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A Catalytic Oxidative Quinone Heterofunctionalization Method – 
Synthesis of Strongylophorine-26 

Wanwan Yu+, Per Hjerrild+, Kristian M. Jacobsen, Henriette N. Tobiesen, Line Clemmensen, Thomas 
B. Poulsen*[a]

Abstract: The preparation of heteroatom-substituted p-quinones is 
ideally performed by direct addition of a nucleophile followed by in situ 
reoxidation. Albeit an appealing strategy, the reactivity of the p-
quinone moiety is not easily tamed and no broadly applicable method 
for heteroatom functionalization exists. Here, we show that Co(OAc)2 
and Mn(OAc)3•2H2O act as powerful catalysts for oxidative p-quinone 
functionalization with a collection of O, N, and S-nucleophiles using 
oxygen as the terminal oxidant. Preliminary mechanistic observations 
and the first synthesis of the cytotoxic natural product 
strongylophorine-26 is presented. 

Quinones have a strong propensity for undergoing proton-
coupled electron-transfer reactions,[1] which has spurred 
numerous applications within materials/polymer science[2] and 
chemical biology.[3] While redox cycling of quinones has been 
harnessed for powerful oxidative transformations,[4] the redox 
characteristics of unprotected quinones limit their utility as 
chemical reactants. The introduction of heteroatoms onto the 
quinone ring affords increased stability and these groups are 
prevalent in bioactive natural products (Scheme 1A),[5]  
underscoring the value of efficient synthetic methods. Here, we 
report a novel and broadly applicable quinone-
heterofunctionalization reaction, which we have employed in the 
first synthesis of the cytotoxic meroterpenoid strongylophorine-26 
(STR-26, 1). 

We earlier achieved the first synthesis of strongylophorine-2 
(STR-2, 2, Scheme 1B)[6] – a potential synthetic precursor to other 
STR natural products. In this respect, STR-26 (1, Scheme 1B) is 
of particular interest as 1 has been reported to depolarize cancer 
cells by actin-remodeling.[7,8] These effects likely underlie the 
potent cytotoxicity of 1, but the detailed mechanism is unknown. 
In solution, STR-26 (1) exists in an equilibrium between the 6´-
methoxy-quinone and two diastereomeric hemiketals involving 
the C3-hydroxyl group (Scheme 1B).[7] To prepare 1 from 2, 
oxidative opening of the 4’-phenoxychromane ring and installation 
of the methoxy substituent are required. We initially aimed for 
functionalization of the chromane moiety prior to oxidative 
opening (Scheme 1C, Pathway-A), but despite considerable 
efforts this strategy could not be realized (see Table S1 and 
Scheme S1, Supporting Information). 

Next, we considered direct methoxylation of p-benzoquinone 
3, which can be generated by NaIO4-oxidation of 2.[6] While 

ostensibly an attractive option (Scheme 1C, Pathway-B), the 
advantage of applying this approach had not been exploited. 
Indeed, a literature survey revealed the lack of a general method 
for p-benzoquinone alkoxylation. 

 

Scheme 1. Heteroatom-functionalized quinone natural products and strategies 
for constructing STR-26 from STR-2. 

Recently, the Lumb lab reported an excellent method for the 
aerobic coupling of phenols to o-quinones, but this system was 
unable to functionalize p-quinones.[9] In fact, the evaluation of the 
methods known to us[10] in a simple quinone test system (4) was 
not encouraging (Figure 1), as we observed either no reactivity, 
or complex mixtures containing only small quantities of mono-
methoxyquinone 6a.  

These discouraging results likely reflect the propensity of p-
benzoquinones to dimerize and oligomerize under both acidic and 
basic conditions.[11] Interestingly, a control experiment revealed 
that simply heating 4 in MeOH under oxygen was superior to all 
other conditions that we had tested at this point affording 6a in 
mediocre yield at full conversion of 4 (Figure 1). While somewhat 
encouraging, this reactivity is not general.[12] We hypothesized 
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that an additive could be identified which would accelerate both 
nucleophilic addition and reoxidation of a putative hydroquinone 
intermediate, leading us to perform a broad screen of metal salts 
for promoting mono-methoxylation of 4 (representative results in 
Figure 1 – complete data in Table S2, Supporting Information).[12] 
This led to the discovery that Mn(OAc)3•2H2O and in particular 
Co(OAc)2 afford good to excellent yields of 6a as a mixture of 
regioisomers.[13] Other metal-salts displayed disparate effects, 
most prominently Fe(OAc)2, which completely blocked conversion 
of 4. Catalytic quantities of the respective metal salts were 
sufficient to enhance or suppress reactivity. 

