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Abstract: Neutral allylic alkylation re-
actions, in which a base is generated in
situ and which hence require no external
bases, can significantly be retarded when
carried out in the ionic liquid 1-butyl-3-
methylimidazolium tetrafluoroborate
([bmim][BF4]). Evidence suggests that
the base or base precursor enters into

hydrogen bonding with the imidazolium
cation and is thus made less readily
available for deprotonation of pre-nu-

cleophiles. However, the reaction pro-
ceeds well in the presence of stronger
bases that are capable of deprotonation.
Whilst the phenomenon of hydrogen
bonding in ionic liquids can be detri-
mental to reactions such as allylic alky-
lation, it can be exploited to suppress
unwanted allylic isomerization.
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Introduction

Hydrogen bonding embraces many important areas of
chemistry and biochemistry.[1] The effect of hydrogen bonding
on reaction chemistry in common molecular solvents is well
documented and understood.[1, 2] Hydrogen bonding in sol-
vents based on room-temperature ionic liquids is a relatively
new subject. In fact, the perception of hydrogen bonding in
imidazolium ionic liquids, the most extensively investigated
ionic liquids to date, was still controversial in the mid 1980s.[3]

Thanks to the pioneering studies of several research groups,[3]

it is now well established that imidazolium cations and their
associated anions form hydrogen bonds both in the solid state
and in solution.[4] The H2, H4 and H5 ring protons of the 1,3-
dialkylimidazolium cation can act as hydrogen bond donors
and interact with counteranions such as Cl�, OTf�, and BF4�,
which act as hydrogen-bond acceptors and can also enter into
hydrogen bonding with external hydrogen donors such as
H2O. Of the three imidazolium ring protons, the H2 proton
appears to form the strongest hydrogen bond. This feature has
been exploited for the assembly of a new class of anion
receptors based on imidazolium cations,[5] and has been
invoked to explain the selective transport/separation of
amines by membrane-supported imidazolium ionic liquids.[6]

Whilst the concept of hydrogen bonding in ionic liquids has
generally been accepted and explosive growth in research on
reaction chemistry in these solvents has been witnessed in the

past few years, little attention has been paid to the potential
effects of hydrogen bonding on catalyzed reactions in ionic
liquids.[7] Only recently have Diels ±Alder and nucleophilic
substitution reactions with no added catalysts been inves-
tigated in this context in imidazolium ionic liquids.[8] Follow-
ing on from our earlier studies into Pd-catalyzed reactions in
ionic liquids,[9] we have found that the capability of imidazo-
lium ionic liquids for hydrogen bonding can exert a remark-
able effect on neutral allylic alkylation reactions and,
interestingly, the effect can be harnessed to suppress Pd0-
catalyzed allylic isomerization,[10] a reaction that may diminish
the stereoselectivity of asymmetric allylic substitution.[11] The
details of our results are herein described.

Results and Discussion

Our previous investigation shows that Pd0-catalyzed allylic
alkylation or Tsuji ± Trost reactions with a variety of active
methylene compounds can be readily carried out in the ionic
liquid 1-butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4]) under basic conditions.[9a,d] Similar results have
been reported from other laboratories.[12] In an effort to
determine the scope of reaction, the room-temperature allylic
alkylation of phenylallyl carbonate 1 with dimethyl malonate
2 catalyzed by Pd0 ± PAr3 was investigated in [bmim][BF4]
[Eq. (1)]. The catalytically active Pd0 species is expected to be
generated in situ from the starting Pd(OAc)2 upon reduction
with PAr3.[13] This is a neutral Tsuji ± Trost reaction; it requires
no external base, as decarboxylation of MeOCO2

�, which
results from the oxidative addition of 1 to Pd0, generates CO2

and a strong base MeO�.[10, 11] Although methanol has a higher

[a] Dr. J. Xiao, J. Ross
Leverhulme Centre for Innovative Catalysis
Department of Chemistry, University of Liverpool
Liverpool L69 7ZD (UK)
Fax: (�44)151 794-3589
E-mail : j.xiao@liv.ac.uk

FULL PAPER

¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200304895 Chem. Eur. J. 2003, 9, 4900 ± 49064900



