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ABSTRACT: Intermolecular photoredox ene-carbonyl reductive coupling reactions typically have low product selectivity owing to
competing dimerization and/or reduction of ketyl radicals. Herein, we report a metal-organic layer (MOL), Hf-Ir-OTf, as a bifunc-
tional photocatalyst for selective photoredox reductive coupling of ketones or aldehydes with electron-deficient alkenes. Composed
of iridium-based photosensitizers (Ir-PSs) and triflated Hf}, clusters, Hf-Ir-OTf uses Lewis acidic Hf sites to bind and activate elec-
tron-deficient alkenes to accept ketyl radicals generated by adjacent Ir-PSs, thereby suppressing undesired dimerization and reduction
of ketyl radicals to enhance the selectivity for the cross-coupling products. The MOL-catalyzed reductive coupling reaction accom-
modates a variety of olefinic substrates and tolerates reducible groups, nicely complementing current methods for cross-coupling

reactions.

Photoredox reactions have provided powerful methods to gen-
erate and use radicals over the past decade.!? For ene-carbonyl
reductive coupling (ECRC) reactions, conventional methods
rely on stoichiometric amounts of strong reductants, such as
Sml,,* Mg,® and Zn,® to generate ketyl radicals, which react with
olefinic substrates to afford the coupling products. By using
mild reductants such as Hantzsch ester to generate ketyl radicals,
photoredox ECRC reactions increase functional group compat-
ibility. The photoredox strategy has been successful in intramo-
lecular addition of ketones to olefins’ and imines® and coupling
of alkenylpyridines®!? or allyl sulphones'' with aldehydes and
imines’, as well as for some reactions under continuous flow
conditions.!> However, intermolecular photoredox ECRC reac-
tions are not accessible for many olefin substrates due to com-
peting pinacol coupling and/or reduction of ketones and alde-
hydes under these conditions, resulting in poor product selec-
tivity.> 13

Natural enzymes have provided a blueprint for tuning reaction
selectivity by employing finely assembled pockets to specifi-
cally bind and activate substrates (Figure 1a).!*!> A substrate
selectively docks into the binding pocket to break and form
bonds, and is then released from the active site, thereby prevent-
ing unwanted side reactions. This substrate-binding strategy has
been demonstrated for a few homogeneous catalysts in selective
alkane oxidation and C-H functionalization, but cannot be gen-
eralized to other organic reactions due to the difficulty of creat-
ing precise binding sites in molecular systems.'¢!”

Metal-organic layers (MOLs)'®%2 a dispersible monolayered-
version of metal-organic frameworks (MOFs),** have shown
great promise in synergistic catalysis by integrating multiple
freely accessible catalytic centers.>>* In our previous work,
MOLs combined photoredox and Lewis acid catalysts to in-
crease the efficiency of dehydrogenative cross coupling reac-
tions by facilitating electron and mass transfer.** We envision
that the Lewis acidic groups in the MOL can act as an enzyme-
mimicking substrate-binding site to enhance reaction selectivity

by increasing the local concentration of a substrate and activat-
ing the substrate for addition to a transiently generated interme-
diate.
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Figure 1. Schematics showing (a) substrate binding in enzyme
catalysis and (b) Hf-Ir-OTf catalyzed photoredox ECRC reac-
tions in which Hf} clusters bind and activate olefins to facilitate
addition of photo-generated ketyl radicals.

Herein, we report Hf-Ir-OTf MOL, consisting of triflate (OTf)-
capped Hfi, SBUs and photosensitizing
[Ir(DBB)(dF(CF3)ppy).]" (Ir-PS; DBB = 4,4'-di(4-benzoato)-
2,2"-bipyridine; dF-(CFs;)ppy = 2-(2,4-difluorophenyl)-5-(tri-
fluoromethyl)-pyridine] ligands, as a selective catalyst for pho-
toredox ECRC reactions. The triflated Hf;, clusters bind ole-
finic substrates via Lewis acid-base interaction to accelerate the
addition of the ketyl radical generated by Ir-PS (Figure 1b). By
depleting the ketyl radical, Hf-Ir-OTf minimizes ketyl dimeri-
zation and reduction reactions and increases the ECRC product
yield by an order of magnitude over homogeneous controls.