 
 

 

Figure 1. Methoxylation of 2-methyl-p-benzoquinone. Yield and isomer ratio 
determined by 1H NMR of the reaction mixture.  [a] 4% of C3-isomer observed. 
[b] Conditions: O2 (1 bar), MeOH, 60 °C, 22 h. [c] Isolated yield. 

To probe the mechanism, we investigated the kinetic profiles 
of methoxylation of 4 (Figure 2A, 2B). With no catalyst, the 
reaction affords a mixture of 6a and 4a in a ratio that is clearly 
correlated, suggesting involvement of 4 as the kinetically favoured 
oxidant of a hydroquinone intermediate (5a). Catalytic amounts of 
Co(OAc)2 facilitates reoxidation of 4a and ultimately allows 
productive funnelling to the product 6a. In accord, the 
hydroquinone intermediate 5a undergoes spontaneous redox 
exchange with 4 at ambient temperature (Figure 2C). The 
disubstituted quinone 5g, generated upon oxidation of 
hydroquinone 5b, does not undergo spontaneous methoxylation 
in methanol at 60 ºC and thus can test the ability of the catalysts 
to facilitate both nucleophilic addition and hydroquinone 
reoxidation (Figure 2D). Partial oxidation of hydroquinone 5b to 
quinone 5g was evident by 1H-NMR analysis of the crude reaction 
mixtures, however, catalytic Co(OAc)2, Co(acac)2, or 
Mn(OAc)3•2H2O were required for formation of product 6g. Thus, 
the metal is needed for quinone activation. The nature of the 
counterion is decisive in tuning the properties as CoCl2, Co(OAc)2 
and Co(acac)2 afford differing reactivity in this system. Combined 
addition of CoCl2 and NaOAc effectively mimics the reactivity of 
the corresponding Co(OAc)2 reaction. Catalytic amount of 
Fe(OAc)2 provided quantitative oxidation of 5b however without 
the formation of 6g, further substantiating a specific interaction 

 

Figure 2. Proposed mechanism and mechanistic elaboration. 

between the quinoid compounds and Fe(OAc)2. Cyclic 
voltammetry measurements of the metal salts in methanolic 
solution indicate a correlation between the oxidation potential and 
the catalytic activity of the corresponding metal salt (Figure 2D). 

The generality of the catalytic system was probed (Figure 3). 
Methoxylation and ethoxylation are generally possible and in 
sterically biased systems high regiocontrol is observed (6b and 
6c). Addition of isopropanol was possible (6d) but tert-butanol and 
phenol did not couple. Highly efficient 2,5-dialkoxylation was 
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performed on p-benzoquinone (6e and 6f) and 2-Ph-p-
benzoquinone (6m). In general, reactions can also be initiated 
from the corresponding hydroquinone (6g and 6h) as discussed 
above. Methoxylation of chlorinated quinones was challenging 
due to competing vinylic substitution (6i and 6j), however the 
presence of Co(OAc)2 was required for reactivity. p-
Naphthoquinone underwent alkoxylation in good yields (6k and 
6l) and naturally occurring quinone compounds or analogs (6n, 
6o) may be produced. 

We investigated the addition of amine-nucleophiles to p-
benzoquinones. Prior studies have reported similar 
transformations,[14] but the use of catalytic Co(OAc)2 provided 

excellent outcomes for the majority of applied substrates 
(Supporting Information, Scheme S2 displays examples (7a-h, 
7m-q) of mono-addition of amines). Notably, the method 
delivered 2,5-diamino-p-benzoquinones (7i, 7j) or mixed 2,5-
aminoalkyl-methoxy-p-benzoquinones (7k, 7l) with very high 
regioselectivities (Figure 3). As a further application, we prepared 
2,5-diaminoalkyl-p-benzoquinone 7p in excellent yield (Figure 3). 
Ring-closing metathesis afforded atropisomeric macrocycle 12a 
in nearly quantitative yield.[15] 

Thiol-addition was also facile as exemplified with the 
thioethylation of p-naphthoquinone (8a). Selective bis-
thioethylation proceeded albeit in low yield (8b) and tri-substituted 

 

