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material. Only about 100 mg of crude C,&,O mixture has 
been successfully resolved per run on a 2 in. i.d. X 4 f t  
length preparative column containing CSP 1 bonded to 60 
pm irregular silica particles. Normally, this column will 
separate 20 g per run of a soluble racemate having a sep- 
aration factor similar to that of the Cm/C70 mixture. 
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A study comparing the rate of cyclopropanation of a range of o l e f i  wing (chloromethy1)- and (iodomethy1)zinc 
reagents is described. The (chloromethy1)zinc reagent derived from diethylzinc and chloroiodomethane is generally 
more reactive than the (iodomethy1)zinc analogue. The w of 1,2-dichloroethane as the solvent for theae readions 
was shown to be a crucial factor necessary to achieve clean, rapid, high-yielding cyclopropanations. The well-known 
directing effect of proximal oxygen substituents on the stereochemical outcome of 'Simmons-Smith" cyclo- 
propanations was shown to hold for the (chloromethy1)zinc reagent as well. The diethylzinc/chloroiodomethane 
reagent system in 1,2-dichloroethane should prove to be a valuable alternative to traditional (iodomethyl)zinc-based 
cyclopropanation reagents. 

Introduction and Background 
The discovery' that treatment of an ethereal suspension 

of a zinc/copper couple with diiodomethane generates an 
organometallic reagent2 that transforms olefins into cy- 
clopropanes was a watershed event in cyclopropane 
chemistry. This is evidenced not only by the impressive 
array of olefins successfully cyclopropanated by this pro- 
cedure3 (or the subsequent improvements and modifica- 
t i o n ~ ~ ~ ~ ) ,  but also by its acceptance as a primary method 
of synthesizing cyclopropanes for both mechanistic and 
synthetic Although the initial method of 
preparation of the zinc/copper couple was cumbersome, 
several synthetically more accessible and reproducible 
methods quickly f~llowed.~ Notable among these are the 
organozinc reagents prepared from either EhZn/CH2125 
or ZnI2/CH,N,.' The species generated by these methods 

(1) (a) Simmons, H. E.; Smith, R. D. J. Am. Chem. SOC. 1958,80,5323. 
(b) Simmons, H. E.; Smith, €2. D. J. Am. Chem. SOC. 1959, 81, 4256. 

(2) This reagent was fist prepared by Emschwiller: Emschwiller, G. 
C. R. Seances Acad. Sei. 1929, 188, 1555. 

(3) (a) Simmons, H. E.; Cairns, T. L.; Vladuchick, S. A.; Hoiness, C. 
M. Org. React. 1972,20,1. (b) Furukawa, J.; Kawabata, N. Adu. orga- 
" e t .  Chem. 1974,12,83. (c) Zeller, K.-P.; Gugel, H. In Houben-Weyl: 
Methoden der Organischen Chemie; Regitz, M., Ed.; Georg Thieme 
Verlag: Stuttgart, 1989; Band EXIXb, pp 195-212. 

(4) See, for example: (a) Shank, R. S.; Shechter, H. J. Org. Chem. 
1959,24,1825. (b) LeGoff, E. J. Org. Chem. 1964,29,2048. (c) Rawson, 
R. J.; Harrison, I. T. J. Org. Chem. 1970, 35, 2057. (d) Denis, J. M.; 
Girard, C.; Conia, J. M. Synthesis 1972,549. (e) Rieke, R. D.; Li, P. T.-J.; 
Burns, T. P.; Uhm, S. T. J. Org. Chem. 1981,46,4323. 

(5) (a) Furukawa, J.; Kawabata, N.; Nishimura, J. Tetrahedron Lett. 
1966,3353. (b) Furukawa, J.; Kawabata, N.; Niahimura, J. Tetrahedron 
1968, 24, 53. 

(6) For more recent examples, see: (a) Ezquerra, J.; He, W.; Paquette, 
L. A. Tetrahedron Lett. 1990,31,6979. (b) Johnson, C. R.; Barbachyn, 
M. R. J. Am. Chem. SOC. 1982,104,4290. (c) Neef, G.; Cleve, G.; Ottow, 
E.; Seeger, A.; Wiechert, R. J. O g .  Chem. 1987,52,4143. (d) Corey, E. 
J.; Virgil, S. C. J. Am. Chem. SOC. 1990, 112, 6429. 
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displayed similar reactivity toward olefins as the classic 
Simmons-Smith reagent. That all of these reagents pos- 
sess, at least in part, the "(iodomethy1)zinc" (ICH2ZnX) 
moiety was firmly established by chemical transforma- 
t i o n ~ . ~ ~ ~  

The synthetic utility of the Simmons-Smith cyclo- 
propanation derives from the following characteristics: (1) 
stereospecificity (strict retention of olefin geometry), (2) 
generality with regard to olefin structure, and (3) the 
syn-directing effect of hydroxyl and ether  function^.^*^ 
Recent reports of highly diastereoselective cyclo- 
propanations of olefins bearing recoverablelo or nonre- 
coverable" chiral auxiliaries which utilize Simmons-Smith 

(7) (a) Wittig, G.; Schwanenbach, K. Angew. Chem. 1959,71,662. (b) 
Wittig, G.; Schwarzenbach, K. Liebigs Ann. Chem. 1962, 650, 1. (c) 
Wittig, G.; Wingler, F. Justus Liebigs Ann. Chem. 1962, 656, 18. (d) 
Wittig, G.; Wingler, F. Chem. Ber. 1964,97,2146. (e) Wittig, G.; Jautelat, 
M. Liebigs Ann. Chem. 1967, 702, 24. 
(8) Winatein, S.; Sonnenberg, J.; de Vries, L. J. Am. Chem. Soc. 1959, 

81, 6523. 
(9) See, for example: (a) Winstein, S.; Sonnenberg, J. J. Am. Chem. 

Soc. 1961,83,3235. (b) Dauben, W. G.; Ashcraft, A. C. J. Am. Chem. Soc. 
1963,85, 3673. (c) Ginsig, R.; Crosr, A. D. J. Am. Chem. SOC. 1965,87, 
4631. (d) Hill, B. K.; Morgan, J. W. J. Org. Chem. 1968, 33, 927. (e) 
Dauben, W. G.; Berezin, G. H. J. Am. Chem. SOC. 1963,85,468. (0 Chan, 
J. H.-H.; Rickbom, B. J. Am. Chem. Soc. 1968,90,6406. (g) Poulter, C. 
D.; Friedrich, E. C.; Winstein, S. J. Am. Chem. SOC. 1969,91,6892. (h) 
Starwik, J. A.; Rickbom, B. J. Org. Chem. 1972,37,738. (i) Kawabata, 
N.; Nakagawa, T.; Nakao, T.; Yamashita, S. J. Org. Chem. 1977,42,3031. 

(10) (a) Ami, I.; Mori, A.; Yamamoto, H. J. Am. Chem. SOC. 1985,107, 
8254. (b) Mash, E.; Nelson, K. A. J. Am. Chem. SOC. 1985,107,8266. (c) 
Imai, T.; Mineta, H.; Nishida, S. J. Org. Chem. 1990,55,4986. (d) Mori, 
A.; Arai, I.; Yamamoto, H. Tetrahedron 1986,42,6447. (e) Mash, E. A; 
Hemperly, S. B.; Nelson, K. A.; Heidt, P. C.; Van Deuaen, S. J. Org. 
Chem. 1990,55,2045. (0 Mash, E. A.; Hemperly, S. B. J. Org. Chem. 
1990,55,2055. (9) Mash, E. A.; Torak, D. S. J .  Org. Chem. 1989,54,250. 

(11) (a) Sugimura, T.; Futagawa, T.; Tai, A. Tetrahedron Lett. 1988, 
29,5775. (b) Sugimura, T.; Futagawa, T.; Yoshikawa, M.; Tai, A. Tet- 
rahedron Lett. 1989,30,3807. (c) Sugimura, T.; Yoshikawa, M.; Futa- 
gawa, T.; Tai, A. Tetrahedron 1990, 46,5955. 
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reagents greatly extend its utility and attest to the ver- 
satility and endurance of this reaction. 

