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In the last few years Fischer carbene complexes have been
developed into useful reagents for selective synthesis of
organic molecules.[1] For instance, the importance of Michael
additions of carbon nucleophiles and various cyclization
reactions with unsaturated substrates in carbon ± carbon bond
formation is widely recognized.[2] However, studies of the
reactivity of Fischer carbene complexes towards nucleophiles
with heteroatoms, such as alcohols, have mainly focused on
physical organic chemistry[3] or structural modification of the
carbene complex.[4] Moreover, no practical applications of the
reactions of alkenylcarbene complexes with oxygen nucleo-
philes are known, in spite of their superior versatility
compared to simple carbenes and even alkynylcarbenes.[5, 6]

We report herein preliminary studies on the reaction of
Fischer alkenylcarbene complexes with unsaturated alcohols
such as allyl and propargyl derivatives, as well as with simple
alcohols such as methanol. These lead to unexpected CÿH
and CÿC bond-forming reactions and might be regarded as a
further surprise from Fischer carbene complexes.[7] Moreover,
all reactions were equally effective for both chromium and
tungsten carbene complexes.[8]

Alkenyl(methoxy)carbene complexes 1 (1 mmol) were dis-
solved in MeOH (5 mL) containing sodium methoxide
(0.1 mmol) and stirred for 1 h at room temperature. Conven-
tional chromatographic purification afforded saturated esters
3 in high yields (88 ± 90 %). Careful column chromatography
of the crude reaction mixture on deactivated silica gel allowed
orthoesters 2 to be isolated (83 ± 92 %). The reaction of 1 a
with NaOMe/MeOD gave the corresponding deuterated
methyl ester [D2]3 a (96 %, 1:1 mixture of diastereoisomers)
and the not readily accessible orthoester [D2]2 a (83 %)
(Scheme 1).

This simple transformation of alkenyl(methoxy)carbene
complexes into saturated methyl esters implies the transfer of
oxygen (oxidation) and hydrogen (reduction) to the carbene;
the sole transfer agent is methanol. Species of types I and II
are likely involved as active intermediates. Intermediate I,
which arises from 1,2-addition of methoxide ion, was charac-
terized for simple carbene complexes by Bernasconi et al.,[9]
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Scheme 1. Reaction of sodium methoxide/methanol with Fischer alkenyl-
carbene complexes. Formation of saturated orthoesters 2 and their
hydrolysis products 3.

while species II would result from protonation at C-3
promoted by a [1,2] M(CO)5 shift, a process well known from
recent work by us and others.[10] Formation of 2 would require
addition of methanol to II, protonation, and reductive
elimination of the metal fragment.

On the basis of this mechanistic assumption, we tried to trap
I with allylic alcohols. The reaction of 1 with allyl alcohol and
derivatives thereof in the presence of the corresponding
alkoxide ion (0.1 equiv, 20 8C, 15 min) resulted in the transfer
of the allyl moiety to the carbene group by selective CÿC
coupling to give the ester adducts 4 (Scheme 2, Table 1). In

Scheme 2. Reaction of allyl and propargyl alcohols with Fischer alkenyl-
carbene complexes.

general, the reaction gives satisfactory yields, particularly for
unsubstituted (R2, R3, R4�H; entries 1 and 2) and 3-sub-
stituted (R2�Pr; R3, R4�H; entry 6) alcohols. Even the
prenyl alcohol furnished quite efficiently the adducts 4 c, d
(R2�R3�Me, R4�H; entries 3 and 4), in which a quaternary
carbon center has been created. The CÿC coupling occurs
with low stereoselectivity (entry 6), but with complete regio-
selectivity between the g-C atom of the allyl alcohol and the
b-C atom of the carbene complex (entries 3, 4, and 6).[11]

Moreover, the applicability of the method to propargylic
alcohols was proven by the reaction of 1 with 2-butynol, which
gave the cumulene derivatives 5 in acceptable yields (entries 7
and 8).

A reaction pathway in which a [3,4] sigmatropic rearrange-
ment is promoted by a [1,2] shift of M(CO)5 is consistent with
these results (Scheme 3). The first step involves consecutive
methoxy exchange and nucleophilic addition of alkoxide ion
to give the tetrahedral intermediate III. Probably, III then
undergoes a [1,2] M(CO)5 shift followed by an anionic [3,4]
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Scheme 3. Mechanism proposed for the rearrangement observed in the
formation of 4.

sigmatropic rearrangement to form IV, which gives 4 upon
protonation and reductive elimination of the metal moiety.
The transition metal plays a crucial role in the peri selectivity
of the process, since diallyl ether lithium species analogous to
III do not undergo a [3,4] shift, but only a [2,3] sigmatropic
rearrangement.[12]

Support for the above reaction pathways, specifically the
1,2-addition and [1,2] M(CO)5 shift steps, was gained by
studying the alcoholysis of alkynylcarbene complexes
(Scheme 4). The reaction of 6 with NaOMe/MeOH and
NaOC3H5/C3H5OH (208C, 3 h) furnished, after chromato-
graphic purification, 7 a (78%) and 7 b (66 %), respectively.
Using deuteriated methanol gave [D2]7 a (65 %). In this case,

Scheme 4. Reaction of alcohols with Fischer alkynylcarbene complexes.

the facile 1,4-addition of the alcohol precedes the 1,2-addition
of alkoxide to give intermediate V. The electron-releasing
nature of the alkoxy group at C-3 of V prevents 1,2 migration
of the anionic metal complex fragment, and the process
continues by conventional reductive metal elimination and
hydrolysis.

