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General Introduction

General Introduction

|. Rational Design of Organic Reactions

In organic synthesis, we build up small moleculeso idesired target molecules
step-by-step using suitable reactions. Achievemientsganic synthesis in the last several
decades are beyond all expectations. In fact, c@ggmthesis plays a major role to develop
new medicinal compounds, agrochemicals, and funatiomaterials. Despite such
extraordinary achievements, organic synthesisillsfat from ideal synthesis because it is
time and labor-consuming and significant amountswaktes are usually produced to
synthesize complex organic molecules. Thereforeeldepment of new organic reactions
which make organic synthesis much more efficiehighly desired.

To design highly efficient organic reactions, th@ldwing three points should be
considered (Figure 1). At first, a desired reactpathway to give a desired product is
rational and efficient. To achieve such a desirathyway, the use of highly reactive
catalysis and/or reagents is often needed. Seagmdgsired reaction pathways to give
byproducts should be avoided or such side reacsbosld be suppressed. Third, desired
products should be stable under the reaction donditIf overreactions occur, a desired
product cannot be obtained in a high yield andigh Ipurity. These points should be the
key to the success of developing new organic reestthat have been believed to be
difficult or impossible.

1) desired path
Q Q@

2) undesired path desired products

3) decomposition
of products

byproducts byproducts
Figure 1. Design Points of Organic Reactions
This thesis proposes a rational design for elegtdadive C—H functionalization of

organic compounds, which avoids the overoxidatibat tis usually problematic in
conventional electrooxidative methods.
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I1. Electroorganic Synthesis

Electrochemical organic synthesis is a long-esthbli methodology since Kolbe
electrolysis was reported in 184&lectrolysis of organic compounds can generathlfig
reactive species such as carbocations, carbanemtisal ions, and free radicals under mild
conditions via single electron transfeiotably, chemical oxidants or chemical reductants,
which inevitably produce stoichiometric amountsbgproducts, are not required. Taking
such an advantage, electroorganic reactions haea bpplied to synthesis of various
complex organic moleculésand some electroorganic reactions have been used f
industrial productiof.

Electrochemical oxidation is, in particular, attrae because it enables straightforward
functionalization of carbon—hydrogen (C—H) bondsoofjianic molecules. For example,
Csp-H bonds as well as aromatic §-H bonds (Scheme %)can be functionalized by
anodic oxidation. Single electron transfer from aromatic compound gives the
corresponding open-shell radical cation. The rddiaion reacts with a nucleophile such
as fluoride ion, cyanide ion, and trifluoroaceticida to give the corresponding
functionalized product. Usually, overoxidation doest occur in these cases because the
products are less reactive toward the electroct@nogidation because of a strong
electron-withdrawing effect of the substituent tisantroduced by the transformation.

Scheme 1. Electrooxidative Transformation of Aromatigge-H Bond

overoxidation

anodic ot X _
©/H oxidation (jl ©/. ‘ =F, CN, CO,CF;
+
—€ —e, -H
* + \‘ = Ar, NR;R,, OR
. . overoxidation

However, when the substituent introduced to thenat@ ring is electron-donating, the
oxidation potential of the product is lower thamttlof the starting material, and therefore
the transformation suffers from further oxidatiord the product, which is called
overoxidation” Anodic methoxylation of naphthalene reported bigzFin 1976 is such a
case (Scheme 2j.Electrochemical oxidation of naphthalene in thespnce of methoxide
gives polymethoxynaphthalene. Because an oxidgtaiantial of methoxynaphthalene is
lower than that of naphthalefiepveroxidation is unavoidable. For the same reason,
electrooxidative introduction of other electron-dtng groups such as electron rich aryl
groups, or amino groups into aromatic rings stithaeins challenging.
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Scheme 2. Anodic Methoxylation of Naphthalene

OMe
anodic OMe
O OX|dat|on OMe
MeOH
KOH OMe
14% 27% 11% 3%

1.72 V vs. SCE 1.33 Vvs. SCE

In 1999, Yoshida and coworkers reported the gelmeraand accumulation of
N-acyliminium ions by low temperature electrocherhioaidation, and this method is
called the cation pool method (Scheme 3A)ter the electrolysis, the accumulated cation
can be used for the reactions with various nucléeplinder nonoxidative conditions. The
method was successfully applied to alkoxycarbenions®® diarylcarbenium ion& and
heteroatom cationd:*® They also reported integrated reactions involviegversion of
electrochemically generated cationic species tahamaationic species using the chemical
method (Scheme 3BY.However, these methods are limited to use cloketl-sationic
intermediates having a formal charge on A cgrbon atom because closed shell cationic
species having a formal charge on acgrbon atom are too unstable to generate. Thetefor
the method cannot be applied tg,©SH bond functionalization.

Scheme 3. (A) Cation Pool Method. (B) Integrated Electrocheaih-Chamical Reaction via
Alkoxysulfonium lons.

A)
anodic :
O\ oxidation Z /B A SiMe O\A
N H_ 5 N+ N
o)\owle o)\owle o)\owle
cation pool
oxidative condition nonoxidative condition
B) .
anodic +/

H H oxidation H DMSO H O-S EtsN 0
Mo — | N Mo N — N
A w0 Ar” S A S A S
oxidative condition nonoxidative condition
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I11. Contentsof ThisThesis

This thesis described a new reaction design inhgrihe essence of the cation pool
method and the reaction integration, which solvee bDveroxidation problem in
electrooxidative G>H bond functionalization. Based on the rationalsiges,
electrooxidative C—H arylation and C—H amination asbmatic compounds have been
achieved.

In chapter 1, metal- and chemical-oxidant-free @G-H{ cross-coupling of aromatic
compounds using electrochemical oxidation is dbsdri In general, such transformations
suffer from overoxidation because oxidation potdatiof biaryl products are lower than
that of starting materials. The present approaduibned in scheme 4. The key design of
the method is generation and accumulation of rhaigaons of aromatic compounds by
low temperature electrolysis. Because another aiornampound can be added after the
electrolysis under nonoxidative conditions, ovedation is intrinsically avoided. The
method was named the radical cation pool method.

Scheme 4. C—-H/C—-H Cross-Coupling of Aromatic Compounds UdRaglical Cation Pools

di o+ /@ 2 =
anodic - R N 52
H S _— TR

AN oxidation AN !
Sy [ S YN

= —78 oC 7 R m _

radical cation pool

oxidative condition nonoxidative condition

From chapter 2 to chapter 5, C—H amination reastuasing electrochemical oxidation
are described. In general, installation of nitrofiemctionalities into aromatic rings by the
electrooxidative method is challenging becauseaiiad potentials of aromatic amines are
usually lower than those of starting materials, dahi$ situation inevitably leads to
overoxidation. To circumvent the overoxidation gesb, the transformations involving
conversion of radical cation of aromatic compoutw€losed-shell cationic intermediate
was designed as outlined in scheme 5. Electrocla¢middation of an aromatic substrate
in the presence of an appropriate nitrogen soursesga cationic intermediate.
Overoxidation is suppressed because of strongretectithdrawing effect of a positive
charge. After the electrolysis, the cationic intediates are converted to desired neutral
aromatic amines under nonoxidative conditions. Basen this rational design,
overoxidation is intrinsically avoided because aatimamines as final products are not
exposed to oxidative conditions.
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Scheme 5. Electrooxidative C—H Amination of Aromatic Compals via Cationic

Intermediate
+

anodic °+ chemical R!
M oxidation < | reaction '
| f X X N.
2 O | h P e
Z -e Z —e, -H % RT
+ +
o cationic intermediate
oxidative condition nonoxidative condition

In chapter 2, a method for synthesizing aromation@ry amines is described.
Electrochemical oxidation of aromatic compoundshia presence of pyridine followed by
the treatment with piperidine gives correspondingnaatic primary amines (Scheme 6).
The key design of the reactions is intermediacy edéctrooxidatively inactive
N-arylpyridinium  ions.  Overoxidation is  suppressed ecduse of strong
electron-withdrawing effect of a positive charge tve pyridinium nitrogenSynthetic
utility of the present method is demonstrated byH@Gmination of aromatic compounds
bearing a nitro group to give a key intermediatetf® synthesis of VLA-4 antagonit.
The transformation proves the rationality of thaateon design described in scheme 5.

Scheme 6. Synthesis of Aromatic Primary Amines \WeArylpyridinium lons

anodic ~ iperidine
N H X, oxidation N | pip N NH,
R + — N —— Ry
= N~ R+ P
N-arylpyridinium ion

ooooooooooooooooooooooooo

oxidative condition nonoxidative condition

In chapter 3, an intramolecular version of the atiam is described (scheme 7).
Electrochemical oxidation of 2-pyrimidyloxybenzersesl 2-pyrimidylthiobenzenes, which
can be easily prepared from phenols and thiophgnelspectively, followed by the
treatment of the resulting pyrimidinium ions give&-aminobenzoxazoles and
2-aminobenzothiazoles, respectively. The method veser as metal- and
chemical-oxidant-free routes to the benzoxazoles lmnzothiazoles having a variety of
functionality. The transformation indicates the powf the reaction design in the synthesis
of heterocyclic compounds.
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Scheme 7. Intramolecular C—H Amination via Cyclized Catiotitermediates

anodic o

N X\rN\ oxidation R @:X%N piperidine X
R_I | R — ! _— 7 - R_| NH
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oxidative condition nonoxidative condition

Chapters 4 and 5 describe the application of thesgmt reaction design to the
electrooxidative C—-H aminations by modification aftrogen sources are prior to
electrooxidative generation of cationic intermeelat

Chapter 4 describes electrooxidative coupling of imidazolgth aromatic or benzylic
compounds based on this approach (scheme 8). Aro@pge protecting group is
introduced to imidazoles in advance. Electrochehneadation of aromatic or benzylic
compounds in the presence of the protected imidazgives electrooxidatively inactive
imidazolium ions. After electrolysis, the imidazet ions are converted to the desired C—N
coupling products by deprotection under nonoxigatundition.To demonstrate the power
of the method, a P450 17 inhibittrand an antifungal agéfithaving N-substituted
imidazole structures were synthesized. The suadedsfnsformations achieved by
modification of nucleophiles prior to electrochealioxidation open the possibility of
developing new electrochemical transformations Hrat impossible by the conventional
ways.

Scheme 8. Electrooxidative C—N Coupling of Imidazoles withrofnatic or Benzylic
Compounds

Ms
N _N
H B ~
= |
R@/ X N\/) AN N\/)
Z Ms anodic  RqF + o R
N oxidation = piperidine P
or + N//_/ B — or or
PN Ar” NN Ar” N
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Chapter 5 describes another example, which enablestrooxidaive coupling of
aromatic compounds with primary alkylamines bearadunctional group such as a
hydroxyl group and an amino group. The key to thecess of the transformation is initial
heterocyclization of a functional primary alkylareg(scheme 9). The following points
should be stressed: (1) The formation of the hey@ies removes protons in the amino and
the functional groups, leading to the formatiorcafionic intermediates. (2) The oxidation
potential of the heterocycles is higher than thafséhe corresponding alkylamines because
of the sp-hybridization of nitrogen atoms, enabling seleetixidation of aromatics. (3)
The hetereocycles have sufficient nucleophiliGityward the radical cations of aromatic
compounds. (4) The resulting cationic intermediatebich are stable enough to be
accumulated in solution, are not oxidized becaudis#rong electron-withdrawing effect of
a positive charge. Electrochemical oxidation ofnaatic compounds in the presence of the
heterocycles followed by the chemical reaction gitiee desired coupling products under
nonoxidative condition. A key intermediate for dyegis of a mutagen isolated from blue
cotton-absorbed materials in the Nikko Riewas successfully synthesized using the
present method.

Scheme 9. Heterocyclization Approach for Electrooxidative @tng of Functional
Primary Alkylamines with Aromatics
heterocyclization

R2
>/—FG‘ v removal of protons on N and FG
NT’))\R1 v/ oxidatioin resistance

n

v’ high nucleophilicity

FG heterocyclization

n

FG = O, N functional group

H R?

o+
anodic oxidation
R_' N o \_l >—|:(3I
| R + /
n

2
H FG RW/FG'
NJ\ chemical reaction NI R’
| N R1 . X n
R+ after electrolysis o +
i R
= pZ

cationic intermediate

The author believes that the rational designssaledessful transformations based on the
designs described in this thesis would inspire dssnwho are interested in developing
new methods for C—H functionalization of aromatiompounds via single electron
transfer:’
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Chapter 1

Chapter 1

Metal- and Chemical-Oxidant-Free C-H/C—-H Cross-Coufing

of Aromatic Compounds: The Use of “Radical Cation Bols”

Abstract

A method for oxidative C—H/C—H cross-coupling hagib developed using “radical-cation
pools”. Aromatic compounds react with aryl radications, which are generated and
accumulated by low-temperature electrolysis. Thiethod avoids both the nonselective
oxidation of substrates and oxidation of productd effects the C—H/C—H cross-coupling
of aromatic compounds without metal complexes dhical oxidants.

-11-
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Introduction

The direct oxidative C—H/C—H cross-coupling, alsmown as the dehydrogenative
cross-coupling,of unactivated aromatic compounds has fascinatyrahemists because
it does not require prefunctionalization of stagtewomatic compounds and it serves as a
straightforward, atom?and step-economicainethod for connecting two aromatic rings by
a single C—C bon@® In 2007, a metal-catalyzed C—C cross-coupling treadnvolving
two C—H activations and employing a stoichiomesinount of oxidant was achiev&d
and, since then, the method has been studied &eBn%™ In 2008, a metal-free biaryl
compound synthesis that uses a stoichiometric atrafiem organoiodine(lll) oxidant was
developed. A new synthetic method that enables metal- andmat®-oxidant-free
C—-H/C-H cross-coupling of two aromatic compounds niseded. Electrochemical
oxidatior?"’ serves as an efficient method that does not usal matalysts and chemical
oxidants for activating aromatic compounds. In fdbe subjection of a mixture of two
unactivated aromatic compounds to electrochemixialation can give the cross-coupling
products, although yields are usually Idw 2012, Waldvogel and co-workers reported a
selective electrochemical phenol-arene cross-aogiplieaction using boron-doped
diamond electrodesThis method, however, cannot be applied to aranatinpounds that
do not have a hydroxy group because the phenodidakintermediate plays a crucial role.

In general, the oxidative C—H/C—H cross-couplingved aromatic compounds suffers
from the formation of homo-coupling products dedveom the nonselective oxidation of
the starting materials (Figure 1a). Based on sizdjsthe yield of the cross-coupling
product will be, at most, moderate because of thendtion of products derived from
homo-coupling. Overoxidation is also unavoidableduse the biaryl products have lower
oxidation potentials than those of the correspapdstarting materials owing to the
extendedrt conjugation of the biaryl products (see below)erEfore, the development of
methods for direct anodic cross-coupling is vergligmging.

To avoid nonselective oxidation of starting materiand the oxidation of products, a
method using“radical-cation pools” has been developed (SchemeThus, an aromatic
compound is allowed to react with a radical cabbanother aromatic compound, a species,
which is generated and accumulated by low-tempegadiectrolysis. In 1999, Yoshida and
coworkers developed the cation-pool method, whistolves generation and accumulation
of an unstable organic cation in the absence ofuelenphile by low-temperature
electrochemical oxidation and a subsequent reacfidhe cation with a nucleophile under
nonelectrolytic conditions. The method has beercesgfully applied tdN-acyliminium
ions° alkoxycarbenium ion¥: and diarylcarbenium iorfé.The present radical-cation-pool
method has been developed by analogy with thereatbel method. This new method

-12-
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serves as a powerful and selective method for sgiting unsymmetrical biaryl
compounds from unactivated electron-rich aromadmgounds in a straightforward and
efficient way.

(a)

Qe o) —
nonselectlve Cross- coupllng
oxidation product

/ homo-coupling
products

overoxidation

-+

selective radical cation pool

oxidation

) =
& l=

no overoxidation

Figure 1. Oxidative C—H/C-H cross-coupling of aromatic compds. (a) A conventional
approach. (b) An approach based on the “radicacg@iool” method

Results and Discussions

First, pentamethylbenzent)(was chosen to use as a substrate because ofcsiynpf
product selectivity (see Table 1). As a couplingmer, naphthaleneé) was chosen to use
because oxidation o2 to give the corresponding radical cati@nis known in the
literature>*#2P3The electrochemical oxidation &f(0.44 mmol) was carried out in a 0.1
M solution of BUNB(CgFs)4in CH,Cl, in a H-type divided cell equipped with a graphite
felt anode and a platinum plate cathode at —78n°@heé absence df. After 0.45F of
electricity was consumed, (0.10 mmol) was added. The reaction mixture wasesdt at
—78 °C for 3 h. The desired cross-coupling prodiusfas obtained in 33% yield. (Table 1,
entry 2). Four moles df is necessary to produce one mold becaus@& is accumulated as
a complex with2 (the radical cation of the naphthalene diffi8@nd4 is produced by the
reaction of 1 and 3 followed by one-electron oxidation, wherein thelical-cation
naphthalene dimer is the oxidant.
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Table 1.Optimization of the Reaction Conditions
O anodic Sy
oxidation
—_—
e | )

3

i ()
additive O O

T°C,3h
1 4
0.10 mmol

a a
entry T (°C) additive 4 (%) recovery entry T (°C) additive 4 (%) recovery

of 1 (%) of 1 (%)
1 40 - 11 40 5° _90 Et,O 66 25

2 78 - 33 55 6 90 DME 73 23

3 —90 _ 27 52 7%° 90 DME o _
4 90 THF 46 32

2Yields were determined by GC analysis using hexatie@s an internal standatdetrahydrofuran (THF)
(0.5 mL) was addedDiethyl ether (0.5 mL) was addetll,2-Dimethoxyethane (DME) (0.5 mL) was added.

°The reactions were carried out usih(p.66 mmol).

To optimize the reaction conditions the reactionsrevcarried out at a variety of
temperatures for the second step. When the se¢epdvas carried out at —40 °C (Table 1,
entry 1) the yield o#t was lower than when the step was carried out 8t°€7(Table 1,
entry 2) presumably because the decomposition 3ofwas competing with the
cross-coupling reaction. The reaction at —90 °I@4, entry 3) also gave a lower yield,
presumably because of precipitation ®fat this temperature. To solve this solubility
problem, the effect of additives that may enhainee dolubility of3 at low temperatures
was examined (Table 1, entries 4-6), and we fobatl 1,2-dimethoxyethane (DME) was
quite effective (Table 1, entry 6). Moreover, tree wf 0.45- of electricity and 0.66 mmol
of 2 improved the yield ofi to 91% (Table 1, entry 7). It should be noted that present
method does not suffer from oxidation of the prdadualthough the oxidation potential 4f
(1.48 V versus SCE in a 0.1 M solution of,BB(CsFs),in CH,CIy) is lower than those of
1(1.57 V) and2 (1.60 V).
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The regioselectivity of the reaction is notablesdaese only the 1-substituted naphthalene
derivative4 was obtained. The corresponding 2-substitutedymtodas not detected. This
is consistent with the high regioselectivity repdrfor the reaction of naphthalene radical
cations with other nucleophiles such as GMd CHCO, .**° Spin density analysis using
the DFT calculation also suggests that reactigheaf-position is favored (Figure 1a).

e

83‘&?3‘:@ r&

g i

E

Figure 2. Spin densities of radical cations and HOMO of aaphilic aromatic coupling
partners obtained by DFT calculations (B3LYP/6-3LG#-d, Spin densities of radical
cations of2, 18, 21, and23. e-j, HOMO of5, 7, 9, 11, 13, and15 (The 3-21G* basis set
was used for iodo-containing compourddsand15).

Under the optimized reaction conditions, the reaciof several aromatic compounds
were examined (Table 2). The reaction of radicaéiona3 with pentamethylbenzend)(
gave the cross-coupling produdtin 87% yield upon isolation (Table 2, entry 1).
Electron-rich benzenes such &sand 7 reacted with3 to give the corresponding
cross-coupling products in good vyields (Table 2riesm 2 and 3). The regioselectivity
observed fol5 and7 was excellent, in that other isomers were notatete The HOMO
coefficients obtained by DFT calculations are cstasit with the observed regioselectivity
(Figure le and f). Heteroaromatic compounds, swcindoles9 and 11, also gave the
corresponding cross-coupling products in good gi€lthble 2, entries 4 and 5), although
the reactivity of electron-deficient indol83 was low (Table 2, entry 6). The energy of the
HOMO of 13 was lower than that of other substrates; thisifigds consistent with the
lower reactivity of 13 (see the Experimental Section). Benzothiophébewas also
effective in this reaction (Table 2, entry 7). Tiegioselectivity of these reactions was also
consistent with the HOMO coefficients obtained b¥TDcalculations (Figure 1 g—j).
Notably, iodine-containing compound® and 16 were obtained in very good Yyields.
Usually the oxidative coupling of iodine-containingbmpounds under electrophilic

-15-



Chapter 1
conditions leads to proto-deiodinattérand only molybdenum pentachloride is capable of

mediating an oxidative coupling of iodoarenes withioss of the iodine substituenit.

Table 2. Direct oxidative cross-coupling of two unactivat@enes based on the “radical
cation pool” method.

b
product (yield (%))

b
entry Ar'H ArH product (yield (%)) entry Ar'H
I
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13{ é . 9 23 24 70

3General reaction conditions: The radical cationl poas generated with 0.66 mmol of ‘Arusing 0.45 of
electricity in BuNB(CgFs)s/CH,Cl, at =78 °C. Then, 0.10 mmol of %t and DME (0.5 mL) were added at
-90 °C and the mixture was stirred at —90 °C fdr. 3"Isolated yields based on %t. °5.5 mmol of AfH
was used?8.8 mmol of APH was used®Additional stirring at =30 °C for 5 HAdditional stirring at =20 °C
for 2 h.90.1 mL of DME was usedBu,;NPF; was used instead of BUB(CeFs)4. '0.05 mmol of AfH was
used and the mixture was stirred at —40 °C foraBdhthen -15 °C for 1.5 h.
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OMe
5 Br

OMe
7 Cl

® O
o
)
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PhO,S.
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- Z=m
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PhO,S.

5

=
o

3
9

The present method could also be applied to othdical cations. The reaction of
2-bromonaphthalenel®) is interesting: the radical-cation pool derivedni 18 was
generated in an effective manner by anodic oxidatiod the subsequent coupling reaction
took place preferentially on the benzene ring reatring the bromine atom to git®. The
product derived from C-C bond formation at the posiortho to the bromine aton2(@)
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was also obtained as a minor product. The regioteky is consistent with the spin
density values obtained by DFT calculations (Figlibg. The anodic oxidation of pyrene
(21), and fluoranthene2@) gave the corresponding radical-cation pools, Wingacted with
9 to give the corresponding cross-coupling produsts good yields with high
regioselectivity, a result, which is consistenthwtihe DFT calculations (Figure 1c and d). It
should be noted that the cheaper electrolyteNB#s , could be used in these reactions.
Notably, the regioselectivity of the cross-coupliigy generally very high and is
predictable based on the spin density of the radaton and the HOMO coefficients of
the nucleophilic aromatic partner obtained by DRlIcglations. The high regioselectivity
of this method contrasts with the lower regioséggtof homolytic aromatic substitutions
that are used for biaryl compound synthé&ighis difference in regioselectivity is
probably due to the different reactivity of theatee intermediates: in homolytic aromatic
substitutions, a highly reactive s radical (argical) reacts with the arene, whereas in the
approach herein, a less reactive p radical (aditeh cation) reacts with the arene. Notably,
halogen-substituted aromatic compounds are efteeisvboth substrates (Table 2, entries 2,
3, 5, and 7) and precursors of a radical cationbl@f&, entry 8) and the halogen
functionality in the cross-coupling products carnused for further transformations, such as
halogen/metal exchange and transition-metal catdlyoupling reactions. Therefore, this
new method will form the basis of a wide range ywftketic strategies for making organic
compounds containing aromatic rings.

Conclusions

In conclusion, an efficient method for the C-H/Cekbss-coupling of two unactivated
aromatic compounds using “radical-cation pools” basn developed. Because this method
consists of two sequential steps, namely the géoarand accumulation of a radical cation
of an aromatic compound under oxidative conditiand then the coupling of the radical
cation with another aromatic substrate under nafaikie conditions, nonselective
oxidation of the starting materials and oxidatidntlee products are avoided. Thus, the
method serves as a selective technique for effpeti@—H/C—-H cross-coupling of aromatic
compounds. The absence of metal complexes and chemxkidants in the reaction
conditions is also advantageous. Exploration of fille range of reactivity of various
aromatic compounds and radical-cation pools, amiGgtions to the synthesis of biaryl
and heterobiaryl compounds with interesting fundi@nd biological activity is currently
in progress.
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Experimental Section

General: 'H and *C NMR spectra were recorded in CRQdr CD,Cl, on Varian
MERCURY plus-400{H 400 MHz,**C 100 MHz), or JEOL ECA-600P spectromett (
600 MHz, °C 150 MHz). Mass spectra were obtained on JEOL BXSL02A mass
spectrometer. IR spectra were measured with a SlzimRAffinity (FTIR). Rotating-disk
electrode (RDE) voltammetry was carried out usidgB00C and BAS RRDE-3 rotating
disk electrodes. Measurements were carried outlinMd BuNB(CsFs)s/CH,Cl, using a
glassy carbon disk working electrode, a platinumewgounter electrode, and an SCE
reference electrode with sweep rate of 10 m\& 3000 rpm. Merck precoated silica gel
F2s4 plates (thickness 0.25 mm) was used for thin-layeomatography (TLC) analysis.
Flash chromatography was carried out on a silida(lgento Chem. Co., Silica Gel N,
spherical, neutral, 40-10@m). Preparative gel permeation chromatography (GR&3
carried out on Japan Analytical Industry LC-918ippad with JAIGEL-1H and 2H using
CHCIl; as an eluent. All reactions were carried out uagigon atmosphere unless otherwise
noted. Compound®,*” 11,*® 13'° and 15° were prepared according to the reported
procedures. Compounds?®19,°* andSZ? were identified by comparison with théi and
13C NMR spectra reported in the literature 48BF; was purchased from TCI and dried at
50 °C/1 mmHg overnight. BNMB(CgFs)s was prepared according to the reported
procedur&® Dichloromethane was washed with water, distillemrf ROs, redistilled from
dried KxCO; to remove a trace amount of acid, and stored ivdecular sieves 4A. Unless
otherwise noted, all materials were obtained frammercial suppliers and used without
further purification. DFT calculations were perfadwith the Gaussian 09 prografrll
geometry optimizations were carried out at the RB3BLor UB3LYP level of density
functional theory with the 6-31G(d) or 3-21G(d) isaset.

Reaction of naphthalene (2) and 1, 7,9 or 11

The anodic oxidation was carried out using an Hetylivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate agh@d0 mm x 10 mm). In the anodic
chamber was placed a solution of naphthale?)e(84.6 mg, 0.66 mmol) in 0.1 M
BwNB(CgsFs)s/CHCl, (0.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (15QL) and 0.1 M BuYNBF4/CH,Cl, (10.0 mL). The
constant current electrolysis (8.0 mA) was caroatlat —78 °C with magnetic stirring for
60 min. Pentamethylbenzen® (14.8 mg, 0.10 mmol) and 1,2-dimethoxyethane (0% m
were added to the anodic chamber at —90 °C. Thatireg mixture was stirred at —90 °C
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for 3 h. Then, BN (0.2 mL) was added and the resulting mixture wasmed to room
temperature. After removal of the solvent undeuced pressure, the residue was quickly
filtered through a short column (2 x 4 cm) of sligel to remove electrolyte using
hexane/EtOAc 1:1 as an eluent. The solvent was vechérom the filtrate under reduced
pressure, and the crude product was purified wakhf chromatography to obtain the
cross-coupling produer® (23.8 mg, 87%) as white solid.

1-(2-Chloro-4,6-dimethoxyphenyl)naphthalene (8). Reaction of 2 and
1-chloro-3,5-dimethoxybenzen&)((0.10 mmol, 17.3 mg) followed by preparative GPC
gave the cross-coupling produgt(20.1 mg, 67%) as white solid. mp: 166-167 *8;
NMR (400 MHz, CDC}): & 3.62 (s, 3H), 3.89 (s, 3H), 6.53 5 2.0 Hz, 1H), 6.72 (d] =
2.4 Hz, 1H), 7.33-7.57 (m, 5H), 7.89 (m, 2 NMR (150 MHz, CDGJ): 555.9, 56.2,
97.9, 105.9, 121.1, 125.6, 125.8, 125.9, 126.2,212R28.4, 128.5, 132.6, 133.7, 133.8,
135.9, 159.6, 160.5; HRMS (ESI): [M+H]calcd. for GgH16CIO,, 299.0833; found,
299.0827.

2-Ethyl-3-(1-naphthyl)-1-(phenylsulfonyl)-1H-indole  (10). Reaction of 2 and
2-ethyl-1-(phenylsulfonyl)-d-indole @) (0.10 mmol, 28.5 mg) followed by flash
chromatography gave the cross-coupling prodidot38.0 mg, 92%) as light yellow solid.
mp: 135-136 °C!H NMR (400 MHz, CDCJ): 1.28 (t,J = 7.2 Hz, 3H), 2.74 (dg] =
14.4, 7.2 Hz, 1H), 2.96 (dqd,= 14.4, 7.2 Hz, 1H), 6.93 (d,= 8.0 Hz, 1H), 7.13 (} = 8.0
Hz, 1H), 7.18-7.60 (m, 9H), 7.79 (m, 2H), 7.91 {d; 8.0 Hz, 2H), 8.31 (d] = 8.4 Hz,
1H); **C NMR (150 MHz, CDG): & 15.8, 20.9, 115.5, 119.8, 122.1, 124.0, 125.5,7,25
125.9, 126.0, 126.2, 128.2, 128.3, 129.1, 130.%,93132.4, 133.6, 133.7, 136.8, 138.6,
141.2; LRMS (ESI) f/2: 411 [M], HRMS (ESI) [M+H] calcd. for GgH2:NO.S,
412.1345; found, 412.1366.

2-lodo-3-(1-naphthyl)-1-(phenylsulfonyl)-H-indole  (12). Reaction of 2 and
2-iodo-1-(phenylsulfonyl)-#-indole (1) (0.10 mmol, 38.3 mg) followed by flash
chromatography gave the cross-coupling prodi2cf43.9 mg, 86%) as light yellow solid.
mp: 155-156 °C'H NMR (400 MHz, CDCJ): & 6.97 (d,J = 8.0 Hz, 1H), 7.12-7.16 (m,
2H), 7.26-7.37 (m, 3H), 7.46-7.63 (m, 5H), 7.9197(f, 4H), 8.44 (dJ = 8.0 Hz, 1H);
3C NMR (150 MHz, CDGCJ): 5 81.4, 116.0, 119.9, 124.1, 125.3, 125.4, 125.5.0,2
126.2, 127.3, 128.4, 128.8, 128.9, 129.1, 131.3,613131.9, 133.7, 133.7, 134.1, 138.1,
139.2; HRMS (ESI): [M+Na] calcd. for G4H1INO-SNa, 531.9839; found, 531.9839.
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Reaction of naphthalene (2) and 5

The anodic oxidation was carried out using an Hetylivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate agh@d0 mm x 10 mm). In the anodic
chamber was placed a solution of naphthale?)e(70.5 mg, 0.55 mmol) in 0.1 M
BwNB(CgFs)s/CHCl,  (10.0 mL). In  the cathodic chamber were placed
trifluoromethanesulfonic acid (15QL) and 0.1 M BuYNBF4/CH,Cl, (10.0 mL). The
constant current electrolysis (8.0 mA) was caroatlat —78 °C with magnetic stirring for
50 min. 1-Bromo-3,5-dimethoxybenzene5) ( (21.7 mg, 0.10 mmol) and
1,2-dimethoxyethane (0.5 mL) were added to the iandthmber at —90 °C. The resulting
mixture was stirred at —90 °C for 3 h. ThengNE(0.2 mL) was added and the resulting
mixture was warmed to room temperature. After remhaf the solvent under reduced
pressure, the residue was quickly filtered throaginort column (2 x 4 cm) of silica gel to
remove electrolyte using 2 as an eluent. The solvent was removed from thaté
under reduced pressure, and the crude product widgeg@ with preparative GPC to obtain
the cross-coupling produ6t(25.1 mg, 73%) as white solid.

