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Small cyclic alkynes are usually unstable because of ring strain,
and much effort has been devoted to their preparation and isolation.1

Generally, substituents adjacent to a triple bond decrease the
reactivity of cycloalkynes and make them more stable. For example,
3,3,7,7-tetramethylcycloheptyne (1, Figure 1) was isolated,2 whereas
the nonsubstituted cycloheptyne (C7H10) has not been obtained in
a pure form.3 1,2,3,4-Tetrasilacyclohex-5-ynes (2), which are
isolable six-membered cycloalkynes, also have alkyl groups on all
silicon atoms.4 Cyclooctyne is the smallest nonsubstituted cyclo-
alkyne that has been isolated.5

We recently reported preparation and structural characterization
of organozirconium complexes (3) by the reaction of Cp2Zr(n-Bu)2
(Negishi reagent, Cp) η5-C5H5) and 1,4-disubstituted-1,2,3-
butatrienes.6 These compounds could be considered a 1-zircona-
cyclopent-3-yne, that is, the smallest ever isolated cyclic alkyne.7

They have bulky substituents (R) Me3Si, t-Bu) at the carbons
adjacent to the triple bond. The suggestion was made that these
may contribute to the stability of3.6,8 Five-membered metallacy-
clocumulene complexes (4) were reported by Rosenthal and co-
workers.9 The molecular structure of3 was found to be similar to
those of4. They synthesized a variety of related compounds and
extensively studied their reactivity.10 However, a five-membered
metallacyclocumulene without substituents (R) H in 4) has not
been prepared so far, although it was studied theoretically.11 Thus
it is challenging and intriguing to pursue the possibility of
“nonsubstituted” metallacyclopentynes. We herein report the syn-
thesis and characterization of 1-zirconacyclopent-3-yne compounds
(5) that have no substituents adjacent to the triple bond.

The reduction of zirconocene dichloride and 1,4-dichlorobut-2-
yne using magnesium in tetrahydrofuran (THF) gave5a in good
yield (eq 1).12 The1H NMR spectrum showed two singlets at 4.99
and 2.73 ppm assignable to the cyclopentadienyl rings and Zr-CH2,
respectively. In the13C NMR spectrum, a signal for quaternary
carbons appeared at 102.45 ppm. The alkynyl carbon observed
downfield is a characteristic of zirconacyclopentyne compounds.6

IR absorption of CtC stretching was observed at 2018 cm-1, which

is close to that of3.13 Elemental analysis also satisfied the structure
5a.

A zirconocene bearingtert-butyl groups on Cp rings also gave
1-zirconacyclopent-3-yne5b in a similar manner. The molecular
structure of 5b is shown in Figure 2.14 The structure of the
metallacyclopentyne moiety was fundamentally the same as that
observed in the moiety bearing trimethylsilyl groups in3a. It should
be noted, however, that there are a few slight differences. The bond
length C2-C3 (1.237(3) Å) is slightly longer than the corresponding
bond of3a (1.206(7) Å), while C1-C2 and C3-C4 are in the same
range (1.415(7) and 1.400(6) Å in3a). The angles C1-C2-C3
and C2-C3-C4 are smaller than those in3a (156 and 155°). The
slightly longer triple bond is consistent with more strained C-Ct
C angles. These structural data are in good correspondence with
the calculated results.11

These results showed that metallacyclopentynes are stable enough
to be isolated in a pure form, even though they have no substituents
adjacent to the triple bond. Complexes5a,b can be stored at room
temperature under an inert atmosphere for at least a month as well
as3.

When 5a was treated with an equimolar amount of Cp2Zr-
(but-1-ene)(PMe3),15 a ligand exchange between but-1-ene and5a
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Figure 1. Isolable small cycloalkynes and related compounds.

