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minor product from MCPBA epoxidation of 1, and compound
7a (85 mg, 32%): mp 2556257 °C; IR (CH,Cly) 3550, 2940, 1760,
1720, 1180, 1080 cm™; mass spectrum (NICI, ammonia reagent
gas), caled for CyoHgs0,; m/e 578.2363, found 578.2359; 'H NMR
60.76 (3H, s, 14-H), 1.28 (3H, d, J = 6.3 Hz, 14’-H), 1.33 3 H,
s, 12"-H), 1.60 (3 H, s, 16-H), 2.19 (1 H, ddd, Jys4 = 4.7 Hz, J; 54
= 4.8 Hz, J,,, = 15.3 Hz, 38-H), 2.39 (1 H, dd, J3, s = 8.3 Hz, J .,
= 15.3 Hz, 3a-H), 2.73 and 3.13 (1 H each, AB, J = 4.0 Hz, 13-H),
3.07(1H,d, J = 5.3 Hz, 10-H), 3.40 (1 H, m, 4’-H), 3.44 (1 H,
s,2-H),3.52 (1H,d,J =5.3Hz, 11-H), 3.73 (1 H, dd, Jg 7 = Jg 15
= 4.3 Hz, 6’-H), 3.78 (1 H, m, 7-H), 3.84 (2 H, m, 5’-H), 3.92 (1
H,d, J = 4.8 Hz, 2-H), 4.30 and 4.42 (1 H each, AB, J = 12.4 Hz,
15'H), 4.39 (1 H, m, 13/'H), 5.46 (1 H, ddd, JB’,IO’ =15 HZ, Jgf’gl
= 7.9 Hz, Jy g = 8.3 Hz, 8-H), 5.75 (1 H, dd, J = 8.3 and 4.7 Hz,
4-H),5.99 (1 H,dd, J = 1.5 and 11.4 Hz, 10’-H), 6.19 (1 H, dd,
J =79 and 11.4 Hz, &-H); 13C NMR 6 7.5 (C14), 11.5 (C12"), 15.6
(C14),17.3 (CT7), 22.2 (C16), 26.3 (C8), 34.6 (C3), 43.4 (C6), 47.8
(C13), 49.0 (C5), 52.7 (C2’ or C9), 57.4 (C2’ or C9), 57.7 (C10),
63.6 (C15), 64.8 (C3), 65.9 (C12), 874 (C11), 72.6 (C¥), 74.7 (C13),
75.2 (C4 or C7 or C8), 76.2 (C4 or C7’ or C8), 76.5 (C4 or C7’
or C8), 78.2 (C2 or C4'), 78.6 (C2 or C4"), 81.9 (C#"), 121.9 (C10),

147.5 (C9), 167.4 (C1’ and C11’). Diacetate 7h: mass spectrum
(NICI, ammonia reagent gas), caled for C33H,,0,, m/e 662.2575,
found 662.2565; 'TH NMR 6 0.78 (3 H, s, 14-H), 1.26 (3 H, d, J
= 6.4 Hz, 14-H), 1.33 (3 H, s, 12’-H), 1.65 (3 H, 5, 16-H), 2.17 (1
H, ddd, J35'4 =46 HZ, nggﬂ =4.7 HZ, Jgem =154 HZ, 3ﬂ'H), 2.38
(1 H, dd, Jy,4 = 8.3 Hz, J,, = 15.4 Hz, 3a-H), 2.73 and 3.15 (1
H each, AB, J = 4.0 Hz, 13-H), 3.07 (1 H, d, J = 5.3 Hz, 10-H),
3.42 (1H,s,2-H), 3.53 (1 H,d, J = 5.3 Hz, 11-H), 3.71 (1 H, dd,
J = 5.0 and 10.3 Hz, 5'8-H), 3.90 (2 H, m, 6’-H, 5'a-H), 3.91 (1
H,d, J = 4.7 Hz, 2-H), 4.30 and 4.44 (1 H each, AB, J = 12.3 Hz,
15-H), 4.35 (1 H, dd, J = 7.6 and 5.0 Hz, 4-H), 4.79 (1 H, dd, J
= 3.3 and 9.9 Hz, 7-H), 5.50 (1 H, dd, J = 8.0 and 9.9 Hz, 8'-H),
572 (1 H,dd, J = 4.6 and 8.3 Hz, 4-H), 6.05 (2H, m, 9"-H and
10’-H).
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A synthetic strategy has been developed wherein the high 1,2-stereoselection obtainable from aldol reaction
of an a,B-unsaturated aldehyde is parlayed by a subsequent Claisen rearrangement into 1,4- or 1,5-stereoselection.
For example, diol monoethers 26 and 31, obtained in three steps from aldol 11, are subjected to Claisen rear-
rangement to obtain amides 40 and 41 or ester 42. The diastereomeric diol monoethers 29 and 32 are similarly
converted into the diastereomeric amides 43 and 44. The use of this strategy for 1,5-stereoselection is illustrated.
Esters 52 and 53 can be converted via the E enolates into unsaturated acids 56 and 57. The same acids are obtainable
from the diastereomeric esters 54 and 55, by conducting the Ireland—Claisen rearrangement with the Z enolates.
The diastereomeric unsaturated acids 58 and 59 arise via the Z enolates of esters 52 and 53 or the E enolates
of esters 54 and 55. The 1,4-stereoselection strategy is illustrated with a synthesis of hydrocarbon 45. This
stereorational synthesis establishes the relative stereochemistry of the Cy, diol from Messel shale kerogen. The
1,5-stereoselection strategy is demonstrated with a synthesis of (£)-67, the vitamin E side-chain alcohol. This
synthetic protocol is further illustrated with a total synthesis of the archaebacterial C,, diol (69) and one of its
diastereomers (70). The latter syntheses provide the final information to fully define the structure of compound
112, an archaebacterial membrane substance that is a 72-membered ring tetraether with 18 stereocenters.

