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ABSTRACT: A conceptual method for the preparation of 1,2-diketones

is reported. The selective C—C bond cleavage of 1,3-diketones affords o
the 1,2-diketones in high yields under mild reaction conditions in air by Ar)L%’LLR
the use of FeCl; as the catalyst and tert-butyl nitrite (TBN) as the oxidant

without the use of solvent. The possible reaction mechanism is discussed.

Selective C-C Bond Cleavage

o)
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2
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30°C,12h O

R: Aryl, Alkyl, Het(Ar)

This protocol provides an expeditious route to the useful 1,2-diketones.

B INTRODUCTION

1,2-Diketones are of great importance in organic chemistry,
especially in the synthesis of pharmaceuticals and functional
materials." Their industrial applications as corrosion inhibitors,”
photosensitive agents,® and photoinitiators* have also been
shown. Despite the wide spectrum of utilization, practical and
efficient methods for their preparation are very limited.® Tradi-
tionally, 1,2-diketones are prepared by the oxidation of benzoins
or hydrobenzoins in the presence of an excessive amount of
metal oxidants. Though this method is still popular today, it
suffers from several notable disadvantages, including heavy
environmental pollution and difficulty accessing functionalized
benzoins.*® Recent strategies for the synthesis of 1,2-diketones
based on the direct oxidation of internal alkynes partially
complement the classical synthetic approaches.7 However, draw-
backs such as the need for toxic and/or expensive reagents
complicate the application of these methods. Very recently, the
preparation of 1,2-diketones by the decarboylation of 1,3-dike-
tones with iodide and base under irradiation of fluorescent light
was reported.® This is really a clean method, but irradiation of
10 h by four 22 W fluorescent lamps for 0.3 mmol substrates is
required to afford the moderate yields.

In recent years, the development of various transition-metal-
catalyzed reactions has greatly advanced synthetic methodolo-
gies. In particular, the metal-promoted activation of the C—C
bond has been explored in the field of organometallic chemistry
as the promising approach for new selective and efficient proto-
cols of complex molecules.””'* Herein, we report our founding
on the iron-promoted C—C bond cleavage of 1,3-diketones in
the presence of tert-butyl nitrite (TBN) oxidant. The selective
cleavage of the C—C bond of 1,3-diketones affords the 1,2-
diketones in good yields under mild reaction conditions, which
provides an alternative for accessing the useful 1,2-diketones.

B RESULTS AND DISCUSSION

We began our investigation with diphenylpropane-1,3-dione
1a (Table 1). After much experimentation, it was discovered that
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the use of a combination of 20 mol % of FeCl; and S equiv of
TBN gave benzil in 80% isolated yields at 30 °C for 12 h (Table 1,
entry 1). Benzil was not observed in the absence of iron catalyst
(Table 1, entry 2). The use of FeCl, and FeCl;+6H,0 showed
relatively lower efficiency, while Fe,O3 and Fe(acac); were
almost inactive (Table 1, entries 3—6). A copper(I) catalyst
precursor CuBr also provided the product but in very low yields
(Table 1, entry 7). The stronger Lewis acid AICl; showed very
low efficiency (Table 1, entry 8). Catalysts such as Pd(OAc),,
RuCl;, and AuCl; have little effect on the reaction. The reaction
rate in solvent slowed down, and moderate yields were obtained
in CH,Cl,, toluene, and hexane (Table 1, entries 9—11).
Decreasing the amount of TBN led to the lower yield
(Table 1, entry 12). No reaction was observed in the absence
of TBN (Table 1, entry 13). This transformation can proceed
smoothly in 71% isolated yields under nitrogen atmosphere
(Table 1, entry 14). Isopentyl nitrite can also serve as the oxidant
for this reaction but in relatively lower yields (Table 1, entry 15).

The scope of this transformation was examined with respect to
a variety of 1,3-diketones, as shown in Table 2. The reaction of
unsymmetrical 1,3-diketones was highly selective. For instance,
subjecting 1-(4-methoxyphenyl)-3-phenylpropane-1,3-dione to
the optimal reaction conditions failed to yield the crossover
products such as benzil or 1,2-bis(4-methoxyphenyl)ethane-1,2-
dione. Instead, the reaction afforded selectively 1-(4-meth-
oxyphenyl)-2-phenylethane-1,2-dione 2b in 80% yield (Table 2,
2b). Both electron-donating and electron-withdrawing substitu-
ents in the aryl ring of 1,3-diketones tolerated the reaction
conditions well to give the corresponding 1,2-diketones in good
yields (Table 2, 2b—2j). It should be noted that halides such as
bromide and iodide in the aryl ring were compatible with the
reaction conditions, which is useful for the further functionaliza-
tion (Table 2, 2g—2j). In addition, the steric hindrance on aryl
ring played little role in the reaction (Table 2, 2e). 1- and
2-Naphthyl-substituted 1,3-diketones underwent the transformation
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Table 1. Optimization of the Reaction Conditions”

& QO
20 mol % catalyst, solvent O
O 5 equiv TBN, 30°C, 12 h o

1a 2a
entry catalyst solvent yield (%)

1 FeCly 80

2

3 FeCl;-6H,0 67

4 FeCl, 64

S Fe(acac)s

6 Fe,0;

7 CuBr 29

8 AICL 30

9 FeCl, CH,Cl, 68"
10 FeCl, toluene 73
11 FeCl, hexane 67"
12 FeCl, 72°
13 FeCl, o?
14 FeCl, 71°
15 FeCl, 487

“ Reaction conditions: 1,3-diketone (0.5 mmog FeCl; (16 mg, 20 mol %),
TBN (tert-butyl nitrite, 2.5 mmol, 258 mg). * The reactlon was carried
out in 1 mL of solvent. “TBN (2.0 mmol) was added. *In the absence
of TBN. ‘Reaction under nitrogen atmosphere. ! Isopentyl nitrite
(5 equiv) was added as the oxidant.

smoothly to afford the corresponding 1,2-diketones in good
yields (Table 2, 2k and 21).

