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1. Introduction

On the occasion of the centennial of the Max-Planck-
Institut f�r Kohlenforschung, this Essay first reviews the
historical development of computational quantum chemistry,
in the context of catalysis and research at the Institute.
Thereafter it illustrates the current status of computational
catalysis, using examples from recent work at the Institute. It
concludes with some comments on the future perspectives of
the field. The Essay does not attempt a comprehensive
coverage of the literature but rather presents a subjective
selection of past and present research, as well as subjective
views on future directions.

2. Historical Overview

The Max-Planck-Institut f�r Kohlenforschung (KOFO)
was inaugurated in July 1914 (then still as Kaiser-Wilhelm-
Institut). From the very beginning, its mission was catalysis.
This was clearly expressed in a visionary talk[1] by Emil
Fischer in 1912 that strongly supported the concept of
investigating the chemical use of coal through catalysis. Some
of his key statements (translated into English): “… chemistry
… has entered a new epoch in recent years, the age of catalysis.
With the use of catalysts we succeed in the most surprising
transformations … at temperatures that are many hundred
degrees lower than those required previously. The chapter of
catalysis is virtually unlimited, and thorough research in this
area promises rewarding success.” Evidently, already a century
ago, experimentalists were fully aware of the great impor-
tance and potential of catalysis, which is not surprising in view
of breakthroughs such as the development of the Haber–
Bosch process in the early 1900s.

2.1 Early Experimental Discoveries

The first three directors of the Institute were Franz
Fischer (1914–1943), Karl Ziegler (1943–1969), and G�nther
Wilke (1969–1993). Early catalysis research at KOFO was
entirely experimental and was conducted in a completely

empirical manner. The first great success (in 1925) was the
development of the Fischer–Tropsch process of coal lique-
faction, the conversion of coal via syngas to synthetic
petroleum (gasoline) using heterogeneous transition metal
catalysts.[2] This process found large-scale industrial applica-
tion, and contemporary gas-to-liquid conversion plants in the
oil industry are still based on Fischer–Tropsch chemistry.
Even greater was the impact of the discovery (in 1953) of the
Ziegler catalysts for the low-pressure polymerization of
olefins, in particular ethylene and propylene, using organo-
metallic “Mischkatalysatoren”.[3, 4] The Ziegler catalysts were
adopted worldwide by the chemical industry, and variants are
still used today to produce annually around 100 million tons
of polymers. This research was recognized with the Nobel
Prize in Chemistry awarded to Karl Ziegler and Guilio Natta
in 1963.[5, 6]

2.2. Theory in the Early Days

Theory and computation did not play any role in the great
achievements outlined above—they were lagging far behind.
To put things into perspective, we note that the Institute was
inaugurated in 1914 just one year after the Bohr model was
proposed as the first attempt towards a quantum description
of the atom,[7] and two years before Lewis structures were
introduced as an elegant, yet very simplified representation of
molecules and their electronic structures.[8] The Fischer–
Tropsch process was discovered in 1925, roughly at the time
when the foundations of quantum mechanics were formu-
lated, for example by Schrçdinger[9, 10] and Heisenberg,[11] and
two years before the first quantum-mechanical treatment of
chemical bonding in the hydrogen molecule.[12] The following
years witnessed a number of significant theoretical advances
such as the derivation of the Hartree–Fock equations,[13, 14] but
actual computations were restricted to problems that could be
solved by hand or with available mechanical calculators, such
as the systematic work by Hartree on various atoms[13] and the
accurate calculations by Hylleraas on helium.[15] Theoretical
notions in chemistry were mostly qualitative, for instance
making use of the simple one-electron H�ckel model for p-
electron systems[16] and valence bond concepts.[17] While
quantum mechanics was acknowledged to be the correct
theory for chemistry,[18] quantitative computational work was
simply not feasible before the development of electronic
computers that started in the 1940s.
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2.3. Computations in the Early Days

Computational chemistry was still in its infancy when the
Ziegler catalysts were discovered in 1953. The Roothaan
equations had just been derived[19] for the variational
calculation of molecular orbitals (MOs) in a suitably chosen
basis set, the first ab initio MO calculations on diatomic
molecules began to appear, and chemical applications for
larger p-electron systems became possible at the semiempir-
ical level, for example using the Pariser–Parr–Pople meth-
od.[20, 21] In the 1960s, there were methodological advances in
correlated ab initio calculations, the Kohn–Sham approach to
density functional theory (DFT) resolved many of the
fundamental problems associated with the DFT treatment
of the kinetic energy,[22] and a systematic hierarchy of
semiempirical valence-electron MO methods was intro-
duced.[23] In spite of these and other advances, serious
computations on the mechanisms of catalytic reactions were
still out of reach, because the quantum-chemical methods
were still too inaccurate and the computers even at the end of
the 1960s were still much too slow. At that time, chemical
thinking was influenced more strongly by novel qualitative
concepts of reactivity such as the Woodward–Hoffmann
rules[24] and frontier orbital interactions.[25]

2.4. Advances in Computational Methods

During the Wilke era (1969–1993) computational chemis-
try matured with significant methodological progress on all
fronts. A variety of ever more accurate correlated ab initio
treatments were developed including multireference config-
uration interaction, many-body perturbation theory, and
coupled cluster theory, with the CCSD(T) variant emerging
as the “gold standard” for ground-state calculations.[26, 27] DFT
methods became much more attractive for chemists with the
advent of generalized-gradient-approximation function-
als[28–30] and hybrid functionals,[31] which are computationally
efficient, generally applicable, and fairly reliable. Improved
semiempirical methods of the MNDO type[32–34] allowed fast
explorations of potential energy surfaces, especially for
organic and bioorganic molecules. Hybrid quantum mechan-
ics/molecular mechanics (QM/MM) approaches were intro-

duced for the study of enzymatic reactions.[35] The combina-
tion of molecular dynamics (MD) and DFT calculations
paved the way to on-the-fly first-principles simulations of
nuclear motion and chemical reactions on the ps scale.[36]

