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ABSTRACT: In investigating potential control factors that would permit a palladium-catalyzed benzylic vs arene C-H activation as previously

reported by our group, it was discovered that the oxidation state of the homogenous palladium species influences the selectivity of C-H activa-
tion. DFT calculations show that Pd® and Pd' preferentially activate the sp> C-H bond in toluene, whereas Pd" and Pd™ preferentially activate
the sp* C-H bond. This selectivity appears to originate from the steric environment created by the ligand framework on the palladium. As the

palladium oxidation state increases, the number of ligand sites increases, which decreases the energetic favorability for activation of the weaker,

yet more hindered sp* C-H bond.

INTRODUCTION

As C—H activation grows as a field, the nuance of selective activa-
tion is of increasing interest. A large number of C-H bonds have suc-
cessfully undergone Pd-mediated activation through a variety of
processes. The vast majority of these processes involve Pd(II) con-
certed metalation deprotonation (CMD) which inherently favors
sp” hybridized carbons vs. sp* hybridized carbons."?* This selectiv-
ity can be reversed by means of a directing group**® in CMD pro-
cesses (Scheme 1a-b) or by utilizing radical processes to first ab-
stract a hydrogen and then intercepting the carbon centered radical
at a metal center (Scheme 1c).”
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Scheme 1. Examples of C-H activation by directing group of an
arene C-H bond (a) and a benzylic C-H bond (b) as well as by free
radical hydrogen atom abstraction (c).

Recent research has shown that oxidation states of Pd asides from
Pd® and Pd" are accessible including Pd'>'® Pd™,'*'2!3 and Pd"
(Scheme 2).! This article investigates the inherent activation selec-
tivity for sp® vs. sp® hybridized carbons computationally using four
oxidation states of Pd and sets the stage for further study of



differentially selective processes with these systems.
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Scheme 2. Examples of C-H activation with palladium in oxidation
states I (a), III (b), and IV (c).

We were motivated to study these processes based on findings
from our laboratory that Pd(OAc), would selectively activate the
benzylic C-H of alkyl arenes (Scheme 3).!>!® Since this selectivity is
diametrically opposite of that reported for CMD with Pd", we be-
came interested in determining if any homogeneous Pd catalysts
would give rise to the observed selectivity. Thus, this study focuses
on two C-H bonds in toluene: the benzylic sp® center and the least
hindered arene sp” center which is para to the methyl group.
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Scheme 3. Our previously reported palladium-catalyzed benzylic
C-H activation.

RESULTS AND DISCUSSION

Concerted metalation deprotonation, a variant of 6-bond metath-
esis, is a well-known mode for Pd" C-H activation where a basic lig-
and abstracts a proton while the Pd—C bond forms. This process is
redox neutral and requires an anionic ligand. As such, the oxidation
states Pd', Pd", and Pd™ were considered with this modality.'” An-
other, C—H activation pathway is oxidative addition, which is rare in
Pd chemistry.'®#!19202! In this process, the oxidation state of the palla-
dium increases by two as the palladium breaks the C-H bond to
form a Pd-C and a Pd-H bond. Oxidative addition was only consid-
ered here for Pd".

It is important to note that the activation energies cannot be com-
pared between the oxidation states without specifying reaction con-
ditions. The relative energies of the different oxidation states of pal-
ladium are dependent on the oxidant or reductant present, so the ab-
solute barriers from a precursor common to all eight pathways will
not be discussed.

All DFT calculations were carried out using Gaussian 16C.01.”
The B3LYP>** and then the M06™ functional were used to explore
conformational space and perform geometry optimizations, transi-
tion state optimizations, and frequency calculations. The 6-31G* ba-
sis set was used for atoms C, H, N, and O while the LANL2DZ ECP
was used for Pd.**”” Single point calculations were carried out on op-
timized structures with the unrestricted M06 functional and the
SMD solvation model?® with toluene as the solvent. The 6-311+G**
basis set was used for atoms C, H, N, and O while the LANL2DZ
ECP was used for Pd. Conformational space was explored thor-
oughly with each structure by first determining the correct number
of ligands and then performing successive dihedral scans to find the
lowest energy. All geometry optimizations were confirmed by the
presence of no negative frequencies, and all transition states were
confirmed by the presence of one and only one negative frequency.
Intrinsic reaction coordinate calculations were also undertaken to
confirm each transition state.

