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We have developed a new and reliable method for the direct construction of biologically important aryl lactones and phthalides from carboxylic
and benzoic acids, using a combination of hypervalent iodine(lll) reagents with KBr.

Lactones are the basic structural unit of natural products andDespite the numerous efforts toward the realization of such
are of great importance in the areas of pharmaceuticals,processes, reported procedures using metal oxidants have
agrichemicals, flavor components, material, and polymer limited applications because they typically need harsh
productions, and also are as well versatile building blocks reaction conditions, thus giving rise to serious problems in
for these application’sIn particular, certain aryl-substituted  the product yield, undesired side reactions (decarboxylation,
y-lactones show a variety of significant biological behavfors. ring oxidation, ketone formation, etc.), and functional toler-
One of the convenient and attractive routes for the synthesisance. To achieve the direct lactone synthesis, it is highly
of these lactones is the direct oxidative C—O coupling important to construct a mild and clean system enabling
reaction starting from the corresponding carboxylic aéitls.  selective formation of benzyl radicah via sp C—H
- - abstraction, as the carbonyloxy radi&lproduced by the

(1) (a) Callins, 1.J. Chem Soc, Perkin Trans1 1998 1869. (b) Donnelly, - . : .
D. M. X.; Meegan, M. JComprehensie Heterocyclic ChemistrKatritzky, O—H a_CUVatpn IS nOt_ productive due to the rapid decar-
é. R., Ed.; Pergan&%n: IL\Ie}N York, ”195(3)4; Vol. 4, (p:657. (c)dzevgn, T.K.; boxylation of intermediat& (Scheme 1}.Herein, we would

cott, A. I. InHandbook of Naturally Occurring Compound&cademic ; oAt i ;
Press: New York1975:Vol. 1. 249. like to report the real!zanon of a promising methoq fqr direct

(2) (a) Carroll, A. R.; Taylor, W. CAust.J. Chem.1991,44, 1615. (b) aryl lactone formation by using hypervalent iodine(lll)

Katzenellenbogen, J. A.; Rai, R.; Dai, \Bioorg. Med.Chem.Lett. 1992, reagents with the aid of KBr via the benzvylic—®& bond
2, 1399. (c) Hwang, E.-l.; Yun, B.-S.; Kim, Y.-K.; Kwon, B.-M.; Kim, 9 y

H.-G.; Lee, H.-B.: Jeong, W.-J.; Kim, S.-U. Antibiot. 000,53, 903. (d)  abstraction strategy.

;igggisz.l;quar(n)ML. S. bY.;:-IIE\saDn, g._M.;JAlgmHM. Mljr' JHMEdZ Cf:(em c Recently, hypervalent iodine(lll) reagents have gained

,40, . (e) Lambert, J. D.; RICe, J. E.; A0ONg, J.; HOU, £.; Yang, C. . . . .

S. Bioorg. Med.Chem.Lett. 2005, 15, 873. mu_cr_l attention owing to their attractive f_eqtures such as low
(3) () Brauman, J. I.; Pandell, A. J. Am. Chem.Soc.1970,92, 329. toxicity, high stability, and reactivity similar to those of

(b) Nagarajan, A.; Porchezhiyan, V.; Srinivasaramanujam; Balasubramanian, i i i i
T. R.Ind. J. Chem.1985,24B, 1202. (c) Irie, H.; Maruyama, J.; Shimada, hlghly toxic heavy metal oxidanfsAs a new direction of

M.; Zhang, Y.; Kouno, I.; Shimamoto, K.; Ohfune, Bynlett1990, 421.
(4) y-Lactone formation from aliphatic carboxylic acids having suitably (5) (&) Kochi, J. K.J. Org. Chem.1965, 30, 3265. (b) Kochi, J. K.;
activated benzyl positions: Jevric, M.; Taylor, D. K.; Greatrex, B. W.; Bacha, J. DJ. Org. Chem.1968,33, 2746. (c) Sheldon, R. A.; Kochi, J.

Tiekink, E. R. T.Tetrahedron2005,61, 1885. K. Org. React.1972,19, 279.
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Scheme 1. Direct Formation of Aryl Lactones via the Selective
C—H Abstraction

our ongoing study on hypervalent iodine(lll) chemistry, we

have decided to start our survey toward utilization of the

reagents for mild and selective®sp—H functionalizatior,

aiming at the synthesis of the important lactone compounds.

