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Stabilizing unstable species through single-site
isolation: a catalytically active TaV

trialkyl in a porous organic polymer†
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A catechol-functionalized porous organic polymer (POP) has been successfully metallatedwith a TaV trialkyl

and remains thermally and structurally robust. The resulting POP-supported (catecholato)TaV trialkyl sites

remain accessible to small molecules and can undergo reactions to yield stable, monomeric complexes

that are quite different from those observed with the homogeneous analogues. Using a combination of

reactivity studies, high-resolution solid-state NMR spectroscopy, and X-ray absorption spectroscopy

(XAS), we are able to precisely determine the functionality and coordination environment of the active

(catecholato)TaV trialkyl site and its products in reactions with Brønsted acids. Additionally, the Ta-

metallated POP was found to have enhanced catalytic activity in the hydrogenation of cyclohexene and

toluene relative to a homogeneous analogue.
Introduction

Porous organic polymers (POPs) are highly crosslinked, micro-
porous, amorphous materials that are generally constructed
using one or more organic building blocks via various carbon–
carbon or carbon–heteroatom formations.1–4 Such POP
syntheses include, but are not limited to cross-couplings,5–7

condensation reactions,8,9 acetylene- or nitrile-trimeriza-
tions,10–13 and “click” chemistry.14 In addition to applications in
gas storage15–20 and separations,21,22 POPs have shown excellent
promise as an emerging class of heterogeneous catalysts given
their high thermal stability (up to 500 �C) and exceptional
chemical robustness to acids, bases, and organic solvents (both
polar and non-polar).14,23–30 Since POPs are composed of strong
covalent bonds and are highly crosslinked, they are mechan-
ically robust and can withstand harsh conditions (e.g., high
temperature and pressure) that are sometimes employed in
catalysis. Another attractive feature of POPs as catalysts is the
ability to design them with specic topologies, porosities, and
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functionalities that affect the overall activity and selectivity of
the desired catalytic reaction. Through this approach, it should
be possible to produce a POP that can stabilize and isolate
catalytically active metal sites within its pores, particularly ones
that are quite different from solution (i.e., molecular) analogues
in coordination environments.

A number of recent reports have demonstrated the success-
ful preparation of metal-containing catalytically active porous
frameworks through pre- and post-synthesis methods.24,31–35

Cooper and co-workers developed bipyridine-/phenylpyridine-
POP systems containing Ir, Ru, and Re species and showed that
the Ir version was active for reductive amination.36 Lin and co-
workers produced functionally similar bipyridine-POP systems
containing Ir and Ru, and showed that they were active for
several catalytic reactions such as Aza-Henry reactions, a-ary-
lation, and aerobic amine-coupling.12,37 Kaskel and co-workers
have also prepared an organometallic framework connected by
bis(norbornadiene)rhodium nodes that could catalyze the
reduction of cyclohexanone to cyclohexanol.38

While the aforementioned developments signify rising
interest in the use of metallated POPs as catalysts, POPs with
active metal alkyl sites, particularly those of early transition
metals, have been scarce despite their wide-spread importance
for numerous catalytic processes.39 To explore this possibility,
we set out to integrate a highly reactive Schrock-type TaV alky-
lidene complex ((tBuCH2)3Ta]CHtBu)40 into a POP with the
eventual goal of exploring metathetic catalysis inside hydro-
phobic pore environments, i.e., a step beyond homogeneous41,42

and surface-graed silica.43,44 As a model platform, we chose to
work with catPOP A2B1, a catechol-containing POP with good
Chem. Sci., 2013, 4, 2483–2489 | 2483
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surface area (�1050 m2 g�1) and large pores (�12 Å),45 that can
readily accommodate (tBuCH2)3Ta]CHtBu (�10 Å). The cate-
chol sites in A2B1 had been reported to undergo complete
metallation with a wide range of Lewis-acidic metal centers
such as Mg2+, Mn2+, and Cu2+.45 Given that Me2Mg was
successfully used as the Mg2+ source in this early experiment,
(tBuCH2)3Ta]CHtBu should readily react with the catechol
sites and release one or more neopentyl substituents through
protonolysis to yield a POP with either (catecholato)Ta(CH2

tBu)3
or (catecholato)(tBuCH2)Ta]CHtBu sites throughout its pores.

