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An efficient oxidative lactonization of 1,4-diols in acetone is accomplished by the well-defined ruthenium catalyst, whose bifunctional nature

underlies the high efficiency as well as unique chemo- and regioselectivity of the reaction which provides a rapid access to

including flavor lactones hinokinin, and muricatacin.

y-butyrolactones

Functionalized lactones are ubiquitous frameworks in a of diols to lactones is a potentially useful process, atti&e

variety of biologically active natural products including

oxidation using an excess amount of silver carbofidtas

antibiotics, lignans, pheromones, antifungal compounds, andlong been a reliable method owing to its experimental

flavor component$:3 Although a number of methods for
the synthesis of lactones have been repottibe, oxidation

(1) () Hudlicky, M.Oxidation in Organic ChemistryAmerican Chemi-
cal Society: Washington, D.C., 1990. ®»mprehense Organic Synthesis
Trost, B. M., Fleming, |., Eds.; Pergamon: Oxford, 1991; Vol. 7. (c) Seitz,
M.; Reiser, O.Curr. Opin. Chem. Biol2005 9, 285-292. (d) Collins, I.

J. Chem. Soc., Perkin Trans1999 1377-1395. (e) F&zon, M.; Golfier,
M.; Louis, J.-M. Chem. Commun1969 1118-1119. (f) Fdizon, M;
Golfier, M.; Louis, J.-M.Tetrahedron1975 31, 171-176.

(2) Metal-catalyzed oxidative lactonization of diols: (a) Blum, Y.; Reshef,
D.; Shvo, Y.Tetrahedron Lett1981 22, 1541-1544. (b) Murahashi, S.-
I.; Ito, K.; Naota, T.; Maeda, YTetrahedron Lett1981 22, 5327-5330.
(c) Shvo, Y.; Blum, Y.; Reshef, D.; Menzin, M. Organomet. Cheni982
226, C21-24. (d) Ishii, Y.; Osakada, K.; Ikariya, T.; Saburi, M.; Yoshikawa,
S. Chem. Lett1982 1179-1182. (e) Ishii, Y.; Osakada, K.; Ikariya, T.;
Saburi, M.; Yoshikawa, STetrahedron Lett1983 24, 2677-2680. (f) Ishii,
Y.; Osakada, K.; Ikariya, T.; Saburi, M.; Yoshikawa,J5Org. Chem1986
51, 2034-2039. (g) Ishii, Y.; Suzuki, K.; Ikariya, T.; Saburi, M.; Yoshikawa,
S.J. Org. Chem1986 51, 2822-2824. (h) Ishii, Y.; Ikariya, T.; Saburi,
M.; Yoshikawa, S.Tetrahedron Lett1986 27, 365-368. (i) Murahashi,
S.; Naota, T.; Ito, K.; Maeda, Y.; Taki, H. Org. Chem1987, 52, 4319~
4327. (j) Bloch, R.; Brillet, C.Synlett1991 829-830. (k) Nozaki, K.;
Yoshida, M.; Takaya, HJ. Organomet. Chenl994 473 253-256. (I)
Isaac, I.; Aizel, G.; Stasik, |.; Wadouachi, A.; BeaupeD. Synlett1998
475-476. (m) Suzuki, T.; Morita, K.; Tsuchida, M.; Hiroi, KOrg. Lett.
2002 4, 2361-2363. (n) Miyata, A.; Furukawa, M.; Irie, R.; Katsuki, T.
Tetrahedron Lett2002 43, 3481-3484. (0) Shimizu, H.; Onitsuka, S.;
Egami, H.; Katsuki, TJ. Am. Chem. So005 127, 5396-5413. (p) Zhao,
J.; Hartwig, J. FOrganometallic®2005 24, 2441-2446.

10.1021/0l0706408 CCC: $37.00
Published on Weh 04/05/2007

© 2007 American Chemical Society

convenience. Nonetheless, a more environmentally benign
process that generates minimal heavy metal waste would be
highly desirable. Although the metal-catalyzed oxidation of
alcohols with nonhazardous oxidants may offer a practical
solution? its application to the oxidative lactonization of diols

is still limited? mainly due to the intrinsic difficulty in the
selective two-step oxidation of a primary alcoholic group
over another alcoholic groups in the same molectles.

