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Chemoselective oxidative generation of ortho-
quinone methides and tandem transformations

Muhammet Uyanik

, Kohei Nishioka, Ryutaro Kondo and Kazuaki Ishihara® &

ortho-Quinone methides are useful transient synthetic intermediates in organic synthesis. These species are most often gener-
ated insitu by the acid- or base-mediated transformation of phenols that have been pre-functionalized at a benzylic position,
or by biomimetic oxidation of the corresponding ortho-alkylphenols with metal oxidants or transition-metal complexes. Here
we describe a method for the transition-metal-free oxidative generation of 0-QMs from ortho-alkylarenols, using hypoiodite
catalysis under nearly neutral conditions, which can then be applied in one-pot tandem reactions. This method for the chemose-
lective oxidative generation of ortho-quinone methides may prove superior to previous methods with respect to environmental
issues and scope, and can be applied to various tandem reactions such as inter- or intramolecular [4 + 2] cycloaddition, oxa-67-

electrocyclization, conjugate addition and spiroepoxidation.

rtho-Quinone methides (0-QMs) are extensively used as highly

reactive transient intermediates in organic synthesis and bio-

logical processes'~". Because of the combination of neutral non-
aromatic and zwitterionic aromatic resonance structures, 0-QMs
have a distinctive chemical reactivity that enables them to act as
key intermediates in several biological processes such as lignifica-
tion in plants, the formation of epidermis and melanin in animals,
alkylation of DNA and proteins, crosslinking of DNA, and so on"**.
Additionally, several natural products and clinical drugs exhibit
their antitumour or antibacterial activities via 0-QM species upon
bio-reductive or bio-oxidative activation in vivo"*”.

Since the 2000s, 0-QM:s have been widely used as versatile inter-
mediates in organic synthesis'~. 0-QMs react with various classes
of reagents by three typical reaction pathways: 1,4-addition of
nucleophiles, [4+2] cycloaddition with dienophiles and oxa-6m-
electrocyclization. Because most 0-QMs are unstable and, therefore,
mostly nonisolable, the scope of these reactions generally depends
on the reaction conditions used for the generation of the 0-QMs
in situ. Conventionally, these unstable intermediates are generated
in situ by thermolysis, photolysis, tautomerization or, especially,
acid- or base-promoted transformations'. However, an appropri-
ate leaving group (LG) at the ortho-benzylic position of phenols is
generally required (Fig. 1a, left)"”. Biomimetic oxidative generation
from the corresponding ortho-alkylphenols has also been devel-
oped'. However, generally, toxic heavy-metal oxidants have been
required (Fig. la, right)"*'2. Recently, transition-metal-catalysed
oxidative generation of 0-QMs under aerobic conditions has also
been reported'*'*. However, the substrate scope with respect to the
0-QM precursor was limited to highly reactive sesamol derivatives'’
or 3-alkyl-2-naphthols even under harsh reaction conditions'.
Although 0-QMs are generated chemoselectively in vivo by oxi-
dase?’, chemoselective oxidation is generally difficult in synthetic
organic chemistry’.

Based on serendipitous findings, we report here the first
transition-metal-free oxidative generation of 0-QMs from ortho-
alkylarenols using hypoiodite catalysis'>"'* and the synthetic applica-
tion of 0-QMs as reactive intermediates to tandem reactions (Fig. 1b).
The hypoiodite salts are generated in situ from the corresponding
quaternary ammonium iodides in the presence of mild, safe and

inexpensive oxidants such as hydrogen peroxide or alkyl peroxides.
This method for the chemoselective generation of 0-QM:s is supe-
rior to previous methods with respect to not only environmental
issues but also the substrate scope, especially with respect to cou-
pling partners, and can be comprehensively applied to various oxi-
dative tandem reactions such as [4+42] cycloaddition (including
self-dimerization and -trimerization), oxa-6m-electrocyclization,
conjugate addition and spiroepoxidation (a new reaction).

