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Dimethyl sulfoxide (DMSO) has unique properties as an aprotic, polar solvent. The oxygen
atom in DMSO can interact with positive charges and thus stabilize metal cation. The sulfur
atom, although somewhat positively charged, does not interact with negative charges
effectively. Also, two methyl groups surround the sulfur atom and influence binding
properties of DMSO. These features of DMSO are addressed in the present computational
study of the Pd(AcO)o/DMSO-catalyzed aerobic oxidation system. Mechanistic and compu-
tational details are provided. The step-by-step Gibbs energy of reaction was calculated using
the electronic energy at the BSLYP density functional level with thermal functions calculated
at the same level of theory. The solvent was modeled using the polarized medium (PCM)
with additional DMSO molecules in the second coordination sphere of the complexes studied.
The overall reaction pathway was divided into several steps in accord with available
experimental data. All steps, including the first deprotonation and the $-hydride elimination
transition states, were elucidated in good detail. Coordination and reorganization of DMSO
in Pd(IT)(AcO)o/DMSO and Pd(0)/(DMSO), complexes has been studied to provide realistic
data about coordination of DMSO with hard (O) versus soft (S) ligand donor atoms. The
B-hydride elimination transition state was identified computationally to give an estimation
of the activation energy of the alcohol oxidation reaction. Therefore, we suggest that the
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rate-determining step is related to the alcohol part of the reaction cycle.

Introduction

During the past 10 years, many effective palladium
catalyst systems have been developed for aerobic oxida-
tion reactions.! Through mechanistic studies of Pd-
catalyzed aerobic alcohol oxidations, a generally ac-
cepted mechanism has been developed in rather good
detail (Scheme 1).2

In some recent studies,® we have investigated the
overall mechanism of Pd-catalyzed aerobic oxidation in
several systems with nonpolar solvent (toluene) and
with the nitrogen-based ligands, i.e., pyridine and TEA.
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Scheme 1. Mechanistic Outline of the
Pd-Catalyzed Aerobic Alcohol Oxidation®
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@ X = AcO; L = DMSO.

The focus was on the alcohol-related parts of the
oxidation reaction. The alcohol-related transition states
and kinetic isotope effects were studied using experi-
mental and quantum chemical methods. The latter
require a reasonably good model of the reaction mech-
anism in order to justify comparison with experiment.
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Scheme 2. Outline of the Reaction That Is
Studied Computationally According to the
Mechanism Presented in Scheme 1 in the Present
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@ Noteworthy, experimental results exclude mechanisms
that involve DMSO redox chemistry.

However, solvent effects were small mainly because of
low polarity of the solvent. The continuum solvent model
(PCM) was totally sufficient and accurate in computing
solvent correction to the reaction energy.

In the present study we will use the density functional
method to describe the thermodynamics and the reac-
tion mechanism of the more complex reaction 1 in polar
dimethyl sulfoxide (DMSO) solvent (Scheme 2). The
complexity stems from the rather unique coordination
ability of DMSO: DMSO offers access to both hard (O)
and soft (S) ligand donor atoms. This flexibility is
expected to influence the reaction steps. In particular
one may expect that it will facilitate the reoxidation
from Pd(0) to PA(II) in reaction 1 and similar reactions.
DMSO is also a quite polar solvent. The dielectric
constant of DMSO is lower than that of water but much
higher than that of a typical pure hydrocarbon solvent.
Solvating properties of DMSO allow stabilization of
positive charges in solution, but DMSO does not provide
an effective way to solvate and stabilize anions. The
analysis of Pd(I)/DMSO and Pd(0)/DMSO complexes
has implications well beyond the aerobic oxidation
reaction with Pd-catalytic systems. To achieve the
desired knowledge, a model with a considerably large
amount of solvent molecules must be considered and
compared with the traditional continuum approach.

Quantum chemistry methods seem to be well suited
for studies of large PA/DMSO complexes involved in
an interaction with a solvent, while the aggregation/
decomposition problem has proved to be difficult to
study computationally. Thus, our main goal is to un-
cover the role of DMSO in the aerobic oxidation of
alcohol, reaction 1, with means of computational chem-
istry and with the focus on metal-solvent/ligand com-
plexes. All computations are performed according to the
commonly adopted and well-tested strategy (see ref 3
and Technical Details section for more information).

Mechanistic Model of the Oxidation of an Alco-
hol and an Overview of the Reaction Profile. To
initiate the computational study of reaction 1, an
overview of the reaction profile and mechanistic model
is necessary (Scheme 2).