1-(2-Bromo-4,6-dimethoxyphenyl)naphthalene (6)mp: 155-156 °C;'H NMR (400
MHz, CDClk): & 3.61 (s, 3H), 3.89 (s, 3H), 6.58 @= 2.4 Hz, 1H), 6.91 (d] = 2.4 Hz,
1H), 7.32-7.57 (m, 5H), 7.89 (m, 2HYC NMR (150 MHz, CDGJ): 555.9, 56.2, 98.5,
109.0, 123.2, 125.6, 125.8, 125.9, 126.0, 126.8,212128.3, 128.5, 132.5, 133.7, 135.8,
159.5, 160.7; HRMS (ESI): [M+H]calcd. for GgH1¢BrO,, 343.0328; found, 343.0323.

Reaction of naphthalene (2) and 13

The anodic oxidation was carried out using an Hetylivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate agh@d0 mm x 10 mm). In the anodic
chamber were placed a solution of naphthalet)e(112.8 mg, 0.88 mmol) in 0.1 M
BwNB(CgFs)s/CHCl, (0.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (15QL) and 0.1 M BuUNBF4/CH,Cl, (10.0 mL). The
constant current electrolysis (8.0 mA) was caroatlat —78 °C with magnetic stirring for
80 min. Then methyl 1-(phenylsulfonylHlindole-2-carboxylate 13) (31.5 mg, 0.10
mmol) and 1,2-dimethoxyethane (0.5 mL) were adaethé anodic chamber at —90 °C.
The resulting mixture was stirred at —90 °C for artd warmed to —30 °C for 5 h. Then,
EtsN (0.2 mL) was added and the resulting mixture wasmed to room temperature. The
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solvent was removed from the resulting mixture undeluced pressure, and the crude
product was purified with preparative GPC to obt#ie cross-coupling produd# (16.0
mg, 36%) as white solid.

Methyl 3-(1-naphthyl)-1-(phenylsulfonyl)-1H-indole-2-carboxylate (14). mp: 65-67 °C;
'"H NMR (400 MHz, CDCJ): & 3.68 (s, 3H), 7.05 (d] = 8.0 Hz, 1H), 7.17 () = 8.0 Hz,
1H), 7.30-7.64 (m, 9H), 7.91 (dd~= 8.4, 4.8 Hz, 2H), 8.06 (d,= 8.8 Hz, 2H), 8.16 (d]

= 8.8 Hz, 1H);**C NMR (150 MHz, CDGJ): & 52.8, 115.3, 121.9, 124.4, 125.2, 125.8,
126.0, 126.2, 126.9, 127.2, 127.4, 128.0, 128.8,5,2128.9, 129.0, 129.3, 130.5, 132.0,
133.6, 134.0, 136.3, 137.4, 162.6; IR (neat): 1@32"; HRMS (ESI): [M+H] calcd. for
Ca6H20NO4S, 442.1108; found, 442.1094.

Reaction of naphthalene (2) and 2-iodobenzothiopher(15)

The anodic oxidation was carried out using an Hetglivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate agh@d0 mm x 10 mm). In the anodic
chamber were placed a solution of naphthaleé?)e(84.6 mg, 0.66 mmol) in 0.1 M
BwNB(CsFs)s/CHCl, (0.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (15QL) and 0.1 M BuYNBF4/CH,Cl, (10.0 mL). The
constant current electrolysis (8.0 mA) was caroatlat —78 °C with magnetic stirring for
60 min. Then 2-iodobenzZgfthiophene (5 (26.0 mg, 0.10 mmol) and
1,2-dimethoxyethane (0.5 mL) were added to the iandthmber at —90 °C. The resulting
mixture was stirred at =90 °C for 3 h and warmed&26 °C for 2 h. Then, B (0.2 mL)
was added and the resulting mixture was warmeaamrtemperature. The solvent was
removed from the resulting mixture under reduceesgure, and the crude product was
purified with preparative GPC to obtain the crossgling productl6 (32.5 mg, 84%) as
white solid.

2-lodo-3-(1-naphthyl)benzop]jthiophene (16). mp: 116-118 °C;H NMR (400 MHz,
CDCl): 6 7.14-7.20 (m, 2H), 7.30-7.54 (m, 5H), 7.63 (did, 4.2, 3.5 Hz, 1H), 7.86 (di,

= 8.0, 1.0 Hz, 1H), 7.99 (dd,= 7.1, 4.0 Hz, 2H)**C NMR (150 MHz, CDGJ): 5 82.8,
121.5, 123.3, 124.6, 125.5, 125.9, 126.1, 126.8,412128.6, 128.8, 131.9, 133.7, 133.8,
137.6, 142.1, 143.7; LRMS (ESIn(2: 386 [M]"; HRMS (EI): [M]" calcd. for GgH14lIS,
385.9626; found, 385.9629.
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Cross-coupling of 2-bromonaphthalene (18) and megiene (17)

The anodic oxidation was carried out using an Hetylivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@P7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate aghd0 mm x 10 mm). In the anodic
chamber were placed a solution of 2-bromonaphtka(e8) (136.7 mg, 0.66 mmol) in 0.1
M  BusNB(CgFs)s/CHCl, (10.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (15QL) and 0.1 M BuYNBF4/CH,Cl, (10.0 mL). The
constant current electrolysis (8.0 mA) was caroatlat —78 °C with magnetic stirring for
60 min. Then mesitylenel) (12.0 mg, 0.10 mmol) and 1,2-dimethoxyethane (OL) m
were added to the anodic chamber at —90 °C. Thatireg mixture was stirred at —90 °C
for 3 h. Then, BN (0.2 mL) was added and the resulting mixture wasmed to room
temperature. The solvent was removed from the tieguhixture under reduced pressure,
and the crude product was purified with preparatdeC to obtain the cross-coupling
productsl9® (17.0 mg, 53%) an80 (10.0 mg, 31%) as white solids.

2-Bromo-1-mesitylnaphthalene (20)mp: 86-87 °C*H NMR (400 MHz, CDCJ): 5 1.83

(s, 6H), 2.40 (s, 3H), 7.03 (s, 2H), 7.26dd&; 8.4 Hz, 1H), 7.35 (] = 8.4 Hz, 1H), 7.48 (t,

J = 8.4 Hz, 1H), 7.73 (s, 2H), 7.86 (@= 8.8 Hz, 1H)!H NMR (400 MHz, CQCly): &
1.80 (s, 6H), 2.38 (s, 3H), 7.02 (s, 2H), 7.21)d, 8.4 Hz, 1H), 7.35 (1] = 8.4 Hz, 1H),
7.49 (t,J = 8.4 Hz, 1H), 7.73 (d] = 9.2 Hz, 1H), 7.76 (d] = 8.4 Hz, 1H), 7.88 (d] = 8.8

Hz, 1H); "*C NMR (150 MHz, CDGJ): & 19.8, 21.3, 122.0, 125.6, 126.1, 127.0, 128.1,
128.2, 128.7,129.9, 132.4, 133.1, 135.6, 136.3,41338.6; HRMS (ESI): [M]calcd. for
CigH17Br, 324.0508; found, 324.0501.

Cross-coupling of pyrene (21) and 2-ethyl-1-(phenstilfonyl)-1H-indole (9)

The anodic oxidation was carried out using an Hetglivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate agh@d0 mm x 10 mm). In the anodic
chamber were placed a solution of pyreri) ((178 mg, 0.88 mmol) in 0.1 M
BusNPR/CH,CI; (10.0 mL). In the cathodic chamber were placdtititomethanesulfonic
acid (150uL) and 0.1 M BUNPFR/CH,CI, (10.0 mL). The constant current electrolysis (8.0
mA) was carried out at -78 °C with magnetic stgrifor 80 min. Then
2-ethyl-1-(phenylsulfonyl)-H-indole @) (14.3 mg, 0.05 mmol) and 1,2-dimethoxyethane
(0.5 mL) were added to the anodic chamber, andethdting mixture was stirred at —40 °C
for 3 h and warmed to —15 °C for 1.5 h. ThensNE0.2 mL) was added and the resulting
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mixture was warmed to room temperature. After remhaf the solvent under reduced
pressure, the residue was quickly filtered throaginort column (2 x 4 cm) of silica gel to
remove electrolyte using as @El, an eluent. The solvent was removed from the fdtra
under reduced pressure, and the crude product widgeg@ with preparative GPC to obtain
the cross-coupling produ@? (17.2 mg, 71%) as light yellow solid. The struetwf the
product was confirmed by the following synthesis.

2-Ethyl-1-(phenylsulfonyl)-3-(pyren-1-yl)-1H-indole (22). mp: 159-160 °C:'H NMR
(400 MHz, CDC4): 6 1.19 (t,J = 7.2 Hz, 3H), 2.80 (m, 1H), 2.99 (m, 1H), 6.95J¢ 8.0
Hz, 1H), 7.14 (tJ = 7.4 Hz, 1H), 7.35 () = 7.8 Hz, 1H), 7.42-7.66 (m, 4H), 7.82-7.90
(m, 4H), 7.98-8.05 (m, 1H), 8.10-8.18 (m, 3H), 8(B3 = 7.6 Hz, 2H), 8.34 (d] = 8.4
Hz, 1H); **C NMR (150 MHz, CDGJ): 15.6, 20.9, 115.5, 119.8, 122.5, 124.1, 124.6,
124.6, 124.8, 124.9, 125.2, 125.3, 126.1, 126.3,312127.6, 127.7, 127.9, 128.4, 129.2,
130.0, 130.9, 131.1, 131.2, 132.1, 133.7, 136.8,713141.4; LRMS (El)rt/2 485 [M]';
HRMS (EI): [M]" calcd. for GH23NO,S, 485.1450; found, 485.1415.

Preparation of  2-ethyl-1-(phenylsulfonyl)-3-(pyreni-yl)-1H-indole  (22) by
Suzuki-Miyaura coupling

Et Et Pd[P('Bu)sl
PhO,S <\ Br, PhO,S~\"X—Br Cs,CO3, H,O
CH,Cl, dioxane
rt, 2 h 60 °C, 4 h
9 25

To a 50 mL Schlenk flask were added 2-ethyl-1-(gtserifonyl)-1H-indole (9) (142.7
mg, 0.5 mmol) and C}Cl, (5 mL). A solution oforomine (87.9 mg, 0.55 mmol) in GEll,
(2 mL) was slowly added. After 2 h, solvent was ogad under reduced pressure to obtain
3-bromo-2-ethyl-1-(phenylsulfonyl)-H-indole (25)(180 mg, 99%).

To a 50 mL round-bottom flask were added
3-bromo-2-ethyl-1-(phenylsulfonyl)H-indole @5 (36.4 mg, 0.10 mmol),
1-pyreneboronic acid (36.9 mg, 0.15 mmol), cesiurbgnate (81.5 mg, 0.25 mmol),
Pd[P{Bu)3]2 (5.1 mg, 0.01 mmol), water (18 mg, 1.0 mmol), diakane (5 mL). Then, the
reaction mixture was stirred at 60 °C for 4 h. Aftemoval of the solvent under reduced
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pressure, the residue was quickly filtered throagshort column (4 x 6 cm) of silica gel
using CHCI, as an eluent. The solvent was removed from theat®l under reduced
pressure, and the crude product was purified witlepgrative GPC to obtain
2-ethyl-1-(phenylsulfonyl)-3-(pyren-1-yl)-H-indole (22) (34.1 mg, 70%) as light yellow
solid. The'H NMR spectrum was identical to that for the commbwbtained by the
“radical cation pool” method.

3-Bromo-2-ethyl-1-(phenylsulfonyl)-H-indole (25). mp: 106-107 °C;H NMR (400
MHz, CDCk): 6 1.30 (t,J = 7.4 Hz, 3H), 3.12 (q] = 7.4 Hz, 2H), 7.30-7.58 (m, 6H), 7.73
(d, J = 8.4 Hz, 2H), 8.19 (d] = 7.2 Hz, 1H);"*C NMR (150 MHz, CDGJ): & 14.2, 21.1,
101.4, 115.0, 119.3, 124.2, 125.3, 126.3, 129.9,312133.9, 135.9, 138.6, 140.0; LRMS
(El) (m/2 363 [M]; HRMS (EI): [M]" calcd. for GeH14NO.SBr, 362.9929; found,
362.9919.

Cross-coupling of fluoranthene (23) and 2-ethyl-1phenylsulfonyl)-1H-indole (9)

The anodic oxidation was carried out using an Hetglivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate agh@d0 mm x 10 mm). In the anodic
chamber were placed a solution of fluoranthe®® (178 mg, 0.88 mmol) in 0.1 M
BusNPR/CH,CI; (10.0 mL). In the cathodic chamber were placdtittomethanesulfonic
acid (150uL) and 0.1 M BUNPFR/CH,CI; (10.0 mL). The constant current electrolysis (8.0
mA) was carried out at -78 °C with magnetic stgrifor 80 min. Then
2-ethyl-1-(phenylsulfonyl)-H-indole @) (14.3 mg, 0.05 mmol) and 1,2-dimethoxyethane
(0.5 mL) were added to the anodic chamber, andethdting mixture was stirred at —40 °C
for 3 h and warmed to —15 °C for 1.5 h. ThensNE0.2 mL) was added and the resulting
mixture was warmed to room temperature. After remhaf the solvent under reduced
pressure, the residue was quickly filtered throagiort column (2 x 4 cm) of silica gel to
remove electrolyte using GBI, as an eluent. The solvent was removed from tiatgl
under reduced pressure, and the crude product widgeg with preparative GPC to obtain
the cross-coupling produ@4 (17.1 mg, 70%) as light yellow solid. The struetwf the
product was confirmed by the following synthesis.
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2-Ethyl-3-(fluoranthen-3-yl)-1-(phenylsulfonyl)-1H-indole (24). mp: 161-162 °C:*H
NMR (400 MHz, CDC}): 5 1.23 (t,J = 7.2 Hz, 3H), 2.84 (m, 1H), 3.04 (m, 1H), 7.06Jd

= 7.2 Hz, 1H), 7.14-7.18 (m, 2H), 7.34Jt= 7.8 Hz, 1H), 7.39-7.62 (m, 7H), 7.81 (&;
8.8 Hz, 2H), 7.88-7.96 (m, 3H), 8.00 @= 7.2 Hz, 1H), 8,31 (d) = 8.0 Hz, 1H);"*C
NMR (150 MHz, CDC}): 6 15.9, 20.9, 115.4, 119.8, 120.0, 120.2, 121.1,6,2124.0,
124.6, 125.1, 126.3, 127.7, 127.7, 128.0, 129.9,5,2130.0, 130.7, 132.0, 132.7, 133.7,
136.7, 137.0, 137.2, 138.7, 139.1, 139.5, 141.4BREI) (m/2: 485 [M]"; HRMS (El):
[M+H] ™ calcd. for G;H24NO,S: 486.1522; found, 486.1514.

Preparation of 2-ethyl-1-(phenylsulfonyl)-3-(fluoranthen-1-yl)-1H-indole (24) by
Suzuki-Miyaura coupling

1)"BuU THF, —78 °C, 40 min

Et
\f “Bpin PROS.
O. O Br O.O —78 °C, 10 min, then rt, 30 min .O
O DMF O 3) 25, Pd[P(‘Bu)s],, Cs,CO3 O
50 °C, 24 h H,0, 60 °C, 4 h
23 26 24

To a 100 mL round-bottom flask were added fluoranéh 23) (6.2 g, 30.7 mmol),
N-bromosuccinimide (9.0 g, 50.6 mmol), and DMF (2&)nrhe mixture was stirred at
50 °C for 24 h. To the reaction mixture, water (6Q) was added, and crystals formed
were separated by filtration. A part of the sepatatrystals (300 mg) were purified with
preparative GPC to obtaBibromofluoranthene (26)(40 mg) as light yellow solid.

To a 50 mL Schlenk flask were added 3-bromofludrané 26) (14.1 mg, 0.05 mmol)
and THF (1 mL). The mixture was cooled to —78 "BuLi in hexane (1.62 M, 3fiL) was
added, and the reaction mixture was stirred at -8 for 40 min. Then
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborelafi0.1 mg, 0.06 mmol) was added.
The reaction mixture was stirred at —78 °C for 1ii,rand then at room temperature for 30
min. To the mixture, 3-bromo-2-ethyl-1-(phenylsuijt)-1H-indole @5) (0.06 mmol, 21.9
mg), cesium carbonate (32.6 mg, 0.10 mmol), P&iPg]. (5.1 mg, 0.01 mmol), water (3.6
mg, 0.2 mmol), and dioxane (2 mL) were added, &edréaction mixture was stirred at
60 °C for 4 h. The solvent was removed under redipcessure, and the crude product was
purified with preparative GPC to obtain
2-ethyl-1-(phenylsulfonyl)-3-(fluoranthen-1-yl)-1H-indole (24) (9.0 mg, 37%) as light
yellow solid. The'H NMR spectrum was identical to that for the commbobtained by the
“radical cation pool” method.
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The highest occupied molecular orbital (HOMO) energes of nucleophilic aromatic
partners

HOMO energies (eV) d, 7,9, 11, 13, and15 calculated at the RB3LYP/6-31G(d) level.
5 7 9 11 13 15
HOMO (eV)  -5.982 -5.988  -5.73( -5.91: —6.10 -6.07¢

Cartesian coordinates (A) of the optimized structues

Cartesian coordinates (A) of the optimized struetior the radical cation of naphthalene
(2) (D2n symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

C 0.000000 0.716377 0.000000 C -1.236176 -1.402353 0.000000
C 0.000000 -0.716377 0.000000 H 1.243374 -2.488976 0.000000
C 1.236176 -1.402353 0.000000 H 3.389914 -1.242832 0.000000
C 2.452416 -0.696227 0.000000 H 3.389914 1.242832 0.000000
C 2452416 0.696227 0.000000 H 1.243374 2.488976 0.000000
C 1.236176 1.402353 0.000000 H -1.243374 2.488976 0.000000
C -1.236176 1.402353 0.000000 H -3.389914 1.242832 0.000000
C -2.452416 0.696227 0.000000 H -3.389914 -1.242832 0.000000
C -2.452416 -0.696227 0.000000 H -1.243374 -2.488976 0.000000

Cartesian coordinates (A) of the optimized struetuior the radical cation of
2-bromonaphthalend.§) (Cs symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Y4 Atom X Y Z

C 1.440280 0.561482 0.000000 C 0.863896 -1.832240 0.000000
C 1.857368 -0.810454 0.000000 H 3.559413 -2.137518 0.000000
C 3.229978 -1.102220 0.000000 H 5.241854 -0.317757 0.000000
C 4.185742 -0.067010 0.000000 H 4.526762 2.062429 0.000000
C 3.784969 1.270655 0.000000 H 2.108090 2.628385 0.000000
C 2.425867 1.589457 0.000000 H -1.235554 -2.314087 0.000000
C 0.068822 0.859719 0.000000 H 1.176956 -2.872752 0.000000
C -0.888472 -0.183610 0.000000 H -0.269040 1.891403 0.000000
C -0.490031 -1.527096 0.000000 Br -2.701412 0.265789 0.000000

Cartesian coordinates (A) of the optimized struetiar the radical cation of pyrengij
(D2n symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z
C 2.450626 -0.692561 0.000000 C -1.206647 -2.843828 0.000000
C 2.450626 0.692561 0.000000 C 0.000000 -3.540019 0.000000
C 1.233919 1.421053 0.000000 C 1.206647 -2.843828 0.000000
C 0.000000 0.708358 0.000000 H 3.392501 -1.233524 0.000000
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0.000000 -0.708358 0.000000
1.233919 -1.421053 0.000000
-1.233919 1.421053 0.000000
-2.450626 0.692561 0.000000
-2.450626 -0.692561 0.000000
-1.233919 -1.421053 0.000000
1.206647 2.843828 0.000000
0.000000 3.540019 0.000000
-1.206647 2.843828 0.000000

3.392501 1.233524 0.000000
-3.392501 1.233524 0.000000
-3.392501 -1.233524 0.000000
2.147347 3.387586 0.000000
0.000000 4.624832 0.000000
-2.147347 3.387586 0.000000
-2.147347 -3.387586 0.000000
0.000000 -4.624832 0.000000
2.147347 -3.387586 0.000000

OO0O00O0O0000O0
I T ITTITTITIITXIT

Cartesian coordinates (A) of the optimized struetiar the radical cation of fluoranthene
(23) (Cs symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y 4 Atom X Y z

-1.458600 -2.460868 0.000000 2.424593 0.683623 0.000000
0.743408 -3.693546 0.000000 2.485855 2.079608 0.000000
0.64591 -3.720796 0.000000 1.327172 2.889933 0.000000
1.376757 -2.518666 0.000000 -2.544571 -2.471757 0.000000
0.683059 -1.302942 0.000000 -1.301830 -4.624427 0.000000
0.748579 -1.279681 0.000000 1.169656 -4.670048 0.000000
1.157058 0.068464 0.000000 2462710 -2.542317 0.000000
0.000000 0.901492 0.000000 -1.262327 4.056769 0.000000
-1.178329 0.138407 0.000000 -3.350156 2.746486 0.000000
0.036606 2.303972 0.000000 -3.346639 0.279960 0.000000
-1.218036 2.971654 0.000000 3.340422 0.100658 0.000000
-2.398511 2.224607 0.000000 3.456751 2.564828 0.000000
-2.400418 0.812874 0.000000 1.437117 3.971032 0.000000

O0O000000000O00O0
I TITIITITIITITITOOO

Cartesian coordinates (A) of the optimized struefor 1-bromo-3,5-dimethoxybenzer (
(Cs symmetry) calculated at the RB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

C -1.283645 0.301504 0.000000 H -0.411559 -3.014168 0.000000
C 0.000000 0.815418 0.000000 H -4.052087 -3.052133 0.000000
C 1.142789 0.010037 0.000000 H -2.548703 -3.412227 0.894889
C 0.960867 -1.375146 0.000000 H -2.548703 -3.412227 -0.894889
C -0.327395 -1.935044 0.000000 H 3.954614 -2.675448 0.000000
C -1.440452 -1.097027 0.000000 H 3.522786 -1.191366 -0.894937
C -2.967186 -2.933647 0.000000 H 3.522786 -1.191366 0.894937
C 3.314197 -1.791723 0.000000 0] -2.730599 -1.533694 0.000000
H -2.158725 0.938926 0.000000 0] 1.980547 -2.279881 0.000000
H 2.124050 0.463395 0.000000 Br 0.234311 2.716828 0.000000
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Cartesian coordinates (A) of the optimized strugfor 1-chloro-3,5-dimethoxybenzerd (
(Cs symmetry) calculated at the RB3LYP/6-31G(d) level.

Atom X Y Zz Atom X Y 4
C 0.083755 -1.509058 0.000000 H 2.137261 1.237029 0.000000
C -1.118276 -0.824164 0.000000 H 4.430706 -1.590635 0.000000
C -1.197674  0.572555 0.000000 H 3.777446 -0.189511 0.894832
C 0.000000 1.291393 0.000000 H 3.777446 -0.189511 -0.894832
C 1.240028 0.631558 0.000000 H -0.844411 4.444372 0.000000
C 1.275485 -0.761239 0.000000 H -1.737594 3.183164 -0.895025
C 3.663064 -0.814901 0.000000 H -1.737594 3.183164 0.895025
C -1.137840 3.393184 0.000000 @] 2.419649 -1.500286 0.000000
H 0.128294 -2.590993 0.000000 @] 0.073922 2.652710 0.000000
H -2.163861 1.057977 0.000000 Cl -2.621618 -1.743554 0.000000

Cartesian coordinates (A) of the optimized struetur  for

2-ethyl-1-(phenylsulfonyl)-H-indole @) (C; symmetry) calculated at the

RB3LYP/6-31G(d) level.

Atom X Y z Atom X Y z
C 4.028873 -1.510713 -0.787039 H 1.556649 -2.121488 1.504984
C 3.650922 -0.251600 -1.237183 H 3.586187 -3.157170 0.536737
C 2.490488 0.337106 -0.714233 H 2.188871 2.369006 -1.626729
C 1.733627 -0.351124 0.264325 H -1.252416 2.473950 -0.312824
C 2.118341 -1.611433 0.734255 H -0.310045 3.144810 0.989985
C 3.268293 -2.178695 0.187412 H -3.274877 0.972313 0.519738
C 1.842852 1.597317 -0.953474 H -4.837681 0.158455 -1.251673
C 0.734901 1.687477 -0.165648 H -4.268271 -1.874465 -2.560089
C -0.243844 2.822604 -0.054630 H -2.157652 -3.101508 -2.103209
C -1.856912 -0.605840 0.169110 H -0.607835 -2.295108 -0.336370
C -3.041306 0.092628 -0.069892 H -0.623967 4.808627 -0.828506
C -3.910099 -0.372574 -1.058577 H 1.098311 4.426375 -0.685231
C -3.589550 -1.516497 -1.791031 H 0.141657 3.731665 -2.006665
C -2.401771 -2.208293 -1.535696 N 0.652853 0.497817 0.618298
C -1.527502 -1.759922 -0.547728 O -0.335584 -1.165610 2.267495
C 0.118589 4.013338 -0.948260 O -1.346576 1.160795 2.070585
H 4.924235 -1.980939 -1.184294 S -0.750800 -0.023624 1.458983
H 4.241542 0.274595 -1.982568

Cartesian coordinates (A) of the optimized struetur  for

2-iodo-1-(phenylsulfonyl)-#-indole  @1) (C; symmetry) calculated at the

RB3LYP/3-21G(d) level.

Atom X Y VA Atom X Y VA
C -4.622656 -0.856393 -0.799310 H -3.721339 -2.431595 -1.966374
C -3.563866 -1.637068 -1.246550 H -2.993634 1.185479 1.418063
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-2.279070 -1.382467 -0.746843
-2.077872 -0.343288 0.200749
-3.146545 0.430700 0.663740
-4.411972 0.162762 0.147676
-1.002352 -2.007244 -0.990798
-0.061776 -1.373033 -0.233436
0.600493 2.044080 0.216372
-0.321319 2.963189 -0.292371
0.095309 3.873889 -1.261389
1.422385 3.869932 -1.702593
2.339653 2.960896 -1.169955
1.932178 2.042699 -0.201918
-5.623070 -1.038015 -1.173658

-5.254753 0.747433 0.497266
-0.815966 -2.845807 -1.639677
-1.339413 2.967982 0.074670
-0.610166 4.589622 -1.665485
1.742305 4.581909 -2.454150
3.370555 2.969784 -1.502187
2.627792 1.340056 0.237075
-0.687625 -0.326276 0.517554
-0.984304 1.494774 2.237013
1.260859 0.282542 2.049935
0.080358 0.886539 1.444936
1.972026 -1.937321 -0.157797

TOO0O0O0000000O0O0
- no00OZITITITITITITIT

Cartesian  coordinates (A) of the optimized struetur for  methyl
1-(phenylsulfonyl)-H-indole-2-carboxylate 13) (Ci: symmetry) calculated at the
RB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

2.768163 -3.614187 -0.704615 -0.374082 -2.900913 0.462598
3.293418 -2.337310 -0.832056 1.060759 -4.815012 -0.151847
2.487773 -1.237933 -0.490629 3.598348 0.693156 -0.839458
1.161205 -1.447895 -0.036939 -2.921076 -1.814009 1.114114
0.631074 -2.735285 0.098415 -4.957535 -1.908860 -0.325896
1.451110 -3.802269 -0.242864 -5.347796 -0.142931 -2.028669
2.708803 0.176069 -0.508122 -3.720323 1.713985 -2.295474
1.558250 0.795954 -0.102590 -1.681626 1.804138 -0.858511
2.198937 -0.009479 0.187270 3.287642 4.771771 0.050235
3.104589 -1.058399 0.358662 1.542329 4.786055 0.472289
4.242449 -1.100482 -0.447916 2.038182 4.587920 -1.226772
4.460489 -0.105805 -1.402607 0.576630 -0.184256 0.181100
3.545220 0.939615 -1.554196 -0.815554 -1.119999 2.137602
2.404351 1.001311 -0.755415 -0.606446 1.394894 1.821821
1.290486 2.244713 -0.224146 0.242721 2.756996 -0.566895
2.304214 4.367000 -0.189401 2416781 2.948156 0.014044
3.374506 -4.477767 -0.962435 -0.770878 0.056134 1.271394
4.307522 -2.181967 -1.189879

TTOOO0O0O0O0O0O0000O0O000O000O0
nO0O00OZIIIIIIIIIITIT

Cartesian coordinates (A) of the optimized strugtiar 2-iodobenzdijthiophene {5) (Cs
symmetry) calculated at the RB3LYP/3-21G(d) level.

Atom X Y Z Atom X Y Z
C 1.746570 -3.958689 0.000000 H 2.523074 -4.714326 0.000000
C 2.092613 -2.613823 0.000000 H 3.133236 -2.310336 0.000000
C 1.079890 -1.637681 0.000000 H -1.662765 -3.716776 0.000000
C -0.279717 -2.053400 0.000000 H 0.146167 -5.408566 0.000000
C -0.624295 -3.407773 0.000000 H 2.154646 0.321176 0.000000
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C 0.395960 -4.354230 0.000000 S -1.366620 -0.674548 0.000000
C 1.207241 -0.197942 0.000000 I -0.342226 2.516751 0.000000
C 0.000000 0.429170 0.000000
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Chapter 2

Electrochemical C—H Amination: Synthesis of Aromatt

Primary Amines via N-Arylpyridinium lons

Abstract

A new method for C-H amination of aromatic compaurzhsed on electrochemical
oxidation has been developed. Anodic treatmentahatic compounds in the presence of
pyridine followed by the reaction of the resultiNearylpyridinium ions with an alkylamine
gave corresponding aromatic primary amines. Thig tnensformation serves as a powerful
method for synthesizing aromatic primary aminesifi@romatic compounds without using
metal catalysts and harsh chemical reagents. Higimoselectivity of the present method
is demonstrated by C—H amination of aromatic compisubearing a nitro group to give a
key intermediate for the synthesis of VLA-4 antagbn
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Introduction

Functionalized aromatic primary amines are relevatgrmediates in the synthesis of
organic functional materials such as dyes and pigsn@nd biological active medicinal and
agrochemical compoundsTherefore, a variety of protocols for synthesiziagmatic
primary amines from corresponding aromatic compsuwdre developed. Among them,
the most popular protocol is nitration of aromatienpounds followed by reduction of the
nitro compound$. Although various methods for reduction of nitross have been
developed, chemoselectivity is still a major concén addition to safety issues of
nitration® Transition-metal-catalyzed amination serves as leernative method, but it
requires preintroduction of a halogen atmna metalinto aromatic compounds. Recently,
transition-metal catalyzed direct amination of Cbthds of aromatic compounds has been
developed. Although these methods are useful, developmeatrew method, which does
not use metal compounds nor harsh chemical reggsmissired to provide an efficient and
chemoselective synthetic route to aromatic prinzamnes.

Electrochemical oxidatidrf serves as a powerful method for functionalize ®eidds of
aromatic compounds by the intermediacy of radiesibas’ As described in chapter 1, an
effective method for the metal- and chemical-oxiefage C—H/C—H cross-coupling of two
aromatic compounds has been developed using tHiatecation-pool” method®

On the basis of these backgrounds, it is reasonableonsider that the sequential
transformations consisting of electrochemical otiata of aromatic compounds in the
presence of an appropriate nitrogen source follomedhemical reaction would serve as a
powerful method for direct conversion of C-H to G+Nn aromatic compounds.

