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Abstract: Atomistic control of the coordination environment of lattice
ions and the distribution of metal sites within crystalline mixed-metal
coordination polymers remain significant synthetic challenges. Here
we describe the mechanochemical synthesis of a reticular family of
crystalline heterobimetallic metal-organic frameworks (MOFs) by
polymerization of molecular Ru[ll, ] complexes, featuring
unprotected carboxylic acid substituents, with Cu(OAc)2. The resulting
crystalline heterobimetallic MOFs are solid-solutions of Ruz and Cuz
sites housed within [MsL2] phases. The developed mechanochemical
strategy is modular and allows for systematic control of the primary
coordination sphere of the Ruz sites within an isoreticular family of
materials. We anticipate the reported strategy will provide a rational
approach to atomically precise mixed-metal materials.

Reticular synthetic logic, in which systematic perturbation of
molecular structures gives rise to predictable variation in
materials properties, underpins the rational synthesis of metal-
organic frameworks (MOFs)." Solvothermal syntheses often
yield crystalline materials when metal ions that participate in facile
ligand exchange chemistry (ky,o > ~0.04 s at 298 K@) are
employed,B¥! because reversible metal-ligand (M-L) bond
formation enables crystallization defects to be annealed (Figure
1a). Under rapid-exchange conditions, synthesis of mixed-metal
MOFs typically results in a random distribution of metal sites
within the lattice.®! Incorporation of kinetically inert metal ions as
structural elements in crystalline MOFs is a synthetic challenge,®!
and as a result, kinetically inert metal ions, which display slow M—
L exchange (i.e. ky,o < ~0.04 s™ at 298 K, such as Cr(lll), Ru(ll
or IlI), Rh(lll), Ir(lll), and Pt(Il)) are rarely encountered in MOFs
(Figure 1b). Notable exceptions include Cr(lll)-based MIL-100,
MIL-101,B1  and  [Rus(btc)sCls] (btc = benzene-1,3,5-
tricarboxylate),® all of which were synthesized at high
temperature (2160 °C), in presence of high concentrations of acid
modulators, and obtained only as microcrystalline powders.
These observations belie the inherent challenge of crystallization
of coordination polymers based on slowly exchanging M—L bonds.
Reductive labilization-metathesis strategies have been advanced
as an approach to incorporate kinetically inert metal ions,®! but
application of these methods requires that fast ligand exchange
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Figure 1. (a) The commonly encountered metal ions in MOFs demonstrate
reversible M—L bonds. (b) Kinetically inert metal ions displaying irreversible M—
L bonds are rarely encountered in MOFs. (c) A generalized inert metalloligand
strategy is demonstrated here for the incorporation of kinetically inert metal ions
in MOFs.

kinetics are characteristic of one of the isolable oxidation states of
the targeted ions.

Based on the requirement for M-L reversibility to access
crystalline materials, the chemical diversity of MOFs is typically
limited to rapidly exchanging, weak-field donors, such as
carboxylates.l'” Tools that enable systematic variation of the
primary coordination sphere of lattice-bound metal ions within
isostructural MOF platforms are largely unavailable.""! These
limitations arise because the inherent challenge of incorporating
kinetically inert ions is exacerbated for highly basic, strong-field
donors, which are commonly encountered in coordination
chemistry and catalysis.['?!
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As part of our efforts to develop porous catalyst platforms for
chemoselective intermolecular C—H amination chemistry, we
have been interested in developing modular synthetic methods for
Ruz[ll,Ill]-based MOFs featuring systematically variable primary
coordination  spheres.['®  Previous efforts, based on
metallopolymerization via Sonogashira cross-coupling chemistry,
provided amorphous materials.[' Mechanochemical
polymerization has been utilized for the synthesis of MOFs!'S!
based on Cu2-"®l, Zn,O-['"], and Zre-based!'® metal nodes with
organic ligands. We hypothesized that mechanochemical
polymerization of kinetically inert metalloligands with metal ions
that display facile ligand exchange kinetics would provide access
to crystalline heterobimetallic materials in which the distribution of
metal sites would be dictated by the sequential synthetic
installation (Figure 1c). Here, we report mechanopolymerization
of Ruz[ll,lll]-based monomers featuring unprotected carboxylic
acid substituents to generate a family of isostructural mixed-metal
MOFs. The developed method represents a systematic strategy
to generate mixed-metal MOFs, in which the metal environment
and position are controlled with atomic precision.

