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It has been known for some time that cationic cascade cyclizations initiated by Lewis acid mediated
opening of an epoxide can be trapped by reaction with a B-keto ester. The studies reported here show
that the efficiency of these cyclizations can be improved through preparation of a MOM enol ether from
the B-keto ester. Furthermore, in both geranyl and farnesyl derivatives the stereochemistry of the enol
ether controls formation of the major product. In both series, the E-enol ether leads to a cyclic vinylogous
carbonate incorporating the oxygen originating in the ketone in the ring system, while the Z-enol ether

Ié?t/;ggrg;;m de leads to a cyclic enone incorporating the oxygen originating in the ester carbonyl group. Upon treatment
Cyclization with catalytic HCI, a facile rearrangement converts the enone product to the vinylogous carbonate.
Epoxide Because these cyclizations faithfully extend the stereochemistry of the original epoxide into multiple
MOM ether stereocenters, they have the potential to afford significantly more complex structures from relatively
Rearrangement simple starting materials.

© 2023 Elsevier Ltd. All rights reserved.

Cationic cascade cyclizations have the potential to generate a
great deal of complexity from relatively simple precursors [1,2].
The quintessential biosynthetic cascade may be the production of
lanosterol in animals and fungi from squalene via (3S)-squalene
oxide and it has been studied extensively [3-6]. It also has inspired
numerous efforts to exploit this strategy in chemical syntheses
[1,2,7,8].

Our interest in cationic cascade cyclizations originated in an
effort to prepare the natural meroterpenoids known as the schwe-
infurthins [9]. These synthetic efforts have been encouraged by the
anti-proliferative activity of the schweinfurthins, especially against
cell lines derived from the central nervous system, as well as their
limited availability from natural sources. We now have published
syntheses of schweinfurthin A [10], B (1, Figure 1) [11], C [12],
E [11], F[13] (as each enantiomer separately to establish the abso-
lute stereochemistry), G [14], and vedelianin [15]. In each case, the
hexahydroxanthene ring system (2) was established by a cationic
cascade initiated by ring opening of an epoxide. For example, when
epoxide 3 was prepared in enantiomeric excess by Shi epoxidation
[16], reagent level control of the epoxide stereochemistry was
faithfully multiplied through the course of the cyclization to the
tricyclic system of compound 2 [11]. After the methyl benzyl ether
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was converted to an aldehyde by DDQ oxidation, formation of the
stilbene olefin of schweinfurthin B via HWE condensation was
straightforward [11].

Apart from syntheses of the schweinfurthins, our most impor-
tant application of this methodology has been the synthesis of
angelichalcone (6) [17]. While neither the absolute nor the relative
stereochemistry was assigned to the natural product, our analysis
of the published data suggested the relative stereochemistry
shown in structure 6. We prepared the 2R4aR 9aR-enantiomer
6 as summarized in Figure 2 [16,17]. In this case, the cascade
cyclization of epoxide 4 presumably generates a species equivalent
to the CH30CHj cation, resulting in a tandem electrophilic aro-
matic substitution (EAS) to afford compound 5 as the sole product.
This is a striking transformation, given that it proceeds in high
yield and results in formation of two new stereocenters, two new
rings, and a new aromatic substituent. In addition, the starting
material 4 is symmetrical with respect to the aromatic ring, the
EAS step has given an unsymmetrical aromatic system as a single
regioisomer, and the new benzyl methyl ether serves as a latent
aldehyde that allows further elaboration [18]. Insofar as one can
determine through cross-over experiments with deuterium labels,
the tandem EAS is an intramolecular process [17]. Finally,
formation of compound 5 encouraged recognition that the MOM
group can serve multiple functions, and led to this study of MOM
derivatives of B-keto esters.

Please cite this article as: N.C. Ulrich, J.S. Yu and D.F. Wiemer, Cationic cascade cyclizations terminated by MOM ether derivatives of B-keto esters, Tetra-

hedron Letters, https://doi.org/10.1016/j.tetlet.2023.154450



N.C. Ulrich, J.S. Yu and D.F. Wiemer

1 (Schweinfurthin B)
OH 86% total

BF3:OBL | (69:17, R = H or MOM)

Figure 2. Synthesis of angelichalcone (6) via a cationic cascade cyclization.

