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ABSTRACT: Pd(II)-catalyzed E/Z isomerization of alkenes is a common process—yet its mechanism remains largely unchar-
acterized, particularly with non-conjugated alkenes. In this work, the mechanism of Pd(II)-catalyzed E/Z isomerization of 
unactivated olefins containing an aminoquinoline-based amide directing group is probed using in situ kinetic analysis, spec-
troscopic studies, kinetic modeling, and DFT calculations. The directing group allows for stabilization and monitoring of pre-
viously undetectable intermediates. Collectively, the data are consistent with isomerization occurring through a monometallic 
nucleopalladation mechanism. 

INTRODUCTION 

The activation of alkenes by Pd(II) species is a founda-
tional reactivity paradigm in homogeneous catalysis. 
While palladium(II)–olefin complexes most commonly 
undergo nucleopalladation with suitable nucleophiles via 
π-Lewis acid activation,1 several other mechanistic possi-
bilities exist, including π-allyl formation, C(alkenyl)–H ac-
tivation, alkene migration, and E/Z isomerization (Scheme 
1).2-4 It is critical to understand: (1) the factors that dictate 
which pathway is predominantly operative under a given 
set of reaction conditions, (2) how these processes are in-
terconnected, and (3) the mechanistic details of each of 
the different pathways.  

The isomerization of alkenes with a variety of Pd(II) 
precatalysts has been appreciated as a ubiquitous process 
since as early as 1964.2,5 Positional isomerization (alkene 
migration), E/Z isomerization, or a combination of these 
two processes take place with a variety of substituted al-
kene substrates, and these processes have garnered inter-
est both from a synthetic6 and mechanistic7,8 perspective 
over the ensuing decades. Alkene isomerization processes 
are attractive in preparative synthetic chemistry, as they 
are 100% atom-economical. Widely accessible alkene 
feedstocks can thus be converted into value-added iso-
meric products or into further functionalized target com-
pounds through integration into tandem catalytic pro-
cesses.9-11 Harnessing the full synthetic potential of these 
processes, however, hinges on a refined mechanistic un-
derstanding, such that they can be controlled and ration-
ally optimized.  

 

 

 

 

 

Scheme 1: Olefin activation by Pd(II). 

 

 



 

During the course of research into 8-aminoquinoline 
(AQ)-directed Pd(II)-catalyzed functionalization of unac-
tivated alkenes, we observed E/Z isomerization of internal 
alkenes under various reaction conditions with Pd(OAc)2 
as the catalyst.12 This reactivity was then exploited in two 
stereoconvergent systems.10,11 No alkene migration was 
observed despite the use of unactivated alkenes in these 
reactions, making this an ideal model system for elucidat-
ing the mechanistic details of E/Z isomerization. Further-
more, the AQ directing group can stabilize catalytically 
competent organopalladium complexes, allowing for 
characterization and in situ monitoring of previously un-
detectable intermediates by NMR spectroscopy.11 To our 
knowledge, a detailed study of Pd(II)-catalyzed alkene E/Z 
isomerization of electronically neutral alkenes, without 
complication by alkene migration, has not been carried 
out. Moreover, there is a lack of in-depth studies on isom-
erization reactions that employ Pd(II) precatalysts bear-
ing carboxylate ligands, which are among the most widely 
used palladium species in organic synthesis.13 We were in-
terested in utilizing the system shown in Scheme 3 to 
study this common, yet surprisingly uncharacterized pro-
cess. Deuterium-labeling experiments and in situ kinetic 
analysis under various conditions are consistent with a 
nucleopalladation mechanism, which is further supported 
by DFT calculations. Kinetic modeling of time course pro-
files allows for determination of relative rate constants of 
each step. 

