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Indium triflate catalysed tandem allylation–intramolecular
hydroalkoxylation was efficiently carried out by using 1 mol-
% of the catalyst under mild conditions to afford the dihy-

Introduction

Oxygen-containing heterocyclic compounds are found in
many natural and biologically active materials.[1] In particu-
lar, chroman-type structures constitute a class of highly
interesting compounds (Scheme 1) including, for example,
vitamin E (α-tocopherol), the biologically most relevant fat-
soluble antioxidant,[2] dihydrobenzopyran-derived Clusi-
foliol, an antitumour agent,[3] and flavonoids, polyphenolic
compounds ubiquitously found in plants with effects on
cancer chemoprevention and chemotherapy.[4]

Scheme 1. Examples of biologically active chroman derivatives.

Conventional routes to the chroman framework gen-
erally require more than stoichiometric amounts of pro-
moters. The Claisen rearrangement was first reported for
the preparation of benzopyrans, involving the reaction of
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drobenzopyran ring system (chroman-type structure) in good
yields. Kinetic, mechanistic and theoretical studies are also
presented.

phenol derivatives and 1,3-dienes at high temperatures.[5]

Under promotion by a Brønsted or Lewis acid, phenolic
compounds may react with isoprene or other 1,3-dienes
under homogeneous[6] or heterogeneous[7] conditions to
give directly the corresponding heterocycles. The synthesis
of dihydrobenzopyrans from allylic alcohols or derivatives
under stoichiometric Brønsted[8] or Lewis acid conditions
has also been described.[9]

Catalytic systems for the preparation of benzopyran
structures from phenols and allylic or 1,3-diene derivatives
have been reported and include transition-metal cataly-
sis,[10] protic catalysis[11] and Sc(OTf)3

[12] (10 mol-%) cataly-
sis in reactions involving coupling with 1,3-dienes.

The catalytic use of triflate or triflimide salts as Lewis
acids for the tandem aryl allylation–cyclisation sequence
with allylic acetates has not been extensively explored.[13]

The development of more efficient catalysts and catalytic
methods constitutes an interesting challenge. We report
here that In(OTf)3 is an efficient catalyst for the tandem
coupling of phenol derivatives with allylic acetates for the
direct synthesis of dihydrobenzopyran structures. Coupling
occurs under mild conditions with only 1 mol-% of the cat-
alyst. We also present some insight into the mechanism of
this reaction.

Results and Discussion

Catalyst Screening

The reactivity of a series of metallic triflates (TfO–) and
triflimides (Tf2N–) in the Friedel–Crafts reaction was first
examined by using a model system involving phenol (1a)
and prenyl acetate (2a) [Equation (1)]. The reactions were
performed with a 1a/2a ratio of 10:1 in the presence of
1 mol-% of the catalyst in dichloromethane at room tem-
perature. Zn(NTf2)2, recently reported for the allylation of
aryl derivatives with allylic acetates,[14] was inefficient for
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the tandem allylation–cyclisation reaction starting from
phenol (Table 1, Entry 1). Zn(OTf)2 as well as Ni(OTf)2 and
Ni(NTf2)2 also showed poor catalytic activities (Table 1,
Entries 2–4). Good coupling results were obtained at 25 °C
with In(OTf)3 (Table 1, Entry 5). Cyclised product 3aa and
para-allylated noncyclised 4aa were obtained in a combined
GC yield of 81% in a 4.7:1 ratio. ortho-Allylated derivative
5aa was not observed in the final reaction mixture. The re-
action was less efficient at 40 °C, with a combined yield
of 3aa/4aa of 45% due to partial polymerisation (Table 1,
Entry 6). Catalysis by In(NTf2)3 led to 3aa/4aa in 66 % yield
in a 2.4:1 relative ratio (Table 1, Entry 7). Although the
selectivity towards chroman structure 3aa decreased, the
use of TfOH or Tf2NH as catalysts allowed the allylation
of 1a in yields of 75–76% in protic superacid medium,
whereas 81% yield was obtained with In(OTf)3 (Table 1,
Entries 8 and 9). Moreover, controlling the concentration
of acid is crucial to avoid substrate polymerisation. In-
(OTf)3 gives better selectivity than TfOH towards chroman
structure 3aa. In(OTf)3 was preferred to TfOH as the cata-
lyst in this study because polymerisation of 2a occurs in
strong protic acidic medium.

