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Abstract 

Attempts to synthesize the natural product macrolide polyketide (–)-callyspongiolide have drawn great interest 

because of its potent cytotoxic activity. Its total synthesis has proven to be difficult, however, due to its 

challenging structure. The influence of the configuration of a homoallylic stereocenter on the closure of a 14-

membered macrocyclic carbonate by ring-closing metathesis (RCM) from two epimeric dienes is described. The 

results offer some insights into the structural features which contribute to hampering the closure of the 

macrocyclic core of the macrolide polyketide. A formal synthesis of the marine macrolide (–)-callyspongiolide is 

also reported using a RCM approach (C10-C11 bond formed) from analogous dienes bearing an α,β-unsaturated 

ester instead of a carbonate.   
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Introduction 

 

The macrolide polyketide (–)-callyspongiolide (1) was isolated in 20141 from the marine sponge Callyspongia sp. 

collected off the Indonesian coastline. Its potent cytotoxic activity1-6 and unprecedented challenging structure 

soon attracted the attention of several synthetic-chemistry groups.7 In 2016, Z. Xu and T. Ye2, and, shortly 

thereafter, A. K. Ghosh8, reported the first total synthesis of both enantiomers of callyspongiolide as well as of 

their C21 epimers, allowing the correct assignment of the absolute and relative configurations of this marine 

natural product. Two years later, the groups of P. G. Harran3 and S. Ghosh9 described their syntheses of (–)-

callyspongiolide, and more recently, A. Fürstner10 disclosed his endeavours on the total synthesis of the 

unnatural enantiomer of this natural product. Furthermore, the synthesis of the 14-membered macrocyclic core 

of callyspongiolide has been reported by S. Ghosh,11 M. A. Brimble,12 and our group.13 The most challenging 

issues in the total synthesis of callyspongiolide are the control of the configuration of the six chiral centres and 

the four stereogenic double bonds, as well as the closure of the fourteen-membered macrolactone. In most 

approaches, this transformation involves the formation of bonds in the region of the α,β-unsaturated lactone 

moiety, either by intramolecular macrolactonization,2,8 Z-selective Horner-Wadswoth-Emmons olefination,11 

palladium-catalysed carbonylative macrolactonization3 or ring-closing alkyne metathesis (RCAM, C2-C3 bond).10  

 

 
 

Figure 1. (–)-Callyspongiolide. 

 

In 2020, our group,13 and a few months later, M. A. Brimble,12 reported the formal synthesis of 

callyspongiolide through an alternative synthetic approach in which the closure of the macrolactone involves a 

ring-closing metathesis (RCM, C10-C11 bond). Surprisingly, in our lab, when dienes 2 or 3 were treated with the 

Schrock or the Grubbs first- (G I) or second-generation (G II) catalysts, under a variety of reaction conditions, 

cyclooctene 6, resulting from a competitive RCM between C10 and C3, was obtained as the only cyclized product 

(Scheme 1). Somewhat more satisfactorily, when treating compound 2 with the Hoveyda-Grubbs’ second-

generation catalyst (HG II), the desired trans stereoselective cyclization to give the macrolactone 4 took place, 

albeit in very low yield (<10%), with cyclooctene 6, again, as the major product with partial recovery of the 

starting material. After several efforts to optimize the formation of 4, the best reaction conditions were found 

to be the use of the HG II catalyst (30 mol%) in a 2.5 mM solution of 2 in toluene at 80 ºC for 3 h. In this way, 

the desired macrolactone 4 was isolated in a modest 16% yield along with 25% of cyclooctene 6. It is worth 

mentioning that longer reaction times provoked a decrease in the yield of 4. In agreement with the above 

results, M. A. Brimble reported12 that treatment of ent-3 with the G II catalyst (20 mol % x 3) in a CH2Cl2 solution 

at room temperature for 5 days afforded a 9% yield of ent-5 and a 42% yield of ent-6.  
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Scheme 1.  Previous studies on the closure of the macrolactone ring of (–)-callyspongiolide by RCM. 

 

To analyze whether there are structural factors that may influence the outcome of the cyclization of 2 and 

3, we subjected diene 7 (mixture of epimers at C12), lacking the C13 bulky substituent, to RCM using the G II 

catalyst, and we observed an increase of up to 38% yield in the formation of the corresponding macrolactone 8, 

also accompanied by cyclooctene 6 as the major product (Scheme 2). 

 

 
 

Scheme 2. Model studies by our group on the closure of the macrolactone ring of (-)-callyspongiolide by RCM. 

 

Moreover, M. A. Brimble12 reported that the RCM of 9 (mixture of C7 epimers), lacking the C5 and C9 methyl 

substituents present in callyspongiolide, rendered an E/Z mixture of lactone 10 exclusively as the only isolable 

product (70%, Scheme 3). Therefore, it is evident that the substituents near the diene moiety have a decisive 

influence on the outcome of the RCM step.  

 

 
 

Scheme 3. Model studies by the Brimble group on the closure of the macrolactone ring of (–)-callyspongiolide 

by RCM. 