Continued interest in cyclopropane chemistry12 as well 
as recent advances in enantioselective catalysis using or- 
ganozinc reagents13 prompted us to begin a study of the 
structure and reactivity of (halomethy1)zinc species. The 
“Furukawa” modification, namely treatment of EhZn with 
CH212, was deemed particularly amenable for study for 
several reasons: (1) this procedure employs easily metered 
reagents and thus strict control of reagent stoichiometry, 
(2) the reagents are known to be homogeneous, and (3) the 
absence of zinc salts avoids the complication of Schlenk- 
type equilibria (e.g., eq 1). The successful employment 

2 “ICH2ZnI” + “(ICH2)2Zn-Zn12” (1) 

of noncoordinating solvents using this procedure is an 
added benefit (vide infra). The initial phase of our in- 
vestigation involved the determination of the solution and 
solid state structure of the “Wittig-Furukawa” reagents. 
In a recent report we disclosed the spectroscopic and 
crystallographic characterization of bis(halomethy1)zinc 
complexes derived from both diiodomethane and (chlo- 
r0i0do)methane.l~ During the course of this work, we were 
surprised to discover that the (chloromethy1)zinc reagents 
are far more reactive than (iodomethy1)zinc reagents, 
contrary to what might be expected a priori. 

Wittig7b was the first to examine the reactivity of 
(chloromethy1)zinc chloride (ClCH2ZnC1) End bis(chloro- 
methy1)zinc ((C1CH2)2Zn). These reagents, prepared from 
ZnC12 and ethereal CH2N2, were found to behave similarly 
to ICH2ZnI and (ICH2)2Zn. On the basis of quenching 
experiments, Simmons and co-workerslc concluded that 
the reagent prepared from C1CH21 and zinecopper couple 
has “(iodomethy1)zinc” linkages, apparently due to a 
halogen-exchange process. Presumably, the initially 
formed CICHzZnI (or (ClCH2)2Zn/Zn121c) is converted to 
ICH2ZnCl (or (ICH2)2Zn/ZnC12) under the reaction con- 
ditions (refluxing EhO). Similar iodide for chloride dis- 
placements are well-documented for (halomethy1)zinc 
species.lt7 The methods of preparation used by Wittig and 
Simmons necessitate the use of ethereal solvents, which 
dramatically attentuate the reactivity of (halomethy1)zinc 
species (vide infra). Later, Miyano and co-workers re- 
ported a series of experiments on the EhZn/C1CH21/02 
system which showed that, for a variety of simple olefins, 
the (chloromethy1)zinc reagent affords slightly higher 
yields than those obtained with the (iodomethy1)zinc 

No direct comparisons were performed by 
these workers so we decided to reinvestigate this reaction 
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(12) (a) The Chemistry of the Cyclopropyl Group; Rappoport, Z., Ed.; 
Wiley: Chichester, 1987. (b) Salaiin, J. Chem. Rev. 1989,89,1247. (c) 
Wong, H. N. C.; Hon, M.-Y.; Tse, C.-W.; Yip, Y. C.; Tanko, J.; Hudlicky, 
T. Chem. Reo. 1989,89, 165. 

(13) For notable recent examples, see: (a) Sakane, S.; Maruoda, K.; 
Yamamoto, H. Tetrahedron 1986,42,2203. (b) Sakane, 6.; Maruoda, K.; 
Yamamoto, H. Tetrahedron Lett. 1985,26,5535. (c) Noyori, R.; Suga, 
S.; Kawai, K.; Okada, S.; Kitamura, M.; Oguni, N.; Hayashi, M.; Kaneko, 
T.; Matsuda, Y. J.  Organomet. Chem. 1990, 382, 19. (d) Itsuno, S.; 
Sakurai, Y.; Ito, K.; Mmyama, T.; Nakahama, S.; FrBchet, J. M. J. J.  
Org. Chem. 1990,55, 304. (e )  Corey, E. J.; Chen, C.-P.; Reichard, G. A. 
Tetrahedron Lett. 1989,30,5547. (0 Kitamura, M.; Okada, S.; Suga, S.; 
Noyori, R. J.  Am. Chem. Soc. 1989,111,4028. (9) Oppokr, W.; Radinov, 
R. N. Tetrahedron Lett. 1988,29,5645. (h) Smaardijk, A. A,; Wynberg, 
H. J. Org. C h m .  1987,52, 135. (i) Soai, K.; Ookawa, A.; Kaba, T.; Ogawa, 
K. J. Am. Chem. Soc. 1987,109,7111. (j) Oguni, N.; Omi, T. Tetrahedron 
Lett. 1984,25, 2823. 

(14) (a) Denmark, S. E.; Edwards, J. P.; Wilson, S. R. J.  Am. Chem. 
SOC. 1991,113,723. (b) Denmark, S. E.; Edwards, J. P.; Wilson, S. R. J. 
Am. Chem. SOC., submitted. 

(15) (a) Miyano, S.; Hashimoto, H. Bull. Chem. SOC. Jpn. 1973, 46, 
892. (b) Miyano, S.; Yamashita, J.; Hashimoto, H. Bull. Chem. SOC. Jpn. 
1972,45, 1946. 

Table I. NMR Data for “XCH2Zn” Species’ 
entrv reazent S O h d  ‘H (DDm) l3C ( D D d  ref 

~~ ~ 

1 (CICH2)Zn acetone 
2 (CICH2)Zn/DME acetone 
3 (ClCH,)Zn/DME benzene 
4 BrCH2ZnBr THF 
5 (BrCH2)Zn THF 
6 (ICH2)Zn acetone 
7 (ICH2)Zn/DME acetone 
8 (ICH&/DME benzene 

2.54 -2gb 
2.56 -2gb 
2.71 29.6OC 
2.1-2.3 14.4 
3.1 - 
1.34 -16.62 
1.34 -18.30 
1.40 -19.67b 

14b 
14b 
14a 
17 
17 
14b 
14b 
14a 

‘The spectra referred to in entries 1-3 and 6-8 were obtained at 
300 MHz (lH), 75.5 MHz (W), at a concentration of 0.80-1.00 M 
in the solvent specified. The spectra referred to in entries 4 and 5 
were obtained at 360 MHz (lH), 75.5 MHz (%); concentrations 
were not specified. *This signal was obscured by the acetone-d, 
heptet. ’ J c H  = 133 Hz. ’ J C H  = 132 Hz. 

Table 11. Cyclopropanation of 1 with Et2Zn/ClCH21 in 
Various Solvents 

sotvent. 
0 6  a + 2 equiv of Et2Zn + 4 equiv of CICHJ 

1 10 

entry solvent yield 10,” ’70 recovd 1,’ % 
1 DCE 94 0 

<1 97 
75 18 

2 EtZO 
3 toluene 
4 benzene 83 13 
5 hexane 7 91 

a GC yields using cyclododecane as an internal standard. 

with the aim of improving its generality.16 

Results 
Solution Structure of (XCH2)2Zn. An extensive 

NMR investigation of the nature of (halomethy1)zinc 
reagents has been carried out in the context of our 
structural studies.14b Presented in Table I are the relevant 
spectroscopic comparisons for the purpose at hand. That 
the EhZn/ICH2C1 system generated a different organo- 
metallic species than the EhZn/CH212 system was clearly 
evident from their NMR spectra. For example, the 1,2- 
dimethoxyethane (DME) complexes of (C1CH2)2Zn and 
(ICH2)2Zn in benzene-$ displayed resonances for the 
(halomethy1)zinc moiety at 2.71 and 1.40 ppm, respectively, 
in the lH NMR spectra, and 29.60 and -19.67 ppm, re- 
spectively, in the I3C NMR spectra. The solvent effect on 
chemical shift for either (C1CH2)2Zn or (ICH2)2Zn was 
negligible as the resonance positions were hardly changed 
in a~et0ne-d~ with or without added DME. For compar- 
ison purposes, the chemical shifts for BrCHzZnBr and 
(BrCHJ2Zn in THF-$ reported by Fabisch and Mitchell17 
are also included. 

Solvent Effect on Cyclopropanation. Initial exper- 
iments with the Et2Zn/C1CH21 reagent system were run 
in benzene at  0 “C using cis-cyclodecene (1) as the sub- 
strate. A 2:l stoichiometry of dihalomethane to EhZn was 
used throughout this study. By analogy to Seyferth’s re- 
sults with the well-characterized bis(halomethy1)mercury 
and (halomethy1)mercury halide reagentsla we expected 
bis(halomethy1)zinc compounds to be more reactive than 
mono(halomethy1)zinc compounds. Although the reactions 
conducted in benzene were rapid at 0 “C (<30 min for 

(16) The ClCH21/EhZn reagent system has been used in the cyclo- 
propanation of 0-silyl enol ethers. Miyano, S.; Izumi, Y.; Fujii, H.; 
Hashimoto, H. Synthesis 1977,700. 