Importantly, various heteroaromatic 1,3-diketones readily
participated in this transformation, thus providing easy access
to valuable symmetric and unsymmetric heteroaromatic 1,2-
diketones (Table 3)." It was found that the reactivity of hetero-
aromatic 1,3-diketones was correlated with their aromaticity
(Table 3, 2m—20). For example, 1-phenyl-3-(thiophen-2-yl)-
propane-1,3-dione showed a better reactivity than 1-phenyl-
3-(1H-pyrrol-2-yl)propane-1,3-dione and 1-(furan-2-yl)-3-phenyl-
propane-1,3-dione. Notably, 1,3-diketones containing heteroaro-
matic rings at C1 and C3 positions participated in the reaction
smoothly to give the heteroaryl 1,2-diketones 2p, 2q, and 2r. This
protocol provides a useful alternative for the preparation of
symmetric and unsymmetric heteroaryl 1,2-diketones.

The substrate scope of aliphatic 1,3-diketones was limited.
Treatment of pentane-2,4-dione failed to give any desired 1,2-
diketone. Gratifyingly, 3-alkyl-1,3-diketones such as 1-phenyl-
butane-1,3-dione and 1-phenylpentane-1,3-dione participated in
the reaction well to give the corresponding 1,2-diketones in
moderate yields (Scheme 1, 2s and 2t). The results indicated
that an aryl group for benzoyl migration was necessary for this
transformation.

The initial mechanistic study indicates that an intermediate is
formed at the beginning of the reaction and gradually trans-
formed to the 1,2-diketone product. Fortunately, we isolated this
intermediate and found it was 2-(hydroxyimino)-1,3-diphenyl-
propane-1,3-dione A (eq 1). Interestingly, intermediate A fails to
give benzil in the absence of iron(III) or TBN (eq 1). Treatment
of intermediate A with 20 mol % of FeCl; and S equiv of TBN
afforded benzil in 82% yield (eq 1). However, the use of 2-methyl-

Table 2. Iron-Promoted Selective C—C Bond Cleavage of
1,3-Diketones”

6 0 20 mol % FeCly 1 Ar
Ar)J\‘l/u\Ar 5 equiv TBN, 30°C,12 h )ZHor
(0]
Q ’*r, W
MeO Me’ O
2b, 80% 2¢, 70%’ 2d, 71%
Me O o o)
=
o™ _oh
2e, 83% 2f, 72%° 2g, 76%"
0]
Vi
Br rrY O
2h, 76%° 2i, 70% 2j, 70%°
(@] [¢]
g
&
2k, 70% 21, 78%

“ Reaction conditions: 1,3-diketone (0.5 mmol), FeCI3 (16 mg, 20 mol %),
TBN (tert-butyl nitrite, 2.5 mmol, 258 mg). "TBN (3.5 mmol)
was added.  TBN (4.5 mmol) was added.

Table 3. Iron-Promoted Reactions of Heteroaromatic
1,3-Diketones”

o
o o 20 mol % FeCly N )HfHet(Ar)
Ar Het(Ar) 5 equiv TBN, 30°C,12h r S
(o] (0] (e}
S S S
\_NH © \s © \o o
2m, 60% 2n, 65% 20, 45%
o s o R 0
| o Q| W | Q|
/ o] / o] / o]
2p, 68% 2q, 45%" 2r, 84%°

“ The reaction conditions are the same as in Table 2. TBN (3.5 mmol)
in 1 mL of CH,Cl, was added.
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Scheme 1. Reaction of 3-Alkyl-1,3-diketones
o O Q
Ph

- 0,
3 20 mol % FeCls 0 2s:55%

o o 5 equiv TBN, 30°C,12h o}

Ph Ph 2t: 60%

1,3-diphenylpropane-1,3-dione lu as substrate failed to produce
benzil under the reaction conditions. In contrast, the reaction stopped
at the nitrosation stage to give 2-methyl-2-nitroso-1,3-diphenyl-
propane-1,3-dione 2u (eq 2), illustrating that the oxime intermediate
A is essential to the final formation of 1,2-diketone product. The
room temperature ESR (electron spin resonance) studies revealed
that the addition of 1,3-diketones significantly enhanced the signal of
Fe®" species, showing the possibility of coordination of the diketones
with iron(III) in the catalytic system.
NR

* TBN
o o o o
M 20mol % FeCly Ph)%Ph 20 mol % FeCly
Ph T —— e —

o
Ph)H(Ph (1)
o)

Ph™ 5 equiv TBN NoH  SequivTBN

1a intermediate A 2a: 82 %
sk FeCly
NR

o o
o O 20 mol % FeCl, )%]\ 20 mol % FeCly NR (2)
comolhretls | oMo et
Ph)%Ph 5equivTBN,12h, it Ph on PP 5 equiv TBN
1u 2u

To gain insight to the reaction features, 1,3-diphenylpropane-
1,3-dione and 1-(furan-2-yl)-3-(thiophen-2-yl)propane-1,3-
dione were treated in one pot under the reaction conditions.
Potential crossover producxts were not detected by GC—MS,
showing that the transformation most possibly occurred
through an intramolecular process (eq 3). In addition, carbon
monoxide (CO) and nitrous oxide (N,O) were found to be
released during the reaction (monitored by a GASMET Dx4000
apparatus). In order to determine whether the central or side
carbon was lost in the reaction, we performed the isotopic
labeling studies. Using conditions identical to that used in
Table 2, the specially labeled substrate I gave the labeled 1,2-
diketone Ia (eq 4): MS analysis of the isotopic distribution
showed the presence of about 92% '*C-labeled product. The
>C NMR results (see Supporting Information) indicated
clearly that the labeled carbonyl carbon remained in the 1,2-
diketone. The use of labeled 1,3-diketone (II) delivered the 1,2-
diketone 2a (eq 5), showing that this iron-promoted transfor-
mation of 1,3-diketones to 1,2-diketones results with loss of the
central carbon.

