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ABSTRACT: Development of a synthetic route to the oxaphenalenone (OP) natural products neonectrolides B-E is described. The 

synthesis relies on gold-catalyzed 6-endo-dig hydroarylation of an unusual enynol substrate as well as a one-pot Rieche formyla-

tion/cyclization/deprotection sequence to efficiently construct the tricyclic oxaphenalenone framework in the form of a masked ortho-

quinone methide (o-QM). A tandem cycloisomerization/[4+2] cycloaddition strategy was employed to quickly construct molecules 

resembling the neonectrolides. The tricyclic OP natural product SF226 could be converted to corymbiferan lactone E and a related 

masked o-QM. Our study culminates with the application of the tandem reaction sequence to syntheses of neonectrolides B-E as well 

as previously unreported exo-diastereomers.  

INTRODUCTION 

   Oxaphenalenones are a diverse yet largely unstudied class of 

natural products from fungi and plants bearing a characteristic 

oxidized, fused tricyclic core.1 Despite their compelling struc-

tures and biological properties, reports on the syntheses of oxa-

phenalenone (OP) natural products and derivatives remain 

scarce.2,3 We first became interested in the spiroketal natural 

product neonectrolide A (1)4 and the ketal-containing ne-

onectrolides B-E (2-5)5 (Figure 1), compounds isolated in 2012 

and 2015, respectively, by Che and coworkers. While conge-

ners 1-5 show moderate anticancer activity, a patent indicates 

activity of 1 as a Gram-negative and -positive antibacterial 

agent.6 The scarce quantities of the isolated cycloadducts, how-

ever, have clearly impeded more detailed systematic evaluation 

of their biological activities.  

 

Figure 1. Structures of neonectrolides A-E (1-5) and biosyn-

thetic precursor corymbiferan lactone E (6) 

 

 Scheme 1. A) Proposed biosyntheses of 1-5. B) Retrosynthetic 

analysis for 2 and 3 
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   The natural product corymibiferan lactone E (6), an apparent 

biosynthetic precursor,5  was also coisolated with 1-5 (Scheme 

1A).4,5 Along these lines, the neonectrolides likely arise from 

diastereoselective [4+2] cycloaddition between ortho-quinone 

methide (o-QM) 7, derived from oxidation of 6, and the chiral 

dihydrofuran partners (9-11) that may originate from modifica-

tion of the putative biosynthetic precursor 3-dehydroxy-4-O-ac-

etylcephasporolide C (8, Scheme 1A).5,7 We considered that by 

first building the tricyclic core of 6, we could readily access ne-

onectrolide congeners 1-5 via o-QM formation followed by 

[4+2] cycloaddition. Furthermore, rapid formation of the tricy-

clic OP ring system would allow for a convergent and modular 

synthesis, thereby providing a platform for construction of ne-

onectrolide analogs, as well as enabling evaluation of the pro-

posed biosyntheses of 1-5. 

   Our retrosynthetic analysis for neonectrolide congeners 2 and 

3 is shown in Scheme 1B. We sought to emulate the biosyn-

thetically proposed inverse-electron demand Diels-Alder 

(IEDDA) cycloaddition8 of 7 to assemble the neonectrolide 

scaffold which after methylation may provide the desired natu-

ral products 2-5. As this key biosynthetic step may be non-en-

zymatic,9 we anticipated that use of chiral cycloaddition part-

ners 10 and 11 may provide access to both 2 and 5 or 3 and 4, 

respectively, with facial selectivity of the pivotal endo-cycload-

dition with o-QM 12 dictating the formation of either diastere-

omeric natural product. Cycloaddition partner 10 may be de-

rived from chiral alkynol 1310 which may be prepared by union 

of the known alkynol 1411 and butanolide 15,12 the latter pre-

pared in three steps from L-glutamic acid. Compound 11, the 

4’-epimer of 10 (neonectrolide numbering), may be prepared in 

an identical fashion from D-glutamic acid, thereby allowing ac-

cess to both congeners 3 and 4. In order to access the tricyclic 

oxaphenalenone framework of the neonectrolides, we envi-

sioned that dehydration of isochromanone-lactol precursor 16 

may provide o-QM 12.  We considered that formylation fol-

lowed by subsequent annulation could form the lactol ring of 

16,13 while the naphthol moiety may be installed by metal-cat-

alyzed hydroarylation of enynol 17,14 readily accessible from 

phenylacetate derivative 18 through crossed-Claisen condensa-

tion. 

RESULTS AND DISCUSSION 

   Our synthesis began with self-condensation of dimethyl 1,3-

acetonedicarboxylate (19), followed by Fischer esterification of 

the resulting phenylacetic acid (Scheme 2).13,15 We elected to 

first prepare the bis-TBS protected phenylacetate derivative 

20.16 Crossed-Claisen condensation of 2017 with freshly pre-

pared 2-butynoyl chloride18 cleanly afforded the tetrasubsti-

tuted enynol 21 in excellent yield19 as a single stereoisomer17 

and enol tautomer as indicated by 1H chemical shift (CDCl3, 

12.6 ppm) of the enynol hydroxyl proton.15,20 Computational 

studies (DFT, B3LYP/6-31G**) indicate that the enynol moiety 

is distorted from the aryl ring plane by approximately 66° 

(Scheme 2). Enynol 21 was then treated with catalytic 

[(SPhos)AuNCMe]SbF6 to induce 6-endo-dig hydroarylation,21 

cleanly furnishing the desired naphthoate 22. As noted by both 

Barriault22 and Banwell,23 we found that bulky phosphino 

gold(I) salts performed particularly well in the hydroarylation 

to furnish the desired product 22 in high yield with low catalyst 

loading. During our efforts to study the scope of this transfor-

mation, we noticed that enynol substrates such as 26 (a 3.5:1 

mixture of enol:keto tautomers in CDCl3) lacking an activated, 

electron-rich aromatic ring alternately afforded 4-pyrone prod-

ucts via enol isomerization followed by nucleophilic attack of 

 

Scheme 2. Synthesis of o-QM precursor 24 and SF226 (25) via Au (I)-catalyzed hydroarylation and interrupted Rieche 

formylation 

 

 

Scheme 3. Rearrangement of enynol 26 to 4-pyrone 27 
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the ester carbonyl onto the enynol triple bond (Scheme 3).24 No-

tably, the 4-pyrone 27 bears resemblance to the fungal natural 

product betulinan C (28).25 While treatment of 26 with TFA af-

forded 27 in decreased yield (19%), exposure of 21 to Brønsted 

acid led only to cleavage of the silyl ether protecting groups. 

