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Abstract: The olefin metathesis reaction has found numerous applications in organic synthesis.
This is due to a number of advantages, such as the tolerance of most functional groups and steri-
cally demanding olefins. This article reviews recent advances in the application of the metathesis
reaction, particularly the metathetic cyclization of dienes and enynes, in synthesis protocols leading
to (hetero)aromatic compounds.
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1. Introduction

Olefin metathesis is currently an invaluable tool for advanced organic and polymer
synthesis [1-3]. The reaction is frequently used as a step in a sequence of processes
leading to complex multifunctional molecules, such as natural products, and biologically
active compounds [4]. The great importance of (hetero)arenes in nature, scientific re-
search and the chemical industry does not require justification. Aromatic compounds are
essential for the industry and vital to biochemistry [5,6]. More recent applications of
aromatics include the synthesis of functional materials. The greatest interest among re-
search groups in using various types of metathetic transformations of olefins, dienes, and
enynes in organic synthesis, including the synthesis of aromatic compounds, followed by
an explosion of development in the design and synthesis of well-defined alkylidene
complexes of molybdenum and ruthenium catalysts of olefin metathesis. The application
of olefin metathesis in the synthesis of carbo- and heteroaromatic compounds has been
described in numerous reviews. The most comprehensive overview of the literature up
to 2009 was provided by Otterlo and Koning [7]. The state-of-the-art of synthetic routes
to carbocyclic aromatic compounds via ring-closing alkene and ene metathesis up to 2014
was reviewed by de Koning and van Otterlo [8]. In 2013, a monograph Transi-
tion-Metal-Mediated Aromatic Ring Construction was published with a chapter by Yoshida
on olefin metathesis [9]. The work of Donohoe et al. [10] is an earlier review in this area.
Race and Bower [11] described the state-of-the-art in the synthesis of heteroaromatic
compounds by alkene and enyne metathesis up to and including 2014. An earlier review
describing the possibilities offered by RCM in the synthesis of aromatic heterocycles was
written by Donohoe, Fishlock, and Procopiou [12]. Moreover, in 2016, Potukuchi, Co-
lomer, and Donohoe reviewed the synthesis of heteroaromatic compounds, with a focus
on the achievements of their own group [13]. Reviews describing the synthesis of specific
groups of compounds using metathetic transformations are indicated in the relevant
sections of this review. The aim of this review is to highlight new developments in the
use of olefin metathesis in the synthesis of aromatic compounds that were reported be-
tween the years 2015 and 2022. Procedures involving the de novo formation of aromatic
rings, rather than the modification of aromatic starting compounds, are described.
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[M]J=CHR + R'HC=CHR

2. Olefin Metathesis

Olefin metathesis is a catalytic transformation of olefins which involves the ex-
change of double bonds between carbon atoms. The reaction is catalyzed by alkylidene
complexes, and its mechanism consists of a sequence of cycloaddition and productive
cycloreversion steps proceeding via metallacyclobutane intermediates (Scheme 1) [14].
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Scheme 1. Metallacarbene mechanism of olefin metathesis.

Of the many types of olefin metathesis, the most useful in organic synthesis are the
cross-metathesis of olefins (CM) and the metathetic cyclization of dienes (RCM) (Schemes
2 and 3).

The mechanism of olefin metathesis also allows for transformations involving triple
bonds, i.e., ene-yne cross-metathesis (EYCM) and enyne ring-closing metathesis (RCEM)
(Schemes 4 and 5, respectively).
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Scheme 2. Olefin cross-metathesis (CM).
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Scheme 3. Ring-closing olefin metathesis (RCM).
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Scheme 4. Ene-yne cross-metathesis (EYCM).
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Scheme 5. Ring-closing enyne metathesis (RCEM).

Metathetic transformations of the triple bond can lead to a mixture of regio- and
stereoisomers [15]. Fortunately, in the case of RCEM, the synthesis of small and medium
rings in the presence of ruthenium catalysts selectively leads to the formation of an exo-
cyclic product, as shown in Scheme 5 [16]. RCEM should not be confused with skeletal
reorganization, which is catalyzed by late-transition metals, such as Pd, Pt, Ru, Au, Ir,
and Rh, and can lead to similar products but does not follow the metallacarbene mecha-
nism [17,18]. EYCM may also be used for the synthesis of 1,3-dienes. Although the reac-
tion can lead to the formation of stereo- and regioisomers, a number of examples of the
selective course of the reaction have been described [19-21]. Cross-metathesis between a
l-alkene and a 1-alkyne leads to 1,3-substituted 1,3-dienes, as shown in Scheme 4.
Moreover, the CM of internal alkynes with ethene selectively leads to the formation of
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2,3-substituted 1,3-butadienes. Metathetic transformations involving triple bonds are
characterized by total atom efficiency.

The olefin metathesis has become an important tool in the synthesis of organic
compounds. This is a consequence of the dynamic progress in the synthesis and design of
well-defined catalysts such as the alkylidene complexes of tungsten, molybdenum and
ruthenium. Especially the family of ruthenium-based catalysts tolerant of normal organic
and polymer processing conditions and preserving their catalytic properties in water and
in the presence of the majority of functional groups has enabled a great number of ap-
plications in organic (and polymer) synthesis (see [22], for example). Tungsten and mo-
lybdenum complexes, including the most commonly used, commercially available,
highly active molybdenum complex, [(NAr){OC(CHs)(CFs)2}2M=CH(2,6-i-Pr2C¢H3)]
(Mo-1) [23], suffer from the high oxophilicity of the metal centers, making them ex-
tremely sensitive to oxygen, moisture, and numerous functional groups [22]. Although
many well-defined ruthenium olefin metathesis catalysts have been described, most of
the literature procedures use only a few commercially available complexes (Ru-1-Ru-3,
Figure 1).

PCy;, Mes—N __N—-Mes Mes—N,._.N-Mes
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Figure 1. Ruthenium-based olefin metathesis catalysts referred to in this review.

Olefin metathesis has gained a number of applications in advanced organic synthe-
sis, chemical biology, medicinal chemistry, the synthesis of simple molecules, and the
total synthesis of natural products [1-4].

3. Synthesis of Aromatic Heterocycles

Olefin metathesis, especially ring-closing metathesis (RCM), has been extensively
used in the synthesis of heteroaromatic compounds of divergent types. It has been ex-
ploited efficiently as a key step for the preparation of the pyrroles, furans, pyridines,
imidazoles, and related systems. All of these compounds are largely important as struc-
tural units in natural products and are used as synthons in further transformations. In
this section, different approaches to the synthesis of heteroaromatic compounds using
olefin metathesis as a key step are reviewed. The syntheses of heteroaromatics involving
olefin metathesis as one of the key steps has been summarized in several reviews [24-27].
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—_ o = CuSO, (2 equiv) | R

This section presents various strategies for the synthesis of heteroaromatic com-
pounds by using olefin metathesis as a key step. Knowledge on the synthesis of het-
eroaromatic compounds involving olefin metathesis as one of the key steps has been
summarized in several review papers [24-27]. In the synthesis of (hetero)aromatic com-
pounds, the metathesis step is used in a sequence of reactions involving the formation of
a heterocyclic ring by RCM of a diene or enyne and its subsequent aromatization.

