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Abstract 

A mild and efficient dual-mode Lewis acid induced Diels Alder 

(DA)/carbocyclization cascade cyclization reaction has been developed for 

construction of the tricyclic core of ent-kaurenoids in one pot with the aid of a 

theoretical study on the π,σ-Lewis acidities of a variety of Lewis acids. With ZnBr2 as 

the dual-mode Lewis acid, a series of substituted enones and dienes underwent 

DA/carbocyclization cascade cyclization reaction smoothly at room temperature and 

provided the tricyclic cyclized products in one pot with good yields and high 

diastereoselectivity. The tricyclic cyclized product has been successfully utilized as a 

common intermediate for formal syntheses of (±)-platensimycin and (±)-platencin. 

 

Introduction 

Platensimycin (1)
1
 and Platencin (2)

2
 are potent bacterial type II fatty acid 

biosynthesis inhibitors, which were isolated from Streptomyces patensis MA 7327 

and 7339 by a research group at Merck & Co., Inc. in 2006 and 2007 respectively. 

Both platensimycin (1) and platencin (2) bear the same 

3-amino-2,4-dihydroxybenzoic acid side-chain with a different cage structure (an 

oxatetracyclic structure for platensimycin and a tricyclic carbocycle for platencin) 

(Figure 1). A recent study suggested that the biosynthesis of platensimycin (1) 

involved an ent-kaurene type intermediate that was derived from ent-copalyl 

pyrophosphate (CPP).
3-4

 Platensimycin (1) is a potent and selective inhibitor of FabF 

(the enzyme that catalyzed the elongation step in bacterial fatty acid synthesis),
1
 while 
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platencin (2) is a moderate inhibitor of both FabF and FabH (the enzyme that 

catalyzed the initial condensation step in bacterial fatty acid synthesis).
 2

 With their 

unique mode of biological actions, these natural products showed potent antibacterial 

activities against a broad spectrum of multi-drug resistant Gram-positive pathogens, 

including methicillin-resistant Staphylococcus aureus (MRSA) and 

vancomycin-resistant Enterococcus (VRE) with no observed toxicity.
5-9 

However, the 

development of platensimycin (1) and platencin (2) into promising drug candidates 

has been greatly limited by their poor in vivo efficacy and pharmacokinetic 

properties.
10

 As such, a tremendous amount of effort
11-18

 has been invested in the 

synthesis of platensimycin
19-51

 and platencin
52-72

 as well as their structural analogues. 

Up to now, only a very limited number of platensimycin and platencin analogues have 

been reported to be more potent than the parent natural products;
43

 and the 

development of structural analogues of platensimycin (1) and platencin (2) with 

improved in vivo efficacy and pharmacokinetic properties remains a challenge. 

Therefore, developing an efficient and versatile synthetic entry to platensimycin and 

platencin analogues is important for facilitating the development of these natural 

products into promising leads in drug discovery.
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FIGURE 1. Tricyclic core of ent-kaurenoids (I) and examples of ent-kaurene related 

natural products 

 

Dual-mode Lewis acids
73-77

 are useful for developing cascade cyclization 

reactions since they can induce cyclization reactions via forming σ- and/or 

π-complexes with the substrates as well as the intermediate(s) that are generated in 

situ. We are particularly interested in developing dual mode Lewis acid induced 

cascade cyclization reactions for natural product syntheses since they can often 

construct the core structure of the synthetic target in a single operation under mild 

conditions.
78-83

 Recently, we have developed the ZnBr2 catalyzed Diels Alder 

(DA)/carbocyclization cascade cyclization reaction for the rapid construction of 

cis-hydrindanes and demonstrated its utilities in natural product synthesis.
80

 As such, 

we have decided to employ this strategy for developing a new cascade cyclization 

reaction that could give a rapid access to the tricyclic fused ring system I (Figure 1), 

which is an important structural motif of the ent-kaurene related natural products
84-86

 

and is anticipated to provide rapid access to the cage structures of platensimycin (1) 
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and platencin (2).  

As shown in Figure 2, our strategy involved a Lewis acid induced DA 

cycloaddition of enone 3a with diene 4a. The resulting silyl enol ether of the DA 

adduct 5a could undergo intramolecular carbocyclization with the alkyne to form the 

bicycle[3.2.1]octane moiety of 6a in a one-pot manner. This strategy requires a mild 

dual-mode Lewis acid that can form σ-complexes with enone 3a for inducing the DA 

cycloaddition, and π-complexes with intermediate 5a for inducing the 

carbocyclization without causing hydrolysis of silyl enol ethers 4a and 5a. We have 

previously reported the dual-mode Lewis acid induced DA/carbocyclization cascade 

cyclization reaction for construction of the 6,6,5-tricyclic cyclized product 6a, and its 

application in the formal synthesis of platensimycin (1).
83

 We herein report the 

computational and experimental details on the method development, and demonstrate 

the utilities of the cascade reaction by employing the cyclized product (6a) as a 

common building block for the formal syntheses of (±)-platensimycin (1) and 

(±)-platencin (2).  

 

FIGURE 2. Rapid access to the 6,6,5-tricyclic fused ring system via the dual-mode 

Lewis acid induced cascade cyclization approach 

 

Results and Discussion 
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1. Theoretical investigation of the binding enthalpies of Lewis acids towards σ- 

and π-electrons 

 In search of a suitable dual-mode Lewis acid for developing the 

DA/carbocyclization cascade cyclization reaction, the binding enthalpies between a 

variety of Lewis acids and the π/σ complex partners, including propene/acetaldehyde 

(Table 1) and styrene/benzaldehyde (Table S1 in Supporting Information), were 

evaluated by density-functional theory (DFT) calculations. As shown in Table 1 and 

Table S1, only slight differences in binding enthalpies were found between the alkyl 

and aryl compounds. In general, Lewis acids based on the main-group elements, such 

as MgX2 and AlX3, have stronger σ-binding than π-binding. On the other hand, the 

π-binding enthalpies of the transition metal based Lewis acids, such as AuCl and 

Pd(OAc)2, are higher, owing to the π back-bonding from the d-electrons of the 

transition metal to π* orbital of substrates. These results are consistent with a similar 

theoretical study on the B3LYP/SDD values of a smaller set of Lewis acids reported 

by Yamamoto.
75

   

TABLE 1. Binding enthalpies (in kcal mol-1) of Lewis acids towards propene and 

acetaldehyde and the differences calculated at M06/BSI
a
 

 

Entry LA   ∆Hπ- ∆Hσ Entry LA   ∆Hπ- ∆Hσ 

1 AuCl -41.9 -26.9 -15.0 16 Zn(OTf)2 -24.4 -27.5 3.1 

2 Pd(OAc)2 -16.8 -3.2 -13.6 17 ZnCl2 -20.5 -24.1 3.6 

3 AuCl3 -45.6 -33.9 -11.7 18 BF3 -6.7 -11.5 4.8 

4 CuCl -37.8 -30.7 -7.1 19 BCl3 -5.6 -11.4 5.8 

5 AgCl -27.3 -20.5 -6.8 20 InBr3 -22.8 -28.6 5.8 
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6 AgOTf -34.9 -28.4 -6.5 21 InCl3 -23.1 -29.5 6.4 

7 CuI -33.7 -28.0 -5.7 22 TiCl4 -5.9 -12.4 6.5 

8 CuCl2 -24.9 -21.7 -3.2 23 In(OTf)3 -14.2 -20.8 6.6 

9 Ni(acac)2 -7.4 -5.2 -2.2 24 SnCl4 -7.3 -15.4 8.1 

10 Cu(OAc)2 -10.3 -10.6 0.3 25 MgBr2 -19.0 -28.2 9.2 

11 HgCl2 -13.1 -14.4 1.3 26 MgCl2 -18.6 -28.0 9.4 

12 FeBr3 -28.9 -30.8 1.9 27 AlMe2Cl -12.8 -23.3 10.5 

13 ZnI2 -18.8 -21.3 2.5 28 AlEt2Cl -13.4 -24.2 10.8 

14 FeCl3 -29.3 -32.1 2.8 29 AlCl3 -20.4 -31.8 11.4 

15 ZnBr2 -20.7 -23.8 3.1      

a See the experimental section for the computational methods. 

 

To induce the DA/carbocyclization cascade cyclization reaction, the π/σ-binding 

energies of the Lewis acid should be high enough to promote sequential cyclization 

reactions. To identify the appropriate Lewis acid for the cascade reaction, the 

π-binding enthalpies (∆Hπ) were plotted against the differences of π/σ-binding 

enthalpies (∆Hπ – ∆Hσ). As shown in Figure 3, Zn(II), In(III) and Fe(III) based Lewis 

acids have similar properties (within the box in Figure 3) with π-binding enthalpies of 

-10 ~ -30 kcal mol
-1

 and σ/π-binding enthalpy differences (∆Hπ - ∆Hσ) of -2 ~ -7 kcal 

mol
-1

. More importantly, we have previously demonstrated that In(III) and Zn(II) are 

effective dual-mode Lewis acids for inducing the Prins/Conia-ene
78,81

 and 

Michael/Conia-ene
79,82

 cascade cyclization reaction respectively. Taking these results 

into consideration, we identified a sub-group of Lewis acids that are promising for the 

development of the DA/carbocyclization cascade cyclization reaction. 
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FIGURE 3. The plot of π-binding enthalpies (∆Hπ) versus the differences of π/σ 

binding enthalpies (∆Hπ - ∆Hσ) 

 

2. Screening of dual-mode Lewis acids 

Based on the above analysis, the reaction between enone 3a and diene 4a was 

studied using a variety of In(III), Zn(II) and Fe(III) based Lewis acids. As shown in 

Table 2, InCl3 in acetonitrile led to an 80% yield of side-product 7, which could be 

formed via hydration of the alkyne moiety of 3a even under anhydrous conditions 

(Table 2, entry 1). However, employing the same condition for various protected 

but-3-yn-1-ols did not lead to any methyl ketone products (data not shown). These 

results indicated that the ketone moiety of 3a could be cyclized with the 

In(III)-activated alkyne and form the cyclic enol ether intermediate (9-[In] in Figure 

5), which could lead to the methyl ketone side-product (7) upon hydrolysis. Switching 

the Lewis acid to InBr3 resulted in only a trace amount of the expected cyclized 
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product (6a) along with 60% of 7 (entry 2). In(OTf)3 also gave side-product 7 in 90% 

yield (Table 2, entry 3). Switching the solvent to dichloromethane resulted in rapid 

decomposition of the substrates (Table 2, entry 4-6).  

TABLE 2. In(III) as the dual-mode Lewis acid for the cascade reaction
a
 

 

Entry Lewis acid Solvent Yield
b 
(6a) Yield

b
 (7) 

1 InCl3
 

CH3CN - 80 

2 InBr3
 

CH3CN trace 60 

3 In(OTf)3
 

CH3CN - 90 

4 InCl3
 

CH2Cl2 - - 

5 InBr3
 

CH2Cl2 - - 

6 In(OTf)3
 

CH2Cl2 - - 

a
 The general procedures were followed. 

b
 Isolated yields (%) after silica gel column 

chromatography. 

 

The activities of a number of Zn(II) and Fe(III) based Lewis acids were then 

investigated. As shown in Table 3, no cyclization was observed when using Zn(II) 

triflate or halides in acetonitrile (Table 3, entry 1-4). FeCl3/CH3CN resulted in the 

hydrolysis of 4a (Table 3, entry 5). Switching the solvent to dichloromethane with 

Zn(II) triflate did not give any cyclized product (Table 3, entry 6), and the silyl enol 

ether diene (4a) was hydrolyzed slowly under these reaction conditions. Finally, we 

found that the cascade cyclization went smoothly by using Zn(II) halides in 

dichloromethane and afforded the tricyclic product (6a) bearing the cis-decalin 
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efficiently and diastereoselectively (Table 3, entry 7-9). The reaction of 3a and 4a in 

the presence of FeCl3 in CH2Cl2 led to about 40% of 6a (Table 3, entry 10). Silyl enol 

ether 4a was hydrolyzed rapidly under these conditions. The optimal reaction 

conditions are ZnBr2 (1.5 equiv) in CH2Cl2 at room temperature for 12 hours. These 

mild conditions afforded the expected cyclized product (6a) in 86% yield as a single 

diastereomer (Table 3, entry 8), which was characterized unambiguously by NMR 

experiments
87

 and X-ray crystallography
88

. Interestingly, Zn(OTf)2/LiBr in CH2Cl2 

also afforded good yields of cyclized product 6a (Table 3, entry 11), suggesting that 

the addition of LiBr could facilitate the formation of a Zn(II) bromide dimer, which is 

presumably one of the active species under the reaction conditions.
89

 However, 

ZnBr2/LiBr gave only a trace amount of 6a (Table 3, entry 12) hence the effect of 

LiBr is not clear in this situation. The extra LiBr might occupy the vacant site of the 

active species or promote the formation of unreactive metal halide clusters. A brief 

survey on the effects of solvents showed that ZnBr2 in chloroform afforded a similar 

yield (Table 3, entry 13), but THF, 1,4-dioxane, toluene or hexanes did not provide 

any cyclized product (Table 3, entry 14-17). The silyl enol ether diene (4a) was 

hydrolyzed slowly under these conditions. Reducing the loading of ZnBr2 to 0.3 

equivalents led to an incomplete reaction, and afforded only a 30% yield of 6a (Table 

3, entry 18). Increasing the reaction temperature resulted in a similar result (Table 3, 

entry 19). 

TABLE 3. Zn(II) and Fe(III) as the dual-mode Lewis acid for the cascade reaction
a
 

 

Entry Lewis acid Equiv Solvent Temp Yield
c
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1 Zn(OTf)2
 

1.5 CH3CN rt - 

2 ZnCl2
 

1.5 CH3CN rt - 

3 ZnBr2 1.5 CH3CN rt - 

4 ZnI2 1.5 CH3CN rt - 

5 FeCl3 1.5 CH3CN rt - 

6 Zn(OTf)2 1.5 CH2Cl2 rt - 

7 ZnCl2
 

1.5 CH2Cl2 rt 74 

8 ZnBr2 1.5 CH2Cl2 rt 86 

9 ZnI2 1.5 CH2Cl2 rt 81 

10 FeCl3 1.5 CH2Cl2 rt 40 

11 Zn(OTf)2/LiBr
b
 1.5 CH2Cl2 rt 78 

12 ZnBr2/LiBr
b
 1.5 CH2Cl2 rt trace 

13 ZnBr2 1.5 CHCl3 rt 80 

14 ZnBr2 1.5 THF rt - 

15 ZnBr2 1.5 1,4-dioxane rt - 

16 ZnBr2 1.5 toluene rt - 

17 ZnBr2 1.5 hexanes rt - 

18 ZnBr2 0.3 CH2Cl2 rt 30 

19 ZnBr2
 

0.3 CH2Cl2 reflux 28 

a
 The general procedures were followed. 

b
 one equivalent of LiBr was added. 

c
 Isolated yields (%) 

after silica gel column chromatography. 

