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ABSTRACT: Benzoyl substituted allenes in Bronsted superacid TfOH at room temperature afford Nazarov cyclization products,
E-/Z-alkylidene indanones. In TfOH at a higher temperature of 70 °C, allenes bearing geminal benzoyl and phenyl substituents
undergo further transformations, yielding fused indano—indanones. The latter have been used as precursors in the stereoselective
synthesis of the structural analogue of the natural compound, Pallidol.

llenes are highly reactive molecules used for efficient

construction of complex carbo- and heterocyclic
structures.'~* One of the useful synthetic transformations of
aroyl-substituted allenes is Nazarov cyclization, affording
alkylidene indanones (Scheme 1a). This reaction proceeds
either through activation by Lewis acids such as BF;-Et,0,>°
In(OTf)3, Fe(0)-complex [(Ph;P),Fe(CO)(NO)]BE,,’
FeCl,,® or TMSOTf or under catalyst-free thermal con-
ditions.'” In addition to aroyl-substituted allenes, allenyl vinyl
ketones are also well suited for Nazarov cyclization, which is
promoted by Brensted acids (p-TsOH, CF;CO,H), Lewis
acids (compounds of Sc, Yb, Au),"" or silica gel'* (see also
review' ). Alternatively, the approach to the cyclization of
aroyl-substituted allenes entails their conversion to furans via
metal catalysis by Pd,"*™'7 Au,**7** Pt, Cu, A, Si, Sn, In, and
Ag”” (Scheme la). Specifically, these catalysts activate the
allene carbon—carbon bond, increasing its electrophilicity and
enabling intramolecular nucleophilic attack by the carbonyl
oxygen, affording target furans.

Based on our previous studies on cyclization of electron-
deficient allenes under superelectrophilic activation condi-
tions,”* ™" we sought to extend this approach to the
transformations of benzoyl allenes in the presence of strong
Bronsted and Lewis acids. Accordingly, the main goals of this
work were to investigate transformations of benzoyl-
substituted allenes under the action of strong Brensted (triflic
acid CF;SO;H (TfOH), H,SO,, CF;CO,H) and Lewis (AICl,,
AlBr;) acids, as well as acidic zeolites (CBV-500, CBV-720),
and to examine cationic intermediates and reaction products
through DFT calculations.

In pursuit of these objectives, we found that germinal-
benzoyl-phenyl allenes undergo Nazarov cyclization to form
alkylidene indanones (Scheme 1c). Protonation of the
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exocyclic C=C bond of the alkylidene indanones gives rise
to intermediate carbocations that are cyclized into fused
indano—indanone structures. The latter are precursors in the
synthesis of pallidol-like compounds (Scheme 1c).

There is a closely related precedent of FeCl;-mediated
bicyclization of aroyl-di(or tri)aryl allenes into fused indeno-
indanones (Scheme 1b).* Miao, Ren, and co-workers found
that such allenes, at the first reaction step, afforded Nazarov
cyclization products followed by their consequent one-electron
oxidation into intermediate radicals I and carbocations II,
which were finally cyclized into indeno-indanones III (Scheme
1b).* However, the mechanism of the formation of compounds
III differs from the transformation of aroyl allenes in our study
(compare Schemes 1b and 1c). In the latter case, the phenyl
substituent, which is geminal to the aroyl group, is involved in
the construction of the indane core (Scheme 1c). Contrary to
that, under the synthesis of compounds III, this geminal aryl
moiety remains untouchable.

It should be especially emphasized that Nazarov cyclization
of aroyl allenes is well-known (Schemes lab), but the
superacid-driven cascade leading to fused indano—indanones
from geminal benzoyl-phenyl allenes is unprecedented
(Scheme 1c).

Pallidol and related structures are typically isolated from
natural sources, such as Cissus pallida, grape seeds (Vitis
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Scheme 1. Previous Studies on Transformations of Aroyl-
Substituted Allenes into Alkylidene Indanones or Furans,
and the Main Idea of This Work

a) Previous works on various cyclizations of aroyl allenes:
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vinifera), Parthenocissus laetevirens, or red wine.”"”*> The main
benefit of Pallidol and similar structures is their role as
powerful antioxidants, especially as selective singlet oxygen
quenchers, that underlie their potential neuroprotective and
other health benefits, including antifungal and anticancer
activities.”* ™" In this regard, much attention has been paid to
the synthesis of Pallidol, which has been obtained by complex
multistage methods.*”~**

It should be noted that this study focuses on the synthesis of
compounds; no biological activity is claimed.

