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aldehydes. In general, spiro compounds bearing imgs linked
together by one common atom are structurally vetgresting
because the spiro-atom is a quaternary carbontentmo rings
are often perpendicular so that some spiro compodigplay an
axial chirality’® Furthermore, the heterocyclic spiro compounds
including the spiro-dihydrofuranyl scaffold are falin various
natural products as a significant uHiTherefore, it must be very
useful in organic chemistry to more simply and c@éintly
synthesize the spiro compounds, thus we commencdévieiop
the synthesis using our new technique in order muate its
possibility and usefulness as an oxidative radp@moter of
manganese(lll) acetate dihydrate, Mn(OAZH,O. The
Mn(OAc):*2H,0 as a single-electron transfer oxidant is stable in
air and easy to prepare on a large scale frornerpéensive
material*? so that it is a very useful and convenient oxidant
Furthermore, we recently found the activation effeftthe
Mn(lll)-based reaction by adding formic acitt® We now
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Scheme 1. Oxidation of 1a-q with Mn(OAc);

1. Introduction

Polycarbonyl compounds are important and convenient The

building blocks in organic synthesis, especially fioe Mn(lll)-
based reaction, to induce the oxidative tandemizgtadbn that

produces heterocyclic compouriog/e recently reported that the

reaction of tricarbonyl compounds, such as 3-apehfiane-1,4-
diones, 2-acetyl-4-oxobutanoates, and 2-(2-oxoptiatbnates,
with 1,1-disubstituted olefins exactly
tetrahydrofuro[2,3]furans and dihydropyrans during

oxidative process. Cyclic 1,3-diketones having a 2-oxoalky

group, such as 3-(2-oxoethyl)piperidine-2,4-dione-
(oxoalkyl)cycloalkane-1,3-diones, and 3-(oxoalkif)-quinolin-
2-ones, also effectively underwent the tandem catibn to give
dioxapropellanés and endoperoxypropellanés.To further
demonstrate the usefulness of polycarbonyl builditagks, we

applied the Mn(lll)-based oxidation to tetraketongsch as 3,4-

diacetylheptane-2,6-dione, in order to obtain mammplex
tandem cyclization products in one-pot. However, iswary
difficult to control the reaction under various ditions and no
desired products were isolated. The reaction prgbadéveloped
into various directions because of the flexible pladitic
tetracarbonyls. To restrict the reaction directjome envisioned
the use of tetracarbonyl compounds to limit theiH#ity, such
as a cyclic carbonyl system. We then embarked emeéction of
2,2’-methylenebis(cyclohexane-1,3-dione) derivativas the
cyclic polyketone.

dimethylcyclohexane-1,3-dionelld) was first selected as the

substrate and underwent the Mn(lll)-based oxidatiwrafford
4'4' 6,6-tetramethyl-3-phenyl-3,5,6,7-tetrahydit-4

spiro[benzofuran-2,1'-cyclohexane]-2',4,6'-trione 2a){°  in
moderate yield (Scheme 1). Recently, the spiro @amgs
including the dimedone framework were synthesizeddyous
methods. For example, the reaction of dimedone alkkhnals in
the presence of iodine was carried out under mecakaiiall
milling conditions at room temperature to give tlspiro
compounds. Electrolysis of dimedone in the presence
aromatic aldehydes afforded the corresponding spicalucts’.
Although the reaction using dimedone bismuthoniuideyhlso
proceeded in dry benzene via a Wittig-type condiémsatwo-
types of spiro compounds were also produced as &uraixn

roduce
p uthe the moderate yield of the spiro dihydrofurzey we explored the

describe the results in detail.
2. Results and discussion

2.1. Reaction of methylenebis(cyclohexanedione)s 1a-q

reaction of phenyl-substituted
methylenebis(cyclohexanedion&a with Mn(OAc)e2H,0 was
carried out in AcOH at room temperature until the aridwas
completely consumed (Scheme 1). The reaction todk &hd
phenyltetrahydrospiro[benzofuran-2,1'-cyclohexaneda was
obtained in 54% vyield (Table 1, Entry 1). Since litbieg reaction
d time caused the retro-Michael addition Iaf and might lead to

| reaction temperature in order to quickly consume Rin(lll)
oxidant. As a result, the reaction at reflux temparresulted in
the best yield oRa along with a small amount of isomeric spiro
dihydrofuran 3a (Entry 3). With the optimized conditions in
hand, other methylenebis(cyclohexanedion&sq underwent
the Mn(lll)-based oxidation to give the correspomglispiro
dihydrofurans2b-q in decent yields (Entries 4-21) except Ry
2k, and2q (Entries 12, 13, and 21). The thienyl group lpf
strongly coordinated with Mn(OAg)o that the reaction should
be complicated? Although (2-
furanylmethylene)bis(cyclohexanedione) also undetwehne
reaction, an intractable mixture was obtained angnoduct was
isolated. The reaction dk at 70 °C led to a slight increase in the
yield of 2k (Entry 14). Alkyl-substituted
methylenebis(cyclohexanedionejsn-q also produced dispiro
cyclopropanes 4m-q together with the desired spiro

2,2"-(Phenylmethylene)bis(5 5. dihydrofurans2m-q (Entries 16, 18-21). When the reaction of

1m was continued to heat for 10 min after consumptibithe
oxidant, the methyldispiro cyclopropadm disappeared and the
yield of 2m slightly increased (Entry 16 compared to Entry.17)
Especially, the isopropyl-substituted
methylenebis(cyclohexanedion®) mainly afforded the dispiro
cyclopropane4q rather than the spiro dihydrofurély (Entry
21), probably due to steric hindrance (vide infra).