   Subjection of 22 to Rieche formylation conditions (SnCl4, di-

chloromethyl methyl ether)26 triggered an interrupted formyla-

tion/cyclization/deprotection sequence, presumably via oxo-

carbenium intermediate 23, to provide the isochromanone-ace-

tal 24, a candidate o-QM precursor.27  Ionic reduction of 24 was 

cleanly accomplished using trifluoroacetic acid (TFA) and tri-

ethylsilane (Et3SiH) to provide the tricyclic oxaphenalenone 

natural product SF226 (25).28  

    We then studied the ability of 24 to serve as a suitable o-QM 

precursor diene in model inverse demand [4+2] cycloadditions. 

(Scheme 4). We found that treatment of 24 with TFA in 1,2-

dichloroethane followed by addition of indene cleanly afforded 

the formal exo-[4+2] cycloadduct 29 (5:1 dr).29 We also evalu-

ated the ability of 24 to react with dienophiles in inverse-elec-

tron-demand fashion under Lewis acidic conditions, first sur-

veying reactivity with simple enol ethers such as 2,3-dihydro-

furan and 2,3-dihydropyran. We observed that PtCl4 success-

fully catalyzed the formation of cycloadducts 30 and 31, albeit 

in moderate yield and diastereoselectivity.30  

    As several oxaphenalenone natural products (cf. 32-34, 

Scheme 5) which bear a para-quinone methide (p-QM) func-

tionality have been isolated,31 we also considered whether 24 

could be converted into a stable and isolable QM derivative 

(Scheme 5). Gratifyingly, exposure of 24 to catalytic camphor-

sulfonic acid (CSA) in the presence of 3Å molecular sieves led 

to precipitation of the insoluble quinone methide 35 which 

could be isolated by filtration.32 However, this compound 

proved to be unstable in solution, likely a consequence of its 

vinylogous acid functionality. Nonetheless, O-methylation of 

the isolated compound 35 afforded the p-QM natural product 

corymbiferone C (33) in 21% yield after preparative HPLC pu-

rification (32).31a  

    In order to achieve a more efficient and selective cycloaddi-

tion, as well as mitigate the isolation and purification of unsta-

ble and reactive quinone methide and dihydrofuran reaction 

partners, we next evaluated a one pot cycloisomerization/cy-

cloaddition process33 for construction of the neonectrolide core. 

Tandem processes involving alkynol cycloisomerization and 

[4+2] cycloaddition have recently been employed for rapid con-

struction of natural products and natural product-like mole-

cules.34,35 In particular the De Brabander and Rodríguez groups 

have developed elegant approaches to the structurally-related 

spiroketal natural product berkelic acid36,37 utilizing tandem 5-

exo-dig cycloisomerization/o-QM formation/[4+2] cycloaddi-

tions via isochroman acetal35a,c or ortho-alkynylbenzaldehyde35b  

intermediates, respectively. To the best of our knowledge, how-

ever, these two examples represent the only applications of this 

powerful methodology in natural product total synthesis. Fur-

thermore, tandem reactions involving in situ generation and cy-

cloaddition of a 2,3-dihydrofuran partner have not been applied 

in such a context. 

Table 1. Catalyst screen for one-pot cycloisomerization/cy-

cloaddition with 24 and 36 

  

Scheme 5.  Conversion of 24 to corymbiferone C (32)  

   

 
Scheme 4.  Initial reactions with o-QM precursor 24  
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   We first studied the proposed cycloisomerization/cycloaddi-

tion cascade with 4-phenyl-3-butynol (36) as the alkynol reac-

tion partner. We evaluated a range of -acidic metals to induce 

alkynol cycloisomerization38 as well as o-QM formation from 

24 via loss of methanol (Table 1). Gratifyingly, use of Pt(II), 

Pd(II), Ag(I), Au(III), and Au(I) catalysts all led to formation 

of the desired cycloadduct as an inseparable mixture of diastere-

omers (entries 1-5), significantly favoring the endo-cycload-

duct, the latter defined with respect to the dihydrofuran oxygen.. 

Notably, despite our previous success employing PtCl4 as cata-

lyst for direct o-QM formation and cycloaddition, no reaction 

was observed when this catalyst was used in the tandem process 

(entry 6). This observation may be attributed to the “hard” 

Lewis acidic character of Pt (IV) and inability of this catalyst to 

serve as a suitable π-acid. Furthermore, treatment of 24 with a 

cationic gold (I) catalyst and 2,3-dihydrofuran did not afford 

cycloaddition products. However, addition of CSA (20 mol%) 

allowed the reaction to proceed, implicating the necessity for a 

Brønsted acid catalyst in the process. We considered that the 

alkynol reaction partner may be interacting with the cationic 

Au(I) catalyst to form a  complex, thereby generating a Lewis 

acid-activated Brønsted acid (LBA) which may significantly 

enhance the acidity of the pendant alcohol. However, addition 

of benzenebutanol to the mixture of 24/2,3-dihydrofuran/Au(I) 

catalyst did not grant reactivity.15,39,40  

   Based on our experimental findings, a proposed mechanism 

for the tandem cycloisomerization/cycloaddition between phe-

nyl alkynol 36 and isochromanone acetal 24 is shown in 

Scheme 6. Gold(I)-catalyzed hydroalkoxylation of 36 may gen-

erate the aurated dihydrofuran 38A, an intermediate which may 

also serve as a Brønsted acid39,40 to induce formation of the pro-

tonated o-QM 38 via loss of methanol along with the vinyl gold 

species 38B. Protonated o-QM 39 or 12 bearing a vinylogous 

acid moiety may also serve as competent Brønsted acids in the 

process. Protodeauration of 38B may then generate reaction 

partners 12 and dihydrofuran 38C and regenerate the Au(I) cat-

alyst. Final [4+2] cycloaddition of 12 and 38C may then afford 

the observed major cycloadduct 37.34d, 35a 

   We next explored a small set of electronically and sterically 

distinct substrates to evaluate the scope of the tandem process 

for the synthesis of neonectrolide analogs (Scheme 7). Reaction 

of 24 with alkynol 36 at 0 °C with 2 mol% of catalyst enabled 

formation of 37 in high diastereoselectivity (>20:1 dr), thereby 

generating two rings and three stereocenters in a single reaction. 