Pyridine was chosen to use as nitrogen source herfaollowing reasons: (1) high
oxidation potential of pyridine enables selectivedation of aromatic compounds in the
presence of pyridine, (2) extremely high nucledpitjl of pyridine' leads to nucleophilic
attack of pyridine to radical cation of aromaticrgmunds to givéN-arylpyridinium ions:?
and (3) overoxidation is suppressed because ohgtebectron-withdrawing effect of a
positive charge on the pyridinium nitrogen, avogintroduction of multiple Nk groups,
(4) the N-arylpyridinium ion can be converted to higroup by the attack of a suitable
nucleophile®***although the process has not been utilized strdar a synthetic point of
view. This chapter describes electrochemical oldabf aromatic compounds in the
presence of pyridine and a subsequent chemicdioraaf the resultindN-arylpyridinium
ions gave aromatic primary amines (Scheme 1). Bectghe method does not require the
use of metal compounds, reducing reagents, anchgstawids, it exhibits remarkable
functional group compatibility.
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Scheme 1Electrochemical C—-H Amination

anodic

FG. /— oxidation | FC—\ /= amine FG. /=

di
pyndine N-arylpyridinium ion

Results and Discussions

Anisole (1) was chosen to use as a substrate because origetiential ofl is lower
than that of pyridined). The electrochemical oxidation @fwas carried out in a 0.3 M
solution of BUNBF, in CH;CN/pyridine (100/5) in an H-type divided cell eqogal with
an anode consisting of fine fibers made from cartatinand a platinum plate cathode at
25 °C. After 3.0F of electricity was consumed, the reaction mixtwas treated with
piperidine at 80 °C for 12 h to give 4-methoxyarelin 69% yield (Table 1, entry 1).

The reaction seems to proceed by the initial opetedn oxidation of an aromatic
compound to produce the radical cation. The sulesgqattack of pyridine followed by
one-electron oxidation and elimination of a progives theN-arylpyridinium ion. In fact,
the regioselectivity of the reaction is consistanth the lowest unoccupied molecular
orbital (LUMO) of the radical cation of anisol&)(obtained by DFT calculations (Figure
la). The amino group is introduced to the carboaribg hydrogen with the largest
codficient of the LUMO of the radical cation &f Because the LUMO of neutralhas no
codficient at the 4-position, a mechanism involvingiaiformation of the zwitter ion by
the nucleophilic attack of pyridine tb followed by one-electron oxidation is excluded
(Figure 1b). The reaction of thd-arylpyridinium ion with piperidine proceeds by the
addition of piperidine to 2-position &-arylpyridinium ion followed by ring opening and
reaction of imine (Figure 2).

a) b)

\ <

Figure 1. The lowest unoccupied molecular orbitals of (ajical cation ofl and (b)1
obtained by DFT calculations (B3LYP/6-30)G
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1. anodic oxidation

pyridine
MeO@H
2. piperidine
. ehp O *L
| H@

J \ @D
o0 1S

Figure 2. Proposed reaction mechanism of C-H amination ofmatic compounds via
N-arylpyridinium ion.

T-Extended aromatic compounds such as biphenyl,thalgme, and diphenylether gave
corresponding primary amines in good yields (Tableentries 2—-4). Functional group
compatibility of the present transformation is rekadle. lodoanisoles gave the
corresponding iodine-substituted aniline derivaive very good yields (Table 1, entries
5-7). These results are notable because iodo-8u##s are often not compatible with the
oxidation of aromatic compoundsand the reduction of nitro groups to amino grotips.
2-Methylanisole is also a suitable substrate amzylee C—H was not fiected (entry 8).
Anisoles with an electron-withdrawing group such aster, amide, and ketone
functionalities also gave the corresponding anitiegvatives in good yields (entries 9-11).
It should be emphasized that the present transtamé compatible with nitro groups.
For example, anisoles bearing a nitro group gaweesponding aniline derivatives in
excellent yields withoutféecting the nitro group (entries 12 and 13). Thistxsts sharply
with the conventional nitration/reduction process.

Furthermore, regioselectivities of the amination thfese n-extended aromatic
compounds and functionalized anisoles are predectbbsed on the DFT calculations
(Figure 3).
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Table 1. Synthesis of Functionalized Aromatic Primary Ansirtey Electrochemical C-H
Amination®

entry substrate product [yield,b(electicity)] entry substrate product [yieldl,) (electicity)]

1 MeO@ MGOONHz
8 MeO MeO NH,
1 2
69% (3.0 F) 17 18
74% (3.0 F)
) Ph@ Ph NH, MeO,C MeO,C
0,
71% (3.5 F) 19 20
NH, MeO,C
0 Q
5 6 "N
99% (3.0 F) 92% (20/21=70/30)
3.0F

7

PhO NH,

I
)
b4
©

'U
=3
o

‘°©/

92% (8/9=57/43)
(3.5F)

MeO

0
@o

PhOC

<)

@xo

NH,

23
97% (3.5 F)

PhOC

=z
I
N

I I 11° MeO MeO
66% (7.0 F)
10 1
81% (3.0 F) 02N O:N
I I
12 MeO@ MeOQOMe
M { /> M { /%NH
6 eO eO ) 26 NH,
12 13 27
| O,N  NH,
H2N 28
14 95% (27/28=70/30)
97% (13/14=66/34) (35F)
B0A NO, NO,
o e e g
H,N
7 MeO I MeO | O O
15 16 MeO 29 MeO 30
84% (3.5 F) quant (3.5 F)

2The reactions were carried out on a 0.20 mmol sé#elated yields are givefi.LiCIO, was used as a

supporting electrolyte.
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a) b) c) d)
e) f) 9) h)

Figure 3. The lowest unoccupied molecular orbitals of radeaion of (a)3, (b) 5, (c) 7,
(d) 10, (e) 12, () 15, (g) 17, (h) 19, () 22, (j) 24, (k) 26, () 29 obtained by DFT
calculations (UB3LYP/6-31G.

To demonstrate the utility of the electrochemicaHCamination, a key intermediate for
the synthesis of VLA-4 antagoniStl'’’ was synthesized (Figure 4). Starting mate3ial
was prepared from commercially availald@ in one step (quantitative yield). The
electrochemical oxidation d32 in the presence of pyridine followed by treatmeuith
piperidine gave3l in 89% isolated yield. In the previous work repdrtn the literature,
synthesis of31 requires protection and deprotection steps ofatheno group because the
amino group should be introduced prior to the ithiciion of the nitro group. However, the
present method enabled the direct amination irptesence of the nitro group avoiding the
protection and deprotection of the amino group, a®strating the power of the present
method from view points of redox econoffystep economy’ and protecting-group-free
synthesis?



O« OEt ‘o, O« OEt e NO,
o =7
MeO 23 quant MeO 32
conventional itrati
route nitration
O+ OEt
electrochemical o
O:N :@j/ C—-H amination 89%
MeO
l reduction
O._ OEt \/©/N02 O._ OEt NO,
HoN ‘
2 :()j/protectionlar deprotection HoN O
—_— o o
MeO MeO

VLA-4 antagonist

Figure 4. Synthesis of a key intermediate for the synthek\éLA-4 Antagonist31.

Conclusion

In conclusion, an efficient method for the C-H bamdination of aromatic compounds
was developed by integration of the electrochermacal chemical reactiori$.The present
method provides chemoselective metal-free routélse@romatic primary amines having a
variety of functionalities including iodide and &ra groups.

Experimental Section

General: 'H and *C NMR spectra were recorded in CRGn Varian MERCURY
plus-400 tH 400 MHz,*C 100 MHz), or JEOL ECA-600P spectrometdt 600 MHz,
13C 150 MHz). Mass spectra were obtained on JEOL $MS02A mass spectrometer. IR
spectra were measured with a Shimadzu IRAffinityIF. Merck precoated silica gebdz
plates (thickness 0.25 mm) was used for thin-laygomatography (TLC) analysis. Flash
chromatography was carried out on a silica gel (§&&hem. Co., Silica Gel N, spherical,
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neutral, 40-10Qum). Preparative gel permeation chromatography (G#43) carried out on
Japan Analytical Industry LC-918 equipped with JEIG1H and 2H using CH@las an
eluent. All reactions were carried out under argomosphere unless otherwise noted.
Compound®2?? and 24* were prepared according to the reported proced@@smpounds
224 425 620 827 928 132° 14% 183" 203 21,* 27°* and 28*° were identified by
comparison with theitH and**C NMR spectra reported in the literature.,BBF, was
purchased from TCI and dried at 50 °C/1 mmHg owgrniUnless otherwise noted, all
materials were obtained from commercial supplierd ased without further purification.
DFT calculations were performed with the Gaussigh ogrant® All geometry
optimizations were carried out at the RB3LYP or WB® level of density functional
theory with the 6-31G(d) or 3-21G(d) basis set.

General Procedure of the C—H Amination of AromaticCompounds

The anodic oxidation was carried out using an Hetglivided cell (4G glass filter)
equipped with an anode consisting of fine fibersdenkom carbon felt (Nippon Carbon
JF-20-P7, ca. 160 mg, dried at 300 °C/1 mmHg fdr defore use) and a platinum plate
cathode (10 mm x 10 mm). In the anodic chamber plased a solution of aromatic
compound (0.20 mmol) and pyridine (0.5 mL) in 0.BMNBF4/CH3CN (10.0 mL). In the
cathodic chamber were placed trifluoromethanesidfaacid (200 uL) and 0.3 M
BusNBF4/CH3CN (10.0 mL). The constant current electrolysi® (@A) was carried out at
25 °C with magnetic stirring. After X (3.0 < X < 7.0) of electricity was consumed, the
reaction mixture was transferred to a round-bottimsk and was evaporated. Then,
piperidine (200 pL, 2.0 mmol) and CECN (10 mL) were added to the reaction mixture.
The resulting mixture was stirred at 80 °C for 12Affter removal of the solvent under
reduced pressure, the crude product was purifidd fleish chromatography or preparative
GPC to obtain tharomatic aniline.

4-methoxyaniline (2)** Electrochemical oxidation (8 mA, 3.B) of anisole {) and
subsequent treatment with piperidine gave the tdenpound (16.9 mg, 69%) as pale
brown solid.

4-phenylaniline (4)® Electrochemical oxidation (8 mA, 3.5) of biphenyl 8) and
subsequent treatment with piperidine gave the tidmpound (24.3 mg, 72%) as white
solid.

1-aminonaphthalene (6f° Electrochemical oxidation (8 mA, 31) of naphthalene5j
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and subsequent treatment with piperidine gaveitleecompound (28.4 mg, 99%) as pale
brown solid.

4-phenoxyaniline (8}" and 2-phenoxyaniline (9% Electrochemical oxidation (8 mA, 3.0
F) of diphenyl ether®) and subsequent treatment with piperidine gay&9.6 mg, 53%)
and9 (14.7 mg, 40%) as pale brown solids.

3-iodo-4-methoxyaniline (11) Electrochemical oxidation (8 mA, 3F) of 2-iodoanisole
(10) and subsequent treatment with piperidine gavditleecompound (40.4 mg, 81%) as
pale brown solid'H NMR (400 MHz, CDCJ): & 3.80 (s, 3H), 6.66 (m, 2H), 7.16 @z
2.0 Hz, 1H);**C NMR (150 MHz, CDGJ): §57.0, 86.7, 112.3, 116.1, 126.2, 141.3, 151.6;
HRMS (ESI): calcd. for [M+H] C;HoINO, 249.9723; found, 249.9721.

2-iodo-4-methoxyaniline (133° and 4-iodo-2-methoxyaniline (14¥° Electrochemical
oxidation (8 mA, 3.5F) of 3-iodoanisole 12) and subsequent treatment with piperidine
gavel3 (31.4 mg, 63%) antl4 (17.0 mg, 34%) as pale brown solids.

5-iodo-2-methoxyaniline (16).Electrochemical oxidation (8 mA, 3/ of 4-iodoanisole
(15) and subsequent treatment with piperidine gavditleecompound (41.7 mg, 84%) as
pale brown solid’'H NMR (400 MHz, CDC}J): 5 3.70-3.84 (m, 5H), 6.52 (d,= 8.0 Hz,
1H), 6.98-7.05 (m, 2H); ¢ NMR (150 MHz, CDQd)):
055.6, 83.2, 112.3, 123.6, 127.7, 136.9, 147.5; HRMS (ESI): calcd. for @HgINO,
248.9651; found, 248.9655.

4-methoxy-3-methylaniline (187*' Electrochemical oxidation (8 mA, 3.F) of
2-methylanisole {7) and subsequent treatment with piperidine gavetitree compound
(20.4 mg, 74%) as white solid.

4-methoxy-3-methoxycarbonylaniline (20¥ and 2-methoxy-3-methoxycarbonylaniline
(21)* Electrochemical oxidation (8 mA, 45 of 2-methoxycarbonylanisole(19) and
subsequent treatment with piperidine gage(23.3 mg, 64%) an@1 (10.2 mg, 28%) as
pale brown solids.

4-methoxy-3-(piperidin-1-ylcarbonyl)aniline (23).Electrochemical oxidation (8 mA, 3.5
F) of 2-(piperidin-1-ylcarbonyl)anisole (22) and subsequent treatment with piperidine
gave the title compound (45.5 mg, 97%) as pale brsglid. The product was determined
by a NOE analysis. mp: 42-44 °4 NMR (400 MHz, CDCJ): & 1.30-1.80 (m, 6H),
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3.10-3.30 (m, 2H), 3.58-3.80 (m, 5H), 6.59Jd; 2.8 Hz, 1H), 6.67 (dd] = 8.4, 2.8 Hz,
1H), 672 (d, J = 88 Hz, 1H); ®C NMR (150 MHz, CDGJ):

024.6, 25.6, 26.4, 42.5, 47.9, 56.2, 112.6, 114.9, 116.5, 127.2, 140.1, 1484, 167.6; HRMS
(ESI): calcd. for [M+H] CiaH1gN2O5, 235.1441; found, 235.1437.

3-benzoyl-4-methoxyaniline (25).In the anodic chamber was placed a solution of
2-benzoylanisole (24) (42.4 mg, 0.20 mmol) and pyridine (0.5 mL) in ON
LiCIO4/CHsCN (10.0 mL). In the cathodic chamber were plagéhidromethanesulfonic
acid (200uL) and 0.3 M LiCIQ/CH3CN (10.0 mL). The constant current electrolysi® (8.
mA) was carried out at 25 °C with magnetic stirricgfter 7.0 F of electricity was
consumed, the reaction mixture was transferred toownd-bottom flask and was
evaporated. Then, piperidif200 uL, 2.0 mmol) and CECN (10 mL) were added to the
reaction mixture. The resulting mixture was stire¢dB0 °C for 12 h. After removal of the
solvent under reduced pressure, the crude prodastpwrified with flash chromatography
to obtain25 (30.0 mg, 66%) as brown oil. The product was daeiteed by a NOE analysis.
'"H NMR (400 MHz, CDGJ): & 3.46-3.60 (bs, 2H), 3.63 (s, 3H), 6.70 J&; 2.8 Hz, 1H),
6.76-6.85 (m, 2H), 7.42 (8,= 7.6, Hz, 2H), 7.54 (1} = 7.4 Hz, 1H), 7.82 (dd} = 8.0, 1.6
Hz, 2H); 3¢ NMR (150 MHz, CDG)):
056.3,113.3, 116.3, 118.4, 128.1, 129.5, 129.8, 132.9, 137.7, 139.9, 150.4, 196.5; HRMS
(ESI): calcd. for [M+H] C14H14NO,, 228.1019; found, 228.1016.

2,5-dimethoxy-4-nitroaniline  (27f* and  3,6-dimethoxy-2-nitroaniline  (28)*®
Electrochemical oxidation (8 mA, 3.5) of 1,4-dimethoxy-2-nitrobenzene2g) and
subsequent treatment with piperidine gave(26.0 mg, 66%) an@8 (12.0 mg, 30%) as
brown solids.

3-amino-4-methoxy-4'-nitro-1,1'-biphenyl (30).Electrochemical oxidation (8 mA, 3H

of 4-methoxy-4'-nitro-1,1'-biphenyP9) and subsequent treatment with piperidine gave the
titte compound (51.0 mg, quant) as red solid. Thedpct was determined by a NOE
analysis. mp: 150-152 °CH NMR (400 MHz, CDGJ): & 3.92 (s, 3H), 3.92-4.00 (bs,
2H), 6.88 (dJ = 8.0 Hz, 1H), 6.98-7.03 (m, 2H), 7.67 {ds 9.2, Hz, 2H), 8.25 (dl = 8.8

Hz, 2H); 3¢ NMR (150 MHz, CDG)):
055.6, 110.6, 113.4, 117.7, 124.0, 127.1, 131.6, 136.8, 146.4, 147.7, 148.2; HRMS (ESI):
calcd. for [M+H] CyaH13N20s, 245.0921; found, 245.0913.

Synthesis of a Key Intermediate for the Synthesisf & LA-4 Antagonist
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To a 100 mL round-bottom flask were added diisoplapine (1.01 g, 10 mmol) and
THF (30 mL). The mixture was cooled to —78 °C. fie mixture,"BuLi in hexane (1.65 M,
6.06 mL) was added, and the reaction mixture wagdtat —78 °C for 10 min and then at
25 °C for 10 min. The mixture was cooled to -78 °To the mixture, ethyl
2-(4-methoxyphenyl)acetate (1.94 g, 10 mmol) wadedd and the mixture was stirred at
—78 °C for 1 hour. To the mixture, 1-(bromomethdpitrobenzene (2.16 g, 10 mmol) in
THF (5 mL) was added, and the mixture was stirte2ba’C for 12 h. After removal of the
solvent under reduced pressure, the residue waBegduwith flash chromatography to
obtain ethyl 2-(4-methoxyphenyl)-3-(4-nitrophenyl)propano#e (32) (3.30 g, quant) as
white solid.

The anodic oxidation was carried out using an Hetglivided cell (4G glass filter)
equipped with an anode consisting of fine fiberslenkom carbon felt (Nippon Carbon
JF-20-P7, ca. 160 mg, dried at 300 °C/1 mmHg fdr efore use) and a platinum plate
cathode (10 mm x 10 mm). In the anodic chamber plased a solution of ethyl
2-(4-methoxyphenyl)-3-(4-nitrophenyl)propanoad@)((0.20 mmol) and pyridine (0.5 mL)
in 0.3 M BuNBFJ/CH3;CN (10.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (20QL) and 0.3 M BuUNBF4/CH3CN (10.0 mL). The
constant current electrolysis (8.0 mA) was caraatlat 25 °C with magnetic stirring. After
3.5 F of electricity was consumed, the reaction mixtwees transferred to a round-bottom
flask and was evaporated. Then, piperid@@0 pL, 2.0 mmol) and CECN (10 mL) were
added to the reaction mixture. The resulting mixtwas stirred at 80 °C for 12 h. After
removal of the solvent under reduced pressurectide product was purified with flash
chromatography to obtain ethyl
2-(3-amino-4-methoxyphenyl)-3-(4-nitrophenyl)propamate (31)(61.2 mg, 89%) as pale
yellow oil.

ethyl 2-(4-methoxyphenyl)-3-(4-nitrophenyl)propanoe (32).mp: 52-54 °C:'H NMR
(400 MHz, CDC}): 61.13 (t,J = 8.0 Hz, 3H), 3.09 (ddl = 14.4, 8.0 Hz, 1H), 3.46 (dd=
14.0, 8.4 Hz, 1H), 3.70-3.80 (m, 4H), 4.00-4.18 2#d), 6.84 (dJ = 6.4 Hz, 2H), 7.18 (d,
J = 6.6 Hz, 2H), 7.25 (d] = 8.4 Hz, 2H), 8.08 (d] = 8.4 Hz, 2H) }*C NMR (150 MHz,
CDCl): 614.0, 39.6, 52.2, 55.2, 61.0, 114.1, 123.5, 12829.8, 129.9, 146.7, 146.9,
159.0, 173.0; HRMS (ESI): [M—H]calcd. for GgH1gN;O0s, 328.1190; found, 328.1190.

ethyl 2-(3-amino-4-methoxyphenyl)-3-(4-nitrophenylpropanoate (31)The product was
determined by a NOE analysi$i NMR (400 MHz, CDCY): & 1.14 (t,J = 7.0 Hz, 3H),
3.08 (ddJ = 14.0, 7.2 Hz, 1H), 3.46 (dd~= 13.6, 8.4 Hz, 1H), 3.62-3.73 (m, 3H), 3.82 (s,
3H), 3.98-4.14 (m, 2H), 6.57 (dd~= 8.0, 2.0 Hz, 1H), 6.66-6.71 (m, 2H), 7.27Jd&; 8.8
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Hz, 2H), 8.08 (dJ) = 8.8 Hz, 2H) ;*C NMR (150 MHz, CDG): 514.0, 39.5, 52.3, 55.4,
60.9, 110.18, 113.9, 117.8, 123.4, 129.8, 130.8,313146.5, 146.7, 147.1, 173.1; HRMS
(ESI): [M+H]" calcd. for GgH21N2Os, 345.1445; found, 345.1440.

DFT Calculations

Cartesian coordinates (A) of the optimized strugfior the radical cation of anisol#) (Cs
symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y z
C -0.986268 (.520055 0.000000 H -1.286178 -2.633515 0.000000
C -0.560968 1.826197 0.000000 H 1.140180 -3.175988 0.000000
C 0.828530 2.135827 0.000000 H 2.857846 -1.367175 0.000000
C 1.803441 1.112076 0.000000 H 2.110378 1.028622 0.000000
C 1.406213 0.28108 0.000000 H -2.146004 1.985907 0.903204
C 0.000000 0.518027 0.000000 H -2.146004 1.985907 -0.903204
C -1.628927 2.317896 0.000000 H -1.509856 3.399050 0.000000
H -2.042594 0.278726 0.000000 O 0.268736 1.798334 0.000000

Cartesian coordinates (A) of the optimized struetdior anisole 1) (Cs symmetry)
calculated at the RB3LYP/6-31G(d) level.

Atom X Y Y4 Atom X Y Z

C -0.929916 0.516672 0.000000 H -1.204824 -2.646540 0.000000
C -0.476049 1.839921 0.000000 H 1.228543 -3.161000 0.000000
C 0.885984 2.130334 0.000000 2.874643 -1.287273 0.000000
C 1.808109 1.077512 0.000000 2.074717 1.071638 0.000000
C 1.373454 0.242818 0.000000 -2.213244 1.834701 0.894442
C 0.000000 0.529602 0.000000 -2.213244 1.834701 -0.894442
C -1.698309 2.210449 0.000000 -1.727427 3.301746 0.000000
H -1.995435 0.316813 0.000000 0.325421 1.857282 0.000000

OIITITITXT

Cartesian coordinates (A) of the optimized struetiar the radical cation of biphenyd)(
(D2 symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

0.207134 1.209159 -1.462349 0.207134 -1.209159 1.462349
0.217063 1.202789 -2.841445 -0.405022 2.136803 -0.939138
0.000000 0.00MO00 -3.541700 -0.396730 2.122516 -3.388390
0.217063 -1.202789 -2.841445 0.000000 0.000000 -4.627669
0.207134 -1.209159 -1.462349 0.396730 -2.122516 -3.388390
0.000000 0.000000 -0.721853 0.405022 -2.136803 -0.93913
0.000000 0.000000 0.721853 0.405022 2.136803 0.939138
0.207134 1.209159 1.462349 0.396730 2.122516 3.388390
0.217063 1.202789 2.841445 0.000000 0.000000 4.627669

0.000000 0.000000 3.541700 -0.396730 -2.12255 3.388390

O0O00000000
I T TIITIITIITO
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C 0.217063 -1.202789 2.841445 H -0.405022 -2.136803 0.939138

Cartesian coordinates (A) of the optimized struetior the radical cation of naphthalene
(5) (D2, symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

C 0.000000 0.716377 0.000000 C -1.236176 -1.402353 0.000000
C 0.000000 -0.716377 0.000000 H 1.243374 -2.488976 0.000000
C 1.236176 -1.402353 0.000000 H 3.389914 -1.242832 0.000000
C 2.452416 -0.696227 0.000000 H 3.389914 1.242832 0.000000
C 2.452416 0.696227 0.000000 H 1.243374 2.488976 0.000000
C 1.236176 1.402353 0.000000 H -1.243374 2.488976 0.000000
C -1.236176 1.402353 0.000000 H -3.389914 1.242832 0.000000
C -2.452416 0.696227 0.000000 H -3.389914 -1.242832 0.000000
C -2.452416 -0.696227 0.000000 H -1.243374 -2.488976 0.000000

Cartesian coordinates (A) of the optimized struefor the radical cation of diphenyl ether
(7) (C, symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

0.000000 3.585347 0.686190 0.284277 4.456595 1.266866
0.170188 2.318163 1.214503 0.587652 2.155472 2.202383
0.181365 1.198687 0.427464 -1.106812 0.475282 -1.403940
0.757233 1.342089 -0.855213 -1.399675 2.757874 -2.326845
0.935170 2.621358 -1.355720 -0.696577 4.739395 -1.003499
0.548244 3.742880 -0.599521 -0.587652 -2.155472 2.202383
0.181365 -1.198687 0.427464 -0.284277 -4.456595 1.266866
0.170188 -2.318163 1.214503 0.696577 -4.739395 -1.003499
0.000000 -3.585347 0.686190 1.399675 -2.757874 -2.326845
0.548244 -3.742880 -0.599521 1.106812 -0.475282 -1.403940
0.935170 -2.621358 -1.355720 0.000000 0.000000 1.039708
0.757233 -1.342089 -0.855213

O0O0000000O0000
OIIIIIIIIIIT

Cartesian coordinates (A) of the optimized struetior the radical cation of 2-iodoanisole
(10) (Cs symmetry) calculated at the UB3LYP/3-21G(d) level.

Atom X Y z Atom X Y z
C -2.872644 0.14704 0.000000 H -4.288220 -1.447612 0.000000
C -3.239187 1.178925 0.000000 H -2.568054 -3.246606 0.000000
C -2.255364 2.210174 0.000000 H -0.158123 -2.676815 0.000000
C -0.905117 1.894417 0.000000 H -1.258076 3.784621 0.000®O0
C -0.504828 0.552510 0.000000 H -2.555911 2.930476 -0.903150
C -1.503043 0.499657 0.000000 H -2.555911 2.930476 0.903150
C -1.941643 2.939445 0.000000 (0] -1.037958 1.749298 0.000000
H -3.628266 0.920650 0.000000 I 1.513787 -0.029042 0.000000

Cartesian coordinates (A) of the optimized struetior the radical cation of 3-iodoanisole
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(12) (Cs symmetry) calculated at the UB3LYP/3-21G(d) level.

Atom X Y Z Atom X Y Z

2.710766 1.128914 0.000000 2.057581 3.170415 0.000000
1.758156 2.130587 0.000000 0.355908 2.569824 0.000000
0.399506 1.795469 0.000000 0.634452 -1.630311 0.000000
0.000000 0.417616 0.000000 4.119227 -3.008009 0.000000
0.943323 -0.595188 0.000000 2.570518-2.886506 0.902894
2.309025 -0.253433 0.000000 2.570518 -2.886506 -0.902894
3.113299 -2.595966 0.000000 3.327950 -1.119695 0.000000
3.772053 1.338775 0.000000 2.064085 0.002300 0.000000

TOO0O0O000O0
— OIIXTITITITTIT

Cartesian coordinates (A) of the optimized struetior the radical cation of 4-iodoanisole
(15) (Cs symmetry) calculated at the UB3LYP/3-21G(d) level.

Atom X Y Y4 Atom X Y Z

C -0.847198 0.903105 0.000000 H -0.955713 -3.028462 0.000000
C -0.303857 2.166035 0.000000 H 3.025030 -1.336763 0.000000
C 1.109289 2.327959 0.000000 H 2.053673 0.955354 0.000000
C 1.955524 1.175472 0.000000 H 1.809586 -5.548155 0.000000
C 1.412381 0.084152 0.000000 H 0.406069 -4.885318 0.903161
C 0.000000 0.240245 0.000000 H 0.406069 -4.885318 -0.903161
C 1.015453 4.805898 0.000000 (0] 1.743726 -3.501470 0.000000
H -1.921375 06.775060 0.000000 I -0.845711 2.147923 0.000000

Cartesian coordinates (A) of the optimized struetuior the radical cation of
2-methylanisoleX7) (Cs symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

C 1.421559 0.349600 0.000000 H 1.630107 -3.045025 0.000000
C 1.986986 0.900148 0.000000 H -0.839109 -2.863289 0.000000
C 1.161746 2.065433 0.000000 H -2.841929 -1.532181 0.000000
C -0.233068 1.963043 0.000000 H -2.677097 0.006906 0.877787
C -0.858830 0.722981 0.000000 H -2.677097 0.006906 -0.877787
C 0.000000 0.457412 0.000000 H -0.771554 3.617720 0.000000
C -2.343914 0.560974 0.000000 H 0.638292 2.975574 0.902531
C 0.029847 2.882045 0.000000 H 0.638292 2.975574 -0.902531
H 2.040396 1.238688 0.000000 O 0.649106 1.596352 0.000000
H 3.066589 1.010553 0.000000

Cartesian coordinates (A) of the optimized struetéor the radical cation of methyl
2-methoxybenzoateZf symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y z Atom X Y z
C -2.379273 -0.279790 -0.027410 H -1.329928 -3.509186 0.091680
Cc -2.449%2 -1.649515 0.022286 H 0.904845 -2.414732 0.112848
C -1.260400 -2.425941 0.066977 H 4.399200 -0.714240 -0.787051
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C 0.006167 -1.809682 0.077653 H 3.841496 0.993433 -0.715969
C 0.122181 -0.433399 0.046179 H 4.052682 0.065956 0.796194
C -1.096201 0.358552 -0.025786 H -1.570324 3.562422 -0.259524
C 1.467084 0.237457 0.175317 H -2.627217 2.387400 -1.110313
C 3.776461 0.004696 -0.258209 H -2.660851 2.504428 0.692546
C -2.045990 2.585730 -0.2066% (0] 1.621991 1.285866 0.758761
H -3.280781 0.318896 -0.076632 O 2.421043 -0.506035 -0.383424
H -3.415133 -2.145588 0.019283 (@] 0.937333 1.647990 -0.123454
Cartesian coordinates (A) of the optimized struetuior the radical cation of

2-methoxycarbonylanisol@?) (C, symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y z Atom X Y z
C 3.103862 0.676625 -0.385098 H -1.990118 -1.622855 -1.602576
C 3.754420 -0.504970 -0.687717 H -0.539064 -0.617260 -1.706585
C 3.110419 -1.764333 -0.550396 H 1.896928 3.269244 -0.645227
C 1.808751 -1.833902 -0.089320 H 2.436466 3.066953 1.061459
C 1.105193 -0.650689 0.192639 H 0.785009 3.656582 0.704658
C 1.772018 0.623165 0.072132 H -1.880841 1.438999 -1.406169
C 0.240858 -0.695520 0.839312 H -2.560795 0.498548 -2.737722
C -1.535583 -0.683613 -1.262215 H -4.352080 1.359511 -1.161644
C 1.590979 3.005710 0.371070 H -4.342865 -0.396129 -1.266270
C -2.414859 0.511511 -1.651934 H -3.100977 1.293346 0.983076
C -3.763357 0.469537 -0.916439 H -4.519537 0.255190 1.117692
C -3.559530 0.371373 0.603150 H -2.412412 -0.835776 2.030487
C -2.664431 -0.818230 0.968525 H -3.154961 -1.766507 0.715537
H 3.617858 1.624988 -0.481176 N -1.398372 -0.761676 0.202851
H 4.783788 -0.471685 -1.031447 O 0.060950 -0.698234 2.076807
H 3.646935 -2.670786 -0.810495 O 1.030800 1.673350 0.392836
H 1.314326 -2.791547 0.037046

Cartesian coordinates (A) of the optimized struetuior the radical cation of

2-benzoylanisole2d) (C; symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z
C 1.672433 0.016099 0.295882 H 0.931695 -1.058519 -1.436402
C 1.805880 -0.650698 -0.93665 H 3.172274 -1.296773 -2.466544
C 3.062972 -0.783849 -1.516361 H 5.165802 -0.359978 -1.325183
C 4.185082 -0.254043 -0.870663 H 4.935667 0.818384 0.847080
C 4.057620 0.411946 0.355298 H 2.686193 1.060579 1.891445
C 2.807047 0.550238 0.941124 H -3.960892 0.556530 -0.916380
C 0.369138 0.175687 0.919410 H -4.416084 -1.839099 -0.556510
C 0.909502 -0.438495 0.397871 H -2.669641 -3.342169 0.378766
C -1.927270 0.433279 -0.149608 H -0.453202 -2.438978 1.042130
C -3.194449 -0.090147 -0.507133 H -1.904792 3.613372 -0.822055
C -3.444773 -1.428643 -0.298626 H -2.772815 2.422109 -1.841811
C -2.452280 -2.286147 0.254201 H -3.344804 2.773486 -0.168055
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C -1.207533 -1.784963 0.616688 (0] 0.130036 0.778748 1.964225
C 2.474744 2.686528 -0.823886 0] -1.563427 1.690040 -0.300712

Cartesian coordinates (A) of the optimized struetuior the radical cation of
1,4-dimethoxy-2-nitrobenzen€) (C; symmetry) calculated at the UB3LYP/6-31G(d)

level.