With the efficiency of the Mn(OAg2H,O as the oxidative
radical promoter in the reaction of tetracarborginpounds, we
ofaimed to increase the product yield by the activatbf the
Mn(lll) initiator. Since we recently found that thedition of
formic acid, HCQH, caused an increase in the oxidative ability,
which resulted in shortening the reaction times iacceased the
product yield:® the reaction in the presence of HEQOwas also

poor yields® The reaction using iodonium ylide under microwave explored.
irradiation led to better resultsHowever, these methods were

limited because of the use of a special apparatunuted

Surprisingly, when the reaction dh was conducted in the
presence of HC@ at the reflux temperature, intramolecular



dehydration preferentially occurred and 3,3,6,6ateethyl-9-
phenyl-3,4,5,6,7,9-hexahydrd4ixanthene-1,8(d)-dione  &a)

3

extremely shifted upfieldd 2.37 andca. 2.10) compared to
those of the starting materiallsy methine protonsd 3.46 and

was quantitatively produced (Entry 22)On the other hand, a ca.2.93) by the magnetic anisotropy of two pairs & ¢arbonyl
similar reaction ofla was carried out at room temperature, and tagroup in the rigid structure (See supporting infation). In

our delight, the reaction times considerably shatk giving the
desired phenylspiro dihydrofuraa in high yield (Entry 23
compared to Entry 1). The tendency was also obseirvete

addition, it must be theoretically formed by thedative radical
coupling during the reaction. We then scrutinizhd teaction
using ethyl-substituted methylenebis(cyclohexanegoln in

reaction of1n (Entries 37 compared to Entry 36). With the protic and aprotic solvents (Table 2). Although treaction
activation of Mn(OAc)2H,0 in hand, we applied the conditions afforded both the ethylspiro dihydrofurédm and ethyldispiro

to other methylenebis(cyclohexanedionéhsq (Entries 24-41)
and obtained the corresponding spiro dihydrofurding with

much better yields except f@g-j (Entries 29-32}7 In addition,

for the reaction of the non-substitutétl and alkyl-substituted
methylenebis(cyclohexanedione)m-q, only using HCGH led

to rather better results, givingl-q (Entries 34, 35, 38-41).
Although the vyield of isopropylspiro dihydrofura@q also

increased under the stated conditions, the isojigpyro

cyclopropanelq was preferentially produced (Entry 41).

2.2. Predominant production of dispiro cyclopropanes in
various solvents

We were very interested in
isopropyldispiro cyclopropandg from the standpoint of thBsy,
symmetric highly-strained structure of cycloprop&nand the

formation mechanisrii. The H-13 methine proton of the

cyclopropane ring and the isopropylmethine protorerew

cyclopropane 4n in EtOH, benzene, toluene,N,N-
dimethylformamide (DMF), and dimethylsulfoxide (DMSO)
(Entries 1-5), the dispiro cyclopropardn was selectively
produced in acetonitrile (MeCN) (Entry 6). After apization of
the reaction, the best yield dh was accomplished in MeCN (1
mL) at the reflux temperature for 5 min (Entry 8he reactions
of other methylenebis(cyclohexanedion&)sy were carried out
under similar conditions to mainly give the dispoyrlopropanes
4-q (Entries 9-14), especiallyyq was exclusively produced
(Entry 14). We also applied the conditions to thg@-substituted
methylenebis(cyclohexanediondg-k in order to obtain the
corresponding dispiro cyclopropane, however, thengit failed

the production of theprobably due to the insolubility in MeCN.

