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ABSTRACT: Macrocyclic furanobutenolide-derived cembranoids (FBCs) are the biosynthetic precursors to a wide variety of highly 

congested and oxygenated polycyclic (nor)diterpenes (e.g. plumarellide, verrillin or bielschowskysin). These architecturally complex 

metabolites are thought to originate from site-selective oxidation of the macrocycles’ backbone and a series of intricate transannular 

reactions. Yet the development of a common biomimetic route has been hampered by a lack of synthetic methods for the pivotal furan 

dearomatization in a regio- and stereoselective manner. To address these shortcomings, a concise strategy of chemo- and stereoselec-

tive epoxidation followed by a kinetically-controlled furan dearomatization is reported. The surprising switch of facial :-discrimi-

nation observed in the epoxidations of the most strained E-acerosolide versus E-deoxypukalide and E-bipinnatin J derived 

macrocycles has been rationalized by the 3D-conformational preferences of the macrocyclic scaffolds. A careful conformational 

analysis of these macrocycles by VT-NMR, and NOESY experiments at low temperature was supported by DFT calculations to 

characterize these equilibrating macrocyclic 

conformers. The shift of conformational topology 

associated with a swing of the butenolide ring in E-

deoxypukalide is in general agreement with the reversal 

of -selectivity observed in the epoxidation. We also de-

scribe the downstream functionalization of FBC-

macrocycles, and how the C-7 epoxide configuration is 

retentively translated to the C-3 stereogenicity in 

dearomatized products under kinetic control to secure 

the requisite (3S,7S,8S)-configurations for the 

bielschowskysin synthesis. Unlike previously specu-

lated, our results suggest that the most strained FBC-

macrocycles bearing a E-(7,8)-alkene moiety may stand 

as the true biosynthetic precursors to bielschowskysin 

and several other polycyclic natural products of this class.  

 

Introduction. The furanobutenolide-derived 

cembranoids (FBCs) from gorgonian corals1 

constitute a large family of highly oxygenated 

and stereochemically complex polycyclic 

diterpenes possessing a broad range of 

biological activities.2 Unlike other terpenes, 

FBCs have a unique feature in that they are built 

upon the functionalization of a parent 14-

membered ring macrocyclic skeleton. Typically, 

the polycyclic carbon skeleton of terpenes such 

as taxanes or ent-kauranes are forged by 

specialized terpene cyclase enzymes. A 

hallmark of these enzymes is the 

conformationally-controlled formation of 

carbon–carbon (C–C) bonds from acyclic 

terpenyl precursors in a regio- and 

stereoselective manner to generate structural 

diversity in (poly)cyclic skeletons (cyclase 

phase).3,4 Further molecular complexity is often 

added by oxidase enzymes at a later stage by 

installing chemo- and stereoselectively key 

oxygenated functionalities at specific positions 

of the (poly)cyclic scaffolds (oxidase phase).5 

For the macrocyclic FBCs, like for most 

(mero)terpenoid skeletons, a biosynthetic cyclase gene or 

enzyme has not yet been identified.6 In many instances, it is 

likely that no dedicated terpene-cyclase enzymes exist for the 

key C–C bond-forming steps.7 Instead, an oxidase enzyme 

promoted pathway is at play to trigger either an oxidative 

cyclization cascade, or the generation of higher oxidation state 

 
Figure 1. Unified biosynthetic proposal highlighting various tactical transannular reactions 

originating from FBC-macrocycles 1-4, and the divergence of C-3/C-8 relative and abso-

lute configurations. 
 



 

metabolites which –under specific conditions (i.e. 