(1)

Table 1. Influence of the catalytic system (1 mol-%) in tandem al-
lylation–cyclisation reactions of 1a with 2a (1a/2a = 10:1, CH2Cl2).

Entry Catalyst T t % Yield of Ratio
[°C] [h] 3aa+4aa+5aa[a] 3aa/4aa/5aa[a]

1 Zn(NTf2)2 25 24 5 1:2:2
2 Zn(OTf)2 25 24 25 1:11:13
3 Ni(OTf)2 25 24 4 1:2:1
4 Ni(NTf2)2 25 24 5 1:2:2
5 In(OTf)3 25 2 81 4.7:1:–
6 In(OTf)3 40 1 45 4.5:1:–
7 In(NTf2)3 25 24 66 2.4:1:–
8 TfOH 25 1 75 3:1:–
9 Tf2NH 25 1 76 3.1:1:–

[a] Yields and product ratios determined by GC with nonane as
internal standard.

In addition to the selectivity towards 3aa attained for this
tandem process with In(OTf)3, the reaction operates under
mild conditions (room temperature) and was complete in
2 h in the presence of only 1 mol-% of catalyst. Chroman
3aa could be isolated as a pure compound from the reaction
mixture by performing basic aqueous extraction.

Tandem Allylation–Cyclisation of Phenol Derivatives

With In(OTf)3 as the selected catalyst (1 mol-%), the
scope of the tandem reaction was extended to include a
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variety of phenol derivatives and allylic acetates (Table 2).
The formation of substituted chroman structures 3 was first
examined with phenol derivatives 1a–h and acetate 2a. The
reaction proceeded with high regioselectivity in yields rang-
ing from 71 to 95 % (Table 2, Entries 1–8). Interestingly, the
tandem process was not only efficient and highly selective
with activated phenol derivatives, but it was also proceeded
with phenol substrates bearing electron-withdrawing sub-
stituents (Table 2, Entries 6 and 7).

Whereas 1a afforded a mixture of 3aa and 4aa in 80%
yield (Table 2, Entry 1), 3,5-dimethyl-substituted 1b led to
tandem allylation–cyclisation product 3ba in 95% yield and
with an excellent selectivity of 19:1 for 3ba/4ba (Table 2,
Entry 2); less than 5 % yield of para-allylated phenol 4ba
was obtained from this reaction. For 2,6-dimethyl-substi-
tuted 1c (Table 2, Entry 3), the Friedel–Crafts allylation oc-
curred exclusively at the para position, allowing the selective
formation of monoallylated isomer 4ca in 93% yield. This
example suggests that the aryl allylation is the first step in
this tandem process.

