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ABSTRACT 

 
 
 

As part of a broader program aimed at the synthesis of complex and highly oxygenated 

natural products, we initiated a chemical synthesis of the natural polyketide enterocin. 

This dissertation will disclose our efforts to bridge that gap through the development of 

synthetic strategies for the total synthesis of the enterocin. The studies herein will address 

three unique strategies to access the tactical difficulties in the rich oxygenation patterns 

and caged core structure of enterocin. The program was first inspired by a SeO2 

multioxidation reaction, and the methodology has been successfully applied to install 

bridgehead oxygenation patterns in enterocin. A strategy featuring a radical-polar 

crossover reaction as an annulation step to quickly construct the [3.2.1] bicyclic core of 

enterocin is detailed. Initial studies have successfully achieved the radical-polar crossover 

annulation reaction to forge [3.2.1]bicycles with bridgehead hydroxyl groups, and will 

guide the future development toward the total synthesis of enterocin. An intermolecular 

aldol approach will be discussed to address the challenge on pyrone installation and core 

structure synthesis. In summary, the development of an efficient and general approach 

will allow the development of novel reactions and a comprehensive evaluation of the 

potential of caged polyketides to serve as medicinally interesting molecules.  

.  
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   Chapter 1 

Development of a Pd-catalyzed Carbopalladation/Carbonylation Cascade  

 for the Total Synthesis of (+)-Perseanol†  

 
 

1.1. Background and Significance 

(+)-Perseanol (4) is an isoryanodane diterpene, isolated from Persea indica.1 It has potent 

insecticidal and antifeedant properties.1 (+)-Perseanol (4) (Figure 1) bears an isomeric carbon 

framework to (+)-ryanodine (1), an active modulator of the ryanodine receptors (RyR) - 

intracellular calcium ion channels present in skeletal and cardiac muscle.2-3 In addition, 4 lacks the 

pyrrole-2-carboxylate ester at C3, which is critical for 1’s binding to the mammalian RyR. Indeed,  

_______________________ 
†Portions of this chapter have been reproduced from: Han, A.; Tao, Y.; Reisman, S. E. Nature 
2019, 573, 563. The research discussed was completed in collaboration with Dr. Arthur Han in our 
laboratory.  
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4 and 5 already show selectivity for lepidopteran pests with minimal toxicity to mammals in 

preliminary assays, but the study was not comprehensive enough to confirm the mode of action of 

the isomeric framework.4 Towards this end, we envisioned a concise and modular synthesis of (+)-

perseanol that would provide a versatile platform for the elucidation of its mode of action and 

development of new insect antifeedants.  

 

Figure 1. Structures of ryanodine and isoryanodane diterpenes. 
 

 Aiming for a modular route to access isoryanodane family of natural products, we 

conceived a convergent fragment coupling approach that possesses potential for fragment 

derivatization (Figure 2). In analogy to the key reductive cyclization step previously used in our 

lab in the total synthesis of ryanodol2, perseanol (4) was simplified to anhydroperseanol (7). It was 

thought that the AB ring junction diol be brought in as the masked olefin, leading back to 8 

strategic intermediate. It was hypothesized that the tetracyclic lactone in 8 could be built in one-

step via a Pd-catalyzed carbopalladation/carbonylation cascade from vinyl bromide 9, which could 

be synthesized from a 1,2 addition of 10 to aldehyde 11. 
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Figure 2. Retrosynthetic analysis of perseanol. 

           Taking a closer look at the proposed key Pd cascade step (Figure 3), it was thought that the 

treatment of vinyl bromide 12 with a palladium catalyst could induce oxidative addition to the C-

Br bond. A 6-exo-trig migratory insertion into the 1,1-disubstituted alkene was expected to take 

place and provide alkylpalladium 15, which would be incapable of  b-hydride elimination due to 

the adjacent newly formed quaternary center. 16 would form after CO insertion, and capture by 

the C11 alcohol would yield 17 as the desired product. In an alternative 3-step route to construct 

tetracycle 17 from 12 developed by Dr. Arthur Han, the feasibility of such a 6-exo-trig migratory 

insertion was demonstrated in a Pd-catalyzed Heck/Stille cascade to access 13. Compared to the 

older 3-step sequence, this one-step Pd-catalyzed carbopalladation/ carbonylation cascade could 

afford a higher overall yield and step efficiency and make the synthesis more concise.  
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Figure 3. Pd-catalyzed cascade and alternative three-step sequence. 

           While there were related carbopalladation/carbonylation cascade examples reported5-8, 

there were potential challenges in realizing the proposed reaction (Figure 4). One major concern 

was that the rate of the desired 6-exo-trig migratory insertion could be slow, considering that the 

palladium needs to migrate into a sterically congested space. As a result, premature carbonylation 

product 20 could be observed. Other concerns included the possibility that the vinyl-palladium 

species 18 could engage in an undesired 7-endo-trig migratory insertion to afford 21, or that 

primary alkyl-Pd 19 could perform a second insertion into the A-ring alkene to afford 22.  

 

Figure 4. Potential side reaction pathways.               
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1.2. Results and Discussion 

           Investigations commenced with screening conditions reported in literature5-8 on model 

system 23 to perform a Heck/carbonylation cascade to afford 24 (Table 1). Under most conditions, 

no reaction took place, and starting material was cleanly recovered. Notably, TlOAc, which was 

reported to facilitate oxidative addition9, had no helpful reactivity but resulted in TES deprotection 

(entry 3). PdCl2(dppf), which was found to be the optimal catalyst for the previously discussed 

Heck/Stille cascade (Figure 3), also gave no reaction (entry 4). It was hypothesized that the tin 

reagent used for the Heck/Stille cascade might be critical for activating the Pd catalyst in addition 

to acting as a cross-coupling partner10. Therefore, Bu3SnH was added to the Heck/carbonylation 

cascade (entry 5), but still no reaction was observed. Lastly, running the reaction under higher CO 

pressures (entries 6, 7) was also fruitless.  

 

Table 1. Preliminary studies on a model system. 

           Failure of these preliminary screens prompted us to question which step in the desired 

catalytic cycle was being impeded. Since no reactivity was found across any of the preliminary 

screens, the initial hypothesis was that the first step in the catalytic cycle, oxidative addition of 

palladium to the alkenyl bromide, might be the problem. This hypothesis was further supported by 
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the fact that no proto-debromination was observed in entry 5 in Table 1. It was thought that if 

oxidative addition took place with Bu3SnH in the reaction, a Stille reaction might be a side pathway 

to deliver 26 and/or 27 as products (Figure 5). 

 

Figure 5. Potential side Stille pathway. 

           With this hypothesis in mind, control experiments were conducted to determine under what 

conditions oxidative addition could be induced (Figure 6). Using Pd(P(t-Bu)3)2 and P(p-F-Ph)3 as 

the catalyst system, it was found that the longer substrate 12 was heated in the presence of the Pd 

catalyst under N2 before the introduction of CO, the higher the conversion of 12. These results 

confirmed that oxidative addition to the alkenyl bromide was possible in the absence of CO. 

Therefore, it was proposed that perhaps the catalyst deactivation by CO impedes the oxidative 

addition and prevent the reaction from proceeding as desired. 
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Figure 6. Investigation on the feasibility of oxidative addition in the absence of CO. 

           To overcome the slow oxidative addition of the palladium catalyst to the alkenyl bromide 

in the presence of 1 atm CO, a stoichiometric quantity of the Pd catalyst in the absence of CO was 

used to drive all of the starting material to undergo oxidative addition and migratory insertion to 

arrive at alkyl-Pd 15. Then, CO could be introduced to afford desired tetracycle 17. Indeed, after 

extensive investigation (Table 2), several conditions (entry 1, 18, 35) were found that provided 17 

at around 50 % isolated yield. Despite thorough screening of a variety of different Pd sources, 

ligands, bases, solvents and additives, no conditions were found that afforded the desired product 

in yields greater than 57% (entry 1). 
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Table 2. Investigation of the carbopalladation/carbonylation cascade. 

           Having validated the ability of the carbopalladation/carbonylation cascade to afford the 

desired product in 50 % yield with stoichiometric Pd catalyst, we sought to further optimize the 

reaction by reducing the Pd loading. Since 1 atm CO resulted in oversaturation that prevented 

oxidative addition, a lower CO pressure might enable the reaction to proceed with a catalytic 

amount of Pd. Since ex situ CO generation protocols are usually set-up dependent11, in situ CO 

generation conditions were investigated (Table 3). Little to no desired reactivity was observed 
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−
18
9
6
6

17
80
6
−
35
35
34
23
3

20
22
35
28

mol % mol %

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19c

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Pd(P(t-Bu)3)2
Pd(OAc)2
Pd(OAc)2

PdCl2(dppf)
Pd2dba3
Pd2dba3

Pd(P(t-Bu)3)2
Pd(P(t-Bu)3)2
Pd(P(t-Bu)3)2
Pd(P(t-Bu)3)2
Pd(P(t-Bu)3)2
Pd(P(t-Bu)3)2
Pd(P(t-Bu)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2

Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Ni(COD)2

NiCl2(PPh3)2

120
50

120
50
25
60

120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
50
50
50

120
120
120
120
50
50

P(p-F-Ph)3
P(2-furyl)3
P(p-F-Ph)3

−
Xantphos

P(p-F-Ph)3
−
−
−
−
−
−

P(t-Bu)3
−
−
−
−
−
−

P(p-F-Ph)3
rac-BINAP

PEt3
SPhos
dtbpf
dppf
dppb
dppp
dppe
dppm
−
−
−
−
−
−
−
−
−
−
−

Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N

DIPEA
DBU

Cs2CO3
DMAP
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N
Et3N

solvent

1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane

DMF
PhMe

1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane

DMF
PhMe

1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane
1,4 dioxane

−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−

MeOH
t-BuOH

−
−
−
−

TBAI
TBABr
TBACl
−
−

80
80
80
80
80
80
80
80
80
70
60
40 
60
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
90
90
90
90
90
90
90
30
30

57 
0 
0 
0 
1 

23 
28 
0 
0 
0 
0 
0 
11 
51 
6 
0 
0 

52 
53 
42 
41 
0 

51 
7 

13 
18 
21 
17 
0 

18 
31 
27 
5 

31 
48 
5 

15 
12 
0 
0

6 
−
−
−
3 
9 

20 
−
−
−
−
−
−
−
−
−
−
−
−
7 

29 
75 
−
22 
48 
19 
31 
17 
12 
14 
6 

12 
−
9 

13 
1 

20 
22 
−
−

240
100
240
−

100
240
−
−
−
−
−
−

240
−
−
−
−
−
−

240
240
240
240
240
240
240
240
240
240
−
−
−
−
−
−
−
−
−
−
−

N (min)

aReactions were run on 0.01 mmol scale of 128 at 100 ℃. bYields determined by 1H NMR of the crude product using pyrazine as the internal standard.
c10 atm instead of 1 atm of CO pressure
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when Mo(CO)6 (29),12 t-BuNC (30),13 or phenyl formate (31)14 were used as CO surrogates (entries 

1–6). However, a 31 % yield was obtained when using N-formyl saccharin (32)15 as the CO source 

with 50 mol % of Pd(PPh3)4 (entry 7). Furthermore, the addition of excess KF facilitated the release 

of CO from N-formyl saccharin, increasing the yield to 57 % (entry 8).  

Table 3. Investigation of various CO surrogates.  

           With this new result in hand, further investigations were carried out using N-formyl 

saccharin as the CO surrogate (Table 4). In contrast to the original literature15, bisphosphine-

ligated palladium catalysts such as PdCl2(dppf) and PdCl2(Xantphos) performed poorly in this 

system. Interestingly, PdCl2(PPh3)2 only gave 7 % yield, while Pd(PPh3)4 gave 57 % yield. Varying 

the Pd catalyst loading revealed that lowering the loading below 50 mol% resulted in a decrease 

in yield. However, using a higher Pd catalyst loading did not improve the reaction (entries 8, 9). 

Other fluoride bases (LiF, NaF, CsF) performed poorly, despite Manade’s15 previous report that 

CsF was comparale to KF (entries 10-12). Therefore, a combination of 50 mol% Pd(PPh3)4 with 

1.2 equiv N-formylsaccharin and 2.5 equiv KF as the CO source (entry 1) was found to be the 

optimal conditions, and the reaction was successfully scaled up to 400 mg with no change in yield.  

O
O

H
Me HO

Me
Ph

H

Br

H

PMBO
Me

Me

O
O

H
Me O

MePh

H

O
OPMB

H

Me

Me

H

1712

O
O

H
Me O

Me
Ph

H

O

OPMB

Me

Me

+

28

Et3N, Dioxane
100 ºC, 24 h

[Pd]
CO source

entry [M] CO source additive 17 (%) 18 (%)

29
29
30
30
31
31
32
32

1
2
3
4
5
6
7
8

DBU
DBU

–
–
−
−
–

KF

Pd(PPh3)4
Pd(P(o-Tol)3)2

Pd(PPh3)4
Pd(P(o-Tol)3)2

Pd(PPh3)4
Pd(P(t-Bu)3)2

Pd(PPh3)4
Pd(PPh3)4

0
0
0
0
7
1

31
57

8
14
0
0
4
0

10
14

12 (%)

85
75
90
93
14
4

22
1

mol %

50
50
50
50
50
50
50
50

PhO H

O

S
N

O
O

H
O

O

31

32

Mo(CO)6

29 30
t-BuNC
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Table 4. Final optimization of the N-formylsaccharin conditions. 

1.3. Conclusion and future directions 

           A thorough investigation of a Pd-catalyzed carbopalladation/carbonylation cascade for the 

total synthesis of (+)-perseanol has been detailed. A major challenge in the reaction was 

coordination of CO to the palladium catalyst inhibiting the rate of oxidative addition. Two 

solutions were examined: using a stoichiometric amount of palladium catalyst or adopting an in 

situ CO generation protocol. Eventually, the combination of N-formylsaccharin, KF, and 50 mol 

% Pd(PPh3)4 with Et3N and 1,4-dioxane was found to be the optimal conditions, providing the 

desired product in 57 % yield on a 400 mg scale. Future work involves applying this 

carbopalladation/ carbonylation reaction to synthesize other isoryanodane natural products, which 

will allow further studies of their mode of action. 

 

 

 

O
O

H
Me HO

Me
Ph

H

Br

H

PMBO
Me

Me

O
O

H
Me O

MePh

H

O
OPMB

H

Me

Me

H

1712

O
O

H
Me O

Me
Ph

H

O

OPMB

Me

Me

+

28

Et3N, Dioxane
100 ºC, 24 h

[Pd]
N-formylsaccharin

additive

entry [M] 17 (%) 28 (%)

1
2
3
4
5
6
7
8
9

10
11
12

Pd(PPh3)4
Pd(P(o-Tol)3)2
PdCl2(dppf)

PdCl2(Xantphos)
PdCl2(PPh3)2

Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4

57
0
1
4
7

32
44
52
59
30
28
16

14
0
4
11
4

14
12
0
0

10
9

13

12 (%)

1
60
80
55
14
14
13
0
0

19
13
0

mol %

50
50
50
50
50
30
40
60

120
50
50
50

additive

KF
KF
KF
KF
KF
KF
KF
KF
KF
LiF
NaF
CsF
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1.5. Appendix 

The following article was copied from published manuscript: Han, A.; Tao, Y.; Reisman, S. E. 

Nature 2019, 573, 563.  

A 16-Step Synthesis of the Isoryanodane Diterpene (+)-Perseanol 
 

Arthur Han, Yujia Tao, Sarah E. Reisman* 
 
Affiliations: 
 
Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, 
CA 91125, USA. 
 
*To whom correspondence should be addressed: reisman@caltech.edu 
 
(+)-Perseanol is an isoryanodane diterpene with potent antifeedant and insecticidal 

properties isolated from the tropical shrub Persea indica.1 It is structurally related to (+)-

ryanodine, a high affinity ligand and modulator of ryanodine receptors (RyRs)––ligand-

gated ion channels critical for intracellular Ca2+ signaling in vertebrates and invertebrates.2 

Whereas ryanodine modulates RyR-dependent Ca2+ release across many organisms, 

including mammals, preliminary data indicate that ryanodane and isoryanodane congeners 

that lack the pyrrole-2-carboxylate ester, such as perseanol, may have selective activity in 

insects.3 Here we report the first chemical synthesis of (+)-perseanol, which proceeds in 16 

steps from commercially available (R)-pulegone. The synthesis features a two-step 

annulation process that rapidly assembles the tetracyclic core from readily accessible 

cyclopentyl building blocks. This work demonstrates how convergent fragment coupling, 

when combined with strategic oxidation tactics, can enable the concise synthesis of complex 

and highly oxidized diterpene natural products.  

 

The ryanodane and isoryanodane natural products are oxidized diterpenes with antifeedant and 

insecticidal activities against insects of the Hemiptera and Lepidoptera orders. Ryanodine (1, 

Figure 1a), isolated from Ryania speciosa Vahl, was the first of these natural products to be 

characterized, and powdered R. speciosa wood was marketed as a botanical insecticide with peak 

annual production reaching 200 metric tons.4 The insecticidal properties of 1 result from its 
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modulation of Ca2+ release by RyR.2 In the early 2000s, renewed interest in the insect RyR as a 

biological target for pest control agents resulted in the discovery and development of the phthalic 

acid diamide and anthranilic diamide insecticides—which bind at an allosteric site in the 

transmembrane domain of the insect RyR—with sales of these products exceeding 1 billion USD.5-

6  

Decades after the discovery of 1, Fraga and coworkers isolated the natural product (+)-perseanol 

(3, Figure 1b) and related congeners from the shrub Persea indica found in the Canarian 

Archipelago. Perseanol (3) features an isomeric carbon framework to 1 but bears a similar 

oxidation pattern and likely results from a shared biosynthetic pathway.1 A key difference between 

the structures of 3 and 1, in addition to their carbon skeletons, is that 3 lacks the pyrrole-2-

carboxylate ester at C3, a functional group that is required for high affinity binding of 1 to 

mammalian isoforms of the RyR.2 Indeed, in preliminary assays, 3, 4, and related metabolites7-9 

were found to exhibit potent antifeedant activity for lepidopteran pests with low toxicity toward 

mammalian cell lines (in contrast to 1), although the mode-of-action of 3 was not confirmed to be 

modulation of the insect RyR.10 Synthetic access to 3 could enable the elucidation of its mode-of-

action and aid the identification of new approaches to target insect RyRs that have evolved 

resistance to the phthalic acid diamide and anthranilic diamide pesticides.11 Although Inoue and 

coworkers have reported an approach to the pentacyclic core of the isoryanodanes, there are no 

prior completed syntheses of this complex diterpene.12 Here we report the first chemical synthesis 

of (+)-perseanol (3), which proceeds in 16 steps from commercially available (R)-pulegone. The 

concise synthesis is enabled by a convergent fragment coupling approach that rapidly builds the 

anhydroperseanol tetracycle and uses strategic C–O bond constructions to minimize unnecessary 

functional group interconversions.  

 

The structure of perseanol presents several synthetic challenges, including the central bridging 7-

membered lactol and the two syn-diol motifs at the A–B and B–C ring fusions (Figure 1b). A 

critical aspect of our synthetic design was the strategic introduction of the six hydroxyl groups in 

order to minimize extraneous protecting group and oxidation state manipulations. With this in 

mind, we envisioned initially targeting the synthesis of anhydroperseanol (5), in which the C6–

C10 diol would be introduced early in the synthetic sequence and the C4–C12 diol would be 

installed at a late stage (Figure 1c). Although the conversion of anhydroperseanol to perseanol had 
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not previously been validated experimentally, this disconnection was guided by Deslongchamps’ 

synthesis of (+)-ryanodol (2),13 as well as our own synthesis of (+)-ryanodine.14-15 Having 

simplified our target to 5, we sought to identify a convergent fragment coupling that would rapidly 

assemble the tetracyclic lactone from two building blocks of similar size and complexity. 

Ultimately, lactone 6 was recognized as a strategic intermediate that could be accessed from simple 

cyclopentyl fragments by an annulation process involving two C–C bond forming steps: 1) the 1,2-

addition of an organometallic species, such as 9, to aldehyde 10 to initially join the A and C rings, 

and 2) an intramolecular carbopalladation/carbonylation cascade reaction of 8 to close the B and 

D rings. In the key Pd-catalyzed cascade, it was envisioned that oxidative addition of alkenyl halide 

8 to Pd0 followed by 6-exo-trig migratory insertion of the pendant 1,1-disubstituted alkene would 

give rise to s-alkylpalladium species 7, which would be incapable of b-hydride elimination. 

Subsequent CO insertion of 7 and intramolecular capture by the C11 secondary alcohol would 

deliver 6, bearing the tetracyclic ring system of anhydroperseanol. In practice, this would require 

a bifunctional cyclopentene, 9, which we anticipated accessing via the selective lithiation of the 

corresponding iodide following precedent established by Vidari and coworkers.16 The second 

fragment, aldehyde 10, would be prepared from commercially available (R)-pulegone via the 

methyl pulegenate.17 The successful realization of this fragment coupling strategy would provide 

a modular route to 3 that we anticipated could ultimately give rise to additional designed and 

natural isoryanodanes.  

 

Our investigations began with the preparation of C-ring aldehyde 10. Starting with (R)-(+)-

pulegone (11), a known one-step oxidative ring contraction was performed to give methyl 

pulegenate (12) as an inconsequential mixture of diastereomers (Figure 2).18 Enolization of methyl 

ester 12 with KHMDS followed by exposure to O2 then P(OMe)3 resulted in diastereoconvergent 

a-hydroxylation to furnish a-hydroxyester 13 (9:1 dr). Hydroxyl-directed epoxidation with m-

CPBA provided epoxide 14 as a single diastereomer, and subsequent treatment of 14 with 

Et2Al(TMP)19 induced epoxide isomerization to reveal syn-diol 15, bearing the requisite oxidation 

at C6 and C10 for elaboration to 3.  Protection of the diol as the benzylidene acetal (16) followed 

by in situ DIBAL reduction of the ester provided alcohol 17 as a single diastereomer in 87% yield. 

