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Abstract

Reported here are substrate-dictated rearrangements of chrysanthenol derivatives prepared from 

verbenone to access complex bicyclic frameworks. These rearrangements set the stage for a 

10-step formal synthesis of the natural product xishacorene B. Key steps include an anionic allenol 

oxy-Cope rearrangement and a Suárez directed C–H functionalization. The success of this work 

was guided by extensive computational calculations which provided invaluable insight into the 

reactivity of the chrysanthenol-derived systems, especially in the key oxy-Cope rearrangement.
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Graphical Abstract

INTRODUCTION

The “chiral pool” has long served as a starting point for the synthesis of complex molecules, 

including natural products.1–5 “Chiral pool” compounds (e.g., terpenoids 1 and 8, Figure 1) 

are naturally available, enantioenriched, small molecules that possess functional handles for 

diversification. However, the terpenoid “chiral pool” is limited in the variety of carbocyclic 

scaffolds that it encompasses. Many researchers have sought to overcome this shortcoming 

by leveraging functional groups inherent to “chiral pool” compounds to skeletally remodel 

the carbon backbone and gain access to a broader array of novel structures. As outlined 

by Maimone and co-workers,5 total syntheses that originate from “chiral pool” terpenoids 

are influenced by three major factors: the availability of the starting materials, advances in 

chemical synthesis methodology that can be implemented, as well as, of course, creativity in 

the synthesis strategy that is adopted. Overall, the discovery of novel strategies that remodel 

the core framework of the “chiral pool” should significantly expand the available starting 

inputs for total synthesis and facilitate access to unique chemical space with greater ease and 

efficiency.

Our research group has had a longstanding interest in utilizing carvone (1) as a starting 

material to access highly functionalized cyclohexenones through a key cyclobutanol 

intermediate and C–C bond cleavage strategy. This approach has been successfully applied 

toward the total syntheses of the phomactins,6,7 longiborneol terpenoids,8 preparation of 

the taxane core,9 as well as the total synthesis of xishacorene B10 (2, Figure 1). In 

our previously reported synthesis of 2, transition-metal-mediated C–C bond cleavage/cross-

coupling of a cyclobutanol precursor (3) was employed to afford highly functionalized 

monocyclic precursor 4 (Figure 1B). Cyclization of 4 elaborated it to a bicyclo[3.3.1]nonane 

framework, which afforded xishacorene B (2)—a total of 10 steps from (R)-carvone (1).10

As we sought to expand this “chiral pool” remodeling strategy beyond carvone (1), we again 

selected the xishacorenes as a proving ground. Xishacorenes A–C (5, 2, 6) were isolated 

in 2017 from Sinularia polydactula, a soft coral found off the coast of the Xisha Islands in 

China.11 These hydrocarbon natural products contain a bicyclo[3.3.1]nonane skeleton with 
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an appended diene side chain, differing in stereochemistry about C-13 and the position of 

unsaturation at C-10, C-11, and C-12 (Figure 1B). This class of compounds is believed 

to arise biosynthetically from an acid-mediated cyclization of fuscol (7), which our group 

leveraged in a bioinspired total synthesis of xishacorene congeners, including a related 

compound that we named xishacorene D.12 Although the parent natural products do not 

possess notable bioactivity (presumably due to their highly hydrophobic nature), oxidized 

derivatives have been shown to be inhibitors of interferon regulatory factor (IRF).12

By coupling robust strategies in C–H functionalization13 with “chiral pool” remodeling, we 

recognized that the xishacorenes could be prepared from pinene derivatives—specifically 

verbenone (8). This orthogonal strategy to the xishacorenes would highlight the utility 

of “chiral pool” bicyclic terpenoids. Importantly, C–H functionalization would provide 

access to functional handles not inherent in the starting material, expanding our scope of 

synthetically viable compounds. On the basis of this strategy, we envisioned preparing 

xishacorene B (2) from (S)-verbenone (8), as illustrated in Figure 1C. Retrosynthetically, 

xishacorene B (2) could arise from ketone 9, which possesses the desired oxygenation 

to direct C–H functionalization of one of the geminal methyl groups to install the diene 

side chain of the xishacorenes. Ketone 9 could arise from [3.1.1]bicycle 10V through an 

anionic oxy-Cope rearrangement14,15 in the forward sense, followed by β-functionalization. 