The first use of a B-keto ester to trap a cation originating from a
remote epoxide opening may be Parker’s total synthesis of (+)-
GERI-BP001, a pyripyropene type acyl-CoA:cholesterol acyltrans-
ferase (ACAT) inhibitor (Figure 3) [19]. The modest yield (8%) of
the SnCl,-mediated conversion of epoxide 7 to tricycle 8 ultimately
compelled them to pursue a route based on a Hg(OTf), mediated
cyclization that proceeded in better yield (~45% to the tricyclic
organomercury compound) [19]. A similar strategy reported by
Smith et al. used BF5-OEt, to induce an epoxide cyclization, and
reported 20-30% yield for the reaction where the cyclized cation
was trapped by a B-keto ester [20]. Despite the modest yields,
these studies implied that a cationic cyclization might be trapped
by the enol form of a p-keto ester, and suggested that locking an
enol form in place through preparation of a MOM derivative might
improve the transformation.

The studies reported herein were initiated with investigation of
a geranylated B-keto ester. The alkylation of ethyl acetoacetate (10)
with the known bromide 9 [17] proceeded in modest yield to pro-
vide the C-alkylated product 11 (Scheme 1). Conditions reported
by Gibbs et al. for preparation of enol triflates [21,22], along with
an effort to optimize the stereochemical course of this reaction
[23], allowed preparation of both the Z- and E-enol ethers (12
and 13 respectively). Reaction of B-keto ester 11 with LDA in THF
at —78 °C followed by treatment with MOMCI led to the Z-enol
ether 12, while reaction of pB-keto ester 11 with KHMDS in DMF
at room temperature followed by treatment with MOMCI provided
the desired E-enol ether 13. Both of the stereoisomeric enol ethers
were readily isolated by column chromatography. With both iso-
mers available here, literature data for the spectra of the corre-
sponding methyl ethers [24] and similar vinyl triflates [25], and

Figure 3. A cascade cyclization terminated by a p-keto ester [19].
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Scheme 1. Synthesis of E- and Z-enol ethers.

an NOE experiment on the Z-MOM ether derived from the prenyl
B-keto ester (which has a less cluttered spectrum, cf SI), the 'H
NMR spectra of compounds 12 and 13 allowed unambiguous
assignment of the olefin stereochemistry.

Both enol ethers 12 and 13 were subjected to the standard
cyclization conditions employed in our labs [14,17,26]. Fortu-
nately, the reaction products of these systems were readily purified
and identified. The major product resulting from cyclization of the
Z-enol ether 12 is the ketone 14 (Scheme 2). Rather surprisingly,
the two other major products are the E-enol ether 13, perhaps
resulting from isomerization of the starting material, and com-
pound 15 resulting from a single cyclization.

In contrast to the results from cyclization of the Z-enol ether 12,
the Lewis acid mediated cascade cyclization of the E-enol ether 13
afforded primarily the cyclic ester 16, with a lesser amount of the
ketone 14 (Scheme 3). In addition, small amounts of the A-ring
MOM ester 17, cyclohexene 18, and recovered starting material
13 were obtained. The proposed E stereochemistry of the enol
ether in cyclohexene 18 is based upon comparison of the chemical
shift of its vinylic methyl hydrogens (2.17 ppm) to those of the
Z-enol ether 12 (1.95 ppm).

During an attempt to prepare the MOM-protected derivative of
ketone 14 an unexpected rearrangement was observed. When
ketone 14 was treated with DIPEA and MOMCI, an A-ring MOM
derivative was obtained but it was the rearranged ester 17
(Scheme 4) rather than the expected ketone derivative. To deter-
mine whether both ester 16 and ketone 14 rearrange under acidic
conditions, both were treated with catalytic amounts of HCl in THF
at room temperature (Scheme 4). Ester 16 proved to be stable to
these conditions, and only recovered starting material was
obtained as indicated by TLC and 'H NMR analyses. Ketone 14
however immediately isomerized to ester 16 in excellent yield.
These results indicate that ketone 14 is extremely acid labile,
which may prove useful in further syntheses (vide infra).

The experience gained in study of the geranyl system encour-
aged exploration of cascade cyclizations in the corresponding far-
nesyl compounds. To begin this study, a synthesis of the known
farnesyl epoxy bromide 22 [27] was conducted (Scheme 5).

BF 5 OEt,
OEt CH,Cl, : 0. _OEt
-78°C
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then NEt; HO'
o H \
o)
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OOt
OMOM
HO S
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Scheme 2. Cyclization of the Z-enol 12.
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Scheme 5. Synthesis of the farnesyl derivative 22.

