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ABSTRACT: Organometallic iridium catalysts can be used in conjunction with
bispinacolatodiboron (B,Pin,) to effect the borylation of a variety of substrates such
as arenes, alkanes, heteroarenes, and oxygenates. Recently, efforts have also focused
on integrating these catalysts into porous supports, such as metal—organic
frameworks (MOFs). While the mechanism of homogeneous borylation systems
has been thoroughly investigated experimentally and computationally, analogous
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studies in MOF-supported iridium catalysts have not been conducted. Herein, we go.12 K

report the mechanistic investigation of a phenanthroline-iridium catalyst = o
immobilized in the organic linker of Universitetet i Oslo (UiO)-67 £ Kinetic Insights
(Zrs04(OH),(BPDC),(PhenDC),, BPDC = biphenyl-4,4’-dicarboxylate, PhenDC 0041 ,®  Catalyst Speciation
= 1,10-phenanthroline-4,4'-dicarboxylate). By using benzene as a model substrate, 000 622>
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variable time normalization analysis (VINA) of the kinetic data suggested a rate
law consistent with zero-order in B,Pin,, and first-order in arene. A primary kinetic
isotope effect (KIE) in the time course of benzene-dy borylation also provided complementary information about the role of the
arene in the rate-determining step of the reaction. Characterization by techniques such as X-ray absorption spectroscopy (XAS)
confirmed the presence of Ir(Ill), while pair distribution function (PDF) analysis suggested structures containing an Ir—Cl bond,
further substantiated by X-ray photoelectron spectroscopy (XPS). Analysis of postcatalysis materials by inductively coupled plasma—
optical emission spectroscopy (ICP-OES) revealed low boron accumulation, which may indicate an absence of boron in the resting
state of the catalyst. Finally, in comparing borylation of benzene and toluene, a slight selectivity for benzene is observed, which is
similar to the analogous homogeneous reaction, indicating the influence of substrate sterics on reactivity.
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comparison to their previously reported Cp*Ir systems.”®
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The functionalization of C—H bonds in abundant, natural
feedstocks remains a pervasive challenge in the petrochemical
and pharmaceutical industries."”> For further derivatization,
installation of reactive moieties is often required for
subsequent transformation to commodity chemicals."> An
example of such is the catalytic incorporation of C—B bonds to
hydrocarbons, forming products such as boronic esters or
boronates, that can serve as useful synthons for a variety of
reactions such as cross-coupling, conjugate addition, and
oxidative amination.’ >

In particular, borylation methodologies catalyzed by iridium-
based catalysts have shown promise.” > Smith and co-workers
first reported the borylation of aryl substrates using a
Cp*Ir(PMe;)(H)(BPin) (17 mol %, Cp* = pentamethylcy-
clopentadienyl, BPin = pinacolboryl) catalyst (Figure 1A).°”*
Monoborylated benzene (phenylboronic acid pinacol ester,
PhBPin) was formed in $3% yield after 120 h at 150 °C using
pinacolborane (HBPin) as the borylating agent. Smith and co-
workers expanded their investigation to phosphine-ligated
iridium catalysts as well, which showed enhanced activity in
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Hartwig, Miyaura, Ishiyama, and co-workers later reported the
borylation of arenes using combinations of dimeric iridium(I)
precursors, such as [Irf(COD)X], (where COD = 1,5-
cyclooctadiene and X = Cl or OMe), and bidentate nitrogen
donor ligands such as 2,2’-bipyridine (bpy) or 4,4'-ditertbutyl-
2,2'-bipyridine (dtbpy) (Figure 1B).”'" In the presence of
bispinacolatodiboron (B,Pin,) or HBPin, arenes and hetero-
arenes” " ~'® could be used to form arylboronate esters with
turnover numbers as high as 24000, ranging from room
temperature to 80 °C.>""”

Since the report of these seminal examples, investigation has
continued into optimization of borylation systems through
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Figure 1. Homogeneous, organoiridium catalysts for borylation. (A)
Smith and co-workers, Cp*Ir(PMe;)(H)(BPin) for borylation of
arenes. (B) Ishiyama, Miyaura, Hartwig, and co-workers (dtbpy)Ir-
(BPin);(COE), active for borylation of arenes upon dissociation of
COE. (C) Smith, Baik, Mindiola, and co-workers, proposed active
catalyst for methane borylation, studied computationally.

