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ABSTRACT OF THE THESIS 

 

Synthesis of Caged Garcinia Xanthone Analogues 

 

by 

 

Woo Cheal Cho 

 

Master of Science in Chemistry 

 

University of California, San Diego, 2009 

 

Professor Emmanuel A. Theodorakis, Chair 

 

A new synthetic strategy is developed toward the synthesis of the caged Garcinia 

xanthone analogues.  The key to the strategy is a Pd-catalyzed reverse prenylation 

reaction.  This new synthetic approach provides a rapid and efficient access to various 

caged analogues, including cluvenone which is known to induce apoptosis and exhibit 

significant cytotoxicity in various cancer cell lines.  Evaluation of their growth inhibitory 

activities also leads to identification of the pharmacophoric motif of the caged Garcinia 

xanthones. 
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Section 1.1 Background of the Caged Garcinia Xanthones 

The tropical trees of the genus Garcinia, found in lowland rainforests of 

Southeast Asia, are widely known for their use in folk medicines.1  Phytochemically, 

these trees are recognized as a rich source of xanthone and xanthonoid natural products 

that are considered to hold high pharmaceutical potential. For example, mangosteen, the 

fruit of Garcinia mangostana is highly praised for its medicinal value attributed to its 

content of xanthones and related products.2,3  In fact, a mangosteen-based drink is 

currently sold to consumers for its tonic, immunostimulant, and antioxidant properties.  

On the other hand, gamboge, the commercially available exudates of Garcinia hanburyi, 

has been used in traditional Asian medicine for the treatment of indigestion, 

inflammation, and ulcers.4

Efforts to identify the bioactive ingredients from the Garcinia plants have yielded 

an ever growing family of natural products typified by a xanthone-based motif that has 

undergone a series of plant specific prenylations and/or oxidation reactions.  Among 

them, morellin (3) (Figure 1),5 produced by Garcinia Morella, became the first example 

of a structural motif in which a 4-oxa-tricyclo[4.3.1.03,7]dec-8-en-2-one scaffold was 

built into a xanthone backbone.  This motif is further customized via substitutions on the 

aromatic residue and peripheral oxidations to produce a variety of structural subfamilies 

including the morellins (1-4),6,7 forbesione (5),8 desoxygambogenin (6),9 

desoxygaudichaudione (7),10 gambogic acid (8),11 the related gambogin (9),12 and the 

bractatins (10-12).13  An additional level of architectural complexity is found in the 

structure of lateriflorone (13)14 in which the tricyclic caged motif is attached to an 

unprecedented spiroxalactone core (Figure 1).  
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5: R = H: forbesione
6: R = geranyl: desoxygambogenin
7: R = isoprenyl: desoxygaudichaudione

8: R = CO2H: gambogic acid
9: R = CH3: gambogin

10: R = H: bractatin
11: R = Me: 1-O-methylbractatin

12: 1-O-methylneobractatin 13: lateriflorone

Figure 1. Representative examples of caged Garcinia xanthones
 

Biosynthetically, the Garcinia natural products are presumed to derive from a 

common benzophenone intermediate of a mixed shikimate-acetate pathyway.15 

Subsequent alkylations, rearrangements, and/or oxidation reactions are thought to give 

rise to the families of caged xanthonoids, representative members of which are shown in 

Figure 1.16  Based on this scenario, forbesione (5) and related natural products could arise 

from 1,3,5,6-tetrahydroxyxanthone (14) (Scheme 1).  A polyisoprenylation reaction by 

the electrophilic dimethylallyl diphosphate (DMAPP) could deliver three dimethylallyl 

groups at the C3, C5, and C6 phenolic oxygens forming compound 15.  Several 

hypotheses have been reported for the formation of the caged motif of the Garcinia 

natural products.17  Among them, the most meritorious, proposed by Quillinan and 

Scheinamann in 1971, rests upon a tandem Claisen/Diels-Alder rearrangements.18  In the 

specific case of forbesione (5), the C-ring (shikimate ring) could be formed by the 
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Claisen/Diels-Alder cascade, while the A ring (acetate-ring) could be formed by another 

Claisen rearrangement.  We have explored this reaction cascade and used it as a 

cornersone for the development of a unified strategy to several caged Garcinia xanthones. 

 

Section 1.2 Significance of the Caged Garcinia Xanthones in Biology and 

Drug Discovery 

 Aside from their striking chemical structure and biosynthesis, the caged Garcinia 

natural products exhibit interesting bioactivities and have a documented value in 

traditional Eastern medicine.  Studies from different laboratories have shown that selected 

members of the caged Garcinia xanthones possess several essential characteristics that 

highlight clearly their enormous potential in drug discovery.  Specifically, it has been 

found that: (a) they exhibit potent cytotoxicity against a variety of tumor cells including 

multidrug-resistant cell lines; (b) they have a good therapeutic window for clinical 

applications as suggested by studies in animal models; (c) they kill cancer cells by 

inducing apoptosis; (d) they bind to the transferrin receptor (TfR), as suggested by studies 

with gambogic acid.  A detailed presentation of these characteristics and their 

significance in drug discovery will be presented in the following sections. 
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Section 1.2.1 Inhibition of Tumor Cell Growth by the Caged Garcinia Xanthones 

The ability of several caged Garcinia xanthones to inhibit tumor cell proliferation 

and exhibit potent cytotoxicity at low µM concentrations has been well documented.  For 

instance, desoxymorellin (1) was cytotoxic against HEL (Human Embryonic Lung 

fibroblasts) and HeLa (Henrietta Lacks cervical cancer) cells with a minimum inhibitory 

concentration (IC50) of 0.39 µg/mL.12  The bractatins (10-12) were tested against the KB 

cell line (human Epidermoid Carcinoma) with 1-O-methylneobractatin (12) showing the 

lowest IC50 value of 0.20 µg/mL.13  The gaudichaudiones have been tested against a 

panel of cell lines, such as P388 (mouse lymphocytic leukemia), WEH11640 (mouse 

fibrosarcoma), THP-1 (human monocytic leukemia), MOLT4 (human acute 

lymphoblastic leukemia), HePG2 (human heptocellular carcinoma), LL/2 (Lewis lung 

carcinoma, mouse), and found to be broadly cytotoxic with effective dose (ED50) values 

between 0.50 and 8.0 µg/mL.19  Similar data have been recorded with gambogic acid 

(8).20  In addition, lateriflorone (13) was cytotoxic against the P388 cancer cell line with 

ED50 value of 5.4 µg/mL.14   

 More recently, gaudichaudione A was reported to display strong inhibitory 

activity against both parental murine leukemic P388 and P388/doxorubicin-resistant cell 

lines at low micromolar dosage, but was less toxic against normal human liver cells at 

these concentrations.21  Similar results were obtained with gambogic acid.22  Studies from 

our own laboratories have confirmed these findings.23  Specifically, we have found that 

adriamycin-resistant HL-60 cells have similar sensitivity to the anti-proliferative effects 

of several caged Garcinia xanthones as the parental HL-60 cell line. These findings 

indicate that the caged Garcinia xanthones are not subjects of the multidrug-resistance 
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mechanisms, often associated with overexpression of P glycoprotein, which is typical of 

relapsed cancers, and thus they represent a pharmacologically promising chemical 

scaffold.24, 25

 

Section 1.2.2 Therapeutic Window of the Caged Garcinia Xanthones 

 Recent studies with gambogic acid (8) in animal models have documented its 

promising pharmacological profile.  Notably, it was found that intravenous injection of 

gambogic acid at 6 mg/Kg (4 doses on alternate days) did not affect the body weight or 

white blood cells count of healthy rats, suggesting that this compound is non-toxic at the 

doses tested.26  Related toxicological studies demonstrated that the LD50 of gambogic 

acid is 45-96 mg/Kg in experiments using mice.  In addition, in experiments with dogs, 

the innocuous dose was established to be 4 mg/Kg after administration for a total of 13 

weeks at a frequency of one injection every other day.27  These results indicate that the 

therapeutic window of gambogic acid is adequate for clinical applications as an 

anticancer agent.  In turn, this suggests that the caged Garcinia xanthones have a 

promising clinical potential. 

 

Section 1.2.3 Induction of Apoptosis by the Caged Garcinia Xanthones 

 Studies from several laboratories, including our own work,23 have shown that the 

caged Garcinia xanthones induce apoptotic cell death in a variety of cancer cell lines.  

For instance, the apoptotic effects of gaudicaudione A were shown by the collapse of the 

mitochondrial transmembrane potential, the activation caspase-3 and induction of 

internucleosomal DNA fragmentation.21  Related studies with gambogic acid (8) have 
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shown that this compound induces apoptosis selectively in certain tumor cells in vitro in a 

dose-dependent manner.  In T47D (breast cancer) cells, the EC50 value of gambogic acid 

was 0.78 µM.20  In MGC-803 cells (human gastric carcinoma) the EC50 value after 48 

hours of incubation was 0.96 µg/mL.26,27  Similar EC50 values were recorded by our 

laboratory in a variety of solid and non-solid tumor cells.23  In addition, 

immunohistochemical studies indicated that 8 regulates expression of Bax and Bcl-2 

proteins that are known to play a crucial role during apoptosis.26, 28   

 

 To better appreciate the significance of the above results it is important to 

introduce the process of apoptosis and its role in cancer.29  Apoptosis, or programmed 

cell death, is a highly regulated process that allows a cell to self-degrade in order for the 

body to eliminate unwanted or dysfunctional cells.  As such, it is essential to embryonic 

development and the maintenance of homeostasis in multicellular organisms.  In humans, 

for example, the rate of cell growth and cell death is balanced to maintain the weight of 
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the body.  It has been estimated that each day between 50-70 billion cells in the human 

body perish due to apoptosis.30  This event is necessary to make room for the billions of 

new cells produced daily.  In fact, within one year this flux of cells corresponds to a 

production and eradication of a mass equal to almost our entire body weight.  Once 

triggered, the apoptotic event leads to cell deletion via a process that includes chromatin 

condensation, nuclear fragmentation, cell shrinkage, plasma membrane blebbing and 

other ultrastructural changes.31  These changes lead ultimately to phagocytosis by the 

neighboring cells without inciting unnecessary inflammatory reactions or tissue scaring.  

In general, apoptosis can be induced in two different ways, referred to as the 

intrinsic and extrinsic pathways (Figure 2).32 The intrinsic pathway is activated by stress 

signals resulting from cellular damage sensors (e.g. p53) or developmental cues.  Upon 

receiving the stress signal, pro-apoptotic members of the Bcl-2 family of proteins, such as 

Bax and Bid, bind to the outer membrane of the mitochondria to signal the release of 

cytochrome C.33  Cytochrome C binds to ATP and Apaf-1 to form a large ternary protein 

complex, known as the apoptosome that recruits and activates caspase-9.34  In turn, this 

activates caspase-3, the executioner of apoptosis that initiates DNA fragmentation.  

Besides the release of cytochrome C from the intramembrane space, the intramembrane 

content released also contains apoptosis inducing factor (AIF) to facilitate DNA 

fragmentation, and Smac/Diablo proteins to inhibit the inhibitor of apoptosis (IAP).  On 

the other hand, the extrinsic pathway is initiated by binding of a small molecule to a 

death receptor, such as TNF-R1, Fas or DR4, which leads to receptor aggregation 

(usually homo-trimerization).  The activated receptor then recruits the cytoplasmic 

proteins FADD (Fas-associated death domain protein) and procaspase-8 to form a 
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complex known as death-inducing signaling complex (DISC).  In certain cells, such as 

lymphocytes, DISC formation leads directly to activation of caspase-3, to trigger 

apoptosis without involving mitochondria.  In other cells, the formation of DISC can 

activate the mitochondrial apoptotic pathway through cleavage and activation of the Bid 

protein.35

 There is compelling evidence that insufficient apoptosis can result in cancer or 

autoimmunity while accelerated cell death is evident in degenerative diseases, 

immunodeficiency and infertility.  In fact, tumorigenesis is a multi-step process based on 

genetic alterations that drive the progressive transformation of normal cells into highly 

malignant derivatives.  It has been suggested that the large diversity of human cancer cell 

genotypes is a manifestation of six essential alterations in cell physiology that 

collectively dictate malignant growth.36  These alterations, also referred to as the 

hallmarks of cancer, involve: (a) self-sufficiency in growth signals; (b) insensitivity to 

growth inhibitory signals; (c) evasion of apoptosis; (d) limitless replicating ability; (e) 

sustained angiogenesis; and (f) tissue invasion and metastasis.  These physiologic 

changes are shared by most, if not all, types of human cancer and represent points for 

therapeutic intervention.  The third alteration from the above list refers to the ability of 

cancer cells to circumvent normal pathways leading to apoptosis, thus expanding their 

population in a non-controlled manner.  Downregulation of pro-apoptotic proteins, such 

as Bax, overexpression of the anti-apoptotic protein Bcl-2, and/or mutations that destroy 

their function (e.g. p53 mutations), decrease the ability of the cell to undergo apoptosis 

leading ultimately to tumorigenesis.37, 38 
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 It has also been shown that effectively all traditional anticancer drugs use 

apoptosis pathways to exert their cytotoxic actions.31  Consequently, defects in the 

regulation of apoptosis can render cells intrinsically resistant to chemotherapy, not 

because the drugs or irradiation fails to induce damage to DNA, microtubules and other 

structures, but because tumor cells remain viable after suffering the damage and hence 

have opportunities to undergo repair and resume their proliferative activities.39   

 

Section 1.2.4 Gambogic Acid Binds to the Transferrin Receptor-1 (TfR) 

 

The recent finding that gambogic acid (8) induces apoptosis by binding to the 

transferrin receptor (TfR)40 is of paramount significance for drug discovery studies for 

two main reasons: (a) it suggests that TfR is involved in regulation of apoptosis via an 

unknown mechanism that could be explored using the caged Garcinia xanthones as 

biological tools and (b) it suggests that identification of the binding site of this compound 

on TfR would lead to a methodical SAR study that, departing from the “privileged motif” 
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of 8, would aim to enhance its binding efficiency and optimize its overall 

pharmacological properties. 

