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Experimental Section 
General Methods. General experimental procedures were as 

previously described.ls Optical rotations were measured on a 
Perkin-Elmer 241 polarimeter. Sodium borodeuteride was ob- 
tained from MSD Isotopes and was stated to have an isotopic 
purity of 98 at. % ,H. 'H NMR spectra were obtained in D,O 
by using dioxane as internal standard. 

Sodium (2R)-[2-*H1]Propanoate. Ethyl (2S)-2-(p-(tolyl- 
sulfony1)oxy)propionate was prepared from (S)-(-)-ethyl lactate 
(Aldrich Chemical Co.) as previously de~cribed.'~ This ester 40.4 
g, 0.158 mmol) was stirred by magnetic stirrer with sodium bo- 
rodeuteride (3.3 g, 0.079 mmol) at  100 "C for 48 h under 2-3 
mmHg of pressure. The volatile products were collected in a -78 
"C trap and identified by GC as ethyl propionate and triethyl 
borate. This mixture was hydrolyzed with sodium hydroxide (0.6 
M in 50% aqueous ethanol) at room temperature for 2 h, and the 
solution then extracted with ether to remove organic material. 
The aqueous layer was then acidified with dilute HCl and ex- 
tracted with ether (3 x 200 mL), and the ether washed (water, 
brine) and dried. Careful evaporation of the ether gave free 
propionic acid, which was neutralized to pH 8 with 0.6 M NaOH, 
and the solution evaporated to give sodium (zR)-[2-%,]propionate: 

1 H, J = 7.7, 2.3 Hz). 
Sodium (2S)-[2-2Hi]Propanoate. (R)-(+)-Methyl lactate 

(Aldrich Chemical Co.) was converted to methyl (2R)-2-(p-(to- 
lylsulfonyl)oxy)propionate, and this ester (43.1 g) was reduced 
to sodium (2S)-[2-%,]propanoate by the method described above: 
yield 1.90 g ( 1 1 . 7 % ) ; , [ ~ ~ ] ~ ~  + 0.81 (c 2, H20); 'H NMR identical 
with that of the 2R isomer. 

Culture Conditions. Streptomyces griseo-olivaceus, strain 
C23201-NS7 obtained from Lederle Laboratories, was maintained 
on agar slantv at 4 "C until needed. The mycelium from one slant 
was transferred to an inoculum medium of 50 mL in each of two 
baffled 240-mL flasks; the inoculum medium consisted of yeast 
extract (0.5%), beef extract (0.3%), tryptose (0.5%)) dextrin 
(2.4%), dextrose (0.5%), and CaCl, (0.4%) in distilled water. 
Incubation was carried out at  28 "C and on a rotary shaker at  
200 rpm for 4 days. A second stage inoculum was then prepared 
by transferring 5% of the first stage inoculum into each of four 
flasks containing 50 mL of the same medium and incubating for 
3 days at  28 "C and 200 rpm. The second stage inoculum (4 X 
10 mL) was then transferred into four 1000-mL baffled flasks 
containing the fermentation medium: dextrose (1.5%), glycerol 
(1.5%), soybean flour (1.5%), CaC03 (0.1%), and NaCl(O.3%). 
Incubation was carried out for 6 days at  28 "C and 200 rpm, with 
addition of labeled sodium propionate after 28 h. 

Isolation of Ravidomycin. Ethyl acetate (300 mL) was added 
to each fermentation flask, and the contents were stirred overnight 
and then filtered through Hyflo SuperCel. The layers were 
separated, and the aqueous layer was reextracted with EtOAc; 
the organic extracts were then combined, washed (H20, brine), 
dried (Na2S04), and evaporated. The crude product was purified 
by flash chromatography (acet0ne:hexane.s 60:40) to yield ravi- 
domycin (100-148 mg) as a yellow powder, homogeneous on TLC 
(silica gel, acetone:hexanes 60:40) with the same Rf (0.23) as an 
authentic sample.12 

Analysis of Deuterium Incorporation. Ravidomycin (50 
mg) was dissolved in 5% KOH (1.76 mL) and treated with 3% 
H,Oz (0.44 mL). The solution was stirred a t  80 "C for 4 h with 
addition of three additional portions of H20z at 1-h intervals. The 
resulting solution was cooled, acidified with dilute HCl, and 
extracted with EtOAc (3 X 15 mL). The organic extracts were 
combined, washed, dried (Na$04), and evaporated to yield a crude 
yellow solid. This material was dissolved in 95% EtOH and 
treated with an ethereal solution of diazomethane until the yellow 
color persisted. Excess diazomethane was destroyed (AcOH), and 
the solution was evaporated. The crude product (10 mg) was 
analyzed by GC MS (HP5 column, 25m X 0.32 mm, 75-200 "C, 
VG7070EHF instrument) to yield four major peaks with retention 

