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Abstract

Compounds comprising adiaryl ether skeleton exi@mnong natural phenols.
The diaryl ether skeleton is thought to be biosgstred through the coupling of two or
more phenols. It is an important structural featarmedicines and agrochemicals, and it is
imperative to develop methods for constructing ss&lletons in organic synthesis.
However, by the synthesis method through the cogpbf phenols, coupling occurs
preferentially at the ortho-substituted carbon atofmnphenols. In this study, various
radical-generating reagents and conditions weresingated with the aim of developing a
short-step construction method of the diaryl ellesleton by the radical homo-coupling of
two phenol molecules. In addition, cross-couplingaations between radicals of
2,4,6-tri-tert-butylphenol and p-substituted phen@re conducted to synthesize eight C
(ortho)-O coupling products. Based on the resaltspmputational chemical approach was
employed to verify the cause of C (ortho)—O borunfation.

Keywords: diaryl ether skeleton, phenol, radicaljging reaction

1. Introduction

Phenols are known to be typical representative comgts found in natute Some
phenols are beneficial even for these simple sabst but the phenol moiety can undergo
dimerization, trimerization, or cyclization withithe molecule to exhibit interesting
biological activity>* (Figure 1). In addition, phenols exhibit differeattivities depending
on the coupling position. For example, isomagnodmid magnolol are dimers of
allylphenol, but these compounds exhibit differactivities. In addition, obovatol, which is
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a typical natural phenol comprising a diaryl etls&eleton, exhibits several activities,
including antitumot, anti-inflammatory, and anxiolytic activiti€s Reactions using
peroxidas® have been reported with the attempt to obtain ethesmpounds by the
homo-coupling of phenols. In these studies, isorakdwhich is the C (ortho)-O form, is
obtained as a side product (5%), in addition to moég (21%) as the main product. The
dimerization of unprotected phenol by an enzym@aaction has been reported; however, it
is difficult to selectively obtain the diaryl ethgkeleton.

OH OH  OH OH OH OH OH
o) HO 0] o)
| I | | | | l

allylphenol magnolol isomagnolol obovatol isodunnianol
OH OH O OHOH
HO (o)
O CO.H CO,H o CO,H
HoN NH
2 NH, H,N” ~CO.H NH
COH  COH 2
2 OH COH COH
NH, NH; NH,
L-Tyrosine Dityrosine Isodityrosine Pulcherosine
I OH OH OH
HoN | QOH o o o
| N 0 HN—_ 0
3 “H
H NH o) (0]

Thyroxin O~ "OMe gpiraformin A Piperazinomycin Ornatipolide

Figure 1. Natural products of related phenols including dsrend trimers.

In synthetic organic chemistry, several examples tfee synthesis of symmetrical
products have been reported in which C (ortho)-@h¢) is coupled by a direct
homo-coupling reaction For example, in the radical coupling reactiordedllylphenol, a
high yield of magnolol is obtained (77%) by using
1,2-dichloro-4,5-dicyano-p-benzoquinone (DDQ), whis a one-electron oxidizing agent,
and AICE™. However, in synthetic organic chemistry, a higéld/ synthetic method by the
direct or preferential use of asymmetric diarylestfC (ortho)—O) has not been reported.
Hence, a diaryl ether is synthesized by using depted phenol and/or a halogenated
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phenol by the arylation of a phenol by the Ullmammipling using Ct! and the aromatic
nucleophilic substitution reaction (&r)*?

OH (tBuO),
1eq @/ \© + other coupling product (1)
PhCI, 140 °C

excess C(ortho)-O : C(ortho)-C(ortho) : other = 9: 40: 51

OH (tBuO),
(1
(1eq) \@\ 2)
p-EtCgH,OH,
140 °C

C(ortho)-O : C(ortho)-C(ortho) = 25:75

excess
OH

OH OH
KaFe(CN)s O O +  + other coupling product 3)
EtOH
| 8% |

5% 31%

1eq
OQ
OH
+
benzene water ()
room temprature @—<
(@)

1.25 eq 1eq 16%

78.5%
Scheme 1. Selective examples of the direct synthesis ofytlethers by a radical reaction
in homo- or cross-coupling.

Statistical studies on the selectivity for homo+uing reactions using phertdland
p-cresot* *® or other substituted phendi3’ as substrates using various oxidizing agents
and radical initiators have been conducted (Schtmgl, eg2, eq3). By using allylphenol
and KgFe(CN)} as the substrate and the oxidizing agent, res@bgtiisomagnolol (C
(ortho)-O) and magnolol (C (ortho)-C (ortho) arelased in 8% and 11% yields,
respectively, and coupling products at other posij trimers, and tetramers are obtatfied
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The UV and MW-UV irradiation of 4ert-butylphenol affords C(ortho)-O and C(ortho)—
C(ortho) products to be the isomerization produaitsl their ratio depends on the nature of
the solvents and sensitizers uSednd the C(ortho)—O form (yield 6%) is obtainedtbg
triplet sensitization reaction using acetophenatha photosensitizer in a hexane solution.
The homo-coupling reaction of a para-substituteshprmund often does not proceed with
selectivity, and, depending on the reagent, itdssfble to obtain a coupling compounds
with dimers, trimers or more with selectivity faffdrent positions.

