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Abstract 

The formation of hydride derivatives of sulfonated palladium(II) salan (hydrogenated salen) 

complexes was studied with DFT methods. The non-hydrolytic property, chirality, and 

flexibility lead to a significant difference compared to salen derivatives. We made a detailed 

computational study to understand the relevance of the flexibility in contrast to the rigid salen 

complex. Two main pathways were investigated: one of them was a direct monohydride 

formation where the oxygen of the phenolate group was substituted by a hydrogen molecule 

followed by a proton transfer. Another was an indirect monohydride formation involving the 

substitution of phenolate arm by a solvent water molecule in the first step and subsequent 

reaction with H2 in the second. We focused on weak interactions among the Pd-complex and 

water molecules. Trigonal, square, and diamond motifs of H-bond networks were found around 
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the oxygen atom of the phenolate arm which is crucial during the proton transfer step, however, 

substitution steps prefer chain type motifs.  

 

Keywords: hydrogen, density functional theory, mechanism, catalyst, hydride, water-soluble, 

sulfonate group 

 

1. Introduction 

Schiff base catalysts such as salen complexes are commonly employed in various reactions. 

First-row transition metal centers are established in enantioselective organic synthesis, 

electrocatalytic or enzymatic processes [1-6], antiviral agents [7], and oxidants [8,9]. 

Meanwhile, heavier metal ions offer exceptional performance in C−C coupling and 

hydrogenation reactions [10–14]. Regardless of the choice of the metal, the chelate rings 

containing the imine groups have an intrinsic rigidity that further influences the reactivity at the 

metal center via steric strain. This can be exploited by tuning the flexibility of the ligand through 

modifications at the ethylene backbone or simply hydrogenating the imine groups to amines, as 

shown in Fig. 1. The latter approach yields the salan (tetrahydrosalen) ligands which offer 

improved hydrolytic stability over the salen analogs, a crucial property in aqueous applications. 

Sulfonation of the phenyl rings yields water-soluble palladium(II)-sulfosalen (SS), and 

sulfosalan (HSS)-type catalysts which our group has successfully applied in hydrogenation, 

redox isomerization, and C–C coupling reactions [15–18]. It is generally accepted that salan 

complexes are more flexible than the corresponding salens due to the sp3 nitrogen atoms, but 

whether this introduces more favorable reaction channels in the mechanisms remains to be 

elucidated [26,27]. Therefore, to gain a deeper understanding, we used DFT to study the 

reaction of PdHSS with molecular hydrogen that yields hydride complexes. By accounting for 
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the different isomers of PdHSS, the effect of ligand flexibility is explained in terms of 

conformational changes that may depend on the solvent arrangement.  

In a previous study about redox isomerization of allylic alcohols, we identified a potentially 

active catalytic hydride species which contains a dissociated phenol subunit [15]. We proposed 

that it is an intermediate of the dehydrogenation cycle and is produced via a simultaneous 

hydride and proton transfer to the Pd center and the phenolate oxygen in the HSS ligand. 

Therefore, the reaction most likely requires an internal rotation of the phenolate arm in some 

way. We limit the discussion to the hydride formation process as this reaction step itself exhibits 

all the complexity of the conformational behavior. We also discuss potential structural 

modifications of the ligand and how these can lead to different energetics via steric and 

electronic effects. Substituted salen and salan derivatives are well known in the literature 

forming complexes with different metals [19,20]. Cytotoxic activity and various 

enantioselective oxidation or epoxidation reactions have been investigated by asymmetric 

ortho-, para-substituted, and half reduced derivatives [21–24]. The methoxy-substituted Pd-

salan complex can even form a multinuclear complex with samarium and can be used to 

catalyze asymmetric Friedel–Crafts reactions [25].  

 

 

Figure 1. The numbering of atoms of PdSS (blue bonds refer to imine groups) and PdHSS (all 

black bonds). 
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2. Computational details 

The DFT calculations [28] were carried out using the Gaussian09 software package [29]. 

Geometry optimizations were performed with the M06 functional [30]. The Def2TZVP 

ECP/basis set was employed on palladium [31], together with the TZVP basis set for non-metal 

atoms [32,33]. Frequency calculations were done at the level of the theory of geometry 

optimization. Relative free energies (ΔG) are reported at 298.15 K and atmospheric pressure. 

The solvent (water) effect was accounted for the Polarized Continuum Model (IEF-PCM) [34] 

as an implicit solvent model, but explicit water molecules were also taken into account. All the 

energies were calculated relative to the [ML + 2 H2O + H2] adduct reference state. All stationary 

points were confirmed by frequency analysis where minima had all positive frequencies and 

TSs had one imaginary frequency related to the actual movement of the reaction coordinate.  