The first part of the mechanism constitutes the
oxidation of an alcohol with the change of oxidation state
of the metal catalyst from Pd(II) to Pd(0). This part of
the reaction has already been studied rather well for
other types of palladium(II) catalysts. Dual coordinating
ability of DMSO and relatively high dielectric constant
both make the difference in the study we are going to
undertake. Pd-pyridine or Pd-TEA systems, which we
have previously studied, have the advantage and the
simplification of a rather well-defined coordination
geometry/structure of metal complexes by explicit defi-
nition of the ligand that coordinates to the metal.
Furthermore, TEA and pyridine both have only one
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Figure 1. Optimized structure of monomeric Pd(II)(AcO)s-
(DMSO-S):[DMSO]; catalytic complex with two DMSO
molecules in the first coordination sphere of palladium(II)
and two DMSO in the outer parts of the complex. The
projection of the picture is chosen to illuminate the interac-
tion of DMSO with the Oa.o atom (dashed green lines).
(Further in the text DMSO-S and DMSO-O always indicate
the sulfur- and oxygen-bonded ligands, respectively.)

atom that coordinates to the metal. The distinction
between ligand and solvent is somewhat less definite
in the present study, and it relies on the proximity of a
given DMSO molecule with respect to the metal. Those
DMSO molecules that are bound in the first coordina-
tion sphere of Pd(I1)/Pd(0) are ligands, while the rest of
DMSO surrounding is solvent.
PddID(Ac0O)2(DMSO); in Solvent Environment.
Our starting point is DFT geometry optimization of the
gas-phase monomeric Pd(I1)(AcO)(DMSO)2[DMSO]; “su-
per molecule” (a, Figure 1). Both DMSO molecules are
S-bound to palladium(II) as the result of unconstrained
geometry optimization and in agreement with known
crystal strucutres.*® The role of additional DMSO
molecules is to enhance the flexibility of the model with
respect to intermolecular interactions. Intermolecular
interactions via H-bonds are expected to be important
for the crystal formation (see later, see also Supporting
Information where computed and crystal structures are
compared). DMSO in the second coordination sphere is
important for stability of the complex a: additional
DMSO interacts with the partially negatively charged
oxygen atom of AcO~ (see Figure 1).6 In the absence of
these additional DMSO molecules the model becomes
rather limited. One can see that O-bound DMSO is

(4) The ambidentate character of DMSO is quite remarkable. It has
been demonstrated that the mode of DMSO coordination depends
strongly on the interaction with the environment and by the effective
electonegativity of the ligands coordinated to the metal center. See:
Cotton, F. A.; Dikarev, E, V.; Petrukhina, M. A.; Striba, S.-E. Inorg.
Chem. 2000, 39, 1748—1754, and references therein.

(5) In the crystal structure of (DMSO);Pd(OAc); both DMSO ligands
are S-bond and the complex is dimeric with only one DMSO ligand at
each end. See: (a) Bancroft, D. P.; Cotton, F. A.; Verbruggen, M. Acta
Crystallogr. Sect. C 1989, 45, 1289—1292. However, the palladium(II)
trifluoroacetate crystal structure has one S-bound and one O-bound
DMSO. See: (b) Stash, A. I.; Perepelkova, T. I.; Kravtsova, S. V;
Noskov, Yu. G.; Romm, I. P. Russ. J. Coord. Chem. 1998, 24, 36—39.
(c) Tanaka, D.; Romeril, S. P.; Myers. A, G. J. Am. Chem. Soc. 2005,
127, 10323—10333. Interestingly, X-ray crystallographic characteriza-
tion of arylpalladium(II) trifluroacetates shows two S-bound DMSO
ligands. See ref 5c. Palladium(II) trifluoroacetate structure was
computationally evaluated and found in very good agreement with the
X-ray crystal structure reported in ref 5c.

(6) Interestingly, the preference of sulfur over oxygen in (DMSO).Pd-
(OAc)s is easy to verify directly within one geometry optimization
sequence (see details in Supporting Information).
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Figure 2. Optimized structure of the Pd(II)(AcO); catalytic
complex with only two DMSO molecules. b1: Pd(II)(AcO),
(DMSO0-0);, S—O bond is 1.559 A. b2: Pd(II)(AcO); (DMSO-
0)(DMSO-8S), S—0 bond is 1.554 A for O-bound DMSO and
S—O0 bond is 1.495 A for S-bound DMSO. b3: Pd(II)(AcO);
(DMSO-S);, S—O bound is 1.496 A. Dashed lines mark
weak O—H bonding. All bond length parameters are in A.
S—0is 1.511 A in free DMSO at the same level of theory.

better positioned to establish a weak intermolecular
interaction than the S-bound ligand (see Figure 2).