[3.1.1]Bicycle 10V could be accessed from chrysanthenone (11), which can be prepared 

from commercially available (S)-verbenone (8).

RESULTS AND DISCUSSION

Rearrangement Studies.

Our studies commenced with a known photomediated rearrangement of (S)-verbenone 

(8) to chrysanthenone (11) through a Norrish Type I process (Scheme 1).16,17 In 

our initial investigations, addition of vinyl magnesium bromide to chrysanthenone (11) 

afforded the desired alcohol (10V) required for the planned [3,3]-sigmatropic (oxy-Cope) 

rearrangement in moderate yield along with an unexpected rearranged [3.1.1]bicycle, 12V, 

which presumably arises from a formal [1,3]-sigmatropic rearrangement. Bicycle 12V was 

unambiguously characterized by X-ray crystallographic analysis. We observed that the 

yields of 10V and 12V differed on the basis of the reaction duration: over prolonged reaction 

times, 12V was obtained as the major product. This observation suggested that 12V likely 

arose from 10V through a formal [1,3]-alkyl shift.

We also investigated formation of an alkynyl chrysanthenol derivative that could serve as an 

alternative oxy-Cope precursor and would ultimately install unsaturation between C-1 and 

C-6 of the resulting [3.3.1]bicycle, setting the stage for C-1 functionalization en route to 

the xishacorenes (see 9, Figure 1c). Treating chrysanthenone (11) with propynyl magnesium 

bromide gave 10P as the sole product (i.e., without the competing formal 1,3-alkyl shift) 

regardless of the reaction duration or temperature. This product was also unambiguously 

characterized by X-ray crystallographic analysis.

The differences in the propensity for chrysanthenol scaffolds such as 10V and 10P to 

rearrange under the reaction conditions is unusual. We sought to gain more insight into 
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the origin of this differing reactivity by preparing and screening various chrysanthenol 

derivatives. These were synthesized by adding a variety of Grignard reagents (alkenyl-, 

alkynyl-, aryl-, and alkyl-based) to chrysanthenone (11) at selected temperatures and 

quenching excess Grignard reagent at selected time points, as illustrated in Table 1.

All of the adducts resulting from addition of alkenyl Grignard reagents (entries 1–3) 

underwent rearrangement to the isomeric formal 1,3-alkyl migration adduct (see 12, Table 

1). In these cases, prolonged reaction times and higher reaction temperatures led to an 

increase in the amount of 12. However, the extent of rearrangement observed had a strong 

dependence on the alkenyl Grignard nucleophile.

Interestingly, when an E/Z mixture of the 1-propenyl Grignard reagent was used (entry 2), 

the rearranged product (12Pr) bearing exclusively the E olefin group was isolated following 

prolonged reaction at room temperature, along with the chrysanthenol derivative (10Pr) 

bearing both E- and Z-disposed olefins. On the other hand, heating the same reaction 

mixture to higher temperatures (50 °C for 17 h) resulted in formation of the rearranged 

isomer (12Pr) as a mixture of E and Z olefins. This temperature-dependent outcome 

suggested that the steric demand posed by the E- or Z-disposed substituent affected the 

rate of rearrangement, with the E double bond isomer rearranging more readily at room 

temperature. The combined ratio of E and Z olefins was maintained in all cases, indicating 

there was no E/Z isomerization occurring throughout the reaction.

While the alkenyl adducts displayed a rearrangement reactivity trend consistent with 

substitution on the alkene group, alkynyl adducts (entries 4 and 5), aryl adducts (entries 

6 and 7), as well as alkyl adducts (entries 8 and 9) did not undergo any observable 

rearrangement under any of the reaction conditions.

