








hydroxyl group of the hemiketal present in unit B pointing in the general direction of the ketone 

(or alcohol) of unit A, rather than away from it (as in 8). 

 

 

Figure 1. A) Potential steric repulsion resulting from addition; B) Potential internal protection by 
carboxylic acid (bicycle substituents omitted for clarity); C) Relative orientations of bicycles of 
yunnaneic acids and unsymmetrical dimer 

	
  
Although we were reassured by these observations, we were also aware that there were 

only sparse examples in the literature of similar dimerizations. The principal example of such a 

dimerization that served as the cornerstone of our planned dimerization strategy came from our 

own laboratory11 (cf. Section 1.5). In this case, my former colleague, Dr. Ferenc Kontes, showed 

that hydroxyketone 9 (Scheme 3), upon exposure to acidic or basic conditions (NaH proved to be 



the optimal reagent), the alcohol (or alkoxide) of the hydroxyketone would engage the ketone of 

a second equivalent of the hydroxyketone as shown to give, rather than a C2-symmetric dimer 

with the desired dioxane linkage (10), the unsymmetrical dimer 7 (structure determined by X-ray 

crystallography, see Figure 1 C), containing a spiroketal resembling those found in the yunnaneic 

acids.* 

 

Scheme 3. Unexpected dimerization hinting at a possible route 
towards yunnaneic acids 

	
  
Another relevant example of a similar dimerization, this one involving self-condensation 

of a hydroxyketone, comes from the total synthesis of idesolide12 (12, Scheme 4), a natural 

product that has attracted much synthetic interest in recent years. Idesolide was successfully 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
*	
  Although the dimerization was performed with a racemic mixture of starting material, only one 
diastereomer of product was isolated in near quantitative yield. Thus, a single pair of monomer 
enantiomers must react preferentially. 
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synthesized independently by Iwabuchi et al.13 and Kuwahara et al.,14 both in 2010, by 

dimerizing salicortin (11), the monomeric hydroxyketone, under basic conditions. In addition to 

informing our dimerization studies from an experimental standpoint, idesolide also served as a 

cautionary tale, as Snider et al. described their failure to observe the formation of idesolide from 

salicortin under a variety of conditions.15 Thus, although the dimerization may appear 

straightforward, it proved difficult to reduce to practice. This difficulty may have arisen because 

of a high kinetic barrier for the dimerization, especially compared to an aromatization pathway 

that results in the formation of salicylic acid derivatives (13). In addition, these studies show the 

importance of concentration to these dimerization processes, as both groups’ successful 

dimerization reactions proceeded under solvent-free conditions.† 

 

Scheme 4. Synthetic studies of idesolide 

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
†	
  In contrast to the diastereoselective formation of 7, multiple diastereomers of 12 were isolated 
if racemic 11 was subjected to dimerization. 
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Diketone dimerizations of the type needed to form yunnaneic acid B have been observed 

(Scheme 5). Scharf and Kuesters16 observed that, upon acidic hydrolysis of carbonate 14, dimer 

16 was observed in 10–20% yield, with diketone 15 being the major product (60%). Klinotova et 

al. observed a similar dimerization event upon the attempted chromatographic purification of 

diketone 17 on silica gel.17 

 

Scheme 5. Two previously reported diketone dimerizations 

	
  
 Finally, an example of a yunnaneic acid A-type dimerization in which a hydroxyketone 

reacted with a diketone was reported by Yates and Langford (Scheme 6).18 They showed that 

reaction of diketone 19 with 0.5 equiv. of MeLi resulted in formation of dimer 21, in which the 

anion of the hydroxyketone (20) formed from a single MeLi addition to the diketone attacked an 

unreacted diketone. Along similar lines, we hoped that deprotonating the alcohol of yunnaneic 

acid D in the presence of the diketone of yunnaneic acid C could result in formation of 

yunnaneic acid A. 
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Scheme 6. Dimerization observed by Yates and Langford 

	
  
3.2 Dimerization Studies Towards Yunnaneic Acid A 

As discussed above, we hoped to exploit the electrophilic nature of the 1,2-diketone to 

form the spiroketal of yunnaneic acid A (1).  However, this task proved extremely difficult to 

reduce to practice. Conditions used for all of the examples of similar dimerizations in the 

literature were explored in an effort to synthesize a model version of yunnaneic acid A. When 

model compounds 23 and 25 (methyl ester derivatives were used in initial model studies for ease 

of handling) were subjected to strong bases, the diketone appears to decompose (Scheme 7). The 

hydroxyketone then dimerizes unproductively to give a compound tentatively assigned as 26. 

Indeed, the same product is obtained when hydroxyketone 25 alone is treated with NaH 

(although we could not confirm the exact structure, HRMS shows a molecular weight twice that 

of the hydroxyketone). Under more weakly basic conditions, no reaction occurs. Under acidic 

conditions, intractable mixtures of products often resulted. One exception was BF3•OEt2, which 

also gave the hydroxyketone homodimer 26.  
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Scheme 7. Synthesis of model dimerization precursors and attempted 
dimerization under basic conditions 

	
  
These failures led us to consider replacing the diketone with a more reactive 

oxacarbenium ion generated from a dimethyl ketal. Thus, dimethyl ketal 27 was synthesized and 

reacted, along with hydroxyketone 25, with BF3•OEt2 (Scheme 8). To our dismay, the unreacted 

dimethyl ketal was recovered. This suggests that the barrier to formation of such an unstable 

oxacarbenium ion is too great even for strong Lewis acids. To circumvent this barrier, we 

synthesized a reduced form of the dimethyl ketal. As a test case, hydroxyketal 29 (synthesized in 
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one step from siloxyketone 28) was reacted with BF3•OEt2, resulting in the C2-symmetric dimer 

30 (structure confirmed by X-ray crystallography), precisely the same dimerization behavior that 

was observed for a similar hydroxyketal in the helicterin studies.11 Although this dimer did not 

correspond to a natural product structure, it did suggest that an oxacarbenium ion, once 

generated, could react with an alcohol functionality to provide dimeric products. To prevent the 

unwanted homodimerization, the alcohol was protected as an acetate (31). Unfortunately, 

subsequent reaction with hydroxyketone 24 in the presence of BF3•OEt2 resulted only in the 

ketal hydrolysis product.  

