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A facile CG-H bond activation of arylalkanes to their correspagdietones catalyzeuly coppe
salts usingtert-butyl hydroperoxide as an oxidant in water at rommperature is described.
Easy product separation, simpleaction procedures (without using base or phasesfe
catalysis), and catalyst recycling make the catalyystem attractivelt is also active beyor
activated benzylic methylene positions and couldréde factionalized arylalkanes with dive

2016 Elsevier Ltd. All rights reserved

1. Introduction

Aromatic compounds are integral parts of variowgural
products and key intermediates for the synthesisdifgs,
perfumes, insecticides, and photo initiatbfEraditionally, their
synthesis through acylation of aromatic compouratalgzed by
acids requires harsh reaction conditions, and Hsitmigetric
amounts of oxidants, resulting in the formationtokic and
corrosive waste$. Oxidation of methylene groups of
alkylaromatics to benzylic ketones using stoichitioe

Thus, instead of a catalyst/oxidant combinatiohest is also an
important factor from the environmental perspectbfesuch a
proces$. Among the solvents, water, a green solvent, is nbt o
non-toxic, non-flammable, and abundantly availalidat also
exhibits different reactivity in comparison to onj@solvents.
Reactions in water can enhance the reaction rate thed
selectivity owing to its hydrophobic effettin addition, aqueous
biphasic systems offer easy separation of the mtoilissolved

quantities of KMnQ as an oxidant produces a large volume ofin the organic phase) and the catalyst (resideshén water

wastes, and product separation is also diffitdihe Industrial
production of benzylic ketones using oxygen and adbatt

phase)? Thus, the development of a catalytic system ojreyan
water is highly desirable.

catalyst in acetic acig often limited due to the corrosive nature Regarding the catalyst, the use of copper saltomplexes as

of the solvent and the homogeneous feature of ttalyst?
Several methods using homogeneduseterogeneous, and
metal-freé catalysts are reported for the synthesis of ketdne

the catalyst has gained much prominence recenttpuse of
their viability, reduced handling hazard, good fimeal group
tolerance, and scalability in synthetic procedifés.0n the

benzylic C-H bond activation of alkylaromatics. Despite the other hand, in consideration of the oxidant, chead readily

importance of such a process, green as well as Bgono
protocols are still scarce.

In this context, a process with inexpensive gatand benign
oxidant are considered to be environmentally frignHowever,
a process with a reasonable catalyst/oxidant cortibiaan be
overshadowed by a single parameter, i.e., solvenif & the
main contributor to the organic wastes.

Corresponding author. Tel.: +886 2 2789 8592; #3886 2 2783
123; e-mail: sgshyu@chem.sinica.edu.tw

available 70% aqueousrt-butyl hydroperoxide (TBHP) is used
frequently as a promising alternate tgdsl in combination with
various metal catalyst§.Moreover, TBHP has fewer handling
risks than does D, in water:®" and its reduction to a volatile
and non-toxit®™?** alcohol by-product simplifies purification.
Thus, the catalytic combination of Cu/TBHRB® can provide
economic, environmental, and separation benefits.

Recently, we reported the oxidative cleavagelkdree double
bonds to their corresponding carbonyl compounds witygen
catalyzed by a water soluble copper complex [Eu(
CICl(phen)}*? (which was synthesized in high yield using a
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simple method) and copper salts with neocuproine (2,9-

dimethyl-1, 10-phenanthroline) with TBHP in water (desd as
catalytic systemA)." In continuation of our explorations in
developing a simple and sustainable catalytic mod®er the
oxidation of organic substrates, herein we repofa@le and
selective C-H bond activation of arylalkanes to their
corresponding carbonyl compounds catalyzed by BG((I)
salts using TBHP as an oxidant in water at room teatpee
without using any phase transfer catalyst or bake.chtalyst is
recyclable and retains its high activity up to saleycles.

2. Results and discussion

To optimize the reaction conditions, the reatiof fluorene
with different ligands, copper salts, and oxidantsengarried out
under identical conditions. The results are sunuwedrin Table 1.