When several 4-substituted phenol derivatives were used,
the tandem allylation–cyclisation process occurred with
high efficiency (Table 2, Entries 4–7), affording the expected
chroman derivatives in 71–94% yields. Coupling of trimeth-
ylhydroquinone 1h to 3ha was achieved in 86 % yield
(Table 2, Entry 8). Further reactions were performed with
differently substituted allyl acetates (Table 2, Entries 9–13).
Chroman structure 3aa was the major compound formed
upon reaction of 1a with acetate 2b (Table 2, Entry 9). The
outcome of the reaction was the same as that obtained with
acetate 2a (Table 2, Entry 1), suggesting that a carbo-
cationic π–allyl-type common intermediate was generated
from both acetates 2a and 2b. In the case of disubstituted
allylic acetates 2c and 2d (Table 2, Entries 10 and 11), a
mixture of five- and six-membered ring heterocycles was
obtained from the tandem reactions carried out under re-
fluxing conditions in nitromethane. Under the same condi-
tions, methallyl acetate 2e afforded dihydrobenzofuran 6de
in 41% yield (Table 2, Entry 12). Despite the lower yield
due to partial polymerisation, only benzofuran 6de was ob-
tained, as expected from the double bond substitution. Un-
substituted allyl acetate failed to react. Treatment of acetate
2f with trimethylhydroquinone 1h afforded expected vita-
min E (3hf) in 91 % yield as a 1:1 mixture of diastereoiso-
mers (Table 2, Entry 13). Related reactions concerning tri-
methylhydroquinone coupling have been described under
stoichiometric[15] and catalytic conditions.[16]

Mechanistic Aspects

The observed reactivity of phenol derivatives with allylic
acetates suggests that the formation of dihydrobenzopyrans
3 is facilitated when the aromatic ring is electron rich and
also when the allylic acetate bears highly substituted double
bonds. The observed order of reactivity of the allylic acetate
double bond is: trisubstituted � 1,2-disubstituted � 2,2-
disubstituted � monosubstituted. This reactivity suggests a
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mechanism involving carbocationic π–allyl-type intermedi-
ates formed from the allylic acetates in the presence of the
Lewis acid.

Table 2. In(OTf)3-catalysed tandem allylation–cyclisation of phenol derivatives 1 with allylic acetates 2 [1/2 = 10:1, In(OTf)3 (1 mol-%)].

Eur. J. Org. Chem. 2010, 6239–6248 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 6241

Dihydrobenzopyran 3aa may be obtained from 1a and 2a
by following two different pathways. The first route involves
Friedel–Crafts C-allylation to 4aa and 5aa followed by in-
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Table 2. (Continued)

[a] Isomer ratios determined by GC and NMR spectroscopy. [b] The catalyst was used in 3 mol-%. [c] Two diastereoisomers, ratio 1:1.

tramolecular cyclisation of ortho-allyl phenol 5aa to 3aa
(Scheme 2, path a). A second sequence for the preparation
of 3aa entails initial formation of allyl aryl ether 9aa fol-
lowed by Claisen rearrangement to 10aa (Scheme 2, path b)
and further intramolecular cyclisation to afford 11aa or
12aa. From 9aa, one can also consider a [1,3] sigmatropic
rearrangement to 5aa and further intramolecular cyclis-
ation leading to 3aa.

Several Lewis or protic acid catalysed reactions involving
the cyclisation of allyl aryl ethers 9 to dihydrobenzofurans
12 or dihydrobenzopyran 3 or 11 have been proposed to
involve a [1,3][17] or [3,3] sigmatropic rearrangement.[18]

It is worthy to note that intermediates 9aa, 10aa, 11aa
and 12aa were not observed in all In(OTf)3-catalysed reac-
tions involving 1a and 2a.

We studied the kinetic evolution of the coupling of 1a
and 2a in a stoichiometric 1:1 ratio, in the presence of
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In(OTf)3 (1 mol-%) in CH2Cl2 at room temperature (Fig-
ure 1). The conversion of 2a was complete within 4 h. After
30 min, ortho-C-allylated phenol 5aa was identified as the
major compound of the reaction mixture and its concentra-
tion progressively diminished, indicating that 5aa was an
intermediate in this tandem reaction. After 4 h, cyclisation
to 3aa occurred in 33 % yield and was accompanied by
some para-allylation to 4aa (12%) and some bis(allylation)
(20%). The rate of the disappearance of intermediate 5aa
corresponded to that of the appearance of 3aa, thus arguing
in favour of path a in Scheme 2. Ether 9aa was not observed
as an intermediate in this 1:1 reaction.

