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ABSTRACT: The development of an efficient heterogeneous _H
catalyst for storing H, into CO, and releasing it from the produced  e||-defined supported catalysts H ‘ﬁ.
formic acid, when needed, is a crucial target for overcoming some i /E\'/

B oo e . - Mesoporous silica H

intrinsic criticalities of green hydrogen exploitation, such as high e H

flammability, low density, and handling. Herein, we report an -H'gh o e == Kﬁ-
efficient heterogeneous catalyst for both reactions prepared by 19N G %‘ A
immobilizing a molecular iridium organometallic catalyst onto a 9
high-surface mesoporous silica, through a sol—gel methodology. 281

The presence of tailored single-metal catalytic sites, derived by a

suitable choice of ligands with desired steric and electronic &
characteristics, in combination with optimized support features, /.? ‘
makes the immobilized catalyst highly active. Furthermore, the

information derived from multinuclear DNP-enhanced NMR

spectroscopy, elemental analysis, and Ir L;-edge XAS indicates the formation of cationic iridium sites. It is quite remarkable to
note that the immobilized catalyst shows essentially the same catalytic activity as its molecular analogue in the hydrogenation of
CO,. In the reverse reaction of HCOOH dehydrogenation, it is approximately twice less active but has no induction period.

Bl INTRODUCTION Scheme 1. Relevant Organometallic Catalysts for FA

Energy transition from fossil to renewable fuels is the ultimate Dehydrogenation and CO, Hydrogenation

challenge of our society which might be successfully faced X
through the implementation of an efficient technology for R_ /a ];E | p
producing “green” hydrogen, i.e., hydrogen derived from the N—Fe—CO T~
photoelectrocatalytic splitting of water.'~° H, is surely a clean &E/ ] | - T\tB“
primary energy carrier having, nevertheless, with its high H Bu
flammability, low density, and handling, some serious a)R =H, E = PPr,, X = HCOO" c)
criticalities.”® b)R =Me, E = PIPr,. X = BH,
An interesting alternative to using H, as such is to store it in ’ z ¢
the so-called liquid/solid hydrogen carriers and regenerate it —|+
when needed. One of the most promising H, carriers is formic H oy Q R
acid (FA),”™"* which can be generated by storing H, into CO,, ipr. P_[|} Z_pipr | N
from which H, might be reformed by the reverse reaction. 2 H lll 2 H,0” N o)
H, + CO, == HCOOH O R-QDF
Both forward and back reactions ask for suitable catalysts in d) e)R=Ph, R =H

order to be viable, and several efficient catalysts have been f) R =Me, R =4-OH

reported so far.”'"'? Supgorted nanoparticles of noble metals
such as Pd and AuPd“™'7 and, especially, organometallic -
complexes,lg_20 mainly based on Fe,” 'Ry, ** * and Ir,*' ™% Rece_wed: May 12, 2022
have shown promising catalytic performances in terms of both Published: June 29, 2022
turnover numbers (TONs) and turnover frequencies (TOFs).
Notably, Hazari and Bernskoetter reported a class of iron
complexes (a and b in Scheme 1) capable of reaching very high
values of TON (ca. 10° in FA dehydrogenation and 6 X 10* in
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Scheme 2. Steps of the Synthesis of Ir_PicaSi_SiO,
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CO, hydrogenation).”"*>*" Unfortunately, the conditions

involve organic solvents and the presence of Lewis acids.
Williams reported an Ir'-based complex (c in Scheme 1)* with
remarkable performance in FA dehydrogenation (TON value
over 2 X 10° with a maximum TOF of 3.7 s!) carried out in
neat FA, whereas Nozaki developed an Ir'™ pincer trihydride
catalyst (complex d in Scheme 1)** very active in CO,
hydrogenation (TON = 3.5 X 10° and TOF = 1.5 x 10°h™"),
operating in a basic aqueous solution, capable of catalyzing also
FA dehydrogenation in ‘BuOH, in the presence of NEt;.

Cp*Ir-based (Cp* = pentamethylcyclopentadienyl) com-
plexes have been successfully exploited as efficient catalysts for
both CO, hydrogenation and FA dehydrogenation in water,
under mild conditions, without using any additive, except a
base in the case of CO, hydrogenation.**™>"

Remarkable results have been obtained by Himeda, Fujita,
and co-workers using [ Cp*Ir(R-pica)X] (pica = picolinamide)
complexes (e and f in Scheme 1)**” in both FA dehydrogen-
ation®>**** and CO, hydrogen21tion.53’56_58 Originally intro-
duced by Watanabe and co-workers for the preparation of
amine compounds,” [Cp*Ir(R-pica)X] complexes are a
successful class of compounds that have been found to
efficiently catalyze many other reactions including transfer
hydrogenation in cell growth media,"*®" reductive amination
of ketones,ﬁz_64 water oxidation,65 NADH regeneration,és’66
hydrogenol!sis of halosilanes,”” and hydrogen peroxide
generation.”® They also exhibited good performance as
antimicrobial, antibacterial, and anticancer agents.é()_72

Considering the versatility and success of [Cp*Ir(R-pica)X]
complexes as catalysts, we decided to immobilize them into
mesoporous silica, aiming at preparing a hybrid single-site
organometallic heterogeneous catalyst, having the distinctive
features of the analogous molecular catalysts, adding all the
advantages of heterogeneous catalysts in terms of recoverability
and process intensification.”*”’° Mesoporous silica was
selected as support since it is inert and inexpensive, easily
recoverable from the reaction mixtures, and characterized by a
high surface area, thus facilitating the exposure of the catalytic
species to the reactants and maximizing the exploitation of the
noble metal.”’

Herein, we report the synthesis of a heterogeneous
immobilized catalyst (Ir PicaSi_SiO,) and its successful
application in CO, hydrogenation and FA dehydrogenation.
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The preparation of Ir PicaSi SiO, involved the initial
synthesis of a modified version of the pica ligand (PicaSi),
in which R is the (3-triethoxysilyl)propyl moiety, and the
immobilization of PicaSi onto mesoporous silica (PicaSi -
S$i0,) via a sol—gel process, which was recently reported as an
effective strategy to provide homo§eneously distributed ligands
on high surface area materials.”*~* The catalytic iridium-single
site was then implanted by the reaction of PicaSi_SiO, with
[Cp*IrCL], (Ir_PicaSi_S8iO,) (Scheme 2).

To obtain a deeper molecular-level understanding of the
surface, both materials were investigated via solid-state NMR
spectroscopy and XAS. In order to increase the sensitivity of
NMR toward surface sites, the dynamic nuclear polarization
surface-enhanced NMR spectroscopy (DNP-SENS) approach
was exploited. This technique allows the increase of NMR
sensitivity by up to 2 orders of magnitude and thereby the
recording of natural abundance BC, N, and ?°Si solid-state
NMR spectra in a reasonable acquisition time.*' ™ Ir_Pica-
Si_SiO, exhibited remarkable catalytic performances in
aqueous FA dehydrogenation and CO, hydrogenation that
compare well with those of the analogous molecular catalysts.
Extensive kinetic studies revealed that the reaction pathway for
supported catalysts differs from the analogous molecular
systems, because of the formation of cationic sites stabilized
by the surface.

B RESULTS AND DISCUSSION

We will first discuss the preparation and comprehensive
characterization of Ir_PicaSi_SiO, (Section 1) and then its
application as a catalyst (Section 2). The first section provides
evidence regarding the nature of the surface sites thanks to the
use of state-of-the-art characterization, while the second
section focuses on the performance of the catalyst and
includes detailed catalytic and kinetic tests in both the CO,
hydrogenation and the reverse reaction, FA dehydrogenation.

1. Preparation and Characterization of Ir_PicaSi_-
SiO,. The hybrid material Ir_PicaSi_SiO, was prepared by a
two-step procedure involving 1a) the synthesis and immobi-
lization onto mesoporous SiO, of a pica-modified ligand
(PicaSi_Si0,) via a sol—gel process and 1b) a postfunction-
alization to incorporate the iridium organometallic moiety
(Ir_PicaSi_SiO,), taking advantage of the coordination ability
of PicaSi_SiO, (Scheme 2).

https://doi.org/10.1021/acs.inorgchem.2c01640
Inorg. Chem. 2022, 61, 10575—-10586
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Figure 1. DNP-enhanced MAS NMR spectra of PicaSi_SiO, and Ir_PicaSi_SiO, materials. a) *C CPMAS NMR spectrum of PicaSi_SiO, (MAS
10 kHz, 100 K), b) *C CPMAS NMR spectrum of Ir PicaSi SiO, (MAS 10 kHz, 100 K), ¢) {"H}"*C HETCOR NMR spectrum of
Ir_PicaSi_SiO, (MAS 10 kHz, 100 K, black = positive, red = negative), d) "N CPMAS NMR spectrum of PicaSi_SiO, (MAS 10 kHz, 100 K), e)
SN CPMAS NMR spectrum of Ir_PicaSi_8iO, (MAS 10 kHz, 100 K), and f) **Si CPMAS NMR spectrum of PicaSi_S$iO, (MAS 10 kHz, 100 K).

Asterisks mark spinning sidebands.

1a. Synthesis and Heterogenization of PicaSi onto SiO,.
A modified version of the picolinamide ligand (PicaSi, Scheme
2) having a (3-triethoxysilyl)propyl group on the nitrogen
atom of the amide moiety was prepared, following reported
procedures (SI).*>* PicaSi was successively immobilized via a
sol—gel procedure onto commercially available mesoporous
silica beads (PicaSi_S$i0,), that are easy to handle and to
recover due to a convenient particle diameter (from 60 to 200
um). This support is also characterized by high surface area
(738 m* g™'), which is ideal for catalysis.””*

Specifically, TEOS (tetraethyl orthosilicate), PicaSi, and
silica beads were contacted in an acidified solution in THF, at
343 K for 1 h. The collected solid was washed with water/
THE, ethanol, and diethyl ether and dried at 408 K under high
vacuum. The thus-obtained material (PicaSi_SiO,) was
characterized by means of IR spectroscopy, low-temperature
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N, adsorption (BET), elemental analysis (EA), and DNP-
SENS. In order to assign the NMR resonances, DFT
calculations were also conducted.

