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Linear free energy scaling relationships and volcano plots are common tools used to identify potential heterogeneous

catalysts for myriad applications. Despite the striking simplicity and predictive power of volcano plots, they remain
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unknown in homogeneous catalysis. Here, we construct volcano plots to analyze a prototypical reaction from

homogeneous catalysis, the Suzuki cross-coupling of olefins. Volcano plots succeed both in discriminating amongs

different catalysts and reproducing experimentally known trends, which serves as validation of the model for this proof-of-

principle example. These findings indicate that the combination of linear scaling relationships and volcano plots coula

serve as an valuable methodology for identifying homogeneous catalysts possessing a desired activity through a priori

computational screening.

Introduction

Nobel laureate Paul Sabatier conceived of an “ideal catalyst” in
which interactions with a substrate are tuned to be neither too
weak nor too strong.1 This phenomenon, commonly known as
Sabatier’s principle, has been cast into an intuitive tool,
volcano plots, which pictorially characterize catalytic activity
with respect to catalyst/intermediate interactions.” * The
predictive power of these concepts has rendered them
indispensible in modern heterogeneous and
electrochemistry.4'6 Volcano plots contain a minimum of two

catalysis

slopes, meeting in a top. The volcano shape aids comparison of
the thermodynamics between different catalysts, thereby
facilitating identification of “good” candidates.
Thermodynamically optimal candidates, fulfilling
Sabatier’s principle, appear near the highest point of the
volcano. The volcano slopes delineate situations in which the
catalyst/substrate interaction is either too strong (left slope) or
too weak (right slope). In computational chemistry, volcano

those

plots are often constructed from linear free energy scaling
relationships,7 which indicate that the relative stability of
intermediates are dependent on one another.®®

Given their ability to identify attractive catalysts as well as
their conceptual simplicity, the idea of importing volcano plots
community to the realm of
homogeneous catalysis is wholly attractive. Indeed, many of

from the heterogeneous
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the underlying principles of volcanoes, namely linear scaling
relationships, are longstanding concepts associated with
physical organic chemistry (e.g., Hammett equation,10 Bell-
Evans-Polyani principlell' 12) and homogeneous catalysis (e.g.,
Brgnsted catalysis equationls) and are routinely used today in
both the heterogeneous14 and homogeneous15 communities.
Despite this, to the best of our knowledge, volcano plots for
homogeneous systems have only been proposed in =z
hypothetical sense,’® but never brought into concrete
Here,
relationships and volcano plots to re-examine a prototypical
and well-studied reaction from homogeneous catalysis, the
Suzuki cross—coupling”'19 of olefins (Equation 1). This reaction
was chosen in order to establish the viability of volcano plots
as a tool for use in homogeneous catalysis. Validation requires
determining the ability of volcanoes to reproduce
experimentally determined data and trends for a restricted set
of catalysts on a well-studied system. For this purpose, Suzuki
coupling seems particularly appropriate, given the
considerable amount of knowledge and understanding gainec
during the decades since its introduction. We stress that the
primary objective of this work is not to predict new catalyste
for the Suzuki coupling of olefins, but rather to definitively

existence. we combine linear free energy scaling

establish that volcano plots are capable of identifying
thermodynamically attractive catalysts for homogeneous
reactions. Only after this key objective has beern

unambiguously established can studies be extended to a
broader scope of catalysts and other homogeneous reactions.

Pd
R'-X + RZB(OR), u» R'-R2 + XB(OR), Equation 1
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The Suzuki reaction involves the coupling of an aryl or vinyl
halogenide (Rl—X) with an organoborate [RZB(OR)Z] to form R-
R’ using a Pd catalyst (Equation 1).”" The now well-
established reaction mechanism?®* proceeds as depicted in
Figure 1 with oxidative addition (Rxn A), cis/trans
isomerisation  (Rxn B), ligand exchange (Rxn C),
transmetallation (Rxn D), trans/cis isomerisation (Rxn E), and
reductive elimination (Rxn F) steps. During this cycle the
catalyst proceeds through a series of five 16 electron square
planar intermediates (2-6), the relative stabilities of which will
become the basis of the linear scaling relationships (vide infra).
While the reaction is known to proceed through these
particular intermediates detailed knowledge of how the
specific transitions occur between these intermediates is not
necessary for creating insightful volcano plots.