 

BACKGROUND 

One of the first mechanistic investigations of Pd(II)-
catalyzed E/Z isomerization was reported in 1972 by 
Henry, where the authors examined enol ethers, a type of 
activated alkene, as substrates (Scheme 2A).8a Henry’s 
mechanistic studies allowed him to rule out the then-pre-
vailing mechanistic hypotheses for alkene migration:2 in-
ter-molecular hydride transfer via a palladium–hydride 
(or π-allyl-palladium–hydride), and reversible formation 
of a π-allyl-palladium complex. The two possible π-allyl 
pathways were ruled out based on the fact that isomeriza-
tion still took place with substrates lacking -hydrogens. 
The hydride mechanism was ruled out due to lack of deu-
terium exchange upon using deuterated solvents.  

In 1981 Sen and Lai reported the use of biscationic 
Pd(MeCN)4(BF4)2 as an active isomerization catalyst, with 
significantly different reactivity compared to neutral 
Pd(II) precatalysts, such as Pd(OAc)2. This Pd species was 
found to catalyze the conversion of tert-butylethylene to 
tetramethylethylene, consistent with the intermediacy of 
a carbocation (Scheme 2B).14 In a separate study of the 
synthesis of (E)-arylalkenes from (Z)-arylalkenes, Spencer 
and colleagues noted that substrates containing electron-
withdrawing groups required longer reaction times, 
which the authors noted was potentially consistent with a 
cationic or chloropalladation pathway (Scheme 2C).6b 
Most recently in 2011, Lloyd-Jones, Harvey, and cowork-
ers studied the E/Z isomerization of -methylstyrene 
(Scheme 2D).8b Experimental studies suggested that the 
lowest energy pathway did not involve a carbocation in-
termediate, which was then reinforced by DFT calcula-
tions, ultimately supporting a binuclear non-ionic chloro-
palladation pathway.  

Many mechanistic studies of E/Z isomerization have fo-
cused on styrenes or related alkenes that lack -hydro-
gens, thereby circumventing the issue of alkene migration. 
The E/Z isomerization of non-conjugated alkenes has been 
less thoroughly studied, and it is unclear to what extent 
the mechanistic insights obtained from studies of styrenes 
and other conjugated alkenes are generalizable to these 
systems. This knowledge gap motivated the present study.  

 

Scheme 2: Examples of alkene E/Z isomerization un-
der non-hydrogenative conditions. 

 
 

RESULTS AND DISCUSSION 

Scheme 3 shows the standard reaction conditions iden-
tified based on past work.10,15 Control experiments veri-
fied that E/Z isomerization does not occur without the pal-
ladium catalyst. Without acetic acid, isomerization is ob-
served at a diminished rate (see SI). Other internal alkene 
substrates also underwent E/Z isomerization under these 
conditions, indicating that this transformation is not 
unique to substrate 1 (see SI). Reaction progress monitor-
ing showed an immediate drop in mass balance (1-Z + 1-
E) at the onset of the reaction corresponding roughly to 
the catalyst concentration. It is proposed that this is due 
to formation of stable palladium(II)–alkene complexes. 

 

 



 

Scheme 3: Pd-catalyzed E/Z isomerization. 

 

Mixtures of 1-E and palladium acetate studied by 1H-
NMR spectroscopy allowed us to identify two Pd interme-
diate species (Figure 1). NOESY spectra showed that the 
alkenes in both complexes were in the E-conformation 
(Figure 2),11  which we refer to as 1-PdE (major species) 
and 1-PdE’ (minor species).  

Figure 1: Comparison of various 1H-NMR spectra, from 
top to bottom: alkene 1-E; alkene 1-Z; isolated 1-PdE and 
1-PdE’; 40 min after adding Pd(OAc)2 to 1-Z; 33 min after 
adding Pd(OAc)2 to 1-E. All spectra were taken at room 
temperature. 

