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Porphyrin metal-organic frameworks were used for the
incorporation of Rh()) species by a postsynthetic metallation
under mild conditions. New phosphine-free heterogeneous
catalysts, active in the hydrogenation of unsaturated
hydrocarbons under mild reaction conditions

(30 °C and 1 atm H,), were obtained. This simple
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possibilities for utilization of Rh-based catalytic systems with
porphyrin MOFs as supports.
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Two model porphyrin metal—organic frameworks were used for the incorporation of Rh() species by a post-
synthetic metallation under mild conditions. As a result, new rhodium MOFs (Rh/MOFs), Rh/PCN-222 and
Rh/NU-1102, were synthesized and structurally characterized. To illustrate the potential of this catalytic plat-
form, we use Rh/MOFs as phosphine-free heterogeneous catalysts in the hydrogenation of unsaturated
hydrocarbons under mild reaction conditions (30 °C and 1 atm H,). We found that for our Rn/MOFs an acti-
vation step is required during the first run of the catalytic process. The presence of Rh—CO moieties allowed
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us to monitor the activation pathway of the catalyst under a H, atmosphere, by in situ Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS). After activation, the catalyst remains highly active during
the subsequent catalytic cycles. This simple post-synthetic modification approach presents new possibilities
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Introduction

Soluble rhodium complexes have found many applications in
laboratory and industrial processes. The most prominent
examples  include alkene  hydrogenation,"™  alkene
hydroformylation,”” and methanol carbonylation.®™° Due to
the high price of noble metals, especially rhodium, and for
better recovery and recyclability of the catalyst, construction of
supports for molecular complexes is of great importance.” In
this view, Metal-Organic Frameworks (MOFs) offer well-
defined and stable environments for the incorporation of
various molecular entities, including molecular catalysts. To
date, many approaches for incorporating catalytically active
centers into different MOFs have been demonstrated,'*"?
including covalent attachment of the metal centres to the
nodes, linkers or as charge-balancing guests counterions
inside the pores (Fig. 1). For the hydrogenation of olefins,
several strategies of MOF-based catalysts have been devised,"
including coordinatively unsaturated metal sites,">™"” noble-
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for the utilization of Rh-based catalytic systems with robust porphyrin-based MOFs as supports.

metal nanoparticles encapsulated inside MOF crystallites,"®>°

hollow spheres,*" and core-shell systems.>” In this context, the
incorporation of rhodium into a porous framework, as a struc-
ture-determining component, remains challenging despite the
rich molecular coordination chemistry of this noble metal.
The Rh,-paddlewheel cluster is an archetypal motif for the
direct construction of MOFs with Rh(u) centers (Fig. 1, I);
however, these systems are very rare, due to synthetic difficul-
ties and low stability.>® More often, other pathways of rhodium
incorporation have been involved, which rely on the modifi-
cations of more robust and stable host frameworks.
Depending on the desired catalytic function, the reactive
species can be introduced post-synthetically, by node modifi-
cation (Fig. 1, I),>* ion exchange (III),>>>° post-synthetic meta-
lation (Iv),%”*® linker exchange (V),° or metal exchange in a
metallolinker (VI).* Usually, rhodium-based catalysts contain
phosphines as supporting ligands. To avoid highly toxic
ligands, it is of importance to find more environmentally
friendly alternatives. The limited number of studies involving
the application of porphyrins as supporting ligands in
rhodium-based catalytic processes turned our attention to this
group of building blocks.*® Rhodium porphyrin complexes
have been actively investigated for over 50 years,*” leading to
important discoveries, including catalytic enantioselective
cyclopropanation®***  and  selective C-H and C-C
activation.>®*® The utilization of porphyrin macrocycle as a
supporting ligand allows access to various valence states of Rh
(e.g. +1, +u and +m).** Particularly interesting is the activation
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Fig. 1 (a) Structural motifs for the incorporation of Rh molecular cata-
lytic systems supported by various MOFs, and (b) the coordination mode
of rhodium in the Rh/MOFs presented in this work.

of molecular hydrogen by rhodium complexes,®”™*°

Rh/porphyrin systems as promising candidates.*'™*>

The spatial separation of metallolinkers inside the porous
structure is crucial when the active catalytic centers are gener-
ated, for example in tandem catalytic systems.*® In this regard,
porphyrin-based MOFs combine all the required features of a
heterogeneous catalyst, i.e. an efficient platform for the metal-
lic centers within the rigid 3D porous structure.