2.3. Reaction of methylenebis(piperidinedione)s 6a-e.
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Tablel
Oxidation of methylenebis(cyclohexanedion&dsg with Mn(OAC)e2H,0?
Entry Substrate X R 1:Mn(OAc)® Solvent/mL Temp/°C Time/min Product yield%
1 la C(Me), Ph 1:2.5 AcOH/10 rt 8h 2a (54)
2 la C(Me), Ph 1:2.5 AcOH/10 70 45 2a (48)
3 la C(Me), Ph 1:2.5 AcOH/10 reflux 3 2a(72) 3a(8)
4 1b C(Me), 4-FGH, 1:25 AcOH/10 reflux 1 2b (65)
5 1c C(Me), 4-CIGH4 1:2.5 AcOH/10 reflux 25 2c (66) 3c (10)
6 1d C(Me), 4-BrCH,4 1:25 AcOH/10 reflux 1 2d (68)
7 le C(Me), 4-NO,CgH4 1:2.5 AcOH/10 reflux 1 2e (58)
8 1f C(Me), 4-MeGH, 1:25 AcOH/10 reflux 2 2f (71) 3f (8)
9 1g C(Me), 4-MeOGH,4 1:3 AcOH/10 reflux 2 29 (63) 39 (9)
10 1h C(Me), 2-Naph 1:25 AcOH/10 reflux 0.5 2h (79)
11 1i C(Me), 4-Py 1:25 AcOH/10 reflux 1 2i (54)
12 1 C(Me), 2-Thienyl 1:25 AcOH/10 reflux 1 2j (32)
13 1k CH, Ph 1:2.5 AcOH/10 reflux 1 2k (32)
14 1k CH, Ph 1:2.5 AcOH/10 70 5 2k (38)
15 1 C(Me), H 1:25 AcOH/10 reflux 2 2l (69)
16 im C(Me), Me 1:2.5 AcOH/10 reflux 1 2m (51) am (17)
17 im C(Me), Me 1:2.5 AcOH/10 reflux 10 2m (60)
18 1n C(Me), Et 1:25 AcOH/10 reflux 10 2n (53) 4n (5)
19 1o C(Me), Pr 1:2.5 AcOH/10 reflux 10 20 (49) 40 (7)
20 1p C(Me), Bu 1:2.5 AcOH/10 reflux 10 2p (43) 4p (9)
21 1q C(Me), i-Pr 1:25 AcOH/10 reflux 10 2q (8) 4q (36)
. AcOH/4,
22 la C(Me), Ph 1.25 HCOH/6 reflux 7 5a (quant)
. AcOH/6,
23 la C(Me) Ph 1:2.5 HCOH/4 r 5 2a (93)
d . AcOH/6,
24 1b C(Me), 4-FGHa, 1:2.5 HCOH/4 rt 5 2b (80)
[ AcOH/6,
25 1c C(Me), 4-CIGsH, 1:25 HCOH/4 rt 5 2c (89)
. AcOH/6,
26" id C(Me), 4-BrCsH, 1:25 HCO.H/A rt 3 2d (86)
. AcOH/6,
27 le C(Me) 4-NO,CeHa 1:2.5 HCOH/A rt 2 2e (88)
. AcOH/6,
2¢" 1f C(Me), 4-MeGsH, 1:25 HCOH/4 rt 5 2f (89)
. AcOH/6,
29 1g C(Me), 4-MeOGH, 1:25 HCO.H/4 rt 5 29(48)
. AcOH/6,
3¢ 1h C(Me), 2-Naph 1:2.5 HCOH/4 rt 5 2h (48)
d i . AcOH/6, )
31 1 C(Me), 4-Py 1:2.5 HCOH/4 rt 5 2i (48)
. . . AcOH/6, .
3 1j C(Me), 2-Thienyl 1:2.5 HCO.H/4 rt 8 2j (13)
. AcOH/6,
33 1k CH;, Ph 1:2.5 HCOH/4 rt 1 2k (85) 5k (3)
34 1 C(Me), H 1:25 HCQH/10 rt 5 21 (90) 41 (8)
35 im C(Me), Me 1:25 HCG@H/10 rt 1 2m (71) 4m (8)
36" 1n C(Me), Et 1:25 AcOH/10 rt 6h 2n (40) 4n (22)
. AcOH/6,
37 1n C(Me), Et 1:25 HCOH/4 rt 1 2n (73) 4n (11)
38 1n C(Me), Et 1:25 HCGH/10 rt 1 2n (74) 4n (14)
39 1o C(Me), Pr 1:25 HCGH/10 rt 1 20 (59) 40 (13)
40 1p C(Me), Bu 1:25 HCGH/10 rt 1 2p (61) 4p (14)
41° 1q C(Me), i-Pr 1:25 HCGH/10 rt 1 29 (19) 4q (72)
@ The reaction of methylenebis(cyclohexanedidn€).5 mmol) was carried out in a solvent (10 mL).
® Molar ratio.

¢ Isolated yield based dn
9 The reaction was conducted under argon.

With the desirable results for the synthesis of #piro using methylenebis(piperidinedione)s instead of the
compounds using tetreaketones in hand, we attemfited methylenebis(cyclohexanedione)sin order to synthesize new
reaction intriguing azaspiro compounds (Scheme 2). In aolditito
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anticipate the production of the hexahydropyrar{35,6-  cyclopropanes4l-q except for 8d bearing an isopropyl

c'ldipyridinediones, a similar dehydration was alswestigated substituent (Entry 13).

Table2

Oxidation of methylenebis(cyclohexanedion#)s with Mn(OAc)*2H,0 in various solvents

Entry Substrate X R 1:Mn(OAc)3b Solvent/mL Temp/°C Time/min Product yield7%
1 in C(Me), Et 15 EtOH/10 reflux 60 2n (11) 4n (23)
2 In C(Me) Et 15 benzene/10 reflux 60 2n (26) 4n (36)
3 In C(Me) Et 15 toluene/10 reflux 10 2n (39) 4n (22)
4 in C(Me), Et 15 DMF/10 80 5 2n (11) 4n (64)
5 in C(Mey  Et 1:5 DMSO/10 80 5 2n (24) 4n (46)
6 In C(Me) Et 15 MeCN/10 reflux 60 2n (9) 4n (68)
7 in C(Me), Et 15 MeCN/10 50 120 2n (3) 4n (73)
8 in C(Me), Et 1:3 MeCN/1 reflux 5 2n (11) 4n (77)
9 1 C(Me), H 1:3 MeCN/1 reflux 5 2l (41) 41 (55)
10 im C(Me), Me 1:3 MeCN/1 reflux 5 2m (20) 4m (54)
11 in C(Me), Et 1:3 MeCN/1 reflux 5 2n (11) 4n (77)
12 1o C(Me) Pr 1:3 MeCN/1 reflux 5 20 (11) 40 (80)
13 1p C(Me) Bu 1:3 MeCN/1 reflux 5 2p (10) 4p (76)
14 1q C(Me), i-Pr 1:3 MeCN/1 reflux 5 2q (trace) 4q (93)

? The reaction of methylenebis(cyclohexanedidné).5 mmol) was conducted in solvent.

® Molar ratio.
¢ Isolated yield based dh

(Scheme 3) because the hexahydroxanthenediowese easily
synthesized by the acid-catalyzed dehydratiomefi¢traketones
1 (see Scheme 1 and Table 1, Entry 22).