 

  Since Al(III) based Lewis acids are known effective promoters for DA 

cycloadditions and are reported to be effective for carbocyclization with 

endo-selectivity,
90

 a variety of Al(III) Lewis acids were studied. As shown in Table 4, 

no reaction was observed with EtAlCl2 in acetonitrile and the silyl enol ether was 

hydrolyzed under these conditions (Table 4, entry 1). Switching the solvent to toluene 
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gave only the DA adduct 5a, which was then hydrolyzed and gave modest yields of 

side-product 5b (Table 4, entry 2) after aqueous work-up. Switching the solvent to 

CH2Cl2 provided only a trace amount of the 6,6,5-tricyclic product (6a) along with 

about 30-40% of side-product 5b after aqueous work-up (Table 4, entry 3), while the 

potential 6,6,6-tricyclic product was not observed. Et2AlCl or Me2AlCl in CH2Cl2 

followed by addition of ZnBr2 afforded 40 and 60% yields of the 6,6,5-tricylic 

product 6a respectively (Table 4, entry 4-5). These results indicated that Al(III) 

behaved more like an σ-Lewis acid in our system, which is consistent with the results 

of the above theoretical study. 

 TABLE 4. Al(III) as the dual-mode Lewis acid for the cascade reaction
a
 

 

Entry Lewis acid Solvent Temp Yield
b 
(6a) Yield

b
 (5b) 

1 EtAlCl2
 

CH3CN 0 ºC to rt -  

2 EtAlCl2
 

Toluene 0 ºC to rt - 30 

3 EtAlCl2
 

CH2Cl2 0 ºC to rt Trace 40 

4 Et2AlCl/ZnBr2 CH2Cl2 -78 ºC to rt 40  

5 Me2AlCl/ZnBr2 CH2Cl2 -78 ºC to rt 76  

a
 The general procedures were followed. 

b
 Isolated yields (%) after silica column chromatography. 

 

3. Computational investigation on the mechanism of the cascade reaction 

The mechanism of the DA/carbocyclization cascade cyclization reaction was 

studied by DFT calculations. The potential energy surfaces (PES) of the cascade 
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reaction, with and without ZnCl2, are shown in Figure 4. The free energy barrier of 

the DA reaction between unactivated 3a and 4a was calculated to be 32.1 kcal/mol, 

implying that the reaction is unlikely to take place at room temperature. In the 

presence of ZnCl2, the free energy barrier for DA reaction is reduced to 25.4 kcal 

mol
-1

 (blue curve in Figure 4). ZnCl2 activates 3a through a σ-coordination to the 

carbonyl group. Following the rate-determining Diels Alder reaction, 5a-[Zn]-π,σ 

undergoes carbocyclization with a free energy barrier of 17.9 kcal mol
-1

. Inspired by 

Yu’s work,
89

 we also considered the possibility of dimeric [ZnCl2]2 as a catalyst. 

Indeed, the reaction catalyzed by [ZnCl2]2 was calculated to be more favorable with 

an overall activation free energy of 22.2 kcal mol
-1

. [ZnCl2]2 may bind to carbonyl 

and alkynyl with two Zn atoms, thus decreasing the strains. More importantly, dimeric 

[ZnCl2]2 stabilizes 8-[Zn] by distributing the negative charges over the dimeric Zn 

moiety. The computational finding of the dimeric model could also account for the 

different reactivities of Zn(OTf)2 and Zn(OTf)2/LiBr (entries 6 and 11 in Table 3). 

 

FIGURE 4. Potential Energy Surfaces of the cascade cyclization reaction of enone with diene in 

the absence (red lines) and presence of ZnCl2 (blue line) or (ZnCl2)2 (green line) calculated at 
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M06/BSII//M06/BSI. Relative free energies at 298K are given in kcal mol
-1

 

 

4. A comparison study on the effect of different Lewis acids 

To understand the different reactivity of In(III), Al(III) and Zn(II) based Lewis 

acids, further DFT calculations were conducted. The three potential energy surfaces of 

the reactions involving InCl3, AlMe2Cl, or [ZnCl2]2 were shown in Figure 5. The 

DA/carbocyclization cascade cyclization reaction is shown on the right side, while the 

competitive heterocyclization is shown on the left side. The results of the DFT 

calculations suggest different behaviors of these three Lewis acids. The [ZnCl2]2 

catalyzed cascade reaction has been discussed above. Compared to the σ-complex 

3a-[Zn]-π,σ, the initial π-complex 3a-[Zn]-π is less favorable by 7.3 kcal mol
-1

. The 

relative free energy of the transition state for heterocyclization HCy-TS-[Zn] is lower 

than that of the DA reaction DA-TS-[Zn]. However, the following intermediate 9-[Zn] 

is rather unstable, with a reaction free energy of 11.0 kcal mol
-1

 referring to 3a-[M]. 

This implies that the cascade reaction is much more favorable thermodynamically.  
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FIGURE 5. Potential-energy surfaces computed for the reaction of enone with diene catalyzed by 

AlMe2Cl (red), [ZnCl2]2 (green) or InCl3 (blue) calculated at M06/BSII//M06/BSI. Relative free 

energies at 298K are given in kcal mol
-1

. 

 

For the case with InCl3, both the activation free energy and reaction free energy 

for the heterocyclization are significantly lower than those of ZnCl2. Combining the 

DFT results with the experimental observations, we propose that InCl3 preferentially 

mediated the intramolecular heterocyclic reaction which would lead to the product 

9-[In] and then the side product 7 after hydrolysis. The AlMe2Cl mediated 

heterocyclization, however, is highly unfavorable (similar to that of ZnCl2). 

Furthermore, the weak Al-π interaction cannot activate the carbocyclization process 

both kinetically and thermodynamically. The free energy the barrier is 9.1 kcal/mol 

higher than that of the ZnCl2 catalyzed process and the intermediate is 12.0 kcal/mol 

higher in free energy than the DA intermediate, implying that the reaction catalyzed 
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by AlMe2Cl is likely to stop at the first step. This is consistent with the experimental 

results.  

Based on this theoretical study, InCl3 is a better π-Lewis acid that activates the 

triple bond to promote the intramolecular heterocyclic reactions of the enone. 

AlMe2Cl is a better σ-Lewis acid that can only promote the DA reaction by 

coordinating to the carbonyl as a σ-Lewis acid whereas ZnCl2 is a dual-mode Lewis 

acid that efficiently induces the cascade cyclization reaction, acting both as a σ and 

then as a π Lewis acid.  

 

5. Study on the scope of substrates 

With the optimal conditions in hand, the scope of the substrates was studied with 

a series of substituted enones (3a-h) and dienes (4a-c). As shown in Table 5, methyl 

substituents at C1 to C4 of the enone were well tolerated and gave comparable yields 

and diastereoselectivity of the cyclized products (6b-e) (Table 5, entry 2-5). The 

diastereoselectivities of 6b-c would be rationalized based on the preliminary 

conformational analysis in Figure 6. Addition of diene 4a is expected from the face 

that is anti to the methyl substituent. More importantly, the geminal dimethyl 

substituent at C3 also afforded good yields of cyclized product 6f (Table 5, entry 6). 

This result indicated that a quartenary carbon center adjacent to the reactive site can 

be tolerated under this cyclization condition. Introducing an OTBS moiety at C5 also 

afforded good yields and good diastereoselectivity (Table 5, entry 7). The observed 

diastereoselectivity of 6g would be rationalized by a non-chelating Felkin-Anh model 

in Figure 6. The OTBS group preferentially orientates anti to the carbonyl for 
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minimization of the dipole, and addition of diene 4a is anticipated from the face that 

is anti to the OTBS group. These results indicate that these substituted enones and 

dienes not only afford comparable results, but also provide a handle for developing 

asymmetric reactions via substrate control. Moreover, the 7-membered enone (3h) 

also gave good yields and good diastereoselectivity for the cyclized product 6h (Table 

5, entry 8), which could be a useful building block for the syntheses of 

grayanane-type diterpenes.
91

 Diene 4b, which bears two methyl substituents at the 

reactive site (C6) for the DA cycloaddition also reacted smoothly and gave the 

cyclized product (6i) as a single diastereomer (Table 5, entry 9).
88

 The intermediate 

that arose from the double Michael reaction pathway was not observed under these 

reaction conditions. Diene 4c, which bears a methyl group at C7 (the reactive site for 

the carbocyclization), also afforded a very good yield (91%) of the cyclized product 

(6j) diastereoselectively (Table 5, entry 10). 

TABLE 5. The study on the scope of substrates.
a
 

 

Entry Enones Dienes Product Yields
b
 (dr) 

1 

 
 

 

86
c
 

 

2 

 
 O

O

H 6b

*

 

81 (8:1) 
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3 

 
 

 

88
c
 

4 

 

 

 

85 (16:1) 

5 

 
 

 

80
c
 

6 

 

 
 

80
c
 

7 

 
 

 

75 (7:1) 

8 

 
 

 

82
c
 

9 

   

79
c
 

10 

 
 

 

91
c
 

a
 The general procedures were followed. 

b
 Isolated yields (%) after silica gel column 

chromatography. 
c
 A single diastereomer.  
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FIGURE 6. A rationale for the observed diastereoselectivity of 6b-d and 6g. 

 

6. Applications in natural product synthesis 

To demonstrate the utility of this cascade cyclization reaction, the cyclized 

product 6a was employed as a common precursor for the formal synthesis of 

platensimycin (1) and platencin (2). The retrosynthesis of 1 is showed in Scheme 1. 

The cage structure of the Snider’s intermediate
21

 (10) could be established via 

selective reduction of ketone 11, followed by acid-induced cationic cyclization. 

Ketone 11 could be obtained via 1,2-carbonyl migration of compound 12, which 

could be prepared readily by differentiation of the two ketone moieties of 6a. The 

retrosynthesis of 2 also employs 6a as the starting material. As shown in Scheme 1, 

the bicyclo[2.2.2]octane moiety of the Nicolaou’s intermediate
52

 (13) is expected to 

be established by radical rearrangement of 14, which could be obtained from 15 via a 

1,3-allylic rearrangement. Compound 15 could be also obtained from 6a via 

differentiation of the ketone moieties.  
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SCHEME 1. Retrosynthetic analysis of platensimycin 1 and platencin 2 from 6a 

 

7. Formal synthesis of (±)-platensimycin 1 

Since both synthetic strategies involve the differentiation of two ketone moieties 

in 6a, the conditions for direction reaction with the ketones were first investigated. 

Based on the preliminary conformational analysis of 6a, the two ketone moieties 

should have significant differences in the steric hindrance that could be exploited for 

differentiation. However, treatment with 1 equivalent of a bulky hydride, such as L, 

K-selectride or DIBAL, resulted in a roughly 3:1 mixture of 16a and 16b (Scheme 2) 

based on the NMR analysis of the crude product. Reduction of 6a with NaBH4 in a 

variety of conditions resulted in non-selective reduction. Reaction between 6a and 

tosyl hydrazine resulted in a roughly 1:1 mixture of hydrazones (17a and 17b) based 

on the NMR analysis of the crude product.  
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SCHEME 2. Attempts of ketone differentiation of 6a 

 

Diketone 6a was thus converted to the silyl enol ethers (18a-c), which were 

epoxidized using a variety of oxidants. As shown in Table 6, epoxidation of 16a with 

DMDO resulted in decomposition of the substrate (Table 6, entry 1). Switching the 

oxidant to mCPBA selectively afforded 10% of α-hydroxy ketone 19 as a single 

diastereomer along with about 20% of 6a recovered (Table 6, entry 2). More bulky 

silyl enol ethers (18b and 18c) led to an increase in yields to 30 and 60% respectively 

(Table 6, entry 3-4). The yield of 19 was further optimized by using magnesium 

monoperoxyphthalate (MMPP), which provided 19 in 65-80% (Table 6, entry 5-7). 

The optimal yield was obtained from 18c with MMPP as the oxidant at room 

temperature, which gave 80% yield of 19 with no hydrolysis of the silyl enol ethers 

being observed (Table 6, entry 7). 

 

TABLE 6. Selective α-hydroxylation of 6a
a
 

 

Entry R [O] Temp Yield
b
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1 TMS DMDO 0 ºC - 

2 TMS mCPBA 0 ºC 10 

3 TES mCPBA 0 ºC 30 

4 TBS mCPBA 0 ºC 60 

5 TMS MMPP 0 ºC 65 

6 TES MMPP 0 ºC 75 

7 TBS MMPP rt 80 

a
The crude intermediates (18a-c) were used without purification.

 b
Isolated yields after silica gel 

column chromatography. MMPP = magnesium monoperoxyphthalate  

 

With 19 prepared, it was converted to ketone 12 via hydroxyl-directed reduction 

followed by elimination of the resulting diol (Scheme 3).
92-93

 This protocol provided 

10 in 75% yield. Silyl enol formation followed by MMPP epoxidation of 12 provided 

α-hydroxyl ketone 20 as a single diastereomer. However, acetylation of 20 under 

various acidic conditions resulted in a mixture of acetal isomers (21a and 21b). After 

a survey of different acid conditions, we found that 20 can be equilibrated to 22 

qualitatively and diastereoselectively with 2 N aqueous HCl overnight. Indeed, the 

α-hydroxylation of 22 with MMPP and equilibrium can be done conveniently in a 

one-pot manner, and the diastereomer bearing the trans-decalin was not observed 

under these reaction conditions. The resulting alcohol of 22 was then acetylated and 

deacetoxylated using SmI2. Finally, reduction of ketone 11 with K-selectride followed 

by treatment of trifloroacetic acid
70

 afforded the Snider's intermediate
21

 (10), which 

could be converted to 1 according to the literature procedures.
19-20
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SCHEME 3. Formal synthesis of Platensimycin 1 

 

8. Formal synthesis of (±)-platencin 2 

For the formal synthesis of 2, enone 15 was expected to be obtained via 

dehydration of α-hydroxyl ketone 19. However, decomposition of 19 resulted under a 

variety of dehydration conditions. Preparation of enone 15 via oxidation of 6a and 

18a-c was then examined. As shown in Scheme 3, oxidation of 6a using IBX 

provided 10-30% of the expected enone 13. Switching the substrate to 18a-c 

increased the yield of 15 up to 58% (from 18c). Under these oxidation conditions, the 

reactions needed to be stopped before completion to avoid over-oxidation. Finally, the 

yield of 15 was optimized via bromination of 18c, followed by elimination. 
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SCHEME 4. Synthesis of enone 15 via selective oxidation or bromination 

 

 With enone 15 in hand, the two ketones were reduced using Luche reduction
94

 

conditions (Scheme 5). The resulting diol 25 is a single diastereomer. Acetylation of 

25 afforded diacetate 26 in good yield. The 1,3-allylic rearrangement of 25 and 26 

were investigated with a variety of acids
95-97

 and Pd catalysts
98-102

 respectively. 

