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Two remarkable epimerization processes were uncovered during our pursuit of an enantioselective synthesis of (+)-aigia-      
lospirol featuring a cyclic acetal tethered ring-closing metathesis. Through modeling, we were able to turn these two unex-
pected epimerizations to our advantage via modeling to ensure a successful and concise total synthesis, thereby firmly estab-
lishing cyclic acetal tethered RCM as a powerful strategy in natural product synthesis. Most importantly, calculations allowed 
us to fully understand the nature and the mechanistic course of these two epimerizations that were imperative to the total syn-
thesis efforts. 

cyclic acetal, tethered RCM, (+)-aigialospirol, anomeric effect, and epimerization. 

 

 

 

1  Introduction 

In the last five years, we have been exploring chemistry of 
cyclic acetals [1, 2], which can serve either as an activator 
of 2-components for cationic cycloadditions via vinyl 
oxocarbenium ions [3], or as a unique tether for in-
tramolecular transformations that could lead to a useful 
strategy for constructing spiroketals (Figure 1) [4]. This 
program provided an invaluable opportunity for us to estab-
lish a fundamentally different, yet competitive, approach 
[5–7] compared to the classical spiroketal construction [4], 
while allowing us to explore the impact of the anomeric 
effect (~1.5 kcal/mol per anomeric effect) [8] on new reac-
tivities [5, 9] and stereochemical issues [6, 9].  

With exception of very few precedents [10–12], there 
have been no general studies on cyclic acetal tethered reac-
tions to construct spiroketals. The lack of interest in using 
acetals as tethers could be due to their overwhelming repu-         

 

Figure 1  A cyclic acetal tethered strategy for spiroketal synthesis. 

tation as protecting groups for carbonyls and alcohols and 
their perceived instability under hydrolytic conditions. 
However, we recognized that developing cyclic acetal teth-    
ered reactions would represent a fertile ground for discov-     
ering new synthetic strategies. Endeavors in pursuing 
strategies and approaches that are unconventional or even 
untapped have historically led to fertile grounds for uncov-
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ering new chemistry and for the advancement of synthesis. 
Of all the methods that have been developed, cyclic 

acetal tethered RCM [13] appears to be the most powerful 
method (Scheme 1). Combining the prevalence of spiroket-
als in biologically active natural products [1, 2] and the 
power of RCM has rendered this a fundamentally different 
approach truly significant in natural product synthesis [7, 
14]. More specifically, we became involved with the total 
synthesis of (+)-aigialospirol 4 [15] to demonstrate a point 
that the cyclic acetal tethered RCM strategy via 5 can lead 
to a competitive if not superior total synthesis than the clas-
sical spiroketal formation through diol-ketone 6. 

The isolation of (+)-aigialospirol 4 was reported by Isaka 
et al. [15]. It was obtained after an extended fermentation of 
the marine fungus Aigialus parvus BCC 5311 that was 
found in the mangrove Ascomycete. Although (+)-aigialospirol 
4 has not been implicated with any biological activities [16], 
it is biosynthetically related to (+)-hypothemycin 7 [17–20], 

which was isolated from the same fungus source. 
(+)-Hypothemycin 7 is the well-known for its potent anti-
malarial [21] and anticancer [22] activities.  

Specifically, 4 is postulated [15] to be derived from 
macro-lactone 8 via two steps, trans-lactonization and spi-
roketal formation. The macro-lactone 8 can be derived from 
a hydrative opening of the epoxide in 7 with inversion of  

 

Scheme 1  A cyclic acetal tethered RCM. 

 

Scheme 2  Biosynthetic relation between (+)-aigialospirol and (+)-  
hypothemycin. 

stereochemistry at C1′. Transformations in the reverse di-
rection (4  8 and 8  7) are not known. We had recently 
completed the first total synthesis of (+)-aigialospirol 4 [23] 
featuring the cyclic acetal tethered RCM strategy. We wish 
to disclose here in this full paper two very interesting epim-
erizations that were key to the success of this total synthesis 
endeavor. 

2  Experimental  

2.1  General 

All reactions were performed in flame-dried glassware un-
der a nitrogen atmosphere. Solvents were distilled prior to 
use. Reagents were used as purchased (Aldrich, Acros), 
except where noted. Chromatographic separations were 
performed using Bodman 60 Å SiO2. 

1H and 13C NMR 
spectra were obtained on Varian VI-300, VI-400, and VI-500 
spectrometers using CDCl3 (except where noted) with TMS 
or residual CHCl3 in the solvent as standard. Melting points 
were determined using a Laboratory Devices MEL-TEMP 
and are uncorrected/calibrated. Infrared spectra were ob-
tained using NaCl plates on a Bruker Equinox 55/S FT-IR 
Spectrophotometer, and relative intensities are expressed 
qualitatively as s (strong), m (medium), and w (weak). TLC 
analysis was performed using Aldrich 254 nm polyester- 
backed plates (60 Å, 250 m) and visualized using UV and 
a suitable chemical stain. Low-resolution mass spectra were 
obtained using an Agilent-1100-HPLC/MSD and can be 
either APCI or ESI, or an IonSpec HiRes-MALDI FT-Mass 
Spectrometer. High-resolution mass spectral analyses were 
performed at University of Wisconsin Mass Spectrometry 
Laboratories. All spectral data obtained for new compounds 
are reported. X-ray analyses were performed at the X-ray 
facility at University of Minnesota. 

2.2  Experimental procedures and characterizations 

Synthesis of -lactone 9  

-Lactone 9 was prepared from (S)-glycidol in 6 steps with 
an overall yield of 42% yield (1.28 g) [23].  

Rf = 0.11 (10% EtOAc in hexanes); On occasions, -lactone 
9 solidifies into a white solid upon standing: mp 71–72 C; 
[]D

20
 = 27.6 (c 0.71, CHCl3); 

1H NMR (400 MHz, CDCl3) 

 1.06 (s, 9H), 1.38 (s, 3H), 1.49 (s, 3H), 2.03 (ddd, J = 15.0, 
10.5, 3.5 Hz, 1H), 2.11 (dt, J = 15.0, 2.5 Hz, 1H), 3.77 (dd,  
J = 11.1, 3.9 Hz, 1H), 3.86 (dd, J = 11.3, 4.5 Hz, 1H), 4.59 
(d, J = 6.8 Hz, 1H), 4.63–4.71 (m, 2H), 7.37–7.46 (m, 6H), 
7.64–7.68 (m, 4H); 13C NMR (125 MHz, CDCl3)  19.5, 
24.3, 26.3, 27.0, 30.6, 65.2, 71.9, 73.1, 75.4, 110.9, 128.0, 
130.1, 132.9, 133.2, 135.7, 135.8, 168.3; IR (neat) cm1 
2932w, 2857w, 1749m, 1472w, 1427m, 1376m, 1260m, 
1209m, 1139m, 1110m, 1068m, 1041m, 1005m, 945m, 
871w, 822m, 802m, 737m, 701s; HRMS (MALDI) calcd 
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for C25H32O5NaSi 463.1911, found 463.1906. 