Herein, we present the rst report of a POP that complexes a
high-oxidation-state, early transitionmetal alkylmoiety (Scheme
1). By using techniques such as EXAFS and high-resolution solid-
state (SS) NMR, we are able to elucidate the coordination envi-
ronment of the complexed Ta metal centers inside A2B1. Addi-
tionally, we demonstrate that these active sites remain accessible
to small molecules and can undergo reactions to yield stable,
monometallic complexes that are quite different from those
observed with a homogeneous analogue.Most excitingly, the Ta-
supported POP can catalytically hydrogenate cyclohexene and
toluene at low catalyst loadings and at much faster rates than its
closest soluble molecular counterpart.
Results and discussion

As an initial test of reactivity, A2B1 was suspended in a solution
of (tBuCH2)3Ta]CHtBu (1.5 equiv per catechol site) in C6D6 and
monitored by 1H NMR spectroscopy against an internal ferro-
cene standard. Aer 24 h at rt, the concentration of
(tBuCH2)3Ta]CHtBu was noticeably reduced and a signicant
new resonance due to neopentane appeared at 0.90 ppm (1.13�
0.11 equiv per Ta; see Fig. S1 in the ESI†). In contrast, exposing
the analogous non-functionalized POP C2B1 (C ¼ 1,4-diethynyl-
benzene; as in A2B1, the subscripts refer to the ratio of
components in the POP, see inset in Scheme 1) to the same
(tBuCH2)3Ta]CHtBu solution affords only a small amount of
neopentane (0.29 � 0.04 equiv per Ta, see Fig. S2 in ESI†). The
stock solution of (tBuCH2)3Ta]CHtBu and ferrocene shows no
generation of neopentane aer 24 h at rt, strongly suggesting
that neopentane is indeed a major product in the reaction
between (tBuCH2)3Ta]CHtBu and the catechol groups of A2B1.
Based on the observed reaction stoichiometry, we tentatively
Scheme 1 Synthesis of catPOPA2B1 using a cobalt-catalyzed acetylene trimerizatio
right hand side is the non-functionalized POP C2B1. The structures shown for the P

2484 | Chem. Sci., 2013, 4, 2483–2489
assign the catPOP-supported TaV center to have the (tBuCH2)3-
Ta(catecholato) formulation.

Given the promising results from the NMR-scale experiment,
A2B1 was metallated on a larger scale using a diethyl ether
solution of excess (tBuCH2)3Ta]CHtBu. Aer allowing the
reaction to stir at rt for 22 h, an orange solid was obtained,
albeit in >100% yield based on the (tBuCH2)3Ta(catecholato)
stoichiometry. This slightly super-stoichiometric yield can be
attributed to trapped solvent and residual (tBuCH2)3Ta]CHtBu
within the pores of the framework, as conrmed by the release
of (E/Z)-3,3-dimethyl-1-phenyl-1-butene (�5–10 mol% of the
catechol loading) upon treating this solid with benzaldehyde (1
equiv based on the catechol loading).46 Since the amount of
obtained olen is equivalent to the excess Ta loading, this
offered further evidence that the catPOP-supported TaV site
does not have a neopentylidene substituent and is best
described as (tBuCH2)3Ta(catecholato). For convenience, we will
henceforth refer to the Ta-metallated catPOP as (tBuCH2)3Ta-
A2B1, with a stoichiometry of 1 Ta per catechol unit.

