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ABSTRACT 

Recently, a series of selective human carboxylesterase inhibitors have been identified 

based upon the tanshinones, with biologically active molecules containing a 1,2-dione 

group as part of a naphthoquinone core. Unfortunately, the synthesis of such 

compounds is complex. Here we describe a novel method for the generation of 1,2-

dione containing diterpenoids using a unified approach, by which boronic acids are 

joined to vinyl bromo-cyclohexene derivatives via Suzuki coupling, followed by 

electrocyclization and oxidation to the o-phenanthroquinones. This has allowed the 

construction of a panel of miltirone analogues containing an array of substituents 

(methyl, isopropyl, fluorine, methoxy) which have been used to develop preliminary SAR 

with the two human carboxylesterase isoforms. As a consequence, we have 

synthesized highly potent inhibitors of these enzymes (Ki <15nM), that maintain the core 

tanshinone scaffold. Hence, we have developed a facile and reproducible method for 

the synthesis of abietane analogues that have resulted in a panel of miltirone 

derivatives that will be useful tool compounds to assess carboxylesterase biology. 
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INTRODUCTION 

Carboxylesterases (CEs1) are ubiquitous enzymes that are responsible for the 

hydrolysis of ester containing molecules, typically xenobiotics.[1-3] This includes natural 

products such as cocaine and heroin[4, 5], many clinically used drugs (oseltamivir, 

meperidine, lidocaine, procaine, etc)[6, 7] as well as agents used in the agricultural 

industry (e.g., malathion, aldicarb).[8, 9] Since CEs are responsible for the activation 

and inactivation of such compounds, modulating their enzymatic activity may have a 

significant effect on the biodistribution and toxicity of the small molecules. Indeed, we 

have demonstrated that compounds such as benzil, a potent inhibitor of human CEs, 

can significantly modulate the cytotoxicity of CPT-11, an anticancer prodrug that this 

activated by this class of enzymes.[10, 11] In efforts to try and identify CE inhibitors in 

natural products, we recently determined that the Chinese herbal medicine Danshen 

contains significant amounts of such compounds. These molecules (principally, 

tanshinone IIA and miltirone), share structural features with benzil (1,2-dione moiety), 

are cell permeable, and can modulate ester-containing prodrug hydrolysis mediated by 

CEs.[12]  

 

The abietane class of terpenoids have a unique scaffold composed of polycyclic 

fused rings, and may contain an ortho-quinone moiety (e.g., miltirone and the related 

tanshinones). While several reports describe the generation of these compounds to 

produce libraries of analogues[13, 14], until now, these synthetic efforts required 

                                                           
1 Abbreviations used in this manuscript: CE – carboxylesterase; CPT-11 – irinotecan, 7-
ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxycamptothecin; hAChE – human 
acetylcholinesterase; hBChE – human butyrylcholinesterase; hCE1 – human liver CE; 
hiCE – human intestinal CE; o-NPA – o-nitrophenyl acetate. 
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upwards of 10 linear steps in order to furnish each compound.[15-17] In an effort to use 

these molecules to act as probes to understand the architecture of the CE active sites, 

and potentially design prototypic molecules that could be used to modulate drug 

disposition in vivo, we sought to generate a panel of tanshinone analogues. However, 

due to the complexity of the synthesis of such compounds, a novel route was required. 

The scheme that we have devised takes advantage of a modular approach, suitable for 

rapid library generation and evaluation of new compounds. 

Initially, we attempted to replicate the work by Snyder and coworkers, who 

employed sonication-enhanced Diels-Alder annulations.[15, 16] However, these 

intermolecular cyclizations were relatively inefficient, and were compounded by the fact 

that each of the various dienes were laborious to synthesize. Furthermore, a review of 

the literature indicated that no truly efficient approach existed by which miltirone-like 

compounds could be rapidly synthesized and that were amenable to producing defined 

analogue libraries.[17-24] Therefore, drawing upon inspiration from Harvey and 

coworkers, we devised a method by which decorated phenanthrols could be converted 

to o-quinones.[25-27] The methodology that we have developed is relatively facile, can 

be used to rapidly generate different regioisomers, and requires mild reagents and 

protection strategies. We describe here, the chemistry associated with this approach 

and the development of a small library of miltirones that demonstrate potent and 

selective inhibition of human CEs. 
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Materials and Methods 

Reagents and instrumentation 

Unless otherwise noted, all reactions were carried out under nitrogen using anhydrous 

solvents.  All reagents were used as-is from commercial sources and were of ACS 

grade or better. A detailed description of the synthesis and characterization of all 

compounds used in this article is reported in the Supporting Information. Compounds 

were purified using silica cartridge and high pressure chromatography. NMR spectra 

(1H, 13C and 19F) of purified molecules dissolved in DMSO-d6, CDCl3 or CHCl3, were 

taken on either 400 MHz Bruker Avance or 500 MHz Bruker Ascend spectrometers with 

TMS or fluorobenzene as standards. A Waters Acquity UPLC – Xevo G2 QTOF 

spectrometer was used to determine purity and collect HRMS data.  