 Transferrin receptor-1 (TfR) is a homodimeric type II transmembrane protein with 

a molecular mass of 90 kDa per monomer.41  Its physiological function involves iron 

uptake into vertebrate cells via a cycle of endo- and exocytosis of the iron transport 

protein transferrin (Tf).42  As shown in Figure 3, TfR binds diferric transferrin at the cell 

surface and carries it to the endosome.  There, upon acidification, the iron is released 

from Tf and the Tf-TfR complex returns to the cell surface.  The apotransferrin is then 

replaced by diferric transferrin from serum, thus completing the catalytic cycle.  This 

cycle has become one of the most widely used models for receptor-mediated endocytosis.   

 It has been reported that gambogic acid binds to TfR at a different site from that 

required for transferrin binding.40  However, the biological and medicinal potential of this 

finding cannot be explored without obtaining structural information on this binding site.  

It would be very important to learn whether the binding of these compounds to TfR 

affects receptor endocytosis and how this receptor induces apoptotic signals.  One 

possibility is such binding inhibits TfR internalization which suggests that these 

compounds induce apoptosis without entering the cytoplasm.  Alternatively, if binding of 

the caged Garcinia xanthones to TfR does not affect TfR internalization, these molecules 

could enter the cell and be targeted to the endosomes.  Either scenario could explain why 

these compounds are not affected by the P glycoprotein and thus circumvent the 

multidrug resistance mechanisms.24,25  Moreover, if TfR internalization is not affected, 

one could use this binding site for cargo delivery inside the cytoplasm. 
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The clinical relevance of the TfR in cancer has been extensively documented.43  

Growing cells require iron to maintain the activity of ribonucleotide reductase, an 

enzyme involved in deoxynucleotide synthesis.  Since the uptake of iron by cells is 

mediated by the TfR, several tumor cells display higher levels of this receptor on their 

surface compared to normal cells.44, 45  Moreover, TfR overexpression was suggested to 

contribute to the pathogenesis of chronic anemia, often associated with advanced 

malignancy, due to the competition of bone marrow and the tumor for circulating 

transferrin-bound iron.43  These findings have led to the notion that the TfR is a useful 

marker for malignancy45, 46 and to the development of anti-TfR antibodies that inhibit the 

growth of human melanoma in nude mice.47, 48  TfR overexpression has been detected in 

several malignant cells including promyelocytic leukemia,49 pancreatic,50 breast46 and 

colon51 cancers, as well as in esophageal adenocarcinoma.52  In other cancer cells, 

accelerated TfR cycling, rather than increased TfR expression, was observed resulting in 

increased cell death via TfR targeting.53  Thus, the TfR has been identified as a target for 

therapeutic intervention for cancer.54, 55  Importantly, a most recent study reported that the 

chicken TfR represents a new cell-death receptor and further highlighted the significance 

of TfR as a therapeutic target in cancer.56

It is worth pointing out the use of both transferrin and transferrin receptors as 

carriers to direct toxins, diagnostic reagents or therapeutic molecules to cancer cells.57  

For example, a variety of conjugate molecules including those conjugated to Tf, such as 

Tf-nerve growth factor, have been successfully used to deliver therapeutic agents across 

epithelial barriers, including the blood brain barrier, via the TfR.58, 59  Diagnostic reagents 

and small molecule cargos can also be delivered in this way, and might be particularly 
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effective if they can be unpackaged upon arrival.60  For example, liposomes targeting TfR 

can efficiently deliver encapsulated doxorubicin in multidrug-resistant tumor cells and 

induce increased cytotoxicity (3.5-fold higher than free doxorubicin).61  Together, these 

studies provide strong validation for the use of the TfR to transport diagnostic and 

therapeutic reagents into the brain.  It is worth mentioning that the presence of the blood 

brain barrier is known to exclude >95% of all drugs in the circulation from entering the 

brain, and thus it poses a major obstacle in the development of drugs targeting 

components of the central nervous system.   
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SYNTHESIS OF CAGED GARCINIA XANTHONE ANALOGUES 
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Section 2.1 Introduction 

The tropical trees of the genus Garcinia, found in lowland rainforests of 

Southeast Asia, are widely known for their use in folk medicines.1  Efforts to identify the 

bioactive ingredients from these plants have yielded a family of natural products 

structurally characterized by a xanthone backbone in which the C ring has been converted 

into a caged tricyclic structure.  Plant-specific substitutions and oxidations of this motif 

produce several subfamilies, such as the morellins (1, 2),2 the gaudichaudiones (3, 4),3 

and the gambogins (5, 6)4 (Figure 1). 

 The ability of several caged Garcinia xanthones to selectively inhibit tumor cell 

proliferation and exhibit potent cytotoxicity at low µM concentrations has been well 

documented.5 Moreover, gaudichaudione A (3) and gambogic acid (5) displayed strong 

growth inhibitory activities against both parental murine leukemic P388 and 

P388/doxorubicin-resistant cell lines, suggesting that they are not subjects of the 

multidrug-resistance mechanism that is typical of several relapsed cancers.6  In addition, 

5 displays antitumor activity in animal models and has an appropriate therapeutic window 

for clinical applications as an anticancer agent.7

 A recent study reported that gambogic acid binds to the Bcl-2 family of proteins 

resulting in apoptosis presumably by blocking the antiapoptotic activity of these 

proteins.8  Earlier mode-of-action studies have suggested that this compound binds to the 

transferrin receptor 1 (TfR1) and that this binding correlates with the induction of 

apoptosis.9  Structure-activity relationship studies have proposed that the caged motif 

plays an essential role in the cytotoxicity.10
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 Inspired by the therapeutic potential of the caged Garcinia xanthones, we 

developed a chemical strategy that allows access to these natural products and related 

analogues, such as cluvenone (7).11,12  This strategy relies on a biomimetic Claisen/Diels-

Alder/Claisen reaction cascade that produces the caged motif from a reverse prenylated 

xanthone.13,14  Moreover, we have found that cluvenone (7) maintains the activity 

exhibited by the more structurally complex natural products of this family.12  We have 

also shown that this compound is equally cytotoxic to HL-60 cells and the multidrug-

resistant clone, HL-60/ADR, at low µM concentrations, attesting to the 

pharmacologically promising caged Garcinia xanthone motif.  Herein, we report our 

studies on the evaluation of the pharmacophoric motif of these compounds.  We also 
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present a new Pd(0)-catalyzed method for the reverse prenylation (installation of 1,1-

dimethyl-2-propenyl units) of catechols, the synthetic precursors of the caged scaffolds.  

This reaction led to a synthesis of several caged Garcinia analogues and to an optimized 

synthesis of cluvenone (7). 
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Section 2.2 Synthesis of BC and C Ring Caged Analogues 
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Scheme 1. Synthesis of BC ring caged analogues containing structural motif 9. Reagents and conditions: (a)
6.0 equiv. (CH3)2CO, 20 equiv. TFA, 10 equiv. TFAA, 19 h, 0 °C, 31%; of 9, 60% RSM; (b) 10 equiv. t-butyl
2-methylbut-3-en-2-yl carbonate (10b), 10 mol% Pd(PPh3)4, THF, 20 min, 0 °C, 94%; (c) DMF, 1 h, ref lux,
120 °C, 14: 10%, 15: 68%, 16: 15%.

 

Our initial studies aimed to produce analogues of the caged Garcinia xanthones 

lacking the A ring.  With this in mind, commercially available 2,3,4-trihydroxybenzoic 

acid (8) was treated with acetone in the presence of TFA/TFAA (Scheme 1).  To 

minimize formation of diprotected products, the reaction was performed at 0 °C and 
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produced dioxanone 9 in 31% yield together with starting material 8 (60% yield).  Initial 

efforts to convert 9 to 11 were based on a previously reported two-step sequence that 

involves propargylation using 2-chloro-2-methyl butyne followed by Lindlar reduction of 

the resulting alkynes.13  However, this two-step process proved to be tedious and difficult 

to streamline.  To overcome this problem we decided to develop an alternative method 

for the one-step introduction of the 1,1-dimethyl-2-propenyl unit (reverse prenyl group) 

to a catechol motif.  Support for this reaction came from a report on the reverse 

prenylation of a substituted phenol using 1,1-dimethylpropenyl isobutyl carbonate (10a) 

under Pd(0) catalysis.15  Using 1,1-dimethylpropenyl isobutyl carbonate (10a), we 

obtained the desired compound 11 (62-69% yield) together with significant amounts of 

isobutyl addition products (5-10%).  We hypothesized that these side products could be 

formed through a Mitsunobu-type reaction between isobutanol, triphenyl prosphine and 

catechol 9.  To minimize their formation we tested the allylation reaction with 1,1-

dimethylpropenyl t-butyl carbonate (10b).  In this case we observed the formation of 11 

as the only product which was isolated in 94% yield.  Similar yields (90-92%) were 

obtained using the unexplored bis(1,1-dimethylpropenyl)carbonate (10c).16  We also 

evaluated this reaction under Rh(I) catalysis but did not observe the formation of any 

prenylation product.17

 Heating of 11 in DMF (120 °C, 1 h) gave rise to two caged compounds 15 and 16 

in 68% and 15% yields, respectively (Scheme 1).  Under these conditions did we also 

observe the formation of phenol 14, arising from a Claisen rearrangement of 11 in 10% 

yield.  The formation of compounds 15 and 16 can be explained by considering an 

intramolecular Diels-Alder cycloaddition of intermediates 12 and 13, respectively, which 
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have been formed via a Claisen rearrangement of 11.  The observed site-selectivity of this 

reaction cascade (C5 versus C6 allylation) parallels our previous observations, favoring 

the formation of the regular caged structure 15 versus the neo isomer 16.12,13  It is worth 

noting that, upon additional heating at 120 °C, phenol 14 produced caged compounds 15 

and 16, supporting the reversibility of the Claisen rearrangement.18,19

 

 Deprotection of the acetonide unit of compound 15 can open the B ring producing 

C-ring caged analogues.  To this end, exposure of 15 to 10% aqueous Me4NOH in MeOH 

provided the optimum saponification conditions and produced the desired β-hydroxy acid 

17 in quantitative yield (Scheme 2).  This compound was converted to amides 18-20 in 

good yields using standard amide coupling protocols. 
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 In a similar manner, reaction of pyrrogallol 21 with acrylonitrile formed nitrile 22 

(Scheme 3). Reflux of 22 in the presence of H2SO4 (50% aq.) produced 

dihydroxychromanone 23 (16% combined yield).20 The Pd(0)-catalyzed reverse 

prenylation of 23 with 10b formed compound 24 (89% yield), which upon heating gave 

rise to caged motif 26 in 91% yield.  In this case we did not detect the formation of the 

neo caged structure. 

