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ABSTRACT 

Ruoyu Xu: Development of Functional Metal-Organic Materials for Oxygen Sensing and Catalysis 

Under the Direction of Professor Wenbin Lin 

Metal-organic frameworks (MOFs) are an emerging class of hybrid molecular materials 

with extended structures constructed from inorganic metal nodes/ions interconnected with 

multidentate organic linkers. They have been explored in a broad range of applications owing to 

their modular nature. However, MOFs suffer from restricted diffusion of substrates and products 

through relatively small channels. To overcome diffusional limitation, our group recently reduced 

the thickness of one dimension of MOFs to a monolayer to afford a new class of hybrid materials, 

metal-organic layers (MOLs).  This dissertation focuses on the development of new MOFs and 

MOLs for sensing and catalytic applications. 

The first part (Chapter 1) of this dissertation focuses on rational design of MOFs for oxygen 

sensing. We developed a novel strategy of using mixed ligands of very different chemical nature 

to construct functional MOFs. Using this method, we synthesized a phosphorescence/fluorescence 

dual-emissive nanoscale metal-organic framework (nMOF) as an intracellular oxygen sensor. The 

nMOF contains a Pt(II)-porphyrin ligand as an O2-sensitive probe and a Rhodamine-B 

isothiocyanate (RITC) ligand as an O2-insensitive reference probe, and exhibits good crystallinity, 

high stability, and excellent ratiometric luminescence response to O2 partial pressure. In vitro 

experiments confirmed the applicability of this nMOF as an intracellular O2 biosensor. 

The second part (Chapter 2-4) of the dissertation reports the synthesis of functional MOLs 

as novel single-site solid catalysts for a variety of organic transformations. MOLs overcome 

substrate size and diffusion limitations often seen in MOFs owing to their unique monolayer 



xxi 

 

structures. We demonstrated the superior performance of MOLs over MOFs in many catalytic 

reactions. In Chapter 2, we incorporated Ru(bpy)3
2+ photosensitizer into BPY-MOL via post-

synthetic metalation to afford photoactive RuBPY-MOL. RuBPY-MOL exhibits higher efficacy 

than RuUiO-67 in multicomponent photoreactions such as intramolecular and crossed [2+2] 

photocyclization of bis(enones) and photocatalytic Meerwein addition reactions. In Chapter 3, we 

report the synthesis of IrBPY-MOL containing cyclometalated iridium complex. IrBPY-MOL was 

an efficient catalyst for photopolymerization of methyl methacrylate (MMA), benzyl methacrylate 

(BnMA) and tert-butyl methacrylate (tBuMA). The resulting polymers possessed high-number-

average molar masses and low polydispersity indices. We also showed that IrBPY-MOL 

significantly outperformed IrUiO-69 MOF. In Chapter 4, we immobilized enantiopure pybox 

ligand onto the SBUs of MOLs through ligand exchange. The resultant pybox-MOLs functioned 

as heterogeneous asymmetric catalysts of A3-coupling reaction (aldehyde-alkyne-amine) in good 

yields and high enantioselectivities. 
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CHAPTER 1. Nanoscale Metal-Organic Frameworks for Ratiometric Oxygen Sensing in 

Live Cells  

  

1.1 Introduction 

 Metal-organic frameworks (MOFs), also known as porous coordination polymers or 

porous coordination networks,1 are coordination polymers with open framework structures that 

contain void spaces upon removing trapped solvent or templating molecules.2 The first 

coordination polymer dates back to 1700s, when the synthetic pigment commonly known as 

Prussian Blue was in use, whose structure was later determined by X-ray diffraction to be an 

infinite Fe(II)-CN-Fe(III) network.3 Numerous coordination polymers were synthesized in the next 

two centuries, but the term “metal-organic framework” was introduced by Omar Yaghi in 19954 

after the pioneering work by Robson and others in 1980’s and the synthesis of a number of MOFs 

in early 1990s.5-8 Since then, MOFs have received widespread interest and become a topical 

research area in the chemistry and materials communities over the past twenty years.9-12 Currently, 

MOFs refer to porous crystalline materials that are constructed from metal ions or clusters (also 

known as secondary building blocks, SBUs) and organic bridging ligands to form one-, two-, or 

three-dimensional structures.  The organic linkers mostly based on carboxylates, N-donor groups, 

or phosphonates, are enormously diverse and have a variety of configurations. The vast number of 

metal ions/clusters and organic linkers as well as their diverse assemblies have led to more than 

20,000 MOFs reported to date.13 

 MOF applications in various fields have been explored, including but not limited to gas 

storage and separation,14-18 nonlinear optics,19-21 ferroelectricity,22-24 conductivity / 

semiconductivity,25-28 magnetism,29,30 luminescence,31-33 chemical sensing,31,34,35 catalysis,36-39 
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biomedical imaging,40-42 photodynamic therapy,42-44 drug delivery45-47 and energy storage.48,49 The 

wide applications of MOF is owing to their versatility as well as tunability. As a designable and 

tailorable material, MOFs can be functionalized with a number of strategies including constructing 

frameworks with functional ligands or metal clusters, postsynthetic exchange of ligands or metal 

ions,50-52 postsynthetic modification of organic ligands or metal clusters,53-55 and embedding useful 

molecules within the pores, including organometallic molecules56-58, metal nanoparticles,13,59,60 

enzymes61-63 and others.64-66 Despite all these interesting properties, compared with other 

industrially important materials such as zeolites and organic polymers, MOFs are constructed with 

relatively labile coordination bonds between metals and ligands, which has restricted MOFs’ 

practical applications in many areas.67-70 The synthesis of highly stable MOFs is still a challenge. 

 Among all the MOFs reported to date, zirconium-based MOFs have gained increasing 

interest since the discovery of UiO (Universitetet i Oslo) MOFs in 200871 due to their 

unprecedented stability, especially hydrothermal stability compared to other reported MOFs.72-75 

UiO MOFs comprise 12-connected Zr-oxo clusters Zr6(3-O)4(3-OH)4(CO2)12 and adopt very 

high symmetry space group Fm3̅m (face center cubic, Figure 1-1a,c). Due to high charge density 

and bond polarization, there is a strong affinity between Zr(IV) and carboxylate O atoms. This is 

in accordance with Pearson’s hard/soft acid/base concept.76 Zr(IV) is considered hard acid and 

carboxylate is considered hard base, therefore their binding is considered strong. As a result, Zr-

oxo cluster-based MOFs exhibit good stability in aqueous media, even in acidic conditions. Due 

to lanthanide contraction, the size and chemical properties of hafnium and zirconium are very 

similar. They can form clusters with identical structures77 and share similar physical and chemical 

properties. In this chapter, I will describe the synthesis of a Hf-based MOF for in vitro oxygen 

sensing. The Hf MOF is stable enough in biological conditions for the reasons mentioned above. 
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 Most reported M-MOFs (M = Zr/Hf) feature 12-,71,78,79 10-,79 8-,80-82 or 6-83 connected 

M6O8 (M = Zr/Hf) clusters as nodes, coordinated to carboxylate-terminated organic linkers. There 

are rare reports on Zr8O6-cluster based MOFs.84 Very recently, a new MOF structure comprising 

linear dicarboxylate linker and condensed “double cluster” M12(μ3-O)8(μ3-OH)8(μ2-OH)6 

(M=Zr/Hf) was reported (hcp, Fig 1-1b,d).85,86 The M12 cluster can be viewed as a fusion of two 

M6 octahedra via six bridging μ2-OH groups. The ratiometric sensing nMOFs in this chapter adopt 

this structure. 

 

Figure 1-1. Crystal structure of fcu UiO-67 and hcp UiO-67. (a) fcu UiO-67 viewed along the 

[001] direction. (b) hcp UiO-67 viewed along the [001] direction. (c) fcu UiO-67 viewed along 

the [101]̅ direction highlighting the “ABC” stacking sequence. (d) hcp UiO-67 viewed along the 

[100] direction, highlighting the “ABBA” stacking sequence. Adapted with permission from J. Am. 

Chem. Soc, 2017, 139, 5397-5404. Copyright 2017 American Chemical Society. 
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Nanoscale MOFs (nMOF) refer to MOFs with dimensions reduced down to nanometer 

scales. Their sizes can be tuned during solvothermal synthesis by carefully controlling temperature, 

concentration, solvent components, time and other factors to be compatible with intended 

biological applications. They have recently been used for small molecule sensing87-89 and 

biomedical imaging.41,90-93 nMOFs exhibit several characteristics that make them ideal 

nanomaterials for biological and biomedical applications. First, nMOFs have good crystallinity 

and structural tunability, which allow synthetic elaborations for specific applications. Second, 

nMOFs are highly porous, which allows them to accommodate high loadings of 

imaging/therapeutic agents, to quickly transport small molecules (i.e., drugs, analytes), and to 

prevent dye self-quenching. Third, nMOFs do not suffer from agent leaching due to covalent 

bonding. Fourth, nMOFs are intrinsically biodegradable in the long term due to their relatively 

labile metal−ligand bonds.94 For example, we have recently used a fluorescent nMOF for real-time 

intracellular pH sensing90 and a porphyrin-based nMOF in photodynamic therapy43.  

 Oxygen (O2) is a vital component in aerobic respiration that provides metabolic energy to 

cells. Hypoxia - a reduction in normal levels of O2 - is related to various diseases,95 including 

vascular disease, pulmonary disease, and cancer.96 For instance, sustained hypoxia in a growing 

tumor can result in a more aggressive phenotype.97 Monitoring and quantifying O2 levels in living 

cells are thus of great importance for cancer diagnosis, tumor pathophysiology assessment, and 

evaluation of the therapeutic effects of anticancer treatments. O2 tension can be detected and 

measured by several methods, including polarographic O2 needle electrodes,98 

immunohistochemical staining,99 positron emission tomography imaging,100 magnetic resonance 

imaging,101,102 and photoluminescence imaging.103-108 Because of their high sensitivity and 

outstanding spatial resolution, photoluminescence-based techniques provide particularly powerful 
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tools for sensing O2 in live cells. Ratiometric sensing, which uses an O2-insensitive reference and 

an O2-sensitive probe to measure emission ratios at two different wavelengths, can compensate for 

signal changes caused by disturbances from the external environment, such as light scattering and 

fluctuations in the excitation source,109 allowing for accurate measurements of O2 concentrations. 

Since Kopelman and co-workers first developed PEBBLEs (probes encapsulated by biologically 

localized embedding) containing a cyanine dye standard and a Pt-porphyrin phosphor for 

ratiometric O2 sensing,110 a number of polymeric nanoparticles,105,107 silica gels,111 and quantum 

dots112 have emerged as promising ratiometric O2 sensors.  

 In this chapter, I will report our efforts on the design of a ratiometric sensing nMOF (R-

nMOF), which bears both O2-independent and -sensitive ligands, and thus serves as an excellent 

ratiometric O2 sensor. The nMOF skeleton was constructed from Hf12 clusters and a mixed ligand 

of Pt-5,15-di(p-benzoato)porphyrin (H2DBP-Pt), which emits bright phosphorescence and is O2-

sensitive, and amino-quaterphenyldicarboxylate (H2QPDC-NH2), which can be readily conjugated 

with fluorescent Rhodamine-B isothiocyanate (RITC) to emit at a different wavelength in an O2-

independent manner. R-nMOF showed a broad response range and good detection accuracy as a 

ratiometric oxygen sensor in live cells. 
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1.2. Results and Discussion  

1.2.1. Synthesis and Characterization of M-nMOF and R-nMOF 

 

Figure 1-2. Synthesis of mixed-ligand M-nMOF and its postsynthetic modification to afford R-

nMOF. 

The strategy to construct R-nMOF is shown in Figure 1-2. Amino-

quaterphenyldicarboxylic acid (H2QPDC-NH2) and Pt(II)-5,15-di(p-benzoato)porphyrin (H2DBP-

Pt) are similar in length so they can form mixed ligand MOFs. First, they were mixed with HfCl4 

in DMF under solvothermal conditions to afford the mixed-ligand MOF (M-nMOF), which was 

then reacted with Rhodmamine-isothiocyanate (RITC) by forming the thiourea linkage between -

NH2 and –NCS. Different feeding of RITC can result in R-nMOF with different Rhodamine 

loading, R-nMOF-1 and R-nMOF-2, with the loading ratio 0.6 mol% and 1.6 mol%, respectively 

(see Methods and Experimental Details). The conjugation of RITC to the ligand (H2QPDC-NH2) 

in R-nMOF was confirmed by mass spectrometry. RITC-attached ligands (R-QPDC, exact mass 

= 909.2) were observed as shown in Figure 1-3. 
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Figure 1-3. Mass spectrum of digested R-nMOF. R-nMOF was digested with HF in methanol. 

The sample was delivered with methanol. Reprinted with permission from J. Am. Chem. Soc., 2016, 

138, 2158–2164. Copyright 2016 American Chemical Society. 

Powder X-ray diffraction (PXRD) and transmission electron microscopy (TEM) were 

utilized to confirm the structure and morphology of M-nMOF and R-nMOF. TEM revealed 

hexagonal plate morphology of M-nMOF with a diameter of ∼200 nm and a thickness of ∼30 nm 

(Figure 1-4b). PXRD, high-resolution TEM, and fast Fourier transform patterns showed that M-

nMOF displayed good crystallinity (Figures 1-4a, 4c). The distance between adjacent SBUs was 

measured to be ~2.26 nm by TEM (Figure 1-4c), consistent with the distance of 2.18 nm calculated 

from the PXRD data. TEM images and PXRD patterns also showed that R-nMOF retained the 



8 

 

plate-like morphology and the crystallinity of M-nMOF (Figure 1-4a, 4d). R-nMOF structure was 

reported in a recent paper,86 comprising Hf12(μ3-O)8(μ3-OH)8(μ2-OH)6 SBUs and hcp topology 

(Figure 1-4b,d).  

 

Figure 1-4. Structure and morphology of mixed ligand M-nMOF and R-nMOF. (a) PXRD patterns 

of M-nMOF, as-synthesized R-nMOF and R-nMOF after incubation in HBSS for 12 h and 24 h. 

(b) TEM, and (c) high-resolution TEM (inset: fast Fourier transform patterns) of M-nMOF. (d) 

TEM images of R-nMOF. Reprinted with permission from J. Am. Chem. Soc., 2016, 138, 2158–

2164. Copyright 2016 American Chemical Society. 

The particle sizes of M-nMOF and R-nMOF were determined by dynamic light scattering 

(DLS, Figure 1-5, 1-6). The size of R-nMOF is slightly larger than the M-nMOF. 
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Figure 1-5. DLS measurement showing the particle size of M-nMOF. The average diameter of M-

nMOF is 177.8 nm with PDI = 0.064. Reprinted with permission from J. Am. Chem. Soc., 2016, 

138, 2158–2164. Copyright 2016 American Chemical Society. 

 

 
 

Figure 1-6. DLS measurement showing the particle size of R-nMOF. The average diameter of R-

nMOF is 181.8 nm with PDI = 0.079. Reprinted with permission from J. Am. Chem. Soc., 2016, 

138, 2158–2164. Copyright 2016 American Chemical Society. 

 

Dye release assay was performed by incubating R-nMOF in Hank’s Balanced Salt Solution 

(HBSS) for 24 h. The H2DBP-Pt and Rhodamine-B released from R-NMOF in HBSS was detected 
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by UV-vis spectra of the supernatant (Figure 1-7). The result showed negligible dye release after 

incubation in HBSS for 24h. 
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Figure 1-7. Release profile of H2DBP-Pt and Rhodamine B from R-nMOF in HBSS after different 

incubation times. Reprinted with permission from J. Am. Chem. Soc., 2016, 138, 2158–2164. 

Copyright 2016 American Chemical Society. 

 

To test the structure stability in HBSS, R-nMOF was incubated in HBSS at room 

temperature for 1 h, 4 h, and 24 h. The crystallinity and morphology of HBSS-treated R-nMOF 

was measured by PXRD and TEM. After 24 h incubation, the first peak with highest intensity at 

~4o in the PXRD pattern was split into two peaks (Figure 1-4a), which likely arises from minor 

structure distortion or defects during incubation. TEM imaging indicated the preservation of lattice 

fringes (Figure 1-8, 1-9). These results suggest adequate stability for oxygen sensing in the media.  
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Figure 1-8. TEM images of R-nMOF after incubation in HBSS for 1 h, 4 h, and 24 h. Reprinted 

with permission from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American 

Chemical Society. 

 

 

Figure 1-9. High-resolution TEM image of R-nMOF after incubation in HBSS for 24 h. Reprinted 

with permission from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American 

Chemical Society. 
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1.2.2. Photophysics of M-nMOF and R-nMOF 

The UV-vis absorption spectrum (UV-2401PC, Shimadzu, Japan) of M-nMOF is shown in 

Figure 1-10. The two characteristic Q-bands of DBP-Pt indicated that there is negligible platinum 

leaching during the growth of M-nMOF. 
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Figure 1-10. UV-vis absorption spectrum of M-nMOF in DMF. Reprinted with permission from 

J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 

 

Inductively coupled plasma−mass spectrometry (ICP-MS, Agilent 7700X) was used to 

determine Hf and Pt concentration of digested R-nMOF samples. We used UV-vis spectroscopy 

to quantify Rhodamine-B loading in R-nMOF. The UV-vis spectra of RITC under different 

concentrations and the standard calibration curve were shown in Figure 1-11. We chose the 

absorption peak of Rhodamine-B-NCS (566 nm) to quantify the loadings of Rhodamine-B. 
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Figure 1-11. (A) UV-vis absorption spectra of RITC at different concentrations in DMSO and (B) 

the relationship between the absorption at 566 nm and the concentration. Reprinted with 

permission from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical 

Society. 

 

150 g R-nMOF-1 suspension in 1.5 mL DMSO was digested by adding 4 L HF. The 

UV-vis absorption of digested R-NMOF-1 in DMSO was presented as Figure 1-12. The loadings 

of RITC in R-nMOF-1 was determined to be 0.6 mol%. Similarly, RITC loading in R-nMOF-2 

was 1.6 mol%. 

 

 



14 

 

400 450 500 550 600 650 700 750
0.0

0.5

1.0

1.5

2.0

2.5

450 475 500 525 550 575 600
0.00

0.05

0.10

0.15

0.20

0.25

0.30

 

 

A
b

s
o

rp
ti

o
n

 (
a
. 
u

.)

Wavelength (nm)

 Digested R-nMOF-1 in DMSO

 Digested R-nMOF-2 in DMSO

 

 

A
b

s
o

rp
ti

o
n

 (
a
. 
u

.)

Wavelength (nm)

 

Figure 1-12. Absorption spectra of digested R-nMOF in DMSO. Reprinted with permission from 

J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 

 

The UV-vis spectra of H2DBP-Pt and RITC were obtained in DMSO on a spectrometer 

and shown in Figure 1-13. The emissions of H2DBP-Pt and RITC were measured in MeOH on a 

fluorimeter (RF-5301PC) with excitations of 391 nm and 514 nm, respectively.  

Pt-porphyrin itself is a bright phosphorescent dye with a long-lived triplet state at ambient 

temperature, and its phosphorescence intensity is highly dependent on O2 concentration, making 

it an ideal choice as an O2-sensitive probe in ratiometric O2 sensing.105-107,110 From Figure 1-13, 

we see a few advantages of selecting Rhodamine-B as a reference dye: (1) Absorption of 

Rhodamine-B and H2DBP-Pt at 500-540 nm allows for the simultaneous excitation of both dyes; 

(2) The non-overlap of Rhodamine-B fluorescence (570 nm) and H2DBP-Pt phosphorescence (630 

nm) facilitates ratiometric luminescence quantifications; (3) The negligible overlap between 

H2DBP-Pt emission and Rhodamine-B absorption indicates minimal energy transfer from H2DBP-
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Pt to Rhodamine-B; (4) Emissions of both dyes at relatively long wavelengths (> 570 nm) 

minimize background autofluorescence from live cells; and (5) The pH-independent fluorescence 

of Rhodamine-B at pH > 6 prevents disturbance due to cellular pH changes.113 
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Figure 1-13. Absorption (in DMSO) and emission (in MeOH) spectra of H2DBP-Pt and RITC. 

Reprinted with permission from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 

American Chemical Society. 

 

The lack of energy transfer from H2DBP-Pt to Rhodamine-B was also confirmed by the 

presence of only characteristic H2DBP-Pt phosphorescence, but not RITC fluorescence upon 

exciting R-nMOF at 391 nm (corresponding to H2DBP-Pt Soret band, Figure 1-14). These results 

validated ratiometric quantification using a single excitation and simultaneous detection of RITC 

fluorescence and H2DBP-Pt phosphorescence. 
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Figure 1-14. The emission of R-nMOF-1 in MeOH (excited at 391 nm). Reprinted with permission 

from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 

Ratiometric sensing was first carried out using R-nMOF-1 by fluorimetry with a 514 nm 

excitation light source in order to match the laser in confocal laser scanning microscopy (CLSM). 

