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Unveiling reactive metal sites in a Pd pincer
MOF: insights into Lewis acid and pore selective
catalysis†
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A porous Zr metal–organic framework, 1-PdBF4 [Zr6O4(OH)4(OAc)2.4{(P
NNNP)Pd(MeCN)}2.4(BF4)2.4;

PNNNP = 2,6-(HNPAr2)2C5H3N; Ar = p-C6H4CO2
−], has been synthesized via postsynthetic oxidative I−/

BF4
− ligand exchange using NOBF4. 1-PdBF4 enjoys markedly superior catalytic activity and recyclability

to its trifluoracetate-exchanged analogue, 1-PdTFA, for the intramolecular cyclization of o-alkynyl anilines

and the carbonyl–ene cyclization of citronellal. Moreover, 1-PdBF4 demonstrates a rare example of pore

selective catalysis for the cyclization of 2-ethynyl aniline.

Introduction

Metal–organic frameworks (MOFs) provide attractive scaffolds
for heterogeneous catalysis owing to their crystalline struc-
tures, inherent porosity, and impressive modularity.1–6 The
immobilization of well-defined reactive sites modelled after
molecular catalysts within MOFs offers some unique benefits
and challenges. In addition to ease of product separation and
recyclability, catalyst site isolation can suppress deactivation
pathways leading to improved activity and lifetime versus
homogeneous analogues.7–10 On the other hand, complex
design strategies and synthetic methods are often needed to
effectively heterogenize molecular systems. Moreover, modes
of reactivity may not directly translate from homogeneous ana-
logues owing to confinement effects and diffusion limitations.

Pore size and shape optimization have been used to tune
host–guest interactions in MOFs for gas storage and molecular
separation applications.11–15 However, there are relatively few
reports in which the shape or size of MOF pores have been
used to govern product selectivity in catalysis. This is in con-
trast to zeolites which have a well-documented precedent for
shape selective reactivity.16–19 In fact, the petrochemical indus-
try often employs zeolites for selective catalytic applications
including paraffin cracking, skeletal rearrangements, and
hydroarylation reactions.20 MOFs should be ideal platforms for
shape-selective catalysis owing to their tunable structures and
porosity which can be used to accommodate product-deter-

mining transition states or intermediates. Unfortunately,
shape-selective catalysis in MOFs remains underexplored.
Wang and coworkers have demonstrated pore selective aldol
oligomerizations using MIL-101 containing encapsulated
phosphotungstic acid (PTA).21 The PTA molecules effectively
restrict the accessible space within the MOF cages, leading to
higher selectivity for mono-condensation products with
increasing concentrations of PTA. Additionally, Farha,
Notestein, and coworkers have reported that PTA-impregnated
NU-1000 is selective for intermolecular xylene disproportiona-
tion over intramolecular isomerization owing to the presence
of adjacent active sites in the confined pore space of the
MOF.22 Liu and Smit have developed a free energy relationship
between the selectivity of propene dimerization and the pore
size of nanoporous MOF catalysts.23 Linear selectivity increases
in materials with pore sizes that are commensurate with the
size of the linear isomers while the formation of branched pro-
ducts is suppressed owing to steric hindrance.

Our group has an ongoing interest in the synthesis and
reactivity of MOFs assembled from transition metal diphos-
phine pincer complexes (Pincer MOFs).24,25 Pincer complexes
are ubiquitous in homogeneous catalysis owing to their tun-
ability and stability, but can benefit from the effects of immo-
bilization and site isolation. We recently reported the synthesis
and characterization of 1-PdX (Scheme 1).25 A series of post-
synthetic modification steps were used to carry out X−/TFA−

(TFA− = CF3CO2
−) ligand exchange at the pincer Pd sites to

generate 1-PdTFA. The oxidative I−/TFA− ligand exchange step
proceeded to only ∼50% yield, even upon successive treatment
with the hypervalent iodine reagent PhI(TFA)2. 1-PdTFA
showed good catalytic activity for intramolecular hydroamina-
tion of an o-substituted alkynyl aniline, but suffered from poor
recyclability. An off-cycle reaction pathway resulting in con-
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sumption of the TFA− counteranions via formation of a tri-
fluoroacetamide side product was linked to catalyst de-
activation. Comparison of catalytic activity of homogeneous
analogues indicated that substitution of TFA− for a less reac-
tive anion could inhibit catalyst deactivation and improve
activity and recyclability. Herein, we report the synthesis of
1-PdBF4 via oxidative I−/BF4