Chromatographically pure human CEs, hCE1 and hiCE, were generated as 

previously described[5, 28] and human acetyl- (hAChE) and butyrylcholinesterase 

(hBChE) were obtained from Sigma Biochemicals (St., Louis, MO).  

Enzyme inhibition 

Inhibition of CEs was determined in 96 well plates using 3mM o-nitrophenyl acetate (o-

NPA) as a substrate.[10] Briefly, inhibitors (dissolved in DMSO) were aliquoted into 

individual wells containing 50mM Hepes, pH7.4 and o-NPA, and the reaction was 

initiated by the addition of enzymes. All data points assays were run in triplicate, at least 

8 concentrations of inhibitor were used and samples were compared to DMSO-alone 

treated controls. Results were fitted to a multifactorial equation[29] and then analyzed 

using Akaike’s information criteria[30, 31] to assess the best model for CE inhibition. 

Once established, data were plotted using Prism (GraphPad, La Jolla, CA) and Ki 

values were determined from derived curve fits. 
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A determination of the inhibition of hAChE or hBChE was undertaken in a similar 

fashion except that acetylthiocholine or butyrylthiocholine were used as a substrates, 

respectively.[32, 33] Inhibitors were assayed at a single concentration (5µM).  

Computer-assisted docking 

Compounds were docked into the active site of hCE1 using ICMPro software (Molsoft, 

San Diego, CA) and the x-ray coordinates derived from PDB: 1MX1.[34] Small 

molecules were minimized and docked within the active site using standard program 

descriptors. To maximize the accuracy of the finals models, the ‘Thoroughness’ 

parameter was set to 10. Distances from the serine Oγ atom to the carbonyl carbon 

atoms present within the 1,2-dione were then measured. Statistical correlations 

between these datasets and the Ki values for the human CEs were evaluated using 

Prism software. 
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RESULTS AND DISCUSSION 

Retrosynthetic strategy 

Previous analysis of biologically active 1,2-diones and the tanshinone structures 

indicated that this chemotype was essential for enzyme inhibition, presumably to act as 

a target for the active site serine residue in CEs.[12] In addition, the potency and 

substrate specificity of such compounds was significantly modulated by the groups 

appended to the core cyclic structure. Using this as a guide, we developed a 

retrosynthetic approach towards the synthesis of such molecules by joining two 

fragments that would allow for the introduction of chemical diversity and generate the 

1,2-dione chemotype (Scheme 1).  This was accomplished by the use of Suzuki 

reactions to couple vinyl bromo aldehydes (4) with phenylboronic acids (5) to yield enol 

ethers (3). Subsequent acid-mediated electrocyclization of 3 would then generate the 

tricyclic compounds (2), which following subsequent deprotection and oxidation would 

yield the corresponding naphthols and o-naphthoquinones (1). This segmented 

approach would be amenable to library generation since a myriad of substituted 

phenylboronic acids and vinyl bromo-aldehydes can be readily obtained and/or 

synthesized. 

Therefore, to accomplish the above scheme, the synthesis of two classes of 

reactants was required: a panel of bromovinyl aldehydes that allowed for the formation 

of the central aromatic rings and the introduction of diversity on the left hand side of the 

molecule; and a series of boronic acids or esters, that allow for the construction of the 

1,2-dione and provides sufficient flexibility to permit inclusion of a variety of chemotypes 

for analogue synthesis.  

Development of required reagents 
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a) Bromovinyl aldehydes 

The appropriate vinylbromo-aldehydes 4 were synthesized by subjecting 

cyclohexanone derivatives to Vilsmeier-Haack conditions[35]. Using this approach, we 

have generated 18 compounds with yields ranging from 40 – 70%. In general, these 

reactions proceeded well, and due to their versatility, we have been able to adapt them 

to a panel of substituted cyclohexanes and benzene derivatives. As indicated in 

Scheme 2, this allows for significant diversity to be introduced into these molecules, and 

allows for generation of novel miltirone analogues. 

b) Boronic acids/esters 

In general, the boronic acids (5) used to generate the right hand side of the miltirone 

analogues were either purchased or synthesized using standard approaches[36, 37]. 

