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ABSTRACT: Oxidative cleavage of cycloalkenylalkylphosphonates 1 followed by treatment with base gives rise to ho-
mologated cycloalkenones 2 in good to excellent yields. Subjecting cycloalk-2-enylphosphonates 3 to identical condi-

tions provides the one-carbon ring-contracted compounds 4 in excellent yields. Oxidative cleavage of  -unsaturated 
ketophosphonates 6 followed by treatment with base affords 2-cyclopenten-1-ones 7 in good overall yields. This meth-
od may offer a practical alternative to existing methods for effecting one-carbon ring expansion, ring contraction, and 
annulation reactions. 

 Ring expansion reactions are a useful synthetic 
means to access medium-ring carbocycles, which form 
the core of numerous natural products.1 Two of the most 
popular methods for accomplishing this transformation 
include the Saegusa reaction,2 involving the thermal or 
FeCl3-mediated cleavage of silyloxy cyclopropanes, and 
the addition of diazomethane or its derivatives to 
cycloalkanones in the presence of Lewis acids (Scheme 
1).1b Commencing from cyclic ketones, the Saegusa 
protocol involves multiple steps (silyl enol ether 
formation, cyclopropanation, oxidative cleavage, and 
elimination of chloride ion),4 and many procedures 
combine these processes into just three separate 
tranformations.5 Nonetheless, reactivity issues 
encountered for any one of the four steps may 
jeopardize overall yields for the homologation process. 
The diazomethane procedure typically suffers from low 
regioselectivity, though appropriate substitution patterns 
in the starting ketone substrate may lead to high yields of 
a single regioisomer.3 Radical-based ring expansion 
reactions,1d,e proceeding via alkoxy-radical fragmentation 
of strained three-and four-membered ring intermediates, 
typically provide low yields of homologated products and 
sometimes require the use of toxic organostannane 
reagents. Clearly, there is a need for alternative 
procedures to achieve this important transformation. 

 

 

 

 

Scheme 1. Synthesis and potential utility of allylic 
phosphonates.  



 

 In attempting to access medium-ring enones as 
intermediates for natural product synthesis, it became 
apparent to us that intramolecular Horner-Wadsworth-
Emmons (HWE) olefination reactions6 were particularly 
suitable for the preparation of diversely substituted 

cycloheptenones from aldehyde-tethered -
ketophosphonates.7 However, the synthesis of the 

requisite -ketophosphonates from suitable acyclic 
starting materials required multiple steps and the 
preparation and isolation of an often unstable aldehyde 
intermediate. To circumvent these problems, we 
surmised that oxidative cleavage of a stable cyclic allylic 

phosphonate precursor would directly give rise to the -
ketophosphonate intermediate for the intramolecular 
olefination reaction; treatment with base would then 
provide the expanded cyclic enone product. However, 

intramolecular base-mediated condensation of -
ketophosphonates and aldehydes or ketones may form 
two different products (Scheme 1): cyclic enone 2 
(arising from an intramolecular Horner-Wadsworth-

Emmons reaction)6 or cyclic -ketophosphonate 2’ 
(arising from an intramolecular aldol condensation).8 We 
believed that a judicious choice of base could control 
which homologated product predominated, with stronger 
bases favoring formation of enones of the type 2. A 
benefit of this procedure over using acyclic starting 
materials is that investigators could take advantage of 
the numerous methods available for control of 
stereochemistry in cyclic systems to elaborate their 
substrates.9 The success of this method would depend 
on the ease of synthesis of allylic phosphonates.  
 A variety of efficient methods are available for the 
preparation of cyclic allylic phosphonates. An addition of 
the anion of dimethyl methylphosphonate to cyclic 
enones, followed by oxidative transposition (PCC, 