Figure 2. Molecular structure of5b. Drawn with 50% probability.
Hydrogens are partly omitted for clarity. Selected bond lengths (Å) and
angles (deg): Zr-Cl 2.414(2), Zr-C2 2.311(2), Zr-C3 2.305(2), Zr-C4
2.433(2), C1-C2 1.418(3), C2-C3 1.237(3), C3-C4 1.417(3); C1-Zr-
C4 100.6(1), Zr-C1-C2 68.6(1), C1-C2-C3 150.8(2), C2-C3-C4
152.3(2), Zr-C4-C3 67.7(1).
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took place to give a bimetallic complex6 in excellent yield (eq
2).16 Figure 3 shows the molecular structure of6.

The zirconacyclopentyne coordinates to the other metal with its
alkyne moiety. The two metals and C1-C2-C3-C4 are almost
coplanar, and the plane is nearly perpendicular (85°) to the (Cp
centroid)-Zr2-(Cp centroid) plane. The C2-C3 bond length
(1.336(4) Å) is significantly longer than the triple bonds in known
Zr-cyclopentyne (1.296 Å)17 and Zr-cyclohexyne complexes
(1.30, 1.32 Å).18 The 13C NMR chemical shifts of C2 and C3
(133.06, 154.64 ppm) are observed upfield compared with them.19

Although the reason for these findings on the C2/C3 is still vague,
it might be because Zr1 also interact with them. The bonds C1-
C2 and C3-C4 can be regarded as single bonds, showing that the
metallacycle moiety is a “flat” 1-zirconacyclopent-3-ene.20 It should
be emphasized that5 behaved as an alkyne to form a metal-cyclo-
alkyne complex,21 supporting its cycloalkyne character. In metalla-
cyclocumulenes4, similar complexes7 were proposed as interme-
diates in further transformation.10,22However, homobimetallic7 has
not been isolated to date, although heterobimetallic analogues823

and924 have been reported. The similarity between6 and9 is of
interest in understanding the reactivity of these compounds. Further
study on the related compounds is now in progress.

Acknowledgment. The authors are grateful to Dr. Yasuo
Wakatsuki for valuable advice. Ms. Kimiko Kobayashi is thanked
for the assistance in X-ray diffraction analysis. We thank Ms. Keiko
Yamada for elemental analysis. This work was financially supported
by Mitsubishi Chemical Corporation Fund, Yamada Science
Foundation, and the Ministry of Education, Culture, Sports, Science,
and Technology of Japan (Grant-in-Aid for Scientific Research,
C: No. 15550059).

Supporting Information Available: Synthetic procedures and
spectroscopic data for5 and6; crystallographic data (PDF and CIF)

for 5b and6. This material is available free of charge via the Internet
at http://pubs.acs.org.

References

(1) (a) Krebs, A.; Wilke, J.Top. Curr. Chem.1983, 109, 189-233. (b) Gleiter,
R.; Merger, R. InModern Acetylene Chemistry; Stang, P. J., Diederich,
F., Eds.; VCH: Weinheim, 1995; Chapter 8. (c) Meier, H.AdV. Strain
Org. Chem.1991, 1, 215-272.

(2) Krebs, A.; Kimling, H.Angew. Chem., Int. Ed. Engl.1971, 10, 509-510.
(3) For example, see: (a) Wittig, G.; Krebs, A.Chem. Ber.1961, 94, 3260-

3265. (b) Wittig, G.Pure Appl. Chem.1963, 7, 173-191. See also
references therein.

(4) (a) Ando, W.; Hojo, F.; Sekigawa, S.; Nakayama, N.; Shimizu, T.
Organometallics1992, 11, 1009-1011. (b) Pang, Y.; Schneider, A.;
Barton, T. J.; Gordon, M. S.; Carroll, M. T.J. Am. Chem. Soc.1992,
114, 4920-4921.

