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Total Synthesis of Atrachinenins A and B 
Sarah A. French, Christopher J. Sumby, David M. Huang, and Jonathan H. George* 

Department of Chemistry, The University of Adelaide, Adelaide, SA 5005, Australia. 

ABSTRACT: Inspired by a new biosynthetic hypothesis, we report a biomimetic total synthesis of atrachineins A and B that ex-
plains their racemic nature. The synthesis exploits an intermolecular Diels–Alder reaction between a quinone meroterpenoid and E-
b-ocimene, followed by intramolecular (3+2) cycloaddition and a late-stage aerobic oxidation. Divergent transformations of a sim-
ple model system gave several complex polycyclic scaffolds, while also suggesting a structure revision for atrachinenin C. 

Stereochemically complex natural products that are isolated 
as racemates usually originate via non-enzymatic cascade re-
actions.1 Their existence can therefore inspire the development 
of spectacular sequences of predisposed transformations, and 
the discovery of novel modes of chemical reactivity.2 For ex-
ample, atrachinenins A–C (1–3, Figure 1) are a family of 
structurally intricate but racemic meroterpenoid natural prod-
ucts3 recently isolated from the rhizomes of Atractylodes 
chinesis,4 a plant widely used in traditional Chinese medicine. 
The most complex member of the family, atrachinenin B (2), 
features a cage-like pentacyclic ring system with seven con-
tiguous stereocenters and a peroxyhemiacetal bridge.  

 
Figure 1. Atrachinenins A–C, a family of complex but racemic 
meroterpenoids.  

In their isolation work, Chen et al. suggested a biosynthetic 
pathway to the atrachinenins that involved an intermolecular 
Diels–Alder reaction between quinone 4 and a cyclic mono-
terpene, a-phellandrene, followed by a dyotropic rearrange-
ment and a complicated series of oxidations and cyclizations.4 
Herein, we put forward a much simpler biosynthesis of the 
atrachinenins (Scheme 1), which later serves as the blueprint 
for their concise total synthesis. First, we propose a racemic, 
intermolecular Diels–Alder reaction between E-b-ocimene (5) 
and quinone 4,5 a natural product previously isolated from 
Atractylodes lancea,6 to give the endo adduct 6. As a readily 
available monoterpene, E-b-ocimene has often been used as a 
reactive diene in biomimetic Diels–Alder reactions,7 including 
as part of complex cascade reactions.8 Next, we propose enoli-
zation of the enedione Diels–Alder adduct 6 at C-5 to give 
enol 7, followed by an intramolecular (2+2) photocycloaddi-
tion to give cyclobutane 8. Ring expansion of 8 via an acid or 
base-catalyzed vinylogous a-ketol rearrangement could then 
give diketone 9. Alternatively, we considered that 9 could be 
formed directly by an acid catalyzed, intramolecular (3+2) 

cycloaddition of enol 7. Either way, the C-2-enol of ketone 9 
could react with molecular oxygen on its convex face to form 
the peroxyhemiacetal of atrachinenin B (2). Reduction of 2 
then gives the tertiary alcohol of atrachinenin A (1). We also 
considered that cyclobutane 8 could undergo oxidative frag-
mentation to give atrachinenin C (3), but this pathway was not 
supported by later experiments.  

Scheme 1. Proposed Biosynthesis of Atrachinenins A and B 
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Scheme 2. Intramolecular Cycloadditions of Enedione 12 

 

 Conditions Products 

1 NaOMe, MeOH, rt, purple LED 15 (60%) 

2 NaOMe, MeOH, rt, no light epi-12 (69%) 

3  [Ru(bpy)3]Cl2, Et3N, HCO2H, 
MeCN, rt, blue LED 

14 (58%), 15 (14%),  
16 (7%) 