 

Comparison of these spectra showed that the interme-
diates 1-PdE and 1-PdE’ persisted throughout the reac-
tion (Figure 1, red box), and two additional palladium–al-
kene complexes were observed. These two new com-
plexes (Figure 1, green and purple boxes) were observed 
at earlier time points when starting the reaction with 1-Z. 
At later time points, the size of these peaks decreased, 
while those of 1-PdE increased. Based on the shape and 
splitting of the peaks of these two unknown complexes, we 
propose that these peaks are the Z-configured analogues 
of 1-PdE and 1-PdE’, which hereafter we refer to as 1-PdZ 
and 1-PdZ’(see SI for detailed analysis). Attempts to iso-
late the complexes formed via treatment of 1-Z with palla-
dium acetate for more detailed NMR characterization 
were unsuccessful.  

 

Figure 2. NOESY spectrum of 1-PdE and 1-PdE’, showing the 
through-space interactions of the alkenyl protons and the 
methyl protons.  

 

In situ NMR spectroscopy allowed us to monitor inter-
mediates 1-PdZ and 1-PdE, as well as 1-Z and 1-E, over 
the course of the reaction. Starting from 1-Z, the observed 
reaction progress is characterized by an immediate drop 
in [1-Z] that is roughly equivalent to the concentration of 
Pd, concomitant with formation of 1-PdZ, followed by a 
decrease of 1-PdZ and increase in 1-PdE, implying that 1-
Z binds rapidly and strongly to the palladium catalyst to 
form 1-PdZ, which then undergoes E/Z isomerization to 
form 1-PdE. Finally, dissociation releases 1-E and regen-
erates the palladium catalyst. The entire reaction se-
quence is reversible and equilibrates over time to give the 
equilibrium distribution [1-E]/[1-Z] ratio of Keq = ca. 3.7. 
From the NMR spectra, we were able to experimentally 
determine the ratio [1-PdE]/[1-PdZ] at equilibrium as Kiso 
= ca. 7. These steps are shown in Scheme 4, where ‘Pd’ 
stands for Pd(OAc)2. 

 

Scheme 4: Proposed elementary steps in the isomeri-
zation reaction.  

 

 

Kinetic profiles were obtained in reactions with differ-
ent starting ratios of Z:E using 1H-NMR to monitor the re-
action. COPASI modeling16 was then used to fit the data to 
estimate the rate constants. Considering both forward and 
backward steps, there are 6 total rate constants to con-
sider. If we define the following equilibrium constants (eq 
1): 

 𝐾𝐸 =
𝑘𝐸

𝑘− 𝐸
, 𝐾𝑍 =

𝑘𝑍

𝑘−𝑍
,  𝐾𝑖𝑠𝑜 =

𝑘 𝑖𝑠𝑜

𝑘−𝑖𝑠𝑜
,  𝐾𝑒𝑞 =

[𝐸]𝑒𝑞

[𝑍]𝑒𝑞
   (1) 

 

then Keq becomes (eq 2): 

 𝐾𝑒𝑞 =
𝐾𝑍 ∗ 𝐾𝑖𝑠𝑜

𝐾𝐸
 =

𝑘𝑍 ∗ 𝑘𝑖𝑠𝑜 ∗ 𝑘−𝐸

𝑘−𝑍 ∗ 𝑘−𝑖𝑠𝑜 ∗ 𝑘𝐸
        (2)  

 

and therefore kiso becomes (eq 3): 

 𝑘𝑖𝑠𝑜 =
𝐾𝑒𝑞 ∗ 𝑘−𝑍 ∗ 𝑘−𝑖𝑠𝑜 ∗ 𝑘𝐸

𝑘𝑍 ∗ 𝑘−𝐸
      (3) 



 

 

Therefore, the rate constants may be defined in the fol-
lowing manner: 

𝑘𝑍 = 𝑘−𝑍 ∗ 𝐾𝐸 ∗
𝐾𝑒𝑞

𝐾𝑖𝑠𝑜
      (4) 

𝑘𝐸 = 𝑘−𝐸 ∗ 𝐾𝐸        (5) 

𝑘𝑖𝑠𝑜 = 𝐾𝑖𝑠𝑜 ∗ 𝑘−𝑖𝑠𝑜      (6) 

 

