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The [3 + 2] cycloaddition of transition-metal ij'-allyl, -allenyl, 
and -propargyl compounds with electron-deficient olefins has been 
known for two decades.1'2 That only special olefins undergo this 
reaction makes these compounds much less useful than their main 
group metal analogues.3 We have successfully achieved the BF3-
mediated [3 + 2]-cycloaddition reaction of tungsten-propargyl 
derivatives with aldehydes to yield the corresponding ^-2,S-
dihydrofur-3-yl4 compounds. Furans and butenolides are im
portant structural units for numerous natural products.5'6 Here, 
we report theoxidation of metal j;1-2,5-dihydrofur-3-yl compounds 
to furans, and further to A3-butenolide derivatives; both involve 
a 1,2-shift of the metal fragment. 

As shown in Scheme 1, compounds 1-4 were readily synthesized 
from suitable T/'-propargyls, aldehydes and BF3-Et2O.4 Treatment 
of 1-4 with purified Ph3CBF4 (1.5 equiv) in CH2Cl2 (0.5 h, 0 0C), 
followed by quenching with NaHCO3 (aqueous) solution, afforded 
5-8 in good yields (>80%) after workup. Although spectral data7 

of 5-8 are consistent with the furan structure, the proton NOE 
difference spectra and the H1 (6 6.20-6.70) and CH1 (5 130-
135) NMR chemical shifts indicate that the CpW(CO)3 fragment 
has undergone a 1,2-shift to the Ca position and left a hydrogen 
at the C^ carbon. Further substantiation for the 1,2-shift is 

f National Tsing Hua University. 
' National Taiwan University. 
(1) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles 

and Applications of Organotransition Metal Chemistry; University Science 
Books: Mill Valley, CA, 1987; Chapter 8, p 433. 

(2) (a) Welker, M. E. Chem. Rev. 1992, 92, 97. (b) Jiang, S.; Turos, E. 
Organometallics 1993,12,4280. (c) Rosenblum, M.; Watkins, J. C. J. Am. 
Chem. Soc. 1990,112,6316. (d) Bell, P. B.; Wojcicki, A. Inorg. Chem. 1981, 
20, 1585. 

(3) (a) Herndon, J. W.; Wu, C. Synlett 1990, /, 411. (b) Danheiser, R. 
L.; Takahashi, T.; Bertok, R.; Dixon, B. R. Tetrahedron Lett. 1993,34,3845. 
(c) Danheiser, R. L.; Ksasigroch, C. A.; Tsai Y. M. / . Am. Chem. Soc. 1985, 
107, 7233. (d) Panek, J. S.; Yang, M. J. Am. Chem. Soc., 1991,113, 9868. 

(4) Cheng, M. F.; Yang, G. M.; Chow, J. F.; Lee, G. H.; Peng, S. M.; Liu, 
R. S. J. Chem. Soc., Chem. Commun. 1992, 934. 

(5) (a) Bolvin, T. L. B. Tetrahedron 1987,43, 3309. (b) Katritzky, A. R. 
Adv. Heterocycl. Chem. 1982, 30,167. (c) Lipshutz, B. H. Chem. Rev. 1986, 
86,795. (d) Padwa, A; Murphree, S. S. Org. Prep. Proced. Int. 1991,23,545. 

(6) For metal-mediated synthesis of furans and butenolides, see representa
tive examples: (a) Davies, H. M. L.: Romines, K. R. Tetrahedron 1988,44, 
3343. (b) Padwa, A.; Kinder, F. R. J. Org. Chem. 1993, 58, 21. (c) Wulff, 
W. D.; Gilberstson, S. R.; Springer, J. P. / . Am. Chem. Soc. 1986,108, 520. 
(d) Danheiser, R. L.; Stoner, E. J.; Koyama, H.; Yamashita, D. S.; Klade, 
C. A. J. Am. Chem. Soc. 1989, 111, 4407. 