2.5. From a Feeble Start in Computational Catalysis to
Exponential Growth

During the 1970s and 1980s, an increasing number of
reactions (mostly from organic chemistry) were studied at the
semiempirical and ab initio MO levels in the framework of
transition-state theory, but calculations on catalytic processes
were still very rare because of limitations in the available
methodology and in hardware performance. Transition-met-
al-catalyzed reactions often involve electronically demanding
species in the catalytic cycle, which are normally not
described well by semiempirical or ab initio MO methods,
and enzymatic reactions are often very complex, with the
need to include the active-site protein environment in the
modeling. In the late 1980s, there were pioneering ab initio
MO studies on the full catalytic cycle of olefin hydrogenation
by the Wilkinson catalyst[37, 38] and some other transition-
metal-catalyzed reactions,[39] and examples of semiempirical
MO studies included model calculations on the catalytic
pathway of serine proteases.[40] However, it was only in the
1990s that the field of computational catalysis really got
started, mainly because of the advent of improved methods
(DFT, QM/MM) and more powerful hardware. The expo-
nential growth in the number of such studies can be seen from
a query on (computation* and cataly*) in the Web of Science,
which returns 6 papers in 1990, ca. 200 in 2000, ca. 800 in 2010,
and ca. 1100 in 2013, with the corresponding number of
citations increasing from close to zero in 1990 to almost 27000
in 2013. The enhanced capabilities of computational work
also became obvious when the new branch of organocatalysis
became established around 2000, for example through the
discovery of stereoselective proline-catalyzed aldol reac-
tions;[41, 42] soon thereafter, DFT calculations were used to
reveal the detailed mechanism and the origin of enantio-
selectivity in such reactions[43] and in related asymmetric
organocatalytic transformations.[44]

2.6. Olefin Polymerization as an Example

As noted above, computational studies on olefin poly-
merization were completely out of reach when the Ziegler
catalysts were discovered at KOFO in the 1950s. With the
advent of realistic and cost-effective DFT methods, it became
possible to compute the detailed mechanism of such reactions,
both for homogeneous metallocene-based catalysts and for
heterogeneous catalysts. To quote just a few examples,
starting in the 1990s, DFT studies on homogeneous olefin
polymerization addressed the insertion and termination steps
for specific metallocene and constrained-geometry cata-
lysts[45,46] and for a systematic series of d0 and d0fn transi-
tion-metal complexes,[47, 48] the dynamics of ethylene inser-
tion,[49, 50] the mechanism, the role of bulky substituents, and
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the control of branching in nickel(II) diimine catalyzed olefin
polymerization,[51–54] the design of living catalysts,[55] the role
of ion-pair formation,[56] the structure and function of the
methylaluminoxane cocatalyst,[57] the copolymerization of a-
olefins with polar monomers,[58] the formation of stereoerrors
and the role of site epimerization,[59,60] and the mechanistic
relevance of two-state reactivity in the catalysis by CrIII

complexes.[61] Early computational studies on heterogeneous
Ziegler–Natta olefin polymerization included first-principles
MD simulations of the insertion and propagation steps for
ethylene and propene[62, 63] as well as DFT embedded-cluster
studies of the proposed active sites in heterogeneous Ziegler–
Natta catalysts.[64] Needless to say, there have been many
more such computational studies (more than 1000 according
to the Web of Science) that provide insight into virtually all
mechanistic aspects of polymerization reactions.

2.7. Consequences

This boost in the capabilities of computational research on
catalysis was of course recognized at KOFO. When the
Institute was transformed in the 1990s by Manfred Reetz from
a monolithic unit into five departments covering all branches
of catalysis, it was decided to establish a Department of
Theory along with four experimental departments. This
reorganization was based on the concept of interdisciplinary
fundamental research on catalysis, encompassing all major
areas of catalysis to ensure the necessary diversity and to
foster collaboration and scientific cross-fertilization. The
Department of Theory was created in 1999, after 85 years of
purely experimental work at KOFO.

3. Current Status

Giving the explosive growth of computational catalysis
over the past two decades, and especially in recent years, it is
clearly impossible in this Essay to provide a comprehensive
up-to-date picture of the field. Instead of embarking on such
a hopeless mission, this section provides a brief overview over
computational research at KOFO during the past three
years.[65] The intention is to provide snapshots of current
application-oriented studies to convey an idea of the interplay
between the present experimental and computational re-
search at KOFO when it comes to solving real-world
problems in catalysis.

3.1. Methods for Studying Homogeneous Catalysis and
Organocatalysis

State-of-the-art DFT methods are employed at KOFO to
explore ground-state potential energy surfaces and to char-
acterize all relevant intermediates, transition states, and
reaction pathways. Geometry optimizations are normally
done with standard functionals (RI-BP86, B3LYP, B3LYP-D)
and medium-sized basis sets, followed by higher-level single-
point energy evaluations that utilize either correlated ab initio

methods (e.g. local CCSD(T) treatments with large basis sets)
or modern density functionals (e.g., from the M06 series) with
large basis sets and dispersion corrections (if appropriate).
Effective core potentials are normally used to represent the
core electrons of heavy elements. Thermal and entropic
corrections are computed at the level applied for geometry
optimization.

3.2. Joint Projects with the F�rstner Group

Asymmetric gold catalysis with one-point binding ligands
(phosphoramidites with TADDOL-related but acyclic struc-
ture) enables a number of difficult transformations with
excellent enantioselectivity. DFT calculations on the cyclo-
isomerization of enynes helped elucidate the origin of the
enantioselectivity achieved with such gold catalysts.[66] Gold
carbenoids are commonly considered as intermediates in
many gold-catalyzed reactions. Attempts to prepare germane
gold carbenoids devoid of stabilizing substituents through
transmetalation led to remarkable hetero-bimetallic com-
plexes (e.g., containing Au and Cr) that were characterized at
the DFT level in terms of their electronic structure and
chemical bonding.[67]

