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ABSTRACT: Zn-containing metal—organic frameworks have been used for the first time Zn-BDP
as heterogeneous catalysts in the amination of C—Cl bonds. The use of extended sy

bis(pyrazolate) linkers can generate highly porous architectures, which favor the diffusion
of amines to the confined spaces with respect to other imidazolate frameworks with
narrower pore windows. The N,Zn nodes of the Zn-reticular framework show comparable
activity to state-of-the-art homogeneous Zn amination catalysts, avoiding the use of basic
conditions, precious metals, or other additives. This is combined with long-term activity
and stability upon several reaction cycles, without contamination of the reaction product.

B INTRODUCTION

C—N couplings involving the addition of N—H groups to C—
Cl bonds in N-heterocycles are important reaction steps during
the assembly of high value-added molecules. In the
pharmaceutical industry, efficient methods for the production
of substituted pyridines by C—Cl amination are urgently
needed."> Contemporary synthetic methods as Buchwald—
Hartwig or Ullmann-type C—N couplings often require costly,
air-sensitive homogeneous catalysts and stoichiometric
amounts of base.’ In this sense, the use of a zinc(II) Lewis
acid (which is cheaper, less toxic, and naturally more abundant
than precious metal catalysts) has been reported to activate 4-
chloropyridine during nucleophilic aromatic substitutions with
amines.”” However, these promising results also anticipate the
limitations intrinsic to homogeneous catalysis, as the recovery
and recycle of the catalyst or the eventual contamination of the
product. In order to improve the sustainability and innovate
the catalysis of organic transformations, different approaches
such as the use of ionic liquids, nanocages, coordination
networks, or metal—organic frameworks (MOFs) are bridging
the gap between traditional homogeneous and heterogeneous
catalysts.é_14 The incorporation of Zn(II) as a single site (well-
positioned and separated) in open frameworks as zeolites,
coordination polymers, or MOFs would permit translating this
reactivity to the heterogeneous phase for simple separation of
the product, thus avoiding its contamination. >~*'

Pioneering studies of copper active sites in MOFs for N-
arylations of aryl bromides with aromatic amines and N-
heterocycles using Ullmann-type couplings have been
reported.”””* However, the harsh conditions used, which
include large amounts of base, compromises the stability and
recyclability of the framework. This limitation might be more
easily overcome by using earth abundant metal-azolate
frameworks based on extended linkers.”*™*® This family of
robust MOFs have demonstrated catalytic activity in aldol
condensations—Michael-type additions,” hydroaminations,30
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cross-couplings,®** and carboxylations.” Pyrazolate groups
favor soft—soft acid—base interactions (with divalent metals)
for higher thermal stability and exceptional chemical stability in
acid and basic conditions, compared to carboxylate MOFs.**
Moreover, only one Zn single site is present at the N,Zn SBUs
of the azolate-type Zn-MOFs (see Figure 1), with respect to
the four Zn present as Zn,0(CO,); in carboxylate-type Zn-
MOFs (e.g, MOF-S, MOF-74). However, the use of parent
MBDP frameworks (BDP = 1,4-bis(pyrazol-4-yl)benzene) as
catalysts has been largely overlooked.”"** Previous works rely
on the encapsulation of metals (Cu, Pd, Ag) in the pores of the

Figure 1. Structure of the N,Zn nodes in ZnBDP (a) and ZIF-8 (b).
The green spheres represent the pore diameter of similar size in both
cases. Dimensions of the pore aperture are indicated and highlighted
with a red sphere in the case of ZIF-8 to account for disfavored
substrate diffusion.

Received: September 2, 2020

https://dx.doi.org/10.1021/acs.inorgchem.0c02624
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francisco+G.+Cirujano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Lo%CC%81pez-Maya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neyvis+Almora-Barrios"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Rubio-Gaspar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nuria+Marti%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+A.+R.+Navarro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+A.+R.+Navarro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Marti%CC%81-Gastaldo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c02624&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02624?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02624?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

framework, which are responsible for the catalytic activity,
while the framework is exclusively used as innocent porous
support to prevent the aggregation and deactivation of active
sites.

