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Reaction between a-lithiated alkylphosphonic esters and a,P-unsaturated cyclopentenones and 
cyclohexenones carrying a heteroatom substituent Y in the 8-position was studied. Complete 
chemoselectivity was observed as a function of substituent Y. For Y = OMe exclusive addition- 
elimination at  the /?-carbon was observed, yielding a,P-unsaturated d-ketophosphonates. The 
P-chloro-substituted substrates (Y = C1) derived from cyclohexenone reacted exclusively at  the 
carbonyl carbon, yielding (2-hydroxyalky1)phosphonates with the retained chlorovinyl function. The 
alcohols, depending on the conditions, could be dehydrated to two different products. The reaction 
of 3-chlorocyclopent-2-en-1-one with diethyl (1ithiomethyl)phosphonate occurred at  the P-carbon, 
but the ketophosphonate product was isolated in a stable enolic form. 

Introduction 

Reaction of phosphorus-stabilized carbanions with 
carbonyl substrates represents one of the major methods 
in synthetic organic chemistry.’ In the case of a$- 
unsaturated carbonyl compounds, the reaction can follow 
the addition to the carbonyl group (a route to dienes), or 
to the P-carbon, yielding a 6-ketophosphonate (Scheme 
1). Literature reports2 show that both reactions can take 
place, the regioselectivity being a complex function of the 
structure of both, the nucleophile and the electrophile, 
of the base or of the solvent. It was concluded that the 
increase in the delocalization of the negative charge in 
the nucleophile favors reaction at  the P-carbon,2c but in 
the addition of triethyl phosphonoacetate to chalcone the 
regioselectivity was changed completely by the change 
of the base from NaH to EtONa.2b Amido esters of 
allylphosphonic acid react with cyclic enones exclusively 
at the P-carbon;2d however, the polyvinylogation of a,/?- 
unsaturated aldehydes with carbanions derived from 
vinylogues of acetals of phosphonoacetaldehyde involves 
the exclusive addition to the carbonyl Zbiral and 
Ohler demonstrated exclusive carbonyl selectivity in the 
addition of diethyl (1ithiomethyl)phosphonate (a poorly 
delocalized carbanion) to  cyclic enones;2g a similar result 
was reported for the reaction of the diisopropyl analogue 
with a,P-unsaturated aldehydes.2h In one report,2f a 
saturated ~-(2-phosphonoalkyl)-substituted cyclohex- 
anone was obtained from cyclohexenone and P-copper- 
zinc phosphonate via Michael addition, but the unsat- 
urated analogue, P-substituted cyclohexenone, could be 
prepared from 3-iodocyclohexenone via an addition- 
elimination process. In this respect, the latter reaction 
represented an extension of the preparation of 3-alkyl 

@Abstract published in Advance ACS Abstracts, November 15,1995. 
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cyclic enones from P-halo-a,P-enones and organocu- 
pratesS3 We have reported a similar addition-elimination 
mechanism for the reaction between lithiated diethyl 
prop-2-enylphosphonate and (E)-4-methoxybut-3-en-2- 
one yielding (after prototropic isomerization) diethyl 
6-oxohepta-2,4-dienylphosphonate (Scheme 2).4 

In continuation of our interest in nucleophilic reactivity 
of phosphonic  derivative^,^ we decided to investigate the 
reaction of localized phosphoryl-stabilized carbanions 
with cyclic enones bearing a potential leaving group in 
the P-position. 

Results and Discussion 

Four j3-methoxy-substituted (la-d) and three P-chloro- 
substituted (2a-c) cyclic enones were used as substrates 

(3) Piers, E.; Nagakura, I. J. Org. Chem. 1975, 40, 2694. 
(4) Phillips, A. M. M.; Modro T. A. J .  Chem. SOC. Perkin Trans. I 

1991, 1875. 
(5) Muller, E. L.; Modro, A. M.; Modro, T. A. Bull. SOC. Chzm. Fr. 