3.1. Synthesis of Five-Membered Rings

Since pyrrole and furan synthons are commonly present in many pharmaceuticals
and biologically active molecules, the efficient synthesis of these compounds continues to
be of interest to organic chemists. In 2015, Castagnolo and co-workers described an ele-
gant methodology that represents the first example of one-pot synthesis of substituted
pyrroles via enyne cross-metathesis (CM) cyclization reaction, using propargylamines
and ethyl vinyl ether as reagents. The described CM/cyclization protocol is performed in
the presence of Ru-2, is microwave-assisted, and offers a convenient approach to the
synthetically challenging 1,2,3-substituted pyrroles (Scheme 6) [28].

Ru-2 (10 mol%)

- 1
RHN OEt toluene, MW Nﬁ‘\ -« R {\1 l
9 equiv. 120 °C, 2x10 min g OEt R
R = Ac, Ts, Boc, Ph yield =38 - 76%

R' = aryl, alkyl, heteroaryl

Scheme 6. Synthesis of 1,2,3-substituted pyrroles.

In 2015, Spring reported the development of a new strategy for the synthesis of bi-
ologically interesting indolizin-5(3H)-ones [29]. Performed experiments showed that in-
dolizin-5(3H)-ones are a relatively unstable class of compounds and have a tendency to
tautomerize to indolizin-5-ols. This observation was further exploited to prepare other
useful compounds based on 6,5-azabicyclic scaffolds, which are difficult to obtain with
the use of typical methods. The authors developed a procedure based on the ring-closing
metathesis reaction effectively applied to construct the azabicyclic heteroaromatic ring
system present in indolizin-5-ols (Scheme 7).

The proposed strategy represents an unprecedented approach toward this type of
scaffold. Several heteroaromatic derivatives were obtained with good-to-high yields (50—
84%). The procedure is step-efficient, and a number of novel analogues could be readily
accessed through the adaptation of the substituents around the heterocyclic core in the
starting pyridine molecule.

R
SnBU3

[Pd,dbas] OH

(2.5 mol%) NC.__~ N
TFP (5 mol%) Ru-2 (5 mol%) - \\

B} -= Ph

MeCN, 80 °C

e~ CH,Cl,, 50 °C, 2 h Eo,c R

R = H, yield = 84%
R = CO,Me, yield = 54%

Scheme 7. Synthesis of indolizin-5-ol derivatives.
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Obtained indolizin-5(3H)-ones and indolizin-5-ols are relatively rare; therefore, they
can potentially be of interest as new synthons in drug and agrochemical synthesis.

Another route to pyrroles substituted in the -position was developed by Samec and
co-workers, using four high-yielding catalytic steps in the presence of Pd, Ru, and Fe
catalysts [30]. The authors described a Pd-catalyzed effective method for the synthesis of
unsymmetrical diallylated aromatic amines. In the final key step of the procedure,
Ru-Catalyzed RCM, followed by aromatization in the presence of Fe complexes, was
employed (Scheme 8).

[Ru] (5 mol%)

Fe] (5 mol% =
RN\’( [Fe] (5 mol%) R_NQ\

R1 CH2C|2, rt, 2x6 h

R1

R = Ph, Bn, Cy, CgH4-p-F, CgH,4-p-Cl, CgH,4-p-Br,
CgHy-p-OMe
R' = n-Pen, i-Pr, Bn, Ph, Np, CeHys-p-F, CgH4-p-Cl
CeHy-p-OMe, CgHy-p-Me

Scheme 8. Synthesis of substituted pyrroles via Ru-catalyzed RCM and Fe-catalyzed aromatiza-
tion.

The method is atom-efficient, with the formation of water and ethene as
side-products. The procedure is general and gives pyrroles substituted in the S-position
with alkyl, benzyl, or aryl groups with good overall yields.

An efficient and selective approach for the synthesis of polyfunctionalized
3-fluoropyrroles starting from commercial aldehydes was described by Marquez and
co-workers [31]. The key step of the described methodology is RCM of diene in the
presence of Ru-2, followed by an aromatization process based on the alkylation of the
obtained fluorolactams with methyllithium. The procedure proceeded smoothly to gen-
erate the desired pyrrole units in excellent yield (73-92%). The authors proposed that the
aromatization process in the presence of MeLi proceeded through the formation of a
hemiaminal, followed by the elimination of water and the isomerization of double bonds
(Scheme 9).

]
R (@) R1 o R1 R3
k F _ 0 3_
N Ru-2 (7.5 mol%) L R3-M L
N7\ ’ N7\
- = F F
R2 =~ =~
| R2 R2

R'=Ph, Cy, CgHy-p-Br, pyrrole
R? = Cy, Bz, CgHy-p-Br, CgH4-p-OMe, CgH,4-p-CF3
R3 = Me, Ph, n-Bu, allyl

Scheme 9. Synthesis of fluorinated polysubstituted pyrroles.

N-sulfonyl pyrroles were synthesized via the combination of ring-closing, or enyne
metathesis, with oxidation [32]. A range of different N-substituted diallyl amines were
subjected to RCM with Grubbs catalyst. After the first metathetical step, heterogeneous
MnO: was used as an effective oxidant (Scheme 10). Reasonable-to-good yields were
obtained for a variety of substituted amines even when the process was performed in
one-pot procedure.
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R! J Ru-1 (3 mol%), R’ MnO, R’
\( /( CH,Cl,, 1t, 1- 18 h Z=> (20 equiv) m
———————
N or Ru-3 (3 mol%) N 40°C, 18 h N

R CH,Cly, 40°C, 3-15h R R

Scheme 10. One-pot RCM-oxidation for the synthesis of substituted pyrroles.

Lamaty and co-workers described an easily scalable pyrrole synthesis strategy in-
volving RCM in the first step and subsequent aromatization by base-induced nitrogen
deprotection (Scheme 11) [33].

p——
Ts
Ru-4 (1 mol%) N

Ts
N
X — g N 7
R R
L COOMe AcOEt, 30°C,1.5h — COOMe

yields = 39 - 66%

HN\

Ts .
N NaO¢-Bu (3 equiv) -
X 7 R N
N DMF, rt, 2 h T
RT _J  coome ~  COOMe

R = 0-NO,, H, 0-OMe, m-OMe, p-OMe, m-Cl, p-Cl  yields = 63 - 70%

Scheme 11. RCM/deprotection-aromatization sequence for the preparation of pyrroles.

The authors developed the procedure of synthesis of
2-aryl-1H-pyrrole-3-carboxylates, using ring-closing metathesis of the corresponding
p-amino esters as a key step. In a two-step procedure, the described methodology al-
lowed for an efficient formation of 2-aryl substituted pyrroles, especially unprecedented
2-aryl-1H-pyrrole-3-carboxylates. The products were obtained in good yields, ranging
from 63 to 70%, in the presence of the relatively low loading (1 mol%) of Ru-4 (Figure 1)
in green solvent, such as ethyl acetate, except for DCM.

In 2017, the Castagnolo group reported the first chemoenzymatic cascade process for
the sustainable preparation of substituted pyrroles in which the ring-closing metathesis
reaction was applied for the preparation of 3-pyrrolines [34]. The protocol used, for the
first time, the unexplored aromatizing activity of monoamine oxidase enzymes (MAO-N
and 6-HDNO), which are able to convert a wide range of N-aryl- and
N-alkyl-3-pyrrolines into pyrroles under mild conditions and in high yields (Scheme 12).
The authors showed that MAO-N can work in combination with Ru-2, leading to the
formation of a series of substituted pyrroles derived from diallylamines, as well as ani-
lines, in a one-pot metathesis—aromatization sequence.