including
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Insertion of rhodium into the porphyrin core can be
achieved by direct metallation, which is usually carried out
with a free base porphyrin and a rhodium salt in a high
boiling solvent, to afford the corresponding rhodium(m) por-
phyrin halide. Lower oxidation states of rhodium tend to
undergo transformation to higher valence states by oxidative
addition, therefore de novo synthesis of porphyrin-based MOFs
with Rh(i) has not been reported to date. Recently, Bloch et al.
demonstrated a single crystal study of the catalytic carbonyla-
tion of CH;I on a Mn(u)-based MOF, in which the chelating
linker, containing the (3,5-dimethylpyrazolyl)methane moiety,
was metallated with the [Rh(CO),Cl], precursor.>”*®

Herein, we report a facile synthesis and catalytic activity of
the new phosphine-free rhodium MOFs (Rh/MOFs), Rh/
PCN-222 and Rh/NU-1102 (Fig. 1, VII), by a one-step post-syn-
thetic modification of the Zr-based parent frameworks,
PCN-222 and NU-1102, under mild reaction conditions. The
rhodium(i) centers were introduced into the organic linkers
using [Rh(CO),Cl], as a precursor (Fig. 2). We probed these
new Rh/MOFs as catalysts in the hydrogenation of unsaturated
hydrocarbons at room temperature and 1 atm of H,, and the
results show high activity of Rh/MOFs in these reactions. The
activation pathway of Rh/MOFs was studied by in situ solid-
state Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS), which showed that the activation of Rh
centers proceeds by the reaction of CO ligands with H, leading
to formate, formic acid or methanol as by-products. After acti-
vation, the catalytic platform remains active in several consecu-
tive catalytic cycles.

Experimental
Preparation of organic linkers

meso-Tetrakis[4-(methoxycarbonyl)phenyl |porphyrin (H,TMCPP,
1a), meso-tetrakis-(4-methylcarboxybiphenyl)porphyrin

Rh/PCN-222

Rh/NU-1102

Rh(lll)/MOF

Fig. 2 (a) Schematic representation of the prolinkers 1b and 2b, and the molecular reference compound 1c; (b) crystal networks of PCN-222 and
NU-1102; and (c) schematic representation of the post-synthetic metalation of PCN-222 or NU-1102, leading to Rh())/MOF and Rh(in)/MOF (“aging”

process).
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(H,TMCBPP, 2a), meso-tetrakis(4-carboxyphenyl)porphyrin
(H,TCPP,  1b),  meso-tetrakis-(4-carboxybiphenyl)porphyrin
(H,TCBPP, 2b), PCN-222 and NU-1102 were prepared according
to the previously reported procedures.*”*®

Synthesis of (TMCPP)Rh,(CO), (1c)

The synthesis was adapted from the literature procedure for a
similar compound.”® To a Schlenk flask charged with 1a
(0.050 g, 0.06 mmol) and anhydrous sodium acetate (0.172 g,
2.10 mmol) CHCl; (10 mL) and a solution of [Rh(CO),Cl],
(34 mg, 0.09 mmol) in CHCl; (4 mL) were added under a N,
atmosphere. Then the reaction was carried out with vigorous
stirring at 25 °C for 2.5 h. The resulting mixture was washed
with water, dried with MgSO, and evaporated. The residue was
chromatographed on silica gel with CHCl; and the mixture
CHCl;: CH30H (100:1). Crystals were collected by recrystalli-
zation from CHCI; (0.060 g, 0.053 mmol, 90.2% yield).

Synthesis of Rh/PCN-222

A microwave reaction glass vial (Biotage, 5-10 mL) was charged
with approximately 0.5 g of solvated crystalline material
PCN-222 and 1 mL of CH,Cl, under a N, atmosphere. Then a
solution of 25 mg of [Rh(CO),Cl], in CH,Cl, (4 mL) was added,
and the vial was placed in an Eppendorf ThermoMixer (550
rpm) at 60 °C for 24 h. The resulting modified crystals were
washed by adding fresh CH,Cl, (5 mL) and leaving the vial in
the ThermoMixer (550 rpm) for 0.5 h at 60 °C. The washing
procedure was repeated until the solvent over the crystals
became colorless (5 times). The solvent was decanted and the
purple crystals were dried in an oven at 60 °C for 24 h.

