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ABSTRACT: Divalent iron sites in tri-iron oxo-centered metal
nodes in metal—organic frameworks (MOFs) catalyze light alkane
oxidation. The first two steps of the reaction sequence, which are
also the most energetically demanding ones, are the formation of the
active species, Fe(IV)=0, by N,0 decomposition and subsequent
C—H bond cleavage. We have employed Kohn—Sham density
functional methods to explore how modification of the micro-
environment around the Fe(II) center can modulate its catalytic j P

activity, akin to what noted in metalloenzymes. We have varied the -

substituents on the organic linker of the MIL-101(Fe) MOF, as a |

way to modulate the energy barriers associated with the first two | = AEFe=0) ,b,.,n

steps of the methane to methanol reaction. The calculations show L T » T

that varying substituents has a minimal electronic effect on the iron ‘

center and its first coordination shell. However, their proximity to the active site can modify the barriers by 20%. Hydrogen bond
donors can lower both barriers, such that the resulting Fe(IV)=0 species are simultaneously more stable and more reactive than
those of the parent MOF. The screening of a large set of systems allowed us to establish rules for the selection of second
coordination shell elements to improve the reactivity of oxoferryl-based catalysts: (i) functionality with a low pK, or large positive
electrostatic potential, (ii) a distance around 1.5 A between the oxoferryl and any atom of the ring substituent, and (iii) low
conformational flexibility of the added substituent.

KEYWORDS: C—H bond activation, MOFs, catalysis, nonheme iron, density functional theory, MIL-101, second shell interactions

1. INTRODUCTION hosted in their pores as extra- or intraframework species. While
the former present the same problems of heterogeneity of

Despite decades of active research, the quest for an efficient i X ; )
species observed in zeolites, catalytic centers as part of the

catalyst for the direct conversion of methane to methanol

(MTM) is still ongoing.' Di-iron active sites in methane MOFs framework offer the possibility to tailor more carefully the
monoxygenases are able to convert methane to methanol active sites. The a-Fe(II) sites in zeolites are single iron sites
selectively at room temperature and atmospheric pressure.z’3 characterized by high-spin ground states and constrained square
Among synthetic systems, single Fe(II) sites (a-Fe(II) sites) in planar coordination geometries.”*> It is possible to introduce
iron-based zeolites can hydroxylate methane at room temper- similar species in a MOF.'"'>'¢
ature.”™® Nevertheless, iron centers are hosted as extra Single, divalent, high spin iron centers mimicking a-Fe(II)
framework species in the zeolites pores: this makes them sites are hosted in the reduced form of triiron oxo-centered
intrinsically disordered, with the copresence of several possible clusters [Fe(I1)Fe(III),(u3-O)]%*. These clusters are recurrent
species besides a-Fe(II).” structural units in many MOFs, including MIL-100 and MIL-
Metal organic frameworks (MOFs) are a class of hybrid 101 (MIL, Material of Institute Lavoisier), materials charac-

organic—inorganic materials characterized by a modular 19-22
architecture.” It is theoretically possible to choose separately
the organic (linker) and the inorganic (metal node) components
to tailor their structure for a specific application. Additionally,
most MOFs are crystalline solids, exhibiting nearly homoge-
neous physical and chemical properties. All these features place
MOFs as catalysts at the boundary between homogeneous and
heterogeneous catalysis. MOFs have been demonstrated to be
active in C—H bond activation,®™'® exploiting metal centers

terized by remarkable chemical and thermal stability.
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Triiron oxo-based MOFs catalyze various reactions involving
C—H bond activation.”>~*>” We have recently identified them as
promising catalysts for the oxidation of methane to methanol
and ethane to ethanol, based on Kohn—Sham density functional
(KS-DFT) calculations using N,O as the oxygen source.”®
Simons et al.'® verified this prediction experimentally, showing
that MIL-100(Fe) can catalyze the partial oxidation of propane
and ethane. The catalytic cycle for methane is reported in Figure
1. The four steps composing the cycle are (i) N,O adsorption
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Figure 1. Catalytic cycle for methane to methanol conversion on
divalent Fe(II) sites in MIL-101. The part of the cycle considered in the
present work is reported in black.

and its decomposition with the formation of the ferryl (from AO
to B), (ii) approach of the alkane and C—H bond cleavage (from
C to D), (iii) radical rebound step with the formation of the
alcohol (from D to E), and (iv) alcohol desorption (from E to
A). The rate-determining step of the reaction is the formation of
the ferryl with a barrier (AHrs,) of 140 kJ mol ™", while the C—H
bond activation enthalpy (AHrs,) is 60 k] mol™! for methane.*®
The radical rebound step is strongly exothermic and almost
barrierless, as reported also for other systems.”""'*~'%% The
calculations also indicate that the incorporation of heteroatoms

. 27-2 . -
in the node,”” >’ such as aluminum and titanium, can decrease

the rate determining barrier down to 90 k] mol™, in analogy to
strategies adopted for bulk (doped) metal oxides’”’' and
zeolites.”” This behavior was explained through the larger
stabilization of the Fe 3d,” orbital by decreasing the spin density
on the central oxygen of the cluster (p(O.)), in a trans position
to the oxo.””® Otherwise, the metal composition in the cluster
has no effect on the C—H bond activation step.