 

To gain further insight into the factors that control the chemoselectivity in the formation of the 14-

membered macrolactones 4, 5 or 8 versus cyclooctene 6 by RCM, we decided to investigate the mechanism of 

this reaction through density functional theory (DFT) calculations.14 These computational studies showed that 

the reaction occurs under thermodynamic control. To corroborate this theoretical conclusion, we treated a 

toluene solution of compound 4 with the HG II catalyst. After 30 min of heating at 80 ºC, a TLC control showed 

the formation of cyclooctene 6, and, after 6 h, a GC-MS analysis of the crude mixture revealed a 35:65 ratio of 

compounds 4 and 6, respectively. These results clearly show that the macrolactone 4 and cyclooctene 6 are in 
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equilibrium under the RCM reaction conditions, and that this equilibrium is shifted towards cyclooctene 6.  This 

behavior is consistent with the observation that longer reaction times in the RCM reaction of 2 resulted in lower 

yields of the desired macrolactone 4.  Therefore, a modification of the reaction conditions or the catalyst is not 

expected to improve the conversion of 2 or 3 into macrolactones 4 or 5, respectively.  

At this point, we turned our attention to the results reported in 2019 by A. Fürstner15 in the context of his 

studies on the synthesis of callyspongiolide by RCAM (C10-C11 bond). Using his molybdenum-alkylidyne complex 

catalyst, the α,β-unsaturated ester 11 afforded the expected 14-membered macrolactone 12 in 80% yield, thus 

indicating that the two flanking methyl substituents had not negatively affected the cyclization (Scheme 4). 

Alternatively, when compound 13, in which two key structural fragments for the synthesis of callyspongiolide 

are linked by a carbonate tether, was subjected to the RCAM conditions, the macrocycle 14 was isolated in 74% 

yield. 

 

 
 

Scheme 4. RCAM studies by the Fürstner group on the synthesis of (+)-callyspongiolide. 

 

In the present work, to overcome the difficulties observed in the cyclization to the desired 14-membered 

macrolactone 4, and inspired by the work of A. Fürstner,15 we decided to study the ring-closing metathesis of 

diene 15, which can be considered an analogue of 2 in which the unsaturated ester has been substituted by a 

carbonate tether (Scheme 5). Although compound 15 is expected to show a higher degree of conformational 

freedom than 2, we were confident that the absence of the competing C2-C3 double bond would favor the RCM 

to the macrocyclic carbonate 16, which would be converted into 4 in subsequent synthetic steps. 

 

 
 

Scheme 5. Synthetic plan. 

 

 

Results and Discussion 
 

With this purpose in mind, we first synthesized the chiral alcohol 21 using a different procedure than that 

described in the literature16 (Scheme 6). The reduction and isomerization of the commercial cis-iodoacrylate 

(17) using diisobutylaluminum hydride (DIBAH) yielded the unstable aldehyde 18,17 which was immediately 

subjected, without purification (only a 1H NMR control), to an enantioselective Leighton crotylation using ligand 

1918 and crotylchlorosilane 2019 to give 21 in 60% overall yield. 
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Scheme 6. Preparation of alcohol 21. 

 

The required carbonate 15 was prepared from alcohol 21, via carbamate 22, and the monoprotected diol 

23, previously reported in the context of our studies on the synthesis of (–)-callyspongiolide13 (Scheme 7). 

Disappointingly, when diene 15 was subjected to a variety of RCM conditions, in which the catalyst, solvent, 

concentration, temperature and reaction time were modified, only low yields of the macrocyclic carbonate 16 

were observed, always accompanied by partial recovery of the starting material (Table S1, Supporting 

Information). The best results were obtained when using the HG II catalyst (50 mol %) in a 1 mM solution of 15 

in toluene at 80 ºC for 70 h. Under these conditions, the desired compound 16 was isolated in 30% yield.      

 

 
 

Scheme 7. RCM of diene 15. 

 

In light of these modest results, we wondered if some specific structural features of the starting diene 15 

might prevent the adoption of a favorable conformation for an efficient ring closure. While it was not readily 

evident what these features would be, we reasoned that, if the main goal of the work was the synthesis of (–)-

callyspongiolide, the most affordable modification would be the inversion of the configuration of the C13 

stereocenter. Using appropriate subsequent intermediates enroute to (–)-callyspongiolide, a Mitsunobu 

reaction would render the correct C13 stereochemistry.  

The required carbonate 26 (the C13 epimer of 15) was prepared from alcohols 23 and 2417 following the 

same procedure mentioned above for 15. Gratifyingly, when diene 26 was subjected to RCM conditions using 

the HG II catalyst, the macrocyclic carbonate 27 was obtained stereoselectively in 83% yield. Only small amounts 

of the Z isomer (E:Z 92:8) were detected in the reaction mixture. This result is consistent with the above-

mentioned RCM cyclization of diene 7 (Scheme 2), which lacks a bulky appendage at the C13-position, to 

macrolactone 8, and points out that the configuration of this stereocenter has a decisive influence in the 

evolution of compounds 2 and 3 under RCM conditions.  
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Scheme 8. RCM of diene 29: synthesis of alcohol 30, a synthetic precursor of (–)-callyspongiolide. 