1994, 131, 959, and preceeding papers of this series. 
(6) The term localized is used here with respect to a carbanion which 

can react with an  electrophile via only one carbon atom (a-carbon of 
the phosphonate). When an allylic phosphonate is used as a precursor, 
the carbanion formed can react with an electrophile via one of the two 
nucleophilic centers (a- and y-carbons).’ Reactions of such “delocalized” 
(ambident) carbanions with 8-substituted a,@-unsaturated ketones will 
be reported in the following publication. 
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in reaction with lithiated diethyl methyl (3a) and ethyl 
(3b) phosphonates. 

l a  l b  I C  Id 
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Methoxy derivatives 1 reacted with nucleophiles 3 
exclusively at  the /?-carbon, yielding, according to the 
addition-elimination mechanism: products 4, resulting 
from the substitution of the methoxy group by the 
phosphonoalkyl nucleophile (Scheme 3). The reaction 
represents therefore a convenient route to 34phospho- 
rylmethy1)cycloalkenones. Similar systems were pre- 
pared recently by different approaches, one that em- 
ployed intramolecular Horner-Wittig reaction of his-/?- 
keto-phosphonafes,lo another involving oxidation of the 
alcohols obtained in the carbonyl addition of the P- 
stabilized carbanions to cycloalkenones.2g 

The reaction with 3-chlorocyclohexenones (2a,b) took 
a different course and involved an exclusive addition to 
the carbonyl group (Scheme 4). (2-Hydroxyalky1)phos- 
phonates 5 formed upon aqueous workup could be 
isolated and purified without any signs of decomposition. 
The observed rigorous and opposed regioselectivity in the 
nucleophilic addition of the phosphonate nucleophiles to 
substrates 1 and 2 suggests a strong effect of the 
/?-heteroatom on the distribution of the electrophilic 

(7) Muller, E. L.; Modro, T. A. Bull. SOC. Chim. Fr. 1993, 130, 668. 
( 8 )  As one refereepointed out, a bimolecular vinylic SN type reaction 

cannot be completely excluded for the conversion 1 - 4. Indeed, we 
have never observed any intermediate addition product, so, if it  is 
formed, it collapses to the final product in a fast step. Analogous 
intermediates were, however, observed in the substitution of the 
methoxy group by thiolate ions in /3-methoxy-a-nitro~tiIbene.~ Because 
the Me0 group (under basic conditions) is a much poorer leaving group 
than C1, we believe that substrates 2, rather than 1, should be more 
reactive in the direct vinylic substitution. 

(9) Bernasconi, C. F.; Killion, R. B.; Frassberg, J.; Rappoport, 2. J. 
Am. Chem. SOC. 1989, 111,6862. 

(10) Mikolajczyk, M.; Mikina, M. J.  Org. Chem. 1994, 59, 6760. 
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reactivity within the a,p-unsaturated system (Scheme 5). 
Because of significant difference in the inductive and 
resonance components of the electronic effects of the 
methoxy and chloro substituents (for C1 CYI = 0.47, and 
CYR' = -0.21; for OMe CYI = 0.26, and OR' = -0.41")) we 
expect the contribution of the resonance hybrid D to be 
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much lower for X = C1, hence lower electrophilic reactiv- 
ity should be expected for substrates 2 at the ,&carbon 
atom. It seems therefore that by selecting a specific 
substituent, b-hetero-substituted enones can serve as 
substrates for the preparation of unsaturated d-keto- 
phosphonates of the type 3 or 4-substituted 2-hydroxy- 
3dkenylphosphonates (type 4). 

The behavior of 3-chlorocyclopentenone (2c) was ex- 
ceptional. Its reaction with 3a resulted in the attack at  
the ,&carbon of 2c, but the isolated product was shown 
to be an enolic form (6) of the corresponding ketophos- 
phonate 4. The enol was remarkably stable and tau- 
tomerized to the a,@-unsaturated ketone only a h r  about 
one month at room temperature. Although the structure 
of the enol 6 was unambigously determined by spectro- 
scopic methods (IR, 'H, 13C, 31P NMR), the exact mech- 
anism of its formation is not clear. It seems that for this 
substrate, the initial /3-adduct undergoes 1,2-elimination 
of HC1 rather than expulsion of chloride ion, yielding 
directly the enolate ion of 6 (Scheme 6). The stability of 
6 is altogether not too surprising, as it represents a 
vinylogue of the diethyl (2-oxoethy1)phosphonate system, 
Eh03PCHRCH0, which was demonstrated to exist mostly 
in a form of the (E) enolic tautomer, Et203PCR=CHOH.12 
(2-Hydroxyalky1)phosphonates 5 did not undergo the 

Homer-Wittig fragmentation to dienes under standard 
conditions (NaH in DMF13 ), yielding the unchanged 
substrates.14 Substrates 5, as tertiary alcohols, were 
found to be unstable under acidic conditions, but the 
course of their acid-catalyzed reaction depended on the 
applied conditions (Scheme 4). In benzene containing 
catalytic amounts of p-toluenesulfonic acid, 5a was 
converted to the expected vinylic phosphonate 7.  After 
separation, two stereoisomers (2 and E) of 7 were 
obtained in pure form, and their configuration was 
tentatively assigned on the basis of the lH NMR chemical 

(11) Isaacs, N. S. Physical Organic Chemistry; Longman Scientific: 
Burnt Hill, Harlow, 1987; p 158. 