yield 1.3 g (9.0%); [CX]%D = -0.87" (C 6.9, H20) [&.I3 [CY]=D -0.88" 
(C 10, H2O); 'H NMR 6 1.01 (dt, 3 H, J = 7.7,O.g Hz), 2.12 (qt, 
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F. J .  Org. Chem. 1989, 54, 1161. Kingston, D. G. I.; Kolpak, M. X.; 
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times of 6.85,7.97,9.12, and 11.78 min and relative areas of 0.35, 
0.30,0.20, and 0.15. The peak at  7.97 min (estimated yield of 6%) 
had a mass spectrum consistent with compound 2 m / z  250 (M+, 
13), 219 (loo), 187 (E), 160 (lo), 145 (7), 118 (3)) 102 (8), 77 (7). 
MS data for the labeled compounds are given in Table I. 
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Introduction 
The addition of crotyl organometallic reagents 2 to al- 

dehydes l according to eq l constitutes a useful reaction 

Dr (1) 

OH X 

R'H + *M -RV + R  ~ 

1 2 3: X-CH, 4: X-CH, 
[ O I C  5: x - 0  6 :  X - 0  

that has been widely exploited in synthetic organic chem- 
istry.2 This process results in the formation of two con- 
tiguous stereogenic centers, and either the syn- or the 
anti-adducts 3 and 4, respectively, may be preferentially 
produced.2+ The importance of this reaction lies in the 

(1) Permanent addreas: Department of Chemistry, Nankai University, 
Tianjin, Peoples Republic of China. 

(2) For reviews of the additions of crotylmetal derivatives to alde- 
hydes, see: (a) Hoffmann, R. W. Angew. Chem., Znt. Ed. Engl. 1982,21, 
555. (b) Yamamoto, Y.; Maruyama, K. Heterocycles 1982,18,357. (c) 
Hoppe, D. Angew. Chem., Znt. Ed. Engl. 1984,23,932. (d) Yamamoto, 
Y. Aldrichimica Acta 1987,20,45; Acc. Chem. Res. 1987,20, 243. 
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Table I. Diastereomer Ratios' from Additions of Crotyl Organometallics to a-Alkoxy Aldehydes 8a-e 
M 

Cr(I1)Cl CrCl,(THF), 
Bn 31:27:1923 (94%) 3843:7:12b 42:38146* 505000 (83%) 29:71:00 (80%) 5037:8:5 (60%) 

3824:26: 12e (80-85 % ) 
BnOCH, 24:2822:26 (89%) 38:457:10 (52%) 35302015 (66%) 43:41:8:8 (58%) 
t-BuMe,Si 32:2416:28 (66%) 35:291836 (67%) 3829:14:19 (77%) 46:4842 (55%) 28:2015:37 (90%) 
MEM 39:45:7:9 (68%) 3829:31:2 (73%) 
Ph,C 25:7500 (94%) 

ORatio (percent normalized to  100) of adducts 9a-e:lOa-e:lla-e:12a-e. bAt  0 OC. 'At -78 "C. 

R MgCl CpzTiC1 Cp,ZrCl Ti(OPh)a 

33:2927: 1 1' (80-85 % ) 

Scheme I 

7 O H  

h . 0  8a.o l o a - e  

118-8 128-0 

Series a: R - Bn 
b: R - CH,OBn 
c: R - TBDMS 
d: R - MEM 
a: R - CPh, 

fact that the adducts 3 and 4 may be converted into the 
corresponding aldehydes 5 and 6 by oxidative scission of 
the carbon-carbon double bond. The overall transfor- 
mation is thereby rendered the synthetic equivalent of the 
aldol reaction with the potential advantage that the car- 
bonyl function resides in latent form until its unmasking 
at  the appropriate moment. 

During the course of a recent synthetic investigation, we 
had occasion to examine the diastereoselectivity in the 
additions of various crotyl organometallic reagents to a- 
alkoxy aldehydes according to Scheme I. In the reactions 
of crotyl organometallic reagents with a-substituted al- 
dehydes, not only is there the question of simple diast- 
ereoselection (i.e., syn/anti) but there is also a second issue 
that arises involving the diastereofacial selectivity of the 
process. Typically, the additions of crotyl organometallic 
reagents to a-substituted aldehydes proceeds with modest 
levels of diastereoselectivity in a stereochemical sense that 
may be qualitatively predicted on the basis of Cram's rule 
for asymmetric inductionlo or one of its more recent var- 
iants." However, in the case of a-alkoxy (and @-alkoxy) 
carbonyl compounds, internal chelation often provides a 

~ ~~ 
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K. S. J. Am. Chem. SOC. 1986,108,5919. (h) Roush, W. R.; Palkowitz, 
A. D.; Palmer, M. A. J. J. Org. Chem. 1987,52, 316. (i) Brown, H. C.; 
Bhat, K. S.; Randad, R. S. Ibid. 1987,52, 3701; 1989,54, 1570. (i) Garcia, 
J.; Kim, B. M.; Masamune, S. Ibid. 1987, 52, 4831. 