 

Cleavage of the carbonate tether of 27, followed by chemoselective protection of the primary hydroxy group 

of the resulting diol 28 as a silyl ether, afforded compound 29. Inversion of the configuration of the C13 

stereocenter of 29 using the Mitsunobu protocol afforded alcohol 30 (15% overall yield from 24), whose 

spectroscopic data and specific rotation were coincident with those reported by S. Ghosh9 for the same 

compound. The synthesis of alcohol 30 constitutes an enantioselective formal synthesis of the marine macrolide 

callyspongiolide. 

 

 

Conclusions 
 

In our previous work we reported that the synthesis of the 14-membered macrolactones 4 and 5, as precursors 

of the marine natural product (–)-callyspongiolide, by RCM is limited by the competitive formation of 

cyclooctene 6 as the major product. Theoretical and experimental studies showed that compounds 4 and 6 are 

in equilibrium under the RCM reaction conditions, and that this equilibrium is shifted towards cyclooctene 6. In 

the present work we have demonstrated that the configuration of the C13 stereocenter of diene epimers 15 and 

26 has a significant influence on the overall reaction efficiency of the RCM reaction leading to the 14-membered 

macrocyclic carbonates 16 and 27. Considering the structural analogies of these carbonates with the 

unsaturated ester 2 and macrolactone 4, these results may shed some light on the structural factors influencing 

the outcome of the RCM reaction as a key step in the generation of macrolactones enroute to the marine 

macrolide callyspongiolide. The macrocyclic carbonate 27 was converted into alcohol 30, which has been 

previously transformed into (–)-callyspongiolide. 

 

 

Experimental Section 
 

General. All air-sensitive reactions were performed under a dry argon or nitrogen atmosphere with dry, freshly 

distilled solvents using standard procedures. Evaporation of solvent was accomplished with a rotatory 

evaporator. Drying of organic extracts during the work-up of reactions was performed over anhydrous Na2SO4 

or MgSO4. Thin-layer chromatography was done on SiO2 (silica gel 60 F254), and the spots were located by UV 

light and a 1% KMnO4 solution. Chromatography refers to flash column chromatography and was carried out on 

SiO2 (silica gel 60, 230-400 mesh). Diastereomeric ratios were calculated by 1H NMR from the crude reaction 
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mixtures. NMR spectra were recorded on a Varian VNMRS-400 or Mercury 400 spectrometer [400 MHz (1H) and 

100.6 MHz (13C)], and chemical shifts are reported in  values, in parts per million (ppm) relative to Me4Si (0 

ppm) or relative to residual chloroform (7.26 ppm, 77.0 ppm) as an internal standard. Data are reported in the 

following manner: chemical shift, multiplicity, coupling constant (J) in hertz (Hz), integrated intensity, and 

assignment. Assignments and stereochemical determinations are given only when they are derived from 

definitive two-dimensional NMR experiments (g-HSQC-COSY). IR spectra were performed in a 

spectrophotometer Nicolet Avatar 320 FT-IR and only noteworthy IR absorptions (cm-1) are listed. Optical 

rotations were measured on a Perlin-Elmer 241 polarimeter; [α]D values are given in 10-1 deg cm2 g-1. High 

resolution mass spectra (HMRS) were performed by Centres Científics i Tecnològics de la Universitat de 

Barcelona. 

 

(3S,4S,1E)-1-Iodo-4-methyl-1,5-hexadien-3-ol (21). DBU (1.93 mL, 12.9 mmol) was added to a cooled solution 

(0 ºC) of diamine 1918 (1.25 g, 4.3 mmol) in anhydrous CH2Cl2 (10 mL). Then, a solution of (E)-crotyltrichlorosilane 

(20)19 (894 mg, 4.69 mmol) in anhydrous CH2Cl2 (1 mL) was added, the ice-water bath was removed, and the 

mixture was stirred at room temperature for 1 h. The mixture was recooled to 0 ºC, a solution of crude (E)-

iodoacrolein (18) freshly prepared from (Z)--iodoacrylate (17),17 in anhydrous CH2Cl2 (4 mL) was added, and 

the solution was allowed to warm to room temperature for 15 h. The mixture was re-cooled to 0 ºC, treated 

with n-Bu4NF (3.9 mL of a 1.0 M solution in THF, 3.9 mmol), and stirred at room temperature for 30 min. The 

mixture was concentrated, and the resulting residue was chromatographed (9:1 hexane–EtOAc) to afford 

alcohol 2116 (554 mg, 60% from 17). [α]22
D –14.9 (c 4.27, CHCl3), reported20 for a 45/1 anti/syn mixture of 21 of 

94% ee [] = - 17.1 (c 4.1, CHCl3). 1H NMR (400 MHz, CDCl3, g-HSQC) δ 1.03 (d, J = 6.8 Hz, 3H, CH3), 2.26–2.31 

(m, 1H, H-4), 3.87 (t, J = 6.8 Hz, 1H, H-3), 5.13–5.18 (m, 2H, H-6), 5.73 (ddd, J = 8.0, 10.8, 18.6 Hz, 1H, H-5), 6.37 

(dd, J = 1.2, 14.4 Hz, 1H, H-1), 6.56 (dd, J = 6.8, 14.4 Hz, 1H, H-2). 13C NMR (100.6 MHz, CDCl3) δ 15.6 (CH3), 43.9 

(C-4), 77.6 (C-3), 78.2 (C-1), 117.2 (C-6), 139.2 (C-5), 146.3 (C-2).  