(12) Petrova, J.; Zdravkova, 2. Phosphorus, Sulfur, Silicon 1993, 
8I, 89. 

(13)Buss, A. D.; Cruse, W. C.; Kennard, 0.; Warren, S. J. Chem. 
SOC. Perkin Trans. 1 1984, 243. 

(14) It is interesting to note that the related adduct of lithiated 
diethyl cyclohexen-2-ylphosphonate to  cyclohexanecarboxaldehyde 
fragmented spontaneously yielding 34% of 3-(cyclohexylmethylidene)- 
~yclohexene.'~ It seems that the reversal of the relative positions of 
the phosphoryl substituent and the alkoxide oxygen has an effect on 
the rate of the elimination of the diethylphosphate ion. 

(15) Gerber, J. P.; Modro, T. A. Phosphorus, Sulfur, Silicon 1994, 
88, 99. 
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shift of the ring olefinic proton, 2'-H. A large difference 
in the chemical shiR values was observed for that proton 
in two isomers (A& = 1.03 ppm), and the low-field shift 
was taken as a consequence of the deshielding effect of 
the phosphoryl substituent in the 2 stereoisomer. When 
substrates 5 were treated in a chloroform solution with 
a drop of concd HzS04, followed by the addition of water 
(or in neat trifluoroacetic acid), they gave, a h r  the usual 
workup, ketophosphonates 4, obtained previously from 
the methoxy-substituted substrates 1. Formation of the 
ketophosphonates can be explained by the mechanism 
shown in Scheme 4; the reaction produces a 4 in which 
the carbonyl carbon is the carbon that carried the C1 atom 
in the substrate. That "different history" of two products 
4 produced via two different pathways from different 
starting materials could be confirmed by experiments 
involving labeled substrates (Scheme 7). 

Experimental Section 
All solvents and commercially available reagents were 

purified by conventional methods before use. Reactions in- 
volving organolithium reagents were carried out in an atmo- 
sphere of dry nitrogen using flame-dried glassware. Melting 
points are uncorrected. For column chromatography, Merck 
Kieselgel60 (0.063-0.200 mm) was used as a stationary phase. 
Mass spectra were recorded at an ionization potential of 70 
eV. lH and 13C NMR chemical shifts are given relative to the 
solvent (CDCl3; 'H: 7.24 ppm; 13C: 77.0 ppm). 31P NMR 
chemical shifts are given relative to 85% &Po4 as external 
standard. 
Diethyl methyl- and ethylphosphonate were prepared 

according to the literature procedure.16 
2-(Prop-2-yl)cyclohexane-1,3-dione was prepared (55%) 

from cyclohexane-l,3-dione according to the literature proce- 
dure.17 
3-Chlorocycloalkenones 2 were prepared from the cor- 

responding cycloalkane-l,3-diones according to the literature 
procedures.'* l9 

3-Methoxycycloalkenones 1 were prepared according to 
the following general procedure developed in our laboratory. 
3-Chlorocycloalkenone 2 (1 mol equiv) was added to a stirred 
suspension of anhydrous potassium carbonate (2 mol equiv) 
in dry methanol (2 mIJmmol of 21, and the mixture was stirred 

~~ ~~ ~ ~ ~ 

(16) Organic Synthethes; J. Wiley: New York, 1963, Coll. Vol. 4, p 
326. 

(17) Bullivant, M. J.; Pattenden, G. J. Chem. SOC. Perkin Trans. 2 

(18) Clark, R. D.; Heathcock, C. H. J. Org. Chem. 1976,41,636. 
(19) Piers, E.; Grierson, J. R.; Lau, C. K.; Nagakura, I. Can. J. Chem. 

1976, 249. 

1982, 60, 210. 
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at room temperature for a period specific for each substrate. 
Water was added, and the solution was neutralized with 10% 
HC1 and extracted with chloroform (3 x 30 mummol of 1). 
The chloroform solution was washed with water, dried (Mg- 
Sod), filtered, and evaporated, and the crude product was 
purified as described below. 
3-Methoxycyclohex-2-en-1-one (la). Reaction time 1 h 

(75%): bp 80-82 "C (0.7 mm); mp 43-45 "C; 'H NMR (CDC13) 
6 1.94 (2H, dt, J = 6.3, 9.6 Hz), 2.30 (2H, t, J = 6.2 Hz), 2.36 
(2H, t, J = 6.2 Hz), 3.64 (3H, s), 5.32 (lH, s); proton-decoupled 

