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ABSTRACT: Photochemical generation of alkyl radicals from haloalkanes often requires strong energy input from ultraviolet light
or a strong photoreductant. Haloalkanes can alternatively be activated with nitrogen-based nucleophiles through a sequential Sy2
reaction and single-electron reduction to access alkyl radicals, but these two reaction steps have opposite steric requirements on the
nucleophiles. Herein, we report the design of Hf;, metal—organic layers (MOLs) with iridium-based photosensitizer bridging ligands
and secondary-building-unit-supported pyridines for photocatalytic alkyl radical generation from haloalkanes. By bringing the
photosensitizer and pyridine pairs in proximity, the MOL catalysts allowed facile access to the pyridinium salts from Sy2 reactions
between haloalkanes and pyridines and at the same time enhanced electron transfer from excited photosensitizers to pyridinium salts
to facilitate alkyl radical generation. Consequentially, the MOLs efliciently catalyzed Heck-type cross-coupling reactions between
haloalkanes and olefinic substrates to generate functionalized alkenes. The MOLs showed 4.6 times higher catalytic efficiency than
the homogeneous counterparts and were recycled and reused without a loss of catalytic activity.

adical chemistry involving single-electron processes has
been widely explored in the recent renaissance of photo-
and electro-catalysis for chemical synthesis."”> However, radical
generation from most substrates requires strong energy input
from ultraviolet light or a powerful photoreductant, which
compromises reaction selectivity.” These substrates can be
prefunctionalized to enhance their photoredox activity. For
example, carboxylic acids can be converted to redox-active
esters which react with photoreductants to form decarboxy-
lated radicals.* Aldehydes can be converted to a-acetoxy
iodides which are easier to reduce than the aldehydes.’
Haloalkanes can be activated via a halogen atom transfer
process, wherein heteroatom-based radicals are generated
(from silanes, amines, etc.) and used for halogen atom
abstraction and alkyl radical generation,”” or an Sy2-based
strategy, wherein alkyl dithiocarbamates are converted to alkyl
radicals via photoinduced C—S bond cleavage (Figure la).®
Nitrogen-based nucleophiles have shown potential in Sy2-
based activation of haloalkanes.”' In particular, Katritzky
(pyridinium) salts, originally accessed from primary amines
and 2,4,6-triphenylpyrylium tetrafluoroborate, have served as
radical precursors in deaminative Suzuki—Miyaura and Heck-
type coupling reactions (Figure 1b)."'~'* The reactivity of
pyridinium salts is highly sensitive to their steric proper-
571 Pyridinium salts with large ortho substituents are
readily reduced to generate radicals, but difficult to access via
SN2 reactions between pyridines and haloalkanes. The opposite
steric requirements for pyridinium salts limit the use of
pyridines as nucleophiles in photocatalytic activation of
haloalkanes. We hypothesized that a photosensitizer (PS)
and pyridine pairs can be installed on metal—organic layers

ties.

© 2024 American Chemical Society

WACS Publications

(MOLs) to facilitate photocatalytic alkyl radical generation
from haloalkanes.

As a two-dimensional version of metal—organic frameworks
(MOFs),"~* MOLs not only inherit the tunable nature and
crystalline structures of MOFs**™** but also possess freely
accessible and modifiable active sites to enable efficient
catalysis.”>~*' We have demonstrated hierarchical modifica-
tions of MOLSs for photocatalytic reactions by bringing PSs and
catalytic sites in proximity to improve reaction kinetics.""* We
recently designed biomimetic MOL catalysts comprising heme,
amino acids, and PSs for artificial photosynthesis (Figure 1c). ™
These precedents prompted us to design PS and pyridine pairs
on MOLs for the cooperative photochemical alkyl radical
generation from haloalkanes (Figure 1d). We hypothesized
that the proximity of PSs and pyridines could promote electron
transfer to and radical dissociation from unsubstituted
pyridinium salts, which could be readily accessed via Sy2
reactions of pyridines and haloalkanes.

Herein, we report the design of Hf}, MOLs with iridium-
based photosensitizing bridging ligands and secondary building
unit (SBU)-supported pyridines for photocatalytic radical
generation from haloalkanes. SBU-supported pyridines reacted
with haloalkanes to form pyridinium salts, which were reduced
by nearby photoexcited Ir-based PSs to generate alkyl radicals
for Heck-type coupling with alkenes. The MOL catalyst
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Figure 1. (a) Activation of haloalkanes by dithiocarbamates. (b) Alkyl
radical generation from single-electron reduction of pyridinium salts.
(c) Biomimetic active sites in MOLs comprising PS, heme, and amino
acid cocatalysts for artificial photosynthesis. (d) PS and pyridine pairs
on an MOL for the activation of haloalkanes.

showed 4.6 times higher catalytic efficiency than the
homogeneous counterpart and was used in S consecutive
cycles without loss of activities.