Typically boronic acids were generated from bromobenzene derivatives with the desired 

substituents. Treatment of the bromobenzenes with butyllithium followed immediately by 

triisopropyl borate and quenching with aqueous acid provided the desired boronic acids 

in good yields. Using this methodology, we acquired or generated 8 building blocks 

(Scheme 3) that allowed for the inclusion of a variety of substituents at the 2- and 3- 

positions. This included fluorine, simple alkyl substituents and methoxy groups, and 

suggests that other chemotypes could be readily incorporated into these molecules.  

Synthesis of miltirone analogues 

Scheme 4 outlines the synthetic route used to generate miltirone analogues. The 

vinylbromo-aldehydes 4 were converted into methyl enol ethers 7 in good yields (75-

80%) using Wittig reagent 6. This was then joined to boronic acids (or boronic ester) 5 

in high yields by palladium tetrakis(triphenylphosphine)-catalyzed Suzuki coupling.[38] 

Subsequent acid-catalyzed electrocyclization/aromatization furnished the tricyclic 
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intermediate 2 and the minor regioisomer 8, which, following deprotection, gave rise to 

phenols 9 and 10 over two steps. Subsequent treatment of these phenols with 2-

iodoxybenzoic acid (11) produces the o-quinones 1 and 12.[26] The route has been 

optimized such that overall yields are as high as 38%, starting from the vinyl bromo-

aldehyde.  

Synthetic efforts to generate and use derivatives of enol ether 7 were taken with 

care as these dienes were relatively unstable and appeared to self-condense 

(dependent upon the concentration of the solution). Due to their apparent limited shelf 

life, these compounds were synthesized and typically used within 24 hours of 

purification. If necessary, they were stored at 4C as dilute solutions in diethyl ether 

before use. However, the overall yields of miltirone analogues generated from this 

synthetic route from derivatives of enol ether 7 were up to 40%.  

In some instances, the harsh conditions required to unmask the naphthol from a 

methyl ether were not amenable to analogues with oxygen-containing functionalities, 

requiring protecting groups that could be removed under milder deprotection conditions, 

specifically as tert-butyldimethyl silyl ethers.  In addition, to eliminate potential losses 

from purification and chromatography, the crude tricyclic intermediates were directly 

deprotected to yield the resulting naphthols.  This step typically increased overall yield 

by 10-15%. 

Introduction of diversity 

As shown, the above route allows for a fair degree of chemical diversity on either end of 

the molecule. On the quinone portion, decorations are nearly limitless, depending upon 

the commercial availability of boronic acids/esters or their ease of synthesis. Suzuki 

couplings were conducted in tetrahydrofuran to maximize solubility of both coupling 
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partners and were adapted from a similar coupling by Frontier and co-workers.[38]  In 

some cases, when yields of the Suzuki coupling were poor, a “ligandless” catalyst 

method was employed. In a modified approach, vinylbromo aldehydes 4 were directly 

attached to the boronic acid using a palladium acetate-mediated Suzuki coupling 

(Scheme 5). The resulting vinyl benzene cyclohexenal products 14 were then converted 

to the enol ether using the same Wittig reagent as per the normal route. This approach 

was less desirable from a library-generation perspective as the branch point for adding 

diversity is added earlier in the reaction sequence. However, this approach also 

illustrates the broader applicability and overall flexibility of the strategy. 

This approach allows for a fair degree of chemical diversity on either end of the 

molecule by taking advantage of the modular approach (Table 1). Inclusion of a pyran 

within the scaffold in the left-hand ring demonstrates the utility of this approach towards 

generating heterocyclic analogues of these compounds. Significant modification also 

can be introduced into the quinone moiety to provide numerous analogues, dependent 

upon the commercial availability of boronic acids/esters and/or their ease of synthesis. 

Occasionally the product quinones were relatively unstable, however this tended to 

occur only with compounds containing electronegative substituents on the C ring. We 

believe that compounds bearing electron-donating groups possess longer shelf-lives as 

they are less prone to the aromatization. Additionally, LCMS data strongly suggested 

that dimerization via an inverse-demand hetero Diels-Alder cycloaddition could account 

for decomposition. 

