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Abstract: This review summarizes research work carried out in India on domino metathesis reactions using
ruthenium-carbene complexes. This reaction has been widely used by synthetic chemists in India for the synthesis
of polycyclic systems and complex molecular architectures.
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1. Introduction

The ruthenium-carbene catalyzed
‘olefin metathesis’ reaction is one of the
most important methods that has been
extensively used for the formation of car-
bon—carbon bonds in organic synthesis
in recent times. The ruthenium carbene
complexes!!! 1 and 2 developed by Grubbs
and co-workers and recyclable phosphine-
free ruthenium complex 3[2] are the three
catalysts which have been most commonly
and successfully used in metathesis (Fig.
1). The olefin metathesis reactions are of
several types, but the significant ones are:
i) enyne metathesis,?! ii) ring closing me-
tathesis (RCM)[*! and iii) ring opening me-
tathesis (ROM). These three reactions have
emerged as vital tools for synthetic chem-
ists due to their ease of operation, high
yields and more importantly commercial
availability of the catalysts.

Among these reactions, enyne metath-

esis, an atom economy reaction, is an ex-
tremely powerful method for the construc-
tion of synthetically valuable 1,3-dienes.
This reaction can be further divided into
two types: (a) intramolecular enyne me-
tathesis (Scheme 1a) and (b) inter-molecu-
lar or cross-enyne metathesis (Scheme 1b).
Both forms of the reactions have found
applications in total synthesesl3 of many
natural and unnatural products.

The RCM reaction involves cyclization
of double bonds with evolution of ethyl-
ene as a by-product as shown in Scheme 2.
This reaction has been successfully used
as a key step in the synthesis of a number
of natural products.[/ A ROM reaction,
which is the reverse of RCM reaction, also
has found several interesting applications
in synthesis of natural and natural product
like molecules.

A consecutive combination of multiple
metathesis reactions utilizing the same cat-
alyst could lead to complex molecular ar-
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Fig. 1. Structures of
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Scheme 1. (a) Representation of intramolecular
enyne metathesis reaction. (b) Representation
of cross-enyne metathesis or intermolecular
enyne metathesis reaction.

Scheme 2. Representation of RCM and ROM
reactions.
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Scheme 3. Representation of a typical domino
enyne/RCM reaction and its mechanism.

chitecture with areduced number of steps.[3!
For example, a typical domino enyne me-
tathesis followed by RCM is shown in
Scheme 3.16] The mechanism involves an
active ruthenium-carbene 12 which initi-
ates an enyne metathesis reaction followed
by a RCM reaction through a series of
[2+2] cycloaddition and cycloreversion
processes as shown in Scheme 3. Such
domino metatheses have been success-
fully exploited in the syntheses of several
complex molecules and synthetic chemists
from India have also significantly contrib-
uted in this area. This review will highlight
some of the work done in India in the area
of domino metathesis.

2. Domino Enyne/RCM Reaction

A domino enyne/RCM reaction typi-
cally involves an intramolecular enyne
metathesis followed by a RCM to form a
polycyclic system. Kaliappan et al. have
reported a tandem metathesis sequence
to build the core structure of angular di-
oxatriquinanes.l”l  Dioxatriquinanes are
siblings of triquinane natural products
having three fused five-membered rings.
Depending on the fusion pattern they could
be broadly classified into three types,
namely, propellanes, linear and angular
triquinanes. They are usually isolated ei-
ther from plants or from marine sources
and occasionally have microbial origin.
The oxa- and dioxa-triquinanes bear one
and two dihydro-furan moieties, respec-

Fig. 2. Structures of oxa- and dioxa-triquinanes
natural products.

tively, either in linear or angular fashion.
Structures of biologically important oxa-
and dioxa-triquinanes like anislactone A
(13) and B (14),[8] merrilactone A (15),!
isogenine (16)1'% and C-norcardanolide
(17)1'1 are shown in Fig. 2.