The synthesis of mixed metal MOFs presents the challenge of
guaranteeing the homogeneity of the metal distribution in all
metal nodes.””** Functionalization of the ligand is an alternative
approach for tuning the properties of a MOF, having the
advantage that the modified material can be often obtained
through minimal changes in the pristine synthesis protocols.*®
Gani and Kulik have shown that the catalytic activity for
methane to methanol conversion of iron centers in organo-
metallic complexes can be significantly modified by tuning the
ligand field strength." Liao et al. reported a similar behavior for
ethane oxidation on iron centers in MOFs.*® In the present
work, we used KS-DFT calculations to investigate the effect of
various substituents on the linker on the reactivity of Fe(II)
centers in triiron oxo-centered clusters (see Figure 2) for the
N,O decomposition and for the methane C—H bond activation
steps. Among the triiron oxo-based MOFs, we investigated MIL-
101 because its linker, terephthalate, is a suitable platform for the
introduction of different functional groups.”>*” In the first part
of the study, we have tested different linkers with the aim to
induce electronic changes in the first-coordination shell around
Fe(II), similar to those observed upon changing composition of
the metal node.”® The linker has been substituted with several
electron-withdrawing and electron-donating groups disposed at
the meta-positions to avoid any direct interaction among the
ring substituents and Fe(II) active site, the reagents (N,O and
CH,), or the products (meta clusters, see Figure 2a).

Prior studies of Fe-based catalysts'®'> confirm the generality
of the inverse linear relationship between the reaction enthalpies
for the formation of the ferryl (AH,q_,) and the C—H scission
(AH(_p): in other words, more stable ferryl species are less
reactive. The presence of noncovalent interactions has been
suggested as a way to break this relationship.'*"® Second-
coordination shell interactions are known to influence both the
formation and reactivity of heme and nonheme biomimetic
metal-oxo complexes®®~** and MOFs.*' We have evaluated this
effect by considering a second set of clusters (up clusters, Figure

meta
©/@ N\H,, -OH,-H ) -SO,NH,
-NO,, -SO;H, -CH,NH,, -CH,CH,NH,,
-COOH, -CF, -CH,NHNH,
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-NHCOOH, -NHCONH,,

-NH,, -NHNH,, -NHCOCH,NH,,
-NHOH, -NHCH,, -NHCOCOOH,
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Figure 2. Three sets of clusters used to model the functionalized MIL-101 structures, considering different positioning of the substituents on the
phenyl rings. (a) meta clusters: Fe(III),Fe(II) (43-O) (m-X-CsH,COO)s. (b) up clusters: Fe(III),Fe(II) (15-0) (0-X-C¢H,COO) (m-X-CsH,COO0) .
(c) hb clusters: Fe,(III)Fe(II) (13-O) (0-L-CcH,CO0) (C4H;COO)s. The group in ortho position in the up (purple sphere) and hb clusters (yellow
sphere) is positioned toward the binding pocket of Fe(II) (orange sphere). Color code: red (oxygen), orange (iron), blue/purple (X group), yellow (L

group), gray (carbon), white (hydrogen).
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2b), where one of the ring substituents points up, toward the
Fe(II) center, and then, it can participate directly in the reaction.

Hydrogen bonds (HB) are the most common types of
interactions used by biomolecules to determine their
functions.”**~** Metalloproteins can switch from catalytic
inactivity to autoxidation depending on the number of the HB
(and then of HB donor groups) present in the chemical
microenvironment around the metal-oxo active site.”***
Nevertheless, each of the previous studies considered a limited
number of systems involving HB donors. It is, then, difficult to
draw general conclusions on the basis of the literature data. We
have here considered a third set of clusters specifically designed
to study the effect of HB on the reactivity of an Fe(II) center
(hb-clusters, see Figure 2c). This set was designed to evaluate
how the different properties of the ligand substituents (acidity,
number of possible conformers, size) can determine the
efficiency of the group in modulating the reaction profile from
AO to D (see Figure 1).

The results have been leveraged to draw simple rules for the
design of new single Fe-catalysts for C—H bond activation. We
find that the substituents on the linker induce negligible changes
in the electronic properties of the iron and on its first
coordination shell. Their presence in the reaction pocket,
however, does significantly modify the stability and reactivity of
the oxoferryl through noncovalent interactions. The rules
derived here are transferrable to catalysts based on other single
metal-oxo intermediates.

2. COMPUTATIONAL METHODS

All the calculations were performed using the Gaussian 16
program.*® The M06-L*° density functional in its unrestricted
formalism (U) was used in combination with the def2-TZVP
basis sets.””*® This level of theory has shown to describe
accurately the electronic structure of single iron centers in
ethane and methane oxidation studies'” and of the tri-iron oxo-
centered cluster” when compared to multireference wave
function theory. Moreover, it reproduces accurately the
experimental activation enthalpy for N,O decomposition on
MIL-100(Fe)."¢

Each of the thirty-six cluster models reported in Figure 2
consists of a [Fe(II)Fe(III),(u3-0)]%" metal node coordinated
to six benzoates as in the MIL-101 framework.”” These linkers
were differently functionalized as shown in parts a-c of the same
figure. These clusters can be divided in three sets: meta- (Figure
2a), up- (Figure 2b), and hb-clusters (Figure 2c).

For the meta and the up sets, we introduced electron
withdrawing (—F, —Br, —COOH, —CF;, —SO;H, —NO,) and
electron donating groups (—NH,, —OH) on the linker as a way
to tune the basicity of the first coordination oxygens around the
Fe(Il) center, and in particular to modulate p(O.). All the
phenyl rings have been singly functionalized to maximize the
electronic effect of the functional group. The general formula of
the clusters is Fe(1II),Fe(Il) (u5-O) (m-X-C;H,COO),, with X
= —H, —NH,, —OH, —F, —Br, —COOH, —CF,, —SO,H, or
—NO,. In the meta clusters, the X groups have been distributed
in meta position on the linkers in order to avoid both their
mutual interaction and the interaction with the adsorbates (see
Figure 2a). The meta clusters allow us to evaluate exclusively the
electronic influence of the X groups on the catalytic site.

Secondary coordination shell effects have been considered by
using the up set. They are highly similar to the meta set except
that a single X group is now in the ortho position and directed
toward the Fe(II) binding pocket (Fe(III),Fe(II)(u5-O)(o0-X-
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C¢H,COO0)(m-X-C¢H,COO)s, see Figure 2b, up clusters). This
facilitates the direct involvement of the ring substituent in the
reaction. We note that even if the ortho substituents in the up
clusters were to point in the opposite direction away from
selected Fe active site to follow the reaction, they would still be
directed toward another Fe site.