Alcohol 17 was oxidized to aldehyde 18 via Stahl’s Cu-catalyzed aerobic conditions.20 This 6-step 

sequence provided gram scale access to a fully-elaborated C-ring precursor of (+)-perseanol (3). 
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Preparation of the A-ring fragment commenced with commercially available vinylogous ester 19 

(Figure 2). Due to concerns about potential racemization under the conditions required to install 

the vicinal dihalide, we elected to prepare 24 first as a racemate, and then resolve the enantiomers 

in a subsequent asymmetric reduction step. To this end, the zinc enolate of 3-ethoxy-2-

cyclopentenone (19) was alkylated under conditions reported by Overman and coworkers21 to 

generate rac-21. Iodination of the vinylogous ester with I2 and ammonium cerium(IV) nitrate 

(CAN) afforded iodide 22, which was hydrolyzed with aqueous sodium hydroxide. Diketone 23 

was converted to rac-bromoiodocyclopentenone 24 upon treatment with a mixture of oxalyl 

bromide and DMF.22 The reaction proceeds with 5:1 regioselectivity, favoring bromination of the 

enol tautomer distal to the i-propyl group. Corey-Bakshi-Shibata (CBS) reduction of rac-24 using 

catalyst (R)-2523 resulted in a kinetic resolution to deliver alcohol (–)-(1S, 5R)-27 in 44% yield 

and 91% ee (S = 44, see Supplemental Information for details). The kinetic resolution is consistent 

with the stereochemical model developed by Corey (see 26),24 wherein the i-propyl substituent of 

(R)-24 projects away from the coordinated borane, resulting in reduction of (R)-24 at a faster rate 

than (S)-24. Unreacted enone (S)-24 could be recovered in 56% yield and 68% ee; resubjection of 

(R)-24 to (R)-25 allows it to be further enriched to 95% ee (79% recovery). Protection of alcohol 

27 using Dudley’s conditions25 provided the C-ring fragment, PMB ether 29. 

 

With the requisite fragments in hand, a two-step annulation to forge the anhydroperseanol 

tetracyclic ring system was investigated (Figure 3). First, the A and C ring fragments were joined 

by addition of aldehyde 18 to the alkenyllithium generated by selective lithium–iodide exchange 

of 29, which provided secondary alcohol 30 in 75% yield (3.2:1 dr, major diastereomer drawn). 

However, preliminary attempts to induce the subsequent carbopalladation/carbonylation cascade 

under canonical conditions, which involved exposure of the substrate to a Pd catalyst and base 

under a CO atmosphere, resulted in the clean recovery of alkenyl bromide 30 (Table 1, entry 1). A 

control experiment demonstrated that bromide 30 can undergo oxidative addition to Pd(P(o-Tol)3)2 

in the absence of CO, which led to the hypothesis that coordination of CO to Pd was inhibiting the 

rate of oxidative addition.26 To investigate the feasibility of the carbonylation step, bromide 30 

was heated with stoichiometric Pd(P(o-Tol)3)2 to induce oxidative addition and alkene insertion, 

and upon consumption of starting material, CO was introduced. Gratifyingly, the desired 

tetracyclic lactone 31 was isolated in 52% yield under these stoichiometric conditions (entry 3). 
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An extensive investigation of different Pd sources and ligands did not improve the yield further 

(entries 4 and 5, see Supplementary Information for further details).  The major side product 

observed under these conditions was direct carbonylation of the bromide of 30 to give 

butyrolactone 32. Having validated that the cascade could be effected under stoichiometric 

conditions, we reasoned that in situ generation of CO, to maintain low concentrations of CO in 

solution,27-30  might enable the reaction to proceed with catalytic Pd. Ultimately, it was determined 

that the combination of 1.2 equiv N-formylsaccharin (36) and KF, in the presence of 50 mol % 

Pd(PPh3)4 and Et3N provided the tetracyclic lactone 31 in 57% yield, as a single diastereomer at 

the newly formed quaternary carbon (entry 10). In contrast to the Manabe’s original report29 of 

Pd-catalyzed carbonylation with N-formylsaccharin, bisphosphine-ligated Pd complexes 

performed poorly (entries 12 and 13). This key transformation forges two C–C bonds, with perfect 

control over the C5 quaternary center, while forming the central 7-membered lactone of 

anhydroperseanol. 

 

With the tetracyclic framework of anhydroperseanol (5) in place, our focus transitioned to the final 

adjustments of the A-ring oxidation pattern (Figure 3). To this end, PMB ether 31 was first 

subjected to DDQ to reveal C1 secondary alcohol 37, which was oxidized with DMDO to the 

corresponding enone. In the presence of excess DMDO, the benzylidene acetal was unexpectedly 

oxidized to deliver hydroxybenzoate 38 (3:1 rr, major isomer drawn). Treatment of 38 with 

MeMgCl in the presence of CeCl3•2LiCl31 effected 1,2-addition to generate diol 39 (55% isolated 

yield of a single isomer, over two steps), an intermediate that now harbors all of the carbons present 

in the isoryanodane framework. Serendipitously, it was discovered that exposure of allylic alcohol 

39 to TFA at 0 °C gives rise to orthobenzoate 41 in excellent yield. This 1,3-allylic transposition 

presumably proceeded by solvolysis under anchimeric assistance to generate dioxolenium ion 40, 

which is followed by intramolecular trapping with the C10 alcohol. Thus, over the course of these 

four steps, the benzylidene acetal protecting group was transiently repurposed as a directing group 

to guide the installation of the C4 tertiary alcohol and then reinstated as an orthobenzoate 

protecting group to mask the resulting triol for the rest of the synthesis. 

 

With this fortuitous discovery, we were left to reconsider the final sequence of steps to prepare 

perseanol. Although we had initially targeted the preparation of anhydroperseanol (see Figure 1), 
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the ability to prepare 41 led us to consider whether epoxide 43––potentially accessible from 41 by 

allylic C–H oxidation and hydroxyl-directed epoxidation––could undergo reductive cyclization. It 

was recognized that this cyclization might be challenging, given that formation of the C1–C15 

bond via epoxylactone isomer 43 would require a Baldwin disfavored32 5-endo-tet epoxide ring 

opening, when viewed from the formation of the THF ring. Successful endo-ring openings of 

epoxides have been reported in the literature, but they generally rely on directing groups to stabilize 

the epoxonium intermediate under Brønsted or Lewis acidic conditions; the related endo-

cyclizations of epoxides under neutral or basic conditions are less common. Nevertheless, given 

the strategic advantage of this approach, we elected to investigate it.    

 

To this end, exposure of 41 to SeO2 in 1,4-dioxane at 100 °C resulted in site-selective and 

stereospecific oxidation at C2 to give tertiary allylic alcohol 42 in 78% yield (Figure 3). Vanadium-

mediated hydroxyl-directed epoxidation of 42 then provided epoxyalcohol 43 as a single 

diastereomer. The use of VO(On-Pr)3 proved essential to obtain full conversion of alkene 42; the 

more routinely used VO(acac)2 gave only 5–10% conversion under otherwise identical conditions. 

Treatment of epoxylactone 43 with LiDBB, the optimal conditions from our (+)-ryanodine 

synthesis,15 did produce small quantities of the desired pentacycle 46; however, significant 

decomposition was observed. Analysis of the side products revealed that reduction of the 

orthobenzoate was a competing process, prompting a screen of different reductants in order to 

prevent this undesired reactivity. Use of lithium naphthalenide (LiNap) provided the desired 

pentacycle in 17% isolated yield. Weaker reductants, like lithium anthracenide (LiAnth), gave rise 

to epoxide isomerization products instead of reductive cyclization. A further screen of modified 

naphthalenes revealed that use of lithium 2-phenylnaphthalenide (LiPhNap) effects cyclization to 

give the desired pentacycle 46 in 25% yield (43% yield based on recovered starting material). The 

use of PhH as a co-solvent, which had previously been reported by Carreira and coworkers to 

improve ketyl anion chemistry, was critical for the improved yield.33 We note that a similar 

substrate, lacking the C2 i-propyl substituent, undergoes the reductive cyclization mediated by 

LiDBB in 50% yield, demonstrating that the position of the epoxide itself is not chiefly responsible 

for the reduced efficiency in the cyclization. Deprotection of 46 with Pd(OH)2/C under an 

atmosphere of H2 afforded (+)-perseanol (3) in 90% yield. This approach provides (+)-perseanol 

(3) in 16 steps (longest linear sequence) from (R)-pulegone (11), and is the first total synthesis of 
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an isoryanodane diterpene. The concision of the synthesis derives from the convergent union of 

two cyclopentyl fragments of comparable complexity, followed by a 

carbopalladation/carbonylation cascade to form two C–C bonds and rapidly constructs the 

tetracyclic lactone framework of anhydroperseanol. Strategic late-stage introduction of the A-ring 

oxidation pattern minimized lateral redox and protecting group manipulations. This synthetic 

framework should provide a versatile platform for the preparation of designed isoryanodanes and 

further studies of their mode-of-action. 
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Figure 1. The ryanodane and isoryanodane diterpenes. (a) Chemical structure, carbon 

numbering, and ring system letter assignment for the ryanodane diterpenes. (b) Chemical structure, 

carbon numbering, and ring system letter assignment for the isoryanodane diterpenes. (c) 

Retrosynthetic analysis of the isoryanodane diterpene (+)-perseanol. 
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Figure 2. Fragment preparation for the synthesis of (+)-perseanol. Reagents and conditions as 

follows for C-ring fragment preparation: (1) Br2 (1.1 equiv), NaHCO3 (0.3 equiv), Et2O, –10 ºC 

then NaOMe (2.2 equiv), MeOH, 55 ºC, 78% yield. (2) KHMDS (2.0 equiv), THF then O2 (1 atm), 

P(OMe)3 (2.0 equiv), –78 ºC, 67% yield. (3) m-CPBA (2.0 equiv), NaHCO3 (4.0 equiv), CH2Cl2, 

0 ºC, 92% yield. (4) Et2Al(TMP) (2.4 equiv), PhMe, 0 ºC, 68% yield. (5) benzaldehyde dimethyl 

acetal (5.0 equiv), (±)-10-camphorsulfonic acid (1.0 equiv), 1,2-dichloroethane, 23 ºC then DIBAL 

(9.0 equiv), 0 ºC, 87% yield. (6) Cu(MeCN)4OTf (5 mol %), 4,4’-dimethoxy-2,3’-bipyridine (5 

mol %), 9-azabicyclo[3.3.1]nonane N-oxyl (1 mol %), 1-methyliidazole (10 mol %), air, MeCN, 

23 ºC, 98% yield. Reagents and conditions as follows for A-ring fragment preparation: (1) 20 (5.0 

equiv), LDA (1.1 equiv), Et2Zn (1.05 equiv), hexamethylphosphoramide (4.5 equiv), THF, –78 ºC 

to 23 ºC, 70% yield. (2) I2 (1.05 equiv), ceric ammonium nitrate (1.05 equiv), MeCN, 0 ºC to 23 

ºC, 73% yield. (3) 1.0 M NaOH (aq) (10 equiv), 1,4-dioxane/MeOH (1:1), 23 ºC. (4) oxalyl 

bromide (1.5 equiv), DMF (3.0 equiv), CH2Cl2, 0 ºC to 23 ºC, 68% yield, 2 steps. (5) 25 (0.4 

equiv), BH3•NEt2Ph (0.7 equiv), CH2Cl2, 23 ºC, 44% yield (–)-27, 91% ee. (6) 28 (2.0 equiv), (±)-

10-camphorsulfonic acid (0.2 equiv), CH2Cl2, 23 ºC, 81% yield.  
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Table 1. Evaluation of conditions for a Pd-catalyzed carbopalladation/carbonylation 

cascade. 

 

 
 

 

O
O

H
Me

HO

Me
Ph

H

Br

H

PMBO
Me

Me

O
O

H
Me

O

MePh

H

O
OPMB

H

Me

Me

H

3130

O
O

H
Me

O

Me
Ph

H

O

OPMB

Me

Me

conditions

[X-ray]
32

premature carbonylation

+

entrya [M] CO source additive 31 (%)b 32 (%)b

CO (1 atm)
CO (1 atm)
CO (1 atm)

CO (10 atm)
CO (1 atm)

33
34
35
36
36
36
36
36

1
2
3
4
5
6
7
8
9

10
11
12
13

–
–
−
−
−

DBU
–
−
–

KF
KF
KF
KF

N (min)

Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2
Pd(P(o-Tol)3)2

Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4

Pd(P(o-Tol)3)2
PdCl2(dppf)

PdCl2(Xantphos)

0
20
90
90
90
−
−
−
−
−
−
−
−

1
11
52
53
48
0
0
7

31
57
0
0
1

5 
15
0
0

13
8
0
4

10
14
0
0
4

PhO H

O

S
N

O
O

H
O

O

35

36

30 (%)b

92 
67
0
0

23
85
90
14
22
1

60
80
55

mol %

50
50

120
120
120
50
50
50
50
50
50
50
50

Et3N
1,4-dioxane

100 ºC
heat at 100 ºC
N min prior to

exposure to CO

Mo(CO)6

33 34
t-BuNC

aReactions performed on 0.01 mmol scale at 100 ℃ (0.01M). 
bYields determined by 1H NMR versus pyrazine as an added internal standard.



Chapter 1 – Development of a Pd-catalyzed Carbopalladation/Carbonylation Cascade 24 

 
Figure 3. 16-step synthesis of (+)-perseanol. Reagents and conditions as follows: (7) 29 (1.25 

equiv), n-butyllithium (1.25 equiv), THF, –78 ºC to –50 ºC, 75% yield. (8) Pd(PPh3)4 (50 mol 

%), N-formylsaccharin (1.2 equiv), KF (2.5 equiv), Et3N (4.0 equiv), 1,4-dioxane, 100 ºC, 

57% yield. (9) DDQ (1.8 equiv), CH2Cl2/pH 7 buffer (5:1), 0 ºC, 80% yield. (10) DMDO (3.0 

equiv), Na2SO4 (200% w/w), acetone, 23 ºC. (11) MeMgCl (2.0 equiv), CeCl3•2LiCl (2.0 

equiv), THF, 0 ºC, 55% yield, 2 steps. (12) TFA (5.0 equiv), CH2Cl2, 0 ºC, 90% yield. (13) 

SeO2 (5.0 equiv), 1,4-dioxane, 100 ºC, 78% yield. (14) VO(On-Pr)3 (1.0 equiv), TBHP (6.0 

equiv), PhMe, 60 ºC, 68% yield. (15) 44 (4.5 equiv), PhH/THF (1:1), 10 ºC, 25% yield, 43% 

BRSM. (16) Pd(OH)2/C (200% w/w), H2 (1 atm), MeOH, 90% yield.  

 
 
Supplementary Information is available in the online version of the paper. 
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ABSTRACT: An enantioselective Diels–Alder (DA) reaction of a-acyloxy enones has been 

developed to synthesize chiral oxidized cyclohexenes. Yttrium(III) triflate, in conjunction with a 

chiral pyridinebisimidazoline (PyBim) ligand, was found to catalyze the asymmetric [4+2] 

cycloaddition with a variety of dienes and a-acyloxy enone dienophiles. Using this method, 

terpinene-4-ol, a key intermediate in the synthesis of commercial herbicide cinmethylin, can be 

prepared in four steps from isoprene. A combination of kinetics data and NMR studies support a 

mechanism involving reversible binding of dienophile to an yttrium catalyst followed by 

cycloaddition with a diene as the rate-determining step. 
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Naturally occurring monoterpenes serve as important chiral building blocks for the synthesis of 

natural products, medicines, and agrochemicals. For example, the monocyclic cyclohexene-

containing terpenes (+)- and (–)-limonene and (+)- and (–)-carvone are inexpensive and frequently 

used members of the ‘chiral pool’.1 Terpinene-4-ol (T-4-ol, 2, Figure 1a), the starting material for 

the BASF herbicide cinmethylin (1), is also a naturally occurring monoterpene; however, it is only 

available either as a racemate or as a 2:1 scalemic mixture of enantiomers. Given the importance 

of oxidized monoterpenes as entry points to higher order terpenes and other complex molecules, 

we sought to develop an enantioselective synthesis of 2 and related oxidized cyclohexenes that 

could expand the pool of chiral building blocks.  

As a result of the cyclohexene motif, we envisioned that 2 could be derived from a Diels–Alder 

cycloadduct.2 Despite the extensive development of enantioselective DA reactions,3 the use of a-

acyloxy enones as dienophiles remains underexplored (Figure 1b). In independent studies, teams 

lead by Ishihara and Hayashi have reported the chiral amine-catalyzed reaction of aldehyde 4;3g,3k 

however, this mode of dienophile activation could not be extended to the corresponding methyl 

ketone 7, as required to efficiently prepare 8. More generally, methods to prepare cyclohexenes 

bearing stereogenic, fully substituted alcohols, such as that found in 2, are limited.3l In this 

communication, we report an yttrium-catalyzed enantioselective Diels–Alder reaction between 

simple dienes, such as isoprene (3a), and a-oxygenated dienophiles (Figure 1c). This 

transformation provides direct access to valuable oxidized cyclohexene building blocks in 

enantioenriched form. 

Figure 1. Motivation for Reaction Development 



Chapter 2 – Enantioselective Diels-Alder Reactions of a-Acyloxy Enones 
 

 
 

 

28 

 

Our reaction development efforts began with isoprene (3a) as the diene and 3-oxobut-1-en-2-yl 

benzoate (7a) as the dienophile (Table 1). We note that 7a can be prepared form the commercially 

available chemicals diacetyl and benzoyl chloride,4 and therefore was appealing from an industrial 

perspective. It was hypothesized that dienophile 7a may form a 7-membered chelate to a Lewis 

acidthrough its two carbonyl oxygens, which would provide a sterically well-defined environment 

for asymmetric induction while attenuating the resonance donating effect of the acyloxy 

substituent. As a result, we investigated chiral Lewis acids known to catalyze enantioselective 

cycloadditions of dicarbonyl electrophiles.3e  

Table 1. Optimization of Reaction Conditionsa 

O

Me
MeH

O

(±)-cinmethylin (1)
BASF herbicide

7
(from diacetyl)

c) This work: Y-catalyzed asymmetric DA reaction of α-acyloxy enones

+ Me

OL3 (12 mol %)
Y(OTf)3

(10 mol %)

PhCl, 23 °C 
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entry M(OTf)x L solvent Yield 

(%)b 

ee 

(%)c 

rrb 

1 Cu(OTf)2 L1 CH2Cl2 25 –5 8:1 
2 Cu(OTf)2 L2 CH2Cl2 66 –32 >20:1 
3 Sc(OTf)3 L2 CH2Cl2 21 11 12:1 
4 Yb(OTf)3 L2 CH2Cl2 16 52 15:1 
5 Y(OTf)3 L2 CH2Cl2 75 65 15:1 
6 Y(OTf)3 L3 CH2Cl2 88 83 14:1 
7 Y(OTf)3 L3 TBME 77 86 10:1 
8 Y(OTf)3 L3 PhCl 90 90 15:1 
9[d] Y(OTf)3 L3 PhCl 66 89 12:1 
10[e] Y(OTf)3 L3 PhCl 51 37 11:1 

  

aReactions performed on 0.2 mmol scale. bYield and rr determined by 1H NMR analysis of crude 

reaction mixture. cDetermined by SFC chromatography using chiral stationary phase. d5 mol % 

catalyst and 6 mol % ligand. e10 mol % BzOH added. 

 

The combination of Cu(OTf)2 and L1 was found to catalyze the desired transformation; 

however, cycloadduct 8a was obtained in low yield as a nearly racemic mixture (Table 1, entry 1). 

Whereas other bidentate ligands gave 8a in <10% ee, the tridentate PyBox ligand L2 gave 8a in 

improved yield, ee, and regioselectivity, favoring the para cycloadduct (entry 2).5 At this stage, we 

investigated alternative Lewis acids, which revealed that L2 complexes of rare-earth salts gave 

significantly improved enantioselectivity (entries 3–5).6  
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Further ligand optimization determined that PyBim ligand L37 with Y(OTf)3 in CH2Cl2 

catalyzed the formation of 8a with good conversion and 83% ee (entry 6). A solvent screen 

revealed that chlorobenzene – a preferred solvent in the agrochemical industry – provided the 

optimal combination of yield and enantioselectivity (entry 8). Use of 5 mol % catalyst resulted in 

slightly lower yields of the product but comparable ee (entry 9). Addition of benzoic acid (10 mol 

%), an impurity resulting from dienophile hydrolysis, significantly decreased the yield and ee of 

the product (entry 10).8  

With optimized conditions in hand, we next interrogated the influence of the ester substituent 

on the yield and ee of the reaction (Figure 2). A series of benzoate esters revealed that esters with 

electron donating substituents in the para position perform best in terms of enantioselectivity (8b–

d). Electron deficient benzoate esters required long reaction times to achieve high conversion and 

the products were formed in lower ee (8e,f). We hypothesized that the lower enantioselectivity 

may result from dienophile hydrolysis by adventitious water during the extended reaction times, 

which produces the corresponding benzoic acid. Given that exogenous benzoic acid was found to 

deactivate the catalyst and lower the ee (see Table 1, entry 10), we tested whether catalyst 

deactivation was operative with slow-reacting dienophiles. Indeed, the results of a same excess 

experiment for the reaction between 3a and 7e were consistent with catalyst deactivation over 

time.9 Sterically encumbered aliphatic esters also performed well, giving the corresponding 

products in good yield and high ee (8g–i). The phenyl carbonate dienophile could also be used; 

however, the product was formed in lower yield and ee (8j). The reaction to give cycloadduct 8g 

was scaled to 1.0 mmol with no decrease in yield or selectivity (92% yield, 86% ee, 16:1 rr).  

