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ABSTRACT 

This thesis describes chemoenzymatic formal total syntheses of tetrodotoxin and a concise 

synthetic approach to daphenylline. Advanced intermediates for the syntheses of tetrodotoxin 

reported by the groups of Fukuyama, Alonso, and Sato were prepared. Key steps included 

toluene dioxygenase-mediated dihydroxylation of either iodobenzene or benzyl acetate and a 

[4+2] hetero-Diels-Alder cycloaddition/Kornblum–DeLaMare rearrangement sequence to 

construct a common enone intermediate. The resulting key enone was transformed into 

Fukuyama's intermediate in four steps, into Alonso's intermediate in six steps, and into Sato's 

intermediate in seven steps. Fukuyama’s route employed a highly stereoselective allyl cyanate-

to-isocyanate rearrangement to install the nitrogen atom at C8a. This protocol was also 

successfully applied in designing a synthetic avenue to daphenylline. The ABC tricyclic skeleton 

of daphenylline was successfully constructed in just eight steps starting from readily available 

(S)-carvone.  
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INTRODUCTION TO THESIS 

PART A of this thesis will describe two short chemoenzymatic routes to known advanced 

intermediates for tetrodotoxin that require just six and nine steps to generate Fukuyama’s and 

Alonso’s intermediates, respectively, from benzyl acetate-derived cis-dihydrodiol. 

PART B will declare a concise and efficient synthesis of the ABC tricylic core of daphenylline in 

just eight steps from a commercially available (S)-carvone. 
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PART A: Synthesis of Advanced Intermediates for Formal Total Syntheses of Tetrodotoxin 

CHAPTER 1:
a
 Introduction to Tetrodotoxin 

1.1 History of Tetrodotoxin 

 

Figure 1.1 The structure of TTX with numbering. 

Tetrodotoxin (TTX, 1.1; Figure 1.1) is a deadly neurotoxic principle present in various fish 

species, in particular, Tetraodon, and whose history reaches back to the dawn of civilization.
1
 

The toxicity of such fish was first acknowledged in China during the reign of the Emperor Shun 

Nung (2838 B.C. – 2698 B.C.), as documented in the Pen-T’ so Chin (The Book of Herbs or The 

Herbal), the first of the great pharmacopeias. Tetraodon eggs were classified as a medium-

toxicity drug that was believed to have tonic effects depending on the amount consumed, but 

could be toxic, if overdosed. The principal use of tetraodon eggs was in the treatment of 

convulsive diseases.
2
 There is evidence that the early Egyptians also knew of the poison. One of 

the species, identified as Tetraodon Lineatus, appears as a figure on the tomb of the pharaoh Ti 

(Dynasty V, 2500 B.C.).
3
 The same tetraodon fish was one of the reasons for biblical injunction 

against consumption of scaleless fish (Book of Deuteronomy, ca. 800 B.C. – ca. 600 B.C.). The 

Chinese were the first to gain sophisticated knowledge of the biology and toxicology of the 

toxin. During the Han Dynasty (202 B.C. – A.D. 220), it was realized that the poison is mainly 

                                                
a A part of the text was reproduced with permission of Wiley-VCH from Angew. Chem. Int. Ed. 2019, 58, 2-52. 
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concentrated in the liver of the fish. By the time of the Sui Dynasty (A.D. 581 – A.D. 618), 

accurate records on the toxicity of the liver, eggs, and ovaries appeared. Finally, a detailed 

account on the tetraodon fish was provided in the Pen-T’ so Kang-mu, the last of The Great 

Herbals (A.D. 1596). At that time the most popular term for tetraodon was Ho-Tun or literally 

“piglet of the river”. The account for the species was followed by nine synonyms: two of which 

referred to the characteristic defensive ability of the fish to inflate its stomach; the common 

terms puffer fish or blow fish used today originate from that treatise.  

By that time (A.D. 1596), the puffer fish had already become an allure as a culinary delicacy in 

Japan and The Middle East. The sensational oral numbness caused by the consumption of the 

right amount of the poison was powerfully fascinating. Kao
4
 quoted The Great Herbal’s 

injunctions against the poisonous fish: “after March (the puffer) could not be consumed”; 

“tetraodon fish is found in all rivers, streams and the sea…marine forms are highly poisonous; 

river forms, next”; “liver and eggs have much poison”; “(if taken) in the mouth, (the puffer) rots 

the tongue; (if taken) internally, (the puffer) rots the guts”. This record also provides a brief but 

vivid description of TTX poisoning: “no remedy can relive”. In Japan, puffer fish is known as 

fugu, derived phonetically from the word fukube, a vase with a rounded belly. There is no doubt 

that the Japanese were equally aware of the deadly nature of the fugu, albeit their earliest records 

were strongly influenced by the Chinese writings.  

For the Europeans, TTX poisoning was something entirely new. The dawn of the 17
th

 century 

brought to Europe the first encounters with fugu poisoning. Kaempfer, while working as a 

physician at the Dutch embassy in Nagasaki (1690-1692), reported in his classic work, “The 

History of Japan”,
5
 first published in 1727, the following account: “Iruku is a known fish, called 

Tenije in the Indies. Furube is another fish, not very large. The Dutch call him Blazer, which 
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signifies Blower, because he can blow and swell himself up into the form of a round ball. He is 

ranked among the poisonous fish, and if eat whole is said unavoidably to occasion death. There 

are three different sorts of it found in the Japanese seas, all in great plenty. The first sort called 

Susumebuka is small and seldom eat, the second is called Mabuku, that is true Buku. This the 

Japanese reckon a very delicate fish, and they are fond of it, but the head, guts, bones, and all 

the garbage must be thrown away, and the flesh carefully washed and cleaned before it is fit to 

eat. And yet many people die of it, for want, as they say, of thoroughly washing and cleaning it. 

People that by some long and tedious sickness are grown weary of their lives, or are otherwise 

under miserable circumstances, frequently choose this poisonous fish, instead of a knife or 

halter, to make away with themselves… Soldiers only and military men, are by special command 

of the Emperor forbidden to buy and to eat this fish. If anyone dies of it, his son forfeits the 

succession to his father’s post, which otherwise he would have been entitled to. It is sold much 

dearer than common fish and not eaten, but when fresh. The third sort is called Kitarnakura, 

which signifies North Cushion. I could not learn the reason of this appellation... The poison of 

this sort is absolutely mortal, no washing nor cleaning will take it off. It is therefore never asked 

for, but by those who intend to make away with themselves...”. Afterwards, the European visitors 

to the Orient were fully aware of the toxic nature of the pufferfish. Probably, the most vivid and 

famous example of TTX poisoning in the history of mankind is documented in the journals of 

Captain James Cook (New Caledonia, 1774): “Having no suspicion of its being of a poisonous 

nature (referring to the fish), we ordered it to be dressed for supper; but luckily for us the 

operation of drawing and describing the fish took so much time till it was too late so that only 

the liver and roe was dressed of which Mr. Forster (the naturalist of the expedition) and myself 

did but taste. About three to four o'clock in the morning we were seized with most extraordinary 
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weakness in all our limbs attended with numbness of sensation like to that caused by exposing 

one's hands and feet to a fire after having been pinched much by frost. I had almost lost the sense 

of feeling nor could I distinguish between light and heavy objects, a quart pot full of water and a 

feather was the same in my hand. We each took a vomit and after that a sweat which gave great 

relief. In the morning one of the pigs which had eaten the entrails was found dead. In the 

morning when the natives came abroad and saw the fish hanging up they immediately gave us to 

understand it was by no means to be eat, expressing the utmost abhorrence of it and yet no one 

was observed to do this when it was sold or even after it was bought”. 

Toward the end of the 19
th

 century many young Japanese scientists travelled to Europe, 

principally to Germany, for graduate studies. Among them was D. Takahashi, who later became 

the first professor of pharmacology at the University of Tokyo.
6
 In 1889, Takahashi and Inoko 

published the first comprehensive study on the pharmacology of TTX.
7
  They revealed that 

respiratory depression causes the fatality, as the heart of poisoned frogs continued to beat after 

the respiration had ceased. In the same study, the stimulation of motor nerves in poisoned frogs 

failed to bring out a response, albeit the muscle itself did respond upon direct stimulation. They 

also observed that the tetraodon species were resistant to their own poison.
8
 The early attempts to 

isolate the toxin failed. Success was finally achieved in the early 20
th
 century. In 1909, Tahara

9
 

isolated a crude toxin (ca. 0.2-4% pure) from an aqueous extract of globefish ovaries and named 

it “tetrodotoxin” (German: “tetrodongift”, meaning tetrodon poison).
10

 However, despite many 

attempts, preparation of TTX in its pure crystalline state was not achieved until the early 1950’s. 

A reason for this is that early techniques for the isolation and purification of natural toxins had 

been devised to extract plant poisons, e.g., alkaloids. In contrast to TTX, such compounds are 
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sparingly soluble in water, but highly soluble in common organic solvents. The same techniques 

failed completely with highly water-soluble, but organic-insoluble, TTX. 

Only in 1950, Yokoo
11

 succeeded in achieving the isolation of the poisonous principle in a 

crystalline form from the liver and ovaries of Sphoeroides rubripes. He called the toxin 

“spheroidine”, however, the name “tetrodotoxin” prevailed. Shortly thereafter, Tsuda and 

Kawamura
12

 reported yet another isolation method of the analytically pure crystalline material. 

Yokoo later demonstrated that his “spheroidine” was identical to the material isolated by Tsuda 

and Kawamura (potency, 0.01 γ; Figure 1.2).
13

 [γ = amount of the poison needed to kill a mouse 

(mg g
-1

)]. 

 

Figure 1.2 Purification of TTX. 

1.2 Structural Elucidation 

This section is a tribute to the work of yesteryear chemists – their chemical sense and 

extraordinary deductive reasoning are worthy of special recognition. We can only marvel at their 

knowledge of the art and craft of organic chemistry. Today, an organic chemist rarely encounters 
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problems in elucidating the structure of a completely unknown compound, although numerous 

errors in structure assignment still occur.
14

 An arsenal of highly sophisticated techniques and 

instruments is available, and our reasoning becomes exclusively dependent on the spectral data 

rather than on the chemical behavior of the compound under investigation. The complicated TTX 

puzzle has been successfully solved without the luxury of high-field nuclear magnetic resonance 

(NMR) spectroscopy or high-resolution mass spectrometers. 

In TTX, nature has designed a truly formidable and at the same time delightfully intricate 

architecture – essentially a complete charge dissonance.
15

 Every carbon atom but one (C4a) bears 

at least one hetero atom, while one carbon atom (C4) bears two, and two carbon atoms (C2 and 

C10) are attached to no less than three hetero atoms. Eight of the 11 carbon atoms in the 

molecule are stereogenic (all but C2, C10, and C11), creating a dense stereochemical array in a 

structure of molecular weight slightly exceeding 300. Finally, a zwitterionic hemilactal 

embedded in dioxaadamantane skeleton is entirely unique, not having been observed before in 

the composition of any organic molecule, whether of natural or purely synthetic origin.
16

 

The isolation of pure TTX triggered an intense competitive effort, in Japan and the US, to 

elucidate its structure. The race came to a memorable climax at the Natural Products Symposium 

of the International Union of Pure and Applied Chemistry in Kyoto, Japan (1964), where 

research groups of Woodward,
 17

 Tsuda,
 18

 Goto,
 19

 and Mosher
20

 simultaneously reported the 

successful conclusion of their studies. Curiously, Mosher’s group did not actually study the fugu 

poison, but instead focused on an isolation and structural elucidation of tarichatoxin, a poison 

from the California newt taricha torosa. However, Mosher recognized a close pharmacological 

similarity of the latter substance to TTX, and comparison of authentic samples astonishingly 

established their identity.  
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Prior to the advent of contemporary high-resolution mass spectrometry, the elemental 

composition of an unknown substance was one of the key characterization data required for 

structural determination. In the case of TTX, as Woodward reported, elemental analysis was a 

matter of great difficulty: “The poison is one of the substances, which very tenaciously retains 

solvents, particularly moisture and other hydroxylic materials, no doubt in consequence of its 

highly polar nature, and the presence within its molecule of a large number of OH and NH 

groups. In these circumstances, direct analyses for the elements gave only an approximate idea 

of its composition, and the best conclusion available until a relatively late stage in the structural 

investigations was that the composition of tetrodotoxin lay somewhere within the limits defined 

by the expression C10-12H15-19O8-10N3.”. Indeed, the conclusion on the molecular formula of the 

toxin has not been made by that time.
21

 TTX appeared as a colorless, crystalline, weakly basic 

substance, which darkened above 220 °C without melting. Both its ultraviolet (UV), and 
1
H 

NMR spectra did not contain much useful information. Its infrared (IR) spectrum (    
   = 

1658, 1603, 1075 cm
-1

) was also inconclusive. Thus, neither the precise elemental composition, 

nor any structural details that could be retrieved from the above data aided in the structure 

elucidation of TTX.  

The first clues about the structure of TTX were obtained by various degradation studies (Scheme 

1.1). Thus, vigorous oxidative degradation of TTX yielded guanidine (1.2), and therefore 

eliminated the possibility of having any N-O bonds incorporated in the structure of the toxin. 

This experiment allowed to conclude that all three nitrogen atoms originate from the intact 

guanidine structural unit of the poison. Insight into the structure of the molecular core was first 

provided by Tsuda through base degradation studies. Thus, treatment of TTX with hot NaOH 

solution resulted in formation of aminoquinazoline 1.3 (Scheme 1.1).
22
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Scheme 1.1 Degradation studies on TTX. 

Woodward independently isolated its acetyl derivative 1.4, the structure of which was confirmed 

by obtaining a single crystal of its copper chelate derivative 1.5. Tsuda proved the identity of the 

base-degradation product 1.3 in a most rigorous way: the total synthesis of its derivative 1.4.
22

 

Further, simple methylquinazolines 1.6 and 1.8 were isolated upon vigorous reduction of 

TTX.
17,22

 Yet another quinazoline derivative, 1.7, was isolated by Goto when TTX was treated 

with concentrated sulphuric acid. While the isolation of 1.6 and 1.8 supported presence of a 

hydroquinazoline core in TTX, Goto’s phenol 1.7 differed markedly from Woodward’s base 

degradation product 1.3, in that a phenolic OH was present at C6 rather than at C8 (TTX 

numbering). These results suggested the possibility of having these quinazolines as artefacts of 

the degradation. Woodward pointed out
17

 that it was entirely possible that the carbocyclic part of 
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the quinazoline derivative 1.3 may have originated in some intramolecular condensation 

reactions of an open-chain precursor. Therefore, alkaline degradation was repeated in deuterated 

medium (Scheme 1.2). The isolation of 1.4a made it clear that TTX must possess C-H bonds in 

correspondence of the C-D bonds present in the degradation products.
17

  

 

Scheme 1.2 Alkaline degradation in deuterated medium. 

 

Scheme 1.3 Derivatization studies by Goto. 



10 

 

When degradation studies on TTX were exhausted, Goto
23

 turned his attention to derivatization 

of the toxin (Scheme 1.3). TTX derivative 1.9 consumed two moles of periodate, and, when the 

first equivalent of the reagent was consumed (see 1.9→1.10; Scheme 1.3), formaldehyde was 

obtained. These findings were indicative of the presence of a primary β-hydroxy alcohol in TTX. 

Tetradoic acid 1.9 could also be converted to previously reported TTX degradation product 1.3. 

Upon degradation, nortetradoic acid 1.10 provided yellow needles of quinazoline derivative 1.12. 

At this point, a confusion regarding the Goto phenol 1.7 (see 1.1→1.7; Scheme 1.1) was fully 

clarified. It was safe to assume that all the alkali TTX degradations proceed via intermediate 

1.10. Therefore, there was no doubt about the presence of a hydroquinazoline core in the 

structure of the toxin. 

 

Scheme 1.4 Structural elucidation of TTX. 

Today, the precise structure determination usually requires some derivative that crystallizes well. 

TTX itself does not meet this requirement. However, research groups of Woodward,
17

 Goto,
24
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and Tsuda
25

 were able to obtain single crystals of derivatives 1.14, 1.16, and 1.17 (Scheme 1.4). 

Upon treatment of 1.9 with hydrobromic acid, hemiaminal 1.14 was obtained by Tsuda.
25

 Goto
24

 

treated TTX with 5% barium hydroxide solution to obtain anhydrotetradoic acid 1.15. The latter 

substance afforded lactone 1.16, when treated with bromine water. Woodward,
17

 in turn, 

obtained crystalline hydrochloride 1.17 (“Gougotas hydrochloride”) by the action of hydrogen 

chloride on TTX in acetone/methanol solvent mixture. This material, named after Jack 

Gougoutas, a postdoctoral fellow with Woodward, was formed from TTX with minimal 

structural change. At this point the problem reduced to the deduction of the structure of 1.1. It 

would seem that the structure of TTX would have been immediately apparent from the aggregate 

of all the degradation studies and the availability of no less than three x-ray crystallographic 

analyses. The formation of 1.9 upon mild water treatment would appear to limit the structure to 

that of a sensitive lactone.  

However, TTX is certainly not a lactone, since the characteristic lactone band (1690-2000 cm
-1

) 

is absent in its IR spectrum and the UV spectrum is transparent above 210 μm. Furthermore, the 

low basicity of TTX (pKa of the protonated form = 8.3) is not compatible with the presence of a 

free guanidine. However, the IR spectrum provided a crucial clue to the structure: the 

absorptions attributable to the protonated guanidinium group in 1.17 (1656, 1603 cm
-1

) are 

identical to those observed for TTX (1658, 1603 cm
-1

). Therefore, TTX must contain the same 

protonated guanidinium structural motif, and the inescapable conclusion is that TTX must be a 

zwitterion. The only possibility is that one of the hydroxy groups has added to the lactone 

functionality to create a new hemilactal system, which in TTX is present as the corresponding 

anion. When an inspection of a three-dimentional representation of TTX is made, it is at once 

apparent that the C5 hydroxyl is suitably located in space for interaction with the lactone moiety 
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(Scheme 1.5). The rigidity of the entire skeleton is undoubtedly a factor that favors equilibration 

with the hemilactal form, resulting in formation of the dioxaadamantane nucleus.  

 

Scheme 1.5 Hydroxylactone/hemilactal equilibrium in TTX. 

 

“The appearance of the array in the tetrodotoxin molecule presents a clear lesson for the future 

in its intimation that if normally non-interacting groups are appositely attached to a rigid 

skeleton, or otherwise brought into forced proximity, they may be expected to co-operate in the 

formation of structural grouping which are not observed in simpler systems. It is worthy of note 

that tetrodotoxin is yet another in the long series of natural products whose study has time and 

again turned up for the first time new and unique systems, and provided stimulating insights into 

the fundamental behavior of organic chemical systems.”  

R. B. Woodward 

“The Structure of Tetrodotoxin” Pure & Appl. Chem. 1964, 9, 49. 
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1.3 Biogenesis of TTX 

Tetrodotoxin was originally isolated from the puffer fish, but later on it was obtained from many 

other species of chordata, like newts, frogs and gobies, and also from gastropods, starfish, blue-

ringed octopus, flatworms and crabs.
26

 However, the list of microorganisms (bacteria) that 

produce the toxin is even larger. These include species isolated not only from the above 

mentioned organisms, but also from deep sea and freshwater sediments. Bacterial symbiosis is 

especially common in marine animals, which benefit from the production of secondary 

metabolites that provide means of chemical defense. The widespread occurrence of TTX in 

phylogenetically distinct organisms strongly suggests that symbiotic bacteria play an important 

role in TTX biosynthesis.  

 

Scheme 1.6 Polyketide hypothesis for the biosynthesis of TTX. 

As pointed out years ago by Shimizu,
27,28

 an apparent lack of a phylogenetic relationship 

between these animals and the seemingly unrelated environments of their habitats make the 

study of the biogenesis of TTX an extremely intriguing subject. Shimizu has shown that feeding 

experiments using [2-
14

C]-acetate, [guanido-
14

C]-arginine, [ureido-
14

C]-citrulline and [U-
14

C]-

glucose with TTX-producing newts Taricha torosa and T. granulosa did not yield labelled 

TTX.
29

 However, this result did not completely eliminate the possibility that they are, in fact, 

biosynthetic precursors. It has been proposed that TTX precursors may not be synthesized de 

novo in Taricha genus, but rather acquired through their diet.
30

 Later, it was shown that TTX 

levels increase over time when newts are fed a non-TTX-containing diet,
31

 whereas the opposite 
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is true for puffer fish.
32

 This suggests that biogenesis of TTX in newts may be different in 

comparison to other organisms. Various hypotheses have been advanced regarding the 

biosynthesis of TTX, but the issue has yet to be settled. Woodward suggested that TTX could be 

biosynthesized via a polyacetate pathway.
17

 A possible scenario involves a transfer of amidine 

moiety to β–alanine (1.18 → 1.19) and a build-up of a chain by a polyketide mechanism with 

unclear late stages (Scheme 1.6). 

 

Scheme 1.7 Shimizu‘s speculations on the biosynthetic origin of TTX. 

A biosynthetic route to TTX as proposed by Yasumoto
33

 and Shimizu
34

 envisions the union of 

arginine (1.20) with either a 5C-branched sugar (1.21), such as apiose, which is known to occur 

in marine environments, or an alkenyl precursor, e.g. dimethylallyl pyrophosphate or isopentenyl 

diphosphate (1.22), (Scheme 1.7). An isolation of deoxy-, dideoxy- and trideoxy-TTX precursors 

and intermediates
35

 suggests that TTX biosynthesis may involve, at least in some animals, 

multiple oxidative transformations of an intermediate derived from an alkenyl fragment. The 

exclusive isolation of 1-hydroxy-5,11-dideoxy-TTX (see 1.23, Scheme 1.7) from the North 

American newt Taricha granulosa may be indicative of such a pathway in that species, rather 

than of the incorporation of a sugar-derived moiety. In addition, different biosynthetic pathways 
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may well be operative in different animals. It should be kept in mind that the real toxin producers 

are symbiotic microorganisms. 

 

Scheme 1.8 Yotsu-Yamashita‘s speculations on the late-stage biogenesis of TTX. 

Based on isolated metabolites from the puffer fish Takifugu poecilonotus and T. pardalis, as well 

as from the Planocerid flatworm, Yotsu-Yamashita ventured
35a

 a proposal for the late stages of 

biosynthesis as outlined in Scheme 1.8. 5,6,11-Trideoxy-TTX (1.24) could be oxidized to 5,11-

dideoxy-TTX (1.25) and converted to TTX (1.1) via 5-deoxy-TTX (1.26). Alternatively, TTX 

could be produced through 6,11-dideoxy-TTX (1.27) and 11-deoxy-TTX (1.28), which could 

possibly be obtained by oxidation of 1.25 as well. The authors also presume that 11-oxo-TTX 

(1.29) and 11-nor-TTX-6(S)-ol (1.30) are oxidized metabolites of TTX. Metabolite 1.30 might be 
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a decarboxylation product of not yet isolated 11-carboxylic acid of TTX (1.31), itself possibly 

derived from 11-oxo-TTX (1.29). 

 

Scheme 1.9 Possible scenario for the biogenesis of TTX from geranyl pyrophosphate. 

By using hydrophilic interaction chromatography (HILIC), Yotsu-Yamashita and co-workers 

isolated
36

 two new alkaloids from a toxic newt Cynops ensicauda popei; namely, 4,9-anhydro-8-

epi-10-hemiketal-5,6,11-trideoxy-TTX (1.32) and 4,9-anhydro-10-hemiketal-5-deoxy-TTX 

(1.33) with a C–C bond in between the carbons C-5 and C-10 (Scheme 1.9). This implies a 

monoterpene as a precursor of a five-carbon framework of TTX, with a Baeyer-Villiger-type 

oxidation as a possible step to introduce the missing oxygen. Thus, geranyl pyrophosphate (1.34) 

could be transformed
37

 into geranyl guanidine (1.35) which could, in a series of cyclizations, 
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proceed through intermediates 1.36 and 1.37 up to tricycle 1.38. The oxygenated derivatives of 

1.38, alkaloids 1.32 and 1.33, are possible precursors for 4,9-anhydro-TTX (1.1a) and TTX (1.1). 

Notice that 1.1a, itself a natural metabolite,
38

 is an advanced intermediate in many of the total 

syntheses of TTX that are covered in the following chapter. 
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CHAPTER 2: Previous Syntheses of Tetrodotoxin 

As soon as the structure of TTX was unambiguously determined (see Section 1.2), a worldwide 

effort was launched to construct this formidable alkaloid: a synthesis of TTX has become a 

coveted goal. The first synthesis of the racemate of TTX was announced by Kishi and co-

workers in 1972 (Section 2.1). Since then, a number of other syntheses have been described. As 

outlined in the present chapter, interest in practical avenues to TTX continues unabated, thanks 

also to the potential clinical applications of the compound that have been identified in recent 

decades. 

2.1 Kishi (1972)
b
 

Kishi’s elegant approach
39

 features a key Beckmann rearrangement that installs a crucial 

nitrogen functionality at the early stage of the synthesis (2.3→2.4, Scheme 2.1). A sequence of 

oxidative transformations was utilized to advance 2.4 through the synthesis (Schemes 2.1 and 

2.2). Overall, racemic TTX was attained in 33 steps (31 steps form 2.1): a remarkable 

accomplishment even by modern standards. 

The synthesis commenced with the formation of the oxime from 2.1 followed by oxidation to 

furnish quinone 2.2. Treatment of the emerging Diels-Alder adduct with methanesulfonyl 

chloride triggered a Beckmann rearrangement (2.3→2.4, Scheme 2.1), thereby installing a 

crucial nitrogen functionality at C8a. A number of subsequent synthetic transformations 

elaborated intermediate 2.7. Allylic oxidation, epoxidation at C6-C7 and a series of protection-

deprotection maneuvers afforded ketone 2.9. Stereoselective introduction of the acetoxy 

functionality at C9 was followed by an mCPBA-triggered Bayer-Villiger oxidation that afforded 

caprolactone 2.12. 

                                                
b
 This section (including schemes) was revised from both the original literature39 and a similar PhD thesis.40b 
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Scheme 2.1 Kishi: Beckmann rearrangement and Bayer-Villiger oxidation. 

Rupture of the lactone moiety upon exposure of 2.12 to AcOH/AcOK and pyrolysis of the 

resulting potassium salt 2.13, delivered dihydrofuran 2.14. The total synthesis of rac-TTX 

culminated with a sequence involving amide hydrolysis, guanidinylation, oxidative cleavage and 

a global deprotection (2.14→1.1, Scheme 2.2). 