MS mlz 126 (M+, 56), 98 (73), 69 (541, 68 (loo), 40 (5). Anal. 
Calcd for CTH1002: C, 66.65 ; H, 7.99. Found: C, 66.55; H, 
8.12. 
3-Methoxy-2-(propen-2-yl)cyclohex-2-en-l-one (lb). Re- 

action time 24 h (50%): purified by column chromatography 

9.0Hz),2.33(2H,t,J=6.7Hz),2.56(2H,t,J=6.2Hz),2.99 
(2H, d, J = 6.1 Hz), 3.78 (3H, s), 4.87 (2H, m), 5.76 (lH, m); 
proton-decoupled 13C NMR (CDCl3) 6 20.8, 24.9, 26.2, 36.3, 
55.2, 113.8, 136.5, 150.2, 174.0, 198.1; MS m l z  166 (M+, 38), 
151 (loo), 135 (4.9, 41 (72). Anal. Calcd for C10H1402: C, 
72.26; H, 8.49. Found: C, 71.95; H, 8.38. 
3-Methoxycyclopent-2-en-1-one (IC). Reaction time 1 h 

(80%): mp (ether-hexane, 1:l) 50-51 "C (lit.20 mp 50.3-52.1 
"C). 
3-Methoxy-2-methylcyclopent-2-en-l-one (Id). Reac- 

tion time 18 h (74%): purified by bulb to bulb distillation; oven 
temp 75 "C (0.5 mm); mp (ether-hexane, 1:l) 59-61 "C; lH 
NMR (CDCl3) 6 1.62 (3H, s), 2.43 (2H, m), 2.62 (2H, m), 3.94 
(3H, s); proton-decoupled I3C NMR (CDC13) 6 5.85, 24.6,33.3, 
56.3, 150.1, 187.0, 206.1; MS mlz 126 (M+, loo), 112 (42), 97 
(511, 83 (681, 55 (58), 43 (60), 27 (54). Anal. Calcd for 
C7H1002: C, 66.65; H, 7.99. Found: C, 66.35; H, 8.10. 
Reaction of 3-Methoxycycloalk-2-en-1-ones (1) with 

Lithiated Diethyl Alkylphosphonates (3). General Pro- 
cedure. To a stirred solution of n-butyl lithium (1.6 M 
solution in hexane; 5.4 mL, 8.7 mmol) was added a solution of 
3 (7.9 mmol) in THF (1 mL) dropwise at -65 "C. The solution 
was stirred at -65 "C for 30 min, and a solution of 1 (7.9 mmol) 
in THF (1 mL) was added dropwise. After 15 min at -65 "C 
the mixture was allowed to warm up to room temperature and 
was then stirred for another 15 min.The mixture was quenched 
with saturated aqueous ammonium chloride and extracted 
with chloroform (3 x 30 mL). The chloroform extract was 
washed with water (2 x 20 mL), dried (MgS04), and filtered, 
and the solvent was removed under reduced pressure. The 
following products 4 were prepared. 
Diethyl [(3-0xo-1-cyclohexen-l-yl)methyllphospho- 

nate (4a, n = 2; R = R = H). Purified by bulb to bulb 
distillation (oven temp 125 "C (1 mm); lk2g oven temp 120 "C 
(0.01 Torr)) (70%): 'H NMR (CDC13) 6 1.30 (6H, t, J = 7.1 
Hz), 1.99 (2H, dt, J = 6.2, 9.6 Hz), 2.35 (2H, t, J = 6.4 Hz), 
2.46 (2H, dd, J =  4.7, 10.4 Hz), 2.73 (2H, d, J =  23.6 Hz), 4.08 
(4H, dq, J = 7.2, 11.2 Hz), 5.94 (lH, J = 5.0 Hz); proton- 
decoupled I3C NMR (CDC13) 6 16.4 (d, J = 5.6 Hz), 22.6, 30.5, 
36.3 (d, J = 135.1 Hz), 37.0, 62.4 (d, J = 6.6 Hz), 129.4 (d, J 

NMR (CDC13) 6 20.9, 28.5, 36.3, 55.3, 101.9, 178.6, 199.4; 