ligand modification and efansion to other classes of
substrates, beyond arenes.””"'"*°7° In particular, efforts
have expanded to functionalizing light alkanes such as
methane, which is particularly difficult due to the chemical
inertness of the C—H bonds. Sanford and co-workers
contemporaneously with Smith, Baik, and Mindiola and co-
workers reported the borylation of methane using iridium
catalysts in combination with ll%ands such as 1,10-phenanthro-
line derivatives (Figure 1C).”**” At 150 °C and high pressures
of methane in the presence of B,Pin,, a mixture of
monoborylated and diborylated products could be ob-
tained.”>*’

To improve the chemoselectivity and efficiency of borylation

are known for their high porosity, crystallinity, and diverse
structural features. Moreover, MOF-supported catalysts offer
an opportunity to study structure-activity relationships in a
single-site heterogeneous catalyst system.'’ Indeed, the
successful incorporation of organoiridium-based borylation
catalysts has occurred in MOFs for borylation of substrates
such as arenes and methane.***>*7*°~*" In particular, we
recently reported the incorporation of 1,10-phenanthroline
into a UiO-67-type framework, which generated a mixed linker
MOF comprised of 4,4-biphenyldicarboxylate (BPDC) and
1,10-phenanthroline-4,4'-dicarboxylate (PhenDC) (UiO-67-
mix) (Figure 2).** Upon metalation with [Ir(COD)CI], and
subsequent oxidation in ambient atmosphere, a single-site
Ir(III) catalyst was generated (Figure 2, vide infra) that proved
to be competent for the chemoselective monoborylation of
methane, likely due to tailored pore size and aperture.*’

As catalytic competency for borylation has been widely
demonstrated with organometallic iridium catalysts, interest
has grown in the mechanism of these processes. In the
molecular, N,N-ligand/Ir(I) systems, Hartwig and others,
through extensive kinetic study and structural character-
ization, "> 141920222527 82747 5o h05ed the catalytic cycle
depicted in Scheme 1. A five coordinate Ir(III)trisboryl active

Scheme 1. Proposed Ir(III)/Ir(V) Catalytic Cycle for
Homogeneous Borylation of Hydrocarbons with an N,N-
Bidentate Ligand Scaffold
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reactions, efforts have begun and continued toward the CN/,, H N, H BPin
immobilization of efficient molecular catalysts into porous /l \BPln oS
supports.” ~** In such a scenario, the molecular, architectural N épinBP'"
features of the support can impart a shape selective effect, thus
using size exclusion to improve selectivity for one product over
another. Moreover, grafting of an organometallic fragment RBPin
onto a heterogeneous support may generate single site catalysts R BPin R H
with enhanced activity, likely due to decreased catalyst N,,\ /oH N\ /«BPin
deactivation. One class of inorganometallic materials that can /i N EBPin N i Bpin
be used for this application is metal—organic frameworks BPin BPin
(MOFs). Featuring inorganic nodes and organic linkers, they
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Figure 2. Structure of mixed-linker MOF UiO-67-mix, comprised of biphenyl-4,4’-dicarboxylate (BPDC) and 1,10-phenanthroline-4,4'-
dicarboxylate (PhenDC) organic linkers bound to Zr-based cluster nodes. Octahedral pore is shown for clarity, and ligands other than
phenanthroline have been omitted from the inner coordination sphere of the iridium center for clarity.
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intermediate, which is generated from dissociation of COE
(COE = cyclooctene) from the metal center, can activate the
arene substrate through oxidative addition or o-bond meta-
thesis, with the former being more likely (Scheme 1). This
seven-coordinate Ir(V) adduct is then proposed to undergo
isomerization, followed by reductive elimination of the PhBPin
product (Scheme 1). The Ir(III)trisboryl is then regenerated
following reaction with B,Pin, (Scheme 1). This has also been
supported computationally***>*”*>*” and is hypothesized to
be the mechanistic ;)athway with other organometallic iridium
complexes as well.”**

Computational investigation of the borylation mechanism in
an Ir catalyst immobilized in a MOF has also been carried out.
Gagliardi and co-workers studied the mechanism of methane
borylation with UiO-67-mix-Ir to gain insight into the origin of
the chemoselectivity that was observed.** It was found that the
Ir center inside the MOF had similar reactivity to the
homogeneous analogues, proceeding through an iridium-
trisboryl intermediate. The selectivity for monoborylated
methane originated from a larger barrier of diffusion (24.7
kcal/mol) for the diborylated product, which is 14.2 kcal/mol
higher than that for monoborylated methane. In addition, the
rate-determining step was found to be isomerization of the
seven coordinate Ir(V) rather than C—H bond cleavage via
oxidative addition as in the homogeneous reaction."”