Among different bidentate bipyridine ligands (Tali, entries
1-4), neocuproine completes the oxidation readtioan hour in
the presence of Cug£2H,0 and water with high yield (Table 1,
entry 1). Reactions in the absence of Gu@ntry 5) and/or
ligand (entry 6) affording comparable product ygeldith that of
only TBHP (entry 7) suggest that TBHP is responsfblethe
conversion. In addition, no reaction was observednwhBHP
was removed from the Cu@iteocuproine/TBHP catalytic
system (entry 8) or when CuyClWas used in the absence of
neocuproine and TBHP (entry 9).

Table 1 Optimization of the reaction conditions for thedadion of
fluorene in different copper salts, oxidants, agerids?

0.0 5% Copper Salts, 5% Ligands OUO

Oxidants, H,O, 1 h, RT
(e}

Entry Ligands Oxidants Copper Conv./GC  Select.
Salts Yield (%) (%)
1 ned TBHP CuC} 100/98 98
2 phen TBHP CuGl 12/3 25
3 bipy TBHP CuC} 13/4 31
4 DMP TBHP CuC} 14/4 29
5 neo TBHP no 14/6 43
6 no TBHP Cudcl 15/5 33
7 no TBHP no 18/7 39
8 nuo no CuGl - -
9 no no CuGl - -
10 neé TBHP® CuChb 100/89 89
17 neo TBHP CuCl 100/99 99
12 neo TBHP CuBr 100/98 98
13 neo TBHP CuBr 100/99 99
14 neo TBHP Cul 100/98 98
15 neo TBHP Cu(N§€), 66/54 82
16 neo TBHP CuSQ 18/13 72
17 neo TBHP Cu(OAg) 97/95 98
18 neo HO, CuCh - -
19 neo THFH CuCh 712 29
20 neo CHP CuCh 91/85 94

®Reaction conditions: fluorene (0.2 mmol), coppéiss@®.01 mmol),
ligands (0.01 mmol), oxidants (1.4 mmol) 70% &gHP, HO (0.7 mL).
Pneocuproine.

‘bipyridine.

94,7-dimethyl-1,10-phenanthroline.

5M-6M decane solution, solid Cu£aH,0.

fluorene (0.4 mmol), neocuproine (0.02 mmol), TB@B mmol),
CuCl (0.02 mmol).

9THF-hydroperoxide.

"cumene hydroperoxide.

Tetrahedron

These observations support the individual inertmégsuCl, and

neocuproine toward the reaction. In the presenceotbkr

bidentate ligands (entries 2-4), the yields are panaible to that
of only TBHP (entry 7) suggesting that these ligaads inert
toward the reaction. Thus, both copper and neoco@ra@ire
needed for the catalytic reactions (entry 1). These behind
reactivity and product selectivity enhancementsnbgcuproine
as compared to other ligands (entries 2-4) is leatrc Reactivity
enhancement due to the inductive effect of a meghbistituent
should be minor as the ligand 4,7-dimethyl-1,10rzmehroline
(DMP) with a similar methyl substituent shows a lowesactivity

(entry 4). The structures of the ligands are show@hart 1.

/ /
\ \
<_NQN ) Z_NQN /g
phenanthroline 4,7-dimethyl-1,10-phenanthroline

4 »
=N N
neocuproine

Chart 1

Both Cu(l) and Cu(ll) salts (entries 1 and 1}-are effective
in catalyzing the reaction. However, the counteridmesve
significant impact on the reactivity toward actieair® Thus,
Cu(NG), (entry 15) and CuSQentry 16) are less reactive than
other copper salts (entries 1, 11-14, 17). Reastiaith Cu
halides afforded similar product yields irrespeetiof their
oxidation states and counterions (entries 1 and4)]indicating
that they may have similar active species and ol similar
reaction path in the reactions. The active spestiesild be Cu(ll)
and Cu(l) moieties formeth situ in the redox reaction in the
catalytic cycle. The typical green color of Cu@hserved in the
reaction mixture further supports the above hypsith@-ig. 1).