Synthesis of Rh/NU-1102

A microwave reaction glass vial (Biotage, 5-10 mL) was charged
with approximately 1.0 g of solvated crystalline material
NU-1102 with 1 mL of CH,Cl, under a N, atmosphere. Then a
solution of 35 mg of [Rh(CO),Cl], in CH,Cl, (4 mL) was added,
and the vial was placed in an Eppendorf ThermoMixer (550
rpm) at 60 °C for 24 h. The resulting modified crystals were
washed by adding fresh CH,Cl, (5 mL) and leaving the vial in
the ThermoMixer (550 rpm) for 0.5 h at 60 °C. The washing
procedure was repeated until the solvent over the crystals
became colorless. The solvent was decanted and the purple
crystals were dried in an oven at 60 °C for 24 h.

General procedure for the hydrogenation of olefins

To a Schlenk flask with 4 mg of the corresponding Rh/MOF
(0.3 mg, 1 mol% Rh) under a N, atmosphere, a dry solvent
(4 mL) and the selected unsaturated hydrocarbon were added
(0.3 mmol). Next, the gas phase was removed by short evacua-
tion from the Schlenk flask and H, was introduced and left
under 1 atm of H, using a balloon. The resulting mixture was
stirred at 30 °C for a limited time under the H, atmosphere (1
atm). After this time, 0.1 mL of solution was collected above
the crystals of Rh/MOF, filtered with cotton wool, diluted with
0.5 ml of CH,Cl, and analyzed by using a GC-flame ionization
detector.

This journal is © The Royal Society of Chemistry 2021
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Results and discussion
Synthesis and structural characterization of Rh/MOFs

In our approach, we decided to explore the catalytic properties
of porphyrin-based Rh(r) complexes embedded inside a robust
MOF. It has been shown previously that rhodium(i) can form
bimetallic complexes [( por)M,L,] (M = metal; L = ligand) invol-
ving classical or N-confused porphyrins.*>**>' This type of
coordination mode has been rarely observed for transition
metals; however, for rhodium(), several complexes of this type
have been described, with the emphasis on their synthetic and
catalytic potential.>*>* Two possible reaction pathways can be
regarded when the [Rh(CO),Cl], precursor is used in the syn-
thesis of new complexes, by forming monomeric [Rh(CO),Cl]
species or by disproportionation, yielding the square-planar
cationic [Rh(CO),]" and anionic [Rh(CO),Cl,]” species.**>> For
a better understanding of the metalation process in the por-
phyrin-based MOF, we prepared a molecular reference 1c,
where [Rh(CO),]" is stabilized by the porphyrin ligand. To
obtain 1c, the reaction of 1a with [Rh(CO),Cl], was carried out
in chloroform with sodium acetate as a base. The crystals of 1¢
were obtained by slow evaporation of the solvent and were ana-
lyzed by single-crystal X-ray diffraction. The molecular struc-
ture of 1c is shown in Fig. S26.1 In the structure of 1c, the Rh
(1) centers are placed outside the porphyrin plane, and to each
rhodium atom two carbonyl ligands are attached, completing
the square-planar geometry of the metal.

In our study, we employed two tetratopic linkers with
different spacer lengths: H,TCPP (1b) and H,TCBPP (2b).
Compounds 1b and 2b were used to construct well-character-
ized three-dimensional frameworks PCN-222
(ZreO4(OH),(BA),L,, L = H,TCPP*~ and BA = PhCOO~) and
NU-1102 (Zrs0,4(OH),L’3, L' = H,TCBPP*"), with different pore
sizes and network topologies - c¢sq and ftw, respectively. The
post-synthetic metalation was carried out using [Rh(CO),Cl],
as the metal source. A sample of each MOF was soaked in a
degassed solution of [Rh(CO),Cl], in CH,Cl, in a sealed vial.
The efficiency of metalation of PCN-222 and NU-1102 was
monitored by the ICP analysis. After 24 h of the reaction at
60 °C, the composition of the metalated MOFs was established
and the following formulas were derived: for Rh/PCN-222 —
Rh, ,Cl, 4Zrs0,4(OH),(BA),L,, and for Rh/NU-1102 -
Rh; 4Cl, 6Z1rs04(OH),L;, suggesting that, in contrast to 1c, the
rhodium to linker ratio was approximately 1:1. The crystalli-
nity of the resulting Rh/MOFs was confirmed by the PXRD
studies (Fig. 3a and b). Comparing the powder diffraction pat-
terns before and after metalation, it was noticed that the
network topology of the Rh/MOFs was preserved. The mor-
phology and distribution of the elements in the resulting
materials were further investigated by scanning electron
microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
(Fig. 3c and d). From the SEM images, we conclude that the
crystallites of Rh/PCN-222 and Rh/NU-1102 retained the shape
and size of the parent crystals. Additionally, the EDS mapping
of the elements on the crystallites showed an even distribution
of Zr and Rh over the entire crystal (Fig. 3c and d), and the Rh/

