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ABSTRACT: Rh(II) porphyrin complexes display pronounced metal-centered radical character and the ability to activate small
molecules under mild conditions, but catalysis with Rh(II) porphyrins is extremely rare. In addition to facile dimerization, Rh(II)
porphyrins readily engage in kinetically and thermodynamically facile reactions involving two Rh(II) centers to generate stable
Rh(IIT)-X intermediates that obstruct turnover in thermal catalysis. Here we report site isolation of Rh(II) metalloradicals in a MOF
host, which not only protects Rh(II) metalloradicals against dimerization, but also allows them to participate in thermal catalysis.
Access to PCN-224 or PCN-222 in which the porphyrin linkers are fully metalated by Rh(II) in the absence of any accompanying
Rh(0) nanoparticles was achieved via the first direct MOF synthesis with a linker containing a transition-metal alkyl moiety, followed

by Rh(IIT)-C bond photolysis.

Rh(II) porphyrins have attracted sustained interest due to
reports of fascinating stoichiometric transformations, including
activation of the C—H bond in methane at room temperature.'
Cooperative reaction pathways involving two rhodium centers
are considered a hallmark of Rh(II) metalloradical chemistry,
and multiple tethered porphyrin ligands have been prepared via
laborious routes to facilitate di-Rh transformations.* For many
substrates, however, cooperative engagement by two Rh(II)
centers gives rise to closed shell Rh(III) products that are stable
up to ~ 200 °C and obstruct turnover in thermal catalysis (Fig.
1A).> Preventing a close approach between Rh centers would
force substrates to engage with only a single Rh center and avert
deactivation of Rh(II) catalysts. Isolation of Rh(II) centers also

prevents reversible dimerization, and thus increases the concen-
tration of reactive, monomeric Rh(II). Rh(II) complexes involv-
ing sterically bulky porphyrins, such as 2, are protected against
dimerization via Rh—Rh bond formation, but reactions between
two Rh centers and a substrate to yield closed-shell products
remain facile.” Site-isolation of Rh(II) in a MOF, on the other
hand, prevents all reactions involving two Rh centers, and thus
substantially alters the mode in which Rh(II) engages with both
silanes and olefins (Fig. 1B). We show that MOF heterogniza-
tion of Rh(II) porphyrins enables thermal hydrosilylation catal-
ysis, renders light-promoted catalysis notably more efficient,
and increases the selectivity with which the hydrosilylated
product is formed.
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Figure 1. Unllke reported homogeneous systems,”!! MOF-based Rh(Il) porphyrins catalyze olefin hydrosilylation.

Well-defined heterogenization of transition metal cata-
lysts in MOFs or on high surface area supports via surface or-
ganometallic chemistry has proven to be an effective strategy
for the prevention of deactivation via catalyst dimerization or

ligand exchange.'*? Heterogenized catalysts can also display
increased reaction rates if comparable homogeneous catalysts
require sterically bulkier ligand environments to remain stable,
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or if heterogenization improves the cooperation between a cat-
alyst and a co-catalyst.'® 2% 242 However, examples where site
isolation alters the mode of substrate engagement by the cata-
lyst are considerably rarer.’>3? Notably, Lin and coworkers
demonstrated that MOF-based catalysts could ensure substrate
interaction with one,* or favoring two metal centers in two
electron reactions.’* Here we show that MOF site isolation
can alter the course of radical reactions and thus eliminate facile
radical recombination steps that lead to catalyst deactivation.
To the best of our knowledge, thermal hydrosilylation with
Rh(Me)-3 constitutes the first example where site isolation of a
transition metal complex in a MOF is not only beneficial, but
crucial for catalytic turnover.