 

Scheme 2.2 Kishi: total synthesis of rac-TTX. 
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2.2 Isobe (2003)
c
 

Following Kishi’s milestone achievement, TTX total synthesis efforts abated considerably. After 

1972, various synthetic approaches were disclosed,
40

 but it was not until 2003 that the next major 

advance in the TTX field was published: the first enantioselective synthesis of (–)-TTX by Isobe 

and co-workers.
41

 This fruitful effort produced (–)-TTX in 71 steps from easily available sugar 

derivative 1.39. Given the lengthy nature of the synthetic avenue, only the key steps will be 

discussed in this section. 

 

Scheme 2.3 The first Isobe synthesis: early stages. 

Isobe’s first-generation route commenced from enantioenriched carbohydrate derivative 2.17 

(Scheme 2.3). Attainment of the vinyl iodide 2.20, followed by Sonogashira coupling set the 

stage for a Claisen rearrangement that served to introduce the acetonyl moiety in 2.22. Oxidation 

of the intermediate silyl enol ether mediated by Pb(OAc)4 furnished acetal 2.23. Then, a 

sequence of chemical transformations outlined in Scheme 2.4 served to elaborate 2.23, through 

aldol adduct 2.30, into triol 2.33. The latter was then advanced to carbamate 2.36, which 

smoothly underwent intramolecular aza-Michael to furnish 2.37 (Scheme 2.5). 

                                                
c
 This section (including schemes) was revised from both the original literature41 and a similar PhD thesis.40b 
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Scheme 2.4 The first Isobe synthesis: intramolecular aldol condensation. 

 

Scheme 2.5 The first Isobe synthesis: intramolecular aza-Michael addition. 
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Scheme 2.6 The first Isobe synthesis: a fully functionalized TTX precursor. 

 

Scheme 2.7 The first Isobe synthesis: total synthesis of (−)-TTX. 
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The elaboration of a fully functionalized TTX precursor is illustrated in Scheme 2.6. Similar to 

Kishi’s approach, Isobe employed an intramolecular epoxide opening utilizing enolate 2.43 

derived from aldehyde 2.42, thereby producing dihydropyran 2.44. The hydroxyl at C9 was then 

introduced via dihydroxylation of 2.44, IBX oxidation of the resulting hemiacetal intermediate to 

α-keto-lactone and a face-selective reduction of the carbonyl functionality. Deacetylation of 2.45 

triggered formation of a hemilactal, which was then trapped with benzoyl chloride to give 2.46. 

Release of the acid-labile protecting groups in 2.46 set the stage for guanidinylation of 2.47, and 

the resultant 2.48, in seven additional steps, was advanced to a mixture of (−)-TTX and its 

anhydro form (Scheme 2.7). The next section covers Isobe’s considerably shortened second-

generation synthesis. 

2.3 Isobe (2004)
d
 

 

Scheme 2.8 The second Isobe synthesis: Overman rearrangement. 

In 2004, Isobe described a considerably more efficient total synthesis of TTX that proceeded in 

39 steps starting from (–)-levoglucosenone 2.51.
42

 The synthesis commenced with a one-pot 

bromination/dehydrobromination of 2.51, followed by a Diels-Alder cycloaddition of the 

                                                
d
 This section (including schemes) was revised from both the original literature42 and a similar PhD thesis.40b 
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emerging vinyl bromide 2.52 with isoprene (Scheme 2.8). The cycloadduct 2.53 was then 

converted to the allylic alcohol 2.55, which was subjected to an Overman rearrangement reaction 

conditions furnishing trichloroacetamide 2.56. Such an attempt to introduce the nitrogen 

functionality had failed in his first-generation synthesis. Exposure of 2.56 to pyridinium 

tribromide and subsequent DBU-mediated E2 elimination/SN2’ displacement sequence furnished 

oxazoline 2.57. 

 

Scheme 2.9 The second Isobe synthesis: functionalization of a cyclohexane core. 

Acid-mediated opening of the oxazoline 2.57 followed by a regioselective epoxidation produced 

oxirane 2.58 (Scheme 2.9). Lewis acid-assisted E2 elimination then produced diol 2.59, the 

relative configuration of which is opposite to that required for TTX. A redox sequence akin to 

the previous synthesis (see 2.44→2.45, Scheme 2.6) corrected the stereochemical issue. Then, 

selective allylic oxidation, reduction of the resulting aldehyde and a diastereoselective 
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epoxidation of the endocyclic olefin furnished oxirane 2.64. Ozonolysis of the vinyl group 

followed by a stereoselective 1,2-Grignard addition yielded propargyl alcohol 2.65 (dr = 4:1). 

 

Scheme 2.10 The second Isobe synthesis: total synthesis of (−)-TTX. 

The endgame of the synthesis is summarized in Scheme 2.10. Acetylation of the alcohol in 2.65 

and oxidative cleavage of the alkyne terminus elaborated carboxylic acid intermediate 2.67, 

which rapidly underwent intramolecular epoxide opening at C5 to afford 2.68. Acylated 

orthoacid 2.69 emerged upon protective group manipulations. Then, the acetonide in 2.69 was 

oxidatively cleaved and the resulting aldehyde was converted into a dimethyl acetal. Selective 
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hydrolysis of the acetates at C9 and C10 was performed using ammonium hydroxide and 

anhydro-type intermediate 2.71 was then attained via Lewis acid-catalyzed acetal exchange. 

Ultimately, DIBAL reduction, N-guanidinylation and acidic treatment successfully converted 

2.72 to a mixture of synthetic TTX and anhydro-TTX. 

2.4 Du Bois (2003)
e
 

Du Bois and co-workers announced an even shorter total synthesis of TTX around the same time 

Isobe published his first-generation synthesis (Section 2.2).
43

 TTX was attained from D-

isoascorbic acid 2.73 in 33 steps. 

 

Scheme 2.11 Du Bois: stereospecific carbene insertion. 

The Du Bois synthesis of TTX commenced with oxidative degradation of D-isoascorbic acid 

2.73. Then, amidation of emerging 2.74 with dimethylamine, acetonide protection, and DIBAL 

reduction furnished aldehyde 2.75. Aldol reaction of the latter with dibenzyloxalacetate provided 

the desired lactone 2.76. A four-step sequence then facilitated conversion of 2.76 to the crucial 

diazoketone 2.78. Upon treatment of 2.78 with a catalytic amount of dirhodium 

                                                
e
 This section (including schemes) was revised from both the original literature43 and a similar PhD thesis.40b 
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tetrakis(triphenylacetamide), the cyclohexane core of TTX was efficiently constructed. Carbonyl 

reduction and acidic hydrogenation resulted in isomerized tetraol intermediate, which was 

subsequently acetonide-protected to yield 2.80 (Scheme 2.11). 

 

Scheme 2.12 Du Bois: functionalization of a cyclohexane core. 

Then, amidation of 2.80, oxidation of the resulting alcohol and Lombardo olefination provided 

enone 2.82, which, in turn, underwent a stereoselective vinylcuprate 1,4-addition and borane-

tert-butylamine reduction of the ketone to give alcohol 2.83. Lactonization of 2.83 was then 

triggered by exposure to a boiling pivalic acid. Intermediate thus obtained was elaborated to 2.84 

via a methanolysis/carbamoylation sequence (Scheme 2.12). 

Carbamate 2.84 was then advanced to chloride 2.85, which set the stage for the key C–H 

insertion of a nitrene to install the nitrogen functionality at C8a. Thus, upon exposure of 2.85 to 

(diacetoxyiodo)benzene and a catalytic amount of dirhodium tetrakis(trifluoroacetamide), the  C-

H amination product 2.86 was cleanly isolated. A four-step sequence advanced the resulting 

cyclic carbamate 2.86 to olefin 2.87, which was finally converted to a mixture of TTX and 
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anhydro-TTX through an additional four-step sequence including Boc-deprotection, N-

guanidinylation, ozonolysis, and acidic hydrolysis (Scheme 2.13). 

 

Scheme 2.13 Du Bois: nitrene C-H insertion and total synthesis of (−)-TTX. 

2.5 Sato (2005)
f
 

 

Scheme 2.14 Sato: assembly of a crucial ketone. 

                                                
f
 This section (including schemes) was revised from both the original literature44 and a similar PhD thesis.40b 
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In 2005, Sato’s group disclosed a route to a racemic TTX starting from myo-inositol, 2.88 

(Scheme 2.14).
44

 A straightforward four-step sequence produced ketone 2.90, which underwent a 

diastereoselective addition of dichloromethyllithium, hydrolysis of the resulting gem-dichloride 

and reduction of the emerging aldehyde providing 2.91. This compound was advanced to the 

exocyclic alkene 2.94 mainly through a series of protection/deprotection maneuvers. A 

straightforward sequence then afforded ketone 2.96. The latter substance is a key intermediate in 

Sato's synthesis and one of the focal targets of this PhD thesis. 

 

Scheme 2.15 Sato: total synthesis of rac-TTX. 

Scheme 2.15 summarizes a 12-step conversion of ketone 2.96 into rac-TTX. The anion of 

dichloromethane added to 2.96 diastereoselectively to yield 2.97. Treatment of the latter with 

sodium azide produced aldehyde 2.99. This peculiar transformation is believed to involve 

cyclization of alcohol 2.97 to α-chlorooxirane 2.98, which is subsequently opened by an azide 

anion selectively at the tertiary carbon center. Aldehyde 2.99 was then stereooselectively 
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converted to a cyanohydrin upon reaction with TMSCN. Protection of the secondary alcohol, 

DIBAL reduction of the nitrile and Jones oxidation furnished lactone 2.101. Reduction of the 

azide and subsequent desilylation furnished an intermediate amine, which underwent a sequence 

of guanidinylation, PCC oxidation, and acid-mediated global deprotection to form a mixture of 

rac-TTX and rac-anhydro-TTX. The racemate of the natural product was thus produced in 33 

steps from 2.88. 

2.6 Sato (2008)
g
 

 

Scheme 2.16 Sato: first-generation approach to (−)-TTX. 

                                                
g
 This section (including schemes) was revised from both the original literature45 and a similar PhD thesis.40b 
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The Sato research group subsequently transposed their above-described effort into an 

enantioselective route.
45

 This involved a synthesis of the enantiopure ketone 2.96 starting from 

D-glucose. This readily available sugar was rapidly advanced to aldehyde 2.106 (Scheme 2.16). 

Condensation with nitromethane, 1,4-addition of a formaldehyde anion equivalent and Henry 

reaction provided nitro compound 2.108, which was converted to ketone 2.96 previously 

reported in racemic form. Overall, (–)-TTX was prepared in 33 steps. 

2.7 Sato (2010)
h
 

 

Scheme 2.17 Sato: second-generation approach to (−)-TTX. 

In 2010,
46

 Sato published a new route to ketone 2.96 employing Ferrier carbocyclization as a key 

transformation (Scheme 2.17). Ulose derivative 2.113 was prepared from methyl α-D-

                                                
h
 This material was reproduced with permission of Wiley-VCH from Angew. Chem. Int. Ed. 2018, 57, 10994-10998 

(Appendix, Supplemental Information). 
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glucopyranoside by benzylidene acetal formation, regioselective benzylation, and Swern 

oxidation. Peterson olefination/debenzylation gave methylene derivative 2.114, which was 

advanced to diol 2.115. Oxidation of the intermediate acetonide provided an unstable aldehyde, 

which was immediately converted into enol acetate 2.116: the substrate for the key Ferrier(II) 

reaction. Treatment of 2.116 with mercury(II) acetate provided the desired cyclohexanone 2.117. 

Hydrogenation, followed by acetonide protection furnished a ketone intermediate, Peterson 

olefination of which provided the allylic alcohol 2.118. Finally, a hydroboration/protection 

sequence elaborated the C4 siloxymethyl sidechain, which allowed access to alcohol 2.119 (and 

thus to ketone 2.96), reported previously by the same research group. 

2.8 Alonso (2010)
i
 

Alonso’s cascade annulation-based approach to rac-TTX
47

 commenced with condensation of 

furfural 2.120 with 2-nitroethanol and IBX oxidation of the alcohol to form 2.121 (Scheme 2.18). 

Annulation of 2.121 with dihydroxyacetone acetonide
48

 provided the desired cyclohexitol 2.122 

with four of the stereogenic centers already installed.  Mixed acetal formation, Wittig 

methylenation, and acid-induced isomerization of the acetonide provided the exocyclic olefin 

2.123. The double bond of the latter was exclusively dihydroxylated from the less hindered face, 

as confirmed by the x-ray analysis of the acetonide 2.124. Formation of alcohol 2.126 was 

accomplished in a four-step sequence: ruthenium-mediated oxidative cleavage of the furyl 

moiety, diborane reduction of the resulting carboxylic acid, selective protection of the primary 

alcohol and a Nef reaction. Finally, MOM-protection of 2.126 provided the Sato ketone 2.96. 

Overall, the latter was reached through a 13-step sequence from furfural 2.120. In 2012,
49

 Alonso 

                                                
i
 This material was reproduced with permission of Wiley-VCH from Angew. Chem. Int. Ed. 2018, 57, 10994-10998 

(Appendix, Supplemental Information). 
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described an enantioselective variant of his key step (2.121→2.122, >99% ee), which opens an 

enantioselective access to (−)-TTX. 

 

Scheme 2.18 Alonso’s cascade annulation-based approach to rac-TTX. 

2.9 Ciufolini (2015) 

The year 2015 culminated for Ciufolini’s research group in two synthetic avenues to TTX.
50

 

Thus, oxidative amidation
51

 product 2.128 was advanced to hydroxynitrile 2.132 according to a 

previously described protocol
52

 that involves a Machetti-De Sarlo reaction as a key step (Scheme 

2.19). The processing of 2.132 toward TTX started with reduction of the ester and BOM-

protection of both hydroxy groups. Subsequent dihydroxylation was followed by immediate 

acetonide protection forming 2.133. Desilylation and Dess-Martin oxidation of the resultant 

alcohol afforded an intermediate ketone, which was elaborated to exocyclic olefin 2.134. Boc-

protection of the amide functionality in 2.134, osmylation of the exocyclic olefin, acetonide 

protection, and reduction then delivered alcohol 2.135. At that point, safety considerations 
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dissuaded them from challenging the total synthesis of a highly toxic TTX. Instead, a decision 

was made to formalize the synthesis of (±)-TTX at the stage of lactone 2.139, a.k.a. the Sato 

lactone (see Sections 2.5, 2.6 and 2.7). 

 

Scheme 2.19 Ciufolini: assembly of a fully functionalized rac-TTX precursor. 

The route to 2.139 (Scheme 2.20) commenced with TBS-protection and a cleavage of the BOM 

groups to from 2.136. Subsequent treatment with TPAP-NMO gave lactone 2.137. Then, α-

oxygenation using the Davis oxaziridine and MOM-protection of the emerging α-hydroxy 

lactone led the authors to the desired substance 2.138. Then, desilylation and thermolysis of the 

Boc appendage provided a compound that was spectroscopically identical (
1
H NMR, IR) to the 

compound reported by Sato as 2.139a. On the other hand, the NMR spectra of the Sato lactone 

were inconsistent with the assigned structure. Instead, isomeric 2.139b was in excellent accord 
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with the spectroscopic data obtained by both Sato and Ciufolini. Indeed, x-ray diffractometric 

study unambiguously determined that the presumed 2.139a is in fact 2.139b. 

 

Scheme 2.20 Ciufolini: synthesis of the Sato lactone. 

 

Scheme 2.21 Ciufolini: synthesis of the Du Bois lactone. 

The above-described structural discrepancy prompted Ciufolini, as an extra precaution, to attain 

the Du Bois olefin 2.87 (see Section 2.4), from alcohol 2.135, thus securing his claim of a formal 

total synthesis of rac-TTX. A Dess-Martin oxidation/Peterson olefination sequence installed the 

requisite vinyl appendage (2.135→2.140, Scheme 2.21). Subsequent release of the BOM groups 
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and oxidative lactonization furnished 2.141, which, as in case of 2.137 before, underwent smooth 

α-hydroxylation to furnish the Du Bois olefin 2.87. 

If Ciufolini’s sequences were to be used for the completion of the synthesis of rac-TTX, the 

overall step count would be 32 or 31 steps from phenol 2.127 via Sato’s or Du Bois’s 

intermediate, respectively. 

2.10 Fukuyama (2017)
j
 

 

Scheme 2.22 Fukuyama: rapid access to functionalized cyclohexene. 

The most up-to-date total synthesis of TTX was published two years ago by Fukuyama’s group. 

The synthesis commenced with a Diels-Alder reaction between 5-TMS-cyclopentadiene and p-

benzoquinone (2.142), followed by a one-pot Luche reduction furnishing diol 2.143. Lipase-

mediated desymmetrization produced monoacetate 2.144 of 99% ee. Then, a three-step sequence 

involving TBS-protection, deacetylation, and PDC oxidation elaborated enone 2.145. Owing to a 

steric bulk of the TMS group, 1,2-addition of a hydroxymethyl equivalent took place exclusively 

at the β-face of the molecule. Similarly, dihydroxylation proceeded in a highly stereo- and 

                                                
j
 This material was reproduced with permission of Wiley-VCH from Angew. Chem. Int. Ed. 2018, 57, 10994-10998 
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chemoselective fashion. Subsequent acidic treatment of the intermediate triol in acetone provided 

a bisacetonide, which was subjected to a one-pot Jones oxidation yielding ketone 2.146. Then, 

Peterson olefination, thermolysis, and DIBAL reduction provided the allylic alcohol 2.147 

(Scheme 2.22). 

 

Scheme 2.23 Fukuyama: intramolecular 1,3-dipolar cycloaddition. 

With a concise route to 2.147 in hand, the Fukuyama group turned their attention on installation 

of a nitrogen atom at C8a (Scheme 2.23). This task was achieved via a highly stereoselective 

allyl cyanate-to-isocyanate rearrangement. Thus, carbamoylation of 2.147, followed by 

dehydration furnished the isocyanate intermediate, which was trapped with tBuOLi yielding 

Boc-amine 2.148. The exocyclic olefin of the latter was then oxidatively cleaved furnishing 

aldehyde 2.149. The addition of the magnesium acetylide proceeded in a diastereoselective 

manner giving, through a chelate 2.150, the propargyl alcohol intermediate (for a similar case of 

a diastereoselective induction see Isobe’s synthesis; 2.64 → 2.65, Scheme 2.9). The latter was 

hydrogenated over a Lindlar’s catalyst furnishing the corresponding allylic alcohol 2.151, which 
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was thus converted into isoxazoline 2.152 utilizing an intramolecular 1,3-dipolar cycloaddition 

protocol. 

 

Scheme 2.24 Fukuyama: total synthesis of (−)-TTX. 

The remaining task was to construct the dioxaadamantane nucleus of the natural product. Thus, 

ozonolysis of 2.152 and subsequent Pinnick oxidation gave carboxylic acid 2.153, setting the 

stage for the excision of the unnecessary carbon atom. Benzyl ester formation, reduction of the 

isoxazoline, protection of the emerging amine, and Pb(OAc)4-mediated oxidative cleavage 

provided hemiaminal 2.154. The core of TTX was synthesized through a four-step sequence 

involving protective group manipulations and Yamaguchi lactonization (2.154 → 2.155, Scheme 

2.24). Finally, removal of the Boc-appendage in δ-lactone 2.155, guanidinylation of the resultant 

amine, and a two-step global deprotection led to a mixture of (–)-TTX and its anhydro form. 

Overall, the synthesis of (–)-TTX was achieved in 29 steps from ortho-benzoquinone. The state-

of-the-art approach by Fukuyama summarized in this section constitutes the shortest total 

synthesis of TTX known to this day. 
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The current chapter summarized only the reported total and formal syntheses of TTX − an 

exceptionally challenging target that has defeated numerous investigators. The literature contains 

a number of creative strategies and noteworthy approaches that have yet to be culminated in the 

attainment of the natural product.
40

 TTX has not escaped our attention either and we launched a 

synthetic effort that centers upon microbial oxidation of arenes: the main theme of our group. 
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CHAPTER 3: Microbial Oxidation of Arenes 

3.1 Overview
k
 

 

Figure 3.1 Chemoenzymatic approach to TTX. 

This highly regio- and enantioselective dihydroxylation was discovered in 1968 by Gibson
53

 who 

also later provided a robust recombinant organism, E. coli JM109 (pDTG601A), that 

overexpresses toluene dioxygenase (Section 3.2).
54

 The use of this strain in whole-cell 

fermentations
55

 allows access to large amounts (>20 g/L) of homochiral diene diols such as 3.1 

and 3.2 (Figure 3.1), that serve as ideal starting materials for enantioselective synthesis of highly 

oxygenated targets. 

3.2 Toluene Degradation by Pseudomonas putida F1 

Toluene is a sole source of both carbon and energy for a growth of Pseudomonas putida F1 

(PpF1). The catabolic pathway, a.k.a. the dihydrodiol pathway, is depicted in Figure 3.2 (gene 

designations for individual proteins are shown in parentheses). Toluene is first oxidized to cis-

toluene dihydrodiol 3.3 through the addition of molecular oxygen to dearomatize the benzene 

ring.
56

 This initial reaction is carried out by toluene dioxygenase,
57

 which performs electron 

transfer from NADH to the terminal dioxygenase. First, electrons are accepted from NADH by 

reductaseTOL (flavoprotein),
58

 which transfers them to ferredoxinTOL (a small iron-sulfur 

protein).
59

 FerredoxinTOL reduces the terminal dioxygenase, that has been designated ISPTOL 

                                                
k
 This section was reproduced with permission of Wiley-VCH from Angew. Chem. Int. Ed. 2018, 57, 10994-10998. 
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(another iron-sulfur protein component of toluene dioxygenase).
60

 Reduced ISPTOL catalyzes the 

addition of molecular oxygen to toluene forming 3.3. The latter biotransformation presumably 

proceeds via a formation of a speculated dioxetane intermediate.
51 

cis-Dihydrodiol 3.3 is then 

dehydrogenated in a NAD
+
-dependent reaction, mediated by cis-toluene dihydrodiol 

dehydrogenase, yielding catechol 3.4.
61

 Finally, 3-methylcatechol 2,3-dioxygenase-mediated 

oxidative cleavage is responsible for the formation of carboxylate 3.5. 

  

Figure 3.2 Metabolic pathway for the oxidation of toluene to carboxylate 3.5. 

The biochemistry behind the dihydrodiol pathway shown in Figure 3.2 has been studied 

extensively in the past. Gibson’s seminal work
54

 focused on the organization and regulation of 

the genes involved in toluene catabolism (for the detailed transposon mutagenesis experiments 

please refer to the original literature).
62,63 

Knowledge of the sequence has enabled Gibson to 

construct clones which overexpress toluene dioxygenase in E. coli and accumulate highly 

enantioenriched diol intermediates such as 3.3 in the dihydrodiol pathway. 

3.3 Recent Applications of Toluene Dioxygenase in Total Synthesis 

This unique methodology has gone unnoticed by synthetic chemists for almost 20 years since its 

discovery (vide supra) but entered the total synthesis field in the early 1980s. A number of 
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detailed reviews were published over the past three decades providing comprehensive 

information on the use of these metabolites in synthesis.
64

 This section will only address selected 

examples of the year 2019. To see the whole picture, the reader should consult the review articles 

cited herein.  

3.3.1 (−)-Ribisins A and B 

Starting from dibenzofuran cis-dihydrodiol 3.7,
65

 a nine-step synthesis of (−)-ribisin A was 

published by Boyd this year (Scheme 3.1).
66

 Thus, acetonide protection and Upjohn 

dihydroxylation provided cis-diol 3.8.  The inversion of stereochemistry at C4 was then 

performed by oxidation-reduction sequence to yield trans-diol 3.9. Then, a two-step protective 

group manipulation was followed by allylic oxidation, methyl ether formation, and oxidative 

cleavage of the PMB-ethers to provide a concise synthetic access to (−)-ribisin A. 

 

Scheme 3.1 Total synthesis of (–)-ribisin A by Boyd. 

In ultimate advance, cis-diol 3.8 also proved to be a versatile intermediate for the synthesis of 

(−)-ribisin B (Scheme 3.2). Reaction of diol 3.8 with anisaldehyde dimethyl acetal formed an 

exo/endo mixture (57:43) of anisylidene acetal diastereoisomers 3.12. DIBAL reduction, 
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followed by methylation furnished methyl ester 3.13. Treatment of the latter with aqueous TFA 

and subsequent allylic oxidation yielded α-hydroxy ketone 3.14. Finally, methyl ester formation 

and PMB-cleavage provided (−)-ribisin B in 9 steps from cis-dihydrodiol 3.7. 

 

Scheme 3.2 Total synthesis of (–)-ribisin B by Boyd. 

3.3.2 (+)-Oxycodone 

At the beginning of 2019, our group has reported the shortest synthetic route to (+)-oxycodone 

featuring the title microbial dihydroxylation (Scheme 3.3).
67

 Thus, phenethyl acetate-derived cis-

dihydrodiol 3.17 was subjected to a chemoselective PAD reduction. The less hindered hydroxyl 

moiety was then TBS-protected and the proximal allylic alcohol underwent Mitsunobu coupling 

with iodophenol 3.18 to give the aryl ether 3.19. Subsequent intramolecular Heck cyclization 

followed by dihydroxylation led to diol 3.20. Then, mesylation of the less hindered hydroxyl 

group, followed by DBU-promoted elimination of the resulting mesylate furnished ketone 3.21. 

With the attainment of the desired carbonyl functionality, cleavage of the dimethyl acetal was 

followed by a pinacol-type coupling to produce cis-diol 3.22. A four-step sequence involving 

protection of the diol as a carbonate, deacetylation, Mitsunobu reaction with N-methyl p-

toluenesulfonyl amide, and a basic hydrolysis to restore the diol moiety yielded amide 3.23.  The 
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less hindered hydroxyl of the latter was then eliminated in a two-step sequence affording alkene 

3.24: a precursor for the key Parker’s hydroamination. Finally, a dissolved metal reduction of 

3.24, cleavage of the silyl group, and oxidation of the alcohol to ketone afforded (+)-oxycodone 

in only 13 steps from phenethyl acetate. Later the same year, our group published the 2
nd

, 3
rd

 and 

4
th
 generations of this synthesis.

68
 

 

Scheme 3.3 Total synthesis of (+)-oxycodone by Hudlicky. 

