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ABSTRACT: Here we report the design of an enzyme-inspired
metal-organic framework (MOF), 1-OTf-Ir, by installing strong
Lewis acid and photoredox sites in engineered mesopores. A1-MOF
(1) with mixed 2,2’-bipyridyl-5,5-dicarboxylate (dcbpy) and 1,4-
benzenediacrylate (pdac) ligands was oxidized with ozone and then
tiflated to generate strongly Lewis acidic Al-OTf sites in the
mesopores, followed by the wmstallation of [Ir(ppy).(debpy)]* (ppy
= 2-phenylpyridine) sites to afford 1-OTf-Ir with both Lewis acid
and photoredox sites. 1-OTf-Ir effectively catalyzed reductive
cross-coupling of N-hydroxyphthalimide esters or aryl
bromomethyl ketones with vinyl- or alkynyl-azaarenes to afford
new azaarene derivatives. 1-OTf-Ir enabled catalytic synthesis of
anticholinergic drugs Pheniramine and Chlorpheniramine.

Functionalization of azaarene derivatives is of great significance
due to their prevalence in bioactive and drug molecules.!*
Transition metal catalysts are typically ineffective for the
modification of azaarene derivatives owing to strong coordination
of azaarenes to metal centers.>% Photoredox catalysis presents an
alternative solution to functionalizing azaarene derivatives by
generating active open-shell species via single electron transfer.”-8
For example, the addition of photoredox-generated radicals to
vinylpyridines has provided access to new functionalized
pyridines.*!! Despite the potential of azaarene derivatives as
“privileged” scaffolds in drug discovery,® photocatalytic
transformations of azaarenes have not been widely studied.

As a versatile family of porous molecular materials, metal-
organic frameworks (MOFs) have been explored for many
applications,'?1¢ including gas storage and separation,!” drug
delivery,'31° sensing,?® solar energy conversion,?! and
heterogeneous catalysis.?>30  Although MOFs have been
extensively explored as single-site solid catalysts,*!-** few multi-
functional MOFs with two or more catalytic centers have been
rationally designed.>* The ability to hierarchically install
multiple active sites in a MOF provides a unique opportunity to
engineer enzyme-inspired cooperative catalysts that cannot be
obtained in homogeneous solutions or on traditional heterogeneous
supports.40-41

Enzymes use active sites in three-dimensional grooves or
pockets to catalyze chemical transformations.*>* The active sites
typically comprise multiple functional units that are broadly
categorized as binding centers and catalytic centers.*>*7 Binding
centers anchor substrates or intermediates to facilitate their
conversion to products by catalytic centers. Synergistic cooperation

between these functional units is responsible for the extremely high
activity and selectivity of enzymes.
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Figure 1. Comparison between an enzyme active site with binding
center and catalytic center (left) and an engineered mesopore in 1-
OTfIr with Lewis acid as binding center and Ir-photosensitizer as
catalytic center (right).

Here we report the design of an enzyme-inspired MOF, 1-OTt-
Ir, by constructing strong Lewis acid sites as binding centers and
photoredox sites as catalytic centers in engineered mesopores. 8-
Ozonolysis of AI-MOF (1) with mixed 2,2’-bipyridyl-5,5-
dicarboxylate (dcbpy) and 1,4-benzenediacrylate (pdac) ligands
followed by triflation generated Lewis acidic Al-OTf sites in the
mesopores. Subsequent installation of [Ir(ppy).(debpy)|* (ppy = 2-
phenylpyridine) sites afforded 1-OTf-Ir with both Lewis acidic
sites and photoredox sites. 1-OT{-Ir effectively catalyzed reductive
cross-coupling of N-hydroxyphthalimide esters or aryl
bromomethyl ketones with vinyl- or alkynyl-azaarenes to afford
new azaarene derivatives. 1-OTf-Ir also provided alternative routes
to anticholinergic drugs Pheniramine and Chlorpheniramine.