Kaliappan’s synthesis of these diox-
atriquinanes started from readily avail-
able glucose-derived ketone 18 which was
transformed into dienyne 19 as shown in
Scheme 4. This dienyne was then sub-

jected to the key tandem reaction using
Grubbs’ catalysts 1 and 2. However, all the
attempts at the cascade reaction led to for-
mation of only the enyne metathesis prod-
uct 20, and failed to undergo the expected
subsequent RCM to form 21.[7! To circum-
vent this problem, the acetonide protection
was removed by treatment with conc. HCl1
in MeOH, and the two separable anomers
were subsequently transformed into their
acetates, and TBS-ethers (t-butyl dimethyl
silyl ether). The key domino reaction was
then performed on all the acetates, TBS-
ethers and unprotected alcohols to furnish
the core structure of dioxatriquinanes with
varying reaction yields (Scheme 5 and
Table 1).1121 Thus, this work indirectly
proved that the acetonide protection hin-
dered the RCM reaction after initial enyne
metathesis. Furthermore, feasibility of this
tandem reaction has been demonstrated on
several substrates including unprotected
alcohols.

In 2005, the same group also extend-
ed this strategy for the synthesis of the
core structure of guaianolides and thapsi-
gargins.[13] Guaianolides are sesquiterpene
lactones characterized by 5,7,5-fused sys-
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toluene, 80 °C
argon or ethylene
atmosphere

Scheme 4. Attempted tandem reaction on dienyne 19.
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Scheme 5. Tandem
enyne metathesis/
RCM.
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Table 1. Isolated yields for the tandem reaction of dienynes 22-27.

Entry Substrate Reflux time
1. 24 (o--anomer) 36 h
2 25 (B-anomer) 36 h
3. 26 (ci-anomer) 18 h
4. 27 (B-anomer) 18 h
S 22 (o-anomer) 48 h
6. 23 (B-anomer) 48 h

Product ratio [%]
Enyne product : Tandem product

40 58
36 60
Not isolated 76
Not isolated 68
Not isolated 56
63 18

H
H
o-B-GIf
ixerinY43 o

arglabin 42

guaiane-skeleton 37

O
=0
A/%)R R4 = Oct, R, = Bu, thapsigargin 38
'OH R1 = H, R =(S)-2-MeBu, trilobolide 39
R1 =H, R=Bu, nortrilobolide 40
“OH R, = H, R = Sen, thapsivillosin F 41

Ri N

Fig. 3. Structures of biologically active thapsi-
gargins and other guaianolides.
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1 (10 mol%), CH,Cl,,
reflux, 10 h, 79%

2 (5 mol%), CH,Cly,
reflux, 5 h, 89%

Scheme 6. Synthesis of thapsigargin core structure 45.

tem, and a typical guaiane-skeleton 37 with
adequate relative stereochemistry is shown
in Fig. 3.014 Thapsigargins 38—41, belong-
ing to this family, have a densely oxygenat-
ed tricyclic scaffold with more than seven
stereogenic centers and are functionalized
with an array of different acyl groups.[!!
They are known to be potent histamine lib-
erators and selective inhibitors of sarcoen-
doplasmic reticulum Ca?* ATP dependent
pumps (SERCAs). Two more guaiano-
lides, arglabin (42)11% and ixerin Y (43)[!7]
having the 5,7,5-tricyclic ring system, ex-
hibit strong activities against breast, colon,
ovarian, and lung cancers.

The precursor dienyne 44, required for
the key tandem reaction, was synthesized
starting from ketone 18[!3lin a few steps.
Unlike in the synthesis of dioxatriquinanes,
the dienyne 44 consisted of a terminal ole-
fin and an internal olefin. Having one steri-
cally hindered internal olefin would secure
one way of tandem process, wherein the
terminal olefin would take part in the enyne
metathesis and the internal one in the con-
secutive RCM reaction. This would lead to
the required 5,7,5 skeleton. The dienyne
44 under high dilution conditions with
Grubbs’ catalyst 1 underwent a smooth
tandem enyne/RCM reaction to afford the
5,7,5-fused ring system as the only isolable
product 45 in good yield (79%). The use of
the more reactive Grubbs’ second genera-
tion catalyst 2 not only improved the yield
to 89% but also reduced the reaction time
significantly (Scheme 6).

In 2007, Krishna et al. reported synthe-
sis(18] of the originally proposed structure
of ilexlactone (46) isolated from Ilex aqui-
folium. The synthesis for the proposed tar-
get began with L-malic acid derived allylic
alcohol 47, which was then transformed
into dienyne 48 (Scheme 7). This dienyne
48 had an electron-rich and an electron-
deficient alkene which ensured the pre-
dominant pathway for the initial enyne
metathesis, followed by RCM to afford 49.
The spectral data of the synthesized natural
product, after the removal of MOM group,
did not match with that of natural ilex-
lactone, thus revealing that the originally
proposed structure for ilexlactone was in-
correct.[181 Hence, they also synthesized all
other possible isomers for the natural prod-
uct using the domino metathesis reaction
protocol and unfortunately none of them
were found to be correct.