3.3.3 (+)-10-Keto-Oxycodone 

With the attainment of (+)-oxycodone, our group’s interest in preparation of opiates has not 

waned. As shown in Scheme 3.4, the total synthesis of (+)-10-keto-oxycodone was successfully 

accomplished. Thus, mesylation of the less hindered alcohol functionality in previously reported 

intermediate 3.22, followed by DBU-mediated E2 elimination led to styrene 3.26. Then, removal 

of the acetate appendage and oxidative lactonization furnished lactone 3.27. The latter was 



45 

 

subjected to a CAN-mediated functionalization, nucleophilic substitution, and catalytic 

hydrogenation giving rise to lactam 3.28. Borane reduction of 3.28 followed by reductive 

amination with formaldehyde furnished the N-methyl amine 3.29. Finally, a three-step sequence 

involving allylic oxidation, desilylation, and DMP oxidation yielded the desired (+)-10-keto-

oxycodone. A short chemoenzymatic total synthesis of (+)-10-keto-oxycodone has thus been 

accomplished in only 14 steps from commercially available phenethyl acetate.  

 

Scheme 3.4 Total synthesis of (+)-10-keto-oxycodone by Hudlicky. 

The transformation summarized in this chapter is unique and represents one of the very few 

reactions for which a synthetic equivalent has not yet been invented.
69

 The powerful microbial 

oxidation of monosubstituted arenes to highly enantioenriched diols enables an exceptionally 

concise assembly of various natural products. No methodology yet known is even remotely 

competitive. On that note, having access to such a powerful cis-dihydrodiol synthon, I now wish 

to record the shortest synthetic route to TTX. 
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CHAPTER 4:
l
 Formal Syntheses of Tetrodotoxin 

4.1 Synthetic Analysis of TTX and Construction of the Key Intermediate 

 

Figure 4.1 Planned elaboration of 4.1 to various TTX intermediates. 

Having access to enantiomerically enriched starting material with two of the vital stereogenic 

centers already installed (C7 and C8), our attention was focused on the introduction of the 

tetrasubstituted center at C6. Previously published synthetic routes toward TTX employed 

numerous steps to install a crucial C6 locus (see Chapter 2). In designing a truly efficient 

synthetic route, we envisioned an early stage intermediate of type 4.1, confident that the enone 

moiety could be readily elaborated to the advanced intermediates shown in Figure 4.1. The 

proposed route would employ a tandem singlet oxygen cycloaddition/Kornblum-DeLaMare 

rearrangement, resulting in simultaneous formation of the enone and the C6 center (i.e., 4.1, 

Figure 4.2). The relative configuration of the newly formed C6 stereogenic center would be 

                                                
l
 A part of the text was reproduced with permission of Wiley-VCH from Angew. Chem. Int. Ed. 2018, 57, 10994-

10998 in Sections 4.3, and 4.4. 
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controlled by the diastereoselectivity of the hetero-Diels-Alder cycloaddition. Thus, the 

acetonide would serve not only as a diol protecting group, but also as a directing agent that 

promotes the correct faciality of the singlet oxygen cycloaddition. 

  

Figure 4.2 Construction of the tetrasubstituted carbon at C6. 

4.1.1 First-generation approach 

 

(a) pTsOH·H2O, 2,2-DMP, rt; (b) Pd(OAc)2, NEt3, CO (1 atm), MeOH, 40 °C; (c) DIBAL 

(neat), benzene/hexane, 0 °C; (d) O2 (bubbling), TPP, hv, CH2Cl2; Et3N, rt (46%, 4 steps); (e) 

pTsOH·H2O, 2,2-DMP, 50 °C, 80%. 

Scheme 4.1 First-generation approach. 

The first-generation approach employed iodobenzene as a substrate for microbial 

dihydroxylation (Scheme 4.1). As hoped, installation of the C11 hydroxymethyl side chain 

proved possible by acetonide protection, palladium catalyzed methoxycarbonylation
70

 of the 
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vinyl iodide functionality, and DIBAL reduction of the intermediate 4.7, thereby providing the 

desired allylic alcohol 4.8. As anticipated, a singlet oxygen cycloaddition took place exclusively 

from the more accessible α-face of the diene moiety. The intermediate endo-peroxide was 

successfully ruptured by means of triethylamine in the same reaction pot to furnish enone 4.9. 

Finally, protection of diol in 4.9 as an acetonide provided efficient access to 4.1. 

4.1.2 Second-generation approach 

In the second-generation approach, benzyl acetate was used as a dihydroxylation substrate, as 

this arene already contains the C11 hydroxymethyl moiety of TTX (Scheme 4.2). Acetonide 

protection of the diol in 3.2 furnished the photooxygenation substrate 4.10. The cycloaddition 

with singlet oxygen and subsequent rearrangement furnished enone 4.11, deacetylation of which 

yielded diol 4.9, and thence the key enone 4.1, through a shorter route. 

 

(a) pTsOH·H2O, 2,2-DMP, rt; (b) O2 (bubbling), TPP, hv, CH2Cl2; Et3N, rt (42%, 2 steps); (c) 

LiOH, THF/H2O, 0 °C, 50%; (d) pTsOH·H2O, 2,2-DMP, 50 °C, 80%; (e) K2CO3, MeOH, rt; (f) 

pTsOH·H2O, 2,2-DMP, 50 °C, (76%, 2 steps); (g) Al2O3, 1.74 mmHg, rt, 74%). 

Scheme 4.2 Second-generation approach. 
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It was in the course of optimizing this sequence that we took note of an interesting reactivity of 

enone 4.11: when the latter was subjected to deacetylation with methanolic K2CO3, oxa-Michael 

addition of methanol took place. Subsequent acetonide protection yielded methoxy adduct 4.12. 

In principle, the enone moiety could have been restored by E1cB-elimination of methanol. 

However, numerous reaction conditions resulted only in recovery of 4.12. In considering this 

problem, a possible solution might involve some non-basic elimination procedure. This 

conjecture led us to consider Lewis acid-assisted demethoxylation. It could be confidently 

predicted that, if released methanol is continuously removed from the medium, the equilibrium 

shown in Scheme 4.2 would shift toward the desired enone 4.1. In a previous disclosure,
71

 our 

group reported that adsorption of β-acetoxyketones on neutral alumina promotes efficient 

conversion to enones. Indeed, simply adsorbing 4.12 onto neutral alumina and leaving the 

obtained powder overnight at reduced pressure resulted in restoration of the enone moiety (the 

desired elimination does not proceed at ambient pressure). This chemistry has no direct 

implications for the synthesis of TTX, but, if generalizable, it could provide a valuable 

methodology to mask the enone functionality. 

4.1.3 Third-generation approach 

We now turn to the synthesis of enone 4.1 by a third-generation approach. It was realized that the 

allylic alcohol 4.8 can be obtained directly from 3.2 in a one-pot fashion. This approach would 

shorten the synthetic route toward 4.1 and removes the necessity for subjecting the sensitive 

enone moiety to a basic medium. Thus, acetonide protection, followed by deacetylation provided 

a single-step access to diene 4.8, which was then converted to enone 4.1 in two subsequent 

operations. Overall, the key intermediate 4.1 was synthesized in three operations from cis-

dienediol 3.2 (Scheme 4.3). 
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(a) pTsOH·H2O, 2,2-DMP, rt; K2CO3, MeOH, rt; (b) O2 (bubbling), TPP, hv, CH2Cl2; Et3N, rt 

(68%, 2 steps) (c) pTsOH·H2O, 2,2-DMP, 50 °C, 80%. 

Scheme 4.3 Third-generation approach. 

4.2 Synthesis of the Fukuyama Intermediate 

 

Figure 4.3 Olefination-based approach toward Fukuyama’s allylic alcohol. 

With an efficient synthetic avenue to enone 4.1 at hand, the next objective became the synthesis 

of Fukuyama’s intermediate (Z)-4.2 (see 2.147, Section 2.10) via functionalization of the ketone 

moiety (Figure 4.3). It is established that α-oxygenated ketones such as 4.1 undergo (Z)-selective 

Wittig olefination.
72

 An appropriate olefination protocol could thus convert 4.1 directly into 

Fukuyama’s alcohol (Z)-4.2, which can be advanced to carbamate 4.3 via a highly 

stereoselective [3,3]-sigmatropic rearrangement of the corresponding cyanate (see 2.148, Section 

2.10). If, on the other hand, 4.1 were to behave exceptionally, the result would be the formation 
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of (E)-4.2. It seemed likely that the [3,3]-sigmatropic rearrangement of the cyanate derivative of 

(E)-4.2 would take place with the same facial selectivity as that of (Z)-4.2, because in either case, 

the transposition would occur from the more accessible α-face of the trisubstituted alkene. 

Therefore, the stereochemical outcome of the olefination reaction was not a major concern at this 

point. 

 

Scheme 4.4 Dimerization of the key enone. 

In our opening foray, we decided to subject enone 4.1 to standard Wittig olefination conditions 

employing (2-hydroxyethyl)triphenylphosphonium bromide 4.13 as an ylide precursor.
73

 

Astonishingly, this procedure yielded exclusively 4.14, without a trace of either isomer of 4.2 

(Scheme 4.4). Evidently, deprotonation of 4.1 and subsequent 1,4-addition of the resulting 

enolate to an intact molecule of enone outcompeted the Wittig reaction under our conditions. 

 

Scheme 4.5 Wittig reaction of enone 4.1. 
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It seemed plausible that decreasing the effective concentration of 4.1, perhaps by slowly adding 

it to a solution of the ylide, would supress the intermolecular 1,4-addition. Indeed, slow 

introduction of a THF solution of 4.1 using a syringe pump into a cold (-30 °C) solution of the 

ylide obtained from 4.13 provided the olefination product. However, the major product was (E)-

4.2 (Scheme 4.5a). Interestingly, conducting the reaction at -78 °C completely inversed the 

selectivity (Scheme 4.5b). This can presumably be explained via terms of kinetic vs. 

thermodynamic control of the reaction (Scheme 4.6). Thus, one must infer that the addition of the 

enone to the ylide under kinetic conditions (-78 °C) leads preferentially to oxaphosphetane (i), 

and thence to (Z)-4.2. At higher temperatures, isomerization of the oxaphosphetane occurs 

(i→ii), and (E)-4.2 becomes the major product.  

 

Scheme 4.6 Kinetic vs. thermodynamic control in Wittig reaction of 4.1. 

The above reactions still produced significant quantities of dimer 4.14. Efforts to 

minimize/suppress formation of this side product led to a rather obvious solution: the use of a 

less basic Peterson reagent in lieu of a phosphonium ylide. Thus, the reaction of 4.1 with the 

anion of ethyl(trimethylsilyl)acetate returned exclusively, after DIBAL reduction, (E)-4.2 in high 
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yield (Scheme 4.7). Carbamoylation of (E)-4.2 furnished 4.15. Upon dehydration of the latter 

with TFAA and Hunig’s base, a facile [3,3]-sigmatropic rearrangement of the nascent allylic 

cyanate took place. The resulting isocyanate was reacted with tBuOLi in the same reaction pot to 

furnish the Fukuyama carbamate 4.3: as anticipated, the allylic transposition had occurred with 

complete facial selectivity. It is worthy of note that the latter reaction could also be prompted by 

direct O-cyanation of allylic alcohol (E)-4.2.
74

 However, the yield is lower relative to the 

carbamoylation/dehydration sequence (Ichikawa’s protocol).
75

 

 

(a) LDA, TMSCH2COOEt, THF, -78 to 0 °C; (b) DIBAL, toluene, -78 to 0 °C (80%, 2 steps); 

(c) Cl3CC(O)NCO, CH2Cl2, rt; Et3N, MeOH, rt, 96%; (d) TFAA, iPr2NEt, CH2Cl2, -78 °C to rt; 

LiOtBu, -78 to 0 °C, 56%; (e) BrCN, 4-DMAP, iPr2NEt, CH2Cl2, 0 °C to rt; LiOtBu, 0 °C to rt, 

34%. 

Scheme 4.7 Synthesis of the Fukuyama intermediate. 

4.3 Synthesis of Alonso’s and Sato’s Intermediates 

4.3.1 Installation of a siloxymethyl sidechain at C4a 

We next focused our attention on the installation of a sidechain at C4a, which would open access 

to advanced intermediates 4.4 and 4.5 reported by Alonso (see 2.126, Section 2.8) and Sato (see 

2.96, Sections 2.5-2.7), respectively. Our initial attempts to install hydroxymethyl sidearm 
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following the Morita-Baylis-Hillman protocol
76

 were largely unsuccessful, resulting in alkylation 

at C8. Then, we hoped to overcome this issue exploiting a Stille coupling, albeit sp
2
-sp

3
 cross-

coupling protocols are not frequently employed.
77

 In the event, we prepared the vinyl iodide 4.16 

as a coupling partner for the oxygenated stannane 4.18.
78

 However, subjecting 4.16 to a Stille 

coupling reaction conditions resulted chiefly in dehalogenation, returning enone 4.1. We 

attempted to circumvent the dehalogenation problem using the vinyl bromide 4.17 in lieu of 

4.16. Thus, a one-pot bromination/dehydrobromination sequence furnished the expected vinyl 

bromide 4.17.
79

 We were pleased to observe that, upon exposure of the latter to the Stille 

protocol, silyl ether 4.19 was isolated (Scheme 4.8). 

 

(a) I2, 4-DMAP, K2CO3, THF/H2O, rt, 88%; (b) Br2, CH2Cl2, 0 °C; Et3N, 0 °C, 68%; (c) 

Pd(PPh3)2Cl2, 4.18, 1,4-dioxane, 90 °C, 64%. 

Scheme 4.8 Stille coupling. 

4.3.2 Reductive epoxide opening approach 

With the established synthetic route to 4.19 at hand, our attention was directed to installation of a 

hydroxy functionality at C5. As shown in Scheme 4.9, the enone moiety was stereoselectively 

converted, by DIBAL reduction, to the allylic alcohol 4.20. We hoped to exploit a hydroxyl-

directed epoxidation toward a diastereoselective installation of the C5 stereocenter. While, on 



55 

 

paper, mCPBA could have attacked 4.20 from its β-face under the direction of a hydroxy 

functionality, the trajectory for such an epoxidation is substantially hindered. Indeed, the C8a 

hydroxy did not provide sufficient activation, resulting in a diastereomeric mixture of 

epoxyalcohols 4.21. 

 

(a) DIBAL, toluene, -78 to 0 °C, 94%. (b) mCPBA, CHCl3, reflux; (c) IBX, EtOAc, reflux, 82% 

(β/α = 3:7; 2 steps). 

Scheme 4.9 Synthesis of epoxyketone precursor. 

At this point, not only was the stereoselectivity of epoxidation problematic, extensive 2D NMR 

analysis of epoxyalcohols 4.21 did not provide any reliable conclusion on their relative 

stereochemistry. Fortunately, an interesting solution to this problem presented itself. 
1
H NMR 

spectrum of β-4.21 exhibited notable downfield shift of the C11 methylene signals relative to 

those of α-4.21. This trend was consistent in keto-epoxides 4.22 as well. Finally, unambiguous 

assignment of stereochemistry was made through the base-catalyzed rearrangement of a 

speculated α-epoxide (see α-4.21b→4.24; Scheme 4.10). Clearly, Payne rearrangement requires 

a trans arrangement of the oxirane and the hydroxy functionalities. An important lesson can be 

gleaned from the breakdown of the stereochemical assignment of 4.21: a rather simple 
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anisotropic effect
80

 of the oxirane and a chemical behavior of the compound solved the 

elucidation puzzle, unlike an arsenal of highly sophisticated pulse sequences. 

(a) tBuOK, THF/tBuOH, rt, 95%. 

Scheme 4.10 Payne rearrangement. 

Having stereochemistry of the epoxides fully validated, we turned our attention to titanium(III)-

mediated reductive epoxide opening of β-4.22 (Scheme 4.11).
81

 To our disappointment, this 

protocol resulted in an inseparable epimeric mixture (see β-4.22→4.4 and 4.4’). Curiously, 

reduction of α-4.22 provided 4.23 as a sole epimer with the desired stereochemistry at the newly 

formed C4a tertiary carbon center. The prospect of trying to solve the issue of the undesired 

epimer formation by noninformative screening of various reaction conditions was not attractive. 

Hence, this approach was abandoned. 

 

(a) Zn, Cp2TiCl2, THF/MeOH, -78 to 0 °C, 20%; (b) Zn, Cp2TiCl2, THF/MeOH, 50 °C, 10-30%. 

Scheme 4.11 Reductive epoxide opening. 
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4.3.3 Hydride shift approach 

In consideration of a problem of the undesired epimer formation, it seemed that a possible 

solution might involve a suprafacial delivery of a hydrogen atom by “hydride” migration of an 

already α-configured hydrogen atom in β-4.21 in an intramolecular fashion (Figure 4.4).  

 

Figure 4.4 Hydride shift approach. 

The key argument in favor of this maneuver was based on the hypothesis that it ought to be 

possible to prompt the rearrangement of β-4.21 to 4.4 by either Lewis acid activation of the 

oxirane
82

 or deprotonation of an alcohol, so that the alkoxide would provide the necessary 

electron push,
83

 wherein a suprafacial hydride shift of the α-hydrogen atom from C8a would 

deliver it to the desired α-face at C4a, thereby restoring the carbonyl moiety and producing 4.4 in 

a stereospecific fashion.  

 

Figure 4.5 Stereoelectronic arguments. 
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To our disappointment, β-4.21 was completely inert to any kind of Lewis acid or base activation. 

Assuming that the resident “hydride” lacks the optimal stereoelectronic alignment with the σ*(C-

O) orbital of the oxirane, TMS ether β-4.25 was prepared from alcohol β-4.21. The introduction 

of a steric hindrance between the TMS group and the adjacent acetonides forces the resident 

hydrogen atom into a pseudo-axial orientation (Figure 4.5). 

 

(a) mCPBA, CHCl3, reflux; (b) TMSCl, im, CH2Cl2, 85% (β/α = 3:7, 2 steps); (c) TiCl4, CH2Cl2, 

-78 °C, 52% (4.26/4.4 = 4:1); (d) BF3·Et2O, CH2Cl2, 0 °C, 93%; (e) CH2(OMe)2, P2O5, CH2Cl2, 

rt, 79%. 

Scheme 4.12 Synthesis of Alonso’s and Sato’s intermediates. 

Indeed, upon exposure of β-4.25 to TiCl4,
84

 the desired hydride shift took place smoothly, 

producing 4.26 and 4.4 in a 4:1 ratio as the major products, with the required stereochemistry at 

the newly formed C4a tertiary carbon center (Scheme 4.12). Removal of the TMS group in 4.26 

provided the Alonso intermediate 4.4 in 49% yield from β-4.25 over two steps. The Sato 

intermediate 4.5 was then obtained by MOM-protection of 4.4 with dimethoxymethane in the 

presence of phosphorus(V) oxide. 

Curiously, upon exposure of α-4.25 to TiCl4, oxetane 4.27 was formed, albeit in a low yield; 

exposing α-4.21 to SnCl4 yielded the same oxetane 4.27. One could envision the transformation 
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of 4.27 to 4.5, through inversion of stereochemistry at C5 (4.27→4.29; Scheme 4.13) followed 

by straightforward chemistry. This route could potentially solve the selectivity issue in the 

epoxidation step (4.20→4.21, Scheme 4.5), as both isomers of 4.21 could then be used to 

formalize the synthesis of (–)-TTX. However, none of standard MOM-protection protocols
85

 

could lead to ether 4.30. Taking into account low yields of 4.28 and unattractive perspective of 

screening various MOM-alkylation conditions, the successful outcome of this approach was not 

assured. The next section describes how the problem of facial selectivity of epoxidation was 

solved. For this purpose, we must return to compound α-4.25. 

 

(a) SnCl4, CH2Cl2, -78 °C, 41%; (b) TiCl4, CH2Cl2, -78 °C, 37%; (c) IBX, EtOAc, reflux, 82%; 

(d) NaBH4, MeOH, rt, 90%. 

Scheme 4.13 Utility of the newly formed oxetane. 

4.3.4 Conversion of the Undesired Epoxide into Sato’s Intermediate 

Having the Sato intermediate 4.5 attained from β-4.25, we aimed at conversion of α-4.25 into 

another one of Sato’s intermediates (Scheme 4.14). Thus, TMS removal, Payne rearrangement 

and IBX oxidation gave rise to epoxyketone 4.31. The latter substrate was subjected to standard 

Wharton transposition reaction conditions
86

 in an attempt to recover the allylic alcohol 4.20, so 
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that α-4.25 could eventually be recycled. Unfortunately, only 4.32 was isolated.
87

 Moving 

forward, inversion of stereochemistry at C5 using oxidation-reduction sequence provided 

epoxyalcohol 4.33. Alkylation of the latter with MOMCl and subsequent cleavage of the silyl 

ether moiety in 4.34 furnished primary alcohol 4.35. Iodination
88

 of 4.35 and reductive cleavage 

of the resulting 2,3-epoxy alkyl iodide 4.36 by a sonochemically generated zinc-copper couple
89

 

gave the Sato allylic alcohol 4.6. This last approach corrected the lack of stereoselectivity in the 

epoxidation of 4.20; both α-4.21 and β-4.21 can now be used to access (–)-TTX. 

 

(a) K2CO3, MeOH, rt; (b) tBuOK, THF/tBuOH, rt; (c) IBX, EtOAc, reflux; (d) N2H4·H2O, 

AcOH, EtOH, rt, 82%; (e) NaBH4, MeOH, rt, 64% (4 steps from α-4.25); (f) NaHMDS, 

MOMCl, THF, 0 °C to rt, 88%; (g) TBAF, THF, rt, 92%; (h) I2, PPh3, im, CH2Cl2, rt, 78%; (i) 

Zn, CuI, EtOH/H2O/MeOH/THF, sonication, rt, 91%. 

Scheme 4.14 Conversion of the undesired epoxide into Sato’s intermediate. 

4.4 Conclusion 

In summary, two short chemoenzymatic routes to known advanced intermediates for (–)-TTX 

have been developed that require just six and nine steps to generate Fukuyama’s and Alonso’s 

intermediates, respectively, from diol 3.2; these compounds can also be attained from 3.1. 
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Alkylation of Alonso’s intermediate also formalized the preparation of the Sato ketone in ten 

steps from benzyl acetate. If our approaches were to be used for the completion of the total 

synthesis of (–)-TTX by known methods, the overall step count would be 21 or 22 steps from 3.2 

via Fukuyama’s or Sato’s intermediate, respectively.  
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PART B: Synthetic Approach to Daphenylline 

CHAPTER 5: Introduction to Daphenylline 

 

Figure 5.1 The structure of daphenylline with numbering. 

The first records of the genus Daphniphyllum, the sole member of the family Daphniphyllaceae, 

date back to 1826.
90

 It is of wide occurrence in the plant kingdom being principally distributed in 

the eastern and southeastern parts of Asia. There are over three dozen species of shrubs and trees 

known.
91

 More than 320 alkaloids have been isolated from these plants, including daphenylline 

(5.1, Figure 5.1).  

 

Figure 5.2 The first Daphniphyllum alkaloids. 

In 1909 Yagi launched a rich history of the Daphniphyllum alkaloids. He isolated a natural 

product named daphnimacrin, the structure of which remains unknown to this day.
92

 Another 

milestone event was recorded by Hiarata and co-workers in 1966.
93

 They provided valuable 

insights into the azapolycyclic cage-like architectures of the Daphniphyllum alkaloids. The 

investigators isolated daphniphylline (5.2), yuzurimine (5.3), and other related alkaloids of this 

family unambiguously determining their structure by x-ray diffraction studies. Today, literature 
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contains a number of book chapters and review articles that center upon the isolation of 

Daphniphyllum alkaloids.
94

 They also provide valuable insights into their likely biogenesis: it is 

remarkable that such a diverse array of molecular backbones originate from the same 

biosynthetic pathway. 

 

Scheme 5.1 Proposed biogenesis of daphenylline. 

A plausible biogenetic pathway for daphenylline was proposed as shown in Scheme 5.1. 

Daphenylline should originate from calyciphylline A-type alkaloids such as daphnilongeranin C 

(5.8). The latter alkaloid was also acquired from D. longeracemosum, the title plant from which 

daphenylline was isolated in 2009 by Hao.
95

 The fruits of D. longeracemosum (60 kg) were 

extracted with 95% ethanol, and a crude extract was adjusted to pH 2. After successive 

extraction with petroleum ether and chloroform, the aqueous layer was adjusted to pH 10, 

followed by exhaustive extraction with chloroform and n-butanol. The n-butanol fraction was 
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applied on silica gel and eluted by acetone, methanol, and methanol/diethylamine (20:1) 

successively. The residue thus obtained was further purified by chromatography on a series of 

ion-exchange resin, C18-reversed phase silica gel, and a regular silica gel to yield daphenylline 

(5.1, 44 mg) and previously known calyciphylline A-type alkaloid daphnilongeranine C (5.8, 1.5 

g).
96

 Alkaloid 5.8 could be involved in elimination of the carboxyl group at C-21 by 

decarboxylase, followed by a Wagner-Meerwein-type rearrangement/aromatization sequence to 

produce 5.1. 

Daphenylline probably holds a record at having the largest IC50 value (>40 µM) against human 

tumor cell lines HL-60, SMMC-7721, A-549, SKBR-3.
99

 The interest in this alkaloid is thus 

exclusively limited to the challenge-driven synthetic efforts that are covered in the next chapter. 
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CHAPTER 6: Previous Syntheses of Daphenylline 

6.1 Li (2013) 

 

Scheme 6.1 The first Li synthesis: construction of the bridged tricycle. 

It took only three years for the scientific community to achieve the total synthesis of 5.1. The 

first total synthesis was published by Li and co-workers in 2013.
97

 The synthesis commenced 

with a coupling of the enantioenriched γ-hydroxyenone 6.1 (six steps from m-methylanisole, ee = 

98%)
98

 with sulfonamide 6.2 under Mitsunobu conditions. Then, silyl enol ether of the emerging 

Ns-amine 6.3 was subjected to a gold-catalysed 6-exo-dig cyclization. With 6.4 in hands, 

desulfonation, followed by condensation with carboxylic acid 6.5 afforded a diastereomeric 

mixture of 6.6. The latter underwent an intramolecular Michael addition thereby converging into 

a single diastereomer of 6.7 (Scheme 6.1). 

Then, the authors turned their attention to the installation of an aromatic fragment of the natural 

product (Scheme 6.2). It was accomplished in the following way: Suzuki coupling of a triflate 

derived from 6.7 with trans-boronate 6.8 rendered triene 6.9, which upon irradiation underwent 

trans-cis isomerisation, followed by spontaneous 6π-electrocyclization. The resulting diene 6.10 

was then smoothly aromatized producing the hoped-for arene 6.11. 
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Scheme 6.2 The first Li synthesis: olefin isomerization/6π-electrocyclization cascade. 

 

Scheme 6.3 The first Li synthesis: endgame. 

