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of Chemistry Evaluation of the potential for metal-metal (M~M) cooperation to enable catalysis requires access to
specific polynuclear aggregates that display appropriate geometry and size. In many cases, exerting
synthetic control over the aggregation of simple metal salts is a challenge. For example, Pd(i) acetate self
assembles as a trimer (i.e. Pd3(OAc)e) both in the solid state and in solution and does not feature close
Pd—Pd interactions. Related carboxylate-supported Pd, aggregates (i.e. Pd;(OAc)4), which would feature
close Pd-Pd interactions, are thermodynamically metastable in solution phase and thus largely
unavailable. Here we demonstrate ion metathesis within pre-formed metal-organic frameworks (MOFs)
to prepare metastable Pd, tetracarboxylates sites. The newly synthesized materials are characterized by
elemental analysis, PXRD, SCXRD, EXAFS, XANES, and gas adsorption analysis. In addition, the critical role
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coordination sites that are inaccessible in solution phase chemistry represents a new opportunity to

ion metathesis to generate specific metastable
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rsc.li/chemical-science interrogate the chemistry of specific polynuclear metal aggregates.

Introduction

Inspired by the facility of small molecular activation at multi-
nuclear enzyme active sites' and the enhanced reactivity of high
nuclearity defect sites in heterogeneous catalysts,” substantial
effort has been directed towards developing multinuclear
synthetic catalysts.’ Leveraging the potential opportunities for
chemical catalysis that arise from cooperative redox chemistry
between transition metal ions (i.e. M-M cooperation) requires
synthetic access to polynuclear aggregates that feature specific
nuclearity and geometry that engender efficient metal-metal
(M-M) cooperation.* Extant polynuclear catalysts are accessed
by either (1) design and synthesis of multidentate ligands that
enforce specific aggregation size and geometry,® or (2) by self-
assembly of transition metal ions with simple bridging
ligands. These strategies are inherently limiting with respect to
the structures that can be evaluated as potential catalysts
because (1) the ligands required to stabilize targeted complexes
may not be compatible with catalytic applications,® and (2) the
self-assembled structures may not give rise to the geometry
required for efficient M-M interaction.

In the context of developing new oxidation catalysts, we have
become interested in controlling the aggregation state of
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transition metal ions in oxidatively resistant ligand scaffolds,
such as all-oxygen fields (i.e. metal carboxylates). Examination
of the self-assembled aggregates of metal carboxylates high-
lights both the diversity of aggregation sizes and geometries
available to simple combinations of metals and ligands, and the
challenge inherent in relying on self-assembled aggregates in
catalysis. Rh(u) acetate self-assembles as a dimer (i.e. Rh,(OAc),)
due to the presence of a Rh—-Rh bond (Fig. 1a).” The activity of
Rh,(OAc), in carbene group transfer catalysis has been ascribed
to M-M cooperation mediated through the M-M bond.?* Iso-
structural complexes of Group 10 metals are unavailable:

p— 0*
(a) 0 proximity-enforced T
VeI g —0 M-M d-orbital mixing 1 _MH" &
\ N, Me
we— O 0_3)’ T
o——Rh\‘))\ facilitates 4 8
o Me redox chemistry 'H‘ "H:HL Z
(b) Me
Me\ Me /(Me Mi
04 QC (e}
?Ac 0{070 //_0\ /0 o r\ o 8
| =
Ho0— ;O Pird P Me*\’ro\/:wo—’F —0
H0™ | TTOH, 2o Nl O—pt_ I\ P—Me
OAc 7~ Ox=0X 5L
/ Me IMel \ O
Mg’ 00 o7
Me Y
Me Me
coordinatively saturated no direct M-M M-M interaction but
monomer in solution interaction coordinatively saturated

Fig. 1 (a) Rh(OAc), features a Rh—Rh single bond, which both
enforces formation of a binuclear complex and mediates the redox
cooperation between the metal centers responsible for M—M coop-
eration. (b) Group 10 metal acetates display a range of aggregation
sizes and geometries, none of which supports both substrate binding
and cooperative redox chemistry.
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Ni(OAc), is a solvated monomer under many conditions,’
Pd(OAc), is an acetate-bridged timer in both solution- and solid-
state (i.e. Pd3(OAc)e),'"™"* and Pt(OAc), is tetrameric (i.e. Pty(-
OAc)g).1*#12* The self-assembled, thermodynamically preferred
aggregates of these salts do not provide platforms that engender
cooperative M-M interactions (Fig. 1b).