While both electron-rich and electron-poor aryl alkynols pro-

vided the corresponding cycloadducts in good yield as nearly 

single diastereomers (40, 41), diastereoselectivity was found to 

drop dramatically when alkyl alkynol substrates were employed 

(cf. 42 and 43). It is worth noting that the majority of tandem 

alkynol cycloisomerization/cycloadditions have been con-

ducted with aryl-substituted reaction partners which typically 

afford products as single diastereomers.34 As expected, con-

ducting the reaction with the parent alkynol (R = H) afforded 

cycloadduct 29.   

    As the chiral methyl group of partners 9-11 may be responsi-

ble for directing the approach of the dihydrofuran reaction part-

ner in the biosynthesis of the neonectrolides,4,5 we sought to 

probe the effect of this component’s introduction on the dia-

stereofacial selectivity in the [4+2] cycloaddition. As antici-

pated, conducting the tandem reaction with chiral alkynol 44 

provided the endo-anti cycloadduct 45 as the major product 

(Scheme 8A). Notably, the minor cycloadduct generated in this 

reaction was derived from endo cycloaddition from the opposite 

face of the o-QM (endo-syn approach).15 The observed facial 

Scheme 7. Evaluation of alkynol scope in the tandem re-

action with masked o-QM 24 

 

 

Scheme 6.  Proposed mechanism for Au(I)-mediated cy-

cloisomerization/cycloaddition 
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selectivity in the reaction likely arises from a simple steric bias 

for the in situ-generated dihydrofuran to approach the o-QM 

anti to the methyl substituent. 

   Transition state calculations (PBEh-3C/SMD(THF),DLPNO-

CCSD(T)/CBS/CPCM(THF))15 were performed to compare 

both stepwise and concerted asynchronous reaction pathways to 

form the four possible stereoisomers of cycloadduct 45.41, 42 

These calculations (cf. Table SQ1-SQ2) are consistent with the 

experimentally observed product distribution. Schemes 8B and 

8C show a comparison of concerted vs. stepwise transition 

states leading to anti-endo adduct 45. The computations indi-

cate that concerted and stepwise pathways are highly competi-

tive for each stereoisomer; however, the endo isomers prefer to 

form via a stepwise mechanism, whereas the exo isomers appear 

to prefer a concerted, asynchronous transition state. Interest-

ingly, we also noticed that the most energetically favorable tran-

sition states are stabilized by π-stacking and electrostatic/hydro-

gen bonding interactions between the aryl moiety of the dihy-

drofuran partner with the oxaphenalenone ring system (cf. 

Scheme 8C, Figure SZ1).   

   Encouraged by our experimental results, we next focused on 

the construction of the natural products neonectrolides 2-5 by 

synthesizing the chiral, γ-butyrolactone-containing alkynol ep-

imers 13 and 46.  Alkylation of 14 was readily achieved by use 

of epoxide 47 or ent-47 on a multigram scale, which was fol-

lowed by one-pot silyl deprotection and lactonization under 

acidic conditions to yield the desired alkynols 13 and 46 

(Scheme 9A).10  

   We also developed a three-step sequence to access corymbif-

eran lactone E (6), the likely biosynthetic precursor of 1-5, from 

SF226 (25) (Scheme 9B). While direct methylation of 24 or 25 

proved to be unselective, 25 could be converted regioselectively 

to the silyl ether 48. Methylation was achieved with Meerwein’s 

salt, which was followed by desilylation to afford 6 in excellent 

yield. Exposure of 6 to silver (I) oxide in a 1:1 mixture of THF 

and methanol cleanly oxidized 6 to install the isochromanone-

acetal functionality of the masked o-QM 49.43     

   To our surprise, however, treatment of 49 and 13 with 

[(SPhos)AuNCMe]SbF6 did not lead to the formation of any de-

tectable cycloaddition products. We suspected that exogenous 

Brønsted acid may be needed to promote o-QM formation from 

49. Indeed, conducting the transformation in the presence of 10 

mol% of CSA enabled the reaction to proceed (Scheme 9C). 

However, in the process the γ-butyrolactone moiety unexpect-

edly underwent elimination to afford the alkenoic acids 50 and 

51 as major products. Notably, the same products were obtained 

in comparable yield and diastereoselectivity when epimeric al-

kynol 46 was used in the process.  The outcome of these reac-

tions reinforced that a stepwise mechanism was operative (cf. 

Scheme 8C).42bAs detailed in Scheme 9D, dihydrofuran 10 may 

undergo conjugate addition to the reactive, protonated o-QM 52 

generating oxonium intermediate 53. Computational studies in-

dicate that the lactone carbonyl of this intermediate may partic-

ipate in a hydrogen bond with the phenolic proton of the OP 

ring system, while also placing the requisite oxocarbenium moi-

ety within suitable proximity for ring closure.15 We believe that 

subsequent cyclization to afford the benzyopyran functionality 

may be accompanied by intramolecular proton transfer and 

deprotonation by the camphorsulfonate anion leading to anti 

elimination affording the observed endo-anti alkenoic acid cy-

cloadduct 50 as the major product. In further support of a step-

wise process, cycloisomerization of 46 was conducted in the 

presence of tetracyanoethylene (TCNE) to afford dihydrofuran 

54 (Scheme 10). This result is consistent with the ability of di-

hydrofurans to undergo formal [2+2] cycloaddition with suita-

ble electrophiles such as TCNE44 and dimethyl acetylenedicar-

boxylate (DMAD)45 through proposed zwitterionic intermedi-

ates similar to 55. 