 

3. Results and discussion 

3.1. Flexibility, isomers and conformers of PdSS and PdHSS complexes 

PdSS and PdHSS complexes contain a central five-membered chelate ring with a nonplanar 

ethylene backbone breaking the C2v symmetry of the simplified representation in Fig. 1. This 

introduces λ and δ helical conformers [35] which may interconvert via ethylene inversion (EI) 

as shown in Fig. 2. PdSS has a much lower EI barrier than PdHSS isomers, but both complexes 

can transform into the delta (inverted) form. The saturation of imine groups to amines yields 

two nitrogen stereocenters in PdHSS, giving rise to (R,R) – (S,S) and (R,S) – (S,R) enantiomeric 

pairs (Fig. S1). For a detailed structural analysis see the Supplementary Material. 
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Figure 2. The λ and δ helical isomers of the PdSS and (R,R) diastereomer of PdHSS in different 

orientations. Palladium, nitrogen, and oxygen atoms are indicated as grey, blue and red spheres, 

respectively, while a tube representation is used for the rest of the molecule. 

 

The sp3 methylene carbon between the amino nitrogen and the phenolic ring in the PdHSS 

complex is partially responsible for the flexibility of phenolate arms. The most stable (R,R)λ or 

simply (R,R) conformer is the closest to being planar; the two phenolic rings are roughly 

parallel to the coordination plane. From this position, internal rotation (arm rotation) can set the 

rings to an almost perpendicular orientation relative to the central chelate ring, as shown in Fig. 

3. These are denoted as half stepped (hs) or stepped (s) conformations depending on whether 

only one or both rings are rotated. Such conformers of the salen complexes have already been 

characterized by others [36,37]. Previously, we proposed that the half stepped conformer of the 

(R,R) isomer is relevant in a concerted hydrogen activation process (simultaneous hydride and 

proton transfer) where the planarity of the complex is broken by arm rotation [15].  

PdSSλ 0.0 kcal mol−1 PdSSδ 0.0 kcal mol−1

(R,R)λ 0.0 kcal mol−1 (R,R)EI 7.3 kcal mol−1

TSEI 1.9 kcal mol−1

TSEI 12.3 kcal mol−1
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Figure 3. The internal arm rotated (half stepped and stepped) conformers of the PdHSS in 

different orientations. 

 

3.2. Hydride formation: general considerations 

As the (R,R) conformer with two equatorial phenolate arms is the most stable  PdHSS 

diastereomer, we firstly investigated the formation of the catalytically active hydride species 

from this structure. The process requires H2 uptake and may take place via two main pathways. 

Direct hydride formation starts with the substitution of the phenolate group by a hydrogen 

molecule. It is then followed by the heterolytic dissociation of the hydrogen to yield a metal 

hydride and a phenol via proton transfer to the dissociated phenolate. The other, indirect 

pathway involves an initial replacement by water with subsequent water–hydrogen exchange 

and proton transfer steps. Depending on the direction of H2 or H2O coordination, the phenolate 

arm may move towards the hydrogen of the proximal amino group as well in the opposite 

direction, as shown in Fig. 4. To model this process better, we included two additional explicit 

water molecules that stabilize the negatively charged, dissociated phenolate group (Fig. S7). 

The numerous hydrogen bond donor and acceptor groups create a large system of hydrogen 

bonds that give rise to many motifs throughout the mechanism of the hydride formation. Note 

(R,R)hs

5.1 kcal mol−1

(R,R)s

10.5 kcal mol−1
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that we could not find a minimum in which hydrogen is coordinated to the axial site as expected 

from the d8 electron configuration of palladium(II). 

 

Figure 4. Orientation of the coordinating small molecules relative to the complex. Black arrows 

are representing the D1 and ID1 processes while dashed arrows sign the D2 and ID2 ones. 

 

3.3. Pd-H formation: Direct route - the D1 mechanism 

D1 denotes the pathway where the phenolate arm is turned opposite to the –NH group. Upon 

H2 coordination, the two added water molecules and the dissociated phenolate oxygen (O1) can 

form a trigonal hydrogen bond network (▲). This substructure then remains a common pattern 

in all the intermediates and transition states of this pathway, as shown in Scheme 1. One of the 

water molecules (W1) is also hydrogen-bonded with the hydrogen of the distant amino group 

on the N2 atom (HN2) while the other one (W2) is bonded to the coordinated oxygen of the other 

phenolate group (O2) as well.  

