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The combination of Josiphos-type ligands with Pd catalysts has been instrumental in the rapid 
development of efficient catalytic processes. We performed density functional theory (DFT) 
calculations to elucidate the mechanisms and dynamic conformational changes responsible 
for the reactivity and selectivity observed in Pd-catalysed bicyclization/carbonylation of 
1,6-enynes. DFT calculations indicated that the most favourable reaction pathway involves an 
unusual alkene insertion into the carbon–palladium bond to give high level of enantioselectivity. 
Here, the reactivity is enhanced by the self-adaptation of the Josiphos-Pd backbone, which 
allows for two distinct ligand conformations with different steric environments. A half-chair 
conformation is preferred in migratory insertion, which is both the rate-determining step and 
the enantioselectivity controlling step. The less hindered steric environment of the half-chair 
conformation allows for rapid migratory insertion, as confirmed by Surface distance projection 
maps and IGM analysis. Furthermore, IGM analysis shows that the steric effect between the 
phenyl group in the ligand and the methyl group on the allene of the substrate is important for 
enantioselectivity control.

Chiral biphosphines are important ligands with a privileged backbone and they have been widely used in many 
metal-catalysed asymmetric reactions1–9. Generally, a wide range of organic synthesis transformations can be 
achieved through the electronic properties and steric effects induced by chiral biphosphine ligands bound to 
metal centres, as well as chiral biphosphine–substrate noncovalent interactions10–13. Josiphos-type14–16 chiral 
ligands are representative of this type of ligand. They feature ferrocene backbones and often exhibit both planar 
chirality and asymmetric C-stereocenters, making them attractive options for asymmetric catalysis. Josiphos 
ligands can combine with a metal to form a six-membered cyclic backbone, which can have two different 
conformations (Fig. 1a), i.e., the boat conformer and the half-chair conformer, which have both been confirmed 
by X-ray crystal structure analysis17,18. In the asymmetric reaction, to improve reactivity and selectivity, does the 
conformation of the six-membered Josiphos-metal skeleton change? With this question in mind, we explored 
the conformational changes19–21 between the different conformations of A and B during the catalytic cycle, 
where the stability of structures and reactivity are controlled in the elementary steps (Fig. 1b). The enhanced 
structural control of chiral Josiphos ligands with different steric or electronic properties may be desirable in 
separate intermediates and transition states. In the whole cycle, the reaction begins with a stable catalyst in the A 
conformation, where the Josiphos ligand is located at the metal centre. To overcome the lower activation energy, 
the conformation of the transition state does not change, resulting in a stable intermediate with A conformation. 
To improve reactivity and control stereoselectivity, the conformation of the ligand–metal ring is changed to the B 
conformation via a transition state, leading to the A conformer. Therefore, metal-catalysed asymmetric reactions 
can be facilitated by a well-designed chiral Josiphos ligand.

Combinations of a Pd catalyst and a Josiphos ligand exhibit excellent catalytic performance in asymmetric 
reactions;22–25 for example, Pd/Josiphos-catalysed asymmetric amination26 and Pd(TFA)2/Josiphos-catalysed 
asymmetric Suzuki Miyaura coupling reactions27. The Lin group has reported asymmetric bicyclization/
carbonylation of 1,6-enynes employing a Pd catalyst supported by conformationally flexible Josiphos ligands 
(Scheme 1)28. Three C–C bonds, two rings, two adjacent quaternary carbon stereocenters, and C–O/C–N bonds 
are formed in this cascade reaction, which exhibits excellent regio- and enantioselectivities. However, several 
mechanistic questions remain to be addressed: Are two different conformations involved in the same catalytic 
cycle? Are the reactivity and enantioselectivity determined in the same step or in different steps? How does the 
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ligand affect the reactivity and selectivity in a synergetic fashion? Hence, the mechanism of the Pd-catalysed 
bicyclization of 1,6-enynes reported by the Lin group is worthy of further study.

In this study, density functional theory (DFT) calculations were used to examine the mechanistic issues 
mentioned above and to gain insight into how conformational changes affect the entire reaction. Furthermore, 
we investigated the origin of the enantioselectivity observed in this reaction.

