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Synthetically important ring opening reactions by
alkoxybenzenes and alkoxynaphthalenest

Alkoxybenzenes and alkoxynaphthalenes, as nucleophiles, have drawn great attention from organic

chemists over the decades. Due to their high ring strain, those particular classes of molecules are often
used in synthesis by utilizing their properties to undergo facile Friedel-Crafts alkylations. Different
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isomeric and low or densely substituted alkoxybenzenes are used for synthesis according to the

structure of the target molecule. Isomeric methoxybenzenes, are the most commonly used molecule in
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1. Introduction

Alkylation of anisole is a popular undergraduate laboratory
experiment. Such derivatization of electron-rich aromatic
systems, notably, the Friedel-Crafts (FC) reaction, has been
a boon to organic synthesis. The unique property of arenes, the
nucleophilic character of their m-electron clouds, has been
extensively utilized for their reaction against various ranges of
electrophiles since then, to access a wide range of important
motifs.' This named reaction remains equally fashionable even
after a century has passed because of its utter simplicity and the
high regioselectivity displayed in the products.?
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this regard. This review aims to comprehensively cover the instances of different alkoxy-benzenes/
naphthalenes used as nucleophiles for ring opening.

There can be two scenarios for nucleophilic ring-opening
functionalization by arenes. The neutral arenes (FC reaction)
generally require pre-activation of the ring, preferably by a Lewis
or a Bronsted acid, which attaches to a favourable “site” in the
electrophilic ring, causing its activation.® Metallo arenes can be
another option, which do not require the prior activation of the
electrophile ring, but require activation of the arene itself,
caused by dissociation of the highly polarized sp> carbon-metal
bond, releasing an arene anion or an arene radical.*® As the
second part of this story, i.e. metal-assisted ring opening of
small strained rings by arenes, has been compiled in two
excellent reviews by Wang® and Yus,¥ this review article is
seriously aimed at the discussion of almost all ring-opening FC
alkylations by neutral benzenes/naphthalenes reported to date.

2. “Neutral” arenes as nucleophiles

As the electron density along with electronic resonance
increases with the addition of alkoxy groups in a certain ring,
such substituted rings generally act more efficiently towards
electrophilic substitutions.® Moreover, the presence of alkoxy
groups makes the reaction products more open to selective
functionalization with phenolic derivatives further obtained by
dealkylation.” Other electron-rich arene species like dia-
lkylamino,® thioalkyl,” simply alkyl benzenes' or even unpro-
tected phenols™ display similar nucleophilic properties, but
this review will focus on the activities of the alkoxybenzene
classes alone.

2.1 Alkoxybenzenes

Alkoxybenzenes, on the other hand, in particular are treated as
better nucleophiles, being much richer in electrons due to the
+R effects of the substituents.® The increase in the number of
alkoxy groups not only increases the nucleophilicity but the
specificity of the nucleophilic site as well. Considering this

RSC Adv, 2020, 10, 31363-31376 | 31363
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Fig. 1 Alkoxybenzenes with number of possible
nucleohilic sites (shown by the orange arrows).

regioisomeric

trend in regioselectivity there have been substantial efforts to
utilize those classes of molecule as neutral nucleophiles en
route to the synthesis of many important biomolecules.?

The isomeric landscape of alkoxybenzenes is shown in Fig. 1
with an increase in the number of alkoxy groups in the ring
(other substituents are omitted for clarity). Considering alkoxy
groups as ortho/para directors only for upcoming electrophiles
and depending on the number of alkoxy groups, they can have
different nucleophilic sites (viz. for simple methoxybenzene,
there might be ortho/para-selected products), although they
react at only one site in a reaction (Fig. 1).

Small strained rings like cyclopropanes, aziridines, and
epoxides, which are always planar molecules, are also electro-
philic in nature for this reason. The tremendous angle strains
inside them bend the bonds outwards (“banana” bonds) to
increase the s-character in the bonds.**” Fig. 2 shows the actual

Relative Ring Strain

H_H H
X A 2
VAN VAN
27.5 kcal/mol 26.7 kcal/mol

H

H
b g Y ?
c
8
7]
S H_ H H
=
= N o
: O O O
S
&
E 6.2 kcal/mol 5.8 kcal/mol 5.4 kcal/mol
H_ H H
N O.
Q O "Banana" shaped bonds
(increased s-character)
0.0 kcal/mol 0.0 kcal/mol 0.0 keal/mol

X S
VAN _(OR),

Fig. 2 Release of angle strains in small carbo or heterocycles by ring

opening.?