Introduction
Under certain conditions, the addition of preformed
enolates to aldehydes gives a-substituted-g-hydroxy car-
bonyl compounds with high diastereoselectivity.? If an
a,B8-unsaturated aldehyde is employed as the educt, one
may prepare either syn or anti aldols (1 or 2, eq 1). Since

R‘\/kCHO —_—
RO R A
R1\/J\l/l\"/n‘ or R‘\/WR‘ M
oH O oH ©
1 2

(1) Part 42 in the series Acyclic Stereoselection. For part 41, see:
Mori, 1.; Bartlett, P. A.; Heathcock, C. H. J. Am. Chem. Soc., submitted
for publication.

(2) (a) Heathcock, C. H. Comprehensive Carbanion Chemistry; Bun-
cel, E,, Durst, T., Eds.; Elsevier: New York, 1984; Vol. II. (b) Heathcock,
C. H. Asymmetric Synthesis; Morrison, J. D., Ed.; Academic Press: New
York, 1984; Vol. 3.
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aldols 1 and 2 are also allylic alcohols, the possibility exists
of parlaying the high 1,2 stereoselectivity of the aldol re-
action into either 1,4 or 1,5 stereoselectivity by using the
Claisen rearrangement. For example, as shown in eq 2,

R’\/H)\/ORS . HOOC)\E/K)\/ORS @
R‘/\ro 3

0OSiMe,'Bu

3 4

the Z ester enolate 3, derived from syn aldol 1, should be
transformable into 4, in which new 1,4 and 1,5 stereore-
lationships exist. By controlling the relative stereochem-
istry in the aldol (e.g., 1 or 2) and the geometry of the
enolate double bond,? a great deal of synthetic versatility

(3) (a) Ireland, R. E.; Willard, A. K. Tetrahedron Lett. 1975, 3975. (b)
Ireland, R. E.; Willard, A. K. J. Org. Chem. 1976, 41, 986. (c) Ireland,
R. E.; Mueller, R. K.; Willard, A. K. J. Am. Chem. Soc. 1976, 98, 2868.
(d) Ireland, R. E.; Wilcox, C. S.; Thaisrivongs, S.; Vanier, N. R. Can. J.
Chem. 1979, 57, 1743.
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1,4- and 1,5-Stereoselection by Aldol Addition

Table I. Preparation of Aldols 10-15
yield, stereochemical

ketone  aldehyde  product %o homogeneity
5 7 10 80 >08:2
5 8 11 97 >08:2
5 9 12 99 >98:2
6 7 13 88 86:14°
6 8 14 80 90:10°
6 9 15 88 >08:2

%The minor isomer in these cases was the syn diastereomer.

is possible. In this paper, we report in full our investigation
of this strategy for stereoselective synthesis.*
Preparation of Claisen Rearrangement Substrates:
Racemic Series. Initial investigations were carried out
with the a-(trimethylsilyl)oxy ketone 5° and 2,6-di-tert-
butyl)-4-methylphenyl propionate (BHT propionate, 6),°
which give the Z and E lithium enolates, respectively, upon
deprotonation by lithium diisopropylamide (LDA). The
aldehydes utilized were acrolein (7), crotonaldehyde (8),
and methacrolein (9). Aldol reactions were carried out
under the conditions reported previously.>® In this man-
ner, aldols 10-15 were prepared; yields and stereochemical
data are summarized in Table I. Each of the three al-
dehydes gives a single stereoisomeric aldol (syn) with ke-
tone 5. With ester 6, methacrolein also gives only a single
aldol product (anti), but acrolein and crotonaldehyde give
anti/syn mixtures of about 9:1. In the case of acrolein, the
initially formed mixture may be enriched by recrystalli-
zation, and in the case of crotonaldehyde, the two dia-
stereomeric aldols are separable by chromatography.