(7) Spectral data: 13,IR(NuJoI): u(CO) 2070 (vs), 2005 (vs). 1HNMR 
(400 MHz, CD2Cl2) 7.77 (IH, s, H1), 7.60-7.75 (5H, m, Ph), 6.35 (IH, H2, 
d, J 2.9 Hz), 6.07 (5H, s, Cp), 2.55 (IH, m, CH Me2, Ja-i 2.9 Hz, JH.Me 6.9 
Hz), 1.50, 0.55 (d, d, 2Me, J 6.9 Hz). ' 'C NMR (100 MHz, CD2Cl2) 273.2 
(W=C), 213.3, 212.5 (2W-CO), 174.2 (=CPh), 140.2, 140.1, 130.2, 127.4 
(Ph), 135.3 (CH1), 108.5 (CH2), 95.1 (Cp), 34.7 (CHMe2), 20.5,13.8 (2Me); 
14, IR (Nujol) u(CO) 2070 (vs), 2005 (vs); 1H NMR (400 MHz, CD2Cl2) 
7.32 (IH, s, H1), 6.02 (5H, s, Cp), 5.67 (IH, H2' d, J 2.9 Hz), 2.52 (IH, m, 
CWMe2, JH.i 2.9 Hz, /H-Me 6.9 Hz), 2.43 (3H, s, Me), 1.47. 0.68 (d, d, 2Me, 
J 6.9 Hz). 13C NMR (100 MHz, CD2Cl2) 278.4 (W=C), 213.6, 212.6 (2W-
CO), 179.0(=CMe), 130.1 (CH'), 110.1 (CH2), 95.8 (Cp), 38.2 (CHMe2), 
30.4,21.4. 14.2 (3Me). 

Scheme I" 
W L / u \ ^ P h 

W R' 
X=CH2 

W-CH2C- Cff+ R-CHO 5 Mt3NOZPPhJ H ^ 9 s
M e 

IBF3-Et2O I %<0S_R-

x X 0 R. W ^ ° V R" MCPBA I <Py 1 
\ ( Ph3CBF4" ) < NaOAoWOAo H A R ' 

R'=Me, R-=Ph 5 C ^ - 0 V , n-
R'=Me, R-=Ph 1 Me, R-=CHMe2 6 \ f 

Me, R-=CHMe2 2 R'=Ph, R-=Et 7 W ' ^ - ~ ^ R . 
R'=Ph, R--Et 3 Ph, R-=CHMe2 8

 H 

Ph, R-=CHMe2 4 * = " = . R-=CHMe2 1 0 
X=CD2 R'=Ph, R-=CHMe2 d -4 R=Ph, R-=Et 11 

Ph, R-=CHMe2 12 

"W = CpW(CO)3; W' = CIi-CpW(CO)2(PPh3). 

Scheme 2" 
H2Me + Me 

8 - 7 7 ^ ..1?^R " H M R A U l 7 T^ 

\ 
-H H 

R=Ph 13, Me 14 
Me 

2, 4 

Me Me M 

H B R 

Me 

Me 

«W = CpW(CO)3. 

provided by the X-ray structure8 of 9 derived from Me3NO-
promoted substitution of PPh3 for one of the CO ligands of 5. The 
ORTEP drawing confirms a mutual switch of the CpW(CO)3 
and CW positions, as well as the furan structure. 

To confirm the source of Qj-H hydrogen of 5-8, we prepared 
a deuterated sample d-4 (deuterium content ca. 70%) via 
PhCs=CCD2OH, obtained by successive reduction/oxidation of 
PhC=CCHO, each performed twice, by NaBD3CN/pyridinium 
chlorochromate, respectively. The 1H NMR spectra of the furan 
derived from d-4 showed deuterium content ca. 88% in the CH1 

position, confirming a 1,2-hydrogen shift. A kinetic isotopic effect 
accounts for the greater deuterium content of the furan according 
to the proposed mechanism (Scheme 2, vide infra). 

