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Abstract The porosity and synthetic tunability of metal-organic frameworks (MOFs) motivate
interest in application of these materials as designer heterogeneous catalysts. While in operando
experimental evaluation of substrate mobility in these materials is critical to the rational
development of highly active catalyst platforms, experimental data are rarely available. Here we
demonstrate that significant substrate confinement within a microporous Ru2-based MOF results
in quantum tunneling during interstitial nitrogen-atom transfer (NAT). Further, we demonstrate
that the extent of substrate confinement can be rationally tuned by modulating network
mesoporosity. The reported data provide the first demonstration of tunneling during interstitial
MOF chemistry and illustrate an experimental strategy to evaluate the impact of material structure
on substrate mobility in porous catalysts.

Substrate confinement underpins the exquisite selectivities that characterize many enzymatic
C–H oxidation reactions.1 Substantial effort has led to the development of experimental probes to
evaluate the interplay of substrate transport and substrate confinement in enzyme-catalyzed
reactions. The relative magnitude of intramolecular molecular kinetic isotope effects (KIEs),
obtained by challenging a catalyst with a partially labeled substrate, and intermolecular KIE,
obtained by challenging a catalyst with a mixture of perlabeled and unlabeled substrate, reports on
transport barriers to substrate diffusion (i.e. the extent of substrate commitment to participate in a
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chemical step, Figure 1).2 Further, substrate confinement within enzyme active sites often gives
rise to significant quantum tunneling during C–H activation reactions (i.e. chemical barriers,
Figure 1),3 which manifests as large temperature-dependent intramolecular KIEs (i.e. AH/AD < 0.7
and DED-H > 1.2 kcal·mol-1).4 Together, analysis of both intra- and intermolecular KIEs provides
direct insight regarding in operando substrate mobility functionalization mechanism.

Figure 1. Comparison of intra- and intermolecular kinetic isotope effects can provide information about the degree of
substrate confinement in interstitial C–H functionalization. The magnitude and temperature dependence of the kinetic
isotope effect provide information about the intimate details of the C–H cleavage event.

The combination of network porosity and synthetically tunable structure has motivated interest
in utilizing metal-organic frameworks (MOFs) as enzyme-mimetic catalysts.5 Unlike enzymes,
which have evolved transport mechanisms to manage substrate flux to, and product egress from,
the active site, MOF catalysts rely on diffusion to manage substrate and product migration to and
from lattice-confined catalyst sites.6 Due to the inherent challenges in measuring absolute
diffusivity under catalytic conditions (i.e. multicomponent reaction conditions) and in establishing
absolute catalyst turnover frequencies in these heterogeneous systems, substrate diffusivity on
timescales relevant to interstitial reaction chemistry (i.e. the degree of substrate confinement) is
typically unknown.7 In 2018, we reported the analysis of intra- and intermolecular KIEs to show

2

significant substrate confinement in the timescale of nitrogen-atom transfer (NAT) in a Ru2-based
MOF.8 Here, we apply this experimental strategy to directly evaluate the impact of network
structure on substrate mobility during interstitial chemistry. In addition to revealing systematic
tuning of substrate diffusivity, the data reported here also provide the first evidence for significant
quantum tunneling during C–H activation chemistry in MOFs. We anticipate that the developed
experimental approach for evaluating the impact of network structure on substrate mobility will
be useful in the rational design of new MOF catalysts.
We initiated our investigations by preparing a family of isostructural Ru2-based materials with
varying mesoporosities (Figure 2): Solvothermal combination of Ru2(OAc)4Cl with mixtures of
1,3,5-benzenetricarboxylic acid (H3btc) and 3,5-pyridinedicarboxylic acid (H2pydc) afforded a
family of materials that are isostructural to [Ru6(btc)4Cl3] based on powder X-ray diffraction
(PXRD) analysis (Figure S1a).9,10 Combustion analysis and surface areas (derived from 77 K N2
adsorption isotherms; Figure S1b) of the obtained materials were consistent with previous reports
of [Ru6(btc)x(pydc)4-xCl3] materials.9c Toluene vapor adsorption isotherms indicate that the
gravimetric uptake of toluene is not substantially affected by introduction of mesopores and ~3
toluene molecules are adsorbed per Ru2 site (Figure S2).11 [Ru6(btc)x(pydc)4-x(N3)3] materials were
accessed by soaking the corresponding chloride MOFs in DMF/H2O solutions of NaN3.12 Azideexchanged materials are isostructural to [Ru6(btc)x(pydc)4-xCl3] by PXRD analysis (Figure 2).
Pore-size distribution analysis, based on the 77 K N2 adsorption isotherms, provided sampledependent mesoporous (Smeso) and microporous (Smicro) surface areas: The family of
[Ru6(btc)x(pydc)4-x(N3)3] samples accessed in this study displayed Smeso/Smicro = 0.07–0.61 (Figure
S3–S5, Table S2).13 IR spectroscopy indicates that nN3 is insensitive to network mesoporosity (nN3
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= 2048 cm-1), which indicates the local Ru2N3 structure is conserved across the family of materials
(Figure S6).
We have evaluated both intra- and intermolecular KIEs for NAT to toluene to generate
benzylamine as a function of network mesoporosity; the data from these experiments are
summarized in Figure 3 (see Table S3 for raw data). Each kH/kD value was determined by
thermolysis of toluene-exchanged MOF samples at 100 °C. After thermolysis, benzylamine was
obtained by acidic work-up and kH/kD was determined by integration of high-resolution mass
spectrometry.14 Toluene amination in [Ru6(btc)4(N3)3] (i.e. Smeso/Smicro = 0.07, “microporous”
parent material) proceeds with an intramolecular kH/kD = 7.86(3) and an intermolecular kH/kD
=1.02(2). These data are consistent with a scenario in which substrate self-exchange, which would
mediate kinetic selection in an intermolecular competition experiment, is slow relative to NAT,
and C–C rotation, which mediates kinetic selection in an intramolecular competition experiment,
is faster than NAT. With increasing network mesoporosity, the intermolecular KIE, measured for
NAT to a 1:1 mixture of d8- and H8-toluene, steadily increases from 1.02(2) to 2.33(2).15 In
contrast, the intramolecular KIE decreases from 7.86(3) for the microporous parent material to
3.4(1) for the most mesoporous sample.
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Figure 2. Synthesis of mesoporous [Ru6(btc)x(pydc)4-x(N3)3] via a mixed component strategy. The resulting materials
are isostructural, as indicated by PXRD analysis, but display tunable mesoporosities, which are determined by fitting
of the 77 K N2 adsorption isotherms.