 

D1: direct 1
ID1: indirect 1

D2: direct 2
ID2: indirect 2

(R,R) + 2 H2O + H2 TS1D1
▲ I1D1

▲ TS2D1
▲ PD1

▲
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Scheme 1. Trigonal hydrogen bond network in the most relevant species of (R,R) isomer in the 

D1 mechanism. Additional H-bonds are represented by blue dashed lines, the distal amino 

group is by purple. The water surrounded by ellipsoid is the W2 mentioned in the text. 

 

Hydrogen coordination may also take place without the trigonal bond network; in TS1D1 (at 

19.2 kcal mol–1) the two water molecules are disconnected, but they still provide more 

stabilization compared to the trigonal TS1D1
▲ (at 20.3 kcal mol–1). The corresponding I1D1 is 

also lower in energy than I1D1
▲ (16.7 vs. 19.2 kcal mol–1), however, they both lead to the same 

trigonal TS2D1
▲ of proton transfer at 20.0 kcal mol–1. This indicates that the trigonal motif not 

only makes the dissociated phenolate arm more stable but is also required in the proton transfer 

step of the D1 mechanism. Note that in the non-trigonal TS1D1 the OW1···HN2 H-bond is much 

shorter than in the trigonal TS1D1
▲ (216 vs. 259 pm). The difference is less apparent in the 

corresponding I1 states where the bond distances are 193 vs. 202 pm. In terms of energy, 

however, I1D1 is more stabilized than TS1D1 relative to their trigonal analogs. This indicates 

that the trigonal H-bond network causes a larger strain in the TS.  

We explored additional I1 forms and found one where the dissociated phenolate arm is further 

away from its original position. In these structures, the sulfonate group at the para position may 

interact with the coordinated hydrogen through a water molecule (Fig. S8). The protonation of 

the sulfonate group, however, yields an inferior hydride state (7.2 kcal mol–1). From a slightly 

different I1 conformation, the phenolate may get protonated via a water channel, but this 

pathway is kinetically non-competitive (TS2D1
W at 26.2 kcal mol–1).   

The results are collected in Table 1, which also shows the calculated energies for the equivalent 

states corresponding to the EI isomer. Among these, only I1D1
EI▲ and TS2D1

EI,W are lower in 

energy than their (R,R) counterparts, probably because the water molecule bonded to HN2 

changes the Pd–N2–H angle slightly (from +106º to +103º vs. +102º/+101º). 
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As previously mentioned, the (R,R) diastereomer has additional half stepped and stepped 

conformers. Although the corresponding reactant states lie higher in energy, the phenolate arm 

is in a more favorable orientation for the D1 mechanism. This is reflected by the activation 

barriers of both main steps as they provide the lowest values out of all the considered scenarios 

so far. TS1D1
hs contains a similar H-bond network to the TS1D1, however, there is another H-

bond network in which the trigonal structure is broken not between the water molecules but 

rather at the O1···HW1 bond, as shown in Fig. 4. This TS1D1
hs* state provides the most favorable 

H2 coordination (TS1D1
hs*) with 18.1 kcal mol–1, and even leads to the final hydride product 

through a coupled proton transfer. Note that from I1D1
hs a spontaneous H-bond reorientation 

occurred during proton transfer similar to the one in TS1D1
hs*. Moreover, the products of these 

pathways (PD1
hs and PD1

hs*) are the most stable stationary points in the direct mechanisms (-2.0 

kcal mol–1). Arm rotation and ethylene inversion together shift one water between HN2 and 

sulfonate group to build H-bonds with them, see Fig. S9. Note that these products can 

interconvert each other, however, we did not study this. 

 

Table 1. Relative energies in kcal mol–1 of the stationary points of the direct mechanisms for 

the (R,R) isomer of the PdHSS complex.  

 (R,R) (R,R)EI 

TS1D1  19.2 23.0 

TS1D1
▲ 20.3 23.6 

TS1D1
hs  20.7 20.7 

TS1D1
hs* 18.1⁂ 24.6 

TS1D2  24.5 34.7 

I1D1 16.7 17.6 

I1D1
▲ 19.2 18.4 

I1D1
W 19.5 19.8 

I1D1
hs 17.8Hr 18.6 

I1D2 18.2 – 
I1D2

W 17.5 21.2 

TS2D1
▲  20.0 22.7 

TS2D1
W  26.2 24.5 

TS2D1
hs – 18.5 

TS2D2 20.5 24.2 
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TS2D2
W 25.0 27.7 