ICP-AES (inductively coupled plasma atomic emission spec-
troscopy) analysis revealed (tBuCH2)3Ta-A2B1 to contain 22 wt%
TaV (theoretical metallation ¼ 24 wt%) (Table S1 in ESI†). The
ATR-IR (attenuated total reectance infrared) spectrum of
(tBuCH2)3Ta-A2B1 (Fig. 1) corroborated the ICP-AES ndings
through the complete disappearance of the intense catechol O–
H stretch (�3500 cm�1) present in the parent catPOP A2B1. In
place of the O–H stretch, new C–H vibrational modes associated
with the neopentyl groups (both –CH3 and –CH2 moieties) were
located around 2800–2900 cm�1, and at 1366 and 1461 cm�1,
respectively, consistent with data reported by Basset and co-
workers for (tBuCH2)3Ta]CHtBu graed on silica.47 New peaks
corresponding to Ta–O stretches were also observed around
600–800 cm�1, supporting our assignment that TaV coordinates
to catecholate groups within the POP.48

1H DP- (direct polarization) and 1H–13C CP (cross-polariza-
tion)-MAS (magic angle spinning) NMR analysis of (tBuCH2)3Ta-
A2B1 provided further evidence that (tBuCH2)3Ta]CHtBu did
indeed form a catecholate complex. The 1H DPMAS spectrum of
(tBuCH2)3Ta-A2B1 (Fig. 2, top panel) exhibited two main reso-
nances at 7.3 and 1.1 ppm, corresponding to the aromatic C–H
protons and the superposition of the –CH3 and –CH2 protons of
the neopentyl groups, respectively.49,50 In contrast, only one
n strategy and its subsequent metallation with (tBuCH2)3Ta]CHtBu. Shown on the
OPs are idealized representations.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 ATR-IR comparison of (tBuCH2)3Ta]CHtBu (blue), (tBuCH2)3Ta-A2B1 (red),
and A2B1 (black).

Fig. 2 1H DPMAS (top) and 1H–13C CPMAS (bottom) NMR spectra of A2B1

(black) and (tBuCH2)3Ta-A2B1 (red). The blue asterisks indicate new resonances
associated with the newly incorporated Ta moiety.
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main resonance at 7.3 ppm was located in the 1H DPMAS
spectra of A2B1, which corresponded to aromatic C–H protons.
The integration ratio of the aromatic protons at 7.3 ppm and the
alkyl protons at 1.1 ppm of (tBuCH2)3Ta-A2B1 were found to be
in a 1 : 3.5 ratio, (calc. 1 : 2.5), which is not unreasonable given
the trapped (tBuCH2)3Ta]CHtBu and the resolution of the
experiment.

Not surprisingly, the 1H–13C CPMAS spectra of A2B1 and
(tBuCH2)3Ta-A2B1 (Fig. 2, bottom panel) showed several simi-
larities, including a resonance for the quaternary carbon of the
tetraphenylmethane node at 64 ppm and several overlapping
resonances between 120–150 ppm for the aromatic carbons.
However, several new resonances that are clearly indicative of
the TaV catecholate complex were detected in the spectrum for
(tBuCH2)3Ta-A2B1. Notably, a very strong signal for the neo-
pentyl methyl carbons (O–Ta–CH2(C(CH3)3)) was found at
34 ppm. Unfortunately, the signal from O–Ta–CH2(CH3)3, which
is expected around �100 ppm,49,50 could not be resolved against
the backbone resonances of A2B1. A new downeld aromatic
resonance at�157 ppmwas also identied and attributed as the
newly formed C–OTa carbon. This assignment was conrmed
by the solution 13C NMR spectrum of the monomeric model
complex (tBuCH2)3Ta(3,6-

tBu2cat) (cat ¼ catecholate; see
Section S4 in the ESI† for characterization data), which has a
similar resonance around�156 ppm for the C–OTa carbon. It is
also consistent with the data reported for Ta(cat)2(cat-H)(py),51

which assigned the C–OTa resonance to 159 ppm in solution
and 157 ppm in the solid state.

In general, the overall thermal and structural stability of A2B1

did not appear to be affected by the incorporation of the TaV

complex. Thermogravimetric analysis (TGA) of (tBuCH2)3Ta-
A2B1 showed two main weight losses around 180 and 480 �C
(Fig. S3 in the ESI†), signifying the loss of the three neopentyl
groups (�28 wt% calc., 27 wt% observed) and the overall
decomposition of the framework, respectively. Gas-sorption
This journal is ª The Royal Society of Chemistry 2013
analysis of (tBuCH2)3Ta-A2B1 under N2 at 77 K revealed it to
remain quite porous with a BET surface area of 622 � 10 m2 g�1

(Fig. 3, BET surface area for catPOP¼ 1000� 50 m2 g�1) despite
the presence of large (tBuCH2)3Ta-A2B1 moieties within at least
some of the pores.

