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Overview 

 
Phenolic compounds commonly referred as polyphenols or phenols are secondary 

metabolites occurring widely in food plants, and indispensible quantity is consumed in 

our daily dietary. Structurally, phenolics can be defined as bioactive substances which 

include an aromatic ring, bearing one or more hydroxyl substituents, possessing 

functional derivatives such as esters, methyl ethers, and glycosides, etc.
1) 

Over the past 

few decades, our lab has been looking into the development of the synthesis and 

utilization of dearomatized phenols as well as their applications toward natural products 

synthesis from phenols,
2)

 whereby, a wide array of quinone-type compounds have been 

reported via chemical oxidations by treatment with organic oxidants, specifically 

phenyliodine(III) diacetate (PhI(OAc)2, PIDA) and phenyliodine(III) bis(trifluoroacetate) 

(PhI(OCOCF3)2, PIFA) in suitable alcohol solvents from corresponding phenols, which 

have emerged as a straightforward and attractive strategy in recent years (Scheme 1).
3)

 

 

Scheme 1 

 

Quinone-type compounds ubiquitously exist in nature and are frequently included in 

commercial and industrial chemicals of many broad and attractive applications. As a 

result, these quinone-type compounds are of importance in organic chemistry as 

synthetic intermediates and building blocks.
4,5)

 Regarding the reactivity, many types of 

reactions based on the unsaturated enone structure as versatile electrophiles, especially, 

for various nucleophiles and dienophiles in cycloadditions, have been developed. At the 

same time, some chemo- and regio-selective issues toward all the ring carbon arise due 

to the presence of the two carbonyl functionalities and enone units, sometimes limiting 

the utility of quinones themselves in organic synthesis.  

app:ds:indispensible
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Issues for realization toward high levels of chemo- and regio-selectivity have always 

been the Achilles’ heel of synthetic organic chemistry.
6)

 The achievements of 

regio-specific strategy for partitioning between the accessible reaction pathways mainly 

involve the controlling strategies via efficient reagents or modification of the substrates. 

Therefore, as one of the promising solutions to the selectivity issues, quinone 

monoacetals (Figure 1, QMAs 1), the mono-protected quinone compounds, bearing not 

only-unsaturated carbonyl but also allylacetal moieties in one skeleton, have already 

appeared for differentiating the reactivity of the two same carbonyl functional groups.
7)

 

The desymmetrized quinones would serve as a useful alternative for selective chemical 

transformations in controlling the reactivity of quinones, and thus are frequently called 

‘‘masked’’ quinones where
 
only one carbonyl moiety of the enone unit is protected from 

the additions by nucleophiles and dienophiles, which could be severed as a potentially 

regio-specific quinone equivalents in synthetic utilities and naturally occurring 

compounds, for instance, pterocarpan type compound, such as maackiain, 

physostigmine, defucogilvocarcin M, and aranorosin (Figure 1).
8)

 

 

Figure 1 

 

Owing to the uniqueness of the privileged bifunctional structure of QMAs based on 

the ,-unsaturated carbonyl and allylacetal moieties in one skeleton as well as their 

easy and efficient preparations, the rising interest in the development of utilization of 

QMAs 1 in chemical reactions has been fuelled since the 1970s. For nucleophiles, a 
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wide array of reactivities toward the enone moieties of QMAs 1 was already revealed to 

produce the addition reactions, the fundamental theories of which had been extensively 

studied from 1970 to the 1990s, concluding that the nature of the used hard and soft 

nucleophiles is the dominant factor that alters the reactivities toward enone group.
9, 10)

 

For instance, additions to the carbonyl carbon (i.e., 1,2-addition) with the treatment of 

alkyllithium as a hard nucleophile (eq 1, Scheme 2),
9a)

 or the conjugated additions to an 

enone moiety (1,4-addition) using dialkylzinc reagent as a soft nucleophile (eq 2, 

Scheme 2),
10a)

 as well as other extended cyclizations involving these processes.
11 

 

Scheme 2 

 

Besides these addition reactions, it seems that QMAs 1, in principle, can enjoy the 

reactivity of the allylacetal functionalities. However, in sharp contrast to the established 

addition chemistry of QMAs regarding the reactivity at the enone moieties, strategies 

for utilizing the allylacetals as an electrophilic unit for substitution reactions were 

rarely reported,
12-16)

 except for the intramolecular reactions
17)

 and well-known acetal 

deprotection by hydrolysis (Scheme 3).  

 

Scheme 3 
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One of the typical reports of the substitution for QMAs under basic conditions was 

demonstrated for introducing the nucleophile to some extent to the allylic position of 

QMAs 1 with the treatment of the allylindium reagents (In/allyl bromide) only via the 

1,2-addition of the organometallic species to the carbonyl group followed by 

rearrangement (eq 1, Scheme 4).
13b) 

However, the attractive reactivity of QMA 1a for 

allylic substitution promoted by the acidic activator of diethylaluminum chloride 

(EtAlCl2) was demonstrated for few substrates by Sartori’s group, who proposed the 

pseudo-intramolecular SN2’ process via coordination of the aluminum Lewis acid to 

both the acetal and the phenol nucleophile as a rare example (eq 2, Scheme 4).
14a) 

 

 

Scheme 4 

 

In contrast to these partial successes, this thesis principally deals with the 

achievements of novel strategies for developing the chemo- and regio-selective 

substitution reactions of QMAs 1 with soft and neutral nucleophiles based on the 

screening of more suitable catalysts under the acidic conditions. To summarize, the 

following results are newly obtained in this research field.  

 

(1) An efficient Brønsted acid-controlled strategy for the [3 + 2] coupling approach of 

QMAs 1 with a series of alkene nucleophiles 2 has been successfully developed 

(Scheme 5). The strategy is triggered by the particular use of a specific acid promoter, 

perfluorobenzoic acid (PFBA), in situ generation by the coordination of the hydrogen 

bond donor solvent, that is 1,1,1,3,3,3-hexafluoro-isopropanol (HFIP). With the 
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stoichiometric amount of PFBA, the reaction could smoothly proceed with high 

regio-specificity regarding QMAs 1 for introducing the-nucleophiles 2 toward only 

the allylic positions, providing diverse dihydrobenzofuran products and other 

derivatives 3 with high to quantitative yields under mild conditions in short reaction 

times (Chapter I).
18a) 

 

Scheme 5 

 

(2) Aiming at realizing this [3 + 2] coupling reaction in a catalytic way, a further part of 

our ongoing investigation with regard to the acid tuning has led to finding of an 

excellent catalytic perfluorinated acid catalyst, which advances our original 

stoichiometrically controlled couplings to render catalysis of the acid at lower than 5 

mol% loading together with the significantly improved stoichiometry of the alkenes 2 

lowering to 1.2 equiv. (Scheme 6). The minimal loading of the acid alternative and the 

save of the amounts of substrates have made this coupling very fascinating from a 

practical view (Chapter II).
18b)

 

 

Scheme 6 

 

 

app:ds:simultaneously
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(3) Despite the high performances of the perfluorinated acid for this [3 + 2] coupling 

reaction, the used acid catalyst is usually considered to be a waste material after the 

reactions. To overwhelm this backdrop, a unique solid proton catalyst, so we called 

PS-PFBA, immobilizing PFBA sites on the polystyrene backbones was successfully 

prepared and applied as an efficient and reusable solid acid for our controlled 

activations of QMAs 1 for giving the desired [3 + 2] coupling cycloadducts and other 

coupling products with a similar efficiency to the homogeneous counterpart, PFBA 

(Scheme 7). The prepared catalyst is highly stable for additional multiple runs without 

any loss of activity (Chapter III and IV).
18c)

   

 

Scheme 7 

 

(4) Finally, this novel [3 + 2] coupling approach also shows potency of the extensive 

applications for the concise synthesis of key modules of phenol and indole-derived 

natural products, as well as the regio-controlled benzofuran functionalized oligomers 

(Scheme 8) (Chapter V).   

 

Scheme 8 
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Results and Discussion 

Chapter I. Studies on Controlled Coupling at Allylacetal Moiety of QMAs  

Despite the partial success mentioned early works, the limited range of usable 

nucleophiles under acidic conditions, which typically have lower nucleophilicities than 

the basic reagents, significantly restricted the scope of the attractive substitution strategy 

to the allylacetal moiety of QMAs. For expanding the utility, new challenges for 

developing the substitution reactions of QMAs have thus appeared in recent years by 

several research groups including us based on the screening of more suitable 

activators.
12-16) 

 

At this stage, we first hypothesized the strategy of this regio-specific allylic coupling 

reaction particularly for the introduction of several soft nucleophiles to QMAs 1 on the 

behave of the in situ controlled reagent of specifically bulky acid promoters by the 

coordination of the methoxy group of the acetal unit via the shielding effect, whereby 

the nucleophiles would reasonably attack to the less hindered carbon site (which refers 

to the -position of the allylacetal moiety) remote from the sterically congested 

-position of allylacetal unit and acetal carbon itself (via pseudo-SN2’ pathway) 

(Scheme 9), which is remarkably different to the known phenoxenium ion intermediates 

by an SN1 leaving manner (Scheme 10). 

   

Scheme 9 

 

Scheme 10 

app:lj:%E5%B0%A4%E5%85%B6?ljtype=blng&ljblngcont=0&ljtran=particularly
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In this course, we recently reported a new method of QMAs 1 with aromatic 

nucleophiles to obtain oxygenated biaryls which is catalyzed by a solid acid catalyst, 

montmorillonite K-10 (MT K-10) clay, in a specific solvent, that is 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP) as a rare example for enabling the 

substitution under acidic conditions (Scheme 11). The montmorillonites are known to 

consist of higher order 2D and 3D clusters of silicate anions with nanospaces between 

their layers, in which a number of protons (H
+
) are absorbed along with the sheet-like 

polyanions.
footnote 2

 The unusual protons captured in the interlayers of the solid acids 

could possibly be considered as a special Brønsted acid activator to generate charged 

species that are effectively stabilized by the soft poly-anion counterparts. It is thus 

assumed that the charged intermediate can react with an aromatic nucleophile in the 

allylic manner at the less hindered carbon opposite to the acetal, rather than the 

sterically blocked tertiary acetal carbon under such reagent control. It should also be 

noted that the polar medium fluoroalcohol,
footnote 3

 HFIP, with high hydrogen bond donor 

ability,
20,21)

 matches the proposed activation mode of the MT clay toward the QMA, 

probably as a charge-stabilizing polar medium, which thus give the biaryl products in up 

to 90% yield with high efficiency and broad applicability.  

                                                                                        
footnote 2  Montmorillonite with the chemical structure  

(Na, Ca)0.33(Al, Mg)2Si4O10(OH)2･nH2O, is a very soft 

phyllosilicate group of minerals that typically form in  

microscopic crystal, forming a clay. It is a member of  

the smectite family, a 2:1 clay, which means that it has 

two tetrahedral sheets sandwiching a central octahedral 

sheet, in which the cationic species can be easily replaced by other metal cations and these 

ion-exchanged montmorillonites have great potential as solid acid catalysts for many 

environmental friendly reactions because the selection of different cations enables tuning of 

their acidity, among which the sulfuric acid-treated montmorillonite, K10 has been widely used 

as a suitable solid acid catalyst in some carbon-carbon bond-forming reactions from a viewpoint 

of synthetic organic chemistry.
19)

 

footnote 3
 The fluoroalcohol, i.e., 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) with highly polar 

[ET(30) = 69.3], but low nucleophility [N = -4.23], are the unique solvent that exhibit a high 

ionizing power with a pKa [9.3 (HFIP)] higher than that of acetic acid [pKa = 5.2]. In addition, 

HFIP also has quite excellent hydrogen bond donor abilities [= 1.96].
20, 21)

  

 

http://en.wikipedia.org/wiki/Silicate_minerals
http://en.wikipedia.org/wiki/Crystal
http://en.wikipedia.org/wiki/Clay_mineral
http://en.wikipedia.org/wiki/Tetrahedral
http://en.wikipedia.org/wiki/Octahedral
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Scheme 11 

 

 

Section I. Brønsted Acid-Controlled [3 + 2] Coupling of QMAs with Alkene 

Nucleophiles 

Encouraged by the remarkable activation behaviour of the controlled reagent of 

montomorillonite K-10 with hydrogen bond donor, HFIP, in the oxygenated biaryls 

coupling reaction of QMAs 1 with aromatic nucleophiles (vide supra),
19i, 19j)

 extensive 

investigation of this attractive strategy was anticipated. We have now envisioned that 

the use of the bifunctional molecules of QMAs 1 for other carbon-carbon bond 

transformation with other potential soft nucelophiles, in particular among which the 

unactivated alkene nucleophiles for the formal [3 + 2] coupling via substitution with the 

resulting formation of dihydrobenzofurans 3 would probably be possible by further 

probing the appropriate acid activator and condition. Herein, the investigations for the 

[3 + 2] coupling of QMAs 1 with a series of alkene nucleophiles 2 by screening of the 

stoichiometric acid activator by the aid of the the polar medium solvent, fluoroalcohol, 

was first carried out (Table 1). 

We initially examined the [3 + 2] coupling of the QMA 1a with allyltrimethylsilane 

2a
22)

 in our reported system along with montmorillonite (MT) or a stoichiometric 

amount of acetic acid in a mixed solvent with HFIP (Table 1, entries 1 and 9). These 

reactions indeed produced the coupling adduct, dihydrobenzofuran 3aa, to some extent 

(61% and 19%, respectively) at room temperature, but the reactions were very slow 

and required long times to consume all the starting QMA 1a.
footnote 4

 Considering the 

pKa values, several types of Brønsted acids involving a series of carboxylic acids were 

                                                                                        
footnote 4  The [3 + 2] coupling utilizing MT clay

16a)
 and acetic acid

16b)
 in ordinary solvents were 

reported as reaction initiators, but these seem to be usable only for a limited number of 

extremely activated alkenes, i.e., vinyl sulfide and electron-rich chromenes. 
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systematically evaluated. The results indicated that only the carboxylic acids with 

suitable acidic proton strength
23)

 showed good performance in order to develop the  

 

Table 1. Effects of the Stoichiometric Acid Activators for [3 + 2] Coupling Reaction 

 

 

coupling, among which pentafluorobenzoic acid (PFBA; pKa: ca. 1.5-1.6)
footnote 5

 

especially gave the most promising results regarding not only the product yield (90%) 

but also the observed production rate and reaction purity, while lowering the 

temperature to 0 
o
C (entry 5). Otherwise, incomplete conversions of the QMA 1a were 

usually observed for the less acidic activators (entries 7-9), while the stronger acids, 

such as trichlorobenzoic and phthalic acids (entries 4 and 6), would considerably 

decompose QMA 1a, resulting in poorer yields of the product 3aa. In particular, 

trifluoroacetic acid produced the dihydrobenzofuran 3aa in an acceptable yield (entry 

3), but formation of quinone as well as some byproducts derived from the background 

polymerization of the used alkene 2a was accompanied by the acid and much stronger 

                                                                                        

footnote 5 The pKa order of the tested acids is as follows: AcOH, C6H5CO2H > 4-NO2C6H4CO2H >          

C6F5CO2H > 2,4,6-Cl-C6H2CO2H, phthalic acid > CF3CO2H > MeSO3H > CF3SO3H.                                               
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methanesulfonic acid (entry 2), which is recognized as a serious problem for future 

expansion of the scope of the QMAs 1 and alkenes 2.
24) footnote 6

 Some Lewis acids, 

such as boron trifluoride and trimethylsilyl triflate, are known instead to induce the 

conjugated addition
10h)

 and [5 + 2]-type cyclization
15)

 for QMAs 1a and thus did not 

produce the desired [3 + 2] coupling as expected. 

Due to the good results provided by the perfluorobenzoic acid, we conducted further 

optimizations of the [3 + 2] coupling. Notably, HFIP has an indispensable role in this 

new coupling system because the consumption of the QMA 1a by pentafluorobenzoic 

acid in other solvents was very slow (entries 10-12), and product 3aa would not 

smoothly form, even in the parent but less polar and weaker hydrogen bond donor, 

2,2,2-trifluoroethanol (TFE, entry 10).
 

Therefore, the combined use of the 

perfluorobenzoic acid in HFIP is highly important to achieve an effective reaction.  

To sum up, from these observations, we determined the standard conditions for the [3 

+ 2] coupling of QMAs 1 to be optimized as the use of 2 equiv. of alkene nucleophiles 2 

in the presence of 1 equiv. of the acid promoter, PFBA, in a mixed solvent system of 

HFIP and DCM (Scheme 12). 

 

Scheme 12 

 

 

 

 

 

Section II. Synthesis of Various Dihydrobenzofuran Derivatives via Controlled [3 + 

2] Coupling toward Alkene Nucleophiles 

With the established conditions in hand, the scopes of both extensive QMAs 1a-i for 

the formation of various dihydrobenzoruan derivatives toward 2b as the counterpart was 

then evaulated. Many types of the QMAs 1a-i were applicable in our coupling and 

afforded the corresponding dihydrobenzofurans 3 in up to quantitative yield (Table 2).  