Here we study for the first time the activity of unmodified
ZnBDP as a heterogeneous catalyst, based on the reported
Zn(NO;), homogeneous C—Cl amination catalyst.” This
framework consists of tetrahedrally coordinated N,Zn metal
centers interconnected by BDP linkers to generate 3D square
channels with edges of 13.2 A, large pores of close to 11.1 A
(see Figure 12).>°7** In order to account for the changes of
porosity over substrate diffusion and performance, the zinc-
pyrazolate ZnBDP was compared with that of zinc-imidazolate
ZIF-8. This choice is based on the similar environment of the
ZnN, units, but featuring a different porous architecture with
large 11.6 A pores connected through small apertures of 3.4 A
(see Figure 1b).*

B RESULTS AND DISCUSSION

We tested both Zn reticular catalysts in the proof-of-concept
amination of the sp> C4 carbon of 4-chloropyridine (Cl-py)
with morpholine. The yield of the 4-aminated pyridine product
after 72 h of reaction increases in the order ZIF-8 (26%) <
ZnBDP (51%) < Zn(NO;), (82%), for the same catalyst mass
(see Figure 2a). The kinetic rate constants were obtained from
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Figure 2. Kinetic profiles (a) and activity (TONy,) expressed in mol
of Cl-py converted divided per mol of Zn (b), for the amination of 10
mg of Cl-py catalyzed by 10 mg of ZnBDP (red) or ZIF-8 (blue) with
respect to Zn(NO,), (black).

the linear fit of the logarithm of the 4-chloropyridine
conversion vs time, assuming a pseudo-first-order reaction,
which resulted in different slopes (see Figure SS in the
Supporting Information). The kinetic rate constant increases as
ks (0.004 h™) < kzppp (0.009 h™') < kz0s (0.024 h71h).
For the same Zn-catalyst mass, the Cl-py/Zn molar ratio
increases in the order Zn(NO;), < ZIF-8 < ZnBDP (being 1.8
< 2.3 < 4.5, respectively). When the kinetic rate constants are
multiplied by the corresponding substrate/catalyst ratio, a
normalized rate constant per Zn active site is obtained. Its
value is similar for the heterogeneous ZnBDP and the
homogeneous Zn(NO;), (ca. 0.04 h™") and four times higher
than in the case of microporous ZIF-8 (ca. 0.01 h™').

The number of product molecules per zinc site (TONy,)
during the course of the reaction is represented in Figure 2b. It
indicates the good catalytic performance of ZnBDP with
respect to ZIF-8 and the Zn(NO;), homogeneous catalyst.* In
contrast to the soluble Zn** species, which are not possible to
recover and recycle, ZnBDP can be isolated by simple

centrifugation and employed in subsequent reaction cycles
without apparent loss in activity: kyzpp = 9.3 X 1073, 8.8 X
1073 8.2 X 1073, and 7.8 X 107° h™! for the four subsequent
cycles (see Figure S6 in the Supporting Information).
Therefore, the cumulative rate constant per Zn active site
after three cycles is 3.8 times higher when using the ZnBDP
MOF (0.15 h™") with respect to the homogeneous Zn(NO;),
catalyst (0.04 h™"). The high stability of both MOFs is proven
due to the maintenance of XRD patterns after 72 h of reaction,
with only minor changes attributed to changes in pore
occupancy (see Figure 3).>® A hot filtration test of ZnBDP
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Figure 3. Powder XRD patters of ZnBDP (a) with respect to ZIF-8
(b) catalysts before and after the amination of Cl-py with morpholine.

demonstrated the heterogeneous nature of the reaction (see
Figure S6 in the Supporting Information). ICP analysis of the
filtrate results in 0.21 wt % Zn leaching from ZnBDP. Taking
into account that 13 wt % of Zn in the MOF structure is used
with respect to 4-chloropyridine, only 0.03 wt % Zn will be in
the form of leached homogeneous Zn?*. This amount is way
below the 1.4 wt % Zn used in the reported homogeneous
catalyzed process,” confirming the results of the hot filtration
tests. Furthermore, no evidence of 4-pyridination of 1,4-
bis(pyrazol-4-yl)benzene ligand was found according to the
NMR spectra of the digested MOF before and after the
reaction (see Figure S7). Therefore, the changes in catalytic
performance between single-site Zn(II) frameworks cannot be
ascribed to the potential degradation of ZnBDP but to
differences imposed by the dimensions of their pores and
channels.