3.3. Joint Projects with the Alcarazo Group

The research in the Alcarazo group is directed towards the
design and synthesis of unusual ligands and coordination
compounds and their application in novel catalytic trans-
formations. DFT calculations were performed to characterize
the electronic structure of key species and to unravel the
detailed mechanism of the catalytic reactions. Examples
include the analysis of the electronic structure in the first
observed dihydridoborenium cation,[68] in carbene-stabilized
phosphorus(III)-centered trications,[69] in carbene-stabilized
N-centered cations,[70] and in cationic germanium(II) com-
plexes.[71] In the latter case, the stability of the complexes
arises from the ability of the neutral monodentate
hexaphenylcarbodiphosphorane ligand to donate two pairs
of electrons and thus simultaneously form two dative s and p

bonds (C!Ge).[71] The pronounced p-acceptor properties of
phosphorus trications[69] can be exploited in platinum(II)
catalysis[72] and in gold catalysis[73] to enable very demanding
cyclization reactions. The underlying reaction mechanisms
were elucidated by computing the free energy profiles for the
cyclization of 2-ethynyl-1,1’-binaphthalene into pentaheli-
cene[72] and of 2-ethynyl-2’,6-dimethylbiphenyl into 4,5-
dimethylphenanthrene.[73]

3.4. Joint Projects with the List Group

Chiral phosphoric acids are able to catalyze asymmetric
SN2-type O-alkylations, which formally involve a nucleophilic
attack at the s* orbital of a carbon electrophile. DFT
calculations on the mechanism of a representative intra-
molecular alkylation catalyzed by the phosphoric acid TRIP
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(TRIP = 3,3’-bis(2,4,6-triisopropylphenyl)-1,1’-binaphthyl-
2,2’-diyl hydrogenphosphate) showed that the Brønsted acid
acts as a bifunctional activator bridging the pentacoordinate
transition state.[74] High stereoselectivity can be achieved in
the asymmetric epoxidation and hydroperoxidation of a,b-
unsaturated carbonyl compounds using alkaloid-derived
primary amines as catalysts and aqueous hydrogen peroxide
as the oxidant. Here, the analysis of the computed pathways
led to a qualitative model of enantioselectivity based on the
structure of the crucial iminium intermediate.[75]

3.5. Joint Projects with the Maulide Group

Sulfur(IV)-mediated transformations can be used to
achieve direct ylide transfer to and metal-free arylation of
carbonyl compounds, depending on the reagent (Martin�s
sulfurane or activated sulfoxides). Mechanistic studies (using
NMR spectroscopy and DFT calculations) support a common
reaction pathway via very similar cationic SIV species and
showcase how subtle changes in reactant properties can lead
to disparate and seemingly unrelated reaction outcomes.[76]

On a different front, the Maulide group recently discovered
the phenomenon of catalytic asymmetric diastereodivergent
deracemization in palladium-catalyzed allylic alkylations. As
part of a follow-up study, DFT calculations were performed
that provide detailed insight into the palladium-catalyzed
electrocyclic ring opening of cyclobutene units in large
molecules, which proceeds as a conrotatory reaction in an
intermediate palladium–cyclobutene complex, with compet-
ing isomer interconversion by h1-h3-h1 allyl slippage.[77]

3.6. Joint Projects with the Rinaldi and Sch�th Groups

Cellulose consists of 1,4-b-linked glucose units, which can
be converted to biofuel and industrial platform molecules.
The depolymerization of cellulose to glucose is an important
part of this conversion process. The first step in modeling this
process addressed the electronic nature of the 1,4-b-glycosidic
bond and of its chemical environment in cellobiose (glucose
dimer) as well as its influence on the mechanism of the acid-
catalyzed hydrolysis.[78] The DFTresults imply that cellulose is
protected against hydrolysis not only by its supramolecular
structure (as commonly accepted), but also by its electronic
structure, in which the anomeric effect plays a key role.[78]

Ongoing follow-up work addresses the depolymerization of
larger cellulose models in water and in ionic liquids using
QM/MM calculations on the hydrolysis mechanism as well as
classical metadynamics simulations on the influence of
conformational changes.

3.7. Methods for Studying Biocatalysis

Enzymatic reactions are normally investigated using
a combination of classical MD simulations and QM-only
and QM/MM calculations. The emphasis at KOFO is on QM/
MM studies that make use of geometry optimization tech-

niques to identify and trace conceivable pathways on DFT/
MM potential energy surfaces in order to determine the most
favorable mechanism. Optimizations are normally done with
efficient DFT approaches (e.g., RI-BP86 with moderate basis
sets), while relative energies are determined using more
refined functionals (e.g., B3LYP-D or M06 with larger basis
sets) or even correlated ab initio methods (CCSD(T) or
multireference treatments). If necessary, QM/MM free en-
ergy calculations are performed to capture entropic contri-
butions. The corresponding QM/MM techniques and proto-
cols were developed over the last decade[79, 80] and were
applied extensively at KOFO, for example in mechanistic
studies on cytochrome P450 enzymes[81, 82] and molybdenum-
containing enzymes.[83] As an alternative or complement to
the QM/MM approach, enzymatic reactions can also be
studied through QM-only calculations of suitably chosen
active-site model systems.[84]

3.8. Joint Projects with the Reetz Group

Motivated by experimental work on directed evolution in
the Reetz group, the Baeyer–Villiger oxidation reaction in
cyclohexanone monooxygenase (CHMO) was examined to
elucidate its mechanism and the origin of its enantioselectiv-
ity. According to the QM/MM calculations on the wild-type
enzyme,[85] the enzyme–reactant complex is quite rigid and
contains an anionic deprotonated C4a-peroxyflavin that is
stabilized by strong hydrogen bonds with the Arg329 residue
and the NADP+ cofactor. The CHMO-catalyzed reaction
proceeds via a Criegee intermediate with pronounced anionic
character. The fragmentation of this intermediate to the
lactone product is the rate-limiting step. The QM/MM results
for the parent cyclohexanone confirm the crucial role of the
Arg329 residue and of the NADP+ cofactor for the catalytic
efficiency of CHMO. QM/MM calculations for the CHMO-
catalyzed oxidation of 4-methylcyclohexanone reproduce and
rationalize the experimentally observed S enantioselectivity
for this substrate, which is governed by the conformational
preferences of the corresponding Criegee intermediate and
the subsequent transition state (TS2) for the migration step.[85]