However, these conditions resulted in either no reaction or decomposition of 

substrates. The allylic alcohol of 25 was thus selectively oxidized with MnO2 

(Scheme 6). After TBS protection of 28, enone 29 was converted to 31 

stereoselectively via the Wharton transposition protocol.
103

 After a number of 

protecting and functional group manipulations, the bicycle[3.2.1]octane moiety was 

converted to the bicycle[2.2.2]octane using Yoshimitsu’s procedures.
71

 Finally, 

oxidative removal of the PMB ether followed by oxidation of the resulting alcohol 

finished the synthesis of the Nicolaou's intermediate
52

 (13), which can also be 

converted to 2 according to the literature procedures.
52
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SCHEME 5. Study on the 1,3-allylic rearrangement 

 

O

OH
H

OTBSHO

single diastereomer

OPMBO

O

O

H

H

H

30
OTBS

O

O

single diastereomer

H

SS

31

13 (Nicolaou's intermediate)

H2O2, NaOH
CH3OH, rt

96%

NH2NH2, AcOH
CH3OH, 0 °C to rt

93%

NaH, CS2, THF
then CH3I (95%)

1) AIBN, Bu3SnH
then DDQ

2) DMP oxidation
82%

MnO2

95%

25

28

O

OTBS
H 29

ORPMBO
H

TBAF

100%

32: R = TBS

14: R = H

33

PMBCl, NaH, DMF90%

TBSCl

99%

 

SCHEME 6. Formal synthesis of Platencin 2 

 

9. Optimization of the ketone differentiation 

The differentiation was further optimized by exhaustive reduction of the diketone 

with sodium borohydride (diol 34, a roughly 3:1 diastereomeric mixture) followed by 

selective TBS protection, which afforded 35 in 78% yield as a roughly 3:1 
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diastereomeric mixture from 6a (Scheme 7). The diastereomers are separable and the 

stereochemistry of the major diastereomer of 35 was determined by NMR 

experiments.
87

 Since the two newly generated stereogenic centers will be removed in 

the late stage of the synthesis, all the diastereomers can be used for the synthesis of 1 

and 2. Triflation of 35 followed by elimination afforded 37. Finally, desilylation of 36 

followed by oxidation of the resulting alcohol provided ketone 12, which could lead 

to Snider’s intermediate 10 in only 7 steps. Oxidation of alcohol 35 followed by 

Saegusa oxidation
104

 afforded enone 29, which can lead to Nicolaou’s intermediate 13 

in 8 steps.  

 

SCHEME 7. Optimization of the ketone differentiation of 6a. 

 

Conclusion 

In summary, we have evaluated the π/σ-binding properties of 29 commonly used 

Lewis acids in a theoretical study and successfully identified a sub-class of Lewis 

acids, including In(III), Zn(II) and Fe(III) halides, with similar π/σ-binding properties. 
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With the aid of these theoretical studies, we have developed a mild 

DA/carbocyclization cascade cyclization reaction with ZnBr2 (1.5 equiv) as the 

dual-mode Lewis acid mediator, which rapidly provided the 6,6,5-trycylic fused 

cyclized product 6a from two simple substrates (3a and 4a). The mechanism of this 

cascade reaction was further studied via a comparison study between In(III), Zn(II) 

and Al(III) induced reactions by DFT calculations. Under the optimal conditions 

(ZnBr2 in CH2Cl2 at room temperature), a variety of substituted enones 3a-h and 

dienes 4a-c underwent cascade cyclization smoothly and afforded the cyclized 

products (6a-j) in one pot with good yields and high diastereoselectivity. The utility 

of this new cascade reaction has been successfully demonstrated by employing 

cyclized product 6a as the common building block for the formal synthesis of 

(±)-platensimycin (1) and (±)-platencin (2) (43% in 10 steps and 38% in 11 steps 

overall yields from 6a respectively). 
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Experimental Section 

General Computational Methods 

All the calculations were carried out with the Gaussian 09 package.
105

 Geometry 

optimizations and frequency calculations were performed with the M06 method
106-110

 

with BSI (the LANL2DZ basis set
111

 and corresponding effective core potentials 

(ECPs)
112-114

 for elements with atomic number higher than 36, and the 6-31G(d) basis 

set
115

 for other atoms). The transition state (TS) were confirmed by frequency 

calculation and intrinsic reaction coordinate (IRC) calculations.
116-119

 All the TS 

stationary points were correctly connected to the corresponding species. Vibrational 

frequency calculations also provide thermal corrections for enthalpies and Gibbs free 

energies (at 298.15 K and 1 atm). For reaction energy profile, single point energies 

were calculated at the M06 level with a larger basis sets BSII (def2-TZVP
120-126

 with 

ECP for In
127

 and 6-311++G(3df,3pd) for other atoms). Solvent effects were taken 

into account by using the SMD solvation model.  

 

General Experimental Methods 

All air- and water-sensitive reactions were carried out under a nitrogen atmosphere 

with dry solvents under anhydrous conditions, unless otherwise noted. Reactions were 

monitored by thin-layer chromatography (TLC) carried out on 0.25 mm silica gel 

plates (60F-254) that were analyzed by fluorescence upon 254 nm irradiation or by 

staining with KMnO4 (200 mL H2O of 1.5 g KMnO4, 10 g K2CO3 and 1.25 mL of 10% 

aqueous NaOH). Silica gel (60, particle size 0.0400.063 mm) was used for flash 

column chromatography. All the chemicals were purchased commercially and used 

without further purification. Anhydrous THF was distilled from 
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sodium-benzophenone. Toluene was distilled over Na. CH3CN and CH2Cl2 were 

distilled from calcium hydride. Molecular sieves were activated by heating at 200 ºC 

for 12 hours at ∼1.0 Torr. Yields refer to the isolated yields after silica gel flesh 

column chromatography, unless otherwise stated. NMR spectra were recorded on 

either a 300 (1H: 300 MHz, 
13

C: 75.5 MHz) or 500 MHz (
1
H: 500 MHz, 

13
C: 125.8 

MHz) spectrometer. The NOESY experiments were performed on a 500 or 600 MHz 

spectrometer. The following abbreviations were used to explain themultiplicities: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. High-resolution 

mass spectra were obtained from a MALDI-TOF mass Spectrometer. Melting points 

were uncorrected and determined on a micro-melting point meter. Crystallographic 

data were obtained from a single crystal X-ray diffractometer. All the IR spectra were 

recorded with a FTIR spectrometer. 

 

2-(Prop-2-yn-1-yl)cyclohex-2-enone (3a), 

4,4-dimethyl-2-(prop-2-yn-1-yl)cyclohex-2-enone (3f) and 

2-(prop-2-yn-1-yl)cyclohept-2-enone (3h) 

To a stirred solution of NaOMe (prepared from sodium (1.25 g, 5.43 mmol) and 

CH3OH (30 mL)) in methanol (50 mL) at 0 °C was added a solution of methyl 

thioglycolate (5.52 g, 5.21 mmol) in methanol (20 mL). After 5 minute stirring at 0 °C, 

a solution of the appropriate enone (5.21 mmol) in methanol (20 mL) was added 

dropwise at the same temperature. The reaction mixture was allowed to warm to room 

temperature slowly and heated under reflux for 10 hours. After removal of the 
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volatiles, the resulting orange residue was dissolved in diethyl ether (50 mL) and 

extracted with a 2 N NaOH aqueous solution (30 mL×2). The combined aqueous 

layer was acidified with a 1 N HCl aqueous solution (60 mL), extracted with diethyl 

ether (50 mL×2), dried over Na2SO4, filtered and concentrated. Silica gel flash 

column chromatography (hexanes/ethyl acetate = 10:1) afforded an orange-yellow 

liquid as the product. To a solution of this crude product in dry acetone (50 mL) was 

added powdered K2CO3 (3.6 g, 26.1 mmol) and 3-bromoprop-1-yne (2.5 g, 20.8 

mmol). The reaction mixture was refluxed for 4 hours. After TLC analysis showed the 

consumption of the starting material, the volatiles were removed in vacuo. The 

residue was poured onto ice/water and extracted with diethyl ether (100 mL × 2). The 

combined extracts dried over Na2SO4, filtered and concentrated. The residue was 

dissolved in diethyl ether (50 mL) and a 5% NaOH aqueous solution (50 mL) was 

added. The reaction mixture was stirred for 4 hours at room temperature. Then the 

organic layer was separated and washed with saturated NaHCO3 solution followed by 

brine solution (50 mL×2). After removal of the volatiles, the residue was purified by 

silica flash column chromatography (hexanes/ethyl acetate = 20:1). 3a: (a yellow oil, 

35% in 3 steps from cyclohex-2-enone).
1
 3f: (a yellow oil, 32% in 3 steps from 

4,4-dimethylcyclohex-2-enone) 
1
H NMR (400 MHz, CDCl3) δ 6.82 (s, 1H), 3.12 (t, J = 

2.0 Hz, 2H), 2.50-2.46 (t, J = 6.8 Hz, 2H), 2.18 (t, J = 2.4 Hz, 1H), 1.85 (t, J = 6.80 Hz, 

2H), 1.18 (s, 6H); 
13

C NMR (100 MHz, CDCl3) δ 197.9, 155.3, 130.9, 80.7, 71.8, 36.0, 

34.3, 33.0, 27.8, 18.9; IR (neat, cm
-1

): 2941, 2864, 1680, 1430, 1273, 1236, 1162, 876, 

766; HRMS (ESI/[M+H]
+
) calcd. for C11H15O: 163.1123, found 163.1117. 3h: (a 

Page 30 of 75

ACS Paragon Plus Environment

The Journal of Organic Chemistry

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



31 

 

yellow oil, 32% in 3 steps from cyclohept-2-enone) 
1
H NMR (400 MHz, CDCl3) δ 

6.99 (tt, J = 6.4, 1.6 Hz, 1H), 3.19-3.17 (m, 2H), 2.62 (t, J = 6.12 Hz, 2H), 2.49-2.45 

(m, 2H), 2.18 (t, J = 2.6 Hz, 1H), 1.80-1.75 (m, 4H); 
13

C NMR (100 MHz, CDCl3) δ 

202.9, 143.5, 137.4, 81.3, 71.7, 42.3, 27.4, 24.9, 21.6, 21.1; IR (neat, cm
-1

): 2941, 

2864, 1680, 1430, 1273, 1236, 1162, 876, 766; HRMS (ESI/[M+H]
+
) calcd. for 

C10H13O: 149.0966, found 149.0962. 

 

6-Methyl-2-(prop-2-yn-1-yl)cyclohex-2-enone (3b), 

5-methyl-2-(prop-2-yn-1-yl)cyclohex-2-enone (3c), 

4-methyl-2-(prop-2-yn-1-yl)cyclohex-2-enone (3d) and 

3-methyl-2-(prop-2-yn-1-yl)cyclohex-2-enone (3e) 

To a stirred solution of the appropriate β-keto ester (1 equiv) with the corresponding 

enal (or enone) (1 equiv) in tBuOH (1 M) was added a catalytic amount of tBuOK 

(0.05 equiv) at 0 ºC. The mixture was stirred at that temperature for 30 min, and then 

treated with 0.2 equiv of tBuOK. The resulting mixture was heated under reflux for 20 

hours. After cooling to room temperature, the reaction was quenched with a 1 N HCl 

aqueous solution (10 mL), diluted with diethyl ether (80 mL), washed with a saturated 

NaHCO3 aqueous solution (3 mL×20) and brine (20 mL×2). The organic layer was 

dried over Na2SO4, filtered, and concentrated. The residue was purified by silica gel 

flash column chromatography (hexanes/ethyl acetate = 20:1). 3b (a yellow liquid, 52% 

from ethyl 2-methyl-3-oxohept-6-ynoate and acrylaldehyde): 
1
H NMR (300 MHz, 

CDCl3) δ 7.12 (s, 1H), 3.15 (s, 1H), 2.48-2.38 (m, 3H), 2.17 (t, J = 2.6 Hz, 1H), 2.07 
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(qd, J = 12.8, 4.4 Hz, 1H), 1.75 (ddd, J = 25.6, 12.8, 7.6 Hz, 1H), 1.15 (d, J = 6.80 Hz, 

3H); 
13

C NMR (100 MHz, CDCl3) δ = 200.6, 145.2, 133.3, 81.0, 71.5, 41.6, 30.9, 

25.2, 19.1, 15.0; IR (neat, cm
-1

): 3299, 2942, 2874, 1660, 1431, 1362, 655; HRMS 

(ESI/[M+H]
+
) calcd. for C10H13O: 149.0966, found 149.0959. 3c (a yellow liquid, 76% 

from ethyl 3-oxohept-6-ynoate and but-2-enal): 
1
H NMR (400 MHz, CDCl3) δ ppm 

7.13-7.12 (m, 1H), 3.14 (s, 2H), 2.54-2.46 (m, 2H), 2.23-2.07 (m, 4H), 1.05 (d, J = 1.6 

Hz, 3H); 
13

C NMR (100 MHz, CDCl3) δ 198.1, 145.3, 133.5, 80.7, 71.5, 46.0, 34.0, 

30.3, 20.9, 18.7; IR (neat, cm
-1

): 3295, 2948, 2874, 1663, 1431, 1365, 650; HRMS 

(ESI/[M+H]
+
) calcd. for C10H13O: 149.0966, found 149.0959. 3d (a yellow liquid, 50% 

from ethyl 3-oxohept-6-ynoate and methacrylaldehyde): 
1
H NMR (400 MHz, CDCl3) 

δ 6.96 (d, J = 1.2 Hz, 1H), 3.18 (d, J = 1.6 Hz, 2H), 2.63-2.57 (m, 1H), 2.51 (td, J = 

13.6, 3.6 Hz, 1H), 2.40-2.32 (m, 1H), 2.18 (t, J = 2.6 Hz, 1H), 2.15-2.03 (m, 1H), 

1.76-1.59 (m, 1H), 1.18 (s, 3H), 1.16 (s, 3H); 
13

C NMR (100 MHz, CDCl3) δ 198.0, 

151.7, 132.6, 80.7, 71.7, 36.8, 31.3, 30.9, 20.3, 18.8; IR (neat, cm
-1

): 3293, 2942, 

2871, 1670, 1427, 1380, 644; HRMS (ESI/[M+H]
+
) calcd. for C10H13O: 149.0966, 

found 149.0969. 3e (a yellow liquid, 75% from ethyl 3-oxohept-6-ynoate and 

but-3-en-2-one): 
1
H NMR (400 MHz, CDCl3) δ 3.22 (s, 2H), 2.43-2.37 (m, 4H), 2.05 (s, 

3H), 1.98-1.92 (m, 2H), 1.89 (dd, J = 3.4, 2.0 Hz, 1H); 
13

C NMR (100 MHz, CDCl3) δ 

196.8, 158.1, 130.8, 81.9, 67.2, 37.2, 32.8, 21.9, 21.4, 14.1; IR (neat, cm
-1

): 3299, 

2939, 1665, 1628, 1430, 1384, 1186, 649; HRMS (ESI/[M+H]
+
) calcd. for C10H13O: 

149.0966, found 149.0976. 
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2-(1-((tert-Butyldimethylsilyl)oxy)prop-2-yn-1-yl)cyclohex-2-enone (3g)  

To a stirred mixture of 3-(trimethylsilyl)propiolaldehyde (4.5 g, 35.3 mmol), 

imidazole (3.0 g, 44.13 mmol) and TBAI (0.40 g, 1.06 mmol) in THF (35 mL) and a 1 

N NaHCO3 aqueous solution (140 mL) was added cyclohex-2-enone (6.8 mL, 70.6 

mmol) at room temperature. The resulting mixture was stirred at room temperature for 

48 hours, then quenched with a 1 N HCl aqueous solution (100 mL), and extracted 

with CH2Cl2 (50 mL×3). The combined organic extracts were washed with brine, 

dried over Na2SO4, filtered and concentrated. Silica gel flash column chromatography 

(hexanes/ethyl acetate = 1:1) provided a colorless oil (4.02 g, 26.8 mmol, 76%) as the 

intermediate. 2-(1-hydroxyprop-2-yn-1-yl)cyclohex-2-enone (39): 
1
H NMR (400 

MHz, CDCl3) δ 7.27 (t, J = 4.0 Hz, 1H), 5.23 (s, 1H), 3.56 (d, J = 4.8 Hz, 1H), 

2.57-2.56 (m, 1H), 2.48-2.42 (m, 4H), 2.03-1.97 (m, 2H); 
13

C NMR (100 MHz, 

CDCl3) δ 199.5, 148.2, 137.3, 81.7, 74.8, 60.9, 38.2, 25.6, 22.3; IR (neat, cm
-1

): 3480, 

3307, 2920, 2857, 1682, 1070; HRMS (ESI/[M+H]
+
) calcd. for C9H11O2: 151.0759, 

found 151.0768. To a stirred solution of 39
 
(1.44 g, 9.6 mmol) in CH2Cl2 (50 mL) was 

added imidazole (1.31 g, 19.2 mmol) and TBSCl (2.17 g, 14.4 mmol). The reaction 

mixture was stirred at room temperature for 4 hours, and then quenched with a 

saturated NaHCO3 aqueous solution (20 mL). The aqueous layer was extracted with 

CH2Cl2 (20 mL×3) and the combined organic extracts were washed with brine (10 

mL), dried over MgSO4, filtered and concentrated. Silica gel flash column 

chromatography (hexanes/ethyl acetate = 5:1) of the residue gave a yellow oil (2.49 g, 

9.4 mmol, 98%) as the product; 3g: 
1
H NMR (400 MHz, CDCl3) δ 7.26 (t, J = 2.8 Hz, 

Page 33 of 75

ACS Paragon Plus Environment

The Journal of Organic Chemistry

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



34 

 

1H), 5.34 (s, 1H), 2.43-2.40 (m, 5H), 2.03-1.97 (m, 2H), 0.89 (s, 3H), 0.15 (s, 3H), 

0.10 (s, 1H); 
13

C NMR (100 MHz, CDCl3) δ 197.2, 146.1, 139.1, 83.9, 72.5, 59.0, 

38.3, 25.7, 25.7, 25.7, 22.6, 18.2, -3.6, -4.8, -5.2; IR (neat, cm
-1

): 3305, 2957, 2920, 

2870, 1680, 1470, 1378, 1260, 1067, 844, 771; HRMS (ESI/[M+H]
+
) calcd. for 

C15H25O2Si: 265.1624, found 265.1631. 