4900±4906

Chem. Eur. J. 2003, 9, 4900 ± 4906 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4901

pKa than a dialkylimidazolium ion (29 versus ca. 24 in
DMSO),[14] the methoxide is expected to preferentially
deprotonate the malonate, which is about eight orders of
magnitude more acidic than the imidazolium cation.[15]

Furthermore, even if deprotonation of the solvent cations
took place, the so generated dialkylimidazol-2-ylidene would
readily deprotonate the malonate to give the required
nucleophile to attack the Pd ± allyl intermediate and complete
the catalytic cycle,[14b,c] unless it forms inactive palladium
complexes (vide infra).
After first confirming the reaction to be rapid in THF,

reaching complete conversion within 20 min,[16] we carried out
the same reaction in [bmim][BF4] under otherwise identical
conditions (Table 1, entries 1 ± 5). Surprisingly, the reaction in
[bmim][BF4] was considerably slower, affording less than 1%
conversion after 1 h and complete conversion in a prolonged
time of about 30 h. PPh3 was found to be the best ligand out of
several phosphines tested in the ionic liquid. For example,
changing the ligand to the more ionic liquid-soluble and more
electron-rich P(4�MeOC6H5)3
under the same conditions gave
a negligible conversion after 1 h
and only 9% conversion after
5 h (Table 1, entries 6 and 7).
For comparison, the same li-
gand in THF brought about a
nearly complete reaction in

25 min (Table 1, entry 8). Even
more strikingly, the reaction in
THF was significantly inhibited
by the addition of a small
quantity of [bmim][BF4] and
the rate was progressively de-
creased by introducing more
[bmim][BF4] (Table 1, entries
9 ± 11), indicating that some
key intermediate in the catalyt-
ic cycle is involved in a pre-

equilibrium with the imidazolium additive.
It was possible to accelerate the reaction by external bases.

This is clearly seen from the results obtained in the presence
of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or OAc� (Ta-
ble 1, entries 12 and 13). However, the role of the two bases
must be different (vide infra); unlike the more basic DBU, the
acetate cannot deprotonate 2.[15, 17] A very revealing experi-
ment is the comparison of the reaction performed in
[bmim][BF4] with that in 1-butyl-2,3-dimethylimidazolium
tetrafluoroborate ([bdmim][BF4]), in which the H2 ring
proton is replaced with a methyl group (Table 1, entries 14
and 15). The reaction in the latter was considerably faster,
suggesting that the retarding effect of [bmim][BF4] relates to
its H2 proton.
The allylic alkylation of phenylallyl acetate 4 with methyl

nitroacetate 5 was similarly retarded when conducted in the
ionic liquid [Eq. (2)]. This is again a neutral reaction requiring
no external bases, because the OAc� ion generated in the
oxidative addition of 4 to Pd0 is basic enough to deprotonate 5

(pKa 8.0 in DMSO),[18] which is much more acidic than 2.
Indeed, the reaction in THF was complete within 0.5 h when
catalyzed by Pd0 ± PPh3 at 75 �C. Repeating this reaction in
[bmim][BF4], only 26% conversion was reached after 0.5 h
and complete conversion after an extended reaction time of
24 h.
According to the generally accepted mechanism for allylic

substitution, the oxidative addition of 1 or 4 to Pd0 ± PPh3
leads to two ionic species, MeOCO2

� or OAc� and a Pd-allyl
cation [Eq. (1)], and as such should not be slowed down on
going from THF to an ionic medium. Therefore it is probably
the nucleophilic attack step that is affected in the ionic liquid.
Amatore, Jutand, and co-workers have recently shown that
the oxidative addition of allylic acetate to Pd0 is reversible,
and in the less polar THF, the resulting acetate anion and Pd ±
allyl cation form tight ion pairs rather than free ions as in
DMF.[19] The formation of such ion pairs could diminish the
positive charge on PdII and enhance the steric hindrance
around the metal atom, thus leading to a slower nucleophilic
attack. In the polar [bmim][BF4],[20] the formation of tight ion

Table 1. Effect of solvents on the neutral Tsuji ± Trost reaction between 1 and 2.[a]

Entry Solvent Additive (mol%)[b] Ligand Time [h] Conv[c] [%]

1 THF - PPh3 0.33 100
2 [bmim][BF4] - PPh3 1 � 1
3 [bmim][BF4] - PPh3 5 38
4 [bmim][BF4] - PPh3 16 75
5 [bmim][BF4] - PPh3 30 100[d]