Lewis Acid
—_—

LA

X

31364 | RSC Adv, 2020, 10, 31363-31376

- Lewis Acid

X
N _— 2 (OR)
uﬁﬁ\ XN Tautomerization |/ { )"XH
| (RN

Review

angle difference of (109°28"-104°) = 5°28” in cyclopropane
leading to an angle strain of 27.5 kcal mol~'.>** This strain is
gradually relieved as the ring size increases, with a greater
degree of relaxation. Thus, any nucleophile that can “attack”
this small ring can open it up and give vent to the strain. If the
nucleophile is an electron-rich aromatic, then it will become
alkylated in the process. As simple alkylations of alkoxy
benzenes are abundant in the literature, this nucleophilic ring
opening of small molecules turns out to be an interesting
version of such alkylations. A point to be noted is that an aryl
lithium or aryl Grignard addition is a prime competitor for
Friedel-Crafts-type ring opening for the alkylation of aromatic
ring alkylations.* But, Grignard reactions generally require
more inert although harsher conditions than the FC reaction to
proceed. Added to this, they produce more side products, as the
aryl Grignards are highly reactive. On the other hand, the FC
reaction sometime produces regioisomeric mixtures of prod-
ucts and undergoes disproportionation.*” Therefore, consid-
ering all these constraints, the better practicability of the above
two reactions still causes a great deal of debate, depending on
the distribution of the desired products.

Such nucleophilic ring-opening derivatizations of alkox-
ybenzenes can be broadly classified depending on the ring size
of the other electrophilic substrate in the reaction.

2.1.1 Three-membered rings. The simplest carbacycle is
cyclopropane. By placing suitable complementary electron-
donor and electron-acceptor groups across a C-C bond of
a cyclopropane, the particular bond can be electronically
polarized. Such systems, activated by this synergistic electron
push-pull effect are known as “donor-acceptor (DA) cyclopro-
panes”.* Coupled with the built-in internal angle strain, these
small molecules can show very facile ring-opening reactions
with electron-rich arenes to afford important skeletal motifs.**

2.1.1.1 Ring opening of cyclopropanes. DA-cyclopropanes are
activated further in the presence of catalytic amounts of Lewis/
Brgnsted acids to undergo ring-opening functionalization.
Several methods are available in the literature for their opening
by isomeric alkoxy benzenes. Ivanova et al. reported a 1,3-
dimethoxybenzene-mediated nucleophilic ring opening of
donor-acceptor cyclopropane diethyl diester.** 5 mol% lantha-
nide salt Lewis acid Yb(OTf); was loaded in refluxing chloro-
benzene solvent to obtain a 73% yield of the alkylated 1,3-DMB
product 2-(2,2-diarylethyl)malonate (Scheme 1).

Ghorai and co-workers used 1,3,5-TMB for the stereoselective
ring opening of DA-cyclopropane under the influence of a cata-
Iytic amount of Yb(OTf);. Starting with an enantiopure

OMe
OMe
/A<002Et . Yb(OTf)3 (5 mol%)
Chlorobenzene, EtO,C OMe
Ph COEt OMe reflux, 6 h z
EtO,C Ph

73%

Scheme 1 Ring-opening alkylation of 1,3-DMB by cyclopropane
diester.

This journal is © The Royal Society of Chemistry 2020
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Ph" CO,Me DCE, rt-65 °C, 40 min OMe CO,Me
MeO OMe
90% COo,Me

(S-substrate), ee >99% (R-product), 99%, ee 95%

Scheme 2 Stereoselective ring opening of DA-cyclopropanes by
1,3,5-TMB for the synthesis of 2-(2,2-diarylethyl)malonate.

OMe ~Yb(OTh, OMe Ar  COR

® RO 0.
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COR 52 “H
X OMe OR X OMe

X ‘OMe

Scheme 3 Mechanism of ring opening of DA-cyclopropanes by
electron-rich arenes.

substrate, excellent enantioselectivity was obtained with almost
quantitative product yield (Scheme 2).**

The above reactions follow a simple FC-type mechanism
(Scheme 3). The catalytic oxophilic lanthanide(m) salt first
coordinates with the ester carbonyl, making the benzyl position
more electronically deficient. The multi-alkoxy benzene attacks
the benzyl position of the ring in Sy2 fashion. After ring
opening, the aromaticity in the nucleophile is restored by
proton transfer and tautomerization.

When the styryl substrate was used, the nucleophilic attack
happened only in the ring carbon and the styryl double bond
was absolutely untouched. The styryl-substituted product was
then allylated and subjected to a ring-closing-metathesis (RCM)
strategy by a Grubbs-2 catalyst for the facile synthesis of a tri-
methoxy phenyl substituted cyclohexene with 81% yield
(Scheme 4). The RCM product structurally resembles the anti-
malarial agent (+)-methyllinderatin.*®

Moran's group claimed a Brgnsted acid triflic acid catalyzed
ring opening of DA-cyclopropanes in hexafluoroisopropanol
medium. Using different substituted methoxy benzenes, a wide
range of such 2-(2,2-diarylethyl)malonates were synthesized
(Scheme 5). The bromo-substituted nucleophile was a suitable
reactant for this reaction, giving 51% product yield."”

The reaction scheme was extended to some chalcone-derived
electrophiles to obtain the corresponding diaryl ketones
(Scheme 6) in a regioselective homo-conjugate addition."” The
chloro-substituted dimethoxy nucleophile gave 72% of the
ketone product.