We give 𝐾𝑒𝑞  and 𝐾𝑖𝑠𝑜  their experimentally measured 

values and treat 𝑘−𝑍, 𝑘−𝐸 , 𝑘−𝑖𝑠𝑜  and 𝐾𝐸  as variables. Set-
ting the parameter k-iso arbitrarily at a range of values did 
not alter the values of the other variables, and therefore 
we set k-iso as 1 min-1 (see SI for details). The simultaneous 
fit to multiple data sets under different reactant concen-
trations gave an excellent fit, as shown in Figure 3. Param-
eter estimation of these four variables gave the following 
results as listed in Table 1, within 5% variation (see SI for 
details).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. COPASI fit compared to the kinetic profile of the 
isomerization reaction of Scheme 4 in CD3CN at 50 °C. Top: 1-
Z (0.159 M); 1-E (0.006 M); Pd(OAc)2 (0.034 M); AcOH (0.186 
M). Bottom: 1-Z (0.109 M); 1-E (0.0531 M); Pd(OAc)2 (0.032 
M); AcOH (0.186 M). 

 

This kinetic modeling reveals that the concentration of 
1-PdZ remains ca. an order of magnitude lower than that 
of 1-PdE throughout the reaction. Although the equilib-
rium constants of the two Pd complexes differ only by a 
factor of 2, their equilibrium concentrations are influ-
enced by the [1-E]/[1-Z] equilibrium ratio, as shown in eq 
(7). 

 

Table 1: Results of COPASI fitting using NMR data sets 
and definition listed above.  

Rate constants Equilibrium constants 
𝒌𝒁 1.43 (M

-1
·min

-1
) 𝐾𝑍 17.2 (M

-1
) 

𝒌−𝒁 
0.0830 ± 0.0026 
 (min

-1
) 

𝐾𝐸 32.6 ± 1.09 (M
-1

) 

𝒌𝒊𝒔𝒐 7 (min
-1

) 𝐾𝑖𝑠𝑜 7 
𝒌−𝒊𝒔𝒐 1 ( min

-1
,
 
defined) 𝐾𝑒𝑞 3.7 

𝒌𝑬 3.28(M
-1

·min
-1

)   
𝒌−𝑬 0.101 ± 0.005 (min

-1
)   

 

     
[𝟏−𝐏𝐝𝑬]𝑒𝑞

[𝟏−𝐏𝐝𝒁]𝑒𝑞
=

𝐾𝐸

𝐾𝑍
⋅

[𝟏−𝑬]𝑒𝑞

[𝟏−𝒁]𝑒𝑞
≅ 7   (7) 

 

Having established the kinetic behavior of this catalytic 
isomerization, we next explored the mechanism through 
which the isomerization occurs. Based on the literature, 
there are three main candidate mechanisms for alkene E/Z 
isomerization under the palladium(II)-catalyzed condi-
tions in this system: (1) via π-allylpalladium(II) formation, 
(2) via nucleometallation/β-elimination, and (3) via π-
Lewis acid activation to form a carbocation.2-5,8 Given that 
we have previously shown that alkene 1-Z is capable of 
undergoing C(alkenyl)–H activation in the presence of pal-
ladium(II),10 we also considered a fourth mechanism for 
E/Z isomerization involving: (4) C(alkenyl)–H activation 
to form an alkenylpalladium(II) species, followed by isom-
erization via a  η2-alkenyl-palladium/metallocarbene in-
termediate, in analogy to previous proposals to rationalize 
E/Z isomerization in the Pd(0)-catalyzed cross-coupling 
of alkenyl reaction partners.13c,17 

First, deuterium-labeling studies allowed us to rule out 
formation of a π-allylpalladium species, as in (1), as no mi-
gration or loss of deuterium labels at either of the allylic 
positions was observed (Scheme 5A, B). Next,17 to test the 
viability of pathway (4), we prepared alkenyl-D-labeled 
substrate 1-Z-d2. When it was subjected to the standard 
isomerization conditions, H/D exchange at the γ-carbon 
was indeed observed, consistent with our previous report 
(Scheme 5C).10 Examination of the rate profile revealed 
that at low conversion, the E-alkene that is formed is pri-
marily D2-labeled and that rate of isomerization is much 
higher than the rate of H/D exchange, which is incon-
sistent with this pathway (see SI for details). Indeed, DFT 
calculations indicated that the barrier for C(alkenyl)–H ac-
tivation is higher than the activation energy for every step 
in pathway (2) (see SI). 
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Scheme 5: Deuterium-labeling studies. 

