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1,3-Dioxolanes are among the most widely used pro- 
tecting groups for carbonyl  compound^.^ The most 
common methods for the synthesis of these acetals employ 
protic acids, aqueous conditions, or high temperatures, 
making them unsuitable for the protection of sensitive 
compounds. A gentle, low temperature method for the 
formation of ethylene acetals might involve the acid- 
catalyzed addition of an epoxide to a ketone. Bogert and 
Roblin4 and later Bersin and Willfangs demonstrated in 
the 1930s that oxiranes will react with ketones and 
aldehydes in the presence of SnC4 to form 1,3-dioxolanes 
in low to moderate yields. Since that time sporadic reports 
of ketalizations using oxiranes in the presence of various 
Lewis acids have appeareda6 To date, however, no studies 
on side reactions, the effect of varying reaction conditions, 
or the scope of this aprotic oxirane formation have been 
reported. Herein we wish to report an optimization of 
this procedure for cyclic acetal formation from carbonyl 
compounds and ethylene oxide catalyzed by substoichi- 
ometric amounts of BFyOEt2, as well as a partial survey 
of its scope and limitations. 

Initial studies on the Lewis acid-mediated reaction of 
4-tert-butylcyclohexanone (1) with propylene oxide showed 
BF3 to be the most effective catalyst. Both SnC4 and 
Tic14 gave little or no acetal. Use of 4 equiv of BFrOEt2 
led to a 1:l mixture of the desired acetal and starting 
ketone. Unreacted ketone remained even in the presence 
of stoichiometric amounts of BF3. Further optimization 
of the BF3-mediated dioxolane formation was conducted 
with ketone 1 and ethylene oxide. Reactions were mon- 
itored by GC using uncorrected peak areas obtained from 
an FID detector. Because the mass balance for this 
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reaction was very high (vide infra), internal standards 
were deemed unnecessary. As summarized in Table I, 
optimization studies led to a series of general conclusions 
about the BFs-mediated acetal formation. The best yields 
of the desired ethylene acetal 3 were obtained using a 
substoichiometric amount of BF3 (Table I, entries 1-4). 
An excess of epoxide is not required to obtain a high ratio 
of ethylene acetal to ketone (entry 5).  The rate of the 
addition of the Lewis acid appears to play a slight role in 
maximizing the yield of acetal (compare entries 6 and 7). 
In many cases it was noted that continued reaction after 
the maximum ratio of ethylene acetal to ketone was 
obtained led to steadily declining ratios (entries 8-12). 
Based on these observations, all subsequent reactions were 
run at  room temperature with the addition of ethylene 
oxide (1.0 M in CH2C12) over 20 min. Reactions were 
followed by GC and/or TLC and were quenched with 
triethylamine when the maximum ratio of acetal to ketone 
was observed. 

The best results for this methodology were found for 
acetal formation with cyclic ketones (Table 11, entries 1-3). 
Steric hindrance about the carbonylstrongly inhibits acetal 
formation (entry 41, as does the presence of carbocation 
stabilizing groups (vide infra). 

Ethylene acetal formation from a,/?-unsaturated ketones 
using ethylene glycol and protic acids typically leads to a 
thermodynamic mixture of a,/?- and B,y-unsaturated 
acetals. Thus, for example, reaction of cholest-4-en-3- 
one with ethylene glycol in the presence of p-TSA affords 
cholest-5-en-3-one ethylene acetal in high yield.'-@ Tra- 
ditionally, isomerization has been lowered by minimizing 
the amount of protic acid utilized in acetal formation,'O 
or using weak protic acids.'' More recently, Noyori et al., 
and later Wu and Wetzel, have shown that use of 
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Chem. 1978,43, 2557-2562. 

(9) For altemative ethylene acetal forming procedures which cause 
d o u b l e - b o n d  m i g r a t i o n ,  s e e  t h e  f o l l o w i n g .  ( a )  
2-Ethyl-2-methyl-l,3-dioxol~ne/p-TSA Dauben, H. J., Jr.; Loken, B.; 
Ringold, H. J. J. Am. Chem. SOC. 1964, 76, 1359-1363. (b) 
2-Methyl-2-(2-methylpropenyl)-1,3-dioxol~e/H~SO~: Constatin, J. M.; 
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Table I. Effect of Varying Reaction Conditions on the 
Yield of 4- tert-Butylcyclohexanone Ethylene Acetal (3). 

