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Abstract: The supported ruthenium-catalyzed oxi-
dation of the 1,2-dihaloalkene moiety in tetrahalo-
norbornyl derivatives possessing acid labile func-
tionalities to afford the corresponding a-diketones
is demonstrated. The protocol was successfully ap-
plied in the synthesis of a cyclopenta-annulated d-
lactone derived from d-mannitol.

Keywords: Diels–Alder reaction; a-diketones; d-
lactones; oxidation; ruthenium; supported catalysts

Transition metal-catalyzed reactions remained the or-
ganic chemist�s forte for a long time and have been
incessantly used for several important organic trans-
formations ever since the advent of their use as cata-
lysts.[1] Ruthenium is unique among the transition
metals because of the broad range of oxidation states
feasible (�2 to +8). This uniqueness of ruthenium,
coupled with its presence in the centre of the periodic
table offers desirable properties that are favourable
for catalysis.[2] Ru-mediated oxidations are resourceful
and have wide ranging applications along with the
various other uses of Ru-based catalysis. RuO4, a very
powerful oxidizing agent was the first Ru species that
was found to be useful in organic synthesis.[3] Al-
though RuO4 was used in stoichiometric amounts in
the beginning, gradually several methods were devel-
oped to use catalytic amounts of RuCl3 or RuO2 as
readily available catalyst precursor along with a co-
oxidant of choice.[4]

In the recent past, we have demonstrated the con-
version of tetrahalonorbornyl derivatives (1) to the
corresponding norbornyl a-diketones (2) by employ-
ing catalytic RuCl3·3 H2O along with the co-oxidant
NaIO4 in a solvent mixture of acetonitrile and water
(Scheme 1).[5] Subsequently, with the intent to make

the catalyst handling easier, and to come up with a
benign and economical protocol, we developed a sup-
ported catalyst, Ru-LDH (layered double hydrox-
ide).[6] The improved catalyst also gave us the advant-
age of reusing the ruthenium catalyst without any
problem. The a-diketones obtained were efficiently
and extensively used by our group for the synthesis of
various natural products, intermediates and non-natu-
ral products.[7] This methodology was even used by
others with equal efficacy in some applications.[8]

While the a-diketones are high yielding in most of
the cases, we faced problems while handling sub-
strates that have acid-labile functionalities. Herein,
we detail the extension of our recently reported pro-
tocol for the synthesis of achiral cyclopenta-annulated
d-lactones[9] to the enantiomerically pure d-lactones,
which involves the use of buffered ruthenium oxida-
tion conditions.

To obtain the chiral d-lactone, we wanted to use ho-
moallyl alcohol 5 as the dienophile because of our in-
terest in using d-mannitol-derived products for the
synthesis of enantiomerically pure tetrahalonorbornyl
derivatives.[7a] Treatment of the d-mannitol-derived R-
2,3-O-cyclohexylideneglyceraldehyde 3 with allylzinc
bromide as per the known protocol afforded a 3:1
diastereomeric mixture of the chromatographically
separable homoallyl alcohols 4 and 5 in 75% yield
(Scheme 2).[10] With our previous experience, wherein
the Diels–Alder reaction of 1,2,3,4-tetrachloro-5,5-di-

Scheme 1. Ruthenium-catalyzed oxidation of the tetrahalo-
norbornyl derivatives.[5,6]
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methoxycyclopenta-1,3-diene (7) and homoallyl alco-
hols led to complications,[9] we decided to protect the
alcohol group of the homoallyl alcohol 5 as the ace-
tate 6 before subjecting it to the Diels–Alder reac-
tion.

The Diels–Alder reaction was carried out by heat-
ing the diene 7 and dienophile 6 in benzene with cata-
lytic amounts of epichlorohydrin (acid scavenger) and
hydroquinone (free radical scavenger) in a sealed
tube at 140–150 8C over 4 days affording the tetra-
chloronorbornyl adducts 8 and 9 in excellent yield.
The products, after column chromatography, were an-
alyzed by 1H and 13C NMR to determine the structure
and diastereomeric ratio. From the NMR spectra, it
was clear that two diastereomers were formed and
their ratio was obtained from the 1H NMR integration
of the acetate group�s methyl protons of the diaste-
reomers 8 and 9. The diastereomers were chromato-
graphically inseparable. So, based on our previous ex-
perience with the synthesis of achiral d-lactones,[9] we
decided to continue with our synthetic plan with the
mixture of diastereomers 8, 9 and expected that we
would be able to separate them at a later stage.