Among different oxidants, 4, is not active (entry 18),
whereas organic peroxides, 2-hydroperoxy-tetrahynlaof
(THFHP) is less active as comparedtét-butyl hydroperoxide
(TBHP) and cumene hydroperoxide (CHP) (entries 1ari®20).
Hence, the order of reactivity is TBHP ~ CHP > THFHPI,9,.
Formation and stabilisation of the usual free raldictermediates
(generated during oxidation) may be facilitatedaading to the
positive inductive effect of alkyl substituent afyanic peroxides,
and accordingly they then interact with the subssrebr their
conversior” TBHP is miscible in both water and organic phase
in the reaction mixture and thus favors close axtgon with the
organic reagent and results in smooth oxidationteéWsaoluble
H,O, cannot provide such miscibility and interactiorwéod
hydrophobic arylalkanes, and therefore oxidatioactien is
limited.

To evaluate the role of water as a solvent, wel J&HP in
decane and solid Cu2H,0 without adding water (entry 10).
The reactions are smooth both in aqueous TBHP (@gatvent
free) and TBHP in decane. Yields and selectivityhia former
case is better than those in the latter case ésntriand 10). This
indicates that reactions in water may proceed irotganic phase,
and water not only forms a biphasic system but alflaences
the product selectivity of the reaction to someer&t It is also
advantageous to use the biphasic system because isate
unavoidable in product separation and reused ofaiipeeous



phase, containing the catalyst (Fig. 1). The ctitaystem was
then applied to various arylalkanes in water. Theults are
summarized in Table 2.

It is noted that monoarylalkane (Table 2, entlyis less
reactive than diarylalkane (entry 2). When aryl gitbents are
part of a tricyclic substrate, oxidation is evestéa (entries 3-5).
Bicyclic arylalkanes (entries 6 and 7) are morectiga than
acyclic arylalkanes (entries 1 and 2) indicatingtttihe aromatic
substituent plays a pivotal role in affecting tkeadtivity.

Table 2 Oxidation of arylalkanes into ketories

5 mol % CuCl, , 5 mol % Neocuproine
Ketones

Arylalkanes
H,0, TBHP, RT

GC Yields
/Select. (%)

Time Conv.

h) (%)

Entry Arylalkanes Products

o
1 ©/\ ©)‘\ 17 98

97 (91)/99
2 7 >99  93(89)94
o
3 1 100 99 (95)/99
(0]
4 1 100 99 (95)/99
(0]
QUO 81 (76)/81
0
5 O‘O OOO 1 100 om0
(0]
6 @3 Qé 1 100 56 (51)/56
(0]
@é 29 (25)/29
0
! @O ' 0 33 (29)/33
00
8 ©3> @d:z 1 100 78(72)78
©i[§0 24 (21)/24
9 ©i>o 0 1 100
©<<<0 41 (37)/41
[e]

*Reactiorconditions: arylalkanes (0.2 mmol), C4€H,O (0.01 mmol),
neocuproine (0.01 mmol), B (0.7 mL),tert-butyl hydroperoxide (1.4
mmol).

GC vyield using internal standard 1,4tdit-butylbezene and isolated
yields in parenthesis.

Furthermore, substrates with a single methylene mraere
converted selectively to their corresponding caybeompounds

3

cumbersome task of separation) by drying the ettcdtate
extract or filtering the solid without chromatograpiworkup
(entry 4). Thus, the yields are also better or caraple to the
literature value§$ On the other hand, substrates with more than
one methylene group are involved in over-oxidatemtries 5-9),
and in a few cases afforded more than one produttds 5, 7,
and 9). However, as a whole, the products are obtangaod to
moderate in yields and more or less comparablédditerature
values>®

To evaluate the tolerance of this catalytic eysttoward the
functionalized arylalkanes with diverse groups amcelaborate
activity of this process toward methylene groupsobely the
activated benzylic position were also carried olie Tesults are
summarized in the Table 3. Arylalkanes bearing ahmgiet
methoxy, and chloride, carboxylic acid and amideugs are
tolerated and yielded methylene oxidative prodiwegtbkes with
high to moderate yields (Table 3, entries 1-5). &bwer,
substrates with electron withdrawing groups (entBi€g are less
reactive than those with electron donating groupri@nl and 2).