(CHC13-AcOEt, 1:l); 'H NMR (CDC13) 6 1.98 (2H, dt, J = 6.2, 

= 11.0 Hz), 156.1 (d, J = 10.9 Hz), 199.0; 31P NMR (CDC13) 6 
24.3; IR (cc14) ~ p o  1254.0, YCO 1679.5. 
Diethyl [l-(3-Oxo-l-cyclohexen-l-yl)ethyllphospho- 

nate (4b, n = 2; R = H; R = Me). Purified by column 
chromatography (CHC&-AcOEt, 41)  (62%): lH NMR (CDC13) 
61.26(6H,t,J=7.0Hz),1.35(3H,dd,J=7.2,18.0Hz),1.96 
(2H, dt, J = 6.7:9.5 Hz), 2.34 (2H, t, J = 6.7 Hz), 2.47 (2H, 
m),2.73(1H,dq,J=7.3,24.7Hz),4.06(4H,dq,J=7.0,11.1 
Hz), 5.95 (lH, d, J = 4.6 Hz); proton-decoupled 13C NMR 

37.0,40.1(d,J=134.9Hz),62.l(twod,J=5.4Hz), 127.5(d, 

27.4; IR (Cc4) VPO 1251.2, YCO 1678.1; MS mlz  260 (M+, 21), 
139 (56), 123 (32), 122 (1001, 95 (22). Anal. Calcd for 
C12H2104P C, 55.38; H, 8.13. Found: C, 55.04; H, 8.29. 
Diethyl { [3-0xo-2-(propen-2-y1)-l-cyclohexen-l-yl]me- 

thy1)phosphonate (4c, n = 2, R = CHzCHCH2, R' = H). 

(CDC13) 6 12.9 (d, J =  6.4 Hz), 16.1 (d, J =  5.6 Hz), 22.4, 28.9, 

J = 11.2 Hz), 161.9 (d, J = 7.9 Hz), 199.0; 31P NMR (CDC13) 6 
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Purified by column chromatography (AcOEt) (54%): lH NMR 
(CDCld 6 1.30 (6H, t, J = 7.0 Hz), 1.95 (2H, dt, J = 6.2, 9.7 
Hz), 2.21 (2H, t, J = 6.3 Hz), 2.54 (2H, dt, J = 5.5, 10.9 Hz), 
2.81 (2H, d, J = 24.2 Hz), 3.13 (2H, d, J = 5.0 Hz), 4.09 (4H, 
dq, J =7.1, 10.6 Hz), 4.91 (lH, dd, J = 1.7, 5.9 Hz), 4.96 (lH, 
dd, J = 1.8, 2.7 Hz), 5.73 (lH, m); proton-decoupled 13C NMR 

135.3 Hz), 37.7, 62.2 (d, J = 6.5 Hz), 114.7, 135.3, 135.6 (d, J 

25.2; IR (CC4) YPO 1253.1, YCO 1673.0; MS mlz 286 (M+, 571, 
152 (571, 149 (69), 148 (821, 147 (891, 133 (671, 105 (77), 91 
(loo), 41 (64), 29 (66). Anal. Calcd for C14H2304P: C, 58.73; 
H, 8.10. Found: C, 58.72; H, 8.15. 
Diethyl [(3-0xo-1-cyclopenten-l-yl)methyllphospho- 

nate (4d, n = 1, R = R = H).2gJo Purified by column 
chromatography (CHCl3-AcOEt, 4:l) (65%): 'H NMR (CDC13) 
6 1.31 (6H, t, J = 7.1 Hz), 2.43 (2H, m), 2.73 (2H, m), 2.98 
(2H,d,J=23.2Hz~,4.11(4H,dq,J=7.2,11.0Hz~,6.10~1H, 
m); proton-decoupled I3C NMR (CDC13) 6 16.3 (d, J = 5.8 Hz), 
31.8 (d, J = 136.7 Hz), 32.4 (d, J = 2.9 Hz), 35.5, 62.4 (d, J = 
6.6 Hz), 133.1 (d, J = 9.7 Hz), 171.4 (d, J = 8.3 Hz), 207.0; 31P 
NMR (CDCl3) 6 23.2; IR (cc14) vpg 1257.7, YCO 1714.3; MS mlz  
232 (M+ , 99), 204 (61), 176 (811, 148 (99), 96 (631, 95 (99), 94 
(991, 81 (79), 41 (941, 39 (loo), 29 (991, 27 (97). 
Diethyl [l-(3-Oxo-l-cyclopenten-l-yl)ethyllphospho- 

nate (4e, n = 1, R = H, R = Me). Purified by column 
chromatography (AcOEt-CHC13,2:1) (69%): 'H NMR (CDC13) 
61.30(6H,t,J=7.0Hz),1.44(3H,dd,J=7.2,17.9Hz),2.41 
(2H, m), 2.60-3.10 (3H, m), 4.10 (4H, dq, J = 7.1, 11.1 Hz), 
6.10 (lH, m); proton-decoupled 13C NMR (CDC13) 6 13.5 (d, J 
= 6.3 Hz), 16.4 (d, J = 5.7 Hz), 31.0, 35.2, 37.0 (d, J = 136.3 
Hz), 62.5 (two d, J = 7.0 Hz), 131.7 (d, J = 9.3 Hz), 177.8 (d, 