To provide support for the proposal that the rearrangement occurred following 1,2-addition 

of the alkenyl Grignard reagents to chrysanthenone (11), vinyl 1,2-adduct (10V) was 

subjected to the reaction conditions. A mixture of starting material 10V as well as 

rearranged alcohol 12V, albeit in diminished yields, was obtained (Figure 2A), consistent 

with the trend observed in Table 1. Under the reaction conditions, rearranged vinyl alcohol 

12V remained unchanged (Figure 2B). To determine if this rearrangement would occur on 

the free alcohol (i.e., not the magnesium alkoxide), neutral alcohol 10V was heated in a 

sealed vial at 150 °C. The rearranged alcohol (12V) was observed in 19% yield—produced 

along with several volatile compounds that were not characterized (Figure 2C). To gain 

insight into the underlying mechanism of this transformation, we have undertaken in-depth 

computational studies.

Computational Insights into the Observed Rearrangement Reaction.

Quantum mechanical calculations using density functional theory (DFT) were conducted, 

and the most salient results are summarized in Figure 3. For each case that was analyzed, 

our calculations were initiated with the magnesium alkoxide dimer of the 1,2-adduct, which 

is assumed to be the most stable intermediate under the reaction conditions on the basis of 

the Schlenk equilibrium.18 Vinyl adduct 10′V was selected as a representative model. As 

described above, while the [3,3]-sigmatropic rearrangement to yield 13′V was anticipated, 
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it was not observed experimentally. Rather, a formal [1,3]-sigmatropic rearrangement of 

10′V occurred. As shown in Figure 3, the barrier for the anionic oxy-Cope rearrangement 

(10′V-TSc) was calculated to be 22.2 kcal/mol, which is 4.2 kcal/mol higher than the barrier 

of the homolytic C–C bond cleavage (10′V-TS) associated with a formal [1,3]-sigmatropic 

rearrangement. These barrier differences are consistent with the experimental observations 

and suggest that the [1,3]-sigma-tropic rearrangement is ~5 orders of magnitude faster than 

the anionic oxy-Cope rearrangement. Therefore, we focused our attention on the C–C bond 

homolysis leading to the bicyclo[3.1.1] product, as illustrated (solid black line in Figure 3).

Given that the magnesium alkoxide was more likely to exist than the corresponding alcohol 

under the reaction conditions, we also considered an alternative, heterolytic C–C bond 

breaking process, with the associated transition state CS10′V-TS (blue dotted line in Figure 

3). This alternative reaction pathway leads to the ring-opened intermediate CS14′V, which 

was calculated to be 6.1 kcal/mol lower in free energy than rearranged product 12′V. 

However, the barrier was found to be non-competitive at 22.8 kcal/mol, which is 4.7 

kcal/mol higher than the homolytic cleavage from 10′V. Therefore, we propose that the 

[1,3]-sigmatropic rearrangement proceeds through homolytic C–C bond cleavage to afford 

open-shell singlet intermediate 14′V at 4.7 kcal/mol with an associated barrier of only 18.0 

kcal/mol.

Having established a plausible reaction mechanism for the formal [1,3]-sigmatropic 

rearrangement, we sought to better understand the factors that affect the rate of the 

rearrangement. These analyses were conducted using the neutral intermediates 10 and 

14 (Figure 4) in order to reduce potential artifacts associated with the computational 

treatment of the Schlenk equilibrium intermediates, which we have found difficult 

to model computationally. Although the formal [1,3]-sigmatropic rearrangement of the 

neutral alcohol only proceeds at higher temperatures experimentally, we believe that the 

computational modeling of this simpler substrate will capture the key features of the 

reaction. Experimentally, none of the products arising from an oxy-Cope rearrangement 

were observed for the neutral alcohol or magnesium alkoxide of the vinyl adduct.

