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Postsynthetic Metal and Ligand Exchange in MFU-4/: A Screening
Approach toward Functional Metal-Organic Frameworks
Comprising Single-Site Active Centers

Dmytro Denysenko,” Jelena Jelic,” Karsten Reuter,” and Dirk Volkmer*®

Abstract: The isomorphous partial substitution of Zn?" ions
in the secondary building unit (SBU) of MFU-4/ leads to
frameworks with the general formula [M,Zns_,Cl,(BTDD);], in
which xx~2, M=Mn", Fe', Co", Ni", or Cu", and BTDD=
bis(1,2,3-triazolato-[4,5-b],[4',5"-)dibenzo-[1,4]-dioxin. Subse-
quent exchange of chloride ligands by nitrite, nitrate, triflate,
azide, isocyanate, formate, acetate, or fluoride leads to a vari-
ety of MFU-4/ derivatives, which have been characterized by
using XRPD, EDX, IR, UV/Vis-NIR, TGA, and gas sorption
measurements. Several MFU-4/ derivatives show high catalyt-
ic activity in a liquid-phase oxidation of ethylbenzene to ace-

Introduction

Metal-organic frameworks (MOFs) are coordination polymers
featuring an open framework containing potential voids. MOFs
represent an exponentially growing research field" and have
been tested for many different applications such as capture of
gases and vapors,? gas separation and storage,® catalysis,"”
sensing,”! as luminescent® or ferroelectric” materials, and as
materials for non-linear optics® or biomedicine.” For each kind
of application, the framework properties have to be adjusted
according to the specific requirements. However, it is often dif-
ficult to synthesize a MOF with desired properties directly. For
this reason, post-synthetic modification has been developed as
a powerful approach towards functional metal-organic frame-
works. The most frequently practiced way for post-synthetic
framework modification includes covalent modification(s) of the
organic linkers, such as the reaction sequence of nitration or
bromination of aromatic moieties, condensation reactions of
amines with aldehydes, carboxylic acid derivatives or isocya-
nates, post-synthetic deprotection and click reactions (cycload-
dition to azides)."” These methods allow the introduction of
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tophenone with air under mild conditions, among which Co-
and Cu derivatives with chloride side-ligands are the most
active catalysts. Upon thermal treatment, several side-ligands
can be transformed selectively into reactive intermediates
without destroying the framework. Thus, at 300°C, Co"-azide
units in the SBU of Co-MFU-4/ are converted into Co'-isocya-
nate under continuous CO gas flow, involving the formation
of a nitrene intermediate. The reaction of Cu"-fluoride units
with H, at 240°C leads to Cu' and proceeds through the het-
erolytic cleavage of the H, molecule.

the desired functional groups into the framework, adjustment
of the pore structure, tuning of the breathing properties, and
so on. Another common approach towards modified frame-
works is represented by the post-synthetic metalation (coordi-
nation of metal ions to the functional groups or free coordina-
tion sites of organic linkers), which is used for introducing cata-
lytically active or luminescent metal ions into the framework or
for improving the sorption properties of the MOF!"" A post-syn-
thetic linker exchange has been realized for several MOF struc-
tures.'”” Finally, post-synthetic metal exchange in secondary
building units (SBUs) has been described for different MOF fam-
ilies, whereas in many cases only partial substitution was ach-
ieved."® We have previously described the post-synthetic ex-
change of the peripheral (tetrahedrally coordinated) Zn" ions
by Co"™ and Cu"™ in MFU-4/."% In addition, the solvent-de-
pendent Zn/Co exchange in MFU-4/ has been investigated in
detail "’ MFU-4/, constructed from deprotonated bis(1H-1,2,3-
triazolo-[4,5-b],[4',5'-)dibenzo-[1,4]-dioxin (BTDD) ligands and
{Zn,Cl,}* " building units, is a large-pore member of the MFU-4
structure family of cubic frameworks featuring exceptionally
high thermal and solvolytic stability."® A close structural relative
to this family, CFA-1, has been shown to undergo Zn/Co ex-
change under similar reaction conditions."” The SBU of these
frameworks (and in structurally related molecular Kuratowski-
type coordination compounds)?” includes one octahedrally co-
ordinated (central) metal ion and four tetrahedrally coordinated
(peripheral) metal ions. The tetrahedrally coordinated metal
ions are structurally related to well-known scorpionate com-
plexes.?! This coordination principle allows for the stepwise ex-
change of peripheral metal ions, whereas the central octahe-
drally coordinated Zn*" ion remains unchanged and the SBU



remains intact (Figure 1). This approach allows us to obtain het-
erometallic derivatives of MFU-4/, which were so far unavailable
through direct synthesis. We have previously also shown that
chloride side-ligands in MFU-4/ and Cu-MFU-4/ can be easily
substituted by formate ligands."”™ Thermal activation of thus
obtained formate MFU-4/ derivatives led to Zn—H or Cu' spe-
cies, the latter showing unique chemisorption properties for
several simple gas molecules (e.g., H,, N, and 0,)."" In addition,
Co-MFU-4/ was found to be catalytically active in the heteroge-
neous oxidation of carbon monoxide." Lastly, MFU-4 and
MFU-4/ frameworks have been studied in technically demand-
ing gas separations such as Xe/Kr®? or H,/D,.** Introducing
other metal ions into MFU-4/ structure therefore seems a re-
warding research goal in terms of developing functional frame-
works. Subsequent ligand exchange allows us to tune the reac-
tivity of metal centers and to perform further transformations
including the in situ generation of active metal sites. Addition-
ally, the pore geometry can be optimized for applications such
as gas storage and separation. In this manuscript we present
the synthesis and characterization of a variety of MFU-4/ deriva-
tives obtained through post-synthetic metal and ligand ex-
change leading to a screening approach towards functional
metal-organic frameworks comprising open metal sites. Mn-,
Fe- and Ni derivatives of MFU-4/ are presented, which were not
considered in our earlier works. The possibilities and limitations
of side-ligand exchange reactions are discussed in detail.

Results and Discussion

Post-synthetic modifications of MFU-4/

We have previously reported on
the complete exchange of
peripheral Zn** ions in MFU-4/
by Co?* at 140°C in DMF[I
Metal exchange with Cu**, how-
ever, can only be conducted at
60°C (due to the formation of
amorphous impurities at higher
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Figure 1. Metal- and side-ligand exchange on the peripheral position in the
SBU of MFU-4-type frameworks (a part of the SBU is shown; t-tetrahedral, o-
octahedral; only one out of four tetrahedrally coordinated (= peripheral) Zn
centers is shown).

Only in the case of Co" are approximately 3 of 4 Zn*" ions
substituted under these conditions, indicating that substitution
by Co" is more favorable than that of other 3d transition-metal
ions. This is probably due to the highest ligand field stabiliza-
tion energy (12D, for tetrahedrally coordinated d’ metal
ions) among the applied metal ions. For Mn", Fe", and Cu",
metal exchange at temperatures above 60°C leads to impure
products, as verified by XRPD, IR spectroscopy, and gas sorp-
tion measurements. Only in the case of Ni" is metal exchange
also possible at 80°C, leading to almost complete substitution
of peripheral Zn centers (Figure 2). However, analytically pure
products, as determined by elemental analyses, were only ob-
tained at 60°C. Figure 2 shows that 50% of the peripheral
Zn?" ions are substituted easily when an approximately equi-
molar M/Zn starting ratio is used. Further increase of the initial
M/Zn ratio then results only in a moderate enhancement of
the metal substitution degree. For this reason, we have used

Co-MFU-4/ (6)
[ZnCo,Cl,(BTDD),]

temperatures) and leads to a par- - 112;.’{3)!3‘?& & 2n
tial (~50%) substitution.! Simi- )4 CoCl,/DMF ; ;‘{( ®Co
larly, other 3d transition-metal Q {:: prew— ::j: . Cl
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be introduced into the SBU by .“:'A”'j,r. P o
dispersing MFU-4/ crystals into )¢ 2

a solution containing a large ; a o

excess of metal(ll) chloride in MCI,/DMF or DMA LiX/MeOH or
DMF or DMA at 60°C. Under 60°C CH,CN, RT
these conditions, approximately

40 to 60% of the peripheral Zn;.,M,Cl,(BTDD);], x=2 [ZnCo,X,(BTDD),]

Zn*" ions are substituted lead-
ing to frameworks with the gen-
eral formula [M,Zns_,Cl,(BTDD),],
in which x~2 and BTDD=
bis(1,2,3-triazolato-[4,5-b],[4,5'-
i)dibenzo-[1,4]-dioxin

(Scheme 1). DMA = N,N-dimethylacetamide).

