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Diverse carbocyclic systems using geminal
acylation as a key process
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Abstract—Geminal acylation has been employed in the syntheses of a diquinane, a 1,3-diketone with herbicidal and pesticidal activ-
ity, and compounds with carbocyclic [5.16.5] and [5.17.5] skeletons.
� 2007 Elsevier Ltd. All rights reserved.
Geminal acylation is a process by which ketones and
aldehydes, or acetals derived from these, can be con-
verted into 2-substituted 1,3-cycloalkanediones. The
original report1 used a two-step procedure with acetals.
In the first step, the reaction with 1,2-bis(trimethylsilyl-
oxy)cyclobutene 12 in the presence of BF3ÆEt2O pro-
vided cyclobutanone 2, and then rearrangement with a
protic acid gave the 1,3-diketone (Scheme 1). Isolation
of 2 can be obviated by the use of a large excess of the
Lewis acid because in this medium the rearrangement
also takes place.3,4 Modification of this one-pot proce-
dure led to successful geminal acylation of ketones.5

The reactions of alkyl-substituted versions of 16 and of
the five-membered analogue of 17 have been explored.
Intramolecular geminal acylations were carried out,8

and a procedure for the efficient geminal acylation of
acetals derived from aldehydes was disclosed recently.9
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Scheme 1.
Geminal acylation has been used in a number of syn-
thetic endeavors.3,10

We report here the use of geminal acylation in short
sequences leading to compounds of interest in different
fields.

An enantiomer of diquinane 3 was prepared by Mehta
and Acharyulu11 by a nine-step sequence from limo-
nene. The overall yield of the sequence was 7%. We have
prepared 3, in racemic form, in just three steps from
commercially available ethyl levulinate (Scheme 2).
The acetal of this compound, 4, underwent geminal
acylation with 1 in the presence of BF3ÆEt2O to give
1,3-diketone 5.4 (The geminal acylation of ethyl levuli-
nate directly proceeds in only 36% yield.5) Low-valent
titanium12 was produced by reducing TiCl3(DME)1.5
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with Zn(Cu) couple, and the intramolecular coupling of
the ester function of 5 with one of the ketone functions
took place by slow addition of 5 to a heated DME solu-
tion of the low-valent titanium. The yield of 3 was a
modest 18%,13 but the saving in steps makes this route
an attractive alternative to the original sequence.

A number of 2-aryl-1,3-cyclopentanedione compounds
and some of their simple derivatives, for example 6
and 7, have herbicidal and acaricidal activities.14 These
compounds can be produced in excellent yield by gemi-
nal acylation of the acetal of the aryl aldehyde (Scheme
3). The bicyclic bis(trimethylsilyloxy)cyclobutene deriva-
tive 8 was made via the acyloin reaction of diethyl (cis)-
1,2-cyclohexanedicarboxylate by following the same
procedure as for 1.2 In the presence of BF3ÆEt2O, 8
and the diethyl acetal of 2,4-dimethylbenzaldehyde pro-
vided the sparingly soluble, geminally acylated product
6 directly, without the isolation of the cyclobutanone
intermediate. Concomitant rearrangement of the cyclo-
butanone had been observed in the reactions of the
acetals of other aromatic aldehydes.9

Carbocyclic [5.X.5] ring-systems with X larger than 8 are
fairly rare. Jatrophatrione and citlalitrione are examples
of diterpenes with [5.9.5] ring-systems.15 These have
been synthesized by Paquette and co-workers16 by a
route that initially provided the nine-membered ring
via an anionic oxy-Cope reaction, but an unstoppable
subsequent reaction annulated across the nine-mem-
bered ring. This necessitated cleavage of this unwanted
bond by a Grob fragmentation. Exhaustive hydrogena-
tion of doubly bridged ferrocenes gave saturated hydro-
carbons with [5.10.5] and [5.12.5] ring-systems.17