Inhibition of human CEs by miltirone analogues 

Having generated a panel of miltirone analogues in good yield, we assessed their ability 

to inhibit both hCE1 and hiCE, using o-NPA as a substrate. As indicated in Table 2, the 
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majority of the novel compounds were more potent than the natural product towards the 

former enzyme. For example, molecules 1Ad  and 1Be yielded Ki values that were 

~210- and ~175-fold lower, respectively, than that seen for miltirone. While potency 

towards hiCE was comparable to that seen for the natural product, several analogues 

demonstrated increased potency (e.g., 1Bd  and 1Bf ). Indeed, 1Bd  was the most potent 

non-selective analogue, inhibiting both hCE1 (Ki = 42nM) and hiCE (Ki = 15nM) with 

similar efficacy. However, selectivity was also observed, and in some instances the 

relative potencies towards the different CE isozymes differed by ~60-fold, comparable to 

miltirone. For example, 1Bf  demonstrated Ki values of 31.2nM and 1,871nM for hiCE 

and hCE1, respectively with a comparable ratio being observed for 1Cf (Ki values of 

4,204nM with hCE1 and 70.7nM for hiCE; Table 2). Interestingly, while the selectively 

between the different enzymes was highly variable, it was not readily apparent which 

parts of the molecules contributed to the specificity of inhibition. Overall however, even 

in this small series of analogues, we have increased the potency of molecules that 

contain the miltirone scaffold towards hCE1 by 200-fold (see inhibition data for 1Ad ), 

and to hiCE by ~3-fold (compound 1Bd ). 

Gratifyingly, none of the compounds demonstrated any appreciable inhibition of 

hAChE, with an observed maximum of 30% by 1Cf at 5µM. Two molecules did inhibit 

hBChE (54% and 62% for 1Aa and 1Ad , respectively at 5µM), however these studies 

confirm that the synthesized analogs are not promiscuous inhibitors of human 

esterases, and demonstrate considerable selectivity for CEs.  

The compounds synthesized were chosen to evaluate three main properties 

within the quinone portion: the relative steric bulk; the overall hydrophobicity of the 

molecule; and the biological effect of modulating the electronegativity of groups 
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appended adjacent to the 1,2-dione chemotype. Initially, we focused on the quinone 

portion of the molecule, hypothesizing that altering the electrophilicity of the carbonyl 

carbon atoms would allow more facile attack by the serine Oγ atom present within the 

CE active site. Therefore analogues were generated containing both electron-

withdrawing and donating groups as substituents, expecting that the more electron-

deficient quinones would be more electrophilic, and thus more potent inhibitors. As 

anticipated, the electron-withdrawing nature of the fluorine on analogues 1Ad , 1Ae, and 

1Be results in compounds with significantly greater potency, particularly with regard to 

hCE1 (Table 2). Indeed, these represent some of the most effective inhibitors of this 

isozyme. However, with hiCE, the most potent compounds possess either larger alkyl or 

fluoro substituents at the α-position relative to the dione (e.g., 1Bf , 1Cf and 1Bd ). While 

the former group can be considered to be electronically neutral, they add more steric 

bulk to the molecules and as such may play a crucial role in the positioning of the 

compounds within the active site. In addition, the alkyl substituents significantly increase 

the logP of these molecules, however in this limited series of analogues, the inclusion of 

these groups did not dramatically increase the biological activity of the 1,2-diones as 

compared to miltirone. 

Addition of fluorine, either in the α or β position with respect to the 1,2-dione 

group for the less complex molecules, resulted in significant increases in inhibitory 

potency for both human CEs. For example, 1Ad  and 1Ae are 10- and 5-fold more 

potent than the unsubstituted analogue (1Aa) with regard to hCE1 (Table 2). This is 

likely due to an increase in electropositivity of the carbonyl carbon atom allowing for 

more facile attack by the serine Oγ atom, the initial step in the interaction between the 

enzyme and the small molecule inhibitors. However, this was not obviously apparent for 
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the gem dimethyl substituted compounds, as exemplified by molecules 1Ba, 1Bd , 1Be 

and 1Bg . Essentially, no large changes in the Ki values were observed by inclusion of 

the fluorine atoms in these compounds when assayed against hCE1. Interestingly, the 

α-fluoro-substituted analogue (1Bd ) was ~23-fold more potent towards hiCE than 1Ba, 

and the disubstituted molecule 1Bg  also demonstrated increased potency (~8-fold). 