Lewis/Brønsted acidic or photochemical)– may rearrange to 

create the needed polycyclic scaffolds. As shown in Figure 1, 

some of the most complex cembranoid metabolites such as 

verrilin (5), plumarellide (6), and bielschowskysin (7) have 

been proposed to derive from a series of relatively challenging 

transannular reactions such as a 1,4-conjugated addition, a 

Diels–Alder, or a [2+2] cycloaddition.2,8 Even if the common 

biosynthetic origin of these natural products 5-7 remains 

speculative,2 it is unlikely that a cyclase enzyme is involved in 

forming the various polycyclic scaffolds. Indeed, these complex 

natural products have been postulated to originate from lower 

oxidation-state metabolic precursors (e.g. Z-bipinnatin J (1) or 

Z-rubifolide (2)).2 Strickingly, E-(7,8)-configured FBC-

macrocycles are rare in nature, while their corresponding trans 

(7S,8R)-epoxides are promiscuous (e.g. pukalide, lophotoxin), 

thus nourishing the idea that the more flexible macrocyclic Z-

isomers and their related cis epoxides might represent the 

biosynthetic precursors of numerous polycyclic natural 

products of this class.2b In contrast to this idea, earlier studies 

pointed out a lack of success in the chemo- and stereocontrolled 

epoxidation of Z-FBC-macrocycles.9 Therefore, we 

hypothesized that an oxidative furan dearomatization prompted 

by a stereoselective E-(7,8)-alkene oxidation might reveal a 

more realistic biomimetic path (Figure 1).10 Given the current 

lack of data on the stereocontrolled formation of C-7/C-8 

epoxide diastereomers,11 and on the regioselective oxirane 

opening, the overall mechanistic dearomatization process of 

FBC-macrocycles remains elusive.12 To address these 

shortcomings, the role played by the C-18 oxidation state in 

tuning the furan’s reactivity toward dearomatization is 

discussed herein,13 as well as the control of the C-8 tertiary 

hydroxyl absolute configuration. The impact of different 

oxidation levels at C-13/C-14 on the macrocycles strain was 

evaluated,14 to shed a new light on the importance of 

macrocyclic conformational topology towards reactivity. We 

report here a surprising switch of stereoselectivity for the trans 

epoxides obtained from kinetic epoxidations of E-configured 

(7,8)-FBC macrocycles. Along these lines, the ensuing 

dearomatization stereoselectivity outcome was also evaluated 

under kinetic and thermodynamic conditions. By taking 

advantage of the macrocyclic conformational bias at low 

temperature, a synthetic sequence toward bielschowskysin was 

established with a pivotal regio- and stereoselective furan 

dearomatization triggered by epoxide ring opening with full 

control over the newly formed (3S,7S,8S)-stereogenic centers. 

Despite several elegant and innovative synthetic approaches 

toward bielschowskysin,15 only Nicolaou16 and us10 were able 

to build the intricate tricyclo[9.3.0.0]tetradecane architecture of 

the natural product. This study finally informs about the 

conformational dynamics of FBC-macrocycles, and the role of 

intertwined strategical oxidations and chemoselective C–C 

bond-forming steps in the biosynthetic pathways of polycyclic 

FBCs.  

Results and Discussion. 

1. Conformational macrocyclic constraints on the 7,8–

alkene E/Z-photoisomerization outcome and the 

epoxidation stereocontrol.  

Our initial study started with the isolation of E-acerosolide 

(3) from Pseudopterogorgia acerosa in adequate quantities (ca. 

500 mg) to investigate the key steps of epoxidation and furan 

dearomatization. Given that E-3 is a singular example of the 14-

membered FBC-macrocycles found in nature harboring a 7,8 

olefin of E-configuration, this metabolite was an exciting 

starting point to study the stereochemical outcome of our 

synthetic approach (Scheme 1).10 The underlying hypothesis for 

the study of E-3’s reactivity was based on the fact that a methyl 

ester group at C-18 might be critical to tame the furan oxidation 

and generate the pivotal dearomatized exo-enol ether ketal 

required en route to bielschowskysin. After extensive 

conditions’ optimization, the trans (7S,8R)-epoxide 8a was 

obtained as the major diastereomer from the epoxidation of E-

3 in 96% yield (brsm). This epoxidation arising from the -face 

Scheme 1. Photochemical E/Z-isomerizations and the resulting stereochemical outcome of the 7,8 olefin facial epoxidations.a,b  

 
a Reagents and conditions: (1) DMDO (1.0-2.0 eq.), acetone (50-75 mM), 0 oC, 1-2 h; from Z-3 a 1.7:1 product ratio of epoxide 8c and bis-

epoxide SI-2 was obtained. (2) TMSCl (1.1 eq.), 0 oC, CH2Cl2 (13 mM), 1-2 h. (3) AgOAc (1.1 eq.), lutidine (1.1 eq.), CH2Cl2, -78 oC, 2-3 h. 

(4) UVC ( = 254 nm), CH3CN, rt, 2 h, E/Z-photostationary state (1:1 ratio). (5) AgF (5.2 eq.), lutidine (1.9 eq.), toluene (63 mM), 0 oC, 0.5 h. 
b Only major diastereomers drawn in each reaction for simplicity. 



 

of the 7,8 alkene was highly stereoselective but generated the 

tertiary stereocenter with the undesired (8R)-configuration 

towards 7. Therefore, we selected to evaluate the epoxidation 

of Z-3. The Z/E-isomerization of Z-deoxypukalide (4) and other 

Z-FBC-macrocycles under UVB conditions was reported to be 

a challenging and capricious reaction (vide infra), seemingly 

the reverse E/Z-alkene isomerization has never been 

documented.17 A side-by-side UVB photoirradiation of Z-3 and 

E-3 for 2 hours in separate reaction flasks revealed that both 

compounds isomerized to afford a 2:1 E/Z-ratio characteristic 

of a photostationary state. Remarkably, a UVC irradiation ( < 

260 nm) of an acetonitrile solution of E-3 in a Quartz reaction 

vessel formed Z-3 preferentially although remaining in a 

photostationary state equilibrium with E-3 (1:1 E/Z-ratio). Both 

isomers were easily separated and isolated by preparative thin-

layer chromatography albeit in a low 24% overall yield.18 Z-3 

was then engaged in epoxidation with DMDO, but the (7R,8R)-

cis epoxide 8c was the sole diastereomer formed in the reaction, 

as expected for an epoxidation arising selectively from the 

macrocycle’s -face.9 The configuration of both C-7 and C-8 

stereocenters was confirmed through another synthetic route 

starting from the (7S,8R)-epoxide 8a. The stereospecific 

epoxide opening of 8a to the corresponding (7S,8R)-

chlorohydrin was achieved with stereoretention at C-7, and an 

inversion of configuration occurred during the re-cyclization of 

the oxirane moiety mediated by AgOAc to afford another 

sample of 8c (Scheme 1). These results confirm that the 

epoxidation of Z-3, like for other Z-FBC-macrocycles is likely 

controlled by the steric hindrance staged by their innate 

strained-conformation. Presumably, FBC-macrocycles bearing 

a Z-configured olefin fold preferentially into a sandwich-like 

conformation in which the furan and butenolide rings are 

relatively parallel to another, thus blocking any reagent to 

approach from the concave -face.19 This principle of 

peripheral attack from the -face of Z-FBC macrocycles 

appears to be general due to the steric crowding from the 

butenolide nearby the double bond.20 In fine, epoxidation of Z-

FBC macrocycles (e.g. bipinnatin J (1), rubifolide (2)) can 

therefore only deliver products of (7R,8R)-configurations 

which cannot be exploited toward stereoselective 

dearomatization, and the synthesis of any of the natural 

products 5-7 shown in Figure 1. At this stage of the study, the 

question of C-8 stereocontrol remained unanswered. 

