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ABSTRACT: The fungal-derived Taiwanese natural product
antroquinonol A has attracted both academic and commercial
interest due to its reported exciting biological properties. This
reduced quinone is currently in phase II trials (USA and
Taiwan) for the treatment of non-small-cell lung carcinoma
(NSCLC) and was recently granted orphan drug status by the
FDA for the treatment of pancreatic cancer and acute myeloid
leukemia. Pending successful completion of human clinical trials,
antroquinonol is expected to be commercialized under the trade
name Hocena. A synthesis-enabled biological re-examination of
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this promising natural product, however, reveals minimal in vitro and in vivo antitumor activity in preclinical models.

A. ntroquinonol A (1, Figure 1A) is a quinone-containing
natural product reported to have remarkable medicinal
potential in the areas of oncology, immunology, and even
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Figure 1. Graphical summary of retrosynthetic analyses explored for
the synthesis of antroquinonol A (1).
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diabetes." More than ten publications have delineated the
exciting activities of 1, and as a consequence, an investigational
new drug (IND) application was filed by Golden Biotech Corp.
in 2010.” It is currently in phase II clinical trials (in the USA
and Taiwan)® for the treatment of non-small-cell lung cancer
(NSCLC; phase II began in January 2014)° and has been
granted orphan drug status by the FDA for the treatment of
pancreatic cancer and acute myeloid leukemia. Given the
excitement surrounding this natural product’ coupled with its
relative structural simplicity, an effort was launched to pursue
its synthesis and biological evaluation as part of the academic—
industrial symbiosis between Scripps and Bristol-Myers Squibb
(BMS).® In this communication, an enantioselective, scalable,
and modular synthesis of 1 is reported. Access to copious
amounts of pure 1 enabled a detailed biological reevaluation
that is in contrast to the reported preclinical efficacy of the
compound in a nude mouse model harboring human hepatoma
xenografts and may temper the enthusiasm surrounding this
natural product.

At the outset of this project, no synthesis of 1 existed and its
isolation from the rare Taiwanese fungus Antrodia camphorata
was not a practical means for studying pure antroquinonol
at BMS.° A set of plans, ranging in level of ambition and
precedent, were evaluated (Figure 1) before settling on the
substituted quinone 10 as our final starting point. Six
representative blueprints are illustrated and can be divided
conceptually into approaches that build the hydroxy enone of 1
via cyclization strategies or via the semireduction of a quinone
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Scheme 1. Total Synthesis of (+)-Antroquinonol A (1)“
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“Reagents and conditions: (a) H,0, (1.0 equiv), H,SO, (0.1 equiv), MeOH, 0 °C, 2 h (98%); (b) PIDA (2.0 equiv), MeOH, 23 °C, (89%);
(c) 2,2-dimethyl-1,3-propanediol (2.5 equiv), PPTS (0.15 equiv), toluene, 60 °C, 1 h (75%); (d) Cu(OTf), (0.05 equiv), phosphoramidite ligand
SI2 (0.1 equiv), Me,Zn (2.5 equiv), toluene, —30 °C, 18 h; LIHMDS (1.5 equiv), HMPA (2.5 equiv), farnesyl bromide (2.0 equiv), 0 °C, 3 h;
(e) L-Selectride (2.5 equiv), toluene, —78 °C to —20 °C, 6 h; (f) Montmorillonite K10 Clay (30 wt %), DCM, 23 °C, 2 h. PIDA =
(diacetoxyiodo)benzene, PPTS = pyridinium p-toluenesulfonate, LIHMDS = lithium bis(trimethylsilyl)amide, HMPA = hexamethylphosphoramide,
L-Selectride = lithium tri-sec-butylborohydride solution, DCM = dichloromethane.

system. Among the ring-building approaches, Danheiser- (+)-antroquinonol A (1) in an overall yield of 13% and with

e annulation (2),” stepwise conjugate addition/annulation 96% ee. Over one gram of the natural product has been
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(3 + 4),® and Diels—Alder (5 + 6)° strategies were all pursued, prepared to date.
leading either to lengthy sequences, low-yielding key steps, or With synthetic (+)-1 in hand, we began testing the
unstable starting materials (4 and 6 rapidly isomerize). Inspired compound against a panel of human tumor cell lines in vitro,
by the related structure of Coenzyme Q3 (7), extensive efforts previously reported in the literature for the natural product.
to controllably reduce such systems were explored, to no As outlined in Table 1, natural antroquinonol (1) is reported to
avail.'® Attempted allylic alcohol isomerization'' by utilizing
1,4-diol 8 was not possible due to the inherent instability of Table 1. Oncology Panel in Vitro Data
such systems (spontaneous aromatization). Finally, efforts M 4G uM for 1w M
centering on a tandem 1,2-/1,4-addition'” to silyl-dienone 9" entry cell Tine C5°i r':’ therfirt’.?fte ICS% ’3 h)f’fz 1(250(7”2 h)2£
failed due to the tendency of silyl lithium reagents to reduce /

