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Abstract: The catalytic activity of novel bidentate
N,N-chelated palladium complexes derived from
electron excessive, backbone fused 3,3’-bipyrazoles
in the selective isomerization of terminal arylprope-
noids and 1-alkenes is described. The catalysts are
easily modified by appropriate wing tip substitution,
while maintaining the same bulky, rigid unreactive
aliphatic backbone. Eleven novel palladium com-
plexes with different electronic and steric properties
were investigated. Their performance in the palladi-ACHTUNGTRENNUNGum(II)-catalyzed isomerization of a series of substi-
tuted allylbenzenes was evaluated in terms of elec-
tronic as well as steric effects. Besides the clear find-
ing of a general trend towards higher catalyst activity
with more electron-donating properties of the coor-
dinated N,N-bidentate ligands, we found that the cat-
alytic process strongly depends on the choice of sol-
vents and additives. Extensive solvent screening re-
vealed that reactions run best in a 2:1 toluene-meth-
anol mixture, with the alcohol employed being a cru-
cial factor in terms of electronic and steric factors. A
reaction mechanism involving a hydride addition–
elimination mechanism starting with a palladium hy-

dride species generated in situ in alcoholic solutions,
as corroborated by experiments using deuterium la-
beled allylbenzene, seems to be most likely. The pro-
posed mechanism is also supported by the observed
reaction rate orders of kobsACHTUNGTRENNUNG[cat.]�1 (0.94), kobs [sub-
strate] = 0.20!1.0 (t!1) and kobs [methanol]=
�0.51 for the isomerization of allylbenzene. Further-
more, the influence of acid and base, as well as the
role of the halide coordinated to the catalyst, are dis-
cussed. The system catalyzes the isomerization of al-
lylbenzenes very efficiently yielding high E :Z selec-
tivities under very mild conditions (room tempera-
ture) and at low catalyst loadings of 1 mol% palladi-
um even in unpurified solvents. The integrity and sta-
bility of the catalyst system were confirmed by
multiple addition reaction cycles, successive filtration
and isolation experiments, and the lack of palladium
black formation.

Keywords: alcohols; bipyrazoles; camphor; electron-
ic effects; homogeneous catalysis; isomerization; pal-
ladium; reaction mechanism

Introduction

The catalytic isomerization of olefins is an important
and widely established process in industry and is
broadly employed in petrochemical refining processes,
mostly in combination with heterogeneous cata-
lysts.[1–3] There is a large variety of existing synthetic
methods for the construction of carbon-carbon double
bonds or the introduction of an unsaturated function-

ality, many of which deal with mixtures of (E)- and
(Z)-isomers. The controlled migration of a pre-exist-
ing unsaturated functionality is a very elegant, alter-
native route of transformation.[4] In particular, the iso-
merization of carbon-carbon double bonds obeys the
sustainability criteria in that it is a 100% atom effi-
cient reaction and has widespread application, either
for interconversion of (E)- and (Z)-alkenes[5–7] or for
stereocontrolled rearrangement of functionality along
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the carbon chain. This reaction is extensively de-
ployed in the preparation of commodities for polymer
synthesis, pharmaceuticals and fine chemicals, such as
fragrances.[8–11] The selective isomerization of terminal
allylbenzenes into their internal counterpart com-
pounds represents a benchmark reaction for this kind
of transformation, since the latter are common start-
ing materials in the flavor and fragrance industry.
Since (Z)-isomers are mostly characterized by an un-
pleasant odor and taste and are even toxic in some
cases, processes with high yields, as well as high (E)-
selectivity, are an attractive goal, but still remain
a challenge. Nowadays, procedures range from heter-
ogeneous catalysts on suitable supports at high tem-
peratures to simple base-catalyzed isomerizations,
used for the conversion of estragol to (E)-anethol in
KOH at 200 8C. The low yields of below 60% and
only moderate E/Z selectivities (dr= 82:18) of this
process require additional separation steps and there-
fore many fragrances such as eugenol, estragol and
safrol, as well as their internal alkenes, are still ob-
tained by classical extraction techniques from natural
sources with several million metric tons capacity per
year.[10,12]

Despite the popularity of heterogeneous catalysts,
which are known to be critically affected by the pres-
ence of water at high temperatures,[1,3] the use of ho-
mogeneous catalysts presents an attractive alterna-
tive.[8] The isomerization of terminal alkenes can be
accomplished by employing various transition metals,
e.g., Pd,[13–17] Pt,[18–20] Ru,[21–24] Rh,[15,25,26] Ir[27–29] or
Ni,[2,30] which generally afford significant amounts of
the thermodynamically more stable (E)-isomers.
Since olefin isomerization is a kinetic phenomenon,
the thermodynamic driving forces, in particular the
steric and electronic factors that control the b-H elim-
ination, can be investigated by following the kinetic
distribution of cis and trans isomers early in the reac-
tion process for various catalysts. The thermodynamic
equilibrium ratio between (E) and (Z) may be tuned,
especially by running the reactions at higher tempera-
tures and using catalysts with long lifetimes.[31,32] Un-
fortunately, when transition metals catalyze the iso-
merization process, side-reactions with the carbon-
carbon double bond occur, the kinetics and the prod-
uct distribution are affected and hence the selectivity
of the reaction changes. Examples, for which such
side-reactions occur, include Grubbs-type hydride
complexes, which can be modified in alcoholic solu-
tions, with hydrogen, inorganic hydrides or alkoxides.
They afford very active isomerization catalysts, which
are usually accompanied by olefin self-dimerization,
cross-metathesis and hydrogenation of the terminal
alkene functionality[33–35] or transition metals in com-
bination with additives, such as trialkylsilanes,[22]

boron or aluminium hydrides.[6,33,34,36] Besides isomeri-
zation these reactions sadly also lead to significant

amounts of undesired hydrogenated side-products. To
date there is no clear pathway for isomerization reac-
tions, owing to the large variety of different catalysts,
metals and ligands available for this kind of transfor-
mation.[14] This being said, Pd2+ catalysis, is an area
worth pursuing, since upon complexation with the ap-
propriate ligands Pd2+ compounds are generally
stable to air and moisture.

In the present work, we wished to contribute to this
important field of research, by looking at isomeriza-
tions using N,N-coordinated Pd(II) catalysts in alco-
holic solutions. Deploying a novel, modular and rigid
ligand class of backbone fused 3,3’-bipyrazoles (bi-
camphorpyrazoles, bcpz) developed by our group, we
tested in total eleven Pd(II) halide complexes (Cl, Br)
for the selective isomerization of terminal alkenes.
Allylbenzenes were chosen as benchmark substrates,
since they are commonly employed in preliminary
studies and have important widespread application in
industry, as outlined above. The following benefits of
this class of N,N-bidentate ligands (bcpz) rendered
them very suitable for our studies.