0O o 0
Ph
PhMPh ph)ﬂr
1a (0]
+ 20 mol % FeCly . 2a:78% (3)
o 0O 5 equiv TBN o s
o S 0 N
1p O 2p:48%

Scheme 2. Plausible Reaction Mechanism

o Q o o
Q=0 + Ph \H)J\
Ph FeCly Ph Ph
0 0
2 c

eF‘eC'S FeCl,
(«O o (6 o
Ph fpr? Ph)J?kPh
o o)
E D
79 TBN 2% 1% 0o
TBN
Ph)J\Q/U\Ph I Ph)kﬁ)J\Ph Ph)J\Cd/U\Ph L, Ph)l\?)kph
“OH G)o’@\N=O o
A B c
O O
20 | % FeCl I
e M ZmolFeClh _C2_ph (4)
Ph Ph  5equivTBN Ph \[f
| (0]
la: 78 %
(o}
O O
20 mol % FeCl.
Ml =R Ph)HTPh (5)
Ph C Ph 5 equiv TBN o
n 2a: 76 %

On the basis of the previous studies'* and our experimental
results, a plausible reaction mechanism is proposed, as shown in
Scheme 2. First, the radical reaction of 1,3-diketones in the
presence of TBN produces the diketone oxime A,'> which is
possibly converted to intermediate B in the presence of TBN
without the use of iron chloride.'® The release of N,O of
intermediate B gives the triketone C under the reaction condi-
tions in situ.'® The results of MS(ESI) and HRMS(EI) support
the formation of intermediate C (see Supporting Information).
Second, the iron chloride coordinates with the carbonyl of
intermediate C to form intermediate D, which undergoes a
1,2-Wagner—Meerwein-type rearrangement of a benzoyl group
with an electron pair to the electrophilic carbon resulting in the
intermediate E."** The subsequent (or simultaneous) liberation
of carbon monoxide of intermediate E results in the 1,2-diketone
products.

B CONCLUSIONS

In conclusion, we have developed an iron-promoted method
for the synthesis of 1,2-diketones through C—C bond cleavage.
This transformation represents rare examples of iron-promoted
processes for the construction of useful compounds via the
selective C—C bond cleavage. Further studies of the reaction
mechanism and application of the catalytic system to alternative
transformations are in progress in our laboratory.

B EXPERIMENTAL SECTION

General. All solvents were purified and dried according to standard
methods prior to use. "H NMR spectra were recorded at 400 or 500
MHz using TMS as internal standard (0 ppm) for CDCl; or DMSO-ds.
'3C NMR spectra were recorded at 100 or 125 MHz and referenced to
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the internal solvent signals (center peak is 77.00 ppm in CDCl; or 39.90
ppm in DMSO-dy). The multiplicities were reported as follows: singlet
(s), doublet (d), doublet of doublets (dd), multiplet (m), and broad
resonances (br). Mass spectroscopy data were collected on HRMS-EI,
HRMS-ESI, and MS-ESI instruments. ESR spectra were recorded on an
A 300 EPR spectrometer at the following settings: microwave power,
20 mW; microwave frequency, 9.87 GHz; field set, 3335 G; center field,
3286.85 G; sweep width, 2000.7 G; modulation frequency, 100 kHz;
modulation amplitude, 1 G. CO and N, O were collected on GASMET
Dx4000. 1,3-Diketone compounds 1b—1r"” and 1s—1t" were synthe-
sized following the reported procedures. Other materials were pur-
chased from common commercial sources and used without additional
purification.

Preparation of 1,3-Diketones 1b—1r, I, II'”. To a 100 mL
three-necked round-bottom flask were added sodium hydride (60% in
mineral oil, 1.0 g, 25 mmol) and then anhydrous THF (35 mL). This
mixture was cooled to 0 °C, and then the corresponding ester (11 mmol)
and ketone (10 mmol) were added. The suspension was heated to reflux
under nitrogen for 16 h. After being cooled to room temperature, a
mixture of ether and dilute hydrochloric acid was added to the vigorously
stirred reaction mixture carefully. The precipitate was filtered through
Celite. The ether phase was separated and washed three times with brine
and dried on magnesium sulfate. After removal of ether, the residue was
purified by chromatography (silica gel) to give the corresponding 1,3-
diketones.

13C-1,3-Diphenylpropane-1,3-dione (I): A light yellow solid after
purification by flash chromatography (eluent, ethyl acetate/petrol ether =
1/80, v/v); "H NMR (500 MHz, CDCl;, TMS) 6 17.02 (s, 1 H), 8.02
(d,J=6.5Hz,4H),7.57 (t,J=7.0Hz,2H),7.50 (t, ] = 7.5 Hz, 4 H), 6.89
(d,J=4.0 Hz, 1 H); "*C NMR (125 MHz, CDCl;) 6 194.5,185.9 (t,] =
29.7 Hz), 135.7 (t, ] = 29.1 Hz), 132.7, 128.9, 127.4,93.3 (d, ] = 62.9
Hz); "*C NMR (125 MHz, CDCl;) 8 194.5 (s, 2.7 C), 185.9 (t, ] = 29.7
Hz,93C), 135.7 (t,]=29.1Hz,2 C),132.7 (5,2 C), 128.9 (5,4 C), 127.4
(s,4 C),93.3 (d,J = 62.9 Hz, 1 C); HRMS (EI) calcd for C,,"*CH;,0,
(M™) 225.0871, found 225.0876.

13C-1,3-Diphenylpropane-1,3-dione (Il): A light yellow solid after
purification by flash chromatography (eluent, ethyl acetate/petrol ether =
1/80, v/v); "H NMR (400 MHz, CDCls, TMS) 6 16.85 (d, ] = 5.2 Hz,
1H),7.96 (d,]=7.6Hz,4H),7.53 (t,]=6.6 Hz,2H), 7.46 (t,] = 7.2 Hz,
4 H), 7.04 (s, 0.5 H), 6.63 (s, 0.5 H); ">*C NMR (100 MHz, CDCl;) ¢
186.0, 185.4,135.5 (d, ] = 10.3 Hz), 132.4, 128.6, 127.1,93.1 (t, ] = 39.6
Hz), 50.2; HRMS (EI) calcd for C,"*CH;,0, (M) 225.0871, found
225.0868.

Preparation of 1,3-Diketones 1s, 1t'%. To a 100 mL three-
necked round-bottom flask were added anhydrous toluene (30 mL) and
sodium sand (0.552 g, 24 mmol). This mixture was cooled to 0 °C, and
then a small amount of mixed solution (0.2—0.4 mL) of the correspond-
ing ester (28 mmol) and acetophenone (1.2 g, 10 mmol) was added.
After the ice bath was removed, the reaction was stirred at room
temperature for 20 min. The remaining mixture was added dropwise
continuously in an ice bath. After dropping, the suspension was stirred at
room temperature for 2 h. After the reaction, ice was slowly added to the
vigorously stirred reaction mixture to fully consume the remaining
sodium sand (Special attention!), then acetic acid was added to
neutralize the solution. The precipitate was filtered through Celite.
The organic phase was separated and washed three times with saturated
sodium bicarbonate and dried on anhydrous sodium sulfate. After
removal of solvent, the residue was purified by chromatography (silica
gel) to give the corresponding 1,3-diketones.