   Based on recent work reported by Xu and coworkers, we also 

attempted the cycloisomerization/[4+2] cycloaddition between 

49 and 13 in the presence of [(SPhos)AuNCMe]SbF6 and 

Sc(OTf)3.
46 We were pleased to find that the use of Sc(OTf)3 as 

Lewis acid led to the formation of neonectrolides C and D (3 

and 4) as well as the exo-diasteromer 56, with the endo-anti and 

exo-anti cycloadducts comprising the majority of the product 

mixture as determined by analysis of the crude reaction mixture 

(3:56:4 = 5:3:1). Comparable results were observed with al-

kynol 46 as reaction partner to afford neonectrolides B and E (2 

and 5) as well as the exo-anti diastereomer 57, again in a 5:3:1 

ratio, favoring the anti-cycloadducts (Scheme 11A). While they 

remain unisolated, we believe that neonectrolide stereoisomers 

 

Scheme 8. (A) Tandem reaction with chiral alkynol 44 (B) 

Optimized concerted, asynchronous endo-anti transition 

state leading to cycloadduct 45 (C) Rate-limiting, stepwise 

transition state leading to 45  
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56 and 57 represent “anticipated” natural products that likely 

exist in Nature.47,48  

   The product distribution in the latter process may be ex-

plained by the ability of Sc(OTf)3 to promote acetal exchange 

as suggested by Xu and coworkers.46 We observed that the 

mixed acetal 58 could be isolated as roughly a 1:1 mixture of 

inseparable diastereomers when the experiment was conducted 

in a stepwise fashion (Scheme 11B). Exposure of isolated 58 to 

Au(I) catalysis afforded a 2:1:1 mixture of products (3:56:4) 

similar to that obtained in the one-pot transformation. In terms 

of reaction mechanism, treatment of 58 with cationic Au(I) may 

form the tethered dihydrofuran intermediate 59 after alkyne ac-

tivation by the Au(I) catalyst. Formation of the requisite o-QM 

may proceed by elimination of the dihydrofuran, generating the 

two reaction partners, o-QM 7 and dihydrofuran 11. Subsequent 

[4+2] cycloaddition provides the observed products 3, 4, and 

56.46 It is worth noting that the butyrolactone carbonyl of 58 and 

59 may interact with the phenolic proton of the tethered oxa-

phenalenone scaffold, as previously described in the formation 

of cycloadducts 50 and 51 (Scheme 9D/9E). We believe that 

this hydrogen-bonding interaction may orient the dihydrofuran 

partner in an exo-cycloaddition geometry, thereby leading to the 

significant formation of exo-anti isomer 56. A representative 

conformer from a conformational search15 for one diastereomer 

Scheme 9. (A) Syntheses of chiral butyrolactone-containing cycloaddition partners 13 and 46 (B) Synthesis of corymbiferan 

lactone E (6) and the derived isochromanone-acetal 49 (C) Synthesis of alkenoic acids 50 and 51 (D) Mechanistic rationale for 

formation of elimination product 50 (E) Relevant conformer of adduct 53 leading to 50. 

  

 

Scheme 10. Au(I)-catalyzed cycloisomerization of 49 in 

the presence of TCNE 
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of 58 is shown in Scheme 11B (inset). Similar results were also 

achieved when employing alkynol 46.15 Furthermore, reaction 

between 49 and 60 under synergistic Au(I)/Sc(III) conditions 

led to the isolation of endo-cycloadduct 61 as nearly a single 

diastereomer, underscoring the significance of the hydrogen-

bonding lactone moiety present in 13 and 46 to access exo-cy-

cloadducts 56 and 57. 

CONCLUSION 

    In conclusion, we have described the first total syntheses of 

neonectrolides B-E (2-5), the first oxaphenalenone natural 

products to be synthesized in over three decades. We have uti-

lized gold-catalyzed hydroarylation of an enynol substrate and 

an interrupted Rieche formylation sequence to efficiently con-

struct the oxaphenalenone framework in the form of a masked 

o-quinone methide. Access to this core structure has enabled 

synthesis of the isolatable p-quinone methide natural product 

corymbiferone C31a as well as the natural product SF226 (25).28 

Our convergent and bioinspired approach to the neonectrolides 

has also provided access to natural product analogs via gold(I)-

mediated alkynol cycloisomerization/o-QM cycloaddition and 

Scheme 11. Syntheses of neonectrolides 2-5 and exo-diastereomers 56 and 57 via Au(I)/Sc(III) catalysis 
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has led to further understanding of substrate-controlled induc-

tion of diastereoselectivity in such processes. Additionally, we 

have demonstrated the power of 5-endo-dig cycloisomeriza-

tion/[4+2] cycloaddition pathways for the efficient and concise 

construction of natural products 2-5. Our synthetic route is 

highly flexible and scalable, allowing for preparation of multi-

gram amounts of oxaphenalenone core structure 24 in a single 

campaign. Finally, syntheses of 2-5 support their postulated bi-

osynthetic origins while highlighting the power of biomimetic 

synthetic design not only in the efficient execution of total syn-

theses, but in the production of “anticipated” natural prod-

ucts.47,48 Efforts in our laboratory to develop catalytic, enanti-

oselective cycloisomerization/cycloaddition processes49 to-

wards oxaphenalenone natural products including ne-

onectrolide A (1)50 as well as biological studies of this underex-

plored class of natural products are currently in progress and 

will be reported in due course.  

 

 

ASSOCIATED CONTENT  

Supporting Information 

The Supporting Information is available free of charge on the ACS 

Publications website. 

Corresponding Author 

*porco@bu.edu 

 
Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

We thank the National Institutes of Health (NIH) (R35 GM 

118173) and Boston University (BU) for financial support. We 

gratefully acknowledge Prof. Yongsheng Che (Beijing Institute of 

Pharmacology and Toxicology) for providing natural samples of 

neonectrolides B and C. We thank the National Science Foundation 

(NSF) for support of NMR (CHE-0619339) and MS (CHE-

0443618) facilities at BU. Dr. Martin Himmelbauer, Dr. Adam 

Scharf, and Mr. Adam Zahara (Boston University) are acknowl-

edged for helpful discussions. We thank Dr. Kyle Reichl (Boston 

University) for assistance with computation. 