Atom X Y Z Atom X Y Z
C 0.317932 0.564224 -0.007350 H 4.943648 0.000894 0.052685
C 1.049956 0.583530 -0.003881 H 3.768804 0.977653 -0.883881
C 1.758473 -0.650045 0.031324 H 3.750045 1.016961 0.920879
C 1.038900 -1.887848 0.044192 H -3.086095 -2.340435 0.767839
C {0.329083 -1.896635 0.010048 H -4.225406 -1.358211 -0.205486
C -1.060461 -0.670091 -0.021966 H -2.986200 -2.352615 -1.036290
C 3.934460 0.406671 0.033185 N -1.017952 1.870489 0.030640
C -3.215704 -1.758869 -0.148027 O 2.006777 1.936576 0.745391
H 1.560230 1.538479 -0.034678 0] 0.511280 2.772245 -0.624336
H 1.611302 -2.809147 0.070047 O 3.067101 -0.758635 0.049679
H -0.863087 -2.839089 0.000011 O 2.361449 -0.584377 -0.107079

Cartesian coordinates (A) of the optimized struetuior the radical cation of
4-methoxy-4'-nitro-1,1'-biphenyP@) (C; symmetry) calculated at the UB3LYP/6-31G(d)

level.

Atom X Y z Atom X Y z
C 3.053573 1.398070 -0.298087 H 3.719165 -1.913337 0.429227
C 3.817829 0.217962 -0.043370 H 1.289712 -1.988623 0.442363
C 3.153434 -1.013905 0.218078 H 1.127379 2.246367 -0.506023
C 1.781153 -1.050612 0.212520 H -0.749162 2.178181 0.422104
C 0.990648 0.119872 -0.030395 H -3.219561 2.060076 0.428418
C 1.686291 1.345775 -0.281554 H -3.063869 -2.145489 -0.414451
C 0.459295 0.061652 -0.017297 H -0.592612 -2.071736 -0.453654
C -1.235092 1.232212 0.213728 H 7.025689 -0.293309 0.076663
C -2.617991 1.180052 0.235901 H 5.878736 -1.124588 1.171699
C -3.245249 -0.046909 0.008150 H 5.885269 -1.500818 -0.592077
C -2.528834 -1.221395 -0.232320 N -4.727269 -0.105051 0.022370
C -1.145896 -1.165806 -0.235278 O 5.123320 0.377007 -0.073269
C 6.031338 -0.726260 0.165260 O 5.238885 -1.208232 -0.133095
H 3.589363 2.317222 -0.509764 O 5.320769 0.954620 0.188475
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Chapter 3

Electrochemical Intramolecular C—H Amination:

Synthesis of Benzoxazoles and Benzothiazoles

Abstract

A new method for metal-free intramolecular C-H aation has been developed.
Electrochemical oxidation of 2-pyrimidyloxybenzersesl 2-pyrimidylthiobenzenes, which
can be easily prepared from phenols and thiophemelspectively followed by the

treatment of the resulting pyrimidinium ions witlpgridine gives 2-aminobenzoxazoles
and 2-aminobenzothiazoles, respectively.
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Introduction

C-H aminatioh serves as powerful methods for synthesizing némegpntaining
organic compounds, and a variety of transformatibase been developed based on
transition-metal$, hypervalent iodine3, radical specie$. Electrochemical oxidatiorf
serves as a straightforward method for functionadiZZ—H bond of aromatic compounds
without using metal or chemical oxiddnDespite the usefulness of the method, it often
suffers from overoxidation when the oxidation peidrof the product is lower than that of
the starting materidl,and this is often the case. Therefore, C—H aminatf aromatic
compounds by conventional electrochemical oxidatisnusually difficult to achieve
selectively. To solve the problem, the electrocloamintermolecular C-H amination of
aromatic compounds vibl-arylpyridinium ions was developed as describeahapter 2
(Scheme 1aJ.

The key to the success of the method is the inwdiang of the electrooxidatively
inactive cationic intermediates which avoid ovedation. However, there is another
problem,i.e. regioselectivity. Sometimes a mixture of regioigosnare produced. To solve
this problem an intramolecularization approdds promising (Scheme 1b). In addition,
resulting cyclized cationic intermediate could benwerted to nitrogen containing
heteroaromatics. This chapter describes that thenmolecular electrochemical C-H
amination offers an intriguing way of making benapales and benzothiazoles from
phenols and thiophenols, respectively.

Scheme 1. Electrochemical C-H amination. (a) Intermoleculapproach. (b)
Intramolecular approach

anodic =z chemical NH
OX|dat|on N | reaction X 2

NS _ R—

N+ |

R+ F
excess = i0-i

- - regio-isomers
N-arylpyridinium ion 9

anodic chemical
OX|dat|on reaction X
O | O R
L) N
X=0,S8;Y=C-H,N L ortho-selective

cyclized cationic intermediate
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Results and Discussions

At first, electrochemical oxidation of 2-phenoxypyme (1), which can be easily
prepared from phenol and a halopyridine in one'8teas examined (Scheme 2). The
anodic oxidation led to the formation of cyclizedridinium ion 2, which was
characterized by NMR. Although treatment Dfwith piperidine gave the 2-substituted
benzoxazol& in 60% vyield, the synthetic utility & seemed to be limited.

Scheme 2Electrochemical oxidation of 2-phenoxypyridine

gt

Cu |
Cs,CO3 P
DMF
100 °C N~ anogii_coxidation 0

divided cell /
carbon felt anode N A
o} N 05 F @E _Piperidine _
N~ K2CO3 D 70°C,3h N
1 0.3 M LiClO4 < >

CH4CN, rt. 3

To explore a more useful transformation, a tramsfdion using a pyrimidine ring
instead of a pyridine ring was designed as shownStheme 3. The starting
2-pyrimidyloxybenzene 4@) was prepared from phenol and 2-bromopyrimidineoire
step*? The anodic oxidation ofia gave the cyclized pyrimidinium ioBa, which was
characterized by NMR (Figure 1). Treatment d&a with piperidine gave
2-aminobenzoxazole6§), which constitutes a key scaffold in therapeliycanportant
molecule$®** in 85% vyield. The present transformation can bdopmed on 2.0 mmol

scale (Table 1, entry 1).

Scheme 3Electrochemical oxidation of 2-pyrimidyloxybenzene

o
Cul

Fe(acac)s| gr

N
KCOs | N O o
\ N. anodic oxidation

DMF

135 °C divided cell
carbon felt anode
O Ny 25F 0 piperidine 0
SEe s
NI K,CO3 +N V| 70°C,3h N
0.3 M LiCIO4 —
4a CHLCN, Tt LY:| 6a
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Hy H
He (0]
Ha >/\N
Hf +'}:2\Hc
He  H
¢ Ha Hb

10 9.5 9.0 8.5 8.0 7.5
ppm

Figure 1.'H NMR spectrum oba

The following reaction mechanism seems to be redden(Scheme 4). One electron
oxidation of 4a gives the corresponding radical cation. The sulpseiintramolecular
attack of the nitrogen atom of the pyrimidine rifajowed by one-electron oxidation and
extrusion of a proton gives cyclized cationic intediate5a. In the next step, the attack of
piperidine to the carbon next to the positivelyrgea nitrogen atom da followed by the
ring opening and the attack of another moleculpipéridine on the resulting imine gives
2-aminobenzoxazolé§). Because the oxidation potential@d (0.88 V vs Ag/AgNQ) is
much lower than that ofa (1.57 V vs Ag/AgNQ), intermediacy of the cationic specigs
which is electrooxidatively inactive under the citioths, would be critical for the success
of the reaction.

O 0= 0~ Oy =y
4a — 5a
H

@[Z)—NHz // ©:/%r\i o @[ >=N

) )
Oas O >

Scheme 4.A mechanism of electrochemical intramolecular Cakhination and the
subsequent chemical reaction with piperidine.
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As shown in Table 1, the present method is apdkicab various substituted
2-pyrimidyloxybenzenes to give the correspondingndnobenzoxazoles in good yields.
and p-Ethoxycarbonyl-substituted phenol derivativéls and 4c gave the corresponding
2-aminobenzoxazole$b and 6¢, respectively (entries 2 and 3). The reaction of
m-methoxycarbonyl-substituted phenol derivatde gave a mixture of two regioisomers
6da and6db (entry 4). The benzylic C—H group was not affeaedshown in entry 5. The
transformation is compatible with various functibngroups such as halogen,
trifluoromethyl, cyano, and ketone carbonyl gro(grstries 5-12).

Table 1. Synthesis of 2-aminobenzoxazoles by electrochdmitgaamolecular C-H
amination?

product [yield? (elecricity)]

O,
L
cl N

product [yield? (elecricity)] entry

o O Ny
)—NH, 74 /©/ e

entry starting material

OO

starting material

4a 6a 49 6g
85% (2.5 F) 82% (2.5 F)
92%” (2.5 F)
0N 0
Et N
. TS O
O\WN\ O%NH . N~ Br N
2 No e 4h 6h
4b 6b 68% (4.0 F)
74% (2.
%(25F) 0N o
O Ny 0 9 e )—NH,
3 \N‘r\) P —NHe FaC N ke N
EtO,C EtO,C N ¢ 4 6i
4c 6c 76% (2.5 F)
89% (2.5 F)
MeO,C (o} N\ a X0 ) N (0]
49 \©/ \W\j MeOQC{I )—NH, 10 /©/ \N\( S )—NH,
N 57 N NC N NC N
4d 6da+6db 4j 6j
80% (a/b=1/1.0) 78% (2.5 F)
3.0F)
0__N 0
0Ny o 11 e >—NH,
5de T\j />*NH2 N~ N
N~ N S 4K o 6k
de Ge 88% (2.5 F)
48% (2.5 F)
O N 0 OYN\ )
= 12 | NH
® Q \N‘KJ FJ/\:[N/H% Phw(iir NJ P N
F
4 6f o) 4 o] 6l
99% (2.5 F) 98% (2.5 F)

@Compound4 (0.2 mmol) was oxidized electrochemically in ttregence of 0.6 mmol of XO;in a 0.3 M
solution of LiCIQ, in CH;CN in an H-type divided cell under constant curreoriditions at room temperature
unless otherwise stated, and the resulting solwtias treated with piperidine (2.0 mmol) at 70 ®Golated
yields.“The transformation was performed on 2.0 mmol séaeéd M solution of LiCIQ was used®The

electrolysis was carried out at 50 °C.
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Next, the reaction of 2-pyrimidylthiobenzengswhich were prepared from thiophenols
and a halopyrimidine or from aryl halides and 2imjdinethiol in one step> was
examined. Electrochemical oxidation @fand the subsequent chemical reaction with
piperidine gave 2-aminobenzothiazol8s which also serve as an intriguing motif in
medicinal chemistry® The results are summarized in Table 2. Notably,
2-aminobenzothiazoles are often used as precurdo®&aminothiophenols, which are
important intermediates for synthesis of bioactivalecules’

Table 2. Synthesis of 2-aminobenzothiazoles by electrocba@mintramolecular C-H

amination?
1. anodic oxidation

divided cell
carbon fel anode
S N LiCIO4/CH3CN, K,CO. x-S,
B 4/CH30UN, KoLO3
LOR® L
Z N~ 2. piperidine N
7 8
entry starting material product [yieldb (elecricity)] entry starting material product [yield? (elecricity)]
S._N S S _N C :s
10.d W\j /%NHZ 404 \Nﬁ\/j /%NHZ
[ ) N~ N FsC FsC N
7a 8a 7d 8d
73% (2.5 F) 84% (2.5 F)
S N S S N S
e SO S e O S
EtO,C 7 Et0,C N NC = NC N
7b 8b 7e 8e
68% (4.0 F) 75% (2.5 F)
S._N S SY Ny S
X | NH
3 /©/ 7\1‘/\) F/C[N/%NHZ 6 th©/ N\) Ph N/% 2
F
7c 8c 0 i 0 8f
72% (2.5 F) 80% (2.5 F)

&Compound7 (0.2 mmol) was oxidized electrochemically in tlregence of 0.6 mmol of O;in a 0.3 M
solution of LiCIQ, in CH;CN in an H-type divided cell under constant curreoriditions at room temperature
unless otherwise stated, and the resulting solwtias treated with piperidines (2.0 mmol) at 70™Golated

yields.®1.0 M solution of LiCIQ was used’ The electrolysis was carried out at 50 °C.

The most popular protocols for synthesizing benzoks and benzothiazoles involve
the condensation of 2-aminophenol and 2-aminoti@oph respectively, with either a
carboxylic acid or aldehyde followed by intramolkcucyclization'® Although protocols
based on cyclization using C—H functionalizationéalso been developétmost of them
involve intramolecular C-O or C-S coupling, andréfere aniline derivatives are required
as starting materials.
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In contrast, only a few examples that employ intkroular C-H amination (C-N
coupling) of substrates derived from phenols fonstnucting benzoxazoles have been
reported. In 2011, Punniyamurthy and coworkers mtegocopper catalyzed intramolecular
C-H amination of bisaryloxime ether to give 2-agnzoxazoles® Although the method is
useful for synthesizing 2-arylbenzoxazoles, mudpspreparation of starting bisaryloxime
ethers is required. In addition, the method canbet applied to the synthesis of
benzothiazoles. To the best of our knowledge, romgte employs intramolecular C-H
amination of thiophenol derivatives for construgtimenzothiazoles. The present
electrochemical transformation serves as a simpdep@werful route to benzoxazoles and
benzothiazoles via intramolecular C—H amination.

Conclusion

In conclusion, a powerful method for intramolecul@rH amination of aromatic
compounds using the electrochemical method wadalss@. The present method provides
metal- and chemical-oxidant-free routes to the beazoles and benzothiazoles having a
variety of functionality.

Experimental Section

General: 'H and *C NMR spectra were recorded in CRQ@n Varian MERCURY
plus-400 tH 400 MHz,*C 100 MHz), or JEOL ECA-600P spectrometd 600 MHz,
13C 150 MHz). Mass spectra were obtained on JEOL 3MS02A mass spectrometer. IR
spectra were measured with a Shimadzu IRAffinityIF. Merck precoated silica gebdz
plates (thickness 0.25 mm) was used for thin-lay@omatography (TLC) analysis. Flash
chromatography was carried out on a silica gel (§&&hem. Co., Silica Gel N, spherical,
neutral, 40-10Qum). Preparative gel permeation chromatography (G#43)carried out on
Japan Analytical Industry LC-918 equipped with JEIG1H and 2H using CH@las an
eluent. All reactions were carried out under argdmosphere unless otherwise noted.
Unless otherwise noted, all materials were obtaiinech commercial suppliers and used
without further purification.

Electrochemical intramolecular C-H amination of 2-pyridyloxybenzene (1).

2-Pyridyloxybenzenel] was prepared according to the reported procedure.
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NMR analysis of the cationic intermediate 2.

The anodic oxidation was carried out using an Hetgivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbe2HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate a#h@0 mm x 20 mm). In the anodic
chamber was placed a solution of 2-pyrimidyloxylerez () (0.20 mmol) and KCO; (0.6
mmol) in 0.3 M LICIQ/CH;CN (10.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (150.) and 0.3 M LiCIQ/CH3CN (10.0 mL). The constant
current electrolysis (8.0 mA) was carried out aimotemperature with magnetic stirring.
After the electrolysis (2.5), the reaction mixture was transferred to a robnotlem flask.
After removal of the solvent under reduced pressiine intermediat@ was observed by
NMR analysis using CECN as solvent.

'H NMR (400 MHz, CRCN): & 7.81 (ddd,J = 1.2,
7.6, 8.4 Hz, 1H), 7.91 (ddd, = 1.2, 7.6, 8.8 Hz,
1H), 7.99 (ddd,) = 0.8, 6.4, 7.6 Hz, 1H), 8.01 (ddd,
J=0.8, 1.2, 8.8 Hz, 1H), 8.25 (dd#i= 0.8, 0.8, 9.2
Hz, 1H), 8.39 (dddJ = 0.8, 1.2, 8.4 Hz, 1H), 8.61
(ddd,J = 1.2, 7.6, 9.2 Hz, 1H ), 9.30 (dd#i= 0.8,
1.2, 6.4 Hz, 1H)*C NMR (150 MHz, CRCN): &
112.9, 113.9, 115.6, 121.1, 126.9, 127.9, 132.1,
132.4, 146.0, 148.5, 155.0.

The 'H NMR and **C NMR signals were assigned to the each protons camldons,
respectively by COSY, NOE, HMQC, and HMBC analyses.

3_39H 4% NOE

Electrochemical oxidation of 2-pyridyloxybenzene (1 followed by treatment with
piperidine.

The anodic oxidation was carried out using an Hetyglivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbe2@P7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate agh@0 mm x 20 mm). In the anodic
chamber was placed a solution of 2-phenoxypyridije(0.20 mmol) and KCOs; (0.6
mmol) in LiCIOJ/CHsCN (0.3 M, 10.0 mL). In the cathodic chamber welaced
trifluoromethanesulfonic acid (154L) and LiCIO/CHsCN (0.3 M, 10.0 mL). The constant
current electrolysis (8.0 mA) was carried out aimotemperature with magnetic stirring.
After the electrolysis (2.%), piperidine(200 pL) was added to the reaction mixture. The
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reaction mixture was transferred to a round-bottiaisk and stirred at 70 °C for 3 h. After
removal of the solvent under reduced pressus® 20 mL) and ethyl acetate (10 mL)
were added to the mixture. The mixture was extcheigh ethyl acetate/hexane (2/1, 20
mL x 3), and the combined extracts were washed witer (20 mL) and brine (20 mL),
and was dried over N80O,. After removal of the solvent under reduced pressihe crude
product was purified with flash chromatography biain the 2-substituted benzoxaz@8le
(30.3 mg, 60%) as yellow solid.

1-Piperidino-4-(2-benzoxazolyl)buta-1,3-diene (3)'H NMR (400 MHz, CDC)): &
1.58-1.63 (m, 6H), 3.10-3.20 (m, 4H), 5.37 (dd; 11.6, 12.8 Hz, 1H), 6.02 (d,= 14.8
Hz, 1H), 6.59 (d,J = 12.8 Hz, 1H), 7.15-7.25 (m, 2H) 7.38-7.55 (m,)2H56 (d,J = 8.0
Hz, 1H);*C NMR (150 MHz, CDGJ): 5 24.1, 25.3, 49.6, 97.5, 103.0, 109.4, 118.3, 123.2
123.8, 142.7, 142.8, 148.8, 150.2, 165.5; HRMS (BP€alcd. for [M+H] CieH1oN,0,
255.1492; found, 255.1490.

Preparation of 4.

To the 50 mL flask, phenol derivative (1 equivh@mopyrimidine (1.5 equiv), C({l5
mol%), Fe(acag) (30 mol%), KCO; (2.5 equiv), and DMF (0.5 M) were added. The
mixture was stirred at 135 °C for 24 h. After rerabef the solvent under reduced pressure,
the crude product was purified with flash chromeaaply to obtair.

2-Pyrimidinyloxybenzene (4a).Reaction of phenol (15 mmol) with 2-bromopyrimidine
gave the title compound (1.83 g, 88%) as whitedselhich was identified by comparison
with their NMR spectra reported in the literattf@.

2-Ethoxycarbonyl(2-pyrimidinyloxy)benzene (4b).Reaction of ethyl 2-hydroxybenzoate
(2 mmol) with 2-bromopyrimidine gave the title cooymd (215 mg, 44%) as white solid.
'"H NMR (400 MHz, DMSO-¢): 5 0.95 (t,J = 7.2 Hz, 3H), 4.01 (¢J = 7.1 Hz, 2H), 7.23
(t, J= 4.6 Hz, 1H), 7.33 (dJ = 8.0 Hz, 1H), 7.42 (tJ = 8.0 Hz, 1H), 7.67-7.72 (m, 1H),
7.92-7.95 (m, 1H), 8.60 (d,= 4.8 Hz, 2H);**C NMR (100 MHz, DMSO-g): 313.5, 60.5,
116.5, 123.9, 124.0, 125.7, 131.3, 134.2, 151.5,715.64.3, 164.8; HRMS (ESI): calcd.
for [M+H]" Cy3H13N20s, 245.0921; found, 245.0918.

4-Ethoxycarbonyl(2-pyrimidinyloxy)benzene (4c).Reaction of ethyl 4-hydroxybenzoate
(2 mmol) with 2-bromopyrimidine gave the title cooymd (188 mg, 38%) as white solid.
'H NMR (400 MHz, DMSO-¢): 5 1.31 (t,J = 7.2 Hz, 3H), 4.31 () = 7.1 Hz, 2H),
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7.29-7.35 (m, 3H), 8.01 (dd,= 2.0 Hz 6.8 Hz, 2H), 8.66 (d,= 4.8 Hz, 2H);**C NMR
(100 MHz, DMSO-@): 6 14.1, 60.7, 117.4, 121.7, 126.6, 130.9, 156.6,116(64.1, 165.0;
HRMS (ESI): calcd. for [M+H] Ci13H13N20s, 245.0921; found, 245.0918.

3-Methoxycarbonyl(2-pyrimidinyloxy)benzene (4d). Reaction of methyl
3-hydroxybenzoate (4 mmol) with 2-bromopyrimidinavg the title compound (151 mg,
16%) as white solid'H NMR (400 MHz, DMSO-g): & 3.86 (s, 3H), 7.29 (1= 4.8 Hz,
1H), 7.51-7.54 (m, 1H), 7.61 @,= 7.8 Hz, 1H), 7.71-7.73 (m, 1H), 7.86 @= 7.6 Hz,
1H), 8.65 (d,J = 4.8 Hz, 2H);**C NMR (100 MHz, DMSO-g): 552.3, 117.2, 122.2,
125.9, 126.7, 130.2, 131.2, 152.8, 160.1, 164.5,4t6HRMS (ESI): calcd. for [M+H]
Ci12H11N20s5, 231.0764; found, 231.0761.

2-Methyl(2-pyrimidinyloxy)benzene (4e).Reaction of 2-methylphenol (10 mmol) with
2-bromopyrimidine gave the title compound (1.6388%) as white solid, which was
identified by comparison with their NMR spectrasggd in the literaturé*

4-Fluoro(2-pyrimidinyloxy)benzene (4f). Reaction of 4-fluorophenol (2 mmol) with
2-bromopyrimidine gave the title compound (340 8@26) as white solid*H NMR (400
MHz, DMSO-d): & 7.24-7.28 (m, 5H), 8.64 (d = 4.8 Hz, 2H);**C NMR (100 MHz,
DMSO-): $116.1 (d,J = 23 Hz), 116.9, 123.4 (d,= 8.3 Hz), 148.8, 159.2(d, = 240
Hz), 160.0, 164.7; HRMS (ACPI): calcd. for [M+H]CioHsFN,O, 191.0615; found,
191.0610.

4-Chloro(2-pyrimidinyloxy)benzene (4g).Reaction of 4-cholorophenol (2 mmol) with
2-bromopyrimidine gave the title compound (400 ®i%6) as white solid*H NMR (400
MHz, DMSO-d): 8 7.24-7.30 (m, 3H), 7.47-7.51 (m, 2H), 8.65 Jd 4.4 Hz, 2H);*°C
NMR (100 MHz, DMSO-¢): §117.0, 123.6, 129.2, 129.5, 151.5, 160.0, 164.4MBR
(ESI): calcd. for [M+H] CycHsCIN2O, 207.0320; found, 207.0317.

4-Trifluoromethyl(2-pyrimidinyloxy)benzene (4i). Reaction of 4-trifluoromethylphenol
(2 mmol) with 2-bromopyrimidine gave the title cooymd (321 mg, 67%) as white solid.
'"H NMR (400 MHz, DMSO-¢): 5 7.32 (t,J = 4.8 Hz, 1H), 7.45 (d) = 8.8 Hz, 2H), 7.82
(d, J = 8.8 Hz, 2H), 8.68 (dJ = 4.8 Hz, 2H);"*C NMR (100 MHz, DMSO-g): 5117.4,
122.5, 124 (q,J = 270 Hz), 125.7 (q,J = 32 Hz), 127.0, (g, = 3.7 Hz),
155.7, 160.1, 164.1; HRMS (ACPI): calcd. for [M+H] CiiHsFsN,O, 241.0583; found,
241.0578.
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4-Cyano(2-pyrimidinyloxy)benzene (4)). Reaction of 4-cyanophenol (4 mmol) with
2-bromopyrimidine gave the title compound (340 r8@%) as white solid, which was
identified by comparison with their NMR spectrasegd in the literaturé’

4-Acetyl(2-pyrimidinyloxy)benzene (4k).Reaction of 4-hydroxybenzophenone (2 mmol)
with 2-bromopyrimidine gave the title compound (288, 52%) as white solidH NMR
(400 MHz, DMSO-@): 6 2.58 (s, 3H), 7.30-7.35 (m, 3H), 8.02 {d&5 8.8 Hz, 2H), 8.66 (d,

J = 4.8 Hz, 2H);**C NMR (100 MHz, DMSO-g¢): 526.7, 117.4, 121.6, 130.1, 133.8,
156.5, 160.1, 164.2, 196.7; HRMS (ESI): calcd.[fd#H]" C12H11N,0,, 215.0815; found,
218.0813.

4-Benzoyl(2-pyrimidyloxy)benzene (4l).Reaction of 4-hydroxybenzophenone (2 mmol)
with 2-bromopyrimidine gave the title compound (328, 59%) as white solidH NMR
(400 MHz, DMSO-@): 6 7.33 (t,J = 4.8 Hz, 1H), 7.39 (d) = 8.4 Hz, 2H), 7.58 (t)= 7.8
Hz, 2H), 7.69 (tJ = 7.8 Hz, 1H), 7.76 (d) =8.4 Hz, 2H), 7.83 (d) = 8.4 Hz, 2H), 8.70
(d, J = 4.8 Hz, 2H);**C NMR (100 MHz, DMSO-¢): 5117.4, 121.6, 128.5, 129.4, 131.6,
132.5, 133.7, 137.0, 156.2, 160.2, 164.2, 194.6;MBR(ESI): calcd. for [M+H]
Ci17H13N20,, 277.0972; found, 277.0969.

4-Bromo(2-pyrimidinyloxy)benzene (4h).To the 50 mL flask, 4-bromophenol (3 mmol),
2-chloropyrimidine (10 mmol), ¥COs; (20 mmol), and DMF (5 mL) were added. The
mixture was stirred at 135 °C for 24 h. After rerabwf the solvent under reduced
pressure, the crude product was purified with flashomatography to obtaithe title
compound (347 mg, 46%) as white sofid. NMR (400 MHz, DMSO-g): & 7.19 (d,J =
8.8 Hz, 2H), 7.28 (1) = 4.8 Hz, 1H), 7.62 (dJ = 8.8 Hz, 2H), 8.65 (dJ = 4.8 Hz, 2H);
3C NMR (100 MHz, DMSO-g): 5117.1, 117.3, 124.0, 132.4, 152.0, 160.0, 164.3\18R
(ESI): calcd. for [M+H] CyHsBrN,O, 250.9815; found, 250.9811.

NMR analysis of the cationic intermediate 5a.

The anodic oxidation was carried out using an Hetyjivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate c@gh@0 mm x 20 mm). In the anodic
chamber was placed a solution of 2-pyrimidinyloxybene 4a) (0.20 mmol) and KCO;
(0.6 mmol) in 0.3 M LICIQ/ICHsCN (10.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (15L) and 0.3 M LiCIQ/CH3CN (10.0 mL). The constant
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current electrolysis (8.0 mA) was carried out aimotemperature with magnetic stirring.
After the electrolysis (2.5), the reaction mixture was transferred to a robnotdlem flask.
After removal of the solvent under reduced pressine intermediat®a was observed by
NMR analysis using CECN as solvent.

8 'H NMR (400 MHz, CRCN): & 7.92 (t,J = 8.4
H o Hz, 1H), 8.03 (tJ = 8.4 Hz, 1H), 8.13 (d] = 8.4
808 Hz, 1H), 8.21 (ddJ = 4.8, 6.8 Hz, 1H), 8.46 (d,
>/\”\ = 8.4 Hz, 1H), 9.48 (ddJ = 2.0, 4.8 Hz, 1H ),
LY h 974 (dd,J = 2.0, 6.8 Hz, 1H) TheH NMR
| — ' signals were assigned to each protones as shown
G NOEH .74 in Figure by COSY analysis and NOE analysis.

H 8.21

Electrochemical oxidation of 2-pyrimidyloxybenzenes4 followed by treatment with
piperidine.

General ProcedueThe anodic oxidation was carried out using an Hetglvided cell (4G
glass filter) equipped with a carbon felt anodepfin Carbon JF-20-P7, ca. 160 mg, dried
at 300 °C/1 mmHg for 4 h before use) and a platiplee cathode (20 mm x 20 mm). In
the anodic chamber was placed a solution of subs#rg0.20 mmol) and KCO; (0.6
mmol) in LiCIO,/CH3;CN (0.3 M or 1.0 M, 10.0 mL). In the cathodic chanlkvere placed
trifluoromethanesulfonic acid (150L) and LICIO/CHsCN (0.3 M or 1.0 M, 10.0 mL).
The constant current electrolysis (8.0 mA) wasiedrput at room temperature or 50 °C
with magnetic stirring. After the electrolysis (240F), piperidine(200 uL) was added to
the reaction mixture. The reaction mixture was dfamed to a round-bottom flask and
stirred at 70 °C for 3 h. After removal of the saiv under reduced pressureCH20 mL)
and ethyl acetate (10 mL) were added to the mix{line mixture was extracted with ethyl
acetate/hexane (2/1, 20 mL x 3), and the combixéeas were washed with water (20
mL) and brine (20 mL), and was dried over,8i@;. After removal of the solvent under
reduced pressure, the crude product was purifi¢hl flish chromatography or preparative
GPC to obtair®.

2-Aminobenzoxazole  (6a). Electrochemical oxidation (2.5 F, r.t) of
2-pyrimidinyloxybenzene4@) (0.20 mmol) in a 0.3 M solution of LiCldn CH;CN and
subsequent treatment with piperidine gave the tidmpound (22.8 mg, 85%) as white
solid, which was identified by comparison with th&iMR spectra reported in the
literature?®®
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2-Amino-7-ethoxycarbonylbenzoxazole (6b)Electrochemical oxidation (2.5, r.t.) of
ethyl 2-(2-pyrimidinyloxy)benzoaté4b) (0.20 mmol) in a 0.3 M solution of LiClQOn
CHsCN and subsequent treatment with piperidine gagditle compound (30.7 mg, 74%)
as white solid'H NMR (400 MHz, DMSO-g): 5 1.33 (t,J = 7.2 Hz, 3H), 4.33 (g1 = 7.1
Hz, 2H), 7.18 (tJ = 8.0 Hz, 1H), 7.41-7.47 (m, 2H), 7.62 (br, 2H3C NMR (150 MHz,
DMSO-t): 614.1 60.6, 112.5, 119.7, 120.9, 123.3, 145.1, 14763.4, 163.6; HRMS
(ESI): calcd. for [M+H] CyH11N20s, 207.0764; found, 207.0757.