In the cross-coupling reaction, phenol derivatiaesl a simple phenol bearing bulky
substituents have been reported to be coupledeaith other between radicals. A study has
reported that a radical of 2,4,6-tri-tert-butylpbe(BHTS) is coupled with the phenol at the
para position, affording a quinone fdth{Scheme 1 eq4). Various studies have been
conducted to synthesize a thyroxine derivative f&#)—0O coupling produét)?* 2324 |n
addition, the coupling reaction between BHTs andsabstituted (electron-withdrawing
group) phenol occurs at C (para)-O at low tempesatout o-hydroxydiphenyl ethers are
obtained in low yield at high temperatiufes

Furthermore, the cross-coupling reactions of phelaivatives have been reported to
proceed by oxidation potential differences. A crosspling reaction between p-cresol and
p-methoxyphenol has been reportedly achieved byctimebination of AIC} and DDG°®.
Recently, in a fluoroalcohol solvent (HFIP), crasspling with unprotected phenols is
achieved by the combined use of an iron catalyst ase-electron oxidizing agent and a
reoxidant, affording an asymmetric biphenol (C lfojtC (ortho)) in a high isolated yield
of 96%. The cross-coupling of C (ortho)-C (ortho)the case of unprotected phenols
predominantly occurs by the combination of an ioatalyst as a one-electron oxidizing
agent and a reoxidant in an HEfPIn addition, oxidative phenol-allen cross-couglin
reactions using visible-light redox catalysts hbeen developéti Moreover, the coupling
reaction of substituted phenols has been studiedani electrochemical metHgdf® 3% 32
However, even by using these methods, it is diffibor the cross-coupling reactions of
phenols to progress by C (ortho)-O.

In the organic synthesis methods for the dimemzatf two phenols, C(ortho)-C(ortho)
is the predominant product, and a selective syrghmsthod for the direct homo-coupling
reaction of the C(ortho)-O form is not establisnadaddition, the cross-coupling reaction
between different phenols is extremely difficultchase of the competition between
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homo-coupling and cross-coupling, in addition tcsipon selectivity. In this study, to
realize a short-step synthesis method for obovasaldityrosine, and natural phenols
comprising various diaryl ether skeletons, the @O coupling and homo- and
cross-coupling reactions are discussed. In additeaction selectivity factors of C(ortho)—
C(ortho), C(para)-0O, and C(ortho)-O are clarifigdchanging the reaction time through
the analysis of the byproducts and calculation dsteyn

2. Results
2.1. Moddl reaction

First, p-cresol with a simple phenol structure wakected as a model substrate, and a
homo-coupling reaction was conducted. As the rédidiog reagent of phenol, metal
reagents” *° and p-benzoquinorfé, which are one-electron oxidizing agents, and
peroxides=> ** ®which are radical initiators, are used, and thedyto p-cresol (Table 1).
The high-temperature reaction was conducted undesspre in a sealed container to
suppress the volatilization of solvents and reagent

Table 1. Reaction conditions for the dimerization of p-cles

OH
Oxidant/Additive @/ \@\
+ O

Solvent

p-cresol (1a) 3a Pummerer ketone
Yield [%0]*
Entry Ox. Add. Solv. Temp. Time Atmo. 2a 3 co:.Ccc
[°C1  [h] (C-0) (C-
C)
Lrx* 0.1 - PhCI 130 24 air 14 29 33:67
eq(BuO),
2 leq - PhCI 130 3 air 10 <l >95:<5
(‘BuO)
3 5eq - PhCI 130 3 air 18 <1 >95:<5



(‘BuO),

4 5eq - PhCI 130 2 Ar 21 <1 >95:<5
(‘BuO),

5 5eq CsCO; PhCl 130 3 air <1 22 <5:>95
(‘BuO),

6 leqgFeG N&CO; H)O r.t. 24 air 0 21 <5395

7 0.75eq AIClI3 MeNO, r.t. 1 N 0 21 <5:>95

DDQ

8 leq - MeNO, 100 2 air 14 <l >95«<5
AgCOs

9 leq CsCO; MeNO, 100 2 air 3 12 20:80
AgCOs

*Isolated yield.  **Concentration dfawas 0.02 M.  *** Yield was determined from
0.1 eq (tBuO)

The selectivity for the C (ortho)-O and C (ortho){&@tho) forms at the coupling
position varied depending on the reaction cond#tisuch as the reagents and equivalent
amount used. Notably, by usin@@O), or AgCOs, a high selectivity for C (ortho)-O was
achieved, unlike in a previously reported study fing-tuning the reaction conditions. In
comparison to entries 1 and 3, the proportion ef@(ortho)-C (ortho) form was initially
high because a low concentration of the radicdlaitar was used. Different coupling
modes for the main products were observed deperatinge type and presence of metal.
The comparison of entries 3 and 5 with those ofient8 and 9 revealed that different
coupling modes for the main products are observedtd the metal. From the comparison
of entries 3 and 4, excess reaction was suppressdat Ar under air, and the yield of the
desired compound was slightly improved. The sugioesof the side reaction by oxygen is
considered to have led to the improved yield. Urater condition, a byproduct having an
excessive reaction with a molecular weight gre#tan that of the coupled product was
confirmed. In entries 5, 6, and 9, 9%, 1%, and 8% e Pummerer's ketone (C (ortho)-C
(para) form), corresponding to one of the dimerthefC (ortho)-C (ortho) coupling, were
obtained, respectively. With respect to the readtip (BuO),, studies were conducted with
the increase in the temperature, equivalent ameaunat,concentration, and the extension of
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reaction time; however, in both cases, the yield wat observed. In addition, radical
initiators other than'BuO), were investigated, but the yield decreased (AIGN, PINO,
and TBHP). Moreover, by using benzoyl peroxide (BR© the radical initiator, a product
was not obtained because a compound was formedichvp-cresol was coupled with a
BPO-derived benzoyloxy radical.