CH2Cl2) gives rise to enone--phosphonates in high 
overall yields (a, Scheme 1);10 the same products can be 
accessed directly by addition of lithiated dimethyl 
methylphosphonate to 3-methoxy-cycloalken-1-ones, 
followed by a reaction quench under acidic conditions.11 
Reduction of the ketone and protection of the alcohol or 
deoxygenation of the allylic alcohol12 then provides allylic 
phosphonates suitable for one-carbon ring expansion. 
Alternatively, cyclic ketones can be condensed with in 

situ prepared -diphosphonates to give vinyl 
phosphonates, which undergo base-mediated 
isomerization to allylic phosphonates in DMSO (b, 
Scheme 1).13 Finally, halogenation of cyclic alkenes14 or 
allylic alcohols15 gives rise to halide substrates that 
undergo facile Michaelis-Arbuzov reactions16 with 
phosphites to produce allylic phosphonates (c, Scheme 
1).  

 With adequate methods available for the preparation 
of diverse allylic phosphonates, we first investigated 
oxidative cleavage and condensation conditions for the 
6→7 ring expansion reaction (Scheme 2). Bubbling 
ozone through a solution of silyl ether 1a in 1:1 
DCM/MeOH at -78 °C for 15 minutes, followed by the 
addition of excess DMS and warming to room 
temperature resulted in complete consumption of the 
starting material by TLC analysis. Concentration of the 

reaction mixture to remove DMS and methanol, followed 
by addition of 1.5 equiv of DBU in anhydrous CH2Cl2 (0.2 
M, 18 h, rt) resulted in clean conversion to the 
homologated enone 2a in 91% yield after purification. No 
evidence for formation of aldol product 2a’ was seen by 
1H NMR of the crude reaction mixture. Similarly, it was 
found that after concentration of the ozonolysis reaction 
mixture, treatment with NaH (1.5 equiv) in dry THF (0.2 
M, 18 h rt) also gave 2a in 85% yield.  

Scheme 2. Ring expansion of cyclic allylic phosphonate 
1a under oxidative cleavage conditions. 

 

 Treatment of 1a instead with 2.5 mol % OsO4 and 

NaIO4 (3 equiv) in dioxane/H2O (3:1) in the presence of 
2,6-lutidine according to Jin’s protocol17 resulted in 
complete conversion of the starting material (within 3-12 
hours) to multiple more polar compounds. An addition of 
anhydrous sodium sulfate to the reaction mixture, 
concentration in vacuo, and an addition of 1.5 equiv of 
DBU in DCM (0.2 M) gave rise to 2a, which was isolated 
from the reaction mixture in 54% yield. Attempts to 
optimize the yields of 2a obtained in this manner by 
decreasing reactions times, or using alternate solvents 
or stoichiometric oxidants (PhI(OAc)2)18 proved 
unsuccessful.    

 As shown in Table 1, the homologation process was 
successful for both 5-membered and 6-membered cyclic 
allylic phosphonates (1a-1h, produced from the 
corresponding 2-cyclohexen-1-ones and 2-cyclopenten-
1-ones via pathway A, Scheme 1), giving rise to diverse 
6- and 7-membered cyclic enones (2a-2h) in good to 
excellent yields. In entries 1-3, the ozone/DMS/DBU 
procedure provided superior yields to the 
OsO4/NaIO4/DBU protocol. It was found that both 
trisubstituted (1a-1c, 1g) and tetrasubstituted (1d-1f, 1h) 
cyclic alkenes undergo the homologation process with 

similar efficiencies. Furthermore, the -methyl enone 2b 

could be prepared in 69% yield from -methyl 

phosphonate 1b, and -methyl enones 2d-2f and 2h 
were available in 62-85% yields from phosphonates 1d, 
1e, 1f and 1h, respectively.  

  

 

 

 

 

Table 1. Scope of the ring expansion reactions of 1. 

 



 

aIsolated yields after column chromatography. bYield in 
parenthesis represents that obtained from oxidative 
cleavage of 1 with OsO4, NaIO4, and 2,6-lutidine (3:1 

dioxane:water, rt, 24 h) followed by treatment with Na2SO4, 

filtration/concentration in vacuo and dilution with a solution 
of 1.5 equiv DBU in DCM (0.2 M).c Starting material and 
product obtained as a 3:1 mixture of syn:anti diastereomers. 
d Cyclization performed with NaH (1.5 equiv) in THF (0.2 M, 
rt, 12 h). 