 

Scheme 8. Experiments using dimethyl ketals as dimerization precursors 

	
  
Through analysis of these experimental results, we noted several common elements. 

Specifically, reactions were performed with a base or acid in a polar aprotic solvent. Non-polar 
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solvents could not dissolve the hydroxyketone, and most polar protic solvents were sufficiently 

nucleophilic to add into the diketone, preventing attack by the hydroxyketone. Eventually, it was 

found that 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), a protic, non-nucleophilic solvent, in 

combination with molecular sieves to exclude water, was unique in providing the proper 

conditions to effect pseudodimerization of 24 and 32 (Scheme 9), affording a rather unstable 

dimer alongside a second dimer formed in smaller amounts that likewise proved unstable, 

hampering our ability to characterize these dimers.  Fortunately, esterification of the crude 

dimerization products with TMSCHN2 allowed for easier isolation of the dimers of interest, 

which were stable in their methyl ester forms.  These compounds proved amenable to 

bromination of their aryl rings upon treatment with NBS, which afforded crystalline compounds 

33 and 34, which could be characterized by X-ray crystallography.  Unfortunately, neither 

structure’s connectivity matched that reported for yunnaneic acid A.  Although we had indeed 

achieved the selective union of the two distinct monomers with no apparent homodimerization, it 

was found that, in the case of the major product 33, the wrong carbonyl of the diketone had been 

engaged by the hydroxyketone.  In the case of the minor product 34, the desired carbonyl had 

undergone attack, but the wrong pair of enantiomers had reacted, resulting in a compound that 

was a diastereomer of the structure corresponding to the natural product. 
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Scheme 9. Synthesis of heterodimeric analogs of yunnaneic acid A architecture 

	
  
Interestingly, the carboxylic acid of 32 appears to be critical for facilitating this 

dimerization. The corresponding methyl ester (23) failed to react under the same conditions 

(Scheme 10). On the other hand, both the free acid (24) and the methyl ester (25) of the 

hydroxyketone proved to be competent dimerization partners. 

 

Scheme 10. Experiments demonstrating the importance of the carboxylic acid within 32 to 
dimer formation 
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3.3 Dimerization Studies Towards Yunnaneic Acid B 

Experiments performed concurrently with those described in Section 3.2, aimed at 

forging the yunnaneic acid B-type linkage, first focused on adapting the conditions of Scharf and 

Kuesters and Klinotova et al. (vide supra). Simply allowing the diketone to stand for extended 

periods in the presence of varying amounts of water at various temperatures resulted in no 

reaction. Likewise, exposure of the diketone to silica gel in the presence of various solvents and 

additives resulted only in recovery of starting material. Ultimately, application of similar 

conditions optimized for the pseudodimerization of the hydroxyketone and the diketone (HFIP) 

to 32 alone also affords a mixture of dimers (37 and 38), albeit in lower yield (Scheme 11). In 

this case, molecular sieves were omitted since 0.5 equivalents of water would be necessary. As 

was the case with the heterodimers, these compounds proved rather unstable. Furthermore, these 

compounds could not easily be converted to their methyl esters; reaction with TMSCHN2 

resulted in a complex mixture of products. The desired methyl esters could be isolated by 

reacting the crude dimerization mixture with Cs2CO3 and Me2SO4, but the reaction was low 

yielding and X-ray quality crystals could not be obtained through this route. 

 

Scheme 11. Synthesis of two diketone homodimers 

	
  
Fortunately, one of these dimers was characterized by X-ray crystallography following 
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again, we had obtained a dimer whose structure (41) did not match that of the natural product. In 

this case, rather than attack of a water molecule on the diketone as required, the pendant carboxyl 

group had attacked the ketone, followed by attack of the resulting hemiketal oxygen on a second 

diketone molecule. Furthermore, ketalization had occurred on the undesired carbonyl of the 

diketone (syn to the carboxyl group). Unfortunately, X-ray quality crystals of the other isolated 

dimer proved elusive.  As was the case for the pseudodimerization described in Section 3.2, the 

carboxylic acid of the diketone was necessary for the dimerization to occur since the acid acts as 

a nucleophile in the formation of dimer 41.  

 

Scheme 12. Synthesis of a crystalline derivative of one of the diketone homodimers 

	
  
3.4 Conclusion 

The experiments described in this chapter seem to suggest that formation of the spiroketal 

linkages found in yunnaneic acids A and B is not a spontaneous process. Instead, only mixtures 
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of dimers containing the improper connectivity and/or stereochemistry could be isolated. Thus, 

the structures formed in nature do not seem commensurate with the innate reactivity of the 

monomers. This may suggest some kind of enzymatic assistance for nature’s dimerization 

process. Furthermore, the results of these studies seem consistent with those carried out in our 

laboratory in pursuit of the helicterins, in which it was also found that the “obvious” monomer 

(i.e. hydroxyketone 9) failed to dimerize spontaneously in the desired manner (see Scheme 3).  

Nevertheless, we were successful in developing conditions that resulted in 

pseudodimerization of the diketone and hydroxyketone without any apparent competition from 

homodimerization. It is not fully clear why HFIP proved to be the ideal solvent for this reaction. 

One possibility is its ability to act as a hydrogen bond donor without nucleophilically adding to 

the diketone. It is also possible that it is a weak enough acid that it does not lead to uncontrolled 

reaction pathways and complex product mixtures, but strong enough (pKa = 9.3)19 to activate the 

diketone for attack.  