 

General procedures for the DA/carbocyclization cascade cyclization reactions 

To a stirred solution of 3 (10 mmol) in CH2Cl2 (100 mL) was added the appropriate 

Lewis acid (15 mmol) at room temperature. The mixture was stirred at room 

temperature for 30 minutes and then treated with silyl enol ether 4 (20 mmol). The 

reaction mixture was stirred for 12 hours at room temperature, and then quenched by 

a saturated NaHCO3 aqueous solution, extracted with CH2Cl2 (50 mL×3). The 

combined organic extracts were washed with brine, dried over Na2SO4, filtered and 

concentrated. The residue was purified by silica gel flash column chromatography 

(hexanes/ethyl acetate = 10:1). 

 

8a-(Prop-2-yn-1-yl)hexahydronaphthalene-1,6(2H,7H)-dione (5b) 

The general procedures for the DA/carbocyclization cascade cyclization reaction were 

followed with Et2AlCl or M2AlCl as the Lewis acid. Base on TLC analysis, both 5a 

and 5b were formed under the reaction condition, and 5b (a white solid, 50-60%) was 

obtained as the major side-product after work up. 5b: mp = 110-111 ºC, 
1
H NMR (300 

MHz, CDCl3) 2.68-2.63 (m, 3H), 2.55-2.37 (m, 4H), 2.32-2.29 (m, 3H), 2.06 (s, 1H), 
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2.01-1.93 (m, 3H), 1.68-1.53 (m, 2H); 
13

C NMR (75 MHz, CDCl3) δ 211.6, 210.4, 

79.0, 72.1, 51.4, 43.3, 42.6, 38.0, 37.6, 31.0, 26.4, 25.7, 22.8; IR (neat, cm
-1

): 3292, 

2952, 2927, 2869, 1718, 1706, 1458, 1436; HRMS (ESI/[M+Na]
+
) calcd. for 

C13H16O2Na
+
: 227.1048, found 227.1044. When the above reaction mixture was 

treated with ZnBr2 (1. 1 equiv) and was allowed to stirred at room temperature for 30 

minutes, cyclized product 6a (40-76%) was obtained. 

 

2-(2-Oxopropyl)cyclohex-2-enone (7) 

The general procedures for the DA/carbocyclization cascade cyclization reaction were 

followed with InCl3, InBr3 or In(OTf)3 as the Lewis acid. Compound 7 (a colorless oil, 

60-90%) was obtained as the major side-product after aqueous work up and silica gel 

flash column chromatography (hexanes/ethyl acetate = 20:1). 7: 
1
H NMR (300 MHz, 

CDCl3) δ 6.82 (t, 1H, J = 4.1 Hz), 3.27 (s, 2H), 2.47 (dd, 2H, J = 2.9, 6.5 Hz), 

2.45-2.38 (m, 2H), 2.20 (s, 3H), 2.10-1.98 (m, 2H); 
13

C NMR (75 MHz, CDCl3): δ 

206.0, 198.5, 148.5, 134.0, 44.1, 37.8, 29.9, 26.0, 22.9; HRMS (ESI/[M
+
H]

+
) calcd. 

for C9H13O2: 153.0910, found153.0911. 

 

For synthesis of 6a-j, the general procedures for the DA/carbocyclization cascade 

cyclization reaction were followed with ZnBr2 as the Lewis acid. 

6-Methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-dione (6a) (a 

white solid, 1.88 g, 8.6 mmol, 86% from 3a and 4a, a single diastereomer): mp = 

80.0-80.6 ºC, 
1
H NMR (400 MHz, CDCl3) δ 5.07 (t, J = 2.4 Hz, 1H), 5.00 (s, 1H), 3.40 
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(td, J = 17.6, 2.8 Hz, 1H), 3.32 (d, J = 5.2 Hz, 1H), 2.81 (dd, J = 16.0, 8.8 Hz, 1H), 

2.48-2.26 (m, 5H), 2.11-2.04(m, 2H), 1.91-1.81 (m, 2H), 1.77-1.65 (m, 2H); 
13

C NMR 

(125 MHz, CDCl3) δ 210.9, 207.5, 146.4, 109.4, 60.2, 57.3, 45.4, 41.3, 39.0, 37.5, 

37.1, 29.6, 25.79; IR (neat, cm
-1

): 2939, 2866, 1710, 1655, 1421, 1320, 1216, 1189, 

1137, 896; HRMS (ESI/[M+H]
+
) calcd. for C13H17O2: 205.1229, found 205.1233. 

3-Methyl-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-dio

ne (6b) (a white solid, 1.77 g, 8.1 mmol, 81% from 3b and 4a, dr = 8:1), major 

diastereomer: mp = 116.2-117.2 ºC, 
1
H NMR (400 MHz, CDCl3) δ 5.07 (d, J = 2.0 Hz, 

1H), 5.01 (s, 1H), 3.40 (td, J = 17.8, 2.6 Hz, 1H), 3.34 (d, J = 5.0 Hz, 1H), 2.81 (dd, J = 

16.4, 8.6 Hz, 1H), 2.54 (td, J = 12.6, 6.2 Hz, 1H), 2.45-2.33 (m, 2H), 2.27 (dddd, J = 

10.0, 8.4, 4.0, 2.0 Hz, 1H), 2.14-2.02 (m, 2H), 1.91-1.86 (m, 2H), 1.68 (ddd, J = 14.0, 

6.8, 3.8 Hz, 1H), 1.60-1.52 (m, 1H), 1.42 (dq, J = 13.2, 4.0 Hz, 1H); 
13

C NMR (125 

MHz, CDCl3) δ 212.1, 207.6, 146.3, 109.3, 60.2, 57.2, 46.2, 41.9, 41.3, 37.6, 37.0, 

35.1, 29.7, 14.6; IR (neat, cm
-1

): 2957, 2939, 2872, 1707, 1652, 1472, 1223, 1162, 

914; HRMS (ESI/[M+H]
+
) calcd. for C14H19O2: 219.1385, found 219.1381. 

2-Methyl-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-dio

ne (6c) (a white solid, 1.92 g, 8.8 mmol, 88% from 3c and 4a, a single 

diastereoisomer): mp = 118.8-119.7 ºC, 
1
H NMR (400 MHz, CDCl3) δ 5.05 (s, 1H), 

4.99 (s, 1H), 3.36-3.30 (m, 2H), 2.79 (dd, J = 16.4, 8.6 Hz, 1H), 2.64 (dd, J = 13.8, 6.0 

Hz, 1H), 2.56-2.27 (m, 4H), 2.16 (d, J = 13.8 Hz, 1H), 2.12-1.92 (m, 2H), 1.87 (dd, J = 

11.6, 4.5 Hz, 1H), 1.49 (d, J = 14.1 Hz, 1H), 1.00 (dd, J = 18.8, 6.9 Hz, 3H); 
13

C NMR 

(100 MHz, CDCl3) δ 211.2, 207.8, 146.2, 109.4, 59.8, 56.9, 45.1, 40.8, 39.7, 37.4, 
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36.8, 35.3, 30.0, 19.1; IR (neat, cm
-1

): 2970, 2921, 2884, 1704, 1655, 1469, 1433, 

1381, 1317, 1231, 1182, 1146, 938; HRMS (ESI/[M+H]
+
) calcd. for C14H19O2: 

219.1385, found 219.1393. 

1-Methyl-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-dio

ne (6d) (a white solid, 1.86 g, 8.5 mmol, 85% from 3d and 4a, dr = 16:1), major 

diastereomer: mp = 74.1-75.2ºC, 
1
H NMR (400 MHz, CDCl3) δ 5.05 (s, 1H), 4.98 (s, 

1H), 3.40 (dd, J = 18.0, 2.0 Hz, 1H), 3.30 (d, J = 4.6 Hz, 1H), 2.65 (dd, J = 16.6, 8.0 Hz, 

1H), 2.53 (dt, J = 14.1, 6.0 Hz, 1H), 2.40-2.25 (m, 4H), 2.05 (ddd, J = 13.1, 5.6, 3.2 Hz, 

1H), 1.99-1.80 (m, 3H), 1.51-1.36 (m, 1H), 1.02 (dd, J = 22.4, 8.6 Hz, 3H); 
13

C NMR 

(100 MHz, CDCl3) δ 211.0, 207.8, 146.4, 109.2, 59.8, 56.6, 51.9, 38.9, 38.0, 37.9, 

37.4, 34.8, 31.9, 19.5; IR (neat, cm
-1

): 2964, 2933, 2884, 1710, 1655, 1460, 1435, 

1326, 1173, 1000, 896; HRMS (ESI/[M+H]
+
) calcd. for C14H19O2: 219.1385, found 

219.1392. 

9a-Methyl-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-di

one (6e) (a white solid, 1.75 g, 8.0 mmol, 80% from 3e and 4a (with 2 additional 

equiv of 4a and stirring for 24 hours), a single diastereomer): mp =117.4-118.2 ºC, 
1
H 

NMR (400 MHz, CDCl3, δ 5.02 (s, 1H), 4.99 (s, 1H), 3.32 (d, J = 4.7 Hz, 1H), 3.06 (dd, 

J = 18.4, 2.6 Hz, 1H), 2.69-2.39 (m, 4H), 2.32 (ddd, J = 14.2, 3.4, 1.6 Hz, 1H), 2.19 (dt, 

J = 13.6, 5.2 Hz, 1H), 2.06 (d, J = 12.0 Hz, 1H), 2.00-1.89 (m, 3H), 1.37 (dd, J = 14.0, 

2.0 Hz, 1H), 1.03 (s, 3H); 
13

C NMR (100 MHz, CDCl3) δ 211.5, 207.6, 146.7, 108.9, 

61.1, 58.8, 50.1, 43.9, 39.0, 37.9, 34.1, 33.0, 22.8, 22.2; IR (neat, cm
-1

): 2970, 2933, 

2866, 1713, 1698, 1655, 1454, 1436, 1420, 1323, 1262, 1158, 1061, 893, 747; HRMS 
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(ESI/[M+H]
+
) calcd. for C14H19O2: 219.1385, found 219.1389. 

1,1-Dimethyl-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)

-dione (6f) (a white solid, 1.86 g, 8.0 mmol, 80% from 3f and 4a (with 2 additional 

equiv of 4a and stirring for 24 hours, a single diastereomer): mp = 39.6-40.7 ºC, 
1
H 

NMR (400 MHz, CDCl3) δ 5.08 (d, J = 1.2 Hz, 1H), 4.97 (s, 1H), 3.28 (d, J = 4.8 Hz, 

1H), 3.14 (td, J = 17.2, 3.0 Hz, 1H), 2.67-2.47 (m, 2H), 2.42-2.32 (m, 1H), 2.29-2.23 

(m, 3H), 2.00-1.93 (m, 2H), 1.90-1.68 (m, 2H), 1.00 (s, 3H), 0.94 (s, 3H); 
13

C NMR 

(100 MHz, CDCl3) δ 212.3, 208.6, 145.8, 109.9, 58.5, 55.1, 51.4, 43.0, 38.3, 37.2, 

36.8, 35.8, 34.1, 30.7, 20.8; IR (neat, cm
-1

): 2970, 2884, 1710, 1659, 1469, 1439, 

1226, 1180, 1152, 887; HRMS (ESI/[M+H]
+
) calcd. for C15H21O2: 233.1542, found 

233.1532. 

5-((tert-Butyldimethylsilyl)oxy)-6-methylenehexahydro-4a,7-methanobenzo[7]an

nulene-4,8(1H,5H)-dione (6g) (an off-white amorphous solid, 2.5 g, 7.5 mmol, 75% 

from 3g and 4a, dr = 7:1), major diastereomer: 
1
H NMR (400 MHz, CDCl3) δ 5.33 (d, 

J = 2.0 Hz, 1H), 5.19 (s, 1H), 5.14 (dd, J = 2.8, 0.8 Hz, 1H), 3.25 (d, J = 4.8 Hz, 1H), 

3.05 (dd, J = 16.4, 8.8 Hz, 1H), 2.74-2.70 (m, 1H), 2.43-2.28 (m, 3H), 2.07-1.98 (m, 

2H), 1.86-1.64 (m, 4H), 0.90 (s, 9H), 0.24 (s, 3H), 0.07 (s, 3H); 
13

C NMR (100 MHz, 

CDCl3) δ 210.4, 208.4, 150.5, 110.8, 74.3, 59.9, 41.6, 39.1, 36.6, 34.4, 29.6, 29.0, 

25.8, 24.7, 18.0, -4.2, -4.9; IR (neat, cm
-1

): 2958, 2939, 2866, 1707, 1475, 1250, 1140, 

1122, 1094, 865, 838, 777; HRMS (ESI/[M+H]
+
) calcd. for C19H31O3Si: 335.2042, 

found 335.2049. 

4-Methylenehexahydro-1H-3,5a-methanoheptalene-2,6(3H,7H)-dione (6h) (an 
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off-white amorphous solid, 1.79 g, 8.2 mmol, 82% from 3h and 4a, a single 

diastereomer): 
1
H NMR (400 MHz, CDCl3) δ 5.08 (d, J = 1.4 Hz, 1H), 4.93 (s, 1H), 

3.23 (d, J = 4.8 Hz, 1H), 2.87-2.60 (m, 2H), 2.55 (s, 2H), 2.48-2.44 (m, 1H), 2.41-2.18 

(m, 2H), 2.14-1.72 (m, 4H), 1.68-1.27 (m, 4H); 
13

C NMR (100 MHz, CDCl3) δ 213.8, 

208.4, 145.4, 110.1, 58.3, 58.0, 43.9, 43.5, 41.9, 41.2, 35.0, 33.2, 28.7, 25.7; IR (neat, 

cm
-1

): 2933, 2866, 1704, 1655, 1451, 1332, 1219, 1173, 1651, 914, 890; HRMS 

(ESI/[M+H]
+
) calcd. for C14H19O2: 219.1385, found 219.1392. 

