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Abstract: Organozirconocenes are versatile synthetic inter-
mediates that can undergo carbonylation to yield acyl anion
equivalents. Zirconocene hydrochloride ([Cp2ZrHCl]) is often
the reagent of choice for accessing these intermediates but
generates organozirconocenes only from alkenes and alkynes.
This requirement eliminates a broad range of substrates. For
example, organozirconocenes in which the zirconium center is
bonded to an aromatic ring, a benzylic group, or an alkyl group
that possesses a tertiary or quaternary carbon atom a to the
carbon–zirconium bond can not be formed in this way. To
provide more generalized access to acyl zirconium reagents, we
explored the transmetalation of Grignard reagents with
zirconocene dichloride under a CO atmosphere. This protocol
generates acyl zirconium(IV) complexes that are inaccessible
with the Schwartz reagent, including those derived from
secondary and tertiary alkyl and aryl Grignard reagents.

Hart and Schwartz first described the use of zirconocene
hydrochloride for the functionalization of olefins in 1974,[1]

and since then organozirconocenes have emerged as one of
the most versatile classes of transition-metal derivatives in
organic synthesis.[2] These organometallic reagents can par-
ticipate in cross-coupling reactions, conjugate and nucleo-
philic addition reactions, and halogenation.[2–5] Among the
most useful transformations of organozirconocenes is their
carbonylation to yield acyl zirconium complexes.[6] These
reagents serve as acyl anion equivalents and can undergo
oxidation to yield carboxylic acid derivatives and react in
C¢C bond forming processes to yield unsymmetrical ketones.
For example, acyl zirconium reagents add to ketones and
enones to form a-hydroxyketones and 1,4-diketones, respec-
tively.[7] Additionally, they couple with aryl and allyl electro-
philes under metal-mediated conditions.[8–10] Enantioselective
transformations of acyl zirconocenes have been developed to
generate optically active ketone derivatives.[11]

Organozirconium reagents are generally prepared by the
hydrozirconation of olefins or alkynes. These hydrometala-
tion reactions are highly regioselective and generally provide
the less-hindered alkyl or vinyl zirconium intermediate.[12]

Indeed, the hydrozirconation of internal olefins usually forms
the terminal alkyl complex through an isomerization
sequence involving reversible hydrozirconation/b-hydride
elimination (Scheme 1).[1] Additionally, hydrozirconation
necessarily results in a zirconium complex with a b-C¢H

bond. This requirement excludes broad substrate classes,
including aryl and benzyl zirconium complexes. We sought to
expand the variety of available organozirconium reagents
through transmetalation from readily available organometal-
lic species. Although unprecedented, such a process could
yield zirconium reagents that are currently inaccessible
through hydrozirconation, including aryl, benzyl, and tertiary
and secondary alkyl zirconocenes, and might reveal funda-
mental aspects of organozirconium chemistry.

We initiated our study by exploring the transmetalation of
Grignard reagents with zirconocene dichloride, [Cp2ZrCl2].
This approach avoids the use of the Schwartz reagent, which,
although synthetically useful, is expensive and has a short
bench life and poor solubility.[13–15] Negishi and co-workers
had previously demonstrated that tert-butyl and isobutyl
Grignard reagents would react with zirconocene dichloride.
However, the intermediate [(alkyl)ZrClCp2] complex under-
went rapid loss of isobutylene to form [Cp2Zr(H)Cl] in
situ.[16–18] From another relevant study, alkyl lithium and
Grignard reagents are known to reduce [Cp2ZrCl2] to low-
valent zirconium complexes.[19] By contrast, we were inter-
ested in accessing alkyl zirconium species and trapping them
with suitable electrophiles. Furthermore, we wanted to
exploit the ability of organozirconocenes to act as acyl
anion equivalents. Accordingly, we focused our studies on
accessing and functionalizing acyl zirconocenes from a diverse
collection of Grignard reagents.

Taguchi and co-workers have developed an efficient
copper-catalyzed cross-coupling of acyl zirconocenes with
allylic or propargylic halides to give allylic or allenic

Scheme 1. Synthesis and reactivity of acyl zirconocenes.
E+ =electrophile.
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ketones.[7] Building on this work, we successfully developed
a carbonylative coupling of Grignard reagents with allyl and
propargyl bromides. First, alkyl Grignard reagents were
treated with [Cp2ZrCl2] under a CO atmosphere for 4 h at
room temperature (Table 1). The resultant acyl zirconocenes

were stable up to 50 88C under a CO atmosphere as well as to
filtration through Celite in air. Partial protonolysis was
observed upon exposure to silica gel. However, the acyl
zirconocenes were used without any purification. Thus, the
addition of a representative allyl bromide and CuBr
(10 mol %) led to the formation of unsymmetrical ketones
1–8 in good yield (Table 1).