RO

HO OH

(b) H2SO4 (aq)

(48%)
O

HO OH

O

O

O O

O

(c) 10b, Pd(PPh3)4,

(d) DMF, 1 h,
120 °C

O

O

O O

O
O O

O

(89%)

(91%)

O

O

O
10b

23 24

[25]26

5
6

6

6
5

5

21: R = H
22: R = CH2CH2CN

C B
C

B
C

B

26: X-ray

Scheme 3. Synthesis of BC ring caged analogues containing structural motif 23. Reagents and conditions: (a) 3.4
equiv. acrylonitrile, 0.3 equiv. NaOMe, 7 h, reflux, 76 °C, 34%; (b) excess 50% (w/w) H2SO4 (aq), 3 h, ref lux, 105 °C,
48%; (c) 10 equiv. t-butyl 2-methylbut-3-en-2-yl carbonate (10b), 10 mol% Pd(PPh3)4, THF, 4 h, 0 °C, 89%; (d) DMF,
1.5 h, reflux, 120 °C, 91%.
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Section 2.3 Improved Synthesis of Cluvenone and Synthesis of Related 

Allylic Oxidation Products 

27: X = OH
28: X = Cl

HO

HO OH

O

X

F

(29)

(a)

(b) AlCl3
OF

HO
OH

OH

(c) Na2CO3

O

O

HO OH

(d) 10b, Pd(PPh3)4,

O

O

O
10b

(84%)

O

O

O O

O

O
O

O

33
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30 31
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(45%) (88%)

(e) DMF, 1.5 h, 120 °C

(14%)

(81%)
7: X-ray
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O
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+

34 (57%)

35 (21%)

O
O O

O

36

O

O

H

(f) SeO2, t-BuOOH

(g) PCC, DCM(95%)

(70%)

(h)

36: X-ray

Scheme 4: Improved synthesis of ABC ring caged analogues containing structural motif 31 and synthesis of related allylic
oxidation products. Reagents and conditions: (a) 1.2 equiv. ClCOCOCl (2.0 M in DCM), DCM, DMF (cat.), 1.5 h, 0 to 25
°C, 87%; (b) 2.0 equiv. 29, 2.9 equiv. AlCl3, chloroform, DCM, 12 h, 25 °C; then 4 h, ref lux, 60 °C, 45%; (c) 1.5 equiv.
Na2CO3, DMF, 3.5 h, ref lux, 90 °C, 86%; (d) 10.0 equiv. t-butyl 2-methylbut-3-en-2-yl carbonate 10b, 10 mol% Pd(PPh3)4,
THF, 2.5 h, 5 °C, 84%; (e) DMF, 1.5 h, ref lux, 120 °C, 7: 81%, 33: 14%; (f) 5 mol% SeO2, 1.8 equiv. t-BuOOH, DCM, 19
h, 25 °C, 34: 57%, 35: 21%; (g) 1.5 equiv. PCC, DCM, 30 min, 25 °C, 95% (h) 3.0 equiv. NaClO2, 3.0 equiv. NaHPO4oH2O,
8.0 equiv. 2-methyl-2-butene, t-BuOH/H2O (2:1), 4 h, 0 °C, 70%.  

An improved synthesis of cluvenone (7), featuring the Pd(0)-catalyzed reverse 

prenylation reaction, is shown in Scheme 4.  The tricyclic xanthone 31 was prepared in 

two steps: (a) a Friedel-Crafts acylation of pyrrogalol (29) with 2-fluorobenzoyl chloride 

(28) in the presence of AlCl3 and (b) a base-induced cyclization of the resulting 

benzophenone 30 (2 steps, 34% combined yield).  Pd(0)-catalyzed reverse prenylation of 

31 using 1,1-dimethylpropenyl t-butyl carbonate (10b) gave rise to compound 32 in 84% 

yield.  The heat-induced Claisen/Diels-Alder reaction cascade furnished cluvenone 7 in 

81% yield, along with small amounts of the neo caged xanthone 33 (14% yield).   
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 With compound 7 in hand we explored an allylic oxidation reaction (Scheme 4).  

Treatment of 7 with SeO2 and t-BuOOH produced aldehyde 34 (57% isolated yield) as 

the main product together with alcohol 35 (21%).  The latter compound was converted to 

34 upon PCC oxidation in 95% yield.  However, all attempts to oxidize aldehyde 34 to 

the corresponding acid met with failure.  In all these cases the characteristic signal 

corresponding to the C10 proton disappeared, indicating a substitution of the enone bond.  

Under relatively mild oxidation conditions (NaClO2) we were able to isolate epoxide 36 

in 70% yield.  This observation supports the expected reactivity of the C9-C10 enone 

motif as a conjugate electrophile. 

 

 

 

 

 

 

 

 

 

 

 

 

 

30



 

Section 2.4 Synthesis of Caged Garcinia Xanthone Analogues Modified at 

the C9-C10 Enone Bond 

(b) 28, AlCl3
(c) Na2CO3

O

O

HO OH

(d) 10b, Pd(PPh3)4,

O

O

O
10b

(85%)

O

O

O O
5 6

(69%)O
O

O OH
OH

HO

(a) BBr3

(59%)

(e) DMF, 2.5 h, 120 °C

O
O O

O

37 38 34

4041

(85%)

Scheme 5. Synthesis of ABC ring caged analogues containing structural motif 39. Reagents and
conditions: (a) excess BBr3, DCM, 3 h, 0 to 25 °C, 59%; (b) 1.5 equiv. 28, 2.0 equiv. AlCl3,
chloroform, DCM, 1.5 h, 25 °C; then 6 h, 60 °C; (c) 1.5 equiv. Na2CO3, DMF, 69% (over two steps);
(d) 10.0 equiv. t-butyl 2-methylbut-3-en-2-yl carbonate 10b, 10 mol% Pd(PPh3)4, THF, 6 h, 25 °C,
76%; (e) DMF, ref lux, 2.5 h, 120 °C, 85%.

 

It has been suggested that the C9-C10 double bond of the caged Garcinia 

xanthones plays an essential role in the bioactivity of these molecules.10a  For instance, 

conjugate reduction of the enone motif has yielded compounds that are of reduced 

cytotoxicity.  This has been tentatively attributed to their decreased ability to serve as 

conjugate electophiles.  However, the C9-C10 conjugate reduction affects the chemical 

structure of the caged xanthone motif, which in turn could be responsible for the lack of 

activity.  To further test this hypothesis, we sought to evaluate the bioactivity of the C10 
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methylated analogue 41.  This compound was prepared as shown in Scheme 5.  

Commercially available 1,2,3-trimethoxy-5-methylbenzene (37) was demethylated with 

excess BBr3 to form polyphenol 38 in 59% yield.21  Friedel-Crafts acylation of 38 with 2-

fluorobenzoyl chloride (28) in the presence of AlCl3 followed by Na2CO3-induced 

cyclization of the resulting benzophenone produced xanthone 39 in 69% combined yield.  

The Pd(0)-catalyzed reverse prenylation with carbonate 10b gave rise to compound 40 

which, upon heating, underwent the Claisen/Diels-Alder reaction cascade to form caged 

xanthone 41 in 85% yield (Scheme 5). 

 

We have also treated cluvenone (7) with piperidine and MeOH under basic 

conditions.  These reactions led to the formation of the conjugate addition products 42 

and 43 that were isolated in 86% and 78% yield, respectively (Scheme 6).  The chemical 

structure of these compounds was determined via X-ray analysis and indicated that the 

conjugate addition proceeded in a syn fashion across the C9-C10 enone bond. 
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Section 2.5 Synthesis of Amide Analogues of Gambogic Acid 

To evaluate the bioactivity of the carboxylic acid functionality of gambogic acid 

(5) we prepared the amide derivatives 44-46.  These compounds contain affinity and 

fluorescent probes and can be used for studies related to receptor binding assays and 

subcellular localization of the caged Garcinia xanthones.  The amide coupling reaction 

proceeded in high yields using the DIPEA and HATU protocol (Scheme 7). 

Scheme 7. Synthesis of amide analogues of gambogic acid 5. Reagents
and conditions: (a) 2.0 equiv. DIPEA, 1.2 equiv. HATU, CH2Cl2, 24 h,
25 °C, 44: 67%, 45: 87%, 46: 77%.

 

 

Section 2.6 Cell Proliferation Studies 

  The ability of the synthesized caged Garcinia xanthones to inhibit cancer cell 

growth was evaluated in a multidrug-resistant promyelocytic leukemia cell line, HL-

60, using a 3H-thymidine incorporation assay.  Cells were incubated with increasing 

concentrations of the compounds for 48 h, and then pulsed with 3H-thymidine for 6 h.  

Gambogic acid (5) and cluvenone (7) were the most active among all compounds 

tested and exhibited an IC50 value of 0.5 and 0.4 µM, respectively (Table 1).  Similar 

activity was observed for the amide analogues of gambogic acid (compounds 44, 45 
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and 46, entries 18-20, respectively) as well as for the oxidized analogues of cluvenone 

(compounds 34 and 35).  Gambogin (6) also exhibited a low µM activity.  These 

results suggest that: (a) the dihydropyran motif of 5 and 6 is not needed for the 

bioactivity and (b) the carboxylic acid of 5 can be functionalized without loss of 

bioactivity.  In contrast, the intact ABC caged ring structure is important for the 

bioactivity.  For instance, compounds 15, 16 and 17 induce less than 10% growth 

inhibition at up to 10 µM concentrations. 
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Similarly, the C-ring amide analogues 18-20 have IC50 values greater than 20 µM, 

while compound 26, which lacks the A ring, has an IC50 value of 10 µM.  Compound 33, 

containing the neo caged structure, has a low micromolar activity (IC50 value of 1.3 µM) 

but is about 3 times less potent than cluvenone (7) and related compounds with the 

regular caged motif.  On the other hand, substitution of the C9-C10 enone functionality 

decrease substantially the bioactivity.  For instance, compound 41 is almost 10 times less 

active than cluvenone (7), while compounds 36, 42, and 43 are about 5 times less active 

than 7.  A similar cytotoxicity pattern has been reported for gambogoic acid derivative, 

the conjugate addition product of 5 with methanol.22   These results demonstrate the 

significance of the C9-C10 enone functionality for the bioactivity of these compounds.  

This may be due to its reactivity as a conjugate electrophile. 

 

Section 2.7 Apoptosis studies 

To determine whether the mechanism of cytotoxicity of these compounds 

involves the induction of apoptosis, a cell death detection ELISA which measures 

histone-associated DNA fragments was performed.  These studies were performed with 

cluvenone (7) and are shown in Figure 2.  Compound 7 induced apoptosis, after 7 h of 

treatment of HL-60 and HL-60/ADR cells, in a dose-dependent manner with EC50 of 0.25 

and 0.32 µM, respectively.  These results are comparable to the apoptotic effect of 

gambogic acid and related caged Garcinia natural products.  Specifically, the EC50 values 

of 5 in human breast cancer cells T47D, human colon cancer cells HCT116 and 

hepatocellular carcinoma cancer cells SNU398 are reported to be about 0.7 µM.10b  More 

importantly, the similar EC50 observed for cluvenone (7) in the HL-60 and HL-60/ADR 
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cells parallels our previous observations12 and confirms that its cytotoxicity is not 

affected by the expression of P-glycoprotein which renders the HL-60/ADR cell lines 

multidrug-resistant.24 

 

Apoptosis induced in HL60/ADR cells by cluvenone (7) was also visualized by 

fluorescence microscopy after staining with Alexa Fluor® 488 annexin V and propidium 

iodide (PI) (Figure 3).  The green-fluorescent Alexa Fluor® 488 annexin V detects the 

externalization of phosphatidylserine, a hallmark of apoptosis (Figure 3, middle 

column).24  The red-fluorescent propidium iodide stains DNA during advanced stages of 

apoptosis and necrosis (Figure 3, right column).  Cells in the left column of Figure 3 have 

been visualized by differential interference contrast (DIC) microscopy.  While untreated 

live cells show little or no fluorescence (Figure 3, top row), cluvenone-treated cells 

undergoing early stages apoptosis show only green fluorescence after staining with both 

probes (Figure 3, middle row).  In the middle row is also evident the membrane blebbing, 

which is characteristic of apoptosis.24  Cluvenone-treated cells undergoing late stage 
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apoptosis, at which point DNA becomes accessible to staining by PI, display both green 

and red fluorescence (Figure 3, bottom row).  In this row is the chromatin fragmentation 

also evident. 

 

Section 2.8 Conclusions 

 We present herein a study aiming to identify the pharmacophoric motif of the 

caged Garcinia xanthones.  Our results indicate that the minimum bioactive motif of 

these compounds is represented by the intact ABC ring containing the C-ring caged 

structure.  Abbreviation of this motif results in substantial loss of activity.  The C9-C10 

enone functionality is also important to the activity, while the C5 prenyl group can be 

oxidized and functionalized without loss of bioactivity.  In fact, this site could be used for 
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modifications that will improve the solubility and pharmacology of these compounds.  

We have also developed a method for the reverse prenylation (installation of 1,1-

dimethyl-2-propenyl units) of catechols.  This reaction proceeds in excellent yields under 

Pd(0)-catalysis using 1,1-dimethylpropenyl t-butyl carbonate (10b) or bis(1,1-

dimethylpropenyl)carbonate (10c) as the prenylation reagents.  Application of this 

reaction led to an improved synthesis of lead analogue cluvenone (7).  In this study, we 

have also demonstrated that cluvenone (7) induces cell death via apoptosis and has 

similar cytotoxicity in multidrug-resistant and sensitive leukemia cells.  These results 

support our previous findings on the pharmacological potential of the caged Garcinia 

xanthones, enhance our understanding of the structure-activity relationship, and pave the 

way for the preparation of therapeutically relevant agents. 

