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substituent-dependent manifold in intermolecular coupling of
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Abstract—Titanium alkoxide-mediated coupling of functionalized allenes and acetylenes afforded various types of products, and the
first propargyltitanation of acetylenes was achieved by the appropriate choice of allenes.
� 2004 Elsevier Ltd. All rights reserved.
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Allenes occupy a unique position in metal-promoted
ene–yne coupling reactions.1 As far as the group 4
metal-mediated coupling reactions are concerned,2,3

the behavior of functionalized allenes such as those hav-
ing a heteroatom substituent has not been focused on in
these reactions. We report herein that the reactions of
such functionalized allenes proceed in three different
ways as formulated in Scheme 1, which involves a simple
coupling reaction (path a), a coupling–elimination
sequence (path b), or a coupling followed by isomeriza-
tion of the molecular structure (path c).

Silylacetylene 2 was first titanated with Ti(O-i-Pr)4/2 i-
PrMgCl (1)4 to generate acetylene complex 3,4a,b,d which
was then allowed to react with (phenylsulfenyl)allene 45

or its silylated homologue 85 at �50 �C (Scheme 2).6

Both reactions proceeded in a regioselective manner
with respect to the acetylene and allene to give coupling
products. However, while nonsilylated allenes 4a,b affor-
ded 1,4-dienes 6a,b having a (Z)-vinylsulfide moiety
after hydrolysis (i.e., Scheme 1, path a), the silylated
allene 8 experienced elimination of the sulfenyl group
to give 1,4-enyne 11 (Scheme 1, path b). In the former
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reaction, no elimination product such as 7, an authentic
sample of which was prepared by desilylation of 11,
was detected even under forcing reaction conditions
(up to room temperature). The stereochemistry of the
olefinic linkage of 6a,b, and 11 was unambiguously
determined by 1H NMR spectroscopy. Considering the
most likely structure of the intermediate 9, where the
bulky silyl group is located trans to the titanium atom
on the resultant olefin,2 we could conclude that the
cis-elimination from 9 to 10 promoted by the silyl group
is a favorable path.
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Scheme 1. Variation of reaction patterns.
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From the synthetic point of view, the smooth conversion
from acetylene 2 to metalated enyne 10 with allene 8
illustrates the first propargyltitanation of acetylenes.7

In order to establish the generality of this propargyltita-
nation, variations of the allenic reagents and acetylenic
substrates were examined as summarized in Table 1,
where the feasibility and regioselectivity of the reaction
were accessed by hydrolytic workup. Actually, bromo-
Table 1. Regiochemistry in the synthesis of skip-type enynes
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5 Ph Bu 83:17
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7 SiMe3 CO2Bu-t

a Isolated yield.
(silyl)allene 125,8 is a convenient alternative of 8,
although, in a couple of cases (entries 3 and 5), the reg-
ioselectivity (A:B) is less satisfactory than that attainable
by 8. With the appropriate choice of the allenic reagent,
unsymmetrical acetylenes in entries 3, 5, 6, and 7 showed
good to virtually complete regioselectivities, which
proved that the preparation of various stereo-defined
1,4-enynes is viable.
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In the above transformations, the intermediate vinyltita-
nium species was always hydrolyzed, but it allows the
second coupling reaction with electrophiles such as
D+, iodine, or an aldehyde,9 to effect the double car-
bon–carbon bond formation and functionalization of
acetylenes as exemplified in Scheme 3.

Like the case of nonsilylated allene 4, allene 135 did not
release the sulfonyl group, but the product obtained
after hydrolytic workup was, surprisingly, a new conju-
gated diene 17 (Scheme 4; hence, path c in Scheme 1).
This compound is most likely produced via the intramo-
lecular addition of the vinyltitanium bond to the vinyl-
sulfone moiety (14! 15), followed by the electrocyclic
ring opening of the resulting cyclobutene (15! 16)
and hydrolysis (16! 17). The result of deuteriolysis also
supports the proposed reaction intermediates. For an-
other example, the functional group of acetylene 18 sur-
vived the reaction conditions to give the product 19.
When compared with a related ring-opening reaction
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Scheme 4. The coupling of allene followed by isomerization.
of other metalated cyclobutenes, which proceeded at a
temperature higher than +50 �C,10 the low-temperature
ring opening of 15 even at �50 �C is noteworthy and
suggests the importance of the particularly metalated
structure of 15 and/or 16.11

In conclusion, the titanium-mediated intermolecular
coupling of functionalized allenes and acetylenes pro-
ceeded in a few different ways. The appropriate choice
of a heteroatom substituent of allenes promoted the
elimination of the Ti–heteroatom element to achieve
the novel propargyltitanation of acetylenes. Further
investigation on the utility of these allene–acetylene cou-
pling reactions is now in progress.
Acknowledgements

We are grateful to the Japan Society for the Promotion
of Science for financial support and R.T. acknowledges
a Grant of the 21st Century COE Program, Ministry of
Education, Culture, Sports, Science and Technology,
Japan.
References and notes

1. Aubert, C.; Buisine, O.; Malacria, M. Chem. Rev. 2002,
102, 813–834; Brummond, K. M.; Kent, J. L. Tetrahedron
2000, 56, 3263–3283; Zimmer, R.; Dinesh, C. U.; Nanda-
nan, E.; Khan, F. A. Chem. Rev. 2000, 100, 3067–3125;
Hashmi, A. S. K. Angew. Chem., Int. Ed. 2000, 39, 3590–
3593; Ojima, I.; Tzamarioudaki, M.; Li, Z.; Donovan, R.
J. Chem. Rev. 1996, 96, 635–662.