As the formal [1,3]-sigmatropic rearrangement involves homolytic C–C bond breaking, 

the energies of the open-shell singlet intermediates such as 14′V or 14 are key to the 

rate constant for C–C bond cleavage. Employing the Bell–Evans–Polanyi principle,19 we 

hypothesized that the barrier heights are directly proportional to the enthalpy difference 

(ΔH) of the open-shell singlet intermediates prepared from the addition of different 

nucleophiles to chrysanthenone (11, Figure 4A). Accordingly, we investigated the ΔH 
between various 1,2-addition products (10) and their corresponding C–C bond-cleaved 

open-shell singlet intermediates (14). Specifically, we analyzed vinyl- (10V), allenyl- (10A), 

propynyl- (10P), p-methoxyphenyl- (10Ph), and methylchrysanthenol (10M) adducts as 

representative examples (Figure 4A). In good agreement with our experimental observations, 

10V has the lowest ΔH value of 13.7 kcal/mol (Figure 4D), whereas 10A, 10P, 10Ph, and 

10M show notably higher enthalpies of 17.2, 19.1, 20.5, and 25.6 kcal/mol, respectively.

Because the only difference among the substrates that were examined is the exocyclic 

radical functionality in the diradical intermediate, the differences in ΔH should be governed 
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by the relative stability of the corresponding radicals formed upon homolytic C–C bond 

cleavage. To determine the effect of the substituents on the radical intermediates, the radical 

stabilization energies (RSEs)20 of the exocyclic radicals were calculated using the following 

isodesmic reaction

14H + • CH3 14 + CH4,        ΔHrxn (1)

where 14H represents 14 bearing a hydrogen at C-6 (Figure 4b). Our calculations showed 

that the diradical bearing a vinyl group (14V) is most stable with a RSE of −29.1 kcal/mol, 

whereas 14M is the least stable with a RSE of −16.2 kcal/mol, as enumerated in Figure 4D. 

Notably, the increase in RSE in comparing the vinyl-bearing diradical intermediate to the 

methyl-bearing diradical reveals a quantitative trend that mirrors the increase in ΔH. This 

correlation between the ΔH and RSE supports our assertion that the change of ΔH arises 

from the relative stability of the exocyclic radicals in the diradical intermediates for each 

adduct.

Finally, we conducted intrinsic bond orbital (IBO)21,22 analysis along the intrinsic reaction 

coordinate (IRC) of the C–C bond cleavage step to obtain a more quantitative depiction 

of how the covalent electron pair homolyzes to form the diradical intermediate. Figure 4C 

depicts energy levels of the two orbitals from the breaking of the C1–C6 bond to yield the 

exocyclic radical (E(α), shown in yellow) and endocyclic radical (E(β), shown in blue), 

respectively. For each of the chrysanthenol derivatives, the energy levels of the endocyclic 

allylic radicals E(β) were calculated to be very similar (−7.13 to −6.96 eV when S2 ≈ 
1 (14); Figure 4D). However, the energy levels of the exocyclic radicals (E(α)) varied 

substantially. Note that for 10V the exocyclic allylic radical is 0.47 eV lower in energy than 

the endocyclic allylic radical as a result of the adjacent alkoxide moiety. In the case of 14V 
and 14A, E(α) was calculated to be −7.59 and −7.37 eV, respectively, whereas, for 14P and 

14Ph, the energies of the propargylic and benzylic radicals were calculated to be −7.30 and 

−7.15 eV, respectively. Furthermore, 14M has an E(α) value of −6.59 eV. Therefore, the 

relative energy of the exocyclic radical on the hydroxy-bearing π system plays a key role in 

determining the overall barrier for the C–C bond homolysis, whereas the endocyclic allylic 

radical does not play a significant role.

Formal Synthesis of Xishacorene B.

With [3,3]-sigmatropic rearrangement precursors 10V and 10P in hand, we attempted 

both oxy-Cope and anionic oxy-Cope rearrangements. In both cases, the only observed 

rearrangement was to [3.1.1]bicycle 12V in the vinyl case (Figure 2C), or nonspecific 

decomposition of the starting material. Given numerous emerging studies of the unusual 

reactivity of allenol-bearing substrates compared to their vinyl analogues,23,24 we sought 

to examine the reactivity of the allenyl adduct of chrysanthenol (10A, Figure 4) under 

conditions that would generate the magnesium alkoxide, as outlined in Figure 2. The 

calculations described above suggested that the energy for C–C bond homolysis of 10A 
would lie between that of the vinyl and alkynyl chrysanthenol adducts (10V and 10P, 

respectively). To validate our computations, the allenyl chrysanthenol adduct (10A) was 

synthesized as described below.
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Subjecting chrysanthenone (11) to the in situ-generated Grignard reagent of 

tetrahydropyran-protected propargyl alcohol (15) provided alkyne adduct 16 (Scheme 2). 

