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ABSTRACT

Stereoselective total syntheses of Limazepine E and Barmumycin, potent, naturally occurring antitumor agents, are described. The total syntheses
control the olefin geometry via a highly selective chelation-controlled Ireland�Claisen rearrangement of a seven-membered lactone-derived boron
enolate for the synthesis of (E)-4-ethylidene proline, a crucial building block for a number of natural products.

Barmumycin 1was isolated from themarine actinomycete
Streptomyces sp. BOSC-022A by Lorente et al (Figure 1).1

Its structure was confirmed by total synthesis. Barmumycin
was found to be cytotoxic against various human tumor
cell lines. Limazepine E 4 was isolated from a culture broth
of Micrococcus sp. strain ICBB 81772 and belongs to the
pyrrolo[1,4]benzodiazepine (PBD) class of natural products
whose antitumor antibiotic properties are due to their ability
to covalently bind to the minor groove of DNA.3 Both
natural products possess an (E)-ethylidene substituent atC-4
of the pyrrolidine ring.
Although total syntheses of barmumycin 11 and several

members of (E)-2-ethylidene PBDs, including prothracar-
cin 2 and tomaymycin 3,4 have been reported, efficient
control of the olefin geometry has not been achieved.

Moreover, the classical olefination methods (Wittig and
Julia�Kocienski) resulted in predominant formation of
the undesired (Z)-isomer.1,4

Herein we report a stereoselective synthesis of (S)-E-4-
ethylidene proline and its application in the total syntheses
of 1 and 4.
Our retrosynthetic analysis of barmumycin 1 and lima-

zepine E 4 is outlined in Scheme 1. Since the classical
olefination methods showed poor (E)-selectivity,1,4 we
proposed an Ireland�Claisen5 rearrangement of enolate
6, as a crucial stereochemistry forming step.6 The enolate 6

Figure 1. Representatives of the 4-ethylidene proline fragment
containing natural products.
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would be derived from a seven-membered lactone 7, which
could be easily constructed from allylic alcohol 9 and
glycine derivative 8.
Toward this goal, alkylation of PMB-protected glycine

tert-butyl ester7 with allyl bromide 9, easily obtainable
form (S)-ethyl lactate,8 gave the corresponding amine 10
(Scheme 2). Cleavage of the ester protecting group, fol-
lowed by macrolactonization, afforded the desired seven-
membered lactone 11 in good yield.
Our screening of reagents for the proposed Ireland�

Claisen rearrangement is shown in Table 1. The use of silyl
triflates gave poor selectivity and low yields9 or no reaction
at all in the case of TIPS triflate (entries 1�3). Our attempt

at using the Kazmaier protocol10 also failed (entry 5). On
the other hand, dibutylboron triflate11 showed excellent
selectivity andhigh yield (entry 4).Remarkably, additional
experiments showed that the Ireland�Claisen rearrange-
ment proceeded to full conversion at temperatures as
low as 10 �C. To facilitate product isolation, the formed
carboxylic acid boron or silicon esters were converted to a
methyl ester in situ.

The rationale for this outome could involve coordina-
tionof the boronwith the lone pair of the nitrogen atom,11a

which would stabilize the desirable, boat-like, late transi-
tion state in the rearrangement step (Scheme 3). Without
the possibility of such coordination, as in the case of silyl

Scheme 1. Retrosynthetic Analysis of 1 and 4

Scheme 2. Synthesis of Seven-Membered Lactone

Scheme 3. Stereochemical Model

Table 1. Optimization of Ireland�Claisen Rearrangement

entry avbX method E/Za

isolated yield

of 14 (%)

1 TMS A 1:2 18

2 TBS A 1:1 15

3 TIPS A � �
4 (n-Bu)2B A >95:5b 85

5 Zn B � �
aThe E/Z ratio was determined by signal integration in 1H NMR

spectrum, and the olefin geometry of individual isomers was assigned
based on NOE experiments. bThe minor isomer was not observed by
NMR.
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ketene acetal, a slight preference for the chairlike transition
state is observed.
With thismethod in hand, we proceeded to the synthesis

of barmumycin 1 (Scheme 4). The PMB protecting group
was easily cleaved by 1-chloroethyl chloroformate (ACE-
Cl),12 and the intermediate amine was directly coupled to
vanillic acid. Selective reduction of the ester moiety with
lithiumborohydride gavebarmumycin 1 in goodyield. The
spectral data of the synthetic samplewere identical to those
reported for the natural product.1

Next we turned to the total synthesis of limazepine E 4

(Scheme 5). Although a number of methods for the con-
struction of the PBD skeleton are reported, typically
N-protected anthranilic acids or amino group precursors
(nitro or azido) are used.13We found that, by using the BOP
reagent, it was possible to couple the proline ester inter-
mediate to the unprotected anthranilic acid derivative 1514

directly to form PBD dilactam 17 in 64% yield, as the
intermediate amide16 cyclizes under the reaction conditions.
Finally, application of the Stille15 protocol for selective
reduction of one of the amide functions provided the target
limazepine E 4, which appeared labile.16 The spectral data of
our synthetic sample were identical to those reported for the
natural product,2 except the optical rotation.17 Interestingly,
the impurity profile in 1HNMR spectra of both natural and
synthetic samples appeared to be the same.18

Moreover, a crystal structure of dilactam 17 was ob-
tained by X-ray crystallography (Figure 2).
Additional experiments were performed to confirm

the absolute configuration of the obtained proline 14

(Scheme 6). Employing the above-described procedure
with unsubstituted anthranilic acid, a PBD dilactam 19 was
obtained, which upon ozonolysis gave a known ketone 20.19

The spectral data of this compound, as well as the optical
rotation, were identical to those reported in the literature.

Scheme 4. Synthesis of Barmumycin Scheme 5. Synthesis of Limazepine E

Figure 2. X-ray crystal structure of PBD dilactam 17.

Scheme 6. Confirmation of Absolute Configuration of 14
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In conclusion, stereoselective total syntheses of barmu-
mycin and limazepine E have been achieved. The key
steps involve a novel stereoselective strategy for efficient
synthesis of (E)-4-ethylidene proline via Ireland�Claisen
rearrangement and further transformation of this building
block into the target natural products via a protecting-
group-free strategy.
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