Finally, introduction of the unsaturation at C10-C17, desylilation, and iodination set the stage for 

a crucial 7-exo-trig cyclization. The latter event took place without any incident providing 
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hexacycle 6.14. The late stage sequence involving a stereoselective hydrogenation of the 

exocyclic methylene, Krapcho demethoxycarbonylation, and a global reduction provided first 

ever synthetic sample of 5.1 (Scheme 6.3). 

6.2 Fukuyama (2016) 

Three years later the Fukuyama group achieved their total synthesis of daphenylline.
99

 They 

employed an asymmetric Negishi coupling to introduce the chirality (Scheme 6.4).
100

 Thus, 

reduction of the commercially available 6-methoxyindan-1-one (6.16) followed by a chlorination 

afforded chloroindane 6.17. Reaction of the latter with 6.18 in the presence of NiBr2/Pybox as a 

catalyst gave methyl ester intermediate, which after hydrolysis, provided carboxylic acid 6.19. 

An intramolecular Friedel-Crafts furnished cycloheptanone 6.20. After BBr3-promoted 

demethylation, 1,2-Grignard addition was followed by a one-pot dehydration affording the 

tricycle 6.21. 

 

Scheme 6.4 Fukuyama: preparation of the tricyclic core. 

The Fukuyama group next focused on a stereoselective installation of the side chain (Scheme 

6.5). Triflate of 6.21 underwent a Sonogashira coupling with propargyl alcohol yielding 6.22. 

The latter was hydrogenated over a Lindlar’s catalyst furnishing the intermediate allylic alcohol, 

which was then converted into vinyl ether 6.23. Treatment with iBu3Al triggered a 
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diastereoselective Claisen rearrangement to give olefinic alcohol 6.24. Lactone 6.25 was then 

obtained through a four-step sequence involving TBS-protection, hydroboration, oxidation to 

obtain a carboxylic acid, and acidic treatment, which triggered TIPS removal and a simultaneous 

lactonization. A stereoselective α-methylation then furnished 6.26. 

 

Scheme 6.5 Fukuyama: stereoselective installation of the sidechain. 

Scheme 6.6 Fukuyama: intramolecular [3+2]-cycloaddition and completion of the synthesis. 

The authors then turned their attention to the construction of the ABC ring system (Scheme 6.6). 

LiAlH4 reduction of 6.26, TIPS-protection and a Mitsunobu coupling with glycinate 6.28 
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provided Ns-amine 6.29. Protective group manipulations were followed by a Dess-Martin 

oxidation to give aldehyde 6.30 as a substrate for the key cycloaddition. Pyrolysis of 6.30 under 

a microwave irradiation triggered a cleavage of the Boc group and a simultaneous formation of a 

cyclic azomethine ylide 6.31. The nascent ylide stereoselectively underwent an intramolecular 

cycloaddition giving hexacycle 6.32. A three-step demethoxycarbonylation culminated the total 

synthesis of 5.1. 

6.3 Zhai (2018) 

 

Scheme 6.7 Zhai’s bioinspired approach: intermolecular [3+2]cycloaddition. 

Zhai’s total synthesis of daphenylline
101

 commenced with a [3+2] cycloaddition onto enone 6.35 

to create the C8 quaternary stereogenic center (Scheme 6.7). Thus, previously reported Li’s 

intermediate 6.4, employing similar chemical transformations, was converted into Michael-

adduct 6.34 (homologue of 6.7; see Scheme 6.1). An exocyclic methylene was then introduced at 

C8 of 6.34 via means of Eschenmoser methylenation. Subsequent Krapcho decarboxylation 

furnished enone 6.35, which smoothly underwent tributylphosphine-promoted [3+2] 

cycloaddition with tert-butyl 2-butynoate (6.36) thus giving rise to cyclopentene 6.37. 
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Scheme 6.8 Zhai’s bioinspired approach: intramolecular aldol condensation. 

 

Scheme 6.9 Zhai’s bioinspired approach: Wagner-Meerwein rearrangement. 

With tert-butyl ester 6.37 in hands, the authors turned their attention to construction of the 

cycloheptane motif of the natural product (Scheme 6.8). After hydrogenation of 6.37 over a 

Crabtree’s catalyst, treatment with formic acid furnished 6.38. The requisite ketone 6.39 was 

synthesized via means of oxidative decarboxylation and a follow-up PCC oxidation. 

Methanolysis of the formate ester in 6.39 and subsequent Dess-Martin oxidation gave 

intermediate aldehyde, which upon acidic treatment smoothly underwent an intramolecular aldol 
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condensation yielding enone 6.40. Further two operations elaborated triketone 6.41 as a substrate 

for the key Wagner-Meerwein rearrangement. This transformation presumably proceeds through 

a generation of furan 6.42, followed by acid-promoted Wagner-Meerwein-type 1,2-alkyl shift to 

generate the carbocation intermediate 6.43. Finally, the aromatized product 6.44 is formed 

(Scheme 6.9). 

Construction of the indane ring was the remaining task to complete the synthesis of the natural 

product (Scheme 6.10). PCC-mediated oxidative cleavage of the furan ring in 6.44 gave the 

intermediate acetate, which after methanolysis furnished phenol 6.45. Phenol sulfonation, 

followed by a Suzuki coupling provided styrene 6.46. Elaboration of the cyclopentenone motif 

via means of a Wacker oxidation/aldol condensation sequence completed the construction of the 

daphenylline core affording compound 6.47. Procedures similar to those reported by Li and co-

workers finally enabled completion of the total synthesis (see 6.15 → 5.1; Scheme 6.3). Thus, 

catalytic hydrogenation of 6.47 over Pd/C, followed by the amide reduction provided 5.1. 

 

Scheme 6.10 Zhai’s bioinspired approach: late stages of the synthesis. 
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6.4 Li (2018) 

The second synthesis of daphenylline by Li
102

 commenced with the construction of enedione 

6.52 (Scheme 6.11) using a familiar bridged bicycle 6.4, employed as a starting material in his 

first total synthesis (see section 6.1). The exocyclic methylene was hydrogenated at the early 

stage of the synthesis thus furnishing compound 6.48. This intermediate underwent nosyl 

cleavage, amidation, and a tandem intramolecular Michael addition/aldol condensation sequence 

to form tricycle 6.50. Treatment of the latter with Jones reagent triggered TBS-cleavage and 

oxidation to form a carboxylic acid intermediate, which was then converted to acyl selenide 6.51. 

Irradiation of 6.51 resulted in the desired 7-exo-trig cyclization thus providing enedione 6.52, 

presumably through an atom-transfer radical cyclization followed by an instantaneous β-

elimination. Notably, the acyl telluride and xanthate analogues of 6.51 were not suitable for this 

transformation. 

 

Scheme 6.11 Li’s bioinspired approach: 7-exo-dig cyclization. 

Similar to Zhai’s approach (see previous section), the Li group employed [3+2] cycloaddition 

between the electron deficient enedione 6.52 and allene 6.53. Fused cyclopentene 6.54, after 

Krapcho decarboxylation, was treated with triazabicyclodecene (TBD) to trigger a series of 
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events: vinylogous aldol furnished the intermediate cyclopropane 6.56, which after proton 

transfer and a ring opening gave rise to the anionic diene 6.57. The latter underwent β-OH 

elimination and a concomitant aldol to construct the core of the natural product yielding 6.58. 

Finally, a three-step global reduction elaborated 5.1. 

  

Scheme 6.12 Li’s bioinspired approach: total synthesis of (–)-daphenylline. 

6.5 Qiu (2019) 

The most up-to-date synthesis of 5.1, as shown in Scheme 6.13, was preformed by Qiu this 

year.
103

 Allylic chlorination of (S)-carvone (6.59) followed by a nucleophilic substitution 

afforded azide 6.60. Then, 1,2-Grignard addition followed by a Staudinger reduction gave the 

primary amine 6.61. Acylation and a follow-up Lewis acid-promoted SN1’ amide cyclization set 

the stage for the key intramolecular Diels-Alder cyclization furnishing diene 6.62. Inspired by 

the previous syntheses, chemo- and stereoselective hydrogenation of the cycloadduct 6.63 was 

performed over a Crabtree’s catalyst. Ozonolysis then smoothly provided keto-aldehyde 6.64 

(Scheme 6.13). 
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Scheme 6.13 Qiu: intramolecular Diels-Alder. 

Moving forward, the aldehyde functionality was chemoselectively protected thus affording 6.65. 

Michael addition of the latter to methyl trimethylsilylvinyl ketone was followed by cleavage of 

the TMS group to give 6.66. Initially, upon investigation of the aldol condensation of 1,5-

diketone 6.66, a small quantity of an aromatized product was obtained. This unexpected 

aromatization event motivated them to explore a tandem Robinson annulation/aromatization 

approach. After many unsuccessful trials, the authors were pleased to find that upon treatment of 

diketone 6.66 with a freshly prepared 1M sodium methoxide in refluxing methanol for 24 hours, 

the desired phenol 6.67 was obtained (Scheme 6.14). 

 

Scheme 6.14 Qiu: Robinson annulation/aromatization. 
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The attention of the Qiu group was next focused on the construction of the indane motif (Scheme 

6.15). Protection of the phenolic hydroxy in 6.67, hydrolysis of the acetal and a subsequent 

Pinnick oxidation afforded carboxylic acid 6.68. An intramolecular Friedel-Crafts was followed 

by the requisite Suzuki coupling affording 6.70. Then, the reduction of the ketone moiety in 6.70 

and a subsequent acidic treatment of a crude product triggered a Nazarov-type electrocyclization 

yielding 6.71. Finally, a global reduction completed yet another synthetic route to 5.1. 

 

Scheme 6.15 Qiu: total synthesis of (–)-daphenylline. 

The challenge-driven synthetic efforts have indeed resulted in elegant construction of 

daphenylline via five unique approaches. Attracted by the structural complexity of 5.1, and 

drawn by its unique cage-like architecture, our goal was to design a new, general and efficient 

synthetic approach. Thus, the following chapter discusses a concise route to construct the aza-

[5,6,6] tricyclic core of daphenylline. 
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CHAPTER 7:
m

 Synthesis of the Tricyclic Core of Daphenylline 

7.1 [3,3]-Sigmatropic rearrangement 

The intricate structure of daphenylline rapidly attracted the attention of the synthetic community, 

and several creative syntheses have been reported (see Chapter 6). Additionally, various 

approaches to Daphniphyllum alkaloids have recently been summarized.
104

 Herein, a concise 

synthetic route to the tricyclic core of the title alkaloid is reported. 

 

Figure 7.1 Approaches to C4-functionalization of daphenylline. 

Given our experience in exploiting the allyl cyanate-to-isocyanate rearrangement (see Section 

4.2; a.k.a. Ichikawa rearrangement), we initiated experiments directed to the total synthesis of 

daphenylline starting from readily available (S)-carvone.  Accordingly, high priority was 

assigned to the development of a synthetic route that would be characterized by conciseness, 

workable yields, and high margins of selectivity. An important component of the plan involved 

the use of the above-mentioned methodology to stereoselectively introduce the nitrogen at C4 

                                                
m A part of the text was reproduced with permission of Wiley-VCH from Eur. J. Org. Chem. 2019, 7590-7595. 
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(daphenylline numbering) in the early stage of the synthesis employing (S)-carvone-derived 

allylic alcohol of type 7.1 (Figure 7.1d). Such an approach promises a flexible propagation of the 

overall synthetic route. The resulting isocyanate of type 7.2 could be trapped with any carbon- or 

oxygen-based nucleophile to furnish the corresponding amide or carbamate. Ultimately, in a 

major advance directed to conciseness and convergence, the isocyanate could be reductively 

decarboxylated to give a free amine, a precursor for the acylation-based strategy.  

 

(a) SO2Cl2, Na2CO3, CH2Cl2, rt; CeCl3·7H2O, NaBH4, MeOH, 0 °C, 64%; (b) Cl3C(O)NCO, 

CH2Cl2, rt; Et3N, MeOH, rt, 98%; (c) TFAA, Et3N, CH2Cl2, 0 °C; LiOtBu, 0 °C, 64%; (d) 

KOtBu, benzene/HMPA, 0 °C to rt, 85%. 

Scheme 7.1 The validity of the [1,3]-transposition protocol. 

Having defined the strategy, our synthesis commenced with a one-pot allylic chlorination/Luche 

reduction of (S)-carvone (6.59, Scheme 7.1) to furnish chloro-carveol 7.3.
105

 This transformation 

has set the stage for a crucial [3,3]-sigmatropic rearrangement, and provided the necessary 

functionality for an intramolecular N-alkylation at C19. Thus, carbomoylation of 7.3 gave the 

primary carbamate 7.4, which upon dehydration with TFAA in the presence of triethylamine 

smoothly provided the isocyanate intermediate 7.5. The treatment of the latter with lithium tert-

butoxide in the same reaction pot furnished the hoped-for Boc-amine 7.6. An intramolecular N-

alkylation was then performed on 7.6 without any incident providing 7.7. 



78 

 

7.2 Heck cyclization 

With the Ichikawa transposition-based strategy validated, isocyanate 7.5 was instead trapped 

with the alkynyl lithium reagent derived from the TBS-protected 3-butyne-1-ol (7.8)
106

 to yield 

the secondary amide 7.9, which has the necessary functionalities (as in 7.6, see Scheme 7.1) to 

perform an intramolecular N-alkylation at C19. However, subjecting amide 7.9 to any kind of 

basic conditions consistently resulted in E2-elimination of the siloxane (E2cb-type mechanism 

could be responsible for this as well). After extensive investigation of the reaction conditions, 

Finkelstein-type ring closure
107

 proved to be optimal for the construction of the AB bicyclic 

system of daphenylline. Thus, heating the mixture of 7.9, a catalytic amount of potassium iodide, 

potassium carbonate and acetonitrile for 2 days at 90 °C cleanly afforded the desired tertiary 

amide 7.10 in excellent yield (Scheme 7.2). 

 

(a) TFAA, Et3N, CH2Cl2, 0 °C; 7.8, nBuLi, THF, -78 °C, 83%; (b) KI, K2CO3, MeCN, 90 °C, 

91%. 

Scheme 7.2 Synthesis of the AB ring system. 

Having obtained rapid access to 7.10, the next goal was to close the pyrrolidine ring of 

daphenylline (ring C). Thus, palladium-catalyzed chemo- and regioselective hydrostannation
108

 

cleanly afforded alkenyl stannane 7.11, the tributyltin moiety of which was iodinated without 

any incident to provide vinyl iodide 7.12 as a precursor for a crucial intramolecular Heck 

cyclization. To our delight, heating the mixture of 7.12, Pd(PPh3)4, and Et3N in degassed DMF at 
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100 °C produced the desired ABC tricyclic system in less than 10 minutes with excellent yield 

(Scheme 7.3). 

 

(a) Pd(PPh3)4, Bu3SnH, THF, rt, 94%; (b) I2, CH2Cl2, rt, 87%; (c) Pd(PPh3)4, Et3N, DMF, 100 

°C, 89%; (d) HCl, MeOH, rt; Mg turnings, rt, 74%. 

Scheme 7.3 Heck cyclization. 

The remaining objective was to hydrogenate the α,β-unsaturated amide moiety in a 

chemoselective fashion. Stereoselectivity issues were moot, given the bowl-shaped architecture 

of the intermediate 7.13; all the stereochemical events shall happen on the β-face of the 

molecule. None of standard soft hydride donors promoted the desired chemical transformation, 

neither did a dissolved metal reduction. Standard hydrogenation conditions (H2, Pd/C) were not 

suitable for this system either. To our delight, addition of a single drop of concentrated aqueous 

hydrochloric acid to a stirred solution of 7.13 in methanol (ca. 3 g scale, 0.27 M) and subsequent 

addition of magnesium turnings
109

 to the same reaction pot smoothly furnished the primary 

alcohol 7.14 with the saturation at C6-C12. Curiously, these conditions (Mg in MeOH) did not 

affect the conversion of 7.13 into the TBS-protected analogue of 7.14 (Scheme 7.3). Therefore, 

the ABC tricyclic core of daphenylline was successfully constructed in a highly stereoselective 

fashion. 
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7.3 Conclusions and Future Work 

In summary, a concise route toward the total synthesis of daphenylline was described. Among 

the key steps was [1,3]-Ichikawa transposition protocol, which was previously applied in our 

formal total synthesis of TTX (see Section 4.2) and served, in this project, to stereoselectively 

install the nitrogen atom at C4. Key features of this synthetic route also included an 

intramolecular N-alkylation at C19, to close the B ring, and a Heck cyclization to construct the 

ABC tricyclic core of the natural product. 

The indane motif of 5.1 could potentially be elaborated through an intramolecular [4+2]-

cycloaddition/aromatization sequence. The primary alcohol 7.14 has all the requisite 

functionalities to culminate the total synthesis of daphenylline.   
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EXPERIMENTAL SECTION 

General Remarks 

1
H NMR and 

13
C NMR spectra were recorded on 300 MHz, 400 MHz, and 600 MHz Bruker 

spectrometers. Chemical shifts for 
1
H NMR are reported in parts per million (ppm) with 

reference to non-deuterated residual chloroform solvent peak at 7.26 ppm. Data for proton 

spectra are reported as of the following format: chemical shift (multiplicity [singlet (s), doublet 

(d), triplet (t), quartet (q) and multiplet (m)], coupling constants [Hz], integration). Chemical 

shifts for 
13

C NMR are reported in ppm relative to the central line of a triplet at 77.16 ppm for 

chloroform-d. Optical rotations were measured on a Mandel Rudolph Research Analytical 

Automatic Polarimeter at 589 nm with a cell length of 50 mm. Infrared (IR) spectra were 

recorded on Bruker ATR Fourier Transform Infrared Spectrometer and were reported in 

wavenumbers (cm
-1

). Mass spectra and high-resolution mass spectra were obtained by the 

analytical division at Brock University. Melting points (mp) were determined on Hoover 

Unimelt apparatus and are uncorrected. Analytical thin layer chromatography (TLC) was 

performed on EMD Silica Gel 60 Å 250 μm plates with F-254 indicator, while a column 

chromatography was performed using Silicycle SiliaFlash P60 (230-400 mesh). Combustion 

analyses were performed by Atlantic Microlabs, Atlanta, GA.  

Tetrahydrofuran, toluene and 1,4-dioxane were freshly distilled from sodium/benzophenone; 

dichloromethane was freshly distilled from calcium hydride; methanol was freshly distilled from 

barium oxide prior to use. Commercial n-hexane was re-distilled prior to column 

chromatography to minimize the grease content. Diisopropylethylamine (Hunig’s base) and 

diisopropylamine (DIPA) were distilled from potassium hydroxide and stored over potassium 

hydroxide pellets. Trifluoroacetic anhydride (TFAA) was freshly distilled from phosphorus(V) 
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oxide prior to use; t-butanol was distilled from calcium hydride and stored over activated 4Å 

MS. Commercial 3-Chloroperbenzoic acid (≤77%) was recrystallized twice from 

dichloromethane/ether and stored in a plastic container at -21°C. All other chemicals/solvents 

were purchased from either Sigma-Aldrich or Oakwood Chemicals and were used as received 

unless otherwise noted. All reactions sensitive to oxygen/moisture were conducted under argon 

atmosphere using standard Schlenk techniques. 
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Experimental Procedures 

 

The whole-cell dihydroxylation of arenes is a three-day process. The following experimental 

procedure was taken from ref. 55 (published by our group) and adjusted for benzyl acetate. 

Previously thawed E. coli JM109 (pDTG601A) cells in cryovials were streaked onto a plate. 

Agar plates consist of bactotryptone (10 g L
-1

), yeast extract (5 g L
-1

), NaCl (5 g L
-1

), agar (15 g 

L
-1

), and ampicillin (200 mg L
-1

).  The streaked plate was incubated at 35 °C for 2 days. Single-

cell colonies, which had a dark tinge, were chosen for the preparation of preculture. 

A mineral salts broth (MSB, 600 mL) containing K2HPO4 (9.6 g), KH2PO4 (8.4 g), (NH4)2SO4 (3 

g), yeast extract (9 g), glucose (18 g), and MgSO4·7H2O (1.2 g) was divided into two 2.8 L 

Fernbach flasks and sterilized. After the broth was cooled to room temperature, ampicillin (60 

mg in 6 mL of autoclaved water) was added, and each flask was inoculated with a single colony 

of E. coli JM109 (pDTG601A) from a fully grown plate. These preculture flasks were placed in 

an orbital shaker (35 °C, 150 rpm) for 12 h. 

The production medium in the fermentor consists of an aqueous solution of KH2PO4 (60 g), citric 

acid (16 g), MgSO4·7H2O (40 g), trace metal solution [16 mL: Na2SO4 (1 g L
-1

), MnSO4 (2 g L
-

1
), ZnCl2 (2 g L

-1
), CoCl2·6H2O (2 g L

-1
), CuSO4·5H2O (0.3 g L

-1
), FeSO4·7H2O (10 g L

-1
), pH 

1.0], concentrated H2SO4 (9.6 mL), and ferric ammonium citrate (9.6 mL, 270 g L
-1

). The 

fermentor containing these ingredients and approximately 8 L of water was sterilized at 120 °C 

for 20 min. The fermentor was allowed to cool to 35 °C, and air was passed through the 

fermentor at a flow rate of 3 L min
-1

. The stirrer was set at 500 rpm while the pH was gradually 



84 

 

adjusted to 6.8 by means of automatic addition of ammonium hydroxide. Once the desired pH 

was reached, thiamine hydrochloride (2.69 g in 8 mL of autoclaved water) and ampicillin (800 

mg in 8 mL of autoclaved water) were added to the fermentor. 

On day two, the precultures were transferred to the fermentor, and stirring was reduced to 300 

rpm. A sample was taken from the fermentor immediately after adding the precultures to serve as 

a blank for monitoring the increase in optical density (OD) of the fermentor medium. UV 

absorbance at 640 nm (1 to 100 dilution) was measured at two-hour intervals after transfer. 

Glucose (720 g L
-1

) was then introduced to the medium. Usually, the rate of glucose addition has 

to be increased exponentially as the cells multiply, and the rate is critical to the growth of the 

bacteria. When the turbidity or OD of the medium has reached 15 times that of the blank as 

measured by UV absorbance, IPTG (80 mg) is added to induce the production of toluene 

dioxygenase. 

On day three, the pH of the fermentor medium was adjusted to 7.0 prior to the addition of benzyl 

acetate. A sample is taken before the aromatic substrate is introduced. This sample gives the 

value of the OD for this particular fermentation batch. Also, this sample serves as the blank for 

the measurement of absorbance of diene-diol 3.2 in the UV-vis region (275 nm). Benzyl acetate 

(35 g) was fed to the mature cells of E. coli JM109 (pDTG601A) over a period of 3 hours. When 

the UV absorbance due to the diol leveled off, substrate addition was stopped, and the broth that 

contains the diol metabolite was harvested. 

The pH of the medium in the fermentor was then adjusted to 7.6 after the biotransformation. The 

broth was centrifuged at 7000 rpm (5 °C) for 20 min. The supernatant liquid was decanted and 

saved for extraction. Each 1 L of centrifuged fermentation broth was extracted with ethyl acetate 

(3 x 1 L). Combined organic extract was exhaustively washed with saturated aqueous potassium 
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carbonate until the washings were colorless and dried over sodium sulfate. After filtration, 

removal of the solvent under reduced pressure (25 °C) gave a brown oil, a portion of which was 

recrystallized from ethyl acetate / hexane at 0 °C for characterization purposes. Material obtained 

was used in the next step without further purification.  

Typical yields for this biotransformation are in the range of 17-22 g of diol 3.2 for 8-10 L of the 

culture medium. Diol 3.2 can be stored in the freezer at -21 °C as a dilute ethyl acetate solution 

for several months. 

((5S,6R)-5,6-dihydroxycyclohexa-1,3-dien-1-yl)methyl acetate (3.2): Rf 0.15 (EA/hexanes = 

1:1); mp 67-69 °C (EA/hexanes);      
   + 27.4 (c 0.8, CHCl3); IR (neat, cm

-1
): 3240, 1719, 

1239, 1001, 809; 
1
H NMR (300 MHz, CDCl3) δ 6.03 – 5.90 (m, 3H), 4.80 (d, J = 13.4 Hz, 1H), 

4.68 (d, J = 13.4 Hz, 1H), 4.43 – 4.27 (m, 1H), 4.27 – 4.13 (m, 1H), 2.42 (d, J = 7.0 Hz, 1H), 

2.31 (d, J = 7.9 Hz, 1H), 2.10 (s, 3H); 
13

C NMR (75 MHz, CDCl3) δ 171.1, 135.3, 130.4, 124.0, 

123.3, 68.4, 68.1, 64.9, 21.0; Anal calcd for C 56.07 H 6.59, Found: C 56.07 H 6.69. 
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To a stirred mixture of 3.2 (17.0 g, 92.3 mmol) and 2,2-dimethoxypropane (200 mL) was added 

a spatula tip of para-toluenesulfonic acid monohydrate. The reaction mixture was stirred for 10 

minutes, quenched with saturated aqueous sodium bicarbonate and extracted with ethyl acetate 

three times. The combined organic layer was washed with brine and dried over sodium sulfate. 

After filtration, removal of the solvent under reduced pressure gave a crude material, which was 

used in the next step without further purification. 

A mixture of a crude acetonide, a spatula tip of tetraphenylporphyrin and dichloromethane (200 

mL) was irradiated with visible light under oxygen bubbling at room temperature. After 

irradiating for 18 hours, irradiation and oxygen bubbling were discontinued and triethylamine 

(10.0 mL, 71.6 mmol) was added. The reaction mixture was allowed to stir at room temperature 

for additional 16 hours. All volatiles were removed under reduced pressure and the oily residue 

was purified by silica gel suction chromatography (toluene → EA/hexanes = 1:2 → 1:1) to 

afford the title acetate 4.11 (10.2 g, 42%) as a brown oil. 