Hence, we turned back our attention to the epoxidation of the 

E-configured FBC-macrocycles E-4 and E-10 (Schemes 1-2). 

E-3, E-4, E-isopukalide13, and E-acerolide21 are the only four 

isolated metabolites presenting the E-configured 7,8 olefin. 

Epoxidation of E-4 proved to be relatively high yielding by 

providing the trans epoxide (7R,8S)-9b in 60% yield with an 

unexpected 10:1 diastereomeric ratio (Scheme 1). Of 

importance, the minor (7S,8R)-epoxide diastereomer 9a was 

separated and isolated to provide a pure synthetic sample of (+)-

pukalide which completed the first asymmetric synthesis of this 

natural product.11,22 A 2-step sequence of oxirane 

opening/closing from 9b with TMSCl followed by AgF resulted 

in the isolation of epoxide 9d (57% overall yield) possessing 

the desired (7S,8S)-configuration en route to bielschowskysin. 

The switch of diastereoselectivity in the epoxidation of E-4 vs 

E-3 appeared to be related to the C-14 functionalization 

(methylene vs carbonyl). To rationalize this result, we 

hypothesized that either an electrostatic effect from the 

carbonyl might force the facial epoxidation selectivity, or that a 

change in macrocyclic strain might result in a subtle 

conformational (de)stabilization hence the facial 

discrimination. As eluded above, E-FBCs such as E-

deoxypukalide (4) are typically unstable which explains why 

their chemistry has been relatively underexplored. E-configured 

FBC macrocycles usually present characteristic line broadening 

of numerous peaks across their 1H NMR spectra at room 

temperature (293 K). This effect is consistent with the presence 

of several populations of conformers in equilibrium and rapidly 

interconverting over the NMR time-scale of the 1H experiment. 

Therefore, a variable-temperature NMR (VT-NMR) 

experiment from -60 to 55 oC was undertaken to evaluate 

possible changes of conformations in E-4 (Figure 2).18 Upon 

sample heating during spectral acquisition several peaks 

sharpened, and a resolved set of three multiplets appeared at 

328K between 2.15 and 2.65 ppm [δH 2.58 (br d, J = 13 Hz, 1H); 

2.39 (br t, J = 13 Hz, 1H); 2.22 (br dd, J = 13 and 6 Hz, 1H)]. 

Below 0 oC (temperature of coalescence: TC), two distinct 

sandwich-like conformers were observed in a 2:1 ratio. The 

spectrum collected at TC (273K) presented resonances with an 

asymmetric line broadening in the downfield region for H-5 and 

H-11, while H-7 and H-10 appeared as split resonance bands 

(δH-7 5.92/6.02 ppm and δH-10 5.24/5.18ppm for the major and 

minor conformers respectively). The resolved proton 

resonances were used to determine the ratio of conformers and 

the equilibrium constant Keq = 1.92 (Go = 0.303 Kcal.mol-1). 

Furthermore, the activation energy barrier, ∆𝐺‡, for the 

Figure 2. A. Conformational and stereochemical assignments of the 

major E-4′ and minor E-4 conformers of deoxypukalide from 

NOESY correlations across the furanocembranoid macrocycles at -

40 oC.a B. Stereochemical models of epoxidation for E-acerosolide 

(3) vs E-deoxypukalide (4) based on experimental thermodynamic 

and kinetic parameters obtained by VT-NMR.  

 

 
a Key NOESY correlations securing the determination of the FBC-

macrocycles main conformation and -face (highlighted in blue). 

A 
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conformational exchange was calculated at T = 233 K 

(temperature of best spectral resolution) from the coalescence 

temperature Tc (approximately 273K) as follows; Where a = 

4.575 ×  10−3 

∆𝐺‡ = 𝑎𝑇(9.972 + log
𝑇𝑐

∆𝑣
) =  11.7 kcal ∙ mol−1     (Eq. 1) 

and ∆𝑣 is the difference in frequency (Hz) from a pair of 

resolved but exchanging protons (25.6 Hz for H-11 at 233 K). 

