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ABSTRACT: This manuscript describes our studies of the class of natural
products known as the rubellins, culminating in the total synthesis of
(+)-rubellin C. These anthraquinone-based natural products contain a variety
of stereochemical and architectural motifs, including a 6-5-6-fused ring system,
5 stereogenic centers, and a central quaternary center. Herein, we report our
development of a strategy to target the stereochemically dense core and
anthraquinone nucleus, including approaches such as a bifunctional allylboron
and vinyl triflate reagent, an anthraquinone benzylic metalation strategy, and a
late-stage anthraquinone introduction strategy. Our studies culminate in a
successful route to highly functionalized anthraquinone-based natural product
scaffolds and a stereoselective total synthesis of (+)-rubellin C. These
strategies and outcomes will aid in synthetic planning toward anthraquinone-
based natural products of high interest.

■ INTRODUCTION
Rubellins A and B (1 and 2) were initially isolated as
heterodimeric anthraquinone metabolites from the phytopatho-
genic fungus Mycosphaerella rubella in 1986 in Italy, causing
pigmentation and damage to a rare medicinal plant Angelica
sylvestris, with rubellins C and D (3 and 4) following soon after
(Figure 1).1,2 Research surrounding the compounds lay
dormant for years until the isolation of the rubellins from
another more common fungus in Germany, Ramularia collo-
cygni, the emerging pathogen responsible for barley leaf disease
in Europe.3 Further investigation of R. collo-cygni yielded natural
products with similar core structures, including rubellins E and F
(5 and 6), uredinorubellins A and B (9 and 10), caeruleor-
amularin (11), and 14-dehydro rubellin D (12), all direct
rubellin family members.4

A biosynthesis from R. collo-cygni was carried out by the
Liebermann group in 2006.4 Small quantities of various rubellins
could be isolated from the fungi, and 13C labeling via [U-13C6]-
glucose allowed for confirmation of an anthraquinone
dimerization through isolation of the anthraquinone monomers
chrysophanol (7) and helminthosporin (8) (Scheme 1). An
enzyme-mediated dimerization was postulated to give a
bisanthraquinone species (17), which undergoes enzymatic
reduction and oxidation events to provide the rubellin natural
products.4,5 Related natural products isolated from different
fungi include the torrubiellins (13 and 14), melrubiellins (15
and 16), and solanrubiellins, indicating that many fungal species
may have the enzymes responsible for such chemistries.6−8

Reported Biological Activities. In the initial studies of
rubellins A and B (1 and 2), no biological activities were
reported.1 However, subsequent studies showed a light-

dependent antibiotic ability of the rubellins.2 Photodynamic
properties were observed, with all of the rubellins possessing the
ability to act as lipoperoxidative agents on select substrates,
which is supplemented by the presence of these natural products
in phytotoxic fungi.9

Over a decade later, further investigation into the photo-
dynamic ability of the rubellins confirmed their propensity to
undergo light-mediated reactions.4,10 Mechanistically, this
process is thought to occur in a mixture of photodynamic type
I and II reactions, where the rubellin core accesses an excited
state via the energy of a photon. This energy is transmitted to
oxygen to produce a reactive oxygen species in the form of
singlet oxygen or the superoxide radical via electron donation,
which then decomposes to the hydroxyl radical through
hydrogen peroxide (Scheme 2). The reactive oxygen species
can then oxidize fatty acids in the cell wall. This mechanism of
action is particularly damaging to plant cell walls and is similar to
that of the related natural product cercosporin, synthesized for
the first time in 2010.11

A full biological profile was conducted in 2009 on rubellins B
(2), C (3), D (4), E (5), and caeruleoramularin (11).12 Low
micromolar light-dependent antibiotic activities were observed
against Gram-positive but not Gram-negative bacteria. Cytotox-
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icity was observed in a variety of cell lines with some light
dependency observed as well; however, no significant selectivity
between cell types was seen. Intriguingly and similar to other
anthraquinone-containing natural products, the rubellins were
found to potently inhibit and deaggregate the formation of
paired-helical filaments of tau protein, a therapeutically relevant

biomarker in Alzheimer’s disease, implicating this scaffold as the

basis for tools or therapeutics for the neurodegenerative

tauopathies.13 Our further studies on this family of natural

products were based partially on the reported ability of the

rubellins to deaggregate neurotoxic tau aggregates.

Figure 1. Rubellin family and related natural products.

Scheme 1. Biosynthetic Hypothesis of Rubellin Natural Products

Scheme 2. Light-Activation Hypothesis of Rubellin Natural Products
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■ RESULTS AND DISCUSSION
Retrosynthetic Analysis. None of the discussed rubellin

natural products (1−16) have been conquered through total
synthesis since their initial discovery (1 and 2) over 30 years ago,
an odd fact due to the recent syntheses of other multilinked
anthraquinone natural products. The rubellin core is beset with
several synthetic challenges, including the quaternary center
buried in an array of five contiguous stereocenters, the central 6-
5-6-fused ring system, and the assortment of oxidation levels
(Figure 2). We were particularly interested in developing a

synthetic approach to rubellin C (3) because of the exceptional
challenge of accessing a Csp3−Csp3 hybridized “attached ring
system”, where the quaternary C16 carbon in a ring is joined
through a single carbon−carbon bond to a stereochemically
defined lactone.14 Given the prevalence of the congested
attached ring motif in other natural products, we envisioned
that a selective approach to this core structure would have broad
utility in complex molecule synthesis.15−17 We describe in detail
our synthetic studies and our reported total synthesis of
(+)-rubellin C.18

Our retrosynthesis of (+)-rubellin C (3) revolved around two
major disconnections (Scheme 3). Our first disconnection is of
the Csp2−Csp3 C5−C11 bond via a diastereoselective intra-
molecular Heck reaction from phenol 18 as its corresponding
triflate, where the stereochemistry of the carbopalladation is
directed by the quaternary center.19 We reasoned that the key
hindered ring fusion present in anthraquinone 18 could be
selectively accessed through an allylation in an ordered

transition state 19. Properly designed synthon allyl anion 21
combined with phthalaldehyde 20 would give access to such a
transformation. A stereochemically defined allylic nucleophile
corresponding to the allyl anion synthon 21 would have to
engage the electrophilic aldehyde 20 through the correct carbon
(α- vs γ-addition), on the correct face, and with the correct
orientation of the electrophile, distinguishing between eight
possible isomers of the coupled product containing the two core
stereocenters; the resulting homoallylic alcohol would then
close on the ortho-ester of the aldehyde partner to form the
attached ring system. We proposed a sterically hindered
allylboron allylation that would translate stereochemistry
through a closed transition state 19.20,21 We then set out to
produce the stereochemically enriched allylating reagent 21
from a chiral pool starting material (22) and define the ring
system that would be necessary for the allylating reagent to
incorporate the anthraquinone functionality.
Many possible routes exist to gain access to the required

intermediates to assemble the rubellin system through our
proposed key allylative and Heck chemistries (Scheme 4). We
attempted three different strategies to access necessary
intermediates, which will be discussed as the first-, second-,
and third-generation synthetic approaches. Our strategies
involved an initial investigation of a bifunctional reagent
equipped with an allylboronic ester and vinyl triflate (23), the
production of an electrophile (24) and anthraquinone organo-
metallic reagent (25), and a late-stage introduction of the
anthraquinone through a Hauser annulation.

First-Generation Synthetic Approach. Our first-gener-
ation synthetic approach relied on the construction of the
allylative precursor through a bifunctional reagent equipped
with both allylboron and vinyl triflate moieties (23). This could
undergo an initial transition-metal-mediated coupling to install
the benzylic anthraquinone species followed by allylative
chemistry to form the necessary Csp3−Csp3-attached ring
system. The bifunctional reagent could be derived from enone
28, a product of a diastereoselective 1,4-addition of boron into
enone 29, which could be generated from D-(−)-quinic acid
(22) (Scheme 5).

Figure 2. Rubellin architecture synthetic challenges.

Scheme 3. Retrosynthetic Analysis of (+)-Rubellin C
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To access the necessary enantioenriched enone 29 from D-
(−)-quinic acid (22), many methods from the literature were
attempted (Scheme 6). Ultimately, a piecemeal approach was
taken, as many of the multistep procedures were not
reproducible in our hands.22−24 Starting from D-(−)-quinic
acid (22), an initial lactonization and acetonide protection
afforded lactone 30 on decagram scale (maximum scale
performed 100 g).21 Lithium aluminum hydride reduction
gave access to triol 31, which became a bottleneck in scale for the
synthesis due to concentration requirements. Triol 31 was
oxidatively cleaved to hydroxyketone 32 with Shing’s reagent

(NaIO4 adsorbed on silica gel).
22,23 These steps could be run on

decagram scale with no chromatographic purification required,
and hydroxyketone 32 served as a vital branch point
intermediate in early-stage synthesis. Hydroxyketone 32 was
reduced to diol 33 as a mixture of diastereomers and subjected
to pyridine and p-toluenesulfonyl chloride to produce a mixture
of diastereomeric and constitutional isomers of the mono-
tosylated quinic acid derivative (undesired 34, desired 35).22

Swern oxidation with excess base facilitated elimination to the
desired enone 29.22

Scheme 4. First-, Second-, and Third-Generation Retrosynthetic Approaches

Scheme 5. Retrosynthesis of Bifunctional Lynchpin 23

Scheme 6. Forward Synthesis of Enone 29
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We then examined the 1,4-borylation and triflation reactions
on the enone substrate 29 (Scheme 7). A copper-catalyzed

borylation reported by Miyaura utilizing copper(I) chloride,
lithium chloride, bis(pinacolato)diboron, and potassium acetate
in N,N-dimethylformamide (DMF) furnished low yields of one
diastereomer of the 1,4-borylated enone 28.25 NOE experiments
were unsuccessful in determining the relative stereochemistry of
the new carbon−boron bond; however, we surmised that the
convex face of the systemwasmuchmore accessible. An increase
in yield was observed upon switching to a copper/iron system as

reported by Ramoń and Yus, where iron oxide is doped with
copper to yield a magnetic catalyst.26 A similar mechanism is
thought to control both reactions: the inorganic base forms
methoxide, which chelates to the empty p-orbital of one boron
unit of bis(pinacolato)diboron. This facilitates transmetallation
of boron to copper to form a nucleophilic copper−boron bond,
which then undergoes 1,4-addition to enone 29 in a
diastereoselective manner on presumably the opposite face of
the acetonide. This reaction, although early in our studies,
proved vital to our understanding of the stereochemical control
we would encounter throughout the rest of our synthetic
strategies.
Triflation of the resulting borylated compound 28 garnered

the undesired regioisomer 36 as the major species in all
conditions (Table 1). Although the carbon−boron bond
survived the basic conditions, deprotonation occurred at C15
rather than at C11. Examination of various bases, including
strong bases such as lithium diisopropylamide (LDA) and
weaker bases such as 1,8-diazabicyclo[5.4.0]-undec-7-ene
(DBU), in various solvents and temperatures led to the
undesired isomer with a variety of triflating agents. This
reactivity could be rationalized through the electronegativity
differences of C15 and C11 as well as the steric hindrance
around pinacol at nearby C12. Furthermore, the hydrogen at the
undesired C15 is also likely oriented antiperiplanar to the
acetonide oxygen at C14 due to negative hyperconjugation,
which would further stabilize the resulting anion. This makes the
undesired regioisomer 36 both the kinetically and thermody-

Scheme 7. Diastereoselective 1,4-Borylations of Enone 29

Table 1. Regioselective Triflation of Enone 28a

aComins’ reagent: N-(5-chloropyridin-2-yl)-N-(methanesulfonyl)methanesulfonamide.
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namically favored products, which forced us to rethink our
synthetic approach.
Second-Generation Synthetic Approach. Our second-

generation approach replaced the transition-metal-coupling step
with a conjugate addition of a benzylic anthraquinone
organometallic species (Scheme 8). In both synthetic routes,

we required an organometallic benzylic anthraquinone; in this
case, instead of coupling to an inaccessible vinyl triflate 23, we
could attempt addition of the nucleophilic benzylic reagent to
the opposite constitutional isomer of the previous enone 29,
namely, enone 24, which was accessed through hydroxyketone
32 via mesylation and elimination.23 This gave access to the
necessary Michael acceptor 24 for the desired nucleophilic
benzylic anthraquinone 25.
Although no direct benzylic anthraquinone organometallic

exists in the literature, anthraquinones have been shown to resist
additions of some organometallic reagents, such as Grignard
reagents, and can be successfully metallated at their aromatic
positions (Scheme 9).27−29 Major questions revolved around
the metal insertion event. Would a low-valent metal form the
organometallic reagent at the benzylic position or reduce the
anthraquinone to its anthracene derivative? Furthermore, would
the resulting reagent be nucleophilic enough to add into the
carbonyls of the anthraquinone, even though they are sterically
hindered and electronically deactivated in this particular system?
However uncertain, we attempted to synthesize multisubsti-

tuted anthraquinone 25 (or the anthracene equivalent) that
could be possibly metallated at the benzylic position.
We devised a few strategies to access the novel multi-

substituted anthraquinone core 43, which would then be
metallated at its benzylic position to organometallic species 25
(Scheme 10). Since the anthraquinone ultimately has to
undergo a late-stage Heck reaction (Scheme 3), one of the
positions of anthraquinone 43 had to be alternatively function-
alized (either through protecting group or halogenation) since a
suitable C−H functionalization of this position did not seem
feasible due to steric requirements and electronic competition.
With this in mind, we devised a Diels−Alder approach30 and a
Hauser annulation approach toward anthraquinone 43. In the
Diels−Alder approach, a halogenated naphthoquinone deriva-
tive 44 could undergo a regioselective [4+2] cycloaddition with
a properly designed diene 45; a requirement for successful
aromatization would be retainment of an oxygenated substituent
(OR) in diene 45. The Tietze group had previously showed that
when R = TMS of diene 45, the silyl group was quickly
hydrolyzed and a free alkoxy group was retained.30 Our goal was
the preservation of the full silyl group. Aromatization could
furnish the desired anthraquinone with the correct protecting
group scheme and benzylic position ready for functionalization.
An alternate proposal proceeded through aHauser annulation of
sulfone 27 and p-quinone monoketal 46.
The diene for the Diels−Alder reaction was built from methyl

crotonate (Scheme 11).31 A Henry reaction furnished nitro
compound 50, which underwent a Nef reaction to yield acetal
51. Further hydrolysis furnished aldehyde 52, a suitable
precursor for the silylated derivatives necessary for our proposed
Diels−Alder reaction. Silylation to the resulting silyl enol ether
53 or 54 followed by enolization and trapping with TMSCl
furnished the silyl ketene acetals 55 and 56 in high yields.
The halogenated naphthoquinone was constructed from

commercially available dihydroxy naphthoquinone 57 (Scheme
12).32 Initial oxidation with oxygen and copper(I) chloride
furnished juglone 58 through a [4+2] addition of singlet oxygen
and fragmentation of the resulting endoperoxide, which could
then be brominated in a two-step procedure to selectively yield
3-bromojuglone 59.33 As reported by the Tietze group,
chlorojuglones retain the highest activity in Diels−Alder
reactions, and so we subjected bromojuglone 59 to hydrochloric
acid to undergo halogen exchange to chlorojuglone 60. In our
Diels−Alder examinations, we also attempted reactions on the
methylated chlorojuglone 61, available by methylation of 60.

