of “pot economy”, “atom economy”, “step
economy” and “redox economy” as summed up very precisely by
Hayashi.2 “Atom economy”, a term rst coined by Trost ensures
that most of the material used in a process ends up getting
utilized as part of the nal product(s), which minimizes by-
product formation.3 “Step economy” was introduced by
Wender, which focuses on the elegance and creativity of
a designed synthetic route.4 Lesser number of steps leads to
lesser amount of materials used and less time and energy spent
in the quest towards completing an “ideal synthesis”.4c “Redox
economy” proposed rst by Baran and Hoffmann reduces the
unnecessary changes in oxidations states of isolable interme-
diates, which in turn reduces the number of steps.5 Finally “pot
economy” reduces the number of intermittent work-up and
purication processes as multiple reactions may be carried out
in the same vessel.6

But even aer all these terms have been dened and applied
to reactions, there would always be some reactions which get
excluded from a certain set or subset of such domains of
scientic descriptors. Most of these terms would not encompass
This journal is © The Royal Society of Chemistry 2018
an exhaustive (or comparable to) set of one-pot, multistep
reactions and would also fail to provide many of the signicant
details about the efficiency of the same. A very pertinent case in
point would be the tandem inter- and intramolecular Diels–
Alder reactions in the key step of Roush's enantioselective total
synthesis of (�)-chlorothricolide (Scheme 1). Starting from an
acyclic substrate 1, the formation of two different bicyclic units
(a fused system and a spiro system) was accomplished in the
same pot and under the same reaction conditions, in the
presence of a chiral dienophile 2.7 Tietze in his book titled
“Domino Reactions in Organic Synthesis” has classied the
above transformation as a “tandem process”, rather than
a “domino process” with a lot of clarity.1a

Heathcock and co-workers devised another equally brilliant
chemical transformation during their synthesis of daphni-
lactone A, where they assembled the hexacyclic core structure of
the molecule in one-pot starting from a much simpler bicyclic
intermediate.8a,8b

The diol 4 underwent oxidation to generate the corre-
sponding dialdehyde, followed by condensation with ammonia
to give the 2-azabutadiene intermediate 5. This was followed by
a [4 + 2] cycloaddition and an aza ene-type cyclization to obtain
the highly complex hexacyclic intermediate 7 (Scheme 2).8

While both of these ingenious transformations are “atom
economic”, “pot economic” and “step economic”, unfortunately
there is a lack of a unied technical descriptor, which can serve
justice to the beauty and ingenuity of the overall trans-
formations mentioned above.

Hence a general and more informative nomenclature is
required to classify the plethora of multistep as well as multi-
component reactions. This review would be directed towards
the proposal of such a systemwheremost one-pot reactionsmay
be included, irrespective of the working eld in which they are
applied. Once introduced with clarity, we would classify a few
examples of one-pot multistep reactions reported from our
group according to this new nomenclature.
2 The [a,b,c,d] nomenclature for one-
pot multistep reactions

We herein propose the use of a tetra-coordinated [a,b,c,d]
nomenclature to describe multistep or even multi-component
strategy towards (�)-chlorothricolide.

RSC Adv., 2018, 8, 21292–21305 | 21293
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Scheme 2 Heathcock's aza diene hetero Diels–Alder strategy towards
daphnilactone A.

Scheme 3 Nicolaou's total synthesis of endiandric acid A, D and E
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one-pot reactions, where the four alphabets denote the
following:

(a) Number of pots.
(b) Number of reactions taking place in one-pot.
(c) Number of rings formed in one-pot.
(d) Number of bonds formed in the same one-pot sequence.
The value of ‘(a)’ would generally be 1, as we are broadly