6 [bmim][BF4] - P(4-MeOC6H5)3 1 � 1
7 [bmim][BF4] - P(4-MeOC6H5)3 5 9
8 THF - P(4-MeOC6H5)3 0.42 99
9 THF [bmim][BF4] (4) P(4-MeOC6H5)3 0.90 63
10 THF [bmim][BF4] (10) P(4-MeOC6H5)3 0.90 46
11 THF [bmim][BF4] (20) P(4-MeOC6H5)3 0.90 33
12 [bmim][BF4] DBU (200) PPh3 0.33 100
13 [bmim][BF4] [nBu4N][OAc] (100) P(4-MeOC6H5)3 0.83 71
14[e] [bdmim][BF4] - P(4-MeOC6H5)3 0.50 89
15[e] [bmim][BF4] - P(4-MeOC6H5)3 5 48

[a] All reactions were performed on a 1 mmol scale, 2 mol% Pd(OAc)2, and
8 mol% phosphine in [bmim][BF4] (2 mL) or THF (2 mL) at room temperature
unless otherwise indicated. [b] Relative to palladium catalyst. [c] Determined by
1H NMR spectroscopy of the crude reaction mixture. [d] Isolated yield for 3 : 90%.
[e] At 50 �C.
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pairs between Pd ± allyl and acetate ions is less likely, as the
acetate would interact more favorably with the much more
abundant, less bulky solvent cations. Therefore, the sluggish
reaction in the ionic liquid could be due to the availability of
nucleophiles rather than a high barrier in the nucleophilic
attack step. This is of course consistent with the reaction being
fast when an external base is added, which could make the
deprotonated 2 more readily available (Table 1, entry 12).
In a very recent, detailed study, Welton and co-workers

reported that the nucleophilicity of halides in a noncatalyzed
SN2 reaction in [bmim][Tf2N] [Tf2N� bis(trifluoromethylsul-
fonyl)amide] follows the order Cl� � Br� � I�.[4h] This is
explained by the chloride forming the strongest hydrogen
bond to the imidazolium cations, in particular the H2 ring
protons, and so being made least available to undergo
nucleophilic attack. The observed inhibition of the neutral
Tsuji ± Trost reaction by [bmim][BF4] could be accounted for
in a similar manner by assuming that the MeOCO2

� or OAc�

ions generated in the oxidative addition are strongly solvated
or ™trapped∫ by hydrogen bonding with the imidazolium
cations and are thus made unavailable to deprotonate the
hydrocarbon acids 2 or 5 to give the required nucleophile for
subsequent nucleophilic attack (Scheme 1). OAc� is known to

Scheme 1. Proposed role of [bmim][BF4] as hydrogen-bond donor in
preventing efficient deprotonation of HNu, thus inhibiting nucleophilic
attack by Nu�.

form a strong hydrogen bond to the H2 proton of imidazolium
ring in both solution and solid states.[21] To confirm this, a
1H NMR titration experiment was carried out, in which the
concentration of [nBu4N][OAc] was kept constant while that
of [bmim][BF4] was varied in CDCl3. The titration revealed
that the H2 proton chemical shift moved to lower field in a
sigmoid fashion with increasing acetate/bmim molar ratios
until a value of about 2, thereafter the H2 chemical shift was
little affected (Figure 1).[22] Only insignificant changes were
observed for the H4 and H5 ring protons. These observations
suggest that the H2 proton hydrogen bonds to OAc� and a 1:2
stoichiometric complex could be formed between the imida-
zolium and OAc� ions in CDCl3.[23] NMR spectroscopy has
been most frequently used in probing hydrogen bonding
involving imidazolium ionic liquids,[3±5, 21b] and in the case of
the imidazolium receptors mentioned earlier, similar obser-
vations have been made.[5] However, the nature of hydrogen
bonding complex in [bmim][BF4] shown in Scheme 1 is less

Figure 1. 1H NMR titration profile for addition of [bmim][BF4] (26 ±
323 m�) to [nBu4N][OAc] (123 m�) in CDCl3 at 21 �C, the first point on
the chemical shift axis corresponding to 680 m� in [bmim][BF4].

clear, although it has bee suggested that chloride is surround-
ed by six imidazolium cations in related ionic liquids.[4h]