2.2 Time cour se of the homo-coupling reaction

In the homo-coupling reaction of p-cresol, the gdem the product yield over time was
investigated. An LC—MS analysis was conducted stingating the yields obtained at each
time (Figure 2). The formation of the C (ortho)-@nrh has been reported to preferentially
occur even in the early stages of the reactionthEumore, as the yield of the C (ortho)-O
form decreased with the lapse of time, the ovetigacto the C (ortho)-O form as
homo-coupling was confirmed to progress. In additlwy using AgCO; as the oxidant, the
reaction was confirmed to not proceed after 30 murthermore, with the increase in the
equivalent amount of AGO;, the overreaction progressed, and the yield dsetka



A) (‘BuO), in air BBUOY), in Ar
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Figure 2. Temporal change in the product yield obtained ftbencoupling reaction: A)
(‘BuO), in air; B) (BuO), in Ar; C) 1 eq AgCO;s in air; D) 2 eq AgCOs in air. 1a: p-cresol,
2a: C (ortho)-O coupling compoun8a: C (ortho)-C (ortho) coupling compound.

2.3 Identification of the coupling mode by IR analysis

To specify the coupling mode in case of the ovetren, the C (ortho)-O and C (ortho)—
C (ortho) byproducts shown in entries 4 and 6 dfl@4 were analyzed By NMR and IR
spectroscopy. Each crude product was separatedtfrerproduct with a larger molecular
weight, which was detected by gel permeation chtography (GPC) at an earlier flow
time compared to the dimer and then analyzed. Asmaplex mixture was obtained
NMR spectra could not be recorded. Figure 3 shdwesIR spectrum obtained in each
condition.
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Figure 3. IR spectra of the (A) C (ortho)-O dimer, (B) Ctfm)—-C (ortho) dimer, (C)
oligomers ofentry 4 in Table 1, and (D) Oligomers ofntry 6 in Table 1.

By comparison of the IR spectra of the C (orthops@ C (ortho)-C (ortho) forms, sharp
peaks for the C (ortho)-O form in the vicinity B@0 cm® were observed, corresponding
to the diaryl ether skeleton. By the comparisothefIR spectra of the polymers in entries 4
and 6, the peak in the vicinity of 1,600 ¢rwas more prominent in the byproducts of entry
4. From this result, the reaction condition of entrgffbrds a higher C (ortho)-O selectivity
compared to that of entry 6 also as the functignalip contained in the byproduct. In both
cases, a peak corresponding to the carbonyl cadton1,700 crit was confirmed.
Although the carbonyl carbon was present in traz®umts, phenol was thought to be
generated as a side reaction, and quinone oxidiyeakygen in the reaction system was
observed.



2.4 Application to various phenols

In addition, reaction conditions shown in entryf4Table 1 affording a high yield for
the C (ortho)-O form were utilized for various pbkrcoupling reactions. Table 2
summarizes the results.

Table 2. Product yields from the homo-coupling reactiorpﬁsfubstituted phenol.

OH
(‘BuO), (5 eq)
PhCI \©\
130 °C, 2h , Ar

Entry R Structure Yield [%]

OH
O
1 Me (a) ©/ @\ 21
. e @ IS T
tBu

3 Allyl (c) (2/ \©\/\ 11

4 n-C5H11 (d) \©\ 18
2d n-CsHyy

n- C5H11
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OH

© NHBoc
CH,CH(COOMe)NHBoc \©\/K
© COOMe 7

NHBoc 2e

COOMe

By the developed reaction, the C (ortho)-O formpbénol with various substituents
including isomagnolol, which is a natural substaneas synthesized. The reaction was
confirmed to progress even with substituents othen Me, albeit with decreased product
yield. C (ortho)-O was selective for either sulistreDifferent yields were observed
depending on the reaction substrate because th@etin of the hydrogen atom BuO-
was more likely to occur with respect to the substit and/or the side reaction due to
higher product reactivity. In addition, the C (@O coupling reaction possibly
progressed to a minimal extent because of stectoifa

