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ABSTRACT

Under photoirradiation conditions using a xenon light, and in the presence of PdCl2(PPh3)2 as a catalyst, four-component coupling reactions
comprising of R-substituted iodoalkanes, alkenes, carbon monoxide, and alcohols proceeded smoothly to give functionalized esters in good
yields. When alkenyl alcohols were used as acceptor alkenes, three-component coupling reactions accompanied by intramolecular esterification
proceeded to give lactones in good yields. The present reaction system represents the vicinal C-functionalization of alkenes.

In terms of the high throughput and efficiency required
to construct organic compounds with structural diversity
in one pot, multicomponent reactions (MCRs) have at-
tracted more and more interest in recent years.1,2 MCRs
involving CO as one of the components allow for direct

incorporation of CO as a carbonyl function into carbonyl-
containing products, and we are particularly interested in
strategies involving radical reactions.3,4 We previously
found that metal/hν-induced systems5 caused acceleration
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of the atom-transfer carbonylation of alkyl iodides leading
to carboxylic acid esters, amides, and alkynyl ketones.6

Vicinal carbon functionalization of alkenes is an impor-
tant challenge in multicomponent reactions. Whereas typi-
cal processes with incorporation of CO involve double
alkoxycarbonylation of alkenes,7 reactions attaining the
introduction of an alkyl unit and CO into vicinal carbons
of alkenes are scarce.8 In a related study, we previously
reported on the photoinduced addition of R-phenylseleno-
substituted esters to alkenes and CO to give 4-keto acyl
selenides as products.9However, a simple ester synthesis has
yet to be attained. In this paper, we report that Pd/light-
induced radical carbonylation of various R-substituted
iodoalkanes allows for vicinal carbon-functionalization of
alkenes leading to esters (Scheme 1).

When a benzene solution of ethyl iodoacetate (1a),
1-octene (2a), and ethanol (3a) was exposed to photoirra-
diation conditions (irradiation with a 500 W xenon lamp
through Pyrex) under 45 atmofCOpressure in the presence
of PdCl2(PPh3)2 (5mol%), a base (1.1 equiv ofNEt3 and 10
mol % of DMAP), and a small amount of water (ca. 1
equiv), the desireddiester 4awasobtained in 72%yield after
chromatographic purification (Table 1, entry 1). In the
absence of Pd catalyst, the reaction was sluggish (entry 2).
The combination of photoirradiation conditions and Pd
catalyst was essential to obtain 4a in a good yield (entry 3).
The reaction using K2CO3 as a base was also effective,
which gave 77% of 4a (entry 4).10 The use of toluene as a
solvent also gave a good yield of 4a (entry 5). NHC Pd
complex alsoworked to give diester 4a, butwas less effective
(entry 6).
A variety of R-substituted iodoalkanes, alkenes, and alco-

hols participate in the present four-component coupling

reactions (Table 2). In contrast to 1a, the reaction of ethyl
bromoacetate (1b) was sluggish, giving a 26% yield of 4a

(entry2).Benzyl alcohol (3b) gave theanticipateddiester4b in

a67%yield (entry3). In the reactionwithmethanol, dimethyl

ester4c, arising from the further transesterificationof an ethyl

ester, was formed in 70% yield (entry 4). Terminal olefins

having a chlorine atomor a phenyl group alsoworkedwell to

give the corresponding diesters 4d and 4e in good yields

(entries 5 and6).Cycloheptene (2d) also gave the correspond-

ing diester 4f in a 51% yield as a single trans diastereomer

(entry 7). The reaction of perfluorohexyl iodide (1c) with 2a

or 2c afforded the corresponding esters 4g or 4h in 84 and

76% yields, respectively (entries 8 and 9). Iodoacetonitrile

(1d) and iodomethyl phenyl sulfone (1e) gave the anticipated

cyano ester 4i and sulfone ester 4j in 64 and 56% yields,

respectively (entries 10 and 11). In a radical cascade sequence

involving the incorporation of two molecules of CO, the

reaction of 1a with 1,5-hexadiene (2e) was carried out,

which gave the desired diester (4k) bearing a cyclopenta-

none scaffold via a five-component coupling reaction

(entry 12). The relatively low yield of 4k was the result of

the competitive formation of singly carbonylated product

4l (24% yield).
We next examined cyclizative three-component coupling

reactions, usingalkenyl alcohols6,whichalsoworkedwell to
give thedesiredester-functionalized lactones (Table3).Thus,
when ethyl iodoacetate (1a) was treated with 4-penten-1-ol
(6a) and carbon monoxide in the presence of PdCl2(PPh3)2
and triethylamine under standard conditions, the reaction
proceeded smoothly to give δ-lactone 7a in a 77% yield
(entry 1). The reaction of 4-buten-1-ol (6b) also worked to
give γ-lactone 7b in a good yield (entry 2). Perfluorohexyl
iodide (1c) also worked well to give the corresponding
lactones 7c and 7d in good yields (entries 3 and 4). We also
examined the synthesis of seven-membered ring lactone 7e