 

Unfortunately, deuterium-labeling studies do not allow 
for differentiation between (2) the nucleometallation/β-
elimination pathway and (3) the cationic pathway. Under 
our reaction conditions, acetate would be the most likely 
nucleophile in a nucleometallation/β-elimination path-
way. Therefore, we reasoned that if AcOH were removed 
from the system, this should suppress the reaction rate if 
a nucleometallation/β-elimination were operative. To test 
this, we performed the reaction with Pd(MeCN)4(BF4)2 in-
stead of Pd(OAc)2, Indeed, the reaction rate was heavily 
reduced (see SI). This further suggests that the cationic 
pathway is unlikely, as Sen and Lai had previously ob-
served this catalyst gave enhanced reactivity in alkene 
isomerization (via a presumed cationic pathway). Adding 
AcOH to the reaction with Pd(MeCN)4(BF4)2 as the catalyst 
does not give an increase in rate. The origin of this obser-
vation is unclear but could potentially be due to inefficient 
ligand exchange of acetate under these conditions. To fur-
ther probe the viability of the cationic pathway, we sub-
jected Z-configured, tert-butyl-containing alkene 2 to the 
reaction conditions and found that the alkene underwent 
E/Z isomerization without migration of the methyl group 
(Scheme 6). This suggests that a tertiary cation was not 
formed,14 which is inconsistent with a cationic pathway. 

 

  Scheme 6: Pd-catalyzed E/Z isomerization. 

 

DFT calculations were used to further examine the like-
lihood of a monometallic nucleopalladation pathway (Fig-
ures 5, 6). First, the two experimentally observed con-
formers of the π-coordinated alkene complex, 1-PdE and 
1-PdE’ were located. Subsequent calculations focused on 
the lower-energy conformer, 1-PdE, as the transition state 
for the anti-nucleopalladation from the higher-energy 
conformer, 1-PdE’, was found higher, and other steps 
were expected to follow the same trend  (see SI). Next, the 
regioselectivity of the alkene addition event was 

examined. Transition states for nucleophilic attack on the 
γ-carbon (Figure 5, blue) and the δ-carbon (Figure 5, 
black) were computed, favoring attack of the δ-carbon by 
6.5 kcal/mol. This is consistent with our previous obser-
vations that the palladium catalyst is more likely to form a 
6-membered palladacycle than a 7- membered palladacy-
cle on both kinetic and thermodynamic grounds.18  

Next, the optimized transition state for the nucleophilic 
attack was compared to that of the solvent-coordinated 
carbocation formed via π-Lewis acid activation (Figure 5, 
red). Consistent with our above hypothesis, the carbo-
cation was higher in energy by 4.5 kcal/mol. The activa-
tion barrier for the carbocation formation is expected to 
be much higher in energy rendering the cationic pathway 
highly unfavorable. Attempts to locate a transition state 
have been unfruitful.8b  

Figure 5. Computed carbocation intermediate (red), and 
transition states for the nucleophilic attack on the γ-carbon 
(blue) and δ-carbon (black). 