T Ne— -
L—M—L \
Rxn F W 1 Br
Reductive Elimination Rxn A
K gr Oxidative Addition

I
L—M—\\ 6 2 L*T‘\

L

Rxn E Rxn B
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L
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5 ) 3 ‘\

]
[B(OH)(OtBu)I T
Rxn D tBuO—M‘\

Transmetallation  [(CH,CH)B(OH),0tBul" Il_

—=
)

NaOtBu
Rxn C
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Figure 1. Reaction mechanism for the Suzuki cross-coupling of olefins.

Here, the in  which different metal/ligand
combinations influence the thermodynamics of the Suzuki
reaction are probed using density functional theory
computations. Because the goal of this work is establishing
that the concepts of linear scaling relationships and volcano
plots are as valuable for homogeneous systems as they are for
predicting heterogeneous catalysts, we focus on simpler
illustrative systems that demonstrate and reinforce these
points. Note that several of these systems are expected to
perform poorly, while others are expected to perform well.
Taken together, these two limiting cases should effectively
validate the power of volcano plots. Six metals (Ni, Pd, Pt, Cu,
Ag, and Au) were combined with six ligand sets [CO (x2), NH3
(x2), PMe; (x2), acetone (x2), an N-heterocyclic carbene (x2),
and a mixed PMe;/NH; system], the combinations of which
produced 36 potential catalysts. To align with the known
chemistry of the Suzuki reaction, the oxidation states of the
catalysts were adjusted to comply with the known 14e-/16e-
nature of the complexes. Of the 36 systems evaluated, 27 had
stationary points for all catalytic cycle intermediates, while five
had stationary points for only some intermediates. All of these
species were used to establish linear scaling relationships.

manner
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Computational Details

Vinylbromide (H,CCHBr) and [HZCCH(OtBu)(OH)z]l' were used
as coupling partners and NaO'Bu and NaBr for ligand
exchange. Geometries of all species were obtained by
optimizations using the Mo6>> 2 density functional along with
the def2-SVP?’ basis set in implicit THF solvent (SMDZ:
solvation model) with the “Ultrafine” integration grid in
Gaussian 09.%° Refined energies were obtained by single point
energy computations using a density-dependent dispersion
correction®®® (-dDsC) coupled with the PBEO** ** functional
along with the triple-C Slater type orbital basis set (TZ2P) in

ADF.3®* % Final solvation correction (also in THF) were
determined using COSMO-RS,*® as implemented in ADF.
Reported free energies include unscaled free energy

corrections from MO06/def2-SVP computations. Note that the
combination of the —dDsC density dependent dispersior
correction with COSMO-RS, as well as other solvation models
has been successfully used in numerous applications of
394 The validity of the

with metal centres.
further confirmed via

methodology was
favourable comparisons with computations using the MO06

catalysis
computational

functional combined with the SMD solvation model (e.g., the

same catalysts were identified as the most attractive
thermodynamic candidates independent of functional choice,
see ESI). Selected species were also computed using alternate
spin states, which singlet

represented the ground state in all cases.

revealed that the closed-shell

While we used static DFT computations as a tool to
illustrate the ability of volcano plots to reproduce
experimentally known trends from homogeneous catalysis, ir
any number of computational or experimental
techniques could also be employed. Since we tended to

principle,

choose small, non-flexible ligands for our catalysts static DFT
computations are appropriate. It could be foreseen, however,
that larger, more bulky ligands residing on a catalyst (as often
employed in experimental settings) might introduce problems
arising from describing the free energy of a Boltzmann like
conformer distribution using a single structure. In such a case,
obtaining energies from MD simulations,
specifically include the influences of conformational entropy,44

free which.

would be a fitting alternative.

Results and Discussion

Free Energy Plots. Figure 2 depicts computed free energy
diagrams describing the reaction energetics of Suzuki coupling
for three exemplary catalytic systems. From a thermodynamic
perspective, an ideal catalyst would proceed through the
Figure 1 catalytic cycle via a series of equally exergonic
reaction steps, thereby making each intermediary reaction
assuming thermodynamic control. Such a
situation, on average, would minimize the reverse reaction

equally facile,

rate for each individual step and drive the system in a
consistent manner toward the products (dotted lines, Figure
2). Of course, this situation seldom occurs; for the particula.
case of Suzuki coupling no “ideal catalyst” is observed. Instead,

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9



Page 3 of 9

the behaviour of different catalysts deviates, to a greater or
lesser degree, depending on their specific properties. The
largest deviations from the behaviour of a hypothetical ideal
catalyst (dotted lines, Figure 2) tend to appear in the oxidative
addition and reductive elimination intermediary steps. While
other metal/ligand combinations exhibit
behaviour (see ESI for more dramatic cases) the trends
amongst several Pd based catalysts more typically associated

more extreme

with Suzuki coupling are quite illustrative.
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Figure 2. Free energy plots (PBEO-dDsC/TZ2P//M06/def2-SVP, COSMO-RS Solvation)
relative to the resting state (AGggs, defined by Equations 2-6) for selected catalysts: (a)
Pd(CO),, (b) Pd(NHs),, (c) Pd(PMes),.
corresponds to completing the corresponding reaction (A-F) given in Figure 1.

