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Introduction

The palladium-catalyzed double carbonylation of aryl
halides to give a-keto acids, esters, and amides has been
extensively studied.® However, in contrast to the wide-
spread synthetic use of catalytic single carbonylations,?3
catalytic double carbonylations are less convenient to
employ.* One of the major problems associated with
double carbonylations lies in the experimental manipula-
tion where an air-sensitive alkylphosphine ligand and
high-pressure conditions are frequently required to pro-
mote the double carbonylation selectively. A typical
example is shown in Scheme 1. We report herein a new
practical protocol for the palladium-catalyzed double
carbonylation of aryl halides under atmospheric pressure
of carbon monoxide at ambient temperature using tri-
phenylphosphine as a ligand.®

Results and Discussion

We have examined several phosphine ligands, solvents,
and bases for the double carbonylation of iodobenzene
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Table 1. Palladium-Catalyzed Carbonylation of Phl (1a)
with n-BuNH»?

yield® (%) selectivity (%)
entry ligand solvent base 2a 3a of 3a
1 PPh3 THF DABCO 7 86 92
2¢  PPhg THF DABCO 21 73 77
3¢ n-BuzP THF DABCO
4 dppe THF DABCO 16 15 48
5 PPh3 Et,0 DABCO 59 39 40
6 PPhs DMF DABCO 51 38 43
7 PPh3 DMSO DABCO 62 18 23
8 PPh3 THF EtsN 23 51 69
9 PPh3 THF pyridine 36 42 54
10 PPh3 THF DBU 72 <1 <1

a All reactions were carried out at 25 °C for 12 h under 1 atm
of CO. The catalyst was generated in situ by mixing [PdCI(;3-
CsHs)]2 and a phosphine ligand. The ratio of 1a (mol)/n-BuNH;
(mol)/[Pd] (mol)/ligand (mol)/base (mol)/solvent (L) = 1.0/3.0/0.03/
0.06/3.0/10. ® Isolated yield. ¢ Pd(PPhs), (5 mol %) was used. ¢ No
reaction.

(Scheme 2). Reaction of iodobenzene (1a) with n-butyl-
amine in the presence of palladium—phosphine com-
plexes and bases under atmospheric pressure of carbon
monoxide at 25 °C for 12 h gave a mixture of N-
butylbenzamide (2a) and N-butylphenylglyoxamide (3a).
The selectivity producing the double carbonylation prod-
uct 3a was determined by *H NMR analysis of the crude
mixture, and the benzamide 2a and a-keto amide 3a were
readily isolated by silica gel column chromatography.
Representative results are summarized in Table 1. It was
found that the combination of triphenylphosphine, tet-
rahydrofuran, and 1,4-diazabicyclo[2.2.2]octane (DABCO)
is essential to construct an efficient catalyst system with
much higher selectivity for the double carbonylation
product. Thus, when a mixture of 1a, n-butylamine (3
equiv), and DABCO (3 equiv) was stirred at 25 °C under
1 atm of carbon monoxide for 12 h in the presence of 3
mol % of a palladium catalyst generated in situ by mixing
di(u-chloro)bis(n3-allyl)dipalladium(ll) ([PdCI(73-C3Hs)],)
and triphenylphosphine (P/Pd = 2/1), the double carbo-
nylation took place with 92% selectivity to give 7% and
86% isolated yields of 2a and 3a, respectively (Table 1,
entry 1). The selectivity giving the double carbonylation
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product was lowered to 77% by use of tetrakis(tri-
phenylphosphine)palladium (P/Pd = 4/1) (entry 2). A
palladium complex coordinated with tributylphosphine
did not catalyze carbonylation at all under otherwise
similar conditions (entry 3). A bidentate phosphine, 1,2-
bis(diphenylphosphino)ethane, decreased the catalytic
activity and the selectivity to give 31% of the carbon-
ylation products with 48% of the double carbonylation
products (entry 4).