Alternatively, 16 was formed in one step from (S)-verbenone (8) by direct addition of 

the alkynyl Grignard reagent to the reaction mixture following irradiation in cyclohexane 

(see the Supporting Information for details). Alkyne 16 was subsequently converted to 

allenyl chrysanthenol 10A by treatment with LiAlH4. Upon reaction of allenol 10A with 

ethylmagnesium bromide (to form the magnesium alkoxide), the rearranged [3.1.1]bicycle 

arising from formal [1,3]-sigmatropic rearrangement was anticipated to form. However, 

under these conditions, [3.3.1]bicycle 13A was produced as the major product through a 

formal [3,3]-sigmatropic rearrangement followed by isomerization to the enone. A detailed 

mechanistic analysis of this remarkable switch in selectivity is discussed in the next 

section. Following optimization, it was determined that heating alkyne 16 in the presence 

of LiAlH4, ethylmagnesium bromide, and 1,4-cyclohexadiene afforded [3.3.1]bicycle 13A 
directly—presumably through an in situ generated allene and subsequent [3,3]-sigmatropic 

rearrangement.

Following our synthesis of the bicyclo[3.3.1] framework of the xishacorenes, we focused on 

peripheral functionalization to access natural products in this family. Conjugate addition of 

a vinyl group was achieved with vinyl cuprate to give ketone 9. C–H functionalization of 

the geminal methyl substituents was investigated next. From the ketone oxidation state, we 

investigated Sanford’s oxime-directed C–H oxidation.25,26 However, this approach did not 

result in functionalization on either of the geminal methyl groups. Our analysis suggests that 

the ketone group (and therefore the corresponding oxime) likely bisects the geminal methyl 

groups, which does not allow for the productive conformation for an oxime-directed C–H 

functionalization. We posited that, by reducing the ketone to the corresponding α-disposed 

hydroxy group, we could establish a more favorable conformation to functionalize one of 

the geminal methyl groups. We found that both dissolving metal reduction (Li0, NH3) and 

hydride reduction (with LiAlH4) proceeded with the same sense of diastereoselectivity, 

giving rise to alcohol 17. A Suárez reaction27 successfully functionalized the axially 

disposed methyl group to afford ether 18, which was unambiguously characterized by X-ray 

crystallography.

To complete the synthesis of xishacorene B (2), we attempted ionic reductions of the 

tetrahydrofuran ring (Et3SiH/TFA, Et3SiH/B(ArF)3) of 18 to afford the primary alcohol and 

directly intercept our previous synthesis of the natural product. However, we observed either 

only recovered starting material (i.e., 18) or reduction at the less substituted methylene 

position of the tetrahydrofuran to return secondary alcohol 17. Unfortunately, standard ether 

cleavage conditions (TMSI, BBr3) did not afford any ring-opened products and resulted 

in either recovered 18 or nonspecific decomposition. However, employing conditions 

disclosed by Shin and co-workers (AcCl, Fe0)28 for the opening of tetrahydrofuran rings 

gave secondary chloride 19 in moderate yield. The chloride substituent could provide 

a functional handle for diversification of this intermediate to C-5 derivatized analogues 

of the xishacorenes. However, for the purposes of the synthesis of the natural product, 

radical dehalogenation followed by acetate cleavage afforded primary alcohol 20, a known 

intermediate from our previous synthesis of xishacorene B (2). As previously reported, 
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xishacorene B (2) can be prepared from alcohol 20 by installing the diene side chain in 

a two-step sequence.10 The route reported here constitutes a complementary approach to 

xishacorene B (2) in a total of 10 steps from commercially available (S)-verbenone (8).