These results argue, that for this enzyme, the group appended immediately adjacent to 

the carbonyl carbon atom significantly impacts the activity of the compound. This was 

also observed in the α-methyl-substituted derivative (1Bb ) which is ~4-fold more potent 

towards hiCE, but ~75-fold less active against hCE1 (Table 2). Our data indicate that 

the substitutions in this region play a significant role both in inhibitor potency and 

isozyme selectivity. 

Similarly, effects of substituent on the A ring have been considered from three 

perspectives: hydrophobicity; the steric bulk associated with this domain; and the 

planarity of the overall molecule. Specifically, we compared the biological activity of 

compounds containing a either a benzene or cyclohexyl ring, or those containing the 

geminal-dimethyl groups at various positions within the latter. A direct comparison of the 

effect of aromaticity was demonstrated by compounds 1Ad  and 1Dd. The latter 

compound (A ring = benzene) demonstrated reduced potency towards hCE1 (4-fold) 

than the former molecule (A ring = cyclohexyl), but was ~2-fold more potent towards 

hiCE (Table 2). Due to the similarity in the clogP values of these two small molecules, it 

would appear that a change in conformation (1Dd would be more planar, whereas 1Ad  

possesses more bulk) likely influences enzyme inhibition. Interestingly, an analogue 

containing geminal-dimethyl groups within the cyclohexyl ring (1Bd ), was considerably 

more potent than the parent compound (1Ad ) towards hiCE. It should be noted 
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however, that 1Bd  is likely to be much more hydrophobic (clogP values for 1Ad , 1Dd, 

and 1Bd  were calculated to be 2.85, 2.45 and 3.89, respectively using ChemBioDraw 

Ultra) than 1Ad . Overall these results indicate that it is a combination of factors (steric 

bulk, hydrophobicity, etc) that impact inhibitor potency with this class of molecules. 

This was further demonstrated by comparing compounds 1Ab , 1Bb , and 1Cb. As 

can be seen from Table 2, the addition of the geminal dimethyl groups does not 

drastically impact the potency of these molecules toward hCE1 with 1Cb being the most 

effective (although still in the mid nM range). Additionally, with hiCE, the 3-substituted 

compound (1Bb ) was more effective than the molecule that maintains the 2-substitution 

(1Cb). This is potentially due to steric clashes within the hiCE active site, since there 

was no statistically significant correlation observed between the hiCE Ki values and the 

clogP of the molecules. In past studies with other 1,2-dione-containing structures, we 

have observed good correlations between these parameters[39].  

Molecular docking of miltirone analogues  

Having generated a panel of miltirone-derived CE inhibitors that demonstrated biological 

activity, we sought to determine whether computer docking studies might allow for a 

determination of the potency of such molecules. Therefore, we used ICM Pro to dock 

the respective compounds into the active site of hCE1 using the crystal structure 

coordinates of this protein (1MX1). Following docking, the distances from the serine Oγ 

atom to the carbonyl carbon atoms (the point at which this amino acid would attack the 

1,2-diones) was determined (Table 3). As indicated in Table 4, there were weak linear 

correlations between the potency of hCE1 inhibition and the docking of the molecules 

within the active site when assessing either the interatomic distances, or the clogP 

values of the small molecules (r2 values of ~ 0.5). However, when correlation tests were 
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performed using these same datasets, highly significant Pearson r values were obtained 

(P<0.001; Table 4). Unfortunately, using this information to design more potent 

inhibitors is unlikely to be fruitful. However, these analyses do allow a gross analysis of 

inhibitor binding and, as can be seen in Figure 1, 1Be docks in a different conformation 

to miltirone. Since the difference in potency of these two molecules towards hCE1 is 

~180-fold, these results argue that the more efficacious analogues localize within the 

active site in an alternative manner to the natural product. Presently, the crystal 

structure of hiCE has not been determined, and hence we have been unable to perform 

similar studies with this enzyme.  

Advantages of the developed methodology 

The described Suzuki coupling approach should work well with most β-bromovinyl α-β 

unsaturated aldehydes and aromatic boronic acids. Due to the robustness of the 

reaction, the building-block strategy we have developed towards generating polycyclic 

compounds, allows for the installation of diverse functionality within either portion of the 

molecule.  Additionally, we have demonstrated the ability to generate heterocyclic 

precursors for incorporation into this class of compounds as exemplified by compound 

1Eb (Table 1). However, it is likely that the elaboration of more complex functional 

groups may require forethought before developing syntheses adhering to this route. 

