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ABSTRACT: Selective iridium-catalyzed C-H bond borylations of unbiased or directing-group-free substrates typically occur
under long reaction times and mild temperatures in order to avoid unselective processes including catalyst deactivation.
Herein, we describe a supramolecular approach that enables the C-H bond borylation of challenging pyiridines and imidazoles
in very short reaction times (up to 2 hours) with a negligible incubation period for catalyst activation. The catalyst is based
on a highly rigid zinc-porphyrin substrate-recognition site in the secondary coordination sphere and a triazolopyridine che-
lating fragment attached to the first coordination sphere at iridium. The borylation occurs at the C-H bond from the substrate
located at four chemical bonds apart from the molecular recognition site with the selectivity being exclusively imposed by the
distance between the active site and the molecular recognition site regardless of the nature of the N,N-chelating fragment
coordinating to iridium as further supported by DFT calculations. Additional studies (control experiments, NMR, SCXRD) un-
raveled key catalyst deactivation pathways in which up to three different partners (water, methoxide ligands from the iridium
precursor and the triazolopyridine fragment) compete with the N-heterocycle substrate for binding to the molecular recog-
nition site of the supramolecular catalyst. This fundamental understanding made possible the identification of a supramolec-
ular catalyst featuring a 4-methyl substitution pattern in the first coordination sphere at iridium that provides a suitable
balance of steric and electronic effects in both primary and secondary coordination spheres, thereby bypassing the manifold
catalyst deactivation pathways. DFT calculations further indicated the importance of non-covalent interactions beyond the

molecular recognition site on the stabilization of the different intermediates and transition sates.

INTRODUCTION

The efficient production of chemicals at will in a sustainable
manner is of high interest for industrial and academic labora-
tories.! As such, the last century has witnessed tremendous ef-
forts devoted to the development of catalytic technologies for
such purposes.z In this context, homogeneous transition metal-
catalyzed processes occupy a central place since the ease of lig-
and fine-tuning is advantageous to disclose new reactivity pat-
terns.3 Most of these transformations require the use of pre-ac-
tivated coupling partners to selectively form new carbon-car-
bon or carbon-heteroatom bonds at specific positions at the ex-
penses of generating substantial amounts of side-products in-
cluding those from the pre-activation reactions too.# In this re-
gard, transition metal-catalyzed C-H bond functionalizations
have revolutionized in the last decades the way to conceive
chemical synthesis by providing unprecedented bond discon-
nections and novel bond-forming processes.> Currently, a myr-
iad of methodologies exist for C-H bond functionalizations by
means of transition metal catalysts.® However, most of them
rely on the intrinsic reactivity of substrates to reach a precise
C-H bond activation or by exploiting directing groups intro-
duced in previous steps to the molecule of interest to bring the

metal catalyst at close proximity of the C-H bond to be function-
alized.” It is clear from a sustainable point of view, that the
avoidance of directing groups for C-H bond functionalizations
in unbiased substrates needs to be urgently addressed.8

From the many transition metal-catalyzed C-H func-
tionalization strategies, metal-catalyzed C-H borylations are
extremely appealing.? Indeed, the newly created C-B bond is a
readily transformable moiety towards the formation of carbon-
carbon and carbon-heteroatom bonds by using well-estab-
lished methodologies.1? Besides the use of rhodium,!! plati-
num,!Z cobalt,’3 nickel'# or lanthanide catalysts,’5 the iridium
catalysts are exceptionally active enough to tackle the function-
alization of C-H bonds belonging to highly inert aliphatic and
aromatic fragments without the requirements to introduce di-
recting groups in the substrates.1¢ Consequently, the site-, re-
gio- and enantio-selectivity of such reactions have been a chal-
lenging focus of research because the bond dissociation ener-
gies associated for discriminating those C-H bonds lie on a nar-
row range.l” As pioneered by Hartwig and Ishiyama, the irid-
ium-coordinated N,N-bipyridine frameworks appear to be the
most powerful family of ligands for iridium-catalyzed C-H
borylation reactions.!® For instance, 4,4'-di-tert-butyl-2,2'-bi-
pyridine (dtbpy, Figure 1A) and phenantroline-type ligands



are considered the most suitable ligand for enabling the irid-
ium-catalyzed borylation of aromatic as well as heteroaromatic
C-H bonds using bis(pinacolato)diboron (Bzpinz) as the
borylating agent.19 Recently, modified versions from the dtbpy
ligand have been disclosed in order to reach unprecedented,
remote regio- and site-selectivities by introducing in the sec-
ondary coordination sphere of the catalyst a variety of func-
tional groups that enable molecular recognition with functional
groups from the aromatic substrate via hydrogen bonding or
ion pairing.20

In the case of nitrogen-containing heterocyclic sub-
strates, the challenge is upgraded substantially since the nitro-
gen lone pair from these compounds can over coordinate to the
iridium catalyst, thus preventing productive borylation to oc-
cur.21 Although powerful and selective C-H bond borylation of
azines, typically pyridines, have been reported by the groups of
Hartwig and Ishiyama,?? Nakao,23 Maleczka and Smith,24
Marder and Steel,?5 ourselves,26 and others,2? extensive long
reaction times are required (i.e. 16 to 72 hours, Figure 1B-1C).
This is due to (1) the significant incubation period that the pre-
catalyst needs in order to form the active iridium tris-boryl cat-
alytic species2?8 and (2) the mild reaction conditions (i.e. low
temperature, Figure 1B) that are required to avoid unselective
transformations that would result in a mixture of borylated
compounds or other side-products resulting from product de-
composition.2? Overall, increasing catalyst performance by re-
ducing reaction time while keeping high levels of selectivity re-
mains a major breakthrough to be addressed in iridium-cata-
lyzed C-H borylation of unbiased substrates. In the following,