Under nitrogen-saturated atmosphere (pO2 = 0 mmHg), R-nMOF-1 showed a strong emission at 

630 nm from DBP-Pt and a weak emission at 570 nm attributed to RITC (Figure 1-15a). As pO2 

gradually increased to aerated atmosphere (pO2 = 160 mmHg), the RITC fluorescence remained 

unchanged, while the DBP-Pt phosphorescence decreased significantly as expected. We 

quantitatively analyzed oxygen quenching by fitting the data to the Stern-Völmer equation, 114,115 

𝑅𝐼
0

𝑅𝐼
= 1 + 𝐾𝑆𝑉𝑝𝑂2

                                                      (1-1) 

where KSV is the Stern-Völmer constant, and RI
0 = IP

0/IF
0 and RI = IP/IF are the ratio of 

phosphorescence intensity to fluorescence intensity in the absence and presence of oxygen, 

respectively. RI
0/RI showed a good linear relationship with respect to pO2 up to 80 mmHg (Figure 
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1-15b). Beyond this point, the ratio deviated from the Stern-Völmer plot. Such a deviation was 

also observed in previous reports116,117 and is probably related to the complicated dynamics 

involved in the MOF structure. Fortunately, pO2 in biological tissues is typical below 70 mmHg 

(except in arterial blood).118 Within this range, the intensity ratio fitted well to the Stern-Völmer 

equation with KSV = 0.015 mmHg-1.  

 

Figure 1-15. (A) Luminescence spectra of R-nMOF-1 under different oxygen partial pressures 

and (B) RI
0/RI as function of pO2 ranging from 0 mmHg to 160 mmHg. Reprinted with permission 

from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 

 

We also conducted the oxygen quenching assay by fluorimetry with R-nMOF-2 (Figure 

1-16). It is noteworthy that when RITC loading is high in R-nMOF-2, the Rhodamine-B 

fluorescence peak has non-negligible overlap with DBP-Pt phosphorescence peak, so RI
0/RI will 

deviate from Stern-Völmer relation (Figure 1-16b is different from Figure 1-15b). This spectral 

overlap may also contribute to the non-linear part of Figure 1-15b under high oxygen pressure 

regime (80-160 mmHg range). 
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Figure 1-16. (A) Luminescence spectra of R-nMOF-2 under different oxygen partial pressures 

and (B) RI
0/RI as function of pO2 ranging from 0 mmHg to 160 mmHg. Reprinted with permission 

from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 

 

To further confirm the validity of ratiometric measurements using R-nMOF, the 

phosphorescence lifetime of R-nMOF-1 in HBSS buffer was measured under different pO2 

(Figure 1-17a). The data were fitted by bi-exponential decay. The amplitude weighted lifetime τ 

(28.1 µs) in a deoxygenated (0 mmHg) atmosphere steadily decreased as pO2 increased and 

reached 7.54 µs in an aerated atmosphere (160 mmHg). The lifetime was fitted according to 

equation 1-2 (Figure 1-17b): 

𝜏0

𝜏
= 1 + 𝐾𝑆𝑉𝑝𝑂2                                                                                     (1-2) 

where τ0 and τ are weighted lifetimes in the absence and presence of oxygen, respectively. The 

obtained KSV = 0.017 mmHg-1 is similar to the ratiometric measurement result, which indicates 

negligible static quenching of R-nMOF-1. 
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Figure 1-17.  (a) Phosphorescent decays (ex = 405 nm) of R-nMOF-1 in HBSS buffer under 

various oxygen partial pressures. (b) τ0/τ as function of po2 ranging from 0 mmHg to 160 mmHg. 

Reprinted with permission from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 

American Chemical Society. 

Next we tested the validity of the ratiometric sensors by CLSM. R-nMOF-2 was dispersed 

in HBSS buffer and subjected to CLSM imaging under different pO2. Upon excitation with a 514 

nm Argon laser, signals in the range of 620-660 nm and 540-580 nm were collected in two separate 

channels (Figure 1-18) and analyzed by ImageJ to quantify the intensity ratios, referred as IP/IF. 

Notably, the IP/IF - pO2 curve (Figure 1-19) deviates from that obtained by fluorimetry (Figure 1-

15 and 1-16), which is reasonable given that the process of collecting photoluminescence on a 

CLSM is much more complicated than using a fluorimeter. Many factors besides pO2, such as laser 

power and dwell time can influence the absolute and relative intensities of 

phosphorescence/fluorescence.119 We also noticed that the phosphorescence component was more 

prominent under CLSM with our instrument settings, so we used R-nMOF-2 with a higher RITC 

loading for CLSM experiments. The IP/IF - pO2 curves obtained by CLSM are highly reproducible  
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Figure 1-18.  Images of R-nMOF-2 dispersed in HBSS with a series of pO2 acquired by CLSM 

using 514 nm excitation, and two-channel collection. Bar: 10 μm. Reprinted with permission from 

J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 
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Figure 1-19. Calibration curve of the phosphorescence/fluorescence intensity of R-nMOF-2 on 

CLSM under different oxygen partial pressures. Reprinted with permission from J. Am. Chem. 

Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 

 

with the IP/IF ratio gradually decreasing as pO2 increases, and are fitted with a rational function 

(Formula 1-3): 

 𝑦 =
𝐼𝑃

𝐼𝐹
=

𝑘𝑃𝑂2+𝑏

𝑃𝑂2+𝑐
                                                            (1-3) 

where y is the intensity ratio of phosphorescence to fluorescence, k, b and c are fitting parameters. 

The fitted equation is thus derived as: 

𝑦 =
1.544𝑃𝑂2+398.8

𝑃𝑂2+71.77
,    𝑅2 = 0.993                                       (1-4) 

This equation serves as a standard curve for intracellular pO2 measurements. 
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1.2.3. In-vitro assay 

We chose mouse colon carcinoma CT26 cells for in vitro imaging because they show little 

background autofluorescence under our measurement conditions. The cellular uptake of R-nMOF-

2 in CT26 cells was first investigated by incubating CT26 cells with 15 μg/mL R-nMOF-2 for 

different times. Time-dependent endocytosis was quantified by ICP-MS and shown in Figure 1-

20. Efficient cellular uptake (~2.5 pg/cell) was observed after a 2 h incubation, which indicates 

feasibility for intracellular pO2 measurements. 
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Figure 1-20. Time-dependent cellular uptake of R-nMOF-2 in CT26 cells determined by ICP-MS. 

Reprinted with permission from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 

American Chemical Society. 

 We also investigated the cytotoxicity of T26 cells by treating the cells with different 

concentrations of R-nMOF-2 for 72 h and examining cell viability afterwards. R-nMOF-2 showed 

low cytotoxicity on CT26 cells with over 90% cell viability at concentration lower than 50 g/mL 
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(Figure 1-21). The concentration used for cellular uptake and imaging was 30 g/mL, less than 

50 g/mL. In addition, the cells were only incubated with R-nMOF-2 for 2 h for cellular uptake 

and imaging, so the cells should be in good health during the experiments. 

 

Figure 1-21. Cytotoxicity of R-nMOF-2 in CT26 cells. Reprinted with permission from J. Am. 

Chem. Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 

 Finally we used R-nMOF-2 to examine cellular O2 levels. CT26 cells were incubated with 

R-nMOF-2 for 2 h. The culturing media were then exchanged to HBSS buffer with different pO2 

in a sealed chamber, and cells were incubated for another 15 min to ensure efficient oxygen 

exchange across cell plasma membranes. CLSM settings were identical to those used for the 

calibration curve. We tested three different pO2 conditions: 4 mmHg, 32 mmHg, and 160 mmHg, 

which represent hypoxia, normoxia and aerated conditions, respectively. The 

phosphorescence/fluorescence intensity ratios of R-nMOF-2 were shown by pseudocolor images 

in Figure 1-22. Different channels of cellular uptake of R-nMOF-2 captured by CLSM are shown 
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in Figure 1-23. The IP/IF values of internalized R-nMOF-2 analyzed by ImageJ were 5.29 ± 0.12, 

4.45 ± 0.09, and 2.80 ± 0.06, respectively. According to Formula 1-3, 

      𝑃𝑂2
=

𝑏−𝑐𝑦

𝑦−𝑘
                                                           (1-5)          

𝑑𝑃𝑂2
=

𝑘𝑐−𝑏

(𝑦−𝑘)2                                                     (1-6) 

Using the fitting data b = 398.8 mmHg, c = 71.77 mmHg, k = 1.544, 

Insert 𝑦  = 5.29, 𝑑𝑦 = 0.12  into Formula 1-5 and 1-6 respectively, we get 𝑃𝑂2
=  5.1  mmHg, 

𝑑𝑃𝑂2
= 2.5 mmHg; 

Similarly, when 
𝐼𝑃

𝐼𝐹
= 4.45 ± 0.09, 𝑃𝑂2

= 27.3 ±  3.1 mmHg;  

when 
𝐼𝑃

𝐼𝐹
= 2.80 ± 0.06,  𝑃𝑂2

= 158 ±  11 mmHg. 

These resulting pO2 values, 5.1 ± 2.5, 27.3 ± 3.1, and 158 ± 11 mmHg, matched well with the 

preset pO2 values in the chamber. The data suggest a broad detection range and good accuracy of 

R-nMOF as an intracellular oxygen sensor. 

 

Figure 1-22. Ratiometric luminescence imaging (ex = 514 nm) of CT26 cells after incubation 

with R-nMOF-2 under (a) hypoxia (4 mmHg), (b) normoxia (32 mmHg), and (c) aerated (160 
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mmHg) conditions. Bar: 10 μm. Reprinted with permission from J. Am. Chem. Soc., 2016, 138, 

2158–2164. Copyright 2016 American Chemical Society. 

 

 

Figure 1-23. Channel 1 (540-580 nm), Channel 2 (620-660 nm), and DIC images of live cells 

under hypoxia (4 mmHg), normoxia (32 mmHg), and aerated conditions (160 mmHg) after 

incubation with R-nMOF-2. Bar: 5 µm. Reprinted with permission from J. Am. Chem. Soc., 2016, 

138, 2158–2164. Copyright 2016 American Chemical Society. 
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 We also tested photoluminescence stability of the R-nMOF system. After incubation for 1-

4 hours and washing with HBSS three times, R-nMOF-2 in CT26 cells were tested under CLSM 

in air and the results were summarized in Figure 1-24. The phosphorescence/fluorescence 

intensity ratio of R-nMOF remains stable 4 hours after cellular uptake. 

 

Figure 1-24. Time-lapse phosphorescence/fluorescence ratio of R-nMOF-2 in CT26 cells in air 

on CLSM. Reprinted with permission from J. Am. Chem. Soc., 2016, 138, 2158–2164. Copyright 

2016 American Chemical Society. 

 

1.3. Conclusion 

 In this work, we have rationally designed and synthesized the first stable, crystalline, 

porous, and dual-emissive R-nMOFs for ratiometric sensing of intracellular oxygen in live cells. 

R-nMOF was synthesized by mixing two ligands with similar length but very different chemical 

structure followed by postsynthetic modification. Importantly, the ratio of RITC and DBP-Pt in R-
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nMOF can be tuned by changing the feed ratio during hydrothermal synthesis and postsynthetic 

modification.  RITC and DBP-Pt can be excited simultaneously and there is minimal energy 

transfer and emission overlap, which ensures the validity for ratiometric oxygen sensing. The 

phosphorescence/fluorescence ratio and phosphorescence lifetime are in good accordance with the 

Stern-Völmer equation. In vitro assays under CLSM demonstrate a broad detection range and good 

accuracy of R-nMOF as an intracellular oxygen sensor. This study should inspire the design of 

new nMOFs for sensing other biologically important analytes by taking advantage of the synthetic 

tunability and versatility as well as other unique attributes of nMOFs. 

 

1.4. Methods and Experimental Details 

1.4.1 Synthesis and Characterization of ligands 

Amino-quaterphenyldicarboxylic acid (H2QPDC-NH2) was synthesized as shown in Scheme 1-1. 

 

Scheme 1-1. Synthesis of H2QPDC-NH2. Reprinted with permission from J. Am. Chem. Soc., 

2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 
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2-Amino-4,4’-dibromobiphenyl. To a solution of 2-nitro-4,4’-dibromobiphenyl (5.00 g, 14.0 

mmol) in THF (40 mL) was added Zn powder (9.16 g, 140 mmol) and acetic acid (8.01 mL, 140 

mmol). The reaction mixture was stirred at RT for 24 h. CH2Cl2 (100 mL) was added, and the Zn 

powder was removed by filtration through celite. The filtrate was washed with water (2×25 mL), 

Na2CO3 (satd) (25 mL), and brine (25 mL). The organic extract was dried over MgSO4 and filtered. 

After evaporation of the solvent, the residue was subjected to flash column chromatography on 

silica gel (10:90 CH2Cl2/hexanes to 50:50 CH2Cl2/hexanes as eluent) affording 2-amino-4,4’-

dibromobiphenyl (3.78 g, 11.6 mmol, 82.5% yield) as a colorless solid. 1H NMR (500 MHz, 

CDCl3): δ 7.57 (d, J = 6.5 Hz, 2H), 7.28 (d, J = 6.5 Hz, 2 H), 6.93-6.91 (m, 3H), 3.87 (bs, 2H); 

13C NMR (125 MHz, CDCl3): δ 137.30, 132.15, 131.55, 130.65, 125.20, 122.42, 121.72, 121.67, 

118.28; ESI-MS: calcd. for [M]+ 324.9; found 324.9. 

Methyl Amino-quaterphenyldicarboxylic ester (Me2QPDC-NH2). 2-amino-4,4’-dibromo-1,1’-

biphenyl (3.00 g, 9.17 mmol) and methyl-4-carboxylphenyl boronic acid (4.95 g, 27.5 mmol) were 

charged to a 2-neck RB flask fitted with a reflux condenser, and then DMF (82.8 mL) was added. 

The solution was degassed by freeze-pump-thaw twice, and palladium(II) acetate (103 mg, 0.458 

mmol) was added. The solution was degassed further for 30 minutes by sparging N2. Na2CO3•H2O 

(4.65 g, 33.6 mmol) dissolved in deionized water (50 mL) then degassed by freeze-pump-thaw (5x) 

was added under N2. The reaction mixture was then heated under N2 at 70 °C for 72 h. The solution 

was cooled to room temperature, and the crude reaction mixture was concentrated by rotary 

evaporation. The remaining solid was then added a 1:1 mixture of CHCl3/H2O (250 mL total 

volume) and stirred for 1 hour. The organic layer was isolated with a separatory funnel, and the 

aqueous was further extracted with chloroform (3×100 mL). The combined organic extracts were 

dried with MgSO4, and the volatiles were removed in vacuo. The remaining solids were purified 
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by column chromatography using chloroform as the eluent, affording Me2QPDC-NH2 as a pale 

yellow solid (1.78 g, 4.07 mmol, 44% yield). 1H NMR (500 MHz, CDCl3): δ 8.10 (dd, J = 10.5, 

9.5 Hz, 4H), 7.94 (d, J = 8.0 Hz, 2 H), 7.90 (d, J = 8.5 Hz, 2H), 7.82 (d, J = 8.5 Hz, 2H), 7.66 (d, 

J = 8.5 Hz, 2H), 7.23 (d, J = 8.0 Hz, 1H), 7.21 (d, J = 2.0 Hz, 1H), 7.07 (dd, J = 1.5, 7.2 Hz, 1H), 

5.13 (bs, 2H), 3.93 (s, 3H), 3.92 (s, 3H); ESI-MS: calcd. for [M+H]+ 438.2; found 438.1.  

Amino-quaterphenyldicarboxylic acid (H2QPDC-NH2). A suspension of Me2QPDC-NH2 (1.40 

g, 3.20 mmol) in THF (220 mL) was heated to 40 °C. A solution of KOH (23.3 g, 414 mmol) 

dissolved in MeOH (80 mL) was then added, and the reaction mixture was stirred at 40 °C for 16 

h. The suspension was cooled to room temperature, and the resulting precipitate was collected by 

centrifugation. The solid was washed with dry THF (20 mL) and re-collected by centrifugation. 

The solid was suspended in THF (20 mL) and trifluoroacetic acid (5 mL) was slowly added and 

stirred for 1.5 h at room temperature. H2O (15 mL) was then added, and the yellow solid was 

isolated by centrifugation. The collected yellow solid was first washed with THF (10 mL), then 

Et2O (10 mL), then dried in vacuo to obtain H2QPDC-NH2 as a yellow powder (1.31 g, 2.75 mmol, 

85.9% yield). 1H NMR (500 MHz, DMSO-d6): δ 13.0 (bs, 2H), 8.10- 8.06 (m, 4H), 7.89 (dd, J = 

12.5, 11 Hz, 4H), 7.78 (d, J = 8.5 Hz, 2H), 7.65 (d, J = 8.0 Hz, 2H), 7.21-7.20 (m, 2H), 7.05 (d, J 

= 7.5 Hz, 1H), 5.16 (bs, 2H); 13C NMR (125 MHz, CDCl3): δ 167.66, 167.63, 146.23, 

145.11,144.39, 139.65, 139.57, 137.87, 131.27, 130.53, 130.42, 130.06, 129.91, 129.72, 127.80, 

127.11, 126.94, 125.54, 116.03, 114.17; ESI-MS: calcd. for [M+H]+ 410.1, found 410.0. 

 

Pt(II)-5,15-di(p-benzoato)porphyrin (H2DBP-Pt) was synthesized as shown in Scheme 1-

2. Me2DBP was synthesized according to our previous report.43 
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Scheme 1-2. Synthesis of H2DBP-Pt. Reprinted with permission from J. Am. Chem. Soc., 2016, 

138, 2158–2164. Copyright 2016 American Chemical Society. 

 

Me2DBP-Pt was prepared by refluxing K2PtCl4 (300 mg, 720 μmol) and 5,15-di(p-

methylbenzoato)porphyrin (Me2DBP) (210 mg, 360 μmol) in benzonitrile (130 mL) in a sand bath 

for 24 h. After cooling to room temperature, benzonitrile was removed under reduced pressure. 

The crude product was purified by silica gel column chromatography with methylene chloride as 

eluent to afford a deep red product. Yield: 190 mg, 246 μmol, 68 %. The 1H NMR spectrum of 

Me2DBP-Pt is shown in Figure 1-25. 1H-NMR (500 MHz, Chloroform-d, ppm): δ = 10.21 (s, 2H), 

9.26 (d, 4H), 8.90 (d, 4H), 8.48 (d, 4H), 8.31 (d, 4H), 4.14 (s, 6H). ESI-MS for Me2DBP-Pt 

(C36H24N4O4Pt) [M+H]+ : calcd. 772.1; found: 772.1. 
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Figure 1-25. 1H NMR spectrum of Me2DBP-Pt. Reprinted with permission from J. Am. Chem. 

Soc., 2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 
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H2DBP-Pt was prepared by refluxing Me2DBP-Pt (190 mg, 246 μmol) in a mixture of 

tetrahydrofuran (THF, 15 mL), methanol (15 mL), and an aqueous solution of potassium hydroxide 

(5 mL, 2 M) for 12 h. After cooling to room temperature, most of the solvent was removed by 

rotary evaporation before the solution was acidified to pH < 3 with hydrochloric acid. The red 

product was obtained by filtration and washed with water and ether and then dried under a vacuum. 

Yield: 178 mg, 240 μmol, 98 %. The 1H NMR spectrum of H2DBP-Pt is shown in Figure 1-26. 

1H NMR (500 MHz, DMSO-d6, ppm): δ =13.35 (s, 2H), 10.60 (s, 2H), 9.54 (d, 4H), 8.90 (d, 4H), 

8.42 (d, 4H), 8.36 (d, 4H). ESI-MS for H2DBP-Pt (C34H20N4O4Pt) [M+H]+ : calcd. 744.1; found: 

744.1. 
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Figure 1-26. 1H NMR spectrum of H2DBP-Pt. Reprinted with permission from J. Am. Chem. Soc., 

2016, 138, 2158–2164. Copyright 2016 American Chemical Society. 

 

1.4.2 Experimental Details 

Synthesis of M-nMOF: H2QPDC-NH2 (20.5 mg, 50 μmol) and H2DBP-Pt (7.44 mg, 10 μmol) 

were mixed with 1 mL AcOH and 19 mL dimethylformamide (DMF) solution of HfCl4 (19.2 mg, 

60 μmol), and the mixture was kept in an 80 °C oven for 4 days. The product was collected by 

centrifugation and washed with DMF and ethanol, yielding M-NMOF as an orange powder. 