To gain more insight into the different mechanistic path-
ways, C- and O-allylated phenols 5aa, 9aa and 10aa were
independently prepared and subjected to the In(OTf)3-cata-
lysed reaction conditions. Thus, 5aa was obtained as a by-
product in the Mitsunobu reaction of phenol and prenyl
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Scheme 2. Alternative mechanistic pathways to chroman structures 3aa, 11aa and coumaran derivatives 12aa from 1a and 2a.

Figure 1. Kinetic evolution of the reaction between 1a and 2a [1/2
= 1:1, In(OTf)3 (1 mol-%), CH2Cl2, 25 °C].

alcohol.[19] Ether 9aa was quantitatively prepared from phe-
nol and prenyl bromide in basic media, and 10aa was ob-
tained from 9aa by a Claisen rearrangement at 170 °C.[20]

The kinetics of the reaction of 5aa with In(OTf)3 (1 mol-%)
in CH2Cl2 at 25 °C is shown in Figure 2. Cyclic ether 3aa
was the only product formed quantitatively at the same rate
as that of the disappearance of 5aa. This is in favour of 5aa
as an intermediate in the tandem reaction.
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Figure 2. Kinetics of the reaction for the conversion of 5aa into
3aa catalysed by In(OTf)3 (1 mol-%) in CH2Cl2 at 25 °C.

When the In(OTf)3-catalysed reaction was run with 9aa,
Claisen-type product 10aa or its corresponding cyclised
ether 11aa (or 12aa) was not formed. The reaction led di-
rectly to 3aa and 4aa in 60 and 23 % yield, respectively (ra-
tio 3aa/4aa = 7:3, combined yield of 83%). The formation
of 4aa from 9aa is indicative of an O-allyl cleavage by
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In(OTf)3 presumably by the formation of a π–allyl–InIII

complex in solution as opposed to a regiocontrolled
Claisen-type rearrangement. Although 3aa can be formed
from 9aa, the latter could not be observed in the reaction
of 1a and 2a under these conditions.

When 10aa was treated with In(OTf)3 (1 mol-%) in
CH2Cl2 at 25 °C, no cyclisation occurred, and this is in
agreement with the fact that neither 11aa nor 12aa could be
detected in reactions of 1a with 2a under the InIII-catalysed
conditions.

To obtain further evidence of allylation being the first
step of the reaction (Scheme 2, path a), the In(OTf)3-cata-
lysed system was tested by treating anisole with 2a. The
yield of the reaction was of 81 % with a para/ortho ratio of
3:1.

In the overall tandem allylation–cyclisation process of
phenols with allylic acetates, AcOH is formed as a by-
product. To examine the possible influence of AcOH, the
In(OTf)3-catalysed reaction of 1a and 2a [ratio 1:1,
In(OTf)3 (1 mol-%), CH2Cl2, 25 °C] was carried out in the
presence of 1 equiv. of added acetic acid with respect to 1a.
The kinetic evolution and the yield indicated that the ad-
dition of AcOH had no significant influence on the process.
The cyclisation was however inhibited in the presence of a
hindered base such as di-tert-butylpyridine (1.2 equiv. with
respect to 1a), indicative of the presence of protons or of
the participation of proton shifts in the process.

Theoretical Calculations

The In(OTf)3-catalysed allylation of 1a and 2a was mod-
elled by using DFT calculations. In order to reduce compu-
tational cost, the –CF3 groups were replaced by chlorine
atoms[21] and the OTf ligands were designated OTCl. The
results were obtained from B3LYP/def2-TZVP+ single-
point energy calculations held on BP86/def2-SV(P) geome-
tries.[22–25] The Turbomole[26] package was used throughout

Figure 3. Computed C-allylation from 1a + 2a with In(OTf)3 to give 5aa, then cyclisation of 5aa to 3aa.
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the study. For the sake of simplicity, only relative energies
are presented, always relative to the separated fragments.
They include zero-point corrections as calculated at the ge-
ometry optimisation level. Absolute energies and detailed
xyz coordinates are provided in the Supporting Infor-
mation.