With the kinetic and thermodynamic parameters of 

conformational exchange determined, we set out to further 

elucidate the structural differences for the two conformers. The 

spectral assignment of proton chemical shifts were obtained 

from 1H–1H COSY, HSQC and HMBC, while a detailed 

conformational analysis was conducted using the NOESY 

spectrum at -40 oC or 233K (Figure 2A).18 A preliminary survey 

of the NOESY spectrum revealed a wealth of cross-peaks with 

positive phase attributed to nuclear Overhauser effect 

interactions (NOESY-type correlations) as well as many cross-

peaks with negative phase attributed to chemical exchange 

(EXSY-type correlations). These data unequivocally confirm 

the observation of conformers interconverting on the NMR time 

scale as well as supporting the proton chemical shift 

assignments. In the major conformer (E-4′: novel and more 

open sandwich-like conformation), NOESY cross-peaks from 

H-7 to H-5, H-9α and H-11 as well as from H-11 to H-9α, H-

13α and H-14α indicated these protons were present on the α-

face of the molecule. On the other hand, cross-peaks from H3-

19 to H-9β and H-1 indicated these protons were on the β-face 

of the molecule. In the minor conformer [E-4: similar 

conformation to E-acerosolide (3)], NOESY cross-peaks from 

H-11 to H-9α, H-13α and H3-19 as well as from H3-19 to H-9α, 

H-14α indicated these protons were present upon the α-face of 

the molecule, while cross-peaks from H-7 to H-9β, and from H-

1 to H-13β indicated these protons were on the β-face. Taken 

together, these spectroscopic data confirm that the major 

conformer population observed below 0 oC for deoxypukalide 

E-4′ exhibits a different folding conformation than E-3 with a 

swing of the butenolide ring below the median plane of the 

macrocycle. In this more open sandwich-like conformation, the 

butenolide moiety is now hindering the α-face, therefore forcing 

the stereoselective peripheral attack of DMDO from the β-face 

to obtain the (7S,8R)-stereoisomer 9c quasi exclusively. 

The stereochemical model proposed in Figure 2B rationalizes 

for the first time the : selectivity in the epoxidation of E-

FBCs which has been largely unexplored until to date due to the 

speculative instability of these isomers. The excellent control of 

reactivity for both E-3 and E-4′ suggests that the methyl ester at 

C-18 stabilizes these highly reactive intermediates and their 

corresponding epoxide products by relieving electron density 

from the furan ring. More importantly, one can now fully 

appreciate the role of intertwined cyclase and oxidase phases in 

the conformational control of the 14-membered ring 

furanobutenolide cembranoids. The higher oxidation state for 

E-3, in lieu of a carbonyl group at C-14, enhanced the 

conformational strain imparted to the macrocycle backbone, 

likely through contributions of both Pitzer (torsional) and 

Prelog (transannular) strain. This extra strain forced the 

macrocycle into a more closed cup-like conformation thus 

blocking the C-19 methyl group to flip outside the macrocycle 

while exposing the 7,8 alkene -face for the stereoselective 

epoxidation. On the basis of the VT-NMR 1H spectra, it can be 

established that the presence of a methylene at C-14 relieves the 

macrocyclic strain leading to a dynamic equilibrium between 

two populations of conformers E-4/E-4′ in a Curtin-Hammett 

situation (low transition-state energy barrier between 

conformers, (G‡ of 11.7 Kcal.mol-1) in which the most stable 

E-4′ conformer (Grel = -0.303 Kcal.mol-1) can be 

stereoselectively epoxidized under kinetic control to deliver the 

(7R,8S)-9b. Again a peripheral attack from β-face of the 

computed lowest energy conformer E-4′ explains well the 

opposite diastereochemical outcome of the epoxidation at 0 oC. 

It can therefore be concluded that the level of oxidation at C-14 

(E-3 vs E-4) is a key conformational determinant that controls 

the macrocyclic strain in 14-membered ring E-FBCs.23,24  

2. Energy landscape of the dynamic equilibrium between 

populations of FBC-macrocycle conformers. 

To gain additional insights into the conformational landscape 

between the open (sandwich-like) and closed (cup-like) forms 

of FBC-macrocycles E-acerosolide (3) and E-deoxypukalide 

(4), we chose to probe the potential energy surfaces (PES) of 

these transformations by density functional theory (DFT) 

calculations (Figure 3). To determine potential activation 

barriers of the most favorable pathways, conformer structures 

inferred from NMR analysis (NOESY correlations and 3JHH 

scalar coupling constants, see Figure 2A) were exploited as 

starting points on the PES. Using relaxed coordinate scans, the 

macrocycles’ conformational landscapes were obtained at the 

DFT B3LYP/3-21G level of theory through the incremental 

rotation of the furan-alkene -system “in and out” of the 

macrocycle by pivoting around both C-7‒C-8‒C-9‒C-10 and 

C-1‒C-2‒C-3‒C-4 dihedral angles (37 increments each). The 

resulting energies calculated for ~1,400 conformations were 

used to generate a 2D-PES, which was examined to determine 

the impact of the 7,8 alkene internal rotation on the 

macrocycles’ conformational space (see Supplementary 

Figures SI-8/9). Each potential energy minima on the PES was 

further optimized at the DFT B3LYP/6-31G(d) level of theory, 

and vibrational frequencies were calculated at the B3LYP/6-

311G+(2d,p) level using a conductor-like polarizable 

continuum model of chloroform (Figure 3). From these 

calculations, it was found that the global energy-minimum for 

acerosolide was a cup-like folded conformer MINB in 

equilibrium with a much higher energy conformer MINB’ (+5.8 

kcal/mol). Even if MINB’ might represent a realistic 

intermediate, the activation barrier towards the transition state 

TSB,B’ is so low (0.9 Kcal/mol) that MINB’ is likely metastable, 

rapidly converting to MINB. Furthermore, the central transition 

state TSA’,B’ governing the overall conformational 

interconversion between the macrocyclic open and closed 

forms was determined to be at +13.2 Kcal/mol relative to the 

starting energy minima of MINB. While the transition state 

TSA’,B’ structure appears to sustain a large macrocyclic strain 

exemplified by a number of distorted bond angles, the perfectly 

aligned furan and alkene -systems should contribute to its 

stabilization (Figure 3). In TSA’,B’, the butenolide and furan ring 

are also perfectly orthogonal. The geometric constraints 

imparted to the macrocyclic ring in the uphill path towards 

TSA’,B’ is associated with an allylic A1,3 strain between the Me-

19 group and the furan moiety which can be seen as a s-cis 

conformation of the C-5‒C-6/C-7‒C-8 diene system. Downhill 

from TSA’,B’ are two other local energy minima of open-form, 

MINA’ and MINA, which are 2.1 and 1.1 Kcal/mol in energy 

above MINB, respectively. Considering the modest activation 

barrier (ca. 13 kcal/mol) in the conformational pathway of 

acerosolide, the conformational preference towards MINB can 



 