((3aS,4R,7aR)-4-hydroxy-2,2-dimethyl-7-oxo-3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-

yl)methyl acetate (4.11): Rf 0.51 (EA/hexanes = 3:2);     
   –20.6 (c 2.0, CHCl3); IR (neat, cm

-

1
): 3421, 2989, 2939, 1440, 1686, 1375, 1225, 1076, 1047, 512; 

1
H NMR (400 MHz, CDCl3) δ 

6.76 (dd, J = 10.3, 1.8 Hz, 1H), 6.14 (d, J = 10.3 Hz, 1H), 4.49 (d, J = 5.4 Hz, 1H), 4.46 (dd, J = 

5.4, 1.8 Hz, 1H), 4.33 (d, J = 11.8 Hz, 1H), 4.29 (d, J = 11.8 Hz, 1H), 3.33 (s, 1H), 2.14 (s, 3H), 

1.38 (s, 3H), 1.30 (s, 3H); 
13

C NMR (100 MHz, CDCl3) δ 195.8, 171.5, 145.3, 129.4, 111.1, 

78.1, 74.5, 69.4, 67.5, 27.3, 25.9, 20.9; HRMS (CI+): Calcd for C12H16O6
+
 ([M+H]

+
): 257.1020, 

Found: 257.1025.  
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To a stirred mixture of 3.1 (27.3 g, 114.7 mmol) and 2,2-dimethoxypropane (550 mL) was added 

a spatula tip of para-toluenesulfonic acid monohydrate. The reaction was completed in 30 

minutes. The reaction mixture was concentrated under reduced pressure, diluted with ethyl 

acetate (500 mL) and washed with saturated aqueous sodium bicarbonate and brine. The organic 

layer was dried over sodium sulfate. After filtration, removal of the solvent under reduced 

pressure provided a crude material, which was used in the next step without further purification. 

A stirred solution of a crude acetonide in tetrahydrofuran/methanol = 9:1 (500 mL) was purged 

with carbon monoxide for 15 minutes and exposed to triethylamine (32.0 mL, 229.4 mmol), 

triphenylphosphine (6.0 g, 22.9 mmol) and palladium (II) acetate (2.6 g, 11.5 mmol). The flask 

was sealed and the orange suspension was heated at 40 °C for 4 hours. Upon completion, the 

reaction mixture was cooled to room temperature and concentrated under reduced pressure. The 

residue was then redissolved in diethyl ether and filtered through a plug of Celite®. Removal of 

the solvent under reduced pressure gave a crude material, which was used in the next step 

without further purification. 

To a stirred solution of a crude ester 4.7 in benzene/hexane = 1:1 (120 mL) was added 

diisobutylaluminum hydride (neat, 34.0 mL, 165 mmol) dropwise at 0 °C over 5 minutes. When 

the addition was complete, the reaction mixture was stirred for additional 5 minutes and 

quenched with saturated aqueous Rochelle’s salt (120 mL). The cooling bath was removed, and 

the mixture was allowed to stir overnight (ca. 12 hours) at room temperature. It was then 

extracted with ethyl acetate three times, washed with saturated aqueous sodium bicarbonate, 
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brine and dried over magnesium sulfate. After filtration, removal of the solvent under reduced 

pressure gave a crude material, which was used in the next step without further purification. 

The mixture of a crude allylic alcohol, spatula tip of tetraphenylporphyrin and dichloromethane 

(200 mL) was irradiated with visible light under oxygen bubbling at room temperature. After 

irradiating for 14 hours, irradiation and oxygen bubbling were discontinued and triethylamine 

(32.0 mL, 229.4 mmol) was added. The reaction mixture was allowed to stir at room temperature 

for additional 16 hours. All volatiles were removed under reduced pressure and the oily residue 

was purified by silica gel column chromatography (toluene → EA/hexanes = 1:1) to afford the 

title compound 4.9 (11.3 g, 46%) as a white amorphous solid. 

 

To a stirred solution of acetate 4.11 (11.25 g, 43.9 mmol) in tetrahydrofuran (275 mL) was added 

lithium hydroxide (2.0 M in water, 22.0 mL, 88.1 mmol) in two portions with 10-minute interval 

at 0 °C. After stirring for 20 minutes at the same temperature, the reaction mixture was quenched 

with 1.0 M aqueous hydrochloric acid and extracted with ethyl acetate twelve times. Organic 

extracts were combined, washed with water, and dried over sodium sulfate. After filtration, 

removal of the solvent under reduced pressure provided a crude material, which was purified by 

silica gel suction chromatography (EA/hexanes = 1:1) to furnish diol 4.9 (4.70 g, 50%) as a 

white amorphous solid. 
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To a stirred mixture of 3.2 (3.96 g, 21.5 mmol) and 2,2-dimethoxypropane (40 mL) was added a 

spatula tip of para-toluenesulfonic acid monohydrate at room temperature. After stirring for 10 

minutes, potassium carbonate (2.91 g, 21.5 mmol) and methanol (40 mL) were added and the 

resulting mixture was allowed to stir at room temperature overnight (ca. 12 hours). The mixture 

was then concentrated under reduced pressure (ca. 5 mL), diluted with water and extracted with 

dichloromethane. The organic extracts were combined and dried over sodium sulfate. After 

filtration, removal of the solvent under reduced pressure gave a crude material, which was used 

in the next step without further purification. 

The mixture of a crude allylic alcohol 4.8, a spatula tip of tetraphenylporphyrin and 

dichloromethane (100 mL) was irradiated with visible light under oxygen bubbling at room 

temperature for 14 hours. Then, irradiation and oxygen bubbling were discontinued and 

triethylamine (2.79 mL, 21.5 mmol) was introduced. The reaction mixture was allowed to stir 

overnight (ca. 12 hours). All volatiles were removed and the oily residue was purified by silica 

gel suction chromatography (toluene → EA/hexanes = 1:1) to furnish the title diol 4.9 (3.12 g, 

68%) as a white solid. 

(3aR,7R,7aS)-7-hydroxy-7-(hydroxymethyl)-2,2-dimethyl-7,7a-dihydrobenzo[d][1,3]dioxol-

4(3aH)-one (4.9): Rf 0.47 (EA); mp 113-114 °C (CH2Cl2/hexane);     
   –42.7 (c 0.25, CHCl3); 

IR (neat, cm
-1

): 3434, 2989, 2939, 2887, 1684, 1377, 1227, 1071, 906, 518; 
1
H NMR (300 MHz, 

CDCl3) δ 6.75 (dd, J = 10.3, 1.1 Hz, 1H), 6.17 (d, J = 10.3 Hz, 1H), 4.55 (s, 2H), 3.81 (dd, J = 

11.4, 5.1 Hz, 1H), 3.64 (dd, J = 11.4, 7.8 Hz, 1H), 3.14 (s, 1H), 2.41 (dd, J = 7.8, 5.1 Hz, 1H), 

1.42 (s, 6H). 
13

C NMR (100 MHz, CDCl3) δ 195.1, 147.4, 129.6, 111.0, 79.5, 74.7, 70.8, 66.9, 

27.2, 25.5; HRMS (ESI+): Calcd for C9H11O5
+
 ([M-CH3]

+
): 199.0606, Found: 199.0601; Anal 

calcd for C 56.07 H 6.59, Found: C 56.07 H 6.69.  
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To a stirred solution of the monoacetate 4.11 (8.92 g, 0.035 mol) in methanol (200 mL) was 

added potassium carbonate (4.81 g, 0.035 mol) at room temperature. The resulting mixture was 

stirred for 10 minutes, whereupon was quenched with saturated aqueous ammonium chloride (25 

mL). Methanol was removed under reduced pressure and the resulting aqueous phase was 

extracted with ethyl acetate (100 mL) twelve times. After filtration, removal of the solvent under 

reduced pressure gave a crude material, which was used in the next step without further 

purification. 

To a stirred suspension of a crude diol in 2,2-dimethoxypropane (250 mL) was added para-

toluenesulfonic acid monohydrate (1.33 g, 7 mmol) at room temperature. The reaction mixture 

was then heated to 50 °C in ca. 30 minutes and allowed to stir for additional 30 minutes at that 

temperature. Upon completion, the mixture was quenched with saturated aqueous sodium 

bicarbonate (100 mL). It was then transferred to a separatory funnel and the layers were 

separated. The aqueous phase was back-extracted with ethyl acetate (3 x 100 mL). The combined 

organic layer was washed with brine and dried over sodium sulfate. After filtration, removal of 

the solvent under reduced pressure gave a crude material, which was purified by silica gel 

suction chromatography (EA/hexanes = 1:9) to furnish the title ketone 4.12 (7.33 g, 73%) as a 

white solid. 

(3aS,4S,5S,7aR)-5-methoxy-2,2,2',2'-tetramethyltetrahydro-7H-spiro[benzo[d][1,3]dioxole-4,4'-

[1,3]dioxolan]-7-one (4.12): Rf 0.37 (EA/hexanes = 1:4); mp 102-144 °C (hexane);     
   +12.8 

(c 0.3, CHCl3); IR (neat, cm
-1

): 2988, 1737, 1089, 857; 
1
H NMR (600 MHz, CDCl3) δ 4.42 (d, J 
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= 5.6 Hz, 1H), 4.27 (d, J = 5.7 Hz, 1H), 4.19 (d, J = 8.7 Hz, 1H), 4.17 (d, J = 8.7 Hz, 1H), 3.57 

(dd, J = 10.8, 4.8 Hz, 1H), 3.42 (s, 3H), 2.88 (dd, J = 14.5, 4.8 Hz, 1H), 2.80 (dd, J = 14.5, 10.9 

Hz, 1H), 1.47 (s, 3H), 1.43 (s, 3H), 1.39 (s, 3H), 1.37 (s, 3H); 
13

C NMR (150 MHz, CDCl3) δ 

206.0, 111.0, 82.2, 79.3, 78.4, 75.1, 67.4, 58.0, 41.4, 27.8, 27.1, 25.9, 25.7; HRMS (EI): Calcd 

for C14H22O6: 286.1416, Found: 286.1422. 
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Three equal batches methoxy adduct 4.12 (0.8 g each) were adsorbed on neutral aluminum oxide 

(3-fold excess w/w) and were left under high-vacuum at room temperature overnight (ca. 12 

hours). Alumina was then transferred into a column (all batches combined) and eluted with 300 

mL of dichloromethane. Evaporation of the solvent provided a crude material, which was 

purified by silica gel suction chromatography (EA/hexanes = 1:9) to furnish the desired enone 

4.1 (1.6 g, 74%) as a white fluffy solid. 

 

To a stirred suspension of 4.9 (2.60 g, 12.1 mmol) in 2,2-dimethoxypropane (90 mL) was added 

para-toluenesulfonic acid monohydrate (462 mg, 2.43 mmol) at room temperature. The reaction 

mixture was then heated to 50 °C (oil bath temperature) in ca. 30 minutes and was allowed to stir 

for additional 1 hour at that temperature. Upon completion, the mixture was quenched with 

saturated aqueous sodium bicarbonate (90 mL). It was then transferred to a separatory funnel and 

the layers were separated. The aqueous phase was back-extracted with ethyl acetate (2 x 100 

mL). The combined organic layer was washed with brine and dried over sodium sulfate. After 

filtration, removal of the solvent under reduced pressure gave a crude material, which was 

purified by silica gel suction chromatography (EA/hexanes = 1:9) to furnish the title enone 4.1 

(2.47 g, 80%) as a white solid. 
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(3aS,4R,7aR)-2,2,2',2'-tetramethyl-3aH-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-7(7aH)-

one (4.1): Rf 0.37 (EA/hexanes = 1:4); mp 143-144 °C (ether/pentane);     
   +47.1 (c 1.0, 

CHCl3); IR (neat, cm
-1

): 3025, 2992, 2938, 2897, 1689, 1384, 1375, 1230, 1064, 852, 765; 
1
H 

NMR (600 MHz, CDCl3) δ 6.67 (d, J = 10.1 Hz, 1H), 6.12 (d, J = 10.1 Hz, 1H), 4.45 (d, J = 4.7 

Hz, 1H), 4.42 (d, J = 4.7 Hz, 1H), 4.35 (d, J = 9.6 Hz, 1H), 4.03 (d, J = 9.6 Hz, 1H), 1.47 (s, 

3H), 1.47 (s, 3H), 1.41 (s, 3H), 1.31 (s, 3H); 
13

C NMR (150 MHz, CDCl3) δ 195.9, 146.5, 128.8, 

111.5, 110.7, 79.1, 76.5, 74.6, 72.0, 27.6, 27.5, 26.4, 26.3; HRMS (EI): Calcd for C13H18O5: 

254.1154, Found: 254.1147; Anal calcd for C 61.4 H 7.14, Found: C 61.4 H 7.18.  
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To a stirred solution of diisopropylamine (177 μL, 1.26 mmol) in tetrahydrofuran (0.6 mL) was 

added n-butyllithium (2.50 M in n-hexane, 400 μL, 1.00 mmol) at 0 °C. The mixture was then 

cooled to -78 °C and ethyl (trimethylsilyl)acetate (217 μL, 1.18 mmol) was added. After stirring 

for 30 minutes, enone 4.1 (200 mg, 0.79 mmol) in tetrahydrofuran (1.0 mL) was introduced over 

10 minutes at the same temperature. After warming up to 0 °C, the mixture was stirred for 

additional 20 minutes. The mixture was then quenched with saturated aqueous ammonium 

chloride (1.5 mL), the layers were separated, and the aqueous layer was extracted with ethyl 

acetate (3 x 1 mL). The combined organic layer was washed with brine (0.2 mL) and dried over 

sodium sulfate. After filtration, removal of the solvent under reduced pressure gave a crude 

material, which was used in the next reaction without further purification. 

To a stirred solution of a crude material in toluene (1.5 mL) was added diisobutylaluminum 

hydride (1.0 M in toluene, 1.0 mL, 1.0 mmol) at -78 °C dropwise. After stirring for 30 minutes at 

0 °C, the mixture was quenched with methanol (0.4 mL) and aqueous Rochelle’s salt (0.6 mL) 

and stirred for 1 hour at room temperature. It was then diluted with water (1.0 mL) and extracted 

with ethyl acetate (3 x 1.0 mL). The combined organic layer was washed with brine (0.2 mL) and 

dried over sodium sulfate. After filtration, removal of the solvent under reduced pressure gave a 

crude material, which was purified by silica gel column chromatography (EA/hexanes = 1:4) to 

afford the title allylic alcohol 4.2b (177.3 mg, 80%) as a colorless oil. 
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To a stirred suspension of 4.13 (191.1 mg, 0.5 mmol) in tetrahydrofuran (1 mL) was added n-

butyl lithium (2.36 M in n-hexane, 0.19 mL, 0.46 mmol) at room temperature and stirred for 1 

hour. Then, the mixture was cooled to -30 °C and enone 4.1 (50 mg, 0.2 mmol) in 

tetrahydrofuran (3 mL) was slowly added to the orange mixture over 2 hours. After stirring for 4 

hours at -30 °C, the reaction mixture was allowed to warm up to room temperature and stirring 

was continued for 48 hours. Then, the reaction mixture was quenched with saturated aqueous 

ammonium chloride (5 mL) and extracted with dichloromethane (3 x 5 mL). The combined 

organic extract was dried over sodium sulfate. After filtration, removal of the solvent under 

reduced pressure gave a crude material, which was purified by silica gel column chromatography 

(EA/hexanes = 1:9) to afford the title allylic aclohols (E)-4.2 (32 mg, 57%) and (Z)-4.2 (4 mg, 

7%) both as colorless oils. 

(E)-2-((3aS,4R,7aS)-2,2,2',2'-tetramethyl-3aH-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-

7(7aH)-ylidene)ethanol [(E)-4.2]: Rf 0.14 (EA/hexanes = 3:7);     
   –16.9 (c 1.7, CHCl3); IR 

(neat, cm
-1

): 3415, 2986, 2926, 1737, 1456, 1214, 1056, 859; 
1
H NMR (300 MHz, CDCl3) δ 

6.55 (dd, J = 10.1, 1.0 Hz, 1H), 5.93 (ddd, J = 7.0, 6.9, 1.5 Hz, 1H), 5.76 (ddd, J = 10.1, 1.5, 1.2 

Hz, 1H), 4.77 (d, J = 5.3 Hz, 1H), 4.37–4.27 (m, 3H), 4.25 (dd, J = 5.7, 1.2 Hz, 1H), 3.89 (d, J = 

9.1 Hz, 1H), 1.43 (s, 3H), 1.41 (s, 3H), 1.38 (s, 3H), 1.34 (s, 3H); 
13

C NMR (75 MHz, CDCl3) δ 

133.6, 131.4, 129.4, 125.1, 110.4, 109.2, 78.1, 77.4, 73.9, 72.0, 58.7, 27.6, 27.3, 26.8, 26.1; 

HRMS (EI): Calcd for C15H22O5: 282.1467, Found: 282.1467; Anal calcd for C 63.81 H 7.85, 

Found: C 64.00 H 8.24. 
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(Z)-2-((3aS,4R,7aS)-2,2,2',2'-tetramethyl-3aH-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-

7(7aH)-ylidene)ethanol [(Z)-4.2]: Rf 0.22 (EA/hexanes = 3:7);     
   + 13.1 (c 1.0, CHCl3); 

1
H 

NMR (300 MHz, CDCl3) δ 6.24 (d, J = 9.8 Hz, 1H), 5.89 (dd, J = 7.0, 6.9, 1.9 Hz, 1H), 5.62 (d, 

J = 9.8 Hz, 1H), 5.06 (dd, J = 5.4, 1.9 Hz, 1H), 4.46 – 4.34 (m, 1H), 4.30 (d, J = 9.2 Hz, 1H), 

4.27 – 4.15 (m, 2H), 3.91 (d, J = 9.2 Hz, 1H), 2.45 – 2.32 (m, 1H), 1.44 (s, 3H), 1.40 (s, 3H), 

1.39 (s, 3H), 1.33 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 135.7, 134.5, 131.9, 126.3, 110.1, 

109.3, 77.32, 72.1, 71.0, 59.3, 27.7, 27.0, 26.8, 26.5. 
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To a stirred solution of allylic alcohol (E)-4.2 (68.5 mg, 0.24 mmol) in dichloromethane (1.1 

mL) was added trichloroacetyl isocyanate (58 μL, 0.49 mmol) at room temperature. After stirring 

for 20 minutes, methanol (1.7 mL) and triethylamine (86 μL, 0.62 mmol) were added. The 

mixture was stirred for 3 hours at room temperature and concentrated under reduced pressure to 

give a crude material, which was purified by silica gel column chromatography (EA/hexanes = 

1:3) to afford the title carbamate 4.15 (75.9 mg, 96%) as a white solid.  

(E)-2-((3aS,4R,7aS)-2,2,2',2'-tetramethyl-3aH-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-

7(7aH)-ylidene)ethyl carbamate (4.15): Rf 0.29 (EA/hexanes = 1:1); mp 79-80 °C (hexane); 

    
   -17.0 (c 2.2, CHCl3); IR (neat, cm

-1
): 3459, 3360, 3202, 2986, 2921, 1722, 1216, 1052, 

847; 
1
H NMR (300 MHz, CDCl3) δ 6.56 (d, J = 10.1 Hz, 1H), 5.87 (t, J = 7.0 Hz, 1H), 5.78 (d, 

J = 10.1 Hz, 1H), 4.82 – 4.65 (m, 5H), 4.29 (d, J = 9.2 Hz, 1H), 4.22 (dd, J = 4.5, 1.0 Hz, 1H), 

3.89 (d, J = 9.2 Hz, 1H), 1.43 (s, 3H), 1.41 (s, 3H), 1.37 (s, 3H), 1.33 (s, 3H). 
13

C NMR (75 

MHz, CDCl3) δ 156.7, 135.6, 129.8, 126.4, 124.8, 110.4, 109.3, 78.0, 77.4, 73.6, 71.9, 60.6, 

27.6, 27.2, 26.8, 26.3; HRMS (EI): Calcd for C16H23NO6: 325.1525, Found: 325.1517; Anal 

calcd for C 59.07 H 7.13, Found: C 59.07 H 7.10. 
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To a stirred solution of carbamate 4.15 (53.1 mg, 0.163 mmol) and diisopropylethylamine (171 

μL, 0.98 mmol) in dichloromethane (1.0 mL) was added trifluoroacetic anhydride (69 μL, 0.49 

mmol) in dichloromethane (0.6 mL) slowly over 10 minutes at -78 °C. Meanwhile, in a separate 

flask, to a stirred solution of tert-butanol (312 μL, 3.26 mmol) in 0.5 mL of tetrahydrofuran was 

dropwise added lithium hexamethyldisilazide (1.0 M in tetrahydrofuran, 1.63 mL, 1.63 mmol) at 

0 °C and allowed to stir at the same temperature. As the addition of trifluoroacetic anhydride 

solution has been completed, the cold bath was removed and the mixture was then stirred for 

another 1 hour at room temperature. After that, the reaction mixture was cooled to -78 °C once 

again and freshly prepared lithium tert-butoxide solution was introduced over 10 minutes at that 

temperature. When the addition was complete the reaction flask was allowed to warm up to 0 °C 

and stirred for another 2 hours. All volatiles were removed under reduced pressure and the 

remaining crude residue was subjected to silica gel column chromatography (EA/hexanes = 1:9) 

to afford the title Boc-amine 4.3 (34.8 mg, 56%) as a yellow oil.  

tert-butyl((3aS,4R,7R,7aS)-2,2,2',2'-tetramethyl-7-vinyl-7,7a-dihydro-3aH-spiro[benzo[d][1,3]di- 

oxole-4,4'-[1,3]dioxolan]-7-yl)carbamate (4.3): Rf 0.31 (EA/hexanes = 9:1);     
   +9.8 (c 1.0, 

CHCl3); 
1
H NMR (300 MHz, CDCl3) δ 6.10 (d, J = 9.9 Hz, 1H), 6.04 (dd, J = 16.9, 10.6 Hz, 

1H), 5.90 (d, J = 9.9 Hz, 1H), 5.26 (d, J = 10.6 Hz, 1H), 5.22 (d, J = 16.9 Hz, 1H), 5.08 (s, 1H), 

4.64 (d, J = 7.5 Hz, 1H), 4.44 (d, J = 7.5 Hz, 1H), 4.25 (d, J = 8.8 Hz, 1H), 3.72 (d, J = 8.8 Hz, 

1H), 1.43 (s, 3H), 1.42 (s, 9H), 1.39 (s, 3H), 1.38 (s, 3H), 1.33 (s, 3H). 
13

C NMR (75 MHz, 

CDCl3) δ 154.7, 138.7, 134.8, 132.2, 115.6, 110.1, 109.0, 79.9, 79.7, 78.7, 78.0, 71.5, 57.4, 28.6, 

27.1, 26.7, 26.3, 24.6.  
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To a stirred solution of enone 4.1 (100 mg, 0.39 mmol) in tetrahydrofuran:water = 1:1 (15 mL) 

were added potassium carbonate (65 mg, 0.47 mmol), iodine (148 mg, 0.59 mmol) and N,N-

dimethyl-4-aminopyridine (9 mg, 0.08 mmol) successively. The reaction mixture was allowed to 

stir overnight (ca. 12 hours). Then, it was diluted with ethyl acetate and washed with saturated 

aqueous sodium bisulfite. The layers were separated and the aqueous phase was extracted with 

ethyl acetate once. The combined organic extract was dried over magnesium sulfate. After 

filtration, removal of the solvent under reduced pressure provided a crude material, which was 

purified by silica gel column chromatography (EA/hexanes = 1:4) to furnish vinyl iodide 4.16 

(130 mg, 88%) as a white solid. 

(3aS,4R,7aR)-6-iodo-2,2,2',2'-tetramethyl-3a,7a-dihydro-7H-spiro[benzo[d][1,3]dioxole-4,4'-

[1,3]dioxolan]-7-one (4.16): Rf 0.42 (EA/hexanes = 3:7); mp 103-104 °C (EA/hexanes);     
   -

37.4 (c 1.0, CHCl3); IR (neat, cm
-1

): 2987, 1700, 1373, 1060, 830; 
1
H NMR (600 MHz, CDCl3) 

δ 7.43 (d, J = 1.9 Hz, 1H), 4.60 (d, J = 4.7 Hz, 1H), 4.42 (dd, J = 4.7, 1.9 Hz, 1H), 4.29 (d, J = 

9.8 Hz, 1H), 4.05 (d, J = 9.8 Hz, 1H), 1.47 (s, 3H), 1.45 (s, 3H), 1.40 (s, 3H), 1.27 (s, 3H); 
13

C 

NMR (150 MHz, CDCl3) δ 189.7, 155.1, 111.9, 111.3, 105.0, 79.3, 78.6, 73.8, 71.6, 27.6, 27.5, 

26.3, 26.2; HRMS (EI): Calcd for C16H17IO5: 380.0121, Found: 380.0106. 
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To a stirred solution of enone 4.1 (2.0 g, 7.9 mmol) in dichloromethane (20 mL) was slowly 

added a solution of bromine (425 μL, 8.3 mmol) in dichloromethane (20 mL) at 0 °C over 1 

hour. Then, after the addition was complete, triethylamine (1.39 mL, 10.4 mmol) was added 

dropwise, and the reaction mixture was allowed to stir at room temperature for additional 2 

hours, whereupon was quenched with saturated aqueous ammonium chloride (20 mL). The 

layers were separated and the aqueous phase was extracted with dichloromethane (2 x 20 mL). 

The combined organic extracts were dried over sodium sulfate, filtered, and evaporated to 

provide with crude material. Silica gel suction chromatography (EA/hexanes = 1:9) furnished the 

title compound 4.17 (1.79 g, 68%) as a white solid. 

(3aS,4R,7aR)-6-bromo-2,2,2',2'-tetramethyl-3aH-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-

7(7aH)-one (4.17): Rf 0.48 (EA/hexanes = 1:4); mp 120-121 °C (pentane);     
   +7.8 (c 0.5, 

CHCl3); IR (neat, cm
-1

): 2988, 2937, 2894, 1704, 1374, 1061, 833, 520; 
1
H NMR (300 MHz, 

CDCl3) δ 7.11 (d, J = 1.9 Hz, 1H), 4.60 (d, J = 4.7 Hz, 1H), 4.40 (dd, J = 4.7, 1.9 Hz, 1H), 4.31 

(d, J = 9.8 Hz, 1H), 4.06 (d, J = 9.8 Hz, 1H), 1.47 (s, 3H), 1.45 (s, 3H), 1.40 (s, 3H), 1.29 (s, 

3H); 
13

C NMR (75 MHz, CDCl3) δ 188.7, 147.0, 125.1, 111.9, 111.3, 79.2, 77.7, 75.2, 71.9, 

27.7, 27.5, 26.3, 26.2; HRMS (EI): Calcd for C16H17BrO5: 333.0259, Found: 333. 0251; Anal 

calcd for C 46.86 H 5.14, Found: C 46.88 H 5.24. 
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To a 100 mL Schlenk tube containing vinyl bromide 4.17 (1.79 g, 5.37 mmol) were added (tert-

butyldiphenylsiloxymethyl)tri-n-butyl tin (4.18)
78

 (3.51 g, 8.06 mmol), bis(triphenyl-

phosphine)palladium(II) dichloride (379 mg, 0.54 mmol) and anhydrous 1,4-dioxane (20 mL). 

