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ABSTRACT

Partial substitution of Zn* by Mn* in Zn,O(terephthalate), (MOF-5) leads to a distorted all-oxygen
ligand field supporting a single Mn" site, whose structure was confirmed by Mn K-edge X-ray
absorption spectroscopy. The Mn" ion at the MOF-5 node engages in redox chemistry with a
variety of oxidants. With BuSO.PhIO, it produces a putative Mn-oxo intermediate, which upon
further reaction with adventitious hydrogen is trapped as a Mn"-OH species. Most intriguingly,
the intermediacy of the high-spin Mn"-oxo species is likely responsible for catalytic activity of
the Mn'-MOF-5 pre-catalyst, which in the presence BuSO.PhIO catalyzes oxygen atom transfer
reactivity to form epoxides from cyclic alkenes with >99% selectivity. These results demonstrate
that MOF secondary building units serve as competent platforms for accessing terminal high-
valent metal-oxo species that consequently engage in catalytic oxygen atom transfer chemistry

owing to the relatively weak ligand fields provided by the SBU.



INTRODUCTION

In catalysis, metal-organic frameworks (MOFs) combine the benefits of heterogeneous
catalysts, such as ease of recovery and product separation, with those of homogeneous catalysts,
most critically steric and electronic tunability.~ Furthermore, metal ions comprising MOFs’
secondary building units (SBUs) exhibit biomimetic features that are desirable but difficult to
replicate in homogenous systems. These include high spin electronic configurations, determined
by the weak ligand fields of traditional MOF ligands (e.g. carboxylates, azolates), site isolation,
and multiple open coordination sites. When combined with post-synthetic metal exchange, which
can be utilized to install non-native metal ions within a large variety of MOFs, the unique
properties of SBUs can be harnessed to explore fundamentally new coordination chemistry and
catalysis. The versatility of SBU-based chemistry and the particular importance of site isolation
conferred by MOFs was highlighted by us and others in the characterization of highly reactive
species, such as the first example of a ferric hyponitrite in Fe-exchanged Zn.O(terephthalate).
(MOF-5), and the development of industrially relevant catalysts, such as the heterogenization of
an ion-pair molecular catalyst for the selective carbonylation of epoxides, and an ethylene
dimerization catalyst that exhibits an unprecedented combination of activity and selectivity for 1-
butene

Encouraged by these results, we sought to explore the potential utility of cation exchange and
SBU chemistry in reactions that typically suffer from poor selectivity due to uncontrolled radical
processes. A vast set of reactions fits this criterion, but few are as relevant industrially as
hydrocarbon oxidations. Although practiced on a massive industrial scale, hydrocarbon
oxidations typically require the intermediacy of high-valent metal-oxygen species whose

reactivity is difficult to control. Selectivity in these processes is further affected by both kinetics



and thermodynamics: C—H bonds in oxidized (oxygenated) products are often more reactive
than those of alkanes or olefins, which leads to undesired oxidation of the products and eventual
formation of CO.,, the thermodynamic sink.* This is most famously exemplified with the selective
oxidation of methane to methanol, a natural process that is not practiced on industrial scale
because there are no known catalysts that can selectively react with the C—H bonds in methane
but not those in methanol with sufficient activity." Other targets of industrial interest abound and
include aromatic oxidations, benzylic oxidations,” and olefin epoxidations. Indeed, oxygenates
represent some of the most versatile commodity chemicals, justifying the continued interest in
the discovery of new selective oxidation catalysts from both a fundamental perspective as well as
an applied one.* Here, we show that Mn" ions supported within the unusually weak-field zinc-
carboxylate SBUs of MOF-5 (Figure 1) engage in oxidative reactivity and serve as selective
catalysts for the epoxidation of cyclopentene, through the likely intermediacy of a high-spin

Mn»-oxo complex.

o) o
\ :\

// Mn\ \|
o\ /O O
O

: \
gn/ : Zn, ",
N \O Zn %

Figure 1. MnZn.O(terephthalate). cluster

We selected Mn-MOF-5 as a potential pre-catalyst because it offers a unique coordination
environment around redox-active Mn ions. Examples of mononuclear Mn" complexes that
demonstrate oxygen atom transfer reactivity frequently invoke a Mn*-oxo as an intermediate; the

molecular examples of isolated Mn~-oxos feature ligand fields that are exclusively or largely



based on nitrogen donor ligands.=* Mononuclear complexes with predominantly oxygen ligand
fields are scarce, yet some manganese containing enzymes have carboxylate ligands.»» Thus, Mn
in the MOF-5 ligand field should provide valuable information about the effects of such a ligand
environment as well as potentially provide insight into the underpinnings of Mn-based enzymes.
Indeed, given that most known examples of isolated Mn“-oxos are in an all-nitrogen ligand
environment, we surmised that an even more reactive species could be generated in an all oxygen
ligand environment since the carboxylates comprising the SBU of MOF-5 are weaker donors.
We also reasoned that the site isolated environment provided by the framework could enhance
the lifetime of the high-valence intermediate by preventing dimerization or other deactivating
reactions.© With our approach, we thus targeted a system that would exhibit increased reactivity

by providing less electronic stability to the presumed Mn»-oxo intermediate.