Computational methods
All DFT calculations were performed using the Gaussian 1629 Revision A.03 software package. The B3LYP-
D330–33functional with the standard 6-31G(d) basis set (SDD34,35 basis set for Pd and Fe) was used for geometry 
optimization in the gas phase. Harmonic vibrational frequency calculations were performed for all the stationary 
points to determine whether they were local minima or transition structures and to derive thermochemical 
corrections for the enthalpies and free energies at 298 K. To provide more accurate energy information, the 
B3LYP-D3 method was used with the 6-311 + G(d) basis set (SDD basis set for Pd and Fe) to calculate the single-
point energies in ethyl ether solution. Solvent effects were considered with single-point energy calculations based 

Fig. 1.  The conformational changes of diphosphine ligands and their potential roles in promoting 
enantioselectivity in transition-metal catalysis.
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on gas-phase stationary points with the SMD36,37 continuum solvation model. In the literature, a correction of 
1.89 kcal/mol is frequently used to account for the change in standard state from the gas phase (1 atm) to solution 
(1 M)38–40. The independent gradient model (IGM)41 was calculated at the B3LYP-D3/6-31G(d) (SDD for Pd and 
Fe) level of theory. Multiwfn42 was utilized to produce surface distance projection maps. The geometries of the 
key reaction intermediates and transition states were drawn using CYLView v1.0 software43.

Results and discussion
As shown in Scheme 2, the general cycle for Pd-catalysed bicyclization/carbonylation of 1,6-enynes begins with 
Pd(0) catalyst I coordinated to the 1,6-enyne and Josiphos ligand. Oxidative addition of 1,6-enyne with a chiral 
Pd complex forms the allenylic Pd complex II. Migratory insertion of the olefin group into the C–Pd bond 
then gives alkyl Pd intermediate III. Subsequent cyclopropanation occurs, releasing one molecule of acetate to 
afford alkenyl Pd cationic species IV. Two possible pathways were then considered during our computational 
modelling of this reaction. Carbonylation generates carbonyl Pd species V, which undergoes nucleophilic 
addition with methanol in the presence of DABCO to generate intermediate VI.

Finally, reductive elimination and ligand exchange delivers the 3-azabicyclo[3.1.0]hexane product VII and 
regenerates the active catalytic species I. An alternative pathway to generate the common intermediate VI 
involves nucleophilic addition of alkenyl Pd IV followed by carbonylation. With the above proposal in hand, 
theoretical calculations were performed to reveal the mechanism of the Pd-catalysed bicyclization/ carbonylation 
of 1,6-enynes. Details of other side reaction mechanisms can be found in the Supporting Information (see 
Scheme S1, Figure S1 and Figure S2).

Considering the different conformations of Josiphos-coordinated metal, a critical question that remains 
to be addressed is which conformation is more stable? Furthermore, we calculated the energies of the two 
conformations of catalyst 1. As shown in Scheme 3, the boat conformation of catalyst 1 is 6.0 kcal/mol lower 
than that of the half-chair conformer, so it is more stable. Therefore, we choose the catalyst in the stable boat 
conformation as the catalytic starting point.

The Josiphos-coordinated Pd(0) catalyst in the boat conformation was chosen as the starting point for the 
free energy profiles (Fig.  2). Oxidative addition of 1,6-enyne via transition states 2-TS and 2’-TS generates 
the allenylic Pd(II) complex 3 with the boat conformation, releasing 5.0 kcal/mol free energy. The relative free 
energy of transition state 2-TS in the boat conformation is 16.1 kcal/mol, which is 2.8 kcal/mol lower than that 
of the transition state 2’-TS in the half-chair conformation. This result indicates that the transition state of the 
boat conformation is energetically favourable. Migratory insertion of the olefin group into the C–Pd bond via 
transition state 6’-TS gives alkyl Pd intermediate 7-R, where the conformation of transition state 6’-TS is the 
boat conformation. The energy barrier for migratory insertion is 37.0 kcal/mol, which is difficult to overcome. 

Scheme 1.  Pd-catalysed cyclopropanation/carbonylation of 1,6-Enynes.
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Also, the unstable cationic allenylic Pd(II) complex 3a is generated via transition state 2-TS, wherein the one 
acetate is dissociated from palladium atom. Then migratory insertion of the alkene via the four-membered cyclic 
transition state 6a-TS-R with a half-chair conformation occurs to give cationic alkyl palladium intermediate 7a-
R with a free energy of 30.2 kcal/mol. The relative energies of the transition states 6a-TS-R is higher than that of 
6-TS-R, which is energetically unfavorable (see Figure S3 in the Supporting Information). 