(10) (a) Cram, D. J.; Abd Elhafez, F. A. J.  Am. Chem. SOC. 1952, 74, 
5828. (b) Cram, D. J.; Kopecky, K. R. Ibid. 1959,81, 2748. 

(11) (a) Karabatsos, G. J. J. Am. Chem. SOC. 1967, 89, 1367. (b) 
ChBrest, M.; Felkin, H.; Prudent, N. Tetrahedron Lett. 1968, 2199. (c) 
Anh, N. T.; Eisenstein, 0. N o w .  J. Chim. 1977, 1, 61. 

powerful stereochemical control element to direct additions 
to the carbonyl function from the less hindered face of the 
intermediate cyclic dioxametal1ocycle.l2 However, there 
have been few investigations of the diastereoselectivity of 
additions of crotyl organometallics to such aldehydes.4dseY*e 
Thus, we undertook an examination of the reactions of 
several anti-selective crotyl organometallic reagents with 
a-alkoxy aldehydes bearing different protecting groups on 
the oxygen to evaluate the relative importance of chelation 
control in these pro~esses.'~ 

Results 
To focus the investigation upon the effect of having an 

alkoxy group appended to the a-carbon atom of the al- 
dehyde, it was deemed necessary to minimize steric con- 
siderations by employing substrates in which the two 
substituents on the carbon adjacent to the carbonyl 
function were approximately the same size. To this end, 
the five representative a-alkoxy aldehydes 8a-e were 
prepared from the known alcohol 714 according to estab- 
lished  procedure^'^ that proceeded by initial 0-protection 
followed by ozonation with excess ozone. Reactions of 8a-e 
with a variety of crotyl organometallic reagents 2 in tet- 
rahydrofuran (THF)16 provided variable mixtures of 1,2- 
adducts 9a-e, lOa-e, lla-e, and 12a-e as summarized in 
Table I. Product ratios from the reactions of 8a-e with 
crotyl organometallic reagents were initially obtained on 
the crude reaction mixtures by analytical HPLC (p-Po- 
rasil). After conversion of these mixtures into the mixture 
of saturated diols 13-16 by 0-deprotection and catalytic 
hydrogenation (vide infra), composition and structural 
assignments were made by both analytical HPLC and 13C 
NMR comparisons with authentic samples. 

As might be anticipated, it was not possible to determine 
directly from 'H and 13C NMR spectra the relative ster- 

(12) For an excellent review of "chelation" vs %on-chelation" control, 
see: (a) Reetz, M. T. Angew. Chem., Int. Ed. Engl. 1984,23,556. See 
also: (b) Still, W. C.; Mcdonald 111, J. H. Tetrahedron Lett. 1980, 1031. 
(c) Still, W. C.; Schneider, J. A. Ibid. 1980,1035. (b) Reetz, M. T.; Jung, 
A. J .  Am. Chem. SOC. 1983, 105, 4833. (c) Reetz, M. T.; Kesseler, K.; 
Jung, A. Tetrahedron 1984,40,4327. (d) Reetz, M. T.; Keaseler, K.; Jung, 
A. Tetrahedron Lett. 1984,25, 729. (e) Reetz, M. T.; Kessler, K. J. Org. 
Chem. 1985,50,5436. (f) Keck, G. E.; Castellino, S.; Wiley, M. R. Ibid. 
1986,51, 5478. (9) Keck, G. E.; Castellino, S. J. Am. Chem. SOC. 1986, 
108,3847. (h) Frye, S. V.; Eliel, E. L. Tetrahedron Lett. 1986,27, 3223. 
(i) Frye, S. V.; Eliel, E. L.; Cloux, R. J.  Am. Chem. SOC. 1987,109,1862. 
6) Kahn, S. D.; Keck, G. E.; Hehre, W. J. Tetrahedron Lett. 1987,28, 
279. (k) Keck, G. E.; Castellino, S. Ibid. 1987,28,281. (1) Reetz, M. T.; 
Maus, S. Tetrahedron 1987, 43, 101. (m) Reetz, M. T.; Hiillmann, M.; 
Seitz, T. Angew. Chem., Int. Ed. Engl. 1987,26,477. (n) Reetz, M. T.; 
Harms, K.; Reif, W. Tetrahedron Lett. 1988, 29, 5881. 

(13) For a related recent study of the addition of allyl organometallic 
reagents to a&dialkoxy aldehydes, see: Williams, D. R.; Klingler, F. D. 
Tetrahedron Lett. 1987,29, 869. 
(14) Cain, M. E. J. Chem. SOC. 1964, 3532. 
(!5) (a) Heathcock, C. H.; Young, S. D.; Hagen, J. P.; Pirrung, M. C.; 

White, C. T.; VanDerveer, D. J. Org. Chem. 1980,45,3846. (b) See also 
ref 4d-f. 

(16) Several attempts to perform the reactions in less polar solvents 
including ether and hexane were unsuccessful as the crotyl organometallic 
reagents could not be generated in these solvents. 