− ligand exchange using the com-
mercially available reagent NOBF4. This reagent offers a con-
venient means of activating heterogeneous metal iodide
groups for catalysis by introducing a very weakly coordinating
BF4

− counterion. In line with this notion, 1-PdBF4 shows
markedly improved Lewis acid catalytic activity and recyclabil-
ity compared to 1-PdTFA for intramolecular hydroamination of
2-(butyn-1-yl)aniline and the carbonyl–ene cyclization of citro-
nellal. Moreover, 1-PdBF4 exhibits a high degree of selectivity
for the intramolecular hydroamination of 2-ethynylaniline over
a self-dimerization process.

Results and discussion

1-PdTFA was previously generated by treating 1-PdX with NaI
followed by PhI(TFA)2 (Scheme 1). The hypervalent iodine
reagent effects I−/TFA− ligand exchange by oxidation of I− to
I2, delivering TFA− as a more weakly coordinating anionic
ligand and iodobenzene as a soluble byproduct. The inaccessi-
bility of iodinanes capable of delivering anions that are more
weakly coordinating than TFA− prompted us to consider the
use of other oxidants. The homogeneous complexes tBuL-PdCl
and tBuL-PdI were evaluated by cyclic voltammetry (CV) in
order to gauge the oxidation potential of the inner and outer
sphere I− ligands (Fig. 1). tBuL-PdI features two quasi-revers-
ible oxidations at +0.04 V and +0.34 V versus the ferrocene/fer-
rocenium (Fc0/+) couple that are assigned to outer sphere and

inner sphere iodide oxidation, respectively. Notably, both
redox processes occur at more positive potentials than that
reported for the free I−/I2 couple in the same solvent
(∼−0.14 V versus Fc0/+).26 These current deflections are absent
in the voltammogram of tBuL-PdCl, which exhibits one
irreversible oxidation at +0.83 V. Irreversible reductions are
also observed at −0.94 V and −1.24 V for tBuL-PdI and at
−1.36 V for tBuL-PdCl. The ill-defined character of these waves
is likely due to halide labilization upon reduction of the
complex.

Based on these results, oxidizing agents with redox poten-
tials of ≥+0.40 V versus Fc0/+ should be sufficient for oxidative
abstraction of the I− ligands in 1-PdI, with a ∼60 mV over-
potential necessary to drive the redox equilibrium. Thus,
NOBF4 (E1/2 = +0.870 V vs. Fc0/+) was identified as a potentially
suitable oxidant for I−/BF4

− oxidative ligand exchange of the
Pd–I species. Additionally, BF4

− is one of the smallest weakly
coordinating anions with a crystallographic volume of 53 Å3.27

For comparison, OTf− and PF6
− occupy 85 Å3 and 75 Å3

respectively. The use of small counteranions is advantageous
since congested pores can preclude efficient ingress and egress
of substrates to and from catalytic centers in the MOF.

Synthesis and characterization

1-PdBF4 was synthesized by successive treatment of 1-PdI with
MeCN solutions of NOBF4 at room temperature (Scheme 1).
After the first treatment, the supernatant turned a bright
orange color. Although nitrosyl iodide (I–NO) is a presumed
product of the reaction, it is reported to be unstable at room
temperature and should decompose to I2 and NO.28,29 Analysis
of the isolated solid by X-ray fluorescence (XRF) spectroscopy
showed a substantial decrease in the signal arising from the I
Kα1 emission line (Fig. S1, ESI†). A pale orange supernatant
resulted following the second soak, and XRF spectroscopy of
the isolated solid showed near complete disappearance of the
signal associated with iodine. Elemental analysis data revealed
that only trace iodine (<0.25 wt%) remained in the product,
corroborating virtually complete I− substitution. PXRD analysis

Scheme 1 Synthesis of 1-PdTFA and 1-PdBF4.