A subsequent QM/MM study addressed the effect of muta-
tions of the Phe434 residue in the active site of CHMO on its
enantioselectivity towards 4-hydroxycyclohexanone.[86] The
enantiopreference was assessed by locating all relevant TS2
structures at the QM/MM level, for the wild-type enzyme and
two mutants (Phe434Ser and Phe434Ile). The experimentally
observed enantioselectivity was reproduced semiquantita-
tively in all three cases, including the pronounced reversal of
enantioselectivity in the Phe434Ser mutant. The effect of
point mutations could be explained at the molecular level, by
an analysis of the specific interactions between the substrate
and the active-site environment in the TS2 structures that
satisfy the basic stereoelectronic requirement of anti-peripla-
narity for the migrating s-bond.[86] Similar success had been
achieved in previous joint work on lipases, which had offered
an explanation of the highly improved enantioselectivity of
a sixfold mutant created by directed evolution[87] and had
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predicted a similar performance for a particular double
mutant that was later confirmed experimentally.[88]

3.9. Summary

The preceding examples from collaborative work at
KOFO and many other studies in the literature show the
benefits of a joint experimental and theoretical approach to
problems in catalysis.[89,90] The synergistic advances in com-
putational methods, software, and hardware over the past
decades have now made it possible to model catalytic
reactions in a realistic manner using the tools of computa-
tional chemistry. The calculations offer independent, reliable
information that is often complementary to experimental data
and that helps us to understand chemical phenomena.
Particularly valuable are the characterization of the electronic
structure of reactive species, intermediates, and transition
states, the detailed analysis of all elementary steps in the
catalytic cycle, the assessment of preferences between differ-
ent conceivable pathways, and insights into the origins of
stereoselectivity and in particular enantioselectity. Such
theoretical information can be useful not only for ration-
alizing experimental observations, but also for guiding
chemical thinking towards further experimental work.

4. Perspectives

In the field of computational catalysis, some future trends
can be anticipated rather confidently by extrapolating from
recent advances whereas others can only be guessed at in
a more subjective manner. In the following, we comment on
some selected issues from a quantum-chemical viewpoint.

4.1. Higher Accuracy

Theoretical chemistry thrives on progress in methodology
and programming, which fuels novel applications. In recent
years, new algorithms have been developed to extend the
applicability of first-principles methods to much larger
molecules, for example by implementing linear scaling
techniques at the Hartree–Fock and DFT levels[91] and
through local correlation approaches at the coupled cluster
level.[92–98] The latter have already been demonstrated to yield
accurate energies in real-world case studies on homogeneous
catalysis[99] and biocatalysis,[100] and it would thus seem safe to
assume that in the future such local coupled cluster ap-
proaches will be employed regularly in single-point calcula-
tions at DFT-optimized geometries to derive accurate energy
profiles for catalytic transformations. In the realm of hetero-
geneous catalysis, hybrid schemes that combine periodic DFT
calculations with correlated ab initio calculations on cluster
models have been shown to yield nearly chemical accuracy for
barriers in zeolite-catalyzed reactions.[101] Applying dispersion
corrections[102,103] to lower-level QM energies has obvious
merits in general and will thus become standard (even more
so than already now). Undoubtedly, there will also be further

efforts to develop more accurate density functionals,[104,105]

improved semiempirical methods with integrated orthogon-
alization and dispersion corrections,[106] and more robust and
reliable polarizable force fields.[107,108] In the long run, it would
seem likely, however, that the most significant progress
towards higher accuracy will come from wavefunction-based
ab initio methods. Particularly desirable is the development of
accurate, efficient, and robust multireference coupled cluster
methods and of other high-level correlated ab initio methods,
in order to enable an improved treatment of the electronically
challenging open-shell species that are often encountered in
catalytic reactions.

4.2. High-Performance Computing

The doubling of computer power approximately every 18
months (Moore�s law) has facilitated ever more demanding
computational studies in catalysis over the past decades.
Breakthroughs in higher hardware performance normally
arise from new technology and novel computer architectures,
which can often only be exploited after a corresponding
adaptation of the computer programs and the underlying
algorithms. For example, current efforts target the develop-
ment of codes that run efficiently on massively parallel
systems with hundreds of thousands of processors and on
hybrid systems with fast graphics processors, in order to
increase the available processing power by orders of magni-
tude. While not always successful because of inherent
algorithmic limitations, computational chemists have in the
past generally managed to cope with such tasks, and one may
thus realistically assume that this will also be the case in the
future—allowing for more extensive exploration of catalytic
processes through enhanced hardware and software perfor-
mance.

4.3. Multiscale Modeling

Computational studies of catalysis require the choice of
a model system. Simplification of the real system is unavoid-
able, but all chemically important components should of
course be retained in the model. While strongly simplified
model systems may yield valuable insight, it is clearly
preferable to use systems that are as complete and realistic
as possible. This calls for an adequate consideration of the
environment around the catalytically active site, be it the
solvent in homogeneous catalysis (possibly with counterions
and additives), the extended surface and the solid support in
heterogeneous catalysis, or the surrounding protein in bioca-
talysis. Multiscale modeling appears to be the method of
choice for handling such complex systems, with the level of
the theoretical treatment adapted to the relevance of a given
region to the problem being studied. Multiscale approaches
are already widely used in computational biology,[109, 110] the
simplest variant being two-layer QM/MM treatments.[35, 79,80]

Multiscale models are inherently flexible; for example, they
can go beyond atomistic QM and MM approaches by
incorporating coarse-grained force fields[111, 112] and continu-
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um solvation models.[113, 114] Three-layer treatments are al-
ready available, for example QM/MM/continuum models that
employ boundary potentials[115, 116] for use in biocatalysis
studies.[117] The general impact of multiscale approaches is
evident from the fact that the Nobel Prize in Chemistry 2013
was awarded jointly to Martin Karplus, Michael Levitt, and
Arieh Warshel “for the development of multiscale models for
complex chemical systems”. While the research of the three
laureates was mostly focused on biomolecular systems, multi-
scale techniques can obviously be applied to any complex
chemical system. Therefore, with the move towards ever more
realistic models of catalytic processes, one may safely expect
multiscale modeling to become more important in this field.