Moving between different species (1-6)

This journal is © The Royal Society of Chemistry 20xx
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For example, the Pd(CO), catalyst is a representative case
of a catalyst where the intermediate species are destabilized.
This situation is defined by intermediates lying above the
"ideal” line, such as in the Figure 2a plot. Catalysts with
destabilized intermediates have oxidative addition steps that
are generally less exergonic then for the hypothetical idea!
catalyst. For Pd(CO),, the value of oxidative addition is only -
5.9 kcal/mol, considerably less than the -11.3 kcal/mol of the
hypothetical ideal catalyst. The contrasting case,
intermediates are over stabilized, is seen in Pd(NH3), (Figure
2b). Here oxidative addition is strongly exergonic, with a value
of -44.0 kcal/mol, greatly exceeding the ideal -11.3 kcal/mol of
the hypothetical ideal catalyst. This strongly exergonic
intermediary reaction causes most intermediates to fall below
the “ideal” line. Because the free energy to complete one
catalytic cycle is fixed (-67.9 kcal/mol for the Suzuki coupling
studied here) an oxidative addition step that is either overly or
underly exergonic must be balanced elsewhere in the catalytic

where

cycle. This energetic compensation is seen in the cycle’s
ultimate step, reductive elimination. Systems with destabilized
intermediates (e.g., weakly exergonic oxidative addition) tend
to have strongly exergonic reductive elimination steps and vice
versa. These cases are again exemplified by Pd(CO), (Figure 2a)
with destabilized intermediates and Pd(NHs), (Figure 2b) with
over stabilized intermediates. In contrast to those cases, the
thermodynamics of Pd(PMejs), (Figure 2c) more closely follow
the “ideal” line, as expected. Note that the energetics of the
oxidative addition and reductive elimination steps more
closely align (-24.0 and -27.8 kcal/mol, respectively), which
should assist in driving the catalytic cycle forward in a
consistent manner.

It is important to remember that this picture only considers
the thermodynamics of the catalytic cycle and ignores kinetic
aspects. Of course, it is well understood that the difference
between a “good” and “bad” catalyst often depends upon the
barrier heights associated with movements between
intermediates. This is particularly true for establishing reaction
enantioselectivity, where the final products depend upon the
detailed kinetics of each system. For the purposes of initial
characterization of catalysts it is assumed that the system is
under thermodynamic control. Within the context of volcano
plots, the first priority is validating system thermodynamics
which determine the plausibility of a reaction proceeding for a
given catalyst. Since comparable scaling relations between free
energies and barrier heights have been identified, similar plots
that explicitly incorporate activation barriers could be
envisioned. Indeed, Bell-Evans-Polanyi scaling relations, which
relate thermodynamics with kinetics, have been used in
and should also be appropriate
for homogeneous systems. Alternatively, the kinetics of a
handful of systems identified by volcano plots as being the
most thermodynamically appealing could be examined in more
detail. In this manner, a great deal of time is saved since
systems with poor thermodynamics are excluded from the
onset.

Linear Free Energy Scaling Relationships. When a sufficiently
large number of catalysts are screened for a particular

. 45, 46
heterogeneous catalysis
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reaction, it becomes possible to establish whether linear
scaling relationships exist. Assuming a sufficiently good
correlation, these relationships permit the description of the
stability of an intermediate with respect to the relative
stability of a descriptor intermediate. For example, Figure 3a
shows that the AGggs of intermediates 3 and 2 correlate
extremely strongly with one another (R*=0.98), thereby
allowing AGggs(2) to be cast in terms of AGRRS(3)47
[AGgrrs(3)=AGggs(2) + 3 kcal/mol]. Aside from the convenient
ability to describe the AG of one intermediate in terms of
another, this mathematical relationship also has direct
chemical meaning, where the slope of unity indicates similar
bonding patterns and the y-intercept of +3 kcal/mol indicates
that, on average, the AGggs(3) lies 3 kcal/mol higher in energy
than AGggs(2). Similar extremely strong correlations are seen
between AGggs(3) and AGggs(4) (Figure 3b, R’=0.99), AGggs(5)
(Figure 3c, R’=0.98) and AGggs(6) (Figure 3d, R?=0.93). Owing
to these strong correlations, it becomes possible to describe
the average expected value of each intermediates entirely in
terms of AGggrs(3). The importance of these relationships
cannot be over stressed; as these descriptors will later define
the volcano plots (vide infra). One minor shortcoming is that
these scaling relations describe only electronic effects of the
system. This current limitation would make description of
catalysts with bulky ligands where steric interactions are used
to drive reaction enantioselectivity difficult. Accordingly,
corrections for such effects should be considered in the future.
\