Thus far, all of our characterization data for (tBuCH2)3Ta-
A2B1 have indicated the presence of a stable TaV alkyl complex
bound to catecholate sites. To directly probe the coordination
environment around the POP-supported metal center and
conrm our initial assignment of the (tBuCH2)3Ta-A2B1 formu-
lation, we obtained the Ta-LIII-edge EXAFS spectrum for
(tBuCH2)3Ta-A2B1 (Fig. 4b). As a model, the Ta-LIII-edge EXAFS
spectrum for the molecular compound (tBuCH2)3Ta(3,6-

tBu2cat)
(Fig. 4a), which exists as a ve-coordinate complex (see below),
was also obtained. Examination of the rst coordination shell
for (tBuCH2)3Ta-A2B1 shows an average C/O coordination
Chem. Sci., 2013, 4, 2483–2489 | 2485
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Fig. 3 Full N2-adsorption isotherm analysis of POPs (top) and the corresponding
pore size distribution data using N2-DFT slit-pore model (bottom).

Fig. 4 The Ta LIII-edge, k
2-weighted Fourier transform EXAFS spectrum for (a)

(tBuCH2)3Ta(3,6-
tBu2cat) (black), (b) (tBuCH2)3Ta-A2B1 (red), (c) (MeO)3Ta-A2B1

(green) and (d) [(Et2O)2Cl2Ta-A2B1]Cl (blue). Magnitudes are shown as solid lines,
real components are shown as dotted lines of the same color. Fits and fit
parameters are given in the ESI.†
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number of 4.8 � 0.2 at a mean distance of 2.01 � 0.02 Å. This is
consistent with the tting of (tBuCH2)3Ta(3,6-

tBu2cat), which
has an average C/O coordination number of 5.2 � 0.3 at a mean
distance of 2.01 � 0.02 Å. The spectrum ts for both
(tBuCH2)3Ta-A2B1 and (tBuCH2)3Ta(3,6-

tBu2cat) correspond well
with each other and with an environment comprising two
oxygens from the catechol and three carbons from neopentyl
groups being directly bound to Ta (average Ta–C ¼ 2.19 � 0.09
Å, Ta–O ¼ 1.98 � 0.12 Å).51–54 Together with the fact that the
EXAFS spectrum of (tBuCH2)3Ta]CHtBu was quite distinct
from (tBuCH2)3Ta-A2B1 (cf. Fig. S19 and S24 in the ESI†), these
results support our (tBuCH2)3Ta-A2B1 formulation for the POP-
supported species.

To explore the difference in chemical reactivity of the sup-
ported and homogeneous (tBuCH2)3Ta catecholate centers, we
exposed (tBuCH2)3Ta-A2B1 and (tBuCH2)3Ta(3,6-

tBu2cat) to
MeOH and anhydrous HCl (Scheme 2). As expected, subjecting
either Ta species to MeOH results in the complete conversion of
the (tBuCH2)–Ta segments to MeO–Ta moieties and the corre-
sponding release of neopentane (Fig. S5, S6, and S9 in the ESI†).
2486 | Chem. Sci., 2013, 4, 2483–2489 This journal is ª The Royal Society of Chemistry 2013
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These results are consistent with the TGA data mentioned above
and previous protonolysis experiments by the Schrock40 and
Basset55 groups. However, the homogeneous complex is con-
verted to a six-coordinate MeO-bridged dimer while the Ta
centers in (tBuCH2)3Ta-A2B1 remain ve-coordinate, mono-
metallic complexes (Fig. 4c, see Section S6 and the EXAFS
analysis in Section S7 of the ESI†). We view this difference as a
likely advantage of the isolated pore environment in POP A2B1:
the supported, coordinatively unsaturated Ta centers cannot
come together to form saturated dimers, potentially leaving the
supported centers more accessible for catalysis.55