Results and discussion

Recently, we reported the hypoiodite-catalysed peroxidative dearo-
matization of phenols with tert-butyl hydroperoxide (TBHP) as an
oxidant and coupling reagent””. When 1,3-dimethyl-2-naphthol 1a
was used as a substrate, the unexpected spiro-dimer chroman 4a
was obtained in 30% yield along with the desired peroxide 2 and
undesired 1,2-quinol 3 (Fig. 2a). 0-QM intermediate 5 was assumed
to be generated in situ and then to undergo immediate self-con-
densation to the corresponding spiro-dimer 4a. We speculated that,
while peroxide 2 and quinol 3 might be obtained via ‘path a, which
involves a nucleophilic addition of ammonium tert-butyl hydroper-
oxide or hydroxide to the ortho-position of aryl hypoiodite inter-
mediate 1-I, 0-QM 5 might be generated via ‘path b, which involves
pB-elimination of a benzylic proton. The enhanced acidity of ben-
zylic protons in 1-I might lead to competition with ipso-addition
and deprotonation events. In fact, we observed several unidenti-
fied by-products for the oxidative dearomatization of some phe-
nols using hypoiodite catalysis. Because 0-QMs are highly reactive
compounds that might react unselectively with various reagents or
solvents present in the reaction medium to give a complex mixture
of various types of products (sometimes oligomeric compounds),
we could not determine these side products in most cases. Thanks
to the relatively clean reaction in this particular case, we serendipi-
tously found a new application of hypoiodite catalysis, that is, the
oxidative generation of 0-QMs.

To develop a chemoselective generation of 0-QMs, we investi-
gated the reaction parameters using la as a model substrate (see
Supplementary Table 1 for details). To suppress ‘path &, we reduced
the amount of oxidant used to 1.1 equiv. under otherwise identi-
cal conditions in the presence of tetrabutylammonium iodide
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Fig. 1| Generation of 0-QMs and synthetic application. a, Conventional methods for the in situ generation of 0-QMs including acid- or base-promoted
transformations or oxidation of the corresponding ortho-alkylphenols, which often requires an appropriate LG or toxic heavy-metal oxidants, respectively.
b, Chemoselective oxidative generation of 0-QMs catalysed by quaternary ammonium hypoiodite under mild conditions and the application of the 0-QMs

to various tandem reactions (this work). R3, alkyl or aryl groups.

(10mol%) in dichloroethane (DCE), and the yield of 4a was signifi-
cantly improved. The use of a 30% aqueous solution of hydrogen
peroxide as an oxidant shortened the reaction time at room tem-
perature with higher chemoselectivity. Moreover, a brief screening
of solvents revealed that a faster reaction in acetonitrile gave 4a
quantitatively (Fig. 2b). To improve the reaction rate further, we
focused on the quaternary cations of the catalyst (Fig. 2c). More
than 26 h were required for the reaction to complete using tetrabu-
tylammonium or tetramethylammonium iodide as a commercially
available catalyst under optimized conditions. We examined vari-
ous ammonium iodides 6a-d derived from structurally compact
quinuclidine. Although the reaction rate was only slightly improved
with the use of 6a-c, the use of catalyst 6d bearing electron-with-
drawing groups enhanced the reaction rate significantly, and 4a
was obtained quantitatively after 12h. To ascertain the structural
and electronic influence of the ammonium cation, catalyst 6e,
which is not quinuclidine-derived but bears electron-withdraw-
ing groups, was examined and found to exhibit reactivity similar
to those of 6a-c. These results indicate that both the structurally
compact and electronically deficient features of catalyst 6d might
be crucial to induce high reactivity. Metal cations were also investi-
gated, and inexpensive sodium iodide was found to exhibit a reac-
tivity similar to that of ammonium iodide 6d in acetonitrile (see
Supplementary Tables 2 and 3 for details). However, in sharp con-
trast with the ammonium iodides, the catalytic activity of sodium
iodide decreased remarkably in common organic solvents (except
acetonitrile) or when alkyl hydroperoxides were used as an oxidant
instead of hydrogen peroxide.

In comparison, 0-QMs derived from phenols are prone to trimer-
ization through two sequential [442] cycloaddition reactions'.
However, oxidation of 4-methoxyphenol 7a under conditions iden-
tical to those for 2-naphthol 1a gave trimer 8a in 54% yield along
with 1,4-quinone in 25% yield and several unidentified by-products
(Fig. 2d; see Supplementary Table 3 for details). Consistent with pre-
vious reports”'’, a single diastereomer of 8a could be isolated, and its
structure was confirmed by single-crystal X-ray diffraction analysis.
To suppress undesired oxidation pathways, we investigated alkyl
hydroperoxides as weaker oxidants®. Although the use of TBHP
gave a complex mixture of 8a, 1,4-quinone and a peroxy adduct in a
combined yield of 20%, a chemoselective reaction could be achieved
by using an anhydrous solution of cumene hydroperoxide (CHP) to
give the desired product 8a in 60% yield. Moreover, the reaction rate

was increased in dichloroethane, and 8a was obtained in 89% iso-
lated yield (Fig. 2d). Similarly, (+)-schefflone (8b)*", a structurally
complex pentacyclic natural product, was obtained from the oxida-
tion of espintanol (7b) under mild conditions in 72% yield (Fig. 2d).