The effect of hydrogen bond on the reaction profile was
evaluated specifically using the hb cluster (see Figure 2c). The
results obtained with the up and the meta clusters indicated that
the electronic effects due to the ring substituents are negligible
(see section 3). For this reason, to lower the computational cost
associated with the screening, only a single ortho group was
introduced per cluster while the other five linkers were kept
unfunctionalized. The formula of the hb clusters is Fe,(III)Fe-
(I1) (45-0) (0-L-C¢H,COO) (CcHCOO); (L = —SO,NH,,
—CH,NH,, —CH,CH,NH,, —CH,NHNH,, —CONH,,
—CONHNH,, —~CONHOH, —COSO,H, —NH,, —~NHSO,H,
-NHCH,, —NHNH,, —NHOH, —-NHCOOH,
—NHCOCH,NH,, —-NHCOCOOH, —NHCONH,, and
—NHCOSO;H). Some of these L groups mimic organic
moieties found in proteins and have been used for the synthesis
of enzyme-MOFs and bio-MOFs.>”*" Some of the L groups
have also been reported to determine enzymatic activity.”** For
example, —CH,CH,NH, is essential for the N,O to N,
reduction step in bacterial denitrification by nitrous oxide
reductase.”>>>> The hb set covers different acidities and
different conformational flexibilities of the L group. The latter
has been achieved by selecting as the first moiety of the ring
substituent a functionality that is repulsed by the oxygen atoms
composing the first coordination shell of Fe(II) (i.e., —SO,—
and —CO-—, in the following hb-SO, and hb-CO, respectively)
or that can interact with them (i.e., -NH— and —CH,—, in the
following hb-NH and hb-CH,, respectively) with varying
strength. The chain length of the L group was kept to <4
moieties to avoid any undesired coordination to the iron center.

Geometry optimizations were carried out by means of the
Berny optimization algorithm with analytical gradient. A
(99,590) pruned grid was used (i.e., 99 radial points and 590
angular points per radial point). The meta clusters in the reagent
step (A in Figure 1) were carved from the structure reported in
ref 49 and they were subjected to a two-step optimization. In the
first step (opt-1), the energy convergence threshold was set to
10~ Ha and the positions of all the atoms were optimized,
besides those of the six C in position 4, which were kept fixed in
the positions occupied in the experimental structure.*” More
stringent convergence criteria in opt-1 resulted in a distorted
geometry for some of the clusters that was not representative of
the MOF structure. In the second step (opt-2), the positions of
all the aryl C atoms and all the S atoms were blocked and
Gaussian 16 default convergence thresholds were set for
optimization. Besides the meta-A cluster, all the other meta
structures were optimized using only the opt-2 settings. The
starting geometry of the up-A clusters was obtained from the
corresponding meta-A clusters. Their geometry was reoptimized
using the opt-2 settings but allowing the free rotation of the
ortho-functionalized phenyl ring around the C1—C4 axis (i.e.,
removal of the constraints on C2, C3, CS, and C6 and on the
functional group) in order to make the X group free to interact
during the reaction. For the hb clusters, the starting geometry
was obtained from the up-H-A cluster by functionalizing one of
the benzene rings as in Figure 2c. For all the hb clusters, we used
the same optimization conditions adopted for the up-clusters.

https://dx.doi.org/10.1021/acscatal.0c03906
ACS Catal. 2021, 11, 579-589
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For all the reaction steps, different starting geometries have
been considered especially for the up and hb clusters, being
characterized by several local minima.

All the energetic data have been corrected for the basis set
superposition error (BSSE) following the a posteriori method
proposed by Boys and Bernardi®* as implemented in Gaussian
16. The BSSE corrected values are indicated by a ¢ superscript
and were obtained from the computed Y values as Y* =Y + BSSE.

Unscaled, harmonic vibrational frequencies were computed
analytically. Enthalpies and Gibbs free energies were calculated
at 1 atm and 298 K from conventional ideal gas, rigid rotator,
particle in a box, quantum mechanical harmonic oscillator
partition functions, except that the low vibrational frequencies
(<50 cm™") were replaced by a cutoff value (50 cm™), following
the De Moor scheme™ to account for limitations in the
harmonic oscillator approximation for very low frequency
vibrations.”*~* Charge and spin densities were obtained usin
Charge Model 5 (CM5)®" and Hirshfeld population analysis,®
respectively.

3. RESULTS AND DISCUSSION

In all the studied systems, the ground state electronic
configuration is similar in that all the three iron centers are
high spin. The most favorable configuration, however, is not the
highest possible spin state of the cluster (HS, that is,
1Fe(II)2Fe(IIl), 25 + 1 = 15) but the “broken-symmetry”
solution where two high-spin Fe(III) centers couple anti-
ferromagnetically for form an intermediate quintet state (BS, 25
+1=35). This is a common situation in systems having a large
multireference character. Although the BS energetics would be
more accurate,'*® the corresponding wave function is not a
spin eigenfunction nor does it have the correct spin density.
Because the BS solution is strongly dependent on the initial
guess, following the reaction profile for the BS spin state can be
cumbersome and hinder both the reproducibility of the present
results and comparison among different studies. Following a
common strategy,' *'¥** we simulated all the steps of the
reaction on the HS spin surface (25 + 1 = 15). In a previous
study, we showed that considering the HS solution instead of the
BS one introduces only a slight overestimation of the reaction
barrier for both N,O activation and C—H bond scission.'**

Cartesian coordinates for the all the optimized geometries can
be found in the Supporting Information and at the Zenodo
repository with DOI: 10.5281/zenod0.4256607. All the relevant
energetic parameters are reported in Tables S19—S52. The
reaction enthalpies and the reaction Gibbs free energies provide
an equivalent description of the clusters reactivity. The reaction
profiles are discussed in terms of reaction enthalpies in order to
allow a direct comparison with the literature data.”'>'%*** In
the discussion, we used for comparison the parent cluster, up-H,
which features all benzoate linkers and where one of the
benzoates was allowed to optimize.