2.5. Cross-coupling

(‘BuO), was used as the radical initiator to investigdie tross-coupling reaction
between p-cresol and various phenols. In the aroapling reaction between p-cresé)
and o-cresolXg), homo-coupling and cross-coupling reactions ef rilsspective substrates
proceeded, with a low product yield. It is difficth perform the cross-coupling reaction of
compounds with different substitution positionsngsthis approach. In the cross-coupling
reaction betweenp-cresol (a) and 4-methylanisole 1), the MS peaks for the
cross-coupled compound and the homo-coupled foran@ole were not confirmed even
after the LC-MS profile of the crude product wasoreled. The formation dfa, which is
the homo-coupling product gf-cresol (a), was confirmed. Unlike using a one-electron
oxidizing agent in this method, the coupling ofefighenols may be preferential. When the
homo-coupling of 4-methylanisoldi{) was conducted, a complicated excessive reaction
progressed. In the cross-coupling reaction with -ddrt-butylphenol 1i), the
homo-coupling ofli was the main reaction, with the predominant foromatof the C
(ortho)-C(ortho) form 3i). Furthermore,dai, which was a trimer obtained by the C
(ortho)-C(ortho) cross-coupling, was obtained iryi@ld of 15%. In addition, in this
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method, the steric factors of the substrate, pdaily ortho substituents, affect the
selectivity of the C (ortho)-O and C(ortho)—-C(oitfarms.

('BuO),
_deq \©\
PhCI
130 °C
o-cresol 2ag
1 eq (19) 8% 6% <5%
1eq

-

OH (e}
(BuO),
= Sron G é
+
PhCI
1a 4- methylamsole 2ah 3h
1eq (1h) 7% Not detected Not detected
1eq
OH
(‘Bu0),
@ O O
' OH
PhCI
130 °C
1a 2ai 4ai
1eq 1 eq 4% 28% 15%

Scheme 2. Investigation of the cross-coupling reaction betwe-cresol and various
phenols.

When BHTs, which are known to be extremely stalldicals, as a coupling partner
were treated withp-cresol, a cross-coupling reaction betwepstresol and BHTs
progressed, affordin@ai. Hence, the cross-coupling of BHTs and p-substitythenols
with various substituents was conducted to syntleethe C (ortho)-O formTable 3
summarizes the results. In phenol bearing variobstguents, the C (ortho)-O form was
obtained with a comparatively good vyield. Under sthreaction condition, the
ortho-substituted product was the main productnn ease; however, when some phenol
was used as the substrate, C (para)-O cross-cgypiaucts were also obtaineth( 2%,
7c. 2%, andre: 4%).
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BHTs (5 7
1 eq 1eq

Table 3. Product yield from the cross-coupling reactiolB6fTs with p-substituted
phenols.

Structure Yield [%]* Yield [%]
Entry R
6 7
OH 2
¢}
1 Me (a) \©\ 40 (57)
6a
OH -
o
2" 'Bu (b) Q< 57 (64)
6b
OH 2
o}
3 Allyl (c) \©\/\ 39 (43)
6C

OH
O
4 n-CsH11 (d) \©\n o 43 (55)
“~5i11
6d
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4
CH,CH(COOMe) NHBoc
5 56 (69)
NHBoc (e) COOMe
6 OMe (f) j\EE/ \©\ 16 (16)

OH
o)
7 a-Cumyl (g) >kEE/ 23 (18)
69

*Yield within parentheses is based on the recovetading material. **Reaction time: 6.5
h

2.6. Computational chemistry approach

The theoretical consideration for the selectivity the homo- and cross-coupling
reactions was examined by calculation chemistrg Jtarting materials, intermediates, and
products expected to be involved in the reactiorevealculated to examine the changes in
the enthalpy, electronic properties of radicalsd &@ond dissociation energy (BDE) of
hydrogen atoms. The initial structure used for trfpes was generated by a conformational
search, which was conducted 2000 times via the MiwBecular force field calculation
using the Medit prograft Using this initial structure as an input fileethtructure with the
(U)B3LYP/6-31G* basis function in Gaussian 09 wagtimized*. The Winmostar
prograni® was employed to visualize each structure. Froraethesults, selectivity factors
for the reaction were discussed.

2.6.1. Enthalpy change of the coupling reaction

The coupling of phenols is known to be a reactimtuoring between radicdls®.

Additionally, herein, we attempted to couple p-otesith 4-methylanisole; however, only

homo-coupling of p-cresol was observed (SchemeN®).coupling compound between
14



4-methylanisole and p-cresol was observed, indigatinat the coupling reaction between
radials is progressing preferentially, and it ipeoted that the coupling reaction via this
mechanism is different from that via other redoact®ns. In this study, usindBuO), as
the radical initiator, phenoxy radicals are geremtavia the hydrogen-atom transfer
mechanism (HAT mechanism), and dimerization is etgmeto occur via the coupling of
these radicals.

Figure 4 shows the enthalpy changes of intermesliatel coupling products of the C
(ortho)-O and C (ortho)—C (ortho) forms. In thess«@oupling reaction, the enthalpy of the
product is a value including 1,2-dimethylethenarfed by the elimination of tHBu group.

