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Highly Efficient Cooperative Catalysis by Co" (Porphyrin) Pairs in
Interpenetrating Metal-Organic Frameworks
Zekai Lin*, Zhi-Ming Zhang', Yu-Sheng Chen, and Wenbin Lin*

Abstract: A series of porous twofold interpenetrated In-
Co"™(porphyrin) metal-organic frameworks (MOFs) were
constructed by in situ metalation of porphyrin bridging ligands
and used as efficient cooperative catalysts for the hydration of
terminal alkynes. The twofold interpenetrating structure brings
adjacent Co™ (porphyrins) in the two networks parallel to each
other with a distance of about 8.8 A, an ideal distance for the
simultaneous activation of both substrates in alkyne hydration
reactions. As a result, the In-Co™ (porphyrin) MOFs exhibit
much higher (up to 38 times) catalytic activity than either
homogeneous catalysts or MOF controls with isolated
Co" (porphyrin) centers, thus highlighting the potential appli-
cation of MOFs in cooperative catalysis.

M etal-organic frameworks (MOFs) are a class of highly
tunable, porous molecular materials with properties suitable
for a wide variety of applications, including gas storagel!l
separation,”” catalysis,®! nonlinear optics,® sensing® and
imaging,’! drug delivery”? and others.®” In particular,
MOFs have shown great promise as effective heterogeneous
catalysts because of the large channels and cavities that make
the catalytic sites readily accessible to substrates. Although
MOFs with isolated catalytic sites have been used to effect
a variety of organic transformations,'“'l MOF catalysts with
multiple active sites are far less explored. We surmized that
MOFs with active sites in close proximity can be used for
cooperative catalysis by synergistic substrate activations or
for tandem/cascade catalysis.['?!

Cooperative catalysis, in which multiple catalytic sites
work synergistically to effect an organic transformation, is
prevalent in nature!™™ and has emerged as a powerful strategy
in synthetic chemistry.'"¥l Cooperative catalysis can afford
improved efficiency and specificity over monocatalytic sys-
tems but is not operative at the low catalyst loading typical of
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traditional homogeneous catalysis. Because MOFs can be
designed with multiple, precisely spaced catalytic sites at very
high local concentrations, they are an ideal platform to
engineer recyclable and reusable solid catalysts for coopera-
tive catalysis. Herein we report the design of porous and
interpenetrating  MOFs  with  strategically  placed
Co™(porphyrin) active sites for efficient cooperative hydra-
tion of terminal alkynes by dual substrate activation.

The new In-TBP MOF with the framework formula
In(TBP),[In(TBP)(H,0)],_,[DMA],, (DMA = dimethylam-
monium; x > 0.9), was synthesized by heating indium nitrate
and tetrakis(4-benzoic acid)porphyrine (H,TBP) in a mixture
of DEF, DMF, and H,O, to result in purple crystals in 40 %
yield. The TBP ligand was partially metallated with indium
during the reaction. The porphyrin in the In-TBP MOF could
be metallated with Co™ ions in situ by adding Co®" salts to the
reaction mixtures to afford In-Co(TBP) in a similar yield. The
extent of TBP metallation can be tuned by varying the
amounts of metal salts. For example, the presence of 0 to
38.8 equivalents of Co*" ions, with respect to H,TBP, led to
the formation of 0 to 93.8% Co(TBP) in the resulting MOF,
as quantified by inductively coupled plasma-mass spectrom-
etry (ICP-MS; see Table S1 in the Supporting Information)
and UV/Vis spectra analysis (see Table S5). The addition of
HfOCL,-8H,0 improved the crystallinity of the MOFs,
although no Hf was detected in the MOFs by ICP-MS. The
In-Co(TBP)-MOF could also be synthesized by using the
premetallated ligand Co™-TBP (see the Supporting Informa-
tion).

Single-crystal X-ray crystallographic!™ study of the In-
Co(TBP)-MOF revealed that each four-connected Co(TBP)
ligand links four four-connected [In(COO~),] secondary
building units (SBUs), thus forming a twofold interpenetrated
three-dimensional (3D) framework of pts (PtS) topology (the
[In(COO7),] tetrahedral node has a vertex symbol of
4.4.8,:8,:85-8; and the CoTBP square planar node has
a vertex symbol of 4:4-8,:8,:8,:8;). The void space was
54.8%, as calculated by PLATON. However, a low surface
area of (186.0+10.2) m*g ! was obtained by nitrogen adsorp-
tion studies, which is likely due to the severe distortion of the
MOF framework during the drying process (see Figure S9).
This drying process was not needed for the MOF catalysts
used in liquid-phase catalytic reactions. Within each Co(TBP)
unit, the cobalt cation has a pentacoordinated environment
completed by the four N atoms of the TBP and an axial aqua
group to form a [Co(TBP)(OH,)] unit. The Co—N bond
lengths ranged from 1.94 to 1.97 A, and the Co—O bond
length was 2.05 A. In one 3D unit of the twofold inter-
penetrated framework, the Co(TBP) functional units were
parallel to each other, with distances of 1.72 and 1.44 nm,
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respectively, and each 3D porous framework possessed
different pores, 1.52 nm x 1.52 nm and 2.23 nm x 1.25 nm in
size, which were large enough to accommodate a second 3D
framework, thus resulting in a twofold interpenetrated
structure (see Figure S5). Interpenetration of the 3D frame-
works brings a pair of CoTBP units into close proximity with
each other, with a Co—Co distance of about 8.8 A (Figure 1),
thus affording an excellent platform for cooperative catalysis.