4 DABCO, MeCN, rt, blue LED 14 (31%), 15 (17%) 

5 CSA, CHCl3, 60 °C 15 (65%) 

6 DABCO, PhMe, 95 °C  15 (55%) 

 
The ready availability of both E-b-ocimene (5),9 and 2,6-

dimethylbenzoquinone (10) as a simplified analogue of qui-
none 4, allowed us to chemically interrogate the proposed 
biosynthesis of the atrachinenins. First, an on-water catalyzed 
Diels–Alder reaction10 between 5 and 10 gave the major endo 
adduct 12 in good yield, which was easily separated from the 
minor endo regioisomer 11 by column chromatography 
(Scheme 2).11 Exposure of a solution of 12 in NaOMe/MeOH 
to UV light (lmax = 365 nm) gave a complex mixture of prod-
ucts, but the (3+2) cycloadduct 15 was detected in 1H NMR 
spectra of the crude reaction mixture. We propose a mecha-
nism involving (2+2) photocycloaddition of enol or enolate 13 
via a triplet excited state, followed by base catalyzed ring ex-
pansion of 14 via a vinylogous a-ketol rearrangement – a se-
quence with some analogy to the De Mayo reaction.12 Meas-
urement of the UV-vis absorption spectrum of 13 in           
NaOMe/MeOH revealed broad absorption in the range 350 – 
440 nm. We therefore conducted a more selective photocy-
cloaddtion using a purple LED (lmax = 405 nm, 390 – 425 nm) 
as the light source, forming 15 in 60% isolated yield (entry 
1).13 In the dark, NaOMe in MeOH merely epimerized 12 at 
C-5 (entry 2). Next we explored visible light photoredox ca-
talysis inspired by Yoon’s photocatalyzed (2+2) cycloaddition 
of dienones.14 Exposure of enedione 12 to standard photore-
ductive conditions (10 mol% [Ru(bpy)3]Cl2, Et3N, HCO2H, 
MeCN, blue LED, room temperature) formed the (2+2) cy-
cloadduct 14 as the major product, alongside 15 and the (4+2) 
cycloadduct 16 as a minor by-product (entry 3). However, 
some product formation was also observed in the absence of a 
photocatalyst (entry 4), indicating that the blue LED (lmax = 
450 nm, 420 – 470 nm) was capable of mediating the photocy-
cloaddition of 12 to some extent. A cycloaddition mechanism 
involving electron transfer by the photocatalyst to enol 13 is 

therefore unlikely. However, use of the more powerful photo-
catalyst (Ir[Me(Me)ppy]2(dtbpy))PF6 resulted in reduction of 
enedione 12 to give a saturated diketone product via a radical 
anion intermediate (see the Supporting Information).15 Finally, 
and in line with our alternative biosynthetic proposal outlined 
in Scheme 1, enedione 12 also undergoes acid and base cata-
lyzed, intramolecular (3+2) cycloadditions to give 15 on heat-
ing with catalytic CSA in CHCl3 at 60 °C (entry 5), or with 
catalytic DABCO in PhMe at 95 °C (entry 6).  

These experimental results show that formation of the de-
sired (3+2) cycloadduct 15 from 12 is highly predisposed to 
occur under a variety of photochemical and thermal condi-
tions. To gain further insight into the mechanism of these cy-
cloadditions, molecular geometries and energies of proposed 
intermediates were calculated using density function theory 
(DFT) (see the Supporting Information for full details).16 Our 
calculations predict the lowest energy pathway (DG‡ = 75.3 
kJ/mol) is an acid catalyzed (3+2) cycloaddition of enol 13 
that is concerted but asynchronous. An alternative acid cata-
lyzed (2+2) cycloaddition of 13 to give 14 is slightly less fa-
vored (DG‡ = 85.0 kJ/mol), but the subsequent vinylogous a-
ketol rearrangement to give 15 is facile (DG‡ = 34.7 kJ/mol). 
For the photochemical cycloadditions, our calculations support 
a mechanism involving photoexcitation of 13 to a triplet state 
biradical, followed by a stepwise (2+2) cycloaddition to give 
14, with a favorable base catalyzed vinylogous a-ketol rear-
rangement to then give 15 (DG‡ = 26.7 kJ/mol).  

