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The engineering of catalysts with desirable properties can be accelerated by computer-aided design (CAD). To achieve this 

aim, features of molecular catalysts can be condensed into numerical descriptors that can then be used to correlate reactivity 

and structure. Based on such descriptors, we have introduced topographic steric maps that provide a three-dimensional 

image of the catalytic pocket ð the region of the catalyst where the substrate binds and reacts ð enabling it to be visualized 

and also reshaped by changing various parameters. These topographic steric maps, especially when used in conjunction with 

density functional theory calculations, enable catalyst structural modifications to be explored quickly, making the online design 

of new catalysts accessible to the wide chemical community. In this Perspective, we discuss the application of topographic 

steric maps either to rationalize the behaviour of known catalysts ð from synthetic molecular species to metalloenzymes ð or 

to design improved catalysts. 

 
 

Humans have been unknowingly using natural catalysts 

(enzymes) for the production of food and beverages for 

thousands of years. More recently, modern chemistry has 

introduced synthetic catalysts, whose field of application 

is, in principle, infinite. Modern catalysis has the potential 

to address and solve some of the great challenges of the 

21st century, especially those related to the increasing 

demands of sustainable energy1,2. However, while nature 

has had billions of years to develop highly efficient 

enzymes that can catalyze a finite set of reactions required 

for life (approximately 6,000 classified to date3), chemists 

have had only a few decades to develop efficient catalysts 

that can promote chemical transformations to address the 

above challenges. 

Both for nature and for chemists, developing a good 

molecular catalyst means designing a well-functioning 

catalytic pocket ð the region of the enzyme or synthetic 

catalyst where the substrate binds and reacts ð by properly 

arranging the atoms involved in the catalytic process in 

three-dimensional space4 (Figure 1). As an example, 

proteases, the enzymes that catalyze the cleavage of peptide 

bonds, have evolved into families defined by specific amino 

acids or metal atoms fundamental to their biological 

function, and they are all efficient in catalyzing the same 

chemical reaction. Serine protease families have even 

evolved to the same catalytic pocket through independent 

evolutionary pathways5. 

 

 
Figure 1.  Catalytic pocket in enzymes and synthetic 

catalysts.  a) The catalytic pocket of enzymes is characterized 

by a few residues directly involved in the catalytic action 

(bronze patch), and by residues indirectly involved, for example 

by altering the pKa of a directly involved residue. Other residues 

may be responsible for binding the substrate (green patch), 

allowing the recognition and precise positioning of an enzyme's 

substrate in proximity to the chemically active catalytic residues. 

b) The catalytic pocket of a transition metal-based synthetic 

molecular catalyst is usually characterized by a metal 

coordinated to one or more organic ligands. The metal is 

directly involved in the catalytic action, while the organic 

scaffold (in green) plays an indirect catalytic role by modulating 

the electronic properties of the metal. The three-dimensional 

wrapping of the organic scaffold around the metal center is 

responsible for the selectivity in substrate binding via shape 

complementarity, the formation of noncovalent binding 

interactions, or both. 

 

The fine tuning of the active site of proteases has 

provided these enzymes with a high degree of specialization 

by restricting their action to a selected number of peptide 
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bonds located at specific sites in specific protein 

substrates5. This tuning has been the result of countless 

random mutations in their amino acid sequence and in the 

natural selection of the most effective solutions. In a 

synthetic chemistry laboratory, two main approaches are 

generally used to develop a new catalyst: one relies on the 

high-throughput screening of a large library of potential 

catalysts to explore as many candidates as possible6-8, and 

the other consists of developing a catalyst with predefined 

properties in an informed way, possibly through a few 

iterations aimed at improving the catalystôs performance 

up to a satisfactory level. 

One of the main challenges in catalyst design is tuning 

catalysts from poorly effective prototypes to systems 

fitting the stringent criteria for industrial applications. This 

is a daunting task because even minimal differences in the 

active site of a catalyst can alter its catalytic performance. 

For instance, good selectivity usually requires favoring one 

reaction pathway over the others by approximately 2 

kcal/mol, and reducing an activation barrier by the same 

amount can result in a multifold improvement in the 

catalytic activity. This energy difference is smaller than that 

associated with a hydrogen bond in water (approximately 5 

kcal/mol9) but still enough to shuttle 95% of the reactants 

along the favored reaction pathway. 

