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ABSTRACT: We report the stepwise, quantitative transfor-
mation of CeIV

6(µ3-O)4(µ3-OH)4(OH)6(OH2)6 nodes in a new Ce-
BTC (BTC = trimesic acid) metal-organic framework (MOF) into 
the first CeIII

6(µ3-O)4(µ3-OLi)4(H)6(THF)6 metal-hydride nodes 
that effectively catalyze hydroboration and hydrophophination 
reactions. CeH-BTC displays low steric hindrance and electron 
density compared to homogeneous organolanthanide catalysts, 
which likely accounts for the unique 1,4-regioselectivity for the 
hydroboration of pyridine derivatives. MOF nodes can thus be 
directly transformed into novel single-site solid catalysts without 
homogeneous counterparts for sustainable chemical synthesis. 

Lanthanide (Ln) catalysts are used for a wide range of reac-
tions, including polymerization,1 hydroamination,2 hydrogena-
tion,1c,2c hydroboration,2c,3 Diels-Alder reactions,1c,4 and Aldol 
reactions.1c,5 They are more naturally abundant, less toxic, and 
more tolerant of certain functional groups, such as phosphines, 
than precious metal catalysts.1c While most lanthanide catalysts 
are based on La, Sm, and Lu, little effort has been devoted to 
designing effective catalysts based on Ce, which is not only 
cheaper and more abundant, but also broadly applied in stoichio-
metric organic transformations.6 Furthermore, Ln catalysts are 
often supported on sterically hindered ligands such as η5-C5Me5 
(Cp*) to prevent oligomerization and disproportionation, which 
restricts the ability to fine-tune their electronic and steric proper-
ties. Although some elaborately designed ligands, such as 
Me2Si(Cp*)2, can increase the open space around Ln centers, they 
typically require lengthy and laborious syntheses.7 We thus aimed 
to develop new synthetic strategies to produce Ln catalysts with 
low steric hindrance and different electronic properties. 

Metal-organic frameworks (MOFs) provide a unique approach 
to developing highly active, reusable, single-site solid catalysts 
based on molecular species8 via direct solvothermal synthesis9 or 
post-synthetic functionalization.10 All components of MOFs, in-
cluding their inorganic nodes,11 organic linkers,12 and void spac-
es,13 have been used to install catalytic species. In particular, 
straightforward functionalization of MOF nodes provides an intri-
guing opportunity to design single-site solid catalysts that do not 
have homogeneous counterparts. To date, however, the applica-
tions of MOF nodes have mostly focused on Lewis or Brønsted 
acid catalysts14 or as ligand sites that support other catalytic spe-
cies.11,15 

Herein we report the direct transformation of CeIV
6(µ3-O)4(µ3-

OH)4(OH)6(OH2)6 nodes in a new Ce-BTC (BTC = trimesic acid) 
MOF into previously unknown CeIII

6(µ3-O)4(µ3-OLi)4(H)6(THF)6 
metal-hydride nodes within the MOF16 and their use in the cata-
lytic hydroboration of pyridines and alkenes, as well as the hy-
drophosphination of alkenes. The CeH-BTC catalyst exhibits high 

activity and unique regioselectivity, likely a result of its low steric 
hindrance and electron density compared to existing homogene-
ous lanthanide catalysts.  

Ce-BTC was synthesized in 54% yield by treating 
(NH4)2Ce(NO3)6 with H3BTC in a mixture of DMF and H2O at 
100 °C (Figure 1a). The structure of Ce-BTC was modeled using 
the crystal structure of Zr-BTC (MOF-808) by elongating the Ce-
µ3-O distance to 2.25 Å (from a Zr-µ3-O distance of 2.16 Å).17 
Similarities between powder X-ray diffraction (PXRD) patterns of 
as-synthesized Ce-BTC and the simulated pattern confirmed the 
spn topology (Figure 1b). We believe that the Ce centers possess 
square antiprismatic geometry, with a composition of [(µ3-O)2(µ3-
OH)2(µ2-CO2

-)2]Ce(OH)(OH2) (see below), similar to the Zr co-
ordination in MOF-808. As Ce4+ has a larger ionic radius than 
Zr4+ [r(Ce4+)=0.97 Å and r(Zr4+)=0.84 Å], the Ce6 node in Ce-
BTC is larger than the Zr6 node in MOF-808, with a Ce-Ce dis-
tance of 3.74 Å vs the Zr-Zr distance of 3.57 Å.   