Scheme 3. Divergent Synthesis of Atrachinenin Analogues 
From Cyclobutane 14 

  

Next, we investigated the rearrangement and oxidation of 
cyclobutane 14 to give synthetic analogues of atrachinenins A, 
B and C (Scheme 3). As predicted by our DFT study, the 
(2+2) cycloadduct 14 undergoes facile ring expansion via a 
vinylogous a-ketol rearrangement17 under either acid or base 
catalysis to give 15 in high yield, e.g. with catalytic camphor-
sulfonic acid (CSA) in CHCl3, or NaOMe in MeOH. Addition 
of KOt-Bu to a solution of 15 in THF open to air then formed 
the cyclic peroxyhemiacetal 17 (an analogue of atrachinenin 
B) in good yield via an a-hydroperoxide intermediate,18 along-
side tertiary alcohol 18 as a minor product. The atrachinenin A 
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analogue 18 was then more efficiently accessed by reduction 
of 17 with PPh3. Under basic conditions, the vinylogous a-
ketol rearrangement was combined with the aerobic oxidation 
step to directly convert 14 to 17 in high yield. Finally, oxida-
tion of 14 with PhI(OAc)2 gave an interconverting mixture of 
the atrachinenin C analogue 20 alongside its ring closed cyclic 
hemiacetal 21 (1.3:1 in CDCl3) via C–C cleavage of the 
alkoxy radical 19.19 X-ray analysis of crystals of 21 proved its 
cyclic structure, which reverted back to a mixture of 20 and 21 
on dissolution in CDCl3. This ketone-hemiacetal equilibrium 
contrasts with the natural product atrachinenin C, which is 
proposed to exist solely as structure 3. 1H and 13C NMR data 
for 3 also differs significantly from that observed for model 
compound 20, particularly at Me-15, Me-16, H-12 and H-6.4  

Scheme 4. Proposed Structure Revision of Atrachinenin C 

  

We therefore propose that the structure of atrachinenin C 
was misassigned at the C-12 stereocentre and that its true 
structure is C-12-epimer 22, which could arise biosynthetically 
via 5-exo-trig cyclization of epoxide 23 (Scheme 4). The orig-
inal assignment of 3 was based on a claimed NOE interaction 
between H-12 and H-6a; however, the overlap between H-12 
and H-6b signals in the 1H NMR spectrum renders this corre-
lation unclear. Furthermore, based on our synthetic work we 
predict that the proposed tricyclic diketone structure 3 should 
be in equilibrium with its tetracyclic hemiacetal form. Final 
support in favor of our structure revision was obtained through 
the synthesis of the atrachinenin C analogue 25 via base cata-
lyzed cyclization of epoxide 24, with NMR data for 25 in ex-
cellent agreement with natural atrachinenin C (see the Sup-
porting Information for full details).  

Enedione 12 also undergoes three further modes of acid 
promoted cyclization (Scheme 5). Firstly, when the acid cata-
lyzed (3+2) cycloaddition of 12 was conducted in an open 
flask, the intermediate product 15 underwent further aerobic 
oxidation to give cyclic peroxyhemiacetal 17 in good yield. 
This compound is unstable on heating (or exposure to UV 
light), rearranging to give lactone-hemiacetal 26 in high yield 
at 80 °C in PhMe. We propose a mechanism of homolytic O–
O bond cleavage to give a biradical, followed by a concerted 
1,2-methyl shift and C–C fragmentation to give a carboxylic 
acid, which then cyclizes to give 26. A related, thermal frag-
mentation of monocyclic 3-hydroxy-1,2-dioxoloanes to give 
carboxylic acid and ketone products has been reported.20 Al-
ternatively, treatment of 12 with 6 M HCl in THF gave the 
tetracyclic product 27 via an intramolecular (5+2) cycloaddi-
tion. Under these strongly acidic, aqueous conditions, we pro-
pose that protonation of the C-1 carbonyl group of enol 13 

could trigger a Prins reaction with the pendant prenyl group to 
give a tertiary carbocation. Interception of this carbocation by 
the C-5 enol could then form 27 via a stepwise, formal (5+2) 
cycloaddition. Finally, reaction of 12 with BF3•Et2O at –78 °C 
gave tertiary alcohol 28 via a type I intramolecular carbonyl-
ene reaction without enolization at C-5.21  