0.0
MOMO-@j
=

49

(0}
MOMO o)v 2 (5 mol %),
_—
A CH,Cl,, 12 h, 74%
X
48 N
o0.__0O
HO
PPTS, "BuOH ¥
reflux, 2 h, 83% 46
Originally proposed
structure of ilexlactone

Scheme 7. Synthesis of the originally proposed structure of ilexlactone (46).

3. Domino Cross-enyne/RCM
Reaction

Similar to domino intramolecular
enyne metathesis followed by RCM,
its intermolecular variant has also been
extensively used in organic synthe-
sis. In this type of domino protocol, a
cross-enyne metathesis is followed by a
RCM reaction in the same reaction pot.
Kaliappan and co-workers have utilized
this protocol for the synthesis of 4-meth-
ylene-2-cyclohexenone derivatives.[!9]
4-Methylene-2-cyclohexenone (50a)
and 4-methylene-2-cyclohexenol (50b)
are unique substructures present in natu-
ral products such as otteliones A (51)
and B (52), loloanolides B (53), and
1-O-acetylloloanolide B (54) (Fig. 4).12021]
Otteliones, isolated from the freshwater
plant Ottelia alismoides,29 display anti-
tubercular activity and cytotoxicity at
sub-nanomolar levels against a panel of 60
human cancer cell lines. Loloanolides(2!]
have been isolated from the extract of aerial
parts of Camchaya loloana, and exhibit cy-
totoxicity against the HepG?2 cell line, with
GIS50 values at a nanomolar level. It is be-
lieved that the biological activity of these
molecules may involve important inter-
actions by the presence of a unique 4-meth-
ylene-2-cyclohexenone (50a) moiety.

Kaliappan’s strategy for the synthe-
sis of this unique 4-methylene-2-cyclo-

hexenone moiety began with the known
ketone 18, which was transformed into
enyne alcohols S56a—d('°! in a few steps.
These on treatment with Grubbs’ second-
generation catalyst 2 underwent a smooth
cross-enyne metathesis with ethylene gas
and the resultant triene further underwent
RCM to afford products 57a—d (Scheme
8). The resultant alcohols 57a-d were oxi-
dized further to the required enones 55a—d
using Dess-Martin periodinane. After the
construction of cis-fused 4-methylene-
2-cyclohexenone frameworks 55a—d, this
strategy was extended for the synthesis
of trans-fused scaffold 60 as outlined
in Scheme 9.1191 Thus, a simple and effi-
cient strategy for the construction of the
4-methylene-2-cyclohexenone framework
using a tandem enyne/RCM sequence has
been achieved via domino metathesis. This
strategy has potential to synthesize a large
library of compounds required for biologi-
cal screenings.

Recently, Kotha et al. reported the use
of tandem cross-enyne/RCM strategy for
the synthesis of macrocyclic alpha amino
acid (AAA) derivatives.22l Macrocyclic
peptides exhibit increased affinity to a
given biological receptor with diminished
sensitivity to cellular peptidases. Their
synthetic strategy began with a known
2-acetamido-3-ethoxy-3-oxopropanoic
acid (61), which was easily converted
into an enyne 62. This enyne 62 under-

R2

50a; X,Y =0
50b; X=0OH,Y =H

Fig. 4. Structures

of otteliones A (61)
and B (52), lolo-
anolide B (63) and
1-O-acetylloloanolide
B (564) and the pro-
posed 4-methylene-
2-cyclohexenone
derivative 55.
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Scheme 8. Synthesis of 4-methylene-2-cyclohexenone frameworks 55a—-d. Scheme 9. Synthesis of 4-methylene-2-cyclohexenone frameworks 60.

went cross-enyne metathesis reaction with
1,5-hexadiene to afford a mixture of Z- and
E-isomers (64 and 65). The Z-isomer 64
spontaneously cyclized further through
RCM to form the required macrocyclic
AAA 66, while the E-isomer 65 remained
uncyclized (Scheme 10). However, the use
of more reactive Hoveyda-Grubbs’ first-
generation catalyst 63 exclusively gave the
required macrocycle 66 in excellent yield,
and formation of any uncyclized product
was not observed (HPLC). Fluorescent
properties of these macrocycles were stud-
ied, and the fluorescence behavior suggests
that their potential applications in biologi-
cal sciences as biomarkers, ion sensors
and peptidomimetics.[?2! They had earlier
utilized this cascade sequence in synthesis
of novel macro-heterocyclic rings of varied
size (13-16).[23

