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Manganese(III)-mediated oxidative annulation of methylenecyclopropanes with 1,3-dicarbonyl
compounds in acetic acid produces 4,5-dihydrofuran derivatives as [3+2] annulation products in
moderate to good yields under mild conditions. The possible reaction mechanism is discussed on
the basis of previous mechanistic investigation.

Introduction

Methylenecyclopropanes (MCPs) 1 are highly strained
but readily accessible molecules that have served as
useful building blocks in organic synthesis. MCPs 1
undergo a variety of ring-opening reactions because the
relief of ring strain provides a potent thermodynamic
driving force.1

Transition metal (such as Pd, Rh, Ru, and Pt) catalyzed
reactions of MCPs 1 with various reactants have at-
tracted much attention.2,3 In the field of Lewis-acid-
catalyzed ring-opening reactions of MCPs 1 in this
laboratory, we have found that the ring of MCPs 1 can
be opened by alcohols and other nucleophiles in a
different, novel manner to give the corresponding ho-
moallylic derivatives in good yields under mild condi-
tions.4 To explore the further transformation of 1, we
investigated the radical reaction pattern of 1.5 Herein,
we wish to report manganese(III)-mediated oxidative
cyclization reactions of 1 with 1,3-dicarbonyl compounds
in acetic acid.

Results and Discussion

Mn(III)-mediated oxidative free radical reactions have
been extensively developed in the past two decades. They

have been well demonstrated to be a valuable method
for the formation of carbon-carbon bonds. Numerous
regio-, chemo-, and stereoselective synthetic methods
have been developed in both inter- and intramolecular
reactions, and their applicability to the construction of
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complex natural and biologically active compounds has
been demonstrated.6 Thus, we attempted to utilize 2,4-
pentanedione and 1,3-cyclohexanedione as substrates to
react with MCPs 1 in the presence of Mn(OAc)3‚2H2O in
acetic acid.

As a first try, we searched for a protocol of the
manganese(III)-mediated reaction of diphenylmethyl-
enecyclopropane (1a) (1.0 equiv) with 2,4-pentanedione
(1.2 equiv). We were pleased to find that the manganese-
(III) (2.2 equiv)-mediated reaction of 1a with 2,4-pen-
tanedione in acetic acid proceeded smoothly at 80 °C to
give the cyclized product 2a in 22% yield after 12 h
(Scheme 1). The structure of 2a was unambiguously
characterized by its X-ray diffraction analysis. The
ORTEP drawing of 2a is shown in Figure 1.7

To improve the yield of 2a, we next investigated the
effects of solvents, other oxidants, reaction temperatures,
and the ratios of 2,4-pentanedione to 1a on this novel
oxidative cyclization to optimize the reaction conditions.
The results are summarized in Table 1. As can be seen
from Table 1, at room temperature (20 °C) under the
same conditions, the yield of 2a reached 48% or 50% with
use of 1.2 or 2.0 equiv of 2,4-pentanedione, respectively
(Table 1, entries 2 and 3). With 3.0 equiv of 2,4-
pentanedione, 2a was obtained in 60% yield (Table 1,
entry 5). At higher temperature (60 °C) under otherwise
identical conditions, 2a was obtained in 54% yield (Table
1, entry 4). The oxidant Cu(OAc)2 showed no catalytic
activity for this reaction under similar conditions (Table
1, entry 6). In addition, by means of other oxidants such
as ammonium cerium(IV) nitrate [(NH4)2Ce(NO3)6] (CAN)
or potassium ferricyanide(III) [K3Fe(CN)6], a trace of 2a
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SCHEME 1. Mn(III)-Mediated Reaction of MCP 1a
(1.0 equiv) with 2,4-Pentanedione (1.2 equiv) in
Acetic Acid

FIGURE 1. The ORTEP drawing of 2a.