OMe
/\/A<C02Me \(b(om3 (20 mol%) NaH, Anyl bromide
COMe DCE, rt-65 °C, 40 min CO,Me  THF, reflux, 30 min
MeO OMe -

OMe : o] OH

® Vﬁ@ 3
_G2(10mol%) _ yyeoy OMe : HO™ NP oM |
DCM, 1t,6 h : H :

COMe ‘ COMe :

COo,Me M ;
95% s19 COMe | (+)-methyllinderatin

Scheme 4 Ring opening of DA-cyclopropanes by 1,3,5-TMB.
Synthesis of cyclohexenes by RCM.
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O 0 o
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Scheme 5 Ring opening of DA-cyclopropanes by Brensted acid in
HFIP solvent.

(o}

' D Ar.
A /A[(Ar + pppy _TTOH (10 mol%) MAW
o

HFIP [2M], 1t, 3 h

MeO.
Ar= Ar=Af= \© 83% Ar= Ar'= Ph,Ar" = f;‘ 2%
MeO.
Ar= Ar=Ph,Ar' = \(;(\ 98%

OMe

Scheme 6 Synthesis of diaryl ketones from chalcone-derived DA-
cyclopropanes.

5 mol% Brensted acid B(C¢Fs); H,O in HFIP medium was
also suitable for this ring opening using 1,3,5-TMB (Scheme
7).

Later on this strategy was taken to the functionalization of
monosubstituted or gem-disubstituted cyclopropanes having
either an electron-donor (aryl) or an electron-acceptor (keto or
diester) group at a time. Although the reactions needed much
higher temperature to proceed. Here 1,3-dimethoxybenzene
displayed good ring-opening reactions with both diester or keto
(benzoyl) containing rings (yields 77% and 87%, respectively).'”
Fluoro-substituted dimethoxy benzene gave 82% of the ring-
opened ketone (Scheme 8). 1,3,5-Trimethoxy benzene gave

OMe
OMe
/A<R2 . B(CeFs)sHo0 (5mol%) 1 OMe
1 3
R R HFIP [2M], t, 3 h ;
MeO OMe R
R?” "R?
OMe
OMe
MeO I OMe
MeO OMe
S,
S \
/

MeO,C / 60% o 93%
CO,Me
MeO

Scheme 7 Ring opening of DA-cyclopropanes by Brgnsted acid
B(CgFs)3-H20.
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MeO OMe MeO. OMe o
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Ph Me
F OMe
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MeO OMe eO OMe
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Scheme 8 Ring opening of monosubstituted cyclopropanes by the
Bronsted acid TfOH.

oMe
H e A\H/R e
H ¥
HFIP o 1,3,5-TMB
X X

Scheme 9 Mechanism of ring opening of cyclopropane carbonyls
with alkoxy benzenes.

good yields of the corresponding products. Due to less activa-
tion of the ring by the solitary ester group, only 15% of product
was obtained from methyl cyclopropanecarboxylate.

The mechanism for carbonyls followed the same pathway as
described, with triflic acid protonating the carbonyl oxygen
which in turn polarizes the C-C bonds, making it easy for attack
by methoxy benzene homologues (Scheme 9)."

Moran's group showed that the ring opening of simple aryl-
substituted cyclopropanes can also be performed with each of
the mono-, di- and trimethoxy benzene nucleophiles. The
cyclopropanes lack the presence of any electron-withdrawing
groups in the structures. The addition occurred at the
benzylic position of cyclopropanes to give the corresponding

TfOH (10 mol%) AT
) +AT—H ————

Ar HFIP, 1t, 16 h Ar

OMe OMe
MeO. MeO. F
MeO. MeO.

93% Ph 70% 83% OMe Ph 79%
OM

e Ph

Scheme 10 Ring opening of aryl cyclopropanes by methoxy benzenes
in Bronsted acid TfOH.
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Scheme 11 Mechanism of ring opening of aryl cyclopropanes with no
acceptor groups.

OMe
MeO.
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(o]
0=$=0 + ocEoCr PH N.g”
7

2%

Scheme 12 Ring opening of aziridines by 1,3,5-TMB.

geminal diaryl propanes in good to excellent yields (Scheme
10).18

The non-benzyl C-C bond electrons first coordinate with the
proton from triflic acid, in turn increasing the polarization on
the benzyl carbon. Then it is attacked by the nucleophile to give
the ring-opened product (Scheme 11).*

2.1.1.2 Ring opening of aziridines. Aziridines are one of the
most attractive building blocks in organic synthesis, especially
because of the presence of a nitrogen atom. Great efforts have
been made through the years for further ring-opening func-
tionalization on this small and readily openable ring.* Ghorai
and co-workers synthesized 2,2-diarylethylamine via the regio-
selective ring opening of N-activated aziridine by 1,2,3-TMB.
The reaction was catalyzed by a mixture of only 5% Lewis acids
Zn(OTf), and Sc(OTf); in DCE solvent (Scheme 12).>°

Similar results were obtained with the nucleophile 1,3,5-
TMB under the same conditions to afford the stereo-enriched
ring-opened 2,2-diarylethylamines (Scheme 13). The reaction
proceeds via a similar Lewis acid catalyzed mechanism as
described for the cyclopropane cases.*

OMe
Sc(OTf); (5 mol%),
_Zn(OTh, (5 mal%) _
. L\ TDCE,0°Crt . MeO OMe
NHTSs
Ph
(S.9)- (S,9)- R

R = Propyl, 94%, de=ee >99%
Allyl, 92%, de=ee >99%

OMe
OMe
Sc(OTf); (5 mol%),
e Zn(OTf), (5 mol%) o o
+ —_— >\ M
\\%OTBS DCE, 0 °Crt © ©
Ph MeO OMe Ph NHTs
OTBS

95%, de >99%

Scheme 13 Ring opening of aziridines by 1,3,5-TMB.
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Scheme 14 Mechanism of aziridine opening in Friedel-Crafts fashion.
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o
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91%, dr 4.0:1, InCl; 0.1 equiv. () podophylotoxin

Scheme 15 Total synthesis of (—)-podophyllotoxin from aziridine.