Titrating [bmim][BF4] with [MeOCO2][HDBU][21c] in
CDCl3 gave similar results (Figure 2). Although the change
in H2 chemical shift is less significant, indicating a weaker
interaction, it is clear that methyl carbonate forms hydrogen

Figure 2. 1H NMR titration profile for addition of [MeOCO2][HDBU]
(0 ± 112 m�) to [bmim][BF4] (32.2 m�) in CDCl3 at 21 �C.

bonds to the imidazolium cations. Hence, one can reasonably
assume that it is this hydrogen bonding that prevents the
carbonate ions from decomposing readily to form the base
necessary for deprotonation of 2. A recent study by Amatore,
Jutand, and co-workers shows that the oxidative addition of
allylic carbonates to Pd0 is reversible and the resulting
carbonate anion does not decarboxylate as fast as previously
thought.[11] Hydrogen bonding should certainly enhance its
stability. Indeed, it is known that decarboxylation can
dramatically be decelerated by using dipolar protic sol-
vents.[24] In line with the hydrogen bonding assertion, the
imidazolium H2 ring proton moved immediately from ��
8.6 ppm to �� 10.4 ppm in the 1H NMR spectrum upon the
addition of Pd0 ± PPh3 to a NMR tube containing a 1/1 mixture
of 1 and [bmim][BF4] in CDCl3 [Pd(OAc)2, 10 mg; ratio of Pd/
PPh3/1� 1/4/1]. As aforementioned, methyl carbonate would
be generated from the oxidative addition of 1 to Pd0 under
these conditions. The major contribution to the downfield
shift comes probably from the acetate of Pd(OAc)2, however.
This experiment also indicates that the neutral allylic alkyla-
tion in [bmim][BF4] is not limited by the oxidative addition
step and supports the proposition that it is the nucleophilic
attack that is affected by the ionic liquids.
The notion that MeOCO2

� could not function efficiently as
a base precursor due to hydrogen bonding explains the effects
of the added [bmim][BF4] on the reaction of 1 with 2 in THF.
The more imidazolium cations added, the easier the forma-
tion of the hydrogen bonding complex, and hence the lower
the concentration of base. Consequently, the concentration of
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nucleophile will be lowered, thus leading to slower nucleo-
philic addition (Scheme 1).
It is also clear why DBU as an external base could bring

about an efficient reaction. DBU is a stronger base[17] than
OAc� and MeOCO2

� (pKa 5.6 in water).[25] It does not form
stable hydrogen bonds with the acidic H2 proton of imidazo-
lium in the presence of the much more acidic 2 ; rather, as
expected, it deprotonates 2.[26] This is further supported by a
reaction involving an alkoxide base. Alkoxides are even
stronger bases; as such they are not expected to form a stable
hydrogen bond with [bmim][BF4] in the presence of 2. This is
clearly seen in the allylic alkylation of 2-methyl-2-vinyloxir-
ane 7 with 2, which generates in situ an alkoxide base by
oxidative addition to Pd0 and proceeds fast to give 8 as a
mixture of E,Z-isomers (E/Z� 3/2) in room temperature
[bmim][BF4] or THF, reaching completion within 1 h in either
solvent under otherwise identical conditions [Eq. (3)].[27]

These results also show that, unlike Welton×s nucleophilic
substitution,[4h] it is the basicity of oxy anions, rather than the
uncleophilicity of hydrocarbon anions, that is primarily
affected by hydrogen bonding in the reactions involving 1 or
4 in [bmim][BF4]. The underlining mechanism for the
observed effects in the two different types of reactions is the
same, however, that is the nucleophiles or bases are made less
available for subsequent reactions due to hydrogen bonding
with the ionic liquid cations.
Acetate plays a different role. As indicated above, it cannot

deprotonate the acid 2 due to its low basicity. The accelerating
effect of acetate on the reaction of 1 and 2 most probably
results from the equilibrium shown in Equation (4), which

increases the concentration of free carbonate and hence the
probability of its decomposition into the base MeO�. This is
reminiscent of some SN2 reactions carried out in protic
solvents, which can be accelerated upon introducing a basic
additive. The base competes with nucleophiles for hydrogen
bonding with the solvent and thus frees the former from
strong solvation by the latter.[2]