Fig. 1 Cyclic voltammograms of tBuL-PdCl (red), tBuL-PdI (blue), and
NOBF4 (green) in MeCN solution. All measurements were performed
using 1 mM analyte and 0.1 M [nBu4N]PF6 as supporting electrolyte at a
scan rate of 100 mV s−1.
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confirmed that 1-PdBF4 retains bulk crystallinity after the
exchange reaction (Fig. S2, ESI†). Moreover, N2 adsorption
measurements (77 K) provided a calculated Brunauer–
Emmett–Teller (BET) surface area of 733 m2 g−1 for 1-PdBF4,
which is slightly lower than the surface area found for 1-PdI
(922 m2 g−1) and consistent with substitution of I− for the
larger BF4

− (Fig. S4, ESI†). Pore size distribution analyses for
1-PdBF4 using the nonlocal density functional theory (NLDFT)
method show major pore distributions around 10–12 Å
(Fig. S5, ESI†).30–32

A sample of 1-PdBF4 was digested with a 3 : 1 v : v mixture
of trifluoroacetic acid (HTFA) and C6D6, and the resulting solu-
tion was analysed by 1H and 31P NMR spectroscopy. The 31P
{1H} NMR spectrum features two singlets centered at 76.2 and
70.2 ppm that appear in a ∼3.5 : 1 ratio as well as two minor
resonances (<5%) at 75.2 and 74.5 ppm (Fig. 2). Addition of a
small amount of water to the NMR sample results in dis-
appearance of the downfield signal at 76.2 ppm with a conco-
mitant increase in the intensity of the signal at 70.2 ppm
(Fig. S8, ESI†). The minor resonances at 75.2 and 74.5 ppm
remain unaffected. Accordingly, the species at 76.2 ppm is
assigned to H4[L-Pd(MeCN)]2+, while the signal at 70.2 ppm is
attributed to H4[L-PdOH]+ resulting from reaction of H4[L-Pd
(MeCN)]+ with H2O present in digestion conditions. The minor
resonances are attributed to pincer species resulting from
partial iodination of the pyridyl backbone (Scheme 1). The
corresponding 1H NMR spectra are consistent with these
assignments (Fig. S6 ESI†). The 31P{1H} NMR spectrum of the
analogous homogeneous complex, tBu4L-PdBF4, also displays
two peaks in the HTFA : C6D6 solvent mixture at 76.0 and
71.3 ppm (Fig. S9, ESI†). However, the same complex features
only one 31P NMR resonance at 75.9 ppm when the spectrum
is collected in anhydrous CH2Cl2 (Fig. S10, ESI†), supporting
the proclivity of the (PNNNP)Pd–MeCN species to hydrolyze
under the digestion conditions. The IR spectrum of 1-PdBF4

does not feature any signals attributable to formation of a
metal nitrosyl species, but a band at 1222 cm−1 that is not
present in the spectrum of 1-PdI can be assigned as the B–F
stretch of BF4

− (Fig. S3, ESI†). Although a v(CN) band corres-
ponding to Pd-coordinated MeCN is not observed in the
ATR-IR spectrum of 1-PdBF4,

1H NMR spectra of activated
samples show the presence of MeCN in a ∼1 : 1 ratio with the
pincer complexes, supporting its role as an ancillary ligand
(Fig. S31 ESI†). Overall, the characterization data points to
near full conversion of the Pd–I sites to Pd–MeCN species
without any substantial loss in structural integrity.

Catalytic studies

Based on our previous studies with 1-PdTFA, the intra-
molecular cyclization of 2-(butyn-1-yl)aniline (2) was chosen as
a benchmark reaction to evaluate the Lewis acid catalytic
activity of 1-PdBF4.

25 Catalytic reactions were carried out in
1,4-dioxane at 95 °C with 5 mol% catalyst based on Pd
(Table 1). Product yields were determined by integration of the
1H NMR spectra with respect to an internal standard
(hexamethylbenzene). Under the catalytic conditions, 1-PdI
and 1-PdX delivered 2-ethylindole 3 in 27% and 41% yield,
respectively, after 4 hours (entries 5 and 6), which is consistent
with previously observed trends.25 1-PdTFA afforded 3 in only
54% yield (entry 4). 1-PdBF4 proved to be the best catalyst in
the series, furnishing 3 in 99% yield (entry 1).

