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Abstract

α-Hydroxytropolones are a subclass of the troponoid family of natural products that are of high

interest due to their broad biological activity and potential as treatment options for several

diseases. Despite this promise, there have been scarce synthetic chemistry-driven optimization

studies on the molecules. The following review highlights key developments in the biological

studies conducted on α-hydroxytropolones to date, including the few synthetic chemistry-driven

optimization studies. In addition, we provide an overview of the methods currently available to

access these molecules. This review is intended to serve as a resource for those interested in

biological activity of α-hydroxytropolones, and inspire the development of new synthetic methods

and strategies that could aid in this pursuit.

α-Hydroxytropolones (αHTs, Figure 1) are a subset of the troponoid family of natural

products that have shown a highly diverse range of biological activity. While the suffix α

implies the 7 hydroxytropolone tautomeric form, the molecules often undergo

tautomerization between the 7 and 3-hydroxytropolone forms.1

There are several features that arise due to this contiguous array of oxygen atoms that

distinguish them from other troponoid compounds.2 Due to resonance stabilization, the

acidity of tropolones (pKa = ~7) is between that of a phenol (pKa = 10) and a carboxylic acid

(pKa = 5).3 The inductive electron withdrawing nature of the added hydroxyl of αHTs

lowers their pKa1 to 5.6.4 In its monoionic form, the other hydroxyl remains acidic, with

calculated pKa2 around 7.0, thus giving αHTs significant dianionic character at

physiological pH (Scheme 1).5 Combined with the high Lewis basicity of the tropolone

carbonyl due to the stabilized tropylium ion,6 significant negative charges can be localized

onto all three of these oxygens, creating a trident-like array of oxygen atoms bearing some

negative charge (Scheme 1). Thus, significant differences between these molecules and

typical tropolones exist, particularly as it relates to the different mechanisms through which

they can chelate to metals.7 All of these factors provide αHTs with distinct differences from

other tropolones when it comes to their bioactivity.

The following review will discuss the diverse bioactivity that has been demonstrated by

αHTs, and some of the preliminary studies that have gone into their optimization for both

potency and selectivity. In addition, given the important role that the synthesis of these
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molecules will play in optimizing αHTs for their given function, we will also summarize

synthetic strategies that have proven effective in generating these compounds.

Cytotoxicity

Antifungal activity

Some of the earliest bioactivity studies on α hydroxytropolones were based upon the

knowledge that the extractives of the western red cedar tree, of which the tropolone-based

thujaplicins are a major component, had significant antifungal activity.8 It is believed that

this activity of the extractives are largely responsible for the high durability of the trees, and

thus a broad range of studies have gone into understanding this activity at the molecular

level.9

In 1959, Roff and Whittaker carried out a survey of the antifungal activity of β thujaplicinol

against several fungi responsible for wood rot.10 When tested against brown-rot fungi Poria

monticola and Coniophora puteana, β thujaplicinol showed comparable activity to the

antifungals sodium pentachlorophenate and γ-thujaplicin (Figure 2), with minimum growth

inhibitory (MIC) concentration of 10 µM. However, when tested against the white-rot fungi

Polyporus versicolor, Stereum sanguinolentum, and Phellinus weirii, the compound was

significantly less toxic, with MIC values of 800 µM, 330 µM, and 100 µM, respectively. In

contrast, γ thujaplicin was almost ten times more potent against white rot fungi, with

minimum growth inhibitor concentrations of 70 µM, 50 µM, and 50 µM, respectively. The

conclusion drawn from these studies was that, while active, β-thujaplicinol is likely not a

significant contributor to the durability of the western red cedar. Still, as a major component

of its extract combined with antifungal activity, β thujaplicinol remains of interest in

studying the durability of the western red cedar.

In addition to their potential role in protective effects for red cedar, other studies have

revealed that β thujaplicinol has fungistatic activity against several fungi of the Aspergillus

genus, including the pathogenic A. fumigatus. A. fumigatus is a common fungus which is

known to cause disease, particularly in patients with compromised immune systems due to

AIDS or leukemia.11 In one study by Sanders, at concentrations of 35 µM, the lowest

concentration of β thujaplicinol tested in a screen against several different fungi, no growth

of A. fumigatus was observed at 96 hours.12 In experiments run over longer periods of time

(4 weeks), roughly twice that concentration was needed to prevent growth. In more recent

experiments by researchers at Bristol-Myers, however, αHT showed significantly lower

activity against A. fumigatus strain IAM2350, with an MIC of 730 µM.13 Regardless, these

studies suggest that the antifungal activity of αHTs might be leveraged for therapeutic

purposes, but further studies are clearly needed. However, unlike some other targets that will

be discussed, there does not appear to be any advantages of αHTs over tropolones when it

comes to their antifungal activity.