Figure 3. Scope of the quinone heterofunctionalization conditions. i Mn(OAc)3•2H2O was applied; ii decomposition was observed during purification. Abbreviations: 
no cat = no catalyst was applied; no conv. = no conversion was observed by TLC analysis; no prod. = no product formation was observed by TLC analysis; rsm = 
recovered starting materials; [HPLC] = preparative HPLC purification was applied; from HQ = the corresponding hydroquinone was used as the substrate. 
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compounds such as 8c could also be prepared.[16] 
Finally, we explored the preparation of unsymmetric 

benzoquinones based on mono-aminated starting materials 9a 
and 9b, which we serendipitously found can be accessed 
efficiently using catalytic Fe(OAc)2. This enabled construction of 
a series of 2,5-disubstituted quinone derivatives (10a-j) with 
excellent regiocontrol. The unanimous tendency for 2,5-
substitution found in compounds with two heteroatom 
substituents (6e-f, m,o; 7i-l; 8b; 10a-j) is indicative of a Lewis acid 
activation mode through chelate-coordination of the mono-
functionalized quinone. 

We evaluated the robustness of the methoxylation reaction of 
5b in the presence of nine stoichiometric additives (Figure 3).[17] 
A functional group was deemed tolerated if the methoxylation 
proceeded in 90% in comparison to the standard reaction, with 
conversion of the additive being below 10%. Aniline, being itself a 
substrate (7q, Scheme S2), was not tolerated but all other 
functional group sampled were compatible (Figure 3). 

We now returned to the initial synthetic target – STR-26 (1). 
Chromane-oxidation of 2 using NaIO4•SiO2 afforded quinone 3. 
We did not attempt purification of this rather unstable species, but 
immediately subjected it to the methoxylation-conditions using 
Co(OAc)2 in methanol at reflux for 44 h. We used 40 mol% 
Co(OAc)2 to facilitate conversion, as the amount of 2 disallowed 
mimicking the substrate concentration previously utilized. 
Gratifyingly, this afforded a mixture of 1 and the tentative 5’-
regioisomer (13) in 61% yield (ca. 85% purity) over two steps 
(Scheme 2A). Further purification by preparative HPLC afforded 
1, however 13 could not be obtained cleanly. The spectroscopic 
data for synthetic 1 matched the data reported for STR-26 isolated 
from the natural source  (Table S3,4, Supporting Information).[7] 

We also conducted the methoxylation on a non-lactone 
analog (see Supporting Information) to generate a mixture of 
methoxy-quinones 15 and 16 (53% yield, ca. 90% purity) 
(Scheme 2A). Again, only the 6´-isomer (15) could be obtained 
cleanly following HPLC purification, and NMR analysis revealed 
that this analog also equilibrates to the hemiketal. We validated 
the previously reported ability of 1 to depolarize cancer cells and 
to kill MDA-MB-231 breast cancer cells at low micromolar 
concentrations (Scheme 2B). 

Comparison of the cytotoxicity of 1 with 2 and analog 15 
demonstrates that both the δ-lactone and the methoxyquinone 
functionalities of 1 are needed for potency (Scheme 2C). 
Preliminary evaluation of additives for ability to modulate toxicity 
of 1 and 2 was performed (Figure S7, Supporting Information). 

In conclusion, we have developed a simple and broadly 
applicable method for functionalization of p-quinones with a 
variety of heteroatom nucleophiles under aerobic catalytic 
conditions. Mechanistic features have been evaluated in an effort 
to understand the intricacies of the reaction. For many substrates, 
the reaction proceeds in good yields and high selectivities and  
application in a late-stage setting was demonstrated. The method 
does not translate directly to o-quinones and more studies will be 
required to understand this limitation. With access to STR-26, as 
well as unnatural analogs, further biological studies are now 
possible. 

 

Scheme 2. A. Synthetic route to STR-26 (1) and analog (15). B. Cell 
polarization was assessed in MDA-MB-231 cells by visual inspection (N > 300 
for each condition). C. Viability of MDA-MB-231 cells. Curves from a 
representative experiment are shown. 
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Sine qua non: Heteroatom-
functionalized p-quinones are 
important within the chemical sciences 
and recurring elements of bioactive 
natural products. A powerful catalytic 
method employing transition metal 
salts and molecular oxygen as 
terminal oxidant for direct coupling of 
p-quinones to O, N, S-nucleophiles is 
reported. The value of the method is 
demonstrated by the first preparation 
of the terpenoid strongylophorine-26. 
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