There exists a possibility that the sluggish reaction between
1 and 2 in [bmim][BF4] could stem from the formation of some

inactive dialkylimidazol-2-ylidene complexes of palladium by
deprotonation of the imidazolium cation by MeO�.[9b, 28] This
appears to be unlikely. First, the reaction of 7 and 2, which
involves an in situ generated alkoxide, proceeds equally well
in THF and the ionic liquid, suggesting that either N-
heterocyclic carbenes are not formed or they have no effect
on the palladium catalysis if formed. Second, the fact that 1
reacts with 2 much faster in the presence of DBU is
inconsistent with this hypothesis, because DBU would not
be expected to inhibit the formation of carbenes through
deprotonation by MeO�. Third, the effect of [bmim][BF4] on
the allylic alkylation in THF also casts doubts on this
possibility (Table 1), since the activity of the hypothesized
Pd ± carbene species would not be affected by additional
imidazolium cations. Indeed, no Pd-carbene complexes were
ever detected by NMR spectroscopy in the stoichiometric
reaction of Pd0 ± PPh3 with 1 in the presence of [bmim][BF4] at

room temperature. However,
when the catalyst preparation
was performed with DBU
present at 80 �C rather than
being introduced upon cool-
ing the Pd0-PPh3-ionic liquid
mixture to room temperatu-
re,[9a,d] the resulting mixture
became colorless as opposed
to the more usual pale yellow.
This catalyst mixture did not

promote the reaction between 1 and 2 and it is probable that
the acidic H2 proton in [bmim][BF4] is being deprotonated at
elevated temperature, leading to inactive Pd ± carbene for-
mation.
Applying the hydrogen bonding proposition, it was possible

to suppress the Pd0-catalyzed isomerization of allylic acetates,
a reaction that can lead to the loss of regio- and stereo-
chemistry in stereospecific allylic substitution.[11] The isomer-
ization is thought to be due to the key oxidative addition step
being reversible, and unequivocal evidence for this has
recently been laid out.[11] As OAc� can be trapped by
hydrogen bonding with [bmim][BF4], allylic isomerization
resulting from reversible attack by the acetate would be

expected to be retarded when
the isomerization is carried
out in an imidazolium ionic
liquid. This is indeed the case.
Treating 9 with 5 mol% Pd0 ±
PPh3 in CH2Cl2 afforded 35%
of product 10 after 1 h, com-
parable with the equilibrium
value reported in the litera-

ture (Scheme 2).[29] However, the same reaction appears to be
completely suppressed in [bmim][BF4]. Thus, 10 was not
detected in the crude reaction mixture even after 20 h. The
isomerization of 9 in CH2Cl2 was even inhibited by a
substoichiometric quantity of [bmim][BF4]. Thus, in the
presence of only 0.15 equivalents of [bmim][BF4] relative to
9, only 12% of 10 was formed after 3 h. These observations
are again consistent with the acetate ion being involved in
equilibrium with imidazolium cations.
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Similar inhibition of isomerization was observed starting
from 10. Thus, while 58% of 9was formed after 1 h in CH2Cl2,
10 remained intact in [bmim][BF4] even after 20 h. This is not
surprising, as the equilibrium constant K is close to 1 and so
the rate constant k�� k� . Similar observations have been
made with other allylic acetates in our laboratory. For
instance, the isomerization of 11, whilst not observed at room
temperature, proceeded smoothly at 50 �C in molecular
solvents [Eq. (5)]. Thus, exposing 11 to 5 mol% Pd0 ± PPh3

in CH2Cl2 lowered its initial cis/trans ratio from 87/13 to 43/57
after 1 h. An equilibrium value of 34/66 was measured after an
extended reaction time of 22 h. The same reaction was
suppressed in [bmim][BF4], though not entirely, probably
due to weakening of the hydrogen bonding interactions at
elevated temperature. Thus, the initial cis/trans ratio of 11 was
lowered from 87/13 to only 76/24 after 1 h and to a value of 54/
46 that is still far from equilibrium after 22 h.
Remarkably, the isomerization can be brought about when

a PdII catalyst is employed. Thus, treatment of 9 with
[PdCl2(MeCN)2] in [bmim][BF4] afforded 10 in 20% yield in
1 h reaction time; the same reaction in CH2Cl2 gave 10 in 33%
yield (Scheme 2). As is known in the literature, this reaction
proceeds intramolecularly via a cyclic intermediate and
involves no ionized acetate ions;[30] therefore it should not
be suppressed by hydrogen bonding. Differences between
CH2Cl2 and [bmim][BF4] in other solvent properties possibly
account for the different extent of isomerization in these
solvents. These results show that if the isomerization of an
allylic acetate is to be carried out in imidazolium ionic liquids,
PdII, rather than Pd0, should be the catalyst of choice.

Conclusion

In summary, neutral allylic alkylation reactions can be
considerably retarded in dialkylimidazolium ionic liquids
and our results suggest that this is due to hydrogen bonding
between the H2 proton of [bmim][BF4] and OAc� or

MeOCO2
� ions. Being strongly solvated by the ionic liquid

via hydrogen bonding, the anions could not function as
effective bases to deprotonate a HNu nucleophile, thus
rendering slow the nucleophlic attack at the PdII ± allyl
intermediate. However, this retarding effect can be alleviated
when a relatively strong base, either generated in situ or
added externally, is used, which favors deprotonation rather
than hydrogen bonding with the solvent. We further showed
that the phenomena of hydrogen bonding in the imidazolium
ionic liquids could be exploited to suppress unwanted, Pd0-
catalyzed isomerization of allylic acetates. Taken together,
these results highlight the potential effects of imidazolium
cations as hydrogen bond donors on catalytic reactions in
imidazolium ionic liquids and corroborate that ™The more a
solvent blocks up by hydrogen bond or otherwise the active
centers which take part in a chemical reaction, the less will be
the speed in it∫.[31]

Experimental Section

General : All reactions were carried out in oven-dried glassware under
argon, using standard Schlenk and vacuum line techniques. [bmim][BF4]
and [bdmim][BF4] were prepared according to published procedures and
vacuum-dried and stored under argon.[32] THF and CH2Cl2 were freshly
distilled from sodium benzophenone and calcium hydride, respectively,
under nitrogen immediately prior to use. Phenylallyl carbonate 1 was
synthesized according to a literature method.[33] The synthesis of compound
10 was adapted from a literature method.[34] [MeOCO2][HDBU] was
prepared according to a recent procedure.[21c] Compounds 2, 4, 5, 7 and 9,
[nBu4N][OAc], Pd(OAc)2, and PPh3 were purchased from commercial
suppliers and used as received without further purification.

Typical neutral Tsuji ± Trost reaction in [bmim][BF4] as exemplified for the
allylic alkylation between 1 and 2 : Pd(OAc)2 (4.5 mg, 2 mol%) and PPh3
(21.0 mg, 8 mol%) were stirred in [bmim][BF4] (2 mL) at 80 �C for 20 min
under an atmosphere of argon and then allowed to cool to room
temperature. Compounds 1 (192.2 mg, 1.0 mmol) and 2 (198.2 mg,
1.5 mmol) were added and the mixture stirred vigorously under argon for
30 h. The reaction was not complete within a reaction time of 20 h, as
judged by 1H NMR monitoring. Upon completion, the reaction was
quenched with distilled water and the product extracted with EtOAc. The
organic layer was washed with water and brine and dried over MgSO4 to
give 3, which was isolated in 90% yield upon purification by flash column
chromatography (silica gel, eluent: n-hexane/EtOAc� 10/1). The same
reaction was repeated in THF following a reported literature procedure.[16]

Starting with the same quantity of catalyst and reactants in 2 mL of THF,
the reaction was complete in 20 min. 1H NMR spectroscopy was used to
confirm the identity of the product by comparison with the literature.

The reaction of 4 and 5 in [bmim][BF4] on the same scale as above was
performed at 75 �C for an extended reaction time of 24 h to give a complete
conversion to 6. The reaction between 7 and 2 in [bmim][BF4] was complete
within 1 h reaction time furnishing 8, which was isolated in 94% yield
following purification by flash column chromatography (silica gel, eluent:
n-hexane/EtOAc� 4/1). 1H NMR was used to confirm the identity of the
products by comparison with the literature, but in the case of 8, more data
are supplied, which do not appear to have been reported.

(E)-5-Phenyl-2-methoxycarbonyl-4-enoic acid methyl ester 3 :[35] 1H NMR
(250 MHz, CDCl3, 25 �C, TMS): �� 2.79 (dd, J� 7.6, 7.2 Hz, 2H; CH2), 3.54
(d, J� 7.6 Hz, 1H; CH), 3.71 (s, 6H; CH3), 6.12 (dt, J� 15.8, 7.2 Hz, 1H;
CH�CHCH2), 6.46 (d, J� 15.8 Hz, 1H; CH�CHCH2), 7.31 ppm (m, 5H;
C6H5).

(E)-5-Phenyl-2-nitropent-4-enoic acid methyl ester 6 :[18] 1H NMR
(250 MHz, CDCl3, 25 �C, TMS): �� 3.12 (m, 2H; CH2), 3.85 (s, 3H;
CH3), 5.22 (dd, J� 8.9, 5.8, Hz, 1H; CH), 6.08 (dt, J� 15.8, 7.2 Hz, 1H;
CH�CHCH2), 6.56 ppm (d, J� 15.8 Hz, 1H; CH�CHCH2).

Scheme 2. Isomerization of 9 and 10 by mechanistically distinct Pd0/PdII

catalysis.
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(E)/(Z�)-2-(4-hydroxy-3-methyl-but-2-enyl)-malonic acid dimethyl ester 8 :
1H NMR (200 MHz, CDCl3, 25 �C, TMS): �� 1.67 (br s, 3H; CH3), 1.79 (br
s, 3H; CH3�), 2.65 (br m, 4H; CH2CCH3, CH2CCH3�), 3.42 (m, 2H; CH�,
CH), 3.74 (s, 12H; OCH3, OCH3�), 3.96 (br s, 2H; CH2), 4.10 (br s, 2H;
CH2�), 5.19 (br t, J� 7.7 Hz, 1H; C�CH�), 5.35 ppm (br t, J� 7.2 Hz, 1H;
C�CH); 13C NMR (100 MHz, CDCl3): �� 13.9, 21.8, 27.4, 27.4, 51.9, 52.0,
52.8, 52.9, 61.5, 68.3, 120.4, 122.9, 138.7, 138.8, 169.8, 169.9 ppm; MS (I.C./
NH3): m/z (%): 234 [M�NH4]� (80); elemental analysis calcd (%) for
C10H16O5: C 55.55, H 7.47; found: C 55.55, H 7.54. The E/Z ratio for 8 was 3/
2 for the reaction in [bmim][BF4] and in THF based on 1H NMR
integration.

Typical Pd0-catalyzed isomerization reaction in [bmim][BF4] as exempli-
fied for 9 : [Pd(dba)2] (28.7 mg, 5 mol%) and PPh3 (26.2 mg, 10 mol%)
were stirred in [bmim][BF4] (2 mL) at 80 �C for 20 min and then allowed to
cool to room temperature. 9 (114.2 mg, 1.0 mmol) was added and the
mixture stirred vigorously under an atmosphere of dry argon. 1H NMR
monitoring showed no formation of 10 after 20 h. The reaction was then
quenched with distilled water and the product extracted with Et2O. The
organic layer was washed with water and brine and dried over MgSO4 to
give 9 quantitatively. The same reaction in THF followed a reported
procedure,[29] with the ratio of 9 and 10 determined by 1H NMR
spectroscopy.

(E)-1-Acetoxy-but-2-ene (9):[36] 1H NMR (200 MHz, CDCl3, 25 �C, TMS):
�� 1.73 (dd, J� 6.1, 1.1 Hz, 3H; CH3), 2.05 (s, 3H; CH3CO2), 4.50 (d, J�
6.6 Hz, 2H; CH2), 5.59 (td, J� 15.4, 6.6, 1.1 Hz, 1H; CHCH2), 5.80 ppm (br
dq, J� 15.4, 6.1 Hz, 1H; CH3CH).

3-Acetoxy-but-1-ene (10):[36] 1H NMR (200 MHz, CDCl3, 25 �C, TMS): ��
1.31 (d, J� 6.6 Hz, 3H; CH3), 2.06 (s, 3H; CH3CO2), 5.15 (dd, J� 10.4,
1.1 Hz, 1H; CH�CH2), 5.25 (dd, J� 17.3, 1.1 Hz, 1H; CH�CH2), 5.35 (br
quintet, J� 6.6 Hz, 1H; CH3CH), 5.85 ppm (ddd, CH�CH2).
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