be explained by the Gibbs free energy difference G(MINB - 

MINA) = -1.1 Kcal/mol. In the lowest energy conformer of 

acerosolide MINB, the combination of an electrostatic 

interaction between the Me-19 and C-14 carbonyl, and a n-π* 

hyperconjation effect between the furan oxygen lone pair (p 

orbital) and the same C-14 carbonyl might afford stabilization 

to a more folded cup-like conformation (Figure Suplementary 

Figure SI-12). In contrast, in the PES of the deoxypukalide, a 

more open sandwich-like conformer MINA was found as global 

minima of the macrocycle conformational space due to the 

absence of a carbonyl at C-14. The PES for the deoxypukalide 

conformational equilibrium highly resembles the path of 

acerosolide, with an ensemble of 4 stable energy minima (2 

open- MINA/MINA’ and 2 closed-conformers MINB/MINB’). 

The pathway of interconversion for deoxypukalide presented a 

similar central transition state structure TSA’,B’ (+11.6 kcal/mol) 

relative to the lowest energy conformation, MINA in this case. 

Overall, the open-conformer, MINA, of deoxypukalide appears 

more stable with G (MINA – MINB) = -0.5 Kcal/mol. This 

computational result is in general agreement with the 

experimental equilibrium constant and ratios determined by 

NMR with E-4’ being the major conformer as shown in Figure 

2B. Furthermore, the DFT-estimated energy barrier (G‡ of 

11.6 Kcal/mol) is consistent with the experimental 

interconversion barrier E-4/E-4′ measured by the kinetic VT-

NMR experiments in CDCl3 at 233K (G‡ of 11.7 Kcal/mol). 

The conformational analysis for E-3 and E-4, and the transition 

state structure TSA’,B’ illustrated that the large isopropenyl side 

chain at C-1 maintained a pseudo-equatorial position at all time 

during the 7,8 alkene rotation,23b while the small H-7 hydrogen 

was the preferred group crossing the inside macrocyclic cavity 

to likely minimize transannular interactions (Supplementary 

Video-S1). Overall, the more strained E-3 macrocycle is 

stabilized in a folded cup-like conformer with the butenolide 

ring blocking the 7,8 olefin -face, while the more flexible E-4 

macrocycle is stabilized in a sandwich-like conformation in 

which the butenolide ring rotated over thus hindering the 

opposite -face. This conformational analysis fully supports the 

reversal of stereoselectivity obtained experimentally from the 

epoxidation of E-3 (MINB) and E-4 (MINA) at low 

temperatures.  

3. Validation of the kinetic epoxidation strategy on E-

bipinnatin J methyl ether 10. 

To test this premise and expand the scope of the 

stereoselective epoxidation to a more realistic model towards 

bielschowskysin, the sequential photochemical isomerization 

and epoxidation have been evaluated on Z-bipinnatin J methyl 

ether 10 as outlined in Scheme 3. The systematic and 

foundational study from Pattenden on the Z  E 

photoisomerization of the 7,8 alkene revealed the labile nature 

of several E-FBCs (e.g. E-10).17 Seemingly, the –* 

photoexcitation of the 7,8 alkene moiety under UVB irradiation 

might trigger the formation of a 1,2-biradical intermediate 

which undergoes several competitive transformations, namely 

isomerization (desired in our case), ring contraction, and 

cyclopropanation. As expected, controlling the photoinduced 

Z/E-isomerization of bipinnatin J methyl ether Z-10 under UVB 

irradiation proved challenging, leading to the isolation of E-10 

in only 30% yield (87% brsm), along with the rearranged 12-

Figure 3. Computed macrocyclic conformational equilibrium pathway for acerosolide E-(3) and deoxypukalide E-(4) at 233K. a 

 

a Energy profile (G in kcal/mol) obtained at the DFT B3LYP/6-31G(d)//B3LYP/6-311+(2d,p) levels of theory for all optimized ground state 

conformers and the transition state TSA’,B’. Energies for transition states TSA,A’ and TSB,B’ were approximated from the PES obtained at the 

B3LYP/3-21G level of theory. Structures of acerosolide conformers omitted for simplicity, see Supporting Information Figure SI-12. 



 

membered ring pseudopterane scaffold 11 (up to 12% 

yield).25,26 As previously suggested for the mechanism of the 

photocatalyzed Rodríguez–Pattenden ring contraction, a 1,2-

biradical intermediate might be initially generated to trigger a 

stereospecific suprafacial [1,3]-sigmatropic shift as the path to 

the ring-contracted product 11 with retention of the butenolide 

(S)-configuration.27 As shown in the sandwich-like 

conformation of E-10, the C-9–C-10 -bond migration likely 

arise from the α-face at C-8 via a concerted suprafacial [1,3]-

sigmatropic shift –authorized by the orbital symmetry rules for 

[σ2s+π2s] cycloaddition reaction– to obtain the (7S) 

configuration observed in 11.28 No evidence of other 

diastereomers could be found on the 1H NMR spectra of 11. 