The application of 0-QMs to intermolecular coupling reactions
with external nucleophiles is often difficult because of the high ten-
dency towards self-dimerization, and is limited to relatively stable
0-QMs (refs. *??). We succeeded in extending our catalytic oxida-
tive generation method to the chemoselective [4 4 2] cycloaddition
of 0-QMs with various external dienophiles. By using highly active
catalyst 6d under optimized conditions for both naphthols and
phenols, we obtained the corresponding chromans 10aa and 11aa,
respectively, in high yields, through [4 + 2] cycloaddition of 0-QMs
generated in situ from 1a or 7a with ethyl vinyl ether (9a) as an elec-
tron-rich dienophile (Fig. 2¢). Notably, the use of an excess amount
of dienophile was crucial to prevent dimerization or trimerization
reactions. By sharp contrast, the self-dimerization or trimerization
of 1a or 7a competed with [4 4+ 2] cycloaddition even in the presence
of an excess amount of 9a with the use of stoichiometric amounts of
Ag,0 or MnO, (Fig. 2e).

Various naphthols 1 (method A) and phenols 7 (method B) were
examined for oxidative [44 2] cycloaddition under the optimized
conditions (Table 1). A variety of dienophiles such as ethyl vinyl
ether (9a), 2-methoxypropene (9b), silyl enol ether (9c), ethyl pro-
penyl ether (9d), vinyl thioethers (9e and 9f), vinyl amide (9g) and
N-methylindole (9h) could be successively used as coupling part-
ners. The corresponding chromans 10 and 11 were obtained in high
to excellent yields. Several functional groups such as bromo, allyl,
alkenyl, cyclopropyl, alkoxy, acetal, thioacetal and aminal groups
were tolerated under these mild conditions. However, imines”
could not be used as a dienophile due to preferential undesired oxi-
dation of these species under our conditions. Notably, the oxidative
cycloaddition of 1a or 7c with indole 9h gave chroman 10ah or 11ch
initially, which were transformed to the corresponding 1,4-adducts
12a or 12b during purification by SiO, column chromatography or
in situ, respectively. Interestingly, the use of a 2:1 Z/E mixture of 9d
as a dienophile gave the corresponding 10ad with a moderate trans
selectivity (d.r. 2.5:1), which was confirmed by a nuclear Overhauser
effect (nOe) analysis. Additionally, the oxidative coupling of 1-naph-
thols 1h-j bearing secondary alkyl groups at the benzylic positions
afforded the corresponding endo-cycloadducts 10 exclusively, pre-
sumably via the corresponding E-configured 0-QMs (refs. “*).
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Fig. 2 | Oxidative generation of 0-QMs catalysed by ammonium hypoiodite. a, Serendipitous finding of the oxidative generation of 0-QMs catalysed

by quaternary ammonium hypoiodite. While dearomative addition of ammonium tert-butyl hydroperoxide or hydroxide to the ortho-position of aryl
hypoiodite intermediate 1-1 might afford the corresponding peroxide 2 and quinol 3 (path a), respectively, p-elimination of a benzylic proton might afford
the 0-QM 5 (path b), which would then self-dimerize to spirochroman 4a. b, Oxidative dimerization of 2-naphthol 1a to 4a under optimized conditions
(see Supplementary Table 1 for details). ¢, Evolution of quaternary ammonium cation to induce high reactivity (see Supplementary Table 2 for details).
The time required to complete the reaction of 1a to 4a (>95%) is shown. Both structurally compact and electronically deficient features of catalyst 6d
might be crucial to induce high reactivity. d, Oxidative trimerization of phenols 7a and 7b and synthesis of (+-)-schefflone (8b), a pentacyclic natural
product. The structure of 8a was confirmed by single-crystal X-ray diffraction analysis. Hydrogen atoms are omitted for clarity. Grey, carbon; red, oxygen.
e, Chemoselective oxidative [4 + 2] cycloaddition of 2-naphthol 1a and phenol 7a with ethyl vinyl ether (9a), and comparison with conventional oxidation
methods using a stoichiometric amount of Ag,0 or MnO.,. Self-dimerization or trimerization reactions competed with the desired [4 + 2] cycloaddition
under conventional oxidation conditions even in the presence of an excess amount of dienophile.

