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ABSTRACT

Diastereoselective conversion of π-allylmolybdenum complex aldehyde 1 to organometallic triol 4 and diols 5, 10, and 13 is described.
Stereocontrolled demetalation of 4, 5, and 13 was accomplished, leading to hydroxylated tetrahydrofurans and γ-butyrolactones, as single
diastereoisomers.

Substituted tetrahydrofurans andγ-butyrolactones are present
in the structures of a wide variety of natural products1 with
biological importance,2 so that their stereocontrolled synthesis
represents a current objective for synthetic organic chem-
ists.3,4 Here we report a novel methodology for the construc-
tion of hydroxylated tetrahydrofurans andγ-butyrolactones,
via a diastereoselective osmylation or hydroboration reaction
of organometallic species having an allylic alcohol or,
respectively, anR,â-unsaturated ester lateral to aπ-allyl
molybdenum system. Our work started by subjecting the

previously reported5 aldehyde1 to a Horner-Wadsworth-
Emmons reaction,6 which afforded theR,â-unsaturated ester
2 as a single isomer, with the C-C double bond inE
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configuration. DIBAL-H reduction7 of ester2 provided allylic
alcohol3 in 98% yield (Scheme 1).8

Triol 4 was obtained as a single diastereoisomer9 (by
NMR) by treating3 with osmium tetroxide, followed by
reaction of the osmate intermediate with H2S in methanol.10

Treatment of intermediate3 with borane, followed by
oxidative workup, resulted in a separable mixture of 1,2-
diol 5 (major) and primary alcohol6, in a combined yield
of 86%. The reaction was regioselective, with no 1,3-diol
being detected in the reaction mixture. This result is probably
a consequence of the well-documented11 directing effect of
the allylic hydroxy group in hydroborations, together with
the bulkiness of theπ-allyl molybdenum moiety. A single
set of signals was observed in the1H NMR spectrum of5,
recorded either in CDCl3 or C6D6, indicating that the borane
addition to 3 was completely diastereoselective. An ac-
cidental magnetic isochronism of all NMR signals of the two
possible epimers of5 is very unlikely but theoretically still
possible, so that we considered it important to synthesize
the epimer of5 that could be formed as a minor product
during the hydroboration of3. Pursuing this idea, we
attempted to perform acis olefination of1 with bis(2,2,2-

trifluoroethyl)(methoxy-carbonylmethyl)phosphonate, by the
method that was earlier developed by Still12 for the dia-
stereoselective synthesis ofZ R,â-unsaturated esters. Unfor-
tunately, applying this protocol to our organometallic alde-
hyde,1, resulted in aZ/E mixture of esters in a 7:3 ratio, at
best. The ester products7 and8 were separated by prepara-
tive thin-layer chromatography, andZ isomer7 was reduced
with DIBAL-H to the corresponding allylic alcohol9. The
hydroboration of9 under the same conditions as for3 led to
1,2-diol 10 as a single regio- and diastereoisomer in only
24% yield, together with 55% of6 (Scheme 2).

The molar ratio of10 to 6 was improved to 1:1 when the
addition of borane was performed at-30 °C.13 The NMR
signals of10 (both1H and13C) were different from those of
its diastereoisomer, so that the single set of resonances
observed for5 (or epimer10) represents indeed a single
diastereoisomer; hence the hydroboration of3 (or 9) is a
highly stereocontrolled reaction.14

The origin of diastereoselectivity during the reactions
performed on allylic alcohols3 and 9 deserves further
comment. The conformational equilibrium associated with
the rotation around the single bond C(3)-C(4) is strongly
shifted toward thes-transconformer, as a result of the severe
nonbonding interactions present in thes-cis conformer
(Figure 1). We have previously shown5 that the C(2)-methyl
substituent plays a dominant role in controlling the confor-
mation of these compounds.

NOESY experiments performed on3 and9 support this
conclusion. Thus, a NOESY cross-peak was observed for
the methylTH(4) signals of3, but not for the methylTH(5)
signals. Similarly, NOESY cross-peaks were observed for
methylTH(4) and H(3)TH(6) signals of9, but not for
methylTH(6) signals. These observations clearly suggest that
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(14) 1H and13C NMR spectra of5 and10, as well as of a mixture of the
two are available within the Supporting Information.
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s-trans conformers of3 and 9 are dominant in solution.
Semiempirical calculations (Spartan PM3)15 also showed that
s-transconformers are more stable thans-cis ones by 4.7
kcal/mol for 3 and 3.3 kcal/mol for9. This conformational
homogeneity,16 together with the ability of [Tp(CO)2Mo]
moiety to direct attack of the reagents on the double bond
anti to the metal, renders the reaction diastereoselective.17

The relative stereochemistry of the newly formed stereogenic
centers in4, 5, and10with respect to the metal was assigned
on the basis of these arguments, as well as on previously
reported X-ray diffraction data.5 A similar stereochemical
outcome was previously observed by Liu and co-workers
for the C-alkylation of lithium enolates attached to an acyclic
[(π-allyl)Cp(CO)2Mo]18 system with aldehydes, as well as
for the reduction of ketone groups attached to the same
organometallic system.19

Compounds4 and 5 were demetalated by a ligand
exchange reaction with NOBF4 at 0 °C, followed by
treatment with Na2CO3 and exposure to air at room temper-
ature.19 Theπ-allylmolybdenum moiety is activated toward
an internal nucleophilic attack by the primary hydroxy group,
by replacing a CO neutral ligand on molybdenum with the
positively charged NO+. Tetrahydrofuran products11 and
12were obtained as single diastereoisomers, as judged from
their NMR spectra.