Figure 2. Investigation of the Ester Substituent 
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Reactions performed on 0.4 mmol scale. Isolated yields. % ee determined by SFC using chiral 

stationary phase. aReaction time of 3 days. bReaction time of 5 days. cReaction time of 14 days. 

Next, we investigated the diene scope (Figure 3). For these studies, dienophile 7g was used due 

to its ease of handling. Although the simple 1,3-butadiene undergoes cycloaddition, the reaction 

was very slow, and the product (10a) was formed in low yield with poor ee. Substitution at the 2-

position of the diene with iso-propyl is tolerated with only a minor decrease in ee (10b) compared 

to 8g. 2,3-dimethylbutadiene was found to be an excellent substrate, providing the product 10c in 

99% yield and 97% ee. Whereas cyclopentadiene undergoes cycloaddition to form 10d in high 

yield, ee, and dr favoring the endo-cycloadduct, the corresponding cyclohexa-1,3-diene is less 

reactive and the product is formed in lower ee (10e). Electron rich 2-silyloxy dienes also perform 

well (10f, g), giving products with high regioselectivity and comparable ee to 8g. In contrast, 

slightly lower ee is observed when the 1-silyloxydiene is employed (10h).  

We lastly turned to investigate different dienophiles (Figure 4). Aldehyde 11a was found to react 

but gave the product 12a with low selectivity presumably due to a lack of steric bias. In general, 

Me
+

O

Me
OO

R1
Me

O
Me

OY(OTf)3 (10 mol %)
L3 (12 mol %)

PhCl, 23 °C 
46 h

R1

O

Me

O
Me

O
O

Me

O
Me

O
Ad

O

Me

O
Me

O

tBu

O

Me

O
Me

O
O

Me

O
Me

O
OPh

O

3a
(5.0 equiv)

7a-j
(1.0 equiv)

8a-j

R3

8g
94% yield

86% ee, 16:1 rr

8i
98% yield

91% ee, 13:1 rr

8h
92% yield

89% ee, >20:1 rr

8j
76% yield

79% ee, 14:1 rr

Ph Ph

Ester Scope

R3 = H
R3 = 4-NMe2
R3 = 4-OMe
R3 = 4-Me
R3 = 4-Br
R3 = 4-CF3

8a
8b
8c
8d
8e
8f

91% yield, 89% ee, 18:1 rr
99% yield, 91% ee, 13:1 rr[a]

97% yield, 91% ee, 16:1 rr
97% yield, 91% ee, 13:1 rr
94% yield, 81% ee, 15:1 rr[b]

84% yield, 63% ee, 17:1 rr[c]



Chapter 2 – Enantioselective Diels-Alder Reactions of a-Acyloxy Enones 
 

 
 

 

32 

increasing the steric bulk of the ketone decreased the reaction rates; attempts to perform the 

reaction between 11c and acyclic dienes such as 9c and 9f resulted in low conversion. However, 

when the more reactive cyclopentadiene was used, the dienophiles 11b and 11c gave the respective 

cycloadducts in good yield, albeit with slightly lower ee than when 7g is employed. Dienophile 

11d, with a b- methyl group, underwent the cycloaddition in good yield and ee, but only modest 

selectivity for the endo-diastereomer was observed (12d).  

Figure 3. Investigation of Diene Scope 

 

Reactions performed on 0.4 mmol scale. Isolated yields. % ee determined by SFC using chiral 

stationary phase. aReaction time of 18 days. bReaction time of 13 days. cReaction performed at 0 

°C.  
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Figure 4. Investigation of Alternative Dienophiles 

Reactions performed on 0.4 mmol scale. 

Isolated yields. % ee determined by SFC 

using chiral stationary phase.  

To demonstrate the synthetic utility of 

these products, we elaborated 8g to 2, the key 

intermediate in the BASF synthesis of 

cinmethylin (Scheme 1). Cinmethylin (1) is a chiral terpene-derived herbicide that inhibits plant 

fatty acid biosynthesis. Herbicide 1 was first brought to market by Shell in 1989 for the control of 

grassweeds during rice cultivation10 and was reintroduced in 2019 by BASF as LuximoÔ. 

Although cinmethylin is chiral, it is currently manufactured as a racemate;11 however, with the 

changing regulatory landscape, an enantioselective synthesis is of high value. To this end, 

methanolysis of 8g followed by Wittig olefination and subsequent hydrogenation afforded 2 in 

good yield with preservation of ee. Alternatively, the natural product (+)-andirolactone (13)12 

could be prepared by methanolysis of 8g followed by reaction with Bestmann ylide,13 also with 

complete retention of ee.  
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Kinetic studies were carried out on the reaction between 7d and 9c using variable time 

normalization analysis (VTNA).14 The reaction followed an apparent first order dependence on 

[L3•Y(OTf)3], first order dependence on [9c], and first order dependence on [7d].9 These data are 

consistent with a mechanism involving reversible binding of 7d to L3•Y(OTf)3 followed by 

cycloaddition as the rate-determining step. 1H NMR spectroscopic studies of a mixture of L3, 

Y(OTf)3, and 7d in PhCl-d5 shows no change in the chemical shifts of 7d, suggesting the 

equilibrium heavily favors unbound 7d in the presence of L3•Y(OTf)3. In contrast to the 

experiments with 3a and 7e (vide supra), a same excess experiment revealed no significant amount 

of catalyst deactivation with this more rapidly reacting substrate combination.9,15  

In summary, a Y-catalyzed Diels–Alder reaction of a-acyloxy enones has been developed. 

These reactions generally proceed with good enantio-, diastereo-, and regioselectivity. This 

method provides direct entry to enantioenriched (–)-T-4-ol (2), an intermediate in the synthesis of 

the commercial herbicide cinmethylin.16 More generally, we anticipate that the cyclohexenes 

prepared by this reaction will serve as valuable chiral building blocks in the context of terpene 

synthesis.  
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   Chapter 3 

An Introduction to Enterocin 

 

3.1. Background and Significance 

 Polyketides are an important class of natural products, with diverse structural motifs and 

potent therapeutic properties.1,2 (–)-Enterocin (33), also known as vulgamycin3,3, is a polyketide 

natural product, first isolated from terrestrial strands of Streptomyces bacteria in 1976 (Figure 

1).3,3,4 By isolation chemists, enterocin (33) was found to be bacteriostatic against gram-negative 

bacteria, including Escherichia coli at a concentration of 4 mg/ml3, but this result  might be 

misreported according to a recent study by Capon and coworkers.3 In 2020, Capon and coworkers 

found that enterocin (33) had no significant growth inhibitory activity (to 60 µM) against Gram-

negative Escherichia coli ATCC11775 and Gram-positive Staphylococcus aureus ATCC 25923.3  

Nevertheless, Enterocin (33) was found to have cytotoxicity against HeLa cells,5 and 

possess moderate herbicidal activities.3 Enterocin (33) is herbicidal towards dicotyledonous 
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grasses, including Setaria sp. at 125 - 500 g ha-1, while tolerated by crops like barley, cotton, and 

maize.3 There is no finding on enterocin (33)’s activity against fungi or yeast.  

 

Figure 1. Enterocin (1) and related natural products. 

In 1996, Australian researchers isolated enterocin (33) from a marine ascidian of the genus 

Didemnum.3 This is the first report of enterocin (33) isolation from a non-microbial species, 

potentially suggesting that bacteria can produce the some of the same molecules that isolated from 

marine invertebrates, and there might have a symbiotic relationship between the two. Within the 

same paper, some enterocin-related natural products were also isolated: deoxyenterocin (34), and 

5-acylated analogues (36-37) that contains long fatty acid chains (Figure 1). According to a 

preliminary study by Zhu and coworkers3, 2 was found to be antiviral against the H1N1 virus with 

60.6 % inhibition at 50 µg/ml, though the IC50 value was not determined due to lack of material. 

In addition, 3-epi-5-deoxyenterocin (35), an epimer of deoxygenterocin (34), was isolated by 

Davidson and coworkers.7 This epimer (35) was found to have antimicrobial acitivity against E. 

coli in a paper disc diffusion assay.7   
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Figure 2. Wailupemycin natural products. 

 There are other three natural products isolated by Davidson and coworkers.7 They are 

wailupemycins A (38), B(39), and C(40) (Figure 2). The shared appended α-pyrone ring feature 

in wailupemycin natural products potentially indicates that they are derived from the same 

biosynthetic pathway as enterocin (33).8 Only wailupemycin A (38) exhibits antimicrobial activity 

in a paper disc diffusion assay7, and the wailupemycins B (39) and C (40)’s bioactivities are yet to 

be discovered. 

Structurally, enterocin (33) is a daunting synthetic challenge (Figure 3). It has a 

complicated oxygenation pattern and a near 2:1 carbon to oxygen ratio. Enterocin features a rigid 

and uncommon bicyclo[3.2.1]octane carbon core, decorated by 7 contiguous stereocenters and 4 

free hydroxyl groups. The four free hydroxyl groups on the caged core pose significant synthetic 

challenge on how to install them elegantly and stereoselectively. There are two appended units in 

the molecule: a benzoyl group and an a-pyrone group. Overall, the high confluence of oxygenation 

and functional groups confers significant tactical difficulties in the design of synthetic approaches. 
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Figure 3. Structure and synthetic challenges of enterocin. 

In addition, another major difficulty of synthetizing enterocin (33) chemically is that 33 is 

an unstable natural product. In the original isolation paper, Miyairi and coworkers3 have noted that 

enterocin (33) was found to be stable under neutral and acidic conditions at room temperature, but 

was labile under basic environment. However, there was no description on the decomposition 

pathway of enterocin nor further investigation of the decomposed products by Miyairi and 

coworkers. It is not until recently that there are reports3,9–11 on enterocin’s stability and 

rearrangements.  

3.2. Rearrangements of enterocin 

In 2019, Zhang and coworkers reported the isolation of neoenterocins A and B (41) from 

enterocin producer Streptomyces sp. SCSIO 11863.11 The heterologous expression, gene 

disruption, and isotope feeding experiments indicated that both neoenterocins A and B (41) were 

derived from the enterocin biosynthetic pathway. In the decomposition experiments, Zhang and 

coworkers demonstrated that enterocin (33) (64 mg) was converted to acid 43 (20 mg), 42 (4 mg), 

and neoenterocin B (41) (2 mg) in phosphate-buffered saline (PBS) solution (pH 9). They proposed 

that enterocin can undergo a series lactone-opening hydrolysis, decarboxylation, retro-aldol 

condensation, hemiketal formation, and dehydrations to arrive at 42, which can be oxidized under 

air to neoenterocin B (41).  
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Figure 4. Enterocin’s decomposition to neoenterocin B.  

In 2020, there is a report from Piggott laboratory on (33)’s isomerization in different 

solvents. Piggott and coworkers found that enterocin (33) has varying degrees of decomposition 
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enterocin (33) is more stable under acidic over basic environments: the epimizeration is a 

prerequisite for further rearrangement.  

Then, C5 hydroxyl group can participate in a series intramolecular nucleophilic attacks and 

translactonization to form hemiketal isoenterocin A (45). Isoenterocin A (45) can isomerize to 

isoenterocin B (47) either through intermediate A (46) or through spontaneous translactonization 

directly. It is important to note that Piggott and coworkers found isoenterocin B forms after 

isoenterocin A, although the formation of isoenterocin B (47) from 3-epi-enterocin (35) seems 

more straightforward, and validated this experimental result through DFT calculations. It is also 

interesting to note that isoenterocin A (45) is in a boat conformation, while isoenterocin B (47) 

with the 6-membered lactone present is in a pseudo-chair conformation. The distribution of 

isoenterocin A (45) and isoenterocin B (47) varies depending on the environmental conditions: 

isoenterocin A (45) is the dominant species in aprotic solvents, and isoenterocin B (47) is the 

dominant in protic solvents; the distribution can be further modified through pH.  

Further rearrangements include equilibration between intermediate A 46 and intermediate 

B 49, and then the formation of enterocinic acid A (50).  In enterocinic acid A (50), the benzylic 

alcohol (C15 alcohol) is no longer in the correct orientation to cyclization with C1 carbonyl and 

therefore enterocinic acid A (50) does not have further isomerizations. On the other hand, 

enterocenic acid A (48) (revised structure of reported enterocin F by Capon and coworkers3), 

which was isolated before12 from a family of bacteriocins isolated from Enterococcus faecium, can 

form under basic conditions from 49. 

This proposed rearrangement heavily reply on the agency of C5 hydoxyl group to perform 

intramolecular attacks to the benzylic carbonyl. Indeed, this finding is supported by comparision 

with deoxyenterocin (34), which does not have C5 hydroxyl group and does not rearrange further 
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after forming 3-epi-deoyenterocin. There is further evidence from Piggott and coworkers9 that if 

they protected the key nucleophilic secondary C5 alcohol with acyl groups, the corresponding 

analogues have better stability than enterocin (33). 

 

Figure 5. Proposed rearrangement mechanism for the transformation of enterocin. 

3.3. Biosynthesis of enterocin 

Unlike other polyketides that have polycyclic aromatic core structures, enterocin (33) is a 
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example is soraphen A13. Another interesting part of this biosynthesis is that while type II 

polyketide synthase pathways typically provide polycyclic aromatic compounds, such as 

tetracycline14, 53 remarkably cyclizes into wailupemycin G (57) and wailupemycin F (58) only in 

minor quantities. Instead, in the presence of FAD-dependent ‘favorskiiase’ EncM, 21 

preferentially converts into desmethyl-5-deoxyenterocin (56), through C2 oxidation to form 

triketone 54, followed by a favorskii rearrangement, and subsequent aldol reactions. Finally, a 

methyltransferase (EncK) and a P450 hydroxylase (EncR) convert 52 to 33.  

 

Figure 6. Biosynthetic pathway of enterocin (1). 

The ‘favorskii’ EncM enzyme’s structure was resolved and found to be a homodimer that 
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L-shaped tunnel in an elongated form, the deleterious polycyclic aromatization can be avoided. 

Having elucidated the biosynthetic pathway, Moore lab was able to synthesize several enterocin 

analogs (Figure 7) on analytical scale observing by HPLC-MS, using different benzoate starter 

units.15,16 EncN was found to be quite substrate specific, as evaluated by relative reactivity toward 

different benzoate substrate (Figure 7) and has been found to be inactive to a lot of other substrates.  

 

Figure 7. Mutasynthesis of enterocin analogs and substrate specificity. 

3.4. Previous synthetic effort toward the total synthesis of enterocin 

While this highly oxygenated core presents interesting yet challenging questions on 

introducing these functionalities selectively and compatibly, there have been much elegant and 
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C9 bond via a two-fold aldol cascade, mimicking the biosynthesis. This disconnection allows the 

simplification of the caged enterocin core into linear precursor 60. In the forward sense, a 

diastereoselective Mukaiyama aldol between silyl ketene acetal 62 and aldehyde 61 affords 63 in 

85% yield. Base-mediated lactonization followed by Pd-catalyzed allylation delivered 66. Under 

ozonolytic conditions, terminal alkene 66 was oxidatively cleaved and, serendipitously, the C2 

position was concomitantly oxidized to install the requisite tertiary hydroxyl group. Bach’s report 

ends with compound 67 and thus, the question of a biomimetic aldol as a method for the 

construction of enterocin remains unsolved. 

 

Figure 8. 2017 Bach’s biomimetic two-fold aldol approach toward enterocin. 
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and lactone oxidations through late-stage C–H oxidations. Similar to Bach’s strategy, the Trauner 

group disconnected the C3–C4 bond via a biomimetic aldol. Retrosynthetic reduction of diketone 

69 revealed 70 as a useful intermediate, which could be accessed via an intramolecular barbier 

reaction of 71. Through a key Horner-Wadsworth-Emmons reaction, fragments 72 and 73 could 

be coupled. Indeed, vinyl bromide 74 could be obtained in 9 steps and metalation with dialkyl 

cuprate (n-Bu2CuCN•LiCN) successfully furnished the desired bicycle 75 in 70% yield. Further 

functionalization of the C9-C10 olefin proved challenging. It was inferred that their proposed aldol 

precursor might be unstable and difficult to effect in a non-enzymatic environment.  

 

Figure 9. 2018 Trauner’s aldol and cuprate addition approach toward enterocin. 
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C9 bonds via biomimetic aldol reactions. Retrosynthetic hydrolysis of deoxyenterocin (34), 

revealed 76 as a target linear precursor. Starting from (S)-epichlorohydrin, aldol precursor 76 could 

be accessed utilizing an acyloin coupling strategy. It is noteworthy that the benzylic position of 

the a-pyrone was found to be very acidic, but could be protected by a diazo group. Unfortunately, 

the proposed aldol cascade of 76 was unsuccessful under a variety of conditions. DFT calculations 

suggest that the aldol cascade is thermodynamically unfavorable.  

 

Figure 10. 2019 Trauner’s biomimetic aldol approach toward deoxyenterocin. 
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arabinose 90. In acetonitrile solution, the precursor 86 cyclized into 92 as the desired aldol cascade 

spontaneously, albeit in modest yield. The cascade was accelerated in the presence of K2CO3. Bach 

and coworkers propose that the MEM-protected C5 alcohol in 86 is critical for the success of the 

biomimetic aldol cascade, as it adopts an equatorial position, conformationally favor the six-

membered transition state leading to cyclization. 

 

Figure 11. 2021 Bach’s biomimetic total synthesis of enterocin. 
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bromobenzoyl enterocin was analyzed through X-ray crystallography shortly after enterocin was 

first discovered.4 Although the X-ray crystallography paper did not present scientific proof for the 

absolute configuration,  the authors drew 33 as the structure of (–)-enterocin. While Bach’s 

evidences are compelling, it would be more convincing if they were able to derivatize the synthetic 

enterocin to 5-m-bromobenzoyl enterocin and obtain a crystal structure with absolute configuration 

data. For clarity, we will be pursuing the synthesis of enterocin as structure 33.  

Recognizing enterocin’s remarkable antibiotic properties, synthetic challenges posed by its 

caged and highly oxidized structure, and the elusive structure confirmation, our lab has been 

actively pursuing the total synthesis of enterocin antibiotics. This report will detail the synthetic 

efforts toward enterocin and deoxyenterocin.  
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4.1 Retrosynthetic analysis 

One of the major difficulty in chemically synthesizing enterocin is installing the rich and 

complex oxygenation patterns on the caged core structure, especially the three free hydroxyl 

groups at bridgeheads. In comtemplating routes to access enterocin, we took inspiration from an 

unusual step in Reisman’s total synthesis of (+)-ryanodol.1 In that synthesis, the treatment of enone 

93 with SeO2 under aqueous or anhydrous conditions yielded oxidized compounds 94 and 95, 

respectively (Figure 1). While the yields are modest, this reaction provides a powerful tool to 

quickly construct complex oxygenation patterns. In addition, Reisman lab was able to expand the 

substrate scope of this SeO2 oxidation reaction to other systems and investigate further on its 

mechanism.2 Realizing this transformation can effectively install multiple oxygenation at once, we 
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began to be interested in how to apply this powerful methodology elegantly and efficiently. At that 

time, we noticed the oxygenation pattern on enterocin core matches that of the SeO2 product: three 

hydroxyl groups decorating a cyclopentane ring, with two at bridgeheads (highlighted in Figure 

1). This pattern recognition prompted us to explore the possibility of applying the SeO2 

multioxidation reaction on the synthesis of enterocin (33).  

 
Figure 1. Inspirations for a SeO2 disconnection to access enterocin oxygenation patterns. 

Using the SeO2 multioxidation as the key step, we devised the following retrosynthesis 

(Figure 2). We envisioned to install the benzylic oxidation through a late-stage C-H oxidation, and 

introduce the appended pyrone using C9 ketone as a functional handle. Next, we planned to forge 

C4-C5 bond through a SmI2 reductive cyclization, and intermediate 98 can be unfolded into 

aldehyde 99. The C2 and C8 hydroxyls would be planted by a SeO2 multi-oxidation of the Pauson-

Khand reaction adduct 100. Although the SeO2 multi-oxidation was only reported to work on [5.5] 
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fused bicyclic enones, and not known to be effective on a [6.5] fused bicycle system, we think this 

SeO2 multi-oxidation step is early in the route enough to justify our efforts in attempting this 

reaction here. The enterocin system would also provide a unique insights in a better understanding 

of the SeO2 multi-oxidation reaction. Next, disconnecting the ester bond would give alkyne 

fragment 102 23 and alcohol fragment 103 24, and both of them are known in literature.  

 

Figure 2. Retrosynthetic analysis of enterocin. 

4.2. Results and discussion 

In the forward sense, the first generation plan to access Pauson-Kand reaction precursor 

109 is utilizing a DCC coupling between acid 106 and alcohol 108 (Scheme 1). Specifically, we 
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chloride to afford 105 in 90 % yield on 20 g scale. A known epoxide opening4 by vinyl Grignard 
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Scheme 1. Initial attempts to assemble PKR precursor. 

Therefore, our alternative plan to circumvent the alkyne-allene isomerization problem was 

performing a direct transesterification between ester 105 and alcohol 108 (Scheme 2). Acid-

promoted transesterification between alkyne 105 and a model system primary alcohol but-3-en-1-

ol was successful. However, the same condition did not work with alcohol 108, due to its secondary 

alcohol being less reactive. Fortunately, Otera’s catalyst 1215,6, an organostannane 

transesterification catalyst, was effective in forming 119 in 68 % yield through heating 115 and 

1.1 equivalence of 118 with molecular sieves in toluene at 110 ºC. With 120 at hand, the next step 
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with a carbonyl, and Pauson-Khand reactions are known to be difficult for electron-deficient 
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in 85 % yield on 20 g scale as a single diastereomer, with C8 methine pointing down. The 

stereochemistry was rationalized as shown in Figure 4. The coordination of the reactant alkene to 
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Scheme 2. Transesterification and PKR studies.  
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preferentially occurred at !-position of the enone carbonyl. We also tried different Pauson-Khand 

conditions11, but the stereochemical selectivity kept the same. Therefore, we decided to investigate 

the feasibility of the key SeO2 step regardless of the undesired C8 stereochemistry, before investing 

more time on this route.  