The Hf-I'rF MOL was synthesized via a solvothermal
reaction between HfCl, and IrF {Ir(DBB)[dF(CF;)ppyl*,
DBB = 4,4’-di(4-benzoato)-2,2’-bipyridine, dF(CF;)ppy = 2-
(2,4-difluorophenyl)-S-(trifluoromethyl)pyridine)} in N,N-di-
methylformamide with trifluoroacetic acid (TFA) modulator at
80 °C (Figure 2a)." Hf-IrF was modified with 4-
pyridinepropionic acid (PPA) via a carboxylate exchange
reaction to afford Hf-IrF-PPA. Hf-IrF and Hf-IrF-PPA
showed powder X-ray diffraction (PXRD) patterns similar to
the simulated one based on the hexagonal structure of Hf-IrF
(Figure 2b). Transmission electron microscopy (TEM)
imaging revealed nanoplates of Hf-IrF and Hf-IrF-PPA with
diameters of 100—300 nm (Figure 2c—d), whereas atomic
force microscopy (AFM) gave thicknesses of 1.5 and 2 nm for
Hf-IrF and Hf-IrF-PPA, respectively (Figure 2e—f, 2h—i).
These thicknesses matched the heights of the Hf}, clusters and
PPA-modified Hf;, SBUs, respectively. The '"H NMR spectrum
of digested Hf-IrF-PPA indicated complete replacement of
TFA by PPA with a PPA to ItF ratio of 1:1 (Figure 2g),
leading to a formula of Hf,(p3-O)g(p3-OH)g(p5-
OH)(IrF)4(PPA)s. The IR spectrum of Hf-IrF-PPA
supported the presence of PPA with a peak at 1707 cm™
(Figures 3¢, S13).

We tested cross-coupling of ethyl bromoacetate (la), an
activated haloalkane, with 1,1-diphenylethylene (2a) using IrF
and substituted pyridines as catalysts (Tables S1, S2). Pyridine,
DMAP, and 4-phenylpyridine produced ethyl 4,4-diphenylbut-
3-enoate (3a) in low yields. With 120 mol % 2,4,6-collidine,
the reaction proceeded smoothly in acetonitrile at 50 °C under
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440 nm irradiation to give 3a in 84% yield. Thus, ortho
substituents are essential for pyridinium reduction and alkyl
radical generation.'” However, sterically hindered ethyl 2-
bromo propionate (1c) and unactivated 1-bromo-3-phenyl-
propane (1j) reacted with 2a to afford 3j and 3q in 49%, and
0%, respectively (see Supporting Information S6 for details).

Hf-IrF-PPA catalyzed photocatalytic coupling of 1a and 2a
to afford 3a in 82% yield in the presence of stochiometric
amounts of 1,8-bis(dimethylamino)naphthalene (proton
sponge) and Nal. The proton sponge served as a base to
neutralize the acid generated from the cross-coupling whereas
Nal likely transformed 1la into ethyl iodoacetate to enhance
the Sy2 reaction between la and PPA.* Interestingly,
although 4-phenylpyridine and 2,4,6-collidine outperformed
pyridine in homogeneous reactions, they were outperformed
by PAA in MOL-catalyzed reactions (Table S3). This result
suggests enhanced alkyl radical generation from pyridinium
salts on the MOL due to the proximity between the IrF and
PPA pair.

We next investigated the substrate scope of Heck-type
coupling reactions. As shown in Table 1, 1a reacted with silyl
enol ethers 2b, 2¢, and 2d to give 3b, 3¢, and 3d in >90%
yields. Styrene derivatives 2e, 2f, and 2g also coupled with 1a
to afford 3e, 3f, and 3g as E isomers in 51—62% yields. Indene
(2h) reacted with la to give 3h in a 55% yield. A reaction
between la and nonactivated 1-methylcyclohexene produced
three isomers of cross-coupling products in 28% total yield
(see Supporting Information S6 for details). Electron-donating
and aromatic substituents in the olefins were generally favored
in the reactions, suggesting a cationic intermediate for double
bond formation. Other activated haloalkanes, including 2-
bromo acetamide (1b) and ethyl 2-bromo propionate (1c),
smoothly reacted with 2a to give 3i and 3j in 89% and 78%
yields, respectively. Substituted benzyl bromides 1d, le, and 1f
reacted with 2a to afford 3k, 31, and 3m in approximately 80%
yields. Alkyl chlorides, including benzyl chloride (1g) and 2-
chloro acetonitrile (1h), also reacted with 2a to afford 3n and
30 in 68% and 84% yields, respectively.