                                                                                        
footnote 6 Polymerization of styrenes 2 can occur in the presence of strong Brønsted acids.

24)  
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Table 2. Scope of the QMAs 1: Representative Examples 

 

 [a] Isolated yields of the products 3 after purification by column chromatography. [b] 2 equiv. of 

the acid activator and 3 equiv. of styrene 2a were used. 
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The reactions occurred quite regio-selectively at the less hindered position of the 

carbonyl in the QMAs. The tert-butyl substituent at the neighboring position of the 

acetal in the QMA 1c somewhat hampered the substrate reactivity due to its steric 

demand (entry 3). The QMAs possessing the substituents of halogen 1e and a tert-butyl 

moiety 1f could afford the cyclized coupling products 3eb and 3fb with high 

conversions (entries 5 and 6). The formations of the desired cycloadducts 3gb and 3ib 

were achieved in excellent yields from naphthalene QMAs 1g and 1h (entries 7 and 8). 

Gratefully, the valuable indoline compound 3ib could also be obtained from 

iminoquinone acetals 1i without optimization (entry 9). Such oxygenated indoline 

structures are found in the natural products showing several interesting biological 

activities, such as physostigmine and esermethole.
25) 

Subsequently, the scope of the reactions regarding the various alkene coupling 

partners 2 was investigated by employing QMA 1a as a unified reaction substrate 

(Table 3). Fortunately, alkenes 2a-i, having either electron–donating or withdrawing 

substituents (entries 1-8), could smoothly react with the QMA 1a without significant 

alteration of the reaction efficiencies. Especially, the trans-isomer of the 

dihydrobenzofuran was solely obtained from the trans-styrene 2g. The cyclic styrene 2h 

was also applicable to the construction of the fused dihydrobenzofuran structure in the 

product 3ah found in the pterocarpan-type natural products (entry 7).
26) footnote 7

 The use 

of these alkenes 2 as nucleophiles could afford the corresponding dihydrobenzofurans 3 

only in this strategy, while the reported oxidative cyclization methods starting from 

phenols were somewhat troublesome in terms of the yields to obtain the same products 

3.
27)

 Additionally, the vinyl sulfide 2i was also the appropriate nucleophile, giving the 

cyclized O,S-acetal 3ai in good yield (entry 8).
footnote 8

 

 

 

 

                                                                                        
footnote 7 The member of widely distributed isoflavanoid families showing a broad spectrum of 

biological properties including sharp responses to fungal infections, COX-2 inhibition, 

antitumor, LDL-antioxidant, anti-HIV, and anti–snake venom activities.
26), 8a) 

footnote 8 The cyclized O,S-acetal 3ai could also be utilized for production of the benzofuran 4 as a 

synthetic module. 
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Table 3. [3 + 2] Coupling of Various Alkenes 2a-i Toward QMA 1a
 

[a] See the footnote in Table 2 for the reaction conditions. 2 equiv. of alkenes 2a-i were used for the 

reactions. [b] Performed at 0 
o
C. [c] Only trans isomer produced. 
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On the other hand, while treating the five- and six-membered exo-methylene 

compounds 2j and 2k in excess amounts under the optimized conditions, the two types 

of ring-sized spirocyclic dihydrobenzofurans 3aj and 3ak could be successfully 

afforded with comparable results, respectively (Scheme 13).
28) footnote 9

 

 

Scheme 13 

 

In first conclusion, we have successfully achieved the [3 + 2] coupling of the QMAs 

1 with various alkenes 2 on the basis of a new allylic substitution strategy promoted by 

the stoichiometric amount of perfluorobenzoic acid activator (PFBA) and the hydrogen 

bond donor, HFIP, affording the final dihydrobenzofuran and other derivatives in good 

to quantitative yields. 

 

Section III. Mechanistic Considerations 

1.3.1 A Plausible Reaction Mechanism 

It has been reported that some QMAs 1 would induce [5 + 2] cyclizations with 

alkenes upon acid treatment.
15)

 For the QMA 1d, the generation of the phenoxenium 

ion
29)

 was reported during the mechanism to exclusively lead to the [5 + 2] cyclization 

by the trapping with styrene 2b, giving rise to the product 5 (Scheme 14).
15c)

 However, 

in our reaction system the [5 + 2] adduct 5 would not be produced at all in the presence 

of the same substrate 1d, which indicated that our conditions cannot apparently produce 

the phenoxium ions. Herein, as illustrated in Scheme 14, we hypothesize that our [3 + 2] 

coupling of the QMA 1a would instead involve the charged QMA species A associated 

                                                                                        
footnote 9 These ring-sized spirocyclic compounds are known to be potentially useful in 

consideration of the ubiquitous nature of the spirocyclic structures in natural products showing 

interesting biological activities and of unique physical properties, such as for optoelectronics 

and asymmetric ligands for catalytic synthesis.
28) 
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with the acid species in situ generation of the combined acid in equilibrium by the 

coordination of the hydrogen bond donor solvent, HFIP, as the more stable charged 

intermediacy A. 

 

Scheme 14 

 

To further prove the existence of our proposed charged QMA species A, the 

following control experiments with an extra addition of 1 equiv. as well as even 5 equiv. 

of water were conducted under our optimized reaction conditions, against the reactive 

and unstable phenoxenium ions having low moisture tolerability. As expected, our [3 + 

2] coupling of the QMAs 1a with addition of water did not cause a remarkable decrease 

in the product yields probably due to the intermediacy of the more stable charged QMA 

species A (Scheme 15), while phenoxenium ions generated under the known 

conditions
15d)

 underwent competitive quinone formation by hydrolysis of the acetals in 

the presence of water (SN1 pathway). 

 Scheme 15 

 

After confirmation of the QMA charged species A, we subsequently proposed the 

plausible mechanism for the [3 + 2] coupling reaction using QMAs 1a and alkene 
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nucleophile 2a as the representative coupling substrates (Scheme 16).  

 

Scheme 16 

 

The initiation step concerns the charged QMA A associated with the combined acid 

species of perfluorobenzoic acid and hydrogen bond donor, HFIP. Pre-activation of the 

Brønsted acid might first occur by the coordination of HFIP to the Lewis basic 

functionality of the carbonyl group of the acid (Brønsted acid activation by HFIP).
21)

 

The charged QMA A could then react with -nucleophile 2a at the allylic carbon of the 

ring structure, rather than the sterically encumbered tertiary acetal carbon atom. The 

pseudo-SN2’-like introduction of the nucleophile 2a by the reagent control could afford 

the keto-type intermediate B, which simultaneously cyclized at the carbonyl moiety of 

the QMA with accompanying aromatization as a driving force. The stepwise 

constructions of the carbon-carbon and carbon-oxygen bonds between the QMA 1a 

and-nucleophile 2a would lead to the formation of the formal [3 + 2] coupling product, 

dihydrobenzofuran 3aa. Apparently, the high polar fluoroalcohol is a good match for the 

solvation of all the charged reaction intermediates. 

Finally, to prove the intermediary of the pre-cyclized keto-type tautomer B, we 

presented the following experiment using the Z-type styrene 2l for the coupling 

(Scheme 17). In fact, the reaction of the QMA 1a and cis-methyl styrene 2l produced 

the corresponding cyclized products 3al as a regio-mixture with an about 30:70 ratio of 

cis- and trans-dihydrobenzofurans. One can easily accept that this observation clearly 
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supports the involvement of the pre-cyclized cationic intermediate B, in which the free 

rotation of the C-C bonds competitively occurred to the cyclizations to form the more 

thermodynamically-favored latter trans-isomer rather than the cis-3al. 

 

Scheme 17 

 

1.3.2 Comparison with Other Methods 

In comparison, we summarize the differences of the reaction pathways between our 

proposed reaction mechanism under acidic conditions and other representative allylic 

substitutions of QMAs 1 under basic or neutral conditions, in order to clarify the 

uniqueness of our pseudo-SN2’ reaction mechanism more concrete. 

So far, with regard to the other limited strategies promoted under basic and neutral 

conditions, the first report of an allylic substitution reaction for QMAs 1 with the 

methyl Grignard reagent (MeMgI) was presented by Coutts and Hamblin over 30 years 

ago to give the rearomatized diphenyl phenol ether in some extent, where the reaction 

favored the unusual substitution course due to the formation of the stable magnesium 

phenoxide consisting of the organometallic reagent and the specific acetal leaving group 

(Scheme 18, eq 1).
12)

 Indeed, the introduction of an excellent leaving group, such as the 

carboxyl group, at the acetal part in some stable and/or electron-deficient QMAs could 

be promising to bias the reactivity of QMAs for substitution versus the 

above-mentioned addition preference (eq 2).
30)

 However, some of the reactive QMAs 

are too unstable to smoothly handle and 1,3-rearrangement of the acetal methoxy group 

in a methanol solution might occur via the allylic substitution pathway (eq 3).
31)

  

Although these strategies are useful for directing the reaction to the substitution 

course under basic and neutral conditions, they might not perfectly eliminate the 

competitive addition processes and not be applicable to simple and readily accessible 

QMAs as well as extended nucleophiles. 

 



19 

 

 

Scheme 18 

Very recently, a SN2’ displacement and cyclizing substitution for the introduction of 

electron-rich arenes to QMAs similar to that of us has recently been nicely described by 

Porco et al., who investigated the ABCD ring construction of kibdelones using a novel 

arylation to produce a complex biphenyl adduct in moderate yield.
14b) footnote10

 
 

                                                                                        

footnote10 This unique arylative substitution could proceed by the action of inorganic platinum(IV) 

catalysts in the presence of an appropriate amount of water, whereas a number of other screened 

metal salts as well as Brønsted and Lewis acids did not similarly work so well for the reaction.
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In summary, after the extensive mechanistic considerations and investigation of this 

[3 + 2] coupling reaction including the comparison with other methods, the mechanism 

of which has been rationalized to principally involve the concerted pseudo-SN2’ 

interaction reacted on the tertiary acetal moiety of QMAs 1 with nucleophilic alkenes 2 

in situ generation of the acitivated acid species of specific acid (PFBA) in equilibrium 

by the undesired involvement of coordination of the hydrogen bond donor solvent, 

fluoroalcohol, at first rather than the 1,2-addition to the carbonyl group followed by 

rearrangement (aforementioned as an example in eq 1, Scheme 4,)
13b)

 or through the 

known phenoxenium ions by an SN1 leaving manner (mentioned above, Scheme 14)
15d)

, 

and then to stepwisely construct the carbon-carbon and carbon-oxygen bonds for 

cyclizing, leading to the diverse thermo dynamically-favored dihydrobenzofurans 3 and 

other derivatives. 
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Chapter II. Controlled [3 + 2] Coupling Reaction of QMAs in a Catalytic System  

Despite the general success of the results in this [3 + 2] coupling reaction (vide supra), 

there still exists several critical limitations from the practical view regarding our 

reported chemical coupling reaction of the QMAs 1 and nucleophilic alkenes 2 with the 

treatment of PFBA. The reactions usually required a stoichiometric amount of PFBA, 

which is considered to be a waste material after the reaction process.
32)

 Additionally, the 

acid-induced background polymerization of the used alkenes 2 as a problem
24)

 forced 

their excess use, typically over 2 equiv., for the couplings, which also refers to the all 

consumption of the QMAs 1.  

Aiming at realizing a more practical catalytic reaction, several significant advances 

are expected to be improved, which mainly involves: 1) enhancing the reactivity of our 

specific perfluorinated acid in order to address the reaction problems needs for its 

catalytic use, and emerging the reaction more applicability needs improved 

stoichiometry of the alkenes 2 without any redundant formation of the alkene-derived 

byproducts.  

Herein, we accordingly further attenuate the reactivity of the acid promoter working 

at a possible minimal loading. Considering that only the acids with the suitable pKa 

values could serve as the efficient promoters for the [3 + 2] coupling, we screened a 

series of perfluorobenzoic acid derivatives a-h with the varied pKa (Figure 2).  

 

Figure 2 

  

It is thus possible to systematically attenuate the acidity of the perfluorobenzoic acids 

by modifying the functionality at the ring positions. For the catalytic reaction at 2 mol% 

loading, all the partially fluorinated benzoic acids a-e showed lower efficiencies and 

slow reaction rates (Table 4, entries 2-6), probably due to their weaker acidities 
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compared to PFBA itself. Meanwhile, a set of more acidic phthalic acids f-h were 

examined with promising results under the catalytic conditions (entries 7-9), among the 

three isomers of which fluorinated terephthalic acid h showed a best catalytic 

performance and was capable of providing the coupling product 3aa in 72% yield even 

at 1 mol% loading (entry 9). Encouraged by the results with the catalyst h, general 

effects regarding the catalyst loading, reactant ratio, concentration, and temperature 

were further investigated (entries 11-14). By employing the catalyst h at 5 mol%, more 

promising results were obtained (entry 10). At last, the catalytic reaction at the 

temperature of 0 
o
C

 
has become comparable to the original stoichiometric one (PFBA) 

for the dihydrobenzofuran 3aa production when using the fined catalyst h at 5 mol% 

(entry 14).
 

Table 4. Screening for the Catalytic [3 + 2] Coupling Reaction of 1a and 2a
[a] 

 

[a] Unless otherwise noted, reactions were examined in HFIP/DCM (1/1 v/v, 0.2 M) at room 

temperature for 1 hr. [b] Relative to QMA 1a. [c] Isolated yields after purification. [d] HFIP/DCM 

(2/1 v/v, 0.2 M). [e] HFIP/DCM (2/1 v/v, 0.2 M). [f] Performed at 0 
o
C for 3 hrs. 

entry catalyst 
 

x nucleophile 
2a (equiv.)

[b]
 

yield
[c]

 

1 Pentafluorobenzoic acid  2 1.2 48% 

2 2,3,5,6-tetrafluorobenzoic acid a  2 1.2 45% 

3 2,3,4,5-tetrafluorobenzoic acid b  2 1.2 24% 

4 3,4,5-trifluorobenzoic acid c  2 1.2 15% 

5 2,6-difluorobenzoic acid d  2 1.2 27% 

6 2,5-difluorobenzoic acid e  2 1.2 18% 

7 perfluorophthalic acid f  1 1.2 41% 

8 perfluoroisophthalic acid g  1 1.2 61% 

9 perfluoroterephthalic acid h  1 1.2 72% 

10 perfluoroterephthalic acid h  5 1.2 78% 

11 perfluoroterephthalic acid h  5 1.0 72% 

 12
d
 perfluoroterephthalic acid h  5 1.2 69% 

 13
e
 perfluoroterephthalic acid h  5 1.2 65% 

 14
f
 perfluoroterephthalic acid h  5 1.2 84% 
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With the optimal catalyst h and conditions, we confirmed the versatility of the 

catalytic system for the described QMAs 1 and nucleophilic alkenes 2 (Table 5). In 

comparison, it was found that a series of the dihydrobenzofuran products 3 were 

successfully produced by employing the 5 mol% catalyst h with the improved 

stoichiometry of the alkenes 2 (lowering to 1.2 equiv. from 2 equiv.). The selected 

examples are summarized. The good-to-excellent yields (up to 98% for the 

dihydrobenzofuran 3eb) have promised the generality of the catalytic method for the 

practical [3 + 2] couplings of the QMAs 1. 

Table 5. [3 + 2] Coupling by Perfluoroterephthalic Acid Catalyst h
[a]

 

 

 

[a] Reactions were performed using 1.2 equiv. of alkenes 2 in the presence of 5 mol% of the acid 

catalyst h in HFIP/DCM = 1/1 (0.2 M) at room temperature.
 
[b] Isolated yields after purification. 

[c] Only trans isomer was obtained. [d] 3 equiv. of alkene 2j and 2k were used. 

 

entry QMA (1) alkene (2) product (3) time yield
[b]

 

1 1a 2b 3ab 4h 82% 

2 1b 2b 3bb 5h 76% 

3 1c 2b 3cb 5h 67% 

4 1e 2b 3eb 5h 98% 

5 1f 2b 3fb 4h 85% 

6 1h 2b 3hb 5h 90% 

7 1i 2b 3ib 8h 94% 

8 1a 2c 3ac 3h 78% 

9 1a 2d 3ad 4h 80% 

10 1a 2e 3ae 5h 88% 

11 1a 2f 3af 5h 79% 

12 1a 2g 3ag
[c]

 4h 84% 

13 1a 2h 3ah 5h 90% 

14 1a 2i 3ai 4h 88% 

15 1a 2j
[d]

 3aj 4h 74% 

16 1a 2k
[d]

 3ak 7h 81% 
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Nonetheless, the much stronger acids, e.g., toluenesulfonic acid, trifluoroacetic, and 

methane sulfonic acids, on behalf of the catalyst h would provide quite sluggish 

reaction outcomes, showing much poorer yields of the desired product 3aa; as already 

described, such acids were harmful to the QMA 1a and the alkene 2a (vide supra). 