we present a supramolecular iridium catalyst that circumvents
these above-stated limitations resulting in a highly productive
and selective system for the C-H bond borylation of pyridines
in unprecedented, short reaction times up to 2 hours while op-
erating at high a temperature of 100 °C (Figure 1D). The cata-
lyst features a zinc-porphyrin molecular recognition site in the
secondary coordination sphere and it was selected after thor-
ough experimentation to identify, and further avoidance of, cat-
alyst deactivation pathways. In particular, we demonstrate that
the pyridine substrates compete with (i) water, (ii) the meth-
oxide ligand from the iridium precursor and (iii) the tria-
zolopyridine fragment from the first coordination sphere of the
catalyst, for binding to the molecular recognition pocket. By lig-
and fine-tuning and precise control of reaction conditions, we
found that a 4-methyl-substituted pattern in the first coordina-
tion sphere of the catalyst outperforms existing state-of-the-art
iridium catalysts for the f-selective C-H bond borylation of ni-
trogen-containing heterocycles (Figure 1D). Importantly, the
supramolecular design of the catalyst enables the C-H bond
borylation at a precise distance of four chemical bonds apart
from the molecular recognition site regardless of the nature of
the N,N-chelating unit coordinating to iridium as further sup-
ported by computational studies, thereby demonstrating the
power of secondary coordination spheres to control both activ-
ity and selectivity for challenging transformations. The subtlety
of the supramolecular catalysis was highlighted by the pres-
ence of additional set of non-covalent interactions involving
the porphyrin backbone beyond the molecular recognition site
according to in-depth DFT calculations performed for under-
standing the key intermediates and transition states.
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Figure 1. First-reported 1r1d1um catalyzed C-H borylation of pyridine (A), previous strategies to reach meta-selective C-H
borylation of pyridines under long reaction times (B and C), and the supramolecular iridium-catalyzed C-H borylation devel-
oped in this study (D). B = (pinacolato)boron.
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RESULTS AND DISCUSSION

Synthesis, characterization and supramolecular coordina-
tion chemistry studies of supramolecular ligands L1-L6.
Since the C-H bond activation event appears to be the rate-de-
termining step for this type of catalysis according to computa-
tional calculations,3? we anticipated that the fine-tuning at the
first-coordination sphere around the iridium center would be
beneficial in terms of reactivity. As such, we synthesized the su-
pramolecular ligands L1-L6 according to our preliminary find-
ings,2¢ in which a key alkylnyl-substituted zinc-porphyrin 1 is
engaged in a copper-catalyzed click reaction with a 2-azido-
substituted pyridine derivative (Scheme 1). In this manner, the
supramolecular catalysts L1-L6 featuring different electronic
and steric patterns (H, 4-tBu, 4-Me, 6-Me, 4-OMe, 4-CF3) in the
pyridine ring that will be involved in the coordination to irid-
ium were obtained and characterized by NMR spectroscopy as
well as HRMS studies.31

,R=4-Bu

; L3,R = 4-Me
(1.5-1.9equiv.) ! L4 R = 6-Me

ECu(PPh3)3Br (20 mol%): L5, R = 4-OMe

i _toluene, 120 °C, 24 h L6, R = 4-CFy

Scheme 1. Synthesis of the supramolecular ligands L1-L6.

Next, we evaluated the ability of these ligands to in-
teract with pyridine derivatives via kinetically labile Zn---N in-
teractions.32 1H NMR spectroscopy studies were performed
combining equimolar amounts of unfunctionalized pyridine
(1a) with each ligand L1-L6, respectively, in a CDCl3 solution at
room temperature (Table 1).31 A representative case is shown
in Figure 2 for the self-assembly of the bulkiest ligand (L4)
with pyridine ([L4 < 1a]). In all cases, the three pyridine pro-
ton signals underwent remarkable up-field shifts as shown in
Table 1, indicating an interaction to the zinc-porphyrin core
via apical Zn---N coordination (Supporting Information, Figures
S1-S6).33 The formation of a single species in solution points
out that the binding of the pyridine is fast at the NMR timescale
and it is in exchange between a coordination at the same face
where the triazolopyridine ring lies and a coordination at the
opposite face (top-bottom equilibria, Scheme 2). According to
previous observations by us and others,26:32 the binding con-
stant between these supramolecular ligands and pyridine is es-
timated in the range of K11 ca. 103-104 M-1. In addition DOSY
studies carried out with all supramolecular ligands L1-L6, re-
spectively, in the presence of equimolar amounts of pyridine
also evidenced the dynamic binding of the pyridine substrate
to the supramolecular ligand (Supporting Information, Figures
S7-518).31

Table 1. Chemical shifts (din ppm) corresponding to pyri-
dine (1a) upon equimolar binding to the supramolecular
ligands L1-L6.5!

R
N~
N.

4 '\"“ Ph

Ph
L1-L6 [L1c1a, R=H
[L2 c1a], R = 4Bu
[L3 c 1a], R = 4-Me
[L4 c 1a], R = 6-Me
[L5 c 1a], R = 4-OMe
[L6 c 1a], R = 4-CF3
Ho Hm Hp
Compound
(6, ppm) (6, ppm) (6, ppm)
pyridine (1a) 8.56 7.60 7.22
[L1c1a] 4.15 5.86 6.51
[L2 c 1a] 4.30 593 6.58
[L3 c1a] 4.80 6.08 6.71
[L4 c 1a] 4.60 6.00 6.63
[L5 < 1a] 4.79 6.10 6.75
[L6 c 1a] 4.82 6.11 6.74

[a] 'H NMR spectroscopy experiments performed in CDCl3 (400
MHz, 298 K).
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Figure 2. 'H NMR spectrum (CDCls, 400 MHz) of the self-
assembly [L4 c 1a] in an equimolar ratio.



Scheme 2. Top-bottom side equilibria for the binding of
pyridine to the supramolecular ligands.

The molecular structure of L1 was further confirmed
by X-ray diffraction studies performed in single crystals ob-
tained from a concentrated solution in undistilled 1,2-dichloro-
ethane. The compound L1 crystallizes with one water molecule
binding to the zinc atom (Figure 3) which is further involved
in an intramolecular hydrogen bonding with the nitrogen atom
(N1) from the pyridine ring (do-n..n1 = 2.006 A). In the solid
state the system forms a supramolecular polymer stabilized by
additional intermolecular hydrogen bonding with the nitrogen
atom (N4) from the triazole motif (do-..ns = 2.155 A, see Fig-
ures S43 and S44 in the Supporting Information).31 As such, it
is clear that traces of water need to be avoided to further en-
hance the binding of pyridine to the zinc-porphyrin site, espe-
cially during the catalytic experiments that operate at high tem-
perature (vide infra), thereby identifying the water binding to
the molecular recognition site as an undesired deactivation
pathway.34

Figure 3. ORTEP of assembly [L1 = H20] determined by single-
crystal X-ray diffraction studies with thermal ellipsoids at 50%
probability indicating hydrogen bonding in dashed lines (red).
All hydrogen atoms except of those of water as well as 1,2-di-
chloroethane solvent molecules are omitted for clarity.