While the methods originally described by Harvey and co-workers used exclusively 

aromatic building blocks[26], we have demonstrated that more saturated starting 

materials can be coupled with considerable success. In doing so, we have 

demonstrated a facile route towards diversely-substituted polycyclic aromatic 

compounds, a scaffold common to many terpenoid natural products and derivatives. 

Furthermore, due to the commercial availability, and ease of synthesis of boronic acids, 
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this approach also requires minimal synthetic manipulations to yield analogues that can 

be used to develop structure-activity relationships. 

Other approaches to this class of compounds have used Diels-Alder annulations 

or involved cascade cyclizations to generate polycyclic molecules.[15-17, 21]  The 

major drawbacks to these strategies is the laborious synthetic work required to yield the 

key intermediates, typically requiring multiple synthetic steps. As a consequence, this 

results in generally lower yields of the final products and reduced cost effectiveness.  

Additionally, these routes tend to be linear and do not offer many opportunities for the 

introduction of diversity without significant modification of the chemistry. The approach 

described here minimizes the material requirements to generate each analogue, results 

in high overall yields, and is suitable for small scale library generation.  

Synthetic efforts by Snieckus and coworkers have employed a similar strategy by 

which key bonds are formed using Suzuki couplings, followed by annulations via ortho-

metalation/condensation onto pendant amides.[40, 41] These approaches have been 

employed towards the synthesis of fully aromatic phenanthrenes and β-lapachone. 

However, there are functional group incompatibilities that exist in the former, and the 

generation of the natural product requires at least 8 steps. Hence there are potential 

limitations of these methods. Our route provides access to compounds containing a 

saturated A-ring in a far more efficient manner.  

It is also worth noting the regioselectivity of the annulation, as two regioisomers 

are typically generated using this route (compounds 9 and 10 in Scheme 4). Scheme 6 

illustrates how the selectivity between these isomers is dictated by competing steric and 

electronic forces within the benzene portion of intermediates 3a and 3b. Since free 

rotation can occur around the carbon-carbon bond between the benzene and 
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cyclohexenyl rings, such movement juxtaposes either the Y or the OP groups adjacent 

to the diene. It can be postulated that an electron-withdrawing group would reduce the 

nucleophilicity of the benzene at the 2’ position allowing the 6’ position to act as the 

intramolecular nucleophile. As a result, those compounds bearing a large or electron-

withdrawing group at the 3’ position would overwhelm the steric interactions imposed by 

the protective group (P) on the 5’ oxygen, thereby producing the “undesired” isomer 

(10).  Thus, in these cases, larger protective groups were used to favor an equilibrium 

that ensured the formation of the desired regioisomer (9). For example, with 3Ae and 

3Be, where X and Y represent H and F, respectively (Schemes 1 and 4, Table 2), the 

yield of the desired isomer was relatively low (~35:65, 2:8) when the 5’ oxygen was 

protected as a methyl ether. However, when these cyclization reactions were 

undertaken with a larger protective group (e.g., tert-butyldimethylsilyl ether), the 

selectivity was inverted and improved to ~65:35 (2:8).’ 

Our primary future interests lie in generating members of the tanshinone 

subclass of terpenoids, based upon our successful implementation of this approach, 

specifically towards miltirone analogues.  Given their known biological activity, we have 

generated several analogues of these compounds.  Furthermore, the wide range of 

biological activities exhibited by similar terpenoids, including those isolated from Salvia 

species, may make them attractive synthetic targets.[42-47] We anticipate that such 

compounds could be readily synthesized, using in the described approaches, with 

minimal modification.  Consequently, most of our synthetic efforts are focused on 

generating the Suzuki coupling precursors i.e., building in substitutions and functionality 

prior to the key carbon-carbon bond forming step. Following this methodology, we can 

develop more complex boronic acids with relative ease and apply them towards the 
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generation of more complex polycyclic compounds. Given the relative ease with which 

the necessary bromovinyl aldehydes are generated, a wide array of precursor cyclic 

ketones can be used, provided they tolerate of the conditions used to install the β-

bromovinyl α-β unsaturated aldehyde functionality. Due to the flexibility and efficiency of 

this approach, such studies are currently underway. 