A hot filtration test was performed by separating 1-PdBF4
from the reaction mixture after 30 min and 43% substrate con-
version. The filtrate showed only a slight increase in substrate
conversion (46%) after continued heating at 95 °C for 3.5 h,
supporting the heterogeneous nature of the catalysis (Fig. S32,
ESI†). ICP-MS analysis revealed ∼0.15 mol% (with respect to
substrate) of soluble Pd present in the filtrate solution, which
corresponds to leaching of ∼3% of the total Pd introduced
with the MOF catalyst. Despite a small amount of Pd leaching

Fig. 2 31P{1H} NMR spectra of acid-digested (3:1 HTFA:C6D6) samples
of 1-PdBF4, 1-PdTFA, and 1-PdI.

Table 1 Hydroamination of o-alkynyl aniline 2a

Entry Catalyst % Yield 3b TONc Temp. (°C)

1 1-PdBF4 99 20 95
2 1-PdBF4 (run 5) 92 18 95
3 1-PdBF4

d 84 168 95
4 1-PdTFA 54 11 95
5 1-PdX 41 8 95
6 1-PdI 27 5 95
7 tBu4L-PdBF4 99 20 25
8 1-PdBF4 0 0 25

a Reaction conditions: Substrate (0.1 mmol), catalyst (0.005 mmol Pd),
1,4-dioxane, 95 °C, 4 h. bDetermined by 1H NMR with respect to an
internal standard (hexamethylbenzene). c Turnover numbers (TON)
were calculated per Pd using the empirical formula for 1-PdX that
accounts for missing linker defects. d Reaction conducted with
0.5 mol% Pd for 12 hours.
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in the initial catalytic run, 1-PdBF4 could be recycled up to five
times without any substantial decrease in activity (entry 2).
Moreover, PXRD analysis of the MOF following catalysis
showed no loss of crystallinity (Fig. S2, ESI†). These results
together with the hot filtration test corroborate the stability of
1-PdBF4 toward the catalytic reaction conditions and strongly
dispute the role of soluble Pd species as the actuating catalyst.
Notably, the MOF catalyst remained competent with loadings
as low as 0.5 mol%, delivering 3 in 84% yield (entry 3). We attri-
bute the considerable increase in catalytic activity of 1-PdBF4
over 1-PdTFA to two factors: an increase in the density of cata-
lytic sites owing to near complete I−/BF4

− exchange and sup-
pression of the catalyst deactivation pathway that was previously
ascribed to the presence of TFA−. The catalytic activity of the
homogeneous complex tBu4L-PdBF4 was also investigated. The
complex was synthesized via oxidative halide exchange with
NOBF4 to eschew any complications associated with adventi-
tious Ag+ based co-catalysis. tBu4L-PdBF4 was markedly superior
to 1-PdBF4, generating indole 3 in 99% yield after 4 h at room
temperature (entry 7). 1-PdBF4, however, exhibited no catalytic
activity under identical conditions (entry 8).

The interconnected pores (∼10 × 16 Å) of 1-PdBF4 are
sufficiently large to accommodate 2 and 3, which have kinetic
diameters of ∼9–10 Å. However, the large discrepancy in cata-
lytic activity between 1-PdBF4 and tBu4L-PdBF4 suggests that
there may be substrate/product diffusion limitations in the
MOF. In order to gain further insight, the cyclization of 2 was
monitored as a function of time for each catalyst using GC-FID
to quantify substrate conversion. The reaction catalysed by
1-PdBF4 initially proceeds at a relatively fast rate, but decele-
rates to a regime that appears zero order in substrate (Fig. 3a).
The full reaction profile could not be satisfactorily fit using a
single term exponential function (Fig. S18, ESI†). While this
unusual behaviour was reproducible over multiple samples of
freshly prepared 1-PdBF4, recycling the catalyst revealed a dra-
matic change to a linear reaction profile, which is consistent
with mass transport limitations. The slope extracted from
linear least-squares fitting of the second run matches the
slope of the slow kinetic regime (t = 20–120 min) observed
during the first run (Fig. 3a). Thus, the change in reaction
profile for pristine 1-PdBF4 after ∼30 min implies that the
species responsible for the fast initial rate are quickly de-
activated. The leached Pd observed in the filtrate after the hot
filtration is a likely culprit, but we cannot rule out the
possibility that missing linker defect sites in the MOF or other
immobilized species are responsible for the aberrant kinetic
behaviour. Although the identity of the fleeting catalyst species
has not been fully elucidated, its influence on the initial reac-
tion rate underscores the importance of measuring reaction
kinetics on pristine and recycled samples in order to accurately
evaluate the catalytic behaviour of novel materials.33