To illuminate the importance of intermolecular in-
teraction, we have considered only isolated PA(IT)(AcO)s-
(DMSO);. Judging by the final electronic energy in the
gas phase, the O-bound Pd(II)/DMSO complex, bl, is
the most stable. The second most stable one is the
“mixed” S- and O-Pd(I[)/DMSO complex, b2. The energy
difference is about 2 kcal/mol. Finally the electronic
energy of the purely S-bond Pd(II)/DMSO complex, b3,
is larger than that of bl by almost 6 kcal/mol. The
obvious discrepancy of these results with those obtained
in the presence of two extra DMSO could be rationalized
by intermolecular interactions. Indeed, one can observe
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Table 1. Relative Energies of Pd(AcO)2(DMSQO).
Complexes with Different Coordination of DMSO
Molecules®

gas single point optimization

phase in solvent  in solvent
Pd(AcO)2(DMSO0-0), 0 0 0
Pd(AcO)2(DMSO-0)(DMSO-S) 1.8 1.7 2.4
Pd(AcO)g (DMSO-S)2 6 2.1 3.7

@ Relative energies are obtained within three different ap-
proaches: (i) gas-phase geometry optimization without solvent
effects; (ii) single-point calculation of the energy in solvent (PCM)
at the gas-phase-optimized geometry; (iii) complete geometry
optimization in solvent with PCM. All energies are in kcal/mol.
The larger model, PA(IT)(AcO)2(DMSO)2[DMSO]s, predicts S-bound
DMSO, in agreement with the crystal structure.

a weaker intermolecular interaction due to the elonga-
tion of Oa.o—Hpumso bonds in the case of S-bound DMSO.
In the simple model, metal-bound DMSO interacts
directly with AcO~, while in the model with two extra
DMSO a similar interaction occurs mainly between
AcO~ and free DMSO.

The absolute value of the binding energy of one
DMSO in the second coordination sphere is only about
4 to 7 kcal/mol. DMSO molecules in the extended model
(see Figure 1) adjust their orientation and position in
the second coordination sphere, and thus a more real-
istic description of S- or O-bonding to the metal can be
achieved. A smaller model with just two DMSO mol-
ecules lacks this flexibility and favors O-bound DMSO
because of a stronger intermolecular interaction.

The continuum model (PCM) provides a rather real-
istic description of polar solvent media, and thus weak
intermolecular Oa.o—Hpumso bonds become less impor-
tant when dielectric screening is taken into account.
Energies obtained by single-point calculations in the
continuum solvent model demonstrate the decrease in
the energy differences between bl and b3 (see Table
1). (These “single-point solvent” calculations are per-
formed on the basis of gas-phase-optimized geometry.)

A more accurate determination of relative energies
in solvent may be obtained by geometry optimization
with DFT methods including self-consistent optimiza-
tion of solvent/reaction field at each geometry optimiza-
tion step. Results agree well with simple single-point
evaluation of the solvent energy (see Table 1). The
energy difference of 2 or 3 kcal/mol is quite small, and
it is important to realize that it is below the accuracy
of the density functional method itself. Therefore it is
quite arbitrary to differentiate between complexes b1l
and b2 at the present level of theory within a simple
two-DMSO model. The relative energy of bl and b3 is
somewhat larger but still small compared to the 5
kcal/mol accuracy of the method itself.

Comparison of gas-phase and solvent results points
out a large influence of dielectric screening on the
relative energy even in the most simple cases of isolated
Pd(AcO)o/DMSO complexes. There is no doubt that a
“realistic” solvent and crystal phase is a much more
complex environment due to the strong interaction of
every single Pd(AcO)/DMSO complex with neighboring
molecules. Therefore one could expect a discrepancy
between available crystal structures of Pd(II)/DMSO
compounds and computationally evaluated relative
stability of isolated S- and O-bond Pd(AcO)y/DMSO
within a simple two-DMSO model. Remarkably, our
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larger model with two extra DMSO molecules agrees
with available crystal structures of Pd(AcO)/DMSO.

Concluding, the Pd(I)(AcO)2(DMSO),; model fails to
predict the correct mode of DMSO bonding, but it
provides a rather realistic description of metal-ligand
geometry. In particular it delivers expected elongation/
shortening of the O—S bond in DMSO with respect to
O- or S-coordination, respectively (see Figure 2). The
elongation of the Pd—O bond with respect to b1 and b2
and elongation of the Pd—S bond with respect to b2 and
b3 are also expected. Underestimation of environmental
effects is the evident downside of the model. Of impor-
tant consideration, the energy difference between com-
putationally identified Pd(AcO)s/DMSO complexes is
quite small when solvent effects are considered, and
thus this discrepancy will not influence largely the
overall reaction profile of reaction 1. It is quite difficult
to achieve reliable convergence of complexes with “loosely
bound” DMSO in the outer parts of the coordination
sphere. The simplified two-DMSO model offers advan-
tages in terms of computational convenience that are
particularly important for a transition state search. The
discrepancy between the O-bound and S-bound DMSO
arrangement is quite small, and we proceed further
within the simplified model, b1, of the catalyst, i.e.,
Pd(ID(AcO)2(DMSO-0)s.

