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Enzyme-Like Supramolecular Iridium Catalysis Enabling C-H
Bond Borylation of Pyridines with meta-Selectivity

Jonathan Trouvé, Paolo Zardi, Shaymaa Al-Shehimy, Thierry Roisnel, and Rafael Gramage-Doria*

Abstract: The use of secondary interactions between substrates and
catalysts is a promising strategy to discover selective transition metal
catalysts for atom-economy C-H bond functionalizations.
Unfortunately, the most powerful catalysts are still found via trial-and-
error screening due to the low association constants between the
substrate and the «catalyst in which small stereo-electronic
modifications in the catalyst (and/or the substrate) can lead to
completely different reactivity patterns. In order to circumvent these
limitations and to increase the level of reactivity prediction in this type
of important reactions, we report herein a supramolecular catalyst
harnessing ZnN interactions that bind to pyridine-like substrates as
tight as it could be found in some enzymes. Furthermore, the distance
and spatial geometry between the catalytically active site and the
substrate binding site is ideal to target unprecedented meta-selective
iridium-catalyzed C-H bond borylations with enzymatic Michaelis-
Menten kinetics, besides unique substrate-selectivity and dormant
reactivity patterns.

Introduction

In the last three decades, C-H bond functionalizations enabled by
transition metal catalysts have shown a remarkable impact in the
advancement of chemical synthesis due to high atom- and step-
economy it represents.! Besides substrates with a biased
reactivity!?! or controlled by metal-directing groups,?! the reactivity
at inherently unreactive sites is of paramount importance to
access new chemical dimensions. To meet this challenge, a
standard approach deals with extensive fine-tuning of the catalyst
first coordination sphere with different stereo-electronic
modifications™ or to introduce multiple catalytic cycles.! Although
useful, substantial costs and efforts need to be undertaken to trial-
and-error studies to search for the optimal catalytic system.

On the other hand, enzymes, Nature’s catalysts, exploit
alternative approaches to control chemical reactivity.®
Importantly, they incorporate a number of kinetically reversible
interactions in the second coordination sphere of the active site to
stabilize key transition states.’l For chemists, this has been a
source of inspiration to mimic in abiological catalysis.®! As such,
different strategies have been developed to design transition
metal catalysts incorporating remote functionalities to pre-
organize substrates in a specific geometry to access
unprecedented C-H bond functionalizations.® In this context, the
incorporation of hydrogen bonding,!'” ion-pairing""! or Lewis-
adducts formation,['? respectively, to transition metal catalysts
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has emerged as promising approaches to control the regio-
selectivity in iridium-catalyzed C-H bond borylation reactions
(Figure 1A).I'® Borylated products are relevant as they can
straightforward be engaged in state-of-the-art carbon-carbon and
carbon-heteroatom bond forming process." Unfortunately, the
predictability of these catalytic systems is still poor rationalized,
basically due to the low association constants between the
substrate and the catalyst, generally with K < 102 M-.[10-12
Consequently, small modifications in the commonly-used
bipyridine-derived ligand and/or the substrate can lead to a
complete lack of reactivity or absence of selectivity.['"-'2 Precisely,
we aimed at circumventing the poor reactivity of pyridine
derivatives at meta position.['® Iridium-catalyzed C-H bond
borylations typically occur at the meta position of pyridine
derivatives when bulky substituents are present in the ortho site
in order to prevent the undesired coordination of the pyridine
nitrogen lone pair to the iridium catalyst, which gives unproductive

and unselective catalysis (Figure 1B).[122.1%]
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Figure 1. Overview of regio-selective iridium-catalyzed C-H bond borylation
reactions guided by secondary interactions and issues encountered in pyridine
meta-C-H bond reactivity (state-of-the art vs present work). B =
(pinacolato)boron. Bzpinz = bis(pinacolato)diboron. COD = 1,5-cyclooctadiene.
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To overcome these challenges, we anticipated that a
geometrically-constrained iridium catalyst featuring a relatively
strong pyridine-to-catalyst interaction may increase the activity
and selectivity for C-H bond borylation reactions. Herein, we
present a rationally-designed supramolecular iridium catalyst
exhibiting strong affinity for pyridine derivatives (K > 10* M) by
means of kinetically labile Zn--N coordination (Figure 1C).["® Due
to the perfect geometry and ideal atom-precise distance between
the active site and the substrate-recognition site, only meta-
borylated pyridines were obtained (Figure 1C). In addition, the
catalytic system displayed enzyme-like features such as
Michaelis-Menten kinetics and substrate selectivity. Applications
to five-membered nitrogen-containing heterocycles and dormant
reactivity are also disclosed.