Computational Insight into the Reactivity of Allenyl Chrysanthenol 10A.

To better understand the unique reactivity of allenyl chrysanthenol substrate 10′A, 

computational studies were undertaken. Unlike the vinyl or alkynyl chrysanthenol adducts, 

allenyl substrate 10′A underwent formal oxy-Cope rearrangement to give the [3.3.1]bicyclic 

product 13′A. Calculated reaction energy profiles for the anionic oxy-Cope rearrangement 

and homolytic C–C bond cleavage of 10′A are illustrated in Figure 5A, showing barriers of 

19.2 and 19.8 kcal/mol, respectively. Compared to the vinyl chrysanthenol adduct (10′V), 

the barrier for the C–C bond cleavage is 1.9 kcal/mol higher for 10′A. This computed value 

is in good agreement with the rationale discussed above; Figure 4D shows a ΔH value of 

18.8 kcal/mol for 10A, which is 3.5 kcal/mol higher than that for 10V.

Despite the relative energies of the associated intermediates and transition states, the 

anionic oxy-Cope rearrangement of 10′A has a barrier that is 3.0 kcal/mol lower than 

that for 10′V, which is rationalized by considering the relative energies of the reactant and 

the product. For the vinyl-substituted case, the free energy difference (ΔG) between the 

magnesium alkoxide of vinyl adduct 10′V and the immediate product of anionic oxy-Cope 

rearrangement, enolate 13′V, was calculated to be 33.8 kcal/mol (Figure 3). On the other 

hand, the analogous product for the allenyl case, dienolate 13′A, is 52.1 kcal/mol more 

stable than 10′A. On the basis of the Hammond postulate,29 the related transition state, 

10′A-TSc, should be earlier and have a lower barrier. Figure 5B depicts the two transition 

states, 10′V-TSc and 10′A-TSc, associated with the anionic oxy-Cope rearrangements of 

10′V and 10′A, respectively. In 10′A-TSc, the length of the breaking C1–C6 bond was 

calculated to be 2.21 Å, which is 0.24 Å shorter than what was found in 10′V-TSc (Figure 

5B), consistent with an earlier transition state.

This difference between the reactivity of the vinyl- and allenyl-bearing substrates can be 

rationalized on the basis of the electronic properties of the allenyl moiety. Both 10′A-TSc 
and 10′V-TSc have much higher associated barriers than conventional anionic oxy-Cope 

rearrangements (Figure 5A)30 due to the distortion required to achieve the optimal transition 

state geometry. As illustrated in Figure 6A, C-12 must rotate ~90° and break the exocyclic π 
bond to form the C3–C12 bond. Therefore, 10′V does not experience a simple suprafacial–

suprafacial interaction but rather requires additional energy to break the π bond. As a result, 

the two allyls in 10′V-TSc do not possess effective orbital overlap, which leads to a weak 

interaction and relatively long interatomic distances (2.45, 2.73 Å, Figure 5B). Furthermore, 

the relatively small HOMO–LUMO gap of 2.76 eV (Figure 6C) and the large HOMO energy 

change of 1.54 eV from 10′V toward 10′V-TSc (Figure 6C) render this transition a higher 

energy process.

On the other hand, for the allenyl system, significant rotation is not required, since the 

p-orbital (shown in red, Figure 6B) is productively oriented for C3–C12 bond formation. 

The p-orbital at the terminal methylene, depicted in red in Figure 6B, rotates by 90° into 
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conjugation with the orthogonal π bond, shown in blue. Consequently, there is less of an 

energetic penalty associated with the distortion of 10′A-TSc and, in addition, the two allyl 

fragments here experience better orbital overlap; compare the larger HOMO–LUMO gap 

of 3.68 eV in 10′A-TSc (Figure 6D) and the smaller HOMO energy change of 1.10 eV 

(from 10′A toward 10′A-TSc) to 10′V-TSc. Overall, these differences lead to an accessible 

oxy-Cope rearrangement with smaller interatomic distances in the transition state (2.21 Å, 

2.49 Å, Figure 5B) for 10′A. More detailed MO diagrams are presented in the Supporting 

Information.

