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The palladium-catalyzed coupling between aryl halides and
enolizable reagents has become a convenient method for the
construction of C(sp2)–C(sp3) bonds to generate allylic and
benzylic carbonyl derivatives, which are found in a vast
number of pharmaceuticals and bioactive compounds.[1]

Owing to the significant contributions from the groups of
Hartwig, Buchwald, and others, efficient protocols for the
direct a-arylation of ketones, esters, amides, aldehydes,
nitriles, malonates, etc. have been developed.[2] Furthermore,
the mechanistic understanding of the enolate binding modes
and the C�C bond-forming reductive elimination step has
been clarified, enabling chemists to design specific variants of
the a-arylation.[3]

The addition of carbon monoxide into the catalytic cycle
of the a-arylation would provide a straightforward entry to b-
keto carbonyl compounds from simple aryl halides and
carbonyl derivatives having one or two protons in the
a position. In particular, the synthesis of 1,3-diketones is of
high importance, as such compounds exhibit biological
activity, serve as versatile building blocks, and act as attractive
platforms for accessing various heterocyclic compounds.[4]

Numerous strategies for the synthesis of 1,3-diketones have
been reported; these compounds are typically obtained by the
aldol condensation of an enolate and a carbonyl compound
followed by oxidation of the resulting 3-hydroxy ketone.
However, only a few approaches have been oriented towards
their direct synthesis (Scheme 1).[5] Previously, Tanaka and
Kobayashi reported on the intermolecular carbonylative a-
arylation of malonate derivatives under high pressures of
carbon monoxide (20 atm).[6, 7] However, attempts to include
ketones were unsuccessful and instead resulted in the
alkoxycarbonylation of the enolate derivative to an acylated
enol.

Herein, we report on the identification of a catalytic
system based on palladium for an effective carbonylative a-
arylation strategy for the direct synthesis of 1,3-diketones
from aryl iodides and simple ketones. Notably, the method
relies on the use of only stoichiometric amounts of carbon

monoxide, which makes this approach highly adaptable for
the 13C labeling of one of the carbonyl groups of the 1,3-
diketone product.[8]

To identify an effective catalytic system for the carbon-
ylative a-arylation of ketones, we examined the coupling of 4-
iodoanisole (2) and propiophenone (3).[9] A catalytic system
consisting of [Pd(dba)2] and rac-binap, traditionally used in
the a-arylation of ketones, was chosen as the starting
point.[10, 2e] The reactions were run using a two-chamber
system with the ex situ generation of CO from 9-methyl-9H-
fluorene-9-carbonyl chloride (1), as earlier described.[8] The
addition of 1 to the CO-producing chamber in 1.5 equivalents
with respect to 2 combined with 5 mol% of catalyst, which
was composed of [Pd(dba)2] and HBF4P(tBu)3, and stoichio-
metric base resulted in good CO incorporation and a
promising 67 % yield of 4 was obtained (Table 1, entry 1).
To avoid the competing aminocarbonylation and/or amina-
tion with NaHMDS, propiophenone, and NaHMDS were
premixed for 1 hour at ambient temperature before they were
added to the reaction mixture, as reported by Hartwig and co-
workers.[11, 12] Changing the solvent to toluene resulted in
exclusive formation of the direct a-arylated product 5 ; this
result can be explained by the enhanced basicity of the
sodium enolate in nonpolar solvents (Table 1, entry 2). A
decrease in the temperature lowered the yield of the reaction
(Table 1, entry 3). Different bases such as NaH, KHMDS, and
LiHMDS were inferior to NaHMDS (Table 1, entries 4–6).
On the other hand, ligands possessing a rigid ferrocene
backbone gave cleaner reactions and excellent yields of 4
were secured when dppf and DiPrPF were employed (Table 1,
entries 7 and 10). A comparable yield was obtained when the
reaction was run with the ketone in a slight excess with
respect to the base (Table 1, entry 11).[13,14] An increase in the
steric bulk on the phosphines resulted in the formation of the
benzylic ketone 5 as the sole product, thus demonstrating the
delicate balance often observed in the design of palladium
catalysts (Table 1, entry 9). Finally, it is interesting to note
that attempts to run these reactions under an atmosphere of

Scheme 1. Direct approaches to 1,3-diketones. Bt= benzotriazole,
PFP = pentafluorophenyl.
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CO (balloon) provided lower coupling yields and surprisingly
a 1:1 mixture of 4 and 5.