The kinetic and mechanistic implications of MOF
immobilization of iridium borylation catalysts, however, have
not been thoroughly investigated, experimentally. Herein, we
examine the mechanism of borylation with UiO-67-mix-Ir
catalysts. Using benzene as a model substrate, for ease of
handling and higher activity, kinetic data was collected, and
catalyst speciation was studied. Vapor-phase sorption studies
were used to gain insight into affinity of the Ir catalyst for
benzene. Time course profiles revealed an induction period in
benzene borylation, which is effected by the concentration and
nature of arene that is present. A comparison of benzene and
toluene borylation indicated similar substrate selectivity to the
corresponding homogeneous reaction. Characterization of
UiO-67-mix-Ir postcatalysis also showed low boron content
present in the material, which may indicate little boron
accumulation in the catalyst in its resting state, representing a
departure from previously reported homogeneous systems.

B RESULTS AND DISCUSSION

Synthesis and Characterization of UiO-67-mix and
UiO-67-mix-Ir Materials. UiO-67-mix (1) was synthesized
according to our reported sample preparation®® (for
spectroscopic characterization confirming cata{zfst integrity,
see the Supporting Information, pages S15—41%° for further
discussion and characterization). The MOF was then
metalated with iridium via solvothermal deposition in MOFs
(SIM) at room temperature under inert atmosphere, using a
modification of the previously reported preparation (see the
Supporting Information for further discussion).”” Upon
addition of [Ir(COD)Cl], and anhydrous tetrahydrofuran
(THF), the off-white MOF turned green (Figure S1),
consistent with chelation of the Ir(I) precursor by the 1,10-
phenanthroline linker.* Upon shaking overnight, to facilitate
mass transport, under inert argon atmosphere, the suspension
changed from green to blue (Figure S1), likely due to the
coordination of CI” to the Ir center, as observed by Colacot
and co-workers with homogeneous (phen)Ir complexes* (vide
infra), forming UiO-67-mix-Ir(I) (2, see the Supporting

Information for characterization).” Exposure of 2 to ambient
atmosphere results in a color change from blue to orange,
generating the Ir(III) material, UiO-67-mix-Ir(III) (3), which
had previously shown competency for chemoselective methane
borylation.*” Following washing and soaks in acetone over-
night to remove residual water and activation under high
vacuum at 150 °C overnight, the N, isotherm for 3 showed a
decrease in surface area from 2430 m*/g to 1550 m*/g, with a
corresponding decrease in quantity of N, adsorbed (Figure S4
and S8), though the pore width distribution remained
relatively unchanged, centered at ~1.0 nm. Powder X-ray
diffraction (PXRD) patterns confirmed crystallinity and phase
purity was maintained after postsynthetic metalation and
thermal activation (Figure SS and S9). Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) confirmed Ir
loading onto the MOF—approximately two Ir atoms per Zrg4
node were present (~13 wt % Ir, Table S2), which
corresponded to the approximately two PhenDC linkers per
Zrg node.

While structural elucidation by single crystal X-ray
diffractometry of 2 and 3 was precluded due to the disordered
nature of the mixed-linker MOF, X-ray pair distribution
function (PDF)/difference envelope density (DED) analyses
(dPDF, Figure 3A), X-ray absorption spectroscopy (XAS), and
DRIFTS were used to probe the ligand environment around
the as-prepared iridium materials.

High resolution X-ray powder diffraction patterns were
collected for the native MOF 1, and the Ir(I) and Ir(III)
metalated MOFs, 2 and 3 respectively, after which PDF/DED
analyses were conducted. In all three samples, crystallinity was
maintained (Figure S3). DED analysis revealed electron
density centered around the linkers of samples 2 and 3,
consistent with Ir chelated by the phenanthroline linkers and
was localized to the octahedral pore of 1 as opposed to the
tetrahedral pore based on PDF/DED analysis, on average
(Figure S40—S43). PDF analysis confirmed the integrity of the
UiO-67 framework in all samples, though slight distortion of
the Zrs node was observed after postsynthetic modification of
the native MOF.