4.4. Complexity

Computational reactivity studies on small gas-phase
model systems are simple in the sense that there are generally
only a few relevant stationary points and pathways, and it is
thus feasible to explore the underlying potential energy
surface in a systematic manner. By contrast, complex model
systems for condensed-phase catalytic processes will involve
many degrees of freedom, there will normally be many low-
energy conformations, and hence there can be many relevant
stationary points and pathways. This makes it challenging to
search and to sample conformational space. This problem has
long been addressed in the biomolecular force field com-
munity, and many techniques are available to cope with it.[118]

Search- and sampling-enhancement methods include local
elevation,[119] conformational flooding,[120] and metadynam-
ics,[121, 122] which all allow moving towards and finding new
local minima by removing previously found minima through
a suitable local deformation of the potential energy surface.
There are also techniques for automatically finding pathways
between two given minima, for example transition path
sampling[123, 124] and the nudged elastic band method.[125,126] A
related but more difficult problem is the automatic prediction
of reaction mechanisms in a complex catalytic system, starting
only from given reactants and catalysts. The artificial force-
induced reaction (AFIR) method[127] has been introduced for
this purpose; it identifies reactive sites and provides approx-
imate transition states and product structures that can serve as
starting points for subsequent optimizations. The AFIR
approach has been shown to enable the semiautomatic
determination of the full catalytic cycle of the [HCo(CO)3]-
catalyzed hydroformylation, in a fully systematic search
without any initial mechanistic input.[128] Even though auto-
mated explorations of complex potential energy sur-
faces[119–128] will generally be computationally very costly
when accurate QM methods are used (more so than the
targeted search for a plausible reaction pathway), they have
the advantage of being unbiased and systematic. It will thus be
most desirable to further improve such approaches, especially
for handling complex model systems such as those encoun-
tered in computational catalysis.

4.5. Free Energy Calculations

Chemical reactivity is governed by free energy changes
along reaction pathways. In computational reactivity studies
on small gas-phase molecules, the thermal and entropic
corrections to the computed energies are usually evaluated
from statistical thermodynamics in the rigid-rotor/harmonic-
oscillator approximation. With increasing complexity of the
model systems for condensed-phase catalytic processes, this
approach quickly becomes unfeasible because of the multi-
tude of accessible low-energy conformations and pathways.
Proper ensembles of configurations must then be used to
compute free energy differences using statistical mechan-
ics.[129] For each elementary step in a catalytic cycle, one needs
to compute the free energy profile (also called the potential of
mean force) along the reaction pathway, which involves
extensive sampling around this path using MD simulations
with restraints (umbrella sampling) or with constraints
(thermodynamic integration). Much experience on these
issues and on approximate free energy treatments is available
in the classical force field community.[129] It will clearly be
helpful for the computational catalysis community to benefit
from this expertise—of course taking into account that energy
and gradient computations can be computationally very
expensive in catalysis research because of the need to use
reliable QM methods for describing bond-forming and bond-
breaking processes.

4.6. Kinetic Analysis

Assuming that computed free energy profiles are avail-
able for all relevant catalytic cycles and their interconnections
in a complex model system, the next task is to convert this
data into mechanistic insight and kinetic information. In
simple cases, it is possible by inspection to identify the rate-
determining and selectivity-determining steps in the catalytic
cycle using traditional kinetic rate equations or their trans-
lation into the energy domain by means of the energy-span
model.[130] In more complicated cases, it may become
necessary to move towards a more quantitative evaluation,
by solving the coupled differential rate equations for the
investigated catalytic reaction network or—equivalently—by
performing corresponding kinetic Monte Carlo simula-
tions.[131–135] For given free energy profiles and starting
conditions (e.g., concentrations and temperature), such
kinetic analysis will yield relative rates for the various
competing reaction channels, and the kinetic bottlenecks
and the selectivity-determining steps can be identified by
sensitivity analysis (e.g., by variation of the input data for
specific barriers).[132, 133] As computational catalysis moves
towards higher accuracy in the computed free energies and
towards more complex models, one may expect that there will
be an increasing need for quantitative kinetic analysis in this
field—of course keeping in mind the inherent limitations in
the accuracy of the underlying quantum chemical results.
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4.7. Catalyst Design

Most of the current research on computational catalysis
(see the examples in Section 2) focuses on the mechanistic
understanding of catalytic processes, often in the context of
a close collaboration with experimental partners, which may
then guide further experimental work. A more ambitious goal
is to actually design improved or novel catalysts on the basis
of computations. Corresponding strategies have been pro-
posed both in homogeneous catalysis[136] and heterogeneous
catalysis.[137] In biocatalysis, there are two computation-based
strategies for producing new enzymes, namely redesign of
active sites and de novo design.[138] Examples for the latter
approach are the development of new enzymes for Kemp
elimination[139] and Diels–Alder cycloaddition.[140] Currently,
such computational de novo design seems capable of produc-
ing novel protein scaffolds with limited activity, which can
then be optimized to acceptable performance using the
techniques of directed evolution.[141] The partial success of
these ambitious de novo efforts indicates that computation
can indeed contribute to catalyst design. In view of the
expected advances on the theoretical side (see above), it
seems safe to expect that computations will play a more
important role in future catalyst design.