Synthesis of lactol 10 

To a solution of -lactone 9 (534.0 mg, 1.21 mmol) in Et2O 
(9 mL) was added vinyl magnesium bromide (1.0 M in THF: 
1.30 mL, 1.30 mmol, 1.07 equiv) carefully dropwise at 78 C. 
The pale yellow solution was stirred at 78 °C for 1 h be-
fore it was quenched with sat aq NH4Cl at that temperature. 
H2O was then added until all precipitate was dissolved. The 
resulting mixture was allowed to reach rt and was diluted 
with Et2O. The aqueous phase was separated and extracted 
with two portions of Et2O. The combined organic extracts 
were dried (MgSO4) and concentrated in vacuo to give a 
cloudy crude oil that was purified via silica gel flash column 
chromatography (eluted with 10% EtOAc/90% hexane) to 
afford a mixture of lactol 10 and vinyl ketone 11 in 88% 
combined yield (500.0 mg) as a colorless oil.  

Rf = 0.20 [10% EtOAc in hexanes]; []D
20

 = 9.82 (c 2.50, 
CHCl3); 

1H NMR (400 MHz, C6D6)  1.07 (s, 3H), 1.14 (s, 
9H), 1.16 (s, 12H), 1.169 (s, 9H), 1.171 (s, 3H), 1.41 (s, 3H), 
1.45 (s, 3H), 1.49 (s, 3H), 1.65–1.78 (m, 3H), 1.87 (dt, J = 

14.2, 3.9 Hz, 1H), 2.07 (dt, J = 14.6, 2.7, Hz, 1H), 2.54 (dt,  
J = 14.5, 11.9, 3.0 Hz, 1H), 2.77–2.78 (m, 1H), 2.91–2.92 
(m, 1H), 3.28–3.29 (m, 1H), 3.41 (dd, J = 10.6, 0.9 Hz, 1H), 
3.59–3.78 (m, 5H), 3.93–4.00 (m, 1H), 4.11 (d, J = 8.0 Hz, 
2H), 4.26–4.35 (m, 4H), 4.39 (d, J = 7.6 Hz, 1H), 4.42 (dt,  
J = 7.8, 2.7 Hz, 1H), 5.09 (dd, J = 10.5, 1.7 Hz, 1H), 5.17 
(dd, J = 10.7, 1.8 Hz, 1H), 5.19 (dd, J = 10.3, 1.9 Hz, 1H), 
5.64 (dd, J = 17.3, 1.7 Hz, 1H), 5.66 (dd, J = 17.2, 1.8 Hz, 
1H), 6.00 (dd, J = 17.2, 10.5 Hz, 1H), 6.24 (dd, J = 17.3, 1.9 
Hz, 1H), 6.40 (dd, J = 17.3, 10.6 Hz, 1H), 6.73 (dd, J = 17.3, 
10.5 Hz, 1H), 7.27–7.18 (m, 18H), 7.74–7.83 (m, 12H); IR 
(neat) cm1 3441w, 2931w, 2857w, 1753w, 1697w, 1472w, 
1427w, 1373w, 1262m, 1210m, 1110s, 1065m, 1041m, 
701s; HRMS (MALDI) calcd for C27H36O5NaSi 491.2224, 
found 491.2229. 

Preparations of cyclic acetals  

Note: Two batches of (each batch 573.6 mg of the mixture 
10 and 11) the same amount was done and combined during 
the purification process. A round-bottomed flask was charged 
with the mixture of 10 and 11 (573.6 mg, 1.22 mmol), 
CH2Cl2 (13 mL), activated pulverized 4 Å molecular sieves 
(1.10 g) and chiral homo-allylic alcohol 12 [24, 25] (1.05 g, 
12.24 mmol). The mixture was cooled to 78 C and a solu-
tion of Tf2NH (344.1 mg, 1.22 mmol) in CH2Cl2 (13 mL) 
was added via syringe (Note: This solution was freshly 
made prior to be used). The reaction mixture was stirred for 
1 h before it was quenched with Et3N (10 mL). The cooling 
bath was removed and the mixture was allowed to reach rt. 
After filtration through a pad of CeliteTM, the filtrate was 
concentrated in vacuo to give a crude yellow oil. At this 
point, the two identical batches were combined and purified 
via silica gel flash column chromatography (eluted with 5% 
EtOAc in hexanes) to afford cyclic acetal 14 in 76% yield 

(1.01 g) as a colorless oil. 
Rf = 0.23 (5% EtOAc in hexanes); []D

20
 = +3.85 (c 1.82, 

CH2Cl2); 
1H NMR (500 MHz, C6D6)  1.08 (d, J = 6.3 Hz, 

3H), 1.16 (s, 3H), 1.18 (s, 9H), 1.43 (s, 3H), 1.87 (dt, J = 

12.4, 1.5 Hz, 1H), 2.13–2.24 (m, 3H), 3.74 (dd, J = 10.5, 5.6 
Hz, 1H), 3.94 (dd, J = 10.4, 5.6 Hz, 1H), 4.06–4.12 (m, 1H), 
4.24 (d, J = 7.6 Hz, 1H), 4.49 (dd, J = 7.4, 2.6 Hz, 1H), 4.56 
(dtd, J = 10.7, 5.6, 2.0 Hz, 1H), 4.91–4.99 (m, 2H), 5.28 (dd, 
J = 8.8, 3.9 Hz, 1H), 5.68 (ddt, J = 17.2, 10.1, 7.1 Hz, 1H), 
5.77–5.86 (m, 2H), 7.22–7.24 (m, 6H), 7.80–7.85 (m, 4H); 

13C NMR (125 MHz)  In C6D6: 19.5, 21.5, 24.0, 26.6, 27.1, 
31.0, 43.0, 66.9, 68.1, 69.6, 70.9, 76.6, 98.5, 108.3, 117.1, 
118.1, 128.1, 130.0, 133.9, 134.1, 135.3, 136.07, 136.15, 
138.3 (missing two aryl carbons due to overlap); in CDCl3: 
19.6, 21.5, 24.2, 26.5, 27.1, 30.8, 42.7, 66.9, 67.7, 69.3, 
70.8, 76.3, 98.0, 108.5, 117.3, 118.5, 127.9, 128.0, 129.9, 
133.8, 133.9, 135.0, 135.9, 136.0, 137.7 (missing one aryl 
carbon due to overlapping para-carbons of the TBDPS 
group at 129.9 ppm); IR (neat) cm1 3073w, 2930m, 2859w, 
1375w, 1263w, 1212m, 1107s, 1053s, 998s, 824m, 703s; 
HRMS (MALDI) calcd for C32H44O5NaSi 559.2850, found 
559.2821. 

