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ABSTRACT

A convenient and asymmetric protocol for the synthesis of chiral oligoisoprenoids is described. Typically, a C14 vitamin E side chain 5 was
synthesized in 47% yield over four steps. Isomeric purity of 5 was upgraded to >99% R at C-2 and 97% R at C-6 by the statistical formation
of stereoisomeric p-phenylenebisurethanes and their diastereomeric separation. In addition, phytol and vitamin K were synthesized in 21%
and 28% overall yields, respectively, over five steps from 1.

We describe herein a novel, highly efficient, and enantio-
selective protocol for the synthesis of natural products
containing chiral alkyl chains via the Zr-catalyzed asym-
metric carboalumination of alkenes1-3 and the Cu-catalyzed

homoallylation or homopropargylation4 of â-branched chiral
alkyl iodides or sulfonates.

Of various natural products of terpenoid origin, those
containing saturated and flexible chiral chains, such as
vitamins E and K,5 have presented one of the ultimate
synthetic challenges from the methodological viewpoint.
Highly desirable is a synthetic protocol permitting high
efficiency including high product yields and high selectivity,
especially high enantioselectivity,6 while simultaneously
satisfying various other requirements. One of the current
benchmark syntheses is that of a C15 side chain of vitamins
E and K reported by Noyori,5h which appears to satisfy the

† This paper is dedicated to Professor Herbert C. Brown, a pioneer in
organometallic enantioselective synthesis, on the occasion of his 90th
birthday.
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above-mentioned requirements reasonably well. Even so,
asymmetric construction of the chiral centers in the reported
cases requires stereodefined allylically heterosubstituted
alkenes that must be synthesized and purified for subsequent
asymmetric operations.

We recently reported a novel Zr-catalyzed enantioselective
carbon-carbon bond formation of simple, unactivated,
terminal alkenes,1 which represents an as yet rare example
of high enantioselection of one-point binding. While the ee
figures observed with alanes containing Et and higher alkyls
are typically g90%, those observed with the singularly
important methylalanes are about 75%.7 Along with our
efforts to improve the ee figures for methylalumination,8 we
were attracted by the statistical principle of enantiomeric
amplification (Horeau principle)9 through iteration of two
or more asymmetric operations or combination of two or
more chiral compounds. Thus, in the absence of internal
chiral recognition, the overall % ee after multiple asymmetric
operations (and/or synthetic combinations) may be readily
predicted from the coefficients of the general mathematical
expression (a1R + b1S)(a2R + b2S)..., wherean andbn are
molar fractions of thenth R andS molecules or molecular
moieties. This also indicates the maximum possible chemical

yield for each stereoisomer. It is noteworthy that two and
three successive and independent (lacking internal chiral
recognition) enantioselective operations of 85% and 70%
ee’s, respectively, are sufficient to provide chiral compounds
of ca. 99% ee, while permitting maximum possible chemical
yields of 86.1% and 61.8%, respectively10 (Table 1).

With this statistical principle in mind, efficient syntheses
of phytol and vitamins E and K without protection-
deprotection or redox manipulation shown in Scheme 1 were
devised. We believe that these are the most direct and shortest
syntheses of vitamin E and K side chains and phytol reported
to date. The reaction of1 with Me3Al (1 molar equiv) and
2 mol % of (-)-(NMI)2ZrCl211 in CH2Cl2 at 23°C1 followed
by treatment with I2 (4 molar equiv) in Et2O produced iodide
2 in 72% yield. Oxidation of the carboalumination product
with O2 similarly gave the corresponding alcohol3 in 79%
yield. Analysis of the1H NMR spectra of its Mosher esters
obtained by using both (R)- and (S)-R-methoxy-R-trifluoro-
methylphenylacetyl chlorides (MTPA) and pyridine indicated
3 to be 74% ee. Either2 or 3 was readily converted to4 via
Cu-catalyzed coupling with 3-butenylmagnesium bromide in
93% or 78% yield, respectively, as shown in Scheme 1.
Conversion of4 into 5 was carried out in 76% yield as in
the conversion of1 into 3.