Methylenebis(piperidinedione§a was initially selected and
the reaction was evaluated in boiling AcOH (Schemed?Table
3, Entry 1). Although the reaction was complicatetie t
corresponding tetrahydrospiro[furo[3¢Beyridine-2,3'-

piperidine]trione7a was somehow isolated as a diastereomeri

mixture from the intractable mixture. All attemptsiinprove the

product yield of7a failed (Entries 2-5). However, increasing the
addition of HCQH to the reaction culminated in the formation of

another crystalline produgt (Entries 6-10). The NMR spectrum
of 8a showed a symmetrical structure pattern, and edpecia

characteristic peakso(52.7 and 39.7) assigned to the dispiro

cyclopropane ring appeared in tH& MNR spectrum (see
supporting information). In addition, the COSY, HMQGda
HMBC spectra also supported the dispiro cyclopropsnecture
containing bis(piperidinedione), and finally, theusture of8a

Recently, Bayat et al. reported the synthesis ®f3#4,5,6,7,9-
hexahydro-H-xanthene-1,8@)-diones, such asba, in the
presence op-toluene sulfonic acidpt TsOH)?° We also found a
similar synthesis using AcOH/HGH (see Scheme 1 and Table
1, Entry 22). The application to the reaction using
methylenebis(piperidinedione)é then intrigued us from the
synthetic viewpoint of the 3,4,6,7,8,10-hexahydrb-1
yrano[3,2€:5,6-cldipyridine-1,9(H)-diones as an important
lass of alkalidé' Although the reaction dda with p-TsSOH was
conducted according to the literatGfeinfortunately, no reaction
occurred. On the other hand, methylenebis(piperiiore) 6a
underwent the reaction based on our conditions t@ dghe
desired pyranodipyridinedion8a. The best yield of9a was
achieved in AcOH/HCEH (1:4 viv) at reflux temperature
(Scheme 3). Other methylenebis(piperidinediongé)se under
the same conditions also produced the corresponding
pyranodipyridinedione8b-e in synthetically acceptable yields.

2.4. Mechanism for the formation of spiro and dispiro

was determined by an X-ray single crystal analys& acompounds

(6R,7$13r)-2,9-dibenzyl-13-phenyl-2,9-

R
Mn(OAc)s O A O,
R =Ph, akkyl /
_pe ‘N0 07N
R’ =Bn, i-Pr R R’
6a-e 8a-e
a:R=Ph, R =Bn B Q Pho
b: R=Me, R"=Bn ~
c'R=FEt R'=Bn N SN
d:R=/i-Pr,R =Bn e N,
e:R=Ph, R = i-Pr Bn
7a

Scheme 2. Oxidation of 6a-e with Mn(OAc);

The mechanism of the Mn(lll)-based oxidation usih@-

O B O
ACOH/HCOzH 'R R’
6a-e (1:4 viv) ‘N | | N’

reflux
14-16 h o

9a (83%)

9b (75%)

9c (70%)

od (64%)

9e (88%)

Scheme 3. Condensation of 6a-e in AcOH/HCO,H

dicarbonyl compounds was well-documented by Sfidand
us>*# The reaction of tetracarbonyl compouridsould also be
understandable similar to that of the 1,3-dicartb@mmpounds.

diazadispiro[5.0.517tridecane-1,5,8,12-tetraone (See supportingin a protic solvent, such as AcOH, the enol of tetiie 1

information). Other methylenebis(piperidinedioneégls-e were
then allowed to react under the optimized conditiaigng the
corresponding diazadispiro cyclopropar@tse (Entries 11-14)
though the yield was modest compared to that ofdispiro

underwent a ligand-exchange reaction with Mn(QAdtH
preferentially produce the enolate compfexScheme 4, path a),
of which two hydroxycyclohexenone moieties should be
orthogonal through the methylene group and indepethy
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oxidized with Mn(lll), followed by cyclization betweethe
methine carbon and the nearest carbonyl oxygerhefother
hydroxycyclohexenone part (solid half arrow in st&),

corresponding dispiro cyclopropandlsq were also produced in
poor yields except for the isopropdd) (Table 1, Entries 16, 18-
21 and 34-41). In the case of the reactionlqgfin a protic
solvent, the orthogonal enolate complex, suchAasnight be

Table3

Oxidation of methylenebis(piperidinedion@g-e with Mn(OAc)?

Entry Substrate R R' G:Mn(OAc)3b Solvent/mL Temp/°C Time/min Product yield7%
1 6a Ph Bn 1:2 AcOH/6 reflux 1 7a (35)
2 6a Ph Bn 1:3 AcOH/6 reflux 1 7a (20)
3 6a Ph Bn 1:2 EtOH/6 reflux 30 fir
4 6a Ph Bn 1:2 MeCN/6 reflux 21h hr
5 6a Ph Bn 1:2 AcOH/4, HCgH/1 rt 30 c.nf.
6 6a Ph Bn 1:2 AcOH/2, HCgH/3 rt 4 8a (33)
7 6a Ph Bn 1:2 AcOH/1, HCgH/4 rt 4 8a (40)
8 6a Ph Bn 1:2 HCGH/5 rt 4 8a (23)
9 6a Ph Bn 1:3 AcOH/1, HCgH/4 rt 5 8a (36)
10 6a Ph Bn 1:25 AcOH/1, HCgi/4 50 2 8a (33)
11 6b Me Bn 1:2 AcOH/1, HCGH/4 rt 5 8b (16)
12 6c Et Bn 1:2 AcOH/1, HC@H/4 rt 4 8c (25)
13 6d i-Pr Bn 1:2 AcOH/1, HCeH/4 rt 7 8d (71)
14 6e Ph i-Pr 1:2 AcOH/1, HCGH/4 rt 5 8e (48)

@ The reaction of methylenebis(piperidinediofigP.3 mmol) was carried out in a solvent (6 mL) enargon.

® Molar ratio.

¢ Isolated yield based dh
4 No reaction.