Ru-2 (5 mol%) R’

R1
MAO-D5, 24 h
Y - [
\/\ - = N

N
Il? iso-octane / buffer 1/4 Il?
pH 7.8, 37 °C, incubator

R = aryl, alkyl
R'=H, Me, Ph

Scheme 12. Chemoenzymatic synthesis of pyrroles.



Molecules 2023, 28, 1680

7 of 29

NH»

/\/BI’

NaH, DMF
e) rt, 1h

Kotha and co-workers demonstrated three divergent synthetic strategies to con-
struct pyrrole-based Cs-symmetric molecule [35]. One of the synthetic protocols involved
ring-closing metathesis as a key step in the presence of Ru-1. The star-shaped pyrrole
derivative with Cs-symmetry was prepared in good yield (84%), without the involvement
of additional reagents, in one-pot RCM and a subsequent aromatization protocol, starting
from hexa-allyl derivative. The hexa-allyl substituted compound could be synthesized
from the corresponding di-allyl ketone by trimerization, starting from the readily avail-
able 4-aminoacetophenone (Scheme 13).

\ /

S
N" EtoH, EtOH, S0CI, Ru-1 (5 mol%)
reflux 24 h
O O CHZCIZ, tt, 2 h
0 O O

Scheme 13. Synthesis of star-shaped pyrrole derivative via RCM key step.

The described facile RCM/dehydrogenation (aromatization) sequence was preceded
by the non-metathetic behavior of the Grubbs catalyst previously reported by the au-
thors. An earlier approach to pyrroles involving RCM required a separate step for aro-
matization. Thus, the approach reported by Kotha, which does not require additional
aromatization step, is more sustainable.

Wu and Li proposed another convenient method for preparation of N-sulfonyl- and
N-acylpyrroles via the olefin ring-closing metathesis of diallylamines in the presence of
Ru-2 combined with in situ oxidative aromatization with atmospheric Oz and suitable
copper catalyst such as Cu(OTf)2 or CuBr2 (Scheme 14) [36]. The reaction was performed
via a one-pot tandem RCM/dehydrogenation procedure and afforded N-sulfonyl- and
N-acylpyrroles with moderate-to-good yields (45-93%).

Ru-2 (5 mol%) Ru-2 (5 mol%)
= Cu(OTf), (50 mol%) /\/ CuBr;, (20 mol%) o
Ts —N@ - R- }—Nij
toluene, 110 °C \/\ toluene, 110 °C
24 h, O, 24 h, Oy

Scheme 14. RCM/dehydrogenation sequence of sulfonyl- and acyldiallylamines.

Arisawa and co-workers synthesized 5-methylisoindolo[2,1-a]quinoline derivatives
as novel near-infrared absorption dyes [37]. The authors applied a previously developed
one-pot ring-closing metathesis (RCM)/oxidation/1,3-dipolar cycloaddition cascade pro-
tocol to prepare various isoindolo[2,1-a]quinoline derivatives from substituted
N-allyl-N-benzylanilines (Scheme 15 and Figure 2). They proposed that the key interme-
diate in this reaction is the azomethine ylide derived from 1,2-dihydroquinoline.

The first RCM step was performed effectively in the presence of Ru-2 during 10 min,
with relatively low catalyst loading (1 mol%) giving the intermediates nearly quantitative
yields. Unfortunately, the electronic effects of substituents on the aromatic ring were re-
sponsible for the low substrate reactivity during the 1,3-dipolar cycloaddition step. It was
observed that substrates bearing an electron-withdrawing group in the aromatic ring
afforded higher yields in the 1,3-dipolar cycloaddition, thus giving the target molecules
overall yields ranging from 22 to 55%.
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yield = 44%

quinone
Ru-2 (1 mol%) (10 equiv)
N
- toluene
i f%'“‘:'(’)e _ 80 °C, 30 min
i , 10 min R

yield = 38%

yield = 18% yield = 6% yield = 12%

Figure 2. Scope of products obtained by one-pot RCM/oxidation/1,3-dipolar cycloaddition proto-
col.

In order to understand a structure and absorption-wavelength relationships, the
authors performed calculations by using a time-dependent density functional theory
(TD-DFT).

Whiting and Carboni showed a different approach to the synthesis of pyrroles [38].
In the first step, they performed ring-closing enyne metathesis (RCEM), followed by
cross-metathesis (CM) with vinylboronic esters to form a large spectrum of cyclic dienyl
boronic esters (Scheme 16).

Bpin
—/ (3 equiv)

— Ru-1 (10 mol%) X Bpin
— - = |

CH,Cly, reflux, 4 h

Scheme 16. Synthesis of cyclic dienyl boronic esters via an RCEM/CM sequence.
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X=CH,N

O/\/
=

Second step involved a nitroso-Diels—Alder reaction between a series of previously
obtained dienyl boronic esters and nitrosoarenes with the formation of a heteroaromatic
ring (Scheme 17).

Q(\/Bpin ArNO (2 equiv) m
> N

MeOH, rt, 3.5 h \
Ar

Scheme 17. Synthesis of fused pyrroles from cyclic dienyl boronic esters.

The authors developed a new and efficient route to a series of cyclic 1,3-dienyl bo-
ronic esters via diene or enyne metathesis that were further transformed with good yields
to fused pyrroles, using a one-pot nitroso-Diels—Alder/ring contraction sequence.

The unprecedented cascade procedure based on the Grubbs-catalyzed ring-closing
metathesis of diallyl ethers, followed by laccase/TEMPO-catalyzed aromatization, was
successfully developed by Castagnolo (Scheme 18) [39]. The catalytic activity of the
Trametes versicolor laccase/TEMPO system was demonstrated for the first time in the
aromatization of 2,5-dihydrofurans to the corresponding furans. The synthesis of furans
from diallylethers was performed in moderate-to-high yields (31-76%), using a two-step
RCM process in the presence of Ru-2 and subsequent laccase/TEMPO-catalyzed
chemo-enzymatic aromatization.

R’ R’
AN Ru-2 (3 mol%)
0T = o
R® 0O Laccase / TEMPO R~ O
NaPBS (pH = 6.5) / isooctane 1:2
R=Ar air, 30 °C, 24 - 72 h yield = 31 - 76%

R'=H, Ar, alkyl

Scheme 18. One-pot chemoenzymatic cascade for the synthesis of furans from diallyl ethers.

Kotha reported a new synthetic strategy leading to Cs-symmetric star-shaped phenyl
and triazine central cores bearing oxepine and benzofuran ring systems [40]. The authors
exploited a three-step procedure to construct Cs-symmetric molecules, starting with the
commercially available p-hydroxyacetophenone and p-hydroxybenzonitrile, through cy-
clotrimerization, double-bond isomerization, and ring-closing metathesis sequence as
key steps. A series of star-shaped allyl-ether derivatives were obtained through the se-
quence: cyclotrimerization, Claisen rearrangement and allylation. Then allyl substituted
ethers were subjected to Ru-hydride-catalyzed double-bond isomerization performed in
toluene at 80 °C. The reaction resulted in the formation of a double-bond isomerized
product with 91% yield as a mixture of diastereomers. The obtained compounds were
subjected to metathesis with a second-generation Grubbs catalyst in methylene chloride
at 40 °C to give Cs-symmetric star-shaped phenyl and triazine core derivatives bearing
benzofuran moieties with yields of the metathesis step reaching 80% (Scheme 19).

o7

[RuHCI(CO)(PPh3)3] Ru-2 (10 mol%)

o
CH,Cly, reflux, 6 h 7 T X
CH2C|2 J X
reflux, 6 h
o
= /
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OH

\/\Br 1 \/\Br R1 —
4 K2003 ) 190 °C, 12 h R? K2003 2 4
R acetone, rt, 8 h R RS R R

Scheme 19. Synthesis of star-shaped phenyl or triazine central core benzofuran derivatives via
isomerization and RCM sequence.