RESULTS AND DISCUSSION

Installation of Mn" within the SBU of MOEF-5 followed a previously reported procedure” with
slight modifications aimed at improving the crystallinity and surface area of the Mn'-exchanged
MOFEF-5 (heretofore referred to as Mn'-MOF-5). In particular, because Mn" exchanges very
rapidly into MOF-5, lowering the temperature of the exchange to -35 °C and reducing the
concentration of Mn" in the exchanging solution to a molar ratio of Mn:ZnO(BDC). = 4:1
yielded high quality material with a powder X-ray diffraction (PXRD) pattern that matched that
of original MOF-5 (Figure S1). The Brunauer-Emmet-Teller (BET) apparent surface area of this
material, measured by an N, adsorption isotherm at 77 K, was 3100 m/g (Figure S2), a notable
improvement over the previously reported value of 2400-2700 m¥/g,» and in-line with that

reported for original MOF-5.» Inductively-coupled plasma — mass spectrometry (ICP-MS) of



Mn'-MOF-5 samples prepared by this procedure consistently gave Mn/Zn ratios of
approximately 1/15, corresponding to one Mn" ion in every four SBUs and a formula unit of
Mn,.Zn,(BDC), (Mn,,-MOEF-5). We deemed this relatively low loading of Mn" desirable
because reactive species at MOF SBUs can be a structural liability for the integrity of the entire
MOF.

The electronic structure of the Mn" ions in Mn'-MOF-5 was probed by continuous-wave
electron paramagnetic resonance (EPR) spectroscopy. X-band spectra of suspensions of Mn,,.-
MOF-51n tetrahydrofuran (THF) frozen at 77 K exhibit a single, very broad signal, indicative of
fast spin-spin relaxation pathways likely stemming from the close proximity of Mn" ions. To
eliminate spin-spin interactions we sought to separate the Mn" ions within the MOF-5 lattice
even further and found that direct synthesis is more effective than post-synthetic cation exchange
in forming more magnetically dilute Mn'-MOF-5. Thus, heating a solution of Mn(NO.),"6H.O
with a large excess of Zn(NO.).-6H.O and terephthalic acid yielded a crystalline and porous Mn'-
MOF-5 sample containing only one Mn atom for every 155 Zn atoms, corresponding to a
formula unit Mn,,..Zn,,,,O(BDC), Mn",.-MOF-5). X-band EPR spectra of this magnetically dilute
material confirmed the essentially complete elimination of spin-spin interactions between Mn-
sites and exhibited an isotropic signal with the six lines of hyperfine coupling characteristic of

high-spin “Mn, at g = 2.021 and with a = 88 G (Figure 2) .=
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Figure 2. EPR of Mn-MOF-5 collected at 77 K in THF

With evidence in hand of a Mn" ion isolated in a relatively weak ligand field, Mn"-MOF-5 was
subjected to a variety of common oxidants to probe the redox reactivity of the Mn" center.
Although Mn'-MOF-5 shows no reactivity in the presence of O.between -77 °C and 150 °C, it
reacts readily with a variety of oxygen atom transfer (OAT) reagents. Thus, colorless crystals of
Mn,.-MOF-5 exposed to a colorless solution of pyridine N-oxide (PyNO) undergo a vivid color
change to lime green, quantified by diffuse-reflectance UV-Vis (DRUV-Vis) spectroscopy as a
new absorbance at 400 nm (Figure 3). However, the EPR signal from Mn sites upon reaction
with PyNO, investigated using a Mn",.,-MOF-5 sample to avoid spin-spin relaxation, was
identical to that of unoxidized Mn*-MOF-5 regardless of the reaction temperature. This suggests
that the formal oxidation state of Mn remains 2+ upon reaction with PyNO, and that the observed
color change is due to a ligand-to-metal charge transfer band rather than a d-d transition as may
be expected from a Mn" or Mn. A variety of other OAT reagents of varying N—O bond
strengths, including mesityl nitrile N-oxide (MesCNO, N—O bond dissociation energy (BDE. .)

