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Abstract

The monohydride formation of some palladium(II)-sulfosalen and sulfosalan catalysts was studied by DFT methods. The
coordination of the hydrogen molecule to the metal center and the following heterolytic dissociation of the coordinated
hydrogen could occur in a two-step or a concerted process resulting in a monohydride complex and having a protonated
dissociated phenolate arm. The effect of the backbone frame of the ligands (the molecular unit between two nitrogen atoms)
strongly determines the energetics and the type of the hydride formation. Rigid, strained, and flexible molecular structures
were studied covering a wide range of planar and spherical types of backbones. Besides the previously studied Direct 1 and
Direct 2 mechanisms, three other mechanisms of direct monohydride formation were found. Known and fictive structures
were studied to predict kinetically and thermodynamically preferred pathways as well as complexes for this type of reaction.
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1 Introduction

Over the last decades, transition metal salen (N,N'-
bis(salicylidene)ethylenediamine) complexes have been
developed into effective catalysts. The main drawback, how-
ever, is their limited hydrolytic stability in aqueous media.
To resolve this, salen can be hydrogenated to provide salan
complexes. This also makes changes in catalytic activity,
which is commonly attributed to the increased flexibility
due to the saturation of the imine groups. The rigid Pd-salen
and the hydrolytically stable and flexible Pd-salan complexes
catalyze different types of catalytic processes: hydrogenation
and/or redox isomerization [1-3], C—C coupling reactions
[4-13].

In our previous paper [14], we have focused on the flex-
ibility of the palladium(II)-sulfosalan complex (PdHSS)
having an ethylene backbone between the two nitrogen
atoms. The monohydride formation derived from molecu-
lar hydrogen in neutral (non-acidic) conditions was chosen
as a reference reaction. We have studied the effect of the
substitution by methylene groups on the phenolate arm
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(PdHSS-Me) and the nitrogen atom (PdHSS-NMe) and by
chlorine, methyl, methoxy, and fert-butyl groups (PdHSS-
PhCl, -PhMe, -PhOMe, -PhrBu) on the phenolic rings, as
well. Both stereoisomers of the non-substituted salan com-
plex (R,R and R,S) have also been investigated. Two main
pathways have been studied: the direct (D) and the indirect
hydride (ID) formation. The direct mechanism is a two-step
process where the first step is a substitution of the hydrogen
molecule and phenolate arm followed by a proton transfer
from the coordinated hydrogen to the dissociated phenolate,
while the ID is a three-step process including the substitu-
tion of the phenolate arm and a water (solvent) molecule, the
substitution of hydrogen and water molecules and the final
proton transfer. Depending on the direction of phenolate dis-
sociation, i.e., the orientation of hydrogen molecule relative
to the phenolate arm two types of D and ID can be defined.
Figure 1 represents the orientation of the dissociating phe-
nolate group and the coordinating hydrogen molecule of the
D1 and D2 mechanisms. Since the D1 mechanism was found
as the most favored among all studied mechanisms, in the
present work, the direct mechanisms are discussed in detail.
Due to the flexibility of the salan ligand, internal rotation of
the phenolate arm of the saturated complex can also occur,
which facilitates the monohydride formation in a concerned
process skipping the intermediate of a coordinated hydro-
gen molecule. It had the lowest activation barrier among all
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Fig. 1 Scheme of the Direct 1 and Direct 2 mechanisms representing
the orientations of the dissociating phenolate arm and the coordinat-
ing hydrogen molecule

investigated mechanisms and set the D1 process definitely
as the preferred one.

In our previous work [14] the hydride formation was also
detected experimentally which was in good agreement with
our computational results, since the monohydride forma-
tion has been found as an exergonic reaction by the DFT
calculations. It occurred, however, only such a case when
the stationary points, starting from the reference system as
far as the final products, included the hydrogen molecule
and two water molecules in addition to the metal complex.
It means that at all points on the potential energy surface the
small molecules (water and hydrogen) were weakly bound
to each other as well as to the metal complex by a different
type of hydrogen bond network. Note that if the station-
ary points were referred to as the energy of the separated
PdHSS +H, +2 H,0 molecules, the processes would have
been strongly endergonic, excluding the detection of the
hydride species. Due to the experimental results, the used
theoretical model and methodology are adequate for further
studies on similar systems. In the recent work, the effect of
the different backbone types of the salan ligand is studied on
the energetics. The main goal was to investigate the effects
of the different structural units on the energetics and the
mechanism as well. Palladium has been chosen to make a
direct comparison to our previous computational study in
which the “standard” ethylene backbone took place between
the nitrogen atoms.