Primary, secondary, tertiary, cyclic, and benzylic organo-
magnesium reagents underwent the coupling reaction suc-
cessfully. The ketones derived from benzylic and tertiary alkyl
Grignard reagents (Table 1, entries 6 and 7) could not be
synthesized by traditional hydrozirconation; the intermediate
(benzyl)zirconocene lacks b-hydrogen atoms, thus rendering
it inaccessible through hydrometalation. Likewise, hydro-
zirconation of isobutylene is slow and generates the isobutyl
organometallic intermediate rather than the tert-butyl
reagent.[17] Similarly, the ketones derived from branched
Grignard reagents (Table 1, entries 1 and 3–5) could not be
accessed through hydrozirconation with the Schwartz reagent

because the linear isomers would dominate. Unfortunately,
neopentyl Grignard reagents are not compatible with the
current reaction conditions.

As previously described, secondary alkyl zirconocenes
can rearrange through b-hydride elimination/hydrozircona-
tion to generate primary zirconocenes. Attempts to reverse
the normal regioselectivity of hydrozirconation have met with
limited success. For example, the Wipf group formed sub-
stantial amounts of branched products by using directing
groups or cationic zirconium reagents, although the linear
products usually dominated.[20] In previous studies, we were
able to reverse the normal regioselectivity of the hydro-
zirconation of alkynols, but the reaction was limited to
terminal secondary propargylic alcohols or internal homo-
propargylic alcohols.[12, 21] Why, then, do the secondary alkyl
zirconocenes prepared through transmetalation as described
herein not isomerize to the primary organozirconium spe-
cies?

We hypothesized that the branched alkyl zirconocenes
might be unable to isomerize under a CO atmosphere. To test
this hypothesis, we compared the product distribution gen-
erated when transmetalation was performed under a CO
versus an Ar atmosphere. Specifically, 3-pentylmagnesium
bromide was treated with [Cp2ZrCl2] under a CO atmosphere
according to our standard conditions. Copper-catalyzed
allylation then generated the branched ketone 5 as described
previously [Scheme 2, Eq. (1)]. In parallel experiments, trans-

metalation was performed under an Ar atmosphere. When
the intermediate alkyl zirconium species was subsequently
exposed to CO and then to the allylation conditions, complete
isomerization was observed [Eq. (2)]. Ketone 5 was not
formed, but instead the isomerized products 9 and 10 were
obtained in good yield. As expected, hydrozirconation of
either 1- or 2-pentene, followed by carbonylation and
allylation, yielded the linear ketone 10 exclusively

Table 1: Carbonylative coupling of alkyl Grignard reagents with
[Cp2ZrCl2] .

[a]

Entry Product Yield [%][b]

1 88

2 83

3 75

4 79

5 81

6 77

7 88

8 trace

[a] Reactions were carried out on a 1.0 mmol scale. See the Supporting
Information for details. [b] Yield of the isolated product. DMF=dime-
thylformamide.

Scheme 2. Product distribution observed for the carbonylative coupling
through transmetalation versus hydrozirconation.
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[Scheme 2, Eq. (3)]. The ability of a CO atmosphere to
maintain high branched selectivity is limited to the trans-
metalation protocol: hydrozirconation under a CO atmos-
phere failed to generate any of the desired product [Eq. (4)].

Carbon monoxide could prevent the isomerization of
branched zirconocenes to the linear isomers through two
potential mechanisms, which are not mutually exclusive. First,
CO insertion could be irreversible and fast relative to
isomerization. In this scenario, formation of the acyl zircono-
cene would outcompete isomerization.[22] Second, transmeta-
lation under a CO atmosphere could form an 18 electron
[Cp2Zr(CO)(alkyl)Cl] complex. This intermediate lacks the
open coordination site required for b-hydride elimination,
which is the first step in the isomerization process. To study
the mechanism of the transmetalation/CO insertion further,
we performed an experiment designed to probe the reversi-
bility of the CO insertion. Thus, 3-pentylmagnesium bromide
was combined with [Cp2ZrCl2] under a CO atmosphere
according to the standard reaction conditions. Next, the CO
was purged with argon, and the presumed acyl zirconocene
was stirred under argon for 2 h. Subsequent copper-catalyzed
allylation provided only the branched ketone 5. No evidence
of decarbonylation or isomerization was noted. We interpret
this result to suggest that CO insertion is effectively irrever-
sible under the reaction conditions. Likewise, we note that
CO inhibits hydrozirconation [see Eq. (4), Scheme 2]. The
rate-limiting step in hydrozirconation is thought to be
coordination of the olefin to [Cp2Zr(H)Cl].[20a] Therefore,
the inhibition by CO likely results from the formation of
a coordinatively saturated [Cp2Zr(H)(CO)Cl] complex. Sim-
ilarly, CO may prevent the reverse of hydrozirconation—that
is, b-hydride elimination—by forming a coordinatively satu-
rated complex A (Scheme 3). Taken together, the results