= 53 kcal/mol) and N.O (BDE, , = 34 kcal/mol)* were similarly incapable of oxidizing the Mn



atoms in Mn'-MOF-5 and gave either no visible reactions or colored products with EPR signals

characteristic of Mn:.
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Figure 3. DRUV-vis of Mn-MOF-5 crystals after soaking in dichloromethane (DCM) (orange),

and DCM solutions of PyNO (green), MesCNO (blue), and ‘BuSO.PhIO (purple).

Although N.O has a very low BDE, ,, we reasoned that its lack of redox activity towards Mn"-
MOF-5 is kinetic, rather than thermodynamic,” and that other reagents with readily transferable
O atoms may yet be able to oxidize Mn"-MOF-5. In this sense, one reagent that has been reported
to yield isolable Mn"-oxo complexes is iodosobenzene and its more soluble version t-
butylsulfonyl-2-iodosylbenzene (BuSO.PhlO).*» Upon exposure to a yellow solution of the
latter, crystals of Mn-MOF-5 turn deep purple over 12 hours. This color is associated with a new
absorption at 550 nm (Figure 3) that was not observed with the other OAT reagents. Most
significantly, the EPR spectrum of Mn",,-MOF-5 crystals treated with ‘BuSO.PhIO revealed a
significantly diminished Mn signal (Figure 2), with no overlap from other paramagnetic species.
This suggested that the majority of Mn" sites have been oxidized and transformed into an EPR-
silent species, likely Mn». Although we expected that BuSO.,PhIO would produce a Mn*-oxo, it

is not unusual for reactive metal oxo species to abstract hydrogen atoms from solvents, including



DCM, as used here.» Indeed, when Mn,,-MOF-5 was treated with ‘BuSO.,PhIO in deuterated
chloroform (CDCL) in the presence of cyclohexadiene, an excellent H-atom donor, quantitative
formation of benzene was observed, suggesting the intermediacy of a Mn“-oxo, and likely
formation of Mn"-OH. Complete exclusion of H-atom donors from the reaction mixture to
ideally isolate this putative Mn“-oxo was unfortunately not possible because the solubility of
‘BuSO.PhIO is limited to DCM and CHCIL.. The oxidation state and the structure of the Mn" site
obtained from oxidation of Mn'-MOF-5 with BuSO.PhIO was further probed by Mn K-edge X-
ray absorption spectroscopy (XAS). X-ray absorption near-edge spectroscopy (XANES) revealed
that Mn"-MOF-5 presents the same features and edge position as MnCl, our reference for Mn-
(Figure 4a). In contrast, the absorption edge for the material obtained by oxidation of Mn,,.-
MOFEF-5 with BuSO.PhIO, purportedly Mn"(OH)-MOF-5, shifts to higher energy and approaches
that of Mn,O,, our reference for Mn". Additionally, its white line decreases, also in line with that
of Mn.O, (Figure 4b). Edge shifts by AE = 3 eV accompanied by a significant decrease and
broadening of the white line are characteristic for changes in oxidation state from Mn" to Mn».»
Although the edge position in the XANES spectrum of Mn"(OH)-MOF-5 is closer to that of Mn"
in Mn.O, than to those of MnO and MnCl,, it is clearly intermediate between Mn" and Mn". This
implies that Mn"(OH)-MOF-5 contains a dominant fraction of Mn" together with a residual

amount of Mn, in further agreement with the EPR studies (vide supra).
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Figure 4. Mn K-edge XANES spectra of Mn'-MOF-5 (a) and Mn"(OH)-MOEF-5 (b) compared

with reference compounds.

Structural insight into the local environment of the Mn sites in Mn-MOF-5 came from
analysis of the extended X-ray absorption fine structure (EXAFS) data. To model this data, we
employed a DFT-optimized SBU fragment, where the absorbing Mn atom is surrounded by four
O atoms in the first coordination shell, and three C and three Zn atoms in the second
coordination shell (inset Figure 5a). This structure provides a good EXAFS fit with the
experimental data (Figure 5a,b; Table S1) revealing a mean Mn—O bond distance R,. , =2.07 +
0.01 A, and second shell mean distances of R, . = 3.00 + 0.04 A and R,... = 3.23 + 0.03 A.
Notably, the optimized Debye-Waller factor for the Mn Zn contribution, 03, = 0.015 A: (Table
S1), is too high for having a pure vibrational origin. Indeed, the corresponding Debye-Waller
factor obtained in fitting the Zn-Zn contribution in a spectrum of pure Zn-MOF-5, collected at 25
°C, was previously optimized to 0.009 A:» This discrepancy is a clear indication of structural
local disorder in Mn'-MOF-5, with the consequent appearance of three slightly different Mn-Zn
distances. These cannot be resolved in the EXAFS analysis and likely account for the amplitude