a)

[In(CO0"),]

Figure 1. a) Chemical structure of [In(COO™),] SBUs and Co(TBP)
linkers. A graphic representation of the structure and connectivity of
b) one 3D unit of a MOF and c) twofold interpenetrated In-Co(TBP)-
MOF. d) Close-up view of two Co"'(TBP) units brought into proximity
to each other by twofold interpenetration. Yellow color indicates the
interpenetrated 3D framework.

X-ray absorption fine structure (XAFS) spectroscopy at
the Co K-edge was used to investigate the oxidation states
and local coordination environment of Co within the In-
Co(TBP)-MOF. These data were processed and analyzed
using the Athena and Artemis programs of the IFEFFIT
package based on FEFF 6. The X-ray absorption near edge
structure (XANES) analysis indicated the 3 + oxidation state
of the Co center of In-Co(TBP)-MOF (see Figure S12). In-
Co(TBP)-MOF was fitted to its corresponding crystal struc-
ture, with a Co—N bond length of 1.96 A and a Co—O bond
length of 1.96 A (see Figures S15 and S16).

Catalytic hydration of alkynes forms carbonyl derivatives,
which are key intermediates for both bulk and fine-chemical
industries. Terminal alkynes are often used as substrates for
the hydration reaction because they exclusively produce
methyl ketones.'! Previous studies have indicated that
mercury(II) salts, such as HgO, are efficient catalysts for the
hydration of alkynes with the assistance of acid. Because of
the toxicity of mercury compounds, much effort has been
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devoted to exploring alternative catalysts based on transition
metals, such as Pt,'7 Fe 81 Pd, "1 11,2 Ag 2! Co,?? and Au.®!
However, most of them exhibit lower reactivity and selectiv-
ity than mercury salts. Porphyrins and metalloporphyrins with
biological, physical, chemical, and catalytic functionalities
have been widely studied over the past decades. Because of
their distinctive catalytic activities, cobalt(III) porphyrin
complexes were found to be efficient homogeneous catalysts
for the hydration of terminal alkynes.”*"

In 2014, Naka and co-workers reported that a Co
porphyrin complex, Na;[Co(TPPS)], could catalyze the
hydration of terminal alkynes.” We decided to test this
reaction using In-Co(TBP)-MOF, in which the TBP ligands
were metallated by cobalt cations. To our delight, at
a 0.1 mol% loading, In-Co(TBP)-MOF was extremely
active, with 100 % conversion, while homogeneous controls,
Na;[Co(TPPS)] and Co™(TBP), only resulted in 24 and
18.6% conversion, respectively. Furthermore, Co(TBP)-
MOF remained active at a very low catalyst loading
(0.01 mol % ), whereas the homogeneous analogue was totally
inactive (Table 1, entries 3 and 6; Figure 2a). These results
indicate that the reaction may involve two Co(TBP) com-
plexes to allow cooperative activation. For In-Co(TBP)-MOF,
two Co(TBP) units adjacent to each other were relatively
fixed, thus a linear relationship was observed for conversions
at different catalyst loadings. For the homogeneous control,

111

Table 1: Hydration of phenylacetylene.

[¢]
< :}—: + HO 4)80 < O)k
MeOH (0.76m)
1 equiv 4.4 equiv
Entry Catalysts (mol %) t Conv. [%]®
1 In-Co(TBP)-MOF (0.1) 12h 95.2
2 In-Co(TBP)-MOF (0.1) 20 h 100
3 In-Co(TBP)-MOF (0.01) 7d 92
40! Na,[Co(TPPS)] (0.1) 12h 24
5 Co"-(TBP) (0.1) 20 h 18.6
6 Co"-(TBP) (0.01) 7d 0
7 In-In(TBP)-MOF (0.2) 20 h 0
8 Zr-Co(TBP)-MOF (0.1) 20 h 2.0

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Conversions were determined by GC with undecane as an internal
standard. [b] Ref. [22a].
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Figure 2. a) Plot of conversion vs. time using 0.01 mol % In-Co(TBP)-
MOF and Co"-(TBP). b) Plot of conversion vs. catalyst loading using
In-Co(TBP)-MOF and Co'"-(TBP). Reaction time: 2 hours.
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the possibility of two Co(TBP) complexes meeting each other
decreased at a lower catalyst concentration, resulting in
a nonlinear relation between conversion and catalyst loading
(Figure 2b).