ethylene addition reaction 
BFsmOEh oxide time time final GC 

entry (equiv) (equiv) (mi& (min)c acetakketone 
1 0.1 10.0 <1 >120 26.81 
2 1.0 10.0 <1 >120 1.81 
3 2.0 10.0 <1 >120 1.21 
4 4.0 10.0 <1 >120 0.31 
5 0.1 1.3 20 120 7.7:l 
6 0.1 10.0 10 60 3.01 
7 0.1 10.0 420 60 1.1:l 
a 0.1 10.0 20 15 2.6:ld 
9 0.1 10.0 20 25 4.01d 

10 0.1 10.0 20 33 4.91d 
11 0.1 10.0 20 43 3.61d 
12 0.1 10.0 20 50 1.2:ld 

Addition of a 1.0 M solution of ethylene oxide to a 1.0 M solution 
of ketone 1 and BFrOEh at room temperature. Defined as the 
time from the beginning of ethylene oxide addition until addition 
was complete. Defined as the time from the completion of ethylene 
oxide addition until the final GC was taken. Reactions run using 
cyclohex-2-en-1-one (9) as substrate. 

trimethylsilyl triflate to catalyze acetal formation with 
l,2-bis(trimethylsilyloxy)ethane significantly decreases 
double-bond migration.12 This suggests that kinetic 
products can be obtained on using Lewis acids, such as 
BF3, for which equilibrium is slow. Thus, while the results 
obtained on reacting cyclohex-2-en-1-one with ethylene 
oxide in the presence of BF3 (9, entry 5) were quite poor, 
no isomerization of the double bond was observed in the 
produ~t.~%J3J~ Cholest-4-en-3-one (1 1) afforded an ex- 
cellent yield of the desired acetal (12, entry 6). Again, no 
product resulting from the migration of the A4-double bond 
into the B ring was observed in TLC or the lH or l3C NMR 
of crude reaction mixtures. 
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A series of attempts were made to protect heteroatom- 
substituted a-methylenecyclopentanones (21; R = OH, 
OAc, I). The oxygen-substituted systems returned starting 
material quantitatively. Presumably, this is due to the 
loss of resonance stabilization on conversion of the carbonyl 
carbon into an sp3 center. Unfortunately, the iodide 
decomposed under the reaction conditions. In no case 
was more than a trace of the desired acetal observed. 

The use of epoxides for acetal formation offers the 
advantage of being extremely gentle, operating at  room 
temperature and under aprotic conditions. In addition, 
preliminary isolation of the products simply involves 
removal of reactants under vacuum. Also, yields do not 
appear to be dependent on scale of the reaction. The yield 

(12) (a) Noyori,R.; Murata,S.;Suzuki,M. Tetrahedron 1981,37,3899- 
3910. (b) Tsunoda, T.; Suzuki, M.; Noyori, R. Tetrahedron Lett. 1980, 
21,1357-1358. (c) Wu, J. R.; Wetzel, J. M. J. Org. Chem. 1985,50,3946- 
3948. 

(13) For ethylene acetal formation with cyclohex-2-en-3-one leading 
to the A8-product, see: Fioravanti,S.; Loreto, M. A.; Pellacari,L.; Tardella, 
P. A. Tetrahedron Lett. 1993,34,4353-4354. 

(14) For ethylene acetal formation with cyclohex-2-en-3-one which 
avoids olefin migration, see: h e d a l e ,  L. K.; Swanson, D.; Sun, R. C. 
Tetrahedron Lett. 1993, 26, 5009-5012. 
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of acetal 12 remained consistently high, whether run using 
1 mmol(93% yield) or 11 mmol(95% yield) of enone 11. 

Protection of aldehydes and acyclic ketones proceeded 
in low yield, affording starting material as the only 
byproduct observed (entries 7-9). These resulta suggest 
the possibility of the selectiev protection of a cyclic ketone 
in the presence of an aldehyde or an acyclic ketone. 

The Lewis acid-mediated reaction of an oxirane with a 
carbonyl has been reported to proceed via complexation 
of the acid with the epoxide oxygen, followed by nucleo- 
philic ring-opening of the epoxide by the carbonyl oxygen 
and finally dioxolane ring f0rmati0n.l~ Because each step 
of thereaction is reversible, 1,3-dioxolanes can be converted 
into the corresponding ketone in the presence of catalytic 
BF3.16J7 The BFa-mediated acetal formation must suffer 
from a similar side reaction. Thus, acetal formation is 
sensitive to both structural factors such as steric hindrance 
which slows formation of the acetal and electronic factors 
which accelerate decomposition of the acetal. 