(17) Fabisch, B.; Mitchell, T. N. J. Organomet. Chem. 1984,269,219. 
(18) (a) Seyferth, D.; Cohen, H. M. Znorg. Chem. 1962, 1, 913. (b) 

Seyferth, D.; Damrauer, R.; Turkel, R. M.; Todd, L. J. J.  Organomet. 
Chem. 1969,17,367. 
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Table 111. Comparison of EtzZn/ClCH21 with Et2Zn/CH21z Using Olefins 1-7a 

R1 DCE R1,,&33 
R4 R 2=i: + x equiv d Et2& + yequiv d ZCHPI - R2 

recovd 
GC yield, olefin) isolated time, min 

entry olefin X Y Z % (product)b % yield, % (temp, OC) 
1 1 2.0 4.0 c1 94 (10) ' 0 85 15 (0) 

15 (0) 2 1 2.0 4.0 I 12 (10) 88 
3 2 5.0 10.0 c1 92 (11) 1 84 60 (23) 
4 2 5.0 10.0 I 88 (11) 12 4 60 (23) 
5 3 2.0 4.0 C1C 96 (12) 0 93 30 (0) 

30 (0) 6 3 2.0 4.0 I' 16 (12) 81 
100 (13) 0 99 15 (0) 

-d 15 (0: 
7 4 2.0 4.0 c1 
8 4 2.0 4.0 I 96 (13) 4 
9 5 3.0 6.0 c1 100 (14) 0 85 90 (-23) 

10 5 3.0 6.0 I 85 (14) 15 -d 90 (-23) 
11 6 2.0 4.0 Clf 89 (15) <1 93 30 (0) 

30 (0) 12 6 2.0 4.0 IC 41-74 (15) 27-33 -d 

15 (0) 13 7 2.0 4.0 c1 64 (16) 1 -d 

14 7 2.0 4.0 I 98 (16) 0 99 15 (0) 

9 

-d 

GC reactions were run on a 0.25-mmol scale a t  0.20 M under Ar. Preparative-scale reactions were run on a 1-2-mmol scale a t  0.20-0.25 
M under Ar. bGC vields usine cvclododecane as an internal standard. Average of two runs. Reproducibility *3%. CReaction using 
'preformed" reagent See text iorexplanation. Not determined. 

complete consumption of olefin), a myriad of byproducts 
were observed by GC. Control experiments established 
that the observed byproducts were derived from reaction 
with the benzene solvent. Since (halomethy1)zinc reagents 
are electrophilic they should react much less readily with 
electron-poor aromatic compo~nds .~J~  Indeed, clean, 
quantitative conversion of 1 to the cyclopropane could be 
achieved using chlorobenzene as solvent. However, for 
preparative purposes, chlorobenzene was considered to be 
an inconvenient solvent due to ita low volatility (bp 132 
"C). 

We then turned our attention to 1,2-dichloroethane 
(DCE), a solvent not normally used in organozinc chem- 
istry, presumably due to its potential reactivity. As the 
results in Table I1 demonstrate, DCE was found to be a 
superior solvent for this reaction. Treatment of a 2:l 
mixture of EhZn/ 1 with 4 equiv of ClCH21 at 0 "C quickly 
(<lo min) resulted in near-quantitative conversion to the 
cyclopropane: no byproducts were observed by GC 
analysis. In contrast, the reaction in benzene or toluene 
generated several byproducta, inseparable from the desired 
cyclopropane, and the reactions were slower. The use of 
ethereal solvents (EhO, THF) was undesirable, as the rate 
of reaction was dramatically decreased. The failure of 
hexane to act as an efficent medium for cyclopropanation 
was apparently due to the insolubility of the (halo- 
methy1)zinc reagent. Upon addition of ClCH21 to EgZn/l 
rapid formation of an air-sensitive white precipitate was 
observed. These solvent effects were found to be quali- 
tatively similar for a range of olefins, including allylic 
ethers and alcohols. 

Substrate Generality. In order to test the scope of this 
reaction, we examined a variety of representative olefins 
that have been subjected to either the classical Sim- 
mons-Smith or Furukawa procedures. Figure 1 depicts 
the substrates examined in this study. Aliphatic olefins 
(1,2) as well as those with directing oxygen functionalities 
(3,4,5) were chosen as simple achiral substrates to gauge 
the relative reactivity of the Et2Zn/C1CH,I and Et2Zn/ 

(19) Furukawa has reported the cyclopropanation of aromatic com- 
pounds. (a) Nishimura, J.; Furukawa, J.; Kawabata, N.; Fujita, T. Tet- 
rahedron 1970,26,2229. (b) Nishimura, J.; huukawa, J.; Kawabata, N. 
Bull. Chem. SOC. Jpn. 1970,43,2195. (c) Miyano, S.; Hashimoto, H. Bull. 
Chem. SOC. Jpn. 1973,46,3257. (d) Lehnert, E. K.; Sawyer, J. S.; Mac- 
donald, T. L. Tetrahedron Lett. 1989, 30, 5215. 

1 2 3 4 

P 3 6  6 
5 6 7 

8 9 
Figure 1. Representative olefin substrates under study. - p P c H 3 P r  P F B "  

10 11 12 13 

P P & &  
14 15 16 

17 18 
Figure 2. Cyclopropane products for Tables I11 and IV. 

CH212 systems. The stereodirecting effect of allylic oxygen 
substituents was explored using chiral (racemic) substrates 
6 and 7. Finally, the response of the Mash (8)lOe and 
Yamamoto (9)'Od chiral auxiliaries was also examined. 
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Reactivity Comparison. Direct rate comparisons of 
the EhZn/ClCH21 and EhZn/CH212 systems were con- 
ducted for substrates 1-7, and the results of these exper- 
iments are compiled in Table 111. The product cyclo- 
propanes are depicted in Figure 2. Preliminary experi- 
ments established the reaction conditions that were re- 
quired for complete conversion of each substrate to cy- 
clopropane using the C1CH21/EhZn reagent. The same 
conditions were used for the CH212/EhZn reagent as in- 
dicated in Table 111. For olefins 1, 2, 4, 5, and 7, the 
protocol was identical to that used in the solvent study 
described above. For the allylic alcohols 3 and 6, the 
(halomethy1)zinc reagents were formed prior to addition 
of the olefin (vide infra). All of the reactions in Table I11 
were conducted using degassed solvents under 1 atm of 
argon. GC yields were calculated versus cyclododecane as 
an internal standard using relative response factors. Iso- 
lated yields refer to products purified by silica gel chro- 
matography and bulb-to-bulb distillation. 

The data in Table I11 clearly reveal the superiority of 
EhZn/ClCH21 relative to EhZn/CH212 in terms of rate of 
reaction. This is particularly evident for the cyclo- 
propanation of the simple aliphatic substrate cis-cyclo- 
decene 1 (entries 1-2). The cyclopropanation of (E)-l- 
phenylpropene, 2 (entries 3-41, points out one of the po- 
tential drawbacks of the zinc-based cyclopropanations. 
Styrenes typically react sluggishly with Simmons-Smith 
reagents,” and complete consumption of 2 could only be 
attained at  the expense of slightly lower yields, presumably 
due to reaction with the aromatic ring. 

The tremendous rate acceleration due to allylic oxygen 
functions is evident from the data in entries 5-10 compared 
to the results with the parent styrene (entries 3-4). The 
different reaction conditions used for substrates 3-5 de- 
serve special attention. Although the typical procedure 
used for cyclopropanations using EhZn/CH212 involves 
treatment of the olefin with Et2Zn followed by addition 
of CH212, we have found this protocol to be very inefficient 
for the cyclopropanation of allylic alcohols. Presumably, 
initial reaction of the alcohol with diethylzinc formed a zinc 
alkoxide aggregatemP2l which reacted only sluggishly with 
the dihalomethane to form the (halomethy1)zinc reagent.n 
Thus, formation of the reagent prior to addition of the 
allylic alcohol led to rapid, high-yielding reactions (entries 
5 and 11) with the (chloromethy1)zinc reagent, but the 
reaction with the (iodomethy1)zinc reagent was still slug- 
gish (entries 6 and 12). The benzyl ether 4 was an ex- 
tremely reactive substrate, however, and underwent cy- 
clopropanation rapidly with both (halomethy1)zinc reag- 
ents (entries 7 and 8). The use of an a,fl-unsaturated acetal 
represented another challenge. Conducting the reaction 
a t  0 “C or higher led to destruction of the product, un- 
doubtedly due to acetal ring opening promoted by zinc 
halide by product^.^^ Conducting the reaction a t  -23 “C 
alleviated this problem (entries 9 and 10). I t  should be 
noted that in all of these reactions, the (chloromethy1)zinc 
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(20) Boersma, J. In Comprehensiue Organometallic Chemistry; Wil- 
kinson, G., Ed.; Pergamon Press: New York, 1984; Vol. 2, Chapter 16. 

(21) (a) Coates, G. E.; Ridley, D. J. Chem. SOC. 1965, 1870. (b) 
Shearer, H. M. M.; Spencer, C. B. J. Chem. SOC., Chem. Commun. 1966, 
194. 