Starting benzoyl allenes 1a—k used in this study are shown
in Figure 1. Their synthesis and characterization are provided
in the Supporting Information (SI).

Initially, the transformation of allene 1c was studied under
the action of an excess of various acids (Table 1). Indenone 3c
was obtained as the only reaction product in high yields up to
86—97% under the use of Brensted superacid CF;SO;H
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0 R'=R?=Me, R®=H (a)
R’ R'=H, R?=Me, R®=H (b)
Ph R'=Me, R2=H,R®=H (c)
R'=H, R?= R®=Ph(d)
5" VR? R'= R2=Ph, R®=H (e)
R' = Ph, R? = 4-MeCgHy, R® = H(f)
1ak R' = Ph, R2 = 4-FCgH,, R® = H (g)
R' = Ph, R? = 4-CICgH4, R® = H (h)
R' = Ph, R? = 4-BrCgH,, R® = H (i)
R" = Ph, R? = 4-MeOCgHy, R3 = H (j)
R' = Ph, R? = 3,4-OCH,0CgH3;, R® = H (k)

Figure 1. Starting benzoyl allenes 1a—k used in this study.

Table 1. Cyclization of Allene 1c into Indanone 3¢ under
the Action of Excess of Various Acids, DFT Calculations of
Gibbs Energies AG,o (kJ/mol) for the Reactions 1c —
Ac— 2¢c = 3¢

+
(0] OH
Ph Me acid Ph Me
DFT for H;O™:
1c AG -67 kJ/mol Ac
DFT for HzO™: | _ ..
acid
AG -41 kJ/mol
(6] O
acid
Me «———————
O’ DFT for Hy0: Me
3¢ Me AG -15.3 kJ/mol 2¢
not isolated
Temp, Time, Yield of
Entry Acid °C min 3¢, %

1 TfOH (neat) r.t. 30 90
2 H,S0, (neat) r.t. 30 62
3 CF;COOH (neat) r.t. 30 10
4 AICly (CH,CI, as a solvent) r.t. 30 86
S AlBry (CH,CI, as a solvent) r.t. 30 50
6 CBV-720 (benzene as a 100 60 97

solvent)
7 CBV-500 (benzene as a 100 60 96

solvent)

“Incomplete conversion of starting allene 1c.

(TfOH) (entry 1), Lewis acid AICl; (entry 4) at room
temperature for 30 min, or acidic zeolites at an elevated
temperature of 100 °C for 60 min (entries 6, 7). Other acids,
H,S0,, CF;CO,H (entries 2, 3), or AlBr; (entry S), were less
efficient in this transformation, affording lower yields of target
compound 3c. It should be noted that the precursor of
indenone 3c is Nazarov cyclization product 2¢, which was not
detected in our experiments. Previously, the formation of
methylidene indanone 2¢ and its isomerization into compound
3¢ was observed under the action of Lewis acids BF;-Et,O or
In(OTY),.° This means that a fast isomerization of 2c into 3¢
takes place in strong Brensted (TfOH) and Lewis (AICL;)
acids in our study. The driving force of this isomerization is the
formation of the thermodynamically more stable compound
3¢, having a more substituted double bond C=C, which is
conjugated with the carbonyl group.

According to the literature data,”™” acid-promoted Nazarov
cyclization of aroyl-substituted allenes proceeds through an
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intermediate formation of cationic species generated by Lewis
acid coordination or Brensted acid protonation of the carbonyl
oxygen of starting allenes. Thus, in TfOH, allene 1c gives rise
to the O-protonated species Ac, which is cyclized into
indanone 2c (see scheme in Table 1). We carried out DFT
calculations of Gibbs energies AG,gq for the reactions 1c —
Ac— 2¢ = 3¢, which yielded negative AG,yq values, indicating
the thermodynamic benefits of both cyclization and isomer-
ization (see scheme in Table 1 and details of DFT calculations
in the SI).