€ Complex mixture.

selectively producing the spiro dihydrofuréhgath a). The

reaction of the alkyl-substitutedm-p also afforded a small
amount of the dispiro cyclopropaném-p under the acidic
conditions (Table 1, Entries 16, 18-20, 35-40). bAfdy, the

head-to-head coupling (C—C bond forming) somewheatlired

in the

stepB (dashed half arrow shown i) to produce the dispiro

cyclopropanegim-p. However, the head-to-head coupling must

be reversible under the conditions, and the heddit@oupling
(C—0 bond coupling) predominantly proceeded (soditi &rrow
shown in B) to form

1q (vide infra). Treatment ofn in AcOH at reflux temperature
for 5 min afforded2n only in 3% yield together witidn
unchanged (70% recovered). Therefore, the process B to

2m-q via 4m-gq might not contribute under the acidic conditions.

On the other hand, in a polar aprotic solvent, agMeCN, the
oxidant Mn(OAc)2H,0 and the
methylenebis(cyclohexanedione)$a-k did not dissolve in
MeCN, but bridged the enolate compléxR = alkyl and H), of
which two hydroxycyclohexenone moieties, which shobkd
arranged parallel by coordination of the Mn(lll)radually
formed (Scheme 4, path b). Once the enolate complexas
formed, it must undergo a single-electron-transfeidation
(SETO) followed by predominant cyclization (headhead
coupling) between the nearest methine carbons (kalidarrow
in step D), resulting in the dispiro cyclopropands(path b).
Since the spiro dihydrofurar®3-p also produced in low yields,
the head-to-tail coupling (C—O bond forming) migbimewhat
occur under the polar aprotic conditions (dasheldl dr@ow in
step D). In addition, the bridged enolate compl€x might
somewhat generate under the acidic conditions becdlus

thermodynamically stable spiro
dihydrofurane®2m-p except for the case of isopropyl-substituted

difficult to generate because of steric hindrantéhe isopropyl
group, and therefore, the bridged parallel enotat@plex, such
as C, should be exclusively formed, culminating in ttiispiro
cyclopropanelq (Table 1, Entry 41).

Although the reaction of the methylenebis(piperidioee)s
6a-e were also understood according to the above mesani
the planar 4-hydroxy-5,6-dihydropyridin-2-one ringsobably
tend to be arranged parallel by coordination of thegen-
centered Mn(lll) complex through the enolate cagt®rin a
protic solvent at room temperature similarGdn Scheme 4, so
that the head-to-head coupling should be prefeaad the
corresponding diazadispiro cyclopropar@ase must be formed
in spite of the complexity of the reaction.

3. Conclusion

The efficient and convenient syntheses of the spiro

dihydrofurans2a-p and dispiro cyclopropanes-q were realized
by the Mn(lll)-based oxidation of tetracarbonyl quoninds such
as the 2,2’-methylenebis(cyclohexane-1,3-dione)jvdtives la-
g. The reaction in a protic solvent at room tempggmainly
produced the spiro dihydrofurana-p, while the dispiro
cyclopropanedl-q were selectively produced in an aprotic polar
solvent at reflux temperature. A similar reaction ufe
methylenebis(piperidinedionefa-e in a protic solvent at room
temperature  preferentially generated the correspgnd
diazadispiro cyclopropane8a-e. The interpretation for the
selective production of the spiband dispiro compound$and
8 was also given based on the intermediate Mn(llflzte
complex formation (Scheme 4). In addition, we derraed the
synthesis of the hexahydropyrano[&;3;6-c’dipyridinediones
9a-e, which would contribute to the synthesis of a newetgh
alkaloid**



(4m-q)
n R = Alk
X = CMe,, CH, Mn”' ” y/
R = Ar, alkyl, H
AcOH -Mn(II -Mn )]
— X
SETO X SETO
OH R HO (path a) vam I
B Mn 2a-q
N a Mn(OAc);
X X —] (SETO: Single-electron-transfer Oxidation)
OO0
1a-q (path b) R
) o]
L (1 )
MeCN - a \x
X = CMe,
R = Alkyl. H aiq
Scheme 4. Mechanism for the formation of spiro dihydrofurnans 2a-q and dispiro cyclopropanes 41-q
) . The solvents were commercially-available first-gradd used as
4, Experimental section received.
4.1. Measurements 4.3. Reaction of methylenebis(cyclohexanedione)s 1a-q in

Melting points were taken using a MP-J3 YanagimotoAcOH.

micromelting point apparatus and are uncorrectée. R spectra . . .

were measgrgd in CpI-Fl)gibr KBr using a Shimadzu 840(? and in Methylenebis(cyclohexanediond) (0.5 mmol) in AcOH (10
: —— . mL) was heated at 110 °C to dissolieand Mn(OAc}*2H,0O

neat or CHQ using an IRAffinity-1S FT IR spectrometer with (1.25 mmol) was added. The mixture was heated urafar

MIRacle 10 ATR accessary. All the IR data were esped in . X
-1 : ntil the Mn(lll) oxidant was completely consumeddathe
cm . The NMR spectra were recorded using & JNM ECX 50 rown color of Mn(lll) turned transparent. The egiste of the

FT-NMR spectrometer at 500 MHz for tfiel and at 125 MHz Mn(lll) was monitored by iodine-starch paper andheegaction
13 i i i - BES
for C, with tetramethylsilane as the internal standartle time is listed in Table 1. After completion of theaction, 2M

chemical shifts are reported @s/alues (ppm) and the coupling .
: . oL HCI (10 mL) was added and the aqueous mixture wasagt
constants in Hz. The following abbreviations are ufmdthe with CHCl, (10 mL x 5). The combined extracts were washed

multiplicities: s, singlet; d, doublet; t, triplefy, quartet; m, . .
g ; with water (10 mL), a saturated aqueous solution ¢iGl@; (10
multiplet; and brs, broad singlet for the¢ NMR spectra. The El L), brine (10 mL), dried over anhydrous M 9). then

MS spectra were obtained by a Shimadzu QP-5050A ga'§I

chromatograph-mass spectrometer at the ionizin lof 70 concentrated to dryne_s_s. The resi_due was separgted|omn
eV The %igﬁ-resolutiorﬁ) mass spectra using a .?aEgOeL-ZMB chromatography on silica gel eluting with 10% EtOAc/CHC