Synthesis of R-nMOF: A methanol solution of Rhodamine-B-Isothiocyanate (RITC, 1 mM) was 

added to 2.0 mg of M-nMOF suspended in 0.5 mL methanol. The mixture was stirred gently at 

room temperature in the dark for 3 h to afford Rhodamine-B-conjugated M-nMOFs (R-nMOF). 

40 L/150 L RITC solution were used to afford R-nMOF-1/R-nMOF-2. The product was 
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collected by centrifugation and washed with ethanol, yielding R-nMOF as a red powder. R-nMOF 

was saved in ethanol as a stock solution for further use. 

Digestion for ICP-MS: 150 L R-NMOF (~1 mg/mL) suspension in ethanol was added into 6 

mL HNO3/HF/HCl (18:1:1 v/v/v), which was then digested at 170 °C for 20 min (MARS 6, 

OneTouch) to ensure complete porphyrin digestion. The resulting digestion solution was diluted 

with water. Hf and Pt concentration was then obtained by ICP-MS and the molar ratio of Pt:Hf = 

6.2:93.8.  

Mass spectrometry: MS was performed on Agilent 1100 LC/MSD with ESI and APCI ion 

sources. R-NMOF in ethanol was digested with HF solution in methanol. The sample was 

delivered with methanol. 

Powder X-ray diffraction (PXRD): The PXRD patterns of NMOF samples were collected on a 

Bruker D8 Venture, dual microsource (Cu and Mo) diffractometer with a CMOS detector. Cu Kα 

radiation was used. The PXRD patterns were processed with the APEX 2 package using a PILOT 

plug-in. 

Dye release measurements: 100 g R-nMOF was incubated in 1mL HBSS. After incubating for 

1 h, 2 h, 4 h, and 24 h, the suspension was subjected to centrifugation at 13,000 rpm for 15 min. 

0.6 mL of the supernatant was collected and another 0.6 mL of fresh HBSS was added. The 

supernatant was diluted to 1.2 mL and used for UV-vis spectra measurement 

Quantum yields measurements: The quantum yields of R-nMOF-1 and R-nMOF-2 were 

measured in HBSS using Rhodamine-B as standard (QY = 0.31 in water excited at 514 nm).120 

The quantum yield of the R-nMOF-1 and R-nMOF-2 in HBSS was calculated according to the 

following equation: 
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Φ = Φ𝑟 ∗
𝐴𝑟

𝐼𝑟
∗

𝐼

𝐴
∗

𝑛𝑟
2

𝑛2
                                                          (1-7) 

where Φ is the quantum yield, I is the measured integrated emission intensity, n is the refractive 

index (1.333 for water), and A is the optical density. The subscript “r” refers to the reference 

fluorophore of known quantum yield. In order to minimize reabsorption effects, the absorbencies 

in the 10 mm fluorescence cuvette were kept under 0.1 at the related excitation wavelengths. The 

quantum yields of R-nMOF-1 and R-nMOF-2 are 0.08 and 0.15, respectively (excited at 514 nm). 

Fluorescence measurements: Emission spectra of R-nMOF-1 and R-nMOF-2 in HBSS under 

different pO2 were obtained on a fluorimeter (RF-5301PC). A cuvette containing 3 mL R-nMOF-

1 or R-nMOF-2 (10 g/mL) suspension was placed in a glove box. The oxygen concentration in 

the glove box was adjusted by controlling the flow rate of air and nitrogen, and monitored by a 

commercial oxygen sensor (YSI ProODO 626279). The R-nMOF-1 or R-nMOF-2 suspension was 

bubbled with pipette for 5 min to reach equilibrium. The cuvette was then capped and subjected to 

emission measurements on fluorimeter (Fluorolog-3, Horiba, Japan). 

Lifetime measurements: The phosphorescence decay of R-nMOF-1 in HBSS under different 

oxygen concentrations was measured with ChromsBH lifetime fluorimeter (ISS, Inc.). A 405 nm 

laser was used as the excitation source, and time-lapse 641±37 nm emission intensity was 

monitored on microsecond scale. A capped cuvette was used to hold the sample, and the sample 

preparation was similar to that in fluorescence measurement. The phosphorescence decay curves 

were fitted by exponential decay. 

CLSM imaging of R-nMOF: The phosphorescence/fluorescence responses to pO2 ranging from 

0 mmHg to 160 mmHg of R-nMOF-2 in HBSS solution were evaluated by confocal laser scanning 

microscopy (CLSM, Leica SP5 II, Integrated Microscopy Core Facility at the University of 
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Chicago). 15 L of R-nMOF-2 (1 mg/mL) was dispersed in 1 mL HBSS and transferred to glove 

box at a preset oxygen partial pressure. The suspension was bubbled for 5 min to reach equilibrium 

and added to a glass-bottom petri dish (No. 1.5, uncoated glass, MatTek Corporation), which was 

covered with another inverted petri dish and sealed with parafilm. The sample was then observed 

under confocal microscope. Images were collected using Leica SP5 II microscope equipped with 

100X, 1.4 oil objective, PMT detector, and transmitted light detector with differential interference 

contrast (DIC). A 514 nm laser was used as the excitation source. 540-580 nm and 620-660 nm 

luminescence signals were collected in two different channels. The laser scanning frequency was 

set to 8 Hz with line scan mode (line average = 1). Images were obtained in the format of 256×256 

pixel. The intensity ratio of R-nMOF-2 in the two channels were analyzed by ImageJ (Figure 1-

20). 3-8 samples were tested under each condition to give the standard deviation of pO2. 

Cytotoxicity measurement: CT26 cells were seeded on a 96-well plate at a density of 2×103 cells 

per well. After overnight incubation, the cells were treated with different concentrations of R-

nMOF-2 for 72 h. At the end of the incubation period, cell viability was measured by (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) 

assay (Promega, Madison, WI) according to the manufacturer’s instructions. 

Cellular uptake: CT26 cells were seeded on a 6-well plate at 1×106 cells per well and cultured 

for 24 h. 30 L R-nMOF-2 (2 mg/mL) were added to each well. After incubation for 10 min, 20 

min, 30 min, 60 min, and 120 min, cell media were discarded. The cells were washed with HBSS 

three times, and counted with hemocytometer. The cells were then centrifuged at 3,000 rpm for 5 

min, and the cell pellet was digested with 100 L HNO3/HF (9:1 v/v). After 24 h, the digestion 

was diluted with water and subjected to ICP-MS to determine the Hf concentration. Three parallel 
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experiments were conducted for each time point. Results were expressed as the amount of R-

nMOF-2 calculated from the Hf concentration associated with one cell. 

Live cell imaging: CT26 cells were seeded on a glass-bottom petri dish at a density of 1×106 

cells/well and cultured for 24 h. 30 L R-nMOF-2 (2 mg/mL) was then added and the cells were 

cultured for another 2 h. The cell media were discarded, and the cells were washed with HBSS 

three times and sealed in the petri dish under different pO2 using the method described in CLSM 

imaging. Images were collected using Leica SP5 II microscope equipped with 100×, 1.4 oil 

objective, PMT detector, and transmitted light detector with differential interference contrast 

(DIC). The laser scanning frequency was set to 8 Hz with line scan mode (line average = 1). Images 

were obtained in the format of 256×256 pixel. Cells were imaged in three channels to yield three 

images: (1) exciting at 514 nm and collecting at 540-580 nm; (2) exciting at 514 nm and collecting 

at 620-660 nm; (3) DIC (Figure 1-23). The data were process by ImageJ and the intensity ratio of 

R-NMOF-2 in Channel 1/Channel 2 was obtained. Using the standard curve under CLSM as 

reference, the oxygen partial pressure can be calculated. 3-8 samples were tested under each 

condition to give the standard deviation. 
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CHAPTER 2. Metal-Organic Layers Catalyze Photoreactions without Pore Size and 

Diffusion Limitations 

 

2.1 Introduction 

By harvesting sunlight to drive thermodynamically uphill reactions, photosynthesis has 

provided food and energy for the human kind. Chemists have sought to use light as an inexpensive, 

renewable, and environmentally friendly means to drive photochemical reactions for over a 

century.1 Photocatalysis is now used in organic synthesis with high atom efficiency and product 

selectivity2 via shifting apparent thermodynamic equilibria of chemical reactions and allowing 

difficult reactions to be carried out under mild conditions.3 Photocatalysts are often required in 

visible-light-driven organic reactions as the majority of organic substrates do not appreciably 

absorb in the visible spectrum.4 As an example of the mostly studied photocatalysts,2,5 [Ru(bpy)3]
2+ 

exhibits high absorption extinction coefficient, good solubility, adequate chemical stability, and 

long excited-state lifetime, enabling its application in a variety of photocatalytic organic reactions, 

such as [2+2] cycloaddition,6 tin-free dehalogenation,7 thio-ene reactions,8 olefin epoxidation,9 

bimetallic photocatalysis,10,11 and asymmetric photocatalysis.12,13 However, Ru(bpy)3
2+ and other 

homogeneous precious metal-based photocatalysts are difficult to separate from their reaction 

mixtures for reuse, spurring our interest in heterogenizing molecular photocatalysts to enhance 

their catalytic efficiencies and to facilitate their recycle and reuse.  

Immobilizing homogeneous metal photocatalysts on solid supports, such as graphenes,14,15 

carbon nanotubes,16 and silicas17,18 has been extensively explored with the goal of recycling and 

reusing these valuable catalysts. However, such a strategy can lead to non-uniform distribution of 

catalysts and cannot prevent self-quenching that can induce loss of activity of the photocatalysts. 
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To address this issue, our group devoted effort to incorporate polypyridyl Ru(II) complexes into 

UiO-67 framework via a mixed-ligand synthesis method.19 The resulted photoactive MOF 

exhibited good yields and reusability in catalyzing Aza-Henry reactions, oxidative coupling of 

amines and oxidation sulfides. Similar strategies have been used to construct Ru(bpy)3
2+-

containing MOFs for aerobic oxidation of arylboronic acids,20 trifluoroethylation of styrenes21, 

and hydrogen evolution reactions.22 Besides Ru(bpy)3
2+, there are also reports of heterogenizing 

other molecular photocatalysts into MOFs,23-26 but overall research in this field remains sparse. In 

many photoreactions, photocatalysts enter excited states upon light irradiation and then react with 

organic substrates through single-electron transfer (SET) processes (Figure 2-1). The resultant 

radical intermediates must react with their partners within their typically short lifetimes to afford 

desired products. However, diffusion through nanometer-sized MOF channels is highly 

restricted,27-30 which reduces the collision probability between reactive intermediates and their 

partners in photoreactions, presenting a significant hurdle for designing efficient MOF-based 

photocatalysts (Figure 2-2a).  

 

Figure 2-1. Oxidative and Reductive Quenching Cycle of Ru(bpy)3
2+.  
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Figure 2-2. Restricted vs. free diffusion of reactive species in MOFs (a) vs. MOLs (b). 

Metal-organic layers (MOLs), a subset of MOFs, are two-dimensional self-supporting 

monolayer nanosheets with one dimension reduced to a monolayer thickness of 1-2 nm. The first 

reported MOL, Hf6(3-O)4(3-OH)4(HCO2)6(BTB)2, comprises 12-connected Hf6 clusters, BTB 

[BTB = benzene 1,3,5-tri(benzoate)] ligands and HCOOH as caping units, forming infinite 3,6-

connected 2D network with kagome dual (kgd) topology.31 MOLs inherit the heterogeneous, 

crystalline, and single-site solid-state nature of MOFs, and have been reported as efficient catalysts 

in a few cases.31-33 Different from MOFs, MOLs are free from pore size limitations and diffusion 

restriction due to their unique 2D geometry (Figure 2-2b), which are especially valuable merits in 

photoreactions. In this chapter, we successfully synthesized RuBPY-MOL by incorporation of 

Ru(bpy)3
2+ into MOLs. RuBPY-MOL exhibited high photocatalytic activities for [2+2] 

cycloadditions of bis(enones) and Meerwein additions between aryl diazonium salts, styrenes and 

nitriles under visible light irradiation.  In contrast, the corresponding MOF catalyst, RuUiO-67 

containing same Ru(bpy)3
2+ species, failed in these photoreactions, due to either pore size 

limitation or restricted diffusion of reactive intermediates. 
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2.2 Results and Discussion 

2.2.1 Synthesis and Characterization of BPY-MOL and RuBPY-MOL 

 

Scheme 2-1. Synthetic scheme of BPY-MOL and RuBPY-MOL. 

 

RuBPY-MOL was synthesized according to Scheme 2-1. First, 4’,6’-bis(4-benzoic acid)-

(2,2’-bipyridine)-5-carboxylic acid (H3BPY) was mixed with ZrCl4 in a mixed solvent of 

DMF/H2O/HCOOH and heated at 120 ˚C to afford BPY-MOL. BPY-MOL showed a wrinkled 

nanosheet morphology by TEM and kgd topology by powder X-ray diffraction PXRD (Figure 2-

3a, 2-3b). BPY-MOL was then was treated with Ru(bpy)3Cl2 in different solvents at different 

temperatures. By monitoring the metalation with UV-vis spectroscopy using the characteristic 

peak at 460 nm corresponding to Ru(bpy)3
2+ (Figure 2-4), we determined that the metalation was 

the most facile with pure EtOH as solvent. The sample from pure ethanol, RuBPY-3, was digested 

and subjected to ICP-MS measurement, giving a Ru/Zr ratio of 1:4.2, corresponding to 71% 

metalation. RuBPY-MOL thus has an empirical formula of Zr6(3-O)4(3-OH)4(HCO2)6(BPY)2-

[Ru(bpy)2Cl2]1.42. TEM and PXRD indicated that the MOL morphology and topology were 

retained after postsynthetic metalation (Figure 2-3a, 2-3c, 2-3d). 
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Figure 2-3. Structure and morphology of BPY-MOL and RuBPY-MOL. (a) PXRD patterns of 

RBPY-MOL and RuBPY-MOL. TEM images of (b) BPY-MOL and (c) RuBPY-MOL. (d) high-

resolution TEM images of RuBPY-MOL. Inset: fast Fourier transform patterns of RuBPY-MOL. 
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Figure 2-4. Left, UV-vis spectra of RuBPY-MOL synthesized in different solvents and at different 

temperatures. RuBPY-MOL-1: DMF, 120 oC; RuBPY-MOL-2: DMF, 100 oC; RuBPY-MOL-3: 
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EtOH, 80 oC; RuBPY-MOL-4: DMF/EtOH = 1:1 v/v, 100 oC; RuBPY-MOL-5: DMF/EtOH = 1:1 

v/v, 120 oC. Right, zoomed-in regions of the UV-Vis spectra shown on the left. 

2.2.2 Synthesis and Characterization of RuUiO-67 

 

Scheme 2-2. Synthetic scheme of RuUiO-67. 

RuUiO-67 was synthesized according to previous report.20 Briefly, biphenyldicarboxylic 

acid (H2bpdc) and 2,2’-bipyridine-5,5’-dicarboxylic acid (H2bpydc) were mixed with ZrCl4 and 

benzoic acid in DMF and heated at 120 ˚C for 24h. The resulted UiO-67-(bpy)0.25 was then treated 

with Ru(bpy)2Cl2 in EtOH/H2O, affording RuUiO-67. The PXRD of RuUiO-67 shown in Figure 

2-5 is similar to previously reported.20 
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Figure 2-5. PXRD of RuUiO-67. 
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The composition of RuUiO-67 was determined by 1HNMR analysis of digested samples, 

shown in Figure 2-6. The ratio of bpdc : bpydc : Rubpydc was 1:0.18:0.22, suggesting 55% 

metalation relative to bpy sites, corresponding the presence of ~16% Ru(bpy)3 relative to total 

linkers. The empirical formula is Zr6O4(OH)4(bpdc)4.29(bpydc)0.77(Rubpydc)0.94. Nitrogen sorption 

and thermalgravimetric analysis were also performed and representative results are summarized in 

Figure 2-7 and Figure 2-8. 

 

Figure 2-6. 1HNMR of digested RuUiO-67 samples. 

 

 

Figure 2-7. Nitrogen sorption isotherms of RuUiO-67 at 77 K (○: adsorption, +: desorption), which 

gives a calculated BET surface area of 1755 m2/g. 
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Figure 2-8. TGA curves of RuUiO-67 (red) and RuBPY-MOL (black). The first weight losses 

(9.8% and 18.6%) in the 25-200 ˚C temperature range correspond to removal of residual solvents. 

The second weight losses (67.2% and 64.1%) in the 200-800 ˚C temperature range correspond to 

decomposition of Zr6O4(OH)4(bpdc)4.29(bpydc)0.77(Rubpydc)0.94 to ZrO2 and Ru2O3 (calculated: 

65.9%), and decomposition of Zr6(3-O)4(3-OH)4(HCO2)6(BPY)2[Ru(bpy)2Cl2]1.42 to ZrO2 and 

Ru2O3 (calculated: 62.4%). 

 

2.2.3 RuBPY-MOL Catalyzed Intramolecular [2+2] Cycloadditions of Bis(enones) 

We investigated photocatalytic activities of RuBPY-MOL in several prototypical 

photoreactions. Intramolecular [2+2] Cycloaddition of bis(enones)6 was studied first and the 

results are summarized in Table 2-1. Bis(enone) 1a was irradiated with 410 nm LED for 3 h in the 

presence of RuBPY-MOL, LiBF4, and diisopropylethylamine (DIPEA) to afford the meso 

diastereomer of the cyclobutane bicyclic dione 2a in 82% yield and good selectivity (entry 2). The 
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catalytic performance of RuBPY-MOL was comparable to that of homogeneous Ru(bpy)3
2+ (entry 

1). In contrast, the UiO-67 MOF with doped Ru(bpy)3
2+, RuUiO-67, failed to promote [2+2] 

cycloaddition of 1a in 8 h (entry 3). No product was observed when BPY-MOL was used, 

indicating the photocatalytic role of Ru(bpy)3
2+ species (entry 4). Furthermore, the [2+2] 

cycloaddition did not proceed in the dark (entry 5), demonstrating the involvement of light-driven 

processes. 

Table 2-1. [2+2] intramolecular cycloaddition of bis(enone) 1a.a 

 

 

aReaction carried without light. n.r.: not reacted. 

 

To test the heterogeneity of RuBPY-MOL, we determined the leaching of Ru and Zr into 

the supernatant after photocatalytic cycloaddition of 1a for 3h.  ICP-MS analysis showed 

negligible leaching of Ru and Zr into the supernatant (2.3% and 0.3% for Ru and Zr, respectively). 

RuBPY-MOL was also readily recovered via centrifugation and used in three consecutive runs of 

photocatalytic cycloaddition of 1a without loss of activity or diastereoselectivity (Table 2-2). 
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Furthermore, PXRD studies showed that the MOL diffraction peaks were retained after 

photocatalysis (Figure 2-9). 

Table 2-2. Reuse of RuBPY-MOL in [2+2] cycloaddition of 1a 
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Figure 2-9. PXRD pattern of RuBPY-MOL before and after three consecutive cycles of [2+2] 

cycloaddition reaction. 

 

We further investigated the substrate scope for RuBPY-MOL catalyzed cycloaddition 

reactions (Table 2-3). In all bis(enones) studied (1a-1e), RuBPY-MOL afforded [2+2] 

cycloaddition products in 73-92% yields. In these examples, RuUiO-67 gave <10% desired 

products. Electron-rich bis(enones) required longer reaction times than electron-deficient 
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bis(enones). RuBPY-MOL also catalyzed [2+2] cycloaddition of a large substrate, t-butyl phenyl 

bis(enone) (entry 7), albeit in a longer reaction time (12 h).  

Table 2-3. [2+2] intramolecular cycloadditions of bis(enones) with RuBPY-MOL and RuUiO-67 

as photocatalystsa 

 

 

aReaction conditions: 1 mol% RuBPY-MOL or RuUiO-67, 2 eq. DIPEA, 2 eq. LiBF4, 6 mW/cm2 

410 nm LED, MeCN (0.1M). bIsolated yields.  cDiastereomer ratios determined by NMR. 

 

2.2.4 RuBPY-MOL Catalyzed Reductive Cyclizations of Bis(enones) 

We next examined the use of MOL and MOF photocatalysts in reductive cyclization of 

bis(enones) to afford monocyclic dione products with formic acid in place of LiBF4.
34 The switch 
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of reaction pathways is believed to arise from different reactivities of neutral radical vs radical 

anion intermediates.34 When photocatalytic reductive cyclization of bis(enones) 1a-1e were carried 

out in the presence of RuBPY-MOL or RuUiO-67, Products 3a-3e were obtained in similarly high 

yields: 75-93% for RuBPY-MOL and 68-85% for RuUiO-67 (Table 2-4). In all cases, racemic 

mixtures of (R,R)- and (S,S)-cyclopentyl diones were obtained without the formation of the meso 

diastereomer. Similar to [2+2] cycloaddition reactions, electron-deficient enones reacted faster 

than electron-rich enones and the large enone substrate with t-butyl groups needed a longer 

reaction time. 