Assessment of the iridium precursor for the supramolecu-
lar meta-selective C-H borylation of pyridine. A vast number
of studies regarding iridium-catalyzed C-H borylation of unbi-
ased and directing-group-free substrates have demonstrated
the superior reactivity encountered when using
[Ir(COD)(OMe)]z2 (COD = 1,5-cyclooctadiene) over
[Ir(COD)(CD]z as the precursor for generating the active cati-
oniciridium(I) species with N,N-chelating ligands derived from
the 2,2’-bipyridine family.18-25.27.28 The main reasons were as-
cribed to (1) the increased lability of the Ir-OMe bond with re-
spect to the more thermodynamically stable Ir-Cl bond and (2)
the formation of catalytically active iridium tris-boryl species
in the presence of Bzpinz by release of MeO-Bpin side-product
which is energetically more favorable than the corresponding
Cl-Bpin countepart.35 Alternatively, Colacot and co-workers
demonstrated that [Ir(COD)(Cl)]2 might be a suitable precursor

in THF solvent as it generates a catalytically active iridium spe-
cies that compare well with those derived from using
[Ir(COD)(OMe)]2.36 In our case, the supramolecular catalysis
was only effective in the presence of aromatic, non-polar sol-
vents (i.e. p-xylene or toluene) that solubilize well the supra-
molecular ligand and that do not perturb the weak Zn---N-pyr-
idine interaction.2é Surprisingly, we noted that [Ir(COD)(Cl)]2
precursor was more appropriate than [Ir(COD)(OMe)]z with
our supramolecular ligands (Table 2). For instance, using the
supramolecular ligand L1 at 80 °C, the C-H borylation of pyri-
dine (1a) was finished in 12 hours with a remarkable reactivity
that leads mainly to the bis-borylated product 2aa with the
[Ir(COD)(Cl)]z precursor (Table 2, entry 1), whereas the reac-
tion with [Ir(COD)(OMe)]z precursor did not reach completion
even after 24 hours affording a modest 73% conversion with
major formation of the mono-borylated product 2a (Table 2
entry 2), the remaining 27% corresponds to unreacted pyri-
dine 1a starting material. In both cases, the regio-selectivity
was directed towards the meta-borylated products 2a and 2aa
with undetectable formation of para- or ortho-isomers 3a and
4a,respectively (Table 2, entries 1-2). Note that no C-H boryla-
tion occurs if the triazolopyridine fragment is not covalently-
linked to the zinc-porphyrin scaffold.26

Table 2. Influence of the iridium precursor in the supramo-
lecular meta-selective C-H borylation of pyridine.la

[Ir(COD)(X)],
(1.5 mol%) Bpin
N L1 (3mol%) pinB plnB Bpin
‘ —
N Bopin, (1 equiv.) plnB

1a  p-xylene, 80 °C

Entry | X Time | Conv.[I 2a: zaioi [.':']a ) 4a
1 Cl 12h >99 % 40:60:0:0
2 OMe 24 h 73 % 75:25:0:0

[a] Reaction conditions: pyridine (0.162 mmol), Bzpinz (0.162
mmol), [Ir(COD)(CD]z (1.5 mol%), L1 (3 mol%), p-xylene (1
mL), 80 °C. [b] Conversion determined as pyridine consump-
tion, the remaining % corresponds to unreacted pyridine start-
ing material. [c] Ratio of borylated products determined by
IHNMR and GC using n-dodecane as internal standard.

In order to further understand such unexpected, re-
versed behavior when compared to literature precedents,!8-
25,27,283536 we designed a series of experiments to verify
whether the anionic methoxide ligand from the iridium precur-
sor [Ir(COD)(OMe)]z could bind to the zinc-porphyrin molecu-
lar recognition site via Zn---O-Me interaction considering the
known oxophilicity displayed by zinc-porphyrin derivatives,3?
thereby competing eventually with the pyridine substrate for
the same binding site. The supramolecular ligand L1 was
treated with 0.5 equivalents of [[r(COD)(OMe)]2 at room tem-
perature in a toluene-ds solution (similar solvent as used for
the catalytic experiments) and the resulting 1H NMR spectrum
displayed a methoxide signal at 6= 2.14 ppm, which is up-field
shifted when compared to the methoxide signal from the start-
ing iridium precursor that resonates at 6= 3.12 ppm (Support-
ing Information, Figures S19-S24).31 In addition, whereas the
carbon signal belonging to the methoxide ligand in the
[Ir(COD)(OMe)]2 precursor appears as a well-resolved singlet




at =56 ppm in its 13C{1H} NMR spectrum, in the case of com-
bining [Ir(COD)(OMe)]z precursor with L1, the signal belong-
ing to the methoxide ligand was not detectable likely due to
broadening (Supporting Information, Figure S25).31 Such
methoxide effect was not observed when performing NMR ex-
perimentation with dtbpy and 0.5 equivalents of
[Ir(COD)(OMe)]z (Supporting Information, Figure S26).31 For
comparison purposes, L1 was mixed with 1 equivalent of po-
tassium tert-butoxide (sodium methoxide and potassium
methoxide were poorly soluble in toluene solution) and its 1H
and 13C{1H} NMR spectra displayed similar trends as observed
for the methoxide ligand: the singlet belonging to tert-butyl
group was slightly upfield shifted in the presence of L1 (Ad =
0.03 ppm in the 1H NMR spectrum and A ca. 6 ppm in the
13C{1H} NMR spectrum - a downfield of Ad ca. 1 ppm was ob-
served for the C-0 signal in the 13C{*H} NMR spectrum, see Sup-
porting Information, Figures S27-S35).31 These observations
indicate that the methoxide ligand is oxophilic enough for bind-
ing in a reversible manner to the zinc-porphyrin site from the
supramolecular ligand L1 via Zn.--0-Me interaction (Scheme
3), thereby establishing the suitability of the, typically less em-
ployed, [Ir(COD)(Cl)]z as the ideal precursor for this particular
supramolecular catalysis.38

S
Ir(COD)
N. /

SN

Scheme 3. Catalyst deactivation pathway via methoxide
binding to the zinc-porphyrin site from supramolecular lig-
and L1 in the presence of 0.5 equivalents of
[Ir(COD)(OMe)]2 precursor according to NMR spectroscopy
studies (the zinc oxidation state is formally +2).