Scheme 8. Retrosynthesis of Putative Organometallic Species
25

Scheme 9. Examples of Poor Nucleophilic Reactivity toward the Anthraquinone C9/C10 Carbonyls
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The Diels−Alder reaction proved unsuccessful in retaining
the correct protecting group and oxygenation schemes (Scheme

13). All attempts at cycloadditions with the tert-butyldimethyl-
silyl (TBS)-protected diene 56 gave elimination of the TBS-

Scheme 10. Retrosynthesis of Anthraquinone 43

Scheme 11. Forward Synthesis of Dienes 55 and 56

Scheme 12. Juglone Derivative Synthesis
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protected ether, including under various aromatization con-
ditions, to produce small quantities of the natural product
chrysophanol without our necessary element of oxygenation
(62). We further attempted cycloadditions on the methylated
juglone derivative 61 with hope that the altered electronics may
allow for retention of the TBS-protected hydroxyl group in the
aromatization stage. However, in all cases, these naphthoqui-
none derivatives were unreactive to the initial [4+2] cyclo-
addition due to the significant change in electronics and lack of
internal hydrogen bonding of the dienophile 61. Finally, we
mirrored the Diels−Alder reactions reported in the literature to
access islandicin (63) with TMS-protected diene 55 and
chlorojuglone 59. We attempted selective protections and
deprotections of islandicin; however, the poor scale of this full

reaction sequence, joined by the possibility of >5−10 steps of
protecting group manipulation, made this route unattractive in
the synthesis.
We simultaneously attempted a previously reported Hauser

annulation approach to access the same anthraquinone
intermediate (Scheme 14).34,35 A regioselective annulation
would provide access to protected islandicin derivative 71,
which could be further modified to meet our needs as a
nucleophilic anthraquinone fragment. Hauser donor sulfone 27
was produced by an ortho-metalation strategy.36,37 3-Methox-
ybenzoic acid 64 was amidated, followed by directed ortho-
formylation to aldehyde 66. Hydrolysis and sulfidation gave
sulfide 68, which was oxidized to sulfone 27. Finally, o-cresol
(69) was oxidized to Hauser acceptor 46.38 Upon combination

Scheme 13. Diels−Alder Attempts and Further Anthraquinone Functionalizations of Islandicin

Scheme 14. Hauser Annulation Approach39 to Anthraquinone 71
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of fragments in basic conditions, anthraquinone 71was accessed
through the regioselective annulation reaction (via intermediate
70).39

At the completion of anthraquinone 71, we quickly realized,
rather than attempting to produce the unprecedented benzylic
anthraquinone organometallic with all its potential drawbacks
(e.g., ease if reduction in the presence of many metals,
diminished nucleophilicity), we could instead utilize the Hauser
annulation in a late-stage reaction and introduce the
anthraquinone fragment through a benzylic nucleophile derived
from o-cresol (69). This proved to be the major shift in the
synthetic sequence; we had now shifted from an early-stage
anthraquinone introduction strategy to a late-stage approach.
Third-Generation Approach: Model System and

Completion of (+)-Rubellin C. In our third-generation
retrosynthetic strategy,18 we ultimately decided on installation
of the anthraquinone at a late stage of the synthesis (Scheme
15). This would allow for the oxidatively labile, poorly soluble,
and highly polar ring system to be installed through a Hauser
annulation, avoiding the aforementioned problems. The
anthraquinone moiety on compound 18 could be introduced
by a Hauser annulation with a p-quinone monoketal (not
shown) derived from aromatic oxidation of homoallylic lactone
72. We still held the reasoning that the key hindered ring fusion
could be selectively accessed through allylboron species 73 and
aldehyde 20 (see Scheme 3). The stereochemically enriched
allylating reagent could be prepared from the aforementioned
enone 24, synthesized during our pursuit of the second-
generation synthetic strategy, and nucleophilic benzylic frag-
ment 26 derived from o-cresol (69).
Our synthesis began with production of Grignard reagent 26

(Scheme 16). As we now sought to introduce the anthraquinone
via a late-stage Hauser annulation, we had to install only a
benzylic fragment onto the β position of enone 24. Bromide 75
was accessed expediently from o-cresol (69).40 After significant
experimentation, Grignard reagent 26 could be prepared on
large scale (40−50 g) and titrations (0.7−0.8 M, 1 M target) by
placing the reaction vessel in an ice bath after initiation to
control the exotherm of Grignard reagent formation. Temper-
ature control was key to high titrations of the Grignard reagent;
uncontrolled exotherms led to dimerization and lower yields

(20−30%, 0.2−0.3 M). Various other organometallic reagents
were also attempted, including potassium anions utilizing
“super-base” protocols and organozinc species, as described by
Knochel et al.; however, many of these approaches fell short of
our target titration and yield.41 We hope that this simple method
and alteration to Grignard procedures will prove useful in the
synthesis of other organometallic species prone to dimerization.
Benzylic Grignard 26 underwent copper-mediated conjugate

addition into enone 24 smoothly in the presence of TMSCl and
TMEDA as a base, chelating, and solubilizing agent (Scheme
17). The resulting mixture containing the silyl enol ether was
converted into substituted enone 76 through the Saegusa−Ito
oxidation with stoichiometric palladium(II). Various protocols
were attempted for this oxidation to regenerate the palladium-
(II) from palladium(0); however, none could rival the
traditional use of stoichiometric palladium(II) acetate under
oxygen atmosphere in yield or conversion.42 Hydride reduction
of the enone 76 carbonyl center would presumably occur from
the convex face as in the previously observed chemistries,
illustrated in transition state 79. An allylic borylation would then
give our desired stereochemistry by another invertive mecha-
nism. After screening various reductants such as traditional
hydride sources including NaBH4, LiAlH4, and Luche
conditions, we found that L-selectride (lithium tri-sec-butylbor-
ohydride) gave the best chemo- and diastereoselectivity for
addition into the re-face of bicyclic enone 76 on multigram scale

Scheme 15. Third and Successful Retrosynthesis of (+)-Rubellin C

Scheme 16. Benzylic Grignard Reagent 26 Synthesis

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c00920
J. Org. Chem. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.joc.1c00920?fig=sch15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00920?fig=sch15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00920?fig=sch16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00920?fig=sch16&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c00920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to furnish allylic alcohol 77 (Scheme 17). To design our
allylboron species 72 (Scheme 15), we focused on recently
reported borylation chemistry from the Szabo ́ group that
stereospecifically converts chiral allylic alcohols into allylboron
reagents.43 Inversion of alcohol 77 using bis(pinacolato)-
diboron (B2pin2) and a palladium(II) tetrafluoroborate catalyst
Pd(MeCN)4(BF4)2 produced pinacol boronic ester 78 in high
diastereoselectivity. Prolonged reaction times and higher

catalyst loadings gave the opposite isomer due to the reactivity
of excess palladium(0) with the intermediate palladium(II)
complex.
With a possible allyl nucleophile prepared, we first examined

our stereochemical hypotheses in a model system of the rubellin
core (Scheme 18). Thermal allylation of 78 with benzaldehyde
furnished homoallylic alcohol 81 as one isolable diastereomer,
presumably through energy-minimized transition state 80. This

Scheme 17. Pinacol Allylboronic Ester 78 Synthesis

Scheme 18. Diastereoselective Completion of Rubellin Core 85
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transformation installed the quaternary center at C16 and
alcoholic stereocenter at C18 in both high yield and
diastereoselectivity. The X-ray crystal structure of free phenol
82, obtained by removal of the TBS group, confirmed our
stereochemical analysis in the preceding allylation, borylation,
and reduction events. Triflation of phenol 82 and subjection to
palladium(0) conditions gave one diastereomer of the final 6-5-
6-fused system 85.44 This occurs through oxidative addition of
the intermediate triflate onto the palladium(0) complex to form
a palladium(II) species 83 oriented on the back face of the
molecule due to the stereochemistry at the quaternary center.
The carbopalladation is then directed by the quaternary center
to set the C5−C11 carbon bond in the model system through a
5-exo cyclization to intermediate 84. The resulting palladium(II)
intermediate then must undergo β-hydride elimination with a
syn periplanar hydride, not present at C11 and only available at
C13. This allows for installation of the alkene out of conjugation
of the aromatized system in the core system 85. The
stereochemistry was designated to be the cis-ring junction by
nOe correlations as desired in the natural product scaffold.
Optimization and Screening of Key Allylation. After

gaining supporting evidence for our stereochemical hypotheses,
we began the allylation of aldehyde 20, available from
commercial materials in seven steps via an ortho-lithiation
strategy of a salicylic acid derivative 86 (Scheme 19).45 The

same synthetic strategy was applied for Hauser donor 27
previously (Scheme 14); however, the resulting lactol here 90
was instead opened to the carboxylate and methylated to
produce aldehyde 20.
At this point, we began examining the reactivity of our initial

allylating reagent 78 with aldehyde 20 (Scheme 20). Treatment
of pinacol boronic ester 78with aldehyde 20 gave no yield of the
desired homoallylic lactone under harsh thermal conditions
(>220 °C); only decomposition of the allylboron reagent was
observed. Lewis acid or Brønsted acid additives decomposed the
allylating reagent through protodeborylative processes with no
appropriate reactivity observed.20,21 Ligand exchange with a
fluoride source or alcohols to the potassium trifluoride boronate
salt or smaller boronic esters progressed with no conversion,
often epimerizing the carbon−boron bond or removing the silyl
group.46,47 Esterification or halogenation of allylic alcohol 77
followed by the introduction of other metals known to proceed
through type I allylation reactions provided low reactivity (<5%
yield) with a mixture of isomers.48−50 In many cases, we
observed scrambling of stereochemistry at the carbon−metal
bond. We returned to boron, examining first the production of
borinic esters from pinacol boronic ester 78.51 Treatment with
organolithium reagents such as MeLi or nBuLi and trapping with
trifluoroacetic anhydride (TFAA) gave various borinic esters,
which did not allylate aldehyde 20 at low temperatures and were

Scheme 19. Synthesis of Aldehyde 20

Scheme 20. Attempted Allylations of Aldehyde 20
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not thermally stable. All of these derivatives proved unsuccessful
in formation, stereochemical fidelity during construction and in
transfer of chirality, or in ability to facilitate the key carbon−
carbon bond-forming event.
We then examined the formation of allylboronic acids instead

of allylboronic esters from allylic alcohol 77 utilizing Pd-
(MeCN)4(BF4)2 and bisboronic acid B2(OH)4 as reported in an

altered protocol from the Szabo ́ group, utilizing benzaldehyde as
an effective titrating agent.52 Allylboronic acids lack a hindered
steric environment around the empty p-orbital of boron and are
hypothesized to form remarkably Lewis acidic trimeric allylic
boroxines upon removal of water, increasing their allylative
reactivity.53 The trimeric allylboroxine has one less oxygen per
boron than the corresponding allylboronic acid, greatly

Scheme 21. Two-Step Diastereoselective Transformation of Allylic Alcohol 77 to Lactone 72

Scheme 22. Mechanism54 of Allylic Alcohol 77 Borylation and Subsequent Allylation
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increasing the Lewis acidity of each boron atom in a planar array.
Use of Pd(MeCN)4(BF4)2 with B2(OH)4 in a DMSO/MeOH
mixture followed by oxygen-free extraction and dehydration
with Na2SO4 gave postulated allylboron species 91 likely in
equilibrium with its boroxine trimer counterpart, which
underwent allylation with benzaldehyde to give the same
diastereomer 81 as produced in the studies of the core system. A
significant level of optimization from the originally reported
conditions produced a viable solvent mixture of DMSO/MeOH
to facilitate the two-step allylic borylation (full details can be
found in the Supporting Information in Table S14).
With optimized conditions in hand, allylation of aldehyde 20

at a higher temperature gave homoallylic lactone 72 as one
isolable diastereomer (Scheme 21). We realized in our studies

that aldehyde 20 could be used as a limiting reagent to produce
high yields of lactone 72 with recovery of starting allylic alcohol
77.
The stereochemical control of this transformation stems from

the stereochemistry at the hydroxyl stereocenter of allylic
alcohol 77. Initial inversion of the BF3-activated hydroxyl bond
(92) through oxidative addition of an in situ generated Pd0

species is followed by a rate-limiting transmetallation of
B2(OR)4 for either the pinacol ester or bisboronic acid, as
studied by the Szabo ́ group.54 Reductive elimination of the
carbon−boron bond of intermediate 94 occurs on the least
substituted carbon and the convex face of the bicyclic system to
generate allylboron species 95 (Scheme 22). The trans-
metallation of the boron−boron bond onto palladium is

Scheme 23. Synthesis of Hauser Acceptor 98

Table 2. Optimization of Late-Stage Hauser Annulation

aReaction run on a 0.6 mmol scale to demonstrate scalability.
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facilitated by its electron density; the rate of transmetallation is
then inversely proportional to the Lewis acidity of the boron
reagent used. Therefore, the boron reagents that are least
successful in the palladium-catalyzed borylation will be most
successful in the aldehyde allylation, as observed in the
differences between bis(pinacolato)diboron and bisboronic
acid in the two-step transformation.
The stereochemistry of the allylation is controlled through the

Zimmerman−Traxler chair-like transition state 96 to simulta-
neously set the quaternary and hydroxyl stereocenters in
homoallylic lactone 72. This strategy allows for preparation of
the Csp3−Csp3 ring junction with a high control of stereo- and
regioselectivity in the generation of one out of eight possible
constitutional and stereochemical isomers on gram scale.
Analysis of Hauser Annulation.To complete the synthesis

of rubellin C, we pursued the late-stage Hauser annulation,
triflation, and Heck reaction (Scheme 23). Analogous removal
of the silyl group of allylation product 72 with tetra-n-
butylammonium fluoride (TBAF) provided the free phenol
97. Higher equivalents (>1.3) of TBAF epimerized the C18
lactone stereocenter, hinting at its lability and a problem that
would have to be overcome later in the synthesis. Oxidation of
the free phenol with (diacetoxyiodo)benzene formed the p-
quinone monoketal 98 in a 60% yield over two steps.

Initial examination of the Hauser annulation with bases such
as the dimsyl anion or lithium diisopropylamide and matching
equivalents of sulfone 27 and p-quinone monoketal 98 gave low
yields of one bright red anthraquinone isomer, visible without
staining on thin-layer chromatography plates and during column
chromatography as a red band.27 Switching to lithium tert-
butoxide gave anthraquinone 18 in higher yields; however, with
higher base equivalents (>3) or upon application of heat,
scrambling of the C18 stereocenter was observed to give full
conversion to undesired epimer 100 (Table 2). After
optimization, the desired epimer 18 could be acquired with
high yield and stereoretention with 2.65 equivalents of base,
minimizing the formation of epimer 100, the structure of which
was confirmed by X-ray crystallography. The crystal structure of
the undesired epimer 100 further established our stereochemical
assignment of the allylation preceding this step (Scheme 21,
compound 72). If anthraquinone isomer 100 was desired, extra
equivalents of base or heating of the system would provide it in
full conversion. This likely occurs through deprotonation at C18
to form alkoxyfuran species 99. Protonation on the opposite face
forms the opposite, thermodynamically favored isomer. This
behavior of intermediates was not observed with later
intermediates beyond the Heck reaction (vide inf ra), insinuating
that once the key 6-5-6-fused system is put in place,

Scheme 24. Synthesis of Hauser Donor 106 for (+)-Rubellin D

Scheme 25. Hauser Annulation for Precursor 107 to (+)-Rubellin D
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epimerization at the C18 center is not as thermodynamically
favored.
We also employed these tactics on a sulfone derivative of

sulfone 27 toward (+)-rubellin D. Sulfone 106 was synthesized
in the same manner as sulfone 27 from a dimethoxybenzoic acid
derivative 101 in a similar sequence of amidation, o-formylation,
hydrolysis, sulfidation, and oxidation (Scheme 24).
Hauser chemistries with sulfone 106 and previously discussed

Hauser acceptor 91 furnished a 3:1 mixture of anthraquinone
isomers 107 and 108 under the same conditions as developed
for the rubellin C synthesis (Scheme 25). Desired isomer 107
was carried forward into the triflation and Heck chemistries.

