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Introduction

How to replace the halogen atom of an alkyl halide with
another functional group by means of a transition metal
catalyzed reaction remains an unsolved problem.! Usually,
the desired transformation does not proceed because alkyl
halides (e.g. RICH,CH;X; X = halogen atom) oxidatively
add to low-valent transition metal complexes (Met) only
slowly, and furthermore, 8-elimination reaction of metal
halohydride (H-Met-X) from the oxidative adducts, o-
alkylmetal-halo complexes (RICH,CH,-Met-X), may occur
preferentially to afford olefins (R:=CH=CH,).?

Recently, we reported that the carbonylation of alkyl
iodides bearing a perfluoroalkyl group at the 8-position
(RCH,CH(R)I) is catalyzed by Co, Rh, or Pd complexes
in the presence of a base to give, in moderate to good yield,
carboxylic acids or esters without any side reactions.?
These results encouraged us to examine the carbonylation
of alkyl halides bearing other functional groups.

Results and Discussion

The carbonylation of ethyl 3-iodobutanoate (1) was
attempted first. If 1 could oxidatively add to a low-valent
transition metal complex, its carbonyl oxygen atom should
be in a position to coordinate with the central metal atom
of the complex (A) to form a five-membered ring, as shown
in Figure 1. Such intramolecular coordination would
inhibit 8-hydride elimination from the intermediate A.
Initially, the Co- or Pd-catalyzed carbonylation of 1 was
attempted in ethanol solution in the presence of a base like
K,CO,, Et;N, Pr,EtN, or KF (normal Heck’s carbonyla-
tion conditions)* under 50 atm of carbon monoxide pres-
sure at 100 °C for 24 h. However, contrary to expectation,
ethyl crotonate (4) was formed exclusively. No carbony-
lated products were obtained. The Pd-catalyzed carbo-
nylation of 1 in the presence of pyridine afforded the de-
sired diethyl 2-methylsuccinate (2) and diethyl pentane-
dioate (3), in 41% and 14% yield, respectively. Ester 4
(32%) and ethyl 3-ethoxybutanoate (5, 7%) were bypro-
ducts. The role of base in Heck-type carbonylations is
to trap the hydrogen halide produced in the catalytic cycle.
The results described above showed that the base directly
attacks the hydrogen atom « to the carbonyl group of 1.
This results in the elimination of hydrogen iodide prior
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to the oxidative addition of 1 to the low-valent transition
metal catalyst. It was concluded that base-free or very
weakly basic conditions were necessary to effect the car-
bonylation of 1 in satisfactory yield.

Because aprotic polar solvents are good proton acceptors,
the carbonylation of 1 in such solvent in the absence of
added base was examined. The results are summarized
in Table I. The yield of the desired product (2) increased
dramatically when the (PhsP),PdCl;-catalyzed carbony-
lation was performed in N,N,N’N’“tetramethylurea
(TMU). These results indicated that TMU is the solvent
that most effectively suppresses elimination of HI from
the starting material (1) or 8-elimination of metal halo-
hydride from the intermediate A.

To determine how generally applicable the reaction
conditions were, the carbonylation of representative alkyl,
allyl, benzyl, aryl, and vinyl halides was attempted. A
stainless steel autoclave containing a mixture of organic
halide (1 mmol), an aleohol or HyO (10 mmol), Pd (2-5 mol
%), or Co (10 mol %) catalyst® and solvent (1.4 mL) was
pressurized to 30-50 atm with carbon monoxide pressure
and then was heated at 100 °C for 24 h. Representative
results are shown in Table II. When primary alkyl halides
were employed as starting materials (entires 1-8), Co,-
(CO)g-catalyzed carbonylation gave the desired products
in better yields than did (PhyP),PdCl;-catalyzed reaction.
However, (PhyP),PdCl; was the catalyst of choice when
secondary alkyl halides were used (entries 9-12). The
formation of alkenes or alkanes from the alkyl halides
(entries 1-12) was not observed (GLC analysis). This
indicated that 5-hydride elimination and reduction of the
intermediate s-alkylmetal species did not occur under the
reaction conditions employed. Alkyl ethyl ethers, which
can be formed by the reaction of the alkyl halide and
ethanol at 100 °C in TMU in the absence of a catalyst,
were also obtained in low yields as byproducts. It is
noteworthy that other N,N,N’,N-tetraalkylureas, 1,3-di-
methyl-2-imidazolidinone (DMI), and 1,3-dimethyl-
3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU), are also
effective solvents for effectintg carbonylation in the ab-
sence of added base. Carboxylic acids could be also syn-
thesized, in good yield, by the Co- or Pd-catalyzed car-
bonylation of alkyl halides in the presence of H;O in N,-
N,N’N’-tetraalkylurea solution (entries 4 and 11). In-
terestingly, a mixture of regioisomeric esters was obtained
from secondary alkyl iodides like ethyl 3-iodobutanoate
(eq 1) and 2-iodooctane (entry 12). This results indicates
that the insertion of CO into the initially formed sec-al-
kylmetal intermediate and isomerization of the sec-al-
kylmetal intermediate to an n-alkylmetal species are
competitive reactions. Not only aliphatic iodides or
bromides but also benzyl, allyl, aryl, and vinyl halides can
be used as starting materials. In N,N,N’,N“tetraalkylurea
solution, the carbonylation of aryl iodides in the presence