Table 3. Oxidation of functionalized arylalkanes and sudists
containing different type of methylene groups.

5 mol % CuCl, , 5 mol % Neocuproine

Substrates Products
H,0, TBHP, RT
Entry Substrates Products Time Conv. GC Yield
(h (%)  Seledt)
)
A /©/\ /©)4\ 15 g9  5l46)52
o)
2 /©/\ /@J\ 7 100 96 (92)/96
MeO MeO Q
3 /@A d 19 95 89 (85)/94
cl cl D
4 O/\ /@J\ 30 95 —(81)/85
HOOC HOOC o
s O /©)OK 20 87  54(a9)62
H,NOC HNOG
A A
6 (j/\ (j/u\ 40 33 31(25)94
N N" o
7 @/\ @,U\ 15 100 65 (58)/65
S s
C);o 30 100 21 (15)/21
s (O
Q trace
0
0
9 O O 20 86  37(31)/43

*Reactiorconditions: as it is like Table 1 for arylalkanes.
GC vyield using internal standard 1,4tiit-butylbezene and isolated
yields in parenthesis.

On the other hand, methylene group adjacent to erdwiclic
ring in 2-ethylpyridine and 2-ethylthiophene, whiahe usually
regarded as difficult substrates in oxidation iviad transition
metals due to their strong coordinating ability, evealso
converted into the corresponding carbonyl compoundh
moderate yields (entries 6 and *7)Oxidation of cyclooctene

without any side products (entries 1-4). Hence, iséhcases afforded cyclooctene oxide instead of methylenedative
(entries 2-4), we obtained pure product (avoidinge th hroduct (entry 8). This indicates the allylic meéne group is
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less active than the allylic double bond. Oxidatiof

cyclooctane gave cyclooctanone, indicating that #tiphatic

methylene group is also active toward this catalyyistem.

To check the sustainability of the catalyst, weeerved that the
Cu(ll) catalyst retained its activity through thadeof the
reaction because further conversion of arylalkanes the
corresponding ketone occurred when additional &gtads (e.g.,
fluorene) and TBHP were added to the aqueous laygaicing
the dissolved catalyst after the product separafibe product 9-
fluorenone was transferred to the organic layewitgasoluble
copper catalyst in water when ethyl acetate was addedthe
reaction mixture under stirring (Fig. 1). Leachiafythe ligand
neocuproine into organic phase during product sejoer was
not observed based on the NMR spectra (see theosingp
information Fig S10-11) of the isolated productrdigh drying
the ethyl extract without chromatographic workup)isltmostly
coordinated to the dissolved copper complex in dgeieous

phase.
I
! F -organic phase

Addition of products

ethylacetate next run

h.‘_‘-‘
(a) {b)
Fig. 1. (a) Reaction mixture in water(b) organic phase
containing products and the aqueous phase includomper

catalyst after addition ethyl acetate.

-aquecus phase

The ethyl acetate layer was decanted for the produndt the
aqueous layer containing the catalyst is useduidhér oxidation.
The reaction was repeated 7 times similarly with lsimactivity
using the same catalyst dissolved in the aqueges kach time
(Fig. S1). The aqueous phase containing the catals charged
only with fresh substrate and TBHP each time with iooled
stirring as usual for the oxidation. It is alsdewthat the utility
of TBHP is smooth for a gram scale conversion wheremiata
reaction mediun®® "

In general, in peroxide activation reactions, esal reactive
oxidizing species (i.e., oxygen-centered radicais)generatelf.
For the case of metal ion catalyzed hydroperoxytieas; the
most important function of the catalyst is the deposition of
the relatively stable hydroperoxides into radi¢aksddition of
the radical scavenger 2,6-@#t-butyl-4-methylphenol in our
system inhibited the cleavage reaction, indicativgpresence of
a free radical pathwayAccording to the literature, copper ions
can react with TBHP and generate alkoxyl (Ré@nd peroxyl
(ROOQO) radicals from overall conversion of two molecul&&HP
(Scheme 1J°

CuCl, +TBHP — CuCl + tBuOO + HCI

CuCl + TBHP Cu(OH)CI + tBuO"

Tetrahedron

Equilibrium between catalytically active monomer andctive
dimer of copper complexes with bidentate bipyridglhds in
neutral solution is reported (Scheme'2pt room temperature,
the equilibrium favors the active monomeric formtlie case of
neocuproine due to its steric effect of methyl sitipsnt®*®

Thus, efficient oxidation for using neocuproine@iserved.