M = Mn (1), Fe (2), Co (3), Ni(4), Cu (5)

X ™= NO, (6-NO,), NO,” (6-NO,),
CF,S0O;” (6-OT), N, (6-N),
HCOO™ (6-HCOO), OAc™ (6-OAc),
NCO- (6-NCO), F~ (6-F)

Scheme 1. Post-synthetic modifications of MFU-4/ described in this study (DMF = N,N-dimethylformamide,



a 13-fold excess of metal(ll) chloride in 0.25m DMA or DMF so-
lution in preparative scale metal exchange procedures. Higher
metal salt concentrations result in the precipitation of metal
salts and should be avoided. To improve the metal substitution
degree, samples of metal-exchanged MFU-4/ have been sub-
jected to a second exchange step employing identical starting
conditions. However, according to analytical results, this
second exchange did not improve the substitution degree sig-
nificantly. For instance, in the case of Cu, the Zn/Cu exchange
degree increased from 55 to 60% upon repeating the proce-
dure. All MFU-4/ hetero-metal derivatives thus prepared pos-
sess a thermal stability similar to the original MFU-4/ frame-
work (up to 400°C according to TGA data, see the Supporting
Information, Figure S1). XRPD data show that all derivatives are
phase-pure and have the same structure as the parent frame-
work MFU-4/ (the Supporting Information, Figure S78). Also,
the IR spectra are nearly identical to that of MFU-4/ (the Sup-
porting Information, Figures S10-S13). All frameworks are
highly porous, as confirmed by argon sorption at 87.3 K (the
Supporting Information, Figure S33). Our attempts to introduce
other metal ions such as Ag™, Pd**, or VO** into MFU-4/ by
using a similar procedure were unsuccessful up to now. Post-
synthetic metal exchange in MFU-4/ can be augmented by the
side-ligand exchange reaction as exemplified for chloride ex-
change in Co-MFU-4/ (Scheme 1). Hence, the chloride side-
ligand can be substituted by a number of different anions
such as NO,, NO;~, N;7, CF;SO;~, NCO~, HCOO™, CH,COO,
or F~. Lithium salts well-soluble in methanol or acetonitrile
were used in all cases except fluoride, in which case CsF solu-
ble in methanol was applied. For weakly coordinating ligands
(formate, acetate, nitrate, and triflate) a 20-fold excess of lithi-
um salt in methanol was employed. In the case of triflate, the
exchange with this procedure is incomplete. However, nearly
90% of chloride ligands can be substituted when the proce-
dure is repeated twice. The success of ligand exchange was
controlled mainly by EDX analysis and in several cases by FIR
spectroscopy. Thus, a characteristic band at 383 cm™' assigned
to the Co—Cl stretch mode,™ disappears almost completely
upon side-ligand exchange (the Supporting Information, Fig-
ure S21). In the case of stronger coordinating ligands (nitrite,
azide, and isocyanate), such large excess of lithium salt leads
to discernible leaching of Co?' ions from Co-MFU-4/ (6) and to
decomposition of the framework. For this reason, only a moder-
ate excess of the corresponding lithium salt (/25 %) was used.
Acetonitrile approved to be a better choice for these ligands
leading to products with higher crystallinity. All attempts to in-
troduce cyanide into Co-MFU-4/ (6) failed completely due to
immediate decomposition of the framework. Also, treatment
with hydroxide led to decomposition of the framework, as veri-
fied by XRPD measurements. Fluoride exchange proceeds
smoothly on all 3d transition-metal centers studied except
zinc. Treatment of MFU-4/ with CsF in methanol does not lead
to the CI/F exchange, as verified by EDX and IR measurements.
EDX analyses show that partially substituted fluoride deriva-
tives of Mn-, Fe-, Ni-, and Cu-MFU-4/ (1-F, 2-F, 4-F, and 5-F, re-
spectively) contain a considerable amount of chloride, which
corresponds well to a number of peripheral Zn** ions in the

SBU and indicates that chloride side-ligands at Zn" centers are
not substituted by fluoride. Co-MFU-4/-fluoride (6-F) is, in con-
trast, almost chloride-free, since all four peripheral zinc ions in
each SBU are replaced by Co" centers in peripheral positions.
According to the TGA data, all derivatives obtained after the
side-ligand exchange are quite stable (at least up to 150°C,
see the Supporting Information, Figures S2, S3, and S6). XRPD
measurements confirm phase purity and intact structure of the
frameworks (the Supporting Information, Figures S79-81). The
high porosity typical for MFU-4/ frameworks is also retained
(the Supporting Information, Figures S33 and S34).

NiCl, (80 °C)

CuCl, (60 °C)

0 5 10 15 20
molar ratio M/Zn

Figure 2. Total number, x, of Ni" or Cu" ions per {M,Zn,_,Cl,}*" unit as a func-
tion of (M/Zn) molar ratio in the starting reaction mixture (DMA, 20 h).

UV/Vis-NIR spectra

All derivatives except Mn-MFU-4/ (1) show several absorption
bands in the UV/Vis-NIR spectrum relating to d-d metal-cen-
tered valence electron transitions. Fe-MFU-4/ (2) does not
show any bands in the visible range, but it shows a strong
charge-transfer (CT) band at 335 nm and other bands in the
NIR range at 1385 and approximately 1660 nm (Figure 3).

The bands in the NIR range correspond to a split °T,—°E
transition.”” The tetrahedral complex [FeQ,Cl,] (Q=quinucli-
dine) shows the same split band with two maxima at approxi-
mately 1400 and 1950 nm. The shift towards lower energy is
caused by a weaker ligand field.” Ni-MFU-4/ (4), when filled
with DMA, is green-colored and shows bands at 630 and
1039 nm, which are typical for octahedral Ni" ions and corre-
spond to the *A,,—°T;, and °A,;—’T,, transitions, respective-
ly.** The third spin-allowed transition, *A,,—T,4(P), which nor-
mally appears at 370-520 nm, is overlapped by the strong
ligand absorption and can hardly be seen as a shoulder at ap-
proximately 420 nm (Figure 4).

