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Carbon—Carbon Bond Formation of a-Alkynylzirconacyclopentenes
via Cyclization or a Cu/Pd-Mediated Cyclization/Cross-Coupling
Sequence with Aryl Iodides
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The cyclization of a-alkynylzirconacyclopentenes in the presence of CuCl was achieved cleanly to
afford stereodefined 3-ylidenecyclopentenes. Coupling of the copper intermediates with a variety of aryl
iodides catalyzed by Pd(PPhs)s afforded bis-arylated ylidenecyclopentenes; however, in the absence of
copper salts, the coupling reaction of the same zirconacycles with aryl iodides was efficiently promoted
by Pd(OAc)./PPh; in toluene to afford the monoarylated products. Activation of the central double bond
of the cumulenic intermediate by a Pd(II) complex followed by nucleophilic attack of the Zr—sp> carbon
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bond to form an alkenylpalladium intermediate accounting for this novel cyclization is suggested.

Group 4 metal complexes are attractive intermediates in an
impressive array of synthetic methodologies and have received
much attention in recent years." One of the most extensively
studied areas has been the chemistry of diynes R(C=C),R and
polyynes R(C=C),R with group 4 metallocenes.” * The orga-
nometallic complexes of these conjugated alkynes are potentially
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useful for building up carbon-rich networks and for materials
science.” A thorough investigation by Rosenthal et al.”> was
performed using the metallocene sources Cp,M(L)(1*-
Me;SiC=CSiMe;) (M = Ti, L = none; M = Zr, L = THF) as
low-valent metal equivalents. The resulting metal-containing
products strongly depended on the diyne or polyyne substituent,
the metal, the nature of the Cp ligands associated with the metal,
and the stoichiometry employed. However, the utilization of
these complexes in organic synthesis has not been amply
highlighted. Recently we investigated the intermolecular cross-
coupling reaction of o-alkynylated zirconacyclopentenes based
on 1,4-bis(trimethylsilyl)-1,3-butadiyne with unsaturated com-
pounds, which afforded an efficient regio- and stereocontrollable
synthesis of trans-enediynes.®* Soon after this study, we found
a completely different new reaction mode of a-alkynylzircona-
cyclopentenes toward aldehydes. In a preliminary com-
munication,®® we have shown that zirconium-mediated coupling
of 1,3-butadiynes with aldehydes or ketones provides access to
an efficient, general, and one-pot method for tetrasubstituted
[3]cumulenols with excellent cis stereoselectivity. We now
report the cyclizing C—C bond formation of a-alkynylzircona-
cyclopentenes in the presence of CuCl and the selective coupling
reactions of the same zirconacycles with various aryl iodides.
This reaction provides an efficient, controllable synthesis of
3-ylidene 1-substituted or 1,2-disubstituted cyclopentenes in a
highly regio- and stereoselective manner (Scheme 1).

It is known that zirconacyclopentene 2 is prepared by the reaction
of a butadiyne and CpQZr(CH2=CH2),3 which is generated from
Cp,ZrCl, and 2 equiv of EtMgBr with high yields. Here we found
that treatment of zirconacycle 2 with an excess amount (2.5 equiv)
of CuCl at 50 °C for 1 h followed by hydrolysis with saturated
NaHCOj; selectively afforded 3-alkylidene 1-substituted cyclo-
pentenes 4 in generally good yields (Table 1). It is interesting to
note that only the stereoisomerically pure compounds (Z)-4 were
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Table 1. Formation of 3-Alkylidenecyclopentenes from o-Alkynylzirconacyclopentenes

