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Abstract: Treatment of Z-vinyl carbamates with
dicyclopentadienylACHTUNGTRENNUNG(diethyl)zirconium [Et2ZrCp2]
leads to cyclobutyl-zirconocene derivatives in good
yields and as a unique diastereoisomer. The reac-
tion proceeds through a carbometalative ring-ex-
pansion followed by an intramolecular migratory in-
sertion.
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We have recently reported that E- and Z-heterosub-
stituted alkenes such as enol ether 1a,[1] silyl enol
ether 1b,[2] vinyl alkyl (and aryl) sulfides 1c and 1d,
vinyl sulfoxides 1e, vinyl sulfones 1f,[3] and vinyl car-
bamates 2,[4] were excellent candidates for the stereo-
selective preparation of alkenylmetals[5] and conjugat-
ed dienyl[6] organometallic derivatives. Typically, the
reactions proceed in a few hours at room temperature
by treatment of heterosubstituted alkenes with the
Negishi reagent C4H8ZrCp2 (3)[1,7] (easily prepared in
situ by reaction of the commercially available
Cp2ZrCl2 with two equivalents of n-BuLi,
Scheme 1).[8]

Interestingly, except for vinylic carbamate 2, the re-
action leads only to the E-vinyl-zirconocene regard-
less of the initial E- or Z-stereochemistry of the start-
ing heterosubstituted alkenes 1a–f. This isomerization
has been rationalized through a carbometalative ring
expansion between 1a–f and 3, leading to the corre-
sponding five-membered ring zirconacycle 4 in which
the carbon-heteroatom bond of the sp3-metallated
center isomerizes to produce the most stable inter-
mediate. Then, by a skeletal rearrangement (or elimi-

nation),[9] the corresponding vinyl zirconocenes 5
were first obtained and after reaction with electro-
philes, functionalized alkenes 6 were produced in ex-
cellent yields. This transformation represents the
formal substitution of an sp2 heteroatom (O, S) by an
electrophile. This methodology was extended to con-
jugated unsaturated enol ethers via a subsequent
C,H-bond activation-elimination sequence.[6,10]

As far as 2 is concerned, the higher configurational
stability of the sp3-metallated center in the zirconacy-
cle 4 [XR =OCON ACHTUNGTRENNUNG(Pr-i)2] slows down the isomeriza-
tion[11] and E-2 gave E-6 whereas Z-2 gave a mixture
of two geometrical isomers of 6 in a Z/E ratio of 80/
20 after reaction with iodine.[4] On the other hand,
C2H4ZrCp2 [7; prepared by reaction of Cp2ZrCl2 with
2 equivalents of EtMgBr or EtLi, known to give a zir-
conocene-ethylene complex Cp2Zr ACHTUNGTRENNUNG(CH2=CH2) in a
similar way to 3], leads to a different chemistry due
to the presence of the ethylene ligand.[12] Indeed, the
ethylene ligand reacts with various unsaturated com-

Scheme 1. General preparation of E-vinyl-zirconocene de-
rivatives from heterosubstituted alkenes.
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pounds and as it is usually incorporated in the reac-
tion product, we thought that the outcome of the re-
action of 2 with 7 could be completely different. We
were pleased to see that indeed when 7 was added to
Z-2, the formation of the vinyl-zirconocene species 5
[XR =OCON ACHTUNGTRENNUNG(Pr-i)2] was not observed but instead,
and as expected, a cyclobutane derivative 10 was iso-
lated after hydrolysis in very good yield as described
in Scheme 2. This new outcome could be rationalized
through an initial carbometalation reaction of 7 with
2 to lead to the corresponding intermediate zirconacy-
clopentane 8 (first step is similar to the one described
in Scheme 1 but with C2H4ZrCp2) but, instead of a
ring fragmentation, a ring contraction of 8 occurs to
give the corresponding metalated cyclobutane 9 (in-
tramolecular migratory insertion)[13] and then cyclobu-
tane derivative 10 after hydrolysis.

Straightforward methods for the stereoselective
preparation of metalated cyclobutane species are rela-
tively rare in the arsenal of synthetic tools[14] and this
method represents, with the ones recently described
by Barluenga, FaÇan�s, Rodr�guez and co-workers,[15]

a powerful entry to such species. It should also be
noted that metalated cyclobutenes were also reported
by ring contraction when a zirconocene species was
added to an alkynyl halide.[16] The fundamental signif-
icance of zirconocene migratory insertion as a process
permitting carbon-carbon bond formation is growing
exponentially,[17] particularly when zirconocene carbe-
noid species are used.[18]