Notes J. Org. Chem., Vol. 54, No. 26, 1989 6131 

varied disappointingly from 0.8 to 1.8:l. In this context 
it might be noted that there are several examples in which 
crotylchromium reagents added with high levels of diast- 
ereofacial selectivity to @alkoxy aldehydes, but the effect 
was ruled to be a consequence of steric factors, not che- 
lation.5dpe Interestingly, we did observe that there was a 
slight increase in the formation of the "chelation- 
controlled" products 9a and l l a  in the additions of 
Cp,Ti(CH2CH=CHCH3)C1 and Cp,Zr(CH,CH= 
CHCH3)Cl to 8a when the reactions were executed at -78 
"C rather than the usual temperature of 0 "C; however, 
this enhancement in diastereofacial selectivity was at- 
tended with an erosion in the anti/syn selectivity from 
4.2:l at 0 "C to 1.6:l at -78 "C. The reasons for this 
phenomenon cannot be presently explained. 

Conclusions 
Although we had hoped that the anti-selective additions 

of crotyl titanium, zirconium, and chromium reagents to 
a-alkoxy aldehydes 8a-e might ensue with a significant 
level of chelation control, this was not observed experi- 
mentally. These results may be contrasted with the 
magnesium bromide catalyzed addition of tri-n-butyl- 
crotylstannane to 8a and 8d, which proceeded with es- 
sentially complete diastereofacial selectivity and with high 
syn/anti selectivity (ca. lOl ) ,  in close analogy with pre- 
vious work of KeckSa A higher degree of diastereoselec- 
tivity in additions to a-alkoxy aldehydes might be obtained 
through the agency of chiral crotyl boronates, which have 
been examined extensively by others,gdsPi as nucleophilic 
partners. 

Experimental Section 
General Procedures. Unless otherwise indicated, all reagents 

were obtained from commercial suppliers and were used without 
purification. Tetrahydrofuran (THF) was dried by distillation 
under nitrogen from sodium or potassium/benzophenone ketyl 
immediately prior to use. Reactions involving air- and/or 
moisture-sensitive reagents were conducted under an atmosphere 
of argon, and the glassware was flame dried under a stream of 
dry argon prior to use. The purity of all title compounds was 
judged to be 195% by GC and/or 'H and 13C NMR spectral 
determinations. Spectral splitting patterns are designated as s, 
singlet; d, doublet; t, triplet; q, quartet; p, pentaplet; m, multiplet; 
comp, complex; and br, broad. Analytical HPLC analyses were 
determined using a w-Porasil column; preparative high-perform- 
ance liquid chromatography (HPLC) was performed using Porasil 
A columns. 

The ratio of the four separable diastereomeric adducts 9b-e, 
lOb-e, llb-e, and 12b-e from each reaction was initially deter- 
mined by analytical HPLC. The resulting mixture was- then 
converted into a mixture of the saturated, diastereoisomeric diols 
13-16 by removal of the hydroxyl protecting group and catalytic 
hydrogenation. The 13C NMR spectrum of the resulting mixture 
was then obtained and correlated with spectra of the pure diols 
13-16, which had been prepared from the separated adducts 
9a-l2a, for initial structural assignments; the product ratios of 
stereoisomers determined by 13C NMR by multiple peak inte- 
grations of these mixtures of diols 13-16 were consistent with the 
stereoisomeric ratios previously obtained by HPLC analyses of 
the mixtures of adducts 9b-e-12b-e. 

Addition of Crotylmagnesium Chloride to 8a. To crotyl- 
magnesium chloride (0.75 M, 1.5 mL, 1.10 mmol) in THF was 
added slowly 2-(benzyloxy)propanal8a (160 mg, 1.0 mmol) at -78 
"C under argon with stirring. The reaction mixture was raised 
to room temperature gradually (1 h) and then poured into a 
mixture of water (8 mL) and ether (25 mL). The aqueous layer 
was extracted with ether (3 X 20 mL). The extracts were com- 
bined, washed with water (3 X 8 mL) and brine (2 X 8 mL), and 
dried (MgS0.J. The excess solvents were evaporated under re- 
duced pressure to give a crude mixture (207 mg, 94% yield) of 
9a, loa, lla, and 12a, which was readily separated by HPLC (151 

OH OH 

13 14 1 5  16 

eochemistry of the four diastereomers. Fortunately, the 
3,5-dinitrobenzoates of 9a and 1 la were crystalline, and 
consequently single-crystal X-ray analyses revealed their 
relative stereo~hemistries.'~ Since crystalline derivatives 
of 10a and 12a could not be obtained, the structures of 
these alcohols were established by chemical correlation 
with their respective epimers 1 la and 9a. Thus, oxidation 
of the homoallylic alcohols 9a and 12a with pyridinium 
dichromate18 gave the same ketone 17; similarly, oxidation 

BnO - 
I :  

BnO 
I I  

17 10 

of 10a and 1 la provided the same ketone 18. Having thus 
unequivocally determined the relative stereochemistry of 
9a-l2a, it remained to make the necessary correlations 
with the adducts obtained upon addition of the crotyl 
organometallic reagents to the remaining aldehydes 8b-e. 
In the event, 9a-12a were each transformed into the 
corresponding saturated diols 13-16 by catalytic hydro- 
genation (40 psi, 10% Pd/C). The mixtures of adducts 
9b-e-12b-e were also converted to the saturated diols 
13-16 by sequential removal of the hydroxyl protecting 
group and catalytic hydrogenation of the olefin. 