o) o "2
OSMe; \)]\ n‘\/k
OBHT cHo
7. R'=R%=H
5 6 8: R'=Me, R%=H
9: R1=H, R2=Me
A2 R
R R! i OBHT
\/Woswea M
OH © oH O
10: R'=R2=H 13: R'=R%H

14: R'=Me, R%=H

11: R'=Me, R%=H
15: R'=H, R?=Me

12: R'=H, R%=Me

Aldols 10-12 are cleaved with periodic acid in tetra-
hydrofuran’ to provide 8-hydroxy acids 16~18, which are
reduced by lithium aluminum hydride in refluxing tetra-
hydrofuran to afford diols 19-21. The BHT aldols 13-15
are reduced similarly to obtain the diastereomeric diols
22-24.

Diols 19-24 react with tert-butyldimethylsilyl chloride
in the presence of 4-(dimethylamino)pyridine (DMAP) and
triethylamine to afford the monoethers 25-30; yields for
this monoprotection are generally about 65%. The cro-
tonaldehyde-derived diols 20 and 23 were also transformed
into the triphenylmethyl (trityl) ethers 31 and 32.

(4) Preliminary communications on portions of this work have ap-
peared: (a) Heathcock, C. H.; Jarvi, E. T. Tetrahedron Leit. 1982, 23,
2825. (b) Heathcock, C. H.; Finkelstein, B. L. J. Chem. Soc., Chem.
Commun. 1983, 919. (c) Heathcock, C. H.; Jarvi, E. T.; Rosen, T. Tet-
rahedron Lett. 1984, 25, 243. (d) Heathcock, C. H.; Finkelstein, B. L.;
Aoki, T.; Poulter, C. D. Science (Washington, D.C.) 1985, 229, 862. (e)
Heathcock, C. H.; Radel, P. A. J. Org. Chem. 1986, 51, 4322.

(5) (a) Heathcock, C. H.; Buse, C. T.; Kleschick, W. A.; Pirrung, M.
C.; Sohn, J. E.; Lampe, J. J. Org. Chem. 1980, 45, 1066.

(6) Heathcock, C. H.; Pirrung, M. C.; Montgomery, S. H.; Lampe, J.
Tetrahedron 1981, 37, 4087.

(7) Ireland, R. E.; Newbould, J. J. Org. Chem. 1963, 28, 23.
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18: R'=H, R%2-Me 21: R'=H, R%=Me
R
A \/J\'/E\/OH
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22: R'=R2=H

23: R'=Me, R3=H
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H‘\/KH\/ OSiMe;'Bu R‘\/l\';\/OSiMez‘au
OH OH
25: R'=RZ%H 28: R'=R2H
26: R'aMe, R%=H 29: R'=Me, R2=H
27: R'sH, R%-Me 30: R'=H, R%=Me
: OTr
\/\')\/ OoTr \/\'/\/
OH OH
31 32

Preparation of Claisen Rearrangement Substrates:
Scalemic® Series. The Evans oxazolidone protocol® was
used to prepare the 2S,3R and 2R,3S $-hydroxy acids 35
and 38, as shown in Scheme I. These scalemic synthons
were transformed by the routes already described into
scalemic versions of diol 19 and ether 25.

1,4-Stereoselection by the Aldol-Claisen Strategy.
We first examined the Claisen rearrangement of aldol 11
under the Johnson—Faulkner orthoacetate conditions.!®
Although the rearranged keto ester 39 was obtained by this
method in 40% yield (eq 3), not surprisingly, the major

CH,C{OE),, t-BuCO,H,
# OSiMes 136°C.
OH ©
EtOgC/\/\J\'P<OSiMe3 @)

11
o}

39

products seemed to derive from § elimination. Even lower
yields of the rearrangement product were obtained with
the Eschenmoser amide acetal variant,!! retroaldolization
being the principal competing process in this case. Better
success was realized with allylic alcohols 26 and 31 (eq 4).
With trityl ether 31 the orthoacetate conditions gave the
desired rearrangement product (42) in 60% yield, but this
product was still accompanied by substantial amounts of
byproducts resulting from dehydration. However, the
Eschenmoser conditions converted alcohol 31 into amide
41 in nearly quantitative yield; a similar high yield was
obtained in the conversion of silyl ether 26 to amide 40.