It was found that use of DABCO as a base is critical
for the high selectivity of double carbonylation. Thus,
carbonylation of 1a in the presence of triethylamine or
pyridine gave single and double carbonylation products
in high yields where the selectivity decreased to 69% or
54% (entries 8 and 9) and the reaction with DBU gave
the single carbonylation product 2a exclusively (entry 10),
whereas DABCO promotes double carbonylation with
92% selectivity. Use of THF as a solvent is also essential
to perform double carbonylation selectively. Single car-
bonylation giving 2a preferentially proceeded in ether,
DMF, or DMSO (entries 5—7).

Using the double carbonylation selective catalyst sys-
tem identified above, several amines as well as aryl
halides were examined for the carbonylation reaction.
The carbonylation of iodobenzene with isopropylamine,
cyclohexylamine, and tert-butylamine under the double
carbonylation conditions (Pd/PPhs/DABCO/THF) gave
the corresponding a-keto amides 4 (98% isolated yield),
5 (93%), and 6 (69%) with selectivity of 93%, 91%, and
94%, respectively (Scheme 3). It is noteworthy that the
selectivity is strongly affected by the substituents of the
aromatic ring. Aryl halides bearing electron-donating
substituents 1b, 1c, and 1d underwent double carbon-
ylation with high selectivity to give p-anisyl, p-tolyl, and
m-tolyl keto amides with 94%, 92%, and 89% selectivity,
respectively (Table 2, entries 2—4). Sterically hindered
o-iodotoluene (1e) exhibited lower reactivity and selectiv-
ity to give 46% yield of 3e with 78% selectivity (entry 5).
Electron-deficient m-chlorophenyl iodide (1f) and p-
(trifluoromethyl)phenyl iodide (1g) afforded the single
carbonylation products 2f and 2g overwhelmingly (en-
tries 6 and 7). It has been reported that the palladium-
catalyzed single and double carbonylation of an aryl
halide proceeds by way of an aryl(carbamoyl)palladium
intermediate (Il in Scheme 4) and an aroylpalladium
intermediate (I11), respectively,® where the irreversible
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Table 2. Palladium-Catalyzed Carbonylation of Aryl
lodides (1la—g) with n-BuNH3?
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Castanet, Y.; Mortreux, A.; Petit, F. J. Organomet. Chem. 1994, 482,
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yield® (%) selectivity (%)
entry aryl iodide 2 3 of 3
1 1a (R =H) 7 86 92
2 1b (R = 4-OCHys) 6 87 94
3 1c (R = 4-CHs) 8 90 92
4 1d (R = 3-CH3) 10 85 89
5 le (R = 2-CHg) 13 46 78
6 1f (R = 3-Cl) 77 13 14
7 1g (R = 4-CFs) 98 <1 <1

a All reactions were carried out in THF at 25 °C for 12 h under
1 atm of CO in the presence of 3 equiv of DABCO and 3 mol % of
a Pd—PPh; catalyst that was generated in situ by mixing [PdCI(;3-
CsHs)]2 and 2 equiv of Pd to PPhs. The ratio of 1a (mol)/n-BuNH,
(mol)/[Pd] (mol)/ligand (mol)/base (mol)/solvent (L) = 1.0/3.0/0.03/
0.06/3.0/10. ? Isolated yield.
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alkyl migration step forming 1117 is the divergence of the
reaction pathways. The reactivity of arylpalladium I
giving aroylpalladium 11 decreases as electron density
of the aryl moiety of | decreases,® thus rationalizing the
trend of selectivity observed for 1la—g (Table 2).

In summary, an effective catalyst system, Pd/PPhs/
DABCO/THF, has been developed for the double carbon-
ylation of aryl halides under very mild conditions (CO 1
atm, 25 °C). This catalyst system provides a practical
method for the preparation of a-keto acid derivatives.®
Currently, we are studying the scope of this catalyst
system utilizing a broad variety of secondary amines and
alcohols. Further mechanistic study, particularly on the
role of DABCO, is also currently underway and will be
reported in due course.