The Lewis acids are coordinated by tosyl oxygens, thus in
turn weakening the benzyl C-N bond where the m-electrons of
TMB could penetrate to give the desired product (Scheme 14).2°

Takahashi et al. described an asymmetric formal synthesis of
the antitumor agent (—)-podophyllotoxin.>'“ The key step was
the synthesis of the aziridine ring opening by sesamol (Scheme
15).2 To check the feasibility and optimizing the Lewis acid
concentration required for the reaction, the authors used less
reactive (with fixed nucleophilic site) sesamol benzyl and allyl
ethers with (4)-trans-arylaziridine-2-carboxylate in DCM solvent
in the presence of catalytic InCl;.

Here, the metal coordinates with the aziridine ester oxygens
for the ring activation followed by its cleavage (Scheme 16).**

Hsueh described the ring opening of N-mesyl aziridine by
1,3,5-trimethoxy benzene in the presence of methanesulfonic

/—o
o
ToR
Bn
N Bn
MeO. Y,
‘COBu  InCl, MeO 4
Bl I WA o
MeO 8*0'_,_—|nc|3
OMe MeO
OMe
0 OR
o OR < NHBn
< o " "'CO,Bu
o :
- - . =
MeO OMe
OMe

Scheme 16 Synthesis of intermediate for (—)-podophyllotoxin.
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Scheme 17 Ring-opening
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Scheme 18 Synthesis of cis-1,4-disubstituted tetrahydroisoquinolines
from N-activated aziridines.

acid as an activator.”® The reaction was carried out in a tele-
scoped continuous flow process with both the formation and
ring opening of aziridine to obtain 51% product yield (Scheme
17) with 40 minutes of residence time.

Xing and co-workers described a Lewis acid assisted
synthesis of cis-1,4-disubstituted tetrahydroisoquinolines from
N-activated aziridines by a tandem ring opening followed by a 3-
component Pictet-Spengler reaction sequence in DCE medium
(Scheme 18) under heating conditions.*

After the BF;-OEt, catalyzed ring opening of aziridine, the
free amine forms an iminium ion with aldehyde (Scheme 19).
The iminium ion A is then reacted with electron-rich arene in
Friedel-Crafts fashion.”® The second-step attack from the top
face might result in steric repulsion between the aldehyde aryl
group and the aziridine tosyl group (B), leaving the trans-dia-
stereomer unfavorable. The approach of arene from the bottom
face of imine only arranges an interaction between the tosyl and
the small benzyl proton of the original aldehyde (C). This largely
supports the formation of the cis-diasteromer of the tetrahy-
droisoquinoline product.

Acetals of the corresponding aldehydes also reacted in the

same way, giving tetrahydroisoquinoline products. 3,4-

RSC Adv, 2020, 10, 31363-31376 | 31367
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Scheme 19 Mechanism of aziridine ring opening by dimethox-
ybenzene  followed by diastereoselective  Pictet—Spengler
condensation.
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Scheme 20 Ring opening of aryl epoxide with SnCly.

Dimethoxy bromobenzene also acted in the same way as 1,2-
DMB to afford the same product, proving that in the Pictet-
Spengler process Br' was liberated instead of a proton. Per-
forming the reaction with a separately made ring-opened
product with aldehyde for the Pictet-Spengler condensation
gave similar yield and stereoselectivity in the final
tetrahydroisoquinoline.

2.1.1.3 Ring opening of epoxides. Epoxides are important
building blocks in organic syntheses.** These highly strained
and energetic small rings are sensitive to a wide range of

oM OMe Ph
@)\/ a=-10°, ee = +20%
W<
a=-1.1°ee=+28%
Q
L OMe Ph

o=-1.8° ee=+24%

Ph® MgBr OH
o =+30.4°
ee =88%
Ph
OMe

a=+1.0° ee =-34%

Scheme 21 Ring opening of optically active phenyl oxirane: FC vs.
Grignard reaction.

31368 | RSC Adv, 2020, 10, 31363-31376

Review

\_ PhY Ph
o 1,4 Product

Scheme 22 Proposed mechanism of epoxide opening with SnCl, as
the Lewis acid.

OMe OMe Ph
Ph
o OH
MoO,(acac); (5 mol%), OH
A + —————— > product
Ph CCl,, 50 °C
My 63% Trace
HINO, <0 NO,

Scheme 23 Ring opening of epoxide by anisole in the presence of
MoO,(acac), Lewis acid.

nucleophiles, including moisture. They are easily opened up by
alkoxy benzenes as well. Taylor and co-workers studied the ring
opening of aromatic-substituted epoxides in the presence of
50% SnCl, as a Lewis acid alkylation promoter (LAAP) to obtain
a regioisomeric mixture of ring-open products with anisole as
the solvent (Scheme 20).>® The yield increases with increasing
electron density in the substrate.