In the homo-coupling reaction ptcresol, the final product was stable in the Cho+C
(ortho) form, but the intermediate was stable & @(ortho)—O form (Figure 4A). Even for
the cross-coupling reaction of BHTs gmdresol, the C (ortho)—O form in the intermediate
was stable (Figure 4B). In the case of cross-cagplihere is also selectivity as to which
reaction proceeds from which oxygen; however, mestiates were unstable because of
steric hindrance for reaction from the oxygen of T/BH In addition, regarding the C
(ortho)-C (ortho) cross-coupled product between BHihd p-cresol, a more unstable
intermediate due to the steric bulk of the substita was observed. It was difficult for the
homo-coupling of BHTs to proceed because of stemcrance. The calculation results
revealed that the intermediate is unstable by Rda/mol with respect to the BHTSs.
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A) Homo-coupling of p-cresol

30
20
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0

-10

AH / kcal/mol
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o)~ _ 208

Figure 4. Enthalpy change for the A) homo-coupling reactibp-aresol and B)
cross-coupling reaction betwepstresol and BHTSs.
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2.6.2. Electronic properties and bond dissociation energy of phenols

In the radical reaction of phenols, the regioseldgtof the reaction was examined using
the spin density. Table 4 summarizes the spin densities of the ghemadicals and
calculated BDEs of the starting materials and dogpbroducts. BDE is one of the indices
reflecting the ease with which a phenol undergoesaation. In homo-coupling, the BDEs
for the C (ortho)-O forms of the starting mater{@B.0 kcal/mol) and product (78.0
kcal/mol) were equal, but the C (ortho)-C (orthougling product $a, 73.1 kcal/mol)
exhibited a low BDE and underwent facile radicalnfation. In the cross-coupling
reaction, the coupling energy increased in the roroe BHTs 6, 69.7 kcal/mol),
cross-coupling productg, 76.4 kcal/mol), an@-cresol (la, 78.0 kcal/mol).

Table4 Spin densities of the phenoxy radicals and BDBs®fphenols

Compound No. Spin density BDE [kcal/mol]
o-C p-C
p-cresol (a) 0.43 0.31 0.40 78.0
2a 0.39 0.24 0.35 78.0
3a 0.30 0.16 0.29 73.1
BHTs () 0.37 0.32 0.40 69.7
6a 0.37 0.22 0.35 76.4

3 Discussion

When a para-substituted phenol is treated at heghpérature based on the HAT
mechanism, coupled products between the phenoleoxgigd the ortho-substituted phenol,
which are relatively advantageous both thermodynaltyi and kinetically, are obtained.
However, as this selectivity is subtle, with theiaion in temperature, presence or absence
of a coordination metal, and radical concentrattbe, selection of a radical generator and
control of reaction temperature and time are inehs@able. Typically, the coupling reaction
at the para position of oxygen and phenol of phentil a high spin density is more likely
to proceed kinetically. Calculation results revdalhat the spin density of the alkyl
substituent at the para position of the phenoréaigr than that at the ortho position. ESR
studies also revealed that spin densities for geaf alkyl substituents in the para position

of phenols are approximately twice those at th&oopositiond. However, under high
17



temperatureC (para)-O coupling product is thermodynamicallgtable and returns to the
starting material. However, the final coupling puod between the ortho-substituted
phenols was the most stable thermodynamicallyjtbuéas not favorable kinetically at the
stage at which the intermediate cyclohexadienoreokéained.

The selectivity for the cross-coupling reactionwen BHTs angb-substituted phenols
selectively occurred at C (ortho)-O, as was the e@th homo-coupling, because of the
intermediate stability (Figure 4 B). The couplingaction of the ortho-substituted type
proceeded instead of the para-substituted typeglmination at the ortho position was
easier than that at the para position of the plémelcause the ortho-substituted phenol
promotes intramolecular elimination.

kinetically 0o OH

R R 4 .
R R P Kinetically o O most kinetically R R
O O Q R O unfavorable R\©/R favorable R\Q/R unfavorable
- - - - - - - - + >
R HO A o] reversible o OOR 5
T 15t

step

thermodynamic
most stable

. 0 R gtree;ersible . OH o
e} _—
oA |enel
R R R
Scheme 3. Relation between the kinetic selectivity and thedgmamic stability for the
coupling of para-substituted phenols

3.1 Cross-coupling using BHTs compared with the homo-coupling of phenol

The cross-coupling reaction of the para-substitygkdnol and BHTs proceeded more
efficiently than its homo-coupling. This factor weansidered from the obtained results. By
the comparison of BDEs summarized in Table 4, tBEBf BHTs was significantly less
than that of p-cresol, with the preferential getieraof BHT radicals. However, in the
homo-coupling of BHTSs, the intermediate was morstaiple than the starting material
because of considerable steric hindrance (Figurant) the reaction did not proceed. The
hydrogen abstraction gkcresol progressed gradually, and radical crosglooy occurred
between phenoxy radicals generated in trace ama@nusBHT-derived radicals in large
amounts. From the quantitative relation of the caldi in the reaction system, the progress
of cross-coupling became dominant.

18



Cross-coupling using BHTs compared to the homo-wogf phenol led to higher yield
because of the suppression of the overreactionn FHrable 4, the BDEs of BHTs were
significantly less than that of produga, and the ease of hydrogen abstraction for BHTs
was greater than that d&a; hence, the overreaction is suppressed in conguarie
homo-coupling.BHTs serve as a reagent and a scavenger to supgxesss reaction.
Hence, the C (ortho)-O coupling between BHTs and@-pabstituted phenol progresses
selectively, further inhibiting the excess reacti@and the reaction progresses with a
relatively good yield. ThéBu group can be eliminated by the same procedurthats
reported previousfy, and 14 novel C (ortho)-O form products can beeetal from the
product obtained this time.

