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ABSTRACT: Tandem catalytic systems, often inspired by
biological systems, offer many advantages in the formation of
highly functionalized small molecules. Herein, a new metal−
organic framework (MOF) with porphyrinic struts and Hf6
nodes is reported. This MOF demonstrates catalytic efficacy in
the tandem oxidation and functionalization of styrene utilizing
molecular oxygen as a terminal oxidant. The product, a
protected 1,2-aminoalcohol, is formed selectively and with
high efficiency using this recyclable heterogeneous catalyst.
Significantly, the unusual regioselective transformation occurs
only when an Fe-decorated Hf6 node and the Fe−porphyrin strut work in concert. This report is an example of concurrent
orthogonal tandem catalysis.

■ INTRODUCTION

Chemists are often inspired by nature in the pursuit of highly
selective architectures when designing new catalysts for
chemical transformations. Emergent biological systems often
use complex molecular designs and constrained 3D environ-
ments to facilitate specific and highly selective chemical
transformations as exemplified by catalytically active sites in
protein tertiary structures. One approach, mastered by nature,
involves the use of a tandem process to increase the synthetic
efficiency for specific substrates.1 Tandem or cascade reactions
are extremely valuable processes because reactive intermediates
are quickly guided through consecutive reactions toward the
desired product. This process essentially eliminates the
possibility of product (intermediate) inhibition and slow
reaction rates associated with low reactant concentration as
well as substrate degradation, while also mitigating side product
formation.2,3

Metalloporphyrins, a class of metal complexes used
ubiquitously in biological systems, have been shown to be
essential in many enzymatic processes.4 Cytochrome P-450

(CP-450) for example, which features an iron porphyrin core, is
used extensively in nature to perform catalytic oxidations. The
enzymatic pocket of CP-450 protects the porphyrin core and
allows for high catalytic turnover, whereas the protein structure
provides electrostatic constraints that enhance product
selectivity.5 In a laboratory setting, iron porphyrin is still an
active oxidation catalyst, but the absence of a protective protein
shell often leads to both catalyst decomposition and non-
selective oxidation.6

One approach to protecting a catalyst from decomposition
involves the incorporation of catalytically active sites within a
metal−organic framework (MOF).7 MOFs are a class of
atomically precise and permanently porous materials composed
of organic linkers and modular metal clusters.8 MOFs have
been studied for a number of applications including sensing,9

chemical separations,10 adsorption, storage and release of
gases,11 light harvesting,12 and catalysis.13 Catalysts based on
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permanently porous MOFs can be utilized to combine the
optimal features of homogeneous catalysts (selectivity and ease
of modification) and heterogeneous catalysts (ease of
purification and recyclability).14,15 By choosing the appropriate
combination of organic linkers and metal clusters, MOFs can be
designed to contain catalytically active sites that are uniformly
located inside the porous framework.
Recently,16 we reported a permanently porous Hf-based

MOF, Hf-NU-1000, obtained by solvothermal reactive
crystallization of HfOCl2, 1,3,6,8-tetrakis(p-benzoic acid)pyrene
(H4TBAPy), and benzoic acid as a modulator. Owing to the
high density of Lewis acidic sites present within the framework,
Hf-NU-1000 was shown to be an excellent catalyst for the
regioselective ring opening of styrene oxide, in addition to
demonstrating extraordinary chemical stability. Specifically, Hf-
NU-1000 allows for the regioselective formation of a protected
1,2-hydroxylamine (1) when TMS-N3 is used to open and trap
styrene oxide (Figure 1A).16 Given that iron porphyrins have

been studied extensively for the epoxidation of styrene, we
envisioned that a robust MOF consisting of Fe−porphyrin-
based struts and catalytically active Hf6 nodes would give rise to
a catalyst capable of performing tandem epoxidation and
subsequent epoxide opening. (Figure 1B).