Scheme 1. Strategies for Four-Component Coupling Reactions
ofR-Iodoalkanes, Alkenes, CO, andAlcohols Leading to Esters

Table 1. Pd/Light Induced, Four-Component Coupling Reac-
tion of Ethyl Iodoaceate (1a) with 1-Octene (2a), Ethanol (3a),
and Carbon Monoxidea

entry base solvent time (h) yieldb (%)

1 Et3N C6H6 8 72

2c Et3N C6H6 14 25

3d Et3N C6H6 16 21

4 K2CO3 C6H6 8 77

5 K2CO3 toluene 14 82

6e K2CO3 toluene 14 57

aConditions: 1a (0.5 mmol), 2a (10 equiv), 3a (40 equiv), CO (45
atm), PdCl2(PPh3)2 (5 mol %), base (1.1 equiv), DMAP (10 mol %),
solvent (5 mL), H2O (10 μL). b Isolated yield of 4a after silica gel
chromatography. cThe reaction was carried out without PdCl2(PPh3)2.
dThe reaction was performed under 80 �C without photoirradiation
conditions. eDichloro[1,3-bis(diisopropylphenyl)imidazolylidene](3-chloro-
pyridyl)palladium(II) was used as a Pd catalyst. Iodoalkane 5was formed
as byproduct (16%).
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using 6c. In this case, due to the competition of ionic
cyclization giving a tetrahydropyran ring, the yield of ε-
lactone 7e was moderate (entry 5).
A possible reaction mechanism for the present multicom-

ponent coupling reaction is shown in Scheme 2. Alkyl

radicals are formed via cleavage of the I�C bond of 1a,

which may be triggered by single electron transfer from the

photoirradiated Pd(0) complex.11,12Addition of the radicals

to alkene then takes place to give alkyl radicals. The sub-

sequent iodine atom transfer form 1a affords iodoalkane 5.

The reaction between alkyl radical and Pd(I) to give alkyl

palladium might take place but scarcely contributes in this

reaction mechanism, judging from the fact that β-hydrogen
elimination product was not observed. Probably pressurized

CO drives these equilibriums to afford the acylradical inter-

mediate, which would be trapped by Pd(I)I to form acylpal-

ladium species, precursors for the diester 4a. Persistent

radical character of Pd(I) species may be supported by the

dimerization behavior.13,14

Table 2. Four-Component Coupling Reactions Leading to Estersa

aConditions: 1 (0.5 mmol), 2 (10 equiv), 3 (40 equiv), CO (45 atm), PdCl2(PPh3)2 (5 mol%), K2CO3 (1.1�1.4 equiv), DMAP (10 mol%), toluene (5
mL), H2O (10 μL). b Isolated yield after silica gel chromatography. cC6H6 and Et3N were used. dBnOH (5.0 equiv) was used. eCO (65 atm) and
PdCl2(PPh3)2 (20 mol %) were used.
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In summary, we have demonstrated novel four-compo-
nent coupling reactions leading to functionalized esters,
which use R-substituted iodoalkanes, alkenes, CO, and
alcohols under Pd/light combined conditions. A three-
component reaction using iodoalkanes, alkenyl alcohols,

and CO also worked well to give the corresponding

functionalized lactones. These reactions represent the vic-

inal carbon-functionalization of alkenes.
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Table 3. Three-Component Coupling Reactions Leading to
Lactonesa

aConditions: 1 (0.25 mmol), 6 (5 equiv), CO (45 atm), PdCl2(PPh3)2
(5 mol %), Et3N (1.1�1.4 equiv), DMAP (10 mol %), toluene (5 mL),
H2O (50 μL). b Isolated yield after silica gel chromatography. cDMAP
(20 mol %) and CO (80 atm) were used.

Scheme 2. Possible Reaction Mechanism