4. Domino ROM/RCM Reaction

The generation of two new terminal al-
kenes by ROM and subsequent cyclization
of these two alkenes with other alkenes via
a RCM in the same pot is another fascinat-
ing cascade protocol. In 2002, Mehta et al.,
in their attempts to synthesize the AB ring
of paclitaxel (taxol, 68)24l using RCM re-
action, serendipitously observed!?! the for-
mation of interesting products obtained by a
domino ROM/RCMreactions (Scheme 11).
Attempted RCM reaction on trieneone
71 did not lead to the required bicyclic
product 72 and hence this reaction was at-
tempted on its precursor 70. Surprisingly,
the substrate 70 underwent ROM, which
further formed two five-membered rings
by RCM reactions with the preinstalled
terminal alkenes. The alcohol 73 further
underwent a facile allylic rearrangement
to form alcohol 74. This strategy has been
successfully extended to the homologues
of precursor 70, to produce corresponding
domino ROM/ RCM products.

Srikrishnaeral. elegantly used thisdom-
ino ROM/RCM strategy in the synthesis
of elisabethin diterpenes.[26] Elisabethain
A (76, Scheme 12), a diterpene, isolated
from P. elisabethae, exhibits interesting

EtOO0C
)—NHCOCH;3 .
rHeoe o \ COOEt
|« o\ COOE! Z 0
& NHCOCH, = NHCOCH;
O 66
cis-isomer 64
BtOOC  NHCOCH,
m)j 63 (10 mol%)
_—
| ‘ ©Z 1,5-hexadiene COOEt methylene COOEt
62 NHCOCH, ransfer NHCOCH;
b= (o]
cl I?Cy3 /\)/ trans-isomer 65
Ru= ~
cr X = RuLn
(0] Cyjs = tricyclohexyl
63

Scheme 10. Synthesis of macrocyclic AAA.

silica gel
0 . Z 4-bromo-1-butene \/{O . Z 14 (30 mol% .
x Li, sonication CH,Cl,, 40°C
69 75% 70 . 659
7 o
PCC, OH
AcQ O OH CH,Cl,, 93%
TPAP, NMMO,
CH,Cly, rt, 61%
NHB
20 /2 o
) YO oHoBz OAc G
% OH ) 1 (30 mol%)
taxol (paclitaxel) 68
CH,Cly, 40°C 72

(0]

Scheme 12.
/] Synthesis of elisa-
Zs 1 (10 mol%) bethin skeleton.
> CH,Cly, reflux,
12 h, 76%
. 79
PCC, silica gel, PCC, silica gel,
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24 h, 78% 1r 7§%
' H
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Z
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1, ethylene
—_—
CH,Cly, 59%

Scheme 13. Norbernene-based ROM/RCM
strategy.

2 (10 mol%), toluene

80 °C, 12 h, 57%.

Scheme 15. Synthesis of taxa-oxa-sugar
hybrid structure 91.

anti-inflammatory, antibacterial, analgesic
and cytotoxic activities. The spiro cyclo-
pentene moiety in 78, readily prepared
from carvone in a few steps, served as a
masked gem-diallyl group. Thus, alcohol
78 on treatment with Grubbs’ catalyst 1 in
refluxing CH,Cl, readily formed the ROM/
RCM product 79. This was further trans-
formed into enone 81, which formed the
key tricyclic core structure of elisabethin
diterpenes. However, this ROM/RCM re-
action did not proceed when oxidation of
allylic tertiary alcohol was carried out first
and the tandem reaction ROM/RCM reac-
tion was subsequently attempted.