MOF 1 of the formula Al(OH)(dcbpy)g s(pdac)y, was prepared
through a solvothermal reaction of AI(NOs)s;, Ha(dcbpy), and
Hy(pdac) in N,N-dimethylformamide (DMF) as previously
reported (Scheme S1).3*% Ozonolysis of 1 completely removed the
pdac ligands to afford 1-OH with a formula of AI(OH)(dcbpy)os-
(OH)4(H,0)g4 (Scheme S2).57-38 Treatment of 1-OH with Me;Si-
OTf in benzene afforded 1-OTf with a formula of
Al(OH)(dcbpy)e.s(OTf)g40 (Scheme S3).4° Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
imaging showed 1-OH and 1-OTf maintained the plate-like
morphology of 1 (Figures 2¢, S3 and S7) while powder X-ray
diffraction (PXRD) analysis indicated 1, 1-OH, and 1-OTf
possessed a similar structure to DUT-5 and MOF-253 (Figure 2b).
1 and 1-OH exhibited similar type [ N, sorption isotherms with
Brunauer-Emmett-Teller (BET) surface areas of 1381 m?/g and
1052 m?/g, respectively, and pore sizes of ~1.0 nm and 1.0-12.0
nm, respectively (Figures S4 and S8).
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Treatment of 1-OTf with [Ir(ppy).Cl], afforded 1-OTf-Ir with Ir-
photosensitizer (Ir-PS) loadings of 10.4 mol% as determined by 'H
NMR spectra of digested 1-OTf-Ir (Figures 2a and S10). In contrast,
Ir-PS could not be loaded into 1 (Figure S20) because the size of
[Ir(ppy)2Cl], (~ 1.4 nm) is larger than the pore size of 1 (~1.0 nm).
The highest Ir-PS loading of 17.3 mol% is slightly lower than the
density (20.0 mol%) of mesopores (Figure S16), supporting the
installation of Ir-PSs inside the mesopores.
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Figure 2. (a) Synthetic route to 1-OTf-Ir. (b) PXRD patterns of 1,
1-OH, 1-OTf, and 1-OTf-Ir (pristine and after catalysis) in
comparison to the simulated pattern for DUT-5. (c) TEM image of
1-OTf-Ir. (d) Fluorescence spectra of free NMA (black) and NMA
bound to 1-OH (green) and 1-OTf (red) in MeCN at 298 K. (e)
Normalized excitation and emission spectra of 1-OTf-Ir and
Ir(Me,dcbpy)(ppy).*. (f) EXAFS fitting of 1-OTf-Ir. (g) Molecular

model of Ir(bpy)(ppy)*.

1-OTf-Ir retained the crystallinity of 1 as shown by their similar
PXRD patterns (Figure 2b). Lewis acidity of 1-OH and 1-OTf was
determined by N-methylacridone (NMA) fluorescence method.>*
0 Upon coordinating to 1-OTf, the Ay, of NMA emission shifted
from 433 nm to 470 nm, (Figure 2d, red). In comparison, 1-OH
only shifted the Ay, of NMA emission to 463 nm (Figure 2d,
green). Triflation of OH/OH, moieties thus significantly enhanced
Lewis acidity of 1-OTf. UV-Vis and luminescence spectra (Figures
2e) of 1-OTf-Ir exhibited characteristic absorption, excitation, and

emission properties of Ir(Me,dcbpy)(ppy).Cl. The Extended X-ray
absorption fine structure (EXAFS) feature of Ir centers in 1-OTf-Ir
was well fit to the Ir(bpy)(ppy)," structure to afford nearly identical
coordination geometry (Figures 2f and 2g). Each Ir center in 1-OTf-
Ir coordinates to two ppy and one bpy ligand in an octahedral
geometry with an Ir-NPPY bond length of 1.96 A, an Ir-CPPY bond
length of 2.18 A, and an Ir-N®¥ bond length of 2.05 A.