interested in one-pot sequences, although for describing
a multistep synthetic route, the same model might be extrapo-
lated, but that would be outside the scope of this review. The
number of distinct reactions ‘(b)’ taking place in the same pot
would exclude the steps where a reactive intermediate might be
formed as one of the “steps”. So, the formation of a carbocation
or a reactive radical or the formation of an enolate would not
count as a “reaction”, although it might involve bond breaking
and/or bondmaking. A higher value of ‘(b)’ would automatically
make a synthesis “step economic”. The value of ‘(c)’ gives a very
good indication about the ingenuity of the reaction, as the
formation of two or more rings in a single step would generally
be a very commendable achievement. Lastly, the number of new
bonds formed ‘(d)’ would also provide valuable information
about the amount of complexity, which is generated in
a particular step. Radical or cation mediated domino polyene
cyclizations, domino metathesis reactions, cycloadditions,
transition metal catalyzed multi-fold coupling, C–H activation
or even reactions involving a combination of two or more of the
above may be described by the [a,b,c,d] system of nomenclature.
Even multi-component reactions, which are generally not
considered under the domain of domino/cascade/tandem
reactions, may be described efficiently through this nomencla-
ture. In light of this new system, Roush's tandem inter- and
intramolecular Diels–Alder transformation mentioned earlier
may be highlighted as a [1,2,3,4] process (Scheme 1). Likewise
for Heathcock's transformation from a bicyclic intermediate to
the core structure of daphnilactone A, 4 new rings and 5 new
bonds are formed, through a domino sequence of 4 reactions
and this highly efficient one-pot transformation may be termed
21294 | RSC Adv., 2018, 8, 21292–21305
as a [1,4,4,5] process, thereby throwing light on the synthetic
value of the transformation (Scheme 2). The high values of ‘(c)’
and ‘(d)’ underline the efficiency of these processes.

Nicolaou's one-pot total syntheses of the endiandric acids
family also provide a monumental achievement in the eld of
cascade transformations to arrive at natural product scaffolds.9

The one-pot total syntheses involved thermally allowed pericy-
clic reactions using the mildest of reagents (Lindlar catalyst, H2

gas and heat), and the strategy was based on a hypothesis for
their biosynthesis proposed by Black and co-workers.10 The
polyunsaturated methyl ester containing a conjugated diyne
with cis-oriented double bonds 8 underwent a thermal 8p
electrocyclization followed by another thermal 6p electro-
cyclization to obtain a mixture of the interconvertible bicyclic
compounds endiandric acid D and E methyl esters ([1,2,2,2]
transformations). Endiandric acid E methyl ester 10 underwent
another facile intramolecular Diels–Alder reaction with the
pendant diene to form endiandric acid A methyl ester 12. The
overall synthesis of endiandric acid A methyl ester involved the
formation of 3 independent pericyclic reactions with the
subsequent formation of 4 rings and 4 bonds, thereby classi-
fying it as a [1,3,4,4] transformation (Scheme 3).

A similar strategy was followed with a higher vinylogous
homologue of the conjugated diyne 13 to obtain an intercon-
vertible mixture of endiandric acid F and G methyl esters
([1,2,2,2] transformations). Each of them underwent thermally
methyl esters.

This journal is © The Royal Society of Chemistry 2018
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Scheme 4 Nicolaou's total syntheses of endiandric acid B, C, F and G
methyl esters.

Fig. 1 Thapsigargin and its core structure.
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allowed intramolecular Diels–Alder reactions to afford endian-
dric acid B methyl ester 16 and endiandric acid C methyl ester
17 respectively ([1,3,4,4] transformations). The excellent degree
of stereocontrol in setting up of 8 new stereocenters in the one-
pot transformations is indeed remarkable in its synthetic effi-
ciency and operational simplicity (Scheme 4). Nicolaou's
syntheses of endiandric acids along with the two earlier one-pot
transformations cited here serve as very instructive examples for
the application of our proposed [a,b,c,d] nomenclature, where
high values of ‘(b)’, ‘(c)’ and ‘(d)’ equates to higher efficiency of
a synthetic process. Also terming the one-pot syntheses of
endiandric acid A, B and C methyl esters as [1,3,4,4] trans-
formations adds more value to the ingenuity of the reactions
than merely terming it as a “cascade” process.

In general, synthetic efficiency is broadly measured by the
number of steps involved in achieving a particular
Scheme 5 Domino enyne metathesis/RCM strategy towards angular
dioxatriquinanes.

This journal is © The Royal Society of Chemistry 2018
transformation and the respective yields of each of the steps
involved therein. Subjective terms like “step economy” and “pot
economy” sometimes tend to overlook the complexity that is
achieved during a particular synthetic transformation.
Although our proposed system does not take into account the
yield of a particular transformation, but the tetra-coordinated
nomenclature would provide a very good idea about the
amount of complexity achieved through a particular chemical
reaction. A low value of ‘(a)’ (preferably 1) suggests a “pot
economic” process, while high values of ‘(b)’, ‘(c)’ and ‘(d)’ in
most cases, would indicate a high degree of “step economy”.
Most importantly, this provides a quantitative estimation about
the synthetic process, which provides a better tool, in compar-
ison to any existing parameter for describing synthetic
efficiency.

