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Abstract

Binding the anion: A highly enantioselective iodolactonization of 5-hexenoic acids has been
achieved using a tertiary aminourea-catalyst. The use of catalytic iodine in this process is critical
to enhancing both the reactivity and enantioselectivity of the stoichiometric I+source.The
mechanism is proposed to involve binding of an iodonium imidate intermediate by the H-bond
donor catalyst.
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The intramolecular reaction of carboxylic acids with pendant olefins in the presence of a
source of I+ – the iodolactonization reaction – is a powerful method for the generation of
five- and six-membered lactones (eq 1). Diastereoselective variants of this reaction provide
efficient access to stereochemically defined lactones, and consequently this reaction has
found widespread use in natural products synthesis.[1] In contrast, the development of
catalytic enantioselective variants has proved challenging,[2],[3] a problem likely associated
with the inherent difficulty of controlling the reactivity of iodonium ion intermediates
through intermolecular interactions.[4]

(1)

The recent discovery of anion-binding mechanisms in H-bonding catalysis[5] has opened the
door to the development of asymmetric catalytic methods that engage reactive cationic
intermediates such as N-acyliminum ions,[6] N-protioiminium ions,[7] acylpyridinium ions,
[8] aziridinium ions,[9] and oxocarbenium ions.[10] We were intrigued by the possibility
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that analogous pathways might be available to iodonium ions, thereby providing the control
over halonium ion reactivity that is necessary for enantioselective iodolactonization and
related reactions. Herein, we report the successful application of such a strategy in the
development of a tertiary aminourea-catalyzed asymmetric iodolactonizationreaction.

The iodolactonization of hexenoic acid derivtive 2a was selected as a model reaction for
catalyst and reagent screening studies. A broad survey of potential H-bond donor catalysts
revealed that bifunctional tertiary aminourea derivatives were required to induce useful
levels of catalysis. A sharp dependence on the amino group substituents was observed, with
di-n-pentyl derivative 1 affording highest enantioselectivities.[11] Whereas N-iodoimides or
I2 alone proved poorly reactive (Table 1, entries 1–4), the combination of stoichiometric
levels of an N-iodoimide derivative and catalytic I2 was found to produce a high-yielding
and highly enantioselective system for iodolactonization (entries 5–6). It has been shown
recently that N-iodoimides undergo conversion to the corresponding triiodide cations upon
treatment with I2 and a protic acid,[12] and this provides a likely explanation for the
synergistic effect of these reagents in the present system. However, increasing the I2 loading
above that of the chiral catalyst (1) led to measurable decreases in enantioselectivity (entry
7). Variation of the identity of the N-iodoimide resulted in small but measurable changes in
the enantioselectivity of the reaction, with N-iodo-4-fluorophthalimide derivative 5 proving
optimal.[13] The sensitivity of the product ee to the structure of the imidate suggests a direct
involvement of this counterion in the enantiodetermining step.

Low-temperature 1H NMR studies were performed in an effort to gain insight into the
mechanism of the iodolactonization reaction. In the presence of N-iodo-4-fluorophthalimide
5 and catalytic iodine, catalyst 1 was found to undergo a rapid reaction to yield a compound
with spectroscopic and reactivity properties consistent with the N-iodo complex 7 (Scheme
1).[14] Intermediate 7 can be quenched with aqueous sodium thiosulfate to regenerate the
starting tertiary amine catalyst 1 as well as the corresponding secondary amine. The latter is
presumably formed from 7 via elimination of HI and subsequent iminium hydrolysis.

A proposal for the mechanism of iodolactonization catalysis is outlined in Scheme 1.
Iodonium ion formation from hexenoic acid 2 is presumably induced by N-iodo tertiary
aminourea 7. Subsequent cyclization is proposed to take place as the rate- and
enantiodeterminng step, based on the observation of differing reactivities, under otherwise
identical conditions, of pentenoic, hexenoic, and heptenoic acid substrates to generate the
corresponding 5-, 6-, and 7-membered lactone products (5>6≫7). Preliminary
computational studies support the intermediacy of iodonium ion complex 8, which maintains
a tertiary amino-iodonium ion interaction.[15] On the basis of this putative structure, we
suggest that urea-bound phthalimide serves as the base to effect deprotonation of the
carboxylic acid in the enantiodetermining cyclization event. An alternative mechanism in
which deprotonation is induced by the tertiary amino group present in the catalyst is also
plausible, although such a mechanism would require significant reorganization of complex
8.