All the compounds obtained therein showed moderate-to-strong fluorescence, with
a strong emission band around 325-350 nm. The described methodology is the first suc-
cessful attempt to introduce oxepine ring systems into Cs-symmetric star-shaped deriva-
tives of a phenyl or triazine core by means of an olefin metathesis reaction.

A multistep strategy involving the synthesis of benzofurans, 2H-chromenes, and
benzoxepines from various phenols was recently proposed by Kotha (Scheme 20) [41].
The described procedure employed Claisen rearrangement and followed by RCM as key
steps. At first, a number of substituted allyl aryl ethers were synthesized by alkylation of
corresponding phenols with allyl bromide in the presence of potassium carbonate. The
resulting allyl aryl ethers were then subjected to a Claisen rearrangement in the absence
of a solvent to produce allylphenols, which were then converted to diallyl compounds by
O-allylation in 97-98% yield.

O/\/

acetone, rt, 8 h

RS 3

[RUHCI(CO)(PPhj3)3] . Me

o F (5 mol%), 07N . I

_ toluene,90°C,8h  R! ~Me Ru-2(5mol%) R
or KOt-Bu (8 equiv) - \/\ 2 4
4 o R2 R4 R R
R THF, 80 °C, 8 h s CH,CIy, reflux, 6 h R3
R3 R

-

Scheme 20. Synthesis of benzofurans from variously substituted phenols.

The authors then carried out a standard isomerization reaction catalyzed by
[RuHCI(CO)(PPhs)s] and investigated an alternative method of double-bond migration,
using potassium tert-butoxide (KOt-Bu) in THF. Isomerization products were obtained
as a mixture of isomers in 89-94% yields. The final step in the construction of the het-
eroaromatic ring involved an RCM step, providing the corresponding benzofurans, with
a yield of 84-85%. Using the proposed procedure, a wide range of products differing in
the substituents on the 6-membered ring was obtained. In addition, naturally occurring
benzofurans, such as 7-methoxywutaifuranate, were also synthesized with good yields
(80%), using the described protocol (Scheme 21).

/\IIMG
X Me
KOt#-Bu (8 equiv) Ru-2 (5 mol%)
THF, 80 °C,6 h
CH2C|2 reﬂUX 6 h

yleld =91 % yield = 80 %

Scheme 21. Synthesis of 7-methoxywutaifuranate.

Another interesting example of a multistep synthesis of 7-methoxywutaifural using
olefin metathesis was recently reported by Schmidt and co-workers [42]. The authors
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showed that isoeugenol can undergo efficient cross-metathesis with acrolein and cro-
tonaldehyde in the presence of Hoveyda—Grubbs catalyst (Ru-3). This observation was
used in the multistep synthesis of the natural product-7-methoxywutaifuranal (Scheme
22).

neat, 25 °C 2h

[RuHCI CO)(PPhj);] (6 equ
(5 mol%) Ru-3 2 5 mol%)
\) toluene, 65 °C, 16 h

Scheme 22. Key isomerization and metathesis steps in the synthesis of 7-methoxywutaifuranal.

3.2. Synthesis of Six-Membered Rings

Six-membered ring heteroaromatics, such as pyridines and pyridazines, are useful
scaffolds that are present in various drugs and natural products. This section reviews
strategies for the synthesis of six-membered heteroaromatics that use RCM as a key step.
Progress in the synthesis of azonic aromatic heterocycles was summarized by Vaquero
[43].

In 2015, Cuadro and Vaquero reported new approach to synthesize the
l-azaquinolizinium (pyrido[1,2-a]pyrimidin-5-ium) and its derivatives based on a
ring-closing metathesis reaction of pyridinium azadienes in the presence of the sec-
ond-generation Grubbs catalyst (Ru-2) or Hoveyda—-Grubbs catalyst (Ru-3) (Scheme 23)
[44]. The described strategy was also successfully applied to the unprecedented synthesis
of benzo-1-azaquinolizinium (pyrimido[2,1-a]isoquinolinium) cation by RCM (Scheme
24). The proposed synthetic route involved the formation of the new C3—-C4 bond to give
the pyrimidinium ring. The authors prepared protected pyridinium azadienes derivative
with the use of protection/allylation/dehydrohalogenation cascade, starting from com-
mercially available 2-aminopyridine. Then obtained diene was subjected to RCM, af-
fording the expected product. The subsequent deprotection of the RCM product gave the
corresponding 1,2-dihydro-1-azaquinolizinium triflate, which was further dehydrogen-
ated by heating at 200 °C in the presence of Pd/C (10%) without solvent to give the
1-azaquinolizinium triflate.

I.BOC IIBOC Els‘oc
N
LR T ez N
[ — [
e SN Cs,CO3 “eNs N -= eNs
OTf MeCN/i-PrOH - oTs ﬂ CHCl, - OTf
Cl
R = 9-Me, 7-Ph, 8-OMe yield = 97%, 68%, 86%
TFA / CH,Cl,

rt

yield =

_ Pdic PLN
g J 7140 - 200 °C. R_:/\N(J
\&Jr =

_OTf - OTf

95%, 92%, 97% yield = 76%, 79%, 96%

Scheme 23. Application of RCM for the construction of the pyrimidinium ring.
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Boc\N/\/ Boc\ H\N
Ru-3 (5 mol% /E
/\ +
SNYN O cLcHeHCL, N’
= ° =
orf ~ 130°C.4h oTf
isolated yield = 61%
Hey NZ
| PAIC o |
NG 200 °C N+
= - Z T OTf

yield = 77%

Scheme 24. Synthesis of pyrimido[2,1-a]isoquinolinium, using RCM/aromatization sequence.

A simple three-step synthesis of substituted pyridines based on an alkyla-
tion/ring-closing metathesis/aromatization sequence was described by Opatz and col-
leagues [45]. The synthetic strategy involved the preparation of diallylic a-aminonitrile in
a two-step approach. At first Strecker reaction starting from benzaldehyde, allylamine,
and potassium cyanide was performed to afford 2-(allylamino)-2-phenylacetonitrile.
Then deprotonation with the use of KHMDS, followed by alkylation with allyl bromide,
was applied to give corresponding diallyl-substituted a-aminonitrile. Finally, the RCM of
unprotected allylic amine and subsequent spontaneous dehydrocyanation and oxidation
were employed as the key steps of the developed sequence (Scheme 25). The desired
substituted pyridines were obtained with moderate yields ranging from 24 to 48%.

1. "NH, CN 1. KHMDS, THF NG J/
MeOH, rt, 2.5 h -78° C, 10 min
-~ N/\/ < - N
2. KCN, AcOH b 2. N"pr Y
rt, 3h -78°C -1t, 1.5 h

= X
NC Ru-2 (10 mol% spontaneous N | _
- 2 steps N

CHzclz, rt, 18 h

Scheme 25. Synthesis of phenylpyridines, using RCM as a key step.