We initiated these investigations by developing synthetic
chemistry of Ruz[ll,Ill] complexes (1-3) featuring free carboxylic
acid groups (Figure 2a), which represent molecular building units
of a [Msbtcz] phase. Bis-protected ligands 1a and 2a were
prepared by monodeprotection of the corresponding tris-esters
(see Supporting Information for details). Thermally promoted
ligand exchange between bis-esters 1a—3a and Ruz(OAc)4Cl or
Ru2(OPiv)4Cl afforded complexes 1b-3b. Ligand substitution
reactions were monitored by electrospray-ionization mass
spectrometry (ESI-MS), which provided a value of m/z that
corresponded to the mass of [RuzL4]® (1b and 2b) or [RuzL4Cl]
(3b). The 'H NMR spectra of carboxylate- and amidate-based
RuzL4Cl (1b and 2b) display similar paramagnetically shifted
signals as the non-carboxylated analogues Ru2(OBz)4Cl and
Ru2(HNBz)4Cl, respectively. Neither 2-pyridonate-based RuzL4Cl
complex 3b nor the non-carboxylated analogue (compound S6,
Supporting Information) display well-defined 'H NMR signals
when measured in de-DMSO at 295 K. Global deprotection, by
treatment 1b with trifluoroacetic acid (TFA) in CH2Cl2 or by
treatment of 2b and 3b with tetrabutylammonium fluoride (TBAF)
in THF followed by acidification with HCI, afforded complexes 1—
3, which feature free carboxylic acid substituents. In each case,
deprotection was monitored by IR spectroscopy. For deprotection
of 1b, disappearance of the C—H bending of the -Bu group (1367
cm™') was monitored; for 2b and 3b, disappearance of the C=0
and Si-C stretches (1720 and 840 cm™) of ester groups were
monitored. The formation of 1 and 2 was also monitored by '"NMR
spectroscopy.

With access to a suite of Ruz complexes featuring carboxylic
acid substituents, we investigated mechanopolymerization
chemistry to generate porous crystalline materials. We selected
Cu(OAc)2 as a co-monomer because it has been commonly
employed in mechanochemical syntheses of MOFs!'62 1601 gnd
displays rapid ligand exchange kinetics.*® Ball miling a 1:4
mixture of Ruz(Hzbtc)sCl (1) and Cu(OAc)2-H20 in the presence
of added MeOH (n = 0.4-0.8 uL/mg,'"¥ Figure S1) afforded a
green-colored  crystalline solid that we assign as
[Ru2Cus(btc)sCI].2% Powder X-ray diffraction (PXRD) analysis
indicates that the obtained material is isostructural to both
[Cus(btc)2] and [Rue(btc)4Cls] (Figures 3 and S2). For comparison,
a series of control experiments were carried out: 1) Milling a
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Figure 2. (a) A two-step synthetic procedure, based on ligand exchange
followed by global deprotection, to generate metalloligands (1-3). Conditions: i)
1b: Ruz2(OPiv)4Cl, PhCI, 90 °C; 2b: Ruz(OAc)4Cl, 150 °C; 3b: Ru2(OAc)4Cl, PhClI,
150 °C. i) 1: TFA, CH2Clz, 23 °C; 2 and 3: TBAF, THF, 23 °C; 1M HCI, MeOH.
(b) Mechanopolymerization of 1-3 with Cu(OAc)2-H20 afforded a family of
atomically precise crystalline materials [Ru2CusL4Cl] that are isostructural with
[Cus(btc)z].
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Figure 3. Powder X-ray diffraction (PXRD) patterns of solvothermally
generated [Rus(btc)4Cls] (—), mechanochemically generated [Ru2Cua(btc)sCl]
(—), and mechanochemically generated [Cus(btc)2] (—); synchrotron radiation
(A =0.45411 A) was employed for these experiments.