Having dened this new system of nomenclature and cited
a few classical examples from literature, we would like to clas-
sify a more or less exhaustive list of one-pot reactions reported
from our group according to the [a,b,c,d] system. We would be
focusing entirely on one-pot reactions and hence the values of
‘(a)’ would be 1 for all our examples cited in this review. While it
Scheme 6 Domino enyne metathesis/RCM strategy towards the
thapsigargin skeleton.

Fig. 2 Taxol and its core structure.

RSC Adv., 2018, 8, 21292–21305 | 21295
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Scheme 7 Domino cross enyne metathesis/Diels–Alder route to
bicyclo[5.3.1]undecene framework.

Fig. 3 Naturally occurring C-aryl glycosides.
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is easy to count the number of reactions taking place in
succession and identify the number of rings formed in the
process, it might sometimes be a little confusing to identify all
the new bonds formed during the one-pot transformation. In
order to make things easier for the reader, we would highlight
the new bonds formed during any process with bold bonds.

The key domains of organic synthesis where we have
explored one-pot domino reactions may be listed as follows: (i)
enyne metathesis (EM)/ring closing metatheses (RCM)
cascades, (ii) tandem Enyne metathesis/Diels–Alder reactions,
(iii) multifold transition metal catalyzed coupling (iv) transition
metal catalyzed coupling followed by annulation. In addition to
these, we would also sum up some other reaction combinations,
which have been utilized in one-pot, domino fashion to facili-
tate complicated transformations.
3 Enyne Metathesis/RCM cascades
3.1. [1,2,2,2] transformations

Polyquinanes, both angular as well as linear have always
generated a lot of synthetic interest from natural product
chemists, because of their aesthetically pleasing structures,
besides exhibiting important biological activities. While the
synthesis of carbocyclic triquinanes had a lot of literature
precedence, there was a dearth of reports regarding the
formation of their related oxa-analogues. In 2004, our group
reported the use of sugar backbones to accomplish the
synthesis of angularly fused dioxatriquinanes through a novel
domino metathesis strategy.11

Glucose diacetonide 18 was converted to the potential
domino metathesis precursor 19 over 5 steps. But unfortunately
all attempts to carry out the sequential EM/RCM transformation
failed as the enyne metathesis product 20 was obtained as the
sole product. At this point, it was envisaged that removal of the
Scheme 8 Cross enyne metathesis/Diels–Alder cascade for the
construction of taxa-oxa sugar hybrids.

21296 | RSC Adv., 2018, 8, 21292–21305
acetonide group might reduce the strain in the tetrahydrofuran
sugar unit, which would bring the reacting double bonds closer
to each other aer enyne metathesis had been accomplished.
To this end, the acetonide was solvolyzed under methanolic
conditions, to generate a diastereomeric mixture of the meth-
ylated lactols. The major product of the two was separated and
the 2-hydroxyl group was acylated to generate compound 21 as
the precursor for the domino reaction.

Treatment of 21 with Grubbs' 2nd generation catalyst G-II
(Grubbs' 1st generation catalyst G-I had provided only traces of
the enyne metathesis product) under ethylene atmosphere
could provide only the enyne metathesis product 23, while the
domino reaction product 22 could be generated under argon
atmosphere with 60% yield (Scheme 5). Results did not vary
much upon changing the solvent from DCM to toluene. A closer
look at the tricyclic product revealed that in the one-pot trans-
formations, 2 new bonds were formed in each of the products.
Hence the classications may be described as [1,2,2,2] for 22
and [1,1,1,2] for 23. From the above studies, it was evident that
solvent does not play a major role in the overall distribution of
the two possible products, but the catalyst used and the reaction
atmosphere made a huge difference in product selectivity.

A similar domino metathetic strategy was utilized to prepare
the thapsigargin skeleton starting from D-glucose diacetonide.12

Thapsigargins, a family of closely related guaianolides, isolated
from the Mediterranean species Thapsia, exhibit a densely
Scheme 9 Domino cross enyne metathesis/Diels–Alder/aromatiza-
tion route to C-aryl glycosides.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Otteliones and loloanolides.
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oxygenated tricyclic core, with more than 7 stereogenic centers
and are functionalized with an array of acyl groups (Fig. 1).
Thapsigargins were known to be potent histamine liberators
and selective inhibitors of sarcoendoplasmic reticulum Ca2+

ATP dependent pumps (SERCAs).13 Thapsigargins also show
remarkable specicity for the SERCA isozymes, and so became
powerful tools to manipulate and study intracellular Ca2+-
dependent signaling pathways.14 Thapsigargin 24 and its family
of guaianolide natural products have aroused a lot of synthetic
interest due to their remarkable biological activity and limited
availability from natural resources.15

Our synthetic strategy commenced with glucose diacetonide
and the domino EM/RCM precursor 27 was reached through
a sequence of 11 steps. The precursor 27 when treated with G-I
catalyst yielded 79% of the 5,7,5-fused tricyclic framework 28
over 10 h, whereas the use of G-II facilitated the transformation
further with an excellent yield of 89% in just 5 h (Scheme 6).