Heck Reaction and Completion of (+)-Rubellin C.With
the Hauser conditions established for anthraquinone 18 as well
as for rubellin D precursor 107, we pursued the final steps of the
synthesis. Typical bases used in triflation conditions were not
suitable for deprotonation of the chelated phenol proton;
soluble bases also assisted with C18 epimerization. After
considerable optimization, our conditions involved a long
deprotonation with sodium hydride in dilute CH2Cl2, followed
by the addition of trifluoromethanesulfonic anhydride to give
access to triflate 109 (Table 3). This minimized epimerization
and deprotection of the acetonide while generating reasonable
yields of the desired triflate 109. During the course of the

Table 3. Optimization of Anthraquinone Triflation

entry solvent base (equiv) triflating reagent temp (°C) time (h) 109 (% yield)

1 CH2Cl2 Pyr (20) PhNTf2 0−40 15 0
2 CH2Cl2 DBU (10) PhNTf2 0−40 15 0
3 THF LDA (3) PhNTf2 −78−23 15 0
4 CH2Cl2 DBU (20) Comins’ 0−23 15 0
5 CH2Cl2 Pyr (20) Comins’ 0−23 15 0
6 CH2Cl2 Pyr (3) Tf2O −78−0 2 36
7 THF NaH (10) Tf2O −78 2 0a

8 CH2Cl2 NaH (10) Tf2O 0 5 50
9 DME NaH (10) Tf2O 0 5 50b

10 CH2Cl2 NaH (5) Tf2O 0 5 0
11 CH2Cl2 NaH (20) Tf2O 0 5 72%
12 CH2Cl2 NaH (20) + Pyr (3) Tf2O 0 5 73%c

aThe polymer of tetrahydrofuran (THF) produced by triflic anhydride (Tf2O) decomposes the mixture of product and starting material quickly
during purification. bMixture of isomers. cThe deprotonation of anthraquinone 3 with sodium hydride is very slow on larger scales (>0.1 mmol).
The addition of pyridine after Tf2O increased the conversion and reaction rate at a 0.23 mmol scale.

Scheme 26. Two-Step Triflation and Heck Reaction of Compound 18

Scheme 27. Attempted Heck Reaction of (+)-Rubellin D Precursor 107
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deprotonation, we observed a purple solid deposited on the side
of the flask in significant quantities, which we hypothesize is the
insoluble sodium salt of phenol 18 that cannot undergo
epimerization due to its precipitation.
Triflate 109 was immediately used in the subsequent Heck

reaction in a two-step protocol to present one diastereomer of
the rubellin architecture (Scheme 26). Although a variety of
bidentate phosphine ligands55 and different palladium(0)
precursors were screened, the most reproducible results were
simply with higher catalyst loadings of Pd(PPh3)4.

56 Halide
additives such as lithium bromide or lithium chloride were
essential to the progression of the reaction to increase both
polarity of the solvent media and the rate of oxidative addition of
the aryl triflate.57 The major competing reaction in this process
is detriflation of the intermediate triflate 109. This occurs in the
presence of all halide salts to form a highly stable anthraquinone-
alkoxy anion. Nonetheless, reasonable yields of Heck product
110 were furnished under this two-step protocol in high
diastereoselectivity through a similar mechanism as discussed in
the model system (Scheme 18).

With the Heck reaction completed for the carbon framework
of rubellin C (3), rubellin D (4) was pursued with
anthraquinone 107 (Scheme 27). Although triflation under
the developed conditions was successful, the resulting Heck
reaction to compound 111 did not proceed, presumably due to
the extra O-methyl ether present on the anthraquinone ring.
This directly hampers the rate of oxidative addition to the triflate
and allows for a competing detriflation to be the major reaction
in the mixture, resulting in the recovery of phenol 107 and its
epimer 108 in the two-step process.
The final deprotection of the rubellin C (3) framework was

attempted. A one-pot O-demethylation and acetonide removal
of trimethylated substrate 110 were first attempted (Table 4).
We began our screening with Lewis acidic demethylating agents;
we would often observe the most electron-rich methyl group
removed (C23 O) and then a significant decomposition event
and cleavage of large sections of the molecule. We transitioned
to nucleophilic demethylating agents to pursue a two-step
deprotection procedure. These agents typically immediately
removed the two electron-poor highly chelated methyl groups at
C1 and C8 in a matter of minutes. After some screening, the

Table 4. Screening of Demethylation Conditions of Rubellin Precursor 110

entry solvent reagent (equiv) additive (equiv) temp (°C) time (h) products observed

1 CH2Cl2 BBr3 (10) −78 1 h C23 O-demethylation
2 CH2Cl2 BBr3 (10) −78−0 2 h decomposition
3 CH2Cl2 BBr3 (10) −78 4 h C23 O-demethylation; decomposition
4 CH2Cl2 BBr3 (3) −78 15 C23 O-demethylation
5 CH2Cl2 BBr3 (10) −40 1 C23 O-demethylation; decomposition
6 CH2Cl2 BBr3 (10) amylene (11) −40 1 C23 O-demethylation; decomposition
7 None Pyr·HCl (200) 200 1 decomposition
8 CH2Cl2 BCl3 (10) 0 24 C23 O-demethylation; decomposition
9 CHCl3 TMSl (4) 0 0.5 C1/8 O-demethylation; decomposition
10 CH2Cl2 AlCl3 (10) 23 5 mixture of demethylated epimers
11 CH2Cl2 AlCl3 (10) EtSH (10) 0 0.25 C1/8 O-demethylation; decomposition
12a THF MgI2·OEt2 (10) 50 3 C1/8 O-demethylation; epimerization
13 PhMe MgI2·OEt2 (12) 100 2 112 major; not full conversion
14 PhMe MgI2·OEt2 (14) 100 3 112

aInitial experiments with MgI2·OEt2 were allowed to cool for 30 min to 1 h before quenching. This gave epimerization of the C18 center as well as
iodinated byproducts. Entries 13 and 14 were quenched within 10−15 min of removal from the heating oil bath.

Scheme 28. Final Two-Step Deprotection and Completion of (+)-Rubellin C (3)
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weakly nucleophilic iodide source of freshly prepared
magnesium iodide etherate (MgI2·OEt2) suitably removed all
of the methyl groups at higher temperatures to give tri-
demethylated product 112.58 Crucial to the success of this
method was keeping the system in the dark; any superfluous
iodine produced underwent SNAr reactions with the present
aromatic rings, yielding mixtures of iodinated products.
Finally, removal of the acetonide under acidic conditions59,60

produced one enantiomer of the natural product (+)-rubellin C
(3) (Scheme 28). Our characterization data matched that
described in the literature, and our synthetic efforts therefore
also confirm the absolute stereochemistry reported of natural
(+)-rubellin C (3).

■ CONCLUSIONS
This manuscript describes our synthetic efforts toward the
rubellin family of natural products, culminating in the synthesis
of (+)-rubellin C (3). The first total synthesis of a member of the
rubellin family of natural products has been accomplished with
high stereoselectivity in 16 steps (longest linear sequence) from
the readily available D-(−)-quinic acid (21). The expedient
construction of the core ring system relied on an efficient
sequence of steps to install topological and stereochemical
complexity. This synthesis displays the current power of organic
synthesis to access some of the most complex anthraquinone-
containing natural products discovered to date with high
stereochemical control. Further studies of these transformations,
compounds, and their biological activities are in progress.

■ EXPERIMENTAL SECTION
All reactions were performed in flame-dried round-bottom flasks
capped with septa, 8 mL capped reaction vials, or 4 mL capped reaction
vials with magnetic stirring under a positive pressure of argon gas and
with typical Schlenk line techniques unless otherwise indicated.
Commercially obtained reagents were used as received. Solvents were
dried by passage through an activated alumina column under argon.
Liquids and solutions were transferred via a syringe and a stainless steel
needle. All reactions were monitored by thin-layer chromatography
with E. Merck silica gel 60 F254 precoated plates (0.25 mm) unless
otherwise indicated and were visualized by UV (254 nm) and/or
KMnO4 staining. Silica gel (particle size 0.032−0.063 mm) purchased
from SiliCycle was used for flash chromatography unless otherwise
specified. 1H and 13C NMR spectra were recorded on Varian Inova-500
(500 MHz) spectrometers, Varian Inova-400 (400 and 90 MHz,
respectively) spectrometers, Bruker 400 (400 and 101 MHz,
respectively) spectrometers, or Bruker 600 (600 and 151 MHz,
respectively) spectrometers. Data for 1H NMR spectra are reported
relative to chloroform (7.26 ppm), benzene (7.16 ppm), or dimethyl
sulfoxide (2.50 ppm) as an internal standard and are reported as
follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz),
and integration. Data for 13C NMR spectra are reported relative to
chloroform (77.0 ppm), benzene (128.1 ppm), or dimethyl sulfoxide
(39.5 ppm) as an internal standard in terms of chemical shift (δ ppm).
Infrared spectra were recorded on a Mettler Toledo ReactIR 15 with a
DST Series 6.3 mm AgX FiberCoduit Au/Silicon Probe. HRMS data
(ESI) were obtained at the UT Southwestern Metabolomics Core
Facility on an SCIEX TripleTOF 6600 High-Resolution Accurate Mass
System and the Shimadzu Center for Advanced Analytical Chemistry
(SCAAC) at UT Arlington. ESI/APCI-LRMS data were recorded on
an AB Sciex QTRAP 4500 LCMS. Optical rotations were measured on
a JAS DIP-360 digital polarimeter. X-ray diffraction data were obtained
from Dr. Vincent Lynch at the X-ray Diffraction Lab at The University
of Texas at Austin.
Compound 30. Prepared as previously reported with D-(−)-quinic

acid (57.6 g, 300 mmol, purchased from Sigma-Aldrich in 100 g bottles,
CAS 77-95-2), p-toluenesulfonic acid monohydrate (656 mg, 3.45

mmol), 2,2-dimethoxypropane (115 mL, 942 mmol), and EtOAc
(Sigma-Aldrich, HPLC grade, >99.8%, 402 mL) to give lactol 30 as
white needles (46.6 g, 216.5 mmol, 72%).18,22

Compound 31. Prepared as previously reported with THF (150
mL, 0.27 M), LiAlH4 (4.60 g, 120 mmol, 3 equiv), and lactol 30 (8.6 g,
40 mmol) in THF (50mL, 0.8M) to give triol 31 as a white solid (6.8 g,
78%).22

Compound 32. Prepared as previously reported with NaIO4 (19.1
g, 89.4 mmol, 1.5 equiv), H2O (42.1 mL), silica gel (90.0 g), and
compound 31 (13.0 g, 59.6 mmol) to give hydroxyketone 32 (11.0 g,
99%).23,24

Compound 33. Prepared as previously reported with hydrox-
yketone 32 (3.2 g, 17 mmol), MeOH (21.25 mL, 0.8 M), and NaBH4
(646 mg, 17 mmol) to give compound 33 (1.92 g, 60%).23

Compound 29. Prepared as previously reported with diol 33 (1.92
g, 10.2 mmol), pyridine (15.7 mL, 0.65M), DMAP (378 mg, 3.1 mmol,
30 mol %), and p-TsCl (1.94 g, 10.2 mmol, 1 equiv) to give tosylate
isomers 34 and 35 (2.13 g, 61%), which were immediately used in the
next reaction with oxalyl chloride (1.34 mL, 15.6 mmol, 2.5 equiv),
CH2Cl2 (80 mL), DMSO (5.50 mL, 77.6 mmol, 12.5 equiv), and NEt3
(10.7 mL, 77.6 mmol, 12.5 equiv) to give enone 29 (614 mg, 59%).23

New: Compound 28. A flame-dried 2-neck 25 mL round-bottom
flask was charged with CuCl (109 mg, 1.1 mmol, 1.1 equiv) and oven-
dried LiCl (47mg, 1.1 mmol, 1.1 equiv). DMF (3mL) was added to the
solids, and the mixture was stirred for 1 h. At this time, bis(pinacolato)-
diboron (280 mg, 1.1 mmol, 1.1 equiv), KOAc (108 mg, 1.1 mmol, 1.1
equiv), and enone 29 (168 mg, 1 mmol) in DMF (3 mL) were added
sequentially. The reaction was brought to 60 °C for 15 h. After cooling,
the reaction was quenched withH2O and extracted with Et2O (5×, total
V = 50 mL). The organic layers were dried over MgSO4, filtered, and
concentrated to a residue. The title compound 28 was purified by flash
column chromatography (50% EtOAc/hexanes) to give the borylated
product as a colorless semisolid (97 mg, 33%). 1H NMR (500 MHz,
CDCl3): δ 4.61 (dt, J = 5.7, 2.9 Hz, 1H), 4.25 (d, J = 5.3 Hz, 1H), 2.51
(dt, J = 14.2, 2.7 Hz, 1H), 2.29−2.19 (m, 2H), 1.93 (ddd, J = 15.4, 13.1,
3.4 Hz, 1H), 1.74 (t, J = 13.5 Hz, 1H), 1.42 (s, 3H), 1.38 (s, 3H), 1.23
(s, 12H). 13C NMR (101 MHz, CDCl3): δ 208.5, 109.8, 83.8, 78.0,
77.4, 41.2, 28.6, 27.2, 26.2, 25.0, 24.8, 24.8, 24.8, 24.8. 11B NMR (128
MHz, CDCl3): δ 33.33. FTIR (ReactIR): 1750, 1383, 1331, 1143, 854.
LCMS (ESI) m/z: calculated for [M + Na]+ 319.18, found 319.2.
[α]D

25: −9.3 (c = 0.15, CHCl3).
Magnetic Catalyst Fe3O4•Cu(OH)x Preparation. Prepared as

previously reported with CuCl2 (130 mg, 1 mmol), Fe3O4 (<5 μM
particles, 4 g, 17 mmol), and H2O (120 mL). The black powder was
magnetic and usable in borylation reactions for over a month as
described in its preparation.25

New: Compound 28. A flame-dried vial was charged with
bis(pinacolato)diboron (356 mg, 1.4 mmol, 1.4 equiv) and toluene
(1 mL, 1 M). The iron/copper catalyst (100 mg), K2CO3 (124 mg, 0.9
mmol, 0.9 equiv), enone 29 (168 mg, 1 mmol), and MeOH (81 μL, 2.0
mmol, 2.0 equiv) were added. The vial was submerged in a 60 °C oil
bath for 2 h. After cooling, the reaction was quenched with sat. NH4Cl
aqueous solution and extracted with Et2O (5×, total V = 50 mL). The
organic layers were dried over MgSO4, filtered, and concentrated to a
residue. The title compound was purified by flash column
chromatography (50% EtOAc/hexanes) to give the borylated product
28 as a colorless semisolid (250 mg, 84%).