We computed the mechanistic profiles sketched in
Scheme 2. Data obtained for Friedel–Crafts C-allylation
(path a) are shown in Figure 3 and the results for O-al-
lylation (path b) are reported in Figure 4. In the following,
[In] stands for In(OTCl)3, a dash will represent an H-bond-
ing interaction as in 1a-[In] and a dot describes a metal–
ligand interaction as in [In]·2a. As an explanation, starting
from the separated reactants, In(OTCl)3 + 1a + 2a, the first
proposed complex in the allylation mechanism (Figure 3) is
1a-[In]·2a, in which 1a is H-bonded to a triflate ligand of
the catalyst and allyl acetate 2a is directly bound to the
metal. This complex is situated at –21.3 kcal/mol below the
separated fragments.

Let us start with the C-allylation mechanism (Figure 3).
From complex 1a-[In]·2a, the first transition state (TS) con-
cerns the transfer of the allylic carbocation generated from
acetate 2a to the phenol ring (computed natural bond or-
bital[27] carbocation charge: qcarbocation = +1.2). The opti-
mized geometry of TS A (Figure 4) shows optimal allyl
transfer conditions, both from electronic and steric points
of view: the phenol is loosely H-bonded to one of the trifl-
ate groups of the catalyst, but it is not coordinated to the In
centre; thus, it preserves its nucleophilic property. Distances
between the allyl and the acetate or the phenyl ring are
rather large (Callyl–Oacetate 2.48 Å, Callyl–Cphenol 2.24 Å), so
that the carbocation easily slides from the acetate to the
phenol. When acetate 2b is used instead of 2a, a very similar
structure of A arises that leads to intermediate B. Once the
allyl transfer is completed to give B (Figure 4), structural
rearrangements occur and the acetate coordinates the metal
in an η2 fashion (intermediate at –27 kcal/mol). A proton
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Figure 4. Selected computed structures from Figure 3.

transfer follows to give rise to structure C with a barrier of
only 11 kcal/mol (TS at –16.5 kcal/mol).

The system affords AcOH and 5aa, and the InIII catalyst
is released with an overall exothermicity of –15.9 kcal/mol
(Figure 3). Alternatively, 5aa may evolve to 3aa as the prod-

Figure 5. Computed Claisen (R = H, R� = Me) and [1,3] sigmatropic (R = Me, R� = H) rearrangements from 9aa to 3aa, 11aa and 12aa.
The dashed arrows indicate a proton transfer mediated by a triflate group.
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uct. In this case, 5aa coordinates the In centre through its
OH group. The cyclisation may occur in a two-step process
where a proton is first transferred from the phenol to the
double bond and then the C–O bond is formed. Neverthe-
less, calculations suggest that as the proton transfer pro-
ceeds in [In]·5aa, the cyclisation immediately follows and
leads directly to [In]·3aa. Product 3aa and the InIII catalyst
can be released with an overall exothermicity of –24.7 kcal/
mol.

Theoretical calculations support the C-allylation mecha-
nism as it does not imply TSs at very high energy. The high-
est point computed in the energy potential surface corre-
sponds to A, at –6.1 kcal/mol. Furthermore, the calcula-
tions show the role of the catalyst, which is to promote
cleavage of the C–O bond of the acetate (structure A) and
to promote proton transfer and the ring closure process
from [In]·5aa to [In]·3aa (Figure 3). A 3D view of the TS
can be seen in Figure 4. It is shown that the C···O distance
is particularly large at the TS, and we conclude that the
proton transfer occurs before the C–O bond formation.
IRC (intrinsic reaction coordinate) from the TS followed by
a careful geometrical optimisation clearly show a one-step
mechanism that encompasses both the proton migration
and C–O ring closure.