REFERENCES 

(1) Elsebai, M.F.; Saleem, M.; Tejesvi, M.V.; Kajula, M.; Mattila, S.; 

Mehiri, M.; Turpeinen, A.; Pirttila, M. Fungal Phenalenones: Chemis-

try, Biology, Biosynthesis, and Phylogeny.  Nat. Prod. Rep. 2014, 31, 

628. 

(2) Büchi, G.; Leung, J. C. Total Syntheses of Atrovenetin and Sclero-

derodione. J. Org. Chem. 1986, 51, 4813. 

(3) (a) Sasaki, S.; Azuma, E.; Sasamori, T.; Tokitoh, N.; Kuramochi, 

K.; Tsubaki, K. Formation of Phenalenone Skeleton by an Unusual Re-

arrangement Reaction. Org. Lett. 2017, 19, 4846. (b) Ospina, F.; Hi-

dalgo, W.; Cano, M.; Schneider, B; Otálvaro, F. Synthesis of 8-Phe-

nylphenalenones: 2-Hydroxy-8-(4-hydroxyphenyl)-1H-phenalen-1-

one from Eichhornia crassipes. J. Org. Chem. 2016, 81, 1256. 

(4) Ren, J.; Zhang, F.; Liu, X.; Li, L.; Liu, G.; Liu, X.; Che, Y. Ne-

onectrolide A, a New Oxaphenalenone Spiroketal from the Fungus Ne-

onectria sp. Org. Lett. 2012, 14, 6226. 

(5) Ren, J.; Niu, S.; Li, L.; Geng, Z.; Liu, X.; Che, Y. Identification of 

Oxaphenalenone Ketals from the Ascomycete Fungus Neonectria sp. J. 

Nat. Prod. 2015, 78, 1316. 

(6) Several patents describe the biological activities of 1, including ac-

tivity against Gram-negative and Gram-postivie bacteria: Peop. Rep. 

China, Sun, A. Application of Neonectrolide A in Preparing Antibac-

terial Drug. Chinese patent CN 103494804. January 8th, 2014. 

(7) For a review on total syntheses of related cephalosporolide natural 

products, see: Halle, M. B.; Fernandes, R. A. Total Synthesis of Marine 

Natural Products: Cephalosporolides. Asian J. Org. Chem. 2016, 5, 

839. 

(8) For a recent review on inverse-electron-demand Diels-Alder cy-

cloadditions in organic synthesis, see: Jiang, X.; Wang, R. Recent De-

velopments in Catalytic Asymmetric Inverse-Electron-Demand Diels–

Alder Reaction. Chem. Rev. 2013, 113, 5515.  

(9) Klas, K.; Tsukamoto, S.; Sherman, D. H.; Williams, R. M. Natural 

Diels–Alderases: Elusive and Irresistable. J. Org. Chem. 2015, 80, 

11672. 

(10) For preparation of a closely-related achiral alkynol, see: Guan, J.; 

Zou, Y.; Gao, P.; Wu, Y.; Yue, Z. A Total Synthesis of Natural Rhizo-

bialide. Chin. J. Chem. 2010, 28, 1613.   

(11) Sellès, P.; Lett, R. Convergent Stereospecific Synthesis of C292 

(or LL-Z1640-2), and Hypothemycin. Part 1. Tetrahedron Lett. 2002, 

43, 4621.  

(12) Olsen, R. K.; Bhat, K. L.; Wardle, R. B.; Hennen, W. J.; Kini, G. 

D. Syntheses of (S)-(-)-3-Piperidinol from L-Glutamic Acid and (S)-

Malic Acid. J. Org. Chem. 1985, 50, 896.  

(13) Wenderski, T. A.; Marsini, M. A.; Pettus, T. R. R. A Diastereose-

lective Formal Synthesis of Berkelic Acid. Org. Lett. 2011, 13, 118.  

(14) For syntheses of fused aromatic rings via metal-mediated hy-

droarylation, see: (a) Mamane, V.; Hannen, P.; Fürstner, A. Synthesis 

of Phenanthrenes and Polycyclic Heteroarenes by Transition-Metal 

Catalyzed Cycloisomerization Reactions. Chem. Eur. J. 2004, 10, 

4556. (b) Shi, Z.; He, C. Efficient Functionalization of Aromatic C-H 

Bonds Catalyzed by Gold(III) under Mild and Solvent-Free Conditions. 

J. Org. Chem. 2004, 69, 3669. (c) Carreras, J.; Gopakumar, G.; Gu, L.; 

Gimeno, A.; Linowski, P.; Petuškova, J.; Thiel, W.; Alcarazo, M. Pol-

ycationic Ligands in Gold Catalysis: Synthesis and Applications of Ex-

tremely π-Acidic Catalysts. J. Am. Chem. Soc. 2013, 135, 18815. 

(15) Please see the Supporting Information for complete experimental 

details.  

(16) Stone, M. J.; Maplestone, R. A.; Rahman, S. K.; Williams, D. H. 

Synthesis of 3,5-Dihydroxyphenylglycine Derivatives and the C-termi-

nal Dipeptide of Vancomycin. Tetrahedron Lett. 1991, 32, 2663. 

(17) Vaswani, R. G.; Albrecht, B. K.; Audia, J. E.; Côté, A.; Dakin, L. 

A.; Duplessis, M.; Gehling, V. S.; Harmange, J.-C.; Hewitt, M. C.; Le-

blanc, Y.; Nasveschuk, C. G.; Taylor, A. M. A Practical Synthesis of 

Indoles via a Pd-Catalyzed C−N Ring Formation. Org. Lett. 2014, 16, 

4114. 

(18) White, J. D.; Sheldon, B. G. Intramolecular Diels-Alder Reactions 

of Sorbyl Citraconate and Mesaconate Esters. J. Org. Chem. 1981, 46, 

2273. 