(i) They exhibit a modular ligand pattern, which
can be easy modified by wingtip substitution provid-
ing catalysts with different electronic and steric (e.g.,
alkyl vs. aryl substitution) properties, together with
cis-coordination.[17]

(ii) The central coordination cavity and ligand pat-
tern of the 3,3’-bipyrazole core structure is main-
tained, avoiding direct interference between ligand
shape and catalyst performance.[24]ACHTUNGTRENNUNG(iii) The N,N-bidentate ligand pattern exhibits good
thermal stability and integrity up to 363 K compared
to ordinary N-monodentate ligands (e.g., simple ni-
trile coordination), as observed by our group.[37]

(iv) The bulkiness of the ligand (backbone and
wingtips) is able to suppress single-side N-decoordina-
tion and out-of-plane rotation of the ligand, as well as
avoiding any catalyst dimerization processes, whether
as the catalytically active species or as causing the cat-
alyst termination step.[17,38]

(v) Flexible wingtip substituents and extended
backbone facilitate excellent solubility in most sol-
vents including ethers, alcohols, nitriles, ketones and
hydrocarbons (e.g., compared to 2,2’-bipyridines).

(vi) The high electron donor capability and p-exces-
sive nature of 3,3’-bipyrazoles, combined with
a straightforward, high yielding preparation of cata-
lysts and facile ligand synthesis provides an entirely
new approach.

In the following, we describe the results we ob-
tained in the selective Pd(II)-catalyzed isomerization
of alkenes for the synthesis of fragrances under very
mild and economical experimental conditions, em-
ploying media that did not need to be purified or
dried, and using low catalyst loadings. In addition, the
role of the solvent in terms of electronic and steric
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factors, as well as the influence of the halide concen-
tration and the pH value on the reaction progress
when using bases and acids as additives was investi-
gated. A possible reaction mechanism based on our
observations and the results of deuterium labeling
studies is also discussed.

Results and Discussion

Bicamphorpyrazole-Type Catalysts

As shown in Figure 1 all catalysts are mononuclear,
neutral Pd(II) soft Lewis acids, with the N-2,N-2’-ni-
trogen atoms of the 3,3’-bipyrazole unit coordinated
via k2. The catalysts can be divided into two distinc-
tive groups depending on the nature of the wingtip
substitution, either alkyl or benzylic residues. The li-
gands were chosen in order to be able to investigate
and compare catalytic performance with steric factors
and electronic properties within the group, while
maintaining the same ligand geometry and metal-co-
ordination cavity.

Overall eleven ligands of this family were tested in
the isomerization reactions of allylpropenoids. The
syntheses of the Pd(II)chloride complexes have al-
ready been reported by our group.[37] The novel palla-
dium dibromide complex 10-Br was prepared using
PdBr2ACHTUNGTRENNUNG(MeCN)2 as precursor, following our standard
procedure (see Experimental Section). Complete
characterization and analytical data obtained for this
compound are in agreement with those obtained for
the corresponding dichloride complex 10-Cl. The co-
ordination of the bcpz ligand to Pd(II) was conven-
iently monitored by 1H-NMR spectroscopy. Complex-
ation results in a distinctive pattern for the cisoid-
fixed structure.

Whereas the free N-1,N-1’-benzyl-substituted li-
gands show a significant singlet between 5.0 and 5.6
ppm for the benzylic methylene group of the wingtips
(enantiotopic protons), this signal splits into a set of

two upon complexation, as expected for two groups
of diastereotopic protons. The geminal coupling of
the dibromide complex of 10 (2JC,H = 15.9 Hz) and
a downfield shift to 5.8 and 6.2 ppm are in agreement
with the range and shift generally observed for these
type of complexes (2JC,H = ~13.8–14.1 Hz; Dppm = ~0.8
ppm for dichloride complexes). The molecular struc-
ture of the palladium dichloride complex 6 obtained
by single crystal structure analysis using synchrotron
radiation is depicted in Figure 2. It provides an exam-
ple for the eleven bcpz-derived catalysts. The di-
chloro-palladium unit is coordinated via N-2,N-2’ in
a bidentate fashion. The coordination plane of the Pd
atom is not exactly planar, and the Pd atom is located
0.3 � out of the bipyrazole plane, away from the two
methylbenzyl substituents. In addition, the PdCl2

moiety is tilted to that of the PdN2 unit by 148. Slight-
ly elongated Pd�N�bonds [average 2.078(15) �] re-
flect the electron donating nature of the ligand (see
Figure 2).

Isomerization of Allylbenzene – A Benchmark

In order to evaluate the performance of the catalysts
in the Pd(II)-mediated selective isomerization of ter-
minal alkenes a set of two arylpropenes (allylbenzene
12 ; estragol 13) was chosen as starting materials. Ini-
tially, the reactions were carried out using 5 mol% of

Figure 1. Catalysts for investigations of the Pd(II)-catalyzed
isomerization of terminal allylic compounds.

Figure 2. X-Ray crystal structure of palladium-3,3�-bipyra-
zole complex 6, showing the cisoid structure. Thermal ellip-
soids are plotted at 50% probability level and hydrogen
atoms are omitted for clarity. Selected bond lengths (pm)
and angles (deg) for one of the independent molecules in
the unit cell : Pd�N2 208.1(2), Pd�N2’ 207.1(2), Pd�Cl1
228.8(1), Pd�Cl2 229.1(1), N1�N2 137.5(3), N1’�N2’
137.9(3), N1�C1 148.3(3), N1’�C1’ 147.8(4), N1�Pd�N2
78.64(8), Cl1�Pd�Cl2 86.65(3).

1468 asc.wiley-vch.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2012, 354, 1466 – 1480

FULL PAPERS Markus J. Spallek et al.

http://asc.wiley-vch.de


Pd catalyst 10, substrate (0.09M) in 2-propanol
(HPLC grade) and undecane (10 mL) as internal stan-
dard. The reactions were monitored and yields deter-
mined by GC, GC-MS[39–42] and 1H NMR spectroscopy
of isolated products.

All starting materials were readily isomerized
under very mild conditions in air at room tempera-
ture, giving the (E)-isomers in high yields with high
E/Z-selectivities of 97:3 for trans-allylbenzene and
trans-anethol (dr= 97:3). Reactions were complete
after 26 h at the latest by raising the temperature to
70 8C. All reactions were carried out in unpurified sol-
vent. Allylbenzene 12 was isomerized in three hours
in 98% yield with an E/Z ratio remaining almost con-

stant at 96:4 (dr =96%), which is noteworthy since
isomerizations are known to be critically affected by
water and impurities (see Table 1, Figure 3).