We surmised that Ir-PSs and Lewis acidic sites in the mesopores
of 1-OTf-Ir could work synergistically to catalyze new reactions in
an enzyme-inspired fashion. We tested this bioinspired
photocatalytic strategy on reductive cross-coupling of N-
hydroxyphthalimide esters with vinyl- or alkynyl-azaarenes. At 0.5
mol% 1-OTf-Ir loading (based on Lewis acid sites), pentanyl N-
hydroxyphthalimide (NHP) ester (1a) and 4-vinylpyridine (2a)
coupled in the presence of Hantzsch ester (HEH) reductant in
CH;CN under blue LED irradiation (400-500 nm) at room
temperature to afford 1c¢ in 90% yield in 6 h (standard condition,
entry 1, Table 1). At the same Lewis acid loading, 1-OTf-Ir with
low (4.5 mol%) and high (17.3 mol%) Ir-PS loadings produced 1¢
in lower yields (entries 2 and 3, Table 1). Reactions in 1,2-
dichloroethane (DCE), toluene, and dimethoxyethane (DME)
afforded 1c in lower yields (entries 4-6, Table 1). Reducing the
amount of 1a to 1.5 equiv gave 1c¢ in 77% yield (entry 7, Table 1).
Without light or 1-OTf-Ir, no product was observed (entries 8 and
9, Table 1). The use of Ir(Me,dcbpy)(ppy).Cl and Al(OTf); as the
homogeneous control generated 1c¢ in 16% yield (Scheme S7).

Table 1. Optimization of reaction conditions.”

>~05Hﬁ MOF 1-OTEIr (05 mol%) CsHis
HEH (2.0 equiv) \/\O

CH3CN/Blue LED/6 h

1a (2 0 equiv) 1b (1.0 equ,v) ‘standard’ conditions
Entry  Variations from the ‘standard’ conditions (102 »
1 No variation 90

2 MOF 1-OTf-Ir-low instead of MOF 1-OTf-Ir 38

3 MOF 1-OTf-Ir-high instead of MOF 1-OTf-Ir 61

4 DCE instead of CH;CN 50

5 Toluene instead of CH;CN 45

6 DME instead of CH;CN 58

7 1a (1.5 equiv) 77

8 Without light none
9 Without MOF 1-OTf-Ir trace
10 MOF 1-OH-Ir instead of MOF 1-OTf{-Ir 10
11 MOF 1-OTf instead of MOF 1-OTf-Ir 8

@ Reactions were conducted at 0.1 mmol scale. ® GC yields.

A variety of redox-active NHP esters were examined for
reductive cross-coupling reactions under standard conditions
(Table 2). Primary, secondary, and tertiary alkyl NHP esters
underwent cross-couplings with 4-vinylpyridine to afford 1c-4¢ in
85%-90% isolated yields. Sterically demanding adamantyl group
was tolerated to afford 5S¢ in 71% yield. NHP esters bearing
heterocycles (tetrahydrofuran and pyrrolidine) worked well to
afford 6¢ and 7c¢ in 79% and 88% isolated yields, respectively.
Cyclopentenyl group was also tolerated to afford 8c in 70% yield.

Different vinyl-azaarenes were also tested. Cross-coupling
between 2-vinylpyridine and proline-derived NHP ester gave 9c¢ in
51% yield. 2-(1-Phenylvinyl)pyridine and 4-(1-phenylvinyl)-
pyridine served as competent coupling partners to produce 10¢ and

2
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11c in 78% and 94% isolated yields, respectively. The use of 2-
vinylquinoline afforded 12¢ in 71% yield.