C\ e
Cu\ _
N/ OH

H

I N
N\Cu/o\Cu/
/7N
N |

H

active monomer inactive dimer

N
C — phenanthroline and neocuproine
N

Scheme 2. Monomeric and dimeric forms of copper complexes
with bidentate bipyridyl ligands.

Based on the literatufe and the above results, a plausible
reaction pathway is proposed in Scheme 3. ifitsétu generated
alkoxyl radical tBuO abstracts one of the hydrogen atoms from
fluorene to produce fluorene radicalwhich is then reacted with
oxygen (atmospheric or generated by decompositiopetoxyl
ROO radical) to form fluorene peroxide derivatiBe'*® Finally,
oxidative decomposition oB afforded the desired product
fluorenone.

H L]
Q)
fluorene tBuOH A
O,
o) H 0—O~H
H,O B
fluorenone

Scheme 3. Proposed pathways for oxidation of arylalkanes to
ketones by TBHP.

3. Conclusions

We report a catalytic system which operatesdter featuring
sustainability criteria such as stability, actiyvitgasy product
separation (drying the ethyl extract or filtratiaf the solid
product in few cases without chromatographic workgpyple
operation, and recycling of the catalyst (the gatalcan be
recycled up to seven times without any loss of &gjiv
Moreover, diversity in group tolerance toward fuaotlized
arylalkanes and in activation of-8 bonds beyond activated

Scheme 1. Proposed decomposition path of TBHP by copper saltbenzylic methylene positions are noteworthy. In &ddj a

smooth gram scale preparation indicates the cafpabi the
catalytic system toward large scale preparationhia future.
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Further use of the system to other oxidative reastiis under mg (89%)."H NMR (300 MHz, CDCJ) 3 ppm7.79 (d,J = 7.8,
exploration. 4H), 7.59-7.54 (m, 2H), 7.48-7.43 (m, 4HC NMR (300 MHz,
4, Experimental section CDCl) 6 ppm 196.6, 137.5, 132.3, 130.0, 128.2.

4.2.5. 9-Fluorenone:*™*""™“Drying of ethyl acetate extract under
vacuum gave pure 9-fluorenone as a yellow soliddyig4.2 mg
(95%).*H NMR (300 MHz, CDCJ) 8 ppm7.60(d, J = 7.8, 2H),
7.46-7.40 (m, 4H), 7.26-7.21 (m, 2HYC NMR (300 MHz,
CDCls) 6 ppm 193.8, 144.4, 134.1, 129.0, 124.2, 120.2.

4.1. General

All chemicals were obtained from commercial sosraed used
without further purification. 2-hydroperoxytetrahpfliran was
synthesized according to literatife Gas chromatographic
analyses were performed on an Agilent 6890 instramath a
FID detector and an Aglient 30 m x 0.53 mm x fih HP-1
capillary column. Product isolation was carried dyt TLC
(Merck, TLC silica gel 60 f4 25 Aluminum sheets 20x20 cm).
NMR spectra were recorded in CRQGh a Bruker AV 300 MHz,
at room temperature.

4.2.6. Anthracene-9,10-dione:®*""“TLC (hexane/ethyl acetate =
95:5) gave anthracene-9,10-dione as a light brovid;syield:
31.6 mg (76%). 'H NMR (300 MHz, CDC)

o ppm8.31-8.28 (dd, J = 5.5, 3.1, 4H), 7.80-7.77 (dd,= 5.4,
3.3, 4H), **C NMR (300 MHz, CDGJ) & ppm 183.1, 134.1,
133.6, 127.2.