Discussion 
Not unexpectedly> the addition of crotyl magnesium 

chloride (2, M = MgC1) to aldehydes 8a-c proceeded with 
a relatively low level of both simple (anti/syn) diastereo- 
selectivity and diastereofacial se1ecti~ity.l~ However, 
additions of the crotyl chromium5 (2, M = CrC1, CrCl,), 
titaniume (2, M = Cp,TiCl, (PhO),Ti), and zirconium7 (2, 
M = Cp,ZrCl) reagents to aldehydes lacking an a- or p- 
alkoxy group are known to proceed with a high level of anti 
selectivity, and this trend was observed in the present 
study; the formation of the anti-isomers 9a-e and 1Oa-e 
dominated over the corresponding syn-adducts 1 la-e and 
12a-e. When the a-carbon of the aldehydic partner is a 
stereogenic center bearing only alkyl substituents, addi- 
tions of these crotyl organometallics typically proceed 
preferentially to give the CramloJ1 product with at best 
modest (e.g., 1-3:1)5b1c*7a diastereoselectivity. Somewhat 
surprisingly, the presence of the a-alkoxy substituent on 
the aldehydes 8a-e had virtually no effect upon the 
diastereofacial selectivity of the reactions; ratios of 
"chelation-controlled" products 9a-e and 1 la-e to the 
"non-chelation-controlled" products loa-e and 12a-e 

(17) The single-crystal X-ray analyses of the 3,bdinitrobenzoates de- 
rived from 9a and l la were determined by Dr. Steven B. Larson (De- 
partment of Chemistry, The University of Texas), who we thank; these 
results will be reported independently. 

(18) Corey, E. J.; Schmidt, G. Tetrahedron Lett. 1979,399; Ibid. 1980, 
21, 731. 

(19) Interestingly, the addition of Grignard reagents to a-alkoxy ke- 
tones does proceed with a high degree of chelation control. See: (a) 
Wolfrom, M. L.; Hanessian, S. J. Org. Chem. 1962,27, 1800. (b) Inch, 
T. D. Carbohydr. Res. 1967,545. (c) Meric, R.; Vigneron, J.-P. Bull. SOC. 
Chim. Fr. 1973,327. (d) Hanessian, S.; Rancourt, G.; Guindon, Y. Can. 
J.  Chem. 1978,56,1843. (e) Nakati, T.; Yishi, Y. Tetrahedron Lett. 1978, 
2745. (0 Eliel, E. L.; Koskimies, J. K.; Lohri, B. J. Am. Chem. SOC. 1978, 
100,1616. (g) Eliel, E. L.; Frazee, W. J. J. Org. Chem. 1979,44,3598. (h) 
See also ref 10 and 12b. 
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hexane/ethyl acetate) to give pure samples of the four known9' 
olefinic diols Sa (59 mg, 31%), 10a (27 mg, 27%), lla (36 mg, 
19%), and 12a (43 mg, 23%) as thick colorless oils. The 33- 
dinitrobenzoates of Sa and l la were prepared by treatment of 
Sa and lla with 3,EGdinitrobenzoyl chloride (1.5 equiv), EbN (1.5 
equiv), and a catalytic amount of 4-(dimethylamino)pyridine in 
CH2C12 at room temperature (18 h). 

(2R *,3R*,U*)-2-( Benzyloxy)-4-methyl-5-hexen-3-ol (Sa):# 
'H NMR (200 MHz) 6 7.40-7.27 (comp, 5 H), 5.38 (m, 1 H), 
5.10-4.99 (comp, 2 H), 4.67 (d, 1 H, J = 11.4 Hz), 4.42 (d, 1 H, 
J = 11.4 Hz), 3.49 (p, 1 H, J = 6.2 Hz), 3.32 (dd, 1 H, J = 4.4, 
6.2 Hz), 2.37 (m, 1 H), 1.22 (d, 3 H, J = 6.2 Hz), 1.08 (d, 3 H, J 
= 6.8 Hz); 13C NMR (20 MHz) 6 139.8, 138.3, 128.4, 127.8, 127.7, 
115.1, 78.2, 76.5, 70.8, 40.3, 17.7, 15.4. The 3,5-dinitrobenzoate 
derivative of Sa afforded crystals suitable for single-crystal X-ray 
analysis (see supplementary material): mp (from hexane) 

8.97 (d, 2 H, J = 2.0 Hz), 7.19-7.08 (comp. 5 H), 5.72 (m, 1 H), 
5.07-4.97 (comp. 2 H), 4.60 (d, 1 H, J = 12.0 Hz), 4.30 (d, 1 H, 
J = 12.0 Hz), 3.72 (p, 1 H, J = 6.2 Hz), 2.69 (m, 1 H), 1.20 (d, 
1 H, J = 6.2 Hz), 0.97 (d, 1 H, J = 6.8 Hz); 13C NMR (90 MHz) 
6 162.3, 158.6, 138.6, 138.1, 134.2, 129.4, 128.2, 127.6, 127.5, 122.1, 

1280, 1175 cm-'; MS, m / e  414.14209 (CzlHz2N207 requires 
414.14270), 397, 354, 195, 165, 91 (base). 