(3S,4S,E)-3-[(1-Imidazolylcarbonyl)oxy]-1-iodo-4-methyl-1,5-hexadiene (22). 1,1’-Carbonyldiimidazole (1.22 g, 

6.98 mmol) was added to a solution of alcohol 21 (554 mg, 2.33 mmol) in anhydrous CH2Cl2 (9 mL), and the 

solution was stirred at room temperature for 15 h. The solution was concentrated, and the resulting residue 

was chromatographed (9:1 to 8:2 hexane-EtOAc) to afford carbamate 22 (589 mg, 75%). [α]22
D −25.1 (c 1.0, 

CHCl3). IR (film) 3131, 2974, 1766, 1392 cm-1. 1H NMR (400 MHz, CDCl3, COSY, g-HSQC) δ 1.10 (d, J = 6.8 Hz, 3H, 

CH3), 2.55–2.63 (m, 1H, H-4), 5.12–5.17 (m, 2H, H-6), 5.22 (t, J = 7.5 Hz, 1H, H-3), 5.71 (ddd, J = 7.8, 10.2, 17.2 

Hz, 1H, H-5), 6.56 (dd, J = 7.5, 14.8 Hz, 1H, H-2), 6.66 (d, J = 14.8 Hz, 1H, H-1), 7.07 (t, J = 0.8 Hz, 1H, H-4’), 7.39 

(t, J = 1.4 Hz, 1H, H-5’), 8.10 (s, 1H, H-2’).13C NMR (100.6 MHz, CDCl3) δ 15.7 (CH3), 41.5 (C-4), 82.9 (C-3), 83.4 (C-

1), 116.9 (C-5’), 117.4 (C-6), 130.8 (C-4’), 136.9 (C-2’), 137.5 (C-5), 140.3 (C-2), 147.8 (NCO). HRMS (ESI-TOF) m/z: 

[M + H]+ Calcd. for C11H14IN2O2 333.0022; found 333.0018. 

Carbonate 15. A solution of alcohol 2313 (155 mg, 0.52 mmol) in anhydrous THF (1.5 mL) was slowly added to a 

suspension of NaH (15.7 mg, 0.63 mmol) in anhydrous THF (5 mL) at 0 ºC, and the mixture was stirred at room 

temperature for 30 min. Carbamate 22 (200 mg, 0.60 mmol) was added, and the solution was stirred at room 

temperature for 17 h. The reaction was quenched with H2O, and the mixture was extracted once with CH2Cl2 

and twice with EtOAc. The combined organic extracts were washed with brine, dried, filtered, and concentrated. 

Flash chromatography (9:1 to 8:2 hexane-CH2Cl2) of the residue afforded carbonate 15 (234 mg, 80%) as a 

colorless oil. [α]22
D −29.1 (c 1.01, CHCl3). IR (film) 2957, 2928, 1746, 1257 cm-1. 1H NMR (400 MHz, CDCl3, COSY, 

g-HSQC) δ 0.04 (s, 3H, SiCH3), 0.05 (s, 3H, SiCH3), 0.88 [s, 9H, C(CH3)3], 0.90 (d, J = 6.4 Hz, 3H, CH3-H3), 0.99 (d, J 

= 6.8 Hz, 3H, CH3-H7), 1.04 (d, J = 7.2 Hz, 3H, CH3-H4’), 1.27–1.36 (m, 2H, H-4 and H-6), 1.37–1.47 (m, 3H, H-2, 

H-4 and H-6), 1.61–1.66 (m, 1H, H-3), 1.68–1.76 (m, 1H, H-2), 2.24–2.36 (m, 1H, H-7), 2.45–2,51 (m, 1H, H-4’), 
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3.70–3.76 (m, 1H, H-5), 4.10–4.21 (m, 2H, H-1), 4.91–4.99 (m, 3H, H-3’ and H-9), 5.08–5.13 (m, 2H, H-6’), 5.63–

5.76 (m, 2H, H-3 and H-8), 6.47–6.49 (m, 2H, H-1’ and H-2’).13C NMR (100.6 MHz, CDCl3) δ −4.1 (SiCH3), −3.9 

(SiCH3), 15.3 (CH3-C-4’), 18.1 [C(CH3)3], 19.8 (CH3-C3), 21.2 (CH3-C7), 25.9 [C(CH3)3], 26.4 (C-3), 34.1 (C-7), 35.8 

(C-2), 41.4 (C-4’), 44.3 (C-4 or C-6), 44.4 (C-4 or C-6), 66.5 (C-1), 68.6 (C-5), 81.2 (C-1’), 82.2 (C-3’), 112.8 (C-9), 

116.6 (C-6’), 138.2 (C-5’), 141.5 (C-2’), 144.5 (C-8), 154.5 (CO). HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for 

C25H45INaO4Si 587.2019; found 587.2024. 