Therefore, appropriate acidity is an important factor required for the catalyst.
footnote11

          

Although the origin of the higher catalytic activity of the catalyst h is yet unclear, one 

significant difference in the perfluorobenzoic acids relative to others is the presence of 

the intramolecular H-bonding in the ortho-fluorobenzoic acid structure,
33)

 which makes 

the acidic site of the molecule quite bulky. Compared with the less effective catalysts f 

and g, the best catalyst h has much opportunity for the H-F bondings. It seems that this 

conformation favorably affected the desired protection of the acetal carbon in the 

assumed transition state A (see the reaction mechanism in Scheme 16) from the 

nucleophilic attack and thus might exclude the quinone formation by addition of 

concomitant water as well as other side reactions. In our previous studies, steric 

blocking of the electrophilic acetal carbon by bulky activator was very important for 

suppressing the quinone formation.
19i, 19j)

 Hence, the perfluorinated benzoic acids would 

have a superior effect on controlling the coupling reactions in the catalytic cycle 

because of the bulky shapes compared to the acids having similar pKas(Scheme 19). 

 

Scheme 19 

                                                                                        
footnote11 Aliphatic carboxylic acids having pKa values similar to that of the catalyst h, that is, 

trichloro- and dichloro-acetic acids, showed somewhat lower efficiencies as the catalysts (below 

65% yields of the product 3aa at 2 mol% loading). 
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In summary, further investigations in our [3 + 2] coupling strategy with regard to the 

modification of perfluorinated acid catalyst on their ring structures have been 

sufficiently conducted, which led to the findings of an excellent catalytic alternative, 

that is the fluorophthalic acid catalyst h, advancing original stoichiometrically 

controlled couplings to render catalysis of the acid at lower than 5 mol% loading 

together with the significantly improved stoichiometry of the alkenes (lowering to 1.2 

equiv.) for making this controlled coupling reaction more practical. 

app:ds:sufficient
app:ds:simultaneously
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Chapter III. Controlled Couplings of QMAs Using Reusable Polystyrene-Anchored 

Specific Proton Catalyst 

As we mentioned in the previous chapters, we have succeeded in performing this 

reagent controlled couplings of QMAs 1 with a series of carbon -nucleophiles 2 by 

successfully controlling the formation of carbon-carbon bonds to the quinone 

architecture. However, with regard to the reaction activator of alkene nucleophiles, the 

used specific fluorinated acid, that is perfluorobenzoic acid (PFBA) or 

perfluoroterephthalic acid h, is still considered to be a waste material after the reactions.  

Encouraged by many positive outcomes in the polymer-supported reagent 

chemistry
34-36)

 
footnote12

, we have become interested in designing a new heterogeneous 

catalyst carrying the specific PFBA functions as our continuation of effort in developing 

greener and more attractive strategies in applying the QMAs. We now report the 

preparation and reactivity of a reusable solid-type PFBA alternative that is extremely 

valuable for the coupling of QMAs 1 with carbon -nucleophiles, in which the former 

electrophiles 1 can be exclusively activated by the solid acid to minimize the formation 

of alkene-derived byproducts and deactivation of the acid catalyst (Scheme 20). 

 

 

 

 

 

 

 

    

Scheme 20 

 

 

                                                                                        
footnote12 Polymer-supported reagents and catalysts, which have emerged from solid-phase 

organic synthesis (SPOS),
34)

 have been emerging as a promising tool in modern synthetic 

research in developing greener methodologies that can meet recent growing demands for 

establishing ecological and environmentally friendly chemical processes.
35)

 Generally, the 

advantages of reagents and catalysts that are immobilized on polymer backbones include 

enhanced stabilities such as robustness, high tolerance to air and moisture, as well as their 

convenient handling and recovery, the benefits of which have made them environmentally 

benign alternatives to conventional reagents and catalysts.
36)

 Many research studies have 

revealed that the immobilization of conventional reagents and catalysts is one of the promising 

ways not only to control their stability, but also to maintain their reactivity for reuse and 

recycling. 
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Section I. Preparation of Polystyrene-Supported Perfluorobenzoic Acid   

For easy access to the preparative polystyrene-supported perfluorobenzoic acid 

(PS-PFBA), we first envisioned the following one-pot protocol starting from the 

commercial perfluoroterephthalic acid (Scheme 21). Relying on well-established 

procedures in Merrifield’s solid-phase peptide synthesis (SPPS),
37)

 the activated ester A 

was first generated in situ in a flask by treatment of the PFBA with diisopropyl 

carbodiimide (DIC) and hydroxybenzotriazole (HOBt) via the amide bond formation,
38)

 

by which the desired polystyrene-anchored PFBA (PS-PFBA) could be finally produced 

in good efficiency (75%) as white microbeads by rinsing the resins with several solvents. 

The prepared PS-PFBA is stable under ambient conditions at least for several months 

without special storage conditions. Characterization for ascertaining the introduction 

and loading of the PFBA in the polymer backbones was determined by IR and 

elemental analyses.
footnote13

 

 

Scheme 21 

 

 

                                                                                        
footnote13 IR spectrum exhibited strong band absorptions at 1698 and 1723 cm

-1
 corresponding 

to the vibration peaks of the amide linkage and carboxylic acid functionality of the PFBA along 

with a broad but weak absorption band ranging from 2914 and 3290 cm
-1

 for the NH and COOH 

groups. Theoretical loading of the PFBA based on the elemental analysis of the nitrogen 

contents (Found: N, 2.20) averaged 1.06 mmol/g in comparison to the starting aminomethyl 

polystyrenes (N, 2.88 for 2.0 mmol/g of the free amine sites). The degree of unreacted free NH2 

sites in the polymers (ca. 25%) was also checked by elemental analyses as the corresponding 

ammonium salt after titration of the prepared PS-PFBA using hydrogen chloride. 

http://en.wikipedia.org/wiki/Diisopropylcarbodiimide
http://en.wikipedia.org/wiki/Diisopropylcarbodiimide
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Section II. Polystyrene-Supported Perfluorobenzoic Acid as the Specific Promoter 

for Controlled Couplings of QMAs  

The newly prepared polystyrene-supported perfluorobenzoic acid (PS-PFBA) was 

evaluated with further optimization. It should be noted that, although the reaction of the 

QMA 1a and allyltrimethylsilane 2a at room temperature successfully afforded the 

coupling product 3aa in good yield (81%) under the optimized condition, a further 

approximate 10% increase in the yield was obtained at 0 
o
C (90%) probably because the 

formation of the cationic charged quinone species A that occurred in situ during the 

transition states should plausibly occur at that lower temperature. Nonetheless, the used 

PS-PFBA beads could be quantitatively recovered by filtration of the reaction mixture, 

and were then repeatedly used for at least several times (vide infra). 

 Encouraged by the remarkable activation behaviour of the PS-PFBA in this [3 + 2] 

coupling reaction, we subsequently expanded the reaction scopes of various QMAs 1 

having different ring substituent patterns and a wide array of carbon -nucleophiles 2 

under the optimized conditions in order to ascertain the versatility of the PS-PFBA as a 

heterogeneous catalyst (See selected results in Scheme 22). As a result, the PS-PFBA 

also served as an efficient reusable acid promoter for the reactions to succinctly provide 

a series of dihydrobenzofuran products 3
footnote14

 in good to excellent yields. The yields 

in most cases were comparable and sometimes even higher than those for the PFBA and 

perfluorinated acid h. The new polymer acid, PS-PFBA, thus behaved as a powerful and 

clean promoter with a broad generality. 

 

                                                                                        
footnote14 The increased yields of the products 3 from the alkene nucelophiles 2 is probably due to 

the excellent chemo-selectivity of the PS-PFBA toward the QMAs 1 over the alkenes 2 as a 

milder acid. Since some byproducts derived from the background polymerization of the used 

alkenes
 
2 has been confirmed by us as a serious problem of previous homogeneous conditions 

caused by the acid in chapter I. On the other hand, such byproduct formation was not detected at 

all based on the NMR detection level when using this newly developed PS-PFBA. The 

attenuated activity of the PS-PFBA compared with its soluble alternative is mainly due to the 

heterogeneity of the polymer catalyst. 
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[a] Recycling yield of the polystyrene anchored acid (PS-PFBA) was nearly quantitative. [b] 5.0 

equiv. of alkene and 2.0 equiv. of PS-PFBA. 

Scheme 22 

 

Since the recyclability is regarded as one of the important criterion for evaluating the 

applicability of the heterogeneous catalysts, we then attempted to investigate the 

recovery and recyclability of PS-PFBA in this [3 + 2] coupling reaction. As depicted in 

Table 6, the recycled catalyst of PS-PFBA was also capable of being reused smoothly 

for at least four consecutive reuses without any loss of the catalytic activity. 
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Table 6. [3 + 2] Coupling Product 3aa Using Reused PS-PFBA 

 

 

 

To sum up, we have also succeeded in developing a unique solid acid catalyst 

(PS-PFBA) including immobilized perfluorobenzoic acid sites in the polystyrene 

backbones, which are capable of behaving as specific promoters for this controlled 

carbon-carbon bond-forming transformation of QMAs 1. The polystyrene-anchored 

protons in the PS-PFBA could successfully induce the [3 + 2] coupling reactions from 

the diverse carbon nucleophiles 2 with a similar efficiency to its homogeneous 

counterpart PFBA and even catalyst h. 
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Chapter IV. Reactions Using Other Extended Nucleophiles 

We finally attempted to broaden the scope of nucleophiles in a brief extension of this 

study. In evaluating mild conditions of the polymer acid catalyst, other two potential 

nucleophiles were tested for the reactions to the QMA 1a using the PS-PFBA. Toward 

this objective, the furanyl silylether 5a, and sulfur nucleophile 5b could behave as good 

nucleophiles to produce the desired coupling products 5aa and 5ab under mild 

conditions (Scheme 23).  

 

[a] PS-PFBA (0.1 equiv.), nucleophile 5a (3 equiv.) in HFIP/DCM = 10:1 (0.1 M) at 0 
o
C-r.t. 

[b] PS-PFBA (1 equiv.), nucleophile 5b (2 equiv.) in HFIP/DCM = 1:1 (0.2 M) at 0 
o
C. 

Scheme 23 

Since enol silylethers and silyl ketene acetals
39)

 have become one of the most 

popular carbon nucleophiles in organic synthesis and are also employed even easily as a 

relatively weak and soft carbon nucleophiles to form the carbon-carbon bond in other 

reactions such as Mukaiyama aldol reactions
40)

,
 
1,4-additions

41)
, and others

42)
. Therefore, 

we envisioned that the soft nucleophiles of silyl enolates, which are superior to other 

metal enolates in terms of their isolation might also be the favorable candidate for our 

coupling reactions of QMA 1a.  

Finally, investigations in our coupling reactions by utilizing the unique reactivities of 

the enol silylethers 5c and silyl ketene acetals 5d as potential carbon -nucleophiles was 

conducted by the aid of our newly developed reusable PS-PFBA for the formation of 

new carbon-carbon bond for QMA 1a as the electrophile (Scheme 24). As expected, the 

reactions were successful for introducing the nucleophiles of enol enolates 5c and 5d 

toward only the allylic position of allylacetal unit of QMA 1a to provide two types of 

coupling products 5ac and 5ad in moderate to good yields under mild conditions.  
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[a] PS-PFBA (1 equiv.), nucleophiles 5c or 5d (2 equiv.) in HFIP/DCM = 1:1 (0.2 M) at 0 
o
C. 

Scheme 24
 

 

Notably, these two examples of coupling reactions with silyl enolates 5c and 5d are 

the very rare examples of their use in substitution chemistry, showing impressive 

chemo- and regio-selectivity by using the uniqueness of the privileged bifunctionalities 

of QMA 1a (where substitutions toward only the allylic position of allylacetal unit), in 

comparison with the unique reactivities of silyl enolates and silyl ketene acetals which 

have been widely applied into the classical Lewis acid catalyzed Mukaiyama-aldol 

reaction
40d) footnote15

 and 1,4-addition reaction
41)

, where the -unsaturated enones and 

ketones are also able to react selectively with different kinds of silyl nucleophiles 

respectively.
  

                                                                                        
footnote15 To the best of my knowledge, this is a first example for the Mukaiyama-type 

SN2’-substitution in the presence of the functionalization for the addition reactions shown 

below.
40d)
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Indeed, in our previous work, we found that the favorable 1,4-addition of -enone 

unit could be successfully performed only by utilization of acetonitrile as a solvent 

without any catalyst to give almost quantitative yields of the corresponding O-silylated 

Michael adducts, in which way the nucleophilic attack would occur toward only  

position of the enone moiety with the enol silyl ether nucleophile (eq 1, Scheme 25).
41

 

However, our [3 + 2] coupling system using the quinone monoacetal as the electrophile 

could afford the O-silylated substitution product in excellent yield with unique 

regioselectivity, where the enol silyl ether nucleophile would attack to only the  

position of enone group (eq 2, Scheme 25).    

Scheme 25 

 

I conclude that, the other diverse carbon and heteroatom nucleophiles such as 

furanyl silylether 5a, sulfur nucleophile 5b, as well as the enol enolates 5a and 5b, are 

all able to react with the QMA 1a to produce different types of coupling products 

5aa-ad in moderate to good yields promoted by our newly developed PS-PFBA under 

mild conditions without any optimization. In particular, two types of coupling products 

5ac and 5ad from silyl enolates 5c and 5d are obtained with impressive regio-selectivity 

toward the allylic position of allylacetal unit by using the uniqueness of QMA 1a on 

contrary to the reaction positions between silyl enolate and enones in 1,4-addition 

reactions and Mukaiyama-type reaction. 
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Chapter V. Applications  

Section I. Concise Synthesis of Several Naturally Occurring Compounds 

Up to date, a great number of naturally occurring biologically active compounds has 

been described in the literature. In particular, the subset of modules with impressive 

structures such as the flavonoids derived pterocarpan
26) footnote16

 and the ring fused 

indoline-containing pyrrolidinoindoline
25) footnote17

 (Figure 4) have received substantial 

interests due to their high biological and medicinal properties in vitro and in vivo (e.g. 

antifungal, antimicrobial, antitumoral, and anti-HIV), especially in the area of 

anticancer drug discovery.  

Figure 4 

 

Encouraged by the rare success of the substitution-type chemistry of QMAs 1 to 

diverse dihydrobenzofuran products 3 as well as the indoline derivatives 3ib via our 

newly developed appealing reagent-controlled strategy with the involvement of the 

combined system of the perfluorobenzoic acid promoter and fluoroalcohol solvent, the 

discovery of more concise and promising route toward these two complex bioactive 

modules continues to be a vital research for us. 

                                                                                        
footnote16 Pterocarpans, the second largest group of natural isoflavonoids produced in plants 

possessing a 6a,11a-dihydro-6H-benzofuro[3,2-c]chromene skeleton (Figure 4) with unusal 

cis-fused dihydrobenzofuran-benzopyran ring juncture, have received considerable attention due 

to their spectrum of range of biological properties in response to fungal infections, COX-2 

inhibition, LDL-antioxidant, anti-HIV, and anti-snake venom activities. Although lots of 

synthetic methods have been reported recently, many of which are multistep, proceed in poor 

overall yields, and relying on the uses of specific metal-catalysts.
26)

 
footnote17 Pyrrolidinoindolines, a subset of compounds with a fused indoline motif (Figure 4), 

mainly exist in the naturally occurring compounds of physovenine showing the 

acetylcholinesterase inhibitors, such as physostigmine. In most cases, the fused indoline ring 

system of pyrrolidinoindoline could be obtained in a stepwise fashion by the initial synthesis of 

a substituted indole or oxindole intermediate, and then further elaborated to the target product of 

pyrrolidinoindolines.
25)

 



35 

 

To our delight, the further applications of our methodology for the concise synthesis of 

these naturally occurring pterocarpan and pyrrolidinoindoline has been successfully 

achieved by the regio-specific [3 + 2] couplings with the involvement of the sequential 

oxidation/cyclization from phenol or benzenesulfonamide. The corresponding oxidants 

for the QMAs 1l and iminoquinone acetals 1i as key intermediates as well as the 

designed nucleophiles of 2H-chromen 6a
footnote18

, tosyl dihydropyrrole 6b, and 6c can 

thus be utilized for allowing control of the carbon  position for accessing the concise 

formation of these two valuable naturally occurring skeletons 6la, 6ib, and 6ic in 

acceptable yields (53%, 75% and 84%), respectively (Scheme 26). Notably, the desired 

natural product of maackiain 7 could be very concisely synthesized in a good yield 

(76%), after the deprotection of the pterocarpan 6la. 

 

Scheme 26 

                                                                                        
footnote18  2H-chromen 6a was prepared via the following methods. Tosyl dihydropyrrole 6b and 

6c could also be obtained via the similar approach from tosyl pyrrolidinone. 

  
The [3 + 2] coupling could not be succeeded when 2H-chromen (R = Me or H) was used 

probably due to its polymerization under the acidic conditions.  
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Section II. Preparation of Benzofuran Oligomers 

In recent years, benzofuran oligomers are reported as a promising highly fluorescent 

compounds with the property of organic electroluminescence (OEL) which is an 

emerging display technology allowing the manufacture of efficient, low-voltage 

multicolor displays, owning to their highly photoluminescence (PL) quantum efficiency, 

thermal stability, and also their facile color tenability.
43)

 However, we noticed that the 

reports on the series of non-linear ortho-benzofuran oligomers are quite limited in 

contrast to many of the linear ones, described as the good candidate as the promosing 

highly fluorescent compounds.
44) 

Therefore, a more concise and iterative route to the 

non-linear benzofuran oligomers is still in demand, especially a new route that allows 

regio-control of the reaction. 