4 Conclusion

In the homo-coupling reaction of phenols througk tbrmation of radicals using a
metal-free peroxide as the initiator, the C (ort@)¥orm was predominantly formed on the
basis of the kinetic dominance. This reaction repnéed an example of the selective
synthesis of the diaryl ether by the extremely apC (ortho)—O coupling of phenol in
organic synthesis, although there was room for awpment of the product yield. The
cross-coupling reaction of 2,4,6-tri-tert-butylploénvith the para-substituted phenol was
conducted to synthesize seven C (ortho)—O forme.cfbss-coupling reaction according to
this study was proposed to be a synthesis methothéoC (ortho)-O compound through
reactions between radicals, affording a novel diatlyer skeleton by using an unprotected
phenol.

5 Experimental section
5.1 General

All reactions were monitored by thin-layer chrongaphy using a Merck 60 F254
precoated silica gel plate (0.25 mm in thicknest)).and **C spectra were recorded on
BRUKER DRX-300, JEOL ECX-400, and BRUKER DRX-50Gtruments:H NMR data
were reported as chemical shifts fpm), with multiplicity (s = singlet, d = doubldt,=
triplet, g = quartet, and m = multiplet), coupliognstant (Hz), integration, and assignment.
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13C NMR data were also reported as chemical shifiguitl chromatography—mass
spectrometry (LC-MS) profiles were recorded on Stdru LC-2010CHT and Shimadzu
LCMS-2020 systems using a Wakopack Navi C18-3.0 mm x 150 mm (D) column.
Purification by GPC was conducted by using a MUUHEPPREPARATIVE HPLC
LC-FORTE/R (YMC) and transferring the mobile-phasdvent EtOAc to YMC GPC
T-2000 (21.2 x 600 mm) and T-4000 columns (21.208 6im) to 10.0 mL/min. FTIR
spectra were recorded on a Nicolet iS10 FTIR spewtter (KBr pellet method).
High-resolution mass spectra were recorded on achiitNano Frontier LD spectrometer
(APCI).

5.2 Chemicals

Reagents purchased from TCI and Wako were usedwtitburification. 4-Allylphenol
was synthesized by the method reported by Aghaiatial**

5.2.1 Typical procedure for the homo-coupling reaction (2a)

First, p-cresol 1a, 96.0 mg, 0.9 mmol, 1 equiv) was added to Phd@ (L, 0.2 M) in a
pressure-resistant vessel, afBuQ), (655.2 mg, 5 equiv) was added dropwise to this
solution at room temperature. Second, this solutvas bubbled with Ar for 15 min and
then heated at 130 ° C in a pressure-resistanelester 2 h, the reaction solution was
cooled to room temperature, and the solvent was temoved under reduced pressure.
Finally, the crude product was purified by PTLC &idC to obtain homo-coupled product
2a(19.9 mg, 21%).

'H NMR (CDCh) & 7.15 (d,J = 9.0 Hz, 2H), 6.92 (d] = 9.0 Hz, 3H), 6.81 (dd] = 8.1,
1.5 Hz, 1H), 6.65 (dJ = 1.8 Hz, 1H), 5.42 (s, 1H), 2.34 (s, 3H), 2.213H); **C NMR
(CDCls) 6 154.6, 145.1, 143.8, 133.3, 130.5, 130.3, 12419,Q, 118.3, 115.7, 20.8, 20.8;
IR (KBr): 3517 (br m), 2922 (m), 1600 (s), 1513, (6304 (s) crit. HRMS (APCI-) m/z
calculated for [G4H130,]” 213.09210; found 213.09191.

Compound 2b was prepared using a typical procedure descrili®n/ea usinglb,
affording homo-coupled produ@b in a 7% vyield. The product was confirmed by
comparing with théH NMR spectrum of a known compouffid
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Compound 2c was prepared using a typical procedure descrildsalea usinglc,
affording homo-coupled produ@c in an 11% vyield. The product was confirmed by
comparing with théH NMR spectrum of a known compotfhd

Compound 2d was prepared using a typical procedure descrili®n/ea usingld,
affording homo-coupled produ2tl in an 18% yield’H NMR (CDCk) & 7.14 (d,J = 8.4
Hz, 2H), 6.94 (dJ = 8.1 Hz, 1H), 6.93 (d] = 8.4 Hz, 2H), 6.83 (dd] = 8.4 Hz, 2.4 Hz,
1H), 6.70 (dJ = 2.1 Hz, 1H), 5.41 (br s, 1H), 2.58 Jt= 7.7 Hz, 2H), 2.46 (@ = 7.8 Hz,
2H), 1.61 (quintet) = 6.9 Hz, 2H), 1.51 (quinted,= 6.9 Hz, 2H), 1.42-1.17 (m, 8H), 0.90
(t, J = 6.9 Hz, 3H), 0.86 (tJ = 6.8 Hz, 3H);"*C NMR (CDC}k) & 154.9, 145.3, 143.4,
138.2, 135.6, 129.8, 124.4, 118.7, 117.8, 115.83,3%6.3, 31.6, 31.5, 31.5, 31.4, 22.7,
22.6, 14.2, 14.2; IR (KBr): 3559, 2928, 1599, 1805". HRMS (APCI-) m/z calculated
for [Ca2H290,] 325.21730; found 325.21618.