Suresh studied [2+2+2] cyclotrimerization of diynes and nitriles leading to efficient
synthesis of pyridine and its derivatives by DFT calculations. It was shown that two
mechanisms of the reaction are plausible —metallacarbene mechanism of metathesis and
non-metallacarbene route. The strategy can be potentially used in the total synthesis of
natural products [46].

Dash and co-workers reported the addition of Grignard reagent to oxindoles. This
previously unexplored strategy represented a regiospecific approach to 2- and
2,3-disubstituted indole derivatives obtained via a one-pot aromatization driven dehy-
dration pathway [47]. The described method allowed for the convenient preparation of
diallylindoles, which can be used as ring-closing-metathesis (RCM) precursors for the
orthogonal synthesis of pyridyl[1,2-a]Jindoles (Scheme 26).
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Ru-1
-"MmgBr (10 mol%)
—_—
THF, rt, 3 h CHCl,
r, 8 h

R2 R2

R1% Ru-1 (10 mol%) R’ D

N — N

%W SR {
CH,Cl,, rt, 8 h R3

R3
R'=H, Me, OMe, OCF,, F, CI, Br, |;

R? = Me, Et, Bn, Ph, p-OMeCgHy, indolyl
R3 = Me, Ph; R* = H, Me, Ph

Scheme 26. RCM of 1,2-diallylindoles.

The authors synthesized a variety of N-allyl 2-oxindoles and effectively transformed
them to N-substituted 2-allyl indole derivatives by treatment with allylmagnesium bro-
mide in yields up to 86%. Then the diallylindoles were used for the orthogonal synthesis
of conjugated nitrogen-containing heterocycles, using RCM. In this approach, a series of
1,2-diallyl indolyl derivatives were subjected to metathesis cyclization and yielded the
desired substituted dihydropyridylindoles in good yields (72-86%). Finally, dihydro-
pyridoindoles were effectively transformed into aromatic derivatives via a
DDQ-mediated oxidative aromatization protocol (Scheme 27 and Figure 3).

R? R?
R! { DDQ (1 equiv) R! {
N p EtOAc, rt, 24 h N\

Scheme 27. DDQ-mediated aromatization of dihydropyridoindoles.

Me
F;CO Cl
A\ N A\ N

52% 72% 68% 70%
Ph COPh indolyl O
A\ A\ A\

62%\ 51%\ 56%\ \ 7 57%

Figure 3. Scope of pyridoindoles synthesized via RCM/aromatization sequence.

The optimized reaction sequence was employed in the synthesis of dimeric pyri-
doindoles (Scheme 28)

Scheme 28. Synthesis of dimeric pyridoindoles.
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4. Synthesis of Aromatic Carbocycles

Dienes or enynes RCM can lead directly to the formation of new aromatic ring sys-
tems. Such a strategy has been used in the synthesis of phenanthrenes (Scheme 29)

[48,49].

[(CO)sW=C(OMe)Me] O‘ A
toluene, 75 °C O
Z [MCI>(NO)o(PPh3),] O

/ MezAlLCls ‘
h g
M = W, Mo

Scheme 29. Direct formation of aromatic compounds via RCEM or RCM.

Yo/

Metathesis cyclization, however, does not usually lead to the formation of an aro-
matic ring. Thus, the synthesis of (hetero)aromatic compounds uses a metathesis step in a
sequence of reactions involving the formation of a carbo- or heterocyclic ring and its
subsequent aromatization. The sequence using the diene RCM step is shown in Scheme
30.

aromatization
X/_\: =
—_— X
N/
N\

Scheme 30. A strategy for the synthesis of aromatic rings, RCM/aromatization sequence.

RCM enynes (RCEM) and ene-yne cross-metathesis (Scheme 31) are used in a similar
manner.

cyclization
mainly Diels-Alder

e e L
Ao e e

aromatization

R = electron withdrawing group

Scheme 31. A strategy for the synthesis of aromatic compounds. Reaction sequence, RCEM (a), or
EYCM,; (b) Diels—Alder cycloaddition-aromatization.

4.1. Synthesis of Aromatic Carbocycles Fused to Heterocyclic Rings

Recently, Dash overviewed applications of RCM for the synthesis of carbazoles and
indole-fused heterocycles [50].

A new method for the synthesis of carbazoles via ring-closing metathesis of
2,2-diallyl-3-oxindoles, followed by ring-rearrangement aromatization of the resulting
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spirocyclic indoles, was proposed by Dash and co-workers (Scheme 32) [51]. The method
is based on the novel ring-rearrangement aromatization that was observed when spiro-
cyclic indoles were treated with Bronsted acids (TsOH, TfOH, and TFA) in hot toluene

(80 °C).
R3
RLZ N o 1
Ru-2 (5 mol%) q R3 _TSOH (10 mol%) RN
< —
& N ’T‘ ey toluene, 80 °C, 3 h N
CH2C|2 rt 8 h R2 IIQZ
= H, OMe, F, Cl, OCF3, CgH,OMe-4 _RCM ) . rearrangement—aromatization

R2 = Me, Et, CH,Ph isolated yield = 74 - 86% isolated yield = 76 - 88%
R® = Me, Ph

Scheme 32. A strategy for the synthesis of carbazoles from isatins based on RCM and

ring-rearrangement aromatization.

Key substrates were prepared by addition of an excess of allylmagnesium bromide
to N-substituted isatins (Schemes 33 and 34)
R3
R4
0 HO
Rl 0 . 0 - RT
Z N In, Nal Z N Et,O/THF
R2 DMF, rt, 3 h R2 0°C-rt,3h

Scheme 33. Introduction of two different allyl groups into the isatin molecule.

0o x""MgBr
i X (5 equiv)
"N © Et,O/THF
R2 0°C-rt,3h
R'=H, OMe, F, CI, OCF, isolated yield = 57 - 67%

R? = Me, Et, CH,Ph

Scheme 34. Addition of allylmagnesium bromide to N-substituted isatins.

The procedure enables the convenient synthesis of carbazole from isatin derivatives
and can be successfully used for the synthesis of carbazole natural products. Continued
research on the addition of the allylic Grignard reagent to oxindoles resulted in the devel-
opment of a procedure to obtain 2-substituted and 2,3-disubstituted indoles via a one-pot
dehydrative aromatization protocol [47]. The synthesized 2,3-diallyl indoles were used to
synthesize carbazole derivatives via RCM and aromatization sequence (Scheme 35).

R2 R2 R2
. J Ru-1 . DDQ R
R 10 mol% 1 equiv
A LALL RS SLIURpt
_ = EtOAc
N CH,Cl, Z N wan N
R rt, 8 h R ’ R

Scheme 35. Synthesis of substituted carbazoles.
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The addition of Grignard reagents to substituted 2-oxoindoles was proven to be a
tool for generating nitrogen-containing heterocycles by using simple organic transfor-
mations. This strategy was used in the synthesis of various substituted carbazoles, as well
as several naturally occurring carbazole alkaloids.

The ring-closing metathesis reaction and aromatization were proposed as key steps
in the formation of the tricyclic backbone of cyclopenta[b]benzofuran, a key intermediate
of Beraprost (a prostacyclin analog) (Figure 4a), starting with (-)-Corey lactone diol (Fig-
ure 4b) [52].

0
OH
- H
HOOC Y 3
0.,
O ) H .
@ H “OH b OH

Figure 4. Structures of Beraprost (a) and (-)-Corey lactone diol (b).

RCM proceeded efficiently in the presence of a second-generation Grubbs catalyst
under mild conditions and was followed by dehydration step performed in the presence
of pyridine hydrochloride (Scheme 36).