Results and Discussion

Semi-empirical molecular modelling (PM3-level) showed
that the geometry of ligand L (Scheme 1 and Figure 1C) as well
as the distance between the zinc(ll)-porphyrin fragment (the
substrate binding site) and the iridium N,N-chelating motif (the
potentially catalytically active site) in the periphery is suitable to
accommodate pyridine substrates with selective activation at the
meta-C-H bond site.l'” In addition, the restricted motion between
the N,N-chelating motif and the zinc(ll)-porphyrin backbone will
increase the rigidity of the system by keeping the peripheral
iridium active site just above the zinc(ll)-porphyrin plane. With this
in mind, the targeted supramolecular ligand L was readily
synthesized in a four-step reaction sequence starting from
commercially available chemicals (see Scheme S1).'81 As
expected, ligand L is in keeping with a Cs-symmetrical molecule
according to NMR spectroscopy studies.'® 'TH NMR and UV-vis
binding studies established the ability of L to interact with pyridine
as the model substrate with an association constant of K14 = 5.7
x 10* + 1.5 M" at room temperature (Scheme 1, see Figures S1-
S3).1'819 Notably, this substrate-to-catalyst binding is as tight as
it can be found in some enzymes.! The binding of pyridine to L
was also evidenced by 'H NMR studies at temperatures up to 90
°C and by DOSY experiments that showed that the up-field shifted
proton signals belonging to the pyridine diffused together with
those corresponding to L (see Figures S4-S7).1"8!

Scheme 1. Binding of pyridine to L via kinetically labile Zn--N coordination.

Moreover, single crystals suitable for X-ray diffraction
studies were obtained from a solution containing L and pyridine
in an equimolar ratio (Figure 2, left).?"! As anticipated, the
nitrogen atom from pyridine binds to the zinc(ll) center of L.
Gratifyingly, the coordinating arm of L stands in the same face as
the substrate with a volumetric space between both motifs enough
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to accommodate a catalytically active iridium center. Analogously
single crystals with a potential substrate, N-methylimidazole, were
also obtained and analysed by X-ray diffraction studies (Figure 2,
right). As expected, the non-methylated nitrogen atom (N1) from
the substrate was bound to the zinc(ll) center from L. The binding
of N-methylimidazole to L via Zn-N interaction was also
corroborated in solution by 'H NMR spectroscopy studies (see
Figure S$13).0'8

Figure 2. X-ray structures of the supramolecular assemblies between ligand L
and pyridine (left) as well as N-methylimidazole (right) [capped sticks
representation except the zinc atom that is ball representation, hydrogen atoms
have been omitted except those from the nitrogen-containing substrates]. Color
code: carbon (brown), nitrogen (blue), hydrogen (white). Selected distances [Al:
Zn+N1 2.14, H-~N2 3.54, H-~N3 3.92 (left) and Zn-"N1 2.09, H-~N2 3.79, H--N3
3.95 (right).

In parallel, coordination chemistry studies by '"H NMR and
HRMS (m/z = 1121.2599) showed that the reaction between L
and 0.5 equivalents of [Ir(COD)(CI)]. afforded the corresponding
cationic iridium complex L1 (Scheme 2, see Figures S8-S10).1'8l
Subsequent 'H NMR studies by treatment of the iridium complex
L1 with increasing amounts of pyridine showed a single set of up-
field shifted protons belonging to pyridine (Scheme 2) in a similar
way as it was observed with the titration studies between L and
pyridine (see Figures S11-512).'81

~
| N
Ir(COD)
N‘N/
» Ph
\ N
Ph

L L1 _ L _

Scheme 2. Simultaneous coordination of both iridium and pyridine to L.