Evidence for the involvement of the triazolopyridine frag-
ment in a deactivation pathway. As above-discussed in the
introductory section of this contribution, dtbpy derivatives in-
cluding phenantroline-type ones are prominently used as su-
perior ligands for iridium-catalyzed borylations.18-2527.28 Con-
sequently, the parent supramolecular version, namely L2
(Scheme 1), which contains a tert-butyl group in para position
of the triazolopyridine ring, was employed as a prospective lig-
and in the iridium-catalyzed C-H bond borylation of pyridine
1a (Table 3). Unexpectedly, the catalysis was inefficient with a
conversion of 1a not exceeding 5% at 80 °C when employing
L2 (Table 3, entry 2), whereas the supramolecular ligand L1
afforded full conversion (Table 3, entry 1). Even at high tem-
peratures of 100 °C and 120 °C (Table 3, entries 3-4), the con-
versions of 1a by using L2 did not surpass 15% with a same
meta-selectivity as observed for L1. In the same vein, the catal-
ysis was completely unsuccessful at lower temperatures with
L1 and L2, respectively (Table 3, entries 5-6).

Table 3. Initial ligand assessment of the supramolecular
iridium-catalyzed meta-selective C-H borylation of pyri-
dine.l2!

\ L1,R=H
frcobycl, PMB~ -~ N L2,R=1Bu
(1.5 mol%) | N
| X L1 orL2 (3 mol%) N~ 2a 4 ‘/I[\l Ph
T + : N
“ Bypin, (1 equiv.) pinB Bpin !
1’: ;-xylzene, 24h \Ej/ ; Q Ph
N" 223 |
: Ph
Entry | L T (°C) | Conv.lPl | 2a:2aa (%)l
1 L1 80 >99 % 40:60
2 L2 80 5% 100: 0
3 L2 100 10 % 100:0
4 L2 120 15 % 100:0
5 L1 20 0% -
6 L2 20 0% -

[a] Reaction conditions: pyridine (0.162 mmol), Bzpinz (0.162
mmol), [Ir(COD)(CD)]z (1.5 mol%), L (3 mol%), p-xylene (1 mL),
24 h. [b] Conversion determined as pyridine consumption, the
remaining % corresponds to unreacted pyridine starting mate-
rial. [c] Ratio of borylated products determined by tHNMR and
GC using n-dodecane as internal standard.

Considering such contra-intuitive reactivity of L1 and
L2, together with the relatively short distance existing between
the triazolopyridine fragment and the zinc-porphyrin site in
the X-ray structure of [L1 c Hz0] (vide supra) as well as a chem-
ical shift dependency observed by tHNMR at different concen-
trations of L1,26 we decided to investigate the potential coordi-
nation of the triazolopyridine fragment to the zinc-porphyrin
site as a catalyst deactivation pathway in this supramolecular
catalysis. Such plausible event might be enhanced by the pres-
ence of a strong electro-donating substituent as it is the case for
L2, which presents a tert-butyl group in para position of the
iridium-coordinating pyridine ring. To this aim, tH NMR spec-
troscopy studies were performed in CDCl3 at room tempera-
ture by combining equimolar amounts of zinc-tetraphenylpor-
phyrin (ZnTPP) with triazolopyridine L1* and L2* (Scheme
4), respectively, which are the corresponding molecular com-
ponents of the supramolecular ligands L1 and L2.31 In both
cases, albeit small, significant up-field shifts were observed
(0.04 ppm > A6 > 0.01 ppm) for the signals belonging to the
triazole C-H proton (Hu) and the ortho-pyridinic proton (Hop)
from L1* and L2*, respectively, upon interaction with ZnTPP
(Supporting Information, Figures S36-S42).31 It is worthy to
mention at this stage that five-membered ring azines are well-
known to bind to zinc-porphyrins26.39 whilst ortho-substituted
pyridine derivatives exhibit negligible binding to zinc-porphy-
rins.26:3240 As such, it is reasonable to assume that the triazole
unit is engaged in a kinetically labile Zn:--N interaction with
ZnTPP (Scheme 4). In principle, both nitrogen atoms N3 and
N4, (see atom numbering in Figure 3 too) can be involved in
the reversible coordination to zinc (Scheme 4).



N3-binding
Scheme 4. Binding of triazolopyridine derivatives L1* (R =
H) and L2* (R = tBu) to unfunctionalized ZnTPP according
to IH NMR spectroscopy studies.

N4-binding

The above-stated observations are in agreement with
the triazolopyridine motif belonging to the supramolecular lig-
and binding to the zinc-porphyrin site via kinetically labile
Zn---N interaction, which is enhanced by the presence of an
electron-donating group such as 4-tert-butyl in the supramo-
lecular ligand L2 (Scheme 5). CPK modelling and previous lit-
erature on zinc-porphyrins appended with triazole fragments
in the ortho-position of the meso-substituted phenyl rings+!
further indicate that the triazolopyridine fragment from the su-
pramolecular ligands is highly rigid and hardly flexible to ena-
ble intramolecular binding to zinc. This leads only to intermo-
lecular binding as feasible with an equilibrium involving four
chemical species depending on the nitrogen atom that is in-
volved in the binding to zinc as well as the top/bottom side-
coordination (Scheme 5). The formation of higher oligomers
or aggregates beyond dimers cannot be ruled out, but should
be significantly less favored during the C-H bond borylation ca-
talysis considering the low concentration of the catalyst in so-
lution and the bulkiness of the substitution pattern in the tria-
zolopyridine fragment (i.e. 4-tert-butyl group in L2). Moreover,
it should be noted that the triazole protons (Hi) from the su-
pramolecular ligands resonate at high up-field shifts (6= 5.28
ppm for L2) compared to the parent triazolopyiridine lacking a
zinc-porphyrin (6= 8.80 ppm for L2*). Whether this is due to
the zinc porphyrin current effect*! or due to intermolecular
binding as shown in Scheme 5 or both effects simultaneously
remains to be addressed.

Ph

N3-binding Ph Ph
(top)

N4-binding
(top)

N3-binding

(bottom) Ph N4-binding

Ph (bottom)
Scheme 5. Catalyst deactivation pathway via intermolecu-
lar binding of the triazolopyridine fragment to the zinc-por-
phyrin site from the supramolecular ligand L2.