Much like the one-pot synthesis of dioxatriquinanes earlier,
this was a two-reaction sequence, accompanied by the forma-
tion of 2 rings and 2 new bonds formed during the trans-
formation and hence this could be termed as a [1,2,2,2] strategy.
4 Enyne metathesis/Diels–Alder
cascades
4.1. [1,2,2,4] transformations

Construction of motifs containing the bicyclo[5.3.1]undecene
system 29 is a very useful and attractive prospect as it forms
a part of many complex natural products including taxol 30
(Fig. 2).16 As a part of our research on the development of
domino reactions in conjunction with metatheses, a very
Scheme 10 Construction of 4-methylene-2-cyclohexenone scaffold.

This journal is © The Royal Society of Chemistry 2018
elegant enyne cross metathesis/intramolecular Diels–Alder
(IMDA) strategy for the synthesis of this privileged[5.3.1]unde-
cene scaffold was reported.

The key transformation was carried out on the enyne 31
using 10 mol% of G-II in toluene at 80 �C to obtain the desired
bicyclic scaffold 33. The primary cross enyne metathesis formed
two new bonds, while the sequential intramolecular Diels–Alder
reaction formed two more new bonds in the process of con-
structing two new rings (Scheme 7).

So, according to our proposed template of nomenclature,
this could be classied as a [1,2,2,4] strategy. This was the rst
report of an intermolecular enyne metathesis in sequence with
an IMDA reaction for the preparation of the AB ring system of
taxol.17

In relation to our interest in the synthesis of taxol and its
related structures,17,18 we also developed the design and
synthesis of hybrid natural products related to taxol. Hybrid
molecules are functional adducts generated from two or more
natural or unnatural molecules, each retaining their own
structural features.19 The various components of each entity
may be modied or tuned to enhance their characteristic bio-
logical activities and hence the construction of such hybrid
natural products opens up a lot of scope for structure activity
relationship studies. We envisaged the construction of a taxa-
oxa sugar hybrid core structure utilizing a domino enyne
cross metathesis/Diels–Alder sequence.20

Starting from D-glucose diacetonide 18, the free hydroxyl was
propargylated and the terminal alkyne was methylated in good
yields to obtain the intermediate 34. A further 4-step sequence
yielded the precursor 35 for the domino enyne metathesis/
Diels–Alder transformation. Treatment of the methylated
alkyne 35 with Grubbs' 2nd generation catalyst G-II under
ethylene atmosphere triggered off the enyne cross metathesis
and the intermediate diene reacted spontaneously with the
pendant enone to form the Diels–Alder adduct 36 in 57% yield
(Scheme 8).

This proved to be a highly general and efficient protocol for
constructing taxa-oxa sugar hybrids, where the hybrids could be
varied by the use of different sugar moieties. The key one-pot
domino process involved two reactions resulting in the forma-
tion of two new rings and four new bonds, thereby being
established as a [1,2,2,4] process.
4.2. [1,3,1,4] transformations

The C-aryl glycosides are an important variety of carbohydrates,
where the sugar unit is attached directly to aromatic rings,
which makes themmuch less susceptible to acid and enzymatic
hydrolysis (Fig. 3).21 Much attention is generally given towards
the construction of the key C–C bond to forge the sugar unit and
the aromatic group, but the direct use of quinones via Diels–
Alder/aromatization routes to set up the aromatic moiety was
much less explored.22 So in 2007, our group reported a general
strategy for the preparation of C-aryl glycosides utilizing an
enyne cross metathesis of sugar derived alkynes 41 with
ethylene followed by a Diels–Alder/aromatization sequence.23
RSC Adv., 2018, 8, 21292–21305 | 21297
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While the standard conditions for carrying out the above
mentioned transformation consisted of a 2-step sequence,
a single attempt at the one-pot metathesis/DA/aromatization
transformation using Grubbs' 2nd generation catalyst G-II
under ethylene atmosphere also yielded the required C-aryl
glycosides, albeit with lower yields (30–35%), in comparison
to the 2-step sequence (more than 50% combined yields over 2
steps) (Scheme 9).