There are few examples of Rh(II) metalloradical catalysis,
and no prior report on Rh(II) porphyrin catalyzed intermolecu-
lar olefin hydrofunctionalization. The persistent challenge in
Rh(II) porphyrin catalysis lies in the need to regenerate Rh(II)
from stable Rh(III)-X intermediates formed in the catalytic cy-
cle, for which the input of substantial amounts of energy by
thermal (200 °C),>® photochemical®*** or electrochemical*
means is required. One notable exception to the high stability
of Rh(III)-X intermediates obstructing catalytic turnover is
Rh(IIT)-H, which can undergo facile cooperative reductive
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elimination to furnish Rh(I1).**’ Fang and coworkers demon-
strated that Rh(II) porphyrin catalyzed synthesis of formamides
from amines and CO was not only possible in the presence of a
high-voltage mercury lamp, but also via thermal catalysis in the
presence of 30 equivalents of Me;EtSiH as a sacrificial hydro-
gen atom donor.*® Chan and co-workers also showed that
Rh(II)-OH porphyrins can undergo cooperative reductive
elimination of H,O5 at 80 °C to regenerate Rh(II).* Reductive
elimination from Rh(III)-OH enabled catalytic turnover of
Rh(II) porphyrins in the C-C bond hydrogenolysis in
[2.2]paracyclophane, but a reaction temperature of 200 °C was
required to promote the challenging conversion of Rh(III)-C to
Rh(IIT)-OH.*

Here we demonstrate that site-isolation prevents the for-
mation of inert Rh(II)-C bonds so that a facile thermal pathway
for Rh(II) catalyst regeneration becomes accessible that does
not rely on the expulsion of H,. Consequently, hydrofunction-
alization reactions such as hydrosilylation can be catalyzed
without the need for excess silane. Furthermore, sterically un-
encumbered olefins, which are particularly prone to convert
Rh(II) to inert Rh(III)—C intermediates (Fig. 1), are modified for
the first time via Rh(II) porphyrin catalysis.
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Figure 2. A Preparation of Rh(Me)-3 from Rh(Me)-1. B SEM images and EDX maps of pristine and recovered 3. C Comparison of PXRD

patterns for pristine and recovered 3. For details, please see Figures S13, S18-S23 and S119-120.

Given that MOFs are commonly prepared by hydrother-
mal synthesis, the installation of a reactive Rh(IT) metalloradi-
cals center is challenging. We reasoned that Rh(II) may be ac-
cessed from the corresponding bench-stable Rh(III)-Me precur-
sor via Rh—C photolysis.> When performed in benzene, Rh—C
photolysis only generates methane and toluene alongside
Rh(II), so that no side products are formed which are challeng-
ing to remove from the MOF host (Fig. $90-S92).2! Metalation
of porphyrin-linkers in MOFs has been reported with Rh(I),*
and during the preparation of this manuscript, also with RhCl;.5!
Our initial attempts at the installation of Rh(III)-Me in pre-

formed PCN-222 or PCN-224 yielded porphyrin metalation
alongside the formation of MOF-encapsulated nanoparticles
that were invisible in PXRD, and could not be removed by mul-
tiple washing cycles (Fig. S66—S87). The presence of low con-
centrations (<5% of total Rh content) of small Rh(0) nanoparti-
cles is difficult to rule out experimentally,> and precursors
known for porphyrin metalation (RhCl; or RhyCl(CO)4) are
also commonly used in Rh nanoparticle synthesis.*33-> Because
Rh(0) nanoparticles and single rhodium atoms on oxide sup-
ports are able to activate silanes and catalyze hydrosilylation via
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distinct reaction mechanisms than Rh(II) porphyrin centers, we
aimed to avoid a post-synthetic metalation approach.-58
Encouraged by the lack of Rh leaching during the synthe-
sis of Rh(III)-Cl containing porphyrin MOFs reported by Zhang
and Su,*""* we developed a synthetic route involving MOF as-
sembly from Rh(IIT)-Me containing porphyrin linkers (Fig. 2A,
S12). Direct synthesis of organometallic MOFs is rare, with no-
table examples furnished by the groups of Yaghi and Wade.?"
6 To the best of our knowledge, Rh(Me)-3 is the first example
of MOF synthesis with a linker that contains a transition metal-
alkyl moiety. To test the generality of direct MOF synthesis