(5) When various Rh, Ru, Ni, and Pt!'*4 complexes were used as
cgtﬁllysts, the desired carbonylated products were obtained only in low
yield.
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Figure 1. Postulated oxidative adduct A.

Table I. (PhyP),PdCl,-Catalyzed Carbonylation of Ethyl
3-Iodobutanoate (1) in Aprotic Polar Solvents®

% yield
entry solv (mL) EtOH,mL 2 3 4 5
16 CH,CN (1.4) 0.6 15 1 4 4
2¢ DMF (1.4) 0.6 20 5 15 3
3 HMPA (1.4) 0.6 31 6 4 1
4 TMU (1.4) 0.6 71 5 5 3

@ All reactions were performed under 50 atm of CO at 100 °C for
24 h. ®Starting material (1) was recovered in 55% yield. ¢Many
unidentified products were also formed.

Table II Carbonylation of Organic Halides in
N,N,N',N" Tetraalkylurea Solution®

RX + CO + HY RCOY
1oo-c, u h
Co, catalyst?
entry R-X atm HY solv.  (mol %) % vield
1 n-CgHys-1 50 EtOH TMU Co (10) 86 (1)°
2 n-CgH;,-1 50 EtOH DMI Co (10) 67 (5)°
3 n-CgHyp-1 50 EtOH DMPU Co(10) 84 (5)¢
4 n-CgH,;-1 50 H,0 TMU Co (10) 97
5 n-CgH;,-Br 50 EtOH TMU Co (10) 61 (6)°
6 n-CyoHg;-1 50 EtOH DMPU Co(10) 88
7 MeO(CH,)y-1 50 MeOH TMU Co(10) 91
8 MeOCO- 50 MeOH TMU Co (10) 65
(CHy),-1

9  c-CeHyyl 50 EtOH TMU Pd(s) 10
10 c-CeHyyl 50 EtOH DMPU Pd(s) 10
11 c-CgHyyel 50 HO TMU Pd(5) 76

12 n-CgH;;CH- 60 EtOH DMI Pd (5) 51¢ (5)¢
(CHy)-1

13 2-cyclo- 30 EtOH TMU Pd(2 177
hexenyl-Br

14 PhCHy-Br 50 EtOH TMU Pd(5) 84
16 PhCH;-Br 50 EtOH TMU Co(10) 176
16 PhCH,-Cl 50 EtOH TMU Pd (5) 47 (22)
17 1-Naph-I 30 EtOH TMU Pd(2) 99
18 p-HOCgHI 30 EtOH TMU Pd(2) 99
19 o-MeC¢H,-I 30 EtOH DMI Pd(2) 92
20 p-(ég‘alCO- 30 EtOH DMPU Pd{2) 85
o1

9 All reactions were performed in a stainless steel autoclave con-
taining a mixture of the organic halide (1 mmol), HY (10 mmol),
Co or Pd catalyst, and solvent (1.4 mL) under 30~50 atm of CO
pressure at 100 °C for 24 h. *Co = Co,(CO)g; Pd = (PhyP),PdCl,.
¢The corresponding alkyl ethyl ether was also obtained, in the
yield shown in parentheses. 4The yield was estimated by GLC
analysis of the corresponding methyl ester, which was prepared by
treating the carboxylic acid with CH,N;/Et,0. *Ethyl nonanoate
was also produced, in 9% yield.

of Pd complexes® took place under 30 atm of CO pressure
in excellent yield in the absence of added base.” Fur-
thermore, a mixture of unsaturated and saturated esters
was obtained from the carbonylation of vinyl halides like

(6) The carbonylation of iodobenzene catal by Pd(II) complexes
bearing phosphine ligands like PPh,, PEt,, P OL dppe, dppp, and dppb
was mvestlgaud Among these complexes, (P Cl; showed the
highest catalytic activity and gave ethyl benzoat.e m 82% yield.