(19) For recent syntheses of enynol substrates, see: (a) Wang, F.; Lu, 

S.; Chen, B.; Zhou, Y.; Yang, Y.; Deng, G. Regioselective Reversal in 

the Cyclization of 2-Diazo-3,5-dioxo-6-ynoates (Ynones, Ynamide): 

Construction of γ-Pyrones and 3(2H)-Furanones Starting from Identi-

cal Materials Org. Lett. 2016, 18, 6248. (b) Kitamura, K.; Maezawa, 

Y.; Ando, Y.; Kusumi; T.; Matsumoto, T.; Suzuki, K. Synthesis of the 

Pluramycins 2: Total Synthesis and Structure Assignment of Saptomy-

cin B. Angew. Chem. Int. Ed. 2014, 53, 1262. 

(20) (a) Kretschmer, M.; Dieckmann, M.; Li, P.; Rudolph, S.; 

Herkommer, D.; Troendlin, J.; Menche, D. Modular Total Synthesis of 

Rhizopodin: A Highly Potent G-Actin Dimerizing Macrolide. Chem. 

Eur. J. 2013, 19, 15993. (b) Chen, Y.; Wang, L.; Sun, N.; Xie, X.; 

Zhou, X.; Chen, H.; Li, Y.; Liu, Y. Gold(I)-Catalyzed Furan-yne Cy-

clizations Involving 1,2-Rearrangement: Efficient Synthesis of Func-

tionalized 1-Naphthols and Its Application to the Synthesis of Wailupe-

mycin G. Chem. Eur. J. 2014, 20, 12015. 

(21) For reviews on gold(I) activation of alkynes and recent application 

of gold(I) catalysis in organic synthesis, see: (a) Dorel, R.; Echavarren, 

A. M. Gold(I)-Catalyzed Activation of Alkynes for the Construction of 

Molecular Complexity. Chem. Rev. 2015, 115, 9028. (b) Pflästerer, D.; 

Hashmi, A. S. K. Gold catalysis in total synthesis – recent achieve-

ments. Chem. Soc. Rev. 2016, 45, 1331. 

(22) (a) Barriault, L.; Barabé, F.; Levesque, P.; Korobkov, I. Synthesis 

of Fused Carbocycles via a Selective 6-Endo Dig Gold(I)-Catalyzed 

Page 8 of 11

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Carbocyclization. Org. Lett. 2011, 13, 5580. (b) Barriault, L.; Bella-

vance, G. Total syntheses of hyperforin and papuaforins A-C, and for-

mal synthesis of nemorosone through a gold(I)-catalyzed carbocycliza-

tion. Angew. Chem. Int. Ed. 2014, 53, 6701. 

(23) Cervi, A.; Aillard, P.; Hazeri, N.; Petit, L.; Chai, C. L. L.; Willis, 

A. C.; Banwell, M. G. Total Syntheses of the Coumarin-Containing 

Natural Products Pimpinellin and Fraxetin Using Au(I)-Catalyzed In-

tramolecular Hydroarylation (IMHA) Chemistry. J. Org. Chem. 2013, 

78, 9876. 

(24) Fürstner and coworkers have explored the use of Au(I) catalysis 

for the synthesis of both 2- and 4-pyrones. For relevant examples, see: 

(a) Fürstner, A. Gold Catalysis for Heterocyclic Chemistry: A Repre-

sentative Case Study on Pyrone Natural Products. Angew. Chem. Int. 

Ed. 2017, 57, 4215. (b) Hoffmeister, L.; Fukuda, T.; Pototschnig, G.; 

Fürstner, A. Total Synthesis of an Exceptional Brominated 4-Pyrone 

Derivative of Algal Origin: An Exercise in Gold Catalysis and Alkyne 

Metathesis. Chem. Eur. J. 2015, 21, 4529. (c) Chaładaj, W.; Corbet, 

M.; Fürstner, A. Total Synthesis of Neurymenolide A Based on a Gold‐
Catalyzed Synthesis of 4‐Hydroxy‐2‐pyrones. Angew. Chem. Int. Ed. 

2012, 51, 6929.  
(25) Liu, K.; Wang, J.-L.; Wu, H.-B.; Wang, Q.; Bi, K.-L.; Song, Y.-F. 

A New Pyrone from Lenzites betulina. Chem. Nat. Compd. 2012, 48, 

780. 

(26) (a) Rieche, A.; Gross, H,; Höft, E. α-Haloethers. IV. Synthesis of 

Aromatic Aldehydes with Dichloromethyl Alkyl Ethers. Chem. Ber. 

1960, 93, 88. (b) Ramos-Tomillero, I.; ParadÍs-Bas, M.; De Pinho Ri-

beiro Moreira, I.; Bofill, J.M.; Nicolás, E. Albericio, F. Formylation of 

Electron-Rich Aromatic Rings Mediated by Dichloromethyl Methyl 

Ether and TiCl 4 : Scope and Limitations. Molecules 2015, 20, 5409. 
(27) For recent reviews on the use and formation of ortho-quinone 

methides see: (a) Bai, W.-J.; David, J. G.; Feng, Z.-G.; Weaver, M. G.; 

Wu, K.-L.; Pettus, T. R. R. The Domestication of ortho-Quinone 

Methides. Acc. Chem. Res. 2014, 47, 3655. (b) Singh, M. S.; Nagaraju, 

A.; Anand, N.; Chowdhury, S. ortho-Quinone Methide (o-QM): a 

Highly Reactive, Ephemeral and Versatile Intermediate in Organic 

Synthesis. RSC Adv. 2014, 4, 55924. (c) Willlis, N. J.; Bray, C. D. or-

tho-Quinone Methides in Natural Product Synthesis. Chem. Eur. J. 

2012, 18, 9160. 

(28) (a) Li, C.-W.; Xia, M.-W.; Cui, C.-B.; Peng, J.-X.; Li, D.-H. A 

Novel Oxaphenalenone, Penicimutalidine: Activated Production of 

Oxaphenalenones by the Diethyl Sulphate Mutagenesis of Marine-De-

rived Fungus Penicillium purpurogenum G59. RSC Adv. 2016, 6, 

82277. (b) Kobe Gakuin University (2013). Benzo[de]isochromene 

compounds and their use for pharmaceutical compositions, DNA poly-

merase inhibitors, anticancer agents, and food compositions. JP 

2013194044. 