2-Amino-5-ethoxycarbonylbenzoxazole (6¢)Electrochemical oxidation (2.5, r.t.) of
ethyl 4-(2-pyrimidinyloxy)benzoaté4c) (0.20 mmol) in a 0.3 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gagditle compound (36.6 mg, 89%)
as white solid'H NMR (400 MHz, DMSO-g): 5 1.30 (t,J = 7.0 Hz, 3H), 4.27 (q] = 7.2
Hz, 2H), 7.41 (dJ = 8.4 Hz, 1H), 7.61-7.71 (m, 4H)YC NMR (150 MHz, DMSO-g):
014.2, 60.6, 108.4, 115.7, 122.1, 125.6, 143.9,2,5163.7, 165.9; HRMS (ESI): calcd.
for [M+H]" CyH1:1N203, 207.0764; found, 207.0761.

2-Amino-6-methoxycarbonylbenzoxazole (6da) and 2-anp-4-methoxycarbonyl-
benzoxazole (6db). Electrochemical oxidation (3.0 F, r.t) of methyl
3-(2-pyrimidinyloxy)benzoaté4d) (0.20 mmol) in a 1.0 M solution of LiCldn CH;CN
and subsequent treatment with piperidine géga (15.6 mg, 40%) an@édb (15.3 mg,
40%) as white solids. Compourtda was identified by comparison with their NMR
spectra reported in the literatdfédb: *H NMR (400 MHz, DMSO-¢): 5 3.82 (s, 3H),
7.03 (t,J = 8.0 Hz, 1H), 7.55 (d] = 8.0 Hz, 1H), 7.64 (d] = 8.0 Hz, 1H), 7.86 (s, 2H}*C
NMR (100 MHz, DMSO-¢): 651.6, 112.3, 116.6, 119.1, 125.1, 144.2, 148.8,1164
165.7; HRMS (ESI): calcd. for [M+H]CoHgN-Os, 193.0608; found, 193.0603.

2-Amino-7-methylbenzoxazole (6e).Electrochemical oxidation (2.9-, 50 €.) of
2-methyl(2-pyrimidinyloxy)benzen¢de) (0.20 mmol) in a 1.0 M solution of LiClOin
CH3CN and subsequent treatment with piperidine gagditle compound (14.2 mg, 48%)
as white solid’™H NMR (400 MHz, CDCJ): 6 2.41 (s, 3H), 4.20-6.00 (br, 2H), 6.88 {d=
7.6 Hz, 1H), 7.08 (dd] = 7.6, 8.0 Hz, 1H), 7.17 (d,= 8.0 Hz, 1H);*C NMR (150 MHz,
CDCl): 614.8, 113.6, 119.6, 123.0, 124.0, 141.1, 147.3,516ARMS (ESI): calcd. for
[M+H]" CgHoN,O, 147.0709; found, 147.0707.

2-Amino-5-fluorobenzoxazole (6f). Electrochemical oxidation (2.5F, r.t.) of
4-fluoro(2-pyrimidinyloxy)benzend4f) (0.20 mmol) in a 0.3 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gawe titte compound (31.1 mg,
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>99%) as white solid'H NMR (400 MHz, CDCJ): & 4.80-6.40 (br, 2H), 6.77(dj, = 2.8,
8.8 Hz, 1H), 7.03 (ddJ = 2.8, 8.8 Hz, 1H), 7.15-7.19 (m, 1HYC NMR (100 MHz,
CDCl3): 6103.6 (dJ = 26 Hz), 108.0 (d) = 26 Hz), 109.0 (d) = 10 Hz), 143.3 (dJ = 13
Hz), 144.7, 160.1 (dJ = 240 Hz), 163.0; HRMS (ESI): calcd. for [M+HT;HsN,OF
153.0459; found, 153.0455.

2-Amino-5-chlorobenzoxazole (6g). Electrochemical oxidation (2.5F, r.t.) of
4-chloro(2-pyrimidinyloxy)benzen¢4g) (0.20 mmol) in a 1.0 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gagditle compound (27.5 mg, 82%)
as white solid, which was identified by comparisath their NMR spectra reported in the
literature?*

2-Amino-5-bromobenzoxazole (6h). Electrochemical oxidation (4.0F, r.t.) of
4-bromo(2-pyrimidinyloxy)benzené&h) (0.20 mmol) in a 1.0 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gagditle compound (29.1 mg, 68%)
as white solid, which was identified by comparisath their NMR spectra reported in the
literature®

2-Amino-5-trifluoromethylbenzoxazole (6i). Electrochemical oxidation (2.%, r.t.) of
4-trifluoromethyl(2-pyrimidinyloxy)benzendg4i) (0.20 mmol) in a 1.0 M solution of
LiClIO4 in CH;CN and subsequent treatment with piperidine gagditle compound (30.8
mg, 76%) as white solidH NMR (400 MHz, CDGJ): & 4.80-6.40 (br, 2H), 7.30-7.46 (br,
2H), 7.64 (br, 1H);*C NMR (100 MHz, DMSO-d6)5 109.9, 112.6, 118.6, 125.2 @ =
260 Hz), 125.7 (gq) = 31 Hz), 144.3, 150.9, 165.0 (br); HRMS (ESl)tcda for [M+H]"
CsHeN2OF; 203.0427; found, 203.0420.

2-Amino-5-cyanobenzoxazole (6j). Electrochemical oxidation (2.5F, r.t.) of
4-cyano(2-pyrimidinyloxy)benzenédj) (0.20 mmol) in a 0.3 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gagditle compound (24.8 mg, 78%)
as white solid’H NMR (400 MHz, CDCJ): 5 7.42 (d,J = 8.4 Hz, 1H), 7.51 (d] = 8.4 Hz,
1H), 7.63 (s, 1H), 7.80 (s, 2HYC NMR (150 MHz, CDGJ): 5106.1, 109.6, 119.4, 119.5,
125.0, 144.4, 150.8, 164.0; HRMS (ESI): calcd. [fd#H] " CgHeN3O;, 160.0505; found,
160.0501.

2-Amino-5-acetylbenzoxazole (6k). Electrochemical oxidation (2.5F, r.t.) of
4-acetyl(2-pyrimidinyloxy)benzenék) (0.20 mmol) in a 0.3 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gagditle compound (31.1 mg, 88%)

-66-



Chapter 3

as white solid'H NMR (400 MHz, CDCJ): & 2.56 (s, 3H), 7.42 (d) = 8.4 Hz, 1H),
7.62-7.64 (m, 3H), 7.75 (s, 1H), 7.80 (= 1.6 Hz, 1H);**C NMR (100 MHz, CDGJ):
526.8, 108.2, 115.0, 121.4, 133.1, 143.9, 151.1,5/6B97.2; HRMS (ESI): calcd. for
[M+H] " CsHgN2O», 177.0659; found, 177.0654.

2-Amino-5-benzoylbenzoxazole (6l). Electrochemical oxidation (2.5F, r.t.) of
4-(2-pyrimidinyloxy)benzophenonedlj (0.20 mmol) in a 0.3 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gagditle compound (46.9 mg, 98%)
as white solidH NMR (400 MHz, CDCY)): & 5.71(s, 2H), 7,35 (dJ = 8.4 Hz, 1H),
7.46-7.51 (m, 2H), 7.57-7.64 (m, 2H), 7.79-7.82 @Hl); *C NMR (100 MHz, CDGJ):
0108.7, 118.7, 124.7, 128.2, 130.0, 132.2, 134.8,01342.7, 151.5, 162.5, 196.4; HRMS
(ESI): calcd. for [M+H] C14H11N205, 239.0815; found, 239.0808.

2.0 mmol scale synthesis of 2-aminobenzoxazole (6a)

The anodic oxidation was carried out using an Hetyjivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 500 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate c@gh@0 mm x 20 mm). In the anodic
chamber was placed a solution of substéde(2.0 mmol) and KCO; (6.0 mmol) in
LICIOJCHCN (1.0 M, 50 mL). In the cathodic chamber were ceth
trifluoromethanesulfonic acid (1.0 mL) and LiG/IOH;CN (1.0 M, 50 mL). The constant
current electrolysis (40 mA) was carried out atmotemperature with magnetic stirring.
After the electrolysis (2.%), piperidine(2.0 mL) was added to the reaction mixture. The
reaction mixture was transferred to a round-bottiaisk and stirred at 70 °C for 3 h. After
removal of the solvent under reduced pressus® 0 mL) and ethyl acetate (10 mL)
were added to the mixture. The mixture was extchetgh ethyl acetate/hexane (2/1, 30
mL x 3), and the combined extracts were washed wiéter (20 mL) and brine (20 mL),
and was dried over N80O,. After removal of the solvent under reduced pressihe crude
product was purified with flash chromatograf@a/ (248 mg, 92%).

Preparation of 7.

Method A: To the 200 mL flask, thiophenol (10 mmol), 2-ialdmidine (10 mmol), and
H,O (50 mL) were added. The mixture was stirred & 10 for 24 h. The mixture was
extracted with EtOAc/Hexane = 2/1 (20 mL x 3), amds dried over N&O,. After
removal of the solvent under reduced pressurectide product was purified with flash
chromatography to obtain

-67-



Chapter 3

2-Pyrimidinylthiobenzene (7a).Reaction of thiophenol with 2-chloropyrimidine gatve
titte compound (450 mg, 24%) as white solid, whweas identified by comparison with
their NMR spectra reported in the literatdte.

4-Fluoro(2-pyrimidinylthio)benzene (7c). Reaction of 4-fluorothiophenol with
2-bromopyrimidine gave the title compound (1.5776%) as white solid"H NMR (400
MHz, CDCk): 6 6.97 (t,J = 4.8 Hz, 1H), 7.12-7.16 (m, 2H), 7.58-7.63 (m, 28I48 (d,J

= 4.8 Hz, 2H);**C NMR (150 MHz, CDGJ): 5116.4 (d,J = 22 Hz), 117.0, 124.6, 137.4
(d, J = 8.7 Hz) 157.5163.4( d, J = 250 Hz), 172.6; HRMS (ESI): calcd. for [M+H]
CioHsFNS, 207.0387; found, 207.0382.

Method B: To the 50 mL flask, aryl bromide (1 equiv), 2-pyidinethiol (1.0 equiv), Cul
(20 mol%), Fe(acag)40 mol%), kCOs (1.6 equiv), and DMF (0.5 M) were added. The
mixture was stirred at 135 °C for 24 h. After rerabef the solvent under reduced pressure,
the crude product was purified with flash chromeaaply to obtairy.

4-Ethoxycarbonyl(2-pyrimidinylthio)benzene (7b). Reaction of ethyl 4-bromobenzoate
(3 mmol) with 2-pyrimidinethiol gave the title compnd (172 mg, 22%) as white solftH
NMR (400 MHz, DMSO-g): 6 1.33 (t,J= 7.2 Hz, 3H), 4.33 (q) = 7.1 Hz, 2H), 7.28 (tJ
= 4.8 Hz, 1H), 7.75 (d) = 8.4 Hz, 3H), 8.00 (d] = 8.4 Hz, 2H), 8.62 (d]) = 4.8 Hz, 2H);
%C NMR (100 MHz, DMSO-g): 514.0, 60.9, 118.3, 129.6, 130.1, 134.5, 135.0,2,58.
165.1, 170.0; HRMS (ESI): calcd. for [M+HT15H13N20,S, 261.0692; found, 261.0689.

4-Trifluoromethyl(2-pyrimidinylthio)benzene (7d). Reaction of
4-trifluoromethylthiophenol (4 mmol) with 2-bromopyidine gave the title compound
(760 mg, 79%) as white solitH NMR (400 MHz, DMSO-g): 5 7.29 (t,J = 4.8 Hz, 1H),
7.79-7.86 (m, 4H), 8.63 (d} = 4.8 Hz, 2H);**C NMR (100 MHz, DMSO-g): 5118.4,
121.2 (q,J = 270 Hz) 125.8 (m), 129.3 (4,= 32 Hz), 134.4, 135.2, 158.2, 169.9; HRMS
(ESI): calcd. for [M+H] Cy11HsFsN,S, 257.0355; found, 257.0348.

4-Cyano(2-pyrimidinylthio)benzene (7e).Reaction of 4-cyanophenol (5 mmol) with
2-bromopyrimidine gave the title compound (741 r68%) as white solid, which wa
identified by comparison with their NMR spectrasggd in the literaturé’

4-Benzoyl(2-pyrimidinylthio)benzene (7f).Reaction of 4-bromobenzophenone (5 mmol)
with 2-pyrimidinethiol gave the title compound (8&%&), 60%) as white solidH NMR
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(400 MHz, DMSO-@): 6 7.30 (t,J = 4.8 Hz, 1H), 7.58 (tJ)= 7.8 Hz, 2H), 7.70 (t)= 7.6
Hz, 1H), 7.71-7.80 (m, 6H), 8.65 (d,= 4.8 Hz, 2H);"*C NMR (100 MHz, DMSO-g):
0118.3, 128.6, 129.6, 130.2, 132.8, 134.2, 134.8,61337.1, 158.2, 170.0, 195.0; HRMS
(ESI): calcd. for [M+H] C17H13N20S, 293.0743; found, 293.0732.

Electrochemical oxidation of 2-pyrimidylthiobenzene 7 followed by treatment with
piperidine.

The reactions were carried out in a similar watheogeneral procedure for the reactions of
4.

2-Aminobenzothiazole (8a). Electrochemical oxidation (2.5F, 50 °C) of
2-phenylthiopyrimidine 7a) (0.20 mmol) in a 1.0 M solution of LiClOn CH;CN and
subsequent treatment with piperidine gave the tidmpound (21.8 mg, 73%) as white
solid, which was identified by comparison with th&iMR spectra reported in the
literature?®

2-Amino-5-ethoxycarbonylbenzothiazole (8b)Electrochemical oxidation (4.B, r.t.) of
ethyl 4-(2-pyrimidinylthio)benzoate7p) (0.20 mmol) in a 0.3 M solution of LiClOn
CHsCN and subsequent treatment with piperidine gagditle compound (30.2 mg, 68%)
as white solid'H NMR (400 MHz, DMSO-g): 5 1.31 (t,J = 7.2 Hz, 3H), 4.30 (q] = 7.2
Hz, 2H), 7.59 (ddJ = 2.0, 8.4 Hz, 1H), 7.71 (s, 2H), 7.80 {ds 8.4 Hz, 1H), 7.83 (d] =
2.0 Hz, 1H);**C NMR (150 MHz, DMSO-g): 514.1, 60.5, 117.6, 120.9, 121.3, 127.3,
136.5, 152.9, 165.9, 167.4; HRMS (ESI): calcd. for+H]" CioH1:N,0,S, 223.0536;
found, 223.0533.

2-Amino-5-fluorobenzothiazole (8c). Electrochemical oxidation (2.5F, r.t.) of
4-fluoro(2-pyrimidinylthio)benzene7€¢) (0.20 mmol) in a 0.3 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gagditle compound (24.2 mg, 72%)
as white solid, which was identified by comparisath their NMR spectra reported in the
literatures?®

2-Amino-5-trifluoromethylbenzothiazole (8d). Electrochemical oxidation (2.6, 50 °C)
of 4-trifluoromethyl(2-pyrimidinylthio)benzener¢) (0.20 mmol) in a 1.0 M solution of
LiClO4 in CH;CN and subsequent treatment with piperidine gageitle compound (36.7
mg, 84%) as white solidH NMR (400 MHz, CDCJ): & 5.80-5.92 (br, 2H), 7.36 (dd,=
0.8 Hz, 8.0 Hz, 1H), 7.68 (d, = 8.0 Hz, 1H), 7.74 (dJ = 0.8 Hz, 1H):"*C NMR (150
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MHz, CDCk): 5 115.6 (q,J = 4.0 Hz), 118.5 (qJ = 3.7 Hz), 120.9, 124.1 (d,= 270 Hz),
128.3 (q,J = 32 Hz), 134.9, 151.7, 167.0 ; HRMS (ESI): calfat. [M+H]* CsHeN2SFs
219.0198; found, 219.0198.

2-Amino-5-cyanobenzothiazole (8e). Electrochemical oxidation (3.5F, r.t.) of
4-cyano(2-pyrimidinylthio)benzener€) (0.20 mmol) in a 1.0 M solution of LiClOin
CHsCN and subsequent treatment with piperidine gagditle compound (26.3 mg, 75%)
as white solid'H NMR (400 MHz, CDCJ): & 7.38 (d,J = 8.0 Hz, 1H), 7.71 (s, 1H),
7.84-7.88 (m, 3H)™®C NMR (150 MHz, CDGJ): 5107.8, 119.4, 120.3, 122.1, 123.7,
136.9, 152.9, 168.1; HRMS (ESI): calcd. for [M+#HLTgHsNsS;, 176.0277; found,
176.0273.

2-Amino-5-benzoylbenzothiazole (8f). Electrochemical oxidation (2.5F, r.t.) of
4-(2-pyrimidinylthio)benzophenone7f) (0.20 mmol) and subsequent treatment with
piperidine gave the title compound (40.9 mg, 80%wéhite solid."H NMR (400 MHz,
CDCly): 8 7.38 (d,J = 8.4 Hz, 1H), 7.54-7.75 (m, 8H) 7,84 (b= 8.0 Hz, 1H);*C NMR
(150 MHz, CDC}): 6118.3, 120.9, 122.2, 128.4, 129.4, 132.2, 134.6,313.37.5, 152.7,
167.5, 195.6; HRMS (ESI): calcd. for [M+HT14H1:N,0S, 255.0587; found, 255.0579.
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Chapter 4

Direct C—N Coupling of Imidazoles with Aromatic andBenzylic

Compounds via Electrooxidative C—H Functionalizatio

Abstract

A method for the €N coupling of imidazoles based on electrooxidati@eH
functionalization of aromatic and benzylic compaosifiis been developed. The key to the
success is the formation of protected imidazoliumnsi as initial products avoiding
overoxidation. Deprotection under non-oxidative ditons affords N-substituted
imidazoles. Various functional groups are compatilith the present transformation. To
demonstrate the power of the method, a P450 1bitehiand an antifungal agent having
N-substituted imidazole structures were synthesized.
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Introduction

Imidazoles bearing organic substituent on the gédroatom are important motifs in
natural products and medicinal compounds of varimakogical activities such as antiviral,
anti-inflammatory, anticancer, and antifungal atgg (Figure 1). SomeN-substituted
imidazoles are widely used as drdgsor example, Losartan is the first orally avaiéabl
angiotensin Il receptor antagonist and is usedréating hypertensioh.

OH
/ HO | N WN
\
N» Q/\,NH -0 §" o N~
o)

Z e

O OH N-o

N A
HO '
0
HO 0 \ Ceratinadin A OMe SO,NH,

0S04 Br
cyclooxygenase-2
cl inhibitor

N, \
7 NH o H
N=N | osartan Eprosartan anti-cancer active

Figure 1. Selected examples bEsubstituted imidazoles

Although various protocols for -@ coupling of imidazole derivatives and organic
molecules have been developed, the most of themreegrefunctionalization of organic
molecules*® Because direct @\ coupling between imidazoles and organic compounds
serves as a straightforward method for constructibra wide variety ofN-substituted
imidazoles having intriguing chemical and biologjifanctions, development of efficient
methods for direct @\ coupling by GH functionalization is highly desired. Recently,
direct GN coupling by functionalizing benzylic-&1 or G-H bond adjacent to a hetero
atom based on radical H-atom abstraction has beparted. Although it serves as a
powerful method for synthesizing-benzyl imidazoles, an excess amount of a benzylic
compound is required presumably becaus8l €Coupling products are also susceptible to
H-atom abstraction.

Electrochemical oxidatidr serves as a powerful method for functionalizinrgd®onds
of benzylid® and aromatit' compounds by single electron transfer. Despiteuegulness
of the method, it suffers from overoxidation whenpeoduct is also susceptible to
electrochemical oxidatiolf. This is indeed the case, when benzylic and aremati
compounds are electrochemically oxidized in thesg@nee of unprotected imidazole (Figure
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2a).

anodic

f NH  oxidation (\
@ R-H + /) —_— N) —_ overoxidation

PG anodic

N

OX|dat|on -PG / \

o mw s [ @ = &
R

|m|dazoI|um intermediate

Figure 2. Electrooxidative &N cross-coupling of imidazoles with benzylic andraatic
compounds. a) conventional approach. b) presembapip.

This chapter describes a new approach to solveptbblem; the €N coupling of
protected imidazoles based on electrooxidativél @Qunctionalization of organic counter
parts (Figure 2b). This method is applicable notydo benzylic but also to aromatic
compounds. The initial products akebenzyl orN-arylimidazolium ions, which can be
easily converted to the correspondiNgoenzyl or N-aryl imidazoles by a subsequent
non-oxidative removal of the protecting group. Thkey to the success of the present
approach is the intermediacy of the electrooxiddyivinactive imidazolium ions which
avoids overoxidation. Therefore, the reaction does require an excess amount of a
benzylic or aromatic compound.

Results and Discussions

Naphthalene 1@ was chosen to use becauseHCfunctionalization ofla via the
electrogenerated radical cation intermediate is webwn’® Because the choice of an
appropriate protecting group of an imidazole iscaufor the success of the present
approach, the electrochemical reactions of napétiealin the presence of various
N-protected imidazoles were examined. The electroated reactions were carried out
with 0.20 mmol of naphthalendd) and 0.6 mmol of a&\-protected imidazole2] in an
H-type divided cell equipped with an anode consgstf fine carbon fibers and a platinum
plate cathode using a 1.0 M solution of Li¢li@ CH;CN at 20 °C under constant current
conditions. In the anodic chambg&a was oxidized, and in the cathodic chamber, proton
was reduced to generate hydrogen. Trifluoromethdfoesc acid was added to the
cathodic chamber prior to the electrolysis in orttepromote the hydrogen generation.
After 2.5F of electricity was consumed, the reaction mixtwees treated with piperidine at
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70 °C for 12 h. The yields of the resulting\C coupling producBa were determined by
GC analysis. The use of unprotected imidaz@é gave no €N coupling product
presumably because of the overoxidation (Tablenttyel). In contrast, 1-acetylimidazole
(2b) gave the €N coupling product3a in 46% vyield (entry 2). Among the examined
(entries 2-7N-methylsulfonyl-protected imidazolf (1-mesylimidazole) gave the product
in the highest yield (entry 6, 82%). The imidazoliintermediatelf could be characterized
by NMR after electrolysis.

Table 1. Optimization of the Protecting Groups

anodic N s\
PG oxidation / ‘ A

N 25F piperidine N ' /AN
Q0§ il G
N 1.0 M LiClO4 70°C. 12 h OO ;
1a 2 CH4CN | OO H2: 9.37 ppm
3 equiv 3a C2: 139.2 ppm

4f: PG = Ms
entry PG yield of 3a (%)? entry PG yield of 3a (%)?
1 H 2a 0 5 802C6H4-p-CH3 2e 71
(Ts)

2 COCH; 2b 46

6 SO,CH3 (Ms)  2f 82
3 CO,NMe, 2¢ 62
4 SO,NMe, 2d 42 7 SiMeg 2g 0

2 Yields were determined by GC analysis using traecas an internal standard.

Various functional groups are compatible with theesent transformation. To
demonstrate high chemoselectivity of the presenthatk a robustness screen that was
recently developed by Glorius grddpwas applied. The reactions were performed in the
presence of various compounds having given funatiogroups as additives. The
conversion of naphthalendd), the yield of the producd®a, and those of the unchanged
additives were determined by GC analysis (Tabl&Bctron-withdrawing groups such as
ketone, ester, amide, cyano, and nitro groups geaivihe reaction (entries 2—4), although
aldehydes could not tolerate the reaction conditi¢entry 5). Benzylic €4 bond in
non-electron-rich aromatic rings and allyliet bond were intact (entry 6). The observed
chemoselectivity sharply contrasts with that foe ttadical H-atom abstractidnAryl
halides, which could be used for further transfdrom also survived the reaction (entry 7).
Some heterocycles such as coumarin, 2-acetylthiephendN-tosylmorpholine survived,
although N-tosylpyrrole and 2-bromothiophene could not tdkertéhe reaction (entries
8-12).
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Table 2. Robustness screen of- Coupling of N-methylsulfonylimidazole with
Naphthalene

N
Ms C\])

N anodic oxidation iperidine
+ [ 2+ additive - PP
N 1.0 M LiCIO4/CH3CN 70°C,12h

1a 2f .
3 equiv 1 equiv 3a
additive . naphthalene additive . naphthalene
entry additve  remaining ylelciof remaining  run additive  remaining ylelciof remaining
@) %20 ) ) %20 )
_ - |
1 82 0 /@/ 2
O
Br
©)koEt 100 7 /©/ 94 88 0
77 0
2 0 Cl
92
v @ o
0._0
CN 8 84 76 0
100 P
3 70 0
NO,
o
o | Y
N =
(e} Ts
4 ©)K/ 100 (77 0
10 WBF 76 a 23
? S
5 ©) 52 41 0
(0]
1 m 96 88 0
S
S
6
84 0
oY
X 12
@M 9 (s (7 77 0

Yields of 3a, the additives, and naphthalenks)( after reaction were determined by GC analysisigqsi
tridecane as an internal standard. Color codingishbelp the ready assessment of the data: grémvda
66%), yellow (34-66%), red (below 34%).

As shown in Table 3, the present method can bdeapfd other electron-rich aromatic
compounds. Methoxybenzene derivatives gave theegponding EN coupling products
in moderate to good yields (entries 2—4). In patég para-substituted methoxybenzenes
gave single regioisomerg=Extended aromatic compounds such as phenanthteneére
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effective in this reaction (entry 5). Furthermailee method could also be applied to other
imidazole derivatives such asN-methylsulfonyl-2-methylimidazole 2f) and
N-methylsulfonylbenzimidazole{), which gave the correspondingIC coupling products

in good yields (entries 6-7).

Benzylic compounds are also effective for theNCcoupling (entries 8-12). Notably,
primary, secondly, and tertiary benzyliel bonds were functionalized efficiently. The
regioselectivity of the reaction of 4-methoxy-1 2adthylbenzenelf) is interesting. The
para-methyl group was selectively functionalized withaiffecting themeta-methyl group
(entry 11). 2-Methylimidazole and benzoimidazole@ldoalso be introduced by the present
C—N coupling (entries 12 and 13).

Table 3. C-N Coupling of Imidazole Derivatives with Various dnatic and Benzylic
Compoundd

entry aromatics imidazole product yield (%)? entry aromatics imidazole product yield (%)?

N
L3 M
\ 81 8° /@NQN 81

3a 3h

MeO. Ny /<N
o -

/p=1/2.0,
3bonho + 3bpara (O P )

Ph)\w &
3c

&71
S
F4
RN\ =z
=
[
=
@
: i
T
=~
NZ\Z
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=
=
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\Q/ 99

c
2 MeO
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"
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=
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: i<
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=
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Z
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(i E) T
I (@)
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o

N
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o
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H N Ny
oMe Ms OMe 11 - I/ 65
N MeO' . N MeO
4 /) 150 N 36 1 2f 3k
TsO H N s > "
1d 2f 3d =N Ms /L
H N NNy
= 12 /) I/ 70
H Ms N MeO N MeO
O o o™ e
5 O N/ 75 M
S
} N
" SRS o Py O o
Z
H N MeO NT o MeO
Ms [)\ 19 2i 3m
N N
6 » 97 Ms N=y
N 4 = N Q/ j
1a 2h 3f 14 HN > 91
Ph Ts N Ph H Ts
H N 1 2f
\
’ Qi My oo .oy
N 15%¢ HN / ) 77
1a 2 OO 39 Ph Ts N P H TS
1k 30

20.2 mmol ofl was oxidized electrochemically in the presenc@.6fmmol ofN-protected imidazol& using
2.5 F/mol of electricity in a 1.0 M solution of LiG, in CH,CN at room temperatur8lsolated yields®1.0
mmol of N-protected imidazole was used with 3.0 F/mol oteieity. The reaction was carried out at 50 ®C.
Electrolysis was carried out in 0.1 M solution 6€lO, in 1,2-dimethoxyethane/dichloromethane (1/5). The

reaction was carried out at 0 °C with 2.2 F/maglettricity.® 0.1 mmol ofik and 0.5 mmol o2f were used.
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The present method can be integrated with elecidatixe alkene-cyclization
reactions-> For example, the electrochemical reaction of &ers having a nucleophilic
tosylamide group in the presence2bffollowed by the treatment with piperidine gave the
cyclized N-benzylimidazole (entries 14 and 15). Only the {imembered ring compound
was formed, and a single diastereomer was obsésyeti NMR analysis of the crude
product. The stereochemistry was determined by J8Ghd NOE analyses, and is
consistent with a mechanism involving the back-sittack to a benzylic cation stabilized
by the cyclized tosylamide grodff

The electrochemical reaction is facilitated by decton donating group such as a
methoxy group on the aromatic ring. The use of suchctivating group gives us an added
bonus, because a methoxy group can be used foefuransformations such as transition
metal catalyzed coupling reactiofisFor example, compourll synthesized by the present
electrochemical €N coupling was reacted with PhMgBr in the preseate catalytic
amount of NiC}(PCys). to give compound, a P450 17 inhibité? in 75% yield (Scheme
1).

Scheme 1Synthesis of P 450 17 Inhibitérfrom 3i Featuring Nickel Catalyzed-© Bond
Activation

Ms
L
/i /) PhMgBr
N~ 2f N NiCly(PCys)2 N
N </
MeO AmylOEt

electrochemical MO O
C-N couplin : 100 °C, 12h
19 ping 3i P450 17 inhibitor 5
99% 75%

The following synthesis of an antifungal adéré also demonstrates the power of the
present method (Scheme 2). Compoundhich has two different benzylic positions, was
prepared from commercially available compounds ine oste® The present
electrochemical method functionalized the benz@iH bond next to the electron-rich
aromatic ring substituted by a methoxy group salelst without affecting the benzylic
C—H bond next to relatively electron poor aromatigrsubstituted by two chloro groups.
Thus, the electrochemical oxidation 0in the presence of 1-mesylimidaz@gfollowed
by treatment with piperidine gave desigoh 71% isolated yield.
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Scheme 2Synthesis of Antifungal Ageirt Using Electrochemical-@N Coupling

NiBr, 10 mol%

N
Y
Br Cl  phenathroline @Q) Cl () N
! rn " $2 O e
—_—
Zn, Nal electrochemical O Q
¢l DMPU, 60 °C pmeo cl C-Ncoupling

60% 7 71%
ant:fungal agent 6

@ benzylic position next to the electron rich aromatic ring

(O benzylic position next to the electron poor aromatic ring

Conclusion

In conclusion, a new electrooxidative—IC coupling of N-mesylimidazole and its
derivatives with aromatic and benzylic compounds waveloped. The key to the success
of the present method is the formation of electemaically-inactive imidazolium ions as
initial products, which is converted to the cormsgingN-aryl or N-benzylimidazoles by
subsequent treatment with piperidine. The methooviges a straightforward highly
chemoselective metal-free route to Mwsubstituted imidazoles.