Based on the data on acid-promoted cyclization of allene 1c
into indenone 3¢ (Table 1), we chose the following conditions
for the transformation of other allenes 1: TfOH, room
temperature, 30 min. Nazarov cyclization products, E-/Z-
alkylidene indanones 2a,b,e, were obtained from allenes 1a,b,e
(Scheme 2). The E-/Z-configuration of the carbon—carbon

Scheme 2. Nazarov Cyclization of Allenes 1a,b,e into the
Corresponding Alkylidene Indanones 2a,b,e in TfOH

(0]
Ph*[R : :/:
R'
Tabe E2abe ZZabe
(E-and Z- : 83-92%)

TfOH
r.t., 30 min

Q ? 0 0
Ci%Me + Me +
\ Me \ \  Me \
Me Me
E-2a, 70% Z-2a, 18% g2 Me Z2b e
E-:2- ~4:1
E-2b Z-2b E-:Z-
( 0 o ) 54% 26% ~2:1 (rt,5min)
66% 17% ~4:1 (r.t,30min)
Ph + Ph 88% - onlyE- (rt,72h)
{ { 85% only E- (70°C, 30 min)
Ph PH
E-2e, 30% Z-2e, 62%
L E-:Z2- ~1:2 )

double bond in compounds 2a,b,e was determined by NOESY
correlations between the vinyl proton of this bond with
neighbor aromatic or aliphatic protons of the indanone core
(see Figures S26, S31, and S34 in the SI). Under the same
conditions, allene 1d,k gave a complex mixture of oligomeric
materials. These allenes contain electron-rich substituents (two
phenyl groups in 1d and a methylenedioxyphenyl group in 1k),
which may undergo an intermolecular electrophilic attack by
reactive cationic species, leading to oligomer formation.

Reactions of allene 1b were carried out under various
conditions. It was found that the initially formed mixture of E-/
Z-isomers of 2b was completely transformed into the E-isomer
upon increasing the reaction time (72 h at room temperature)
or temperature (70 °C during 30 min) (Scheme 2). According
to DFT calculations, the isomerizations of Z-2b to E-2b and Z-
2e to E-2e are thermodynamically favorable processes, with
AGy values of —10.1 and —6.3 kJ/mol, respectively (see DFT
calculations in the SI).

It should be especially noted that isomerization of indanones
2a,b,e into the corresponding indenones 3, similar to reaction
2¢ — 3c (Table 1), was not observed at all, even at an elevated
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temperature of 70 °C in TfOH for compound 2b (see Scheme
2).

Benzoyl-diphenyl substituted allenes le furnished Nazarov
cyclization product E-/Z-2e in TfOH at room temperature for
30 min (Scheme 2). Then, we decided to conduct the reaction
of allene le in TfOH at a higher temperature of 70 °C.
Surprisingly, the formation of fused indano—indanone 4e was
observed in a high yield of 86% after 1 h; the structure of 4e
was determined by X-ray analysis (Scheme 3). Under the same

Scheme 3. Stereoselective Cyclization of Allenes la—j into

Ketones 4a—j in TFOH”
o
Ph
)T Q'.O
1ej 4e-j (40-97%)

4e, 86% 2\;{;

X-ray of 4e (internal dihedral angle
between indane planes is 111° )

TfOH
70°C 1h

4f, 58% Me

4g,40% F 4i, 89%

Br

Cl

4h, 87% OMe

4j, 94%

“For X-ray of 4e: ellipsoid contour probability levels are 50%.

conditions, other aryl-benzoyl-phenyl-substituted allenes 1f—j
gave ketones 4f—j of the same structure. The formation of
compounds 4 proceeds very stereoselectively, leading to the
cis-arrangement of the aryl substituent and protons at the
carbon—carbon bond between indane and indanone cores.
Apart from X-ray data for ketone 4e, the stereochemistry of
compounds 4 was confirmed by NOESY correlations (see
Figures S46 and S54 in the SI). Compounds 4 have a bent
structure, with an internal dihedral angle between the indane
planes of the indano—indanone system of around 111° (see
the X-ray of 4e in Scheme 3).

A plausible reaction mechanism for the cyclization of allenes
1 to ketones 4 in TfOH is presented in Scheme 4. Protonation
of the carbonyl oxygen of allene 1 affords O-protonated species
A, which undergoes Nazarov cyclization into cation E-/Z-B.

Scheme 4. Plausible Reaction Mechanism of the Formation
of Ketones 4 from Allenes 1 in TfOH

+ +
1 Nazarov oH
Ph Ph H* Ph cyclization Ph H*
N\ Ar
1 Ar A Sar E-/Z-B
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The latter is protonated at the carbon of the double bond,
leading to dication C, and this reaction step proceeds
stereoselectively. The protonation of the C=C bond occurs
from the least sterically hindered side, in the position opposite
to that of the phenyl substituent in cation B. Then, species C is
finally cyclized into ketone 4 in a way of electrophilic aromatic
substitution. This step is also stereoselective. The aryl group is
oriented outside the bent structure of the indano—indanone
system to minimize spatial hindrance (see the X-ray of 4e in
Scheme 3).