Cyclic acetal 13: Rf = 0.52 (20% EtOAc in hexanes); 
[]D

20
 = +10.52 (c 1.1, CHCl3); 

1H NMR (400 MHz, C6D6)  
7.78–7.85 (m, 4H), 7.20–7.25 (m, 6H), 5.84 (dd, 1H, J = 

17.2, 10.4 Hz), 5.75 (dd, 1H, J = 7.2, 5.2 Hz), 5.70 (dd, 1H, 
J = 7.2, 5.2 Hz), 5.29 (dd, 1H, J = 10.4, 2.4 Hz), 5.03 (dt, 1H, 
J = 2.0, 1.2 Hz), 4.95 (ddt, 1H, J = 9.2, 1.2, 0.8 Hz), 4.49 (m, 
2H), 4.23 (d, 1H, J = 7.6 Hz), 3.78 (m, 2H), 3.62 (dt, 1H, J = 

9.6, 6.8 Hz), 3.46 (dt, 1H, J = 9.6, 6.8 Hz), 2.23 (ddd, 1H,  
J = 14.0, 12.4, 3.6 Hz), 2.17 (q, 2H, J = 6.8 Hz), 1.84 (dt, 1H, 
J = 14.0, 2.0 Hz), 1.44 (s, 3H), 1.17 (s, 9H), 1.15 (s, 3H); 
13C NMR (100 MHz, C6D6)  137.8, 136.2, 136.2, 136.1, 
134.2, 134.0, 130.0, 130.0, 118.3, 116.3, 108.5, 98.6, 76.8, 
71.0, 69.5, 68.1, 60.6, 34.9, 30.3, 27.2, 26.5, 23.9, 19.6; IR 
(neat) cm1 3072w, 2931m, 2858m, 2360w, 1782m, 1685w, 
1428m, 1262m, 1210m, 1111s, 1061s, 997s; HRMS (ESI) 
calcd for C31H42O5Si 545.2699, found 545.2711. 

Cyclic acetal tethered RCM 

To a purple solution of the Grubbs’ first generation catalyst 
(129.0 mg, 0.157 mmol) in toluene (270 mL) was added a 
solution of cyclic acetal 14 (676.0 mg, 1.26 mmol) in tolu-
ene (60 mL). The mixture was stirred at rt for 3 h. Subse-
quently, it was concentrated in vacuo to give a crude brown 
oil that was purified via silica gel flash column chromatog-
raphy (eluted with 5% EtOAc in hexanes) to yield the pure 
spiroketal 16 in 86% yield (554.0 mg) as a colorless oil. 

Rf = 0.20 (5% EtOAc in hexanes); []D
20

 = +20.9 (c 0.77, 

CHCl3); 
1H NMR (500 MHz, C6D6)  1.03 (d, J = 6.3 Hz, 

3H), 1.17 (s, 9H), 1.23 (s, 3H), 1.52 (s, 3H), 1.58–1.68 (m, 
3H), 2.06 (ddd, J = 14.1, 3.4, 2.2 Hz, 1H), 2.32 (ddd, J = 

14.4, 11.7, 3.2 Hz, 1H), 3.64–3.70 (m, 1H), 3.83 (dd, J = 

10.1, 6.2 Hz, 1H), 3.92 (dd, J = 10.0, 4.9 Hz, 1H), 4.42 (dt,  
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J = 7.6, 2.7 Hz, 1H), 4.48–4.53 (m, 1H), 5.68 (ddd, J = 10.3, 
4.6, 3.7 Hz, 1H), 6.18 (dt, J = 10.3, 2.0 Hz, 1H), 7.15–7.21 
(m, 6H), 7.79–7.83 (m, 4H); 13C NMR (125 MHz)  In C6D6: 
19.6, 21.9, 24.3, 26.6, 27.2, 28.8, 31.1, 68.0, 68.6, 69.5, 
71.1, 75.3, 95.3, 108.9, 126.3, 129.2, 129.82, 129.84, 134.3, 
134.4, 136.1, 136.2 (missing two aryl carbons due to over-
lap); in CDCl3: 19.6, 22.0, 24.5, 26.5, 27.2, 28.6, 31.2, 68.0, 
68.2, 69.2, 70.9, 75.1, 95.1, 109.1, 127.7, 127.8, 127.9, 
128.0, 129.7, 129.8, 134.1, 135.9, 136.0 (missing one aryl 
carbon due to overlapping Si-substituted ipso-carbons of the 
TBDPS group at 129.9 ppm); IR (neat) cm1 3071w, 3050w, 
2931m, 1428w, 1371m, 1262w, 1210m, 1166m, 1139m, 
1111s, 1032s, 823m, 700s; HRMS (MALDI) calcd for 
C30H40O5NaSi 531.2537, found 531.2550. 

Spiroketal 15: Rf = 0.53 (20% EtOAc in hexanes); []D
20

 = 

17.69 (c 0.9, CHCl3); 
1H NMR (400 MHz, C6D6)  7.83 

(m, 4H), 7.22 (m, 6H), 6.28 (ddd, 1H, J = 10.4, 2.8, 1.6 Hz), 
5.71 (ddd, 1H, J = 10.4, 5.6, 1.6 Hz), 4.50 (ddd, 1H, J = 7.6, 
2.8, 2.0 Hz), 4.45 (ddd, 1H, J = 10.8, 3.2, 1.6 Hz), 4.13 (d, 
1H, J = 7.6 Hz), 3.95 (ddd, 1H, J = 12.0, 11.6, 3.6 Hz), 3.79 
(ddd, 2H, J = 19.2, 10.4, 5.2 Hz), 3.44 (dd, 1H, J = 10.8, 6.4 
Hz), 2.44 (ddd, 1H, J = 14.4, 8.8, 2.8 Hz), 1.98 (m, 1H), 
1.91 (ddd, 1H, J = 14.0, 2.8, 2.0 Hz), 1.51 (s, 3H), 1.18 (s, 
12H); 13C NMR (100 MHz, C6D6)  136.2, 136.1, 134.3, 
134.1, 130.0, 129.9, 128.9, 128.3, 128.1, 128.0, 127.8, 
127.5, 108.8, 93.9, 76.7, 71.1, 69.4, 68.5, 57.7, 29.1, 27.2, 
26.5, 24.9, 24.1, 19.6; IR (neat) cm1 3071w, 2932m, 2859w, 
1473m, 1381m, 1371m, 1266m, 1138s, 1028s; HRMS (ESI) 
calcd for C29H38O5Si 494.6950, found 494.6950. 

Hydrolytic epimerization of spiroketal 16 
To a solution of spiroketal 16 (9.00 mg, 0.018 mmol) in 
MeOH (1 mL) was added p-TsOH (0.50 mg, 0.0027 mmol, 
practical grade). The mixture was stirred at rt for 1 h until 
TLC showed completion consumption of 16. (Note: The 
reaction time varied, and thus, it should be carefully moni-
tored via TLC analysis.) The reaction mixture was concen-
trated in vacuo and diluted with CH2Cl2 (10 mL). The re-
sulting solution was washed with sat aq NaHCO3 (1 mL). 
The aqueous layer was extracted with CH2Cl2 (3 × 5 mL). 
The combined organic layers were dried (MgSO4) and con-
centrated in vacuo to afford a crude residue that was purified 
via silica gel flash column chromatography (eluted with 2% 
MeOH in CH2Cl2) to afford diol 17 in 81% yield (6.70 mg) 
as a white solid. 