0 ] pyridine
hydrochloride
(10 mol%)

_

rt, 1 h

H
O]
Ru-2 (1 mol%) s

EtOAc, rt, 4 h

| TBSO oTBS | 0TBS

Scheme 36. RCM of diene lactol, followed by spontaneous formation of cyclic diene.

The benzofuran core was obtained by dehydrogenative aromatization of diene ring,
using 2,3-dicyano-5,6-dichlorobenzoquinone (DDQ) (Scheme 37).

H O H O
N DDAQ (1 equiv) R

H toluene, 90 °C, 4 h R
OTBS TBSO

TBSO\\ OTBS

yield = 99%

Scheme 37. Synthesis of benzofuran skeleton via oxidative aromatization.

Tokuyama and co-workers reported the catalytic activity of ruthenium alkylidene
complexes in the aerobic catalytic dehydrogenation of nitrogen-containing heterocycles
with dioxygen as an oxidant [53]. The reaction can be used for the dehydrogenative
aromatization of various nitrogen-containing heterocycles. Moreover, using the catalytic
activity of alkylidene ruthenium complexes in the RCM of dienes, the authors developed
the novel assisted tandem catalysis, using the ring-closing metathesis and dehydrogena-
tive aromatization sequence (Scheme 38). Molecular oxygen was used as a trigger and an
oxidation agent. Conditions to enable the highly efficient course of the process were
proposed. The procedure involves the use of a ruthenium alkylidene complex Ru-5
(Figure 1), which is a modified version of the Ru-2 that bears less steric substituents at the
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nitrogen atoms of the imidazol-2-ylidene ligand. This catalyst was found to be optimal

for the RCM/aerobic oxidation sequence.

R! Vi
Ru-4 (8 mol%) O, (1atm)
N S -= 24 h
| EtOAc, 70 °C, 2 h
H v
R = H, Me, OMe, COOMe, NO, Br yield = 84 - 99%
WINF Ru-4 (8 mol%) 0, (1 atm) O \
_ o o ~
\ N 24 h N
o o
A EtOAc, 70 °C, 1 h 4 34%
H H
@N N Ru-4(8mol%) O, (1atm) @Njij
I 1h Z
'Tl \ o h|l (0]
A EtOAc, 70 °C, 1 h b 4%
L LR
/ |
O SN Ru-4 (8mol%) O, (1 atm) O NI)
l}l AN - —__o 36 h N/
H EtOAc, 70 °C, 1 h |l| 66%

N Ru-4 (8 mol%) O, (1 atm) ‘
EtOAc, 70 °C, 1 h N 65%
N H
\
H

Scheme 38. Scope of the assisted-tandem RCM/aerobic dehydrogenative aromatization. The opti-
mal reaction conditions are indicated.

The usefulness of the Tokuyama procedure was demonstrated by its application to
the synthesis of the natural antibiotic pyocyanin.

4.2. Synthesis of Benzene Derivatives

Most of synthetic effort in the synthesis of simple hetero- and carboarenes via me-
tathesis was performed during the huge development of olefin metathesis applications in
organic synthesis and is described in previous reviews [7,8,10]. Currently, the research
intensity, as measured by the number of publications, is much lower, and research
groups are focusing on using metathesis to obtain more complex systems.

Lobo and co-workers reported a procedure for obtaining terephthalates, which in-
cludes the use of the CM, Diels-Alder cycloaddition and dehydrogenative aromatization
sequence (Scheme 39) [54]. The proposed procedure is eco-friendly in nature due to the
use of fully biodegradable reagents (sorbate and acrylic esters).
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O =
T

1. RMgX Ru-3
2. H* OH (6 mol%) HO)(:H spontaneous R

Etzo, 0 oC, 2 h . \ CH2C|2, rt, 6 h - Hzo

Ru-5 (3 mol%)

Z>COOR'
5 equiv.
ROOC\/\/\ (5eq ) > ROOC\N\COOR'
B N
neat, 50 °C, 1 h yield = 40%
nitrogen
COOMe COOMe
H2C=CH2
Pd/C (1.0 1%
MeOOC. A~ co0Me (24 atm) (1.0 mol%)
150 °C, 24 h 150 °C, 24 h
COOMe COOMe
yield = 98% yield = 68%

Scheme 39. A one-pot, two-step process for the synthesis of dimethyl terephthalate based on the
Diels—Alder reaction of dimethyl muconate with ethylene and subsequent aromatization in the

presence of a Pd/C catalyst.

The highest activity of the cross-metathesis step was achieved in the presence of
modified Hoveyda-Grubbs catalyst Ru-6 (Figure 1).

Ward described a procedure of the generation of monosubstituted aromatic rings
that uses a ring-closing metathesis and spontaneous 1,2-elimination sequence (Scheme
40) [55]. The method enables the synthesis of benzene derivatives with moderate-to-high
yields. The advantage of the procedure is that there is no need to use strong oxidants in
the aromatization step.

H

R = Ph, CgH4-p-OMe, n-Bu, Me, cyclobutane, yield of isolated product
CH,Ph, C=CPh, CH,C=CH (two steps) = 47 - 83%

Scheme 40. Synthesis of monosubstituted aromatic ring via ring-closing metathesis, followed by
spontaneous 1,2-elimination.

The sequence ene-yne cross-metathesis, Diels—Alder cycloaddition, and aromatiza-
tion were applied to synthesize a series of biaryls, starting from alkynes [56]. In the
ene-yne cross-metathesis step, monosubstituted phenylacetylenes were treated with
1,5-hexadiene (Scheme 41) or ethylene (Scheme 42) in the presence of a Grubbs first- or a
second-generation catalyst. Cycloaddition and subsequent aromatization afforded the
desired biphenyls in good yields. Two exemplary ethynylated amino acid derivatives
were also shown to undergo the proposed sequence.

1,5-hexadiene Z 1. DMAD, toluene COMe
~#  Ru-1orRu-2 reflux, 15 - 24 h
. CO,Me
CHJCly, rt, 12 h 2. DDQ, toluene
X X reflux, 30 - 36 h X
R R R
R = OMe, H = OMe 65 - 88% 66 - 82%

R =H, X=0Me, Cl, Br, |

Scheme 41. Strategy for the synthesis of biphenyls from arylalkynes.
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H,C=CH, ~  1.DMAD, toluene COMe
~~  Ru-1orRu-2 90°C, 15-24 h
- e, CO,Me
CHCly rt, 12 h 2. DDQ, toluene
X X reflux, 36 h X
R R R
R = OMe, H = OMe 63 - 83% 65 - 86%

R =H, X=0Me, Cl, Br, |

Scheme 42. Strategy for the synthesis of biphenyls from arylalkynes. Ethene was used as the ole-
finic reaction partner in ene-yne CM.

Dash and co-workers demonstrated that o-terphenyls can be synthesized from easily
accessible substituted benzils. The proposed synthetic pathway involves RCM for the
synthesis of a tricyclic skeleton and subsequent aromatization step. It enables the syn-
thesis of symmetrical and unsymmetrical o-terphenyls containing both electron-rich and
electron-deficient groups (Scheme 43) [57].

MgBr
| ) /\/
R (3 equiv) 0
—_— LIS
RI—- THF '
0°C-rt,6h
yield =
52-70% R?
Ru-2 HO
(5 mol%) 1 = 11 S
—— R OH R
-= = | PTSA, CgHg = |
CH2C|2 \/\ 80°C,3h \/\
yield= R2 yield= R?
74 - 85% 75 - 88%

Scheme 43. RCM approach for the synthesis of o-terphenyls.