(8) The term scalemic has been suggested by Professor James Brew-
ster, Purdue University, to describe an unequal mixture of enantiomers
(personal communication). According to Brewster’s suggestion, scalemic
and racemic are the macroscopic analogues of chiral and achiral, adjec-
tives that are best reserved for single objects such as molecules.

(9) Evans, D. A,; Bartroli, J.; Shih, T. L. J. Am. Chem. Soc. 1981, 103,
2127,

(10) Johnson, W. S.; Wethemann, L.; Bartlett, W. R.; Brocksom, J. J.;
Faulkner, D. J.; Petersen, M. R. J. Am. Chem. Soc. 1970, 92, 741.

(11) Felix, D.; Gschwend-Steen, K.; Wick, A. E.; Eschenmoser, A. Helv.
Chim. Acta 1969, 52, 1030.
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OR! aorb Rg2 OR!
\/\')\/ — W\*/ @

gl

OH o ¢
26: R'=SiMe,'Bu 40: R'=SiMe,'Bu, R?%=NMe,
31: R'=C(CgHs); 41: R'=C(CeHg)s, RP=NMe,

42: R'=C(CgHg)s, R2=OFt

a. CH,C(OEt)y, BUCO,H, 135 °C. b. CHAC{OMe),NMey, 140 °C.

Allylic alcohols 29 and 32 were subjected to the Eschen-
moser—Claisen rearrangement to obtain unsaturated am-
ides 43 and 44 in 92-98% yield (eq 5).

CH4C(OMe),NMe,,

H 140 °C
\/\|/\/ oR
OH
29: R=SiMe,'Bu
32: R=C(CgHy)a
MezN OR
5
o}

43: R=SiMe,'Bu
44: R=C(CeHy)s

Determination of the stereoselectivity of the foregoing
Claisen rearrangements was not straightforward. The *C
NMR spectrum of silyl ether 40, measured at 62.89 MHz,
showed the expected number of signals, but several were
accompanied by small upfield shoulders. Resolution at this
frequency was inadequate for accurate analysis of the
diastereomer ratio. The observation that the 3C NMR
resonances of the minor isomer are almost coincident with
those of the major isomer suggests that the minor product
also has an E double bond (i.e., is 43), since there is nor-
mally a large gauche shift for the allylic carbons in cis and
trans isomeric alkenes.!?

After experimenting with a number of columns and
conditions, we were successful in resolving the isomers of
the trityl ethers by high performance liquid chromatog-
raphy (HPLC) with a Pirkle type I-A column;!? the analysis
showed the diastereomer ratio of the product resulting
from ether 31 to be 90:10. Similar analysis of the product
from 32 showed it to be a 95:5 mixture of diastereomers.
13C NMR spectra of mixtures of amides 40 and 43 and
careful HPLC analysis showed that the minor isomer in
each case does have the E double bond. Thus, Claisen
rearrangement of alcohol 26 affords amides 40 and 43 in
a ratio of 90:10 and rearrangement of 29 provides the same
two isomers in a ratio of 5:95. Suitable control experiments
showed that these product ratios are time-independent and
therefore not the result of equilibration.

The stereochemistry of these Claisen rearrangements
may be discussed in light of Scheme II for an intermediate
derived from the syn isomers 26 and 31. Chair transition
state A and boat transition state B lead to the observed
major products 40-42, which have an E double bond and
the 3R*,6R* configuration at the two stereocenters; of
these, transition state A is clearly the more probable. Chair
transition state C and boat transition state D would lead
to isomeric products having a Z double bond and the
3S*,6R* configuration at the two stereocenters. There is
no suprafacial transition state that will convert the syn
derivative to the 38*,8R* derivatives 43 and 44. Since

(12) For (E)- and (Z)-2,5-dimethyl-3-hexene the 3C NMR resonances
for C-1, C-2, and C-3 are (E) 23.24, 31.64, 134.91; (Z) 23.76, 27.20, 135.45.
de Haan, J. W.; van de Ven, L. J. M. Org. Magn. Reson. 1973, 5, 147.

(13) Pirkle, W. H.; House, D. W. J. Chromatogr. 1980, 192, 143.
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antarafacial Claisen rearrangement is unlikely, we conclude
that the minor isomers in all of these rearrangements must
arise by a heterolytic, nonconcerted mechanism.
Application in Synthesis: Stereochemistry of the
Cy, Diol from Messel Shale Kerogen. To demonstrate
the utility of the foregoing strategy for 1,4-stereoselection
in synthesis, we set about to prepare hydrocarbon 45, one