Macrocyclic carbonate 16. Second-generation Hoveyda-Grubbs catalyst (8.3 mg, 13 µmol) in CH2Cl2 (10 mL) was 

added at 2 mL/h (syringe pump) to a stirred solution of carbonate 15 (25 mg, 44 µmol) in anhydrous toluene (40 

mL) at 80 ºC. After 12 h, additional 2nd generation Hoveyda-Grubbs catalyst (3 mg, 4.3 µmol) in CH2Cl2 (5 mL, 2 

mL/h) was added, the mixture was stirred for 10 h, and additional 2nd generation Hoveyda-Grubbs catalyst (3 

mg, 4.3 µmol) in CH2Cl2 (5 mL, 2 mL/h) was added. After 17 h of stirring, the solvent was evaporated, and the 

residue was chromatographed (hexane to 8:2 hexane–CH2Cl2) to afford macrocycle 16 (7 mg, 30%) and 

carbonate 15 (5 mg). [α]22
D −73.2 (c 1.04, CHCl3). IR (film) 2955, 2929, 1742, 1264 cm-1. 1H NMR (400 MHz, CDCl3, 

COSY, g-HSQC) δ 0.05 (s, 3H, SiCH3), 0.07 (s, 3H, SiCH3), 0.87 [s, 9H, C(CH3)3], 0.93 (d, J = 6.8 Hz, 3H, CH3), 0.95 

(d, J = 7.2 Hz, 3H, CH3), 0.96 (d, J = 6.8 Hz, 3H, CH3), 1.25–1.35 (m, 2H, H-4 and H-6), 1.38–1.45 (m, 2H, H-4 and 

H-6), 1.48–1.53 (m, 1H, H-2), 1.88–1.96 (m, 2H, H-2 and H-3), 2.14–2.21 (m, 1H, H-7), 2.23–2,32 (m, 1H, H-10), 

3.51–3.57 (m, 1H, H-5), 4.02 (ddd, J = 11.6, 10.0, 1.6 Hz, 1H, H-1), 4.47 (ddd, J = 11.6, 6.0, 2.0 Hz, 1H, H-1), 4.71 

(dd, J = 10.8, 7.6 Hz, 1H, H-11), 5.07 (dd, J = 15.2, 9.2 Hz, 1H, H-9), 5.18 (dd, J = 15.2, 9.2 Hz, 1H, H-8), 6.47 (dd, J 

= 14.4, 7.6 Hz, 1H, H-12), 6.55 (d, J = 14.4 Hz, 1H, H-13). 13C NMR (100.6 MHz, CDCl3) δ −3.8 (SiCH3), −3.7 (SiCH3), 

16.8 (CH3), 18.3 [C(CH3)3], 20.5 (CH3), 22.3 (CH3), 26.0 [C(CH3)3], 26.6 (C-3), 32.4 (C-2), 35.2 (C-7), 42.0 (C-10), 

44.9 (C-4 or C-6), 47.4 (C-4 or C-6), 82.0 (C-11 or C-13), 82.2 (C-11 or C-13), 129.1 (C-8 or C-9), 140.4 (C-8 or C-

9), 142.5 (C-12), 154.5 (CO). HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C23H42IO4Si 537.1892; found 537.1896. 

(3R,4S,E)-3-[(1-Imidazolylcarbonyl)oxy]-1-iodo-4-methyl-1,5-hexadiene (25). 1,1’-Carbonyldiimidazole (549 g, 

3.15 mmol) was added to a solution of alcohol 2417 (248 mg, 1.03 mmol) in anhydrous CH2Cl2 (4 mL), and the 

solution was stirred at room temperature for 15 h. The solution was concentrated, and the resulting residue 

was chromatographed (from 9:1 to 8:2 hexane–EtOAc) to afford carbamate 25 (275 mg, 80%) as a yellowish oil. 

[α]22
D +27.7 (c 1.04, CHCl3). IR (film) 999.5, 1392.4, 1759.5, 2974.8, 3131.6 cm-1. 1H NMR (400 MHz, CDCl3, COSY, 

g-HSQC) δ 1.12 (d, J = 6.8 Hz, 3H, CH3), 2.60–2.69 (m, 1H, H-4), 5.15 (dt, J = 1.2, 12.0 Hz, 1H, H-6), 5.18 (dt, J = 

1.2, 5.2 Hz, 1H, H-6), 5.26 (dd, J = 6.0, 7.6 Hz, 1H, H-3), 5.76 (ddd, J = 7.4, 10.6, 17.2 Hz, 1H, H-5), 6.56 (dd, J = 