Antibacterial activity

In 1961, Sanders published a survey on the activity of β thujaplicinol against 40 different

bacteria.12 The most susceptible strains were Bacillus megaterium and Sarcina lutea, which

showed significant growth inhibition at only 35 µM. In general, Gram-positive bacteria were
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more likely to be inhibited by β-thujaplicinol than Gram-negative. In fact, several strains of

the Gram-negative bacteria in the Pseudomonas genus, including P. aeruginosa, P.

fluorescens, and P. pyocyaneus, showed no inhibitory activity at β thujaplicinol

concentrations of up to 280 µM. Similar findings were made by Bristol-Myers researchers

with αHT, which had MIC values of 90 µM against Gram positive bacteria such as

Staphylococcus aureus and Micrococcus lutues, while MIC values of 700 µM and 360 µM

were observed for P. aeruginosa and Klebsiella pneumoniae, respectively.13 Escherichia

coli strain NIHJ, however, showed sigfinicantly higher susceptibility, with an MIC of 45

µM. It remains unclear why Gram-positive bacteria are more susceptible to the αHTs. In

addition, like the fungicidal activity, tropolone demonstrated greater potency almost

universally. This again suggests that the αHTs do not have any advantages over tropolones

with respect to their antibacterial activity.

Antitumor activity

In 1988, researchers at Bristol-Myers reported their findings that 3,7-dihydroxytropolone,

subsequently named BMY-28438, had potent cytotoxicity against cultured B16 melanoma

cells.13 3,7-Dihydroxytropolone displayed an IC50 value of 260 nM, which was over an

order of magnitude more potent then either αHT or 4,7-dihydroxytropolone, and two orders

of magnitude more potent than 5-hydroxytropolone (Figure 3). This trend suggests the

importance of an array of contiguous oxygens, with more oxygens providing more potency.

3,7 Dihydroxytropolone was also shown to have non-specific inhibitory effects on DNA,

RNA, and protein biosynthesis, with IC50 values of 60, 90, and 70 µM, respectively.

Animal model studies were also carried out with mice bearing tumors from the B16 cells.

Excitingly, at concentrations of 1.3 mg/kg/day, the mice had a medium survival time of 29

days, which was almost double that of the untreated mice (16 days), and on par with

1mg/kg/day of mitomycin C (27 days). This was in contrast to no effect with mice bearing

tumors derived from a P388 leukemia cell line, which the molecules showed no activity in

cellular assays. Unfortunately, slightly higher concentrations of the compound, 2.5 mg/kg/

day, led to lower median survival rates (12 days), and 5mg/kg/day was ruled toxic to the

animals.

Antimalarial activity

An exciting recent discovery is the antimalarial activity of puberulic acid, reported by

Otoguro, Shiomi, and coworkers at Kitasato University in 2011.14 In in vitro experiments

against the chloroquine resistant Plasmodium falciparum K1 strain, the molecule showed an

IC50 value of 50 nM, which was comparable to the value of artesunate in control

experiments (10 µM) (Figure 4). The molecule also showed low background cytotoxicity,

with an IC50 value against MRC-5 cell line of 360 µM. This selectivity was comparable with

that of artesunate. The parent αHT did show significant activity, albeit not as potently as

puberulic acid, but showed even higher cytotoxicity. Tropolone did not show any activity,

suggesting the importance of added oxidation, although the activity of viticolin B was

comparable to αHT, suggesting that the free hydroxyls are not necessary. The authors also

carried out preliminary in vivo studies with an infected mouse model, and puberulic acid
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showed protective effects with an ED50 of <2 mg/kg/day, which was again comparable to

established antimalarial artesunate (1.7 mg/kg/day).