2. For the titanium alkoxide-mediated couplings, see: Urabe,
H.; Takeda, T.; Hideura, H.; Sato, F. J. Am. Chem. Soc.
1997, 119, 11295–11305; Hideura, H.; Urabe, H.; Sato, F.
Chem. Commun. 1998, 271–272.

3. For other group 4 metal-mediated couplings, see: Negishi,
E.; Holmes, S. J.; Tour, J. M.; Miller, J. A.; Cederbaum,
F. E.; Swanson, D. R.; Takahashi, T. J. Am. Chem. Soc.
1989, 111, 3336–3346; Yin, J.; Abboud, K. A.; Jones, W.
M. J. Am. Chem. Soc. 1993, 115, 3810–3811; Doxsee, K.
M.; Juliette, J. J. J.; Zientara, K.; Nieckarz, G. J. Am.
Chem. Soc. 1994, 116, 2147–2148; Yin, J.; Jones, W. M.
Tetrahedron 1995, 51, 4395–4406; Hicks, F. A.; Kablaoui,
N. M.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118,
9450–9451.

4. (a) Sato, F.; Urabe, H. In Titanium and Zirconium in
Organic Synthesis; Marek, I., Ed.; Wiley-VCH: Weinheim,
2002; pp 319–354; (b) Sato, F.; Okamoto, S. Adv. Synth.
Catal. 2001, 343, 759–784; (c) Eisch, J. J. J. Organomet.
Chem. 2001, 617–618, 148–157; (d) Sato, F.; Urabe, H.;
Okamoto, S. Chem. Rev. 2000, 100, 2835–2886; (e)
Kulinkovich, O. G.; de Meijere, A. Chem. Rev. 2000,
100, 2789–2834.

5. Allenes 4, 8, 12, and 13 are all known compounds.
Compound 4: Brandsma, L.; Wijers, H. E.; Arens, J. F.
Recl. Trav. Chim. Pays-Bas 1963, 82, 1040–1046; Com-
pound 8: Tanaka, J.; Kanemasa, S.; Tsuge, O. Bull. Chem.
Soc. Jpn. 1990, 63, 51–56; Compound 12: Bourgeois, P.;
Mérault, G. J. Organomet. Chem. 1972, 39, C44–C46;
Bogoradovskii, E. T.; Zavgorodnii, V. S.; Liepins, E.;
Birgele, I.; Petrov, A. A. Zh. Obshch. Khim. 1991, 61,
1418–1429; Compound 13: Back, T. G. Tetrahedron 2001,
57, 5263–5301.



332 R. Tanaka et al. / Tetrahedron Letters 46 (2005) 329–332
6. For reactions of group 4 metal complexes and sulfur-
functionalized olefins and acetylenes, see: Narita, M.;
Urabe, H.; Sato, F. Angew. Chem., Int. Ed. 2002, 41, 3671–
3674, and references cited therein; Suzuki, D.; Urabe, H.;
Sato, F. J. Am. Chem. Soc. 2001, 123, 7925–7926; Farhat,
S.; Marek, I. Angew. Chem., Int. Ed. 2002, 41, 1410–1412;
Chinkov, N.; Majumdar, S.; Marek, I. J. Am. Chem. Soc.
2002, 124, 10282–10283; Chinkov, N.; Chechik, H.;
Majumdar, S.; Liard, A. I.; Marek Synthesis 2002, 2473–
2483; Huang, X.; Duan, D.; Zheng, W. J. Org. Chem.
2003, 68, 1958–1963.