As a successive effort by utilization of our newly reported [3 + 2] coupling reaction 

of QMAs 1 with alkene nucleophiles 2, the further application toward the synthesis of 

more elongated and structurally defined ortho-benzofuran oligomers was thus 

investigated based on the concept of the iterative oxidation/cyclization strategy 

involving the following two important steps: 1) the oxidation of phenols to the QMAs 

by PIDA and 2) a bond-forming cyclization reaction of the QMAs with the designed 

functionalized alkene nucleophiles (Scheme 27).  

                                        

Scheme 27 

  Indeed, the use of this sequential synthetic approach could allow the convergent 

access to the regio-defined ortho-dihydrobenzofuran dimer 10a and trimer 11a in 

acceptable yields, which was also capable of converting into the benzofuran 

regio-defined ortho-benzofuran trimer 12a in a single step in 41% yield (Scheme 28). In 

details, the acyl protected dihydrobenzofuranyl phenol 8a was first obtained through 
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sequential oxidation/cyclization strategy from para-methoxy phenol using acyl 

protected oxygenated benzoyl alkene 8 as nucleophile.
footnote19

 QMA 9a was then 

produced by treatment of a solution of dihydrobenzofuranyl phenol in methanol via 

second oxidation after the chemo-selective removal of the acyl group using K2CO3 in 

methanol. Notably, this repetitive oxidation/cyclization strategy should occur before the 

regeneration of the initial phenol functionality by chemo-selective removal of protected 

acyl group. Therefore, repetition of the iterative oxidation/cyclization/deprotection 

process enabled expeditious access to the desired dihydrobenzofuran trimer 11a, which 

can be further used for preparing the final promising benzofuran trimer 12a by 

treatment of DDQ (2,3-dichloro-5,6-dicyanobenzoquinone) as an oxidant (Scheme 28). 

Therefore, this is conceptionally applicable for further elongated benzofuran oligomers 

by further repetitions, potentially becoming a new strategy for the controlled 

oligo-aromatics.          

 

Scheme 28 
                                                                                        
footnote19 Our [3 + 2] coupling reaction of QMA 1a could not be successfully performed when the 

other benzoyloxy alkene (R = Me or H) was used as the coupling partner, probably because 

these two substituents of the corresponding monomer 8a are less stable than the acyl protected 

one under the acidic condition.   

 

http://www.organic-chemistry.org/chemicals/oxidations/ddq-2,3-dichloro-5,6-dicyanobenzoquinone.shtm
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Conclusion 

In summary, we have succeeded in developing the efficient controlled coupling 

reactions of the useful unsymmetrized quinone alternatives, quinone monoacetals 

(QMAs), under specific acidic conditions. The general successes are listed below.  

1) At first, the rare success of the substitution-type chemistry of QMAs was achieved 

based on the development of the appealing reagent-controlled strategy consisting of 

the combined system of the perfluorobenzoic acid promoter and fluoroalcohol as 

solvent, which could smoothly proceed with high regio-specificity for introducing the 

-nucleophiles toward only at the allylic position of QMAs, providing diverse 

dihydrobenzofuran products and their derivatives (Chapter I, Sections I, II). The 

mechanism was also detailed with experimental evidences (Chapter I, Section III). 

2) The further investigations with regard to the acid tuning in this controlled [3 + 2] 

couplings have led to findings of an excellent catalytic alternative (perfluorinated 

acid catalyst h), advancing the original stoichiometrically reactions to render catalysis 

of the acid at lower than 5 mol% loading along with the significantly improved 

stoichiometry of the alkenes (lowering to 1.2 equiv.) (Chapter II). 

3) A unique solid acid catalyst (PS-PFBA) including immobilized perfluorobenzoic acid 

sites in the polystyrene backbones has been successfully prepared, which acts as the 

specific promoters for this controlled coupling reactions of QMAs 1 with diverse 

carbon nucleophiles in high performances with a similar efficiency to its 

homogeneous counterpart, PFBA (Chapter III, Sections I, II). 

4) Other extended nucleophiles could also be utilized for this coupling reaction by the 

aid of the reusable solid acid catalyst (PS-PFBA) in hexafluoroisopropanol (HFIP) to 

give the coupling products at the desired positions with excellent regio-selectivities in 

high performances (Chapter IV). 

5) We finally challenged the concise approaches to synthetic modules for natural 

products (e.g. maackiain and pyrrolidinoindoline) as well as the iterative elongation 

of regio-controlled benzofuran oligomers (e.g. dimer and trimer) by utilizing our 

newly developed controlled [3 + 2] coupling strategy as further applications (Chapter 

V, Sections I, II). 

 

 

 

app:ds:simultaneously
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Experimental Section 

General Information 

Melting point (mp) was measured by melting point apparatus. 
1
H NMR and 

13
C NMR 

spectra were recorded by spectrometers operating at 400 MHz for 
1
H NMR and 100 

MHz for 
13

C NMR at 25 
o
C using CDCl3 as a solvent. Infrared spectra (IR) are reported 

in reciprocal centimeters (cm
-1

). High resolution mass spectra (HRMS-EI) were 

performed by the Elemental Analysis Section of Osaka University Pharmaceutical 

Sciences. Column chromatography was carried out on silica-gel (230-400 mesh) eluting 

with hexane and EtOAc for isolation of the QMAs 1 and cycloadducts 3. The spots and 

bands were detected by UV light of irradiation (254 and 365 nm) and/or by staining 

with 5% phosphomolybdic acid followed by heating. Unless otherwise noted, all the 

experiments were carried out at room temperature in open flask. A series of the 

perfluorinated acids (PFBA and a-h) (purchased from TCI), polystyrene, and 

silica-supported amines (from Sigma-Aldrich) were used as they stand. Other 

commercial acids for the screening of the reaction promoter were purchased from 

Aldrich, and TCI and used as they stand. All other chemicals including the commercial 

alkene nucleophiles 2 and solvents, such as hexafluoroisopropanol (HFIP), were 

obtained from commercial suppliers and used without further purification. 

 

 

List of Abbreviations 
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Experiments of Chapter I 

 

Experiments of Chapter I, Section I and II  

General Procedure for the Preparation of QMAs 1 

To a stirred solution of corresponding phenol or para-substituted phenol (10 mmol) in 

suitable anhydrous alcohol (20 mL) at 0 
o
C to room temperature was add a solution of 

PhI(OAc)2 (PIDA, 10 mmol) in the anhydrous alcohol. The mixture was stirred for 10 

min, diluted with water, and extracted with EtOAc. The organic layer was washed with 

aqueous saturated sodium bicarbonate and sodium chloride solution, dried over sodium 

sulfate, and concentrated by evaporation. The residue was purified by column 

chromatography on silica-gel with hexane/EtOAc to yield a pure QMA. 

The iminoquinone acetal 1i was also prepared from the corresponding aniline derivative, 

p-methoxy-N-tosylaniline, by using the same method. 
 

[3 + 2] Coupling of QMAs 1 with Alkenes 2 (Tables 2 and 3) Promoted by PFBA: A 

Representative Procedure for the Reaction of QMA 1a and allyltrimethylsilane 2a 

leading to the dihydrobenzofuran 3aa 

To a stirred solution of QMA 1a (1.0 mmol) and allyltrimethylsilane 2a (2.0 mmol) in 

dichloromethane (2.5 mL) was successively added HFIP (2.5 mL) and stoichiometric 

amount of pentafluorobenzoic acid (1.0 mmol) in open flask under ambient conditions. 

The reaction mixture was then allowed to stir at room temperature and monitored by 

TLC. After consumption of the QMA 1a, the solution was concentrated by evaporation. 

Isolation of the [3 + 2] coupling cycloadduct 3aa was directly conducted from the 

residue by flash chromatography on silica-gel (hexane/EtOAc = 20/1) to give a pure 

dihydrobenzofuran product 3aa (0.90 mmol, 89%) as colorless oil. The yields of the 

other corresponding dihydrobenzofuran products 3 were shown in Table 2 and 3. 

 

2,3-Dihydro-5-methoxy-2-[(trimethylsilyl)methyl]benzofuran 3aa
45)

 

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ = 6.65 (s, 1H), 6.53-6.56 (m, 2H), 

4.76-4.84 (m, 1H), 3.65 (s, 3H), 3.14 (dd, 1H, J = 15.4, 8.3 Hz), 2.69 (dd, 1H, J = 15.4, 

8.3 Hz), 1.22 (dd, 1H, J = 14.2, 6.1 Hz), 1.01 (dd, 1H, J = 14.2, 8.8 Hz), 0.02 (s, 9H) 

ppm; 
13

C NMR (100 MHz, CDCl3): δ 154.6, 154.5, 129.3, 113.4, 112.2, 109.8, 83.3, 

56.9, 39.5, 26.0, 0.0 ppm; IR (KBr): 2905, 2903, 2831, 1603, 1487, 1433, 1362, 1249, 

1213, 1138, 1034, 954, 840, 761, 693 cm
-1

. 
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5-Methoxy-2-phenyl-2,3-dihydrobenzofuran 3ab
46) 

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ = 7.28-7.39 (m, 5H), 6.75-6.76 (m, 2H), 

6.66-6.74 (m, 1H), 5.70 (t, 1H, J = 8.8 Hz), 3.73 (s, 3H), 3.57 (dd, 1H, J = 15.6, 9.2 Hz), 

3.16 (dd, 1H, J = 15.6, 8.3 Hz) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 153.9, 153.4, 

141.6, 128.2, 127.6, 127.1, 125.4, 112.6, 110.8, 108.8, 83.8, 55.6, 38.5 ppm; IR (KBr, 

cm
-1

): 3062, 3030, 2937, 2831, 1604, 1487, 1433, 1231, 1203, 1136, 1032, 975, 808, 

756, 669 cm
-1

. 

 

5-Methoxy-6-methyl-2-phenyl-2,3-dihydrobenzofuran 3bb  

Yellow sticky oil; 
1
H NMR (400 MHz, CDCl3): δ = 7.19-7.34 (m, 5H), 6.65 (s, 1H), 

6.61 (s, 1H), 5.65 (t, 1H, J = 9.2 Hz), 3.71 (s, 3H), 3.53 (dd, 1H, J = 15.7, 8.1 Hz), 3.11 

(dd, 1H, J = 15.7, 8.1 Hz), 2.13 (s, 3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 153.3, 

152.3, 142.2, 128.6, 127.9, 126.5, 125.7, 123.6, 111.3, 107.8, 84.1, 56.2, 39.0, 16.6 

ppm; IR (KBr): 3062, 3028, 2934, 2855, 2831, 1748, 1602, 1496, 1465, 1415, 1354, 

1285, 1256, 1201, 1161, 1096, 1011, 927, 860, 750, 699 cm
-1

; HRMS (EI) calcd for 

C16H16O2 [M]
+
: 240.1150; found: 240.1149. 

 

6-(tert-Butyl)-5-methoxy-2-phenyl-2,3-dihydrobenzofuran 3cb 

Colorless solid; mp: 47-49 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.20-7.39 (m, 5H), 

6.78 (d, 2H, J = 8.0 Hz), 5.73 (t, 1H, J = 9.0 Hz), 3.86 (s, 3H), 3.56 (dd, 1H, J = 15.4, 

9.3 Hz), 3.18 (dd, 1H, J = 15.4, 8.7 Hz), 1.26 (s, 9H) ppm; 
13

C NMR (100 MHz, 

CDCl3): δ = 145.7, 144.9, 143.4, 141.8, 128.5, 127.9, 127.2, 126.0, 113.9, 109.4, 84.9, 

56.2, 39.1, 34.6, 31.7 ppm; IR (KBr): 2959, 2904, 2866, 1767, 1736, 1604, 1490, 1458, 

1362, 1325, 1199, 1180, 1110, 1092, 948, 828, 759, 699 cm
-1

; HRMS (EI) calcd for 

C19H22O2 [M]
+
: 282.1620; found: 282.1621. 

 

5,6-Dimethoxy-2-phenyl-2,3-dihydrobenzofuran 3db 

Colorless sticky oil; 
1
H NMR (400 MHz, CDCl3): δ = 7.23-7.34 (m, 5H), 6.70 (s, 1H), 

6.47 (s, 1H), 5.68 (t, 1H, J = 9.0 Hz), 3.79 (s, 3H), 3.77 (s, 3H), 3.52 (dd, 1H, J = 15.1, 

9.3 Hz), 3.10 (dd, 1H, J = 15.1, 8.0 Hz) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 153.8, 

149.4, 143.5, 142.0, 128.6, 128.0, 125.7, 119.0, 116.0, 94.8, 84.6, 56.9, 56.0, 38.6 ppm; 

IR (KBr): 3027, 2996, 2935, 2832, 1752, 1618, 1504, 1454, 1334, 1217, 1188, 1168, 

1104, 996, 856, 762, 700 cm
-1

; HRMS (EI) calcd for C16H16O3 [M]
+
: 256.1099; found: 

256.1117. 
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7-(tert-Butyl)-5-methoxy-2-phenyl-2,3-dihydrobenzofuran 3eb 

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ = 7.24-7.43 (m, 5H), 6.73 (d, 1H, J = 

2.4 Hz), 6.64 (d, 1H, J = 2.7 Hz), 5.76 (t, 1H, J = 9.0 Hz), 3.78 (s, 3H), 3.58 (dd, 1H, J 

= 15.4, 9.5 Hz), 3.13 (dd, 1H, J = 15.6, 8.5 Hz), 1.42 (s, 9H) ppm; 
13

C NMR (100 MHz, 

CDCl3): δ = 153.9, 151.6, 142.9, 133.5, 128.5, 127.6, 127.2, 125.4, 111.6, 107.2, 83.4, 

55.9, 39.0, 34.2, 29.2 ppm; IR (KBr): 3028, 2954, 2907, 2869, 2832, 1599, 1481, 1427, 

1361, 1314, 1264, 1223, 1195, 1125, 1053, 931, 812, 758, 699 cm
-1

; HRMS (EI) calcd 

for C19H22O2 [M]
+
: 282.1620; found: 282.1622. 

 

7-Chloro-5-methoxy-2-phenyl-2,3-dihydrobenzofuran 3fb 

Colorless solid; mp: 65-66 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.16-7.33 (m, 5H), 

6.58- 6.64 (m, 2H), 5.72 (t, 1H, J = 8.5 Hz), 3.66 (s, 3H), 3.57 (dd, 1H, J = 15.8, 9.2 Hz), 

3.16 (dd, 1H, J = 15.8, 8.0 Hz) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 154.3, 149.6, 

141.0, 128.5, 128.4, 127.9, 125.5, 114.1, 112.9, 109.9, 84.4, 55.9, 39.2 ppm; IR (KBr): 

3063, 3031, 3001, 2937, 2834, 1595, 1479, 1439, 1365, 1257, 1210, 1115, 1039, 983, 

928, 845, 760, 700 cm
-1

; HRMS (EI) calcd for C15H13ClO2 [M]
+
: 260.0604; found: 

260.0606. 

 

5-Methoxy-2-phenyl-2,3-dihydronaphtho[1,2-b]furan 3gb 

Pale green solid; mp: 82-84 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 8.24 (d, 1H, J = 8.1 

Hz), 8.00 (d, 1H, J = 8.0 Hz), 7.46-7.53 (m, 4H), 7.32-7.40 (m, 3H), 6.72 (s, 1H), 5.94 

(t, 1H, J = 9.5 Hz), 3.96 (s, 3H), 3.80 (dd, 1H, J = 15.4, 9.7 Hz), 3.36 (dd, 1H, J = 15.4, 

7.8 Hz) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 150.2, 148.4, 142.6, 128.6, 127.9, 126.0, 

125.7, 125.4, 125.0, 122.5, 121.2, 120.8, 117.9, 101.5, 84.1, 56.0, 40.2 ppm; IR (KBr): 

3062, 3027, 2936, 2854, 1640, 1595, 1459, 1402, 1376, 1259, 1235, 1200, 1113, 1081, 

1032, 979, 816, 763, 698 cm
-1

; HRMS (EI) calcd for C19H16O2 [M]
+
: 276.1150; found: 

276.1147. 

 

5-Methoxy-2-phenyl-2,3-dihydronaphtho[1,2-b]furan-6-yl acetate 3hb 

Pale pink solid; mp: 150-152 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.81 (d, 1H, J = 8.3 

Hz), 7.15-7.35 (m, 6H), 6.96 (d, 1H, J = 8.0 Hz), 6.67 (s, 1H), 5.83 (t, 3H, J = 8.8 Hz), 

3.78 (s, 3H), 3.68 (dd, 1H, J = 15.4, 9.7 Hz), 3.23 (dd, 1H, J = 15.4, 7.8 Hz), 2.28 (s, 

3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 170.1, 149.8, 149.0, 146.7, 142.3, 128.6, 

127.9, 125.8, 125.7, 122.7, 120.1, 119.2, 119.1, 118.6, 104.3, 84.2, 56.8, 40.0, 20.9 

ppm; IR (KBr): 3061, 3030, 2993, 2938, 2838, 1761, 1602, 1461, 1355, 1249, 1213, 

1122, 1061, 985, 862, 815, 755, 700 cm
-1

; HRMS (EI) calcd for C21H18O4 [M]
+
: 
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334.1205; found: 334.1198. 

