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Summary: A series ofπ-allylpalladium complexes with neutral
monodentate and bidentate ligands were prepared and examined
for their ability to undergo stoichiometric umpolung allylation
reactions with benzaldehyde. Neutral bidentate N-heterocyclic
carbene ligands promote nucleophilic attack. Catalytic allylation
reactions of aromatic and aliphatic aldehydes are reported.

π-Allylpalladium complexes (1, Ln ) neutral ligand) most
commonly behave as electrophiles, for example, as the key
intermediates in Tsuji-Trost reactions.1 It has recently been
observed that replacing phosphine ligands with N-heterocyclic
carbene (NHC) ligands decreases the electrophilicity of the
allylpalladium complex and slows the rate of attack by nucleo-
philes.2 This has been attributed to the strongσ-donating and
weak π-accepting character of the NHC ligand.3,4 We sought
to determine whether NHC ligands are sufficiently electron-
donating to impart nucleophilic character to allylpalladium
complexes and promote attack on organic electrophiles such as
aldehydes.

Nucleophilic reactivity of allylpalladium complexes is gener-
ally only observed with complexes such as2-4 that contain
anionic stronglyσ-donating ligands that render the allyl fragment
nucleophilic.5 Kurosawa and co-workers demonstrated that
allylpalladium species such as2 serve as nucleophiles to attack
electrophiles such as Br2.6,7 An anionic strongσ-donating aryl
ligand was required in addition to a bidentate phosphine ligand
to provide a nucleophilic allyl fragment. More recently, pal-
ladium-catalyzed allylations of aldehydes and imines by allyl-
stannanes have been developed by Yamamoto and co-workers.8

The key catalytic intermediate in the reactions is thought to be
a bis-π-allylpalladium complex (3), which, upon coordination
of aldehyde, undergoes intramolecular allylation.9 Szabo´ and
co-workers have utilized palladium pincer ligand complexes to
catalyze similar allylation reactions of aldehydes and imines,
and DFT calculations support the intermediacy of a nucleophilic
η1-allylpalladium complex (4).10 Complexes2-4 all contain
anionic stronglyσ-donating ligands that render the allyl fragment
nucleophilic.11,12We report in this communication that allylpal-
ladium complexes of general structure1 are also nucleophiles
that attack aldehydes when an electron-rich bidentate NHC is
employed as ligand. This reactivity is in direct contrast to the
reactivity demonstrated by the analogous phosphine-containing
complexes.

To evaluate the ability of electron-rich monodentate and
bidentate phosphine and NHC ligands to promote nucleophilic
attack, we prepared a series ofπ-allylpalladium complexes
according to literature procedures.13,14 1H NMR spectroscopic
data for complexes1d-1m are consistent with fluxional cationic
η3-allylpalladium complexes.15 Single crystals of complex1g
suitable for X-ray diffraction were obtained by slow diffusion
of ether into a solution in DMF. The crystal structure contains
considerable disorder; however it establishes that the NHC-
pyridine ligand binds to palladium in a bidentate fashion with
a bite angle of 87° (Figure 1).16
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Complex 4b: Malaisé, G.; Shailesh, R.; Osborn, J. A.; Barloy, L.;
Kyritsakas, N.; Graff, R.Eur. J. Inorg. Chem.2004, 3987-4001. (c)
Complex4c: Navarro, O.; Nolan, S. P.Synthesis2006, 2, 366-367. (d)
Formation of silver carbenes: Wang, H. M. J.; Lin, I. J. B.Organometallics
1998, 17, 972. (e) Counterion exchange: Viciu, M. S.; Kauer, Z. F.; Stevens,
E. D.; Nolan, S. P.Organometallics2003, 22, 3175-3177.

4863Organometallics2007,26, 4863-4865

10.1021/om700605y CCC: $37.00 © 2007 American Chemical Society
Publication on Web 08/28/2007



With requisite palladium complexes in hand, we examined
their stoichiometric reactions with aldehydes (Table 1). Pal-
ladium complexes1 were dissolved in CD3CN, benzaldehyde
was added, and the mixtures were heated to 60°C. The progress

of the reactions was monitored by1H NMR spectroscopy using
tetramethylsilane as an internal standard. Complexes prepared
from bidentate phosphines such as BINAP did not react with
benzaldehyde (entry 1). Complex1b, containing the more
electron-rich bisphosphine ligand Me-DuPHOS, was more
nucleophilic, but it underwent significant decomposition upon
prolonged heating (entry 2).18 Complex1c, using a monodentate
NHC ligand, also did not afford desired product after 48 h (entry
3). Complexes containing bidentate NHC ligands (1e, 1h, and
1k) underwent reaction with benzaldehyde to afford5 in 50,
54, and 51% conversion, respectively (entries 5, 8, and 11).19

The less electron-rich benzimidazole-derived carbene also
provided a nucleophilic palladium complex (entry 4).20

The nature of the counterion (X-) had a strong impact on
the reactivity of the complexes. Coordinating counterions such
as chloride and acetate afforded more reactive complexes than
those containing noncoordinating counterions such as tetrafluo-
roborate or BAr4F (entries 5-13). This effect may be due to
the increased ability of the counterion to coordinate to palladium
to form the more nucleophilic21 η1-allylpalladium species.22,23

