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1. Introduction
The development of enantioselective hypervalent

organoiodine catalysis is one of the most challenging areas 
in asymmetric synthesis.1  The use of chiral hypervalent 
iodines has attracted great attention because of their 
chemoselective oxidizing properties and environmentally 
friendly characteristics, in contrast to toxic metal 
oxidants.2  Representative examples of chiral hypervalent 
iodine reagents that were used for various asymmetric 
oxidations with the best enantioselectivities observed 
before our first report in 20103 are shown in Scheme 1.4  
However, the enantioselectivities of these reactions were 
moderate (<80%), except for Kita’s reagent reported in 
2008 with 86% ee,5a which was the highest asymmetric 
induction using chiral hypervalent iodines at that time.  
Additionally, there have been only a few examples of in 
situ-generated chiral hypervalent organoiodine (III or V) 
catalysts with meta-chloroperbenzoic acid (m-CPBA) as a 
terminal oxidant (Scheme 1, bottom).5–8

 On the other hand, the enantioselective oxidative 
dearomatizative coupling of arenols is a useful strategy for 
the synthesis of various biologically active compounds.9  
The development of  enantioselect ive oxidative 
dearomatization of arenols using chiral hypervalent 
iodine catalysis is one of the most challenging areas 
in asymmetric organocatalysis.5,8,9  Especially, several 
researchers pointed out that it might be quite difficult to 
induce asymmetry via a chiral hypervalent iodine reagent 
because of the exclusive formation of phenoxenium ion 
via the dissociation of a chiral organoiodine(III) fragment 
during the reaction (Scheme 2).5,10  Additionally, one 
might expect that asymmetric induction would be 
challenging even for associative pathways due to free 
rotation of C–O and I–O bonds in the intermediate and 
transition states.
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Scheme 2.  Challenges in the hypervalent iodine-mediated enantioselective oxidative dearomatizative coupling of arenols.5,10

Scheme 1.  Representative chiral organoiodine(III or V) reagents (top) and catalysts (bottom) reported before our first work in 2010.4–6

 In 2008, Kita and colleagues overcame these 
difficulties for the first time.5  They designed chiral 
organoiodines with a structurally rigid 1,1’-spirobiindane 
backbone, and applied it to the enantioselective oxidative 
dearomatization (oxidative spirolactonization, which 
was originally developed by Wood11) of 1-naphthol 
derivatives to the corresponding spirolactones with 
moderate enantioselectivity (up to 86% ee and 69% ee 
for stoichiometric and catalytic reactions, respectively) 
(Scheme 3).5a  Later, the same research group succeeded 
in improving the enantioselectivities (up to 92% ee) 

by using ortho-modified spirobiindane catalyst.5b  
Notably, high levels of enantioselectivities were 
observed in halogenated solvents such as chloroform 
and dichloromethane.  In sharp contrast, the use of 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as a solvent 
gave racemic products.  Additionally, the oxidation 
of 4-methoxy-substituted 1-naphthol afforded also a 
racemic product.  These results might be explained by 
the stabilization of the phenoxenium ion (a dissociative 
intermediate) by polarizable solvents such as HFIP or 
resonance donation of alkoxy groups.
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Scheme 3.  Kita’s structurally rigid chiral organoiodines for oxidative dearomatization of 1-naphthols.5

Scheme 4.  Design of conformationally flexible 1st-generation chiral organoiodines 1.3

Scheme 5.  Enantioselective oxidative spirolactonization of 1-naphthol derivatives using 1st-generation organoiodine 1a.3

2.  Design of 1st-Generation   
Organoiodine Catalysts

 In sharp contrast to Kita’s conformationally 
rigid design, we demonstrated the rational design of 
conformationally flexible hypervalent organoiodines 
as chiral catalysts based on secondary nonbonding 
interactions (i.e., intramolecular hydrogen-bonding 
interactions, etc.) for the same oxidative dearomatization 
reaction.3,12  In 2010, we designed conformationally 
flexible C2-symmetric chiral iodoarenes 1 consisting of 
three units: an iodoaryl moiety (A), chiral linkers (B), 
and subfunctional groups (C) (Scheme 4).3  These units 
can be easily combined to give a wide variety of chiral 
iodoarenes 1.  Notably, the hypervalent iodines(III) 2 
generated in situ from iodoarenes 1 were expected to 
exhibit intramolecular hydrogen-bonding interactions  