1217.1, vco 1725.0; MS mlz 218 (291, 190 (291, 162 (331, 111 
(631,109 (991, 108 (loo), 81 (67),53 (61),29 (72),27 (69). Anal. 
Calcd for CllH1904P: C, 53.66; H, 7.78. Found: C, 53.55; H, 
7.90. 
Diethyl [(3-Oxo-2-methyl-l-cyclopenten-l-yl)methyll- 

phosphonate (4f, n = 1, R = Me, R = H). Purified by 
column chromatography (CHCl3-acetone, 955) (55%): 'H 

Hz), 2.39 (2H, m), 2.66 (2H, m), 2.91 (2H, d, J = 24.0 Hz), 
4.10 (4H, dq, J = 7.2, 11.1 Hz); proton-decoupled NMR 

30.6,34.2,62.3(d,J=7.1Hz),150.2(d,J=9.2Hz),162.4(d, 

1256.8, YCO 1710.6; MS mlz  246 (M+, loo), 218 (41), 190 (49), 
162 (57), 109 (441, 108 (99), 80 (511, 79 (54). Anal. Calcd for 
CllH1904P: C, 53.66; H, 7.78. Found: C, 53.50; H, 7.95. 
Diethyl [ l-(3-Oxo-2-methyl-l-cyclopenten- 1-y1)ethyll- 

phosphonate (4g, n = 1, R = R = Me). Purified by column 
chromatography (AcOEt-CHC13,2:1) (65%): 'H NMR (CDC13) 
6 1.28 (6H, t, J = 7.1 Hz), 1.42 (3H, dd, J = 7.2, 18.8 Hz), 1.72 
(3H, dd, J = 2.0,3.0 Hz), 2.37 (2H, m), 2.65 (2H, m), 3.32 (lH, 
dq, J = 7.2,24.0 Hz), 4.14 (4H, m); proton-decoupled I3C NMR 

33.9, 34.7 (d, J = 137.9 Hz), 62.3 (two d, J = 7.0, 15.4 Hz), 
149.7 (d, J = 9.3 Hz), 167.8 (d, J = 8.2 Hz), 207.5; 31P NMR 
(CDC13) 6 27.9; IR (cc14) YPO 1332.3, YCO 1708.0; MS m l z  260 
(M+, 51), 123 (64), 122 (100),95 (15),29 (33). Anal. Calcd for 
C12H2104P: C, 55.38; H, 8.13. Found: C, 54.85; H, 8.15. 
Reaction of 3-Chlorocyclohex-2-en-1-ones (2) with 

Lithiated Diethyl Alkylphosphonates (3). The procedure 
was identical to that described for the reaction between enones 
1 and nucleophiles 3. The following products 5 were prepared. 
Diethyl [( 1-Hydroxy-3-chloro-2-cyclohexen-l-yl)meth- 

yllphosphonate (5a, R = R = H) (from 2a and 3a). 
Purified by column chromatography (AcOEt) (70%): 'H NMR 
(CDC13) 6 1.33 (6H, m), 1.67 (2H, m), 1.90 (2H, m), 2.07 (2H, 
dd, J = 8.9, 17.6 Hz), 2.28 (2H, m), 4.11 (4H, m), 5.91 (lH, 5); 

proton-decoupled 13C NMR (CDC13) 6 16.3 (d, J = 6.2 Hz), 19.9, 
32.7, 36.0 (d, J = 9.7 Hz), 37.9 (d, J = 135.2 Hz), 61.9 (two d, 
J = 7.2 Hz), 69.4, 129.3 (d, J = 11.6 Hz), 135.9 (d, J = 27.1 