Experimental Section

General: 'H and *C NMR spectra were recorded in CR@n Varian MERCURY
plus-400 tH 400 MHz,**C 100 MHz), or JEOL ECA-600P spectrometdi 600 MHz,
13C 150 MHz). Mass spectra were obtained on JEOL $MS.02A mass spectrometer. IR
spectra were measured with a Shimadzu IRAffinityIF. Merck precoated silica gebdz
plates (thickness 0.25 mm) was used for thin-laygomatography (TLC) analysis. Flash
chromatography was carried out on a silica gel (§&&hem. Co., Silica Gel N, spherical,
neutral, 40-10Qum). Preparative gel permeation chromatography (G#43) carried out on
Japan Analytical Industry LC-918 equipped with JEIG1H and 2H using CHGlas an
eluent. All reactions were carried out under argdmosphere unless otherwise noted.
Compounds3a®* 3borno,”” 3bpara,”” 36> 3g2* 3h,° 5°° and 6*" were identified by
comparison with theitH and**C NMR spectra reported in the literature. Compoutef$
1d,2° 1j,* and 1k*® were prepared according to the reported procedBegNBF, was
purchased from TCI and dried at 50 °C/1 mmHg owgrniUnless otherwise noted, all
materials were obtained from commercial supplie @sed without further purification.
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Procedure of the C-N coupling of imidazoles with amatic and benzylic compound

General procedure The anodic oxidation was carried out using an Hetgovided cell
(4G glass filter) equipped with a carbon felt an@dgpon Carbon JF-20-P7, ca. 160 mg,
dried at 300 °C/1 mmHg for 4 h before use) andatimpim plate cathode (10 mm x 10
mm). In the anodic chamber was placed a solutiosutistratel (0.20 mmol) and N-
protected imidazol2 (0.6 mmol or 1.0 mmol) in 1.0 M LICI{ZCHsCN (10.0 mL). In the
cathodic chamber were placed trifluoromethanesidfaacid (150 puL) and 1.0 M
LiCIO4/CHsCN (10.0 mL). The constant current electrolysi® (1A) was carried out at
T °C (0 < T < 50) with magnetic stirring. After K (2.2 < X < 3.0) of electricity was
consumed, the reaction mixture was transferred nouad-bottom flask. Then, piperidine
(500pL) was added to the reaction mixture. The resultmgture was stirred at 70 °C for
12 h. After removal of the solvent under reduceespure, NaOH aq (1%, 20 mL) and
EtOAc (20 mL) were added to the mixture. The migtwas extracted with EtOAc/Hex
(2/1, 20 mL x 3), and was dried over JS&y. After removal of the solvent under reduced
pressure, the crude product was purified with flelstomatography or preparative GPC to
obtain theN-substituted imidazol8.

1-naphthalen-1-yl-lH-imidazole (3a)®* Electrochemical oxidation (2.5, 20 °C) of
napthalene 1@ (0.20 mmol) in the presence of 1-mesylimidazd® (0.6 mmol) and
subsequent treatment with piperidine gave the tdenpound (31.9 mg, 81%) as pale
brown solid.

1-(2-methoxyphenyl)iH-imidazole (3kyino)?> and 1-(4-methoxyphenyl)iH-imidazole
(3bpara)*. Electrochemical oxidation (3.8, 50 °C) of anisolelf) (0.20 mmol) in the
presence of 1-mesylimidazol&f) (1.0 mmol) and subsequent treatment with pipeedi
gave the mixture oBbgrhe and 3bpara (23.7 mg, 68%) in 1:2.0 selectivity which was
determined byNMR analysis.
N-(3-(1H-imidazol-1-yl)-4-methoxyphenyl)N-methylbenzamide (3c).Electrochemical
oxidation (3.0F, 50 °C) ofN-(4-methoxyphenylN-methylbenzamidel() (0.20 mmol) in
the presence of 1-tosylimidazog] (1.0 mmol) and subsequent treatment with pipeedi
gave the title compound (42.8 mg, 70%) as pale brselid."H NMR (400 MHz, CDGJ):

0 3.48 (s, 3H), 3.80 (s, 3H), 6.87-6.93 (m, 3H),87011 (m, 2H), 7.23-7.31 (m, 5H), 7.52
(s, 1H); 3¢ NMR (150 MHz, CDG)):
038.3,56.0, 112.5, 119.9, 124.3, 126.4, 128.0, 128.4, 128.9, 129.7, 135.8, 137.5, 137.9, 15
0.5, 170.6; HRMS (ESI): calcd. for [M+H] C1gH1gN30,, 308.1394; found, 308.1386.
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3-(1H-imidazol-1-yl)-4-methoxyphenyl 4-methylbenzenesulfwate (3d).
Electrochemical oxidation (3.8, 20 °C) of 4-methoxyphenyl-4-methylbenzenesulfenat
(1d) (0.20 mmol) in the presence of 1-mesylimidaz&® (1.0 mmol) and subsequent
treatment with piperidine gave title compound (2§, 36%) as pale brown solid$d
NMR (600 MHz, CDC}): & 2.47 (s, 3H), 3.83 (s, 3H), 6.84 5= 2.8 Hz, 1H), 6.95 (d] =
9.2 Hz, 1H), 7.03-7.07 (m, 3H), 7.35 M@ 7.6 Hz, 2H), 7.65 (m, 1H), 7.73 (@= 8.4 Hz,
2H); 3¢ NMR (150 MHz, CDG)):
021.7,56.2, 112.6, 119.6, 119.9, 122.6, 122.7, 128.6, 129.1, 129.9, 132.0, 137.5, 142.6, 14
5.8, 151.2; HRMS (ESI): calcd. for [M+H] C17H17N204S, 345.0904; found, 345.0896.

1-(phenanthren-9-yl)-1H-imidazole (3e)* Electrochemical oxidation (2.5, 20 °C) of
phenanthrenel@ (0.2 mmol) in the presence of 1-mesylimidazdé (0.6 mmol) and
subsequent treatment with piperidine gave the tdenpound (36.8 mg, 75%) as pale
brown solid.

2-methyl-1-(naphthalen-1-yl)1H-imidazole (3f). Electrochemical oxidation (2.5, 20
°C) of naphthalenelé) (0.20 mmol) in the presence of 2-methyl-1-mesidamole 2h)
(0.6 mmol) and subsequent treatment with piperidiaee titte compound (40.2 mg, 97%)
as pale brown solidsH NMR (400 MHz, CDCY): & 2.16 (s, 3H), 7.05 (s, 1H), 7.14 (s,
1H), 7.31 (d,J =8.4 Hz, 1H), 7.31 (d) =7.2 Hz, 1H), 7.47-7.58 (m, 3H), 7.93-7.98 (m,
2H); 3¢ NMR (150 MHz, CDG):
013.1,121.9, 1225, 124.8, 125.2, 126.9, 127.6, 127.7, 128.2, 129.4, 130.2, 134.1, 134.3, 1
46.1; HRMS (ESI): calcd. for [M+H] C14H13N2, 209.1073; found, 209.1070.

1-(naphthalen-1-yl)-1H-benzoimidazole (3gf* Electrochemical oxidation (2.5, 20 °C)
of napthalenel@ (0.20 mmol) in the presence of 1-mesylbenzimitaf®) (0.6 mmol)
and subsequent treatment with piperidine gaveitleecompound (29.7 mg, 61%) as pale
brown solid.

1-(4-methoxybenzyl)1H-imidazole (3h)?® Electrochemical oxidation (3.5, 50 °C) of
4-methoxytluenelf) (0.20 mmol) in the presence of 1-mesylimidaz@ (1.0 mmol) and
subsequent treatment with piperidine gave the tdenpound (30.5 mg, 81%) as pale
brown oil.

1-(1-(4-methoxyphenyl)ethyl)dH-imidazole (3i). Electrochemical oxidation (2.5, 20
°C) of 4-ethylanisolel(g) (0.2 mmol) in the presence of 1-mesylimidaz@§ (0.6 mmol)
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and subsequent treatment with piperidine gave titlmpound (40.1 mg, 99%) as pale
brown oil.'"H NMR (400 MHz, CDCJ): 5 1.83 (d,J = 6.8 Hz, 3H), 3.80 (s, 3H), 5.29 (),

= 6.8 Hz, 1H), 6.86-6.91 (m, 3H), 7.05-7.11 (m, 3AB6 (s, 1H);*C NMR (150 MHz,
CDCl): 622.1,55.3,56.0, 114.1, 117.8, 127.3, 129.3, 133.4, 135.9, 159.3; HRMS (APCI):
calcd. for [M+H] Cy2H15N20, 203.1179; found, 203.1175.

1-(2-(4-methoxyphenyl)propan-2-yl)iH-imidazole (3j). Electrochemical oxidation (2.5
F, 20 °C) of 4-isopropylanisolelf) in the presence of 1-mesylimidazo®)((0.6 mmol)
and subsequent treatment with piperidine gave ¢timpound (36.1 mg, 83%) as white
solid. 'H NMR (400 MHz, CDCJ): 5 1.88 (s, 6H), 3.78 (s, 3H), 6.82 @@= 8.8 Hz, 2H),
6.88 (m, 1H), 7.00 (dJ = 8.8 Hz, 2H), 7.59 (s, 1H)**C NMR (150 MHz, CDGJ):
030.5, 55.2, 59.5, 113.8, 117.7, 126.1, 129.1, 135.5, 138.0, 158.8; HRMS (ESI): calcd. for
[M+H]" C13H17N,0, 217.1335; found, 217.1332.

1-(4-methoxy-2-methylbenzyl)1H-imidazole (3k). Electrochemical oxidation (3.8, 50
°C) of 3,4-dimethylanisolel{) in the presence of 1-mesylimidazo®)((1.0 mmol) and
subsequent treatment with piperidine gave title pound (26.1 mg, 65%) as pale brown
oil. *H NMR (400 MHz, CDGCJ): & 2.22 (s, 3H), 3.80 (s, 3H), 5.04 (s, 2H), 6.7076(m,
2H), 6.83 (s, 1H), 6.99 (d,= 8.4 Hz, 1H), 7.06 (s, 1H), 7.45 (s, 1FC NMR (150 MHz,
CDCl): 819.1,48.6,55.2, 111.3, 116.5, 119.0, 125.9, 129.5, 130.2, 137.2, 137.9, 159.7;
HRMS (ESI): calcd. for [M+H] Ci2H15N20, 203.1179; found, 203.1176.

1-(1-(4-methoxyphenyl)ethyl)-2-methyliH-imidazole (3l). Electrochemical oxidation
(2.5F, 20 °C) of ethylanisolel() in the presence of 2-methyl-1-mesylimidazdh)((0.6
mmol) and subsequent treatment with piperidine galeecompound (30.3 mg, 70%) as
pale brown oil*H NMR (400 MHz, CDCY): 5 1.77 (d,J = 7.2 Hz, 3H), 2.31 (s, 3H), 3.78
(s, 3H), 5.26 (gJ = 7.2 Hz, 1H), 6.84 (m] = 8.8 Hz, 2H), 6.94-7.00 (m, 4H)*C NMR
(150 MHz, CDC}): 6 13.3, 22.2, 54.5, 55.3, 114.2, 116.4, 126.6, 127.0, 133.5, 144.6,

159.1; HRMS (ESI): calcd. for [M+H] Cy13H17/N,0, 217.1335; found, 217.1333.

1-(1-(4-methoxyphenyl)ethyl)aH-benzoimidazole (3m).Electrochemical oxidation (2.5
F, 20 °C) of 4-ethylanisol€l§) in the presence of 1-mesylbenzimidazdg (0.6 mmol)
and subsequent treatment with piperidine gave titlmpound (32.3 mg, 64%) as pale
brown oil.'"H NMR (400 MHz, CDCJ): 5 1.96 (d,J = 6.8 Hz, 3H), 3.78 (s, 3H), 5.58 (#,

= 6.8 Hz, 1H), 6.85 (d] = 8.4 Hz, 2H), 7.13 (d] = 8.8 Hz, 2H), 7.18-7.27 (m, 3H), 7.80
(d, J = 88 Hz, 1H), 803 (s, 1H);™C NMR (150 MHz, CDGCJ):
021.5,54.7,55.2, 110.6, 114.2, 120.3, 122.2, 122.7, 127.3, 132.5, 133.5, 141.0, 144.0, 159.
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3; HRMS (ESI): calcd. for [M+H] C1¢H17N20, 253.1335; found, 253.1329.

1-((R*)-phenyl((S*)-1-tosylpyrrolidin-2-yl)methyl)- 1H-imidazole (3n). In the anodic
chamber was placed a solution of (f}josyl-5-phenyl-4-pentenamindjj (0.20 mmol)
and 1-mesylimidazole2f) (1.0 mmol) in 0.1 M LICIQ/CH,Cl,:DME (5:1, 10.0 mL). In
the cathodic chamber were placed trifluoromethdfmsa acid (200uL) and 0.1 M
LiICIO4/CH.CI;:DME (5:1, 10.0 mL). The constant current electsiy (8.0 mA) was
carried out at 0 °C with magnetic stirring. Afte2 F of electricity was consumed, the
reaction mixture was transferred to a round-botf@sk. Then, piperiding500 puL) was
added to the reaction mixture. The resulting mixtwas stirred at 70 °C for 12 h. After
removal of the solvent under reduced pressure, Na@H %, 20 mL) and EtOAc (20 mL)
were added to the mixture. The mixture was extchetgh EtOAc/Hex (5/1, 20 mL x 3),
and was dried over N80O,. After removal of the solvent under reduced pressine crude
product was purified with flash chromatography doitbwing preparative GPC to obtain
the title compound (69.8 mg, 91%) as white sdittNMR (400 MHz, CDCJ): 5 0.78 (m,
1H), 1.17 (m, 1H), 1.87 (m, 2H), 2.44 (s, 3H), 3(@2 1H), 3.19 (m, 1H), 4.37 (m, 1H),
6.02 (m, 1H), 6.97 (s, 1H), 7.07 (s, 1H), 7.26-7(41 7H), 7.61 (s, 1H), 7.70 (d,= 8.4
Hz, 2H); 3¢ NMR (150 MHz, CDG, 50 °C):
0215, 23.7, 27.9, 49.2, 61.6, 64.8, 120.0, 127.7, 128.1, 128.3, 128.7, 129.1, 129.9, 134.1, 1
36.4, 137.8, 144.0; HRMS (ESI): calcd. for [M+H] C;H24N30.S, 382.1584; found,
382.1581.

3 3 The stereochemistry was determined
Lo i by JBCA analysi& and NOE analysis.
e [ er
@ " \\> ;‘ \\>
N N
Ts/ Ts/

JCBA analysis
3J(Hs, Cy) <2Hz

2U(Hz, Ha) <2 Hz ’ NOE supports B-1.

H, H,
Hs Ca Hs N
or
Z¢ N e NN

NTs H ¢,

Hy A

NOE C/ 4

A B

1-((R*)-phenyl((S*)-4,4-dimethyl-1-tosylpyrrolidin- 2-yl) methyl)-1H-imidazole (3n).In
the anodic chamber was placed a solution of
(E)-N-tosyl-2,2-dimethyl-5-phenyl-4-pentenamirik) (0.10 mmol) and 1-mesylimidazole
(2f) (0.5 mmol) in 0.1 M LICIQ/CH,Cl,:DME (5:1, 5.0 mL). In the cathodic chamber were
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placed trifluoromethanesulfonic acid (2p@) and 0.1 M LiCIQ/CH.CI;:DME (5:1, 5.0
mL). The constant current electrolysis (8.0 mA) veasried out at 0 °C with magnetic
stirring. After 2.2F of electricity was consumed, the reaction mixtwees transferred to a
round-bottom flask. Then, piperidin@50 uL) was added to the reaction mixture. The
resulting mixture was stirred at 70 °C for 12 hteAfremoval of the solvent under reduced
pressure, NaOH aq (1%, 20 mL) and EtOAc (20 mL)enadded to the mixture. The
mixture was extracted with EtOAc/Hex (5/1, 20 mB)x and was dried over BBO,. After
removal of the solvent under reduced pressureciinde product was purified with flash
chromatography and following preparative GPC tcawmbthe title compound (31.6 mg,
77%) as white solid'H NMR (400 MHz, CDCY): & 0.39 (s, 3H), 0.79 (s, 3H), 1.53 (dH,
=12.8, 9.2 Hz, 1H), 1.88 (dd,= 12.8, 9.2 Hz, 1H), 2.42 (s, 3H), 2.72 J& 11.2 Hz, 1H),
3.15 (d,J = 11.2 Hz, 1H), 4.36 (m, 1H), 6.30 @= 2.8 Hz, 1H), 7.06 (m, 2H), 7.31 (m,
4H), 7.41 (m, 3H), 7.57 (s, 1H), 7.70 (= 8.4 Hz, 2H);*C NMR (150 MHz, CDGQ, 20
°C):

0215, 25.8, 25.9, 37.6, 41.0, 60.8, 62.6, 64.1, 120.2, 127.4, 128.2, 128.2, 128.7, 129.0, 129

.9, 134.8, 136.0, 137.8, 144.0; HRMS (ESI): calcd. for [M+H] CxH2eN30,S, 410.1897;
found, 410.1896.

NMR analysis of imidazolium intermediate 4f

The anodic oxidation was carried out using an Hetgjivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate aghd0 mm x 10 mm). In the anodic
chamber was placed a solution of naphthalene (th@®l) and 1-mesylimidazole (0.6
mmol) in 0.1 M LICIQ/CH3sCN (10.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (154L) and 0.1 M LiCIQ/CH3CN (10.0 mL). The constant
current electrolysis (8.0 mA) was carried out af€0with magnetic stirring. After 2.6 of
electricity was consumed, the reaction mixture wassferred to a round-bottom flask.
After removal of the solvent under reduced pressine intermediatdf was observed by
NMR analysis using CECN as solvent.

Robustness Screen of C—-N coupling ®&f-(methylsufonyl)-imidazole with naphthalene

General procedure for the screening The anodic oxidation was carried out using an
H-type divided cell (4G glass filter) equipped wahcarbon felt anode (Nippon Carbon
JF-20-P7, ca. 160 mg, dried at 300 °C/1 mmHg fdr defore use) and a platinum plate
cathode (10 mm x 10 mm). In the anodic chamberpdased a solution of naphthaleha
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(0.20 mmol) and 1-mesylimidazo®¥ (0.6 mmol), and the respective additives (Amount o
each additives is 0.2 mmol.) in 1.0 M LIC/GHzCN (10.0 mL). In the cathodic chamber
were placed trifluoromethanesulfonic acid (389 and 1.0 M LiCIQ/CHsCN (10.0 mL).
The constant current electrolysis (8.0 mA) wasiedrout at 20 °C with magnetic stirring.
After 2.5 F of electricity was consumed, the reaction mixtuvas transferred to a
round-bottom flask. Then, piperidin®00 pL) was added to the reaction mixture. The
resulting mixture was stirred at 70 °C for 12 heTjield was determined by GC analysis
using tridecane as internal standard.

Synthesis of P450 inhibitor 5

3i (20.2 mg, 0.1 mmol), NiG(PCys), (20 mg, 0.03 mmol), PhMgBr in £2 (3.0 M, 200
uL), '‘AmylOEt (0.2 mL) and ED (0.2 mL) were added to the sealed tube. The mextu
was stirred at 100 °C for 12 h. After the mixturasacooed to room temperature, water (20
mL) and EtOAc (20 mL) were added. The mixture wetsaeted with EtOAc (20 mL x 3),
and was dried over N80O,. After removal of the solvent under reduced pressihe crude
product was purified with preparative GPC to obfa#50 17 inhibito5?° (18.7 mg, 75%)
as white solid.

Synthesis of antifungal agent 6

To the 50 mL flask, p-bromoanisole (224 mg, 1.2 mmol),
1-(2-bromoethyl)-2,4-dichlorobenzene (254 mg, 1.Mat), NiBr; (21.9 mg, 0.1 mmol),
phenanthroline (18.0 mg, 0.1 mmol), pyridine (7., ®.1 mmol), Zn (163 mg, 2.5 mmol),
Nal (45 mg,0.3 mmol), and N,N'-dimethylpropyleneuf8 mL) were added. The mixture
was stirred at 60 °C for 24 h. After removal of g@vent under reduced pressure, the
crude product was purified with flash chromatogsapb obtain7 (169 mg, 60%) as
colorless oil.

The anodic oxidation was carried out using an Hetglivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate agh@d0 mm x 10 mm). In the anodic
chamber was placed a solution©{56.2 mg, 0.20 mmol) and 1-mesylimidaz@lie(146
mg, 1.0 mmol) in 1.0 M LICIQCHCN (10.0 mL). In the cathodic chamber were placed
trifluoromethanesulfonic acid (154L) and 1.0 M LiCIQ/CHsCN (10.0 mL). The constant
current electrolysis (8.0 mA) was carried out af@€0with magnetic stirring. After 2.6 of
electricity was consumed, the reaction mixture wassferred to a round-bottom flask.
Then, piperiding500 pL) was added to the reaction mixture. The resultimigture was
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stirred at 70 °C for 12 h. After removal of thewsit under reduced pressure, NaOH aq
(1%, 20 mL) and EtOAc (20 mL) were added to thetorex The mixture was extracted
with EtOAc/Hex (2/1, 20 mL x 3), and was dried oW&SO,. After removal of the
solvent under reduced pressure, the crude prodastparified with flash chromatography
to obtain the antifungal aget’ (49.0 mg, 71%).

2,4-dichloro-1-(4-methoxyphenethyl)benzene (7)'H NMR (400 MHz, CDCJ): &
2.81-2.86 (m, 2H), 2.94-2.99 (m, 2H), 3.80 (s, 36184 (d,J = 8.8 Hz, 2H), 7.02-7.15 (m,
3H), 7.38 (d, J = 20 Hz, 1H); ®C NMR (150 MHz, CDG): 5
34.9, 35.5,55.2, 113.8, 126.9, 129.2, 129.4, 131.3, 132.2, 133.1, 134.5, 137.8, 157.9;

HRMS (ESI): calcd. for [M+H] C;,H140Cl,, 280.0421; found, 280.0414.
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Chapter 5

Heterocyclization Approach for Electrooxidative Coupling

of Functional Primary Alkylamines with Aromatics

Abstract

A new approach for electrooxidative coupling of raetic compounds and primary
alkylamines bearing a functional group such asdd®yl group and an amino group was
developed. The key to the success of the transtama heterocyclization of functional

primary alkylamines. Treatment of primary alkylassnbearing a functional group with
nitriles or their equivalents gives the correspagdheterocycles. The electrochemical
oxidation of aromatic substrates in the presenctn@fheterocycles followed by chemical
reaction under non-oxidative conditions gave thgrdd coupling products.
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Introduction

Amination of aromatic compounds serves as a stifaighard and useful route to
aromatic amines which are often key components afural products, medicinal
compounds, and functional materialsin particular, C-H amination of aromatic
compounds is the state of the art in aminationtiees® A variety of methods have been
developed based on transition-mefatyjpervalent iodine$and radical speci€sand serve
as powerful tools for synthesizing nitrogen contaggn complex molecules.
electrochemicdl’ As described in chapter 2-4, electrochemical C-hinatiorf which
enables direct introduction of nitrogen functiotia into electron-rich aromatic
compounds selectively has been developed. Howether, introduction of primary
alkylamino groups bearing a functional group stimains challenging,although such
structures serve as prominent structural motifarnous biologically and pharmaceutically
active compounds as exemplified in Figuré®ln this chapter, a new strategy for
electrooxidative coupling of aromatic compounds agrdnary alkylamines bearing a
functional group such as a hydroxyl group and amargroup is described.

H FG

N R'

R
- : N
FG = O, N functional group J,,,
5 l/\OH
(0] (0)

/@/N\)‘\

(0)
K/VCF3
OH

befloxatone elvitegravir ketoconazole

Figure 1. Aromatic compounds bearing functional alkylamimoups.

The conventional approaches using electrochemiddation suffer from the following
problems: The direct use of alkylamines should msuacessful because they are oxidized
prior to aromatic substrates (Scheme YAYhe use ofN-protected alkylamines could
suppress such undesired oxidation because praectgroups are usually
electron-withdrawing (Scheme 1B). However, the eaphilitity of an N-protected
alkylamine toward the radical cation of an aromaticmpound would also be decreased in
such situations. Furthermore, even if the nucldaphitack is successful, overoxidatton
is inevitable because addition of the amine todhmmatic ring will lower its oxidation
potential*® Also, nucleophilic functional groups bearing andacproton such as such as
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OH and NHR groups might be problematic for the tetexxidative reaction because of
their undesired nucleophilic attack on the radoadion of an aromatic compound.

Scheme 1.Conventional approaches to the introduction ofcfiamal alkylamines using
electrochemical oxidation

A) direct use of primary alkylamines bearing a functional group

anodic
H FG  oxidation N H

| AN ot FG
R— —_— R_
I g I N

n

B) use of N-protected primary alkylamines bearing a functional group

anodic
X H EWG  FG  oxidation N H_| EWG  FG
R—u/+HNnR—>R—u/+HNnR
l slow
EWCIE FG
N N
overoxidation @=—— R—: n R

As described in chapters 2-4, heterocyclic compsurslich as pyridin®
N-mesylimidazolé® and pyrimidin€® are effective as nitrogen sources affording the
electrooxidatively inactive cationic intermediatedjich can be subsequently converted to
the corresponding neutral nitrogen-containing potslwnder non-electrolytic conditions.
Consequently, the overoxidation can be avoided.

In analogy, it is reasonable to consider that amalirheterocyclization of a functional
primary alklamine might solve the current challerage well (Scheme 2). Treatment of
primary alkylamines bearing a functional group wititriles (RCN) or their equivalents
gives the corresponding heterocyciésin particular, favorable 5-membered and
6-membered ring formation takes place if the fuorai group is attached at an appropriate
position. In the presence of the resulting heterlmsy aromatic substrates can be
electrochemically oxidized to give their radicatioas, which reacts with the heterocycles
to generate the corresponding cationic intermesliaiée cationic intermediates can be
chemically converted to the desired cross-couplipgpducts under non-oxidative

conditions.
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Scheme 2. Present approach for electrooxidative coupling fohctional primary
alkylamines with aromatics

RZ
FG Can FG

HN a ) removal of protons
2 j\jn)\w heterocyclization N\M)\W on N and FG
R2
M anodic oxidation ‘ H—I N >/_FG'
R ——— N\M)\R1
= (2) selective oxidation s n

|
(3) high nu+cleophilicity

R2
FG'
H?H\ chemical reaction ww
= n R’ = X n

i
R _ after electrolysis R+ P *
(4) cationic intermediate

The following points of this approach should beested: (1) the formation of the
heterocycles removes protons in the amino anduhetibnal groups, which might disturb
the electrochemical reaction, (2) the oxidatioreptiaif® of the heterocycles is higher than
those of the corresponding alkylamines becausheo$g-hybridization of nitrogen atoms,
enabling selective oxidation of aromatic substra(8¥ the hetereocycles have sufficient
nucleophilicity toward the radical cations of ardgimaompounds? and (4) the resulting
cationic intermediates, which can be stable endagitcumulate, are not oxidized because
of strong electron-withdrawing effect of a positstgarge.

Results and Discussions

First, the reaction of naphthalenela) (Ex=1.52 V, vs. Ag/Aj) with
2-methyloxazoline 28) (Ex=1.73 V, vs. Ag/Ag) which can be derived from
2-hydroxylethylamine (Table 1, entry 1) was exardin€he anodic oxidation led to the
formation of a corresponding cationic intermedidte which was characterized By
NMR. Hydrolysis withaq NaHCGQ; gave 1-(2-acetoxylethylamino)naphthale@ag) in
75% vyield. Furthermore, treatment of the cationtelimediate with ethylenediamine gave
1-(2-hydroxylethylamino)naphthalen8a@’) in 79% yield (entry 2). As shown in table 1,
the present method is applicable to C—H aminatigth warious functionalized primary
alkylamines. 2-Hydroxy-2-phenylethylamine was aéftective (entry 3). The use of a
6-membered-ring heterocyc®e which can be derived from 3-hydroxyl-1-propylamaiso
gave the amination produ@ad in a good yield (entry 4). Heterocycles derivednir
ethylenediamin@d and 1,3-diaminoproparie gave the corresponding amination products
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in good vyields (entries 5-7). Heterocycles derivdidom cyclohexane-fused
3-hydroxyl-1-propylamine2f (entry 8) and long chain primary alkylamine begria
hydroxyl group at 3-positio2g (entry 9) gave the corresponding amination praxluct
good yields.

Table 1. Electrooxidative coupling of naphthalene #h various heterocycles

R1
Fcii
R2 . 2 NRSR?
V—kG anodic RTONS  chemical
. N/N)\ ) oxidation reaction OO
R
n 0.3 M LiCIO, OO
1a 2 CH3;CN, 0 °C 4 3
ent 2 chemical NR3R* of ent 2 chemical NR3R* of
ry reaction product, yield Ty reaction product, yield
Ts NHTs
/\/OAC }7 / N
1 \/FO A HN 6 N B A
N\) M N\) -
2a 3aa 75% 2d 3ad' 80%
OH
2 \FO B H""/\/ Ts
N
\) s 7 Ph\r"‘ A BzN” " NHTs
2a 3aa’ 79% N‘\j .
\ﬁo HN OH 2e 3ae  90%
3 / B ‘
N Ph v PR OH
Ph (0]
' 0,
N 2bo 3ab' 67% s \N‘(JO B HN/\©
a AN
4 T B Hl\‘l OH o
N o 2f 3af' 65%
2c 3ac’ 74% OH
Ts NHTs Ph_O._ hex
5 N A Acr\‘l/\/ 9 T\j B HN/\/khex
N o N o
' 0
2d 3ad  64% 2g 3ag’ 85%

The electrochemical oxidation reactions were cdrrigth 1 (0.2 mmol) and 0.6 mmol a2 in a 0.3 M
solution of LiCIQ, in CH;CN at 0 °C unless otherwise stated, and the regutblution was subjected to the

chemical reaction: Aaq NaHCQ;; B, ethylenediamin€.1.0 mmol of2c was used.

The scope of the aromatic substrates was examisied @-methyloxazoline2g) as a
coupling partner (Figure 2). In the reaction wadodoanisole 1b), the alkylamino group
was introduced at the para position selectivelhaut affecting the iodo group (Figure 2,
3ba, 3ba’). In the case op-iodoanisole 1¢), the alkylamino group was introduced at the
ortho position selectively3€a 3ca’). The reactions of anisoles bearing various foméeti
groups such as estetd), amide {e) cyano {f), andt-butyl (1g) groups at the para
position gave the corresponding amination produwgteout affecting such functionality
(3da-3gQ). In the case of a phenol derivative which has anamatic rings 1h), the more
electron-rich aromatic ring was selectively funotbzed without affecting the
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electron-deficient aromatic ring3i§a). Polycyclic aromatic hydrocarbons such as
phenanthrenel() and 9,9-dimethylfluorenel|) gave the corresponding amination products
3ia and 3ja, respectively in good yields. Furthermore, heteyoetic compounds such as
indole and benzothiophene derivativls and 1| also gave the corresponding amination
products3ka and 3la, respectively Small molecule drugs such as artaacelm) and
fenofibrate {n) gave the corresponding amination prod8icta and 3na, respectively
without affecting other functional groups.

H [ (0] (0]
' N~ OMe N~
e W e l
HN MeO MeO
MeO \/\OR HN M~
3ba: R=Ac, 77% (3.0 F) @  3ca:R=Ac, 71% (3.5 F) @b OAc OAc
3ba: R=H, 75% (3.0 F) 2b¢  3ca" R=H, 65% (3.5 F) 2b¢  3da: 93% (3.5 F) a¢ 3ea: 65% (3.0 F) 24
©\”>< Ac /\/OAC

HN\/\OA HN\/\OAC

ha: 83% (2.
3fa: 73% (3.5 F) 29 3ga: 94% (2.5 F) 3ha: 83% (2.5 F)

3ia: 66% (2.5 F)

(o/p =1/3.2)
OAc
HN—/_
@Eg_/< wPh
S
3ja: 85% (2.5 F) 3ka: 70% (2 5F)¢ 3la: 53% (2.5 F) @9f
. 0O o
aniracetam fenoflbrate
”é
MeO
HN—~onc HN\/\OAC
3ma: 69% (3.5 F) 29 3na: 88% (5.0 F) &9

Figure 2. Electrooxidative coupling of various aromatic dreteroaromatic compounds with
2-methyloxazoline.

Aromatic substratd (0.2 mmol) was oxidized electrochemically in thregence of 0.6 mmol &fain a 0.3 M
solution of LICIQ, in CH;CN at room temperature unless otherwise statedttendesulting solution was treated
with aqg NaHCQ. 1.0 mmol of 2-methyloxazoline was usétl.0 M solution of LiCIQ was used‘The reaction
mixture obtained by the electrolysis was treateth withylenediaming’0.2 M solution of Mg(CIQ), was used.

°0.3 M solution of NaCl@was usedeIectronsis was carried out at 50 °C.
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Regioselectivity of the amination can be predidiesed on the DFT calculatioffs"’
The alkylamines are introduced to the carbon bgarydrogen with the largest coefficient
of the lowest unoccupied molecular orbital (LUMG)te radical cations of the aromatic
substrates (Figure 3).