The Diffuse Reflectance Infrared Fourier Transform
(DRIFT) spectrum of PicaSi_SiO, (Figure S1, SI) displays
all the characteristic bands of the picolinamide moiety, namely
the C=0 stretching (1670 cm™") of the amide and the C=C
stretching (1545 cm™) of the aromatic carbons of the pyridine
ring as well as the classic aromatic (3065 cm™") and aliphatic
CH stretching (2964 and 2887 cm™'). EA confirms the
presence of nitrogen and carbon on the solid (SI). The
incorporation of the ligand onto the surface caused a reduction
of the surface area from 738 m® g~' (starting mesoporous
silica) to 650 m” g™" (PicaSi_SiO,).

In order to further understand the structure of the ligand on
the surface, PicaSi_SiO, was characterized via DNP-SENS.

https://doi.org/10.1021/acs.inorgchem.2c01640
Inorg. Chem. 2022, 61, 10575—-10586
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Figure 2. XAS data of Ir_PicaSi_SiO, and selected reference compounds. a) Normalized Ir L; edge XANES and b) the first derivative of Ir L edge
XANES. From bottom to top: Ir(COD)(acac) (dark gray, dash), Ir(acac); (gray, dot), Na,IrCl, (light gray, short dash), 2 (dark blue), IrCl, (red),
1 (purple), and Ir_PicaSi_SiO, (turquoise). c) k*-weighted R-space EXAFS data (turquoise) and fitting (gray) with the corresponding fitting
parameters summarized in the table (for full details of fit see Table SS, SI).

Using a typical sample formulation (PicaSi_SiO, with an
aqueous solution of AMUPol biradical to hyperpolarize the
surface)*® and DNP-SENS acquisition conditions (100 K,
constant microwave (MW) irradiation and cross-polarization
DNP cross effect),”> we recorded spectra with DNP solvent
enhancement of the NMR sensitivity reaching 120. The DNP-
enhanced '*C cross-polarization magic angle spinning
(CPMAS) NMR spectrum exhibits (i) three different aliphatic
resonances (at 43, 23, and 9 ppm) that can be assigned to the
three CH, of the propyl moiety that bonds the ligand onto the
surface, (ii) five resonances in the aromatic region, and (iii) a
resonance centered at 168 ppm consistent with the quaternary
carbon of the amide moiety (Figure la). Interestingly, the
pattern of resonances of the ''C NMR spectrum of
PicaSi_SiO, matches that of the PicaSi ligand in CD,CI,
solution (Figure S3), indicating structural similarities between
the immobilized and molecular organic moieties.

To determine the binding mode of the ligand to the surface,
the 2°Si DNP-SENS NMR spectrum of PicaSi_SiO, was also
recorded. In addition to the classical resonances of the
amorphous silica at ca. =90 to —110 ppm, two peaks centered
at —5S and —63 ppm are observed (Figure 1f), showing that
the ligand is bound to the surface of the material
predominantly in T2 and T3 fashion.”® This result is in
agreement with the findings of DFT computational studies
conducted for various binding modes of the ligand to the SiO,
surface (summarized in Table S2; detailed descriptions are in
the SI).

To further understand the structure of the immobilized
ligand, "N NMR spectroscopy was also carried out. DNP-
enhanced spectroscopy was used in order to enable such
studies at "*N natural abundance. The spectrum (Figure 1d)
shows a resonance at 122 ppm assigned to the amidic nitrogen,
while the resonance of the pyridinic nitrogen was not detected.
The absence of the latter is likely due to the larger chemical
shift anisotropy of the signal that decreases sensitivity.”"

Overall, all pieces of information confirm that PicaSi is
present on the surface of the mesoporous SiO,, and
particularly, DFT calculations in combination with **Si DNP-
SENS allow establishing that the ligand is linked to the silica

10578

surface through the silane moiety predominantly in T2 and T3
fashion.

1b. Immobilization of an Iridium Organometallic Moiety.
The immobilization of Ir was next carried out by reacting a
solution of [Cp*IrCl,], with PicaSi SiO, in anhydrous
dichloromethane, under inert atmosphere, for 48 h at RT, in
the presence of a base (NEt;) (SI). The resulting material
Ir_PicaSi_SiO, shows a small decrease of surface area from
650 m* ¢! (PicaSi_Si0,) to 595 m*> ¢! (Ir_PicaSi_SiO,).
The C:N:Ir:Cl experimental ratio in Ir PicaSi SiO,
(19.4:2.0:1.0:0.3), obtained by EA, is close to the expected
one (19.0:2.0:1.0:1.0), albeit with a slight chlorine deficiency
that could be due to a partial replacement of CI” by OH™ or
HSO,” (SI, page S7). Based on the EA and BET measure-
ments, the surface density of Ir is ~1 per 10 nm”. This result
suggests that organometallic sites are well separated from each
other, decreasing the probability of having multimetallic
processes during catalytic reactions.

The DRIFT spectrum of Ir PicaSi SiO, (Figure S4, SI)
shows all the expected bands of the organic moiety on the
surface with appreciable shifts with respect to the spectrum of
PicaSi_SiO, consistent with the binding of iridium on the
immobilized ligand. In particular, C=0 and C=C stretchings
shift from 1670 to 1625 cm™ and from 1545 to 1595 cm™),
respectively.

The DNP-enhanced *C NMR spectrum shows all
resonances of the Cp* and pica moieties confirming the
presence of the iridium complex onto the material (Figure 1b).
Interestingly, the resonance belonging to the quaternary
carbon of the amide moiety shifts at an appreciably higher
frequency, from 168 to 173 ppm, consistent with the
coordination of the metal center to the immobilized organic
ligand. The dipolar coupling between the resonances of pica
and Cp*, observed in the DNP-enhanced 2D {'H}"*C
HETCOR NMR spectrum, further confirms the spatial
proximity of the two moieties (Figure lc). Additionally, the
SN chemical shift of the amide moiety decreased from 122 to
57 ppm (Figure le), pointing to the coordination of the ligand
to iridium.

In order to gain further information about the local
surrounding of Ir in Ir PicaSi SiO,, X-ray absorption

https://doi.org/10.1021/acs.inorgchem.2c01640
Inorg. Chem. 2022, 61, 10575—-10586


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 1. Summary of the Performances of Ir PicaSi_SiO, in the FA Dehydrogenation Reaction

[Cat] (uM) [HCOOH]+[HCOO™] (M) [HCOOH] (M)

1 250 3 3

2 250 3 2.8
3 250 3 Ls
4 250 3 0.8
5 250 3 0

6 25 1 0.5
7 50 1 0.5
8 100 1 0.5
9 250 1 0.5
10 350 1 0.5
11 500 1 0.5
12 250 0.5 0.25
13 250 0.75 0.375
14 250 S 2.5
15 ) 1 0.5
16 ) 1 0.5
17 50 1 0.5
18 ) 1 0.5

pH T (K) TOF (h™!) TON convn (%)
1.4 298 254 12000 >99
2.4 298 480 11200 >99
3.7 298 636 5640 94
42 298 505 3370 >99
8.2 298 2 120

3.7 298 425 17600 88
3.7 298 448 9200 92
3.7 298 354 5100 >99
3.7 298 469 2160 >99
3.7 298 450 1490 >99
3.7 298 359 1020 >99
3.7 298 212 1000 >99
3.7 298 235 1410 94
3.7 298 890 10400 >99
3.7 288 105 5600 56
3.7 313 1070 7200 72
3.7 333 5400 7400 74
3.7 353 11200 5800 58

spectroscopy (XAS) studies were performed at the iridium L;-
edge. X-ray absorption near-edge structure (XANES, Figure 2)
edge energies of Ir PicaSi_SiO, and the molecular analog
[(Cp*)Ir(N-propyl-pica)Cl] (1) (1 is a new complex, and its
synthesis and characterization are reported in the SI from page
S11 to page S13) are identical and equal to 11214.75 eV
(Table S3, entries 1 and 2) and very close to that of Ir(acac),
(acac = acetylacetonate) and [Cp*IrCl,], (2) (11214.75 and
11214.5 eV, respectively). Notably, for IrCl;, the edge energy
(11213.75 eV) is shifted to a lower value than the other
references found in the +3 oxidation state, likely as a result of
the decreased covalency of the Ir—Cl bonds. Further
comparison of the edge energy to reference compounds in
the +1 (Ir(cod)(acac), 11215.0 eV, cod = 1,S-cyclooctadiene)
and +4 (Na,IrCl,, 11213.75 eV) oxidation states suggests that
the average oxidation state is most likely +3 for the supported
system. Comparison of the white line intensity for the series of
compounds measured indicates that, as expected, a more
intense white line feature corresponds to higher average
oxidation states (Table S3), while 2 possesses an anomalously
high white line intensity (2.80).

Subsequently, analysis of the extended X-ray absorption fine
structure (EXAFS) was performed to ascertain the identity of
the nearest neighbors of Ir in the supported system
(Ir_PicaSi_SiO,). It is noteworthy that EXAFS provides
information related to the average coordination of Ir in the
material, rather than a specific coordination geometry, or
indeed a single, unified coordination environment.””*

Fitting of the k*-weighted EXAFS for the supported catalyst
Ir_PicaSi_SiO, is consistent with a material containing Ir sites
with C/N/O scattering paths (8.1 & 0.8) and Cl scattering
paths (1.2 + 0.4) (Figure S14, parameters summarized in
Table SS). Since the light atoms (C/N/O) are similar in mass,
they cannot be easily distinguished by EXAFS.”*% As such, the
C/N/O scattering paths are separated into two groups for
fitting—those arising from the Cp* ligand, which have
constrained path degeneracy (N = S, R = 2.14 + 0.04 A),
and those assigned to the picolinamide moiety and C,\N,O-
based ligands (H,0, SO,*7) (N = 3.1 + 0.8, R = 2.08 + 0.03
A), giving a total C/N/O coordination of (8.1 + 0.8). To
obtain a reasonable fit, it was necessary to also include an Ir—
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Cl path, the degeneracy of which was found to be (N = 1.2 +
0.4, R =234+ 0.02 A) from the fit obtained. The presence of
an Ir—Cl path is consistent with the data from elemental
analysis, which suggests that some chloride is retained after
synthesis.