Never the less, by keeping irradiation times shorter than 10 

minutes, the photoisomer E-10 was intercepted and isolated in 

a pure form. The stereoselective epoxidation of E-10 with 

DMDO at low temperatures (-40 to -20 oC) provided (7R,8S)-

epoxide 12 in 30% yield. The observed stereoselectivity was 

again in general agreement with the DFT caluculations for E-

10 in which the open sandwich-conformer, MINA, appeared 

more stable with a G (MINA – MINB) = -1.6 Kcal/mol (see 

Supplementary Table SI-4). In agreement with our 

stereochemical model, the 1H NMR analysis of the reaction 

mixture revealed no measurable concentration of other 

diastereomers.  Epoxide 12 is the most unstable epoxide from 

the entire synthetic series (i.e. 8a-d). Upon longer reaction time 

of epoxidation (18 hours) or standing in a freezer, 12 undergoes 

a gradual dearomative hydrolysis to the ene-dione product 13. 

Given the instabilities of both E-10 and 12, and the restricted 

amounts of bipinnatin J available to us, this route was not 

further pursued. 

Taken together, the results on the photoisomerization and 

stereoselective epoxidation from several representative 

members of the 14-membered ring class of FBC-macrocycles 

(E-3, Z-3, E-4, E-10 and Z-10) support several biosynthetic 

hypotheses and inform about the key structural determinant for 

the C-7–C-8 stereocontrol. As previously eluded, the degree of 

oxidation at C-18 is crucial in tuning the furan reactivity 

(initiating dearomatization), and avoiding over-oxidation. 

Furthermore, another lesson learned from the oxidase phase 

revealed that the sp2 C-14 carbonyl moiety found in acerosolide 

E-3 alter the macrocycle conformational equilibrium as such 

that one major conformer population can be observed, leading 

to a highly -stereoselective epoxidation of the 7,8 alkene. In 

contrast, the switch of conformational preference in E-4 and E-

10 suggests that a lower oxidation state (methylene at C-14) 

released macrocyclic strain which in turn enables a 

stereoselective epoxidation to take place from the β-face under 

kinetic control (-40 to 0 oC). This : selectivity control in the 

epoxidation of E-FBCs strongly suggests that Z-metabolites 

represent the in vivo reservoir of metabolites to achieve 

regioselective oxidations (certainly based on several factors 

such as each individual coral genome, organism yearly 

reproduction cycle and ecological niche) that intertwine both 

cyclase and oxidase phases to deliver specific metabolites on 

demand.  

4. Kinetic versus thermodynamic control of the 

dearomatization of furanocembranoids.  

Fenical was first to report a FBC-macrocycle artifact of 

isolation derived from lophotoxin bearing a dearomatized furan 

as an exo-enol ether moiety.29 Since then, other exo-enol ethers 

have been genuinely isolated,30 leading to the hypothesis that 

exo-enol ethers (e.g. 15) might be plausible biosynthetic 

precursors to various transannular reactions.2 The seemingly 

straightforward conversion of the furanyl epoxide moiety 

present in macrocycles 8 into the corresponding dearomatized 

exo-enol ethers 15 revealed to be the most challenging step of 

the synthesis. Earlier studies by Rodríguez11a, Pattenden12a, 

Mulzer12b, and Trauner12c established the difficulties to devise a 

chemo-, regio- and stereoselective dearomatiza-

tion strategy which informed our own orthogonal 

approach of the dearomatization under kinetic 

control.10 To this aim, trans epoxides 8a,b and cis 

epoxide 8c were obtained from the direct 

epoxidations of the corresponding E-3 and Z-3 

macrocycles respectively (see Scheme 1). The cis 

(7S,8S)-epoxide 8d was prepared in 56% yield 

over 2 steps from 8b by successive treatments with 

TMSCl, and AgF in benzene (Scheme 3). Having 

in hand the four cis/trans diastereomer epoxides of 

acerosolide 8a-d, our initial dearomatization study 

could be completed to obtain a detailed 

stereochemical blueprint of the kinetic control. As 

shown on Scheme 3, epoxides 8a-d endured a 

nucleophilic opening in a highly regio- and 

stereoselective manner to generate the 

corresponding C-7–C-8 chlorohydrins 14a-d with 

a suprisingly impeccable retention of 

configuration at C-7.31 Despite their inherent 

instability, these chlorohydrins were carefully 

isolated and characterized to secure their relative 

stereochemistry.10 These results were rationalized 

by a peripheral kinetic attack of the chloride 

nucleophile from the less hindered - or -face of the 

vinylogous oxocarbeniums A or B respectively (Scheme 3).32 

Likewise, the regioselective C-3 dearomatization of these 

chlorohydrins was successfully achieved with AgOTf and 

MeOH to deliver the corresponding (Z)-exo enol ethers 14a-d 

in 23-36% yields with an exquisite transfer of chirality (≥ 20:1 

dr; ≥ 4:1 rr). This precise substrate-control in each epoxide 

opening and dearomatization reactions under kinetic conditions 

suggests that both steps proceeded through the same SN1-type 

Scheme 2. Photoisomerization of bipinnatin J methyl ether Z-10 into E-10 and the 

ensuing stereocontrolled epoxidation under kinetic control. 