(29) (a) Yamato, M.; Ishikawa, T.; Kobayashi, T. Reactivity of Isocou-

marins. II. Reaction of 1-Ethoxyisochroman with Nucleophilic Rea-

gents. Chem. Pharm. Bull. 1980, 28, 2967. (b) Reichl, K. D.; Smith, M. 

J.; Song, M. K.; Johnson, R. P.; Porco, J. A., Jr. Biomimetic Total Syn-

thesis of (±)-Griffipavixanthone via a Cationic Cycloaddition−Cycliza-

tion Cascade. J. Am. Chem. Soc. 2017, 139, 14053. 

(30) For use of PtCl4 in o-QM cycloadditions, see: (a) Radomkit, S.; 

Sarnpitak, P.; Tummatorn, J.; Batsomboon, P.; Ruchirawat, S.; Ploy-

pradith, P. Pt(IV)-catalyzed generation and [4+2]-cycloaddition reac-

tions of o-quinone methides. Tetrahedron 2011, 67, 3904. (b) Tang-

denpaisal, K.; Chuayboonsong, K.; Sukjarean, P.; Katesempao, V.; 

Noiphrom, N.; Ruchirawat, S.; Ploypradith, P. Synthesisof C4–C5 Cy-

cloalkyl-Fusedand C6-Modified Chromansvia ortho-Quinone Methi-

des. Chem. Asian J. 2015, 10, 1050. 

(31) For isolation of oxaphenalenone natural products which contain a 

p-QM functionality, see: (a) Leyte-Lugo, M.; Figueroa, M.; González, 

M.; Glenn, A. E.; González-Andrade, M.; Mata, R. Metabolites from 

the Entophytic Fungus Sporormiella minimoides Isolated from Hinto-

nia latiflora. Phytochem. 2013, 96, 273. (b) Overy, D. P.; Smedsgaard, 

J.; Frisvad, J. C.; Phipps, R. K.; Thrane, U. Host-Derived Media Used 

as a Predictor for Low Abundant, in Planta Metabolite Production from 

Necrotrophic Fungi. J. Appl. Microbiol. 2006, 101, 1292. (c) Overy, D. 

P.; Zidorn, C.; Petersen, B. O.; Duus, J. Ø.; Dalgaard, P. W.; Larsen, T. 

O.; Phipps, R. K. Medium Dependant Production of Corymbiferone a 

Novel Product from Penicillium hordei Cultured on Plant Tissue Agar. 
Tetrahedron Lett. 2005, 46, 3225.  . 
(32) Markwell-Heys, A. W.; Kuan, K. K. W.; George, J. H. Total Syn-

thesis and Structure Revision of (−)-Siphonodictyal B and Its Biomi-

metic Conversion into (+)-Liphagal. Org. Lett. 2015, 17, 4228.  

(33) Galván, A.; Fañanás, F. J.; Rodríguez, F. Multicomponent and 

Multicatalytic Reactions – A Synthetic Strategy Inspired by Nature. 

Eur. J. Inorg. Chem. 2016, 1306. 
(34) (a) Barluenga, J.; Mendoza, A.; Rodríguez F.; Fañanás, F. J. Syn-

thesis of Furoquinolines by a One-Pot Multicomponent Cascade Reac-

tion Catalyzed by Platinum Complexes. Chem. Eur. J. 2008, 14, 10892. 

(b) Barluenga, J.; Mendoza, A.; Rodríguez, F.; Fañanás, F. J. Synthesis 

of Spiroquinolines through a One-Pot Multicatalytic and Multicompo-

nent Cascade Reaction. Angew. Chem. Int. Ed. 2008, 47, 7044. (c)  Bar-

luenga, J.; Mendoza, A.; Rodríguez, F.; Fañanás, F. J. A Palladium(II)-

Catalyzed Synthesis of Spiroacetals through a One-Pot Multicompo-

nent Cascade Reaction. Angew. Chem. Int. Ed. 2009, 48, 1644. (d) Arto, 

T.; Fañanás, F. J.; Rodríguez, F. Gold(I)-Catalyzed Generation of the 

Two Components of a Formal [4+2] Cycloaddition Reaction for the 

Synthesis of Tetracyclic Pyrano[2,3,4-de]chromenes. Angew. Chem. 

Int. Ed. 2016, 55, 7218. 

(35) (a) Bender, C. F.; Yoshimoto, F. K.; Paradise, C. L.; De Brabander, 

J. K. A Concise Synthesis of Berkelic Acid Inspired by Combining the 

Natural Products Spicifernin and Pulvilloric Acid. J. Am. Chem. Soc. 

2009, 131, 11350. (b) Fañanás, F. J.; Mendoza, A.; Arto, T.; Temelli, 

B.; Rodríguez, F. Scalable Total Synthesis of (−)-Berkelic Acid by Us-

ing a Protecting-Group-Free Strategy. Angew. Chem. Int. Ed. 2012, 51, 

4930. (c) Bender, C. F.; Paradise, C. L.; Lynch, V. M.; Yoshimoto, F. 

K.; De Brabander, J. K. A Biosynthetically Inspired Synthesis of (−)-

Berkelic Acid and Analogs. Tetrahedron 2018, 74, 909. 

(36) Stierle, A. A.; Stierle, D. B. Kelly, K. Berkelic Acid, A Novel Spi-

roketal with Selective Anticancer Activity from an Acid Mine Waste 

Fungal Extremophile. J. Org. Chem. 2006, 71, 5357. 

(37) The originally-assigned structure of berkelic acid was corrected by 

Fürstner and coworkers: Buchgraber, P.; Snaddon, T. N.; Wirtz, C.; 

Mynott, R.; Goddard, R.; Fürstner, A. A Synthesis-Driven Structure 

Revision of Berkelic Acid Methyl Ester. Angew. Chem. Int. Ed. 2008, 

47, 8450. 

(38) For a review on -acid catalysis, see: Fürstner, A.; Davies, P. Cat-

alytic Carbophilic Activation: Catalysis by Platinum and Gold  Acids. 