 

[3 + 2] Coupling Reaction of Iminoquinone Acetal 1i with Styrene 2b (Table 2, entry 

9) 

By using the similar coupling procedure under the modified reaction conditions, the 

corresponding indoline skeleton compound 3ib could also be obtained in 82% yields 

from iminoquinone monoacetal 1i. 

5-Methoxy-2-phenyl-1-tosylindoline 3ib  

Pale brown solid; mp: 57-60 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.56 (d, 1H, J = 8.3 

Hz), 7.46 (d, 2H, J = 8.8 Hz), 7.10-7.26 (m, 7H), 6.72 (dd, 1H, J = 8.8, 3.2 Hz), 6.52 (s, 

1H), 5.19-5.23 (m, 1H), 3.69 (s, 3H), 3.02 (dd, 1H, J = 16.0, 9.7 Hz), 2.72 (dd, 1H, J = 

15.8, 8.7 Hz), 2.30 (s, 3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 157.5, 143.8, 142.5, 

135.2, 134.9, 133.5, 129.5, 128.6, 127.6, 127.2, 125.9, 118.2, 112.9, 110.8, 64.9, 55.6, 

37.8, 21.6 ppm; IR (KBr): 3061, 3027, 2924, 2837, 1739, 1598, 1492, 1454, 1352, 1326, 

1256, 1228, 1164, 1090, 1030, 955, 814, 753, 700 cm
-1

; HRMS (EI) calcd for 

C22H21NO3S [M]
+
: 379.1242; found: 379.1243. 

 

5-Methoxy-2-(p-tolyl)-2,3-dihydrobenzofuran 3ac 

Colorless solid; mp: 62-63 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.09-7.23 (m, 4H), 

6.67-6.70 (m, 2H), 6.62 (d, 1H, J = 8.8 Hz), 5.63 (t, 1H, J = 8.8 Hz), 3.69 (s, 3H), 3.49 

(dd, 1H, J = 15.7, 9.5 Hz), 3.11 (dd, 1H, J = 15.7, 8.4 Hz), 2.28 (s, 3H) ppm; 
13

C NMR 

(100 MHz, CDCl3): δ = 154.2, 153. 8, 138.9, 137.8, 129.3, 127.6, 125.8, 112.9, 111.1, 

109.1, 84.2, 56.0, 38.8, 21.1 ppm; IR (KBr): 3009, 2948, 2916, 2833, 1609, 1488, 1470, 

1428, 1363, 1320, 1296, 1265, 1211, 1138, 1111, 1026, 969, 924, 813, 738, 707 cm
-1

; 

HRMS (EI) calcd for C16H16O2 [M]
+
: 240.1150; found: 240.1153. 

 

2-(4-(tert-Butyl)phenyl)-5-methoxy-2,3-dihydrobenzofuran 3ad 

Colorless solid; mp: 46-47 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.33-7.40 (m, 4H), 

6.68-6.78 (m, 3H), 5.71 (t, 1H, J = 8.8 Hz), 3.76 (s, 3H), 3.56 (dd, 1H, J = 15.6, 9.3 Hz), 

3.22 (dd, 1H, J = 15.6, 8.3 Hz), 1.31 (s, 9H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 

155.0, 154.6, 151.9, 139.6, 128.5, 126.5, 126.4, 113.7, 112.0, 110.0, 85.0, 56.8, 39.4, 

35.4, 32.1 ppm; IR (KBr): 2961, 2905, 2867, 2830, 1604, 1485, 1433, 1362, 1303, 1230, 

1203, 1136, 1033, 977, 808, 748, 708 cm
-1

; HRMS (EI) calcd for C19H22O2 [M]
+
: 

282.1620; found: 282.1622. 
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2-(4-Chlorophenyl)-5-methoxy-2,3-dihydrobenzofuran 3ae 

Pale yellow solid; mp: 60-61 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.32 (s, 4H), 6.68- 

6.77 (m, 3H), 6.69 (t, 1H, J = 9.3 Hz), 3.75 (s, 3H), 3.58 (dd, 1H, J = 15.8, 9.5 Hz), 3.12 

(dd, 1H, J = 15.6, 8.1 Hz) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 155.1, 154.3, 141.3, 

134.4, 129.5, 127.9, 127.8, 113.8, 111.9, 110.0, 84.1, 56.7, 39.6 ppm; IR (KBr): 2995, 

2940, 2909, 2831, 1601, 1487, 1434, 1231, 1202, 1136, 1090, 1032, 924, 813, 738, 706 

cm
-1

; HRMS (EI) calcd for C15H13ClO2 [M]
+
: 260.0604; found: 260.0608. 

 

5-Methoxy-2-methyl-2-phenyl-2,3-dihydrobenzofuran 3af 

Colorless solid; mp: 53-54 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.14-7.40 (m, 5H), 

6.71 (d, 1H, J = 8.5 Hz), 6.58-6.65 (m, 2H), 3.65 (s, 3H), 3.23-3.36 (m, 2H), 1.68 (s, 

3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 153.6, 152.5, 146.4, 127.9, 127.0, 126.5, 

124.0, 112.5, 110.9, 108.9, 88.7, 55.5, 44.7, 28.7 ppm; IR (KBr): 3059, 3027, 2973, 

2830, 1603, 1487, 1446, 1373, 1270, 1148, 1030, 921, 862, 765, 700 cm
-1

; HRMS (EI) 

calcd for C16H16O2 [M]
+
: 240.1150; found: 240.1153. 

 

trans-5-Methoxy-2-(4-methoxyphenyl)-3-methyl-2,3-dihydrobenzofuran 3ag
47) 

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ = 6.86 (d, 2H, J = 8.0 Hz), 6.40-6.45 (m, 

2H), 6.18-6.30 (m, 3H), 4.58 (d, 1H, J = 8.0 Hz), 3.31 (s, 3H), 3.29 (s, 3H), 2.90-2.93 

(m, 1H), 0.88 (d, 3H, J = 8.0 Hz) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 159.6, 154.4, 

153.2, 133.0, 132.6, 127.6, 113.9, 112.8, 110.0, 109.3, 92.5, 56.0, 55.3, 45.6, 17. 5 ppm; 

IR (KBr): 2996, 2959, 2933, 2833, 1613, 1513, 1484, 1375, 1249, 1202, 1175, 1146, 

1034, 970, 829, 772, 741, 710 cm
-1

. 

8-Methoxy-5,6,6a,11a-tetrahydronaphtho[1,2-b]benzofuran 3ah (cis-stereoisomer)
 

Pale yellow solid; mp: 81-84 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.50 (d, 1H, J = 8.0 

Hz), 7.19-7.30 (m, 2H),7.10-7.14 (m, 1H), 6.80 (s, 1H), 6.64-6.68 (m, 2H), 5.61 (d, 1H, 

J = 8.3 Hz), 3.74 (s, 3H), 3.60-3.62 (m, 1H), 2.61-2.69 (m, 2H), 1.98-2.05 (m, 1H), 

1.77-1.81 (m, 1H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 154.2, 153.4, 138.7, 133.5, 

132.4, 130.1, 128.4, 128.2, 126.6, 112.9, 110.7, 109.4, 81.9, 56.0, 41.6, 27.8, 27.6 ppm; 

IR (KBr): 3063, 3023, 2933, 2832, 1603, 1486, 1434, 1360, 1201, 1137, 1032, 928, 818, 

749 cm
-1

; HRMS (EI) calcd for C17H16O2 [M]
+
: 252.1150; found: 252.1159. 

Synthesis of Benzofuran 4 from the Obtained Coupling Compound 

Dihydrobenzofuran O,S-Acetal 3ai (Table 3, footnote 8) 

The dihydrobenzofuran O,S-acetal 3ai was obtained from QMA 1a and vinyl sulfide 2i 

in 80% yields. Then, upon the treatments of the obtained dihydrobenzofuran 3ai with 
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p-toluenesulfonic acid in refluxing toluene or the oxidant (m-chloroperbenzoic acid), the 

benzofuran 4 was formed in 80% or 69% yields, respectively. 

 

5-Methoxy-2-(phenylthio)-2,3-dihydrobenzofuran 3ai
48) 

Colorless solid; mp: 65-66 
o
C; 

1
H NMR (400 MHz, CDCl3): δ = 7.47-7.49 (m, 2H), 

7.16-7.27 (m, 3H), 6.68-6.70 (m, 2H), 6.60-6.63 (m, 1H), 6.09 (dd, 1H, J = 8.8, 4.9 Hz), 

3.67 (s, 3H), 3.57 (dd, 1H, J = 16.6, 8.8 Hz), 3.07 (dd, 1H, J = 17.1, 4.9 Hz) ppm; 
13

C 

NMR (100 MHz, CDCl3): δ = 155.0, 152.4, 134.4, 132.1, 129.4, 127.9, 127.3, 113.6, 

111.2, 110.7, 89.8, 56.4, 37.6 ppm; IR (KBr): 3057, 2995, 2950, 2909, 2831, 1583, 1485, 

1436, 1254, 1222, 1194, 1030, 923, 810, 746, 692 cm
-1

.
 

 

5-Methoxybenzofuran 4
49)

  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.52 (d, 1H, J = 2.0 Hz), 7.31 (d, 1H, J 

= 9.0 Hz), 6.98 (d, 1H, J = 2.4 Hz), 6.83 (dd, 1H, J = 9.0, 2.7 Hz), 6.63 (d, 1H, J = 2.0 

Hz), 3.77 (s, 3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 156.2, 150.2, 146.0, 128.2, 

113.3, 112.1, 106.9, 103.7, 56.2 ppm; IR (KBr): 2998, 2935, 2832, 1717, 1616, 1596, 

1446, 1338, 1283, 1183, 1145, 1131, 1030, 884, 837, 790, 759, 730, 691 cm
-1

. 

 

Synthesis of the Spirocyclic Dihydrobenzofurans 3aj and 3ak (Scheme 13) 

By the similar reaction procedure with other types of nucleophiles 2j and 2k, the 

formation of corresponding 3aj and 3ak could also be obtained in 78% and 65% yields 

under modified reaction conditions, respectively.  

5-Methoxy-3H-spiro(benzofuran-2,1'-cyclopentane) 3aj  

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ = 6.67 (s, 1H), 6.56 (s, 2H), 3.67 (s, 3H), 

3.10 (s, 2H), 1.98-2.03 (m, 2H), 1.79-1.83 (m, 2H), 1.58-1.69 (m, 4H) ppm; 
13

C NMR 

(100 MHz, CDCl3): δ = 153.8, 153.2, 128.4, 112.7, 111.4, 109.2, 97.1, 56.1, 40.6, 39.4, 

23.9 ppm; IR (KBr): 2956, 2871, 2830, 1603, 1487, 1433, 1337, 1257, 1231, 1169, 1137, 

1034, 974, 834, 730 cm
-1

; HRMS (EI) calcd for C13H16O2 [M]
+
: 204.1150; found: 

204.1147. 

5-Methoxy-3H-spiro(benzofuran-2,1'-cyclohexane) 3ak
50)

  

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ = 6.71 (s, 1H), 6.62 (s, 2H), 3.74 (s, 3H), 

2.92 (s, 2H), 1.45-1.78 (m, 10H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 153.6, 153.0, 

127.7, 112.6, 111.6, 109.2, 88.4, 56.0, 41.4, 37.0, 25.1, 23.0 ppm; IR (KBr): 2992, 2932, 

2857, 1487, 1447, 1435, 1270, 1215, 1146, 1029, 920, 837, 770, 727 cm
-1

. 
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Experiments of Chapter I, Section III  

A Representative Procedure: Examination of the [3 + 2] Coupling of QMA 1a and 

Allyltrimethylsilane 2a for the Effect of Water (Scheme 15) 

To a stirred solution of QMA 1a (1.0 mmol) and allyltrimethylsilane 2a (1.2 mmol) in 

dichloromethane (2.5 mL) was successively added HFIP (2.5 mL) and stoichiometric 

amount of pentafluorobenzoic acid (1.0 mmol) with extra addition of 5 equiv. of water 

in open flask under ambient conditions. The reaction mixture was then allowed to stir at 

room temperature. After consumption of the QMA 1a, the solution was concentrated by 

evaporation. Isolation of the [3 + 2] coupling cycloadduct 3aa was directly conducted 

from the residue by flash chromatography on silica-gel (hexane/EtOAc = 20/1) to give a 

pure dihydrobenzofuran product 3aa (0.71 mmol, 71%) as colorless oil.  

 

Reaction of QMA 1a with cis-Methyl Styrene 2l Leading to a Mixture of cis- and 

trans- Dihydrobenzofuran 3al via the Formation of the Intermediate B (Scheme 17) 

The reactions were examined with the general procedures instead using cis-methyl 

styrene 2l as the alkene nucleophile. The mixture of two inseparable dihydrobenzofuran 

products 3al (cis- and trans-isomers) formed in 80% yield as a mixture of two 

regio-isomers (cis:trans = approximate 30:70) using the perfluoroterephthalic acid. The 

cis/trans ratios of the regio- mixtures were determined by the 
1
H NMR measurement by 

comparing the authentic samples of cis- and trans-dihydrobenzofurans 3al. The proton 

alpha to the phenyl group in the cis-isomer appeared as a doublet (J = 8.8 Hz) at 

 ppmin 
1
H NMRwhile the signal for the trans-isomer was observed as a 

doublet (J = 8.5 Hz) as well at  ppm.  

 

2,3-Dihydro-5-methoxy-3-methyl-2-phenylbenzofuran 3al (a mixture of cis- and 

trans-regio-isomers)
51)

  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3):  7.27–7.41 (m, 5H (cis and trans)), 

7.68–7.81 (m, 3H (cis and trans)), 5.76 (d, 1H, J = 8.6 Hz (cis)), 5.11 (d, 1H, J = 9.0 Hz 

(trans)), 3.76 (s, 3H (cis and trans)), 3.58–3.68 (m, 1H (cis)), 3.36–3.43 (m, 1H (trans)), 

1.39 (d, 3H, J = 6.8 Hz (cis)), 0.78 (d, 3H, J = 7.3 Hz (trans)) ppm; 
13

C NMR (100 MHz, 

CDCl3):  154.4, 154.3, 153.3, 153.1, 140.8, 138.1, 133.8, 132.9, 128.6, 128.2, 127.6, 

126.3, 126.1, 112.9, 112.8, 110.8, 110.1, 109.32, 109.28, 92.6, 87.9, 55.99, 55.97, 45.9, 

41.3, 17.8, 16.8 ppm; IR (KBr): 3062, 3030, 2961, 2924, 2864, 2831, 1604, 1501, 1432, 

1375, 1270, 1210, 1168, 1144, 1034, 972, 866, 804, 740, 700 cm
-1

. 
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Experiments of Chapter II 

 

General Procedure for the Catalytic Use of Perfluorinated Terephthalic Acid in [3 + 

2] Coupling of QMAs 1 with Alkene Nucleophiles 2 (Table 5) 

To a stirred solution of QMA 1 (1.0 mmol) and alkene 2 (1.2 mmol) in DCM (2.5 mL) 

was successively added HFIP (2.5 mL) and a catalytic amount of perfluorinated 

terephthalic acid (0.05 mmol, 5 mol% relative to QMA) in open flask under ambient 

conditions. The reaction mixture was then allowed to stir at room temperature or 0 
o
C 

for 4 to 8 hrs. After confirming consumption of QMA 1 by TLC, the solution was 

concentrated by evaporation. Isolation of the [3 + 2] coupling cycloadduct was directly 

conducted from the residue by flash chromatography on silica-gel (hexane/EtOAc) to 

give the pure dihydrobenzofuran product 3. The yields of the reactions in this procedure 

are summarized in Table 5. 
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Experiments of Chapter III 

 

Typical Procedure for Preparation of Polystyrene-Supported Perfluorobenzoic Acid 

(PS-PFBA) (Scheme 21) 

To a 100 ml round-bottom flask, amino methyl functionalized cross-linked polystyrene 

resins (1.25 g, 2.0 mmol/g loading, 2% DVB; Sigma-Aldrich Co. LLC) was added in 

DMF (25 mL) under ambient conditions. To the heterogeneous mixture, 

tetrafluoroterephthalic acid (4.0 mmol) in DMF (6 mL), 1-hydroxybenzotriazole (HOBt, 

3.6 mmol) in DMF (5 mL), and solid 1,3-diisopropylcarbodiimide (DIC, 3.6 mmol) 

were successively and quickly added. The off-white dispersion turned pale yellow 

during the reaction. The resulting suspension was vigorously stirred for 16 hrs at room 

temperature. After the mixture was filtered, the solid on the filter was washed with 

DMF, THF, and DCM each for three times. After drying under vacuum for overnight, 

the desired polystyrene-anchored PFBA (PS-PFBA) at a 1.06 mmol/g loading of the 

PFBA was obtained as off-white beads (calcd. 75% introduction for the starting amino 

resin).  