PD1 1.6 -0.4▲ 

PD1
W -1.1 -1.8 

PD1
hs -2.0 -0.04 

PD2 3.3 5.5D1 

PD2
W 2.7 4.7 

⁂ concerted process 
Hr spontaneous H-bond reorientation causes concerted proton transfer → no TS2D1

hs 
D1 D1 type product 
n.c. not calculated 

 

3.4. Pd-H formation: Direct route - the D2 mechanism 

In the D2 mechanism, the arriving hydrogen molecule displaces the phenolate arm towards the 

proton of the proximal amino group of the N1 atom. After H2 coordination (in I1D2), these water 

molecules move between the amino group and O1. From there, two pathways are available: one 

water can be inserted between O1 and HP to initiate a proton transfer via a water channel, or the 

water can move further away to make a direct proton transfer to the phenolate oxygen possible. 

The latter is the preferred pathway over the water-assisted one (20.5 vs. 25.0 kcal mol–1), see 

Scheme S1. This result is very similar to the conclusion of the D1 mechanism (Table 1) as both 

prefer the direct proton transfer. Considering EI, a significant difference was found 

energetically between TS1D2 and TS1D2
EI (24.5 and 34.7 kcal mol–1, respectively), which is 

likely due to the distortion of the square planar ligand environment. In the case of TS1D2
EI, the 

trans N1 and O2 atoms can no longer be considered collinear with the Pd center; the N1–Pd–

O2 angle changes from 173º (TS1D2) to 167º. We also identified an apical intermediate I1D2^ 

(Fig. S10) at 18.8 kcal mol–1 in which the coordinated hydrogen molecule is almost parallel to 

the coordination plane i.e. perpendicular to the phenyl ring of the dissociated phenolate. 

 

3.5. Comparing direct routes: D1 vs. D2 mechanism 

In (R,R) the dihedral angles (β1: Pd–N1–C1–C7, β2: N1–C1–C7–C2 and β3: C1–C7–C2–O1) 

of phenolate arm involving the Pd–N1–C1–C7–C2–O1 unit were 67°, -53° and 2°. In the D1 
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pathway, two of these dihedral angles change significantly: 54°, -72° and 5° in TS1D1 and 45°, 

-91° and 0° in I1D1, while in the D2 pathway only β2 changed considerably: 67°, -7° and 0° in 

TS1D2 and 60°, 51° and 2° in I1D2. However, a simple fictive protonation of (R,R) resulted in 

values of 69°, -59° and 0° where β2 changed the most (-6°), and went to the D1 direction 

presuming the preference of D1, see Table 2. Differences of dihedral angles (Δi) and the sum 

of the absolute values of βi and Δi shows that TS1D1 is more appropriate than TS1D2, especially 

when they are compared to the protonated species H[(R,R)]. ∑|βi| is much less for TS1D2 than 

for other species, while Δ1 and Δ3 (differences referred to TS1D1) are smaller than Δ2 and Δ4 

(differences referred to TS1D2).  

 

Table 2. Dihedral angles of the (R,R), its protonated form, the two TS1 of direct mechanisms, 

and the differences where Δ1 = (R,R) - TS1D1, Δ2 = (R,R) - TS1D2, Δ3 = H[(R,R)] - TS1D1, Δ4 = 

H[(R,R)] - TS1D2. 

 (R,R) H[(R,R)] TS1D1 TS1D2 Δ1 Δ2 Δ3 Δ4 

β1 67 69 54 67 13 0 15 2 

β2 -53 -59 -72 -7 19 -46 13 -52 

β3 2 0 5 0 -3 2 -5 0 

∑|βi| or ∑|Δi| 122 128 131 74 35 48 33 54 

 

 

The disadvantage of the D2 mechanism can be also observed by the endergonic character of the 

process in which hydride products (PD2 and PD2
W) have less favored orientations than in 

products of D1 mechanism (PD1
hs*, PD1 and PD1

W). On the other hand, these forms can 

interconvert each other. The most relevant structures of D1 and D2 mechanisms are represented 

in Fig. 5 and Fig. S11, respectively. 

The monohydride formation affects the other bonds in the coordination sphere: the initial Pd–

N1, Pd–N2, and Pd–O2 bond distances are longer in the product state by approximately 5, 12, 

and 3 pm, respectively (Table S9). We also found an inferior monohydride product complex at 
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19.6 kcal mol–1 with a different coordination environment (Fig. S12). In this isomer, one of the 

amino groups is substituted instead of the phenolate. Due to the higher energies of the (R,S) 

species, see Table S2, mechanisms of the less stable (R,S) isomer are discussed in SI in detail. 