Pd, intermediates supported by oxygen-rich ligand environ-
ments have been proposed in electrochemical methane oxida-
tion," directed C-H oxidation chemistry,'® and are of interest as
models for PdAO combustion catalysts.'” Fig. 2 illustrates the
small family of acetate-rich Pd, aggregates that have been
described. Stahl® and Sanford' have independently reported
that pyridyl donors can support acetate-bridged complexes (1-
3). Acetate-bridged cyclometallated complexes (i.e. 4) have been
observed during, and isolated from, directed C-H oxidation
reactions.'® Pd,(OAc),(acac), (5) has been obtained by treatment
of Pd;(OAc)s(NO,) with acetylacetone (acac = acetylacetonate).?
Related acetate-bridged Pd, species supported by y-Keggin sil-
icodecatungstate ligands have been characterized.” In the
presence of exogenous acetate ion—conditions relevant to the
Wacker-type conversion of ethylene to vinyl acetate—
concentration-dependent Pd aggregation has been observed. At
intermediate acetate concentration, the dimer [Pd,(OAc)s> ] (6)
has been characterized by UV-vis and Raman spectroscopies; at
high acetate concentrations, [Pd(OAc),> ] speciation has been
suggested.? While Pd,(OAc), structures that are isostructural to
Rh,(OAc), have been the subject of numerous theoretical
investigations,'®?* this aggregation mode has not been observed
or characterized experimentally.

We are interested in Pd, tetracarboxylate sites as potential
redox catalysts based on the dual hypotheses that d-orbital
mixing will give rise to cooperative redox chemistry in these
structures* and that the unavailability of Pd,(OAc), aggregates
has prevented evaluation of the chemistry of this structural
motif. Post-synthetic ion metathesis in metal-organic frame-
works (MOFs)—a process in which metal sites in a template
porous lattice are exchanged with exogenous ions—has been
demonstrated to be a method that can enable access to novel
coordination geometries.**** Ion metathesis chemistry has not
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Fig. 2 Available oxygen-rich Pd, complexes. The structure of
complex 1 was assigned by *H NMR spectroscopy. Complexes 2-5
have been characterized crystallographically and the structure of
[Pd2(OAC)6®7] (6) has been proposed based on UV-vis and Raman
spectroscopies.
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been demonstrated for the introduction of 2"%- or 3"-row
transition metals.?® Here, we demonstrate that ion metathesis
of binuclear transition metal sites in pre-formed porous crys-
talline materials provides a targeted strategy to rationally access
Pd, sites that are metastable in solution-phase chemistry. The
new Pd,-based lattice is characterized by a combination of
powder- (PXRD) and single-crystal X-ray diffraction (SCXRD), X-
ray absorption spectroscopy (X-ray absorption near edge struc-
ture (XANES) and extended X-ray absorption fine structure
(EXAFS)), and gas adsorption analysis. We demonstrate that
proximity-enforced Pd-Pd interaction gives rise to cooperative
binding of substrates, such as CS,, which is not observed for
Pd;(OAc)s.