Acetylation of E, E-farnesol (19) followed by treatment with NBS in
H,0 provided bromohydrin 20 in modest yield. Simultaneous
hydrolysis of the acetate and formation of the epoxide occurred
smoothly under basic conditions to afford alcohol 21, and final
conversion to the bromide 22 was accomplished via the intermedi-
ate mesylate. To avoid potential decomposition, the bromide 22
immediately was used in the subsequent reaction.

Alkylation of ethyl acetoacetate (10) with bromide 22 pro-
ceeded in high yield to provide the B-keto ester 23 (Scheme 6)
[19]. Because the E-enol ether 13 in the geranyl series favored for-
mation of the ester 16 upon cyclization, while the Z-enol ether 12
favored formation of the isomeric ketone 14, it was important to
prepare both the E- and Z-enol ethers in the farnesyl series. Using
conditions similar to those reported by Gibbs and coworkers
[21,22], the isomeric enol ethers 24 and 27 were obtained in mod-
erate yields.

With the requisite farnesyl-derived E- and Z-enol ethers in
hand, the BF3-OEt, mediated cyclizations were performed
(Scheme 6). As one might expect, these cyclizations produced more
products than the geranyl system and isolated yields were more
variable. In the case of the E-enol ether 24, the major product iso-
lated was the known ester 25 [28] along with trace amounts of its
A-ring MOM derivative 26, the isomeric Z-enol ether 27, and the
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Scheme 6. Preparation and cyclization of the farnesyl-derived E- (24) and Z-enol
ethers (27).

isomeric ketone 28. In the case of Z-enol ether 27, the two major
products that were obtained were the ketone 28 and its A-ring
MOM derivative 29. The structure of the ketone 28 initially was
assigned based on its 3C NMR spectrum which contained a reso-
nance at 196 ppm, far downfield from the carbonyl resonance of
the isomeric ester 25 (169 ppm). After column chromatography
of the reaction mixture obtained from cyclization of the Z-enol
ether, ketone 28 crystallized upon concentration of the hexane/
ethyl acetate mixture which allowed a diffraction analysis of this
product. The X-ray data clearly confirmed the assigned structure
and established the relative stereochemistry (Figure 4). The A-ring

Figure 4. ORTEP of tricyclic ketone 28 based on diffraction analysis. The thermal
ellipsoids are represented at 50% probability. Carbon, hydrogen and oxygen atoms
are represented by gray, white, and red ellipsoids, respectively.
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Scheme 7. MOM protection and rearrangement of the tricyclic compounds 25 and
28.

alcohol is syn to the two bridgehead methyl groups, as observed in
Parker’s B-keto ester cascade cyclization [19]. Formation of ketone
28 represents the amplification of one stereocenter in the starting
epoxide to provide four new stereogenic centers, three rings, two
carbon-carbon bonds, and one carbon-oxygen bond.

In an effort to obtain the A-ring MOM derivatives, each of these
two cascade products, compounds 25 and 28, was treated with
DIPEA and MOMCI (Scheme 7). Parallel to results encountered in
the geranyl ester case (vide supra, 16), the MOM protection of ester
25 proceeded smoothly to provide the MOM-protected tricycle 26.
However, attempted MOM protection of the ketone 28 resulted in
rearrangement to the A-ring MOM ester 26. Based on these results,
ketone 28 was treated with a catalytic amount of HCI in THF at
room temperature. Analysis of the reaction mixture by TLC and
'H NMR indicated facile (<1 min) and complete conversion to the
ester 25, a rearrangement parallel to that observed in the geranyl
series.

In conclusion, these studies have shown that use of a MOM
derivative of a B-keto ester can significantly enhance the efficiency
of a cationic cascade cyclization initiated by epoxide ring opening.
While the yields can be variable, the substantial degree of com-
plexity introduced in a single reaction makes this strategy well
worth investigation. Furthermore, preparation of the ester 25 con-
stitutes a formal total synthesis of racemic arisugacin F simply by
treatment with LDA and methyl p-methoxybenzoate [28,29], and
because the ketone 28 readily rearranges to the ester it could be
employed in an arisugacin F synthesis as well. While the experi-
ments reported here were conducted with racemic material, there
is every reason to believe that enantioselective preparation of the
epoxides used to initiate these cyclizations would afford non-
racemic products, further enhancing the value of this strategy.
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