New: Compound 36 and Triflation Protocol for Table 1.
Borylated enone 28 (60 mg, 0.2 mmol) was treated with a solvent (0.2
M), a base (1.1−excess equiv) at the indicated temperature, and a
triflating reagent (1 equiv−excess) under argon (see Table 1). The
major product in all cases observed was undesired vinyl triflate 36 as a
clear oil (varied yields from 0 to 85%; see Table 1 in the text). 1H NMR
(500 MHz, CDCl3): δ 4.73−4.66 (m, 1H), 2.55 (q, J = 2.9 Hz, 2H),
2.36 (ddd, J = 11.6, 5.3, 3.2 Hz, 1H), 1.77−1.70 (m, 1H), 1.54 (s, 3H),
1.47 (s, 3H), 1.23 (s, 13H). 13C NMR (101 MHz, CDCl3): δ 143.1,
121.0, 120.2, 116.9, 114.2, 84.0, 73.3, 28.4, 28,4, 27.1, 27.1, 26.9, 24.8,
24.8, 24.5, 24.5. 19F NMR (400 MHz, CDCl3): δ 74.41. FTIR
(ReactIR): 1752, 1413, 1380, 1329, 1215. LCMS (ESI) m/z:
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calculated for [M + H]+ 429.12, found 429.1. [α]D
25: +184 (c = 0.45,

CHCl3).
Compound 50. Prepared as previously reported with starting

material 49 (10.65 mL, 100 mmol), nitromethane (27mL, 500 mmol, 5
equiv), and tetramethylguanidine (2.5 mL, 10 mmol, 10 mol %) to give
nitro compound 50 (13.5 g, 84%).31

Compound 51. Prepared as previously reported with NaOMe from
sodium (1.13 g, 49.5 mmol) and MeOH (33.1 mL) and compound 50
(7.27 g, 45 mmol) to give acetal 51 (5.80 g, 73%).31

Compound 52. Prepared as previously reported with H2O (11 mL,
3M) and crude acetal 51 (5.80 g, 33mmol) to give compound 52 (3.43
g, 80%).31

Compound 53. Prepared as previously reported with ZnCl2 (158
mg, 1.16 mmol, 3 mol %), NEt3 (11.8 mL, 85 mmol, 2.2 equiv),
aldehyde 52 (5.02 g, 38.6 mmol), dry benzene (11.6 mL, 3.33 M), and
TMSCl (9.8 mL, 77.5 mmol, 2 equiv) to give compound 53 (6.20 g,
79%).31

New: Compound 54. Compound 52 (260 mg, 2 mmol) was
dissolved in dry CH2Cl2 (20 mL, 0.1 M) and cooled to 0 °C. TBSOTf
(920 μL, 4 mmol, 2 equiv) and NEt3 (552 μL, 4 mmol, 2 equiv) were
added sequentially, and then the reaction was allowed to come to room
temperature overnight. At this time, the reaction was treated with water,
and the layers were separated. The aqueous layer was washed with
CH2Cl2 (3×). The organic layers were compiled, washed with brine,
dried over Na2So4, filtered, and concentrated. The title compound was
purified by flash column chromatography (5% EtOAc/hexanes) to
afford a clear oil (300mg, 82%). 1HNMR (500MHz, CDCl3): δ 6.20−
6.10 (m, 1H), 3.67 (s, 3H), 2.86 (s, 2H), 1.65 (d, J = 1.5 Hz, 3H), 0.92
(s, 11H), 0.12 (s, 6H). 13C NMR (101 MHz, CDCl3): δ 171.9, 137.7,
111.2, 51.1, 39.2, 25.8, 25.8, 13.4, −5.3. FTIR (ReactIR): 1737, 1162,
842, 737, 716. LCMS (ESI) m/z: calculated for [M + Na]+ 267.15,
found 267.2.
Compound 55. Prepared as previously reported with LDA from i-

Pr2NH (4.7 mL, 33.7 mmol, 1.1 equiv), THF (30.6 mL), n-BuLi (2.5M
in hexanes, 13.5 mL, 33.7 mmol, 1.1 equiv), TMSCl (5.8 mL, 46 mmol,
1.5 equiv), and silyl enol ether 53 (6.20 g, 30.6 mmol) in THF (8.7 mL)
to give silyl ketene acetal 55 (7.63 g, 91%).31

New: Compound 56. LDA was prepared by adding n-BuLi (2.5 M
in hexanes, 540 μL, 1.35 mmol, 1.1 equiv) to a THF solution (1.23 mL)
of diisopropylamine (189 μL, 1.35 mmol, 1.1 equiv) at −78 °C and
subsequently mixing at −78 °C for 2 h. At this time, TMSCl (234 μL,
1.85 mmol, 1.5 equiv) was added to the LDA, and then compound 54
was added dropwise. The mixture was stirred at −78 °C for 15 min and
then warmed to room temperature. The mixture was concentrated and
diluted in hexanes and then poured over a short celite plug. The
resulting clear liquid (317 mg, 82%) was immediately used in
subsequent Diels−Alder reactions due to its instability. 1H NMR
(500MHz, CDCl3): δ 6.25 (dd, J = 1.5, 0.8 Hz, 1H), 4.24 (d, J = 0.7Hz,
1H), 3.53 (s, 3H), 1.78 (d, J = 1.4 Hz, 3H), 0.92 (s, 12H), 0.24 (s, 9H),
0.11 (s, 6H). 13C NMR (101 MHz, CDCl3): the compound quickly
protonates to 53 in various NMR solvents, and thus no 13C spectra were
obtained. FTIR (ReactIR): 1700, 1681, 1651, 1622, 1060. LCMS
(ESI) m/z: calculated for [M + Na]+ 339.19, found 339.2.
Juglone Synthesis (58). Prepared as previously reported with four

portions of CuCl (1.5 g, 15 mmol, 1 equiv each), MeCN (100 mL), O2
gas, and four portions of dihydroxynaphthalene 57 (2.5 g, 15 mmol
each, purchased from Sigma-Aldrich in 100 g bottles, CAS 83-56-7) in
MeCN (100 mL) to give compound juglone 58 (5.45 g, 52%).32

Compound 59. Prepared as previously reported with juglone (58)
(5.2 g, 30 mmol), AcOH (50 mL, 0.6 M), bromine (1.77 mL, 33 mmol,
1.1 equiv) and then with EtOH (15 mL, 2 M) to give compound 59
(6.20 g, 83%).32,33

Compound 60. Prepared as previously reported with bromoju-
glone 59 (6.20 g, 24.5 mmol), EtOH (490 mL, 0.05 M), and HCl (61
mL, 0.4 M) to give compound 60 (4.31 g, 84%).33

Compound 61. Prepared as previously reported with chlorojuglone
60 (104 mg, 0.5 mmol), Ag2O (231 mg, 1 mmol, 2 equiv), CHCl3 (5
mL, 0.1M), andMeI (93.4 μL, 1.5 mmol, 3 equiv) and then Ag2O (115
mg) and MeI (62 μL) to give compound 61 (68 mg, 61%).30

General Procedure for Diels−Alder Attempts of Juglone
Derivatives (59−61) andDienes (55−56) (Scheme 13).30 Juglone
(1 equiv) and diene (4 equiv) were added to a flask, followed by dry
benzene. The reaction was stirred at room temperature or brought to
reflux until the loss of both starting materials by TLC (3−15 h). The
reaction was concentrated and redissolved in THF with a basic (e.g.,
NEt3) or acidic (e.g., HCl) additive to rearomatize the intermediate
Diels−Alder adduct.

Synthesis of Islandicin (Compound 63). Prepared as previously
reported with 3-chlorojuglone 59 (1.45 g, 6.95mmol), diene 55 (7.63 g,
27.8 mmol, 4 equiv) in benzene (35 mL), followed by THF (70 mL)
and concentrated HCl (14 mL) to give islandicin 63 (1.77 g, 94%).30

Compound 65. Prepared as previously reported with 3-
methoxybenzoic acid 64 (7.61 g, 50 mmol) and thionyl chloride (8
mL, 110mmol, 2.2 equiv) and then CH2Cl2 (38mL, 1.3M) and Et2NH
(10.34 mL, 100 mmol, 2 equiv) to give compound 65 (9.21 g, 89%).36

Compound 66. Prepared as previously reported with compound 65
(9.21 g, 44.4 mmol), TMEDA (6.66 mL, 44.4 mmol, 1 equiv), Et2O
(111 mL, 0.4 M), sBuLi solution (1.4 M in cyclohexane, 33.3 mL, 46.6
mmol, 1.05 equiv), and DMF (4.14 mL, 53.3 mmol, 1.2 equiv) to give
compound 66 (4.58 g, 43%).36

Compound 67. Prepared as previously reported with compound 66
(2.90 g, 12.3 mmol), AcOH (glacial, 31 mL), and HCl (10%, 31 mL) to
give compound 67 (1.78 g, 80%).36

Compound 68. Prepared as previously reported with lactol 67 (180
mg, 1 mmol), p-toluenesulfonic acid hydrate (8.6 mg, 0.05 mmol, 5 mol
%), MgSO4 (2 g, 1 g per mmol SM), toluene (5 mL, 0.2 M), and
thiophenol (84 μL, 0.9 mmol, 0.9 equiv) to give compound 68 (259mg,
95%).37

Compound 27. Prepared as previously reported with sulfide 68
(259 mg, 0.95 mmol), CH2Cl2 (9.5 mL, 0.1 M), and two portions ofm-
chloroperoxybenzoic acid (<77%, 328 mg, 1.9 mmol, 2 equiv; then 164
mmol, 0.95 mmol, 1 equiv) to give compound 27 (268 mg, 0.88 mmol,
93%).37

Compound 46. Prepared as previously reported with o-cresol (69)
(515 μL, 5 mmol), MeOH (25 mL), and PhI(OAc)2 (354 mg, 11
mmol, 2.2 equiv) in MeOH (25 mL) to give compound 46 (400 mg,
48%).38

Compound 71. Prepared as previously reported with LDA from i-
Pr2NH (80 μL, 0.57 mmol, 1.2 equiv), n-BuLi (2.5 M in hexanes), and
THF (2 mL) and then sulfone 27 (146 mg, 0.48 mmol) and p-quinone
monoketal 46 (96 mg, 0.57 mmol, 1.2 equiv) in THF (2 mL) to give 71
as a red solid (102 mg, 71%).39

Compound 24. Prepared as previously reported with compound 32
(11.0 g, 59 mmol), CH2Cl2 (333 mL, 0.18 M), triethylamine (24.5 mL,
177mmol, 3 equiv), andmethanesulfonyl chloride (5.5mL, 70.8 mmol,
1.2 equiv) in CH2Cl2 (60 mL) to give enone 24 (8.13 g, 82%).24

Compound 74. Prepared as previously reported with o-cresol 73
(15.5 mL, 150 mmol), DMF (150 mL, 1 M), tert-butyldimethylsilyl
chloride (24.8 g, 165 mmol, 1.1 equiv), and imidazole (22.4 g, 330
mmol, 2.2 equiv) to give TBS-protected phenol 74 as a clear oil (33.3 g,
149 mmol, 99%).40

Compound 75. A flame-dried 500 mL 2-neck flask and a condenser
(note: a long condenser relative to the flask size was used, as the
reaction is exothermic upon initiation) were charged with N-
bromosuccinimide recrystallized from H2O (10 g per 100 mL, 26.5 g,
149 mmol) and azobisisobutyronitrile (3.67 g, 22.35 mmol). Benzene
(Sigma-Aldrich, ACS Reagent Quality, 298 mL, 0.5 M) was added,
followed by TBS-protected cresol 74. The mixture was degassed with a
flow of argon for 30 min and then submerged into an 80 °C oil bath.
After 2 h, the flask was removed from the oil bath and allowed to cool.
During this period, succinimide precipitated on the walls of the flask.
The reaction was diluted with hexanes (100 mL) and passed over a
celite plug (2 CVs, hexanes). The resulting liquid was concentrated to
an oil, which was purified through a silica gel plug (2 CVs, hexanes) to
furnish bromide 75 as a clear oil (44.0 g, 99%). Spectral data matched
the reported literature values.18,40 1HNMR (500MHz, CDCl3): δ 7.33
(dd, J = 7.5, 1.8 Hz, 1H), 7.18 (td, J = 7.7, 1.7 Hz, 1H), 6.92 (td, J = 7.5,
1.1 Hz, 1H), 6.81 (d, J = 8.7 Hz, 1H), 4.54 (s, 3H), 1.05 (s, 10H), 0.29
(s, 6H).
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Compound 26. A flame-dried 250 mL 2-neck flask and a condenser
were charged with magnesium powder (17.5 g, 730 mmol), iodine (100
mg), and THF (146 mL, 1 M). Benzyl bromide 75 (44.0 g) was added
to the mixture, which was vigorously stirred. Initiation of the Grignard
occurred between 5 and 15 min at room temperature with an initial
color change from brown to colorless and an exotherm. Upon initiation,
the reaction was immediately immersed into an ice bath and stirred for
1 h at 0 °C. After 1 h, the cold Grignard reagent 26 was titrated into
salicylaldehyde phenylhydrazone (12.2mg, 0.057mml) in THF (1mL)
to afford a titration between 0.68 and 0.78 M (68−78% yield) and was
immediately used in the next reaction (see synthesis of 76).18

Compound 76. A 500 mL 2-neck flask with a stir bar was charged
with copper(I) iodide (9.14 g, 95 mmol, 1.6 equiv) and flame-dried
under vacuum. The flask was allowed to cool under vacuum and then
blanketed with argon. THF (150 mL, 0.2 M) was added, and the
mixture was cooled to 0 °C. Freshly prepared Grignard reagent 26 (53
mL, 0.68 M, 3.15 equiv) was added dropwise to the cooled solution,
during which a black precipitate was observed. The mixture was stirred
for 30 min at 0 °C. At this time, the flask was transferred to a dry ice/
acetone bath and cooled to −78 °C. During cooling, tetramethylenedi-
amine (TMEDA) (7.15 mL, 48 mmol, 1.6 equiv) was added dropwise.
Once cooled to−78 °C, themixture was charged with enone 24 (5.04 g,
30 mmol) and TMSCl (6.1 mL, 48 mmol, 1.6 equiv) in THF (48 mL)
dropwise. The deep red mixture was stirred for 3 h at −78 °C. After
completion of the 1,4-addition at −78 °C, the flask was placed in an ice
bath at 0 °C for 1 h. Hexanes (50 mL) and EtOAc (50 mL) were added
to the flask sequentially, followed by careful addition of aqueous sat.
NaHCO3. The mixture was filtered, and the filtrate was poured into a
separatory funnel. The aqueous layer was separated and extracted (×3,
50% EtOAc/hexanes, total V = 800 mL). The organic layers were
compiled, washed with aqueous sat. NaHCO3, water (×3), and brine.
The organic layers were dried over Na2SO4, filtered, and concentrated.
The residue was placed onto a silica plug (3 CVs, 50% EtOAc/
hexanes), and the resulting liquid was concentrated to afford a crude
mixture of the intermediate silyl enol ether. The silyl enol ether was
dissolved in DMSO (268 mL, 0.1 M) with vigorous stirring.
Palladium(II) acetate (6.9 g, 30.8 mmol, 1.03 equiv) was added, and
the reaction was stirred open to air at room temperature for 2 h. At this
time, the reaction was diluted with EtOAc (200 mL) and filtered over a
long celite pad. The resulting red liquid was washed with aqueous sat.
NaHCO3, water (×3), and brine. The organic layers were dried over
Na2SO4, filtered, and concentrated to a residue, which was purified by
column chromatography (15% EtOAc/hexanes) to yield the title
substituted enone 76 as a yellow oil (8.13 g, 78%).18 TLC (5:1
Hexanes:EtOAc). Rf 0.28 (UV, KMnO4).