The reaction catalysed by tBu4L-PdBF4 displays the exponen-
tial decay expected for first order kinetics (Fig. 3b), but a plot
of ln[2] vs. time shows clear deviation from linearity. This
behaviour is attributed to decomposition of the catalyst over
time, which is supported by the appearance of multiple phos-

phorus-containing species by 31P NMR spectroscopy as well as
the formation of metal mirrors on reaction vessels following
catalytic reactions. Diffusion-limited behaviour is not evident
in the observed kinetic profile for reactions catalysed by
tBu4L-PdBF4. The fact that the reaction catalysed by 1-PdBF4
appears zero order in substrate is indicative of mass transport
limitations and is consistent with the catalysis occurring, at
least in part, within the pores of the MOF. Unfortunately,
1-PdBF4 has only been obtained as a fine microcrystalline
powder, making it difficult to measure reaction rate as a func-
tion of crystallite size.

We considered that the confined environment around the
Pd pincer sites of 1-PdBF4 might be leveraged toward pore
selective transformations. More specifically, 1-PdBF4 should be
expected to favor intramolecular over intermolecular reactions
while the homogenous analogue, tBuL-PdBF4, would lack
similar control over the reaction selectivity. 2-Ethynyl aniline 4
was chosen as a model substrate to investigate this notion.

Fig. 3 Reaction profile for cyclization of 2 in the presence of (a) 1-
PdBF4 at 95 °C or (b) tBu4L-PdBF4 at 25 °C. The inset in (b) is a plot of ln
[2] vs. time that shows the deviation from linearity and first order kinetic
behaviour.
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4 can undergo an intramolecular hydroamination to form indole
5 or a tandem intermolecular hydroamination–annulation
sequence to afford quinoline 6.34–36 NLDFT pore size analysis
of N2 adsorption isotherms indicates that 1-PdBF4 contains
pores that are ∼ 10–12 Å in diameter (Fig. S5, ESI†). Thus,
while 4 should be easily accommodated within 1-PdBF4 owing
to a relatively small kinetic diameter (∼7 Å), the arrangement
of two substrate molecules within the pores of 1-PdBF4 to
afford quinoline 6 seemed unlikely. Catalytic reactions were
carried out in 1,4-dioxane at 95 °C with 5 mol% catalyst based
on Pd (Table 2). Product yields were determined by GC-FID.

Initial attempts to catalyze the cyclization of 4 with
tBuL-PdTFA or 1-PdTFA were unsuccessful and only stoichio-
metric amounts of trifluoroacetamide 7 (∼10%) were observed.
The absence of cyclized products 5 and 6 suggests that the
consumption of TFA− via the formation of 7 leads to de-
activation of the pincer complexes for catalysis (Table 2,
entries 2 and 4). On the other hand, tBuL-PdBF4 promoted
quantitative conversion of 4 after 24 hours, delivering a
∼1 : 1 mixture of indole 5 and quinoline 6. Monitoring the
reaction over time showed the selectivity did not change sub-
stantially as a function of conversion. The conversion of
ethynyl aniline 4 was substantially slower than butynyl aniline
2, an effect that we attribute to increased substrate inhibition
associated with the less sterically congested aniline.
Nonetheless, after 60 h, 1-PdBF4 furnished 5 in 65% yield
(entry 1) with no detectable amount of 6. A small amount of
aminoacetophenone (<5%) was detected as a consequence of
substrate hydration by adventitious water. The observation of 5
as the sole major product demonstrates a rare example of pore
selective reactivity in which the microenvironment of the MOF
engenders unique selectivity that is not easily attained with an
analogous homogenous catalyst.