The isodityrosine derivative (2e) was prepared using a typical procedure described
above usinde, affording homo-coupled produ2e in a 7% yield.

'H NMR (CDCk) 6 7.10 (d,J = 8.7 Hz, 2H), 6.97 (d) = 8.4 Hz, 1H), 6.92 (d] = 8.7
Hz, 2H), 6.80 (ddJ = 8.4, 1.8 Hz, 1H), 6.62 (d,= 2.1 Hz, 1H), 5.49 (s, 1H), 5.04-4.89
(m, 2H), 4.63-4.43 (m, 2H), 3.73 (s, 3H), 3.623H), 3.16-2.85 (m, 4H), 1.44 (s, 9H),
1.41 (s, 9H)*C NMR (CDCE) 6 172.4, 172.3, 155.9, 155.2, 155.1, 146.7, 14332,4]
130.9, 128.5, 125.9, 119.8, 118.1, 116.3, 80.2,,8M.6, 54.5, 52.5, 52.4, 37.7, 37.7, 28.4,
28.4; IR (KBr): 3367, 2977, 1713, 1595, 1506 tnHRMS (APCI-) m/z calculated for
[C30H39N2040] 587.26102; found 587.26064.

5.3 Typical procedure for the cross-coupling reaction (6a)

First, 2,4,6-tri-tert-butylphenol (BHTs, 1.0 equid 6.2 mg, 0.46 mmol) angtcresol (1
equiv, 50.1 mg, 0.46 mmol) were added to PhCIl (L3 0.2 M) in a pressure-resistant
vessel, and'BuO), (335.6 mg, 2.3 mmol, 5 equiv) was added dropwisthis solution at
room temperature. Second, this solution was bubbl#gdAr for 15 min and then treated at
130 °C in a pressure-resistant vessel. After sé,reaction solution was cooled to room
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temperature, and the solvent was then removed uedeced pressure. Finally, the crude
product was purified by PTLC to obtain cross-codppeoduct6a (54.8 mg, 40%). The
final product was verified by comparing with thé NMR spectrum of a known compound.

Compound 6b was prepared using a typical procedure descrili®n/ea usinglb,
affording cross-coupled produgh in a 57% yield'H NMR (CDCk) & 7.34 (d,J = 6.6 Hz,
2H), 7.08 (dJ = 1.8 Hz, 1H), 6.93 (d] = 6.6 Hz, 2H), 6.84 (d] = 1.8 Hz, 1H), 5.73 (s,
1H), 1.44 (s, 9H), 1.32 (s, 9H), 1.24 (s, 9fC NMR (CDCE) & 155.0, 146.0, 144.1,
142.8, 142.1, 136.2, 126.7, 119.0, 116.8, 114.2,381.6, 34.4, 31.7, 31.6, 29.7; IR (KBr):
3543, 2961, 1593, 1508 cMHRMS (APCI-) m/z calculated for [GH330,]- 353.24860:;
found 353.24737.

Compound 6¢c was prepared using a typical procedure descrildealea usinglc,
affording cross-coupled produét in a 39% yield'H NMR (CDCk) & 7.15 (d,J = 8.7 Hz,
2H), 7.07 (dJ = 2.1 Hz, 1H), 6.95 (d] = 8.7 Hz, 2H), 6.80 (d] = 2.4 Hz, 1H), 6.05-5.88
(m, 1H), 5.73 (s, 1H), 5.15-5.05 (m, 2H), 3.37 Jd; 6.9 Hz, 2H), 1.44 (s, 9H), 1.23 (s,
9H); **C NMR (CDCE) & 155.6, 143.9, 143.0, 142.2, 137.6, 136.2, 13530,0, 118.9,
117.7, 116.0, 113.7, 39.6, 35.2, 34.6, 31.7, 2R7(KBr): 3541, 2958, 1592, 1505 ch
HRMS (APCI-) m/z calculated for [fgH200,] 337.21730; found 337.21636.

Compound 6d was prepared using a typical procedure descrili®lea usingld,
affording cross-coupled produgd in a 43% yield'H NMR (CDCk) & 7.13 (d,J = 8.5 Hz,
2H), 7.07 (dJ = 2.0 Hz, 1H), 6.93 (d] = 8.5 Hz, 2H), 6.80 (d] = 2.0 Hz, 1H), 5.75 (s,
1H), 2.58 (t,J = 7.8 Hz, 2H), 1.62 (quind = 7.5 Hz, 2H), 1.44 (s, 9H), 1.39-1.28 (m, 4H),
1.24 (s, 9H), 0.90 (&) = 7.0 Hz, 3H);"*C NMR (CDCE) & 155.2, 143.9, 143.1, 142.1,
137.9, 129.7, 128.1, 118.8, 117.6, 113.6, 35.2,3%.6, 31.7, 31.6, 31.5, 29.6, 22.7, 14.2;
IR (KBr): 3542, 2957, 1731, 1593, 1506 ¢mHRMS (APCI-) m/z calculated for
[C2sH350,] 367.26425; found 367.26322.