 

a Reagents and conditions: (1) UVB ( = 300 nm), Pyrex filter, CD3CN, rt, < 10 min. 

(2) DMDO (1.2 eq.), CH2Cl2 (0.2 M), -40 to -20 oC, 1.5 h. 



 

scenario. Indeed, the (7S)-epoxides 8a/8d opening as well as the 

ensuing (7S)-chlorohydrins 14a/14d dearomatizations are 

proposed to proceed via oxocarbenium A in which the 

orthogonality between the butenolide and furanoxonium rings 

(cup-like conformation) supports a nucleophilic attack at the C-

7 or C-3 positions from the convex -face. In a similar SN1-type 

scenario, (7R)-epoxides 8b/8c opening and (7R)-chlorohydrins 

14b/14c dearomatizations likely proceeded via oxocarbenium 

B in which the butenolide and furanoxonium rings are more in 

a parallel (sandwich-like) arrangement, thus blocking the 

concave face and opening up the top β-face for nucleophilic 

attack. Collectively these results suggest that under kinetic 

control, the initial epoxides’ configurations at C-7 can be 

exquisitely transferred into the C-3 configurations of the (Z)-

exo enol ether ketal products (retention relative of 

configuration). Having completed a cohesive model of kinetic 

stereoselectivity based upon the conformational bias of 

oxocarbeniums A/B, the dearomatization of chlorohydrin 14b 

was attempted under a set of thermodynamic conditions. 

Treating 14b with lutidine and MeOH at room temperature 

mostly avoided the issue of rapid rearomatization previously 

reported by Pattenden (2:1 rr),12a therefore leading to an 

efficient dearomatization (59% yield) despite the 

diastereomeric mixture of products 15b/15d (7:1 dr). The 

erosion of diastereoselectivity observed in this first successful 

example of thermodynamic dearomatization suggested that a 

conformational equilibrium between oxocarbeniums A and B 

might take place at ambient temperature.  

With these results in hand, a biomimetic endgame was 

attempted from both cis (7S,8S)-epoxides 8d and 9d 

respectively derived from acerosolide and deoxypukalide 

(Scheme 4A). Recall that 9d was synthesized in 3 steps ca. 35% 

overall yield with high stereocontrol (Scheme 1). Epoxide 

opening was achieved under the kinetic conditions described 

above, leading to isolate the corresponding chlorohydrins.18 

After simple evaporation of volatiles, the chlorohydrin 

intermediates were dearomatized in the same pot under 

thermodynamic control by the addition of lutidine and MeOH 

to afford both (Z)-exo enol ether ketal products 15d/16d. These 

(Z)-exo enol ethers were then photoisomerized under UVC 

irradiation to achieve a transannular [2+2] photocycloaddition 

into the bielschowskyane photoproducts 18d and 19d in 19% 

and 8% overall yields over 3 steps.15c-d,16,33 These one-pot 

transformations are modestly efficient, yet complete our initial 

study on bielschowskyane analogs by controlling for the first 

time the desired (8S)-configuration. As initially suggested by 

Nicolaou16 from an in situ 1H NMR monitoring of the 

photoreaction, the photoisomerized (E)-exo enol ether (e.g. 

17a) appeared to be the reactive intermediate in the [2+2] 

photocycloaddition. The isolation of 17a allowed us to verify 

that neither (Z)- nor (E)-exo enol ethers underwent a thermal 

cycloaddition. As shown in Figure 4, the strong long-range 

NOESY correlation observed only in the (E)-exo enol ether 17a 

(not in 15a) between the H-7 and H-11 protons suggested that 

the two olefins C-7–C-8 and C-11–C-12 were in close spatial 

proximity, as one would expect for the -systems to properly 

align for the [2+2] photocycloaddition.33,34 Macrocycle 17a was 

further irradiated with UVC to successfully deliver 18a, which 

confirms Nicolaou’s hypothesis. Having access to the novel 

(7S,8S)-epoxides 8d and 9d enabled us to complete the 

syntheses of the complex fuse-bridged 

tricyclo[9.3.0.0]tetradecane skeleton of bielschowskysin with 

the appropriate 8 stereocenters (6 of which are contiguous). 

These results help rationalize the link between the proposed 

Scheme 3. One-pot synthesis of (Z)-exo-enol ethers 15a-c through successive highly regio- and stereoselective kinetic dearomatizations. 

 
a Reagents and conditions: (1) TMSCl (1.1 eq.), 0 oC, CH2Cl2 (20-50 mM), 1-2 h. (2) AgF (1.0 eq.) benzene, rt, 0.5 h. (3) AgOTf (1.1-1.5 eq.), -

78 oC, CH2Cl2 (25-50 mM), MeOH (5.0-7.0 eq.), lutidine (1.1-1.4 eq.), 3 h. (4) lutidine (4.6 eq.), MeOH (258 eq.), rt, 12 h. 