Because of the high energy barrier of the transition state with the boat conformation in the migratory 
insertion step, an alternative conformation of the transition state was considered. The half-chair conformation 
of the allenylic Pd(II) intermediate 5 is reversibly obtained by conformational rotation via transition state 4-
TS, which is endergonic by 5.8 kcal/mol. At this point, the conformation of the Josiphos-coordinated allenylic 
Pd(II) complex has changed from a boat conformation to a half-chair conformation. Then, migratory insertion 
occurs via a half-chair conformational transition state 6-TS-R to generate alkyl Pd intermediate 7-R in the 
boat conformation. The relative free energy of the half-chair transition state 6-TS-R is 20.0 kcal/mol, which is 
12.0 kcal/mol lower than that of the boat conformation transition state 6’-TS. These results indicate that the 
transition state in the half-chair conformation is more stable than that in the boat conformation, which also 
confirms our previous speculation that two different conformations are involved in the same catalytic cycle.

To better illustrate the advantages of the half-chair conformation in the migratory step, we used surface 
distance projection maps and IGM analysis to explore the steric repulsion at different regions of the ligand 
(Scheme 4). The geometries of Josiphos-Pd are respectively derived from the transition state structures 6-TS-R 
and 6’-TS-R by omitting the substrates. When using the half-chair conformational isomer, the atoms of Josiphos 
are far away from the substrate, and the allene group is on the less encumbered side of Josiphos. However, when 
the boat conformer is used, the ligand atoms are closer to the substrate, resulting in larger steric repulsion. 
Moreover, IGM analysis revealed the repulsion between the xylyl group of the ligand and the methyl moiety 
on the allene of the substrate in transition state 6’-TS-R, which would lead to a higher relative free energy. 

Scheme 2.  Plausible mechanisms of Pd-catalyzed bicyclization/carbonylation of 1,6-enynes.
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Furthermore, there is a hydrogen bond between the methylene group of the ligand and the acetate in transition 
state 6-TS-R, which makes the half-chair conformer stable.

Next, we investigated how the Josiphos-Pd conformers affect enantioselectivity in the migratory insertion 
step. The migratory insertion transition states leading to the R- and S-enantiomers of the cyclization product are 
shown in Fig. 3. The transition states in the half-chair conformation (6-TS-R and 6-TS-S) are more stable than 
those in the boat conformation (6’-TS-R and 6’-TS-S). The energy barrier to generation of the S-enantiomer 
via 6-TS-S is 27.1 kcal/mol, which is 2.1 kcal/mol higher than that for 6-TS-R, indicating that generation of the 
S-enantiomer of the cyclization product is unfavourable. This activation energy difference is consistent with 
the high levels of enantioselectivity observed experimentally. However, when the Josiphos-Pd is in the boat 
conformation in the migratory insertion step, both transition states are less stable, leading to enantioselectivity 
flipping (ΔΔG⧧ = −1.6 kcal/mol), which is inconsistent with experimental observations. Therefore, we excluded 
the transition states in the boat conformation in the migratory insertion step.

To further investigate the origin of the enantioselectivity, IGM analysis of the migratory insertion transition 
states with the half-chair conformation (6-TS-R and 6-TS-S) was performed (Fig.  4). There is a clear steric 
effect between the methyl group of the allene moiety and the phenyl group of the Josiphos ligand in transition 
state 6-TS-S. Therefore, the enantioselectivity is mainly controlled by the steric effect in the migratory insertion 
transition state.

When alkyl Pd intermediate 7-R is generated (Fig. 5), the subsequent dissociation of one acetate from 7-R 
would provide a cationic Pd center with an empty coordination site. Cyclopropanation via the four-membered 
cyclic transition state 8-TS in the half-chair conformation occurs to give the alkenyl Pd cationic complex 9 
with an energy barrier of 22.4 kcal/mol, and this step is endergonic by 20.5 kcal/mol. The instability of 9 in the 
boat conformation is contributed to by charge separation and the 14e-configuration. Then, the coordination of 
carbon monoxide with 9 gives CO-coordinated intermediate 10, which is exergonic by 9.3 kcal/mol. Insertion of 
carbon monoxide into the Pd–C bond (carbonylation) via the boat conformational transition state 11-TS results 
in carbonyl Pd intermediate 12 with the half-chair conformation. Subsequently, with the assistance of DABCO, 
nucleophilic addition of methanol occurs via the half-chair-type transition state 13-TS, resulting in the half-
chair conformational intermediate 14 with an energy barrier of 0.6 kcal/mol. Reductive elimination takes place 
via the half-chair-type transition state.