(5) Blomquist, A. T.; Liu, L. H.J. Am. Chem. Soc.1953, 75, 2153-2154.
(6) Suzuki, N.; Nishiura, M.; Wakatsuki, Y.Science2002, 295, 660-663.
(7) Lin et al. recently suggested a hybridized structure based on their

calculation. Lam, K. C.; Lin, Z.Organometallics2003, 22, 3466-3470.
(8) It was reported that formal 1,1,4,4-tetramethyl-1,2,3-butatriene with “Cp2-

Ti” formed an η2-π-complex instead of a titanacyclopentyne, probably
owing to steric hindrance. Maercker, A.; Groos, A.Angew. Chem., Int.
Ed. Engl.1995, 35, 210-212.

(9) (a) Rosenthal, U.; Ohff, A.; Baumann, W.; Kempe, R.; Tillack, A.;
Burlakov, V. V.Angew. Chem., Int. Ed. Engl.1994, 33, 1605-1607. See
also: (b) Hsu, D. P.; Davis, W. M.; Buchwald, S. L.J. Am. Chem. Soc.
1993, 115, 10394-10395.

(10) For reviews, see: (a) Rosenthal, U.; Pellny, P.-M.; Kirchbauer, F. G.;
Burlakov, V. V. Acc. Chem. Res.2000, 33, 119-129. (b) Rosenthal, U.;
Burlakov, V. V. InTitanium and Zirconium in Organic Synthesis; Marek,
I., Ed.; Wiley-VCH: Weinheim, 2002; pp 355-389. (c) Rosenthal, U.
Angew. Chem., Int. Ed.2003, 42, 1794-1798. (d) Rosenthal, U.; Arndt,
P.; Baumann, W.; Burlakov, V. V.; Spannenberg, A.J. Organomet. Chem.
2003, 670, 84-96. See also references therein.

(11) Jemmis, E. D.; Phukan, A. K.; Giju, K. T.Organometallics2002, 21,
2254-2261.

(12) To a suspension of dry magnesium powder (72.9 mg, 3 mmol) in THF (5
mL) were added Cp2ZrCl2 (292 mg, 1.0 mmol) and 1,4-dichlorobut-2-
yne (123 mg, 1.0 mmol). The mixture was sonicated at 50°C for 1 h.
The formation of5a in 70-80% yield was observed by1H NMR. The
volatiles were removed in vacuo, and the residue was dissolved in hexane
and filtered. The filtrate was concentrated and cooled at-20 °C. A white
microcrystalline solid of5awas obtained (40%).1H NMR (C6D6): δ 2.73
(s, 4H), 4.99 (s, 10H).13C NMR (C6D6): δ 38.64, 102.45, 103.10. IR
(KBr): 2018 cm-1 (weak,νCtC). Anal. Calcd for C14H14Zr: C, 61.49;
H, 5.16. Found: C, 61.23; H, 5.14.

(13) It is known that even symmetrical cycloalkynes usually exhibit a weak
IR absorption of CtC stretching at 2100-2200 cm-1, see ref 1a.

(14) 5b. Yield 76% by NMR, 52% isol.1H NMR (C6D6): δ 1.23 (s, 18H),
2.82 (s, 4H), 4.88 (t,J ) 2.7 Hz, 4H), 5.01 (t,J ) 2.7 Hz, 4H).13C NMR
(C6D6): δ 32.16, 32.46, 41.36 (CH2), 101.93, 104.29 (CtC), 104.63,
130.65. IR (KBr): 2018 cm-1 (weak,νCtC). Anal. Calcd for C22H30Zr:
C, 68.51; H, 7.84, Found: C, 68.46; H, 7.89. Crystal data: C22H30Zr,
FW ) 385.68, monoclinic, space group) P21/n, a ) 26.7687(11),b )
8.7564(3),c ) 8.0887(4) Å,â ) 91.063(2)°, V ) 1895.64(14) Å3, Z )
4, Dcalc ) 1.351 g/cm3, R ) 0.0303,wR) 0.0688, GOF) 1.151. See the
Supporting Information for details.