We also investigated reductive cross-coupling of NHP esters
with alkynyl-azaarenes under standard conditions. 3-Ethynyl-
pyridine reacted with adamantyl and cyclohexyl NHP esters to
afford 13c¢ and 14¢ in 50% and 73% isolated yields, respectively.
Cross-couplings of proline-derived NHP ester with 3-ethynyl-
pyridine, 2-ethynylpyridine, and 5-ethynylpyrimidine afforded 15c,
16¢, and 17c¢ in 95%, 87%, and 91% isolated yields, respectively.
The highest turnover number of 190 was achieved for 15¢. Both Z
and E isomers formed in these reactions, likely due to rapid
isomerization of the vinyl radical intermediate. The Z/E ratio of
cross-coupling products depended on both coupling partners and
varied from 1.9/1 to 10/1. It is worth noting that several coupling
products such as 5S¢, 7¢, 10¢ and 17¢ are important scaffolds in drug
molecules.o1-64

Table 2. 1-OTf-Ir catalyzed reductive cross-coupling
reactions.”

coupling of vinylazaarenes with NHP esters

00
R! R®  MOF 1-OTHIr (0.5mol%)  Ro
NO o+ A Then (2.0 equiv) RUAge

o) CH3CN/Blue LED/6 h
1a-12a 1b-12b 1c-12¢
HaC(H2C)4 N
\/\O\‘
1c (85%, 170) 88"/ 176 3c (90%, 130) c (90%, 180

~N
M 0 > N ~ >
Boé

5¢ (71%, 142) C (79%, 158 7c (88%, 176 c (70%, 140

mo\% a?@%

9c (51%, 102) 10c (78%, 156) 11c (94%, 188) 12¢ (71%, 142)

coupling of alkynylazaarenes with NHP esters

0 QO
»R! R*  MOF 1-OTf-Ir (0.5 mol%)
N-O + m

THEH 20 equy) . RS
S CH4CN/Blue LED/6 h
13a-17a 13b-17b 13¢-17¢

15¢ (95%, 190 16¢ (87%, 174) 17¢ (91%, 182

13c (50%, 100) 14c (73%, 146)
(ZE =3.3/1) (ZIE =3.8/1) (ZE=53/1)

(Z/E =10/1) (ZIE=1.9/1)

of vinylazaarenes with aryl br i k
o

o
Br R3  MOF 1-OTf-Ir (0.5 mol%) R3
* /\Rz HEH (2.0 equiv)

18a-22a 18b-22p CHsCN/Blue LED/18h 18c-22¢

0 g

18c (67%, 134 19¢ (53%, 106 20c (84%, 168) 21c (78%, 156) 22c (76%, 152)

synthesis of marketed drug molecules SNT
N MOF 1-OTf-Ir (0.5 mol%)
X N
N- 0 "HEH (2.0 equiv) s
CH3CN/Blue LED/6h g5 Z

RS = H, Pheniramine (Avil) (38%, 76)
RS = CI, Chlorpheniramine (Piriton) (36%, 72)

“Reactions were conducted at 0.1 mmol scale, yield of isolated
products.

Aryl bromomethyl ketones were also used as radical precursors
for reductive cross-coupling reactions. Bromoacetophenone
reacted with 4-vinylpyridine, 1-phenyl-1-(4-pyridyl)ethene, and 2-
isopropenylpyridine to give 18¢-20c in 53%-84% isolated yields.
p-Methoxyphenacyl bromide and 2-naphthacyl bromide served as
competent coupling partners to afford 21¢ and 22¢ in 78% and 76%
isolated yields, respectively.

We tested the use of the photocatalytic reductive coupling in
drug molecule synthesis. As shown in Table 2, dimethylglycine-
derived NHP ester coupled with 2-(1-phenylvinyl)pyridine under
standard conditions to afford Pheniramine in 38% yield.
Chlorpheniramine was similarly synthesized in 36% yield.