Preparation of 1,3-Dione A and 2u. fert-Butyl nitrite (2.5 mmol,
258 mg) was added to a mixture of 1,3-dione (0.5 mmol) and FeCl,
(16 mg, 20 mol %). The solution was stirred at room temperature under air
for 10 min. Then ethyl acetate (2 mL) was added to the mixture and filtered
through a pad of Celite. The solvent was evaporated under reduced

pressure, and the residue was subjected to flash column chromatography
(silica gel) to obtain the desired product.

2-(Hydroxyimino)-1,3-diphenylpropane-1,3-dione>® (A): A white
solid after purification by flash chromatography (eluent, ethyl acetate/
petrol ether = 1/S, v/v); 16% yield; '"H NMR (400 MHz, C,D¢SO,
TMS) 6 1326 (s, 1 H), 8.04 (d, =72 Hz,2 H),7.87 (d, J=7.2 Hz, 2 H),
747—7.68 (m, 2 H), 7.62—7.55 (m, 4 H); *C NMR (100 MHz,
C,DeS0) 6 1932, 189.7, 155.0, 136.2, 135.1, 134.8, 133.9, 130.5, 129.8,
129.2, 128.8; HRMS (EI) calcd for C;sH;;NO5 (M) 253.0739, found
253.0743.

2-Methyl-2-nitroso-1,3-diphenylpropane-1,3-dione (2u): The solu-
tion was stirred at room temperature under air for 12 h; a white viscous
liquid after purification by flash chromatography (eluent, ethyl acetate/
petrol ether = 1/20, v/v); 26% yield; 'H NMR (400 MHz, CDCl,,
TMS) 07.79 (d, ] = 7.6 Hz,4 H), 7.53 (t,] = 7.6 Hz,2H), 7.39 (t,] = 8.0
Hz, 4 H), 2.29 (s, 3 H); "*C NMR (100 MHz, CDCl;) 6 189.7, 134.0,
133.6, 129.7, 128.7, 102.0, 22.7; HRMS (ESI) caled for C,¢H,;5sNO5
(M™) 267.0895, found 267.0899.

Typical Procedure for Products 2a—2t, la. tert-Butyl nitrite
(2.5—4.5 mmol) was added to a mixture of 1,3-diketone (0.5 mmol) and
FeCl; (16 mg, 20 mol %) at 30 °C. The solution was then stirred at 30 °C
under air for 12 h. Afterward, ethyl acetate (2 mL) was added to the
mixture and filtered through a pad of Celite. The solvent was evaporated
under reduced pressure, and the residue was subjected to flash column
chromatography to obtain the desired product.

Benzil*® (2a): 80% yield; 2.5 mmol TBN was used; light yellow solid;
"H NMR (400 MHz, CDCl;, TMS) 6 7.98 (d, ] = 8.4 Hz, 4 H), 7.66 (t,
J=7.2Hz,2H),7.52 (t,] = 7.2 Hz, 4 H); *C NMR (100 MHz, CDCl,)
0 194.6,134.9,133.0,129.9, 129.0; HRMS (EI) caled for C;,H;00, (M)
210.0681, found 210.0682.

1-(4-Methoxyphenyl)-2-phenylethane-1,2-dione"® (2b): 80% yield;
2.5 mmol TBN was used; light yellow solid; '"H NMR (400 MHz,
CDCls3, TMS) 6 7.95 (t,] = 8.8 Hz,4 H), 7.63 (d, ] = 7.2 Hz, 1 H), 7.49
(t, ] = 8.0 Hz, 2 H), 6.96 (d, ] = 8.8 Hz, 2 H), 3.87 (s, 3 H); *C NMR
(100 MHz, CDCl;) 6 194.9, 193.2, 165.0, 134.7, 133.1, 132.4, 129.9,
1289, 126.0, 1143, 55.6; HRMS (EI) caled for C;sH;,03 (M™)
240.0786, found 240.0786.

1-Phenyl-2-p-tolylethane-1,2-dione"® (2c): 70% yield; 3.5 mmol TBN
was used; light yellow solid; '"H NMR (400 MHz, CDCl;, TMS) 0 7.95 (d,
J=80Hz,2H),7.86(d,J=7.6Hz,2H),7.64 (t,]=72Hz,1H),749 (t,] =
7.6 Hz,2 H),7.30 (d, ] = 7.6 Hz, 2 H), 2.42 (s, 3 H); "*C NMR (100 MHz,
CDCL) 6 194.1, 194.3, 146.2, 134.7, 133.0, 130.5, 130.0, 129.8, 129.7, 128.9,
21.9; HRMS (EI) caled for C,sH,,0, (M") 224.0837, found 224.0844.

1-Phenyl-2-m-tolylethane- 1,2-dione’ (2d): 71% yield; 2.5 mmol
TBN was used; light yellow solid; '"H NMR (400 MHz, CDCl;, TMS)
07.99(d,J=80Hz,2H),7.80(d,J=11.2Hz,2 H), 7.67 (t,] = 7.6 Hz,
1 H), 7.48—7.55 (m, 3 H), 7.41 (t, ] = 7.6 Hz, 1 H), 2.42 (s, 3 H); °C
NMR (100 MHz, CDCl;) & 194.8, 194.7, 139.0, 135.7, 134.8, 133.0,
132.9, 1302, 129.9, 129.0, 1289, 127.2, 21.2; HRMS (EI) caled for
C1sH1,0, (M™) 224.0837, found 224.0840.

1-Phenyl-2-o-tolylethane-1,2-dione"® (2e): 83% yield; 2.5 mmol
TBN was used; light yellow solid; '"H NMR (400 MHz, CDCl;, TMS)
07.99(d,J=8.0Hz,2H),7.66 (d,]=8.0Hz,2 H), 7.48—7.54 (m, 3 H),
735(d, J=72Hz, 1 H), 727 (t, ] = 7.6 Hz, 1 H), 2.72 (s, 3 H); *C
NMR (100 MHz, CDCl;) 0 196.8, 194.9, 141.3, 134.7, 133.8, 133.1,
133.0, 132.6, 131.7, 129.9, 129.0, 126.0, 21.9; HRMS (EI) calcd for
CysH;,0, (M) 224.0837, found 224.0836.