After solvent removal, compound 4 becomes red-colored.
The tetrahedrally coordinated Ni' ions with Cs,-symmetric
ligand surrounding in 4 show a much more complicated spec-
trum (Figure 4), which has previously been observed for a simi-
lar scorpionate complex [Tp*NiCl] (Tp*=hydrotris(3,5-dimeth-
yl-1-pyrazolyl)borate).?® Thus, based on ligand-field calcula-
tions performed for [Tp*NiCl], the observed absorption bands
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Figure 3. Diffuse reflectance UV/Vis-NIR spectra of 2 and 2-F.
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Figure 4. Diffuse reflectance UV/Vis-NIR spectra of 4 (filled with DMA and
solvent-free).

can be assigned as the following transitions: 386 nm: CT,
475 nm: 3A,CT,, F)—3A,CA,, F), 547 nm: 3A,CT,, F)—%ECT,, P),
804 nm: *A,CT,, F)—>A,CT,, P), 905 nm: *A,(T,, F)—%ECT,, F),
1743 nm: 3A,(T,, F)—3ECT,, F). The same behavior was ob-
served in case of Cu"-MFU-4/ (5): When filled with DMA, the
compound is green and shows absorption bands typical for
sixfold coordinated Cu". Solvent-free 5 is red-brown and
shows very intensive absorption bands at 417, 523, and
997 nm (Figure 5).1"

These spectral features are very similar to previously de-
scribed scorpionate complexes [Tp™™eCuCl] and [Cu(L)Cl]-
(CLO,), in which Tp®“Me = hydrotris(3-tert-butyl-5-methyl-1-pyra-
zolyl)borate and L=tris(3-tert-butyl-5-methyl-1-pyrazolyl)me-
thane.”” Thus, the first two bands at 417 and 523 nm can be
assigned to the ClI~ to Cu" CT transitions, the third one at
997 nm to the d-d transition at the Cu" centers. In 5-F, the CT
absorption bands disappear almost completely, which remains
in agreement with the much higher electronegativity of fluo-
rine. At the same time, also the intensities of d-d transitions
become much lower (Figure 5). The same behavior is observed
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Figure 5. Diffuse reflectance UV/Vis-NIR spectra of 5 and 5-F.

for 4-F (the Supporting information, Figure S9). In 2-F, only the
intensity of the d-d transitions is reduced, whereas the intensi-
ty of the CT band remains unchanged (Figure 3). This can be
explained by the nature of the transition, which is in this case
most probably metal-to-ligand charge-transfer involving a tria-
zolate moiety. In contrast, such a hypochromic effect is not ob-
served for 6-F (the Supporting Information, Figure S8). These
phenomena are well known in coordination chemistry, but
have no simple explanation. Qualitatively, the intensity of a d-
d transition grows with increasing covalency of a metal-ligand
bond and respective mixing between metal and ligand orbi-
tals.”” The fluoride ligand has a much higher ionic character
compared with chloride, and thus leads to low intensities of
d-d transitions. The spectral properties of Co-MFU-4/ (6) de-
scribed previously™ undergo strong changes upon substitu-
tion of chloride ligands. UV/Vis-NIR spectra of selected deriva-
tives of 6 are shown on Figure 6. Substitution of the chloride
ligand by azide leads to a very intensive CT absorption band at
389 nm. The strong absorption band centered at 612 nm, typi-
cal for tetrahedral Co" ions, is more intense and shows a much
stronger split compared with 6. Framework 6-HCOO contains
fivefold coordinated Co" ions, which results in a significant
shift and much lower intensity of the absorption bands. Fig-
ure S8 (the Supporting information) shows that nitrite, nitrate,
and triflate derivatives of 6 also contain fivefold coordinated
Ca", as confirmed by comparison to the literature-known com-
plex [Tp*Co(OAC)1.”® Nitrite is an interesting case since it is
known to coordinate either in monodentate (nitro-, by the N-
atom) or bidentate (nitrito-, by two oxygen atoms) fashion.
The nitrito-to-nitro linkage isomerization has been extensively
studied for Co"? and it has been found that the nitro-form is
more stable.’” However, in the case of scorpionate-type coor-
dination of Co", the nitrito-form seems to be more stable.
Thus, [Tp®"MeCo(NO,)] contains fivefold coordinated Co" with
the nitrite ligand coordinated by two oxygen atoms.P”
[Tp™Co(NO,)]  (Tp™ =hydrotris(3,5-diphenyl-1-pyrazolyl)bo-
rate) shows complex solution behavior being blue (tetrahedral-
ly coordinated) in CH,Cl, and pink-red (fivefold coordinated) in
THEB?
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Figure 6. Diffuse reflectance UV/Vis-NIR spectra of selected derivatives of 6.

Liquid-phase aerobic oxidation

MFU-4/ frameworks featuring coordinatively unsaturated metal
sites, large pores, and high thermal stability are promising can-
didates for catalytic applications. Binding of the O, molecule at
the active metal site is a crucial step for the gas-phase oxida-
tion under mild conditions. Searching for MOFs that could be
utilized for heterogeneously catalyzed reactions employing
molecular oxygen, we have systematically studied heterometal-
lic MFU-4/ derivatives. Since physisorption enthalpies for argon
and oxygen are very similar,®* a comparison of the isosteric
heats of Ar and O, adsorption will show whether chemisorp-
tive oxygen binding at the unsaturated metal site takes place
or not. Unfortunately, in all tested cases, the heats of Ar and O,
adsorption determined from the adsorption isotherms mea-
sured in the temperature range 183-213 K (as described in the
Supporting information, pp.S$13-S31), are very similar
(Table S1). Density-functional theory (DFT) calculations of O,
binding energies on metal centers in scorpionate-type coordi-
nation, which was used as a model environment for metal
sites in MFU-4/, confirm these results and show that strongly
basic ligands such as hydroxide, hydride, or amide would
enable oxygen binding.*¥ Only in these cases was sufficient
charge transfer from the metal center to the oxygen identified
through Hirshfeld charge analyses. Unfortunately, up to now,
we were not able to prepare these derivatives. It seems that
tetrahedral and fivefold coordination of divalent metal centers
in MFU-4/ frameworks comprising one additional side ligand is
less favorable for binding small molecules if compared with
Cu~MFU-4/ featuring trigonal-pyramidal Cu' sites and showing
quite strong O, binding.™ Although MFU-4/ derivatives seem
rather inactive in terms of dioxygen binding from the gas
phase, they show catalytic activity in liquid-phase oxidation re-
actions. Selective oxidation of hydrocarbons is an important
process for fine chemical synthesis. MOFs have been extensive-
ly tested as catalysts for this kind of application. In most cases,
different peroxides such as H,0, or tBUOOH were applied as
oxidizing agents.*¥ Molecular oxygen is the most attractive ox-
idant due to its unlimited availability. However, due to its low
reactivity at low temperatures, oxygen activation still remains

H
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Scheme 2. Schematic representation of the aerobic oxidation of hydrocar-
bons catalyzed by the NHPI/PINO system in the presence of transition-metal
ions.

H

a challenge. One effective strategy for oxygen activation is the
use of N-hydroxyphthalimide (NHPI) as co-catalyst, which is
easily oxidized to phthalimide N-oxyl radical (PINO) with air in
the presence of transition-metal ions. PINO acts then as initia-
tor for the radical oxidation of C—H bonds (Scheme 2).%*

This strategy has been successfully applied with homogene-
ous catalysts such as acetates or acetylacetonates of V", Mo",
Mn", Fe", Co", Co", and Cu".*® Several MOFs have been tested
as catalysts for this reaction. Thus, MFU-1 was found to be cat-
alytically active in the PINO-mediated oxidation of cyclohexa-
nol, cyclohexane, cyclohexene, and ethylbenzene.®” Solution
impregnation of MFU-1 with NHPI led to a heterogeneous cat-
alyst NHPI@MFU-1 suitable for solvent-free oxidation of hydro-
carbons. Similar catalytic model reactions have been reported
subsequently for Fe-BTCP® and Co-BTT.®*” Continuing our work
on MFU-1 derivatives we have tested different MFU-4/ deriva-
tives as catalysts in the aerobic oxidation of ethylbenzene
under mild reaction conditions (Scheme 3).

M-MFU-4/ 0
N-nydroxyphthalimide
CH5;CN, 40 °C, air, 40°C
Scheme 3. Liquid-phase oxidation of ethylbenzene. Reaction conditions: cat-
alyst (1 mol% based on Mn-, Fe-, Co-, Ni- or Cu centers), NHPI (10 mol %).