(2R *,35 *,45 * )-2- (Benz yloxy )-4-met hyl-5-hexen-3-01 (loa):# 
'H NMR (200 MHz) 6 7.40-7.25 (comp, 5 H), 5.86 (m, 1 H), 
5.16-5.05 (comp, 2 H), 4.62 (d, 1 H, J = 11.8 Hz), 4.49 (d, 1 H, 
J = 11.8 Hz), 3.62-3.49 (comp, 2 H), 2.53 (m, 1 H), 1.93 (br, 1 
H), 1.22 (d, 3 H, J = 6.1 Hz), 0.98 (d, 3 H, J = 6.5 Hz); 13C NMR 
(20 MHz) 6 140.5, 138.4, 128.4, 127.6, 115.3, 76.4, 75.7, 70.6, 39.5, 
16.3, 13.7. 

(2R *,3R *,45 * )-24 Benzy loxy )-4-met hyld-hexen3-01( 1 la) :# 
'H NMR (200 MHz) 6 7.35-7.25 (comp, 5 H), 5.77 (m, 1 H), 
5.05-4.95 (comp, 2 H), 4.64 (d, 1 H, J = 11.4 Hz), 4.41 (d, 1 H, 
J = 11.4 Hz), 3.62 (m, 1 H), 3.24 (dd, 1 H, J = 4.5, 6.3 Hz), 2.39 
(m, 1 H), 2.22 (br, 1 H), 1.23 (d, d, 3 H, J = 6.2 Hz), 1.06 (d, 3 
H, J = 6.8 Hz); 13C NMR (20 MHz) 6 141.7, 138.4, 128.4, 127.8, 
127.7, 114.5, 78.3, 70.9, 40.8, 16.2, 15.0. The 3,5-dinitrobenzoate 
derivative of 1 la afforded crystals suitable for single-crystal X-ray 
analysis (see supplementary material): mp (from hexane) 113-115 
"C; 'H NMR (360 MHz) 6 9.21 (t, 1 H, J = 2.0 Hz), 9.10 (d, 2 H, 
J = 2.0 Hz), 7.28-7.18 (comp, 5 H), 5.77 (ddd, J = 7.3,10.2,17.3 
Hz), 5.16 (dd, 1 H, J = 5.0, 6.8 Hz), 5.12-5.04 (comp, 2 H), 4.66 
(d, 1 H, J = 11.8 Hz), 4.37 (d, 1 H, J = 11.8 Hz), 3.86 (m, 1 H), 
2.87 (m, 1 H), 1.24 (d, 3 H, J = 6.4 Hz), 1.07 (d, 3 H, J = 7.0 Hz); 
'%! NMR (90 MHz) 6 162.4, 148.8,139.5,138.4,134.3,129.4,128.3, 

1725,1550,1350,1280 cm-'; MS m / e  414.14209 (C21H2O7 requires 
414.14270), 354, 195, 165, 91 (base). 
(2R*,3S*,4R*)-2-(Benzyloxy)-4-methyl-5-hexen-3-ol(l2a):~ 

'H NMR (200 MHz) 6 7.32-7.16 (comp, 5 H), 5.59 (ddd, 1 H, J 
= 8.1, 10.2, 17.4 Hz), 5.02-4.89 (comp, 2 H), 4.50 (d, 1 H, J = 11.7 
Hz), 4.39 (d, 1 H, J = 11.7 Hz), 3.54-3.45 (comp, 2 H), 2.30-1.96 
(comp, 2 H), 1.11 (d, 3 H, J = 6.0 Hz), 1.02 (d, 3 H, J = 6.6 Hz); 
13C NMR (20 MHz) d 140.4, 138.5, 128.4, 127.6, 115.0, 75.9, 75.8, 
70.5, 40.2, 16.3, 12.9. 