decrease in the EXAFS second shell signal and the corresponding increase in the Debye-Waller

parameter.
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Surprisingly, although a qualitative analysis of the Fourier Transform (FT) of the EXAFS
spectrum of Mn"(OH)-MOF-5 shows a decrease in the apparent Mn— O coordination distance in
the first shell relative to that observed in Mn*-MOF-5, the data also shows significantly damped
intensity despite the expected increase in coordination number from 4 to 5 (Figure 5c,d). We
attribute this counterintuitive observation to the small quantity of Mn" leftover after treatment of
Mn*-MOF-5 with BuSO.PhIO. Because the Mn—O distances at Mn" and leftover Mn* sites in
Mn*(OH)-MOF-5 differ, scattering from the Mn- site is in antiphase with that from the Mn* site,

which can account for the observed first shell signal damping in this material relative to the pure

Mn*-MOF-5 sample.
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Figure 5. Parts (a,b): modulus (a) and imaginary part (b) of the experimental and best-fit k-
weighted, phase uncorrected FT of the EXAFS spectra for Mn-MOF-5. Single scattering (SS)
contribution involving the O, C, and Zn atomic neighbors are also reported. Parts (¢,d): modulus
(c) and imaginary part (d) of the phase-uncorrected FT of experimental EXAFS spectra for
Mn"(OH)-MOF-5 compared with the spectra of the references and experimental spectrum of

Mn'-MOF-5.

With experimental evidence that ‘BuSO.PhlO is able to generate, at least transiently, a high-
valent, all-oxygen Mn“-oxo moiety capable of further reactivity, we sought to find substrates
where O atom transfer reactivity, rather than H-atom abstraction chemistry would be observed.
We found that the combination of Mn»,.-MOF-5 and ‘BuSO,PhlIO effects the selective oxidation
of cyclopentene to cyclopentene-oxide catalytically in CDCL. Reaction conditions were
optimized to yield a maximum of seven turnovers per Mn site; this was achieved with 300 eq of
substrate (relative to moles of Mn present), minimal solvent, and 50 eq of BuSO.,PhIO added
incrementally. Through the optimization process a linear correlation between moles of substrate
produced and moles of oxidant added became evident (Figure 6). However, the trend plateaued
at the observed maximum of 7 eq cyclopentene-oxide produced. PXRD of the Mn-MOEF-5 after
this maximum output reaction revealed the beginning of decomposition of the framework, with a
loss of crystallinity and splitting of low angle peaks (Figure S1). Reactions in which MOF-5 was
substituted for Mn",,-MOF-5 resulted in no oxidation of substrate, indicating that merely Lewis
acid catalysis at the Zn atoms in the framework is not sufficient to produce the OAT reactivity

observed with Mn,,-MOF-5.
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Figure 6. Catalytic cyclopentene oxidation by Mn-MOF-5 and ‘BuSO.PhIO, conversion plotted
as a function of equivalents of oxidant added. The 55 eq of oxidant that was introduced for the
final data point was added in portions over the course of 7 days to prevent disproportionation of

the oxidant as a result of slow consumption.

Knowing that a likely competing reaction to epoxidation is H atom abstraction from solvent,
we tested whether Mn"(OH)-MOF-5 serves as a competent pre-catalyst for OAT to
cyclopentene. Exposure of Mn"(OH)-MOF-5 to additional oxidant and cyclopentene produced
more than one equivalent of cyclopentene-oxide per Mn, suggesting that the Mn"(OH)-MOF-5
indeed is a viable pre-catalyst for the epoxidation of cyclopentene. Reactions in which Mn"(OH)-
MOFEF-5 was exposed to cyclopentene in the absence of additional oxidant resulted in no OAT
reactivity, eliminating it as the active catalytic species. Mn ions leached from the framework
were also ruled out as the responsible species for OAT reactivity with a hot filtration experiment
as well as experiments where Mn salts such as MnClL,, MnCl, with terephthalic acid, MnO.,, and
Mn.O, were substituted for Mn,,-MOF-5 (See Supporting Information).