 

Scheme 3. Preliminary SeO2 reaction results.  
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We monitored the reaction progress using NMR (Scheme 4). The tentative mechanism of 

the SeO2 reaction started with enone 122 first oxidized to enediketone 130, with C8 methine intact. 

Upon the addition of excess water, monohydroxylated compound 128 formed in equilibrium with 

hydrate 131. We were able to cleanly isolated 128 and characterize using X-ray crystallography. 

The re-subjection of 128 to SeO2 in dioxane and water under 100 ºC formed the mixture of diol 

diastereomer products. It was interesting to us why a mixture of diastereomers formed. If only an 

! oxidation occurred, then, only 127 diol diastereomer would form since only cis-[6.5] is allowed 

in this structure. Therefore, we reasoned that there is at least another pathway operating in the 

reaction. The other tentative mechanism is after diketone 130 formation, the C8 position can be 

oxidized. This oxidation would be unselective. Then an oxy-Michael reaction by water would 

occur on 31 to form both diol diastereomers.  

 

Scheme 4. Investigation on the mechanism of SeO2 mechanism. 
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With the mechanism in mind, we aimed to optimize the reaction by reducing the amount 

of byproducts. The major byproducts isolated were starting material 122 and monohydroylated 

compound 128. Although extended heating will eventually fully convert 122 and 128, the yield for 

the desired product 126 was not improved over extended heating. Instead, we found the diol 

product 126 can be further oxidized under the reaction condition to acid products that we could 

not isolate and characterize. Therefore, the tricky part of optimizing this reaction is to find the 

goldilocks between full-conversion and over-reaction.  

Since intermediate 128 is the major byproduct, we think maybe if we accelerate the final 

C8 oxidation using an additive, we will be able to reduce reaction time and improve yield (Scheme 

5). After a screening of different Lewis basic additives and their ratio with SeO2, 0.2 equivalent 

diisopropylethylamine was found to be effective in accelerating the final C8 oxidation. Starting 

material 122 and monohydroylated product 128 were fully converted, making isolation easier after 

the reaction. The gem-diol in 126 can be protected with dichloroditert-butylsilane under imidazole 

and DMAP in DCM to yield 134 that maps on enterocin’s carbon and oxygenation patterns. Under 

the optimized condition, this SeO2 reaction then diol protection sequence can be scaled up to 1 

gram with 7 % yield of the desired diastereomer over 2 steps (15% for both diastereomer, 1:1 dr). 

Though the yield is low, the sequence provided just enough material for further investigation.  
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Scheme 5. Optimization of SeO2 multioxidation. a) Additives effect on accelerating SeO2 

oxidation b) two-step sequence under optimized conditions.  
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Scheme 6. Benzyl deprotection studies and oxidation. 
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140 to 141 using a-ketol rearrangement were not successful, possibly because 141 is strained due 

to the presence of the alkene.  

 

Scheme 7. Reductive cyclization studies.  
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Nevertheless, we investigated other oxidation strategies10,13,14 to oxidize C8 methine and 

thereby circumvent the SeO2 oxidation. The Pd(OH)2/TBHP13 condition was interesting, as the 

reaction produced a mixture of C8 tertiary peroxide diastereomers. We investigated a few other 

unsuccessful routes but they were not characterized, and they were included in the appendix of 

this chapter.  

4.3 Experimental Section  

4.3.1 Materials and methods 

Unless otherwise stated, reactions were performed under an inert atmosphere (dry N2 or Ar) 

with freshly dried solvents utilizing standard Schlenk techniques. Glassware was oven-dried at 

120 °C for a minimum of four hours, or flame-dried utilizing a Bunsen burner under high vacuum. 

Tetrahydrofuran (THF), methylene chloride (CH2Cl2), N,N- dimethylformamide (DMF), benzene 

(PhH), and toluene (PhMe) were dried by passing through activated alumina columns. Methanol 

(HPLC grade) was purchased from Fisher Scientific. Pyridine (Pyr) was distilled from calcium 

hydride immediately prior to use. All reactions were monitored by thin-layer chromatography 

using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm) and were visualized by UV (254 

nm), p-anisaldehyde, CAM, and/or KMnO4 staining. Flash column chromatography was 

performed using silica gel (SiliaFlash® P60, particle size 40-63 microns [230 to 400 mesh]) 

purchased from Silicycle. 1H and 13C NMR spectra were recorded on a Bruker Avance III HD with 

Prodigy Cryoprobe (at 400 MHz and 101 MHz, respectively), Varian Inova 500 (at 500 MHz and 

126 MHz, respectively), or Varian Inova 600 (at 600 MHz and 150 MHz, respectively), and are 

reported relative to internal CHCl3 (1H, δ = 7.26), C6H6 (1H, δ = 7.16), or CD2HOD (1H, δ = 3.31), 

and CDCl3 (13C, δ = 77.0), C6D6 (13C, δ = 128.0), or CD3OD (13C, δ = 49.0). Data for 1H NMR 

spectra are reported as follows: chemical shift (δ ppm) (multiplicity, coupling constant (Hz), 
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integration). Multiplicity and qualifier abbreviations are as follows: s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet, br = broad, app = apparent. IR spectra were recorded on a Perkin 

Elmer Paragon 1000 spectrometer and are reported in frequency of absorption (cm–1). HRMS were 

acquired using an Agilent 6200 Series TOF with an Agilent G1978A Multimode source in 

electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), or mixed (MM) 

ionization mode. Optical rotations were measured on a Jasco P-2000 polarimeter using a 100 mm 

path-length cell at 589 nm. Reagents were purchased from commercial vendors as follows: ethyl 

propiolate was purchased from Combi blocks. Benzyl glycidyl ether, 4-Methylmorpholine N-

oxide monohydrate, selenium dioxide, samarium, diiodoethane were purchased from Sigma-

Aldrich. Cobalt carbonyl was purchased from Strem Chemicals.  

 

4.3.2 Experimental procedures  

Preparation of ester 120 

 
 

 An oven-dried 200 mL round-bottom flask was charged with alcohol 118 (1.53g, 7.97 

mmol, 1.5 equiv), ethyl ester 115 (1.00g, 5.31 mmol, 1 equiv), Otera’s catalyst (0.31g, 0.53mmol, 

10 mol%), and anhydrous toluene (53 mL). 5 g of oven-dried and then flame-dried 5Å molecular 

sieve powder (200% w/w of (115 + 118)) was added to the flask. The reaction mixture was heated 

to 110 ºC via an oil bath for 16 hours until complete consumption of ethyl ester 115 was observed 

by TLC. The reaction flask was removed from oil bath and cooled down to room temperature. The 

O

EtO
PhOH

BnO O

O

BnO
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5 Å MS
PhMe, 110 ºC
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reaction mixture was filtered over celite and the filtrate was concentrated in vacuo. The crude 

residue was purified via SiO2 flash chromatography (3 to 5% Et2O/hexanes) to afford ester 120 

(1.21g, 3.61 mmol, 68% yield) as a colorless oil.  

TLC (10% Et2O/hexanes): Rf 0.28 (UV, KMnO4). 

1H NMR (400 MHz, CDCl3): δ 7.31 (m, 8H), 7.29 (m, 2H), 5.75 (ddt, J = 17.1, 10.1, 7.0 Hz, 1H), 

5.18 (m, 1H), 5.1 (m, 2H), 4.57 (m, 2H), 3.75 (s, 2H), 3.57 (d, J = 5.0 Hz, 2H), 2.44 (m, 2H).  

13C NMR (101 MHz, CDCl3): δ 153.38, 138.03, 134.19, 132.84, 128.91, 128.55, 128.21, 127.84, 

127.79, 127.33, 118.61, 86.94, 74.92, 73.91, 73.33, 70.30, 35.32, 25.24. 

FTIR(NaCl, thin film): 2238, 1710, 1645, 1390, 1248, 1051 cm-1. 

HRMS (ESI): calc’d for [M+Na]+ 357.1461, found 357.1461. 

 

Preparation of bicyclic enone 122 

 

 An oven-dried 250 mL round-bottom flask was charged with ester 120 (1.08g, 3.23 mmol, 

1 equiv) and 16 mL anhydrous DCM. Co2(CO)8 (1.21g, 3.55 mmol, 1.1 equiv) was quickly added 

to the solution, and the stirring continued for 1 hour until TLC analysis indicated that starting 

material was fully consumed. The reaction mixture was diluted by adding 144 mL anhydrous DCM, 

and cooled to 0 ºC via an ice/water bath. Stirring was continued for 15 min prior to the addition of 

NMO•H2O (0.87 g, 6.43 mmol, 2 equiv). The reaction mixture was immediately removed from 

the ice/water bath and the reaction was continued for 0.5 h at ambient temperature. The reaction 

mixture was cooled to 0 ºC via an ice/water bath again, and stirred for 15 min, prior to the addition 

O

O

BnO
Ph

O

O
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O
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(85 % yield,
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of NMO•H2O (0.87 g, 6.43 mmol, 2 equiv). The reaction mixture was immediately removed from 

the ice/water bath and the reaction was continued for 0.5 h at ambient temperature. This procedure 

was repeated for 3 more times until a total of 4.37 g of NMO•H2O (32.3 mmol, 10 equiv) was 

added to the reaction mixture. Stirring continued (ca. 1 h) until at which point TLC analysis 

indicated the full completion of the reaction. The mixture was filtered over celite and silica, and 

the filtrate was concentrated in vacuo. The crude residue was purified via SiO2 flash 

chromatography (20 to 30% EtOAc/hexanes) to afford enone 122 (1.00g, 2.74 mmol, 85% yield) 

as a colorless oil, which solidified at –20 ºC.  

TLC (50% EtOAc/hexanes): Rf 0.39 (UV, KMnO4). 

1H NMR (400 MHz, CDCl3): δ 4.67 (tdd, J = 5.6, 4.1, 2.7 Hz, 1H), 4.55 (s, 2H), 3.89 (s, 2H), 

3.77 – 3.65 (m, 2H), 3.42 – 3.30 (m, 1H), 2.79 – 2.69 (m, 1H), 2.38 (ddd, J = 13.9, 5.9, 2.8 Hz, 

1H), 2.11 – 2.01 (m, 1H), 1.84 (ddd, J = 13.8, 12.0, 6.1 Hz, 1H). 

13C NMR (101 MHz, CDCl3): δ 206.38, 162.83, 152.15, 149.99, 137.85, 137.44, 129.49, 128.71, 

128.60, 128.16, 127.86, 126.66, 77.57, 73.91, 71.31, 42.01, 33.16, 31.82, 29.82. 

FTIR(NaCl, thin film): 2918, 2857, 2352, 1713, 1453, 1370, 1250, 1217. 1169, 1111 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 363.1591, found 363.1593. 

 

Preparation of overoxidation product 125 (tentative structure) 

 

 An oven-dried 25 mL round bottom flask was charged with bicyclic enone 122 (200 mg, 

0.55 mmol, 1 equiv), SeO2 (612 mg, 5.5 mmol, 10 equiv), 5.5 mL 1,4-dioxane and 1.2 g oven-
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dried 4 Å molecular sieve. The heterogeneous mixture was heated to 100 ºC via an oil bath. Stirring 

was continued (ca. 12 h) until at which point TLC analysis indicated the full consumption of 

starting material. The reaction mixture was diluted with ethyl acetate, filtered over celite, and the 

filtrate was concentrated in vacuo. The crude residue was purified via SiO2 flash chromatography 

(10 to 20% EtOAc/hexanes) to afford overoxidation product 125 (68 mg, 0.18 mmol, 32 % yield) 

as a reddish oil. Repeated SiO2 flash chromatography might be necessary to fully remove SeO2 

derivatives. 

1H NMR (400 MHz, C6D6): 8.20 (s, 1H), 8.06 – 8.01 (m, 2H), 7.23 – 7.16 (m, 4H), 7.13 – 7.05 

(m, 3H), 4.31 – 4.17 (m, 2H), 3.83 (dq, J = 10.8, 4.3 Hz, 1H), 3.31 – 3.16 (m, 1H), 3.10 (td, J = 

10.4, 4.4 Hz, 1H), 2.13 – 1.90 (m, 2H). 

13C NMR (101 MHz, C6D6): δ 187.40, 185.59, 161.38, 146.42, 141.67, 139.84, 138.05, 134.07, 

132.43, 131.47, 128.79, 128.73, 124.02, 77.23, 73.66, 70.62, 21.07. 

 

Preparation of monohydroxylated 128  

 

 An oven-dried 25 mL round bottom flask was charged with bicyclic enone 122 (200 mg, 

0.55 mmol, 1 equiv), SeO2 (612 mg, 5.5 mmol, 10 equiv), 5.5 mL 1,4-dioxane and 0.55 mL H2O. 

The heterogeneous mixture was heated to 70 ºC via an oil bath. Stirring was continued (ca. 5 h) 

until at which point TLC analysis indicated the full consumption of starting material. The reaction 

mixture was diluted with ethyl acetate, filtered over celite, and the filtrate was concentrated in 

vacuo. The crude residue was purified via SiO2 flash chromatography (10 to 20% EtOAc/hexanes) 
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to afford mono-hydroxylated bicycle 128 (112 mg, 0.29 mmol, 52 % yield) as a reddish oil. 

Repeated SiO2 flash chromatography might be necessary to fully remove SeO2 derivatives. 

TLC (50% EtOAc/hexanes): Rf 0.3 (UV, KMnO4). 

1H NMR (400 MHz, CDCl3): δ 7.36 – 7.15 (m, 10H), 4.55 – 4.45 (m, 2H), 4.10 (dtd, J = 12.0, 

4.4, 1.8 Hz, 1H), 3.81 (s, 1H), 3.73 (d, J = 14.8 Hz, 1H), 3.64 (d, J = 14.8 Hz, 1H), 3.50 (d, J = 4.5 

Hz, 2H), 2.84 (d, J = 5.1 Hz, 1H), 2.24 (dt, J = 14.6, 1.9 Hz, 1H), 2.19 – 2.08 (m, 1H), 1.64 (s, 

1H). 

13C NMR (101 MHz, CDCl3): δ 00.53, 173.12, 151.73, 141.50, 137.43, 136.75, 129.15, 128.91, 

128.65, 128.12, 127.92, 127.11, 75.99, 73.77, 71.09, 48.04, 30.41, 27.84. 

 

Preparation of di-hydroxylated bicycle 126 and 127 

 

 An oven-dried 25 mL round bottom flask was charged with bicyclic enone 122 (200 mg, 

0.55 mmol, 1 equiv), SeO2 (612 mg, 5.5 mmol, 10 equiv), 5.5 mL 1,4-dioxane and 0.55 mL H2O. 

The heterogeneous mixture was heated to 100 ºC via an oil bath. Stirring was continued (ca. 2 h) 

until at which point TLC analysis indicated the full consumption of starting material. The reaction 

mixture was diluted with ethyl acetate, filtered over celite, and the filtrate was concentrated in 

vacuo. The crude residue was purified via SiO2 flash chromatography (20 to 40% EtOAc/hexanes) 

to afford di-hydroxylated bicycle 126 and 127 as inseparable mixtures of reddish oils, along with 

residue SeO2 derivatives (113 mg, 0.29 mmol, 50% yield (inflated by residue SeO2 derivatives)). 

The mixture was directly taken into the next step.  
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TLC (50% EtOAc/hexanes): Rf 0.15 (UV, KMnO4). 

HRMS (ESI): calc’d for [M+NH4]+ 428.1704, found 428.1704. 

 

Preparation of dioxasilolane 134  

 

 An oven-dried 25 mL round bottom flask was charged with di-hydroxylated bicycle 

126+127 mixture (68 mg, 0.17 mmol, 1 equiv) and 1.7 mL DCM. Imidazole (34 mg, 0.5 mmol, 3 

equiv) and 4-dimethylaminopyridine (2 mg, 0.017 mmol, 0.1 equiv) were added into the flask, 

followed by the addition of di-tert-butylchlorosilane (33.4 mg, 0.19 mmol, 1.1 equiv). Stirring was 

continued (ca. 18 h) until at which point TLC analysis indicated the full consumption of starting 

material. The reaction mixture was diluted with ethyl acetate (2 mL), and quenched with the careful 

addition of sat. aq. NH4Cl (3 mL). The layers were separated and the aqueous layer was extracted 

with ethyl acetate (3 × 2 mL). The combined layers were washed with brine (5 mL), dried over 

Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified via SiO2 flash 

chromatography (10 to 15% EtOAc/hexanes) to afford dioxasilolane 134 (45 mg, 0.082 mmol, 15% 

yield over 2 steps) as a greenish oil. 

TLC (20% EtOAc/hexanes): Rf 0.28 (UV, CAM, KMnO4). 

1H NMR (400 MHz, CDCl3): δ 7.48 – 7.40 (m, 2H), 7.40 – 7.26 (m, 6H), 7.25 – 7.11 (m, 3H), 

5.07 (dq, J = 11.6, 3.7 Hz, 1H), 4.66 – 4.54 (m, 2H), 3.97 (d, J = 12.2 Hz, 1H), 3.84 – 3.71 (m, 
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3H), 3.67 (dd, J = 10.8, 4.1 Hz, 1H), 2.36 (dd, J = 14.6, 3.5 Hz, 1H), 2.22 – 2.07 (m, 1H), 1.05 (s, 

9H), 0.61 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ 199.99, 161.69, 148.04, 145.74, 137.75, 135.92, 129.93, 128.67, 

128.63, 128.01, 127.89, 126.90, 97.35, 82.41, 78.19, 73.83, 71.48, 32.89, 29.78, 27.10, 26.69, 

20.72, 19.94. 

FTIR(NaCl, thin film): 2934, 2859,1731, 1472, 1368, 1232, 1171, 1145, 1114, 1071 cm-1. 

HRMS (ESI): calc’d for [M+NH4]+ 568.2725, found 568.2737.  

 

Preparation of alcohol 135 

 

 An oven-dried 25 mL round bottom flask was charged with benzyl ether 134 (80.0 mg, 

0.145 mmol, 1 equiv), N-bromosuccinimide (33.6 mg, 0.189 mmol, 1.3 equiv), CaCO3 (58.1 mg, 

0.58 mmol, 4 equiv), 7.25 mL CCl4 and 0.13 mL H2O. The mixture was degassed by bubbling 

argon through while sonicating for 15 min. The mixture was rigorously stirred and irradiated with 

a 375W incandescent lamp. Irridation continued (ca. 45 min) until at which point TLC analysis 

indicated the full consumption of starting material. 200 mg of SiO2 was added to the reaction and 

stirring continued for 0.5h. The reaction mixture was filtered over celite and the filtrate was 

concentrated in vacuo. The crude residue was purified via SiO2 flash chromatography (30 to 40% 

EtOAc/hexanes) to afford alcohol 135 (56.9 mg, 0.123 mmol, 85% yield) as a green oil.  

TLC (50% EtOAc/hexanes): Rf 0.41 (UV, KMnO4). 
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1H NMR (400 MHz, C6D6): δ 7.77 – 7.68 (m, 2H), 7.13 – 7.03 (m, 2H), 7.03 – 6.94 (m, 1H), 4.68 

(d, J = 4.5 Hz, 1H), 4.06 (d, J = 12.1 Hz, 1H), 3.74 (d, J = 12.1 Hz, 1H), 3.41 – 3.32 (m, 1H), 3.07 

(dd, J = 12.3, 4.4 Hz, 1H), 2.09 (dd, J = 14.6, 3.6 Hz, 1H), 1.90 (dd, J = 14.6, 11.9 Hz, 1H), 1.01 

(s, 9H), 0.60 (s, 9H). 

13C NMR (101 MHz, C6D6): δ 199.87, 161.59, 148.10, 146.08, 136.60, 130.38, 128.95, 127.12, 

97.85, 82.99, 79.53, 64.24, 32.44, 30.49, 30.02, 27.12, 26.78, 20.66, 19.95. 

FTIR(NaCl, thin film): 2930, 2860, 1737, 1731, 1495, 1470, 1371, 1282, 1216, 1171 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 461.199, found 461.1993.  

 

Preparation of aldehyde 136 

 

 An oven-dried 2 dram vial was charged with alcohol 135 (10 mg, 0.022 mmol, 1 equiv), 

NaHCO3 (10.9 mg, 0.13 mmol, 6 equiv), 1 mL DCM. The mixture was cooled to 0 ºC via ice/water 

bath, and stirring continued for 15min prior to the addition of Dess-Martin periodinane (55 mg, 

0.13 mmol, 6 equiv). Stirring was continued (ca. 3h) until at which point TLC analysis indicated 

the full consumption of starting material. The reaction mixture was diluted with DCM, filtered 

over celite, and the filtrate was concentrate in vacuo. The crude residue was unstable to SiO2 flash 

chromatography and 136 can be used directly in the next step.   

TLC (50% EtOAc/hexanes): Rf 0.3 (UV, KMnO4). 
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1H NMR (400 MHz, CDCl3): δ 9.83 (d, J = 1.0 Hz, 1H), 7.47 – 7.40 (m, 3H), 7.20 – 7.13 (m, 

2H), 5.22 (ddd, J = 12.4, 3.8, 1.0 Hz, 1H), 3.95 (dd, J = 12.2, 3.4 Hz, 1H), 3.81 (dd, J = 12.3, 4.1 

Hz, 1H), 3.49 (s, 1H), 2.58 – 2.50 (m, 1H), 2.02 – 1.94 (m, 1H), 1.03 (s, 9H), 0.65 (s, 9H). 

HRMS (ESI): calc’d for [M+H]+ 459.1834, found 459.1837.  