MStation and the elemental analyses using a J-SCEENGB mainly giving the corresponding spiro dihydrofurarntogether
JM10 for the products were performed at the Instntale with a small amount of isomeric spiro dihydrofuiand dispiro

Analysis Center, Kumamoto University, Kumamoto, Japehe cyclopropanet in some cases (see Table 1).
X-ray analysis was performed by a Rigaku RAXIS-RAPID A mixture of 2,2'-(phenylmethylene)bis(3-hydroxy-5,5
Imaging Plate diffractometer with graphite monochat@d Mo-  dimethylcyclohex-2-en-1-one)1§) (0.5 mmol, 0.184 g) and
Ka radiation, and the structure was solved by diregthwds and ~ Mn(OAc);*2H,0 (1.25 mmol, 0.284 g) was heated under reflux
expanded using Fourier techniques. in ACOH/HCQH (10 mL, 3:2 v/v) for 7 min. After the work-up
42 Materials described above, 3,3,6,6-tetramethyl-9-phenyl-364750-

o ) hexahydro-H-xanthene-1,8(d)-dione 6a) was obtained in

Manganese(ll) acetate tetrahydrate, Mn(QMH,0, was quantitative yield (0.175 g) instead 2d (Table 1, Entry 22). The

purchased from Wako Pure Chemical Ind., Ltd. Dimedaend reaction in the absence of Mn(OA@H,O gave the same result.
1,3-cyclohexanedione were purchased from Tokyo K&aej
Ltd. Methylenebis(cyclohexanedionelsa-q were prepared by
condensation of 1,3-cyclohexanedione with the cpoeding HCO,H.

commercially available aldehyde in the presencepipgridine
AcOH (6 mL) and HCGH (4 mL) were added to a 50-mL
(See supporting informatiofi). Methylenebis(piperidinedione)s round-bottomed flask and degassed under reducesbusee for

Ga-e were prepared by condensation of 1-benzyl- and 110 min using an ultrasonicator for exchange in agom

isopropyl-piperidine-2,4-diones - with ~ the  correspougii atmosphere. Methylenebis(cyclohexanediohgp.5 mmol) and

commercially available aldehyde in the presencepipgridine
. ! . Mn(OAc);*2H,O (1.25 mmol) were added to the degassed
(See supporting informatioj.Manganese(lll) acetate dihydrate, solution and the mixture was stirred at room te under

Mn(OAc);*2H,0O, was synthesized according to our modified : h il the b | ¢ Mn(tivned

method** Flash column chromatography was performed on silic n argon ?mosp (Ielre5un.| e _rrovt\;? clooEr ?.%;( ,{\?te

gel 60N (40-50 mm), which was purchased from KantonGte! ransparen (“Orm?‘ y > min, see favle 1, =ntrie ). After
finishing the reaction, the usual work-up descrilzmbve was

\C,Zvc;,(olggi,; TZ) F;rﬁg aéz_;lg;efrt:m \lzgi:) C;l;?g] ?ﬁgﬁg}?&;&n performed. The specific details of the new compo@hdare

4.4, Reaction of methylenebis(cyclohexanedione)s 1a-q using
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given below and the other new and known compounds are 14.3 Hz, CH), 2.51 (2H, dJJ = 14.0 Hz, CH), 1.75 (2H, qJ =
described in the Supporting Information. 7.0 Hz, >CH-CH-CH,CH,), 1.45 (2H, sext) = 7.5 Hz, CH-
4.4.1. 4'4'6,6-Tetramethyl-3-(naphthalen-2-yl);8,3- . S%QSCESQ éélc(S?CSHQM ?322),{]&'24(?36‘3’ I\J/Iggf)o O(é)io(fil-éﬂ) !
tetrahydro-4-spiro[benzofuran-2,1'-cyclohexane]-2',4,6'-trione 199.9 (C=Ox2), 582 (2C) (C-6, C-7), 55.3 (BH), 54.2
(CH,x2), 44.2 (C-13), 30.9 (2C) (C-3, C-10), 28.9 (Mgx27.8
(Mex2), 25.5 (CH), 22.7 (CH), 13.8 (CH-CH,-). Anal. Calcd
for C,oH»50,4: C, 72.26; H, 8.49. Found: C, 72.09; H, 8.70.

4.6. Reaction of methylenebis(piperidinedione)s 6a-e.

3,3-(Phenylmethylene)bis(1-benzyl-4-hydroxy-5,6-
dihydropyridin-2(H)-one) 6a) (0.3 mmol, 0.148 g) was
dissolved in AcOH (6 mL) at 110 °C and Mn(OA@H,O (0.6
mmol, 0.161 g) was added. The mixture was heatedruaflex
for 1 min. The work-up procedure mentioned above was

(2h). performed and the crude product was separated hymcol
. . chromatography on silica gel eluting with 2% MeOHACH,
Yield (79%); colorless microcrystals (from EtOH); m@92 affording 1',5-dibenzyl-3-phenyl-3,5,6, 7-tetrahydtd-

280 °C;R = 0.55 (EEOAC/CHCJ 1:9 viv); IR (KBr) v 1769 gnirgifuro[3,2¢]pyridine-2,3-piperidine]-2',4,4-trione 7€) in
(C=0), 1697 (C=0);’'H NMR (CDCk) 07.81-7.78(2H,m, 350 yield (0.052 g) as a diastereomeric mixture.

naphH), 7.78 (1H, d, J = 8.4 Hz, naph-H-4), 7.69 (1H, br, s,

naph-H-1), 7.50-7.46 (2H, m, naph-H), 7.20 (1H, &i¢,8.4, 1.5  4.6.1. 1'5-Dibenzyl-3-phenyl-3,5,6,7-tetrahydro-4H-