Scheme 5. Further Reactions of Enedione 12 

   

After these extensive model studies, we were armed with 
enough knowledge of the diverse chemistry of quinone–
ocimene Diels–Alder adducts to attempt a total synthesis of 
the atrachinenins. This required access to the naturally occur-
ring quinone 4, which was achieved in high yield by C-
geranylation of 4-methoxy-2-methylphenol (29) to give 30, 
followed by oxidation with ceric ammonium nitrate (CAN) 
(Scheme 6). Next, use of a high concentration of LiClO4 in 
Et2O, Grieco’s conditions for rate accelerated Diels–Alder 
reactions,22 enabled an efficient union between 4 and E-b-
ocimene (5) to give a mixture of all four possible endo adducts 
6, 31, 32 and 33. The on-water Diels–Alder reaction between 
4 and 5 gave a slightly lower conversion in this case. Monitor-
ing the product mixture using an internal NMR standard 
showed formation of 6 and 31 as the major products (both 
36%) alongside 32 and 33 (both 7%), which is consistent with 
our model system. From this complex mixture, the desired 
adduct 6 was purified in 24% overall yield by careful silver 
nitrate chromatography.23 Intramolecular (3+2) cycloaddition 
of 6 was also more challenging than the model system due to 
the proclivity of the geranyl substituent to migrate from C-10 
to C-2, forming 34 as the major product under all photochemi-
cal and most thermal conditions. The mechanism of this unde-
sired transformation probably involves successive retro-
Claisen and Claisen rearrangements of the geranyl side chain 
of 6 around the cyclohexenedione ring system since 34 was 
formed as a 1.3:1 mixture of E and Z stereoisomers.24 Fur-
thermore, a simplified analogue of 6 with an allyl group at C-
10 underwent a single retro-Claisen rearrangement to give an 
aromatic allyl ether product (see the Supporting Information 
for details). On further heating (or standing at room tempera-
ture for several days), 34 underwent a Cope rearrangement and 
retro-ene reaction to give the aromatized by-product 35. 
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Scheme 6. Total Synthesis of Atrachinenins A and B 

  

Despite the undesired geranyl migration under photochemi-
cal conditions, careful control of a thermal reaction with cata-
lytic DABCO allowed formation of the desired (3+2) cycload-
duct 9 in 32% yield, with higher temperatures favoring 34 and 
35. Unlike the model system, aerobic oxidation of 8 with   
KOt-Bu in THF gave a complex mixture of products but 
switching the solvent to DMSO gave atrachinenin B (2) in 
57% yield, alongside lactone-hemiacetal 36 formed by rear-
rangement of 2. Finally, atrachinenin B (2) was reduced with 
PPh3 to provide atrachinenin A (1) in high yield. Spectroscopic 
data for synthetic 1 and 2 matched those of the natural prod-
ucts, which were assigned by NMR and X-ray studies.4  

In summary, we have achieved concise total syntheses of at-
rachinenins A and B based on a novel biosynthetic hypothesis 
that rationalizes their racemic nature. Our synthesis explores 
the predisposed reactivity of Diels-Alder adducts formed be-
tween simple quinone and terpene building blocks, with re-
markable structural diversity resulting from subsequent cy-
cloadditions, carbonyl-ene reactions and sigmatropic rear-
rangements. Although the use of unprotected intermediates in 
a bold, biomimetic strategy leads to some unselective steps, 
the synthesis and characterization of several biosynthetic in-
termediates and by-products could facilitate their future isola-
tion as natural products from Atractylodes plants.25 We pro-
vide experimental and computational evidence that the poly-
cylic ring system of atrachinenins A and B could arise from 
either (2+2) or (3+2) intramolecular cycloadditions, while our 
work also signals that a structure revision is necessary for at-
rachinenin C. 
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