Dalton Trans., 2021, 50, 9051-9058 | 9053
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Fig. 3 Simulated and experimental PXRD patterns of: (a) Rh/PCN-222
and (b) Rh/NU-1102; SEM micrographs and EDS mapping analysis for:
(c) Rh/PCN-222 and (d) Rh/NU-1102; (e) TGA profiles of Rh/MOFs; (f)
comparison of the experimental N, isotherms of NU-1102, Rh/NU-1102,
PCN-222 and Rh/PCN-222 obtained at 77 K; and comparison of the
DRIFTS spectra for: (g) Rh/PCN-222 and (h) Rh/NU-1102.

Zr ratio was maintained in the cross-sections of the crystals
(see the ESI, section S4.1). Moreover, based on the EDS ana-
lysis, the presence of chlorine was observed (the Rh: Cl ratio of

9054 | Dalton Trans., 2021, 50, 9051-9058
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~1:1), which suggests the coordination of the CI” ligand to
the rhodium atom, as shown in Fig. 2c. To gain more insights
into the coordination environment of the rhodium centers,
the solid-state DRIFTS measurements were carried out. The
DRIFTS spectra for the Rh/MOFs show two strong bands of car-
bonyl vibrations at 2064 cm™" and 2006 cm ™" for Rh/PCN-222,
and similarly at 2067 cm™ and 2008 cm™" for Rh/NU-1102
(Fig. 3g and h). These results suggest the presence of two poss-
ible types of Rh—-CO moieties in the Rh/MOFs, as shown in
Fig. 2c. Additionally, for Rh/PCN-222, a broad signal at
2077 cm™" was observed, indicating the presence of another
type of CO ligand bound to the rhodium center. This vibration
indicates the coexistence of the [Rh(im)(Por)(CO)(Cl)] moiety,>®
which was also confirmed by the single-crystal X-Ray analysis,
suggesting the occurrence of an “aging” process in the crystals.
Moreover, in the region of N-H vibrations, a strong peak at
3328 ecm™! is present, indicating the presence of a free-base
porphyrin. For comparison, the DRIFTS absorbance spectrum
was also acquired for a solid sample of 1c, which we used as a
well-defined reference compound. In the spectrum of 1c, only
two strong carbonyl vibrations at 2056 cm™ and 1998 cm™*
are present, resulting from the vibrations of two carbonyl
ligands at the Rh center in 1c (Fig. 3g), which supports the pro-
posed coordination environment of the rhodium center in the
Rh/MOFs.

The XPS study was conducted to gain information about
the elemental compostion of Rh/MOFs and chemical states of
Rh and Zr centers before and after the catalytic reaction for the
studied Rh/MOFs. Unfortunately, the binding energies of Rh
(0), Rh(1), Rh(u) and Rh(m) available in the literature overlap
(see the ESI, section $4.2+).>”7>° To determine the degree of Rh
oxidation in the Rh/PCN-222 catalyst, the XPS spectrum of 1c
was used as a reference for Rh(i). For 1c, two intense, sym-
metric peaks for Rh 3d5/2 and Rh 3d3/2 were observed
with the binding energies of 309.2 and 313.8 eV, respectively.
Similarly, for Rh/PCN-222, we observed two symmetric peaks
at 309.6 and 314.3 eV, which are in good agreement with
the energies obtained for 1c¢, suggesting a similar
coordination environment and valency of the rhodium
centers.