N,O Activation. This step involves the conversion of AO
into B through the transition state TS1, by the decomposition of
N,O on the Fe(II) site with the formation of N, and an
Fe(IV)=0 moiety. This step is the sole kinetically relevant step
for all the clusters (see Figures 3 and S1—S4). The benzoates of
the meta- and up-clusters were monosubstituted with groups
that can have different electronic effects on the Fe(II) site and its
first coordination shell (see bottom part of Figure 3). A more
negative charge on the central oxygen of the metal node (O,) is
known to correspond to a lower barrier for N,O decomposition
(AHS,).”® Strong electron-donating groups (EDGs), such as
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Figure 3. (top) Reaction enthalpies for the activation of methane to
methyl radical as computed at the UMO06-L/def2-TZVP level following
the cycle reported in Figure 2 on the pentadectet spin energy surface for
most relevant representatives of the up- (up-H, up-COOH, up-NH,,
and up-NO,) and the hb-clusters (hb-NHCOOH and hb-NHCO-
SO;H) taking separated reactants as zero of the enthalpy (data in
Tables S19—S51). (bottom) A qualitative scale of the electron donatin:

(EDG) and electron withdrawing (EWG) strength of the X groups.é‘

—NH,, are expected to increase the electron density on the
oxygen atoms in the first coordination shell around Fe(II) and,
consequently, decrease AHYg,. Conversely, strong electron-
withdrawing groups (EWGs), such as —NO,, would increase
AHSq,. The meta-H cluster has a AHS, of 134.2 k] mol™’, very
close to that previously reported for a similar cluster bearing
formate linkers™® (140.5 kJ mol™), instead of benzoate linkers.
This indicates a negligible influence of the MOF linker
electronics and geometry on the reaction profiles. The reaction
profiles of the meta clusters are also insensitive to the presence of
functional groups on the benzoates: they all show similar energy
profiles as that for meta-H (see Figure S1 and the purple squares
in Figure 4). Accordingly, the charge on O, and Fe in the A
clusters is independent of the X group (see Tables S1). These
results are similar to those reported by Liao et al. for clusters
where the iron is coordinated by benzoate anions functionalized
with different groups.36 The slightly larger variation of AHrg,
observed in ref 36 (10 vs § k] mol ™" in the present study) can be
associated with the different cluster geometry resulting in a
partial exposure of the functional groups in the clusters of Liao et
al. Functionalization beyond two atoms from the iron center has
also been reported to have no influence on Fe-based reactivity
within molecular complexes.15 As a counterargument, ring
substituents in the ortho position have a stronger effect on the
electronic properties than those in meta position. In order to
investigate if the invariance of the cluster properties on the X
groups is associated with their meta position, we tested a control
cluster where -NO,, the strongest EWG, was placed in the ortho
position. This cluster is a geometrical isomer of the up-NO,
cluster, except that the —N O, points down, away from the Fe(II)
site (see Figure S4). The energy profile for this cluster is the
same as the one of the meta-NO,. Hence, we can conclude that
the ring substituents do not impact the Fe electronics either
through delocalization or inductive effects. These findings
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Figure 4. Activation enthalpy, AHS,, vs reaction enthalpy for AO — B,
AH,o_p, at the UM06-L/def2-TZVP level following the cycle reported
in Figure 1 for the meta (squares, purple), up (circles, blue), and hb
clusters (triangles: hb-CH,, light blue; hb-SO,, gray; hb-CO, orange;
hb-NH, magenta) on the pentadectet spin surface taking separated
reactants as zero of the enthalpy (data in Tables S7—S9 and S16—S18).
The data point for up-H is reported in black to facilitate the comparison.
The straight line is obtained by linear fitting of the up-clusters points (R>
=0.96, residual sum of squares = 5.2), excluding up-COOH because it is
an outlier.

appear in contrast to what Liao et al.’® observed in systems
where Fe is coordinated by heterocycles, such as pyridine and
imidazolate, with observed variations in AHrg, as high as 30 k]
mol ™!, This difference is mainly associated with systems in
which iron is coordinated with the nitrogen of the aromatic ring.
This makes iron directly affected by the inductive/delocalization
effect on the ring, even if the functional groups that is causing
them is more than two atoms away. A different picture is
obtained for the up-clusters. Here, the reaction profiles are
significantly modified by the presence of the X groups (see
Figures 3 and S2 and the blue circles in Figure 4). AH,o_,g spans
from 10.1 k] mol™" for up-NO, to —19.9 kJ mol™" for up-NH,
while the activation barrier decreases from 144.4 (up-NO,) to
1222 kJ mol™ (up-COOH). The AO — B step shows a
Bronsted—Evans—Polanyi behavior for the up series, as
evidenced in Figure 4 (light blue line). We previously reported
a linear dependence of AHS; on AH,q_p in a study on MIL-
101 metal nodes with different composition.”® This relation
seems to have a general validity: it holds for other nonheme
clusters”™ and MOFs."* Only up-COOH lies slightly off the
fitting line.

For the up clusters, AH,_, orders as —-NO, > —CF; > —F >
—H > —Br > —=SO;H > —OH > —COOH > —NH, (see Table
S8). This ordering almost matches the trend based on the EWG/
EDG nature of these groups (see the bottom part of Figure 3).
We note that the two acidic X groups, ~-COOH and —SO;H, fall
out of the expected order (vide infra). For the up-clusters, the
electronic charge on O, or g(O,), is constantin A (Table S2).In
addition, both the Fe(Il) electronic charge and Fe(Il) spin
density in A are nearly the same for all the up clusters (see Table
$2), as well as the Fe(IV) electronic charge and spin density in B
(Table S8). This is in agreement with the results from the meta-
clusters. Hence, we can rule out any electronic inductive effect of
the X groups as the cause for the significant change in the
reactivity of the iron center in the up-clusters.