It is worth mentioning that we found transition states without explicit water molecules as well 

but those are typically 4-5 kcal mol–1 higher in energy, see Table S5. Additionally, from the I1 

structures, we explored pathways that involve dihydride complex formation and H-transfer to 

the C1 atom. These are discussed in the Supplementary Material in more detail as all of them 

involve high energy intermediates like Pd(IV) complexes. 

The relevance of the monohydride species was also proven by experimental methods (1H NMR 

and UV-Vis spectroscopies) and simulated spectra, which were in good agreement (see details 

in the Experimental section of the Supplementary Material). Based on all these data, we can 

conclude that the catalytically active species is a monohydride complex.  
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Figure 5. The most relevant stationary points of the D1 mechanisms in different orientations. 

Palladium is grey, nitrogen is blue, oxygen is red, hydrogen is white, the tube represents the 

relevant dissociating phenolate arm, and the wireframe shows the rest of the molecule. 

TS1D1 TS1D1
 

TS2D1 TS2D1
W

TS1D1
hs* PD1

hs*

PD1
PD1

W

19.2 kcal mol–1 20.3 kcal mol–1

20.0 kcal mol–1 26.2 kcal mol–1

1.6 kcal mol–1 -1.1 kcal mol–1

18.1 kcal mol–1 -2.0 kcal mol–1
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3.6. Further rearrangements of the hydride product 

We performed calculations for species involving one coordinated water molecule in the place 

of the amino group of the hydride products. Without the coordinated N1 atom, the Pd has a half 

coordinated salan ligand and the two other sites are filled by a hydride and a water molecule as 

shown in Fig. 6. Unfortunately, the TS of the substitution between the water and the amino 

group (25.5 kcal mol–1) was found only without second water in the outer sphere, see Fig. S27. 

It can be seen that the position of the non-coordinating water molecule affects strongly the 

energy of the species. We also studied the proton transfer from the coordinated water to the free 

amino group resulting in a complex having both hydride and hydroxide ligands (P3). In P4, 

however, proton transfer was studied between the dissociated amino group and the dissociated 

phenolate oxygen where P5 has a zwitterion salan ligand. Zwitterion forms can be only 

stabilized by water molecules while without them proton transfer occurred from the NH2
+ 

groups to the phenolate oxygens. We also found that in P4 or P5 the hydride ligand can be 

transferred from the palladium to the coordinated nitrogen (N2) as a proton. This yields P6 and 

P7, which contain a palladium(0) center and another zwitterion ligand coordinated weakly to 

the neutral metal by O2 atom, see Fig. 6. The reduction of the metal ion is confirmed by APT 

charges which showed +0.107 and +0.096 values for P6 and P7, respectively. Note that typical 

APT values are more positive in the previously introduced complexes: e.g. in (R,R) was +1.510, 

in I1D1 was +1.017 while in P2 was +1.027, and in P4 was +1.054. We investigated whether the 

hydride can be transferred to the coordinated phenolate O2 instead of N2. The obtained P8 

complex also contains a Pd(0) center with APT charge of +0.114 together with a weakly 

coordinated salan. In this case, however, the ligand coordinates only through its N2 atom as the 

“second” protonated phenolate arm dissociates. Without water molecules, the analogous direct 

H-transfer to O2 has an activation barrier of 36.2 kcal mol–1 and the product has energy (18.5 

kcal mol–1) similar to that of P8 (17.3 kcal mol–1), see Fig. S28. The relatively high energies of 
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species including water in the inner coordination sphere, or having Pd(0) can be relevant in that 

case when the activation barrier of a given reaction is over these energies. The dimerization of 

the Pd0 species was also studied, and we found that different orientations of dimers can occur 

which are thermodynamically very favored, see Fig. S29. In dimers, Pd–Pd bonds were formed 

with 263 and 266 pm distances which are very similar to the one found in a simple linear trimer 

Pd(0) chain (266 pm). Previous ab initio calculations report an equilibrium Pd–Pd distance in 

a palladium wire at around 250 pm, however, interatomic distances are in a wide range (240–

300 pm) [38–40]. On the other hand, the experimental bulk distance was found at 267 pm which 

is in good agreement with our result [40]. We found that at higher concentration (35 mM) a 

dark ring of a precipitate appeared on the wall of the NMR tube while the deep yellow color of 

the solution became pale yellow in the case of 5 bar hydrogen pressure. We could not see similar 

precipitation in other cases e.g. at a lower concentration or lower H2 pressure, or in the presence 

of substrate.  