 
 
 
between the acidic hydrogen of C (NHAr) and the ligand 
(L, such as an acetoxy group, alkoxy group, hydroxy group, 
etc.) of iodine(III) (2-I).  Alternatively, intramolecular 
n–σ* interactions between the electron-deficient iodine(III) 
center (σ*C–I orbital) of A and the Lewis-basic group of 
C (lone pair n), such as carbonyl groups, might also be 
generated (2-II).  We envisioned that a suitable chiral 
environment might be constructed around the iodine(III) 
center of 2 via such non-covalent bonding intramolecular 
interactions.  Our lactic acid-based4i 1st-generation catalyst 
1a (R1, R2, Ar = H, Me, Mes) could be successfully applied 
to the enantioselective oxidative dearomatization of 
1-naphthol derivatives to the corresponding spirolactones 
with up to 92% ee (Scheme 5).3
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Scheme 6.  Design of 2nd-generation organoiodines 3 derived from 2-aminoalcohol as a chiral source.12

Scheme 7.  Enantioselective oxidative spirolactonization of phenols using 2nd-generation catalysts 3a.12

3.  Design of 2nd-Generation   
Organoiodine Catalysts

 However, lactic acid-based catalysts 1 were found 
to be insufficient for the oxidation of phenols, which 
were less reactive than 1-naphthols, with respect to not 
only reactivity but also enantioselectivity.  To overcome 
these limitations, we designed new chiral organoiodines 
3, 2nd-generation catalysts, derived from 2-aminoalcohol 
instead of lactic acid as a chiral source (Scheme 6).12  
Because both 1 and 3 consist of 2-iodoresorcinol (A) and  

 
 
 
secondary amide (C) units, the acidic hydrogens are the 
same distance from the iodine center.  On the other hand, 
because sp2-hybridized carbonyl groups are moved to 
the outer sides, 2nd-generation catalysts 3 would be much 
more conformationally flexible.  Moreover, 3 would be 
stereochemically much more stable than 1 for the same 
reason that the stereocenters are far from carbonyl groups.

 A catalyst loading of 1 to 10 mol% of 3a (R1, 
R2, Ar = H, Me, Mes) was enough to give the desired 
cyclohexadienone spirolactones and the subsequent 

Diels–Alder adducts with excellent enantioselectivities up 
to 99% ee (Scheme 7).12

 The additive effect of achiral alcohols such as 
methanol and HFIP was found to play a crucial role in the 
enantioselectivities and catalytic activities.12  A plausible 
additive effect of methanol for the oxidation of electron-
rich phenols is shown in Scheme 8.  In the presence of 
excess amounts of methanol, methoxyphenoxy iodine(III) 
complex 6 might be generated from acyloxyphenoxy 
iodine(III) complex 5 via ligand exchanges under 
equilibrium.  The oxidative cyclization reaction would 
then occur enantioselectively to produce enantio-enriched 

spirolactone (enantioselective path).  In contrast, if the 
phenoxenium ion 7 is generated through dissociation 
of the iodoarene moiety ([Ar*I(OCOR')]–) from 5, 
racemic spirolactone might be obtained (racemic path).  
Dissociative intermediate 7 might be generated more 
preferentially in the oxidation of more electron-rich 
phenols, due to stabilization of the cationic intermediates.  
The generation of 7 might be suppressed by the formation 
of 6, since the leaving ability of an alkoxy ligand would 
be inferior to that of an acyloxy ligand.  In fact, the 
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Scheme 8.  Additional methanol effect on the enantioselective dearomatization of electron-rich phenols.12

