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Abstract

In homogeneous catalysis, the structure and electronic configuration of the active
catalysts can vary significantly. Changes in ligation, oxidation, and spin states have the
potential to strongly influence the catalytic cycle energetics that, to a large degree, dictate
catalytic performance. With the increased use of computational screening strategies aimed at
identifying new catalysts, ambiguity surrounding structure/electronic configurations can be
problematic, since it is unclear which species should be computed to determine a catalyst’s
properties. Here, we show that a single volcano plot constructed from linear free energy
scaling relationships is able to account for variations in ligation, oxidation, and spin state.
These linear scaling relationships can also be used to predict the free energies associated with
a specific structure and electronic configuration of a catalyst based on a single descriptor. As

a result, a single volcano plot can be used to rapidly screen for prospective new catalysts.

Introduction

The structures of homogeneous catalysts often consist of a central metal atom
surrounded by one or more ligands. This ligand environment strongly affects not only the
properties and performance of a catalyst, but also influences the ultimate product and/or
product ratio.!") In the course of a reaction, a precatalyst is converted into an active catalytic
species, which may involve a host of changes, including structural alterations through ligand
loss,! redox processes that modify the oxidation state,”®! or transitions between low and high
spins. Computational analysis based on density functional theory has made considerable
headway in deciphering the myriad energetic pathways in order to determine the true nature
of the active catalyst. For instance, for Suzuki-Miyaura cross-coupling,””! computation has
revealed that existence of mono- (ML) and bisligated (ML,) reaction pathways within the
conventional low-spin Pd(0)/Pd(II) catalytic cycle (Scheme 1).!! Experimental work points to
the specific electrophile (e.g., Br) used during oxidative addition as dictating a mono- versus

6b, 6d

bisligated reaction pathway.!”! In addition, computation!®® Y and experiment both agree that
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bulky ligands, such as Buchwald ligands,"®! favor a monoligated route. Likewise, because they
readily undergo one-electron redox processes,” *) nickel catalysts have access to numerous
oxidation states.'” In particular, catalytic cycles involving Ni(I)/Ni(IlI) [as opposed to
Ni(0)/Ni(Il)] species are thought to play a significant roles in some cross-coupling
reactions,!''! particularly when N-heterocyclic carbenes are employed as ligands.['?

The elusive nature of the structure and electronic configuration of the active catalyst
during Suzuki-Miyaura cross-coupling arising from different ligation, oxidation, or spin states
creates a challenging situation for the computational design of new catalysts. Such
uncertainty imposes additional strain on how catalysts should be treated computationally in

[6b, 6c,

terms of: standard DFT based energetic analysis, Bl the kinetic modeling!* of

prospective mechanistic pathways, determination of theoretical turnover frequencies (e.g.,
Shaik’s energetic span model!'), tools built to identify structure-activity relationships (e.g.,

(1] Fey and Harvey’s ligand knowledge bases,!"”

Sigman’s multidimensional analytic tools,
and the volcano plots popularized by Nerskov!'®)), and automated procedures that assess
catalytic mechanisms and properties with minimal human input (e.g., Wheeler’s AARON, "
the automated methods for organometallic catalysts of Martinez-Nufiez,*” Habershon’s

21]

graph-based reaction path sampling,®" as well as Maeda and Morokuma’s artificial force

induced reactions,'**! which have now been applied to catalysis**)).
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Scheme 1. The Suzuki-Miyaura cross-coupling reaction being studied (top), reaction
mechanism indicated potential alternatives to the depicted pathway (left), along with metal

and ligands used to create linear free energy scaling relationships and volcano plots (right).

Recently, our group began using molecular volcano plots,**! a counterpart to the
ubiquitous volcano plots advocated by Nerskov!'® for heterogeneous and electrocatalytic
applications, to analyze reactions involving homogeneous catalysts.!*”) Built upon linear free
energy scaling relationships (LFESRs),*® these plots relate a descriptor variable with a
catalyst’s intrinsic properties, such as a thermodynamic or kinetic free energy profile.
Assuming an easily computed descriptor variable, volcano plots become powerful tools for
rapidly screening prospective new catalytic species via structure-activity type relationships. In
order to provide a comprehensive picture of homogenous catalytic species, it is essential that
these molecular volcano plots are sufficiently flexible to account for changes brought about
by different ligation, oxidation, or spin states, yet accurate enough to provide useful energetic

[27

information about the individual catalysts.*”? The purpose of this contribution is to gauge the
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influence that alterations to the structure (via examination of different ligation states) and
electronic configuration (via examination of different spin and oxidation states) of the active
catalysts have on the construction of linear free energy scaling relationships and
thermodynamic volcano plots. This objective is accomplished by examining the Suzuki-

Miyaura cross-coupling reaction depicted in Scheme 1.