 

Preparation of triol 140 (tentative structure) 

 

An oven-dried 1-dram vial equipped with a stir bar was charged with aldehyde 136 (10 mg, 0.022 

mmol, 1 equiv), and anhydrous THF (1 mL) and submitted to five freeze-pump-thaw cycles. The 

solution was cooled to 0 °C and stirred at this temperature for 15 min. Thereafter, SmI2/THF (0.9 

mL, 0.09 mmol, 4.5 equiv) was added dropwise over 5 min. The deep blue color of SmI2 was 

immediately quenched upon addition of each drop. After stirring an additional 10 min at 0 °C, the 

resulting pale yellow solution was diluted with Et2O (1 mL), and washed with H2O (2 x 1 mL). 

The aqueous layer was back-extracted with Et2O (2 x 1 mL), and the combined organic layers were 

dried over Na2SO4, filtered, and concentrated under reduced pressure to afford a light yellow oil. 

Crude NMR shows a 1.6:1 diastereomer ratio. Purification was achieved via chromatography on 

SiO2 preparative TLC plate and only one of the diastereomer from the crude was shown on the 

preparative plate. Separation affords triol 140 (tentative structure) as a colorless oil.  
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Preparation of SmI2: A 100 mL Schlenk flask containing a stir bar was charged with freshly filed 

Sm metal (650 mg). The system was flame-dried under high vacuum then cooled to ambient 

temperature before adding freshly purified 1,2-diiodoethane (700 mg). 1,2-diiodoethane (1.6 g) 

was dissolved in Et2O (50 mL) and washed with sat. aq. Na2S2O3 (3 x 10 mL) and deionized water 

(2 x 10 mL), dried over Na2SO4, filtered, and dried to 1.41 g of a white solid. The atmosphere was 

exchanged three times for argon. Subsequently, the flask was charged with anhydrous THF (25 

mL) that had been submitted to five freeze-pump-thaw cycles. Note: The THF used for the 

synthesis of SmI2 must contain <50 ppm H2O; THF containing greater quantities of water resulted 

in excessive induction times for the synthesis of SmI2. Further, residual oxygen results in formation 

of oxidative fragmentation products in the radical cyclization. The suspension was stirred for 2 

min and the flask was cautiously and briefly (5 s) placed under partial high vacuum, then purged 

with argon. This process was repeated two additional times to remove ethylene gas formed from 

insertion of Sm metal into 1,2-diiodoethane. The resulting heterogeneous suspension was rapidly 

(930 rpm) stirred; after 5 min, the reaction turned dark green, and within 10 min, a dark blue color 

was observed. After stirring under argon for 3 h at ambient temperature, the system was cautiously 

and briefly placed under high vacuum, then purged with argon. This process was repeated two 

additional times, then stirring was halted. The mixture was allowed to settle for 15 min prior to 

use.  

1H NMR (400 MHz, CDCl3): δ 7.42 – 7.27 (m, 5H), 4.66 (q, J = 1.2 Hz, 1H), 4.34 (d, J = 14.1 

Hz, 1H), 3.78 (d, J = 14.2 Hz, 1H), 3.35 (d, J = 1.6 Hz, 1H), 2.41 (d, J = 14.8 Hz, 1H), 2.26 (dd, J 

= 14.8, 1.5 Hz, 1H), 1.03 (s, 10H), 0.96 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ 198.21, 168.48, 148.94, 137.24, 129.76, 129.65, 127.93, 86.38, 

84.11, 83.50, 68.02, 34.40, 31.93, 27.62, 27.06, 20.52, 20.33. 
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A2.1 X-RAY CRYSTAL STRUCTURE ANALYSIS  

Low-temperature diffraction data (φ- and ω-scans) were collected on a Bruker AXS D8 

VENTURE KAPPA diffractometer coupled to a PHOTON 100 CMOS detector with Cu-Kα 

radiation (λ = 1.54178 Å) from a IµS HB micro-focus sealed X-ray tube. All diffractometer 

manipulations, including data collection, integration, and scaling were carried out using the Bruker 

APEXII software.1 Absorption corrections were applied using SADABS.2 The structure was solved 

by intrinsic phasing using SHELXT3 and refined against F2 on all data by full-matrix least squares 

with SHELXL-20143 using established refinement techniques.4 All non-hydrogen atoms were 

refined anisotropically. All hydrogen atoms were included into the model at geometrically 

calculated positions and refined using a riding model. The isotropic displacement parameters of 

all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times 

for methyl groups and hydroxyl groups). Absolute configuration was determined by anomalous 

dispersion.5 Crystallographic data for 136 can be obtained free of charge from The Cambridge 

Crystallographic Data Centre (CCDC) via www.ccdc.cam.ac.uk/data_request/cif under CCDC 

deposition numbers 2259506. Graphical representation of the structures with 50% probability 

thermal ellipsoids was generated using Mercury visualization software.  
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Figure A2.1. Structure of 35 with 50% probability anisotropic displacement ellipsoids.  

Table A2.1. Crystal data and structure refinement for 136.  

Identification code  136 

Empirical formula  C24H32O7Si  

Formula weight  460.58  

Temperature/K  100.0  

Crystal system  monoclinic  

Space group  C2/c  

a/Å  31.53(3)  

b/Å  9.528(7)  

c/Å  15.474(7)  

α/°  90  
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β/°  90.92(3)  

γ/°  90  

Volume/Å3  4648(6)  

Z  8  

ρcalcg/cm3  1.316  

µ/mm-1  0.143  

F(000)  1968.0  

Crystal size/mm3  0.54 × 0.34 × 0.22  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  2.584 to 72.176  

Index ranges  -51 ≤ h ≤ 45, -15 ≤ k ≤ 15, -25 ≤ l ≤ 25  

Reflections collected  114658  

Independent reflections  10388 [Rint = 0.0365, Rsigma = 0.0198]  

Data/restraints/parameters  10388/0/297  

Goodness-of-fit on F2  1.055  

Final R indexes [I>=2σ (I)]  R1 = 0.0406, wR2 = 0.1153  

Final R indexes [all data]  R1 = 0.0521, wR2 = 0.1247  

Largest diff. peak/hole / e Å-3  0.97/-0.35  

 

Special Refinement Details for 136 

Compound 136 crystallizes in the monoclinic space group C2/c with one molecule in the unit.  

A2.2 REFERENCES  

1. APEX2, Version 2 User Manual, M86-E01078. Bruker Analytical X-ray Systems: 
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Appendix 2 – X-ray Crystallography Reports Relevant to Chapter 4 
 

106 

2. Sheldrick, G. M. SADABS (version 2008/1): Program for Absorption Correction for Data 

from Area Detector Frames. University of Göttingen, 2008.  

3. Sheldrick, G. M. Acta Cryst. 2008, 64, 112.  
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   Chapter 5 

A radical-polar crossover annulation approach toward enterocin 

 

 

 

5.1 Retrosynthetic analysis 

After encountering difficulties in a SeO2 multi-oxidation approach to enterocin, we started 

brainstorming again. When we observe enterocin (33) from a rotated orientation, we found that 

there might be some innate pseudo-symmetry within the natural product (Figure 1). Specifically, 

the [3.2.1]bicycle can potentially be divided into symmetrical fragments 142 and 143. Then, the 

scientific question we want to explore is how to join the two pieces together.  

_______________________ 

† The research discussed was completed in collaboration with Dr. Simon Cooper in our laboratory.  
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Figure 1. Inspiration for a radical-polar crossover annulation. 

We started with literature searches on whether these types of annulation have been reported. 

Micalizio and coworkers reported a metallacycle-mediated annulative diketone–alkyne coupling 

to form five-, six-, and seven-membered highly oxygenated rings1–3 and they also used this 

methodology in their synthesis of anhydroryandol4. Most of the examples are intramolecular 

coupling, but they reported this intermolecular example (Figure 2): they exposed diketone 144 to 

Ti(OiPr)4/iPrMgCl and 1-(Trimethylsilyl)propyne 145 and obtained cyclopentane 146 in 37% 

yield.  

 

Figure 2. Ti-mediated annulation. 

There are two major drawbacks if we were going to adopt Micalizio’s methodology: 1. The 

substrates for this annulation requires gem-disubstitutions in between the two carbonyls. This 

features do not map onto enterocin’s structure. 2. There is no reported case on making 
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[3.2.1]bicycles through this methodology, and the feasibility is unknown.  Therefore, we prepared 

a model system substrate 147 and alkyne 148 (Figure 2). Under the same condition reported by 

Micalizio and coworkers, we found the reaction only produced trace amount of the desired bicycle 

product 149. In summary, we identified a gap in the scientific literature, and decided to invent a 

new annulation reaction.  

Conceptually, we envisioned a non-biomimetic approach to enterocin in which the core of 

the molecule is constructed using a radical-polar crossover reaction as an annulation step (Figure 

3).5 Retrosynthetically, this simplifies enterocin (33) to a cyclohexanone such as 152, where R1 is 

a radical precursor. We recognized that if a carboxylic acid served as the radical precursor, 152 

could map back to quinic acid (153). There is strong support in literature for the initial radical 

formation/Giese addition,6–8 and the catalytic cycle is proposed to close by single electron 

reduction to form the enolate, which could then be trapped via an intramolecular aldol reaction.9 

This radical-polar crossover reaction could be developed as a new annulation method to prepare 

bicyclic structures with bridgehead hydroxyl groups, possibly with applications in natural product 

synthesis beyond enterocin (33). 
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Figure 3. Retrosynthetic analysis of enterocin. 

Looking more deeply at the key radical-polar crossover step (Figure 4), we envisioned that 

the reaction starts with a deprotonation, a single electron oxidation by the activated photocatalyst, 

and then decarboxylation to generate the stabilized radical 155. In the presence of excess radical 

acceptor 156, the newly generated radical 155 can add into the electron-deficient alkene and form 

a new radical 157. Then, a single electron reduction from the reduced photocatalyst can generate 

enolate 158, which may undergo facile intramolecular aldol and potentially also lactonization to 

form 159. As shown in the catalytic cycle, this is an electron-neutral radical polar crossover 

reaction, and there is no need to addition reductant or oxidant. Precedent for decarboxylative 

Giese-type additions is shown in Figure 4b.6  
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Figure 4. Mechanism and precedents of the designed radical-polar crossover annulation. 

5.2. Results and discussion 

To evaluate the feasibility of this tandem Giese addition/aldol cyclization approach, we 

have carried out the following preliminary studies. Irradiation of 163 (prepared in four steps from 

quinic acid (153)) and dimethyl fumarate with blue LEDs in the presence of 

[Ir(dFCF3ppy)2dtbbpy]PF6 as photocatalyst and K2HPO4 as base gave Geise addition product  164 

in 20% yield as a single diastereomer (Scheme 1). It is encouraging that the radical 

generation/Giese addition steps did occur, but the desired annulation product was not isolated, 

possibly indicating premature termination of the radical-polar crossover cascade. The result might 

suggest compound 164 sits in the flipped chair conformation with substituents in equatorial 
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position, and therefore it is conformationally difficult for intramolecular aldol to take place. It is 

also possible this premature termination is due to protic quenching by one of the unprotected 

hydroxyl. However, substrate 165, which is in the desired conformation for the intramolecular 

aldol and has diol protected, also terminated early. Screening various substrates, photocatalysts, 

bases and solvents did not enable the intramolecular aldol reaction to occur, prompting us to 

explore alternative scaffolds.  

 

Scheme 1. Initial attempts on radical-polar crossover reactivity. 

In light of these initial challenges, a second substrate 167 was prepared in four steps from 

quinic acid (13) to independently investigate the feasibility of the intramolecular aldol cyclization  

(Scheme 2). Under the reductive aldol conditions developed by Buchwald and coworkers10, the 

desired [3.2.1]bicycle (168) was prepared in promising yield (52%) as a 6:1 mixture of 

diastereomers at the ester-bearing carbon. In this case, the acetonide likely reinforces the 

conformation with the substituents in the axial position, enabling the intramolecular aldol reaction. 

In summary, these two studies (Scheme 1 and 2) show that the key elementary steps in the proposed 

radical-polar crossover annulation are feasible.  
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Scheme 2. Proof-of-principle studies on the feasibility of aldol step. 

Given the exciting results with the formation of 168, we also investigated the conjugate 

addition of nucleophiles to a,b- unsaturated ketone 169, focusing on functionality that could serve 

as ester equivalents (Scheme 3). We surveyed a variety of ester equivalent nucleophiles on 

substrate 169. Vinyl Grignard cuprate addition11 afforded a complex mixture of products (Scheme 

3, entry 1). Attempt on adding a dithiane12 as a radical into the electron deficient alkene only 

produced 1,2-addition product 173 and ring expansion product 174. We reasoned the ring 

expansion reaction possibly occurred through intermediate 175 that was generated from proton-

coupled electron transfer (PCET) of the tertiary alcohol, similar to Knowles’s report13. Following 

Overman’s precedent14, we tried to add a methyl ester radical into the alkene using photoredox 

condition (entry 3), but the reaction was complex. Lastly, we tried to add a cyanide group15,16 as a 

masked ester and we found that successful 1,4-addition was observed to produce 177, but the 

subsequent intramolecular aldol did not proceed (entry 5).  
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Scheme 3. Stepwise approach to access the [3.2.1]bicycle. 

Recently, we started exploring a different mode of radical generation (Scheme 4). 

Following precedent from Knowles lab on light-driven proton-coupled electron transfer (PCET) 

activation of the O−H bond, we tested tertiary alcohol 178 and found the desired C−C β-scission 

of the resulting alkoxy radical occurred and the radical was able to engage with dimethyl fumarate. 

The intramolecular aldol then generate diastereomers 179 and 180 in 29% and 15% yield, 
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Scheme 5. Stepwise approach to access the [3.2.1]bicycle. 

 

5.3 Experimental Section  

5.3.1 Materials and methods 

Unless otherwise stated, reactions were performed under an inert atmosphere (dry N2 or Ar) 

with freshly dried solvents utilizing standard Schlenk techniques. Glassware was oven-dried at 

120 °C for a minimum of four hours, or flame-dried utilizing a Bunsen burner under high vacuum. 

Tetrahydrofuran (THF), methylene chloride (CH2Cl2), N,N- dimethylformamide (DMF), benzene 

(PhH), and toluene (PhMe) were dried by passing through activated alumina columns. 2-

Methyltetrahydrofuran (anhydrous, >99%, inhibitor-free) was purchased from Sigma-Aldrich and 

stored under argon. Methanol (HPLC grade) was purchased from Fisher Scientific. Pyridine (Pyr) 

was distilled from calcium hydride immediately prior to use. All reactions were monitored by thin-

layer chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm) and were 

visualized by UV (254 nm), p-anisaldehyde, CAM, and/or KMnO4 staining. Flash column 

chromatography was performed using silica gel (SiliaFlash® P60, particle size 40-63 microns [230 

to 400 mesh]) purchased from Silicycle. 1H and 13C NMR spectra were recorded on a Bruker 
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Avance III HD with Prodigy Cryoprobe (at 400 MHz and 101 MHz, respectively), Varian Inova 

500 (at 500 MHz and 126 MHz, respectively), or Varian Inova 600 (at 600 MHz and 150 MHz, 

respectively), and are reported relative to internal CHCl3 (1H, δ = 7.26), C6H6 (1H, δ = 7.16), or 

CD2HOD (1H, δ = 3.31), and CDCl3 (13C, δ = 77.0), C6D6 (13C, δ = 128.0), or CD3OD (13C, δ = 

49.0). Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm) (multiplicity, 

coupling constant (Hz), integration). Multiplicity and qualifier abbreviations are as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, app = apparent. IR spectra 

were recorded on a Perkin Elmer Paragon 1000 spectrometer and are reported in frequency of 

absorption (cm–1). HRMS were acquired using an Agilent 6200 Series TOF with an Agilent 

G1978A Multimode source in electrospray ionization (ESI), atmospheric pressure chemical 

ionization (APCI), or mixed (MM) ionization mode. Optical rotations were measured on a Jasco 

P-2000 polarimeter using a 100 mm path-length cell at 589 nm.  

Reagents were purchased from commercial vendors as follows: [Ir(dFCF3ppy)2dtbbpy]PF6, 

[Ir(dFCF3ppy)2(5,5’ dCF3bpy)]PF6, copper chloride, 2,4,6-collidine, dimethyl fumarate were 

purchased from Sigma-Aldrich. (R)-(+)-2,2′-Bis(di-p-tolylphosphino)-1,1′-binaphthyl was 

purchased from Sigma-Aldrich and stored in a nitrogen-filled glovebox.  
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5.3.2 Experimental Procedures  

Preparation of triol 164 

 

An oven-dried 2-dram vial was charged with a stir bar, acid 163 (40 mg, 0.21 mmol, 1 equiv), 

dimethyl fumarate (90.8 mg, 0.63 mmol, 3 equiv), [Ir(dFCF3ppy)2dtbbpy]PF6 (2.2 mg ,0.002 mmol, 

1 mol%), anhydrous K2HPO4 (34.8 mg, 0.63 mmol, 3 equiv), and anhydrous DMSO (0.42 mL, 0.5 

M). The reaction mixture was sparged with Ar for 15 min. The vial was then irridated with 450 

nm LED light for 16h, at which point TLC analysis indicated the full consumption of starting 

material. The reaction mixture was diluted with 3 mL diethyl ether and 2 mL sat. NH4Cl. The 

layers were separated and the aqueous layer was extracted with ethyl acetate (3 × 1 mL). The 

combined layers were washed with brine (2 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo. The crude residue was purified via SiO2 flash chromatography (30 to 50% EtOAc/hexanes) 

to afford triol 164 (12 mg, 0.04 mmol, 20% yield) as a colorless oil. 

 

Preparation of ketone 169 

 

K2HPO4
DMSO, Blue LEDs

(20% yield, single dr)

HO

OH

OHO2C

OH

HO

OH

O

OH

MeO2C CO2Me

163 164

dimethyl fumarate
[Ir(dFCF3ppy)2dtbbpy]PF6

O

OH

OH

O

O

Me
Me 187

PhMe, reflux
O

O

Me

Me

O

OH

O

Ph

169

Ph

O

PPh3

NaHCO3, DCM
(95% yield,

over 2 steps)

2. DMP

1.
188



Chapter 5 – A radical-polar crossover annulation approach toward enterocin 
 

118 

An oven-dried 25 mL round bottom flask was charged with lactol 187 (2 g, 9.25 mmol, 1 equiv), 

diazo 188 (3.52 g, 9.25 mmol, 1 equiv), and toluene (30 mL). The resulting solution was heated to 

reflux and stirred for 3 h until at which point TLC analysis indicated the full consumption of 

starting material. The crude mixture was concentrated in vacuo. The crude residue was purified 

via SiO2 flash chromatography (30 to 50% EtOAc/hexanes) to remove phosphine oxide.  An oven-

dried 25 mL round bottom flask was charged with purified material (2.94g, 9.23 mmol, 1 equiv), 

NaHCO3 (0.93 g, 11.1 mmol, 1.2 equiv), 90 mL DCM, and a stir bar. Then, Dess-Martin 

periodinane (4.7g, 11.1 mmol, 1.2 equiv) was added at room temperature. Stirring was continued 

(ca. 12h) until at which point TLC analysis indicated the full consumption of starting material. The 

reaction mixture was diluted with DCM, filtered over celite, and the filtrate was concentrated in 

vacuo. The crude residue was purified via SiO2 flash chromatography (40 to 50% EtOAc/hexanes) 

to afford ketone 169 (2.8 g, 8.8 mmol, 95% yield) as a white solid.  

TLC (50% EtOAc/hexanes): Rf 0.53 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 8.02 – 7.96 (m, 2H), 7.62 – 7.55 (m, 1H), 7.52 – 7.45 (m, 2H), 

7.35 (d, J = 14.9 Hz, 1H), 6.95 (dd, J = 15.0, 1.3 Hz, 1H), 4.78 (ddd, J = 5.7, 3.6, 2.3 Hz, 1H), 4.47 

(d, J = 5.3 Hz, 1H), 3.84 (d, J = 1.2 Hz, 1H), 2.80 – 2.68 (m, 2H), 2.54 – 2.46 (m, 1H), 2.41 (dd, J 

= 15.8, 3.6 Hz, 1H), 1.53 (s, 3H), 1.43 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 204.66, 190.38, 148.84, 137.63, 133.39, 128.84, 128.81, 123.81, 

110.90, 78.81, 76.15, 51.40, 36.26, 27.44, 26.03. 

FTIR(NaCl, thin film): 2985, 1731, 1672, 1624, 1596, 1578, 1483, 1447, 1437, 1381 cm-1. 

HRMS (ESI): calc’d for [M+Na]+ 339.1203, found 339.1207. 

["]$%& = –5.6 ° (c = 1.00, CHCl3).  
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Compound 167 was made through a similar procedure for the preparation of compound 169.  

1H NMR (400 MHz, CDCl3): δ 6.86 (dd, J = 15.4, 1.2 Hz, 1H), 6.19 (d, J = 15.3 Hz, 1H), 4.78 – 

4.71 (m, 1H), 4.43 (d, J = 5.3 Hz, 1H), 3.76 (s, 3H), 2.67 (d, J = 1.9 Hz, 2H), 2.45 (dq, J = 15.8, 

2.1 Hz, 1H), 2.31 (dd, J = 15.8, 3.7 Hz, 1H), 1.50 (s, 3H), 1.40 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 204.63, 167.08, 149.64, 120.36, 110.89, 78.75, 77.09, 75.56, 

51.97, 51.18, 36.12, 27.41, 25.99. 

FTIR(NaCl, thin film): 2921, 1721, 1652, 1436, 1369, 1318, 1202, 1172, 1153, 1131 cm-1. 

HRMS (ESI): calc’d for [M+Na]+ 293.0996, found 293.1001. 

["]$%& = – 7.9° (c = 0.5, CHCl3).  