Finally, the work described in this chapter exemplifies the promise of dimerization 

strategies to construct highly complex molecules in a concise fashion. At the same time, the 

molecules constructed did not match the targeted structures. Thus, this work also underscores the 

high degree of difficulty associated with these dimerization strategies. It also highlights the need 

for more work in the area of complex, oligomeric natural products to make dimerization 

strategies more practicable for future synthetic efforts. Success in this area would allow chemists 

to access compounds of far greater complexity from identical or similar precursors.20 

 Postdoctoral fellow Lorenzo Botta adapted the HFIP-mediated dimerization conditions 

developed for the synthesis of compounds 33 and 34 to the attempted synthesis of yunnaneic 

acid B (as described in Section 3.3) and obtained X-ray quality crystals of compound 41. His 
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3.6 Experimental Section 

General Procedures. All reactions were carried out under an argon atmosphere with dry 

solvents under anhydrous conditions, unless otherwise stated.  Dry methylene chloride (CH2Cl2), 

diethyl ether (Et2O), and tetrahydrofuran (THF) were obtained by passing commercially 

available pre-dried, oxygen-free formulations through activated alumina columns; triethylamine 

(Et3N) was distilled from KOH; methanol (MeOH) was purchased in anhydrous form from 

Sigma-Aldrich and used as received.  Yields refer to chromatographically and spectroscopically 

(1H and 13C NMR) homogeneous materials, unless otherwise stated. Reagents were purchased at 

the highest commercial quality and used without further purification, unless otherwise stated. 

Reactions were magnetically stirred and monitored by thin-layer chromatography (TLC) carried 

out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light and an aqueous solution of 

cerium ammonium sulfate and ammonium molybdate and heat as visualizing agents. Preparative 

TLC was carried out on 0.50 mm E. Merck silica gel plates (60F-254). SiliCycle silica gel (60 Å, 

academic grade, particle size 40-63 µm) was used for flash column chromatography. NMR 

spectra were recorded on Bruker DRX-300, DRX-400, DRX-500, and 500 ASCEND instruments 

and calibrated using residual undeuterated solvent as an internal reference.  The following 

abbreviations are used to explain multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m 

= multiplet, br = broad, app = apparent. IR spectra were recorded on a Perkin-Elmer Spectrum 

Two FT-IR spectrometer. High resolution mass spectra (HRMS) were recorded in the Columbia 

University Mass Spectral Core facility on a JOEL HX110 mass spectrometer using FAB (Fast 

Atom Bombardment). Optical rotations were recorded on a Jasco DIP-1000 digital polarimeter. 
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Diketone Methyl Ester (23) and Dimethyl Ketal (27). To a solution of ketone 22 (0.100 g, 0.24 

mmol, 1.0 equiv) in MeOH (1.0 mL) was added methanolic HCl (1.0 M solution, 1.0 mL) at 25 

°C, and the resulting solution was stirred at this temperature for 16 h. Upon completion, the 

reaction mixture was concentrated directly. The resulting yellow oil was purified by flash 

column chromatography (silica gel, hexanes:EtOAc, 3:2à1:1) to give dimethyl ketal 27 (0.040 

g, 36 % yield) as a pale yellow oil and diketone 23 (0.040 g, 40 %) as a yellow foam. 23: 1H 

NMR (400 MHz, CDCl3) δ 7.47 (d, J = 15.8 Hz, 1 H), 6.83 (d, J = 8.3 Hz, 1 H), 6.77–6.61 (m, 3 

H), 6.26 (d, J = 15.9 Hz, 1 H), 4.13 (br s, 1 H), 3.96–3.74 (m, 14 H), 3.18 (dd, J = 6.7, 2.7 Hz, 1 

H). 

27: 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 15.8 Hz, 1 H), 6.79 (d, J = 8.3 Hz, 1 H), 6.75–

6.64 (m, 3 H), 6.12 (d, J = 15.9 Hz, 1 H), 3.96 (d, J = 6.1 Hz, 1 H), 3.86 (s, 6 H), 3.82 (br s, 1 H), 

3.79 (s, 3 H), 3.74 (s, 3 H), 3.44 (s, 3 H), 3.36 (d, J = 6.8 Hz, 1 H), 3.29 (s, 3 H), 2.92 (dd, J = 

6.5, 2.6 Hz, 1 H). 

 

Hydroxyketone Methyl Ester (25). To a solution of carboxylic acid 24 (0.116 g, 0.29 mmol, 

1.0 equiv) in THF/MeOH (9:1, 3.0 mL) at –78 °C was added TMSCHN2 (2.0 M in Et2O, 0.18 

mL, 0.36 mmol, 1.2 equiv).  The resultant yellow solution was then stirred at –78 °C for 15 min 

before AcOH was added dropwise until all bubbling ceased. The resulting pale yellow solution 

was then diluted with EtOAc (15 mL) and washed with saturated aqueous NaHCO3 (15 mL).  

The aqueous layer was then extracted with EtOAc (2 × 15 mL), and the combined organic layers 

were dried (MgSO4), filtered, and concentrated.  The resultant crude white foam product was 

purified by flash column chromatography (silica gel, hexanes:EtOAc, 2:3) to give the ester 25 

(0.033 g, 28% yield) as a clear colorless oil.  25: Rf = 0.39 (hexanes:EtOAc, 3:7); IR (film) νmax 
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3458, 3069, 2999, 2954, 2841, 1740, 1631, 1518, 1464, 1437, 1314, 1256, 1196, 1174, 1087, 

1026, 735 cm–1; 1H NMR (500 MHz, CDCl3) δ 7.37 (d, J = 16.0 Hz, 1 H), 6.77 (d, J = 8.5 Hz, 1 