4.2. Typical procedurefor arylalkanes oxidation 4.2.7. 9-Xanthenone:*"*""Filtration gave pure 9-xanthenone as a
colorless solid; yield: 37.1 mg (95%jH NMR (300 MHz,

A stock solution of CuGi2H,O in water (0.0171 g/mL) was
Ut UGIZHO in water ( g/mL) Was 1) 5 ppm8.29(d, J = 7.8, 2H), 7.66 (1) = 7.8, 2H), 7.42 (d.

prepared (by dissolving 0.171 g in 10 mL@). To a Teflon _ A\ 13
screw cap glass tube, catal$s{100pL of a stock solution, 0.01 ‘; R 8.4:,L727Hi 7122 :(LtJ1_347$, 122%)6 Cizl\:lJ,l\/zlaRl(ze’fg I\;I-I:72,9CDCJ)
mmol of CuC}, 2.1 mg, 0.01 mmol of neocuproine) was added. ppm T - " s = = ’

Then 0.7 mL of HO, 0.2 mmol of arylalkanes, and 70% &ayt-
O y o b 4.2.8. Indan-1-one:*"*""*TLC (hexane/ethyl acetate = 95:5) gave

butyl hydroperoxide (20QuL, 1.4 mmol) were added in each . dan-1 lorl lid: vield: 13.5 14 NMR
case. The mixture was stirred vigorously at roomperature till indan-1-one as a colorless solid; yield: 13.5 mitp/eh

to its reaction time specified in the Table 2 arabl€ 3. The (300 MHz, CDCY) dppm7.71(d, J = 7.8, 1H), 7.59-7.51 (m,

reaction mixture was then diluted with ethyl acetated the 1H), 7.43 (d.J = 7.8, 1'12 7.34-7.28 (m, 1H) 3.09 .= 5.8,
products dissolved in ethyl acetate layer were aealyby GC 2H), 2.66-2.62 (m, 2H),"C NMR (300 MHz, CDGJ) & ppm
using internal standard 1,4-@t-butylbenzene (19.4 mg, 0.1 206.9,155.1,137.0, 134.5,127.2, 126.6, 123.8, 35.7.

mol). For product separation, the aqueous phaseewaacted
with ethyl acetate (3x10 mL). The combined extraetse dried
over anhydrous MgSQO and filtered. The filtrate was
concentrated and product isolation was carried gutllC. The
pure products of benzophenone, 9-fluorenone (Tabkntries 2
and 3) and 4-methoxyacetophenone (Table 3 entryvé&e
obtained from drying their ethyl acetate extract hwitt
chromatographic workup. Filtration of the reactionixtoure
afforded pure 9-xanthenone (Table 2, entry 4).

4.2.9. 1-Tetralone:® " TLC (hexane/ethyl acetate = 95:5)) gave
1-tetralone as a colorless liquid; yield: 14.6 r2§%).'H NMR
(300 MHz, CDC}) 8ppm7.99(d, J = 7.8, 1H), 7.45-7.40 (m,
1H), 7.32-7.20 (m, 2H), 2.92 (8, = 6.0, 2H), 2.61 (1) = 6.6,
2H), 2.14-2.05 (m, 2H)*C NMR (300 MHz, CDGJ) & ppm
198.2, 144 .4, 133.3, 132.6, 128.7, 127.1, 126.3,,29.6, 23.2.

4.2.10. Naphthalene-1,4-dione:®" TLC (hexane/ethyl acetate =
95:5) gave naphthalene-1,4-dione as a light yellolidsyield:
19.4 mg (29%).'"H NMR (300 MHz, CDCJ) 3ppm8.07-
8.04(dd, J = 5.7, 3.3, 2H), 7.73 (dd} = 5.7, 3.6, 2H), 6.95 (s,
2H); ®C NMR (300 MHz, CDGJ)) 3 ppm 185.0, 138.7, 133.9
131.9, 126.4.