For the above reaction the yields were greatly improved over
the previously reported benzene as solvent and AICl; as Lewis
acid.”® Later on, Taylor et al. repeated their work with chiral
epoxide to compare the stereochemical results with the
Grignard reaction (Scheme 21).”” It is apparent from the specific
rotation and ee values that both the FC and Grignard adduct
from the ortho-position of anisole proceed via single inversion,
which is also the case when the reaction is going through the
para-position via the FC mode. The Grignard addition through
the para-position of anisole only proceeds by double inversion.
Although the sharp fall in enantioselectivity in all cases does not
rule out a competitive Sx1 pathway operating.

As usual the epoxide oxygen first coordinates with the Sn**
Lewis acid followed by ring opening at the benzyl position by
anisole (Scheme 22).%®

Yang described a methodology for similar ring opening of
styrene oxide in the presence of MoO,(acac), Lewis acid in CCl,
solvent (Scheme 23).> If the para-position of anisole was
blocked by a highly electron-withdrawing group, the relatively
slower reaction gave only a trace amount of the ortho-ring-
opened product.

The catalytic Mo" interacts with the epoxy oxygen. The
weakened benzyl carbon then reacts with methoxy benzene and
the C-O bond is cleaved to give the ring-opened product

M oV

R — “ = Lo

Scheme 24 Mechanism of Mo'V-assisted epoxide opening by anisole.
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(2 equiv BF3 Et,0, rt)

yield 44%, ee 85%,
(0.3 equiv BF3 Et,0, -20 °C)

With racemic epoxides:**®

yield 88%, condition D

yield 81%, condition D

yield 96%, condition D

Scheme 25 Synthesis of tetrahydrobenzolc]oxepin-4-ols from benzyl
glycidyl ether.3?

(Scheme 24).%° It is noteworthy that similar Lewis acidic activity
of MoO,(acac), is known previously.*

An ingenious choice of oxirane substrates containing the
alkoxy aryl groups lying just adjacent can undergo such intra-
molecular ring opening, giving rise to important molecular
skeletons under suitable conditions, known as the intra-
Friedel-Crafts epoxy-arene (IFCEA) cyclization
strategy.* In a such intramolecular fashion, attempting to
synthesize the 7-membered ether tetrahydrobenzo[c]oxepin-4-
ols from benzyl glycidyl ethers, Pericas tried different Lewis
acid combinations.*” The 3,5-dimethoxy substrates gave the
desired product, but the 4-methoxy analogues solely afforded 4-
diarylmethyl-1,3-dioxolane (Scheme 25) with yields varying with
the conditions used. Both sets of products were accompanied by
high enantioselectivities.*** Condition D was chosen by the
authors as the optimized one to keep the balance in yields

molecular

M

(0] . E—
OMe
Sp? attack
MeO

Scheme 26 Mechanism of formation of tetrahydrobenzolcloxepin-4-
ol from benzyl glycidyl ether.

OMe
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ipso attack, Sy? fragmentation

Scheme 27 Mechanism of
dioxolane.

formation of 4,4-diarylmethyl-1,3-
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Scheme 28 Synthesis of 3-chromanols from aryloxymethyl oxiranes
in HFIP.

between the 7-membered racemic hydroxyl ethers and the 1,3-
dioxolane products.*??

The tetrahydrobenzo[c]oxepin-4-ol products arise from the
usual Lewis acid activated ortho/para intramolecular ring
opening of benzyl glycidyl ethers (Scheme 26).

Interesting 4,4-diarylmethyl-1,3-dioxolane products arrive
from an ipso attack from the electron-rich arene to the Lewis
acid activated epoxide. The spiro-tetrahydropyran intermediate
thus formed followed a fragmentation procedure, leading to the
corresponding 4,4-diarylmethyl-1,3-dioxolane (Scheme 27).

Qu reported an intramolecular regioselective ring opening of
chiral epoxides with an adjacent methoxy benzene subunit
under refluxing conditions in refluxing hexafluoroisopropanol
as solvent to produce enantiopure 3-chromanol derivatives as
trans-diastereomers (Scheme 28).*** This class of compounds
are abundant in nature and largely have antioxidant
properties.***

This is a metal-free process and no Lewis acid was required
for this protocol (Scheme 29). The “acidic” O-H proton of HFIP
(pK, 9.3) activated the epoxy ring under refluxing conditions to
open it in intramolecular fashion via “electrophilic solvent
assistance (ESA)”. Apart from HFIP, 2,2,2-trifluoroethanol (pK,
12.4), water (pK, 15.7) and phenol (pK, 9.95) also helped ring
opening by this method. The transition state shown in the
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S~ —_— —_—
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m
w
o
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Scheme 29 Mechanism of HFIP-assisted intramolecular ring opening
of epoxides.>*
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Scheme 30 Intermolecular ring opening of epoxides with methoxy
benzenes under HFIP .33

mechanism is also stabilized by the highly ionizing solvent
HFIP.