DFT calculations of Gibbs energies AG,yg of intermediate
reactions leading from allene le to target ketone 4e revealed
that protonation of allene le with the formation of cation Ae
and further cyclization into cations Z-/E-Be are thermody-
namically very favorable (see details of calculations in the SI,
Scheme S1).

It should be mentioned that in our previous work on
cyclization of alkyl allene carboxylates into furanones,” we were
able to generate the corresponding O-protonated species,
structurally close to cations A (see Scheme 4), and observed
these stable species by NMR in TfOH at room temperature.
However, in the current study, we were unable to detect
cations A by NMR in TfOH due to their rapid Nazarov
cyclization.

DFT calculations were carried out to characterize species A.
Energies of HOMO/LUMO, electrophilicity indices ,"**°
charge distribution, and contribution of atomic orbital into
LUMO were estimated for cations Aa,c,e. Calculations showed
that the electrophilic properties of the atom C3 in cations A
are mainly explained by the charge factor, rather than the
orbital one (see details in the SI, Table S3). These species give
Nazarov cyclization products via electrophilic aromatic
substitution (see the reaction mechanism in Scheme 4).

Furthermore, ketones 4e,h,j were stereoselectively reduced
with NaBH, to give alcohols Se)h,j in high yields (Scheme 5).

Scheme S. Stereoselective Reduction of Ketones 4e,h,j into

Alcohols Se/h,j by NaBH,
on,
92"
H

[}
. !#H '
d
5e,h,j Ar

dehj A

NaBH,, MeOH
rt,1h

5§, 62%

6j, 30% OMe

OMe

5h, 88% CI

The stereoselectivity of the reaction may be explained by
sterical factors, where the bulky borohydride anion approaches
the carbonyl group from the sterically less hindered side,
namely, outside of the bent indano—indanone plane of ketones
4, rather than from inside the plane (see dihedral angle in X-
ray of 4e in Scheme 4). The stereochemistry of compounds §
was unambiguously determined by NOESY spectra (see
Figures S61, S68 in the SI). Alcohol Sj underwent partial
spontaneous dehydration, resulting in alkene 6j (Scheme S).

Then, alcohol Se was used as an alkylation agent in the
Friedel—Crafts process. The reaction of compound Se with
benzene in TfOH at room temperature took only 2 min,
furnishing stereoselectively unsubstituted pallidol-like structure
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7a (Scheme 6, see Pallidol in Scheme 1). An inversion of the
carbon atom bearing a hydroxyl group occurred upon

Scheme 6. Synthesis of Pallidol-like Structure 7a by the
Reaction of Alcohols Se,h or Mixture of Compounds 5j and
6j with Benzene in TfOH; X-ray of 7a with a Dihedral Angle
between Indane Planes”

OH

I H
. O PhH, TfOH
O . r.t., 2 min
H
Ar

7a, 81% from 5e,
50% from 5h,
63% from mixture
of 5j and 6j

5e,h,
or mixture of 5j and 6j

“Ellipsoid contour probability levels are 50%.

alkylation of benzene due to nucleophilic attack of the latter
on the intermediate carbocation from its outside bent bis-
indane plane, which is sterically more accessible. The structure
of compound 7a was confirmed by X-ray analysis (Scheme 6);
the internal dihedral angle between the indane planes is around
115°, which is very close to that of compound 4e (Scheme 3).

Other aryl-substituted alcohols Sh,j and alkene 6j in this
reaction with benzene gave the same compound 7a because of
benzylic aryl-phenyl group exchange in superacids that we
observed earlier for various diarymethyl substituted substrates
through intermediate formation of benzyl type carboca-
tions.” "> It should be emphasized that the exchange of aryl
groups at the formation of compound 7a proceeds again
stereoselectively due to spatial effects.

In conclusion, it has been found that benzoyl-substituted
allenes undergo Nazarov cyclization in Brensted superacid
TfOH at room temperature with the formation of E-/Z-
alkylidene indanones. Geminal benzoyl-phenyl-substituted
allenes react deeper in TfOH at elevated temperature 70 °C,
leading to fused indano—indanones. The latter are synthetic
precursors of natural compounds of the Pallidol series.
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