1H NMR (400 MHz,
CDCl3): δ 7.17−7.08 (m, 2H), 6.90 (td, J = 7.4, 1.2Hz, 1H), 6.82 (ddd,
J = 377.6, 8.0, 1.2 Hz, 1H), 5.67 (s, 1H), 4.64 (ddd, J = 5.1, 4.0, 2.7 Hz,
1H), 4.58 (dd, J = 5.0, 1.0 Hz, 1H), 3.72 (d, J = 16.4 Hz, 1H), 3.58 (d, J
= 16.7 Hz, 1H), 2.86 (dd, J = 17.4, 2.8 Hz, 1H), 2.60 (dd, J = 17.4, 4.0
Hz, 1H), 1.41 (d, J = 2.0 Hz, 7H), 0.97 (s, 11H), 0.23 (d, J = 5.4 Hz,
7H). 13C NMR (101 MHz, CDCl3): δ 195.6, 159.4, 154.1, 131.5,
128.3, 127.1, 126.3, 121.4, 118.8, 109.9, 73.5, 73.3, 39.1, 34.3, 27.9,
26.8, 25.9, 18.4, −3.9, −3.9. FTIR (ReactIR): 1678, 1491, 1372, 1062,
839. HRMS (ESI) m/z: [M + H]+ calc. for C22H33O4Si 389.2143;
found 389.2143. [α]D

25 = +42.9° (c = 5.0, MeOH).18

Compound 77. A flame-dried 500 mL flask was charged with THF
(180mL, 0.12M) and L-selectride (1M solution in THF, 26.1 mL) and
cooled to −78 °C. Enone 76 (8.13 g, 20.9 mmol) was added dropwise
in THF (29mL, 0.72M), and the reaction was stirred for 1 h at−78 °C.
Aqueous sat. NH4Cl (26.1 mL) was added dropwise, and the mixture
was allowed to warm to room temperature. The mixture was poured
into a separatory funnel, and H2O (40 mL) and EtOAc (40 mL) were
added. The layers were separated, and the aqueous layer was extracted
(×3, EtOAc, final V = 300 mL). The organic layers were dried over
Na2SO4, filtered, and concentrated to a residue, which was purified by
flash column chromatography (5−10% EtOAc/hexanes) to yield the
allylic alcohol 77 as a colorless oil (6.70 g, 82%).18 TLC (3:1
hexanes:EtOAc): Rf 0.28 (UV, KMnO4).

1H NMR (400 MHz,
CDCl3): δ 7.13−7.01 (m, 2H), 6.88 (td, J = 7.4, 1.2 Hz, 1H), 6.80 (dd, J
= 7.9, 1.2 Hz, 1H), 5.58 (d, J = 5.1 Hz, 1H), 4.51−4.38 (m, 1H), 4.33

(d, J = 5.3 Hz, 1H), 4.06 (q, J = 4.4 Hz, 1H), 3.56 (d, J = 15.6 Hz, 1H),
3.37 (d, J = 15.6 Hz, 1H), 2.35−2.21 (m, 1H), 1.94 (ddd, J = 14.8, 4.6,
2.6 Hz, 1H), 1.49 (s, 3H), 1.37 (s, 3H), 0.99 (s, 10H), 0.23 (s, 3H), 0.22
(s, 3H). 13C NMR (101 MHz, CDCl3): δ 154.1, 137.6, 131.4, 129.0,
127.5, 127.0, 121.2, 118.7, 109.7, 74.2, 73.8, 63.8, 33.6, 32.4, 28.3, 26.7,
25.9, 18.4,−3.9,−4.0. FTIR (ReactIR): 2931, 1492, 1384, 1253, 1059.
HRMS (ESI)m/z: [M+Na]+ calc. for C22H34O4SiNa 413.2119; found
413.2130. [α]D

25 = +12.4° (c = 10.0, MeOH).
Compound 78. A flame-dried 25 mL flask was charged with

Pd(MeCN)4(BF4)2 (71 mg, 0.16 mmol, 10 mol %) and B2(pin)2 (488
mg, 1.92 mmol, 1.2 equiv). DMSO (2.15 mL) was added to the solids
under argon to give an orange mixture. The allylic alcohol substrate 77
(625 mg, 1.6 mmol) was added in MeOH (2.15 mL). The mixture was
stirred at room temperature, slowly turning red, then purple, and then
black over 2 h. Methanol was removed on a rotary evaporator at 25 °C.
The mixture was treated with Et2O and water and extracted with Et2O
(×3, final V = 50 mL). The organic layers were dried on MgSO4,
filtered, and concentrated to a residue, which was purified by flash
column chromatography (10% EtOAc/hexanes) to give the allylbor-
onic acid pinacol ester 78 as a colorless solid (400 mg, 51% yield).18

TLC (3:1 hexanes:EtOAc): Rf 0.71 (UV, KMnO4).
1H NMR (400

MHz, CDCl3): δ 7.15 (dd, J = 7.5, 1.8 Hz, 1H), 7.06 (td, J = 7.7, 1.8 Hz,
1H), 6.86 (td, J = 7.4, 1.2 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 5.56 (d, J =
3.5 Hz, 1H), 4.30 (td, J = 6.3, 3.5 Hz, 1H), 4.26 (d, J = 6.4 Hz, 1H), 3.59
(d, J = 15.7Hz, 1H), 3.31 (d, J = 15.5Hz, 1H), 2.01 (s, 1H), 1.89 (ddd, J
= 13.4, 6.7, 5.1 Hz, 1H), 1.77 (ddd, J = 13.4, 7.8, 3.5 Hz, 1H), 1.42 (s,
3H), 1.35 (s, 3H), 1.20 (d, J = 1.6 Hz, 11H), 1.01 (s, 9H), 0.22 (s, 3H),
0.22 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 154.1, 133.9, 130.9,
130.3, 127.7, 127.0, 120.9, 118.7, 108.3, 83.4, 73.5, 34.0, 28.2, 27.4,
26.8, 26.0, 24.9, 24.8, 18.4, −3.9, −4.0. 11B NMR (128 MHz, CDCl3):
δ 33.1. FTIR (ReactIR): 1492, 1451, 1372, 1253, 921. HRMS (ESI)
m/z: [M + Na]+ calc. for C28H45O5SiBNa 523.3022; found 523.3040.
[α]D

25 = +15.7° (c = 1.0, CHCl3).
Compound 81. An oven-dried microwave vial was charged with

allylboronic ester 78 (230 mg, 0.46 mmol) as a solution in chloroform,
which was sealed with a crimp cap and placed on a high vacuum on a
Schlenk manifold for at least 3 h to remove the solvent. Toluene (4.6
mL, 0.1 M) was added under argon, followed by benzaldehyde (94 μL,
0.92 mmol, 2 equiv), and the sealed microwave vial was submerged in a
110 °C oil bath for 48 h. The reaction was then cooled, transferred to a
25 mL flask, and concentrated on a rotary evaporator. The resulting
residue was taken up in EtOAc and saturated aqueous NH4Cl. The
aqueous layer was extracted with EtOAc (3×, final V = 50 mL). The
organics were washed with brine, dried over Na2SO4, filtered, and
concentrated. Analysis of the crude extract showed one diastereomer of
homoallylic alcohol product 13. The title compound 81 was purified by
flash column chromatography (50% CH2Cl2/hexanes) to a colorless oil
(163 mg, 74%).18 TLC (5:1 hexanes:EtOAc): Rf 0.43 (UV, KMnO4).
1H NMR (400 MHz, CDCl3): δ 7.70 (dd, J = 7.7, 1.8 Hz, 1H), 7.22−
7.11 (m, 6H), 7.01 (td, J = 7.5, 1.3 Hz, 1H), 6.93 (dd, J = 8.1, 1.3 Hz,
1H), 5.80 (dq, J = 10.4, 1.8Hz, 1H), 5.72 (dt, J = 10.3, 3.7 Hz, 1H), 4.31
(d, J = 3.8 Hz, 1H), 4.21 (d, J = 3.8 Hz, 1H), 3.78 (dd, J = 5.0, 1.4 Hz,
1H), 3.33−3.18 (m, 2H), 2.83 (dt, J = 8.4, 4.9 Hz, 1H), 1.78 (dddd, J =
18.6, 4.7, 3.5, 2.2 Hz, 1H), 1.59−1.48 (m, 2H), 1.43 (s, 3H), 1.40 (s,
3H), 1.05 (s, 9H), 0.30 (s, 3H), 0.25 (s, 3H). 13C NMR (101 MHz,
CDCl3): δ 154.2, 140.4, 132.5, 128.6, 128.4, 128.3, 127.9, 127.8, 127.6,
126.4, 122.5, 120.0, 106.7, 74.7, 49.0, 33.1, 30.4, 28.5, 26.1, 26.1, 18.6,
−3.6,−4.2. FTIR (ReactIR): 2968, 1488, 1246, 1048, 914, 828.HRMS
(ESI) m/z: [M + H]+ calc. for C29H41O4Si 481.2769; found 481.2788.
[α]D

25 = −68.8° (c = 0.5, CHCl3).
Compound 82. A flame-dried 25 mL flask was charged with TBS-

protected phenol 80 (150 mg, 0.31 mmol) in THF (3.1 mL, 0.1 M).
After cooling to −78 °C, tetra-n-butylammonium fluoride (1 M in
THF, 620 μL, 0.62 mmol, 2 equiv) was added dropwise, and the
reaction was stirred at −78 °C for 45 min. The reaction was quenched
by a 1:1 V/V water:saturated aqueous NaHCO3 solution and extracted
with CH2Cl2 (×3, final V = 30 mL). The organic layers were dried over
MgSO4, filtered, and concentrated to a solid residue, which was purified
by flash column chromatography (20% EtOAc/hexanes) to yield the
free phenol 82 as a white solid (107 mg, 94%).18 TLC (5:1
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hexanes:EtOAc): Rf 0.13 (UV, KMnO4).
1H NMR (400 MHz,

CDCl3): δ 8.27 (s, 1H), 7.57 (dd, J = 8.1, 1.7 Hz, 1H), 7.39−7.23 (m,
5H), 7.19 (td, J = 7.6, 1.7Hz, 1H), 6.89 (t, J = 7.0Hz, 2H), 5.77 (dddd, J
= 12.1, 10.4, 7.7, 2.7 Hz, 2H), 4.60 (s, 1H), 3.84 (dd, J = 5.2, 1.4 Hz,
1H), 3.23 (q, J = 14.3 Hz, 2H), 2.98 (ddd, J = 8.8, 5.2, 3.9 Hz, 1H), 2.53
(s, 1H), 1.85−1.71 (m, 1H), 1.45 (s, 4H), 1.37 (s, 3H). 13C NMR (101
MHz, CDCl3): δ 156.4, 140.5, 133.5, 128.9, 128.4, 128.3, 128.3, 127.3,
126.9, 122.8, 120.1, 117.0, 107.4, 76.7, 75.2, 70.8, 47.9, 34.8, 30.6, 28.1,
26.1. FTIR (ReactIR): 2976, 1581, 1492, 1380, 1246, 1048. HRMS
(ESI) m/z: [M + Na]+ calc. for C23H26O4Na 389.1723; found
389.1740. [α]D

25 = −48.9° (c = 1.75, CHCl3).
Compound 85. A flame-dried 25 mL flask was charged with free

phenol 82 (100 mg, 0.27 mmol), PhNTf2 (147 mg, 0.41 mmol, 1.5
equiv), and DMAP (4 mg, 0.03 mmol, 10 mol %). CH2Cl2 (2.7 mL, 0.1
M) was added and cooled to 0 °C. At this point, NEt3 (75 μL, 0.54
mmol, 2 equiv) was added. The ice bath was removed, and the reaction
was stirred at 23 °C for 3 h. Water was added, followed by CH2Cl2. The
mixture was extracted with CH2Cl2 (3×, total V = 25 mL), dried over
Na2SO4, filtered, and concentrated to a residue. The residue was
purified by column chromatography (30% EtOAc/hexanes) to yield
triflate SI-1 as a white foam (132 mg, 98%) that was directly used in the
Heck reaction.18 Triflate SI-1: 1H NMR: (400 MHz, C6D6): δ 7.65
(dd, J = 7.8, 1.8 Hz, 1H), 7.14 (s, 1H), 7.08−6.96 (m, 5H), 6.93 (td, J =
7.6, 1.3 Hz, 1H), 6.91−6.78 (m, 3H), 5.73 (d, J = 10.4 Hz, 1H), 5.50
(dt, J = 10.2, 4.1 Hz, 1H), 4.29 (s, 1H), 4.01 (d, J = 5.7Hz, 1H), 3.51 (d,
J = 14.1 Hz, 1H), 3.37 (d, J = 13.9 Hz, 1H), 3.32 (dd, J = 8.2, 5.4 Hz,
1H), 1.84 (dddd, J = 18.1, 5.1, 3.7, 2.5 Hz, 1H), 1.71 (dddd, J = 18.1,
8.2, 4.5, 1.9 Hz, 1H), 1.35 (s, 4H), 1.28 (s, 3H). 19F NMR (400 MHz,
C6D6): δ −73.7. TLC (5:1 hexanes:EtOac): Rf 0.28 (UV, KMnO4).
A portion of triflate SI-1 (32 mg, 0.065 mmol), Pd(PPh3)4 (7.5 mg,

0.0065 mmol, 10 mol %), and LiCl (8.5 mg, 0.2 mmol, 3 equiv) was
added to a flame-dried vial and degassed with argon. DMF (1.3 mL)
and NEt3 (28 μL, 0.2 mmol, 3 equiv) were added, and the mixture was
subjected to three freeze−pump−thaw cycles. The vial was then
submerged in a 100 °C oil bath for 36 h. The reaction was cooled and
quenched with brine. The mixture was extracted with Et2O (×3, total V
= 20 mL), dried over Na2SO4, filtered, and concentrated. 1H NMR
analysis of the crude mixture showed one diastereomer. The residue
was purified by flash column chromatography (15% EtOAc/hexanes)
to give the core system 85 as a colorless oil (24 mg, 95%).18 TLC (5:1
hexanes:EtOAc): Rf 0.28 (UV, KMnO4).