4.8. Concepts

One important task of computational catalysis is to
propose, test, and extend qualitative concepts on the basis
of increasingly accurate calculations. One example is the
notion of two-state or multistate reactivity[142] involving
different spin states (and hence intersystem crossing between
potential energy surfaces of different multiplicity). Intersys-
tem crossing had of course long been known in spectroscopy
and photochemistry, but had not been fully appreciated in
transition-metal chemistry. Its mechanistic importance in this
area was recognized by joint experimental and theoretical
work[142] and has since been firmly established both for
homogeneous transition-metal catalysis[61, 142–144] and for bio-
catalysis by metalloproteins.[80–82] A second example is the
long-standing debate about the importance of dynamic effects
in enzymatic reactions and about the idea that enzymes may
have evolved to optimize a particular nuclear motion that
facilitates reaching the catalytically relevant transition
state.[145–149] There are many facets to this issue, which can
be addressed through simulations once the “dynamic effects”
have been properly defined.[149] In the framework of transition
state theory (TST), dynamic nonequilibrium effects due to
protein motion will cause the transmission coefficient to be
smaller than unity; however, computational studies of various
enzymes have revealed only slight deviations from unity, by
factors of 3 or less.[138, 149] Tunneling is a nuclear quantum
effect not covered by standard transition state theory; it is
clearly important in some enzymatic reactions (e.g., those
involving proton, hydrogen, or hydride transfer), but not
significantly more so than in the corresponding reference
reaction in aqueous solution.[148, 149] The evidence from
simulations thus suggests that the dynamic effects of non-

TST behavior and tunneling make only a very minor
contribution to the catalytic power of enzymes. To summarize,
two-state reactivity and dynamic effects in enzymes are
examples of qualitative concepts that have been successfully
explored and clarified in the past decade through contribu-
tions from experimental and computational work. One
obvious general challenge for future studies in computational
catalysis is to find, scrutinize, and refine such qualitative
concepts that guide chemical thinking.

5. Conclusions

Since the inauguration of KOFO in 1914, it has taken
theoretical chemistry decades to develop from rather esoteric
beginnings into an important branch of chemistry. Computa-
tional research in catalysis started its exponential growth
around 1990 and has now become a valuable companion of
experimental research. With the continuing advances in
computational methodology, software, and hardware perfor-
mance, theory is expected to play an increasingly important
role in the field of catalysis. Currently, quantum-based
computations mostly aid in the interpretation and under-
standing of experimental results by providing independent
reliable information from simulations. In the future, they are
expected to become more predictive and to contribute to the
design of new catalysts and catalytic processes.

One final note: This Essay has addressed computational
catalysis in a bottom-up manner from a quantum-chemical
perspective, with emphasis on the microscopic understanding
of catalytic reactions and the electronic structure of the
reactive species involved. It has not covered the top-down
branch of computational catalysis that is concerned with
engineering issues such as the optimum reactor design, the
modeling of macroscopic heat and mass transfer, mesoscopic
fluid dynamics simulations, and the analysis of complex
catalytic networks. True multiscale modeling of catalytic
processes will need to bring together all these aspects and
integrate the bottom-up and top-down approaches. This is
clearly a challenge for the future.
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[74] I. Čorić, J. H. Kim, T. Vlaar, M. Patil, W. Thiel, B. List, Angew.
Chem. 2013, 125, 3574 – 3577; Angew. Chem. Int. Ed. 2013, 52,
3490 – 3493.

[75] O. Lifchits, M. Mahlau, C. M. Reisinger, A. Lee, C. Far�s, I.
Polyak, G. Gopakumar, W. Thiel, B. List, J. Am. Chem. Soc.
2013, 135, 6677 – 6693.

[76] X. Huang, M. Patil, C. Far�s, W. Thiel, N. Maulide, J. Am.
Chem. Soc. 2013, 135, 7312 – 7323.

[77] D. Audisio, G. Gopakumar, L.-G. Xie, L. G. Alves, C. Wirtz,
A. M. Martins, W. Thiel, C. Far�s, N. Maulide, Angew. Chem.
2013, 125, 6434 – 6438; Angew. Chem. Int. Ed. 2013, 52, 6313 –
6316.

[78] C. Loerbroks, R. Rinaldi, W. Thiel, Chem. Eur. J. 2013, 19,
16282 – 16294.

[79] Review: H. M. Senn, W. Thiel, Top. Curr. Chem. 2007, 268,
173 – 290.