TABLE 1. Mn(III)-Mediated Reaction of MCP 1a (1.0
equiv) with 2,4-Pentanedione under Various Conditions

entrya
reaction conditions

2,4-pentanedione/temp/solvent time/h
yield of
12a/%b

1 1.2 equiv/80 °C/HOAc 12 22
2 1.2 equiv/rt/HOAc 12 48
3 3.0 equiv/rt/HOAc 12 50
4 2.0 equiv/rt/HOAc 12 54
5 3.0 equiv/60 °C/HOAc 12 60
6 3.0 equiv/Cu(OAc)2 (2.0 equiv)/HOAcc 48 trace
7 3.0 equiv/(NH4)2Ce(NO3)6

(2.0 equiv)/HOAcc
48 trace

8 3.0 equiv/K3Fe(CN)6 (2.0 equiv)/HOAcc 48 trace
9 4.0 equiv/rt/CHCl3 48 trace

10 4.0 equiv/rt/MeOH 48 trace
11 4.0 equiv/rt/1,4-dioxane 48 trace
12 4.0 equiv/rt/DMF 48 trace
13 4.0 equiv/rt/MeCN 48 trace
a All reactions were carred out with 2.2 equiv of Mn(OAc)3‚2H2O

under argon atmosphere. b Isolated yields. c Non-Mn(OAc)3‚2H2O
catalyst was used.
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was formed (Table 1, entries 7 and 8). In other organic
solvents such as N,N-dimethylformamide (DMF), aceto-
nitrile (MeCN), methanol (MeOH), 1,4-dioxane, or chlo-
roform (CHCl3) with Mn(OAc)3‚2H2O as catalyst, a trace
of 2a was formed even in the presence of 4.0 equiv of
2,4-pentanedione (Table 1, entries 9-13). Overall, the
best reaction conditions are to carry out this reaction in
HOAc with 3.0 equiv of 2,4-pentanedione and 2.2 equiv
of Mn(OAc)3‚2H2O at room temperature (Table 1, entry
5).

Under the optimized reaction conditions, we next
examined the Mn(III)-mediated reactions of a variety of
MCPs 1 with 2,4-pentanedione in HOAc. The results are
summarized in Table 2. In all the cases tested, the
corresponding [3+2] cycloaddition products 2 were
achieved in moderate to good yields under mild conditions
(Table 2, entries 1-5 and 7). For unsymmetrical MCPs
1f and 1h, the corresponding cyclized products 2f and
2h were also obtained in good yields (Table 2, entries 5
and 7). Their spectroscopic data are summarized in the
Supporting Information. For MCP 1c [bis(p-methoxy-
phenyl)methylenecyclopropane], product 3c derived from
the ring-opening reaction of cyclopropane was formed
along with the [3+2] annulation product 2c (Table 2,
entry 2) (Scheme 2). For MCP 1g bearing a substituent
on the ortho-position of the benzene ring, no reaction
occurred under identical conditions presumably due to
steric hindrance on cyclization (Table 2, entry 6).

Using the more reactive 1,3-cyclohexanedione as a
substrate instead of 2,4-pentanedione in this oxidative

annulation reaction, we found that the corresponding
[3+2] cycloaddition products 4 were obtained in higher
yields in most cases (Table 3, entries 1-7). In the
presence of 1.2 equiv of 1,3-cyclohexanedione, this reac-
tion proceeded efficiently to give the annulation products
4 in good yields. For unsymmetrical MCPs 1f-h, the
corresponding [3+2] cycloaddition products 4f-h were
obtained in moderate to good yield as well (Table 1,
entries 6-9). It should be noted that with 1,3-cyclohex-
anedione as a substrate, the products 5 derived from the
ring-opening reaction of cyclopropane were formed along
with the [3+2] annulation products 4 in many cases
(Table 3, entries 3-7). In the case of MCP 1g, the
cyclopropyl ring-opened product was obtained as mix-
tures of 5g-1 and 5g-2 in which 5g-2 is derived from 5g-1
after workup with aqueous alkali solution (Experimental
Section) (Figure 2).