 

Preparation of [3.2.1]bicycle 168 

 

An oven-dried 1 dram vial was charged with a stir bar. The vial was brought into the nitrogen-

filled glovebox, and (R)-p-tol-BINAP (15 mg, 0.022 mmol, 10 mol%) and toluene (1 mL) were 

added. Then, NaOt-Bu (1 mg, 0.01 mmol, 0.05 equiv) and CuCl (1.1 mg, 0.01 mmol, 0.05 equiv) 

were weighed into another oven-dried 1 dram vial. The toluene solution of the chiral bis-phosphine 

was added via pipet to the vial to dissolve the solids. The solution was stirred for 10 min and 

PHMS (54µL, 0.88, 4 equiv) was added to the solution. The resulting solution turned a reddish 

orange color. The unsaturated ester 167 (60 mg, 0.22 mmol, 1 equiv) was added to the reaction 
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solution in the glovebox, and the resulting solution was stirred for 20 h at room temperature until 

at which point TLC analysis indicated the full consumption of starting material. The reaction was 

quenched with sat. aq. NH4Cl (1 mL). The layers were separated and the aqueous layer was 

extracted with ethyl acetate (3 × 1 mL). The combined layers were washed with brine (2 mL), dried 

over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified via SiO2 flash 

chromatography (30 to 50% EtOAc/hexanes) to afford bicycle 168 (31 mg, 0.11 mmol, 52% yield, 

6.4:1 dr) as a colorless oil. 

TLC (70% EtOAc/hexanes): Rf 0.54 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 4.27 (td, J = 8.1, 5.4 Hz, 1H), 4.16 – 4.08 (m, 1H), 3.75 (s, 3H), 

2.68 (dd, J = 9.2, 5.9 Hz, 1H), 2.23 – 2.11 (m, 4H), 1.99 – 1.89 (m, 1H), 1.78 – 1.68 (m, 1H), 1.54 

(s, 3H), 1.38 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 174.12, 111.43, 81.07, 78.52, 74.52, 72.22, 52.42, 48.14, 44.26, 

43.17, 39.65, 28.46, 26.57. 

FTIR(NaCl, thin film): 2952, 2925, 1731, 1437, 1325, 1365, 1329. 1310, 1203, 1167 cm-1. 

["]$%& = 0.1 ° (c = 1.00, CHCl3).  

 

Preparation of [3.2.1]bicycle 179 and 180 

 

An oven-dried 2-dram vial was charged with a stir bar, alcohol 178 (75 mg, 0.14 mmol, 1 equiv), 

dimethyl fumarate (59.7 mg, 0.42 mmol, 3 equiv), [Ir(dFCF3ppy)2(5,5’ dCF3bpy]PF6 (1.6 mg, 

0.001 mmol, 1 mol%), anhydrous collidine (42 mg, 0.42 mmol, 3 equiv), and anhydrous DCM 
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(1.4 mL, 0.1 M). The reaction mixture was sparged with Ar for 15 min. The vial was then irridated 

with 450 nm LED light for 16h, at which point TLC analysis indicated the full consumption of 

starting material. The crude mixture was concentrated in vacuo. The crude residue was purified 

via SiO2 flash chromatography (10 to 20% Et2O/hexanes) to afford bicycle 179 (18 mg, 0.04 mmol, 

29% yield) and as bicycle 180 (3.1 mg, 0.007 mmol, 15% yield) colorless oils. Relative structure 

of 180 was confirmed by NOESY after an additional acylation step (TFAA, DMAP, Et3N, DCM).  

 

 

1H NMR (400 MHz, CDCl3): δ 4.33 (td, J = 7.8, 5.8 Hz, 1H), 4.05 (dd, J = 5.8, 1.3 Hz, 1H), 3.62 

(s, 3H), 3.57 (d, J = 0.9 Hz, 3H), 3.31 (dd, J = 7.3, 1.7 Hz, 1H), 2.94 (dd, J = 7.3, 1.0 Hz, 1H), 

2.13 (dd, J = 10.6, 1.0 Hz, 1H), 2.04 (ddd, J = 10.6, 2.7, 1.4 Hz, 1H), 1.97 – 1.86 (m, 1H), 1.51 

(ddd, J = 13.6, 7.5, 1.8 Hz, 1H), 1.39 (s, 3H), 1.23 (s, 3H), 0.74 (s, 9H), 0.04 (s, 3H), -0.03 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 172.59, 172.22, 111.00, 80.95, 78.33, 77.14, 71.28, 55.84, 52.41, 

51.90, 49.89, 44.22, 42.18, 28.27, 26.30, 25.46, 17.85, -2.64, -2.68. 
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1H NMR (400 MHz, CDCl3): δ δ 4.34 – 4.25 (m, 1H), 3.96 (dd, J = 5.5, 1.0 Hz, 1H), 3.75 (d, J = 

1.9 Hz, 3H), 3.68 (s, 3H), 3.65 (d, J = 2.9 Hz, 1H), 3.13 (d, J = 7.2 Hz, 1H), 2.29 – 2.24 (m, 2H), 

1.78 – 1.68 (m, 1H), 1.52 (s, 3H), 1.34 (s, 3H), 0.82 (s, 9H), 0.09 (s, 3H), 0.07 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 172.67, 171.52, 110.79, 78.45, 77.98, 77.90, 71.60, 54.02, 53.46, 

52.61, 52.36, 46.64, 43.78, 28.58, 26.60, 25.62, -2.41, -2.48. 
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   Chapter 6 

An intermolecular aldol approach toward enterocin 

 

 

 

6.1 Retrosynthetic analysis 

Through our explorations of different strategies, we started to realize that the four free 

hydroxyl groups have been one of the most difficult features to synthesize enterocin (33). The 

radical-polar crossover strategy was able to elegantly address the installation of two of the free 

hydroxyl groups (C4 and C8), but the question on how to oxidize C2 position stereoselectively 

and chemoselectively has always been challenging to answer. With this question in mind, we 

started to think that we should increase the oxidation state of C2 carbon at an early stage. Therefore, 

we devised a novel route (Figure 1) to access enterocin (33).  
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Retrosynthetically (Figure 1), a biomimetic aldol step1 from 189 was designed to furnished 

the natural product enterocin (33). This aldol presumably will proceed spontaneously, as 

demonstrated by Bach and coworkers2 in their biomimetic total synthesis of enterocin. Next, we 

envisioned to introduce the acetophenone piece through an intermolecular aldol reaction: enolate 

191 can add into the electrophilic C2 carbonyl. This way, we solved the problem on how to install 

the C2 alcohol as well. The ketolactone in 190 can be accessed through alkene oxidation from 

dihydropyran 192, which can be eventually traced back to quinic acid (153).  

 

Figure 1. Retrosynthetic analysis of enterocin. 

This route was partially inspired by Trauner’s total synthesis of tetrodotoxin (Figure 2).3  

They were able to perform a cycloisomerization reaction4,5 to form dihydropyran 193, by 

generating a metallo-vinylidene carbene from alkyne 194 with catalyst CpRu(PPh3)2Cl.6 They 

found they were able to turn the Ru cycloisomerization catalyst into an oxidant in the prescence of 

Oxone and a cosolvent mixture, and oxidize the alkene into hydroxyl lactone 195.  
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Figure 2. Inspiration on accessing the ketolactone. 

In Trauner’s report3, they were able to control the oxidation to stop at the hydroxyl lactone 

stage 195, but with excess Oxone and prolonged reaction time, ketolactone was isolated too. 

Therefore, we envisioned that we might be able to employ the same strategy to access the 

ketolactone 190 through an alkyne intermediate.  

6.2. Results and discussion 

At the beginning, we aimed to access the ketolactone 121 as soon as possible, and test the 

following intermolecular aldol reaction. Starting with quinic acid (153), lactone 196 was prepared 

in two steps following literature precedent (Scheme 1).7 Selective DIBAL reduction of lactone 196 

to the corresponding lactol 197 (mixture of diastereomers) in 88% yield and subsequent 

homologation via an Ohira-Bestmann reaction provided alkyne 199 in 75% yield.  

We then attempted the cycloisomerization reaction using CpRu(PPh3)2Cl as the catalyst.6 

The reaction proceeded smoothly, affording dihydropyran 200 in 64% yield. We tried to follow 

Trauner’s protocol and add Oxone at the end of the isomerization reaction, but the expected 

oxidation did not occur. We also treated isolated dihydropyran 200 with Oxone under the reported 

conditions8,9, and the reaction provided a complex mixture of products at varied oxidation states. 

We were able to identify desired ketolactone 201, ketolactol, and hydroxyllactone in the complex, 

but the yields for each were low and cannot support further investigation.  
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Scheme 1. Attempts to access ketolactone. 

After the unsuccessful alkene oxidation, we became curious on whether this alkene can 

undergo intermolecular cyclopropanation reaction with diazo 202. The cyclopropane product 203 

might be an interesting substrate as the cyclopropane may be opened through an oxygen 

nucleophile and the resultant enolate can participate in the biomimetic aldol reaction. 

Unfortunately, no reactivity was observed in the cyclopropanation screen with different catalysts 

(Scheme 2).  
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Then, we started exploring alternative routes (Scheme 3) to access the ketolactone 201. 

Specifically, we started to question whether accessing it through the dihydropyran intermediate 

200 is really necessary. Instead, oxidation of alkyne 199 to ketoester might be easier than the 

oxidation of alkene 200 to ketolactone, as fewer number of oxidation needs to occur. Following 

precedents from Wu and coworkers10, we first perfomed a bromination and then oxidation using 

KMnO4 to access the desired ketolactone 201. Interestingly, the major product of the oxidation 

was actually lactone 196, although ketoester 205 was produced. Although the mechanism for such 

net decarbonylation was not exactly known11, we reasoned that the secondary alcohol might be a 

bad actor, interrupting the oxidation reaction. We also attempted other oxidation methods such as 

direct oxidation of alkyne using KMnO4/NaIO412 or through  a photoredox methodology using 

CuI/2-pinolinic acid/blue LEDs13, but neither gave desired ketolactone 201 product.  

 

Scheme 3. Alkyne oxidation attempts. 
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in 85% yield over two steps from alkyne 206. We next examined the key intermolecular aldol step 

between ketoester 208 and acetophenone. Gratifyingly, the reaction was successful in the first 

attempt, providing alcohol 209 in 88% yield as a single diastereomer.  

 

Scheme 4. Successful intermolecular aldol. 
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Figure 3. Zimmerman-Traxler Model for intermolecular aldol. 

Gratifyingly, the single diastereomer obtained from the intermolecular aldol reaction is the 

desired diastereomer. Next, we aimed to deprotect the secondary alcohol (shown in purple) in 209 

and perform a lactonization on it with the methyl ester (Scheme 5). The reason why we chose using 

an acetate protecting group earlier is that we think we can use the same condition for the 
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Otera’s catalyst facilitates the reaction like a Lewis acid catalyst. We were able to crystallize the 

lactone product 212 and obtained an X-ray confirmation of its structure and sterochemistry. 
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Scheme 5. Lactonization attempts. 

Having obtained the desired lactone 212, we next aimed to install the pyrone fragment and 
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regioselectivity can be rationalized by the twisted-boat conformation of 215, which renders the C4 

hydroxyl group pseudoequatorial with poor discrimination from the C5 hydroxyl.  

 

Scheme 6. Endgame plan. 

With 216 in hand, we envision that introduction of the pyrone fragment could occur by 
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aldehyde or alkyne equivalent (Scheme 7), which could be converted to the desired pyrone through 

intermolecular aldol reaction18,19(Scheme 7A) or metal-mediated cyclization20,21(Scheme 7B), 

respectively. 

 

Scheme 7. Pyrone formation plan. 
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Scheme 8. Looking for !-functionalization substrates. 

Having identified the desirable substrate 227 to work with, we started exploring the !-
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10) provided alkenyl products, but the reactions were messy and the products were not 

characterized. 

 

Scheme 9. !-functionalization attempts through !-bromination. 
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In addition, we surveyed a variety of electrophiles (Scheme 10, entry 4-8) that can bring in an 

aldehyde or an alcohol products, but most of the reactions had no reactivities or low yields.  

 

Scheme 10. !-functionalization attempts through enolate chemistry. 
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and nucleophilic addition into the lactone proceeded, and the desired product 246 was obtained, 

albeit in only 8% yield. We think this is still a promising result, as the nucleophile selectively 

added into the lactone, but not the ketone, possibly because the ketone is more stereically 

congested and the lacton is strained. Interestingly, we analyzed the reaction and found there were 

34% recovered starting material 244 and 24% dimethylthioketone 247. There is also literature 

precedent for the formation of dithiolated products.25 The mechanism for the formation is that the 

desired product 246 can possibly undergo further reaction with a second molecule of lithiated 

nucleophile, and then generate an enolate, which was quenched to arrive at 247.  

 

Scheme 11. Dithiane nucleophiles addition. 
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(methylthio)phthalimide, and possibly react with the enolate intermediate. Unfortunately, the 

reaction still favored the formation of 247. Eventually, we started looking into alternative 

nucleophiles to tris(methylthio)methane 245.26 We found that a bulkier lithiated trithioorthoester 

nucleophile 24827 was able to add into the lactone in 92% yield, and the subsequent acetylation 

proceeded cleanly. There are other ester equvalent nucleophiles that we found in literature but did 

not test. I will list them here for readers’ reference: tris(phenylthio)methane28, 

tris(cyclohexylthio)methane29, Oguro anion30,31, trithiabicyclo[2.2.2]octane32, Bode salt33,34, etc.  

 

Scheme 12. Nucleophile addition into the ketoester. 
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Therefore, we had to proceed with the PIFA condition. We did a screen of MeOH/H2O ratio, but 

ketotrimethylorthoester 252 has always been a major side product. Switching MeOH with MeCN, 

we were able to obtain the thioester equivalent of 251 in 76% yield. With ketoester 251 in hand, 

addition of acetophenone enolate produced enone 255, with the tertiary alcohol eliminated. We 

varied the addition sequence, equivalence of the enolate, and temperature, but this elimination has 

always occurred, indicating the sensitive nature of our highly oxidized substrates. Nevertheless, 

we used a less basic nucleophile lithium phenylacetylide to add into ketoester 253, and the reaction 

delivered tertiary alcohol 257 as a single diastereomer in 78% yield. This stereoselectivity possibly 

came from allyl group blocking the back face for nucleophile attacks. Exposure of 257 to Otera’s 

catalyst provided lactone 258, whose structure was confirmed by X-ray crystallography.  

In summary, we developed two routes to access the core structure of enterocin with 

requisite oxidations and functional handle for the pyrone. Future studies will [1] target the 

formation of the appended pyrone ring, [2] adjust C5 hydroxyl group stereochemistry, [3] effect 

an intramolecular aldol cyclization to access enterocin (1), and [4] develop the radical-polar 

crossover reaction into a separate methodology.  

6.4 Experimental Section  

6.4.1 Materials and methods 

Unless otherwise stated, reactions were performed under an inert atmosphere (dry N2 or Ar) 

with freshly dried solvents utilizing standard Schlenk techniques. Glassware was oven-dried at 

120 °C for a minimum of four hours, or flame-dried utilizing a Bunsen burner under high vacuum. 

Tetrahydrofuran (THF), methylene chloride (CH2Cl2), N,N- dimethylformamide (DMF), benzene 

(PhH), and toluene (PhMe) were dried by passing through activated alumina columns. 2-

Methyltetrahydrofuran (anhydrous, >99%, inhibitor-free) was purchased from Sigma-Aldrich and 



Chapter 6 – An intermolecular aldol approach toward enterocin 
 

156 

stored under argon. Methanol (HPLC grade) was purchased from Fisher Scientific. Pyridine (Pyr) 

was distilled from calcium hydride immediately prior to use. All reactions were monitored by thin-

layer chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm) and were 

visualized by UV (254 nm), p-anisaldehyde, CAM, and/or KMnO4 staining. Flash column 

chromatography was performed using silica gel (SiliaFlash® P60, particle size 40-63 microns [230 

to 400 mesh]) purchased from Silicycle. 1H and 13C NMR spectra were recorded on a Bruker 

Avance III HD with Prodigy Cryoprobe (at 400 MHz and 101 MHz, respectively), Varian Inova 

500 (at 500 MHz and 126 MHz, respectively), or Varian Inova 600 (at 600 MHz and 150 MHz, 

respectively), and are reported relative to internal CHCl3 (1H, δ = 7.26), C6H6 (1H, δ = 7.16), or 

CD2HOD (1H, δ = 3.31), and CDCl3 (13C, δ = 77.0), C6D6 (13C, δ = 128.0), or CD3OD (13C, δ = 

49.0). Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm) (multiplicity, 

coupling constant (Hz), integration). Multiplicity and qualifier abbreviations are as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, app = apparent. IR spectra 

were recorded on a Perkin Elmer Paragon 1000 spectrometer and are reported in frequency of 

absorption (cm–1). HRMS were acquired using an Agilent 6200 Series TOF with an Agilent 

G1978A Multimode source in electrospray ionization (ESI), atmospheric pressure chemical 

ionization (APCI), or mixed (MM) ionization mode. Optical rotations were measured on a Jasco 

P-2000 polarimeter using a 100 mm path-length cell at 589 nm.  

Reagents were purchased from commercial vendors as follows: Silver triflate was 

purchased from Strem Chemicals. Diisobutylaluminium hydride, acetic anhydride, Potassium 

Permanganate, n-butyllithium (2.5 M in hexane), (Bis(trifluoroacetoxy)iodo)benzene were 

purchased from Sigma-Aldrich. 1,3-dithiane was purchased from Combi blocks.  
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6.4.2 Experimental procedures  

Preparation of lactone 259 

 

A suspension of D-(−)-quinic acid (6) (15 g, 80 mmol, 1 equiv), 2,2-dimethoxypropane (30 mL, 

240 mmol, 3 equiv), and p-TsOH·H2O (0.15 g, 0.8 mmol, 0.01 equiv) in toluene (100 mL) was 

stirred for 1 h under reflux. Cool to room temperature, and the solvent was removed in vacuo. 

Product was directly taken into the next step. NMR spectra of lactone 259 match what was reported 

in literature.36  

 

Preparation of benzyl ether 196 

 

NaH (4 g, 60% suspension in oil, 93.3 mmol, 2 equiv) was washed with n-hexane (2 × 5 mL) under 

argon and suspended in DMF (20 mL) at 0 °C. Then a solution of 259 (10 g, 46.7 mmol, 1 equiv) 

in DMF (50 mL) was added dropwise during 30 min with stirring. Then, benzyl bromide (16 g, 

93.3 mmol, 2 equiv) was added dropwise over 30 min. The reaction mixture was warmed to room 

temperature and stirred for 19 h and then quenched by slowly adding saturated aqueous NH4Cl 

(20 mL) at 0 °C. The mixture was extracted with diethyl ether (3 × 40 mL) and the combined 

organic layers were dried with Na2SO4. After filtration and evaporation of the solvents, the residue 
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was purified by chromatography on silica (10 to 20% EtOAc/hexane) to yield 196 (12.6 g, 85%) 

as a colorless solid. NMR spectra of lactone 196 match what was reported in literature.7  

 

Preparation of lactol 197 

 

 An oven-dried 500 mL round-bottom flask was charged with benzyl ether 196 (12 g, 39.4 

mmol, 1 equiv) and 131 mL anhydrous DCM. The reaction mixture was cooled to –78 ºC via 

acetone/dry ice bath, and the stirring continued for 15 min. Then, DIBAL solution (1M in hexane, 

39.4 mL, 39.4 mmol, 1 equiv) was added dropwise. Stirring continued (ca. 1h) until TLC analysis 

indicated that starting material was fully consumed. The reaction mixture was next carefully 

treated with EtOAc (50 mL) followed by sat. aq. Rochelle’s salt (100 mL). The cooling bath was 

removed and the mixture was vigorously stirred for 1h at ambient temperature. The resulting two 

layers were separated and the aqueous layer extracted with EtOAc (4 × 80 mL). The combined 

organic layers were washed with brine (80 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo. The crude residue was purified by SiO2 flash chromatography (30 to 40 % EtOAc/hexanes) 

to afford alcohol 197 (10.6 g, 34.7 mmol, 5:1 dr, 88% yield) as a white solid.  

TLC (50% EtOAc/hexanes): Rf 0.36 (UV, CAM). 

1H NMR (400 MHz, CDCl3):  

Major diastereomer: δ 7.38 – 7.27 (m, 5H), 4.93 (d, J = 4.4 Hz, 1H), 4.60 – 4.52 (m, 2H), 4.51 – 

4.45 (m, 1H), 4.40 (ddd, J = 6.4, 2.9, 0.6 Hz, 1H), 4.16 (ddd, J = 6.7, 2.9, 1.3 Hz, 1H), 3.33 (d, J 
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= 4.5 Hz, 1H), 2.36 – 2.27 (m, 2H), 2.22 (ddd, J = 14.8, 7.3, 2.1 Hz, 1H), 2.15 – 2.07 (m, 1H), 1.51 

(s, 3H), 1.32 (s, 3H). 

Minor diastereomer: δ 7.40 – 7.22 (m, 1H), 5.33 (dd, J = 3.8, 0.9 Hz, 0.2H), 4.68 (ddd, J = 8.2, 

6.6, 4.0 Hz, 0.2H), 4.59 – 4.52 (m, 0.4H), 4.28 (dd, J = 5.9, 2.8 Hz, 0.2H), 4.23 (ddd, J = 6.5, 2.9, 

1.2 Hz, 0.2H), 3.52 – 3.48 (m, 0.2H), 2.79 (ddd, J = 13.7, 8.2, 2.6 Hz, 0.2H), 2.35 – 2.30 (m, 0.4H), 

1.96 (ddd, J = 13.7, 4.0, 0.9 Hz, 0.2H), 1.55 – 1.48 (m, 0.6H), 1.32 (t, J = 1.1 Hz, 0.6H). 