Toxicological Studies

Studies of the effects of β thujaplicinol at higher concentrations in animal models have also

been undertaken.12 At lower administrations of the compound (50–100 mg/kg), the mice

demonstrated characteristics consistent with a depressant effect that lasted between 4–7

hours. During the period, mice maintained muscle control, and although they did not eat or

drink, no deaths of the animals were reported. However, at higher concentrations of the

compound (150–200 mg/kg), significantly different observations were made. The mice

demonstrated characteristics consistent with stimulant effects, and some instances of

convulsions occurred. Other effects noticed at higher concentrations were respiratory

depression and lack of appetite. At these highest concentrations, all of the mice died within

48 hours. The lethal dose (LD50) was found to be 175 ± 4.2 mg/kg for a 48 hours monitoring

period, and 155 ± 4.5 mg/kg for a 72 hours monitoring period. This was in line with the dose

found to lead to convulsions, which was 163 mg/kg.

Follow-up studies of β-thujaplicinol along with other agents seemed to be more consistent

with the depressent activity of the compounds. For example, mice that had been anesthetized

using the barbiturates sodium thiopental and hexobarbital slept longer when β-thujaplicinol

was also administered. Some differences were observed during these studies. Increases in

sleeping periods were much more pronounced in the experiments run with sodium thiopental

than those with hexobarbital. While both barbiturates prevented the convulsive effects of β

thujaplicinol, only hexobarbital prevented the lethal effects of the compound. Ethanol-

induced sleep, meanwhile, was not prolonged by β thujaplicinol. At low doses, β

thujaplicinol had synergistic activity on the depressant effects of chlorpromazine, as was

observed based upon analysis of the drug’s hypothermia and hyperkinesia effects. Similarly,

the hypothermia effects of amphetamine, both the increase in body temperature followed by

a drop in temperature, were delayed and amplified by β thujaplicinol. However, the

amphetamine-induced hyperkinesia activity on the mice was offset by β thujaplicinol, with a

sudden and dramatic decrease in activity observed upon administration of β-thujaplicinol.

These studies collectively demonstrate some potential side-effects of αHTs at higher

concentrations, underscoring the importance of fine-tuning αHTs for a given target.

Metalloenzyme inhibition

The broad bioactivy displayed by αHTs suggests a possible mode of action, namely, an

effect on dinuclear metalloenzymes, due to their ability to bind them in a manner that

leverages the three contiguous oxygen atoms. The following sections summarize known

metalloenzymes that are inhibited by αHTs.

Inositol monophosphatase/alkaline phosphatase/dopamine β-oxygenase

The first discussion on the potential privilege of αHTs for dinuclear metalloenzymes was

laid out by Piettre and coworkers at Marion Merrell Research Institute in 1997.15 The

researchers were drawn to recently patented work describing the potent inhibitory activity of
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puberulonic acid against inositol monophosphatase (IC50 = 10 µM), where a proposed

binding mode suggested that hydrolysis of the anhydride would lead to a carboxylic acid

that could serve as the metal-binding moiety. However, modeling studies based on

crystallographic data suggested that the hydroxyls of the αHT were primarily responsible for

binding to the metals, and did so in a way that leveraged the contiguous array of oxygens

(Figure 5). To test this hypothesis, the researchers made a series of hydroxylated tropolones

and found that α-hydroxytropolone was the minimal structure necessary for inhibiting

inositol monophosphatase with an IC50 of 75 µM. Moreover, 3,7 dihydroxytropolone was

found to have inhibitory activity comparable to puberulonic acid, demonstrating the

anhydride was unnecessary and providing evidence against the initial proposed binding

mode.

It was then hypothesized that this binding mode could be a general binding mode for

dinuclear metalloenzymes. To test this hypothesis, tropolone, αHT, and 3,7-

dihydroxytropolone were tested against alkaline phosphatase and dopamine β oxygenase

(Figure 5). These each represented enzymes that used different divalent metal ions. Only α-

hydroxytropolone (IC50 = 15 µM) and 3,7 dihydroxytropolone (IC50 = 60 µM) were active

against alkaline phosphatase. However, all three molecules were capable of potently

inhibiting dopamine β oxygenase (IC50 = 2–3 µM). The authors concluded that this binding

mode might find utility against a broad range of enzymes, and suggested that those that

recognize phosphoesters, similar to alkaline phosphatase and inositol monophosphatase,

might be particularly strong candidates.