1-OTf-Ir was stable under catalytic conditions as indicated by
the retention of the PXRD pattern for the recovered MOF (Figure
2b) and the leaching of <0.1% Al and <0.1% Ir into the supernatant.
1-OTf-Ir was recovered and used in five runs of reductive cross-
coupling between 4-vinyl-pyridine and pentanyl NHP ester with no
decrease in catalytic activity (Figure 3c). The optimal Lewis acid
to Ir-PS ratio of 3.8 in 1-OTf-Ir is similar to those of binding centers
to catalytic centers in enzymes,* but much lower than those of
homogeneous catalytic systems (> 10/1).° The excellent catalytic
activity of 1-OTf-Ir may be attributed to the pore confinement
effect, which facilitates the reaction of reactive radicals and
activated azaarenes in an enzyme-inspired fashion.*?

a b

15[ Y= (025280011 + 1
\a] RI=09887

o Y= remoEX 1
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Figure 3. (a,b) Emission spectra of 1-OTf-Ir after the addition of
different amounts of HEH (a) or 1a (b) with 365 nm excitation.
Insets show plots of /y/I of 1-OTf-Ir as a function of equivalents of
HEH (a) or 1a (b). (c) Yields of 1¢ with recovered 1-OTf-Ir in five
consecutive runs. (d) Time-dependent yields of 1¢ with different
catalysts. (e) Proposed reaction mechanism.

Several control experiments were conducted to shed light on the
reaction mechanism. 1-OH-Ir containing only Ir-PS gave the
coupling product 1c¢ in 10% yield (Figure 3d). 1-OTf with only

3
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Lewis acidic sites catalyzed the reductive cross-coupling to afford
1c in 8% yield (Figure 3d). These results indicate the crucial role
of both PSs and strong Lewis acids. In addition, a combination of
1-OH-Ir and 1-OTf as the catalyst produced lc in 23% yield
(Scheme S8), supporting the advantage of integrating both active
centers in the mesopores.

Upon excitation at 365 nm, luminescence of 1-OTf-Ir was
quenched by both HEH and 1a, but not 1b (Figures 3a and 3b).
Luminescence quenching by HEH and 1a were well fitted to the
Stern-Volmer equation to give a K (HEH) of 0.232+0.011 and a
K (1a) of 0.164+0.018, suggesting preferential quenching of
[Ir]* species by HEH over 1a. In addition, radical capture by
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) or 1,1-
diphenylethene completely shut down the formation of lc but
generated 1-pentyloxy-2,2,6,6-tetramethylpiperidine (1d) or 1,1-
diphenylheptane (1e) in 26% and 91% yields, respectively
(Schemes S5 and S6). This result suggests the presence of pentanyl
radical in the reaction.

On the basis of these experimental results and literature
precedents,’!! we propose a reaction mechanism as shown in
Figure 3e. Reduction of photoexcited [Ir'"]* in by HEH furnishes
HEH* radical cation and strongly reducing [Ir'] center, which
competently reduces substrates a to give alkyl radical and
regenerate the [Ir'"] species. In the meantime, substrates b
coordinates to the Lewis acidic site in the same mesopore to afford
electron-deficient pyridine derivative A which is susceptible to
attack by alkyl radical. Subsequent radical addition generates
radical intermediate B, which undergoes hydrogen atom transfer
with HEH * to afford Lewis acid-bound product C and EH* cation.
An incoming substrate releases product P and restarts the catalytic
cycle on the right. As the active centers are engineered into the
same mesopore, the reactive intermediates are confined in the
mesopore, resulting in high local concentrations to facilitate the
coupling reaction.

In summary, we have engineered mesopores in the 1-OTf-Ir
MOF for the installation of strongly Lewis acid sites and Ir-PSs to
perform bioinspired synergistic catalysis. 1-OTf-Ir effectively
catalyzed reductive cross-coupling of N-hydroxyphthalimide esters
or aryl bromomethyl ketones with vinyl- or alkynyl-azaarenes to
afford functionalized azaarene derivatives with turnover numbers
of up to 190. 1-OTf-Ir was also used to synthesize anticholinergic
drugs Pheniramine and Chlorpheniramine. 1-OTf-Ir significantly
outperformed homogeneous and other controls as a result of the
close proximity of both binding centers and catalytic centers in the
mesopore which facilitates the coupling between activated vinyl-
or alkyny-azaarenes and alkyl radicals. This work highlights the
potential of enzyme-inspired multifunctional MOFs in synergistic
catalysis.

Supporting Information
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