A detailed analysis of the structural transformation demon-
strates the formation of only 1 ring over the 3 successive reac-
tions assisted by the formation of 4 new bonds (Scheme 9). So
this versatile synthetic strategy towards the formation of C-aryl
glycosides offering a lot of scope for diversication should be
termed as a [1,3,1,4] strategy with respect to our proposed
nomenclature.
Scheme 11 Synthesis of domino enyne metathesis/Diels–Alder
precursor.
4.3. [1,2,1,2] transformations

The growing utilities of enyne cross metathesis/Diels–Alder
cascades led to a similar strategy being adopted for an efficient
construction of 4-methylene-2-cyclohexanone moieties, which
form an integral part of natural products like otteliones and
loloanolides.24

Otteliones 45 were isolated from the fresh-water plant Ottelia
alismoides collected in the Nile Delta and they show impressive
antitubercular activity and cytotoxicity at nM to pM levels
against a panel of 60 human cancer cell lines.25 Loloanolides 46,
47 exhibit cytotoxicity against the HepG2 cell line, with GI50
values of nanomolar level.26 It is believed that these biological
activities arise from the presence of the unique 4-methylene-2-
cyclohexanone motifs in these natural products (Fig. 4).

The synthetic journey started with the introduction of the
triple bond through an addition of Li-acetylide on glucose
diacetonide derived ketone. A sequence of 4 further steps
provided the enyne precursor 48. Treatment with 8 mol% of G-II
under ethylene atmosphere yielded the compound 40 with good
yields for each of the differently functionalized tertiary alcohols.
2 subsequent reactions forming 1 ring and 2 new bonds, clas-
sies this transformation as a [1,2,1,2] strategy (Scheme 10).

Having completed the construction of cis-fused 4-methylene-
2-cyclohexanone scaffolds 50, a similar precursor was set up for
the trans-fused scaffold in 9 steps from the glucose diacetonide
Fig. 5 Vinigrol in comparison with other complex core structures.

21298 | RSC Adv., 2018, 8, 21292–21305
derived ketone. Upon treatment with the same conditions as
before, the trans-fused scaffold was obtained in 81% yield
through another [1,2,1,2] strategy. The main signicance of this
strategy lies in the scope for diversication by employing
different sugar units.
4.4. [1,2,3,4] transformations

The efficiency of utilizing a one-pot strategy reached its pinnacle
when an intramolecular enyne metathesis followed by an
intramolecular Diels–Alder (IMDA) reaction was developed to
construct the tricyclic core structure of vinigrol in one step,
starting from a completely acyclic molecule (Fig. 5).27

Vinigrol 55, a unique diterpene having a decahydro-1,5-
butanonaphthalene skeleton forms a part of an elite class of
Scheme 12 First enantioselective formal synthesis of (�)-vinigrol.

This journal is © The Royal Society of Chemistry 2018
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Scheme 14 2-fold C–N bond formation leading to N-aryl
benzimidazoquinazolinones.
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diterpenoid molecules including taxanes, ingenanes and pho-
mactins, which have posed the biggest challenge to synthetic
chemists.28 Only Baran29 and Njardarson30 had completed the
total synthesis of this daunting molecule, but there existed no
enantioselective approaches to construct the tricyclic core
structure of vinigrol.

Our synthesis started with the diastereoselective 1,4-addition
of the Grignard reagent 57 on the known Michael acceptor 56.31

This was followed by the diastereoselective allylation of 58 fol-
lowed by removal of the chiral auxiliary and introduction of the
TMS-protected alkyne to generate the terminal olen 60.
Oxidative cleavage of the terminal olen followed by Brown's
allylation provided the chiral secondary alcohol 62. The primary
alcohol protecting group was swapped from MOM to TBS and
the secondary alcohol was pivaloylated to obtain the interme-
diate 64. A further sequence of 4 steps furnished the enone 65,
which would be the precursor for the key step (Scheme 11).

Our key intermediate 65 was structurally designed so as to
have an olen and a triple bond positioned suitably for an
intramolecular enyne metathesis and another enone moiety,
which would be at a perfect orientation for the subsequent
IMDA reaction with the resulting diene. From our earlier expe-
rience during the synthesis of angularly fused dioxatriquinanes,
we had observed that the use of an ethylene atmosphere halted
the reaction aer the initial enyne metathesis and did not
facilitate a further RCM in sequence.9 Indeed, treatment of the
acyclic key intermediate 65 with G-II (5 mol%) under ethylene
atmosphere provided the required tricyclic intermediate as the
major product 67, although an enyne metathesis/RCM cascade
produced the bicyclic compound 68 as a substantial minor
product (1.8 : 1). However, replacement of the ethylene atmo-
sphere with nitrogen aer complete conversion of 65, followed
by reduction of the temperature to�78 �C and addition of SnCl4
as a Lewis acid facilitated the IMDA reaction and afforded our
desired product in 4 : 1 proportion with the unwanted bicyclic
compound 58 (Scheme 12). The tricyclic structure was then
homologated and reduced stereoselectively to obtain the core
structure of vinigrol, which was identical to Barriault's key
intermediate 69 in their formal synthesis of vinigrol.32