H), 6.70 (d, J = 6.0 Hz, 1 H), 6.68 (d, J = 2.0 Hz, 1 H), 6.61 (dd, J = 8.5, 2.0 Hz, 1 H), 6.11 (d, J 

= 15.5 Hz, 1 H), 4.09 (d, J = 2.5 Hz, 1 H), 3.85 (s, 3 H), 3.84 (s, 3 H), 3.82 (d, J = 1.5 Hz, 1 H), 

3.77 (s, 3 H), 3.73 (s, 3 H), 3.58 (dd, J = 5.5, 2.0 Hz, 1 H), 3.37 (app dt, J = 6.0, 2.0 Hz, 1 H), 

2.94 (dd, J = 5.5, 2.5 Hz, 1 H), 2.91 (br s, 1 H); 13C NMR (125 MHz, CDCl3) δ 207.8, 174.2, 

166.9, 149.0, 148.3, 140.7, 139.5, 135.6, 135.0, 119.1, 118.4, 111.2, 111.1, 71.5, 55.9 (2 C), 

52.9, 51.9, 49.8, 48.9, 46.4, 46.1; HRMS (FAB) calcd for C22H24O8
+

 [M]+ 416.1471, found 

416.1484. 

 

Hydroxyketone Homodimer (26). To a solution of hydroxyketone 25 (0.041 g, 0.099 mmol, 1.0 

equiv) in THF (1.0 mL) was added NaH (60% dispersion in mineral oil, 0.039 g, 0.99 mmol, 

10.0 equiv) at 0 °C. The resulting yellow slurry was warmed to 25 °C and stirred for 1 h. Upon 

completion, saturated aqueous NH4Cl (1.0 mL) was then carefully added and the mixture was 

poured into water (5 mL) and extracted with EtOAc (3 × 5 mL). The combined organic layers 

were then washed with brine (5 mL), dried (MgSO4), filtered, and concentrated.  The resultant 

crude clear, colorless oil was purified by flash column chromatography (silica gel, 

hexanes:EtOAc, 3:7) to give dimeric product 26 (6 mg, 15% yield) along with recovered starting 

material (15 mg, 37% yield).  26: Rf = 0.20 (hexanes:EtOAc, 3:7); IR (film) νmax 3420, 2990, 

2951, 2914, 2841, 1720, 1631, 1517, 1435, 1313, 1257, 1197, 1027 cm–1; 1H NMR (500 MHz, 

CDCl3) δ 7.58 (d, J = 15.0 Hz, 1 H), 7.36 (d, J = 15.5 Hz, 1 H), 6.77 (d, J = 8.5 Hz, 1 H), 6.73–

6.69 (m, 3 H), 6.66 (dd, J = 8.5, 2.0 Hz, 1 H), 6.61 (dd, J = 8.5, 2.0 Hz, 1 H), 6.57 (d, J = 6.0 

Hz, 1 H), 6.41 (d, J = 6.0 Hz, 1 H), 6.19 (d, J = 16.0 Hz, 1 H), 5.93 (d, J = 16.0 Hz, 1 H), 4.74 
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(br s, 1 H), 4.14 (d, J = 4.0 Hz, 1 H), 3.85 (s, 9 H), 3.81 (s, 6 H), 3.76 (s, 3 H), 3.67 (s, 3 H), 3.65 

(s, 3 H), 3.58 (d, J = 6.5 Hz, 1 H), 3.41 (d, J = 7.5 Hz, 1 H), 3.27 (br s, 1 H), 3.11–3.08 (m, 2 H), 

2.56–2.53 (m, 2 H), 2.32 (dd, J = 7.5, 2.0 Hz, 1 H); 13C NMR 174.0, 172.5, 167.2, 148.9, 148.8, 

148.1, 147.8, 140.9, 140.6 (2 C), 140.1, 137.5, 136.5, 136.2, 135.9, 118.9, 118.1, 117.8, 111.5, 

111.3, 111.2 (2 C), 111.1, 106.2, 85.4, 55.9 (3 C), 55.8, 52.5, 52.0, 51.8, 51.7, 49.5, 49.1, 46.4, 

44.6, 43.3, 43.0, 41.7, 41.0; HRMS (FAB) calcd for C44H48O16
+

 [M]+ 832.2942, found 832.2960. 

 

Hydroxyketal (29). To a solution of siloxyketone 28 (0.088 g, 0.17 mmol, 1.0 equiv) in 

MeOH/HC(OMe)3 (4:1, 2.0 mL) was added HCl (4.0 M solution in dioxane, 0.25 mL) at 25 °C, 

and the resulting solution was stirred for 16 h. Upon completion, the reaction mixture was 

concentrated directly, and the resulting crude material was purified by flash column 

chromatography (silica gel, hexanes:EtOAc, 3:2) to give hydroxyketal 29 (0.075 g, 95 %) as a 

pale yellow oil. 29: 1H NMR (300 MHz, CDCl3) δ 7.50 (d, J = 15.8 Hz, 1 H), 6.75 (d, J = 8.3 

Hz, 1 H), 6.68 (d, J = 2.0 Hz, 1 H), 6.63 (dd, J = 8.3, 2.1 Hz, 1 H), 6.54 (d, J = 6.5 Hz, 1 H), 6.20 

(d, J = 15.7 Hz, 1 H), 4.02 (d, J = 2.0 Hz, 1 H), 3.90 (d, J = 6.5 Hz, 1 H), 3.85 (s, 3 H), 3.84 (s, 3 

H), 3.32 (s, 3 H), 3.24 (s, 3 H), 3.06 (dd, J  = 6.6, 1.5 Hz, 1 H), 2.56 (dd, J = 7.4, 2.4 Hz, 1 H). 