Hf-IrF-PPA did not catalyze cross-coupling reactions
between nonactivated primary alkyl bromides and 2a, likely
due to the limited reduction potential of IrF. We synthesized a
new MOL, Hf-Ir(CAN),, with a more reducing photosensitiz-
ing ligand, Ir(CAN); {with one 4 4’'-(5-(4-carboxyphenyl)-
pyridin-2-yl)-[1,1’-biphenyl]-4-carboxylate and two 2-phenyl-
pyridine ligands}. Indeed, the excited state of Ir(CAN); was
more reducing than that of IrF (Figure S20). Hf-Ir(CAN);
showed an ultrathin nanoplate morphology with 3—4 layers of
Hf}, hexagonal networks and was modified with PPA to afford
Hf-Ir(CAN);-PPA (see S2.3 for details, Figures S8—S11). Hf-
Ir(CAN);-PPA successfully catalyzed cross-coupling of 4-
bromo-1-butene (1i), 1j, and 3-bromophenoxypropane (1k)
with 2a to give 3p, 3q, and 3r in 55%, 52% and 62% yields,
respectively. Under identical conditions, the homogeneous
catalyst produced 3p, 3q, and 3r in 10%, 7%, and 17% yields,
respectively.

Hf-IrF-PPA catalyzed the cross-coupling between 4-
hydroxylcoumarin and 1-bromo-1-phenylpropane to produce
Phenprocoumon, a blood-thinner medicine, in 71% yield
(Table 1). Hf-IrF-PPA was recycled by centrifugation and
used in five cycles of cross-coupling between 1a and 2a without
a loss of catalytic activity (Figure 3e). The recovered Hf-IrF-
PPA remained crystalline (Figure S14). In the sixth cycle, Hf-
IrF-PPA was removed by centrifugation, and the yield of 3a
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Figure 2. (a) Synthetic scheme for Hf-IrF-PPA. Gray, C; blue, Hf; red, O; yellow, IrF; green, PPA. (b) PXRD patterns of Hf-IrF and Hf-IrF-PPA
along with the simulated one for Hf-IrF. (c—f) TEM and AFM images of Hf-IrF and Hf-IrF-PPA. (Scale bar: 200 nm) (g) "H NMR spectrum of
digested Hf-IrF-PPA. (h—i) Height profiles of Hf-IrF and Hf-IrF-PPA. The colored height profiles in h and i correspond to the colored dashed

lines in e and f, respectively.

dropped to 3% with <1% Hf leaching into the solution. This
experiment demonstrated the heterogeneity of MOL-catalyzed
reactions.

We performed several control experiments to gain insights
into the MOL catalysts (Figure 3a). A mixture of 1 mol % IrF
and 1 mol % pyridine catalyzed the coupling between la and
2a to give 3a in 18% yield. Thus, the MOL catalyst
outperformed the homogeneous control by 4.6-fold. IrF
alone or pyridine alone afforded 3a in 10% and 0%,
respectively. Without LED irradiation, Hf-IrF-PPA did not
catalyze the reaction. The addition of 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) to the Hf-IrF-PPA-catalyzed re-
action decreased the yield of 3a from 82% to 11%. A reaction
at room temperature afforded 3a in 68% yield. These results
indicate a strong synergy between IrF and PPA on MOL and
the radical nature of the cross-coupling reaction.

Hf-IrF competently catalyzed the reaction of 1-(2-ethoxy-2-
oxoethyl)pyridinium (4) and 2a to afford 3a in 63% yield
(Figure 3b), suggesting 4 as a reaction intermediate in the
cross-coupling between la and 2a. An electron donor—
acceptor complex between the pyridinium salt and Nal or
proton sponge was observed under the catalytic condition,"”**
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but did not catalyze the cross-coupling reaction (Figure S19).
After treatment of 1 mol % of Hf-IrF-PPA with 1a in acetone
at 50 °C for 18 h, the recovered MOL showed a carbonyl peak
at 1731 ecm™" (Figure 3c) which matched that of the alkylated
PPA, 4-(2-carboxyethyl)-N-(ethoxycarbonylmethyl)-
pyridinium bromide (PPA*). Hf-Ir-PPA* also showed a shift
of the C=N stretching peak to 1642 cm™" from 1615 cm™" for
Hf-IrF-PPA. The '"H NMR spectrum of the digested MOL
gave a PPA” to IrF ratio of 1:1, indicating complete conversion
of PPA to PPA* (Figure S16). Importantly, photoluminescence
quenching of Hf-Ir-PPA* was highly dependent on PPA*
loadings (Figure 3d). Hf-Ir-PPA* showed 10.8 times faster
quenching of IrF by PPA' than the homogeneous control,
which indicates faster electron transfer from the photoexcited
Hf-Ir to the PPA* on the MOL and the superiority of the
MOL catalyst over the homogeneous control.