(22) NMR evidence we have obtained supports this view. Treatment 
of 2-methoxyethanol with EbZn generates an (CH30CH2CH20ZnEt), 
aggregate2* Added ClCHJ does not result in appreciable formation of 
ClCH2Zn species even after 14 h at room temperature. For a related 
example, see ref 19d. 

(23) This problem has been observed previously in the cyclo- 
propanation of silyl enol ethers.I6 Previous workers have found that the 
use of EhO as the reaction solvent or the addition of several equivalents 
of DME attenuates the rate of this side reaction. 

Table IV. Directing Effect of Allylic Oxygen Functions 

R’ z%T* + x equiv ol EtzZn + y equiv d ZCHpI - R’G, R2&w OG* 
R 

entry olefin x y 2 producta yield) % de, % 
1 6 2 4 C1‘ 15 93 99 
2 6 2 4 I‘ 15 - >99.5 
3 7 2 4 C1 16 - 78-85 
4 7 2 4 1  16 99 >99.5 
5 8 3 6 C1 17 90 90 
6 8 3 6 1  17 86 
7 9 5 10 c1 18 95 82 
8 9 5 10 I 18 - >9od 

Reaction using “preformed” reagent. See text for explanation. 
*Isolated yield of major diastereomer (entries 1 and 4) or indicated 
mixture of diastereomera (entries 5 and 7). ‘Major diastereomer aa 
depicted in Figure 2. *Yamamoto reports a 91% de for this reac- 
tion using the same stoichiometry and hexane as solvent, but 
warming to 0 OC before quenching. 

reagent gave higher GC conversions than the (iodo- 
methy1)zinc reagent under identical conditions, and the 
isolated yields using the (chloromethy1)zinc reagent were 
uniformly high. 

The cyclopropanation of 2-cyclohexen-l-ol(6) with the 
preformed (chloromethy1)zinc reagent occurred unevent- 
fully (entry l l ) ,  while the use of the (iodomethy1)zinc 
reagent was characterized by much more sluggish reactions 
and poor reproducibility (entry 12). Unlike the case of the 
benzyl ether of cinnamyl alcohol (4), however, cyclo- 
propanation of benzyl ether 7 with the (chloromet\yl)zinc 
reagent was problematic (entry 13). Numerous lower re- 
tention time peaks in the GC traces of the crude products 
suggested that debenzylation was a major side reaction, 
but the reason for the susceptibility of 7/16 to such pro- 
cesses is unclear. The (iodomethy1)zinc reagent, on the 
other hand, reacted very cleanly with 7 (entry 14). 

Heteroatom Directing Effects. The influence of 
proximal oxygen substituents on the stereochemical course 
of (chloromethy1)zinc cyclopropanations was probed using 
substrates 6-9 (Table IV). Cyclopropanation of 6 with 
E&Zn/C1CH21 afforded 15 with 99% de (entry 1). The 
minor trans diastereomer was not detected in reactions 
using EhZn/CH212 (entry 21, but the yields were much 
lower (see Table 111, entry 12). On the other hand, cy- 
clopropanation of 7 with EhZn/C1CH21 afforded 16 with 
only 7845% de and in moderate yields (entry 3), while 
the use of Et2Zn/CH212 afforded 16 exclusively in quan- 
titative yield (entry 4). The low diastereoselectivity ob- 
served in the cyclopropanation of 7 with the (chloro- 
methyllzinc reagent could be due to differential rates of 
destruction of the diastereomeric products, since the cy- 
clopropanation of 6 proceeded with such high selectivity. 

The reaction of the cyclic chiral ketal 8loC with 
EhZn/ClCH21 at -23 “C for 90 min provided 17 with 90% 
de in 90% yield. This result was particularly gratifying, 
as cyclopropanation of this substrate had previously been 
carried out only with the reagent formed from zinc-copper 
~ o u p l e / C H ~ I ~ ’ ~  Reaction of 8 with EhZn/CH212 afforded 
17 with a slightly lower (86%) de, but a notably lower 
(70-80%) conversion was observed under the same con- 
ditions. Likewise, the reaction of chiral acetal 9lOd pro- 
ceeded with good diastereocontrol for both the (chloro- 
methyl)- and (iodomethy1)zinc reagents. Whereas the 
olefin was completely consumed after 90 min at  -23 “C 
using the EhZn/C1CH21 system, the EhZn/CH212 sysFm 
provided only 78-80% conversion under these conditions 
using the same quantities of reagents. The greater re- 
activity of the EhZn/C1CH21 system did result in reduced 
diastereoselectivity compared to the EhZn/CH212 system 

- 
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for the Yamamoto substrate, however (82% de versus 
>90% de). 

Discussion 
The reason for the higher rate of cyclopropanation ob- 

served for the EbZn/C1CH21 system compared to that of 
the E ~ & I / C H ~ I ~  system is not clear at present, but several 
factors can be ruled out. The rate of formation of the 
(halomethy1)zinc reagents was clearly very rapid using both 
ClCH21 and CH212, as was evident from our NMR studies 
of these reagents.14 Furthermore, only trace amounts of 
dihalomethane were observed in the GC analyses of the 
crude reaction mixtures for the reactions described in 
Tables I11 and IV. Hence, the rate of reagent formation 
apparently was not playing a role in the obse~ed reactivity 
difference. 

The solubility of the reagents also did not seem to be 
a factor. Cyclopropanations using both the (chloro- 
methy1)zinc and (iodomethy1)zinc reagents gradually be- 
came heterogeneous, but this was to be expected since zinc 
halide salts were being produced. In the reactions using 
"preformedn reagents, however, no precipitates were ob- 
served until after the allylic alcohols were added. Thus, 
any solubility differences between the two reagents could 
only be manifested after cyclopropanation had com- 
menced. 

The observations of Miyano et d.16 that oxygen pro- 
motes radical formation and thus accelerates the rate of 
reagent formation in EbZn/C1CH21 reactions deserve some 
comment. In the studies described above, oxygen was not 
intentionally added to the reaction mixtures, yet reagent 
formation was rapid. The presence of trace amounts of 
adventitious oxygen (from air in syringe needles, etc.) 
cannot be ruled out and could be sufficient to catalyze 
rapid reagent formation in the small-scale (0.1-4 mmol) 
reactions conducted. In our hands, addition of dry air to 
these reactions only resulted in destruction of the reagent 
and prevented complete consumption of starting material. 
Adventitious oxygen is perhaps not sufficient to promote 
complete reagent formation in larger scale reactions (10 
mmol or greater), according to the results of Miyano and 
co-workers. This is not unexpected as any number of 
radical-quenching processes are undoubtedly operative in 
these reactions. As was pointed out by Miyano, however, 
the addition of dry air is only necessary to consume more 
than 1 equiu of dihalomethane (versus Et2Zn). The first 
equivalent of dihalomethane is consumed rapidly even 
under a nitrogen atmosphere, suggesting that the accel- 
erated rate of cyclopropanation is due to the formation of 
the more reactive bis(hdomethy1)zinc reagents in the 
presence of air. This interpretation of the oxygen-accel- 
erated cyclopropanation is consistent with the results of 
Seyferth concerning the analogous mono- and bis(ha1o- 
methy1)mercury reagents.18 In addition, this is also con- 
sistent with the general trend observed for reactions of 
diakylzinc reagents that the first aUryl group is much more 
reactive than the second.20 

Finally, in this context it is interesting to note that 
Molander and Harring24 have utilized ClCH21 in samari- 
um-mediated cyclopropanations of allylic alcohols and 
found the "(chloromethy1)samarium" reagent to afford 
better yields in certain cases. The higher yields were at- 
tributed to the greater stability of the C1CH.J-derived 
reagent, as these workers noted that the samarium car- 
benoids decompose exceedingly rapidly. The (presumably) 
more stable "(chloromethy1)samariu"' reagent would thus 

Denmark and Edwards 

be a longer lived species and have more of an opportunity 
to interact with an allylic alcohol in solution. However, 
the lower steric demands of an "(chloromethy1)samarium" 
species compared to that of an "(iodomethy1)samarium" 
species was not ruled out as a rationale for the difference 
in reactivity. For the (halomethy1)zinc reagents examined 
in our study, all evidence to date points to "(chloro- 
methy1)zinc" species being more reactive and less stable 
than "(iodomethy1)zinc" species. In addition to the more 
rapid rate of reaction noted above and the facile reaction 
with aromatic solvents, during the course of our NMR 
spectroscopic studies of these reagents, we have noted that 
solutions of (C1CH2)2Zn are generally less stable than so- 
lutions of (ICH2)2Zn.14b 

The experiments described above demonstrate that 
(chloromethy1)zinc reagents are generally superior to (io- 
domethy1)zinc reagents for the cyclopropanation of a va- 
riety of olefins. In addition, the dramatic rate deceleration 
of cyclopropanations conducted in E g o  was quantified for 
the simple aliphatic substrate cis-cyclodecene, and DCE 
was found to be a useful alternative solvent for these re- 
actions. Finally, the sensitivity of the outcome of the 
cyclopropanation of allylic alcohols, ethers, and ketals to 
the experimental conditions was demonstrated, and pro- 
cedurea for rapid, high-yielding conversions of each of these 
substrates were developed. 