Having established that L enables the binding of pyridine
inside the zinc(ll)-porphyrin pocket simultaneously to the
coordination of the N,N-chelating unit towards the potentially,
catalytically active iridium center, we embarked in the catalytic
assessment of L as a supramolecular ligand in iridium-catalyzed
C-H bond borylations between unfunctionalized pyridine and
bis(pinacolato)diboron (B.pin,) as a model reaction (Table 1).
This reaction is well-known to give a mixture of meta- and para-
borylated products with classical bipyridine ligands('®@ and it
represents a benchmark test for evaluating the activity and the
regio-selectivity outcome.["® Initially, we screened solvents that
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were known to be used in iridium catalyzed C-H bond borylation
of (hetero)arenes such as heptane and ethers at temperatures
near to their boiling point.['®-1%221 Although poor conversions were
observed, an exquisite meta selectivity was evidenced as only the
products resulting from mono- and bis-borylation 1 and 2 formed
without any detectable para or ortho regioisomers 3 or 4 (Table 1,
entries 1-4). The reaction in toluene as solvent at 70 °C revealed
as the optimal one for obtaining the mono-functionalized product
with meta selectivity in an isolated yield of 54% (Table 1, entry 5,
GC-yield 90%).1 This is rather unexpected because non-
functionalized arenes (i.e. toluene) are typically more reactive
than pyridine using bipyridine- or phenantroline-derived ligands
for iridium-catalyzed C-H bond borylation reactions.['32224 In our
case, we only detected trace amounts of borylated toluene and
up to 15% (based on Bzpiny) in the case of the reaction performed
at higher 80 °C, that again exhibited excellent meta-selectivity for
the C-H bond borylation of pyridine (Table 1, entry 6). For
instance, with 58 times more toluene than pyridine in the reaction
mixture, our supramolecular catalyst exhibits a high preference
for the pyridine substrate than for the aromatic toluene one with
an overall selectivity S estimated at 380 for the most unfavorable
scenario.?® Decreasing the temperature to 60 °C completely
inhibited the catalysis (Table 1, entry 7). This suggests that the
substrate-catalyst or product-catalyst binding via Zn-N
coordination is strong and it only becomes reversible to enable
turnovers in catalysis at higher temperatures.?8! Switching the
toluene solvent for a more bulky p-xylene led to no borylation at
the solvent and high reactivity towards meta-selectivity in only 12
hours (Table 1, entry 8). Doubling the amounts of both B.pin, and
the iridium catalyst led to the bis-borylated, meta-selective
product 2 in an isolated yield of 70% (Table 1, entry 9), which
represents the best result so far obtained for bis-functionalization
to date.?” The fact that aromatic apolar solvents such as toluene
or p-xylene are crucial for the activity and selectivity of the
catalysis, indirectly indicates that the polar ones (i.e. ethers)
significantly disturb the binding of the substrate to the ligand L.
A similar reasoning may explain the higher reactivity encountered
when using [Ir(COD)(CI)]; instead of the typically more reactive
[Ir(COD)(OMe)],l*13.1517.22241 a5 the released methoxide anion
from the former could bind to the zinc(ll) center in L (Table 1,
entry 2). The reactions performed in the absence of iridium or in
the absence of ligand L, respectively, led to no conversion of
pyridine substrate (see Table S1).['3
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Table 1. Reaction optimization for the iridium-catalyzed C-H bond borylation of
pyridine.[