o] H.
12Hes C12H25/|\/\r012 =

45 46

CizHas

§

isomer of a hydrocarbon prepared by Albrecht and co-
workers from the diethers of 13,16-dimethyloctacosane-
1,28-diol, isolated from Messel shale kerogen.!* As shown
in Scheme III, the double bond in unsaturated amide 40
was reduced with diimide, generated by the air oxidation
of hydrazine hydrate with cupric acetate catalysis, to
provide 47. Several attempts to accomplish this reduction
by catalytic methods resulted in loss of stereochemical
homogeneity, presumably because of double-bond isom-
erization. For example, hydrogenation over Adams catalyst
(reduced Pt0,), Rh/AL O3, and Ir/C gave 47 and its dia-
stereomer in ratios of 5.5:1, 8.5:1, and 6:1, respectively.
After removal of the tert-butyldimethylsilyl protecting
group, alcohol 48 was oxidized by the Praikh method!® to
give the aldehyde, which was condensed with
undecylidenetriphenylphosphorane® to obtain 49, mainly
as the Z stereoisomer. Amide 49 was reduced by lithium
in ammonia with added tert-butyl alcohol to give, after
workup, aldehyde 50 in 45% yield.l” The synthesis of 45
was completed by condensation of 50 with decylidenetri-
phenylphosphorane!® to give the Z,Z diene 51, which was
hydrogenated over Ir/C. The comparison of the synthetic
45 with an authentic sample of naturally derived hydro-
carbon was performed in Strasbourg by Albrecht and
Chappe; details of this comparison, which establish that
the Messel shale Cj, diol has the relative stereochemistry
of 46, have been described elsewhere.?
1,5-Stereoselection by the Aldol-Claisen Strategy.
Initial experiments with the Johnson-Faulkner and Es-
chenmoser variants of the Claisen rearrangement using
propionate or propionamide derivatives (e.g., eq 2, R* =
methyl) were not promising. Furthermore, these variants
do not offer the possibility to control the enol geometry.
We therefore turned our attention to the Ireland eno-
late—Claisen rearrangement.? Acylation of the acrolein and
methacrolein-derived diol monoethers 25, 27, 28, and 30
is carried out by treatment with propionyl chloride and
pyridine in methylene chloride; esters 52-55 were thus
prepared. As is shown in Scheme IV, esters 52 and 53 give
the 2,6-syn products 56 and 57 if the rearrangement is
carried out by way of the E enolate,!® whereas the 2,6-anti

(14) (a) Chappe, B.; Michaelis, W.; Albrecht, P. Advances in Organic
Geachemistry 1979; Douglas, A. G., Maxwell, J. R., Eds.; Pergamon:
Oxford, 1980; p 265. (b) Chappe, B.; Michaelis, W.; Albrecht, P.; Our-
isson, G. Naturwissenschaften 1979, 66, 522. (c) Chappe, B.; Albrecht,
P.; Michaelis, W. Science (Washington, D.C.) 1982, 217, 65.

(15) Praikh, H. K.; von E, Doering, W. J. Am. Chem. Soc. 1967, 89,
5055.

(16) Starratt, A. N, Chem. Phys. Lipids 1976, 16, 215.

(17) For a previous application of this procedure for conversion of an
amide to an aldehyde, see: Birch, A. J.; Craig, J. C.; Slaytor, M. Aust.
J. Chem. 1955, 8, 512.

(18) Chasin, D. G.; Perkins, E. G. Chem. Phys. Lipids 1971, 6, 8.

{(19) In describing the stereochemistry of ester enolates, the convention
of Evans is followed, wherein the metal-associated oxygen of the enolate
is the stereochemical determinant, regardless of the nature of the metal.
See: Evans, D. A. Asymmetric Synthesis; Morrison, J. D., Ed.; Academic
Press: New York, 1984; Vol. 3.
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Scheme I
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products 58 and 59 are produced if the rearrangement
involves the intermediate Z enolate. With the diastereo-
meric esters 54 and 55 just the opposite is true; products
58 and 59 result from the E enolate Claisen rearrangement
and 56 and 57 are produced from the Z enolate interme-
diate. Although we have prepared each of the four com-
pounds 5659, only six of the eight possible transforma-
tions summarized in Scheme IV were actually carried out.
The yields obtained are summarized in Table II.

We found diastereomers 56 and 58 to be very difficult
to distinguish by using the !3C NMR spectrometers
available to us when the rearrangements in Scheme IV
were studied (62.89-75.47 MHz). We were also unsuc-
cessful in finding derivatives of 56 and 38 that could be
resolved by analytical HPLC. That the rearrangements
carried out with racemic substrates gave products of
greater than 90% diastereomeric purity could be demon-
strated by 3C NMR spectra of mixtures of (£)-56 and
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Scheme III¢

CroHzr
40 2 o MezNY\/\)\/OSiMeztBu — MegNY\/\)\/OH L MSQNW

o} 0 o
47 48 49

/\/\)\)Cw Hz1 CoH1e CioHz
-] f
— oM & — W - C‘ZHE\/\)\cmHgs

50 51 45

“(a) NH,NH,-H,0, Cu(OAc)y; (b) (n-Bu),N*F-, THF; (c) CsH;NSO;, DMSO, CH,Cly; (d) CyoHy CH=PPhy; (e) Li, NH,, t-BuOH; (f)
CgH,iCH=PPhy; (g) H,, Ir/C, EtOH.