Experimental Section 
General Experimental. 'H and 13C NMR spectra were re- 

corded at 300 MHz 'H (75.5 MHz 13C) or 500 M H Z  'H (125.8 MHz 
13C) in deuteriochloroform (CDC13) with either tetramethylsilane 
(TMS) (0.00 ppm 'H, 0.00 ppm 13C) or chloroform (7.26 ppm 'H, 
77.00 ppm 13C) as an internal reference unless otherwise stated. 
Chemical shifts are given in 6; multiplicities are indicated as br 
(broadened), s (singlet), d (doublet), t (triplet), q (quartet), m 
(multiplet), exch (exchangeable); coupling constants, 3, are re- 
ported in hertz. Infrared spectra were recorded on an IBM 
FTIR-32 spectrometer. Peaks are reported (cm-') with the fol- 
lowing relative intensities: s (strong, 67-loo%), m (medium, 
40-67%), w (weak, 20-40%), and br (broad). Mass spectra were 
obtained using ionization voltages of 70 and 10 eV. Data are 
reported in the form m/z  (intensity relative to base = 100). 
Elemental analyses were performed by the University of Illinois 
Microanalytical Service Laboratory. 

Analytical thin-layer chromatography was performed on Merck 
silica gel plates with F-254 indicator. Visualization was accom- 
plished by UV light, iodine, or p-anisaldehyde solution. Solvents 
for extraction and chromatography were technical grade and 
distilled from the indicated drying agents: dichloromethane 
(CHZCld, pentane, hexaneCaC1,; diethyl ether (EhO), tert-butyl 
methyl ether (TBME)-CaS0,/FeSO4; ethyl acetate (Et- 
OAc)-K2C03. Column chromatography was performed with 
32-63-pm silica gel (Woelm). Analytical gas chromatography (W) 
was performed using a Hewlett-Packard 50-m HP-5 capillary 
column. The injector temperature was 225 OC, the detector 
temperature was 300 OC, and the column head pressure was 17.5 
psi. Temperature programs are reported in the following form: 
initial temperature (time, min), temperature ramp rate (deg/min), 
final temperature (time, min). Melting points are corrected. 
Boiling points (bp) for bulb-to-bulb ("Kugelrohr") distillations 
correspond to uncorrected air bath temperatures. 

All reactions were performed under a dry nitrogen or argon 
atmcephere in oven- and/or flame-dried glassware, except for those 
reactions utilizing water as a solvent, which were run in air. 
"Brine" refers to a saturated aqueous solution of NaCl. Unless 
otherwise specified, solutions of NH,Cl, NaHC03, KOH, NaOH, 
and NaZSzO3 are aqueous solutions. Diiodomethane, chloro- 
iodomethane, cis-cyclodecene (l), and cinnamyl alcohol (3) were 
obtained from commercial sources and distilled before use. 
Diethylzinc was used as received. The substrates 6,26 8,'* and 

(25) Matsubara, S.; Nonaka, T.; Okuda, Y.; Kanemoto, S.; Oshima, K.; 
Nozaki, H. Bull. Chem. SOC. Jpn. 1985,58, 1480. (24) Molander, G.  A.; Harring, L. S. J. Org. Chem. 1989, 54, 3525. 



(Halomethy1)zinc Cyclopropanation Reagents 

9'Od were prepared by the literature procedures. 
trans-3-(Benzyloxy)-l-phenylpropene (4). In a 250-mL 

three-neck flask fitted with an addition funnel, a 60% suspension 
of NaH in mineral oil (450 mg, 11.25 mmol, 1.13 equiv) was washed 
with dry hexane (3 X 10 mL), dried in vacuo, and suspended in 
THF (30 mL). The reaction vessel was cooled to 0 "C (ice/HzO), 
and a solution of cinnamyl alcohol (1.342 g, 10.00 mmol) in THF 
(10 mL) was added dropwise via addition funnel over a 4-min 
period. The reaction mixture was allowed to warm to room 
temperature, stirred for 5 min, and recooled to 0 "C, and tetra- 
n-butylammonium iodide (100 mg, 0.27 mmol, 0.03 equiv) was 
added. A solution of benzyl bromide (1.25 mL, 10.51 mmol, 1.05 
equiv) in THF (5 mL) was added dropwise via the addition funnel 
over a 15-min period. The reaction mixture was allowed to warm 
to room temperature, stirred for 5 h, poured into HzO (50 mL), 
and extracted with TBME (3 X 75 mL). The extra& were washed 
once with brine (50 mL), dried (K2C03), filtered through a pad 
of silica gel, and concentrated. The residue was purified by silica 
gel chromatography (hexane/EtOAc, 28/1) and bulb-to-bulb 
distillation to afford 2.171 g (97%) of the knownz6 ether 4 as a 
clear, colorless liquid bp 145-150 "C (0.15 Torr); 'H NMR (300 
MHz) 7.39-7.24 (m, 10 H, Ph), 6.62 (d, J = 16.0, 1 H, HC(l)), 

132.41, 128.49, 128.36, 127.74, 127.60 (Ph), 126.41 (C(l)), 125.99 
(C(2)), 72.08 (OCH2Ph), 70.69 (C(3)); TLC R 0.55 (hexane/EtOAc, 

2-( trams-2-Phenylethenyl)-1,3-dioxane (5). In a 100-mL 
flask fitted with a Dean-Stark trap, a solution of tram-cinnam- 
aldehyde (3.00 mL, 23.8 mmol) in benzene (40 mL) was treated 
with ethylene glycol (2.70 mL, 48.4 mmol, 2.0 equiv) and p -  
toluenesulfonic acid monohydrate (5 mg). The reaction mixture 
was heated at 90 "C with azeotropic removal of HzO for 1 h and 
allowed to cool to room temperature. The reaction mixture was 
poured into brine (75 mL) and extracted with TBME (3 X 100 
mL). The combined organic layers were dried (KzC03), fitered 
through a pad of Celite, and concentrated. Purification of the 
crude product by silica gel chromatography (hexane/EtOAc, 20/1) 
and bulb-to-bulb distillation to afford 3.86 g (92%) of a thick, 
clear oil, which solidified upon cooling. Recrystallization from 
cold pentane afforded 3.690 g (88%) of the knownz6 acetal 5 as 
white plates: mp 33-34 "C (pentane); 'H NMR (300 MHz) 7.35 
(m, 5 H, Ph), 6.78 (d, J = 16.0, 1 H, HC(2')), 6.18 (dd, J = 6.1, 
16.0,l H, HC(l')), 5.44 (d, J = 6.1,l H, HC(2)), 4.06,3.97 (2 m, 
4 H, H2C(4)), HzC(5)); TLC R, 0.31 (hexane/EtOAc, 20/1); GC 
t R  7.92 min (200 "C (5 min), 5 "C/min, 250 "C (5 min)). 
(R,S)-l-(Benzyloxy)-2-cyclohexene (7). In a 200-mL, 

three-neck flask, a 60% suspension of NaH in mineral oil (600 
mg, 15.0 mmol, 1.0 equiv) was washed with hexane (3 X 10 mL), 
dried in vacuo, and suspended in DME (40 mL). The reaction 
vessel was cooled to 0 "C (ice/HzO), and 2-cyclohexen-1-01 (982 
pL, 10.0 m o l )  was added slowly via syringe. The reaction mixture 
was allowed to warm to room temperature, stirred for 10 min, and 
recooled to 0 "C, and tetra-n-butylammonium iodide (200 mg, 
0.54 mmol,0.05 equiv) was added. Benzyl bromide (1.43 mL, 12.0 
mmol, 1.2 equiv) was added dropwise via syringe. The reaction 
mixture was allowed to slowly warm to room temperature and 
was stirred for 12 h. The reaction mixture was poured into ice 
water (70 mL) and extracted with TBME (3 X 100 mL). The 
extracts were washed with H20 (1 X 75 mL) and brine (1 X 100 
mL), combined, dried (KzCOS), filtered through a pad of Celite, 
and concentrated. Purification by silica gel chromatography 
(hexane/EtOAc, 30/1) and bulbbbulb distillation to afford 1.750 
g (93%) of the knownz7 ether 7. Data for 7: bp 165-170 "C (9 
Torr); 'H NMR (300 MHz) 7.32 (m, 5 H, Ph), 5.84 (m, 2 H, HC(2), 
HC(3)), 4.58 (AA' q, J = 11.96, 2 H, H,CO), 3.96 (br m, 1 H, 
HC(l)), 2.04 (m, 1 H), 1.99 (m, 1 H), 1.85-1.73 (m, 3 H), 1.57 (m, 
1 H); TLC Rf 0.30 (hexane/EtOAc, 20/1); GC t R  9.06 min (180 
"C (5 min), 20 "C/min, 250 "C (5 min)). 
Spectroscopic Data for (4R,5R)-4,5-Bis((2-methyleth- 

oxy )carbonyl)-2-( trans -2-phenylet heny1)- 1,3-dioxolane (9). 
Although the preparation of 9 has been previously described,lM 
the 'HMR spectral data are incomplete and the 13C NMR data 