Compound 6e was prepared using a typical procedure descrildealea usingle,
affording cross-coupled produét in a 56% yield*H NMR (CDCk) & 7.08 (d,J = 8.7 Hz,
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2H), 7.09 (dJ = 2.7 Hz, 1H), 6.93 (d] = 8.7 Hz, 2H), 6.79 (d] = 2.1 Hz, 1H), 5.69 (s,
1H), 5.00 (dJ = 8.1 Hz, 1H), 4.64-4.51 (m, 1H), 3.72 (s, 3H)L,®(dd,J = 13.7 Hz,J =
5.7 Hz, 1H), 3.02 (dd] = 14.1 HzJ = 6.0 Hz, 1H), 1.43 (s, 9H), 1.42 (s, 9H), 1.239d);
13C NMR (CDCH) & 172.4, 156.5, 155.2, 144.0, 142.7, 142.2, 13630,8, 130.7, 119.2,
117.6, 114.0, 80.1, 54.6, 52.4, 37.7, 35.2, 34167,329.6, 28.4; IR (KBr): 3535 (br m),
2957, 1715, 1591, 1506 MHRMS (APCI-) m/z calculated for jgH4NOg] ~ 498.28611;
found 498.28716.

Compound 6f was prepared using a typical procedure describdsul/ea using1f,
affording cross-coupled produét in a 16% yield'H NMR (CDCk) & 7.03 (d,J = 2.4 Hz,
1H), 6.98 (d,J = 9.0 Hz, 2H), 6.88 (d] = 9.0 Hz, 2H), 6.71 (d] = 2.4 Hz, 1H), 5.82 (s,
1H), 3.81 (s, 3H), 1.44 (s, 9H), 1.21 (s, 9fC NMR (CDCE) & 155.8, 150.4, 144.2,
143.4, 142.0, 136.0, 119.6, 118.3, 115.0, 112.48,5586.2, 34.6, 31.7, 29.6; IR (KBr):
3538, 2956, 1592, 1505 cMHRMS (APCI-) m/z calculated for jgH,705] ~ 327.19657;
found 327.19531.

Compound 6g was prepared using a typical procedure describedeausinglg, affording
cross-coupled produég in a 23% yield'H NMR (CDCk) & 7.33-7.21 (m, 5H), 7.18 (d,

= 9.0 Hz, 2H), 7.07 (d] = 2.4 Hz, 1H), 6.90 (d] = 9.3 Hz, 2H), 6.84 (d] = 2.1 Hz, 1H),
5.71 (s, 1H), 1.68 (s, 6H), 1.43 (s, 9H), 1.249H); **C NMR (CDCE) & 155.2, 150.7,
145.6, 144.0, 142.7, 142.2, 136.3, 128.2, 128.8,912125.8, 119.1, 116.8, 114.1, 42.6,
35.2, 34.6, 31.7, 31.0, 29.6; IR (KBr): 3541, 296392, 1504 cit. HRMS (APCI-) m/z
calculated for [GgH3s0;] ~ 415.26425; found 415.26456.
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Figure Legends and Schemes

Figure 1. Natural products of related phenols including disrend trimers.

Figure 2. Temporal change in the product yield obtained ftbencoupling reaction: A)
(‘BuO), in air; B) (BuO), in Ar; C) 1 eq AgCO;s in air; D) 2 eq AgCOs in air. 1a: p-cresol,
2a: C (ortho)-O coupling compoun8a: C (ortho)-C (ortho) coupling compound.
Figure 3. IR spectra of the (A) C (ortho)-O dimer, (B) Ctfta)-C (ortho) dimer, (C)
oligomers ofentry 4 in Table 1, and (D) Oligomers aéntry 6 in Table 1.

Figure 4. Enthalpy change for the A) homo-coupling reactibp-aresol and B)
cross-coupling reaction betwepstresol and BHTSs.

Scheme 1. Selective examples of the direct synthesis ofytlethers by a radical reaction
in homo- or cross-coupling.

Scheme 2. Investigation of the cross-coupling reaction betwe-cresol and various
phenols.

Scheme 3. Relation between the kinetic selectivity and thedgmamic stability for the
coupling of para-substituted phenols
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2. Results#
2.1, Model reaction +

First, p-cresol with a simple phenoel structure was selected as a model substrate, and a

homo-coupling reaction was conducted. As the radicalizing reagent of phenol, metal gotoh-hiroakl-yw@ynu.acjp
reagents'® ¥ and p-benzoquinone,”® which are one-electron oxidizing agents, and | MR scheme 5
peroxides,'* '* ' which are radical initiators, are used, and the yield to p-cresol [:[':!iJ_]E_I_:L_A:';""“-'—-—-—-_._h gotoh-hiroakl-yw@ynuaclp
The high-temperature reaction was conducted under pressure in a sealed container to Wi | Table2

suppress the volatilization of solvents and reagents. ¢

Table 1. Reaction conditions for the dimerization of p-cresol+

oH OH
Oxidany/Additive o TN
i —— " N W
Salvant 0
p-crasol (1a) 2a Pummerer ketona d
; ; | Yield [%]* ‘
Temp. | Time+ 2a ¢ 3a ¢ +
Entryt  Ox~  Add~ | Solve | B U g SR €o:CC-
[*Cl+| [h]' (c0) | (C-
C)
1#% 0.] . PhCl® | 130 | 24« aire | 140 | 290 33670
eq(Bull):
2 1eq - PhCle | 130+ 3¢ | aire | 100 | <le| >05:<5k
(Buc)):