 

It was apparent that this process could also lead to ring 
contraction reactions19 if the allylic carbon atom of the 
phosphonate was incorporated in a ring (Scheme 3). 
This possiblility was investigated with cyclic 
phosphonates 3a and 3b, readily avalable from 1-bromo-
2-cyclohexene and 1-bromo-2-cycloheptene by a 
Michaelis-Arbuzov reaction (pathway C, Scheme 1).16 
Ozonolysis of 3a, followed by concentration in vacuo and 
treatment with 1.5 equiv of NaH in THF produced the 
corresponding ring-contracted enal; due to extreme 
volatility, this compound was not isolated, but combined 
directly with the sodium salt of triethylphosphonoacetate 
to provide diene 4a in 86% overall yield. A similar 
procedure applied to cycloheptenyl phosphonate 3b 
gave diene 4b in 91% yield. 

 

Scheme 3. Ring contractions of allylic phosphonates 3. 

 

 We further realized that this protocol might be of 
utility in the formation of cyclopentenones from ketones 
via an annulation-type process20 employing a suitable 
allylic phosphonate alkylating agent (Scheme 4). Thus, 
commercially available 3-chloro-2-(chloromethyl)-1-
propene was combined with triethylphosphite (120 °C, 
12 h) to provide the corresponding phosphonate in 
quantitative yield; treatment of the crude allyl chloride 
with NaI in acetone for 12 hours gave iodide 8 in 82% 

overall yield. The -methyl phosphonate 10 could also 
be prepared in 50% overall yield by methylation of silyl 
ether 9 (LDA, THF, -78 °C; CH3I)21 followed by silyl ether 
hydrolysis22 and iodination. Exposure of the lithium 
enolate of cyclohexanone to 8 or 10 (THF, -78 °C, 30 
minutes, then  rt, 30 minutes) gave rise to the alkylated 
products 6a and 6e cleanly in 60 and 78% yields, 
respectively. Ozonolysis of 6a, followed by treatment of 
the crude reaction mixture after concentration in vacuo 
with 1.5 equiv of NaH in THF at 65 °C for 1 h provided 
cyclopentenone 7a in 62% yield; a similar treatment of 
6e produced 7e in 72% yield. 
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Scheme 4. Synthesis and cyclopentannulation reactions 
of reagents 8 and 10. 

 

 The two-step annulation process was explored with 
both cyclic (6a, 6c-f, Table 2) and acyclic (6b) ketones 
and was found to provide the corresponding 2-
cyclopenten-1ones 7a-f in good overall yields. Notably, 
this method also provides efficient access to 6-5 (7e) 
and 7-5 (7f) fused 2-methyl-2-cyclopenten-1-ones.20b 

 In summary, we have shown that cyclic allylic phos-
phonates may serve as precursors of ring-expanded or 
ring-contracted compounds via single-flask oxidative 
cleavage and base-promoted intramolecular Horner-
Wadsworth-Emmons reactions. In addition, alkylation of 
cyclic and acyclic ketones with iodides 8 or 10, followed 
by oxidative cleavage and base treatment of the inter-

mediate  -unsaturated ketophosphonates, furnishes 
2-cyclopenten-1-ones in good overall yields by an annu-
lation-type process. Application of these procedures to 
the total synthesis of guaiane sesquiterpene natural 
products (see Figure 1) is currently in progress and will 
be reported in due course. 

Figure 1. Some guaiane sesquiterpene natural products 
possessing fused 7-5 ring systems potentially accessible 
by this methodology. 

 

 

 

 

Table 2. Cyclopentannulations with phosphonates 8 and 
10. 

 

aIsolated yields after column chromatography. b Starting 
material obtained as a 1:1 mixture of diastereomers. 
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