The mixture was stirred and then degassed twice (freeze/pump/thaw). Once the mixture warmed 

to room temperature, the tube was sealed under argon and then heated at 90 °C (oil bath 

temperature) overnight (ca. 12 hours). Then, the dark-colored mixture was filtered through a pad 

of packed Celite with extensive ethyl acetate washings. The filtrate was concentrated, and the 

oily residue was purified by silica gel suction chromatography (EA/hexanes = 1:19) to yield the 

desired silyl ether 4.19 (1.81 g, 64%) as a white solid. 

(3aS,4R,7aR)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,2',2'-tetramethyl-3aH-spiro[benzo[d]-

[1,3]-dioxole-4,4'-[1,3]dioxolan]-7(7aH)-one (4.19): Rf 0.52 (EA/hexanes = 1:4); mp 111-112 

°C (EA/hexanes);     
   +19.1 (c 0.23, CHCl3); IR (neat, cm

-1
): 2987, 2931, 2858, 1684, 1372, 

1111, 1064, 702, 504; 
1
H NMR (600 MHz, CDCl3) δ 7.66 – 7.61 (m, 4H), 7.45 – 7.34 (m, 6H), δ 

6.90 (s, 1H), 4.47 (d, J = 16.3 Hz, 1H), 4.43 (d, J = 16.3 Hz, 1H), 4.42 (s, 2H), 4.36 (d, J = 9.4 

Hz, 1H), 4.04 (d, J = 9.4 Hz, 1H), 1.49 (s, 3H), 1.48 (s, 3H), 1.40 (s, 3H), 1.25 (s, 3H), 1.09 (s, 

9H); 
13

C NMR (150 MHz, CDCl3) δ 195.1, 140.4, 138.5, 135.6, 135.6, 133.2, 133.0, 130.0, 

128.0, 111.3, 110.7, 79.0, 76.2, 75.0, 72.4, 60.5, 27.8, 27.4, 27.0, 26.6, 26.2, 19.4; HRMS (EI): 

Calcd for C30H38O6Si: 522.2438, Found: 522.2433; Anal calcd for C 68.93 H 7.33, Found: C 

68.93 H 7.54. 
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To a stirred solution of 4.19 (1.44 g, 2.76 mmol) in toluene (14 mL) was added 

diisobutylaluminum hydride (1.0 M in toluene, 4.13 mL, 4.13 mmol) dropwise at -78°C. The 

reaction mixture was then stirred at 0 °C for 15 minutes, whereupon was quenched with 

methanol (7 mL) and saturated aqueous Rochelle’s salt (7 mL). The mixture was then allowed to 

stir overnight (ca. 12 hours). After extraction with ethyl acetate (3 x 10 mL), the combined 

organic layer was washed with brine, and dried over sodium sulfate. Filtration, followed by 

evaporation of the solvent under reduced pressure gave a crude material, which was purified by 

silica gel suction chromatography (EA/hexanes = 1:9 → 1:4) to furnish the title allylic alcohol 

4.20 (1.36 g, 94%) as a colorless oil. 

(3aS,4R,7S,7aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,2',2'-tetramethyl-7,7a-dihydro-3aH-

spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-7-ol (4.20): Rf 0.4 (EA/hexanes = 1:4);     
   

+62.6 (c 0.45, CHCl3); IR (neat, cm
-1

): 3468, 2985, 2930, 2857, 1427, 1056, 698; 
1
H NMR (600 

MHz, CDCl3) δ 7.71 – 7.66 (m, 4H), 7.46 – 7.35 (m, 6H), 5.86 (s, 1H), 4.61 (dd, J = 7.4, 4.4 Hz, 

1H), 4.51-4.46 (m, 1H), 4.38 (dd, J = 7.4, 1.0 Hz, 1H), 4.35 (d, J = 1.0 Hz, 2H), 4.26 (d, J = 9.0 

Hz, 1H), 3.90 (d, J = 9.0 Hz, 1H), 2.90 (d, J = 8.2 Hz, 1H), 1.42 (s, 3H), 1.36 (s, 6H), 1.35 (s, 

3H), 1.06 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 144.1, 135.7, 135.6, 133.3, 133.2, 129.9, 

127.9, 127.9, 124.8, 109.9, 109.5, 78.8, 78.0, 76.1, 72.3, 67.5, 64.7, 28.0, 27.0, 26.9, 26.4, 24.7, 

19.4; HRMS (EI): Calcd for C30H40O6Si: 524.2594, Found: 524.2599; Anal calcd for C 68.67 H 

7.68, Found: C 68.57 H 7.78. 
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To a stirred solution of 4.20 (613 mg, 1.17 mmol) in chloroform (15 mL) was added meta-

chloroperbenzoic acid (405 mg, 2.34 mmol) at room temperature. The reaction mixture was 

heated at 65°C (oil bath temperature) for 6 hours. Then, the mixture was cooled to room 

temperature and quenched with saturated aqueous sodium sulfite (6 mL). The layers were 

separated, and the aqueous phase was extracted with dichloromethane (2 x 15 mL). The 

combined organic phase was washed with saturated aqueous sodium bicarbonate and dried over 

sodium sulfate. After filtration, evaporation of the solvent under reduced pressure gave a crude 

material, which was used in the next step without further purification. 

To a stirred solution of a crude mixture in ethyl acetate (15 mL) was added 2-iodoxybenzoic acid 

(950 mg, 3.39 mmol). The reaction mixture was heated at 85°C (oil bath temperature) overnight  

(ca. 12 hours). Then, the mixture was filtered through a pad of packed Celite with extensive 

ethyl acetate washings. The filtrate was washed with saturated aqueous sodium bicarbonate, 

brine, and dried over sodium sulfate. After filtration, removal of the solvent gave a crude 

material, which was purified by silica gel column chromatography (EA/hexanes = 1:19 → 1:9) to 

provide epoxides β-4.22 (153 mg, 25%) and α-4.22 (363 mg, 59%) both as colorless oils. 

(1a'S,2'R,2a'S,5a'R,6a'S)-6a'-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,4',4'-tetramethyldihydro-

1a'H-spiro[[1,3]dioxolane-4,2'-oxireno[2',3':4,5]benzo[1,2-d][1,3]dioxol]-6'(2a'H)-one (β-4.22):  

Rf 0.57 (EA/hexanes = 1:4);     
   –29.2 (c 0.25, CHCl3); IR (neat, cm

-1
): 2931, 2858, 1721, 

1373, 1070, 701, 504; 
1
H NMR (600 MHz, CDCl3) δ 7.70 – 7.64 (m, 4H), 7.46 – 7.35 (m, 6H), 

4.41 (dd, J = 7.8, 2.0 Hz, 1H), 4.39 (d, J = 9.6 Hz, 1H), 4.34 (d, J = 9.6 Hz, 1H), 4.31 (d, J = 7.8 
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Hz, 1H), 4.26 (d, J = 12.4 Hz, 1H), 4.06 (d, J = 12.4 Hz, 1H), 3.83 (d, J = 2.0 Hz, 1H), 1.56 (s, 

3H), 1.44 (s, 3H), 1.42 (s, 3H), 1.31 (s, 3H), 1.04 (s, 9H); 
13

C NMR (75 MHz, CDCl3) δ 200.5, 

135.8, 135.7, 133.1, 132.9, 129.9, 127.9, 112.4, 111.3, 80.4, 77.4, 76.2, 71.0, 63.0, 62.5, 58.8, 

27.3, 26.9, 26.2, 25.8, 24.2, 19.4; HRMS (ESI+): Calcd for C29H35O7Si
+
 ([M-CH3]

+
): 523.2147, 

Found: 523.2142; Anal calcd for C 66.89 H 7.11, Found: C 67.26 H 7.19. 

(1a'R,2'R,2a'S,5a'R,6a'R)-6a'-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,4',4'-tetramethyldihydro-

1a'H-spiro[[1,3]dioxolane-4,2'-oxireno[2',3':4,5]benzo[1,2-d][1,3]dioxol]-6'(2a'H)-one (α-4.22):  

Rf 0.48 (EA/hexanes = 1:4);     
   +39.5 (c 0.42, CHCl3); IR (neat, cm

-1
): 2932, 2858, 1738, 

1374, 1210, 1112, 1072, 703, 489; 
1
H NMR (300 MHz, CDCl3) δ 7.69 – 7.63 (m, 4H), 7.48 – 

7.35 (m, 6H), 4.76 (s, 2H), 4.12 (s, 2H), 4.01 (d, J = 8.8 Hz, 1H), 3.80 (s, 1H), 3.55 (d, J = 8.8 

Hz, 1H), 1.53 (s, 3H), 1.48 (s, 3H), 1.45 (s, 3H), 1.36 (s, 3H), 1.04 (s, 9H); 
13

C NMR (75 MHz, 

CDCl3) δ 201.2, 135.8, 135.6, 132.9, 132.6, 130.1, 128.0, 128.0, 111.5, 109.9, 81.9, 76.6, 66.6, 

64.1, 64.0, 58.6, 26.8, 26.7, 26.4, 26.0, 23.7, 19.4; HRMS (ESI+): Calcd for C29H35O7Si
+
 ([M-

CH3]
+
): 523.2147, Found: 523.2149; Anal calcd for C 66.89 H 7.11, Found: C 67.30 H 7.53. 
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Data for the intermediate epoxyalcohols β-4.21 and α-4.21: 

(1a'R,2'R,2a'S,5a'S,6'R,6a'R)-6a'-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,4',4'-tetramethyl-

tetrahydro-1a'H-spiro[[1,3]dioxolane-4,2'-oxireno[2',3':4,5]benzo[1,2-d][1,3]dioxol]-6'-ol 

(β-4.21): Rf 0.41 (EA/hexanes = 1:4);     
   –3.5 (c 0.25, CHCl3); IR (neat, cm

-1
): 3467, 2930, 

2857, 1372, 1212, 1112, 1058, 855, 703, 505; 
1
H NMR (600 MHz, CDCl3) δ 7.70 – 7.66 (m, 

4H), 7.44 – 7.35 (m, 6H), 4.54 (dd, J = 8.3, 5.3 Hz, 1H), 4.28 (d, J = 9.5 Hz, 1H), 4.28 (dd, J = 

10.8, 5.3 Hz, 1H), 4.25 (dd, J = 8.3, 1.8 Hz, 1H), 4.21 (d, J = 9.5 Hz, 1H), 4.20 (d, J = 11.6 Hz, 

1H), 3.72 (d, J = 11.6 Hz, 1H), 3.38 (d, J = 1.8 Hz, 1H), 2.58 (d, J = 10.8 Hz, 1H), 1.49 (s, 3H), 

1.45 (s, 3H), 1.42 (s, 3H), 1.28 (s, 3H), 1.06 – 1.03 (s, 9H). 
13

C NMR (150 MHz, CDCl3) δ 

135.8, 135.7, 133.3, 133.2, 129.9, 127.9, 127.8, 110.7, 109.78, 78.2, 73.3, 71.3, 66.8, 62.8, 61.5, 

59.0, 27.5, 26.9, 26.2, 25.9, 24.0, 19.4; HRMS (ESI+): Calcd for C29H37O7Si
+
 ([M-CH3]

+
): 

525.2303, Found: 525.2309; Anal calcd for C 66.64 H 7.46, Found: C 66.62 H 7.60. 

(1a'R,2'R,2a'S,5a'S,6'R,6a'R)-6a'-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,4',4'-tetramethyl-

tetrahydro-1a'H-spiro[[1,3]dioxolane-4,2'-oxireno[2',3':4,5]benzo[1,2-d][1,3]dioxol]-6'-ol 

(α-4.21): Rf 0.47 (EA/hexanes = 1:4);     
   +27.6 (c 0.4, CHCl3); IR (neat, cm

-1
): 3484, 2986, 

2858, 1428, 1209, 1111, 1062, 702, 504; 
1
H NMR (300 MHz, CDCl3) δ 7.71 – 7.65 (m, 4H), 

7.47 – 7.35 (m, 6H), 4.49 (d, J = 4.5 Hz, 1H), 4.37 (d, J = 8.5 Hz, 1H), 4.33 (d, J = 9.4 Hz, 1H), 

4.24 (dd, J = 8.5, 4.5 Hz, 1H), 4.16 (d, J = 11.9 Hz, 1H), 3.83 (d, J = 9.4 Hz, 1H), 3.69 (d, J = 

11.9 Hz, 1H), 3.33 (s, 1H), 2.43 (s, 1H), 1.53 (s, 3H), 1.46 (s, 3H), 1.42 (s, 3H), 1.36 (s, 3H), 

1.05 (s, 9H). 
13

C NMR (75 MHz, CDCl3) δ 135.8, 133.1, 130.0, 127.9, 110.1, 108.4, 83.7, 78.0, 

7, 74.0, 67.6, 65.1, 63.4, 62.6, 60.2, 26.9, 26.9, 26.6, 26.2, 23.7, 19.5;
 
HRMS (ESI+): Calcd for 

C29H37O7Si
+
 ([M-CH3]

+
): 525.2303, Found: 525.2300; Anal calcd for C 66.64 H 7.46, Found: C 

66.73 H 7.62. 
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A mixture of bis(cyclopentadienyl)titanium(IV) dichloride (21.9 mg, 0.088 mmol), zinc powder 

(16.3 mg, 0.25 mmol) and tetrahydrofuran was stirred for 45 minutes at room temperature. Then, 

α-4.22 (26.9 mg, 0.05 mmol) in tetrahydrofuran:methanol = 3:1 (1 mL) was added to the 

resulting green mixture at room temperature. After stirring for 15 minutes at 50 °C, the reaction 

mixture was poured into 10% aqueous potassium carbonate solution, filtered through a pad of 

packed Celite and extracted with diethyl ether twice and once with dichloromethane. Combined 

organic extracts were dried over sodium sulfate. After filtration, removal of the solvent under 

reduced pressure gave a crude material, which was purified by silica gel column chromatography 

(EA/hexanes = 1:19 → 1:9) to furnish the title ketone 4.23 (5.9 mg, 22%) as a colorless oil. 

Multiple runs of this procedure provided the title compound 4.23 in yields ranging from 10 to 

30%. 

(3aS,4S,5S,6S,7aR)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-5-hydroxy-2,2,2',2'-tetramethyl-

tetrahydro-7H-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-7-one (4.23):     
   – 8.8 (c 0.44, 

CHCl3); IR (neat, cm
-1

): 3480, 2927, 2853, 1728, 1373, 1069, 702, 504; 
1
H NMR (600 MHz, 

CDCl3) δ 7.79 – 7.69 (m, 4H), 7.48 – 7.36 (m, 6H), 4.38 (d, J = 8.9 Hz, 1H), 4.36 (d, J = 5.4 Hz, 

1H), 4.31 (d, J = 5.4 Hz, 1H), 4.26 – 4.21 (m, 2H), 4.19 (dd, J = 10.5, 5.7 Hz, 1H), 4.05 (dd, J = 

10.5, 3.8 Hz, 1H), 3.06 (d, J = 6.1 Hz, 1H), 2.92 (ddd, J = 10.4, 5.6, 3.9 Hz, 1H), 1.51 (s, 6H), 

1.37 (s, 3H), 1.34 (s, 3H), 1.03 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 205.0, 135.8, 135.8, 

132.8, 132.8, 130.0, 130.0, 128.0, 127.9, 111.0, 81.8, 78.8, 78.1, 68.5, 68.0, 60.9, 54.1, 27.6, 

27.2, 26.9, 26.2, 25.8, 19.3; HRMS (ESI+): Calcd for C29H37O7Si ([M-CH3]
+
): 525.2303, Found: 

525.2308.  
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To a stirred solution of α-4.21 (39.9 mg, 0.074 mmol) in tetrahydrofuran:tert-butanol = 1:1 (1.3 

mL) was added potassium tert-butoxide (82.8 mg, 0.74 mmol) all at once at room temperature. 

The mixture was stirred for 2 hours and quenched with saturated aqueous ammonium chloride (1 

mL). After extraction with ethyl acetate (3 x 2 mL), the combined organic layer was washed with 

brine, and dried over sodium sulfate. After filtration, removal of the solvent under reduced 

pressure gave a crude material, which was purified by silica gel flush chromatography 

(EA/hexanes = 1:9 → 1:4) to furnish the title epoxyalcohol 4.24 (37.8 mg, 95%) as a colorless 

oil. 

(3aS,4S,5S,5aS,6aR,6bS)-5a-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,2',2'-tetramethyltetra-

hydro-5H-spiro[oxireno[2',3':3,4]benzo[1,2-d][1,3]dioxole-4,4'-[1,3]dioxolan]-5-ol (4.24): Rf 

0.25 (EA/hexanes = 1:4);     
   +44.9 (c 1.06, CHCl3); IR (neat, cm

-1
): 3442, 2932, 2858, 1372, 

1209, 1111, 1031, 702, 490. 
1
H NMR (600 MHz, CDCl3) δ 7.68 (m, 4H), 7.46 – 7.37 (m, 6H), 

4.65 (dd, J = 8.4, 2.6 Hz, 1H), 4.35 (d, J = 8.4 Hz, 1H), 4.26 (d, J = 9.5 Hz, 1H), 4.23 (d, J = 2.0 

Hz, 1H), 4.09 (d, J = 11.7 Hz, 1H), 3.77 (d, J = 9.5 Hz, 1H), 3.77 (d, J = 11.7 Hz, 1H), 3.42 (d, 

J = 2.6 Hz, 1H), 2.71 (d, J = 2.0 Hz, 1H), 1.55 (s, 3H), 1.46 (s, 3H), 1.38 (s, 3H), 1.36 (s, 3H), 

1.05 (s, 9H). 
13

C NMR (150 MHz, CDCl3) δ 135.8, 135.8, 133.0, 133.0, 130.0, 128.0, 108.9, 

108; HRMS (ESI+): Calcd for C29H37O7Si: 525.2303, Found: 525.2302; Anal calcd for C 66.64 

H 7.46, Found: C 66.34 H 7.64. 
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To a stirred solution of 4.20 (534.5 mg, 1.02 mmol) in chloroform (14 mL) was added meta-

chloroperbenzoic acid (351.9 mg, 2.04 mmol) at room temperature. The reaction mixture was 

heated at 65°C (oil bath temperature) for 6 hours. Then, the mixture was cooled to room 

temperature and quenched with saturated aqueous sodium sulfite (5 mL). The layers were 

separated, and the aqueous phase was extracted with dichloromethane (3 x 10 mL). The 

combined organic phase was washed with saturated aqueous sodium bicarbonate, and dried over 

sodium sulfate. After filtration, evaporation of the solvent under reduced pressure gave a crude 

material, which was used in the next step without further purification. 

To a stirred solution of a crude mixture in dichloromethane (10 mL) were added imidazole (206 

mg, 3.03 mmol) and chlorotrimethylsilane (0.26 mL, 2.02 mmol) dropwise at room temperature. 

The reaction mixture was stirred for 20 minutes, quenched with saturated aqueous sodium 

bicarbonate (10 mL) and extracted with dichloromethane (4 x 10 mL). The combined organic 

extract was dried over sodium sulfate, filtered, and evaporated to provide a crude material, which 

was purified by silica gel column chromatography (EA/hexanes = 1:19 → 1:9) to furnish silyl 

ether β-4.25 (171.2 mg, 28%) as a colorless oil and silyl ether α-4.25 (405.8 mg, 65%) as a 

colorless foam. 

tert-butyldiphenyl(((1a'R,2'R,2a'S,5a'R,6'R,6a'S)-2,2,4',4'-tetramethyl-6'-((trimethylsilyl)oxy)-

tetrahydro-1a'H-spiro[[1,3]dioxolane-4,2'-oxireno[2',3':4,5]benzo[1,2-d][1,3]dioxol]-6a'-yl)-

methoxy)silane (β-4.25): Rf 0.21 (EA/hexanes = 1:9);     
   –13.1 (c 1.17, CHCl3); IR (neat, cm

-

1
): 3072, 2933, 2859, 1371, 1253, 1112, 843, 703, 505; 

1
H NMR (600 MHz, CDCl3) δ 7.68 – 
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7.63 (m, 4H), 7.46 – 7.33 (m, 6H), 4.44 – 4.40 (m, 2H), 4.29 (d, J = 9.6 Hz, 1H), 4.20 (dd, J = 

7.7, 1.8 Hz, 2H), 4.19 (d, J = 9.6 Hz, 2H), 4.16 (d, J = 11.4 Hz, 1H), 3.59 (d, J = 11.4 Hz, 1H), 

3.33 (d, J = 1.8 Hz, 1H), 1.51 (s, 3H), 1.45 (s, 3H), 1.43 (s, 3H), 1.25 (s, 3H), 1.05 (s, 9H), 0.09 

(s, 9H). 
13

C NMR (150 MHz, CDCl3) δ 135.8, 135.7, 133.5, 133.1, 129.8, 127.8, 110.7, 109.4, 

78.9, 78.7, 74.7, 70.9, 67.6, 62.6, 61.4, 58.6, 27.5, 27.0, 26.3, 26.2, 23.5, 19.4, 0.5; HRMS 

(ESI+): Calcd for C32H45O7Si2
+
 ([M-CH3]

+
): 597.2698, Found: 597.2698; Anal calcd for C 64.67 

H 7.89, Found: C 64.46 H 7.83. 

tert-butyldiphenyl(((1a'S,2'R,2a'S,5a'R,6'R,6a'R)-2,2,4',4'-tetramethyl-6'-((trimethylsilyl)oxy)-

tetrahydro-1a'H-spiro[[1,3]dioxolane-4,2'-oxireno[2',3':4,5]benzo[1,2-d][1,3]dioxol]-6a'-

yl)methoxy)silane (α-4.25): Rf 0.32 (EA/hexanes = 1:9);     
   +13.1 (c 1.34, CHCl3); IR (neat, 

cm
-1

): 3072, 2932, 2859, 1428, 1251, 1105, 1068, 848, 703, 505; 
1
H NMR (600 MHz, CDCl3) δ 

7.69 – 7.65 (m, 4H), 7.47 – 7.35 (m, 6H), 4.57 (d, J = 4.4 Hz, 1H), 4.37 (d, J = 9.4 Hz, 1H), 4.32 

(d, J = 8.7 Hz, 1H), 4.15 (dd, J = 8.7, 4.4 Hz, 2H), 4.13 (d, J = 11.9 Hz, 1H), 3.80 (d, J = 9.4 

Hz, 1H), 3.47 (d, J = 11.9 Hz, 1H), 3.22 (s, 1H), 1.50 (s, 3H), 1.46 (s, 3H), 1.40 (s, 3H), 1.33 (s, 

3H), 1.06 (s, 9H), 0.07 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 135.8, 135.7, 133.2, 132.9, 

130.0, 127.9, 109.9, 108.2, 83.9, 78.2, 74.3, 67.6, 66.0, 63.4, 63.2, 60.3, 26.9, 26.8, 26.7, 26.2, 

23.9, 19.4, 0.4; HRMS (ESI+): Calcd for C32H45O7Si2
+
 ([M-CH3]

+
): 597.2698, Found: 597.2696; 

Anal calcd for C 64.67 H 7.89, Found: C 64.38 H 7.88. 
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To a stirred solution of silyl ether β-4.25 (93.2 mg, 0.152 mmol) in dichloromethane (2 mL) was 

added titanium(IV) chloride (1.0 M in dichloromethane, 0.17 mL, 0.17 mmol) dropwise at -

78°C. The reaction mixture was stirred at -78°C for 5 minutes and quenched with saturated 

aqueous sodium bicarbonate at the same temperature and only then was allowed to warm up. The 

mixture was diluted with water and exhaustively extracted with dichloromethane. The combined 

organic extract was dried over sodium sulfate. After filtration, removal of the solvent under 

reduced pressure provided a crude material, which was purified by silica gel column 

chromatography (EA/hexanes = 1:9) to furnish TMS ether 4.26 (36.7 mg, 40%) as colorless oil 

and alcohol 4.4 (9.4 mg, 12%) as a white solid. 

 

To a stirred solution of TMS ether 4.26 (14.2 mg, 0.023 mmol) in dichloromethane (0.7 mL) was 

added boron trifluoride diethyl etherate (6 μL, 0.046 mmol) at 0 °C. After stirring for 1.5 hours 

at 0 °C, the reaction mixture was quenched with saturated aqueous sodium bicarbonate and 

extracted with dichloromethane three times. The combined organic extract was dried over 

sodium sulfate. After filtration, removal of the solvent under reduced pressure gave a crude 

material, which was filtered through a pipette packed with silica gel (EA/hexanes = 1:9 → 1:4) 

to provide the title compound 4.4 (11.6 mg, 93%) as a white solid. 
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(3aS,4R,5R,6S,7aR)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,2',2'-tetramethyl-5-((trimethyl-

lsilyl)oxy)dihydro-3aH-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-7(7aH)-one (4.26): Rf 

0.57 (EA/hexanes = 1:4);     
   +21.3 (c 0.25, CHCl3); IR (neat, cm

-1
): 3071, 2957, 2857, 1736, 

1253, 1158, 1106, 1069, 844, 702, 505; 
1
H NMR (600 MHz, CDCl3) δ 7.68 – 7.61 (m, 4H), 7.45 

– 7.33 (m, 6H), 4.50 (dd, J = 2.1, 1.8 Hz, 1H), 4.42 (dd, J = 6.3, 2.1 Hz, 1H), 4.35 (d, J = 6.3 

Hz, 1H), 4.27 (d, J = 9.6 Hz, 1H), 4.21 (d, J = 9.6 Hz, 1H), 3.97 (dd, J = 11.1, 4.7 Hz, 1H), 3.87 

(dd, J = 11.1, 10.0 Hz, 1H), 3.14 (ddd, J = 10.0, 4.7, 1.8 Hz, 1H), 1.49 (s, 6H), 1.34 (s, 3H), 1.30 

(s, 4H), 1.05 (s, 9H), 0.09 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 206.4, 135.8, 135.8, 133.5, 

133.5, 129.9, 127.9, 127.8, 111.2, 111.1, 82.9, 80.0, 78.7, 75.6, 69.9, 58.7, 51.7, 27.3, 27.2, 27.0, 

26.7, 26.5, 19.3, 0.5; HRMS (ESI+): Calcd for C32H45O7Si2
+
 ([M-CH3]

+
): 597.2698, Found: 

597.2698; Anal calcd for C 64.67 H 7.89, Found: C 64.39 H 7.86. 