Table 2-4. Reductive cyclizations of bis(enones)a 

 

 

aReaction conditions: 2.5 mol% RuBPY-MOL or RuUiO-67, 10 eq. DIPEA, 5eq. HCOOH, 6 

mW/cm2 410 nm LED. bIsolated yields. cDiastereomer ratios determined by NMR. 
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The two types of intramolecular photoreactions worked similarly for RuBPY-MOL but 

showed drastically different reactivities for RuUiO-67.  We used molecular mechanics (UFF, 

Figure 2-10, 2-11) to model the products 2a and 3a from the two photocyclization reactions. 

Product 2a from the [2+2] cycloaddition reaction favors a conformation with the two phenyl 

groups extending like wings, leading to a triangular configuration with approximate dimensions 

of ~12.16 × 8.82 Å.  In comparison, product 3a from the reductive cyclization reaction adopts a 

compact conformation of 10.17 × 5.48 Å in dimensions with the two phenyl rings paralleled to 

each other in a face-to-face manner. RuUiO-67 has a Ru loading of 16% relative to the 

dicarboxylate linkers according to NMR analysis (Figure 2-6), corresponding an approximate 1:1 

ratio between the Ru(bpy)3
2+ moiety and the octahedral pore. Most octahedral pores in RuUiO-67 

are thus occupied by Ru(bpy)3
2+, leaving tetrahedral pores to accommodate bis(enone) substrates. 

The tetrahedral pore of UiO-67 was reported to be 11.5~12 Å,35-37 in between the sizes of 2a and 

3a. Therefore, 3a but not 2a can fit in the UiO-67 tetrahedral pores (Figure 2-10c, 2-11c). 3a can 

also pass through the triangular window of UiO-67 (Figure 2-11d) while 2a is blocked (Figure 2-

10d). As a result, reductive cyclization but not [2+2] cycloaddition can occur in tetrahedral pores 

of RuUiO-67. Moreover, as both intramolecular photoreactions have similar initiation mechanism 

by Ru(bpy)3
2+, diffusion cannot be a limiting factor. The different reactivities are a result of pore 

size limitation of MOF photocatalysts which does not apply to MOLs. 
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Figure 2-10. Structure model of [2+2] cycloadduct 2a in UiO-67. (a) Chemical structure of 2a. (b) 

Ball-stick model of 2a. (c) CPK model of 2a in UiO-67 tetrahedral pores. (d) Structure model of 

2a in UiO-67 triangular window. 
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Figure 2-11. Structure model of reductive cycloadduct 3a in UiO-67. (a) Chemical structure of 3a. 

(b) Ball-stick model of 3a. (c) CPK model of 3a in UiO-67 tetrahedral pores. (d) Structure model 

of 3a in UiO-67 triangular window. 

 

2.2.5 RuBPY-MOL Catalyzed Reductive Cyclizations of Bis(enones) 

We also studied intermolecular [2+2] cross cycloadditions of acyclic enones38 with 

RuBPY-MOL and RuUiO-67 as photocatalysts. RuBPY-MOL catalyzed cross cycloadditions 

between various enones and Michael acceptors to afford cyclobutyl diones in 55-81% yields 
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(Table 2-5). Under identical condition, RuUiO-67 afforded cyclobutyl diones in much lower yields 

(5-26%).  

 

Table 2-5. Crossed [2+2] cycloadditions of acyclic enonesa 

 

 

aReaction conditions: 2.5 eq. Michael acceptor, 1 mol% RuBPY-MOL or RuUiO-67, 2 eq. DIPEA, 

4 eq. LiBF4, 6 mW/cm2 410 nm LED, MeCN (0.1M). bIsolated yields.  cDiastereomer ratios 

determined by NMR. 

 

The cross-coupled products 6a-6e bear only one phenyl group and are thus significantly 

smaller than the intramolecular [2+2] cycloaddition products in Table 2-5. Take 6c as an example, 

with a flexible thioester chain, it can be easily fitted in to UiO-67 pore (Figure 2-12).  As a result, 

the transition states and intermediates for the cross cycloaddition reactions can also be 

accommodated in the pores of RuUiO-67. Therefore pore size limitations will not be a limiting 
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factor here for the different reactivity. We attribute the drastically different catalytic efficiencies 

between RuBPY-MOL and RuUiO-67 to restricted diffusion of reactive intermediates in MOF 

channels.  

 

Figure 2-12. Structure model of crossed [2+2] adduct 6c in UiO-67. (a) Chemical structure of 6c. 

(b) Ball-stick model of 6c. (c) CPK model of 6c in UiO-67 tetrahedral pores.  

 

We studied the RuBPY-MOL catalyzed reactions mechanism by measuring 

photoluminescence quenching of Ru(bpy)3
2+* with different substrates (Figures 2-13 and Figure 

2-14). RuBPY–MOL showed significant quenching by DIPEA with a Stern-Völmer constant KSV 

= (1.22 ± 0.05) × 10-3 mmol-1·L, but was not quenched by other reactants including enones, 

Michael acceptors, LiBF4, and HCOOH. 
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Figure 2-13. Photoluminescence quenching of RuBPY-MOL by DIPEA (left) and fitting to Stern-

Völmer equation  
𝐼0

𝐼
− 1 = 𝐾𝑆𝑉 ∙ 𝑐  (right). (RuBPY-MOL: 40 M by Ru in MeCN, Ex: 450 nm). 
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Figure 2-14. Photoluminescence of RuBPY-MOL in the presence of different reactants.  RuBPY-

MOL: 40 M by Ru, Ex: 480 nm to avoid auto-fluorescence of some reactants. 1a: 100 mM; 4a: 

100 mM; 5a: 250 mM; HCOOH: 250 mM LiBF4: 400 mM.    
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Photoluminescence quenching results suggest the following mechanism (Scheme 2-3). 

Upon light irradiation, photo-excited RuBPY-MOL will first react with DIPEA, generating 

[Ru(bipy)3]
+ species, which undergoes SET with enones to generate highly active species. This is 

consistent with previously proposed mechanisms for homogeneously catalyzed reactions.6,34,38 
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Scheme 2-3. Proposed mechanisms for RuBPY-MOL catalyzed (a) intermolecular [2+2] 

cycloadditions of bis(enones); (b) reductive cyclizations of bis(enones); (c) crossed [2+2] 

cycloadditions of acyclic enones.  

 

Unlike unimolecular [2+2] cycloadditions and reductive cyclization reactions of 

bis(enones) (Scheme 2-3a, b), the highly reactive enolate anions in cross cycloadditions must 

travel some distances to find Michael acceptors to lead to desired products (Scheme 2-3c). 

However, diffusion in these active species in MOF channels is highly inhibited.  In MOFs, the 

diffusivity D of guest molecules decreases dramatically as the molecular size increases due to two 

reasons.39 On one hand, larger molecules generally have stronger interactions with MOFs, which 

increases activation energy for transport, leading to decreased diffusivity. On the other hand, due 

to MOF pore size limitation, moderately sized molecules can only diffuse in one direction through 

narrow gates formed in MOF, and they have to adopt certain conformation, which severely hinders 

their motion.  Thus, typical organic compounds (like trimethylamine, cyclohexane, ~10-12~10-14 

m2/s) can have orders of magnitude difference in diffusivity compared with small molecules (H2, 

1O2, CH4, ~10-9 m2/s).29,39 
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In photoreactions, active species (radicals/cationic radicals/anionic radicals/singlet species) are 

generated upon light irradiation. Take a typical organic radical - benzyl radical as an example, the 

lifetime is τ = 1.44 s40 (with respect to photolysis of toluene).  

In free MeCN solution or in MOL-catalyzed reaction, the diffusivity for an organic compound (1a, 

M ~ 300 g/mol) in MeCN is D = 1.5×10-9 m2/s.41 The diffusion length can thus be calculated as: 

𝑟𝑀𝑂𝐿 = √τ × D =  √1.44 × 10−6 s × 1.5 × 10−9 𝑚2/s = 46 nm                     (2-1) 

This is a large diffusion length for active species to move and collide with other substrates. 

In MOFs, use D′ = 10−12 𝑚2/s, and the same lifetime τ. 

𝑟𝑀𝑂𝐹 = √τ × D′ =  √1.44 × 10−6 s × 10−12 𝑚2/s = 1.2 nm                         (2-2) 

This number is even smaller than the unit cell length of MOFs, active species can hardly diffuse 

out of MOF cages to have effective collision with other substrates. In terms of the crossed [2+2] 

cycloaddition reactions, the enolate anions can decompose in MOF cages before finding Michael 

acceptors due to restricted diffusion. Hence, MOFs are poor candidates in multi-component 

photocatalysis. In contrast, as a 2D material, RuBPY-MOL allows free diffusion of reaction 

substrates and intermediates in multicomponent photoreactions, leading to much higher 

photocatalytic efficiency than its MOF counterpart.  

 

2.2.6 RuBPY-MOL Catalyzed Meerwein Addition Reactions 

The superior photocatalytic activity of RuBPY-MOL over RuUiO-67 was also 

demonstrated in Meerwein addition reactions (Table 2-6).42 RuBPY-MOL efficiently catalyzed 

three-component Meerwein addition reactions between aryl diazonium salts, styrenes, and nitriles 
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under LED irradiation to afford desired products in 55-83% yields. In contrast, RuUiO-67 

produced desired products in much lower 0-21% yields. The difference in photocatalytic activities 

of RuBPY-MOL over RuUiO-67 is likely due to the ease of intermediate and substrate diffusion 

in 2D MOLs but not 3D MOFs. The reaction mechanism of photo Meerwein addition reactions is 

shown in Scheme 2-4. 

Table 2-6. Meerwein addition reactionsa 

 

 

aReaction conditions: 1 eq. diazonium salt, 2 eq. styrene, 0.5% RuBPY-MOL or RuUiO-67, 1 eq. 

H2O, 6 mW/cm2 410 nm LED, MeCN or ClCH2CN (0.25 M), room temperature. bIsolated yields. 
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Scheme 2-4. Proposed mechanism for RuBPY-MOL catalyzed photo Meerwein addition 

reaction.42 

 

2.3 Conclusion 

 In this work, we synthesized photoactive RuBPY-MOL via post-synthetic incorporation of 

Ru(bpy)3
2+ into the backbone of  BPY-MOL. RuBPY-MOL was shown to be an efficient 

heterogeneous photocatalyst for intra/intermolecular [2+2] cycloaddition and Meerwein addition 

reactions under visible-light irradiation without significant loss of activity for at least three cycles. 

In contrast, the corresponding MOF catalyst, RuUiO-67 bearing the same Ru(bpy)3
2+ 

photosensitizer failed in these photoreactions, due to either pore size limitation or restricted 

diffusion of reactive intermediates. We also observed distinct catalytic activity of RuUiO-67 for 

two different photoreactions with same substrates because of different reaction pathways. This can 

be instructive in terms of designing and using MOFs for certain reactions with selective pathways 
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to inhibit side products. Our work highlights the potential of MOLs in catalyzing a variety of 

multicomponent photoreactions.   

 

2.4 Methods and Experimental Details 

2.4.1 General Methods 

All starting materials were purchased from Aldrich and Fisher, unless otherwise noted. 1H 

NMR spectra were recorded on a Bruker NMR 500 DRX spectrometer at 500 MHz and referenced 

to the proton resonance resulting from incomplete deuteration of the CDCl3 ( 7.26). 13C NMR 

spectra were recorded at 125 MHz, and all of the chemical shifts were reported downfield in ppm 

relative to the carbon resonance of CDCl3 (δ 77.10). TEM data were collected on a Tecnai Spirit 

(FEI, USA) electron microscope. Powder X-ray diffraction data were collected on a Bruker D8 

Venture diffractometer using Cu K radiation source (= 1.54178 Å). UV-vis data were taken on 

a Shimadzu UV-2600 spectrometer. Photoluminescence data were taken on a RF-5301 fluorimeter. 

RuBPY-MOL samples were subjected to microwave digestion (MARS 6, OneTouch, 

HNO3/HF/HCl (18:1:1 v/v/v), 200 oC, 50 min) prior to ICP-MS measurement. ICP-MS data were 

obtained with an Agilent 7700x ICP-MS and analyzed using ICP-MS MassHunter version B01.03. 

Samples were diluted in a 2% HNO3 matrix and analyzed with a 159Tb internal standard against a 

12-point standard curve over the range from 0.1ppb to 500ppb. Thermogravimetric analysis (TGA) 

was performed in air using a Shimadzu TGA-50 equipped with a platinum pan and heated at a rate 

of 2 °C per min. Photoreactions were performed under the irradiation of a 410nm blue LED 

(IM101C121M Potrans power supply). The light intensity was determined by an optical power 

meter (PM100D, Thorlabs).  
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2.4.2 Synthesis Details 

Synthesis of H3BPY ligands  

H3BPY was synthesized according to Scheme 2-5. 

 

Scheme 2-5. Synthesis of H3BPY. 

1-(5-methylpyridin-2-yl)ethanone 

 

2-bromo-5-methylpyridine (15 g, 87 mmol) was dissolved in 165 mL dry Et2O and cooled to -78 

oC. n-BuLi (35 mL, 2.5M in hexene) was added dropwise over 1h. The mixture was stirred at -78 

oC for 90 min before dimethylacetamide (9 mL) was added dropwise and stirred for another 3h. 

Sat. NH4Cl (aq.) was added to quench the reaction. The aqueous layer was washed with Et2O a 

couple of times and all the organic parts were combined, dried over anhydrous Mg2SO4 and 

filtered. After evaporation of the solvent, the residue was subjected to flash column 
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chromatography on silica gel (10:90 EtOAc/CH2Cl2 as eluent), affording 1-(5-methylpyridin- 2-

yl)ethanone (9.7 g, 65 mmol, 74% yield) as colorless oil. 1H NMR (500 MHz, CDCl3): δ 8.50 (s, 

1 H), 7.95 (d, 1 H, J = 8.0 Hz), 6.21 (m, 1 H), 2.70 (s, 3 H), 2.42 (s, 3 H). 

4-(5-methylpyridin-2-yl)formylvinyl benzoic acid  

 

1-(5-methylpyridin-2-yl)ethanone (9.7 g, 65 mmol) was dissolved in EtOH (10 mL), which was 

added dropwise to a mixed solution of 4-carboxybenzaldehyde (10 g, 74.2 mmol) and NaOH (3.6 

g, 90 mmol) in EtOH/H2O (1:1 v/v, 100mL). The reaction mixture was stirred at room temperature 

overnight. The reaction vessel was then cooled in ice and the precipitate was separated via filtration 

and dissolved in MeOH/H2O (1:1). 1M HCl was added to adjust the pH to 4-5 to afford white 

precipitate, which was collected via filtration and washed with MeOH/H2O. This procedure 

produced 4-(5-methylpyridin-2-yl)formylvinyl benzoic acid.  (9.6 g, 35.9 mmol, 55% yield). 1H 

NMR (500 MHz, DMSO-d6): δ 13.15 (br, 1H), 8.65 (s, 1H), 8.35 (d, 1H, J = 16.0 Hz), 7.8 – 8.1 

(m, 7H), 2.43 (s, 3H).  

1-(2-oxo-2-(p-tolyl)ethyl)pyridin-1-ium  

 

4’-methylacetophenone (6.68 mL, 50 mmol) and iodine powder (12.7 g, 50 mmol) were dissolved 

in 50 mL pyridine and heated at 120oC with stirring overnight. The reaction mixture was then 

cooled to 0oC. Brown precipitate was filtered and washed sequentially with cold pyridine, CHCl3 
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and Et2O and then dried under vacuum to afford 1-(2-oxo-2-(p-tolyl)ethyl)pyridin-1-ium  (15.3 g, 

45mmol, 95% yield) as yellowish solid. 1H NMR (500 MHz, DMSO-d6 ): δ 8.99 (d, 2 H, J = 6.5 

Hz), 9.74 (t, 1 H, J = 8.0 Hz), 8.28 (t, 2 H, J = 7.0 Hz), 7.98 (d, 2 H, J = 7.0 Hz), 7.49 (d, 2 H, J = 

8.0 Hz), 6.43 (s, 2 H), 2.46 (s, 3 Hz). 

4-[2-(4-methylphenyl)-6-(5-methylpyridin-2-yl)pyridin-4-yl]benzoic acid 

 

4-(5-methylpyridin-2-yl)formylvinyl benzoic acid (9.5 g, 35.6 mmol) and 1-[2-(4-methylphenyl)-

2-oxoethyl]-pyridinium iodide (12.1 g, 35.6 mmol) were dissolved in 210mL MeOH, followed by 

the addition of  NH4OAc (27.4 g, 252 mmol). The reaction mixture was stirred under reflux for 6h. 

After cooling to 0 oC, the precipitate was filtered and washed with cold MeOH, and Et2O to obtain 

4-[2-(4-methylphenyl)-6-(5-methylpyridin-2-yl)pyridin-4-yl]benzoic acid (8.1 g, 21.4 mmol, 60% 

yield ) as white solid. 1H NMR (500 MHz, DMSO-d6 ): δ 8.60-8.58 (2H), 8.53 (d, 1H, J = 8.0 Hz), 

8.33-8.25 (m, 3H), 8.14-8.08 (m, 4H), 7.84 (d, 1H, J = 7.0 Hz), 7.38 (d, 2H, J = 8.0 Hz), 2.40 (s, 

6H). 

4’,6’-dibenzoato-[2,2’-bipyridine]-4-carboxylic acid (H3BPY) 
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H3BPY (6.3 g, 16.6 mmol) was dissolved in pyridine/H2O (3:1, 450 mL), followed by the addition 

of KMnO4 (9 g, 57 mmol). The reaction mixture was heated at 90 oC overnight. More KMnO4 (9 

g × 5, 84 mmol) was added into the reaction mixture to ensure complete oxidation. After refluxing 

for 5 d, the reaction mixture was cooled to room temperature, added with EtOH to react with 

residue KMnO4, and filtered. The filtrate was put into rotovape to remove most of the solvent. 1M 

HCl was added to the filtrate to adjust the pH to 3. White precipitates were collected via filtration, 

washed tremendously with water, and dried in vacuo to afford H3BPY (6.6 g, 15.0 mmol, 90% 

yield). 1H NMR (500 MHz, DMSO-d6 ) δ 12.23 (br, 3H), 9.24 (s, 1H), 8.79-8.76 (m, 2H), 8.53-

8.49 (m, 4H), 8.18 - 8.11 (m, 6H). 

Synthesis of BPY-MOL: H3BPY (12.5mg, 28.3 mol) and ZrCl4 (10.2 mg, 43.8 mol) were 

mixed in DMF (2.05 mL). To this mixture was added HCOOH (0.88 mL) and H2O (0.3 mL). The 

final mixture was dispersed by sonication and kept in a 120 ˚C oven for 2 days. The white 

precipitate was collected via centrifugation and washed with DMF and EtOH three times. Yield: 

9.6 mg (74%). 

Synthesis of RuBPY-MOL: The above as-synthesized BPY-MOL dispersion in EtOH was added 

with Ru(bpy)2Cl2 (9.7 mg, 20 umol). After 24h, the sample was collected by centrifugation and 

washed with DMF and MeCN 3 times respectively to completely remove unreacted Ru(bpy)2Cl2. 

RuBPY-MOL was saved in ethanol as a stock solution for further use. 

Synthesis of UiO-67-(bpy)0.25: ZrCl4 (120 mg, 0.514 mmol), benzoic acid (1.88 g,15.4 mmol), 

H2bpdc (94 mg, 0.39 mmol), and H2bpydc (31 mg, 0.13 mmol) were mixed in 20 mL DMF. The 

solids were dispersed via sonication and heated at 120 °C for 24 h. After cooling, the white 
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precipitate was collected by centrifugation and washed with DMF and EtOH at least 2 times, 

respectively. Yield:  129 mg (71%). 

Synthesis of RuUiO-67: UiO-67-(bpy)0.25 (35.5 mg, 0.1 mmol) and Ru(bpy)2Cl2 (48.4 mg,0.1 

mmol) were placed in a scintillation vial that was filled with 1 mL EtOH and 1 mL H2O. The solids 

were dispersed via sonication and heated at 80 °C overnight. After cooling, the solids were 

collected by centrifugation and washed with EtOH twice and MeCN twice.  The solids were soaked 

in MeCN for 3 d, with the solution exchanged with fresh MeCN (10 mL) every 24 h. The resulting 

solids were used for photoreactions. 