HIV Reverse Transcriptase RNase H

HIV Reverse Transcriptase (RT) RNase H has become a target for anti-HIV therapeutic

development,16 and several inhibitors have been described.17 The αHT core has emerged

from these studies as a promising pharmacophore that is arguably the most potent described

to date.

In 2005, LeGrice, Beutler and coworkers published their findings that β-thujaplicinol was

capable of potently inhibiting HIV-1 RT RNase H (IC50 = 0.21 µM) (Figure 6).18 The

importance of the αHT substructure was demonstrated by the fact that tropolone was

inactive at a concentration of 100 µM. The molecule was also shown to be highly active

against HIV-2 RT RNase H (IC50 = 0.77 µM), and much less active against E. coli RNase H

(IC50 = 50 µM) and Human RNase H (IC50 = 5.7 µM). The mechanism of binding has been

determined by X-ray crystallography work by Arnold and coworkers,19 and is consistent

with the mode proposed by Piettre and coworkers for IMPase. Unfortunately, β thujaplicinol

did not show any protective effects against the virus in cellular assays, likely at least in part

due to competing cytotoxicity. As one of the most potent inhibitors of the enzyme known, β-

thujaplicinol has since served an important role in understanding the role of HIV RT RNase

H inhibitors,20 such as their ability to engage the enzyme simultaneously with polymerase

inhibitors.21
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Broad HIV Retroviral Activity of αHTs

Coinciding with the work of Le Grice and Beutler, Marquet and coworkers carried out

studies on 3,7-dihydroxytropolones that demonstrated that αHTs could have value in

targeting multiple antiretroviral mechanisms simultaneously.5 Such a strategy could have

profound benefits at overcoming the inherent issues of drug resistance.22 3,7-

dihydroxytropolone is not nearly as potent as β-thujaplicinol is against HIV RT RNase H

(IC50 = 20 µM), but does have activity against HIV RT polymerase (IC50 = 3.2 µM), as well

as HIV Integrase 3’ processing (IC50 = 40 µM) and transfer (IC50 = 11 µM) activity (Figure

7). In addition, the compound is capable of inhibiting viral replication of HIV-1 in cellular

assays with an IC50 value of 0.3 µM. Acylation of the tropolone led to inactivation against

RNase H and IN 3’ processing, demonstrating the importance of the free hydroxyls.

However, polymerase activity was still observed with only a minor decrease in potency.

Subsequently, αHTs manicol and β thujaplicinol were found to have similar activity against

integrase, demonstrating that the minimal structure for activity is the αHT.23

Hepatitis B and xenotropic murine leukemia virus related virus RNase H

RNase H has been of interest for antiretroviral therapeutics of several other viruses, and

αHTs have been identified as lead targets in this pursuit (Figure 8). Tavis, Hu and coworkers

have recently shown that several molecules that are capable of inhibiting HIV RT RNase H

are also capable of inhibiting hepatitis B viral (HBV) RNase H.24 β Thujaplicinol is one of

these, as it inhibits HBV RNase H genotype D and H at 5.9 µM and 2.3 µM, respectively.25

Despite being less potent than it is against HIV RT RNase H, β thujaplicinol was capable of

inhibiting HBV replication (EC50 = 5 µM). To date, this is one of only two compounds

known to inhibit HBV RT RNase H and inhibit hepadnaviral replication in cellular assays,

the other being a napthiridone compound developed by researchers at Merck (Figure 8).17b

Thus, αHTs could serve as a valuable starting point for the development of hepatitis B

therapeutics.

The RNase H of xenotropic murine leukemia-virus related virus (XMRV) is also inhibited

by β-thujaplicinol, a discovery made independently by Sarafianos26 and Wlodawer,27 along

with their respective coworkers. In the Wlodawer studies, crystallographic data show that

the molecule binds to the XMRV RNase H domain in a similar fashion to HIV RT RNase H.