2 Methods

DFT calculations [15] were performed using the Gaussian09
software package [16]. Geometry optimizations were car-
ried out with the M06 functional [17]. The Def2TZVP ECP/
basis set was used for the palladium [18], together with the
TZVP basis set for the non-metal atoms [19, 20]. Frequency
calculations were made at the level of the theory of geometry
optimization. The solvent (water) effect was accounted for
by the Polarized Continuum Model (IEF-PCM) [21] as an
implicit solvent model; however, explicit water molecules
were also taken into account. Stationary points were con-
firmed by frequency analysis where minima had all positive
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frequencies and TSs had one imaginary frequency associ-
ated with the actual movement of the reaction coordinate.
Relative free energies (AG) are reported at 298.15 K and
atmospheric pressure. All stationary points were referred to
a cluster including the given metal complex, the hydrogen
molecule and two explicit water molecules. The orientation
of the small molecules (hydrogen and water) was almost
the same for all investigated derivatives to make a relevant
comparison for them.

3 Results

The studied complexes are divided into two groups: i) “clas-
sical” salen and salan derivatives that can be easily derived
from the basic forms and ii) derivatives having spherical
backbones, see Fig. 2. In the i) group are Pd-sulfosalen (1),
Pd-sulfosalan (2), along with 12 additional derivatives cov-
ering a wide range of rigid and flexible backbone forms:
benzylidene (3) called as salophan by Atwood [22]—,
cyclohexylidene (4), bipyridyl (5), hydrogenated bipyridyl
(6), dipyrrine (7) and its radical form (8) idea of the
species from a review by Thomas [23]——, methylidene
(9), phenylmethylidene (10) idea of the species from
the article by Dewan [13]——, propylidene (11) called
as salpan by Atwood , butylidene (12), pentylidene (13)
and hexylidene (14) derivatives, while in the ii) group are
ortho-carborane (15), dodecahedrane (16), twistane (17),
pentamethylenetetramine (18) derived from dinitroso-
pentamethylenetetramine and hexamethyltetraamine ,
1,4-diazacycloheptane (19), 1,3-diazacyclopentane
(20) idea of the species from the article by Roy et al.
[24]——, and 1,3-diazacyclobutane (21) derivatives.

Due to the chiral nitrogen atoms, there are two diastere-
omers of the salan derivatives: in (R,R) the two hydrogens
are oriented in the opposite direction, while in (R,S) they
are oriented in the same direction. It is found that for each
of the odd carbon chains (9, 10, 11, 13) the (R,S) diastere-
omer is the more favorable by 3—4 kcal mol~!. Surprisingly
the (R,S) isomer of the benzylidene (3) and butylidene (12)
derivatives is also slightly more favorable than the (R,R)
isomer (AG=0.5 and 0.9 kcal mol™"). In the case of 3, this
can be explained by a less strain, while in the case of 12 it is
because of the smaller repulsion between hydrogen atoms
and the higher symmetry. 5, 7, and 8 have no hydrogen on
the nitrogen, while in the case of 6 only the (R,R) orientation
is possible sterically; the optimized structures of 5, 6, and
7 are represented in Fig. S1. Form 4 has many possible iso-
mers and among them the (R,S) isomer is not unfavorable,
although it is not a symmetrical form, see Fig. S2.

In the case of the hexylidene chain (14), another type
of coordination mode is favorable, as the chain is long
enough to form a NONO coordination mode instead of the
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Fig.2 Scheme of the salen and salan derivatives. 15-20 are optimized structures and the hydrogen atoms are omitted

Fig.3 The NONO and NNOO
coordination modes of the opti-
mized (R,R) isomers (assigned
as RR) of the palladium ‘
hexylidene-salan derivatives /

“classical” NNOO coordination mode, where the chain
arches “above the NONO plane” forming a cage for the
metal ion, see Fig. 3. In the case of (R,R) the NONO type
is more favorable than NNOO by 5.9 kcal mol~!, while the
(R.S) forms are 12.7 and 6.8 kcal mol™! higher in energy
than the most favored species. In the case of the pentylidene
(13) backbone, the NONO forms gave 7.9 (R, R) and 19.8
(S, R) kcal mol™" higher forms energetically, while in the
case of butylidene (12) the (R,R) it is by 17.5 kcal mol™!
higher.