R————R i) 2.5 equiv CuCl R H R
O 50°C,1h _
Cpozr---|| CpoZr
t,3h ii) sat. NaHCO3; H
4
entry R————R product yield (%)?
H n
nC4H9 C4H9
1 "CqHe—=—=—=""C4Hq — 4a 74
H
1a
H n
"CsHq4 CsH1s
2 "CsHy—=—=""CsHy; — 4 78
H
1b
H n
nCeH»]g C5H13
3 "CeHis——=—=—"=—="C¢gH13 = 4c 52
1 H
Cc
Ph H
4 PhMeNCH,—== == CH,NMePh Me — ‘Me 4d 63
H
1d
H
PhyN NPh,
5 PhyNCH,————CH,NPh, — de 63
H
1e
H
MeO(H,C), (CHz)20Me
6 MeO(H,C),—=—=—=—=—(CH,),0Me — 4f 64
H
1f
H
MeO . OMe
7 MeOCH,—=——=——CH,0OMe 4g 20
H
1g

“TIsolated yields.

obtained. The geometry of the exocyclic double bond was
unambiguously confirmed by the X-ray single-crystal analysis of
de.” These results suggested that the cyclization of the copper
intermediate was highly stereoselective. Decreasing the amount of
CuCl or employing CuCN, CuBr, Cul, CuCI(PPh3)3, or [Cu(bipy)-
(PPh3)Br] did not afford good results. The representative results
are given in Table 1. The cyclization of zirconacycles derived from
bis-alkyl-substituted butadiynes afforded the corresponding products
4a—c in 52—76% yields (Table 1, entries 1—3). Introduction of
the functional groups —NMePh and —NPh, to the alkyl chain did

(7) See the Supporting Information.

not influence the efficiency of this reaction, in which 4d,e were
isolated in the same yields of 63% (Table 1, entries 4 and 5).
However, for methoxyalkyl-substituted butadiynes 1f,g, the yields
of the products were highly dependent on the length of the alkyl
chain; while the methoxyethyl-substituted 1f could afford 4f in 64%
yield (Table 1, entry 6), the cyclization using the methoxymethyl-
substituted butadiyne 1g only resulted in a low yield (20%) of the
desired cyclopentene (Table 1, entry 7).

We propose the following reaction mechanism for the above
reactions (Scheme 2): first, the five-membered o-alkynylzircona-
cyclopentene is produced in the reaction mixture, which is assumed
to be in equilibrium with the seven-membered zirconacyclocumu-
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lene 3. Actually, according to NMR analysis of the zirconium
intermediate, it was suggested that the structure of the major
zirconium intermediate might be best described as the seven-
membered zirconacycle 3.7 Theoretical calculations have shown
that zirconacyclocumulenes 3 are thermodynamically more stable
than the isomeric zirconacyclopentenes 2.” The cumulenic structure
of zirconacycles was also frequently observed in the chemistry of
diynes R(C=C),R and polyynes R(C=C),R with group 4 metal-
locenes.> Then, transmetalation of 3 with CuCl affords the
monocopper intermediate 7: in this step, selective transmetalation
of the Zr—sp® bond may occur preferentially, as observed in the
cases of alkyl- or aryl-substituted zirconacyclopentenes.® This is
followed by a second transmetalation to afford the dicopper species
8. The intermediate 8 undergoes intramolecular carbometalation
to give 9,° which affords the five-membered-ring product 4 after
hydrolysis. It should be noted that the cis geometry of the cumulenic
double bond was not changed during the transmetalation of 3 to 7
or 8, thus resulting in (Z)-4.

The dicopper species 9 formed in situ are valuable intermediates
for further transformations. To demonstrate the utility of 9, we
tested the coupling reaction with various aryl iodides to pursue
the C—C bond formation reaction under the optimized reaction
conditions. As shown in Table 2, all of the reactions proceeded
smoothly in THF using a CuCl/Arl/Pd(PPhs)4 system. A wide range
of aryl iodides with electron-donating groups (—Me, —MeO) or
electron-deficient groups (—Cl, —Br, —CO,Et) could be used,
furnishing the corresponding bis-arylated products Sg—k in 52—
65% yields (Table 2, entries 7—11). The reaction could be
conveniently carried out by addition of CuCl, Arl, and Pd(PPh3)4
successively to the reaction mixture of 2 and 3 followed by stirring
at 50 °C for 1 h. There was no need to prepare the dicopper species
9 first in this coupling reaction. In all cases, only one stereoisomer
of carbocycles 5 was isolated, and its stereochemistry was assigned
on the basis of the NOESY spectra of Sh. The structure of the
ylidenecyclopentenes was further confirmed by an X-ray crystal
analysis of 5e.’