Results and Discussion

Linear Free Energy Scaling Relationships. A central concept underpinning volcano plots
are that the free energies of the steps of the catalytic cycle do not vary freely, but are related
to one another through linear free energy scaling relationships (LFESRs). Once these
relationships are established, the free energy of any individual reaction step can be estimated
by knowing the value of the “descriptor variable.” Previously, we found the free energy
associated with oxidative addition [AG(Rxn A), Scheme 1, which is equivalent to AGgrrs(2) as
defined in Equation 1], to be an excellent descriptor.>* 224 Figure 1 shows the LFESRs, as
determined by DFT computations (see Computational Details), which relate the stabilities of
catalytic cycle intermediates 2 and 3 (see Scheme 1, stabilities defined by Equations 1 and 2)
to one another. Figure 1a, which depicts the scaling relationship for 18 bisligated catalysts
(combinations of the three metals and six ligands depicted in Scheme 1), reveals a strong

correlation where knowing the value of AGrrs(2) (our chosen descriptor variable) leads to a

very good estimation of AGrrs(3).

=
ML1 or2 + /\Br +L1 or zM\ AGRRS(Z) Eq 1

Br

MLior2 + 22 g +NaOBu + [(H,CCH)B(OH),(OBu)]™

= AGRrprs(3) Eq. 2
L M
— "2 +NaBr + [B(OH),(OBu),]"
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Figure 1. Linear free energy scaling relationships between the binding energies of 2
[AGrrs(2)] and 3 [AGrrs(3)] as defined by equations 1 and 2 for (a) the 18 bisligated
catalysts, (b) the 18 bisligated from figure 1a (black) plus 18 monoligated catalysts (red), (c)
the 36 catalysts from figure 1b (black) plus six monoligated Ni catalysts with Ni(I)/Ni(III)
oxidation states (red), and (d) the 42 catalysts from figure lc (black) plus six high-spin
monoligated Pd catalysts (red). All catalysts depicted in (a) and (b) were computed as closed-
shell singlet species. The Ni(I)/Ni(Ill) catalysts in (c) were computed as doublet cations and

the high-spin Pd catalysts in (d) were computed as neutral triplets.

Of critical importance is how a change in ligation state affects the LFESRs. Two
potential scenarios exist: either the bis- and monoligated catalysts are described by two
unique sets of LFESRs or they are governed by the same set of scaling relationships. For the

first case, it would be necessary to construct two volcano plots, one of which would identify
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bisligated catalysts with appealing thermodynamic profiles while a second would accomplish
the same objective for monoligated species. In fact, Figure 1b shows the 18 monoligated
variants of the original set of catalysts (red points) closely follow the LFESRs established
from the bisligated species (black points), much akin to the lack of changes to scaling
relationships upon geometric distortion of heterogeneous catalysts.l*> **! Thus, there is no
need to create separate volcano plots, rather, a single volcano can be constructed and
individual points added for structures of the catalyst having both one and two ligands.
Intrigued to ascertain how general and robust the linear free energy scaling
relationships are, we computed six monoligated nickel catalysts as doublet cations in order to
ascertain the energetics of the alternative Ni(I)/Ni(Ill) [as opposed to Ni(0)/Ni(Il)] pathway
(Figure 1c). In addition, the influence of spin-state was gauged by examining six monoligated
Pd catalysts with a high-spin (triplet, as opposed to singlet) electronic configuration (Figure
1d). Indeed, the same set of linear free energy scaling relationships also apply to catalysts
with alternate oxidation or spin states, which is consistent with findings from heterogeneous

2. 21 Because the LFESRs are entirely general with respect to

catalysis/electrocatalysis.
ligation, oxidation, and spin state, a single volcano plot is able to assess the thermodynamic

profiles of any prospective catalysts that follow the same reaction mechanism.