 
Molecular descriptors for predictive catalyst design  

 

Molecular descriptors are one of the pillars of 

predictive catalyst design10 ð they quantify properties of 

catalysts, enabling to correlate experimental behaviour and 

structure11-13. Molecular descriptors were introduced by 

Hammett, who proposed an empirical equation based on 

two parameters to correlate rates and equilibrium constants 

of reactions involving aromatic compounds14. Since this 

seminal work, several other descriptors have been 

proposed to build quantitative structure/activity 

relationships within a given family of organometallic 

catalysts10, in which a transition metal at the center of the 

catalytic pocket is usually responsible for the catalytic 

action. The most common approach, which was introduced 

by Tolman15 for phosphines, is to connect the experimental 

behavior of catalysts to two different descriptors 

characterizing the ligands; one electronic descriptor 

capturing the electronic effects due to transmission along 

the chemical bonds and one steric descriptor arising from 

forces (normally nonbonding) between parts of the 

molecule (Figure 2a)15. 

The steric descriptor introduced by Tolman, the cone 

angle (Figure 2b)15, is one of the most popular steric 

descriptors, and it can even be found in organometallic 

chemistry textbooks16. However, it has the disadvantage of 

being only applicable to phosphines. More general steric 

descriptors include those proposed by Taft17, Charton18 ,19 

and Verloop20,21 as well as the buried volume, which was 

introduced by us to quantify the steric hindrance of N-

heterocyclic carbenes (NHCs)22-25. As shown in Figure 2b, 

the buried volume quantifies the fraction of the first 

coordination sphere around a metal centre occupied by the 

organic ligand. Because the buried volume focuses on space 

occupation around the metal, rather than on specific 

features of a given class of ligands, it can be used to build 

propertyïstructure relationships for any class of catalysts 

and ligands. For example, this parameter has been used to 

quantify the steric effects of ligands in high-oxidation-state 

metal catalysis26 and, together with the Tolman cone angle, 

to explain the enhancement of nickel catalysis in cross-

coupling reactions via remote steric effects27. 

 

Figure 2.  Schematic representation of descriptors used in 

catalysis. a) Steric and electronic molecular descriptors, 

capturing the hindrance and the electronic influence of ligands 

on the metal can be used to correlate the experimental 

behaviour of a catalyst to its structure. b) Popular steric 

descriptors used in catalysis: the Tolman cone angle, which 

measures the solid angle containing the whole ligand; the 

buried volume, which measures the fraction of the first 

coordination sphere occupied by a ligand; and the Sterimol 

parameters, which measure the ligand length (L) and the 

minimal and maximal (B1 and B5) dimensions perpendicular to 

the ligand length. c) Wireframe, space-filling Corey-Pauling-

Koltun (CPK), and topographic steric map representations of a 

ruthenium complex. 

 

Nevertheless, most of the proposed descriptors are 

limited by condensing the features of a given catalyst to 

single numbers, while the chemical behaviour is often more 

complex, because it is related to the three-dimensional (3D) 

shape of the catalytic pocket. This point becomes pivotal in 

the case of asymmetric synthesis, where the selectivity of 

the catalyst is related to effective de-symmetrization of the 

catalytic pocket. Single-value descriptors, such as the 

Tolman cone angle or the buried volume, are unable to 

capture these features. This limitation has inspired the 

search for other descriptors capable of capturing the 3D 
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shape of a catalyst. Some of the proposed solutions are 

based on i) stereocartography, a mapping technique to 

locate regions of maximum asymmetry and, consequently, 

stereoinduction around a chiral catalyst28; ii) accessible 

molecular surface, a method for quantifying the intrinsic 

steric properties of a chelating ligand based on the solvent-

accessible surface area of the metal center29; and iii) 

Sterimol parameters, a set of parameters that can 

successfully capture the size and shape of a ligand on a 

metal by measuring the dimensions of the substituents 

along specific directions (Figure 2b)30,31. These 

methodologies are powerful tools for quantifying 

differences in a catalytic pocket and to quantitatively 

correlate the experimental behaviour of a catalyst with its 

structure. However, they cannot provide a 3D visualization 

of the shape of a catalytic pocket. 