With these optimized reaction conditions in hand, we set
out to test the generality of this reaction. Gratifyingly, a
variety of aryl iodides coupled successfully to propiophenone
(Scheme 2). Electron-rich aryl iodides proved especially
effective, thus providing the 1,3-diketones in almost quanti-
tative yields. Despite the catalyst poisoning often observed by
sulfur-containing motifs, the coupling of 4-iodothioanisole
gave the desired product 8 in a good 80 % yield. The MOM-
protected 2-iodophenol performed particularly well to give
the 3-methyl flavone precursor 10 in an excellent 94% yield.
The electron-poor aryl iodides displayed a slightly inferior
performance, thus indicating that the CO incorporation is
dependent on the electronic properties of the arylpalla-
dium(II) intermediate formed after the oxidative addition.[14]

Nevertheless, good chemoselectivity was obtained in the
reactions of 3-bromo- and 3-chloroiodobenzene, 13 and 15,
respectively, which allow for the further functionalization of
the resulting 1,3-diketones. In addition, heterocyclic com-
pounds, such as thiophenes and pyridines, were equally
adaptable to the applied reaction conditions and formed the
carbonylated a-arylation products 16 and 17 in good yields.
On the other hand, the corresponding aryl bromides proved
less effective under the applied reaction conditions and

showed diminished levels of reactivity. For example, 4-
bromoanisole resulted in 65% conversion into the desired
1,3-diketone exclusively after a reaction time of 42 hours
(Scheme 3).

Different ketones were then evaluated with the test
substrate 4-iodoanisole (2 ; Scheme 4). To our delight, these
ketones coupled smoothly when subjected to the optimized
carbonylative a-arylation conditions, thus further expanding
the scope of this reaction. Comparable results were produced
with dialkyl ketones after they were premixed with NaHMDS
for 1 hour (18–20). Furthermore, an increase in the steric bulk
on the a carbon to the carbonyl group did not affect the
outcome of the reaction, as with 21. In contrast, the reactions
of acetophenone and cyclohexanone led to complex reaction
mixtures, most likely as a result of a competing aldol reaction
during the coupling (results not shown). Finally, a satisfactory
74% yield of 22 was obtained in the coupling of 2-tetralone
with 2 after treatment of the resulting coupling product with
methyl iodide owing to an otherwise a problematic purifica-
tion.[15]

Table 1: Optimization of the carbonylative a-arylation.[a]

Entry Ligand Base Ratio[b]

4/5
Yield[c]

1 (�)-binap NaHMDS 10:1 67
2[d] (�)-binap NaHMDS >1:19 –
3[e] (�)-binap NaHMDS >19:1 52
4 (�)-binap NaH >19:1 60
5 (�)-binap KHMDS 1:1 –
6 (�)-binap LiHMDS 8:1 –
7 dppf NaHMDS >19:1 80
8 PPFtBu NaHMDS >19:1 61
9 DtBuPF NaHMDS >1:19 –
10 DiPrPF NaHMDS >19:1 85
11[f ] DiPrPF NaHMDS >19:1 85

[a] Chamber A: 1 (0.45 mmol), [Pd(dba)2] (5.0 mol%), HBF4P(tBu)3

(5.0 mol%), DIPEA (0.68 mmol) in THF (2 mL). Chamber B: 3
(0.66 mmol) and base (0.66 mmol) were premixed for 1 h in THF (2 mL)
at RT before being added to a mixture of 2 (0.3 mmol), ligand
(3.6 mol%), [Pd(dba)2] (3.0 mol%). The reaction mixture was stirred for
17 h at 70 8C. [b] Determined by 1H NMR analysis. [c] Yields of the
isolated product. [d] Toluene as solvent in Chamber B. [e] Reaction
conducted at 40 8C. [f ] Base (0.60 mmol). binap= 2,2’-bis(diphenyl-
phosphino)-1,1’-binaphthyl, DIPEA =diisopropylethylamine, dppf= 1,1’-
bis(diphenylphosphino)ferrocene, PPFtBu = (2R)-1-{(1R)-1-[bis(1,1-
dimethylethyl)phosphino]ethyl}-2-(diphenylphosphino)ferrocene,
DiPrPF= 1,1’-bis(diisopropylphosphino)ferrocene, DtBuPF =1,1’-bis(di-
tert-butylphosphino)ferrocene, THF = tetrahydrofuran.

Scheme 2. Carbonylative a-arylation with a variety of aryl iodides.
Reaction conditions: Chamber A: 1 (0.75 mmol), [Pd(dba)2]
(5.0 mol%), HBF4P(tBu)3 (5.0 mol%), DIPEA (1.13 mmol) in THF
(3 mL). Chamber B: 3 (1.10 mmol) and NaHMDS (1.00 mmol) were
premixed for 1 h in THF (3 mL) at RT before being added to a mixture
of aryl iodide (0.50 mmol), DiPrPF (3.6 mol%), and [Pd(dba)2]
(3.0 mol%). The reaction mixture was stirred for 17 h at 70 8C.
HMDS= hexamethyldisilazane.

Scheme 3. 4-Bromoanisole in the carbonylative a-arylation.