Results
Computational evaluation of Pd carboxylate aggregation

We have evaluated the isodesmic aggregation equilibria illus-
trated in Fig. 3. Geometry optimizations were carried out with
B3LYP functional® with LANL2TZ + f (1.472) basis set and cor-
responding ECP for Pd*® and 6-31G(d) basis set for other atoms
(coordinates of optimized structures are tabulated in Tables S1-
S4+).%° Frequency calculations at this level of theory confirmed
that optimized geometries represent ground state structures.
Single-point energy calculations were carried out using the M06
functional®* with sdd basis set for Pd** and the 6-311++G(d,p)
basis set for light atoms.** Single-point solvation energies in
acetonitrile were calculated using the SMD solvation model.**
These methods reproduce available structural data for
Pd;(OAc)s and have been demonstrated to provide reliable
energies for related Pd carboxylate systems.?” Initial geometries
for Pd, and Pd, aggregates were supplied as Pd substitution of
known Rh,(OAc), and Pt,(OAc)s structures, respectively.”*> The
geometry of Pd;(OAc)s was based on its reported X-ray struc-
ture.”® Consistent with solid-state and solution-phase
measurements, these calculations indicate that trimeric
Pd;(0Ac)s (Pd-Pd: 3.23 A) is the thermodynamically preferred
aggregate. Pd,(OAc), (Pd-Pd: 2.62 A), the next-most stable
aggregate, is +5.0 kcal mol " relative to Pd;(OAc)s. The highest
occupied molecular orbitals (HOMOs) of Pd,(OAc), and
Pd;(OAc)s are dominated by 4d.> contributions from each of the
Pd centers (Fig. 3b and c). The o* interaction highlighted in the
HOMO of Pd,(OAc), aggregates are responsible for the relative
instability of Pd,(O,CR), sites and alleviation of these interac-
tions drives the observed trimeric structure of Pd carboxylates.

Synthesis of Pd,-based materials by ion exchange

We initiated our investigations of ion metathesis to generate
metastable Pd, aggregates using M;btc, (btc = 1,3,5-benzene-
tricarboxylate) networks because (1) these networks feature
carboxylate-bridged binuclear sites, (2) a variety of metal ions
have been demonstrated to give rise to isostructural networks,**
and (3) we have an ongoing interest in the group-transfer
chemistry of M, sites housed in this class of materials.*® We
specifically identified Zn;- and Cusbtc, networks based on the
similarity of the ionic radii of Zn, Cu, and Pd within carboxylate

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc04940h

Open Access Article. Published on 30 November 2018. Downloaded on 6/18/2026 9:11:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

a) b)
Me
Me ﬁ_ Me Mi
0 ’\o
Me 030 O /_O =0
= o_ 0 \J—Pd—o ~ P\ o8
5 N7 Me X Me o\/ =
-_ Pd Yo ))’ Pd Pd d Y_ Pd=—|-pd—0
g _<o/ \o>_ Me’« d_»\ Lot el . Pd\Pld i P—Me
- / [o Y mo \ })
5 Me Y e 050 o
x M Y
> | T el Me Me
s 143 e — 9
gl T T 116
© e e
1 Ty
s 50 e
0.0
1 2 3 4
Aggregation State
Fig.3 (a) Plot of free energy versus aggregate size for the aggregation equilibria available to Pd(OAc),. lllustrations of the HOMO of (b) Pd>(OAC)4

and (c) Pdz(OAc)e.
ligand frameworks.*®* Molecular heterobimetallic complexes
PdZn(OAc),-H,0 and PdCu(OAc),-H,O are known,” and the
Pd-O distances in these structures are well matched: Pd-O for
PdZn(OAc),-H,0 = 2.007 A, Pd-O for PdCu(OAc),-H,0 = 2.000
A, Cu-0 = 1.997 A, and Zn-0O = 2.057 A.