[I(COD)CI];, (1.5 mol%) Bpin
= L (3 mol%) R \(j/Bpin — fj\
SN | B,pin, (1 equiv.) SN | 4 SN ) RN ‘ Bpin
solvent, T, t 1,R=H 3 4,R =H or Bpin
2, R = Bpin
Entry Solvent T(CC) t(h) Conv. (%)P1  (1+2):3:4¢ 1:24
1 heptane 80 48 30 100:0:0 90:10
28l heptane 80 48 21 100:0:0 100:0
2 THF 50 48 0 - -
3 MTBE 80 48 33 100:0:0 89:11
4 2-MeTHF 80 24 17 100:0:0 100:0
5 toluene 70 24 >99 (54)1 100:0:0 90:10
6 toluene 80 24 >99 100:0:0 25:75
7 toluene 60 24 <5 - -
8 p-xylene 80 12 >99 100:0:0 40:60
gl p-xylene 80 48 >99 (70)1 100:0:0 13:87
[a] Reaction conditions: pyridine (0.162 mmol), Bzpinz (0.162 mmol),

[I(COD)(CN]2 (1.5 mol%), L (3 mol%), solvent (1 mL). [b] Conversion
determined as pyridine consumption. [c] Ratio meta/paral/ortho functionalization
of pyridine determined by 'H NMR and GC using n-dodecane as internal
standard. [d] Ratio monolbis-functionalization of the meta-borylated product
determined by '"H NMR and GC-MS using n-dodecane as internal standard. [d]
Reaction performed with [I(COD)(OMe)]z instead of [Ir(COD)(Cl)L. [f] Isolated
yield of the main product displayed in brackets. [g] Reaction performed with 3
equivalents of B2pinz, 3 mol% of [Ir(COD)(Cl)]2 and 6 mol% of L.

To further rationalize the origin of this high meta-selectivity
for the iridium-catalyzed C-H bond borylation reaction, a number
of control experiments were performed (Scheme 3). First, the
catalysis was attempted replacing the supramolecular ligand L for
the individual components forming it, that is, zinc(ll)-
tetraphenylporphyrin (ZnTPP) and the N,N-chelating ligand L*
(Scheme 3A). Under the standard reaction conditions, the
starting material pyridine was fully recovered unreacted,
highlighting the relevance of covalently-linking the substrate
recognition site to the catalytically active site as it is the case in
the supramolecular ligand L. For comparison purposes, the
reaction performed using 4,4’-di-tert-butyl-2,2’-dipyridyl (dtbpy)
as ligand with or without the presence of ZnTPP led to an almost
statistical mixture of meta- and para-borylated products (Scheme
3B).['*a The relevance of the substrate binding to the zinc(ll)-
porphyrin pocket was further evidenced by the lack of reactivity
observed for pyridines having no lone pair available for binding
(i.e. pyridinium derivatives, Scheme 3C) as well as for pyridines
unable to bind to the zinc atom due to steric shields (i.e. 2-
methylpyridine, Scheme 3C).282% A last experiment was
performed adding to the standard reaction conditions zinc(ll)-
salphen (ZS) as a substrate competitive inhibitor (Scheme 3D)
since it is known that zinc(ll)-salphen derivatives bind to pyridine
derivatives typically two orders of magnitude higher than zinc(ll)-
porphyrins.[282.30] |n this scenario, an almost complete inhibition of
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catalysis took place with one equivalent of ZS. These
observations show that the substrate is significantly bound to the
zinc(ll)-salphen ZS in which no catalysis takes place and that the
catalysis do occur only if the substrate binds to the
supramolecular ligand L.

A [Ir(COD)CI], (1.5 mol%)
L* (3 mol%)
= ZnTPP (3 mol%)
~ ‘ no reaction
N B,pin, (1 equiv.)

p-xylene, 80 °C, 24 h
B [Ir(COD)(OMe)], (1.5 mol%)
dtbpy (3 mol%)
= ZnTPP (0 or 1 equiv.) _~~<Bpin
SN | ) ) CJ full conversion
Bapin, (1 equiv.) N meta:para = 62:38
p-xylene, 80 °C, 24 h

c [I(COD)CI], (1.5 mol%)
L (3 mol%

3 a {3 mol%) ion R=H.X=Cl
wr or o noreaction p _ ' - g,
N Me N B,pin, (1 equiv.) R=Me, X =1

Ry p-xylene, 80 °C, 24 h R =Me, X = PFq
D [Ir(COD)CI], (1.5 mol%)
Me. -~ L (3 mol%), ZS (1 equiv.) Me_~~_ Bpin
X ‘ i ~ ‘ .
N B,pin, (1 equiv.) N <5% conv.

p-xylene, 80 °C, 24 h

Ph ¢ %
=N, N=
zZs = Zn
Bu o © Bu
Ph Bu Bu

~
| N Ph

L=¢'N znTPP -

\

Z=

Ph

Scheme 3. Control experiments.