The results are summarized in Table 1. The highest conver-
sion is achieved with 5, 6, and 6-OAc (within the experimental
error). Even though 5 remains highly crystalline (the Support-
ing information, Figure S82) and porous (BET surface area
3232 m?g ', as determined by N, sorption at 77.3 K) after the
reaction, the hot filtration test, performed after 24 h reaction
time, shows probable leaching of Cu?* ions.

The conversion in filtered solution increases with time in
a similar way as in the unfiltered reaction mixture (Figure 7, A).
A prolonged induction period indicates the slow formation of
PINO radicals in the beginning and could also indicate the
leaching of Cu®" ions. However, the amount of leached Cu?*
ions must be very low since EDX analysis of 5 recovered after
catalysis shows an unchanged Zn/Cu ratio (see the Experimen-



Table 1. Conversions and selectivities for the liquid-phase oxidation of
ethylbenzene catalyzed by MFU-4/ derivatives after a reaction time of
48 h.

Compound  Metal Side Conversion of Selectivity
jon ligand ethylbenzene [%]  ketone/alcohol®

6 Co’* - 27+3 97

6-OAc Co’* CH;COO™  26+3 95

6-NO, Co?*  NO, 841 95

6-OTf Co>*  CF,S0,” 3405 -

1 Mn*"  CI 0 -

2 Fe’t  CI 0 -

4 Ni?* - 941 -

5 cu’t - 28+3 95

[a] The selectivity for 4 and 6-OTf could not be estimated due to very

low content of alcohol

tal Section). In contrast, framework 6, having nearly the same
activity, does not show such an induction period. The hetero-
geneous character of catalysis is confirmed by the hot filtration
test performed after 8 h reaction time (Figure 7, o). Framework
6 also remains stable after the reaction, but the crystallinity
(the Supporting information, Figure S83) and porosity (BET sur-
face area 2172 m>g™', as determined by N, sorption at 77.3 K)
become slightly decreased. The EDX analysis of 6 recovered
after catalysis shows, similarly to 5, an unchanged Zn/Co ratio
(see the Experimental Section). Framework 6-OAc shows
almost the same activity, whereas 6-NO; and 6-OTf are much
less active. Framework 4 shows low activity, as compared with
that of 5 and 6. Frameworks 1 and 2 are not stable under reac-
tion conditions: A fast oxidation of Mn*" or Fe?™ ions and no
conversion of ethylbenzene were observed. GC/MS analysis
shows the formation of 1-phenylethanol as a byproduct in all
cases (the Supporting information, Figure S76). However, the
ketone/alcohol selectivity is very high (>95%) in all cases. In
general, framework 6 shows similar activity and selectivity as
MFU-1. Interestingly, only traces of benzoic acid (<0.1%) were
found in the reaction mixture as revealed by ESI-MS analysis
(for details see the Supporting information, pp. S33-S34). The
recyclability test shows that 6 recovered after catalysis has
almost unchanged activity and gives 25.7% conversion in the
second run, which is 94% of the value listed in Table 1.

Thermal transformations of MFU-4/-formates and azides

As shown by us in a recent report, the thermal decomposition
of formate moieties at peripheral Zn" centers in MFU-4/-HCOO
leads to the formation of Zn—H species, whereas decomposi-
tion of Cu"-HCOO moieties gives Cu' species."™ Thus, thermal
decomposition of formate ligands can be considered as
a method for the in situ generation of reactive or low-valent
metal sites. TGA measurements show that formate side-ligands
at the peripheral 3d transition-metal sites in heterometallic de-
rivatives of MFU-4/ can be selectively decomposed, as can be
seen by the stability range without weight loss, before the de-
composition of the framework starts (the Supporting informa-
tion, Figure S3). Only in the case of 6-HCOO is the stability
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Figure 7. Time-dependent formation of acetophenone in the PINO-mediated
oxidation of ethylbenzene catalyzed by 5 (A) and 6 (o). Dashed lines show
the reaction progress after hot filtration.

Table 2. Temperatures for thermal transformations of formate side-li-
gands in heterometallic derivatives of MFU-4/.?

Compound Metal ion Start [°C] End [°C]
MFU-4/-HCOO Zn?** 195 280
1-HCOO Mn2* 330 370
2-HCOO Fe?* 195 325
6-HCOO Co*t 195 325
4-HCOO Ni?*+ 180 280
5-HCOO Cu*t 120 180

[a] Determined by TGA under N, flow with a heating rate of 5 Kmin~".

range less well pronounced. Table2 shows decomposition
ranges of formate ligands at different metal(ll) centers in
hetero-metal derivatives of MFU-4/ determined by TGA.

It has to be noted that only Zn- and Co-MFU-4/-formates
contain only one type of peripheral metal ions; the other de-
rivatives are mixed with zinc. In the case of Mn" and Cu', the
decomposition steps are well separated, since Cu-HCOO moiet-
ies decompose at considerably lower, and Mn-HCOO at consid-
erably higher temperature, than Zn-HCOO. XRPD measure-
ments show that the crystallinity of 2-HCOO and 4-HCOO is
completely retained after decomposition of formate side-li-
gands (the Supporting information Figure S84). The crystallinity
of 6-HCOO becomes lower and 1-HCOO shows only main X-
ray reflexes after thermal treatment. Treatment of 6-HCOO
under CO gas flow at 325°C gives a proof for the formation of
low-valent cobalt sites (Scheme 4). Thus, a band appearing at
1971 cm™' (the Supporting information, Figure S30) is very sim-
ilar to a CO stretch in Co-containing scorpionate
[Tp"™MeCo(CO)] (1940 cm™', Tp™™Me—=hydrotris(3-isopropyl-5-
methyl-1-pyrazolyl)borate).*”

The DFT-calculated CO stretching frequency for the scorpio-
nate Co'-CO cluster is 1966 cm~'. Further detailed studies on
thermal transformations of formate side-ligands in heterome-
tallic derivatives of MFU-4/ have to be performed to explore
the potential of this strategy for the generation of highly
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Scheme 4. Schematic representation for the formation of Co'-CO species
after thermal treatment of 6-HCOO under CO gas flow.

active metal sites. Another interesting reaction is a thermal
transformation of azide to isocyanate under CO gas in 6. The
reaction is very clean, as confirmed by IR spectroscopy
(Figure 8) and most likely involves a nitrene as an intermediate.
The crystallinity of the product is somewhat lower, compared
with that of 6-N; and 6-NCO prepared through the side-ligand
exchange, but all X-ray reflexes are retained and no impurities
can be seen (the Supporting Information, Figure S85).
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Figure 8. IR spectra of 6-N;, 6-NCO (prepared form 6 by ligand exchange),
and of the product obtained from 6-N, after heating under CO flow at
300°C.