It should be noted that in this Mn(III)-mediated
transformation, MCPs 1 should bear one aromatic group
(R1 and/or R2 ) aromatic group) at least because for
aliphatic MCP 1 (R1 ) R2 ) Bu), this reaction gave many
unidentified products under identical conditions and the
[3+2] annulation product was not formed.

On the basis of above results and previous investiga-
tions on Mn(III)-mediated reaction,5h-j,8 a plausible reac-
tion mechanism could be outlined in Scheme 3. The

(8) Oxidation reactions of manganese(III) acetate in the formation
of γ-lactones from olefins and acetic acid. See: (a) Honkanen, E.;
Moisio, R.; Karvonen, P. Acta Chem. Scand. 1965, 19, 370-374. (b)
Bush, J. B.; Finkbeiner, H., Jr. J. Am. Chem. Soc. 1968, 90, 5903-
5905 and references therein. (c) De Mattos, M. C. S.; De Souza, S. P.
L.; Elias, S. M. Heterocycl. Commun. 2003, 9, 247-250. (d) Jogo, S.;
Nishino, H.; Yasutake, M.; Shinmyozu, T. Tetrahedron Lett. 2002, 43,
9031-9034.

TABLE 2. Mn(OAc)3-Mediated Reaction of
2,4-Pentanedione (3.0 equiv) with Various MCPs 1
(1.0 equiv)

yield [%]a

entry
R1/R2

1 2 3

1 p-MeC6H4/p-MeC6H4 1b 2b, 72 trace
2 p-MeOC6H4/p-MeOC6H4 1c 2c, 53 3c, 23b

3 p-ClC6H4/p-ClC6H4 1d 2d, 55 trace
4 p-FC6H4/p-FC6H4 1e 2e, 77 trace
5 p-MeOC6H4/C6H5 1f 2f, 67 trace
6 o-ClC6H4/C6H5 1g
7 p-EtOC6H4/Me 1h 2h, 50c trace

a Isolated yields. b Isolated together with 23% ring-opened
product. c The reaction was carried out for 24 h.

SCHEME 2. Mn(OAc)3-Mediated Reaction of
2,4-Pentanedione (3.0 equiv) with MCP 1c
(1.0 equiv)

TABLE 3. Mn(OAc)3-Mediated Reaction of
1,3-Cyclohexanedione (1.2 equiv) with Various MCPs 1
(1.0 equiv)

yield [%]a

entry
R1/R2

1 4 5

1 C6H5/C6H5 1a 4a, 79 5a, trace
2 p-MeC6H4/p-MeC6H4 1b 4b, 72 5b, trace
3 p-MeOC6H4/p-MeOC6H4 1c 4c, 44 5c, 25
4 p-ClC6H4/p-ClC6H4 1d 4d, 87 5d, 6
5 p-FC6H4/p-FC6H4 1e 4e, 71 5e, 11
6 p-MeOC6H4/C6H5 1f 4f, 65 5f, 7
7 p-EtOC6H4/Me 1g 4g, 40 5g-1, 12b,c

5g-2b,c

8 p-MeOC6H4/H 1h 4h, 30c 5h, trace
a Isolated yields. b See Figure 2. c The reaction was carried out

for 24 h.

FIGURE 2. The structures of 5g-1 and 5g-2.
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reaction of 1,3-dicarbonyl compound with Mn(OAc)3‚2H2O
affords a Mn(III)-enolate complex A, which rapidly suf-
fers electron loss to the oxo-centered Mn(III) metal
system to give the radical intermediate B. In the presence
of an alkene such as MCP 1, the R-carbonyl radical B
adds to the double bond of MCP 1 to furnish the radical
intermediate C.5i,6g The oxidation of 1,3-dicarbonyl com-
pound to give the complex A is considered as the rate-
determining step.5i,6g This cyclopropylmethyl radical is
stabilized by either two aromatic groups or at least one
aromatic group of MCP 1,9 which does not undergo a well-
known cyclopropyl ring-opened radical rearrangement.10