Next, a substrate scope was evaluated. The supramolecular
catalytic system was found compatible with 3-substituted pyridine
derivatives giving the respective meta-borylated products in yields
up to 99% (Table 2). For instance, alkyl, aryl, ether, ester, and
halogen (F, CI, Br, CFs;, except iodide) functionalities were
tolerated (5a-5h, Table 2). On the other hand, no reactivity was
observed for carboxylic acid or amide groups (Table 2). 5-
membered ring heterocycles such as N-protected imidazoles
delivered the p-substituted borylated products in virtually
quantitative yields (6a-6c¢), which appears promising with respect
to literature precedents.®"l Additionally, semi-empirical molecular
modelling (PM3-level) showed that the supramolecular iridium
catalyst fits well also for the S-C-H bond selectivity observed for
5-membered ring heterocycles (see Figure S15). Interestingly, the
2-methylimidazole substrate which is known to bind to zinc(ll)-
porphyrinoids derivatives®? did afford the corresponding 4-C-H
bond borylated derivative 6¢ in 97% isolated yield. This strikingly
contrast with the lack of reactivity found for 2-methylpyridine
(Scheme 3C) and it clearly shows that the geometry of the
substrate is a key parameter for the reactivity observed within this
supramolecular catalyst. Limitations of the catalytic system
appeared when considering 4-substituted pyiridines and

10.1002/ange.202101997

WILEY-VCH

pyrimidines which did not react due to steric effects as it was
noted elsewhere (Table 2).1%

Table 2. Substrate evaluation for the supramolecular iridium-catalyzed C-H

Bpin

bond meta-borylation controlled by remote Zn--N interactions.!?!
B,pin; (1 equiv.)

y  [IMCOD)CI]; (1.5 mol%)
R‘\/TH RN { R‘\/TBPIH RN {
or L or
LN/ 4\N N/ Q\N
p-xylene, 80 °C 5

L (3 mol%)
6
Me - Bpin F N Bpin Cl N Bpin Br: - Bpin
N N N N

5a, 99% (87%)

MeO N Bpin MeO,C N Bpin F3C N Bpin Ph n Bpin
P <~ P L
N N N N

5f, 99% (94%)

5b, 99% (92%) 5¢, 99% (84%) 5d, 91% (80%)

5e, 99% (95%) 5g, 50% (45%)  5h, 99% (89%)

Ph Me\N Bpin Reluctant substrates:
<N Bpin [ \ ME\N BPin! meet Me R ‘ - Bpin
N :
\ \ : H H P
4\N 6b, 99% (90%) Me/(\N a N N‘ N N
P L Ry conn,
6a, 99% (95%) 6c, 99% (97%): N N CONH,

[a] Yields estimated by GC analysis and isolated yields shown in brackets, the
slight difference in these values is due to loss and/or partial protodeboration of
the products during purification.