 

C2-symmetric dimer 30. To a solution of dimethyl ketal 29 (0.075 g, 0.16 mmol, 1.0 equiv) in 

CH2Cl2 (1.5 mL) at 0 °C was added BF3•OEt2 (0.09 mL, 0.65 mmol, 4.0 equiv) in a single 

portion.  The resulting pale orange solution was stirred at 0 °C for 30 min.  Upon completion, 

saturated aqueous NaHCO3 (0.5 mL) was added and the mixture was warmed to 25 °C.  The 

mixture was then poured into H2O (10 mL) and extracted with EtOAc (3 × 10 mL).  The 

combined organic layers were washed with brine (10 mL), dried (MgSO4), filtered, and 
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concentrated.  The resultant crude pale brown oil was purified by flash column chromatography 

(silica gel, hexanes:EtOAc, 1:1→3:7) to give 30 as a clear waxy solid (0.025 g, 36% yield) 

which crystallized from CH2Cl2/n-hexane (colorless prisms).  30: Rf = 0.47 (hexanes:EtOAc, 

3:7); IR (film) νmax 2961, 1720, 1631, 1516, 1436, 1265, 1236, 1169, 1132, 1028, 841 cm–1; 1H 

NMR (400 MHz, CDCl3) δ 7.37 (d, J = 16.0 Hz, 2 H), 6.75 (d, J = 8.8 Hz, 2 H), 6.67–6.64 (m, 4 

H), 6.26 (d, J = 6.4 Hz, 2 H), 6.03 (d, J = 15.6 Hz, 2 H), 3.85 (s, 6 H), 3.84 (s, 6 H), 3.83 (s, 6 

H), 3.74 (s, 6 H), 3.69 (d, J = 3.2 Hz, 2 H), 3.62 (br d, J = 6.0 Hz, 2 H), 3.43 (app q, J = 4.4, 2.0 

Hz, 2 H), 3.37 (s, 6 H), 3.05 (dd, J = 6.8, 1.2 Hz, 2 H), 2.58 (dd, J = 6.8, 2.8 Hz, 2 H); 13C NMR 

(100 MHz, CDCl3) 173.0, 167.7, 148.8, 147.9, 142.2, 140.0, 136.7, 136.3, 119.3, 116.7, 111.1, 

111.0, 100.2, 70.2, 55.9 (2 C), 52.3, 51.7, 49.3, 48.9, 44.7, 39.9, 39.2; HRMS (FAB) calcd for 

C46H52O16
+

 [Μ]+ 860.3255, found 860.3265. 

 

Acetate (31). To a solution of hydroxyketal 29 (0.027 g, 0.058 mmol, 1.0 equiv) in CH2Cl2 (0.8 

mL) was added Ac2O (0.1 mL, excess), Et3N (0.1 mL, excess), and DMAP (catalytic) at 0 °C. 

The resulting yellow solution was slowly allowed to warm to 25 °C and stirred for 14 h. Upon 

completion, MeOH (0.05 mL) was added, and the solution was diluted with EtOAc (5 mL) and 

washed successively with 0.1 M HCl (5 mL) and saturated aqueous NaHCO3 (5 mL). The 

combined aqueous layers were then extracted with EtOAc (2 x 5 mL). The combined organic 

layers were dried (MgSO4), filtered, and concentrated to give a pale yellow oil. The crude 

material was purified by flash column chromatography to give acetate 29 (0.024 g, 83 %) as a 

pale yellow oil. 29: 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 15.8 Hz, 1 H), 6.79–6.71 (m, 2 

H), 6.69 (dd, J = 8.4, 2.1 Hz, 1 H), 6.62 (d, J = 6.4 Hz, 1 H), 6.13 (d, J = 15.8 Hz, 1 H), 4.72 (d, 
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J = 3.9 Hz, 1 H), 3.91–3.65 (m, 18 H), 3.29 (s, 3 H), 3.14 (s, 3 H), 3.10 (d, J = 5.9 Hz, 1 H), 2.42 

(d, J = 7.9 Hz, 1 H), 2.05 (s, 3 H). 

 

Heterodimer Methyl Esters (35 and 36). Diketone 32 (0.081 g, 0.20 mmol, 1.0 equiv) and 

hydroxyketone 24 (0.081 mg, 0.20 mmol, 1.0 equiv) were dissolved in CH2Cl2/HFIP (1:1, 0.4 

mL) and pulverized 3 Å molecular sieves were added (80 mg). The resulting yellow mixture was 

then stirred at 25 °C for 14 h.  Upon completion, the sieves were removed by filtration and the 

filtrate was concentrated.  The resultant yellow foam was dissolved in Et2O/MeOH (10:1, 2.2 

mL), cooled to –78 °C, and TMSCHN2 (2.0 M in Et2O, 0.4 mL, 0.8 mmol, 4.0 equiv) was added.  

After stirring the resultant yellow mixture at –78 °C for 30 min, AcOH was added dropwise until 

bubbling ceased.  The mixture was then warmed to 25 °C, diluted with EtOAc (10 mL), and 

washed with water (10 mL).  The organic layer was then dried (MgSO4), filtered, and 

concentrated.  The resultant crude yellow oil was purified by column chromatography (silica gel, 

hexanes:EtOAc, 1:1→2:3) to give a mixture of two dimers as a clear colorless oil (0.042 g, 26% 

combined yield over two steps, 4:1 mixture of 35:36). These two dimeric products were then 

separated by preparative TLC (CH2Cl2:Et2O, 9:1). 35: Rf = 0.35 (hexanes:EtOAc, 3:7); IR (film) 

νmax 3473, 2952, 2928, 2844, 1722, 1632, 1592, 1517, 1436, 1256, 1027, 734 cm–1; 1H NMR 

(500 MHz, CDCl3) δ 7.41 (d, J = 16.0 Hz, 1 H), 7.33 (d, J = 16.0 Hz, 1 H), 6.78–6.73 (m, 3 H), 

6.69–6.61 (m, 4 H), 6.46 (d, J = 6.0 Hz, 1 H), 6.16 (d, J = 15.5 Hz, 1 H), 6.07 (d, J = 16.0 Hz, 1 

