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Site-selective unidirectional benzylic sp> C-H
oxidation of dodecahydrotriphenylene with RuClz—
NalO4: formation of benzylic ketonesyi
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Dodecahydrotriphenylene, a higher homologue of trindane chemoselectively undergoes unidirectional
benzylic sp® C—H oxidation and the central benzene ring remains intact unlike that in trindane under
similar reaction conditions. RuO,4 which generally attacks sp2 C—-H to form oxidative products is found to
give benzylic ketones via sp® C—H oxidation. Density functional theory (DFT) calculations have also been
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Introduction

Selective transformation of benzocyclotrimers (BCTs) into their
keto derivatives is highly desirable due to the diverse utility of
the keto functionality in various synthetic elaborations towards
graphene and buckminsterfullerene (Fig. 1). Hence, selective
benzylic oxo-functionalization of alkylarenes is an important
protocol in organic synthesis.' Moreover, benzylic oxidation of
alkylarenes provides valuable synthons that can lead to many
natural products, agrochemicals and pharmaceuticals.”

There are numerous reagents reported in the literature for
selective benzylic oxo-functionalization such as NaClO/TEMPO/
Co(OAc),, o-iodoxybenzoic acid, KMnO,/MnO,, bismuth-
picolinic acid, #BuONa, and ascorbic acid.* Ruthenium
complexes have been commonly employed in various oxidative
transformations to furnish a variety of oxo-functionalities.*®

In general, Ru-compounds have been shown to attack
alkenes via sp®> C-H activation to form aryl ketones.” However,
RuCl;-NalO, has been reported to exhibit poor reactivity during
benzylic oxo-functionalization of alkylarenes via sp® C-H acti-
vation.®* Hence, complexes of ruthenium have been employed
to accomplish effective benzylic sp®> C-H oxidation of aromatic
hydrocarbons to corresponding aromatic ketones.®
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Interestingly, the oxidation of tricyclopentabenzene (trin-
dane, 1) has been shown to yield a highly functionalized tricy-
clic system 2 (Scheme 1) upon oxidation with ruthenium
tetroxide generated in situ.® It is remarkable to note that the
compound 1 undergoes complete cleavage of the central
benzene ring.

(Currently under process in our laboratory)

Fig. 1 Benzocyclotrimer precursors towards fullerene and graphene.

RuCl;, NalO,
B —

Scheme 1
1.

Ru(vin) mediated oxidation of the benzene ring of trindane

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra06897k&domain=pdf&date_stamp=2021-10-22
http://orcid.org/0000-0002-1691-0805
http://orcid.org/0000-0002-9325-4717
http://orcid.org/0000-0002-9358-3940
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06897k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011055

Open Access Article. Published on 20 October 2021. Downloaded on 5/3/2026 7:38:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

In context with our synthetic studies, we became interested
in examining the oxidation of dodecahydrotriphenylene 3
(readily assembled via cyclotrimerization of cyclohexanone),
a higher homologue of compound 1. Thus, we treated the
compound 3 with RuCl;-NalO, ° in aqueous acetonitrile-carbon
tetrachloride system at ambient temperature. The reaction was
complete after 30 h (TLC). Usual workup and chromatography
furnished the ketone 4 ** along with hitherto unknown ketones
5 and 6 in a total yield of 37% (Scheme 2).

We undertook a time dependent study of the above oxidation
by arresting the reaction at various intervals followed by work
up and column chromatography of the reaction mixture.
Initially, the reaction was done for 4 h during which formation
of monoketone 4 was observed after 3 h, after which the
formation of dione 5 (6%) was observed (TLC) (Table 1). The
highest amounts of compound 5 (16%) was obtained when the
reaction was conducted for 20 h. Similarly, the first appearance
of trione 6 in trace amount was noticed after 16 h of the reaction
which continued to rise and reached to a maximum when the
reaction was done for 30 h (Table 1 and Fig. 2). The longer
reaction time led to degradation of the products. In case of the
entries 1-6, unreacted starting material was recovered.

The compound 3 does not undergo reaction when treated
alone either with RuCl; and/or NalO,. It was found that with
lesser amounts of NalO, or RuCl; or lesser reaction time,
unreacted 3 was isolated. Attempts of benzylic oxidation of 3
using 18 equivalents of NalO, alone, in the absence RuCl; met
with no success. Similarly the reaction did not proceed without
NalO, in the presence of RuCl; alone indicating involvement of
both the reagents in the oxidation cycle.