 

Visuali zing  the catalytic pocket  

 

The concept of a catalytic pocket was developed in the 

field of enzymatic catalysis, and the importance of a 

properly shaped catalytic pocket has been well established 

since the introduction of the lock-and-key model by 

Fischer32. These concepts can easily be extended to 

molecular transition-metal catalysts, since high selectivity 

and good catalytic activity require shape complementarity 

between the substrate and the catalyst both in enzymatic and 

synthetic catalysis. However, the number of tools capable of 

visualizing the shape of the catalytic pocket in transition-

metal complexes remains surprisingly low. The most 

common approach is to prepare a ball-and-stick or a space-

filling Corey-Pauling-Koltun (CPK) visualization of the 

catalyst in a specific orientation33,34 to maximize the 

exposure of the catalytic pocket (Figure 2c). In addition to 

the difficulties associated with visualizing differences 

between related systems, these representations do not 

provide any quantitative description of the pocket 

surrounding the metal center. 

In this context, we introduced the concept of 

topographic steric maps35,36 (Figure 2c), which can be 

considered physico-chemical analogs of physical maps in 

geography. Topographic steric maps provide an image of 

the surface of interaction between the catalyst and the 

substrate(s) that is shaped by the ligands in the complex, 

while the numerical array of points defining the surface can 

be used for quantitative analysis. Once the metal centre has 

been set to the equivalent of sea level and the whole 

complex has been oriented to maximize exposure of the 

metal centre from the top, altimetric contours offer a 

quantitative description of the catalytic pocket. Elevation 

from the metal is measured in a manner analogous to that 

used with physical maps for geographical features, and a 

coloring scheme from deep blue to dark red can be used to 

indicate regions in the catalytic pocket where there is space 

available to host the substrate below or above the 'sea level'. 

Following a similar philosophy, a method for visualizing 

the hindrance around a catalytic center has also been 

described by Houk, Montgomery and Liu, who used a 

graphical representation based on ligand 2D steric contour 

maps, in which the contours describe the distance between 

the van der Waals surface of the ligand and the substrate, to 

explain the reversal of the regioselectivity in reductive 

couplings of alkynes and aldehydes catalyzed by NiïNHC 

complexes37. The same approach was used recently by Liu 

and Montgomery to rationalize the regio- and 

enantiocontrol in the same reaction when using a new class 

of exceptionally hindered, enantiopure NHC ligands38. 

 

Topographi c steric map s of transition -metal  

complexes  

 

In addition to offering an image of the catalytic pocket, 

topographic steric maps can also be considered fingerprints 

of transition-metal complexes. An illustration of this is 

presented in Figure 3 for a set of three related privileged 

chiral ligands39: bisoxazoline and binaphthyl ligands in C2-

symmetric complexes 1 and 2 and a phosphinooxazoline 

ligand in C1-symmetric complex 3. These complexes are 

known to induce enantioselectivity in a wide variety of 

textbook reactions, including DielsïAlder cycloadditions, 

Michael and MukaiyamaīMichael addition reactions, Heck 

reactions and asymmetric hydrogenations. 

Simple visual inspections of the ball-and-stick or CPK 

structures of complexes 1-3 do not enable an immediate 

comparison of the various systems (see Figure 2c for a 

representative comparison between different visualizations 

of a complex). Conversely, the steric maps in Figure 3 

identify the individual complexes and intuitively indicate 

how different ligands shape the catalytic pocket in different 

ways. The slim bisoxazoline ligand of 1 occupies space 

along the equator of the catalytic pocket, with the upward-

oriented t-butyl groups corresponding to the relatively soft 

bulges in the southwestern and northeastern quadrants36. 

The upward-facing phenyl groups of the binaphthyl ligand 

in 2 form a northwestern to southeastern groove similar to 

that in 1. The main differences are in the naphthyl groups of 

2, which cover the bottom of the catalytic pocket in the 

northwestern and southeastern quadrants, and in the 

stronger hindrance provided by the phenyl groups of 2 in 

the southwestern and northeastern quadrants36. The catalytic 

pocket of 3 can be considered a hybrid of those of 1 and 2, 

with the western hemisphere similar to that of 1 and the 

eastern hemisphere similar to that of 2. Consistently, the 

%VBur of 2 is clearly larger than that of 1, while the %VBur 

of 3 is intermediate between those of 2 and 3. 
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Figure 3.  Topographic steric maps of  transition metal 

complexes. In particular, of three related ligands in the density 

functional theory (DFT)-optimized structures of the palladium 

complexes 1-3. Only the ligands in red have been 

considered in the definition of the catalytic pocket. The steric 

maps are viewed down the z-axis; the orientation of the 

complexes is indicated for 1 and applies to the three systems. 