(15) (a) Binger, P.; Mu¨ller, P.; Benn, R.; Rufı´nska, A.; Gabor, B.; Kru¨ger, C.;
Betz, P.Chem. Ber.1989, 122, 1035-1042. (b) Negishi, E.-i.; Cederbaum,
F. E.; Takahashi, T.Tetrahedron Lett.1986, 27, 2829-2832.

(16) 6. Yield 96% by1H NMR, 65% isol.1H NMR (THF-d8, Me4Si): δ 1.15-
1.17 (m, 2H), 1.55-1.57 (m, 2H), 1.57 (d,JP-H ) 5.9 Hz, 9H), 5.14 (d,
JP-H ) 1.6 Hz, 10H), 5.32 (s, 10H).13C NMR (THF-d8, Me4Si): δ 17.48
(JC-P ) 16 Hz), 27.71, 30.67, 102.60, 104.26, 133.06 (JP-C ) 17.9 Hz),
154.64 (JP-C ) 8.4 Hz). Anal. Calcd for C27H33Zr2P: C, 56.80; H, 5.83.
Found: C, 56.82; H, 6.11. Crystal data: C27H33Zr2P, FW ) 570.97,
monoclinic, space group) P21/c, a ) 10.5259(2),b ) 33.0858(4),c )
8.2256(1) Å,â ) 105.6613(5)°, V ) 2758.28(7) Å3, Z ) 4, Dcalc ) 1.375
g/cm3, R ) 0.041, wR ) 0.132, GOF) 1.71. See the Supporting
Information for details.

(17) Buchwald, S. L.; Lum, R. T.; Fischer, R. A.; Davis, W. M.J. Am. Chem.
Soc.1989, 111, 9113-9114.

(18) Buchwald, S. L.; Lum, R. T.; Dewan, J. C.J. Am. Chem. Soc.1986, 108,
7441-7442.

(19) 175.45 and 215.59 ppm in the Zr-cyclopentyne complex (ref 17), while
150.02 and 181.65 ppm in the Zr-cyclohexyne comlex (ref 18).

(20) (a) Erker, G.; Wicher, J.; Engel, K.; Rosenfeldt, F.; Dietrich, W.; Kru¨ger,
C. J. Am. Chem. Soc.1980, 102, 6344-6346. (b) Yasuda, H.; Kajihara,
Y.; Mashima, K.; Lee, K.; Nakamura, A.Chem. Lett.1981, 519-522.

(21) (a) Bennett, M. A.; Schwemlein, H. P.Angew. Chem., Int. Ed. Engl. 1989,
28, 1296-1320. (b) Jones, W. M.; Klosin,J. AdV. Organomet. Chem.
1998, 42, 147-221.

(22) Jemmis, E. D.; Giju, K. T.J. Am. Chem. Soc.1998, 120, 6952-6964.
(23) Pulst, S.; Arndt, P.; Heller, B.; Baumann, W.; Kempe, R.; Rosenthal, U.

Angew. Chem., Int. Ed. Engl.1996, 35, 1112-1115.
(24) Danjoy, C.; Zhao, J.; Donnadieu, B.; Legros, J.-P.; Valade, L.; Choukroun,

R.; Zwick, A.; Cassoux, P.Chem. Eur. J.1998, 4, 1100-1105.

JA0385742

Figure 3. Molecular structure of6. Drawn with 50% probability. Hydrogen
atoms are partly omitted for clarity. Selected bond lengths (Å) and angles
(deg): Zr1-C1 2.279(4), Zr1-C2 2.495(3), Zr1-C3 2.461(3), Zr1-C4
2.270(3), Zr2-C2 2.292(3), Zr2-C3 2.221(3), C1-C2 1.490(4), C2-C3
1.336(4), C3-C4 1.480(4); C1-Zr1-C4 103.3(1), C1-C2-C3 136.7(3),
C2-C3-C4 140.6(3).
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