The reaction described in Scheme 2 shows that dif-
ferent alkyl groups can be present on the starting ma-
terials (see Table 1, entries 1 to 3). As the alkylzirco-
nocene species presents some configurational stabili-
ty,[19] the question of the stereochemistry of an sp3 ste-
reogenic center was then raised. As shown in entry 4
of Table 1, the addition of iodine to the metalated cy-
clobutyl derivative 9 leads only to the syn-diastereo-
isomer 13. When a transmetalation reaction was per-
formed by addition of a stoichiometric amount of
CuCl, the transmetalation occurs with complete reten-
tion of configuration to yield the resulting configura-
tionally stable organocopper species as judged by the
stereochemistry of the reaction with allyl bromide

(formation of 14, Table 1, entry 5). The stereochemis-
try was determined by NMR experiments (see Exper-
imental Section). Similarly, the addition of different
electrophiles gave the corresponding functionalized
cyclobutane derivatives 15 and 16 (entries 6 and 7, re-
spectively, Table 1).

To have a better understanding of this intramolecu-
lar migratory insertion (8 into 9, Scheme 2), we have
investigated the mechanism of the rearrangement by
theoretical calculations.[20,21]

Two alternative zirconacycles (Scheme 3) were opti-
mized and their energies compared. Zirconacycle 17
(“Zr” species a to carbamate carbon) is 21.6 kcal
mol�1 more stable than its b analogue 18, which rules
out the formation of the latter. This stabilization can
be attributed to the carbonyl-Zr chelation, which does
not exist in 18 (see bond lengths on Scheme 3). Solva-
tation does not change this picture.

Thus, 17 with one Me2O coordinated to ZrMe2 is
stabilized by 2.3 kcal mol�1 as compared to the gas
phase, whereas 18, coordinated to two Me2O mole-
cules, is stabilized by 3.7 kcalmol�1 relative to the gas
phase. It can be safely concluded that 17 (but not 18)
is the zirconacycle intermediate in the reaction. We

Scheme 2. Reaction of Z-enol carbamate 2 with C2H4ZrCp2.

Table 1. Formation of disubstituted cyclobutanes.

Entry R E-X E dr[a] Yield [%][b]

1 n-C11H23 H3O
+ H (10) – 86

2 Ph ACHTUNGTRENNUNG(CH2)3 H3O
+ H (11) – 80

3 PhCH2 H3O
+ H (12) – 75

4 n-C11H23 I2 I (13) >98:2 65
5 n-C11H23 AllylBr[c] C3H5 (14) >98:2 55
6 Ph ACHTUNGTRENNUNG(CH2)3 D2O D (15) >98:2 70
7 Ph ACHTUNGTRENNUNG(CH2)3 allylBr[c] C3H5 (16) >98:2 85

[a] Ratio determined by 1H NMR spectroscopy of the crude
mixture.

[b] Yield determined after purification by chromatography
on silica gel.

[c] CuCl was first added to transmetalate the cyclobutyl-zir-
conocene derivatives into the corresponding organocop-
per species.

Scheme 3. Model structures of 17 and 18.
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have further found that the ring contraction of 17 is
an exothermic process (15.7 kcal mol�1 are released),
which indeed affords a zirconium-substituted cyclobu-
tane species 19. The transformation feasibility is con-
firmed by a reasonable energetic barrier of 11.4 kcal
mol�1 (Figure 1). A structural comparison between 17
and the TS17-18 shows a shortening of the Zr�O bond
along with an elongation of the C1�O bond (Figure 1
vs. Scheme 3). The mechanism depicted in Scheme 2
is therefore coherent with the computational results.

In conclusion, the treatment of Z-vinyl carbamate
with Et2ZrCp2 leads to the cyclobutyl-zirconocene de-
rivatives in good yields and as a unique diastereoiso-
mer. The reaction proceeds through a carbometalative
ring-expansion followed by an intramolecular migra-
tory insertion. Applications to the synthesis of enan-
tiomerically pure cyclobutyl-zirconocene derivatives
are under study in our research group.

Experimental Section

General Procedure

A solution of ethylmagnesium bromide (2 equiv., 1 N solu-
tion in Et2O) in diethyl ether was added slowly to a solution
of bis(cyclopentadienyl)zirconium dichloride (1 equiv.) in
dry diethyl ether at �78 8C. The reaction mixture was
warmed to 0 8C, stirred for 5 min and cooled again to
�78 8C. Z-Vinyl carbamate 2 (1 equiv.) was added slowly in
dry diethyl ether (5 mL). The solution was allowed to warm
to room temperature and stirred for 20 min. The formation
of zirconacyclobutane derivative 9 was checked by TLC
analysis after acidic hydrolysis of aliquots. The reaction was
quenched with an aqueous solution of HCl (1 M). The
phases were separated and the aqueous phase was extracted
three times with ether. The combined organic layers were
washed with saturated solution of NaHCO3 and dried over

anhydrous MgSO4. Purification was performed by silica gel
chromatography with pure hexane.
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