Experimental Section

Double Carbonylation of Aryl lodides.1° A typical proce-
dure is given for the reaction of iodobenzene (1a) and n-
butylamine (Table 1, entry 1). To a solution of [PdCI(#3-C3Hs)]2
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(4.6 mg, 0.0125 mmol) and PPhs (13.1 mg, 0.05 mmol) in 8.3
mL of THF were added iodobenzene (170 mg, 0.83 mmol),
DABCO (280 mg, 2.5 mmol), and n-butylamine (183 mg, 2.5
mmol) at 0 °C under a carbon monoxide atmosphere. The
reaction mixture was stirred at 25 °C under 1 atm of CO for 12
h and then diluted with EtOAc, washed with dilute HCI and
brine, and dried over Na,SO,4. After removal of the solvent in
vacuo, the resulting residue was chromatographed on silica gel
(n-hexane/EtOAc = 1/10—1/1) to give 12 mg of 2a (7% yield) and
147 mg of 3a (86% vyield).

N-Butyl-4-methoxyphenylglyoxamide (3b): 'H NMR ¢
0.95 (t, 3 = 7.3 Hz, 3H), 1.40 (septet, J = 7.3 Hz, 2H), 1.58
(quintet, J = 7.3 Hz, 2H), 3.38 (q, J = 7.3 Hz, 2H), 3.88 (s, 3H),
6.94 (d, J = 9.0 Hz, 2H), 7.18 (br s, 1H), 8.41 (d, J = 9.0 Hz,
2H). Anal. Calcd for Ci3H1703N: C, 66.36; H, 7.28; N, 5.95.
Found: C, 66.01; H, 6.95; N, 5.98.

N-Butyl-4-methylphenylglyoxamide (3c): *H NMR 6 0.95
(t, J = 7.3 Hz, 3H), 1.40 (septet, J = 7.3 Hz, 2H), 1.58 (quintet,
J = 7.3 Hz, 2H), 3.38 (g, J = 7.3 Hz, 2H), 2.41 (s, 3H), 7.16 (br
s, 1H), 7.26 (d, J = 8.2 Hz, 2H), 8.25 (d, J = 8.2 Hz, 2H). Anal.
Calcd for C13H1702N: C, 71.21; H, 7.81; N, 6.39. Found: C, 70.92;
H, 7.95; N, 6.33.

N-Butyl-3-methylphenylglyoxamide (3d): *H NMR 6 0.95
(t, 3 = 7.1 Hz, 3H), 1.40 (septet, J = 7.1 Hz, 2H), 1.58 (quintet,

Notes

J =7.1Hgz, 2H), 2.40 (s, 3H), 3.38 (q, J = 7.1 Hz, 2H), 7.12 (br
s, 1H), 7.33 (t, J = 7.6 Hz, 1H), 7.42 (br d, J = 7.6 Hz, 1H),
8.11—8.13 (overlapped m, 2H). Anal. Calcd for C13H;;0:N: C,
71.21; H, 7.81; N, 6.39. Found: C, 70.85; H, 8.02; N, 6.62.
N-Butyl-2-methylphenylglyoxamide (3e): *H NMR ¢ 0.96
(t, 3 = 7.1 Hz, 3H), 1.42 (septet, J = 7.1 Hz, 2H), 1.60 (quintet,
J = 7.3 Hz, 2H), 2.49 (s, 3H), 3.40 (g, J = 7.3 Hz, 2H), 7.04 (br
s, 1H), 7.26—7.29 (overlapped m, 2H), 7.44 (br t, J = 7.6 Hz,
1H), 7.92 (dd, J = 1.7, 7.6 Hz, 1H. Anal. Calcd for C13H170,N:
C, 71.21; H, 7.81; N, 6.39. Found: C, 70.98; H, 7.90; N, 6.32.
N-Butyl-3-chlorophenylglyoxamide (3f): 'H NMR 6 0.96
(t, 3 = 7.3 Hz, 3H), 1.41 (septet, J = 7.3 Hz, 2H), 1.62 (quintet,
J = 7.3 Hz, 2H), 3.40 (q, J = 7.3 Hz, 2H), 7.08 (br s, 1H), 7.43
(t, 3 =8.2 Hz, 1H), 7.60 (d, J = 8.2 Hz, 1H), 8.28 (d, J = 8.2 Hz,
1H), 8.35 (s, 1H). Anal. Calcd for C1,H140,NCI: C, 60.13; H, 5.89;
N, 5.84; Cl, 14.79. Found: C, 60.50; H, 6.01; N, 6.02, Cl, 14.99.
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