Promising conversions were even observed on low-
ering the catalytic amount of Pd to 1 mol%. These re-
sults encouraged us to investigate the role of the sol-
vent more deeply. Interestingly, under the chosen re-
action conditions almost no conversions were ob-
tained in non-polar solvents (diethyl ether, toluene)
as well as in aprotic polar solvents (acetonitrile, tetra-
hydrofuran, acetone, chloroform). We therefore first
considered the influence of the alcohol in terms of
steric as well as electronic factors. Metal hydrides are
known to be generated in situ by the use of additives,
such as inorganic hydrides or, more recently, by weak
acids, in particular alcohols, as is the case in the pres-
ent study.[21] Only absolute solvents of high purity
were used for the tests and no conversions were ob-
served without the addition of Pd(II) catalysts, as
proven by blank samples. Besides linear, monofunc-
tional alcohols, such as MeOH, EtOH and n-PrOH,
and secondary alcohols, such as i-PrOH, cyclohexanol
as well as t-BuOH, 1,5-pentanediol, 1-propanethiol
and 1-aminoheptane and glycerol, as a trifunctional
alcohol, were employed. To complete the set also
fluorinated alcohols were used, because remarkable
effects have been reported for these substances.[43–45]

The results are depicted in Figure 4. Besides the need
for a protic solvent, the electronic character is highly
important as there is clear evidence for rate accelera-
tion in the range of MeOH>EtOH>n-PrOH> i-
PrOH> t-BuOH. This result is in line with the pKa

values of the alcohols (Table 2).[46,47]

Nevertheless, besides inductive effects, steric bulk
doubtless also has a significant influence on the pKa

Table 1. Pd(II)-catalyzed selective isomerization of allylben-
zene 12 and estragol 13.[a]

Entry Substrate
(R=)

Reaction
time [h]

Yield of E
[%][b]

E/
Z[b]

1 H 5 80 97:3
26 96 97:3

2 OMe 5 57 95:5
26 93 97:3

3[c] H 3 98 96:4

[a] Reaction conditions: catalyst 10 (5 mol%), substrates
(89 mM), n-undecane (10.0 mL) as internal standard in
a cap sealed vial at room temperature. Average outcome
of two repetitions.

[b] Reactions were monitored and yields determined by GC
analysis on a 25 m HP-5MS column. Product assignment
determined by GC-MS and 1H NMR analysis of isolated
products.

[c] Reaction at 70 8C.

Figure 3. Isomerization of allylbenzene 12 (�) and estragol
13 (^) in i-PrOH at room temperature.

Figure 4. Solvent influence on the Pd(II)-catalyzed isomeri-
zation of allylbenzene 12 displaying the time-resolved for-
mation of the trans-methylstyrene over time. Reaction condi-
tions: 1 mol% catalyst 10, substrate (89 mM) under air. t-
BuOH at 70 8C.
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values (due to disturbance of solvation and H-bond-
ing). A drop of about 45% yield when comparing i-
PrOH and cyclohexanol underlines these aspects, al-
though the electronic properties of these two com-
pounds tend to be quite similar. Whereas all other
solvents and solvent mixtures lead to almost equal
conversions over time, a reaction progress analysis re-
vealed a significant retardation of the reaction rate as
the reaction proceeded (50% conversion after 24 h in
cyclo-hexanol and 27% conversion after 23 h in t-
BuOH, both at room temperature). Although decom-
position of the catalyst provides an inadequate ex-
planation, since only the type of alcohol for the given
reaction conditions was changed, unknown inhibition
effects of the catalyst cannot be ruled out.

Surprisingly, no conversions were observed in more
acidic 1-propanethiol (pKa =13) and, as expected, no
reaction occurred when using the more basic 1-amino-
heptane as a solvent.

Although, no isomerization occurred in pure aceto-
nitrile due to its coordination capability, no inhibition
was observed in MeOH when adding 0.5–10 mol%
acetonitrile, showing that low concentrations are still
tolerated by the catalyst system. Two hydroxy func-
tionalities, as present in 1,5-pentanediol, had no sig-
nificant effect and rates similar to those for EtOH
were obtained. Even an increased acceleration com-
pared to MeOH was observed when 2,2,2-trifluoroe-
thanol (TFE) and 2,2,3,3,4,4,4-heptafluorobutanol
(HFB) were used as solvents, which is consistent with
the higher pKa values of fluorinated alcohols.

If one takes a closer look at the time-resolved con-
version, a slightly different ascending slope bisecting
the alcohol-mediated isomerization rate after an aver-
age of three hours, depending on the alcohol, can be
detected for the fluorinated solvents. However, very
high conversions and consistent diastereoselectivities
are still maintained. It is worth mentioning that, by
further optimization of the reaction conditions, fast
conversions, similar to the results in fluorinated sol-

vents, can be achieved using a 1:2 mixture of MeOH
and toluene. Since all catalysts are easily soluble in al-
cohols as well as in most aliphatic solvents, we attri-
bute this observation to matching effects between sol-
vent, starting materials (allylbenzene 12) and catalyst
shape (bipyrazole-core and wingtip-arylation). Oper-
ating with this solvent mixture, allylbenzene conver-
sion to the internal E-isomer was still very effective
with catalyst loadings as low as 0.5 mol% Pd (92%
yield, dr= 96:4 after 6 h at room temperature) and
even 0.1 mol% Pd (35% yield, dr=96:4 at room tem-
perature; 70% yield, dr=95:5 at 60 8C; both mea-
sured after 6 h) with almost no decrease in diastereo-
selectivity. Remarkably, by using a solvent mixture
(1:1) of glycerol and MeOH at room temperature and
catalyst loadings of 1 mol% the isomerization rate
was even further accelerated (91% yield, dr=95.5:4.5
after 45 min) compared to the reaction in the toluene-
MeOH (2:1) solvent mixture (64% yield, dr=96.5:3.5
after 45 min). This is again in agreement with the low
pKa value of glycerol, but may also be affected by the
pronounced mesomeric stabilization capability within
glyceric aldehyde. In summary, rate acceleration was
obtained in the range of: glycerol/MeOH (1:1)>
HFB�TFE�MeOH/toluene (1:2)>MeOH>1,3,-
pentanediol>EtOH>n-PrOH> i-PrOH>cyclo-
C6H10OH> t-BuOH.

Substrate and Catalyst Screening

With the optimized conditions in hand we focused on
the scope of the isomerization reaction by employing
different starting materials, as well as the previously
developed catalysts.

In order to get reliable results before varying the
catalyst, the previous set of tests was extended to al-
lylbenzenes with different functional groups at the
aryl terminus (CF3, OH, OAc, OMe; see Table 3).

Table 2. pKa values of selected solvents.[a]

Compound pKa
[a]

H2O 15.74
MeOH 15.54
EtOH 15.9
i-PrOH 16.5
t-BuOH 17.0
HOCH2CH(OH)CH2OH 4.4
CH3 ACHTUNGTRENNUNG(CH2)2SH 13.24
CF3CH2OH 12.37[b]

C3F7CH2OH 11.4[c]

[a] In H2O; compiled and listed as reported by R. Wil-
liams;[46,47] significant digits left uncorrected.

[b] pKa of 11.3 in 50 % aqueous EtOH.[47]

[c] In 50 % aqueous MeOH.[47]

Table 3. Substrates used for catalyst screening.