 

 

Finally, the overall reaction profile was calculated as 
shown in Figure 6.19 Both the syn- and anti-nucleopallada-
tion pathways (and thus the microscopic reverses) were 
sufficiently low in energy to make the monometallic nucle-
opalladation pathway viable, even under mild conditions. 
The lowest energy pathway (Figure 6, black) begins with 
the π-alkene–palladium complex of the Z-alkene (1-PdZ) 
undergoing anti-nucleopalladation. Acetate is intimately 
involved as the nucleophile in this process, consistent with 
the requirement of a carboxylic acid additive and the ab-
sence of reactivity observed with cationic catalysts. The 
syn-pathway is higher in energy than the anti-pathway, 
consistent with previous observations for AQ-directed in-
termolecular nucleopalladation with carbon, nitrogen, 
and oxygen nucleophiles.20 In geometrically constrained 
systems, both syn- and anti-β-N-eliminations have been 
documented, supporting the notion that while the anti-
pathway is lower in energy, both pathways are energeti-
cally accessible, Next, bond rotation followed by β-OAc 
elimination gives the π-alkene–palladium complex of the 
E-alkene (1-PdE) which dissociates to release 1-E. All en-
ergies were significantly lower compared to β-hydride 
eliminations computed for similar substrates (18.0 
kcal/mol)18 which explains the lack of Wacker or chain-



 

walking products in the product distribution. The calcula-
tions confirm the trend of the relative stability of 1-PdZ 
and 1-PdE experimentally observed by NMR and pre-
dicted via kinetic modeling. 

This proposed mechanism differs from that reported by 
Lloyd-Jones, Harvey, and coworkers for a reversible chlo-
ropalladation in the E/Z isomerization of β-methylstyrene 
catalyzed by [(RCN)2PdCl2] complexes.8b A number of dif-
ferences between that work and ours support the pro-
posal of different reaction mechanisms in the two cases. 
They observed an unusual 1.6 order dependence on Pd 
concentration, which they attributed to a binuclear addi-
tion/elimination mechanism. Our observation of 1st order 
kinetics in [Pd] under our conditions may imply that the 
binding of the AQ precludes the formation of the dimeric 
Pd complex invoked in that work. We found that the sub-
strate employed in that work (β-methylstyrene) did not 
undergo isomerization under their conditions using 
Pd(OAc)2 in place of (RCN)2PdCl2 (in DCM); additionally, 
substrate 1-Z did not undergo isomerization neither un-
der their conditions (Pd(MeCN)2Cl2, DCM) nor our condi-
tions using Pd(MeCN)2Cl2 in place of Pd(OAc)2 (see SI). 

ONCLUSIONS 

ONCLUSIONS 

 

ONCLUSIONS 

CONCLUSIONS 

This work represents the first mechanistic investigation 
into metal-catalyzed E/Z isomerization of unconjugated 
alkenes that is not complicated by alkene migration. The 
AQ directing group enabled the stabilization of key inter-
mediates, allowing observation and monitoring of Pd-con-
taining complexes in addition to Z and E alkenes.  

In situ kinetic analysis suggests a general mechanistic 
picture in which the Z-alkene first rapidly coordinates to 
the palladium catalyst while maintaining its Z configura-
tion. This intermediate then undergoes E/Z isomerization 
to give a palladium–alkene complex in the E configuration. 
Finally, the palladium dissociates from the alkene to yield 
the E-alkene. Further insight into the details of the ele-
mentary steps that comprise the isomerization process is 
provided by  deuterium-labeling experiments and DFT 
calculations, which support an anti-nucleopalladation/β-
elimination pathway.  

This work serves to advance our ultimate goal of achiev-
ing a comprehensive mechanistic understanding of the ac-
tivation of alkenes by Pd(II) species and the pathways that 
can ensue. In particular, we have teased out the intimate 
connection between the nucleopalladation and E/Z isom-
erization pathways and shed light on the role of an oxygen 
nucleophile in isomerization. This refined understanding 
sets the stage  for rational optimization of  E/Z  isomeriza-
tion processes for synthetic applications. 

 

 

 
 
 
 
 
  

Figure 6: Computed energy profile for the E/Z isomerization reaction of 1-Z to 1-E. 



 

Supporting Information. Experimental details and details of 
stochastic modeling. This material is available free of charge 
via the Internet at http://pubs.acs.org. 
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