A comparison between 3 and authentic samples of
[Ir(COD)CI], and (phen)Ir(COD)(Cl)*(a molecular ana-
logue to the proposed structure of 2, where CI is in the inner
coordination sphere) by X-ray absorption near edge structure
(XANES) indicates changes to the local coordination of
iridium upon metalation and air exposure. The increased white
line intensity suggests the presence of Ir(IIl) in 3 (Figure S19)
and the EXAFS are consistent with the first coordination
sphere consisting of light-scattering atoms (i.e, C, N, or O)
(fitting results in Table S8), both consistent with previously
reported results of 3.*

Upon conducting differential pair distribution function
(dPDF) analysis, with 1 as a reference, local information
regarding the guest iridium and its interactions with the
frameworks in 2 and 3 could be obtained. Three atom—atom
distances in particular were observed in various magnitudes,
centered at ~2.1, ~2.4, and ~3.0 A (Figure 3A). On the basis
of previous structural characterization of organometallic
phenanthroline-iridium complexes, the distance at 2.1 A
could be assigned to bonds such as Ir—N, Ir—O, or Ir—C
(consistent with EXAFS) and 3.0 A to longer range
interactions such as that between Ir and aromatic carbon
atoms on the phenanthroline backbone (Figure 3A). A
distance at 2.4 A is consistent with the presence of Ir—Cl in
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Figure 3. Characterization of 1, 2, 3, and 4 by X-ray PDF and
DRIFTS for investigation of catalyst structure. (A) dPDF patterns
showing the presence of Ir N/C/O bonds and an Ir—Cl bond, which
could be present in 2 and 3. (B) DRIFTS spectra of Ir-metalated
samples 2—4 in comparison to native MOF 1 (not commonly scaled)
showing the growth of aliphatic C—H stretches likely associated with
COD ligand. A proposed structure for 2 may include an inner sphere
chloride bound to Ir with COD, generating an 18 electron Ir(I)
adduct inside the MOF. Upon exposure to ambient atmosphere to
form 3, oxidation/hydrolysis can occur, leading to coordination of
hydroxyl groups. The presence of COD by DRIFTS may suggest a
cationic Ir(III) 18 electron complex being formed inside the MOF as
a mixture of species with or without inner sphere chloride. A chloride
ion in the outer coordination sphere for structure 3 has been omitted

for clarity.

samples 2 and 3 (Figure 3A), which is not observed in EXAFS
fittings, likely due to the overlap of multiple scattering paths in
the first coordination sphere. The presence of Ir—Cl in 2 and 3
was further confirmed by X-ray photoelectron spectroscopy
(XPS), where peaks in the Cl 2p region were observed at
binding energies consistent with metal-chloride bonds being
present in the samples (Figure $25—533).°

Diftuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was also used for structural elucidation of 2 and 3
(Figure 3B). Upon metalating native MOF 1 with [Ir(COD)-
Cl],, the retention of aromatic stretches associated with the

MOF organic linkers along with new aliphatic C—H stretches
around 2850 cm™! are observed, consistent with coordination
of COD to the iridium center of 2. After oxidation to Ir(III), 3
retains aliphatic C—H stretches, suggesting COD is still bound
to the metal center (Figure 3B). Thus, through a combination
of the aforementioned techniques, precatalyst structures can be
proposed for 2 and 3. The Ir(I) analogue 2 likely contains an
inner sphere chloride bound to the Ir center as well as COD,
forming a five coordinate 18 electron complex analogous to
homogeneous phenanthroline-iridium species formed in THF
using [Ir(COD)Cl], as the metalating agent with 1,10-
phenanthroline.”” Upon oxidation to Ir(Ill), retention of
COD ligand on the Ir center may be consistent with formation
of a cationic six coordinate 18 electron complex such as that in
Figure 3, in which there is coordination of X-type ligands such
as hydroxide or chloride, likely resulting in a mixture of species
inside the MOF.

Benzene Affinity in UiO-67-mix-Ir via Vapor Sorption
and Catalytic Benzene Borylation. To demonstrate the
viability of benzene as a borylation substrate and explore its
potential interactions with the Ir center, vapor-phase sorption
data were collected for native MOF 1 and UiO-67-mix-Ir(III)
3. The adsorption isotherms for benzene were collected for 1
and 3 at 338 K to probe interaction of the vapor source with
the material similar to reaction conditions and determine
propensity for adsorption (Figure 4). The adsorption is at ~7
mmol/g for 1 and ~3 mmol/g for 3 at about 20 mmHg partial
pressure of benzene—the disparity between uptake likely due
to the decrease in pore volume upon metalation of 1 with Ir
(Figure 4A). A steeper uptake of benzene is observed at low
pressure (<3 mmHg) for 3 in comparison to 1, which is
indicative of a relatively higher affinity of 3 with benzene in
comparison to the native MOF (Figure 4B).