The data illustrated in Figure 3 provide direct experimental evidence for the impact of network
mesoporosity on substrate diffusivity during interstitial functionalization chemistry. The
combination of large intramolecular and negligible intramolecular KIE observed in
[Ru6(btc)4(N3)3] is consistent with rate-determining N2 extrusion to generate a Ru2 nitride,16 and
substantial substrate commitment to functionalization. These observations mirror the KIEs
observed in conformationally gated enzymes17 and in diffusionally limited zeolitic catalysts.18 The
convergence of intra- and intermolecular KIEs with increasing network mesoporosity is consistent
with enhanced substrate diffusivity. Importantly, diffusion barriers are still observed in the most
mesoporous samples as evidenced by the differing intra- and intermolecular KIEs (3.4 vs. 2.33).
In addition to the magnitude of kinetic isotope effects, the temperature dependence of these
values can provide substantial mechanistic information regarding the intimate details of C–H
cleavage. In particular, we examined the kinetic isotope effect of amination of d1-toluene as a
function of temperature (60–110 °C) with [Ru6(btc)4(N3)3] (Smeso/Smicro = 0.07; Figure 4). We were
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specifically interested in the temperature dependence of this KIE because the measured
intramolecular KIE (7.86(3)) exceeds the classical limit (KIE equivalent to ~13.4 at 23 °C if treated
classically). The intramolecular KIE increases substantially as the reaction temperature is
decreased: amination of d1-toluene proceeds with kH/kD = 4.87 at 110 °C, which increases to 18.8
at 60 °C (Figure 4, raw data collected in Tables S5 and S6). The reaction is prohibitively slow at
lower temperatures and thus lower-temperature data are unavailable. An Arrhenius plot (Figure
S8) generated from these temperature-dependent KIEs provided AH/AD = 0.002 and DED–H = 6.2
± 0.9 kcal·mol-1 (Table 1), both of which are consistent with the criterion for tunneling articulated
by Kreevoy et al. (AH/AD < 0.7 and DED-H > 1.2 kcal·mol-1).4

Figure 3. Plot of kH/kD as a function of network mesoporosity for the a) amination of d1-toluene (´) and b) the
amination of a 1:1 mixture of H8- and d8-toluene (´).

Further, we have analyzed the temperature dependence of the kinetic isotope effects as a
function of material mesoporosity using samples with Smeso/Smicro = 0.39 and 0.61 (Figure 4).
Amination of d1-toluene with Smeso/Smicro = 0.39 [Ru6(btc)x(pydc)4-x(N3)3] displays a temperature6

dependent KIE: from 4.67 at 110 °C to 12.1 at 60 °C. The Arrhenius plot (Figure S9) generated
from these data provided AH/AD = 0.007 and DED–H = 4.9 ± 0.9 kcal·mol-1, which is also consistent
with substantial tunneling. In comparison, two temperature regimes were observed when kH/kD of
d1-toluene amination was determined using Smeso/Smicro = 0.61 [Ru6(btc)x(pydc)4-x(N3)3] (Arrhenius
plot presented in Figure S10). Between 90–110 °C, the observed NAT displays classical Arrhenius
behavior (AH/AD = 0.87 and DED–H = 1.0 ± 0.3 kcal·mol-1). Below 90 °C, temperature dependent
KIEs are observed and Arrhenius analysis suggests the contribution of tunneling (AH/AD = 0.001
and DED–H = 6.1 ± 1.2 kcal·mol-1). These observations indicate that toluene confinement in the
most mesoporous sample is relaxed such that NAT displays classical kinetic behavior at high
temperature.