4.2.1. Acetophenone:®*"™ TLC (hexane/ethyl acetate = 95:5)
gave acetophenone as a colorless liquid; yieldd 22y (91%).
'H NMR (300 MHz, CDCJ) 8 ppm7.69 (d, J = 7.5, 2H), 7.28 (t,
J=7.2,1H), 7.17 (t) = 7.8, 2H), 2.29 (s, 3H)*C NMR (300

MHz, CDCk) 6 ppm 197.5, 136.7, 132.6, 128.1, 127.8, 26.0.
k) o PP 4.2.11. 1sochroman-1-one:”® TLC (hexane/ethyl acetate = 95:5)

gave isochroman-1-one as a colorless solid; yi@#l:4 mg
(72%).™H NMR (300 MHz, CDC})) 3 ppm7.92(d, J = 7.8, 1H),
7.43-7.38 (m, 1H), 7.24 (1] = 7.5, 1H), 7.14 (dJ = 7.5, 1H),
4.38 (t,J = 6.0, 2H), 2.92 (tJ = 6.0, 2H);"*C NMR (300 MHz,
CDCl;) dppm 164.7, 139.2, 133.3, 129.8, 127.2, 127.0, 124.9
67.0, 27.4.

4.2.2. 4-Methoxyacetophenone:®™®" Drying of ethyl acetate
extract under vacuum gave pure 4-metoxyacetophersne
colorless solid; yield: 27.1 mg (92%jH NMR (300 MHz,
CDCl,) 3 ppm7.90(d, J = 8.7, 2H), 6.89 (d] = 9.0, 2H), 3.83 (s,
3H), 2.52 (s, 3H);*C NMR (300 MHz, CDGJ) 5 ppm 196.7,
163.4, 130.5, 113.6, 55.4, 26.3.

4.2.12. Phthalide”™ TLC (hexanelethyl acetate = 95:5) gave
phthalide as a colorless solid; yield: 11.2 mg (218 NMR
(300 MHz, CDC}) dppm7.85(d, J = 0.9, 1H), 7.66-7.61 (m,
1H), 7.47 (t,J = 7.5, 2H), 5.27 (s, 2H)**C NMR (300 MHz,
CDCl;) d ppm 171.0, 146,5, 133.9, 128.9, 125.5, 122.1,.69.6

4.2.3. 4-Chloroacetophenone:® TLC (hexanelethyl acetate =
95:5) gave 4-chloroacetophenone as a colorlessdjiguield:
26.3 mg (85%)'H NMR (300 MHz, CDC})) 3 ppm7.79(d, J =
8.7, 2H), 7.32 (dJ = 9.9, 2H), 2.50 (s, 3HJ’C NMR (300 MHz,
CDCls) o ppm 196.3, 139.1, 135.2, 129.4, 128.5, 26.1.

4.2.13. Phthalic anhydride:® TLC (hexane/ethyl acetate = 95:5)

4.2.4. Benzophenone:*%"*“Drying of ethyl acetate extract under
P ying y gave phthalic anhydride as a colorless solid; yied.8 mg

vacuum gave pure benzophenone as a colorless giglid; 31.5
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(37%).'"H NMR (300 MHz, CDCJ) 5 ppm 8.02-7.99(dd, J =
5.4, 3.3, 2H), 7.92-7.89 (dd, = 5.5, 3.0, 2H);°C NMR (300
MHz, CDCE) 8 ppm 162.7, 136.1, 131.3, 125.7.
4.2.14. 4-Methylaectophenone:”™ TLC (hexane/ethyl acetate =
(95:5) gave acetophenone as a colorless liquidd:yiE2.0 mg
(46%)."H NMR (300 MHz, CDC})  ppm 7.76 (d, J = 8.4, 2H),
7.15 (d,J = 8.1, 2H), 2.47 (s, 3H), 2.31 (s, 3HIC NMR (300

Tetrahedron

temperature for 1h. It was then diluted with ethydtate and the
products dissolved in ethyl acetate layer were aealyby GC
using internal standard 1,4-di-tert- butylbezen8.41mg, 0.1
mol). For a control reaction without water, a solotaf 70% aq.
TBHP (240 uL, 1.4 mmol) in decane solution and fare (33.9
mg, 0.2 mmol) were added to a solid mixture of GIEEL,O (1.7
mg, 0.01 mmol) and neocuproine (2.1 mg, 0.01 mnTdign the
reaction was continued as above for 1h and the ptsdu

MHz, CDCkL) dppm 197.6, 143.7, 134.6, 129.1, 128.3, 26.4,identified by GC diluting with ethyl acetate.