7.4, 14.4 Hz, 1H, H-2, 6.64 (d, J = 14.4 Hz, 1H, H-1), 7.09 (dd, J = 1.0, 1.8 Hz, 1H, H-3’), 7.41 (t, J = 1.6 Hz, 1H, H-

4’), 8.14 (t, J = 1.0, 1H, H-2’). 13C NMR (100.6 MHz, CDCl3) δ 15.1 (CH3), 40.8 (C-4), 82.9 (C-3), 83.3 (C-1), 117.0 

(C-4’), 117.4 (C-6), 130.6 (C-3’), 136.9 (C-2’), 137.1 (C-5), 140.0 (C-2), 147.7 (C-1’). HRMS (ESI-TOF) m/z: [M + H]+ 

Calcd. for C11H14IN2O2 333.0022; found 333.0020. 

Carbonate 26. A solution of alcohol 2313 (487 mg, 1.62 mmol) in THF (4.5 mL) was slowly added to a suspension 

of NaH (50 mg, 1.88 mmol) in anhydrous THF (10 mL) at 0 ºC. After stirring for 30 min at room temperature, a 

solution of carbamate 25 (584 mg, 1.76 mmol) in THF (4 mL) was added, and the mixture was stirred at room 

temperature for 17 h. The reaction was quenched with H2O and EtOAc, and the organic phase was washed with 

H2O and brine, dried, and concentrated. Flash chromatography (from 95:5 hexane–CH2Cl2 to CH2Cl2) gave 

carbonate 26 (579 mg, 63%) as a colorless oil. [α]22
D +18.3 (c 1.0, CHCl3). IR (film) 2957, 2928, 1746, 1257 cm-1. 

1H NMR (400 MHz, CDCl3, COSY, g-HSQC) δ 0.04 (s, 3H, SiCH3), 0.05 (s, 3H, SiCH3), 0.88 [s, 9H, C(CH3)3], 0.90 (d, 

J = 6.8 Hz, 3H, CH3), 0.99 (d, J = 7.2 Hz, 3H, CH3), 1.05 (d, J = 6.8 Hz, 3H, CH3), 1.27–1.45 (m, 4H, H-4 and H-6), 

1.40–1.50 (m, 1H, H-2), 1.59–1.66 (m, 1H, H-3), 1.69–1.76 (m, 1H, H-2), 2.26–2.37 (m, 1H, H-7), 2.46–2.55 (m, 

1H, H-4’), 3.71–3.77 (m, 1H, H-5), 4.10–4.22 (m, 2H, H-1 and H-2), 4.90–5.00 (m, 3H, H-3’ and H-9), 5.07–5.10 

(dt, J = 1.2, 10.0 Hz, 1H, H-6’), 5.11–5.13 (m, 1H, H-6’), 5.63–5.78 (m, 2H, H-8 and H-5’), 6.44–6.54 (m, 2H, H-1’ 
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and H-2’). 13C NMR (100.6 MHz, CDCl3) δ −4.1 (SiCH3), −3.9 (SiCH3), 15.1 (CH3), 18.1 [C(CH3)3], 19.8 (CH3), 21.2 

(CH3), 25.9 [C(CH3)3], 26.4 (C-3), 34.1 (C-7), 35.9 (C-2), 40.9 (C-4’), 44.4 (C-4 or C-6), 45.4 (C-4 or C-6), 66.5 (C-1), 

68.7 (C-5), 81.1 (C-1’), 82.3 (C-3’), 112.8 (C-9), 116.5 (C-6’), 137.9 (C-5’), 141.6 (C-2’), 144.5 (C-8), 154.5 (CO). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C25H49INO4Si 582.2470; found 582.2468. 

Macrocyclic carbonate 27. A solution of 2nd generation Hoveyda-Grubbs catalyst (84.7 mg, 0.13 mmol) in CH2Cl2 

(10 mL) was added at 2 mL/h (syringe pump) to a stirred solution of carbonate 26 (246 mg, 0.44 mmol) in 

anhydrous toluene (450 mL) at 80 ºC. After 20 h, a solution of 2nd generation Hoveyda-Grubbs catalyst (56.3 

mg, 87 µmol) in CH2Cl2 (5 mL) was added at 2 mL/h (syringe pump). After 15 h, the solvent was evaporated, and 

the crude residue was purified by flash chromatography (9:1 to 7:3 hexane–CH2Cl2) to afford macrocycle 27 (195 

mg, 83%). [α]22
D +34.3 (c 0.99, CHCl3). IR (film) 2956, 2928, 1746, 1250 cm-1. 1H NMR (400 MHz, CDCl3, COSY, g-

HSQC) δ 0.08 (s, 3H, SiCH3), 0.10 (s, 3H, SiCH3), 0.89 [s, 9H, C(CH3)3], 0.93 (d, J = 6.8 Hz, 3H, CH3), 0.95 (d, J = 6.8 

Hz, 3H, CH3), 1.00 (d, J = 7.2 Hz, 3H, CH3), 1.16–1.29 (m, 2H, H-4 and H-6), 1.42–1.52 (m, 2H, H-2 and H-4), 1.56–