General Procedure for Reduction of Homoallylic Alcohols 
Sa, 10a,l la, and 12a. A 5-mL reaction vial containing the allylic 
alcohol Sa-12a (25-50 mg), 5% Pd/C (5 mg), and 1 mL of MeOH 
was shaken under an atmosphere of hydrogen (30 psi) for 10 h. 
The catalyst was removed by filtration, and the solvents were 
evaporated under reduced pressure to give the pure diols 13-16 
in approximately 90% yields as colorless oils. 
(2R*,3R*,4R*)-4-Methylhexane-2,3-diol(l3): lH NMR (360 

MHz) 6 3.84 (m, 1 H), 3.13 (t, 1 H, J = 5.1 Hz), 2.20-2.40 (br s, 
1 H), 1.54 (m, 2 H), 1.19 (d, 3 H, J = 6.3 Hz), 1.16 (m, 1 H), 0.94 
(d, 3 H, J = 6.8 Hz), 0.89 (t, 3 H, J = 7.3 Hz); NMR (90 MHz) 
b 79.9,67.9, 36.9, 23.6, 20.1, 15.9, 11.5; MS (chemical ionization), 
m / e  133.1237 (M + 1, C7H1702 requires 133.1229), 115 (base), 97. 
(2R*,3S*,4R*)-4-Methylhexane-2,3-diol (14): 13C NMR (90 

MHz): 6 78.5, 68.5, 37.0, 25.5, 15.6, 14.7, 10.8; MS (chemical 
ionization), m / e  133.1235 (M + 1, C7H1702 requires 133.1229), 
115 (base), 97. 
(2R*,3R*,4S*)-4-Methylhexane-2,3-diol (15): NMR (90 

MHz) 6 78.8, 68.9, 36.4, 27.0, 19.4, 12.7, 11.7; MS (chemical ion- 

132.5-134 "C; 'H NMR (360 MHz) 6 9.12 (t, 1 H, J = 2.0 Hz), 

116.6,82.1,74.1,70.9, 39.1, 17.3, 15.7; IR (CDCl3) 1725, 1550,1350, 

127.5, 122.2, 116.0, 82.1, 74.1, 71.1, 38.4, 16.2, 15.1; IR (CDCl3) 

Notes 

ization), m / e  133.1236 (M + 1, C7H1702 requires 133.1229), 115 
(base), 97. 

(2R *,3S *,4S*)-4-Methylhexane-2,3-diol (16):20 13C NMR 
(90 MHz) 6 78.2, 68.4, 36.3, 25.6, 17.0, 14.4, 11.0. 

General Procedure for Additions of Crotyldicyclo- 
pentadienyltitanium(1V) Chloride to 8a-d. To dicyclo- 
pentadienyltitanium chloride" (298.0 mg, 1.20 mmol) in THF (10 
mL) was added slowly the crotylmagnesium chloride (0.49 M, 4.9 
mL, 2.40 mmol) at  room temperature under argon with stirring. 
The resulting orange mixture was stirred for 2 h, and the aldehyde 
8a-d (1.0 mmol) in THF (0.5 mL) was added slowly at  0 "C. The 
reaction mixture was raised to room temperature gradually (ca. 
1 h) and then poured into a mixture of water (8 mL) and ether 
(25 mL). The aqueous layer was extracted with ether (3 X 20 mL), 
and the extracts were combined, washed with water (3 x 8 mL) 
and brine (2 x 8 mL), and dried (MgSO,). The excess solvents 
were evaporated under reduced pressure to give a crude mixture 
of the four diastereomeric homoallylic alcohols Sa-d, loa-d, lla-d, 
and 12a-d as thick colorless oils. 

General Procedure for Additions of Crotyldicyclo- 
pentadienylzirconium( IV) Chloride Sa-d. To dicyclo- 
pentadienylzirconium chloride7 (356.0 mg, 1.22 mmol) in THF 
(7.0 mL) was added slowly the crotylmagnesium chloride (0.49 
M, 5.0 mL, 2.44 mmol) at  room temperature under argon with 
stirring. The resulting orange mixture was stirred for 2 h, and 
the aldehyde 8a-d (1.0 mmol) in THF (0.5 mL) was added slowly 
at  0 "C. After completion of the reaction, workup as before 
afforded the four diastereomeric homoallylic alcohols Sa-d, lOa-d, 
lla-d, and 12a-d as thick colorless oils. 

General Procedure for Additions of Crotyltitanium 
Triphenoxide to Sa-c. To triphenoxytitanium chloride2'/THF 
solution (0.335 M, 3.64 mL, 1.22 mmol) and THF (5 mL) was 
added slowly crotylmagnesium chloride (0.49 M, 2.6 mL, 1.22 
mmol) at  -78 "C under argon with stirring. The resulting black 
mixture was stirred for 2 h at -30 "C, and the mixture then cooled 
to -100 "C, whereupon the aldehyde 8a-c (1.0 mmol) in THF (0.5 
mL) was added slowly. The reaction mixture was raised to room 
temperature gradually (ca. 2 h). After completion of the reaction, 
workup as before afforded the four diastereomeric homoallylic 
alcohols Sa-c, loa-c, lla-c, and 12a-c as thick colorless oils. 

General Procedure for Additions of Crotylchromium(I1) 
Chloride to 8a,e. To chromium(I1) chloridesa (149.9 mg, 1.22 
mmol) in THF (5 mL) was added slowly a degassed solution 
containing crotyl bromide (164.7 mg, 1.22 mmol) and the aldehyde 
8a,e (1.0 mmol) in THF (10 mL) a t  0 "C with stirring. The 
resulting mixture was stirred for 2 h a t  room temperature and 
then quenched with water (5 mL). Workup as before afforded 
the diastereomeric homoallylic alcohols Sa,e and 10a,e as thick 
colorless oils. 