Furthermore, the molecule inhibited the XMRV RT RNase H in the same concentration

range as HIV RT RNase H. Sarafianos and coworkers studied a series of HIV RT RNase H

inhibitors against XMRV, and likewise found that β thujaplicinol was capable of inhibiting

the enzyme (IC50 = 1.4 µM), although the Merck napthirydinone was more potent (IC50 =

410 nM). In addition, β-thujaplicinol was not able to inhibit the RNase H at higher

concentrations of substrate, as would be expected of a competitive inhibitor. The

napthirydinone, on the other hand, maintained similar IC50 values at higher concentration of

substrate, suggesting non-competitive binding or uncompetitive binding. It is important to

realize that the napthyrindinone had previously undergone optimization by Merck,17b

whereas β thujaplicinol is an unoptimized natural product lead. Thus, it may be possible that

αHTs could be developed that rival the napthyridinone.
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Phosphotidylcholine-preferring Phospholipase C

Phosphotidylcholine-preferring phospholipase C is a zinc metalloenzyme that cleaves

phospholipids generating diacylglycerol and phosphorylated head groups.28 Recent studies

have shown that PC-specific phospholipase C can downregulate HER2 overexpression on

breast cancer cells,29 and thus inhibitors of the enzyme could be valuable for cancer

treatment.

αHT has been shown to be a potent inhibitor of the enzyme (Ki = 16 µM),4,30 and is

believed to bind through similar mechanism of other dinuclear metalloenzymes. Martin and

coworkers made a series of hydroxyureas meant to mimic this binding ability. Several

analogs were synthesized, but they were largely unable to inhibit the enzyme at a pH of 7.3,

with one analog having a Ki of 388 µM (dihydroxylurea-1, Figure 9). At more basic pH

(9.5), the inhibitors became more potent, likely due to the ability of the ureas to behave as

dianions, as the analogs synthesized generally had higher pKa values. This suggests at the

surface that the low pKa values of the αHTs play an important role in this bioactivity.

However, that is not the complete picture, as another analog generated had comparable

acidity to α hydroxytropolone and showed no activity at either pH (dihydroxylurea-2, Figure

9). In this case it may be possible that the geminal diethyl groups might lead to unfavorable

steric interactions that prevents binding, highlighting the advantages of the αHT planarity.

Aminoglycoside 2”-O-adenyltransferase [ANT(2”)]

A major pathway for resistance development by Gram-negative bacteria against

aminoglycoside antibiotics is the enzymatic modification and deactivation of the antibiotics

either via acetylation, phosphorylation, or adenylation.31 One of the most prevalent of these

enzymes is aminoglycoside 2”-O-adenyltransferase [ANT(2”)], which modifies the 2”

alcohol of aminoglycosides such as gentamycin, tobramicin, and kanamycin and renders

them inactive.32 While over 50 aminoglycoside-modifying enzymes exist, along with

AAC(6’), ANT(2”) is the most common determinant of enzyme-dependent aminoglycoside

resistance to P. aeruginosa.33

In 1982, researchers at Eli Lilly reported that both αHT and β thujaplicinol could inhibit

ANT(2”) (Figure 10).34 The IC50 value was not recorded, but at 100 µg/mL complete

inhibition was observed, and close to 80% inhibition was seen for both compounds at 10

µg/mL. In addition, the compound was shown to work by competing with ATP for the

enzyme. No inhibition at all was observed with tropolone, and significantly diminished

activity was observed for 5 hydroxytropolone (59% inhibition at 100 µg/mL). αHT also

showed modest potentiating effects against ANT(2”)-positive, tobramicin-resistant bacteria

both in cellular assays as well as in animal models. As the only inhibitor scaffold known for

ANT(2”), αHTs could serve as valuable tools in studying this enzymatic function. They

could also find use as potentiating co-drugs which would be used in combination with

aminoglycoside antibiotics, similar to clavulanic acid with various β lactam antibiotics.35

Synthetic Chemistry-Driven Structure Function Studies

While the promise of αHTs as therapeutic leads is apparent, a common problem with them

is the cytotoxicity, likely due to their promiscuity. Thus, chemical modifications to these
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compounds are needed to improve the potency and selectivity before they can be evaluated

as clinical candidates for various diseases. Surprisingly, very little has been published on

synthetic chemistry-driven structure-function studies with an eye on enhancing selectivity

and potency.