Analysis of the1H NMR spectra of the Mosher esters of
5 indicated that the second Zr-catalyzed carboalumination
step to be 74% ee. It may therefore be concluded that the
second carboalumination step is essentially unaffected by the
first asymmetric carbon center. Although the NMR analysis
mentioned above failed to directly establish the overall ee
of 5, the statistical analysis discussed above indicated that
the overall ee should be 95.6%.12 The calculated diastereo-
meric ratio, i.e., (R,R + S,S)/(R,S+ S,R), of 3.42 agreed
well with the experimental value of 3.3 obtained from the
relative intensities of13C NMR signals for the C atoms of
the CH3 groups bonded to the C-2 and C-6 atoms.

Noting in the literature13 that all four diastereomers of
vitamin E can be separately seen by13C NMR spectroscopy,
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Table 1. Statistical Enantiomeric Amplification in Iterative
Enantioselective Processes

dimeric products trimeric products% ee of
each cycle max yield (%) % ee max yield (%) % ee

70 74.5 94.0 61.8 98.9
75 78.1 96.0 67.2 99.4
80 82.0 97.6 73.0 99.7
85 86.1 98.8 79.2 99.9
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we decided to use the optically pureR isomer (g99%R) of
a chroman derivative75a in Scheme 1 obtained via resolution
as a reagent for determining the overall ee of5. To this end,
5 was converted into6 in 95% yield and then into vitamin
E in 50% yield by the reported procedure,5b as shown in
Scheme 1. Assuming that the final cross-coupling step is
essentially statistical, theR,R,R:R,S,S:(R,R,S+ R,S,R) ratio
for vitamin E may be calculated to be 75.7:1.7:(11.3+ 11.3).
13C NMR analysis of the C-3′ signals indicated the experi-
mental ratio to be 75.2:1.2:(10.3+ 13.3), which is in
excellent agreement with the calculated ratio, strongly
suggesting that the cross-coupling step producing vitamin E
must indeed be essentially statistical. Furthermore, the above-
indicated R,R,R to R,S,S ratio of vitamin E observed
experimentally permits determination of the overall ee of5
to be 96.7%,14 which once again is in excellent agreement
with the statistically predicted value of 95.6% (vide supra).

Although the % ee of the final product, i.e., vitamin E, was
not experimentally determined in this experiment,15 it now
seems very safe to predict that the statistical cross-coupling
(vide supra) of6 (96.7% ee) with7 (g98% ee) must have
produced vitamin E of>99.9% ee. It should also be noted
that the observation of the highest field signal of the four
signals for the C-3′atom as the major one, to which the
R,R,R (andS,S,S) isomers were previously assigned,13 further
confirms the assignment of theR andR,Rconfigurations to
2-4 and5 (or 6), respectively.

Having established the feasibility of efficiently synthesiz-
ing flexible chiral compounds such as5 and6 in high ee,
we then turned our attention to no less challenging issue of

(13) Bremser, W.; Vogel, F. G. M.Org. Magn. Reson. 1980,14, 155.

(14) The experimental overall % ee of5 ) ((75.21- 1.25)/(75.21+
1.25))× 100 ) 96.7%.

(15) It has been reported that a combination of capillary GLC and HPLC
using a chiral column distinguishes all eight stereoisomers of vitamin E:
Vecchi, M.; Walther, W.; Glinz, E.; Netscher, T.; Schmid, R.; Lalonde,
M.; Vetter, W.HelV. Chim. Acta1990,73, 782.
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stereoisomeric separation for isolation of the desired single
stereoisomer. In addition to the classical resolution technique
requiring purechiral reagents, we were also attracted by the
feasibility of using bi- and multifunctionalachiral reagents
for statistical enantiomeric or asymmetric amplification.9c-e

This has been reported only in a few papers since Horeau’s
original publication in 1973.9c Furthermore, the substrates
have been restricted to relatively rigid secondary and tertiary
alcohols in which the chiral center is at the HO-bearing C
atom.