■ EXPERIMENTAL SECTION
For detailed experimental procedures including syntheses and
characterization data, see the Supporting Information. Briefly,
commercial HfOCl2·8H2O (123 mg, 0.3 mmol), benzoic acid (2.7 g,
22.1 mmol), and N,N-diethylformamide (DEF, 8 mL) were added to a
20 mL screw-necked glass vial, and the mixture was sonicated to create
a fine dispersion. Commercially available meso-tetra(4-carboxyphenyl)-
porphyrin-Fe(III) chloride (FeTCP-Cl, 53 mg, 0.06 mmol) was added
to give a dark-purple suspension. The mixture was placed in a 120 °C
oven for 48 h. The reaction vial was removed from the oven and
allowed to cool to room temperature. The supernatant was gently
decanted, and then fresh N,N-dimethylformamide (DMF, 20 mL) was
added to the vial and shaken. The suspension was transferred to a 50
mL centrifuge vial. The dark (orange under microscope) crystals were
isolated by centrifugation, washed five times with fresh DMF (45 mL
through repeated centrifugation), and then soaked in fresh DMF (45
mL) for 12 h at 50 °C to wash any unreacted species from the
resulting MOF crystals. Then, the dark crystals were isolated by
centrifugation, resuspended in acetone (45 mL), and washed five times
with fresh acetone (45 mL). Finally, the crystals were soaked in

acetone (45 mL) for 12 h for a final rinse. The solid was activated at
room temperature under vacuum followed by 120 °C under vacuum
for 12 h to yield needlelike crystals with hexagonal faces of Hf-2 (55
mg, 49% yield).

Hf-2 single-crystal X-ray diffraction (SC-XRD) data was collected
under a cold N2 gas stream (250 K) on a Bruker Kappa Apex2
diffractometer. Using Olex2,17 the structure was solved with the
ShelXS18 structure solution program using direct methods and refined
with the ShelXL-201419 refinement package using least squares
minimization. The Supporting Information contains a detailed
description of data collection and analysis of structural parameters.

Nitrogen isotherms were recorded on a MicroMeritics ASAP 2020
instrument at 77 K. Detailed experimental procedures for X-ray
absorption near-edge structure (XANES), extended X-ray absorption
fine structure (EXAFS), and pair distribution functions (PDFs) are
described in the Supporting Information.

The metalation of Hf-2 to give Fe@Hf-2 is described in section S17
of the Supporting Information. Fe@Hf-2 has the same structure as Hf-
2 but contains two additional Fe atoms coordinated to the Hf6 node of
the framework to give the overall formula C96H64Cl4Fe4Hf6N8O32. The
following is a general procedure for the tandem oxidation reaction
using styrene as a substrate and Fe@Hf-2 as a catalyst. Styrene (23 μL,
0.2 mmol), isobutyraldehyde (36.5 μL, 0.4 mmol), and azidotrime-
thylsilane (350 μL, 2.6 mmol) were dissolved in acetonitrile (150 μL),
and Fe@Hf-2 (3 mol %, 10 mg) was added to the solution in an
autoclave reactor. The autoclave was dried for 6 h at 80 °C prior to
addition of reagents. The autoclave reactor was evacuated and purged
with O2, then placed under a constant pressure of O2 (5 atm gauge
pressure) for 10 h during which time it was gently shaken frequently.
At the end of the reaction, the reactor was placed in an ice bath for 10
min, and then the vessel was vented and opened. After catalyst
separation by centrifugation, a small aliquot of the supernatant
reaction mixture was taken to be analyzed by 1H NMR spectroscopy,
in order to calculate the conversion of the reaction. For the recycling
experiment, the recovered catalyst was washed with acetonitrile and
centrifuged, and the supernatant was decanted. This process was
repeated three times; then, the dried catalyst was reused for the next
cycle. Caution! Azidotrimethylsilane (TMS-N3) is incompatible with
moisture, oxidizing agents, and acids. It is easily decomposed to other
compounds, e.g., hydrolyzed to hydrazoic acid (hydrogen azide) which is
an extremely toxic and explosive material. Therefore, the safety regulations
for this reaction must be followed strictly.

■ RESULTS AND DISCUSSION
To test our tandem catalysis hypothesis, we prepared the Fe−
porphyrin variant of Hf-NU-1000 (Figure 2). This material is
similar in structure to previously prepared PCN-222/MOF-
545,20 an architecture which will be referred to as 2, consisting
of >35 Å hexagonal and 12 Å triangular 1D channels arranged
in an alternating manner. Additionally, the metal node, an

Figure 1. (A) Ring-opening epoxidation using Hf-NU-1000 as a
catalyst. (B) Proposed tandem reaction using an Fe−porphyrin, Hf-
based MOF to give protected 1,2-hydroxylamine (1) in a tandem
oxidation/epoxide-opening process.