Hz, naph-H-3), 4.62 (1H, s, H-3), 3.16 (1HJd 14.8 Hz, H-5-  spiro[furo[3,2-c]pyridine-2,3'-piperidine]-2',4,4trione (7a).

a), 2.71 (2H, s, H-7), 2.56 (1H, dd,= 14.8, 2.6 Hz, H-5"b),

2.23 (1H, dJ = 16.2 Hz, H-5-a), 2.15 (1H, d,= 16.2 Hz, H-5- O pn

b), 2.07 (1H, dd)) = 14.3, 2.9 Hz, H-3"-a), 1.99 (1H, d= 14.3 Bn. P33l O &
Hz, H-3"-b), 1.17 (6H, s, Me-6), 1.09 (3H, s, 4-M6)82 (3H, s, N OIS Ve
4-Me); *C NMR (CDCk) 6199.4, 198.9 (C-2', C-6’), 193.3 (C- 6720 g2 ';!‘Bn
4), 176.8 (C-7a), 133.7, 133.3, 133.2 (arom C),.22928.2, [

128.0, 127.8, 126.6 (2C), 125.8 (arom CH), 113.84%-104.1 7a

(C-2), 55.2 (C-3), 53.9 (C-5"), 51.2 (C-5), 50.1-83, 37.4 (C- .
7), 34.4 (C-6), 30.7 (C-4"), 30.6 (Me), 29.0 (M&g.5 (Me), 26.4 Yield (35%);R; = 0.21 (1:49 MeOH/CLCI, v/v);
(Me). FAB HRMS (acetone-NBA): calcd for,{i,0, 417.2066  Amorphous solid; IR (neaty 1740 (C=0), 1649 (O=C-C=C}

(M+H). Found 417.2072. NMR (CDCl) 07.57-7.15 (13H, m, arom H), 6.68-6.66 (2H, m,
_ _ o _ arom H), 4.85-4.61 (4H, m, N-GHPh), 4.51 (1H, s, Ph-CH<),

4.5, Predominant pI'OdUCtlon of dISper CyCIOprOpanG£|n 3.77-3.18 (4H, m, 'CH)v 2.93-2.85, 2.69-2.20, 1.82-1.73 (4H,

MeCN. m, -CH,): “C NMR (CDCL) 5197.6 (C-4"), 184.4 (C-2'), 168.7

_ _ _ (C-4), 163.6 (C-7a), 137.6, 135.5, 135.1 (arom 29.Q (2C),

Methylenebis(cyclohexanedion#)(0.5 mmol) was dissolved 1,g 7 (2C), 128.6 (2C), 128.5 (2C), 128.48 , 12§28), 128.2

in MeCN (1 mL) at 70 °C and Mn(OAgRH,O (1.25 mmol) was (2C), 128.0, 127.7 (arom CH), 96.8 (>C=), 91.1 (C52.2 (N-
added. The mixture was heated under reflux for 5. rAiter QHz'Ph), 51.5 (C'3), 50.3 (’\l'CZI"Ph), 45.9, 39.4, 35.0, 33.9 (_

cooling, 2M HCI (5 mL) was added to the reaction mnigtand CHy). FAB HRMS (acetone/NBA): calcd for sGogN,O;
the aqueous solution was extracted with CHEImL x 5). The 493 5127 (M+H). Found 493.2125.

combined extracts were washed with water (10 mL), @araizd The reaction in ACOH/HCE was as follows. AcOH (1 mL)
aqueous solution of NaHGQ10 mL), brine (10 mL), dried over g4 HCQH (4 mL) were added to a 30-mL round-bottomed flask
anhydrous MgS® (3 g), then concentrated to dryness. Theynq gegassed under reduced pressure for excharigamatrgon
residue was separated by column chromatographylioa €l 5imosphere. Methylenebis(piperidinedior)(0.3 mmol) was
eluting with 2% EtOAc/CHGI mainly giving the corresponding gissolved in the ACOH/HC®! and Mn(OAc)2H,0 (0.6 mmol)
dispiro cyclopropand together with a small amount of the spiro \»< added. The mixture was stirred at room temperatoder an
dihydrofuran2 (see Table 2). The specific details of the NeWargon atmosphere until the Mn(lll) was completelynsiamed
compound4o are given below, and the other new and knowngee Taple 3, Entries 5-14). After the usual workde, crude
compounds are described in the Supporting Infoonati product was separated by column chromatography lwa sl

45.1. 3,3,10,10-Tetramethyl-13- €luting with 4% EtOAc/CHG| affording the diazadispiro
propyldispiro[5.0.5.1%tridecane-1,5,8,12-tetraonelg). cyclopropanea.
4.6.2 (6R,7S,13r)-2,9-Dibenzyl-13-phenyl-2,9-

diazadispiro[5.0.5.1%tridecane-1,5,8,12-tetraoné34).

o NO

Yield (80%); colorless microcrystals (from EtOH); mp3L 10N
°C; R = 0.33 (EtOAC/CHG 1:50 v/v); IR (KBr)v 1701 (C=0);
'H NMR (CDCk) J2.64 (2H, dJ = 14.0 Hz, CH), 2.59 (2H, d,
J=14.3 Hz, CH), 2.57 (1H, tJ = 6.9 Hz, H-13), 2.56 (2H, d,