In a brief examination of the use of other oxiranes in 
this reaction, it was found that reaction of ketone 1 with 
propylene oxide (19) afforded the corresponding acetal as 
a mixture of diastereomers in similar yield to that observed 
with ethylene oxide (Table 11, entry 10). In contrast, 
oxiranes with resonance stabilizing groups (styrene oxide, 
tram-stilbene oxide) failed to give any of the desired acetal, 
affording returned starting ketone in quantitative yield. 

0 F H 3  

1 20 

In summary, BF3 mediates the reaction of oxiranes with 
cyclic ketones and enones leading to a gentle method for 
acetal formation. The approach is applicable to both large- 
and small-scale reactions. The selectivity of acetal for- 
mation is currently under investigation. 

Experimental Section 
lH and l3C NMR spectra were recorded at 300 and 75 MHz, 

respectively, using CDCls as solvent. IR spectra were obtained 
from neat films unless otherwise noted. MS were obtained a t  an 
ionization potential of 70 eV. Distillations were conducted using 
a bulb-to-bulb apparatus (Aldrich Kugelrohr); ot refers to the 
Kuglerohr oven temperature range over which distillation 
occurred. BFyEhQ and CHzClP (CaH2) were distilled immedi- 
ately prior to use. Ethylene oxide, propylene oxide, and ketones 
1,4, 6, 8, 11, 15, and 17 were obtained commercially and used 
without purification. Compounds 9 and 13 were distilled prior 
to use. 

Representative Procedure. Choleet-4-en-3-one Ethylene 
Acetal (12, Ent ry  6). To a solution of cholest-4-en-3-one (11) 
(4.23 g, 11 mmol) and BFsmOEB (0.135 mL, 1.1 mmol) in dry 

(15) (a) Yandovskii, V. N.; Temnikova,T. I. J. Org. Chem. USSR 1968, 
4,1695-1699. (b) Blackett, B. N.; Coxon, J. M.; Hartshorn, M. P.; Lewis, 
A. J.; Little, G. R.; Wright, G. J. Tetrahedron 1970,26, 1311-1313. 

(16) Torok, D. S.; Scott, W. J. Unpublished resulta. 
(17) For a wet BFs-mediated transketalization from diethylene or- 

thocarbonate, see: Barton, D. H. R.; Dawes, C. C.; Magnue, P. D. J. 
Chem. SOC., Chem. Commun. 1975,432-433. 
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Table 11. Reaction of Carbonyl Compounds with Oxiraner in tbe Preaence of BFIeOEtp 
' reaction ieolatedyield hlatedyield 

entry carbonyl compound oxirane acetal time ( m i d  of ketone (% 1 of acetal (% ) 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

4-tert-butylcyclohexanone (1) 
cyclopentanone (4) 
cycloheptanone (6) 
2,&dimethylcyclohexe (8) 
cyclohex-2-en-bone (9) 
A-cholestenone (1 1) 
3-phenylpropanal(13) 
2-octanone (IS) 
acetophenone (17) 
4-tert-butylcyclohexanone (1) 

ethylene oxide (2) 
2 
2 
2 
2 
2 
2 
2 
2 
propylene oxide (19) 

ethylene acetal (3) 15 

ethylene acetal (7) 70 

ethylene acetal (10)' 30 
ethylene acetal (12)' 20 
ethylene acetal (14) 60 

120 
1 

ethylene acetal (16) 
ethylene acetal (18) 
methylethylene acetals (20)' 90 

ethylene acetal (6) 2 

~~ ~ 

14 
5 

18 
100 

d 

d 
d 

43 
9 

79 
79 
84 
0 

41 
96 
52 
47 
42 
80 

a Addition of a 1.0 M solution of ethylene oxide to a 1.0 M solution of carbonyl compound and BFs-OEh at room temperature. * Defined 
as the time from the completion of ethylene oxide addition until the reaction was quenched with EtsN. Carbonwbon double bond did not 
ieomerizeduring the reaction. d Remaining ketone was reduced with NaB& to facilitate isolation of the a c e d  e Isolated as a pair of diastereomers. 

