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5-Alkoxycarbonyltitanacyclopent-2-enes were produced
regioselectively by the [2 + 2 + 1] cycloaddition between
alkynes, acrylates, and titanocene(II) reagent Cp2Ti[P(OEt)3]2.
Although the titanacycles were inactive toward carbonyl
compounds, their addition proceeded in the presence of
titanocene(II).

Five-membered metallacycles of group 4 metals play
important roles in organic synthesis. For instance, metalla-
cyclopentadienes are utilized for the synthesis of biologically
active compounds1a1c and organic functional materials such as
acenes1d1f and ³-conjugated polymers.1g Therefore, the eluci-
dation of their structures and reactivities is significant in early-
transition-metal chemistry, and much effort has focused on the
preparation and isolation of five-membered group 4 metallocene
complexes such as metallacyclopentanes,2 -pent-3-enes,3 -pen-
tadienes,4 -pentynes,5 and -pentatrienes.6 As for the construction
of titanacyclopent-2-enes, a variety of protocols have been
disclosed.7 They include the ring enlargement of a titana[3]-
radialene,7a dimerization of a titanacyclocumulene,7b and the
[2 + 2 + 1] cycloaddition of alkynes, alkenes, and divalent
titanium species.7c7f Although the third approach is apparently
most versatile and straightforward, only ethylene7c,7d and some
symmetric strained olefins have been employed.7e,7f

Our group is studying the formation of titanacycles by
[2 + 2]8 and [2 + 2 + 1]9 cycloadditions and their application
to organic synthesis. The [2 + 2 + 1] process between alkynes,
alkenes bearing a leaving group such as vinyl pivalate and
alkenyl sulfones, and titanocene(II)triethyl phosphite complex
affords titanacyclopentenes bearing a leaving group ¢ to
titanium as transient intermediates. Simultaneous ¢-elimination
produces dienyltitaniums. This finding prompted us to pursue an
alternative regioselective mode of formation of functionalized
titanacyclopentenes. We describe here the regioselective for-
mation of 5-alkoxycarbonyltitanacyclopent-2-enes 1 by the
[2 + 2 + 1] cycloaddition between alkynes 2, acrylates 3, and
titanocene(II) reagent Cp2Ti[P(OEt)3]2 4 and their reactivity as
enolate equivalents (Scheme 1).

The treatment of diphenylacetylene (2a) with tert-butyl
acrylate (3a) in THF at 25 °C for 3 h in the presence of
titanocene(II) reagent 4 produced the titanacyclopent-2-ene 1a
with perfect regioselectivity. Although 1a was found to be
susceptible to both air and moisture, it could be isolated as a
dark red powder in 61% yield by alumina column chromatog-
raphy under N2. The molecular structure of 1a was unambig-
uously determined by X-ray diffraction analysis (Figure 1).10

The bond lengths of TiC1 and TiC4 are in the typical region,7b

and the structure further shows the expected CC bond lengths
of a five-membered ring.

The metallacycle 1a showed interesting reactivity toward
carbonyl compounds.11 The titanium enolate equivalent 1a was
completely inactive toward ketones and aldehydes 5 even
at elevated temperature (Table 1, Entry 1). By contrast, the
reaction of 1a with carbonyl compounds carried out in the
presence of an equimolar amount of the low-valent titanium
reagent 4 at 25 °C for 2 h gave 2-(hydroxymethyl)alk-4-enoates
6. Thus the successive treatment of 1a with titanocene(II)
reagent 4 (1 equiv) and ketones 5a5d (2 equiv) produced (Z)-2-
(1-hydroxymethyl)-4,5-diphenylpent-4-enoates 6a6d in 45
88% yields (Table 1). Decreasing the loading of 4 to 0.5 equiv

Scheme 1.

Figure 1. The ORTEP view of molecular structure of 1a.
Selected bond distances (¡) and angles (°): Ti1C1 2.178(3),
Ti1C4 2.238(3), C1C2 1.348(5), C2C3 1.517(4), C3C4
1.530(5); C1Ti1C4 79.23(12), Ti1C1C2 113.1(2), C1C2
C3 119.4(3), C2C3C4 110.8(3), C3C4Ti1 105.4(2).
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resulted in the formation of 6a in 63% yield (Entry 2). Although
we have no experimental evidence for the role of additional
titanocene(II) reagent 4, we tentatively assume that certain
organotitanium species would be formed by the treatment of 1
with 4. The aldehyde 5e also reacted with 1a to produce 6e in
good yield (Entry 7). When unsymmetrical carbonyl compounds
were employed, mixtures of diastereomers were produced
(Entries 6 and 7). The double bond formation in these reactions
was found to be completely stereoselective: the NOE experiment
of all the adducts indicated that two phenyl groups originating
from 2a were completely cis to each other.

The formation of titanacyclopent-2-enes 1 also proceeded
by using various alkynes 2. The titanacycles 1 other than 1a
were too unstable to be isolated and hence transformed into the
unsaturated esters 7 by hydrolysis (Table 2). This suggests that
the unusual stability of 1a is due to the kinetic stabilization
provided by the bulky two Cp rings and C1-phenyl group. When
unsymmetrical alkynes were employed, the interesting regiose-
lectivity was observed. The reaction of 1-phenyl-1-hexyne (2d)
produced the 4-phenylnon-4-enoate 7d as a major product
(Entry 4) whereas the reaction of 1-(2-thienyl)-1-octyne (2e)

gave the 5-(2-thienyl)pent-4-enoate 7e preferentially (Entry 5).
These results might indicate that the regioselectivity of the
formation of titanacyclopenetene 1 is controlled by the coordi-
nation of a heteroatom to titanium.

Based on the above results, the one-pot, three-component
coupling of alkynes 2, acrylates 3, and carbonyl compounds 5
was examined (Scheme 2). After the preparation of 1a by the
reaction of 2a with 3a, the resulting titanacycle 1a was further
treated with pentan-3-one (5b) and the titanocene(II) species 4 to
produce 6b in good yield. A comparable result was also obtained
using 2b as a coupling component.

In conclusion, we found that the [2 + 2 + 1] cycloaddition
between alkynes, acrylates, and titanocene(II) reagent produced
5-alkoxycarbonyltitanacyclopent-2-enes regioselectively.12 We
have succeeded in the isolation of a monocyclic titanacyclopent-
2-ene and elucidated its molecular structure and unique
reactivity toward carbonyl compounds. Further study on the
regioselective preparation of a variety of functionalized titana-
cyclopentenes and their synthetic application is currently under-
way.
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Table 1. The reaction of titanacyclopentene 1a with carbonyl
compounds 5

Entry 5 R4 R5 6 Yield/%a

1b 5a (CH2)2CHPh(CH2)2 6a 0
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