One parameter that does vary among the up-clusters is the
spin density of the O, (9(O.y,), see Table SS) in B. Moreover,
a linear relationship was observed between AH,q_p and
P(Oyyo) for all X groups, with the exception of —COOH and
—SO;H (see Figure S8). A linear relationship also exists between
AH,o_p and the ferryl bond length, d(Fe—O,,,) (see Figure
S8), where the slope is negative. d(Fe—O,,,) and g(O,,,) are
often used as descriptors for the ferryl stability in the
literature.”'**"** Although, the range spanned by both d(Fe—
Ooxo) and q(O,y,) for the up-clusters is very small, linear scaling
relationships between AH,o_jp and d(Fe—O,,) or p(O,,)
have been reported for other MOFs."**!

By inspecting the structures of B for the up-clusters, it
becomes evident that X-group and the Fe(IV)=O form
noncovalent interactions (see Figures S and S7 for up-COOH
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Figure 5. Reaction profiles for the C—H bond activation in methane
catalyzed by the best candidate among the up- (up-COOH, orange) and
hb-clusters (hb-NHCOSO;H, light blue), as calculated at the UMO06-L/
def2-TZVP level following the cycle reported in Figure 1 on the
pentadectet spin energy surface. Separated reactants are set as zero of
the enthalpy. The optimized structure of the Fe center and its first
coordination sphere, and the interacting —COOH/—NHCOSO;H
functional group is shown for each step. Color code: red (oxygen),
orange (iron), blue (nitrogen), yellow (sulfur), gray (carbon), white
(hydrogen), general framework atoms (light blue).

and up-SO;H, respectively). Hydrogen bond donors should
stabilize Fe(IV)=0 since q(O,,) is partially negative (see
Scheme 1 and Table S8) and thereby lower AH,q_p.
Accordingly, the four groups with the lowest AHYg, (—SO;H,

Scheme 1. Noncovalent Interactions as Hydrogen Bond Can
Stabilize the Different Intermediates of the Reaction
Reported in Figure 17

CHs CH,
N\\ : 5
ks N 'Ii [ﬂ ....... X
ollo ol.0” O\o+3oj©
Fe Fi Fe
o” | o o” o 0”0
o]
TS1and B TS2 and D TS2 and D
HB donor HB acceptor

“The cases of (left) a hydrogen bond donor and (right) a hydrogen
bond acceptor as the ring substituent are schematized.
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—OH, —COOH, and —NH,) are all hydrogen bond donors. On
the other hand, groups that are negatively charged should
destabilize Fe(IV)=0, raising AHY,. For this reason, up-NO,
has the highest AHSg, among the up-clusters. The electrostatic
potential (ESP) maps of B for up-COOH and up-NO, in Figure
S13 show that these X groups can significantly decrease and
increase, respectively, the negative ESP region surrounding the
oxo group. Otherwise, the charge on the carboxylates remains
essentially unchanged upon functionalization of the phenyl. In
the plots in Figure S8, the two clusters having the strongest HB
donor group, up-COOH and up-SO;H, fall out of the trend. The
proton of the group engages the oxoferryl in a strong hydrogen
bond in B (see Figure S and S7 for up-COOH and up-SO;H,
respectively), causing a significant modification both of d(Fe—
O,xo) and q(O,y,) with respect to the parent cluster.

Despite the significant role of hydrogen-bonding in B, the
observed trend in AHfFs, among the HB donors (NH, <
—COOH < —OH < —SO;H) does not follow the trend expected
on the basis of pK, (=SO;H < —COOH < —NH, < —OH).®
This lack of correlation stems from the interaction of the HB
donors not only with the oxylferryl in TS1 and B but also with
the MOF carboxylate O-donors in A and AO. The latter
interaction increases the stability of AO, which raises AHSs,.
Moreover, the conformation of the HB-donors can change
significantly from A/AO to TS1/B. For X = —NH, and —OH,
the changeover in the HB acceptor during AO — TS1 does not
require a change in the X group position. On the other hand, a
major reorganization of the X group is observed for both —SO,H
and —COOH. Breaking the HB interaction between the HB
donor and the MOF framework in AO results in an energy
penalty that can partly or fully negate any favorable stabilization
of the ferryl species. For up-SO;H, the strongest HB donor in the
up set, the energy penalty is so large that the overall energy
profile is on par to that of the parent cluster, up-H. An
examination of the AO structure for up-SO;H shows a short H-
bond distance between —SO;H and the MOF framework
(d(SO;H--00C) = 1.87 A). A conformer of up-SO;H-A with
no HB is less stable by 24 kJ mol™’, which we consider as an
estimate of the strength of the H-bond. In TS1, the new HB
distance between —SO;H and the forming oxoferryl is similarly
short, d(SO;H --O=Fe) = 1.78 A. Hence, any benefit derived
from HB to —SO;H in TS1 is essentially canceled out. On the
other hand, —COOH has both a higher pK, than —SO;H and a
longer HB distance in AO, d(COOH:-O0C), of 2.16 A. This
gives a significantly lower energy penalty of only 3 kJ mol™".
Coupled to the formation of a strong HB interaction in TS1
(d(COOH:-O=Fe) = 2.089 A, estimated to be 20 k] mol™),
up-COOH has the second lowest AHS; of the up-clusters set.