Electron-rich o-terphenyls were successfully transformed to triphenylenes via the
Sholl reaction (Scheme 44).

MeO O
O FeCls in CHaNO,
O CHayCly, t, 24 h
OMe

Scheme 44. Synthesis of triphenylene derivatives from o-terphenyls.

OMe

4.3. Synthesis of Aromatic Ring in Complex Molecules

Kaliappan reported the synthesis of a new class of sugar—oxasteroid—quinone hybrid
molecules via a sequential enyne-metathesis/Diels-Alder cycloaddition/aromatization

(Scheme 45) [58].
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O
Ru-1 WO o)
(7 mol%) O 1. toluene, reflux, 12 h
CH,Cly, 40 °C 2. silica, Et;N, rt, 2 h
11 h, argon

yield = 77% o) yield = 68%

Scheme 45. Sequence RCEM/cycloaddition/oxidation in the synthesis of sugar—oxasteroid—quinone
hybrids.

The obtained Diels—Alder cycloadducts were unstable, and their tendency to un-
dergo aromatization (aerobic oxidation on silica gel) was observed. For maximum aro-
matization efficiency, the crude cycloaddition product was immediately treated with
trimethylamine and silica gel. The method yielded a library of sugar—oxasteroid—quinone
hybrids.

De Koning and co-workers proposed novel methods for the assembly of
benz[a]anthracenes and related compounds [59]. Their strategy involves the Suzuki-
Miyaura cross-coupling, isomerization, and ring-closing metathesis. The RCM step in
this case results in the formation of an aromatic ring, which can be easily oxidized to the
corresponding quinone (Scheme 46).

(HO),B
\O 7 R R
Br © H,C=PPh,
OO [Pd(PPhg),] in situ
X Na,COjz; DME THF, 18 h
0 reflux, 18 h 0°C-rt

R
~o
Ru-2 (15 mol%)
N\ ‘ ‘ ‘ CAN

CH,Cl5 reflux e} CH3CN/H0 (1/1)
, ~ .

18 h, argon 4 h, rt, air L .
izomerization yield yield of RCM oxidation yield
R=H, 94% R =H, 85% R=H,76%o
R = OMe, 84% R = OMe, 43% R = OMe, 87%

Scheme 46. Key steps in the synthesis of the angucycline core.

Examples of structures of antibiotics from the angucycline group are shown in Figure 5.

tetrangomycin tetrangulol

Figure 5. Structures of exemplary angucyclines.
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The solid-phase synthesis of numerous polycyclic tetrahydroisoquinolines and tet-
rahydro-benzo[d]azepines starting from Wang resin-immobilized allylglycine was re-
ported by Soural [60]. Subsequent Fmoc cleavage, sulfonylation with nitrobenzenesul-
fonyl chlorides, and Mitsunobu alkylation with phenylalkynols afforded corresponding
enynes. Further ring-closing metathesis, cycloaddition with functionalized
1,4-naphthoquinones, and finally spontaneous aromatization enables the formation of a
variety of tetrahydroisoquinolines and tetrahydrobenzo[d]azepines (Scheme 47). The
proposed further functionalization of the obtained derivatives by heterocyclization ena-
bles the rapid synthesis of relevant bioactive scaffolds.

X
O\/O\[\“(N\ “« Ru-2 (5 mol%)
| NS LiCl (in DMF)
0] R1 O\/O\“\\ N n R2

toluene 110 °C R

——

DMSO
24 h,120 °C

R! = 2-nitrobenzenesulfonyl, 4-nitrobenzenesulfonyl;
R2=H,CF3;n=1,2

Scheme 47. Key steps in solid-phase synthesis of tetrahydroisoquinolines.

Recently, Sparr and co-workers reported on the great potential of metathesis in the
atroposelective formation of arenes [61]. The authors demonstrated that, in the presence
of enantiopure molybdenum metathesis catalysts, stereodynamic trienes were enanti-
oselectively converted into the corresponding binaphthalene atropisomers (Scheme 48).

Scheme 48. Asymmetric synthesis of binaphthalene atropisomers from stereodynamic trienes.

In the presence of commercially available molybdenum catalysts (Figure 6), enanti-
oselectivity, e.r. = 83:17, was observed for the model triene.
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Mo-2 Mo-3

Figure 6. Commercially available chiral molybdenum alkylidene complexes tested in atroposelec-
tive synthesis of binaphthalenes.

In order to optimize the yield and enantioselectivity, tests were carried out in the
presence of a series of catalysts obtained in situ by reacting a dipyrrolyl molybdenum
precursor with binaphthol ligands differing in stereoelectronic properties (Scheme 49).

/-Pr/©\i-Pr

N in situ
Il Me L (15 mol%)

=\, -Mo WwPh ———— 5%
\ .
QN l\‘l \/l\Me toluene
\

Ar = Ph, 2,4,6-i-PryCgH,
3,5-(CF3),CgHs, CqFs

Scheme 49. In situ generation of chiral, non-racemic molybdenum binaphthol complexes.

It was shown that the most enantioselective catalyst was the binaphthyl complex
containing pentafluorophenyl substituents. Under optimized conditions, a variety of
conformationally dynamic triene substrates were efficiently and enantioselectively con-
verted into binaphthyl atropisomers (Figure 7).

Finally, Tanaka and co-workers discussed the possibility of using RCM for the in
vivo synthesis of cytostatic agents [62]. Thus, cytostatic agents, naphthyl analogues of
combretastatin, can be synthesized by the sequential ring-closing metathesis and aroma-
tization of relevant prodrugs (Scheme 50). It was shown that, in the presence of glyco-
sylated Hoveyda—Grubbs-type artificial metalloenzyme Alb-Ru (Figure 8) and in biolog-
ically relevant concentrations of prodrugs (dienes), the proposed reaction sequence pro-
ceeds readily for all ester-based prodrugs, with pivalate being the most active. Therapy
against cancer-cell growth was studied in cellulo and in vivo in mice.
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Me Me Me Me Me
OO0 Co LD <o OO
F o)
g i* OMe g i* OMe O i* OMe g i* OMe O i* OMe

yield = 99%2 yield = 73% yield = 96% yield = 94% yield = 77%
er =92:82 e.r.=92:8 e.r. =90:10 er. =88:12 e.r. = 88:12
Me Me Me Me Me
OO (T "t T 9@
(0] F Fs;C
O i* OMe O i* OMe g i* OMe g i* OMe O i* OMe
Br Br Br Br Br
yield = 83% yield = 78% yield = 71% yield = 89% yield = 99%
e.r. =91:9 e.r. =98:2 e.r. =89:11 e.r. =937 e.r. =91:9

Figure 7. The scope of synthesized binaphthyl atropisomers.

OMe OMe

MeO OMe OR Alb-Ru MeO OMe
o —= "0
O PBS/1,4-dioxane (9/1) OO
X X 37°C,2h X

0
0 9 Y
R=H. 2/“\)\/\/&, ‘%/U\y<, /k©

Scheme 50. Naphthyl analogues of combretastatin synthesized by sequential ring-closing metath-
esis and aromatization.

o]

(0]
oM
XN N
Et,N (O] Mes™ X2 ~Mes
I

Lo

Ru=

O
/O

i-Pr

Figure 8. Glycosylated Hoveyda—Grubbs-type artificial metalloenzyme (Alb-Ru).