Carbocyclic [5.10.5] ring-systems have been prepared
in moderate yield by intramolecular cyclization of
bis(enones) mediated by Yb metal.18 Double Pauson–
Khand reactions of cyclic diynes 9 led to the formation
of carbocyclic [5.X.5] diketones 10 and 11 in a ratio of
1:1, with X = 12, 14, 18 and 22 (Scheme 4). The yield
of 10 plus 11 for X = 14 was 16% using DMSO as
the promoter,19 but addition of both DMSO and of
n-butylmethyl sulfide to the reaction medium resulted
in yields of 26–48%.20
We considered using geminal acylation to form two 1,3-
cyclopentanedione rings from a dialdehyde, and then
addition of a second tether could form the central ring
of a carbocyclic [5.X.5] diketone that is analogous to
10 without the production on the diketone analogous
to 11. Diacetal 12 of hexanedial and 1 reacted in the
presence of BF3ÆEt2O to provide, after treatment with
trifluoroacetic acid, the doubly geminally acylated prod-
uct 13 in 42% yield (Scheme 5). The yield reflects, in
part, the poor solubility of 13 in organic solvents.9

Treatment of 13 with NBS and PPh3
21 gave dibromide

14. None of the desired tricyclic [5.12.5] dione was
produced when 14 was exposed to the double-Grignard
reagent derived from 1,4-dibromobutane, and 14 was
unchanged after exposure to the bis-cuprate produced
from the same dibromide. Reduction of 14 and silylation
of the alcohols gave 15 as a mixture of diastereomers.
Bromine–lithium exchange took place when tert-butyl-
lithium was added to 15 in diethyl ether, but the organo-
metallic would not add to the carbonyls of hexanedial,
ethyl formate, or triphosgene.

Dibromide 14 did react readily with 1.5 equiv of 1,7-octa-
diene and with 1.5 equiv of 1,8-nonadiene under Heck
conditions to afford [5.16.5] tetraenedione 16 and
[5.17.5] tetraenedione 17 in yields of 72% and 79%,
respectively (Scheme 6). In contrast, when 1.3 equiv of
2-methyl-1,5-hexadiene was employed, none of the
[5.14.5] tetraenedione was detected, but the double
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intermolecular Heck product 18 was isolated in 45%
yield (based on 14). In a similar way, under the Heck
conditions 1.5 equiv of 1,4-divinylbenzene led only to
the formation of the double intermolecular addition
product, 19, in 54% yield (based on 14) (Scheme 7).

In an effort to form the [5.9.5] ring-system from 14 by a
strategy of sequential Heck reactions onto the same
alkene, a procedure was followed that had been success-
ful with aryl bromides.22 In the presence of Pd(OAc)2, n-
Bu4NBr, sodium acetate and 1.3 equiv of ethyl acrylate
in refluxing toluene, 14 gave 67% (based on ethyl acry-
late) of the double intermolecular Heck product 20
along with a small amount of the singly reacted product
21. None of the tricyclic compounds was detected, and
resubjecting 21 to the Heck conditions did not lead to
any tricyclic product. Under similar conditions, and also
under the conditions used to prepare 16 and 17, some-
times in the presence of Ag2SO4,23 many attempts to
form a tricyclic product with styrene led to the forma-
tion of the double intermolecular Heck product 22. In
addition, the reaction with ethyl acrylate was attempted
in an ionic liquid with the Pd catalyst developed by
Calò,24 but the only product was 21 in 50% yield. A
solution of compound 14, Pd(OAc)2, PPh3 and triethyl-
amine in acetonitrile was heated under reflux for 40 h
under ethene (just over 1 atm). The double-Heck prod-
uct 23 and the mono-Heck product 24 were obtained
in yields of 29% and 47%, respectively. Resubjecting
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24 to Heck conditions did not give any tricyclic product.
In summary, double Heck reactions are viable for the
synthesis of [5.X.5] ring-systems from 14 when X is large
and the reacting a,x-diene is flexible and minimally
substituted, but double Heck reactions onto the same
alkene fail.
When 23 was heated with a catalytic amount of Grubbs’
‘second generation’ catalyst,25 a cyclized product was
produced smoothly, but mass spectrometry revealed
that it was not a tricyclic [5.10.5] product, but the inter-
esting pentacyclic compound 25, the result of an initial
bimolecular metathesis followed by ring-closing meta-
thesis (Scheme 8). The E-geometry of the double bonds
was evident from the coupling constant of 16.7 Hz, as
determined by a coupled HSQC NMR experiment.26
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