6.32 (dt, J = 6.0, 16.0, 1 H, HC(2)), 4.56 (8,  2 H, OCHZPh), 4.18 
(d, J = 6.0, 2 H, HZC(3)); 13C NMR (75.5 MHz) 138.19, 136.64, 

4/1); =tR 14.0 min (200 "c (5 min), 10 "C/min, 250 "c (10 min)). 

J.  Org. Chem., Vol. 56, No. 25, 1991 6979 

(26) Davis, H. A.; Brown, R. K. Can. J .  Chem. 1971,49,2563. 
(27) Ouertani, M.; Collin, J.; Kagan, H. B. Tetrahedron 1985,41,3689. 

are not provided. Data for 9: bp 210-220 "C (0.4 Torr); 'H NMR 
(300 MHz) 7.45-7.27 (m, 5 H, Ph), 6.86 (d, J = 16.0,l H, HC(2')), 
6.27 (dd, J = 6.8,16.0,1 H, HC(l')), 5.82 (d, J = 6.8,l H, HC(2)), 
5.30-5.11 (m, 2 H, OCH(CHJz), 4.80 (d, J =  3.8,l H, HC(4)), 4.71 
(d, J = 3.8, 1 H, HC(5)), 1.34-1.26 (m, 12 H, CH3'S); 13C NMR 
(75.5 MHz) 169.10 (C=O), 168.68 (C=O), 136.66 ((3291, 135.40 
(ipwPh), 128.57,128.52,127.05 (Ph), 123.83 (C(l')), 107.15 (C(2)), 
-77.21 ((741, C(5)), 69.80 (CH(CH3)J, 21.66 (CHJ (*these signals 
were obscured by the CDC13 triplet); TLC Rf 0.24 (hexane/EtOAc, 
8/1); GC t R  22.54 min (240 "C, isothermal). 
Bicyclo[Ll.O]undecane (10). In a 50-mL, three-neck flask, 

a solution of 1 (400 pL, 2.52 "01) in DCE (12.5 mL) was cooled 
to 0 "C, and EhZn (520 rL, 5.07 mmol, 2.00 equiv) was added 
via syringe. To this solution was added CICHzI (730 pL, 10.02 
mmo1,4.0 equiv) dropwise via syringe, and the reaction mixture 
was stirred for 20 min at 0 "C. Saturated NH4Cl (20 mL) was 
carefully added via syringe, and the reaction waa allowed to warm 
to room temperature, stirred vigorously for 10 min, and extracted 
with TBME (3 X 20 mL). The extracts were washed with HzO 
(1 X 20 mL) and brine (1 x 20 mL), combined, dried (KZCO,), 
fitered through a pad of silica gel, and concentrated at aspirator 
pressure. Bulb-to-bulb distillation of the residue afforded 335 
mg (87%) of analytically pure 10 bp 110-115 "C (30 Torr); 'H 
NMR (300 MHz) 2.0-1.1 (m, 16 H, HzC(2), HzC(3), HzC(4), 
H2C(5), HzC(6), HzC(71, HzC(8), H2C(9)), 0.63 (m, 3 €3, HC(l), 
HC(10), HC(11)), -0.47 (m, 1 H, HC(11)); 13C NMR (75.5 MHz) 
29.00 (C(2), C(9)), 26.55 (C(3), C(8)), 25.19 (C(4), C(7)), 21.75 
(C(5)), 16.68 (C(l), C(lO)), 8.85 (C(11)); IR (CC14) 3854 (w), 3056 
(m), 2913 (81,2859 (81,2691 (w), 1474 (81, 1447 (81,1389 (w), 1354 
(w), 1320 (w), 1285 (w), 1069 (w), 1026 (m), 992 (w), 945 (w); MS 
(70eV) 152 (M', 7.01, 124 (9.11, 110 (10.2),109 (18.2),96 (42.9), 
95 (40.8), 83 (15.4), 82 (65.3), 81 (59.5); GC t~ 6.68 min (150 "C 
(10 min), 10 "C/min, 200 "C (10 min)). Anal. Calcd for CllHZ0 
(152.28): C, 86.76; H, 13.24. Found: C, 86.73; H, 13.19. 
(R,S)-trans-2-Methyl-l-phenylcyclopropane (1 1). In a 

25mL, two-neck flask, a solution of 2 (260 pL, 2.00 "01) in DCE 
(10 mL) was cooled to 0 "C, and EhZn (1.03 mL, 10.0 mmol,5.00 
equiv) was added via syringe. To this solution was added ClCH21 
(1.46 mL, 20.0 mmol, 10.0 equiv) dropwise via syringe. The 
solution was stirred for 20 min at 0 "C, allowed to warm to room 
temperature, and was stirred for 60 min. The reaction mixture 
was cooled to 0 "C, and saturated NH4Cl (10 mL) was carefully 
added via syringe. Standard workup (see 10) provided a crude 
product that was purified by silica gel chromatography (pen- 
tane/EhO, 99/1) and bulb-to-bulb distillation to afford 239 mg 
of a 92/8 mixture of 11/2 (84% yield, 9% recovered starting 
material): bp 90-95 "C (30 Torr); 'H NMR (300 MHz) 7.15 (m, 
5 H, Ph), 1.56 (m, 1 H, HC(l)), 1.18 (d, J = 5.78,3 H, H3C), 1.04 
(m, 1 H, HC(2)), 0.88 (m, 1 H, HC(3)), 0.73 (m, 1 H, HC(3)); GC 
t R  7.29 min (130 "c (5 min), 10 "C/min, 200 "c (10 min)). The 
spectral data matches that reported in the literature.28 
(R,S)-trams-2-Phenyl-1-cyclopropanemethano1 (12). In 

a 25-mL, two-neck flask, a solution of EhZn (410 pL, 4.00 mmol, 
2.00 equiv) in DCE (7 mL) was cooled to 0 "C, and CICHzI (585 
pL, 8.03 mmol, 4.0 equiv) was added via syringe. The solution 
was stirred for 5 min at 0 OC, and a solution of 3 (268 mg, 2.00 
"01) in DCE (3 mL) was added slowly via syringe. The reaction 
mixture was stirred for 20 min at 0 "C and then quenched with 
saturated NHlCl(20 mL). Standard workup (see 10) provided 
a crude product that was purified by silica gel chromatography 
(hexane/EtOAc, 6/1) and bulb-to-bulb distillation to afford 275 
mg (93%) of the knownB cyclopropane 12 as a clear, colorless oil: 
bp 145-150 "C (2 Torr); 'H NMR (300 MHz) 7.15 (m, 5 H, Ph), 
3.60 (dd, J = 2.33,6.71,2 H, HzC(l)), 1.81 (m, 1 H, HC(2')), 1.78 
(br 8, 1 H, OH), 1.43 (m, 1 H, HC(l')), 0.94 (m, 2 H, HzC(3')); 13C 
NMR (75.5 MHz) 142.37,128.30,125.74,125.58 (Ph), 66.48 (C(l)), 
25.25 (C(2')), 21.24 (C(l')), 13.83 ((33')); TLC R, 0.10 (hexane/ 
EtOAc, 4/1); GC tR 8.60 min (170 "C isothermal). Anal. Calcd 
for Cl&Il2O (148.21): C, 81.04; H, 8.16. Found C, 80.99; H, 8.18. 