1-(4-Fluorophenyl)-2-phenylethane-1,2-dione™® (2f): 72% yield; 4.5
mmol TBN was used; light yellow solid; '"H NMR (400 MHz, CDCl5,
TMS) 8 8.04—7.96 (m, 4 H), 7.67 (t, ] = 7.2 Hz, 1 H), 7.52 (t, = 7.6 Hz,
2H),7.19 (t, ] = 8.8 Hz, 2 H); '*C NMR (100 MHz, CDCl;) 6 194.0,
192.7, 165.0 (J = 248.6 Hz), 135.0, 132.8, 132.7, 129.9, 129.0, 116.5,
116.3; HRMS (EI) caled for C4HyO,F (M) 228.0587, found
228.0594.
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1-(4-Chlorophenyl)-2-phenylethane-1,2-dione"® (2g): 76% yield;
3.5 mmol TBN was used; light yellow solid; '"H NMR (400 MHz,
CDCl;, TMS) 6 8.00 (d, J = 7.6 Hz,2 H), 7.96 (d, ] = 8.8 Hz, 2 H), 7.71
(t,J=7.6Hz,1H),7.52—7.58 (m, 4 H); *C NMR (100 MHz, CDCI,)
0 193.8, 193.1, 141.7, 135.0, 132.7, 131.3, 131.2, 129.9, 129.4, 129.0;
HRMS (EI) caled for C14,HoO,Cl (M) 244.0291, found 244.0287.

1-(4-Bromophenyl)-2-phenylethane-1,2-dione™ (2h): 76% yield; 4.5
mmol TBN was used; light yellow solid; '"H NMR (400 MHz, CDCl5,
TMS) 6 7.97 (d, ] = 8.4 Hz,2 H), 7.85 (d, ] = 8.0 Hz, 2 H), 7.66 (d, ] =
8.4 Hz, 3 H), 7.52 (t, ] = 8.0 Hz, 2 H); ">*C NMR (100 MHz, CDCl;) &
193.8, 1932, 135.0, 132.7, 132.4, 131.7, 1312, 130.5, 129.9, 129.0;
HRMS (EI) caled for C;,HyO,Br (M) 287.9786, found 287.9784.

1-(3-Bromophenyl)-2-phenylethane-1,2-dione*® (2i): 70% yield; 2.5
mmol TBN was used; light yellow solid; '"H NMR (400 MHz, CDCl5,
TMS) 6 8.13 (s, 1 H), 7.96 (d,] = 7.6 Hz,2 H), 7.87 (d, ] = 8.0 Hz, 1 H),
7.76 (d,]=7.6 Hz, 1H), 7.66 (t, ] = 7.6 Hz, 1H), 7.51 (t, ] = 7.6 Hz, 2 H),
7.37 (t, ] = 8.0 Hz, 1 H); ">*C NMR (100 MHz, CDCl;) 6 193.5, 192.8,
137.7,135.1, 134.6, 132.6, 132.4 (] = 40.0 Hz), 130.6 (J = 6.3 Hz), 129.9
(J=74Hz),129.1 (J = 7.4 Hz), 128.6 (J = 5.6 Hz), 123.3 (] = 6.4 Hz);
HRMS (EI) caled for C;,HyO,Br (M) 287.9786, found 287.9788.

1-(4-lodophenyl)-2-phenylethane-1,2-dione™ (2j): 70% yield; 4.5
mmol TBN was used; light yellow solid; '"H NMR (400 MHz, CDCl5,
TMS) 8 7.96 (d,J=8.0Hz,2H), 7.86 (d, ] = 8.0 Hz, 2 H), 7.63 (t, J = 7.2
Hz, 1 H),7.49 (t, ] = 7.2 Hz, 2 H), 7.29 (d, ] = 8.0 Hz, 2 H); '*C NMR
(100 MHz, CDCl3) & 194.7, 194.3, 146.2, 134.8, 133.0, 130.6, 130.0,
129.8, 129.7, 129.0; HRMS (EI) calcd for C;,HyO,1 (M) 335.9647,
found 335.9650.

1-(Naphthalen-2-yl)-2-phenylethane-1,2-dione*" (2k): 70% yield;
2.5 mmol TBN was used; light yellow solid; '"H NMR (400 MHz,
CDCl;, TMS) 6 8.43 (s, 1 H), 8.12 (d, ] = 8.4 Hz, 1 H), 8.05 (d, ] = 8.0
Hz, 2 H),7.99 (t,] = 8.8 Hz, 1 H), 7.91 (t,] = 7.2 Hz, 2 H), 7.63—7.70
(m, 2 H), 7.50—7.58 (m, 3 H); "*C NMR (100 MHz, CDCl;) 0 194.7,
136.4,134.9,133.5,133.1, 132.3,130.3,130.0, 129.9, 129.6, 129.2, 129.0,
128.0, 127.2, 123.6; HRMS (EI) caled for C,gH;,0, (M) 260.0837,
found 260.0839.

1-(Naphthalen-1-yl)-2-phenylethane-1,2-dione*" (2I): 78% yield;
2.5 mmol TBN was used; light yellow solid; '"H NMR (400 MHz,
CDCl;, TMS) 6 8.39 (d, ] = 8.4 Hz, 1 H), 8.14 (d,] = 8.0 Hz, 1 H), 8.09
(d,J=84Hz,2H),7.97 (d,] =72 Hz, 2 H), 7.79 (t, ] = 8.0 Hz, 1 H),
7.64—7.71 (m, 2 H), 749 —7.57 (m, 3 H); *C NMR (100 MHz,
CDCly) 6 197.2, 194.6, 136.0, 135.1, 134.8, 134.1, 133.3, 130.9, 130.0,
129.5, 129.0, 128.8, 128.6, 127.1, 125.9, 124.4; HRMS (EI) calcd for
C1sH1,0, (M") 260.0837, found 260.0835.