CH&12 (110 mL) at rt in a flask equipped with a dry icdacetone 
cooled condenser was added over 20 min a 0 "C solution of ethylene 
oxide (110 mL, 1.0 M in CHzClz), via cannula. The reaction was 
monitored by TLC and was quenched by the addition of EbN 
(1 mL) 20 min after the addition of ethylene oxide was complete. 
The resulting solution was concentrated under reduced pressure 
to give a white solid which was recrystallized from methanol to 
afford acetal 12 (4.47 g, 95% 1: mp 78-79 "C [lit.'Omp 95-97 "CI; 
TLC (20% EtOAc/hexane) Rf 0.61; IR (CCL) 1655,1145,1130, 
1100 cm-1; 1H NMR 6 0.67 (e, 3H), 0.86 (d, J = 6.6 Hz, 3H), 0.88 
(d, J = 6.6 Hz, 3H), 1.03 (e, 3H), 0.92-2.25 (m, 26H), 3.65-3.67 
(m, 2H), 3.68-4.02 (m, 4H), 5.22 (8, 1H); NMR 6 11.9, 17.6, 
18.6, 21.1, 22.5, 22.8, 23.8, 24.2, 28.0, 28.2, 30.0, 32.1, 32.5, 34.9, 
35.8 (2C), 36.1, 37.5, 39.5, 39.5, 39.8, 42.4, 53.9, 56.0, 64.2, 70.6, 
106.2, 119.5, 151.8. 

Acetals 3,6,7,10,14,16,18, and 20 were purified using radical 
chromatography (SiOz). Spectral analyses (IR, LRMS, and 'H 
and 1Bc NMR) for acetals 3 t s  6 tS  7t9m 14,% 16,29 and 1Su 
were in agreement with those previously reported. GC, TLC, 'H 
and 1Bc NMR analyses indicated that all products were >95% 
pure. 
8-tert-Butyl-l,4-dioxaspiro[4.S]decane (3, entry 1): yield 

0.31 g (79%); ot  (bulb-to-bulb) 65-72 "C (0.2 mmHg) [lit.'& bp 
65-67 OC (0.4 mmHg)]; IR 1125, 1100 cm-I; IH NMR 6 0.87 (e, 
9H); 1.02 (tt, J = 11.9, 3.0 Hz, lH),  1.28 (app qd, J = 13.1, 3.9 
Hz, 2H), 1.50 (td, J = 13.6,4.6 Hz, 2H), 1.76 (br t, J = 13.7 Hz, 
4H), 3.94 (s,4H); 1% NMR 6 24.8 (2C), 27.7 (3C), 32.3,35.2 ( 2 0 ,  
47.2, 64.1, 64.2, 109.0; LRMS m/z (re1 intensity) 198 (1.4). 

Spectra of acetal 3 were identical with those of an indepen- 
dently prepared sample (ethylene glycol, p-TSA, C6&, 82 % 1. 
1,4-Dioxpspiro[4,4]nonane (6, en t ry  2): yield 0.21 g (79% ); 

IR 1125 cm-l; 'H NMR 6 1.65-1.73 (m, 4H), 1.75-1.81 (m, 4H). 

(18) (a) Hennie, H. E.; Romnbrock, E. H. U.S. Pat. 2,993,066 (18 Jul 
1961); Chem. Ab&. 1961, 55, 269861; (b) U.S. Pat. 3,022,222 (20 Feb 
1962); Chem. Abetr. l962,57,2227q. (c) Kheifita, L. A.; Denhnkova, V. 
Yu.; Genaeimovich, T. B.; Lifer, I. L. Maslo-Zhur. Prom-et. 1971. (1). 
25-26; Chem. Abstr. l976,84,6163w. 

(19) Tapezergyar, E. G. French Patent 1,611,193 (26 Jan 1968); Chem. 
Ab&. 1969, 71, 312Or. 

(20) Guisti, G.; Morales, C. Bull. SOC. Chim. Fr. 1973,382-387. 
(21) Mom, R. A.; Smudin, D. J. J.  Org. Chem. 1976,41,611-619. 
(22) Knorr, A.; Weislrenbbm, A. U.S. Pat. 1,837,273 (22 Dec 1930); 

Chem. Abetr. 1932,26,1395; Beiletein EIII 1977,19,234. 
(23) (a) Feugas, C. Bull. SOC. Chim.Fr. 1963,2668-2679. (b) Marehall, 

J. T. B.; Williams, D. H. Tetrahedron 1967,23,321-333. (c) Salmi, E. 
J.; Rannikko, V. Chem. Ber. 1939, 72B, 6o(wo4. 

(24) (a) Feugas, C. Bull. SOC. Chim. Fr. 1963,2579-2581. (b) Jacques, 
D.; Haslam, E.; Bedford, G. R.; Greatbanka, D. J. Chem. SOC., Chem. 
Commun. 1973,618-620. (c) Das, K. G.; Madhusudanan, K. P. Indian 
J. Chem. 1972,10,277-278. 