Pd(II)(AcO)2(DMSO);—Substrate Complexes in
Polar Environment. Having studied the structure of
palladium(II)/AcO2 in DMSO solvent, we proceed fur-
ther along the reaction pathway. Calculations indicate
that the alcohol binds to the Pd(I)-catalyst b1 or b3 to
form the very first activated complex (step B, Scheme
1) in the second coordination sphere with respect to
Pd(ID (el and c¢2, Figure 3). Similar catalyst resting
state was characterized experimentally and with density
functional theory for Pd(OAc)s/Pyridine system (see ref.
2j, which remains the only example of in situ charac-
terization of the catalyst under reaction conditions by
spectroscopic rather than solely by kinetic methods).
Also, an outer-sphere binding of the substrate was
reported for a series of catalysts in ref. 3b,c, based on
DFT calculations.

The electronic binding energy of the substrate is —7.4
kcal/mol. Two additional effects should be accounted for.
First, an account for entropy decrease in the adduct ¢l
is included in the Gibbs free energy correction of about
10 kcal/mol; binding becomes less favorable with this
correction. Second, solvent effects should also be con-
sidered. Straightforward application of the continuum
solvent model gives the following result: solvent stabi-
lization, i.e., the absolute value of the energy that the
molecule gains by interacting with solvent, is 40
kcal/mol for b1, 45 kcal/mol for ¢1, and 25 kcal/mol for
the substrate. That equates to the total effect of +20
kcal/mol: the electronic energy of the reaction “b1 +
substrate — ¢1” is now about +13 kcal/mol taking into
account the solvent effect within the continuum solvent
model.

On the basis of the geometrical structure, it seems
quite reasonable that bl and ¢l both have a similar
solvent stabilization effect. However, the continuum
solvent model overestimates the energy of the “bl +
substrate” term. We have not accounted for a similar
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Figure 3. Optimized structure of Pd(II)AcOo(DMSO-0),
and Pd(II)AcOo(DMSO-S); with (2,4-dimethoxyphenyl)-
methanol coordinated in the second sphere. In the gas
phase cl is more stable than ¢2 by 4 kcal/mol. In the
solvent the energy difference between ¢l and ¢2 becomes
almost negligible.

problem in our earlier studies mainly because we were
concerned with nonpolar solvents, i.e., toluene.

Geometry optimization of complexes larger than cl
proved to be necessary to understand the solvent effects.
To provide a realistic environment and yet to afford
reliable geometry optimization, three DMSO molecules
were added to the model. This extended model is
described in detail in the Supporting Information.
Evaluation of solvent effects within the extended model
with additional DMSO points out that solvent effects
are small when formation of adduct ¢l is considered in
a realistic solvent environment. These effects are largely
overestimated by straightforward application of con-
tinuum solvent model.

The Rate-Limiting Steps: The Deprotonation
and the f-Hydride Elimination. The deprotonation
of the alcohol (step C, Scheme 2) leads to the Pd-alkoxide
complexes, d1 and d2, which then undergo the f-hy-
dride elimination step (step D, Scheme 2) to form the
product and the Pd-hydride species. The reductive elim-
ination of an equivalent of HX, i.e., AcOH, is necessary
to form the Pd(0) resting state of the catalyst (E).

The f-hydride elimination has been proposed to be
the rate-limiting step for the vast majority of the
catalytic systems. This includes the systems derived
from Pd(OAc);L (where L = pyridine, PhenS,” I;Pr,8
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d2
Figure 4. Optimized structure of Pd-alkoxide intermedi-
ate with and without AcOH: complexes d1 and d2,
respectively. All bond lengths and distances are in A. Green
dashed lines show weak intermolecular O—H bonds.

Pd((—)-sparteine)Cly) with a strong base. The exception
is PA(OAc)y/TEA,?¢ a Pd((—)-sparteine)Cl; catalyst under
weak base conditions where the rate-limiting alcohol
deprotonation is proposed and established both experi-
mentally and theoretically. Interestingly enough, Larock’s
system, Pd(AcO)o/DMSO, is currently also considered
to have alcohol-related rate-limiting steps.?

To investigate alcohol-related transition states, the
first deprotonation and the -hydride elimination tran-
sition states were optimized (T'S1 and TS2, Figure 5).
Geometrical parameters of the first deprotonation and
the S-hydride TS are similar to the previously reported
data with respect to Pd(AcO)o/pyridine and Pd(AcO)y/
TEA systems.

An alternative mechanism of the first deprotonation
may be proposed. We have found that AcO™~ interacts

(7) PhenS = bathophenanthroline disulfonate, see ref 3e.
(8) IiPr = 1,3-bis(2,6-diisopropylphenyl)-2,3-dihydro-1H-imidazole;
see ref 3h. Oxidation goes with added acid.
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Figure 5. DFT-optimized transition states for the first
deprotonation and the -hydride elimination, TS1 and TS2,
respectively.