The promising results show new possibilities for the use of artificial metalloenzymes
and metathesis cyclization in pro-drug therapy.

4.4. Synthesis of Polyarenes

Cycloparaphenylenes have gained the interest of many research groups in the hope
that these systems can be used for the bottom-up chemical synthesis of carbon nanotubes
[63,64]. A series of papers on the synthetic strategy that employs 1,4-diketo-bridged
macrocycle as a precursor to a strained 1,4-arene-bridged (bent para-phenylene) macro-
cycle were reported by Merner and co-workers [65-68]. The described strategy involves a
metathesis cyclization step, followed by aromatization (Scheme 51). Efficient metathesis
cyclization was observed only for the syn diastereomer.
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e} HO, OH
M TR
O THF

0 o
60°C, 1h
3 N\,

HO, OH
> =>
Ru-3
(2.5 rL:IOI%) TsOH
_— O _—
—“\_LAZ—O

o C O
:sgl

CH,Cl, toluene o o
40°C,2h 50-60 °C w
1-15h
n =1, yield = 86% n =1, yield = 42%
n=2,vyield =77% n =2, yield = 82%
n =3, yield = 59% n =3, yield = 74%

Scheme 51. RCM and aromatization step in the synthesis of m-terphenylophanes.

The aromatization reaction may be accompanied by a rearrangement of the desired
p-terphenylophane to m-terphenylophane, which was observed for the arene-bridged
macrocycle (Scheme 52) [66,67]. Such a strain-relief-driven rearrangement is not observed
for n = 2 (Scheme 51). The selectivity of the aromatization process strongly depends on
the reaction conditions and the reagents used. It was found that, in the presence of the
Burgess reagent, the reaction selectively leads to the expected product.

o (T
o\—/O

toluene
0]

70-80°C,4-12h O\—/

Scheme 52. Strain-relief-driven rearrangement of p-terphenylophane to m-terphenylophane.

Merner’s strategy enabled the synthesis of a p-terphenyl-based macrocycle contain-
ing a p-phenylene unit with 42.6 kcal/mol of strain energy [64]. The sequence uses me-
tathesis cyclization (Scheme 53), but aromatization is crucial to obtain a stretched ring. It
involves the use of iterative elimination reactions of the two hydroxyl groups present in
the macrocyclic precursor [66,67].

0 \_0 o0 \_0 QQOQ

(0]
Gy D e Do ”" Q

THF, 70 °C
CHxCly < N/ OH

HO OH 4g °c,15h HO OH
strain energy = 16.7 kcal/mol

Ac,0, pyridine o™ P70
BulLi, i-Pr,NH

DMAP

e sawsman 4
CH,Cl, Q w toluene O

40°C, 12 h O 0°C,05h >
o) Me strain energy = 68.0 kcal/mol

Scheme 53. Merner’s strategy to obtain a strained aromatic ring.
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The synthesis of double-stranded aromatic macrocycles remains a challenge. Jasti
and co-workers developed a reductive aromatization/ring-closing metathesis sequence
for the synthesis of aromatic belt fragments (Scheme 54) [69].

[Pd(SPhos)]
(20 mol%)

1,4-dioxane, 80 °C
K3POy4

Scheme 54. Synthesis of macrocycles via Suzuki cross-coupling.

For the macrocycle presented in Scheme 55, the sequence starting from RCM was
used in order to avoid potential problems of interaction of strong reductant (sodium
naphthalenide) with styrene functionality. RCM proceeded readily in the presence of
Ru-2 in dichloromethane at 40 °C. No side-products were observed. As shown in Scheme
55, the RCM strategy used leads to the formation of aromatic rings. A final aromatization
step was made by subjecting macrocycle to sodium naphthalenide at —78 °C.

Q OMe
oM
Ru 2 NaNp
OMe THF, -78 °C
CHZCIZ 40°C O ‘O O QO O
OMe \ Q ! D

Scheme 55. RCM/reductive aromatization sequence.

The proposed strategy, which is a combination of reductive aromatization and
ring-closing metathesis, was tested for the synthesis of smaller, more strained belts. In
this case, the order of steps was changed, and the reductive aromatization was carried
out prior to the RCM (Scheme 56). Deprotection of hydroxy groups, followed by reduc-
tive aromatization under mild conditions, yields strained ring. In the last step, the RCM
enabled the formation of a strongly strained fragment of aromatic belt. Jasti demon-
strated that the RCM reaction leading to the formation of aromatic rings can be carried
out in highly strained systems, without undesirable side-processes [69].

OTES
<>
otES " N\
1. TBAF, THF, rt
2. HCI/SnCl, THF, rt \ O _ Ru2 Qb 0
\ CH20|2 40 °C CO

Scheme 56. Reductive aromatization/RCM sequence in the synthesis of highly strained aromatic
belt fragment.

Fang and co-workers proposed efficient synthesis of donor-acceptor ladder polymer
by the sequence of Suzuki polycondensation and ring-closing olefin metathesis (Scheme
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57) [70]. The authors assumed that the use of RCM as a ladderization step, which, in this
case, is also an aromatization step, will afford the desired ladder polymer in good yield
and without structural defects.

Suzuki

Pd(PPh
o (5 o oo+ (o A
KZCO3 toluene

H,0, 100 °C, 24 h

RCM
Ru-2
toluene, reflux, 6 h

CgH17-CgH17
R= L

66% isolated yield, M = 21000 D, PDI = 2.95

v

Scheme 57. Synthesis of donor—acceptor ladder polymer by the sequence of Suzuki polycondensa-
tion and ring-closing olefin metathesis.

Preliminary tests of polymer properties were performed. As expected, the rigid co-
planar nature of the ladder polymer was found to exhibit improved physicochemical
properties that were not observed with non-ladder type analogs.

5. Summary and Outlook

The synthesis of aromatic compounds using olefins and enyne metathesis employs
several previously described strategies. The synthesis of fused aromatic compounds can
be accomplished directly through diene or enyne RCM. Other strategies include a cy-
clization step via RCM, followed by aromatization, which can be implemented by oxida-
tion or elimination of suitable leaving groups. Finally, enyne RCM or ene-yne CM allows
the formation of conjugated dienes that can undergo successive cyclization, mainly
through Diels—Alder cycloaddition, and aromatization. Based on the results described
and previous reports, it seems that further progress is possible, particularly in the aro-
matization step. The use of (spontaneous) aromatization through aerobic oxidation
eliminates the need for strong oxidants, which can expand the reaction scope and/or
improve the yields achieved. A fascinating idea is to use RCM for the synthesis of atro-
pisomers, using metathetic cyclization of conformationally dynamic trienes. The devel-
opment of the method may open up a new area of application of metathetic cyclization in
the asymmetric synthesis of aromatic compounds. Exciting reports have been made on
the syntheses of macrocyclic aromatic strips with high ring strain. The efficient synthesis
of linear ladder polymers with a stiff coplanar structure has been achieved using the
strong thermodynamic driving force of aromatization. Due to the stiffened structure,
such polymers exhibit improved physicochemical properties compared to non-ladder
analogues. Finally, the possibility of using metathesis/aromatization sequences in the
synthesis of prodrugs is described. This opens up a new and poorly explored area of re-
search.

The survey clearly shows that the field of research will continue to develop in the
coming years. In particular, material and medicinal chemistry, in the broadest sense,
remain an important and underexplored area of research.
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