Scheme 9.  X-ray structures of extended iodine(I) 3a and folded iodine(III) 4a and key NOE correlations of 4a.12

enantioselectivities were significantly improved with 
the use of methanol for the catalytic or stoichiometric 
oxidation of electron-rich phenols.12  Additionally, 
control experiments suggest that methanol accelerates 
the oxidation reaction as a protic polar solvent and 
improves the enantioselectivity as a ligand of iodine(III).  
On the other hand, the beneficial effect of HFIP on the 
reactivity of hypervalent organoiodine-mediated reactions 
was investigated by Kita and colleagues.13  However, 

according to previous works by both Kita5 and our 
groups,3 the enantioselectivities significantly dropped 
for the oxidation of highly reactive 1-naphthols in the 
presence of HFIP.  In sharp contrast, HFIP did not reduce 
the enantioselectivities for the oxidation of electron-
deficient phenols (Scheme 7).12  This could be explained 
by the disfavoring of the dissociative path of electron-
deficient phenols under these conditions.

 Furthermore, X-ray diffraction and NOE (Nuclear 
Overhauser Effect)–NMR analyses of in situ-generated 
organoiodine(III) 4a showed that a suitable chiral 

environment around the iodine(III) center was constructed 
via intramolecular hydrogen-bonding interactions 
(Scheme 9).12
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Scheme 10.  Enantioselective oxidative spirolactonization of ortho-hydroquinones using organoiodines 3.14

Scheme 11.  Enantioselective oxidative spirolactonization of para-hydroquinones using organoiodine 1b.14

 To achieve high enantioselectivity for the highly 
challenging para-cyclization reaction, in which the 
stereocenter developed far from the chiral environment 
created by phenoxide-bound iodine(III),1e we designed 
new lactic acid-derived catalysts 1b bearing a deeper 
chiral cavity (Scheme 11).14  The remote steric effects of 

these hydrogen bonding designer organoiodine catalysts 
enabled the high chemo- and enantioselectivity for 
the oxidative dearomatization of para-hydroquinone 
derivatives through an associative iodine(III)–phenoxide 
intermediate.

4.  Application of Conformationally   
Flexible Organoiodine Catalysts   
for Enantioselective Oxidative   
Dearomatizative Spirolactonization

 By using designer organoiodine catalysts 1 or 3, 
we also achieved the first enantioselective oxidative 
dearomatization of ortho- and para-hydroquinone 
der iva t ives  to  g ive  the  cor responding  masked 
benzoquinones9 with high enantioselectivities (Schemes 
10 and 11).14  A tether strategy in which phenols were 
O-tethered to an acetic acid or ethanol unit at the ortho-  

 
 
 
 
 
or para-position realized rapid intramolecular cyclization 
enantioselectively prior to dissociation of the chiral 
iodine moiety.  Interestingly, the use of slightly modified 
catalyst 3b was found to be superior to the use of 3a.  
Especially, this remote electronic effect was found to 
enhance enantioselectivity for the oxidation of phenols in 
a toluene–buffer (pH 7.0) biphasic solvent.
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Scheme 12.  Enantioselective oxidative spirolactonization of 1- and 2-naphthol derivatives using 2nd-generation catalysts 3.15

Scheme 13.  Asymmetric total synthesis of (–)-maldoxin using organoiodine catalysis.16

 Recently, we achieved a highly enantioselective 
oxidative dearomatization of 2-naphthol derivatives, 
which were found to be less reactive and selective 
by using 1st-generation catalysts 1, by using our 
conformationally flexible organoiodine catalyst 3 
(Scheme 12).15  Excellent enantioselectivities were also 

achieved for 1-naphthol derivatives that had previously3 
been obtained with lower enantioselectivities with lactic 
acid-based organoiodines 1.  Interestingly, the use of 
HFIP and methanol as additives was crucial to induce 
high enantioselectivity for 2-naphthol and 1-naphthols, 
respectively.