.Angewandte
Essays

8612 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 8605 – 8613

http://dx.doi.org/10.1002/ange.201306024
http://dx.doi.org/10.1002/anie.201306024
http://dx.doi.org/10.1002/anie.201306024
http://dx.doi.org/10.1021/ja02261a002
http://dx.doi.org/10.1103/PhysRev.28.1049
http://dx.doi.org/10.1007/BF01328377
http://dx.doi.org/10.1007/BF01397394
http://dx.doi.org/10.1017/S0305004100011919
http://dx.doi.org/10.1017/S0305004100011920
http://dx.doi.org/10.1017/S0305004100015954
http://dx.doi.org/10.1007/BF01340294
http://dx.doi.org/10.1007/BF01375457
http://dx.doi.org/10.1098/rspa.1929.0094
http://dx.doi.org/10.1103/RevModPhys.23.69
http://dx.doi.org/10.1063/1.1698929
http://dx.doi.org/10.1039/tf9534901375
http://dx.doi.org/10.1063/1.1701475
http://dx.doi.org/10.1063/1.1701475
http://dx.doi.org/10.1002/ange.19690812102
http://dx.doi.org/10.1002/ange.19690812102
http://dx.doi.org/10.1002/anie.196907811
http://dx.doi.org/10.1021/ar50038a003
http://dx.doi.org/10.1063/1.443164
http://dx.doi.org/10.1016/S0009-2614(89)87395-6
http://dx.doi.org/10.1103/PhysRevB.33.8822
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1021/ja00457a004
http://dx.doi.org/10.1021/ja00457a004
http://dx.doi.org/10.1021/ja00299a024
http://dx.doi.org/10.1021/ja00299a024
http://dx.doi.org/10.1002/jcc.540100208
http://dx.doi.org/10.1002/jcc.540100209
http://dx.doi.org/10.1016/0022-2836(76)90311-9
http://dx.doi.org/10.1103/PhysRevLett.55.2471
http://dx.doi.org/10.1021/ja00245a044
http://dx.doi.org/10.1021/ja00245a044
http://dx.doi.org/10.1021/ja00220a010
http://dx.doi.org/10.1021/ja00220a010
http://dx.doi.org/10.1021/cr00005a010
http://dx.doi.org/10.1021/ja00023a047
http://dx.doi.org/10.1021/ja00023a047
http://dx.doi.org/10.1021/ja994280y
http://dx.doi.org/10.1021/ja994280y
http://dx.doi.org/10.1021/ja001460v
http://dx.doi.org/10.1021/ja011714s
http://dx.doi.org/10.1021/ja011714s
http://dx.doi.org/10.1021/ar0300524
http://dx.doi.org/10.1021/om00018a019
http://dx.doi.org/10.1021/om00018a019
http://dx.doi.org/10.1021/ja00156a017
http://dx.doi.org/10.1021/ja00156a017
http://dx.doi.org/10.1021/om9707578
http://dx.doi.org/10.1021/om9707578
http://dx.doi.org/10.1021/ja9742139
http://dx.doi.org/10.1021/ja9742139
http://dx.doi.org/10.1021/ja9628314
http://dx.doi.org/10.1021/ja9628314
http://dx.doi.org/10.1021/ja962860e
http://dx.doi.org/10.1021/ja962860e
http://dx.doi.org/10.1021/ja970226a
http://dx.doi.org/10.1021/ja970226a
http://dx.doi.org/10.1016/S0022-328X(99)00449-0
http://dx.doi.org/10.1021/om9803164
http://dx.doi.org/10.1021/om9903285
http://dx.doi.org/10.1021/om9903285
http://dx.doi.org/10.1016/j.progpolymsci.2003.10.003
http://dx.doi.org/10.1021/om0009886
http://dx.doi.org/10.1016/S0022-328X(99)00438-6
http://dx.doi.org/10.1016/S0022-328X(99)00438-6
http://dx.doi.org/10.1016/j.jorganchem.2006.01.019
http://dx.doi.org/10.1016/j.jorganchem.2006.01.019
http://dx.doi.org/10.1021/om010146m
http://dx.doi.org/10.1021/ja972367i
http://dx.doi.org/10.1021/ja972367i
http://dx.doi.org/10.1021/ja990913x
http://dx.doi.org/10.1021/ja990913x
http://dx.doi.org/10.1021/ma0204554
http://dx.doi.org/10.1021/ma0204554
http://dx.doi.org/10.1021/ja303641p
http://dx.doi.org/10.1021/ja303641p
http://dx.doi.org/10.1002/ange.201308842
http://dx.doi.org/10.1002/anie.201308842
http://dx.doi.org/10.1002/anie.201308842
http://dx.doi.org/10.1002/ange.201103197
http://dx.doi.org/10.1002/anie.201103197
http://dx.doi.org/10.1002/anie.201103197
http://dx.doi.org/10.1002/chem.201204186
http://dx.doi.org/10.1002/ange.201300677
http://dx.doi.org/10.1002/ange.201300677
http://dx.doi.org/10.1002/anie.201300677
http://dx.doi.org/10.1002/anie.201300677
http://dx.doi.org/10.1021/ja306947m
http://dx.doi.org/10.1021/ja306947m
http://dx.doi.org/10.1021/ja411146x
http://dx.doi.org/10.1021/ja411146x
http://dx.doi.org/10.1021/ja402058v
http://dx.doi.org/10.1021/ja402058v
http://dx.doi.org/10.1021/ja4017683
http://dx.doi.org/10.1021/ja4017683
http://dx.doi.org/10.1002/ange.201301034
http://dx.doi.org/10.1002/ange.201301034
http://dx.doi.org/10.1002/anie.201301034
http://dx.doi.org/10.1002/anie.201301034
http://dx.doi.org/10.1002/chem.201301366
http://dx.doi.org/10.1002/chem.201301366
http://dx.doi.org/10.1007/128_2006_084
http://dx.doi.org/10.1007/128_2006_084
http://www.angewandte.org


[80] Review: H. M. Senn, W. Thiel, Angew. Chem. 2009, 121, 1220 –
1254; Angew. Chem. Int. Ed. 2009, 48, 1198 – 1229.

[81] S. Shaik, D. Kumar, S. P. de Visser, A. Altun, W. Thiel, Chem.
Rev. 2005, 105, 2279 – 2328.

[82] S. Shaik, S. Cohen, Y. Wang, H. Chen, D. Kumar, W. Thiel,
Chem. Rev. 2010, 110, 949 – 1017.

[83] S. Metz, W. Thiel, Coord. Chem. Rev. 2011, 255, 1085 – 1103.
[84] Review: P. E. M. Siegbahn, F. Himo, WIREs Comput. Mol. Sci.

2011, 1, 323 – 336.
[85] I. Polyak, M. T. Reetz, W. Thiel, J. Am. Chem. Soc. 2012, 134,

2732 – 2741.
[86] I. Polyak, M. T. Reetz, W. Thiel, J. Phys. Chem. B 2013, 117,

4993 – 5001.
[87] M. Bocola, N. Otte, K.-E. Jaeger, M. T. Reetz, W. Thiel,

ChemBioChem 2004, 5, 214 – 223.
[88] M. T. Reetz, M. Puls, J. D. Carballeira, A. Vogel, K.-E. Jaeger,

T. Eggert, W. Thiel, M. Bocola, N. Otte, ChemBioChem 2007, 8,
106 – 112.

[89] J. Greeley, J. K. Norskov, M. Mavrikakis, Annu. Rev. Phys.
Chem. 2002, 53, 319 – 348.

[90] W. M. C. Sameera, F. Maseras, WIREs Comput. Mol. Sci. 2012,
2, 375 – 385.

[91] J. Kussmann, M. Beer, C. Ochsenfeld, WIREs Comput. Mol.
Sci. 2013, 3, 614 – 636.

[92] C. Hampel, H.-J. Werner, J. Chem. Phys. 1996, 104, 6286 – 6297.
[93] M. Sch�tz, H.-J. Werner, J. Chem. Phys. 2001, 114, 661 – 681.
[94] M. Sch�tz, H.-J. Werner, Chem. Phys. Lett. 2000, 318, 370 – 378.
[95] C. Krause, H.-J. Werner, Phys. Chem. Chem. Phys. 2012, 21,

7591 – 7604.
[96] F. Neese, F. Wennmohs, A. Hansen, J. Chem. Phys. 2009, 130,

114108.
[97] C. Riplinger, F. Neese, J. Chem. Phys. 2013, 138, 034106.
[98] C. Riplinger, B. Sandhoefer, A. Hansen, F. Neese, J. Chem.