Moving beyond the up-clusters, we designed a third set of
models, the hb-clusters (Figure 2), to investigate more complex
HB-donors, which are labeled as L groups. The hb-clusters are
simplified in that only a single linker is functionalized with the L
group in the ortho position, while the other five linkers are
simple benzoates. Indeed, the similarity of the results for up-NH,
and hb-NH, (see Figure 4) further demonstrates that only
functionalities directed toward the Fe binding pocket have an
effect on the reaction energy profile. The L groups can be further
categorized into four subsets according to their different
linkages, which are depicted using the color code shown in
Figure 2: —SO,— (gray), —CH,— (light blue), —~CO— (orange),
and —NH— (magenta). Of these 18 total L groups, only the data
for 15 L groups are presented. The energetics obtained for the
hb-clusters are reported in Figure S3 and as triangles in Figure 4.

584

Three L groups (—CH,NHNH,, —CONHNH,, and
—COSO;H) were eschewed from the analyses because they
form coordinate bonds to the Fe(II) center in A (<2.4 A), which
precludes N,O binding and formation of AO.

For the hb set, the effect of the functional group on AO — Bis
even greater than that observed for the up set (see Figure 4).
Most L groups in the kb set possess multiple HB donors, and all
L groups have at least one. Based on that, it can be expected that
AH,o_p will be lower or equal to the parent cluster one. This is
actually verified for all the hb-clusters, with the exception of hb-
NHCOCOOH, which has a significantly larger AH,_p (see
Figure 4). The AH,o_ g value spans from 10.1 kJ mol™" for hb-
NHCOCOOH to —37.2 k] mol™* for hb-NHCOSO,H while the
activation barrier decreases from 148.7 (hb-NHCOCOOH) to
108.2 kJ mol™' (hb- NHCOOH). A characteristic Bronsted—
Evans—Polanyi correlation between AH,q_, and AHSq, is also
observed for the hb set, with all the points lying close to the same
fitted line as that for the up set (see Figure 4).

Similar to the up-clusters, the energy ordering of AHq, for
the hb-clusters does not follow any pK,, trend. For example, hb-
NHSO;H and hb-NHCOSO;H both terminate with the very
acidic —SO;H moiety that coordinates the MOF framework in
AO and the ferryl in TS1 and in B (see Figure 5). Nevertheless,
hb-NHSO;H has a AHSg; almost coincident to the parent
cluster, while hb-NHCOSO;H has a AHSq, that is 24 kJ mol™
lower. Again, the differing conformational changes in the L
group from AO to TS1/B account for this energy difference (see
below). The complexity of the L groups also result in varying
flexibility (or rigidity) that is not trivial to predict a priori. For
example, hb-NHCOCOOH, despite having an acidic proton, is
unable to form a stabilizing HB interaction with the oxoferryl
unit. Instead, the —-NHCOCOOH group engages in a strong
internal HB between the underlined atoms that form a stable S-
membered ring. One consequence of this internal HB is that the
&~ CO subunit is directed toward the oxoferryl unit (while the 5
OH is directed away), which destabilizes TS1/B and results in
the highest AHYs, and AH,o_ 5 among the hb set.

The lowest AH,_,p is obtained for tb-NHCOSO;H, and this
L group demonstrates several beneficial traits beyond its low
pK,. An important feature is the rigid amide bond, which helps
create a network of H-bonds involving the L group, the MOF
carboxylate O-donors, and the oxyferryl (see Figure 6). In AO,
the HB network comprises 3 interactions: (i) —NH---MOF, (ii)
—SO,;H---MOF, and (iii) -NHCOSQO,OH, where an internal
HB between the underlined atoms forms a S-membered ring
(see Figure 6). All three HB interactions are quite strong in AO,
with short distances of 1.75, 1.77, and 2.17 A, respectively.67
However, these 3 HB interactions evolve differently during the
reaction.

For hb-NHCOSO;H, the strong HB between —NH— and the
MOF is maintained throughout the reaction from AO to D. The
SO;H---MOF H-bond breaks as a SO;H:--O=Fe H-bond forms
during the reaction from AO to TS1/B. Other clusters that
incorporate SO;H, such as up-SO;H and hb-NHSO;H, show a
similar changeover in the HB acceptor as hb-NHCOSO;H but
have significantly greater AHSq, barriers. Hence, the favorable
energetics for hb-NHCOSO;H is mainly attributed to the
internal H-bond. The internal H-bond, coupled with the rigidity
of the amide linkage and the —NH---MOF interaction, forces the
SO;H moiety to point toward the Fe binding pocket. Also, this
internal H-bond relaxes significantly from 2.17 A in AO to 2.69
A in TS1, during which the SO;H shifts its HB acceptor from the
MOF to the oxoferryl unit. The elongation of this internal HB
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Figure 6. Activation enthalpy, AHS,, vs the reaction enthalpy for C —
D, AHc_p, at the UMO06-L/def2-TZVP level following the cycle
reported in Figure 1 for the meta (squares, purple), up (circles, blue),
and hb clusters (triangles hb-CH,, light blue; hb-SO,, gray; hb-CO,
orange; hb-NH, magenta) on the pentadectet spin surface taking
separated reactants as zero of the enthalpy (data in Tables S10—S12 and
§16—S18). The data point for up-H is reported in black to facilitate the
comparison. The blue line is obtained by linear fitting of the up clusters
data (R? = 0.83, residual sum of squares = 34).

distance also releases strain in the AO structure, which helps
compensate the loss of the SO;H--MOF H-bond in TS1.

Collectively, the hb-cluster series highlights the importance of
L groups with multiple H-bonding partners such that a HB
network can engage and respond dynamically to the active site as
the reaction progresses. The optimal L groups destabilize AO
while stabilizing B via a H-bond to the forming oxoferryl, akin to
the up-clusters. Destabilization of AO occurs when the L group
can partially occlude the Fe(1I) binding site, so as to weaken
N,O binding and raise the energy of AO, but not to shut out
N,O. In other words, an L group can influence positively the
reaction only if any atom of the L group is not too close but also
not too far from the position that will be occupied by O,
(located about 1.6 A above the Fe?* center). Without wanting to
be strict, we could indicate 1.5 A as an optimal value for the
distance of a HB donor from O, to have a more favorable
reactivity.