Thus, initial investigation for the diregt-lactone formation
was carried out with simple carboxylic ackh. Single use
of hypervalent iodine(lll) oxidantsspecifically, Phl(OAc)
(PIDA) or PhlI(OCOCE); (PIFA)—did not give the lactone
3aat all, and no conversion &fa was observed (Table 1,
entry 1). Activation of PIDA and PIFA with a Lewis acid
such as BE-Et,O and TMSOTTf did not afford any lactone
3aeither, and instead ring oxidation @& occurred in these

cases giving rise to complex product mixtures. We next tried
to use other activation methods on the basis of our previous

reports® and thus the reaction o2a with PIDA in the
presence of inorganic bromid€dwas examined. Although

Table 1. Influence of Oxidants and Additives
Oxidant O
[:::]/A\V/A\CozH Additive %
2a Conditions
3a
time yield
entry oxidant® additive® conditions (h) (%)
1 PIDA or PIFA none CHyCly, rt 24 nrd
2 PIDA KBr CHsClg, rt 7 69
3 PIDA KBre CHyClg, rt 24 65
4 PIDA BusN*Br~ CHgCly, rt 24 ndf
5 PIDA TMSBr CHyClg, rt 24 nd
6 PIFA KBr CHyClg, rt 24 <b8
7 HTIB KBr CH.Cly, rt 20 25
8 DMP* KBr CHyClg, rt 24 39
9 1 KBr CHsClg, rt 8 80 (91)
10 DDQ none benzene, 50 °C 24 nr
11 NaBrOs NaHSOs*  AcOEt/H20 18 15
(1/2), rt

a1.2 equiv of oxidants was use®l1 equiv relative t@a. ¢ Isolated yields
based on2a used.?nr = no reaction®0.5 equiv.fnd = not detected.
9 Determined byH NMR observation" DMP = Dess-Martin periodinane.
i Isolated yield based on consumzal i DDQ = 2,3-dichloro-5,6-dicyano-
1,4-benzoquinoné: 1.2 equiv of NaHS@was used! 3-Benzoylpropionic
acid was obtained as a major product.

BusNTBr—°¢d or TMSBr?¢ did not give the desireBa
(entries 4 and 5). In our screening of the oxidants, we have

the previous method itself did not induce selective formation discovered an alternative appropriate oxidgasnisiodine-

of 3a, use of KBrin organic solventgdramatically altered
the situations; the reaction &a with the combination of

() diacetatel, having milder reactivity than PIDA (entries
6—9). As a comparison, we examined the oxidations using

PIDA and finely powdered KBr in degassed dichloromethane other types of organic or inorganic oxidants, i.e., DD

afforded lactone3a in a good yield at room temperature

NaBrOs!t with 2a, but no reaction or undesired ketone

(entry 2). It should be noted that the added KBr worked as formatiort'?was observed in these cases (entries 10 and 11).

a catalyst, since it is hardly soluble in @El,, and for the

Having established the optimum reaction conditions, we

most part was present as the precipitate throughout thethen investigated the influence of the nature of the starting

reaction. Indeed, catalytic use of KBr slightly affected the
yield of 3a (entry 3). Interestingly, only KBr was suitable
as an effective bromide souré&and organic bromides,

(6) For recent reviews: (a) Stang, P. J.; Zhdankin, V.Ohem. Reu.
1996, 96, 1123. (b) Kita, Y.; Takada, T.; Tohma, Rure Appl. Chem.
1996,68, 627. (c) Varvoglis, AHypervalent lodine in Organic Synthesis
Academic Press: San Diego, CA, 1997. (d) Kitamura, T.; Fujiwara, Y.
Org. Prep. Proced. Int1997, 29, 409. (e) Ochiai, M. InChemistry in
Hypervalent Compounds; Akiba, K., Ed.; Wiley-VCH: New York, 1999;
Chapter 12. (f) Zhdankin, V. V.; Stang, P.GQhem. Re12002,102, 2523.

(9) Hyperalent lodine ChemistryWirth, T., Ed.; Springer-Verlag: Berlin,
Germany, 2003. (h) Moriarty, R. MJ. Org. Chem.2005, 70, 2893. (i)
Wirth, T. Angew. Chem.nt. Ed. 2005,44, 3656.

(7) Benzylic azidation of phenyl ethers with phenyliodine bis(trifluoro-
acetate): Kita, Y.; Tohma, H.; Takada, T.; Mitoh, S.; Fujita, S.; Gyoten,
M. Synlett1994, 427.

(8) Generation and detection of active iodineHBr species in water
by the combination of PIDA or iodosobenzene with KBr, see: (a) Tohma,
H.; Takizawa, S.; Maegawa, T.; Kita, YAngew.Chem., IntEd. 2000,39,
1306. (b) Tohma, H.; Maegawa, T.; Takizawa, S.; Kita, Alv. Synth.
Catal. 2002,344, 328.