Elemental analysis of synthetic sample of the prepared PS-PFBA found 2.20% N 

contents, which corresponds to 1.06 mmol loading of PFBA sites to the polymer. The 

loading value shows that about 75% of amine sites in the starting PS-NH2 was 

functionalized by the PFBA during the preparation.  

 

General Procedure for PS-PFBA Induced Coupling of QMAs 1 with Nucleophiles 2 

(Scheme 22) 

To a stirred solution of the QMA 1 (1 mmol) and alkenes 2 (2 mmol) in DCM (2.5 mL) 

was successively added HFIP (2.5 mL) and the PS-PFBA (1 mmol) under ambient 

conditions. The reaction mixture was then stirred at 0 
o
C for 4 to 6 hrs. After confirming 

consumption of the QMA 1 by TLC, the PS-PFBA was separated by filtration, washed 

with Et2O and dried under vacuum, and then reused for the next run. The residue from 

the concentrated filtrate including the product was purified by column chromatography 

on silica-gel (hexane/EtOAc) to give the pure dihydrobenzofuran 3. Reusability of the 

recovered PS-PFBA was evaluated at least four times using the reactions (Scheme 22).  
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Experiments of Chapter IV 

General Procedure for PS-PFBA Induced Coupling Reactions Using Other Types of 

Nucleophiles 5 (Scheme 23 and 24) 

By the similar treatments of nucleophiles 5a-d under modified reaction conditions, the 

corresponding coupling products 5aa-5ad could be also obtained in moderate to good 

yields (57-90%). 

5-(2-Hydroxy-5-methoxyphenyl)furan-2(5H)-one 5aa 

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ = 7.41-7.46 (m, 1H), 6.50-6.60 (m, 3H), 

6.10 (s, 1H), 5.88-5.96 (m, 2H), 3.61 (s, 3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 

174.2, 156.7, 149.9, 149.6, 122.8, 119.9, 115.9, 112.4, 111.6, 80.0, 55.7 ppm; IR (KBr): 

3362, 3110, 2956, 2837, 1790, 1739, 1596, 1502, 1460, 1278, 1214, 1176, 1081, 1028, 

832, 797 cm
-1

; HRMS (EI) calcd for C11H11O4 [M+H]
+
: 207.0657; found: 207.0654. 

 

4-Methoxy-2-(phenylthio)phenol 5ab
52)

 

Pale brown oil; 
1
H NMR (400 MHz, CDCl3): δ = 6.89-7.18 (m, 8H), 6.06 (s, 1H), 3.68 

(s, 3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 153.3, 151.2, 135.5, 129.1, 126.7, 126.0, 

120.1, 118.7, 116.1, 115.9, 55.7 ppm; IR (KBr): 3435, 3058, 3001, 2938, 2832, 1581, 

1486, 1438, 1336, 1276, 1253, 1212, 1181, 1051, 1034, 768 cm
-1

.  

 

Methyl 2-(5-methoxy-2-(trimethylsilyloxy)phenyl)-2-methylpropanoate 5ac 

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ = 6.41-6.62 (m, 3H), 3.61 (s, 3H), 3.36 (s, 

3H), 1.23 (s, 6H), 0.02 (s, 9H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 177.4, 153.0, 

146.4, 136.3, 116.8, 112.8, 110.6, 55.2, 51.5, 43.9, 25.3, 0.0 ppm; IR (KBr): 2950, 2833, 

1737, 1497, 1424, 1255, 1234, 1215, 1145, 1078, 1049, 915, 883, 843, 763 cm
-1

; HRMS 

(EI) calcd for C15H24O4Si [M]
+
: 296.1444; found: 296.1446. 

 

2-(5-Methoxy-2-(trimethylsilyloxy)phenyl)cyclopentanone 5ad 

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ = 6.31-6.47 (m, 3H), 3.47 (s, 3H), 3.04 

(dd, 1H, J = 10.9, 8.3 Hz), 2.05-2.16 (m, 3H), 1.84-1.90 (m, 2H), 1.57-1.67 (m, 1H, J = 

14.2, 8.8 Hz), 0.02 (s, 9 H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 218.0, 158.2, 146.6, 

130.2, 118.1, 116.0, 112.2, 55.1, 52.5, 37.8, 30.7, 20.9, 0.0 ppm; IR (KBr): 2959, 2834, 

1743, 1499, 1465, 1426, 1250, 1225, 1160, 1142, 1040, 937, 904, 889, 845, 757 cm
-1

; 

HRMS (EI) calcd for C15H22O3Si [M]
+
: 278.1388; found: 278.1368. 
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Experiments of Chapter V 

 

Preparation of the QMAs 1l 

To a stirred solution of corresponding para-substituted phenol (10 mmol) in methanol 

(20 mL) at 0 
o
C to room temperature was added a solution of PhI(OAc)2 (PIDA, 10 

mmol) in methanol (20 mL). The mixture was stirred for 10 min under the same 

conditions, diluted with water, and extracted with EtOAc. The organic layer was washed 

with aqueous saturated sodium bicarbonate and sodium chloride solution, dried over 

sodium sulfate, and concentrated in evaporation. The residue was purified by column 

chromatography on silica-gel with hexane/EtOAc to yield a pure QMA 1l in 91% yield.
 

The iminoquinone acetal 1i was also prepared in 90% yield from the corresponding 

aniline derivative, p-methoxy-N-tosylaniline by using the same method. 

Representative Procedure for the Synthesis of Natural Occurring Modules of 

Pterocarpan 6la, 7 and Pyrrolidinoindoline 6ib, 6ic with Corresponding Nucleophiles 

6a, 6b and 6c 

To a stirred solution of QMAs 1l and nucleophiles of 2H-chromen-7-yl acetate 6l (2 

mmol) in DCM (2.5 mL) was successively added HFIP (2.5 mL) and stoichiometric 

amount of PFBA (1.0 mmol) in open flask under ambient conditions. The reaction 

mixture was then allowed to stir at room temperature and monitored by TLC. After 

consumption of the QMAs 1l, the solution was concentrated by evaporation. Isolation of 

the [3 + 2] coupling product was directly conducted from the residue by flash 

chromatography on silica-gel (hexane/EtOAc = 4/1) to give the pterocarpan 6la (53%) 

as a pale pink solid. Finally the natural product of maackiain 7 could be successfully 

synthesized in good yield as a pink solid after the deprotection of the pterocarpan 6la 

with 3 equiv. of K2CO3 in methanol. 

By using the similar procedure, pyrrolidinoindoline 6ib and 6ic could also be prepared 

in good yield (75% and 84%) from the corresponding iminoquinone acetal 1i with 

tosyldihydropyrrole 6b or 6c by using the same method. 

 

cis-6a,12a-Dihydro-6H-[1,3]dioxolo[4',5':5,6]benzofuro[3,2-c]chromen-3-yl acetate 

6la 

Pale pink solid; mp: 147.7-148.6 
o
C; 

1
Η ΝΜR (400 MHz, CDCl3): δ = 7.44 (d, 1H, J = 

8.3 Hz), 6.72 (dd, 1H, J = 8.3, 2.2 Hz), 6.66 (s, 1H), 6.64 (s, 1H), 6.37 (s, 1H), 5.85 (d, 

2H, J = 10.0 Hz), 5.42 (d, 1H, J = 7.1 Hz), 4.19 (dd, 1H, J = 10.7, 4.9 Hz), 3.59 (t, 1H, J 

= 11.0 Hz), 3.45 (dd, 1H, J = 10.7, 4.4 Hz), 2.23 (s, 3H) ppm; 
13

C NMR (100 MHz, 

CDCl3): δ = 169.2, 156.2, 154.1, 151.6, 141.8, 131.7, 117.8, 117.6, 115.3, 110.7, 104.7, 
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101.3, 93.8, 78.0, 66.5, 40.1, 29.3, 21.1 ppm; IR (KBr): 3072, 2891, 2771, 1759, 1617, 

1590, 1498, 1459, 1432, 1370, 1338, 1207, 1143, 1116, 1033, 934, 894, 767 cm
-1

.  

 

cis-6a,12a-Dihydro-6H-[1,3]dioxolo[4',5':5,6]benzofuro[3,2-c]chromen-3-ol 

(maackiain) 7
53)

 

Pink solid; mp: 199.3-201.1 
o
C; 

1
Η ΝΜR (400 MHz, CDCl3): δ 

= 7.30 (d, 1H, J = 8.3 Hz), 6.65 (s, 1H), 6.48 (dd, 1H, J = 8.52, 

2.7 Hz), 6.37 (s, 1H), 6.34 (d, 1H, J = 2.4 Hz), 5.82 (dd, 2H, J = 

10.0, 1.2 Hz), 5.40 (d, 1H, J = 6.8 Hz), 4.77 (br, 1H), 4.15 (dd, 

1H, J = 10.7, 4.9 Hz), 3.57 (t, 1H, J = 11.0 Hz), 3.38-3.43 (m, 

1H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 168.1, 156.9, 154.2, 

151.5, 148.1, 132.1, 117.9, 112.7, 110.7, 109.7, 104.7, 103.6, 101.2, 93.8, 78.4, 66.4, 

40.1 ppm; IR (KBr): 2923, 1619, 1596, 1508, 1474, 1458, 1181, 1144, 1119, 1033, 912, 

741 cm
-1

. 

cis-5-Methoxy-1,8-ditosyl-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole 6ib 

Colorless oil; 
1
Η ΝΜR (400 MHz, CDCl3): = 7.86 (d, 2H, J = 8.3 Hz), 7.43 (d, 2H, J = 

8.3 Hz), 7.24-7.27 (m, 2H), 7.22 (s, 1H), 7.10 (d, 2H, J = 8.0 Hz), 6.66 (dd, 1H, J = 8.8, 

2.7 Hz), 6.48 (d, 1H, J = 2.4 Hz), 6.18 (d, 1H, J = 6.6 Hz), 3.72-3.74 (m, 1H), 3.70 (s, 

3H), 3.39 (t, 1H, J = 6.8 Hz), 2.64-2.71 (m, 1H), 2.38 (s, 3H), 2.31 (s, 3H), 1.97-2.05 (m, 

1H), 1.85-1.89 (m, 1H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 157.8, 143.8, 143.0, 

137.3, 135.0, 134.6, 134.3, 129.2, 129.1, 127.4, 127.3, 118.9, 113.4, 109.4, 81.2, 55.3, 

46.6, 46.4, 31.4, 21.32, 21.34 ppm; IR (KBr): 2951, 2079, 1597, 1486, 1348, 1260, 

1167, 1092, 1010, 913, 833, 814, 755, 737 cm
-1

.  

cis-5-Methoxy-3a-methyl-1,8-ditosyl-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole 

6ic 

Pale pink solid; mp: 85.6-88.4 
o
C; 

1
Η ΝΜR (400 MHz, 

CDCl3): δ = 7.83 (d, 2H, J = 8.3 Hz), 7.51 (d, 2H, J = 8.0 

Hz), 7.22-7.29 (m, 2H), 7.19 (s, 1H), 7.10 (d, 2H, J = 8.0 Hz), 

6.65 (dd, 1H, J = 8.8, 2.7 Hz), 6.42 (d, 1H, J = 2.7 Hz), 7.74 

(s, 1H), 3.71-3.76 (m, 1H), 3.69 (s, 3H), 3.39 (t, 1H, J = 6.8 

Hz), 2.63-2.70 (m, 1H), 2.36 (s, 3H), 2.28 (s, 3H), 1.84-1.92 

(m, 2H), 0.67 (s, 3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 157.9, 144.1, 143.2, 138.9, 

137.7, 135.0, 134.3, 129.6, 129.4, 127.5, 127.4, 118.3, 113.6, 108.5, 86.3, 55.5, 55.0, 

47.8, 39.9, 24.6, 21.6, 21.5 ppm; IR (KBr): 2961, 1596, 1485, 1453, 1359, 1233, 1169, 

1093, 1032, 914, 844, 813, 735 cm
-1

. 
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Synthesis of the Regio-controlled Dihydrobenzofuran Oligomers 10a and 11a 

To a solution of the para-methoxy phenol (10 mmol) in anhydrous methanol (20 mL) 

was added a solution of PhI(OAc)2 (PIDA, 10 mmol) in methanol (20 mL) as well. The 

mixture was stirred for 10 min, diluted with water, and extracted with EtOAc. The 

organic layer was washed with saturated aqueous sodium chloride, dried over anhydrous 

sodium sulfate, and concentrated in evaporation to give the crude QMA 1a in 99% yield, 

which could be used for the next step without purification.  

After replacing the solvent with a mixture of DCM (10 mL) and HFIP (10 mL), the 

formed QMA 1a was reacted with 4-methoxy-2-vinylphenyl acetate 7 (2 equiv.) using 

the PFBA (1 equiv.) under ambient conditions. The reaction mixture was stirred for 3 

hrs. After completion of the reaction, the solution was concentrated by evaporation. 

Isolation of the [3 + 2] coupling dihydrobenzofuran 8a was directly conducted from the 

residue by flash chromatography on silica-gel (hexane/EtOAc = 4/1) to give a pure 

product 8a in 62% yield as pale yellow oil.  

Next, the selective cleavage of acetyl group in the presence of methoxy groups was 

successively conducted. Thus, the resulting product was dissolved in methanol (25 mL), 

which was treated in one portion with potassium carbonate (3 equiv.) and the mixture 

was stirred at room temperature for 3 hrs. After confirming disappearance of the 

reactant by TLC, the reaction mixture was concentrated by evaporation to give a 

dihydrobenzofuranyl phenol product in quantitative yield.  

Then the dihydrobenzofuranyl QMA 8a was sequentially prepared in 79% yield via the 

oxidation with PIDA from dihydrobenzofuranyl phenol using the similar procedure 

mentioned above, which could be used for the next step directly. 

Iterative repetition procedures of the selective cleavage of acetyl group, phenol 

oxidantion and [3 + 2] cyclization using 4-methoxy-2-vinylphenyl acetate 8 as the 

coupling partner finally gave the regio-controlled dihydrobenzofuan dimer 10a and 

trimer 11a in moderate yields. 

Synthesis of the Regio-controlled Benzofuran Trimer 12a 

To a soulution of DDQ (7 mmol, 3.5 equiv.) in dioxane (10 mL) was slowly added to a 

solution of dihydrobenzofuan trimer 11a (2 mmol, 1 equiv.) in dioxane (10 mL). Once 

the addition was complete, the reaction mixture was heated under reflux for 48 hrs. The 

reaction mixture was then cooled to room temperature and evaporated to dryness under 

vacuum. The residue was purified by column chromatography on silica-gel (eluent: 

hexane/AcOEt = 4/1) to give the pure benzofuan trimer 12a in 41% yield from the 

dihydrobenzofuan trimer 11a as a pale orange solid. 

app:ds:acetyl
app:ds:potassium
app:ds:carbonate
app:ds:acetyl
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Dihydrobenzofuan dimer 10a (as a mixture of diastereomers) 

Pale yellow amorphous; 
1
Η ΝΜR (400 MHz, CDCl3): δ = 6.99-7.02 (m, 2H), 6.66-6.86 

(m, 6H), 5.73-5.90 (m, 2H), 3.72-3.77 (m, 9H), 3.52-3.63 (m, 2H), 3.12-3.27 (m, 2H), 

2.05-2.11 (m, 3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 169.4, 169.3, 157.23, 157.20, 

154.34, 154.32, 154.0, 153.5, 149.95, 149.86, 140.8, 134.7, 127.6, 127.5, 127.3, 127.2, 

123.7, 123.5, 123.2, 113.6, 113.5, 112.63, 112.60, 112.1, 112.0, 111.0, 111.34, 111.26, 

109,7, 109.6, 118,9, 80.3, 79.6, 79.4, 55.8, 55.7, 55.3, 37.5, 37.4, 37.3, 37.1, 20.40, 

20.35 ppm; IR (KBr): 2940, 2835, 1761, 1607, 1486, 1433, 1369, 1137, 1040, 970, 908, 

874, 808, 770 cm
-1

. 