The analysis of the O-allylation mechanism (Scheme 2,
path b) illustrated in Figure 5 indicates that in this case the
phenol coordinates directly to the catalyst and is deproton-
ated by a triflate ligand (Figure 6). The acetate is also coor-
dinated to the metal centre and is followed by O-allylation
to give complex [In]·9aa (this process is not shown in Fig-
ure 4). The energy of the TS for this last step is +13.7 kcal/
mol, which is much higher than any point on the computed
C-allylation potential energy surface. This result is sufficient
to exclude the O-allylation mechanism. Nevertheless, it was
considered important to study the evolution of the [In]·9aa
intermediate.
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Figure 6. Selected computed structures from Figure 5.

Experiments suggest that 9aa affords 5aa after a [1,3] sig-
matropic rearrangement rather than a Claisen rearrange-
ment to give 10aa (Scheme 2). Moreover, whereas 5aa af-
fords cyclisation product 3aa, 10aa fails to react under the
same conditions and does not afford 11aa. Complex
[In]·9aa evolves to two Wheland-like intermediates, S1 and
C1, according to the [1,3] sigmatropic and Claisen re-
arrangements, respectively (Figure 5). We noticed that the
deprotonation of these intermediates needs S2 and C2 tri-
flate-protonated complexes to generate precyclisation spe-
cies [In]·10aa and [In]·5aa. The direct proton transfer from
S1 (or C1) to [In]·5aa (or [In]·10aa) was also computed and
is not favoured, with a TS at 36.5 kcal/mol (or 40 kcal/mol)
with respect to the isolated fragments (not shown; see the
Supporting Information, Direct proton transfer). Theoreti-
cal calculations indicate that the [1,3] sigmatropic re-
arrangement of 9aa·[In] into [In]·5aa is preferred to a
Claisen rearrangement that leads to [In]·10aa. The former
pathway is overall about 10 kcal/mol lower in energy than
the latter (Figure 5) and the energies of the highest TSs for
the [1,3] sigmatropic and Claisen rearrangements are 0.9
and 5.3 kcal/mol, respectively.

The further cyclisation step involves a proton transfer
from the phenol (Figure 6). An activation energy of
17.4 kcal/mol is required to go from [In]·5aa to [In]·3aa,
whereas the activation energy required to go from [In]·10aa
to [In]·11aa is significantly higher at 35.3 kcal/mol. This im-
portant energy difference is clearly due to the relative sta-
bilities of the primary versus tertiary carbocation in the cor-
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responding TSs and explains the observed difference in the
experimental reactivity at low temperature. We computa-
tionally noted that a five-membered ring cyclisation from
[In]·10aa to [In]·12aa, through a relatively stable secondary
carbocation, would require 18.5 kcal/mol and would be exo-
thermic by 10 kcal/mol.

Proposed Catalytic Cycle

Experimental and theoretical results are in agreement
with respect to the most favourable pathway of the tandem
allylation–cyclisation process. A catalytic cycle is proposed
in Scheme 3. The first step concerns the activation of the
allylic acetate by In(OTf)3. Coordination of InIII to 2a leads
to the formation of a π–allyl derivative,[28] which is experi-
mentally justified by the fact that the same products are
obtained from isomeric acetates 2a and 2c (Table 2, En-
tries 1 and 9). In the presence of phenol coordinated to
In(OTf)3 through H-bonding to a triflate group, the Frie-
del–Crafts allylation takes place preferably at the ortho po-
sition due to the close space arrangement. After re-aroma-
tisation and elimination of AcOH, 5aa coordinated to InIII

undergoes direct intramolecular cyclisation to 3aa, regener-
ating the In(OTf)3 catalyst. The cyclisation step follows the
Markovnikov rules with the attack of the oxygen at the
most substituted allylic carbon.
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Scheme 3. Proposed catalytic cycle for the tandem Friedel–Crafts
allylation–cyclisation process.