The structures of the dione 5 and trione 6 were deduced from
their spectral features. Thus, the dione 5 exhibited a CO
absorption band at 1684 cm™ " in its IR spectrum which clearly
indicated the presence of a conjugated carbonyl group. This
suggested the presence of aromatic ring in compound 5. The
proton NMR spectrum (600 MHz) showed two signals at ¢ 3.29

Table 1 Time-dependent study of the reaction

Yield® (%)

Reaction Compound  Compound Compound
Entry*  time (h) 4 5 6
1 04 22 6 —
2 08 30 9 —
3 12 39 14 —
4 16 33 15 Trace
5 20 30 16 Trace
6 24 22 13 7
7 30° 19 10 8
8 72d — — —
9 E

“ Compound 3 (5.0 g) for each entry. ” Isolated yields obtained after
column chromatography ¢ Starting material 3  completely
dlsappeared 4 Complete degradatlon of reaction products observed.

¢ No reaction (NR) either in presence of RuCl; alone or NalO, alone
and unreacted 3 was recovered.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Graphical presentation of the reaction time against yield (%) of
compounds 4-6.

(t,J = 6.0 Hz, 2H) and 3.16 (t, ] = 6.2 Hz, 2H) due to methylene
protons adjacent to carbonyl group. Further, signals were
observed at 6 2.83 (q,J = 5.9 Hz, 3H), 2.63 (dt, J = 14.3, 6.1 Hz,
7H), 2.15-2.08 (m, 3H), 2.00-1.94 (m, 2H), 1.81 (dd, J = 11.5,
5.6 Hz, 2H) for other methylenes. >*C NMR (151 MHz, CDCl,)
displayed signals at ¢ 200.98, 200.61 indicating the presence of
conjugated carbonyl group. In addition, signals were seen at
0148.11, 144.95, 134.33, 131.79 and 129.67, 40.71, 40.51, 30.36,
29.40, 29.18, 27.62, 27.47, 22.76, 22.61, 22.43, 22.27, 22.07.

The trione 6 also exhibited a carbonyl absorption band at
1690 cm ™' in its IR spectrum again indicating the presence of
a conjugated carbonyl group. The proton NMR spectrum (600
MH?z) of 6 showed only three sets of signals at 6 3.33 (t,/ = 6.1 Hz,
1H) for methylenes adjacent to carbonyl, 2.68 (t, ] = 6.8 Hz, 1H) for
benzylic methylenes and 2.05-1.99 (m, 1H) for other methylene
protons. *C NMR (151 MHz, CDCl;) of 6 displayed only one signal
at 6 200.12 indicating the presence of conjugated carbonyl groups.
Further, only two signals for aromatic carbons were observed at
0151.60, 131.79 and three signals in the aliphatic region at ¢ 40.32,
29.81 and 22.44. It is noteworthy to observe only six signals for
eighteen carbons indicating Cs, symmetry in the molecule.

It is interesting to note that the above reaction furnished
mono, di- and tri-keto derivatives in which the aromatic ring
remains intact which is contrary to the behaviour of trindane 1
that undergoes complete oxidative cleavage of the aromatic
ring.® Further, the structures of the dione 5 and trione 6 appear
to have a unidirectional character in which the keto groups are
present in either clockwise or anticlockwise direction. There are
six benzylic positions available in compound 3 out of which only
three positions are chemoselectively oxidized. None of the C,,
symmetric diones (7-9) were observed (Fig. 3). Consequently the

ER0 Q01

Scheme 2 Formation of various benzylic ketones 4-6.

2.2 mol% RuCly
18 eq. Nal04

CHSCN/CCL,/H 0
(1:1:2), 1t
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Fig. 3 Other possible benzylic diones, triones and the ring-opening
product.

unsymmetrical triones 10 and 11 which could result from
further oxidation of 7-9 were also not obtained.

It was also interesting to note that the oxidation did not give
any ring-opened product of type 12 as expected from the report
of S. Ranganathan et al.® It is known that ruthenium tetroxide is
generated in situ using oxidants like periodate or hypochlorite.*
The tetroxide thus formed experiences steric hindrance offered
by the folded peripheral cyclohexene rings in compound 3,
which perhaps shield the attack of the oxidant on the central
benzene ring (Fig. 4a and b) leading to consequent attack on the
benzylic sp® C-H positions.

RuO;, is isoelectronic with OsO, and due to its less toxicity,
ruthenium is preferentially employed than osmium in oxida-
tions.®™* A general mechanism for the oxidation is shown in
Fig. 5. Initial benzylic hydrogen abstraction by in situ generated
RuO, (7) leads to formation of a corresponding free radical
which on reaction with water gives an alcohol of type (2)
forming Ru-oxo/hydroxo species (3).* Further oxidation of (2)
via intermediate (4) then leads to formation of a ketone (5)
generating monooxoruthenium(iv) species (6) which is oxidized
back to RuO, (7) by the oxidant periodate for the next redox
cycle.’ Periodate itself gets reduced to iodate in the last step.