CONCLUSIONS 

A facile synthetic route towards abietane analogues has been developed which can be 

applied to incorporate a variety of functional groups.  These syntheses are the shortest 

routes to date of this class of molecule.  Furthermore, the flexibility inherent in the 

modular approach makes it ideally suited towards generating libraries of this class of 

compounds. Using this synthetic approach, we have synthesized a growing library of 

abietane analogues which have demonstrated varying degrees of inhibition of human 

CEs, some of which are highly potent, with Ki values in single-digit nanomolar 

concentrations. Furthermore, these compounds are not promiscuous inhibitors of 

human esterases, indicated by their selectivity for CEs. As more molecules are 

generated, a more complete structure-activity relationship will become apparent and will 

guide the development of biological tools that can be used to assess CE activity and 

function, both in vitro and in vivo. 
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Table 1. Reactants, products and yields of 1,2-diones synthesized using the strategy 

described herein. 

 

Vinyl 

bromoaldehyde 

Boronic a cid  Quinone product  Overall 

yield 

 

4A 

 

5a 1Aa 

 

 

22% 

 

4A 
5b 

          

1Ab 

 

 

21% 

 

4A 
5c 

1Ac  

 

 

21% 

 

4A 

 

5d 
1Ad 

 

 

17% 

 

4A 

 

5e 
1Ae 

 

 

21% 
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4A 

 

5f 1Af  

 

 

16% 

 

4B 

 

5a 
1Ba 

 

 

18% 

 

4B 
5b 

1Bb 

 

 

24% 

 

4B 

 

5d 1Bd 

 

 

23% 

 

4B 

 

5e  

1Be 

 

 

19% 

 

4B 

 

 

5f 

1Bf  

 

 

22% 
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4B 

 

5g 1Bg 

 

 

14% 

 

4B 
5h 

1Bh 

 

 

26% 

 

4C 

 

5b 
 1Cb 

 

 

21% 

 

4C 

 

5f 
1Cf 

 

 

21% 

 

4D 

 

5a 1Da 

 

 

30% 

 

4D 

 

5d 1Dd 

 

 

29% 

  

 

 

28% 
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4E 14b 1Eb 
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Table 2. Inhibition of human CEs by miltirone analogues 

 

 

 

ID X, Y A ring  hCE1 K i 

(nM) 

hiCE K i 

(nM) 

K i selectivity 

hCE1/hiCE 

hAChE  

inhibition (%)  

at 5µM 

hBChE  

inhibition (%)  

at 5µM 

1Aa H, H Chxa 131 ± 14 2178 ± 133 0.06 0 54 

1Ab CH3, H Chx 1223 ± 107 423 ± 9.4 2.9 5 4 

1Ac H, CH3 Chx 25.1 ± 2.4 ≥10000 <0.01 13 30 

1Ad F, H Chx 12.2 ± 1.1 112 ± 9.7 0.11 16 62 

1Ae H, F Chx 25.9 ± 5.6 171 ± 8.3 0.15 4 33 

1Af  iPr, H Chx 1054 ± 262 111 ± 19 39 16 1 

Miltirone iPr, H 

 

2530 ± 

1,040 
40 ± 3.4 63 22 6 

1Ba H, H 

 

31.9 ± 2.3 341 ± 30 0.09 2 13 

1Bb CH3, H 

 

2425 ± 146 87.9 ± 5.4 27.6 0 1 

1Bd F, H 

 

42.0 ± 7.9 14.6 ± 1.7 2.9 3 23 

1Be H, F 

 

14.4 ± 3.8 386 ± 72 0.04 10 15 
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1Bg F, F 

 

102 ± 24 43.3 ± 16 2.3 4 1 

1Bf iPr, H 

 

1871 ± 386 31.2 ± 2.9 60 20 4 

1Bh 
OCH3, 

H 
 

42.5 ± 2.4 159 ± 24 0.3 2 1 

1Cb CH3, H 

 

495 ± 49 182 ± 32 2.7 1 2 

1Cf iPr, H 

 

4204 ± 607 70.7 ± 2.4 59.5 30 3 

1Da H, H Benzene 942 ± 89 ≥10000 <0.06 16 13 

1Dd F, H Benzene 48.7 ± 12 51.3 ± 9.7 0.48 8 3 

1Eb CH3, H 

 

≥10000 ≥10000 N/A 27 0 

 

[a] Chx – Cyclohexane 
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Table 3. Molecular docking parameters with hCE1, and clogP values for synthesized 

compounds. 