3.91 (a, 4H); '% NMR 6 23.5 ( 2 0 ,  35.9 ( 2 0 ,  64.2 ( 2 0 ,  118.6; 
LRMS m/z (re1 intensity) 128 (7.5). 
1,4-Dioxaepiro[4.6]undecane (7, en t ry  3): yield 0.27 g 

(84%); IR 1095 cm-1; 1H NMR 6 1.57 (br s,8H); 1.79 (br d, J = 
9.2 Hz, 4H), 3.89 (8, 4H); W NMR 6 22.4 (2C), 29.3 (2C), 38.4 
(2C), 63.9 ( 2 0 ,  113.0; LRMS m/z (re1 intensity) 156 (10). 

1,4-Dioxaspiro[4d]dec-6-ene (10,entry6): reactionmixture 
was treated with N a B K  (1 mmol) prior to separation using SiOl; 
yield 0.12 g (41%); IR 3020, 1145, 1110, 940 cm-1; 1H NMR 6 
1.75-1.82 (m, 4H); 2.03-2.04 (m, 2H), 3.95-4.00 (m, 4H), 5.59 (dt, 
J = 10.1,2.1 Hz, lH),  5.97 (dt, J = 10.1,3.7 Hz, 1H); NMR 
620.7,24.8,33.5,64.4,105.6,127.5,132.8;LRMSm/z (relinbnsity) 
140 (1.3). 
2-(2-Phenylethyl)-l,3-diosolane (14, entry 7): reaction 

mixture was treated with N a B K  (2 "01) prior to separation 
using SiOz; yield 0.18 g (52%); ot (bulb-to-bulb) 78-85 "C (0.25 
mmHg) [lit.% bp 115-120 "C (5 mmHg)]; IH NMR 6 1.95-2.04 
(m, 2H), 2.73-2.78 (m, 2H), 3.84-4.02 (m, 4H), 4.89 (t, J = 4.7 
Hz, lH),  7.16-7.30 (m, 5H); W NMR 6 30.1, 35.4, 64.8 (2C), 
103.7, 125.7, 128.3 ( 4 0 ,  141.5; LRMS m/z (re1 intensity) 178 
(3.0). 

Spectra of acetal 14 were identical with those of an indepen- 
dently prepared sample (ethylene glycol, p-TSA, C&; 86 % ). 
2-Hexyl-2-met6yl-1,3-dioxolane (16, en t ry  8): reaction 

mixture was treated with N a B K  (4 mmol) prior to separation 
using SiOz; yield 0.16 g (47%); at (bulb-to-bulb) 43-45 OC (0.5 
mmHg) [lit.m bp 83 OC (20 mmHg)]; 'H NMR 6 0.88 (br t, J = 
5.8 Hz, 3H), 1.2$&1.41 (m, 6H), 1.31 (8, 3H), 1.60-1.65 (m, 2H), 
3.91-3.96 (m, 4H); l8C NMR 6 14.0, 22.6, 23.7, 24.0, 29.5, 31.8, 
39.2, 64.6 (2C), 110.2; LRMS m/z (re1 intensity) 157 (M+ - 15, 
100). 

Spectra of acetal 16 were identical with those of an indepen- 
dently prepared sample (ethylene glycol, p-TSA, C&, 92% ). 
2-Methyl-2-phenyl-l,3-dioxolane (18, en t ry  9): yield 0.14 

g (42%); IR (CClJ 3030,3010,1050 cm-l; lH NMR 6 1.58 (s,3H); 
3.37-3.75 (m, 2H), 3.89-3.97 (m, 2H), 7.17-7.29 (m, 3H), 7.38- 
7.42 (m, 2H); 1% NMR 6 28.4,66.1(2C), 109.5,126.0 (2C), 128.5, 
128.9 (2C), 144.2; LRMS m/z (re1 intensity) 149 (M+ - 15, 100). 

4-Methyl- and 6-methyl-& tert-butyl-l,4-dio.arpiro[4.8]- 
decane (20, entry 10): yield 0.35 g (80%); TLC (10% EtOAc/ 
hexane) Rf 0.50; 1H NMR 6 0.87 (e, 9H), 1.26 (d, J = 6.1 Hz, 1.6H), 
1.28(d,J=6.1Hz,1.5H),1.25-1.90(m,9H),3.43(appt,J=9.7 
Hz, lH) ,  4.01-4.06 (m, lH) ,  4.09-4.26 (m, 1H); W NMR 6 18.7, 

109.1; LRMS m/z (re1 GC retention, re1 intensity) GC peak a 212 
(1.00, 12), GC peak b 212 (1.02, 10). 

((2-4 + C-5 CHS), 24.5, 24.6, 24.7, 24.8, 27.6 ((CHa)&), 32.2- 
((CHa)&), 35.1, 36.6, 36.4, 37.0, 47.0,47.2, 70.3, 70.5, 71.4, 71.5, 


