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A number of functionalized tetrahydrofuran and 3,6-dihydropyran derivatives are prepared selectively in
moderate to good yields by the reactions of vinylidenecyclopropanes with activated carbonyl compounds

in the presence of Lewis acid.

Introduction

Vinylidenecyclopropanes! are one of the most remarkable
organic compounds known. They have an allene moiety

yields upon heating or photoirradiati®iRecently, we have been
investigating the Lewis acid or Brgnsted acid catalyzed/mediated
ring-opening reactions of vinylidenecyclopropaf&seviously,

we reported the Lewis acid catalyzed reaction of vinylidenecy-

connected by a cyclopropane ring, and yet they are thermally c|opropanes with acetals to produce indene derivatives in good
stable and reactive substances. Thermal and photochemicaig|gs (Scheme 13.Moreover, we recently also disclosed the

skeletal conversions of vinylidenecyclopropatidsmve attracted

Lewis acid catalyzed reaction of vinylidenecyclopropanes with

much attention from mechanistic, theoretical, spectroscopic, andgtivated imines [ethyl (arylimino)acetates] to afford pyrrolidine

synthetic viewpoint3.Vinylidenecyclopropanes can also easily
react with carbofrcarbon or carbonheteroatom multiple bonds
to produce [3+ 2] or [2 + 2] cycloaddition products in good

*To whom correspondence should be addressed. Fax: 86-21-64166128.

(1) For the synthesis of vinylidenecyclopropanes, see: (a) Isagawa, K.;
Mizuno, K.; Sugita, H.; Otsuji, YJ. Chem. Soc., Perkin Trans.1B891
22832285 and references therein. (b) Al-Dulayymi, J. R.; Baird, MJ.S.
Chem. Soc., Perkin Trans1B94 1547-1548. For some other papers related
to vinylidenecyclopropanes, see: (c) Maeda, H.; Hirai, T.; Sugimoto, A.;
Mizuno, K. J. Org. Chem2003 68, 7700-7706. (d) Pasto, D. J.; Brophy,
J. E.J. Org. Chem1991, 56, 4554-4556.

(2) (a) Poutsma, M. L.; Ibarbia, P. &. Am. Chem. So&971, 93, 440~
450. (b) Smadja, WChem. Re. 1983 83, 263-320. (c) Hendrick, M. E.;
Hardie, J. A.; Jones, Ml. Org. Chem1971, 36, 3061-3062. (d) Sugita,
H.; Mizuno, K.; Saito, T.; Isagawa, K.; Otsuji, Y.etrahedron Lett1992
33, 2539-2542. (e) Mizuno, K.; Sugita, H.; Kamada, T.; Otsuji, Ghem.
Lett. 1994 449-452 and references therein. (f) Sydnes, L.Gtiem. Re.
2003 103 1133-1150.
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and 1,2,3,4-tetrahydroquinoline derivatives in moderate to good
yields via [3+ 2] cycloaddition and aza-DietsAlder reaction,
respectively (Scheme 2).

During our ongoing investigation, we found that functional-
ized tetrahydrofuran and 3,6-dihydropyran derivati9esd 10

(3) (a) Mizuno, K.; Sugita, H.; Hirai, T.; Maeda, H.; Otsuiji, Y.; Yasuda,
M.; Hashiguchi, M.; Shima, KTetrahedron Lett2001, 42, 3363-3366.
(b) Mizuno, K.; Nire, K.; Sugita, H.; Otsuji, YTetrahedron Lett1993
34, 6563-6566. (c) Sasaki, T.; Eguchi, S.; Ogawa,JI Am. Chem. Soc.
1975 97, 4413-4414.

(4) (a) Lu, J.-M.; Shi, MTetrahedror2007, 63, 7545-7549. (b) Zhang,
Y.-P.; Lu, J.-M.; Xu, G.-X.J. Org. Chem2007, 72, 509-516. (c) Shao,
L.-X.; Zhang, Y.-P.; Qi, M.-H.; Shi, MOrg. Lett.2007, 9, 117-120. (d)
Xu, G.-C,; Liu, L.-P.; Lu, J.-M.; Shi, MJ. Am. Chem. So2005 127,
14552-14553. (e) Xu, G.-C.; Ma, M.; Liu, L.-P.; Shi, MSynlett2005
1869-1872.
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SCHEME 1. Sc(OTf)-Catalyzed Reaction of Vinylidenecyclopropanes 1 with Acetals 2
R3=aryl 1
R* = aryl or methyl R} Rré R
RS Ré =methylorH &~ | | AN
o X
1 R Rre Sc(0Tf)s R3'/ RGO RTR
R , (10 moli%) 3
+ R’CH(OEt), ————
R2 5 6 DCE
R°> R 2 60°5h | R®=R4=R5
1 = R® = methyl
SCHEME 2. BF;-OEt,-Catalyzed Reaction of SCHEME 3. Proposed Mechanism for the Reaction of
Vinylidenecyclopropanes 1 with Imines 5 Vinylidenecyclopropanes 1 with 8a
.BF3 R
. o +
R’ = EWG 2 BFs OEt /||\ 1 R27X
R UR R \ H” COLEt
+ N BFsOEL, 6 8a
R? R5 R® EtO,C DCE . LR Re
1 5 R RUR [3+2] cycloaddition
| R’ = EDG |\\ = R® reaction
> RS
N "coOEt
7
TABLE 1. BFy-OEt,-Catalyzed Reaction of with 8a under these reaction conditions. The results of these
Vinylidenecyclopropanes 1 with 8a experiments are summarized in Table 1. As can been seen from
, R | Table 1, with respect to the electron-rich and electron-poor
R . o BF3 OEt;, (10 mol %) -~ vinylidenecyclopropaned (R! and F), the corresponding
R? HJ\COZEt DCE, 60°C, 1 h R? d tgtrahydrofuran derivative3were o_btain(_ad ir_l moderate to good
1 8a (R =H) EtO.C yields (Table 1). For unsymmetrical vinylidenecyclopropanes
t0:C o 1d and 1e (R' = R?), the corresponding tetrahydrofuran
entry? 1 (RYR?) yield® (%) derivatives9d and9ewere obtained as mixtures BfZ isomers
1 1a (CoHy/CoHs) 9a, 99 in 990_/0 a_nd 90% yields, respecti;/ely (;I’able 1, entries 4 and 5).
2 1b (p-CICsH4/p-CICsHa) 9b, 94 For vinylidenecyclopropangg (R* = R? = p-MeOGsH,), the
3 1c (p-FCeHa/p-FCsHa) 9c, 97 product9g was obtained in 77% yield along with 7% of a
4 1d (p-CICeH4/CeHs) 9d, 99 (1.5:1 naphthalene derivative as a byproduct (Table 1, entr§e 7).
2 if((g_',\'\/l":gﬁ;;{ ﬁfggm) gfe gg (2.0:1y Above reaction is believed to proceed via a Lewis acid catalyzed
7 19 (p-MeOGsH4/p-MeOCsH,) gé’ 770 [3 + 2] cycloaddition pathwa$? Intermediated, generated from

a All reactions were carried out usirig(0.2 mmol),8a (0.3 mmol), and
BF3:OEb (10 mol %) in DCE (2.0 mL) at 60C.  Isolated yields¢ E/Z or
ZIE. 9 7% of the rearrangement product was obtained.

could be obtained in good to high yields via the Lewis acid
catalyzed reactions of vinylidenecyclopropatesith activated
carbonyl compound8 under mild conditions. Herein, we wish
to report these results.

Results and Discussion

Initial examination revealed that the reaction of vinylidenecy-
clopropanela with ethyl glyoxylate8a (R = H) proceeded
smoothly in 1,2-dichloroethane (DCE) at 6C to give the
corresponding tetrahydrofuran derivat®&in 99% yield in the
presence of BFOEL (10 mol %) within 1 h (Table 1, entry 1).
Therefore, we did not further optimize the reaction conditions
and directly examined a variety of vinylidenecyclopropafes

(6) (a) Lu, J.-M.; Shi, MOrg. Lett.2007, 9, 1805-1808. (b) Shao, L.-
X.; Xu, B.; Shi, M. Org. Lett.2003 5, 579-582. (c) Shao, L.-X.; Shi, M.
Adv. Synth. Catal2003 345, 963-966.

8aand BFROE, reacts withl to produce intermediat®, which

undergoes ring-opening to afford intermedi&teCyclization

of intermediateC furnishes [3+ 2] cycloadduc® (Scheme 3).
Interestingly, when diethyl ketomalona8b (R = CO,Et)

was used as the activated carbonyl compound, 3,6-dihydropyran

derivative10awas obtained in DCE at 6%C in 40% yield in

the presence of Nd(OT#(10 mol %) (Table 2, entry 1). Using

diphenylvinylidenecyclopropanka as the substrate, we exam-

ined its reaction with diethyl ketomalona®b under a variety

of reaction conditions to develop the best one. The results are

summarized in Table 2. We found that the reaction proceeded

smoothly in hexane to give the cyclic prodddiain 67% yield

in the presence of Nd(OTHX10 mol %) at 60°C within 4 h

(Table 2, entry 9). Using THF as the solvent, the cyclic and

acyclic productslOaand1lawere obtained in 31% and 29%

yields, respectively (Table 2, entry 10). When MeCN was used

as the solvent, only acyclic produtfiawas obtained in 38%

yield (Table 2, entry 11). Using other Lewis acids, such as Gd-

(OTf)3, Sc(OTfy, Bi(OTf)zx9H,O, Cu(OTf), In(OTf)s, and Sn-

(OTf),, under identical conditiond,0awas obtained in some-

what lower yields as a sole product (Table 2, entries 12).

In the presence of Lewis acids such as La(@T¥b(OTf)s,
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TABLE 2. Optimization of the Reaction Conditions of 1a with 8b

Lu and Shi

TABLE 3. Nd(OTf)s-Catalyzed Reaction of
Vinylidenecyclopropanes 1 with Diethyl Ketomalonate 8b

CeHs H CegHs H
— — R1
CeHs o CeHs CeHs R! "
+ )L - . o + OH o] Nd(OTf); (10 mol %) —
CeHs R* COEt CO,Et CO,Et ¥ hexane,60°C, 4h R° __/ o)
1a EtO,C EtO,C 2 R2 CO,Et ’ ’
8b (R = CO,Et) 11a 1 CO,Et
10a 8b (R = COEY) EtO,C
yield® (%) 10
entrny? solvent catalyst time (h) 10a 1la entry? 1 (RYR?) yield® (%)/10
1 DCE Nd(OTf} 4 40 1 1b (p-CICgH4/p-CICsH4) 10b, 63
2 toluene Nd(OTf) 4 54 2 1c (p-FCGsH4/p-FCsHa) 10c 66
3d toluene Nd(OTH 4 59 3 1d (p-ClICgH4/CeHs) 10d, 62
4 chlorobenzene  Nd(OTH) 4 57 4 le(p-MeOGsH4/CeHs) 10e 5%
5 toluene Nd(OTH 4 60 5 1f (p-MeCsHa/p-MeCsHa) 10f, 62
6 hexane Nd(OTf} 4 67 6 1h (p-MeCgsH4/CgHs) 10g 62
7 CHyCl Nd(OTf)3 5 45 7 1i (m-Me, p-MeCsHs/CgHs) 10h, 64
8 benzene Nd(OT$) 4 60 8 1j (p-MeCgHa/Me) 10i, 3¢
9 cyclohexane Nd(OT%) 4 64 9 1k (p-BrCsHa/Me) 10j, 3¢°
10 THF Nd(OTfy 23 31 29 a ) . )
11f MeCN Nd(OTf) 29 38 All reactions were carried out using 1 (0.3 mm(gs)) (0.9 mr_nol),
12 hexane Gd(OTH) 4 60 L\ld(OIf)g .(1(2 mol %)) ar'1d hgxane _(3 mL) at 8C for 4 h.P Isolated yields.
13 hexane Sc(OTH) 4 57 E/Z=1:1.9E/Z = 10:11.°E/Z = 5:4.
14 hexane Bi(OT®9H.O 4 59
15 hexane Cu(OTj) 4 45 SCHEME 5. Yb(OTf)s-Catalyzed Reaction of
16 hexane In(OTH 3 60 Vinylidenecyclopropane 1a with Diethyl Ketomalonate 8b
17 hexane Sn(OTY§) 5 66 oH
18 hexane La(OT$) 24 42 10 CgHs Yb(OTf)5 (10 mol % 615 Y
19 hexane Yb(OTH 4 50 11 Yb(OTf)s (10 mol %) —
20 hexane Eu(OT§) 5 47 19 COzEt toluene 60°C,5h (4 p
219 hexane BE-OEt 24 16 CeHs 44 6T
aUnless otherwise specified, all reactions were carried out usar{9.3 13a, 12%
mmol), 8b (0.9 mmol), catalyst (10 mol %), and solvent (3 mL) at%&R CeHs CeHs
b|solated yields¢ The ratio oflaand8b is 1:2.9 The ratio ofla and8b
is 1:3.5.¢ The reaction was carried out under reflux temperatit@% of CeH o
lawas recovered! 62% of 1a was recovered. * CGH5 e + recovered 9% 1
: . COzEt EtO,C CO,Et
SCHEME 4. Transformation of 10a with Br; 2 §
. 11a, 39%
CeHs 10a, 7%
CeHs Br
CeHs H
CeH —
CeHs 1. 5°eqUI: Br, C5H5 65 k( Yb(OTf). (10 mol %) YHOTI, (t0mal )/
-78°C-0°C,3h CO Et 0
CO,Et CH,Cly CO,Et CoHl 2 toluene, 60 °C, 22 h
0,C 0L CO,Et
10a 12, 86% 10,C
10a, 54%

and Eu(OTf), 10a and11lawere both obtained in good total
yields with10aas the major product (Table 2, entries-18)),
and when BEFOE®L was used as the catalyst, onlyla was

to evaluate the scope of this reaction. As can be seen from Table
3, for almost all cases in which!RR? = aryl group, the

obtained in 16% vyield as a sole product (Table 2, entry 21). corresponding cyclic product 3,6-dihydropyran derivatit&s
Different Lewis acidities between these metal triflates caused can be obtained in moderate yields withd h as thesole

such difference on the catalytic abilities. When 8L was

products. For vinylidenecyclopropangsand 1k in which Rt

used as a Lewis acid, the coordination between the newly formed= aryl, R2 = methyl, the reaction can also proceed smoothly to

hydroxy group ofllawith BF+OEt might be able to take place,
leading to the formation oflaas a sole product in 16% yield.
However, when Nd(OT§)was employed as a Lewis acid under

identical conditions, such coordination could be weak and the

formation of 10awas facilitated in 67% yield exclusively.

Transformation ofl0a using Bk (1.5 equiv) as the bromi-
nating agent afforded the produt2 in 86% yield (Scheme 4).
The structure oll2 was determined unambiguously by an X-ray
diffraction (see the Supporting Information), from which we
can further confirm the structure of produda The structure
of 11awas determined byH and3C NMR spectroscopic data,
HRMS, NOESY, HMBC, and HMQC analytic data (see the
Supporting Information).

With the optimized reaction conditions in hand, we next
examined an assortment of starting materiagésd8b in order

2208 J. Org. Chem.Vol. 73, No. 6, 2008

give the corresponding 3,6-dihydropyran derivati¥8sand10j

in 39% and 30% yields, respectively (Table 3, entries 8 and 9).
For the reactions with unsymmetrical vinylidenecyclopropanes
1 as the substrates t{Rz R?), products10 were obtained as
mixtures ofE- andZ-isomers (Table 3, entries 3, 4, 6, and 7).
When 8c (R = Me) was used as the activated carbonyl
compound, no product was detected. It should be noted here
that only substrateswith four methyl groups on the cyclopropyl
ring can undergo this transformation and this result will be
further confirmed with the explanation of the reaction mecha-
nism.

In order to clarify the mechanism of this reaction, the reaction
of 1la with 8b was carried out in toluene at 6@ using Yb-
(OTf)3 (10 mol %) as the catalyst. The reaction was completed
within 5 h; not only 10a and 11a were obtained in 7% and
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SCHEME 6. Yb(OTf)s-Catalyzed Reaction of 13a with Diethyl Ketomalonate 8b
CeHs H CeHs H CeHs
- i Yb(OTf); (10 mol %) CoH
Cets /) * K(CozEt)2 toluene, 60°C, 18h 015 *+ vels
CO,E
13a 8b EtO,C - EtO,C COEt
10a, 25% 11a, 57%
SCHEME 7. Transformation of 11a to 10a SCHEME 9. Deuterium-Labeling Experiment of Reaction
of 1a-d with 8b
Cefls M CeHs 5
_ , Cetl E§44A,)
CgHs — Nd(OTN; (10 mol %) CoH CeHs DG CD3 NA(OTh- (10 mol % ¢ 2 CD; (>90%)
OH  hexane,60°C,4h 65 _Nd(OTf)s (10 mol %) CoHe ) D,
6'15
h 60 °c 4h
Et0,C CO,Et CeHs 093 exane, pa0s B, O 0%
EtO,C CO,Et ()903) CO,Et
1a-d (D>90%) °)D
1a 10a, 57% a-d (D>90%) CO,Et
10a-d, 52%

39% vyields, respectively, but also tried8a was obtained in
12% yield. When the reaction time was prolonged to 22 h, only

10awas obtained in 54% yield as the sole product (Scheme 5).

The control experiment indicated that trieh&a could also be
obtained in the presence of Lewis acid with8bt When trienes

13. The carbonyl-ene reactioh of triene 13 with diethyl
ketomalonate8b, which is activated by Lewis acid, generates
homoallylic alcohol1l. The subsequent ring closure of ho-
moallylic alcoholl1 and protonation of intermediaké produces

13aand8b were used as the substrates under identical reactionthe productl0. The deuterium-labeling experiment was also

conditions, productd0a and 11a were obtained in 25% and
57% yields within 18 h, respectively, suggesting that a carbo-
nyl—ene reactiohis involved in this transformation (Scheme
6). Further studies revealed that acyclic prodita could be
easily transformed to cyclic productsOa under identical
conditions, indicating thatOais derived from the ene reaction
productlla(Scheme 7). The produtfiacould also be detected
by GLC when the reaction was carried out using Nd(Q&§

the catalyst (Supporting Information).

A plausible mechanism for the formation of 3,6-dihydropyran
derivatives10 is outlined in Scheme 8 based on the above
control experiments. The coordination bfto the Lewis acid
initially gives the vinyl group stabilized cyclopropy! cationic
intermediateD, which results in the formation of cyclopropane
ring-opened zwitterionic intermediate or the resonance-
stabilized zwitterionic intermediate. Deprotonation of inter-
mediateF and reprotonation of intermedia@ will give triene

examined under the standard conditions (Scheme 9). It was
found that deuterium incorporation occurred at the olefinic
proton of G (D content 44%) based on the correspondiHg
NMR spectroscopic data. The observation of 44% D content at
C; supports the mechanism shown in Scheme 9 because it is
derived from the deprotonation of intermedi&end reproto-
nation of intermediat&s. In addition, a total primary isotope
effect ofkuy/kp = 5.8 was observed for this deuterium labeling
experiment, further suggesting the ene reaction pathway (see
the Supporting Information for details). Since this reaction
includes three steps, produci® are produced in moderate
yields.

In conclusion, we have developed a Lewis acid-catalyzed
synthesis of functionalized tetrahydrofuran and 3,6-dihydropyran
derivatives by the reaction of vinylidenecyclopropadesith
activated carbonyl compoundsunder mild conditions. The
different products9 and 10 may be caused by the electronic

SCHEME 8. Proposed Mechanism for the Formation of 10 and 11
R‘I R1 L_A R1 EA)f‘ R1 LA
—= —| + N 6 _
/ ; / »\ £ )=
R2 1 R D R g -
H F
R LA
o RQ:< = R _ene reaction_ R
(Etozc:)ﬁ J
G 5 I Eto2c CO,Et
.0
LA 13
R'" H
T R _Y

Et0,C COEt
H

Et0,C CO,Et
10

J. Org. ChemVol. 73, No. 6, 2008 2209



JOC Article

nature and steric effect & Efforts are in progress to elucidate

Lu and Shi

TMS) 6 14.1, 21.0, 24.8, 28.2, 28.6, 60.8, 78.3, 82.3, 126.7, 127.6,

further mechanistic details of these reactions and to understandl27.8, 128.1, 128.9, 129.8, 129.9, 135.1, 135.8, 1402, 142.6, 143.0,

their scope and limitations.

Experimental Section

General Procedure for Lewis Acid Catalyzed Reaction of
Vinylidenecyclopropanes 1 with Ethyl Glyoxylate 8a.Under an
argon atmosphere, vinylidenecyclopropahg0.2 mmol), ethyl
glyoxylate 8a (0.3 mmol), and DCE (2.0 mL) were added into a
Schlenk tube, and then BBE%L (10 mol %) was added. The
reaction mixture was stirred at 8C for 1.0 h, and then the solvent

172.4; IR (CHCI,) v 3056, 2979, 2906, 1738, 1492, 1444, 1362,
1277, 1189, 1170, 1132, 1032, 771, 748, 70X {nVIS m/z 376
(12), 303 (100), 105 (50), 275 (37), 229 (22.3), 77 (21.6), 215
(19.6), 167 (19.5), 233 (18); HRMS (El) calcd ford8,50s
376.2038, found 376.2072.

Compound 10a:colorless liquidiH NMR (CDCls;, 300 MHz,
TMS) 6 1.25 (t,J = 6.9 Hz, 6H, 2CH), 1.31 (s, 3H, CH), 1.46
(s, 6H, 2CH), 2.43 (s, 2H), 4.21 (q) = 6.9 Hz, 4H), 6.20 (dJ =
1.2 Hz, 1H), 7.15-7.17 (m, 2H, Ar), 7.23-7.31 (m, 8H, Ar);1%C
NMR (CDCl, 75 MHz, TMS)¢ 13.9, 21.5, 29.0, 33.9, 61.7, 77.6,

was removed under reduced pressure and the residue was purified8.2, 124.9, 125.0, 127.0, 127.4, 127.97, 128.02, 128.2, 129.7,

by a flash column chromatography.

General Procedure for Lewis Acid Catalyzed Reaction of
Vinylidenecyclopropanes 1 with Diethyl Ketomalonate 8bUnder
an argon atmosphere, vinylidenecyclopropaii@.3 mmol), diethyl
ketomalonate8b (0.9 mmol), Nd(OTf} (10 mol %), and hexane

(3.0 mL) were added into a Schlenk tube. The reaction mixture

was stirred at 60C for 4.0 h, and then the solvent was removed

133.2, 140.5, 143.9, 145.1, 169.5; IR (&) v 2980, 2933, 1767,
1743, 1493, 1465, 1444, 1367, 1277, 1216, 1180, 1158, 1113, 1078,
1061, 1024, 774, 699 cr;, MS (MALDI) m/z 449 (M* + 1);
HRMS (MALDI) calcd for GygHa,0sNa 471.2142, found 471.2150.
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