Rf = 0.16 (2% MeOH in CH2Cl2); mp 43–45 C; []D
20

 = 

+51.8 (c 0.62, CH2Cl2); 
1H NMR (500 MHz, C6D6)  0.90 (d, 

J = 6.3 Hz, 3H), 1.17 (s, 9H), 1.39–1.48 (m, 2H), 1.62 (ddt, 
J = 17.6, 11.0, 2.4 Hz, 1H), 1.91 (ddd, J = 13.9, 3.4, 2.4 Hz, 
1H), 2.61 (d, J = 10.9 Hz, 1H), 3.30 (dd, J = 10.4, 3.4 Hz, 
1H), 3.49 (d, J = 10.6 Hz, 1H), 3.65 (dd, J = 10.6, 4.3 Hz, 
1H), 3.74 (dd, J = 10.6, 5.7 Hz, 1H), 3.98 (dqd, J = 10.9, 6.3, 
3.3 Hz, 1H), 4.05–4.09 (m, 1H), 4.14–4.19 (m, 1H), 5.56 
(ddd, J = 10.0, 2.7, 1.3 Hz, 1H), 5.72 (ddd, J = 10.0, 5.9, 1.9 

Hz, 1H), 7.22–7.24 (m, 6H), 7.80–7.84 (m, 4H); 13C NMR 
(125 MHz)  In C6D6: 19.6, 20.8, 27.1, 31.7, 35.2, 64.5, 
65.5, 67.2, 69.3, 71.4, 99.3, 128.4, 129.1, 129.99, 130.03, 
134.10, 134.14, 136.16, 136.18; in CDCl3: 19.6, 21.4, 27.1, 
31.9, 35.3, 64.8, 65.3, 66.9, 71.3, 99.1, 127.5, 127.8, 127.9, 
129.9, 130.0, 130.3, 133.8, 133.9, 135.9, 136.0; IR (CH2Cl2 
film) cm1 3497br, 3047w, 2930m, 2857m, 1589w, 1427m, 
1111s, 1066s, 1012s, 822m, 740m, 702s; HRMS (MALDI) 
calcd for C27H36O5NaSi 491.2224, found 491.2269. 

Synthesis of aldehyde 19 
To a solution of spiroketal 16 (138.5 mg, 0.27 mmol) in 
THF (10 mL) was added tetra-n-butylammonium fluoride 
(1.0 M in THF: 0.41 mL, 0.41 mmol). The resulting yellow 
solution was stirred at rt for 22 h. The mixture was concen-
trated in vacuo to give a crude residue that was purified via 
silica gel flash column chromatography (eluted with 35% 
EtOAc in hexanes) to afford the desired alcohol in 98% 
yield (72.3 mg) as a white solid. 

Rf = 0.18 (35% EtOAc in hexanes); mp 131–134 C; 
[]D

20
 = +108.9 (c 0.52, CHCl3); 

1H NMR (400 MHz, C6D6) 

 0.97 (d, J = 6.1 Hz, 3H), 1.23 (d, J = 0.4 Hz, 3H), 1.44 
(dddd, J = 17.1, 5.5, 3.8, 1.4 Hz, 1H), 1.52 (d, J = 0.4 Hz, 
3H), 1.60 (ddt, J = 17.4, 9.1, 2.6 Hz, 1H), 1.64 (ddd, J = 14.4, 
4.2, 2.6 Hz, 1H), 2.47 (ddd, J = 14.6, 12.0, 2.8 Hz, 1H), 2.83 
(dd, J = 8.9, 2.6 Hz, 1H), 3.37 (ddd, J = 11.5, 8.8, 2.9 Hz, 
1H), 3.55 (dqd, J = 9.3, 6.2, 3.6 Hz, 1H), 3.81 (dt, J = 11.4, 
2.6 Hz, 1H), 3.97 (d, J = 7.7 Hz, 1H), 4.27–4.33 (m, 2H), 
5.65 (ddd, J = 10.3, 5.7, 2.6 Hz, 1H), 6.13 (ddd, J = 10.3, 2.6, 
1.4 Hz, 1H); 13C NMR (125 MHz, C6D6)  21.5, 24.4, 25.4, 
26.5, 31.1, 65.5, 68.4, 70.2, 70.8, 74.3, 95.5, 108.9, 126.8, 
128.5; IR (neat) cm1 3447brw, 3050w, 2979w, 2921w, 
1451w, 1431w, 1382m, 1370m, 1209m, 1168m, 1035s, 1016s; 
mass spectrum (APCI): m/e (% relative intensity) 271 (10) 
(M + H)+, 253 (7) ([M+H]H2O)+, 227 (5), 213 (100), 195 
(37), 167 (80); HRMS (ESI) calcd for C14H22O5NaSi 
293.1365, found 293.1353. 

To a solution of the above alcohol (117.1 mg, 0.43 mmol) 
in CH2Cl2 (4.6 mL) were added iodobenzene diacetate 
(153.5 mg, 0.48 mmol) and then 2,2,6,6-tetramethylpiperidine- 
1-oxyl (TEMPO) (8.50 mg, 0.054 mmol). The resulting 
orange solution was stirred at rt for 21 h before it was 
quenched with sat aq Na2S2O3 (5.0 mL). The mixture was 
extracted with CH2Cl2 (3 × 10 mL), and the combined or-
ganic extracts were dried (Na2SO4) and concentrated in 
vacuo to give a yellow/orange oil that was purified via silica 
gel flash column chromatography (eluted with 15% EtOAc 
in hexanes to remove impurities and 30% EtOAc in hexanes) 
to afford aldehyde 19 in 78% yield (90.6 mg) as a white 
solid. 

Rf = 0.66 (20% EtOAc in hexanes); mp 62–63 C; []D
20

 = 

+136.7 (c 0.73, CHCl3); 
1H NMR (500 MHz, C6D6)  0.96 

(d, J = 6.4 Hz, 3H), 1.18 (s, 3H), 1.46 (s, 3H), 1.56–1.59 (m, 
2H), 2.04 (ddd, J = 14.4, 5.7, 2.8 Hz, 1H), 2.21 (ddd, J = 
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14.4, 11.1, 3.1 Hz, 1H), 3.52–3.58 (m, 1H), 3.84 (d, J = 7.4 
Hz, 1H), 4.17 (dt, J = 7.6, 2.9 Hz, 1H), 4.34 (dd, J = 11.1, 
5.7 Hz, 1H), 5.67 (ddd, J = 10.3, 4.7, 3.6 Hz, 1H), 6.14 (dt,  
J = 10.4, 2.0 Hz, 1H), 9.81 (s, 1H); 13C NMR (125 MHz, 
C6D6)  21.5, 24.7, 25.3, 26.7, 30.9, 68.2, 70.3, 73.8, 75.1, 
95.6, 109.3, 127.2, 127.8, 203.2; IR (neat) cm1 2984w, 
2936w, 1735s, 1381s; mass spectrum (APCI): m/e (% rela-
tive intensity) 269 (15) (M + H)+. 