Transition-metal nitrene (nitrido- or imido-) complexes®"
have attracted much attention due to their supposed role in
biological nitrogen fixation*” and potential as N-atom transfer
reagents.”? Aryl-substituted bis(imino)pyridine cobalt azide
complexes ("BPDI)CoN; and (“*BPDI)CoN; have been shown
to generate a nitrene intermediate under photolytic or thermal
(215°C) conditions, which then undergoes an intramolecular
insertion into the C—H bond."*" (*BPDI)CoNj, reacts with CO in
toluene at 23°C to give (M*BPDI)CoNCO. These mild conditions
for the reaction with CO, in contrast to the intramolecular in-
sertion into the C—H bond, indicate that the latter transforma-
tion proceeds more likely through the direct insertion of the
CO molecule into azide. The solvent-assisted conversion of co-
ordinated azide anions to isocyanate ligands under mild condi-
tions has also been described in several other cases.* The
conversion of 6-N; to 6-NCO does not occur at RT and thus
most probably involves the formation of a nitrene intermediate
representing heterogeneous single-site reaction (Scheme 5).
According to DFT calculations, the formation of a nitrene in
the first step is endothermic (127 kJmol™") with an activation
energy of 217 kimol™". The barrier occurs at the Co—N--N, dis-
tance of 1.7 A. Subsequent reaction with CO to isocyanate
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N- ’0-N3 —_— ¢ — N’C,:O_NCO
N T2 N_ v i N
b N—COEN ! L/

Scheme 5. Schematic representation of the conversion of 6-N; to 6-NCO
through the nitrene intermediate.

takes place spontaneously without any barrier and is highly
exothermic (—380 kJmol ™).

Preparation of Cu-MFU-4/ in different ways

Previously, we have described the preparation of Cu-MFU-4/
through the thermolysis of 5-HCOO (path d in Scheme 6).!
Using the possibilities for the postsynthetic modification of
MFU-4/, Cu' centers can be generated also in alternative ways.
Thus, heating a suspension of 5 in DMF at 140°C leads to a col-
orless product (path a in Scheme 6). The presence of Cu' cen-
ters in this product is confirmed by oxygen adsorption iso-
therms showing clear chemisorption (the Supporting Informa-
tion, Figure S46, left). The heat of oxygen chemisorption
(50 kymol™", the Supporting Information, Figure S75) is very
close to the one previously described for Cu-MFU-4/
(52 kJmol™")." Additionally, the formation of Cu' centers is
supported by the IR spectrum after CO adsorption (the Sup-
porting Information, Figure S31): A characteristic CO stretch at
2090 cm™" is observed (2081 cm™' in a previously described
Cu-MFU-4/ prepared through path d). However, the amount of
chemisorbed oxygen (~10cm?®g™"', as seen from the adsorp-
tion isotherms) is much lower as described previously
(38 cm*®g™). Also, a small deviation in the heat of oxygen ad-
sorption and position of the CO stretch as well as significantly
reduced BET surface area (2615 m?g™") indicate that the reac-
tion is not clean. The mechanism probably includes the forma-
tion and further decomposition of Cu-formate moieties (for-
mate is produced by the hydrolysis of DMF). Path b on
Scheme 6 shows a direct substitution of Zn?* centers by Cu' in
MFU-4/. Since CuCl is not soluble in common solvents (except
strongly coordinating solvents such as pyridine), we added lith-
ium chloride, which leads to the formation of a mixture of
soluble chloro cuprates(l). The product obtained in this way
shows the same oxygen chemisorption with the heat of
52 kJmol™' (the Supporting Information, Figures S46 and S75),
which matches exactly the value described previously. Howev-
er, the amount of chemisorbed oxygen (=12 cm?g™") is also
very low, due to much lower exchange degree. Both products,
prepared through the pathways a and b (Scheme 6), show the
same high crystallinity as 5 (the Supporting Information, Fig-
ure S86). Finally, Cu' centers in MFU-4/ can be generated by the
gas-phase reaction of 5-F with H, at 240°C (path ¢ on
Scheme 6).

Thus, the TGA curve of 5-F under H,/Ar flow shows a weight
loss in the range 120-220°C, which is not observed under N,
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Scheme 6. Different ways for the preparation of Cu-MFU-4/.

(Figure 9). The weight loss of 2.8% corresponds well to the
loss of fluoride ligands connected to Cu" centers (calcd 3.1%).
The product obtained in this way shows typical oxygen chemi-
sorption with the heat of adsorption of 52 kJmol™" (the Sup-
porting Information, Figures S47 and S75). The chemisorbed
amount of approximately 34 cm®g ', high porosity (BET surface
area 3682 m>g "), crystallinity (the Supporting Information, Fig-
ure S87) and the results of the elemental analysis confirm the
purity of the obtained product with the formula
[Cu,Zn;Cl,(BTDD)s]. Interestingly, framework 5 exhibits a similar
weight loss of 4.9% in the range 250-350°C under H,/Ar flow,
as indicated by the TGA curve (the Supporting Information,
Figure S4). This weight loss corresponds quite well to the loss
of two chloride ligands at the Cu" centers (calcd 5.6%) and
could be assumed as a formation of Cu' centers. Formation of
HCl in the gas phase was confirmed by TG/MS measurement
(the Supporting Information, Figure S5). The loss of halide
seems to occur at higher temperature even under nitrogen.
Thus, both frameworks 5 and 5-F show a weight loss in the
range 350-400°C (Figure 9 and the Supporting Information,
Figure S4) before the decomposition of the framework starts.
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Figure 9. TGA curves for 5-F under N, and H,/Ar (1:9) flow.

Oxygen adsorption isotherms for products, obtained from 5
by heating at 350°C under H,/Ar flow or 400 °C under N, flow,
show clearly that no chemisorption occurs and thus both
products do not contain active Cu' sites (the Supporting Infor-
mation, Figure S47, right). Although the crystallinity in both
cases is retained (only two small additional reflexes at 6.8 and
7.4° 26 are observed, the Supporting Information, Figure S87),

the porosity is strongly reduced to 2078 and 2054 m?g~", re-
spectively. The results of the elemental analysis are similar in
both cases and give C/N ratios of 36:16.6 and 36:16.1, respec-
tively, whereas an ideal ratio for an unchanged MFU-4/ frame-
work must be 36:18. This indicates clearly that the triazolate
moieties lose some nitrogen atoms and partial decomposition
of the framework occurs under these conditions. Thus, only
the reduction of 5-F with hydrogen under milder conditions
represents an alternative way for the preparation of pure Cu'-
MFU-4/. TGA studies on other fluoride derivatives of MFU-4/
show that no reaction with H, takes place before the frame-
work starts to decompose (the Supporting Information, Fig-
ure S6). The mechanism of the reaction of Cu"-fluoride units in
5-F with hydrogen probably proceeds through a heterolytic
cleavage of the H, molecule followed by the decomposition of
a Cu'-hydride intermediate (Scheme 7).
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Scheme 7. Schematic representation of the conversion of Cu'-F units to Cu'
in 5-F through the Cu"-H intermediate.

Fluoride ligands serve as basic anions forming very stable
H—F bonds and thus driving the reaction. According to our
DFT calculations, the formation of Cu'-H species in the first
step is endothermic (44 kJmol™") with an activation energy of
80 kJmol~". The barrier occurs at a Cu—F--H, distance of 1.2 A
and at that distance the H--H bond is elongated to 1.02 A
(normal bond length for H, molecule is 0.74 A). Subsequent
dissociation of Cu'-hydride species to Cu' and H radicals (which
then recombine to H, molecules) has a calculated activation
energy of 145 kJmol™" and the full free radical split takes place
at a Cu--H distance of approximately 3 A. Heterolysis of the H,
molecule by Cu' tert-butoxide in the presence of phosphine li-
gands in a THF solution leading to a hexameric Cu'-hydride
complex has been described.”®" This complex was shown to
reduce o,f-unsaturated carbonyl compounds with high yields
and selectivities.*” Heterolytic cleavage of hydrogen was also
observed, for instance, for a Fe' complex that served as
a model for the hydrogenase enzyme,® as well as for some
other transition-metal ions such as Co", Mn', Mo", Re', RU', Ir",
Pd", and Pt"" To the best of our knowledge, the heterogene-
ous reaction of 5-F with hydrogen represents the first example
for the heterolytic cleavage of a H, molecule on single-site
active centers within a metal-organic framework.