 

General Procedures for Intramolecular [2+2] Cycloaddition of Bis(enones) 

The bis(enone) substrates 1a-1e were synthesized according to reported procedures.43  

An 8 mL glass vial was charged with bisenone 1 (400 mol, 1 equiv.), Ru photocatalysts (1% 

RuBPY-MOL or RuUiO-67, 4 mol by Ru), LiBF4 (75 mg, 800 mol, 2 equiv.), DIPEA (139 L, 

800 mol, 2 equiv.) and acetonitrile (4 mL, 0.1 M). The vial was sealed with a septum and parafilm, 

degassed in the dark with three freeze-pump-thaw cycles under nitrogen. The reaction was stirred 

and irradiated with a 410 nm LED. Light intensity at the reaction vial was maintained at 6 mW/cm2. 

The reaction was monitored by TLC. Upon completion of the reaction, dichloromethane was added 

to completely dissolve the product. The heterogeneous photocatalyst was separated by 

centrifugation. The solvents were removed on a rotary evaporator. The residue was purified by 

silica gel column chromatography to afford 2a-2e. 
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2a: yield: 82%. 1H NMR (500 MHz, CDCl3): δ 7.75 (d, J = 8.5 Hz, 4H), 7.45 (t, J = 7.5 Hz, 2H), 

7.34 (t, J = 7.5Hz, 4H), 3.86 (d, J = 4 Hz, 2H), 3.21 (m, 2H), 2.03 (m, 2H), 1.85 (m, 2H), 1.70 (m, 

2H). The 1H NMR peaks are consistent with those reported in the literature.6 

 

 

2b: yield: 86%. 1H NMR (500 MHz, CDCl3): δ 7.68 (d, J = 8.5 Hz, 4H), 7.33 (d, J = 8.5 Hz, 4H), 

3.80 (d, J = 4 Hz, 2H), 3.18 (m, 2H), 2.03 (m, 2H), 1.83 (m, 2H), 1.71 (m, 2H). The 1H NMR 

peaks are consistent with those reported in the literature.6 

 

 

2c: yield: 92%. 1H NMR (500 MHz, CDCl3): δ 7.61 (d, J = 8.5 Hz, 4H), 7.51 (d, J = 8.5 Hz, 4H), 

3.79 (d, J = 4 Hz, 2H), 3.18 (m, 2H), 2.02 (m, 2H), 1.82 (m, 2H), 1.70 (m, 2H); 13C NMR (125 

MHz, CDCl3): δ 197.66, 135.05, 131.95, 129.38, 127.83, 48.25, 39.18, 32.51, 25.28; ESI-MS: 

calc’d for [M+H]+: 461.0; found 460.9. 
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2d: yield: 79%. 1H NMR (500 MHz, CDCl3): δ 7.70 (d, J = 8.5 Hz, 4H), 7.36 (d, J = 8.0 Hz, 4H), 

3.83 (d, J = 4 Hz, 2H), 3.20 (m, 2H), 2.02 (m, 2H), 1.84 (m, 2H), 1.69 (m, 2H), 1.28 (s, 18H); 13C 

NMR (125 MHz, CDCl3): δ 198.38, 156.12, 133.91,127.84, 125.49, 48.43, 39.14, 35.07, 32.60, 

31.15, 25.34; ESI-MS: calc’d for [M+H]+: 417.3; found: 417.3.   

 

 

2e: yield: 73%. 1H NMR (500 MHz, CDCl3): δ 7.73 (d, J = 9.0 Hz, 4H), 6.82 (d, J = 9.0 Hz, 4H), 

3.81 (s, 6H), 3.79 (d, J = 4 Hz, 2H), 3.19 (m, 2H), 2.02 (m, 2H), 1.83 (m, 2H), 1.69 (m, 2H). The 

1H NMR peaks are consistent with those reported in the literature.6 

 

General Procedures for Reductive Cyclization of Bis(enones) 

A 20 mL glass vial was charged with bisenone 1 (400 mol, 1 equiv.), Ru photocatalysts (2.5% 

RuBPY-MOL or RuUiO-67, 10 mol by Ru), HCOOH (75 L, 2 mmol, 5 equiv.), DIPEA (697 

L, 4 mmol, 10 equiv.) and acetonitrile (8 mL, 0.05 M). The vial was sealed with a septum and 

parafilm, and degassed in the dark with three freeze-pump-thaw cycles under nitrogen. The 

mixture was stirred and irradiated with a 410 nm LED. Light intensity at the reaction vial was 

maintained at 6 mW/cm2. The reaction progress was monitored by TLC. The heterogeneous 

photocatalyst was separated by centrifugation. The organic volatiles were removed on a rotary 

evaporator. The residue was purified by silica gel column chromatography to afford 3a-3e. 
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3a: yield: 80%. 1H NMR (500 MHz, CDCl3): δ 7.95 (d, J = 7.5 Hz, 4H), 7.55 (t, J = 7.5 Hz, 2H), 

7.45 (t, J = 7.0 Hz, 4H), 3.20 (dd, J = 16.5 Hz, 4.5 Hz, 2H), 2.94 (dd, J = 16.5 Hz, 8.5Hz, 2H), 

2.19 (m, 2H), 1.99 (m, 2H), 1.63 (m, 2H), 1.29 (m, 2H). The 1H NMR peaks are consistent with 

those reported in the literature.34 

 

 

3b: yield: 85%. 1H NMR (500 MHz, CDCl3): δ 7.87 (d, J = 8.5 Hz, 4H), 7.42 (d, J = 8.5 Hz, 2H), 

3.16 (dd, J = 16.5 Hz, 4.5 Hz, 2H), 2.92 (dd, J = 16.5 Hz, 8.0Hz, 2H), 2.16 (m, 2H), 1.97 (m, 2H), 

1.64 (m, 2H), 1.29 (m, 2H). The 1H NMR peaks are consistent with those reported in the 

literature.34 

 

 

3c: yield: 88%. 1H NMR (500 MHz, CDCl3): δ 7.79 (d, J = 8.5 Hz, 4H), 7.59 (d, J = 8.5 Hz, 2H), 

3.15 (dd, J = 16.5 Hz, 5.0 Hz, 2H), 2.91 (dd, J = 17.0 Hz, 8.0Hz, 2H), 2.16 (m, 2H), 1.96 (m, 2H), 

1.64 (m, 2H), 1.29 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 199.21, 135.91, 131.97, 129.71, 

128.24, 44.09, 41.46, 32.67, 23.79; calc’d for [M+H]+: 463.0; found 462.9. 
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3d: yield: 93%. 1H NMR (500 MHz, CDCl3): δ 7.89 (d, J = 8.5 Hz, 4H), 7.46 (d, J = 8.5 Hz, 2H), 

3.17 (dd, J = 16.0 Hz, 3.5 Hz, 2H), 2.91 (dd, J = 16.0 Hz, 8.0Hz, 2H), 2.18 (m, 2H), 1.97 (m, 2H), 

1.62 (m, 2H), 1.34 (s 18H), 1.26 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 200.08, 156.71, 134.72, 

128.18, 125.59, 43.95, 41.87, 35.17, 32.61, 31.18, 23.77; calc’d for [M+H]+: 419.3; found 419.3. 

 

 

3e: yield: 75%. 1H NMR (500 MHz, CDCl3): δ 7.93 (d, J = 9.0 Hz, 4H), 6.92 (d, J = 9.0 Hz, 2H), 

3.86 (s, 6H), 3.13 (dd, J = 16.5 Hz, 4.5 Hz, 2H), 2.87 (dd, J = 16.0 Hz, 8.5Hz, 2H), 2.16 (m, 2H), 

1.96 (m, 2H), 1.61 (m, 2H), 1.26 (m, 2H). The 1H NMR peaks are consistent with those reported 

in the literature.34 

 

General Procedures for Crossed [2+2] Cycloadditions of Acyclic Enones 

4a and 4b were synthesized by Friedel-Crafts acylation. 4c44 and 5c45 were synthesized according 

to literature procedures.  

An 8 mL glass vial was charged with enone 4 (400 mol, 1 equiv.), Michael acceptor 5 (1 mmol, 

2.5 equiv.), Ru photocatalysts (1% RuBPY-MOL or RuUiO-67, 4 mol by Ru), LiBF4 (150 mg, 

1.6 mmol, 4 equiv.), DIPEA (139 L, 800 mol, 2 equiv.) and acetonitrile (4 mL).  The vial was 

sealed with a septum and parafilm, and degassed in the dark with three freeze-pump-thaw cycles 

under nitrogen. The mixture was stirred and irradiated with a 410 nm LED. Light intensity at the 

reaction vial was maintained at 6 mW/cm2. The reaction progress was monitored by TLC. Upon 

completion of the reaction, the heterogeneous photocatalyst was separated by centrifugation. The 
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organic volatiles were removed by rotary evaporation. The residue was purified by silica gel 

column chromatography to afford 6a-6e. 

 

6a: yield: 75%. 1H NMR (500 MHz, CDCl3): δ 7.97 (d, J = 7.0 Hz, 2H), 7.57 (t, J = 7.5 Hz, 1H), 

7.47 (t, J = 7.5 Hz, 2H), 3.91 (t, J = 8.0 Hz, 1H), 3.62 (q, J = 9.5 Hz,1H), 2.48 (m, 1H), 2.38 (m, 

1H), 2.08 (s, 3H), 1.74 (q, J = 9.5 Hz, 1H), 1.18 (d, J = 7.0 Hz, 3H). The 1H NMR peaks are 

consistent with those reported in the literature.38 

 

 

6b: yield: 78%. 1H NMR (500 MHz, CDCl3): δ 7.96 (d, J = 7.5 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 

7.46 (t, J = 7.5 Hz, 2H), 3.93 (t, J = 7.5 Hz, 1H), 3.60 (q, J = 9.0 Hz, 1H), 2.5-2.3 (m, 4H), 1.74 

(q, J = 9,5 Hz, 1H), 1.17 (d, J = 6.5 Hz, 3H), 1.03 (t, J = 7.5 Hz, 3H). The 1H NMR peaks are 

consistent with those reported in the literature.38 

 

 

6c: yield: 72%. 1H NMR (500 MHz, CDCl3): δ 7.94 (d, J = 7.5 Hz, 2H), 7.57 (t, J = 7.5 Hz, 1H), 

7.46 (t, J = 7.5 Hz, 2H), 3.96 (t, J = 8.5 Hz, 1H), 3.68 (q, J = 9.0 Hz, 1H), 2.87 (q, J = 7.5 Hz, 2H), 
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2.50 (m, 1H), 2.40 (m, 1H), 1.92 (q, J = 9.5 Hz, 1H), 1.23 (t, J = 7.0 Hz, 3H), 1.20 (d, J = 7.0 Hz, 

3H). The 1H NMR peaks are consistent with those reported in the literature.38 

 

6d: yield: 55%. 1H NMR (500 MHz, CDCl3): δ 7.96 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 9.0 Hz, 1H), 

3.87 (s, 3H), 3.84 (1H), 3.61 (q, J = 9.0 Hz, 1H), 2,48 (m, 1H), 2.36 (q, J = 9.0 Hz, 1H), 2.07 (s, 

3H), 1.73 (q, J = 9.5 Hz, 1H), 1.17 (d, J = 7.0 Hz, 3H). The 1H NMR peaks are consistent with 

those reported in the literature.38 

 

6e: yield: 81%. 1H NMR (500 MHz, CDCl3): δ 7.92 (d, J = 8.5 Hz, 2H), 7.44 (d, J = 8.0 Hz, 1H), 

3.88 (t, J = 8.5 Hz, 1H), 3.57 (q, J = 9.0 Hz, 1H), 2,50 (m, 1H), 2.40 (m, 1H), 2.08 (s, 3H), 1.71 

(q, J = 10.0 Hz, 1H), 1.16 (d, J = 7.0 Hz, 3H). The 1H NMR peaks are consistent with those reported 

in the literature.38 

 

General Procedures for Meerwein Addition Reactions 

7a-7c were synthesized according to literature procedures.46  

A 4 mL glass vial was charged with diazonium salt 7 (400 mol, 1 equiv.), Styrene 8 (800 mol, 

2 equiv.), Ru photocatalysts (0.5% RuBPY-MOL or RuUiO-67, 2 mol by Ru), H2O (7.2 L, 0.4 

mmol, 1 equiv) and acetonitrile (or chloroacetonitrile, 1.6 mL).  The vial was sealed with a septum 

and parafilm, and degassed in the dark with three freeze-pump-thaw cycles under nitrogen. The 
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mixture was stirred and irradiated with a 410 nm LED. Light intensity at the reaction vial was 

maintained at 6 mW/cm2. The reaction progress was monitored by TLC. Upon completion of the 

reaction, the heterogeneous photocatalyst was separated by centrifugation. The organic volatiles 

were removed by rotary evaporation. The residue was purified by silica gel column 

chromatography to afford 9a-9e. 

 

 

9a: yield: 83%. 1H NMR (500 MHz, CDCl3): δ 7.87(dd, J = 8.0 Hz, 1.2 Hz, 1H), 7.54 (td, J = 8.0 

Hz, 1.2 Hz, 1H), 7.45 (dd, J = 8.0 Hz, 1.2 Hz, 1H), 7.40-7.33 (m, 5H), 7.30-7.27 (m, 1H), 6.32 (s, 

1H), 5.35 (m, 1H), 3.45 (dd, J = 13.5 Hz, 10.0 Hz, 1H), 3.30 (dd, J = 14.0 Hz, 5.5 Hz, 1H), 1.85 

(s, 3H). The 1H NMR peaks are consistent with those reported in the literature.42 

 

 

9b: yield: 55%. 1H NMR (500 MHz, CDCl3): δ 7.32-7.24 (m, 3H), 7.20-2.18 (m, 2H), 6.94 (d, J 

= 8.5 Hz, 2H),  6.76 (d, J = 8.5 Hz, 2H),  5.78 (d, J = 6.5 Hz, 1H),  5.23 (q, J = 7.5 Hz, 1H),  3.76 

(s, 3H), 3.04 (d, J = 7.0 Hz, 2H), 1.94 (s, 3H).  The 1H NMR peaks are consistent with those 

reported in the literature.42 
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9c: yield: 76%. 1H NMR (500 MHz, CDCl3): δ 7.34-7.21(m, 8H), 7.09-7.07 (m,2H), 5.88 (d, J = 

7.0 Hz, 1H), 5.40 (q, J = 7.5 Hz, 1H), 3.13 ( d, J = 7.0 Hz, 2H), 1.96 (s, 3H). The 1H NMR peaks 

are consistent with those reported in the literature.42 

 

9d: yield: 76%. 1H NMR (500 MHz, DMSO-d6): δ 12.92 (s, 1H), 8.53 (d, J = 9.0 Hz, 1H), 7.96 

(dd, J = 8.5 Hz, 1.2 Hz, 1H), 7.91 (d, J = 8.0 Hz, 2H), 7.65 (td, J = 7.5 Hz, 1.3 Hz, 1H), 7.49 (m, 

2H), 7.43 (d, J = 8.0 Hz, 2H), 5.23 (m, 1H), 3.34 (2H, merged with H2O), 3.09 (dd, J = 14.0 Hz, 

9.0 Hz, 1H), 1.75 (s, 3H); 13C NMR (125 MHz, DMSO-d6): δ 168.59, 167.13, 149.23, 147.81, 

133.10, 132.89, 132.77, 129.55, 129.52, 128.13, 126.52, 124.61, 52.50, 33.83, 22.53; ESI-MS: 

calc’d for [M+H]+: 329.1; found 329.1. 

 

 

9e: yield: 62%. 1H NMR (500 MHz, CDCl3): δ 7.95-7.92 (m, 1H), 7.56 (td, J = 7.2 Hz, 1.0 Hz, 

1H), 7.45 (d, J = 8.0 Hz, 1H), 7.43-7.36 (m, 6H), 7.34-7.29 (m, 1H), 5.37 (m, 1H), 3.91 (d, J = 15 

Hz, 1H), 3.84 (d, J = 15 Hz, 1H), 3.47 (dd, J = 14 Hz, 10.5 Hz, 1H), 3.37 (dd, J = 13.5 Hz, 5.5 Hz, 

1H). 13C NMR (125 MHz, DMSO-d6): δ 165.50, 149.95, 140.90, 133.41, 132.74, 132.60, 129.09, 
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128.25, 128.13, 126.42, 125.13, 55.07, 42.60, 38.96; ESI-MS: calc’d for [M+H]+: 319.1; found 

319.2.  
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CHAPTER 3. Metal-Organic Layers Efficiently Catalyze Photoinduced Polymerization 

under Visible Light 

 

3.1 Introduction 

 Chapter 2 describes our efforts on using Ru(bpy)3
2+-based MOLs in catalyzing several 

organic transformations under visible light irradiation. We found that MOL catalysts are superior 

to MOF catalysts in these photoreactions due to the removal of pore size and diffusion constraints. 

In this chapter, I will report Ir(ppy)2(bpy)+-based MOL, IrBPY-MOL, as a heterogeneous 

photocatalyst with enhanced activities for photopolymerization. 

 Photopolymerization, which forms the basis of numerous applications in areas such as 

biomedical materials,1-3 optical waveguides,4,5 microelectronics,6 3D printing7-9 and other,10-12 has 

received revitalized interest in recent years and been extensively studied. Photopolymerization 

processes sometimes do not require the use of solvents, have low energy consumptions, and can 

proceed at ambient temperature in short reaction times,13-18 presenting potentially important 

economic and environmental advantages. Most photopolymerizations occur via chain-growth 

polymerization where light is absorbed either directly by reactants (direct polymerization) or by a 

photosensitizer to generate radicals or cations as reactive species. In many cases, direct 

polymerization is not effective because organic monomers do not readily absorb light. A 

photoinitiator is introduced to the polymerization system, which can generate reactive species upon 

light irradiation. Common photoinitiators include amines,19 ethers,20 thios,21,22 cationium 

compounds,23-25 and alkyl halides.26-28 Sometimes a photosensitizer is also required to increase 

spectral sensitivity, whose role is to absorb light at a wavelength where the photoinitiator is unable 
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to operate and transfer the absorbed energy or electrons to surrounding photoinitiators which 

initiate monomer additions.   

 Traditional photocatalysts used as photosensitizers in photopolymerization include 

benzophenone,29,30 camphorquinone,19 and thioxanthone derivatives31,32 which mainly absorb UV 

light. Polymerization systems that utilize light in the visible region (390–700 nm) are more cost-

effective and environmentally benign, with minimal side reactions due to lack of background 

absorption from organic solvents and monomers. Some representative visible-light photocatalysts 

for photopolymerization comprise small-molecule organic dyes (erosin, methylene blue, etc.),33,34 

metal complexes,35-37 and semiconductors (CdS,38 Fe3O4
39). Among them, cyclometallated iridium 

complexes, similar to Ru(bpy)3
2+-based complexes mentioned in Chapter 2, draw great attention 

as SET photoredox catalysts in organic transformations due to their strong absorbance, good 

solubility, chemical stability, and long-lived excited-state.40-43 In 2012, Lalevée et al. demonstrated 

the use of  Ir(ppy)3
2+- and Ir(ppy)2(bpy)+-based photocatalysts in free radical polymerization of 

pentaerythritol tetraacrylate.28 In the same year, Hawker et al. applied fac-Ir(ppy)3 to atom-transfer 

radical polymerization (ATRP) of methyl methacrylate (MMA), achieving controlled living 

feature with perfect temporal control in the absence/presence of light.37 Since then, more 

researches on Ir-based complexes as photocatalysts have been reported.44-46 

 It is favorable to heterogenize and recycle iridium complexes out of economic 

considerations. Our group first incorporated Ir(ppy)2(bpy)2
+

 into UiO-67 MOF for organic 

catalysis.47 Similar strategies have been employed to construct more sophisticated catalytic MOF 

systems (together with PtNP and POM) for hydrogen evolution reaction,48,49 which showed good 

efficacy and recyclability. As shown in Chapter 2, MOFs have intrinsic drawbacks as 

photocatalysts owing to pore size limitation and diffusion limitation in multicomponent 
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photoreactions, as well as light scattering and penetrating issues. In comparison, MOLs can 

effectively overcome these problems as a well-dispersed, 2D ultrathin material with only 1-2 nm 

in thickness.50 The geometric features of MOLs can be especially beneficial for polymerization – 

all the substrates, intermediates, oligomers and the growing chains can have free access to active 

sites without spatial confinement just like homogeneous catalysts (Figure 3-1). In this chapter, we 

synthesized IrBPY-MOL by postsynthetic metalation of BPY-MOL and studied the use of IrBPY-

MOLs in photopolymerization in comparison with the IrUiO-69 MOF control.48,51 IrUiO-69 is a 

Hf-oxo based MOF with large pores which can easily accommodate most small molecules. In the 

case of photopolymerization of MMA and other monomers, IrBPY-MOL showed superior 

photocatalytic activity than IrUiO-69, affording polymers with a high-number-average molar mass 

and low polydispersity index. 