10,10-Dimethyl-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5

H)-dione (6i) (a white solid, 1.84 g, 7.9 mmol, 79% from 3a and 4b, a single 

diastereomer): mp = 74.8-76.5ºC, 
1
H NMR (400 MHz, CDCl3) δ 5.07 (t, J = 2.2 Hz, 

1H), 4.99 (s, 1H), 3.73 (td, J = 18.0, 2.8 Hz 1H), 2.95-2.81 (m, 2H), 2.61-2.47 (m, 1H), 

2.33 (ddd, J = 14.6, 10.2, 4.7 Hz, 2H), 2.17 (dd, J = 18.3, 3.4 Hz, 2H), 2.11-1.93 (m, 

2H), 1.76-1.61 (m, 2H), 1.26 (s, 3H), 0.82 (s, 3H); 
13

C NMR (100 MHz, CDCl3) δ 

210.1, 208.3, 144.6, 110.4, 72.4, 60.7, 46.6, 45.7, 41.6, 41.1, 40.2, 31.9, 25.6, 25.1, 

24.3; IR (neat, cm
-1

): 2957, 2872, 1692, 1652, 1460, 1262, 1222, 1173, 890; HRMS 

(ESI/[M+H]
+
) calcd. for C15H21O2: 233.1542, found 233.1525. 

7-Methyl-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-dio

ne (6j) (a white solid, mp = 76.6-77.6 ºC, 1.99 g, 9.1 mmol, 91% from 3a and 4c, a 

single diastereomer): 
1
H NMR (400 MHz, CDCl3) δ 5.02 (s, 1H), 4.89 (t, J = 2.4 Hz, 

1H), 3.53 (td, J = 17.8, 2.8 Hz, 1H), 2.82 (dd, J = 16.4, 8.6 Hz, 1H), 2.53-2.25 (m, 5H), 

2.18-2.02 (m, 2H), 1.94-1.79 (m, 1H), 1.79-1.65 (m, 3H), 1.21 (s, 3H); 
13

C NMR (100 

MHz, CDCl3) δ 211.0, 208.3, 151.0, 107.7, 59.1, 55.4, 45.7, 44.1, 41.8, 38.9, 38.8, 
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29.4, 25.7, 16.5; IR (neat, cm
-1

): 2933, 2866, 1707, 1652, 1433, 1323, 1253, 1210, 

1146, 1058, 890; HRMS (ESI/[M+H]
+
) calcd. for C14H19O2: 219.1385, found 

219.1376. 

 

6-Methylene-1,2,5,6,7,9a-hexahydro-4a,7-methanobenzo[7]annulene-4,8-diyl)bis(

oxy))bis(trimethylsilane) (18a) 

To a solution of 6a
 
(10.2 g, 50 mmol), hexamethyldisilazane (42 mL, 200 mmol), and 

NaI (22.5g, 150 mmol) in CH3CN (50mL) was added TMSCl (1.87 g, 27.4 mmol) at 

room temperature. The reaction mixture was stirred for 1 hour, and then diluted with 

hexanes (250 mL), quenched by water (50mL). The aqueous layer was extracted with 

hexanes (100 mL×3) and the combined organic extracts were washed with brine (50 

mL), dried over Na2SO4, filtered and concentrated to give a yellow oil as the crude 

product, which was used without further manipulations. 

 

6-Methylene-1,2,5,6,7,9a-hexahydro-4a,7-methanobenzo[7]annulene-4,8-diyl)bis(

oxy))bis(triethylsilane) (18b) and 

6-methylene-1,2,5,6,7,9a-hexahydro-4a,7-methanobenzo[7]annulene-4,8-diyl)bis(

oxy))bis(tert-butyldimethylsilane) (18c) 

To a solution of 6a (2.04 g, 10 mmol) in CH2Cl2 (100 mL) and triethylamine (5.5 mL, 

40 mmol) at 0° C was added TESOTf or TBSOTf (25 mmol). The reaction mixture 

was stirred at 0 °C for 1 hour, and then quenched by brine. The organic layer was 

separated, dried over Na2SO4, filtered and concentrated. Compound 18b was used 
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without further manipulations, and compound 18c was purified by silica gel flash 

column chromatography (hexanes/ethyl acetate = 99:1 with 3% Et3N) to give a white 

solid (4.33 g, 10 mmol, 100%) as the product. 18c: mp= 75.8-76.7 °C, 
1
H NMR (400 

MHz, CDCl3) δ ppm 4.87 (d, J = 4.4 Hz, 1H), 4.80 (s, 1H), 4.59 (s, 1H), 4.47 (d, J = 

4.0 Hz, 1H), 2.99 (d, J = 12.8 Hz, 1H), 2.67 (d, J = 4.4 Hz, 1H), 2.16-1.94 (m, 4H), 

1.772 (dd, J = 10.4, 4.4 Hz, 1H), 1.60-1.53 (m, 2H), 1.39-1.28 (m, 2H), 0.94 (s, 9H), 

0.92 (s, 9H), 0.19 (s, 3H), 0.16 (s, 3H), 0.14 (s, 3H), 0.12 (s, 3H); 
13

C NMR (100 MHz, 

CDCl3) δ = 155.3, 154.8, 152.9, 104.3, 103.3, 101.8, 50.4, 46.6, 44.7, 40.2, 35.9, 28.5, 

25.74, 25.6, 24.1, 18.2, 17.9, -4.1, -4.3, -4.9, -5.0; IR (neat, cm
-1

): 2964, 2933, 2866, 

1662, 1470, 1348, 1253, 1198, 1171, 1088, 1040, 1006, 890, 832, 777; HRMS 

(ESI/[M+H]
+
) calcd. for C25H45O2Si2: 433.2958, found 433.2974. 

 

3-Hydroxy-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-d

ione (19) 

To a solution of 18c (10.8 g, 25 mmol), NaHCO3 (2.1 g, 25 mmol) in CH2Cl2 (250 mL) 

and MeOH (250 mL) was added monoperoxyphthalic acid magnesium salt 

hexahydrate (MMPP) (6.8 g, 13.7 mmol) at room temperature. The resulting mixture 

was stirred for 2-4 hours. After TLC analysis showed the consumption of the starting 

materials, the reaction mixture was quenched by addition of a saturated Na2S2O3 

aqueous solution (20 mL). The aqueous layer was extracted with CH2Cl2 (150 mL×3) 

and the combined organic extracts were washed with a 2 N HCl aqueous solution, a 

saturated NaHCO3 aqueous solution, and brine and then concentrated. Silica gel flash 
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column chromatography (hexanes/ethyl acetate = 2:1) of the residue gave a white 

solid (4.40 g, 20.0 mmol, 90%) as the product. 19: mp = 138.8-138.9 ºC, 
1
H NMR 

(400 MHz, CDCl3) δ 5.11 (t, J = 2.0 Hz, 1H), 5.05 (s, 1H), 4.30 (m, 1H), 3.59 (d, J = 

3.2 Hz, 1H), 3.42 (td, J = 18.0, 2.8 Hz, 1H), 3.37 (d, J = 5.2 Hz, 1H), 2.79 (dd, J = 16.8, 

8.8 Hz, 1H), 2.49-2.42 (m, 2H), 2.37-2.26 (m, 2H), 2.10 (d, J = 8.4 Hz, 1H), 1.96-1.87 

(m, 1H), 1.76-1.71 (m, 1H), 1.61-1.54 (m, 1H); 
13

C NMR (100 MHz, CDCl3) δ 211.1, 

206.6, 144.8, 110.1, 72.7, 59.8, 55.9, 45.8, 40.7, 37.4, 36.6, 35.4, 27.4; IR (neat, cm
-1

): 

3391, 2939, 1716, 1695, 1439, 1104, 976, 899, 865; HRMS (ESI/[M+H]
+
) calcd. for 

C13H17O3: 221.1178, found 221.1180. 

 

6-Methylene-6,7,9,9a-tetrahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-dio

ne (12) 

To a stirred solution of 19
 
(6.60 g, 30.0 mmol) in THF (600 mL) was added NaBH4 

(0.39 g, 10.5 mmol) slowly in portions at -78 ºC. The resulting mixture was stirred at 

-78 ºC for 30 minutes and then warmed to -20 ºC slowly. After TLC showed 

consumption of 19, the reaction was quenched by addition of a saturated NH4Cl 

aqueous solution (50 mL) at -20 ºC. The aqueous phase was extracted with ethyl 

acetate (300 mL×3), and the combined organic extracts were washed with brine (50 

mL×2), dried over MgSO4, filtered and concentrated to give a pale yellow oil as the 

crude product (a mixture of diol diastereomers), which was used without further 

manipulations. To a solution of the crude product (6.60 g, 30.0 mmol) in toluene (600 

mL) was added triphenylphosphine (31.4 g, 120 mmol), imidazole (8.2 g, 120 mmol) 
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and iodine (22.9 g, 90 mmol). The mixture was heated under reflux for 5 hour. After 

cooling to room temperature, the reaction mixture was diluted with ethyl acetate (500 

mL) and washed successively with a 10% sodium thiosulfate aqueous solution, a 

saturated NaHCO3 aqueous solution, brine and dried over MgSO4. After removal of 

the volatiles, silica gel flash column chromatography (hexanes/ ethyl acetate = 20:1) 

of the residue gave (4.2 g, 22 mmol, 75%) a colorless oil as the product. 12: 
1
H NMR 

(400 MHz, CDCl3) δ 5.67 (td, J = 10.0, 4.4 Hz, 1H), 5.46 (td, J = 8.0, 2.0 Hz, 1H), 5.01 

(s, 1H), 4.93 (s, 1H), 3.19 (s, 1H), 2.84 (dd, J = 17.2, 8.0 Hz, 1H), 2.52-2.41 (m, 1H), 

2.07-1.83 (m, 6H), 1.62-1.58 (m, 2H); 
13

C NMR (75 MHz, CDCl3) δ 209.8, 148.3, 

132.9, 127.6, 108.7, 59.3, 45.7, 43.9, 42.0, 40.5, 39.6, 28.3, 25.5; IR (neat, cm
-1

): 

2957, 2933, 2897, 2866, 1723, 1473, 1259, 1070, 1006, 838, 783; HRMS 

(ESI/[M+H]
+
) calcd. for C13H17O: 189.1279, found 189.1269. 

 

9-Hydroxy-6-methylene-1,2,6,7,9,9a-hexahydro-4a,7-methanobenzo[7]annulen-8(

5H)-one (20) and 

8-hydroxy-6-methylene-1,5,6,7,8,9a-hexahydro-4a,7-methanobenzo[7]annulen-9(

2H)-one (22) 

To a solution of 12 (3.76 g, 20 mmol) in CH2Cl2 (100 mL) and triethylamine (11 mL, 

80 mmol) at 0 °C was added TBSOTf (11.4 mL, 30 mmol). The reaction mixture was 

stirred at 0 °C for 1 hour. The mixture was quenched by brine, separated, and 

concentrated. Silica gel flash column chromatography (hexanes/ethyl acetate = 99:1 

with 5% Et3N) of the residue gave a yellow oil as the crude product, which was used 
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without further manipulations. To a solution of the crude silyl enol ether in CH2Cl2 

(200 mL) and MeOH (100 mL) with NaHCO3 (3.36, 40 mmol) at room temperature 

was added MMPP (5.94 g, 12 mmol). After stirring at room temperature for 2-4 hours, 

then reaction mixture was quenched by addition of a saturated Na2S2O3 aqueous 

solution (10 mL). The aqueous layer was extracted with CH2Cl2 (300 mL×3) and the 

combined organic extracts were washed with brine and then concentrated. The residue 

was then dissolved in THF (100 mL) and MeOH (10 mL), and was treated with a 2 M 

aqueous HCl solution (100 mL) at room temperature. The mixture was stirred at room 

temperature for 2 hours and quenched by addition of a saturated NaHCO3 aqueous 

solution. The aqueous layer was extracted with diethyl ether (200 mL×3) and the 

combined organic extracts were washed with brine (50 mL), dried over Na2SO4, 

filtered and concentrated. Silica gel flash column chromatography (hexanes/ethyl 

acetate = 9:1) of the residue gave a yellow oil (3.45 g, 16.9 mmol, 85%) as the 

product. 20: 
1
H NMR (400 MHz, CDCl3) δ 5.70 (m, 1H), 5.48 (td, J = 9.6, 2.0 Hz, 1H), 

5.05 (t, J = 2.0 Hz,1H), 4.96 (s, 1H), 4.58 (d, J = 8.8 Hz, 1H), 3.35 (d, J = 4.8 Hz, 1H), 

3.21 (s, 1H), 2.62-2.47 (m, 3H), 2.10-2.02 (m, 3H), 1.95-1.84 (m, 2H), 1.11-1.03 (m, 

1H); 
13

C NMR (100 MHz, CDCl3) δ 210.8, 147.7, 132.0, 128.4, 109.2, 71.7, 56.5, 

49.5, 44.9, 44.8, 42.0, 25.3, 18.3; IR (neat, cm
-1

): 3433, 2921, 1716, 1442, 1226, 899, 

734, 704; HRMS (ESI/[M+H]
+
) calcd. for C13H17O2: 205.1229, found 205.1240. 

When the above reaction mixture was stirred in the HCl/THF/methanol mixture for 24 

hours, and then quenched by saturated aqueous NaHCO3 solution. Another yellow oil 

(3.45 g, 16.9 mmol, 85%) was obtained as the product using the same work-up 
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procedures. 22: 
1
H NMR (300 MHz, CDCl3) δ 5.73 (td, J = 12.0, 3.0 Hz, 1H), 5.50 (td, 

J = 12.0, 3.0 Hz, 1H), 5.09 (t, J = 1.5 Hz,1H), 4.95 (s, 1H), 4.24 (t, J = 3.0 Hz, 1H), 

3.61 (d, J = 3.0 Hz, 1H), 2.94 (t, J = 3.0 Hz, 1H), 2.44-2.34 (m, 2H), 2.22-2.12 (m, 3H), 

2.06-2.01 (m, 1H), 1.95-1.88 (m, 1H), 1.85-1.77 (m, 1H); 
13

C NMR (100 MHz, 

CDCl3) δ 213.9, 146.4, 132.3, 127.5, 110.8, 78.1, 55.9, 48.2, 46.4, 45.8, 40.1, 25.3, 

24.1; IR (neat, cm
-1

): 3482, 2933, 1704, 1436, 1381, 1088, 884, 701; HRMS 

(ESI/[M+H]
+
) calcd. for C13H17O2: 205.1229, found 205.1237. 