Angew. Chem. Int. Ed. 2007, 46, 3410. 

(39) Cheon, C. H.; Kanno, O.; Toste, F. D. Chiral Brønsted Acid from 

a Cationic Gold(I) Complex: Catalytic Enantioselective Protonation of 

Silyl Enol Ethers of Ketones.  J. Am. Chem. Soc. 2011, 133, 13248.  

(40) Kanno, O.; Kuriyama, W.; Wang, Z. J.; Toste, F. D. Regio- and 

Enantioselective Hydroamination of Dienes by Gold(I)/ Menthol Co-

operative Catalysis. Angew. Chem. Int. Ed. 2011, 50, 9919. 

(41) Cramer and coworkers have reported the computational evaluation 

of concerted and stepwise pathways in their biomimetic synthesis of 

psiguadial B: Newton, C. G.; Tran, D. N.; Wodrich, M. D.; Cramer, N. 

One-Step Multigram-Scale Biomimetic Synthesis of Psiguadial B. An-

gew. Chem. Int. Ed. 2017, 56, 13776. 

(42) For additional examples of transition state calculations for o-QM 

cycloadditions, see: (a) Xu, L.; Liu, F.; Xu, L.-W.; Gao, Z.; Zhao, Y.-

M. A Total Synthesis of Paeoveitol. Org. Lett. 2016, 18, 3698. (b) Niel-

sen, C. D.-T.; Mooij, W. J.; Sale, D.; Rzepa, H. S.; Burés, J.; Spivey, 

A. C. Reversibility and reactivity in an acid catalyzed cyclocondensa-

tion to give furanochromanes – a reaction at the ‘oxonium-Prins’ vs. 

‘ortho-quinone methide cycloaddition’ mechanistic nexus. Chem. Sci. 

2019, 10, 406. (c) Lumb, J.-P.; Krinsky, J. L.; Trauner, D. Theoretical 

Investigation of the Rubicordifolin Cascade. Org. Lett. 2010, 12, 5162. 

(d) Wang, W.; Wei, D. A DFT Study of N-Heterocyclic Carbene Cata-

lyzed [4+2] Annulation between Saturated Carboxylate with ortho-

Quinone Methide: Possible Mechanisms and Origin of Enantioselec-

tivity. ChemistrySelect 2017, 2, 8856. 

(43) Liao, D.; Li, H.; Lei, X. Efficient Generation of ortho-Quinone 

Methide: Application to the Biomimetic Syntheses of (±)-Schefflone 

and Tocopherol Trimers. Org. Lett. 2012, 14, 18.  

(44) Fries, S.; Gollnick, K. Thermal [2+2] cycloadditions of tetracy-

anoethylene to cyclic thioenol ether. Angew. Chem. 1980, 92, 848. 

Page 9 of 11

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

(45) (a) Fries, S.; Gollnick, K. Thermal cycloadditions of dimethyl 

acetylene dicarboxylate to cyclic enol ethers and thioenol ethers. An-

gew. Chem. 1980, 92, 848. (b) Nicolaou, K. C.; Hwang, C.-K.; Duggan, 

M. E.; Reddy, K. B. Thermal cycloadditions of dimethyl acetylenedi-

carboxylate with cyclic enolethers. An entry into medium size oxocy-

clic systems. Tetrahedron Lett. 1987, 28, 1501.  

(46) (a) Liang, M.; Zhang, S.; Jia, J.; Tung, C.-H.; Wang, J.; Xu, Z. 

Synthesis of Spiroketals by Synergistic Gold and Scandium Catalysis. 

Org. Lett. 2017, 19, 2526. (b) Thirupathi, N.; Tung, C.-H.; Xu, Z. Scan-

dium (III)‐Catalyzed Cycloaddition of in situ Generated ortho-Qui-

none Methides with Vinyl Azides: An Efficient Access to Substituted 

4H‐Chromenes. Adv. Synth. Catal. 2018, 360, 3585. 

(47) (a) Razzak, M.; De Brabander, J. K. Lessons and Revelations from 

Biomimetic Syntheses. Nat. Chem. Biol. 2011, 7, 865. (b) Gravel, E.; 

Poupon, E. Biogenesis and Biomimetic Chemistry: Can Complex Nat-

ural Products be Assembled Spontaneously? Eur. J. Org. Chem. 2008, 

27. 

(48) (a) Lawrence, A. L.; Adlington, R. M.; Baldwin, J. E.; Lee, V.; 

Kershaw, J. A.; Thompson, A. L. A Short Biomimetic Synthesis of the 

Meroterpenoids Guajadial and Psidial A. Org. Lett. 2010, 12, 1676. (b) 

Sofiyev, V.; Lumb, J.-P.; Volgraf, M.; Trauner, D. Total Synthesis of 

Exiguamines A and B Inspired by Catecholamine Chemistry. Chem. 

Eur. J. 2012, 18, 4999. (c) Miller, A. K.; Trauner, D. Mining the Tet-

raene Manifold: Synthesis of Complex Pyrones from Placobranchus 

ocellatus. Angew. Chem. Int. Ed. 2005, 44, 4602. (d) Ellerbrock, P.; 

Armanino, N.; Ilg, M. K.; Webster, R.; Trauner, D. An Eight-step Syn-

thesis of Epicolactone Reveals its Biosynthetic Origin. Nat. Chem. 

2015, 7, 879.   

(49) (a) Wu, H.; He, Y.-P.; Gong, L.-Z. Direct Access to Enantioen-

riched Spiroacetals through Asymmetric Relay Catalytic Three-Com-

ponent Reaction. Org. Lett. 2013, 15, 460. (b) Cala, L.; Mendoza, A.; 

Fañanás, F. J.; Rodríguez, F. A catalytic multicomponent coupling re-

action for the enantioselective synthesis of spiroacetals. Chem. Com-

mun. 2013, 49, 2715. 

(50) For preliminary results regarding the investigation of a 5-exo-dig 

cycloisomerization/[4+2] cycloaddition approach towards 1, please see 

the Supporting Information. 

 

  

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

Page 10 of 11

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

11 

Table of Contents  

 

 

  

Page 11 of 11

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