(3aS,4S,5R,6S,7aR)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-5-hydroxy-2,2,2',2'-tetramethyl-

dihydro-3aH-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-7(7aH)-one (4.4): Rf 0.29 

(EA/hexanes = 1:4); mp 145-146 °C (CHCl3);     
   –1.3 (c 0.56, CHCl3); IR (neat, cm

-1
): 3512, 

2933, 1733, 1373, 1217, 1111, 1064, 854, 703, 504; 
1
H NMR (600 MHz, CDCl3) δ 7.72 – 7.64 

(m, 4H), 7.45 – 7.35 (m, 6H), 4.49 (d, J = 5.1 Hz, 1H), 4.46 (d, J = 9.4 Hz, 1H), 4.43 – 4.39 (m, 

2H), 4.32 (d, J = 9.4 Hz, 1H), 4.11 (dd, J = 10.7, 8.6 Hz, 1H), 4.03 (dd, J = 10.7, 4.4 Hz, 1H), 

3.27 – 3.22 (m, 1H), 2.66 (d, J = 9.1 Hz, 1H), 1.50 (s, 3H), 1.49 (s, 3H), 1.40 (s, 3H), 1.38 (s, 

3H), 1.04 (s, 9H). 
13

C NMR (150 MHz, CDCl3) δ 206.7, 135.8, 135.7, 133.4, 133.2, 129.9, 

127.9, 111.4, 111.3, 83.1, 79.1, 78.6, 76.2, 70.0, 59.0, 52.4, 27.3, 27.0, 26.9, 26.1, 19.3; HRMS 

(ESI+): Calcd for C29H39O7Si
+
 ([M-CH3]

+
): 525.2303, Found: 525.5303. 
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To a stirred solution of alcohol 4.4 (10.4 mg, 0.019 mmol) in dichloromethane (1 mL) were 

added dimethoxymethane (34 μL, 0.38 mmol) and freshly cracked phosphorus(V) oxide (53.9 

mg, 0.19 mmol) at room temperature. After stirring for 1 hour at room temperature, the reaction 

mixture was quenched with saturated aqueous sodium bicarbonate (1 mL) and extracted with 

dichloromethane three times. The combined organic extract was dried over sodium sulfate. After 

filtration, removal of the solvent under reduced pressure gave a crude material, which was 

purified by silica gel column chromatography (EA/hexanes = 1:9 → 1:4) to provide with ketone 

4.5 (8.8 mg, 79%) as a white, waxy solid. 

(3aS,4S,5R,6S,7aR)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-5-(methoxymethoxy)-2,2,2',2'-

tetramethyltetrahydro-7H-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-7-one (4.5): Rf 0.42 

(EA/hexanes = 1:4);     
   –3.5 (c 0.44, CHCl3); IR (neat, cm

-1
): 2927, 2855, 1736, 1105, 1039, 

703, 506; 
1
H NMR (600 MHz, CDCl3) δ 7.67 – 7.61 (m, 4H), 7.46 – 7.35 (m, 6H), 4.61 (d, J = 

6.7 Hz, 1H), 4.54 (d, J = 6.7 Hz, 1H), 4.44 (dd, J = 6.1, 2.0 Hz, 1H), 4.43 (d, J = 9.5 Hz, 1H), 

4.40 (d, J = 6.1 Hz, 1H), 4.37 (dd, J = 2.4, 2.0 Hz, 1H), 4.35 (d, J = 9.5 Hz, 1H), 4.01 (dd, J = 

11.0, 4.9 Hz, 1H), 3.93 (dd, J = 11.0, 10.2 Hz, 1H), 3.30 (s, 3H), 3.28 (ddd, J = 10.2, 4.9, 2.4 

Hz, 1H), 1.51 (s, 3H), 1.49 (s, 3H), 1.36 (s, 3H), 1.33 (s, 3H), 1.05 (s, 9H); 
13

C NMR (150 MHz, 

CDCl3) δ 206.3, 135.7, 133.4, 130.0, 130.0, 128.0, 127.9, 111.2, 111.0, 98.8, 83.0, 82.4, 79.4, 

78.7, 70.0, 58.5, 55.9, 51.7, 27.1, 27.0, 27.0, 26.9, 26.4, 19.3; HRMS (ESI+): Calcd for 

C31H41O8Si
+
 ([M-CH3]

+
): 569.2565, Found: 569.2571. 
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To a stirred solution of silyl ether 4.25b (56.6 mg, 0.092 mmol) in dichloromethane (1 mL) was 

added a solution of titanium(IV) chloride (1.0 M, 110 μL, 0.11 mmol) at -78 °C dropwise. After 

stirring for 10 minutes, the reaction mixture was quenched with saturated aqueous sodium 

bicarbonate (1 mL) at -78 °C  and only then was allowed to warm up to room temperature. After, 

the mixture was diluted with water and extracted three times with dichloromethane. The 

combined organic extracts were dried over sodium sulfate. After filtration, evaporation of the 

solvent under reduced pressure provided a crude material, which was purified by silica gel 

column chromatography (EA/hexanes = 1:9) to furnish oxepane 4.27 (17.8 mg, 36%) as a 

colorless oil. 

(3aS,4S,5S,5aS,6S,7aS,7bS)-6-((tert-butyldiphenylsilyl)oxy)-2,2,2',2'-tetramethyltetrahydro-

5H,6H-spiro[oxeto[2',3':3,4]benzo[1,2-d][1,3]dioxole-4,4'-[1,3]dioxolan]-5-ol (4.28): Rf 0.38 

(EA/hexanes = 1:4);     
   –14.4 (c 0.64, CHCl3); IR (neat, cm

-1
): 3519, 2929, 1092, 702; 

1
H 

NMR (600 MHz, CDCl3) δ 7.78 – 7.60 (m, 4H), 7.45 – 7.35 (m, 6H), 5.81 (dd, J = 4.2 Hz, 1H), 

4.67 (s, 1H), 4.62 (t, J = 6.5 Hz, 1H), 4.45 (dd, J = 6.0, 4.3 Hz, 1H), 4.23 (d, J = 6.6 Hz, 1H), 

4.09 (d, J = 12.8 Hz, 1H), 3.76 (d, J = 12.8 Hz, 1H), 2.94 (s, 1H), 2.63 – 2.56 (m, 1H), 1.56 (s, 

3H), 1.43 (s, Hz, 3H), 1.40 (s, 3H), 1.28 (s, 3H), 1.07 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 

136.0, 135.6, 130.1, 130.0, 128.0, 127.8, 112.2, 100.1, 97.9, 78.4, 76.2, 73.3, 69.2, 65.7, 61.7, 

51.1, 29.0, 27.0, 26.3, 25.2, 19.4, 19.1; HRMS (EI): Calcd for C29H37O7Si
+
 ([M-CH3]

+
): 

525.2303, Found: 525.2305. 

  



114 

 

 

To a stirred solution of alcohol 4.27 (12.8 mg, 0.024 mmol) in ethyl acetate (1 mL) was added 2-

iodoxybenzoic acid (20.2 mg, 0.072 mmol) and the mixture was refluxed for 5 hours. After 

completion, solvent was removed under reduced pressure and the residue was subjected to silica 

gel column chromatography (EA/hexanes = 1:19 → 1:9) to furnish the desired ketone 4.28 (10.5 

mg, 83%) as a colorless oil. 

(3aS,4R,5aS,6S,7aS,7bS)-6-((tert-butyldiphenylsilyl)oxy)-2,2,2',2'-tetramethyltetrahydro-5H,6H-

spiro[oxeto[2',3':3,4]benzo[1,2-d][1,3]dioxole-4,4'-[1,3]dioxolan]-5-one (4.28): Rf 0.29 

(EA/hexanes = 1:9);     
   –36.5 (c 0.26, CHCl3); IR (neat, cm

-1
): 2930, 1743, 1102, 702; 

1
H 

NMR (600 MHz, CDCl3) δ 7.74 (d, J = 6.7 Hz, 2H), 7.59 (d, J = 6.8 Hz, 2H), 7.49 – 7.35 (m, 

6H), 5.86 (d, J = 4.0 Hz, 1H), 4.83 (d, J = 6.8 Hz, 1H), 4.45 (s, 1H), 4.41 (d, J = 6.8 Hz, 1H), 

4.20 (d, J = 13.0 Hz, 1H), 3.97 (d, J = 13.0 Hz, 1H), 3.13 (d, J = 3.9 Hz, 1H), 1.44 (s, 3H), 1.43 

(s, 3H), 1.40 (s, 3H), 1.30 (s, 3H), 1.00 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 203.4, 135.8, 

135.7, 132.4, 132.3, 130.3, 130.1, 128.0, 127.9, 112.5, 100.9, 98.0, 80.0, 77.9, 76.8, 71.3, 63.2, 

61.7, 28.8, 27.3, 26.8, 25.6, 19.3, 18.9; HRMS (EI): Calcd for C29H35O7Si
+
 ([M-CH3]

+
): 

523.2147, Found: 523.2156. 
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To a stirred solution of ketone 4.28 (8.5 mg, 0.016 mmol) in methanol (0.5 mL) was added 

sodium borohydride (2 mg, 0.05 mmol) at room temperature. After stirring for 10 minutes, 

volatiles were evaporated under reduced pressure and the residue was purified by silica gel 

column chromatography (EA/hexanes = 1:19 → 1:9) to provide alcohol 4.29 (7.7 mg, 90%) as a 

colorless oil. 

(3aS,4S,5R,5aS,6S,7aS,7bS)-6-((tert-butyldiphenylsilyl)oxy)-2,2,2',2'-tetramethyltetrahydro-

5H,6H-spiro[oxeto[2',3':3,4]benzo[1,2-d][1,3]dioxole-4,4'-[1,3]dioxolan]-5-ol (4.29): Rf 0.14 

(EA/hexanes = 1:9);     
   –19.1 (c 0.25, CHCl3); IR (neat, cm

-1
): 3554, 2929, 1073, 837; 

1
H 

NMR (600 MHz, CDCl3) δ 7.74 (d, J = 7.0 Hz, 2H), 7.62 (d, J = 7.0 Hz, 2H), 7.48 – 7.36 (m, 

6H), 5.87 (d, J = 3.5 Hz, 1H), 4.65 (dd, J = 6.3 Hz, 6.3 Hz, 1H), 4.26 (s, 1H), 4.14 (d, J = 6.5 Hz, 

1H), 4.07 (d, J = 12.8 Hz, 1H), 3.88 – 3.81 (m, 1H), 3.76 (d, J = 12.8 Hz, 1H), 3.57 (d, J = 11.6 

Hz, 1H), 2.57 (s, 1H), 1.51 (s, 3H), 1.43 (s, 3H), 1.36 (s, 3H), 1.26 (s, 3H), 1.13 (s, 9H); 
13

C 

NMR (150 MHz, CDCl3) δ 136.1, 135.6, 132.8, 132.1, 130.3, 130.3, 128.1, 127.9, 112.2, 102.6, 

97.5, 82.9, 77.6, 77.3, 72.0, 61.7, 50.2, 41.6, 28.9, 28.4, 27.0, 26.1, 19.3, 19.0; HRMS (EI): 

Calcd for C29H37O7Si
+
 ([M-CH3]

+
): 525.2303, Found: 525.2311. 
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To a stirred solution of epoxyketone 4.31 (51.7 mg, 0.096 mmol) in ethanol (2 mL) were added 

hydrazine monohydrate (9.3 μL, 0.19 mmol) and a drop of glacial acetic acid at room 

temperature. After stirring for 1 hour, the reaction mixture was concentrated under reduced 

pressure and the residue was purified by silica gel column chromatography (EA/hexanes = 1:9) 

to furnish the β-hydroxy ketone 4.32 (42.5 mg, 82%) as a colorless oil. 

(3aS,4R,6S,7S,7aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-7-hydroxy-2,2,2',2'-tetramethyl-

tetrahydro-5H-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-5-one (4.32): Rf 0.44 (EA/hexanes 

= 1:4);     
   +65.8 (c 0.3, CHCl3); IR (neat, cm

-1
): 3489, 2933, 1729, 1265, 1064, 703; 

1
H 

NMR (600 MHz, CDCl3) δ 7.72 – 7.64 (m, 4H), 7.47 – 7.35 (m, 6H), 4.77 – 4.71 (m, 2H), 4.61 

(d, J = 9.4 Hz, 1H), 4.37 (d, J = 6.9 Hz, 1H), 4.16 (dd, J = 9.7, 7.0 Hz, 1H), 4.03 (dd, J = 9.7, 4.3 

Hz, 1H), 3.97 (d, J = 9.4 Hz, 1H), 3.01 (d, J = 4.9 Hz, 1H), 2.78 – 2.71 (m, 1H), 1.38 (d, J = 5.9 

Hz, 3H), 1.36 (s, 3H), 1.33 (s, 3H), 1.10 (s, 3H), 1.06 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 

203.1, 135.7, 132.9, 132.6, 130.1, 130.0, 128.0, 127.9, 112.0, 110.1, 81.2, 77.8, 75.4, 67.4, 66.6, 

63.4, 52.4, 27.0, 26.8, 26.1, 25.8, 24.2, 19.3; HRMS (EI): Calcd for C29H37O7Si
+
 ([M-CH3]

+
): 

525.2303, Found: 525.2312. 
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To a stirred solution of TMS ether α-4.25 (187.8 mg, 0.306 mmol) in methanol (4 mL) was 

added potassium carbonate (127.0 mg, 0.919 mmol) at room temperature as a single portion. 

After stirring for 5 hours, the mixture was quenched with water and extracted with ethyl acetate 

three times. The combined organic extract was washed with brine and dried over sodium sulfate. 

After filtration, removal of the solvent under reduced pressure gave a crude material, which was 

used in the next step without further purification. 

To a stirred solution of a crude epoxyalcohol α-4.21 in tetrahydrofuran:tert-butanol = 1:1 (4 mL) 

was added potassium tert-butoxide (103.1 mg, 0.919 mmol) at room temperature as a single 

portion. After stirring for 2 hours, the reaction mixture was quenched with saturated aqueous 

ammonium chloride and extracted with ethyl acetate three times. The combined organic layer 

was washed with brine and dried over sodium sulfate. After filtration, removal of the solvent 

under reduced pressure provided a crude material, which was used in the next step without 

further purification. 

To a stirred solution of a crude epoxyalcohol 4.24 in ethyl acetate (5 mL) was added 2-

iodoxybenzoic acid (257.3 mg, 0.919 mmol) and the resulting mixture was refluxed overnight 

(ca. 12 hours). After, the reaction mixture was cooled down to room temperature and filtered 

through a pad of silica gel with extensive ethyl acetate washings. Removal of the solvent under 

reduced pressure gave a crude material, which was used in the next synthetic transformation 

without further purification. 

To a stirred mixture of a crude epoxyketone 4.31 and methanol (4 mL) was added sodium 

borohydride (34.8 mg, 0.919 mmol) at 0 °C. Cooling bath was removed, and the reaction mixture 
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was stirred at room temperature for 10 minutes. Then, methanol was removed under reduced 

pressure and the residue was subjected to silica gel column chromatography (EA/hexanes = 1:19 

→ 1:9) to furnish epoxyalcohol 4.33 (105.9 mg, 64%) as a colorless oil. 

(1a'R,2'R,2a'S,5a'S,6'R,6a'R)-6a'-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,4',4'-tetramethyl-

tetrahydro-1a'H-spiro[[1,3]dioxolane-4,2'-oxireno[2',3':4,5]benzo[1,2-d][1,3]dioxol]-6'-ol 

(α-4.21): Colorless oil; Rf 0.47 (EA/hexanes = 1:4);     
   +27.6 (c 0.4, CHCl3); IR (neat, cm

-1
): 

3484, 2986, 2858, 1428, 1209, 1111, 1062, 702, 504; 
1
H NMR (300 MHz, CDCl3) δ 7.71 – 7.65 

(m, 4H), 7.47 – 7.35 (m, 6H), 4.49 (d, J = 4.5 Hz, 1H), 4.37 (d, J = 8.5 Hz, 1H), 4.33 (d, J = 9.4 

Hz, 1H), 4.24 (dd, J = 8.5, 4.5 Hz, 1H), 4.16 (d, J = 11.9 Hz, 1H), 3.83 (d, J = 9.4 Hz, 1H), 3.69 

(d, J = 11.9 Hz, 1H), 3.33 (s, 1H), 2.43 (s, 1H), 1.53 (s, 3H), 1.46 (s, 3H), 1.42 (s, 3H), 1.36 (s, 

3H), 1.05 (s, 9H). 
13

C NMR (75 MHz, CDCl3) δ 135.8, 133.1, 130.0, 127.9, 110.1, 108.4, 83.7, 

78.0, 7, 74.0, 67.6, 65.1, 63.4, 62.6, 60.2, 26.9, 26.9, 26.6, 26.2, 23.7, 19.5;
 
HRMS (ESI+): 

Calcd for C29H37O7Si
+
 ([M-CH3]

+
): 525.2303, Found: 525.2300; Anal calcd for C 66.64 H 7.46, 

Found: C 66.73 H 7.62. 

(3aS,4S,5S,5aS,6aR,6bS)-5a-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,2',2'-tetramethyl-

tetrahydro-5H-spiro[oxireno[2',3':3,4]benzo[1,2-d][1,3]dioxole-4,4'-[1,3]dioxolan]-5-ol(4.24): 

Colorless oil; Rf 0.25 (EA/hexanes = 1:4);     
   +44.9 (c 1.06, CHCl3); IR (neat, cm

-1
): 3442, 

2932, 2858, 1372, 1209, 1111, 1031, 702, 490. 
1
H NMR (600 MHz, CDCl3) δ 7.68 (m, 4H), 

7.46 – 7.37 (m, 6H), 4.65 (dd, J = 8.4, 2.6 Hz, 1H), 4.35 (d, J = 8.4 Hz, 1H), 4.26 (d, J = 9.5 Hz, 

1H), 4.23 (d, J = 2.0 Hz, 1H), 4.09 (d, J = 11.7 Hz, 1H), 3.77 (d, J = 9.5 Hz, 1H), 3.77 (d, J = 

11.7 Hz, 1H), 3.42 (d, J = 2.6 Hz, 1H), 2.71 (d, J = 2.0 Hz, 1H), 1.55 (s, 3H), 1.46 (s, 3H), 1.38 

(s, 3H), 1.36 (s, 3H), 1.05 (s, 9H). 
13

C NMR (150 MHz, CDCl3) δ 135.8, 135.8, 133.0, 133.0, 

130.0, 128.0, 108.9, 108; HRMS (ESI+): Calcd for C29H37O7Si: 525.2303, Found: 525.2302; 

Anal calcd for C 66.64 H 7.46, Found: C 66.34 H 7.64. 



119 

 

(3a'S,4R,5a'R,6a'R,6b'S)-5a'-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,2',2'-tetramethyldihydro-

3a'H-spiro[[1,3]dioxolane-4,4'-oxireno[2',3':3,4]benzo[1,2-d][1,3]dioxol]-5'(5a'H)-one(4.31): 

Colorless foam; Rf 0.46 (EA/hexanes = 1:4);     
   +30.1 (c 0.32, CHCl3); IR (neat, cm

-1
): 2932, 

2858, 1735, 1210, 1113, 1061, 703, 505; 
1
H NMR (600 MHz, CDCl3) δ 7.68 – 7.63 (m, 4H), 

7.46 – 7.35 (m, 6H), 4.59 (dd, J = 8.3, 2.2 Hz, 1H), 4.58 (d, J = 9.7 Hz, 1H), 4.31 (d, J = 8.3 Hz, 

1H), 4.11 (s, 2H), 3.94 (d, J = 9.7 Hz, 1H), 3.92 (d, J = 2.2 Hz, 1H), 1.65 (s, 3H), 1.48 (s, 3H), 

1.39 (s, 3H), 1.32 (s, 3H), 1.02 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 203.5, 135.8, 135.8, 

135.7, 135.7, 132.9, 132.5, 130.1, 130.1, 128.0, 128.0, 128.0, 128.0, 111.1, 110.7, 86.7, 80.5, 

77.4, 77.2, 77.0, 72.4, 67.0, 62.9, 59.0, 58.5, 26.8, 26.8, 26.5, 26.3, 25.2, 24.6, 19.4; HRMS 

(ESI+): Calcd for C29H35O7Si
+
 ([M-CH3]

+
): 523.2147, Found: 523.2155. 

(3a'S,4S,5'R,5a'S,6a'R,6b'S)-5a'-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2,2',2'-tetramethyl-

tetrahydro-3a'H-spiro[[1,3]dioxolane-4,4'-oxireno[2',3':3,4]benzo[1,2-d][1,3]dioxol]-5'-ol (4.33):  

Colorless oil; Rf 0.46 (EA/hexanes = 1:4);     
   +2.3 (c 0.1, CHCl3); IR (neat, cm

-1
): 3540, 

2931, 2858, 1428, 1243, 1113, 1060, 703, 490; 
1
H NMR (600 MHz, CDCl3) δ 7.70 – 7.64 (m, 

4H), 7.46 – 7.35 (m, 6H), 4.48 (dd, J = 6.3, 3.3 Hz, 1H), 4.27 (d, J = 9.5 Hz, 1H), 4.21 (d, J = 9.5 

Hz, 1H), 4.11 (d, J = 6.3 Hz, 1H), 3.98 (d, J = 11.7 Hz, 2H), 3.97 (d, J = 10.5 Hz, 2H), 3.72 (d, J 

= 11.7 Hz, 1H), 3.35 (d, J = 3.3 Hz, 1H), 2.56 (d, J = 10.5 Hz, 1H), 1.56 (s, 3H), 1.41 (s, 3H), 

1.35 (s, 3H), 1.31 (s, 3H), 1.05 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 135.9, 135.7, 133.2, 

133.1, 130.0, 123.0, 127.9, 127.9, 110.9, 110.3, 81.6, 73.0, 69.5, 69.4, 64.8, 64.4, 56.9, 27.4, 

26.9, 26.5, 26.3, 25.7, 19.4; HRMS (ESI+): Calcd for C29H37O7Si
+
 ([M-CH3]

+
): 525.2303, 

Found: 525.2314. Anal calcd for C 66.64 H 7.46, Found: C 67.40 H 7.82. 
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To a stirred solution of alcohol 4.33 (152.2 mg, 0.28 mmol) in tetrahydrofuran (3 mL) was added 

sodium bis(trimethylsilyl)amide (1.0 M in tetrahydrofuran, 0.31 mL, 0.31 mmol) dropwise at 0 

°C. After stirring for 15 minutes, chloromethyl methyl ether (64 μL, 0.84 mmol) was added at 

the same temperature. Cooling bath was removed and the mixture was allowed to stir at room 

temperature for 20 minutes. Then, the reaction mixture was quenched with saturated aqueous 

ammonium chloride and extracted with ethyl acetate three times. The combined organic extracts 

were washed with brine and dried over sodium sulfate. After filtration, removal of the solvent 

under reduced pressure gave a crude material, which was purified by silica gel column 

chromatography (EA/hexanes = 1:9) to provide MOM ether 4.34 (144.8 mg, 88%) as a colorless 

foam. 

tert-butyl(((3a'S,4R,5'R,5a'R,6a'R,6b'S)-5'-(methoxymethoxy)-2,2,2',2'-tetramethyltetrahydro-

3a'H-spiro[[1,3]dioxolane-4,4'-oxireno[2',3':3,4]benzo[1,2-d][1,3]dioxol]-5a'-yl)methoxy)-

diphenylsilane (4.34): Rf 0.46 (EA/hexanes = 1:4);     
   +63.1 (c 0.15, CHCl3); IR (neat, cm

-1
): 

2930, 2857, 1723, 1113, 975, 741; 
1
H NMR (600 MHz, CDCl3) δ 7.70 – 7.62 (m, 4H), 7.46 – 

7.36 (m, 6H), 4.83 (d, J = 7.0 Hz, 1H), 4.52 (d, J = 7.0 Hz, 1H), 4.45 (dd, J = 8.3, 3.1 Hz, 1H), 

4.18 (d, J = 9.2 Hz, 1H), 4.02 (d, J = 9.2 Hz, 1H), 4.01 (d, J = 12.5 Hz, 1H), 3.99 (s, 1H), 3.99 

(d, J = 8.3 Hz, 1H), 3.90 (d, J = 12.5 Hz, 1H), 3.66 (d, J = 3.1 Hz, 1H), 2.97 (s, 3H), 1.58 (s, 3H), 

1.42 (s, 3H), 1.36 (s, 3H), 1.28 (s, 3H), 1.03 (s, 9H); 
13

C NMR (150 MHz, CDCl3) δ 135.9, 

135.7, 133.4, 132.8, 130.0, 130.0, 128.0, 127.9, 109.7, 108.8, 99.7, 86.2, 79.3, 76.6, 73.0, 66.5, 

63.3, 61.3, 56.5, 52.5, 27.1, 26.9, 26.5, 26.2, 24.5, 19.4; HRMS (ESI+): Calcd for C31H41O8Si
+
 

([M-CH3]
+
): 569.2565, Found: 569.2567.   
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To a stirred solution of silyl ether 4.34 (100.3 mg, 0.172 mmol) in tetrahydrofuran (2 mL) was 

added tetrabutylammonium fluoride (1.0 M in tetrahydrofuran, 0.34 mL, 0.34 mmol) dropwise at 

room temperature. After stirring for 10 minutes, tetrahydrofuran was removed under reduced 

pressure and the residue was subjected to silica gel column chromatography (EA/hexanes = 1:1 

→ 2:1) to provide primary alcohol 4.35 (54.7 mg, 92%) as a white solid. 

((3a'S,4R,5'R,5a'R,6a'R,6b'S)-5'-(methoxymethoxy)-2,2,2',2'-tetramethyltetrahydro-3a'H-spiro-

[[1,3]dioxolane-4,4'-oxireno[2',3':3,4]benzo[1,2-d][1,3]dioxol]-5a'-yl)methanol (4.35): Rf 0.55 

(EA); mp 155-156 °C (hexane);     
   +107.8 (c 0.2, CHCl3); IR (neat, cm

-1
): 3448, 2988, 2939, 

1037, 1027, 851; 
1
H NMR (400 MHz, CDCl3) δ 4.88 (d, J = 6.4 Hz, 1H), 4.77 (d, J = 6.4 Hz, 

1H), 4.57 (dd, J = 8.3, 3.0 Hz, 1H), 4.23 – 4.11 (m, 3H), 4.04 (d, J = 8.3 Hz, 1H), 4.01 (d, J = 9.2 

Hz, 1H), 3.50 (s, 3H), 3.51 – 3.45 (m, 1H), 3.40 (d, J = 3.0 Hz, 1H), 3.26 (dd, J = 12.2, 9.2 Hz, 

1H), 1.55 (s, 3H), 1.43 (s, 3H), 1.34 (s, 3H), 1.33 (s, 3H); 
13

C NMR (100 MHz, CDCl3) δ 109.9, 

109.0, 100.7, 86.2, 79.4, 77.1, 73.1, 66.4, 62.4, 62.2, 56.7, 56.1, 27.1, 26.6, 26.2, 24.6; HRMS 

(ESI+): Calcd for C15H23O8
+
 ([M-CH3]

+
): 331.1387, Found: 331.1390.  
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To a stirred solution of alcohol 4.35 (12.6 mg, 0.036 mmol) in dichloromethane (0.5 mL) were 

successively added triphenylphosphine (11.3 mg, 0.043 mmol), imidazole (6.2 mg, 0.09 mmol), 

and iodine (13.7 mg, 0.054 mmol) at room temperature. After stirring at room temperature 

overnight (ca. 12 hours), the reaction mixture was quenched with saturated aqueous sodium 

thiosulfate and saturated aqueous ammonium chloride (0.5 mL each). The whole mixture was 

then extracted with dichloromethane (2 x 3 mL). Organic extracts were combined and dried over 

sodium sulfate. After filtration, removal of the solvent under reduced pressure gave a crude 

material, which was purified by silica gel flush chromatography (EA/hexanes = 1:9 → 1:4) to 

provide alkyl iodide 4.36 (12.9 mg, 78%) as a white solid. 