In Fig. 4, the scheme of the previously discussed two
Direct mechanisms (D1 and D2) can be seen together with
the other three mechanisms of the Direct monohydride for-
mation: Direct 3 (D3) belongs to the species 14, while Direct
4 (D4) and Direct 5 (D5) belong to those species that will

! 41 4RRNNOO

-

5.9 kcal mol-*

be discussed later. Note that in most cases the D2 mecha-
nism resulted in a significantly higher barrier than D1, as in
the case of the reference complex 2. The INT and P forms
are the intermediate and the product of the monohydride
formation, respectively. In the case of INT, a coordinated
hydrogen molecule is in the equatorial position, but in sev-
eral cases, the phenolate—hydrogen substitution and the sub-
sequent proton transfer of the D1 mechanism take place in
a concerted process (TS*) skipping the INT form, i.e., the
monohydride was formed in one step. The D3 mechanism
shows only concerted mechanisms, while D4 and D5 are
two-step mechanisms.

The activation barriers of the monohydride formation of
the D1 mechanism (both TS1 and TS2) are in general higher
in the case of the energetically favored (R,S) diastereomers.
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Fig.4 Scheme of the Direct mechanisms discussed in this work. Transition states (TS), intermediates (INT), and products (P) are represented.

TS* means a concerted process

It is worth mentioning that (R,S) and (R,R) cannot intercon-
vert easily into each other due to the high activation barrier
(discussed in the ST of Ref 14). Only the cadaverine-derived
13 shows a slightly lower barrier for the (R,S) isomer than
for the (R,R) isomer. Since the (R,S) diastereomers are
significantly more favored than the (R,R) isomers, it can
be stated that mechanisms of (R,R) are inferior. In our pre-
vious study [14], we found that an internal phenolate arm
rotation has a significant effect on the energetics since in
most cases D1 mechanisms starting from the so-called half-
stepped (assigned as hs) conformer result in a concerted
process and having a lower activation barrier than the rate-
determining step of the two-step processes. The half-stepped
conformers of the (R,S) diastereomers, however, are in most
cases energetically unfavored by ~ —5 kcal mol™!, but the
activation barrier of internal rotation is not significant, see
our previous work. Half-stepped (arm rotated) conformers
only in the case of 12 and 13 are relatively favored (1.5 and
0.6 kcal mol™).

In the case of 3 there are two competitive pathways
due to the small energy difference of the diastereomers
and the activation energies of the D1 mechanisms starting
from them, see Table 1. It can be also seen that in the case
of 4, the D1 mechanism has lower activation energy than
the D1 of the reference complex 2 which means the rigid
cyclohexane backbone has a positive effect on the ener-
getics. A very similar activation energy of D1 has been
found in the case of 6, but the D2 shows a lower barrier
than in the case of 4 which means the “bilateral” rigidity
brings the D1 and D2 mechanisms energetically closer
together. The forms 9 and 10 show lower barriers than
2 due to the strain of the central four-chelate ring. In the
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case of 10, the phenyl ring on methylidene significantly
affects the barrier: 9 can be “expanded” with a phenyl ring
which is more stable by 5.0 kcal mol™' when the phenyl
group is oriented to the same direction as the hydrogens
of the amino groups than to the opposite direction. Almost
identical barriers have been found for the species 11-13;
however, 11 and 12 show a concerted, while 13 shows a
two-step mechanism. In the case of the NONO form of
14, four possible phenolate dissociations are but only one
is preferred due to the favorable hydrogen positions (23.6
vs. 28-31 kcal mol~')——this direct pathway is declared
as D3 due to the different coordination mode.

