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Atom-transfer radical oligomers of allyl iodoacetates were converted to 4-pentenoic acids upon
treatment with zinc. Reactions of the radical oligomers of various ω-alkenyl iodoacetates with
Grignard reagents afforded the corresponding substituted tetrahydrofuran derivatives. These results
indicated that radical oligomeric mixtures not only serve as versatile intermediates in organic
synthesis, but also exhibit unique advantages in that the oligomeric mixtures are self-protected
and the deoligomerization functions as the simultaneous deprotection.

Introduction

The past two decades have witnessed enormous progress
in free radical chemistry toward organic synthesis.1
Among numerous methods developed, radical cyclizations
have been well-established to be an indispensable tool
in organic synthesis.2 However, in the intramolecular
radical cyclization reactions, the competing intermolecu-
lar radical oligomerizations, more or less, always occur.3
In some cases, radical oligomerization predominates.4 In
our preliminary communications5 we reported that radi-
cal oligomers of allyl iodoacetate (1) could be converted
to the corresponding γ-lactone 2 via rearrangement
deoligomerization (eq 1). In a similar fashion, Lewis acid-
catalyzed radical oligomerization of N-allyliodoactamide
(3) followed by acid treatment afforded γ-hydroxy-
substituted δ-lactam 4 (eq 2). These results indicated that
radical oligomeric mixtures could be utilized in organic
synthesis and encouraged us to develop new synthetic
strategies based on radical oligomerization.

Herein two novel deoligomerization methods are re-
ported and the scope and limitation of the application of
radical oligomerization in organic synthesis are discussed
in detail. Further comparisons with the conventional
methods are also conducted to reveal the unique char-
acteristics of radical oligomers as synthetic intermedi-
ates.

Results and Discussion

Reaction of allyl iodoacetate (1) in CH2Cl2 (0.5 M) at
room temperature (rt) with BEt3 (0.1 equiv)/O2 (trace)
as the initiator gave the radical oligomeric mixture 5.
Treatment of 5 with magnesium metal in THF at
refluxing temperature afforded 4-pentenoic acid (6a)6 in
62% yield. Reaction of 5 with SmI2 in THF at room
temperature also led to the formation of 6a in 78% yield.
Satisfactory yield (85%) was achieved for 6a when 5 was
refluxed with zinc in THF for 2 h (Scheme 1). Other
iodoacetates 7-10 underwent similar reactions to give
the corresponding acids 6b-e and the results are sum-
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marized in Table 1. For substrates with internal CdC
double bonds such as hex-2-en-1-yl iodoacetate or cyclo-
hex-2-en-1-yl iodoacetate, no expected product 6 could be
isolated because of the poor oligomerization under the
above experimental conditions as indicated by 1H NMR
monitoring.

Apparently the mechanism of deoligomerization was
that each unit of the oligomers 5 underwent â-scission7,8

to give the same product 12, which furnished 6a upon
acidification (Scheme 2).

The application of radical oligomeric mixtures in
organic synthesis could be further extended to the
preparations of functionalized tetrahydrofuran deriva-
tives. The reaction of 5 with phenylmagnesium bromide
in THF at rt led to the formation of 2,2-diphenyl-5-
hydroxymethyltetrahydrofuran (14a) in 65% yield (Scheme
3). Thus, the atom-transfer radical oligomerization of
various ω-alkenyl iodoacetates 15-18 followed by the
subsequent treatment with phenylmagnesium bromide
afforded the corresponding tetrahydrofuran derivatives
14. Other Grignard reagents such as methyl- or allyl-
magnesium bromide behaved similarly and the results
are summarized in Table 2.

A plausible mechanism could be drawn for the above
deoligomerization process (Scheme 4). Upon treatment
with a Grignard reagent, an ester group in 5 was

attacked first by the Grignard reagent to break one end
of the oligomer and generate an alkoxy anion 19, which
in turn underwent intramolecular nucleophilic substitu-
tion to generate 20 having a tetrahydrofuran skeleton.
The same process was repeated in each unit of the
oligomer, resulting in the deoligomerization of the oligo-
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SCHEME 1

TABLE 1. Synthesis of Pentenoic Acids 6a-e via
Deoligomerization

a Isolated yield based on the starting iodoacetates. b SmI2 was
used instead of Zn. c E:Z ) 70:30. d E:Z ) 75:25.