The optimized reaction conditions developed for the enantioselective iodolactonization of 2a
were applied to a variety of other 5-substituted hexenoic acid derivatives (Figure 2). In the
case of 5-arylhexenoic acids, a clear correlation emerged between the electronic properties
of the arene and the observed ee, with electron-deficient derivatives undergoing more
enantioselective cyclization. For these less reactive substrates (3g–3i), it was necessary to
use 2 equivalents of the iodinating agent 5 to achieve useful conversions.
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To determine the absolute configuration of 3a, a radical deiodination was performed to
provide the corresponding, known methyl lactone.[16] This assignment was confirmed by
X-ray crystallographic analysis of the 4-bromo derivative 3g.[17]

These reaction conditions proved ineffective with the corresponding pentenoic acid substrate
10a (Table 2, R = H), providing the iodolactonization product 11a in low enantiomeric
excess (entry 1). However, enantioselectivities were improved dramatically by decreasing
the loading of iodine additive, with best results obtained using 0.1 mol% of I2 (entry 3). The
rate of racemic iodolactonization in the absence of 1 is not affected by the concentration of
added I2, so it appears that the inverse relationship between ee and I2 loading may be due to
competing pathways promoted by 1. In that context, it is interesting to note that the absolute
configuration of 10a was found to be opposite to that of the hexenoic acid cyclization
products 3. The basis for the striking differences in behaviour between the pentenoic and
hexenoic acid substrates is not understood at this point but is the subject of current analysis.

Another potentially valuable mechanistic clue is provided by the fact that gem-dimethyl-
substituted substrate 10b (R′ = Me) was found to undergo cyclization to give racemic
product under the conditions optimized for 9a. Analogous gem-dimethyl substitution in the
hexenoic acid case also led to significant decrease in ee (product 3f). In general, it was
found that any factors expected to lead to more rapid cyclization of the iodonium ion
intermediate (8, Scheme 1) led to diminished enantioselectivities. If the rates of the two
steps (iodonium formation, 7 → 8 and cyclization, 8 → 9, Scheme 1) are finely balanced, it
is possible that acceleration of the second step change the identity of the rate- and ee-
determining step to formation of the iodonium ion. Poor face selectivity in the iodination of
the alkene would then be responsible for the decreases in enantioselectivity.

In conclusion, under appropriate conditions, tertiary aminourea derivative 1 induces
enantioselective iodolactonization reactions to afford 5- and 6-membered iodolactones with
high levels of enantioselectivity. Studies to elucidate the mechanism and origin of
enantioinduction in this process are underway.

Experimental Section
To a stirred solution of the 5-hexenoic acid (0.2 mmol) and catalyst 1 (15.4 mg, 0.03 mmol)
in toluene (8 mL) at −80 °C was added N-iodo-4-fluorophthalimide (58 mg, 0.2 mmol)
followed by iodine (7.6 mg, 0.03 mmol) as solids under a nitrogen atmosphere. After stirring
at this temperature for 5 d, the reaction mixture was quenched at −80 °C by addition of 10%
aqueous sodium thiosulfate solution (4 mL) and partitioned between 1 M sodium hydroxide
solution (30 mL) and CH2Cl2 (30 ml). The organic layer was separated, further washed with
1 M sodium hydroxide solution (30 mL), dried (MgSO4), and concentrated in vacuo.
Purification by flash column chromatography on silica gel (5–40% ethyl acetate in hexanes)
afforded the iodolactone products.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Substrate scope in the catalytic iodolactonization reaction. Reactions were performed on a
0.2 mmol scale. Yields are of isolated product following purification by column
chromatography. Ee’s were determined by HPLC or GC (3e) analysis on commercial chiral
columns. See Supporting Information for full details.
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Scheme 1.
Proposed catalytic cycle for the iodolactonization of 2.

Veitch and Jacobsen Page 6

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Veitch and Jacobsen Page 7

Table 1

Optimization Studies for the enantioselective iodolactonization of 2a.

Entry[a] I+ Source I2 Additive (mol%) Yield [b] ee[c]

1 4 0 0% -

2 5 0 3% 50%

3 6 0 25% 30%

4 I2 - 12% 66%

5 4 15 95% 92%

6 5 15 98% 94%

7 5 30 85% 88%

[a]
Reactions performed on a 0.05 mmol scale.

[b]
Determined by 1H NMR analysis using 1, 3, 5-trimethoxybenzene as the internal standard.

[c]
Determined by HPLC analysis using commercial chiral columns.
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Table 2

Optimization studies for the enantioselective iodolactonization of pentenoic acid derivative 10a.

Entry[a] Substrate I2 Additive [mol%] Yield [%][b] Ee [%][c]

1 10a 15 86 31

2 10a 1.0 95 76

3 10a 0.1 45 90

4[d] 10a 0.1 82 90

5 10b 0.1 98 0

[a]
Reactions performed on a 0.05 mmol scale.

[b]
Determined by 1H NMR analysis using 1, 3, 5-trimethoxybenzene as the internal standard.

[c]
Determined by HPLC analysis using commercial chiral columns.

[d]
Reaction performed using 2 equiv. 5.
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