We focused our attention on nucleophilic complex1h because
it consistently gave the highest conversion to alcohol5 with
the least amount of decomposition. Increasing the reaction
temperature to 70°C proved an optimal balance between
allylation rate and rate of decomposition of the palladium
complex (Table 2, entry 1). At higher temperatures, decomposi-
tion of the palladium complex began to predominate. Switching
the solvent from acetonitrile to THF afforded a substantial
increase in the rate of conversion to alcohol5 (Table 2, entry
4).24 Increasing the number of equivalents of aldehyde also
provided a substantial increase in rate (entry 5). Under the
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Figure 1. ORTEP diagram of1gshowing 50% thermal ellipsoids.17

Hydrogen atoms and BF4
- counterion are omitted for clarity.

Table 1. Allylation of Benzaldehyde with Preformed
π-Allylpalladium Complexes (1)a

a Reaction conditions: 0.1 M Pd complex, 0.1 M benzaldehyde, TMS
(internal standard) in 0.6 mL of CD3CN at 60°C. bConversion to product
5, as determined by1H NMR spectroscopy of the reaction mixture by
comparison to TMS (internal standard).cRemaining palladium complex1,
as determined by1H NMR spectroscopy.dReaction performed at 50°C.
eReaction performed at 70°C. fReaction performed at 85°C. See Supporting
Information for details.

Table 2. Optimization of Allylation of Benzaldehyde with
Complex 1h and Scope of the Allylation Reactiona

entry R solvent time (h) conversion (%)b

1 Ph CD3CN 96 81
2 Ph CD2Cl2 72c 61
3 Ph DMSO-d6 48 59
4 Ph THF-d8 48 82
5 Ph THF-d8 4d >95
6 4-(NO2)C6H4 THF-d8 2d >95
7 4-(MeO)C6H4 THF-d8 8d >95
8 CH2CH2Ph THF-d8 8d >95

a Reaction conditions: 0.1 M Pd complex, 0.1 M benzaldehyde, TMS
(internal standard) in 0.6 mL solvent at 70°C. bConversion of the limiting
reagent (1h) to homoallylic alcohol, as determined by1H NMR spectroscopy
of the reaction mixture by comparison to TMS (internal standard).cReaction
was performed at 60°C. dReaction conditions: 0.1 M Pd complex, 1.0 M
aldehyde (10 equiv), TMS (internal standard) in 0.6 mL of solvent at 70
°C. See Supporting Information for details.
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optimized conditions, alcohol5 was generated in quantitative
conversion from palladium complex1h after only 4 h.

Several aromatic aldehydes undergo allylation reactions with
acceptable reaction times (Table 2). Electron-deficient aldehydes
reacted most quickly;p-nitrobenzaldehyde reacted to provide
quantitative conversion of palladium complex1h to product after
2 h (entry 6). Electron-rich aldehydes reacted more slowly (entry
7). We were particularly encouraged to see that aliphatic alde-
hydes are also tolerated: hydrocinnamaldehyde afforded com-
plete conversion to the desired homoallylic alcohol (entry 8).

To demonstrate the ability of these palladium complexes to
participate in catalytic reactions, we examined allylation of
benzaldehyde under reaction conditions reported by Yamamoto
for umpolung allylation reactions (Table 3). In these transforma-
tions it is proposed that a nucleophilic allylpalladium complex
attacks the aldehyde, and subsequent transmetalation with
allyltributylstannane regenerates the catalyst. Treatment of

benzaldehyde with allyltributylstannane in the presence of 10
mol % of palladium complexes1e, 1h, and 1k afforded
homoallylic alcohol in good yields. Of the three complexes,
complex1e, containing the NHC-pyridine ligand, was the most
reactive.25,26 As was observed in the stoichiometric allylation,
electron-richp-methoxybenzaldehyde reacts, as does the eno-
lizable aliphatic aldehyde, hydrocinnamaldehyde.

We have demonstrated that allylpalladium complexes with
bidentate NHC ligands are umpolung nucleophiles that attack
aromatic and aliphatic aldehydes. Stronglyσ-donating anionic
ligands such as aryl ligands are not required to activate the allyl
ligand to attack nucleophiles. These complexes catalyze ally-
lation of aldehydes with allylstannane. Investigation of the
mechanism of this reaction and further development of catalytic
reaction manifolds featuring these reactive intermediates are
ongoing in our laboratories.
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Table 3. Scope of Catalytic Allylation Reactions of
Aldehydesa

entry R catalyst time (h) isolated yield (%)b

1 Ph 1e 1.5 88
2 Ph 1h 17 69
3 Ph 1k 3 91
4 4-(MeO)C6H4 1e 10 85
5 CH2CH2Ph 1e 9 79

a Reaction conditions: 0.01 M Pd complex, 0.1 M aldehyde, 0.11 M
allyltributylstannane in THF at 70°C. bIsolated yield of homoallylic alcohol
after silica gel chromatography. See Supporting Information for details.
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