The carbonyl–ene cyclization of citronellal, 8, is frequently
used as a benchmark for measuring the Lewis acidity of
heterogeneous catalyst platforms.37–41 The diastereoselective
cyclization of citronellal to isopulegol is also a key reaction in
the synthesis of menthol, a naturally occurring extract of mint
leaves with valuable fragrance and pharmaceutical properties.

Moreover, recyclable heterogeneous catalysts are attractive substi-
tutes for ZnBr2, which acts as a stoichiometric promoter in the
industrial process, but is considered a severe marine toxin.
Consequently, the good activity and recyclability of 1-PdBF4 for
intramolecular hydroamination prompted us to investigate its
efficacy as a catalyst for the cyclization of citronellal. Catalytic reac-
tions were carried out in toluene at 100 °C with 10 mol% catalyst
based on Pd (Table 3). Product yields were determined by GC-FID.

After 30 minutes under the catalytic conditions, 1-PdBF4
delivered isopulegol in 64% yield (entry 1) and could be
recycled 3 times without any loss in activity (entry 2). Only
pulegol isomers were observed and the 67% selectivity toward
the isopulegol diastereomer did not improve when the reaction
was conducted at lower temperatures. Other MOF catalysts
including Cu3BTC2

37,40 and UiO-6638 have shown comparable
selectivity. The parent MOF, 1-PdX, shows limited activity for
this reaction, affording 9 in only 16% yield (entry 3). This
result supports the immobilized Pd2+ sites as the actuating
catalyst since X−/BF4

− exchange greatly improves catalytic
activity. Moreover, framework defects leading to accessible
coordination sites at the Zr nodes do not appear to contribute
greatly to the observed catalysis.38

The catalytic activity of 1-PdBF4 toward citronellal cycliza-
tion was further examined by kinetic analysis. The reaction
proceeds too quickly at 10 mol% Pd loading to be easily moni-
tored, so kinetic measurements were carried out at 0.5 mol%
Pd loading (Fig. S29, ESI†). At 100 mM substrate concen-
tration, the full reaction profile could be satisfactorily fit with
a single term exponential function, indicative of first order
kinetics. At 200 mM substrate concentration, initial catalytic
runs showed unusually rapid substrate conversion at early
reaction times followed by a deceleration (Fig. S30, ESI†).
However, the reaction profile for the recycled catalyst fits well
to a first order exponential decay, again indicating that catalyti-

Table 2 Cyclization of o-ethynyl aniline 4a

Entry Catalyst % conversion % yield 5b Selectivity (5 : 6 : 7)

1 1-PdBF4 70 65 65 : 0 : 0
2 1-PdTFA 10 0 0 : 0 : 10
3 tBu4L-PdBF4

c 100 45c 45 : 55 : 0
4 tBu4L-PdTFA 10 0 0 : 0 : 10

a Reaction conditions: Substrate (0.1 mmol), catalyst (0.005 mmol Pd),
1,4-dioxane, 95 °C, 60 h. bDetermined by GC-FID with respect to an
internal standard (hexamethylbenzene). cReaction time was 24 h.

Table 3 Cyclization of citronellal (8) to isopulegol (9)a

Entry Catalyst % conversion 8 % yield 9b TONd

1 1-PdBF4 100 64 10
2 1-PdBF4 (run 3) 100 63 10
3 1-PdX 17 16 2
4 1-PdBF4

c 96 60 192
5 tBu4L-PdBF4 100 73 10
6 tBu4L-PdBF4

c 71 51 140
7 None 0 0 0

a Reaction conditions: Substrate (0.05 mmol), catalyst (0.005 mmol
Pd), toluene, 100 °C, 3 h. bDetermined by GC-FID with respect to an
internal standard (hexamethylbenzene). cReaction conducted with
0.5 mol% Pd for 3 hours. d Turnover numbers (TON) were calculated
per Pd using the empirical formula for 1-PdX that accounts for
missing linker defects. TON refers to total amount of pulegol isomers
formed.
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cally active, adventitious species are present in freshly pre-
pared samples of 1-PdBF4. Interestingly, the citronellal isomer-
ization shows first order kinetic behaviour while cyclization of
2 exhibits apparent zero-order behaviour. We surmise that the
disparity in kinetic behaviours arises from differences in
product release from the framework. Protodemetalation is
often the rate-limiting step in homogeneously catalysed, intra-
molecular hydroamination reactions.42,43 This step may be
substantially hindered by the confined environment of the
MOF, leading to slow release of indole 3 from the framework
and the apparent zero order behaviour. Citronellal cyclization
reactions carried out with an initial substrate concentration of
200 mM show an average TOF of 144 h−1 after 1 h reaction
time, which is among the highest reaction rates reported using
MOF-based catalysts.37–41,44