We then embarked on the kinetic evaluation of this
supramolecular catalysis with a model reaction using 3-
methylpyridine as the substrate.['® For this purpose, preliminar
reaction progress kinetic analysis (RPKA) were carried out at
same and different excess concentrations (see Section 5.4 in the
Supporting Information).34 As it was found before,!'”! the reaction
features an incubation period that depends on the catalyst loading,
being shorter at higher catalyst loadings (Figure 3, left). In
addition, we noted that at lower concentrations of Bgpiny, its
consumption was not directly correlated to the formation of the
product as it is the case when considering the 3-methylpyridine
substrate consumption (Figure 3, middle). Higher reaction rates
have been observed with Bypin, instead of HBpin for a certain
types of substrates.'! This suggests, that a second catalytic
cycle is operating to some extent involving a degradation side-
product from Bgpin,, probably HBpin because H, (another side-
product)>3%l is detected by 'H NMR spectroscopy studies.['8]
Besides these observations, the RPKA analysis showed that the
catalysis is first order in iridium and pseudo-zero-order in Bzpiny,
as it could be expected.['s®7a On the other hand, the order in
substrate did not match to zero as shown by Hartwig with a non-
supramolecular catalyst,['?! but it rather fitted to a pseudo-first
order as it has been seen with non-heteroaromatic substrates.['”?
This strongly supports that the resting state in this supramolecular
catalysis does not involve an iridium complex coordinated to the
N-containing substrate via Ir-N bonding such as Ir-1 (Figure
1B),['%! but rather a tris-boryl iridium species formed later in the
catalytic cycle likely upon substrate binding to the zinc(ll)-
porphyrin site such as A (Scheme 4). Although the overlay was
not fully precise by RPKA analysis due to the limitations
previously described, unambiguous catalyst deactivation was
evidenced that we ascribed to catalyst degradation®” as no
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product inhibition was observed by RPKA analysis.l'8! This
indicates that the catalyst immediately releases the product after
formation in a similar way as enzymes do. We anticipate that the
bulkiness of the product might be at the origin for the absence of
product inhibition, thus indirectly enhancing substrate binding
under catalytic conditions. Consequently, such catalytic system
may follow an enzymatic Michaelis-Menten kinetic behavior in
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which the whole catalytic events occur upon binding of the
substrate in the zinc(Il)-porphyrin pocket (Figure 3, right). In fact,
a decent fitting (R? = 0.994) was found for the plot of rate versus
concentration of 3-methylpyridine substrate with Vimax = 0.104
(£0.02) M h™" and Kmm = 0.107 (x0.04) M.

—e— cxperimental
—o— fitting

# Substrate

rate (M/h)

B Bis(pinacolato)divoron

A Product

. Vmax. [§]
= Kmm+ 8]

12 16 20 24 o
time (h)

0,02

0,04 0,06
[3-methylpyridine substrate] (M)

0,08 01

Figure 3. Graphical representation of the kinetic profiles under standard (stoichiometric) reaction conditions (left, [3-methylpyridine] = 0.162 M, [B2pinz] = 0.162 M)
and under half concentration of B2pinz with respect to the substrate (middle; [3-methylpyridine] = 0.130 M, [Bzpinz] = 0.065 M); and graphical representation of the
reaction rate versus substrate concentration plots together with the fitting to the Michaelis-Menten rate equation (right).

Aiming at identifying potential catalytically active species,
the meta-C-H bond borylation reaction was followed on time
under catalytic conditions using mulitnuclei NMR spectroscopy
(Scheme 4). First, the pre-active iridium catalyst Ir-2 involving tris-
boryl species was identified at catalytically-relevant temperatures
(see Section 6 in the Supporting Information).l'® The 'H NMR
studies of Ir-2 showed two set of signals at 6= 1.07 and 1.06 ppm
corresponding to two different set of Bpin groups in a 1:2 ratio
(one Bpin fragment was in axial position and the other two Bpin
fragments were in equatorial position; note that they are not
equivalent at high temperatures due to the low symmetry of the
species).l'’@ Similar observations were evidenced by ''B NMR
studies (6= 22 and 23 ppm in a 1:2 ratio).["® Next, the reaction
between 3-methylpyridine and Bypin, with the in situ formed Ir-2
was followed on time.['® The 3-methylpyridine substrate was
bound to the supramolecular ligand L via ZnN interaction under
catalytic conditions as regards of the up-field shifted pyridine
proton signals strongly supporting the formation of species A
(Scheme 4). Although the transient iridium-hydride species B (as
well as D) was not detected, the product-to-catalyst species C
was formed according to the disappearance of the pyridine
signals belonging to A and the merger of a set of three new up-
field shifted pyridine proton signals (Scheme 4). Further GC
analysis and 'H NMR spectroscopy studies indicated quantitative
formation of meta-borylated product, indicating that the product is
easily released from the catalyst pocket under the catalytic
conditions. The overall combination of above-described results
together with previous data from the literature,*® enabled us to
propose a catalytic cycle in which all the reaction steps occur after
substrate binding to the porphyrin pocket of L with final release of
the product after selective meta-C-H bond borylation (Scheme 4).
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\ Bpin/ ™1.06 ppm
NI _Bpin

o /1.07 ppm
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20N .
/Ir\H Bapina ‘/ _—>6.6 ppm
N
/1 Ph
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\(j/ product
release
-L C-H
activation
_~6.5 ppm B
~ N \ /
' ;' /
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—6.8 ppm