1-Phenyl-2-(1H-pyrrol-2-yl)ethane-1,2-dione®* (2m): 60% yield; 2.5
mmol TBN was used; light yellow solid; '"H NMR (400 MHz, CDCl5,
TMS) 6 10.72 (s, 1 H),8.16 (d,J=7.6 Hz, 1 H), 8.07 (d, ] = 8.0 Hz, 2 H),
7.61 —7.68 (m, 1H),7.52 (t,]=8.0Hz,2 H),7.29 (s, 1 H), 7.06 (s, 1 H);
13C NMR (100 MHz, CDCl;) 6 192.8,171.3, 134.6, 133.7, 133.1, 130.2,
128.8,128.7,128.5,122.6, 129.0, 128.0, 127.2, 123.6; HRMS (ESI) calcd
for C,HoNO, (M) 199.0633, found 199.0637.

1-Phenyl-2-(thiophen-2-yl)ethane-1,2-dione'** (2n): 65% yield; 2.5
mmol TBN was used; light yellow solid; "H NMR (400 MHz, CDCl,,
TMS) 0 8.02 (d,]=7.2Hz,2H),7.82(d,J=4.4Hz, 1 H),7.78 (d,] =
3.6Hz,1H),7.64 (t,J=7.2Hz,1H),7.49 (t, ] = 7.6 Hz,2 H), 7.16 (t, ] =
44Hz,1H); >*CNMR (100 MHz, CDCl;) 6 198.1,191.6,143.1, 134.4,
133.2,131.7,130.3, 128.7, 128.6, 128.0, 127.6, 126.9; HRMS (EI) calcd
for C1,HgO,S (M) 216.0245, found 216.0247.

1-(Furan-2-yl)-3-phenylpropane-1,3-dione"* (20): 45% yield; 2.5
mmol TBN was used; light yellow solid; '"H NMR (400 MHz, CDCl,,
TMS) 0 8.02 (d,J=7.2Hz,2H),7.83(d,]=44Hz,1H),7.78 (d,] =
44Hz,1H),7.66 (t,J=7.2Hz, 1 H),7.51 (t,]=7.2Hz,2H),7.18 (t, ] =
4.4Hz, 1 H); "*C NMR (100 MHz, CDCl;) 0 191.4, 188.2, 155.4,135.5,
134.7,134.3,130.7, 130.1, 129.3, 128.8, 128.5, 128.4; HRMS (EI) calcd
for C;,HgO5 (M) 200.0473, found 200.0475.

1-(Furan-2-yl)-2-(thiophen-2-yl)ethane-1,2-dione** (2p): 68% yield;
2.5 mmol TBN was used; light yellow solid; "H NMR (400 MHz, CDCl,,
TMS) 8 8.08 (d, J= 3.6 Hz, 1 H), 7.86 (d, ] = 44 Hz, 1 H), 7.80 (s, 1 H),
7.64 (d,J=3.6Hz, 1 H),7.22 (t,] = 44 Hz, 1 H), 6.65 (d, ] = 2.8 Hz, 1 H);
13C NMR (100 MHz, CDCL;) 6 181.9, 177.5, 149.4, 137.4, 137.2, 1287,
124.6, 113.0; HRMS (EI) caled for C,oHgO5S (M™) 206.0038, found
206.0046.

1-(Furan-2-yl)-2-(1H-pyrrol-2-yl)ethane-1,2-dione (2q): 45% yield;
3.5 mmol TBN was used; light yellow solid; '"H NMR (400 MHz,
C,D6SO, TMS) 0 12.33 (s, 1 H), 8.10 (s, 1 H), 7.46 (d, ] = 3.2 Hz, 1 H),
7.29 (s, 1 H),6.90 (s, 1H), 6.72 (t, J= 2.0 Hz, 1 H), 6.22 (t, J= 2.0 Hz, 1
H); "*C NMR (100 MHz, C,D¢SO) 6 180.3 (J=2.9 Hz), 179.7 (J= 3.1
Hz), 150.7,149.7,129.7 (J = 17.7 Hz), 128.3 (J = 15.4 Hz), 124.2, 122.1
(J=3.2Hz),113.7,111.8 (J = 3.1 Hz); HRMS (EI) calcd for C;oH,NO5
(M™) 189.0426, found 189.0424.

1,2-Di(thiophen-2-ylethane-1,2-dione*" (2r): 84% yield; 3.5 mmol
TBN was used; light yellow solid; 'H NMR (400 MHz, CDCls, TMS) o
8.06 (dd, J = 4.0,0.8 Hz,2 H), 7.84 (dd, ] = 5.2, 1.2 Hz,2 H), 7.20 (t, ] =
44 Hz, 2 H); *C NMR (125 MHz, CDCl;) ¢ 182.6, 138.8, 137.7,
137.5, 128.9.

1-Phenylpropane-1,2-dione®® (2s): 55% yield; 2.5 mmol TBN was
used; light yellow liquid; '"H NMR (400 MHz, CDCl;, TMS) 6 8.01
(d,J=8.0Hz,2H),7.63 (t,]=7.6 Hz, 1H), 7.49 (t, ] = 7.6 Hz, 2 H), 2.51
(s, 3 H); *C NMR (100 MHz, CDCl;) 6 200.4, 191.3, 134.5, 131.7,
130.2, 128.8, 26.2.

1-Phenylbutane-1,2-dione** (2t): 60% yield; 2.5 mmol TBN was
used; light yellow liquid; "H NMR (400 MHz, CDCly, TMS) 6 7.98 (d, ] =
84Hz,2H),7.64 (t,]=7.6 Hz, 1 H),7.50 (t, ] = 7.8 Hz, 2 H),2.92 (q, ] =
72 Hz,2 H), 1.20 (t, ] = 7.2 Hz, 3 H); *C NMR (100 MHz, CDCl;) &
203.8,192.6, 134.5, 132.0, 130.1, 128.8, 32.1, 6.7.

73C—Benzy/ (la): 76% vyield; 2.5 mmol TBN was used; light yellow
solid; "H NMR (500 MHz, CDCl;, TMS) 0 7.97 (d, J = 7.0 Hz, 4 H),
7.64 (t,]=7.5Hz,2 H), 7.49 (t, ] = 7.5 Hz, 4 H); ">*C NMR (125 MHz,
CDCl;) 6 194.8, 135.1, 133.1 (q, J = 17.9 Hz) 130.0, 129.2; *C NMR
(125 MHz, CDCl;) 6 194.8 (5,86 C), 135.1 (5,2 C),133.1 (q,] = 7.5 Hz,
2C),130.0 (s, 4 C), 129.2 (s, 4 C); HRMS (EI) calcd for C;5*CH,,0,
(M™) 211.0714, found 211.0712.