For Ir_PicaSi_SiO,, the combination of elemental analysis
and the assignment made on the basis of the obtained EXAFS
fits suggests that there are two distinct Ir species present in the
material, both of which contain both Cp* and picolinamide
moieties bound to Ir, as well as an additional ligand which can
be either a chloride anion or a water molecule.

In order to address this issue further, reaction of
Ir_PicaSi_SiO, with '*N-pyridine (Py) was carried out, and
the recovered material was studied by means of DNP-
enhanced "N CPMAS NMR (Figure S13, SI1).”° Two
resonances were observed at 219 and 287 ppm corresponding
to the interaction of Py with iridium and silanol groups,
respectively. Whereas the latter one is commonly observed in
silica-supported materials,”’ the presence of the former
interaction indeed further suggests that iridium sites in
Ir_PicaSi_SiO, have a cationic character.”®

The general picture emerging from such an in-depth
characterization indicates that Ir PicaSi SiO, is a hybrid
material in which rather dispersed cationic iridium sites are
coordinated at PicaSi moieties anchored onto the silica
surface.

2. Catalytic Applications of Ir_PicaSi_SiO,. 2a. FA
Dehydrogenation. Ir_PicaSi_SiO, was tested as a catalyst in
the FA dehydrogenation to CO, and H, at different pH values
(1.4—8.2 range, entries 1—5, Table 1), catalyst concentrations
(25—500 uM range, entries 6—11, Table 1), [HCOOH]+[H-
COO™] concentrations (0.5—5 M range, entries 3, 9, and 12—
14, Table 1), and temperatures (288—353 K range, entries 7
and 15—18, Table 1). The progress of the reactions was
followed by means of differential manometry and solution
NMR spectroscopy. The experiments were conducted by
adding formic acid to a suspension of Ir_PicaSi_SiO, in a
HCOO solution. Conversion was evaluated by measuring the
amount of residual formic acid/formate via 'H NMR
spectroscopy. The complex [Cp*Ir(N-Me-pica)Cl] (3) was
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Figure 3. Kinetic trends of the performances of Ir_PicaSi_SiO, in the FA dehydrogenation reaction. a) TOF (h™') vs pH trend for formic acid
dehydrogenation catalyzed by Ir_PicaSi_SiO, ([cat] = 250 uM, [HCOOH]+[HCOO~] = 3 M, 298 K). b) log(d(nO,)/dt) vs log[cat] for formic

acid dehydrogenation catalyzed by Ir_PicaSi_SiO, ([HCOOH]+[HCOO™] = 1 M, pH

3.7, 298 K). c) log[d(nO,)/dt] vs

log([HCOOH]+[HCOO™]) for formic acid dehydrogenation catalyzed by Ir_PicaSi_SiO, ([cat] = 250 uM, pH = 3.7, 298 K). d) In(TOF)
vs 1/T for formic acid dehydrogenation catalyzed by Ir_PicaSi_SiO, in a temperature range 288—353 K ([cat] = 50 uM, [HCOOH]+[HCOO™]

= 1M, pH = 3.7).

used as a literature benchmark.’**® All the results are
summarized in Table 1.

TOF vs pH exhibits a volcano-shaped trend (entries 1—S,
Table 1, Figure 3a). The highest TOF value (636 h™') was
observed around pH = 3.7, corresponding to the pK, of the
formic acid, as already reported for other Ir-based catalysts.”*
This can be explained considering the simplified reaction
mechanism illustrated in Scheme 3 involving two steps. The

Scheme 3. Simplified Reaction Mechanism of FA
Dehydrogenation Mediated by Ir-Based Catalysts”

H, Lol 2OH, HCOOH
H,0® Ly/r-H CO, + Hy0°

“L = ancillary ligand.

first step is the activation of the C—H bond of FA, leading to a
L,Ir—H intermediate, generating CO, and H;O"; in the second
step, the protonation of the L,JIr—H species liberates H,.
Indeed, low pH makes the deprotonation of HCOOH and the
consequent formation of Ir—H complicated, whereas at higher
pH, the protonation of Ir—H and the consequent evolution of
H, become slightly probable.”

TOF values were found to be slightly dependent on the
concentration of Ir_PicaSi_SiO, (354—469 h™!, entries 6—11,
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Table 1, Figure 3b), indicating a first-order dependence on
catalyst concentration. On the other hand, the trend of TOF vs
[HCOOH]+[HCOO™] (entries 3, 9, and 12—14, Table 1,
Figure 3c) suggests a noninteger reaction order (0.6) on FA
concentrations. In all cases, quantitative consumption of
HCOOH was achieved.

Catalytic tests at different temperatures (288—353 K, entries
7 and 15—18, Table 1) show an increase of TOF from 105 h™!
at 288 K to 11200 h™" at 353 K. The apparent activation
energy (E, = 14 + 1 kcal mol™"), evaluated from the Arrhenius
plot (Figure 3d), is considerably lower than that of the
previously determined value for 3 (E, = 20 kcal mol™").>* This
can be explained considering an active role of the Si—OH
functionalities, which might facilitate the deprotonation of FA
and/or the protonation of Ir—H, under the assumption that
the thermodynamics of HCOOH adsorption on the surface is
not affecting the apparent activation energy.

The activity and stability of the heterogenized catalyst
Ir_PicaSi_SiO, were compared to that of 3 by performing
catalytic experiments under the same conditions ([Ir] = 2§
UM, an equimolar concentration of [HCOOH] and [HCOO™]
amounting at 1 M, pH = 3.7 and 298 K, TON,,cctea = 20000).
Gas evolution was monitored by differential manometry for 7 h
(Figure 4a). TON vs time trends were interpolated using a
composite mathematical function developed by Peters and
Baskin.'” The first derivative of these “smooth” trends allows
obtaining the evolution of TOF versus time (Figure 4b).

Interestingly, albeit TOF,,,, of Ir_PicaSi_SiO, (303 h™') is
ca. two times slower than that of 3 (620 h™'), at t = 0, the
former exhibits a higher TOF (303 h™") with respect to 3 (248
h™') (Figure 4b). The trend of TOF versus time of 3 clearly
shows an induction period of ca. 30 min, which is absent in
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Figure 4. Kinetic trends of the performances of Ir_PicaSi_SiO, and 3 in the FA dehydrogenation reaction. a) TON vs t (h)
([HCOOH]+[HCOO™] = 1 M, pH = 3.7, [Cat] = 25 uM, T = 298 K) for 3 and Ir_PicaSi_8iO,. b) TOF (h™") vs t (h) ((HCOOH]+[HCOO"]
=1M, pH = 3.7, [Cat] = 25 uM, T = 298 K) for 3 and Ir_PicaSi_SiO,.

Table 2. Summary of the Performances of Ir_PicaSi_SiO, and 1 in the CO, Hydrogenation Reaction

cat. Ir content (umol) ormate (Mmol) [Formate] (M) base t (h) TON
1 Ir_PicaSi_SiO, 0.057 0.4 0.080 DABCO 24 6983
2 Ir_PicaSi_SiO, 0.115 0.67 0.134 DABCO 24 5836
3 Ir_PicaSi_SiO, 0.230 0.88 0.176 DABCO 24 3829
4 Ir_PicaSi_SiO, 0.461 1.07 0.215 DABCO 24 2327
S Ir_PicaSi_SiO, 0.693 1.19 0.238 DABCO 24 1720
6 Ir_PicaSi_SiO, 0.925 1.16 0.232 DABCO 24 1253
7 Ir_PicaSi_SiO, 1.16 1.36 0.273 DABCO 24 1178
8 1 0.120 0.63 0.126 DABCO 24 5235

that of Ir PicaSi SiO, (Figure 4b). This induction period
might be due to the possible formation of poorly active (or
inactive), out-of-cycle, dinuclear species.'”’ As discussed
above, most of the Ir sites in Ir PicaSi SiO, are well
separated (~1 Ir every 10 nm*), making the associative process
unlikely. After 6 h, the activity of Ir_PicaSi_SiO, decreased to
231 h™!, whereas that of 3 decreased down to 418 h™!. This
decrease of activity is more accentuated than that expected
based on the 0.4 and 0.6 dependence of the reaction rate on
the concentration of formic acid in homogeneous and
heterogeneous catalysis, respectively, and of similar entities,
suggesting that catalyst transformation/deactivation processes
occur for both catalysts. The main degradative pathway of
complex 3 is the reductive deoxygenation of the C—=0 moiety
of the ligand to form the corresponding amino species;>” the
same degradation mechanism might also take place in the case
of Ir PicaSi_SiO,. Nevertheless, after 7 days, both Ir_Pica-
Si_SiO, and 3 reached a TON of 17600, over the 20000
expected cycles based on thermodynamics, corresponding to
88% of conversion.

The recoverability of Ir PicaSi_SiO, was evaluated by
performing successive tests in which the catalyst was separated
and reused in the dehydrogenation of fresh FA aqueous
solutions ([HCOOH]+[HCOO™] = 1 M, pH = 3.7, 298 K)
(see the SI for experimental details). After each catalytic run, Ir
leaching from the solid was determined by means of
Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES) analysis, and the activity of the separated
supernatant solution was tested. The activities of Ir_PicaSi_-
Si0, and those of the respective supernatant solutions along
with Ir content and leaching for each run are reported in Table
Sé.