Adding a diethyl ether solution of HCl to either (tBuCH2)3Ta-
A2B1 or (tBuCH2)3Ta(3,6-

tBu2cat) leads to complete displace-
ment of (tBuCH2) groups by chlorides, as shown by NMR
quantication of the amount of generated neopentane (Fig. S11
in the ESI†). Visually, both (tBuCH2)3Ta-A2B1 and (tBuCH2)3-
Ta(3,6-tBu2cat) undergo distinct color changes (to black and
red, respectively), indicative of reactions taking place. The
EXAFS spectrum of the POP-supported product from the
[(tBuCH2)3Ta-A2B1 + HCl] reaction shows a decrease in the total
C/O coordination, and the appearance of a second, new Ta
coordination shell at much longer distances (Fig. 4d). Fitting
this spectrum to a combination of O and Cl scatterers at both
distances simultaneously yields a total Ta–O coordination of 4.0
� 0.3 at an average distance of 1.95 � 0.02 Å, and a Ta–Cl
coordination of 2.0 � 0.3 at an average distance of 2.35 � 0.02 Å
(average Ta–Cl ¼ 2.34 � 0.07 Å).56 In contrast, the analogous
reaction of (tBuCH2)3Ta(3,6-

tBu2cat) with HCl in diethyl ether
yields a product with total Ta–O coordination of 3.5 � 0.5 at an
average distance of 1.94 � 0.02 Å, and a Ta–Cl coordination of
Scheme 2 Summary of the reactivity of (tBuCH2)3Ta-A2B1 (top) and (tBuCH2)3-
Ta(3,6-tBu2cat) (bottom) with MeOH and HCl.

This journal is ª The Royal Society of Chemistry 2013
2.5 � 0.5 at an average distance of 2.35 � 0.02 Å (Table S3 in the
ESI†). 1H NMR spectra of this product show coordination of only
one diethyl ether molecule per catechol, supporting a mono-
meric, neutral (Et2O)Cl3Ta(3,6-

tBu2cat) formulation (Fig. S12 in
the ESI†). Although we do not know why the Ta chloride species
would prefer a cationic environment inside the pores of A2B1

(Fig. 4c), in contrast to its homogeneous analogue, this obser-
vation suggests that constraining metal species inside the pore
environment of POP may lead to unique catalytic sites.57

The aforementioned experiments suggest that while the
reactivity of the neopentyl groups in (tBuCH2)3Ta-A2B1 is similar
to that for the neopentyl groups in (tBuCH2)3Ta(3,6-

tBu2cat), the
pore environment of the POP limits the POP-supported Ta
coordination environments to monometallic species that are
not observed in solution. Most importantly for catalytic appli-
cations, the POP environment greatly increases the thermal
stability of the (tBuCH2)–Ta bonds and signicantly inhibits
dimerization. For example, when (tBuCH2)3Ta-A2B1 was heated
at 60 �C in C6D6 over a period of 48 h, the (tBuCH2)3Ta centers
were completely stable, as shown by a minimal formation of
neopentane (Fig. S8 in ESI†). In contrast, heating (tBuCH2)3-
Ta(3,6-tBu2cat) at 60 �C in C6D6 led to the formation of neo-
pentane in less than 2 h (Fig. S14 in ESI†), presumably via a-
elimination.

To demonstrate the higher stability and reactivity of
(tBuCH2)3Ta-A2B1 over its homogeneous analogue (tBuCH2)3-
Ta(3,6-tBu2cat), we examined them as hydrogenation catalysts
for cyclohexene. At very low catalyst loading (0.5 mol% Ta),
(tBuCH2)3Ta-A2B1 selectively converts cyclohexene to cyclo-
hexane within 2 h under 200 psi H2 and at 60 �C (Fig. 5, see also
Fig. S27 in ESI†). In contrast, (tBuCH2)3Ta(3,6-

