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Abstract

(-)-Deguelin is a rotenoid natural product that possesses significant potential as a
chemopreventive and chemotherapeutic agent. While several racemic syntheses of deguelin have
been reported, a formal evaluation of the anticancer activity of both the natural and unnatural
enantiomers remains lacking. We describe herein the successful application of a flexible and
selective thiourea-catalyzed cyclization strategy toward the enantioselective total synthesis of
deguelin, which allows access to either sterecisomer for biological studies. The synthesis was
completed in six steps (longest linear) with no protecting groups. The evaluation of both
enantiomers of the natural product demonstrated potent inhibition of several cancer cell lines by
these compounds, but interestingly showed that the unnatural (+)-deguelin preferentially inhibited
the growth of MCF-7 breast cancer and HepG2 liver carcinoma cells when compared to the
natural product.

Introduction

(-)-Deguelin (1) is a compact natural product isolated from the flowering plants
Lonchocarpus utilis and uruct? that is related to the pesticide rotenone (2) (Fig. 1). This
rotenoid has demonstrated significant anticancer activity in a number of /n vitroand in vivo
studies and is a compelling target for further therapeutic lead optimization and development.
Deguelin has been shown to induce apoptosis in premalignant and malignant human
bronchial epithelial (HBE) cells without affecting the growth of normal HBE cells,
indicating that it could act as a specific chemopreventive agent.? In addition, deguelin has
demonstrated chemopreventive activity in skin and mammary carninogenesis models, and
also inhibits the metastatic spread of lung cancer cells in a murine model.# Like rotenone,
deguelin derives its cytotoxicity from inhibition of ornithine decarboxylase, an enzyme
associated with tumor progression,>® and NADH/ubiquinone oxidoreductase, the first
protein in the electron-transport chain (ETC) for oxidative phosphorylation.” This
interaction was further confirmed by a recent report by Winssinger, which demonstrated that
fluorescently-labeled deguelin conjugates bind selectively to mitochondria, the site of the
ETC in human cells.8 These /n vitroand in vivo results suggest that deguelin has significant
potential as a chemotherapeutic agent, since it is able to inhibit relevant anticancer cellular
targets, thereby reducing tumor growth and metastasis in several models.
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Depsite this promising biological activity, there remains a need for the development of a
concise and enantioselective synthesis of (-)-deguelin and related structures. While racemic
syntheses of deguelin and a formal synthesis from rotenone have been reported,®-13 there is
only one asymmetric synthesis of this compound reported by Winssinger, who relied on a
chiral epoxide opening/Mitsunobu sequence to set the key C13a stereocenter.14
Furthermore, much like the abyssinone family of natural products previously studied by our
group,1® the effect of the absolute stereochemistry on the anticancer activity of deguelin /as
not been formally studied/reported to the best of our knowledge. Given the power of
enantioselective catalysis to address this type of question with asymmetric synthesis, we saw
the opporutnity to apply a thiourea-catalyzed asymmetric cyclization strategy to the
construction of (-)-degeulin based on our program in asymmetric pyran methodology.>-19
Furthermore, since pseudoenantiomeric thiourea catalysts'>-16:20 could be utilized in the key
cyclization step to set the C13a stereocenter, this approach would facilitate efficient access
either enantiomer of the natural product and analogs for biological evaluation. Herein we
report the use of this synthetic strategy to obtain the first catalytic, enantioselective total
synthesis of the natural product (=)-deguelin, and the biological evaluation of this important
anticancer natural product and its unnatural enantiomer in relevant cytotoxicity assays.

Results and discussion

To construct the natural product (-)-deguelin, we wanted to capitalize on our chiral
thiourea-catalyzed intramolecular cyclization strategy to control the stereochemistry of the
center at C13a.21 We envisioned a late-stage oxidative alpha-arylation?? to generate (-)-
deguelin, which would be obtained from the unsubstituted chromanone precursor 3 (Scheme
1). The enantioenriched chromanone material 3 could be synthesized through the thiourea-
catalyzed intramolecular cyclization of alkylidene 4, similar to the strategy that was used for
the construction of the abyssinone natural products by our group.1® Using both Hiemstra's
and “epi”-Hiemstra's thiourea catalysts,16:20 both the (R) and (S) configurations at the C13a
stereocenter could be obtained, which would allow for the generation of the natural and
unnatural enantiomers of deguelin for biological testing. Similar to our approach with the
abyssinones, the alkylidene precursor 4 would be obtained through a Knoevenagel
condensation between the -ketoester 5 and aldehyde 6. These starting materials would be
easily obtained from 2,4-dihydroxyacetophenone and 3,4-dimethoxyphenol, two achiral and
readily available starting materials.