We have recently developed Cp*Ru(ll) catalyst systems
bearing a series of chelating primary amine ligands with
characteristic “NH/metal bifunctional units”for highly
effective organic transformatiod©ne of the most intriguing
features of the catalyst system Cp*RuCiP{CH,).NH,-
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«?-P,N] (2a) with KO-t-Bu is its extremely high activity for
the cleavage o&--C—H bonds ofsecalcohols, which may
result fromreversible hydrogen transfer between alcohols
and carbonyls, leading to a rapid racemization of chiral
nonracemicsecalcohols as illustrated in Schemég®l.
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2a a possible transition state

ligand to give phthalide4a) in <1% yield. By contrast,
addition of PAP(CH,),NH, (1a) brought about the very rapid
reaction to produceta in >99% vyield under otherwise
identical condition8.While PhP(CH;),NH(CH;) (1b) worked
equally well (-99% yield), neither P#(CH,).N(CHs), (1¢)

nor PhP(CH,),PPh (1d) promoted the reaction (5% and 0%
yields, respectively). These results strongly suggest that the
amino NH group plays a crucial role in the catalysis. Notably,
the conventional Ru catalysts, RyfFIPh),2° and Ry(CO)»,*
which have been known to effect the same reaction, turned
out to be less efficient, givingta in 17% and 0% yield
respectively, under otherwise identical conditions. Oxidative
lactone formation from the diols normally proceeds via lactol
intermediates in equilibrium with one-step oxidized hydroxy-
aldehydes. However, no detectable amount of chemical
species excef#a, 4a, acetone, and 2-propanol was observed
by *H NMR spectroscopy throughout the reactiorBafusing

the present Cp*Ru-based catalyst system. Accordingly, we
believe that the oxidation o6a into 4a as well as the
cyclization of5ainto 6ashould be much faster than oxidation
of 3ainto 5ain the present reactiof.The possibility of a
Tischenko-type mechanism involving the intermediacy of
dialdehyderawas ruled out by a separate experiment using

In addition, we observed a significant rate enhancement 7a, which resulted in the complete recovery 7d under

in the catalytic intramolecular HD scrambling of gorim-
alcohol, benzyk,a-dz-alclohol, compared with secalcohol,
1-phenyl-1d;-ethanoP These results led us to explore
oxidative transformations with high preference for primary

similar conditions. Therefore, the unique metal/NH bifunc-
tionality of the active catalyst shown in Scheme 1 should be
responsible not only for the dehydrogenation fr8minto

5a but also from6ainto 4a, which stands in sharp contrast

alcohols over secondary ones, and now we have found thatwith the conventional catalysts RefPPh),?°f or Rus(CO),

a variety of 1,4-diols with a primary hydroxyl at one end

that have been proposed to dehydrogenate alcohols via Ru

are efficiently dehydrogenated to lactones in acetone, alkoxide intermediates.

which contains the catalyst system 8& and KO+-Bu

A variety of 1,4-diols3b—q (Figure 1) were rapidly

under mild conditions. In this paper, we describe the scope convertible to the/-butyrolactonegb—q in acetone (0.5 M)

of this oxidative lactonization using this bifunctional catalyst
system.

containing2a and KO+{-Bu as catalyst (33 mol %) at 30
°C within a few hours. The substituentsdis- (3b—k) and

Initial experiments focused on the acceleration effect of trans-2,3-disubstitued symmetrical diol8l{m) hardly hinder

several ligandsl) on the reaction of 1,2-benzenedimethanol
(3@) in acetone (Scheme 2).