 

Section 2.9 Experimental Section 

Section 2.9.1 General techniques 

Gambogic acid (5), Pd(PPh3)4, and 2-fluorobenzoic acid (27) were purchased 

from Gaia Chemical Corporation (Gaylordsville, CT), Strem Chemicals, Inc. 

(Newburyport, MA), and TCI America (Portland, OR), respectively.  Biotin 

ethylenediamine hydrobromide and BODIPY FL EDA were purchased from Invitrogen 

(Carlsbad, CA).  The rest of the reagents were obtained (Aldrich, Acros) at highest 

commercial quality and used without further purification except where noted.  All 

reagents were commercially obtained (Aldrich, Acros) at highest commercial quality and 

used without further purification except where noted. Air- and moisture-sensitive liquids 

and solutions were transferred via syringe or stainless steel cannula. Organic solutions 
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were concentrated by rotary evaporation below 45 °C at approximately 20 mmHg. All 

non-aqueous reactions were carried out under anhydrous conditions with flame-dried 

glassware within an argon atmosphere in dry, freshly distilled solvents, unless otherwise 

noted. Tetrahydrofuran, diethyl ether, dichloromethane, toluene, and benzene were 

purified by passage through a bed of activated alumina. Dimethylformamide and 

dimethylsulfoxide were distilled from calcium hydride under reduced pressure (20 

mmHg) and stored over 4Å molecular sieves until needed. Yields refer to 

chromatographically and spectroscopically (1H NMR, 13C NMR) homogeneous materials, 

unless otherwise stated. Reactions were monitored by thin-layer chromatography (TLC) 

carried out on 0.25 mm E. Merck silica gel plates (60F-254) and visualized under UV 

light and/or developed by dipping in solutions of 10% ethanolic phosphomolybdic acid 

(PMA) or p-anisaldehyde and applying heat. E. Merck silica gel (60, particle size 0.040-

0.063 mm) was used for flash chromatography. Preparative thin-layer chromatography 

separations were carried out on 0.25 or 0.50 mm E. Merck silica gel plates (60F-254). 

NMR spectra were recorded on Varian Mercury 400 and/or Unity 500 MHz instruments 

and calibrated by using the residual non-deuterated solvent as an internal reference. The 

following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t 

= triplet, q = quartet, m = multiplet, b = broad. IR spectra were recorded on a Nicolet 320 

Avatar FT-IR spectrometer and values are reported in cm-1 units. High resolution mass 

spectra (HRMS) were recorded on a VG 7070 HS mass spectrometer under chemical 

ionization (CI) conditions or on a VG ZAB-ZSE mass spectrometer under fast atom 

bombardment (FAB) conditions. X-ray data were recorded on a Bruker SMART APEX 3 

kW sealed tube X-ray diffraction system. 
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Section 2.9.2 Experimental Procedures and Data 

7,8-Dihydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one 9.  To a 

suspension of 2, 3, 4-trihydroxybenzoic acid 8 (0.99 g, 6.4 mmol) in 

TFA (9.5 mL) was added TFAA (10.0 mL, 64.0 mmol) followed by dry 

acetone (2.8 mL, 38 mmol) at 0 ºC. After 19 h, the homogeneous reaction mixture was 

concentrated under reduced pressure to half its volume and subsequently stirred with 

EtOAc (50 mL) and aqueous saturated NaHCO3 (50 mL) in a 500 mL Erlenmeyer flask. 

The aqueous and ethyl acetate layers were then separated and the aqueous layer was 

back-extracted with EtOAc (2 x 25 mL). The combined ethyl acetate layers were dried 

over MgSO4, filtered and concentrated by rotary evapor ation. The crude material was 

purified through flash column chromatography (silica, 50% EtOAc-hexane) to give the 

acetonide 9 (0.38 g, 31%). 9: white solid; Rf = 0.14 (50% EtOAc-hexane); 1H NMR (400 

MHz, CDCl3) δ 7.50 (d, J = 8.6 Hz, 1H), 6.72 (d, J = 8.6 Hz, 1H), 6.01 (s, 1H), 5.30 (s, 

1H), 1.76 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 161.9, 151.4, 144.4, 131.5, 122.4, 

110.7, 107.5, 106.3, 26.0; HRMS calc. for C10H10O5 (M + H)+ 210.0523, found 210.0524. 

 

Isobutyl 2-methylbut-3-en-2-yl carbonate 10a.  2-Methyl-3-

buten-2-ol (7.3 mL, 70 mmol) was dissolved in dry THF (125 

mL) and stirred under argon at 0 ºC. To the clear solution was added 1.6 M n-BuLi in 

hexane (48.1 mL, 77.0 mmol) dropwise via syringe. After 30 min of continued stirring at 

0 ºC, isobutyl chloroformate (13.7 mL, 105 mmol) was added dropwise to the reaction 

mixture. The reaction vessel was then allowed to gradually warm to room temperature 

and stirred for another 4 hours at room temperature. The reaction mixture was acidified 

O

O

OHHO

O

O

O

O
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by addition of 1M HCl, extracted with diethyl ether (3 x 50 mL) and washed with water 

(20 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated 

by rotary evaporation to give isobutyl 2-methylbut-3-en-2-yl carbonate 10a (13.9 mL, 

100%). Further purification was not necessary. 10a: colorless liquid; Rf  = 0.60 (25% 

EtOAc-hexane); 1H NMR (400 MHz, CDCl3): δ 6.10 (dd, J = 17.5, 10.9 Hz, 1H), 5.22 (d, 

J = 17.5 Hz, 1H), 5.13 (d, J = 11.0 Hz, 1H), 3.85 (d, J = 6.7 Hz, 1H), 1.99-1.92 (m, 1H), 

1.55 (s, 6H), 0.94 (s, 3H), 0.93 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 153.8, 142.0, 

113.7, 82.1, 73.5, 28.0, 26.4, 19.2. 

 

tert-Butyl 2-methylbut-3-en-2-yl carbonate 10b. To a solution of 

2-methyl-3-buten-2-ol (4.0 mL, 38 mmol) in dry THF (80 mL) 

under argon at -78 oC was added 1.6 M n-BuLi in hexane (26.3 mL, 42.1 mmol) dropwise 

via syringe. After stirring for 30 min, a solution of Boc2O (8.35 g, 38.3 mmol) in THF (5 

mL) was added to the reaction mixture. The reaction mixture was allowed to warm to 

room temperature and stirred for another 3 hours. The reaction mixture was then 

quenched with saturated aqueous NH4Cl (20 mL) and extracted with diethyl ether (2 x 25 

mL). The combined organic layers were washed with water and brine, dried over MgSO4, 

filtered, and concentrated in vacuo. Purification by flash column chromatography (silica, 

100% hexane) gave tert-butyl 2-methylbut-3-en-2-yl carbonate 10b (1.8 g, 100%). 10b: 

colorless liquid; Rf = 0.60 (25% EtOAc-hexane); 1H NMR (400 MHz, CDCl3): δ 6.11 (dd, 

J = 17.5, 10.9 Hz, 1H), 5.17 (d, J = 17.5 Hz, 1H), 5.09 (d, J = 10.9 Hz, 1H), 1.51 (s, 6H), 

1.45 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 152.1, 142.5, 113.2, 81.6, 81.6, 28.1, 26.6; 

HRMS calc. for C10H18O3 (M + Na)+ 209.1150, found 209.1148. 

O

O

O
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Bis(2-methylbut-3-en-2-yl) carbonate 10c:  Carbonate 10c was 

prepared in two steps as the following: 2-methyl-3-buten-2-ol (2.1 

mL, 25 mmol) was dissolved in dry DCM (20 mL) in a 50 mL round-bottomed flask. To 

the stirring solution was added carbonyl diimidazole (5.0 g, 31.3 mmol) at room 

temperature. After 1 hour, the reaction mixture was washed with water (2 x 15 mL) and 

extracted with DCM (20 mL). The organic layer was dried over MgSO4, filtered, and 

concentrated by rotary evaporation to yield 2-methylbut-3-en-2-yl 1H-imidazole-1-

carboxylate (1.9 g, 84%) which was used in the next step without further purification. 2-

methylbut-3-en-2-yl 1H-imidazole-1-carboxylate: colorless liquid; Rf = 0.48 (25% 

EtOAc-hexane); 1H NMR (400 MHz, CDCl3): δ 8.03 (s, 1H), 7.33 (s, 1H), 6.98 (s, 1H), 

6.11 (dd, J = 17.4, 10.9 Hz, 1H), 5.27 (d, J = 17.4 Hz, 1H), 5.18 (d, J = 10.9 Hz, 1H), 

1.64 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 147.0, 140.6, 137.2, 130.5, 117.3, 115.0, 

85.7, 64.4, 26.4. To a solution of 2-methyl-3-buten-2-ol (4.1 mL, 39 mmol) in dry THF 

(80 mL) under argon at -78 oC was added 1.6 M n-BuLi in hexane (26.7 mL, 42.7 mmol) 

dropwise via syringe. After stirring for 30 min at -78 oC, 2-methylbut-3-en-2-yl 1H-

imidazole-1-carboxylate (6.7 mL, 38.8 mmol) was added. The reaction mixture was 

allowed to warm to room temperature and stirred for another 3 hours. The reaction 

mixture was then quenched with saturated aqueous NH4Cl (20 mL) and extracted with 

diethyl ether (2 x 25 mL). The combined organic layers were washed with water (2 x 20 

mL) and brine (20 mL), dried over MgSO4, and concentrated in vacuo. Purification by 

flash column chromatography (silica, 100% hexane) gave bis(2-methylbut-3-en-2-yl) 

carbonate 10c (7.7 g, 100%). 10c: colorless liquid; Rf  = 0.60 (25% EtOAc-hexane); 1H 

O

O
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NMR (400 MHz, CDCl3): δ 6.08 (dd,  J = 17.5, 10.9 Hz, 2H), 5.15 (d, J = 17.5 Hz, 2H), 

5.07 (d, J = 10.9 Hz, 2H), 1.46 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 151.8, 142.2, 

113.4, 81.9, 26.5 

 

2,2-Dimethyl-7,8-bis(2-methylbut-3-en-2-yloxy)-4H-benzo[d] 

[1,3]dioxin-4-one 11.  To a 25 mL round-bottomed flask was 

added acetonide 9 (95 mg, 0.45 mmol) followed by THF (0.65 

mL). The reaction vessel was degassed by argon and was placed in an ice bath. To the 

clear homogeneous solution was added tert-butyl 2-methylbut-3-en-2-yl carbonate 10b 

(0.89 mL, 4.50 mmol) via syringe, followed by Pd(PPh3)4 (52.0 mg, 45.0 µmol). The 

reaction vessel was stirred under argon at 5 ºC for 20 min. The onset of a blue suspension 

indicated the formation of the desired product 11. The solvent was removed by rotary 

evaporation and the crude material was purified through flash column chromatography 

(silica, 10% EtOAc-hexane) to yield the desired product 11 (146.5 mg, 94%). 11: 

colorless oil; Rf = 0.61 (25% EtOAc-hexane); 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 

8.8 Hz, 1H), 6.81 (d, J = 8.9 Hz, 1H), 6.16 (m, 2H), 5.20 (m, 3H), 5.02 (d, J = 10.9 Hz, 

1H), 1.72 (s, 3H), 1.55 (s, 3H), 1.47 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 161.5, 158.6, 

152.1, 143.9, 143.8, 135.6, 124.5, 114.3, 113.7, 113.0, 107.6, 106.4, 106.4, 83.3, 82.1, 

27.4, 27.1, 26.1; HRMS calc. for C20H26O5 (M + H)+ 369.1672, found 369.1674. 
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Caged bicycle 15 and neo-caged bicycle 16.  Alkene 11 (99 mg, 0.28 mmol) was 

dissolved in dry DMF (1.8 mL) and the solution was stirred under argon at 120 ºC. After 

1 hour, the reaction mixture was concentrated under reduced pressure. The crude material 

was purified by flash column chromatography (silica, 10-17% EtOAc-hexane) to yield 

the caged product 15 (67 mg, 68%), neo-caged product 16 (15 mg, 15%), and compound 

14 (10 mg, 10%), respectively. Caged product 15: white solid; Rf = 0.10 (25% EtOAc-

hexane); 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 6.9 Hz, 1H), 4.41 (m, 1H), 3.42 (t, J 

= 4.3 Hz, 1H), 2.72 (dd, J = 13.8, 10.4 Hz, 1H), 2.63 (m, 1H), 2.50 (d, J = 9.7 Hz, 1H), 