Ion metathesis experiments were carried out by soaking pre-
formed template lattices in solutions containing Pd(i) sources.
The soaking solution was refreshed weekly. The extent of ion
exchange was evaluated by inductively coupled plasma-mass
spectrometry (ICP-MS) analysis of solutions prepared by
exhaustively washing exchanged materials with both the solvent
used in the soaking experiment and MeCN followed by diges-
tion of the solid material with aqueous HNO;.*® We initiated our
experiments by examining potential ion exchange chemistry
into Cusbtc,. We examined a variety of Pd sources (Pd(OAc),,
Pd(0O,CCF3),, PdCl,, and [Pd(CH3;CN),][BF,],) in a series of
reaction solvents (CHCl;, CH3;CN, MeOH, EtOH, and DMF)
between 23-80 °C. Under no condition were we able to detect
substantial Pd(u1) incorporation into the Cu-based network (<1%
exchange; these experiments are summarized in Table S5t).%¢
Based on the demonstration that Zn sites can be fluxional in the
Zn,O nodes of MOF-5,% we turned our attention to exchange
experiments with Znzbtc,. Treatment of Znsbtc, with CHCl,
solutions of Pd;(OAc)e for 20 d results in ~35% exchange of Zn
for Pd. While further soaking with Pd** solutions did not result
in increased Pd incorporation, the partially exchanged material
was isomorphous with Zn;btc, (for PXRD, see Fig. Slat) which
indicated the viability of Pd exchange into lattice sites of M,-
based materials. Fig. S1bf compares the PXRD patterns ob-
tained for Zns;btc and Pd-exchanged btc-based networks with
the PXRD pattern that would be following network reorganiza-
tion accommodate trigonal prismatic nodes (i.e. analogous to
the structure of Pd;(OAc)s), and demonstrates that the extended
M,-based lattice is not changed upon ion metathesis.

To access materials with greater Pd incorporation, we
examined the ion metathesis chemistry of other Zn,-based
porous materials (data summarized in Tables S6 and S77). Large
families of metal-organic frameworks are available in which

This journal is © The Royal Society of Chemistry 2019

carboxylate linkers support the targeted M, coordination sites,
and the extent of ion exchange has previously been reported to
correlate with linker flexibility.>” Among the Zn-based porous
frameworks that were investigated, Znsbtei (btei = 5,5',5"-
(benzene-1,3,5-triyltris(ethyne-2,1-diyl))triisophthalate)*
identified as participating in the most efficient ion metathesis
chemistry, affording 79% Pd exchange after 112 d (Fig. 4a, black
trace). The Pd-exchanged material is isomorphous to Znjbtei
based on powder X-ray diffraction analysis (Fig. 4b). Soaking the
exchanged materials in CHCl; for 14 days resulted in no Pd
leaching (ICP-MS analysis). Consistent with our observations
with Znzbtc; and Cujzbtc,, as well as observations of others
regarding the relative facility of ion metathesis of Cu and
Zn sites,?*® exchange into Cusbtei afforded 20% exchange after
56 d.

Ton metathesis of Pd>" into Zn;btei is reversible. Exposure of
the Pd-exchanged material to CH3;CN solutions of Zn(NOj3), led
to the back exchange to regenerate Zn;btei (Fig. 4b).

was

Impact of solvation on ion metathesis

Ion metathesis reactions are often stymied by slow exchange
kinetics.>* We were intrigued by the observed (and reproduc-
ible) sigmoidal exchange profile pictured in Fig. 4a. Fig. 4a
illustrates that exchange is slow for the first ~30 days, after
which point substantially more rapid Pd incorporation is
observed. The sigmoidal kinetics behavior is not related to
sample morphology: two preparations, one using Zn(NO;), and
the other based on ZnBr,, have been reported and afford Zn;btei
as either a microcrystalline powder or as single crystals.*
Examination of these two samples resulted in similar exchange
vs. time plots (Fig. 4a, black vs. blue traces).