The relative stereochemistry of 10ia was confirmed by single-crys-  albeit with a prolonged reaction time. Consistent with previous
tal X-ray diffraction analysis, and others were assigned by analogy.  reports, a regiospecific oxidation proceeded at the 5-methyl group®
The efficiency of this method was further demonstrated by the to give a diastereomeric mixture of product®. Notably, as in that of
oxidation of a-tocopherol on a gram scale, using 0.5mol% 6d in  the oxidative coupling of 1a or 7a with 9a (Fig. 2¢), the use of Ag,0
the presence of potassium carbonate® to afford 11ha in 86% yield, as an oxidant gave inferior results for the oxidative cycloaddition
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Table 1| Oxidative tandem [4 + 2] cycloaddition of naphthols (1) and phenols (7) with dienophiles (9)
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Results of comparison experiments with Ag,0 (1.1equiv.). Generally, a dimer or trimer was observed as a main product along with several unidentified side products. ®9¢ (2 equiv.) was used. <Commercially
available isomeric mixture of 9d (Z/E=2:1) was used. “9h (5 equiv.) was used. °K,CO; (1equiv.) was used as an additive to regenerate the catalytic active species from inert species under low catalyst
loading®. A longer reaction time (6 d) was required in the absence of K,CO;. \CHP (2 equiv.) was used. cPent, cyclopentyl.

of 1la with other nucleophiles 9b-h (Table 1; for details, see
Supplementary Table 4). Especially, unreacted 1a was almost recov-
ered when thioether 9e was used as a coupling partner. However,
similar to that of conventional oxidative generation methods', our
hypoiodite catalysis is currently limited to electron-rich phenols.
Phenols without electron-donating substituents and/or extended

conjugation could not be oxidized under these mild conditions, or
a complex mixture was obtained under harsh conditions possibly
due to the instability of the corresponding 0-QMs under these con-
ditions (see Supplementary Fig. 2 for unsuccessful phenols exam-
ined). Nevertheless, phenols 10e-g bearing synthetically useful
halogen substituents along with electron-donating alkoxy groups

NATURE CHEMISTRY | www.nature.com/naturechemistry


http://www.nature.com/naturechemistry

ARTICLES

NATURE CHEMISTRY
a
X OH 6d (10 mol%)
R1_I TBHP (1 1 equiv.)
\ > H + NC__OCN
Qumlne (20 mol%)
R? CH,Clp, 25 °C, 13-18 h
7 9i (1.1 equiv.)
b

6d (10 mol%)
30% H205 (5 equiv.)

CH4CN (0.01 M)
25°C, 24 h

13b—d 7k-n

11ii: 62%, 92.5:7.5 e.r.2

Ar 30% H»0, (5 equiv.)
—_—_—

o Zog YO

11ji: 61%, 86:14 e.r. Ar = Ph (11ki): 52%, 84:16 e.r.
4-CICgH4 (111i): 57%, 84:16 e.r.
4-MeOCgH, (11mi): 52%, 82.5:17.5 e.r.

2-MeOCgHy (11ni): 48%, 82.5:17.5 e.r.

CH4CN (0.01 M)
25°C,24h
14a: 92%
R — Ar
H
6d (10 mol%; Ar = Ph (14e): 71%°
P ( ) o) | o) (14e)

o) | 4-CICgH, (14f): 59%
4-MeOCgH, (14g): 62%
2-MeOCgH, (14h): 63%

Ph o

R' = H (14b): 62% Ph

Me (14c): 97% 14d: 71%

Fig. 3 | Inter- and intramolecular tandem oxidative [4 + 2] cycloaddition. a, Merging chiral organobase catalysis and hypoiodite catalysis. A tandem
process that included hypoiodite-catalysed oxidative generation of 0-QM from phenols and quinine-catalysed enantioselective [4 + 2] cycloaddition of
0-QMs with malononitrile’*' afforded 2-amino-3-cyano-4H-chromenes with good enantioselectivity. b, Oxidative intramolecular [4 + 2] cycloaddition.
Tetracyclic 14a could be obtained from the oxidation of 1-naphthol 13a tethered to a chiral aliphatic alkenyl group in 92% yield as a single diastereomer,
which was confirmed by single-crystal X-ray diffraction analysis. Hydrogen atoms are omitted for clarity. Grey, carbon; red, oxygen. ¢, Chemoselective
oxidative oxa-6m-electrocyclization of 1-naphthols (13b-d) and phenols (7k-n). Corresponding chromenes 14b-h could be obtained in good to high yields.
2Quinine (10 mol%) was used. ®Comparison experiment with Ag,O (1.1equiv.) gave 14e in 47% vyield along with several unidentified side products.

could be oxidized smoothly to give the corresponding cycloadducts
11 in excellent yields (Table 1).