SCHEME 2

SCHEME 3

TABLE 2. Synthesis of Tetrahydrofurans 14 via
Deoligomerization

a Isolated yield based on the starting iodoacetates.
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mer, along with the formation of the same single product
21. Acidification of 21 afforded 14a.

It should be mentioned that the reaction of ethyl
4-bromobutyrate with o-tolylmagnesium bromide gave
the corresponding 2,2-disubstituted tetrahydrofuran in
14% yield as reported by Iqbal et al.9 The reaction of
phenyllithium with O-tosyl-protected 5-hydroxymeth-
yldihydro-2(3H)-furanone also produced 14a.10 Compared
to the literature methods, the oligomerization-deoligo-
merization route provided a general, atom-economical,
and efficient approach to the synthesis of these com-
pounds, which are important intermediates in organic
synthesis.11

The results in Tables 1 and 2, together with those in
eqs 1 and 2, demonstrate the versatility of radical
oligomeric mixtures in organic synthesis.

To further elucidate the advantage of the deoligomer-
ization method, we designed the following experiments
(eq 3 and Scheme 5).

BEt3-initiated atom-transfer radical addition of io-
doacetic acid or methyl iodoacetate (23) to allyl alcohol
or allyl acetate (24) gave the corresponding γ-iodo-

substituted carboxylic acid derivatives 25a-c. Compound
25c is structurally equivalent to the unit of the oligomers
5, while the latter can be regarded as the condensation
oligomers of the monomer 25a. Treatment of the unpro-
tected hydroxy-acid 25a12 with zinc directly furnished
4-pentenoic acid 6a. However, the reaction was not clean
and the overall yield was low (35%). The yield of 6a was
increased to 63% when 25b was employed to react with
zinc. This is obvious in that OAc- is a better leaving
group than OH-. However, the 1,2-elimination of 25b also
produced acetic acid. For substrate 25c as the structural
analogue of oligomers 5, its reaction with zinc afforded
methyl 4-pentenoate. Further hydrolysis (deprotection)
was required to give the acid 6a along with the formation
of methanol (Scheme 5). On the other hand, the oligo-
meric mixture 5 gave no such small molecules (acetic acid
and methanol) as the byproducts, making the reaction
not only clean, but also atom-economical in nature.

By comparison of 5 with 25c, the advantage of radical
oligomeric mixtures is clear in that the oligomeric
mixture is self-protected and that the deoligomerization
serves as the simultaneous deprotection.

The unique property of self-protection in oligomeric
mixtures was also revealed in their reactions with
Grignard reagents. To react with Grignard reagents, the
acid group in 25 had to be protected. Thus, treatment of
25a with PhMgBr failed to give 14a. Reaction of 25c gave
14a along with the formation of Ph2C(Me)OH and
methanol. It could be expected that the O-benzyl-
protected substrate 25 (R1 ) Me, R2 ) Bn) with PhMgBr
would give O-benzyl-protected 14a as well as methanol.
Therefore, the only formations of 14a-g bearing free
hydroxy groups via deoligomerization again demonstrate
the self-protection in oligomers and simultaneous depro-
tection during the deoligomerization process.

On the basis of the above results, it is certainly of
interest to see if a similar strategy could be applied to
substrates other than iodo compounds. We tested bromo
and chloro analogues of 1 under similar conditions in eq
1. No corresponding product could be isolated because of
the incomplete oligomerization of the substrates. In
another case, 3-butenyl trichloroacetate underwent rela-
tively efficient oligomerization. However, the subsequent
deoligomerization with strong acid or by direct heating
failed to give any meaningful product.

To apply radical oligomeric mixtures in organic syn-
thesis, the oligomerization has to be complete and in a
condensation mode. We have previously demonstrated
that the completeness rather than the degree of oligo-
merization is essential.5 High concentration and rela-
tively low temperature significantly facilitate the oligo-
merization. In the meantime, the radical initiators have
to be properly selected to meet the temperature require-
ment. BEt3/O2(trace) and (Bu3Sn)2/sunlamp turned out
to be excellent choices for oligomerization. Other initia-
tors such as AIBN, BPO, or copper are not suitable for
the oligomerization of 1 because they usually require
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relatively high reaction temperature. For example, when
copper was used as the radical initiator according to
Metzger’s procedure,13 its reaction with 1a at 140 °C
afforded 2 and 4-iodomethyltetrahydro-2(3H)-furanone as
the normal 5-exo cyclization product in a 3:1 ratio in an
overall 45% yield. Apparently the high temperature
required for the initiation also facilitates the intramo-
lecular cyclization.