13C NMR (101 MHz, CDCl3):  

Major diastereomer: δ 137.71, 128.67, 128.09, 127.95, 109.26, 100.04, 81.11, 76.43, 75.31, 72.09, 

67.10, 35.03, 29.03, 27.28, 24.57. 

Minor diastereomer: δ 138.50, 128.53, 127.75, 127.63, 109.72, 101.40, 81.31, 76.43, 75.96, 72.68, 

66.78, 34.38, 32.50, 27.64, 24.93. 

HRMS (ESI): calc’d for [M+Na]+ 329.1359, found 329.1362. 

 

Preparation of alkyne 199 

 

 An oven-dried 250 mL round bottom flask was charged with lactol 197 (5.70 g, 18.6 mmol, 

1 equiv), Bestmann-Ohira reagent37 (4.65 g, 24.2 mmol, 1.3 equiv), and 100 mL anhydrous MeOH. 

K2CO3 (5.14 g, 37.2 mmol, 2 equiv) was slowly added to the solution. The reaction mixture was 

stirred at ambient temperature (ca. 6 h) until at which point TLC analysis indicated the full 

consumption of starting material. The reaction mixture was filtered over celite and SiO2 pads, and 

the filtrate was concentrated in vacuo. The crude residue was purified via SiO2 flash 
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chromatography (30 to 40% EtOAc/hexanes) to afford alkyne 199 (4.22 g, 14.0 mmol, 75% yield) 

as a colorless oil.  

TLC (50% EtOAc/hexanes): Rf 0.36 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.41 – 7.26 (m, 5H), 4.69 – 4.58 (m, 2H), 4.40 (td, J = 5.4, 3.9 

Hz, 1H), 4.14 (ddq, J = 10.1, 7.2, 5.0 Hz, 1H), 3.95 (dd, J = 7.1, 5.7 Hz, 1H), 2.59 (s, 1H), 2.58 

(m, 1H), 2.36 (ddd, J = 13.7, 4.5, 2.1 Hz, 1H), 2.11 (dd, J = 15.3, 5.2 Hz, 1H), 1.82 (dd, J = 13.7, 

10.8 Hz, 1H), 1.47 (s, 3H), 1.37 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 138.48, 128.39, 128.07, 127.63, 109.28, 84.72, 80.31, 74.10, 

73.17, 71.69, 68.29, 66.37, 41.20, 36.05, 28.45, 26.15. 

FTIR(NaCl, thin film): 3409, 2931, 2355, 2108, 1379, 1298, 1239, 1220, 1160, 1051 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 303.1591, found 303.1592. 

[%]'() = –60.7 ° (c = 1.00, CHCl3).  

 

Preparation of acetate 206 

 

 An oven-dried 250 mL round bottom flask was charged with alkyne 199 (4.22 g, 14.0 mmol, 

1 equiv), acetic anhydride (15.9 mL, 16.8 mmol, 1.2 equiv), and 90 mL anhydrous DCM. 4-

dimethylaminopyridine (171 mg, 1.40 mmol, 0.1 equiv) and Et3N (2.93 mL, 21.0 mmol, 1.5 equiv) 

were next added to the solution. The reaction mixture was stirred at ambient temperature (ca. 1 h) 

until at which point TLC analysis indicated the full consumption of starting material. The reaction 

was quenched with sat. aq. NH4Cl (50  mL). The layers were separated and the aqueous layer was 
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extracted with ethyl acetate (3 × 50 mL). The combined layers were washed with brine (80 mL), 

dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was clean enough to be 

directly taken into the next step.  

TLC (30% EtOAc/hexanes): Rf 0.56 (UV, CAM). 

 

Preparation of bromoalkyne 207 

 

 An oven-dried 200 mL round bottom flask was charged with acetate 206 (4.77 g, 13.9 

mmol, 1 equiv) and 69 mL anhydrous acetone. The round bottom flask was wrapped with foil to 

minimize light exposure.  N-bromosuccinimide (2.97 g, 16.7 mmol, 1.2 equiv) and AgNO3 (708 

mg, 4.17 mmol, 0.3 equiv) were added into the reaction mixture. Stirring was continued (ca. 40 

min) until at which point TLC analysis indicated the full consumption of starting material. The 

reaction mixture was diluted with ethyl acetate (30 mL), and quenched with distilled water (50 

mL). The layers were separated and the aqueous layer was extracted with ethyl acetate (3 × 30 mL). 

The combined layers were washed with brine (30 mL), dried over Na2SO4, filtered, and 

concentrated in vacuo. The crude residue was purified via SiO2 flash chromatography (10 to 20% 

EtOAc/hexanes) to afford bromoalkyne 207 (5.83 g, 13.8 mmol, 99% yield) as a yellowish oil. 

TLC (20% EtOAc/hexanes): Rf 0.35 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.43 – 7.23 (m, 5H), 5.25 (ddd, J = 10.6, 7.1, 4.2 Hz, 1H), 4.64 

(s, 2H), 4.41 (td, J = 5.4, 3.6 Hz, 1H), 4.07 (dd, J = 7.1, 5.6 Hz, 1H), 2.57 (ddd, J = 15.3, 3.7, 2.1 
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Hz, 1H), 2.48 (ddd, J = 13.7, 4.3, 2.1 Hz, 1H), 2.12 (m, 1H), 2.08 (s, 3H), 1.80 (dd, J = 13.7, 10.5 

Hz, 1H), 1.44 (s, 3H), 1.34 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 170.34, 138.29, 128.32, 127.93, 127.49, 109.46, 80.64, 76.65, 

73.12, 72.55, 70.46, 66.52, 46.22, 37.76, 36.68, 28.10, 26.08, 21.36. 

FTIR(NaCl, thin film): 2983, 2932, 2198, 1740, 1496, 1453, 1370, 1368, 1241, 1178 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 423.0802, found 423.0806. 

[%]'() = –60.9° (c = 1.0, CHCl3).  

 

Preparation of ketoester 208 

 

 An oven-dried 500 mL round bottom flask was charged with bromoalkyne 207 (5.83 g, 

13.8 mmol, 1 equiv), NaHCO3 (580 mg, 6.90 mmol, 0.5 equiv), MgSO4 (4.98 g, 41.4 mmol, 3 

equiv), 173 mL MeOH and 17 mL H2O. The reaction mixture was stirred for 30 min before cooling 

to 0 ºC via ice/water bath. The reaction mixture was allowed to stir at 0 ºC for 15 min prior to the 

addition of  KMnO4 (6.54 g, 41.4 mmol, 3 equiv). Stirring was continued (ca. 1.5 h) until at which 

point TLC analysis indicated the full consumption of starting material. The reaction mixture was 

filtered over celite. The filtreate was then diluted with ethyl acetate (50 mL), and quenched with 

sat. aq. NaHCO3 (100 mL) and sat. aq. Na2S2O3 (50 mL). The layers were separated and the 

aqueous layer was extracted with ethyl acetate (3 × 80 mL). The combined layers were washed 

with brine (80 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was 
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purified via SiO2 flash chromatography (20 to 25% EtOAc/hexanes) to afford ketoester 208 (4.82 

g, 11.9 mmol, 86% yield) as a white solid. 

TLC (30% EtOAc/hexanes): Rf 0.40 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.34 – 7.26 (m, 5H), 5.34 (ddd, J = 11.0, 7.3, 3.9 Hz, 1H), 4.63 

(d, J = 10.1 Hz, 1H), 4.51 (td, J = 5.3, 3.3 Hz, 1H), 4.46 (d, J = 10.2 Hz, 1H), 4.08 (dd, J = 7.3, 

5.6 Hz, 1H), 3.72 (s, 3H), 2.58 (dt, J = 15.8, 2.8 Hz, 1H), 2.51 (ddd, J = 13.7, 4.0, 2.3 Hz, 1H), 

2.27 (dd, J = 15.7, 5.0 Hz, 1H), 2.07 (s, 3H), 1.86 (dd, J = 13.8, 10.9 Hz, 1H), 1.49 (s, 3H), 1.36 

(s, 3H). 

13C NMR (101 MHz, CDCl3): δ 198.89, 170.32, 164.90, 137.36, 128.45, 127.85, 127.78, 109.66, 

82.48, 76.57, 72.81, 70.07, 67.86, 52.83, 33.53, 30.41, 28.16, 26.05, 21.30. 

FTIR(NaCl, thin film): 2985, 2935, 1744, 1454, 1434, 1370, 1286, 1239, 1182, 1125 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 407.1700, found 407.1705. 

[%]'() = –34.1° (c = 1.0, CHCl3) 

 

Preparation of alcohol 209 

 

 An oven-dried, 100 mL round-bottomed flask was treated with freshly distilled iPr2NH 

(0.42 mL, 2.95 mmol, 1.2 equiv) and anhydrous THF (15 mL). The solution was cooled to 0 ºC 

via an ice/water bath and stirring was continued for 15 min prior to the dropwise addition of n-

BuLi (2.5 M in hexanes, 1.18 mL, 2.95 mmol, 1.2 equiv) via syringe. Upon complete addition, the 
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reaction was continued for 30 min to produce LDA, which was then further cooled to –78 ºC via 

a dry ice/acetone bath. To the cooled solution was added acetophenone (0.32 mL, 2.70 mmol, 1.1 

equiv) dropwise at –78 ºC.  The reaction was continued at –78 ºC for 1 h prior to the dropwise 

addition of ketoester 208 (1.00 g, 2.46 mmol, 1.0 equiv) in anhydrous THF (10 mL) dropwise via 

syringe. Stirring was continued (ca. 15 min) until at which point TLC analysis indicated the full 

consumption of starting material. The reaction mixture was diluted with ethyl acetate (15 mL), and 

quenched with sat. aq. NH4Cl (30 mL). The layers were separated and the aqueous layer was 

extracted with ethyl acetate (3 × 30 mL). The combined layers were washed with brine (30 mL), 

dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified via SiO2 

flash chromatography (20 to 25% EtOAc/hexanes) to afford alcohol 209 (1.14 g, 2.16 mmol, 88% 

yield) as a white solid.  

TLC (30% EtOAc/hexanes): Rf 0.25 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.93 – 7.86 (m, 2H), 7.63 – 7.53 (m, 1H), 7.50 – 7.37 (m, 4H), 

7.34 – 7.28 (m, 2H), 7.25 – 7.18 (m, 1H), 5.26 (ddd, J = 12.4, 8.5, 3.9 Hz, 1H), 4.96 (d, J = 11.2 

Hz, 1H), 4.85 (d, J = 11.2 Hz, 1H), 4.49 (td, J = 5.6, 3.3 Hz, 1H), 4.20 (s, 1H), 4.08 (dd, J = 8.5, 

5.9 Hz, 1H), 3.89 (d, J = 17.8 Hz, 1H), 3.74 (s, 3H), 3.45 (d, J = 17.8 Hz, 1H), 2.54 (ddt, J = 17.7, 

13.2, 2.6 Hz, 2H), 2.10 (s, 3H), 1.66 – 1.56 (m, 2H), 1.35 (d, J = 6.6 Hz, 6H). 

13C NMR (101 MHz, CDCl3): δ 199.56, 174.27, 170.57, 139.18, 136.37, 133.81, 128.69, 128.14, 

127.24, 126.97, 109.14, 81.92, 80.13, 73.15, 72.06, 66.60, 52.95, 42.70, 32.47, 29.70, 27.73, 25.70, 

21.36. 

FTIR(NaCl, thin film): 2984, 2933, 1733, 1681, 1597, 1580, 1497, 1449, 1367, 1240 cm-1. 

HRMS (ESI): calc’d for [M+NH4]+ 544.2541, found 544.2546. 

[%]'() = –53.0° (c = 1.0, CHCl3).  
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Preparation of lactone 212 

 

 An oven-dried, 100 mL round-bottomed flask was charged with alcohol 209 (1.02 g, 1.94 

mmol, 1 equiv), Otera’s catalyst (232 mg, 0.387 mmol, 0.2 equiv), 32 mL toluene, and 8 mL 

MeOH. The solution was heated to 90 ºC via an oil bath. Stirring was continued (ca. 12 h) until at 

which point TLC analysis indicated the full consumption of starting material. The reaction mixture 

was cooled down to ambient temperature and concentrated in vacuo. To the residue, Otera’s 

catalyst (116 mg, 0.194 mmol, 0.1 equiv) and 32 mL toluene were added. The solution was heated 

to 100 ºC via an oil bath. Stirring was continued (ca. 12 h) until at which point TLC analysis 

indicated the full consumption of the intermediate spot. The reaction mixture was cooled down to 

ambient temperature and concentrated in vacuo. The crude residue was purified via SiO2 flash 

chromatography (20 to 30% EtOAc/hexanes) to afford lactone 212 (825 mg, 1.82 mmol, 94% yield) 

as a white solid. 212 was crystallized and characterized by X-ray crystallography.  

TLC (30% EtOAc/hexanes): Rf 0.33 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.92 – 7.85 (m, 2H), 7.62 – 7.53 (m, 1H), 7.50 – 7.40 (m, 2H), 

7.26 (s, 5H), 6.89 (s, 1H), 4.64 (t, J = 5.3 Hz, 2H), 4.45 (ddd, J = 6.6, 4.5, 3.2 Hz, 1H), 4.22 (dt, J 

= 6.5, 1.9 Hz, 1H), 3.58 (d, J = 16.2 Hz, 1H), 3.32 (d, J = 16.2 Hz, 1H), 2.98 – 2.87 (m, 1H), 2.44 

– 2.29 (m, 2H), 1.93 – 1.83 (m, 1H), 1.54 (s, 3H), 1.37 (s, 3H). 
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13C NMR (101 MHz, CDCl3): δ 203.27, 170.86, 138.88, 137.44, 133.79, 128.79, 128.48, 128.44, 

127.49, 127.23, 109.61, 81.71, 76.32, 75.45, 73.63, 71.28, 65.61, 34.09, 32.07, 27.07, 24.65, 20.31. 

FTIR(NaCl, thin film): 2986, 2933, 1742, 1664, 1596, 1579, 1496, 1449, 1382, 1346 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 453.1908, found 453.1913. 

[%]'() = 14.5° (c = 1.0, CHCl3).  

 

Preparation of diol 215 

 

 An oven-dried, 50 mL round-bottomed flask was charged with lactone 212 (300 mg, 0.66 

mmol, 1 equiv), Camphorsulfonic acid (30.8 mg, 0.13 mmol, 0.2 equiv) and 13 mL MeOH. The 

solution was heated to 50 ºC via an oil bath. Stirring was continued (ca. 1 h) until at which point 

TLC analysis indicated the full consumption of starting material. The reaction mixture was cooled 

down to ambient temperature and concentrated in vacuo. The crude residue was purified via SiO2 

flash chromatography (50 to 60% EtOAc/hexanes) to afford diol 215 (254 mg, 0.62 mmol, 93% 

yield) as a white solid.  

TLC (70% EtOAc/hexanes): Rf 0.37 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.94 – 7.82 (m, 2H), 7.57 (ddt, J = 8.0, 6.9, 1.2 Hz, 1H), 7.46 – 

7.42 (m, 2H), 7.31 – 7.27 (m, 5H), 6.63 (s, 1H), 4.85 – 4.75 (m, 2H), 4.63 (d, J = 11.3 Hz, 1H), 

4.02 (q, J = 3.4 Hz, 1H), 3.80 (ddd, J = 11.7, 9.5, 5.9 Hz, 1H), 3.62 (d, J = 16.0 Hz, 1H), 3.24 (d, 
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J = 16.0 Hz, 1H), 2.88 (ddd, J = 13.0, 4.6, 2.3 Hz, 1H), 2.73 (d, J = 2.7 Hz, 1H), 2.38 (d, J = 6.7 

Hz, 1H), 2.34 – 2.23 (m, 1H), 2.15 – 2.09 (m, 1H). 

13C NMR (101 MHz, CDCl3): δ 202.90, 171.81, 138.68, 137.46, 133.87, 128.79, 128.59, 128.52, 

127.69, 127.51, 80.36, 76.97, 76.09, 67.78, 66.07, 64.73, 35.47, 35.28, 23.32. 

FTIR(NaCl, thin film): 3438, 2925, 1735, 1663, 1596, 1578, 1496, 1449, 1356, 1218 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 413.1595, found 413.1600. 

[%]'() = 24.9° (c = 1.0, CHCl3).  

 

Preparation of diol 26 

 

A solution of (−)-quinic acid (20 g, 104 mmol, 1 equiv) and p-toluenesulfonic acid (0.2 g, 1 mmol, 

0.5 mol%) in 200 mL of anhydrous toluene was stirred under reflux for 24 h. The mixture was 

allowed to reach room temperature, neutralized with solid NaHCO3, and the mixture was filtered 

over celite. The solution was concentrated in vacuo. The residue was dissolved in acetone, filtrated, 

and the filtrate was concentrated in vacuo to give 226 as a white solid in quantitative yield. Spectral 

data of diol 226 matched that was previously reported.38  
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Preparation of monosilyl ether 260 

 

To a stirred solution of the diol 226 (10 g, 0.057 mol, 1 equiv), DMAP (0.97 g, 8 mmol, 0.14 equiv) 

and tert-butylammonium iodide (1.06 g, 2.85 mmol, 0.05 equiv) in dry DMF (100 mL) and dry 

triethylamine (9.5 mL, 0.068 mol, 1.2 equiv) at room temperature under argon was added tert-

butyldimethylsilyl chloride (9.9g, 0.065 mol, 1.15 equiv). The resultant solution was heated at 90 

ºC for 24 h, and after cooling was diluted with ethyl acetate (100 mL) and filtered over Celite. The 

solution was washed successively with 1M HCl (100 mL). The combined organic layers were 

washed with brine (100 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The crude 

residue was purified by SiO2 flash chromatography (50 to 75 % Et2O/hexanes) to afford monosilyl 

ether 260 (8.8 g, 30.8 mmol, 54% yield) as white needles. Spectral data of monosilyl ether 260 

matched that was previously reported.22  

Preparation of ketone 227 

 

An oven-dried 250 mL round bottom flask was charged with alcohol 260 (8.8 g, 30.8 mmol, 1 

equiv), NaHCO3 (3.1 g, 37 mmol, 1.2 equiv), 100 mL DCM, and a stir bar. Then, Dess-Martin 

periodinane (16 g, 37 mmol, 1.2 equiv) was added at room temperature. Stirring was continued 
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(ca. 12h) until at which point TLC analysis indicated the full consumption of starting material. The 

reaction mixture was diluted with DCM, filtered over celite, and the filtrate was concentrated in 

vacuo. The crude residue was purified via SiO2 flash chromatography (20 to 30% EtOAc/hexanes) 

to afford ketone 227 (7.9 g, 27 mmol, 90% yield) as a white solid. Spectral data of monosilyl ether 

227 matched that was previously reported.22 

 

Preparation of bromo ketone 229 

 

To a stirred solution of the ketone 227 (5 g, 17.4 mmol, 1 equiv) in dry diethyl ether (150 mL) 

under argon was added freshly made dioxane dibromide (4.7 g, 19.1 mmol, 1.1 equiv). The red 

solution was stirred at room temperature until decoloration (2 h), diluted with diethyl ether (100 

mL) and washed successively with sat. aqueous Na2S2O3 (30 mL), sat. aqueous sodium 

bicarbonate (60 mL). The combined organic layers were washed with brine (100 mL), dried over 

Na2SO4, filtered, and concentrated in vacuo. The product 229 (white needles) was clean enough to 

be used in the next step. 229 can be recrystallized from hexanes for purification. Spectral data of 

bromo ketone 229 matched that was previously reported.22 
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Preparation of allyl ketone 240 

 

A solution of the α-bromoketone 229 (1 g, 2.7 mmol, 1 equiv) in dry toluene (50 mL), under inert 

atmosphere, was treated allyltributyltin (0.92 mL, 2.97 mmol, 1.1 equiv) and AIBN (0.2 M in 

toluene, 2 mL, 0.4 mmol, 0.15 equiv). The resultant reaction mixture was deoxygenated by 

bubbling argon through it for 30 min. and then heated at 90 ºC for 14 h. After cooling at room 

temperature, the solvent was evaporated and the crude product was purified by flash 

chromatography eluting with ethyl acetate-hexane (5:95) to yield the α-allyl ketone 240 (837 mg, 

95% yield) as beige solid. Spectral data of allyl ketone 240  matched that was previously reported.22 

 

Preparation of MOM ether 244 

 

Anhydrous phosphorous pentoxide (8.8 g, 200% w/w) was added to a solution of lactone 

240 (4.4 g, 13.5 mmol, 1 equiv) and dimethoxymethane (12 mL, 135 mmol, 10 equiv) in anhydrous 

DCM (50 mL). The mixture was stirred under N2 at room temperature for 1 h. Another portion of 

phosphorous pentoxide (8.8 g, 200% w/w) was added and the mixture stirred for a further 1 h and 

TLC analysis indicated the complete consumption of starting material. The mixture was diluted 

with diethyl ether (50 mL) and the solution phase was poured into a 250 mL round bottom flask. 
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The remaining solid was washed with diethyl ether (20 mL) and the solution was added to the 250 

mL round bottom flask. The mixture was then quenched with saturated aqueous NaHCO3 solution 

(50 mL). The organic phase was separated and the aqueous layer was washed with diethyl ether (2 

X 30 mL). The combined organic extracts were dried (Na2SO4) and the solvent removed in vacuo 

to afford 244 as a white solid (4.3 g, 11.6 mmol, 86% yield) 

TLC (20% EtOAc/hexanes): Rf 0.52 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 5.83 – 5.68 (m, 1H), 5.12 – 5.01 (m, 2H), 4.90 – 4.80 (m, 2H), 

4.69 – 4.60 (m, 1H), 3.99 – 3.93 (m, 1H), 3.45 (s, 3H), 2.86 – 2.81 (m, 2H), 2.80 – 2.70 (m, 1H), 

2.51 (dddt, J = 13.4, 9.6, 7.5, 1.0 Hz, 1H), 0.89 (s, 9H), 0.14 (s, 3H), 0.10 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 203.72, 174.75, 134.36, 117.69, 93.57, 78.43, 74.59, 71.85, 57.40, 

56.61, 32.50, 28.17, 25.71, 18.14, -4.62, -5.49. 