21.5.

4.2.15. 2-Acetylthiophenee:® TLC (hexane/ethyl acetate = 95:5)
gave acetophenone as a colorless liquid; yield7 tdg (58%).
'H NMR (300 MHz, CDCJ) & ppm7.51-7.49 (m, 1H), 7.45-743
(m, 1H), 6.93-6.9 (m, 1H), 2.34 (s, 3HJC NMR (300 MHz,
CDCl;) o ppm 190.3, 144.2, 133.5, 132.4, 127.9, 26.5.

4216. 2-Acetylpyridine®™ TCL (hexanelethyl acetate/
dichloromethane = 55:5:40) gave acetophenone aslaless
liquid; yield: 12.0 mg (25%).*H NMR (300 MHz, CDCJ)
oppm8.46(d, J = 4.5, 1H), 7.82-790 (m1H), 7.65-7.59 (m,
1H), 7.29-725 (m, 1H), 2.50 (s, 3H}*C NMR (300 MHz,
CDCl;) o ppm 199.6, 153.3, 148.8, 136.6, 126.9, 121.3,.25.5

4.2.17. 4-Acetylbenzamide:>* TLC (hexane/ethyl acetate = 30:70)
gave 4-acetylbenzamide as a colorless solid; yiéBl0 mg
(49%).*H NMR (300 MHz, DMSO-d6) ppm8.15 (s, 1H), 8.00
(s, 4H), 7.58 (s, 1H), 2.61 (s, 3HJC NMR (300 MHz, DMSO-
d6)d ppm 197.7, 167.2, 138.7, 138.1, 128.1,127.8, 26.9.
4.2.18. 4-Acetylbenzoic acid:®"® TLC (hexanelethyl acetate =
50:50) gave 4-acetylbenzoic acid as a colorlesd;sgkeld: 27.0
mg (81%).*H NMR (300 MHz, DMSO-d6)5 ppm13.30 (s, 1H),
8.04 (s, 4H), 2.62 (s, 3H}*C NMR (300 MHz, DMSO-d6%
ppm 197.7, 166.6, 139.8, 134.5, 129.5, 128.3, 26.9.

4.2.19. Cyclooctene oxide:>® TLC (hexane/ethyl acetate = 95:5)
gave cyclooctene oxide as a colorless liquid; yie8dd mg
(15%). '"H NMR (300 MHz, CDCJ) 3 ppm2.71-2.68 (m, 2H),
1.97-1.91 (m, 2H), 1.44-1.03 (m, 10HYC NMR (300 MHz,
CDCl;) d ppm 55.3, 26.4, 26.1, 25.4.

4.2.20. Cyclooctannone:® TLC (hexane/dichloromethane

50:50) gave cyclooctanone as a colorless liquidtdyil5.0 mg
(31%). '"H NMR (300 MHz, CDCJ) 3 ppm2.37-2.32 (m, 4H),
1.85-1.77 (m, 4H), 1.52-1.44 (m, 4H), 1.34-1.32 (rhl);2"°C
NMR (300 MHz, CDC}) d ppm 218.4, 42.1, 27.3, 25.8, 24.8.

4.3. The control reactions with fluorene and 2,6-di-tert-butyl-
4-methylphenol (radical scavenger) and TBHP in decane
solution

A stock solution of CuGR2ZH,O in water (0.0171g/mL) was
prepared (by dissolving 0.171 g in 10 mL@). To a Teflon
screw cap glass tube, catalgs{100puL of a stock solution; 0.01
mmol of CuC}, 2.1 mg, 0.01 mmol of neocuproine), 2,6tetit-
butyl-4-methylphenol (308.0 mg, 1.4 mmol), fluore@3.9 mg,
0.2 mmol) were added. Then 0.7 mL of(Hand 70% agtert-
butyl hydroperoxide, (20QL, 1.4 mmol) was added in the above
reaction tube. The mixture was stirred vigorously rabm
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