2.31 (dd, J = 13.6, 4.7 Hz, 1H), 1.69 (s, 3H), 1.67 (s, 3H), 1.62 (s, 3H), 1.54 (s, 3H), 1.53 

(s, 3H), 1.44 (dd, J = 13.6, 9.3 Hz, 1H), 1.23 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

203.2, 159.9, 139.0, 135.6, 128.1, 118.1, 105.1, 85.0, 84.9, 82.9, 48.6, 46.8, 30.2, 29.1, 

28.8, 28.5, 28.0, 26.9, 25.9, 18.4; HRMS calc. for C20H26O5 (M + Na)+ 369.1672, found 

369.1675. Neo-caged product 16: white solid; Rf = 0.30 (25% EtOAc-hexane); 1H NMR 

(400 MHz, CDCl3) δ 7.41 (d, J = 7.0 Hz, 1H), 4.95 (t, J = 7.0 Hz, 1H), 3.63 (dd, J = 7.0, 

4.5 Hz, 1H), 2.36-2.25 (m, 4H), 1.69 (s, 3H), 1.68 (s, 3H), 1.64-1.61 (m, 1H), 1.59 (s, 

3H), 1.43 (s, 3H), 1.31 (s, 3H), 1.29 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 205.0, 159.2, 

140.1, 136.7, 127.7, 117.2, 106.5, 83.6, 81.2, 80.1, 46.0, 45.5, 34.1, 30.7, 30.2, 28.6, 27.8, 

27.0, 26.2, 18.2; HRMS calc. for C20H26O5 (M + Na)+ 369.1672, found 369.1686. Phenol 
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14: colorless oil; Rf = 0.52 (25% EtOAc-hexane);1H NMR (400 MHz, CDCl3) δ 7.50 (s, 

1H), 6.27 (s, 1H), 6.15 (dd, J = 17.5, 10.8 Hz, 1H), 5.35-5.25 (m, 2H), 5.17 (d, J = 10.9 

Hz, 1H), 3.26 (d, J = 7.1 Hz, 1H), 1.74 (s, 3H), 1.72 (s, 6H), 1.69 (s, 3H) 1.48 (s, 6H); 

13C NMR (100 MHz, CDCl3) δ 161.6, 156.0, 149.1, 143.3, 133.9, 130.0, 125.6, 123.1, 

121.3, 114.6, 106.4, 105.8, 83.6, 27.9, 26.9, 26.1, 18.0; HRMS calc. for C20H26O5 (M + 

Na)+ 369.1672, found 369.1680. 

 

Carboxylic acid 17. To a 25 mL round-bottomed flask was added 

caged product 15 (41 mg, 0.12 mmol) followed by methanol (1.5 

mL). The flask was placed in an ice bath and the solution was stirred 

at 0 ºC. To the stirring solution was then added 10% NMe4OH (aq) 

(1.7 mL, 159 mmol) dropwise via syringe. The light yellow reaction mixture was allowed 

to warm to room temperature and further stirred at 25 ºC for another 30 min. Acetic acid 

(10 mL) was then added to neutralize the reaction mixture. The reaction mixture was 

partitioned between ethyl acetate (2 x 25 mL) and water (25 mL). The combined organic 

layers were dried over MgSO4, filtered, and concentrated by rotary evaporation. The 

crude material was purified by recrystallization (DCM-hexane) to yield the acid 17 (37 

mg, 100%). 17: white solid; Rf = 0.11 (67% EtOAc-hexane); 1H NMR (400 MHz, CDCl3) 

δ 7.45 (d, J = 7.1 Hz, 1H), 4.64 (t, J = 6.4 Hz, 1H), 3.33 (t, J = 5.3 Hz, 1H), 2.69 (dd, J = 

13.8, 9.8 Hz, 1H), 2.58 (dd, J = 13.8, 5.3 Hz, 1H), 2.25 (m, 2H), 1.60 (s, 6H), 1.57 (s, 

3H), 1.40 (dd, J = 13.4, 9.6 Hz, 1H), 1.23 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 204.7, 

168.4, 142.0, 135.5, 130.7, 118.8, 85.0, 84.0, 83.5, 49.5, 47.1, 30.2, 29.2, 28.7, 27.1, 26.1, 

18.0; HRMS calc. for C17H22O5 (M + Na)+ 329.1359, found 329.1362. 
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Biotin conjugate 18.  To a solution 

containing acid 17 (5.4 mg, 17.6 µmol) 

and biotin ethylenediamine hydrobromide 

(7.1 mg, 19.4 µmol) in DCM (0.37 mL) 

was added DIPEA (6.13 µL, 35.2 µmol). 

Upon adding solid HATU (7.4 mg, 19.4 µmol) portionwise to the reaction mixture, the 

reaction mixture turned to pale yellow in color within 5 min. After 24 hours, the reaction 

mixture was partitioned between ethyl acetate (5 mL) and water (2 mL). The organic 

layer was washed with water (2 x 1 mL) and brine (2 mL). The combined organic layers 

were then dried over MgSO4, filtered, and concentrated by rotary evaporation. The crude 

material was purified by preparative TLC (silica, 9% MeOH-EtOAc) to obtain the amide 

18 (5.5 mg, 9.53 µmol, 54%). 18: yellow solid; Rf = 0.28 (20% MeOH-EtOAc); 1H NMR 

(400 MHz, CDCl3) δ 7.84 (br s, 1H), 7.70 (br s, 1H), 7.08 (br s, 1H), 7.01 (br s, 1H), 6.89 

(dd, J = 22.7, 7.0 Hz, 1H), 6.64 (d, J = 21.9 Hz, 1H), 6.60 (d, J = 8.4 Hz, 1H), 5.49 (d, J 

= 17.2 Hz, 1H), 4.72 (m, 1H),  4.54 (m, 1H),  4.33 (m, 1H), 3.50-3.33 (m, 4H), 3.23-3.14 

(m, 2H),  2.94 (dd, J = 12.9, 4.9 Hz, 1H),  2.74 (d, J = 12.9 Hz, 1H),  2.67-2.18 (m, 5H), 

2.80-2.30 (m, 16H), 1.20 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 205.8, 174.5, 167.4, 

156.1, 145.0, 135.4, 134.6, 131.9, 128.2, 124.2, 121.1, 118.8, 117.2, 85.3, 84.3, 83.2, 49.7, 

46.3, 42.1, 39.4, 35.9, 30.3, 29.3, 28.6, 27.5, 26.2, 25.1, 18.0, 15.3, 11.6; HRMS calc. for 

C29H42N4O6S (M + Na)+ 597.2717, found 597.2728. 
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Coumarin conjugate 19.  To a solution 

containing acid 17 (5.40 mg, 17.6 µmol) and 

coumarin diethyleneamine (5.58 mg, 19.4 

µmol) in DCM (0.37 mL) was added DIPEA 

(6.13 µL, 35.2 µmol). Upon adding solid HATU (7.36 mg, 19.4 µmol) portionwise to the 

reaction mixture, the reaction mixture turned to pale yellow in color within 5 min. After 

24 hours, the reaction mixture was partitioned between ethyl acetate (5 mL) and water (2 

mL). The organic layer was washed with water (2 x 1 mL) and brine (2 mL). The 

combined organic layers were then dried over MgSO4, filtered, and concentrated by 

rotary evaporation. The crude material was purified by preparative TLC (silica, 100% 

EtOAc) to obtain the amide 19 (6.0 mg, 59%). 19: yellow solid; Rf = 0.17 (100% EtOAc); 

1H NMR (400 MHz, CDCl3) δ 7.48 (br s, 1H), 7.45 (br s, 1H), 6.90 (br s, 1H), 6.68 (d, J 

= 7.0 Hz, 1H), 6.60 (dd, J = 9.1, 2.5 Hz, 1H), 6.46 (d, J = 2.5 Hz, 1H), 6.30 (br s, 1H), 

6.00 (br s, 1H), 4.69 (t, J = 7.6 Hz, 1H), 3.64 (s, 2H), 3.52-3.13 (m, 5H), 3.06 (s, 6H), 

2.60 (dd, J = 14.0, 9.0 Hz, 1H), 2.47 (dd, J = 13.8, 6.3 Hz, 1H), 2.16 (m, 2H), 1.58 (s, 

3H), 1.53 (s, 3H), 1.49 (s, 3H), 1.27 (m, 1H), 1.19 (s, 3H); 13C NMR (100 MHz, CDCl3) 

δ 205.3, 169.8, 167.0, 165.8, 161.8, 156.1, 153.2, 149.2, 135.3, 134.7, 132.7, 125.4, 118.4, 

110.5, 109.2, 108.0, 98.2, 84.7, 84.4, 83.0, 49.4, 46.1, 40.6, 40.5, 40.4, 40.1, 30.1, 29.7, 

29.0, 28.2, 27.3, 25.9, 17.8; HRMS calc. for C32H39N3O7 (M + Na)+ 600.2680, found 

600.2688. 
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BODIPY conjugate 20.  To a solution 

containing acid 17 (4.0 mg, 13.1 µmol) 

and BODIPY FL EDA (4,4-difluoro-

5,7-dimethyl-4-bora-3a,4a-diaza-s-

indacene-3-propionyl ethylenediamine) (5.3 mg, 14.4 µmol) in DCM (0.27 mL) was 

added DIPEA (4.56 µL, 26.2 µmol). Upon adding solid HATU (5.9 mg, 15.6 µmol) 

portionwise to the reaction mixture, the reaction mixture turned to pale yellow in color 

within 5 min. After 4 hours, the reaction mixture was partitioned between ethyl acetate (5 

mL) and water (2 mL). The organic layer was washed with water (2 x 1 mL) and brine (2 

mL). The combined organic layers were then dried over MgSO4, filtered, and 

concentrated by rotary evaporation. The crude material was purified by preparative TLC 

(silica, 100% EtOAc) to obtain the amide 20 (5.60 mg, 68%). 20: red solid; Rf = 0.62 

(100% EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.54 (br s, 1H), 7.11 (s, 1H), 6.92 (s, 1H), 

6.87 (d, J = 3.8 Hz, 1H), 6.69 (d, J = 7.0 Hz, 1H), 6.26 (br s, 1H), 6.24 (d, J = 3.8 Hz, 

1H), 6.15 (s, 1H), 4.64 (t, J = 6.9 Hz, 1H), 3.40-3.10 (m, 6H), 2.71-2.56 (m, 4H), 2.56 (s, 

3H), 2.27 (s, 3H), 2.18-2.15 (m, 2H), 1.59 (s, 6H), 1.51 (s, 3H), 1.36-1.27 (m, 1H), 1.19 

(s, 3H); 13C NMR (100 MHz, CDCl3) δ 205.8, 174.5, 167.4, 161.4, 156.1, 145.0, 135.4, 

134.6, 131.9, 128.2, 124.2, 121.1, 118.8, 117.2, 85.3, 84.3, 83.2, 49.7, 46.3, 42.1, 39.4, 

35.9, 30.3, 29.3, 28.6, 27.5, 26.2, 25.1, 18.0, 15.3, 11.6; HRMS calc. for C33H41BF2N4O5 

(M + Na)+ 645.3030, found 645.3043. 
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3-(2,3-Dihydroxylphenoxy)propanenitrile 22. To a 250 mL round-

bottomed flask was added pyrogallol 21 (10.0 g, 79.3 mmol) and 

acrylonitrile (14.7 g, 278 mmol) followed by NaOMe (4.3 g, 79.3 mmol). 

The reaction vessel was then equipped with a reflux condenser and stirred under argon at 

78 ºC for 7 hours. The onset of a dark black color indicated the formation of the 3-(2,3-

dihydorxylphenoxy)propanenitrile 22. The reaction mixture was then cooled to 25 ºC and 

the excess acrylonitrile was removed by rotary evaporation. The residue was extracted 

with ethyl acetate (5 x 100 mL), and the combined organic layers were dried over MgSO4, 

filtered, and concentrated by rotary evaporation. The crude material was purified through 

flash column chromatography (silica, 40% EtOAc-hexane) to yield the nitrile 22 (4.5 g, 

32%). 22: off-white solid; Rf = 0.43 (50% EtOAc-hexane); 1H NMR (400 MHz, DMSO-

d6) δ 6.55 (t, J = 8.0 Hz, 1H), 6.44 (m, 2H), 4.11 (t, J = 6.0 Hz, 2H), 2.94 (t, J = 6.0 Hz, 

2H); 13C NMR (100 MHz, DMSO-d6) δ 146.8, 146.2, 135.0, 119.0, 118.3, 109.8, 106.0, 

64.2, 18.1; HRMS calc. for C9H9NO3 (M + Na)+ 202.0471, found 202.0475. 