Therefore, it is further oxidized by another molecule of
Mn(OAc)3‚2H2O (2.2 equiv of Mn(OAc)3‚2H2O in the
reaction system) to produce the cationic intermediate D,
which is stabilized by the cyclopropyl and aromatic
rings.11 At any rate, this cationic intermediate D is more
stable than the radical intermediate C because it is
exactly a long-lived cyclopropylcarbinyl cation.11 This
should be the driving force for the transformation of C
to D. The intramolecular attack of the oxygen atom in
the carbonyl group via route a gives the oxonium cation
E. Deprotonation from E produces the [3+2] annulation
product 2 or 4. If the intramolecular attack of the oxygen
atom in the carbonyl group proceeds via route b, the
cyclopropyl ring is opened and pyran oxonium cation F

is produced. Deprotonation from cation F gives interme-
diate G and reprotonation affords cation H (this proton
transformation process also can be considered to proceed
directly from F to H). In acetic acid media, the acetate I
is produced, which gives 3 or 5 after treatment with
aqueous alkali solution (Scheme 3). The stability of cation
D plays a significant role in this reaction and corresponds
to this unpredictable result. Kinetically, route a is favored
because the formation of oxonium cation E is a sterically
demanding process and route b is involved with the bond
cleavage along with the formation of a new double bond.
Since cation D is stabilized in gem-diaryl-substituted
MCPs, the major products in most cases are [3+2]
annulation products and the reactions proceed smoothly.
If the benzene ring bears a strongly electron-donating
group, it is conceivable that cation D is more stabilized,
which may have enough time to give the ring-opening
product via route b. For mono-aryl-substituted MCPs, the
corresponding cation D is not as stable as that in gem-
diaryl-substituted MCPs. The reactions are somewhat
sluggish and the reaction products are formed in lower
yields.

Recently, Huang reported a tandem free-radical cy-
clization reaction of alkylenecyclopropanes with malonic
acid diethyl ester mediated by Mn(III) to give 2-(3,4-
dihydronaphthalen-2-yl)malonic acid diethyl ester.12 This
result is totally different from our findings in this paper
with more enolizable â-dicarbonyl compounds as reac-
tants.

In conclusion, we have found a novel radical transfor-
mation of MCPs 1 mediated by Mn(III) to give the novel
[3+2] annulation compounds as major products in mod-
erate to good yields under mild conditions.13 The forma-
tion of a stable and long-lived cyclopropylcarbinyl cation
intermediate corresponds to this unpredictable result.
This finding may open a new way for the radical trans-
formation of MCPs 1. Efforts are underway to elucidate
the mechanistic details of this Mn(III)-mediated reaction
system and to extend the scope and limitations of these
novel radical transformations of MCPs 1 thereof. Work
along these lines is currently in progress.

Experimental Section

General Reaction Procedure for the Manganese(III)-
Based Oxidative Annulation of 2,4-Pentanedione with
Methylenecyclopropane 1. Under an argon atmosphere,
MCP 1 (0.50 mmol), 2,4-pentanedione (1.50 mmol), and Mn-
(OAc)3‚H2O (1.1 mmol) were dissolved in 5.0 mL of acetic acid.
The reaction mixture was stirred at room temperature for 12
h. The reaction solution was diluted with ether (20 mL) and
washed with water, saturated NaHCO3 solution, brine, and
water. The organic layers were dried over anhydrous Na2SO4.