1H NMR (400 MHz,
CDCl3): δ 7.33 (dd, J = 8.0, 1.7 Hz, 2H), 7.29−7.18 (m, 4H), 7.10−
6.93 (m, 4H), 6.05 (ddd, J = 10.2, 4.0, 1.4Hz, 1H), 5.73 (dt, J = 10.2, 2.5
Hz, 1H), 4.85 (s, 1H), 4.58 (ddt, J = 4.7, 3.2, 1.7 Hz, 1H), 4.53 (d, J =
5.7 Hz, 1H), 3.76 (s, 1H), 3.25 (d, J = 16.2 Hz, 1H), 3.04 (d, J = 16.2
Hz, 1H), 2.46 (d, J = 2.0 Hz, 1H), 1.24 (s, 3H), 1.10 (s, 3H). 13C NMR
(101 MHz, CDCl3): δ 144.5, 142.1, 141.0, 129.3, 128.0, 127.7, 126.4,
126.0, 124.4, 123.8, 122.4, 108.2, 80.8, 71.4, 53.0, 47.0, 37.7, 27.2, 26.3.
FTIR (ReactIR): 2976, 2365, 1558, 1540, 727.HRMS (ESI) m/z: [M
+Na]+ calc. for C23H24O3Na 371.1618; found 371.1610. [α]D

25 = +35.3°
(c = 1.0, CHCl3).
Compound 87. Prepared as previously reported with 4-methyl

salicylic acid 86 (7.61 g, 50 mmol), acetone (150 mL, 0.33 M), K2CO3
(27.6 g, 200mmol, 4 equiv), andMeI (31mL, 500mmol, 10 equiv) and
then 1 M aqueous NaOH (150 mL, 0.33 M) to give methyl ether 87
(8.30 g, 99%).61

Compound 88. Prepared as previously reported with carboxylic
acid 87 (8.31 g, 8.56 mmol) and thionyl chloride (83 mL, 0.6 M) and
then CH2Cl2 (166 mL, 0.3 M) and Et2NH (20.6 mL, 34.2 mmol, 4
equiv) to give amide 88 (6.84 g, 62%).45

Compound 89. Prepared as previously reported with THF (74.0
mL, 0.27 M), sec-butyl lithium (1.4 M in cyclohexane, 18.6 mL, 26.0
mmol, 1.3 equiv), tetramethylenediamine (3.87 mL, 26 mmol, 1.3
equiv), amide 88 (4.42 g) in THF (15.3 mL, 1.3 M), and DMF (1.87
mL, 24 mmol, 1.2 equiv) to give the formylated amide 89 (3.18 g,
64%).45

Compound 90. Prepared as previously reported with formylated
amide 89 (2.08 g, 8.36 mmol), 1 N HCl (38.9 mL), and glacial acetic
acid (19.4 mL) to give lactol 90 (1.38 g, 85%).45

Compound 20. Prepared as previously reported with lactol 90
(1.20 g, 6.2 mmol), acetonitrile (31 mL, 0.2 M), DBU (3.7 mL, 24.8
mmol, 4 equiv), andmethyl iodide (1.5 mL, 24.8 mmol, 4 equiv) to give
methyl ester 20 as a white solid (1.17 g, 90%).18,45

Thermal, Brønsted Acid, or Lewis Acid-Promoted Allylation
Attempts. Allyl pinacolboronic ester 78 (0.50 mg, 0.1 mmol) was
dissolved in toluene (0.5−0.1 M) in a microwave vial charged with
excess aldehyde 20. The mixture was either brought to high
temperatures (>220 °C) or charged with an acid (p-TsOH or BF3·
OEt2, catalytic to stoichiometric amounts) at 0 °C. In all cases,
protodeborylation and decomposition of boronic ester were major
pathways. No allylative reactivity was observed by 1H NMR.

Example of Trifluoroborate Potassium Salt Allylation
Attempt. Allyl pinacol boronic ester 78 (0.25 mmol) was dissolved
in MeOH (1.85 mL), to which KHF2 (39 mg, 0.5 mmol) in H2O (1.85
mL) was added. The mixture was stirred until completion by TLC,
which showed multiple isomers. The slurry was evaporated to a crude
residue and washed with Et2O/hexanes (10 mL, 10%). The solid was
extracted with acetone to give the crude trifluoroborate potassium salt
mixture, which was immediately utilized in the allylation reaction. After
dissolving the intermediate in CH2Cl2 (2.5 mL) and cooling to−78 °C,
aldehyde 20 (excess) and BF3·OEt2 (catalytic to excess amounts) were
added. Monitoring by TLC and 1H NMR to 23 °C showed trace
conversion and majority decomposition events.

Example of Iridium-Catalyzed Allylation. An intermediate allyl
acetate was prepared as previously reported18 with allylic alcohol 77
(230 mg, 0.59 mmol), 4-dimethylaminopyridine (7.3 mg, 0.06 mmol,
10 mol %), CH2Cl2 (1.18 mL, 0.5 M), pyridine (142 μL, 1.77 mmol, 3
equiv), and acetic anhydride (67 μL, 0.71 mmol, 1.2 equiv) to give the
allylation precursor (194 mg, 76%).18 [Ir(cod)Cl]2 (1.7 mg, 0.0025
mmol, 2.5 mol %), aldehyde 20 (excess), (R)- or (S)-SEGPHOS (3.0
mg, 0.005 mmol, 5 mol %), m-NO2BzOH (1.7 mg, 0.01 mmol, 10 mol
%), and Cs2CO3 (6.5 mg, 0.02 mmol, 20 mol %) were added to a
microwave vial, which was crimp-sealed and filled with argon. Allyl
acetate (43 mg, 0.1 mmol) in THF (500 μL, 0.2 M) and then i-PrOH
(15 μL, 0.2 mmol, 2 equiv) were added. The mixture was brought to
100 °C behind a blast shield. No allylative reactivity was observed by 1H
NMR and TLC.

Example of Zinc Allylation from Allyl Chloride Attempt. The
allyl chloride was prepared as previously reported18 with allylic alcohol
77 (224mg, 0.57 mmol), PPh3 (134mg 0.51 mmol, 0.9 equiv), CH2Cl2
(2.85 mL, 0.2 M), and N-chlorosuccinimide (88 mg, 0.63 mmol, 1.1
equiv) to give the allylation precursor (150mg, 65%). A flame-dried vial
was charged with Zn powder (86 mg, 1.32 mmol, 3.6 equiv) and LiCl
(11 mg, 0.26 mmol, 0.7 equiv). After flushing with argon, THF was
added, followed by one drop of dibromoethane. The previously
described allyl chloride (150 mg, 0.37 mmol) was added dropwise in
THF. Titration at this time only showed <10% conversion to the allyl
zinc species. Zn and LiCl equivalents as well as solvent molarity were
screened. Benzaldehyde or aldehyde 20 (excess) was added neat or the
solution was transferred into a solution of benzaldehyde. Trace
conversion with a mixture of isomers was observed by 1H NMR.

Example of Palladium-Catalyzed Borylation from Allyl
Acetate Attempts. The intermediate acetate or chloride from allyl
alcohol 77 was produced as described for the iridium or zinc allylation
attempts (vide inf ra). The allyl precursor (0.1 mmol) was treated with
Pd(PPh3)4 (12 mg, 0.01 mmol, 10 mol %) (or Pd2(dba)3) in DMSO
(250 μL, 0.4 M) with B2(OH)4 (11 mg, 0.12 mmol, 1.2 equiv). No
conversion was observed. Degassed chloroform (1 mL) was added, and
the mixture was moved to a vial protected with argon. The mixture was
washed with degassed brine (3 × 1 mL). The organic layer was
transferred to a vial charged with Na2SO4 under argon and dried for 30
min. The dried organic layers were moved to another oven-dried vial
with a stir bar and treated with an excess of benzaldehyde or aldehyde
20 overnight. Both the chloride and acetate were examined, as well as
diverse catalyst loadings and boron equivalents. No allylative reactivity
was observed by 1H NMR.

Example of Borinic Ester Formation from Allyl Pinacolbor-
onic Ester 17. A flame-dried vial was charged with allyl pinacolboronic
ester 78 (50 mg, 0.1 mmol) in THF (1 mL, 0.1 M) and was cooled to
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−78 °C. Alkyllithium (n-butyl or methyl, 1.1 equiv) was added
dropwise. The yellow solution was stirred for 15 min at −78 °C.
Trifluoroacetic anhydride (17 μL, 0.12 mmol, 1.2 equiv) was added
dropwise, and the solution was stirred at −78 °C for 30 min. Excess
aldehyde 20 was added to THF, and the reaction was allowed to warm
to room temperature. No conversion was observed. The reaction was
monitored and heated in intervals to reflux, upon which significant
decomposition occurred, and no allylative reactivity was observed by
1H NMR.
Example of In Situ Esterification of Allyl Pinacol Boronic Ester

17. Allyl pinacolboronic ester 78 (0.50 mg, 0.1 mmol) was dissolved in
toluene (0.5−0.1 M) with an alcohol additive (tert-butanol or
methanol, 5−20 equiv) or in the respective alcohol in a flame-dried
vial charged with excess aldehyde 20. The mixture was brought to
reflux. In all cases, protodeborylation and decomposition of boronic
ester were major pathways. No allylative reactivity was observed by 1H
NMR.
Procedure for Optimization of Allylboronic Acid 91 (Table

S14). A dry 4 mL vial with a stir bar was charged with allyl alcohol 77
(39 mg, 0.1 mmol) and solvent(s) under argon. Pd(MeCN)4(BF4)2
and B2(OH)4 (11 mg, 0.12 mmol, 1.2 equiv) were added consecutively,
and the mixture was stirred under argon. After 6 h, degassed chloroform
(1 mL) was added, and the mixture was moved to a vial protected with
argon. The mixture was washed with degassed brine (3 × 1 mL). The
organic layer was transferred to a vial charged with Na2SO4 under argon
and dried for 30 min. The dried organic layers were moved to another
argon-filled oven-dried vial with a stir bar and treated with an excess of
benzaldehyde overnight. Rotary evaporation of the solution gave an oil
that was analyzed by 1H NMR with 1,4-dimethoxybenzene as an
internal standard. Unless noted otherwise, a significant starting material
could be recovered from each reaction, and the product was formed as
one diastereomer.18

Compound 72. Allylic alcohol 77 (2.42 g, 6.20 mmol, 4 equiv) was
transferred to a flask as a solution in CH2Cl2, which was concentrated in
vacuo on a rotary evaporator and then on a Schlenk line overnight. After
blanketing with argon, degassed DMSO (8.0 mL) andMeOH (1.5 mL)
were added to the flask. Once the starting material had dissolved,
Pd(MeCN)4(BF4)2 (275 mg, 0.62 mmol, 40 mol %) was added,
followed by bisboronic acid B2(OH)4 (667 mg, 7.44 mmol, 4.8 equiv).
The mixture was placed in a room-temperature water bath to moderate
an initial exotherm, and the mixture was stirred under argon for 6 h. At
this time, the reaction was allowed to settle for 2 h. The mixture was
transferred by a syringe and needle into an argon-purged pear flask, and
all further transfers were carried out by a syringe and needle into argon-
filled vessels to avoid oxygen. Degassed CHCl3 (19 mL) and a brine/
water (1:1) solution (19 mL) were added to the mixture under an inert
atmosphere. The organic layer was washed 3 more times with the
degassed water/brine solution (19 mL × 3) and then transferred into
another flask under argon to which had been added Na2SO4. After 1 h,
the organic layer containing allylating agent 91 was removed from the
Na2SO4 and transferred to a dry microwave vial precharged with
aldehyde 20 (323 mg, 1.55 mmol) The mixture was submerged into an
85 °C oil bath and stirred overnight. At this time, the microwave vial
was opened to air, and methanol (2 mL) was added. The mixture was
transferred to a flask and concentrated on a rotary evaporator, followed
by flash column chromatography (30% EtOAc/hexanes) to furnish the
allylation product 72 as a white foam (673 mg, 80%) as well as the
startingmaterial allylic alcohol 77 (680mg, 1.74mmol, 1.1 equiv).TLC
(3:1 hexanes:EtOAc): Rf 0.11 (UV). 1H NMR (400 MHz, C6D6): δ
7.36 (dd, J = 7.6, 1.7 Hz, 1H), 6.95−6.86 (m, 1H), 6.76−6.68 (m, 2H),
6.64 (s, 1H), 6.19 (s, 1H), 6.10−6.03 (m, 1H), 5.71 (ddd, J = 10.1, 5.4,
3.2 Hz, 1H), 5.07 (s, 1H), 4.67 (d, J = 5.8 Hz, 1H), 4.39 (td, J = 6.9, 2.8
Hz, 1H), 3.53 (d, J = 14.4 Hz, 1H), 3.36 (s, 3H), 3.13 (d, J = 14.4 Hz,
1H), 2.16 (dddd, J = 18.2, 5.6, 2.9, 1.3 Hz, 1H), 2.05 (ddt, J = 18.2, 7.2,
3.0Hz, 1H), 1.93 (s, 3H), 1.42 (s, 3H), 1.24 (s, 3H), 1.03 (s, 10H), 0.15
(s, 3H), 0.14 (s, 3H). 13C NMR (101 MHz, C6D6): δ 166.8, 158.8,
154.8, 150.9, 146.1, 132.9, 129.6, 128.8, 128.2, 127.9, 127.3, 120.9,
119.4, 116.4, 113.9, 112.0, 107.7, 80.8, 77.4, 72.4, 55.3, 46.9, 31.5, 30.3,
27.5, 26.3, 26.3 (stacked), 25.2, 22.1, 18.7, −3.7, −4.0. FTIR
(ReactIR): 1760, 1606, 1491, 1241, 1045. HRMS (ESI) m/z: [M +

H]+ calc. for C32H43O6Si 551.2823; found 551.2841. [α]D
25 = −26.6° (c

= 0.9, MeOH).18

Compound 97. A flask was charged with TBS-protected phenol 72
(388 mg, 0.70 mmol) and THF (7.0 mL, 0.1 M) and then cooled to
−78 °C. Tetrabutylammonium fluoride (1 M in THF, 770 μL, 0.77
mmol, 1.1 equiv) was added dropwise to the clear solution to give a
yellow mixture. The mixture was stirred at −78 °C for 45 min and then
quenched by the addition of a 1:1 solution of water and aqueous sat.
NaHCO3. The mixture was extracted with EtOAc (200 mL), washed
with water (×3) and brine, then dried over Na2SO4, filtered, and
concentrated. The crude product was purified by flash column
chromatography (40% EtOAc/hexanes) to give free phenol 97 as a
white foam (307 mg, 99%). TLC (1:1 hexanes:EtOAc): Rf 0.36 (UV,
KMnO4).

1H NMR (400 MHz, CDCl3): δ 7.70 (s, 1H), 7.06 (t, J = 7.7
Hz, 1H), 6.83 (s, 1H), 6.80 (d, J = 8.1 Hz, 1H), 6.72 (s, 1H), 6.52 (t, J =
7.4Hz, 1H), 6.02 (td, J = 6.6, 3.1 Hz, 1H), 5.73 (s, 1H), 5.47 (d, J = 10.1
Hz, 1H), 5.22 (s, 1H), 4.94 (d, J = 6.6 Hz, 1H), 4.73 (t, J = 6.6 Hz, 1H),
4.04 (s, 3H), 2.98 (d, J = 15.6 Hz, 1H), 2.40 (s, 3H), 2.38−2.27 (m,
2H), 1.49 (s, 3H), 1.45 (s, 3H). 13CNMR (101MHz, CDCl3): δ 168.2,
158.7, 156.4, 149.7, 147.9, 132.0, 129.2, 128.6, 127.3, 122.4, 119.4,
116.6, 116.4, 112.9, 112.4, 108.3, 80.0, 78.8, 71.8, 56.1, 44.6, 31.8, 29.7,
26.3, 24.9, 22.6. FTIR (ReactIR): 1760, 1607, 1492, 1242, 1048, 921.
HRMS (ESI) m/z: [M + H]+ calc. for C26H29O6 437.1959; found
437.1969. [α]D

25 = −14.0° (c = 2.6, CHCl3).
18

Compound 98. A flask was charged with free phenol 97 (306 mg,
0.70 mmol) and methanol (14 mL, 0.05 M) and then cooled to 0 °C.
(Diacetoxyiodo)benzene (676 mg, 2.1 mmol, 3 equiv) was added in
one portion, and the mixture was vigorously stirred at 0 °C. After 1 h,
the reaction was quenched by the addition of aqueous sat. NaHCO3.
Methanol was removed on a rotary evaporator, and the mixture was
extracted with EtOAc (100 mL). The organic layers were washed with
aqueous sat. NaHCO3, aqueous sat. Na2S2O8, and brine. The organic
layers were dried over Na2SO4, filtered, and concentrated. The crude
product was immediately purified by flash column chromatography
(1% triethylamine, 45% EtOAc/hexanes) to give a white foam as the
title p-quinone monoketal 98 (219 mg, 63%).18 TLC (1:1
hexanes:EtOAc): Rf 0.18 (UV, KMnO4).