 



 

biosynthetic steps towards bielschowskysin and expose the role 

played by the macrocyclic conformational preferences in 

controlling an exquisite stereoinduction at C-7, and the 

retentive stereotransfer to C-3 during dearomatization. Given 

the initial success of dearomatization under thermodynamic 

control, a dearomative cascade reaction was also tailored in 

presence of methanol and trifluoroacetic acid acting as Brønsted 

acid (and potentially a weak nucleophile). Excitingly, under 

UVC-photoirradiation both dearomatization and [2+2] 

photocycloaddition took place rapidly in one-pot to produce the 

8-epi-bielschowskyane analog 18a in 46% overall yield.35 1H 

NMR Monitoring of the cascade reaction revealed no 

measurable concentration of the rearomatized C-7 methyl ether 

regioisomer as expected from an acid-mediated reaction, 

suggesting that under these mild acidic conditions, 

dearomatization via 15a can still take place to feed the [2+2] 

photocycloaddition in a cascade manner.  

Conclusion. E-FBC-macrocycles have been rarely isolated 

due to their doubtful instability in comparison to their Z-FBC 

analogs. The study herein confirms this hypothesis, but also 

demonstrates that the additional strain imparted by the 7,8 

alkene of E-configuration controls the accessible macrocyclic 

conformational space to direct reactivity. Our comparative 

study on E-acerosolide (3), E-deoxypukalide (4), and bipinnatin 

J methyl ether (10) shed new light on the original work from 

Pattenden as we now showed that both E/Z and reverse Z/E 

photoisomerization of the 7,8 olefin can be achieved within 

these macrocycles.  We have shown that the conformational 

strain associated with the C-14 carbonyl moiety of E-

acerosolide forces the macrocycle into a folded cup-like 

conformer which completely blocks several photochemical 

pathways typically observed in more flexible FBC-macrocycles 

of lower oxidation state 1, 2 or 4 to occur (e.g. cyclopropanation 

to gersolanes, and ring contraction to pseudopteranes).27,28 

Results from NMR NOESY experiments and DFT calculations 

further supported that E-3 and E-4 populated different 

conformational lowest-energy minima (G(MINA – MINB) = 

-0.5 and +1.1 Kcal/mol respectively) which are in full 

agreement with the switch of facial selectivity observed in 

epoxidations under kinetic control. Indeed, the high -

selectivity obtained for the first time in the epoxidations of the 

more flexible E-4 and E-10 macrocycles was rationalized by a 

conformational dynamic equilibrium operating under a Curtin-

Hammett scenario in which the more stable sandwich-like 

conformers have their 7,8 olefin -face shielded by the remote 

butenolide ring (as opposed to the cup-like conformer of E-3). 

By taking advantage of the macrocyclic conformational bias at 

low temperature, a synthetic sequence was established for the 

pivotal regio- and stereoselective furan dearomatization 

triggered by epoxide ring-opening. The facial discrimination in 

the substitutions at C-7 forming the chlorohydrin intermediates 

and the successive dearomatizations at C-3 occurred with 

exquisite retention of configuration (SN1-like mechanism). This 

kinetic phenomenon is once again likely imparted by the innate 

conformational bias expected in the macrocyclic vinylogous 

oxocarbenium intermediates as confirmed by the erosion of 

diastereoselectivity observed under thermodynamic conditions. 

This novel conformational knowledge36 applied to E-4 resulted 

in a 6-step synthesis of the intricate tricyclo[9.3.0.0]tetradecane 

bielschowskysin mimic 19d (3% overall yield) harboring 8 of 

the 11 stereogenic centers present in the natural product. Even 

so, a thermodynamic cascade reaction mediated by BrØnsted 

acid under photoirradiation was devised with the direct epoxide 

opening and transannular [2+2] photocycloaddition to 

synthesize another bielschowskyane analog in a single step (8a 

 18a). Collectively, our results demonstrated for the first time 

that the E-configured 7,8 alkene moiety is crucial in controlling 

the relative and absolute stereogenicity of the downstream steps 

towards the (3S,7S,8S)-bielschowskysin. 

Collectively, our results establish that functional groups at 

specific positions on the FBC-skeleton foster conformational 

steering of the macrocycles, which provides a new model for 

predicting kinetic reactivity and stereoselectivity towards 

Figure 4. Isolation and conformational characterization of the 

photo-isomerized intermediate (E)-exo enol ether 17a  

 

Scheme 4. A. Endgame towards bielschowskyane analogs (8S)-18d and 

19d under thermodynamic control. B. Cascade reaction for the direct 

epoxide transformation under photoirradiation to the bielschowskyane 

C8-epimer (8R)-18a. 

 
a Reagents and conditions: (1) a. TMSCl (1.1 eq.), 0 oC, CH2Cl2, 1 h, 

then evaporation of volatiles and b. MeOH (excess), lutidine (4.6 or 4.3 

eq.), CH2Cl2, 12 h, rt. (2) UVC ( = 254 nm), CDCl3, rt, 2 h. (3) UVC 

( = 254 nm), MeOH (48 eq.), TFA (2.5 eq.), CDCl3 (26 mM), 1 h. 

 

A 

B 



 

several other polycyclic FBC natural products 5-6. The 

syntheses described herein highlight the importance of 

conformational analysis in macrocycles to fully exploit the 

inherent reactivity of these strained molecules and uncover 

potential synthetic strategies.37 As highlighted by Stoltz in a 

recent review article, only a single de novo synthesis of 

polycyclic FBC natural products has been reported since the 

1990s.2c Given the remaining synthetic challenges associated 

with this family of natural products (e.g. verrilin, plumarellide, 

or mandapamate), we anticipate that both strategies of 

macrocyclic E-alkene epoxidation and kinetic/thermodynamic 

dearomatization reported herein will find applications to the 

synthesis of a large number of molecules in this class. 
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