 

Dihydrobenzofuan trimer 11a (as a mixture of diastereomers) 

White powder; mp 179.3-181.7 °C; 
1
Η ΝΜR (400 MHz, CDCl3): δ= 6.92-6.97 (m, 2H), 

6.60-6.80 (m, 8H), 5.67-5.91 (m, 3H), 3.66-3.71 (m, 12H), 3.47-3.60 (m, 2H), 3.07-3.45 

(m, 4H), 1.98-2.05 (m, 3H) ppm; 
13

C NMR (100 MHz, CDCl3): δ = 169.6, 157.4, 157.3, 

154.52, 154.49, 154.43, 154.37, 154.32, 154.15, 154.14, 153.73, 153.72, 150.2, 149.99, 

149.97, 149.86, 141.1, 134.9, 134.8, 128.0, 127.9, 127.8, 127.5, 127.43, 127.37, 124.1, 

123.8, 123.7, 123.6, 123.5, 117.3, 113.7, 113.5, 113.44, 113.39, 113.0, 112.80, 112.78, 

112.75, 112.2, 111.2, 110.72, 110.68, 110.64, 110.5, 110.3, 109.9, 109.8, 109.7, 109.5, 

109.21, 109.19, 109.11, 109.09, 83.4, 80.6, 80.51, 80.45, 80.1, 78.0, 79.9, 79.74, 79.66, 

79.64, 56.00, 55.98, 55.7, 55.5, 37.8, 37.63, 37.60, 37.58, 37.54, 37.50, 37.47, 37.36, 

37.35, 20.62, 20.57 ppm; IR (KBr): 2940, 2835, 1760, 1607, 1486, 1436, 1369, 1274, 

1261, 1196, 1039, 991, 970, 874, 803, 747 cm
-1

. 

 

Benzofuan trimer 12a  

Pale orange solid; mp 215.1-218.8 °C; 
1
Η ΝΜR (400 MHz, CDCl3): δ = 7.67 (s, 1H), 

7.60 (d, 1H, J = 2.7 Hz), 7.56 (s, 1H), 7.53-7.55 (m, 2H), 7.44 (d, 1H, J = 9.0 Hz), 

7.09-7.15 (m, 4H), 7.05 (s, 1H), 6.90-6.96 (m, 2H), 3.97 (s, 3H), 3.94 (s, 3H), 3.87 (s, 

3H), 3.85 (s, 3H), 2.35 (s, 3H) ppm; IR (KBr): 2931, 2834, 2358, 1751, 1614, 1474, 

1433, 1205, 1169, 1040, 912, 843, 799, 745 cm
-1

. HRMS (EI) calcd for C36H28O9Na 

[M]
+
: 627.1626; found: 627.1631.  

 

 



56 

 

Reference 
 

1) (a) Bravo, L. Nutr. Rev., 1998, 56, 317; (b) Harborne, J. B. In Methods in Plant 

Biochemsitry, Vol. 1: Plant Phenolics; Harbone J. B. Ed.; Academic Press: London, 

UK, 1989, 1; (c) Haslam, E. Plant Polyphenols; Cambridge University Press: 

Cambridge, UK, 1989, 1; (d) Randhir, R.; Lin Y. –T.; Shetty, K. Asia. Pac. J. Clin. 

Nutr., 2004, 13, 295. 

2) (a) Dohi, T.; Maruyama, A.; Takenaga, N.; Senami, K.; Minamitsuji, Y.; Fujioka, 

H.; Caemmerer, S. B.; Kita, Y. Angew. Chem. Int. Ed., 2008, 47, 3738; (b) 

Takenaga, N.; Uchiyama, T.; Kato, D.; Fujioka, H.; Dohi, T.; Kita, Y. Heterocycles, 

2011, 82, 1327; (c) Matsugi, M.; Gotanda, K.; Murata, K.; Kita, Y. Chem. 

Commun., 1997, 1378; (d) Matsugi, M.; Murata, K.; Anilkumar, G.; Nambu, H.; 

Kita, Y. Chem. Pharm. Bull., 2001, 49, 1658; (e) Matsugi, M.; Murata, K.; Nambu, 

H.; Anilkumar, G.; Matsumoto, K.; Kita, Y. J. Org. Chem., 2001, 66, 2434; (f) 

Tamura, Y.; Yakura, T.; Haruta, J.; Kita, Y. J. Org. Chem., 1987, 52, 3927; (g) Kita, 

Y.; Tohma, H.; Kikuchi, K.; Inagaki, M.; Yakura, T. J. Org. Chem., 1991, 56, 435; 

(h) Hamamoto, H.; Anilkumar, G.; Tohma, H.; Kita, Y. Chem. Eur. J., 2002, 8, 

5377; (i) Tohma, H.; Harayama, Y.; Hashizume, M.; Iwata, M.; Kiyono, Y.; Egi, 

M.; Kita, Y. J. Am. Chem. Soc., 2003, 125, 11235; (j) Tohma, H.; Harayama, Y.; 

Hashizume, M.; Iwata, M.; Egi, M.; Kita, Y. Angew. Chem. Int. Ed., 2002, 41, 348; 

(k) Banfield, S. C.; Kerr, M. A. Can. J. Chem., 2004, 82, 131. 

3) (a) Tamura, Y.; Yakura, T.; Haruta, J.; Kita, Y. J. Org. Chem., 1987, 52, 3927. (b) 

Kita, Y.; Tohma, H.; Kikuchi, K.; Inagaki, M.; Yakura, T. J. Org. Chem., 1991, 56, 

435; (c) Pelter, A.; Elgendy, S; Tetrahedron Lett., 1988, 29, 677; (d) Pelter, A.; 

Elgendy, M. A. J. Chem. Soc., Perkin Trans. 1, 1993, 1891; (e) Fleck, A. E.; Hobart, 

J. A.; Morrow, G. W. Synth. Commun., 1992, 22, 179; (f) Mitchell, A. S.; Russell, R. 

A. Tetrahedron, 1997, 53, 4387; (g) Camps, P.; González, A.; Muñoz-Torrero, D.; 

Simon, M.; Zúñiga, A.; Martins, M. A.; Font-Bardia, M.; Solans, X. Tetrahedron, 

2000, 56, 8141; (h) Banfield, S. C.; Kerr, M. A. Can. J. Chem., 2004, 82, 131; (i) 

Tohma, H.; Maruyama, A.; Maeda, A.; Maegawa, T.; Dohi, T.; Shiro, M.; Morita, 

T.; Kita, Y. Angew. Chem. Int. Ed., 2004, 43, 3595; (j) Moriarty, R. M.; Prakash, O. 

Org. React., 2001, 57, 327: (k) A review: Pouységu, L.; Deffieux, D.; Quideau, S. 

Tetrahedron, 2010, 66, 2235.  

4) (a) The Chemistry of Quinonoid Compounds, Part 2; Patai, S. Ed.; Wiley, New York, 

1988; (b) Thomson, R. H. Naturally Occurring Quinones IV. Recent Advances; 

Blackie Academic & Professional, London, 1997; (c) Quideau, S.; Pouységu, L. 



57 

 

Org. Prep. Proced. Int., 1999, 31, 617; (d) Scott, J. D.; Williams, R. M. Chem. Rev., 

2002, 102, 1669; (e) Decker, H.; Schweikardt, T.; Tuczek, F. Angew. Chem. Int. Ed., 

2006, 45, 4546; (f) Bayen, S.; Barooah, N.; Sharma, R. J.; Sen, T. K.; Karmakar, A.; 

Baruah, J. B. Dyes Pigm., 2007, 75, 770; (g) Dunlap, T.; Chandrasena, R. E. P.; 

Wang, X.; Sinha, V.; Wang, Z.; Thatcher, G. R. J. Chem. Res. Toxicol., 2007, 20, 

1903; (h) Klan, P.; Wirz, J. Photochemistry of Organic Compounds: From Concepts 

to Practice; Wiley, New York, 2009. See also ref. 5. 

5) (a) Dudfield, P. J. In Comprehensive Organic Synthesis; Trost, B. M.; Fleming, I., 

Eds.; Pergamon, Oxford, 1991, vol. 7, p 345; (b) Thomson, R. H. In The Total 

Synthesis of Natural Products; ApSimon, J., Ed.; Wiley, New York, 1992, vol. 7, p 

311; (c) Gallagher, P. T. Contemp. Org. Synth., 1996, 3, 433; (d) Akai, S.; Kita, Y. 

Org. Prep. Proc. Int., 1998, 30, 603; (e) Owton, W. M. J. Chem. Soc., Perkin Trans. 

1, 1999, 2409; (f) Batenko, N. G.; Karlivans, G.; Valters, R. Chem. Heterocycl. 

Compd., 2005, 41, 691; (g) Abraham, I.; Joshi, R.; Pardasani, P.; Pardasani, R. T. J. 

Braz. Chem. Soc., 2011, 22, 385. 

6) For recent reviews, see: (a) Yudin, A. K. Chem. Heterocycl. Compd., 2012, 48, 191 

and references cited therein; (b) Afagh, N. A.; Yudin, A. K. Angew. Chem., Int. Ed., 

2010, 49, 262; (c) Mahatthananchai, J.; Dumas, A. M.; Bode, J. W. Angew. Chem., 

Int. Ed., 2012, 51, 10954.  

7) For summarization of the preparations and utilities of QMAs, see: (a) Magdziak, 

D.; Meek, S. J.; Pettus, T. R. R. Chem. Rev., 2004, 104, 1383; (b) Liao, C.-C.; 

Peddinti, R. K. Acc. Chem. Res., 2002, 35, 856; (c) Chenard, B. L.; Anderson, D. 

K.; Swenton, J. S. J. Chem. Soc., Chem. Commun., 1980, 932; (d) Evans, D. A.; 

Hart, D. J.; Koelsch, P. M.; Cain, P. A. Pure Appl. Chem. 1979, 51, 1285; (e) Fujita, 

S. J. Synth. Org. Chem., Jpn, 1982, 40, 307; (f) Swenton, J. S. Acc. Chem. Res., 

1983, 16, 7; (g) The Chemistry of Quinonoid Compounds; Patai, S.; Rappoport, Z., 

Eds.; John Wiley, New York, 1988; (h) Quideau, S.; Pouységu, L. Org. Prep. Proc. 

Int. 1999, 31, 617.  

8) (a) Goel, A.; Kumar, A.; Raghuvanshi, A. Chem. Rev., 2013, 113, 1614; (b) 

Robinson B., Heterocycles, 2002, 57, 1327; (c) James, C. A.; Snieckus V. J. Org. 

Chem. 2009, 74, 4080; (d) McKillop, A.; McLaren, L.; Taylor, R. J. K.; 

Watson, R. J.; Lewis, N. Synlett, 1992, 3, 201, and references therein.  

9) Early examples: (a) Nilsson, A.; Ronlán, A.; Parker, V. D. Tetrahedron Lett., 1975, 

16, 1107; (b) Evans, D. A.; Cain, P. A.; Wong, R. Y. J. Am. Chem. Soc., 1977, 99, 

7083; (c) Hart, D. J.; Cain, P. A.; Evans, D. A. J. Am. Chem. Soc., 1978, 100, 1548; 

(d) Henton, D. R.; Anderson, K.; Manning, M. J.; Swenton, J. S. J. Org. Chem., 



58 

 

1980, 45, 3422; (e) Imamoto, T.; Takiyama, N.; Nakamura, K.; Hatajima, T.; 

Kamiya, Y. J. Am. Chem. Soc., 1989, 111, 4392. (f) Parker, K. A.; Coburn, C. A. J. 

Am. Chem. Soc., 1991, 113, 8516; (g) Large, S.; Roques, N.; Langlois, B. R. J. Org. 

Chem., 2000, 65, 8848.  

10) For selected examples, see: (a) Imbos, R.; Brilman, M. H. G.; Pineschi, M.; Feringa, 

B. L. Org. Lett., 1999, 1, 623; (b) Parker, K. A.; Kang, S. K. J. Org. Chem., 1980, 

45, 1218; (c) Stern, A. J.; Rohde, J. J.; Swenton, J. S. J. Org. Chem., 1989, 54, 

4413; (d) Foster, C. H.; Payne, D. A. J. Am. Chem. Soc., 1978, 100, 2834; (e) Guo, 

F.; Konkol, L. C; Thomson, R. J. J. Am. Chem. Soc., 2011, 133, 18; (f) Tokunaga, 

N.; Hayashi, T. Adv. Synth. Catal., 2007, 349, 513; (g) Lalic, G.; Corey, E. J. Org. 

Lett., 2007, 9, 4921; (h) Giroux, M. A.; Guerard, K. C.; Beaulieu, M.-A.; Sabot, C.; 

Canesi, S. Eur. J. Org. Chem., 2009, 3871.  

11) (a) Evans, D. A.; Tanis, S. P.; Hart, D. J. J. Am. Chem. Soc., 1981, 103, 5813; (b) 

Chen, C.-P.; Shih, C.; Swenton, J. S. Tetrahedron Lett., 1986, 27, 1891; (c) 

McDonald, I. A.; Dreiding, A. S. Helv. Chim. Acta, 1973, 56, 2523; (d) Chenard, B. 

L.; Anderson, D. K.; Swenton, J. S. J. Chem. Soc., Chem. Commun., 1980, 932; (e) 

Dolson, M. G.; Chenard, B. L.; Swenton, J. S. J. Am. Chem. Soc., 1981, 103, 5263; 

(f) Coates, R. M.; MacManus, P. A. J. Org. Chem., 1982, 47, 4822; (g) Becker, A. 

M.; Irvine, R. W.; McCormick, A. S.; Russell, R. A.; Warrener, R. N. Tetrahedron 

Lett., 1986, 27, 3431; (h) Ghera, E.; Yechezkel, T.; Hassner, A. J. Org. Chem., 1996, 

61, 4959; (i) Grecian, S.; Wrobleski, A. D.; Aübe, J. Org. Lett., 2005, 7, 3167; (j) 

Petrović, D.; Brückner, R. Org. Lett., 2011, 13, 6524.  

12) Coutts, I. G. C.; Hamblin, M. J. Chem. Soc., Chem. Commun., 1976, 58.  

13) Formal allylic substitutions via carbonyl addition followed by rearrangement were 

reported: (a) DeSchepper, R. E.; Swenton, J. S. Tetrahedron Lett., 1985, 26, 4831; 

(b) Mal, D.; Pahari, P.; Bidyut, B. K. Tetrahedron Lett., 2005, 46, 2097; (c) 

Salom-Roig, X. J.; Renaud, P. Synthesis, 2006, 3419. 

14) a) Sartori, G.; Maggi, R.; Bigi, F.; Giacomelli, S.; Porta, C.; Arienti, A; Bocelli, G. J. 

Chem. Soc., Perkin Trans. 1, 1995, 2177; b) Sloman, D. L.; Mitasev, B.; Scully, S. 

S.; Beutler, J. A.; Porco, J. A. Jr. Angew. Chem. Int. Ed., 2011, 50, 2511. 

15) (a) Büchi, G.; Mak, C.-P. J. Am. Chem. Soc., 1977, 99, 8073; (b) Büchi, G.; Chu, 

P.-S. J. Org. Chem., 1978, 43, 3717; (c) Mak, C.-P.; Büchi, G. J. Org. Chem., 1981, 

46, 1; (d) Collins, J. L.; Grieco, P. A.; Walker, J. K. Tetrahedron Lett., 1997, 38, 

1321; (e) Goodell, J. R.; McMullen, J. P.; Zaborenko, N.; Maloney, J. R.; Ho, C.-X.; 

Jensen, K. F.; Porco, J. A., Jr.; Beeler, A. B. J. Org. Chem., 2009, 74, 6169; (f) 

Treece, J. L.; Goodell, J. R.; Vander Velde, D.; Porco, J. A., Jr.; Aubé, J. J. Org. 



59 

 

Chem., 2010, 75, 2028.  

16) (a) Mohr, A. L.; Lombardo, M. L.; Arisco, T. M.; Morrow, G. W. Synth. Commun., 

2009, 39, 3845; (b) Kerns, M. L.; Conroy, S. M; Swenton, J. S. Tetrahedron Lett., 

1994, 41, 7529. 

17) (a) Hara, H.; Hashimoto, F.; Hoshino, O.; Umezawa, B. Tetrahedron Lett., 1984, 25, 

3615; (b) Banwell, M. G.; Lambert, J. N.; Mackay, M. F.; Greenwood, R. J. J. Chem. 

Soc., Chem. Commun., 1992, 974; (c) Nicolaou, K. C.; Sasmal, P. K.; Xu, H. J. Am. 

Chem. Soc., 2004, 126, 5493; (d) Yasui, Y.; Koga, K.; Suzuki, K; Matsumoto, T. 

Synlett, 2004, 615. 

18) (a) Dohi, T.; Hu, Y.; Kamitanaka, T.; Washimi, N.; Kita, Y. Org. Lett., 2011, 13, 

4814; For the use of polymer-supported specific acid promoter, see: (b) Dohi, T.; 

Hu, Y.; Kamitanaka, T.; Kita, Y. Tetrahedron, 2012, 68, 8420; (c) Hu, Y.; 

Kamitanaka, T.; Mishima Y.; Dohi, T.; Kita, Y. J. Org. Chem., 2013, 78, 5530.  

19) (a) Dohi T.; Takenaga, N.; Goto, A.; Fujioka, H; Kita, Y.; J. Org. Chem., 2008, 73, 

7365; (b) Hata, K.; Hamamoto, H.; Shiozaki, Y.; Caemmerer, S. B.; Kita, Y. 