 

6-Methylene-9-oxo-1,2,5,6,7,8,9,9a-octahydro-4a,7-methanobenzo[7]annulen-8-yl 

acetate (23) 

To a solution of 22 (2.04 g, 10 mmol) in CH2Cl2 (100 mL) with triethylamine (5.6 mL, 

40 mmol) at room temperature was added acid anhydride (1.8 mL, 20 mmol). The 

reaction mixture was stirred at room temperature for 1 hour and quenched with 

saturated NaHCO3 aqueous solution (30 mL). The aqueous layer was extracted by 

diethyl ether (50 mL×3) and the combined organic extracts were washed with brine, 

dried over MgSO4, filtered and concentrated. Silica gel flash column chromatography 

(hexanes/ethyl acetate = 9:1) of the residue afford a colorless oil (2.33 g, 9.5 mmol, 

95%) as the product. 23: 
1
H NMR (400 MHz, CDCl3) δ 5.74 (td, J =10.0, 2.8 Hz, 1H), 

5.49 (td, J = 10.0, 2.8 Hz, 1H), 5.31 (d, J = 3.6 Hz,1H), 5.11 (s, 1H), 5.04 (s, 1H), 2.93 

(t, J = 4.6 Hz, 1H), 2.44-2.38 (m, 2H), 2.28 (d, J = 16.8 Hz, 1H), 2.18 (s, 3H), 

2.17-2.06 (m, 3H), 1.99-1.94 (m, 1H), 1.85-1.77 (m, 2H); 
13

C NMR (100 MHz, 

CDCl3) δ 207.1, 170.1, 146.5, 132.0, 127.8, 111.6, 78.4, 56.9, 46.4, 45.8, 44.9, 40.2, 
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25.3, 24.4, 20.7; IR (neat, cm
-1

): 2933, 2860, 1750, 1726, 1432, 1375, 1235, 1070, 

1043, 1024, 738, 710; HRMS (ESI/[M+H]
+
) calcd. for C15H19O3: 247.1334, found 

247.1316. 

 

6-Methylene-1,5,6,7,8,9a-hexahydro-4a,7-methanobenzo[7]annulen-9(2H)-one 

(11) 

To a stirred solution of 23 (1.23 g, 5 mmol) in THF (degassed, 67 mL) and MeOH (33 

mL) at 0 °C was added SmI2 (a 0.1 M solution in THF, 110 mL). The resulting 

mixture was stirred at 0 °C for 20 minutes, and was quenched with water (100 mL) 

and extracted with diethyl ether (100 mL×3). The combined organic extracts were 

dried over MgSO4, filtered and concentrated. Silica gel flash column chromatography 

(hexanes/ethyl acetate = 20:1) of the residue afforded a yellow oil (0.89 g, 4.7 mmol, 

95%) as the product. 11: 
1
H NMR (400 MHz, CDCl3) δ 5.73 (td, J =10.8, 2.8 Hz, 1H), 

5.47 (td, J = 10.0, 2.4 Hz, 1H), 4.97 (s,1H), 5.11 (s, 1H), 4.93 (s, 1H), 2.90 (d, J = 3.6 

Hz, 1H), 2.54-2.23 (m, 4/H), 2.15-2.11 (m, 2H), 1.86-1.68 (m, 4H); 
13

C NMR (100 

MHz, CDCl3) δ 214.8, 152.8, 133.3, 127.4, 108.3, 56.9, 49.8, 46.9, 44.2, 40.7, 40.6, 

25.5, 25.0; IR (neat, cm
-1

): 2933, 1735, 1646, 1433, 1366, 1247, 1037, 874, 698; 

HRMS (ESI/[M+H]
+
) calcd. for C15H19O3: 247.1334, found 247.1316; HRMS 

(ESI/[M+H]
+
) calcd. for C13H17O: 189.1279, found 189.1263. 

 

8-Methyl-3,4,4a,5,6,7,8,9-octahydro-5,8-epoxy-7,9a-methanobenzo[7]annulene 

(10, Snider’s intermediate)  
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To a stirred solution of 11 (564 mg, 3 mmol) in CH2Cl2 (50 mL) was added 

K-selectride (a 1.0 M solution in THF, 18 mL, 18 mmol) at -78 °C and the reaction 

mixture was allowed to warm up to 0 °C and stirred for 1.5 hours. The reaction was 

then quenched with a saturated NH4Cl aqueous solution (10 mL). The aqueous layer 

was extracted with CH2Cl2 (50 mL×2). The combined organic extracts were dried 

over Na2SO4, filtered, and concentrated to give a yellow oil as the crude alcohol 

product, which was used without further manipulations. To a stirred solution of the 

crude alcohol product (570 mg, 3 mmol) in CH2Cl2 (10 mL) was added trifluoroacetic 

acid (10 mL) at 0 °C and the mixture was stirred at the same temperature for 30 

minutes. The reaction was quenched with saturated aqueous NaHCO3 (30 mL) at 0 °C. 

The aqueous layer was extracted with CH2Cl2 (50 mL×2). The combined organic 

extracts were dried over Na2SO4, filtered, and concentrated. Silica gel flash column 

chromatography (hexanes/ethyl acetate = 30:1) of the residue afforded a colorless oil 

(484 mg, 85%) as the product. Snider's intermediate 10: 
1
H NMR (400 MHz, CDCl3) 

δ 5.60 (td, J =10.8, 3.6 Hz, 1H), 5.33 (td, J = 10.0, 2.0 Hz, 1H), 4.14 (d, J = 6.8 Hz, 

1H), 2.15-2.09 (m, 3H), 1.91-1.74 (m, 4H), 1.58-1.42 (m, 5H), 1.39 (s, 3H); 
13

C NMR 

(100 MHz, CDCl3) δ = 133.13, 126.7, 86.7, 80.6, 52.6, 45.5, 44.8, 44.6, 43.5, 38.3, 

26.2, 23.3, 22.2; IR (neat, cm
-1

): 2941, 2865, 1709, 1473, 1447, 1377, 1326, 1090, 

997, 823; HRMS (ESI/[M+H]
+
) calcd. for C13H19O: 191.1436, found 191.1433. 

 

3-Bromo-6-methylenehexahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-dio

ne (24) 
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To a solution of 18c (4.32 g, 10 mmol) in THF (200 mL) was added NBS (1.96 g, 11 

mmol) at 0 °C. The mixture was stirred until TLC analysis showed the consumption 

of the starting material (about 2 hours). The mixture was then quenched with a 2 N 

HCl aqueous solution. The aqueous layer was extracted with diethyl ether (200 mL x 

3), and the combined organic extracts were washed with a saturated NaHCO3 aqueous 

solution, brine, dried over Na2SO4, filtered and concentrated. Silica gel flash column 

chromatography (hexanes/ethyl acetate = 10:1 ) of the residue gave a white solid (2.52 

g, 9 mmol, 90%) as the product. 24: mp = 75.8-76.7 °C, 
1
H NMR (400 MHz, 

CDCl3) δ 5.11 (s, 1H), 5.06 (s, 1H), 4.80 (dd, J = 13.2, 6.0 Hz, 0.5H),  4.66 (dd, J = 

12.8, 6.0 Hz, 0.5H), 3.49-3.43 (m, 1H), 3.38 (d, J = 5.2 Hz, 1H), 2.82 (dd, J = 16.8, 8.8 

Hz, 1H), 2.69-2.64 (m, 1H), 2.59-2.52 (m, 1H), 2.43 (d, J = 3.6 Hz, 1H), 2.39-2.34 (m, 

2H), 2.18-1.95 (m, 4H), 1.84-1.57 (m, 1H); 
13

C NMR (100 MHz, CDCl3) δ 206.4, 

206.4, 201.8, 201.2, 144.9, 144.8, 110.1, 110.0, 62.0, 59.8, 59.8, 57.5, 57.4, 53.8, 45.2, 

45.1, 40.6, 38.3, 38.0, 38.0, 37.3, 36.6, 36.5, 30.5, 29.4; IR (neat, cm
-1

): 2945, 2870, 

1713, 1655, 1423, 1322, 1224, 1190, 1140, 895; HRMS (ESI/[M+H]
+
) calcd. for 

C13H16O2Br: 283.0334, found 283.0370.  

 

6-Methylene-6,7,9,9a-tetrahydro-4a,7-methanobenzo[7]annulene-4,8(1H,5H)-dio

ne (15) 

Procedures with 24 as the starting material: To a stirred solution of 24 (1.41 g, 0.5 

mmol) in DMF (5 mL) was added LiBr (0.26 g, 3 mmol) and Li2CO3 (0.22 g, 3 

mmol). The resulting mixture was stirred at 120 °C until TLC analysis showed 
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consumption of the starting material (about 2 hours). The mixture was then poured 

into cool water (10 mL), and the precipitate was collected by filtration. Silica gel flash 

column chromatography (nhexanes/EtOAc = 4:1) of the precipitate afforded an 

amorphous solid (71 mg, 70%) as the product. 15: 
1
H NMR (400 MHz, CDCl3) δ ppm 

6.89 (td, J = 10.0, 4.0 Hz, 1H), 6.20-6.02 (d, J = 10.8 Hz, 1H), 5.11 (s, 1H), 5.03 (s, 1H), 

3.58 (td, J = 17.6, 2.8 Hz, 1H), 3.35 (d, J = 5.0 Hz, 1H), 2.84 (dd, J = 16.0, 8.0 Hz, 1H), 

2.63 (dd, J = 16.0, 8.0 Hz, 1H), 2.50-2.29 (m, 1H), 2.22 (dd, J = 12.0, 1.6 Hz, 1H), 2.06 

(d, J = 16.0 Hz, 1H), 1.83-1.87 (m, 1H); 
13

C NMR (100 MHz, CDCl3) δ = 207.5, 

199.2, 147.5, 146.4, 129.2, 109.2, 59.8, 53.0, 40.6, 40.4, 37.4, 35.9, 30.5; IR (neat, 

cm
-1

): 2951, 2914, 2855, 1710, 1670, 1418, 1387, 1311, 1219, 1183, 899, 801; HRMS 

(ESI/[M+H]
+
) calcd. for C13H15O2: 203.1072, found 203.1061. General procedures 

with 6a as the starting material: To a stirred 0.2 M solution of 6a in DMSO or ethyl 

acetate was added IBX (2-4 equiv). The solution was stirred at 80 ºC until TLC 

analysis showed the consumption of starting material. The reaction mixture was 

cooled to room temperature and diluted with diethyl ether. The organic layer was 

washed with a 5% NaHCO3 aqueous solution, water, brine, and then dried over 

MgSO4, filtered and concentrated. Silica gel column chromatography 

(nhexanes/EtOAc = 4:1) of the residue afforded an amorphous solid (30-40%) as the 

product. General procedures with 18a-c as the starting material: To the crude 

18a-c was added a 1:1 IBX/NMO (2-10 equiv) solution in DMSO (0.2 M for 18a-c) 

in one portion at ambient temperature. The mixture was stirred at 45 ºC until TLC 

analysis showed consumption of the starting material. The reaction mixture was then 
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diluted with a 5% NaHCO3 aqueous solution and extracted with diethyl ether (×3). 

The combined organic extracts was filtered through a pad of celite and washed with 

saturated aqueous NaHCO3 solution, water, and brine. After drying over MgSO4 and 

filtration, the volatiles were removed in vacuo. Silica gel flash column 

chromatography (nhexanes/EtOAc = 4:1) of the residue afforded an amorphous solid 

(20-57%) as the product along with 6a (10-70%) being recovered.  

 

6-Methylene-1,4,5,6,7,8,9,9a-octahydro-4a,7-methanobenzo[7]annulene-4,8-diol 

(25) 

To a solution of 15 (2.02 g, 10 mmol) in MeOH (100 mL) was added CeCl3•7H2O 

(3.72 g, 10 mmol) at 0°C. The reaction mixture was cooled to -78°C and treated with 

NaBH4 (0.37g, 10 mmol). After stirring at -78°C for 10 minutes, the reaction mixture 

was concentrated. The residue was dissolved in diethyl ether (100 mL) and washed by 

a saturated NaHCO3 aqueous solution (20 mL) and brine (20 mL), dried over Na2SO4, 

filtered and concentrated. Silica gel flash column chromatography (hexanes/ethyl 

acetate = 4:1) of the residue gave a colorless oil (2.00 g, 9.7 mmol, 97%) as the 

product. 25: 
1
H NMR (400 MHz, CDCl3) δ ppm 5.73-5.63 (m, 1H), 5.59 (dd, J = 10.0, 

2.0 Hz, 1H), 4.97 (d, J = 1.6 Hz, 2H), 4.17 (s, 1H), 3.91-3.76 (m, 1H), 2.74-2.68 (m, 

2H), 2.10-1.97 (m, 3H), 1.84-1.63 (m, 4H), 1.49-1.35 (m, 3H), 1.26 (s, 2H); 
13

C NMR 

(100 MHz, CDCl3) δ = 150.0, 130.7, 127.6, 106.8, 70.3, 69.0, 50.8, 46.1, 39.8, 38.0, 

34.7, 29.6, 28.2; IR (neat, cm
-1

): 3427, 2927, 2848, 1652, 1457, 1432, 1076, 1046, 

871; HRMS (ESI/[M+H]
+
) calcd. for C13H19O2: 207.1385, found 207.1388. 

Page 50 of 75

ACS Paragon Plus Environment

The Journal of Organic Chemistry

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



51 

 

 

6-Methylene-1,4,5,6,7,8,9,9a-octahydro-4a,7-methanobenzo[7]annulene-4,8-diyl 

diacetate (26)  

To a solution of 25 (1.03 g, 5 mmol) in CH2Cl2 (50 mL) with triethylamine (4.2 mL, 

30 mmol) at room temperature was added acid anhydride (1.1 mL, 12 mmol). The 

reaction mixture was stirred at room temperature for 1 hour and then quenched with a 

saturated NaHCO3 aqueous solution (20 mL). The aqueous layer was extracted by 

diethyl ether (20 mL × 3) and the combined organic extracts were washed with brine, 

dried over MgSO4, filtered and concentrated. Silica gel flash column chromatography 

(hexanes/ethyl acetate = 9:1) of the residue afforded a white solid (1.44 g, 5 mmol, 

99%) as the product. 26: mp = 99.6-100.4°C, 
1
H NMR (400 MHz, CDCl3) δ 5.72 (tdd, 

J = 9.4, 4.4, 2.2 Hz, 1H), 5.59-5.43 (m, 1H), 5.38 (s, 1H), 5.03-4.85 (m, 3H), 2.75 (d, J 

= 2.8 Hz, 1H), 2.37 (td, J = 16.9, 2.4 Hz, 1H), 2.20-2.03 (m, 9H), 1.99-1.89 (m, 1H), 

1.82-1.66 (m, 2H), 1.59-1.48 (m, 2H); 
13

C NMR (100 MHz, CDCl3) δ 171.0, 170.6, 

148.3, 128.4, 127.0, 108.0, 72.3, 72.0, 47.0, 44.4, 39.7, 37.8, 29.9, 29.6, 29.4, 21.2, 

21.1; IR (neat, cm
-1

): 2957, 2914, 1735, 1655, 1460, 1433, 1366, 1238, 1037, 957, 

884; HRMS (ESI/[M+H]
+
) calcd. for C17H23O4: 291.1596, found 291.1604. 