 

7,8-Dihydroxychroman-4-one 23. To a 100 mL round-bottomed flask 

containing 3-(2,3-dihydroxylphenoxy)propanenitrile 22 (2.05 g, 11.8 

mmol) was added slowly dropwise, via the addition funnel, aqueous 

sulfuric acid (50% v/v, 42 mL). The reaction vessel was then equipped with a reflux 

condenser and stirred under argon at 105 ºC for 3 hours. The cooled solution was diluted 

with water (50 mL) and extracted with ethyl acetate (4 x 100 mL). The organic layers 

were washed with water, brine, and dried over MgSO4. The combined organic layers 

were then filtered and concentrated by rotary evaporation. The crude material was 
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purified through flash column chromatography (silica, 60-70% EtOAc-hexane) to yield 

7,8-dihydroxychroman-4-one 23 (0.98 g, 48%). 23: off-white solid; Rf = 0.38 (70% 

EtOAc-hexane); 1H NMR (400 MHz, DMSO-d6) δ 7.15 (dd, J = 8.7, 1.3 Hz, 1H), 6.49 

(dd, J = 8.6, 1.3 Hz, 1H), 4.48 (t, J = 6.3 Hz, 2H), 2.67 (t, J = 6.3 Hz, 2H); 13C NMR (100 

MHz, DMSO-d6) δ 190.3, 152.0, 151.3, 132.7, 117.4, 114.5, 109.6, 67.1, 37.1; HRMS 

calc. for C9H8O4 (M + H)+ 181.0495, found 181.0494. 

 

7,8-Bis(2-methylbut-3-en-2-yloxy)chroman-4-one 24. To a 25 

mL round-bottomed flask was added 7,8-dihydroxychroman-4-

one 23 (50 mg, 0.28 mmol) followed by dry THF (1.5 mL). The 

flask was degassed by argon and was placed in an ice water bath. To the yellow 

homogeneous solution was added tert-butyl 2-methylbut-3-en-2-yl carbonate 10b (522 

mg, 2.80 mmol), via syringe, followed by Pd(PPh3)4 (32 mg, 0.028 mmol). The reaction 

vessel was stirred under argon at 5 ºC for 2 hours. The onset of a yellow suspension 

indicated the formation of the alkene 24. The solvent was removed by rotary evaporation 

and the crude material was purified through flash column chromatography (silica, 30-

40% EtOAc-hexane) to yield 7,8-bis(2-methylbut-3-en-2-yloxy)choman-4-one 24 (79 mg, 

89%). 24: yellow oil; Rf = 0.52 (30 % EtOAC-hexane); 1H NMR (400 MHz, CDCl3) δ 

7.49 (d, J = 9.0 Hz, 1H), 6.72 (d, J = 9.0, 1H), 6.19 (dd, J = 17.4, 10.6 Hz, 1H), 6.12 (dd, 

J = 17.6, 10.9 Hz, 1H), 5.13 (m, 3H), 4.98 (dd, J = 10.9, 1.1 Hz, 1H), 4.47 (t, J = 6.5 Hz, 

2H), 2.71 (t, J = 6.6 Hz, 2H), 1.51 (s, 6H), 1.47 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 

191.2, 157.8, 143.7, 135.8, 121.7, 116.7, 113.8, 113.6, 112.5, 82.8, 81.8, 67.1, 37.4, 27.1, 

26.7; HRMS calc. for C19H24O4 (M + Na)+ 339.1567, found 339.1569. 
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Caged chromanone 26. A solution of compound 24 (36 mg, 0.11 

mmol) in DMF (1.5 mL) was heated at 120 ºC for 1.5 hours. The 

onset of a brown color indicated the formation of the caged xanthone 

26. The reaction mixture was then cooled to 25 ºC and the solvent 

was removed by rotary evaporation. The crude material was purified through flash 

column chromatography (silica, 50-55 % EtOAc-hexane) to yield the caged product 26 

(33 mg, 91%). 26: white solid; Rf = 0.21 (30 % EtOAc-hexane); 1H NMR (400 MHz, 

CDCl3) δ 7.25 (d, J = 6.6 Hz, 1H), 4.41 (m, 1H), 4.17 (ddd, J = 12.1, 6.5, 1.4 Hz, 1H), 

3.94 (dt, J = 12.3, 2.9 Hz, 1H), 3.34 (m, 1H), 2.63 (d, J = 8.6 Hz, 1H), 2.50 (dd, J = 12.4, 

6.5 Hz, 1H), 2.42 (dd, J = 2.9, 1.4 Hz, 1H), 2.37 (m, 1H), 2.31 (dd, J = 13.6, 4.5 Hz, 1H), 

1.59 (s, 3H), 1.53 (s, 3H), 1.48 (s, 3H), 1.32 (m, 1H), 1.23 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 203.9, 192.0, 136.9, 135.4, 133.8, 119.2, 87.4, 84.2, 82.9, 60.0, 46.2, 44.5, 38.1, 

30.1, 28.8, 27.7, 25.5, 17.9; HRMS calc. for C19H24O4 (M + Na)+ 339.1567, found 

339.1571. 

 

3,4-Dihydroxy-9H-xanthen-9-one 31.  To a clean, dried 250 mL 

round-bottomed flask was added 2-fluorobenzoic acid 27 (5.09 g, 

36.3 mmol). The flask containing 2-fluorobenzoic acid 27 and a 

magnetic stir bar was placed under high vacuum for about 10 min. The flask was 

carefully sealed and DCM (100 mL) was added by using a syringe under argon. The flask 

was then placed in an ice bath and the reaction mixture was stirred at 0 ºC. To the stirring 

solution of 2-fluorobenzoic acid 27 and DCM was added a solution of oxalyl chloride 

(2.0 M in dichloromethane, 21.0 mL, 42.0 mmol) dropwise, via syringe, followed by a 
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catalytic amount of DMF. The ice bath was removed and the reaction mixture was stirred 

at room temperature for 1.5 hours. The solution was concentrated by rotary evaporation 

under argon to yield a colorless oil, 2-fluorobenzoyl chloride 28 (5.01 g, 87%). To a 

mixture of pyrogallol 29 (6.48 g, 51.3 mmol), aluminum chloride (14.6 g, 110 mmol), 

chloroform (80 mL), and DCM (200 mL) in a 1 L round-bottomed flask was added a 

solution of 2-fluorobenzoyl chloride 28 in DCM (10 mL) dropwise via syringe. The 

reaction mixture was stirred at room temperature under argon for 17 hours. The reaction 

vessel was then equipped with a reflux condenser and stirred under argon at 80 ºC for 

another 4 hours. The cooled, red homogeneous solution was acidified with 1N HCl (300 

mL). The reaction mixture was then partitioned between water and ethyl acetate (3 x 200 

mL). The aqueous layer was back-extracted with ethyl acetate (2 x 200 mL) until the 

color of the aqueous layer was almost clear. The combined organic layers were dired over 

MgSO4, filtered, and concentrated to yield (2-fluorophenyl)(2,3,4-trihydroxy-

phenyl)methanone 30 (3.54 g, 45%). To a 500 mL round-bottomed flask containing 

sodium carbonate (2.27 g, 21.4 mmol) and DMF (100 mL) was added (2-

fluorophenyl)(2,3,4-trihydroxyphenyl)-methanone 30. The reaction vessel was the 

equipped with a reflux condenser and stirred under argon at 90 ºC for 4 hours. The dark 

reaction mixture was cooled to room temperature and acidified with 1 N HCl (300 mL). 

The reaction mixture was then partitioned between water and ethyl acetate (3 x 150 mL). 

The aqueous layer was back extracted with ethyl acetate (5 x 150 mL). The combined 

brown organic layers were dried over MgSO4, filtered, and concentrated by rotary 

evaporation. The crude material was purified through flash column chromatography 

(silica, 50-60% EtOAc-hexane) to yield 3,4-dihydroxy-9H-xanthen-9-one 31 (2.79 g, 
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86%). 31: off-white solid; Rf = 0.42 (90% Et2O-hexane); 1H NMR (400 MHz, DMSO-d6) 

δ 10.52 (br s, 1H), 9.46 (br s, 1H), 8.15 (dd, J = 7.9, 1.5 Hz, 1H), 7.83 (ddd, J = 8.7, 7.2, 

1.7 Hz,1H), 7.63 (dd, J = 8.4, 0.7 Hz, 1H), 7.56 (d, J = 8.6 Hz, 1H), 7.42 (t, J = 7.5 Hz, 

1H), 6.94 (d, J = 8.8 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ 175.3, 155.5, 151.5, 

146.3, 134.8, 132.6, 125.9, 123.9, 120.8, 118.0, 116.5, 114.7, 113.1; HRMS calc. for 

C13H8O4 (M + H)+ 229.0501, found 229.0509. 

 

3,4-Bis(2-methylbut-3-en-2-yloxy)-9H-xanthen-9-one 32.  To 

a 50 mL round-bottomed flask was added 3,4-dihydroxy-9H-

xanthen-9-one 31 (56 mg, 0.24 mmol) followed by dry THF (1.5 

mL). The flask was degassed by argon and was placed in an ice water bath. To the yellow 

homogeneous solution was added tert-butyl 2-methylbut-3-en-2-yl carbonate 10b (455 

mg, 2.4 mmol), via syringe, followed by Pd(PPh3)4 (28 mg, 0.024 mmol). The reaction 

vessel was stirred under argon at 5 ºC for 2 hours. The onset of a yellow suspension 

indicated the formation of the alkene 32. The solvent was removed by rotary evaporation 

and the crude material was purified through flash column chromatography (silica, 10-

15% EtOAc-hexane) to yield 3,4-bis(2-methylbut-3-en-2-yloxy)-9H-xanthen-9-one 32 

(74 mg, 84%). 32: yellow solid; Rf = 0.67 (30 % EtOAc-hexane); 1H NMR (400 MHz, 

CDCl3) δ 8.30 (dd, J = 8.0, 1.7 Hz, 1H), 7.92 (d, J = 9.1 Hz, 1H), 7.68 (ddd, J = 8.6, 7.1, 

1.7 Hz, 1H), 7.49 (d, J = 7.9 Hz, 1H), 7.36 (ddd, J = 8.0, 7.2, 0.9 Hz, 1H), 7.12 (d, J = 8.9 

Hz, 1H), 6.28 (dd, J = 17.5, 10.8 Hz, 1H), 6.18 (dd, J = 17.6, 10.9 Hz, 1H), 5.19 (m, 3H), 

5.01 (dd, J = 10.9, 1.0 Hz, 1H), 1.58 (s, 6H), 1.56 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 

176.8, 156.9, 155.9, 152.4, 143.5, 143.4, 135.7, 134.3, 126.5, 123.7, 121.5, 121.0, 117.8, 
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117.1, 116.8, 114.1, 113.0, 83.5, 82.1, 27.1, 26.9; HRMS calc. for C23H24O4 (M + H)+ 

365.1753, found 365.1740. 

 

Caged xanthones 7 and 33.  A 

solution of compound 31 (350 mg, 0.96 

mmol) in DMF (6 mL) was refluxed at 

120 ºC for 1.5 hours. The onset of a 

brown color indicated the formation of 

the xanthones 33 and 7. The brown reaction mixture was then cooled to room 

temperature and the solvent was removed by rotary evaporation. The crude material was 

then purified by column chromatography (silica, 20-30% Et2O-hexane) to yield a mixture 

of caged products 7 (285 mg, 81%) and 33 (50 mg, 14%). 7: white solid; Rf = 0.28 (25% 

EtOAc-hexane); 1H NMR (400 MHz, CDCl3) δ 7.93 (dd, J = 8.0 Hz, 1.7 Hz, 1H), 7.51 

(ddd, J = 8.9, 7.3, 1.7 Hz, 1H), 7.42 (d, J = 6.9 Hz, 1H), 7.05 (m, 2H), 4.39 (m, 1H), 3.48 

(dd, J = 6.7 Hz, 4.6 Hz, 1H), 2.64 (m, 2H), 2.45 (d, J = 9.6 Hz, 1H), 2.33 (dd, J = 13.5 Hz, 

4.6 Hz, 1H), 1.71 (s, 3H), 1.29 (m, 1H), 1.29 (s, 6H), 0.89 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 203.0, 176.4, 159.5, 136.1, 134.8, 134.7, 133.7, 126.8, 121.8, 118.9, 118.9, 

118.0, 90.2, 84.5, 83.4, 48.7, 46.7, 30.2, 29.0, 25.2, 25.0, 16.6; HRMS calc. for C23H24O4 

(M + H)+ 365.1753, found 365.1765. 33: yellow solid; Rf = 0.34 (25% EtOAc-hexane); 

1H NMR (400 MHz, CDCl3) δ 7.91 (dd, J = 7.9, 1.7 Hz, 1H), 7.54 (m, 1H), 7.25 (d, J = 

7.1 Hz, 1H), 7.18 (d, J = 8.5 Hz, 1H), 7.05 (ddd, J = 8.0, 7.3, 1.0 Hz, 1H), 5.02 (m, 1H), 

3.76 (dd, J = 6.9, 4.6 Hz, 1H), 2.50 (m, 2H), 2.13 (m, 2H), 1.87 (dd, J = 13.2, 10.0 Hz, 

1H), 1.71 (s, 3H), 1.59 (s, 3H), 1.38 (s, 3H), 1.34 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 
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199.7, 175.4, 160.2, 136.5, 136.1, 135.9, 134.9, 127.0, 122.0, 119.2, 118.3, 117.3, 84.1, 

83.7, 78.8, 44.8, 42.1, 33.1, 30.2, 29.7, 26.8, 26.0, 18.2; HRMS calc. for C23H24O4 (M + 

H)+ 365.1753, found 365.1766. 