H), 4.43 (d, J = 3.5 Hz, 1 H), 3.87–3.82 (m, 15 H), 3.78 (s, 3 H), 3.78 (s, 3 H), 3.74 (s, 3 H), 3.69 

(s, 3 H), 3.61 (d, J = 7.0 Hz, 1 H), 3.28 (app t, J = 5.0 Hz, 1 H), 2.90 (dd, J = 6.5, 2.5 Hz, 1 H), 

2.74 (dd, J = 6.0, 1.5 Hz, 1 H), 2.45 (dd, J = 7.5, 2.0 Hz, 1 H); 13C NMR (125 MHz, CDCl3) 

δ 206.1, 172.6 (2 C), 167.6, 166.6, 149.1, 148.9, 148.5, 148.0, 141.1, 140.8, 139.2, 138.8, 136.2 
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(2 C), 134.9, 119.4, 119.2, 119.0, 117.5, 111.4, 111.3 (4 C), 107.7, 101.7, 86.3, 56.0 (2 C), 55.9 

(2 C), 52.7, 52.1, 52.0, 51.8, 50.6, 50.0, 49.4, 48.1, 44.0, 43.3, 42.2, 40.5; HRMS (FAB) calcd 

for C44H47O16
+

 [M + H]+ 831.2864, found 831.2842.  

36: Rf = 0.35 (hexanes:EtOAc, 3:7); IR (film) νmax 3461, 3062, 3009, 2951, 2834, 1724, 1632, 

1518, 1436, 1313, 1258, 1198, 1028 cm–1; 1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 15.5 Hz, 1 

H), 7.37 (d, J = 15.5 Hz, 1 H), 6.80–6.75 (m, 4 H), 6.71–6.68 (m, 2 H), 6.46 (d, J = 6.5 Hz, 1 H), 

6.41 (d, J = 6.0 Hz, 1 H), 6.25 (d, J = 16.0 Hz, 1 H), 6.03 (d, J = 16.0 Hz, 1 H), 4.36 (d, J = 3.0 

Hz, 1 H), 4.00 (d, J = 8.0 Hz, 1 H), 3.91 (br s, 1 H), 3.88–3.85 (m, 15 H), 3.80 (s, 3 H), 3.72 (s, 6 

H), 3.63 (d, J = 7.0 Hz, 1 H), 3.49–3.47 (m, 2 H), 3.13 (app t, J = 5.0 Hz, 1 H), 2.65 (dd, J = 7.5, 

2.0 Hz, 1 H), 2.54 (dd, J = 7.0, 2.0 Hz, 1 H); 13C NMR (125 MHz, CDCl3) δ 203.7, 172.5, 171.4, 

167.2, 166.7, 149.1, 149.0, 148.5, 148.1, 143.2, 141.1, 140.8, 139.4, 136.1, 135.7, 134.6, 130.8, 

120.0, 119.0, 118.9, 118.1, 111.5, 111.4 (2 C), 111.1, 108.0, 101.1, 86.8, 55.9 (4 C), 54.6, 52.2, 

52.1, 51.8, 51.7, 49.1, 49.0, 44.5, 43.3 (2 C), 40.8, 40.4; HRMS calcd for C44H47O16
+

 [M + H]+ 

831.2864, found 831.2861. 

Brominated Heterodimers (33 and 34).  To a solution of a mixture of 35 and 36 (~1.7:1 35:36, 

0.030 g total, 0.036 mmol, 1.0 equiv) in MeCN (1.0 mL) was added NBS (0.026 g, 0.14 mmol, 

4.0 equiv) at 25 °C. The clear colorless solution was stirred at 25 °C for 14 h. Upon completion, 

saturated aqueous Na2SO3 (0.5 mL) was added, and the resulting mixture was stirred vigorously 

for 15 min. Upon completion, the mixture was diluted with EtOAc (5 mL) and washed with 

saturated aqueous NaHCO3 (3 x 5 mL). The organic layer was dried (MgSO4), filtered, and 

concentrated to give a white solid. The crude material was purified by preparative TLC (silica 

gel, hexanes:EtOAc, 2:3) to afford 33 (0.012 g) and 34 (0.007 g, 53 % overall yield) as white 

solids. Both products were crystallized from CHCl3/i-PrOH. 33: Rf = 0.35 (hexanes:EtOAc, 2:3); 
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IR (film) νmax 3463, 3002, 2951, 2844, 1720, 1632, 1506, 1506, 1486, 1376, 1312, 1257, 1195, 

1164, 1063, 1029, 913, 842, 730 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.63 (d, J = 15.6 Hz, 1 H), 

7.37 (d, J = 16.0 Hz, 1 H), 7.07 (d, J = 4.0 Hz, 2 H), 6.40 (d, J = 6.0 Hz, 2 H), 6.34–6.28 (m, 3 

H), 6.06 (d, J = 16.0 Hz, 1 H), 4.87 (s, 1 H), 4.64 (d, J = 7.6 Hz, 1 H), 4.48 (d, J = 3.2 Hz, 1 H), 

4.27 (d, J = 6.8 Hz, 1 H), 3.99 (br s, 1 H), 3.89 (s, 3 H), 3.87 (s, 6 H), 3.81 (s, 3 H), 3.78 (s, 3 H), 

3.76 (s, 3 H), 3.72 (s, 3 H), 3.69 (s, 3 H), 3.53 (br s, 1 H), 3.37 (dd, J = 6.4, 1.2 Hz, 1 H), 3.05–

3.01 (m, 1 H), 2.77 (dd, J = 7.6, 2.0 Hz, 1 H), 2.66 (dd, J = 5.2, 2.4 Hz, 1 H); 13C NMR (100 

MHz, CDCl3) δ 204.1, 173.0, 172.0, 168.2, 167.7, 150.1, 149.7 (2 C), 149.5, 144.4, 142.4, 140.1, 

136.5, 134.5, 132.9, 131.6, 121.4, 119.5, 117.2, 117.0, 116.4, 116.2, 111.7, 111.4, 108.9, 101.9, 

87.6, 57.3, 57.2 (4 C), 55.0, 53.5, 53.3, 52.9, 52.8, 48.7, 48.5, 45.0, 44.4, 40.6, 40.0; HRMS 

calcd for C44H44Br2O16Na+ [M + Na]+ 1010.0972; HRMS could not be obtained. LRMS 

(MALDI), showed peaks at 1010.90 (M + Na) and 1026.87 (M + K).  