The reaction scheme is well applicable to its intermolecular
version (Scheme 30), also giving enantiopure product with 1,3,5-
TMB. The yield increases with the number of methoxy groups.
The only exception is the tetramethoxylated aromatic, probably
for steric reasons. For the methoxy epoxide (the last product)
a slow ring-opening reaction occurred at the least sterically
hindered position.

Devi used catalytically hydrated Brgnsted acid TsOH - H,O for
a cheap and metal-free intramolecular ring-opening reaction of
2-(aryloxymethyl)-3-aryloxiranes to obtain trans-4-arylchroman-
3-ols in toluene solvent (Scheme 31).>** The reactions needed
no inert atmosphere and the products have several biologically
important activities as antioxidant, anticarcinogen, anti-
arteriosclerotic and antibacterial molecules. The yields ranged
from 54 to 88% with the use of 20 mol% Brensted acid. The use
of stronger acids like trifluoro acetic acid, triflic acid or sulfuric
acid lowered the yield, whereas weak acids like phenol or acetic
acid failed to give any product.

Trans-isomers were exclusive in the products. According to
Qu,** a direct and concerted 6-endo-tet ring-opening cyclization
of the epoxide can give rise to a trans-product (Sy2, route a,
Scheme 32). Otherwise if the reaction followed route b (Sy1), the
benzyl cation formed after acid-mediated cleavage of the
epoxide, can stay in 4 different energetic transition states A-D.
The TS C having the least steric requirement gave the final trans-
product by a 6-exo-trig fashioned Friedel-Crafts attack from the
alkoxy-bearing aryl group.

TsOHH,0 (20 mol%)
o e e
Toluene, 70 °C, 0.5 h

MeO. o}

MeO

MeO. 0.
MeO. 0}
Y v YOH
MeO : OH OMe - H
OMe _~
80% @ 84% 69%
Br OMe

Scheme 31 Brgnsted acid-catalyzed intramolecular ring opening of
2-(aryloxymethyl)-3-aryloxiranes.
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Scheme 32 Mechanism of the formation of trans-4-arylchroman-3-
ols by 6-exo-trig cyclization.®*

Repeating the reactions under a 4 : 1 mixture of toluene and
acetonitrile, keeping other conditions the same, produced
a comparable outcome for both alkoxy-substituted benzenes
and naphthalenes.*® He and co-workers reported a gold(m)/
silver() catalyzed ring-opening “cyclialkylation” of arylox-
ymethyl oxiranes in dichloroethane medium to synthesize 3-
chromanols. A 2.5 mol% catalytic combination of AuCl; and
AgOT( catalysts was applied in a 1 : 3 ratio (Scheme 33).*¢ In
some cases, the use of a 5 mol% catalyst afforded a better yield
(given in parentheses). For 3,4-disubstituted chromanols, trans-
diastereomers were the major product, indicating a possible
Sx1 mechanism. In the absence of gold(ii) only trace amounts
of 3-chromanols were obtained. Here Au(m) acted as the Lewis

OH
o~ o ~
Ar0 O AuCIy/AgOTf (2.5 (5) mol%)
\7( e
. HIAr
{yar DCE.50°C,2-4h
¢ o o o OH OH
o OH o OH o o
“ph
MeO OMe  MeO OMe
OMe

65% (84%)

58% (87%) 68% 65% 83% trans, 76%

Scheme 33 Gold(i)-catalyzed synthesis of 3-chromanols from ary-
loxymethyl oxiranes.
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Scheme 34 Ring opening of propylene oxide with 1,3,5-TMB.

TSOH.H,0 (20 mol%)

toluene, 80 °C, 45 min

Scheme 35 Synthesis of diastereoselective chroman-fused tetralins
(cis exclusive).

acid to coordinate with the epoxide oxygen and AgOTf was used
as an additive to generate Au®*, probably by removing a Cl~ ion
from AuCls;.

When the reaction was performed with 1,3,5-TMB and
propylene oxide, the sole regioisomer was obtained in 52% yield
(Scheme 34).

Adopting their previous strategy, Devi et al. described the
parallel preparation of chroman-fused tetralins by ring opening

Q 0
Y R? 2
0=} ° K,CO3, DMF o= o
MeO. NHOF Ot o 2 | meo, N
\©/ 60°C, 12h \©/

OMe OMe

TSOHH,0, toluene
80°C, 45 min
Sy2or Syt

0 = 1) I} n —
O=s i O:S\Q_ O=s
/ o=! 7 F b F
MeO. NG W/ /S\©~F MeO. N MeO. \7

Scheme 36 Synthesis of tetrahydroquinoline-containing bridged
benzothiaoxazepine-1,1-dioxides from benzene sulfonamides.®*
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Scheme 37 Synthesis of (125,13R)-tetrahydroquinoline containing
bridged benzothiaoxazepine-1,1-dioxide.*

of tetralin epoxy ethers in a cis-diastereoselective method.*? The
products were B-ring-modified analogues of (+)-brazilin, a tet-
racyclic homoisoflavonoid natural red dye (Scheme 35).*

Later on using the same IFCEA strategy, they reported a 3-
step synthesis of trans major tetrahydroquinoline-containing
bridged benzothiaoxazepine-1,1-dioxides, starting from
benzene sulfonamides via N-sulfonyl tetrahydroquinolines
(Scheme 36).* 1t is noteworthy that both N-arenesulfonylte-
trahydroquinolines®***“ and benzothiaoxazepine-1,1-dioxides
are important bioactive molecules.