Molecular Volcano Plots. Having demonstrated strong linear correlations between the
binding energies of 2 and 3 for each of the different variants of catalysts, we constructed a
volcano plot capable of identifying those species possessing attractive thermodynamic
profiles. The mathematical procedure for converting the LFESRs into volcano plots is
detailed in the Supporting Information and elsewhere.>*°®! The key to clearly understanding
the volcano plot is grasping the meaning of the variables plotted along the x- and y-axis. The
descriptor variable, AG(Rxn A), is given on the x-axis, and describes the strength of the
catalyst/reactant interaction. The y-axis depicts the free energy needed to complete the

catalytic cycle’s thermodynamically most difficult reaction step (potential determining step,
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pds), as defined by: AG (pds) = max[AG(Rxn A), AG(Rxn B), AG(Rxn C)]. By convention,
the y-axis is plotted as the negative of AG(pds), meaning that positive values correspond to
exothermicity. Note that the potential determining step described by the volcano plots is not
identical to the rate determining step. To achieve the later, it would be necessary to compute
the transition state barriers of the catalytic cycle, which is a considerably more

computationally expensive, although it does provide a more accurate picture of activity of

different catalyst.*>"
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Figure 2. Volcano plots showing (a) bisligated catalysts only and (b) both bis- and
monoligated catalysts. All depicted catalysts were computed as closed shell singlets. The
range of x-axis values shown are cropped to focus on the catalysts (points) discussed here. Of
course, as emphasized in our earlier paper, coinage metal catalysts (see ref 25a) would be
visible on the weak-binding side (right side) of the volcano. Note that the volcano plots show

little functional dependence (see Figure S1).

Figure 2 shows two different volcano plots corresponding to the (a) bisligated and (b)
both mono- and bisligated catalysts. The volcano plot consists of two slopes as well as a
plateau region, each of which correspond to separate reaction steps (i.e., oxidative addition,
transmetalation, reductive elimination) being the most thermodynamically difficult step of the
catalytic cycle to complete. Catalysts appearing on the “strong-binding” left slope are

characterized by an overly strong catalyst/reactant interaction, which means oxidative
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addition is thermodynamically very favorable and reductive elimination difficult. Thus,
catalysts lying in this area are limited by the free energy needed to complete reductive
elimination. The opposite situation is found on the volcano’s “weak-binding” right slope,
where the catalyst/reactant interaction is overly weak. In this case, oxidative addition is the
most thermodynamically difficult reaction step of the catalytic cycle to complete. Catalysts
that lie near or on the volcano plateau have balanced thermodynamic profiles, where the
catalyst/reactant interaction is neither too weak nor too strong. This means the free energies
needed to complete oxidative addition and reductive elimination are roughly equivalent, and
transmetalation becomes the most energetically costly reaction step of the catalytic cycle (see
the Supporting Information for the free energies of each reaction step for all species).
Catalysts lying in this area fulfill Sabatier’s principle,*” which states that ideal species will
have a catalyst/substrate (or catalyst/reactant for homogeneous systems) interaction that is
neither too weak nor too strong.

The linear scaling relationships are quite robust, and only vary slightly between
different density functionals. As a result, volcano plots show little functional dependence (see
Figure S1).

Evident from the comparison of the Figure 2 volcano plots is that while the ligation
state of the catalysts does not influence the LFESRs, it does dramatically affect the location of
the individual species on the plot. Fortunately, since a unique descriptor variable [the free
energy of oxidative addition, AG(Rxn A)] can easily be computed for both the mono- and
bisligated version of the same catalyst, the reaction energetics of both ligation states can
easily be determined from the same volcano plot. Indeed, Figure 2b shows a pronounced shift
toward stronger binding (i.e., leftward on the x-axis) for monoligated relative to bisligated
species. This stronger catalyst/reactant interaction energy likely arises from the
unencumbered access of vinylbromide to the metal center during oxidative addition when
only one bulky ligand is present. The similar stereoelectronic properties of the phosphine and

N-heterocyclic carbene ligands tested (see Scheme 1) create clear groupings based on metal
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type for the monoligated species (Figure 2b). These groupings are absent for the bisligated
catalysts on account of the varying degree of access by vinylbromide to the metal center when
two bulky ligands are present, which results in considerable variation in the catalyst/reactant
binding energies. The location of the palladium catalysts either on the plateau or at the top of
the strong-binding slope indicates that they possess favorable thermodynamic profiles in
either ligation state, which aligns well with their wide ranging experimental use for cross-

[5b, 31

coupling reactions. ] Many bisligated platinum catalysts have very good thermodynamic

profiles and appear on the volcano plateau, yet, catalyst incorporating this metal are rarely

132 Indeed, the Figure 2b volcano plot shows that in their monoligated

used in the laboratory.
form, Pt catalysts have overly strong catalyst/reactant interactions and generally undesirable
thermodynamic profiles. Because catalysts with less bulky ligands are more likely to traverse
the catalytic cycle as bisligated species, increased focus in this area may lead to new viable
platinum based cross-coupling catalysts.