The percentage of Ir leaching in each run, as detected by
ICP-AES analysis, is quite low (Ir concentration in the material
passed from 0.115 pmol/mg to 0.100 pmol/mg after four
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cycles, Table S6). The recovered supernatant solution after
each run was not active. On the other hand, Ir PicaSi_SiO,
can be reused successfully for four successive runs, albeit a
progressive decrease (from 385 h™' to 34 h™') of TOF is
observed (Table S6).

Overall, the supported catalyst Ir PicaSi_SiO, showed
remarkable performance in FA dehydrogenation comparable to
those of its homogeneous analogue 3 and of the best
heterogenized iridium catalysts reported so far. Particularly,
Ir_PicaSi_SiO, reached a TOF value up to 11200 h™!
([HCOOHJ+[HCOO™] = 1 M, pH = 3.7, [Ir_PicaSi_8iO,]
= 250 uM, T = 353 K) and a TON value up to 17600
([HCOOH]+[HCOO™] = 1 M, pH = 3.7, [Ir_PicaSi_SiO,] =
25 uM, T = 298 K) in aqueous solution and in the absence of
any additives. The catalyst was reused four times, and ICP-AES
analysis of the supernatant solutions showed a low Ir leaching
for each run. However, from the kinetic data, it is possible to
observe a decrease of activity over time consistent with the
presence of active catalyst transformation/deactivation pro-
cesses.”

2b. CO, Hydrogenation. Ir_PicaSi_SiO, was also tested as
a catalyst for the selective CO, hydrogenation to formate
under batch conditions. Typically, the reaction was carried out
for 24 h at 423 K and 50 atm (CO,:H, = 1:1) in the aqueous
solution, in the presence of an organic base. The amount of
produced formate was quantified by "H NMR spectroscopy
using 3-trimethylsilylpropanesulfonate sodium salt as the
standard; in all the experiments, no other product was
observed. Complex 1 was used as the molecular benchmark
of the reaction. In the absence of the catalysts, no appreciable
formation of formate was observed. The catalytic performances
of Ir_PicaSi_SiO, were evaluated at different catalyst loadings
(0.057—1.16 pmol range, entries 1—7, Table 2) and in the
presence of different bases (entry 2, Table 2, and entries S1
and S2, Table S7).
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Ir_PicaSi_SiO, showed comparable performance to its
molecular counterpart 1 (entries 2 and 8, Table 2). The effect
of catalyst loading on the catalytic performances was explored
performing the reaction in 1 M 1,4-diazabicyclo[2.2.2]octane
(DABCO) aqueous solutions (entries 1—7, Table 2, Figure S).
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Figure S. Trend of the npy .. vs Ir_PicaSi_SiO, content.
Experimental conditions: t = 24 h, T = 423 K, P = S0 atm with
CO,:H, = 1:1 ratio, [DABCO] = 1 M.

An increase of formate production was observed up to ca. 4.5
X 1077 mol of Ir content (Figure S); after that, a plateau is
reached indicative of an equilibration between reagents and
products, which precluded the possibility of determining a
kinetic order on catalyst (Figure S5). However, the TON
observed with the lowest Ir loading (TON = 7 X 103, entry 1,
Table 2) is comparable to that of other already reported
supported Ir complexes under similar experimental condi-
tions, +34979,80

In summary, Ir PicaSi_SiO, is an active catalyst for the
selective hydrogenation of CO, to formate with catalytic
performance comparable to those of the molecular complex 1
and to those of the best heterogenized iridium catalysts
reported so far.

B CONCLUSIONS

A hybrid catalyst consisting of the [Cp*Ir(R-pica)X] complex
immobilized onto mesoporous silica (Ir_PicaSi_SiO,) was
prepared by means of a sol—gel procedure and characterized
by a battery of instrumental techniques. The latter allowed the
understanding that Ir PicaSi_SiO, maintains a very high
surface area (595 m® g') and has a rather dispersed single-site
Ir(I1) center (~1 Ir every 10 nm?), still bearing Cp*- and
pica-ligands but with a coordination vacancy, generated by the
substitution of a chloride ligand by a water molecule or a Si—
OH moiety. These features are essential in determining the
remarkable catalytic performance of Ir PicaSi_SiO, in both
CO, hydrogenation and FA dehydrogenation. CO, is hydro-
genated to formate with comparable performance to its
molecular counterpart, under the same conditions (Table 2).
Interestingly, a strict comparison of the catalytic performance
of Ir PicaSi_SiO, and its molecular analogue in FA
dehydrogenation shows that, whereas the former has a TOF
about 2 times lower, the latter does not exhibit any induction
time. This might be due to having Ir species in its cationic form
or, most likely, by the inhibition of any associative deactivation
process in Ir_PicaSi_SiO,.

Kinetic studies (effect of pH, catalyst and FA concentration,
temperature) further reveal a strict analogy between
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Ir_PicaSi_SiO, and its molecular counterpart also in terms
of the reaction mechanism, strongly suggesting that the species
involved in the catalytic cycle are the same. The parallelism
appears to be also applicable to the degradation of the catalytic
center that occurs through the reductive deoxygenation of the
C=0 moiety of the ligand to form the corresponding amino
species in Ir_PicaSi_SiO,, as previously observed for
analogous molecular catalysts.”> Having observed that such a
degradation pathway is active also in the immobilized catalyst
allowed the understanding that it occurs intramolecularly,
indicating that only an inhibition of the amide moiety rotation
might avoid it.*” Minimizing catalyst degradation might pave
the way to the development of catalysts with TON large
enough to be really applied in storing green hydrogen into
CO, and releasing it from FA when needed.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640.

Details on materials and methods; synthesis and
characterization of PicaSi_SiO,, Ir_PicaSi_SiO,, (N-
propyl)picolinamide, and 1; additional NMR spectra;
XAS details; and additional catalytic data (PDF)

Accession Codes

CCDC 2164448 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

Alceo Macchioni — Department of Chemistry, Biology and
Biotechnology and CIRCC, Universita degli Studi di Perugia,
Perugia 06123, Italy; ® orcid.org/0000-0001-7866-8332;
Email: alceo.macchioni@unipg.it

Christophe Copéret — Department of Chemistry and Applied
Biosciences, ETH Zurich, Zurich 8093, Switzerland;

orcid.org/0000-0001-9660-3890; Email: ccoperet@
inorg.chem.ethz.ch

Authors

Leonardo Tensi — Department of Chemistry, Biology and
Biotechnology and CIRCC, Universita degli Studi di Perugia,
Perugia 06123, Italy; Department of Chemistry and Applied
Biosciences, ETH Zurich, Zurich 8093, Switzerland;

orcid.org/0000-0002-0966-6859

Alexander V. Yakimov — Department of Chemistry and
Applied Biosciences, ETH Zurich, Zurich 8093, Switzerland;

orcid.org/0000-0002-8624-1002

Caterina Trotta — Department of Chemistry, Biology and
Biotechnology and CIRCC, Universita degli Studi di Perugia,
Perugia 06123, Italy

Chiara Domestici — Department of Chemistry, Biology and
Biotechnology and CIRCC, Universita degli Studi di Perugia,
Perugia 06123, Italy

Jordan De Jesus Silva — Department of Chemistry and
Applied Biosciences, ETH Zurich, Zurich 8093, Switzerland

https://doi.org/10.1021/acs.inorgchem.2c01640
Inorg. Chem. 2022, 61, 10575—-10586


https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2164448&id=doi:10.1021/acs.inorgchem.2c01640
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alceo+Macchioni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7866-8332
mailto:alceo.macchioni@unipg.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christophe+Cope%CC%81ret"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9660-3890
https://orcid.org/0000-0001-9660-3890
mailto:ccoperet@inorg.chem.ethz.ch
mailto:ccoperet@inorg.chem.ethz.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonardo+Tensi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0966-6859
https://orcid.org/0000-0002-0966-6859
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+V.+Yakimov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8624-1002
https://orcid.org/0000-0002-8624-1002
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caterina+Trotta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiara+Domestici"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+De+Jesus+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+R.+Docherty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Scott R. Docherty — Department of Chemistry and Applied
Biosciences, ETH Zurich, Zurich 8093, Switzerland;
orcid.org/0000-0002-8605-3669
Cristiano Zuccaccia — Department of Chemistry, Biology and
Biotechnology and CIRCC, Universita degli Studi di Perugia,
Perugia 06123, Italy; ® orcid.org/0000-0002-9835-2818

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.2c01640

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

LT, CT, CD., CZ, and AM. acknowledge the University of
Perugia and MIUR (AMIS, “Dipartimenti di Eccellenza-2018—
2022” program) for the financial support. L.T. thanks CIRCC
and MIUR for a postlauream grant (Progetto Competitivo
2020 CMPT200224). A.V.Y. and C.C. gratefully acknowledge
ETH+ Project SynthMatLab for the financial support. J.DJ.S.
was supported by the National Research Fund, Luxembourg
(AFR Individual Ph.D. Grant 12516655). We acknowledge the
Swiss Light Source for beamtime (SuperXAS beamline
(X10DA) (Proposal No. 20201730)).

B REFERENCES

(1) Lewis, N. S.; Nocera, D. G. Powering the Planet: Chemical
Challenges in Solar Energy Utilization. Proc. Natl. Acad. Sci. U. S. A.
2006, 103 (43), 15729—15735.

(2) Armaroli, N.; Balzani, V. Solar Electricity and Solar Fuels: Status
and Perspectives in the Context of the Energy Transition. Chem. - A
Eur. ]. 2016, 22 (1), 32—57.

(3) Gust, D.; Moore, T. A.; Moore, A. L. Solar Fuels via Artificial
Photosynthesis. Acc. Chem. Res. 2009, 42 (12), 1890—1898.

(4) Niaz, S; Manzoor, T.; Pandith, A. H. Hydrogen Storage:
Materials, Methods and Perspectives. Renew. Sustain. Energy Rev.
2015, 50, 457—469.

(5) Schlapbach, L.; Ziittel, A. Hydrogen-Storage Materials for
Mobile Applications. Nature 2001, 414 (6861), 353—358.