L-M-L + 2>y —» L-M-Br AGRrrs(2) Equation 2
L
N
L-M-L + > gy —» L-M-L AGRrrs(3) Equation 3
Br
N
L-M-L + ZZ>Br +NaOBu— | _M-L + NaBr AGRrrs(4) Equation 4
OBu
L-M-L + 22 gr +NaOBu + [(H,CCH)B(OH),(OBu)]™
AN AGRrrs(5) Equation 5
— L-M-L +NaBr+[B(OH),(OBu),]""
\
L-M-L + Z>Br + NaOBu + [(H,CCH)B(OH),(0Bu)]™
AN AGRRgs(6) Equation 6

/4
— L_'YI _/
L

+ NaBr + [B(OH),(0'Bu),]"
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Figure 3. Linear scaling relationships amongst intermediates. Free energies (AGggs) are
relative to the catalytic resting state, as defined by Equations 2-6. Equations defining
the liner scaling relationships (upper left) are used to create volcano plots (vide infra).
No comparison between 1 and 3 is not possible, since AGggs(1) is, by definition, zero.
Comparisons with 3 are equal to unity. Red points in Figure 3d have been excluded
from the data fitting equations based on Grubbs’ statistical test for outliers. Note that
equations derived from the linear scaling relationships appear to be independent of
computational level (see ESI for details).

The y-intercepts of the linear

relationships can further serve to identify any energetically
intermediates.

scaling free energy

problematic steps between catalytic cycle
These would be associated with large positive y-intercepts,
which indicate significant thermodynamic barriers.*® Large y-
intercepts of this type are absent for the Suzuki reaction. The
small intercept values given by the relationships between 3
and 2 as well as 3 and 4 indicate that these intermediates, on
average, lie energetically near one another. On the other hand,
the large negative y-intercepts for the linear scaling
relationships between 3 and 5 as well as 3 and 6 indicate that
these later steps lie significantly in energy than
intermediate 3, which should help drive to catalytic cycle
toward completion. From the linear scaling relationships
derived in Figure 3 it is expected that this particular reaction
should proceed smoothly through the intermediates without
any major thermodynamic barrier.

lower

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Plot of linear scaling relationships, derived from intermediates (Reactions
B-E), depicted as straight lines) from the corresponding linear relationships (Figure 3).
Reactions A (oxidative addition) and F (reductive elimination) appear as sloped lines.
(b) Volcano plot derived from Figure 4a. Reactions C and E are the potential
determining step for the plateau region. Lines defining the volcano are obtained by
taking the lowest —AG(pds) value amongst all reactions for each AGggs(3) value.

Construction of Volcano Plots. Having established the
existence of linear scaling relationships amongst the catalytic
cycle intermediates, which aid in the

identification of thermodynamically attractive candidates, can

volcano plots,

be constructed. The basic premise of such plots is to illustrate
relationships between the catalytic cycle reaction free energies
(AGgyn, Yy-axis) and the stability of a chosen intermediate
species relative to the catalytic resting state (AGggs, X-axis).
Lines defining reaction energies are obtained from the
previously derived linear scaling relationships (upper left
corner of Figure 3 plots). Because the scaling relation slopes
are equivalent for intermediates 2-6 (see Figure 3), reactions
that successively transition between these intermediates (B-E)
appear as horizontal lines, i.e., the reaction free energy is
independent from the choice of catalyst for these steps.
Reactions A (oxidative addition) and F (reductive elimination),
however, appear as sloped lines owing to their dependence on
AGggs(3) (see Figure 4a), the descriptor intermediate. Detailed
explanations and derivations of the Figure 4a equations are
provided in the ESI.