Figure 3. The lowest unoccupied molecular orbitgisLUMOS) of radical cation of (a)
1a,°% (b) 1b,** (c) 1c (d) 1d, () 1e (f) 1, (g) 1g, (h) 1h, (i) 1i, () 1j, (K) 1k, (1) 1I, (M)
1m, and (n)Ln obtained by DFT calculations.

It is also noteworthy that the hydroxyl group altkad to the alkylamino group in the
products can be used for further transformatioms. dxample, after benzyl protection of
the amino group, the hydroxyl group was successfatinverted to various functional
groups such as tosylate, azide, and cyano grougisoa® in Scheme 3.

Scheme 3Transformation of the hydroxyl group in the alkylamgroup

benzaldehyde Bn\N/\/OH TsCl Bn\N/\/OTs
NaBH(OAc)3 pyridine
DCE, rt, 24 h rt 4h
3aa’ EEE——
98% 74%
5 6

N
Bn\N/\/ N3  N3PO(OPh), acetone cyanohydrin Bn\N/\///

PPhs, DEAD PPh;, DEAD
THF, rt,20h THF, r.t., 24 h
84% 72%

7 8
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Chemical synthesis of mutagens is very importantanfirming their structures and
evaluating their activity. To demonstrate the tytibf the present C—H amination method, a
key intermediat® for the synthesis of a mutagédg isolated from blue cotton-adsorbed
materials in the Nikko River in Japan was synthebitScheme 4% The electrochemical
oxidation ofp-iodoanisole 1¢) in the presence of 2-methyloxazolirga) followed by the
treatment with ethylenediamine gave the correspmndmination produc3ca’. The iodo
group, which was not affected during the electriglygias then successfully converted to
-NHAc group using a copper catalyst to give desi@edThe previous synthesis &
reported in the literatut® requires 6 steps with the overall yield of only Meécause
protection and deprotection steps are necessacpriimast, the present approach provides a
short and straightforward route 10 with the overall yield of 51%.

Scheme 4. Synthesis of mutagen 10

| o) 1) electrooxidative I
amination
or - L
MeO N

2) ethylenediamine

HN
1c NH 23 65% 3ca'\/\OH
2
acetamide 5 equiv Cul 2|0 mol%
g “ 110 °C 0 130 °C pralanne
3P0,
N/‘N’\ N 9% ’ dioxane
H ref 18 N
N
y LT O
MeO 0 -~ MeO
HN HN\/\OH
10 " “OH 9

Conclusion

In summary, an effective method for C-H aminatiohasomatic compounds with
functionalized primary alkylamines via heterocyation was developed based on the
rational reaction design. The method is highly cbeatective and provides a metal- and
chemical-oxidant-free route to tialkylaniline derivatives bearing oxygen and nigng
functionalities in the alkyl group, which can besddor further transformations.
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Experimental Section

General *H and **C NMR spectra were recorded in CR@n Varian MERCURY
plus-400 tH 400 MHz,*C 100 MHz), or JEOL ECA-600P spectrometdt 600 MHz,
13C 150 MHz). Mass spectra were obtained on JEOL SMSL02A mass spectrometer.
Merck precoated silica gel.& plates (thickness 0.25 mm) was used for thin-layer
chromatography (TLC) analysis. Flash chromatograplag carried out on a silica gel
(Kanto Chem. Co., Silica Gel N, spherical, neu#8k100um). Preparative gel permeation
chromatography (GPC) was carried out on Japan Analyindustry LC-918 equipped
with JAIGEL-1H and 2H using CHglas an eluent. All reactions were carried out under
argon atmosphere unless otherwise noted. Unlesrwiie noted, all materials were
obtained from commercial suppliers and used witfiaaber purification.

The anodic oxidation was carried out using an Hetglivided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbc2@HP7, ca. 160 mg, dried at 300 °C/1
mmHg for 4 h before use) and a platinum plate @#h@0 mm x 20 mm). Although we
used the cell of our original design, similar elechemical cells are commercially
available at EC Frontier.,, Inc. and Adams & ChiwemdScientific Glass. Kikusui
PMC350-0.2A was used as a DC power supply for liwtrelysis.

Oxidation potentials of naphthaleria) and 2-methyloxazoline2@) were determined by
rotating-disk electrode (RDE) voltammetry using BAB0C and BAS RRDE-3 rotating
disk electrodes. Measurements of an oxidation pialenf substrate (0.02 M) were carried
out in 0.3 M LiCIGQ/CH3CN using a glassy carbon disk working electrodglainum wire
counter electrode, and an Ag/Aghl@ference electrode with sweep rate of 100 Thifs
3000 rpm.

'H NMR analysis of the cationic intermediate.

In the anodic chamber was placed a solution of thgkne {a) (0.20 mmol) and
2-methyloxazoline4a) (0.6 mmol) in 0.3 M LICIQ/CHsCN (10.0 mL). In the cathodic
chamber were placed trifluoromethanesulfonic adé®O(L) and 0.3 M LICIQ/CH;CN
(10.0 mL).The constant current electrolysis (8.0)m#s carried out at 0 °C with magnetic
stirring. After the electrolysis (2.9), the reaction mixture was transferred to a
round-bottom flask. After removal of the solventden reduced pressure, the cationic
intermediatetawas observed bfH NMR analysis using CfLN as solvent:H NMR (400
MHz, CDCk): & 2.20 (s, 3H), 4.44-4.49 (m, 1H), 4.61-4.69 (m, ,16lP0-5.29 (m, 2H),
7.64-7.79 (m, 3H), 7.77 (d,= 7.2 Hz, 1H), 7.98 (d] = 7.2 Hz, 1H), 8.08 (d] = 8.4 Hz,
1H), 8.16 (dJ = 8.0 Hz, 1H).
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Preparation of heterocycles

2-methyloxazoline Za) was commercially available. 2-methyl-1-tosylimidéne @d),*
2-phenyl-1-tosyl-1,4,5,6-tetrahydro-pyrimidine 2¢),%° and
2-phenyl-4a,5,6,7,8,8a-hexahydro-4H-1,3-benzoxa@f)é" were synthesized according to
the reported literature.

2-methyl-5-phenyloxazoline  (2b). To a 30 mL screw cap tube,
2-hydroxy-2-phenylethylamine (10 mmol), acetor&r{B0 mmol), ZnCGl (1 mmol), and
chlorobenzene (5 mL) were added. The mixture wasedtat 140 °C for 24 h. After
removal of the solvent under reduced pressure,nthéure was extracted with ethyl
acetate/hexane (2/1, 20 mL x 3), and the combinéthas were washed with water (20
mL) and brine (20 mL), and was dried over,8i&. Removal of the solvent under reduced
pressure gave the title compou®d (1.37 g, 85%), which was identified by comparison
with their NMR spectra reported in the literatéfe.

2-phenyl-5,6-dihydro-4H-1,3-oxazine (2c). To a 30 mL screw cap tube,
3-amino-propan-1-ol (30 mmol), benzonitrile (30 nmoznCl, (3 mmol), and
chlorobenzene (15 mL) were added. The mixture wiased at 140 °C for 24 h. After
removal of the solvent under reduced pressure,nthéure was extracted with ethyl
acetate/hexane (2/1, 20 mL x 3), and the combinédhas were washed with water (20
mL) and brine (20 mL), and was dried over,8i@. After removal of the solvent under
reduced pressure, the crude product was purifigd fhash chromatography to obtain the
titte compound2c (2.45 g, 51%), which was identified by compariserh their NMR
spectra reported in the literatifre.

6-hexyl-2-phenyl-5,6-dihydro-4H-1,3-oxazine (2g)To a 100 mL flask, 1-octene (20
mmol), N-(hydroxymethyl)benzamide (15 mmol), acetad (12 mL), and 8O, (2 mL)
were added. The mixture was stirred at 140 °C #oh 2After removal of the solvent under
reduced pressure, water and NaHG@re added to neutralize the mixture. The mixture
was extracted with ethyl acetate/hexane (2/1, 20xn3), and the combined extracts were
washed with water (20 mL) and brine (20 mL), and weed over Ng5O,. After removal

of the solvent under reduced pressure, the crudelupt was purified with flash
chromatography to obtain the title compoudgl (470 mg, 10%)H NMR (400 MHz,
CDCl3): 6 0.91 (t,J = 6.8 Hz, 3H), 1.31-1.77 (m, 11H), 1.91-1.97 (rA}),13.51-3.70 (m,
2H), 4.16-4.22 (m, 1H), 7,33-7.42 (m, 3H), 7.9037@n, 2H); *C NMR (150 MHz,
CDCl): 614.0, 22.6, 24.9, 27.3, 29.2, 31.7, 35.6, 43.08,7426.8, 127.9, 130.1, 134.2,
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155.8; HRMS (ESI): calcd. for [M+H]C1eH24NO, 246.1852; found, 246.1852.
Procedure of the electrooxidative coupling of naplitalene with heterocycles

General procedue of electrolysisin the anodic chamber was placed a solution of
naphthalenel@) (0.20 mmol) and heterocyc®(0.6 or 1.0 mmol) in LICIQCHsCN (0.3

M, 10.0 mL). In the cathodic chamber were placdtloromethanesulfonic acid (150L)

and LiCIQ/CHsCN (0.3 M, 10.0 mL). The constant current electsay(8.0 mA) was
carried out at 0 °C with magnetic stirring. Aftdret electrolysis (2.5), the reaction
mixture was treated with chemical reaction A ormaloal reaction B described as follows.

General procedue of chemical reaction AAfter the electrolysis, the reaction mixture was
transferred to a round-bottom flask. After remoofthe solvent under reduced pressure,
ethyl acetate/hexane (2/1, 10 mLx(H(20 mL) and saturated solution of NaH{ZI@QO (3
mL) were added to the mixture. The mixture wasaetad with ethyl acetate/hexane (2/1,
20 mL x 3), and the combined extracts were wash#dwater (20 mL) and brine (20 mL),
and was dried over N80O,. After removal of the solvent under reduced pressihe crude
product was purified with flash chromatography oeparative GPC to obtain coupling
product3.

General procedue of chemical reaction BAfter the electrolysis, ethylenediamine (1.0
mmol) was added and the reaction mixture was dtiateroom temperature for 10 m. The
reaction mixture was transferred to a round-botfiask and stirred at 70 °C for 3 h. After
removal of the solvent under reduced pressure] atigtate/hexane (2/1, 10 mL), angCH
(20 mL) were added to the mixture. The mixture wasacted with ethyl acetate/hexane
(2/1, 20 mL x 3), and the combined extracts wersh&d with water (20 mL) and brine (20
mL), and was dried over N&O,. After removal of the solvent under reduced pressihe
crude product was purified with flash chromatogsapmir preparative GPC to obtain
coupling producs8.

N-(2-acetoxyethyl)-1-naphthylamine (3aa)Electrooxidative coupling of naphthalene
(1a) and 2-methyloxazoline2é) (0.6 mmol) followed by treatment of chemical réac
A gave the title compoun8aa (34.3 mg, 75%) as pale brown diH NMR (400 MHz,
CDCls): 6 2.13 (s, 3H), 3.57 (1 = 5.6 Hz, 4H), 4.47 (1) = 5.6 Hz, 4H), 6.62 (d] = 7.6
Hz, 1H), 7.27 (d,) = 8.8 Hz, 1H), 7.37 (1) = 7.8 Hz, 1H), 7.45-7.50 (m, 2H) 7.78-7.85
(m, 2H); *C NMR (100 MHz, CDGJ): 521.0, 43.5, 63.0, 104.3, 117.9, 120.0, 123.5,
124.8, 125.8, 126.5, 128.6, 134.3, 142.9, 171.5MBR(ESI): calcd. for [M+H]
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Ci4H16N105, 230.1176; fOUﬂd, 230.1172.

N-(2-hydroxyethyl)-1-naphthylamine (3aa’). Electrooxidative coupling of naphthalene
(1a) and 2-methyloxazoline2é) (0.6 mmol) followed by treatment of chemical réac

B gave the title compoun8aa’ (29.5 mg, 79%) as white solid, which was idendiftey
comparison with their NMR spectra reported in iterature?

N-(2-hydroxy-2-phenylethyl)-1-naphthylamine (3ab’). Electrooxidative coupling of
naphthalenel@) and 2-methyl-5-phenyloxazolin2k) (1.0 mmol) followed by treatment
of chemical reaction B gave the title compowab’ (35.5 mg, 67%) as white solid,
which was identified by comparison with their NMpestra reported in the literatufe.

N-(2-hydroxyethyl)-1-naphthylamine (3ac’). Electrooxidative coupling of naphthalene
(1a) and 2-phenyl-5,6-dihydro-4H-1,3-oxazirc) (0.6 mmol) followed by treatment of
chemical reaction B gave the title compo8at’ (29.6 mg, 74%) as white solid, which
was identified by comparison with their NMR speatported in the literatur@.

N-acetyl-N-(2-tosylamidethyl)-1-naphthylamine (3ad). Electrooxidative coupling of
naphthalenel@) and 2-methyl-1-tosylimidazolin2d) (0.6 mmol) followed by treatment
of chemical reaction A gave the title compowat’ (48.7 mg, 64%) as white soltél
NMR (400 MHz, CDCY¥): & 1.73 (s, 3H), 2.42 (s, 3H), 3.11-3.28 (m, 3H),844246 (m,
1H), 5.87 (tJ = 5.0 Hz, 1H), 7.07 (d] = 7.2 Hz, 1H), 7.29 (d] = 8.4 Hz, 2H), 7.43 (1]

= 7.8 Hz, 1H), 7.53-7.57 (m, 2H), 7.68-7.72 (m, 1A)5 (d,J = 8.4 Hz, 2H), 7.88 (d]

= 8.4 Hz, 1H), 7.92-7.95 (m, 1H¥*C NMR (150 MHz, CDG)): 521.4, 22.1, 42.5,
47.6, 121.8, 125.7, 126.5, 126.8, 127.1, 127.7,8.289.2, 129.6, 129.6, 134.8, 136.9,
138.1, 143.2, 173.2; HRMS (ESI): calcd. for [M+#HT,1H23N0sS, 383.1424; found,
383.1412.

N-(2-tosylamidethyl)-1-naphthylamine  (3ad’). Electrooxidative coupling of
naphthalenel@) and 2-methyl-1-tosylimidazolin2d) (0.6 mmol) followed by treatment
of chemical reaction B gave the title compo@ad’ (54.3 mg, 80%) as white solidH
NMR (400 MHz, CDCY): & 2.33 (s, 3H), 3.24-3.29 (m, 2H), 3.33-3.37 (m, 2HY7 (s.
1H), 5.35 (s, 1H) 6.44 (dl = 7.2 Hz, 1H), 7.14 (d] = 8.0 Hz, 2H), 7.21-7.28 (m, 2H)
7.36-7.48 (m, 2H), 7,71 (d} = 8.0 Hz, 2H), 7.76-7.80 (m, 2H}°C NMR (100 MHz,
CDCly): 621.4, 41.9, 43.3, 104.1, 117.7, 120.1, 123.5, 12¥28.8, 126.9, 128.4, 129.7,
134.2, 136.4, 142.6, 143.5; HRMS (ESI): calcd. fir-H] " CigH21N,0,S, 341.1318;
found, 341.1313.
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N-benzyl-N-(2-tosylamidpropyl)-1-naphthylamine (3ae).Electrooxidative coupling of
naphthalene 1@ and 2-phenyl-1-tosyl-1,4,5,6-tetrahydro-pyrimiglir2e) (0.6 mmol)
followed by treatment of chemical reaction A gahe title compoundae (82.1 mg,
90%) as white solid'H NMR (400 MHz, CDCJ): 5 2.41 (s, 3H), 2.61-2.76 (m, 2H), 3.99
(d,J=10.4 Hz, 1H), 4.55-4.72 (m, 2H), 4.88-4.94 () .73-6.80 (m, 2H), 6.99-7.02
(m, 3H), 7.22-7.29 (m, 3H), 7.40 (d,= 8.4 Hz, 2H), 7.50-7.53 (m, 1H), 7.64-7.69 (m,
3H), 7.77 (d,J = 8.4 Hz, 1H), 7.82 (dJ = 7.6 Hz, 1H);"*C NMR (100 MHz, CDGJ):
020.6, 21.9, 45.3, 52.6, 120.0, 125.6, 125.8, 1262K.9, 126.9. 127.0, 127.3, 127.9,
128.4,128.5,129.1, 130.2, 130.3, 130.4, 131.3,00333.8, 136.4, 147.0, 166.6; HRMS
(ESI): calcd. for [M—OH] C7H2sN20,S;, 441.1631; found, 441.1629.

2-((naphthalen-1-ylamino)methyl)cyclohexan-1-ol (3. Electrooxidative coupling of
naphthalene 1@) and 2-phenyl-4a,5,6,7,8,8a-hexahydro-4H-1,3-beaizioe @f) (0.6
mmol) followed by treatment of chemical reactiorg®ve the title compoungaf’ (33.3
mg, 65%) as pale brown ot NMR (400 MHz, CDCJ): 8 1.22-1.39 (m, 1H), 1.42-1.84
(m, 7H), 1.87-1.99 (m, 1H), 3.27 (ddi= 5.2, 12.4 Hz, 1H), 3.44 (dd,= 7.6, 12.4 Hz,
1H), 4.12-4.15 (m, 1H), 6.65 (d,= 7.6 Hz, 1H), 7.25 (d] = 8.0 Hz, 1H), 7.34-7.39 (m,
1H) 7.41-7.46 (m, 2H), 7,77-7.85 (m, 2HYC NMR (100 MHz, CDGQ): 520.6, 25.0,
25.3, 33.0, 40.2, 46.8, 69.0, 104.4, 117.2, 1211G,6, 124.6, 125.7, 126.6, 128.6, 134.3,
143.7; HRMS (ESI): calcd. for [M+H]C17H22NO, 256.1696; found, 256.1689.

N-(3-hydroxynonyl)-1-naphthylamine (3ag’).Electrooxidative coupling of naphthalene
(1@ and 6-hexyl-2-phenyl-5,6-dihydro-4H-1,3-oxazin2g)( (0.6 mmol) followed by
treatment of chemical reaction B gave the title pound3ag’ (48.5 mg, 85%) as white
solid. 'H NMR (400 MHz, CDCY): & 0.90-0.95 (m, 3H), 1.31-1.56 (m, 10H), 1.80-1.87
(m, 1H), 1.91-1.98 (m, 1H), 3.34-3.49 (m, 2H), 3889 (m, 1H), 6.64 (d] = 7.2 Hz,
1H), 7.27 (dJ = 8.4 Hz, 1H), 7.35-7.49 (m, 3H), 7.78-7.84 (h% 2H); **C NMR (100
MHz, CDCk): §14.1, 22.6, 25.5, 29.3, 31.8, 35.7, 37.9, 42.2),7204.4, 117.4, 120.0,
123.6, 124.6, 125.6, 126.6, 128.5, 134.2, 143.6MBR(ESI): calcd. for [M+H]
CigH2gNO, 286.2165; found, 286.2162.

Preparation of aromatic substrates.

o-lodoanisole 1b), p-iodoanisole 1c), methyl p-anisate 1d), p-cyanoanisole 1),
p-tert-butylanisole {g), phenanthrenel{), 9,9-dimethylfluorenel(), aniracetamim), and
fenofibrate tn) were purchased from commercial supplier.
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N,N-dimetyl-4-methoxybenzamideld)?’ and 2-methyl-2-phenoxy-1-phenyl-propan-1-one
(1h)?® were synthesized according to the reported liteeat

2-methoxycarbonyl-1-phenylindole (k). To a 300 mL flask, methyl
1H-indole-2-carboxylate (5 mmol), bromobenzene (@Mol), Cul (3 mmol), KPO, (8
mmol), N,N’-dimethylethylenediamine (6 mmol), and toluene (BD) were added. The
mixture was stirred at 120 °C for 24 h. After remloef the solvent under reduced pressure,
the crude product was purified with flash chromaaphpy to obtain the title compourid
(460 mg, 37%) as white solitH NMR (400 MHz, CDCJ): & 3.78(s, 3H), 7.10 (d] = 8.4
Hz, 1H), 7.20 (tJ = 7.0 Hz, 1H), 7.28 (t) = 7.2 Hz, 1H), 7.33-7.36 (m, 2H), 7.45 (s, 1H),
7.46-7.55 (m, 3H), 7.74 (d, = 8.0 Hz, 1H);*C NMR (150 MHz, CDGJ): 551.6, 111.5,
111.5, 121.2, 122.4, 125.5, 126.1, 128.0, 128.8,6,2129.0, 138.4, 140.6, 161.7; HRMS
(ES): calcd. for [M+H] Ci6H14NO>, 252.1019; found, 252.1014.

2-phenylbenzop]thiophene (1l). To a 100 mL flask, benzbfthiophene-2-bronic acid (2.8
mmol), iodobenzene (2.7 mmol), Pd(BRI0.2 mmol), NaCO; (11 mmol), toluene (7.5
mL), H,O (7.5 mL), and EtOH (10 mL) were added. The mixtuas refluxed for 24 h.
The mixture was extracted with ethyl acetate/hex@it, 20 mL x 3), and the combined
extracts were washed with water (20 mL) and br@ L), and was dried over b&0u.
After removal of the solvent under reduced pressilme crude product was purified with
flash chromatography to obtain the title compodh®30 mg, 76%) as white solid, which
was identified by comparison with their NMR specatported in the literatur@.

Procedure of the electrooxidative coupling of aromigcs with 2-methyloxazoline

General procedue.ln the anodic chamber was placed a solution of atentcompoundl
(0.20 mmol) and 2-methyloxazolin2d) (0.6 or 1.0 mmol) in electrolyte/GBN (0.3 M or
1.0 M, 10.0 mL). In the cathodic chamber were pdacéluoromethanesulfonic acid (150
pL) and electrolyte/CECN (0.3 M or 1.0 M, 10.0 mL). The constant currefgctrolysis
(8.0 mA) was carried out at room temperature oPGOnith magnetic stirring. After the
electrolysis (2.5-5.(F), the reaction mixture was treated with chemiection A or
chemical reaction B as described before.

N-(2-acetoxyethyl)-3-iodo-4-methoxyaniline (3ba)Electrooxidative coupling (3.0 F, r.t.,
1.0 M solution of LICIQ) of o-iodoanisole {b) and 2-metyloxazoline2@) (1.0 mmol)
followed by treatment of chemical reaction A gale title compoun@®ba (51.4 mg, 77%)
as pale brown oil"H NMR (400 MHz, CDCY): & 2.07 (s, 3H), 3.31 (t) = 5.2 Hz, 2H),
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3.78 (s, 3H), 4.24 (1) = 5.4 Hz, 2H), 6.60 (dd] = 2.8, 8.4 Hz, 1H), 6.70 (d,= 8.4 Hz,
1H), 7.09 (dJ = 2.8 Hz, 1H);**C NMR (100 MHz, CDGJ): 520.9, 43.5, 57.1, 63.0, 87.0,
112.5, 113.9, 124.0, 143.0, 151.0, 171.0; HRMS XE&llcd. for [M+H] CpiH1sIN20s,
336.0091; found, 336.0081.

N-(2-hydroxyethyl)-3-iodo-4-methoxyaniline (3ba’). Electrooxidative coupling (3.0 F,
r.t., 1.0 M solution of LiCIQ) of o-iodoanisole Ib) and 2-metyloxazoline2@) (1.0 mmol)
followed by treatment of chemical reaction B gdwe title compoun@ba’ (43.7 mg, 75%)
as white solid'H NMR (400 MHz, CDGJ): & 3.20 (t,J = 5.0 Hz, 6H), 3.73-3.80 (m, 5H),
6.61 (dd,J =2.8, 8.8 Hz, 1H), 6.70 (d,= 8.8 Hz, 1H), 7.10 (d] = 2.8 Hz, 1H)*C NMR
(100 MHz, CDC}): 646.8, 57.1, 61.0, 87.0, 112.5, 114.4, 124.3, 14B#H.1; HRMS
(ESI): calcd. for [M+H] CoH13INO, 293.9985; found, 293.9976.

N-(2-acetoxyethyl)-3-iodo-6-methoxyaniline (3ca)Electrooxidative coupling (3.0 F, r.1
1.0 M solution of LiCIQ) of o-iodoanisole 1¢) and 2-metyloxazoline2@) (1.0 mmol)
followed by treatment of chemical reaction A gake titte compoun®ca (47.3 mg, 71%)
as pale brown oil"H NMR (400 MHz, CDCY): & 2.08 (s, 1H), 3.37 (t) = 5.4 Hz, 2H),
3.81 (s, 3H), 4.27 () = 5.6 Hz, 2H), 6.49 (d] = 8.0 Hz, 1H), 6.86 (d] = 2.0 Hz, 1H),
6.96 (dd,J = 2.0, 8.0 Hz, 1H)**C NMR (100 MHz, CDGJ): 520.9, 42.3, 55.5, 63.0, 83.9,
111.3, 118.1, 125.4, 139.1, 146.7, 171.0; HRMS YE&llcd. for [M+H] CyiH1sIN,Os,
336.0091; found, 336.0082.

N-(2-hydroxyethyl)-3-iodo-6-methoxyaniline (3ca’). Electrooxidative coupling (3.0 F,
r.t., 1.0 M solution of LiCIQ) of o-iodoanisole 1c) and 2-metyloxazoline2@) (1.0 mmol)
followed by treatment of chemical reaction B gawe title compoun@ca’ (38.2 mg, 65%)

as white solid'H NMR (400 MHz, CDCJ): & 3.28 (t,J = 5.2 Hz, 2H), 3.81 (s, 3H), 3.84 (t,
J=5.2 Hz, 2H), 4.53 (s, 1H), 6.49 @@= 8.0 Hz, 1H), 6.87 (s, 1H), 6.97 (dilF 2.0, 8.0
Hz, 1H);*C NMR (100 MHz, CDGJ): 545.5, 55.5, 61.0, 84.0, 111.3, 118.3, 125.4, 149.5,
146.9; HRMS (ESI): calcd. for [M+H]CgH13INO,, 293.9985; found, 293.9977.

N-(2-acetoxyethyl)-2-methoxy-5-methoxycarbonylanilie  (3da).  Electrooxidative
coupling (3.5 F, r.t.,, 0.2 M solution of Mg(Clp) of methyl p-anisate 1d) and
2-metyloxazoline Za) (1.0 mmol) followed by treatment of chemical réac A gave the
title compound3da (49.7 mg, 93%) as pale brown soltti NMR (400 MHz, CDCY): &
2.07 (s, 3H), 3.46 (4 = 5.6 Hz, 2H), 3.86 (s, 3H), 3.89 (s, 3H), 4.30(t 5.6 Hz, 2H),
4.49, (s, 1H), 6.76 (dl = 8.0 Hz, 1H), 7.26 (d] = 2.4 Hz, 1H), 7.43 (dd] = 2.4, 8.0 Hz,
1H); **C NMR (100 MHz, CDGJ): 520.8, 42.4, 51.7, 55.5, 63.1, 108.5, 110.2, 119.7,
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122.9, 137.2, 150.5, 167.3, 171.0; HRMS (ESI): @afor [M+H]" Cy3H1gNOs, 268.1179;
found, 268.1175.

N-(2-acetoxyethyl)-3-dimethylaminocarbonyl-6-methoxgniline (3ea). Electrooxidative
coupling (3.0 F, r.t., 0.2 M solution of Mg(Clp) of N,N-dimethylp-methoxybenzamide
(1e) and 2-metyloxazoline2g) (1.0 mmol) followed by treatment of chemical reac A
gave the title compoundea (36.2 mg, 65%) as pale brown solfti NMR (400 MHz,
CDCl): 6 2.06 (3, 3H), 3.02 (br, 6H), 3.40 &= 5.4 Hz, 2H), 3.84 (s, 3H), 4.26 {t= 5.4
Hz, 2H), 4.49 (s, 1H), 6.67 (d,= 1.2 Hz, 1H) 6.68-6.75 (m, 2H}°C NMR (100 MHz,
CDCl): 620.8, 35.4, 39.7, 42.2, 55.5, 62.9, 108.5, 10818.2, 128.9, 137.3, 147.7,
171.0, 172.1; HRMS (ESI): calcd. for [M+HT14H21N,04, 281.1496; found, 281.1492.

N-(2-acetoxyethyl)-3-cyano-6-methoxyaniline (3fa)Electrooxidative coupling (3.5 F,
r.t.,, 0.2 M solution of Mg(Cl@),) of p-cyanoanisole1f) and 2-metyloxazoline2g) (1.0
mmol) followed by treatment of chemical reactiogéve the title compourgfa (34.0 mg,
73%) as pale brown oitH NMR (400 MHz, CDCY): & 2.08 (s, 3H), 3.37-3.42 (m, 2H),
3.89 (s, 3H), 4.29 (1) = 5.6, Hz, 1H), 4.63 (s, 1H), 6.75 @=8.0 Hz, 1H), 6.76 (s, 1H)
7.01 (dd,J = 1.6, 8.0 Hz, 1H)!*C NMR (100 MHz, CDGJ): 520.9, 42.2, 55.7, 62.7,
104.2, 109.2, 111.3, 120.0, 122.2, 138.0, 150.0,&7HRMS (ESI): calcd. for [M+H]
Ci12H15N2035, 235.1077; found, 235.1073.

N-(2-acetoxyethyl)-2-methoxy-Sert-butylaniline (3ga). Electrooxidative coupling (2.5
F, rt., 0.3 M solution of LiCIg) of p-tert-butylanisole {g) and 2-metyloxazoline2g)
(2.0 mmol) followed by treatment of chemical reawtiA gave the title compoun8ga
(49.9 mg, 94%) as pale brown oiH NMR (400 MHz, CDCJ): & 1.31 (s, 9H), 2.09 (s,
3H), 3.45 (tJ = 5.6 Hz, 2H), 3.84 (s, 3H), 4.32 Jt= 5.6 Hz, 2H), 6.72 (m, 3H}*C NMR
(100 MHz, CDCY): 620.9, 31.5, 34.3, 42.6, 55.4, 63.2, 107.7, 10913,4, 136.9, 144.1,
144.9, 171.1; HRMS (ESI): calcd. for [M+HT1sH24NOs, 266.1751; found, 266.1740.

N-(2-acetoxyethyl)-2-(1-benzoyl-1-methylethoxy)anitie (3haytho) and
N-(2-acetoxyethyl)-4-(1-benzoyl-1-methylethoxy)aniie  (3hgaa). Electrooxidative
coupling (2.5 F, r.t., 0.3 M solution of LICKp  of
2-methyl-2-phenoxy-1-phenyl-propan-1-onthY and 2-metyloxazoline2g) (0.6 mmol)
followed by treatment of chemical reaction A galie title compound8hay o (13.6 mg,
20%) and3haya (43.7 mg, 64%) as pale brown oiBhagm,: 'H NMR (400 MHz,
CDCl): & 1.17 (s, 3H), 1.26 (s, 3H), 1.99 (s, 3H), 3.29 XHl), 3.30-3.38 (m, 1H),
3.50-3.58 (m, 1H), 4.17-4.35 (m, 2H), 6.78 (ddd; 1.6, 7.6, 7.6 Hz, 1H), 6.88-6.91 (m,
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2H), 6.95-6.99 (m, 1H), 7.31-7.38 (m, 3H), 7.52, (@H); °C NMR (100 MHz, CDGJ):
520.9, 22.9, 23.0, 45.2, 62.6, 78.5, 113.2, 11718, 1, 122.4, 127.7,128.0, 128.1, 128.2,
134.7, 139.4, 142.2, 171.0; HRMS (ESI): calcd. ffdr-Na]® CooH2sNOsNa, 364.1519;
found, 364.15108haua: *H NMR (400 MHz, CDCY): 8 1.61 (s, 6H), 2.04 (s, 3H), 3.28 (t,
J=5.4Hz, 2H), 4.22 (t) = 5.4 Hz, 2H), 6.45 (d] = 8.8 Hz, 2H), 6.64 (d] = 8.8 Hz, 2H),
7.41 (t,J= 7.8 Hz, 2 H), 7.50 () = 7.8 Hz, 1 H), 8.35 (d] = 7.8 Hz, 2 H)}*C NMR (100
MHz, CDCk): $20.8, 25.8, 43.4, 63.1, 85.0, 113.6, 121.0, 12832.8, 143.1, 147.2,
171.1, 202.6; HRMS (ESI): calcd. for [M+Nal20H,sNO4Na, 364.1519; found, 364.1509.