Having obtained the Diels–Alder adducts 8 and 9,
we wanted to convert them to a-diketones en route to
the d-lactones. Treatment of the tetrachloronorbornyl
derivatives 8 and 9 with 1 mol% Ru-LDH and

1.6 equivalents of NaIO4 in acetonitrile-water mixture
(6:1),[6] furnished a mixture of inseparable a-dike-
tones 10 and 11 in 51% yield (Scheme 3). Unlike the
synthesis of achiral d-lactones reported previously,
where the acetate group deprotection was carried out
with HCl or K2CO3, the presence of the acid-sensitive
cyclohexylidene moiety makes it not possible to use
HCl. Treating the mixture of a-diketones 10 and 11
with K2CO3 furnished the a-keto hemiketals 12 and
13 in 56% combined yield (Scheme 3). This insepara-
ble diastereomeric mixture of a-keto hemiketals was
analyzed by 1H and 13C NMR and carried forward for
the next step. For the cleavage of a-keto hemiketals
to d-lactones, we applied the same protocol that was
previously used by us for the synthesis of g,d-lactone
fused cyclopentanoids.[7i,9] The mixture of a-keto hemi-
ketals 12 and 13 was treated with alkaline H2O2 fol-
lowed by esterification with diazomethane to give a
diastereomeric mixture of d-lactone fused cyclopenta-
noids 14 and 15. Contrary to our expectations based
on the previous results,[9] these d-lactones 14 and 15
were chromatographically inseparable.

In the above-described synthesis (Scheme 3), there
are three problems: a) the separation of diastereo-
meric d-lactones 14 and 15, b) lower yields of the a-
diketones 10 and 11 from the corresponding tetra-

Scheme 2. Synthesis of the dienophile 6.

Scheme 3.
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chloronorbornyl derivatives 8 and 9, and c) lower
yields of the a-keto hemiketals 12 and 13.

To begin with, we wanted to check for the separa-
tion of the diastereomeric Diels–Alder adducts, by
changing the alcohol protection group of the dieno-
phile. Protecting the homoallyl alcohol 5 as the silyl

ether followed by Diels–Alder reaction with 7 failed
to help the diastereomeric separation. At this junc-
ture, we wanted to check if the diastereomers could
be separated by acetate deprotection of the tetra-
chloronorbornyl derivatives 8 and 9. To our delight,
the diastereomeric alcohols 16 and 17 obtained by the
K2CO3-mediated acetate deprotection of a mixture of
8 and 9 were separable on silica gel column chroma-
tography (Scheme 4). While the structures of alcohols
16 and 17 were confirmed from the 1H and 13C NMR
data, it was not possible to assign the configurations
with certainty from the NMR spectra alone. So, we
decided to carry out single crystal X-ray analysis at a
later stage to ascertain the configuration.

After solving the problem of the diastereomeric
separation, the next issue was the lower yield of a-di-
ketone formation from the Ru-catalyzed oxidation of
the mixture of tetrachloronorbornyl derivatives 8 and
9. The Ru-catalyzed norbornyl a-diketone formation
reactions usually are very high yielding.[5,6] Lower

Scheme 4.

Table 1. Ru-LDH oxidations of tetrahalonorbornyls (substrates 1a–1d are racemic).[a]

Entry Tetrahalonorbornyl Time Product Yield [%][b]

1 1 h 96

2 2 h 85[c]

3 1b 3 h 2b 93

4 3 h 94

5 2 h 84

6 8 h 91

[a] Reaction conditions : 0.5 mmol tetrahalonorbornyl, 1.6 mmol NaIO4, 1 mol% Ru-LDH relative to tetrahalonorbornyl,
1.5 mmol NaHCO3 in MeCN:H2O (7 mL, 6:1).

[b] Isolated yields.
[c] NaHCO3 was not used.
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yields in this particular case (Scheme 3) can be attrib-
uted to the acid-labile cyclohexylidene groups. We
have observed in the past that the reaction mixtures
during the Ru-catalyzed oxidations of tetrahalonor-
bornyl derivatives tend to become acidic, resulting in
lower yields of the diketones when the substrates con-
tained acid-sensitive groups.

With the intent of developing suitable reaction con-
ditions for the Ru-LDH oxidation of acid-labile tetra-
halonorbornyl derivatives to their corresponding a-di-
ketones, we wanted to check the applicability of
Plietker�s protocol,[11] i.e., the use of NaHCO3 as
buffer during Ru-catalyzed ketohydroxylation, for our
reactions. To check if the addition of NaHCO3 affects
the formation of a-diketones, a sample reaction was
carried out with the tetrachloronorbornyl derivative
1a. Treatment of 1a with 1 mol% Ru-LDH, 1.6 equiv-
alents of NaIO4, and 3 equivalents of NaHCO3 in ace-
tonitrile-water (6:1), furnished the a-diketone 1b in
96% yield (entry 1, Table 1). Having confirmed that
the addition of NaHCO3 has no impact on the forma-
tion of a-diketone, these conditions were applied to a
few other tetrahalonorbornyl derivatives possessing
acid-labile functionalities (Table 1).