This powerful [1,2,3,4] strategy holds huge importance in
displaying the strength of one-pot domino reactions if tuned
properly to one's desire. The high values of ‘(c)’ and ‘(d)’ in the
nomenclature relates to the tandem formation of 3 rings and 4
new bonds in the same pot and this rst ever enantioselective
approach towards the core structure heralded a whole new
domain in the synthetic history of (�)-vinigrol.
Scheme 13 2-fold cascade C–N bond formation leading to N-aryl
imidazobenzimidazoles.

This journal is © The Royal Society of Chemistry 2018
5 Multifold transition metal catalyzed
coupling
5.1. [1,2,1,2] transformations

The scope and applications of one-pot domino transformations
is not only limited to the construction of complex natural
products, but they have also been widely used in heterocyclic
chemistry as well. A large number of important pharmaceutical
compounds,33 functional materials34 and agrochemical prod-
ucts35 contain a variety of nitrogen containing heterocycles. In
2014, we reported a one-pot Cu-catalyzed route to N-aryl imi-
dazobenzimidazoles via a two-fold cascade C–N bond formation
involving an sp2 C–H activation (Scheme 13).36

A range of N-(o-aminoaryl)azoles 70 were treated with 2-
bromopyridines 71 in the presence of Cu(OAc)2$H2O, 1,10-
phenanthroline as a ligand and potassium phosphate as a base
in DMF at 130 �C. A library of N-pyridyl imidazobenzimidazoles
was synthesized with very good yields, exhibiting a wide func-
tional group tolerance.

For the synthesis of N-phenyl imidazobenzimidazoles, the
same conditions were used by only altering the base to sodium
tert-butoxide to generate another group of these interesting
tetracyclic compounds with good to excellent yields (Scheme
13). This short and crisp access to complicated heterocyclic
skeletons in a single pot represented an efficient [1,2,1,2]
transformation, which was not just straightforward, but also
highly scalable. A number of these imidazobenzimidazoles
could potentially act as useful ligands in various catalytic
reactions, which added to the scope of the methodology.

A related class of nitrogen containing fused heterocycles is
represented by benzimidazoquinazolinones 75, known to
Scheme 15 Selective O- and N-cyclization strategy towards benzo-
furans and indoles.

RSC Adv., 2018, 8, 21292–21305 | 21299
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Scheme 16 Sonogashira coupling followed by cyclization to form 2-
substituted benzofurans and indoles.

Scheme 17 Domino Sonogashira coupling followed by cyclization
towards indolyl-C-glycosides.
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exhibit anti-cancer37 and anti-tumor activities by truncating the
proliferation of human cell lines.38

Using very similar conditions as before, N-(o-aminoaryl)
quinazolinones 74 were treated with aryl or heteroaryl bromide
derivatives to afford N-aryl benzimidazoquinazolinones 75 in
good to excellent yields (Scheme 14).39 Special emphasis was
laid on the uorine containing analogues as they are known to
be biologically much more potent than their hydrogen
analogues40 and under the standard Cu-catalyzed conditions,
a variety of uorine substituted N-aryl benzimidazoquinazoli-
nones were prepared.

This direct [1,2,1,2] amination route towards the formation
of such complex heterocyclic scaffolds with no side product
formation and high yield was the rst report of such a 2-fold
C–N bond formation route towards the N-aryl benzimidazo-
quinazolinone scaffolds. This was another example of an azole
ring formation with the construction of 2 new bonds via
a domino C–N bond coupling followed by intramolecular C–H
activation.
6. Transition metal catalyzed
coupling followed by cyclization
6.1. [1,2,1,2] transformations

Selective catalysis leading to different products from a common
intermediate under the inuence of different catalytic condi-
tions is a boon in the eld of divergent synthesis.41 2-substituted
benzofurans and indoles form versatile building blocks for the
synthesis of various biologically active compounds and natural
products. In 2014, a selective cyclization strategy using 2-alkynyl
anilines and derivatives of 2-iodophenol was established to
undergo N-cyclization to afford 2-substituted indoles and O-
cyclization under different conditions to form 2-substituted
Fig. 6 Some naturally occurring indolyl-C-glycosides.