 

P2 15.0 kcal mol–1 TS 13.4 kcal mol–1 P3 13.8 kcal mol–1

P4 17.4 kcal mol–1 TS 20.8 kcal mol–1 P5 20.5 kcal mol–1

P6 30.3 kcal mol–1 P7 20.1 kcal mol–1 P8 17.3 kcal mol–1
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Figure 6. Optimized structures of proton transfers having coordinated water molecule in 

hydride products (upper and middle sections), and complexes including palladium(0) (bottom 

section). 

 

3.7. Pd-H formation: Indirect route – the ID1 mechanism 

The indirect mechanism involves a preliminary phenolate–water substitution (TS1ID) before the 

hydrogen coordination (TS2ID) and proton transfer (TS3ID) steps. The key difference here is 

that the Pd−O1 bond is already dissociated when the hydrogen appears. Note that in the RID 

reactant state the orientation of the loosely bound H2 is somewhat different from RD, see Fig. 

S7. The main difference between the two reference states is that RID includes an additional 

water molecule as a reactant. In the ID1 approach, the corresponding TS1 structures contain 

two main patterns which were formed during the geometry optimization: the one in TS1ID1
▲■ 

consists of a trigonal motif built by O1, OW1, and OW2 together with a square shape built by O1, 

O2, and two water oxygens. The other arrangement is energetically more preferred and has a 

chain formed by O1 and the three water oxygens in TS1ID1, see Fig. S30. Note that square motif 

means that atoms in a projection show square shape but those are not in a plane. 

Both TS1ID1 and the arm rotated TS1ID1
hs as well as the related intermediates are lower in energy 

than their D1 equivalents indicating a favored phenolate–water substitution. The relevant 

energies are collected in Table 3. In the stationary points of the subsequent reaction steps 

(TS2ID1, I2ID1, TS3ID1) only the trigonal motif (▲) remains while the square unit breaks up. This 

arrangement then changes again in the monohydride product (PID1), where the dissociated water 

moves into the trigonal region to yield a square pattern of oxygen atoms (■). This pathway is 

less preferred than its D1 counterpart which creates a more complicated situation among 

possible mechanisms.  
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Table 3. Relative energies in kcal mol–1 of the stationary points of the indirect mechanisms for 

the (R,R) isomer of the PdHSS complex.  

 (R,R) (R,R)EI 

TS1ID1 15.0 n.c. 

TS1ID1
▲■ 17.8 20.5 

TS1ID1
hs 13.3 20.4 

TS1ID2 21.0 31.9 

TS1ID2
▲■ 18.2 30.6 

I1ID1 10.8 n.c. 

I1ID1
▲■ 14.3 14.2 

I1ID1
hs 4.7 8.1 

I1ID2 10.2 11.4 

I1ID2
▲■ 7.9 11.5 

TS2ID1
▲ 25.0 25.4 

TS2ID1
♦ 26.1 25.4■ 

TS2ID2 22.7 24.8 

TS2ID2
■ 19.8 25.2 

I2ID1
▲ 16.6 17.4 

I2ID1
♦ 20.1 19.1■ 

I2ID2 18.2 16.7 

I2ID2
■ 15.6 19.0 

TS3ID1
▲ 25.5 25.1 

TS3ID1
♦ 22.2 21.8■ 

TS3ID2 21.2 21.1 

TS3ID2
■   22.2 24.9 

PID1
▲/■ -3.5 -4.8 

PID1
♦ -3.3 -2.7 

PID2 -1.5 1.2 

PID2
■ -0.9 2.3 

 
■ square motifs instead of a diamond 
n.c. not calculated 

 

In I1ID1, the H-bond network is the same as the one in I1D1. It has an N2–Pd–O1 angle of 133°, 

which is lowered to 103° in TS2ID1
▲ as the coordinated water is substituted by the hydrogen. 

The displaced solvent molecule pushes away the phenolate almost to the axial position creating 

a Pd–O1 separation of 306 pm. This effect can be bypassed if the dissociating water is inserted 

into the trigonal network in the same TS. In the ID1 approach, this yields TS2ID1
♦ (Fig. S30) 

where a diamond-shaped network of four H-bonds is created by three water molecules and O1, 

restoring the N2–Pd–O1 angle to 132°. This leads to a considerably longer Pd–O1 distance (395 
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pm) as well as slightly longer (~5 pm) Pd–H bonds which is the likely cause of an energy 

increase (26.1 kcal mol–1) relative to TS2ID1 (25.0 kcal mol–1). The diamond-shape motif formed 

spontaneously during the study of proton transfer from the coordinated water molecule to the 

dissociated phenolate arm, and it appears only as a projection similar to the square motif, see 

Fig S30. In I1ID1 the dissociated phenolate oxygen is very close to facilitate the formation of a 

hydroxo complex (PID1
OH) directly. Although the TS energy indicates a very fast deprotonation 

process, the hydroxo complex formation is strongly endergonic in contrast to the 

thermodynamically allowed monohydride product, see Fig. S31. As the hydroxide is less likely 

to be replaced by H2, these species were not considered as intermediates in subsequent reaction 

steps.  