The IR spectrum of as-synthesized Znsbtei displays
a stretching frequency at 1650 cm™ ', which has been assigned
as Zn-bound DMF ligands (Fig. S21).**** As exchange chemistry
is carried out in CHCl;, the intensity of this feature diminishes
over the course of ~30 days. Thermogravimetric analysis-mass
spectrometry (TGA-MS) analysis of samples obtained following

Chem. Sci,, 2019, 10, 1823-1830 | 1825
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Fig. 4 Synthesis of Znsbtei and ion exchange with Pd(i) to generate Pdsbtei. (a) Plot of Pd incorporation into Znsbtei as a function of time. Data
plotted for soaking into a microcrystalline powder of Znzbtei (—), crystalline Znsbtei (—), and Znsbtei that was solvent-activated with CHCls (—).
(b) From bottom to top: simulated PXRD of Znsbtei, experimental PXRD of as-synthesized Znzbtei, experimental PXRD of Pdsbtei, and PXRD of
Znszbtei obtained by back exchange of Pdsbtei with Zn(i). (c) N, adsorption isotherm of Pdsbtei (adsorption (@), desorption (0)) obtained at 77 K.

exposure to CHCIl; for varying lengths of time confirms that
concurrent with the disappearance of the carbonyl stretching
mode from the IR spectrum, DMF solvent is removed from the
Zn material; after 27 days of soaking, DMF is no longer observed
(Fig. S31). Similar activation of metal sites by chlorinated
solvents has been observed by treating DMF-solvated Cusbtc,
with CH,Cl,.*

We hypothesized that the DMF ligated Zn sites that are
present in as-synthesized Znsbtei participate in exchange more
slowly than sites with weak donors, such as CHCl;, that are
generated by solvent activation of Zn;btei. To interrogate this
hypothesis, we soaked a sample of Zn;btei in CHCI; for 30 days,
after which time we exposed the solvent-activated sample to
Pd(u) sources (Fig. 4a, red trace). In this exchange reaction, no
induction period for Zn-to-Pd exchange is observed and 86% Pd
incorporation is achieved after 90 days (Fig. S4at). Using
solvent-exchanged materials, the rate of Pd incorporation is
dependent on the Pd salt used for exchange. For example, ion
exchange with Pd(NO;), is much faster than with Pd(OAc), (88%
incorporation is observed after 10 days, Fig. S4bt). The faster
uptake is associated with a loss of material crystallinity (Fig.-
S4ct) so in subsequent experiments we have utilized Pd;btei
prepared from exchange with Pd(OAc),.

Gas adsorption

Znsbtei has been reported to be a non-porous material, which
has been attributed to network collapse upon desolvation;* see
Fig. S51 for gas adsorption analysis of Zn;btei. The N,-adsorp-
tion isotherm obtained for a sample of Pd;btei activated under

1826 | Chem. Sci, 2019, 10, 1823-1830

the same conditions used for Zn;btei (evacuation at 23 °C, see
Fig. S57 for other activation protocols) provided a BET surface
area of 857 m”> g~ ! (a Langmuir surface area of 991 m* g~ %;
Fig. 4c). While substantially higher than the surface area
measured for Zn;btei, the BET surface area of Pdjbtei is less
than that of the isostructural Cuzbtei material (reported BET
surface area of 3730 m> g ;** theoretical surface area is
3677 m® g~ ', see ESIT for the details of calculation).

Single-crystal X-ray diffraction

Zn;sbtei (rht-topology) crystallizes in the Fm3m space group and
the asymmetric unit contains two Zn ions.** We have examined
a single crystal that was isolated following partial Pd exchange
(the Pd content of the sample from which the crystal was iso-
lated was 49% (ICP-MS); crystallography details are compiled in
Table S87). Refinement of metal site occupancy in this partially
exchanged crystal indicated exchange of one of the symmetry
inequivalent Zn sites: Zn(1) has not undergone any exchange
while Zn(2) has been ~40% exchanged. Concurrent with
exchange, the occupancy of the apical ligand associated with the
site undergoing exchange decreases. This observation is
consistent with five-coordinate Zn(u) ions being replaced by
four-coordinate, square planar Pd(u) ions. While PXRD
measurements of fully exchange Pdsbtei indicated that bulk
crystallinity is maintained during exchange, single crystallinity
was not maintained during complete exchange, which pre-
vented acquisition of SCXRD data for fully exchanged btei
networks.