1.63 (m, 2H, H-2 and H-6), 1.71-1.78 (m, 1H, H-3), 2.23–2.29 (m, 1H, H-7), 2.69–2.76 (m, 1H, H-10), 3.56–3.62 

(m, 1H, H-5), 3.89 (ddd, J = 5.0, 8.2, 11.2 Hz, 1H, H-1), 4.38–4.44 (m, 1H, H-1), 5.12 (ddd, J = 1.2, 4.0, 6.4 Hz, 1H, 

H-11), 5.24 (dd, J = 8.0, 15.4 Hz, 1H, H-8 or H-9), 5.31 (dd, J = 6.8, 15.4 Hz, 1H, H-8 or H-9), 6.47 (dd, J = 0.8, 14.4 

Hz, 1H, H-13), 6.57 (dd, J = 6.0, 14.4 Hz, 1H, H-12). 13C NMR (100.6 MHz, CDCl3) δ −3.9 (SiCH3), −3.6 (SiCH3), 15.8 

(CH3), 18.1 [C(CH3)3], 21.8 (CH3), 21.9 (CH3), 25.9 [C(CH3)3], 28.4 (C-3), 34.6 (C-7), 35.2 (C-2), 39.1 (C-10), 45.9 (C-

4), 48.1 (C-6), 66.2 (C-1), 71.5 (C-5), 80.1 (C-13), 81.6 (C-11), 128.7 (C-8 or C-9), 138.3 (C-8 or C-9), 140.6 (C-12), 

153.7 (CO). HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C23H42IO4Si 537.1892; found 537.1896. 

(3R,5R,7R,8E,10S,11R,12E)-5-[(tert-Butyldimethylsilyl)oxy]-13-iodo-3,7,10-trimethyl-8,12-tridecadiene-1,11-

diol (28). A mixture of carbonate 27 (51 mg, 95 µmol) and K2CO3 (39 mg, 0.28 mmol) in MeOH (1.2 mL) was 

stirred at room temperature for 24 h. Saturated aqueous NH4Cl solution was added, and the aqueous layer was 

extracted with EtOAc. The combined organic extracts were dried, filtered, and evaporated. Flash 

chromatography (9:1 to 8:2 hexane–EtOAc) of the residue afforded diol 28 (40 mg, 83%) as a colourless oil. [α]22
D 

–5.1 (c 1.11, CHCl3). IR (film) 3356, 2928, 1254 cm-1. 1H NMR (400 MHz, CDCl3, COSY, g-HSQC) δ 0.06 (s, 3H, 

SiCH3), 0.07 (s, 3H, SiCH3), 0.89 [s, 9H, C(CH3)3], 0.90 (d, J = 7.6 Hz, 3H, CH3), 0.97 (d, J = 6.8 Hz, 3H, CH3), 1.00 (d, 

J = 7.2 Hz, 3H, CH3), 1.25–1.34 (m, 2H, H-8 and H-10), 1.36–1.43 (m, 2H, H-8 and H-10), 1.45–1.48 (m, 1H, H-12), 

1.56–1.64 (m, 2H, H-11 and H-12), 2.29–2.35 (m, 2H, H-4 and H-7), 3.63–3.72 (m, 2H, H-13), 3.73–3.79 (m, 1H, 

H-9), 3.96–3.99 (m, 1H, H-3), 5.27 (dd, J = 7.8, 15.4 Hz, 1H, H-5), 5.40 (dd, J = 7.8, 15.4 Hz, 1H, H-6), 6.31 (ddd, J 

= 1.0, 1.4, 14.4 Hz, 1H, H-1), 6.56 (ddd, J = 0.8, 6.0, 14.4 Hz, 1H, H-2). 13C NMR (100.6 MHz, CDCl3) δ −4.0 (SiCH3), 

−3.8 (SiCH3), 15.5 (CH3), 18.2 [C(CH3)3], 20.2 (CH3), 22.0 (CH3), 25.9 [C(CH3)3], 26.3 (C-11), 33.3 (C-4 or C-7), 40.3 

(C-12), 42.4 (C-4 or C-7), 44.5 (C-8 or C-10), 45.3 (C-8 or C-10), 60.9 (C-13), 69.2 (C-9), 77.5 (C-1), 77.6 (C-3), 128.8 

(C-5), 139.2 (C-6), 146.2 (C-2). HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C22H43INaO3Si 533.1918; found 533.1919. 