The isocontour scheme, in Å, is shown at the bottom. The red 

and blue zones indicate the more- and less-hindered zones in 

the catalytic pocket, respectively. Comparison of the steric maps 

allows differences to be identified in the shapes of the catalytic 

pockets of the three complexes. 

 

Topographic  steric maps in catalyst  design  

 

Topographic steric maps can be a useful guide for the 

design of new catalysts because they enable the 

determination of the effect of structural changes. For 

example, Bertrand et al. used topographic steric maps to 

design cyclic, six-membered (alkyl)(amino)carbene 

(CAAC-6) ligands capable of outcompeting their five-

membered analogues (CAAC-5) in Pd-mediated a-

arylations of ketones with aryl chlorides (Figure 4a)40. 

Previous work on CAAC-5 Pd-complexes indicated that 4, 

with unhindered ethyl substituents, was unable to promote 

the a-arylation reaction, while 5, with a bulky menthyl 

substituent replacing the ethyl groups, showed high 

reactivity with the less sterically demanding aryl chloride, 

i.e., chlorobenzene. However, 5 showed much lower 

reactivity with bulkier aryl chlorides, such as o-

chlorotoluene or 2-chloro-m-xylene. 

This knowledge led the authors to hypothesize that a CAAC 

ligand with large steric hindrance but more flexible than 5 

would offer better catalytic efficiency and broaden the 

substrate scope to a large variety of aryl chlorides. To test 

this hypothesis, the CAAC-6 ligand of 6, also having the 

advantage of being more electron donating, was selected. 

Buried volume analysis of the crystallographic structures of 

4, 5 and 6 confirmed the overall larger steric congestion 

around the Pd centre of 6 compared to both 4 and 5. 

Further, analysis of the steric maps indicated that the 

additional steric hindrance in 5 is also placed around the 

north to south axis, which probably prevents coordination 

of bulky substrates, while in the steric map of 6 these are 

relatively unhindered zones, which possibly allows for 

coordination of bulkier substrates. 

Subsequent comparison of the catalytic activities of 4, 5, 

and 6 in the Ŭ-arylation of propiophenone with different 

aryl chlorides indicated that CAAC-6 complex 6 

outperforms CAAC-5 complexes 4 and 5, and it offers 

excellent yields regardless of the structure of the aryl 

chloride (Figure 4a), validating the catalyst design 

strategy40. 

Another example of catalyst design based on the 

comparative analysis of catalytic pockets in related 

complexes can be found in the development of chelating 

ligands for the Pd-catalyzed copolymerization of ethylene 

with olefins having a polar functional group (Figure 4b). 

One of the drawbacks of the currently available catalysts is 

that only a few of them selectively generate high-

molecular-weight linear polymers. Furthermore, the typical 

strategy used to increase molecular mass in olefin 

polymerization, based on the inhibition of the chain 

termination reactions by increasing the steric hindrance 

around the active center of the catalytic system42,43, cannot 

be applied in a straightforward manner. For instance, 

increasing the steric hindrance of the substituents on the P 

atom of a phosphine-sulfonato Pd-ligand in the prototype 

Drent-type catalysts (10) for the copolymerization of 

ethylene with higher (and bulkier) olefins drastically 

reduces the amount of incorporated co-monomer, as this 

steric hindrance is located in proximity of the coordinated 

monomer (Figure 4b). 

Carrow and coworkers resolved this dichotomy by 

designing Pd catalysts featuring a chelating P(V)īP(III) 

ligand based on a phosphonic diamide-phosphine (PDAP) 

motif, such as in 9 (Figure 4b)41. In addition to having 

different electronic properties, the steric hindrance of the 

PDAP skeleton can be tuned by changing the bulkiness of 

the substituents on the diamide N atoms, which is in 

positions remote from the coordinated monomer (Figure 

4b). This should preserve good insertion rates of the 

comonomer. 