The other important factor is that the oligomers should
be the condensation oligomers rather than the addition
oligomers (Scheme 6).14 This requires that the adduct
radical 27 generated from the addition of a substarte
radical 26 to a CdC double bond of another substrate
should be quenched by an iodine atom (to give 28) rather
than add to another CdC double bond (to give 29). The
iodoacetates such as 1 meet this requirement because,
in their oligomerization, the trapping rate of the adduct
radicals by an iodine atom is significantly faster than that
by a CdC double bond. Curran and co-workers measured
the rate constants for the halogen atom or aryl chalcogen
(X) transfer from XCH2CO2Et to a primary alkyl radical
in benzene at 50 °C to be about 7 × 104 (for Br), 1 × 105

(for PhSe), 2.3 × 107 (for PhTe), and 2.6 × 107 (for I) M-1

s-1, respectively.15 In the meantime, the rate constant
for the addition of a primary radical to a simple alkene
at 50 °C is roughly in the range of 103 to 104 M-1 s-1.16

On the basis of these kinetic data, iodo and phenyltelluro
acetates should be excellent choices for the condensation
oligomerization. On the other hand, one has to be careful
in planning to use the bromo or phenylseleno analogues,
while chloro derivatives are unlikely to be suitable in the
condensation oligomerization.

Conclusion

The chemistry detailed above represents a considerable
extension in scope of the novel deoligomerization meth-
odology disclosed in our preliminary reports.5 The unique
characteristic of radical oligomeric mixtures as synthetic
intermediates is that they are self-protected, making
their reactions clean and atom-economical. Complete
oligomerization in a condensation mode appears to be the
condition for deoligomerization.

Experimental Section

Typical Procedure for the Oligomerization. Trieth-
ylborane (0.2 mL, 0.2 mmol, 1 M solution in hexane) was added
to allyl iodoacetate (1, 452 mg, 2.0 mmol) in CH2Cl2 (4 mL)
and the mixture was stirred at room temperature for 2 h. TLC
monitoring showed that 1 was totally consumed. 1H NMR
monitoring indicated that no vinylic proton signals could be
observed. The resulting solution, which contained the oligo-
meric mixture 5, was then directly used in the following
deoligomerization reactions. Characterization of 5: 1H NMR
(300 MHz, CDCl3) δ 1.91-2.26 (2H, m), 2.44-2.68 (2H, m),
4.19-4.58 (3H, m). Anal. Calcd for (C5H7IO2)n: C, 26.57; H,
3.12. Found: C, 26.82; H, 3.18. The oligomeric mixture 5 was
also characterized by HPLC analysis.5a

Typical Procedure for the Synthesis of Pentenoic
Acids 6a-e via Deoligomerization. The oligomeric mixture
5 prepared from 1 (2 mmol) as outlined above was concentrated
in vacuo and the residue was dissolved in THF (20 mL). Zinc
powder (196 mg, 3 mmol) was added to the solution and the
mixture was refluxed for 4 h. The resulting mixture was cooled
to room temperature and hydrochloric acid (2 N) was added
until the pH of the solution was close to 3. The solution was
then extracted with ether (20 mL × 3) and the combined
organic phase dried over anhydrous Na2SO4. After removal of
the solvent, the crude product was purified by flash chroma-
tography on silica gel with ethyl acetate/hexane (1/4, v/v) as
the eluent to give the pure product 6a as a colorless liquid.
Yield: 170 mg (85%).

2,2-Diphenyl-5-hydroxymethyltetrahydrofuran (14a).
Typical Procedure. The oligomeric mixture 5 prepared from
1a (2 mmol) as outlined above was concentrated in vacuo and
the residue was dissolved in THF (10 mL). Phenylmagnesium
bromide prepared from PhBr (1.26 g, 8 mmol) and magnesium
powder (0.20 g, 8 mmol) in THF (20 mL) was added dropwise
to the solution at rt and the mixture was further stirred at rt
for 4 h. Hydrochloric acid (2 N) was added until the solution
was slightly acidic. The resulting mixture was then extracted
with ether (20 mL × 3) and the combined organic phase dried
over anhydrous Na2SO4. After removal of the solvent, the crude
product was purified by flash chromatography on silica gel
with ethyl acetate/hexane (1/4, v/v) as the eluent to give the
pure product 14a as a white solid. Yield: 305 mg (60%).
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