(9) lodine(lll) oxidations in the presence of bromide. LiBr or NaBr: (a)
Braddock, D. C.; Cansell, G.; Hermitage, S. 8ynlett2004, 461. (b)
Karade, N. N.; Shirodkar, S. G.; Dhoot, B. M.; Waghmare, PJBChem.
Res.2005, 274. Ammonium bromide: (c) Hashem, M. A.; Jung, A.; Ries,
M.; Kirschning, A.Synlett1998 195. (d) Brunjes, M.; Sourkouni-Argirusi,
G.; Kirschning, A.Adv. Synth.Catal. 2003,345, 635. TMSBr: (e) Evans,
P. A.; Brandt, T. A.J. Org. Chem.1997,62, 5321.
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carboxylic acids2 on the reactiod? Accordingly, the
y-lactone forming reactions of para-substituted aryl butyric
acids2b—f were examined (Table 2). As shown in entry 2,
the presence of an electron donating group allowed the
reaction to proceed to the formation of the corresponding
y-lactone 3b in good yield. In contrast, the reaction

(10) In Group 1 alkali metal bromide, yield &a decreased in order
with KBr > NaBr> LiBr. LiBr induced remarkable bromination at both
aromatic and benzyl carbons.

(11) (a) Hayat, S.; Atta-ur-Rahman; Choudhary, M. I.; Khan, K. M.;
Bayer, E.Tetrahedron Lett2001,42, 1647. (b) Kikuchi, D.; Sakaguchi,

S.; Ishii, Y. J. Org. Chem.1998,63, 6023.

(12) Representative experimental procedure: In a flame-dried two-
necked round-bottomed flask, under nitrogen, the iodine(lll) reabét1
mg, 0.6 mmol) was added to a stirred suspension of 4-pheyl butyric acid
2a (82 mg, 0.5 mmol) and KBr (60 mg, 0.5 mmol) in dry @El, (5 mL)
then the mixture was vigorously stirredrf8 h at 30°C. After checking
the reaction completion by TLC, saturated aq NaH®@s added to the
mixture, which was then stirred for an additional 5 min. The organic layer
was separated, washed with saturated aq Nagd@@ dilute aq sodium
thiosulfate, and dried over anhydrous8&y. After removal of the solvents,
the residue was subjected to silica gel column chromatography (eluents:
n-hexane/AcOEt) to give the-phenyly-butyrolactone3a (65 mg, 80%)
as a white powder. Unreacté&a (9.8 mg, 12%) was recovered from the
combined agueous phase by extraction of dichloromethane after acidifying
the solution.

Org. Lett, Vol. 9, No. 16, 2007



Table 2. Direct Aryl Lactone Forming Reaction from Aliphatic
Carboxylic Acids2 with Use of a Combination of and KBr

entry carboxylic acid aryl lactone time yield
2) 3) (h) (%)
COH o
g
R
R
1 R=H (2a) (3a) 8  80(91)
2 OMe (2b) (3b) 8 71
3¢ NO, (2¢) (3¢) 18 47(62)
4 F (2d) (3d) 24 73
5 Br (2e) (3e) 18 61
6 Ph (2f) @30 20 65
7 Ph P
N co o ;é 15 85
2 (2g)  pn (3g)
8¢ 0
Ph/\(\COZH % 6 507
(2h) ph"’
(3h)
9 o}
4 OO )05 24 65
(2) Ph 30
10 Q
o COH i)‘) 24 21
¢)) Ph

&)

a|solated yields? Yield based on consumed starting materiats2 equiv
of PIDA was usedd The trans/cis ratio was estimated as 100/3H\WMR.

proceeded slowly in carboxylic ackt bearing a nitro group,
and a larger amount of startir@g was recovered than in the
former two cases (entry 3). Reaction2uf and2eproceeded
effectively, and the bromo group in the lacta®&would be
helpful for further transformations (entries 4 and 5). Biaryl
lactoné&2 3f andgemdiphenyl lactone8g were also obtained

in similar ways (entries 6 and 7). We have examined the
stereoselectivity of the reaction wiltsubstituted aci@h,
giving trans-vicinal y-lactone3h exclusively in 50% yield
(entry 8). The product is known as a useful synthetic
precursor for naturally occurring lactone neolign&hBur-

thermore, larger ring lactones could be obtained (entries 9

Scheme 2. A Possible Reaction Mechanism
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hypervalent iodine(lll) oxidants, which possess high reactiv-
ity under mild conditions (room temperature, nearly neutral
conditions), is well utilized in this step. The resulting radical
A then ensured the successive oxidative lactone forming step
to give the observed produgé. Since only KBr was suitable
here as the bromide source (Table 1), it is obvious that the
generation of unique oxidation species was involved during
the reaction by the combination of the iodine(lll) reagents
and KBr* Therefore, from our previous observatibme
now consider that KBr might act as a generator of active
iodine(lll) oxidants containing a I(11}-Br bond}® although
further studies on the detection of the species and the
intermediates are needed to confirm this.