While Figure 4a shows the average reaction free energies
(A-F) relative to AGgrs(3) obtained from the linear scaling
relationships, the volcano plots are defined in terms of a
“potential determining step” AGpps, determined by Equation 7.
Pictorially, the reaction line (A-F, Figure 4a) with the most
negative (or least positive) —AGpps value for any AGggs defines

This journal is © The Royal Society of Chemistry 20xx
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the potential determining step. An examination of Figure 4a
reveals that reaction F has the lowest values for AGggs(3)
-50 kcal/mol; both
exchange) and E (trans/cis isomerization) have the most
negative —AG(pds) values for AGggs(3) between ~-50 and ~-10
kcal/mol; and reaction A has the most negative values for
AGggs(3) quantities greater than -10 kcal/mol. Taking only the
reaction lines with the lowest values for AGggs(3) gives the
shape of the volcano plot, Figure 4b.

values less than reactions C (ligand

AG (pds) = max[AGryn(A), AGpen(B), (AGRen (),

AGRyn (D), AGRyn(E ), AGpyn(F)]  Equation?

For characterization purposes, this volcano plot can be
subdivided into three sections: the left slope, conventionally
referred to as the “strong binding side” (I, Figure 4b) where
overly stabilized the
“hypothetical ideal catalyst” (e.g., dotted lines, Figure 2), anc
reductive elimination (reaction F) is potential determining, a
“weak binding side” (lll, Figure 4b) with under or destabilized
intermediates, making oxidative addition (reaction A) potential

intermediates are relative to

determining, and the plateau region where the free energies
associated with oxidative addition and reductive elimination
are roughly balanced (I, Figure 4b). It is in this final area that
catalysts having the most appealing thermodynamic profiles
fall. Distinguishing thermodynamically attractive catalysts is
then remarkably simple; those with the largest —AGpps values
(e.g., higher on or above the volcano) are the most attractive
since they have the most exergonic reaction free energy for
the potential determining step.
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Figure 5. Volcano plot illustrating the thermodynamic suitability of potential catalysts
derived from Figure 4. Reaction E is the potential determining step for the plateau
region. Lines defining the volcano are obtained by taking the lowest —AG(pds) value
amongst all reactions (A-F) for each AGggs(3) value.

Figure 5 presents the volcano constructed from the linear
scaling relationships in Figure 4b, with points representing the
individual catalysts now included. The location of the each
catalyst in one of the three defining
determined solely by its value of AGggs(3), making creation of

regions (I-lll) is
the final volcano plot quite easy. A closer examinatior.

immediately reveals the superior performance of group 1C
metal catalysts (Ni, Pd, Pt) relative to those possessing coinage

J. Name., 2013, 00, 1-3 | 5
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metal centres (Cu, Ag, Au).*® The later catalysts appear
uniformly on the volcano’s “weak binding side”, which aligns
with known difficulties involving oxidative addition for gold
and silver catalysts.50 While it may have been possible to make
this prediction in advance based on chemical knowledge and
intuition, it is an important point and critical validation of the
model that the volcano plot is able to reproduce these
experimental observations without requiring any knowledge of
behaviour of these catalysts.
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Figure 6. (a) Plot of linear scaling relationships, derived from intermediates where

reactions B,C, and E have been removed because they are known to occur rapidly
based on experimental observations. Reactions A (oxidative addition) and F (reductive
elimination) appear as sloped lines. (b) Volcano plot derived from Figure 6a. Reaction D
is the potential determining step for the plateau region. Lines defining the volcano are
obtained by taking the lowest —AG(pds) value amongst all reactions for each AGggs(3)
value.

While it is simple to characterize differences between
catalysts with group 10 and 11 metal centres based on the
Figure 5 volcano, distinguishing amongst the different group
10 metal catalysts is more difficult. It should be noted,
however, that several nickel catalysts (depicted in green) are
predicted to perform well, which is attractive from the
perspective of using earth abundant metals for catalysis.51
Ligand influences are also clearly seen. Considering a catalyst
on the strong binding side (region I) of the volcano, Ni(NHs),,
destabilizing the intermediates will shift a Ni catalyst into
region Il. This can be achieved by replacing ammonia with CO
ligands, which succeed in not
intermediates region Il but
exergonicity of the potential determining step.

The Figure 5 volcano plot corresponds to a situation in
which only the mechanism of the catalytic cycle is known.
Given this same information, volcano plots can be constructed