(6) Veziroglu, T. N. Conversion to Hydrogen Economy. Energy
Procedia 2012, 29, 654—656.

(7) Fukuzumi, S. Bioinspired Energy Conversion Systems for
Hydrogen Production and Storage. Eur. J. Inorg. Chem. 2008, 2008
(9), 1351-1362.

(8) Makowski, P.; Thomas, A.; Kuhn, P.; Goettmann, F. Organic
Materials for Hydrogen Storage Applications: From Physisorption on
Organic Solids to Chemisorption in Organic Molecules. Energy
Environ. Sci. 2009, 2 (5), 480—490.

(9) Onishi, N.; Iguchi, M.; Yang, X.; Kanega, R.; Kawanami, H.; Xu,
Q.; Himeda, Y. Development of Effective Catalysts for Hydrogen
Storage Technology Using Formic Acid. Adv. Energy Mater. 2019, 9
(23), 180127s.

(10) Wang, W. H,; Himeda, Y.; Muckerman, J. T.; Manbeck, G. F.;
Fujita, E. CO2 Hydrogenation to Formate and Methanol as an
Alternative to Photo- and Electrochemical CO2 Reduction. Chem.
Rev. 2015, 115 (23), 12936—12973.

(11) Eppinger, J.; Huang, K. W. Formic Acid as a Hydrogen Energy
Carrier. ACS Energy Lett. 2017, 2 (1), 188—195.

(12) Mellmann, D.; Sponholz, P.; Junge, H.; Beller, M. Formic Acid
as a Hydrogen Storage Material-Development of Homogeneous
Catalysts for Selective Hydrogen Release. Chem. Soc. Rev. 2016, 45
(14), 3954—3988.

(13) Bi, Q. Y;; Lin, J. D.; Liu, Y. M;; Dy, X. L.; Wang, J. Q; He, H.
Y,; Cao, Y. An Aqueous Rechargeable Formate-Based Hydrogen
Battery Driven by Heterogeneous Pd Catalysis. Angew. Chemie - Int.
Ed. 2014, 53 (49), 13583—13587.

(14) Li, J; Zhu, Q. L,; Xu, Q. Dehydrogenation of Formic Acid by
Heterogeneous Catalysts. Chimia (Aarau) 2015, 69 (6), 348—352.

(15) Sun, Q.; Chen, B. W.]J.; Wang, N.; He, Q;; Chang, A.; Yang, C;
Asakura, H.; Tanaka, T.; Hilsey, M. J.; Wang, C; et al. Zeolite-
Encaged Pd—Mn Nanocatalysts for CO 2 Hydrogenation and Formic
Acid Dehydrogenation. Angew. Chem. 2020, 132 (45), 20358—20366.

(16) Metin, O.; Sun, X.; Sun, S. Monodisperse Gold-Palladium Alloy
Nanoparticles and Their Composition-Controlled Catalysis in Formic
Acid Dehydrogenation under Mild Conditions. Nanoscale 2013, § (3),
910—912.

(17) L, S.J.; Zhou, Y. T.; Kang, X,; Liu, D. X.; Gu, L.; Zhang, Q. H,;
Yan, J. M,; Jiang, Q. A Simple and Effective Principle for a Rational
Design of Heterogeneous Catalysts for Dehydrogenation of Formic
Acid. Adv. Mater. 2019, 31 (15), 1806781.

(18) Laurenczy, G.; Dyson, P. J. Homogeneous Catalytic
Dehydrogenation of Formic Acid: Progress towards a Hydrogen-
Based Economy. J. Braz. Chem. Soc. 2014, 25 (12), 2157—2163.

(19) Dong, K,; Razzaq, R; Hu, Y,; Ding, K. Homogeneous
Reduction of Carbon Dioxide with Hydrogen. Top. Curr. Chem.
2017, 375 (2), 23.

(20) Chen, Y.; Li, P;; Zhou, J.; Buru, C. T.; Aorevic, L,; Li, P.;
Zhang, X.; Cetin, M. M,; Stoddart, J. F.; Stupp, S. L; et al. Integration
of Enzymes and Photosensitizers in a Hierarchical Mesoporous Metal-
Organic Framework for Light-Driven CO2 Reduction. J. Am. Chem.
Soc. 2020, 142 (4), 1768—1773.

(21) Curley, J. B.; Smith, N. E.; Bernskoetter, W. H.; Hazari, N.;
Mercado, B. Q. Catalytic Formic Acid Dehydrogenation and CO2
Hydrogenation Using Iron PNRP Pincer Complexes with Isonitrile
Ligands. Organometallics 2018, 37 (21), 3846—3853.

(22) Coufourier, S.; Gaignard Gaillard, Q.; Lohier, J. F.; Poater, A,;
Gaillard, S.; Renaud, J. L. Hydrogenation of CO2, Hydrogenocar-
bonate, and Carbonate to Formate in Water Using Phosphine Free
Bifunctional Iron Complexes. ACS Catal. 2020, 10 (3), 2108—2116.

(23) Bielinski, E. A.; Lagaditis, P. O.; Zhang, Y.; Mercado, B. Q;
Wiirtele, C.; Bernskoetter, W. H.; Hazari, N.; Schneider, S. Lewis
Acid-Assisted Formic Acid Dehydrogenation Using a Pincer-
Supported Iron Catalyst. J. Am. Chem. Soc. 2014, 136 (29), 10234—
10237.

(24) Bertini, F.; Mellone, L; Ienco, A.; Peruzzini, M.; Gonsalvi, L.
Iron(II) Complexes of the Linear Rac-Tetraphos-1 Ligand as Efficient
Homogeneous Catalysts for Sodium Bicarbonate Hydrogenation and
Formic Acid Dehydrogenation. ACS Catal. 2015, S (2), 1254—1268.

(25) Bertini, F.; Gorgas, N.; Stéger, B.; Peruzzini, M.; Veiros, L. F,;
Kirchner, K.; Gonsalvi, L. Efficient and Mild Carbon Dioxide
Hydrogenation to Formate Catalyzed by Fe(II) Hydrido Carbonyl
Complexes Bearing 2,6-(Diaminopyridyl)Diphosphine Pincer Li-
gands. ACS Catal. 2016, 6 (5), 2889—2893.

(26) Langer, R.; Diskin-Posner, Y.; Leitus, G.; Shimon, L. J. W.; Ben-
David, Y,; Milstein, D. Low-Pressure Hydrogenation of Carbon
Dioxide Catalyzed by an Iron Pincer Complex Exhibiting Noble Metal
Activity. Angew. Chemie - Int. Ed. 2011, S0 (42), 9948—9952.

(27) Rivada-Wheelaghan, O.; Dauth, A.; Leitus, G.; Diskin-Posner,
Y.; Milstein, D. Synthesis and Reactivity of Iron Complexes with a
New Pyrazine-Based Pincer Ligand, and Application in Catalytic Low-
Pressure Hydrogenation of Carbon Dioxide. Inorg. Chem. 2015, 54
(9), 4526—4538.

(28) Ziebart, C.; Federsel, C.; Anbarasan, P.; Jackstell, R.; Baumann,
W.; Spannenberg, A.; Beller, M. Well-Defined Iron Catalyst for
Improved Hydrogenation of Carbon Dioxide and Bicarbonate. J. Am.
Chem. Soc. 2012, 134 (51), 20701—20704.

(29) Federsel, C.; Boddien, A.; Jackstell, R;; Jennerjahn, R.; Dyson,
P. J.; Scopelliti, R.; Laurenczy, G.; Beller, M. A Well-Defined Iron
Catalyst for the Reduction of Bicarbonates and Carbon Dioxide to
Formates, Alkyl Formates, and Formamides. Angew. Chemie - Int. Ed.
2010, 49 (50), 9777—9780.

https://doi.org/10.1021/acs.inorgchem.2c01640
Inorg. Chem. 2022, 61, 10575—-10586


https://orcid.org/0000-0002-8605-3669
https://orcid.org/0000-0002-8605-3669
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristiano+Zuccaccia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9835-2818
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01640?ref=pdf
https://doi.org/10.1073/pnas.0603395103
https://doi.org/10.1073/pnas.0603395103
https://doi.org/10.1002/chem.201503580
https://doi.org/10.1002/chem.201503580
https://doi.org/10.1021/ar900209b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar900209b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2015.05.011
https://doi.org/10.1016/j.rser.2015.05.011
https://doi.org/10.1038/35104634
https://doi.org/10.1038/35104634
https://doi.org/10.1016/j.egypro.2012.09.075
https://doi.org/10.1002/ejic.200701369
https://doi.org/10.1002/ejic.200701369
https://doi.org/10.1039/b822279g
https://doi.org/10.1039/b822279g
https://doi.org/10.1039/b822279g
https://doi.org/10.1002/aenm.201801275
https://doi.org/10.1002/aenm.201801275
https://doi.org/10.1021/acs.chemrev.5b00197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CS00618J
https://doi.org/10.1039/C5CS00618J
https://doi.org/10.1039/C5CS00618J
https://doi.org/10.1002/anie.201409500
https://doi.org/10.1002/anie.201409500
https://doi.org/10.2533/chimia.2015.348
https://doi.org/10.2533/chimia.2015.348
https://doi.org/10.1002/ange.202008962
https://doi.org/10.1002/ange.202008962
https://doi.org/10.1002/ange.202008962
https://doi.org/10.1039/C2NR33637E
https://doi.org/10.1039/C2NR33637E
https://doi.org/10.1039/C2NR33637E
https://doi.org/10.1002/adma.201806781
https://doi.org/10.1002/adma.201806781
https://doi.org/10.1002/adma.201806781
https://doi.org/10.5935/0103-5053.20140235
https://doi.org/10.5935/0103-5053.20140235
https://doi.org/10.5935/0103-5053.20140235
https://doi.org/10.1007/s41061-017-0107-x
https://doi.org/10.1007/s41061-017-0107-x
https://doi.org/10.1021/jacs.9b12828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505241x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505241x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505241x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501998t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501998t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501998t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201104542
https://doi.org/10.1002/anie.201104542
https://doi.org/10.1002/anie.201104542
https://doi.org/10.1021/acs.inorgchem.5b00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja307924a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja307924a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201004263
https://doi.org/10.1002/anie.201004263
https://doi.org/10.1002/anie.201004263
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(30) Bernskoetter, W. H.; Hazari, N. Reversible Hydrogenation of
Carbon Dioxide to Formic Acid and Methanol: Lewis Acid
Enhancement of Base Metal Catalysts. Acc. Chem. Res. 2017, S0
(4), 1049—1058.