The synthesis of the natural product deguelin commenced with the construction of the
requisite B-ketoester starting material, which followed a similar route to that which was used
to construct the p-ketoester substrate for the abyssinones.1® Using the same copper-catalyzed
etherification strategy, we alkylated 2,4-dihydroxyacetophenone (7) selectively at the C4
phenol to yield alkyne 8 in 80% yield on multi-gram scale (Scheme 2).23 This alkyne 8 was
then subjected to microwave conditions at 180 °C to yield the cyclized material 9. Although
there have been reports supporting the regiochemical outcome of this type of thermal
cyclization reaction,24-28 it does appear to go against conventionally held steric arguments
which would dictate that the cyclization occur in the opposite direction. Therefore, the
structure of 9 was confirmed by x-ray diffraction before moving onto the next step of the
synthesis, with the results supporting the formation of the desired product (Scheme 2).

With the correct crystal structure confirmed, the substituted acetophenone 9 was then
deprotonated with excess LIHMDS to form the dianion, which was trapped with diallyl
carbonate to give the desired allyl -ketoester 10 in 72% yield. The allyl -ketoester was
chosen for this synthesis since it had worked well in the synthesis of the abyssinones,
allowing for the deprotection and decarboxylation of the ester in one pot using previously
reported Pd(0) conditions.2? However, since cyclizations with thiourea catalysts in our
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laboratory have typically given higher enantioselectivity when the ester substituent is
bulky,39:31 the £butyl B-ketoester 13 was also synthesized. This £butyl B-ketoester was
synthesized through a similar method to the allyl p-ketoester 10,32 except 2,4-
dihydroxymethyl benzoate was used as the initial substrate. The lithium anion of #butyl
acetate was then used in the last step to displace the methyl ester of intermediate 12 to
generate the required B-ketoester in 70% yield.16

Once the desired B-ketoester substrates were in hand, it was necessary to synthesize the
requisite aldehyde coupling partner 6 for the desired Knoevenagel cyclization (Scheme 3).
Several approaches toward this aldehyde were attempted, including reduction of the ethyl
ester33 and Weinreb amide34:3% substrates with DIBAL-H,36:37 cleavage of the allyl ether
with 0s04/NalQ,,38 and oxidation of the alcohol precursor with TPAPsNMO or Dess-
Martin periodinane.1’ However, the desired product could not be obtained using any of
these routes. Ultimately, we were able to obtain the desired material in 88% yield through
the mildly acidic deprotection of dimethyl acetal 15 with Amberlyst-15 resin,3940 although
the material had to be stored at =20 °C at all times to prevent decomposition.

After developing the routes to construct the desired -ketoester and aldehyde starting
materials, our attention turned to the asymmetric synthesis of the chromanone precursor 3.
Initially, we attempted to directly couple the allyl B-ketoester 10 with the aldehyde 6 under
standard Knoevenagel conditions (piperidine, acetic acid, benzene, Dean-Stark)16 to yield
the desired alkylidene 17, but the reaction gave extremely poor conversion and resulted in
the generation of the racemic cyclized material. Other conditions utilizing the dimethyl
acetal 15 as the coupling partner were also attempted, but none of the reactions yielded the
desired material. Finally, switching to the bis-morpholine aminal substrate 16 (actually a
3:1:1 mixture of the two possible enamine isomers) led to the generation of the desired
alkylidene substrate 17, although it was only isolated in a 26% yield due to spontaneous
cyclization when the material was exposed to silica gel (Scheme 4). While the majority of
the product that was obtained from this reaction was the racemic cyclized material, the
alkylidene product was isolated and tested in cyclization reactions with pseudoenantiomeric
thiourea catalysts 18 and 19. As expected, the cyclization with the thiourea catalysts
proceeded smoothly under standard conditions, and the desired enriched chromanones 3
were obtained in 85:15 er (with 18) and 84:16 er (with 19) after deprotection/
decarboxylation with Pd(0). A second repeat of each experiment confirmed the results of
this first attempt, giving the cyclized material 3 with the same levels of stereoinduction.