The enantioselective version was also made by starting from
allyl alcohol using a chiral pool strategy by sharpless asym-
metric epoxidation.*® The epoxide was then subjected to the
optimized conditions to get (12S,13R)-tetrahydroquinoline with
a 74% combined yield as the major enantiomer (Scheme 37).

The reaction intermediates need not be chromatographically
purified to proceed to the next steps. The trans-selectivity in N-
sulfonyl tetrahydroquinolines is attributed to the Sy2 attack
from the electron-rich arene section to the TsOH-activated
epoxide for its ring opening followed by cycloetherification
(Scheme 38). However, depending on the relative conformation
of the transition state, an Sxy1 mechanism would give the same
trans-product.

2.1.1.4 Ring opening of thiiranes. Interesting 3-membered
homologues of oxiranes are the thiiranes.*” The ring opening of
3-membered episulfonium salts was only reported by Ibragimov
with electron-rich arene methoxy and 1,3-dimethoxy
benzenes.*® This is an example of the B-arylthioalkylation
strategy of arenes. For this purpose, olefin double bonds were
sulfonated wusing arylsulfenyl halides to generate the

35e

i
Z—0=0
T‘@

tn

-

N 7 S
Sw=0
)
Z >17
\
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MeO.

Scheme 38 Origin of trans-selectivity in products.®
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Scheme 39 B-Arylthioalkylation of arenes using thiiranes.

episulfonium salts in situ in the presence of AgBF,.>* The reac-
tions were carried out at —40 °C in a 1 : 4 mixture of dichloro-
ethane and dichloromethane solvents. The formation of
thioethers resulted from the attack of a nucleophile on the
sulfur atom instead of carbon (Scheme 39).

2.1.2 Four membered rings. As the ring size increases, it
results in greater ring stability; therefore the tendency towards
ring opening decreases.” In many cases 4-membered rings are
considered as important building blocks for the synthesis of
larger molecules.

2.1.2.1 Ring opening of cyclobutanes. The simplest four-
membered carbacycle is cyclobutane. Recently, the ring
opening of its activated class, the donor-acceptor cyclobutanes,
was studied by Kreft et al.®” The rings were further activated by
stoichiometric use of AlCl; Lewis acid (Scheme 40) to give the
best yields. The use of a sub-stoichiometric amount (50 mol%)
of Lewis acid afforded a lower product yield. The use of SnCl,,
Sc(OTf);, Yb(OTf); or In(OTf); needed a much longer reaction
time than AICI;.

2.1.2.2 Ring opening of azetidines. The 4-membered homo-
logue of aziridine, azetidine, behaves similarly if treated with

40,41

a catalytic Lewis acid in the presence of alkoxy benzenes. Ghorai
et al. have recently reported a catalytic Yb(OTf); assisted ring
opening of N-activated azetidines with 1,3,5-TMB to synthesize

R2Q
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N R%Q |
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N CO,Me
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O 90% COMe  MeO 64% COMe o 74%

OMe OMe OMe
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i _CO;Me O _~_-CO,Me
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Scheme 40 Ring opening of donor—acceptor cyclobutanes by
methoxy benzenes.
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Scheme 41 Yb(OTf)s ring opening of azetidines with 1,3,5-trimethoxy
benzene.

3,3-diarylpropylamines (Scheme 41).*> Dichloromethane was
chosen as the best solvent for this reaction. The ring-opened
products are Hj-antihistaminic agents and are the chief
composition of a number of marketed drugs.*

Mono- and 1,2,4-trimethoxybenzene were also used as
nucleophiles for this ring opening. The ring-opened products of
the reaction were further utilized to synthesize the precursor of
the urinary drug (+)-tolterodine in 4 further steps (Scheme 42).
The target compound is a marketed antimuscarinic agent under
the trade name Detrol.**

The mechanism for the above reaction followed the same
Lewis acid catalytic pathway, i.e. coordination of tosyl oxygens
with Yb®". As a result, the benzyl C-N bond is weakened, fol-
lowed by attack by the methoxy benzene nucleophiles.

The Lewis acid assisted simple FC-ring-opening alkylation of
alkoxy benzenes by oxetane systems is yet to be reported.

2.2 Alkoxy naphthalenes

Isomeric alkoxy naphthalenes are homologues of similar
important electron-rich nucleophilic species like alkoxy
benzenes, as discussed above. The nucleophilic sites of various
mono, di- or trisubstituted naphthalenes are illustrated in
Fig. 3. In all cases the alkoxy functionalities acted as either
ortho- or para-directing groups.