Tetrahedron, 2007, 63, 4052; (c) Hata, K.; Hamamoto, H.; Shiozaki, Y.; Kita, Y.; 

Chem. Commun., 2005, 2465; (d) Hamamoto, H.; Shiozaki, Y.; Nambu, H.; Hata, 

K.; Tohma, H.; Kita, Y. Chem.-Eur. J., 2004, 10, 4977; (d) Hamamoto, H.; 

Anilkumar, G.; Toma, H.; Kita, Y. Chem.-Eur. J., 2002, 8, 5377; (e) Lvov, Y.; Ariga, 

K.; Ichinose, I.; Kunitake, T. Langmuir, 1996, 12, 3038; (f) Ebitani, K.; Ide, M.; 

Mitsudome, T.; Mizugaki, T.; Kaneda, K. Chem. Commun., 2002, 690; (g) Stefanis, 

A. D.; Tomlinson, A. A. G.; Steriotis, T. A.; Stefanopoulos, K. L.; Keiderling, U. J. 

Mater. Chem., 2003, 13, 1145; (h) Morokuma, K.; Nakagiri, N.; Mizugaki, T.; 

Ebitani, K.; Kaneda, K. J. Org. Chem., 2007, 72, 6006; (i) Dohi, T.; Washimi, N.; 

Kamitanaka, T.; Fukushima, K.; Kita, Y. Angew. Chem. Int. Ed., 2011, 50, 6142; (j) 

Dohi, T.; Kamitanaka, T.; Watanabe, S.; Hu, T.; Washimi, N.; Kita, Y. Chem.-Eur. J., 

2012, 18, 13164. 

20) For characteristics of the fluoroalcohols, see the following accounts and reviews: 

(a) Kita, Y.; Takada, T.; Tohma, H. Pure Appl. Chem., 1996, 68, 627; (b) Eberson, 

L.; Hartshorn, M. P.; Persson, O.; Radner, F. Chem. Commun., 1996, 2105; (c) 

Bégue, J.; Bonnet-delpon, D.; Crousse, B. Synlett, 2004, 18; (d) Dohi, T.; Yamaoka, 

N.; Kita, Y. Tetrahedron, 2010, 66, 5775. 

21) For the H-bonding of the fluoroalcohols to carbonyl groups, see the recent reports: 

(a) Hankache, J.; Hanss, D.; Wenger, O. S. J. Phys. Chem. A, 2012, 116, 3347; (b) 

Takamuku, T.; Tobiishi, M.; Saito, H. J. Solution Chem., 2011, 40, 2046; (c) 

Matsubayashi, K.; Kubo, Y. J. Org. Chem., 2008, 73, 4915. H2O2 activation by the 



60 

 

hydrogen bonding of HFIP: (d) Neimann, K.; Neumann, R. Org. Lett., 2000, 2, 

2861; (e) Berkessel, A.; Adrio, J. A. Adv. Synth. Catal., 2004, 346, 275.   

22) Allylsilanes were reported for other type cyclizations. See: (a) Schmidt, A. W.; 

Knöelker, H.-J. Synlett, 2010, 2207; (b) Knöelker, H.-J. J. Prakt. Chem., 1997, 339, 

304; (c) Bérard, D.; Giroux, M. A.; Racicot, L.; Sabot, C.; Canesi, S. Tetrahedron, 

2008, 64, 7537.  

23) (a) Bordwell, F. G. Acc. Chem. Res., 1988, 21, 456; (b) In Encyclopedia of 

Reagents for Organic Synthesis, 2nd ed.; Paquette, L. A., Crich, D., Fuchs, P. L., 

Molander, G. A. Eds.; John Wiley & Sons, Chichester, 2009, Vol. 10, pp 7654. 

24) Polymerization of styrene 2 can occur in the presence of strong Brønsted acids. See: 

(a) Hamaya, T.; Makromol. Chem. Rapid Commun., 1982, 3, 953; (b) Higashimura, 

T.; Hiza, M.; Hasegawa, H. Macromolecules, 1979, 12, 1058. 

25) For selected examples, see: (a) Bui, T.; Syed, S.; Barbas, C. F. J. Am. Chem. Soc., 

2009, 131, 8758; (b) Trost, B. M.; Zhang, Y. J. Am. Chem. Soc., 2006, 128, 4590; 

(c) Huang, A.; Kodanko, J. J.; Overman, L. E. J. Am. Chem. Soc., 2004, 126, 14043; 

(d) Reddy, P. T.; Quevillon, S.; Gan, Z.; Forbes, N.; Leek, D. M.; Arya, P. J. Comb. 

Chem., 2006, 8, 856 and references therein; (e) Wei, W.; Cai, C.; Kota, S.; 

Takahashi, V.; Ni, F.; Strosberg, A. D.; Snyder, J. K. Bioorg. Med. Chem. Lett., 2009, 

19, 6926; (f) Noguchi, T.; Tanaka, N.; Nishimata, T.; Goto, R.; Hayakawa, M.; 

Sugidachi, A.; Ogawa, T.; Asai, F.; Ozeki, T.; Fujimoto, K. Chem. Pharm. Bull., 

2007, 55, 393. 

26) For reviews, see: (a) Jimenez-Gonzalez, L.; Hernandez-Cervantes, C.; 

Alvarez-Corral, M.; MunozDorado, M.; Rodriguez-Garcia, I. Nat. Prod. Commun., 

2011, 6, 537; (b) Gonzalez, L. J.; Corral, A. C.; Dorado, M. M.; Garcia, I. R. 

Phytochem. Rev., 2008, 7, 125. 

27) (a) Wang, S.; Gates, B. D.; Swenton, J. S. J. Org. Chem., 1991, 56, 1979; (b) Gates, 

B. D.; Dalidowicz, P.; Tebben, A.; Wang, S.; Swenton, J. S. J. Org. Chem., 1992, 57, 

2135; (c) Sabot, C.; Bérard, D.; Canesi, S. Org. Lett., 2008, 10, 4629; (d) Bérard, D.; 

Giroux, M. A.; Racicot, L.; Sabot, C.; Canesi, S. Tetrahedron, 2008, 64, 7537. 

28) For utilities and naturally occurring spirocyclic compounds, see the following 

reviews: (a) Heathcock, C. H.; Graham, S. L.; Pirrung, M. C.; Plavac, F.; White, C. 

T. In The Total Synthesis of Natural Products; Apsimon, J., Ed.; Wiley, New York, 

1983, vol. 5, p 264; (b) Hesse, M. Alkaloids; Verlag Helvetica Chimica Acta, Zürich, 

Switzerland, 2000; (c) Saragi, T. P. I.; Spehr, T.; Siebert, A.; Fuhrmann-Lieker, T.; 

Salbeck, J. Chem. Rev., 2007, 107, 1011; (d) Minkin, V. I. Chem. Rev., 2004, 104, 

2751.  



61 

 

29) (a) Davis, B. R.; Gash, D. M.; Woodgate, P. D.; Woodgate, S. D. J. Chem. Soc., 

Perkin Trans. 1, 1982, 1499; (b) Endo, Y.; Shudo, K.; Okamoto, T. J. Am. Chem. 

Soc., 1982, 104, 6393; (c) Kirti, L.; Herczegh, P.; Visy, J.; Simonyi, M.; Antus, S.; 

Pelter, A. J. Chem. Soc., Perkin Trans. 1, 1999, 379. 

30) See ref. 7g, and the following paper: (a) Grossa, M.; Wessely, F. Monatsh. Chem., 

1966, 97, 1384; (b) Lebrasseur, N.; Fan, G.-J.; Oxoby, M.; Looney, M. A.; Quideau, 

S. Tetrahedron, 2005, 61, 1551. 

31) (a) Prakash, O.; Kaur, H.; Sharma, V.; Bhardwaj, V.; Pundeer, R. Tetrahedron Lett., 

2004, 45, 9065; (b) Omolo, J. J.; Johnson, M. M.; Van Vuuren, S. F.; de Koning, C. 

B. Bioorg. Med. Chem. Lett., 2011, 21, 7085-7088. 

32) Aqueous base extraction followed by acidification of the reaction mixture could 

result in only partial recovery of the used perfluorobenzoic acid.  

33) The intramolecular H-bond interaction between the carboxylic group and the 

fluorine atom at the ortho position is typically identified in the perfluorobenzoic 

acid derivatives. See: (a) Pokrovskii, L. M.; Derendyaev, B. G. Seriya 

Khimicheskikh Nauk, 1981, 1, 135; (b) Denisov, G. S.; Sheikh-Zade, M. I. 

Teoreticheskya i Eksperimentalnaya Khimya, 1978, 14, 398; (c) Petrov, A. K.; 

Sechkarev, A. V. Optika i Spektroskopiya, 1967, 3, 250.  

34) Comprehensive reviews on SPOS: (a) Horton, D. A.; Bourne, G. T.; Smythe, M. L. 

Chem. Rev., 2003, 103, 893; (b) Blaney, P.; Grigg, R.; Sridharan, V. Chem. Rev., 

2002, 102, 2607; (c) Brown, R. D. J. Chem. Soc., Perkin Trans. 1, 1998, 3293; (d) 

Czarnik, A. W. Solid-phase Organic Synthesis, Vol. 1, Wiley, New York, 2001. See 

also, ref. 36e. 

35) (a) Clark, J. H. Chemistry of Waste Minimisation, Chapman and Hall, Glasgow, 

1995; (b) Wilson, K.; Clark, J. H. Pure Appl. Chem., 2000, 72, 1313; (c) Tzschucke, 

C. C.; Markert, C.; Bannwarth, W.; Roller, S.; Hebel, A.; Haag, R. Angew. Chem. 

Int. Ed., 2002, 41, 3964; (d) Salimi, H.; Rahimi, A.; Pourjavadi, A. Monatsh. Chem., 

2007, 138, 363. 

36) Recent reviews and book dealing with polymer-supported reagents and catalysts: 

(a) Frenzel, T.; Solodenko, W.; Kirschning, A. In Polymeric Materials in Organic 

Synthesis and Catalysis, (Ed: M. R. Buchmeiser), Wiley-VCH, Weinheim, 2003, pp 

201; (b) Kirschning, A.; Monenschein, H.; Wittenberg, R. Angew. Chem. Int. Ed., 

2001, 40, 650; (c) McNamara, C. A.; Dixon, M. J.; Bradley, M. Chem. Rev., 2002, 

102, 3275; (d) Benaglia, M.; Puglisi, A.; Cozzi, F. Chem. Rev., 2003, 103, 3401; (e) 

Lu, J.; Toy, P. H. Chem. Rev. 2009, 109, 815; (f) Chang, Y.; Bae, C. Curr. Org. 

Synth. 2011, 8, 208. 



62 

 

37) (a) Barany, G.; Merrifield, R. B. Solid Phase Peptide Synthesis: In The Peptide: 

Analysis, Synthesis, Biology (Eds: E. Gross, J. Meinhofer), Vol. 2, Academic Press, 

New York, 1980, pp. 1-284; (b) Lloyd-Williams, P.; Albericio, F.; Giralt, E. 

Tetrahedron, 1993, 49, 11065; (c) Songster, M. F.; Barany, G. Methods Enzymol., 

1997, 289, 126; (d) Amblard, M.; Fehrentz, J.-A.; Martinez, J.; Subra, G. Mol. 

Biotechnol., 2006, 33, 239; (e) Coin, I.; Beyermann, M.; Bienert, M. Nat. Protoc., 

2007, 2, 3247. 

38) (a) Salvino, J. M.; Kumar, N. V.; Orton, E.; Airey, J.; Kiesow, T.; Crawford, K.;  

Mathew, R.; Krolikowski, P.; Drew, M.; Engers, D.; Krolikowski, D.; Herpin, T.; 

Gardyan, M.; McGeehan, G.; Labaudiniere, R. J. Comb. Chem., 2000, 2, 691; (b) 

Roice, M.; Suma, G.; Kumar, K. S.; Pillai, V. N. R. J. Protein Chem., 2001, 20, 25. 

39) Brownbridge, P. Synthesis, 1983, 1, 85. 

40) (a) Mukaiyama, T. Angew. Chem. Int. Ed., 2004, 43, 5590; (b) Mukaiyama, T.; 

Narasaka, K.; Banno, K. Tetrahedron, 1973, 2, 1011; (c) Mukaiyama, T.; Banno, K.; 

Narasaka, K. J. Am. Chem. Soc., 1974, 96, 7503; (d) Mukaiyama, T.; Izawa, T.; 

Saigo, K. Chem. Lett.,  1974, 323; (e) Mukaiyama, T. Org. React.,  1982, 

28 , 203; (f) Mukaiyama, T.; Kobayashi, S. Org. React.,  1994,  46 , 1; (g) 

Ooi, T.; Takahashi, M.; Yamada, M.; Tayama, E.; Omoto, K.; Maruoka, 

K. J. Am. Chem. Soc., 2004, 126, 1150; (h) Chen, J -X.; Sakamoto, K.; Orita, 

A.; Otera, J. Tetrahedron .,  1998,  54,  8411. 

41) (a) Kita, Y.; Segawa, J.; Haruta, J.; Fujii, T.; Tamura Y. Tetrahedron 

Lett., 1980, 21, 3779; (b) Kita, Y.; Segawa, J.; Haruta, J.; Yasuda, H.; Tamura, Y. J. 

Chem. Soc., Perkin Trans. 1, 1982, 1099; (c) RajanBabu, T. V. J. Org. Chem., 1984, 

49, 2083. 

42) (a) Ishitani, H.; Ueno, M.; Kobayashi, S. J. Am. Chem. Soc., 1997, 119, 7153; (b) J. 

Am. Chem. Soc., 2000, 122, 8180, and references therein. 

43) (a) Hudson, A. J.; Weaver, M. S. in Gunctional Organic Materials (Ed.: T. D. 

Richardson), Wiley, Chichester, 2000, pp. 365; (b) Chen, C. H.; Shi, J.; Tang, C. W. 

Macromol. Symp., 1997, 125, 1; (c) Sasaoka, T.; Sekiya, M.; Yumoto, A.; Ymada, J.; 

Hirano, T.; Iwase, Y.; Yamada, T.; Ishibashi, T.; Mori, T.; Tamura, S.; Urabe, T. SID 

J., 2001, 32, 384; (d) Rajeswaran, G.; Itoh, M.; Boroson, M.; Barry, S.; Hatwar, T. 

K.; Kahen, K. B.; Yoneda, K.; Yokoyama, R.; Yamada, T.; Komiya, N.; Kanno, H.; 

Takahashi, H. SID J., 2000, 31, 974; (e) Bauerle, P.; Mitschke, U.; Bauerle, P. J. 

Mater. Chem., 2000, 10, 1471. 

44) (a) Li, Y-Y.; Ren, A-M.; Feng, J-K.; Yang, L.; Sun, C-C. Optical Materials. 2007, 

29, 1571; (b) Anderson, S.; Taylor, P. N.; Verschoor, G. L. B. Chem. Eur. J. 2004, 

http://pubs.acs.org/action/doSearch?action=search&author=Mukaiyama%2C+Teruaki&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Banno%2C+Kazuo&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Narasaka%2C+Koichi&qsSearchArea=author


63 

 

10, 518; (c) Aoshima, H.; Miyase, T.; Warashima, T. Chem. Pharm. Bull. 2012, 60, 

499; (d) Anderson, S.; Weaver, M. S. (Sharp KK), 2001, GB 2360776; (e) Anderson, 

S.; Weaver, M. S. Eur. Pat. Appl., 2001, EP 1138713, A2 20011004; (f) Tanabe, J.; 

Oka, H.; Yamamoto, H. PCT Int. Appl., 2006, WO 2006128800, A1 20061207; (g) 

Oshiyama, T.; Kato, E. Jpn. Kokai Tokkyo Koho, 2012, JP 2012089777, A 

20120510. 

45) Sabot, C.; Bérard, D.; Canesi, S. Org. Lett., 2008, 10, 4629. 

46) Chiba, K.; Fukuda, M.; Kim, S.; Kitano, Y.; Tada, M. J. Org. Chem., 1999, 64, 

7654. 

47) Gates, B. D.; Dalidowicz, P.; Tebben, A.; Wang, S.; Swenton, J. S. J. Org. Chem., 

1992, 57, 2135. 

48) Kerns, M. L.; Conroy, S. M.; Swenton, J. S. Tetrahedron Lett., 1994, 41, 7529. 

49) Bonini, C.; Cristiani, G.; Funicello, M.; Viggiani, L. Synth. Commun., 2006, 36, 

1983. 

50) Marui, T.; Kajita, S.; Katayama, Y.; Chiba, K. Electrochem. Commun., 2007, 9, 

1331. 

51) Schmid, E.; Frater, G.; Hansen, H. J.; Schmid, H. Helv. Chim. Acta, 1972, 55, 1625. 

52) Komeyama, K.; Aihara, K.; Kashihara, T.; Takaki, K. Chem. Lett., 2011, 40, 1254. 

53) Tőkés, A. L.; Litkei, G.; Gulácsi, K.; Antus, S.; Baitz-Gács, E.; Szántay, C.; Darkó, 

L. Tetrahedron, 1999, 55, 9283. 

  

http://www.sciencedirect.com/science/article/pii/S0040402099004901
http://www.sciencedirect.com/science/article/pii/S0040402099004901
http://www.sciencedirect.com/science/article/pii/S0040402099004901
http://www.sciencedirect.com/science/article/pii/S0040402099004901


 

 

  



 

 

 