mixture of Hsbtc and Ru2(OAc)4Cl did not afford [Rue(btc)sCla],
which is consistent with the aforementioned ligand exchange
kinetics at Ru (Figure S3a), and contrasts the ready formation of
[Cus(btc)2] upon ball-milling Hsbtc and Cu(OAc)2-H20 (Figures 3
and S2); 2) milling a mixture of Ruz(Hzbtc)sCl and MeOH without
Cu(OAc)2-H20 did not generate [Rue(btc)4Cls], which further
highlights the slow ligand exchange at Ru (Figure S3b); 3) milling
a physical mixture of [Rus(btc)4Cls] and [Cus(btc)z] (Figure 4a) did
not lead to [Ru2Cua(btc)4Cl] (Figure S4), and 4) pre-formed Cu>
paddlewheels (i.e. Cuz(OAc)4) appear to be critical for successful
mechanochemical synthesis; [Ru2Cuas(btc)sCl] was not obtained
by ball-milling Ruz(Hzbtc)4Cl and Cu(NO3z)2-2.5H20 (Figure S5). In
addition, attempts to prepare [Ru2Cua(btc)sCl] from Ruz(Hzbtc)sCl
under solvothermal conditions were uniformly unsuccessful.

This article is protected by copyright. All rights reserved.
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The synchrotron PXRD patterns of both [Cus(btc)2] (a=b=c
= 26.36724(6) A, Figure S6a and Table S1) and [Rus(btc)sCls] (a
= b = ¢ =26.7499(9) A, Figure S6b and Table S1) rwere refined
in a Fm3m space group, which is in accord with the literature.®
21 Given the kinetic inertness of Ru-O bonds under the
mechanochemical  conditions, each  metalloligand in
[Ru2Cuas(btc)sCl] is expected to be connected to eight Cu
paddlewheel nodes (Figure S6¢), and each Cu paddlewheel node
is expected to be connected to four Cu paddlewheel nodes and
four Ru paddlewheel nodes. Such ordering of Ruz and Cuz
paddlewheels would lead to a lower symmetry of [Ru2Cua(btc)4Cl]
as compared to either [Cus(btc)2] or [Rus(btc)sCls].?2 Thus,
[Ru2Cuas(btc)sCl] (Figure S6d) was refined in an /4/mmm space
group (@ = b = 18.781(7) A, ¢ = 26.43(1) A, Table S1). The
monotonic lattice contraction from c¢ axis with increasing Cu
content (26.7499(9) A > 26.43(1) A > 26.36724(6) A) is consistent
with the relative Ru-O (2.02(1) A in Ruz(OAc)sCl) and Cu-O
(1.97(2) A in Cu(OAc)2-H20) bond lengths.

The metal composition of [Ru2Cuas(btc)sCl] was investigated
by wavelength dispersive spectroscopy (WDS) and by inductively
coupled plasma mass spectrometry (ICP-MS) of a nitric-acid-
digested sample (Table S2). Both techniques provided a Ru:Cu
ratio of 1:2, which is consistent with a high degree of
mechanochemical polymerization and the [Ru2Cuas(btc)4Cl]
empirical formula. Complementary IR analysis also indicates
essentially complete mechanopolymerization (vide infra).