Conclusion

Post-synthetic metal and side-ligand exchange reactions
enable the preparation of a large variety of MFU-4/ derivatives
with the general formula [M,Zns_,(L),Cl,.,(BTDD);], in which
M=Mn", Fe", Co", Ni", Cu", and L=NO,, NO,~, CF;SO;~, N,
NCO~, HCOO™, CH,COO™, and F~. The possibilities and limita-
tions of this approach are shown in the manuscript. Several of



thus-prepared MFU-4/ derivatives show high catalytic activity
in a liquid-phase oxidation of ethylbenzene to acetophenone
with air under mild conditions, among which Co- and Cu deriv-
atives with chloride side-ligands are the most active. Further
thermal transformations of the side ligands in the gas phase,
such as the decomposition of formate, conversion of azide to
isocyanate, and removal of fluoride can be performed selec-
tively without destroying the framework. Thermal conversion
of Co"-azide units in the SBU of Co-MFU-4/ involves the forma-
tion of a nitrene intermediate, which is potentially interesting
as an N-atom transfer reagent. Treatment of Cu'-fluoride units
with H, at 240°C leads to Cu' and proceeds through the heter-
olytic cleavage of the H, molecule, showing the potential of
Cu"-MFU-4/-fluoride as a catalyst for hydrogenation reactions.
Thus, combined with its robustness, the MFU-4/ family repre-
sents a modular “construction kit”, which allows fine adjust-
ments of the framework properties and can be suggested for
different applications such as catalysis, sensing, gas capture,
storage, and separation. Further studies on MFU-4/ derivatives
should be highly rewarding in terms of searching for new func-
tional porous materials.

Experimental Section
General procedures

All starting materials were of reagent grade and used as received
from the commercial supplier. [Tp*Co(OAc)] was prepared accord-
ing to the literature procedure.” Fourier transform infrared (FTIR)
spectra were recorded with an ATR unit in the range 4000-
180 cm™' on a Bruker Equinox 55 FTIR spectrometer. Diffuse reflec-
tance UV/Vis-NIR spectra were recorded in the range 2000-250 nm
on a PerkinElmer 4 750 s spectrometer equipped with a Labsphere
60 mm RSA ASSY integrating sphere with 0°/d measuring geome-
try. Labsphere Spectralon SRS-99 was used as a white standard.
Thermogravimetric analyses (TGA) were performed with a TA In-
struments Q500 analyzer in the temperature range of 25-900°C in
flowing nitrogen gas at the heating rate of 5 Kmin™'. TG/MS meas-
urements were performed with the same instrument combined
with the Hiden QIC-20 gas analysis system. Energy-dispersive X-ray
spectroscopy (EDX) was performed with a Philips XL 30 scanning
electron microscope. An area of at least 10x10 um including at
least 10 MOF crystals was scanned. Elemental analyses were mea-
sured with a Vario EL Il instrument from Elementar Analysensys-
teme GmbH. GC/MS measurements were performed on a Hewlett
Packard GC System 6890 Series equipped with Rtx-5MS column
and mass selective detector MSD 5973. N, adsorption isotherms for
the determination of BET surface areas were measured at 77 K in
the relative pressure range 0.01-0.45 with a Quantachrome
NOVA 2000 Series instrument. O, and Ar adsorption isotherms
were measured with a BELSORP-max instrument combined with
a BELCryo system. Adsorbed amounts are given in cm®g~" [STP], in
which STP=101.3 kPa and 273.15 K. Powder X-ray diffraction data
were collected in the 26 range of 4-70° with 0.02° steps, with
a time of 200 s per step, by using a Seifert XRD 3003 TT diffractom-
eter equipped with Meteor 1D detector. All DFT calculations have
been performed with the all-electron full-potential code FHI-
aims.”” Electronic exchange and correlation was treated on the
level of the generalized gradient approximation (GGA) PBE func-
tional®" for the geometry optimizations and on the level of the
hybrid B3LYP functional® for consecutive single-point calculations

on these optimized geometries. Dispersive interactions lacking at
these levels of theory were considered through the dispersion-cor-
rection scheme according to Tkatchenko and Scheffler.** Geometry
optimization was performed using tight, tier1 basis sets until resid-
ual forces fell below 107*eVA~". Hybrid B3LYP +TS energetics are
the finally presented numbers in the paper. Reaction barriers pre-
sented in the paper were obtained through calculations of the po-
tential energy of the system going from initial to final state by
having one constraint-fixed distance along the main reaction
coordinate.

Syntheses

Preparation of lithium salts: A lithium formate solution in MeOH
was prepared as described previously.” Methanolic solutions of
LiNO,, LiN;, and LiNCO were prepared by the following general
procedure: LiCl (4.24 g, 100 mmol) and NaNO,, NaN; or NaNCO
(115 mmol) were stirred under reflux in methanol (100 mL) for
16 h. After cooling to RT, the precipitate was filtered off and the re-
sulting approximately 1M methanolic solution of LiNO,, LiN,, or
LiINCO was used for further transformations.

General procedure for the metal exchange in MFU-4/: Metal(ll)
chloride (MnCl,-4H,0, FeCl,-4H,0, NiCl,-6H,0, CoCl, or Cudl,
32.5 mmol) was dissolved in N,N-dimethylformamide (for FeCl,) or
N,N-dimethylacetamide (130 mL) and MFU-4/ (0.8 g, 0.634 mmol)
was added to the solution. The reaction mixture was heated for
20 h at 60°C in a sealed tube. In the case of FeCl,, the reaction
was performed at 50°C under an Ar atmosphere. The precipitate
was filtered off, washed with DMF or DMA, methanol and dichloro-
methane and dried at 150°C under vacuum. The yield is close to
quantitative. The number of M?' ions in the formula unit was cal-
culated from the M/Zn ratio determined by EDX analysis. All prod-
ucts are hygroscopic and may contain variable amounts of ad-
sorbed water.

Mn,-MFU-4/ (1): Pale-yellow powder. Number of Mn** ions in the
formula unit: 1.86; IR (ATR): 7=3076 (w), 1577 (w), 1460 (s), 1349
(s), 1239 (w), 1218 (m), 1198 (m), 1170 (s), 919 (m), 869 (M), 816 (w),
531 (m), 428 cm™" (w); BET surface area (Ar, 87.3 K): 3512 m?g™'; el-
emental analysis calcd (%) for C;eH;,ClN;,0sMn,Zn;: C 34.86, H
0.98, N 20.33; found: C 34.59, H 1.23, N 20.12.

Fe,-MFU-4/ (2): Yellow powder. Number of Fe?" ions in the formula
unit: 1.50; IR (ATR): 7=3078 (w), 1577 (w), 1461 (s), 1351 (s), 1239
(w), 1219 (m), 1203 (m), 1174 (s), 920 (m), 869 (M), 817 (w), 532 (m),
429 cm™' (w); UV/Vis-NIR: A, =335, 1385 nm; BET surface area (Ar,
873K): 3470m?g™’; elemental analysis calcd (%) for
Ca6H1,CLN,O4F e, sZn5 52 C 34.67; H 0.97; N 20.22; found: C 34.25; H
1.49; N 20.06.

Co;-MFU-4/ (3): Green-blue powder. Number of Co?' ions in the
formula unit: 3.13. IR (ATR): "=3078 (w), 1576 (w), 1460 (s), 1351
(s), 1239 (w), 1220 (m), 1204 (m), 1173 (s), 919 (m), 869 (m), 818
(w), 533 (m), 429cm™" (w); BET surface area (N, 77.3K):
3639 m*g"; elemental analysis calcd (%) for CsgH,,Cl,N;504C05Zn,:
C 34.81, H 0.97, N 20.30; found: C 34.74, H 1.23, N 20.09.