 

3.8. Pd-H formation: Indirect route – the ID2 mechanism 

In the case of the ID2 approach, the distal amino proton is facing towards the other side of the 

dissociated phenolate arm. TS1ID2 has a chain orientation of oxygen atoms similar to the one in 

TS1ID1. TS1ID2
▲■ contains a triangle formed by O1, OW1, and N1, together with a square formed 

spontaneously by O1, O2, and two water oxygens as shown in Fig. S30. Hydroxo complex 

formation showed a more exergonic process in the case of I1ID2 than for I1ID1 (Fig. S31). 

In ID2 there are also two kinds of TS2: one contains a square shape formed by O1 and water 

oxygens while the other has a triangle formed by O1 and two water oxygens. The latter can also 

rearrange to accommodate a different type of square pattern. During these transformations, a 

pseudo square shape could be observed in which the trigonal shape is broken to open the way 

for the third water molecule, see the left side in Fig. 7. Note that all H-bond networks were 

formed in models where the number of water molecules (2 or 3) determined the maximal and 

optimal number of H-bonds.  
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Figure 7. Optimized structures of TS2, TS3, and the product of both ID2 mechanisms in 

different orientations. 

 

3.9. Comparing indirect routes: ID1 vs. ID2 mechanism 

Comparison of ID1 and ID2 showed that in the second and third steps all stationary points had 

lower energy in ID2. Significant differences can be seen in TS2 where the TS2ID2 forms were 

much more favored over TS2ID1 excluding (R,R)EI which shows only a slight difference in 

activation energies of TS2ID forms. Table 3 shows that the substitution of water by hydrogen 

(TS2ID2) and the proton transfer (TS3ID2) have also relatively similar values.  

Fig. 7 presents an energy profile in which the most preferred stationary points of (R,R) are 

shown from each mechanism. In the case of ID2, the two pathways can intercross each other 

due to the small differences in atomic orientations (Fig. 7) showing a preferred pathway through 

TS2ID2
■ and TS3ID2. This intercross, however, cannot be considered for ID1 due to the very 

different atomic orientation of ♦ and ▲ pathways. Besides, we presume that an I1ID1
▲■ → 

I1ID2
▲■ interconversion may also occur to reach a more preferred orientation of ID2 for further 

steps. It can be described by the Pd–N–C7–C1 and N–C7–C1–C2 dihedral angles, and probably 

activation barriers are lower than that of substitution steps. (Of course, this statement is true for 

TS2ID2 22.7 kcal mol–1

TS3ID2 21.2 kcal mol–1

PID2 -1.5 kcal mol–1

TS2ID2
 19.8 kcal mol–1

TS3ID2
 22.2 kcal mol–1

PID2
 -0.9 kcal mol–1
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the direct mechanism as well. As was discussed in the case of (R,S)δ, D2 went through a D1-

type proton transfer step due to the orientation of the dissociated phenolate arm, see Fig. S13.)  

 

3.10. Comparing the possible routes 

Comparing the four mechanisms we can conclude that D1 and ID2 are competitive with each 

other: D1 is the most preferred (rate-determining step is at 20.0 kcal mol–1), while the RDS of 

ID2 is somewhat higher (21.2 kcal mol–1). It is worth mentioning that the products of the direct 

mechanisms are less favored thermodynamically. However, the products of the direct pathways 

(PD1 and PD2 in Figure 7) were derived from the products of ID processes by removing one 

water molecule, and re-optimizing them. For both D1 and D2 the re-optimized products are 2-

3 kcal mol–1 lower in energy than the products derived directly from TS2D1/D2, see Table S12. 

Note that PD1 in Figure 7 and the PD1
W included in Table 2 are identical. The different products 

found from different mechanisms show that an energy interval can be defined for the 

monohydride products due to the flexible protonated phenolate. Furthermore, it shows that the 

lowest barrier of the monohydride complex formation is belonging to the one that goes through 

the arm rotated species (RD1
hs in Fig. 8).  
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Figure 8. Energy profile of the mechanisms studied for the (R,R) isomer.  