Figure 2. Single-crystal X-ray structure of Hf-2 highlighting the Hf6
nodes and the tetracarboxylate Fe−porphyrin linker.
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eight-connected Hf6-oxo cluster, is identical to the node found
in Hf-NU-1000. Single-crystal X-ray analysis (Figure 2)
establishes the framework structure and overall topology,
whereas powder XRD patterns confirm phase purity of the
material (Supporting Information).
As synthesized, each metal node of Hf-2 contains four

additional benzoate ligands as determined by 1H NMR
spectroscopy of the digested framework (Supporting Informa-
tion).21 The as-synthesized Hf-2 was studied by N2
adsorption−desorption experiments at 77 K, and the resulting
isotherm (type IVc) yielded a Brunauer−Emmett−Teller
(BET) surface area of 1440 m2 g−1 and a total pore volume
of 1.03 cm3 g−1. Initial analysis of the MOF samples showed a
lower than expected Fe:Hf ratio22 (2:6) and therefore in an
attempt to ensure that every porphyrin was metalated the as-
synthesized Hf-2 was exposed to a DMF solution containing
anhydrous FeCl3. Analysis of the framework after exposure to
FeCl3, however, showed removal of ligated benzoic acid
molecules, potentially as a result of the in situ generation of
HCl, and a further activated framework was obtained.23 The 1H
NMR spectrum (Supporting Information) of the activated Hf-2
shows a loss of benzoic acid, and the N2 adsorption−desorption
experiments at 77 K indicate an increase in BET surface area to
1600 m2 g−1. As expected, thermal gravimetric analysis (TGA)
of the activated sample displayed no major decomposition up
to 450 °C (Supporting Information). Interestingly, inductively
coupled plasma (ICP) analysis of the activated material
indicates a Fe:Hf ratio of 4:6. This result shows an increase
in the amount of Fe incorporated in the framework as
compared to that in the as-synthesized MOF, which has an
Fe:Hf ratio of only 2:6 (in compliance with the theoretical
structural formula with every porphyrin metalated with one Fe
atom). The whole number increase of two Fe atoms per node
suggests that a well-defined transformation occurs. Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
reveals a reduction24 in intensity of the stretches assigned to
terminal −OH groups on the polyhafnium node (Supporting
Information), indicating potential functionalization of the free
−OH and −OH2 ligands of the Hf nodes.

25 Single-crystal X-ray
analysis (Figure 3, close up of the node) of the FeCl3-activated
material confirms the presence of Fe atoms coordinated to the
Hf6 node in place of some of the terminal −OH and −OH2
ligands normally present on this eight-connected node.
Crystallographically, the data indicate that there are eight
locally degenerate positions (Figure 3, circled in orange), which
are each 25% occupied, giving a formal two Fe atoms per
node.26 This new, postsynthetically-metalated structure that
contains Fe in the porphyrin struts as well as two additional Fe
atoms on the Hf6 nodes will be referred to as Fe@Hf-2.
PDF analysis of X-ray total scattering data was used to probe

the distribution of Fe ions on the Hf6-nodes. Differential PDF
approaches were applied to isolate the new contributions from
atom−atom correlations upon Fe incorporation on the Hf6-
nodes by subtracting the PDF of Hf-2 (initial framework) from
that of Fe@Hf-2 itself. The experimental differential PDF
showed peaks at 3.8, 4.4, and 5.0 Å corresponding to Fe−Hf
distances. Simulated PDFs based on single-crystal data indicate
three different closest Fe−Hf distances at 3.70, 4.39, and 4.97 Å
(Figure 4). Additional peaks were determined at 1.9, 2.9, and
3.2 Å, associated with Fe−O and Fe−Fe, respectively, in
agreement with EXAFS analyses. The differential PDF analysis
also shows a slight shift of the Hf−O and Hf−Hf peaks,
consistent with a cell contraction of the framework.