Recently, there has been rapid progress in the development of
enantioselective reactions that harness 0-QM intermediates*"?"%,
Merging it with chiral organobase catalysis, our oxidative genera-
tion method could be successively applied to enantioselective oxi-
dative cycloaddition. We succeeded in the asymmetric synthesis
of 2-amino-3-cyano-4H-chromenes 11lii-ni, core structures® or
key precursors® of various bioactive molecules via a tandem pro-
cess that included hypoiodite-catalysed oxidative generation of o-
QM from phenols 7i-n and quinine-catalysed'*! enantioselective
[4+2] cycloaddition with malononitrile (9i) (Fig. 3a).

Less electron-rich dienophiles such as styrene or simple aliphatic
alkenes, which were used for oxidative [4+2] cycloaddition reac-
tions using Ag,0 under harsh reaction conditions (100°C)", could
not be used as an intermolecular coupling partner for the present
oxidative cycloaddition under mild conditions. However, with the
use of a tethered aliphatic alkenyl group possessing a chiral citronel-
lyl group at the 2-position, intramolecular oxidative [44 2] cyclo-
addition of 1-naphthol 13a proceeded smoothly to give tetracyclic
14a in 92% yield as a single diastereomer (Fig. 3b). Notably, the use
of an excess amount of 30 wt% hydrogen peroxide (5equiv.) under
diluted conditions was crucial to induce the intramolecular reaction
of 0-QM preferentially. The relative stereochemistry of 14a, which
was confirmed by single-crystal X-ray diffraction analysis, suggests
that the intramolecular [4+ 2] cycloaddition might proceed via an
exo-oriented transition state with E-configured 0-QM'. Similarly,
oxa-6m-electrocyclization of 1-naphthols 13b-d and phenols 7k-n
with tethered allyl groups at the 2-position proceeded smoothly to

NATURE CHEMISTRY | www.nature.com/naturechemistry

give the corresponding chromenes 14b-h in good to high yields
(Fig. 3¢). Notably, oxidative electrocyclization of 2-geranyl-1-naph-
thol 14d proceeded preferentially with an internal alkene.

Next, we were interested in oxidative conjugate addition reac-
tions (Fig. 4). Oxidative conjugate addition through 0-QMs has
rarely been reported and is limited to specialized substrates"*>*.
The hypoiodite-catalysed oxidative C-N coupling of 2-naphthol 1a
or 1-naphthol 1e with succinimide (5equiv.) using hydrogen per-
oxide in the presence of potassium carbonate afforded the corre-
sponding 1,4-adduct 15a or 15b in good to high yields (Fig. 4a).
Notably, oxidative dimerization of 1 proceeded preferentially in the
absence of base additives, which might activate the nucleophile in
these cases. By contrast, oxidative coupling of 2,4,6-trimethylphe-
nol (7o) with an equimolar amount of succinimide or phthalimide
(at the gram scale) proceeded smoothly even in the absence of base
additives, presumably due to the formation of stable p-QM instead
of 0-QM, which is prone to dimerization, to give the correspond-
ing 1,6-adducts 15¢ and 15d in high yields (Fig. 4b). As expected,
p-QMs were formed more readily than 0-QMs under oxidative
conditions because p-QMs are more stable than 0-QMs'. Oxidative
conjugate 1,6-addition of 7o proceeded efficiently under mild con-
ditions with various nucleophiles such as azoles (15e-g), methanol
(15h), acetic acid (15i), N-Boc-L-serine (15j) and azide (15k) (Fig.
4b,c). By sharp contrast, the use of Ag,O as a stochiometric oxi-
dant gave much lower yields (15a and 15m) or complex reaction
mixtures (15d and 15h). Additionally, almost-unreacted phenol 70
was recovered for 15f, 15g and 15j under these conventional oxi-
dation conditions. Chemoselective and divergent oxidative azida-
tion of 70 was achieved in the presence of an equimolar or excess
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Fig. 4 | Tandem oxidative conjugate addition. a, Oxidative 1,4-conjugate addition of naphthols 1 with succinimide (HNsuc). Because of the high reactivity
of naphthols and their 0-QM derivatives towards oxidation and subsequent self-dimerization, respectively, base additives were required to enhance