Preparation of amide 20 

To a solution of 4-methoxysalicylic acid (2.52 g, 15.0 mmol) 
in DMF (12 mL) was added diisopropylethylamine (9.40 
mL, 54.0 mmol) and tert-butyldimethylsilyl chloride (5.65 g, 
37.5 mL). The mixture was vigorously stirred at rt for 3 h. 
The reaction mixture was poured over H2O (30 mL) and 
extracted with Et2O (4 × 50 mL). The combined organic 
extracts were washed with sat aq NaCl (2 × 25 mL), dried 
over MgSO4, and concentrated in vacuo to yield a yellow 
oil that was purified via silica gel flash column chromatog-
raphy (eluted with 2% EtOAc in hexanes) to afford the de-
sired silyl ester in 74% yield (4.40 g) as a colorless oil.26  

Rf = 0.21 (2% EtOAc in hexanes); 1H NMR (400 MHz, 
CDCl3)  0.19 (s, 6H), 0.32 (s, 6H), 0.97 (s, 9H), 0.99 (s, 
9H), 3.78 (s, 3H), 6.37 (d, J = 2.5 Hz, 1H), 6.49 (dd, J = 8.8, 
2.5 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H); 13C NMR (100 MHz, 
CDCl3)  4.4, 4.2, 18.0, 18.7, 26.0, 26.1, 55.5, 106.9, 
107.5, 116.6, 133.7, 158.4, 163.7, 164.8; IR (neat) cm1 
2954w, 2930w, 2858w, 1704m, 1606m, 1493w, 1463m, 
1443m, 1337w, 1251s, 1169m, 1149m, 1134m, 1082s, 834s, 
782s; HRMS (ESI) calcd for C20H37O4Si2 397.2230, found 
397.2221. 

To a solution of the above silyl ester (250.0 mg, 0.630 
mmol) in CH2Cl2 (0.6 mL) was added a drop of DMF. After 
cooling to 0 C in an ice-water bath, oxalyl chloride (88.0 
mg, 0.060 mL, 0.693 mmol) was added dropwise at a rate to 
maintain the control of the reaction. The resulting yellow 
solution was stirred 0 °C for 1.5 h before the ice bath was 
removed and the mixture was further stirred overnight. Af-
ter which, the reaction mixture was concentrated in vacuo, 
re-diluted with fresh CH2Cl2, and re-concentrated in vacuo 
to afford the crude acyl chloride. 

To a solution of the crude acyl chloride prepared above 
in CH2Cl2 (0.6 mL) was added diethylamine (93.0 mg, 0.13 
mL, 1.26 mmol) at rt dropwise at a rate to maintain the con-
trol of the reaction. The resulting mixture was stirred for 1 h 
before being concentrated in vacuo to afford a crude residue 
that was purified via silica gel flash column chromatogra-
phy (eluted with 20% EtOAc in hexanes) to yield the de-
sired amide 20 in 56% yield (119.0 mg) as a colorless oil. 

Rf = 0.41 (20% EtOAc in hexanes); 1H NMR (400 MHz, 
CDCl3)  0.22 (s, 6H), 0.96 (s, 9H), 1.01 (t, J = 7.1 Hz, 3H), 
1.23 (t, J = 7.2 Hz, 3H), 3.10–3.34 (broad m, 2H), 3.34–3.70 
(broad m, 2H), 3.78 (s, 3H), 6.36 (d, J = 2.3 Hz, 1H), 6.53 
(dd, J = 8.5, 2.3 Hz, 1H), 7.12 (d, J = 8.4 Hz, 1H); 13C NMR 

(100 MHz, CDCl3)  13.5, 14.4, 18.3, 25.8, 39.5, 43.1, 55.5, 
106.0, 106.5, 123.0, 128.8, 152.5, 160.9, 169.3 [missing two 
Me carbon resonances from the TBS group due to rotameric 
line broadening]; IR (neat) cm1 2933w, 2898w, 2860w, 
1632brm, 1608brm, 1463brm, 1428br, 1288m, 1255m, 
1166m, 839s, 783s; mass spectrum (APCI): m/e (% relative 
intensity) 338 (100) (M + H)+; HRMS (MALDI) calcd for 
C18H32O3NSi 338.2146, found 338.2131. 

Addition to aldehyde 19 

To a round-bottomed flask charged with anhyd THF (1.2 mL) 
were added tetramethylethylenediamine (19.8 mg, 0.030 
mL, 0.17 mmol) and s-BuLi (1.4 M in cyclohexane: 0.12 mL, 
0.17 mmol) at 78 C via syringe. The deep yellow solution 
was stirred for 2 min before a solution of amide 20 (57.6 mg, 
0.17 mmol) in THF (0.3 mL) was added dropwise also via 
syringe. The pale yellow solution was stirred for 45 min at 
78 C before a solution of aldehyde 19 (41.6 mg, 0.155 
mmol) in THF (0.3 mL) was added. Additional THF (0.2 
mL) was used to ensure complete transferred of the alde-
hyde. The mixture was stirred for 1 h at 78 C and 2.5 h at 
rt, and it was quenched with H2O (3 mL) and extracted with 
Et2O (3 × 5 mL). The combined organic layers were dried 
(Na2SO4) and concentrated in vacuo to give a crude mixture 
that was purified via silica gel flash column chromatogra-
phy (eluted with 10%–60% EtOAc in hexanes) to afford 
secondary alcohols 21-syn (18.5 mg) and 21-anti (28.8 mg) 
in a combined 50% yield. 

21-syn: colorless thick oil; Rf = 0.34 (35% EtOAc in 
hexanes); 1H NMR (400 MHz, C6D6)  0.15 (s, 3H), 0.21 (s, 
3H), 0.79 (t, J = 7.1 Hz, 3H), 0.98 (s, 9H), 0.99 (d, J = 6.2 
Hz, 3H), 1.09 (t, J = 7.1 Hz, 3H), 1.19 (s, 3H), 1.34–1.40 (m, 
1H), 1.55 (s, 3H), 1.62 (ddt, J = 13.6, 9.8, 2.3 Hz, 1H), 
1.86–1.90 (m, 1H), 2.52–2.58 (m, 1H), 2.94 (q, J = 7.1 Hz, 
2H), 3.10 (sextet, J = 7.2 Hz, 1H), 3.39 (s, 3H), 3.49–3.60 
(m, 2H), 3.97 (d, J = 7.6 Hz, 1H), 4.32 (dt, J = 7.8, 2.7 Hz, 
1H), 4.58 (s, 1H), 5.24–5.27 (m, 2H), 5.63 (ddd, J = 10.3, 
5.8, 2.0 Hz, 1H), 6.16 (dd, J = 10.3, 1.8 Hz, 1H), 6.58 (d, J = 

2.5 Hz, 1H), 7.39 (d, J = 2.5 Hz, 1H); mass spectrum 
(APCI): m/e (% relative intensity) 606 (100) (M + H)+, 588 
(33) ([M + H]+-H2O), 570 (20), 548 (8) ([M+H]+tBu), 530 
(15), 512 (10), 475 (15). 