with additional DMSO molecules in the second coordi-
nation sphere. Thus it can be stabilized in the outer part
of the coordination sphere without direct coordination
to the metal ion (see Figure 6). This type of geometry is
unfavorable without the consideration of a dielectric
solvent environment. To provide insight into possible
ligand arrangements, we have optimized the geometry
of the substrate-catalyst adduct with AcO~ in the second
coordination sphere supported by the intermolecular
interaction with additional DMSO molecules (Figure 6).
It is not possible to obtain such a “detached” AcO~
without additional solvent molecules: without addi-
tional DMSO complex d1 with completely formed AcOH
will be the result of the geometry optimization. Attempts
were made to locate the corresponding TS of the alcohol
deprotonation with the outer sphere AcO~. So far we
were not successful with this, mainly because the DMSO
“cage” participates strongly in the rearrangement when

(9) Stahl, S. Private communication.
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Figure 6. DFT/lacvp**-optimized geometry of substrate—
catalyst adduct with AcO~ in the second coordination
sphere supported by intermolecular interaction with ad-
ditional DMSO molecules. Green dashed lines indicate
intermolecular bonds. All distances are in A.

AcOH is formed in the outer sphere. Thus, too many
degrees of freedom are involved in the normal mode
associated with such a hypothetical transition state.

Frequency analysis of the f-hydride TS reveals a
relatively large imaginary frequency associated with the
normal model of hydride transfer (the absolute value
of the imaginary frequency is about 600 cm~1). We have
also identified the S-hydride TS with the S-bound
DMSO. The electronic energy of this transition state is
larger by 12 kcal/mol than that of TS with O-bound
DMSO. However, we were not able to obtain information
about environmental effects on the energy difference
between the O- and S-mode TS with additional DMSO
molecules. We have evaluated gas-phase-optimized TS
geometries in the PCM. The energy difference was
reduced to about 4 kcal/mol. Thus we expect that
reaction may equally proceed via transition states with
S- and O-bound DMSO.

The first deprotonation TS is dependent on the ligand
environment and is characterized by a quite small
imaginary vibrational frequency (the absolute value is
about 60 cm™1). We have found no “clean” TS when
S-bound DMSO is considered. We have also found that
the energy of the TS is dependent on the DMSO
coordination in the outer sphere. We have attempted
to locate the first deprotonation T'S in the model with
additional DMSO molecules. A precursor to TS was
found, but we were not able to obtain the geometry with
a single imaginary frequency. One could expect this,
since many degrees of freedom prevents reliable iden-
tification of a low-energy vibrational mode.

The Gibbs activation energy of both transition states
in solvent turns out to be in the expected range of 15
and 20 kcal/mol, respectively. The S-hydride TS is, in
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particular, somewhat higher than that for Pd(AcO)y/
TEA, but it is much smaller than that for Pd(AcO)s/
pyridine catalysts.

The optimized structure of the Pd-H complex im-
mediately after the S-hydride elimination transition
state (step D, Scheme 1) is reported in the Supporting
Information.

From Palladium(0) to Palladium(II). The oxida-
tion reaction proceeds further via a palladium(0)/DMSO
intermediate, step E (see Scheme 1). The structure of
the corresponding palladium(0) complexes is important
for efficient reoxidation of the metal by molecular
oxygen; it will be considered in detail further on.
Formation of peroxo-palladium species has already been
studied in detail.102b

Of principal consideration, the ground electronic state
of molecular oxygen is known to be paramagnetic with
two unpaired electrons. Due to the strong spin—orbit
(SO) coupling, transition metal reactions are weakly
spin forbidden, and a great deal of experimental data
speaks in favor of efficient SO coupling involved. The
oxygen-related palladium(0) reoxidation part of the
catalytic cycle does not become rate limiting in the
majority of the Pd-catalyzed reactions, including the
presently studied system, ruling out spin—orbit-related
bottlenecks with respect to the oxygen—metal pair. Fur-
thermore, transition metal complexes are known to have
a large number of near-degenerate electronic states.
Near degenerate electronic states are well known to
participate in metal—oxygen bond formation, and near-
degeneracy further amplifies effective spin crossover.

The formation of the tight Pd-O2 complex el and e2
is computed to be highly exothermic, AE = —46 kcal/
mol in the gas phase (AE = —44 kcal/mol in solvent),
and no barrier for that was found.!! Triplet-to-singlet
potential surface crossing permits formation of the 72-
peroxo complex (see Figure 7, complex e2 with singlet
electronic state) within tight meta-oxygen formations.
Quite similar geometry and reaction energies for peroxo-
Pd(0)L,, complexes were reported previously by Stahl
et al., where L is a nitrogen-based ligand. The crossover
to the singlet surface is mediate by the spin—orbit
coupling, which is generally efficient at transition metal
centers.

Finally, the reaction of the peroxopalladium(II) spe-
cies with 2 equiv of acid, AcOH, results in the step-by
step restoration of original catalyst (steps G1—G3 in
Figure 8). Hydrogen peroxide is formed within these
final reaction steps. It turns out that these reaction
steps are of no importance for the rate determination
of the overall reaction and are very similar to those
previously reported for Pd-systems with pyridine or TEA
ligands (see ref 3b), and therefore the corresponding
complexes are discussed in the Supporting Information
only.