The single crystal X-ray diffraction performed on the crys-
tals of Rh/PCN-222(a) and Rh/NU-1102(a) (aged samples) con-
firmed the metalation of the porphyrin macrocycle.®® The
structural models suggest oxidative transformation of the
initially formed Rh(1))/MOF into their corresponding Rh(ur)/
MOF (Fig. 2c and section S4.4 in the ESI{), with only one CO
and one CI™ ligand bound to the Rh atom.

To gain some insights into the thermal stability and
decomposition pathway of Rh/PCN-222 and Rh/NU-1102,
thermogravimetric analysis (TGA) was performed under an oxi-
dative atmosphere of synthetic air (O,: N, = 20: 80). For both
MOFs, a small weight loss can be observed below 100 °C,
associated with the removal of the guest solvent molecules.
Both materials exhibit significant thermal stability up to
380 °C (Fig. 3e). The obtained ceramic yields at 800 °C are in
good agreement with the theoretical values, for Rh/PCN-222

This journal is © The Royal Society of Chemistry 2021
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and Rh/NU-1102 - 63.6 wt% (theor.: 64.9 wt%) and 71.2 wt%
(theor.: 72.7 wt%), respectively.®’ In addition, the thermal
stability of Rh—-CO moieties was further examined by Variable-
Temperature DRIFTS (VI-DRIFTS) in the range of 30-300 °C,
which demonstrated a gradual disappearance of carbonyl
bands above 160 °C (see the ESI, section 54.57).

The porosity of Rh/PCN-222 and Rh/NU-1102 was examined
by N, adsorption experiments at 77 K. Permanent porosity of
both materials was confirmed based on the dinitrogen adsorp-
tion, as shown in Fig. 3h. The calculation of Brunauer-
Emmett-Teller surface area (Sggr) for Rh/PCN-222 and Rh/
NU-1102 resulted in values of 1657 and 2915 m> g™, respect-
ively, confirming remarkably high porosity of the obtained Rh/
MOFs (Fig. 3f).

Table 1 Catalytic activity of Rh/MOFs in the hydrogenation of different
unsaturated hydrocarbons

H Rh/catalyst
R—CH=CH—R; + H; 4>30 °C. 1 atm, R1—=CH,-CH,—R;
24 h

Entry  Catalyst® Alkene Solvent Yield (%)
1 1c 1-Octene Toluene 46
2 1c 1-Octene CH,Cl, 11
3 1c Styrene Toluene 14
4 1c Styrene CH,Cl, 1
5 PCN-222 1-Octene Toluene 0
6 Rh/PCN-222 1-Octene Toluene 99/65°
7 Rh/PCN-222  1-Octene CH,Cl, 99
8 Rh/PCN-222 Styrene Toluene 99
9 Rh/PCN-222 Styrene CH,Cl, 95
10 Rh/PCN-222 Cyclohexene Toluene 99
11 Rh/PCN-222 2-Cyclohexen-1-one  Toluene 99
12 NU-1102 1-Octene Toluene 0
13 Rh/NU-1102  1-Octene Toluene 99
14 Rh/NU-1102 1-Octene CH,Cl, 83
15 Rh/NU-1102  Styrene Toluene 99
16 Rh/NU-1102 Cyclohexene Toluene 10
17 Rh/NU-1102  2-Cyclohexen-1-one = Toluene 25

Catalyst concentration: “ 1 mol% Rh. ” 0.1 mol% Rh.

View Article Online
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Catalytic activity of Rh/MOFs

To check the activity of heterogeneous Rh/MOFs, hydrogen-
ation of the model unsaturated hydrocarbons was performed.
We selected 4 olefins: 1-octene, styrene, cyclohexene and
2-cyclohexen-1-one. All reactions were carried out in the pres-
ence of 1 mol% of rhodium in each catalyst and in toluene as
the solvent, under mild reaction conditions at 30 °C and 1 atm
of H, (balloon filled with H, gas). The comparison of the cata-
Iytic activities of Rh/NU-1102 and Rh/PCN-222 and 1c is shown
in Table 1. Both MOFs show a particularly good performance
in the hydrogenation of 1-octene (99%, entries 6 and 13) and
styrene (99%, entries 8 and 15). When the homogeneous mole-
cular complex 1c was used, after 24 hours of the reaction, the
conversion of 1-octene and styrene was 46% and 14%, respect-
ively. The difference in activity might be explained taking into
consideration the rigid structure of MOFs, which does not
allow for the aggregation of Rh moieties.>” More significant
difference in the activity of Rh/MOF catalysts can be observed
in the hydrogenation of cyclohexene and 2-cyclohexen-1-one.
For Rh/PCN-222, the yield of saturated hydrocarbons reached
99% after 24 h, and for Rh/NU-1102, lower yields for cyclohex-
ene and 2-cyclohexen-1-one were recorded - 10% and 25%,
respectively. We attributed this difference to topological differ-
ences between the two Rh/MOF networks.