21300 | RSC Adv., 2018, 8, 21292–21305
benzofurans (Scheme 15).42 Sonogashira coupling of the
terminal alkyne with the aromatic iodide was followed in situ by
selective cyclization from the common alkynic intermediate 78.

The benzofuran derivatives 79 were synthesized using the
same Cu(I) catalyst devised by Venkataraman43 and the use of
a hard inorganic base like Cs2CO3 at 110 �C was required to
achieve O-cyclization. Benzofuran derivatives were prepared via
a [1,2,1,2] transformation, where 2 new bonds were formed in
the process of constructing the furan ring.

To achieve N-cyclization, soer conditions were required and
the aniline–NH2 group was functionalized with electron with-
drawing groups (Ts, Piv) in order to attribute a soer nature to
the nitrogen center. Pd(PPh3)2Cl2 was used along with a so
organic base Et3N at room temperature to obtain a further range
of 2-substituted indole derivatives 80 via yet another [1,2,1,2]
transformation (Scheme 16).

In continuation with our earlier report on the formation of 2-
indolyl-C-glycosides, this was another important addition in the
development of one-pot transformations towards the
construction of substituted bicyclic aromatics.

6.2. [1,3,1,2] transformations

2-Indolyl-C-glycosides,44 a subset of C-aryl glycosides form an
important class of biologically active compounds having a het-
eroaryl aglycon (Fig. 6).45

Most methods for the preparation of indolyl-C-glycosides
were known through addition of lithio-indoles onto sugar
lactones or lactols.46 Other multi-step routes had also been
achieved, but there was a lack of direct one-pot approaches
towards the synthesis of the same.47,48 In order to develop an
efficient one-pot route towards the formation of this special
class of C-aryl glycosides, we developed a domino Sonogashira
coupling/cyclization strategy to arrive at 2-indolyl-C-
glycosides.49

In all the attempts to achieve cyclization with a free –NH2 in
the aniline partner, all that was obtained was the Sonogashira
coupling product, having an internal triple bond (analogous to
68). It was thus envisaged that attachment of an electron with-
drawing group on the aniline nitrogen would increase the
Scheme 18 Cope–House elimination.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Synthesized family of polyhydroxy pyrrolizidine alkaloids.

Scheme 19 Stereocontrolled synthesis of 5-(+)-epi-hyacinthacine A3.
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acidity of the remaining N–H bond, which was imperative to
facilitate the cyclization. The cyclization was ultimately ach-
ieved by treating a range of sugar derived alkynes 86 andN-tosyl-
2-iodoaniline 87with Venkataraman's Cu(I) catalyst43 and K3PO4

in toluene at elevated temperatures. The remaining tosyl group
in the resulting N-tosyl indoles were removed using TBAF in the
same pot and a library of indolyl-C-glycosides were prepared
using this protocol in good to excellent yields (Scheme 17). This
was a process exhibiting 3 reactions in succession, namely
Sonogashira coupling, subsequent deprotection and nally
tosyl deprotection upon addition of TBAF. For all the substrates
barring the biologically important b-thymidine derived indolyl-
glycoside (restricted to a [1,2,1,2] transformation), the tosyl
group could be deprotected successfully in one-pot fashion. The
general [1,3,1,2] transformation was a direct and quite efficient
route towards the formation of 2-indolyl-C-glycosides 88 and
related natural products.
Scheme 20 Formation of bis-triazoles using tandem “click–click”
strategy.
7. Other categories of one-pot
multistep reactions
7.1. [1,2,1,2] transformations

Cope–House cyclization is the reverse of Cope elimination and
offers a direct route to the formation of 5 membered heterocy-
cles with a hydroxylamine unit,50,51 but had seldom been
utilized in the synthesis of natural products or their analogues
(Scheme 18).

Taking interest in studying the synthetic utility of sugar
derived cyclic nitrones, we designed a one-pot protocol to
construct 5-epi-hycynthacine A3 and 5-epi-hyacinthacine A5

along with a few closely related analogous alkaloids (Fig. 7).52

Various sugar derived cyclic nitrones 96 were utilized and
treatment of the same with homoallyl Grignard and exposure to
chloroform produced the Cope–House cyclization products 98
in excellent yields.