21-anti: colorless thick oil; Rf = 0.20 (35% EtOAc in 
hexane); 1H NMR (400 MHz, C6D6)  0.15 (s, 3H), 0.22 (s, 
3H), 0.99 (d, J = 6.2 Hz, 3H), 1.01 (s, 9H), 1.07 (t, J = 7.1 
Hz, 3H), 1.21 (s, 3H), 1.28 (t, J = 7.0 Hz, 3H), 1.30–1.40 (m, 
1H), 1.52 (s, 3H), 1.52-1.62 (m, 1H), 1.93 (ddd, J = 15.0, 
4.3, 3.1 Hz, 1H), 2.62 (ddd, J = 15.0, 12.0, 2.7 Hz, 1H), 
2.96–3.05 (m, 1H), 3.26 (qd, J = 7.7, 1.1 Hz, 2H), 3.32 (s, 
3H), 3.48–3.53 (m, 1H), 3.94 (d, J = 7.6 Hz, 1H), 4.00–4.09 
(m, 1H), 4.28 (dt, J = 7.8, 2.5 Hz, 1H), 4.40 (s, 1H), 4.69 (dt, 
J = 12.1, 4.1 Hz, 1H), 5.60–5.64 (m, 2H), 6.06 (dd, J = 10.4, 
1.9 Hz, 1H), 6.55 (d, J = 2.3 Hz, 1H), 7.20 (d, J = 2.3 Hz, 
1H); mass spectrum (APCI): m/e (% relative intensity) 606 
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(100) (M + H)+, 588 (25) ([M + H]+H2O), 570 (15), 548 (7) 
([M+H]+-tBu), 530 (10), 512 (8), 475 (15).  

Data as mixture 21-syn + 21-anti: []D
20

 = +24.3 (c 0.070, 

C6H6); IR (neat) cm1 3430brm, 3242brm, 2936brm, 1767m, 
1675m, 1606s, 1464s, 1257m, 1160s, 1023s, 840s; HRMS 
(ESI) calcd for C32H51NO8NaSi 628.3282, found 628.3287. 

Synthesis of lactone 22-syn 

To a solution of alcohol 21-syn (7.20 mg, 0.0119 mmol) in a 
ternary solvent mixture consisting of MeOH (0.6 mL), THF 
(0.2 mL), and H2O (0.06 mL) was added KOH (6.70 mg, 
0.119 mmol). The resulting mixture was stirred at rt over-
night before being partitioned between H2O (5 mL) and 
CH2Cl2 (5 mL). The mixture was extracted with CH2Cl2 (3 × 

5 mL). The combined organic extracts were dried (Na2SO4) 
and concentrated in vacuo to give a crude oil that was puri-
fied via preparative TLC (eluted with 5% MeOH in CH2Cl2) 
to afford lactone 22-syn in 71% yield (2.60 mg) as a thick 
oil along with the recovered but desilylated starting material 
(1.70 mg, 29%). 

Rf = 0.75 (5% MeOH in CH2Cl2); []D
20

 = 37.9 (c 0.68, 
CHCl3); 

1H NMR (400 MHz, CDCl3)  1.30 (d, J = 6.2 Hz, 
3H), 1.33 (s, 3H), 1.44 (s, 3H), 1.99 (ddt, J = 17.3, 7.6, 3.0 
Hz, 1H), 2.09–2.18 (m, 2H), 2.40 (ddd, J = 14.5, 11.3, 3.1 
Hz, 1H), 3.83 (s, 3H), 3.99–4.06 (m, 2H), 4.14 (d, J = 7.6 
Hz, 1H), 4.60 (dt, J = 7.6, 2.7 Hz, 1H), 5.34 (d, J = 8.0 Hz, 
1H), 5.88 (dt, J = 10.3, 2.0 Hz, 1H), 6.07 (ddd, J = 10.2, 4.8, 
3.3 Hz, 1H), 6.43 (d, J = 1.7 Hz, 1H), 6.69 (d, J = 0.9 Hz, 
1H), 7.65 (br s, 1H); 13C NMR (100 MHz, CDCl3)  21.9, 
24.5, 26.5, 27.5, 31.1, 56.1, 68.3, 70.2, 70.4, 74.9, 84.2, 
95.5, 101.2, 103.0, 104.5, 109.4, 127.4, 127.8, 150.5, 157.7, 
167.2, 171.9; IR (neat) cm1 2928w, 1733s, 1612s, 1480m, 
1372m, 1320m, 1253m, 1213m, 1153s, 1032s, 849m; mass 
spectrum (APCI): m/e (% relative intensity) 419 (3) (M + 

H)+, 401 (7), 361 (100), 343 (25), 317 (20), 167 (5); HRMS 
(ESI) calcd for C22H26O8Na 441.1525, found 441.1529. 

Synthesis of (+)-aigialospirol 4 

To a solution of lactone 22-syn (28.0 mg, 0.067 mmol) in 
MeOH (4 mL) was added p-TsOH (2.70 mg, 0.014 mmol, 
practical grade). The mixture was stirred at rt for 4 h before 
it was concentrated in vacuo and diluted with CH2Cl2 (10 
mL). The solution was washed with sat aq NaHCO3 (10 
mL). The aqueous layer was extracted with CH2Cl2 (3 × 10 
mL), and the combined organic layers were dried (Na2SO4) 
and concentrated in vacuo. The resulting crude residue was 
purified via preparative TLC (eluted with 5% MeOH in 
CH2Cl2) to afford (+)-aigialospirol 4 in 53% yield (13.4 mg) 
as a white solid.  

Rf = 0.49 (5% MeOH in CH2Cl2); mp 90–94 C; lit.ref 
85–89 C; []D

20
 = +79.2 (c 0.67, CHCl3); lit.

ref []D
25

 = +47 (c 

0.50, CHCl3); 
1H NMR (500 MHz, CDCl3)  1.27 (d, J = 6.1 

Hz, 3H), 1.89 (ddd, J = 14.2, 11.9, 2.6 Hz, 1H), 2.03–2.08 
(m, 3H), 2.54 (d, J = 10.5 Hz, 1H), 3.44 (d, J = 10.5 Hz, 1H), 

3.52 (dd, J = 9.9, 3.3 Hz, 1H), 3.86 (s, 3H), 4.01 (m, 1H), 
4.12–4.18 (m, 2H), 5.36 (d, J = 5.9 Hz, 1H), 5.67 (dt, J = 

10.0, 2.0 Hz, 1H), 6.17 (dt, J = 10.0, 4.0 Hz, 1H), 6.48 (d,  
J = 1.7 Hz, 1H), 6.60 (s, 1H), 7.68 (s, 1H); 13C NMR (100 
MHz, CDCl3)  21.1, 31.4, 33.6, 56.0, 65.0, 65.8, 68.3, 70.7, 
82.3, 99.1, 101.2, 101.6, 104.3, 126.5, 130.5, 149.1, 157.7, 
167.3, 171.3; IR (CHCl3 film) cm-1 3452brm, 3013w, 
2970w, 2930w, 1736s, 1612s, 1444m, 1381m, 1316m, 
1216m, 1154s, 1063s, 997s, 843w; mass spectrum (APCI): 
m/e (% relative intensity) 379 (15) (M + H)+, 361 (100) ([M + 

H]H2O)+, 343 (25), 317 (12), 307 (10), 253 (37), 235 (16), 
219 (7), 146 (98), 127 (10), 116 (7), 101 (30); HRMS (ESI) 
calcd for C19H22O8Na 401.1212, found 401.1208. 