To determine the catalytic activity of Rh/PCN-222 with a
higher loading of the substrate, hydrogenation of 1-octene was
conducted with 0.1 mol% [Rh] at 30 °C and at 1 atm of H,
(Fig. 4c). In this case, the conversion of 65% of 1-octene into
octane was achieved after 24 h of the reaction, giving the turn-
over number (TON) and turnover frequency (TOF) of 650 and
0.451 s, respectively.

To gain more insights into the catalytic activity of both
systems, the kinetic profiles of the hydrogenation of 1-octene
and styrene were determined. As shown in Fig. 4a, for both cat-
alysts, almost 100% yield of the products was achieved after
10 hours of the reaction. Closer inspection of the kinetic
curves suggests the presence of an induction period during the
initial stage of the reaction course. After 4 hours, a sharp
increase in conversion can be observed, which indicates that

a) b) c)
100 100 100
80 80 80
K60 K60 K60
el Rh/NU-1102 | T o
e —&— 1-octene £ 2
> 40 ; > 40 5th run | > 404
—o— styrene 4 run
o5 Rh/PCN-222 | 54 —e—3%mun | 5| 1mol% Rh —4—CH,Cl,
—eo— 1-octene —e—2run 1mol% Rh —e—toluene
od —e— styrene " —e—1°'run . 0.1mol% Rh —y—toluene
0 4 8 ) 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24

Time (h)

Time (h)

Fig. 4 (a) Comparison of the kinetic profiles of hydrogenation of selected unsaturated hydrocarbons by Rh/NU-1102 and Rh/PCN-222; (b) recycling
test (5 runs) of Rh/PCN-222 in the hydrogenation of 1-octene; and (c) the effect of solvent and %mol of Rh in the hydrogenation of 1-octene by Rh/

PCN-222.
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Dalton Trans., 2021, 50, 9051-9058 | 9055


https://doi.org/10.1039/d1dt00518a

Published on 19 May 2021. Downloaded on 9/1/2021 11:55:28 AM.

Paper

the catalytic system requires an activation step to form an
active species in the hydrogenation of olefins.®® Next, the re-
cycling tests were carried out to check whether the MOF-based
catalyst remains active after the first catalytic cycle. The kinetic
profiles for the hydrogenation of 1-octene by Rh/PCN-222
during 5 consecutive runs are shown in Fig. 4b. To our plea-
sant surprise, the induction period was not observed in the
second and all subsequent catalytic cycles. The conversion of
99% of 1-octene into octane was achieved after only 2 h of the
reaction. The observed change in the activity of Rh/PCN-222
indicates that the catalyst remains in its activated form after
the first hydrogenation run. The integrity and structure of the
catalyst after 5 consecutive runs was examined by the X-ray
diffraction study. The PXRD patterns of Rh/PCN-222 before
and after the catalytic runs confirmed the preservation of the
MOF structure (Fig. S44t). Moreover, the XPS analysis con-
firmed the unaltered Zr/Rh ratio in the Rh/PCN-222 catalysts
(see the ESI, section S4.2%). Furthermore, to verify if the reac-
tion is truly heterogeneous and is not catalyzed by soluble
rhodium complexes which could leach from the MOF, the ICP
study was performed after the second cycle of the catalytic
reaction. First, the catalyst was washed with toluene and then
carefully dried under vacuum. Based on the ICP analysis for
the Rh/MOF before and after the catalytic reaction, the Zr/Rh
metal ratio was maintained.

The activities of 1c and the Rh/MOFs were also compared
in dichloromethane as the solvent. All catalysts were active;
however, lower yields were obtained after 24 h of the reaction,
in comparison with the reactions carried out in toluene
(Table 1). Importantly, the major decrease in activity was
observed for the molecular system 1c. Examination of the
kinetic curves (Fig. 4c) leads to a conclusion that the catalytic
system tested in dichloromethane requires longer activation
time than the analogous reaction in toluene.