(R,.S')-trans-l-((Benzyloxy)methyl)-2-phenylcyclopropane 
(13). In a 25-mL, two-neck flask, a solution of 4 (224 mg, 1.00 
mmol) in DCE (5 mL) was cooled to 0 "C, and EtzZn (205 pL, 
2.00 mmol, 2.00 equiv) was added via syringe. To this solution 

(28) Scholl, B.; Hansen, H.-J. Helo. Chim. Acta 1986, 69, 1936. 
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was added CICHzI (292 pL, 4.00 mmol, 4.00 equiv) dropwise via 
syringe. The reaction mixture was stirred for 20 min at 0 OC, and 
saturated NbCl (3  mL) was carefully added via syringe. Standard 
workup (see 10) provided a crude product that was purified by 
silica gel chromatography (hexane/EtOAc, 50/1) and bulbto-bulb 
distillation to afford 236 mg (99%) of 13 as a clear, colorless oil: 
bp 125-130 OC (0.10 Torr); 'H NMR (300 MHz) 7.18 (m, 10 H, 
Ph), 4.54 (8,  2 H, HzCPh), 3.50 (m, 1 H, HC(l')), 3.41 (m, 1 H, 
HC(l')), 1.78 (m, 1 H, HC(2)), 1.44 (m, 1 H, HC(1)), 0.93 (m, 2 
H, HzC(3)); 13C NMR (75.5 MHz) 142.53,138.39, 128.32, 128.24, 

22.58 (C(2)), 21.40 (C(l)), 14.17 (C(3)); IR (CC14) 3067 (m), 3030, 
(m), 2855 (m), 2334 (w), 1943 (w), 1728 (w), 1605 (w), 1497 (m), 
1455 (m), 1414 (w), 1360 (m), 1310 (w), 1252 (w), 1204 (w), 1167 
(w), 1098 (s); MS (70 eV) 238 (M+, 0.5), 147 (ll),  130 (8), 129 (ll), 
117 (32), 92 (ll), 91 (100); TLC R,0.55 (hexane/EtOAc, 4/11; GC 
t R  11.02 min (240 OC isothermal). Anal. Calcd for C1,H180 
(238.33): C, 85.67; H, 7.61. Found: C, 85.70; H, 7.60. 
(R,S)-trans-2-(2-Phenyl-l-cyclopropyl)-l,3-dioxolane (14). 

In a 25-mL, two-neck flask, a solution of 5 (352 mg, 2.00 mmol) 

pL, 6.05 mmol,3.02 equiv) was added via syringe. To this solution 
was added CICHzI (880 pL, 12.08 mmol,6.04 equiv) dropwise via 
syringe. The reaction mixture was stirred for 90 min at -23 OC, 
and a 20% solution of KOH (10 mL) was carefully added via 
syringe. Standard workup (see 10) provided a crude product that 
was purified by silica gel chromatography (hexane/EtOAc, 20/1) 
and bulb-to-bulb distillation to afford 345 mg (91%) of 14 as a 
clear, colorless oil. This material is highly labile, decomposing 
within hours at room temperature or 2-3 days at -20 OC: bp 
145-150 "C (0.2 Torr); 'H NMR (300 MHz) 7.16 (m, 5 H, Ph), 
4.67 (d, J = 5.26,l H, HC(2)), 3.93,3.81(2 m, 4 H, HzC(4), HzC(5)), 
1.99 (m, 1 H, HC(2')), 1.43 (m, 1 H, HC(l')), 1.08, 0.95 (2 m, 
HzC(3')); 13C NMR (75.5 MHz) 141.59, 128.07, 125.84, 125.52 
(Ph), 105.49 (C(2)), 64.74 (C(4), C(5)), 24.54 (C(2')), 19.14 (C(l')), 
11.36 (C(3')); IR (CCL) 3030 (m), 2953 (m), 2882 (m), 1736 (w), 
1607 (m), 1501 (m), 1466 (w), 1427 (m), 1379 (m), 1221 (m), 1190 
(m), 1150 (m), 1111 (s), 1075 (m), 1038 (m); MS (eV) 190 (M+, 
2), 117 (lo), 115 (111, 104 (71, 99 (7), 91 (12), 86 (39), 77 (6), 73 
(100); TLC Rf 0.25 (hexane/EtOAc, 20/1); GC t~ 9.82 min (la0 
OC (5 min), 10 "C/min, 250 OC (10 min)). Anal. Calcd for C12- 
Hl,02 (190.24) C, 75.76; H, 7.42. Found C, 75.61; H, 7.46. 

(R,S)-( 11 f u ,6 u )-2-Hydroxybicyclo[ 4.l.Olheptane (15). In 
a 25-mL, two-neck flask, a solution of EhZn (620 bL, 6.00 "01, 
2.00 equiv) in DCE (15 mL) was cooled to 0 OC, and ClCH2I (0.88 
mL, 12.0 mmol, 4.0 equiv) was added via syringe. The reaction 
mixture was stirred for 5 min at 0 "C, and a solution of 6 in DCE 
(3 mL) was added slowly via syringe. The reaction mixture was 
stirred for 30 min at 0 "C and then quenched with saturated 
NH&l (10 mL). Standard workup (see 10) provided a crude 
product that was purified by silica gel chromatography (hex- 
ane/EtOAc, 6/1) and bulb-to-bulb distillation to afford 318 mg 
(95%) of the known2' cyclopropane 15 as a single isomer as in- 
dicated by GC analysis: bp 120-125 OC (30 Torr); 'H NMR (300 
MHz) 4.22-4.15 (m, 1 H, HC(2)), 1.88-1.80 (m, 1 H), 1.64-1.58 
(m, 1 H), 1.47-1.34 (m, 3 H), 1.24-1.13 (m, 3 H), 1.024.94 (m, 
1 H), 0.60.53 (m, 1 H, HC(7)), 0.32-0.20 (m, HC(7)); TLC R, 
0.28 (hexane/EtOAc, 3/1); GC tR 8.80 min (110 OC isothermal). 

(R,S)-( llf u ,6u )-2-(Benzyloxy)bicyclo[4.l.0]heptane (16). 
In a 25-mL, two-neck flask, a solution of 7 (188 mg, 1.00 mmol) 

2.00 equiv) was added via syringe. To this solution was added 
CH21z (320 pL, 4.00 mmol,4.00 equiv) dropwise via syringe. The 
reaction mixture was stirred for 20 min at 0 "C, and saturated 
NH4C1 (4 mL) was carefully added via syringe. Standard workup 
(see 10) provided a crude product that was purified by silica gel 
chromatography (hexane/EtOAc, 30/1) and bulb-to-bulb dis- 
tillation to afford 200 mg (99%) of 16 as a single isomer as in- 
dicated by GC analysis: bp 110-115 OC (0.2 Torr); 'H NMR (300 
MHz) 7.32 (m, 5 H, Ph), 4.71 (d, J = 11.9, 1 H, HC(8)), 4.53 (d, 
J = 11.9,l H, HC(8)), 3.95 (m, 1 H, HC(2)), 1.80 (m, 1 H, HC(5)), 
1.53 (m, 2 H, HC(3)), HC(5)), 1.38 (m, 1 H, HC(4)), 1.24-1.07 (m, 
4 H, HC(1), HC(3), HC(4), HC(6)), 0.63 (m, 1 H, Hendo C(7)), 0.45 
(m, 1 H, H,,,C(7)); 13C NMR (75.5 MHz) 139.24, 128.20, 127.61, 

19.58 (C(4)), 13.95 (C(l)), 12.29 (C(6)), 7.11 (C(7)); IR (CCL) 3067 

127.60, 127.50, 125.76, 125.40 (Ph), 73.43 (CHZPh), 72.43 (C(l')), 

in DCE (10 mC) was c00led to -23 OC (COz/CClJ, and Et& (620 

in DCE (6 mL) W ~ S  cooled to 0 OC, and EkZn (205 PI,, 2.00 "01, 

127.12 (Ph), 72.90 (C(2)), 69.22 (CHzPh), 27.64 (C(3)), 23.34 (C(5)), 

Denmark and Edwards 

(m), 3029 (m), 2986 (m), 2924 (m), 2859 (m), 2818 (m), 1605 (w), 
1499 (m), 1462 (m), 1451 (m), 1412 (w), 1374 (w), 1250 (w), 1120 
(m), 1159 (w), 1109 (s), 1032 (m), 974 (w), 942 (w), 916 (m); MS 
(10 eV) 202 (M+, 5), 172 (19), 111 (81), 104 (22), 97 (12), 96 (38), 
95 (62), 94 (12),93 (16),92 (41),91 (loo), 81 (20), 80 (21); TLC 
Rf0.60 (hexane/EtOAc, 8/1); GC t~ 10.25 min (180 OC (5 min), 
20 OC/min, 250 OC (3 min)). Anal. Calcd for Cl4H18O (202.30): 
C, 83.12; H, 8.97. Found C, 82.94; H, 8.89. 