34: Rf = 0.35 (hexanes:EtOAc, 2:3); 1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 16.0 Hz, 1 H), 

7.36 (d, J = 16.0 Hz, 1 H), 7.06 (d, J = 7.2 Hz, 2 H), 6.54 (d, J = 6.5=4 Hz, 1 H), 6.41–6.38 (m, 3 

H), 6.24 (d, J = 15.6 Hz, 1 H), 6.15 (d, J = 15.6 Hz, 1 H), 4.91 (s, 1 H), 4.54 (d, J = 3.6 Hz, 1 H), 

4.49 (dd, J = 6.8, 2.0 Hz, 1 H), 4.28 (d, J = 7.2 Hz, 1 H), 3.95 (br s, 1 H), 3.89 (s, 3 H), 3.87 (s, 3 

H), 3.81 (s, 6 H), 3.77 (br s, 1 H), 3.77 (s, 9 H), 3.72 (s, 3 H), 3.22–3.19 (m, 1 H), 3.00–2.98 (m, 

1 H), 2.67 (dd, J = 6.8, 2.0 Hz, 1 H), 2.63 (dd, J = 6.8, 2.0 Hz, 1 H). 

Diketone homodimers (37 and 38).  Diketone 32 (0.113 g, 0.28 mmol, 1.0 equiv) was dissolved 

in HFIP (0.09 mL) and stirred at 50 °C for 16 h.  Upon completion, the yellow colored solution 

was cooled to 25 °C, concentrated, and purified by preparative TLC (CH2Cl2:MeOH, 93:7) to 

give 37 (0.014 mg, 12% yield) and 38 (0.009 g, 8% yield) as pale yellow foams.  37: Rf  = 0.18 
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(hexanes:EtOAc, 3:7); IR (film) νmax 3385, 3059, 2999, 2953, 2933, 2844, 1804, 1718, 1635, 

1518, 1464, 1438, 1313, 1257, 1242, 1145, 1027 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J 

= 16.0 Hz, 1 H), 7.42 (d, J = 16.0 Hz, 1 H), 6.78–6.75 (m, 2 H), 6.73 (d, J = 8.4 Hz, 1 H), 6.68 

(dd, J = 8.0, 1.6 Hz, 1 H), 6.53 (d, J = 6.4 Hz, 1 H), 6.49 (d, J = 2.0 Hz, 1 H), 6.44 (d, J = 6.4 

Hz, 1 H), 6.35 (dd, J = 8.4, 2.0 Hz, 1 H), 6.17 (d, J = 16.0 Hz, 1 H), 6.09 (d, J = 16.0 Hz, 1 H), 

5.66 (s, 1 H), 4.06 (d, J = 8.0 Hz, 1 H), 3.88–3.79 (m, 19 H), 3.76 (br s, 1 H), 3.60 (dd, J = 6.4, 

1.2 Hz, 1 H), 3.52 (br s, 1 H), 3.47 (dd, J = 6.8, 3.2 Hz, 1 H), 3.13 (br d, J = 4.0 Hz, 1 H), 2.75 

(dd, J = 8.0, 2.0 Hz, 1 H); 13C NMR (125 MHz, CDCl3) δ 201.2, 172.0, 167.4, 166.7, 149.1, 

148.8, 148.6, 148.1, 142.3, 140.9, 139.4, 137.6, 133.9, 133.4, 132.1, 130.9, 120.1, 119.6, 118.8, 

118.5, 111.5, 111.3, 111.1, 111.0, 109.9, 105.4, 102.3, 56.0, 55.9 (2 C), 54.3, 53.4, 52.1, 52.0, 

48.8, 48.6, 47.0, 46.6, 44.0, 42.7, 40.0, 29.7; HRMS (FAB) calcd for C42H40O16
+ [M]+ 800.2316, 

found 800.2295. 

38: 1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 16.0 Hz, 1 H), 7.44 (d, J = 15.6 Hz, 1 H), 6.77 (d, 

J = 4.8 Hz, 1 H), 6.75 (d, J = 4.8 Hz, 1 H), 6.65 (d, J = 2.0 Hz, 1 H), 6.58–6.49 (m, 4 H), 6.40 

(dd, J = 8.4, 2.0 Hz, 1 H), 6.23 (d, J = 16.0 Hz, 1 H), 5.99 (d, J = 15.6 Hz, 1 H), 3.93 (dd, J = 

4.8, 1.6 Hz, 1 H), 3.89 (s, 3 H), 3.863 (s, 3 H), 3.857 (s, 3 H), 3.85 (s, 3 H), 3.83 (s, 3 H), 3.81 (s, 

3 H), 3.78–3.75 (m, 2 H), 3.54–3.50 (m, 3 H), 3.14 (dd, J = 5.2, 1.2 Hz, 1 H), 2.77 (dd, J = 7.6, 

2.0 Hz, 1 H); 13C NMR (100 MHz, CDCl3) δ 201.9, 166.8, 166.6, 149.2, 148.8, 148.7, 148.2, 

141.7, 141.0, 139.4, 138.8, 133.6, 132.8, 132.4, 131.0, 119.9, 119.8, 119.0, 118.6, 111.7, 111.5, 