Conclusions

In conclusion, we developed a Lewis acid catalysed tan-
dem allylation–cyclisation process between phenols and al-
lylic acetates, leading mainly to dihydrobenzopyran struc-
tures. The process uses only 1 mol-% of In(OTf)3 as the cat-
alyst and operates under very mild conditions. Both elec-
tron-rich and electron-deficient phenol and allylic acetate
derivatives successfully underwent the reaction. This InIII

catalytic one-pot reaction constitutes an attractive alterna-
tive for the construction of O-heterocyclic compounds.

Mechanistic and theoretical studies as well as the obser-
vation of the reactivity of several intermediates rule out the
classical Claisen rearrangement and suggest a dual role for
the Lewis acid catalyst: direct ortho-allylation of the phe-
nols followed by intramolecular cyclisation.

Experimental Section
General: All reactions were carried out under a nitrogen atmo-
sphere. Unless otherwise noted, solvents and reagents were ob-
tained from commercial sources and used without further purifica-
tion. Reactions were monitored by gas chromatography (HP
6890N, equipped with a capillary column VF-1MS, polydimethyl-
siloxane, 30 m long, internal diameter 0.25 mm, film thickness
0.25 µm, coupled with a FID) and by thin-layer chromatography
on plates coated with 0.25 mm silica gel 60 F254 (Merck) with UV
light and aqueous potassium permanganate–sodium hydrogen car-
bonate as visualizing agents. Merck silica gel 60 (0.040–0.063 and
0.063–0.200 mm particle sizes) was used for column chromatog-
raphy. Flash column chromatography was performed using silica
gel (40–63 µm, VWR). NMR spectra were recorded at 200 MHz
with a Bruker AC 200 FT spectrometer at room temperature with
TMS as an internal standard. Mass spectra were obtained with a
mass detector Agilent 5973N coupled to a gas chromatograph Ag-
ilent 6890L by performing electron ionisation at 70 eV.
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General Procedure for the Cyclisation of Phenol Derivatives: Phenol
derivatives 1a–h (30.0 mmol), acetates 2a–f (3.0 mmol) and In-
(OTf)3 (3.10–2 mmol) were stirred in CH2Cl2 (1,2-dichloroethane or
CH3NO2, 15 mL) at 25 °C (or heated at the reported temperature)
for 2–48 h. At the end of reaction, the crude mixture was added to
aqueous 1  NaOH (30 mL). The aqueous layer was extracted with
Et2O (3 �15 mL). The combined organic layers were washed with
aqueous 1  NaOH (3 �30 mL), 1  HCl (3 �30 mL) and satu-
rated aqueous solution of NaCl (30 mL), dried with magnesium
sulfate and concentrated under reduced pressure. Final products
were purified by basic extraction or by column chromatography on
silica gel (Et2O and/or petroleum ether and/or AcOEt).

The prepared products are known compounds, for details see: 2,2-
dimethylchroman (3aa),[29] 2,2,5,7-tetramethylchroman (3ba),[17a]

2,6-dimethyl-4-(3-methylbut-2-enyl)phenol (4ca),[30] 6-methoxy-2,2-
dimethylchroman (3da),[31] 2,2-dimethylchroman-6-ol (3ea),[32] 6-
chloro-2,2-dimethylchroman (3fa),[33] ethyl 2,2-dimethylchroman-6-
carboxylate (3ga),[34] 6-hydroxy-2,2,5,7,8-pentamethylchroman
(3ha),[35] 6-methoxy-2-methylchroman (3dc),[31] 5-methoxy-2,2-di-
methylcoumaran (6de),[36] 2,5,7,8-tetramethyl-2-[4(R),8(R),12-tri-
methyltridecyl]chroman-6-ol (3hf).[37] Detailed procedures and
spectroscopic data are given in the Supporting Information.

Supporting Information (see footnote on the first page of this arti-
cle): Spectral data for compounds 3, 4 and 6; theoretical data for
the calculations of Figures 3 and 5.
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