 Recently, Suzuki, Tanino, Kobayashi and colleagues 
have successfully applied our organoiodine catalysis 
for the asymmetric synthesis of (−)-maldoxin (Scheme 
13).16  First, they achieved the total synthesis of pestheic 
acid based on an intramolecular SNAr reaction without 
a nitro group, which has generally been required for 

the electrophilic substrates for SNAr reactions.  Then, 
a catalytic enantioselective oxidative dearomatization 
of pestheic acid in a sub-gram scale using organoiodine 
ent-3a in the presence of methanol as an additive gave 
enantiopure (−)-maldoxin in excellent yield.

5.  Application of Conformationally   
Flexible Organoiodine Catalysts   
for Various Reactionsn

 Our conformationally flexible 1st- and 2nd-generation 
organoiodines 1–3 could be successfully applied to a 
variety of enantioselective oxidative transformations as a 
reagent or catalyst.17–19  Wirth’s group reported a series 
of enantioselective oxidations including the oxyamination 
of  homoallyl ic  urea der ivat ives  to  isoureas , 17a 
intramolecular thioamination of alkenes to pyrrolines or 
indolines,17b oxidative rearrangements of chalcones17c  

 
 
 
 
or 1,1-disubstituted alkenes17d to α-aryl ketones, 
oxidative rearrangement of arylketones in the presence 
of orthoesters to α-arylesters,17e and intramolecular 
enantioselective α-functionalization of carbonyl 
compounds through tethers between the nucleophile and 
silyl enol ethers,17f using our 1st-generation secondary 
bisamide reagent 2a3 (Scheme 14).
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Scheme 14.  Enantioselective oxidative transformations using 1st-generation organoiodine(III) reagent 2a reported by Wirth’s group.17

 Enantioselective oxidations using catalytic amounts 
of lactic acid-based bisamides 1 with an oxidant 
were also achieved (Scheme 15).18  Gong’s group 
reported the 1a-catalyzed dearomatizative cyclization 
of 1-hydroxy-N-aryl-2-naphthamide derivatives to 
generate all-carbon spiro-stereocenter using m-CPBA 
as a stoichiometric oxidant.18a  Masson’s group 
reported the 1a-catalzyed enantioselective sulfonyl- or 
phosphoryl-oxylactonization of 4-pentenoic acids with 
m-CPBA to give the corresponding sulfonyloxy- or 
phosphoryloxy-γ-butyrolactones.18b  On the other hand, 
Muñiz and colleagues reported the intermolecular vicinal 
diacetoxylation of terminal styrenes using structurally 
congested secondary bisamide 1c as a catalyst in the 
presence of peracetic acid as an oxidant.18c  As in our 
amino alcohol-derived organoiodines(III) 4,12 the authors 
have confirmed the folding structures as well as helical 
chirality of the corresponding iodine(III) by X-ray 
structural analysis.18c  The same research group also 

reported the 1c-catalyzed intermolecular dearomatization 
of phenols or anilines at the para-position using m-CPBA 
as an oxidant to give the corresponding para-quinols or 
imine with moderate enantioselectivity.18d  On the other 
hand, Gilmour and colleagues reported the catalytic 
enantioselective vicinal difluorination of alkenes via in 
situ generation of an ArIF2 species from the oxidation 
of bisamide 1d with F-TEDA-BF4 in the presence of an 
inexpensive HF–amine complex.18e

 Muñiz and colleagues developed a tertiary bisamide 
5 as a catalyst for the enantioselective intermolecular 
vicinal diamination of styrenes using m-CPBA as an 
oxidant (Scheme 16).7p  Interestingly, a single crystal 
X-ray structural analysis of the corresponding iodine(III) 6  
revealed the double hydrogen bonding via a water 
molecule, which might provide a useful explanation for 
the high enantioselectivity observed.
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Scheme 15.  Enantioselective oxidative transformations using lactic acid-based chiral bisamide catalysts 1.18

Scheme 16.  Enantioselective oxidative diamination of styrenes using tertiary bisamide catalyst 5 
and structural analysis of the corresponding iodosoarene diacetate 6.7p
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Scheme 17.  Enantioselective oxidative transformations using amino alcohol-derived chiral organoiodine catalysts 3 or 7.19