(10) (a) Pd-mediated activation of molecular oxygen in a nonpolar
solvent medium has been studied: Keith, J. M.; Nielsen, R. J.; Oxgaard,
J.; Goddard, W. A., III. J. Am. Chem. Soc. 2005 ASAP article. (b) Stahl
et al. has shown that in the case of palladium(0) complexes with
nitrogen-based ligands spin crossover dynamics do not influence the
overall oxygenation kinetics; see: Landis, C. R.; Morales, C. M.; Stahl,
S. S. J. Am. Chem. Soc. 2004, 126, 16302—16303.

(11) No barier was found in previous theoretical studies. Surpris-
ingly, the same values of O—O and Pd—O distances have been found
in our and Stahl’s 52-peroxo complex, 1.40 and 2.02 A, respectively.
The distance between Pd and oxygen from DMSO is 2.16 A, almost
the same as in complex Pd°(DMSO0-0), (2.15 A).
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e2

Figure 7. Gas-phase-optimized structure of the Pd°-
(DMSO-0)2 complex with molecular oxygen. The electronic
states of el and e2 are triplet and singlet, respectively.
All distances are in A.

Pd(0)/DMSO Intermediates: Hard (O) versus
Soft (S) Ligand Donor Atoms. Insight into reaction
1 would be incomplete without consideration of pal-
ladium(0) complexes in DMSO. The ambidentate char-
acter of DMSO plays an important role in the formation
of Pd(0)/DMSO complexes. To begin probing this subject,
we have optimized Pd(0)(DMSO), complexes with S- and
O-bound DMSO. The S-bound coordination mode of
DMSO was preferable, with the electronic energy lower
by almost 10 kcal/mol than that of the O-bound ana-
logue. Continuum solvent effects reduced this energy
difference by only 2 kcal/mol.

Gas-phase and solvent geometry optimization of
larger complexes revealed that the two most stable
complexes of Pd(0)/DMSO, see Figure 9, have up to four
S-bound DMSO ligands in the first coordination sphere,
Pd(DMSO-S)s. The tetrahedral geometry in which
palladium(0) is in the center of the tetrahedron and
sulfur atoms are at each vertex!? is shown in structure
fl. This type of geometry is not surprising, since
palladium(0) has the d!° configuration with preferable
tetrahedral ligand arrangement.!?

Complex f2 has a slightly distorted arrangement of
the ligand with two slightly shortened and two slightly
elongated Pd—S bonds. We have also identified several

(12) Geometry optimization of the Pd(0) with up to eight DMSO
ligands was carried out in the gas phase and solvent (PCM). The first
coordination sphere of Pd(0) could hold only four sulfur-bonded DMSO;
additional ligands were weakly coordinated in the second coordination
sphere.
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Figure 8. Computed reaction profile (Gibbs free energy)
according to the reaction mechanism for Scheme 2. Labels
Tsl and Ts2 indicate the first deprotonation and the
p-hydride elimination transition states, respectively. All
reaction steps follow the uppercase assignment used in
Scheme 1. Assignment of these reaction steps to the
lowercase letter labels of computed important structures
is the following: step A involves complex a; step B involves
complex ¢l or ¢2; steps C1 and C2 involve complexes d1
and d2, respectively; step D involves Pd—H complex (see
Figure S9 in the Supporting Information); step E involves
Pd(0)/DMSO complexes g or similar; step F involves
complex e2. The last three labels, G1—G3, refer to PdOy/
(AcOH), complexes (see Figure S7 in the Supporting
Information). All energies are in kcal/mol with solvent
effects. The solvent was modeled using the hybrid method,
which is polarized medium (PCM) with additional DMSO
molecules in the second coordination sphere of the Pd-
complexes and reactants, i.e., molecular oxygen, substrate,
AcOH.

complexes with mixed S- and O-bonding (in our opinion
f3 is the most interesting one). Those complexes, includ-
ing f3, are higher in energy than f1 and f2. Continuum
solvent effects evidently favor complexes with S-bound
DMSO. One may argue that S-bound DMSO leaves the
O atom in the outer part of the coordination sphere,
which is perfectly suited for interaction with additional
DMSO molecules. O-bound DMSO lacks this additional
coordination capability. This was checked by geometry
optimization of large complexes of palladium(0) in
DMSO. Interestingly, coordination geometry of just
three DMSO-S has been found in a large cluster with
two palladium(0) atoms (Figure 10). Because of the size
of the complex, we had to employ a smaller basis set
for this geometry optimization.

DMSO has the remarkable ability to coordinate
palladium(0). We have found that a large variety of
palladium(0)-DMSO-palladium(0) structures could be
optimized. One of those structures is presented in
Figure 11. We have also found that palladium(0) dimers
could be bridged by several DMSO molecules in the
outer coordination spheres of both metals without direct
coordination to the metal in either the S- or O-bound
mode.