Entry R1 R2 R3 Compound

12 H H H allylbenzene
13 H H OMe 4-allylanisol/estragol
14 OMe H H 2-allylanisol
15 OH H H 2-allylphenol
16 H H CF3 4-(trifluoromethyl)allylbenzene
17 H OMe OH eugenol
18 H OAc OH eugenyl acetate
19 H OMe OMe 4-allyl-1,2-dimethoxybenzene
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Applying the optimized reaction conditions
(1 mol% Pd, 1:2 mixture MeOH/toluene, air, room
temperature) samples were taken and analyzed after
3 h. It has to be pointed out that the reactions were
not allowed to run to completion in order to be able
to evaluate the catalyst performance on the substrates
regarding electronic properties and functional group
tolerance. Several functionalities proved compatible
to the catalytic conditions and after three hours 90%
of allylbenzene 12 and 2-allylphenol 15 were convert-
ed to their corresponding E-isomers, followed by 2-al-
lylanisol 14 (80%), eugenyl acetate 18 (75%), estragol
13 (50%), 4-(trifluoromethyl)allylbenzene 16 (20%)
and eugenol 17 (15%) (Figure 5). Low conversions of
challenging, electron-deficient starting materials, e.g.,
for fluorinated compounds, is a common phenomen-
on.[17]

As evidenced by the substrates, the catalyst is com-
patible with donor heteroatoms, such as phenols and
acetates and the overall high selectivities of 96.5–99%
dr are among the highest ratios comparable to other
well-studied systems.[13,17,21,23,26,31,48] The excellent selec-
tivity for trans-4-hydroxyallylbenzene (exclusively,
>99.5% dr) is particularly remarkable and represents
the highest diastereoselectivity reported so far.[13,31]

We attribute this effect to the 2-hydroxy functionality
being in close proximity to the reaction center. A sim-
ilar effect was observed recently and led to increased
product formation and high selectivities in the Pd(II)-
catalyzed double bond isomerization of 2-(but-3-
enyl)phenols over two carbon atoms.[16] On the basis
of the results obtained from the substrates, we then

focused on the electronic and steric influence of the
catalysts outlined in Figure 1 on the isomerization re-
action. With N-1,1’-alkylated bipyrazole catalysts 1–3
and their arylated counterparts 4–11 in hand, we had
two types of Pd(II)-catalysts characterized by differ-
ent steric demands for investigation, and within each
group, catalysts with different electronic properties.
To obtain meaningful data for evaluation of the cata-
lyst performance, the less reactive eugenyl acetate 18
was chosen as a benchmark. The reactions were per-
formed under the optimized reaction conditions
(89 mM, 1:2 mixture methanol/toluene, 1 mol% Pd,
room temperature) and samples were taken after
three and six hours. For the N-1,1’-alkylated catalysts
(1–3) increased activity was observed for 2 (R= i-Pr),
followed by 3 (R=n-Pent) and the lowest conversions
to the E-isomer was obtained by using catalyst 1 (R=
Me).

The results are indicative of a trend correlating
higher electron-donating properties and catalyst activ-
ity, since oxidative addition of substrates should be
enhanced by higher electron density located at the
metal center.[49] For further evaluation, catalysts 4–11
were tested under equal conditions and showed a simi-
lar trend towards higher activity with increased elec-
tronic density at the 3,3’-bipyrazole core. After six
hours Pd(II) catalyst 7 (R=Mes) showed the overall
highest conversion of eugenyl acetate 18 (96%), fol-
lowed by 10 [R=p-ACHTUNGTRENNUNG(t-Bu)C6H4, 90%], 6 (R =p-Tol,
87%), 11 (R=naphthyl, 79%), 4 (R =Ph, 65%), 5
(R=m-Tol, 62%) and 8 [R=3,5-(CF3)2C6H3, 4%].
This is in good agreement with the electron-donor ca-
pability of aryl substituents and verifies the results ob-
tained for the N-1,1’-alkylated Pd(II) catalysts. Sur-
prisingly, catalyst 9 (R=OMe), with the most activat-

Figure 5. Conversion of allylbenzenes to internal alkenes
after 3 h using catalyst 10. Reaction conditions: 1 mol% cat-
alyst 10, substrate (89 mM) in MeOH/toluene (1:2) at room
temperature under air. Conversions monitored and product
assignment determined by GC and GC-MS. Average out-
come of three runs. Substrate order (left to right): 4-allyl-
benzene 12, 2-allylanisol 14, 2-allylphenol 15, estragol 13, 4-
(trifluoromethyl)allylbenzene 16, eugenol 17, eugenyl ace-
tate 18, 4-allyl-1,2-dimethoxybenzene 19.

Figure 6. Catalyst performance evaluated in the selective
isomerization of less reactive eugenyl acetate 18. Reaction
conditions: 1 mol% catalyst, eugenyl acetate 18 (89 mM) in
MeOH/toluene (1:2) at room temperature under air. Con-
versions monitored and product assignment determined by
GC and GC-MS. Average outcome of two repetitions. Cata-
lyst order (left to right): 2, 3, 1, 7, 10, 6, 11, 4, 5, 8, 9.
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ing substituent pattern, did not fit into the trend (5%
yield), but it represents the only catalyst exhibiting
a heteroatom functionality at the wingtip position.
However, the reason is still unclear. Within the given
ligand pattern a significant steric influence on the iso-
merization reaction was not observed and the high
E/Z-selectivities (97–98.5% dr) achieved for eugenyl
acetate 18 were comparatively similar and remained
almost constant during the reaction progress, as
shown by variation of the catalysts. In summary, in-
creased catalyst activity was obtained for
Pd(II) ACHTUNGTRENNUNG(bcpz)-catalysts exhibiting a higher electron
density within the 3,3’-bipyrazole core induced by the
substituents in the range of (Rwingtip =): i-Pr>n-Pent>
Me and Mes>p-ACHTUNGTRENNUNG(t-Bu)C6H4>p-Tol>naphthyl>Ph>
m-Tol @3,5-(CF3)2C6H3 (Figure 6).

Mechanistic Studies

Generally, two main reaction pathways for the iso-
merization of alkenes can be envisaged. The transi-
tion metal catalyst can operate via a p-allyl mecha-
nism (A) or a hydride addition-elimination mecha-
nism (B) (Scheme 1).

The metal hydride complex can be initially present
as catalyst or generated in situ, whereas the other
mechanism features a rearrangement through a transi-
tory p-allyl intermediate upon alkane coordination,
which is followed by a reversible hydride transfer to
form the p-allyl metal hydride species. Overall olefin
isomerization follows the thermodynamic driving
forces, reaching an equilibrium distribution, with the
thermodynamically more stable E-isomer being fa-
vored.[6,15,33,50] In particular, the kinetic distribution of
the isomers depends on the electronic and steric fac-
tors controlling the b-elimination process. Moreover,
the kinetics and product distribution, and thus the se-
lectivity of the reaction, are affected, when the transi-
tion metal catalyzes the isomerization as well as reac-
tion at the double bond. Generally, the p-allyl inter-
mediate mechanism has a dramatic effect on the dis-
tribution of isomers giving rise to high E/Z selectivi-

ties, and E/Z ratios greater than 4:1 will be generally
observed.[2] An interesting class of catalysts capable
of this type of terminal olefin isomerization was de-
rived from [(allyl)PdCl]2, a triarylphosphine and silver
triflate. Although the transformation was successfully
achieved with the substrates employed, the E :Z ratios
of the newly formed olefins were only moderate.[15]

Recently, ruthenium hydride species, derived from
thermally modified Grubbs 2nd generation metathesis
catalysts have been developed and successfully ap-
plied in the isomerization of terminal olefins.[21] How-
ever, the reactions are commonly accompanied by un-
wanted side reactions, such as reduction or self-dime-
rization.[32,35] Palladium(II) hydride complexes are
known to be generated in situ by addition of alcohols,
which undergo oxidation upon b-H-elimination.[38,49]