To further confirm the key role played by the diffusion of
the substrates into the ZnN,-MOF active sites, solid—liquid
adsorption experiments of a solution of 4-chloropyridine (Cl-
py) in CH;CN (2.5 mg'mL™") were performed. The ZnBDP
shows a higher uptake with respect to ZIF-8, resulting in 1.0 vs
0.3 moICl_py-mOIZn_1 (see Table S4 in the Supporting
Information). A computational study has been performed
with both reticular Zn catalysts (i.e, Zn;,(C,N,Hs),, and
Zn,(C;,N,Hg), modeled crystalline cells of ZIF-8 and ZnBDP,
respectively) in order to understand the experimental results.
The calculated values are in line with the experimental uptake
of Cl-py molecules by the MOFs, corresponding to 0.4 and 1.0
molcypy o morphohne-molZn_1 docked in ZIF-8 and ZnBDP,
respectively. More importantly, the molecular dynamics results
indicate a higher diffusivity in the ZnBDP with respect to ZIF-
8, especially in the case of the amine nucleophile (2 X 107° vs
1 X 1077 ecm*s™"), as shown in Figure 4 (molecule A). The
adsorption and diffusion results further confirm that the
changes in the pore window of ZnBDP and ZIF-8 may be the
origin of their different catalytic performance. On the one
hand, the 1.3 nm edges of the square channels from ZnBDP
favor the infiltration and docking of Cl-py molecules inside the
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Figure 4. TON of Zn sites (bars, left axis) in the amination of Cl-py
with morpholine (A), N-methylaniline (B), and N-phenylaniline (C),
together with the diffusivity (D) of A, B, or C (circles and
triangles, logarithmic right axis) in ZnBDP (red) or ZIF-8 (blue).

pore cavities for subsequent reaction with morpholine. On the
other hand, the restricted diffusion of reactants across the 0.3
nm pore windows of ZIF-8 precludes the inner Zn—N active
sites to activate the reactants for the amination reaction (see
Figure 1).

To rule out the contribution of the Zn active sites located at
the external surface of the crystals, the catalytic activity of a
second ZIF-8 sample with a higher external surface area was
tested (see ZIF-8y  in Figure S1 and Table S1).*’ The yield

obtained after 48 h of reaction between Cl-py and amine A is
similar with both samples (~20%), confirming the dominant
role of the microporous area and how catalytic activity seems
to be restricted to the accessibility of the substrates to the
pores of the bulk crystal. Therefore, it seems plausible that
when using ZnBDP, the rapid diffusion and confinement of the
amination substrates inside the large MOF pores favor the
course of the reaction, without the diffusion limitations toward
the inner active sites occurring in ZIF-8.

Other aryl halides and NH derivatives were employed as
substrates of the ZnBDP reticular catalysts. For instance, the
reaction of morpholine with 4-chloroquinoline results in a
slightly higher yield of the pharmaceutically relevant 4-
aminoquinoline,” with respect to 4-chloropyridine (25% vs
15% respectively) after 24 h of reaction (see Figure S9). The
higher reactivity of the quinoline derivative (having one extra
benzene ring) with respect to the pyridine one may be the
result of better solubility in the reaction media and more
favorable interactions with the aromatic linker of the ZnBDP.
Two additional N-substituted anilines with different sub-
stituent sizes, i.e. N-methylaniline (B in Figure 4) and N-
phenylaniline (C in Figure 4), were employed in the amination
of Cl-py, in order to check the effect of the substituent size
(methyl vs phenyl) on the catalytic performance of both Zn-
reticular catalysts. The yields of the two new 4-aminopyridines
obtained after 72 h with ZnBDP as catalyst were 98% and 50%
for amine B and C, respectively. However, these yields
decreased to 51% and 17% (for B and C, respectively) when
using ZIF-8 as catalyst (see Table S3).

The higher TONyppp/TONyg ¢ ratio when using amine C
as the amination agent with respect to amine B (TONy,zpp/
TONyps = 5.8 vs 3.8) suggests the steric hindrance of the
phenyl substituted amine when diffusing into the MOF pores.
Thus, despite the similar difference in activity between ZnBDP
and ZIF-8 in the case of small N-methylaniline (ca. 0.9 nm
size), the performance of ZnBDP is boosted with respect to

ZIF-8 in the case of bulkier substrates such as N-phenylaniline
(ca. 1.3 nm size). Indeed, molecular mechanics simulations
confirm the docking of 6 and 3 molecules of N-methylaniline,
or 3 and 1 molecules of N-phenylaniline for ZnBDP and ZIF-8,
respectively (see Figures S10—S13 in the Supporting
Information). As previously described for morpholine, the
diffusivity of both reaction substrates is higher on ZnBDP than
in ZIF-8 (see Table SS). The changes are more pronounced
when passing from amine B to amine C, where only steric
effects are introduced by changing one of the N-substituents.
The Dy,ppp/Dyyp.g diffusivity ratio in the case of amine B is
522, with respect to the value of 376 for amine C. In both
cases, the diffusivity of the amine in the large pores of ZnBDP
is up to 3 orders of magnitude higher with respect to the
traditional ZIF-8 Zn reticular catalyst.