the desired conjugate coupling reactions, presumably via the activation of nucleophiles. b, Oxidative 1,6-conjugate addition of phenol 70 with various
nucleophiles, which were found to be difficult to use (except for acetic acid and benzimidazole) in conventional oxidative methods using Ag,O. In addition,
because p-QMs are stable and unsuitable to self-dimerization, base additives were not required. ¢, Chemoselective and divergent conjugate (right) or
dearomative (left) azidation reactions enabled by simply changing the reaction conditions. BRSM, based on recovered starting material. d, Oxidative
conjugate addition of tocopherols. Tocopheryl azides 15m and 15n could be easily synthesized from the regio- and chemoselective oxidative azidation of
a- and {-tocopherols, respectively. Although oxidative conjugation of a-tocopherol with N-Boc-L-serine methyl ester (Boc-Ser-OMe) could be confirmed
by NMR and LC-MS analysis (see ‘Oxidative conjugation of p-a-tocopherol with N-Boc-L-serine methyl ester’ in the Supplementary Information), we failed
to isolate the product 150 due to its rapid decomposition during the purification process. e, Chemoselective intramolecular oxa-conjugate cyclization of 17.
2Comparison experiments with Ag,0 (1.1equiv.) at 50 °C. ®°NuH (1.1equiv.) and 30% H,0, (1.1equiv.) were used. ‘Boc-Ser-OMe (3.0 equiv.), 70°C, 24 h.
Yield was determined by '"H NMR analysis of crude.

amount of trimethylsilyl azide (TMSN;,) to afford 1,6-adduct 15k
or dearomatized product 16%, respectively, in high yields (Fig. 4c).
Furthermore, tocopheryl azides 15m (at the 2g scale) and 15n
could be easily synthesized from the regio-** and chemoselective
oxidative azidation of a- and {-tocopherols, respectively (Fig. 4d).
Notably, 15m has been used in the glyco- or peptido-conjugation

of interest in several biological studies’‘; however, multistep syn-
thetic sequences have been required™. To the best of our knowledge,
these oxidative C-N coupling reactions have not been reported and
provide a new entry to the synthesis of benzylic amine derivatives.
Additionally, oxidative conjugation of a-tocopherol with N-Boc-
L-serine methyl ester could be confirmed by nuclear magnetic
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Fig. 5 | Oxidative spiroepoxidation of phenols. a, A catalytic, direct oxidative spiroepoxidation of phenols (this work) and the Adler reaction, which is

the oxidative dearomative spiroepoxidation of salicylic alcohols using sodium periodate as a stoichiometric oxidant. Oxidative spiroepoxidation would
proceed via a conjugate addition of a nucleophilic oxidant to QMs generated in situ. b, Chemoselective spiroepoxidation of 1- and 2-naphthols 1 via
corresponding 0-QMs using hydrogen peroxide. Oxidation of 1-naphthols bearing secondary alkyl groups at the benzylic positions gave the corresponding
trans-epoxides exclusively, which was confirmed by single-crystal X-ray diffraction analysis. Hydrogen atoms are omitted for clarity. Grey, carbon; red,
oxygen. ¢, A para-selective spiroepoxidation of 2,4-dialkyl-1-naphthols via the corresponding p-QMs. Because p-QMs are more stable than 0-QMs, p-QMs
were formed more readily than 0-QMs. d, Chemoselective spiroepoxidation of phenols 7 using sodium hypochlorite pentahydrate as an oxidant. The use
of hydrogen peroxide as an oxidant in acetonitrile or ethyl acetate gave 19g in less than 10% vyield. For details, see Supplementary Table 6. e, Oxidant-
dependent chemoselective and divergent intermolecular spiroepoxidation (right top), intramolecular cycloetherification (right bottom) and dearomative
spiroetherification (left) of phenol 21. For details, see Supplementary Table 7. 2Reaction time was 1.5h. °60 wt% H,0, was used. €1.9 g scale. ‘NaOCl|-5H,0

(3equiv.) was used in mixed EtOAc/H,0O (1:1, v./v.). ND, not determined.

resonance (NMR) and liquid chromatography-mass spectrom-
etry (LC-MS) analysis; however, the isolation of the product 150
failed due to rapid decomposition presumably via the formation
of the corresponding unstable 0-QM during the purification pro-
cess. On the other hand, the intramolecular oxidative 1,4-addition
of 1-naphthol 17 with a tethered aliphatic hydroxyl group at the
2-position proceeded smoothly to give tetrahydrofuran 18 in excel-
lent yield (Fig. 4e).

The highly electrophilic nature of QMs prompted us to develop
a new oxidative transformation, that is, the oxidative spiroepoxi-
dation of 2- or 4-alkylarenols. We envisioned that spiroepoxida-
tion would proceed via a conjugate addition of a nucleophilic
oxidant to QMs (Fig. 5a)*”*. To the best of our knowledge, there
has been no report of a similar tandem transformation that uses
QMs generated oxidatively from ortho- or para-alkylarenols for
spiroepoxidation reactions. While our manuscript was being pre-
pared, Johnson reported an elegant approach to enantioselective