Ni,-MFU-4/ (4): Red powder. Number of Ni** ions in the formula
unit: 2.13. IR (ATR): »=3079 (w), 1576 (w), 1460 (s), 1350 (s), 1242
(w), 1212 (m), 1187 (s), 1062 (w), 920 (m), 869 (m), 808 (w), 535 (m),
429 cm™' (w); UV/Vis-NIR, with DMA: 4,,.,=630, 1039, 1952 nm;
dry: An.«=386, 475, 547, 804, 905, 1743 nm; BET surface area (Ar,
873K): 3290m?g™"; elemental analysis calcd (%) for
Cy6H12CILN;gO6Ni,ZN32 H,0: C 33.68, H 1.26, N 19.64; found: C
33.52, H 1.33, N 19.45.

General procedures for the side-ligand exchange in heterome-
tallic MFU-4/ derivatives: a) Formates, acetates, nitrates, and tri-



flates: MFU-4/ derivative (150 mg, approx. 0.12 mmol) was stirred
with 0.2 ™ solution of lithium salt (HCOOLI, LiOAc, LiNO,, or LiOTf)
in methanol (50 mL, 10 mmol) for 30 min at RT. The precipitate was
filtered off, washed with methanol and CH,Cl, and dried at 80°C
under vacuum. In the case of triflate, the exchange procedure was
repeated twice. b) Nitrites, azides and isocyanates: 1m solution of
lithium salt (LINO,, LiNs, or LINCO) in methanol (0.6 mL, 0.6 mmol)
was added to a suspension of MFU-4/ derivative (150 mg, approx.
0.12 mmol) in acetonitrile (30 mL) and the mixture was stirred for
30 min at RT. The precipitate was filtered off, washed with metha-
nol and CH,Cl,, and dried at 80°C under vacuum. c) Fluorides:
MFU-4/ derivative (150 mg, approx. 0.12 mmol) was added to a so-
lution of CsF (91 mg, 0.6 mmol) in methanol (30 mL) and the mix-
ture was stirred for 30 min at RT. The precipitate was filtered off,
washed with methanol and CH,Cl,, and dried at 150°C under
vacuum. The yield is in all cases close to quantitative. The substitu-
tion degree of chloride ligands was calculated from the Zn/M/CI
atomic ratio, determined by EDX analysis.

Co-MFU-4/-nitrite  (6-NO,): Purple powder. Zn/Co/Cl ratio:
1.33:3.67:0.48. IR (ATR): 7=3095 (w), 1576 (m), 1462 (s), 1348 (s),
1171 (s), 1131 (m), 921 (m), 853 (w), 817 (w), 533 (m), 425 (w), 326
(w), 301 (m), 224 cm™" (s); UVAVis-NIR: A, =371, 575, 745, 975,
1460 nm; BET surface area (Ar, 87.3 K): 3066 m?g .

Co-MFU-4/-nitrate  (6-NO;): Purple powder. Zn/Co/Cl ratio:
1.12:3.88:0.19. IR (ATR): #=1568 (m), 1461 (s), 1348 (s), 1240 (w),
1171 (s), 989 (w), 921 (m), 852 (w), 805 (w), 533 (m), 428 (w), 352
(w), 301 (m), 278 (M), 246 (M), 226 cm~"' (s); UV/Vis-NIR: A,,.,= 366,
566, 721, 954, 1441 nm; BET surface area (Ar, 87.3 K): 3049 m?g~".

Co-MFU-4/-triflate  (6-OTf): Purple powder. Zn/Co/Cl ratio:
1.19:3.81:0.51. IR (ATR): ?=1577 (m), 1461 (s), 1348 (s), 1235 (m),
1174 (s), 1028 (m), 921 (m), 854 (w), 805 (w), 764 (w), 639 (m), 576
(w), 532 (m), 429 (w), 353 (w), 302 (m), 280 (m), 228 cm™"' (s); UV/
Vis-NIR: A,,.x=354, 574, 754, 1391 nm; BET surface area (Ar, 87.3 K):
2603 m?g~".

Co-MFU-4/-formate (6-HCOO): Purple powder. Zn/Co/Cl ratio:
0.88:4.12:0.05; IR (ATR): #=3098 (w), 1577 (s), 1460 (s), 1348 (s),
1299 (m), 1242 (m), 1171 (s), 921 (m), 851 (w), 803 (w), 532 cm’
(m); UV/Vis-NIR: A,,,,=363, 561, 756, 1051, 1448 nm; BET surface
area (Ar, 87.3 K): 2805 m?g ™.

Co-MFU-4/-azide  (6-N;): Blue powder. Zn/Co/Cl ratio:
1.01:3.99:0.23. IR (ATR): 7=3078 (w), 2068 (s), 1575 (m), 1461 (s),
1349 (s), 1219 (w), 1199 (m), 1169 (s), 919 (m), 862 (w), 818 (w), 533
(m), 442 (m), 353 (w), 304 (m), 280 (M), 246 (M), 226 cm™"' (s); UV/
Vis-NIR: A,,., =389, 563, 612, 659, 854, 1347 nm; BET surface area
(Ar, 77.3 K): 2252 m*g~".

Co-MFU-4/-acetate (6-OAc): Purple powder. Zn/Co/Cl ratio:
0.89:4.11:0.04. IR (ATR): 7=3095 (w), 1575 (s), 1460 (s), 1347 (s),
1240 (w), 1173 (s), 920 (m), 851 (w), 815 (w), 688 (m), 619 (w),
532 cm ' (m); BET surface area (N,, 77.3 K): 2601 m*g .

Co-MFU-4/-isocyanate (6-NCO): Blue powder. Zn/Co/Cl ratio:
0.96:4.04:2.28. IR (ATR): ?=3095 (w), 2217 (m), 1576 (s), 1460 (s),
1347 (s), 1170 (s), 919 (m), 855 (w), 805 (w), 532 (m), 427 (m), 384
(w), 303 (m), 225cm™" (s); UV/Vis-NIR: A,.,=602, 856, 1383 nm;
BET surface area (N,, 77.3 K): 1649 m?g~".

Mn,-MFU-4/-formate (1-HCOO): Pale-yellow powder. Zn/Mn/Cl
ratio: 2.78:2.22:0.74. IR (ATR): 7=3093 (w), 1577 (s), 1461 (s), 1348
(), 1216 (m), 1195 (m), 1168 (s), 921 (m), 854 (m), 807 (w), 531 (m),
427 cm ' (w); BET surface area (N,, 77.3 K): 3352 m?g™".

Fe,-MFU-4/-formate (2-HCOO): Yellow powder. Zn/Fe/Cl ratio:

3.54:1.46:0.87. IR (ATR): #=3095 (w), 1577 (s), 1461 (s), 1349 (s),
1200 (m), 1173 (s), 921 (m), 854 (w), 805 (w), 532 (m), 426 cm™' (w);

UV/Vis-NIR: 1,,,,=968, 1728 nm; BET surface area (N, 77.3K):
3306 m?g™".

Ni,-MFU-4/-formate (4-HCOO): Green powder. Zn/Ni/Cl ratio:
2.84:2.16:0.72. IR (ATR): 7=3099 (w), 1577 (s), 1461 (s), 1351 (s),
1303 (w), 1244 (w), 1182 (s), 922 (m), 865 (w), 816 (w), 535cm™’
(m); UV/Vis-NIR: A,.=417, 523, 997 nm; BET surface area (N,
77.3 K): 3246 m*g™".