. . . 1 MDA-MB-231 2.6 + 0.0§ 19 £ 1.6 >25
quinones rather than add to them. Collectively, these failures P
led us to the simplest possible approach: a conjugate addition > He@ 3£003 725 72
¢ bstitut C{) P RPP L th] 8 . 3 LNCaP 6.1 + 0.07 22 + 54 >25
o a substituted quinone. Reimagining this quinone as 4 Hep 3B 013 + 002 89+ 21 2
quinone—monoketal 10 gives the starting material “direction- s PANC.I (48 h)° 198 25 25
ality”, allowing selective introduction of the nucleophile and c oh

6  AsPC-1 (48 h) 20¢ >25 25

electrophile through a Michael addition and subsequent 7 ASE9 (12 h)° 250 67 + 2.5 108 + 58
1,2-alkylation.'* This strategy inherently makes the synthesis 8 H4dl 25 >25° 525

modular, allowing a host of nucleophiles and electrophiles to be

quickly appended to any desired quinone starting material. Source of cell line reported in the literature. MDA-MB-231: CCRC-

60425. HepG2: BCRC-60025. LNCaP: CCRC-60088. Hep 3B:

Scheme 1 depicts the fully optimized six-step, enantiose- BCRC-60434. PANCl ATCC. AsPC-1: ATCC. A549: KMUH.
lective, scalable synthesis of antroquinonol A (1). Each step was H441: KMUH. Source of cell lines reported in this paper: ATCC.
meticulously studied (see Supporting Information for tables of “Incubation tll’ne Trlphcate data. “Duplicate data. /Reference 1.
screened conditions), and as a result, gram quantities of 1 were SReference 2f. "SRB assay. ‘Reference 2c.
generated for biological screening. The synthesis commences
with the formation of quinon—monoketal 12 from commercial have low micromolar activity against the MDA-MB-231 breast,
benzaldehyde 11. Baeyer—Villiger and dearomative oxidations HepG2 hepatocellular, and LNCaP prostate tumor cell lines
followed by a trans-ketalization gave the desired quinone— and low nanomolar activity versus the Hep 3B hepatocellular
monoacetal in an overall yield of 64%."> Extensive screening of carcinoma (HCC) cell line.""” The reported ICs, value in the
the identity of the ketal protecting group (see Scheme lB) and lung tumor cell line (A549) for the natural product is 25 #M.*
also of enantioselective conjugate addition conditions'® led to a In our hands, 1 is ~3—70-fold less cytotoxic against these cell
one-pot procedure that produced the vicinally difunctionalized lines except for the AS49 cell line, where it is ~4-fold more
product 14 with moderate yield and high stereoselectivity. potent than previously reported. The activity of 1 in the Hep
Conjugate addition product 13 was also prepared in order to 3B cell line was particularly striking, where it is significantly less
confirm absolute stereochemistry via X-ray crystallography. potent when compared to the natural product. To be thorough,
L-Selectride proved best in producing the 4,5-cis stereo- the enantiomer of 1, (—)-antroquinonol A, was tested in a
chemistry of the natural product with a dr of 3:1. Hydrolysis similar panel, and, much like the natural product, high
turned out to be a significant challenge, with most acidic con- micromolar activity was seen for the Hep 3B and A549 cell
ditions leading to a complex mixture of elimination pro- lines (Table S6). The observed and reported high micromolar
ducts. Montmorillonite K10 clay was a sufficiently mild proton activity of 1 against a NSCLC cell line (AS49) is somewhat
source for hydrolysis of ketal 14, producing enantioenriched puzzling since the natural product is in phase II trials for the
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treatment of this tumor type. It was indicated in the package
submitted to the FDA for phase I studies that “In vivo study
in NOD/SCID mice with AS49 subcutaneous xenografts
consistently showed tumor growth suppression after 2 weeks
of oral 30 and 60 mg/kg antroquinonol treatment.”'® In
addition, the natural product is reported to have in vivo activity
in a Hep 3B tumor model (vide infra)."” Because of the
promising efficacy in this hepatocellular model and the limited
in vitro activity against the AS49 cell line, we reasoned that an
active metabolite(s) could potentially be contributing to the
observed in vivo activity seen with 1.

When 1 was subjected to metabolite identification/
biotransformation studies using human, rat, and mouse liver
microsomes, it was rapidly converted to a major metabolite
across all three species (Figure 2),”° the structure of which
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Figure 2. A. Antroquinonol A metabolite (15) profile in MsLM.
X = sample matrix peaks, not parent related. B. Reagents and
conditions: (a) LIHMDS (1.5 equiv), HMPA (2.5 equiv), allyl bromide
(2.5 equiv), THF, 0 °C, 6 h (44%); (b) L-Selectride (2.0 equiv),
toluene, —78 °C to —20 °C, 6 h (74%); (c) Montmorillonite K10 clay
(30 wt %), DCM, 23 °C, 2 h (49%); (d) TBAF (2.0 equiv), THF,
23 °C, 2 h (99%); (e) PIDA (1.1 equiv), TEMPO (0.2 equiv), THF,
23 °C, 4 h; (f) NaClO, (7 equiv), NaH,PO, (7 equiv), 2-methyl-2-
butene (20 equiv), -BuOH, H,0, 23 °C, 12 h (58%). MsLM = mouse
liver microsomes.

was tentatively assigned as the acid 15 based on MS/MS and
'H NMR data.