The use of alkoxy naphthalenes for FC ring opening is chiefly
constrained to epoxides. Platt and co-workers synthesized
methoxy anthanthrene by treating bisoxiranyl chrysene with

OMe
MeO. OMe
NHTs
Product NHTs

Ph
95% 91% Ph

OMe OH
4 steps
_Asteps M
NHTs —_— Y
Ph

Ph

Ph Yb(OTf)3 (5 mol%)
E\ITS oA — 2
DCM, rt

(#)-tolterodine

Scheme 42 Synthesis of (+)-tolterodine from activated azetidine.*?
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Scheme 43 Synthesis of isomeric hydroxy anthanthrenes.

BF;-OEt, via Friedel-Crafts ring opening.*® Treatment of
anthrathrene with boron tribromide gave the product hydroxy
anthanthrene (Scheme 43).

These compounds constitute the class of hydroxy poly-
aromatic hydrocarbons (PAHs) which are carcinogenic in
nature*** and possess bacterial mutagenicity in some histidine
strains in Salmonella typhimurium.*® Later on a similar
compound was synthesized in 94% yield by using InCl; as a Lewis
acid and starting with bis-epoxide by Ran and co-workers with
radioactive "*>C incorporated (shown by asterisks, Scheme 44).*
Further studies on the biological activities of the reduced product
of benzopyran-7,8-dione, benzopyran-7,8-diol and epoxide anti-
BPDE revealed their carcinogenic metabolite nature.*®* Radioac-
tive species were required as standards for mass spectrometry
analysis of the patterns of benzopyrene (BP) metabolism and the
structure of the DNA adduct in human cells.

As described earlier, He's group also studied some electron-
rich naphthalenes along with alkoxybenzenes for the regiose-
lective ring opening of epoxides for the synthesis of 3-

0.
B(OH),
+ HC=PPh, O
MeO’

OO 1BX i E NaBHy
o,
Ho 3 o Y HO'
o o

Scheme 44 Synthesis of carcinogenic metabolites BP-7,8-dione, BP-
7,8-diol and anti-BPDE.
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Scheme 46 Synthesis of 3-chromanols in fluorinated alcohol solvent.

chromanols (Scheme 45). The products were in high yields and
a diastereopure product was found for disubstituted epoxide.

Qu also extended their work on intramolecular ring opening
of epoxides with electron-rich naphthalenes. In HFIP medium
3-chromanols were synthesized in excellent yields (Scheme
46)‘3311

The work done by Devi and co-workers when extended to
naphthyl substrates provided the corresponding products,
trans-4-arylchroman-3-ols, in good yields. No reaction was
offered by the terminal epoxides, i.e., substrates had no direct
aryl group attached even at 120 °C (Scheme 47).3***

When they performed the synthesis of cis-naphthochroman

31c

fused tetralins using the same intramolecular Friedel-Crafts
epoxy-arene (IFCEA) cyclization strategy, it gave better yields
with naphthalenes than with corresponding benzenes (Scheme
48).34

Using electron-rich 1- and 2-methoxy substituted naphtha-
lenes, Moran and co-workers extended the ring opening with

RL S
R o~ OH
v<(|)/©/ TSOHH,0 (20 mol%)
B O, Toluene, 70°C, 0.5h ©
R
=
@ ‘ °
O : O
'OH
&N 40 D
) P>
75% 70% Xy ‘ 66% \ No reaction No reaction
Br
Scheme 47 Intramolecular ring opening of naphthyl-substituted
epoxides.
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Scheme 48 Syntheses of cis-naphthochroman fused tetralins using
an intramolecular Friedel-Crafts epoxy—arene cyclization strategy.
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Scheme 49 Ring opening of phenyl cyclopropane by methoxy
naphthalenes.

phenyl cyclopropane in excellent product yields using the same
reaction conditions described in Scheme 10. For the 1-methoxy
nucleophile, a 4:1 mixture of regioisomers was produced
(Scheme 49).*

Nucleophilic ring opening by the higher homologues, i.e.
alkoxy-anthracenes or phenanthrenes, has not been reported
yet.

3. Conclusion and outlook

This concise review reports the ring-opening functionalization
of small-sized molecular rings with alkoxybenzenes/
naphthalenes in Friedel-Crafts fashion. Those “electrophilic”
rings consist of different heteroatoms or simply of carbon.
Sometimes the rings need subtle or considerable activation with
the help of Lewis acid(s), followed by nucleophilic attack. As
described, these are considered to be very important for
synthesizing a diverse range of chemical commodities, obtained
by single or multistep treatment(s) of the ring-opened products.
The product spectrum stretches to biologically active natural
products and drugs, important polymers, polyaromatic hydro-
carbons, macrocycles, molecular motors, fluorescent sensors,
photo-energy storage and more. The works cited in this article
display a wide range of conditions and differently substituted
substrates for target-oriented syntheses. But this is not the end
of the story. The struggle of the electronically rich arenes

31374 | RSC Adv, 2020, 10, 31363-31376

Review

towards the more challenging alkylative ring-opening func-
tionalization of larger and more stable rings (five-membered
ring onwards) to date poses a big problem to be solved. With
its successful execution with non C-H activation pathways, this
will definitely unleash an ocean of routes for chemists to
enlighten the uncharted territories of Friedel-Crafts ring
opening.
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