Figure 4. Temperature-dependent intramolecular KIEs for the amination of d1-toluene in [Ru6(btc)4(N3)3] (´,
Smeso/Smicro = 0.07) and [Ru6(btc)x(pydc)4-x(N3)3] with Smeso/Smicro = 0.39 (´) and 0.61 (´).
Table 1. Arrhenius parameters for C–H amination derived from temperature-dependent KIEs.
DED-H (kcal·mol-1)

R2

0.002

6.2 ± 0.9

0.94

0.007

4.9 ± 0.3

0.98

0.61 (>90 °C)

0.87

1.0 ± 0.3

0.84

0.61 (<90 °C)

0.001

6.1 ± 1.2

0.93

Smeso / Smicro

AH/AD

0.07
0.39
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The combination of large KIE values and the observed temperature dependences suggests that
tunneling contributes meaningfully to the rate of HAA during NAT at lattice-confined Ru2 nitrides.
By manipulating the mesoporosity of the material we have accessed a set of conditions in which
NAT chemistry behaves classically. These results closely mirror those reported by Klinman et al.
for H-atom abstraction (HAA) reactions mediated by I553X series of soybean lipoxygenase (SLO)
variants which showed the tunneling effect was less substantial as pre-tunneling distance was
increased.19
Further support for substantial substrate confinement and the contribution of tunneling to HAA
chemistry mediated by lattice-confined Ru2 nitride intermediates was obtained by examination of
the amination of selectively labeled xylenes featuring one CH3 and one CD3 group. Labeled xylene
isomers were prepared by Suzuki coupling between the appropriate tolylboronic acid and d3methyl iodide.20 Using a sample of [Ru6(btc)x(pydc)4-x(N3)3] with Smeso/Smicro = 0.61 we have
carried out amination of each of the labeled xylene isomers (Table 2). Each isomer participates in
amination upon thermolysis at 100 °C to afford the corresponding methylbenzylamine and displays
large kinetic isotope effect (kH/kD = 29.3 (ortho-xylene), 26.0 (meta), and 25.8 (para). The
similarity of these KIE values indicates that the methyl groups of each isomer are exchanging on
the timescale of NAT; if xylene was sufficiently confined to prevent exchange of the methyl groups
one would expect p-d3-xylene would display a much lower KIE than o-d3-xylene. Each of the
measured KIEs is highly temperature dependent: When thermolysis is carried out at 130 °C, kH/kD
values of 15.4 (ortho), 11.9 (meta), and 12.8 (para) are obtained. The enhanced KIE values for
xylene amination as compared to toluene suggest that xylenes (kinetic diameter (7.4 Å (ortho), 7.1
Å (meta), and 6.7 Å (para),21 are more confined in a given network than toluene (kinetic diameter
(5.9 Å)).22
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Table 1. Temperature-dependent KIEs for NAT to isomeric d3-xylenes using [Ru6(btc)x(pydc)4-x(N3)3] (Smeso / Smicro
= 0.61).
1. [Ru6(btc)x(pydc)4-x(N3)3]
CH3
100 ºC
D 3C

H H

D D
NH2

H 3C

+ D 3C

NH2

2. HCl, H2O;
NaOH

Substrate
o-d3-xylene
m-d3-xylene
p-d3-xylene

kH/kD
100 °C
29.3
26.0
25.8

110 °C
27.7
22.1
20.4

120 °C
15.8
19.9
14.5

130 °C
15.4
11.9
12.8

In conclusion, the described experimental results directly reveal the impact of network
structure on the confinement of substrates during interstitial chemistry. Because the experiments
provide in operando observation of the relative rates of substrate diffusion and functionalization,
this analysis is amenable to application in the commonly encountered defective frameworks that
are utilized in MOF catalysis. In addition, these experiments have revealed that network-dependent
substrate confinement gives rise to substantial quantum tunneling during interstitial C–H
functionalization chemistry. These data highlight the similarity of pore-confined substrate
functionalization with enzymatic C–H functionalization and serve as a stark example of the
significant transport barriers that confront fine-chemical synthesis in microporous MOFs. We
anticipate the described experiments will provide critical in operando information regarding
diffusivity that will inform rational development of designer MOF catalysts.
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