Treatment of3 (74% ee) withp-phenylene diisocyanate
(PPDI) in a 2:1 molar ratio in benzene in the presence of
2% DABCO at 60°C over 4 h produced the corresponding
bisurethane (11) in quantitative yield as a crystalline
compound, which could be readily recrystallized from MeOH
(Scheme 2). After four cycles of recrystallization requiring

<1 day, the crystals recovered in 43% were treated with
NaOEt in EtOH under reflux for 0.5 h to give a 95% yield
of 3, which was 93% ee by Mosher ester analysis. Prompted
by these initial results, we then subjected5, which was 87%
R and 13%S, i.e., 74% ee, at both C-2 and C-6, to the
treatment with PPDI and recrystallization from MeOH. To
our delight, the bisurethane readily crystallized, and its
recrystallization from MeOH required only 0.5-1 h for each
cycle. We also learned that the progress of asymmetric
enrichment could be readily checked by monitoring the ratios
of diastereomeric bisurethane by13C NMR spectroscopy.
After nine cycles of recrystallization, reductive cleavage of
the urethane with LiAlH4 in THF at 50°C for 1 h in 98%
yield provided5 ([R] 23

D +9.21; lit. max value+9.365a),
which was recovered in 33% overall yield, as compared with
the statistically estimated maximum recovery of 57.3%.16 On
the basis of a reasonable assumption that the formation of
the bisurethane12 is statistical, the desiredR,R,R,Risomer
is predicted to be 99.9% ee.17 The Mosher ester analysis
indicated that the stereoisomeric purity at C-2 to be well
over 99%. Furthermore, the stereoisomeric purity at C-6 was
also determined to be 97% (or 94% ee at C-6) by13C NMR
analysis of the C-12 and C-13 signals. Thus, the C14 chain
moiety of vitamins E and K as well as of phytol, i.e.,5, has
been synthesized in 97% overall isomeric purity, providing

the first example of separation-purification of primary
alcohols resorting to statistical asymmetric amplification.

For the synthesis of (R,R)-phytol, which is a widely used
key intermediate for the synthesis of both vitamin E5a,i,j and
vitamin K,18 the methylalumination product obtained from
4 was converted to iodide8. After its Cu-catalyzed cross-
coupling with Me3SiCtC(CH2)2MgBr and desilylation with
methanolic KOH to give9, its methylalumination with
Me3Al-Cp2ZrCl2 followed by evaporation of the volatiles,
ate complexation withn-BuLi, and treatment with (CH2O)n
in THF19 affordedg99% (E)-phytol in 65% yield, the yield
based on1 over five steps being 21%. In fact, vitamin K
was preparable more directly by alkenylation with alkenyl-
alanes20 of a naphthoquinone derivative1021 in 86% yield
(28% over five steps).

In summary, the preliminary results reported above have
established the feasibility of developing an efficient protocol
with minimal or no protection-deprotection and redox
manipulations for the synthesis of phytol and vitamins E and
K, which promises to be applicable to many other related
syntheses. It has been demonstrated that the statistical
asymmetric amplification principle permits the synthesis of
flexible primary alcohols of high stereoisomeric purity
containing two or more asymmetric carbon atoms even if
each stereogeneric process is of modest stereoselectivity. Not
only synthetic iteration or combination but also stereo-
isomeric purification based on statistical asymmetric ampli-
fication can be exploited in their syntheses. At the same time,
however, the results point to the desirability of further
improving the enantioselectivity in each stereogeneric syn-
thetic step for higher practical synthetic values. Our efforts
along this line are in progress.

Acknowledgment. We thank the National Science Foun-
dation (CHE-0080795), the National Institutes of Health (GM
36792), and Purdue University for supports of this research.
We also thank Albemarle, Boulder Chemical, and Johnson-
Matthey for assistances in the procurement of Al, Zr, and
Pd compounds, respectively. Information on the analysis of
vitamin E provided by Drs. D. Burdick, T. Netscher, A.
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