3  Results and discussion 

3.1  Epimerization of the C6′ spiroketal carbon 

Synthesis of key cyclic acetal RCM precursor commenced 
with -lactone 9, which was prepared in grams quantity 
from (S)-glycidol in 6 steps [23, 27] (Scheme 3). A high 
yielding vinyl magnesium Grignard addition followed by 
acetalization using 1.0 equiv of Tf2NH at 78 °C for 1 h [7, 
9, 28] led to cyclic acetals 13 and 14 in 76% and 46% yield 
as a single diastereomer, respectively, from 3-butene-1-ol (as 
a model system), and chiral homo-allylic alcohol 12 [24, 25].  

One distinct advantage of cyclic acetal tethered strategies 
for spiroketal synthesis is the high level of stereochemical 
control at the acetal carbon during the cyclic acetal con-
struction, taking advantage of well-known anomerically 
favored axial addition in glycosylation chemistry [8, 29, 30]. 
However, nOe experiments on both 13 and 14 quickly con-
firm that while the stereoselectivity was very high in these 
cyclic acetal formations, the stereochemistry of the acetal 
carbon at C6′ is wrong. As shown in Figure 2, the homo- 
allyloxy group at C6′ is actually alpha in 13 and 14, thereby 
suggesting that the glycosylation process took place in an 
anti-anomeric manner via oxocarbenium ion A. The ano-
merically favored addition of ROH to A would have given 
the desired C6′ stereochemistry for (+)-aigialospirol (4).  

 

Scheme 3  Cyclic acetal RCM precursors. 
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Figure 2  Stereochemistry of the cyclic acetal carbon C6′. 

This unexpected outcome is actually quite reasonable 
based on conformational considerations of oxocarbenium 
ion A, which would fit perfectly Woerpel’s stereoelectronic 
model [29]: (a) The C2′ substituent could dominate by 
holding an equatorial position based on sterics; (b) the CO 
bond at C4′ would be stereoelectronically favored to assume 
the equatorial position to minimize unfavorable *C-O over-
lapping with the electron-deficient C6′ oxocarbenium car-
bon; and (c) the CO bond at C5′ is also stereoelectronically 
favored to occupy the axial position. With these analyses, 
the anomerically favored axial entrance is completely 
blocked by the acetonide methyl group. It is also notewor-
thy that cyclic acetals 13 and 14 prefer two different con-
formations in the pyranyl ring, chair in the former and boat 
in the latter. This is likely due to the fact that the C10′ Me 
group in 14 would experience a greater 1,3-diaxial interac-
tion (than that in 13) with the C2′ methylene group when in 
a chair conformation. 

Ring-closing metathesis of cyclic acetal 13 and 14 pro-
ceeded smoothly to give spiroketal 15 and 16 in 86% yield, 
respectively, employing 12.5 mol% Grubb’s Gen-I catalyst 
(Scheme 4). Once again, nOe experiments on both 15 and 
16 further confirmed that the stereochemistry at the C6′ 
spiroketal center is wrong in the context of (+)-aigialospirol 
4 synthesis. In addition, while 15 tended to decompose un-
der acidic conditions, removal the acetonide group in 16 
using p-TsOH led to complete epimerization of stereocenter 
at the C6′ spiroketal carbon, as evident by both nOe and 
X-ray structure of diol 17 (Scheme 5). 

B3LYP/6-31G* calculations [carried out using simplified 
model where the TBDPS group is replaced with Me group] 
revealed that the acetonide protected spiroketal 16 is actu-
ally 0.68 kcal mol1 more stable than its corresponding 
C6′-epimer, whereas E is 2.13 kcal mol1 in favor of 17 
over its C6′-epimer (Figure 3). Such a huge enhancement in 
the stability is likely a result of hydrogen bonding between 
C4′-OH and spiroketal oxygen, which was also seen in the  

 

Scheme 4  The key cyclic acetal tethered RCM. 

 

Scheme 5  Acid induced C6’ epimerization. 

 

Figure 3  Energetics of 16, 17 and their respective C6′ epimers. 

X-ray structure and the minimized molecular model of 17. It 
is noteworthy that the minimized conformational models of 
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16 and 17 are in close agreement with those predicted from 
nOe experiments (Scheme 4). 

This key epimerization provided us with a window of 
opportunity to succeed in a total synthesis of (+)-aigialospirol 
4 through diol 17. However, the ensuing protecting group 
game using 17 was both messy and laborious (Scheme 5). 
In particular, the triol intermediate after removing the 
TBDPS group in 17 was difficult to handle given its polarity 
and water solubility. Fortuitously, B3LYP/6-31G* calcula-
tions once again demonstrate that the natural product 
(+)-aigialospirol 4 itself is also more stable than its C6′ 
epimer with a E is 1.34 kcal mol1 (Figure 4) presumably 
also experiencing the favourable hydrogen bonding between 
C4′-OH and spiroketal oxygen (blue arrow). Consequently, 
we elected to use 16 for the total synthesis and hoped to 
achieve a late stage C6′ epimerization under acidic condi-
tions. 

3.2  The unusual C1′-epimerization 

As shown in Scheme 6, to continue our total synthesis effort,  

 

Figure 4  Energetics of (+)-aigialospirol 4 and C6′-epi-4. 

 
Scheme 6  Synthesis of epimeric C1′ alcohols via DOM. 

desilylation followed by oxidation of 16 gave aldehyde 19. 
Snieckus’ directed ortho-metallation [31] using amide 20 
[26] proved to be a perfect protocol for assembling the 
benzolactone unit. Addition of 20-Li afforded a readily 
separable mixture of alcohols 21-syn and 21-anti in 50% 
overall yield with an isomeric ratio 1:1.4. 

Given the uncertainty of which isomer possesses the de-
sired C1′-stereochemistry, both alcohols 21-syn and 21-anti 
were used for the lactone formation. However, during these 
investigations, it was found that 21-syn and 21-anti were 
actually epimerizing to one another. Specifically, pure 21- 
anti was epimerizing to 21-syn with prolonged exposure to 
silica gel. Therefore, to properly separate 21-syn and 21-anti 
via silica gel column chromatography, speed of the purifica-
tion process actually mattered. Subsequently, epimerization 
of alcohol 21-anti to 21-syn was observed in C6D6 at rt. 
Most remarkably, epimerization was also occurring in fro-
zen C6D6 at 10 °C with the final ratio arresting at 3:1 
syn:anti, which matches the energetic differences attained 
using B3LYP/6-31G* calculations (carried out using simpli-
fied models where the TBS group is replaced with Me 
group) (Scheme 7).  