(3a'S,4R,5'S,5a'R,6a'R,6b'S)-5a'-(iodomethyl)-5'-(methoxymethoxy)-2,2,2',2'-tetramethyltetra-

hydro-3a'H-spiro[[1,3]dioxolane-4,4'-oxireno[2',3':3,4]benzo[1,2-d][1,3]dioxole] (4.35): Rf 0.51 

(EA/hexanes = 1:4); mp 159-161 °C (EA/hexanes);     
   +87.8 (c 0.1, CHCl3); IR (neat, cm

-1
): 

2984, 2931, 1462, 1157, 1023, 922; 
1
H NMR (600 MHz, CDCl3) δ 4.94 (d, J = 6.6 Hz, 1H), 4.80 

(d, J = 6.6 Hz, 1H), 4.60 (dd, J = 8.2, 3.1 Hz, 1H), 4.35 (s, 1H), 4.12 (d, J = 9.2 Hz, 1H), 4.04 (d, 

J = 8.2 Hz, 1H), 4.03 (d, J = 9.2 Hz, 1H), 3.85 (d, J = 10.1 Hz, 1H), 3.50 (s, 3H), 3.33 (d, J = 3.1 

Hz, 1H), 2.94 (d, J = 10.1 Hz, 1H), 1.55 (s, 3H), 1.44 (s, 3H), 1.35 (s, 6H); 
13

C NMR (150 MHz, 

CDCl3) δ 110.0, 109.2, 100.2, 86.1, 79.1, 74.9, 72.4, 66.3, 63.1, 58.5, 56.9, 27.1, 26.6, 26.1, 24.6, 

4.4; HRMS (ESI+): Calcd for C15H22IO7
+
 ([M-CH3]

+
): 441.0405, Found: 441.0407. 
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Commercial zinc powder (22.2 mg, 0.34 mmol) and copper(I) iodide (32.4 mg, 0.17 mmol) were 

sonicated in ethanol:water = 4:1 (4.5 mL) under air for 5 minutes. A solution of iodide 4.36 (7.9 

mg, 0.017 mmol) in tetrahydrofuran:methanol = 1:1 (1 mL) was added to the resulting black 

suspension while sonication was still on. After sonicating for 5 more minutes, the reaction 

mixture was filtered through a pad of Celite® with extensive ethyl acetate washings. The filtrate 

was then diluted with concentrated aqueous ammonium chloride and the layers were separated. 

The organic phase was washed with brine and dried over magnesium sulfate. After filtration, 

removal of the solvent under reduced pressure provided a crude material, which was purified by 

silica gel flush chromatography (EA/hexanes = 1:9 → 1:4) to provide with the allylic alcohol 4.6 

(5.2 mg, 91%) as a colorless solid. 

(3aS,4S,5R,7S,7aS)-5-(methoxymethoxy)-2,2,2',2'-tetramethyl-6-methylenetetrahydro-3aH-

spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-7-ol (4.6): Rf 0.18 (EA/hexanes = 1:4); mp 95-96 

°C (CHCl3);     
   – 55.2 (c 0.1, CHCl3); IR (neat, cm

-1
): 3427, 2990, 2926, 2854, 1738, 1380, 

1210, 1034; 
1
H NMR (600 MHz, CDCl3) δ 5.37 (d, J = 1.1 Hz, 1H), 5.33 (d, J = 1.1 Hz, 1H), 

4.79 (d, J = 6.8 Hz, 1H), 4.75 (d, J = 6.8 Hz, 1H), 4.47 (dd, J = 6.6, 4.8 Hz, 1H), 4.38 – 4.34 (m, 

1H), 4.28 (d, J = 6.7 Hz, 1H), 4.26 (d, J = 9.5 Hz, 1H), 4.24 (s, 1H), 4.16 (d, J = 9.5 Hz, 1H), 

3.45 (s, 3H), 2.41 (d, J = 10.0 Hz, 1H), 1.44 (s, 3H), 1.43 (s, 3H), 1.41 (s, 3H), 1.35 (s, 3H); 
13

C 

NMR (150 MHz, CDCl3) δ 143.9, 112.6, 110.8, 110.4, 97.4, 82.1, 79.8, 78.6, 76.3, 68.9, 68.6, 

56.7, 27.3, 26.4, 25.9, 25.3; HRMS (ESI+): Calcd for C16H26O7
+
 (M

+
): 330.1679, Found: 

330.1677.  
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To a vigorously stirred mixture of (S)-carvone (6.59) (8.0 g, 53.3 mmol) and sodium carbonate 

(16.7 g, 160 mmol) in dichloromethane (250 mL) was added sulfuryl chloride (4.83 mL, 66.6 

mmol) over 1 hour at room temperature. Then, the reaction mixture was diluted with methanol 

(250 mL) and cerium (III) chloride heptahydrate (21.8 g, 58.6 mmol) was added. After stirring 

for 5 minutes, the mixture was cooled to 0 °C and sodium borohydride (5.9 g, 156 mmol) was 

added in 4 equal portions over 20 minutes. After full consumption of the intermediate ketone, the 

reaction mixture was quenched with 1 M hydrochloric acid (50 mL) and diluted with water (50 

mL). The whole mixture was then exhaustively extracted with ethyl acetate. The combined 

organic extracts were washed with brine and dried over sodium sulfate. After filtration, 

evaporation of the solvent under reduced pressure provided a crude material, which was purified 

by silica gel column chromatography (EA/hexanes = 1:9) to furnish the desired chloro-carveol 

7.3 (6.3 g, 64%) as a colorless oil. 

(1S,5S)-5-(3-chloroprop-1-en-2-yl)-2-methylcyclohex-2-en-1-ol (7.3): Rf 0.44 (EA/hexanes = 

1:4);     
   + 34.2 (c 0.77, CHCl3); IR (neat, cm

-1
): 3330, 2941, 2917, 1643, 1449, 1033; 

1
H 

NMR (300 MHz, CDCl3) δ 5.57 – 5.42 (m, 1H), 5.19 (s, 1H), 5.03 (s, 1H), 4.24 (bs, 1H), 4.10 (s, 

2H), 2.63 – 2.44 (m, 1H), 2.30 – 2.12 (m, 2H), 2.03 – 1.86 (m, 1H), 1.82 – 1.70 (m, 3H), 1.63 – 

1.43 (m, 2H); 
13

C NMR (75 MHz, CDCl3) δ 148.7, 136.5, 123.6, 113.9, 70.9, 47.6, 38.2, 36.0, 

31.5, 19.0; HRMS (EI) Calcd for C10H15ClO: 186.0811, Found: 186.0803. 
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To a stirred solution of allylic alcohol 7.3 (5.82 g, 31.3 mmol) in dichloromethane (110 mL) was 

added trichloroacetylisocyanate (4.1 mL, 34.4 mmol) at room temperature over 5 minutes. After 

stirring for 10 minutes methanol (110 mL) and triethylamine (8.3 mL, 59.4 mmol) were added. 

The reaction mixture was stirred at room temperature for another 3 hours and concentrated under 

reduced pressure to give a crude material, which was purified by silica gel column 

chromatography (EA/hexanes = 1:19 → 1:9 → 1:4) to furnish the title carbamate 7.3 (7.05 g, 

98%) as a yellow oil. 

(1S,5S)-5-(3-chloroprop-1-en-2-yl)-2-methylcyclohex-2-en-1-yl carbamate (7.4): Rf 0.33 

(EA/hexanes = 1:4);     
   + 40.8 (c 0.95, CHCl3); IR (neat, cm

-1
): 3486, 3356, 2918, 1705, 

1589, 1372, 1041; 
1
H NMR (600 MHz, CDCl3) δ 5.60 – 5.56 (m, 1H), 5.33 (s, J = 4.4 Hz, 1H), 

5.18 (s, J = 4.8 Hz, 1H), 5.01 (s, J = 9.7 Hz, 1H), 4.85 (d, J = 34.9 Hz, 2H), 4.07 (s, J = 12.9 Hz, 

2H), 2.56 (t, J = 10.2 Hz, 1H), 2.29 (ddt, J = 11.8, 6.0, 2.2 Hz, 1H), 2.24 – 2.16 (m, 1H), 2.00 – 

1.91 (m, 1H), 1.68 (s, J = 8.8 Hz, 3H), 1.59 – 1.51 (m, 1H); 
13

C NMR (150 MHz, CDCl3) δ 

157.1, 148.2, 133.6, 125.3, 114.0, 73.8, 47.4, 36.0, 34.5, 31.3, 18.8; HRMS (EI) Calcd for 

C11H16ClNO2: 229.0870, Found: 229.0870; Anal calcd for: C 57.52, H 7.02, Found C 57.55, H 

6.93. 
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To s stirred mixture of carbamate 7.4 (53 mg, 0.23 mmol) and triethylamine (96 μL, 0.69 mmol) 

in tetrahydrofuran (1.5 mL) was added trifluoroacetic anhydride (48 μL, 0.34 mmol) at 0 °C. The 

reaction mixture was stirred for 10 minutes and then a solution of lithium tert-butoxide in 

tetrahydrofuran (1.0 M, 1.2 mL, 1.2 mmol) was added. After full consumption of the 

intermediate isocyanate (ca. 30 minutes), all volatiles were removed under reduced pressure and 

the residue was subjected to silica gel column chromatography (EA/hexanes = 1:9) to furnish the 

Boc-amine 7.6 (42 mg, 64%) as a white solid. 

tert-butyl ((1R,5R)-5-(3-chloroprop-1-en-2-yl)-2-methylcyclohex-2-en-1-yl)carbamate (7.6): Rf 

0.65 (EA/hexanes = 1:4); mp 102-103 °C (pentane);     
   – 0.8 (c 0.25, CHCl3); IR (neat, cm

-1
): 

3348, 1682, 1524, 1170; 
1
H NMR (600 MHz, CDCl3) δ 5.53 (d, J = 3.4 Hz, 1H), 5.18 (s, 1H), 

4.99 (s, 1H), 4.38 (d, J = 9.0 Hz, 1H), 4.26 (s, 1H), 4.07 (s, 2H), 2.60 – 2.43 (m, 1H), 2.24 – 2.11 

(m, 2H), 1.99 – 1.84 (m, 1H), 1.68 (s, 3H), 1.45 (s, 9H), 1.42 – 1.32 (m, 1H); 
13

C NMR (150 

MHz, CDCl3) δ 155.9, 148.7, 134.9, 124.1, 113.8, 79.4, 51.2, 47.5, 36.6, 36.4, 31.3, 28.6, 19.6; 

HRMS (EI) Calcd for C15H24ClNO2: 285.1496, Found: 285.1493; Anal calcd for: C 63.04, H 

8.46, Found C 63.08, H 8.45. 
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To a stirred solution of carbamate 7.4 (7.04 g, 30.6 mmol) and triethylamine (12.8 ml, 91.8 

mmol) in dichloromethane (200 ml) was added trifluoroacetic anhydride (4.7 mL, 33.6 mmol) at 

0 °C dropwise over 10 minutes, and the reaction mixture was stirred for 30 minutes. Next, the 

mixture was filtered through a 5-inch plug of silica in a column, followed by flushing the silica 

with dichloromethane/petroleum ether (1:1). The resulting solution was concentrated under 

reduced pressure to yield a crude isocyanate intermediate (7.5).  

Meanwhile, to a stirred solution of alkyne 7.8
110

 (14.1 g, 76.5 mmol) in tetrahydrofuran (150 

mL) was added n-butyllithium (24.5 mL, 3.06 mmol) at 0 °C. The resulting mixture was allowed 

to stir for 10 minutes. 

Then, to a stirred solution of a crude isocyanate 7.5 in tetrahydrofuran (150 mL) was cannulated 

a freshly prepared alkynyl lithium species over 30 minutes at -78 °C. After stirring for one hour 

at -78 °C, the mixture was quenched with saturated aqueous ammonium chloride and the 

resulting solids were dissolved by adding a small amount of distilled water. The mixture was 

extracted with ethyl acetate three times, and then the organic extracts were combined and dried 

over sodium sulfate. After filtering, the organic phase was concentrated under reduced pressure 

to yield a crude material, which was purified by suction chromatography (EA/hexanes = 1:19 → 

1:4) furnish amide 7.9 (10.1 g, 83%) as a pale-yellow oil. 

5-((tert-butyldimethylsilyl)oxy)-N-((1R,5R)-5-(3-chloroprop-1-en-2-yl)-2-methylcyclohex-2-en-

1-yl)pent-2-ynamide (7.9): Rf 0.35 (EA/hexanes = 1:4);     
   +139.5 (c 0.41, CHCl3); IR (neat, 

cm
-1

): 3260, 3040, 2953, 2928, 2856, 2243, 1628, 1530, 1471, 1384, 1255, 1105, 910, 837, 778; 
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1
H NMR (400 MHz, acetone-d6), mixture of rotamers (16:1) δ 7.37 (s, 1H), 5.60 – 5.52 (m, 1H), 

5.24 (s, 1H), 5.04 (s, 1H), 4.61 (s, 1H), 4.23 (s, 2H), 3.78 (t, J = 6.7 Hz, 2H), 2.69 – 2.42 (m, 

3H), 2.21 (d, J = 17.0 Hz, 1H), 2.11 (ddd, J = 8.0, 5.8, 2.9 Hz, 1H), 1.99 – 1.86 (m, 1H), 1.63 (s, 

3H), 1.52 (dd, J = 23.5, 12.4 Hz, 1H), 0.90 (s, 9H), 0.09 (s, 6H); 
13

C NMR (100 MHz, acetone-

d6) δ 153.5, 150.2, 135.2, 124.8, 113.9, 84.0, 77.8, 61.9, 50.6, 48.1, 37.8, 36.3, 32.1, 26.3, 23.5, 

19.8, 18.9, -5.1; HRMS (EI): Calculated for C21H34O2NClSi ([M]
+
) 395.2045, found 395.2042; 

Anal calcd for: C 63.69, H 8.65, Found C 63.21, H 8.50. 
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A stirred mixture of secondary amide 7.9 (10.11 g, 25.5 mmol), potassium iodide (2.1 g, 12.8 

mmol), potassium carbonate (7.1 g, 51.0 mmol), and acetonitrile (300 mL) was heated at 90 °C 

for 2 days. Then, the reaction mixture was quenched with saturated aqueous ammonium chloride 

and extracted with ethyl acetate three times. The organic extract was washed with brine and dried 

over sodium sulfate. After filtration, evaporation of the solvent provided a crude material, which 

was purified by silica gel suction chromatography to furnish tertiary amide 7.10 (8.3 g, 91%) as a 

yellow oil. 

5-((tert-butyldimethylsilyl)oxy)-1-((1R,5R)-8-methyl-4-methylene-2-azabicyclo[3.3.1]non-7-en-

2-yl)pent-2-yn-1-one (7.10): Rf  0.44 (EA/hexanes = 1:4);     
   +157.8 (c 0.7, CHCl3); IR (neat, 

cm
-1

): 2953, 2927, 2855, 2242, 1625, 1441, 1418, 1317, 1249, 1226, 1111, 837, 778; 
1
H NMR 

(300 MHz, CDCl3), mixture of rotamers (1.73:1), δ 5.68 (s, 1H), 5.07 – 4.45 (m, 4H), 3.97 – 3.36 

(m, 3H), 2.72 (s, 1H), 2.58 (td, J = 6.8, 1.2 Hz, 2H), 2.52 – 2.37 (m, 1H), 2.08 – 1.94 (m, 1H), 

1.89 – 1.75 (m, 2H), 1.68 (d, J = 11.7, 2.1 Hz, 3H), 0.89 (s, 9H), 0.07 (s, 6H): 
13

C NMR (75 

MHz, acetone-d6), mixture of rotamers (1.76:1) δ 152.8, 148.4, 147.9, 132.2, 131.9, 126.6, 126.4, 

110.0, 109.6, 90.7, 90.5, 75.7, 75.6, 61.9, 53.1, 48.7, 47.0, 43.0, 35.9, 35.8, 33.1, 33.1, 33.0, 32.3, 

26.3, 23.9, 21.6, 21.4, 18.9, 18.9, -5.0, -5.1. HRMS (EI): Calculated for C21H33O2NSi ([M]
+
) 

359.2280, found 359.2275. 
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To a stirred solution of alkyne 7.10 (1.15 g, 3.20 mmol) in tetrahydrofuran (50 mL) were 

successively added tetrakis(triphenylphosphine)palladium(0) (145 mg, 0.13 mmol) and 

tributylstannane (0.94 mL, 3.48 mmol) at room temperature. After stirring for 10 minutes, 

volatiles were removed, and the resulting crude material was purified by silica gel column 

chromatography (EA/hexanes = 1:19 → 1:9) to furnish the title alkenyl stannane 7.11 (1.96 g, 

94%) as a colorless liquid. 

(E)-5-((tert-butyldimethylsilyl)oxy)-1-((1R,5R)-8-methyl-4-methylene-2-azabicyclo[3.3.1]non-7-

en-2-yl)-2-(tributylstannyl)pent-2-en-1-one (7.11): Rf 0.46 (EA/hexanes = 1:9);     
   + 23.8 (c 

0.86, CHCl3); IR (neat, cm
-1

): 2955, 2926, 2855, 1647, 1617, 1405, 836; 
1
H NMR (300 MHz, 

CDCl3), mixture of rotamers (1:1), δ 5.88 – 5.59 (m, 2H), 5.11 (s, 1H), 4.72 (s, 1H), 4.61 (s, 1H), 

4.14 (d, J = 14.7 Hz, 1H), 3.91 – 3.55 (m, 3H), 2.68 (s, 1H), 2.53 – 2.34 (m, 1H), 2.20 (2 

rotameric singlets, 2H), 1.95 (d, J = 16.0 Hz, 1H), 1.83 – 1.74 (m, 2H), 1.70 (s, 3H), 1.57 – 1.44 

(m, 6H), 1.37 – 1.22 (m, 6H), 1.02 – 0.83 (m, 24H), 0.03 (s, 6H); 
13

C NMR (75 MHz, CDCl3) δ 

172.1, 147.6, 141.8, 138.5, 132.0, 125.4, 108.9, 62.3, 47.3, 45.7, 35.2, 32.7, 29.0, 27.5, 26.1, 

21.7, 18.4, 13.8, 12.5, 10.3, 8.1, -5.2; HRMS (EI) Calcd for C33H60NO2SiSn
+
 ([M-H]

+
): 

650.3422, Found: 650.3422; Anal calcd for: C 60.92, H 9.45, Found C 60.65, H 9.70. 
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To a stirred solution of alkenyl stannane 7.11 (2.15 g, 3.3 mmol) in dichloromethane (75 mL) 

was added iodine (0.84 g, 3.3 mmol) at room temperature. After stirring for 30 minutes, the 

excess iodine was quenched with 20% aqueous sodium bisulfite. The layers were separated, and 

the aqueous layer was extracted with dichloromethane once. The combined dichloromethane 

layers were dried over sodium sulfate. After filtration, removal of the solvent under reduced 

pressure provided a crude material, which was purified by silica gel column chromatography  

(SiO2:K2CO3 = 9:1 (w/w); EA/hexanes = 1:9) to furnish vinyl iodide 7.12 (1.4 g, 87%) as a 

colorless oil. 

(E)-5-((tert-butyldimethylsilyl)oxy)-2-iodo-1-((1R,5R)-8-methyl-4-methylene-2-azabicyclo[3.3. 

1]non-7-en-2-yl)pent-2-en-1-one (7.12): Rf 0.44 (EA/hexanes = 1:9);     
   +40.4 (c 1.19, 

CHCl3); IR (neat, cm
-1

): 2954, 2927, 2855, 1631, 1419, 1215, 1094, 835, 777; 
1
H NMR (300 

MHz, acetone-d6), mixture of rotamers (2.48:1), δ 6.37 (t, J = 14.7, 8.0 Hz, 1H), 5.69 (s, 1H), 

4.96 – 4.69 (m, 3H), 4.28 – 4.01 (m, 1H), 3.85 (s, J = 28.2 Hz, 1H), 3.70 (dt, J = 13.3, 6.6 Hz, 

2H), 2.80 – 2.72 (m, 1H), 2.58 – 2.42 (m, J = 18.6, 5.6, 2.7 Hz, 1H), 2.38 – 2.16 (m, 2H), 2.02 – 

1.63 (m, 6H), 0.90 (s, 9H), 0.06 (s, J = 2.0 Hz, 6H); 
13

C NMR (75 MHz, acetone-d6), mixture of 

rotamers (2.48:1), δ 165.4, 140.7, 132.0, 127.4, 110.1, 62.21, 48.6, 43.6, 36.9, 35.8, 35.7, 33.1, 

32.9, 26.3, 21.8, 18.8, -5.2; HRMS (EI): Calculated for C21H34O2NISi ([M]
+
) 487.1402, found 

487.1398. 
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A mixture of vinyl iodide 7.12 (2.34 g, 4.8 mmol), tetrakis(triphenylphosphine)palladium(0) (55 

mg, 0.048 mmol), and triethylamine (3.3 mL, 24 mmol) in degassed N,N-dimethylformamide (60 

mL) was heated at 100 °C for 10 minutes. Then, the reaction mixture was filtered through a thin 

pad of Celite
®
 with excessive diethyl ether washings. The filtrate was then washed with water 

three times and dried over sodium sulfate. After filtration, evaporation of the solvent under 

reduced pressure provided a crude material, which was purified by silica gel column 

chromatography (EA/hexanes = 1:9 → 1:4) to furnish the desired tricycle 7.13 (1.54 g, 89%) as a 

yellow oil. 

(3aR,6S,7aR,Z)-3-(3-((tert-butyldimethylsilyl)oxy)propylidene)-3a-methyl-8-methylene-3a,6,7, 

7a-tetrahydro-1,6-ethanoindol-2(3H)-one (7.13): Rf 0.4 (EA/hexanes = 1:4);     
   + 2.2 (c 1.66, 

CHCl3); IR (neat, cm
-1

): 3071, 2928, 2856, 1691, 1401, 1094, 836; 
1
H NMR (600 MHz, CDCl3) 

δ 5.87 (dd, J = 7.5 Hz, 1H), 5.69 (ddd, J = 9.4, 6.7, 1.3 Hz, 1H), 5.04 (d, J = 9.5 Hz, 1H), 4.79 (d, 

J = 15.6 Hz, 2H), 4.59 (d, J = 16.2 Hz, 1H), 3.74 – 3.65 (m, 3H), 3.61 (dt, J = 16.2, 2.4 Hz, 1H), 

2.97 – 2.79 (m, 3H), 2.09 – 2.02 (m, 1H), 1.80 (dd, J = 13.6, 3.5 Hz, 1H), 1.20 (s, 3H), 0.89 (s, J 

= 2.6 Hz, 9H), 0.05 (s, J = 2.9 Hz, 6H); 
13

C NMR (150 MHz, CDCl3) δ 170.9, 144.6, 138.5, 

131.5, 131.0, 130.4, 109.4, 63.0, 57.7, 48.3, 40.9, 34.9, 30.8, 26.1, 22.9, 18.6, 18.5, -5.1; HRMS 

(EI) Calcd for C21H33NO2Si: 359.2281, Found: 359.2281. 
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To a stirred solution of α,β-unsaturated lactam 7.13 (2.81 g, 7.81 mmol) in methanol (30 mL) 

was added 1 drop of concentrated hydrochloric acid at room temperature. After stirring for 5 

minutes, magnesium turnings (1.4 g, 58.5 mmol) were added in three equal portions over 3 

hours. After stirring for 1 additional hour, the reaction mixture was quenched with 5M aqueous 

hydrochloric acid and extracted with ethyl acetate five times. The combined organic extracts 

were dried over sodium sulfate. After filtration, removal of the solvent under reduced pressure 

provided a crude material, which was purified by silica gel column chromatography (EA only) to 

yield alcohol 7.14 (1.42 g, 74%) as a yellow oil. 

(3S,3aR,6S,7aR)-3-(3-hydroxypropyl)-3a-methyl-8-methylene-3a,6,7,7a-tetrahydro-1,6-ethano-

indol-2(3H)-one (7.14): Rf 0.2 (EA);     
   

-180.0 (c 0.87, CHCl3); IR (neat, cm
-1

): 3415, 3068, 

3020, 2930, 2868, 1676, 1438, 1412, 1388, 1317, 1062, 886, 542; 
1
H NMR (300 MHz, CDCl3) δ 

5.90 – 5.72 (m, 1H), 5.25 (d, J = 9.9 Hz, 1H), 4.81 (d, J = 5.7 Hz, 2H), 4.54 (d, J = 16.3 Hz, 1H), 

3.71 (d, J = 4.8 Hz, 1H), 3.68 – 3.58 (m, J = 9.3, 5.4 Hz, 2H), 3.52 (d, J = 16.3 Hz, 1H), 3.25 (s, 

1H), 2.93 (s, 1H), 2.25 – 2.13 (m, 1H), 2.07 – 1.94 (m, 1H), 1.90 – 1.71 (m, 2H), 1.69 – 1.58 (m, 

2H), 1.52 (dt, J = 27.5, 7.2 Hz, 1H), 1.17 (s, 3H);
 13

C NMR (75 MHz, CDCl3) δ 179.3, 144.4, 

132.8, 127.3, 109.6, 61.1, 58.7, 52.0, 48.2, 40.4, 35.4, 32.8, 22.7, 20.1, 19.6;
 
HRMS (EI): 

Calculated for C15H21O2N ([M]
+
) 247.1566, found 247.1567. 
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