Self-supporting MOL of the formula Hf}»(p3-O)s(us-OH)s(uo-
OH)6(Ir-PS)s(TFA)s (Hf-Ir-TFA) was prepared by a solvother-
mal reaction between HfCls and Ir-PS in dimethylformamide
with water and trifluoroacetic acid (TFA) as modulators.*® TFA
capping groups were replaced with OTf groups via to produce
Hflz(},u-O)g(ug-OH)g(uz-OH)()(II‘-PS)(,(OTf)@ (Hf-II‘-OTf, Figure
S1, supporting information). Powder X-ray diffraction (PXRD)
showed Hf-Ir-OTf retained the structure of Hf-Ir-TFA (Figure
2e). Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) revealed a monolayer hexagonal nanoplate
morphology for Hf-Ir-OTf, with a diameter of approximately
300 nm and a thickness of approximately 1.8 nm (Figure 2b-d).
Inductively coupled plasma-mass spectrometry (ICP-MS) con-
firmed a Hf to Ir ratio of 2:1 in both Hf-Ir-TFA and Hf-Ir-OTf,
whereas nuclear magnetic resonance (NMR) spectra of digested
MOLs supported their proposed formulae (Figure S3-S6, sup-
porting information). In the structure of Hf-Ir-OTf, Hf}, clusters
are laterally connected by Ir-PS ligands and vertically capped
by OTf groups to afford strongly Lewis acidic Hf sites (Figure
2a).%
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Figure 2. Structural model and characterization of Hf-Ir-OTf.
(a) Schematic showing connectivity of Hf-Ir-OTf. (b-d) TEM
image (b), AFM image (c), and height profile (d) of Hf-Ir-OTf.
(e) PXRD patterns of Hf-Ir-TFA and Hf-Ir-OTf along with the
simulated PXRD pattern of Hf-Ir-TFA.

Hf-Ir-OTf was examined as a photoredox catalyst for the cou-
pling between 4-fluorobenzaldehyde (1a) and methyl acrylate
(1b) (Table 1). At 0.05 mol% loading of Hf-Ir-OTf under blue
LED irradiation, the ECRC product 1 was obtained in 91% yield
with bis(2-methoxyethyl) 2,6-dimethyl-1,4-dihydropyridine-
3,5-dicarboxylate (HEH) as reductant and 1,4-dioxane as

solvent. In contrast, the reaction yielded alcohol (1¢) only when
0.25 mol% Ir-PS methyl ester and 30 mol% Sc(OTf); were used
under otherwise identical conditions. When the loadings of both
Ir-PS and Sc(OTf); were reduced to 0.05 mol%, the yield of 1
increased to 52% but the dimerization byproduct 1d was ob-
tained in 48% yield. Combination of Ir-PS with other Lewis ac-
ids in different solvents did not improve the yield of 1 (Table
S1, supporting information). Control reaction using Hf-Ir-OTf
without light irradiation showed no product formation, indicat-
ing photocatalytic nature of the coupling reaction.

Table 1. Photoredox ECRC reactions catalyzed by Hf-Ir-OTf
and homogeneous controls.

(o}

Catalysts OH
O)LH + A coome MMM COOMe
E 1,4-dioxane (0.2 M)
1a (1 equ) 1b (5 equ) blue LED, RT, 16 h F 1
o o
OoH
/O\/\OWO/\/O\ OH O
u o O
HEH 1c 1d
Entry Catalyst(s) Yield (1)* Yield (1¢)* Yield (1d)*
1 0.05 mol% Hf-Ir-OTf 91% 0 9%
0.25 mol% Ir-PS, o
2 30 mol% Sc(OTH); 0 Z99% 0
0.05 mol% Ir-PS, N o
3 0.05mol%Sc(OTh; 27 0 48%
4 0.05 mol% Hf-Ir-OTf? 0 0 0

“Based on NMR analysis of the crude products. "Without blue LED
irradiation.

To investigate the origin of product selectivity in Hf-Ir-OTf cat-
alyzed reactions, we examined catalytic activities of Hf-Ir
MOLs modified with Brensted acids of varying pKa values:
HOTS (-14.2),*" CISOsH (-6.0),*, TFA (-0.3),* and AcOH
(4.8).¥ Hf-Ir-OSO,Cl and Hf-Ir-OAc were prepared from Hf-
Ir-TFA by acid exchange and retained the structure and mor-
phology of Hf-Ir-TFA (Figure S1, S2, supporting information).
ICP-MS and NMR indicated complete exchange of TFA to
0S0,Cl and OAc capping groups, respectively, in Hf-Ir-
OSO,Cl and Hf-Ir-OAc. At 0.25 mol% catalyst loading, four
Hf-Ir MOLs with different capping groups showed an increas-
ing selectivity of 1 over 1d as the pKa of the capping acid de-
creased (Table S1, supporting information), suggesting that the
ECRC product selectivity increases as the binding of 1b to the
Hf site becomes stronger.*++

Luminescence quenching studies (Figure S15) imply that the
photoredox ECRC reaction starts with the quenching of photo-
excited Ir-PS by HEH radical to generate highly reducing Ir(II)
species.’ According to previous reports,” !! Ir(I) will transfer
one electron to pyridinium activated 1a to afford a ketyl radical,
which then adds to Hf-bound 1b to yield the coupling product
1. However, the ketyl radicals also dimerize to yield the pinacol
coupling product 1d.'* The product selectivity thus depends on
relative rate of ketyl radical addition to 1b and to another ketyl
radical. It is likely that the Hf sites in Hf-Ir MOLs bind and ac-
tivate 1b for addition to the ketyl radical, thereby increasing the
selectivity for 1.



To support this hypothesis, we performed kinetic experiments
targeting products 1 and 1d using 0.05 mol% loading of four
Hf-Ir MOLs with different capping groups and four different
loadings of Hf-Ir-OTf (0.05, 0.10, 0.25, and 0.50 mol%). We
approximated the ratios of product yields for 1/1d in the first 5
min for different loadings of Hf-Ir-OTf and in the first 10 min
for Hf-Ir MOLs with different capping groups as the ratios of
initial product formation rates of 1 over 1d (Figure 3a, 3b). The
selectivity 1/1d was negatively corelated to both pKa values of
capping acids and catalyst loadings. The negative correlation of
1/1d selectivity to capping acid pKa suggests that the Hf sites
act as Lewis acids to bind and activate electron-deficient olefins
and Hf sites with stronger capping acids render the bound sub-
strate more electron-deficient to facilitate radical addition to the
olefin. The negative correlation of 1/1d selectivity to Hf-Ir-OTf
loading can be explained by different reaction orders of ECRC
(1** order) and pinacol dimerization (2 order) reactions on the
ketyl radicals. Higher Ir-PS concentration increases the concen-
tration of photo-generated ketyl radicals, thus promoting the un-
desired pinacol dimerization reaction (see supporting infor-
mation S4.3 for detailed analysis).
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Figure 3. Mechanistic studies of Hf-Ir-OTf catalyzed ECRC reac-
tions. (a,b) Plots of reaction selectivity versus capping acid pKa (a)
and Hf-Ir-OTf loading (b). (c) IR spectra of Hf-Ir-OTf with differ-
ent equivalents of butyl acrylate. (d) IR spectra of butyl acrylate,
Hf-Ir-OTf, and Hf-Ir-OTf mixed with 1 equiv of butyl acrylate.
Characteristic peaks of butyl acrylate in the mixture IR spectrum
are highlighted by black circles. (e) Proposed mechanism of Hf-Ir-
OTf catalyzed ECRC reaction.
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The interaction between Hf-Ir-OTf and olefinic substrates was
examined by infrared (IR) spectroscopy and diffusion-ordered
spectroscopy (DOSY). IR spectra of Hf-Ir-OTf with different
equivalents of butyl acrylate were collected (Figure 3¢). The ad-
dition of butyl acrylate generated four peaks at around 1715,
1638, 1617 and 1594 cm™! (Figure 3d), which were assigned to
free carbonyl, trans-C=C bond, cis-C=C bond, and bound car-
bonyl stretching vibrations from butyl acrylate, respectively.**
47 The peak intensity at 1594 cm™ increases with addition of
more butyl acrylate in the different spectra (Figure S13, sup-
porting information), supporting the peak assignments. A red
shift of 121 cm in carbonyl vibrations indicated that the car-
bonyl group in acrylate was strongly activated when bound to
Hf-Ir-OTf. On the other hand, DOSY showed a decrease of dif-
fusion constant of 1b in solution after Hf-Ir-OTf was added
(Figure S11, S12, supporting information). Specifically, the dif-
fusion constant of 1b decreased from 3.9x107° cm?/s to 3.3x10°
5 cm?/s methyl proton at 3.7 ppm, indicating strong interaction
between Hf-Ir-OTf and 1b. -

On the basis of these experimental results and literature prece-
dents,” we propose the following mechanism for Hf-Ir-OTf cat-
alyzed photoredox ECRC reactions (Figure 3e). The reaction
starts with a photoredox cycle reducing an aldehyde to a ketyl
radical. The reactive ketyl radical preferably attacks C=C dou-
ble bond in Hf-bound 1b. The resultant a-carbonyl radical then
abstracts a hydrogen from HEH to afford 1. In the meantime,
the ketyl radical can dimerize to form the pinacol coupling
product 1d or abstract a hydrogen atom to afford the benzyl al-
cohol product 1c¢ in the presence of high loadings of Lewis ac-
ids. This mechanistic scenario explains the higher reductive
coupling selectivity of Hf-Ir-OTf over homogeneous catalysts:
Lewis acidic Hf sites bind the olefinic substrate to increase its
local concentration and to make it more electron-deficient for
coupling with the ketyl radical. The lower loadings of Lewis
acids in Hf-Ir-OTf catalyzed reactions also help to suppress the
formation of 1e.

The substrate scope of Hf-Ir-OTf catalyzed ECRC reactions
was explored at 0.05 mol% catalyst loading (Table 2). Aromatic
aldehydes with halo (1a, 4a, 5a), aryl (3a), and cyano (7a) sub-
stituents all underwent ECRC reactions to afford desired prod-
ucts 1,3, 4,5, and 7 in 78-93% yields. Aromatic aldehydes with
electron-donating methoxy and dimethylamino groups (2a, 8a)
underwent ECRC reactions to afford 2 and 8 in slightly lower
yields of 81% and 61%. Extending reaction time from 16 h to
48 h increased the yield of 8 from 61% to 82%. Reactions with
pyridine- and furan-substituted aldehydes 6a and 9a afforded
corresponding coupling product in 81% and 56% yields, respec-
tively. Ketones 10a and 11a also reacted with acrylate to afford
tertiary alcohols 10 and 11 in 41% and 58% yields, respectively.
The lower reactivity of ketones is likely a result of their less
efficient reduction to ketyl radicals. Olefinic substrates with
several different electron-withdrawing groups, including cyano,
carboxylic esters, pyridine, phosphate, and sulfonate groups
also coupled with 1a to afford coupling products 12-14, 16-18
in 56-92% yields. Reaction between 1a and o-substituted acry-
late 15b afforded diastereomers of 15 in 65% yield. Finally, ter-
minal and internal alkynes with carboxylate ester groups also
reacted with 1a to generate di-substituted or tri-substituted ole-
fins (19 or 20) in ~60% yields. The broad scopes of both car-
bonyl and olefin substrates of the ECRC reactions indicate the
generality of this substrate-binding strategy. Hf-Ir-OTf was



reused for at least four times without loss of catalytic activity
(Figure S10, supporting information). The present photoredox
ECRC reaction complements current methods for ECRC reac-
tions by accommodating a variety of acrylate substrates and tol-
erating reducible groups.

Table 2. Substrate scope of Hf-Ir-OTf catalyzed photoredox
ECRC reactions.

o HF-Ir-OTf MOL (0.05%) OH
HEH (2 eqv) ~ EWG
A > —_— d
T * 2 EWe 1 4-dioxane (0.2 M) T
blue LED, r. t., 16 h
1a-11a 1b, 12b-20b 1-20
OH OH OH
M
/O/K/\COOMe GZD/K/\COOME /©/K/\COOM9
F Me Ph
1,91% 2,81% 3,89%
OH OH OH
COOMe COOMe o COOMe
\ !
Br cl
4,93% 5,88% 6,81%
OH OH OH
/@A/\coom /O)\Acoow (ﬁ)\ﬂcoom
NC Me,N NZ
7,78% 8,61% 9, 56%
OH OH
<>/©/’\/\ COOMe /O/’\Acoom
Me! Cl
10, 41% 11, 58%
OH OH OH
O/K/\0N /O/\/\COO"BU /©)\/\COO(CH2)AOH
F F F
12, 85% 13,83% 14,79%
OH OH OH
N
/O/K)\COOMS ® O/\/\PO(OE»;
F F Z F
15, 65% 16, 56%° 17, 74%
OH OH OH

F

SO,Ph COOMe =~ ~COOMe

y
b
3

18, 92% 19, 62%° 20, 60%"

“Reactions are performed in dichloromethane.

In summary, we have developed a substrate-binding MOL as a
photoredox catalyst for selective ECRC reactions. In the cou-
pling between 4-fluorobenzaldehyde and methyl acrylate, Hf-
Ir-OTf increased the selectivity for the ECRC product by an or-
der of magnitude over homogeneous controls. Spectroscopic
and kinetic studies revealed Lewis acids in Hf-Ir-OTf bind and
activate olefinic substrates to facilitate addition to photo-gener-
ated ketyl radicals. MOL-catalyzed ECRC reaction has good
functional group tolerance and accommodates various acrylate
substrates and aromatic carbonyl compounds. Hierarchical in-
tegration of both Lewis acids and photosensitizers in Hf-Ir-OTf
thus enables the unique catalytic activity for selective ECRC
reactions. MOLs promise to serve as an excellent platform for
developing new generation of multifunctional materials with bi-
omimetic catalytic activities.
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