In the case of salen-type forms 5, 7, and 8 the activation
barriers are similar to those of the reference complex 1. The
barriers of 7 and 8 are very similar which means the radi-
cal form does not show a significant difference in this type
of process; only TS2 of 8 was slightly more favorable than
that of 7. Salen derivatives have endergonic reactions, but
the bipyridyl backbone is significantly more favored than
the bipyrrine one: AG, is 5.6 kcal mol™" (5), 16.7 kcal mol™!
(7), and 13.0 kcal mol™! (8), respectively. On the contrary,
the products of the 3, 4, 6, and 9-14 salan derivatives are
energetically preferred, i.e., the reactions are exergonic (AG,
~ —2-6 kcal mol™). It was also considered that the proton
may even be transferred from the dissociated phenolate to
one of the nitrogens, but these forms are ~ 10 kcal mol™!
higher in energy than P; therefore, their population is
negligible.

Some (partially) fictive backbones have been also stud-
ied to describe the rigid and strained structural proper-
ties: (R,S) isomer of 15 and 16 is significantly more stable
than (R,R) isomers; however, in the case of 17 the (R,R)
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Table 1 The activation energies of the studied mechanisms of the
palladium complexes. Data for 1 and 2 have been published in Ref.
14. (R,S) and (R,R) diastereomers assigned as RR and RS, the type
of direct mechanism assigned as DI D2°D3 D4 D5 (he internal arm
rotation, i.e., half-stepped conformer as ', and the concerted process
assigned as *

Complex number TS1 (AG) TS2 (A4G)
1 24.3 24.3
2 18.1RRhSD1* 19.1RSD1*
(+1.7)R88 23 [RSDI*
3 20.2.RRDI 18.2.RRDI
(- 0.5).88 27.5RRD2 24.5 RR D2
20.9RS D1* 24.9'RS D2
25.4RSD2
4 1644RR hs D1*
(+ 3.0).RS 23 RS hs DI*
5 24.1 27.5
6 16.7.P! 20.7.P!
20.2.P2 21.3.b2
7 27.1 32.0
8 27.3 31.1
9 16.8.RR DI 16.5.RR DI
—3.8)R8 27.2 RRD2 21.1.RRD2
( ) 17.8RS hs D1* 17.0.RS D1
18.4.RSD1 19.0 RS D2
24.6.RSD2
10 17.7 RR DI 18.1.RR D!
—5.0).88 18.0.RSD1 17.2.RSD1
( ) 233 RSD2 18.2.RSD2
11 20.6.RR D! 20.2.RRDI
—33)R8 27.4 RRD2 27.1 RRD2
( ) 22.3RS hs D1* 20.2.RS D2
223 RSD2
12 21.4RRhs DI1*
22'0RS hs D1*
13 22.9.RRDI 22.3RRDI
(= 0.9).88 22.3.RSDI 222 RSDI
14 23.6P%
15 21.7.RRDI 23.5.RRDI
—3.1).RS 31.2.RRD2 n.c
( ) 26.6.RSD1 n.c
26.5.RSD2 n.c
]6 24.9RS hs D1*
17 22,1 RRbs 21.8 RRhs
(+1.6).88 25.0.RS 244 RS
18 223"
19 20.8"
20 13.1 8.1
21 15.9.54

Bold values indicate the preferred pathway due to the lowest activa-
tion energy and/or the favored diastereomer

isomer is energetically favored, while other species have
no diastereomers. In the case of 18 two conformers are
very close in energy (AG =0.8 kcal mol™"). 19 and 20,

however, have three conformers (AG=1.1/4.0 kcal mol™!
and 1.2 /2.3 kcal mol™!, respectively). All optimized iso-
mers/conformers of 15-21 are represented in Fig. S3-S9.
In the case of 20 and 21, there are other relevant species,
namely not only the well-known NNOO but also NCOO
and NOO coordination modes are possible or even pre-
ferred where one of the nitrogen is dissociated from the
palladium, see Fig. 5.

Regarding the monohydride formation, the D2 mecha-
nism is slightly favored in the case of 15, but the differ-
ence of the activation energies of D1 and D2 mechanisms
is negligible (26.6 vs. 26.5 kcal mol™"). This derivative
is also interesting, while the arm-rotated (half-stepped)
forms are less favored by 2—3 kcal mol™! than the pla-
nar-type conformers. The monohydride formation of 15
is exergonic (-3.9 kcal mol™"), while for 1619 they are
endergonic (®G, ~ +2-6 kcal mol’l); however, forms
16-19 show lower activation barriers, see Table 1. In the
case of the species having strained backbone (9, 10), the
H-O,, distance and the H-Pd-O,,, angle are signifi-
cantly shorter/smaller than in rigid complexes (3, 6), while
the shortest H-Oy,,, bond (196 pm) and H-Pd-O;,., angle
(47°) occurs in the case of 18, see the selected transition
states in Fig. S10-S12.