suggest that the CO atmosphere allows access to branched
acyl zirconium intermediates, such as B, through rapid CO
insertion and prevention of b-hydride elimination.

Hydrozirconation cannot generate aromatic acyl zircono-
cenes. For this reason, we wondered if aryl Grignard reagents
could participate in the zirconium-mediated carbonylative
coupling. Encouragingly, ortho-, meta-, and para-substituted
aryl magnesium reagents performed equally well, and both
electron-withdrawing and electron-donating groups were
tolerated (Table 2).

The generality of the carbonylative coupling was further
defined by exploring various allylic and propargylic halides
(Table 3).[23] Unsubstituted (product 17), 2-substituted (prod-
ucts 14, 18), 3-substituted (product 20), 3,3-disubstituted
(product 19), and 1,3-disubstituted allyl bromides (product
21) were all viable coupling partners. For unsymmetrical allyl
bromides, CuCl·2LiCl provided higher ratios of the SN2
versus SN2’ product than CuBr (Table 3, entries 4 and 5).
Exclusive selectivity was observed for the SN2’ product when

Scheme 3. Prevention by CO of the b-hydride elimination and isomer-
ization of alkyl zirconocenes.

Table 2: Carbonylative coupling of aryl Grignard reagents.[a]

Entry (product) X1 X2 X3 Yield [%]

1 (11) H H H 74
2 (12) OMe H H 72
3 (13) H OMe H 73
4 (14) H H OMe 77
5 (15) H H tBu 70
6 (16) H H F 70

[a] Typical reaction conditions: R¢MgBr (1 equiv, 1.0 mmol), [Cp2ZrCl2]
(1.25 equiv, 1.25 mmol), THF (3 mL, including R¢MgBr volume),
followed by CuBr (0.10 equiv, 0.10 mmol), H2C=C(CH3)CH2Br (2.0 equiv,
2.0 mmol), DMF (2 mL), 0 88C.

Table 3: Carbonylative coupling of (4-methoxyphenyl)magnesium bro-
mide.[a]

Entry CuI[b] R¢Br Product[c] Yield [%]

1 CuBr 71

2 CuBr 77

3 CuBr 74

4 CuCl·2LiCl 74[d]

5 CuCl·2LiCl 77[e]

6 CuBr 78

7 CuBr 70

[a] Reactions were carried out on a 1.0 mmol scale. See the Supporting
Information for details. [b] CuBr was used in DMF; CuCl·2LiCl was used
in THF. [c] Aryl=4-methoxyphenyl. [d] Only the SN2 product was
isolated. [e] An 88:12 mixture of SN2 and SN2’ products was obtained.
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a propargyl bromide was used (product 22). The coupling
reaction itself was generally clean, but careful purification
was required to avoid isomerization to the conjugated enone
with the unsubstituted allyl group (product 17) or elimination
to form the allene with the vinyl bromide in the reaction in
entry 3.[24]

To extend the carbonylative coupling to electrophiles
beyond allyl and propargyl halides, we explored trapping the
acyl zirconium species with iodonium salts.[9] Benzophenones
are particularly important as photo-cross-linking moieties for
target identification in drug discovery, so we evaluated the
coupling of aryl Grignard reagents with phenyl iodonium
tetrafluoroborate. Encouragingly, benzophenones 23–25 were
formed in good yields in the presence of CuCN at ambient
temperature (Scheme 4).