In order to confirm this structure and produce enough
material for biological evaluation, a synthesis of 15 was
undertaken. As a testament to the modularity of the synthetic
route to 1, acid 15 was easily accessed through an identical
strategy. Simply replacing farnesyl bromide with an oxidized
derivative, followed by alkylation, reduction, and hydrolysis
conditions, furnished antroquinonol analogue 17. Not surpris-
ingly, chemoselective oxidation of the primary alcohol in the

29

presence of the partially reduced quinone core of antroquinonol
proved challenging. Employing TEMPO as a catalytic oxidant
proved successful.”’ Subsequent oxidation of the sensitive
aldehyde under Pinnick conditions gave the desired acid
metabolite 15, which spectroscopically matched the isolated
material from liver microsomes (vide supra).

Compound 15 was subjected to the same tumor cell line
panel as 1; however, little to no cytotoxicity was observed.””
Further metabolism studies where 1 was incubated with human,
rat, and mouse hepatocytes showed that compound 15 is most
likely rapidly oxidized and degraded to a known inactive
metabolite (Met2) most likely via mitochondrial fS-oxidation
(Figure $2).2%*7¢

Although the source of the Hep 3B tumor cell lines used in
the literature is different from the one described herein (see
Table 1 footnote), we decided to conduct an in vivo study
with synthetic antroquinonol (1) based on the reported efficacy
of the natural product.'” Before embarking on such a study,
a pharmacokinetic (PK) study of 1 in mouse was performed to
determine the exposure of the compound when dosed either
orally (po) or intraperitoneally (ip). A single S0 mg/kg dose
of 1 provided the PK profile depicted in Table 2, in which

Table 2. Mouse Pharmacokinetic Data

PK parameters ip dosing” po dosing”
Corax (nM) 457 £ 45 79 £ 52
T (h) 43 241
AUC,,., (nM-h) 2290 + 142 266 + 88

“Corn oil was used as the dosing vehicle.

exposures following oral administration were significantly lower
compared to those from ip dosing.

An in vivo efficacy study was conducted with 1 using Hep 3B
HCC tumor xenografts implanted subcutaneously in female
NSG mice. Despite literature reports of statistically significant
antitumor activity observed with the natural product,””"’ com-
pound 1 was inactive (<70% tumor growth inhibition, TGI) in
our hands when administered daily ip for 14 consecutive days
(Figure 3). Paclitaxel served as a positive control in this study
and was clearly efficacious (79% TGI) when administered on
its optimal preclinical dosing regimen (24 mg/kg, qdxSs, iv).
Compound 1 was generally well-tolerated with no overt signs
of toxicity and minimal weight loss (~4%).

In summary, a concise, six-step, scalable, enantioselective
synthesis of (+)-antroquinonol (1) has enabled an extensive
reinvestigation of some of its reported preclinical biological
properties. As outlined in this manuscript, compound 1
demonstrated only micromolar activity in a panel of select
tumor cell lines. While the reported Hep 3B cytotoxicity data
was intriguing, it was significantly less potent in our panel,
therefore it was not unexpected that the compound was inactive
in the xenograft model derived from this cell line. The modular
synthetic route enabled us to prepare and evaluate a major
metabolite identified from biotransformation studies; this
compound was inactive and therefore unlikely contributing to
the reported in vivo activity. Despite differences in the cell lines
used for the in vitro assays”* and the manner in which the
in vivo studies were conducted (e.g., the different initial tumor
sizes), the lack of efficacy in an in vivo preclinical model would
be a cause for concern if the compound were to be advanced
into the clinic for treating hepatocellular carcinoma. As indicated
earlier, antroquinonol is currently in phase II clinical trials for
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Figure 3. In vivo antitumor activity of synthetic antroquinonol in the
Hep 3B HCC xenograft model. Last measurement in the control
group includes only one animal, since all other mice in this group had
to be euthanized due to severe tumor necrosis. Standard error of the
mean (SE) is calculated using the average deviation built-in formula in
Quantrix spreadsheets as part of IDBS’s EWorkBook Suite.

the treatment of NSCLC. However, the reported in vitro ICg,
for antroquinonol A (1) as well as the data with synthetic
antroquinonol (Table 1) suggest that the activity of the parent
compound 1 for this tumor cell line is in the high micromolar
range. Based on the in vitro cytotoxicity data for the AS49 cell
line, metabolic stability data in microsomes, and mouse PK
profile, very high exposures™ or the presence of a yet unknown
active metabolite may be necessary for 1 to show efficacy in
treating NSCLC in the clinic.
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