X-ray absorption spectroscopy measurements were used to
gain insight into the oxidation state and coordination
environment of Fe present in Fe@Hf-2. The Fe K-edge
XANES data for Hf-2, Fe@Hf-2, and FeTCP-Cl is shown in
Figure 5. For comparison purposes, Fe(acac)3 and Fe foil were
used as references. The position of the pre-K-edge indicates
that Fe is present only in a +3 oxidation state,27 in agreement
with XPS data (Supporting Information) of both Hf-2 and Fe@
Hf-2 as well as in the free Fe(III) porphyrin control
(Supporting Information). Figure 6 shows the k2-weighted χ-
function-extended EXAFS spectra for Hf-2, Fe@Hf-2, and
FeTCP-Cl. Because the observed EXAFS spectra are the result
of the summation of scattering over all available paths, the
EXAFS contribution from the Fe anchored to the node of Fe@

Figure 3. Ball-and-stick representations of the Hf node inside Fe@Hf-
2 viewed along (A) the crystallographic c axis, (B) the abc plane, (C)
the ab plane, and (D) the ab plane with slight offset. Carbon, oxygen,
hafnium, and iron are represented by gray, red, blue, and orange
spheres, respectively. The eight symmetry-related positions of the iron
atoms are highlighted with orange circles and are 25% occupied to give
a total of two iron atoms per node.

Figure 4. Differential PDFs for Fe@Hf-2 containing peaks at distances
matching the main Fe−Hf interactions at the Hf6-node.
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Hf-2 can be isolated if the contribution from the Fe located in
the porphyrin of Hf-2 is known. Because we know that half the
Fe in Fe@Hf-2 resides on the node and the other half is in the
porphyrin ring, the data isolation can be achieved using a linear
combination of the data from Fe@Hf-2 with that from either
Hf-2 or FeTCP-Cl as follows:

χ χ χ= +k k k( ) 0.5 ( ) 0.5 ( )obs node porph (1)

χ χ χ= −k k k( ) 2 ( ) 0.5 ( )node obs porph (2)

In eqs 1 and 2, χ(k)obs represents the measured EXAFS
spectra, χ(k)node represents the EXAFS contribution from Fe at
the node, and χ(k)porph represents the EXAFS contribution
from Fe in the porphyrin (either in Hf-2 or FeTCP-Cl). Figure
6B shows the EXAFS spectrum of Fe@Hf-2 after subtracting
contributions from Hf-2 (blue) and FeTCP-Cl (orange;
χ(k)porph, eq 2). The spectra are nearly identical, showing that
the Fe porphyrin reference is a good representation of the Fe in
the porphyrin struts of the MOF. (See further discussion in the
Supporting Information.) The resulting χ-difference spectra can
be fit to determine the coordination environment of the Fe on
the node. The fit spectra along with experimental data are
displayed in Figure 6C−E. The fitting results can be viewed in
Table 1. See the Supporting Information for details on the

fitting protocol. The XANES and EXAFS data lead us to
conclude that in general the nodes of Fe@Hf-2 contain four

Figure 5. K-edge XANES data of (1) Fe foil, (2) Fe(acac)2, and (3)
meso-tetra(4-carboxyphenyl)porphyrin-Fe(III)chloride (FeTCP-Cl) as
standard, in gray, yellow, and brown, respectively, and the MOF
samples (4) Hf-2 and (5) Fe@Hf-2 in orange and blue.

Figure 6. (A) k2-weighted χ function EXAFS spectra for Fe@Hf-2, Hf-2, and meso-tetra(4-carboxyphenyl)porphyrin-Fe(III)chloride (FeTCP-Cl).
(B) k2-weighted χ function EXAFS spectrum for Fe@Hf-2 after applying eq 2 to remove any contribution from Hf-2 (blue) or FeTCP-Cl (orange).
Experimental (blue) and fit (orange) data for the Fe@Hf-2 after subtraction of contributions due to the porphyrin (C) k-space, (D) real part of R-
space, (E) imaginary part of R-space, and (F) magnitude of R-space.