only destabilizing the

into also increasing the

6 | J. Name., 2012, 00, 1-3

and applied to nearly any reaction from homogeneous
catalysis. Of course, chemists are not only interested in
developing new reactions, but also frequently search for more
efficient, cheaper, or more environmentally friendly catalysts
for catalytic processes with rich and well-established
chemistries. In these instances a great deal of informatior
regarding, for example, the ease and speed of transformation
between different intermediates may have been garnered
from experimental studies. Valuable information of this type
can also been incorporated into volcano plots and assist in the
predicting a more refined set of catalytic candidates. For
Suzuki coupling the isomerization (reactions B and E) and
ligand exchange (reaction C) steps are known to occur
relatively rapidly compared to the transmetallation step in the
Iaboratory,sz’ 3 meaning that they are highly unlikely to be
potential determining for the catalytic cycle. Therefore, it is
reasonable to eliminate these as possible potential
determining steps and create a new volcano plots in which
reactions B, C, E have been removed (Figure 6, see ESI for
details). This leaves transmetallation (Reaction D), rather than
ligand exchange (reaction C) or cis/trans
(reaction E) to define the plateau of the refined volcano
(Figure 6b). The refined volcano plot including points for the
individual catalysts in shown in Figure 7. Here, in comparison
to the Figure 5 volcano plot, the number of catalysts appearing
in the thermodynamically “well-balanced” plateau region is
greatly reduced. Of these five attractive candidates, three
incorporate a palladium centre [Pd(PMes),, Pd(acetone),,
Pd(NH;3)(PMes)], one has a nickel centre, Ni(CO),, and the final
is Pd(PPhs),, which will be discussed shortly. Gratifyingly, the
truncated version of Suzuki’s original catalyst is identified as
the most attractive thermodynamic candidate, represented by
its placement above the plateau. Likewise, Pd(carbene),, while
not located in region Il of Figure 7, does lie relatively high on
the volcano. The location of this particular species in region |
does, however, indicate that reductive elimination may
sometimes be problematic for this species. Overall, the high
ranking of the phosphine and carbene catalysts further
validates the conceptual use of volcano plots for identifying
thermodynamically attractive homogeneous catalysts.

Now that concept of using linear scaling relationships to
create volcano plots has been demonstrated for homogeneous
catalysis, it is important to explain how previously constructea
volcano plots could easily be used to determine the viability of
new catalysts, particularly for new, less studied reactions. The
thermodynamics of a potential catalyst can be assessed by
computing the free energies of only four intermediates, which
determine the binding (AGggs) and reaction energies (AGgxna-
etc.) necessary to place a catalysts onto the volcano plot. Using
Suzuki coupling as an example, it would first be necessary to
compute the energies of 1 and 3 (plus vinylbromide) that
provides the value of AGggs(3). This value determines which of
the potential determining steps [-AG(pds) for regions I, Il, or
11, Figure 7], governs this catalyst. For the sake of argument
let us assume that the AGggs(3) value lies within region 1)
(Figure 7). It would then be necessary to determine the
energies of 4 and 5 (plus the requisite boron compounds) to

isomerization
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calculate the —AG(pds) corresponding to reaction D. AGggs(3)
values falling in other regions (e.g., | or Ill) require the
determination of the energies of other intermediates. The new
catalyst can then be placed onto a previously determined
volcano using the AGggs and —AG(pds) as a set of Cartesian
coordinates. In this way, the screening of new catalysts
represents a significant computational speed up, as it is not
necessary to compute the entire catalytic cycle. Moreover, the
initial volcano plot can be established using a set of simpler
ligands for which the complete catalytic cycle can be
computed more rapidly. Catalysts bearing, for example, larger
and more exotic ligands, can then be assessed via the
computationally reduced procedure described directly above.

407‘ T ‘I‘ T T ‘I‘Il.‘ T T T
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10 R ¥ ]
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Pd(PPh,),

Figure 7. Refined volcano plot illustrating the thermodynamic suitability of potential
catalysts where the isomerization and ligand exchange steps are ignored. The most
attractive candidates lie near the top of the volcano in region Il. Equations used to
derive the volcano are presented in the ESI.

To illustrate this point, we computed the four necessary
intermediates [1, 2, 4, and 5, as the AGgrs(3) places this
catalyst in region Il of Figure 7] necessary to place Pd(PPhs),
onto the volcano plot (Figure 7, pink triangle). As expected,
Pd(Ph3), lies high on the volcano, consistent with its known
efficacy for Suzuki coupling. We emphasize to determine this
there was no need to compute the entire catalytic cycle. This
example illustrates the way in which catalytic screening using
existing volcano plots constructed based on simpler ligands
can proceed. In this manner, it is envisioned that volcano plots
based on linear scaling relationships could become a valuable
tool for in silico catalytic screening.