(7) The (Ph,P) dCl,-catalyzed carbonylation of iodobenzene in the
presence of ethanol and in the abeence of added base was also performed
in other solvents. The yield of ethyl benzoate as a function of the solvent
was as follows: EtOH, 27%; benzene, 18%; THF, 31%; acetone, 42%;
CH,CN, 30%; DMF, 5%; DMSO, 2%; and HMPA, 42%.

J. Org. Chem., Vol. 56, No. 13, 1991 4321

(Z)-1-iodo-1-decene (6, eq 2) and 8-bromostyrene (10, eq
3) under the same reaction conditions (Table II). It is not
yet clear why saturated esters like 9, 12, and 13 were ob-
tained. That ester 13 was formed suggests that the re-
ductive dehalogenation of the vinyl halide to an alkene
occurs first, and subsequent hydroesterification affords the
saturated ester.

nCahhz

! co + EtOH Pd catalyst
\—/ * T™MU

6 100°C, 24h

D'CgH" _ COOEt + n-Can\/\coOEt + H-CWHz"COOE‘ (2)

7 (55%) 8 (8%) 9 (31%)

ph B + €O +  EtOH
10 100°C, 24 h

Pd catalyst
——
™

COOEt

Ph/\/COOEt + Ph/\/COOE! . Ph \r @)

11(37%) 12(53%) 13(10%)

As has been shown here, N,N,N',N -tetraalkylureas like
TMU, DMPU, and DMI are good solvents for the tran-
sition metal complex catalyzed carbonylation of various
organic halides, even in the absence of an added base.
Further investigation of the transition metal complex
catalyzed reactions of organic halides under base-free
conditions is in progress.

Experimental Section

IH NMR spectra were recorded at 90 and 400 MHz with Hitachi
R-90H and Brucker AM-400 spectrometers, respectively.
Chemical shifts are reported in ppm downfield from Me,Si (5)
and were in reference to Me,Si in CDCl;. 13C NMR spectra were
recorded at 100 MHz with a Brucker AM-400 spectrometer.
Chemical shifts are reported in ppm downfield from internal Me,Si
(6). IR spectra were recorded with a JASCO A-202 spectrometer.
Mass spectra were recorded with a Hitachi RMU-6MG spec-
trometer at an ionization voltage of 70 eV. GLC analyses were
performed with a Shimadzu GC-7A chromatograph equipped with
a3 mm X 1 m glass columns packed with either 30% SE-30 on
60-80-mesh Uniport B or 30% DC-550 on 60-80-mesh Uniport
B.

The N,N,N',N-tetraalkylureas TMU, DMI, and DMPU were
used as received. CH,Cl; was distilled from CaH, under Ar
immediately before use.

Ethyl 3-iodobutanoate (1), 2-iodooctane, and 3-methoxy-1-
iodopropane were prepared from the corresponding alcohols.®

General Procedure. Pd-catalyzed carbonylation. A stirred
mixture of ethyl 3-iodobutanoate (1, 152 pxL, 1 mmol),
(PhgP),PdCl, (35.2 mg, 0.05 mmol), EtOH (0.6 mL, 10 mmol),
and N,N,N’N"-tetramethylurea (TMU, 1.4 mL) was heated at
100 °C for 24 h under 50 atm of CO pressure in a 10-mL stainless
steel autoclave (Taiatsu Scientific Glass Co., Ltd., SUS 316).
When the reaction was complete, the mixture was acidified with
3 N aqueous HC! and was then extracted with Et,0. The Et,0
extract was washed with water, dried (MgSO,), and concentrated
under reduced pressure. The residue was purified by column
chromatography on silica gel (CHCly) to give a mixture (148.4 mg)
of diethyl 2-methylsuccinate (2), diethyl pentanedioate (3), and
ethyl 3-ethoxybutanoate (5). Analysis by 'H NMR, GLC, and
GC-MS showed that 2 was the major product (71% yield) and
3 (5%) and 5 (3%) were byproducts.

2: 'H NMR (CDCly) 61.22(d, J = 7.2 Hz, 3 H), 1.25 (t, J =
7.0 Hz, 3 H), 1.26 (t, J = 7.0 Hz, 3 H), 2.39 (dd, J = 16.4 and 6.1
Hz, 1 H), 2.72 (dd, J = 16.4 and 8.1 Hz, 1 H), 2.90 (ddq, J = 8.1,
6.1, and 7.2 Hz, 1 H), 4.13 (q, J = 7.0 Hz, 2 H), 4.15 (g, J = 7.0

(8) (a) Eglinton, G.; Whiting, M. C. J. Chem. Soc. 1950, 3650. (b)
House, H. O.; Lord, R. C;; Rao, H. S. J. Org. Chem. 1956, 21, 1487.
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Hz, 2 H); 3C NMR (CDCl;) é 14.16, 14.18, 17.01, 35.88, 37.74,
60.60, 77.22, 171.80, 175.23; IR (neat) 1737 em™! (»(C=0)); MS
m/e 143 (97), 115 (100), 87 (47), 73 (36), 45 (31), 29 (93).

8: 'H NMR (CDCly) 6 1.26 (t,J = 7.1 Hz, 6 H), 1.95 (tt, J =
74and 74 Hz, 2 H),2.36 (t,J =74 Hz,4H),413 (q,J = 7.1
Hz, 4 H); IR (neat) 1740 cm™ (»(C==0)); MS m/e 143 (100), 115
(73), 114 (69), 87 (53), 55 (31), 45 (23), 42 (31), 29 (75).

5: MS m/e 131 (25), 116 (33), 115 (23), 73 (100), 45 (100), 29
(84).

Co-Catalyzed Carbonylation. A stirred mixture of Co,(CO)s
(34.0 mg, 0.10 mmol), 1-iodooctane (181 uL, 1.0 mmol), EtOH (0.6
mL, 10 mmol), and TMU (1.4 mL) in a 10-mL stainless steel
autoclave was heated at 100 °C for 24 h under 50 atm of CO. The
mixture was made slightly acidic and was extracted with Et,0.
The extract was washed with water and dried (MgSO,). The
extract was concentrated, and the residue was purified by flash
chromatography to provide a mixture (161.0 mg) of ethyl nona-
noate and ethyl octyl ether. '"H NMR analysis showed that ethyl
nonanoate was formed in 86% yield and ethyl octyl ether in 1%
yield.

Ethyl nonancate: *H NMR (CDCl,) & 0.88 (bt, 3 H), 1.27 (t,
J = 7.0 Hz, 3 H), 1.10-1.80 (br, 12 H), 2.32 (t, J = 7.0 Hz, 2 H),
4.16 (g, J = 7 Hz, 2 H); 1°C NMR (CDCl,) 6 14.08, 14.27, 22.64,
25.00, 29.12, 29.186, 29.23, 31.81, 34.41, 60.13, 173.86; IR (neat) 1744
cm? ((C=0)); MS m/e 186 (M*, 1), 141 (12), 101 (34), 88 (100),
73 (25), 71 (183), 70 (18), 69 (12), 61 (30), 60 (34), 57 (30), 55 (30),
45 (20), 43 (37), 41 (65), 39 (19), 29 (93).

Ethyl octyl ether: 'H NMR (CDCl,) 5 0.89 (bt, 3 H), 1.1-1.8
(m, 15 H), 3.42 (t,J = 7.0 Hz, 2 H), 3.48 (t, J = 7.0 Hz, 2 H); MS
m/e 112 (7), 84 (23), 83 (13), 59 (100), 57 (19), 56 (31), 47 (30),
42 (18), 41 (38), 31 (81), 29 (42). .

For products other than those listed above, all the spectroscopic
(*H and 3C NMR, and IR) data were identical with those of
authentic samples.
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The synthesis of difluoromethyl-substituted compounds
has been an area of active interest, as many of these com-
pounds have been found to be biologically active.! The
difluoromethyl group has been classically prepared by
geminal difluorination of a corresponding aldehyde.?
More recently the use of fluorinated building blocks in
synthesis has gained increasing popularity, and methods
involving these are being reported for the synthesis of
functionalized, difluoromethyl-substituted compounds.+$
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Table 1. Yields of Dibromides 2, Bromides 3, and
gem -Difluoroalkanes 5§

% yield®

starting alkene, 1 CBr,F; adduct, 2 2 3 5

la allylbenzene CF Br 32 74 (30)
Br

1b vinyltrimethylsilane ~MesSi CF B 58 61 29
T

le 1l-octene NN eEae 77T 34 57

Br
1d trans-4-octene CFBr 50 12 38

Br

LCF 8t 31
gy

CEcF,ar 51 27
Br
E cF Br 76 “8)

"Br

s Isolated yields based on starting material charged. Parentheses
denote GC or crude yields.

le cyclopentene (21)

1f cyclohexene

1g norbornene

In the course of investigating the reactions of 1,3-di-
bromo-1,1-difluoroalkanes 2 with various nucleophiles,’®
we have found that these compounds undergo selective
reduction of one or both carbon-bromine bonds upon
treatment with sodium borohydride in DMS0.212 In the

(5) For examples involving the hydrogenation of difluoromethylene
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Ohnogi, T.; Miyauchi, H.; Yamazaki, T.; Watanabe, S, J. Org. Chem. 1989,
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