X-ray absorption near edge structure (XANES) data for Ru
and Cu (Figure S8) suggest that the Ruz and Cuz units in
[Ru2Cua(btc)4Cl] retain the Ruz[ll11I] and Cuz[ll,ll] oxidation states,
similar to that of [Rus(btc)4Cls] and [Cus(btc)2]. Further, Ru K-edge
extended X-ray absorption fine structure (EXAFS) data collected
for [Ru2Cus(btc)4Cl] indicate that the local coordination geometry
of polymerized Ruz sites is unchanged under the
mechanochemical synthesis conditions (Figure S9 and Table S3).
Specifically, the EXAFS data of [Ru2Cuas(btc)4Cl] collected at the
Ru K-edge are consistent with the presence of a Ru environment
comprised of four Ru—O distances at 2.03(1) A, 0.5 (disordered
over two axial sites) Ru—Cl distance at 2.40(6) A, and one Ru-Ru
distance at 2.282(9) A, which is consistent with the molecular
structure of Ruz(OBz)4Cl. Similarly, EXAFS analysis of
[Rus(btc)sCls] provided Ru-0: 2.02(1) A and Ru-Ru: 2.289(5) A
and single-crystal X-ray analysis of Ruz(OBz)4Cl?® provided Ru—
0: 2.021(4) APY Ru—-Ru: 2.290(1) A, and Ru—Cl: 2.532(1) A).
Analysis of the Cu-edge data of [Ru2Cua(btc)4Cl] indicates the
presence of four Cu—O vectors at 1.960(5) A and one Cu—Cu
vector at 2.66(2) A, which is consistent with the Cuz structure of
the nodes of [Cus(btc)2] (EXAFS: Cu-O: 1.965(7) A; Cu—Cu:
2.64(2) A; single-crystal X-ray diffraction: Cu-O: 1.951(4) A; Cu—
Cu: 2.629(1) A).21

IR spectroscopy indicates the presence of discrete Cuz and
Ruz sites in [Ru2Cuas(btc)sCl] (Figure 4a). The IR spectrum of
[Ruz2Cuas(btc)4Cl] displays signals at 1447 and 1642 cm™, which
are consistent with COO-Cu: stretching frequencies (1443 and
1633 cm™ in [Cus(btc)2]?®). A signal at 1426 cm™ in the IR
spectrum of [Ru2Cus(btc)sCl] is consistent with a COO-Ru2
stretching mode and in agreement with the signal at 1432 cm’™
observed in [Rus(btc)sCls].2 261 One of the C—COO stretching
from the Cuz unit (759 cm™ in [Cus(btc)2]) was also observed in
[Ru2Cuas(btc)4Cl] at 755 cm™. In addition, IR provides a diagnostic
probe for the completeness of the mechanochemical synthesis
reaction by examining the disappearance of the carbonyl
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Figure 4. (a) PXRD patterns of [Cus(btc)2] (—), [Rus(btc)sCls] (—),
[Ru2Cuas(btc)sCl] (—), a physical mixture of [Cus(btc)z2] and [Rus(btc)sCls] (—).
Dotted lines are provided to simplify comparisons with [Ru2Cua(btc)4Cl], which
is distinct from [Cus(btc)2] and [Rus(btc)4Cls]. (b) IR spectra of [Rus(btc)4Cls] (—),
[Cus(btc)2] (—), and [Ru2Cua(btc)sCl] (—). (c) UV-vis NIR diffusion reflectance
spectra of a family of isostructural crystalline [Ms(btc)z], including [Cus(btc)2] (—),
[Rus(btc)aCls] (—), [Ru2Cua(btc)sCl] (—), [Ru2Cus(NH,O0-L)sCl] (—), and
[Ruz2Cus(N, O-L)4Cl] (—).

stretching from free carboxylic acid groups at 1725 cm™ (Figure
S10b).

Solid-state UV-vis NIR spectra were collected on
[Ruz2Cua(btc)sCl], [Rus(btc)sCls], and [Cus(btc)z] (Figures 4b and
S11) and llustrate the co-existence of Cuz and Ruz in
[Ru2Cuas(btc)sCl]. A broad absorption band with Amax centered
around 700 nm was observed in both [Ru2Cua(btc)sCl] and
[Cus(btc)z], which is assigned to the characteristic d-d transitions
of the Cuz unit. An absorption peak with Amax = 440 nm, assigned
as n(O) — n*(Ruz[ll,Ill]) was observed in both [Ru2Cuas(btc)4Cl]
and [Rus(btc)4Cls], although the weak intervalence charge transfer
band around 1100 nm commonly observed in Ru(O2CR)4Cl and
[Rus(btc)sCls] was not evident in [Ruz2Cua(btc)sCl].