Identification of the most reactive supramolecular cata-
lyst. Having established several experimentally-assessed deac-
tivation pathways that need to be circumvented in order to
reach a reactive system for this supramolecular catalysis, we
evaluated the supramolecular ligands L3-L6 in the iridium-cat-
alyzed C-H borylation of pyridine (1a) with Bzpinz (Table 4).
At 80 °C and using 3 mol% of the in situ formed supramolecular
iridium catalyst during 24 hours, the para- and ortho-methyl-
substituted supramolecular ligands L3 and L4 performed
equally well (Table 4, entries 1-2) as the unfunctionalized su-
pramolecular ligand L1 (Table 3, entry 1) with full conversion
of starting material and similar ratios of mono- and bis-
borylated products resulting from meta-C-H bond selectivity.
On the other hand, and as it could be expected for electron-do-
nating groups placed in the triazolopyridine fragment such as
L2 (vide supra), L5, which contains 4-methoxy substituent in
para-position of the pyridine ring, enabled a modest 55% con-
version of 1a (Table 4, entry 3). The strong electron withdraw-
ing trifluoromethoxy-substituted supramolecular ligand L6
only converted 36% of the starting material (Table 4, entry 4).
This is in agreement with the fact that the rate determining step
(rds) of the iridium-catalyzed (hetero)aromatic C-H borylation
with N,N-chelating type ligands is the oxidative addition of the
C-H bond, largely favored by electron density enhancement on
the iridium-coordinated ligand backbone.17-19.30 To further ex-
plain the poor performance in catalysis of the methoxy-substi-
tuted L5 versus their alkyl counterparts, we reasoned that the
methoxy group in L5 may bind to some extent in an intramo-
lecular fashion to the zinc center of the molecular recognition



site according to CPK modelling, as similarly observed for ox-
ophilic deactivation pathways involving water and methoxide
anions (vide supra). Along these lines, raising the reaction tem-
perature to 100 °C when employing the supramolecular ligands
L5 and L6 led to full conversion of 1a (Table 4, entries 5-6).
The reactivity of the supramolecular ligands L5 and L6 is in
stark contrast with that observed with the supramolecular lig-
and L2 that does not lead to full conversion even at such high
temperatures and beyond (vide supra). At full conversion, the
ratio of mono- versus bis-borylation 2a: 2aa varied little (in the
range 40 : 60 to 60 : 40) to establish any relevant trend between
the supramolecular ligands L1 (Table 3, entry 1) and L3-L6
(Table 4, entries 1-2 and 5-6). Note that the ratio mono- versus
bis-arylation was not affected at longer reaction times.

Table 4. Evaluation of the supramolecular ligands in the
iridium-catalyzed meta-selective C-H borylation of pyri-
dine.[?

R L3, R = 4-Me
' \\%\ L4, R = 6-Me
[I(COD)(C], pinB AN N L5, R =4-OMe
(1.5 mol%) | ; A L6, R = 4-CF,
‘ X, L3-L6 (3 mol%) N"2a ! 4 N Ph
—_— + i N
“ B,pin, (1 equiv.) pinB Bpin :
12 ;—xylzene, 24 h \(j/ Q Ph
N" 222 !
: Ph
Entry | L T (°C) | Conv.bl 2a: 2aa (%)l
1 L3 80 >99 % 50:50
2 L4 80 >99 % 60:40
3 L5 80 55 % 84:16
4 L6 80 36 % 89:11
5 L5 100 >99 % 56:44
6 L6 100 >99 % 44 :56

[a] Reaction conditions: pyridine (0.162 mmol), Bzpinz (0.162
mmol), [Ir(COD)(CD)]z (1.5 mol%), L (3 mol%), p-xylene (1 mL),
24 h. [b] Conversion determined as pyridine consumption, the
remaining % corresponds to unreacted pyridine starting mate-
rial. [c] Ratio of borylated products determined by tHNMR and
GC using n-dodecane as internal standard.

Notably, the regio-selectivity observed for the supra-
molecular iridium-catalyzed C-H bond borylation of the un-
functionalized pyridine 1a was the same for any supramolecu-
lar ligand being tested. An excellent meta-selectivity (>99%)
was obtained with no presence of the ortho- or para-borylated
products. Consequently, the selectivity is determined exclu-
sively by the high level of substrate pre-organization taking
place within the secondary coordination sphere in which the
meta-C-H bond from pyridine is brought at very close proxim-
ity of iridium to undergo C-H bond cleavage regardless of the
nature of the iridium-coordinated triazolopyridine fragment.
However, the reactivity is clearly controlled by the first coordi-
nation sphere at iridium as observed by kinetic studies using
the most promising supramolecular ligands L1, L3 and L4. For
this kinetic evaluation, 3-methylpyridine (1b) was selected as

substrate of choice since it only provides a single product re-
sulting from meta-C-H borylation, namely 2b (Figure 4). The
main difference between these supramolecular ligands is the
length of the incubation period for forming the catalytically ac-
tive iridium species. At 80 °C, the unfunctionalized supramolec-
ular ligand L1 leads to a system in which the catalysis begins
after 3 hours (red dashed line, Figure 4). This incubation pe-
riod is reduced by more than half when using the methyl-sub-
stituted supramolecular ligands L3 (1 hour incubation time,
blue dashed line - Figure 4) and L4 (1.5 hours incubation time,
yellow dashed line - Figure 4). A superior reaction rate was
found for the supramolecular ligand L3 with almost full con-
version reached in less than 6 hours at 80 °C (blue dashed line
- Figure 4). The lower reaction rate found for the supramolec-
ular ligand L4 that contains an ortho-substituted methyl group
in the triazolopyridine fragment indicates that the reactivity of
the supramolecular catalyst is sensitive to steric effects at the
first coordination sphere of the active iridium site. Considering
the C-H activation being likely the rds (vide supra), steric hin-
drance appears to be detrimental for this reaction as it disfa-
vors oxidative addition to some extent.

[Ir(COD)(CI)], (1.5 mol%)
N Me L (3 mol%) pinB n Me

N B,pin, (1 equiv.) N
1b p-xylene, 80 °C 2b

0,16
0,14
0,12

0,1
0,08
0,06
0,04
0,02

[2b] (mol.L")

10
Time (h)

Figure 4. Kinetic evaluation (formation of product 2b versus
time) of the supramolecular ligands L1 (red dashed line), L3
(blue dashed line) and L4 (yellow dashed line) in the iridium-
catalyzed C-H borylation of 3-methylpyridine (1b).