Although we were encouraged by this initial success, there was a need to devise another
strategy that avoided purification of the alkylidene precursor 17. This intermediate was
exquisitely sensitive to silica gel and would readily cyclize upon purification to give the
racemic cyclized products. In our 2007 report on the thiourea-catalyzed synthesis of
flavanones,8 a similar problem had been encountered with the synthesis of the chromanone
natural product flindersiachromanone, which also has an aliphatic substituent at C2. Since
both the Knoevenagel reaction to form the alkylidene and the thiourea-catalyzed cyclization
were run in toluene, these two steps could be combined successfully in a one-pot procedure,
thereby avoiding purification of the sensitive alkylidene intermediate. Hence, combining
allyl B-ketoester 10 and bis-morpholine aminal 16 with 20 mol % thiourea catalyst 18 under
these one-pot conditions led to the formation of the desired chromanone product 3 in 34%
yield (over 3 steps) and 79:21 er (Table 1, entry 1) after deprotection/decarboxylation. While
this one-pot yield was a slight improvement when compared to the original two-step
procedure described in Scheme 4, the enantioselectivity was still unacceptably low for this
process. Several attempts at optimization of this reaction were made by decreasing the
temperature to —30 °C (Table 1, entry 2) or changing the catalyst loading (Table 1, entries 3
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and 4). However, none of these optimization attempts led to the formation of the desired
chromanone 3 in acceptable yield and enantioselectivity.

At this point, other madifications that might increase the enantioselectivity of the one-pot
process were considered. As mentioned earlier, it has been shown that bulkier B-ketoesters
are more reactive and provide high enantioselectivity in this type of intramolecular
cyclization reaction.30:31 Therefore, we attempted the one-pot process using the #butyl -
ketoester 13 instead of the allyl B-ketoester 10. With this modification, both the yield and
enantioselectivity of the one-pot reaction increased significantly, to 67% and 90:10 er,
respectively (Table 1, entry 5). These results demonstrated that we could efficiently access
the desired chromanone material 3 in very high enantioselectivity by utilizing this one-pot
procedure. Furthermore, reducing the catalyst loading to 20 mol % (Table 1, entry 6)
provided the desired material 3 with minimal loss of yield (46%) and enantioselectivity
(87:13), and allowed us to advance material through the end of the synthesis with minimal
use of catalyst. Therefore, these conditions with 20 mol % of the Hiemstra and “epi”-
Hiemstra catalysts 18 and 19 were utilized to complete the synthesis of both enantiomers of
the chromanone precursor 3 (Table 1, entries 6 and 7).

With the enantioenriched chromanone product 3 constructed via the one-pot sequence
described above, the last steps of the synthesis were accomplished through an oxidative
arylation based upon a report by Snider.22 The requisite TBS silyl enol ether 20 was first
synthesized through treatment of enantioenriched chromanone 3 with triethylamine, TBSCI
and Nal.*1 The resulting TBS ether (20) was then exposed to Cu(OTf),/Cu,0 in the
presence of 2,6-di-#butylpyridine (DTBP). These oxidative conditions directly yielded the
natural product (-)-deguelin in 25% yield, with the remainder of the mass balance identified
as over-oxidized decomposition products. Interestingly, there was no evidence of the
transfused product in this reaction, despite the fact that the report by Snider demonstrated
formation of both cis- and trans-fused [5,6] systems.22 However, calculations of energy
differences between the cis- and trans-fused systems in this reaction demonstrated that the
natural configuration was energetically preferred, which likely explains the lack of trans-
fused product. Therefore, the efficiency of this particular bond disconnection made it an
attractive route to access the natural product in an efficient and convergent manner.

Although a number of /n vitro cell-based toxicity studies have been performed on deguelin,
there are no investigations into the effect of stereochemistry on its anticancer potential.
Since the successful thiourea-catalyzed cyclization strategy described above provides both
enantiomers of deguelin, we were able to evaluate each pure stereoisomer®2 in cytotoxicity
assays against a panel of cancer cell lines. Selected ICsq data from this preliminary
biological screen is shown in Fig. 2. As shown in the figure, both enantiomers of deguelin
inhibited the growth of PC-3 (prostate), MCF-7 (breast), HepG2 (liver) and Jurkat
(leukemia) cells at low micromolar ICgq values, confirming that this natural product does
possess promising anticancer potential. However, the most interesting finding was that the
unnatural enantiomer (+)-deguelin inhibited the growth of both the MCF-7 and HepG2 cell
lines more effectively than the natural enantiomer (—)-deguelin (p=0.006 and p=0.04,
respectively, by unpaired t-test). In fact, (+)-deguelin was 2-fold more effective than the
natural product against the MCF-7 breast cancer line, and demonstrated nanomolar activity
against the HepG2 cell line. Similar to our studies on the abyssinone natural products®®
which also demonstrated variable biological activity depending on the configuration of the
C2 stereocenter, these initial results confirm the importance of stereochemical control during
the synthesis of deguelin. Furthermore, since (+)-deguelin has never been previously tested
in biological assays, these preliminary results demonstrate the therapeutic potential of this
unnatural antipode and reiterate the importance of a modular synthetic approach which can
be used to access both enantiomers of this chemotherapeutic target.
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Conclusions