C-B bond Ph

formation B

Scheme 4. Postulated reaction mechanism for the supramolecular iridium-
catalyzed C-H bond meta-borylation of pyridines using L. B = (pinacolato)boron.
The ppm values refer to the proton signals from the pyridine C-H bonds pointed
out by the gray arrows that were determined by 'H NMR spectroscopy at 80 °C
under catalytic conditions.

To further show the enzyme-like behavior of this
supramolecular iridium catalyst, we wondered whether it would be
possible to perform substrate-selective catalysis with a reaction
comprising a mixture of all three possible regioisomers derived
from 3-methylpyridine as the substrates. Indeed, the
supramolecular catalyst formed upon combination of the iridium
precursor and L gave a selective system towards the exclusive
meta-selective borylation of the meta isomer with no reactivity
observed at the other substrates even upon 24 hours reaction
time (Scheme 5). A single product formed out of the 10 possible
ones considering the different regio- and site-selectivities. Thus,
the system leads to substrate-selectivity maintaining an exquisite
level of regio-selectivity as well.

Finally, we studied the ability of this supramolecular iridium
catalyst to display dormant reactivity in a way that the borylation
only occurs when an external stimuli is applied to the system.
More precisely, and considering the lack of reactivity of pyridinium
salts (vide supra), we decided to introduce after 3 hours of
reaction time one equivalent of N,N-diisopropylethylamine base
(DIPEA) as an external chemical stimuli with the hope that an in
situ deprotonation of the substrate will bring the pyridine to bind
the zinc pocket of the supramolecular ligand L following iridium-
catalyzed remote borylation. Indeed, we were pleased to detect
90% conversion of pyridine after 16 h according to the above
described reaction design (Figure 4).
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Scheme 5. Substrate-selectivity targeted using the supramolecular iridium
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Figure 4. Dormant reactivity featured by the supramolecular iridium catalyst
using a base (DIPEA) as an external chemical stimuli.

Conclusion

In summary, we have reported a rationally-designed
supramolecular borylating iridium catalyst displaying C-H bond
meta-selectivity for challenging pyridine-like derivatives via
reversible and dynamic ZnN binding.['®! The predictability of the
selectivity was made possible considering the relatively strong
association constant between the substrates and the catalyst and
the precise distance between the active site and the recognition
site supported by a straightforward combination of experimental
and theoretical (semi-empirical) studies. The catalytic system
displayed unique enzymatic features as regards of the kinetics,
mechanism and substrate-selectivity herein presented. The
incorporation of substrate-recognition sites based on zinc(ll)-
porphyrin scaffolds in the second coordination sphere of a priori
inactive or unselective catalytic moieties clearly constitutes an
alternative to the more classical fine-tuning at the first
coordination sphere. In addition, we showed that N,N-chelating
ligands beyond bipyridine or phenantroline derivatives are
suitable for iridium-catalyzed C-H bond borylations.*?! Because
this presented approach is readily tunable at the active site and
the substrate-recognition site, other types of transition metal-
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catalyzed transformations towards unbiased substrates could be
envisioned as well as exploiting them for temporal control of
reactivity considering the preliminary dormant reactivity studies.
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An iridium-based supramolecular catalyst (see figure) has been designed to selectively recognize pyridine-lilke derivative via secondary
Zn-N interactions. Owing to the distance between the substrate binding site and the active site as well as the geometrically constraints,
meta-selective borylation reactions were accomplished displaying catalytic behaviors typically encountered in enzymes.
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