Next we observed, surprisingly, the monocoupling reaction of
zirconacycle 2 with aryl iodide in the presence only of the Pd
catalyst (without addition of CuCl). As is already known, zircona-
cycles themselves are unreactive toward coupling reactions with
aryl halides; to increase the reactivity of the Zr—C bond, it is always
necessary to transmetalate with other metal salts such as copper
salts to form a new metal—carbon bond.'® There is no report of
coupling reactions with aryl halides directly from zirconacycles,

(8) (a) Liu, Y.; Xi, C.; Hara, R.; Nakajima, K.; Yamazaki, A.; Kotora,
M.; Takahashi, T. J. Org. Chem. 2000, 65, 6951. (b) Kasai, K.; Kotora,
M.; Suzuki, N.; Takahashi, T. J. Chem. Soc., Chem. Commun. 1995, 109.
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Table 2. Formation of Bis-Arylated Ylidenecyclopentenes through
Cyclization/Coupling Sequence

‘ * i} 2.5 equiv CuCl,

R 2.0 equiv Arl, Ar
R on R R
5 mol% Pd(PPhs), 50 °C _
Cp,Zr. = o—=— szZI’@\ s Pd( 3)s, >_%j
R i) sat. NaHCO, Ar
2 3 5

entry R— =— R Arl product  yield (%)°

1 "CsHyy——=—=—=—="CsH, Phi 5a 59
1b

2 "CeHiz—=—=""CgH13 Phi 5b 66
1c

3 PhMeNCH,—==—=—=—CH,NMePh Phi 5c 58
1d

4 Phy;NCH,—=—=—=—=—CH,NPh, Phi 5d 61
1e

5 Ph—=—=ph Phi 5e 38
1i

6 MeO(H,C)y—==—==—(CH,),0Me Phi 5f 64
1f

7 1f p-MeCgHgl 5g 58

8 1f p-MeOCgH.! 5h 65

9 1f p-CICeHal 5i 57

10 1f p-BrCgHgl 5j 52

11 1f p-EtO,CCHyl 5k 59

“ Isolated yields.

to the best of our knowledge. After a great deal of effort, we found
that the best conditions for this monoarylation reaction were to
use 5% Pd(OAc), and 10% PPh; in toluene solvent with stirring
at room temperature for 1 h and then at 80 °C for 1—4 h. The
representative results are shown in Table 3.

Under the optimized reaction conditions, the coupling of
butadiynes with various aryl iodides afforded the compounds
6a—k in 41—68% yields. Both electron-deficient and electron-
rich aromatic halides have been employed successfully in this
reaction. Interestingly, in the cases of 1-chloro- and 1-bromo-
4-iodobenzenes, the reaction selectively occurred with the iodo
substituent, while the —Cl or —Br group remained intact. The
heterocyclic group was also easily introduced to the cyclopen-
tene ring by employing heteroaromatic iodide (Table 3, entry
7). The stereochemistry of the exocyclic double bond was
confirmed by a NOESY spectrum of 6h. It should be noted that
6b was unstable upon isolation; it could be observed only in
the hydrolyzed crude reaction mixture. We propose the follow-
ing mechanism for this reaction (Scheme 3): in this novel
process, the electrophilic arylpalladium complex 10, generated