The results of the transition state calculations are shown in Figure
1. For each transition state, a number of neutral AcOH ligands were
coordinated to the palladium center to determine the most energet-
ically favorable ligand sphere. Pd’and Pd' are stabilized by one
AcOH ligand, but Pd" and Pd™ are most stable with the number of
anionic acetate ligands corresponding to the respective oxidation
states.

There is a notable trend moving progressively from an endergonic
process to a more and more exergonic process as the oxidation state
increases. In every case, formation of the benzylic adduct (sp® activa-
tion) is more thermodynamically favorable due to mt-coordination.
The transition state barriers of the C-H activation process also in-
crease as the oxidation states increase.

With respect to selectivity, Pd® exhibited a barrier 2.9 kcal/mol
lower for sp® activation than sp* activation. These results indicate a
direct oxidative addition mechanism would afford selectivity com-
plementary to Pd" CMD. Overall, Pd° favors oxidative addition to
the weakest bond (benzylic CH BDE = 85 kcal/mol, arene CH BDE
=103 kcal/mol).? For Pd', CMD also favors the sp® activation by 3.4
kcal/mol. However, for Pd" sp” activation becomes more preferable
by 3.4 kcal/mol in accord with prior calculations.*® For Pd"™, the
same trend is observed, but the gap increases to 5.7 kcal/mol.

An examination of the bond lengths (Table 1) indicates the larg-

est degree of C-H bond cleavage in the Pd® transition states
(1.92/1.71 A) relative to the toluene C-H bonds (1.08/1.09 A). As

Table 1. Transition State C-H Bond Lengths’

Oxidation state TS sp> C-H (A) TS sp* C-H(A)

Pd° 1.92 1.71
Pd 141 1.41
pd" 1.30 1.32
pd™ 1.26 1.27

*M06/6-31G*/LANL2DZ
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Figure 1. Transition states and relative barriers for toluene activation with different Pd species (sp® shown in blue, sp? shown in red).

Table 2. Distortion-Interaction Electronic Energies’

Oxidation TS sp* TS sp®
Slate Eo(Pd)  E4(PhCH:)  Eq(tot) E Ew | Ea(Pd) Ea(PhCH;)  Ea(tot) Ei Bac
Pd° 1.0 88.5 89.5 -86.4 3.1 0.1 582 58.3 -58.4 -0.1°
Pd! 34 347 38.1 417 -3.6° 0.8 28.7 29.5 -353 -5.8°
pdt 27.5 28.5 56.0 -482 7.8 46.3 20.6 66.9 -514 15.5
pgn 369 25.7 62.6 488 138 326 18.3 50.9 -29.9 21.0

7M06/6-31G*/LANL2DZ, kcal/mol. “Negative values arise from lack of entropic and thermal corrections and comparison to separated starting
materials rather than coordination adducts (c.f. Figure 1).

such, these transitions states are the latest. There is a trend where the from Pd° to Pd™, with the latter having the earliest transition states.
transition state C—H bond lengths progressively shorten moving These observations are in accord with the overall thermodynamics;
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namely, the Hammond postulate would indicate that more ender-
gonic reactions would have later transitions states, as is the case for
Pd°, while more exergonic reactions would have earlier transition
states, as is the case for Pd"™. The Pd' and Pd" transitions states are
intermediate to these extremes.