 

Aldehyde 34 and Alcohol 35.  A 

solution of SeO2 (0.67 mg, 6.00 µmol) 

and tBuOOH (5.5M in decane, 40.0 

µL, 0.22 mmol) in DCM (1.4 mL) was 

prepared. To the stirring solution was 

added a solution of caged xanthone 7 (42.7 mg, 0.12 mmol) in DCM (0.5 mL) dropwsie, 

via syringe, at room temperature. After stirring for 19 hours at room temperature, the 

reaction mixture was dissolved in diethyl ether (10 mL) and washed with 10% KOH (10 

mL), water (10 mL), and brine (10 mL). The ether layer was dried over MgSO4, filtered, 

and concentrated by rotary evaporation. The crude yellow oil was purified through flash 

column chromatography to yield the aldehyde 34 (26 mg, 57%) and alcohol 35 (9.6 mg, 

21%). 34: white solid; Rf = 0.42 (17% EtOAC-hexane); 1H NMR (400 MHz, CDCl3): δ 

9.22 (s, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 6.9 Hz, 1H), 7.53 (d, J = 7.5 Hz, 1H), 

7.07 (t, J = 7.4 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 6.41 (t, J = 7.2 Hz, 1H), 3.55 (m, 1H), 

2.82 (dd, J = 15.9, 7.5 Hz, 1H), 2.65 (dd, J = 15.9, 7.0 Hz, 1H), 2.56 (d, J = 9.5 Hz, 1H), 

2.38 (dd, J = 13.6, 4.6 Hz, 1H), 1.76 (s, 3H), 1.42-1.36 (m, 1H), 1.34 (s, 3H), 1.18 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 202.8, 194.8, 176.6, 159.5, 147.3, 140.3, 137.2, 

136.6, 134.7, 127.6, 122.7 119.0, 118.2, 91.1, 84.4, 83.4, 48.9, 47.0, 30.3, 29.3, 29.2, 25.1, 

8.8; HRMS calc. for C23H22O5(M + H)+ 379.1540, found 379.1550. 35: white solid; Rf = 
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0.21 (17% EtOAC-hexane); 1H NMR (400 MHz, CDCl3): δ 7.93 (d, J = 8.2 Hz, 1H), 7.56 

(t, J = 8.4 Hz, 1H), 7.54 (d, J = 6.9 Hz, 1H), 7.10-7.07 (m, 2H), 4.75-4.71 (m, 1H), 3.67-

3.53 (m, 3H), 2.75-2.67 (m, 2H), 2.49 (d, J = 9.6 Hz, 1H), 2.37 (dd, J = 13.6, 4.7 Hz, 1H), 

1.74 (s, 3H), 1.39-1.34 (m, 1H), 1.31(s, 3H), 0.94 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

203.0, 178.8, 159.9, 138.1, 137.0, 135.4, 134.7, 127.4, 122.5, 119.8, 119.4, 118.3, 90.4, 

84.7, 84.0, 68.4, 48.9, 47.2, 30.5, 29.3, 29.0, 25.2, 12.7; HRMS calc. for C23H24O5 (M + 

Na)+ 403.1516, found 403.1524. 

 

Oxidation of alcohol 35 to aldehyde 34.  A mixture of alcohol 35 (20 mg, 52.6 µmol) 

and PCC (17 mg, 78.9 µmol) in DCM (0.2 mL) was stirred at room temperature for 30 

min. The reaction mixture was diluted with DCM and filtered through a pad of celite. The 

solvent was removed by rotary evaporation and the crude was purified by preparative 

TLC (silica, 50% EtOAc-hexane) to yield aldehyde 34 (19 mg, 95%). 

 

Epoxide 36.  NaH2PO4.H2O (6.8 mg, 49.1 µmol) was added to a 

solution of 34 (6.2 mg, 16.4 µmol) in tBuOH/H2O (2:1, 0.43 

mL). The reaction mixture was stirred at room temperature to 

fully dissolve the white precipitate and the reaction vessel was 

placed in an ice bath. To the stirring solution in an ice bath was added 2-methylbut-2-ene 

(13.9 µL, 131.2 µmol) via syringe. After 30 min, NaClO2 (4.4 mg, 49.1 µmol) was added 

to the reaction mixture. When the reaction was complete 4 hours later, the reaction 

mixture was partitioned between ethyl acetate (2 x 3 mL) and water (3 mL). The 

combined organic layers were dried over MgSO4, filtered, and concentrated by rotary 
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evaporation. The crude material was purified through preparative TLC (silica, 50% 

EtOAc-Hexane) to yield the epoxide 36 (4.4 mg, 70%). 36: white solid; Rf = 0.52 (50% 

EtOAc-hexane); 1H NMR (400 MHz, CDCl3): δ 9.48 (s, 1H), 7.97 (d, J = 7.9 Hz, 1H), 

7.65 (t, J = 7.4 Hz, 1H), 7.20 (t, J = 7.7 Hz, 1H), 7.10 (d, J = 8.3 Hz, 1H), 7.01 (t, J = 8.1 

Hz, 1H), 4.29 (d, J = 4.5 Hz, 1H), 3.12 (t, J = 4.6 Hz, 1H), 3.03-3.01 (m, 2H), 2.58 (d, J = 

9.2 Hz, 1H), 2.23 (dd, J = 5.1, 14.5 Hz, 1H), 1.81-1.73 (m, 1H), 1.70 (s, 3H), 1.60 (s, 3H), 

1.24 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 204.3, 195.6, 184.5, 159.0, 150.3, 139.8, 

138.2, 127.8, 123.4, 122.6, 119.4, 89.6, 88.7, 84.0, 59.8, 55.0, 46.9, 42.1, 30.2, 28.3, 27.9, 

24.4, 9.5; HRMS calc. for C23H22O6 (M + Na)+ 417.1309, found 417.1313. 

 

5-Methylbenzene-1,2,3-triol 38.  To a 50 mL round-bottomed flask 

was added pyrogallol 29 (372 mg, 2.04 mmol) followed by DCM (4.0 

mL). The flask was placed on an ice bath and 1.0 M solution of boron 

tribromide in DCM (6.5 mL, 6.52 mmol) was added dropwise, via syringe, while stirring 

over 10 min. The reaction vessel was then stirred under argon at room temperature for 3.5 

hours. The reaction was quenched by adding water (10 mL), and the reaction mixture was 

extracted with ethyl acetate (3 x 20 mL). The combined organic layers were washed with 

water, brine, and dried over MgSO4. The solution was then filtered and concentrated by 

rotary evaporation. The crude material was purified through flash column 

chromatography (silica, 60-70% EtOAc-hexane) to yield 5-methylbenzene-1,2,3-triol 

(170 mg, 59%). 38: off-white solid; Rf = 0.32 (40% EtOAc-hexane); 1H NMR (400 MHz, 

CDCl3) δ 6.30 (s, 2H), 5.05 (s, 2H), 5.00 (s, 1H), 2.20 (s, 3H); 13C NMR (100 MHz, 
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DMSO-d6) δ 145.9, 130.4, 127.2, 107.6, 20.6; HRMS calc. for C7H8O3 (M) 140.0468, 

found 140.0470. 

 

3,4-Dihydroxy-1-methyl-9H-xanthen-9-one 39.  2-Fluorobenzoyl 

chloride 28 (170 mg, 1.07 mmol) was added dropwise to a mixture of 

5-methylbenzene-1,2,3-triol 38 (100 mg, 0.71 mmol), aluminum 

chloride (187 mg, 1.40 mmol), chloroform (2 mL) and dichloromethane (6 mL) in a 50 

mL round-bottomed flask. The reaction mixture was stirred at room temperature under 

argon for 1.5 hours. The reaction vessel was then equipped with a reflux condenser and 

stirred under argon at 60 ºC for 6 hours. The cooled, red homogeneous solution was 

acidified with 1N HCl (15 mL). The reaction mixture was then partitioned between water 

and ethyl acetate (3 x 50 mL). The aqueous layer was back extracted with ethyl acetate (2 

x 30 mL) until the color of the aqueous layer was almost clear. The combined organic 

layers were dired over MgSO4, filtered, and concentrated to yield dark brown oil. The 

crude oil was then added to a 100 mL round-bottomed flask containing sodium carbonate 

(98 mg, 0.92 mmol) and DMF (4 mL). The reaction vessel was the equipped with a reflux 

condenser and stirred under argon at 90 ºC for 4 hours. The dark reaction mixture was 

cooled to room temperature and acidified with 1 N HCl (15 mL). The reaction mixture 

was then partitioned between water and ethyl acetate (3 x 50 mL). The aqueous layer was 

back extracted with ethyl acetate (2 x 30 mL). The combined brown organic layers were 

dried over MgSO4, filtered, and concentrated by rotary evaporation. The crude material 

was purified through flash column chromatography (silica, 40-50% EtOAc-hexane) to 

yield the methyl xanthone 39 (120 mg, 70%). 39: off-white solid; Rf = 0.21 (40% EtOAc-
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hexane); 1H NMR (400 MHz, DMSO-d6) δ 10.15 (br s, 1H), 9.34 (br s, 1H), 8.10 (dd, J 

= 7.9, 1.6 Hz, 1H), 7.76 (ddd, J = 8.6, 7.3, 1.7 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.38 (t, J 

= 7.5 Hz, 1H), 6.68 (s, 1H), 2.68 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 176.8, 154.6, 

150.3, 147.4, 134.3, 131.1, 130.7, 126.0, 123.6, 121.8, 117.4, 115.2, 112.8, 22.4; HRMS 

calc. for C14H10O4 (M + H)+ 243.0652, found 243.0654. 

 

1-Methyl-3,4-bis(2-methylbut-3-en-2-yloxy)-9H-xanthen-9-

one 40.  To a 25 mL round-bottomed flask was added methyl 

xanthone 39 (46 mg, 0.19 mmol) followed by dry THF (1.5 mL). 

The flask was degassed by argon and was placed in an ice water bath. To the yellow 

homogeneous solution was added tert-butyl 2-methylbut-3-en-2-yl carbonate 10b (354 

mg, 1.9 mmol), via syringe, followed by Pd(PPh3)4 (22 mg, 0.019 mmol). The reaction 

vessel was stirred under argon at 5 ºC for 2 hours. The onset of a yellow suspension 

indicated the formation of the desired product 40. The solvent was removed by rotary 

evaporation and the crude material was purified through flash column chromatography 

(silica, 10-15% EtOAc-hexane) to yield 1-methyl-3,4-bis(2-methylbut-3-en-2-yloxy)-9H-

xanthen-9-one 40 (55 mg, 76%). 40: yellow oil; Rf = 0.66 (30% EtOAc-hexane); 1H 

NMR (400 MHz, CDCl3) δ 8.24 (dd, J = 7.9, 1.5 Hz, 1H), 7.64 (ddd, J = 8.6, 7.2, 1.7 Hz, 

1H), 7.43 (d, J = 8.4 Hz, 1H), 7.31 (t, J = 7.5 Hz, 1H), 6.86 (s, 1H), 6.28 (dd, J = 17.5, 

10.9 Hz, 1H), 6.19 (dd, J = 17.6, 10.8 Hz, 1H), 5.18 (m, 3H), 5.01 (dd, J = 10.9, 1.0 Hz, 

1H), 2.80 (s, 3H), 1.56 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 178.4, 155.3, 155.0, 

153.5, 143.8, 143.6, 136.3, 133.9, 126.5, 123.5, 122.5, 119.1, 117.3, 115.5, 113.9, 112.8, 
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83.1, 82.0, 27.2, 26.9, 23.5; HRMS calc. for C24H26O4 (M + H)+ 379.1904, found 

379.1911. 