(1E,3R,4S,5E,7R,9R,11R)-9-[(tert-Butyldimethylsilyl)oxy]-13-[(tert-butyldiphenylsilyl)oxy]-1-iodo-4,7,11-

trimethyl-1,5-tridecadien-3-ol (29). Imidazole (4.3 mg, 63 µmol) and DMAP (0.4 mg, 33 µmol) were added to a 

solution of diol 28 (27.4 mg, 48 µmol) in anhydrous CH2Cl2 (1 mL) at 0 ºC. TBDPSCl (14 µL, 53 µmol) was added 

dropwise, and the mixture was stirred at 0 ºC for 1 h and at room temperature overnight. Saturated aqueous 

NH4Cl solution was added, and the aqueous layer was extracted with EtOAc. The combined organic extracts 

were dried over MgSO4, filtered, and concentrated under vacuum. The residue was purified by flash 

chromatography (95:5 to 9:1 hexane–CH2Cl2) to afford compound 29 (23 mg, 57%) as a colourless oil. [α]22
D –

7.2 (c 0.63, CHCl3). IR (film) 3455 (OH) cm-1. 1H NMR (400 MHz, CDCl3, COSY, g-HSQC) δ 0.04 and 0.05 [s, 6H, 

CH3(TBS)], 0.82 (d, J = 6.4 Hz, 3H, CH3C-11), 0.88 [s, 9H, (CH3)3(TBS)], 0.96 (d, J = 6.8 Hz, 3H, CH3C-4/7), 1.00 (d, J 

= 6.8 Hz, 3H, CH3C-4/7), 1.05 [s, 9H, (CH3)3(TBDPS)], 1.20–1.29 (m ,1H, H-8), 1.32–1.48 (m, 4H, H-8, H-10, and H-

12), 1.55–1.68 (m, 2H, H-11 and H-12), 2.27–2.37 (m, 2H, H-4 and H-7), 3.64–3.75 (m, 3H, H-9 and H-13), 3.94–
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3.99 (m, 1H, H-3), 5.26 (dd, J = 15.6, 6.8 Hz, 1H, H-5), 5.40 (dd, J = 15.6, 8.0 Hz, 1H, H-6), 6.30 (dd, J = 14.4, 1.2 

Hz, 1H, H-1), 6.55 (dd, J = 14.4, 5.6 Hz, 1H, H-2), 7.35–7.44 (6H, ArH), 7.65–7.69 (4H, ArH). 13C NMR (100.6 MHz, 

CDCl3) δ –4.1 and –3.9 [(CH3)TBS], 15.5 (CH3), 18.1 and 19.2 (Cq), 20.0 (CH3C-11), 22.1 (CH3), 26.0 [(CH3)3(TBS)], 

26.2 (C-11), 26.9 [(CH3)3(TBDPS)], 33.1 (C-7), 40.4 (C-12), 42.4 (C-4), 44.2 (C-10), 45.2 (C-8), 61.9 (C-13), 69.2 (C-

9), 77.1 (C-1), 77.5 (C-3), 127.6 (CH-Ar), 128.6 (C-5), 129.5 (CH-Ar), 134.0 (CH-Ar), 135.5 (CH-Ar), 139.3 (C-6), 

146.2 (C-2). HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C38H61INaO3Si2 771.3096; found 771.3089. 

(1E,3S,4S,5E,7R,9R,11R)-9-[(tert-Butyldimethylsilyl)oxy]-13-[(tert-butyldiphenylsilyl)oxy]-1-iodo-4,7,11-

trimethyl-1,5-tridecadien-3-ol (30). First step: A mixture of 29 (30.6 mg, 41 µmol), 4-nitrobenzoic acid (30.6 mg, 

0.18 mmol), and PPh3 (56.4 mg, 0.20 mmol) in anhydrous toluene (0.6 mL) was stirred at room temperature for 

5 min. DEAD (41 µL, 0.20 mmol) was added dropwise, and the resulting yellow mixture was stirred for another 

16 h. The solvent was evaporated, and the residue was purified by column chromatography (from 9:1 to 1:1 

hexane-CH2Cl2) to give the p-nitrobenzoate derived from 29 as a light-yellow oil. Second step: This p-

nitrobenzoate was dissolved in MeOH (0.5 mL), and K2CO3 (8 mg, 56 µmmol) was added. The mixture was stirred 

at room temperature for 20 h and extracted with EtOAc. The combined organic extracts were dried, filtered, 

and concentrated. Flash column chromatography (95:5 hexane-CH2Cl2) gave 309 (22.4 mg, 74%) as a colourless 

oil. [α]22
D –20.6 (c 0.71, CHCl3). 1H NMR (400 MHz, CDCl3, COSY, g-HSQC) δ 0.00–0.10 (m, 6H, [(CH3)2TBS], 0.82 

(d, J = 6.8 Hz, 3H, CH3), 0.88 [s, 9H, (CH3)3], 0.95–1.01 (m, 6H), 1.05 [s, 9H, (CH3)3], 1.22–1.31 (m, 1H), 1.35–1.46 

(m, 4H), 1.54–1.62 (m, 2H), 1.71 (brs, 1H, OH), 2.18 (sex, J = 7.2 Hz, 1H), 2.28–2.39 (m, 1H), 3.63–3.79 (m, 4H), 

5.23 (dd, J = 15.2, 8.0 Hz, 1H), 5.44 (dd, J = 15.2, 7.6, 1H), 6.32–6.38 (m, 1H), 6.54 (dd, J = 14.4, 6.4 Hz, 1H), 7.34–

7.45 (m, 6H), 7.63–7.70 (m, 4H). 
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