N2 sorption isotherms of Ce-BTC at 77 K gave a Brunauer-
Emmett-Teller (BET) surface area of 1008 m2/g and a largest pore 
size of 22 Å, which corresponds well to the size of the hexagonal 
pore in the simulated structure of Ce-BTC (Figure 1a). The Ce 
oxidation state of Ce-BTC was studied by X-ray adsorption near-
edge spectroscopy (XANES) and compared to (NH4)2CeIV(NO3)6 
and CeIIICl3 standards. Ce-BTC shows two XANES peaks at 5730 
and 5738 eV (Figure 2b), which are identical to the CeIV standard, 
indicating the +4 oxidation state in Ce-BTC. We attributed the 
stability of CeIV toward potential reductants, including DMF and 
water, to carboxylate coordination.6b 1H NMR of digested Ce-
BTC in D3PO4/DMSO-d6 showed only the peaks of H3BTC and 
adsorbed solvents, consistent with the coordination of H2O and 
OH- to CeIV (Figure S7, SI). Extended X-ray adsorption fine-
structure (EXAFS) fitting of the Ce region supported the proposed 
structural model, with a Ce-OH/Ce-OH2 average distance of 2.43 
Å, close to typical Ce(IV)-O distances (Figure S3, SI).18  

The Ce coordination environment of [(µ3-O)2(µ3-OH)2(µ2-CO2
-

)2]Ce(OH)(OH2) in Ce-BTC is analogous to those of Cp2Ln(X)(L) 
(X = anionic ligand and L = neutral ligand) which have been used 
in many catalytic reactions. A structural model of Ce-BTC indi-
cates that Ce-OH and Ce-OH2 moieties point toward the large 
channel, affording low steric hindrance around the Ce centers.  
We thus sought to activate the Ce(OH)(OH2) sites to prepare ac-
tive Ce catalysts that are readily accessible to organic substrates 
via the large open channels of Ce-BTC. 
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Figure 1.  (a) Synthesis and a structural model of the Ce-BTC 
MOF (b) Similarities between the PXRD patterns of Ce-BTC 
(red), CeOH-BTC (blue), CeH-BTC recovered from hydrobora-
tion of pyridine (pink and green) and hydroboration of styrene 
indicate the retention of crystallinity after activation and catalysis. 
 

Ce-BTC was activated by sequential deprotonation with 
LiCH2SiMe3 and reduction with pinacolborane (HBpin) to gener-
ate the first MOF-supported Ce-hydride catalyst for several im-
portant organic transformations (Figure 2a). The lithiated MOF, 
denoted CeOH-BTC, was obtained by treating Ce-BTC with 10 
equiv. of LiCH2SiMe3 (w.r.t. Ce), which deprotonated (µ3-
OH)Ce(OH)(OH2) to form [(µ3-OLi)Ce(OH)2]Li and SiMe4. After 
removing CeOH-BTC, 1.74±0.15 equiv. of SiMe4 (w.r.t. Ce) was 
detected in the supernatant by 1H NMR, which corresponded well 
to the calculated result of 1.67 (Figure S9, SI). Inductively cou-
pled plasma-mass spectrometry (ICP-MS) analysis of CeOH-BTC 
gave a Li-to-Ce ratio of 1.69±0.05, also matching our calculated 
result of 1.67. 