To show the difference between having and not
having added NaHCO3 in the reaction mixture, the
ruthenium mediated oxidation of 1b was carried out
without adding NaHCO3 (entry 2). The reaction re-
sulted in the formation of a-diketone 2b and the hem-
iketal 18. When the same reaction was carried out
with the addition of NaHCO3, only the a-diketone 2b
was obtained (entry 3). Similarly, the silyl-protected
tetrahalonorbornyl derivatives 1c, 1d, and 1e were
converted to their corresponding a-diketones 2c, 2d
and 2e, respectively (entries 4, 5 and 6), in excellent
yields. The enantiomerically pure a-diketone 2e was
of particular interest because of its potential applica-

tions. Work is in progress to exploit the rich function-
alization that the a-diketone 2e is endowed with.

To proceed further towards the d-lactone fused cy-
clopentanoids, it was necessary to protect the alcohol
in 16 with a protecting group that can be easily re-
moved after the formation of the a-diketone. At-
tempted protection of the hydroxy group in 16 as the
TBS ether was not possible under various conditions.
This could be because TBSCl is bulky and the secon-
dary alcohol is sterically not accessible. However, the
alcohol was protected as the TMS ether 19. Oxidation
of the TMS ether 19 was carried out under the Ru-
catalyzed buffered conditions as detailed in Table 1,
expecting the diketone 20. Interestingly, oxidation of
the TMS ether 19 resulted in the formation of hemi-
ketal 12. Working up the reaction mixture after the
Ru-catalyzed oxidation, we have obtained the dike-
tone 20 (evident from the characteristic bright yellow
colour of all the norbornyl a-diketones), but when pu-
rified through silica gel column the labile TMS group
was knocked out resulting in the hemiketal 12
(Scheme 5). This was gratifying because this solved
both the problems i.e., lower yields during a-diketone
and hemiketal formations. The presence of the hemi-
ketal was proved from the presence of three signals
for ketal carbons at 110.5, 103.0, and 95.8 ppm in the
13C NMR spectrum of 12. The a-keto hemiketal 12
was treated with alkaline H2O2 followed by esterifica-
tion with diazomethane to give the d-lactone fused cy-
clopentanoid 14 which was characterized by 1H and
13C NMR spectroscopy. Presently, efforts to check the
use of d-lactone 14 as a precursor for conformational-
ly constrained analogues of diacylglycerol (DAG) are
in progress.

Furthermore, the second diastereomeric alcohol 17
was converted to the hemiketal 13 through Ru-cata-
lyzed oxidation of the TMS ether 21 (Scheme 6). This

Scheme 5. Synthesis of the d-lactone 14.
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was done in search of a compound that would give
crystals suitable for single crystal X-ray analysis
(Figure 1). The structure and absolute configuration
of 13 is clear from its ORTEP diagram. Once the ab-
solute configuration of 13 was clear, the configura-
tions of all other compounds were easily established.
Compound 13 was transformed to the lactone 15 in
86% yield employing alkaline H2O2 followed by di-
azomethane treatment (Scheme 6).

In conclusion, a simple protocol for the Ru-LDH-
mediated reaction for the conversion of tetrahalonor-
bornyl derivatives bearing acid-sensitive functionali-
ties to their corresponding a-diketones was demon-
strated. This was achieved by employing NaHCO3

along with NaIO4. The method was applied in the
synthesis of enantiomerically pure cyclopentannulated
d-lactone.

Experimental Section

Procedure for Ru-Mediated Oxidation with NaHCO3

To a vigorously stirred solution of the substrate (1 mmol) in
MeCN (12 mL), NaIO4 (1.6 mmol), Ru-LDH (50 mg),
NaHCO3 (3 mmol) and distilled H2O (2 mL) were added
and the mixture was allowed to stir at ambient temperature
(34–37 8C) until completion of the reaction (monitored by
TLC). The mixture was filtered and the residue was washed
with MeCN. The filtrate (along with MeCN washings) was
concentrated under reduced pressure and the crude mixture
was dissolved in EtOAc, washed first with Na2S2O3 solution
(3 mL) and then with brine (3 mL). The EtOAc layer was
dried (Na2SO4) and concentrated under vacuum to obtain
the crude product which, after silica gel column chromatog-
raphy (hexane and EtOAc as solvents), furnished the pure
diketone.

CCDC 713443 contains the supplementary crystallograph-
ic data for this paper (a-keto hemiketal 13). These data can
be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif

Supporting Information

Experimental procedures, characterization data of all the
new compounds, copies of 1H and 13C NMR spectra of se-
lected compounds are given in the Supporting Information.
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