Calculations. In order to better understand the origin of the
reactivity observed and the absence of difference in the regio-
selectivity for all the supramolecular ligands being tested in the
C-H borylation of pyridine, Density Functional Theory (DFT)
calculations were carried out for the most energetically de-
manding elementary steps (Table 5), namely the oxidative ad-
dition C-H activation (A-> B, Figure 5) and the reductive elim-
ination C-B bond-forming step (B = C, Figure 6) based on our
previous computational work.30 The reference zero energy cor-
responds to the neutral species [LIr(COD)(Bpin)s] that initially
may form.3° Analysing the TSas, it is possible to observe that
electron donating group (EDG) in position 4 of the iridium-co-
ordinated pyridyl group does not vary much the activation bar-
rier energy (AAG = +0.4 kcal/mol for L2, -0.2 kcal/mol for L3, -
0.6 kcal/mol for L5). On the other hand, the presence of an elec-
tron withdrawing group (EWG) in the same position leads to a
greater activation barrier energy (AAG = +1.8 kcal/mol for L6),
whereas a methyl in position 6 next to the nitrogen speed up
the reaction (AAG = -8.7 kcal/mol for L4). On the other hand,
we looked at the C-B bond formation step to see whether mod-
ifying the substituents, the rds would have changed, and in this
case, the TSgc energies are in agreement with the experimental



conversions. The result also agrees well with the fact that the
reductive elimination C-B bond-forming step is favoured at the
meta position of the pyridine substrate as previously reported
for the supramolecular ligand L1.3° As shown in Table 5, TSsc
have been affected by the variation of the substituents, but not
enough to produce a change of rds. In presence of EWG, the re-
ductive elimination C-B bond formation step results to have a
greater activation barrier energy (AAG = +2.3 kcal /mol for L6).

activation,
(oxidative
addition)

For Table 6:
Ideal binding, angle Zn-N-C,,, = 180°

Distortion effect, angle Zn-N-C,,, # 180°

Cpara

Alternatively, in presence of EDG the situation is more complex.
In fact, a methyl group as substituent stabilized the TS of the
process (AAG = -1.0 kcal/mol for L3, AAG = -2.1 kcal/mol for
L4), while a tert-butyl group leads to the opposite (AAG = +3.1
kcal/mol for L2). Overall, the rds of the reaction for L2-L6 ap-
pears to be TSap except for L4 that corresponds to the next

TSgc.

7/ bond \
\
\

/ formation

/' (reductive \ C
\—

\
‘I " - - -
\ /  elimination) \/§\
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Figure 5. Qualitative energetic profile for the iridium-mediated meta-C-H activation (oxidative addition) step of pyridine and car-
bon-boron bond-forming (reductive elimination) step in meta position of pyridine with the supramolecular ligands developed in this

study (see the quantitative computational data in Table 5).
Table 5. Computational data (in kcal/mol) regarding the sta-
bility of each intermediate and transition state involved in the
oxidative addition C-H activation and the reductive elimination

the highest distortion observed for the iridium intermediate A
(Zn-N-Cpara angle, Figure 5 and Table 6) corresponds to the lig-

and L2, which features the lowest activity in catalysis from the
series. This is an indirect proof that the substrate binding into

L2 at the iridium intermediate A is much more disfavoured
compared to the other supramolecular ligands.

C-B bond-forming elementary steps.
Ligand A TSas B TSsc
L1 1.4 33.7 8.4 271
L2 35 341 8.7 302 Table 6. Descriptors considered for the iridium intermediates
L3 2.3 33.5 8.1 26.1 A with the supramolecular ligands L1-L6.
L4 27 25.0 124 25.0 L | Zn-N-Cow | HOMO LUMO M Vour
L5 15 33.1 8.2 30.2 angle (A)l! (au) (au) (%)
L6 31 355 07 294 L1 151.20° -0.1860 -0.0916 0.0944 | 66.1
L2 147.99° -0.1850 -0.0902 0.0948 | 69.5
L3 150.86° -0.1857 -0.0915 0.0942 | 71.0
Aiming at explaining some general trends, we consid- L4 151.01° -0.1861 -0.0913 0.0948 | 67.8
L5 150.99° -0.1848 -0.0900 0.0948 | 75.5
L6 149.65° -0.1852 -0.0913 0.0939 | 785
[a] The Zn-N-Cpara angle at the intermediate A stands for the de-

ered the correlations between the transition state energy bar-
riers and steric/electronic descriptors related to the interme-
diate A, which is the sterically most congested one.3? As shown
in Table 6 (and Table S2 in the Supporting Information) , there
is a good correlation between TSsc energies and the HOMO of
intermediate A: the more stable this HOMO is, the lower the en-
ergy barrier appears to be. In addition, it is relevant to note that

viation angle between the zinc-porphyrin molecular recogni-
tion site and the pyridine substrate; and it gives an approxima-
tion of distortion effects in the secondary coordination sphere

(see details in Figure 5).



Non-covalent interaction (NCI) plots were calculated
and analysed for the iridium intermediates A formed from each
supramolecular ligand L1-L6 (Figure S45 in the Supporting In-
formation). Besides the Zn---N interaction, all the intermediates
A have two additional non-covalent interactions in common:
one between the pyridine substrate and the iridium-coordi-
nated triazolopyridine moiety via n- « interactions, and a sec-
ond one between one of the meso-located porphyrinic phenyl
groups and one of the methyl groups from an iridium-ligated
boronpinacolato group (see Figure 6 for the case of L3). The
only interaction that changes is the one between the substitu-
ents around the iridium centre and meso-located phenyl groups
of the porphyrin backbone because of the different shape and
size of the substituent. Moreover, in the case of L4 there is a
non-covalent interaction between the methyl group from the
triazolopyridine site and the methylene protons from the boryl
group, which explains why the energy barriers for this system
are the lowest of the series.