(13) Within the d'© electron configuration of Pd(0) every d orbital is
doubly occupied. Symmetric electron distribution means that there are
no ligand field effects and the ligand positions are sterically deter-
mined.
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Figure 9. Optimized structure of sulfur-bonded Pd(0)-
(DMSO-S), complexes with sulfur-bonded DMSO, DMSO-
S. Dashed green lines indicate weak H-bonds. All distances
are in A; symmetry constraints were not employed. The
energy of f2 is only 2.5 kcal/mol lower than that of f1.
Complex f1 has almost perfect tetrahedral ligand arrange-
ment. The energy of £3 is about 3 kcal/mol higher than that
of f1.

Hydrogen bonds appear to be important for the
stability of isolated Pd/DMSO complexes. The same
seems to be true for large DMSO complexes. In particu-
lar, the Pd(0)(DMSO-S)4 structure of the first coordina-
tion sphere is stabilized by four hydrogen bonds between
oxygen and hydrogen atoms. The distance between
oxygen and hydrogen atoms, 2.30 A, is shorter than the
sum of the van der Waals radii, 2.72 A, while the
C—H-0 angle is 150°. The H-bond (X-H-:-Y) is formed
due to the transfer of the electron density (ED) from
the lone electron pairs of the proton acceptor Y to the
o*-antibonding orbital of the X-H proton donor.* DFT

(14) This effect is well known in physical organic chemistry and is
called hyperconjugation.

Zierkiewicz and Privalov

calculations revealed typical elongation of the C—H
bond, 0.001 A, and significant increase of the electron
density in the o*-antibonding CH orbital, 0.01189e.15

Binding of DMSO to palladium(0) with the oxygen
atom dramatically changes the geometry of the first
coordination sphere of the Pd(0)/DMSO complex (see
Figure 12). DFT geometry optimization of large systems,
i.e., Pd(0)/(DMSO);s, suggests firmly that not more than
two DMSO molecules could be oxygen-bound to the
metal in the first coordination sphere, while additional
ligands could be accommodated in the very symmetrical
second coordination sphere only. We denote this type
of coordination presented in Figure 12 as Pd(0)(DMSO-
0)2[DMSO]z, with two oxygen-bound DMSO in the first
coordination sphere and two additional DMSO mol-
ecules in the outer sphere. The metal—oxygen distance
is 2.15 A in complex g, while the sulfur—oxygen distance
is just 0.04 A longer than in the free DMSO. The
experimental bond elongation in DMSO is 0.036 A. The
rearrangement of the first coordination sphere from
fl to g requires energy: the electronic energy of com-
plex g is higher than that of complex f1 by 10 to 12
kcal/mol.

Conclusions

Computational studies provide insight into the reac-
tion mechanism of Pd-catalyzed alcohol oxidation and
into coordination of the DMSO ligand to palladium(0)
and palladium(II). The reaction mechanism consists of
three distinctively different parts, which are all char-
acterized in the present study. The first part directly
relates to the catalyst—substrate interaction and pro-
ceeds via two transition states: the first deprotonation
and the f-hydride elimination transition states. Modern
computational tools make it relatively easy and straight-
forward to optimize geometry of these transition states
and evaluate accurate electronic energies. Reported data
appear to be in agreement with previously published
findings.

The second part of the reaction is more delicate and
less straightforward to model. Experimental data indi-
cate that the reaction proceeds via Pd(0)(DMSO), com-
plexes. Therefore we have started with finding out
the coordination geometry of Pd(0)(DMSO),, with O-
and S-bound solvent. We have seen that environ-
mental effects are important for stability and geom-
etry of palladium/DMSO complexes. This relates equally
to palladium(0) and palladium(II). To check if soft
DMSO-S cages are stable in the complex solvent envi-
ronment, we have considered large palladium(0) com-
plexes with two metal centers and a large quantity of
explicitly treated DMSO molecules. Stable Pd(0)(DMSO-
S), (n = 3, 4) complexes were identified computationally
in DMSO environment. One may conclude that Pd(0)-
(DMSO-S); and Pd(0)(DMSO-S); complexes with ad-
ditional DMSO molecules in the outer coordination
sphere are stable enough against small rearrangements
of the inner coordination sphere of palladium.