The reaction involving benzyl radical intermediates is also
applicable to the 2-alkyl benzoic acid derivatives, leading
to phthalides4.1617 Selected examples of the substrates are
presented in Figure 1. It became clear that not only primary

o o .
819
sa U 61% (83%) o

65% (91%)
(7 h}

4c

Figure 1. Phthalide formation from 2-alkyl benzoic acids (conver-
sion yields are shown in the parentheses).

and 10), even though the reaction proceeded less efficiently 4,4 secondary alkyl €H groups, but also the tertiary-cH

than they-lactone formation.

A possible explanation for the reaction mechanism of the
direct lactone formation is exemplified with aliphatic car-
boxylic acid 2a (Scheme 2). Initially, abstraction of the
benzyl hydrogen atom occurred selectively by the action of
the iodine(lll) oxidants with KBr under the present mild
conditions, and the benzyl radicalwas successfully formed
rather than the carbonyloxy radidal The advantage of the

(13) (a) Pohmakotr, M.; Pinsa, A.; Mophuang, T.; Tuchinda, P.; Prabpai,
S.; Kongsaeree, P.; Reutrakul, \J. Org. Chem. 2006, 71, 386. (b)
Yamauchi, S.; Hayashi, Y.; Nakashima, Y.; Kirikihira, T.; Yamada, K.;
Masuda, T.J. Nat. Prod. 2005,68, 1459. (c) Brown, R. C. D.; Bataille, C.

J. R.; Bruton, G.; Hinks, J. D.; Swain, N. A. Org. Chem.2001,66, 6719.
(d) Yoda, H.; Kimura, K.; Takabe, KSynlett2001, 400. (e) Yoshida, S.;
Ogiku, T.; Ohmizu, H.; Iwasaki, TTetrahedron Lett1995,36, 1459.
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group was not controversial. In fact, even formation of the
rigid spirocyclic4cwas obtained in 65% yield (91% relative

(14) It was reported that other bromides such ag\BBr— and TMSBr
produce hypobromite or the bromate(l) complex and molecular bromine,
respectively. See, refs 9e.

(15) Isolation of cyclic I(Ill)—Br compounds and their use as radical
initiators: Amey, R. L.; Martin, J. CJ. Am.Chem.So0c.1979,101, 3060.

(16) Direct phthalide formation with metal oxidants: (a) Lee, J. M.;
Chang, STetrahedron Lett2006,47, 1375 and references cited therein.
(b) Creighton, A. M.; Jackman, L. MJ. Chem. Soc. 1960, 3138. (c)
Mahmoodi, N. O.; Salehpour, M. Heterocycl.Chem.2003,40, 875.

(17) Phthalide formation with hypervalent iodine(lll) reagents under UV
irradiation was reported with few example of substrates; however, the
procedure was not applicable to aliphatic carboxylic acids because of the
rapid decarboxylation: (a) Togo, H.; Muraki, T.; Yokoyama, Metrahe-
dron Lett. 1995, 36, 7089. (b) Muraki, T.; Togo, H.; Yokoyama, M.
Chem.Soc.,Perkin Trans.1 1999, 1713.
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to the consumed starting material). Six-membered isocou-abstraction strategy, leading to biologically important aryl
marin derivative4dd’ was formed over phthaliddd from lactones and phthalides, using a combination of hypervalent
2-phenethylbenzoic acid, which reflects the formation of iodine(lll) reagents with KBr.

another benzyl radical at the more reactive pendent phenyl )
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Scheme 3. Product Selectivity in 2-Phenethylbenzoic Acid
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Supporting Information Available: Experimental pro-
cedures and detailed spectroscopic data contaittihgnd
13C NMR of all lactone products. This material is available
free of charge via the Internet at http://pubs.acs.org.

In summary, we have developed the mild and clean direct
oxidative C-H lactonization of both the aliphatic carboxylic
and benzoic acids based on the selective benzyhdHC  OL071315N
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