with ligands that carry metal-alkyl bonds, we furthermore pre-
pared Rh(Me)-4 (Fig. S40), for which the Rh center is site-iso-
lated in the MOF host PCN-222. To characterize the ligand in-
stalled in the apical position on the rhodium center in Rh(Me)-
3 and Rh(Me)-4 we obtained an X-ray structure of Rh(Me)-1
(Fig. 2, S148) used in the MOF synthesis, and characterized the
MOFs by solid state NMR (Fig. S53—-S60) as well as MOF di-
gestion followed by LC-MS analysis (Fig. S26, S49) and NMR
spectroscopy (Fig. S25, S48). Reproducible syntheses (Fig.
S64-S65) of phase-pure Rh(Me)-3 and Rh(Me)-4 was ensured
through the inclusion of a seed crystal of PCN-224 or PCN-222,
respectively, a strategy developed by Zhou and co-workers. ¢!
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Figure 3. Evaluation of homogeneous (Rh(Me)-1, Rh(Me)-2) and MOF-based (Rh(Me)-3, Rh(Me)-4) catalysts and scope of olefin hydros-
ilylation catalyzed by Rh(Me)-3. Yields based on silane determined by (a) NMR or (b) isolation; reaction time increased to: (¢) 2 d, (d) 3 d;

see Supporting Information for experimental details (n.d.: not detected).

Simple illumination of Rh(Me)-3 with 390 nm LED light
provided active catalyst Rh(II)-3, for which site-isolated Rh(II)
metalloradicals are regularly spaced throughout the MOF
framework. To compare the efficiency of MOF-based and ho-
mogeneous Rh(II) catalysts, we initially tested olefin hydrosi-
lylation in the presence of light, since turnover for homogene-
ous Rh(II) catalysts commonly requires illumination.’¢
Rh(Me)-1 serves as a homogeneous mimic of the Rh coordina-
tion environment present in the MOF-based catalysts Rh(Me)-
3 and Rh(Me)-4. Additionally, we used Rh(Me)-2 to report on

the influence of Rh—Rh bond formation between metalloradi-
cals (which is absent for Rh(II)-2, Rh(II)-3 and Rh(II)-4, but not
Rh(II)-1) on catalytic performance. For Rh(Me)-3, a catalyst
loading that corresponds to 0.37 mol% Rh was able to effect
ethylene hydrosilylation in 94% yield, while homogeneous
mimic Rh(Me)-1 furnished 6 in only 14% yield alongside 7%
dehydrosilylated product 7 (Fig. 3). The presence of bulky sub-
stituents on the porphyrin ligand in Rh(Me)-2 further reduced
catalytic efficiency (1% 6 formed), even though Rh(Me)-2 is
monomeric in solution. An increase of the steric bulk of the ho-

https://doi.org/10.26434/chemrxiv-2023-v3zgd ORCID: https://orcid.org/0000-0003-1004-1140 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-v3zgd
https://orcid.org/0000-0003-1004-1140
https://creativecommons.org/licenses/by-nc-nd/4.0/

mogeneous porphyrin catalyst thus failed to afford a more ef-
fective hydrosilylation catalyst, while MOF-supported Rh(Me)-
3 furnished 96% yield even when the catalyst loading was re-
duced to 0.18 mol% (Fig. 3, entry 6). Notably, MOF-based 3
could be reused at least 7 times with no systematic decrease in
performance via simple centrifugation and decanting of the re-
action mixture (Fig. S118). The combination of low catalyst
loading and reusability is particularly important for rhodium-
based catalysts given the scarcity and cost of the metal. Simi-
larly to single-atom catalysts, MOF-based heterogeneous cata-
lyst permit 100% usage of thodium atoms, which is not possible
with traditional supported heterogeneous catalysts. '’

Since our focus was geared towards establishing the effect
of site isolation of Rh(IT) metalloradicals inside a MOF matrix
on the facility of different catalytic steps in hydrosilylation, we