 On the other hand, 2nd-generation catalysts 3 or their 
analogues 6 have also been applied to enantioselective 
oxidations (Scheme 17).19  Gilmour and colleagues 
reported the enantioselective vicinal difluorination or 
fluoro-cyclization of terminal alkenes using in situ-
generated aryliodonium difluoride species from a catalytic 
amount of 3a with F-TEDA-BF4 as an oxidant in the 
presence of an excess amount of HF, albeit with only 
moderate enantioselectivity.19a  Ciufolini and colleagues 
reported the enantioselective spiroetherification of 
1-naphthol derivatives with m-CPBA as an oxidant 
to give the corresponding spiroethers with good to 
high enantioselectivity.19b  Interestingly, catalyst 7a, a 
structural analogue of our catalyst 3a, was found to be 

superior to 3a with respect to both stereoselectivity and 
reactivity for this particular reaction, especially under low 
catalyst-loading conditions.19b  The same research group 
also reported the oxidative kinetic resolution of some 
1-naphtholic alcohols using catalyst 7b with an S-factor 
of up to 19.0.19c  Recently, the same research group has 
also applied their catalyst 7a to the enantioselective 
oxidative dearomatizative spiroamination of 1-naphtholic 
sulfonamides, albeit in moderate enantioselectivity and 
low yields.19d  The low chemical yields were attributed 
to the generation of the intermolecular coupling product 
with m-CBA, a side-product derived from the oxidant 
used.  Interestingly, this dearomatized ortho-acyl adduct 
could be obtained in significantly enantioenriched form.

6.  Conclusion
 In summary, we have demonstrated the rational 
design of conformationally flexible C2-symmetric 
organoiodine catalysis based on secondary nonbonding 
interact ions  for  the  enant ioselect ive  oxidat ive 
dearomatization of arenol derivatives.  Especially, we 
developed lactic acid-based 1st-generation and 2-amino 
alcohol-based 2nd-generation catalysts.  Notably, Fujita 
and colleagues first introduced lactic acid as a chiral 
source for chiral hypervalent organoiodine(III) reagents.4i  
Although we have focused here on our diamide-type  

 
 
organoiodines, Fujita and colleagues have developed 
independently several lactic acid-based C2-symmetric 
chiral organoiodines with diester functionality instead of 
diamides.1h,4j  Several enantioselective oxidation reactions 
have also been developed by using these diester-type 
reagents or catalysts.7,8  We hope that suitable catalysts 
may be found easily among those of both diamide- and 
diester-type catalysts for various further enantioselective 
oxidative transformations. 
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Related Products
N,N'-[(2S,2'S)-[(2-Iodo-1,3-phenylene)bis(oxy)]bis(propane-2,1-diyl)]bis(mesitylamide)   200mg I1122
(R,R)-2-Iodo-1,3-bis[1-(mesitylcarbamoyl)ethoxy]benzene   200mg I0807
3-Chloroperoxybenzoic Acid (= m-CPBA)  25g 250g C0357
1,1,1,3,3,3-Hexafluoro-2-propanol (= HFIP) 25g 100g 500g H0424
Trimethylsilyl Triflate (= TMSOTf) 5g 25g 250g T0871
p-Toluenesulfonamide (= TsNH2)  25g 500g T0281
2,2,2-Trifluoroethanol (= TFE) 25g 100g 500g T0435
p-Toluenesulfonic Acid Monohydrate (= TsOH·H2O)  25g 500g T0267
Tetrabutylammonium Fluoride (ca. 1mol/L in Tetrahydrofuran) 25mL 100mL 500mL T1338
N-Fluoro-N'-(chloromethyl)triethylenediamine Bis(tetrafluoroborate) (= F-TEDA-BF4) 5g 25g 100g F0358
tert-Butyl Methyl Ether (= MTBE)  25mL 500mL B0991
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