Furthermore, density functional theory (DFT, see Support-
ing Information for details) allows us to propose a reaction
mechanism based on Zn single s1tes 1nstead of dual metal sites
reported with other MOF catalysts.*' As shown in Figure 5, the

g - XX \\(a,‘

. M”

Figure S. Proposed mechanism for the amination of Cl-py with
morpholine catalyzed by acid—base sites in ZnBDP. (a) Interaction of
morpholine molecules with the Zn and H-transfer from the
morpholine to the N-linker, (b) 4-chloropyridine adsorption on Zn
sites. (c) C—N bond formation between 4-chloropyridine and
morpholine and (d) active site regeneration.

interaction of morpholine molecules with the Zn atom takes
place through a concerted step (Figure Sa), where the proton
of the morpholine is transferred to the ligand leaving a free site
in the Zn atoms for its adsorption. Although the adsorption
strength of the morpholine is weak (+2.9 kJ mol™'), the
protonation process of the BDP pyrazolate linker coordinated
to the Zn site (transient BDP decoordination of 1 out of the 4
N—Zn bonds) leaves the possibility that Cl-py interacts
strongly with the Zn atom by —135.1 kJ mol™" (Figure Sb).
This agrees well with the FT-IR spectrum of ZnBDP after 24 h
of reaction between Cl-py and morpholine, which shows a
band around 1635 cm™' (different from that of the free 4-
chloropyridine at 1490 cm™)," suggesting that the N,Zn
SBUs can act as a Lewis acid. These sites are available for
interaction with the nitrogen lone pair of 4-chloropyridine (see
Figure SS), as recently described for homogeneous Zn(II)
complexes.*’ The (reversible) complex formation between the
Zn(II) Lewis acid and pyridine Lewis base through the binding
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of Zn to the pyridine nitrogen has been also proposed for the
homogeneous case.”” Finally, the formation of the product
after the SyAr reaction is exothermic by —212.3 kJ mol™
(Figure 5¢).

Our simulations suggest that differences in activity are
associated with the acid—base properties of the reagents with
respect to the linker. This is supported by the fact that the pK,
of the —NH— in the pyrazolate is much higher than that of
morpholine (19.8 vs 8.4, respectively). In addition, we have
studied an alternative model in which both the morpholine and
Cl-py interact with two vicinal Zn atoms (presumably at
eventual missing-linker defect sites; see Figure S2 and Table
S2). This model is exothermic by —35.7 kJ mol™' but
significantly less favorable than the single-site model (—131.1
kJ mol™'; see Supporting Information for details). Moreover,
the distance between the C of the Cl-py and the N of the
morpholine is 4.43 A, which hinders the SyAr reaction (see
Figure S14) in the dual-site mechanism, with respect to the
single-site proposed here. Further studies for the validation of
the proposed mechanism are ongoing.

B CONCLUSIONS

In conclusion, Zn-catalyzed amination of 4-chloropyridine is
reported here using a heterogeneous catalyst for the first time.
The porous architecture of the ZnBDP MOF provides higher
uptake capacity and more favorable mass transfer (up to 3
orders of magnitude higher) compared to microporous ZIF-8.
The larger Zn-bis(pyrazolate) cavities favor the transport of
the substrate molecules inside the ZnBDP pores, where they
access the inner active sites, as shown by the calculated
diffusivities of the substrates in both MOFs. In contrast, the Zn
sites are less accessible to the reagents in the case of ZIF-8,
resulting in a decrease of catalytic activity below half of the
value of ZnBDP. TON values of the Zn active sites which are
up to 6 times higher are obtained in the transformation of
bulky substrates (i.e., N-phenylaniline), when those catalytic
sites are in a more open Zn-azolate structure. These
observations confirm the positive effects of the activation of
the 4-chloropyridine and different amine substrates inside the
porous spaces of ZnBDP, where the inner Zn active sites are
more accessible than in the far more popular zeolitic
imidazolate frameworks. The use of the heterogeneous Zn-
bis(pyrazolate) catalyst is a sustainable alternative to the use of
homogeneous Zn salts, which can be outperformed in terms of
activity and stability, paving the way for the synthesis of
pharmaceutically interesting intermediates in an environ-
mentally benign manner.
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