NATURE CHEMISTRY | www.nature.com/naturechemistry

dearomative spiroepoxidation via QM intermediates that are
generated in situ from 2- or 4-hydroxybenzyl alcohol deriva-
tives under basic conditions®**. Adler first reported the oxidative
dearomative spiroepoxidation of salicylic alcohols using stoichio-
metric quantities of sodium periodate as an oxidant’'. Later, the
Adler reaction was used as a highly useful tool for the synthesis
of various natural products and biologically active compounds*.
Our tandem spiroepoxidation protocol would complement the
Adler reaction. We investigated the reaction parameters for the
oxidative spiroepoxidation of 1a (see Supplementary Table 5 for
details), and found that dimerization could be suppressed with
the use of an excess amount of hydrogen peroxide (5 equiv.) under
concentrated conditions, and spiroepoxide 19a was obtained
in 77% vyield (Fig. 5b). Notably, the use of Ag,0 or MnQO, as a
stoichiometric oxidant in the presence of hydrogen peroxide
gave only 4a along with several side products, and no trace of
spiroepoxide 19a was observed.
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Fig. 6 | Reaction mechanism and enantioselective reactions. a, Proposed reaction mechanism based on the experimental results and previous works'>2%,
Kinetics studies suggested that reductive elimination might be the rate-determining step in the catalytic cycle. For details, see Supplementary Figs. 4-6.

b, The secondary kinetic isotope effect was observed to be 1.8 for the oxidative dimerization of 1a/1a-d;, which suggests that p-deprotonation might
proceed after dissociation to phenoxenium 26. ¢, Preliminary results of the enantioselective oxidative coupling reactions. Intramolecular oxa-conjugate
cyclization of 17 and spiroepoxidation of 7q gave the corresponding products 18 and 19g with moderate enantioselectivity. The absolute configuration of

each of these products was not determined.

The oxidation of various 1-naphthols 1 with hydrogen perox-
ide under the optimized conditions gave the corresponding spiro-
epoxides 19 in high yield (Fig. 5b). Notably, trans-epoxides 19¢—f
were obtained selectively from the oxidation of the correspond-
ing 1-naphthols bearing secondary alkyl groups at the benzylic
positions. The relative stereochemistry of 19f was confirmed by
single-crystal X-ray diffraction analysis, and others were assigned
by analogy. Moreover, para-selective oxidation of 2,4-dialkyl-
1-naphthols 1 afforded the corresponding spiroepoxides 20a and
20b derived from the corresponding p-QMs, as observed in para-
selective oxidative conjugate addition described above (Fig. 5¢). The
relative stereochemistry of these trans-epoxides, which were the
sole diastereomer isolated, was confirmed by a nOe analysis.

However, the oxidation of phenols 7 using hydrogen peroxide
was sluggish, and the desired ortho- or para-spiroepoxides 19 or
20 were obtained in low yield. Unproductive decomposition of
hydrogen peroxide by hypoiodite catalysis** might proceed under
these conditions due to the lower reactivity of phenols towards
oxidative dearomatization compared with that of naphthols**.
Additionally, due to the high tendency towards peroxidative dearo-
matization", alkyl hydroperoxides (TBHP and CHP) could not
be used efficiently as oxidants for the spiroepoxidation reactions.
The chemoselective spiroepoxidation of phenols 7 proceeded
smoothly to give spiroepoxides 19 or 20 in high yields with the use
of sodium hypochlorite pentahydrate’® as an oxidant (Fig. 5d; see
Supplementary Tables 6 and 7 for details). Tetrabutylammonium
iodide was found to be an optimal catalyst because the ammonium
cation of catalyst 6d decomposed under these strong oxidative con-
ditions. Moreover, a gram-scale oxidation gave para-epoxide 20c in
77% yield. Notably, the use of a conventional aqueous solution of
sodium hypochlorite gave a complex reaction mixture, and spiro-
epoxide was isolated in low yield.

The efficiency of the hypoiodite catalysis was further demon-
strated by the divergent chemoselective oxidation of phenol 21
with a tethered aliphatic hydroxyl group at the 2-position (Fig. 5e).
An intermolecular oxidative epoxidation proceeded preferentially
with the use of sodium hypochlorite pentahydrate as an oxidant to
afford spiroepoxide 22 in 82% yield. Although hydrogen peroxide
could not be used efficiently for the spiroepoxidation of phenols,
the intramolecular oxidative 1,4-addition of 21 proceeded to give
oxetane 23 in 73% yield when hydrogen peroxide was used in aque-
ous acetonitrile under diluted conditions (see Supplementary Table
7 for details). Moreover, sodium hypochlorite is a strong oxidant
that can promote the oxidation of phenols in the absence of an
iodide catalyst; however, dearomative intramolecular cyclization"
proceeded via a Friedel-Crafts-type ortho-chlorination* followed
by intramolecular cyclization to give spiroether 24 in 64% yield.
Thus, the oxidation of a catalytic amount of iodide with sodium
hypochlorite to an iodine-based active species would proceed pref-
erentially under these conditions to lead to the unprecedented che-
moselective oxidation of phenols.