The Mn',,-MOF-5 and ‘BuSO.PhlO system serves as very selective epoxidation catalyst for

other cyclic alkenes, such as cyclohexene and norbornene, which are oxidized to the
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corresponding epoxides with selectivities greater than 99%. However, the relative reactivity with
each substrate correlates directly with the amount of ring strain (Table 1), and the system is not
effective in the oxidation of non-cyclic olefins to epoxides or any other oxidized species, nor in
the oxidation of other hydrocarbons such as cumene and cyclohexane. Thus, ring strain is a
necessary driving force for epoxidations by this system, and hydroxylation is not a viable
reaction pathway. The lack of reactivity towards hydroxylation is perhaps best explained by the
fact that the rebound mechanism often invoked in C—H bond hydroxylation is not possible here
due to the high stability of the Mn"-OH intermediate. Other metal ions may provide less stable
hydroxyl species, and thus hydroxylation reactivity, a possibility that we are currently exploring.
Additionally, we note that epoxidation reactivity requires an unobstructed approach of the double
bond to the Mn site. Indeed, we found that despite the considerable ring strain, 1-
methylcyclopentene displays no reactivity with our system. Finally, reactivity takes place
primarily within the pores of the MOF, not just on the surface of crystals, as demonstrated by
size exclusion experiments with larger cyclic olefins. Thus, cyclododecene, despite a relatively
high ring strain value,* undergoes less than one turnover when subjected to reaction conditions.
We surmise that the low reactivity of this molecule is due to its size (7.2 A at its widest point, not
including solvation sphere), which does not allow it to easily penetrate the approximately 10 A
pores of MOF-5, an observation that is consistent with the use of this substrate in systems with

similar pore sizes.*

Table 1. Correlation of substrate reactivity on ring strain energy

Substrate # of Turnovers per Mn- Ring Strain energy”
Norbornene 8.80 21.6 kcal/mol”
Cyclopentene 5.52 4.8 kcal/mol~
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1-methyl cyclopentene 0 3 9 kcal/mol”
Cyclohexene 1.55 0.3 kcal/mol~
Cyclooctene 3.60 7.0 kcal/mol*
Cyclododecene 0.60 10 kcal/mol*

a. Reaction conditions: 10 mg Mn",,-MOF-5, 600 eq substrate, 8 eq oxidant, 0.7 mL CDCI, 18
h at RT.

Fundamentally, the Mn-MOF-5 system allows the unique opportunity to study the reactivity
of a rare terminal Mn"-OH species. Most molecular examples of Mn"-OH species are poor
candidates for reactivity studies due to the amount of steric bulk that is necessary to keep such a
moiety from dimerizing or forming p-oxo/hydroxo bridges.»»* In turn, when known Mn"-OH
species do not require steric protection, they tend to have limited or non-catalytic reactivity .+ As
is the case with some of the existing examples, it is reasonable to assume that the formation of
Mn"(OH)-MOF-5 proceeds through a Mnv-oxo intermediate.» Although the Mn" couple is better
known for selective epoxidation reactivity,>* it is not unprecedented for Mn* to generate epoxides
in the presence of an oxidant, though not as selectively as we have shown in this work.-
Importantly, Mn-oxo species generated from Mn* precursors can also produce various
distributions of alcohols and downstream epoxide oxidation products by introducing small
changes in experimental conditions (such as ligand scaffold or protonation of the oxo with
HOTY).# In our system, the eventual decomposition of Mn',,-MOF-5 over multiple consecutive
turnovers further suggests the occurrence of a Mnv-oxo intermediate. The current reactivity
nevertheless suggests that with small changes, the product distribution may be changed in a

fashion mimicking that seen in molecular systems.
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CONCLUSION

The foregoing results demonstrate that Mn-MOF-5 is competent for oxygen atom transfer
reactivity in a catalytic fashion. Although the relative instability of this system under sustained
catalytic conditions likely prevents its use in industrial applications, the demonstrated reactivity
and proposed intermediate highlight a unique opportunity with MOFs to study species of
fundamental interest. Specifically, the observed reactivity and the isolation of a terminal Mn"-
OH moiety are consistent with the transient formation of a Mn"-oxo species. This putative high-
valent Mn species acts as a highly selective catalyst for the epoxidation of cyclic olefins, a
reactivity that is reproduced with the Mn"-OH species, itself a rare occurrence in a weak ligand

field environment such as that afforded by the nodes of MOF-5.
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Synopsis: Mn*-MOF-5 exposed to a solution of BuSO.,PhlO produces a putative Mn“-o0xo
intermediate, which upon further reaction with adventitious hydrogen is trapped as a Mn"-OH
species. The intermediacy of the high-spin Mn-oxo species is likely responsible for catalytic
activity of the Mn*-MOF-5 pre-catalyst, which in the presence BuSO.PhIO catalyzes oxygen

atom transfer reactivity to form epoxides from cyclic alkenes with >99% selectivity.
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