Mn,-MFU-4/-fluoride (1-F): Pale-yellow powder. Zn/Mn/Cl ratio:
3.20:1.80:1.26. IR (ATR): #=3078 (w), 1577 (w), 1460 (s), 1349 (s),
1171 (s), 919 (m), 868 (w), 815 (w), 578 (w), 530 (m), 478 (w),
428 cm™' (w); BET surface area (N,, 77.3 K): 3148 m?g™".
Fe,-MFU-4/-fluoride (2-F): Orange-grey powder. Zn/Fe/Cl ratio:
3.59:1.41:2.46. IR (ATR): 7=3079 (w), 1577 (w), 1460 (s), 1350 (s),
1239 (m), 1204 (m), 1177 (s), 920 (m), 868 (m), 817 (w), 532 (m),
429 cm™' (w); UVNVis-NIR: A,.,=372nm; BET surface area (Ar,
87.3 K): 3505 m?g .

Ni,-MFU-4/-fluoride (4-F): Pale-red powder, turns quickly to pale
green in air. Zn/Ni/Cl ratio: 2.86:2.14:1.93. IR (ATR): 7=3079 (w),
1576 (w), 1461 (s), 1351 (s), 1240 (w), 1183 (s), 1061 (w), 920 (m),
868 (w), 808 (w), 534 cm ' (m); UV/Vis-NIR: A,,,,=697, 868 nm; BET
surface area (N,, 77.3 K): 2977 m?g™".

Cu,-MFU-4/-fluoride (5-F): Green-grey powder. Zn/Cu/Cl ratio:
2.84:2.16:1.72. IR (ATR): »=3080 (w), 1576 (w), 1460 (s), 1349 (s),
1179 (s), 919 (s), 868 (m), 808 (m), 533 (m), 428 cm™' (w); UV/Vis-
NIR: A,.x=353, 763, 1054 nm; BET surface area (N, 77.3K):
3480 m’g".

Co-MFU-4/-fluoride (6-F): Blue-violet powder. Zn/Co/Cl ratio:
1.04:3.96:0.34. IR (ATR): 7=3078 (w), 1576 (w), 1460 (s), 1348 (s),
1171 (s), 917 (s), 867 (m), 805 (w), 594 (m), 532 (m), 429 cm™' (w);
UV/Vis-NIR: A,,.,=359, 547, 645, 834, 1361 nm; BET surface area
(N,, 77.3 K): 2524 m*>g~".

General procedure for the catalytic oxidation of ethylbenzene:
MFU-4/ derivative (0.1 mmol, based on Mn, Fe, Co, Ni or Cu cen-
ters) was added to a solution of ethylbenzene (1.06 g, 10 mmol), N-
hydroxyphthalimide (163 mg, 1 mmol) and 1,2,4-trichlorobenzene
(907 mg, 5 mmol, used as a standard) in acetonitrile/water (98:2)
mixture (30 mL) and the mixture was stirred at 40°C. The conver-
sion was followed by GC/MS. For analysis, 0.1 mL of mixture was
filtered through a short pad of neutral AlL,O;, which was then
eluted with Et,0/CH,Cl,/MeOH (10:10:1) mixture. Each analysis was
repeated three times. In the case of 5 and 6, the catalyst was fil-
tered off after the reaction, washed with acetonitrile, DMF, metha-
nol, and CH,Cl,, and dried in vacuum. EDX analysis of 5: Zn/Cu/Cl
ratio:  2.81:2.19:2.78. EDX analysis of 6: Zn/Co/Cl ratio:
0.99:4.01:1.95.

Thermal transformations of MFU-4/-formates under N,: MFU-4/-
formates (approx. 10 mg) were heated under N, gas flow
(90 mLmin™") up to 300-350°C with a heating rate 5 Kmin~' using
a TA Instruments Q500 analyzer and kept at this temperature for
15 min.

Thermal transformations of 6-HCOO and 6-N; under CO: Frame-
work 6-HCOO or 6-N; (approx. 5 mg) was heated under CO/Ar (1/
9) gas flow (50 mLmin~") up to 325 or 300°C, respectively, with
a heating rate 5Kmin~' using a Netzsch STA 409 simultaneous
thermal analyzer and kept at this temperature for 15 min.

Preparation of Cu'-MFU-4/ through the solvothermal reduction
of 5 in DMF: Framework 5 (150 mg) was heated in DMF (25 mL)
for 10 h at 140°C in a sealed tube (until the green color of a solid
has disappeared completely). The yellow precipitate was filtered
off, washed with DMF, methanol, and dichloromethane and dried
at 150°C under vacuum. Yield 140mg. Zn/Cu/Cl ratio:
2.43:2.57:2.17. IR (ATR): 7=3079 (w), 1577 (w), 1462 (s), 1351 (s),



1204 (m), 1176 (s), 918 (m), 869 (w), 838 (w), 817 (w), 534 (m),
427 cm™' (w); BET surface area (Ar, 87.3 K): 2615 m?g™".
Preparation of Cu-MFU-4/ from MFU-4/ through metal ex-
change: Copper (I) chloride (149 mg, 1.5 mmol) and lithium chlo-
ride (191 mg, 4.5 mmol)) were stirred under nitrogen in N,N-dime-
thylacetamide (30 mL) for 1 h at RT. Undissolved CuCl was filtered
off through a syringe filter and MFU-4/ (100 mg, 0.08 mmol) was
added to the solution. The reaction mixture was heated for 20 h at
60°C in a sealed tube. The pale-brown precipitate was filtered off,
washed with N,N-dimethylacetamide, methanol and dichlorome-
thane and dried at 150°C under vacuum. Zn/Cu/Cl ratio:
3.96:1.04:3.08. IR (ATR): #=3080 (w), 1576 (w), 1461 (s), 1350 (s),
1174 (s), 917 (m), 867 (w), 813 (w), 534 (m), 427 cm™' (w); BET sur-
face area (Ar, 87.3 K): 3944 m*g~".

Preparation of Cu'-MFU-4/ through the heterogeneous reaction
of 5-F with H,: Framework 5-F (approx. 10 mg) was heated under
H,/Ar (1:9) gas flow (90 mLmin~") up to 240°C with a heating rate
5Kmin~" using a TA Instruments Q500 analyzer and kept at this
temperature for 15 min. A dark-grey powder was obtained. IR
(ATR): 7=3081 (w), 1577 (w), 1461 (s), 1350 (s), 1175 (s), 1051 (w),
918 (m), 868 (w), 816 (w), 534 (m), 426 cm ' (w); BET surface area
(Ar, 87.3K): 3682m?’g”"; elemental analysis calcd (%) for
C36H1,C1LN,50,,Cu,Zn; (Cu-MFU-4/-20,): C 34.57, H 0.97, N 20.16;
found: C 34.68, H 1.19, N 20.35.

Heterogeneous reaction of 5 with H,: Framework 5 (approx.
10 mg) was heated under H,/Ar (1:9) gas flow (90 mLmin ") up to
350°C with a heating rate 5 Kmin™' using a TA Instruments Q500
analyzer and kept at this temperature for 15 min. A dark-grey
powder was obtained. BET surface area (Ar, 87.3 K): 2078 m*g~"; el-
emental analysis calcd (%) for CysH;,ClLN,0,,Cu,Zn; (Cu-MFU-
4/-20,): C 3457, H 0.97, N 20.16; found: C 35.26; H 1.20; N 18.95.

Thermal decomposition of 5 under N,: Framework 5 (approx.
10 mg) was heated under N, gas flow (90 mLmin™") up to 400°C
with a heating rate 5 Kmin™' using a TA Instruments Q500 analyzer
and kept at this temperature for 15 min. A dark-grey powder was
obtained. BET surface area (Ar, 87.3 K): 2054 m?g~'; elemental anal-
ysis calcd (%) for Cy4H,,CI,N30,0CuU,Zn, (Cu'-MFU-4/-20,): C 34.57, H
0.97, N 20.16; found: C 35.05, H 1.13, N 18.30.
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