A Hydrosilylation Catalysis

primarily studied ethylene as the simplest, sterically unencum-
bered, and least electronically activated olefin substrate. How-
ever, the large pores of the PCN-224 MOF host of 3 also permit
the use of bulkier olefin substrates (Fig. 3). Analogously to re-
ported hydrosilylation reactions that proceed via silyl radical in-
termediates, internal alkenes such as 2-pentene (Fig. S115)
proved unreactive. However, the apparent inability of the silyl
radical to engage with non-terminal olefin positions ensured ex-
clusive formation of the anti-Markovnikov product. Further-
more, bulky silanes and those bearing multiple chloride substit-
uents provided <10% product, whereas HSi(OEt); furnished
high yields if the reaction time was extended to 3 d. Similarly,
secondary silane (9) or oxygen-bridged disilane (8) required
long reaction times, but furnished the corresponding bis-eth-
ylene adducts in 80% yield.
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Figure 4. Benefit of Rh(II) site isolation in catalytic hydrosilylation A Catalytic hydrosilylation with MOF-based (Rh(II)-3) and ho-
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Light is required for the formation of the active Rh(II) cat-
alyst from the Rh(III)-Me precatalyst, but, once formed, Rh(II)-
3 is able to catalyze hydrosilylation of unactivated olefins at
room temperature in the absence of light. Even though the reac-
tion rate is slow, >200 turnovers could be achieved at room tem-
perature. An increase of the reaction temperature permitted 184
turnovers (50 °C) or 248 turnovers (70 °C) after 20 h (Fig. 4A).
For comparison, hydrosilylation reactions catalyzed by
Mn(CO)s metalloradicals, which generate similar downstream
intermediates, commonly require catalyst loadings of 5 mol%
(TON ~ 20), as well as substantially higher reaction tempera-
tures.*>%* However, while homogeneous Mn(CO)s metalloradi-
cals furnish effective hydrosilylation catalysis at elevated tem-
peratures, Rh(II)-1, the homogeneous analogue of our MOF cat-
alyst, furnished almost no hydrosilylated product. Three pro-
cesses involving two Rh centers (Fig. 4B) are kinetically facile
and sufficiently thermodynamically favorable that a reaction

temperature of 140 °C was unable to redirect the course of the
reaction towards hydrosilylation. The use of light was more ef-
ficient at reversing side reactions involving two Rh centers,
with 56 turnovers observed for Rh(II)-1 after 20 h, and full
silane conversion (TON > 240) after 88 h. For MOF-based
Rh(II)-3, which does not generate inert off-cycle intermediates,
full silane conversion (TON > 260) was reached after 20 h with
99% selectivity for the hydrosilylated product, versus 67-74%
hydrosilylation selectivity for homogeneous analogue Rh(II)-1.
The high productivity of MOF-based Rh(II)-3 was particularly
apparent at lower catalyst loadings, where 535 turnovers within
24 h furnished the hydrosilylated product in 96% yield (Fig. 3,
entry 6).

We have shown that while reactions involving two Rh
metalloradical centers are extremely facile (Fig. 4B), they fur-
nish intermediates that are too unreactive to enable thermal hy-
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drosilylation. The sterically bulky ligand environment of homo-
geneous catalyst 2 is able to prevent Rh—Rh dimerization, ren-
dering 2 monomeric in solution, but it does not prevent two Rh
centers engaging cooperatively with small molecules (Fig.
S135-S139).” MOF-supported Rh centers behave as if they
were present at infinite dilution in a// reactions involving two
Rh species, while an effective Rh concentration of ~0.5 mol-L~
!in the framework (Tab. S4) ensures that Rh - substrate reac-
tions proceed efficiently. Despite the fact that Rh(II) porphyrins
are well-known for their cooperative reaction pathways, we
show here that in the case of olefin hydrofunctionalization, a
strictly monomeric Rh(II) center is preferable for catalysis. The
absence of side reactions involving two Rh centers in the MOF
both expedites the light-promoted reaction, and enables thermal
catalysis.

ASSOCIATED CONTENT

The Supporting Information contains detailed experimental proce-
dures, X-ray crystallographic data for Rh(Me)-1 (CCDC-2286496),
additional figures S1-S149, tables S1-S6, and NMR spectroscopic
data.
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