Il ASSOCIATED CONTENT

© Supporting Information. Experimental procedures and
full spectroscopic data for all new compounds. This material is
available free of charge via the Internet at http://pubs.acs.org.

M AUTHOR INFORMATION

Corresponding Author
*E-mail: yhzhang@zju.edu.cn.

B ACKNOWLEDGMENT

Funding from National Basic Research Program of China
(No.2011CB936003) and NSFC (No. 20872126, No. 2107216)
is highly acknowledged.

B REFERENCES

(1) (a) Hoyos, P.; Sinisterra, J.-V.; Molinari, F.; Alcantara, A. R;
Doinguez De Maria, P. Acc. Chem. Res. 2010, 43, 288. (b) Furusawa, T;
Kawano, M.; Fujita, M. Angew. Chem., Int. Ed. 2007, 46, 5717. (c) Koike,
T.; Murata, K; Ikariya, T. Org. Lett. 2000, 2, 3833. (d) McKenna, J. M,;
Halley, F.; Souness, J. E.; McLay, I. M,; Pickett, S. D.; Collis, A. J.; Page,
K.; Ahmed, L. J. Med. Chem. 2002, 45, 2173. (e) Deng, X.; Mani, N. S.
Org. Lett. 2006, 8, 269. (f) Hui, X.; Desrivot, J.; Bories, C.; Loiseau, P. M.;

5736 dx.doi.org/10.1021/jo200840y |J. Org. Chem. 2011, 76, 5732-5737



The Journal of Organic Chemistry

Franck, X.; Hocquemiller, R.; Figadere, B. Bioorg. Med. Chem. Lett. 2006,
16, 815. (g) Walsh, C. J.; Mandal, B. K. J. Org. Chem. 1999, 64, 6102.

(2) Ita, B.1; Offiong, O. E. Mater. Chem. Phys. 2001, 70, 330.

(3) Matsuschita Electric Industrial Co. Ltd. Patent JP56098203;
Chem. Abstr. 1981, 95, 188163.

(4) (a) Husér, B.; Commereuc, S.; Luka¢, L; Chmela, S.; Nedelec,
J.- M; Baba, M. J. Phys. Chem. B 2006, 110, 5315. (b) Corrales, T.; Catalina,
F.; Peinado, C.; Allen, N. S. J. Photochem. Photobiol. A 2003, 159, 103.

(5) (a) McKillop, A.; Swann, B. P.; Ford, M. E.; Taylor, E. C. J. Am.
Chem. Soc. 1973, 95, 3641. (b) Choudary, B. M,; Kantam, M. L,
Rahman, A; Reddy, C. V.; Rao, K. K. Angew. Chem,, Int. Ed. 2001,
40, 763. (c) Jain, S. L.; Sharma, V. B.; Sain, B. Tetrahedron Lett. 2004,
45, 1233. (d) Che, C.-M.; Yu, W.-Y.; Chan, P.-M.; Cheng, W.-C.; Peng,
S.-M,; Lau, K-C; Li, W.-K. J. Am. Chem. Soc. 2000, 122, 11380.
(e) Ryang, H.-S.; Foote, C. S. J. Am. Chem. Soc. 1980, 102, 2129. (f)
Bauer, D. P,; Macomber, R. S. J. Org. Chem. 1975, 40, 1990.
(g) Shimakawa, Y.; Morikawa, T.; Sakaguchi, S. Tetrahedron Lett.
2010, S1, 1786. (h) Kashiwabara, T.; Tanaka, M. J. Org. Chem. 2009,
74,3958. (i) Paleo, M. R.; Calaza, M. I; Grana, P.; Sardina, F. . Org. Lett.
2004, 6, 1061.

(6) (a) Clarke, H. T.; Dreger, E. E. Organic Syntheses; Wiley & Sons:
New York, 1941; Collect. Vol. No. 1, p 87. (b) Weiss, M.; Appel, M.
J. Am. Chem. Soc. 1948, 70, 3666. (c) Tymonko, S. A.; Nattier, B. A,
Mohan, R. S. Tetrahedron Lett. 1999, 40, 7657. (d) Iranpoor, N.;
Firouzabadi, H.; Zolfigol, M. A. Bull. Chem. Soc. Jpn. 1998, 71, 905.

(7) (a) Kobayashi, S.; Miyamura, H.; Akiyama, R.; Ishida, T. J. Am.
Chem. Soc. 2005, 127,9251. (b) Ren, W.; Xia, Y.; Ji, S.-J.; Zhang, Y.; Wan,
X.; Zhao, J. Org. Lett. 2009, 11, 1841. (c) Sheu, C.; Richert, S. A.; Cofré,
P.; Ross, B., Jr.; Sobkowiak, A.; Sawyer, D. T.; Kanofsky, J. R. J. Am.
Chem. Soc. 1990, 112, 1936. (d) Wan, Z.; Jones, C. D.; Mitchell, D.; Py,
J.Y.; Zhang, T. Y. . Org. Chem. 2006, 71, 826. (e) Wolfe, S.; Ingold, C. F.
J. Am. Chem. Soc. 1983, 10S, 7755. (f) Ren, W.; Liu, J.; Chen, L.; Wan, X.
Adv. Synth. Catal. 2010, 352, 1424.

(8) (a) Tada, N.; Shomura, M.; Nakayama, H.; Miura, T.; Itoh, A.
Synlett 2010, 1979. (b) Karlsson, L; Hillerstrom, L.; Stenfeldt, A.-L;
Martensson, J.; Borje, A. Chem. Res. Toxicol. 2009, 22, 1881. (c) Kim,
S.S; Mah, Y. J.; Kim, A. R.; Cho, K. W. . Photosci. 2004, 11, 129.

(9) For representative reviews, see: (a) Jun, C.-H. Chem. Soc. Rev.
2004, 33, 610. (b) Jennings, P. W.; Johnson, L. L. Chem. Rev. 1994,
94,2241. (c) Masarwa, A.; Marek, 1. Chem.—Eur. ]. 2010, 16, 9712. (d)
Winter, C.; Krause, N. Angew. Chem., Int. Ed. 2009, 48, 2460. (&) Walter,
M. D.; Tamm, M. Angew. Chem., Int. Ed. 2010, 49, 3264.