 

8-Hydroxy-6-methylene-5,6,7,8,9,9a-hexahydro-4a,7-methanobenzo[7]annulen-4(

1H)-one (28)  

To a solution of 25 (1.03 g, 5 mmol) in CH2Cl2 (50 mL) was added MnO2 (8.7 g, 100 

mmol). The reaction mixture was heated under reflux for 12 hour. After cooling to 
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room temperature, the mixture was filtered and concentrated. Silica gel flash column 

chromatography (hexanes/ethyl acetate = 4:1) of the residue afford a colorless oil 

(0.98 g, 4.8 mmol, 95%) as the product. 28: 
1
H NMR (400 MHz, CDCl3) δ 6.88 (ddd, 

J = 10.0, 5.6, 2.2 Hz, 1H), 6.03 (ddd, J = 10.0, 2.8, 1.0 Hz, 1H), 5.01-5.00 (m, 2H), 

3.93-3.77 (m, 1H), 3.31 (td, J = 17.4, 2.6 Hz, 1H), 2.82-2.66 (m, 1H), 2.57-2.39 (m, 

1H), 2.33 (td, J = 19.5, 5.4 Hz, 1H), 2.22 (td, J = 11.8, 6.0 Hz, 1H), 2.11-1.96 (m, 1H), 

1.83 (ddd, J = 19.4, 12.8, 4.0 Hz, 2H), 1.68 (d, J = 10.4 Hz, 1H), 1.67 (s, 1H), 1.42 (ddd, 

J = 13.8, 11.2, 6.6 Hz, 1H); 
13

C NMR (100 MHz, CDCl3) δ 201.1, 148.7, 148.0, 129.2, 

107.3, 68.6, 53.2, 50.3, 39.2, 37.8, 35.1, 34.5, 30.1; IR (neat, cm
-1

): 3494, 3055, 2988, 

2927, 1735, 1671, 1372, 1268, 1247, 1049, 741, 704; HRMS (ESI/[M+H]
+
) calcd. for 

C13H17O2: 205.1229, found 205.1237.  

 

8-((tert-Butyldimethylsilyl)oxy)-6-methylene-5,6,7,8,9,9a-hexahydro-4a,7-methan

obenzo[7]annulen-4(1H)-one (29) 

To a stirred solution of 28 (204 mg, 1 mmol) in CH2Cl2 (10 mL) was added imidazole 

(170 mg, 2.5 mmol) and TBSCl (181 mg, 1.2 mmol). The reaction mixture was stirred 

at room temperature for 4 hours, and then quenched by addition of a saturated 

aqueous NaHCO3 solution (10 mL). The aqueous layer was extracted with CH2Cl2 (10 

mL×2) and the combined organic extracts were washed with brine (10 mL), dried 

over MgSO4, filtered and concentrated. Silica gel flash column chromatography 

(hexanes/ethyl acetate = 10:1) of the residue gave a white solid (318 mg, 0.99 mmol, 

99%) as the product. 29: mp = 95.0-95.8 ºC,
 1
H NMR (400 MHz, CDCl3) δ 6.86 (ddd, 
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J = 10.0, 5.6, 2.0 Hz, 1H), 6.08-5.91 (m, 1H), 4.94 (t, J = 6.4 Hz, 2H), 3.85 (ddd, J = 

10.53, 5.69, 3.02 Hz, 1H), 3.25 (td, J = 17.10, 2.63 Hz, 1H), 2.60 (t, J = 1.2 Hz, 1H), 

2.45 (tdd, J = 19.4, 11.7, 2.4 Hz, 1H), 2.29 (td, J = 19.6, 5.4 Hz, 1H), 2.17 (td, J = 11.6, 

5.79 Hz, 1H), 2.00 (dd, J = 17.2, 1.8 Hz, 1H), 1.89-1.72 (m, 1H), 1.70-1.43 (m, 3H), 

0.88 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H); 
13

C NMR (100 MHz, CDCl3) δ 201.5, 148.0, 

147.5, 129.2, 107.8, 69.9, 53.2, 50.4, 39.2, 37.9, 35.4, 34.3, 30.4, 25.7, 18.1, -4.6, 

-4.7; IR (neat, cm
-1

): 2957, 2933, 2890, 2860, 1683, 1667, 1469, 1390, 1250, 1137, 

1106, 1088, 1070, 884, 869, 832, 774; HRMS (ESI/[M+H]
+
) calcd. for C19H31O2Si: 

319.2093, found 319.2100. 

 

6-((tert-Butyldimethylsilyl)oxy)-4-methyleneoctahydro-2a,5-methanocyclohepta[

4,5]benzo[1,2-b]oxiren-2(1aH)-one (30) 

To a solution of 29 (3.18 g, 10 mmol) in MeOH (100 mL) was added a 30% H2O2 

aqueous solution (1.53 mL, 25 mmol) and a 6 N NaOH aqueous solution (1.86 mL, 

10.5 mmol). The reaction was stirred at room temperature for 1.5 hours. Then the 

solution was quenched with a saturated Na2S2O3 aqueous solution (50 mL). The 

mixture was extracted with diethyl ether (100 mL×3), washed with brine (40 mL). 

The organic extracts were dried over Na2SO4, filtered and concentrated. Silica gel 

flash column chromatography (hexanes/ethyl acetate = 9:1) of the residue afforded a 

white solid (3.2 g, 9.6 mmol, 96%) as the product. 30: mp = 108.8-109.8 ºC, 
1
H NMR 

(400 MHz, CDCl3) δ 4.96 (s, 1H), 4.94 (s, 1H), 3.73 (ddd, J = 10.8, 5.6, 3.0 Hz, 1H), 

3.52 (t, J = 2.7 Hz, 1H), 3.21 (d, J = 3.6 Hz, 1H), 3.10 (td, J = 16.8, 2.6 Hz, 1H), 2.60 (s, 
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1H), 2.21-2.16 (m, 2H), 2.11-2.04 (m, 2H), 1.74 (dd, J = 11.6, 2.4 Hz, 1H), 1.69-1.55 

(m, 1H), 1.55-1.42 (m, 1H), 0.87 (s, 9H), 0.05 (s, 3H), 0.03 (s, 3H); 
13

C NMR (100 

MHz, CDCl3) δ 206.9, 147.1, 108.1, 69.8, 53.7, 53.4, 53.3, 51.0, 39.3, 37.6, 33.2, 30.6, 

27.51, 25.7, 18.0, -4.7, -4.7; IR (neat, cm
-1

): 2945, 2878, 2854, 1695, 1247, 1107, 

1091, 884, 832, 771; HRMS (ESI/[M+H]
+
) calcd. for C19H31O3Si: 335.2042, found 

335.2050. 

 

8-((tert-Butyldimethylsilyl)oxy)-6-methylene-1,2,5,6,7,8,9,9a-octahydro-4a,7-meth

anobenzo[7]annulen-2-ol (31) 

To a solution of 30 (3 g, 9 mmol) in MeOH (80 mL) was added NH2NH2•H2O (0.95 

mL, 18 mmol) at 0 °C. After stirring for 15 minutes, AcOH (1.1 mL, 18 mmol) was 

added at 0 °C, and the resulting mixture was stirred at the same temperature for 

another 1.5 hours, the reaction was then quenched by a saturated NaHCO3 aqueous 

solution and the mixture was extracted with diethyl ether (100 mL×2). The combined 

extracts were dried over Na2SO4, filtered and concentrated. Silica gel flash column 

chromatography (hexanes/ethyl acetate = 9:1) of the residue gave a yellow solid (2.67 

g, 8.3 mmol, 93 %) as the product. 31: mp = 86.7-87.9 ºC, 
1
H NMR (400 MHz, 

CDCl3)  δ 5.75-5.66 (m, 2H), 4.94 (d, J = 10.8 Hz, 2H), 4.13 (d, J = 4.0 Hz, 1H), 3.72 

(ddd, J = 10.8, 5.8, 3.0 Hz, 1H), 2.50 (s, 1H), 2.39-2.18 (m, 2H), 2.02-1.69 (m, 4H), 

1.66 (dd, J = 19.2, 7.4 Hz, 1H), 1.56-1.36 (m, 3H), 0.88 (s, 9H), 0.05 (s, 3H), 0.03 (s, 

3H); 
13

C NMR (100 MHz, CDCl3) δ 149.2, 139.5, 127.4, 107.5, 70.9, 64.4, 50.2, 45.5, 

44.1, 37.6, 36.1, 35.2, 34.3, 25.8, 18.1, -4.6, -4.7; IR (neat, cm
-1

): 3354, 2933, 2853, 
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1478, 1250, 1106, 1076, 1012, 878, 832, 774; HRMS (ESI/[M+H]
+
) calcd. for 

C19H33O2Si: 321.2250, found 321.2244. 

 

2-((4-Methoxybenzyl)oxy)-6-methylene-1,2,5,6,7,8,9,9a-octahydro-4a,7-methanob

enzo[7]annulen-8-yl)oxy)dimethylsilane (32) 

To a solution of 31 (1.60 g, 5 mmol) in anhydrous DMF (50 mL) was added NaH (a 

60% dispersion in mineral oil, 600 mg, 15 mmol) at room temperature. The resulting 

solution was stirred at room temperature for 25 minutes, and treated with PMBCl (2 

mL, 15 mmol, 3 equiv). After stirring at the same temperature for 3 hours, the 

reaction mixture was quenched by addition of a saturated NH4Cl aqueous solution (50 

mL). The resulting mixture was extracted with diethyl ether (100 mL×3). The 

combined organic extracts were washed with brine, dried over Na2SO4, and 

concentrated. Silica gel flash column chromatography (hexanes/ethyl acetate = 9:1) of 

the residue gave a yellow oil (1.98 g, 4.5 mmol, 90%) as the product. 32: 
1
H NMR 

(400 MHz, CDCl3) δ 7.28 (d, J = 8.68 Hz, 2H), 6.88 (d, J = 8.41 Hz, 2H), 5.77-5.71 (m, 

2H), 4.95 (d, J = 11.2 Hz, 2H), 4.50 (dd, J = 34.0, 11.6 Hz, 2H), 3.83 (t, J = 6.0 Hz, 

1H), 3,77 (s, 3H), 3.75 (m, 1H), 2.50 (s, 1H), 2.30 (s, 2H), 2.06-1.97 (m, 1H), 1.86-1.70 

(m, 3H), 1.53-1.39 (m, 3H), 0.90 (s, 9H), 0.08 (s, 3H), 0.06 (s, 3H); 
13

C NMR (100 

MHz, CDCl3) δ 159.0, 149.4, 139.8, 130.9, 129.1, 125.6, 113.4, 107.4, 71.1, 70.5, 

70.1, 55.2, 50.3, 45.4, 44.2, 37.7, 35.4, 34.8, 32.5, 25.8, 18.1, -4.6, -4.7; IR (neat, 

cm
-1

): 2939, 2854, 2836, 1610, 1515, 1463, 1302, 1253, 1174, 1079, 1037, 820; 

HRMS (ESI/[M+H]
+
) calcd. for C27H41O3Si: 441.2825, found 441.2833. 
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2-((4-Methoxybenzyl)oxy)-6-methylene-1,2,5,6,7,8,9,9a-octahydro-4a,7-methanob

enzo[7]annulen-8-ol (14) 

To a solution of 32 (1.76 g, 4 mmol) in anhydrous THF (20 mL) was added TBAF (a 

1.0 M solution in THF, 12 mL, 12 mmol) at room temperature. The reaction mixture 

was stirred at room temperature for 12 hours, and then quenched by addition of a 

saturated NH4Cl aqueous solution (20 mL). The aqueous layer was extracted with 

diethyl ether (50 mL×3). The combined organic extracts were washed with brine, 

dried over Na2SO4, and concentrated. Silica gel flash column chromatography 

(hexanes/ethyl acetate = 5:1) of the residue gave a yellow oil (1.30 g, 4 mmol, 100%) 

as the product. 14: 
1
H NMR (400 MHz, CDCl3) δ 7.27 (dd, J = 8.4, 3.0 Hz, 2H), 6.88 

(dd, J = 6.4, 2.0 Hz, 2H), 5.83-5.68 (m, 2H), 4.97 (s, 2H), 4.49 (dd, J = 27.8, 11.6 Hz, 

2H), 3.89-3.76 (m, 1H), 3.76-3.65 (m, 5H), 2.62 (m, 1H), 2.39-2.22 (m, 2H), 2.02 (dd, J 

= 17.2, 7.4 Hz, 1H), 1.88-1.75 (m, 2H), 1.73-1.61 (m, 2H), 1.62-1.48 (m, 4H); 
13

C 

NMR (100 MHz, CDCl3) δ 159.1, 150.5, 139.3, 130.9, 129.2, 125.9, 113.7, 106.9, 

70.5, 70.2, 69.9, 55.2, 50.1, 45.3, 44.1, 37.4, 35.6, 34.9, 32.3; IR (neat, cm
-1

): 3445, 

3055, 2933, 2860, 1716, 1604, 1518, 1454, 1265, 1170, 1033, 887, 826, 737, 704; 

HRMS (ESI/[M+H]
+
) calcd. for C21H27O3: 327.1960, found 327.1971. 

 

2-((4-methoxybenzyl)oxy)-6-methylene-1,2,5,6,7,8,9,9a-octahydro-4a,7-methanob

enzo[7]annulen-8-yl) S-methyl carbonodithioate (33) 

To a stirred solution of 14 (1.02 g, 3.1 mmol) in dry THF (40 mL) was added sodium 
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hydride (a 60% dispersion in mineral oil, 800 mg, 20 mmol) at 0 ºC. The resulting 

mixture was stirred at room temperature for 30 minutes. The mixture was treated with 

carbon disulfide (3.60 mL, 60.00 mmol) and heated under reflux for 1 hour. The 

reaction mixture was allowed to cool to room temperature, then treated with methyl 

iodide (1.2 mL, 20 mmol) and stirred for 16 hours. The reaction mixture was diluted 

with ethanol (8 mL), water (16 mL), and extracted with diethyl ether (50 mL×3). The 

combined organic extracts were washed with a saturated NH4Cl aqueous solution (20 

mL) followed by brine and dried over Na2SO4. After filtration and removal of the 

volatiles, silica gel flash column chromatography (hexanes/ethyl acetate = 9:1) of the 

residue gave a yellow oil (1.24 g, 2.96 mmol, 95%) as the product. 33: 
1
H NMR (400 

MHz, CDCl3) δ 7.27 (d, J = 8.4 Hz, 2H), 6.95-6.81 (m, 2H), 5.81-5.71 (m, 2H), 5.69 

(dddd, J = 11.0, 8.8, 7.8, 3.5 Hz, 1H), 4.99 (d, J = 20.0 Hz, 2H), 4.50 (dd, J = 27.6, 

11.6 Hz, 2H), 3.85 (t, J = 2.0 Hz, 1H), 3.81 (s, 3H), 2.99 (s, 1H), 2.54 (s, 3H), 2.37 (s, 

2H), 2.18-2.03 (m, 2H), 1.93-1.76 (m, 3H), 1.63-1.59 (m, 2H); 
13

C NMR (100 MHz, 

CDCl3) δ 159.1, 150.5, 139.3, 130.9, 129.2, 125.9, 113.7, 106.9, 70.5, 70.2, 69.9, 55.2, 

50.1, 45.3, 44.1, 37.4, 35.6, 34.9, 32.3; IR (neat, cm
-1

): 2951, 2933, 2866, 1732, 1616, 

1515, 1457, 1244, 1232, 1207, 1046, 960, 930, 880, 820; HRMS (ESI/[M+H]
+
) calcd. 

for C21H27O3: 327.1960, found 327.1971. 

 

3-Methylene-3,4,8,8a-tetrahydro-1H-2,4a-ethanonaphthalen-7(2H)-one (13, 

Nicolaou’s intermediate) 

To a stirred solution of 33 (654 mg, 2 mmol) in benzene (200 mL) at room 
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temperature were added nBu3SnH (2.65 mL, 10 mmol) and AIBN (659 mg, 4 mmol). 