When isostructural In-In(TBP)-MOF was used, no con-
version was observed, ruling out the contribution from
[In(COO0),]” SBUs (Table 1, entry 7). More importantly, Zr-
Co(TBP)-MOF, which has a similar topology to MOF-545 or
PCN-222," served as a good control to demonstrate our
proposed cooperative mechanism, since its Co-to-Co distance
is 11.0 A within its trigonal channel or 36.6 A within its
hexagonal channel, greater than that of In-Co(TBP)-MOFs
(see Figure S17). Because of its larger channel/pore size,
which enables faster diffusion of substrates and products, Zr-
Co(TBP)-MOF was expected to have a higher catalytic
activity if a monometallic activation pathway was dominant.
However, only 2% conversion was achieved when Zr-Co-
(TBP)-MOF was used for the hydration of phenylacetylene at
the same catalyst loading as In-Co(TBP)-MOF or homoge-
neous Co"™(TBP) (Table 1, entry 8), further supporting the
bimetallic activation mechanism for In-Co(TBP)-MOF.

Herein we propose that our reaction involves a coopera-
tive mechanism: Co(TBP) serves as a Lewis acid to activate
the terminal alkyne by m-coordination while the adjacent
Co(TBP) coordinates to MeOH to make it more nucleophilic
(Scheme 1). The Co™-coordinated MeOH attacks the acti-
vated alkyne to afford methyl vinyl ether, which is hydrolyzed
by water to give a ketone as the final product and to
regenerate MeOH.

R——-~H R

i MO K
—
MeOH -—

MeOH

Scheme 1. Proposed mechanism for cooperative activation in Co(TBP)-
catalyzed hydration of alkynes.

We further investigated the substrate scope of alkyne
hydration. In-Co(TBP)-MOF displayed excellent activity of
hydration over a wide range of aliphatic and aromatic
terminal alkynes (Table 2). Aromatic alkyne derivatives
with either electron-donating or electron-withdrawing sub-
stituents at the para position reacted smoothly to afford the
desired methyl ketone products (entries 3-8). For the sub-
strate S10, no hydration took place using either MOF or
homogeneous catalysts (entries 10 and 11). The steric clash
between the methyl group of 3-methylphenylacetylene and
the phenyl group of Co(TBP) upon coordination led to
diminished catalytic activity (Figure 3a). Similarly, little
conversion was observed for S11 (Table 2, entry 12). These
data further demonstrate that the alkyne was activated by
Co(TBP) through m-coordination.
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Table 2: Hydration of terminal alkynes.

vt O O
ﬁdé/ﬁfﬁf

Entry Substrate Catalyst (mol %) t[d] Yield [96]
1 S1 In-Co(TBP)-MOF (0.2) 2 98

2 s2 In-Co(TBP)-MOF (0.2) 2 93

3 Ss3 In-Co(TBP)-MOF (0.1) 1 92

4 S4 In-Co(TBP)-MOF (0.1) 1 95

5 S5 In-Co(TBP)-MOF (0.1) 1 100

6 S6 In-Co(TBP)-MOF (0.1) 1 90 (86"
7 s7 In-Co(TBP)-MOF (0.1) 1 95

8 ] In-Co(TBP)-MOF (0.1) 1 94

9 S9 In-Co(TBP)-MOF (0.1) 3 97

10 Ss10 In-Co(TBP)-MOF (0.1) 3 0

1 S10 Co"-TBP (0.1) 3 0

12 ST In-Co(TBP)-MOF (0.1) 1 2.5

[a] Yields were determined by '"H NMR spectroscopy using nitromethane
as an internal standard. [b] Yield of isolated product.

c

o

Figure 3. a) Proposed steric clash between the methyl group of 3-
methylphenylacetylene and the phenyl group of Co(TBP). b) Plot of
conversions (%) at various runs in the hydration of phenylacetylene.

)
-

We found that In-Co(TBP)-MOF could be recycled by
simple centrifugation and reused at least six times without
obvious loss in the catalytic activity (Figure 3b). PXRD of the
recovered In-Co(TBP)-MOF was identical to that of the
pristine catalyst, thus indicating the stability of the MOF
catalyst during catalytic reactions.

In conclusion, a series of porous twofold interpenetrated
metal-metalloporphyrin frameworks were synthesized and
applied to the hydration of terminal alkynes. Controlled
loading of the transition-metal cations into the MOFs
supplied the opportunity to study the catalytic mechanism
in the hydration of terminal alkynes. The twofold inter-
penetration brings catalytically active metalloporphyrin cen-
ters adjacent to each other, allowing cooperative activation,
which results in excellent efficiency compared to their
homogeneous analogues. Zr-Co(TBP)-MOF, isostructural
In-In(TBP)-MOF, and the homogeneous reaction were
examined to confirm the proposed cooperative catalytic
mechanism. This work highlights how MOFs can participate
in cooperative catalysis in organic synthesis and provides
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a new strategy for constructing efficient heterogeneous
catalysts.
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