Thermogravimetric analysis (TGA, Figure S12) of
[Ru2Cuas(btc)sCl] revealed this material is thermally stable to
200 °C, which is comparable to the thermal stability of
[Rue(btc)sCls] (Figure S12). Based on these observations,
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[Ru2Cuas(btc)sCl] was activated by exhaustive methanol exchange
followed by heating at 150 °C under vacuum prior to gas sorption
analysis. The permanent porosity of [Ru2Cuas(btc)sCl] was
characterized by N2 adsorption isotherms at 77 K (Figure S13a
and Table S4). [Ru2Cus(btc)4Cl] has a measured Brunauer-
Emmett-Teller (BET) surface area of 1051 m2/jg (Langmuir
surface area is 1433 m?/g). In comparison, [Rus(btc)sCl3] displays
a BET surface area of 958 m?/g (Langmuir surface area at 1082
m?/g). The difference in these surface areas is approximately
what would be expected based on the difference in empirical
formula mass between [Ru2Cua(btc)4Cl] and [Rus(btc)4Cls] (~1.1).
Both Ru-based materials display substantially lower surface
areas than would be predicted based on the crystal structure
(1935 and 1835 m?/g). The observed surface areas are consistent
with both the typical observation than mechanochemically derived
materials have lower surface areas than analogous
solvothermally prepared materials and the observation that
porosity in mechanochemically derived materials is negatively
correlated with linker size.['® In our synthesis, the “linker” is Ruz
complex 1, which is substantially larger than Hsbtc. Pore size
distribution analysis through density functional theory (DFT)
model is summarized in Figure S13b. The observed pores at 6.8
and 8.5 A are in line with experimental pore sizes of [Rus(btc)sCls]
(5.9 and 8.1 A) and [Cus(btc)2] (8.6 A). The mechanochemically
synthesized [Ru2Cuas(btc)sCl] displays a broad range of
mesopores (20-35 A), which is consistent with the formation of
defects during mechanochemical synthesis.

The developed metallopolymerization provides access to
isostructural materials in which the primary coordination sphere of
lattice-confined ions is systematically varied. Mechanochemical
polymerization of complexes 2 and 3 with Cu(OAc)2-H20 affords
[Ru2Cus(NH,O-L)sCI] and [Ru2Cus(N,O-L)4Cl], respectively
(Figure 2b). Based on PXRD analysis (Figures S14-S15), the
obtained crystalline materials are isostructural to [Ru2Cuas(btc)4Cl]
(i.e. [Ms(btc)2] phase). Characterization details for the
mechanochemically generated materials (XAS (Figure S16 and
Table S5), gas adsorption (Figures S17-S18 and Tables S6-S7),
IR (Figures S19-S20), solid-state UV-vis NIR (Figure 4b and
Figures S21-S22), and TGA (Figure S23)) are consistent with the
indicated empirical formula and indicate the successful
incorporation of Ruz nodes with systematically varied primary
coordination spheres into porous crystalline materials.