Conclusion

We assessed the ability of linear scaling relationships and
volcano plots to reproduce known catalytic trends and
artefacts for the well-studied Suzuki reaction. This proof-of-
principle example shows that these commonly used tools
borrowed from the heterogeneous catalysis community
succeed in reproducing known trends and observations for
homogeneous catalysis. While the aim of this study was to
validate and show functionality of the model, in the future
studies employing this same methodology have the potential

This journal is © The Royal Society of Chemistry 20xx
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to be extremely helpful for identifying attractive homogeneous
catalysts. Constructing volcano plots based on computed data
can serve as an important precursor step to the synthesis of
new catalysts for myriad chemical reactions through a priori
computational screening and identification of
thermodynamically attractive candidates.

Acknowledgements

The National Center of Competence in Research (NCCR)
“Materials’ Revolution: Computational Design and Discovery of
Novel Materials (MARVEL)” of the Swiss National Science
Foundation (SNSF) and the EPFL are acknowledged for
financial support. Prof. Jérome Waser (EPFL) is acknowledged
for helpful discussions and critical reading on the manuscript.

Notes and references

1 P. Sabatier, La Catalyse en Chimie Organique, Librarie
Polytechnique, Paris, 1913.

2 H. Gerischer, Bull. Soc. Chim. Belg., 1958, 67, 506-527.
3 R.Parsons, Trans. Faraday Soc., 1958, 54, 1053-1063.
4 ). K. Ngrskov, T. Bligaard, J. Rossmeisl and C. H. Christensen,

Nat. Chem., 2009, 1, 37-46.

5 H. Dau, C. Limberg, T. Reier, M. Risch, S. Roggan and P.
Strasser, ChemCatChem, 2010, 2, 724-761.

J. Greeley and N. M. Markovic, Energy Environ. Sci., 2012, 5,

9246-9256.

Man, H.-Y. Su, F. Calle-Vallejo, H. A. Hansen, J. I

Martinez, N. G. Inoglu, J. Kitchin, T. F. Jaramillo, J. K

Ngrskov and J. Rossmeisl, ChemCatChem, 2011, 3,

1159-1165.

8 F. Abild-Pedersen, J. Greeley, F. Studt, J. Rossmeisl, T. R.
Munter, P. G. Moses, E. Skulason, T. Bligaard and J. K.
Ngrskov, Phys. Rev. Lett., 2007, 99, 016105.

9 F. Calle-Vallejo, J. I. Martinez, J. M. Garcia-Lastra, J. Rossmeisl
and M. T. M. Koper, Phys. Rev. Lett., 2012, 108,
116103.

10 L. P. Hammett, J. Am. Chem. Soc., 1937, 59, 96-103.

11 R. P. Bell, Proc. R. Soc. London, Ser. A, 1936, 154, 414-429.

12 D. J. Evans and M. Polanyi, Trans. Faraday Soc., 1938, 34, 11-
24.

13 J. N. Brgnsted and K. J. Pedersen, Z. Phys. Chem. - Stoch. Ve.,
1924, 108, 185-235.

14 F. Calle-Vallejo, D. Loffreda, M. T. M. Koper and P. Sautet,
Nat. Chem., 2015, 7, 403-410.

15 G. Audran, P. Brémond, S. R. A. Marque, D. Siri and M.
Santelli, Tetrahedron, 2014, 70, 2272-2279.

16 G. F. Swiegers, Mechanical Catalysis: Methods of Enzymatic,
Homogeneous, and Hetereogeneous Catalysis, John
Wiley & Sons, Hoboken, NJ, 2008.

17 N. Miyaura, K. Yamada and A. Suzuki, Tetrahedron Lett.,
1979, 20, 3437-3440.

18 N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457-2483.

19 A. Suzuki, Angew. Chem., Int. Ed., 2011, 50, 6722-6737.

7 1. C

J. Name., 2013, 00, 1-3 | 7



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38
39

Chemical Science

A. A. C. Braga, N. H. Morgon, G. Ujaque, A. Lledds and F.
Maseras, J. Organomet. Chem., 2006, 691, 4459-4466.

A. A. C. Braga, N. H. Morgon, G. Ujaque and F. Maseras, J.
Am. Chem. Soc., 2005, 127, 9298-9307.

A. A. C. Braga, G. Ujaque and F. Maseras, Organometallics,
2006, 25, 3647-3658.

B. P. Carrow and J. F. Hartwig, J. Am. Chem. Soc., 2011, 133,
2116-2119.

K. J. Bonney and F. Schoenebeck, Chem. Soc. Rev., 2014, 43,
6609-6638.

Y. Zhao and D. G. Truhlar, Acc. Chem. Res., 2008, 41, 157-
167.

Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215-
241.

F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005,
7, 3297-3305.