Some peculiarities regarding the metal hydride forma-
tion should be noted. Alcohols bearing no b-H atom,
such as MeOH or BnOH, are dehydrated (b-H atom)
to their corresponding carbonyl derivatives, suggest-
ing that b-elimination of water is not involved, where-
as the reaction in t-BuOH is likely to proceed via b-H
atom and hydroxy group elimination forming a water
molecule.[38] Since the solvent screening revealed the
necessity of alcoholic additives for the catalytic cycle
to operate and the fact that Pd-assisted proton migra-
tion via a p-allyl mechanism is favored in non-polar
aprotic media, as shown for PdCl2ACHTUNGTRENNUNG(PhCN)2,

[51] a hy-
dride addition–elimination mechanism seems to be
most conceivable for our catalyst system. The robust-
ness of our catalysts is also in agreement with this
mechanism, because p-allyl type based Pd isomeriza-
tion reactions usually require purified, dry aprotic sol-
vents[52–57] and our catalyst system performed very
well even in unpurified, non-anhydrous solvents
under air. A complete lack of methoxylated and ace-
talized side products, which may arise from nucleo-
philic attack of the solvent at the carbon double bond
is a further indication for a mechanism involving a hy-
dride addition–elimination mechanism, instead of a p-
allylic pathway.[58,59]

To get further insight into the reaction mechanism,
isotopic labeling studies were performed. Even
though both the metal hydride addition–elimination
and the p-allyl hydride mechanisms result in the same
product, the two mechanistic pathways can be distin-
guished by looking at the hydrogen shift of the deute-
rium labeled starting materials upon isomerization
and at incorporation of deuterium into the substrates
when the reactions are run in deuterated solvents.
The p-allyl mediated mechanism initially involves
a “hydride-free” metal precursor featuring two empty
coordination sites. Coordination of the free olefin fol-
lowed by oxidative addition of the allylic carbon-hy-
drogen bond would form the p-allyl metal hydride
catalyst, which transfers the hydride to the terminal
position by reductive elimination yielding the isomer-

Scheme 1. Isomerization of terminal alkenes via p-allyl in-
termediate (A) and hydride addition elimination (B) reac-
tion mechanism.

1472 asc.wiley-vch.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2012, 354, 1466 – 1480

FULL PAPERS Markus J. Spallek et al.

http://asc.wiley-vch.de


ized alkene. Therefore, a formal [1,3-H] shift within
the substrates should be observed for a p-allyl mecha-
nism. If one considers the hydride which originates
from the approaching olefin, the active catalyst is thus
generated by an intramolecular reaction. The metal
hydride mechanism on the other hand involves a dis-
tinct metal hydride complex being initially present
before entering the catalytic cycle and can therefore
be called intermolecular, because hydrides are succes-
sively displaced between catalyst and new incoming
substrates during catalysis. In this case, the olefin co-
ordinates to form a hydrido p-alkene complex, fol-
lowed by b-addition, generating a s-alkyl intermedi-
ate (hydropalladation) and finally b-H-elimination
furnishes the isomerized olefin. The Markovnikov and
anti-Markovnikov hydropalladation step across the
double bond are both reversible and only Markovni-
kov addition leads to the isomerized product. This
process results in a characteristic [1,2-H] shift when
the metal hydride mechanism is active. Although both
reaction pathways proceed along different hydrogen
shifts, only the observation of a [1,2-H] shift is suffi-
cient proof of the hydride addition–elimination mech-
anism, because deuterium scrambling between the
alkene hydrogens and subsequent isomerization
thereof by a hydride addition–elimination reaction re-
sults in a formal [1,3-H] shift as well, and thus pre-
venting distinction. For this investigation we prepared
1,1-d2-prop-1-en-3-ylbenzene by Wittig reaction of d3-
methyl iodide and phenylethanal. Applying our stan-
dard reaction conditions using 1 mol% catalyst 10 in
a 0.89mM solution of 1,1-d2-prop-1-en-3-ylbenzene in
MeOH afforded the isomerized E-isomer as the
major-product. By constant, careful monitoring of the
starting materials, the reaction progress and the prod-
ucts by GC-MS measurements, a characteristic key
fragment of the deuterated starting material and the
products could be identified (Figure 7).

This allowed for a clear differentiation as to wheth-
er deuterium incorporation at C-2 took place or not.
Even though starting materials and products exhibit
the same molecular ion in the higher, and benzyl frag-
mentation in the lower mass region, the initial frag-
mentation of 1,1-d2-prop-1-en-3-ylbenzene generates
fragment m/z=104.1 by loss of the d2-methylene
group whereas m/z= 103.1 is expected for the prod-
uct, regardless of isomer configuration. This fragment
originates from a-methyl cleavage of the terminal
methyl group within the product. Contrary to this an
m/z= 104.1 for the initial fragment of the E- and the
Z-product was detected, which clearly demonstrates
deuterium incorporation at the C-2 position of prope-
nylbenzene. It has to be pointed out that during frag-
mentation of allyl systems in the gas phase, metasta-
ble ions induce carbon skeleton rearrangements and
hydrogen migrations, which lead to complex mixtures
of interconverting structures prior to further decom-

position. Consequently, the identification of character-
istic fragments and isomer assignment is quite diffi-
cult, as shown for the molecular ions of linear octene
isomers. However, it has been previously demonstrat-
ed that scrambling of terminal hydrogens does not
occur over the entire time range.[60] Furthermore, it is
important to check, whether the catalyst employed is
capable of trans-isomerization. During multiple addi-
tion-reaction cycles a constant amount of cis-isomer
was produced (kinetic distribution). On the account
of this, the observed initial fragment (m/z=104.1) of
trans-propenylbenzene originates from a [1,2-H] shift
thus proving that only the hydride addition-elimina-
tion mechanism is active (Figure 7). Fragmentation
patterns of undeuterated starting material and isolat-
ed products were cross validated in MeOH and
MeOH-d4. Deuterium scrambling between starting
materials and substrates was not observed and at low
catalyst loadings in MeOH-d4, no deuterated E-/Z-
propenylbenzenes arising from initial deuterium
transfer from the solvent to the catalyst, were detect-
ed. Finally, the here proposed [1,2-H] shift was experi-
mentally corroborated by unambiguous characteriza-
tion of 1,1-d2-prop-1-en-3-ylbenzene and the isomeri-
zation product 2,3-d2-(E)-prop-1-en-1-ylbenzene by
NMR spectroscopy (see the Supporting Information).

Figure 7. Mass spectra showing the characteristic fragments
of 1,1-d2-prop-1-en-3-ylbenzene (top) and 2,3-d2-(E)-prop-1-
en-1-ylbenzene (bottom).
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To gain further insight into the catalytic cycle, the
kinetics and the reaction order of the isomerization
were investigated using catalyst 10. Performing the re-
actions at catalyst loadings of 0.1 mol%, 0.5 mol%
and 1 mol% showed a first-order dependence on the
initial catalyst concentration (Figure 8, top). With
constant catalyst loadings of 1 mol% a sub-first-order
dependence on the initial (high) substrate concentra-
tion of about 0.20 was observed. During reaction
progress the sub-first-order dependence on the initial
substrate concentration changes and approximates 1.0
at very low substrate concentration, which indicates
substrate inhibition. For the solvent combination
MeOH/toluene, employing concentrations of 1:2, 1:1
and 1:0, a negative sub-first order dependence of �0.5
was obtained (Figure 8, bottom), leading to the fol-
lowing rate expression:

The results are indicative of an inhibition effect of
the starting materials. Methanol at higher concentra-
tions shows a decelerating effect. However the con-
centration of the solvent was not investigated in
depth, because a solvent effect cannot be ruled out.
The reaction order on the products was not assigned,
but neither rate deceleration nor inhibiting effects
were observed by the external addition of pure trans-
or cis-propenylbenzene to the reaction. Increased
product concentration over time by performing the
reaction over multiple substrate addition-reaction
cycles had no effect on the conversion rates. The cata-
lyst activity remained constant, thus proving catalyst
stability and the inhibitive effect of the starting mate-
rial (allylbenzene 12) concentration. No kinetic iso-
tope effect was detected with undeuterated allylben-
zene 12 in MeOH and MeOH-d4 leading to compara-
ble reaction rates, yields and selectivities. Thus, gener-
ation of the metal hydride complex is not the rate-
limiting step, if one assumes that the formation of
only small amounts of active hydride species is insuffi-
cient for catalysis. In contrast, using 1,1-d2-prop-1-en-
3-ylbenzene as starting material in MeOH and
MeOH-d4 resulted in a large kinetic isotope effect
(kH/kD =6.7) being observed. No H/D-exchange was
observed between starting materials and solvent at
low catalyst loadings suggesting that the isomerization
mechanism is an inner sphere interconversion after
initial metal hydride formation.[38] With catalyst 10
and allylbenzene 12 or 4-allylanisol 13 the 1H NMR
spectra did not show the presence of any Pd�H spe-
cies up to �100 ppm, which is usually observed at
high-field resonances (d<0 ppm). The same was true
under substrate inhibition conditions. Indeed, many
hydride catalysts are too reactive to be observed by
spectroscopic measurements. Scheme 2 suggests a pos-
sible reaction pathway that is in accordance with the
spectrometric and kinetic evidence given above. Ini-
tially the alcohol present in the reaction media is oxi-
dized and thus generates the active palladium hydride
species A’, which then enters the catalytic cycle.
Upon oxidation of the alcohol, a vacant coordination
site is exposed at the electron-deficient palladium
center owing to liberation of HX, which may be occu-
pied by solvent molecules. The hydride then moves to
the axial position of the metal complex to furnish
a cis-coordination site for the incoming olefin, a neces-
sary prerequisite for the hydropalladation step.

Whereas in II the catalytic cycle begins with the en-
tering and coordination of the electron-rich olefin,
complex A’ is thought to be capable of losing its
second halide in a reversible process, forming the cat-
ionic Pd(II) hydride complex A, which may be stabi-
lized under protic polar conditions.[61,62] This inter-
mediate offers a second vacant coordination site for
incoming substrates. Considering cycle I, olefin addi-
tion to hydrido-p-alkene complex B occurs. b-Addi-

Figure 8. Effect of the concentration of catalyst 10 (top) and
allylbenzene 12 (bottom) on the rate of isomerization. Con-
ditions: [sub]0 89 mM or, respectively, [cat]0 0.089 mM
(1 mol%) in MeOH/toluene mixture (1:2) at room tempera-
ture.
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tion, either in a Markovnikov or anti-Markovnikov
fashion, results in the hydropalladated s-alkyl inter-
mediates C and Cside, which are reversible steps and
the reason for the [1,2-H] shift as previously de-
scribed. The M-h1-C(b)-intermediate undergoes syn-
b-hydride elimination and the palladium hydride spe-
cies D is regenerated, which liberates the E- and Z-
isomers, respectively. Apart from retention of one
halide coordinated to the metal center in cycle II,
both mechanisms are equal and all catalytic species
reported run through alternating 18 and 16 VE com-
plexes. The transition states for both hydride transfers
involve a syn-coplanar arrangement of the two carbon
atoms, the metal center and the hydrogen participat-
ing and reductive elimination requires coordinative
unsaturation of the Pd complex (16 VE).[49]

Although rhodium[63,64] and iridium dihydride[65]

complexes have been reported for isomerization reac-
tions, a palladium dihydride species[66,67] is improbable
under the reaction conditions, since dihydride species
are prone to decomposition and capable of hydroge-
nation reactions, which were not detected. To rule out
the presence of Pd(0) species within the catalytic
cycle, we tested Pd2ACHTUNGTRENNUNG(dba)3 as precursor, which is not

a catalyst under the reaction conditions reported
here. It is well known that dba forms relatively stable
Pd complex precursors, which are unable to act as cat-
alyst in the hydride transfer mechanism. It is interest-
ing to note that eugenyl acetate 18 is tolerated under
our reaction conditions using catalyst 10. Further-
more, our catalyst system was still active after multi-
ple addition–reaction cycles (10 �) without any loss of
activity, conversion or selectivity. Palladium black was
not formed over prolonged reaction times, even at
elevated temperatures (343 K). This was verified by
careful monitoring of the reaction progress and fine
filtration of the solution after each reaction cycle.
When Pd ACHTUNGTRENNUNG(MeCN)2Cl2 was employed as catalyst, fast
isomerization was also observed under our reaction
conditions, but a substantial loss of activity was ob-
served, as early as after seven cycles (53% E-isomer,
95% dr) and almost no conversions were detected
after 21 cycles (11% E-isomer, 94% dr) (see the Sup-
porting Information). Even under Wacker oxidation
conditions, the formation of Pd(0) was not detected
using bcpz-type catalysts, as has been reported.[37] Lib-
eration of HX from metal hydride complex A to form
a Pd(0) complex can be ruled out, since reductive

Scheme 2. Proposed mechanism for the isomerization reaction of terminal allylarenes to E- and Z-propenylarenes in alcohol-
ic media using (bcpz)-type PdCl2 catalysts.
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elimination is likely to occur from a trans-configura-
tion, which is not favored for our neutral bidentate
N-ligand as it is coordinated at the equatorial posi-
tions. This together with the chelating properties and
the p-back-bonding character of the bispyrazole li-
gands may account for the observed integrity of the
bcpz-alcohol-catalyst system and explain the observed
precipitation of palladium black by using Pd-ACHTUNGTRENNUNG(MeCN)2Cl2 as catalyst (trans-coordinated MeCN and
Cl). Since no kinetic isotope effect was observed in
deuterated solvents but with deuterium labeled sub-
strates, the rate-limiting step is thought to be the b-H-
elimination reaction and not the initial formation of
the metal hydride complex, or regeneration thereof. If
we take the sub-first order on substrate and methanol
concentration into account, inhibition of the catalytic
cycle may take place by trapping of a catalytic species.
As found, decomposition to Pd(0) does not occur and
therefore cannot account for this observation. Poison-
ing of the catalyst by impurities within substrates or
methanol can also be ruled out, since the catalyst
maintained its activity through multiple substrate ad-
dition–reaction cycles and with the use of absolute
solvents. Reasons for the observed rate deceleration
may either originate from formation of inactive com-
plexes, which would result in removal of catalytic spe-
cies out of the catalytic pool, or be caused by a com-
petitive reaction, because simple saturation in allylar-
enes would not account for the prolonged reaction
times. Deactivation of a certain amount of catalyst is
improbable, since the catalyst recovers its previous ac-
tivity after a certain time. More conceivable, seems to
be another reversible pathway, which becomes com-
petitive at higher substrate and methanol concentra-
tions. This may operate by occupation of a secondary
vacant coordination site offered by the metal center
leading to Dside (see Scheme 2, route I, bottom). Re-
lated mechanisms, involving positively charged com-
plex species due to loss of a secondary halide prior to
olefin complexation, were recently proposed by
Sigman et al. under Wacker oxidation conditions,[68]