The cyclization of citronellal was also examined using the
homogeneous analogue tBu4L-PdBF4 (0.5 mol%) as a catalyst.
After 3 h, only 71% of the starting material had been con-
verted, delivering the desired isopulegol diastereomer 9 in
51% yield (entry 5). In comparison, 1-PdBF4 furnishes 9 in
60% yield concomitant with nearly quantitative citronellal con-
version in the same time period (entry 4). During the course of
the reaction, tBu4L-PdBF4 appears to decompose via reduction
to Pd(0) as evidenced by the formation of metal mirrors on
reaction vessels following catalytic reactions. Thus while
1-PdBF4 showed lower catalytic activity than tBu4L-PdBF4 for
the intramolecular hydroamination of 2, it performs slightly
better than the homogeneous analogue for the cyclization of 8.
Morever, 1-PdBF4 can be recycled at least 3 times without loss
of activity, suggesting that immobilization of the Pd PNNNP
complexes within 1-PdBF4 suppress deleterious reductive pro-
cesses that decrease catalyst lifetime.

Conclusions

NOBF4 has been employed as a reagent for I−/BF4
− oxidative

ligand exchange to generate 1-PdBF4 which exhibits signifi-
cantly better Lewis acid catalytic activity and recyclability than
the previously reported TFA− analogue 1-PdTFA. The differ-
ences in reactivity can be attributed to the more weakly coordi-
nating nature of BF4

− and its lower propensity to undergo dele-
terious side reactions with substrates. Moreover, NOBF4 is a
stronger oxidant than the hypervalent iodine reagent pre-
viously used, leading to more effective oxidation of inner
sphere Pd–I species and near quantitative I−/BF4

− exchange. 1-
PdBF4 proved to be a highly recyclable catalyst for the intra-
molecular hydroamination of 2-(butyn-1-yl)aniline and the car-
bonyl–ene cyclization of citronellal. While mass transport
limitations appear to be present for the intramolecular hydroa-
mination of 2, the steric constraints of the MOF could be
exploited to provide a rare example of pore selective catalysis.
With 2-ethynylaniline as a substrate, 1-PdBF4 exclusively
delivered the intramolecular hydroamination product 5 while
the homogeneous analogue tBu4L-PdBF4 generated a mixture
of 5 and the intermolecular hydroamination–annulation

product 6. Ongoing work is focused on understanding how
product selectivity exhibited by 1-PdBF4 can be extended to
other more challenging chemical reactions and elucidating
factors that affect the kinetic behavior of 1-PdBF4 and other
related MOF catalysts.

Experimental section
General considerations

All manipulations were carried out using a nitrogen-filled glo-
vebox or standard Schlenk techniques unless otherwise noted.
All glassware was oven dried in a 150 °C oven before use.
Solvents were degassed by sparging with ultra-high purity
argon and dried via passage through columns of drying agents
using a solvent purification system from Pure Process
Technologies. 2-Butynyl aniline 2,45 2-ethynyl aniline 4,46

PhITFA2,
47 and 1-PdI25 were prepared as described in the lit-

erature. All other solvents and reagents were purchased from
commercial suppliers and used as received.

Powder X-ray diffraction patterns were collected using a
Rigaku Miniflex 600 diffractometer with Nickel-filtered Cu-Kα

radiation (λ = 1.5418 Å). XRF spectra were collected on an
Innov-X Systems X-500 spectrometer using unfiltered Co-Kα