15-TS with an energy barrier of 17.1  kcal/mol. The R-enantiomer product is obtained through ligand 
exchange with 1,6-enyne, regenerating the active catalytic species I.

We also considered the mechanism involving nucleophilic addition followed by carbonylation. It is worth 
noting that the relative free energy of carbonylation of 20-TS is high at 25.9 kcal/mol, which is 14.8 kcal/mol 
higher than that of 11-TS, indicating that this pathway is unfavourable.

Scheme 3.  Conformations of the ligand-coordinated Pd(0) catalyst 1.
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An alternative cycloaddition route was also explored. As shown in Fig. 6, the Pd(0)-based cyclometallation 
proceeds through a boat conformational transition state 21-ts with an energy barrier of 68.0 kcal/mol to form 
palladacyclopentene intermediate 22. In the geometry of 21-ts, the palladacyclopentene species has a distorted 
five-ring conformation, which may be the origin of its instability. This result excludes the cycloaddition pathway 
because of its high activation free energy.

Fig. 2.  Free energy profile of the oxidative addition and migratory insertion steps in the Pd-catalyzed 
bicyclization/carbonylation of 1,6-enynes. The bond lengths are in Å.
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As shown above, the R-enantiomer product is obtained by a catalytic cycle involving oxidative addition, 
migratory insertion, cyclopropanation, carbonylation, nucleophilic addition, and reductive elimination. In the 
theoretical calculations, we found that migratory insertion is the rate-determining step, and the enantioselectivity 
is also controlled in this step. In this transformation, the conformational changes in the Josiphos-Pd are critical 
to achieving high reactivity and enantioselectivity.

Scheme 4.  a Surface distance projection maps of Josiphos-coordinated Pd. Distances are given in Å. Negative 
distance (blue) indicates that the atoms on the ligand are farther away from the substrate; positive distance 
(red) indicates that the atoms on the ligand are closer to the substrate. b IGM analyses of 6-TS-R and 6’-TS-R.
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Conclusion
In this work, a computational study on the Pd-catalysed bicyclization/carbonylation of 1,6-enynes indicated 
that the favourable pathway involves oxidative addition, migratory insertion, cyclopropanation, carbonylation, 
nucleophilic addition, and reductive elimination. Migratory insertion is both the rate-determining step and 
the enantioselectivity controlling step. From calculations regarding the mechanism, we discovered that the 
proper conformation of Josiphos-Pd is essential to achieve the high reactivity and enantioselectivity of this 
transformation. Dynamic conformational changes allow the catalyst to avoid the high energy barrier and thus 
improve the reactivity. In migratory insertion transition state, the ligand adopts the less hindered half-chair 
conformation, which is confirmed by surface distance projection maps and IGM analysis. Throughout the entire 
catalytic cycle, the intermediates adopt a boat conformation. Furthermore, IGM analysis showed that the steric 
effect between the phenyl group in the ligand and the methyl group on the allene of the substrate is important 
for enantioselectivity control. Thus, employing a conformationally self-adaptable ligand is advantageous for 
enhancing both reactivity and enantioselectivity by regulating ligand-substrate interactions in the key elementary 
step.

Fig. 3.  Enantioselectivity of the preferred conformers of Josiphos-coordinated Pd(II) in the migratory 
insertion step.
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Fig. 4.  Enantioselectivity in the migratory insertion step with half-chair ligand conformer and IGM analyses 
of 6-TS-R and 6-TS-S. The bond lengths are in Å.
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Fig. 5.  Free energy profile of the carbonylation, nucleophilic addition, and reduction elimination steps in Pd-
catalysed bicyclization/carbonylation of 1,6-enynes.
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Data availability
All data generated or analysed during this study are included in this published article and its Supplementary 
Information files.
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