MS mlz 264 (M+ - HzO, 25), 208 (111,152 (51), 125 (loo), 97 

(CDC13) 6 16.4 (d, J = 6.0 Hz), 22.2, 29.1, 31.9, 33.3 (d, J = 

= 12.5 Hz), 150.1 (d, J = 11.7 Hz), 197.9; 31P NMR (CDC13) 6 

J = 8.1 Hz), 209.2; 31P NMR (CDC13) 6 26.3; IR (Cc4) YPO 

NMR (CDC13) 6 1.30 (6H, t, J = 7.1 Hz), 1.72 (3H, t, J = 2.1 

(CDC13) 6 8.22, 16.4 (d, J = 5.4 Hz), 30.4 (d, J = 137.0 Hz), 

J = 8.1 Hz), 208.3; 31P NMR (CDC13) 6 24.3; IR (Cc4) ~ p g  

(CDCl3) 6 8.4, 12.3 (d, J = 6.6 Hz), 16.4 (d, J = 5.4 Hz), 26.8, 

Hz); 31P NMR (CDC13) 6 29.1; IR (Cc4) YPO 1230.9, VOH 3432.1; 
(20) House, H. 0.; Rasmusson, G. H. J. Org. Chem. 1963, 28, 27. 
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(6 mL per mmol of 5). After 5 min water (4 mL per mmol of 
5) was added dropwise, and aqueous phase was separated and 
extracted with chloroform (3 x 6 mL per mmol of 5). The 
combined chloroform solution was washed with 5% aqueous 
NaHC03 and with water, dried (CaClZ), filtered, and evapo- 
rated. The residue was purified by column chromatography 
(AcOEt) yielding pure 4. 

4a (from Sa) (80%): NMR ('H, 13C, 31P) and IR spectra 
identical to those obtained for the product prepared from la  
and 3a. 

4b (from 5c) (75%): NMR (lH, 13C, 31P) and IR spectra 
identical to those obtained for the product prepared from la  
and 3b. 

When 5c was incubated in trifluoroacetic acid-d (0.5 mu70 
mg of 5c) for 5 min, 31P NMR spectrum indicated complete 
conversion of the substrate to a mixture of 4b and two other 
products, probably the diastereomeric trifluoroacetates of 5c. 
A drop of DzO was added, and the solution was left at room 
temperature for 12 h. The NMR (lH and 31P) spectra of the 
solution showed the exclusive formation of 4b as the only 
product. 

Method B. A solution of alcohol Sa (1.0 g, 3.7 mmol) and 
p-toluenesulfonic acid (0.035 g, 0.2 mmol) in dry benzene (50 
mL) was heated under reflux for 24 h using Dean-Stark 
conditions. Water (10 mL) was added, the aqueous phase was 
extracted with benzene (3 x 10 mL), and the combined benzene 
solution was washed with water, dried (MgS04), and evapo- 
rated. The residue was separated by column chromatography 
(EtzO) and afforded the following products. 

(2)-Diethyl [ (3'-Chlorocyclohexen-2'-ylidene)methyll- 
phosphonate (7a): 0.244 g (25%); lH NMR (CDC13) 6 1.30 
(6H, t, J = 7.1 Hz), 1.83 (2H, m), 2.36 (2H, m), 2.47 (2H, t, J 
= 6.1 Hz), 4.05 (4H, dq, J = 7.2, 11.0 Hz), 5.23 (lH, d, J = 
15.7 Hz), 7.28 (lH, 5); proton-decoupled 13C NMR (CDC13) 6 
16.3 (d, J = 6.5 Hz), 23.0 , 32.4 (d, J = 22.2 Hz), 33.6, 61.5, 
110.1 (d, J = 187.5 Hz), 124.3 (d, J = 9.3 Hz), 135.7, 150.2; 
31P NMR (CDCl3) 6 17.4; MS mlz 264 (M+, 281, 236 (141, 208 
(35), 155 (76), 127 (18), 91 (100). Anal. Calcd for C11Hls- 
C103P: C, 49.91; H, 6.85. Found: C, 49.50; H, 7.00. 

(E)-Diethyl [ (3-Chlorocyclohexen-2'-ylidene)methyll- 
phosphonate (7b): 0.049 g (5%); lH NMR (CDC13) 6 1.30 
(6H, t, J =  7.1 Hz), 1.83 (2H, two t, J =  6.2, 9.5 Hz), 2.45 (2H, 
t, J = 6.1 Hz), 2.74 (2H, t, J = 9.5 Hz), 4.05 (4H, dq, J = 7.2, 
11.0 Hz), 5.27 (lH, d, J = 16.5 Hz), 6.25 (lH, s); 31P NMR 
(CDC13) 6 18.6. 

(35), 91 (87). Anal. Calcd for CllH20C104P: C, 46.73; H, 7.13. 
Found: C, 46.74; H, 7.24. 