7. Although group 4 metal-mediated coupling–elimination
sequences were reported for allyl-, vinyl-, allenyl-, and (1-
alkynyl)metalations, propargylmetalation has not been
reported, due perhaps to the fact that the choice of an
allenic reagent is critical as discussed in the text. For
allylmetalation, see: Campbell, A. D.; Raynham, T. M.;
Taylor, R. J. K. J. Chem. Soc., Perkin Trans. 1 2000,
3194–3204; Takayama, Y.; Okamoto, S.; Sato, F. J. Am.
Chem. Soc. 1999, 121, 3559–3560; Yamazaki, T.; Urabe,
H.; Sato, F. Tetrahedron Lett. 1998, 39, 7333–7336;
Takayama, Y.; Okamot, S.; Sato, F. Tetrahedron Lett.
1997, 38, 8351–8354; Takayama, Y.; Gao, Y.; Sato, F.
Angew. Chem., Int. Ed. 1997, 36, 851–853; Bird, A. J.;
Taylor, R. J. K.; Wei, X. Synlett 1995, 1237–1238;
Takahashi, T.; Kondakov, D. Y.; Suzuki, N. Organomet-
allics 1994, 13, 3411–3412; Knight, K. S.; Waymouth, R.
M. Organometallics 1994, 13, 2575–2577; For vinylmetal-
ation, see: Nakajima, R.; Urabe, H.; Sato, F. Chem. Lett.
2002, 4–5; Millward, D. B.; Waymouth, R. M. Organo-
metallics 1997, 16, 1153–1158; Takahashi, T.; Kondakov,
D. Y.; Xi, Z.; Suzuki, N. J. Am. Chem. Soc. 1995, 117,
5871–5872; For allenylmetalation, see: Delas, C.; Urabe,
H.; Sato, F. Tetrahedron Lett. 2001, 42, 4147–4150; Hara,
R.; Ura, Y.; Huo, S.; Kasai, K.; Suzuki, N.; Takahashi, T.
Inorg. Chim. Acta 2000, 300–302, 741–748; Okamoto, S.;
Takayama, Y.; Gao, Y.; Sato, F. Synthesis 2000, 975–979;
For (1-alkynyl)metalation, see: Liu, Y.; Zhong, Z.; Nak-
ajima, K.; Takahashi, T. J. Org. Chem. 2002, 67, 7451–
7456.

8. As low-boiling 1-bromo-1,2-propadiene was hardly
obtained (Jacobs, T. L.; Brill, W. F. J. Am. Chem. Soc.
1953, 75, 1314–1317; Brandsma, L.; Verkruijsse, H. D.
Synthesis of Acetylenes, Allenes and Cumulenes; Elsevier:
Amsterdam, 1981; pp 178–179) we did not attempt its
reaction. We do consider that silylated allene 8 or 12 is a
practical reagent to execute propargyltitanation, because
the conversion from 11 to 7 in Scheme 2 is available, if
necessary.

9. For precedents of the reactions of vinyltitanium com-
pounds, see: Urabe, H.; Hamada, T.; Sato, F. J. Am.
Chem. Soc. 1999, 121, 2931–2932, and references cited
therein. Typical procedure for the (trimethylsilyl)propar-
gyltitanation of 5-decyne followed by the reaction with
benzaldehyde (Scheme 3, the third reaction): To a stirred
solution of 5-decyne (0.018mL, 0.100mmol) and Ti(O-i-
Pr)4 (0.037mL, 0.125mmol) in 1.0mL of Et2O was added
i-PrMgCl (1.54M in Et2O, 0.160mL, 0.250mmol) at
�78 �C under argon. After the solution was warmed to
�50 �C over 30min and was stirred at �50 �C for an
additional 3h, 1-bromo-1-(trimethylsilyl)propadiene (12)
(15mg, 0.080mmol) in 0.5mL of Et2O was added at
�50 �C. After the solution was stirred at that temperature
for another 5h, benzaldehyde (0.012mL, 0.120mmol) was
added. Then, the cooling bath was removed and the
reaction mixture was stirred overnight at room tempera-
ture. The reaction was terminated by the addition of water
(0.2mL) and the resultant heterogeneous mixture was
filtered through a pad of Celite with the aid of ether. The
organic phase was concentrated to give a crude oil, which
was chromatographed on silica gel (hexane–ether) to
afford (Z)-2-butyl-1-phenyl-3-[3-(trimethylsilyl)-2-propyn-
yl]-2-hepten-1-ol (18mg, 63%) as a colorless oil. The
olefinic stereochemistry of this compound was established
by NOE study on 1H NMR spectroscopy.

10. Murakami, M.; Miyamoto, Y.; Ito, Y. Angew. Chem., Int.
Ed. 2001, 40, 189–190; Takahashi, T.; Xi, Z.; Fischer, R.;
Huo, S.; Xi, C.; Nakajima, K. J. Am. Chem. Soc. 1997,
119, 4561–4562.

11. For a dramatic effect of the relevant metalation in
electrocyclic ring-opening/closure reactions, see: Delas,
C.; Urabe, H.; Sato, F. J. Am. Chem. Soc. 2001, 123,
7937–7938, and references cited therein; Murakami, M.;
Miyamoto, Y.; Ito, Y. J. Am. Chem. Soc. 2001, 123, 6441–
6442; See also: Dennehy, R. D.; Whitby, R. J. J. Chem.
Soc., Chem. Commun. 1992, 35–36.


	A novel propargyltitanation of acetylenes. Heteroatom substituent-dependent manifold in intermolecular coupling of allene and acetylene
	Acknowledgements
	References and notes