CONCLUSION

Using a combination of a “chiral pool” remodeling strategy and C–H functionalization, 

we have achieved a formal synthesis of xishacorene B from commercially available (S)-

verbenone in 10 steps. During the course of our synthetic studies, we encountered several 

rearrangements of chrysanthenol derivatives that proceeded with unusual selectivity. We 

gained insight into the nature of these processes using computational studies, which, in 

turn, provided a foundation for many of the successes that were realized in this work. 

For example, through key computational insights, our understanding of the differing 

reactivity of vinyl- and allenyl-bearing chrysanthenol derivatives in a planned anionic 

oxy-Cope rearrangement set the stage for the preparation of the bicyclo[3.3.1] core of 

the xishacorenes. From (S)-verbenone, the overall transformation from [3.1.1]-bicycle 

to [3.3.1]bicycle was achieved through an initial photomediated rearrangement and a 

key anionic oxy-Cope rearrangement of an allenyl-substituted chrysanthenol derivative. 

Peripheral functionalization of a gem-dimethyl group in the [3.3.1]bicycle using a Suárez C–

H oxygenation sets the stage for the preparation of xishacorene B. This route demonstrates 

the combined power of structural remodeling and directed C–H functionalization to access 

complex scaffolds in short order.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Examples of natural product scaffolds previously prepared in the Sarpong group using 

a carvone remodeling strategy. (B) Previous syntheses of the xishacorenes. (C) A newly 

planned retrosynthesis of xishacorene B (2) from (S)-verbenone (8).
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Figure 2. 
Control reactions for the rearrangement of vinyl chrysanthenol 10V.
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Figure 3. 
Free energy profile of plausible reaction pathways. The black trace represents the homolytic 

C–C bond cleavage and the blue dotted trace represents the heterolytic C–C bond cleavage. 

The red dotted line represents the oxy-Cope rearrangement. Geometry optimization and 

vibration energy calculations were conducted using DFT with the B3LYP-D3/6–31G** 

(LANL2DZ for Br) functional and basis set. Single-point energies were re-evaluated by the 

B3LYP-D3/6–311+ +G** (SDD for Br) level of theory in conjunction with a continuum 

solvation model using ε = 7.4257 for THF.
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Figure 4. 
(A) Homolytic C–C bond cleavage of chrysanthenol derivatives to compare the relative 

barriers using the Bell–Evans–Polanyi principle. (B) The reaction scheme for the calculation 

of the radical stabilization energy (RSE). (C) Intrinsic bond orbital (IBO) profile of 10V 
along the intrinsic reaction coordinate for the formation of the diradical (10V → 14V). 

E(α) and E(β) represent the energies of the two radicals associated with the diradical 

intermediate. (D) Computed ΔH, RSE, E(α), and E(β) values depending on the functional 

groups, R. Orbital energies were re-evaluated by the IBO exponent 2 orbital localization 

method based on the DFT calculation results using the B3LYP-D3/def2TZVP level of 

theory.
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Figure 5. 
(A) Free energy profile of the oxy-Cope rearrangement (red trace) and the homolytic C–C 

bond cleavage (black trace) of the allenyl substrate 10′A. (B) Transition state descriptions 

and FMO energy levels for 10′V-TSc and 10′A-TSc.
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Figure 6. 
(A, B) Reaction schemes and Newman projections of the oxy-Cope rearrangements of 

10′V and 10′A. (C, D) FMO diagrams of parts A and B along the reaction coordinate. 

Unnecessary fragments which have no contribution to FMOs are omitted for clarity. 

Isodensity value = 0.05 au.
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Scheme 1. 
Formation of Chrysanthenol Derivatives (10V and 10P) and Rearranged [3.1.1]Bicycle 

(12V) from (S)-Verbenone (8)
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Scheme 2. 
Formal Synthesis of Xishacorene B (2)
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