(9) A single phenyl group is sufficient to render the cyclopropyl-
methyl radical thermodynamically stable. (a) Bowry, V. W.; Lusztyk,
J.; Ingold, K. U. Chem. Commun. 1990, 923-924. In addition, some
3-exo-trig processes have been described recently. (b) Sakuma, D.; Togo,
H. Synlett 2004, 2501-2504. (c) David, H.; Afonso, C.; Bonin, M.;
Doisneau; Guillerez, M.-G.; Guibe, F. Tetrahedron Lett. 1999, 40,
8557-8561. (d) Gansauer, A.; Lauterbach, T.; Gimbel-Geich, D. Chem.
Eur. J. 2004, 10, 4983-4990.

(10) (a) Kochi, J. K.; Krusic, P. J.; Eaton, D. R. J. Am. Soc. Chem.
1969, 91, 1877-1879. (b) Mathew, L.; Warkentin, J. J. Am. Soc. Chem.
1986, 108, 7981-7984. (c) Bowry, V. W.; Lusztyk, J.; Ingold, K. U. J.
Am. Soc. Chem. 1991, 113, 5687-5698. (d) Beckwith, A. L. J.; Bowry,
V. W. J. Am. Soc. Chem. 1994, 116, 2710-2716. (e) Masnovi, J.;
Samsel, E. G.; Bullock, R. M. Chem. Commun. 1989, 1044-1045.

(11) Olah, G. A.; Reddy, V. P.; Prakash, G. K. S. Chem. Rev. 1992,
92, 69-95.

(12) Zhou, H.; Huang, X.; Chen, W. J. Org. Chem. 2004, 69, 5471-
5472.

(13) For such formation of dihydrofurans from 1,3-dicarbonyl com-
pounds via initial Michael or radical addition onto a double bond
followed by ring closure by other catalysts see: (a) Karade, N. N.;
Shirodkar, S. G.; Patil, M. N.; Potrekar, R. A.; Karade, H. N.
Tetrahedron Lett. 2003, 44, 6729-6732. (b) Liu, H. M.; Zhang, F.; Zou,
D.-P. Chem. Commun. 2003, 2044-2045. (c) Ferreira, P. M. T.; Maia,
H. L. S.; Monteiro, L. S. Eur. J. Org. Chem. 2003, 2635-2644. (d) Lu,
C.; Lu, X. Org. Lett. 2002, 4, 4677-4680. (e) Branchadell, V.; Moreno-
Manas, M.; Pleixats, R.; Thorimbert, S.; Commandeur, C.; Boglio, C.;
Malacria, M. J. Organomet. Chem. 2003, 687, 337-345. (f) Zhang, Y.;
Raines, A. J.; Flowers, R. A. Org. Lett. 2003, 5, 2363-2366. (g) Lee, Y.
R.; Kang, K. Y.; Lee, G. J.; Lee, W. K. Synthesis 2003, 1977-1988.

SCHEME 3. The Plausible Reaction Mechanism
for the Formation of Annulation Products
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The solvent was removed under reduced pressure and the
residue was purified by a flash column chromatography to give
2a as a colorless solid.

1-(6-Methyl-4,4-diphenyl-5-oxa-spiro[2.4]hept-6-en-7-
yl)ethanone (2a): colorless solid; yield 60%; mp 106-108 °C;
IR (thin film) ν 3011, 1638, 1611, 1498, 1446, 1390, 1234 cm-1;
1H NMR (CDCl3, TMS, 300 MHz) δ 0.23 (t, J ) 4.8 Hz, 2H,
CH2), 1.57 (t, J ) 4.8 Hz, 2H, CH2), 2.24 (s, 3H, CH3), 2.28 (s,
3H, CH3), 7.25-7.35 (m, 10H, ArH); 13C NMR (CDCl3, TMS,
75 MHz) δ 9.0, 17.0, 30.7, 32.9, 94.8, 117.0, 127.7, 127.8, 141.7,
165.3, 193.3; MS (EI) m/z 304 (M+) (35), 261 (27), 213 (21),
204 (23), 189 (20), 165 (21), 43 (100). Anal. Calcd for
C21H20O3: C, 82.86; H, 6.62. Found: C, 82.76; H, 6.85.
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