CeOH-BTC was reduced to form CeH-BTC by treatment with 
HBpin at 60 °C in THF for 6 h (Figure 2a). GC analysis of the 
head space gas indicated the production of 0.5 equiv. of H2 (w.r.t. 
Ce). After removal of CeH-BTC, 2.02±0.14 equiv. of HOBpin 
(w.r.t. Ce) was detected in the supernatant by 1H NMR, which 
corresponded to our calculated result (2 equiv.) (Figure S11, SI). 
We confirmed the identity of HOBpin using 11B NMR (δ = 22.7 
ppm, 128 MHz) (Figure S10, SI). Based on the formation of 0.5 
equiv. of H2 and 2 equiv. of HOBpin, we propose that the reduc-

tion occurred via an H/OH exchange between HBpin and 
Ce(OH)2 to form CeIV(H)2 and HOBpin, followed by bimetallic 
reductive elimination of H2 from neighboring CeIV(H)2 species to 
form CeIIIH(THF). XANES of CeH-BTC showed a single Ce 
peak at 5726 eV, identical to the absorption feature of CeCl3 
(Figure 2b). Treatment of CeH-BTC with hydrochloric acid gen-
erated 0.98±0.11 equiv. of H2, while no H2 was observed when 
Ce-BTC or CeOH-BTC was treated with hydrochloric acid (Fig-
ure S13, SI). The PXRD pattern of CeH-BTC is identical to that 
of Ce-BTC, indicating that the MOF framework remains intact 
after lithiation and reduction (Figure 1b). EXAFS fitting at the Ce 
edge corresponded to our proposed CeH(THF) coordination mod-
el, with an R-factor of 0.015 (Figure 2c). EXAFS fitting afforded 
a CeIII-(µ3-O) distance of 2.44 Å in CeH-BTC, slightly longer 
than the CeIV-(µ3-O) distance of 2.25 Å in CeOH-BTC, which is 
consistent with the increase of Ce ionic radius upon reduction.6b 
We expect that the [(µ3-O)2(µ3-OH)2(µ2-CO2

-)2]Ce moiety is less 
electron-rich than other organolanthanide fragments, such as 
Cp*2Ln, potentially endowing the CeH-BTC catalyst with unique 
activity and selectivity.  

 
Figure 2. (a) Activation of Ce-BTC to form CeH-BTC. (b) 
XANES analysis of Ce-BTC (blue), CeOH-BTC (pink), and CeH-
BTC (green) shows the reduction of CeIV in CeOH-BTC to CeIII 
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in CeH-BTC. (c) XAFS fitting on CeH-BTC confirms the pro-
posed structure for the catalytic species. The R factor is 0.0146. 

 
CeH-BTC demonstrates high activity for several catalytic reac-

tions and distinct selectivities from other lanthanide catalysts. 
Because 1,4-dihydropyridine is an important building block of 
natural products,19 biologically active intermediates,20 and reduc-
ing reagents,21 we tested the activity of CeH-BTC for the hydrob-
oration of pyridines with HBpin (Chart 1). Although hydrobora-
tion of pyridines provides a convenient synthetic route to 1,4-
dihydropyridines, only one organoborane catalyst and one ruthe-
nium catalyst were reported to effect 1,4-selective hydroboration 
reactions.22,23 Reaction of pyridine with HBpin with 4 mol% 
CeH-BTC catalyst loading at 80 °C for 36 h selectively gave the 
1,4-addition product in 71% yield.24 The hydroboration of pyri-
dines by CeH-BTC has a broad substrate scope. With 2 or 4 mol% 
catalyst loading, CeH-BTC was able to convert 3-bromopyridine 
and 3-methylpyridine to their corresponding 1,4-addition products 
along with small amounts of 1,2-addition products. We could also 
hydroborate 3,5-disubstututed pyridines, such as 3,5-
dimethylpyridine, with 10 mol% CeH-BTC. CeH-BTC also ex-
hibited good hydroboration activity for quinoline. 
 
Chart 1: CeH-BTC Catalyzed 1,4-Selective Hydroboration of 
Pyridine Derivativesa 

 
a NMR yield based on mesitylene as an internal standard;  b 110 
°C. 
 