Furthermore, we calculated the NCI for the TSas (the
transition state of the oxidative addition C-H bond activation
elementary step) involving each supramolecular ligand L1-L6
(Figure S46 in the Supporting Information). In these cases,
there are two important non-covalent interactions: the interac-
tion between one of the methylene groups of the boronpinaco-
lato group and the pyridine substrate, and the interaction be-
tween the hydrogens of one of the meso-located porphyrinic
phenyl groups and the hydrogens from the iridium-coordi-
nated triazolopyridine moiety via a T-shape conformation. It

transition state TSas

intermediate A

can be noted that the iridium-hydride proton appears to be at
close proximity to one of the hydrogen atoms from a meso-phe-
nyl ring. The additional interactions that were present in the
intermediates A were lost in TSas. Finally, in TSsc (the transi-
tion state of borylation, Figure S47 in the Supporting Infor-
mation). The most important non-covalent interaction accord-
ing to NCI plots was found to be the one between one of the
meso-located porphyrinic phenyl groups and one of the methyl
groups from an iridium-ligated boronpinacolato unit similar to
that found for intermediates A. The interaction between the
pyridine substrate and the iridium-coordinated tria-
zolopyridine moiety, and that between the triazolpyridine sub-
stituents and the porphyrinic phenyl groups are present but
significantly less strong because the groups are more wide
apart to each other. Overall, the role of the supramolecular lig-
ands L1-L6 in the key intermediates and transition states is
manifold. On one hand, the supramolecular ligands bring the
pyridine substrate in a specific conformation close to the active
site to reach meta-selectivity via remote kinetically labile
Zn---N interaction. On the other hand, the supramolecular lig-
ands are involved in additional sort of remote non-covalent in-
teractions thanks to the highly constrained environment in the
secondary coordination sphere even beyond the molecular
recognition site. A representative overview of the action mode
of these supramolecular catalysts is highlighted in Figure 6 for
the most active system: the one derived from ligand L3. These
computational insights point out the importance of considering
deactivation pathways beyond the main catalytic cycle difficult
to predict beforehand.

transition state TSgc

intermediate B

Figure 6. 3D structures of the intermediates and transition states involving the supramolecular ligand L3 highlighting a number of
non-covalent interactactions (orange dashed lines indicate interactions with distances inferior to 3.2 A which are indicative of - 7
interactions, green dashed lines indicate interactions with distances ca. 2.7-2.8 A).

Boosting the selective supramolecular iridium-catalyzed
[-selective C-H borylation and substrate scope. Next, we en-
visioned the use of catalytic amounts of additives such as 2,6-
lutidine and HBpin, respectively, because they are known to
promote the formation of the catalytically active iridium tris-
boryl species in some cases.212 The supramolecular ligand L3,
which features a 4-methyl substitution pattern, was selected
considering its higher performance over the other ligands and
the iridium-catalyzed C-H borylation of 1b was monitored over
time in the presence of catalytic amounts of each additive (Fig-
ure 7). The reaction in the presence of 2,6-lutidine (4 mol%)
slowed down the reaction (red dashed line, Figure 7) com-
pared to the catalysis performed in the absence of any additive
(blue dashed line, Figure 7). No borylation occurred in the 2,6-
lutidine additive in accordance to what is observed using 2-
methylpyridine as the substrate (vide infra). Importantly, the
catalysis carried out in the presence of HBpin (4 mol%) led to
an almost negligible incubation period at 80 °C (green dashed
line, Figure 7), similar to previous observations by the Hartwig

group on iridium-catalyzed C-H borylations of aromatic
groups.28f Under this reaction conditions, only trace amounts
of borylation at the solvent were identified. For the most unfa-
vorable scenario (5% of borylation at the solvent), this corre-
sponds to an exceptional selectivity factor S ca. 103 when com-
pared to the pyridine selectivity over the aromatic solvents be-
ing used either toluene (Spyr = 1149) or para-xylene (Spyr =
991).42 These values correspond to a four-fold increase in the
substrate selectivity compared to our previous report.26 On the
other hand, substantial ligand degradation was evidenced and
not more than 20% of pure ligand could be recovered after the
catalysis. Consequently, further studies should have to be car-
ried out to further understand these decomposition pathways
at the ligand which make likely involve borylation at the supra-
molecular ligand.



[ICOD)(Ch], (1.5 mol%)
L3 (3 mol%)

xMe HBpin or 2,6-lutidine (0 or 4 mol%) pinB - Me
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Figure 7. Kinetic evaluation (formation of product 2b versus
time) of the supramolecular ligand L3 in the presence (HBpin -
green dashed line-, 2,6-lutidine -red dashed line-) or absence of
additive (blue dashed line) for the iridium-catalyzed C-H
borylation of 3-methylpyridine (1b).

Importantly, it was possible to reduce the reaction
time to only 2 hours with 99% formation of the meta-borylated
product 2b by increasing the reaction temperature to 100 °C in
the presence of 4 mol% of HBpin and 3 mol% of the supramo-
lecular iridium catalyst (Scheme 6). Compared to our previ-
ously reported methodology,?¢ the reaction time was notably
reduced from 9 to 2 hours for the formation of 2b. Such obser-
vation was a general trend as regards of the substrate scope
evaluation reported in Scheme 6 with carefully optimized re-
action time for each starting material. By using the optimal re-
action conditions with L3, a variety of meta-substituted pyri-
dine derivatives (1c-1j) with different steric and electronic
properties selectively underwent iridium-catalyzed C-H bond
borylation in very short reaction times (from 2 to 5.5 hours)
affording the corresponding meta-borylated products 2¢-2j in
excellent yields. For instance, the superb reactivity encoun-
tered for this supramolecular iridium catalyst was exemplified
with the borylation of the bromo- and methoxy-containing pyr-
idine substrates 1e and 1f, respectively. Whereas the previous
methodology required 24 hours to get full conversion,2¢ the
present one affords the same selective products in only 3.5 and
2 hours, respectively. An even much clearer example concerns
the fluorinated compound 2h, which was obtained previously
in a modest 50% yield in 24 hours,26 whilst the current meth-
odology affords it in 99% yield in less than 6 hours. Im-
portantly, 3-phenylpyridine 1i was selectively borylated at the
heteroaromatic pyridine ring and not in the aromatic phenyl
ring, additionally supporting the fact that kinetically labile
Zn---N interactions are at play for controlling not only the regio-
selectivity but also the site-selectivity of the iridium-catalyzed
C-H bond borylation. The highly selective formation of car-
bonyl-containing meta-borylated products 2g and 2j further
indicates that the supramolecular catalysis is compatible with
even potentially competing ortho-directing groups such as ke-
tone and esters.>7 Limitations in the catalysis were encoun-
tered by using iodide, carboxylic acid and primary amide func-
tional groups (Scheme 6). As shown previously for the supra-
molecular ligand L1,26 the catalysis was sensitive to steric
shields with a lack of reactivity found for ortho- and para-sub-
stituted pyridines (Scheme 6). At 120 °C, we noted that the

iridium catalyst started to borylate the p-xylene solvent and the
B2pinz decomposed significantly under our reaction condi-
tions. Other borylating reagents such as HBpin, bis(cate-
cholato)diboron and bis(neopentyl glycolato)diboron were
evaluated although leading to low levels of activity when com-
pared to Bzpinz.43 Overall, this further supports the complexity
of the catalytic system, which require both a well-defined ge-
ometry regarding the substrate-to-ligand interaction as well as
the non-covalent interactions between the iridium-ligated Bpin
moiety and the meso-phenyl rings from the porphyrin back-
bone beyond the molecular recognition site.