To investigate the reversibility of adsorption, a second cycle
of benzene sorption was conducted, following reactivation of
the samples at 338 K under vacuum. Similar adsorption
isotherms are obtained, with steeper uptake observed once
again at low pressure (<3 mmHg) for 3 in comparison to 1
(Figure S46—547). The steep uptake may suggest a strong but
reversible interaction between benzene and the metalated
MOEF.

Having observed this affinity for benzene by 3, catalytic
studies of benzene borylation with B,Pin, as the limiting
reagent were subsequently pursued (Scheme 2). In the
borylation of benzene, 2 equiv of PhBPin can be formed per
mole of B,Pin, in a one-pot reaction, liberating H,. The first
equivalent of PhBPin can be formed from borylation of
benzene with B,Pin,, forming product and HBPin (Figure
S48). The second equivalent of PhBPin can form through
concomitant borylation with in situ generated HBPin, which
can also be consumed over the course of the reaction, forming
dihydrogen (H,). This manifests as low HBPin accumulation
over the course of the reaction. Indeed, in using HBPin as a
borylating agent in place of B,Pin,, PhBPin could be formed
(for further discussion, see the Supporting Information, page
S44).

To minimize variation, all reaction kinetics experiments were
conducted using the same batch of catalyst (see the Supporting
Information, page S9 and S48, for discussion of batch to batch
variation in catalyst performance). In a stirred reaction with
benzene (1.93 M) and B,Pin, (0.073 M) in the presence of 3
(40 mg, 12 mol % catalyst loading, catalyst loading = mmol Ir/
mmol B,Pin, as a percentage) and cyclohexane solvent,
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Scheme 2. Benzene Borylation with 3 to Form PhBPin
Uio-67-mix-Ir(1ll) (3)

il w

Cyclohexane
80 °C

szlnz

borylation of benzene to PhBPin (selective for monobor-
ylation) was observed in quantitative conversion of B,Pin, over
the course of 280 min at 80 °C (~16 turnovers, turnover =
mmol PhBPin/mmol Ir) (Figure S). In analyzing the mass
balance of the reaction (see the Supporting Information, pages
S48-51), fluctuations from 100% are likely due to
accumulation of HBPin and/or physisorption of reactants
and products within the porous material. A hot filtration test
confirmed the heterogeneity of the reaction and ICP-OES
analysis of the postcatalysis material showed retention of Ir
loading. In addition, control borylation experiments in the

absence of catalyst showed no benzene borylation (see the
Supporting Information, page $45—S46). Through monitoring
of the reaction over time by gas chromatography-flame
ionization detection (GC-FID), in the presence of hexadecane
as an internal standard, an induction period was revealed in the
first ~60 min of reaction after which it reached quantitative
conversion of starting material (Figure SA,B). Upon decreasing
the concentration of benzene while holding concentration of
B,Pin, constant, an apparent elongation of the induction
period was observed, with little PhBPin observed after 280 min
using the lowest concentration of 0.22 M benzene (Figure
SC,D). When comparing two concentrations of B,Pin, (Figure
SE,F), a slight inhibitory effect that elongates the induction
period at higher concentration is observed compared to lower
concentration as reaction with 0.037 M B,Pin, appears to
reach quantitative conversion faster than that which is using
0.146 M. If activation of the arene is requisite for induction,
increased concentration of B,Pin, relative to benzene may lead
to competition of pore occupation between the two substrates,
which could result in elongation of the induction period.
Alternatively, the arene could be involved in turnover after
induction, at which point pore blockage by B,Pin, can occur.
In either mechanistic scenario, B,Pin, may have an inhibitory
effect.