(-)-Deguelin is a rotenoid natural product that has demonstrated significant
chemotherapeutic and chemopreventive potential in a number of /n vitroand in vivo cancer
models. Motivated by this potential, we have established a stereoselective synthesis of (-)-
deguelin empolying a thiourea-catalyzed intramolecular cyclization to successfully access
the unnantural and natural enantiomers of deguelin. When coupling this asymmetric
approach with a copper-promoted arylation, (—)-deguelin was accessed the shortest
asymmetric synthesis to date (six linear steps with no protecting groups) from 2,4-
dihydroxymethyl benzoate with good levels of enantioselectivity. Additionally, our ability to
access either enantiomer of this rotenoid with our tandem cyclization/arylation strategy
allowed us to demonstrate for the first time that (+)-deguelin and (-)-deguelin have
differential cytotoxicity profiles when evaluated against a panel of relevant cancer cell lines.
These results not only confirm the importance of a general catalytic, enantioselective
approach, but also present new possibilities for the therapeutic development of deguelin and
related rotenoids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Me (-)-deguelin (1)

Fig. 1.
The natural product (-)-deguelin (1) and related compound rotenone (2).
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(breast) (liver)  (prostate) (leukemia)
cell line (-)-deguelin (+)-deguelin p value
MCF-7 10.59 + 1.38 4.64 =+ 1.33 0.006
HepG2 295+ 1.19 0.90 £ 0.29 0.04
PC-3 17.88 = 1.29 17.12+1.18 0.49
Jurkat 14.88 + 1.38 12.64 + 1.33 0.11

Fig. 2.

ICsq studies for (—)-deguelin and (+)-deguelin against a panel of cancer cell lines. The
average 1Cgq values for each enantiomer are shown in the graph as well as the table, along

with the unpaired t-test values for comparison between enantiomers.
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Scheme 1.
Retrosynthetic analysis of (-)-deguelin, featuring a late-stage oxidative alpha-arylation and a
thiourea-catalyzed intramolecular cyclization.
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* OtBu

Me Z 13

Scheme 2.

Synthesis of the -ketoester starting materials 10 and 13. Reagents and conditions: (a) 3-
chloro-3-methylbutyne (1.8 equiv), K,CO3 (2 equiv), Kl (1.7 equiv), Cul (5 mol %), DMF,
65 °C, 15 h, 80%); (b) pwave, PhMe, 180 °C, 30 min, >99%); (c) hexamethyldisilazane (4
equiv), /BuLi (4 equiv), THF, =78 °C, then 9 (1 equiv), =20 °C, 2 h, then diallyl carbonate
(4 equiv), =78 °C - 23 °C, 16 h, 72%; (d) uwave, PhMe, 180 °C, 30 min, >99%); (e)
hexamethyldisilazane (6 equiv), nBuL.i (6 equiv), THF, =78 °C, then fert-butyl acetate (3.5
equiv), =78 °C, 2 h, then 12 (1 equiv), =78 °C — 23 °C, 15 h, 70%
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Scheme 3.

88%

Synthesis of the aldehyde 6. Reagents and conditions: (a) bromoacetaldehyde dimethyl
acetal (1.4 equiv), K,CO3 (6 equiv), DMF, 150 °C, 16 h, 97%; (b) Amberlyst-15 resin (10

mol %), MeCN:water (5:1), 85 °C, 20 h, 88%.
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Initial synthesis of enantioenriched chromanone 3. Reagents and conditions: (a) morpholine
(2 equiv), benzene, Dean-Stark, 110 °C, 1 h, 93%; (b) AcOH (4 equiv), 16 (2 equiv), PhMe,
23 °C, 2 h, 26%; (c) 10 mol % 18 or 19, PhMe, —-25 °C, 2 days; (d) Pd(PPhs)4 (5 mol %),
morpholine (25 equiv), THF, 23 °C, 1 h, 82% over two steps (with 18) and 80% (with 19).
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87:13 er OMe
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Scheme 5.
Completion of the synthesis of the anticancer natural product (-)-deguelin (1). Reagents and

conditions: (a) NEt3 (2 equiv), TBSCI (2 equiv), Nal (2 equiv), MeCN, 23 °C, 16 h, 58%;
(b) Cu(OTf); (2 equiv), Cu,0 (3.5 equiv), DTBP (4 equiv), MeCN, =30 °C, 5 min, 25%.
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