and for the Pd-catalyzed reductive cross-coupling of
styrenes in 2-propanol, also involving Pd hydride
p-alkene intermediates.[69] 1H-NOESY, 13C and
15N HMBC NMR measurements did not show addi-
tional complex species present in solution, giving no
evidence for a competitive pathway.

Additive Effects on the Reaction Progress and Role
of the Halide

The results show a strong solvent effect on the iso-
merization, regarding first of all the pKa and the
steric encumbrance as well as electronic effects origi-
nating from ligand design. Bearing the envisaged re-
action mechanism (route I) in mind, we decided to in-

vestigate further the role of the pH value and the
halide on the catalyst (Figure 9). Clearly, a hydride-
driven reaction mechanism would be influenced by
the external addition of acid and base.[70,71] We there-
fore performed our standard reaction with 1 mol%
10, allylbenzene 12 (89 mM) in a mixture of MeOH/
toluene (1:2) at room temperature, combined with
10 mol% of an additive. As expected, the addition of
sodium methanolate significantly slowed down the re-
action rate, leading to lower conversions (48% E-
isomer after 24 h, 96.5% dr) and with Cs2CO3 no re-
action was observed. Pd ACHTUNGTRENNUNG(OAc)2 and the corresponding
Pd(II) diacetate of 10 did not promote the reaction
either, regardless of ligand substitution, owing to the
lack of metal hydride formation. The addition of tol-
uenesulfonic acid monohydrate did not accelerate the
reaction and after prolonged reaction times resulted
in equal conversions as without additive. Interestingly,
the observed reaction progress was almost identical
with our results obtained for catalyst loadings be-
tween 0.5 mol% and 0.1 mol%. This is indicative of
partial catalyst poisoning, which is generally attribut-
ed to sulfur containing substances,[1,72-74] and may ac-
count for no isomerization in 1-propanethiol (pKa =
13.24) as well. Noteworthy, 10 mol% acetic acid did
not have a positive influence on the outcome of the
reaction and similar reaction rates, conversions and
selectivities were observed as without additive. This
brings to mind the facile, mild and effective catalyst
preparation, which occurs without the formation of
typical by-products arising from acid-catalyzed dehy-
dration reactions (alkenes, ethers). For evaluation of
the influence of the halide coordinated to the metal
center on the isomerization, the dibromide palladium
complex of 10 was prepared and tested under our

Figure 9. Influence of additives in the isomerization of allyl-
benzene 12 catalyzed by 10. Reaction conditions: 1 mol%
catalyst, 10 mol% additive [blank (^), NaOMe (*), p-tolu-ACHTUNGTRENNUNGenesulfonic acid (~), acetic acid (^)], allylbenzene 12
(89 mM) in MeOH/toluene (1:2) at room temperature.
under air. Conversions monitored and product assignment
determined by GC and GC-MS. Data points represent the
mean of two repetitive experiments.
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standard conditions (1 mol% catalyst, 89 mM sub-
strate, 2:1 toluene/MeOH at room temperature). In
order to effectively compare the catalyst performance,
the less reactive eugenyl acetate 18 was chosen as the
model substrate. Only small differences in the yield of
trans-products were observed (77% for 10 and 70%
for the dibromide complex after 3 h; 92% or respecr-
tively, 86% after 6 h). Selectivity was not affected, as
expected, and finally almost equal conversions were
obtained with both catalysts (99% for 10 or, respec-
tively, 96% after 24 h). The decreased isomerization
rate can be understood in terms of the lower p-dona-
tion ability of bromide compared to chloride.

Although less pronounced, the effect is in agree-
ment with the results obtained for the iridium hy-
dride-driven isomerization of allylbenzene 12, where-
by higher reaction rates were observed by stabiliza-
tion of unsaturation at the metal center originating
from more effective p-donation of the halide in the
order: I<Br<Cl<OH<F.[65] Even further increased
isomerization rates may therefore be realized with
our catalyst system by fluoride substitution, an aspect
that is still underestimated as a tunable parameter.

Conclusions

We describe a detailed experimental investigation of
the activity of a series of novel backbone-fused bipyr-
azole (bcpz)-derived palladium catalysts, which are
highly effective in the selective isomerization of aryl-
propenoids in alcoholic media. Catalyst screening re-
vealed that the donor capability of the wingtip substi-
tutents of the bidentate ligand has a strong influence
on the activity. Catalyst integrity, a prerequisite for
any application in homogeneous catalysis, was shown
to be maintained, even at elevated temperatures
(343 K) and over multiple addition–reaction cycles,
with neither loss of activity nor degradation nor de-
composition to metallic palladium. Deuterium-labeled
mechanistic investigations revealed the formation of
palladium hydride species under the reaction condi-
tions, as evidenced by a characteristic [1,2-D] shift de-
tected by MS fragmentation experiments, and indicat-
ed that these species are the active catalysts. Taking
the observed reaction orders into account, a catalytic
cycle, which proceeds via a metal hydride addition–
elimination mechanism, is proposed. Solvent screen-
ing revealed that the pKa has a strong influence on
the reaction rate. The impact of acid and base addi-
tives was also addressed. The absence of side reac-
tions, such as reduction or dimerizations and no pre-
cipitation of palladium metal, compared to reported
catalyst systems employing acids or metal hydrides as
co-reactants, highlights the mildness and effectiveness
of our catalyst system, which operates in various alco-
holic media at low catalyst loadings of 1 mol%. The

investigation also shows how the bcpz class of ligands
can be used for catalyst design. The effect of substitu-
tion pattern, combined with substrate and solvent
screening, and a discussion of electronic and steric
factors, as well a solvent polarity, pKa value, the coor-
dinated halide and additives, provide valuable infor-
mation for future developments and improvements of
related catalytic systems. In view of the positive re-
sults obtained with our catalysts in isomerization and
oxidation reactions, research on hydroformylation
and cyanohydrin formation is currently under investi-
gation in our laboratory. Furthermore, modification of
these neutral bidentate bcpz-ligands for asymmetric
catalysis, taking advantage of their rigid nature and
the chiral camphor-backbone, is also being undertak-
en.