Structure-function studies for inositol monophosphatase inhibitor development

In an attempt to improve upon the activity of 3,7 dihydroxytropolones toward inositol

monophosphatase (IMPase), Piettre and coworkers synthesized a series of monoaryl- and

bisaryldihydroxytropolones.36 To access these molecules, 3,7 dihydroxytropolone was

brominated to generate monobromo and bisbromodihydroxytropolones 1 and 2 in a 4.7:1

ratio at 57% conversion (Scheme 2). These were then protected with methyl groups using

diazomethane, subjected to Suzuki cross-coupling reaction conditions with various

arylboronic acids, and subsequently deprotected using TMSI/AcCN. Throughout their

studies, the researchers synthesized 37 new dihydroxytropolones that were subsequently

tested for their inhibitory activity against IMPase. The best molecule tested, 4 cyanophenyl-

dihydroxytropolone (3), had an IC50 value of 4 µM, which was a slight increase in potency

over the parent compound (IC50 = 10 µM).

Structure-function studies for HIV RT and integrase inhibitor development

A similar oxidation/cross-coupling approach was carried out by Marquet and coworkers in

their development of broad activity HIV retroviral hydroxytropolones.5 Testing of over a

dozen monoaryl and bisaryldihydroxytropolones did lead to some improved analogs against

specific antiretroviral mechanisms. The most potent HIV RT polymerase inhibitor was the

benzaldehyde-substituted monoaryldihydroxytropolone 4a (IC50 = 0.57 µM vs. 3.2 µM of

3,7 dihydroxytropolone) (Figure 11). The most potent HIV RT RNase H inhibitor found was

the 3 nitroaryl-substituted monoaryldihydroxytropolone 4b (IC50 = 1.3 µM vs. 20 µM of 3,7

dihydroxytropolone).

Coincidentally, 4b was also the most potent inhibitor of the integrase strand-transfer activity,

and displayed over an order of magnitude potency increase over the parent compound (IC50

= 0.78 µM vs. 11 µM of 3,7 dihydroxytropolone). The most dramatic increase in potency

was for the integrase 3’ processing potency, where a bisaryldihydroxytropolone with two N-

acylphenyl groups (4c) showed over 2 orders of magnitude increase in potency over the

parents 3,7-dihydroxytropolone (IC50 = 0.15 µM vs. 40 µM of 3,7 dihydroxytropolone).

Many of the compounds tested showed protective effects in HIV replications assays using

HIV-1 LAI/CEM-SS cells, although none of them reported were better than the parent

compound. They also all proved to be inactive in an HIV-1 IIIB/MT-4 assay.

Structure-function studies for HIV RT RNase H inhibitor development

While β-thujaplicinol is arguably one of the most potent HIV RT RNase H inhibitors known

to date, with an IC50 value of 200 nM, it is not active in viral replication assays. In an effort

to improve the cellular efficacy of αHTs, LeGrice and coworkers carried out a series of

studies on synthetic contructs that were modifications of the αHT natural product manicol.37

Like β-thujaplicinol, manicol has submicromolar activity against HIV RT RNase H, but does
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not work in cellular assays. In addition, manicol has an appended alkene which the

researchers found could be modified.

To carry out the syntheses, manicol was acylated, and then a series of modifications to the

alkene were carried out, such as ozonolysis, dihydroxylation and epoxidation reactions.

These reactions led to new synthons that could be further functionalized. In total, the

researchers synthesized 14 new manicol derivatives that were tested for their biological

effects. While no derivatives displayed any significant increases in potency against HIV RT

RNase H in enzymatic assays, they were all active (IC50 = <2 µM). Many of the analogs are

both significantly less cytotoxic and are capable of inhibiting viral replication in cellular

assays. Surprisingly, the most potent analog synthesized, 5c, showed only weak activity in

cellular antiviral assays (Figure 12).

Summary of Synthetic chemistry-driven optimization studies of αHTs

A common theme among the structure-function studies outlined above is that they all

involve the semi-synthetic modification of αHTs. In the first two cases, this was through

halogenation/cross-coupling methods, and in the latter case, it was through modification of

manicol. While some exciting results have been obtained, these methods for structure-

function studies are limited by the diversity of chemical space that can be achieved. De novo

synthetic approaches might be a more promising method for carrying out structure-function

studies. The following section will outline proven strategies available to synthesize αHTs

that could find value in future structure-function studies.