The most interesting effects can be observed in the case
of 20 and 21. The species have the shortest N-N distances
(214 and 196 pm) which are significantly shorter than that
of the (R,S) isomer of 9 and 10 (233 pm). These differ-
ences cause, however, a huge effect on the energetics or the
mechanism as well. Due to the large strain of the central
chelate rings, the dissociation of the Pd—N bond of the
saturated complex 20 shows significantly lower activation
barriers than in the case of 9, but in both cases, the TS1
of hydrogen—phenolate substitution has lower energy than
the TS of the Pd—N dissociation: 21.0 vs. 17.8 kcal mol™!
in 9 and 15.9 vs. 13.1 kcal mol™! in 20, respectively. In the
case of 21, the strain of the central chelate is so large that
only the NOO coordination mode is relevant. The hydro-
gen molecule can coordinate to the vacant coordination
site of the 21N90 species, and from them by a direct proton
transfer to the phenolate arm results in the monohydride
product, see Fig. 6—this direct pathway is declared as D4
due to the different coordination mode. Thermodynami-
cally both 20 and 21 show strongly exergonic reaction: the
relative energies of the monohydride products are -14.9
and -25.9 kcal mol~!. Note that these species have quite
different structures: NNOH and NOOH donor atoms are
coordinated to the palladium which probably causes a
significant difference in the hydrogenation processes. The
monohydride formation starting from 21N09 species has
been also studied, but significantly higher activation bar-
riers have been found, see Fig. S13——this direct pathway
is declared as D5 due to the different coordination modes.
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Fig.5 Optimized structures of the isomers of the 20 and 21 species. assign the relevant diastereomers
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Fig.6 Optimized structures of the TS1 of the favored Direct mechanisms of the 20 and 21 palladium salan derivatives in different orientations
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4 Conclusion

In this study, flexible, rigid, and strained types of back-
bones of salan and salen complexes have been studied to
see how the different structural units affect the energetics
and the mechanism of the monohydride formation from
molecular hydrogen. In general, (R,S) diastereomer was
found as the more stable isomer opposite to the reference
complex which had (R,R) as a stable isomer. The increased
rigidity (cyclohexylidene and hydrogenated bipyridyl
backbones) showed lower activation barriers than the ref-
erence complex having ethylene backbone due to a large
number of frozen degrees of freedom. Larger space-filled,
spherical, or nearly spherical rigid symmetric backbones
(ortho-carborane, dodecahedrane, etc.) may be advanta-
geous primarily in terms of functionalization, as the dis-
sociation of the phenolate arm is not more favored than
the reference palladium-salan complex. The flexible back-
bones such as propylidene, butylidene, pentylidene, and
hexylidene showed higher barriers than the reference one.
The latter one, however, showed another type of coordina-
tion mode: instead of the well-known NNOO coordination
mode, the NONO showed preference where the long hex-
ylidene chain took place over the plane of the donor atoms.
Complexes having strained backbones (methylidene and
1,3- diazacyclopentane) showed lower activation barriers
than the reference one; however, the largest strain occurred
by the 1,3- diazacyclobutane showed no preference for the
NNOO coordination mode, but for the NOO one in which
one of the palladium-nitrogen bonds was dissociated. The
most exergonic reaction of the D1-type mechanism is
belonging to the 1,3-diazacyclopentane backbone, while
the “unusual” D4 mechanism of the 1,2-diazacyclobutane
backbone predicts extremely favored monohydride prod-
ucts. In the latter case, there is a weakly bonded protonated
phenolate arm, while in the case of the D1 mechanism the
protonated phenolate arm is fully dissociated. Salen deriv-
atives and most of the spherical backbone salan derivatives
show endergonic reactions for the monohydride formation,
while other salan derivatives including the ortho-carbo-
rane backbone are exergonic.
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