The initial comparison of the steric hindrance of (P^O)-

ligands in the crystallographic structures of Pd-complexes 

indicated that 9, having the prototype PDAP ligand with a 

diisopropyl phosphonic diamide group, displayed 

significantly higher steric hindrance compared to other 

common ligands, such as the carboxylate-based ligand in 7 

or the di-tert-butyl phosphine oxide ligand in 8. In addition, 

visualization of the catalytic pocket indicated that the 

PDAP ligand in 9 hinders the O side of the complex 

(western hemisphere), while the impact on the P side, 

which is near the coordination position available for the 

incoming monomer in the eastern hemisphere, is minimal. 

This analysis led the authors to conclude that variations of 

the amine substituents in the PDAP ligand could be a good 

handle for tuning the polymerization behaviour of the 

catalyst. 
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Subsequent comparison of the catalytic copolymerization 

behavior of Pd complexes bearing a series of differently 

substituted PDAP ligands allowed the authors to identify 

complexes, such as 11, which are potent catalysts for the 

insertion copolymerization of ethylene with polar vinyl 

monomers to prepare high-molecular-weight copolymers 

(Mw up to 105 g/mol). 

 
Figure  4. Application of topogr aphic steric maps in catalysts design.  a) Pd-catalyzed Ŭ-arylation s of ketones with aryl 

chlorides. (i) Reaction investigated by Bertrand et al.40, a-arylation of propiophenone. (ii) Pd complexes compared in ref. 40. (iii) 

Performance of catalysts 4-6 in the a-arylation propiophenone. (iv) Steric maps of complexes 4-6. A comparison of the steric maps of 
complexes 4, 5 and 6 indicated that complex 6 was the most promising catalyst, because it has at the same time high steric hindrance 
and relatively free space along the north to south axis for coordination of bulky substrates. Subsequent experiments confirmed that 6 

outperforms 4 and 5 in the a-arylation of propiophenone by aryl chlorides with different degrees of steric hindrance, such as 
chlorobenzene and 2-chloro-m-xylene. b) Pd-cataly zed synthesis of high -molecular -weight  functional pol yethylenes . (i) Reaction 
investigated by Carrow et al.41, copolymerization of ethylene with functionalized 1-olefins. (ii) Pd complexes compared in ref. 41. (iii) 
Performance of catalysts 10 and 11 in the synthesis of functionalized polyethylenes. (iv) Steric maps of complexes 7-9. Comparison of 
the steric maps of complexes 7, 8 and 9 indicated that the most hindered phosphineīphosphonic diamide ligand of 9 was the most 
promising skeleton for further structural variations. Subsequent experimental screening of a variety of different phosphineīphosphonic 
diamide ligands demonstrated that catalysts such as 11 are potent catalysts for the insertion copolymerization of ethylene with polar 
vinyl monomers to form linear high-molecular-weight poly(ethylene-co-acrylate) materials. Both in parts a) and b) the steric maps are 
viewed down the z-axis; the orientation of the complexes is indicated for 4 and 7, and this orientation applies to all systems. The 
isocontour scheme, in Å, is the same as that described in Figure 3. 

 Physico -chemical  characterization of the catalytic 

pocket  
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As the steric maps identify the surface of the catalyst 

exposed to the substrate, this surface can be further 

analyzed to characterize the catalytic pocket in terms of its 

physico-chemical properties. For example, analysis of the 

catalytic pocket based on its steric properties alone is not 

sufficient for explaining the enantioselectivity in the 

asymmetric 1,4-addition of phenylboronic acid to 2-

cyclohexenone, which leads to chiral 3-

phenylcyclohexanone (Figure 5a), promoted by Rh-

catalysts 12 and 13 (see Figure 5b). Both 12 and 13 are 

highly enantioselective, with enantiomeric excesses of 90% 

and 99%, respectively. While the good performance of 12 

was expected, the high enantioselectivity achieved with 13 

was surprising because the enantioselective induction 

should be controlled by the small, upward-oriented S=O 

moieties (Figure 5c). The characterization of the catalytic 

pocket in terms of its steric properties confirmed that the 

catalytic pocket of 12 is highly asymmetric35, with a 

northwest to southeast oriented groove shaped by the 

upward-oriented p-tolyl groups (Figure 5d). DFT 

calculations demonstrated that in the favored transition 

state, the reacting groups are accommodated in this groove 

(Figure 5c). In contrast, the steric map of 13 shows a 

substantially flatter catalytic pocket (Figure 5d), suggesting 

that steric effects are not responsible for the high 

enantioselectivity exhibited by 13. 