Scheme 2. Ligand Effect in Oxidative Lactonization &a
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The reaction of3awas carried out in acetone containing
Cp*RuCl(cod) (COD= 1,5-cyclooctadiene), a ligand, and
KO-t-Bu (3a/Ru/l/KO-t-Bu = 100:1:1:1, Ba] = 0.5 M) at
30 °C for 1 h. The reaction hardly proceeded without any
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the reaction to furnish the corresponding lactones including
hinokinin (@m), one of the biologically important lignans.
Of particular note is the excellent chemoselectivity in the
reaction of diols bearing an olefinic grouBi{k) which
remains intact despite possible saturation via intramolecular
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Figure 1. Applicable 1,4-diols 8) and their products4.
hydrogen transfer. Unsymmetrical 1,4-dide—q with at OH groups remain intact regardless of whether they are

least one primary OH group were also oxidized in acetone primary or secondary. It should be noted that no measurable
to give the lactonedn—q including flavor lactonegp and amount of other isomeric lactones were obtained in these
4q very efficiently. These results indicate that secondary or reactions.

tertiary hydroxyl groups imMn—q only participate in the On the other hand, introduction of some tethers, suitable
lactone formation as nonoxidized alcoholic counterparts. In for cyclization, into a 1,5- or 1,6-diol caused facile lactone

fact, the deuterium atom i8n-d; (96% atom D) was  formation. The diol3v (Figure 2) with a rigid naphthalene
completely preserved in the oxidation to gi¢a-d; (96%
atom D). This result clearly indicates that dehydrogenation
of the primary alcohol is much faster than that of the
secondary group or the lactol formation.

In contrast to the very rapid oxidation of 1,4-diols, 1,5- O
diols need a larger amount of acetone and slightly longer
reaction times. For example, the reaction of 1,5-pentanediol O

in acetone at a lower concentration (0.05 M, 1 mol %, 30
°C) gave d-valerolactone in 81% vyield only after 4 h.
Moreover, 1,6-hexanediol afforded mecaprolactone under

similar conditions, and a substantial amount of the starting
material was recovered. This significant rate difference
becomes synthetically attractive when tribre used as the e

substrates as shown in Scheme 3.

3w R7 =
3x (R7 = Ph)

4w, 4x

Figure 2. Applicable 1,5- and 1,6-diols and their products.
Scheme 3. Oxidative Lactonization of Triols

0
2a (1 mol %)
OH  _KOt-Bu (1 mol %) o backbone was very rapidly convertible at 30 with 1 mol
OH  acetone % of the catalyst into the correspondiddactonedv (>99%
30°C,1-2h . . . .
RE”OH  >99% yield Re"‘OH yield after 1 h), and even diol8w or 3x with biphenyl
[diol] = 0.05-0.5 M in acetone backb_ong afforded th_e correspondmgactones_dfw and4x
. guantitatively (93% vyield afte2 h and>99% vyield after 3
3r: R®° = n-CgHqq 4r. L-factor ;
3s: R® = n-CqpHas 4s; muricatacin h, respeCtlvely)'

In summary, we have demonstrated that the catalyst system

o OH of 2a and KO+t-Bu is a highly effective catalyst for the
OH . oxidative lactonization of a wide variety of diols in acetone,
in which acetone can be used as a reaction solvent and a

cheap hydrogen acceptor. Due to its high efficiency and
experimental simplicity, the present catalytic method can
provide a powerful and environmentally benign alternative

For example, the oxidative lactonization of tri@s—u for Féizon oxidation. Further studies on its application to
resulted in the exclusive formation gfbutyrolactonegr—u stereoselective lactone synthesis are in progress in our
including L-factor @r) and muricatacin4s) where the remote  laboratory.

Org. Lett, Vol. 9, No. 9, 2007 1823



Acknowledgment. Support of this research was provided Supporting Information Available: Experimental pro-
by the Ministry of Education, Culture, Sports, Science and cedures, characterization data, and deuterium-labeling experi-
Technology of Japan (Nos. 16750073 and 18065017) andments. This material is available free of charge via the
by Taisho Pharmaceutical Co. Ltd. and the Asahi Glass Internet at http://pubs.acs.org.
Foundation (M.1.). OL0706408

1824 Org. Lett, Vol. 9, No. 9, 2007