Experimental Section

Materials and Methods

All reagents and solvents were obtained from Acros,
ABCR, Alfa Aesar, Sigma-Aldrich or VWR and were used
without further purification unless otherwise noted. Deuter-
ated solvents were purchased from Euriso-Top. NMR spec-
tra were recorded on Bruker Avance 500, Bruker Avance
300 and Bruker ARX-250 spectrometers at room tempera-
ture. Chemical shifts (in ppm) were referenced to residual
solvent protons.[75] GC- and GC-MS measurements were
performed on a Thermo Trace-Ultra GC-MS, equipped with
split injector (250 8C), FID (250 8C) and a quadrupole MS
(Thermo, San Jose, CA). Mass spectra were recorded on
a JEOL JMS-700 spectrometer. IR spectra were recorded
on a Bruker Vector 22 FT-IR. Elemental analyses were per-
formed by the analytical laboratories of the chemical insti-
tute of the University of Heidelberg. Melting points were
determined on a B�chi melting point apparatus and temper-
atures were uncorrected. Intensity data for crystal structure
analysis were measured on a Bruker APEX diffractometer.

Catalysis

General procedure for the palladium-catalyzed isomeriza-
tion of terminal arylpropenoids: The catalyst (1 mol%) was
dissolved in a mixture of 3 mL of toluene and methanol
(1:2) in a cap-sealed vial and the appropriate allylbenzene
(89 mM) and 10 mL of internal standard (undecane) were
added. Reactions were carried out at given temperatures
and control samples were taken of the solution in due
course, filtered through a short plug of neutral alumina to
remove the catalyst and analyzed by GC and GC-MS (ISQ
Trace-Ultra GC-MS, Thermo, San Jose, CA) using a 25 m
DB-5 column (Agilent Technologies, Palo Alto, CA, film
thickness 250 nm).

Bcpz-palladium(II) bromide complex (10Br): To a solution
of the corresponding bipyrazole ligand[77] (27.1 mg,
77.8 mmol) in acetonitrile was added PdACHTUNGTRENNUNG(MeCN)2Br2

[77]

(50.0 mg, 77.8 mmol) and the solution was stirred for 20 h at
room temperature. The solvent was evaporated under re-
duced pressure; the product was dissolved in a small
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amount of chloroform and filtered through a short plug of
silica. Evaporation and drying under high vacuum afforded
dibromide complex 10Br as a deep orange microcrystalline
solid ; yield: 47.7 mg (52.5 mmol, 67%). 1H NMR (300 MHz,
CDCl3): d= 0.75 (s, 6 H), 0.92 (s, 6 H), 1.11 (m, 4 H), 1.24 (s,
6 H), 1.29 (s, 18 H), 1.75 (m, 2 H), 2.00 (m, 2 H), 2.87 (d, J=
3.5 Hz, 2 H), 5.85 (d, J=15.9 Hz, 2 H), 6.21 (d, J= 15.9 Hz,
2 H), 7.21 (d, J=8.4 Hz, 4 H), 7.32 (d, J=8.4 Hz, 4 H);
13C NMR (300 MHz, CDCl3): d=11.1, 19.3, 20.3, 26.8, 31.3,
32.7, 34.5, 47.9, 54.0, 63.1, 125.4, 125.5, 126.8, 133.8, 139.6,
150.7, 159.4; IR (KBr): n=2957, 2866, 1700, 1514, 1455,
1414, 1390, 1364, 1312, 1269, 1247, 1204, 1182, 1123, 1047,
1015, 1000 cm�1; anal. calcd. for C44H58Br2N4Pd·1/100 H2O:
C 57.55, H 6.48, N 6.10; found: C 57.37, H 6.55, N 6.17; HR-
MS (FAB+): m/z =829.2903, calcd. for C44H58BrN4Pd
[M�Br-]+: 827.2880.

1,1-d2-Prop-1-en-3-ylbenzene

To a solution of d3-methyltriphenylphosphonium iodide[77]

(1.7 g, 4.3 mmol) and potassium tert-butoxide (0.5 g,
4.3 mmol) in tetrahydrofuran was added phenylacetaldehyde
(513.4 mg, 4.3 mmol) dropwise. The solution was stirred for
19 h at 70 8C. Aqueous hydrochloric acid was added to the
reaction mixture at room temperature. The product was ex-
tracted with diethyl ether and washed with water. The dried
and concentrated organic layer was purified by chromatog-
raphy using n-pentane as eluent. Careful evaporation fur-
nished 1,1-d2-prop-1-en-3-ylbenzene as a colorless oil; yield:
61.5 mg (512 mmol, 12 %). 1H NMR (300 MHz, MeOH-d4):
d= 3.37 (d, J=6.7 Hz, 2 H), 5.08 (m, 2 H), 5.96 (m, 1 H), 7.17
(m, 3 H), 7.25 (m, 2 H); 13C NMR (151 MHz, MeOD-d4): d=
41.1, 115.9, 127.0, 129.4, 129.6, 138.9, 141.4; GC-MS (EI):
tR =12.81 min, m/z =120.1 [M]+, 119.1 [M�D]+, 118.1
[M�2 D]+.

General Procedure for the Preparation of Reference
Samples for the Gas Chromatographic Assignment of
Diastereomers

To a solution of catalyst (1 mol%) in 2,2,3,3,4,4,4-heptafluor-
obutanol the substrate (89 mM) was added and the isomeri-
zation was allowed to proceed to completion at room tem-
perature. The solution was extracted three times with small
amounts of n-pentane, the organic layers were combined,
dried over sodium sulfate and filtered. Careful evaporation
according to the general low boiling points of arylprope-
noids yielded reference samples of isomerized compounds
for GC and NMR analysis.

Determination of Time-Independent Reaction-Rate
Orders

Isomerization was carried out under standard reaction con-
ditions using catalyst 10 (1 mol%), allylbenzene (89 mM)
and 10 mL of n-undecane as internal standard in a mixture
of toluene/methanol (2:1) at room temperature under varia-
tion of the substrate (89 mM, 444 mM, 1 M), catalyst
(0.1 mol%, 0.5 mol%, 1.0 mol%) and methanol concentra-
tions (33%, 50%, 100%). Samples were taken after 0.25 h,
0.75 h, 3 h and 6 h, filtered through a short pad of silica and
analyzed by GC measurements. Consecutive plotting of con-

centrations versus yields furnished the corresponding reac-
tion-rate orders.[78]

X-Ray Crystallography

Crystal data for 10 : C38H46Cl2N4Pd, Mr = 736.09, 0.15 � 0.14 �
0.01 mm3, monoclinic, space group P21, a= 16.196(5) �, b=
10.248(3) �, c= 21.795(7) �, b=96.143(4)8, V=3596.6(19)
�3, Z=4, 1calcd. =1.36 g/cm3, synchrotron radiation, l= 0.8
�, T= 150 K, Vrange = 1.86–31.578. Reflections measured
97835, independent 15609, Rint =0.040. Final R indices: R1=
0.027 [I>2s(I)], wR2= 0.061 (all data). Details of data col-
lection, structure solution and refinement of the crystal
structures of 6 are contained in CCDC 852494. These data
can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre vvia www.ccdc.cam.ac.uk/data_re-
quest/cif.

Supporting Information

NMR data, results of the crystal structure analysis of 6, ad-
ditional material related to rate-order determination, deute-
rium-labeling and catalyst evaluation experiments are avail-
able in the Supporting Information.
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