(31) Zhang, Y.; Maclntosh, A. D.; Wong, J. L.; Bielinski, E. A;
Williard, P. G.; Mercado, B. Q.; Hazari, N.; Bernskoetter, W. H. Iron
Catalyzed CO2 Hydrogenation to Formate Enhanced by Lewis Acid
Co-Catalysts. Chem. Sci. 2015, 6 (7), 4291—4299.

(32) Filonenko, G. A; Cosimi, E.; Lefort, L; Conley, M. P.;
Copéret, C.; Lutz, M.; Hensen, E. J. M.; Pidko, E. A. Lutidine-Derived
Ru-CNC Hydrogenation Pincer Catalysts with Versatile Coordination
Properties. ACS Catal. 2014, 4 (8), 2667—2671.

(33) Filonenko, G. A.; Hensen, E. J. M; Pidko, E. A. Mechanism of
CO2hydrogenation to Formates by Homogeneous Ru-PNP Pincer
Catalyst: From a Theoretical Description to Performance Optimiza-
tion. Catal. Sci. Technol. 2014, 4 (10), 3474—348S.

(34) Federsel, C.; Jackstell, R;; Boddien, A.; Laurenczy, G.; Beller,
M. Ruthenium-Catalyzed Hydrogenation of Bicarbonate in Water.
ChemSusChem 2010, 3 (9), 1048—1050.

(35) Jessop, P. G.; Hsiao, Y.; Ikariya, T.; Noyori, R. Homogeneous
Catalysis in Supercritical Fluids: Hydrogenation of Supercritical
Carbon Dioxide to Formic Acid, Alkyl Formates, and Formamides. J.
Am. Chem. Soc. 1996, 118 (2), 344—355.

(36) Munshi, P.; Main, A. D.; Linehan, J. C.; Tai, C.-C.; Jessop, P. G.
Hydrogenation of Carbon Dioxide Catalyzed by Ruthenium
Trimethylphosphine Complexes: The Accelerating Effect of Certain
Alcohols and Amines. J. Am. Chem. Soc. 2002, 124 (27), 7963—7971.

(37) Moret, S; Dyson, P. J; Laurenczy, G. Direct Synthesis of
Formic Acid from Carbon Dioxide by Hydrogenation in Acidic
Media. Nat. Commun. 2014, 5, 1-7.

(38) Gan, W,; Dyson, P. J; Laurenczy, G. Heterogeneous Silica-
Supported Ruthenium Phosphine Catalysts for Selective Formic Acid
Decomposition. ChemCatChem. 2013, 5 (10), 3124—3130.

(39) Beloqui Redondo, A.,; Morel, F. L.; Ranocchiari, M.; Van
Bokhoven, J. A. Functionalized Ruthenium-Phosphine Metal-Organic
Framework for Continuous Vapor-Phase Dehydrogenation of Formic
Acid. ACS Catal. 2015, § (12), 7099—7103.

(40) Gunasekar, G. H.; Padmanaban, S.; Park, K.; Jung, K. D.; Yoon,
S. An Efficient and Practical System for the Synthesis of N,N-
Dimethylformamide by CO2 Hydrogenation Using a Heterogeneous
Ru Catalyst: From Batch to Continuous Flow. ChemSusChem 2020,
13 (7), 1735—1739.

(41) Oldenhof, S.; Lutz, M.; De Bruin, B.; Van Der Vlugt, J. L; Reek,
J. N. H. Dehydrogenation of Formic Acid by Ir-BisMETAMORPhos
Complexes: Experimental and Computational Insight into the Role of
a Cooperative Ligand. Chem. Sci. 2015, 6 (2), 1027—1034.

(42) Celaje, J. J. A; Lu, Z.; Kedzie, E. A,; Terrile, N. J.; Lo, J. N;
Williams, T. J. A Prolific Catalyst for Dehydrogenation of Neat
Formic Acid. Nat. Commun. 2016, 7 (1), 11308.

(43) Tanaka, R.; Yamashita, M.; Nozaki, K. Catalytic Hydrogenation
of Carbon Dioxide Using Ir(III)-Pincer Complexes. J. Am. Chem. Soc.
2009, 131 (40), 14168—14169.

(44) Kuwahara, Y.; Fujie, Y.; Yamashita, H. Poly(Ethyleneimine)-
Tethered Ir Complex Catalyst Immobilized in Titanate Nanotubes for
Hydrogenation of CO2 to Formic Acid. ChemCatChem. 2017, 9 (11),
1906—1914.

(4S) Tanaka, R; Yamashita, M.; Chung, L. W.; Morokuma, K;
Nozaki, K. Mechanistic Studies on the Reversible Hydrogenation of
Carbon Dioxide Catalyzed by an Ir-PNP Complex. Organometallics
2011, 30 (24), 6742—6750.

(46) Matsunami, A.; Kayaki, Y.; Ikariya, T. Enhanced Hydrogen
Generation from Formic Acid by Half-Sandwich Iridium(III)
Complexes with Metal/NH Bifunctionality: A Pronounced Switch
from Transfer Hydrogenation. Chem. - A Eur. J. 2015, 21 (39),
13513—13517.

(47) Hull, J. F.; Himeda, Y.; Wang, W. H.; Hashiguchi, B.; Periana,
R; Szalda, D. J.; Muckerman, J. T.; Fujita, E. Reversible Hydrogen
Storage Using CO 2 and a Proton-Switchable Iridium Catalyst in

Aqueous Media under Mild Temperatures and Pressures. Nat. Chem.
2012, 4 (S), 383—388.

(48) Bennedsen, N. R.; Christensen, D. B.; Mortensen, R. L.; Wang,
B.; Wang, R; Kramer, S.; Kegnas, S. Heterogeneous Formic Acid
Production by Hydrogenation of CO2 Catalyzed by Ir-Bpy
Embedded in Polyphenylene Porous Organic Polymers. ChemCatCh-
em. 2021, 13 (7), 1781—1786.

(49) Gunasekar, G. H.; Kim, H.; Yoon, S. Dehydrogenation of
Formic Acid Using Molecular Rh and Ir Catalysts Immobilized on
Bipyridine-Based Covalent Triazine Frameworks. Sustain. Energy Fuels
2019, 3 (4), 1042—1047.

(50) Gunasekar, G. H.; Park, K; Jung, K. D.; Yoon, S. Recent
Developments in the Catalytic Hydrogenation of CO2 to Formic
Acid/Formate Using Heterogeneous Catalysts. Inorg. Chem. Front.
2016, 3 (7), 882—895.

(51) Himeda, Y.; Onozawa-Komatsuzaki, N.; Sugihara, H.; Kasuga,
K. Simultaneous Tuning of Activity and Water Solubility of Complex
Catalysts by Acid-Base Equilibrium of Ligands for Conversion of
Carbon Dioxide. Organometallics 2007, 26 (3), 702—712.

(52) Kanega, R.; Onishi, N.; Wang, L.; Murata, K; Muckerman, J.
T.; Fujita, E.; Himeda, Y. Picolinamide-Based Iridium Catalysts for
Dehydrogenation of Formic Acid in Water: Effect of Amide N
Substituent on Activity and Stability. Chem. - A Eur. ]. 2018, 24 (69),
18389—-18392.

(53) Kanega, R.; Onishi, N.; Szalda, D. J.; Ertem, M. Z.; Muckerman,
J. T, Fuyjita, E; Himeda, Y. CO2hydrogenation Catalysts with
Deprotonated Picolinamide Ligands. ACS Catal. 2017, 7 (10), 6426—
6429.

(54) Menendez Rodriguez, G.; Domestici, C.; Bucci, A.; Valentini,
M.; Zuccaccia, C.; Macchioni, A. Hydrogen Liberation from Formic
Acid Mediated by Efficient Iridium (III) Catalysts Bearing Pyridine-
Carboxamide Ligands. Eur. J. Inorg. Chem. 2018, 2018, 2247—2250.

(55) Menendez Rodriguez, G.; Zaccaria, F.; Tensi, L.; Zuccaccia, C,;
Belanzoni, P.; Macchioni, A. Understanding the Deactivation
Pathways of Iridium(III) Pyridine-Carboxiamide Catalysts for Formic
Acid Dehydrogenation. Chem. - A Eur. J. 2021, 27 (6), 2050—2064.

(56) Kanega, R.; Onishi, N.; Tanaka, S.; Kishimoto, H.; Himeda, Y.
Catalytic Hydrogenation of CO 2 to Methanol Using Multinuclear
Iridium Complexes in a Gas—Solid Phase Reaction. J. Am. Chem. Soc.
2021, 143 (3), 1570—1576.

(57) Nijamudheen, A.; Kanega, R;; Onishi, N.; Himeda, Y.; Fujita,
E.; Ertem, M. Z. Distinct Mechanisms and Hydricities of Cp*Ir-Based
CO2 Hydrogenation Catalysts in Basic Water. ACS Catal. 2021, 11
(9), 5776—5788.

(58) Kanega, R.; Onishi, N.; Wang, L.; Himeda, Y. Electroreduction
of Carbon Dioxide to Formate by Homogeneous Ir Catalysts in
Water. ACS Catal. 2018, 8 (12), 11296—11301.

(59) Watanabe, M.; Hori, J.; Murata, K. Preparation of Organo-
metallic Complex as Catalysts and Process for Preparing Amine
Compound, EP 2228377. EP 2228377, 2010.