(10) For representative references of carbon—carbon bond activa-
tion by direct groups, see: (a) Suggs, J. W.; Jun, C.-H. J. Am. Chem. Soc.
1984, 106, 3054. (b) Jun, C.-H.; Lee, H. J. Am. Chem. Soc. 1999,
121, 880. (c) Chatani, N.; Ie, Y.; Kakiuchi, F.; Murai, S. J. Am. Chem. Soc.
1999, 121, 8645. (d) Liou, S.-Y,; van der Boom, M. E.; Milstein, D.
Chem. Commun. 1998, 687. (e) Dreis, A. M.; Douglas, C. J. J. Am. Chem.
Soc. 2009, 131, 412.

(11) For recent representative examples of carbon—carbon bond
cleavage in strained systems, see: (a) Yao, B.; Li, Y.; Liang, Z.; Zhang, Y.
Org. Lett. 2011, 13, 640. (b) Seiser, T.; Roth, O. A,; Cramer, N. Angew.
Chem., Int. Ed. 2009, 48, 6320. (c) Sumida, Y.; Yorimitsu, H.; Oshima, K.
Org. Lett. 2010, 12, 2254.

(12) For representative references of carbon—carbon bond cleavage by
other means, see: (a) Sattler, A.; Parkin, G. Nature 2010, 463, 523. (b)
Tobisu, M,; Kita, Y.; Chatani, N. J. Am. Chem. Soc. 2006, 128, 8152. (c)
Matsumura, S.; Maeda, Y.; Nishimura, T.; Uemura, S. J. Am. Chem. Soc.
2003, 125, 8862. (d) Cryle, M. J.; De Voss, J. J. Chem. Commun. 2004, 86.
(e) Nakao, Y; Yada, A.; Hiyama, T. J. Am. Chem. Soc. 2010, 132, 10024. (f)
Xing, D.; Guan, B,; Cai, G.; Fang, Z.; Yang, L.; Shi, Z. Org. Lett. 2006, 8, 693.
(g) He, C;; Guo, S.; Huang, L,; Lei, A. J. Am. Chem. Soc. 2010, 132, 8273. (h)
Liu, Y.; Song, F.; Guo, S. J. Am. Chem. Soc. 2006, 128, 11332. (i) Shimada,
T.; Yamamoto, Y. J. Am. Chem. Soc. 2003, 125, 6646.

(13) (a) Katritzky, A. R;; Zhang, D.; Kirichenko, K. J. Org. Chem.
2005, 70, 3271. (b) Lee, H.-S.; Yoon, K-M,; Han, Y.-R; Lee, K. J;
Chung, S.-C,; Kim, T.-L; Lee, S.-H,; Shin, J.; Oh, K.-B. Bioorg. Med.
Chem. Lett. 2009, 19, 1051.

(14) (a) Roberts, J. D.; Smith, D. R.; Lee, C. C. J. Am. Chem. Soc.
1951, 73, 618. (b) Grubel, K; Fuller, A. L.; Chambers, B. M.; Arif, A. M;
Berreau, L. M. Inorg. Chem. 2010, 49, 1071. (c) Berreau, L. M.; Borowski,
T.; Grubel, K; Allpress, C. J.; Wikstrom, J. P. Inorg. Chem. 2011,
50, 1047. (d) Mecinovi¢, J.; Hamed, R. B.; Schofield, C. J. Angew. Chem.,
Int. Ed. 2009, 48, 2796.

(15) () Hansen, J. F.; Flippen-Anderson, J. L. J. Org. Chem. 1988,
50, 3955. (b) Kim, Y. H; Park, Y. J.; Kim, K. Tetrahedron Lett. 1989,
30, 2833. (c) Thompson, J. E.; Cubbon, R. M.; Cummings, R. T. Bioorg.
Med. Chem. Lett. 2002, 12, 1219. (d) Mortier, J.; Frederick, R.; Ganeff,
C.; Remouchamps, C.; Talaga, P.; Pochet, L.; Wouters, J.; Piette, J.;
Dejardin, E.; Masereel, B. Biochem. Pharmacol. 2010, 79, 1462. (e)
Campeau, L.-C,; Stuart, D. R; Leclerc, J.-P. J. Am. Chem. Soc. 2009,
131, 3291.

(16) (a) Corsaro, A.; Chiacchio, U.; Pistara, V. Synthesis 2001, 1903.
(b) Wolfrom, M. L.; Georges, L. W.; Soltzberg, S. J. Am. Chem. Soc. 1934,
56, 1794. (c) Claisen, L.; Monasse, O. Ber. 1887, 22, 130 and 526. (d)
Manning, D. T.; Stansbury, H. A,, Jr. J. Am. Chem. Soc. 1959, 81, 488S.
(e) Lee, J. G.; Kwak, K. H.; Hwang, J. P. Tetrahedron Lett. 1990, 31, 6677.

(17) (a) Hu, A; Lin, W. Org. Lett. 2008, 7, 45S. (b) Dubrovina, N. V.;
Tararov, V. L; Monsees, A.; Kadyrov, R; Fischer, C.; Borner, A.
Tetrahedron: Asymmetry 2003, 14, 2739.

(18) Yang, Y.-Y.; Shou, W.-G.; Wang, Y.-G. Tetrahedron Lett. 2007,
48, 8163.

(19) Zhang, Q.; Xua, C.-M.; Chen, J.-X; Xua, X.-L.; Ding, J.-C.; Wu,
H.-Y. Appl. Organomet. Chem. 2009, 23, 524.

(20) Jia, J.; Ren, W.; Wan, X. Faming Zhuanli Shenging Gongkai
Shuomingshu, 2010, Patent 101624322, 15 pp.

(21) Hoyos, P.; Sansottera, G.; Fernindez, M.; Molinari, F.;
Sinisterra, J. V.; Alcantara, A. R. Tetrahedron 2008, 64, 7929.

(22) Gardner, T. S.; Wenis, E.; Lee, J. J. Org. Chem. 1958, 23, 823.

(23) Yadav, J. S;; Biswas, S. K.; Srinivas, R. Synthesis 2006, 4237.

(24) Chang, C.-L.; Kumar, M. P.; Liu, R.-S. . Org. Chem. 2004,
69, 2793.

5737 dx.doi.org/10.1021/jo200840y |J. Org. Chem. 2011, 76, 5732-5737