In summary, we have demonstrated simple, novel applica-
tions of chromium and tungsten Fischer carbene complexes
based on the [1,2] migration of the pentacarbonylmetal group.
For instance, methanol readily transfers hydrogen to the
carbon ± carbon double bond of alkenylcarbene complexes by
double protonation. More importantly, we discovered a new
facet of Fischer carbene complexes: CÿC bond formation by
transfer of an allyl or propargyl group in a novel [3,4]
sigmatropic shift.[13] This rearrangement, which is very rare in
aliphatic compounds[14] and unkown for diallyl ethers,[12] is
facilitated by the above-mentioned [1,2]M(CO)5 shift.[15]

Experimental Section

General procedure for the preparation of 4 and 5 : The carbene complex
(1mm) was added to a solution (0.02m) of the sodium alkoxide in the
corresponding alcohol (5 mL). After stirring at room temperature until
complete disappearance of the carbene complex (monitored by IR
spectroscopy), the solvent was removed at reduced pressure and the crude
product subjected to column chromatography (silica gel, hexane/ethyl
acetate 40/1). All compounds gave satisfactory analytical data, including
elemental analysis and mass and NMR spectra.
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Table 1. Reaction of carbene complexes with allylic and propargylic alcohols.

Entry ROH R1 R2 R3 R4 Product Yield [%][a]

1 OH Ph H H H 4a 82

2 OH 2-Furyl H H H 4b 76

3
OH

Ph Me Me H 4c 48

4
OH

2-Furyl Me Me H 4d 55

5
OH

Ph H H Me 4e 50

6 Pr OH 2-Furyl Pr H H 4 f[b] 71

7
OH

Ph ± ± ± 5a 62

8
OH

2-Furyl ± ± ± 5b 58

[a] Nonoptimized yields of purified isolated products. All yields refer to
reactions with tungsten complexes. [b] Isolated as a 3:2 mixture of dia-
stereoisomers.
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Total Synthesis of (�)-Lactacystin**
James S. Panek* and Craig E. Masse

(�)-Lactacystin (1) is a metabolite isolated from Strepto-
myces sp. OM-6519 that exhibits significant neurotrophic
activity.[1a] The relative and absolute stereochemistry of (�)-
lactacystin has been elucidated by 1H and 13C NMR spectro-
scopy, and single-crystal X-ray analysis.[1b] (�)-Lactacystin has
been shown to be a potent proteasome inhibitor, and has led
to speculation that it may be therapeutically useful in the

treatment of arthritis.[2] The equally potent b-lactone 2 acts by
selective acylation of the N-terminal threonine residue of a
protein subunit of the cylindrical 20S proteasome,[3] a result
confirmed by X-ray crystallographic studies at 2.4 � resolu-
tion of the lactacystin inactivated proteasome.[4] Recent
mechanistic studies have shown that lactacystin hydrolyzes to
the inactive dihydroxy acid through its b-lactone 2. It is the b-
lactone species that subsequently acylates the proteasome and
results in its inactivation (Figure 1).[3b] The presence of intra-
cellular levels of glutathione (GSH) converts 2 into lacta-
thione, which is believed to act as a ªlactone reservoirº.[3c]

(�)-Lactacystin (1) is a unique member of a class of
neurotrophic factors since it consists of a nonprotein g-lactam
thioester. Its compact array of five resident stereogenic
centers renders (�)-lactacystin a significant target for syn-
thesis; a number of other syntheses of 1 have been reported.[5]

A critical issue relative to the synthesis of lactacystin is the
fact that most of the structural features of 1 are essential to
maintain its unique biological profile. The C4-carboxylic
moiety and the C6-hydroxyl group must be cis because of the
necessity for b-lactone formation to achieve proteasome
inactivation.[4] The absolute configuration of the C9-hydroxyl
and the isopropyl substituents are also essential for biological
activity.[5c] The C7-methyl group is critical to the activity and
stability of 1, although replacement of this group with either
ethyl or isopropyl groups does lead to a two- to threefold
increase in activity.[5c]

As a consequence of these strict structural and stereo-
chemical requirements any synthesis of 1 must not only be
efficient, but also highly selective for the introduction of each
of the stereogenic centers. Our approach to lactacystin nicely
compliments the synthesis by Smith and co-workers[5e]

through the use of the hydroxyleucine-derived oxazoline 5
to set the stage for the critical anti-crotylation reaction for the
installation of the C6 and C7 stereocenters.

Retrosynthetic analysis of the lactacystin skeleton
(Scheme 1) reveals two key operations: a) stereoselective
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Figure 1. Mechanism of proteasome inhibition by (�)-lactacystin.