' Me <
[Ir(COD)(C), : \ N
(1.5 mol%) : N
xR L3(@mol%) pinB ~ R 4 "I’\l Ph
—— - :
| L N
N HBpin (4 mol%) N :
1b-1j  B,pin, (1 equiv.) 2b-2) O Ph
p-xylene, 100 °C
: L3
Ph
pinB ~Me pinB ~F pinB ~C pinB - Br
N N N N
2b, 99% 2¢, 99% 2d, 99% 2e, 99%
(87%), 2h (89%), 2 h (86%), 2.5 h (84%), 3.5h

pinB \ OMe pinB x CO,Me pinB X CF3; pinB x Ph
P P P P
N N N N

2f, 99% 29, 99% 2h, 99% 2i, 99%
(91%),2 h (79%), 3 h (82%), 5.5 h (82%), 3 h
pinB COMe | reluctant substrates: R
N !
Y IR A N
Z | | |
N — ~ —
2j, 99% N N Me N
(85%), 2 h R =1, CO,H, CONH, R = Me, Et, Ph

Scheme 6. Substrate evaluation for the supramolecular irid-
ium-catalyzed C-H bond meta-borylation of pyridine deriva-
tives using ligand L3 (yields are determined by GC analysis and
isolated yields are shown in brackets).44

In view to address the reactivity for other nitrogen-
containing heterocycles, we turned our attention to imidazoles
(Scheme 7).45 The supramolecular iridium-catalyzed C-H
borylation using ligand L3 in the presence of Bzpinz and cata-
lytic amounts of HBpin enabled the functionalization of N-me-
thylimidazole (1K) in 5 hours at 100 °C leading selectively to
the f-borylated product 2kin 99% selectivity and 90% isolated
yield (Scheme 7).31 Such reactivity strikingly contrasts with
the previously reported methodology that required 24 hours of
reaction time.26 As it is the case for pyridine derivatives, the
borylation in the imidazole backbone takes place in the C-H
bond located at a distance of four chemical bonds apart from
the substrate-recognition site of the catalyst. In addition, at-
tempts to perform iridium-catalyzed C-H borylation with 1k
employing dtbpy ligand with or without ZnTPP instead of L3
revealed unsuccessful under our reaction conditions (<10%
conversion of 1K).31 Such observations indicate that the sub-
strate pre-organization between the active site and the binding
of the substrate to the molecular recognition site via kinetically
labile Zn---N interactions is mandatory to reach the observed
activity and selectivity for the imidazole backbone. N-benzyl
substituted imidazole 11 afforded the corresponding S
borylated product 21 in 92% yield with no borylation being ob-



served at the aromatic group, which is a relevant site-selectiv-
ity case of study. The catalysis was also compatible and selec-
tive for C2-substituted imidazoles as shown by the formation
of the f-borylated product 2m in 85% yield after only 5 hours
reaction time. Note that unfunctionalized N-H imidazole, N-H
pyrrole and N-alkyl pyrroles were unreactive for the supramo-
lecular iridium-catalyzed C-H borylation.

[I(COD)(CI)];
H R’ (1.5 mol%) pinB. R’
Z»l\i\ L3 (3 mol%) Z/»IL Me \ x
/ 2 2 2 N
N"R HBpin (4 mol% N R {
1k-1m pin (4 mol%) 2k-2m N.
B,pin, (1 equiv.) S N Ph
p-xylene, 100 °C, 5 h N
" & .
pinB, Me pinB_ )  pinB_ Me
S
F/) @ / e Ph
2 21 2m L
99% (90%) 99% (92%)  99% (85%)

Scheme 7. f-selective supramolecular iridium-catalyzed C-H
bond borylation of N-functionalized imidazoles using ligand L3
(yield is determined by GC analysis and isolated yield is shown
in brackets).+4

CONCLUSION

In summary, the overall reported data indicate that the supra-
molecular iridium catalyst formed when using ligand L3 offers
a suitable balance of steric and electronic effects in order to
reach f-selective C-H bond borylations at pyridines and imid-
azoles, while significantly avoiding several catalyst deactiva-
tion pathways experimentally identified. Interestingly, with
this supramolecular approach, the selectivity is fully compati-
ble with the reactivity at high temperatures and short reaction
times, which is a major challenge in transition metal catalysis.6
The main reason that explains the excellent selectivity is the
optimal distance between the active site and the substrate
recognition site in the secondary coordination sphere of the
catalyst, which is the exclusive parameter that determines the
regioselectivity of the borylation for pyridines. In the case of
imidazoles, the reactivity is increased by the enhanced effective
molarity of the substrates around the active site thanks to the
molecular recognition site. On the other hand, the activity of the
catalyst is strongly dependent by the first coordination sphere
around iridium, which is upgraded by the use of catalytic
amounts of HBpin as additive at 100 °C that further enables al-
most negligible incubation period for catalyst activation, which
is so far unprecedented in iridium-catalyzed C-H bond boryla-
tion of heteroaromatic groups. The supramolecular catalysis
herein disclosed represents a unique example of extremely fast
and selective C-H bond functionalizations by exploiting remote,
kinetically labile Zn.:-N interactions.20 The benefits of exploit-
ing kinetically labile interactions between Lewis base-contain-
ing substrates and metalloporphyrins containing peripherally
located active sites may give rise to new tools to control activity
and selectivity in challenging transformations.*? In addition,
thanks to in-depth computational calculations it was possible
to rationalize the reactivity encountered in this supramolecular
catalysis in which additional secondary non-covalent interac-
tions beyond the molecular recognition site are at play. This
contribution demonstrates the power of supramolecular cata-
lysts featuring rationally-designed substrate-recognitions sites
for the development of extremely active and selective catalytic
systems.48
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