 

Figure 3-1. Photoactive MOFs (a) and MOLs (b) catalyzed photopolymerization. 
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3.2 Results and Discussion 

3.2.1 Synthesis and Characterization of BPY-MOL and IrBPY-MOL 

 

Scheme 3-1. Synthetic scheme of BPY-MOL and IrBPY-MOL. 

 

IrBPY-MOL was synthesized according to Scheme 3-1. First, H3BPY heated with HfCl4 

in a mixed solvent of DMF/H2O/HCOOH under solvothermal conditions (120 °C) to afford BPY-

MOL as a white solid. The resulting BPY-MOL comprises Hf6 clusters in substitution of previous 

Zr6 clusters as reported in Chapter 2. Considering their isoreticular structure, we are using the term 

“BPY-MOL” to describe the Hf-BPY MOL in this chapter. The as-prepared BPY-MOL was then 

reacted with iridium dimers, Ir2(ppy)4Cl2, in a mixed solvent of MeOH/DMF at 70 oC for two days.  

The mixture color changed from pale yellow to orange, indicating the formation of IrBPY-MOL. 

TEM showed well-dispersed, wrinkled, sheet-like morphology of BPY-MOL with the size of a 

few hundred nanometers (Figure 3-2a), which remained intact in IrBPY-MOL without observable 

degradation (Figure 3-2b). PXRD of BPY-MOL and IrBPY-MOL both displayed good 

crystallinity with characteristic patterns of two-dimensional kgd topology (Figure 3-2c). ICP-MS 

data confirmed metalation with Ir with the Ir loading of 78 mol%, giving the empirical formula of 

IrBPY-MOL as Hf6(3-O)4(3-OH)4(HCO2)6(BPY)2[Ir(ppy)2Cl]1.56. 
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Figure 3-2. Structures and morphologies of BPY-MOL and IrBPY-MOL. (a) TEM image of BPY-

MOL (scale bar: 1 m); (b) TEM image of IrBPY-MOL (scale bar: 1 m); (c) PXRD patterns of 

BPY-MOL, IrBPY-MOL, and simulated BTB-MOL. 

 We tested the photophysics property of the IrBPY-MOL in order to better understand its 

potential in catalyzing photopolymerization. The UV-vis spectrum of BPY-MOL in DMF showed 

a main peak at 290 nm with a shoulder peak at 322 nm (Figure 3-3). After metalation, the 

absorption of IrBPY-MOL extends to visible region, which has similar features as the IrBPY 

ligand (Figure 3-3).  The shoulder peak at 410 nm, which is attributed to singlet metal-to-ligand 

(1MLCT) charge transfer of the Ir photophore,52 was selected as excitation wavelength. 

Photoluminescence spectrum of free IrBPY in DMF shows two signature peaks as reported for 

Ir(ppy)2(bpy)52 (Figure 3-4a). The orange main peak centered at 590 nm is assigned to triplet 

metal-to-ligand bpy charge transfer (3MLCTbpy). The green shoulder peak centered at 510 nm is 

assigned to triplet metal-to-ligand ppy charge transfer (3MLCTppy). When we measured the 
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emission of IrBPY-MOL with the same Ir- concentration, the intensity of the green band remained 

the same but the orange emission was heavily quenched (Figure 3-4a). Emission intensity was 

proportional to concentration in the measured concentration region. We also tried different 

solvents including DMF, CHCl3, and toluene, the 590nm peak of IrBPY-MOL was all quenched 

to certain extent in these solvent (Figure 3-4b). 
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Figure 3-3. UV-vis spectra of IrBPY, BPY-MOL and IrBPY-MOL. 

 

Figure 3-4. (a) Emission spectra of IrBPY and IrBPY-MOL in DMF with different concentration; 

(b) Emission spectra of IrBPY-MOL in different solvent. 
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In transient photoluminescence spectroscopy, we observed a mono-exponential decay for 

the orange band in IrBPY with a lifetime of τ = 246 ns, but bi-exponential decay in IrBPY-MOL 

with reduced lifetimes of τ’ = 125 ns, τ’ = 12 ns (Figure 3-5). Both the steady-state and transient 

photoluminescence data indicated the presence of other decay pathways of 3MLCTbpy state in 

IrBPY-MOL. Considering the redox potentials of Ir(IV)/Ir*(III) (EIr(IV)/Ir*(III) = -0.96 V vs SCE)53 

and Hf(IV)/Hf(III) (EHf(IV)/Hf(III) < EZr(IV)/Zr(III) = -1.06 V vs SCE)54,55, the electron transfer from 

excited-state ligand to Hf cluster is unlikely. This is also supported by electron paramagnetic 

resonance (EPR) results which showed signals with g = 2.001 corresponding to organic radicals 

but no signals attributable to Hf(III) from IrBPY-MOL under irradiation (Figure 3-6). The organic 

radical may be ligand-based or from reduction of HCOOH capping agents.  This conclusion is 

consistent with previous investigation on electronic origins of Zr/Hf based UiO-MOF.56  

 

Figure 3-5. Photoluminescence decay transients (a) and lifetime data (b) of IrBPY ligand and 

IrBPY-MOL.  
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Figure 3-6. EPR spectra of IrBPY-MOL in dark (black) and under light irradiation (red). 

 

3.2.2 Synthesis and Characterization of IrUiO-69 

 

Scheme 3-2. Synthesis of IrUiO-69. 
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IrUiO-69 was synthesized from ligand H2L using a modified procedure of previous 

report.48 Briefly, H2L and HfCl4 were dissolved in DMF. Trifluoroacetic acid was added as a 

modulator. The mixture was kept in a 100 ̊ C oven for 4 days to afford the orange product of IrUiO-

69. PXRD studies showed that IrUiO-69 adopted a UiO structure with good crystallinity (Figure 

3-7). 
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Figure 3-7. PXRD patterns of IrUiO-69 (red) and simulated UiO-69 (black). 

 

3.2.3 IrBPY-MOL Catalyzed Photopolymerization 

 We studied the photoactivity of IrBPY-MOL in the polymerization of (MMA). A blue 410 

nm LED was used as light source. Using a classical ATRP condition,37 the reaction was performed 

in DMF with ethyl α-bromophenylacetate (EBP) as co-initiator. The polymerization was believed 

to be initiated by alkyl radical generated from reduction of EBP by excited state Ir(III)* species 

(Scheme 3-3). The oxidative Ir(IV) complex can then react with the propagating radical to afford 
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initial Ir(III) and a dormant polymer chain with the bromo end group. This process is then repeated 

to lead to a light-mediated controlled ATRP process. 

With 0.02 mol% loading of IrBPY-MOL, poly(methyl methacrylate) (PMMA) was formed 

after two days in 78% yield, a reasonably high molecular weight (Mn) of 17,100 g/mol (theoretical: 

15,600 g/mol) and a low polydispersity index (PDI) of 1.27 (Table 3-1, Entry 1a). These results 

suggested the living nature of the polymerization process in the presence of EBP initiator57. 

Control experiments in the absence of either IrBPY-MOL or light did not afford any polymer 

(Table 3-1, Entry 1b, 1c). We also tested the activity of IrBPY and IrUiO-69 under the same 

condition; PMMA was obtained with 66% and 40% yield, respectively (Table 3-1, Entry 1d, 1e). 

We further extended the scope of monomer substrate to benzyl methacrylate (BMA) and tert-butyl 

methacrylate (tBuMA). In each case the polymer was obtained with high molecular weight 

(10,500~28,800 g/mol) and relatively uniform MW distribution (PDI = 1.26 -1.46, Table 3-1, 

Entry 2a~2c, 3a~3c). The yields (78%, 64%, and 59%) and Mn’s (16,200 g/mol, 25,300 g/mol, 

and 28,800 g/mol) of the polymers generated by IrBPY-MOL are significantly higher than those 

by IrUiO-69 (40%, 30%, and 33% in yields and 10,500 g/mol, 15,400 g/mol, and 15,800 g/mol in 

molecular weights) but similar to those by IrBPY (66%, 47%, and 45% in yields and 15,100g/mol, 

25,100 g/mol, and 28,800 g/mol in molecular weights). These results indicate superior 

photocatalytic activity of IrBPY-MOL over the MOF counterpart in living polymerization, likely 

due to enhanced reactant diffusion in 2D MOLs. 
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Table 3-1. Conversion and molecular weight of poly(methyl methacrylate), poly(benzyl 

methacrylate) and poly(tert-butyl methacrylate) with different photocatalysts in the presence of 

ethyl α-bromophenylacetate coinitiator.* 

 

*Reaction conditions: MMA (1equiv.), ethyl α-bromophenylacetate (EBP, 0.5% mol), catalyst 

(IrBPY-MOL, IrBPY, or IrUiO-69, 0.02% mol) in DMF (MMA:DMF = 1:3.5 v/v) at room 

temperature irradiated with a 410nm LED for 2 days. Light intensity at the reaction vessel was 

maintained at 5 mW/cm2. **The reaction was run in the absence of photocatalysts. ***The 

reaction was run in the absence of light. Mn = number average molecular weight. PDI = 

polydispersity index. n.d. = not detected. n.a. = not applicable. 

 

Entry Monomer Catalyst Conversion Mn PDI

1a MMA IrBPY-MOL 78% 16.2k 1.27

1b** MMA none n.d. n.a. n.a.

1c*** MMA IrBPY-MOL n.d. n.a. n.a.

1d MMA IrBPY 66% 15.1k 1.36

1e MMA Ir-UiO69 40% 10.5k 1.33

2a BnMA IrBPY-MOL 64% 25.3k 1.26

2b BnMA IrBPY 47% 25.1k 1.40

2c BnMA Ir-UiO69 30% 15.4k 1.27

3a tBuMA IrBPY-MOL 59% 28.8k 1.34

3b tBuMA IrBPY 45% 21.1k 1.38

3c tBuMA Ir-UiO69 33% 15.8k 1.46
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Scheme 3-3. Proposed mechanism for IrBPY-MOL catalyzed living polymerization. 

 We also demonstrated the recyclability of IrBPY-MOL as a heterogeneous photocatalyst 

in living polymerization of MMA. After each reaction, IrBPY-MOL was isolated by centrifugation 

and washed several times to remove reactant residues. As 2D materials, MOLs do not trap 

contaminant guest molecules. The recovered MOL was directly used as the photocatalyst for the 

next run. The crystallinity of IrBPY-MOL was retained after at least five cycles as indicated by 

PXRD patterns (Figure 3-8), minimal loss of polymerization yields, and no reduction of molecular 

weights (Table 3-2).   

Table 3-2. Recycle and reuse of IrBPY-MOL in photocatalytic MMA polymerization with EBP 

as coinitiator* 

 

*Reaction conditions: MMA (1 equiv.), EBP (0.5 mol%), IrBPY 0.02 mol% in DMF 

(MMA:DMF=1:3.5 v/v) at room temperature irradiated with a 410nm LED for 2 days. Light 

intensity at the reaction vessel was maintained at 5 mW/cm2. 
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Figure 3-8. PXRD patterns of IrBPY-MOL after five consecutive recycles of photocatalytic MMA 

polymerization. 

 

Interestingly, we found that the polymerization process still proceeded in the absence of 

EBP. The photpolymerization in the absence of EBP is an uncontrolled process. We reoptimized 

the condition by increasing monomer concentration from 1:3 to 1:1 v/v and reducing light intensity 

from 5 mW/cm2 to 2 mW/cm2.  Polymers with high molecular weight (59,900 g/mol) and large 

PDI (1.96) were obtained after two days (Table 3-3, Entry 1a). As shown in Table 3-3, (Entry 1b, 

1c), IrBPY-MOL and light were both essential for the polymerization reaction (Table 3-3, Entry 

1b, 1c).  Interestingly, IrBPY and IrUiO-69 failed to polymerize MMA under the same conditions 

(Table 3-3, Entry 1d, 1e).  We also ran the reaction in different organic solvents to gain a better 

understanding of this polymerization process (Table 3-3). Due to its limited solubility, IrBPY 

could only be tested for polymerization in DMA. IrBPY-MOL catalyzed the photopolymerization 

in polar solvents such as dimethyl acetamide (DMA), tetrahydrofuran (THF), dioxane, and ethanol,  
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Table 3-3. Conversion and molecular weight of polymerization of methyl methacrylate in various 

solvents with different photocatalysts in the absence of ethyl α-bromophenylacetate.* 

 

*Reaction conditions: MMA (1 equiv.), catalysts (IrBPY-MOL, IrBPY or IrUiO-69, 0.02 mol%) 

in different solvents (MMA:solvent = 1:3.5 v/v) at room temperature irradiated with a 410 nm 

LED for 2 days. Light intensity at the reaction vessel was maintained at 2 mW/cm2. **The reaction 

was run in the absence of photocatalysts. ***The reaction was run in the absence of light. ****The 

reaction was run in bluk MMA solution. Mn = number average molecular weight. PDI = 

polydispersity index. n.d. = not detected. n.a. = not applicable. 

Entry Catalyst solvent Conversion Mn PDI

1a IrBPY-MOL DMF 65% 59.9k 1.96

1b** none DMF n.d. n.a. n.a.

1c*** IrBPY-MOL DMF n.d. n.a. n.a.

1d IrBPY DMF n.d. n.a. n.a.

1e Ir-UiO69 DMF n.d. n.a. n.a.

2a IrBPY-MOL DMA 52% 111k 1.79

2b IrBPY DMA n.d. n.a. n.a.

2c Ir-UiO69 DMA n.d. n.a. n.a.

3a IrBPY-MOL THF 81% 91.4k 2.18

3b Ir-UiO69 THF 13% 14.0k 2.59

4a IrBPY-MOL dioxane 42% 78.7k 2.36

4b Ir-UiO69 dioxane n.d. n.a. n.a.

5a IrBPY-MOL toluene n.d. n.a. n.a.

5b Ir-UiO69 toluene n.d. n.a. n.a.

6a IrBPY-MOL EtOH 98% 98.7k 2.25

6b Ir-UiO69 EtOH n.d. n.a. n.a.

7a**** IrBPY-MOL \ n.d. n.a. n.a.

7b**** Ir-UiO69 \ n.d. n.a. n.a.
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but did not produce polymers in toluene and in neat MMA. Consequently, the solvent must play a 

role in the polymerization process. IrBPY and IrUiO-69 did not catalyze the formation of PMMA 

under the same conditions. IrUiO-69 catalyzed the formation of PMMA in a very low yield 

conversion of 13% in THF.  We also tested the photopolymerization of BMA and obtained similar 

results as MMA (Table 3-4).  

Table 3-4. Conversion and molecular weight of polymerization of benzyl methacrylate in various 

solvent with different photocatalysts in the absence of ethyl α-bromophenylacetate.* 

 

*Reaction conditions: BMA (1 equiv.), catalysts (IrBPY-MOL, IrBPY or IrUiO-69, 0.02 mol%) 

in different solvent (1:1 v/v) at room temperature irradiated with a 410 nm LED for 2 days. Light 

intensity at the reaction vessel was maintained at 2 mW/cm2. 

 

As MMA has a very negative reduction potential of -2.1 V and a very positive oxidation 

potential of 2.0 V vs SCE,38 Ir*(III) cannot oxidize or reduce the methacrylate monomer directly 

to initiate the chain reaction (EIr*(III)/Ir(II) = 0.66~0.97V vs SCE, EIr(IV)/Ir*(III) = -0.96V vs SCE)53. 

The initiation step likely originates from a SET process between Ir*(III) and impurity residues in 
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solvent, decomposed amine from DMF or dimethylacetamide (DMA), or chelating HCOOH in 

Hf-clusters to generate active radical species followed by chain propagation. Although the 

mechanism is not clear yet, IrBPY-MOL is more effective and powerful photocatalyst for the 

polymerization of MMA and BMA in the absence of EBA than IrBPY and IrUiO-69.  

 

3.3 Conclusion 

In this chapter, we reported the synthesis of a photoactive 2D MOL, IrBPY-MOL, by 

incorporating cylcometalated iridium complex into a BPY-MOL backbone. The 3MLCTbpy 

emission of IrBPY-MOL was quenched in both static and transient emission spectra. IrBPY-MOL 

showed high activity for photopolymerization of various monomers, but IrUiO-69 failed to 

photopolymerize under identical conditions. The drastically different photocatalytic activities 

between MOLs and MOFs are likely a result of uninhibited diffusion for the 2D MOL structures.  

The IrBPY-MOL catalyst was also recycled and used for at least five runs without significant loss 

of activities. This study highlights the potential of MOLs as an outstanding photopolymerization 

catalyst. 

 

3.4 Methods and Experimental Details 

Chemicals and reagents: 2-bromo-5-methylpyridine and 4-carboxybenzaldehyde were 

purchased from Chem-Impex Int’l Inc. 4’-Methylacetophenone was purchased from Acocado 

Research Chemicals Ltd. Methyl methacrylate (99%) and pyridine were purchased from Acros 

Organic. Benzyl methacrylate (98%), dixoane (99%), and HfCl4 were purchased from Alfar Aesar. 

tert-Butyl methacrylate (98%), n-Butyl lithium (2.5 M in hexanes), dimethylacetamide (anhydrous, 
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99.8%), iodine, and potassium permangnate were purchased from Sigma Aldrich. Tetrahydrofuran 

(99.9%), dimethylformamide (99.9%), and toluene (99.9%) were purchased from Fisher Scientific. 

Ethanol (99.9%) was purchased from Decon Labs. Inc. CDCl3 and dimethyl sulfoxide-d6 were 

purchased from Cambridge Isotope. Ir2(ppy)4Cl2 and iridium ligand H2L was synthesized as 

previously reported.47,48 

Methods and Techniques: 1H NMR spectra were acquired on a Bruker Avance II+ 500 NMR 

spectrometer. The Hf and Ir content in IrBPY-MOL were determined by inductively coupled 

plasma mass spectrometry (ICP-MS, Agilent 7700x, USA). The sample was digested by a mixture 

of concentrated nitric acid, hydrochloric acid, and hydrofluoric acid (90 : 5 : 5 v/v/v) using 

microwave-assisted digestion (200 ˚C, 30 min, MARS 6 230/60, Matthews. NC, USA). UV-vis 

spectra were recorded with a Shimadzu UV-2600 UV-vis spectrophotometer. Photoluminescence 

spectra were recorded with a Shimadzu RF-5301PC spectrofluorophotometer. The 

photoluminescence decay was measured with a ChromsBH lifetime fluorimeter (ISS, Inc.). A 405 

nm laser was used as the excitation source. The time-lapse emission intensity of two different 

wavelength (500 ± 24 nm and 593 ± 40 nm) were monitored on nanosecond scale, respectively. 

Transmission electron microscopy (TEM, Tecnai Spirit, FEI, USA) was utilized to confirm the 

morphology of IrBPY-MOL. Powder X-ray diffraction (PXRD) patterns of the samples were 

collected on a Bruker D8 Venture, dual microsource (Cu and Mo) diffractometer with a CMOS 

detector. Cu Kα radiation was used. Electron Paramagnetic Resonance (EPR) Spectroscopy was 

performed with a Bruker Elexsys 500 X-band EPR spectrometer. The temperature of the samples 

was held at 15K using an Oxford Systems continuous-flow He Cryostat coupled with a 10K He 

stinger from Bruker. An external light source (Micro Lite FL3000) with an optical fiber was used 

to excite IrBPY-MOL during EPR measurements. The polymerization yield was determined by 
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the integration ratio between monomer and polymer in 1HNMR. Molecular weights and PDI of 

the polymer product were determined by gel permeation chromatography (GPC) with a Waters 

Associates liquid chromatography equipped with a Waters 510 HPLC pump, a Waters 410 

differential refractometer, and a Waters 460 tunable absorbance detector. CHCl3 was used as the 

eluent and polystyrene as the standard. Photopolymerization experiments were performed under 

the irradiation of a 410nm blue LED (IM101C121M Potrans power supply). The light intensity 

was determined by optical power meter (PM100D, Thorlabs). 

Synthesis of iridium(III) 4’,6’-dibenzoato-(2,2’-bipyridine)-4-carboxylic acid (IrBPY) 

 

H3BPY was synthesized according to the procedure in Chapter 2. H3BPY (202 mg, 0.459 mmol) 

in CH2Cl2 (15 mL) was added to a stirred suspension of Ir2(ppy)4Cl2 (246mg, 0.230 mmol) in 

MeOH (25 mL). The reaction mixture was heated at 68 oC with stirring overnight. After cooling 

to room temperature, the solvent was removed on a rotary evaporator. The residue was dissolved 

in MeOH and subjected to filtration. The filtrate was collected and concentrated. After adding a 

large amount of Et2O, orange precipitate was collected by filtration, washed with Et2O/MeOH and 

Et2O, to afford Ir-BPY as orange solid (328 mg, 0.335 mmol, 73% yield). 1H NMR (500 MHz, 

DMSO-d6 ) δ 12.85 (br, 3H), 9.35 (d, 2H), 8.63 (d, 2H, J = 8.0 Hz),  8.35 (d, 2H, J = 8.5Hz), 8.25 

(s, 1H), 8.15-8.11 (m, 5H), 8.05-8.01 (m, 2H), 7.94-7.86 (m, 3H), 7.72 (s, 1H, J = 7.5Hz), 7.35-
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7.23 (m, 4H), 7.17 (t, 1H), 6.91 (t, 1H), 6.80 (t, 1H), 6.44 (t, 1H), 6.25 (t, 1H), 5.82 (d, 1H), 5.41 

(d,1H). ESI-MS: m/z = 941.4. 