(9)-( 11% u ,4'u p'u )-4',5'-Diphenylspiro[bicyclo[ 4.l.Olhep- 
tane-2,2'-[ l,3]dioxolane] (17). In a 25-mL, two-neck flask, a 
solution of 8 (58.5 mg, 0.20 mmol) in DCE (1 mL) was cooled to 
-23 OC (CO,/CC&), and Et& (62 rL, 0.60 m o l ,  3.0 equiv) was 
added via syringe. To this solution was added ClCHJ (88 pL, 
1.20 m o l ,  6.0 equiv) via syringe. The reaction mixture was stirred 
for 90 min at -23 OC, and a 20% solution of KOH (2 mL) was 
carefully added via syringe. Standard workup (see 10) provided 
a crude product that was purified by silica gel chromatography 
(hexane/EtOAc, 20/1) to afford 54 mg (90%) of 17 as white  plate^. 
A diastereomeric ratio of 95/5 was indicated by analysis of the 
*3c NMR spectnun (128.5 MHz)  of the crude product'@ 'H NMR 
(300 MHz)  7.37-7.24 (m, 10 H, Ph), 4.92 (d, J = 8.5,l H, HC(4')), 
4.78 (d, J = 8.5, 1 H, HC(5')), 1.97 (m, 1 H), 1.87 (m, 1 H), 1.70 
(m, 2 H), 1.53 (m, 3 H), 1.35 (m, 1 H), 0.86 (m, 1 H), 0.45 (4, J 
= 5.4, 1 H). 

(9 1 % R ,9 % S )-( 41,51,1' u ,2'1)-4,5-Bis( (2-methy1ethoxy)- 
carbonyl)-2-( trans-2-phenylcyclopropyl)-l~-dioxolane (18). 
In a 25-mL, two-neck flask, a solution of 9 (70 mg, 0.20 mmol) 

pL, 1.00 mmol,5.0 equiv) was added via syringe. To this solution 
was added ClCHJ (150 pL, 2.0 mmol, 10.0 equiv) via syringe. The 
reaction mixture was stirred for 90 min at -23 OC, and saturated 
NI&C1(8 mL) was carefully added via syringe. Standard workup 
(see 10) provided a crude product that was purified by silica gel 
chromatography (hexane/EtOAc, 8/l) and afforded 69 mg (95%) 
of 18 as a clear, colorless oil, which solidified on standing.IM A 
91/9 mixture of diastereomers was indicated by inspection of the 
'H NMR (500 MHz, benzene-d6) spectrum of the crude material. 
Although the signals for the two diastereomers were co-incident 
for spectra obtained in CDC13, the HC(2') multiplet at 2.18 ppm 
in the 'H NMR spectrum obtained in benzene-ds at 500 MHz was 
base-line resolved 'H NMR (500 MHz) 7.31-7.13 (m, 5 H, Ph), 
5.20-5.06 (m, 3 H, HC(21, HC(CH3I2, HC(CHJ2), 4.76 (d, J = 4.0, 
1 H, HC(4)), 4.65 (d, J = 4.0,l H, HC(5)), 2.18 (m, 1 H, HC(2')), 
1.64 (m, 1 H, HCC(l')), 1.33 (m, 12 H, CH,'s), 1.30-0.99 (m, 2 H, 
HzC(3')); TLC Rf 0.24 (hexane/EtOAc, 8/1); GC t R  7.26 min (250 
OC isothermal). 

General Procedure for Calculation of Relative Response 
Factors. A stock solution of 1.00 M cyclododecane in DCE was 
prepared by weighing 16.83 g (100 mmol) of cyclododecane into 
a 100-mL volumetric flask and diluting to the mark with DCE. 
Carefully weighted pure samples of each of the compounds in 
Table I11 were separately mixed with an equimolar amount of 
the cydododecane stock solution and diluted with an equal volume 
of DCE. The resulting solutions were then injected onto an Hp-5 
50-m GC column and the area of the cyclododecane peak was 
divided by the area of the olefin (or cyclopropane) peak. The 
injections were repeated in triplicate and averaged to give a 
response factor relative to cyclododecane for each of the com- 
pounds. 

General Procedure for Cyclopropanation of 1,2,4,5, and 
7 (Analytical GC Runs). A magnetically stirred solution of the 
olefin (0.25 "01) in dry DCE (1.25 mL) was cooled to 0 OC (room 
temperature for 2, -23 OC for 5), and EhZn ( x  equiv) was added 
via syringe. (The stoichiometry used for each substrate is provided 
in Table 111.) The dihalomethane (2% equiv) was added via 
syringe, and the reaction mixture was stirred at the indicated 
temperature for the indicated time and quenched by the addition 
of saturated NH4Cl (2 mL). The reaction mixture was allowed 
to warm to room temperature and stirred vigorously for 10 min, 
and a 1.00 M stock solution of cyclododecane in DCE (250 pL) 
was added. An aliquot of the reaction mixture was fdtered through 
a pipette of silica gel with CHzClz as the eluent and partially 
concentrated. Determination of the product ratios was accom- 
plished by GC analysis using the programs indicated below. Final 
ratios and yields were calculated on the basis of independently 
obtained response factors as described above. GC programs: 1/10 

in DCE (2 mL) was cooled to -23 OC (COz/CCl4), and EhZn (100 
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150 OC (10 min), 10 OC/min, 200 "C (5 min); 4 /13  180 "C (5 min), 
10 OC/min, 240 OC (10 min); 7/16: 180 "C (5 min), 20 "C/min, 
250 OC (5 min); 2/11: 130 OC (5 min), 10 OC/min, 200 OC (5 min); 
5/14: 180 "C (5 min), 10 "C/min, 250 OC (5 min). 

General Procedures for Cyclopropanation of 3 and 6 
(Analytical GC Runs). A magnetically stirred solution of EgZn 
(51 pL, 0.50 mmol, 2.00 equiv) in dry DCE (0.75 mL) was cooled 
to 0 "C, and the dihalomethane (1.00 mmol,4.00 equiv) was added 
via syringe. The reaction mixture was stirred for 5 min at 0 OC, 
and a solution of the olefin (0.25 mmol) in DCE (0.50 mL) was 
added slowly via syringe. The reaction mixture was quenched 
by the addition of saturated NHlCl(2 mL), was allowed to warm 
to room temperature, and was stirred vigorously for 10 min. A 
1.00 M stock solution of cyclododecane in DCE (250 pL) was then 
added. An aliquot of the reaction mixture was filtered through 
a pipette of silica gel with EtOAc as the eluent and partially 
concentrated. Determination of the product ratios was accom- 
plished by GC analysis using the programs indicated as follows: 

3/12,160 OC isothermal; 6/15,80 OC (3 min), 10 OC/min, 240 OC 
(3 min). Final ratios and yields were calculated on the basis of 
independently obtained response factors as described above. 
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Sixteen differently substituted primary and secondary allylic alcohols are shown to react with sulfinyl orthoacetate 
1 at 100 OC sequentially via a [3,3] sigmatropic rearrangement and then a 8-elimination of benzenesulfenic acid 
to form conjugated dienoate esters 5-13 in 45-95% yields. This one-flask, intramolecular carbon-carbon 
bond-forming process represents a simple and convenient method for regiospecific y-attachment of a two-carbon 
(ethoxycarbony1)methylene unit via the synthetic equivalent of an S N ~ '  proceas. " b o  examples are given in which 
rationally designed dienoates 20 and 24, prepared via this one-flask process and carrying a pendant alkene unit, 
undergo intramolecular 2 + 4 cycloaddition producing bicyclic cyclohexenes 21 and 25. 

Introduction 
In connection with a project on asymmetric total syn- 

thesis of hormonally active vitamin D3 analogues, we re- 
quired a simple and high-yield synthetic method for con- 
version of a cyclohexenyl allylic alcohol into the corre- 
sponding two-carbon-extended, conjugated dienoate ester.' 
Although the standard protocol of orthoester Claisen re- 
arrangement to form a y,b-unsaturated ester2 proceeded 
well, subsequent introduction of the requisite a,@-unsa- 
turation under various conditions proceeded poorly.'" 
Likewise, Ireland ester enolate Claisen rearrangement% of 
a cyclohexenyl allylic a-(phenylthio)acetate, although 
successful, was not high yielding, and it involved a linear 
sequence of steps including isolation of three intermediates 
on the path toward the 2,4-pentadienoic acid product 
(Scheme 1). Based on our interest in sulfoxide chemistry: 
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we have overcome this difficulty and have developed a 
streamlined process using an orthoester carrying a sulfinyl 
group designed to undergo spontaneous thermal 8-elimi- 
nation4 under the same reaction conditions used for the 
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