Phys. 2013, 139, 134101.
[99] A. Anoop, W. Thiel, F. Neese, J. Chem. Theory Comput. 2010, 6,

3137 – 3144.
[100] F. Claeyssens, J. N. Harvey, F. R. Manby, R. A. Mata, A. J.

Mulholland, K. E. Ranaghan, M. Sch�tz, S. Thiel, W. Thiel, H.-
J. Werner, Angew. Chem. 2006, 118, 7010 – 7013; Angew. Chem.
Int. Ed. 2006, 45, 6856 – 6859.

[101] S. Svelle, C. Tuma, X. Rozanska, T. Kerber, J. Sauer, J. Am.
Chem. Soc. 2009, 131, 816 – 825.

[102] S. Grimme, J. Comput. Chem. 2006, 27, 1787 – 1799.
[103] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010,

132, 154104.
[104] C. J. Cramer, D. G. Truhlar, Phys. Chem. Chem. Phys. 2009, 11,

10757 – 10816.
[105] K. Burke, J. Chem. Phys. 2012, 136, 150901.
[106] Review: W. Thiel, WIREs Comput. Mol. Sci. 2014, 4, 145 – 157.
[107] Review: X. He, P. E. M. Lopes, A. D. MacKerell, WIREs

Comput. Mol. Sci. 2012, 2, 167 – 185.
[108] P. E. M. Lopes, J. Huang, J. Shim, Y. Luo, H. Li, B. Roux, A. D.

MacKerell, J. Chem. Theory Comput. 2013, 9, 5430 – 5449.
[109] Review: S. C. L. Kamerlin, A. Warshel, Phys. Chem. Chem.

Phys. 2011, 13, 10401 – 10411.
[110] Review: K. Meier, A. Choutko, J. Dolenc, A. P. Eichenberger,

S. Riniker, W. F. van Gunsteren, Angew. Chem. 2013, 125,
2888 – 2904; Angew. Chem. Int. Ed. 2013, 52, 2820 – 2834.

[111] Review: S. Riniker, J. R. Allison, W. F. van Gunsteren, Phys.
Chem. Chem. Phys. 2012, 36, 12423 – 12430.

[112] Review: H. I. Ing�lfsson, C. A. Lopez, J. J. Uusitalo, D. H.
de Jong, S. M. Gopal, X. Periole, S. J. Marrink, WIREs Comput.
Mol. Sci. 2014, 4, 225 – 248.

[113] Review: A. Klamt, WIREs Comput. Mol. Sci. 2011, 1, 699 – 709.
[114] Review: B. Mennucci, WIREs Comput. Mol. Sci. 2012, 2, 386 –

404.

[115] T. Benighaus, W. Thiel, J. Chem. Theory Comput. 2009, 5, 3114 –
3128.

[116] E. Boulanger, W. Thiel, J. Chem. Theory Comput. 2012, 8,
4527 – 4538.

[117] T. Benighaus, W. Thiel, J. Chem. Theory Comput. 2011, 7, 238 –
249.

[118] Review: M. Christen, W. F. van Gunsteren, J. Comput. Chem.
2008, 29, 157 – 166.

[119] T. Huber, A. E. Torda, W. F. van Gunsteren, J. Comput.-Aided
Mol. Des. 1994, 8, 695 – 708.

[120] H. Grubm�ller, Phys. Rev. E 1995, 52, 2893 – 2906.
[121] M. Iannuzzi, A. Laio, M. Parrinello, Phys. Rev. Lett. 2003, 90,

238302.
[122] Review: A. Barducci, M. Bonomi, M. Parrinello, WIREs

Comput. Mol. Sci. 2011, 1, 826 – 843.
[123] C. Dellago, P. G. Bolhuis, F. S. Csajka, D. Chandler, J. Chem.

Phys. 1998, 108, 1964 – 1977.
[124] P. G. Bolhuis, D. Chandler, C. Dellago, P. L. Geissler, Annu.

Rev. Phys. Chem. 2002, 53, 291 – 318.
[125] G. Henkelman, H. J�nsson, J. Chem. Phys. 2000, 113, 9978 –

9985.
[126] D. Sheppard, R. Terrell, G. Henkelman, J. Chem. Phys. 2008,

128, 134106.
[127] S. Maeda, K. Morokuma, J. Chem. Theory Comput. 2011, 7,

2335 – 2345.
[128] S. Maeda, K. Morokuma, J. Chem. Theory Comput. 2012, 8,

380 – 385.
[129] D. Trzesniak, A.-P. E. Kunz, W. F. van Gunsteren, ChemPhys-

Chem 2007, 8, 162 – 169, and references therein.
[130] S. Kozuch, S. Shaik, Acc. Chem. Res. 2011, 44, 101 – 110.
[131] K. Reuter, M. Scheffler, Phys. Rev. B 2006, 73, 045433.
[132] H. Meskine, S. Matera, M. Scheffler, K. Reuter, H. Metiu, Surf.

Sci. 2009, 603, 1724 – 1730.
[133] K. Reuter in Modelling Heterogeneous Catalytic Reactions:

From the Molecular Process to the Technical System (Ed.: O.
Deutschmann), Wiley-VCH, Weinheim, 2011.

[134] R. A. van Santen, M. M. Ghouri, S. Shetty, E. M. H. Hensen,
Catal. Sci. Technol. 2011, 1, 811 – 911.

[135] M. Stamatakis, D. G. Vlachos, ACS Catal. 2012, 2, 2648 – 2663.
[136] A. G. Maldonado, G. Rothenberg, Chem. Soc. Rev. 2010, 39,

1891 – 1902.
[137] J. Nørskov, T. Bligaard, J. Rossmeisl, C. H. Christensen, Nat.

Chem. 2009, 1, 37 – 46.
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