Further oxidation of furans 6-8 was achieved with m-
chloroperbenzoic acid (MCPBA, 1.2 equiv) in hexane (5 0C, 1 
h) over an aqueous HOAc/NaOAc buffer solution, to yield 10-
12 in 65-70% yields. Mass and elemental analyses reveal that 
10-12 are related to 6-8 by incorporation of an oxygen atom to 
form a lactone structure (u(CO) 1778 (s) cm-'). The ORTEP 
drawing9 of 11 confirms the A3-butenolide structure; the Cp-
W(CO)3 fragment undergoes a 1,2-shift to the C^ carbon. 

The oxidations above deserve special attention because both 
involve a 1,2-migration of the metal fragment. In the second 
step, MCPBA preferentially oxidizes the WCa=C(J double bond 
due to the electron-donating ability of the CpW(CO)3 moiety. 
Rearrangement of the epoxide intermediate (A) is expected to 
give the A3-butenolide structure.10 

To approach the mechanistic problem of the Ph3C
+ oxidation, 

we monitored the reactions by in situ NMR measurements. At 
-60 0C, t = 15 min, a NMR sample (CD2Cl2) containing 4 and 
Ph3CBF4 (1.5 equiv) showed new proton NMR signals due to 137 
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(yields >85%), in addition to minor features assignable to Pli3C+, 
Ph3CH, and 4. When this NMR sample was kept at -60 0C for 
2 h, the signals of 13 completely disappeared to leave 8 as the 
only species (yields >95%). Structural information about this 
intermediate 13 was provided by addition OfCF3SO3H (7.5 equiv) 
to 8 in a NMR sample (CD2Cl2, -60 0C), which regenerated this 
cation slowly and completely (t = 3 h, yield >90%). This cation 
is stable at 23 0C but only in a highly acidic medium; treatment 
of 13 with Na2CO3 (aqueous) solution regenerated the furan 8. 
Similarly, 14 was obtained in 65% yield from 6 and CF3SO3H 
(6.5 equiv) in CD2Cl2 (-60 0C). 

The most likely structures for 13-14 are Fisher-type carbenes, 
illustrated in Scheme 2. The possibility of a vinyl ketene complex 
B is opposed by the NMR chemical shifts of H1 (5 7.70,13; 7.32, 
14) and CH1 (5 135.3, 13; 130.1, 14), which are much too far 
from thoseof the related CpFe(CO)2(7)2-/f2C=C=0)+ cation1 M 3 

and organic ketene compounds.14->5 These NMR signals, however, 
are near those of M(=C(OMe)C#=CHR)16 [M = Cr(CO)5, 
(7,«-benzene)Ru(CO)(PPh3)

+].17 For 13 and 14, the W=C 
carbon NMR resonances appear reasonably upfield16e (6 272.6, 
13; 278.4,14) relative to those (S 295-305) of the CpW(CO)2L-
(=CHR)+ (L = PR3,R = H,Ph) cations.18 Aquaternarycarbon 
signal (S 174.2, 13; 179.0, 14) is assigned to = C 7 carbon due 
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to the resonance form E. The CH2 carbon signals (5 108.5, /C-H1 

= 152 Hz, 13; a 110.1, /C-H' = 150 Hz, 14) are comparable to 
those (S 94.0 and 94.3) of 2 and 4. Finally, the highly downfield 
CH2 proton chemical shifts (S 6.35,13; 5.67,14) are caused by 
heavy deshielding from the neighboring positive centers, i.e., 
oxonium and C7

+ centers in the two resonance forms E and F, 
respectively. 

To account for the carbene intermediate, we believe that the 
Ph3C

+ oxidation of 1-4 is initiated by a hydride abstraction of 
the methylene CH2O protons. This suggestion implies that a 
cyclic i;2-allene intermediate C is formed since the CpW(CO)3 
fragment is capable of stabilizing an adjacent carbocation19 by 
donation of its d electrons. A metal complex of a highly strained 
j;2-allene ring has been reported recently.20 We propose a 1,2-
hydrogen shift of this i72-allene species to give the observed 
carbenes, of which the OCH-R" proton is highly acidic and readily 
dissociates to give 5-8. 
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