Norbornenes are the most popular sub-
strates forcascade ROM/RCM reactions.[27]
In 2007, Ghosh and co-workers reported
the efficient use of domino ROM/RCM
strategy for the synthesis of the core
structure of ingenol (82) (Scheme 13).[28]
Ingenol is a tetracyclic diterpene, which
shows interesting anti-cancer and anti-
HIV properties. Norbernene-derived ke-
tone 83 on treatment with catalyst 1 under
ethylene atmosphere furnished the tricy-
clo-[7.4.1.0"9]tetradecene skeleton 85.
The group has also elegantly extended this
norbernene-based ROM/RCM strategy for
the construction of several complex cy-
clic core structures found in many natural
products.[29]

5. Tandem Enyne/Diels-Alder
Reaction

A metathesis reaction followed by a
non-metathetic process in sequential fash-

Y

2 (10 mol%),

62%

N {p
o 0
=7
—
HO
O /O
87

toluene, 80 °C, 48 h

86
Ox-0 =
jp— =
/ Z
Hoj;ﬁ" TBSO”

94

(-)-pantolactone (93)

Scheme 14.
)( Synthesis of bicy-
(@]
O | clo[5.3.1Jundecene
ethylene (88).
88 O

Scheme 16. Total

OBn 2 (10 mol%),

synthesis of isofre-

toluene, 50 °C, 18 h; genedadiol (92).

e

DMAD, 110 °C, 10 h;
DDQ, rt, 16 h, 42%

isofregenedadiol (92)

ion has also gained a lot of attention in or-
ganic synthesis.[30] Enyne metathesis can
efficiently generate 1,3-dienes, which are
starting materials for the Diels-Alder reac-
tion. A domino process is feasible between
1,3-diene generated by an enyne reaction
and a dienophile present in the substrate.
This would lead to intramolecular Diels-
Alder reaction (IMDA), and thus a domino
cross-metathesis/IMDA has a potential to
generate a variety of cyclic systems.

Kaliappan et al. have reported the con-
struction of a bicyclo[5.3.1]undecene sys-
tem by a tandem cross-enyne metathesis/
IMDA.B11 The enyne 87, synthesized from
lactol 86 (Scheme 14) was subjected to a
domino cross-enyne metathesis with ethyl-
ene and IMDA with Grubbs’ catalyst 2 in
toluene to afford bicyclo[5.3.1]undecene
88.0311

After synthesizing the AB-ring skele-
ton of taxol, the same group extended this
domino strategy for the synthesis of taxa-
oxa-sugar hybrid. The aim was to develop
simpler analogues of taxol by synthesizing
hybrid structures of taxol and screen them
for biological activity.[32 The core struc-
ture of taxa-oxa-sugar hybrid was synthe-
sized starting from diacetone-D-glucose
89, which was transformed into enone 90
(Scheme 15) in a few steps. The tandem
reaction was subsequently carried out with
Grubbs’ second generation catalyst 2 un-
der ethylene atmosphere in toluenel3?! to
afford the tricyclic compound 91 in good
yield.

In 2011, Reddy and co-workers re-
ported the first total synthesis of isofre-
genedadiol (92),[331using a domino enyne,
cross metathesis and Diels-Alder reaction
as a key step. Isofregenedadiol (92) is a
tetrahydronaphthalenic diterpenic diol iso-
lated from Halium viscosum. The required
enyne substrate 94 was synthesized from
(-)-pantolactone 93, and the alkene 95 was
readily made from (—)-citronellol in a few
steps. In this one-pot quadruple sequence,

the enyne precursor 94 underwent initial-
ly an intramolecular enyne metathesis to
form a 1,3-diene, that further underwent a
cross-metathesis with alkene 95 (Scheme
16). The resultant diene on heating with
dimethylacetylenedicarboxylate (DMAD)
smoothly formed the Diels-Alder product,
which on treatment with DDQ aromatized
to form 96. This product was further elabo-
rated to the target molecule 92.

6. Summary and Outlook

In summary, in the last couple of de-
cades, synthetic chemists from India have
been actively involved in using ruthenium-
carbene catalyzed metathesis reactions for
the syntheses of several complex natural
products and natural product like mol-
ecules. This review has discussed only
selected one-pot domino metathesis reac-
tions. Such domino forms of this reaction
have been utilized to synthesize several
polycyclic systems, which mimic many
biologically important natural products.
Efficient construction of cyclic systems is
a key to shorten total synthesis of complex
architecture and secure access to a variety
of analogues helpful for biological screen-
ings. Importantly, many domino reactions
reported in this review used inexpensive,
optically pure and commercially available
chiral starting materials. Research in this
area will continue to attract more attention
from synthetic chemists in their quest to
efficiently synthesize biologically active
complex natural products and new molecu-
lar scaffolds.
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