Synthetic Access to α-Hydroxytropolones

Oxidation of tropones and tropolones

The earliest synthetic work on αHTs focused on the oxidation of tropone or other troponoid

compounds to αHT. This method, used commonly by Nozoe in his early work on the

chemistry of tropolones,38 can be a rather efficient way to make the parent αHT.39 Most

common methods for this involve halogenation of the tropone or tropolone followed by

hydrolysis. This can be done directly or through intermediate acetolysis, such as the use of

an acetic anhydride/ trifluoroacetic acid/ acetic acid mixture.40 One example demonstrating

the oxidation strategy was in the total synthesis of puberulonic acid by Nozoe and coworkers

from purpurogallin (Scheme 3).41 Unfortunately, as demonstrated by the aforementioned

structure-function studies of Piettre and Marquet, this route does not lend itself to ready

incorporation of diverse substitution patterns.5,36 Nevertheless, this approach has proved

very valuable in the synthesis and study of polyhydroxylated tropones.

Cyclopropanation/ring-opening routes

Another strategy that has been used to access hydroxytropolones is the cyclopropanation of

6-membered rings followed by ring-openings. The first demonstration of this was in a

synthesis puberulic acid by A. W. Johnson and coworkers in 1952.42 Their method to this

molecule leveraged a cyclopropanation of 1,2,4-trimethoxybenzene with ethyldiazoacetate

followed by a 6π electrocyclic ring-opening to generate the 7-membered ring (Scheme 4).

Subsequent hydrolysis and oxidation of the compound led to the natural product.
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In a more recent study by Balci and coworkers, a similarly generated cycloheptatriene was

shown to serve as a precursor to αHTs (Scheme 5).43 In this elegant work, cyclohexatrienes

generated through cyclopropanation/6π electrocyclic ring-opening on 1,3-benzodioxole

were oxidized with singlet oxygen to generate endoperoxides. Subsequent treatment with

cobalt tetraphenylporphorine promoted the rearrangment to αHTs. Based on previous work

by Balci and Foote, it is assumed that this transformation proceeds through a bis-epoxide

intermediate.44

Banwell and coworkers have used cyclopropanation of various cycloalkenes followed by a

ring-opening to generate αHTs.45 Unlike the previously described works, the cyclopropane

products generated are not set up for an immediate electrocyclic ring-opening. Instead, Grob

fragmentation strategies were developed to accomplish the ring-openings; however, the

possibility that these conditions may promote enolization to the divinyl cyclopropanes,

which could then undergo the electrocyclic ring-opening, cannot be ruled out. Of particular

relevance to structure-function studies are cyclopropanation methods that use bromoform

and base to generate dibromocyclopropanes that can be converted to bromotropolones.

These bromotropolones can be modified through cross-coupling and then demethylated to

generate the αHTs,46 and thus could serve as a valuable, modifiable late-stage synthetic

intermediate. This strategy was also modified to generate 3,7 dihydroxytropolones. This

versatility is highlighted in the synthesis of both β thujaplicinol (Scheme 6)47 and puberulic

acid (Scheme 7).48

Ring-openings of 8-oxabicyclo[3.2.1]octenes

8-Oxabicyclo[3.2.1]octenes have been used widely as intermediates in the synthesis of

various troponoid compounds,49 and thus strategies for adapting this strategy to αHT

synthesis have also emerged.

The first of these methods was carried out by Föhlisch and coworkers (Scheme 8). In this

work, 8 oxabicyclo[3.2.1]octenes were generated through a cycloaddition reaction between

pentachloroacetone and substituted furan.50 The resultant compound was then able to

undergo a base-mediated ring-opening to provide the α methoxytropolone, which could be

subsequently converted to the hydroxytropolone by HBr/AcOH demethylation. The group

showed this method starting with furan starting materials substituted at both the 2- and 3-

positions could afford monoalkyl substituted αHTs, including β thujaplicinol, with different

substitution patterns.