To further interrogate kinetic dependence on concentration
in the region most influenced by induction, variable time
normalization analysis (VINA) was performed (Figure
6).>'7> This analysis was first conducted on a series of
experiments designed to assess rate dependence on concen-
tration of catalyst. Upon variation of the catalyst loading from
20 mg to 40 mg to 80 mg, VT NA revealed a change in catalyst
order gradually—the reaction remained first-order in catalyst
in the first ~50 min (Figure 6A,B) after which deviation from
first-order behavior began to occur. This suggests the
development of mass transport limitations over time during
the reaction, which is believed to occur through adhesion of
catalyst to the walls of the reaction vessel, leading to uneven
mixing which generally coincided with the onset of mass
transfer effects. Bearing this in mind, visual kinetic analysis was
performed on profiles with variable concentrations of benzene
and B,Pin,, with deviations to partial order rate dependence
likely taking place due to mass transport. VINA of a plot of
varying concentration of benzene (Figure 6C) began showing
overlap when fit to a first-order rate dependence on the
concentration of benzene, though optimal overlap is observed
when fit to a 0.75 order rate dependence (Figure 6D). As
VTNA is designed to extract information on rate dependence
of the reaction, it is likely borylation occurs first-order in arene
after induction; however, an alternative interpretation of these
data is that the generation of the active catalyst is first order in
arene and the subsequent catalytic turnover is zero-order in
arene. The latter interpretation cannot be discounted based on
these data. In contrast, visual fit was achieved in varying B,Pin,
concentration plots near zero-order (Figure 6E), with optimal
fit occurring in fits of —0.1 order (Figure 6F), precluding a
positive rate dependence on B,Pin,. As with benzene, deviation
to a partial order in B,Pin, is also observed over time, which is
likely due to mass transport. A slight inhibitory effect of B,Pin,
is also observed in this reaction, notably at earlier time points
in the region of induction, and thus a negative order in B,Pin,
is in accord with this observation. The borylation reaction is
likely zero-order in B,Pin, after induction. The observation of
this zero rate dependence, however, precludes it from being
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Figure 5. Benzene borylation monitored over time by GC-FID at 80 °C stirring at 1000 rpm in cyclohexane solvent, (A) variation of catalyst
loading monitored over time with 0.073 M [B,Pin,] and 1.93 M [benzene], (B) early reaction time region of catalyst loading rate dependence, (C)
variation of benzene concentration monitored over time with 0.073 M [B,Pin,] and 40 mg catalyst, (D) early reaction time region of benzene
concentration rate dependence, (E) variation of B,Pin, concentration monitored over time with 0.48 M [benzene] and 40 mg catalyst, (F) early

reaction time region of B,Pin, concentration rate dependence.

involved in the chemical transformation at the Ir center to
generate the active catalyst during the induction period. Thus,
consistent with these observations is a rate law that is first-
order in iridium and arene and close to zero-order with a slight
inhibitory effect in B,Pin,. This rate law bears resemblance to
the previously reported homogeneous rate law for arene
borylation,"” though the observed kinetic effects may also be
associated with generation of the active catalyst. Nonetheless,
the aforementioned kinetic data implicates the arene in the
rate-determining step of the reaction.

To further explore the role of arene, the borylation reaction
was conducted with benzene-ds to probe for isotope effects
(Scheme 3A,B). In monitoring the reaction over time by GC-
FID (Figure 7), the reaction progresses with a significantly
decreased initial rate. Comparison of the two kinetic profiles
shows a deviation in rates, consistent with a primary kinetic
isotope effect (KIE) in benzene (Figure 7). This may be
indicative of rate-limiting C—H bond cleavage during this
period. This is either in formation of the active catalyst or the
reaction following activation. The presence of this isotope
effect agrees with both of these mechanistic scenarios. This
isotope effect is a departure from previously reported
conclusions in which isomerization of an Ir(V) intermediate
was implicated in the rate-limiting step.*®

The borylation of toluene was next investigated in order to
study the effect of arene identity on the reaction (Scheme

4A,B, H, omitted from reaction scheme for clarity). In
replacing benzene with toluene for borylation (Scheme 4A), a
similar total concentration of borylated toluene is produced
(Table 1, entries 1 and 2) with quantitative conversion of
B,Pin,. Borylation of toluene at the para- and meta- positions is
observed in relatively equimolar amounts, with only trace
amounts of the ortho- product observed. This is consistent with
the regioselectivity observed in Hartwig’s homogeneous Ir
borylation systems, which is driven by sterics of the substrate.’
To determine if there is selectivity present for one substrate
over another, a competition experiment of benzene and
toluene borylation was conducted (Scheme 4B). Borylation of
both substrates was observed with a 3:1 selectivity for benzene
borylation over toluene borylation, with similar regioselectivity
of toluene borylation observed to a reaction in the absence of
benzene (Table 1, entry 3). This selectivity for benzene
borylation over toluene borylation is similar to that which is
observed in the analogous homogeneous reaction (Table 1,
entry 4). We hypothesize this selectivity for benzene borylation
over toluene borylation may be dictated by the sterics of the
substrate, an effect that is intrinsic to the phenanthroline-
iridium borylation system.