N-(2-acetoxyethyl)-9-phenanthrylamine (3ia)Electrooxidative coupling (2.5 F, r.t., 0.3
M solution of LiCIQy) of phenanthrenel() and 2-metyloxazoline2g) (1.0 mmol) followed

by treatment of chemical reaction A gave the ttenpound3ia (36.7 mg, 66%) as white
solid. '"H NMR (400 MHz, CDGJ): & 2.15 (s, 3H), 3.64 ({] = 5.4 Hz, 2H), 453 () = 5.4
Hz, 2H), 4.73 (s 1H), 6.78 (s, 1H), 7.42 Jt= 7.0 Hz, 1H), 7.51 (tJ = 7.4 Hz, 1H),
7.63-7.73 (m, 3H), 7.92 (d,= 6.0 Hz, 1H), 8.55 (d] = 8.4 Hz, 1H), 8.71 (d] = 7.6 Hz,
1H); *C NMR (100 MHz, CDGJ): 521.0, 43.5, 63.0, 102.1, 120.3, 122.3, 123.0, 123.4
125.3, 125.4, 126.3, 126.6, 126.6, 126.9, 131.8,413140.7, 171.6; HRMS (ESI): calcd.
for [M+H] " C1gH1sNO,, 280.1332; found, 280.1334.

N-(2-acetoxyethyl)-9,9-dimethyl-2-fluorenylamine (3). Electrooxidative coupling (2.5
F, r.t.,, 0.3 M solution of LiCIg) of 9,9-dimethylfluorenel) and 2-metyloxazoline2g)
(2.0 mmol) followed by treatment of chemical reawtiA gave the title compoungja
(50.1 mg, 85%) as white solitH NMR (400 MHz, CDCY): & 1.47 (s, 6H), 2.11 (s, 3H),
3.49 (br, 2H), 4.07 (br, 1H), 4.35 &= 5.6 Hz, 2H), 6.62 (d] = 7.6 Hz, 1H), 6.73 (s, 1H),
7.22 (t,J=7.2 Hz, 1H), 7.30 (dij = 1.2, 7.4 Hz, 1H), 7.38 (d,= 7.6 Hz, 1H), 7.55 (dl =
8.4 Hz, 1H), 7.59 (dJ = 7.6 Hz, 1H);**C NMR (100 MHz, CDGJ): 520.9, 27.3, 43.2,
46.6, 63.2, 107.1, 111.7, 118.6, 120.9, 122.2,412526.8, 129.6, 139.6, 147.5, 152.6,
155.5, 171.1; HRMS (ESI): calcd. for [M+HT1eH2:N10,, 296.1645; found, 296.1637.

3-(2-acetoxyethylamino)-2-methoxycarbonyl-1-phenylidole (3ka). Electrooxidative
coupling (2.5 F, r.t., 0.3 M solution of NaCJf 2-methoxycarbonyl-1-phenylindo(&k)
and 2-metyloxazoline2@) (1.0 mmol) followed by treatment of chemical réac A gave
the title compoun@ka (49.3 mg, 70%) as pale brown softtl NMR (400 MHz, CDCJ):

0 2.03 (s, 3H), 3.62 (s, 3H), 3.93 Jt= 5.4 Hz, 2H), 4.35 (1] = 5.4 Hz, 2H), 6.51 (br, 1H),
7.05 (t,J = 8.8 Hz, 2H), 7.22-7.28 (m, 3H), 7.35-7.39 (m,)1A46 (t,J = 7.4 Hz, 2H),
7.87 (d,J = 7.6 Hz, 1H);"*C NMR (100 MHz, CDGJ): 520.8, 45.2, 50.7, 63.8, 111.2,
111.6, 118.6, 119.4, 122.0, 126.9, 127.1, 127.8,7120139.7, 139.9, 140.2, 163.3, 171.0;
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HRMS (ESI): calcd. for [M+H] CaH21N204, 353.1496; found, 353.1493.

3-(2-acetoxyethylamino)-2-methoxycarbonyl-1-phenylidole  (3la). Electrooxidative
coupling (2.5 F, r.t.,, 0.3 M solution of NaCJOof 2-phenylbenzdd]thiophene(1l) and
2-metyloxazoline Za) (1.0 mmol) followed by treatment of chemical réac A gave the
titte compound3la (32.7 mg, 53%) as pale brown solitH NMR (400 MHz, CDCJ): &
1.93 (s, 3H), 3.39 ( = 5.2 Hz, 2H), 4.08 (1) = 5.2 Hz, 2H), 4.15 (br, 1H), 7.33-7.42 (m,
3H), 7.46 (tJ = 7.6 Hz, 2H), 7.62 (d] = 6.8 Hz, 2H), 7.72 (d] = 6.4 Hz, 1H) 7.79 (d] =

8.0 Hz, 1H);**C NMR (100 MHz, CDGJ): 520.7, 47.0, 63.6, 120.9, 122.7, 123.7, 124.0,
124.6, 127.6, 128.8, 129.0, 134.0, 135.6, 136.0,713170.9; HRMS (ESI): calcd. for
[M+H]" C1gH1gNO,S, 312.1053; found, 312.1045.

(2-acetoxyethylamino)aniracetam (3ma)Electrooxidative coupling (3.5 F, r.t., 0.2 M
solution of Mg(ClQ),) of aniracetanim and 2-metyloxazoline2g@) (1.0 mmol) followed
by treatment of chemical reaction A gave the ttenpound3ma (44.1 mg, 69%) as pale
brown solid."H NMR (400 MHz, CDCJ): & 2.07-2.15 (m, 5H), 2.59 (8 = 8.0 Hz, 2H),
3.41 (t,J = 5.6 Hz, 2H), 3.88 (s, 3H), 3.91 {t= 7.2 Hz, 2H), 4.28 (1] = 5.8 Hz, 2H), 6.74
(d,J = 8.0 Hz, 1H), 6.95 (d] = 1.6 Hz, 1H), 7.06 (dd] = 1.6, 8.0 Hz, 1H)**C NMR (100
MHz, CDCk): 617.7, 20.9, 33.4, 42.4, 46.9, 55.5, 62.9, 108,0,4,1120.0, 126.6, 136.9,
150.2, 170.8, 171.0, 174.6; HRMS (APCI): calcd. fyr+H]" CieH21N,0s, 321.1145;
found, 321.1437.

(2-acetoxyethylamino)fenofibrate (3na).Electrooxidative coupling (5.0 F, r.t., 0.2 M
solution of Mg(CIQ),) of aniracetanin and 2-metyloxazoline2@) (1.0 mmol) followed
by treatment of chemical reaction A gave the tbenpound3na (81.7 mg, 88%) as pale
brown solid.*H NMR (400 MHz, CDCJ): 8 1.22 (d,J = 6.0 Hz, 6H), 1.64 (s, 6H), 2.07 (s,
3H), 3.45 (tJ = 5.4 Hz, 2H), 4.30 (1) = 5.4 Hz, 2H), 5.08 (segd,= 6.2 Hz, 1H), 6.66 (d]

= 8.4 Hz, 1H), 6.95 (dd] = 2.0, 8.8 Hz, 1H), 7.13 (d,= 2.0 Hz,1H), 7.42 (d] = 8.4 Hz,
2H), 7.70 (dJ = 8.4 Hz, 2H);*C NMR (100 MHz, CDGCJ): 520.8, 21.5, 42.4, 62.8, 69.3,
80.2, 111.0, 115.2, 120.2, 128.3, 131.1, 131.5,613638.1, 140.0, 146.4, 171.0, 173.1,
194.9; HRMS (ESI): calcd. for [M+H]C24H2cCINOOs, 462.1678; found, 462.1668.

DFT calculations.

DFT calculations were performed with the Gauss@pi@grant®
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Cartesian coordinates (A) of the optimized struetiar the radical cation of naphthalene
(1a) (D, symmetry) calculated at the UB3LYP/6-31G(d) I€¥el.

Atom X Y Z Atom X Y Z

0.000000 0.716377 0.000000 -1.236176 -1.402353 0.000000
0.000000 -0.716377 0.000000 1.243374 -2.488976 0.000000
1.236176 -1.402353 0.000000 3.389914 -1.242832 0.000000
2.452416 -0.696227 0.000000 3.389914 1.242832 0.000000
2.452416 0.696227 0.000000 1.243374 2.488976 0.000000
1.236176 1.402353 0.000000 -1.243374 2.488976 0.000000
-1.236176 1.402353 0.000000 -3.389914 1.242832 0.000000
-2.452416 0.696227 0.000000 -3.389914 -1.242832 0.000000
-2.452416 -0.696227 0.000000 -1.243374 -2.488976 0.000000

OO0O0O0O000O00 00
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Cartesian coordinates (A) of the optimized struetior the radical cation af-iodoanisole
(1b) (Cs symmetry) calculated at the UB3LYP/3-21G(d) lefI.

Atom X Y VA Atom X Y VA

C -2.872644 0.147704 0.000000 H -4,288220 -1.447612 0.000000
C -3.239187 -1.178925 0.000000 H -2.568054 -3.246606 0.000000
C -2.255364 -2.210174 0.000000 H -0.158123 -2.676815 0.000000
C -0.905117 -1.894417 0.000000 H -1.258076 3.784621 0.000000
C -0.504828 -0.552510 0.000000 H -2.555911 2.930476 -0.903150
C -1.503043 0.499657 0.000000 H -2.555911 2.930476 0.903150
C -1.941643 2.939445 0.000000 0] -1.037958 1.749298 0.000000
H -3.628266 0.920650 0.000000 I 1.513787 -0.029042 0.000000

Cartesian coordinates (A) of the optimized struetior the radical cation gi-iodoanisole
(10) (Cs symmetry) calculated at the UB3LYP/3-21G(d) lef?l.

Atom X Y VA Atom X Y VA

C -0.847198 -0.903105 0.000000 H -0.955713 -3.028462 0.000000
C -0.303857 -2.166035 0.000000 H 3.025030 -1.336763 0.000000
C 1.109289 -2.327959 0.000000 H 2.053673 0.955354 0.000000
C 1.955524 -1.175472 0.000000 H 1.809586 -5.548155 0.000000
C 1.412381 0.084152 0.000000 H 0.406069 -4.885318 0.903161
C 0.000000 0.240245 0.000000 H 0.406069 -4.885318 -0.903161
C 1.015453 -4.805898 0.000000 (0] 1.743726 -3.501470 0.000000
H -1.921375 -0.775060 0.000000 I -0.845711 2.147923 0.000000

Cartesian coordinates (A) of the optimized struetéor the radical cation of methyl
p-anisate 1d) (Cs symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y VA Atom X Y VA

C 1.233561 -1.401022 0.000000 H -2.154864 0.541779 0.000000
C -0.018457 -2.115364 0.000000 H 2.162007 0.529463 0.000000
C -1.263587 -1.410928 0.000000 H -0.623276 -5.309803 0.000000
C -1.239288 -0.040444 0.000000 H -1.642265 -4.141818 0.902978
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0.000000 0.670120 0.000000
1.233138 -0.028468 0.000000
-0.078600 2.170937 0.000000
-1.050787 -4.309638 0.000000
1.150441 4.186967 0.000000
2.148923 -1.983643 0.000000
-2.203930 -1.949130 0.000000

-1.642265 -4.141818 -0.902978
2.205464 4.453509 0.000000
0.647767 4.562647 -0.893340
0.647767 4.562647 0.893340
0.100011 -3.417696 0.000000
1.126712 2.733694 0.000000
-1.144705 2.751903 0.000000

I TOOO0OO0OO0
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Cartesian coordinates (A) of the optimized struetuior the radical cation of
N,N-dimethylp-mehtoxybenzamide 1) (C; symmetry) calculated at the
UB3LYP/6-31G(d) level.

Atom X Y z Atom X Y z

C 1.493505 -1.139806 -0.840423 H -0.512103 -1.601821 -1.410279
C 2.348426 -0.237764 -0.131548 H 5.575939 -0.196302 0.255305
C 1.803509 0.884488 0.548041 H 4613119 1.296479 0.031246
C 0.443765 1.090296 0.511635 H 4443753 0.325768 1.540465
C -0.416556 0.163891 -0.143385 H -4.784880 -0.644542 -0.501573
C 0.137363 -0.926713 -0.862294 H -4.743662 0.410560 0.936216
C -1.865342 0.506413 -0.244929 H -4.256294 1.053119 -0.657134
C 4.625914 0.292140 0.462891 H -1.601457 -1.567167 1.279521
C -4.250033 0.174969 -0.011784 H -3.069553 -2.299256 0.583498
C -2.662535 -1.412294 1.080031 H -3.182597 -1.272249 2.033174
H 1.951358 -1.980982 -1.350033 N -2.860926 -0.230199 0.241463
H 2.445630 1.580700 1.073648 0] 3.631462 -0.537210 -0.182582
H 0.010716 1.961254 0.991974 0] -1.982910 1.558724 -0.905627

Cartesian coordinates (A) of the optimized struzfor the radical cation gf-cyanoanisole
(1f) (Cs symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y z Atom X Y Z

C 0.000000 1.244651 0.000000 H 2.137348 1.215689 0.000000
C 1.224406 0.629485 0.000000 H 0.227972 -2.685465 0.000000
C 1.315743 -0.800465 0.000000 H -2.014904 -1.569048 0.000000
C 0.137607 -1.604632 0.000000 H -3.785340 2.382713 0.000000
C -1.090994 -1.000324 0.000000 H -2.290290 2.788979 0.903741
C -1.181790 0.435391 0.000000 H -2.290290 2.788979 -0.903741
C 2.589820 -1.413261 0.000000 N 3.644728 -1.916755 0.000000
C -2.698897 2.330998 0.000000 0] -2.400322 0.904820 0.000000
H -0.070386 2.325812 0.000000

Cartesian coordinates (A) of the optimized struetuior the radical cation of
p-tert-butylanisole {g) (Cs symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z
C -0.901684 -1.488752 0.000000 H -2.089543 0.262572 0.000000
C 0.426874 -2.007885 0.000000 H -1.283239 3.713225 1.262280
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1.546631 -1.111501 0.000000
1.339634 0.244500 0.000000
0.024677 0.793137 0.000000
-1.078923 -0.129524 0.000000
-0.246612 2.284248 0.000000
-1.078923 2.637728 1.268944
-1.078923 2.637728 -1.268944
-0.274617 -4.323423 0.000000
1.041187 3.128315 0.000000
-1.756616 -2.154462 0.000000
2.542287 -1.543016 0.000000
2.196558 0.906042 0.000000

-0.527334 2.401250 2.184437
-2.041708 2.118752 1.301045
-1.283239 3.713225 -1.262280
-2.041708 2.118752 -1.301045
-0.527334 2.401250 -2.184437
0.285746 -5.255968 0.000000
-0.886135 -4.244219 -0.902121
-0.886135 -4.244219 0.902121
0.775703 4.189272 0.000000
1.652780 2.947635 -0.890728
1.652780 2.947635 0.890728
0.737651 -3.283143 0.000000
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Cartesian coordinates (A) of the optimized struetuior the radical cation of
2-methyl-2-phenoxy-1-phenyl-propan-1-onelh (C; symmetry) calculated at the
UB3LYP/3-21G(d) level.

Atom X Y z Atom X Y Z

C 3.384449 0.231135 -1.081219 H 1.535088 -0.292638 1.800022
C 2.302767 0.352427 -0.147468 H 3.410372 -1.825097 2.237147
C 2.330067 -0.395913 1.076282 H 5.256981 -2.052430 0.588943
C 3.384733 -1.249197 1.318013 H 5.235857 -0.736136 -1.528465
C 4.431805 -1.377894 0.382538 H -0.934794 2.428880 1.602177
C 4.422370 -0.629124 -0.818484 H 0.822677 2.526666 1.604323
C 0.025100 1.354100 -0.027517 H 0.003880 1.053001 2.174836
C -0.609417 -0.084248 -0.211561 H -0.038288 3.322642 -0.909356
C -0.022760 1.853790 1.432166 H -0.454666 2.017731 -2.040837
C -0.567545 2.370571 -1.012212 H -1.626663 2.538755 -0.818565
C -2.071001 -0.307568 -0.099789 H -1.837442 -2.271281 -0.958326
C -2.544868 -1.558948 -0.548871 H -4.250696 -2.830400 -0.829733
C -3.896630 -1.868305 -0.472734 H -5.853160 -1.185378 0.126522
C -4,796451 -0.942716 0.064673 H -5.034416 1.009574 0.951366
C -4.338314 0.294140 0.524936 H -2.662503 1.577954 0.814732
C -2.987065 0.616408 0.438870 (0] 1.401595 1.250778 -0.497979
H 3.337917 0.825197 -1.987305 (0] 0.149207 -1.008152 -0.468673

Cartesian coordinates (A) of the optimized struetior the radical cation of phenanthrene
(1i) (C,y symmetry) calculated at the UB3LYP/3-21G(d) level.

Atom X Y VA Atom X Y VA

C 0.000000 1.502357 -1.562590 C 0.000000 -3.587786 -0.282385
C 0.000000 0.732741 -0.397179 C 0.000000 -2.904641 -1.508458
C 0.000000 -0.732741 -0.397179 H 0.000000 1.233832 3.008759
C 0.000000 -1.502357 -1.562590 H 0.000000 -1.233832 3.008759
C 0.000000 1.429851 0.860687 H 0.000000 3.466060 -2.437933
C 0.000000 0.700524 2.062221 H 0.000000 4.672233 -0.259485
C 0.000000 -0.700524 2.062221 H 0.000000 3.358571 1.853931
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C 0.000000 -1.429851 0.860687 H 0.000000 -3.358571 1.853931
C 0.000000 2.904641 -1.508458 H 0.000000 -4.672233 -0.259485
C 0.000000 3.587786 -0.282385 H 0.000000 -3.466060 -2.437933
C 0.000000 2.857973 0.889848 H 0.000000 1.029726 -2.538134
C 0.000000 -2.857973 0.889848 H 0.000000 -1.029726 -2.538134
Cartesian coordinates (A) of the optimized struetuior the radical cation of

9,9-dimethylfluorenelj) (C,, symmetry) calculated at the UB3LYP/3-21G(d) level.

Atom X Y z Atom X Y Z

C 0.000000 3.425227 -0.344958 H 0.000000 4.493682 -0.149436
C 0.000000 2.529229 0.737156 H 0.000000 2.909169 1.754079
C 0.000000 1.172616 0.473334 H 0.000000 1.270959 -2.999713
C 0.000000 0.711676 -0.888523 H 0.000000 3.704666 -2.493899
C 0.000000 1.625926 -1.974048 H 0.000000 -2.909169 1.754079
C 0.000000 2.975188 -1.690640 H 0.000000 -4.493682 -0.149436
C 0.000000 0.000000 1.447047 H 0.000000 -3.704666 -2.493899
C 0.000000 -0.711676 -0.888523 H 0.000000 -1.270959 -2.999713
C 0.000000 -1.172616 0.473334 H 1.282923 0.883754 2.977582
C 0.000000 -2.529229 0.737156 H 1.282923 -0.883754 2.977582
C 0.000000 -3.425227 -0.344958 H 2.183292 0.000000 1.728585
C 0.000000 -2.975188 -1.690640 H -1.282923 -0.883754 2.977582
C 0.000000 -1.625926 -1.974048 H -1.282923 0.883754 2.977582
C 1.270302 0.000000 2.331692 H -2.183292 0.000000 1.728585
C -1.270302 0.000000 2.331692

Cartesian coordinates (A) of the optimized struetuior the radical cation of
2-methoxycarbonyl-1-phenylindole (1k) (C; symmetry) calculated at the
UB3LYP/6-31G(d) level.

Atom X Y z Atom X Y Z

C -4.350414 0.187658 0.105867 H -5.427301 0.315483 0.134575
C -3.806276 -1.095882 0.114016 H -4.464118 -1.958238 0.150623
C -2.407852 -1.310641 0.084278 H -2.003007 -2.315336 0.123467
C -1.599646 -0.189800 0.014812 H -3.938370 2.317937 0.098737
C -2.128056 1.124730 0.034155 H -1.034444 3.092928 0.025220
C -3.517967 1.317252 0.076503 H 1.796174 -0.562965 1.745414
C 0.152688 1.238794 0.023679 H 3.226790 -2.584547 1.791725
C -1.020624 2.012090 0.037874 H 2.919436 -4.367618 0.087411
C 1.546179 1.754773 -0.122718 H 1.176460 -4.128443 -1.669691
C 0.677808 -1.222488 0.015983 H -0.261306 -2.108066 -1.721679
C 1.672204 -1.340216 1.000555 H 2.624145 4.799432 -0.021360
C 2.466576 -2.478516 1.024708 H 3.532551 3.362248 0.563140
C 2.287659 -3.485063 0.067632 H 3.204109 3.555069 -1.181573
C 1.300305 -3.357143 -0.916374 N -0.183164 -0.089429 -0.000652
C 0.482479 -2.233305 -0.941582 o} 2.518616 1.067523 -0.341805
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C 2.822940 3.740442 -0.175365 0] 1.539261 3.086478 -0.006394

Cartesian coordinates (A) of the optimized struetuior the radical cation of
2-phenylbenzdj]thiopheng(1l) (Cs symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

1.313843 -4.153596 0.000000 1.176235 2.607265 0.000000
-0.076641 -4.389513 0.000000 1.998110 -4.995272 0.000000
-1.009351 -3.336562 0.000000 -0.442400 -5.411890 0.000000
-0.521487 -2.042476 0.000000 -2.073974 -3.546385 0.000000
0.882739 -1.773511 0.000000 2.870054 -2.664791 0.000000
1.802263 -2.861280 0.000000 2.163501 0.000936 0.000000
0.000000 0.419722 0.000000 -2.206683 2.016283 0.000000
1.157382 -0.400344 0.000000 -2.237833 4.470937 0.000000
-0.033230 1.855098 0.000000 -0.104905 5.751287 0.000000
-1.267643 2.561659 0.000000 2.073805 4.552401 0.000000
-1.289291 3.943983 0.000000 2.134876 2.101828 0.000000
-0.083915 4.665685 0.000000 -1.459449 -0.549901 0.000000
1.145203 3.991052 0.000000
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Cartesian coordinates (A) of the optimized struefor the radical cation of aniracetdm
(C: symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y Z Atom X Y Z

C -2.180985 -0.567647 0.867815 H -3.044505 1.517552 -1.737456
Cc -0.848555 -0.251712 0.953511 H -6.007250 -1.078738 0.081630
C -0.259923 0.700206 0.062634 H -4.566492 -2.106898 0.358353
C -1.068105 1.366891 -0.891668 H -4.985294 -0.797074 1.525373
Cc -2.396209 1.045180 -1.007103 H 3.695257 1.105445 1.363374
C -2.973270 0.068088 -0.128834 H 3.928589 1.296425 -0.382444
Cc 1.152570 1.186422 0.252289 H 5.312978 -0.682522 -0.048165
C -4.994223 -1.108141 0.477630 H 4.335890 -1.216053 1.322944
Cc 3.592868 0.605939 0.398540 H 3.356676 -2.679718 -0.356564
Cc 4.291078 -0.767772 0.325814 H 3.670821 -1.526629 -1.652417
C 3.388075 -1.613780 -0.594702 N 2.175889 0.256616 0.162579
C 2.016965 -0.987613 -0.441254 O -4.253744 -0.156240 -0.325588
H -2.616858 -1.293166 1.543490 O 1.350014 2.362424 0.495418
H -0.228900 -0.726732 1.706455 O 0.931463 -1.430262 -0.793029
H -0.625720 2.128060 -1.525067

Cartesian coordinates (A) of the optimized struefior the radical cation of fenofibrate
(C1 symmetry) calculated at the UB3LYP/6-31G(d) level.

Atom X Y VA Atom X Y VA

C -6.614759 0.381694 -0.392487 H -5.533580 2.171548 -0.892130
C -6.509511 -0.918014 0.121792 H -1.043887 2.692254 1.090129
C -5.276787 -1.440786 0.529414 H 1.336524 2.078065 1.177660
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Cc -4.135956 -0.657220 0.409724 H 0.532670 -1.284277 -1.444805
C -4.220533 0.647888 -0.110159 H -1.888918 -0.666957 -1.496638
C -5.473809 1.161446 -0.500142 H 4.883743 2.074116 0.141501
C -3.047004 1.512893 -0.214367 H 3.838370 1.801419 -1.262707
Cc -1.631847 1.016589 -0.146315 H 3.184548 2.560434 0.208144
Cc -0.685601 1.814551 0.563447 H 4.482637 0.527398 2.310057
C 0.645318 1.479175 0.602551 H 3.198874 -0.691344 2.220734
Cc 1.093780 0.342815 -0.135284 H 2.789581 1.037058 2.335692
Cc 0.147541 -0.430559 -0.896963 H 6.574442 -2.159574 -0.136471
Cc -1.182112 -0.087888 -0.911821 H 8.854194 -1.608481 0.786884
C 3.562417 0.405065 0.379734 H 7.579655 -1.262148 1.969026
C 3.873068 1.800635 -0.169063 H 8.336172 0.066029 1.058254
Cc 3.489645 0.315867 1.907322 H 8.297350 -1.335771 -1.777697
C 4.604016 -0.620703 -0.154393 H 6.660242 -0.842816 -2.235410
C 6.957093 -1.136353 -0.105699 H 7.771143 0.331493 -1.479051
Cc 7.989441 -0.970987 0.996988 O -3.094075 2.725728 -0.435278
Cc 7.444818 -0.714144 -1.484491 O 2.314684 -0.116968 -0.224372
H -7.581554 0.765833 -0.698319 O 4.325345 -1.571389 -0.843382
H -5.222165 -2.443871 0.937356 O 5.815257 -0.275977 0.283125
H -3.184246 -1.057033 0.746833 Cl -7.937105 -1.897430 0.262441

Further transformation of the coupling product 3aa’.

To a 100 mL flask3aa’ (1.8 mmol), benzaldehyde (2.7 mmol), NaBH(OA®.6 mmol),
and 1,2-dichloroethane (8 mL) were added. The mextuas stirred at room temperature
for 24 h. The mixture was extracted with ethyl atethexane (2/1, 20 mL x 3), and the
combined extracts were washed with water (20 mU)lanime (20 mL), and was dried over
NaSQ,. After removal of the solvent under reduced pressthe crude product was
purified with flash chromatography to obtain thdeticompound5 (487 mg, 98%) as
colorless oil*H NMR (400 MHz, CDCJ): 8 2.10 (s, 1H), 3.34 (t] = 5.4 Hz, 2H), 3.66 (1]
=5.4 Hz, 2H), 4.38 (s, 2H), 7.12 @= 7.2 Hz, 1H), 7.23-7.41 (m, 6H), 7.51-7.55 (m)2H
7.65 (d,J = 8.0 Hz, 1H), 7.90 (d] = 8.0 Hz, 1H), 8.47 (d] = 8.4 Hz, 1H)*C NMR (150
MHz, CDCk): 853.7, 59.4, 60.0, 118.9, 123.0, 124.5, 125.4, 12628.9, 127.2, 128.2,
128.5, 128.8, 130.2, 134.9, 137.6, 146.6; HRMS YE&ilcd. for [M+H] CigH2oNO,
278.1539; found, 278.1532.

To a 20 mL flaskb (0.1 mmol), TsCl (0.15 mmol), and pyridine (0.2 ymere added. The
mixture was stirred at room temperature for 4 he Trude product was purified with flash
chromatography to obtain the title compouh@32.1 mg, 74%) as white solidH NMR
(400 MHz, CDC}): 6 2.36 (s, 3H), 3.39 (11 = 5.8 Hz, 2H), 4.02 (] = 5.8 Hz, 2H), 4.30 (s,
2H), 6.99 (dJ = 7.8 Hz, 1H), 7.10 (d) = 8.0 Hz, 2H), 7.23-7.31 (m, 6H), 7.46-7.49 (m,
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2H), 7.53-7.58 (m, 3H), 7.80-7.83 (m, 1H), 8.268.@n, 1H); **C NMR (150 MHz,
CDClL): 821.6, 50.3, 59.5, 67.4, 118.6, 123.5, 124.3, 12528,7, 126.0, 127.2, 127.7,
128.3, 128.3, 128.5, 129.6, 130.1, 132.6, 134.9,813144.5, 146.3.; HRMS (ESI): calcd.
for [M+H] " CagHogNOsS, 432.1628; found, 432.1620.

To a 20 mL flask5 (0.1 mmol), PPh(0.12 mmol), THF (1 mL), and 40% solution of
diethyl azodicarboxylate in toluene (0.12 mmol) evexdded. BPO(OPh) (0.12 mmol)
was added to the mixture. The mixture was stirredoam temperature for 20 h. After
removal of the solvent under reduced pressurectiee product was purified with flash
chromatography to obtain the title compouh@5.4 mg, 84%) as white solitH NMR
(400 MHz, CDC}): 6 3.30 (t,J = 6.4 Hz, 2H), 3.36 (] = 6.4 Hz, 2H), 4.36 (s, 2H), 7.15 (d,
J=7.2 Hz, 1H), 7.26-7.35 (m, 5H), 7.41Jtr 7.8 Hz, 1H), 7.49-7.59 (m, 2H), 7.63 {d;
8.0 Hz, 1H), 7.87 (dJ = 7.6 Hz, 1H), 8.46 (dJ = 8.4 Hz, 1H);"*C NMR (100 MHz,
CDCls): 648.7, 51.0, 60.1, 118.5, 123.7, 124.5, 125.4, 1288.3, 128.3, 128.3, 128.6,
130.3, 135.0, 137.9, 146.6, 150.3; HRMS (APCl)cdafor [M+H]" CioH10N4, 303.1604;
found, 303.1602.

To a 20 mL flask5 (0.1 mmol), PP (0.3 mmol), THF (1 mL), and 40% solution of
diethyl azodicarboxylate in toluene (0.3 mmol) wedded. Acetone cyanohydrin (0.4
mmol) was added to the mixture. The mixture wasestiat room temperature for 24 h.
After removal of the solvent under reduced pressiine crude product was purified with
preparative GPC to obtain the title compo@(20.5 mg, 72%) as colorless diH NMR
(400 MHz, CDC}¥): 6 2.40 (t,J = 7.0 Hz, 2H), 3.46 (d] = 7.0 Hz, 2H), 4.33 (s, 2H), 7.18
(d,J=7.6 Hz, 1H), 7.28-7.44 (m, 6H), 7.51-7.59 (m)2H67 (dJ = 8.4 Hz, 1H), 7.88 (d,

J = 8.8 Hz, 1H), 8.49 (d] = 8.0 Hz, 1H)*C NMR (100 MHz, CDGJ): 5 15.6, 47.7, 59.7,
118.7, 123.4, 125.1, 125.3, 126.1, 126.3, 127.8,312128.5, 128.5, 130.5, 134.9, 137.5,
145.6 ; HRMS (ESI): calcd. for [M+H]CyoH19N>, 287.1543; found, 287.1544.

Synthesis of a mutagen in the Nikko River in JapadO.

To a 10 mL sealed tub&ca’ (0.1 mmol), acetoamide (0.5 mmol), Cul (0.02 mmol)
B-alanine (0.08 mmol), ¥0O, (1.0 mmol), and dioxane (1 mL) were added. Thetumne
was stirred at 110 °C for 24 h and at 130 °C foh2#After removal of the solvent under
reduced pressure, the crude product was purifigd fash chromatography to obtain the
titte compound (17.8 mg, 79%) as white solid, which was idendiftey comparison with
their NMR spectra reported in the literatdfe&Synehesis of a mutagd® from 9 was also
reported in the literaturé.
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