Cleavage of the resulting N–O bonds and global benzyl
deprotection was effected under hydrogenation conditions to
furnish a total of 5 pyrrolizidine alkaloids (Scheme 19 and
Fig. 7). The concerted nature of the cyclization ensures
complete stereoselectivity in the 5,5-fused bicyclic products,
which provided the key feature of this 2-step [1,2,1,2]
transformation.
This journal is © The Royal Society of Chemistry 2018
7.2. [1,2,2,4] transformations

Triazole based molecules are known to have very interesting bio-
logical proles such as anti-HIV53 and anti-microbial activities.54

The biocompatible nature and inertness of the triazole ring
towards metabolic transformations55 increases its potential as
a covalent bioconjugate linker. As a continuation of our interest in
the synthesis of C-aryl glycosides, we sought to devise amethod for
the preparation of one novel class of this unique family of
compounds.

Owing to the high selectivity and functional group tolerance of
“click” reactions, these transformations have found enormous
applications in the eld of drug discovery and materials science.56

Click reactions involving azides and sugar derived alkynes have
been widely explored, including tandem “click–click approaches”
leading to the formation of more than one triazole at a time, by
RSC Adv., 2018, 8, 21292–21305 | 21301
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Fig. 8 Naturally occurring coumarin glycosides.
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inter and intramolecular click reactions on azido alkynes.56e,57

However, back in 2009, there had been no reports on the formation
of more than one triazole ring in tandem fashion using intermo-
lecular click reaction between an azido alkyne, an alkyne and an
azide. This prompted us to develop a tandem “click–click
approach” using the sequential addition of an external alkyne 99,
a sugar derived azido alkyne 100 and an external azide to form
a group of bis-triazoles 101 in the presence of CuI and DIPEA with
moderate yields (Scheme 20).58

4 new bonds and 2 new rings were formed during this
[1,2,2,4] transformation which has great merit in the fact that
two triazole rings were obtained in the same pot and the
external alkyne could easily be tuned in order to link two
carbohydrate units together.
7.3. [1,4,1,3] transformations

Another subset of C-aryl glycosides is the family of coumarin
glycosides where the anomeric carbon of the sugar unit is
linked with a coumarin pharmacophore (Fig. 8).
Scheme 21 Multicomponent synthesis and postulated mechanism for
the formation of glycosyl iminocoumarins.

21302 | RSC Adv., 2018, 8, 21292–21305
A large number of coumarin O-glycosides are known, while
the only naturally occurring coumarin C-glycoside is reported to
be Dauroside D59 (also known as mulberroside B60). Such
compounds are known to possess anti-inammatory,61 antico-
agulant,62 anticancer,63 anti bacterial activities64 and they also
act as useful uorescent probes for studies on ultrafast DNA
dynamics.65

Iminocoumarins have been shown to be inhibitors of protein
tyrosine kinase in cancer research,66 but there existed little
knowhow about the potential biological activities of glycosyl
iminocoumarins. Inspired by Wang's synthesis of iminocou-
marins through a copper catalysed multicomponent reaction of
alkynes, sulfonyl azides and 2-hydroxybenzaldehydes or 2-
hydroxyacetophenones,67we devised amulticomponent route to
synthesize 3 C-linked glycosyl iminocourains using a similar
strategy.68

Sugar derived alkynes 109 in the presence of CuI and Et3N
react with tosyl azide to afford the triazolyl copper species 112,
which undergoes facile elimination of nitrogen to form the
highly reactive ketenimine 113. The salicaldehyde derived
phenolate 114 adds to the ketenimine followed by subsequent
cyclization to the intermediate 115, which nally undergoes
dehydration to provide the target glycosyl iminocoumarin 111
via a [1,4,1,3] strategy (Scheme 21).67,68
6 Conclusion

State-of-the-art research in organic synthesis demands the
assembly of complex structures in short time, involving lesser
number of steps and fewer intermediate purications. With the
advent of new reactions and one-pot strategies with every
passing year, there lies a requirement to classify this plethora of
reactions in a systematic manner, which would be concise, yet
informative. Through this review, we have intended to bring
forward a simple method for the much-required classication
of one-pot multistep reactions. We have also underlined all
such one-pot reactions reported from our group, whose appli-
cations lie towards the synthesis of various natural products
and their analogues, a variety of hybrid natural products and
a number of interesting heterocyclic scaffolds.

Our tetra-coordinated nomenclature system lays emphasis
on some of the most important parameters required for
appreciating the synthetic efficiency of a multi-step one-pot
reaction. Higher number of reactions in sequence increases
the probability of achieving more complex transformations,
while higher number of rings and new bonds formed indicates
the formation of a more advanced structure. We strongly believe
that our [a,b,c,d] descriptor would at a glance, shed more light
on the important aspects of some of the more ingeniously
designed chemical transformations.
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