 

We did not find any huge effect of substituted derivatives, therefore, all information is discussed 

in SI in detail. We found, however; that the hydride formation of the salen complex is strongly 

endergonic, and only the direct mechanism could be found, see the Supplementary Material for 

the details. It was found that the monohydride products of Pd-salen are ~10 kcal mol–1 higher 

but activation energies are only ~4 kcal mol–1 higher in energy. This evidence is based on the 

rigid-flexible relation of the salen and salan complexes. 

Comparing these results with reports by other groups is difficult as not many similar works that 

employ computations are available. Hou et al. investigated hydride formation in Co, Rh and Ir 

complexes with a non-flexible bipyridine ligand [41]. They found that proton transfer from the 

coordinated hydrogen can take place through a water channel with activation energies of 18.3 

kcal mol–1, 14.2 kcal mol–1, and 13.4 kcal mol–1 for the three metals, respectively. They propose 

an indirect mechanism where the reference structure contains a coordinated water molecule like 
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in the I1ID2 form discussed here. The most significant difference is that in their complex, the 

oxygen atoms of the ligand are non-coordinating, whereas, in the case of salan, they are. Also, 

they did not account for water-hydrogen substitution, which step has a barrier comparable to 

that of the proton transfer. We also compared the energies of the ID mechanism of PdHSS 

described here with those of the Rh-bipyridine complex in Ref. 41 due to the similar metal size. 

The activation barrier of proton transfer concerning the water-coordinated state I1ID2 is 14.3 

kcal mol–1 (the energy difference of I1ID2
▲■ and TS3ID2

■), essentially the same as the value of 

14.2 kcal mol–1 reported by Hou et al. Note that the definition of the reactant states is different 

in the two works. As we find that I1ID2 is a high energy intermediate, the two approaches yield 

different barriers and reaction free energies for the overall reactions. It also means that the free 

energy of hydride complex formation from I1ID2 is considerably lower for PdHSS (-4.8 in Ref. 

41 vs. -8.8 kcal mol–1―the energy difference of I1ID2
▲■ and TS3ID2

■―here), indicating a more 

endergonic process. The Pd-salan complex, however, offers pathways with barriers lower than 

the one calculated for the ID2 mechanism. These additional pathways start from the different 

initial PdHSS isomers (Figs. 2-3) that are connected by intramolecular arm rotation. It 

emphasizes the importance of ligand flexibility in the hydride formation reaction, which 

probably can be extended to other reactions such as redox isomerization [15]. 

 

4. Conclusion 

In this work, we studied the reaction between hydrogen and the PdHSS complex to develop a 

mechanism that explains the effect of ligand flexibility on hydride complex formation. The 

flexibility of the salan ligand implies that several accessible PdHSS isomers can initiate the 

process. These species are connected by the rotation of the phenolate arm and the inversion of 

the ethylene backbone as both involve relatively low barriers. Two main mechanistic 

approaches were considered: One is the direct monohydride formation in which at first the 
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phenolate arm was substituted by hydrogen. The other, indirect one involves a preceding 

solvent (water) coordination. Among the two, the direct mechanism is preferred but the most 

favored path is the one starting from the half stepped conformer in which one of the phenolate 

arms is rotated by an intramolecular rearrangement. Various arrangements of hydrogen bond 

networks were formed spontaneously by two or three water molecules, oxygen atoms of the 

phenolate groups, and the –NH groups. Trigonal motif appeared during the proton transfer step 

of the preferred direct mechanism, however, in some cases square or trigonal and square motifs 

together showed relevance, while diamond-shape motif was not favored.  

Experimentally we found a hydride signal which was assigned as a monohydride compared to 

the simulated NMR spectra. UV-Vis spectra supported these findings since the monohydride 

showed almost the same spectrum but with lower intensity. 

On the one hand, we studied minor pathways such as H-transfer to the phenolic ring or dihydride 

formation, which were not relevant because of the (very) high activation barriers. On the other 

hand, Pd(0) complexes were found when the hydride ligand is formally transferred to the 

coordinated amino group as a proton. These Pd(0) complexes can then undergo a favorable 

dimerization.  

We found that monohydride formation from the palladium-salen complex was strongly 

endergonic due to the stretching of the dissociated arm having an imine group in contrast to 

salan complexes which are mostly exergonic. Activation barriers were also somewhat higher 

than for the salan complex. Hydroxo complex formation was also strongly endergonic for both 

salen and salan complexes which does not hinder the hydride formation.  

In conclusion, the preference of the intramolecular rotation and the diversity of possible 

pathways all result from the flexibility of the salan ligand. 

 

Associated content 
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Appendix A. Supplementary Material 

Supplementary data associated with this article can be found, in the online version, at 
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