111.1, 110.9, 109.4, 106.5, 101.6, 56.0, 55.9 (2 C), 54.4, 52.0, 51.9, 48.7, 48.0, 47.4, 46.0, 43.8, 

42.5, 41.4, 29.7. 
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Brominated Diels–Alder product (39). Following the bromination procedure above, Diels–

Alder product 22 (0.140 g, 0.34 mmol, 1.0 equiv) was reacted with NBS (0.073 g, 0.41 mmol, 

1.2 equiv) to give the brominated product as a pale yellow solid (0.080 g, 48%). 39: Rf = 0.39 

(hexanes:EtOAc, 1:1); IR (film) νmax 3486, 3065, 2952, 2843, 1794, 1749, 1716, 1633, 1593, 

1518, 1453, 1316, 1252, 1196, 1088, 1026, 920, 881, 735 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 7.46 (d, J = 15.6 Hz, 1 H), 6.78 (d, J = 8.4 Hz, 1 H), 6.51 (d, J = 2.0 Hz, 1 H), 6.41 (dt, J = 6.8, 

2.4 Hz, 1 H), 6.25 (d, J = 15.6 Hz, 1 H), 4.06 (dd, J = 5.2, 2.4 Hz, 1 H), 3.89 (s, 3 H), 3.85 (s, 6 

H), 3.82 (s, 1 H), 3.77 (s, 3 H), 3.76–3.73 (m, 1 H), 3.30 (d, J = 5.2 Hz, 1 H); 13C NMR (100 

MHz, CDCl3) δ 195.4, 172.8, 166.6, 149.1, 148.8, 140.3, 137.1, 133.4, 131.0, 119.9, 119.6, 

111.2, 99.4, 56.4, 55.9, 54.2, 52.1, 47.5, 45.1, 44.3. 

 

Brominated diketone (40). To a solution of brominated Diels–Alder product 39 (0.071 g, 0.14 

mmol) in CH2Cl2 (0.75 mL) was added water (0.15 mL) and TFA (0.60 mL). The resulting 

yellow mixture was vigorously stirred at 25 °C under ambient atmosphere for 16 h. Upon 

completion, the mixture was concentrated directly and the yellow residue was purified by flash 

column chromatography (silica gel, CH2Cl2:MeOH, 9:1) to give the brominated diketone 40 

(0.060 g, 90%) as a yellow solid. 40: Rf = 0.18 (CH2Cl2:MeOH, 9:1); IR (film) νmax 3409, 2955, 

2843, 1790, 1743, 1711, 1633, 1517, 1440, 1316, 1249, 1197, 1145, 1025, 981, 929 cm-1; 1H 

NMR (400 MHz, CDCl3) δ 7.44 (d, J = 15.6 Hz, 1 H), 6.79 (d, J = 8.0 Hz, 1 H), 6.59 (s, 1 H), 

6.46–6.41 (m, 2 H), 6.29 (d, J = 15.6 Hz, 1 H), 4.11 (br d, J = 2.0 Hz, 1 H), 3.88 (s, 3 H), 3.85 (s, 

3 H), 3.84 (br s, 4 H), 3.32 (br d, J = 4.8 Hz, 1 H); 13C NMR (125 MHz, CDCl3) δ 173.4, 166.8, 

149.1, 148.8, 139.9, 138.2, 133.1, 131.3, 120.2, 119.6, 111.3 (2 C), 56.0 (2 C), 55.0, 52.1, 48.3, 

44.7. 
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Brominated diketone homodimer (41). Diketone 40 (0.105 g, 0.22 mmol, 1.0 equiv) was 

dissolved in HFIP (0.055 mL). The resulting yellow mixture was stirred at 50 °C under ambient 

atmosphere for 16 h. Upon completion, the mixture was concentrated directly, and the yellow 

residue was purified by preparative TLC (CH2Cl2:MeOH, 92:8) to give the brominated dimer 41 

(0.005 g, 5%) as a white solid. The product was crystallized from CHCl3/i-PrOH (colorless 

plates). 41: Rf = 0.47 (CH2Cl2:MeOH, 9:1); IR (film) νmax 3407, 2934, 1801, 1717, 1634, 1508, 

1490, 1330, 1249, 1200, 1166, 1030, 847 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.50 (d, J = 16.0, 

1 H), 7.42 (d, J = 16.0 Hz, 1 H), 7.07 (s, 1 H), 7.02 (s, 1 H), 6.43 (s, 1 H), 6.38 (br s, 2 H), 6.21 

(d, J = 16.0 Hz, 1 H), 6.12 (d, J = 16.0 Hz, 1 H), 4.62 (d, J = 8.0 Hz, 1 H), 4.18 (s, 1 H), 3.98 (d, 

J = 4.5 Hz, 1 H), 3.87 (s, 6 H), 3.83 (s, 6 H), 3.76 (s, 3 H), 3.60 (s, 3 H), 3.68–3.66 (m, 1 H), 

3.49 (d, J = 6.5 Hz, 1 H), 3.12 (d, J = 4.5 Hz, 1 H), 2.96 (d, J = 8.5 Hz, 1 H); 13C NMR (125 

MHz, acetone-d6) δ 202.5, 171.7, 171.0, 166.6, 166.3 149.6, 149.4, 149.2 (2 C), 148.8, 148.5, 

143.3, 140.6, 140.0, 139.8, 136.6, 135.0, 133.4, 132.0, 130.7 (2 C), 120.0, 119.5, 119.2, 116.2, 

115.9, 115.8, 114.4, 113.6, 112.9, 111.5, 110.3, 105.0, 102.3, 55.6 (2 C), 55.5, 55.3, 55.2, 54.0, 

53.7, 51.1, 50.9, 47.1, 46.7, 46.5, 45.8, 44.4, 44.1, 41.4, 40.0. 
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