 

 

Figure 5. Rh-catalyzed asymmetric addition of phenylboronic acid to 2 -cyclohexenone . a) Scope of the reaction: enantioselective 

synthesis of 3-phenylcyclohexanone. b) Rh catalysts compared in ref. 35 . c) Ball-and-stick representations of the favored transition 

state geometries for the CïC bond formation steps between the 6-membered rings of phenylboronic acid (colored in pink) and 2-

cyclohexenone (colored in cyan) with 12 and 13. d) Steric maps of the catalytic pockets of 12 and 13 in the transition-state geometries of 

the CïC bond formation step. The steric map of 12 is strongly asymmetric, with steric hindrance in the NE and SW quadrants due to the 

upward-oriented phenyl groups of 12. This hindrance forms a NW to SE groove matching the relative disposition of the reacting groups 

in the favored transition state. The steric map of 13 is flatter, with no zones of high steric hindrance. Therefore, 13 is not capable of 

enforcing a favored orientation of the reacting groups in the CïC bond formation step through steric effects. e) Electrostatic potential 

maps of the catalytic pockets of 12 (top) and 13 (bottom) in the same transition states. The situation is reversed relative to the steric 

maps: the electrostatic potential map of 13 is strongly asymmetric because of the highly negative electrostatic potentials in the NE and 

SW quadrants (due to the upward-oriented O atoms of 13), while the electrostatic map of 12 is flatter. 

Characterizing the surfaces of the catalytic pockets 

defined by the steric maps using the electrostatic potentials 

derived from DFT calculations provided a different 

perspective of the two catalysts (Figure 5e). The 
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electrostatic potential map of the catalytic pocket of 13 is 

remarkably asymmetric, with highly negative electrostatic 

potential hotspots located in proximity to the S=O moieties. 

In contrast, the electrostatic potential map of 12 is flatter. As 

a result, the electrostatic map of 13 is asymmetric and has a 

shape similar to that of the steric map of 12. The favored 

transition state again places the reacting groups in the 

northwest to southeast groove, which is in this case shaped 

by the electrostatic potential on the surface of the catalytic 

pocket. In short, imaging catalytic pockets with the steric 

maps and characterizing their surfaces using a general 

property, such as the electrostatic potential, allowed us to 

explain the origin of the stereoselectivities of 12 and 13. 

 

Characteriz ing the catalytic pocket of metalloproteins  

 

The application of topographic steric maps is not limited to 

synthetic molecular catalysts. For example, they can be used 

to characterize the catalytic pockets of natural or artificial 

metalloenzymes44. To illustrate how they can be used in the 

analysis and design of enzymes45 in this section we discuss a 

comparison between the catalytic pocket of the wild-type 

mononuclear p-hydroxymandelate synthase from A. 

orientalis and that of an in silico designed triple mutant 

(S221M/V223F/Y359A) of a homologous enzyme from S. 

coelicolor. 

The wild-type enzyme facilitates the conversion of 

phenylpyruvate to (S)-mandelate46, while the mutant is 

designed to induce the opposite enantioselectivity and favor 

the formation of (R)-mandelate46-48 (Figure 6a). The active 

site of these proteins (Figure 6b) presents a trigonal 

bipyramidal Fe center with coordinating N-e atoms of 

His181 and His261 in the equatorial plane and an oxygen 

from the carboxylate group of Glu340 along the main axis 

(according to the residue numbering of S. coelicolor). The 

other two coordination positions, colored in green in Figure 

6b, are available for catalysis. In the X-ray structures of the 

wild-type enzyme (PDB ID: 2R5V49) and of the mutant 

(PDB ID: 3ZGJ48), these positions are occupied by the (S)-

mandelate and the (R)-mandelate products, respectively. Co 

was used as a catalytically inactive mimic of Fe48,49 to 

intercept the intermediate in which the product is 

coordinated to the metal. 