FTIR(NaCl, thin film): 2953, 2931, 2857, 1800, 1732, 1642, 1471, 1463, 1442, 1362 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 371.1884, found 371.1888. 

[%]'() = –27.4 ° (c = 1.0, CHCl3).  

 

Preparation of benzyl ether 261 

 

An oven-dried 100 mL round-bottom flask was charged with lactone 240 (800 mg, 2.45 mmol, 1 

equiv) and 50 mL anhydrous DCM. Then, Ag2O (1.7 g, 7.3 mmol, 3 equiv) and BnBr (1.47 mL, 

12.3 mmol, 5 equiv) were added. Stirring continued for 3 days until TLC analysis indicated the 
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complete consumption of starting material. The reaction mixture was next diluted with EtOAc (20 

mL), followed by filtration over a celite plug. The solution was concentrated in vacuo. The crude 

residue was purified by SiO2 flash chromatography (10 to 20 % EtOAc/hexanes) to afford benzyl 

ether 261 (775 mg, 1.8 mmol, 76% yield) as a colorless oil.  

TLC (20% EtOAc/hexanes): Rf 0.5 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.42 – 7.29 (m, 5H), 5.85 – 5.67 (m, 1H), 5.10 – 5.00 (m, 2H), 

4.74 (d, J = 10.9 Hz, 1H), 4.67 – 4.62 (m, 2H), 4.58 – 4.49 (m, 1H), 4.00 (dt, J = 4.1, 1.2 Hz, 1H), 

2.92 – 2.77 (m, 3H), 2.73 – 2.61 (m, 1H), 2.60 – 2.44 (m, 1H), 0.92 – 0.88 (m, 9H), 0.15 (s, 3H), 

0.12 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 203.77, 174.64, 137.41, 134.29, 128.67, 128.16, 127.82, 117.82, 

79.20, 74.43, 72.01, 67.27, 56.92, 32.32, 28.02, 25.72, 18.16, -4.59, -5.19. 

 

Preparation of 2-methylthio-1,3-dithiane 248 

 

 An oven-dried 250 mL round-bottom flask was charged with 1,3-dithiane 262 (1.5 g, 12.4 

mmol, 1 equiv) and 60 mL anhydrous THF. The reaction mixture was cooled to –30 ºC via 

acetone/dry ice bath, and the stirring continued for 15 min. Then, n-BuLi solution (2.5M in hexane, 

5.2 mL, 13.1 mmol, 1.05 equiv) was added dropwise at –30 ºC. Stirring continued at –30 ºC for 

1h. The reaction mixture was further cooled to –78 ºC via acetone/dry ice bath, and the stirring 

continued for 15 min. MeSSMe (1.65 mL, 18.6 mmol, 1.5 equiv) in 30 mL anhydrous THF was 

cooled to –78 ºC and cannulated into the 250 mL flask dropwise. Stirring continued at –78 ºC for 
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1h. The flask was allowed to warm to room temperature and stirring continued overnight (ca. 12h). 

The reaction mixture was next treated with EtOAc (50 mL) followed by sat. aq. NH4Cl (100 mL). 

The resulting two layers were separated and the aqueous layer extracted with EtOAc (3 × 50 mL). 

The combined organic layers were washed with brine (80 mL), dried over Na2SO4, filtered, and 

concentrated in vacuo. The crude residue was purified by Kugelrohr distillation. Residue 1,3-

dithiane 73 first sublimed at 100 ºC under high vacuum. 2-methylthio-1,3-dithiane 248 (1.2 g, 58% 

yield) was afforded at 120 ºC under high vacuum. Spectral data of 2-methylthio-1,3-dithiane 248 

matched that was previously reported.27 

 
Preparation of ketone 249 

 

 

 An oven-dried 25 mL round-bottom flask was charged with 2-methylthio-1,3-dithiane 248 

(163 mg, 0.98 mmol, 1.1 equiv) and 4 mL anhydrous THF. The reaction mixture was cooled to –

78 ºC via acetone/dry ice bath, and the stirring continued for 15 min. Then, n-BuLi solution (2.5M 

in hexane, 0.4 mL,  1.02 mmol, 1.15 equiv) was added dropwise. Stirring continued for 20 min at 

–78 ºC. Lactone 244 (330 mg, 0.89 mol, 1 equiv) in 4 mL anhydrous THF was added dropwise via 

cannula over 15 min, [Note: Lactone 244 was azeotroped with PhH three times immediately prior 

to use], before another portion of THF (1 mL) was used to render the transfer quantitative. After 

another 10 min at –78 ºC, TLC analysis indicated the complete consumption of starting material. 

The reaction mixture was quenched with the addition of sat. aq. NH4Cl (10 mL) and then warmed 

to ambient temperature and diluted with Et2O (10 mL). The layers were separated and the aqueous 
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layer was extracted with Et2O (3 × 10 mL). The combined organic layers were washed with brine 

(30 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified 

by SiO2 flash chromatography (10 to 20 % EtOAc/hexanes) to afford ketone 249 (440 mg, 0.82 

mmol, 92% yield) as a colorless oil.  

TLC (20% EtOAc/hexanes): Rf 0.42(UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 5.77 (dddd, J = 17.4, 10.2, 7.2, 6.1 Hz, 1H), 5.02 (dt, J = 17.2, 

1.6 Hz, 1H), 4.96 (ddt, J = 10.2, 2.1, 1.1 Hz, 1H), 4.84 (d, J = 7.6 Hz, 1H), 4.63 (d, J = 7.6 Hz, 

1H), 4.18 (dd, J = 8.9, 1.2 Hz, 1H), 4.10 (ddd, J = 14.6, 7.8, 3.4 Hz, 1H), 3.45 (dd, J = 7.6, 2.7 Hz, 

1H), 3.32 – 3.13 (m, 6H), 2.99 – 2.64 (m, 5H), 2.52 – 2.45 (m, 1H), 2.09 – 2.01 (m, 1H), 1.98 (s, 

3H), 1.92 – 1.79 (m, 2H), 0.92 (d, J = 0.8 Hz, 9H), 0.15 (s, 3H), 0.02 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 202.34, 195.42, 136.37, 116.47, 93.27, 89.39, 83.85, 72.81, 67.39, 

56.33, 55.83, 37.90, 27.87, 27.80, 27.56, 26.04, 24.23, 18.67, 16.72, -4.12, -5.19. 

FTIR(NaCl, thin film): 2951, 2926, 1739, 1682, 1641, 1505, 1471, 1422, 1360, 1256 cm-1. 

HRMS (ESI): calc’d for [M+H]+ 537.1829, found 537.1824. 

[%]'() = –0.7 ° (c = 1.0, CHCl3).  

 

Preparation of acetate 250 

 

 An oven-dried 50 mL round bottom flask was charged with ketone 249 (560 mg, 0.96 

mmol, 1 equiv), acetic anhydride (0.11 mL, 1.15 mmol, 1.2 equiv), and 19 mL anhydrous DCM. 

4-dimethylaminopyridine (11.7 mg, 0.096 mmol, 0.1 equiv) and Et3N (0.2 mL, 1.44 mmol, 1.5 
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equiv) were next added to the solution. The reaction mixture was stirred at ambient temperature 

(ca. 1 h) until at which point TLC analysis indicated the full consumption of starting material. The 

reaction was quenched with sat. aq. NH4Cl (10  mL). The layers were separated and the aqueous 

layer was extracted with ethyl acetate (3 × 10 mL). The combined layers were washed with brine 

(10 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was clean 

enough to be directly taken into the next step.  

TLC (20% EtOAc/hexanes): Rf 0.36 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.43 – 7.35 (m, 2H), 7.29 (ddd, J = 8.0, 7.1, 1.0 Hz, 2H), 7.25 – 

7.20 (m, 1H), 5.86 (dddd, J = 17.6, 10.1, 7.5, 6.1 Hz, 1H), 5.08 (dq, J = 17.2, 1.5 Hz, 1H), 5.02 – 

4.89 (m, 2H), 4.66 (d, J = 10.7 Hz, 1H), 4.39 – 4.32 (m, 2H), 3.45 – 3.31 (m, 2H), 3.25 (dd, J = 

14.5, 5.0 Hz, 1H), 3.08 (ddd, J = 14.6, 11.6, 8.8 Hz, 2H), 2.89 (dddd, J = 13.8, 4.8, 3.2, 1.2 Hz, 

1H), 2.85 – 2.63 (m, 2H), 2.12 (s, 3H), 2.10 – 2.04 (m, 1H), 2.03 (s, 3H), 1.99 – 1.81 (m, 1H), 0.89 

(s, 9H), 0.13 (s, 3H), 0.01 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 200.81, 192.88, 170.47, 137.72, 136.63, 128.21, 127.56, 127.46, 

116.58, 87.01, 80.15, 74.26, 67.33, 66.20, 55.67, 35.18, 28.34, 27.87, 27.25, 25.75, 24.33, 21.30, 

18.67, 16.64, -4.32, -5.40. 

FTIR(NaCl, thin film): 2927, 2855, 1743, 1689, 1644, 1538, 1496, 1489, 1360, 1231 cm-1. 

HRMS (ESI): calc’d for [M+ NH4]+ 642.2408, found 642.2413. 

[%]'() = –83.3° (c = 1.0, CHCl3).  
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Preparation of ketoester 251 

 

 An oven-dried 25 mL round bottom flask was charged with ketone 250 (135 mg, 0.22 

mmol, 1 equiv),12 mL MeOH, and 1 mL distilled water. The reaction mixture was cooled to –20 

ºC using dry ice/acetone bath and stirring continued for 15 min. 

(Bis(trifluoroacetoxy)iodo)benzene (PIFA) (278 mg, 0.65 mmol, 3 equiv) was added in three 

portions over 1h at –20 ºC. Stirring continued until at which point TLC analysis indicated the full 

consumption of starting material. The reaction was quenched with sat. aq. NaHCO3 (10 mL) and 

sat. aq. Na2S2O3 (5 mL). The layers were separated and the aqueous layer was extracted with ethyl 

acetate (3 × 10 mL). The combined layers were washed with brine (10 mL), dried over Na2SO4, 

filtered, and concentrated in vacuo. The crude residue was purified by SiO2 flash chromatography 

(10 to 20 % EtOAc/hexanes) to afford ketoester 251 (46 mg, 0.089 mmol, 41% yield) as a colorless 

oil.  

TLC (20% EtOAc/hexanes): Rf 0.25 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.36 – 7.27 (m, 5H), 5.79 – 5.64 (m, 1H), 5.04 – 4.96 (m, 2H), 

4.95 (d, J = 1.3 Hz, 1H), 4.68 (s, 2H), 4.40 (dd, J = 9.7, 1.1 Hz, 1H), 3.84 (s, 3H), 3.21 (ddd, J = 

8.3, 4.0, 1.1 Hz, 1H), 2.90 – 2.76 (m, 2H), 2.53 (dd, J = 14.1, 11.6 Hz, 1H), 2.10 (s, 3H), 2.07 – 

1.97 (m, 1H), 0.91 (s, 9H), 0.15 (s, 3H), 0.03 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 201.01, 193.77, 170.28, 162.68, 137.30, 136.12, 128.34, 127.69, 

127.36, 117.26, 85.30, 80.08, 73.86, 66.50, 54.89, 53.37, 32.71, 27.57, 25.73, 21.13, 18.67, -4.36, 

-5.40. 
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FTIR(NaCl, thin film): 2924, 2853, 1739, 1731, 1455, 1361, 1289, 1229, 1169, 1131 cm-1. 

HRMS (ESI): calc’d for [M+NH4]+ 536.2674, found 536.2679. 

[%]'() = –28.7 ° (c = 0.3, CHCl3).  

 

Preparation of propargyl alcohol 257 

 

 An oven-dried 1 dram vial was charged with ketoester 251 (10 mg, 0.0192 mmol, 1 equiv) 

[Note: ketoester 251 was azeotroped with PhH three times immediately prior to use], and 0.4 mL 

anhydrous THF. The reaction mixture was cooled to –78 ºC via acetone/dry ice bath, and the 

stirring continued for 15 min. Then, lithium phenylacetylene solution (0.4 M in THF, 51 µL,  0.02 

mmol, 1.05 equiv) was added dropwise. Stirring continued for 20 min at –78 ºC until TLC analysis 

indicated the complete consumption of starting material. The reaction mixture was quenched with 

the addition of sat. aq. NH4Cl (1 mL) and then warmed to ambient temperature and diluted with 

Et2O (1 mL). The layers were separated and the aqueous layer was extracted with Et2O (3 × 1 mL). 

The combined organic layers were washed with brine (2 mL), dried over Na2SO4, filtered, and 

concentrated in vacuo. The crude residue was purified by SiO2 flash chromatography (10 to 20 % 

EtOAc/hexanes) to afford alcohol 257 (7.6 mg, 0.015 mmol, 78% yield, > 20:1 dr) as a colorless 

oil.  

TLC (20% EtOAc/hexanes): Rf  0.31 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.45 – 7.28 (m, 10H), 5.85 – 5.70 (m, 1H), 5.09 (dd, J = 11.1, 1.4 

Hz, 1H), 5.02 – 4.87 (m, 4H), 4.29 (dd, J = 9.8, 1.4 Hz, 1H), 3.96 – 3.91 (m, 3H), 3.86 (d, J = 1.4 
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Hz, 1H), 3.34 (dd, J = 14.8, 4.9 Hz, 1H), 2.72 (d, J = 4.5 Hz, 3H), 2.49 (ddd, J = 14.9, 11.8, 1.3 

Hz, 1H), 2.11 (s, 3H), 0.90 (s, 9H), 0.14 (s, 3H), 0.01 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 02.37, 170.59, 170.45, 137.65, 137.31, 131.90, 129.41, 128.61, 

128.53, 127.79, 127.39, 121.55, 115.68, 88.64, 86.61, 82.83, 79.84, 76.02, 73.56, 66.19, 56.39, 

54.29, 33.78, 27.27, 25.76, 21.26, 18.69, -4.31, -5.40. 

FTIR(NaCl, thin film): 2928, 2854, 1741, 1636, 1540, 1490, 1456, 1359, 1237, 1162 cm-1. 

HRMS (ESI): calc’d for [M+K]+ 659.2437, found 659.2442. 

[%]'() = –50.9 ° (c = 0.5, CHCl3).  

 

Preparation of lactone 258 

 

 An oven-dried, 100 mL round-bottomed flask was charged with alcohol 257 (7.6 mg, 0.015 

mmol, 1 equiv), Otera’s catalyst (4.5 mg, 0.0075 mmol, 0.5 equiv), 0.2 mL toluene, and 50 µL 

MeOH. The solution was heated to 90 ºC via an oil bath. Stirring was continued (ca. 12 h) until at 

which point TLC analysis indicated the full consumption of starting material. The reaction mixture 

was cooled down to ambient temperature and concentrated in vacuo. The crude residue was 

purified via SiO2 flash chromatography (10 to 20% EtOAc/hexanes) to afford lactone 258 (7 mg, 

0.013 mmol, 85% yield) as a white solid. 258 was crystallized and characterized by X-ray 

crystallography. 
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TLC (30% EtOAc/hexanes): Rf 0.7 (UV, CAM). 

1H NMR (400 MHz, CDCl3): δ 7.36 – 7.27 (m, 7H), 7.26 – 7.18 (m, 3H), 6.10 – 5.96 (m, 1H), 

5.18 (dq, J = 17.2, 1.6 Hz, 1H), 5.09 (ddt, J = 10.1, 2.1, 1.1 Hz, 1H), 4.74 – 4.64 (m, 3H), 4.43 (q, 

J = 2.9 Hz, 1H), 3.94 (q, J = 1.7 Hz, 1H), 2.99 (s, 1H), 2.86 – 2.74 (m, 1H), 2.61 (ddt, J = 8.9, 5.5, 

1.9 Hz, 1H), 2.55 – 2.41 (m, 3H), 2.39 – 2.30 (m, 1H), 2.30 – 2.21 (m, 1H), 0.92 (s, 9H), 0.16 (d, 

J = 6.2 Hz, 6H). 

13C NMR (101 MHz, CDCl3): δ 168.65, 137.83, 136.44, 132.32, 129.11, 128.50, 128.22, 127.73, 

127.10, 121.77, 116.92, 104.15, 91.78, 85.61, 81.35, 80.71, 76.62, 73.21, 67.39, 53.45, 28.56, 

27.85, 25.84, 18.09, -4.44, -5.24. 

FTIR(NaCl, thin film): 2926, 2855, 2356, 2344, 2329, 1734, 1669, 1648, 1623, 1578 cm-1.  

HRMS (ESI): calc’d for [M+H]+ 547.251, found 547.2505. 

[%]'() = –5.8 ° (c = 0.1, CHCl3).  
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A5.1 X-RAY CRYSTAL STRUCTURE ANALYSIS  

Low-temperature diffraction data (φ- and ω-scans) were collected on a Bruker AXS D8 

VENTURE KAPPA diffractometer coupled to a PHOTON 100 CMOS detector with Cu-Kα 

radiation (λ = 1.54178 Å) from a IµS HB micro-focus sealed X-ray tube. All diffractometer 

manipulations, including data collection, integration, and scaling were carried out using the Bruker 

APEXII software.1 Absorption corrections were applied using SADABS.2 The structure was solved 

by intrinsic phasing using SHELXT3 and refined against F2 on all data by full-matrix least squares 

with SHELXL-20143 using established refinement techniques.4 All non-hydrogen atoms were 

refined anisotropically. All hydrogen atoms were included into the model at geometrically 

calculated positions and refined using a riding model. The isotropic displacement parameters of 

all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times 

for methyl groups and hydroxyl groups). Absolute configuration was determined by anomalous 

dispersion.5 Crystallographic data for 212 and 258 can be obtained free of charge from The 

Cambridge Crystallographic Data Centre (CCDC) via www.ccdc.cam.ac.uk/data_request/cif 

under CCDC deposition numbers 2259507 and 2259508. Graphical representation of the structures 

with 50% probability thermal ellipsoids was generated using Mercury visualization software.  
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Figure A5.1. Structure of 212 with 50% probability anisotropic displacement ellipsoids.  

Table A5.1. Crystal data and structure refinement for V22075. 

Identification code  V22075 

Empirical formula  C26H28O7  

Formula weight  452.508  

Temperature/K  100.0  

Crystal system  monoclinic  

Space group  P21  

a/Å  11.4655(11)  

b/Å  6.1418(7)  

c/Å  16.2482(16)  

α/°  90  

β/°  107.456(5)  

γ/°  90  
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Volume/Å3  1091.5(2)  

Z  2  

ρcalcg/cm3  1.377  

µ/mm-1  0.822  

F(000)  481.7  

Crystal size/mm3  0.3 × 0.05 × 0.05  

Radiation  Cu Kα (λ = 1.54178)  

2Θ range for data collection/°  5.7 to 158.18  

Index ranges  -14 ≤ h ≤ 14, -7 ≤ k ≤ 7, -20 ≤ l ≤ 20  

Reflections collected  13705  

Independent reflections  4433 [Rint = 0.0424, Rsigma = 0.0386]  

Data/restraints/parameters  4433/1/301  

Goodness-of-fit on F2  1.078  

Final R indexes [I>=2σ (I)]  R1 = 0.0290, wR2 = 0.0741  

Final R indexes [all data]  R1 = 0.0302, wR2 = 0.0753  

Largest diff. peak/hole / e Å-3  0.22/-0.20  

Flack parameter 0.01(9) 

 
 

Special Refinement Details for 212 

Compound 212 crystallizes in the monoclinic space group P21 with one molecule in the unit. 

Absolute configuration was determined by anomalous dispersion (Flack = 0.01(9)).5 The 

coordinate for the hydrogen atom bound to O3 was located in the difference Fourier synthesis and 

refined semi-freely with the help of a restraint on the O-H distance (0.84(4) Å). 
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Figure A5.2. Structure of 258 with 50% probability anisotropic displacement ellipsoids.  

Table A5.2. Crystal data and structure refinement for V22200. 

Identification code  V22200 

Empirical formula  C32 H38 O6 Si 

Formula weight  546.71 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 13.1719(18) Å a= 90°. 

 b = 10.4535(11) Å b= 90.327(7)°. 

 c = 22.311(3) Å g = 90°. 

Volume 3072.0(7) Å3 

Z 4 

Density (calculated) 1.182 Mg/m3 

Absorption coefficient 1.002 mm-1 
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F(000) 1168 

Crystal size 0.400 x 0.200 x 0.100 mm3 

Theta range for data collection 1.980 to 75.090°. 

Index ranges -16<=h<=16, -13<=k<=13, -27<=l<=26 

Reflections collected 74886 

Independent reflections 12477 [R(int) = 0.1149] 

Completeness to theta = 67.679° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7538 and 0.4096 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12477 / 873 / 867 

Goodness-of-fit on F2 1.037 

Final R indices [I>2sigma(I)] R1 = 0.0844, wR2 = 0.2281 

R indices (all data) R1 = 0.0954, wR2 = 0.2431 

Absolute structure parameter -0.04(6) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.411 and -0.295 e.Å-3 
 

Special Refinement Details for 258 

Compound V22200 crystallizes in the monoclinic space group P21 with two molecules in the 

asymmetric unit. The tert-butyldimethylsilyl and vinyl groups on both molecules were disordered 

over two positions. The coordinates for the hydrogen atoms bound to O2 and O202 were located 

in the difference Fourier synthesis and refined semi-freely with the help of a restraint on the O-H 

distance (0.84(4) Å).  
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