The mixture was heated under reflux for 4 hours. During the course of heating, 

additional amounts of nBu3SnH (607 µL, 10 mmol × 3) was added to ensure the 

completion of the reaction. After cooling to room temperature and removal of the 

volatiles, the residue was dissolved in diethyl ether and washed with a 1 N HCl 

aqueous solution (5 mL). The solution was brought to neutral condition by addition of 

a 1 N NaOH aqueous solution. The organic layer was separated, washed with brine, 

and concentrated to give a colorless oil as a crude product, which was used without 

further manipulations. To a solution of the crude product in CH2Cl2 (20 mL) and H2O 

(0.1 mL) was added DDQ (0.91 g, 4 mmol) at room temperature. The mixture were 

stirred for 30 minutes, and then quenched by a saturated Na2S2O3 aqueous (10 mL). 

The aqueous layer was extracted by diethyl ether (20 mL×2) and the combined 

organic extracts were washed with a saturated NaHCO3 aqueous solution and brine, 

dried over MgSO4, filtered and concentrated to give the crude product, which was 

used without further manipulations. To a stirred solution of the crude product in 

CH2Cl2 (20 mL) at room temperature was added NaHCO3 (0.50 g, 6 mmol) and 

Dess-Martin periodinane (1.27 g, 3 mmol). The reaction mixture was stirred at room 

temperature for 30 minutes, and then the solution was quenched with a saturated 

Na2S2O3 aqueous solution (10 mL). The aqueous layer was extracted by diethyl ether 

(20 mL×2) and the combined organic extracts were washed with a saturated 

NaHCO3aqueous solution and brine, dried over MgSO4, filtered and concentrated. 

Silica gel flash column chromatography (hexanes/ethyl acetate = 20:1) of the residue 
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gave a colorless oil (309 mg, 1.6 mmol, 82% in 3 steps from 33) as the product. 

Nicolaou's intermediate (13): 
1
H NMR (300 MHz, CDCl3) δ 6.57 (d, J = 10.0 Hz, 

1H), 5.88 (d, J = 10.0 Hz, 1H), 4.84 (d, J = 1.7 Hz, 1H), 4.69 (d, J = 1.7 Hz, 1H), 

2.48-2.40 (m, 2H), 2.36-2.29 (m, 2H), 2.19-2.08 (m, 2H), 2.03-1.96 (m, 1H), 1.82-1.68 

(m, 3H), 1.55-1.48 (m, 1H), 1.20 (m, 1H); 
13

C NMR (100 MHz, CDCl3) δ 200.0, 156.6, 

148.8, 127.7, 106.8, 41.6, 40.8, 36.0, 35.5, 35.4, 34.8, 26.3, 24.4; IR (neat, cm
-1

): 

2941, 2864, 1680, 1430, 1273, 1236, 1162, 876, 766; HRMS (ESI/[M+H]
+
) calcd. for 

C13H17O: 189.1279, found 189.1287. 

 

6-Methylenedecahydro-4a,7-methanobenzo[7]annulene-4,8-diol (34)  

To a stirred solution of 6a
 
(10.2 g, 50 mmol) in MeOH (250 mL) was added NaBH4 

(4.08 g, 110 mmol). The resulting mixture was stirred at room temperature for 2 hours, 

and then the volatiles were removed under reduced pressure. Silica gel flash column 

chromatography (hexanes/ethyl acetate = 2:1) of the residue gave an off-white 

amorphous solid (10.09 g, 48.5 mmol, 97%, a mixture of diastereomer) as the product. 

The major diastereomer of 34 was obtained by washing of the amorphous solid with 

hexanes a few times. 34 (major diastereomer): 
1
H NMR (400 MHz, CDCl3) δ 4.92 (s, 

1H), 4.90 (s, 1H), 3.72 (m, 1H), 3.46 (m, 1H), 2.74 (d, J = 6.4 Hz, 1H), 2.62 (s, 1H), 

1.91-1.85 (m, 3H), 1.76-1.54 (m, 5H), 1.46-1.26 (m, 6H); 
13

C NMR (100 MHz, 

CDCl3) δ 150.4, 106.5, 72.6, 69.8, 51.0, 48.7, 42.6, 39.8, 35.6, 32.0, 28.7, 28.3, 24.3; 

IR (neat, cm
-1

): 3378, 2939, 2859, 1726, 1652, 1452, 1253, 1043, 874, 735; HRMS 

(ESI/[M+H]
+
) calcd. for C13H21O2: 209.1542, found 209.1549. The stereochemistry of 
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34 was assigned by comparing the 
1
H and 

13
C NMR spectra with the product that 

obtained by TBAF deprotection of the major diastereomer of 34. 

 

8-((tert-Butyldimethylsilyl)oxy)-6-methylenedecahydro-4a,7-methanobenzo[7]an

nulen-4-ol (35)  

To a stirred solution of 34 (9.4 g of a mixture of diastereomers, 45 mmol) in CH2Cl2 

(450 mL) was added imidazole (7.65 g, 112.5 mmol) and TBSCl (7.46 g, 49.5 mmol). 

The reaction mixture was stirred at room temperature for 4 hours, and then quenched 

by addition of a saturated NaHCO3 aqueous solution (50 mL). The aqueous layer was 

extracted with CH2Cl2 (50 mL×2) and the combined organic extracts were washed 

with brine (30 mL), dried over MgSO4, filtered and concentrated. Silica gel flash 

column chromatography (hexanes/ethyl acetate = 10:1) of the residue gave a white 

solid (11.6 g, 36 mmol, 80%, a roughly 3:1 diastereomeric mixture) as the product 

along with 34 (0.9 g, 4.3 mmol) being recovered. 35 (major diastereomer): mp = 

73.3-74.1 ºC,
1
H NMR (400 MHz, CDCl3) δ 4.93 (d, J = 1.8 Hz, 1H), 4.88 (s, 1H), 3.78 

(ddd, J = 10.8, 5.6, 3.0 Hz, 1H), 3.48 (d, J = 5.8 Hz, 1H), 2.71 (td, J = 16.6, 2.6 Hz, 1H), 

2.54 (s, 1H), 1.92 (dd, J = 16.6, 1.6 Hz, 1H), 1.80-1.73 (m, 2H), 1.64-1.59 (m, 2H), 

1.53-1.29 (m, 8H), 0.88 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H); 
13

C NMR (100 MHz, 

CDCl3) δ 149.2, 107.1, 72.9, 71.1, 51.2, 48.7, 42.6, 39.8, 35.4, 32.0, 29.1, 28.4, 25.80, 

24.4, 18.1, -4.6, -4.7; IR (neat, cm
-1

): 3397, 2957, 2933, 2890, 2860, 1659, 1473, 1463, 

1372, 1253, 1110, 1082, 1055, 881, 863, 835, 771; HRMS (ESI/[M+H]
+
) calcd. for 

C19H35O2Si: 323.2406, found 323.2413. 35 (minor diastereomer): 
1
H NMR (400 MHz, 

Page 60 of 75

ACS Paragon Plus Environment

The Journal of Organic Chemistry

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



61 

 

CDCl3) δ 4.85 (s, 1H), 4.81 (s, 1H), 3.82 (t, J = 4.0 Hz, 1H), 3.39 (dd, J = 7.2, 4.0 Hz, 

1H), 2.73-2.69 (m, 2H), 2.06-1.81 (m, 4H), 1.71-1.66 (m, 2H), 1.57-1.32 (m, 8H), 0.88 

(s, 9H), 0.06 (s, 3H), 0.04 (s, 3H); 
13

C NMR (100 MHz, CDCl3) δ 152.5 105.0, 73.8, 

72.9, 50.2, 49.7, 41.7, 39.1, 33.0, 32.5, 30.6, 25.8, 24.5, 23.3, 18.0, -4.0, -5.0; HRMS 

(ESI/[M+H]
+
) calcd. for C19H35O2Si: 323.2406, found 323.2400. 

 

6-Methylene-1,2,5,6,7,8,9,9a-octahydro-4a,7-methanobenzo[7]annulen-8-yl)oxy)si

lane (36)  

To a solution of 35 (9.66 g, 30 mmol) and pyridine (24 mL) in CH2Cl2 (500 mL) at 

-78 °C was added Tf2O (12.3 mL, 75 mmol). The reaction mixture was allowed to 

warm to 0 °C over 15 minutes and treated with isopropanol (3.6 mL, 45 mmol). The 

resulting solution was stirred at 25 °C for 15 minutes and then quenched with 

saturated aqueous NaHCO3 solution. The aqueous layer was extracted with diethyl 

ether (100 mL×3). The combined organic extracts were washed with saturated 

aqueous NH4Cl solution, water, and brine; dried over MgSO4, and concentrated. 

Silica gel flash column chromatography (hexanes/ethyl acetate = 99:1) of the residue 

gave a colorless oil (8.6 g, 28.2 mmol, 84%) as the product. 36: 
1
H NMR (400 MHz, 

CDCl3 δ 5.71-5.53 (m, 1H), 5.46 (d, J = 9.8 Hz, 1H), 4.95 (s, 1H), 4.92 (s, 1H), 3.76 

(ddd, J = 10.8, 5.8, 3.0 Hz, 1H), 2.50 (s, 1H), 2.38-2.15 (m, 2H), 2.07-2.01 (m, 2H), 

1.89-1.62 (m, 3H), 1.58-1.44 (m, 4H), 0.90 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3H); 
13

C NMR 

(100 MHz, CDCl3) δ 150.1, 134.9, 126.7, 107.1, 71.2, 50.8, 46.0, 43.8, 40.4, 40.1, 

36.1, 27.3, 26.3, 25.8, 18.1, -4.6, -4.7; IR (neat, cm
-1

): 2963, 2939, 2866, 1680, 1472, 
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1253, 1094, 878, 832, 777; HRMS (ESI/[M+H]
+
) calcd. for C19H33OSi: 305.2301, 

found 305.2304. 

 

6-Methylene-1,2,5,6,7,8,9,9a-octahydro-4a,7-methanobenzo[7]annulen-8-ol (37)  

To a solution of 36 (6.08 g, 20 mmol) in THF (50 mL) and MeOH (5mL) was added a 

2 N HCl aqueous solution (50 mL) at room temperature. The reaction mixture was 

stirred for 1 hour, and then quenched by saturated aqueous NaHCO3 solution. After 

diluted with diethyl ether (100 mL), the aqueous layer was extracted with diethyl 

ether (100 mL×3) and the combined organic extracts were washed with brine (30 mL), 

dried over Na2SO4, filtered and concentrated. Silica gel flash column chromatography 

(hexanes/ethyl acetate = 9:1) of the residue gave a white solid (3.80 g, 20 mmol, 

100%) as the product. 37: mp = 59.7-60.6 ºC, 
1
H NMR (400 MHz, CDCl3) δ 5.60 (td, 

J = 9.4, 3.4 Hz, 1H), 5.46 (td, J = 9.8, 1.8 Hz, 1H), 4.95 (s, 2H), 3.72 (s, 1H), 2.60 (s, 

1H), 2.38-2.18 (m, 2H), 2.07-2.04 (m, 2H), 1.77-1.67 (m, 4H), 1.66-1.46 (m, 4H); 
13

C 

NMR (100 MHz, CDCl3) δ 151.1, 134.4, 126.9, 106.5, 70.0, 50.6, 45.8, 43.7, 40.4, 

39.8, 36.1, 26.9, 26.2; IR (neat, cm
-1

): 3403, 2927, 2866, 1652, 1451, 1427, 1046, 881, 

698; HRMS (ESI/[M+H]
+
) calcd. for C13H19O: 191.1436, found 191.1439. 

 

6-Methylene-1,2,6,7,9,9a-hexahydro-4a,7-methanobenzo[7]annulen-8(5H)-one 

(12) 

To a stirred solution of 37 (1.90 g, 10 mmol) in CH2Cl2 (100 mL) at room temperature 

was added NaHCO3 (2.52 g, 30 mmol) and Dess-Martin periodinane (6.39 g, 15 
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mmol). The reaction mixture was stirred at room temperature for 30 min, and then the 

solution was quenched with a saturated Na2S2O3 aqueous solution (20 mL). The 

aqueous layer was extracted by diethyl ether (50 mL×3) and the combined organic 

extracts were washed with saturated a saturated NaHCO3 aqueous solution and brine; 

dried over MgSO4, filtered and concentrated. Silica gel flash column chromatography 

(hexanes/ethyl acetate = 20:1) of the residue gave a colorless oil (1.69 g, 9.0 mmol, 

90%) as the product. 

 

8-((tert-Butyldimethylsilyl)oxy)-6-methyleneoctahydro-4a,7-methanobenzo[7]ann

ulen-4(1H)-one (38)  

To a stirred solution of 35 (6.44 g, 20 mmol) in CH2Cl2 (200 mL) at room temperature 

was added NaHCO3 (5.04 g, 60 mmol) and Dess-Martin periodinane (12.7 g, 30 

mmol). The reaction mixture was stirred at room temperature for 30 min, and then 

quenched with a saturated Na2S2O3 aqueous solution (40 mL). The aqueous layer was 

extracted by diethyl ether (50 mL×2) and the combined organic extracts were washed 

with a saturated NaHCO3 aqueous solution and brine, dried over MgSO4, filtered and 

concentrated. Silica gel flash column chromatography (hexanes/ethyl acetate = 20:1) 

of the residue gave a white solid (5.76 g, 18 mmol, 90%) as the product. 38: mp = 

73.0-73.9 ºC, 
1
H NMR (400 MHz, CDCl3) δ 4.94 (s, 2H), 3.88 (ddd, J = 10.6, 5.8, 3.0 

Hz, 1H), 3.09 (td, J = 17.5, 2.7 Hz, 1H), 2.62 (dd, J = 5.1, 2.8 Hz, 1H), 2.48-2.23 (m, 

2H), 2.16-1.87 (m, 5H), 1.76-1.52 (m, 6H), 0.89 (s, 9H), 0.07 (s, 3H), 0.05 (s, 3H); 
13

C 

NMR (100 MHz, CDCl3) δ 213.0, 147.3, 107.9, 70.1, 57.3, 51.2, 44.4, 39.0, 37.7, 
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36.6, 35.2, 28.8, 26.2, 25.7, 18.1, -4.6, -4.7; IR (neat, cm
-1

): 2945, 2866, 1710, 1658, 

1472, 1256, 1131, 1106, 1079, 875, 838, 780; HRMS (ESI/[M+H]
+
) calcd. for 

C19H34O2Si: 322.2328, found 322.2333. 

 

8-((tert-Butyldimethylsilyl)oxy)-6-methylene-5,6,7,8,9,9a-hexahydro-4a,7-methan

obenzo[7]annulen-4(1H)-one (29) from 38 

To a solution of diisopropylamine (3.29 mL, 23.4 mmol) in THF (24 mL) was added 

dropwise a solution of nbutyllithium (a 2.5 M solution in hexanes, 9 mL, 22.5 mmol,) 

at -78 °C under argon. After stirred for 30 minutes at -78 °C, this solution was added 

dropwise to a solution of 38 (18 mmol) in THF (36 mL) via cannulation. The resulting 

mixture was continued to stir at -78 °C for 1 hour and then treated with trimethylsilyl 

chloride (freshly distilled from calcium hydride, 11 mL, 90 mmol). After stirring at 

-78 °C for another hour, the volatiles were removed under reduced pressure at 0 °C. 

The residue was then dissolved in CH3CN (180 mL) and treated with Pd(OAc)2 (4.04 

g, 18 mmol). The resulting mixture was stirred at room temperature for 12 hours. The 

reaction mixture was then filtered and concentrated. Silica gel flash column 

chromatography (hexanes/ethyl acetate = 20:1) of the residue gave a white solid (4.97 

g, 15.6 mmol, 87%) as the product. 
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