C—H Bond Activation. The C — D reaction step
corresponds to homolytic C—H bond cleavage, that is the
abstraction of a hydrogen radical from methane by the oxoferryl
(C) resulting in the formation of a methyl radical and a Fe(III)—
OH (D). The corresponding transition state is TS2. Again, both
the reaction enthalpy (AH_p) and the activation enthalpy
(AH§s,) are very similar for all the meta clusters. Accordingly, all
the ferryl species in the set are identical based on their hydrogen
affinity (Ey),"*** and on their electronic and geometrical
properties (see Tables S4 and $10).>'**

For the up and hb sets, the direct interaction of the functional
group with the intermediates is expected to influence the
energetics of C—H bond scission. Fe(III)—OH is both a HB
donor and a HB acceptor. Thus, for the C — D step, any X/L
group that is a HB donor or acceptor can facilitate C—H bond
scission. For HB donor groups (or positively charged), their
preexisting HB to the oxo is expected to strengthen in going
from Fe(IV)=O0 to Fe(Il)-OH because of the increased
polarity in the O atom (see left part of Scheme 1). For HB

585

acceptor groups (or negatively charged) the stabilization of D
would happen through the formation of a new HB (see right part
of Scheme 1).

Indeed, the presence of the functional group in close
proximity to the oxoferryl significantly influences the C — D
step for both the up and hb sets (circles and triangles in Figure 6,
respectively). For the up-clusters (Tables S5, S11, and S17), a
Brensted—Evans—Polanyi correlation is observed (blue line in
Figure 6). The hb clusters (Tables S6, S12, and S18) follow
roughly this same trend (althouégh slightly moved upward).
Among the descriptors,”******” only the hydrogen-atom
affinity, Ey, shows a linear relationship with AH._p and
AHSg, (see Figures S11 and S12). The failure of other
descriptors, for example, d(Fe—O,,,), p(O.y) (Figures S8—
S9), stresses the influence of several contemporaneous factors
(hydrogen bond, oxygen basicity, acidity of the functional group,
etc.) in determining the reaction energy. Because Ey; implicitly
includes most of these factors, then it is not surprising that Ey
has been proven to be a useful descriptor for AH¥, across many
different catalysts.*>%%%

All the up-clusters have a lower AHSg, than up-H, except up-
NH,, which has an equal AHSg, (63 kJ mol™'). The lowest
barrier for the up set is calculated for up-NO, (50 kJ mol™").
Most of the hb-clusters have a lower AHSs, than up-H. The
lowest AHYs, is obtained in this set for hb-NHCOSO;H, which
is also the cluster having the lowest barrier for the ferryl
formation (see Tables S7—S12). The reasons behind this low
AH§s, are the same identified for AHSq,, and in particular, the
further relaxation of the very constrained geometry of the
—NHCOSO;H group going from C to D (see Figure S).
Interestingly, AHSg, calculated for methane in the up-COOH,
up-SO;H, up-NO,, and hb-NHCOSO,H are only 10 kJ mol™
higher than those calculated for ethane on the unfunctionalized
MOF (39 kJ mol™1).**

Although both HB donors and HB acceptors can decrease the
enthalpy for the C—H bond cleavage, the way they do it, can
influence the selectivity of the reaction. Scheme 1 illustrates the
different HB interactions that are possible in D. The calculations
evidence an important consequence of this difference. For HB
donors, the methyl radical interacts with the H atom of Fe(III)—
OH in D. However, an HB acceptor can also interact with the H
atom of the Fe—OH, forcing the methyl radical to decoordinate.
This generates a more stable conformer of D, labeled D’, where
the methyl radical is removed from the reaction site (see section
S8 and Figure SS). It is evident that D’ can favor the reaction of
the methyl with the framework or with other species adsorbed in
the framework (e.g., other methyl radicals to make C,H, from
CH;* + CH;* — C,Hg) over methanol production.

Functional groups possessing both an HB donor and HB
acceptor can have multiple D/D’ structures that although very
similar in energy, exhibit very different geometries. One of them
is up-COOH: the —OH moiety is a HB donor, while -C=O01is a
HB acceptor. In Figure S, the —OH moiety interacts with the O
atom in Fe(III)—OH, while the H atom interacts with the
methyl radical. An alternate conformer of D exists (Figure S6)
where the —C=0 interacts with the H atom in Fe(III)—OH.
Here, the fortuitous interaction of the —OH moiety with the
methyl radical prevents its escape from the reaction site (see
Figure S6). In summary, while a sole HB acceptor may
negatively impact reaction selectivity by allowing for methyl
radical escape, an additional HB donor can “capture” the methyl
radical in the reaction site.
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Selection of the Catalyst. It is generally accepted that,
comparing similar systems, species that have a higher enthalpy of
formation are more stable and then less reactive. This concept
underlies the well-established inverse linear relationship
between AHS, and AH,o ;' *’° and between AH._p and
AHuo_p"° Here, the noncovalent interactions clearly breaks
this trend as shown in Figures 7 and S10, respectively, which

70 ANH less reactive
B 2
ANHCH, L
‘_/\ -
C_é 651 ANHCONH, N:NHNHzANHOH )
2 |
2 601 NHCOCH,NH, CH’\]OH:‘A.CHZCHQNHQ
\; SONH,A L oF
(2]
- ANHSOH NHCOCOOH
NHCOOH
E 55r 4 CF: @
ANHCOSOH @50+
- @COOH O
50 more reactive ONO,
1 N 1 n 1 N \ ,
40 -30 -20 -10 0 10
-1
AH, . (kd mol™)