Catalyst activation pathway studied by in situ DRIFTS

Carbon monoxide is a sensitive ligand to the coordination
mode of the metal center. As we discussed above, carbonyl
ligands in the Rh/MOFs are strongly attached to the rhodium
centers. The presence of H, atmosphere, however, significantly
changes this situation. To observe the transformations of CO
ligands in the Rh/MOFs in the presence of H,, an in situ
DRIFTS solid state study was performed. DRIFTS spectra were
measured at specific time intervals during the test, under H,
flow at 30 °C.

From the measured spectra, we attempted to identify the
active forms of the tested catalysts. Firstly, after the exposure
of Rh/PCN-222 to the H, atmosphere at 30 °C, a significant
decrease in the intensity of the carbonyl bands at 2064 and
2006 cm™~' was observed during 90 minutes (Fig. 5¢) of the
experiment. The decrease in the intensity of the carbonyl
bands is accompanied by the appearance of a new band at
1703 cm™', which indicates the formation of the formyl group
Rh-CHO (Fig. 5d). Moreover, new bands also appear at
2936 cm' and 2861 cm’, characteristic of C-H vibrations in
formic acid (Fig. 5a). In this case, the transformation of the
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Fig. 5 (a) Proposed catalyst activation pathways for Rh/PCN-222 (path
1) and Rh/NU-1102 (path 2); comparison of the in situ DRIFTS spectra
for the Rh/MOFs in the presence of H, at different time intervals for: Rh/
PCN-222 (b—d) and Rh/NU-1102 (e).

CO ligand, in the presence of H, and H,0O, may lead to the for-
mation of formic acid and Rh-H moieties (Fig. 5a). When the
reaction was carried out at 120 °C, a significant decrease in the
intensity of carbonyl bands was observed only after 5 min with
the concomitant formation of HCOOH (Fig. S51t). To check
whether moisture has an influence on the activation of Rh/
PCN-222, the reaction with H, was monitored after drying the
reaction chamber for 48 h at 100 °C. In this case, a much
longer treatment of Rh/PCN-222 with H, was required to
observe the decrease of CO vibrations (Fig. S50f). We con-
cluded that the presence of moisture accelerates the activation
process of Rh/PCN-222, leading to formic acid as the final
product (path 1, Fig. 5a). In contrast to Rh/PCN-222, after the
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exposure of Rh/NU-1102 to H, at 30 °C, only a slight decrease
in the intensity of carbonyl bands at 2067 and 2008 cm ™" was
observed (Fig. 5e).

Then, after the next 20 h, apart from the vibrations charac-
teristic of HCOOH: 2935 cm™', 2880 cm™"' and 2866 cm ™,
another vibration at 2962 cm™ was identified, which can be
assigned to CH3;OH (Fig. 5e). This observation suggests a
different activation pathway for Rh/NU-1102 (path 2, Fig. 5a).
The formation of CH;0H is observed when water accessibility
is lower and the reduction of carbonyl group with H, proceeds
further. This change in the activity of Rh/NU-1102 in compari-
son with Rh/PCN-222 might be associated with different com-
positions and connectivities of zirconium nodes (12-connected
vs. 8-connected node topology), and larger separation of Rh
centers and Zr nodes. Because Rh/PCN-222 has smaller pores,
therefore guest molecules (e.g. water) can remain trapped in
the porous MOF structure more efficiently and participate in
the catalytic process.

Conclusions

In summary, we demonstrated a simple post-synthetic modifi-
cation of porphyrin-based metal-organic frameworks with
robust and easily accessible phosphine-free rhodium(i) precur-
sor. The newly obtained Rh/MOFs proved to be efficient hetero-
geneous catalysts in the hydrogenation of unsaturated hydro-
carbons under mild conditions. The kinetic study showed that
Rh/MOFs require an activation step with molecular hydrogen
yielding a catalytically active species. Based on the in situ
DRIFTS study, a possible activation pathway is proposed with
the generation of formic acid or methanol. This simple post-
synthetic modification approach presents new possibilities for
the utilization of Rh-based catalytic systems with robust por-
phyrin-based MOFs as supports.
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