Figure 1. X-Ray Crystal Structure @a



Yield (40%); Rr = 0.39 (1:49 EtOAc/CHGIV/v); colorless
microcrystals (from EtOH); mp 213.6-214.9 °C; IR (neal734
(C=0), 1709 (C=0), 1655 (C=0)4 NMR (CDCL) §7.55-7.53
(2H, m, arom H), 7.32-7.22 (13H, m, arom H), 4.93 (2H]
14.0 Hz, N-CH-Ph), 4.52 (2H, dJ = 14.0 Hz, N-CH-Ph), 3.75
(1H, s, Ph-CH<), 3.527 (1H, dddi= 13.7, 6.1, 5.9 Hz, H-3 or H-
10), 3.526 (1H, dddj = 13.7, 6.1, 5.9 Hz, H-3 or H-10), 3.38
(2H, ddd,J = 13.7, 5.7, 5.4 Hz, H-3, H-10), 2.64 (2H, ddds
18.8, 6.1, 5.7 Hz, H-4, H-11), 2.547 (1H, ddds 18.8, 5.9, 5.4
Hz, H-4 or H-11), 2.546 (1H, ddd,= 18.8, 5.9, 5.4 Hz, H-4 or
H-11); *C NMR (CDC}) §201.4 (2C) (C-5, C-12), 163.8 (2C)
(C-1, C-8), 136.3 (2C), 131.3 (arom C), 130.0 (3@8.7 (30C),
128.4 (5C), 128.03, 127.80, 127.76 (2C) (arom CR)752C)
(C-6, C-7), 50.0 (2C) (N-CHPh), 40.9 (2C) (C-3, C-10), 39,7
(Ph-CH<), 38.4 (2C) (C-4, C-11). Anal. Calcd fogl@,gN,O,:
C, 75.59; H, 5.73; N, 5.69. Found: C, 75.52; H, 51875.73. X-
ray crystallographic data @&a: empirical formula GH,gN,O,;
formula weight 492.57; colorless platelet crystalrystal
dimensions 0.54 x 0.38 x 0.18 mm; monoclinic; spgoaup
P2;)/c (# 14);a = 11.475(1)b = 22.139(3)c = 10.259(1) AS =
100.772(2)°,V = 2560.3(5) A Z = 4; Deacg = 1.278 glcriy
F(000) = 1040.00z(MoK @) = 0.848 cril; 28, = 54.9°; No. of
reflections measured 24626; No. of observationsO58®. of
variables 334; Reflection/parameter ratio was 17R16;0.1096;
Ry = 0.1840; GOF = 1.086. X-ray coordinates were deposit

with the Cambridge Crystallographic Data Centre: CCDC

1987107.
The specific details of other new compoungls-e were
mentioned in the Supporting Information.

4.7. Transformation of methylenebis(piperidinedione)s 6a-e
into the pyranodipyridinediones 9a-e.

Methylenebis(piperidinedionepa (0.1 mmol, 49.2 mg) was
heated under reflux in AcCOH/HGA (3 mL, 1:4 v/v) for 14 h.
After cooling, the reaction was quenched by addirgptarated
aqueous solution of NaHG@6 mL). The aqueous solution was
extracted with CHGI(5 mL x 5) and the combined extracts were
washed with a saturated aqueous solution of NaH@Q mL),
brine (10 mL), dried over anhydrous MgS@3 g), then
concentrated to dryness. The crude product (45.7 was
separated by column chromatography on silica ggirg with

40% EtOAc/hexane, giving the corresponding
pyranodipyridinedione 9a (39.5 mg, 83%). Other
methylenebis(piperidinedione)séb-e underwent the same

reaction to produce the corresponding pyranodimeidiones
9b-e. The specific details 0da are given below and the other

new compounds9b-e are described in the Supporting
Information.
4.7.1. 2,8-Dibenzyl-10-phenyl-3,4,6,7,8,10-hexahyidie
pyrano[3,2-c:5,6-cldipyridine-1,9(2H)-dion&4).
O Ph O
9 0 1
BnéN Ta 101| NéBn
7 5a"Q"4a 3
5
9a

Yield (83%); R = 0.24 (4:6 EtOAc/hexane v/v); colorless
microcrystals (from EtOH); mp 196.5-197.0 °C; IR (Daal705
(C=0), 1643 (C=0), 1630 (C=C)H NMR (CDCk) 57.45 (2H,
d,J=7.5Hz, arom H), 7.31-7.17 (9H, m, arom H), 7.13 (dH,
= 7.5 Hz, arom H), 5.12 (1H, s, Ph-CH<), 4.81 (2HJ & 15.5
Hz, N-CH-Ph), 4.22 (2H, dJ = 15.5 Hz, N-CH-Ph), 3.36 (2H,
ddd,J = 12.5, 12.2, 5.2 Hz, H-3, H-7), 3.21 (2H, ddds 12.5,

9
6.5, 4.1 Hz, H-3, H-7), 2.63 (1H, dd#i= 17.7, 12.2, 6.5 Hz, H-
4 or H-6), 2.62 (1H, ddd] = 17.7, 12.2, 6.5 Hz, H-4 or H-6),
2.46 (1H, dddJ = 17.7, 5.2, 4.1 Hz, H-4 or H-6), 2.45 (1H, ddd,
J=17.7,5.2, 4.1 Hz, H-4 or H-6)°C NMR (125 MHz, CDG))
4165.1 (2C) (C-1, C-9), 154.1 (2C) (C-4a, C-5a)4.94 137.4
(2C) (arom C), 128.6 (2C), 128.5 (4C), 128.1 (2097.8 (4C),
127.2 (2C), 126.3 (arom CH), 109.9 (2C) (C-9a, C}1@8.6
(2C) (N-CH-Ph), 42.7 (2C) (C-3, C-7), 34.1 (Ph-CH<), 25.7
(2C) (C-4, C-6). Anal. Calcd for GH,N,O5: C, 78.13; H, 5.92;
N, 5.88. Found: C, 77.94; H, 5.99; N, 5.88.
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