(60) Ngo, A. H.; Ibafiez, M.; Do, L. H. Catalytic Hydrogenation of
Cytotoxic Aldehydes Using Nicotinamide Adenine Dinucleotide
(NADH) in Cell Growth Media. ACS Catal. 2016, 6 (4), 2637—2641.

(61) Bose, S; Ngo, A. H; Do, L. H. Intracellular Transfer
Hydrogenation Mediated by Unprotected Organoiridium Catalysts. J.
Am. Chem. Soc. 2017, 139 (26), 8792—8795.

(62) Hill, C. K.; Hartwig, J. F. Site-Selective Oxidation, Amination
and Epimerization Reactions of Complex Polyols Enabled by Transfer
Hydrogenation. Nat. Chem. 2017, 9 (12), 1213—1221.

(63) Tanaka, K; Miki, T.; Murata, K.; Yamaguchi, A.; Kayaki, Y.;
Kuwata, S.; Ikariya, T.; Watanabe, M. Reductive Amination of Ketonic
Compounds Catalyzed by Cp*Ir(III) Complexes Bearing a
Picolinamidato Ligand. J. Org. Chem. 2019, 84 (17), 10962—10977.

(64) Nguyen, D. P.; Sladek, R. N.; Do, L. H. Scope and Limitations
of Reductive Amination Catalyzed by Half-Sandwich Iridium
Complexes under Mild Reaction Conditions. Tetrahedron Lett.
2020, 61 (32), 152196.

(65) Bucci, A.; Dunn, S.; Bellachioma, G.; Menendez Rodriguez, G.;
Zuccaccia, C.; Nervi, C; Macchioni, A. A Single Organoiridium

https://doi.org/10.1021/acs.inorgchem.2c01640
Inorg. Chem. 2022, 61, 10575—-10586


https://doi.org/10.1021/acs.accounts.7b00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SC01467K
https://doi.org/10.1039/C5SC01467K
https://doi.org/10.1039/C5SC01467K
https://doi.org/10.1021/cs500720y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500720y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500720y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CY00568F
https://doi.org/10.1039/C4CY00568F
https://doi.org/10.1039/C4CY00568F
https://doi.org/10.1039/C4CY00568F
https://doi.org/10.1002/cssc.201000151
https://doi.org/10.1021/ja953097b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja953097b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja953097b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0167856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0167856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0167856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms5017
https://doi.org/10.1038/ncomms5017
https://doi.org/10.1038/ncomms5017
https://doi.org/10.1002/cctc.201300246
https://doi.org/10.1002/cctc.201300246
https://doi.org/10.1002/cctc.201300246
https://doi.org/10.1021/acscatal.5b01987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201903364
https://doi.org/10.1002/cssc.201903364
https://doi.org/10.1002/cssc.201903364
https://doi.org/10.1039/C4SC02555E
https://doi.org/10.1039/C4SC02555E
https://doi.org/10.1039/C4SC02555E
https://doi.org/10.1038/ncomms11308
https://doi.org/10.1038/ncomms11308
https://doi.org/10.1021/ja903574e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903574e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201700508
https://doi.org/10.1002/cctc.201700508
https://doi.org/10.1002/cctc.201700508
https://doi.org/10.1021/om2010172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om2010172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201502412
https://doi.org/10.1002/chem.201502412
https://doi.org/10.1002/chem.201502412
https://doi.org/10.1002/chem.201502412
https://doi.org/10.1038/nchem.1295
https://doi.org/10.1038/nchem.1295
https://doi.org/10.1038/nchem.1295
https://doi.org/10.1002/cctc.202100002
https://doi.org/10.1002/cctc.202100002
https://doi.org/10.1002/cctc.202100002
https://doi.org/10.1039/C9SE00002J
https://doi.org/10.1039/C9SE00002J
https://doi.org/10.1039/C9SE00002J
https://doi.org/10.1039/C5QI00231A
https://doi.org/10.1039/C5QI00231A
https://doi.org/10.1039/C5QI00231A
https://doi.org/10.1021/om060899e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060899e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060899e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201800428
https://doi.org/10.1002/chem.201800428
https://doi.org/10.1002/chem.201800428
https://doi.org/10.1021/acscatal.7b02280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b02280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.201701458
https://doi.org/10.1002/ejic.201701458
https://doi.org/10.1002/ejic.201701458
https://doi.org/10.1002/chem.202003911
https://doi.org/10.1002/chem.202003911
https://doi.org/10.1002/chem.202003911
https://doi.org/10.1021/jacs.0c11927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2835
https://doi.org/10.1038/nchem.2835
https://doi.org/10.1038/nchem.2835
https://doi.org/10.1021/acs.joc.9b01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2020.152196
https://doi.org/10.1016/j.tetlet.2020.152196
https://doi.org/10.1016/j.tetlet.2020.152196
https://doi.org/10.1021/acscatal.7b02387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Complex Generating Highly Active Catalysts for Both Water
Oxidation and NAD+/NADH Transformations. ACS Catal. 2017, 7
(11), 7788—7796.

(66) Tensi, L.; Macchioni, A. Extremely Fast NADH-Regeneration
Using Phosphonic Acid as Hydride Source and Iridium-Pyridine-2-
Sulfonamidate Catalysts. ACS Catal. 2020, 10 (14), 7945—7949.

(67) Beppu, T.; Sakamoto, K,; Nakajima, Y.; Matsumoto, K; Sato,
K.; Shimada, S. Hydrosilane Synthesis via Catalytic Hydrogenolysis of
Halosilanes Using a Metal-Ligand Bifunctional Iridium Catalyst. J.
Organomet. Chem. 2018, 869, 75—80.

(68) Nguyen, H. T. H; Do, L. H. Organoiridium-Quinone
Conjugates for Facile Hydrogen Peroxide Generation. Chem.
Commun. 2020, 56 (87), 13381—13384.

(69) Kotzé, T.].; Duffy, S.; Avery, V. M.; Jordaan, A.; Warner, D. F.;
Loots, L.; Smith, G. S.; Chellan, P. Synthesis and Antimicrobial Study
of Organoiridium Amido-Sulfadoxine Complexes. Inorg. Chim. Acta
2021, 517, 120178S.

(70) Almodares, Z.; Lucas, S. J.; Crossley, B. D.; Basri, A. M.; Pask,
C. M,; Hebden, A. J; Phillips, R. M.; McGowan, P. C. Rhodium,
Iridium, and Ruthenium Half-Sandwich Picolinamide Complexes as
Anticancer Agents. Inorg. Chem. 2014, 53 (2), 727-736.

(71) Palepu, N. R; Richard Premkumar, J; Verma, A. K;
Bhattacharjee, K; Joshi, S. R.; Forbes, S.; Mozharivskyj, Y.; Mohan
Rao, K. Antibacterial, in Vitro Antitumor Activity and Structural
Studies of Rhodium and Iridium Complexes Featuring the Two
Positional Isomers of Pyridine Carbaldehyde Picolinic Hydrazone
Ligand. Arab. J. Chem. 2018, 11 (5), 714—728.

(72) Lucas, S. J.; Lord, R. M,; Basri, A. M,; Allison, S. J.; Phillips, R.
M,; Blacker, A. J.; McGowan, P. C. Increasing Anti-Cancer Activity
with Longer Tether Lengths of Group 9 Cp* Complexes. Dalt. Trans.
2016, 45 (16), 6812—6815.

(73) Copéret, C.; Chabanas, M.; Petroff Saint-Arroman, R.; Basset, J.
M. Surface Organometallic Chemistry: Homogeneous and Heteroge-
neous Catalysis: Bridging the Gap through Surface Organometallic
Chemistry. Angew. Chemie - Int. Ed. 2003, 42 (2), 156—181.

(74) Conley, M. P.; Copéret, C.; Thieuleux, C. Mesostructured
Hybrid Organic-Silica Materials: Ideal Supports for Well-Defined
Heterogeneous Organometallic Catalysts. ACS Catal. 2014, 4 (S),
1458—1469.

(75) Alvarez, A; Bansode, A; Urakawa, A,; Bavykina, A. V;
Wezendonk, T. A.; Makkee, M.; Gascon, J.; Kapteijn, F. Challenges in
the Greener Production of Formates/Formic Acid, Methanol, and
DME by Heterogeneously Catalyzed CO2 Hydrogenation Processes.
Chem. Rev. 2017, 117 (14), 9804—9838.

(76) Copéret, C; Allouche, F.; Chan, K. W.; Conley, M. P.; Delley,
M. F,; Fedorov, A.; Moroz, 1. B.; Mougel, V.; Pucino, M.; Searles, K,;
et al. Bridging the Gap between Industrial and Well-Defined
Supported. Catalysts. Angew. Chemie - Int. Ed. 2018, S7 (22),
6398—6440.

(77) Macchioni, A. The Middle-Earth between Homogeneous and
Heterogeneous Catalysis in Water Oxidation with Iridium. Eur. J.
Inorg. Chem. 2019, 2019 (1), 7—17.

(78) Cavailles, M.; Bornet, A.; Jaurand, X.; Vuichoud, B.; Baudouin,
D.; Baudin, M.,; Veyre, L.; Bodenhausen, G.; Dumez, J.-N.; Jannin, S.;
et al. Tailored Microstructured Hyperpolarizing Matrices for Optimal
Magnetic Resonance Imaging. Angew. Chemie Int. Ed. 2018, 57 (29),
7453—7457.

(79) Lo, H.; Thiel, L; Copéret, C. Efficient CO 2 Hydrogenation to
Formate with Immobilized Ir-Catalysts Based on Mesoporous Silica
Beads. Chem. — A Eur. J. 2019, 25 (40), 9443—9446.

(80) Lo, H.; Copéret, C. CO 2 Hydrogenation to Formate with
Immobilized Ru-Catalysts Based on Hybrid Organo-Silica Mesostruc-
tured Materials. ChemCatChem. 2019, 11 (1), 430—434.