 

ID hCE1 Ser221 Oγ - carbonyl 

distances (Å) 

(total distance) 

hCE1 Ser221 Oγ - carbony l 

distances (Å); serine charged  

(total distance) 

ClogP  

1Aa 3.41, 3.49 

(6.90) 

3.36, 3.67 

(7.03) 

2.47 

1Ab 3.22, 3.24 

(6.46) 

5.1, 5.4 

(10.5) 

2.99 

1Ac 3.11, 3.12 

(6.23) 

3.12, 3.47 

(6.59) 

2.99 

1Ad 3.31, 3.37 

(6.68) 

3.04, 3.34 

(6.38) 

2.85 

1Ae 3.15, 3.23 

(6.38) 

3.10, 3.47 

(6.57) 

2.45 

1Af  3.20, 3.42 

(6.62) 

5.67, 5.91 

(11.58) 

3.92 

Miltirone 
7.31, 7.86 

(15.17) 

5.79, 5.99 

(11.78) 
4.96 

1Ba 
3.12, 3.15 

(6.27) 

3.08, 3.08 

(6.16) 
3.51 

1Bb 
3.45, 3.63 

(7.08) 

7.02, 7.94 

(14.96) 
4.03 

1Bd 
3.16, 3.26 

(6.42) 

7.08, 8.04 

(15.12) 
3.89 

1Be 3.02, 3.07 2.99, 3.02 3.49 
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(6.09) (6.01) 

1Bg 
3.15, 3.26 

(6.41) 

3.47, 3.75 

(7.22) 
3.86 

1Bf 
3.66, 3.88 

(7.54) 

3.69, 3.86 

(7.55) 
4.96 

1Bh 
3.07, 3.12 

(6.19) 

4.47, 5.53 

(10.00) 
3.44 

1Cb 
2.64, 2.86 

(5.50) 

7.06, 7.94 

(15.00) 
4.03 

1Cf 
5.95, 6.15 

(12.1) 

5.80, 6.01 

(11.81) 
4.96 

1Da 3.45, 3.48 

(6.93) 

4.77, 5.64 

(10.41) 

2.08 

1Dd 3.39, 3.41 

(6.80) 

4.46, 5.62 

(10.08) 

2.45 

1Eb 
3.2, 3.24 

(6.44) 

4.16, 5.16 

(9.32) 
0.74 
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Table 4. Statistical tests for correlations of physical parameters with enzyme inhibition 

data 

Comparator 1a Comparator 2 
Linear regression 

(r2) 
Pearson r P value 

hCE1 Ki 

Smallest Oγ - carbonyl distance 0.55 0.743 <0.001 

Total Oγ - carbonyl distances 0.55 0.745 <0.001 

Smallest Oγ - carbonyl distance; 

charged serine 
0.24 0.486 0.041 

Total Oγ - carbonyl distances; 

charged serine 
0.19 0.435 0.071 

clogP 0.44 0.666 0.003 

hiCE Ki clogP 0.20 -0.442 0.086 

 

a – Compounds that demonstrated no inhibition for the respective enzyme (i.e., Ki ≥ 

10,000nM) were excluded from these analyses. 
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Legends 

Scheme 1.  Retrosynthetic strategy for the synthesis of 1,2-dione containing abietane 

diterpinoids. 

Scheme 2.  Synthesis of vinyl bromoaldehydes and their application towards the 

generation of different tanshinone analogues. 

Scheme 3.  General approaches used for the synthesis of boronic acids. 

Scheme 4.  Overall reaction scheme for synthesis of the compounds described here. 

Scheme 5.  Palladium acetate-mediated coupling of vinyl bromoaldehydes to boronic 

acids. 

Scheme 6. Regioselectivity of formation of 2 and 8 is dictated by steric and electronic 

effects of benzene ring substituents.  

Figure 1.  Computer-aided docking of miltirone (grey) and 1Be (yellow) into the active 

site of hCE1. 

Distances from the active site serine Oγ atom to the carbonyl carbon atoms of the 1,2-

diones are indicated in Ångtroms.   
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Scheme 1. 
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Scheme 2.  
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Scheme 3. 
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Scheme 4.  
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Scheme 5.  

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

44 

 

Scheme 6. 
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Highlights 

● Novel, facile methods for the synthesis of miltirone analogues 

● Allows for extensive analog generation and SAR 

● Selective, non-promiscuous, human carboxylesterase inhibitors have been 

generated 

 