For dihydroxylation of the unsaturated ester2, which is
more electron-deficient than3, we used the procedure
reported by Donohoe and co-workers20 for the osmylation
of allylic trichloroacetamides, also electron-deficient. The

ester2 was treated with osmium tetroxide in THF, in the
presence of tetramethylethylenediamine (TMEDA), at-78
°C, leading diastereoselectively to diol13 in 94% yield after
cleavage of the osmate intermediate. The relative stereo-
chemistry of 13 was assigned on the basis of the same
rationale as discussed earlier for4, 5, and 10. Several
attempts to hydrolyze diol ester13with LiOH or KOH failed
during or after the neutralization of the resulting salt with
diluted HCl. This behavior was attributed to the presence of
a hydroxy group vicinal to theπ-allylmolybdenum moiety
in 14, which might undergo metal-assisted elimination in
acidic conditions. Eventually we resolved the problem by
hydrolyzing13 with KOH, followed by neutralization with
HCl at 0 °C, extraction into EtOAc, and addition of small
amounts of Et3N to the solution of crude acid14 to neutral
pH. Removal of solvent provided the triethylammonium salt
of 14,21 which was subjected to demetalation22 without further
purification. Treatment with NOBF4 at 0 °C, followed by
addition of Et3N and subsequent exposure to air at room
temperature, afforded lactone15 (Scheme 4) as a single
diastereoisomer (by NMR).

The relative stereochemistry assignment for the stereogenic
centers in11, 12, and15 was straightforward, based solely
on the stereochemistry of their precursors and on the known

(15) Hehre, W. J.; Huang, W. W.Chemistry with Computation: An
Introduction to SPARTAN; Wavefunction, Inc.: Irvine, CA, 1995.

(16) Harvey, D. F.; Selchau, V. B.J. Org. Chem.2000, 65, 2282-2286.
(17) Ley, V. S.; Wright, E. A.J. Chem. Soc., Perkin Trans. 12000,

1677-1683. Takemoto, Y.; Ishii, K.; Honda, A.; Okamoto, K.; Yanada,
R.; Ibuka, T.J. Chem. Soc., Chem. Commun.2000, 1445-1446.

(18) Cp) cyclopentadienyl
(19) Lin, S.-H.; Lush, S.-F.; Cheng, W.-J.; Lee, G.-H.; Peng, S.-M.; Liao,

Y.-L.; Wang, S.-L.; Liu, R.-S.Organometallics1994, 13, 1711-1719. Lin,
S.-H.; Lee, G.-H.; Peng, S.-M.; Liu, R.-S.Organometallics1993, 12, 2591-
2599.

Figure 1. Conformational equilibrium associated with the rotation
around the C(3)-C(4) single bond of3 and9, shown by NOESY
correlations to be strongly shifted towards-trans conformers
(arbitrary numbering).

Scheme 3

Scheme 4
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fact that during demetalation nucleophiles attack the activated
allyl moiety anti to the metal.23 The coupling constants of
proton H(3) in12 with pseudoaxial protons H(4) and H(2)
are 5.2 and 4.1 Hz, and with pseudoequatorial protons H(4)
and H(2) they are 1.3 and 1.4 Hz, respectively. These values
are in agreement with a pseudoequatorial orientation for
proton H(3), that is, atrans relationship between the
3-hydroxy group and the 5-isopropenyl group,24 with the last
one, being oriented pseudoequatorial,25 as inferred from the
vicinal coupling constants of H(5) with protons at position
4 (Figure 2).26 The NOE experiment that we performed on
compound11 by irradiating the methyl protons of the
isopropenyl group showed an enhancement only for the
signals of theZ vinyl proton, for H(5) and for H(4), being
thus unhelpful for a configuration assignment.

In summary, we have demonstrated that osmylation and
hydroboration of allylic alcohols and osmylation ofR,â-
unsaturated esters attached to aπ-allylmolybdenum system
occur with essentially complete diastereoselectivity and that
the products can be demetalated to give tetrahydrofuran and
γ-butyrolactone derivatives in a completely stereocontrolled
manner. This research in combination with the accessibility
of optically pure molybdenum complexes27 may represent a
useful entry into the field of natural product synthesis.
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Figure 2. Diagnostic1H NMR (200 MHz) coupling constants in
12, showing atransconfiguration for 3-hydroxy and 5-isopropenyl
groups.
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