To determine if size selectivity was operant within this
system, t-butylbenzene was next used in a borylation reaction
instead of benzene and B,Pin, conversion was analyzed at the
conclusion of the reaction (see the Supporting Information,
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Scheme 3. Benzene vs Benzene-d; Borylation with 3 to
Determine Kinetic Isotope Effect from Two Parallel
Reactions
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page S67, for further discussion). A change in B,Pin,
concentration was not observed in the reaction of t-
butylbenzene after 3 h in comparison to that which is
observed with benzene (Table S22), in addition to no
borylated products being detected. This suggests substrates
larger than toluene are sterically constrained from accessing the
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Figure 7. Investigation of the isotopic dependence of benzene
borylation by comparing time profiles of benzene borylation to
benzene-dg borylation monitored over time by GC-FID at 80 °C
stirring at 1000 rpm in cyclohexane solvent. Error bars represent the
standard deviation of the reactions; for low values, the error bars may
be behind the graphical marker, thus they are also included in the
Supporting Information.

active sites located in the pores of the MOF, leading to a low

turnover frequency and/or delayed catalyst activation.
Characterization of Postcatalysis Materials and

Mechanistic Hypotheses. To gain insight into the potential
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Scheme 4. Benzene vs Toluene Borylation with 3 to
Determine Substrate Selectivity
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characterized after isolation from the reaction mixture through
centrifugation/decantation and washes with pentane without
exposure to air (see the Supporting Information for further
discussion). Analysis of the supernatant of the borylation
reaction to generate 4 by GC-FID confirmed it had reached
completion. Analysis of 4 by N, sorption, following activation
under high vacuum at 25 °C, showed a BET surface area of
1050 m*/g with a slight decrease in the pore volume. PXRD
patterns showed crystallinity was retained in the catalyst post-
borylation and phase purity was also maintained.

ICP-OES analysis was used to assess quantity of boron in
the post-catalysis material. This would give insight into the
presence of potential Ir-boryl species in postcatalysis materials,
as what was observed in analogous homogeneous reactions.
Following acid digestion of 3 in a quartz reaction vessel, to
assess the “base-line” boron levels in as-prepared samples, a
ratio of ~0.17 B/Ir was obtained, which may occur from
presence of adventitious boron from borosilicate vessels and/
or tools used prior to digestion (see the Supporting
Information, page S26 for further discussion). Analysis of 4
by ICP-OES after subtracting baseline boron quantity results in
a ratio of ~0.42 B/Ir, showing an increase in boron from
baseline levels, but an overall lack of accumulation of boron in
the post-catalysis sample. If a uniform amount of Ir-boryl was
formed in this material, as what was observed in the molecular
case, a ratio greater than 1 for B/Ir would be expected, with a
theoretical ratio of 3 B/Ir for Ir-trisboryl. The native MOF is
capable of encapsulating one iridium-trisboryl species in the
octahedral pore as computationally modeled by Gagliardi and
co-workers.** As there are approximately three to four

Pin,

organometallic iridium species in the octahedral pore of the
MOF, having uniform iridium-trisboryl structures for all of
them would likely create too much steric congestion for
borylation to take place within the pores of the MOF. Thus,
this suggests a lack of a boryl species in the catalyst resting
state, lack of uniformity in active site structures for the catalyst,
or a combination thereof. The residual levels of boron may also
be due to physisorbed borylated compounds that were not
removed after washing, which could preclude a boron-
containing species being operant in the catalysis.

To further probe post-catalysis structure, the material was
analyzed by XAS as well as PDF/DED. Negligible changes
were observed in the EXAFS and XANES regions of the post-
catalysis material in comparison to 3. DED analysis of 4 was
also similar to 3, demonstrating a lack of movement of Ir
within the sample (Figure S44). PDF analysis revealed slight
Zr node distortion within the sample; however, no significant
changes were observed to the UiO-67 framework. Following
dPDF analysis, the same peaks observed in 3 were also
observed in 4, though in different magnitudes (Figure 3A).
Interestingly, an Ir—Cl bond was still present in 4, (Figure 3A)
which was substantiated by the presence of Cl in the CI 2p
region probed by XPS. Analysis of the post-catalysis material
by DRIFTS (Figure 3B) yielded a similar spectrum to 3, with
aromatic and aliphatic C—H stretches retained in the sample.