1H NMR (400 MHz,
C6D6) δ 7.01 (s, 1H), 6.87 (d, J = 3.2 Hz, 1H), 6.45−6.36 (m, 2H), 6.20
(d, J = 10.3Hz, 1H), 5.84 (ddt, J = 10.0, 2.4, 1.3Hz, 1H), 5.80−5.70 (m,
1H), 4.96 (s, 1H), 4.78 (d, J = 6.4 Hz, 1H), 4.42 (td, J = 6.9, 2.9 Hz,
1H), 3.49 (s, 3H), 3.28 (s, 3H), 3.19 (s, 3H), 2.96 (d, J = 14.0 Hz, 1H),
2.65 (d, J = 13.8 Hz, 1H), 2.28−2.18 (m, 4H), 2.19 (s, 4H), 2.19−2.07
(m, 3H), 1.43 (s, 3H), 1.33 (s, 3H). 13C NMR (101 MHz, C6D6): δ
185.0, 159.0, 150.4, 146.5, 142.4, 141.7, 137.5, 130.6, 129.9, 128.2,
128.0, 116.6, 114.0, 112.4, 108.1, 93.8, 80.8, 77.1, 72.1, 55.4, 50.5, 50.1,
46.2, 30.4, 29.4, 27.2, 25.1, 22.3. FTIR (ReactIR): 2990, 2364, 1700,
1652, 705.HRMS (ESI) m/z: [M + H]+ calc. for C28H33O8 497.2170;
found 497.2165. [α]D

25 = −38.9° (c = 1.3, MeOH).
General Procedure for Hauser Optimization (Table 2). A

flame-dried 4 mL vial was charged with t-BuOLi (1 M in THF, equiv)
and cooled to−78 °C. Sulfone 27 (1 equiv) was added as a solid in one
portion to give an orange-yellow mixture, which was stirred at −78 °C
for 15 min. At this time, p-quinone monoketal 98 (1 equiv) was added
in THF (0.33 M) dropwise to the mixture. The resulting mixture was
stirred at −78 °C and allowed to slowly warm to room temperature.
After 15 h, the purple mixture was cooled to 0 °C and quenched with
the addition of water. The mixture was transferred into a separatory
funnel with EtOAc (40 mL), and the layers were separated. The
aqueous layer was acidified with 1 N HCl to a pH of 4−5 and then
extracted with EtOAc (100 mL total). The red organic layer was dried
over Na2SO4, filtered, and concentrated to give a red residue. The
residue was purified by flash column chromatography (75% EtOAc/
hexanes) to give anthraquinones 18 and 100 as two separable
diastereomers.18 Reactions were run on a 0.1 mmol scale. See
characterization data of the anthraquinones from the optimized
reaction below.

Compounds 18 and 100. A flame-dried 25 mL flask was charged
with t-BuOLi (1M in THF, 1.60mL, 2.65 equiv) and cooled to−78 °C.
Sulfone 27 (181 mg, 0.60 mmol, 1 equiv) was added as a solid in one
portion (note: if not added as a solid as this stage, reaction yield and d.r.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c00920
J. Org. Chem. XXXX, XXX, XXX−XXX

U

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00920/suppl_file/jo1c00920_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00920/suppl_file/jo1c00920_si_002.pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c00920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


would significantly decrease) to give an orange-yellow mixture, which
was stirred at−78 °C for 15 min. At this time, p-quinone monoketal 98
(297 mg, 0.60 mmol) was added in THF (1.80 mL, 0.33 M) dropwise
to the mixture. The resulting mixture was stirred at−78 °C and allowed
to slowly warm to room temperature. The color changed from orange
yellow to a deep purple, indicating formation of the deprotonated
anthraquinone. After 15 h, the purple mixture was cooled to 0 °C and
quenched with the addition of water. Themixture was transferred into a
separatory funnel with EtOAc (40 mL), and the layers were separated.
The aqueous layer was acidified with 1 N HCl to a pH of 4−5 and then
extracted with EtOAc (100 mL total). The red organic layer was dried
over Na2SO4, filtered, and concentrated to give a red residue. The
residue was purified by flash column chromatography (75% EtOAc/
hexanes) to give the desired anthraquinone 18 (250 mg, 66%) as a red
foam and the undesired epimer 100 (21 mg, 6%; total 72% yield of
anthraquinones) as a red solid, whose crystal structure was confirmed
by X-ray crystallography.18 If anthraquinone 100 was desired, the
reaction could be heated to reflux for 3 h or compound 18 could be
heated with > 1 equivalent t-BuOLi. Desired anthraquinone 18: TLC
(EtOAc): Rf 0.35 (UV, visible red spot).

1HNMR (400MHz, CDCl3):
δ 12.90 (s, 1H), 7.85 (d, J = 1.0 Hz, 1H), 7.64 (t, J = 8.1 Hz, 1H), 7.36−
7.28 (m, 2H), 6.94 (s, 1H), 6.58 (s, 1H), 6.10−5.99 (m, 2H), 5.23 (s,
1H), 4.73 (d, J = 6.6 Hz, 1H), 4.63 (td, J = 6.9, 2.7 Hz, 1H), 4.00 (s,
3H), 3.93 (s, 3H), 3.90 (s, 3H), 3.08 (d, J = 14.2 Hz, 1H), 3.01 (d, J =
14.2 Hz, 1H), 2.55−2.40 (m, 1H), 2.35 (s, 2H), 2.32 (dd, J = 4.8, 2.7
Hz, 1H), 1.40 (s, 3H), 1.34 (s, 3H). 13C NMR (101 MHz, CDCl3): δ
189.1, 182.0, 168.3, 159.8, 158.2, 155.7, 152.3, 150.0, 147.3, 134.8,
134.7, 133.9, 129.4, 127.9, 127.8, 124.0, 120.5, 118.7, 118.6, 116.8,
114.7, 112.5, 111.8, 108.0, 81.0, 77.8, 72.1, 57.2, 56.7, 55.9, 46.5, 30.9,
29.8, 27.1, 25.2, 22.6. FTIR (ReactIR): 1761, 1670, 1607, 1237, 1048.
HRMS (ESI) m/z: [M + H]+ calc. for C36H35O10 627.2225, found
627.2254. [α]D

25 = −163° (c = 0.8, MeOH). Undesired epimer
anthraquinone 100: TLC (EtOAc): Rf 0.50 (UV, visible red spot).

1H
NMR (400 MHz, CDCl3): δ 13.34 (s, 1H), 7.91−7.85 (m, 2H), 7.66
(t, J = 8.1 Hz, 1H), 7.33 (dd, J = 8.5, 1.1 Hz, 1H), 7.24 (s, 1H), 6.73 (s,
1H), 5.74 (dt, J = 10.1, 4.1 Hz, 1H), 5.35 (s, 1H), 5.19 (dd, J = 10.1, 1.6
Hz, 1H), 4.18 (ddd, J = 7.7, 6.0, 3.8 Hz, 1H), 4.08 (dd, J = 6.0, 1.3 Hz,
1H), 4.01 (s, 3H), 3.97 (s, 3H), 3.96 (s, 3H), 3.58 (d, J = 13.8 Hz, 1H),
3.20 (d, J = 13.9 Hz, 1H), 2.46 (s, 4H), 2.12 (dtd, J = 18.5, 4.3, 2.0 Hz,
1H), 1.46 (s, 3H), 1.34 (s, 3H). 13CNMR (101MHz, CDCl3): δ 189.5,
182.1, 168.2, 159.8, 158.3, 156.3, 152.7, 150.5, 147.5, 134.6, 134.1,
133.8, 128.7, 128.2, 126.7, 123.9, 121.1, 118.9, 118.7, 116.8, 115.3,
112.0, 112.0, 107.4, 82.2, 75.4, 72.5, 57.5, 56.7, 56.0, 46.9, 33.1, 30.2,
27.8, 26.1, 22.9. FTIR (ReactIR): 1761, 1670, 1607, 1236, 1046.
HRMS (ESI) m/z: [M + H]+ calc. for C36H35O10 627.2225; found
627.2252. [α]D

25 = −1443° (c = 0.7, CHCl3).
Compound 102. Prepared as previously reported with 2,5-

methoxybenzoic acid 101 (9.1 g, 50 mmol) and thionyl chloride (8
mL, 110mmol, 2.2 equiv) and then CH2Cl2 (38mL, 1.3M) and Et2NH
(10.34 mL, 100 mmol, 2 equiv) to give compound 102 (3.87 g, 33%).62

Compound 103. Prepared as previously reported with THF (14.8
mL, 0.27 M), sec-butyl lithium (1.4 M in cyclohexane, 3.71 mL, 5.2
mmol, 1.3 equiv), tetramethylenediamine (774 μL, 5.2 mmol, 1.3
equiv), amide 102 (949 mg, 4 mmol) in THF (3 mL, 1.3 M), and DMF
(373 μL, 4.8 mmol, 1.2 equiv) to give the formylated amide 103 (782
mg, 74%).63

Compound 104. Prepared as previously reported with formylated
amide 103 (767 mg, 2.90 mmol), 1 NHCl (13.4 mL), and glacial acetic
acid (6.7 mL) to give the title lactol 104 (342 mg, 65%).64

Compound 105. Prepared as previously reported, lactol 104 (180
mg, 1 mmol), p-toluenesulfonic acid hydrate (9.5 mg, 0.05 mmol, 5 mol
%), MgSO4 (2 g, 1 g per mmol SM), and toluene (5 mL, 0.2 M) were
added to a flask and reflux condenser. Thiophenol (84 μL, 0.9 mmol,
0.9 equiv) was added, and the mixture was brought to boil for 3 h. The
mixture was cooled and quenched by the slow addition of aqueous
saturated NaHCO3. The mixture was extracted with EtOAc (100 mL).
The organic layers were washed with aqueous saturated NaHCO3,
water, and brine, followed by drying over Na2SO4, filtration, and
concentration on the rotary evaporator. The orange solid 105 was used
directly in the next step (252 mg, 83%).65 1H NMR (400 MHz,

CDCl3): δ 7.48 (dd, J = 7.9, 1.8 Hz, 2H), 7.28−7.22 (m, 3H), 7.08 (d, J
= 8.8 Hz, 1H), 6.86 (d, J = 8.9 Hz, 1H), 6.59 (s, 1H), 3.95 (s, 3H), 3.87
(s, 3H). 13C NMR (101 MHz, CDCl3): δ 167.1, 152.0, 147.8, 135.2,
134.3, 130.4, 129.0, 129.0, 118.1, 114.9, 113.3, 83.9, 56.5, 56.4. FTIR
(ReactIR): 1772, 1507, 1071, 1032, 967. LRMS (ESI): calculated [M+
H]+ 303.06, found 303.0.

New: Compound 106. Sulfide 105 (230 mg, 0.76 mmol) was
dissolved in CH2Cl2 (7.6 mL, 0.1 M) and cooled to 0 °C. One portion
of m-chloroperoxybenzoic acid (<77%, 341 mg, 1.52 mmol, 2 equiv)
was added at 0 °C. The mixture was stirred for 20 min at °C and then a
second portion of m-CPBA (170 mg, 0.76 mmol, 1 equiv) was added.
The mixture was stirred for 30 min afterward and then allowed to come
to room temperature and stirred for 1 h. The reaction was quenched
with aqueous saturated NaHCO3, and the layers were separated. The
organic layer was dried over Na2SO4, filtered, and concentrated. Further
purification by flash column chromatography (50% EtOAc/CH2Cl2)
gave the title sulfonated phthalide 106 as a white solid (188 mg, 0.56
mmol, 74%). 1H NMR (400 MHz, CDCl3): δ 7.93 (dd, J = 8.4, 1.3 Hz,
2H), 7.70−7.66 (m, 1H), 7.56 (dd, J = 8.4, 7.4 Hz, 2H), 7.22 (d, J = 8.9
Hz, 1H), 7.02 (d, J = 8.9 Hz, 1H), 6.23 (d, J = 0.5 Hz, 1H), 3.95 (s, 3H),
3.93 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 165.6, 152.6, 149.6,
135.9, 134.8, 130.0, 129.3, 128.5, 119.6, 115.1, 114.9, 89.6, 56.9, 56.6.
HRMS (ESI): calculated [M + H]+ 335.0584, found 335.0576. FTIR
(ReactIR): 1796, 1510, 1335, 1107, 1033.

New: Compounds 107 and 108. A flame-dried vial was charged
with t-BuOLi (1M in THF, 1.06mL, 2.65 equiv) and cooled to−78 °C.
Sulfone 106 (134 mg, 0.40 mmol, 1 equiv) was added as a solid in one
portion to give an orange-yellow mixture, which was stirred at −78 °C
for 15 min. At this time, p-quinone monoketal 98 (198 mg, 0.40 mmol)
was added in THF (1.21 mL, 0.33 M) dropwise to the mixture. The
resulting mixture was stirred at −78 °C and allowed to slowly warm to
room temperature. The color changed from orange yellow to a deep
purple, indicating formation of the deprotonated anthraquinone. After
15 h, the purple mixture was cooled to 0 °C and quenched with the
addition of water. The mixture was transferred into a separatory funnel
with EtOAc (40 mL), and the layers were separated. The aqueous layer
was acidified with 1 N HCl to a pH of 4−5 and then extracted with
EtOAc (100 mL total). The red organic layer was dried over Na2SO4,
filtered, and concentrated to give a red residue. The residue was purified
by flash column chromatography (90% EtOAc/hexanes) to give the
desired anthraquinone 107 (108 mg, 42%) as a red solid and the
undesired epimer 108 (36 mg, 14%; total 56% yield of anthraquinones)
as a red solid.Compound 107: 1H NMR: (400MHz, CDCl3): δ 12.76
(s, 1H), 7.33−7.18 (m, 5H), 7.01 (s, 1H), 6.60 (s, 1H), 6.04−5.92 (m,
2H), 5.23 (s, 1H), 4.64 (d, J = 6.7 Hz, 1H), 4.58 (td, J = 6.9, 3.0 Hz,
1H), 3.97 (s, 3H), 3.94 (s, 3H), 3.91 (s, 3H), 3.90 (s, 3H), 3.10 (d, J =
14.1 Hz, 1H), 2.96 (d, J = 14.1 Hz, 1H), 2.49 (ddt, J = 17.7, 7.3, 2.4 Hz,
1H), 2.37 (s, 3H), 2.31 (dt, J = 17.9, 3.8 Hz, 1H), 1.38 (s, 3H), 1.31 (s,
3H). 13C NMR (101 MHz, CDCl3): δ 189.1, 182.8, 168.4, 158.2,
154.9, 154.2, 153.2, 151.2, 150.1, 147.3, 134.6, 129.7, 127.4, 126.6,
126.0, 121.8, 121.5, 120.7, 118.5, 117.1, 115.9, 112.5, 111.8, 108.0, 81.3,
77.8, 72.1, 57.4, 57.1, 57.0, 55.9, 46.5, 31.1, 29.7, 27.1, 25.2, 22.7. FTIR
(ReactIR): 1756, 1732, 1700, 1652, 1560.HRMS (ESI): calculated [M
+ H]+ 657.2330, found 657.2318. [α]D

25: −47.9, (c = 0.85, CHCl3).
Compound 108: 1H NMR: (400 MHz, CDCl3): δ 13.23 (s, 1H), 7.84
(s, 1H), 7.34 (d, J = 9.1 Hz, 1H), 7.24 (s, 1H), 6.72 (s, 1H), 5.69 (dt, J =
9.3, 4.2 Hz, 1H), 5.35 (s, 1H), 5.12 (d, J = 10.0 Hz, 1H), 4.39−4.24 (m,
1H), 4.15 (d, J = 1.3 Hz, 1H), 3.99 (s, 3H), 3.96 (d, J = 1.5 Hz, 6H),
3.58 (d, J = 13.8 Hz, 1H), 3.17 (d, J = 13.9 Hz, 1H), 2.47 (s, 3H), 2.10
(d, J = 18.5 Hz, 1H), 1.45 (s, 3H), 1.35 (s, 3H). 13C NMR (101 MHz,
CDCl3): FTIR (ReactIR): 1767, 1737, 1701, 1631, 1521. HRMS
(ESI): calculated [M +H]+ 657.2330, found 657.2326. [α]D

25:−29.3, (c
= 0.075, CHCl3).