A. V. Marenich, C. J. Cramer and D. G. Truhlar, J. Phys. Chem.
B, 2009, 113, 4775-4777.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B.
Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X.
Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J.
L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J. Montgomery, J. A, J. E.
Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J.
Tomasi, M. Cossi, N. Rega, M. J. Millam, M. Klene, J. E.
Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K.
Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J.
J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J.
B. Foresman, J. V. Ortiz, J. Cioslowski and D. J. Fox,
Gaussian, Inc., Wallingford, CT, 2009.

S. N. Steinmann and C. Corminboeuf, J. Chem. Theory
Comput., 2010, 6, 1990-2001.

S. N. Steinmann and C. Corminboeuf, Chimia, 2011, 65, 240-
244,

S. N. Steinmann and C. Corminboeuf, J. Chem. Phys., 2011,
134, 044117.

S. N. Steinmann and C. Corminboeuf, J. Chem. Theory

Comput., 2011, 7, 3567-3577.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865-3868.

C. Adamo and V. Barone, J. Chem. Phys., 1999, 110, 6158-
6170.

C. Fonseca Guerra, J. G. Snijders, G. te Velde and E. J.
Baerends, Theor. Chem. Acc., 1998, 99, 391-403.

G. te Velde, F. M. Bickelhaupt, S. J. A. van Gisbergen, C.
Fonseca Guerra, E. J. Baerends, J. G. Snijders and T.
Ziegler, J. Comput. Chem., 2001, 22, 931-967.

A. Klamt, WIREs Comp. Mol. Sci., 2011, 1, 699-709.

P. Ge, T. K. Todorova, |. Hatay Patir, A. J. Olaya, H. Vrubel, M.
Mendez, X. L. Hu, C. Corminboeuf and H. H. Girault,
Proc. Natl. Acad. Sci. U.S.A., 2012, 109, 11558-11563.

8 | J. Name., 2012, 00, 1-3

40

41

42

43

44

45

46

47

48

49

50

51

52

53

J. Breitenfeld, M. D. Wodrich and X. L. Hu, Organometallics,
2014, 33, 5708-5715.

M. D. Wodrich, B. Ye, J. F. Gonthier, C. Corminboeuf and N.
Cramer, Chem. - Eur. J., 2014, 20, 15409-15418.

G. Bauer, M. D. Wodrich, R. Scopelliti and X. L. Hu,
Organometallics, 2015, 34, 289-298.

K. A. Murray, M. D. Wodrich, X. L. Hu and C. Corminboeuf,
Chem. - Eur. J., 2015, 21, 3987-3996.

R. Petraglia, A. Nicolai, M. D. Wodrich, M. Ceriotti and C.
Corminboeuf, J. Comput. Chem., 2015,
DOI:10.1002/jcc.24025.

A. Vojvodic, F. Calle-Vallejo, W. Guo, S. Wang, A. Toftelund,
F. Studt, J. I. Martinez, J. Shen, I. C. Man, J. Rossmeisl,
T. Bligaard, J. K. Ngrskov and F. Abild-Pedersen, J.
Chem. Phys., 2011, 134, 244509.

J. K. Ngrskov, T. Bligaard, A. Logadottir, S. Bahn, L. B. Hansen
M. Bollinger, H. Bengaard, B. Hammer, Z. Sljivancanin,
M. Mavrikakis, Y. Xu, S. Dahl and C. J. H. Jacobsen, J.
Cat., 2002, 209, 275-278.

The reference is, in principle, arbitrary. Here, 3 was used

becuase it is a precursor for the transmetallation step.

See ESI for full details of constructing the volcano plots.

is true only in cases where the linear scaling

relationships have the same slope, as is the case with

Suzuki coupling.

Late transition metal catalysis is an active research area. For
a recent example see: C.-Y. Wu, T. Horibe, C. B.
Jacobsen, F. D. Toste, Nature, 2015, 517, 449-454.

M. Livendahl, C. Goehry, F. Maseras and A. M. Echavarren,
Chem. Commun., 2014, 50, 1533-1536.

Special issues on the use of earth abundant metals foi
catalysis have appeared in Organometallics (2014) and
Dalton Transactions (2015).

C. Amatore, A. Jutand and G. Le Duc, Chem. - Eur. J., 2011,
17, 2492-2503.

C. Amatore, G. Le Duc and A. Jutand, Chem. - Eur. J., 2013,
19, 10082-10093.

This

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 9



Journal Name ARTICLE

Volcano Plots for

TOC Graphic and Text: Homogeneous Catalysis

Volcano plots, commonly used to
identify attractive heterogeneous
catalysts is applied, for the first time,
to a prototypical homogenous
system.

SUZUKI COUPLING

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins




