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ABSTRACT: Herein, we report the synthesis of a metal−organic layer, Hf-Ru-Au, containing Ru(bipyridine)3
2+-type photosensitiz-

ers and (phosphine)-AuCl catalysts for photoredox Au-catalyzed cross-coupling of allenoates, alkenes, or alkynes with aryldiazonium 
salts to afford furanone, tetrahydrofuran, or aryl alkyne derivatives, respectively. Site isolation of (phosphine)-AuCl complexes in 
Hf-Ru-Au prevents Au catalyst deactivation via ligand redistribution, Au(I) disproportionation, and aryl-phosphine reductive elimi-
nation while the proximity between Ru photosensitizers and Au catalysts enhances catalytic efficiency, with 14-200 times higher 
activity over the homogeneous controls in the cross-coupling reactions. 

Gold (Au) catalysts are widely used in various transformations 
of C-C multiple bonds, including hydrofunctionalization and di-
functionalization of alkenes, alkynes, and allenes.1-3 In these re-
actions, Au complexes serve as soft π-Lewis acids to activate 
unsaturated C-C bonds for nucleophilic additions. Au com-
plexes can also catalyze cross-coupling reactions in the pres-
ence of strong oxidants.4 In 2013, Glorius and coworkers 
merged photoredox catalysis with Au catalysis to mediate the 
Au(I)/Au(III) cycle for oxy- and aminoarylation of alkenes.5 
Photoredox Au catalysis has provided powerful methods for the 
difunctionalization of π-systems.6-9 
Homogeneous Au-catalyzed reactions typically require high 
catalyst loadings (1-10 mol%) due to relatively low reactivity 
of Au complexes and rapid catalyst deactivation.10-11 Ham-
mond, Xu, and coworkers proposed the deactivation of Au cat-
alysts via a ligand redistribution to form bis(phosphine)-Au(I) 
and non-coordinated Au(I) compounds, followed by dispropor-
tionation of non-coordinated Au(I) compounds into Au(III) spe-
cies and catalytically-inactive Au(0) nanoparticles.11, 12 The 
(aryl)(phosphine)gold intermediate can also undergo aryl-phos-
phine reductive elimination to deactivate gold catalysts.13 While 
Au catalysts have been used in total synthesis14-15 and material 
design,16-18 catalyst deactivation presents a hurdle to broader ap-
plication of Au catalysis. 
Metal-organic frameworks (MOFs) have provided a versatile 
platform for studying single-site catalysis.19-27 Incorporation of 
metal catalysts into MOFs creates site-isolated metal centers, 
which prevents catalyst deactivation via disproportionation 
pathways.28 Au(I) centers were previously incorporated into a 
phosphine-containing MOF for the hydroaddition of 4-pentyn-
1-ol.21 
Although MOFs can be functionalized to afford single-site cat-
alysts,19, 29-31 it is challenging to incorporate multiple distinct ac-
tive sites into MOFs.32-38 We have recently developed two-di-
mensional metal-organic layers (MOLs) for tandem and photo-
redox catalysis.39-42 Unlike MOFs, MOLs have completely ac-
cessible and modifiable ligands and SBUs to allow hierarchical 
integration of distinct active sites. The proximity between dif-
ferent active sites in MOLs further enhances their catalytic ef-

ficiency. We hypothesized that MOLs could hierarchically in-
tegrate photosensitizers and Au catalysts to not only prevent Au 
catalyst deactivation but also enhance photoredox catalytic ac-
tivities with proximately placed photosensitizers and Au(I) 
complexes (Figure 1). 

Figure 1. Schematic showing homogeneous dual catalysis and 
MOL-supported site-isolated Au complexes for photoredox 
cross-coupling reactions.  
 
In this work, we synthesized a new Hf-Ru-Au MOL containing 
Ru((BPY)(bpy)2

2+ (BPY = 4’,6’-dibenzoato-[2,2’-bipyridine]-
4-carboxylate) photosensitizers (Ru-PSs) and (phosphine)-
AuCl complexes for photoredox catalysis. Hf-BPY MOL was 
first built from Hf6 SBUs and BPY bridging ligands. Postsyn-
thetic modification of Hf6-BPY allowed the installation of Ru-
PSs on BPY ligands and (4-(diphenylphosphino)phenyl acetic 
acid)-Au(I) chloride (P-AuCl) on Hf6 SBUs to afford Hf-Ru-
Au, which showed 14- to 200-fold higher catalytic activities 
over homogeneous controls in cross-coupling reactions of al-
lenoates, alkenes, or alkynes with aryldiazonium salts to afford 



 

furanone, tetrahydrofuran, or aryl alkyne derivatives, respec-
tively.  
The synthesis of Hf-Ru-Au started from a solvothermal reaction 
of HfCl4 and H3BPY in dimethylformamide with formic acid 
and water at 120 oC to afford the known Hf-BPY MOL with a 

formula of Hf6(µ3-O)4(µ3-OH)4(BPY)2(HCO2)6 (Figure 2a).43 
Hf-BPY was treated with Ru(bpy)2Cl2 at 80 oC for two days to 
yield Hf-Ru MOL by partially metalating bipyridine sites in Hf-
BPY. Subsequent reaction of Hf-Ru with P-AuCl in acetonitrile 
at 60 oC afforded Hf-Ru-Au by partially replacing formate cap-
ping groups on Hf6 SBUs in Hf-Ru with P-AuCl (Figure 2a). 

 
Figure 2. Synthesis and characterization of Hf-Ru-Au. (a) Schematic showing the synthesis of Hf-Ru-Au. (b) EXAFS fitting of Au 
in Hf-Ru-Au. The structure of (PPh3)AuCl is shown in the inset. (c) UV-vis spectra of Hf-Ru-Au, Hf-BPY and Ru-PS. The structure 
of Ru-PS is shown in the inset. (d) Stick model showing the attachment of P-AuCl and Ru-PS to a Hf6 SBU. (e) TEM image, (f) 
HRTEM image (FFT pattern in the inset), (g) AFM image (height profile in the inset) of Hf-Ru-Au. (h) PXRD patterns of Hf-Ru-Au, 
Hf-Ru, Hf-BPY, Hf-Ru-Au after a catalytic reaction, and simulated PXRD pattern of Hf-BPY. 
Inductively coupled plasma-mass spectrometry (ICP-MS) 
measurements showed a Hf : Ru : Au molar ratio of  6 : 0.32 : 
0.50 for Hf-Ru-Au. Extended X-ray absorption fine structure 
(EXAFS) analysis revealed that Hf-Ru-Au had a similar Au(I) 
coordination environment to (PPh3)AuCl with Au-P and Au-Cl 
distances of 2.31 and 2.22 Å, respectively (Figure 2b). The UV-
vis spectrum of Hf-Ru-Au showed additional peaks at 350 nm 
and 460 nm over Hf-BPY (Figure 2c), indicating the installation 
of Ru-PSs. 1H and 31P NMR spectra of digested Hf-Ru-Au 
showed signals of BPY, Ru-PS, and P-AuCl (Figure S11, S12). 
These results support the successful integration of Ru-PSs and 
Au catalysts into Hf-Ru-Au (Figure 2d) to afford an empirical 

formula of Hf6(µ3-O)4(µ3-OH)4 
(BPY)1.68(Ru(bpy)2BPY)0.32(HCO2)5.5(P-AuCl)0.5. 
Transmission electron microscopy (TEM) showed a similar ruf-
fled nanosheet morphology for Hf-BPY, Hf-Ru, and Hf-Ru-Au 
(Figure 2e, Figure S10). High-resolution TEM image of Hf-Ru-
Au revealed a regular lattice structure with its fast Fourier trans-
form (FFT) showing a hexagonal symmetry corresponding to 
the 2-D MOL structure (Figure 2f). The thickness of Hf-Ru-Au 
nanosheets was measured to be 1.5 nm by atomic force micros-
copy (AFM), corresponding to the height of a modified Hf6 
cluster (Figure 2g, S15).42 Hf-BPY, Hf-Ru, and Hf-Ru-Au 
showed similar powder X-ray diffraction (PXRD) patterns that 
matched the simulated pattern of Hf-BPY (Figure 2h). These 



 

results indicated that Hf-Ru-Au retained the structure of Hf-
BPY after post-synthetic modifications. In Hf-Ru-Au, 8% of 
formate groups were replaced by P-AuCl and 16% of BPY lig-
ands were metalated with Ru(bpy)2Cl2. 
With installed Ru-PSs and Au catalysts, Hf-Ru-Au competently 
mediated dual photodedox and Au catalysis. The photocatalytic 
performance of Hf-Ru-Au was evaluated in three important 
cross-coupling reactions, including cross-coupling of allenoates, 
alkenes, and alkynes with aryldiazonium salts under mild con-
ditions (visible light and room temperature).3-4,7-8, 44-45  
As shown in Table 1a, 0.6 mol% Hf-Ru-Au efficiently cata-
lyzed cross-coupling of allenoates with aryldiazonium salts to 
afford furanone derivatives. Substituents on allenoates (2), such 
as methyl (2a), isopropyl (2b) and benzyl (2d) groups were tol-
erated in the reactions to furnish the corresponding products 3a, 
3b and 3d in 78-81% yields. Homopropargyl allenoate (2c) also 
reacted with phenyldiazonium salt (1a) to afford 3c in 55% 
yield. Both electron-donating (1b) and electron-withdrawing 
(1c-1f) substituents on aryldiazonium salts were tolerated in 
these reactions to form 3e-3h in 65-83% yields. 
Hf-Ru-Au at a 0.7 mol % catalyst loading catalyzed intermolec-
ular oxy- and aminoarylation of alkenes and aryldiazonium salts 
to produce tetrahydrofuran and pyrrolidine derivates (Table 1b). 
Homoallylic alcohol (4a) and sulfonamide (4b) reacted with 1a 
to afford tetrahydrofuran product 5a and pyrrolidine product 5b 
in 60% and 55% yields, respectively. The oxyarylation process 
worked with a diverse range of substituted aryldiazonium salts 
1b-1g to yield the corresponding tetrahydrofuran derivatives 
5c-5g in 45-70% isolated yields. Aryldiazonium salts bearing 
electron-withdrawing substituents (1c-1e) had higher yields 
than those with electron-donating groups (1b and 1f). 
Hf-Ru-Au at a 0.7 mol % catalyst loading also catalyzed cross-
coupling of aryldiazonium salts (1) and arylethynylsilanes (6, 
Table 1c). Aryldiazonium salts with various substituents (1a-1f) 
reacted with 6a to furnish aryl alkynes 7a-7f in 36-70% yields. 
Electron-rich aryldiazonium 1b gave a lower yield than elec-
tron-poor aryldiazoniums 1c-1f, likely due to the competitive 
generation of aryl cations through loss of dinitrogen in 1b. Ar-
ylethynylsilanes with both electron-withdrawing 4-chloro (6b) 
and electron-donating 4-methyl (6c) substituents reacted with 
1c to afford 7g and 7h in 72% and 75% yields, respectively. It 
is worth noting that the coupling reaction tolerates aryldiazo-
nium salts and arylethynylsilanes with halogen substituents 
which allow for further functionalization.  
 
Table 1. Hf-Ru-Au-catalyzed cross-coupling reactions of allen-
oates, alkenes, or alkynes with aryldiazonium salts.a 
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aIsolated yields and TONs are shown in parentheses and all re-
actions were performed at rt for 12 h. Catalyst loadings were 
based on Au. b2 (0.2 mmol), 1 (0.8 mmol) and Hf-Ru-Au (0.6 
mol %) in CH3OH/CH3CN. c4 (0.2 mmol), 1 (0.8 mmol), and 
Hf-Ru-Au (0.7 mol %) in CH3OH. d6 (0.2 mmol), 1 (0.4 mmol) 
and Hf-Ru-Au (0.7 mol %) in CH3CN.  
 



 

We performed several control reactions to reveal the mecha-
nism of Hf-Ru-Au catalyzed cross-coupling reactions. With al-
kyne 6a as substrate, a homogeneous mixture of Ru-PS and P-
AuCl in a 1:1.5 molar ratio afforded cross-coupled products in 
low yields (Table 2, entry 2). Seven-fold higher P-AuCl and 2-
fold higher Ru-PS were needed to afford the cross-coupled 
product in a comparable yield as Hf-Ru-Au (Table 2, entry 3), 
indicating that Hf-Ru-Au is approximately 14 times more active 
than the homogeneous control. When allenoate 2d or alkene 4a 
was used as substrate, Hf-Ru-Au showed 200- or 140-fold 
higher activity, respectively, than the corresponding homogene-
ous control (Table S3). MOLs loaded with Ru-PS only (Hf-Ru) 
or P-AuCl only (Hf-Au) afforded the cross-coupling product 7b 
in trace or 14% yields, respectively (Table 2, entry 4 and 5). The 
latter likely resulted from a radical chain process.46 Hf-Ru-Au 
failed to catalyze the reaction in the absence of light (Table 2, 
entry 6). These results indicate the photoredox nature of the re-
action and its dependence on the cooperativity between Ru-PS 
and P-AuCl. 
Table 2. Control experiments of Hf-Ru-Au catalyzed cross-
coupling reactions.a 

Ph

TMS
+

F

N2BF4

Ph

F

7b

conditions
Blue LED, rt
ACN (0.1 M)1c 6a  

Entry Catalyst(s)b Yield (7b) 