 

Scheme 7  Epimerization of 21-syn and 21-anti in frozen benzene. 

 

Scheme 8  Total synthesis of (+)-aigialospirol 4. 
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To complete the total synthesis, lactone formation could 
be achieved using alkaline conditions at rt for 18 h, and al-
cohol 21-syn gave lactone 22-syn in 71% yield along with 
reacted starting material sans the TBS group (Scheme 8). On 
the other hand, while alcohol 21-anti did indeed lactonize 
under the same conditions, the yield was very low. Most 
intriguingly, 21-anti led to an isomeric lactone mixture 22-syn 
and 22-anti with a ratio of ~6:1 in favor of 22-syn, and the 
major product was a ~1:1 mixture of 21-syn and 21-anti sans 
the TBS group. This outcome implies that 21-anti was actually 
readily epimerizing to 21-syn under basic conditions, and that 
the rate of lactonization for 21-syn is greater than 21-anti. 

At last, as anticipated from earlier calculations (Figure 4), 
removal of the acetonide group in lactone 22-syn took place 
concomitantly with the strategic C6' epimerization to afford 
(+)-aigialospirol 4 that matched the reported spectroscopic 
data [15]. 

3.3  Initial rationale for the C1′-epimerization 

We were seriously intrigued by the C1′-epimerization be-
cause this epimerization involves the same C1′ stereocenter 
that is critical in the biosynthetic relationship between (+)- 
hypothemycin 7 and (+)-aigialospirol 4. While acidic or 
basic conditions were not surprising given that C1′ is a 
benzylic carbon, the fact that epimerization took place in 
frozen benzene implies that the C1′-scrambling is remark-
able and is likely intramolecular in nature.  

The initial mechanistic proposal [23] involved the two 
diastereomeric pairs of hemi-ortho-aminal intermediates 
24-syn-R and 24-syn-S and, and 24-anti-R and 24-anti-S as 
shown in Figure 5. The R and S designate stereochemistry 
of the C7 hemi-ortho-aminal carbon. A “turnstile-like” mecha-
nism was postulated in which 24-syn-R and 24-anti-S could 
undergo swapping of the original C7 amido carbonyl oxy-
gen atom (blue) with the C1′ hydroxy oxygen atom (red) [23].  

A closer look through B3LYP/6-31G* calculations (car-
ried out using simplified model where the TBS group is 
replaced with Me group) reveal that while 24-anti-S is more 
stable than 24-anti-R, for the syn isomeric pair, 24-syn-S is 
actually more stable. However, unlike 24-syn-R, 24-syn-S is 
not suitable stereochemically for an intramolecular-like dis-
placement at C1′ by the C7-OH group. Moreover, while 
analyzing the energetics of these hemi-ortho-aminal di-
astereomers may not be completely reflective of the actual 
mechanism because of the Curtin-Hammett principle, fur-
ther modelling (Figure 6) reveals that stereoelectronically, 
the C7-OH group (blue arrow in 24-anti-S-model) is not 
capable of such intramolecular displacement at C1′ (red 
dotted arrow in 24-anti-S-model). This analysis firmly rules 
out our earlier mechanistic considerations. 

3.4  C1′-epimerization via an imidanium ion-pair 

What remain true are: (1) hemi-ortho-aminal diastereomers 

 

Figure 5  Initial thoughts for the C1′ epimerization. 

 

Figure 6  The turnstile-like mechanism unlikely. 

have to be key intermediates; and (2) reaching 24-syn-S 
from 21-syn is likely faster than that of 21-anti based on E 
difference of 4.02 kcal mol1 (B3LYP/6-31G*: P = Me as 
simplified models) between 24-syn-S and 24-anti-S (Figure 
7). In addition, we continue to believe that C1′-epimerization 
is not a result of direct ionization at C1′ even under acidic 
conditions because the adjacent C2′ oxygen functionality 
would inductively disfavour this benzylic cation formation, 
and that the resorcinol ring cannot be supportive of this 
C1′-cation via resonance (inductively at best, albeit the 
C7C=O group exerts the opposite effect).  

However, another ionization process could take place in a 
highly plausible manner. As shown in Figure 7, imidanium 
ions 25-syn and 25-anti could be formed from 24-syn-S and 
24-anti-S, respectively; or from 24-syn-R and 24-anti-R, 
respectively: not shown but cannot be ruled out [32]. This 
event renders the C1′ oxygen an excellent leaving group, 
allowing (a) intermolecular nucleophilic displacement under 
basic and/or acidic conditions; and (b) intramolecular-like  
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Figure 7  A more likely pathway for the C1′ epimerization. 

nucleophilic displacement in frozen benzene or neutral con-
ditions, when 25-syn and 25-anti likely exist as close ion- 
pairs. 

Most importantly, imidanium ions 25-syn and 25-anti are 
highly delocalized (see the overall resonance forms), and 
that 25-syn is more stable than 25-anti by 2.01 kcal mol1 

(B3LYP/6-31G*), thereby also suggesting the relative ease 
or faster rate of formation of 25-syn from hemi-ortho-aminal 
24-syn-S (or R) over that of 25-anti. Without calculating the 
actual activation energy, this assessment is consistent with 
the observation that 21-syn underwent the intended lactoni-
zation quite rapidly to afford 22-syn through most likely 
hydrolysis of imidanium ion 25-syn (and/or hemi-ortho- 
aminal 24-syn-S). On the other hand, the formation of imi-
danium ion 25-anti from 21-anti via 24-anti-S is relatively 
sluggish. Consequently, the otherwise slower C1′-epimeri-     
zation process, which is formally a SN2 reaction on a highly 
hindered secondary carbocenter, is now allowed to compete 
favourably with hydrolysis.  

Lastly, such C1′-epimerization implies that stereochemical 
integrity at C1′ of the natural product (+)-aigialospirol 4 
itself could also be in jeopardy through an intermediate 
shown as 26-syn/anti whether during the lactonization, dur-
ing silica gel column purification, or being stored in 
non-polar/neutral solvents such as benzene (Scheme 9). 
However, calculations confirm that if such epimerization is 
occurring, C1′-epi-4 is much less stable than 4 (E = 1.58 
kcal mol1 via B3LYP/6-31G*), thereby suggesting that the 
natural product (+)-aigialospirol 4 would dominate the  

 

Scheme 9  Final assessment of C1′ stereochemistry in (+)-aigialospirol. 

equilibrium, and that the chance in detecting a significant 
amount of erosion of the stereochemical integrity at C1′ 
during either the isolation process or synthetic transforma-
tions would be slim. 

In conclusion, we have described here two remarkable 
epimerization processes during our pursuit of an enantiose-
lective synthesis of (+)-aigialospirol that featured a cyclic 
acetal tethered ring-closing metathesis. Through modeling, 
we were able to turn these two unexpected epimerizations to 
our advantage to ensure a successful and concise total syn-
thesis, thereby firmly establishing cyclic acetal tethered 
RCM as a competitive and powerful strategy in natural 
product synthesis. More importantly, careful calculations 
allowed us to fully understand the nature and the mechanis-
tic course of these two epimerizations. 
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