This journal is © The Royal Society of Chemistry 2019
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X-ray absorption spectroscopy

Extended X-ray absorption fine structure (EXAFS) analysis was
pursued to interrogate the coordination environment of the
metal sites during and after ion exchange. We have analyzed
Znsbtei, Pd;btei, as well as partially exchanged sample (~50%
exchange). In addition, we have examined PdZn(OAc),-H,O as
a molecular model of partially exchange heterobimetallic Pd-Zn
sites. Data and fitting parameters are collected in Fig. S6-S10
and Tables S9-S131 and M-M distances obtained from these
data sets are tabulated in Table 1.

The Zn K-edge data obtained for Znsbtei indicate that the
coordination environment about Zn is comprised of four Zn-O
distances at 2.00 A, one Zn-O distance at 2.17 A, and a Zn-Zn
distance of 2.86 A, which is consistent with the known penta-
coordinate Zn environment in solvated Zn;btei.

EXAFS data collected following partial Pd exchange were fit
as a mixture of Zn,, PdZn, and Pd, sites (1 : 2 : 1 ratio). The Zn
K-edge data indicated the Zn coordination environment in
partially exchanged samples displays four Zn-O distances at
2.01 A and one Zn-O distance at 2.18 A. The Zn, sites display
a Zn-Zn distance of 2.90 A and the PdZn sites display a Pd-Zn
separation of 2.60 A. The Pd K-edge data collected for the same
sample were fit with four Pd-O distances of 2.01 A. The PdZn
sites display a Pd-Zn separation of 2.65 A and the Pd, sites show
a Pd-Pd distance of 2.70 A. The Pd-Zn distance determined
from this sample is consistent with the Pd-Zn separation in the
molecular site mimic PdZn(OAc),-H,O (2.576 A (SCXRD), 2.61 A
(EXAFS)).*

The Pd K-edge data obtained for Pd;btei indicated the
coordination environment of Pd is comprised of four Pd-O
distances at 1.98 A and one Pd-Pd distance at 2.72 A. The ob-
tained EXAFS data set is dominated by Pd-Pd scattering and the
best fit does not incorporate a Pd-Zn interaction.

Analysis of the X-ray absorption near edge structure (XANES)
data for both partially and completely exchanged samples
indicate that Pd is incorporated into the M;btei network in the
+II oxidation state (Fig. S111).** Based on comparison of the
edge energy for Pd;(OAc)s, Pdsbtei, PAZn(OAc),, and Pd metal,
the edge energy is inconsistent with the presence of Pd(0) in the
exchanged samples.

Reactivity of lattice-confined Pd, sites

We examined the hypothesis that proximity-enforced Pd-Pd
interaction would raise the HOMO and result in a more

Table 1 Summary of M—M separations determined by EXAFS

Material Zn-Zn (A) Pd-Zn (A) Pd-Pd (A)
Znsbtei 2.86 — —

Zn, sPd, sbtei 2.90 2.60% 2.65" 2.70
Pd;btei — — 2.72
PdZn(OAc),-H,0 — 2.576 —

“ Distance obtained from Zn K-edge data. ® Distance obtained from Pd
K-edge data.

This journal is © The Royal Society of Chemistry 2019
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nucleophilic and more easily oxidized Pd site in comparison to
Pd carboxylates in which such Pd-Pd proximity is not enforced
(i.e. the trinuclear structure of Pd;(OAc)s). To evaluate this
hypothesis we examined the interaction of Pdsbtei with CS,.
Electron donation into CS, is expected to manifest as a weak-
ening of the C-S m-bonds and a low-energy shift in the associ-
ated IR stretching frequency.** The IR spectrum of CS,-
impregnated Pd;btei displays an 11 cm™ " red shift in the IR
stretching frequency (Fig. S121). No similar changes were
observed upon CS, update in Znsbtei or upon treatment of
Pd;(OAc) with CS,.