CeH-BTC is also active in the hydroboration of alkenes, a use-
ful catalytic reaction in organic synthesis.25 Reacting styrene and 
1.5 eq. of HBpin with 0.1 mol% CeH-BTC catalyst loading at 80 
°C for 18 h selectively gave the anti-Markovnikov-type addition 
product in 40% yield (entry 1, Table 1).23 Increasing catalyst 
loading to 0.5 mol% afforded the addition product in 79% yield 
(entry 2, Table 1). Hydroboration proceeded for several kinds of 
alkenes that we tested.  Hydroboration of 4-fluorostyrene gave the 
corresponding addition product in high yield (entry 3, Table 1). 
Aliphatic alkenes, such as allylbenzene and 1-octene, were also 
used in hydroboration (entries 4 and 5, Table 1).  α-methyl sty-
rene, a disubstituted alkene, was also a good substrate (entry 6, 
Table 1). 
 

Table 1. CeH-BTC Catalyzed Hydroboration of Alkenes 

 
Entry Substrate 

 
Catalyst Load-
ing (mol% Ce) 

Yield (%)a 

1 0.1 40 

2 0.5 79 

3 

 

1 99 

4b 

 

1 90 

5b 

 

1 97 

6b,c 

 

1 56 

aNMR yield using CH3NO2 as an internal standard. b36 h. c100 
°C. 
 

Hydrophosphination of alkenes is a powerful, direct, and atom-
economical method for obtaining organophosphines,26 an im-
portant class of compounds for chemical, agrochemical, pharma-
ceutical industries.27 Moreover, organophosphines are among the 
most important ligands in homogeneous catalysis. While several 
examples of hydrophosphination of alkenes have been reported, 
the scope of substrates is limited, and examples of hydrophos-
phination of unactivated aliphatic olefins are rare.28 CeH-BTC 
catalyzed hydrophosphination of various unactivated alkenes. At 
4 mol% Ce-loading, hydrophosphination of 1-octene for 18 h 
yielded 74% of n-octyldiphenylphosphine (entry 1, Table 2). Pro-
longing the reaction to 5 d afforded the addition product in 99% 
yield (entry 2, Table 2). Hydrophosphination also proceeded for 
1-decene and 6-chlorohexene (entries 3 and 4, Table 2). CeH-
BTC displayed good activity for 2-methyl-1-pentene, an α-
substituted alkene (entry 5, Table 2). The hydrophosphination of 
cis-β-methylstyrene with HPPh2 gave 41% of the addition product 
(entry 6, Table 2). 
 
Table 2. CeH-BTC Catalyzed Hydrophosphination of Alkenes 

 
Entry Substrate Product Cat. Loading 

(mol% Ce) 
Yield 
(%)a 

1b 

  

4 74 

2 4 99 

3 

 
 

4 75 

4 

  

4 80 

5 

  

12 50 

6c 

 
 

12 41 

a1H NMR yield was determined by CH3NO2 as an internal stand-
ard.  b18 h.  c100 °C. 
 

We conducted several experiments to demonstrate the hetero-
geneity of CeH-BTC. First, we showed that the PXRD of CeH-
BTC recovered from hydroboration of pyridines and alkenes re-
mained the same as that of freshly prepared CeH-BTC. Second, 
we used ICP-MS to show that the amounts of Ce leaching into the 
supernatant during the hydroboration of pyridine and styrene and 
the hydrophosphination of 1-octene were less than 0.6%, 0.75%, 
and 0.03%, respectively.  Finally, CeH-BTC could be recovered 
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and reused 1 to 7 times without any loss of activity in each of the 
above reactions (Schemes S1-3, SI). 

In summary, we synthesized the new Ce-BTC MOF with a 
CeIV

6(µ3-O)4(µ3-OH)4(OH)6(OH2)6 SBU and transformed the 
SBU into a [CeIII

6(µ3-O)4(µ3-OLi)4(H)6(THF)6]
6+ node, which act 

as an active catalyst for the selective hydroboration of pyridine 
and alkenes and hydrophosphination of alkenes. The CeH-BTC 
catalyst displayed lower steric hindrance and electron density than 
other lanthanide catalysts, which likely accounts for the unique 
1,4- regio-selectivity for the hydroboration of pyridine. MOF 
nodes thus have great potential for transformation into single-site 
solid catalysts without homogeneous counterparts for sustainable 
chemical synthesis. 
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