Angewandte
Chemie

799Angew. Chem. Int. Ed. 2012, 51, 798 –801 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


The fact that only a small excess of carbon monoxide was
used in the reaction prompted us to investigate the possibility
of exploiting this method for the 13C-labeling of 1,3-diketones.
As such compounds are viable precursors to a wide range of
heterocyclic compounds including pyrazoles, isoxazoles, and
flavones, this approach would represent a new strategy for the
synthesis of carbon-isotope-labeled heterocycles.[16]

The 13C-labeled variant of the carboxylic acid chloride 1
prepared from 9-fluorenone was utilized as the carbon
monoxide precursor in 1.5 equivalents (Scheme 5).[8a] Starting
from MOM-protected 2-iodophenol, the 13C-labeled 1,3-
diketone 23 was obtained in a 90% yield. Subsequent
hydrolysis of the methoxymethyl ether protecting group and
dehydrative cyclization formed the 3-methyl flavone 24

quantitatively. Finally, carbon isotope labeling of the hetero-
cyclic core structure in [13C]-3,5-diphenylpyrazole 26 and
[13C]-3,5-diphenylisoxazole 27 was successfully achieved in
two steps starting from iodobenzene and 13C-labeled carbon
monoxide, which was generated ex situ in the two-chamber
system.[17]

In summary, the Pd-catalyzed carbonylative a-arylation of
ketones with aryl iodides provides a new route to 1,3-
diketones, which serve as direct precursors to important
building blocks and heterocyclic compounds. Furthermore,
this technique proves effective for carbon isotope labeling of
biologically relevant structures such as flavones, pyrazoles,
and isoxazoles. Protocols that allow for the expansion of this
approach to the use of esters and amides, as well as other aryl
halides are currently in progress and will be reported in due
course.

Experimental Section
1-(2-(Methoxymethoxy)phenyl)-2-methyl-3-phenylpropane-1,3-
dione (10, Scheme 2): A two-chamber reactor was employed as
earlier described.[8a] In a glovebox, 9-methyl-9H-fluorene-9-carbonyl
chloride 1 (0.75 mmol), [Pd(dba)2] (5 mol%) and HBF4P(tBu)3

(5 mol%) were dissolved in THF (3 mL) in Chamber A. DIPEA
(diisopropylethylamine) (1.13 mmol) was then added and the cham-
ber was fitted with a Teflon� sealed screwcap.

A solution of the ketone (1.10 mmol) dissolved in THF (1 mL)
was added dropwise to a solution of NaHMDS (1.0 mmol) in 1 mL
THF. The reactor was fitted with a screwcap and the reaction mixture
was stirred at RT for approximately 1 h. In a glovebox, 1-iodo-2-
(methoxymethoxy)benzene (0.5 mmol), DiPrPF (3.6 mol%) and
[Pd(dba)2] (3.0 mol%) were dissolved in THF (1 mL) in Chamber
B. The generated enolate mixture was then added and this chamber
was also fitted with a Teflon sealed screwcap.

The loaded two-chamber system was then removed from the
glovebox and heated at 70 8C for 17 h. The crude reaction mixture
from Chamber B was quenched with 1m HCl (0.7 mL) and water was
added. The aqueous phase was extracted three times with CH2Cl2.
The combined organic phases were dried over Na2SO4 and concen-
trated in vacuo. The crude product was purified by flash column
chromatography using 10 % ethyl acetate in pentane as eluent to give
140 mg (94% yield) of the title product as a colorless oil. 1H NMR
(400 MHz, CDCl3): d = 8.03 (d, 2H, J = 7.8 Hz), 7.91 (dd, 1H, J = 1.7,
7.8 Hz), 7.60–7.56 (m, 1H), 7.49 (t, 2H, J = 7.8 Hz), 7.43–7.39 (m,
1H), 7.13 (d, 2H, J = 8.4 Hz), 7.05 (t, 1H, J = 8.4 Hz), 5.38 (q, 1H, J =
7.2 Hz), 4.82 (q, 2H, J = 7.1 Hz), 3.11 (s, 3H), 1.52 ppm (d, 3H, J =

7.2 Hz). 13C NMR (100 MHz, CDCl3): d = 197.8, 197.2, 156.4, 135.9,
134.2, 133.3, 131.4, 128.9, 128.7, 126.8, 122.1, 114.7, 94.2, 56.2, 54.7,
14.2 ppm. HRMS C18H18O4 [M+Na+]; calculated 321.1103, found
321.1105.
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Scheme 4. Carbonylative a-arylation with different ketones. Reaction
conditions: Chamber A: 1 (0.75 mmol), [Pd(dba)2] (5.0 mol%), HBF4P-
(tBu)3 (5.0 mol%), DIPEA (1.13 mmol) in THF (3 mL). Chamber B:
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Scheme 5. Cyclizations of 13C-labeled 1,3-diketones. MOM= methoxy-
methyl.
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