A comparison of various ruthenium assisted oxidations is
presented in Scheme 3. a-Diketones are obtained vig ruthenium
catalyzed sp® C-H oxidation in which catalyst attacks the

Fig. 4 (a) Folded peripheral cyclohexene rings around the central
benzene ring in compound 3. (b) Energy minimized structure of
compound 3 by Chem3D.
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Fig. 5 Plausible mechanism of the ruthenium oxidation.

activated double bond of alkene.” To achieve benzylic sp® C-H
oxidation, Ru-complexes have been employed.** When Ru(vi)
species is used, trindane 1 undergoes complete oxidative
cleavage of the central benzene ring to form polycyclic oxygen-
ated product 2.° Interestingly in spite of structural similarity
between 1 and 3, sp® C-H oxidation is not observed in 1.
However we found that the central benzene ring in 3 remains
intact and three out of six benzylic positions are chemo-
selectively oxidized to form a C;, symmetric keto derivative 6
having unidirectional character along with 4 and 5 (Scheme 2).

DFT calculations

We have performed independent structural optimization of all
the possible isomers of diones and triones to determine their
minimum energy. Further calculations such as ground-state
structural and electronic (HOMO-LUMO) were performed
using density functional theory based on first principle calcu-
lations using the Gaussian09 suite of program.**

The Becke three parameters hybrid functional with Lee-
Yang-Perdew correlation functionals (B3LYP)" are utilized with
LanL2DZ basis-set for the Ru-based systems and 6-311G basis-
set for rest the systems to accurately predict the minimum
energy states. The hybrid functionals are the mixture of Har-
tree-Fock (HF) exchange along with density functional theory
(DFT) exchange-correlation functionals. B3LYP functional uses

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 An overview of ruthenium mediated oxidations.
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Compounds

Fig.6 Optimized geometries of the molecules corresponding to their
energy state.

LYP expression for non-local correlation and VWN function III
for local correlation. The optimized structures were visualized
using GaussView (version 5).** The HOMO-LUMO gap is also
evaluated as it gives the important parameters such as electro-
negativity (x), chemical potential (u), global hardness (n), global
electrophilicity index (w) and global softness (S) etc.

In order to validate the experimental findings and to
understand the atomic level properties we have individually
configured and optimized the structural geometries by utilizing
the parameters described above. The optimized geometries
along with the energies are presented in the Fig. 6. It can be
observed that the minimum energies are obtained for the
compounds 4, 5 and 6 that can also be observed in experimental
results.

Fig. 6 shows the optimized geometry calculated using the DFT
method that corresponds to the energy of the molecules. The
calculated potential energy of compounds 4, 5 and 6 are
—774.392 eV, —848.401 eV and —922.410 eV respectively.
Compounds 5 and 6 have lower minimized energy than their cor-
responding possible diones [7 (—848.398 eV), 8 (—848.398 eV) and 9
(—848.398 eV)] and triones [10 (—922.401 eV), 11 (—922.401 eV)]
respectively.

Ru(vin) is the most stable state among its other prevalent
oxidation states. The continuous reduction from Ru(vii) via
ruthenate(vi) as an intermediate state leads to the formation of
most common Ru(v) oxidation state. We have calculated rela-
tive energy pathway and energy barrier for each step and plotted

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Calculated relative energy pathway of the intermediates (IM)
during oxidation reaction.
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Fig. 8 The HOMO-LUMO gap of compounds 4, 5 and 6.

the energy diagram (Fig. 7). Initially RuO, abstracts a hydrogen
from 3, leading to its reduction into Ru(vu) with concomitant
formation of the hydroxy derivative (IM-2). The calculated
energy barrier for this step is —0.036 keV per atom. This is
followed by the combination of IM-2 and Ru(vu) species giving
rise to the alkoxyruthenium(vi) (IM-4) having —0.144 keV per
atom energy barrier for this step. In the key step, ruthenium-
oxygen bond cleavage leads the formation of the keto-products
along with the generation of Ru(wv). The energy barrier for this
last step is 0.12 keV per atom. The calculated HOMO-LUMO
energy gap of 4, 5 and 6 are shown in the Fig. 8.

Conclusions

In summary, the central benzene ring of compound 3 is found
to remain unaffected by ruthenium and subsequently sp* C-H
benzylic oxidation leading to formation of benzylic ketones 4-6
is observed. The DFT calculations reflect strong agreement with
our experimental data. Further investigations on scope of these
ketones are currently under process in our laboratory.

RSC Adv, 2021, 11, 34498-34502 | 34501
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