General Procedure for Optimization of Triflation (Com-
pound 109, Table 3).A dry vial was charged with a base and a solvent.
Anthraquinone 18 (0.1 mmol to 0.01 mmol) was added in solvent
dropwise. Purple color denoted deprotonation of the red anthraqui-
none to its corresponding phenol. The triflating reagent (3 equiv) was
added afterward. Reactions were monitored by 1HNMR, as the starting
material and triflate 109 cospot as a yellow mixture on TLC (EtOAc).
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Triflate 109, as previously reported,18 could not be completely purified
by successive column chromatography (75% EtOAc in hexanes) or
PTLC due to decomposition on silica and was used directly in the next
step. 1H NMR: (400 MHz, CDCl3): δ 7.76−7.69 (m, 2H), 7.66 (t, J =
8.0 Hz, 1H), 7.29 (dd, J = 8.5, 1.1 Hz, 1H), 6.74 (s, 1H), 6.73 (s, 1H),
6.03 (ddd, J = 9.9, 5.5, 3.0 Hz, 1H), 5.34 (d, J = 10.7 Hz, 1H), 5.05 (s,
1H), 4.00 (s, 3H), 4.00 (s, 3H), 3.98 (s, 3H), 3.73 (d, J = 5.9 Hz, 1H),
3.58 (q, J = 6.6 Hz, 1H), 3.50−3.40 (m, 2H), 2.44 (dd, J = 12.2, 5.6 Hz,
1H), 2.39 (s, 3H), 2.24−2.16 (m, 1H), 1.44 (s, 3H), 1.43 (s, 2H).19F
NMR (400MHz, CDCl3): δ−73.8TLC (EtOAc):Rf 0.44 (UV, visible
yellow spot).
Reported: Compound 110. A flame-dried flask was charged with

sodium hydride (60% in mineral oil) (184 mg, 4.6 mmol, 20 equiv) and
purged with argon. The sodium hydride was washed with hexanes (3×,
10 mL) and dried under vacuum to remove the residual solvent for 15
min. After blanketing with argon, CH2Cl2 (5.75mL) was added, and the
mixture was cooled to 0 °C. Anthraquinone 18 (143 mg, 0.23 mmol)
was added in CH2Cl2 (5.75 mL) dropwise to the sodium hydride
mixture to give a purplemixture. The reaction was stirred at 0 °C for 4 h.
At this time, trifluoromethanesulfonic anhydride (from either an
ampule or a freshly distilled from PO5) (116 μL, 0.69 mmol, 3 equiv)
was added dropwise to the reaction, followed by pyridine (55 μL, 0.69
mmol, 3 equiv) to give an orange mixture. The mixture was stirred at 0
°C for 1 h and quenched by the addition of aqueous sat. NaHCO3
solution. The mixture was extracted with CH2Cl2 (50 mL), and the
organic layers were washed with sat. NaHCO3 solution and brine. The
organic layers were dried over Na2SO4, filtered, and evaporated to yield
a mixture of the title triflate and starting unprotected anthraquinone.
The triflate was purified by flash column chromatography (75%
EtOAc/hexanes). The yellow/orange band was collected to give a
mixture (3:1) of free anthraquinone and triflate 109. A flame-dried 100
mL flask was charged with Pd(PPh3)4 (133 mg, 0.115 mmol, 50 mol %)
and oven-dried LiCl (146 mg, 3.45 mmol, 15 equiv) and then purged
with argon. DMF (26 mL) was added to the solids, then the mixture of
triflate and anthraquinone in DMF (20 mL), and then triethylamine
(478 μL, 3.45 mmol, 15 equiv). The mixture was subjected to the
freeze−pump−thaw procedure (3×). After warming to room temper-
ature, the flask was removed from the Schlenk line and sealed tightly
with parafilm and black electrical tape. Themixture was submerged into
a 100 °C oil bath and stirred for 15 h. At this time, the flask was cooled
to room temperature and treated with brine. The mixture was extracted
with EtOAc (total 200 mL), and the organic layers were washed with
water (3×) and brine (3×). The organic layers were dried over Na2SO4,
filtered, and concentrated to a residue. The residue was purified on a
Teledyne-ISCO CombiFlash Rf-200 UV−Vis Automated Flash
Chromatography System with a RediSep Rf High Performance Gold
15.5 g HP C18 column on a 5−100% MeCN in H2O gradient to give
110 as a yellow solid (83 mg, 61% over two steps). Analysis of the crude
mixture showed one diastereomer.18 TLC (EtOAc): Rf 0.41 (UV,
visible yellow spot). 1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 7.7
Hz, 1H), 7.63 (t, J = 8.0 Hz, 1H), 7.27 (d, 1H, 7.7 Hz), 7.21 (s, 1H),
6.91 (s, 1H), 6.68 (s, 1H), 5.91−5.79 (m, 2H), 5.06 (s, 1H), 4.80 (d, J =
2.0 Hz, 1H), 4.63 (d, J = 7.2 Hz, 1H), 4.29 (d, J = 7.2 Hz, 1H), 4.00 (s,
3H), 3.99 (s, 3H), 3.94 (s, 3H), 3.48 (d, J = 17.4 Hz, 1H), 3.18 (d, J =
17.4 Hz, 1H), 2.40 (s, 3H), 1.39 (s, 3H), 1.21 (s, 3H). 1H NMR (400
MHz, C6D6): δ 7.92 (dd, J = 7.7, 1.0 Hz, 1H), 7.04 (t, J = 8.0 Hz, 1H),
6.76 (s, 1H), 6.55 (d, J = 8.2 Hz, 1H), 6.53 (s, 1H), 6.13 (s, 1H), 5.96
(dt, J = 10.2, 1.9Hz, 1H), 5.74 (ddd, J = 10.1, 3.9, 2.4 Hz, 1H), 5.19 (q, J
= 2.3 Hz, 1H), 4.82 (s, 1H), 4.32 (d, J = 7.2 Hz, 1H), 4.22 (ddt, J = 7.4,
3.8, 1.8 Hz, 1H), 3.51 (d, J = 17.2 Hz, 1H), 3.38 (s, 3H), 3.32 (s, 3H),
3.26 (s, 3H), 3.06 (d, J = 17.2 Hz, 1H), 2.02 (s, 3H), 1.40 (s, 3H), 1.04
(s, 3H). 13C NMR (101 MHz, C6D6): δ 185.3, 181.8, 166.9, 159.8,
159.2, 158.6, 151.6, 148.2, 145.4, 137.1, 135.9, 133.3, 130.6, 130.3,
125.5, 125.2, 121.6, 119.0, 117.9, 116.9, 115.2, 113.4, 111.9, 108.4, 81.5,
73.3, 70.9, 56.3, 55.9, 55.1, 53.8, 48.8, 36.1, 26.3, 24.7, 22.1. FTIR
(ReactIR): 1696, 1541, 740, 709. HRMS (ESI) m/z: [M + Na]+

calculated C36H32O9Na 631.1939, found 631.1945. [α]D
25: +285° (c =

0.4, CHCl3).
General Procedure for Optimization of Demethylation of

110 (Table 4). Compound 110 (1−5 mg) was dissolved in a solvent

(0.01−0.001M) and cooled to the desired temperature. Demethylating
reagent and additive were added, and the reaction was brought to the
next desired temperature and monitored by TLC. The reaction was
quenched upon formation of new spots and extracted with EtOAc,
dried over Na2SO4, concentrated in vacuo, and analyzed by 1H NMR.
Initial experiments withMgI2·OEt2 were allowed to cool for 30min to 1
h before quenching. This gave epimerization of the C18 center as well as
iodinated byproducts. Entries 13 and 14 were quenched within 15 min
of removal from the heating oil bath. Compound 112 1H NMR (400
MHz, CDCl3): δ 12.64 (s, 1H), 12.12 (s, 1H), 7.78 (d, J = 7.6 Hz, 1H),
7.68 (t, J = 8.0 Hz, 1H), 7.29 (d, J = 8.4 Hz, 1H), 7.22 (s, 1H), 6.86 (s,
1H), 6.73 (s, 1H), 5.89 (ddd, J = 10.1, 3.9, 2.5 Hz, 1H), 5.74 (dt, J =
10.1, 1.8 Hz, 1H), 5.21 (s, 1H), 4.72 (d, J = 2.5 Hz, 1H), 4.70−4.63 (m,
1H), 4.34 (d, J = 7.1Hz, 1H), 3.53 (d, J = 17.7 Hz, 1H), 3.20 (d, J = 17.7
Hz, 1H), 2.41 (s, 3H), 1.44 (s, 3H), 1.28 (s, 3H). TLC (1:1
hexanes:EtOAc): Rf 0.66 (UV, visible yellow spot).

(+)-Rubellin C (3). A dry flask was charged with powdered
magnesium (52 mg, 2.2 mmol) and iodine (278 mg, 1.1 mmol). Dry
ether (10mL, 0.1M) was added, and the flask was covered in aluminum
foil and stirred in the dark. Approximately 3 h later, the red/brown color
disappeared, and the mixture was colorless. At this time, a flame-dried
20 mL microwave tube was charged with Heck product 110 (34 mg,
0.056 mmol) in toluene (9.3 mL, 0.006 M). The freshly prepared
magnesium iodide etherate (7.8 mL, 0.78 mmol, 14 equiv) was added
dropwise to the starting material in toluene. The purple mixture was
submerged in a 100 °C oil bath (note: a microwave tube, not a flask, is
required for this reaction due to the necessary temperature with a low
boiling solvent) and stirred for 4 h. At this time, the flask was cooled for
10−15 min and then quenched by the addition of water. The mixture
was extracted with EtOAc, and the aqueous layer was acidified to pH =
4. The aqueous layer was extracted again with EtOAc, and the organic
layers were washed with aqueous sat. Na2S2O8 solution, water, and
brine. The organic layers were dried over Na2SO4, filtered, and
concentrated in vacuo to give the crude demethylated product 112. The
product could either be quickly purified on a Teledyne-ISCO
CombiFlash Rf-200 UV−Vis Automated Flash Chromatography
System with a RediSep Rf High Performance Gold 15.5 g HP C18
column on a 5−100% MeCN in H2O gradient or immediately used in
the next reaction. The crude mixture of 112 was dissolved in THF (2
mL), to which was added 3 N HCl (285 μL) and stirred at 40 °C in an
oil bath for 2 h. After cooling, the reaction was again extracted with
EtOAc and washed with water and brine, dried over Na2SO4, filtered,
and concentrated in vacuo. The crude product was purified on a
Teledyne-ISCO CombiFlash Rf-200 UV−Vis Automated Flash
Chromatography System with a RediSep Rf High Performance Gold
15.5 g HP C18 column on a 5−100% MeCN in H2O gradient to give
the natural product (+)-rubellin C (3)18 as a yellow solid (21 mg, 67%
over two steps), which matched the characterization data from the
literature.2,4TLC (EtOAc): Rf 0.63 (UV, visible yellow spot).Reverse-
phase TLC (3:1MeOH:H2O,Merck TLC silica gel 60 RP-18 F254S 5
× 10 glass plate): Rf 0.27 (UV, visible yellow spot). 1H NMR (400
MHz, CDCl3): δ 12.54 (s, 1H, O-H), 12.12 (s, 1 H, O-H), 7.79 (dd, J =
7.6, 1.2 Hz, 1H), 7.69 (t, J = 7.9 Hz, 1H), 7.55 (s, 1H, O-H), 7.31 (dd, J
= 8.4, 1.1 Hz, 2H), 7.03 (s, 1H), 6.70 (s, 1H), 6.67 (s, 1H), 5.92 (dd, J =
10.1, 2.8 Hz, 1H), 5.85 (ddd, J = 10.4, 5.0, 2.0 Hz, 1H), 5.64 (s, 1H),
4.66 (s, 1H), 4.46−4.42 (m, 1H), 4.32 (t, J = 5.5 Hz, 1H), 4.13 (d, J =
19.7 Hz, 1H), 3.01 (d, J = 5.9 Hz, 1H), 2.94 (d, J = 18.5 Hz, 1H), 2.20
(s, 3H). 1H NMR (400 MHz, DMSO-d6): δ 7.79 (dd, J = 8.4, 7.5 Hz,
1H), 7.63 (dd, J = 7.6, 1.2 Hz, 1H), 7.37 (dd, J = 8.4, 1.2 Hz, 1H), 7.29
(s, 1H), 6.97 (s, 1H), 6.71 (s, 1H), 5.69−5.62 (m, 2H), 5.52 (dd, J =
10.0, 3.0 Hz, 1H), 5.14 (d, J = 4.1Hz, 1H), 5.05 (d, J = 6.3Hz, 1H), 4.45
(d, J = 18.6, 1H), 4.17 (d, J = 4.6 Hz, 1H), 4.09 (t, J = 5.3 Hz, 1H), 3.90
(d, J = 3.3 Hz, 1H), 3.08 (d, J = 18.6 Hz, 1H), 2.36 (s, 3H). 13C NMR
(101 MHz, DMSO-d6): δ 191.4, 182.5, 166.8, 162.5, 161.2, 157.2,
156.4, 148.9, 146.6, 140.7, 137.2, 133.4, 127.0, 126.7, 125.7, 124.1,
119.7, 119.2, 116.6, 115.6, 115.5, 113.5, 110.0, 84.6, 67.5, 65.3, 52.1,
46.4, 37.5, 21.7. FTIR (ReactIR): 1740, 1665, 1626, 890, 730. HRMS
(ESI) m/z: [M − H]− calc. C30H21O9 525.1191; found 525.1184.
[α]D

25: +200° (c = 0.3, MeOH). Reported: +193.6° (c = 0.5, MeOH);
+220° (c = 0.1, MeOH).2,4
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