There are numerous studies supporting that “C-H activating sys-
tems generally exhibit thermodynamic as well as kinetic preferences
for aromatic over benzylic activation,”*"*> However, the data in Fig-
ure 1 show a potentially more complex scenario within the Pd man-
ifold. To gain better insight into the reasons behind the computed
selectivity values, a distortion interaction energy analysis® was per-
formed by comparing the transition states to the ground states of the
separated components (Table 2, Figure 2). The overall electronic
energies confirm that sp® activation is more favorable for Pd° oxida-
tion addition and Pd' CMD, while sp* activation is favored for the
Pd"and Pd" CMD. In general, the interaction energies are strongest
for sp” activation indicating that the potential stabilization from 7-
coordination of the benzylic portion is not dominant in the transi-
tion states. Rather, the interaction of Pd with sp” carbons is stronger
than sp® carbons, which is at least partly a reflection of the stronger
Pd-C(sp*) bond strength.** Interaction energies are strongest for
Pd° which likely reflects greater back-bonding from the low valent
metal center.

Figure 2. Distortion-interaction diagram for toluene activation.
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For Pd° and Pd), there is almost no distortion of the Pd portions
in any of the transition states indicating the largely unhindered na-
ture of these low coordinate species. However, the distortion ener-
gies of the overall transition states are high (29.5-89.5 kcal/mol) due
to the toluene portion. For late transition states, significant distor-
tion of the toluene portion from the ground state aligns with this
finding. The distortion energy of the sp” center of toluene is far
higher (34.7-88.5 kcal/mol) than that of the sp® center (28.7-58.2
kcal/mol), which likely reflects both the stronger sp2 C—H bond
and a reduction of aromaticity in the reaction of the sp* carbon that
would arise from a p-orbital of the aromatic 7t-system participating
in the formation of the new Pd—C bond. This effect can be seen in
the distortion of the sp> C—H bond out the aromatic plane in the
transition state. Such an interaction does not occur with the sp*®

carbon. It is striking the these higher sp’distortion energies are so
large that they both offset the higher sp” interaction energy and de-
stabilize the transition states relative to the sp® activation. All told,
the selective activation of the sp® centers by Pd° and Pd'is both ki-
netic and thermodynamically favored due to lesser distortion of the
sp® center upon coordination and reaction.

For Pd" and Pd", there is a large amount of distortion in the Pd
portions (27.5-46.3) indicating that significant rearrangement of the
coordination sphere is needed from the reactants to the transition
state. The overall distortion energies from Pd" and Pd™ are of similar
magnitudes to those from Pd® and Pd". As a consequence, the tolu-
ene distortion energies are smaller for Pd" and Pd™ (18.3-28.5
kcal/mol). As these transition states are earlier, there is less pertur-
bation of the toluene from its ground state and accordingly lower
distortion energies. Although there is less distortion for the toluene
portion in the sp® activation, the interaction energies and Pd distor-
tion energies combine to disfavor sp’ activation relative to sp” activa-
tion. Because the transition states are earlier there is no longer as
strong a penalty from loss of aromaticity in the toluene portion upon
sp” activation. Notably, the thermodynamic products appear to be
the sp? activation adducts which are stabilized by benzylic -coordi-
nation; however, the early nature of the transition states precludes
this factor from being decisive with respect to the transition state en-
ergies. All told, these Pd" and Pd™ species are more hindered than
their Pd° and Pd" analogs resulting in more favorable reaction with
the less hindered trigonal carbon that also benefits from forming a
stronger bond to the metal.

CONCLUSION

Ligand design Pd’ product structures better for ligand design; lig-
and can be more distal since Pd-C is largely formed and shorter in
TS, however need to have a larger ligand due to the openness of the
Pd center. For Pd" and Pd", precordination complexes more rele-
vant, ligands need to intimately interact with incoming substrate, can
adjust the electrophilicity with cationic complexes

The selectivity trends discovered herein set the stage for designing
future catalysts. For example, ligands could be incorporated to shift
the transition states from early to late or vice versa to favor selective
activation of different centers. With Pd" and Pd", selection of lig-
ands that destabilize the product could potentially shift selectivity.
This work also how C-H activation from Pd® and Pd' could lead to
novel reactivity profiles. Overall, ligand frameworks and reaction
conditions (e.g. electrochemical) to access these different redox
couples with Pd and related elements will allow the fundamental
drivers of selectivity to be modified. Such studies would allow even
greater control over selectivity in C-H activation, considered one of

the Holy Grails in synthetic methods development.*>3¢
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