radiation (λ = 1.7892 Å). Solution-state NMR spectra were
measured using a Bruker DPX 400 MHz spectrometer
(162 MHz operating frequency for 31P). For 1H NMR spectra,
the residual solvent resonance was referenced as an internal
standard. For 31P{1H} NMR spectra, 85% H3PO4 was used as
an external standard (0 ppm). Solvent-suppressed 1H NMR
spectra were collected using 180° water selective excitation
sculpting with default parameters and pulse shapes.48 Briefly,
spectra were collected using selective pulses of 1 ms with the
transmitter frequency set to the center of the solvent reso-
nance. The recycle delay between scans was 20 s, 16 K points
were collected, and the acquisition time was 2.5 s. Nitrogen
adsorption isotherms were measured at 77 K (liquid nitrogen
bath) using a Micromeritics 3Flex Surface Characterization
Analyzer. Prior to analysis, samples (∼100 mg) were heated
under reduced pressure until the outgas rate was less than
2 mTorr per minute. GC-MS analysis was performed using an
Agilent 7890B GC system equipped with the HP-5 Ultra Inert
column (30 m, 0.25 mm, 0.25 μm), and a FID detector. For MS
detection an electron ionization system was used with an
ionization energy of 70 eV. Elemental microanalyses were per-
formed by Atlantic Microlab (Norcross, GA).

Electrochemistry

Cyclic voltammetry measurements were carried out in a nitrogen-
filled glovebox in a one compartment cell using a CH
Instruments 600C electrochemical analyzer. A glassy carbon elec-
trode and platinum wire were used as the working and auxiliary
electrodes, respectively. A silver wire was used as a pseudorefer-
ence electrode, and potentials are reported relative to an internal
ferrocene reference. Solutions of electrolyte (0.1 M TBAPF6) and
analyte (1 mM) were also prepared in the glovebox.
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Synthesis of 1-PdBF4

In a N2-filled glovebox, a solution of NOBF4 (0.009 g,
0.072 mmol) in MeCN (1 mL) was added to a suspension of
1-PdI (0.100 g) in MeCN (5 mL) in a 20 mL scintillation vial.
The vial was sealed and left gently stirring at room temperature
for 12 h. The reaction mixture was centrifuged, and the orange
supernatant was decanted. A fresh solution of NOBF4 (0.009 g,
0.072 mmol) in MeCN (6 mL) was added and the reaction
again stirred at room temperature for 12 h. The solid was col-
lected by centrifugation, washed with MeCN (3 × 5 mL), and
dried briefly in vacuo. 1-PdBF4 was isolated as an off-white
microcrystalline powder (0.100 g). 31P{1H} NMR (162.0 MHz,
3/1 v/v CF3COOH/C6D6): δ 76.2 (s); 75.2 (s); 74.5 (s); 70.2 (s).
Anal. calcd for chemical formula: [Zr6O4(OH)4(OAc)2.4{(P

NNNP)
Pd(MeCN)}2.4(BF4)2.4 (C88.8H68.8N9.6O12.8B2.4F9.6Zr6Pd2.4)]: C,
34.21; H, 2.30; N, 4.31. Found: C, 31.81; H, 2.00; N, 4.10;
I, <0.25.

General procedure for catalytic hydroamination reactions with
2 and 4

In a N2-filled glovebox, a vial was charged with 2 or 4
(0.1 mmol), 5 mol% catalyst, 1,4-dioxane (0.5 mL), C6D6

(0.1 mL), and a known amount of hexamethylbenzene
(0.005–0.01 mmol) as an internal standard. The reaction
mixture was transferred to an NMR tube and heated at 95 °C
for 4 h. The product yields were determined by 1H NMR spec-
troscopy for 2 (Fig. S11–S17, ESI†) and 1H NMR spectroscopy
or GC-FID for 4 (Fig. S19–S22, ESI†). For recycling experiments,
1-PdBF4 was isolated from the reaction mixture via centrifu-
gation, washed with 1,4-dioxane (3 × 2 mL), and resubjected to
the reaction conditions described above.

General procedure for carbonyl–ene reactions

In a N2-filled glovebox, a 1 dram screw-top vial fitted with a
Teflon lined cap was charged with 8 (0.05 mmol), 10 mol%
catalyst, toluene (2 mL), and a known amount of hexamethyl
benzene (0.01–0.04 mmol) as an internal standard. The reac-
tion mixture was heated at 100 °C for 30 minutes. The product
yields were determined by GC-FID. For recycling experiments,
1-PdBF4 was isolated from the reaction mixture via centrifu-
gation, washed with toluene (3 × 2 mL), and resubjected to the
reaction conditions described above.
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