Scheme IV*
R
a 0OSiMe,'Bu b
HOZCJ\)\/k/
56: R=H
57: R=Me
R R
)\/l\/osmz*su )\/I\/OSiMeg'Bu
/YO /\ro
e} o} 54: R=H
52: R=H H R §5: R=Me
53: R= o Mosm Bug *®
Me HO,C 2
58: R=H
59: R=Me

¢(a) E enolate conditions: i, LDA, THF, 78 °C; ii, t-BuMe,SiCl, HMPA, iii, 0 °C; (b) Z enolate conditions: i, LDA, THF, HMPA, -78

°C; ii, t-BuMe,SiCl; iii, 0 °C.

Table II. Claisen Rearrangements of Esters 52-55
(Scheme IV)

yield, Claisen
ester enolate  product % stereoselectivity

(S*,8%)-52 E (£)-56 48 >90:10°
(R,R)-52 E (+)-56 80 95.5:4.5°
(8,8)-52 E (-)-56 86 95.5:4.5°
(S,9)-52 zZ (+)-58 80 94.5:5.5°
(S*,R*)-54 E (£)-58 84 >90:10°
(S*,R*)-54 Z (£)-56 58 >90:10°
(S8*,R*)-53 E (£)-57 85 >90:10°
(5*,5%)-55 E (*)-59 63 >90:10.

¢Ratio estimated by ®*C NMR spectroscopy; see text. °Ratio
determined by °F NMR spectroscopy on a derived Mosher ester;
see text.

(£)-58. However, the resolution at these frequencies was
not sufficient to assign a more precise value for the ste-
reochemical purity.

With the scalemic esters (S,S)-52 and (R,R)-52, however,
we were able to make use of an interesting method to arrive
at an exact value of the stereochemical purity of products
(+)-56, (-)-56, and (+)-58. The method is illustrated in
Scheme V for (-)-586, obtained by rearrangement of the E
enolate of (R,R)-52. Saturation of the double bond (H,
over Adams’ catalyst) gives (-)-60, which is methylated to
obtain ester (-)-63. Desilylation, followed by acylation of
the resulting primary alcohol with Mosher’s acid chloride,
(R)-2-methyl-2-phenyl-3,3,3-trifluoropropionyl chloride,?

provides the diester 64. Examination of this material by
9F NMR spectroscopy showed two singlets in a ratio of
98.5:1.5. This ratio, then, corresponds to the stereoselec-
tivity of the aldol addition leading from N-propionyl-
oxazolidone 33 to aldol 34 (Scheme I). Reduction of (-)-60
affords primary alcohol (+)-61, which is similarly converted
into the Mosher ester 62. °F NMR analysis of this ma-
terial shows two singlets in the ratio of 94:6, corresponding
to the ratio of R and S configuration at C-2 in (-)-56. From
these independent determinations of the stereochemical
homogeneity at the two stereocenters, we can easily com-
pute the stereoselectivity (X) of the Claisen rearrangement:

0.985X + 0.015(1 - X) = 0.94
X = 0.955

Similar exercises were carried out with (+)-56 and (+)-58
to derive the Claisen stereoselectivities shown in Table II.

Application in Synthesis: Synthesis of the Vitamin
E Side-Chain Alcohol. As a first demonstration of the
value of the aldol-Claisen sequence for 1,5-stereoselection,
we carried out a synthesis of the racemic alcohol 67
(Scheme VI), the scalemic version of which has been
converted into vitamin E.2! Tosylate (£)-65, obtained in

(20) Dale, J. A,; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34,
2543.
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Scheme V¢
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¢ (a) Hy, PtO,, EtOAc; (b) LiAlH,, ether; (c) CH;N,, ether; (d) (S)-2-methyl-2-phenyl-3,3,3-triflucropripionyl chloride, DMAP, CH,Cl,; (e)

(n-Bu) ,N*F-, THF.

HO

the normal manner from (+)-61, was coupled with (3-
methylbutyl)magnesium bromide by Kochi’s conditions??
to obtain ether (+)-66. Standard deprotection of the latter
substance provided (%)-67, identical by *C NMR spec-
troscopy with a sample supplied us by Dr. Noal Cohen of
Hoffman La Roche.

Application in Synthesis: Synthesis of the Ar-
chaebacterial C,, Diol and a Stereoisomer. As a fur-
ther application of the strategy being developed, we turned
our attention to the “archaebacterial C diol”.® Although
the gross structure of this substance had been established
as 68, the stereochemistry was not known. As shown in
Scheme VII, the C, diol structure may be visualized as
arising from four C,, units, E-H, each having two stereo-
centers with a 1,5 relationship. We have shown that the
aldol-Claisen sequence can provide Cgy units of the sort
required, with any desired stereochemistry. In principle,
then, we could synthesize each one of the 132 stereoisomers
of structure 68, compare them with the naturally derived
material, and thereby determine the stereochemistry of the
natural product.

Several considerations led us to prepare two of these
isomers, 69 and 70. First, because of the primitive nature

(21) (a) Cohen, N.; Eichel, W. F.; Lopresti, R. J.; Neukom, C.; Saucy,
G. J. Org. Chem. 1976, 41, 3505. (b) Cohan, N.; Scott, C. G.; Neukom,
C.; Lopresti, R. J.; Weber, G.; Saucy, G. Helv. Chim. Acta 1981, 64, 1158.

(22) Tamura, M.; Kochi, J. Synthesis 1971, 303.

(23) For a background discussion of this portion of the project, see the
introductory paragraphs of ref 4d.

Scheme VI°®
Ho\)\/\/l\/osaMez'Bu 2,
(£)-61
Tso\)\/\/l\/OSiMez'Bu i
(£)-65
)\/\/L/\/L/OSiMeZ'Bu c
—
(£)-66
)\/\/l\/\/L/OH
(£)-67

3(a) p-TsCl, CsHsN, CH;Cly; (b) Me,CHCH,CH,MgBr, Li,Cu-
Cl,, THF; (¢) (n-Bu),N*F-, THF.

of the organisms giving rise to the C,, diol, it is likely that
each of the similar stereocenters is created by a single
enzyme, probably one in which a trisubstituted double
bond is saturated. Thus, it is probable that the stereo-
centers at C-3, C-7, C-11, C-22, C-26, and C-30 all have the
same absolute configuration. Furthermore, it is likely that
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Scheme VII
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a(a) p-TsCl, CgHgN, CH;Cly; (b) KCN, 18-crown-6, CH;CN; (c) Dibal, pentane; (d) LiAlH,, ether; () CH;O0CH,CH,0CH,Cl, DMAP,
(i-Pr),NEt, CH,Cl,; (f) HF, H,0, CH,CN; (g) CH;80,Cl, CsH;N, CH,Cl,; (h) PhSLi, THF, 25 °C; (i) m-CPBA, CH,Cl; ) (n-Bu),N*T-,

THF.
Scheme IX*
SO,Ph
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79 ——e MEMO OSiMez'Bu
83
MEMO\/\l/\/\l/\/\r\/\r\ OR MEMO\/\|/\/\|/\/\|/\/\|/\ Br
84: SiMe,*Bu 87
85: R=H
86: R=MsO

%(a) i, 2 equiv of n-buLi, THF, ii, 81, HMPA; (b) Li, THF, HMPA, t-BuOH, Na,HPO,; (c) HF, CH,CN; (d) CH3S0,Cl, C;H;N, CH,Cl;

(e) (n-Bu),N*Br-, THF.

these centers have the K absolute configuration, since
Kates has shown that the related Cy, alcohol dihydro-
phytol, obtained from the archaebacterium Halobacterium
cutirubrum has the 3R,7R,11R configuration. However,
stereocenters C-15 and C-18 are another matter. The
biosynthesis of the C,, diol has not yet been elucidated.
It is possible that the C-16, C-17 bond is formed before
the C-15 and C-18 stereochemistry is created. In such a
case, one would probably except these centers to be formed
by the same biosynthetic step utilized for creation of the
other stereocenters; isomer 69 would then correspond to
the C, diol. If the C-16,C-17 is formed after double-bond

(24) Kates, M.; Joo, C. N.; Palameta, B.; Shier, T. Biochemistry 1967,
6, 3329.

reduction has occurred, by activation of one of the terminal
methyl groups of dihydrophytol, one could imagine that
the C,, diol might be either 69 or 70. Thus, these two
structures are, on biosynthetic grounds, the most likely
candidates. But there is another reason to prepare these
two isomers. Our plan was to compare our synthetic
material with a naturally derived sample by *C NMR
spectroscopy. We believed that, of the many isomers of
gross structure 68, compounds 69 and 70 would have the
most similar 1*C NMR spectra. Like diol 69, 70 has C,
symmetry and can show a maximum of 20 3C NMR res-
onances. In addition, the stereochemical differences in
these two isomers occur only at C-15 and C-18, far away
from the functional ends of the chain. By having both
isomers in hand, we could demonstrate that our method
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of comparison can distinguish between such stereoisomers.

Our first target was diol 69. The basic synthetic plan
was to convert the diol monoether (+)-61 into a 10-carbon
unit, couple two of these units to give a 20-carbon block,
and dimerize the latter substance to obtain 69. Conversion
of (+)-61 to suitably protected and functionalized ho-
mologated versions is summarized in Scheme VIII. To-
sylation of (+)-61 affords 71, which is homologated by
Liotta’s method,” using potassium cyanide and 18-crown-6
in acetonitrile. Reduction of nitrile 72 with diisobutyl-
aluminum hydride affords aldehyde 73. The carbonyl
group is further reduced with lithium aluminum hydride
and the resulting primary alcohol 74 is protected as the
(2-methoxyethoxy)methyl (MEM) ether (75).% Removal
of the tert-butyldimethylsilyl ether gives alcohol 76, which
is transformed into mesylate 77. Displacement of the
mesylate with lithium thiophenoxide affords sulfide 78,
which is oxidized by m-chloroperoxybenzoic acid
(MCPBA) to obtain sulfone 79. Mesylation of 74 affords
80, which is transformed by tetra-n-butylammonium iodide
in refluxing THF into iodide 81.

Initial attempts to couple sulfone 79 and iodide 81
produced a surprising result. Treatment of the sulfone
with 1.5 equiv of n-butyllithium at -20 °C in THF that
had not been thoroughly degassed, followed by cooling to
—78 °C, addition of iodide 81, and warming to room tem-
perature, gave none of the expected alkylation product.
Instead, alkene 82 was produced in 45% yield (eq 6). A

1. n-Bull, THF, (O,
2. 81
79 _—
MEMO
\/\'/\/Y\/'\/\)\/\OMEM 6)

82

brief investigation of this unusual reaction showed that
oxygen is involved and that alkene formation may be
suppressed by carrying out the alkylation in rigorously
degassed THF.Z Oxidative coupling of two sulfone anions,
mediated by oxygen, could give a bis sulfone. Compounds
of this kind are known to undergo reductive elimination
with reagents such as sodium amalgam.” In the current
case, the sulfone anion itself could be the reducing agent
(which, in principle, could make the overall reaction cat-
alytic in oxygen).

Even in thoroughly degassed THF, alkylation of the
monoanion of sulfone 79 is sluggish. However, the dianion,
produced by treatment of 79 with 2 equiv of n-butyl-
lithium, reacts with iodide 81 in a mixture of THF and
HMPA to give sulfone 83 in 65-85% yield (Scheme IX).
Considerable difficulty was experienced in desulfonylation
of 83. After exploring a number of methods, we found that
best yields are obtained with a method developed by
Danheiser and Bronson, wherein the reduction is accom-
plished by lithium wire in a mixture of THF and HMPA,
with tert-butyl alcohol added as a proton source.”’ We
modified the Danheiser-Bronson procedure by adding a
buffer (Na,HPO,) and carried out the reaction in a soni-
cator bath. Under these conditions, the reduction of 83

(25) Cook, F. L.; Boweres, C. W.; Liotta, C. L. J. Org. Chem. 1974, 39,
34186.

(26) Corey, E. J.; Gras, J.-L.; Ulrich, P. Tetrahedron Lett. 1974, 809.

(27) R. L. Danheiser and his co-workers have discovered the same
reaction in another system; personal communication.

(28) De Lucchi, O.; Lucchini, V.; Pasquato, L.; Modena, G. J. Org.
Chem. 1984, 49, 596.
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is quite reproducible and the yield of alcohol 85, although
not spectacular, is reasonable (45-50%). Mesylate 86 is
displaced with tetra-n-butylammonium bromide in THF
to obtain bromide 87.

The final bond construction was achieved by oxidation
of the Grignard reagent derived from bromide 87 with
silver nitrate (eq 7). The best yield we were able to obtain
in this oxidative dimerization was 30%, probably because
of the very small scale (0.2-0.3 mmol) on which the reac-
tion was carried out. The principal side reaction (30-40%)
was simple reduction to the Cy; ether 89; about 10% of an
alcohol resulting from oxidation of the Grignard reagent
was also formed. Removal of the MEM protecting group,
which was accomplished by HBr in aqueous methanol,®
gives the Cy, diol 69; similar treatment of ether 89 provides
dihydrophytol (90).

For the synthesis of isomer 70 we must have stereo-
chemically different C,; units. Synthesis of the first began
with diol monoether (-)-61 and is summarized in Scheme
X. The free hydroxyl of (-)-61 is protected as the MEM
ether 91, and the silyl