1 0.7 mol% Hf-Ru-Au 65% 

2 0.5 mol% Ru-PS, 0.7 mol% P-AuCl 8% 

3 1 mol% Ru-PS, 5 mol% P-AuCl 68% 

4b 0.5 mol% Hf-Ru 0 

5 0.7 mol% Hf-Au 14 

6c 0.7 mol% Hf-Ru-Au 0 
aReactions were conducted with 6a (0.2 mmol), 1c (0.4 mmol) 
and the catalyst loadings were based on Au. bCatalyst loading 
was based on Ru. cWithout blue LED irradiation. 
Hf-Ru-Au catalyzed all three cross-coupling reactions with 
very low catalyst loadings of 0.6-0.7 mol %. In contrast, homo-
geneous dual photoredox and Au catalysis processes typically 
required 5-10 mol% Au catalysts. 3-4,7-8, 44-45 We attributed this 
large difference in catalytic activity to two factors: the proxim-
ity between Ru-PSs and Au catalysts (with the shortest distance 
of 0.7 nm, Figure 2d, S15) which facilitates the transfer of elec-
tron and radical intermediates39 and the isolation of Au catalysts 
which prevent their deactivation via ligand redistribution, Au(I) 
disproportionation, and aryl-phosphine reductive elimination.  
To understand the effect of Au(I) site isolation on the catalytic 
reactions, we examined the reaction mixtures of 1c and 6a with 
Hf-Ru-Au or homogeneous catalysts at 12 h by 31P NMR. The 
31P NMR spectra of P-AuCl and digested Hf-Ru-Au (0 h) were 
collected for comparison (Figure 3a). The P-AuCl complex in 
Hf-Ru-Au remained unchanged with a peak at δ32.6 throughout 
the photocatalytic reaction. PXRD studies demonstrated the 
structural stability of Hf-Ru-Au MOL during the reaction (Fig-
ure 2h). When higher loadings of homogeneous catalysts were 
used to afford cross-coupled products in reasonable yields, we 
observed complete disappearance of P-AuCl and the formation 
of the phenyl-phosphonium salt with a 31P NMR peak at δ 22.9 
and a characteristic high-resolution MS peak for [P2-Au]+. We 

believe that the phenyl-phosphonium salt likely results from re-
ductive elimination from the putative P2-Au-aryl intermediate 
(Figure 3b, side reaction).10, 47-48  

 
Figure 3. (a) 31P NMR study of cross-coupling reaction mix-
tures between 1c and 6a. (b) Proposed mechanism for Hf-Ru-
Au catalyzed cross-coupling reaction between 1c and 6a.  
In support of this hypothesis, a mixture of Ru-PS and P2-AuCl 
competently catalyzed cross-coupling of 1c and 6a to afford 7b 
in a comparable yield to the reaction catalyzed by Ru-PS and P-
AuCl. Neither P2-Au complex nor phenyl-phosphonium salt 
was observed during Hf-Ru-Au catalyzed reactions. We believe 
that the isolation of Au(I) sites in Hf-Ru-Au shuts down the lig-
and redistribution and Au(I) disproportionation pathway as well 
as preventing the formation of the P2-Au-aryl intermediate and 
hence the phenyl-phosphonium byproduct (Figure 3b, side re-
action). Consequently, the catalytic activity of Hf-Ru-Au was 
maintained throughout the reactions, which was demonstrated 
by recovery and reuse of Hf-Ru-Au in three runs of cross-cou-
pling between 1c and 6a, with no decrease in catalytic activity. 
Leaching of Hf, Ru, and Au in the first cycle was determined 
by ICP-MS to be <0.5%, <0.5% and <1.6%, respectively (Table 
S1). 
Based on these results and literature precedents,6, 10, 49-53 we pro-
pose a plausible mechanism for Hf-Ru-Au catalyzed cross-cou-
pling in Figure 3b. Aryldiazonium salt 1c is reduced by excited 
Ru-PS or initiated by a light-mediated radical chain process to 
generate an aryl radical, which adds to P-AuCl and forms an 
Au(II)-aryl complex. The Au(II) complex is oxidized by [Ru-
PS]+ to Au(III). After coordination of Au(III) with alkyne 6a 



 

and fluorine anion-assisted desilylation, reductive elimination 
of the Au(III)-(aryl)(alkynyl) intermediate afforded product 7b 
and regenerated the P-AuCl catalyst. Due to site isolation of P-
AuCl species and synergistic effect between Ru-PS and P-AuCl, 
Hf-Ru-Au effectively shuts down the side reaction pathway in 
Figure 3b and enhances catalytic activity by 14-200 times.  
In summary, we have designed a new bifunctional MOL, Hf-
Ru-Au, containing Ru(bpy)3

2+-type photosensitizer and P-AuCl 
catalyst. Hf-Ru-Au effectively catalyzed photoredox cross-cou-
pling reactions alkenes, allenoates, or alkynes with aryldiazo-
nium salts to afford furanone, tetrahydrofuran, and aryl alkyne 
derivatives with turnover numbers of up to 207. Hf-Ru-Au out-
performed homogeneous controls by 14-200 times owing to site 
isolation of Au(I) and proximity of Ru-PS and Au catalyst. This 
work highlights the potential of MOLs as an excellent platform 
for developing synergistic photoredox catalysts with enhanced 
activities. 
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