To gain insight into the catalytic mechanism for the oxida-
tive generation of 0-QMs, we performed various control experi-
ments (see Supplementary Table 9 for details) and concluded that
the hypoiodite species may be a catalytically active species'>*.
Furthermore, the addition of radical scavengers such as N-tert-
butyl-a-phenylnitrone (PBN), 1,1-diphenylethylene and 2,2,6,6-tet-
ramethyl-1-piperidinyloxy (TEMPO) did not influence the yield
in the oxidative dimerization of la, suggesting that a free-radical
pathway might be unlikely. Based on these experimental results and
previous works'****, a proposed mechanism is depicted in Fig. 6a.
Ammonium hypoiodite could be generated in situ as an active
species from the oxidation of ammonium iodide with an oxidant.
A reversible dehydration reaction of arenol with the hypoiodite
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species might afford an aryl hypoiodite intermediate 25, which
might give 0-QM via the reductive elimination of ammonium
iodide directly or after dissociation" to the phenoxenium cation 26.
The pB-deprotonation process might be helped by the base species
(RN*Y", Y=ArO, RO, and so on) generated in situ catalytically.

To gain further insight into the mechanism of the generation of
0-QMs, we performed kinetic studies using the oxidative dimer-
ization of 1a as a model reaction (see Supplementary Figs. 4-6).
The reaction rate was found to have a first-order dependence on
the concentration of catalyst 6d and a zero-order dependence on
both substrate 1a and hydrogen peroxide. These results suggest that
reductive elimination might be the rate-determining step in the
catalytic cycle (Fig. 6a). Finally, the secondary kinetic isotope effect
(KIE)* for the oxidative dimerization of 1a and la-d; in separate
vessels based on the initial reaction rates was observed to be 1.8
(Fig. 6b), which suggests that p-deprotonation might proceed after
dissociation to phenoxenium 26 (Fig. 6a). Therefore, electrostatic
or hydrogen-bonding interactions®' between the leaving iodide and
the ammonium cation centre or acidic a-hydrogen atoms of the
highly reactive catalyst 6d, respectively, might enhance the reactiv-
ity of the dissociative reductive elimination step.

The highly reactive 0-QMs generated in situ would then react
rapidly with a suitable nucleophile to give the corresponding cou-
pling products. The ammonium cation of the catalyst might not
bind strongly enough to the pro-chiral 0-QMs to induce stere-
oselectivity during this process. Indeed, no asymmetric induction
was encountered with the use of chiral ammonium iodides for the
oxidative cycloaddition or electrocyclization reactions. On the
other hand, some attractive interactions would be expected with
the anionic nucleophiles®, which enable the asymmetric induc-
tion during the conjugate addition of 0-QMs. Intramolecular
oxa-conjugate cyclization of 17 and spiroepoxidation of 7q in the
presence of chiral ammonium iodides 6 or 6g*, respectively,
gave the corresponding products 18 and 19g with moderate
enantioselectivity (Fig. 6¢). These preliminary results revealed
the feasibility of the use of this ammonium hypoiodite cataly-
sis for the enantioselective oxidative coupling reaction through
0-QM intermediates.

In summary, we have developed a transition-metal-free catalytic
oxidative generation of 0-QMs using hypoiodite catalysis through
the oxidation of ortho-alkylarenols and applied 0-QMs as transient
reactive intermediates to tandem reactions. Inexpensive tetrabutyl-
or tetramethylammonium iodides or sodium iodide could be used
as a catalyst. Moreover, to induce higher reactivity, a new structur-
ally compact quinuclidine-derived quaternary ammonium iodide
catalyst has also been designed. A mechanistic investigation sug-
gests that the rate-determining step of the present catalysis might
be the dissociative reductive elimination of iodide from the aryl
hypoiodite intermediate. This method for the chemoselective gen-
eration of 0-QMs is superior to previous methods with respect to
not only environmental issues but also the wider scope, especially
with respect to coupling partners, and could be applied to various
oxidative tandem reactions such as inter- or intramolecular [4 + 2]
cycloaddition (including self-dimerization or trimerization and
enantioselective cycloaddition), oxa-6m-electrocyclization, inter- or
intramolecular conjugate addition with nitrogen or oxygen nucleo-
philes and spiroepoxidation. Strikingly, several chemoselective
divergent oxidative couplings could be achieved by simply changing
the reaction conditions.
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