General Procedure for Additions of Crotylchromium(I1) 
Chloride-THF Complex to 8a,c. To CrC13-(THF)322 (1.498 g, 
4.00 mmol) in THF (10 mL) was added slowly crotylmagnesium 
chloride (0.49 M, 8.2 mL, 4.00 mmol) at -78 "C with stirring. The 
mixture was allowed to warm to -50 "C for 10 min and then 
recooled to -78 "C for 30 min. The aldehyde 8a,c (1.00 mmol) 
in THF (1.0 mL) was then added at  -78 "C under argon. The 
resulting was stirred for 12 h at  room temperature and then 
quenched with water (5 mL). Workup as before afforded the four 
diastereomeric homoallylic alcohols Sa,c, 10a,c, lla,c, and 12a,c 
as thick colorless oils. 

General Procedure for Additions of Crotyltri-n -butyl- 
stannane to 8a,d. To MgBr2.Eg0 (309.9 mg, 1.20 mmol) in THF 
(10 mL) was added slowly the aldehyde 8a,d (1.00 mmol) at -20 
"C under argon with stirring. The mixture was stirred at  -10 "C 
for 10 min, and crotyltri-n-butylstannane (414.6 mg, 1.20 mmol) 
was added at  -78 "C. The resulting mixture was stirred for 1 2  
h at  room temperature and then quenched with water (5 mL). 
Workup as before (with the exception that the organic extracts 
were washed with saturated aqueous KF to remove organotin 
compounds) afforded the diastereorneric homoallylic alcohols Sa,d 

(20) Inanaaa, J.: Kawanami. Y.; Yamarmchi, M. Bull Chem. SOC. Jon. 
is86,59, i52i .  

(21) Widler, L.; Seebach, D. Helu. Chim. Acta 1982, 65, 1085. 
(22) Kauffmann, T.; Hamsen, A.: Beirich, C. Anpew. Chem.. Int. Ed. 

Engl. 1982, 21, 144. 
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(minor) and lla,d (major) as thick colorless oils. 
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There is considerable current interest in the reactivity 
of molecules with inverted structures a t  carbon,4 specially, 
[l.l .l]pr~pellane.~ Many processes, such as the additions 
of tert-butyl hypochlorite, thiols, disulfides, diselenides, 
biacetyl, and halogens are presumed to involve a free- 
radical While SH2 displacements at carbon 
are extremely rare,14 reaction at  the bridge position in 
[ l.l.l]propellane releases considerable strain and allows 
both positions with inverted structure to acquire a more 
favorable conformation. Thus, it  is important to obtain 
absolute rates of radical scavenging by [ l.l.l]propellane; 
we have carried out measurements for tert-butoxy and 
thiophenoxy radicals by use of laser flash photolysis 
techniques. The results of these studies are reported 
herein. 
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Figure 1. Plot according to eq 5 for [Ph2CHOH] = 69 mM. 
Insert: Transient absorption trace showing the buildup of ketyl 
signal at 535 nm, for 85 mM [l.l.l]propellane. 

Results and Discussion 

tert-Butoxy rRdicals do not show any significant ab- 
sorptions at  X > 300 nm. It was therefore necessary to 
employ a probe technique that has been widely used in 
measurements of this type.15 The radicals were generated 
by laser photolysis of di-tert-butyl peroxide at  337 nm. 
Reactions 1-4 show the mechanism proposed. 

ButOOBut 2 2ButO' (1) 

(2) ButO* - first-order decay 

ButO' + Ph2CHOH + BdOH + Ph2COH (3) 

Reaction 1 generates radicals within the duration of the 
laser pulse with a high quantum yield.16J7 The radicals 
can decay by reacting with the substrate (reaction 4) or 
the probe (reaction 3, Ph2COH, A- 535 nm). In addition, 
But@ can undergo first- and pseudo-first-order processes, 
such as 8-cleavage or reaction with the solvent (reaction 
2).15 The buildup of the ketyl signal a t  535 nm follows 
clean first-order kinetics (see insert in Figure 1); a mo- 
noexponential fit of the signal growth leads t~ km, which 
is related to the rate constants of interest according to 

kgrowth = k2 + k,[Ph,CHOH] + k,[propellane] (5) 

Thus, a plot of It,* against the concentration of 
[ l.l.l]propellane at constant diphenylmethanol concen- 
tration yields from the slope the value of kb The plot of 
Figure 1 leads to k4 = (2.8 f 0.3) X 106 M-' s-' in a 1:l (v/v) 
mixture of benzene:di-tert-butyl peroxide. This is a re- 
markably fast reaction, since alkoxy radicals rarely add 
efficiently to unsaturated sy~tems. '~J~  
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