Table 1. EXAFS Fitting Parameters for the Fe−O Scattering
Path of Fe on the MOF Node

parameter value

coordination number (N) 4.39
bond distance (R) 2.00
edge shift (E) 7.42
Debye−Waller factor (σ2) 0.0046
amplitude reduction Factor (Sο

2) 0.899
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coordinate Fe(III) atoms which could potentially participate in
catalytic oxidations.
DFT calculations were carried out to understand more about

the coordination of Fe to the Hf6 node of Hf-2. The
calculations indicate that the reaction of FeCl3 with the Hf6
node liberates 2 equiv of HCl and gives rise to a metalated node
where Fe(III) is coordinated to one face by three oxygen atoms
(one HO bound to Hf, formerly an H2O and source of one lost
proton; one O bound to Hf, formerly an HO and source of one
lost proton; and one bridging μ-O atom of the node core) and
a remaining Cl (Figure 7A). Further hydrolysis to replace the

Cl with HO can then take place28 with the overall tetrahedral,
four-coordinate geometry around Fe(III) remaining un-
changed. Fe(III) at the Hf6 node is predicted to be high-spin,
which is consistent with the weak ligand-field environment of
oxygen. Alternative proton topologies were explored but were
found to be higher in energy by 40−70 kJ/mol. Interestingly,
coordination of a second Fe(III) was predicted to occur at the
same face already decorated with the first Fe(III), proceeding
again with loss of 2 equiv of HCl (now coming from the
remaining proton on the only HO ligand and the proton on the
bridging μ-OH group of the node core), leading to a high-spin
(2S + 1 = 11) bis-μ-oxo di-iron species (Figure 7B). The
separation between the two Fe(III) centers is predicted to be
2.83 Å, which is in good agreement with the observed EXAFS
peak at 2.9 Å and also is similar to the distance reported for the
first characterized bis-μ-oxo di-iron(III) complex of 2.71 Å. (In
the latter case, further coordination by the strong-field tris(6-
methylpyridyl-2-methyl)amine ligands lead to a diamagnetic
electronic configuration.)29 Compared to the configuration
where the second Fe(III) is placed on the opposite face of the
Hf6node, the bis-μ-oxo dimer is energetically preferred by 57
kJ/mol.
With a new understanding of the location of the additional

iron atoms present in Fe@Hf-2 versus Hf-2, the next step was
to test the catalytic activity of these new MOFs. Fe@Hf-2 was
indeed found to be catalytically active with full consumption of

the starting material in the desired tandem reaction. Under
optimized reaction conditions (5 atm O2, 60 °C, 2.3:1 TMS-
N3/MeCN, 0.4 M, and 2 equiv of t-butyraldehyde to regenerate
the catalyst), the styrene starting material was completely
consumed in 10 h. Surprisingly, the predicted 1,2-hydroxyl
amine precursor (1) (Figure 1), resulting from opening the
postulated styrene oxide intermediate at the thermodynamically
favored benzylic carbon atom, was not formed. Instead, a
complete reversal in regioselectivity was observed, where the
azide reacts (Figure 8) at the kinetically favored terminal

carbon to give the protected 1,2-aminoalcohol (3).30 The
overall transformation converts a terminal olefin directly to a
protected azidohydrin, which is an important precursor to α-
amino alcohols, a common structural motif in biologically
relevant molecules such as β-blockers.31 Indeed, this motif is
present in many bioactive natural products,32 including
nucleosides,33 carbohydrates,34 oxazolines,35 and lactams.36

Azidohydrins, prepared by classic reaction of epoxides with
alkali azides are often accompanied by side reactions, such as
epimerizations, isomerizations, and rearrangements;37 only

Figure 7. Ball-and-stick representations of (A and B) the lowest
computationally determined Hf nodes containing one Fe atom and (C
and D) a construct with two bridged Fe atoms on a single face of the
Hf node. Carbon, oxygen, hafnium, and iron are represented by gray,
red, blue, and orange spheres, respectively. The Fe atoms are
highlighted with orange circles for emphasis.

Figure 8. Under the optimized conditions using styrene as substrate, 3
is selectively formed. 1H NMR spectra of the crude reaction mixture at
(A) t = 0 h, (B) t = 8 h, and (C) t = 10 h as well as (D) that of the
purified product, 3.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b08440
J. Am. Chem. Soc. 2015, 137, 13624−13631