Based on these results, we propose a reaction mechanism for
Hf-IrF-PPA-catalyzed Heck-type coupling reactions in Figure
3f. The installation of IrF and PPA on the MOL creates the
catalyst pair in proximity (with a separation of ~11 A, Figure
S21). At elevated temperatures, the pyridine undergoes an Sy2
reaction with haloalkane to form a pyridinium salt, which is
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Figure 3. (a) Control experiments. (b) Hf-IrF-catalyzed cross-
coupling between 4 and 2a. (c) IR spectra of PPA, PPA", Hf-IrF, Hf-
IrF-PPA, and Hf-IrF-PPA". (d) Photoluminescence quenching of IrF
by PPA* in homogeneous solutions and in Hf-IrF-PPA*. (e) Yield of
3a in S consecutive reactions between la and 2a. (f) Proposed
mechanism for Hf-IrF-PPA-catalyzed Heck-type coupling reactions.
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Table 1. Substrate Scope for MOL-Catalyzed Heck-Type
Radical Coupling Reactions®

R

R
EtOZC/\%\Ar

1 mol% Hf-IrF-PPA
Et0,C” “Br * }\Ar _—
Acetone, 440 nm
1a, 1 eqv 2,1.5eqv 3
Ph J oTMS /\)K
ph . EtOC Z>ph ph . EtO,C
2a 3a, 82%, TON 82 2b 3b, 99%, TON 99
o OTMS

OTMS
)\Q\ EtOZCVKQ
Cl

2¢O 3c,92%, TON 92

Heto,

3d, 91%, TON 91

/\©\ Etozc/\/\@

3f, 62%, TON 62

A ph —= E0,07 N ph

2e 3e, 51%, TON 51

/\©\t - EtOzc/\/\©\ ‘ EtO.C,

39, 62%, TON 62 3h, 55%, TON 55

P Ph

h
1 mol% Hf-IrF-PPA
R BrCI * }\Ph . R/\/\Ph

Acetone, 440 nm
1,1 eqv 2a,1.5eqv 3

J\ u
B Et0,C Ph

Ph

H,NOC™ ™~ Br —> HZNOC/\/\Ph

Et0,C

1b 3i, 89%, TON 89 1c 3j, 78%, TON 78
/@/\)\ \©ﬁBr Br\©/\)\
.
3k, 80%, TON 80 31,78%, TON 78
Ph
M MeO
eO. . e _ Ph

OMe OMe

1§ 3m, 80%, TON 80 3n, 68%, TON 68
Ph
Ph
5 7 —_— /\/\)\
NC” el > NC/\)\Ph A = Z~pn

1h 30, 84%, TON 84 1P 3p, 55%, TON 55

Ph

Ph
/\/\/\
ph " g Phwph PhO” "\ 5 PhO Ph

3r, 62%, TON 62

1j° 3q, 52%, TON 52 1kb
0._0
1 mol% HF-IrF-PPA O _ O
@ MeOH/Acetone OH

Phenprocoumon

3s, 71%, TON 71
“Reactions were performed with 0.2 mmol of 1, 0.3 mmol of 2, 0.2
mmol of Nal, 0.24 mmol of proton sponge, and 1 mol % Hf-IrF-PPA
in 4 mL of acetone at 50 °C under LED irradiation (440 nm) for 18 h.
PReactions were performed with Hf-Ir(CAN),-PPA.

promptly reduced by adjacent IrF under light irradiation to
generate an alkyl radical. The acceleration of this step by the
proximity between PSs and pyridines allows the use of more
nucleophilic pyridines without 2,6-substituents. The alkyl
radical then adds to an olefin quickly. The adduct is oxidized
by [ItF]* to generate a carbocation intermediate which
undergoes El-type elimination to afford the cross-coupled
product.*”*° This mechanism explains a decrease in the
reaction yield with sterically hindered or nonactivated
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haloalkanes due to the slower pyridinium formation via the
Sn2 reaction. Furthermore, electron-poor olefin acceptors did
not work in the reactions due to the formation of a high-energy
carbocation intermediate.

In summary, we designed MOL catalysts with photo-
sensitizer and pyridine pairs for Heck-type cross-coupling
reactions between haloalkanes and olefins. The proximity of
photosensitizers and pyridines on the MOL allows facile access
to the pyridinium salts from Sy2 reactions between haloalkanes
and pyridines and enhances electron transfer from excited PSs
to non-ortho-substituted pyridinium salts to facilitate alkyl
radical generation. As a result, the MOLs efficiently catalyze
Heck-type cross-coupling reactions between haloalkanes and
olefinic substrates to generate functionalized alkenes. The
MOL catalyst shows 4.6 times higher catalytic efficiency than
the homogeneous counterpart and is used in 5 consecutive
cycles without loss of catalytic activities. This work establishes
MOLs as a unique molecular material platform to discover new
photoredox catalysts for challenging organic transformations.
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