tBu2cat) and A2B1

showed little or no conversion, respectively, under identical
conditions (Fig. 5, Table S6 in ESI†). Increasing the (tBuCH2)3-
Ta(3,6-tBu2cat) catalyst loading by ten times (to 5 mol%) did
improve the conversion to �99%, suggesting that (tBuCH2)3-
Ta(3,6-tBu2cat) is rather unstable under these conditions and
requires a signicantly higher loading to achieve the same
conversion as (tBuCH2)3Ta-A2B1. The substantially higher reac-
tivity observed for (tBuCH2)3Ta-A2B1 compared to its molecular
analogue indirectly suggests that the POP is capable of stabi-
lizing extremely reactive catalytic intermediates, such as (cat-
echolato)TaHn.42,44,58 Indeed, the higher stability of the Ta-
supported POP renders it active for the hydrogenation of
toluene at 60 �C, with�12% conversion aer 20 h under 200 psi
H2, in stark contrast to the homogeneous analogue, which
shows no turnover. Together, these promising results point
towards the exciting possibility that highly active POP-based
catalysts can be developed for more challenging catalytic targets
such as alkane metathesis.
Conclusions

In summary, we have demonstrated that a POP with well-
dened catechol functionalities can react in a controlled
manner with a highly reactive organometallic precursor such as
(tBuCH2)3Ta]CHtBu to yield (tBuCH2)3Ta(catecholato)
analogues with exceptional thermal stability. Metal loading can
Chem. Sci., 2013, 4, 2483–2489 | 2487
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Fig. 5 Yield of cyclohexane from the hydrogenation of cyclohexene (0.5 mol%
Ta, 200 psi H2, 60 �C in dodecane) with (tBuCH2)3Ta-A2B1 (red) and (tBuCH2)3-
Ta(3,6-tBu2cat) (blue) at 0, 7.5, 15, 30, 60, 120, and 1200 min. No other products
were observed under these reaction conditions and times (see also Fig. S27 in the
ESI†).
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be achieved quantitatively and the site isolation allows us to
stabilize highly reactive, sterically unencumbered moieties such
as (catecholato)Ta(OMe)3 and (catecholato)TaHn. Although
POPs are amorphous materials, the catechol-containing pore
environments of materials such as A2B1 are surprisingly
uniform and well-dened, allowing us to apply the powerful
combination of solid-state NMR and EXAFS to elucidate the
coordination environment of the supported TaV species as it
undergoes reaction with Brønsted acids. Catalytic studies using
the hydrogenation of cyclohexene, a prototypical alkene, as a
test reaction indicate that (tBuCH2)3Ta-A2B1 is indeed an active
hydrogenation catalyst. In addition, a comparison of the reac-
tivity between the metallated POP and its closest molecular
analogue, (tBuCH2)3Ta(3,6-

tBu2cat), clearly demonstrates that
POPs designed with specic metal binding sites (in this case the
catecholate group) can effectively stabilize highly reactive
intermediates. Such capabilities point toward opportunities to
develop a new generation of well-dened supported mono-
metallic catalysts whose environment can readily be understood
along with their in situ reactivity.
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C. Copéret, E. A. Quadrelli, J. Thivolle-Cazat, J.-M. Basset,
W. Lukens, A. Lesage, L. Emsley and G. J. Sunley, J. Am.
Chem. Soc., 2004, 126, 13391–13399.

51 T. J. Boyle, L. J. Tribby, T. M. Alam, S. D. Bunge and
G. P. Holland, Polyhedron, 2005, 24, 1143–1152.

52 R. E. LaPointe, P. T. Wolczanski and G. D. Van Duyne,
Organometallics, 1985, 4, 1810–1818.

53 J. Gavenonis and T. D. Tilley, Organometallics, 2002, 21,
5549–5563.

54 Average bond distances were determined from the
Cambridge Structural Database.

55 D. Meunier, A. Piechaczyk, A. de Mallmann and J.-M. Basset,
Angew. Chem., Int. Ed., 1999, 38, 3540–3542.

56 E. Solari, C. Floriani, A. Chiesi-Villa and C. Rizzoli, J. Chem.
Soc., Chem. Commun., 1991, 841–843.

57 Y. Chen, E. Callens, E. Abou-Hamad, N. Merle, A. J. P. White,
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