Finally, the acyl zirconium intermediate could be con-
verted into an aldehyde or ester. Surprisingly, protonation
with water proved slow. However, quenching the reaction
with HCl or DCl yielded the corresponding aldehydes 26 and
27 in good yield. Similarly, oxidation with bromine in
methanol returned the methyl ester 28 (Scheme 5).[6]

Acyl zirconocenes are among the most synthetically
useful acyl anion equivalents. They are partners in various
C¢C bond-forming reactions and precursors to diverse
carbonyl compounds. Historically, acyl zirconocenes have
been prepared exclusively through the hydrozirconation of
alkenes and alkynes. Herein we have reported a significant
expansion in the range of accessible acyl zirconocene com-
plexes and demonstrated their synthetic utility. Transmetala-
tion from branched, benzylic, and aryl Grignard reagents
yielded previously inaccessible acyl zirconocenes that were

shown to participate in carbonylative coupling. This discovery
should find widespread applicability in the synthesis of
complex molecules.

Experimental Section
General procedure: A flame-dried vial was charged with [Cp2ZrCl2]
(365 mg, 1.25 mmol), evacuated, and backfilled with CO. The
zirconocene salt was dissolved in dry THF (3 mL) at room temper-
ature, and the Grignard reagent (1 mmol) was added slowly to the
suspension under a CO atmosphere. The reaction mixture was then
stirred at room temperature for 4 h before anhydrous DMF (2 mL)
was added. The reaction was then cooled to 0 88C, and the CuI source
(0.1 mmol) was added, followed by the allylic or propargylic bromide
(2 mmol). The CO balloon was removed, and the reaction mixture
was stirred at 4 88C overnight. After 12 h, the reaction was diluted with
H2O and Et2O. The aqueous layer was extracted with Et2O, and the
combined organic layers were washed with H2O and brine solution.
The organic layer was dried with sodium sulfate, filtered, and
concentrated. The residue was purified by silica-gel chromatography.

Acknowledgements

Financial support was provided by the NIH (R01GM102403)
and the Welch Foundation (I-1612).

Keywords: carbonylation · carbonylative coupling ·
iodonium salts · isomerization · zirconium complexes

How to cite: Angew. Chem. Int. Ed. 2016, 55, 10017–10021
Angew. Chem. 2016, 128, 10171–10175

[1] D. W. Hart, J. Schwartz, J. Am. Chem. Soc. 1974, 96, 8115 – 8116.
[2] P. Wipf, H. Jahn, Tetrahedron 1996, 52, 12853 – 12910.
[3] J. Schwartz, J. A. Labinger, Angew. Chem. Int. Ed. Engl. 1976,

15, 333 – 340; Angew. Chem. 1976, 88, 402 – 409.
[4] E. Negishi, T. Takahashi, Synthesis 1988, 1 – 19.
[5] P. Wipf, C. Kendall, Top. Organomet. Chem. 2005, 8, 1 – 25.
[6] C. A. Bertelo, J. Schwartz, J. Am. Chem. Soc. 1975, 97, 228 – 230.
[7] Y. Hanzawa, N. Tabuchi, T. Taguchi, Tetrahedron Lett. 1998, 39,

8141 – 8144.
[8] Y. Hanzawa, K. Narita, T. Taguchi, Tetrahedron Lett. 2000, 41,

109 – 112.
[9] S.-K. Kang, S.-K. Yoon, J. Chem. Soc. Perkin Trans. 1 2002, 459 –

461.
[10] Y. Hanzawa, K. Narita, A. Kakuuchi, T. Taguchi, Tetrahedron

Lett. 2000, 41, 7525 – 7528.
[11] Y. Hanzawa, N. Tabuchi, K. Saito, S. Noguchi, T. Taguchi,

Angew. Chem. Int. Ed. 1999, 38, 2395 – 2398; Angew. Chem.
1999, 111, 2552 – 2555.

[12] D. Zhang, J. M. Ready, J. Am. Chem. Soc. 2007, 129, 12088 –
12089.

[13] G. A. Luinstra, U. Rief, M. H. Prosenc, Organometallics 1995,
14, 1551 – 1552.

[14] B. H. Lipshutz, R. Keil, E. L. Ellsworth, Tetrahedron Lett. 1990,
31, 7257 – 7260.

[15] J. T. Spletstoser, J. M. White, A. R. Tunoori, G. I. Georg, J. Am.
Chem. Soc. 2007, 129, 3408 – 3419.

[16] T. Takahashi, M. Murakami, M. Kunishige, M. Saburi, Y. Uchida,
K. Kozawa, T. Uchida, D. R. Swanson, E. Negishi, Chem. Lett.
1989, 761 – 764.

[17] D. R. Swanson, T. Nguyen, Y. Noda, E. Negishi, J. Org. Chem.
1991, 56, 2590 – 2591.