We have evaluated the reactivity of Pd;btei towards a variety
of reaction conditions. The Pd-O linkages in Pd;btei are
susceptible to protonation: treatment of Pdj;btei with weak
acids such as AcOH leads to the digestion of the extended lattice
and the evolution of free H¢btei and soluble Pd salts. The pro-
tolytic instability of the Pd-O bonds in Pdjbtei can give rise to
reaction chemistry with protic substrates: treatment of Pd;btei
with benzyl alcohol resulted in the evolution of benzaldehyde
with the concurrent formation of Pd(0). This observation is
consistent with protonation of the Pd-O bond followed by B-
hydride elimination of the incipient Pd(u) alkoxide. We have
also carried out a series of experiments in which Pd;btei was
treated with oxidants, such as peracetic acid and 2-ter¢t-butyl-
sulfonyl iodosylbenzene. Despite attempts to introduce exoge-
nous substrates that might participate in C-H functionalization
of olefin oxidation, in all conditions examined, the exclusive
oxidation product obtained is 1,3,5-benzene tricarboxylic acid,
which is the product of oxidative cleavage of the alkynyl groups
in btei ligand. Similar treatment of Hgbtei and Znsbtei also
generates 1,3,5-benzene tricarboxylic acid.

Discussion

Pd(OAc), is a ubiquitous catalyst and precatalyst in organic
synthesis, and as such the structure of this important molecule
has been the focus of sustained interest. Single-crystal X-ray
diffraction, EXAFS, and solid-state NMR experiments have
confirmed that Pd(OAc), exhibits a trimeric structure (i.e.
Pd;(OAc)e) in the solid state (Fig. 1).**>° A combination of NMR,
Raman, and IR spectroscopies as well as EXAFS data and
ebulliometry measurements indicate that the trimeric structure
is maintained upon dissolution in many common solvents.'***¢
Trinuclear aggregation simultaneously satisfies the proclivity
for square planar coordination about Pd(u) ions and minimizes
overlap of filled 4d,- orbitals (Fig. 3).

The close Pd-Pd interactions in acetate-bridged binuclear Pd
complexes, such as complex 4 (Fig. 2), are credited for Pd-Pd
cooperation and facile redox events in some Pd-catalyzed C-H
oxidation chemistry.'® A priori, one might expect that attractive
d®---d® interactions, which arise from symmetry allowed mixing
of the 4d orbitals with the 5s and 5p orbitals, could stabilize Pd,
aggregate.*> However, in comparison to Rh, Ir, and Pt, for which
attractive d®---d® interactions have been documented, Pd
exhibits an anomalously large energy gap between the 4d and 5s
and 5p orbitals, which attenuates the impact of symmetry-
allowed orbital mixing.** The potential stabilization of mixing

Chem. Sci,, 2019, 10, 1823-1830 | 1827


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc04940h

Open Access Article. Published on 30 November 2018. Downloaded on 6/18/2026 9:11:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