In  contrast to unsuccessful attempts to prepare
[RuzCus(btc)sCl] by solvothermal methods, solvothermal
combination of either [Ruz(NH, O-HzL)4Cl] or [Ruz2(N, O-HzL )sCl] —
metallomonomers featuring N,O-coordination at the Ruz site —
with Cu(OAc)2-H20 produced highly crystalline materials (for
PXRD, see Figures S14-S15). Solid state UV-vis NIR
spectroscopy indicated the incorporation of both Cuz and Ru:
units (Figures S21-S22). The solvothermally generated
[Ruz2Cus(NH,O-L)4Cl] displays a BET surface area of 1580 m?/g
(Figure S17 and Table S6), which is higher than that of the
mechanochemically generated sample (418 m?g). We
hypothesize that [Ru2Cus(NH,O-L)4Cl] and [Ru2Cu4(N,O-L)4Cl]
can be accessed solvothermally, while [Ru2Cua(btc)4Cl] cannot be,
due to enhanced stability of the molecular precursors; benzamide
and 2-pyridone display are more basic (pKa = 23.3 and 17.0 in
DMSO, respectively) and presumably less easily exchanged from
the pre-formed Ruz complexes, than that of benzoic acid (pKa =
11.1).
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To evaluate the impact of systematic variation of the primary
coordination sphere on the electronic properties of lattice-
confined Ruz sites, we examined the IR spectra of these materials
following impregnation with tetracyanoethylene (TCNE). TCNE
was selected as a probe of the local Ruz chemical environment
because 1c-n are sensitive to the interactions with transition metal
sites.?”? TCNE displays vc-n at 2261 and 2228 cm™ (Figure S26).
Analysis of samples of [Ru2CusL4Cl] materials following exposure
to CH2Cl2 solutions of TCNE revealed w=n at 2230 and 2204,
2222 and 2200, and 2220 and 2200 cm™ for [Ru2Cua(btc)Cl],
[Ru2Cu4(NH,0-L)4Cl], and [RuzCus(N,O-L)«Cl] (Figure S26),
respectively. The systematic shift to lower frequency is attributed
to the formation of TCNE adducts of the Ruz sites accompanied
by fractional charge transfer to the coordinated TCNE ligand from
the Ru(ll) site (i.e. development of TCNE™ character). The extent
of n-backbonding, and thus wc=n is a reflection of the electron
density at the Ruz site engaged with TCNE and the order of
energies measured for TCNE in [Ru2Cua(btc)4Cl], [Ru2Cus(NH, O-
L)4Cl], and [Ru2Cus(N,O-L)4Cl] is consistent with the relative
donicities of these ligands. Importantly, treatment of an
unactivated sample of [Cus(btc)2] with a CH2Cl2 solution of TCNE
did not result in observable vc=n peaks, indicating the lack of
adduct formation at the Cuz nodes (Figure S27).

In summary, we have developed reticular mechanochemistry
that enables synthesis of crystalline materials with atomistic
control over both the primary coordination sphere of lattice ions
and the connectivity of mixed metal materials. Polymerization is
accomplished by reversible Cu-O bond formation between
kinetically inert Ruz-based metalloligands and kinetically labile
Cu(OAc)2. The newly obtained crystalline materials are a solid-
solution of Rug[lllll] and Cuz sites in networks that are
isomorphous to the related pure Cuz-based phases. The
described mechanopolymerization strategy provides an attractive
approach to preparation of mixed-metal MOF materials. Unlike
postsynthetic transmetallation or direct solvothermal synthesis
under fast-exchange conditions, the described strategy enables
synthesis of atomically precise materials under conditions in
which no ion scrambling is observed. As such, these materials
differ from heterobimetallic materials derived from paddlewheel
units that feature two different metal ions®® in that the current
materials are solid solutions of Ruz and Cuz units. Given the
ubiquity of metal paddlewheel building units in MOFs, this strategy
complements the current methods of preparing heterobimetallic
paddlewheel-based MOFs. This highly modular synthetic strategy
allows precise control over the primary coordination sphere of the
Ruz[ll,I11] sites in solid state materials. This strategy is envisioned
to pave an effective avenue to prepare porous MOF materials that
feature slow-exchanged inert metal sites and mixed-metal metal
nodes with defined environment and positions.
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Reticular mechanopolymerization of labile metal nodes and kinetically inert metallomonomers provides a rational synthetic approach
to controlling the primary coordination sphere of inert metal nodes and the distribution of metal sites with atomistic precision.
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