The third and final part of the oxidation reaction
involves interaction of Oy with palladium(0)/DMSO

(15) Hydrogen bonding is characterized by the elongation of the X—H
bond, a decrease of its stretch frequency, and an increase of intensity
of the respective spectral band. An increase of ED in the o* orbital is
accompanied by weakening of the corresponding bond and its elonga-
tion and a concomitant lowering of the X—H stretch frequency.
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Figure 10. B3LYP/lacvp-optimized molecular cluster with two palladium(0) atoms and DMSO molecules. Blue lines mark
S-palladim(0) bonds of the DMSO-S ligand. Corresponding bond length labels are in blue. S—O bond distance in “free”
DMSO is in black. Smaller basis set results in slightly longer Pd-S bond length, as compared to leap™* base set results.
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Figure 11. B3LYP/lacvp-optimized molecular cluster with
two palladium(0) atoms bridged by a DMSO molecule in
the cluster of DMSO molecules. Blue lines mark DMSO—
palladim(0) bonds. Corresponding bond length labels are
in blue. S—O bond distance in “free” DMSO is in black.

complexes. The soft ligand cage in the Pd(0)(DMSO-S),4
complex is able to prevent Og from reaching the metal
directly. The most probable coordination mode of mo-
lecular oxygen is to be bound in the second coordination
sphere with respect to Pd(0)(DMSO-S),. This was com-
putationally verified by geometry optimization of
Pd(0)(DMSO-S)4[02] complexes. Of important consider-
ation, Pd(0)(DMSO-S)4[Og] could be an important ele-
ment of the considered reaction pathway. Indeed, con-
siderable separation between palladium(0) and O¢ in
Pd(0)(DMSO-S)4[02] could in principle provide rate
limiting and lower the efficiency of spin crossover. Thus,
the oxidation reaction on the metal would be rate
limited in this scenario. If experimental data would
suggest that Og-related steps are rate limiting, Pd(0)-
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Figure 12. Optimized structure of the oxygen-bonded Pd-
(0)(DMS0-0)3[DMSO]s complex with two oxygen-bonded
ligands in the first coordination sphere. All distances are
in A. Palladium(0) is accessible from the directions above
and below the coordination plane defined by palladium,
oxygen, and sulfur atoms. Dashed green lines indicate
weak H-bonds.

(DMSO-S)4[02] complexes would be the answer as to
why that might be.

However, both the importance of Pd(0)(DMSO-S)4[Oq]
complexes to the oxidation reaction and the stability of
such complexes are undermined by the influence of the
solvent environment. Computational results suggest
that Pd(0)(DMSO-S); complexes are able to equilibrate
easily with Pd(0)(DMSO-S)2[DMSO-O] complexes in the
presence of complex ligand environment. Those com-
plexes have quite flexible and open ligand arrangement;
there is also enough coordination volume to accom-
modate Pd(0)—Oz bonding. Therefore it is quite reason-
able to suggest that Pd(0)O2 complexes will be readily
formed in DMSO. This reasoning appears to be coherent
with a recent experimental finding? concerning rate-
limiting steps in reaction 1.

Overall, our computational studies are performed
within a well-tested model and the acquired data agree
very well with available kinetic experimental data for
reaction 1 and for the first time provide elucidation of
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the nature of the rate-limiting step. We point out that
S-bound or O-bound DMSO is the preferable coordina-
tion mode of palladium(II) depending on the ligand
environment, while palladium(0) prefers mainly S-
bound DMSO.

Technical Details

The following computational methodology was applied.
First, geometry optimizations of all intermediate complexes
and transition states were carried out using the B3LYP
functional’® with the lacvp*#/6-31G(d,p) basis set.1”18 All
degrees of freedom were optimized, and only positive vibra-
tional frequencies were obtained at all optimized geometries.
Transition states obtained were characterized by the presence
of exactly one imaginary vibrational frequency along the
appropriate normal mode. In the second step, BSLYP energies
were evaluated for the optimized geometry using a much larger
triple-¢ basis, lacv3p**+/6-311+G(d,p), with additional diffuse
and polarization functions. These energies together with the
solvent and the thermochemical corrections were used to
calculate the reported reaction profile. Large “supercomplexes”
with two palladium atoms were not checked by frequency
analysis, and the geometry was optimized with the lacvp basis
set.

All computations were performed with the Jaguar v4.0 and
v6.0 suite of ab initio quantum chemistry programs.!® Solvent
(DMSO) was represented with the following parameters: ¢ =
49.0 and probe radius r, = 2.415 A. The solvent was modeled
using the polarized medium (PCM) with additional DMSO
molecules in the second coordination sphere of the complexes
studied. Solvent effects related to “small molecules”, i.e., Os
and the substrate, were double checked by explicit treatment
of the coordination sphere in an extended DMSO supercluster
of 36 solvent molecules at the same level of accuracy as the
reported geometry optimizations. A similar type of superclus-
ters was used for an estimation of solvent effects.

(16) (a) Becke, A. D.; J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.;
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All gas-phase-optimized structures of complexes studied
were found to be accurate enough and were used to estimate
solvent effects on the reaction energy within the self-consistent
reaction field model as implemented in the Jaguar computa-
tional package.

Finally, complete thermochemical analysis and additional
transition state searches were performed with the Gaussian
9820 computational package within the restricted DFT/BSLYP
level of theory and with the LanL2DZ?! basis set. All the
structures of the intermediate complexes and transition states
were reoptimized with this smaller basis set prior to the
computation of harmonic vibrational frequencies.
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