of the 4d with 5p and 5s orbitals is more than compensated for
by the enforced filled-filled 4d,- interactions in Pd, aggregates.
The kinetic instability of Pd, aggregation can be overcome with
strong donor ligands such as formamidinate and guanidinate
ligands,*® but the use of such basic ligands can introduce
potential ligand-based redox chemistry.® With interest in
oxidation catalysis, we have been attracted to identifying strat-
egies to stabilize Pd, aggregates in the absence of strongly basic
nitrogen donors and have focused on the potential to isolate
these structures in oxidation-resistant oxygen ligand fields.
Here, we demonstrate that ion metathesis of Pd(u) into pre-
formed Zn(u)-based porous materials enables the synthesis and
stabilization of thermodynamically metastable Pd, tetra-
carboxylate sites confined with a porous lattice (Fig. 4).
Extended exposure of Zn,-based materials to Pd(i)-containing
solutions results in the replacement of lattice Zn (i) with Pd(u).
Based on a combination of SCXRD and EXAFS analysis, the
templated Pd, sites are installed by sequential replacement of
the Zn ions in the template lattice. Pd exchange efficiency
depends on both the templating metal ion—Pd exchange is
more efficient in Zn,-based materials than those comprised of
Cu, sites—and the structure of the organic linkers—Pd
exchange into Znsbtc, proceeds only to ~35% Pd incorporation
while use of the larger linking group btei enabled exchange
reactions to proceed to ~80% Pd incorporation. This observa-
tion is consistent with previous reports that larger, potentially
more flexible organic linkers, support greater ion metathesis
chemistry, which may be due to the ability of these more flexible
structures to accommodate the subtle structural differences
between materials before and after ion metathesis chemistry.
Cation exchange in porous materials has begun to emerge as
a powerful strategy to access materials that are unavailable from
solvothermal synthetic methods. Based on XANES analysis, the
generated Pd,-based materials are comprised of Pd(u) ions, and
the isolated materials do not contain Pd(0). This observation is
in contrast to previous solvothermal approaches to Pd,-con-
taining materials, which result in formation of Pd(0) nano-
particles intercalated within the MOF structure.”” These
observations highlight the importance of low-temperature
cation exchange to generate Pd-based MOFs: facile reduction
of Pd(u) at high temperature and in the presence of many of the
coordinating solvents typically employed in solvothermal
synthesis of porous materials mandates that low-temperature
synthetic methods to be developed to introduce Pd(u) sites.
While cation exchange chemistry is an important approach
towards designer porous materials, often, the lack of mecha-
nistic information regarding ion metathesis chemistry prevents
predictive application of cation exchange reactions to target
porous structures. Analysis of the time-dependent reaction
progress of Pd exchange into Zn sites has revealed the presence
of a kinetic induction period for ion exchange when DMF-
solvated Zn templates were employed. At early reaction times,
exchange proceeds slowly. At later times, substantially faster
exchange is observed (Fig. 4a). IR spectroscopy and TGA-MS
experiments, carried out during the kinetic induction period
indicated that during this reaction regime, Zn-bound DMF
ligands were being removed. The more rapid exchange

25b

1828 | Chem. Sci., 2019, 10, 1823-1830

View Article Online

Edge Article

chemistry was observed once DMF ligands were completely
removed. The importance of network solvation was confirmed
by pre-soaking materials in CHCl;. Ion exchange on these pre-
activated materials resulted in ion exchange with no induc-
tion period. We hypothesize that the observed solvation-
dependent exchange chemistry reflects the increased Lewis
acidity of under-ligated Zn(u) ions and the increased proclivity
of these ions to bind incoming carboxylate ions delivered by
Pd;(OAc)e.

The unique electronic structure of the Pd, site that is
conferred by proximity-enforced Pd-Pd interaction is evidenced
by the observation of CS, binding. The HOMO-energy-raising
impact of d, mixing provides enhanced Lewis basicity and
thus binding of Lewis acidic substrates which is not observed in
either Zn;btei or Pd;(OAc)e. Oxidative lability of the alkynyl
linkers in the btei ligands has thus far precluded examination of
the impact of HOMO-raising on oxidation catalysis with lattice-
confined substrates.

Conclusions

The scope of polynuclear complexes that can be evaluated as
potential catalyst platforms would be greatly expanded if
general strategies to control the size and geometry of discrete
aggregates supported by simple ligands were available. Here, we
have demonstrated that cation metathesis within porous MOFs
can be leveraged to prepare and stabilize Pd, tetracarboxylate
sites that are metastable in solution-phase chemistry. These
studies have revealed the important role that lattice solvation
can exert on the course of ion metathesis chemistry. We antic-
ipate that the development of predictive models for when cation
exchange chemistry will be facile in combination with access to
new templated polynuclear aggregates housed in oxidatively
stable ligand environments will contribute to the development
of new families of polynuclear catalysts.
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