 

Figure 3-9. 1H-NMR spectrum of IrBPY. 

 

Figure 3-10. Mass spectrum of IrBPY. 
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Synthesis of BPY-MOL: H3BPY (69 mg, 157 mol) and HfCl4
 (84 mg, 262 mol) were added to 

a solvent mixture of DMF (30 mL), HCOOH (3.0 mL, 79 mmol) and H2O (4.5 mL, 250 mmol). 

The reaction mixture was kept in a 120 oC oven for 1 day. The white powder was collected by 

centrifugation and washed with DMF three times to afford BPY-MOL. 

Synthesis of IrBPY-MOL: The as-prepared BPY-MOL was mixed with Ir2(ppy)4Cl2 (100 mg, 92 

mol) and then added to a solution of DMF and MeOH (30 mL, v/v = 1:1). The resulting 

suspension was kept in a 70 oC oven for 2 days. Color change from pale yellow to orange indicates 

the formation of IrBPY-MOL. The product was collected by centrifugation and washed with DMF 

three times to afford IrBPY-MOL.  

Synthesis of IrUiO-69: H2L (33.9 mg, 43 mol) and HfCl4 (11.91 mg, 43 mol) were dissolved 

in 2.17 mL DMF and 43.5 L trifluoroacetic acid. The mixture was kept in a 100 oC oven for 4 

days. The orange product was collected by centrifugation and washed with DMF for three times.  

Polymerization Setup: Photopolymerization was performed under the irradiation of a 410nm blue 

LED. Light intensity was adjusted by the distance between the reaction vessel and the light source 

and determined by an optical power meter. The reaction setup was shown in Figure 3-12. 

 

Figure 3-11. Polymerization setup. 
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General Procedures of MMA Living Polymerization  

 

IrBPY-MOL (0.94 mol) and a small stir bar was loaded into a 4-mL glass vial and added with 

MMA (500 L, 4.71 mmol) and DMF (1.75 mL). The solution was degassed with nitrogen for 10 

min, followed by addition of ethyl -bromophenylacetate (4.12 L, 23.5 mol).  The vial was then 

sealed with a rubber septum and further degassed by freeze-pump-thaw three times using a Schlenk 

line system. The reaction mixture was stirred in front of 410 nm LED for two days. The light 

intensity at the reaction vessel was 5 mW/cm2. Then the reaction was allowed to stand in dark for 

1 h. The conversion percentage was determined by 1HNMR. The catalyst was isolated by 

centrifugation and washed with DMF several times. The supernatant was poured into a mixture of 

methanol and water (10:1, 50 mL) with vigorous stirring. The white precipitate formed was 

collected by centrifugation, taken up in a minimal amount of DMF, and crushed out again with a 

mixture of methanol and water (10:1, 50 mL). The white precipitate was then collected again and 

dried to give poly(MMA) and subjected to GPC analysis. The polymerization experiments with 

IrBPY and IrUiO-69 were carried out following the same protocol.  1H NMR of polyMMA (500 

MHz, CDCl3), δ: 3.57 (s, 3H), 1.96 – 1.72 (m, 1.8H), 1.40 (m, 0.16H), 1.16 (m, 0.18H), 1.00 (s, 

1H), 0.82 (bs, 2H). 

General Procedures of BMA Living Polymerization  

 



112 

 

IrBPY-MOL (0.59 mol) and a small stir bar were loaded into a 4-mL glass vial and added with 

BMA (500 L, 2.95 mmol) and DMF (1.75 mL). The solution was degassed with nitrogen for 10 

min, followed by addition of ethyl -bromophenylacetate (2.59 L, 14.8 mol).  The vial was then 

sealed with a rubber septum and further degassed by freeze-pump-thaw three times using a Schlenk 

line system. The reaction mixture was stirred in front of 410 nm LED for two days. The light 

intensity at the reaction vessel was 5 mW/cm-2. Then the reaction was allowed to stand in dark for 

1 h. The conversion percentage was determined by 1HNMR. The catalyst was isolated by 

centrifugation and washed with DMF several times. The supernatant was poured into a mixture of 

methanol and water (10:1, 50 mL) with vigorous stirring. The white precipitate formed was 

collected by centrifugation, taken up in a minimal amount of DMF, and crushed out again with a 

mixture of methanol and water (10:1, 50 mL). The white precipitate was then collected again and 

dried to give poly(BMA) and subjected to GPC analysis. The polymerization experiments with 

IrBPY and IrUiO-69 were carried out following the same protocol. 1H NMR of polyBMA (500 

MHz, CDCl3), δ = 4.88 (m, 2H), 1.78 (m, 2.42 H), 1.25 (m, 0.48 H), 0.92 (bs, 1 H), 0.74 (bs, 2H). 

General Procedures of tBuMA Living Polymerization  

 

IrBPY-MOL (0.62 mol) and a small stir bar were loaded into a 4-mL glass vial and added with 

tBuMA (500 L, 3.08 mmol) and DMF (1.75 mL). The solution was degassed with nitrogen for 

10 min, followed by addition of ethyl -bromophenylacetate (2.70 L, 15.4 mol).  The vial was 

then sealed with a rubber septum and further degassed by freeze-pump-thaw three times using a 

Schlenk line system. The reaction mixture was stirred in front of 410 nm LED for two days. The 
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light intensity at the reaction vessel was 5 mW/cm-2. Then the reaction was allowed to stand in 

dark for 1 h. The conversion percentage was determined by 1H NMR. The catalyst was isolated by 

centrifugation and washed with DMF several times. The supernatant was poured into a mixture of 

methanol and water (10:1, 50 mL) with vigorous stirring. The white precipitate formed was 

collected by centrifugation, taken up in a minimal amount of DMF, and crushed out again with a 

mixture of methanol and water (10:1, 50 mL). The white precipitate was then collected again and 

dried to give poly(tBuMA) and subjected to GPC analysis. The polymerization experiments with 

IrBPY and IrUiO-69 were carried out following the same protocol. 1H NMR of poly(tBuMA) (500 

MHz, CDCl3), δ 2.1–1.8 (dd, 2H), 1.4 (s, 9H), 1.1–1.0 (d, 3H).  

General Procedures of MMA Polymerization in the absence of EBP  

 

IrBPY-MOL (0.94 mol) and a small stir bar were loaded into a 4-mL glass vial and added with 

MMA (500 L, 4.71 mmol) and DMF (500 L). The vial was sealed with a rubber septum and 

degassed by freeze-pump-thaw three times using a Schlenk line system. The reaction mixture was 

stirred in front of 410 nm LED for two days. The light intensity at the reaction vessel was 2 

mW/cm-2. Then the reaction was allowed to stand in dark for 1 h. The conversion percentage was 

determined by 1H NMR. A small amount of DMF was added to the reaction solution to reduce 

viscosity if the solution was too viscous. The catalyst was isolated by centrifugation and washed 

with DMF several times. The supernatant was poured into 100 mL methanol with vigorous stirring. 

The white precipitate formed was collected by centrifugation, taken up in a minimal amount of 

DMF, and crushed out again with methanol. The white precipitate was then collected again and 
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dried to give poly(MMA) and subjected to GPC analysis. The polymerization experiments with 

IrBPY and IrUiO-69 were carried out following the same protocol. This procedure is also applied 

to other solvents (DMA, THF, dioxane, toluene, EtOH). 

General Procedures of BMA Polymerization in the absence of EBP  

 

IrBPY-MOL (0.59 mol) and a small stir bar were loaded into a 4-mL glass vial and added with 

BMA (500 L, 2.95 mmol) and DMF (500 L). The vial was sealed with a rubber septum and 

degassed by freeze-pump-thaw three times using a Schlenk line system. The reaction mixture was 

stirred in front of 410 nm LED for two days. The light intensity at the reaction vessel was 2 

mW/cm-2. Then the reaction was allowed to stand in dark for 1 h. The conversion percentage was 

determined by 1HNMR. A small amount of DMF was added to the reaction solution to reduce 

viscosity if the solution was too viscous. The catalyst was isolated by centrifugation and washed 

with DMF several times. The supernatant was poured into 100 mL methanol with vigorous stirring. 

The white precipitate formed was collected by centrifugation, taken up in a minimal amount of 

DMF, and crushed out again with methanol. The white precipitate was then collected again and 

dried to give poly(BMA) and subjected to GPC analysis. The polymerization experiments with 

IrBPY and IrUiO-69 were carried out following the same protocol. This procedure is also applied 

to other solvents (DMA, THF, dioxane, toluene, EtOH).  
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CHAPTER 4. Metal-Organic Layer-Supported Chiral Bis(oxazolyl)pyridine-Copper 

Catalysts for Enantioselective Direct-Addition of Terminal Alkynes to Imines 

 

4.1 Introduction 

 Enantioselectivity is one of the most important concept in synthetic chemistry. The 1975 

Nobel Prize was awarded to J.W. Cornforth and V. Prelog for their research on the stereochemistry 

of enzyme-catalyzed reactions and organic molecules/reaction. Incorporation of the concept in 

catalytic process, namely enantioselective catalysis or asymmetric catalysis, has become a major 

research area in organic chemistry. Since the early works on asymmetric cyclopropanation and 

hydrogenation in by R. Noyori and W.S. Knowles 1960s and 1970s,1-4 there has been significant 

developments on asymmetric catalysis over the past few decades. The scope of asymmetric 

catalysis has been significantly enlarged to encompass a wide range of  reactions, including  

nucleophilic additions of organometallic reagents to aldehydes, ketones, imines and nitriles,5-8 

conjugate additions,9-13 aldol reactions,14-17 allylic alkylations,18,19 Diels–Alder reactions,19-21 1.3-

dipolar additions,22-24 enyne cyclizations,25,26 olefin-metathesis27-31 and many others. In 2001, the 

Nobel Prize in Chemistry was honored to R. Noyori, W.S. Knowles, and K.B. Sharpless for their 

research on the use of chiral catalysts for highly enantioselective reactions. Nowadays, asymmetric 

catalysis has become one of the most attractive solutions for synthesizing enantiomerically 

enriched/pure compounds, providing important starting materials and feedstocks for exploratory 

synthesis in laboratories and industrial production of natural products, pharmaceuticals, and 

agricultural chemicals.32-35  

 Although numerous chiral ligands and chiral catalysts have been reported in past few 

decades, only a handful of them, rooted in a very few core structures, can be regarded as truly 
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successful in demonstrating proficiency in various mechanistically unrelated reactions.36 These 

catalysts, termed “privileged chiral catalyst” by Jacobsen,37 originate in the same manner as some 

compound classes are active against a number of different biological targets in pharmaceutical 

research.38 They are useful not only for the practical synthesis of enantiomerically pure compounds, 

but also in the sense of exploration and discovery of novel enantioselective methodology in organic 

synthesis. The essence of these privileged chiral catalysts is their specific scaffolds, which are 

listed in Figure 4-1.  

 

Figure 4-1. Examples of privileged ligands and catalysts. 

Among these privileged ligands, bis(oxazoline) (Box) and pyridine-bis(oxazoline) (Pybox) 

are C2-symmetric chiral ligands with two oxazoline rings separated by a spacer – a single carbon 

atom or a pyridine.39,40 The discovery of bidentate Box dated back to 1991 when D.A. Evans 

reported asymmetric cyclopropanation of alkenes with Cu(I)-Box41 and E.J. Corey reported 

asymmetric Diels-Alder reactions with Fe(III)-Box complexes.42 Tridentate Pybox was reported 

by H. Nishiyama in 1989 when he used Rh-Pybox as catalyst for asymmetric hydrosilylation of 

ketones. All of these reactions showed good yields and high enantioselectivity (with e.e.’s 

exceeding 90%). Since these early reports, there have been many developments of Box- and Pybox 
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in the field of asymmetric catalysis. In 2002, C.J. Li used Pybox –Cu(I) complex for the direct 

addition of terminal alkynes to imines (A3 coupling reaction,43-45 aldehyde-alkyne-amine) with 

good yields and high e.e.’s.46 In this chapter, we used 2-D metal-organic layers to support 

bis(oxazolyl)pyridine-Cu(I) catalysts for enantioselective direct-addition of terminal alkynes to 

imines. 

 As single-site solid-state catalysts, MOFs have shown great potential in heterogeneous 

catalysis owing to their compositional tunability, high porosity, good thermal/chemical stability 

and well-defined reaction environments.47-50 Moreover, MOFs can shut down intermolecular 

catalyst deactivation via site isolation or synergistically activate substrates by orienting multiple 

functional groups in specific orientations, affording turnover numbers (TONs) orders of magnitude 

higher than their homogeneous analogs.51,52 MOFs are also useful for asymmetric catalysis by 

incorporating the aforementioned privileged ligands and their metal complexes to afford 

homochiral MOFs.53-58 To date, this incorporation strategy for MOF-based asymmetric catalysts 

has been limited to BINOL, BINAP, Salen, and their related derivatives.  The molecular geometry 

of these privileged ligands allows for the introduction of two or multiple nitrogen or carboxylic 

groups to form 2 or 4-connected ligands with appropriate symmetry.52,56,59-62 It would be 

synthetically challenging or cumbersome to incorporate other privileged chiral ligands into MOF 

scaffolds. Additionally, due to limited pore size and restricted diffusion through relatively small 

MOF channels, alternative strategies are needed to prepare single-site solid asymmetric catalysts 

that can allow the facile incorporation of privileged chiral ligands.   

 Our group recently developed a method to achieve surface modification of MOLs with 

monocarboxylic acid.63 Eight monocarboxylic acids with different chain length and 

hydrophobicity/hydrophilicity have replaced the original capping formate groups on Hf6-SBUs 
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under solvothermal conditions. Different from postsynthetic modifications of MOFs, there is no 

limitation on the size of the monocarboxylate functional groups due to the open space around 2D 

MOL. Moreover, the catalytic performance of MOF is usually limited by diffusion rates of large 

reagents within 3D frameworks,64 which would be obviated in 2D MOLs. We explored the use of 

MOLs to support asymmetric catalysts in this chapter. We hypothesized that without pore size 

confinement and diffusion limitation, MOLs can act as a universal platform for incorporating 

diverse chiral ligands for asymmetric catalysis. We introduced a monocarboxylate group onto 

Pybox and then anchor it onto MOLs using the capping ligand exchange strategy (Figure 4-2) and 

investigated the application of this functionalized MOF in A3 coupling reactions. 

 

Figure 4-2.  Synthesis of Pybox-MOL by replacing capping formate on Zr6(3-O)4(3-

OH)4(HCO2)6 SBUs with Pybox-CO2H (HL1). Only one Pybox was shown on each SBU as an 

illustration. 

Post-metalation
Cu(OTf)
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4.2 Results and Discussion 

4.2.1 Synthesis of Pybox-CO2H (HL1) 

 

Scheme 4-1. Synthetic route of HL1 

 We decided to study phenyl-substituted Pybox which showed highest enantioselectivity for 

A3 coupling reactions in homogeneous systems.46 The target ligand HL1 was synthesized 

according to Scheme 4-1. Pyridine-2,6-dicarboxylate 1 was reacted with enantiomerically pure 

(S)-(+)-2-phenylglycinol to give bis(amide) 2 in 83% yield. The ring-closure of hydroxyamide 

moiety took place under basic condition catalyzed by TsCl/DMAP, affording pyridine-

bis(oxazoline) backbone 3. Incorporation of carboxyl group was achieved by Suzuki coupling 

between the bromo-substituted Pybox 3 and 4-carboxylate phenyl boronic acid. It is interesting to 

note that even with very mild bases such as NaHCO3 we observed the hydrolyzed compound NaL1
 

as the main product (87%), which did not occur in previous synthesis of similar ligands.65-67 We 

attribute this difference to the electron-deficiency of oxazoline rings in L1 which makes ester more 

prone to a nucleophilic attack. NaL1 was insoluble in both the organic phase and the aqueous phase, 

and was readily separated from the reaction mixture by centrifugation. After careful acidification 

of NaL1 with formic acid, the targeted Pybox-CO2H HL1 was obtained. 
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4.2.2 Synthesis and Characterization of Pybox-MOL 

 BTB-MOL was synthesized by mixing BTB and ZrCl4 in a mixture of DMF, HCO2H, and 

H2O at 120 ˚C using a reported procedure.68 As shown in Figure 4-1, the SBUs of the as-

synthesized BTB-MOL were then modified by treatment with HL1 in DMF at 60 oC for 24 h to 

afford Pybox-MOL as a white solid. Efficient ligand exchange took place between HL1 and 

capping formate, proved by HNMR analysis of digested samples (Figure 4-3). The stoichiometric 

ratio of BPY:HCOOH:HL1 = 2 : 3.2 : 3.2, corresponding to the exchange of 50% formate to HL1. 

Each SBU thus contains three Pybox on average, giving an empirical formula of Zr6(3-O)4(3-

OH)4(HCO2)3(L1)3(BPY)2. This loading of Pybox on BTB-MOL is quite high. TEM and PXRD 

confirmed the retention of morphology and crystallinity of Pybox-MOL after the immobilization 

of HL1 using this method (Figure 4-4). 

 

Figure 4-3. 1H NMR spectrum of a digested Pybox-MOL sample (red heart: pybox; blue spade: 

BTB; green club: formate). 

Internal Standard
mesitylene
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
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Figure 4-4. Structure and morphology of BTB-MOL and Pybox-MOL. (a) PXRD patterns of 

BTB-MOL, Pybox-MOL, and simulated BTB-MOL; (b) TEM image of BTB-MOL (scale bar: 1 

m); (c,d) TEM (c) and high resolution TEM (d) image of Pybox-MOL (scale bar: 1 m).  

 We also synthesized PCN-128W as a MOF control.69 PCN-128W is a large-pore MOF 

comprising 8-connected Zr6 clusters and H4ETTC (4′,4‴,4‴ ′ ′,4‴ ′ ‴-(ethene-1,1,2,2-tetrayl) 

tetrakis(([1,1′-biphenyl]-4-carboxylic acid)), ETTC) linkers (Figure 4-5). PCN-128W contains a 

large 1D hexagonal open channel with a diameter of 4.3 nm and a triangular channel with a 

diameter of 1.5 nm. PCN-128W also contains a dangling monocarboxylate ligand on the SBUs in 

a binding motif similar to MOLs. Each Zr6-SBU is capped with two opposite trifluoacetate anions, 

which are present as modulators during hydrothermal synthesis process (Figure 4-6a).  
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Considering the strong acidity of trifluoacetic acid, the binding between trifluoacetate and Zr6-

SBUs should be weaker compared with formate in MOLs, which should facilitate the ligand 

exchange.  

 

Figure 4-5. (a) Construction of PCN-128W from the ETTC linker and Zr6 cluster. (b) Two types 

of 1D channels in PCN-128W, the hexagonal channel (purple pillar) and the triangular channel 

(red pillar). Reprinted with permission from J. Am. Chem. Soc., 2015, 137, 10064–10067. 

Copyright 2017 American Chemical Society. 

We synthesized PCN-128W under hydrothermal conditions using the reported method.69 

The obtained white solid showed good crystallinity by PXRD (Figure 4-7). PCN-128W was then 

treated with HL1 in DMF to afford Pybox-PCN-128W. After overnight reaction, 24% of 

trifluoroacetate was replaced by HL1, indicated by 1HNMR of digested samples (Figure 4-8). This 

number was significantly lower than that of Pybox-MOL. We attribute this to the limited pore size 

between the adjacent Zr6 clusters (Figure 4-6b), which exclude the entry of HL1. The measured 

Pybox-COOH after digestion may come from exchange of binding trifluoroacetates located in the 
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large pores due to defects, or those on the MOF surfaces, or occupation of vacant SBU binding 

sites. This result also demonstrate MOL’s geometric advantages in the ligand exchange process.  

 

Figure 4-6. (a) Partial structure of PCN-128W showing the trifluoroacetate groups between the 

Zr6 clusters. Reprinted with permission from J. Am. Chem. Soc., 2015, 137, 10064–10067. 

Copyright 2017 American Chemical Society. (b) Fitting of Pybox-HOOC molecules (yellow) into 

the pores between Zr6 clusters. 

a b
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Figure 4-7. PXRD of PCN-128W (red: experimental, black: simulated). 