The placement of the monoligated Ni catalysts at the bottom of the Figure 2
volcano’s strong-binding side stands in stark contrast to their well-characterized experimental
use.” However, a great deal of evidence exists that Ni catalysts can easily access different
oxidation states,” which may improve their thermodynamic profiles over the Ni(0)/Ni(II)
cycle depicted in Figure 2b. Indeed, changing the oxidation state and establishing the
thermodynamics of the Ni(I)/Ni(Ill) (catalysts computed as doublet cations as opposed to
neutral singlets) catalytic cycle leads to a marked improvement in the thermodynamic
profiles. While Ni(0)/Ni(II) species have very strong binding energies (x-axis), Figure 3
shows that the Ni(I)/Ni(IIl) variants are much more weakly binding (rightward shift along the
x-axis) which moves the Ni catalysts onto the volcano plateau. This finding agrees very well

with the myriad examples of nickel based cross-coupling catalysis present in the literature.!

10
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Figure 3. Volcano plot highlighting the influence of oxidation state for monoligated nickel
catalysts. The Ni(0)/NI(II) were computed as closed shell neutral singlets, while the

Ni(I)/Ni(II) catalysts were computed as doublet cations.

In addition to potential changes in oxidation state, the most stable electronic
configuration of some catalysts may be either high-spin or low-spin. The LFESRs depicted in
Figure 1 already show that high- and low-spin palladium species are governed by the same set
of linear equations, which indicates that the thermodynamic profiles of both electronic
configurations can be estimated using the same volcano plot. Indeed, Figure 4 shows that the
higher energy monoligated triplet palladium catalysts (see Supporting Information Table S1
for relative energies) have stronger catalyst/reactant interactions than their low-spin
counterparts. While the low-spin species appear very close to the volcano plateau, the
enhanced binding energies of the high-spin compounds shift them further onto the strong-
binding side of volcano. This equates to considerably less favorable thermodynamic profiles
for the high-spin species. Nonetheless, it is important to note that while this issue of spin state
may be less important for these catalysts (since the triplet species are not energetically
accessible) and this specific reaction, it may be critically important for other reactions that
might be examined using molecular volcano plots. In such a case, considerable care should be

taken to assure that the correct spin-state for each catalyst is identified through the use of

11
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density functionals designed to accurately reproduce the energies between different states?!
(e.g., OPTX exchange®”) or higher-level post-Hartree-Fock theoretical methods. Regardless
of the specific details of correction reproducing the energy differences between spin states,
the fact that a single volcano plot is able to simultaneously handle multiple spins will likely

be an important point for future studies.
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Figure 4. Volcano plot highlighting the influence of spin state for monoligated palladium
catalysts. Low-spin species were computed as closed shell singlets, while high-spin species

were computed as triplets.

Conclusions

In conclusion, we have shown that changes in the ligation, oxidation, and spin-states
of catalysts have no influence on their underlying linear free energy scaling relationships,
provided the same mechanistic pathway is followed. Because of this fact, a single volcano
plot is able to provide the thermodynamic profiles of any combination of electronic,
oxidation, and ligation states. The generality of both the linear scaling relationships and their
corresponding volcano plots greatly simplifies the computational screening of prospective
catalysts, since the thermodynamic profiles of different potential structures and electronic

configurations of the active catalyst can quickly be ascertained by computing the same

12
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descriptor variable. These findings provide critical pieces of information that improve the

predictive ability of molecular volcano plots for applications in homogeneous catalysis.

Computational Methods

Geometry optimizations of all species were determined at the MO061*/def2-SVPE*!
level using the “ultrafine” integration grid (to remove known problems with grid size related
to the M06 family of density functionals®”) along with the SMD solvation model**)
(tetrahydrofuran) in Gaussian09.%”) Reported free energies include unscaled enthalpy
corrections and vibrational entropy contributions only, which provides enhanced estimates of

6a. 401 For bisligated catalysts,

the free energies of association and dissociation processes.!
structures of 2 and 3 were computed with the two phosphine/NHC ligands in their trans
configuration, while monoligated catalysts used the lowest energy conformer (of R/Br — trans,
R/L — trans, Br/L — trans for 2 and R/L — trans, R/R — trans for 3). Catalysts with a M(0)/M(II)
catalytic cycle were computed as neutral closed-shell singlets with the exception of the “high-
spin” series of palladium catalysts, which were computed as open-shell triplets. The
monoligated Ni(I)/Ni(Ill) catalytic cycle was computed as open-shell doublet cations. For all

open-shell species, examination of the S* expectation values (anticipated to be 0.75 for

doublets and 2.00 for triplets) revealed no contamination from higher spin states.
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