13628

http://dx.doi.org/10.1021/jacs.5b08440


recently,38 the first work showing the selective formation of
similar β-azido alcohols using homogeneous metal salts as
catalysts39 was reported.
Numerous control studies were carried out in order to gain a

better understanding of the reversal in regioselectivity to give 3
when Fe@Hf-2 is used as a catalyst. First of all, no leaching of
the catalyst was observed during the reaction progress.
Additionally, when the same reaction was carried out with
Hf-2, nonproductive conversion was observed, suggesting that
the Fe at the Hf6 node of Fe@Hf-2 is playing a significant role
in the regioselectivity. When using Hf-NU-1000 with Fe added
postsynthetically to the Hf6 node, however, no reaction takes
place, demonstrating that Fe at the node must work in concert
with the Fe−porphyrin struts of Fe@Hf-2 to obtain 3. Starting
from styrene oxide, i.e., the postulated intermediate for this
tandem process, under the same reaction conditions and using
Fe@Hf-2 as a catalyst, the thermodynamic product, i.e.,
regioisomer 1, was formed (Figure 1). This observation
suggests that the reversal in regioselectivity that is observed is
governed by the first step of the tandem process.40

Interestingly, when an Fe-free framework is used as a catalyst
under a balloon of oxygen while being irradiated with light, the
reaction leads selectively to the originally intended 1,2-
hydroxylamine product shown in Figure 1 (Supporting
Information), a process which most likely involves the
formation of singlet oxygen to promote formation of styrene
oxide that can then undergo subsequent ring opening through
reaction with the Hf6 node.

41 These results suggest that a highly
selective mode of action is operating for the reaction of styrene
inside Fe@Hf-2 under the original reaction conditions
described above.
To probe the potential orthogonal reactivity of styrene and

styrene oxide inside Fe@Hf-2, we prepared 1,4-di(oxiranyl)-
benzene (4) and (4-vinylphenyl)oxirane (5) as starting
materials. Unsurprisingly, 4 was cleanly converted to 1,4-
bis(1-azido-2-((trimethylsilyl)oxy)ethyl)benzene (6) by nucle-
ophilic azide attack at the thermodynamically favored internal
carbon (Figure 9). In stark contrast, 5 reacted (Figure 9) to

give the mixed product 1-(2′-azido-1′-trimethylsiloxy)-4-(1′-
azido-2′-trimethylsiloxy)benzene (7). The regioselectivity
observed for the products appears to be entirely dependent
on the nature of the starting material, further confirming that
the reversal in regioselectivity is governed by the first step of
the tandem catalytic process.
DFT calculations were carried out to assess the energetics of

potential reaction pathways operative in Hf-2 and Fe@Hf-2.
When considering the azide opening of styrene oxide, one

possible transition state involves coordination of styrene oxide
to the Lewis acidic Fe(III)−porphyrin. From this transition
state, there is a 25 kJ/mol preference to form the
thermodynamically favored regioisomer 1 compared to that
for 3, a prediction which is consistent with the results observed
when Fe@Hf-2 catalyzes the opening of styrene oxide to give 1.
(Much like that for undecorated Hf6 nodes,

16 complexation to
Lewis acidic porphyrin iron favors opening to 1.) The
experimental results suggest that formation of 3 does not
proceed via a styrene oxide intermediate but instead by a more
complex reaction pathway. One possible mechanism involves
an Fe(III)−porphyrin azide intermediate to give an azide
radical that can react with styrene and in turn be trapped by
peroxycarboxylate, but this pathway entails a very high free
energy of activation that is inconsistent with the experimentally
observed facile reaction. Cooperativity between two adjacent
Fe−porphyrin units, each activated by coordination of an oxo
and azido group, was also considered for reaction with styrene;
however, the distance between these two units, enforced by the
MOF framework, does not allow for this type of cooperativity.
Given this information coupled with the experimental results, it
seems reasonable to propose that the bis-μ-oxo di-iron
functionality on the Hf6 nodes of Fe@Hf-2 is responsible for
the observed product. Bis-μ-oxo di-iron cores are known to
provide a rich environment for oxidation chemistry,42 and
further computational studies are underway to assess possible
reaction pathways that take advantage of this iron core.

■ CONCLUSIONS

The successful use of a heterobimetallic metal−organic
framework as a tandem oxidation and trapping catalyst with
unexpected selectivity highlights the potential and underex-
plored reactivity of highly rigid and well-defined heterogeneous
catalysts. Taking advantage of the well-ordered and atomically
precise construction of metal−organic frameworks will allow
chemists to assemble new highly selective catalytic environ-
ments. We envisage that further exploration of robust porous
coordination networks as easily prepared scaffolds will bring
new insight into the fundamental concepts of catalysis.
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