AO-B

Figure 7. Activation enthalpy for C — D, AHfg, vs the reaction
enthalpy for AO — B, AH,p_p, at the UMO06-L/def2-TZVP level
following the cycle reported in Figure 1 for the meta (squares, purple),
up (circles, blue), and hb clusters (triangles hb-CH,, light blue; hb-SO,,
gray; hb-CO, orange; hb-NH, magenta) on the pentadectet spin surface
taking separated reactants as zero of the enthalpy (data in Tables S10—
§12 and S16—S18). The data point for up-H is reported in black to
facilitate the comparison. The graph is divided in two areas: ferryls more
reactive (orange background) and less reactive (blue background) than
up-H, respectively. The blue line is obtained by linear fitting of all the up
clusters besides up-COOH and up-SO;H (R* = 0.63, residual sum of
squares = 45).

clearly do not follow any linear correlation.'*"® In Figure 7, the
plot of AHSg, versus AH,q_p is divided into two parts separated
by up-H (black dot). Clusters in the top part (blue shade) are
more reactive to CH, relative to up-H, while clusters in the
bottom part (orange shade) are less reactive.

A majority of the up-clusters, X= —NH,, —OH, —F, —Br, and
—CF;, do follow a linear relation (see light blue line in Figure 7).
Notably, this line does not include up-H (black dot) nor up-
COOH, up-SO;H, and up-NO,. Likewise, most of the hb
clusters lie very close to the up cluster line but there are several
exceptions, in particular: hb-NHCOOH, hb-NHSO;H, hb-
CONHOH, and hb-NHCOSO;H. The clusters that signifi-
cantly deviate from the linear trend, all form a strong HB to
Fe(III)—OH (see Figures S and S7). These results prove that
catalysts with HB donors require milder conditions for both
N,O and CH, activation, so this is a design principle to achieve
more favorable formation energy and greater reactivity at the
same time.

The rate-determining step for all the clusters is the N,O
activation. The selection of the most promising catalyst should
consider then AH,o_ (or AHS;) as the preferred parameter.
The majority of the clusters showed a more exothermic AO — B
step than up-H. Using this criteria, we target up-COOH and up-
NH, from the up set, as well as hb-NHCOSO;H and hb-
NHCOOH from the hb set, as the next-generation MIL-based
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catalysts. Among them, only MIL-101-NH,(Fe) has already
been synthesized.”"””* While MIL-101-COOH could be
obtained through a direct synthesis (in analogy to its chromium
analogues),” the high reactivity of the —NHCOSO,H and
—NHCOOH functionalities would make necessary the use of
postsynthesis procedures to obtain the corresponding MOFs.
Peptide-functionalized MIL-101 materials can be synthesized by
leveraging the presence of amino groups in MIL-101-NH,.*’
Amino groups in MOFs can also be converted to isocyanate
through a soft synthesis procedure,”* where isocyanate is an
even more flexible platform for postsynthesis modification of the
organic linker. The syntheses reported for —-NHCOOH and
—NHCOSO;H req7uire amino or isocyanate functionalized
phenyl as reagents.”””"””> These protocols can be used as a
starting point for the synthesis of MIL materials hosting the hb-
NHCOSO;H and hb-NHCOOH active sites. Additionally,
issues related to the stability of -NHCOOH and —NHCO-
SO;H in the pressure and temperature conditions adopted to
run the methane to methanol reaction, that are outside the aim
of the present work, should also be considered in future
experimental studies.

4. CONCLUSIONS

Delocalization/inductive effects on the linker are found to
insignificantly impact the reaction profiles for methane oxidation
catalyzed by Fe species in MIL-101(Fe). Indeed, the
monosubstitution of the linkers has little influence on the
electronic properties of the [Fe(II)Fe,(III)(1;-0)]%* metal
node and its first coordination sphere, independent of whether
electron-withdrawing or electron donating groups are used.

A completely different scenario is predicted when the
substituting functional group can engage in noncovalent
interactions with species in the reaction environment. We
found that the presence of both hydrogen bond donors and
acceptors on the substituent can lower the activation energy for
the C—H bond scission. However, only hydrogen bond donors
(or, more generally, centers presenting a partial positive charge)
decrease the barrier for the rate-determining step of the reaction,
N,O decomposition, by engaging the oxoferryl in a hydrogen
bond. This is another illustration of the parallels between MOFs
and enzymes because hydrogen bonds are pivotal in determining
the function in many examples of the latter.*

The screening of twenty-six catalyst candidates identified key
factors beyond proton acidity and proximity to the reaction
center that should be considered when introducing substituent
functional groups. In particular, one complication is that atoms
characterized by partial negative charges in the first coordination
sphere of the Fe(II) site (e.g., the O atoms of the carboxylates in
MILs) can also engage HB donors in a strong hydrogen bond.
Thus, single HB donors must partition between HB interactions
with the framework and the oxoferryl species. The energy
difference diminishes the stabilization of the HB with Fe(IV)=
O. We found that more rigidly constrained HB donors can
mitigate this consideration. Another factor affecting functional
group utility is its distance from the Fe center: the group should
be as close as possible to the reaction center so long as does not
interfere with the catalytic cycle by coordinating the Fe(II) site
itself (substituent to oxoferryl distance ~1.5 A).

The negligible electronic effect on the metal node of linker
substitution has qualitative implications for iron species found in
other carboxylate-based MOFs and likely as well for other
homogeneous and heterogeneous metal-oxo based catalysts for
oxidation reactions. The synthesis of catalysts placing —COOH,
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—NH,, -NHCOSO;H, or -NHCOOH species in proximity to
reactive metal center is particularly encouraged. The models
here studied neglect the mutual interactions among functional
groups on different phenyls and they can be representative
models only for MOFs where a minor fraction of the linkers is
functionalized. Future computational studies should be directed
to evaluate how these interactions modify the Fe reactivity in
highly functionalized MILs.
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