(81) Lesage, A; Lelli, M.; Gajan, D.; Caporini, M. A.; Vitzthum, V.;
Miéville, P.; Alauzun, J.; Roussey, A.; Thieuleux, C.; Mehdi, A.; et al.
Surface Enhanced NMR Spectroscopy by Dynamic Nuclear Polar-
ization. J. Am. Chem. Soc. 2010, 132 (44), 15459—15461.

(82) Rossini, A. J. Materials Characterization by Dynamic Nuclear
Polarization-Enhanced Solid-State NMR Spectroscopy. J. Phys. Chem.
Lett. 2018, 9 (17), 5150—5159.

(83) Kobayashi, T.; Perras, F. A.; Slowing, L. I; Sadow, A. D.; Pruski,
M. Dynamic Nuclear Polarization Solid-State NMR in Heterogeneous
Catalysis Research. ACS Catal. 2015, § (12), 7055—7062.

(84) Rossini, A. J.; Zagdoun, A.; Lelli, M.; Lesage, A.; Copéret, C.;
Emsley, L. Dynamic Nuclear Polarization Surface Enhanced NMR
Spectroscopy. Acc. Chem. Res. 2013, 46 (9), 1942—1951.

(85) Liao, W. C.; Ghaffari, B.; Gordon, C. P.; Xu, J.; Copéret, C.
Dynamic Nuclear Polarization Surface Enhanced NMR Spectroscopy
(DNP SENS): Principles, Protocols, and Practice. Curr. Opin. Colloid
Interface Sci. 2018, 33, 63—71.

(86) Begam, H. M.; Choudhury, R.; Behera, A.; Jana, R. Copper-
Catalyzed Electrophilic Ortho C(Sp2)-H Amination of Aryl Amines:
Dramatic Reactivity of Bicyclic System. Org. Lett. 2019, 21 (12),
4651—4656.

(87) Rahimi, L; Mansoori, Y.; Nuri, A;; Esquivel, D. A New
Magnetically Retrievable Porous Supported Catalyst for The Suzuki-
Miyaura Cross-Coupling Reaction. ChemistrySelect 2020, S (37),
11690—11697.

(88) Lund, A.; Casano, G.; Menzildjian, G.; Kaushik, M.; Stevanato,
G.; Yulikov, M.; Jabbour, R,; Wisser, D.; Renom-Carrasco, M,;
Thieuleux, C.; et al. TinyPols: A Family of Water-Soluble Binitroxides
Tailored for Dynamic Nuclear Polarization Enhanced NMR Spec-
troscopy at 18.8 and 21.1 T. Chem. Sci. 2020, 11 (10), 2810—2818.

(89) Sauvée, C,; Rosay, M.; Casano, G.; Aussenac, F.; Weber, R. T ;
Ouari, O.; Tordo, P. Highly Efficient, Water-Soluble Polarizing
Agents for Dynamic Nuclear Polarization at High Frequency. Angew.
Chem. 2013, 125 (41), 11058—11061.

(90) Lelli, M,; Gajan, D.; Lesage, A.; Caporini, M. A,; Vitzthum, V,;
Miéville, P.; Héroguel, F.; Rascon, F.; Roussey, A.; Thieuleux, C,;
et al. Fast Characterization of Functionalized Silica Materials by
Silicon-29 Surface-Enhanced NMR Spectroscopy Using Dynamic
Nuclear Polarization. J. Am. Chem. Soc. 2011, 133 (7), 2104—2107.

(91) DFT computations of chemical shift anisotropy (CSA), carried
out for both nitrogen atoms of the supported ligand (SI), indicate for
the pyridinic nitrogen an anisotropy (635 ppm) much larger than that
of the amide nitrogen (199 ppm); this might also significantly
contribute to the difficulty of experimentally observing the former.

(92) Grunwaldt, J.-D.; Kimmerle, B.; Baiker, A.; Boye, P.; Schroer,
C. G,; Glatzel, P.; Borca, C. N.; Beckmann, F. Catalysts at Work:
From Integral to Spatially Resolved X-Ray Absorption Spectroscopy.
Catal. Today 2009, 145 (3), 267—278.

(93) Stern, E. A. Structure Determination by X-Ray Absorption.
Contemp. Phys. 1978, 19 (4), 289—310.

(94) Teo, B. K. Data Analysis in Practice. In EXAFS: Basic Principles
and Data Analysis; Teo, B. K., Ed.; Springer Berlin Heidelberg: Berlin,
Heidelberg, 1986; pp 114—157, DOI: 10.1007/978-3-642-50031-2_6.

(95) Timoshenko, J.; Kuzmin, A. Wavelet Data Analysis of EXAFS
Spectra. Comput. Phys. Commun. 2009, 180 (6), 920—92S.

(96) Moroz, 1. B.; Larmier, K.; Liao, W.-C,; Copéret, C. Discerning
7-Alumina Surface Sites with Nitrogen-15 Dynamic Nuclear Polar-
ization Surface Enhanced NMR Spectroscopy of Adsorbed Pyridine. J.
Phys. Chem. C 2018, 122 (20), 10871—10882.

(97) Yakimov, A. V.; Mance, D.; Searles, K; Copéret, C. A
Formulation Protocol with Pyridine to Enable Dynamic Nuclear
Polarization Surface-Enhanced NMR Spectroscopy on Reactive
Surface Sites: Case Study with Olefin Polymerization and Metathesis
Catalysts. J. Phys. Chem. Lett. 2020, 11 (9), 3401—3407.

(98) Griining, W. R,; Rossini, A. J.; Zagdoun, A.; Gajan, D.; Lesage,
A.; Emsley, L.; Copéret, C. Molecular-Level Characterization of the
Structure and the Surface Chemistry of Periodic Mesoporous
Organosilicates Using DNP-Surface Enhanced NMR Spectroscopy.
Phys. Chem. Chem. Phys. 2013, 15 (32), 13270—13274.

(99) Iglesias, M.; Oro, L. A. Mechanistic Considerations on
Homogeneously Catalyzed Formic Acid Dehydrogenation. Eur. J.
Inorg. Chem. 2018, 2018, 2125—2138.

https://doi.org/10.1021/acs.inorgchem.2c01640
Inorg. Chem. 2022, 61, 10575—-10586


https://doi.org/10.1021/acscatal.7b02387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b02387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2018.05.024
https://doi.org/10.1016/j.jorganchem.2018.05.024
https://doi.org/10.1039/D0CC04970K
https://doi.org/10.1039/D0CC04970K
https://doi.org/10.1016/j.ica.2020.120175
https://doi.org/10.1016/j.ica.2020.120175
https://doi.org/10.1021/ic401529u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic401529u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic401529u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.arabjc.2015.10.011
https://doi.org/10.1016/j.arabjc.2015.10.011
https://doi.org/10.1016/j.arabjc.2015.10.011
https://doi.org/10.1016/j.arabjc.2015.10.011
https://doi.org/10.1039/C6DT00186F
https://doi.org/10.1039/C6DT00186F
https://doi.org/10.1002/anie.200390072
https://doi.org/10.1002/anie.200390072
https://doi.org/10.1002/anie.200390072
https://doi.org/10.1021/cs500262t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500262t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500262t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201702387
https://doi.org/10.1002/anie.201702387
https://doi.org/10.1002/ejic.201800798
https://doi.org/10.1002/ejic.201800798
https://doi.org/10.1002/anie.201801009
https://doi.org/10.1002/anie.201801009
https://doi.org/10.1002/chem.201901663
https://doi.org/10.1002/chem.201901663
https://doi.org/10.1002/chem.201901663
https://doi.org/10.1002/cctc.201801368
https://doi.org/10.1002/cctc.201801368
https://doi.org/10.1002/cctc.201801368
https://doi.org/10.1021/ja104771z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja104771z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300322x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300322x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cocis.2018.02.006
https://doi.org/10.1016/j.cocis.2018.02.006
https://doi.org/10.1021/acs.orglett.9b01546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/slct.202003198
https://doi.org/10.1002/slct.202003198
https://doi.org/10.1002/slct.202003198
https://doi.org/10.1039/C9SC05384K
https://doi.org/10.1039/C9SC05384K
https://doi.org/10.1039/C9SC05384K
https://doi.org/10.1002/ange.201304657
https://doi.org/10.1002/ange.201304657
https://doi.org/10.1021/ja110791d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110791d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110791d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01640/suppl_file/ic2c01640_si_001.pdf
https://doi.org/10.1016/j.cattod.2008.11.002
https://doi.org/10.1016/j.cattod.2008.11.002
https://doi.org/10.1080/00107517808210887
https://doi.org/10.1007/978-3-642-50031-2_6
https://doi.org/10.1007/978-3-642-50031-2_6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cpc.2008.12.020
https://doi.org/10.1016/j.cpc.2008.12.020
https://doi.org/10.1021/acs.jpcc.8b01823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cp00026e
https://doi.org/10.1039/c3cp00026e
https://doi.org/10.1039/c3cp00026e
https://doi.org/10.1002/ejic.201800159
https://doi.org/10.1002/ejic.201800159
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC

(100) Menendez Rodriguez, G.; Gatto, G.; Zuccaccia, C.
Benchmarking Water Oxidation Catalysts Based on Iridium
Complexes: Clues and Doubts on the Nature of Active Species.
ChemSusChem 2017, 10 (22), 4503—4509.

(101) Mo, X.-F.; Liu, C.; Chen, Z.-W.; Ma, F; He, P,; Yi, X.-Y.
Metal-Ligand Cooperation in Cp*Ir-Pyridylpyrrole Complexes:
Rational Design and Catalytic Activity in Formic Acid Dehydrogen-
ation and CO 2 Hydrogenation under Ambient Conditions. Inorg.
Chem. 2021, 60 (21), 16584—16592.

10586 https://doi.org/10.1021/acs.inorgchem.2c01640
Inorg. Chem. 2022, 61, 10575—-10586


https://doi.org/10.1002/cssc.201701818
https://doi.org/10.1002/cssc.201701818
https://doi.org/10.1021/acs.inorgchem.1c02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