 

Caged xanthone 41. A solution of compound 40 (35 mg, 0.092 

mmol) in DMF (1.5 mL) was refluxed at 120 ºC under argon for 

2.5 hours. The onset of a yellow color indicated the formation of 

the methyl caged xanthone 41. The reaction mixture was then 

cooled to room temperature and the solvent was removed by rotary evaporation. The 

crude material was purified through flash column chromatography (silica, 15-20% 

EtOAc-hexane) to yield the methyl caged xanthone 41 (30 mg, 85%). 41: white solid; Rf 

= 0.56 (30 % EtOAc-hexane); 1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 7.7 Hz, 1H), 

7.47 (m, 1H), 7.03 (m, 2H), 4.42 (t, J = 7.0 Hz, 1H), 3.18 (d, J = 4.4 Hz, 1H), 2.61 (m, 

1H), 2.51 (s, 3H), 2.45 (d, J = 9.5 Hz, 1H), 2.28 (dd, J = 13.5, 4.7 Hz, 1H), 1.70 (s, 3H), 

1.35 (s, 3H), 1.34 (m, 1H), 1.27 (s, 3H), 0.96 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

203.6, 179.3, 158.3, 150.7, 135.5, 134.8, 126.8, 121.7, 120.6, 118.3, 117.6, 90.5, 84.8, 

83.2, 55.8, 49.2, 30.3, 29.0, 28.6, 25.6, 24.9, 19.7, 16.7; HRMS calc. for C24H26O4 (M + 

H)+ 379.1904, found 379.1909. 

 

Piperidine addition product 42.  A solution of compound 7 

(7.1 mg, 0.019 mmol) in DCM (0.5 mL) was treated with 

piperidine (7 µL, 0.76 mmol) at 25 °C for 4 h.  The crude 

material was purified through flash column chromatography 

(silica, 20-70% Et2O-hexane) to yield adduct 42 (7.3 mg, 86%). 42: white solid; Rf = 0.71 
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(70 % Et2O-hexane); 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8 Hz, 1H), 7.56-7.52 (m, 

1H), 7.08-7.01 (m, 2H), 5.23-5.50 (m, 1H), 3.36 (s, 1H), 3.26 (s, 1H), 3.15 (b, 1H), 2.91-

2.78 (m, 3H), 2.53 (b, 1H), 2.45 (d, J = 8.8 Hz, 1H), 2.34-2.23 (b, 2H), 1.95 (dd, J = 14.8 

Hz, 6.4 Hz, 1H), 1.93-1.84 (b, 1H), 1.68 (s, 3H), 1.62 (s, 3H), 1.51-1.40 (m, 6H), 1.37 (s, 

3H), 1.13 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 209.1, 191.7, 158.3, 136.4, 132.9, 

127.0, 125.4, 121.4, 120.7, 118.3, 118.2, 89.4, 86.7, 81.5, 62.1, 51.3, 48.3, 43.4, 42.0, 

30.4, 29.8, 28.0, 27.5, 26.0, 25.7, 24.6, 22.0, 18.1; HRMS calc. for C28H35NO4 (M + H+) 

450.2639, found 450.2620. 

 

Biotin conjugate 44.  To a solution 

containing gambogic acid (5.0 mg, 

7.95 µmol) and biotin ethylenediamine 

hydrobromide (3.2 mg, 8.75 µmol) in 

DCM (0.34 mL) was added DIPEA 

(2.77 µL, 15.9 µmol) via syringe. 

Upon adding solid HATU (3.6 mg, 

9.46 µmol) portionwise to the reaction mixture, the reaction mixture turned to pale 

yellow in color within 5 min. After 24 hours, the reaction mixture was diluted with ethyl 

acetate (5 mL) and washed with water (2 x 1 mL) and brine (2 mL). The organic layers 

were dried over MgSO4, filtered and concentrated by rotary evaporation. The crude 

material was purified through preparative TLC (silica, 17% MeOH-EtOAc) to yield the 

biotin conjugate 44 (4.8 mg, 67%). 44: yellow solid; Rf = 0.11 (17% MeOH-EtOAc); 1H 

NMR (400 MHz, CDCl3): δ 7.59 (d, J = 6.9 Hz, 1H), 6.90-7.05 (m, 2H), 6.68 (d, J = 10.2 
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Hz, 1H), 6.02 (br s, 1H), 5.47 (d, J = 10.3 Hz, 1H), 5.28 (m, 2H), 5.03 (m, 2H), 4.49 (m, 

1H), 4.32 (m, 1H), 3.00-3.60 (m, 6H), 2.89 (dd, J = 12.8, 4.8 Hz, 1H), 2.72 (d, J = 13.1 

Hz, 2H), 2.54 (d, J = 9.3 Hz, 1H), 2.34 (m, 2H), 2.20 (m, 2H), 2.03 (m, 1H), 1.77 (s, 3H), 

1.73 (s, 3H), 1.68 (br s, 6H), 1.65 (m, 6H), 1.45 (s, 3H), 1.29 (s, 3H), 1.25 (s, 3H); 13C 

NMR (100 MHz, CDCl3) δ 205.1, 179.0, 174.0, 170.2, 163.9, 162.1, 157.9, 157.3, 136.0, 

135.6, 133.2, 132.1, 125.2, 123.9, 122.1, 115.9, 108.0, 103.0, 100.6, 91.3, 84.6, 84.0, 81.8, 

61.8, 60.4, 55.5, 49.1, 47.0, 42.3, 40.8, 40.0, 39.5, 35.9, 30.1, 29.9, 29.3, 29.1, 28.2, 28.1, 

28.0, 25.9, 25.7, 25.4, 22.9, 21.8, 21.3, 18.4, 17.9; HRMS calc. for C50H64N4O9S (M + 

Na)+ 919.4286, found 919.4329. 

 

Coumarin conjugate 45. To a 

solution containing gambogic 

acid (5.8 mg, 9.22 µmol) and 

coumarin hexanediamine TFA 

salt (4.6 mg, 10.1 µmol) in 

DCM (0.30 mL) was added 

DIPEA (3.21 µL, 18.4 µmol). Upon adding solid HATU (4.2 mg, 10.9 µmol) portionwise 

to the reaction mixture, the reaction mixture turned to pale yellow in color within 5 min. 

After 24 hours, the reaction mixture was diluted with ethyl acetate (5 mL) and washed 

with water (2 x 1 mL) and brine (2 mL). The organic layers were dried over MgSO4, 

filtered and concentrated by rotary evaporation. The crude material was then purified 

through preparative TLC (silica, 100% EtOAc) to yield the coumarin conjugate 45 (7.7 

mg, 87%). 45: yellow solid; Rf = 0.29 (100% EtOAc); 1H NMR (400 MHz, CDCl3): δ 
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7.49 (d, J = 9.1 Hz, 2H), 6.66 (d, J = 10.1 Hz, 1H), 6.60 (dd, J = 9.0, 2.4 Hz, 1H), 6.47 (s, 

2H), 6.04 (s, 2H), 5.46 (d, J = 10.0 Hz, 1H), 5.30 (t, J = 8.2 Hz, 1H), 5.07-5.02 (m, 2H), 

3.63 (s,2 H), 3.46 (t, J = 6.1 Hz, 1H), 3.33-3.19 (m, 5H), 3.03 (s, 6H), 2.55 (d, J = 9.2 Hz, 

2H),, 2.38-2.29 (m, 2H), 2.08-2.01 (m, 2H), 1.77-1.25 (m, 36H); 13C NMR (100 MHz, 

CDCl3) δ 204.4, 178.9, 169.5, 168.1, 162.0, 157.9, 156.3, 153.3, 150.1, 135.9, 132.2, 

132.1, 126.0, 125.1, 124.1, 123.9, 122.2, 115.9, 110.6, 109.4, 108.6, 108.1, 103.0, 100.5, 

98.3, 91.3, 84.3, 83.7, 81.8, 49.2, 47.2, 42.3, 41.0, 40.3, 39.6, 38.9, 30.2, 29.9, 29.5, 29.3, 

29.2, 29.0, 28.1, 26.1, 26.0, 25.9, 25.4, 22.9, 21.8, 21.5, 18.4, 17.9; HRMS calc. for 

C57H69N3O10 (M + H)+ 956.5056, found 956.5069. 

 

Amide 46. To a solution containing 

gambogic acid (6.1 mg, 9.70 µmol) and 

BODIPY FL EDA (3.95 mg, 10.7 µmol) in 

DCM (0.24 mL) was added DIPEA (3.38 

µL, 19.4 µmol). Upon adding solid HATU 

(4.37 mg, 11.5 µmol) portionwise to the 

reaction mixture, the reaction mixture 

turned to pale yellow in color within 5 min. After 24 hours, the reaction mixture was 

diluted with ethyl acetate (5 mL) and washed with water (2 x 1 mL) and brine (2 mL). 

The organic layers were dried over MgSO4, filtered and concentrated by rotary 

evaporation. The crude material was purified by preparative TLC (silica, 100% EtOAc) 

to yield the amide 46 (7.05 mg, 77%). 46: red solid; Rf = 0.38 (100% EtOAc); 1H NMR 

(400 MHz, CDCl3): δ 7.51 (d, J = 6.9 Hz, 1H), 7.03 (s, 1H), 6.85 (d, J = 4.1 Hz, 1H), 
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6.68 (d, J = 10.2 Hz, 1H), 6.62 (m, 1H), 6.27 (d, J = 3.9 Hz, 1H), 6.09 (s, 1H), 3.49-3.15 

(m, 7H), 2.64 (d, J = 6.9 Hz, 2H), 2.53 (s, 3H), 2.31-2.27 (m, 1H), 2.21 (s, 3H), 2.06-2.02 

(m, 2H), 1.75-1.24 (m, 27H); 13C NMR (100 MHz, CDCl3) δ 204.8, 178.9, 172.4, 169.5, 

162.0, 157.9, 157.3, 135.8, 133.3, 132.1, 128.8, 125.2, 124.9, 124.0, 123.9, 122.2, 120.4, 

117.9, 115.9, 108.0, 103.0, 100.5, 91.3, 84.5, 84.0, 81.8, 49.1, 46.9, 42.3, 39.9, 39.8, 35.8, 

30.1, 29.9, 29.2, 29.0, 28.1, 25.9, 25.4, 24.9, 22.9, 21.8, 21.4, 18.4, 17.9, 15.1, 11.5; 

HRMS calc. for C54H63BF2N4O8S (M + H)+ 944.4816, found 944.4860. 

 

Section 2.9.3 3H-Thymidine Incorporation Assay 

Cells were plated in a 96-well plate at 10-20x103 cells/well in RPMI 

supplemented with 10% fetal bovine serum, 2 mM glutamine, 1% penicillin/streptomycin 

(complete medium).  The caged Garcinia xanthones were added to the cells at increasing 

concentrations and 0.1% DMSO was added to control cells.  Cells were incubated for 48h 

and then pulsed with 3H-thymidine for 6 h.  Incorporation of 3H-thymidine was 

determined in a scintillation counter (Beckman Coulter Inc., Fullerton, CA) after cells 

were washed and deposited onto glass microfiber filters using a cell harvester M-24 

(Brandel, Gaithersbur, MD). 

 

Section 2.9.4 Apoptosis Assays 

ELISA Assay.  The compounds were dissolved in DMSO and further diluted in 

complete medium to obtain final concentrations as indicated.  HL-60 and HL-60/ADR 

cells were seeded into each well of a 96-well cell culture plate at 10,000 cells per well 

and incubated at 37 °C for 7 h with the indicated concentrations of each compound.  
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Control samples were incubated in 0.1% DMSO.  Each condition was in triplicate.  The 

proapoptotic effect was detected by using the Cell Death Detection ELISAPLUS kit (Roche 

Applied Science, Indianapolis, IN) according to the manufacturer’s instructions.  This kit 

constitutes a photometric enzyme-immunoassay for the qualitative and quantitative in 

vitro determination of cytoplasmic histone-associated-DNA-fragments (mono- and oligo-

nucleosomes) after induced cell death.  The absorption values A (A405nm-A490nm) 

measured give a quantitative indication of the induced amount of apoptosis.   

Fluorescence Microscopy of Annexin V/PI Stained Cells.  HL-60/ADR cells were 

plated in a 6-well plate at 1x106 cell/ml (4 ml) and treated with 0.5 µM 7 while control 

cells received 0.1% DMSO.  Cells were incubated overnight and then stained with Alexa 

Fluor 488 annexin V and propidium iodide using the Vybrant Apoptosis Assay Kit 

(Molecular Probes, Eugene, OR) according to manufacturer’s recommendations. Cells 

were then viewed on an E800 Nikon (New York City, NY) research microscope equipped 

with an EXFO (Vanier, Canada) X-cite fluorescent 120W metal halide illuminator and 

imaged with a DMX 1200F Nikon fluorescence sensitive digital camera. 
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Section 2.9.5 1H NMR and 13C NMR Spectra 
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