Our lab has demonstrated an alternative method using 8 oxabicyclo[3.2.1]octene

intermediates that allows for di and trisubstituted αHTs (Scheme 9). In this method, an α

hydroxy γ pyrone-based oxidopyrylium cycloaddition affords the 8-oxabicyclo[3.2.1]octene

intermediates, which can undergo acid-mediated ring-openings. While triflic-acid mediated

ring-openings of the molecules lead to α methoxytropolones,51 in the presence of BCl3,

some of these bicyclic compounds can go directly to the αHTs.52 Among the advantages to

our approach are the use of readily available alkynes, and the ability to bring in diverse

substitution patterns.
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Cyclopropanation/Cope rearrangment

While not applied directly to αHTs, Davies and coworkers have shown that a

cyclopropanation/Cope rearrangement strategy can be employed toward dimethoxytropones

that are only a demethylation reaction away from αHTs (Scheme 10).53 In this approach, a

series of vinyldiazomethane compounds were subjected to rhodium-mediated

cyclopropanation of highly oxidized dienes to afford cycloheptadienes. Upon subjecting

them to DDQ oxidation, 2,7-dimethoxytropones were formed.

Conclusion

αHTs have a broad range of bioactivity, and thus have the potential to serve as a common

pharmacophore through which new therapeutics can be developed. However, to date this

potential has not been fully gauged in large part due to a scarcity of synthetic chemistry-

driven structure-function studies. Thus, there are rich opportunities for researchers to

identify new enzymatic targets of αHTs, use the current methods in new and more thorough

structure-function studies, and develop new synthetic methods and strategies that could be

used in pursuit of therapeutically viable αHTs analogs.
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Figure 1.
α-Hydroxytropolone and related natural products.
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Figure 2.
Examples of thujaplicin natural product antifungal activity
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Figure 3.
Cytotoxic activity of tropolones against B16 melanoma
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Figure 4.
Representative examples from studies of puberulic acid against P. falcifarum chloroquine-

resistant K1 strain, and sensitive FCR3 strain.
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Figure 5.
Examples of tropolone activity against dinuclear metalloenzymes inositol monophosphatase

(IMPase), alkaline phosphatase (APase), and dopamine β-oxygenase (DBM), as well as the

hypothesized binding mode.
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Figure 6.
Examples of tropolone activity against RNase H enzymes, as well as a crystal structure

showing β-thujaplicinol bound to the active site (derived from pdb 3K2P).
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Figure 7.
Activity of 3,7-dihydroxytropolone and an acylated derivative against several HIV

antiretroviral targets.
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Figure 8.
Representative results of β-thujaplicinol and Merck napthyridinone activity against HBV

and XMRV RNase H. HBV RNase H IC50 value is with genotype D for comparative

purposes.
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Figure 9.
Activity of α-hydroxytropolone against PC-specific phospholipase C at pH 7.3 and 9.5,

along with compounds designed to mimic this inhibitory activity.
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Figure 10.
Inhibitory activity of select αHTs against ANT(2”) at various concentrations
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Figure 11.
Examples of synthetic modifications of 3,7-dihydroxytropolone and examples of their

inhibitory potency against various HIV antiviral targets.
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Figure 12.
Examples of manicol derivatives, along with HIV RT RNase H activity and cellular antiviral

and cytotoxicity data.
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Scheme 1.
Equilibrium constants of α-hydroxytropolone, and tropylium resonance form.
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Scheme 2.
Method for functionalizing 3,7-dihydroxytropolone, and inhibitory activity against inositol

monophosphatase.
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Scheme 3.
An example of an oxidation strategy toward αHTs and 3,7-dihydroxytropolones in the

synthesis of puberulonic acid.
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Scheme 4.
A cyclopropanation strategy in the total synthesis of stipitatic acid and puberulic acid from

1,2,4-trimethoxybenzene.
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Scheme 5.
Singlet Oxygen oxidation/cobalt-mediated rearrangement to form αHTs from

cyclopropanation-generated cyclohexatrienes.
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Scheme 6.
A cyclopropanation/ Grob fragmentation strategy in the synthesis of β-thujaplicinol from

1,4-cyclohexadiene
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Scheme 7.
A cyclopropanation/Grob fragmentation strategy in the synthesis of puberulic acid
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Scheme 8.
[4+3] Cycloaddition approach to α-hydroxytropolones leveraging the ring-opening of 8-

oxabicyclo[3.2.1]octenes
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Scheme 9.
An oxidopyrylium cycloaddition/ring-opening route to α-hydroxytropolones. The ring-

opening can be conducted with either triflic acid or boron trichloride, the latter of which will

often lead directly to the α-hydroxytropolone.
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Scheme 10.
A cyclopropanation/Cope rearrangement strategy to highly oxidized tropones.
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