 

 

Figure 6. Steric maps of the catalytic pocket of  

metalloproteins. a) Scope of the reaction: oxidation of 

phenylpyruvate to mandelate. b) Ribbon representation of 

the structure of the S221M/V223F/Y359A mutant from S. 

coelicolor with the catalytic site in a ball-and-stick 

representation. The coordination positions available for 

catalysis are shown in green. c) Steric map of the active site 

in the crystallographic structure of the wild-type enzyme 

from A. orientalis and of the S221M/V223F/Y359A mutant 

from S. coelicolor. The metal is at the origin, the barycenters 

of the metal-coordinated N and O atoms are on the z-axis, 

and the metal-coordinated O atom is on the XZ-plane. d) 

Ball-and-stick representation of the mandelate products 

bound in the crystallographic structure of the wild-type 

enzyme from A. orientalis and of the S221M/V223F/Y359A 

mutant from S. coelicolor. In both structures, Co(II) (colored  

pink) was used as a redox-inactive Fe(II) mimic. 

 

In both cases, the coordinating residues, His181, His261, 

and Glu340, are located at the bottom of the catalytic 

pocket36. As highlighted by the steric maps shown in Figure 

6c, in the catalytic pocket of the wild-type enzyme the 

space above the metal is constrained by several residues 

(those in positions 223, 234, 261, 340, 350, and 359), and 

the aromatic ring of (S)-mandelate is thus placed in the 
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southwestern quadrant in an open subpocket between the 

metal and residues Thr234 and Val223. In contrast, in the 

mutant the aromatic ring of (R)-mandelate is placed in the 

northwestern quadrant of the catalytic pocket. (R)-mandelate 

cannot be accommodated in the catalytic pocket of the wild-

type enzyme, as its aromatic ring would clash with the large 

Tyr359 residue. 

The impact of the V223F and Y359A mutations is evident 

from a comparison of the steric representations of the 

catalytic pockets: the V1223F mutation blocks the open 

space in the southwestern quadrant, where the aromatic ring 

of S-mandelate would be placed, while the Y259A mutation 

opens space in the northwestern quadrant, to accommodate 

the aromatic ring of R-mandelate. 

 

Conclusions and outlook  

Classifying the behaviour of catalysts using molecular 

descriptors that are unbiased towards the catalyst structure, 

such as the Sterimol parameters, topographic steric maps, or 

the recently proposed average steric occupancy descriptors50, 

can facilitate the rapid design of superior catalysts. Focusing 

on descriptors that are able to capture the shape of a catalytic 

pocket, topographic steric maps can be seen as fingerprints 

for characterizing transition metal catalysts and, based on 

preliminary results, metalloproteins, allowing their 

application in biocatalysis. Evolution of the concepts 

described in this perspective can be implemented by the 

catalysis community by using and modifying the source 

code, downloadable from the SambVca web server 

calculating buried volumes and steric maps51, under the 

GNU general public license52.  

For example, one possible development could consist in 

exploring different ways of characterizing the surface of the 

catalytic pocket in terms of a series of physico-chemical 

properties other than steric hindrance, as in the electrostatic 

potential maps of Figure 5. In analogy to the 

characterization of protein surfaces in terms of the properties 

of the exposed amino acids53, the catalytic pocket of 

catalysts could also be characterized in terms of their 

hydrophobic/hydrophilic, polar/apolar and aromatic patches; 

hydrogen bond acceptors and donors; or Lewis base and acid 

groups. 

Another development could consist in the integration of 

the steric map source code with efforts to develop 

computational methods capable of real-time geometry 

optimization of molecular structures54-57. This would 

facilitate the implementation of a web-based 3D computer-

aided design (3D-CAD) system58, which could allow 

interactive modification of an initial catalyst skeleton. 

Finally, the digital version of the steric map, which is the 

array of points defining the surface in the Cartesian space, 

could be used as a digital steric descriptor within multilinear 

regression analysis59-61 or could be embedded in a workflow 

for the high-throughput screening of new catalysts within 

machine learning approaches50,62. 

Computer code availability  

The source code calculating buried volumes and steric 

maps is downloadable from the SambVca web server, 

https://www.molnac.unisa.it/OMtools/Test-

2019/download/download.html. 
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