Scheme 4. Carbonylative coupling of aryl Grignard reagents with
iodonium salts.

Scheme 5. Conversion of an acyl zirconocene into an aldehyde or ester.

Angewandte
ChemieZuschriften

10174 www.angewandte.de Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 10171 –10175

http://dx.doi.org/10.1021/ja00833a048
http://dx.doi.org/10.1016/0040-4020(96)00754-5
http://dx.doi.org/10.1002/anie.197603331
http://dx.doi.org/10.1002/anie.197603331
http://dx.doi.org/10.1002/ange.19760881204
http://dx.doi.org/10.1055/s-1988-27453
http://dx.doi.org/10.1021/ja00834a061
http://dx.doi.org/10.1016/S0040-4039(98)01807-3
http://dx.doi.org/10.1016/S0040-4039(98)01807-3
http://dx.doi.org/10.1016/S0040-4039(99)02015-8
http://dx.doi.org/10.1016/S0040-4039(99)02015-8
http://dx.doi.org/10.1039/b110983a
http://dx.doi.org/10.1039/b110983a
http://dx.doi.org/10.1016/S0040-4039(00)01291-0
http://dx.doi.org/10.1016/S0040-4039(00)01291-0
http://dx.doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3C2395::AID-ANIE2395%3E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1521-3757(19990816)111:16%3C2552::AID-ANGE2552%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3757(19990816)111:16%3C2552::AID-ANGE2552%3E3.0.CO;2-K
http://dx.doi.org/10.1021/ja075215o
http://dx.doi.org/10.1021/ja075215o
http://dx.doi.org/10.1021/om00004a003
http://dx.doi.org/10.1021/om00004a003
http://dx.doi.org/10.1016/S0040-4039(00)88538-X
http://dx.doi.org/10.1016/S0040-4039(00)88538-X
http://dx.doi.org/10.1021/ja066362+
http://dx.doi.org/10.1021/ja066362+
http://dx.doi.org/10.1246/cl.1989.761
http://dx.doi.org/10.1246/cl.1989.761
http://dx.doi.org/10.1021/jo00007a062
http://dx.doi.org/10.1021/jo00007a062
http://www.angewandte.de


[18] E. Negishi, J. A. Miller, T. Yoshida, Tetrahedron Lett. 1984, 25,
3407 – 3410.

[19] E. Negishi, F. E. Cederbaum, T. Takahashi, Tetrahedron Lett.
1986, 27, 2829 – 2832.

[20] a) P. Wipf, H. Takahashi, N. Zhuang, Pure Appl. Chem. 1998, 70,
1077 – 1082; P. Wipf in Metallocenes in Regio- and Stereoselective
Synthesis, Springer, Berlin, Heidelberg, 2005, pp. 1 – 25.

[21] a) X. Liu, J. M. Ready, Tetrahedron 2008, 64, 6955 – 6960; b) X.
Pu, J. M. Ready, J. Am. Chem. Soc. 2008, 130, 10874 – 10875.

[22] Bertelo and Schwartz describe the rate of CO insertion as
“slow”, but they were studying the CO insertion of preformed
linear alkyl zirconocene complexes. Herein we are interested in
the relative rate of CO insertion versus isomerization of
a branched alkyl zirconocene to the linear form. CO insertion
appears faster than isomerization. See Ref. [6].

[23] When 2 equivalents of (4-methoxyphenyl)magnesium bromide
and 1 equivalent of [Cp2ZrCl2] were used under otherwise
identical reaction conditions to those in Table 3, entry 3, the
allylated product 18 was formed in a 1 :0.2 :0.05 ratio with the
corresponding biphenyl and benzophenone, respectively (see the
Supporting Information for details). When the reaction in
entry 3 was carried out at room temperature, the yield decreased
to 69%.

[24] See the Supporting Information for details.

Received: March 30, 2016
Revised: June 4, 2016
Published online: July 13, 2016

Angewandte
ChemieZuschriften

10175Angew. Chem. 2016, 128, 10171 –10175 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1016/S0040-4039(01)91032-9
http://dx.doi.org/10.1016/S0040-4039(01)91032-9
http://dx.doi.org/10.1016/S0040-4039(00)84653-5
http://dx.doi.org/10.1016/S0040-4039(00)84653-5
http://dx.doi.org/10.1016/j.tet.2008.03.052
http://dx.doi.org/10.1021/ja8035527
http://www.angewandte.de