Diethyl { [ l-Hydroxy-2-(propen-2-yl)-3-chloro-2-cyclo- 
hexen-1-yl]methyl}phosphonate (5b, R = CHZCHCHa, R 
= H) (from 2b and 3a). Purified by column chromatography 

= 7.1 Hz), 1.59-2.46 (8H, set of m), 3.10 (2H, d, J =  6.0 Hz), 
4.08(4H,m),5.02(2H,m),5.84(1H,ddt,J=2.4,6.5,8.4Hz); 
proton-decoupled 13C NMR (CDC13) 6 16.3 (d, J = 5.9 Hz), 19.8, 
32.8, 34.0, 35.1 (d, J = 133.0 Hz), 61.8 (two d, J = 6.9, 38.2 
Hz), 72.4 (d, J = 3.2 Hz), 115.5, 133.7, 135.0 (d, J = 16.9 Hz), 
136.0; 31P NMR (CDC13) 6 29.5; IR (cc14) VPO 1230.6, VOH 
3425.1; MS mlz 305 (M+ - HzO, 14), 249 (91, 167 (321, 152 
(22), 131 (loo), 130 (40), 129 (56), 91 (34), 41 (22). Anal. Calcd 
for C14Hz4C104P: C, 52.10; H, 7.49. Found: C, 52.06; H, 7.55. 

Diethyl [ 1-( l-Hydroxy-3-chloro-2-cyclohexen-l-yl)eth- 
yllphosphonate (5c, R = H, R = Me) (from 2a and 3b). 
Purified by column chromatography (AcOEt-hexane, 3:2) 
(76%); pair of diastereoisomers (2:l): 'H NMR (CDCl3) 6 major 
stereoisomer: 1.16 (3H, dd, J = 7.5, 17.7 Hz), 1.30 (6H, m), 
1.50 - 2.30 (7H, m), 4.30 (4H, m), 5.99 (lH, s); minor 
stereoisomer: 1.09 (3H, dd, J = 7.3, 17.3 Hz), 1.30 (6H, m), 
1.50 - 2.30 (7H, m), 4.30 (4H, m), 5.70 (lH, 9); proton-decoupled 
I3C NMR (CDC13) 6 major stereoisomer: 10.5 (d, J = 5.1 Hz), 
16.4 (d, J = 5.7 Hz), 19.6, 30.6 (d, J = 3.2 Hz), 32.7 (d, J = 6.7 
Hz), 41.5 (d, J = 133.6 Hz), 61.9 (two d, J = 7.1, 12.3 Hz), 
72,0, 127.3 (d, J = 6.0 Hz), 137.2; minor stereoisomer: 10.9 
( d , J =  5.1 Hz), 16 .4 (d , J=  5.7 Hz), 19.3, 30.6(d, J z 3 . 2  Hz), 
33.5 (d, J = 10.1 Hz), 41.8 (d, J = 134.6 Hz), 61.9 (two d, J =  
7.1, 12.3 Hz), 72,0, 128.7 (d, J = 18.6 Hz), 137.2; 31P NMR 
(CDC13) 6 (both stereoisomers).32.6; IR (CCld VPO 1221.2, YOH 
3412.2; MS m l z  277 (M+ - H20, 41, 152 (47), 131 (1001, 125 
(80), 29 (48). Anal. Calcd for ClzH21C104P: 48.74; H, 7.16. 
Found: C, 48.16; H, 7.37. 

Enol of Diethyl [(3-Oxo-l-cyclopenten-l-yl)methyll- 
phosphonate (6). Reaction between 3-chlorocyclopent-2-en- 
1-one (2c) (0.5 g, 4.3 mmol) and 3a was carried out as described 
above. After the usual workup, the product was purified by 
column chromatography (CHC13-AcOEt, 4:l) and afforded 6 

2.60-2.80 (4H, m),4.00 (4H, dq, J = 7.0, 11.0 Hz), 5.19'(1H, 
d, J = 16.2 Hz), 7.05 ( lH,  s); proton-decoupled 13C NMR 

61.3 (d, J = 5.0 Hz), 102.6 (d, J = 192.8 Hz), 129.4 (d, J = 7.2 

(CC14) vpg 1245.9, YC+ 1613.9, VOH 3421.2. After one month 
at 5 "C, the product rearranged completely to 4d, showing 
NMR (lH, 13C, 31P) and IR spectra identical to those of the 
independently prepared 4d. 

Dehydration of Alcohols 5. Method A. Concentrated 
sulfuric acid (0.095 g per mmol of 5) was added dropwise at 
room temperature to a stirred solution of 5 in dry chloroform 

(CHC13-AcOEt, 4:l) (75%): H NMR (CDCl3) 6 1.29 (6H, t,  J 

(0.288 g, 25%): 'H NMR (CDC13) 6 1.27 (6H, t, J = 7.0 Hz), 

(CDC13) 6 16.3 (d, J = 6.5 Hz), 32.3 (d, J = 22.1 Hz), 36.3, 

Hz); 151.4, 164.6 (d, J = 5.9 Hz); 31P NMR (CDC13) 6 18.8; IR 
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