In order to probe the induction period further, a post-
borylation sample was resubjected to reaction conditions and
monitored over time (see the Supporting Information, page
S68, for further discussion). A similar induction period was
observed, followed by catalytic turnover with a greater
maximum instantaneous rate than that observed with the
pristine material. Similarly, when a quantity of HBPin was
added to a borylation reaction with B,Pin, at the start of the
reaction, the reaction rate was observed to be marginally faster
however an induction period still remained (Figure S49).

This may be consistent with a mechanistic scenario in which
the induction period can stem from a combination of chemical
conversion to generate the catalytically active species and/or
the buildup of sufficient reactant concentration within the
pores of the MOF in order for the reaction to proceed.
Following the induction period, two mechanistic hypotheses
emerge. Likely the resting state of the catalyst remains Ir(III)
as evidenced by similar XANES spectra of 3 and 4. A low B/Ir
ratio may suggest active site nonuniformity, in which case an
Ir-trisboryl could be generated in low concentrations and
proceed through the Ir(III)/Ir(V) cycle that has been
proposed by others.” Alternatively, this may imply that a
species such as Ir-monoboryl is being generated that can also
access the Ir(III)/Ir(V) cycle, proceeding through the same
elementary reaction steps as the Ir-trisboryl complex. Further
investigation will be required to interrogate this.

Table 1. Borylation of Benzene and Toluene in Cyclohexane Solvent Reveals Differences in Substrate Selectivity”

entry [benzene] (M) [toluene] (M) [PhBpin] (M)
1 1.86 - 0.138

2 - 1.84 -

3 1.86 1.84 0.0946

4° 1.86 1.84 0.0823

[p-TolBpin] (M) [m-TolBpin] (M) [o-TolBpin] (M)

0.0496 0.0687 0.00279
0.01476 0.0225 0.000622
0.00922 0.0192 0

“Conditions: 13 mg catalyst, 0. 070 M B,Pin,, 80 °C, stirring 1000 rpm, 280 min, after which the reaction is quantified by GC-FID (internal
standard = hexadecane, 0.067 M). “2.61 mg [Ir(COD)Cl], (0.0039 mmol), 1.4 mg 1,10-phenanthroline (0.0078 mmol), 0.070 M B,Pin,, 80 °C,
stirring 1000 rpm, 280 min, after which the reaction is quantified by GC-FID (internal standard = hexadecane, 0.067 M).
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B CONCLUSIONS

The immobilization of molecular iridium borylation catalysts
into supports such as MOFs has led to improvements in
chemoselectivity.”*>**7374%*! While a great deal of mecha-
nistic work has occurred with homogeneous organoiridium
borylation systems, the mechanistic implications of conducting
borylation in the pores of a microporous material have not
been fully explored experimentally. We have investigated the
mechanistic aspects of a phenanthroline-ligated Ir catalyst
immobilized in UiO-67 to gain insight into intrinsic features of
this borylation reaction. Characterization of the precatalyst
structure before and after oxidation revealed information
regarding ligand environment, notably the presence of an Ir—
Cl bond by X-ray PDF/DED analysis. Affinity of the iridium—
metalated MOF catalyst for aryl substrates such as benzene was
demonstrated via benzene vapor sorption. An induction period
was revealed in time course profiles of benzene borylation,
which was perturbed through variation in amount of arene that
was present in the system, and mass transport effects were
found to greatly effect reaction rate over time. Overall, a rate
law zero-order in B,Pin, and first-order in arene is consistent
with the presented kinetic observations; however, this behavior
may also be ascribed, in part, to activation of the catalyst.
Monitoring borylation of benzene-dg revealed a primary kinetic
isotope effect in the profile, while borylation of toluene
demonstrated the competency of the catalyst to borylate
alternative aryl substrates with slightly greater selectivity for
benzene over toluene. Borylation of more sterically encum-
bered substrates such as t-butylbenzene was found to be
challenging, which may indicate a size exclusion effect.
Characterization of materials after catalysis also showed a
deficiency of boron present, indicating a lack of accumulation
which is a deviation from previously observed homogeneous
behavior.

A preliminary understanding of the dynamics of this MOF-
based borylation system and catalyst speciation has been
established. Through efforts such as studying larger substrates
than benzene and further experimentation regarding mitigation
of the induction period and mass transport effects of this
reaction, further experimental insight may be gained to
establish a catalytic cycle for this process, in particular
highlighting deviations from well-understood homogeneous
systems.
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