 

Figure 4-8. 1HNMR of digested Pybox-PCN-128W. (red heart: Pybox; blue spade: ETTC). 
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4.2.3 Pybox-MOL Catalyzed A3-coupling Reactions 

 The efficiency of pybox-MOL catalyst was demonstrated using the A3-coupling reaction 

between aldehydes, alkynes, and amines. Cu(OTf) was added to the reaction mixture as catalyst, 

which can activate the terminal alkyne to Cu(I)-acetylide, followed by nucleophilic addition to 

imines.70 In this system, Pybox provides chiral environment for the Cu(I) complex, which decides 

the stereoselectivity of the final adduct. We first studied the simplest case using non-substituted 

benzaldehyde, aniline and phenylacetylene; the addition product was formed in 76% yield with 

good e.e. of 79% after three days of reaction in toluene (Table 4-1, entry 1). When BTB-MOL 

was used instead of Pybox-MOL, the reaction can still proceeded with a lower efficiency (36%) 

and 0% ee (entry 2). This result is consistent with previous report that Cu(I) itself can catalyze 

addition between imines and terminal alkyne, 71,72, but the chiral environment provided by Pybox 

is needed for enantioselectivity. We further investigated the substrate scope for Pybox-MOL 

catalyzed A3-coupling reactions (Table 4-1, entry 3-9). Pybox-Cu-MOL catalyzed A3–coupling 

reactions of different aldehydes, anilines, and amines with good yield (73~85%) and moderate to 

high stereoselectivity (62-92% e.e.). For example, the reaction of 1.5 equiv. of phenylacetylene 

with N-(4-chlorobenzylidene)aniline formed in situ in toluene in the presence of 10 mol% Cu(I)-

Pybox-MOL at 35 °C under nitrogen atmosphere afforded the target product in 82% yield and 92% 

ee. These experiments unambiguously demonstrate Pybox-MOL as an efficient asymmetric 

catalyst in this three-component reaction. 
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Table 4-1. Pybox-Cu-MOL catalyzed enantioselective direct-addition reactions of terminal 

alkynes to imines.a 

 

Entry aldehyde aniline alkyne Yield (%)b ee (%) 

1 PhCHO PhNH2 PhC≡CH 76 79 

2c PhCHO PhNH2 PhC≡CH 36 0 

3 PhCHO 4-ClPhNH2 PhC≡CH 82 92 

4 PhCHO 4-BrPhNH2 PhC≡CH 85 70 

5 4-ClPhCHO PhNH2 PhC≡CH 81 91 

6 4-BrPhCHO PhNH2 PhC≡CH 74 78 

7 4-MeOPhCHO PhNH2 PhC≡CH 78 65 

8 PhCHO PhNH2 4-MePhC≡CH 77 63 

9 4-ClPhCHO PhNH2 4-MePhC≡CH 73 62 

aReaction conditions: 10 mol% pybox-MOL, 10% Cu(OTf), toluene (1 mL), aldehyde (0.2 mmol), 

aniline (0.24 mmol), alkyne (0.3 mmol), 35 °C, 3 days, under N2 atmosphere. bIsolated yield of 

analytically pure product. cThe reaction was run using BTB-MOL as catalyst instead of Pybox-

MOL   

  

4.3 Conclusion 

In this chapter, we immobilized the enantiopure Pybox ligand onto the SBUs of MOLs 

through ligand exchange. This metal-organic layer-supported Cu(I) Pybox chiral catalyst exhibits 

good reactivity and enantioselectivity in asymmetric aldehyde-alkyne-amine (A3) coupling 

reactions. Unlike well-studied homochiral MOF-based asymmetric catalysis, there are minimal 

structural requirements on the chiral catalysts for MOL-catalyzed asymmetric catalysis. Besides 

Salen and BINOL/BINAP ligands which have been extensively used to grow homochiral MOFs, 
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many other privileged chiral catalysts do not have appropriate geometries to act as bridging ligands 

for MOF synthesis but can potentially be anchored to MOLs for heterogeneous asymmetric 

catalysis without constraint of pore size and diffusion limitations. Our result highlights MOLs as 

an effective platform to immobilize chiral catalysts for asymmetric organic reaction.  

 

4.4 Methods and Experimental Details 

4.4.1 General Methods 

All starting materials were purchased from Aldrich and Fisher, unless otherwise noted. 1H 

NMR spectra were recorded on a Bruker NMR 500 DRX spectrometer at 500 MHz and referenced 

to the proton resonance resulting from incomplete deuteration of the CDCl3 ( 7.26). 13C NMR 

spectra were recorded at 125 MHz, and all of the chemical shifts were reported downfield in ppm 

relative to the carbon resonance of CDCl3 (δ 77.10). TEM data were collected on a Tecnai Spirit 

(FEI, USA) electron microscope. Powder X-ray diffraction data were collected on a Bruker D8 

Venture diffractometer using Cu K radiation source (= 1.54178 Å). Enantiomeric excess was 

determined with Shimadzu LC-20AT HPLC equipped with a Danical Chiralcel OD column and 

5:95 hexane/ isopropanol as eluent. 

Synthesis of BTB-MOL: H3BTB (50 mg, 113 mol) and ZrCl4 (40.8 mg, 175 mol) were mixed 

in DMF (8.2 mL). To this mixture was added HCOOH (3.5 mL) and H2O (1.2 mL). The final 

mixture was dispersed by sonication and kept in a 120 ˚C oven for 24 h. The white precipitate was 

collected via centrifugation and washed with DMF three times, stored for ligand exchange. 

Synthesis of Pybox-MOL: A mixture of BTB-MOLs (10 mol by HCOOH) and HL1 (19.6 mg, 

40 mol) was dispersed in DMF (2 mL) in a glass vial with a small stir bar, kept at 60 oC and 
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gently stirred overnight. The product was collected via centrifugation and washed with DMF three 

times. 

Pybox-MOL digestion: Pybox–MOL (in DMF, ~5mg) was centrifuged and washed 3 times with 

MeOH, and then dried under vacuum to remove solvent residues. 100 L K3PO4 (sat. in D2O) was 

added. Then DMSO-d6 was added in small potion and sonicated constantly (over 30 min) until the 

total volume reaches 500 L. Next, 400 L MeOD-d4 was added and sonicated for another 30 min 

to help dissolving BTB ligands. 1 L mesitylene was added as internal standard and the insoluble 

phosphate salt was removed by centrifugation before the final sample was analyzed by 1HNMR. 

Synthesis of PCN-128W: H4ETTC was synthesized according to literature.69 In a 4 mL Pyrex 

vial, ZrCl4 (30.0 mg, 0.13 mmol) and H4ETTC (15.0 mg, 0.018 mmol) were dissolved in 2 mL 

DMF and added with 0.2 mL trifluoroacetic acid. The mixture was heated at 120 °C for 2d. A 

white crystalline material was obtained and washed with DMF three times. 

Synthesis of Pybox-PCN-128W: A mixture of PCN-MOLs (10 mol by H4ETTC) and HL1 (19.6 

mg, 40 mol) was dispersed in DMF (2 mL) and shaked with Dynabeads Sample Mixer overnight. 

Then it was collected via centrifugation and washed with DMF three times. 

Pybox-PCN-128W digestion:  Pybox-PCN-128W (in DMF, ~5mg) was centrifuged and washed 

with MeOH three times and then dried under vacuum to remove solvent residues. A CsF solution 

was then added (24 mg CsF in 450 L DMSO/ 250 L D2O) and sonicated for 1 h. Zirconium 

phosphate was then removed by centrifugation before 1H NMR analysis. 
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4.4.2 Synthesis of HL1 

 

Synthesis of 4-1. In an ice bath, to a vigorously stirred solution of bromine (73.8 mmol, 3.83 mL) 

in petroleum ether (25 ml) was added PBr3 (89.4 mmol, 8.5 mL) dropwise. After the mixture was 

stirred at room temperature for 2 h, PBr5 was obtained in pure form by removing excess petroleum 

ether under reduced pressure. Then chelidamic acid (20 mmol, 3.66 g) was added and the resulting 

solid mixture was heated at 100 ºC for 4 h. The solid mixture melted when temperature was above 

85 ºC. After cooling to room temperature, chloroform (50 mL) was added. The mixture was stirred 

for another 30 min and then filtered. The dark solution was cooled to 0 °C and MeOH (90 mL) 

was added dropwise. The solid precipitate was filtered off and recrystallized from MeOH to afford 

1 as a white solid (4.56 g, 83%). 1H NMR (400 MHz, CDCl3): δ 8.46 (s, 2 H), 4.03 (s, 6 H). 

 

Figure 4-9.  1H NMR spectrum of compound 4-1 (500 MHz) in CDCl3 (10 mM). 
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Synthesis of 4-2. A mixture of 4-1 (2.74 g, 10 mmol) and (S)-phenylglycinol (3.02 g, 22 mmol) 

was stirred at 110 C for 24 h. After cooling to ambient temperature, the solvent was removed 

under reduced pressure. The crude solid was dissolved in a small amount of CH2Cl2 and subjected 

to column chromatography (SiO2, CH2Cl2/MeOH, 100:1 to 40:1) to give the pure product 4-2 as a 

white solid (450 mg, 93%). 1H NMR (500 MHz, CDCl3): δ 8.55 (d, J = 7.5 Hz, 2 H), 8.45 (s, 2 H), 

7.397.30 (m, 10 H), 5.23 (d t, J1 = 7.5 Hz, J2 = 5.0 Hz, 2 H), 3.99 (t, J = 5.0 Hz, 4 H), 2.70 (t, J 

= 6.0 Hz, 2 H).  

 

Figure. 4-10 1H NMR spectrum of compound 4-2 (500 MHz) in CDCl3 (10 mM). 
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Synthesis of 3. A solution of 4-2 (1.079 g, 2.23 mmol), p-toluenesulfonyl chloride (TsCl, 1.058 g, 

5.60 mmol), 4-Dimethylaminopyridine (DMAP, 24.2 mg, 0.2 mmol) and NEt3 (2 mL) in CH2Cl2 

(10 mL) was placed in a sealed tube. The solution was stirred at 0 °C for 4 h and then heated at 60 

C for 48 h. The mixture was diluted with CH2Cl2 (10 mL) and washed with 1 M NaOH (10 mL). 

The aqueous phase was extracted with CH2Cl2 (3  10 mL) and the combined organic solutions 

dried over anhydrous Na2SO4. After evaporation, the crude product was washed with ethanol to 

give 4-3 as a white solid (840 mg, 84%). 1H NMR (500 MHz, CDCl3): δ 8.53 (s, 2 H), 7.397.30 

(m, 10 H), 5.46 (d d, J1 = 10.5 Hz, J2 = 9.0 Hz, 2 H), 4.94 (d d, J1 = 10.5 Hz, J2 = 9.0 Hz, 2 H), 

4.44 (t, J = 9.0 Hz, 2 H). 

 

Figure 4-11. 1H NMR spectrum of compound 4-3 (500 MHz) in CDCl3 (10 mM). 



138 

 

 

Synthesis of NaL1. A solution of 4-3 (0.224 g, 0.5 mmol), 4-carboxyphenylboronic acid (0.099 g, 

0.55 mmol), Pd(PPh3)4 (58 mg, 0.05 mmol) and NaHCO3 (0.42 g, 5 mmol) in a mixed solvent of 

DME (10 mL) and H2O (7.5 mL) was placed in a flask. After three freeze/pump/thaw cycles, the 

solution was stirred under reflux for 12 h. After cooling to ambient temperature, the solution was 

diluted with H2O (20 mL) and CH2Cl2 (20 mL). The aqueous and organic phases can be well 

separated by adding a small amount of saturated brine. The precipitate was filtrated under reduced 

pressure and washed with H2O and CH2Cl2 for several times. After drying under vacuum, the pure 

product was given as a white solid (0.222 g, 87%). 1H NMR (500 MHz, CD3OD): δ 8.54 (s, 2 H), 

8.12 (d, J = 8.5 Hz, 2 H), 7.87 (d, J = 8.5 Hz, 2 H), 7.387.30 (m, 10 H), 5.52 (d d, J1 = 10.5 Hz, 

J2 = 8.5 Hz, 2 H), 5.02 (d d, J1 = 10.5 Hz, J2 = 8.5 Hz, 2 H), 4.42 (t, J = 8.5 Hz, 2 H). 13C NMR 

(500 MHz, CD3OD): δ 174.3, 165.0, 152.4, 147.6, 142.8, 141.1, 138.7, 131.4, 129.9, 128.9, 127.9, 

127.7, 124.6, 77.3, 71.0. 
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Figure 4-12.  1H NMR spectrum of compound NaL1 (500 MHz) in CD3OD (5 mM). 

 

Figure 4-13. 13C NMR spectrum of compound NaL1 (500 MHz) in CD3OD (30 mM). 
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Synthesis of HL1. NaL1 (256 mg, 0.5 mmol) was dissolved in methanol (100 mL) and added 

HCOOH (18.5 μL, 1 mmol). The solution was sealed and undisturbed at room temperature for 12 

hours. Colorless needle-like crystals were obtained, yield 232 mg, 95%. 1H NMR (500 MHz, 

DMSO-d6): δ 8.53 (s, 2 H), 8.09 (d, J = 8.5 Hz, 2 H), 8.05 (d, J = 8.5 Hz, 2 H), 7.43−7.28 (m, 10 

H), 5.53 (d d, J1 = 10 Hz, J2 = 8.5 Hz, 2 H), 4.96 (d d, J1 = 10 Hz, J2 = 8.5 Hz, 2 H), 4.33 (t, J = 

8.5 Hz, 1 H). 

 

Figure. 4-14. 1H NMR spectrum of compound HL1 (500 MHz) in CD3OD (5 mM). 
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4.4.3 General Procedure for the Enantioselective Addition of Alkynes to Imines Catalyzed 

by Pybox-MOL-Cu(OTf) in Toluene.  

A mixture of aldehyde (0.1 mmol) and aniline (0.12 mmol) was heated at 60 °C for 2 h. Pybox-

MOL (0.01 mol based on pybox, 10 mol%) and Cu(I) triflate toluene complex (5 mg, 0.1 mmol, 

10 mol%) were added, followed by alkyne (0.15 mmol) and toluene (0.5 mL) under an inert 

atmosphere of nitrogen. The mixture was stirred at 35 °C for 3 days. After removal of solvents, 

the residue was subjected to column chromatography (SiO2, hexanes/CH2Cl2, 2: 1) to yield pure 

product as yellowish solid. 

 

(R)-N-(1,3-diphenylprop-2-yn-1-yl)aniline (4). HPLC (Daical Chiralcel OD, hexane/i-PrOH = 

95:5, flow rate = 0.5 mL/min) tR = 17.3 min, tR = 21.0 min, ee = 79%. 1H NMR (CDCl3, 500 MHz): 

 7.67 (d, J = 7.5 Hz, 2 H), 7.437.40 (m, 4 H), 7.35 (t, J = 7.5 Hz, 1 H), 7.307.27 (m, 3 H), 7.22 

(t, J = 7.5 Hz, 2 H), 6.816.78 (m, 3 H), 5.51 (d, J = 7.5 Hz, 1 H), 4.16 (d, J = 7.5 Hz, 1 H). 

 

 

(R)-4-chloro-N-(1,3-diphenylprop-2-yn-1-yl)aniline (5). HPLC (Daical Chiralcel OD, hexane/i-

PrOH = 95:5, flow rate = 0.5 mL/min) tR = 18.2 min, tR = 21.3 min, ee = 92%. 1H NMR (CDCl3, 

500 MHz):  7.65 (d, J = 7.5 Hz, 2 H), 7.447.41 (m, 4 H), 7.36 (t, J = 7.5 Hz, 1 H), 7.317.27 
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(m, 3 H), 7.16 (d, J = 8.5 Hz, 2 H), 6.71 (d, J = 8.5 Hz, 2 H), 5.46 (d, J = 7.5 Hz, 1 H), 4.17 (d, J 

= 7.5 Hz, 1 H). 

 

   

(R)-4-bromo-N-(1,3-diphenylprop-2-yn-1-yl)aniline (6). HPLC (Daical Chiralcel OD, hexane/i-

PrOH = 95:5, flow rate = 0.5 mL/min) tR = 20.5 min, tR = 23.2 min, ee = 70%. 1H NMR (CDCl3, 

500 MHz):  7.64 (d, J = 7.0 Hz, 2 H), 7.447.41 (m, 4 H), 7.36 (tt, J1 = 7.5 Hz, J2 = 2.0 Hz, 1 H), 

7.327.28 (m, 5 H), 6.66 (dt, J1 = 9.0 Hz, J2 = 2.5 Hz, 2 H), 5.46 (d, J = 6.5 Hz, 1 H), 4.19 (d, J = 

6.5 Hz, 1 H). 

 

 

(R)-N-(1-(4-chlorophenyl)-3-phenylprop-2-yn-1-yl)aniline (7). HPLC (Daical Chiralcel OD, 

hexane/i-PrOH = 95:5, flow rate = 0.5 mL/min) tR = 27.7 min, tR = 31.6 min, ee = 91%.1H NMR 

(CDCl3, 500 MHz):  7.60 (dt, J1 = 8.5 Hz, J2 = 2.5 Hz, 2 H), 7.427.40 (m, 2 H), 7.37 (dt, J1 = 

8.5 Hz, J2 = 2.5 Hz, 2 H), 7.327.27 (m, 3 H), 7.21 (td, J1 = 8.0 Hz, J2 = 2.0 Hz, 2 H), 6.80 (t, J = 

8.5 Hz, 2 H), 6.75 (d, J = 7.5 Hz, 2 H), 5.48 (d, J = 7.0 Hz, 1 H), 4.16 (d, J = 7.0 Hz, 1 H). 
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(R)-N-(1-(4-bromophenyl)-3-phenylprop-2-yn-1-yl)aniline (8). HPLC (Daical Chiralcel OD, 

hexane/i-PrOH = 95:5, flow rate = 0.5 mL/min) tR = 26.6 min, tR = 32.6 min, ee = 78%. 1H NMR 

(CDCl3, 500 MHz):  7.557.52 (m, 4 H), 7.427.40 (m, 2 H), 7.337.27 (m, 3 H), 7.247.20 (m, 

2 H), 6.81 (t, J = 7.5 Hz, 1 H), 6.75 (d, J = 7.5 Hz, 2 H), 5.46 (br, 1 H), 4.17 (br, 1 H). 

 

   

(R)-N-(1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-yl)aniline (9). 1H NMR (CDCl3, 500 MHz): 

 7.68 (J1 = 7.5 Hz, J2 = 1.5 Hz, 1 H), 7.427.38 (m, 2 H), 7.32 (td, J1 = 7.5 Hz, J2 = 1.5 Hz, 1 H), 

7.287.26 (m, 3 H), 7.227.18 (m, 2 H), 7.00 (td, J1 = 7.5 Hz, J2 = 1.0 Hz, 1 H), 6.95 (d, J = 8.0 

Hz, 1 H), 6.80 (dd, J1 = 8.0 Hz, J2 = 1.0 Hz, 1 H), 6.76 (t, J = 7.5 Hz, 1 H), 5.80 (br, 1 H), 4.25 (br, 

1 H), 3.90 (s, 3 H). 
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(R)-N-(1-phenyl-3-(p-tolyl)prop-2-yn-1-yl)aniline (10). HPLC (Daical Chiralcel OD, hexane/i-

PrOH = 95:5, flow rate = 0.5 mL/min) tR = 15.3 min, tR = 19.1 min, ee = 77%. 1H NMR (CDCl3, 

500 MHz):  7.66 (d, J = 7.5 Hz, 2 H), 7.41 (t, J = 7.5 Hz, 2 H), 7.34 (t, J = 7.5 Hz, 1 H), 7.31 (d, 

J = 7.5 Hz, 2 H), 7.21 (t, J = 7.5 Hz, 2 H), 7.09 (d, J = 7.5 Hz, 2 H), 6.806.78 (m, 3 H), 5.50 (br, 

1 H), 4.16 (br, 1 H), 2.34 (s, 3 H). 

 

 

(R)-N-(1-(4-chlorophenyl)-3-(p-tolyl)prop-2-yn-1-yl)aniline (11). HPLC (Daical Chiralcel OD, 

hexane/i-PrOH = 95:5, flow rate = 0.5 mL/min) tR = 22.7 min, tR = 28.0 min, ee = 64%. 1H NMR 

(CDCl3, 500 MHz):  7.59 (d, J = 8.5 Hz, 2 H), 7.37 (d, J = 8.5 Hz, 2 H), 7.30 (d, J = 8.0 Hz, 2 

H), 7.21 (t, J = 7.5 Hz, 2 H), 7.10 (d, J = 8.0 Hz, 2 H), 6.80 (t, J = 7.5 Hz, 1 H), 6.74 (d, J = 7.5 

Hz, 2 H), 5.46 (br, 1 H), 4.16 (br, 1 H), 2.34 (s, 3 H). 
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