(10) For Cu, see: (a) Xi, C.; Kotora, M.; Nakajima, K.; Takahashi, T. J.
Org. Chem. 2000, 65, 945. (b) Lipshutz, B. M.; Wood, M. R. J. Am. Chem.
Soc. 1993, 115, 12625. (c) Liu, Y.; Shen, B.; Kotora, M.; Takahashi, T. Angew.
Chem., Int. Ed. 1999, 38, 949. (d) Lipshutz, B. H.; Wood, M. R.; Tirado, R.
J. Am. Chem. Soc. 1995, 117, 6126. For Zn, see: (e) Lipshutz, B. H.; Wood,
M. R. J. Am. Chem. Soc. 1994, 116, 11689. (f) Duan, Z.; Nakajima, K.;
Takahashi, T. Chem. Commun. 2001, 1672. For Ni, see: (g) Hauske, J. R.;
Dorff, P.; Julin, S.; Martinelli, G.; Bussolari, J. Tetrahedron Lett. 1992, 33,
3715. (h) Takahashi, T.; Tsai, F.; Li, Y.; Wang, H.; Kondo, Y.; Yamanaka,
M.; Nakajima, K.; Kotora, M. J. Am. Chem. Soc. 2002, 124, 5059. For Li,
see: (i) Seki, T.; Noguchi, Y.; Duan, Z.; Sun, W.; Takahashi, T. Tetrahedron
Lett. 2004, 45, 9041. (j) Takahashi, T.; Huo, S.; Hara, R.; Noguchi, Y.;
Nakajima, K.; Sun, W. J. Am. Chem. Soc. 1999, 121, 1094.
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Table 3. Formation of Mono-Arylated Ylidenecyclopentenes through Pd-Catalyzed Cyclization

I ]

i) 1.0 equiv Arl, 5 mol% Pd(OAc), Ar

R = 10 mol% PPh;_in toluene, -80 °C R R
CpoZr, = CpZZr"/\ —
R i) sat. NaHCO; H

2 3 6
entry R————R Arl product yield (%)?

1 CaHy—=—=—=—"C4H, Ph 6a 47
1a

2 1a p-MeOCgH,| 6b 68°

3 PhMeNCH,——=——=——CH,NMePh Phl 6¢c 63
1d

4 1d p-CICgH.l 6d 51

5 1d p-BrCgH,! 6e 41

6 1d p-MeOCgH,! 6f 53

7 1d 2-iodothiophene 69 45

8 MeO(CHy)y——=——=—=—(CH,),OMe Phl 6h 60
1f

9 1f p-MeCgHyl 6i 62

10 1 P-MeOCgH,| 6j 57

11 1f P-EtO,CCeH,l 6k 52

“Tsolated yields. All of the reactions were carried out at room temperature for 1 h and then at 80 °C for 1—4 h. ® NMR yield.

Scheme 3
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from Arl and a Pd(0) catalyst, is suggested to activate the central
double bond of the cumulenic structure of 3, which enables
facile nucleophilic attack by the Zr—sp> carbon bond to form
the alkenylpalladium intermediate 12. Reductive elimination of
12 generates the vinylzirconium species 13; hydrolysis of 13
affords the desired product 6. The results also indicate the
remaining Zr—C(sp>) bond does not easily undergo transmeta-
lation with ArPdI to furnish the second arylation. To support
the mechanism, a deuteration experiment was carried out. The
deuterated compound 6h-D was obtained in 60% yield with high
deuterium incorporation (D >99%; Scheme 3). In fact, in recent

years several papers have described the Pd(Il)-promoted addition
of oxygen-based functionalities to the triene central double bond
in a number of cumulenic intermediates to substituted furans."’
However, analogous reactions using carbon nucleophiles are
rare.

In summary, we have succeeded in developing an efficient,
one-pot procedure for the synthesis of stereodefined 3-ylidenecy-
clopentenes through CuCl-mediated cyclization of o-alkynylzir-

(11) (a) Aurrecoechea, J. M.; Pfez, E.; Solay, M. J. Org. Chem. 2001,
66, 564. (b) Aurrecoechea, J. M.; Pfez, E. Tetrahedron Lett. 2003, 44, 3263.
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conacyclopentenes. Coupling of the copper intermediate by a
variety of aryl iodides afforded bis-arylated ylidenecyclo-
pentenes; however, in the absence of copper salts, coupling
reactions of the zirconacycles with aryl iodides were efficiently
promoted by Pd(OAc),/PPh; to afford the monoarylated products.
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