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The iridium(n) complexes [Ir(H)(Cl)(?-NSi®¥2)(x?-bipy™e2)] (2) and [Ir(H)(OTf)(k?-NSi®®¥2)(x-bipy™e?)] (3)
(NSiBUz = {4-methylpyridine-2-yloxy}ditertbutylsilyl) have been synthesized and characterized including
X-ray studies of 3. A comparative study of the catalytic activity of complexes 2, 3, [Ir(H)(OTf)(x2-NSitB42)
(coe)l (4), and [Ir(H)(OTF)(x2-NSi®“2)(PCys)] (5) (0.1 mol%) as catalysts precursors for the solventless formic
acid dehydrogenation (FADH) in the presence of EtzN (40 mol%) at 353 K has been performed. The
highest activity (TOFs yin ~ 3260 h™) has been obtained with 3 at 373 K. However, at that temperature the
FTIR spectra show traces of CO together with the desired products (H, and CO,). Thus, the best perform-
ance was achieved at 353 K (TOFs min &~ 1210 h™* and no observable CO). Kinetic studies at variable temp-
erature show that the activation energy of the 3-catalyzed FADH process is 16.76 kcal mol™. Kinetic iso-
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topic effect (5 min) values of 1.6, 4.5, and 4.2 were obtained for the 3-catalyzed dehydrogenation of
HCOOD, DCOOH, and DCOOD, respectively, at 353 K. The strong KIE found for DCOOH and DCOOD
evidenced that the hydride transfer from the C—H bond of formic acid to the metal is the rate-determin-
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Introduction

The potential of formic acid (FA) as an effective liquid organic
hydrogen carrier (LHC) has been the subject of many scientific
studies over the past decade.’ There are many advantages of
using FA as LHC, for example, it has a high concentration of
H, (53 g L"), and it can be easily prepared, stored, and trans-
ported." Among its disadvantages it stands out the fact that its
dehydrogenation to produce H, and CO, competes with its de-
hydration to give CO and H,O (Scheme 1). Therefore, due to
CO poisoning of the Pt electrode in fuel cells,> the develop-
ment of selective catalysts to produce H, from FA is of great
interest to apply FA in fuel cell-based technologies.

To the best of our knowledge, the first studies on the poten-
tial of the catalytic formic acid dehydrogenation (FADH) to
supply hydrogen to fuel cells were independently reported by
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Beller et al.® and Laurenczy et al.* in 2008. Since then, many
examples of catalytic systems active for the FADH have been
published.™? The most active catalytic systems for FADH so far
reported are based on water soluble Ir-Cp* species with func-
tionalized bipyridine or biimidazoline derivatives as
ligands.”® Among them, the species [IrCICp*(2,2"-bi-2-imida-
zoline)]Cl (TOF =~ 487500 h™"),° the iridium-bipyridine cata-
lysts described by Fujita and Himeda et al (TOF =
228000 h™),> and the DMSO soluble Ir-Cp* species reported
by Albrecht el al. (TOF ~ 300 000 h™*)'® stand out.

On the other hand, one of the aims of our research group is
to study the potential of iridium(im) complexes with pyridine-2-

CO, +H,
dehydrogenation
(0]
L
H/ \o/
CO + Hzo
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Scheme 1 Possible transformations for FA.
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yloxy-silyl ligands (Ir-NSi) as homogenous catalysts.'*** These
species have been successfully used as CO, " or formamide'**
hydrosilylation catalysts. Ir-NSi complexes are characterized by
their short Ir-Si bond distances (in the range 2.25-2.28 A),**
which has been explained by assuming a significant ionic con-
tribution to the covalent bond,'*”** and the strong trans effect
exerted by the silicon atom. Theoretical calculations have
shown that the presence of the silicon play a key role in the
reactivity of iridium-formate intermediates in catalytic CO,
hydrosilylation’* and FADH processes.'® A challenge when
using Ir-NSi complexes as FADH catalysts is that under the
reaction conditions the active species can be reduced to inac-
tive iridium nanoparticles.'® Therefore, with the purpose of
preparing iridium(m)-NSi complexes stable under FADH con-
ditions, we decided to use the monoanionic bidentate ligand
(4-methylpyridine-2-yloxy)ditertbutylsilyl (NSi®"?), where the
Ir-Si bond is sterically protected by the bulk of the two tert-
butyl substituents on the silicon atom.

An additional difficulty when using homogeneous tran-
sition metal catalysts with silyl-based ligands in protic solvents
is the breaking of the Ir-Si bond, which is favored in the pres-
ence of a base.'” Indeed, the hydrolysis of the Ir-Si bond in Ir-
NSi species is favoured in basic-media, moreover the coordi-
nation of water to unsaturated Ir-NSi species has been recently
reported.'®” Thus, we decided to explore the potential of elec-
tronically and sterically saturated Ir-Si species as FADH cata-
lyst in the absence and in presence of water. In this regard, it
should be mentioned that examples of catalytic systems
effective for catalytic FADH under neat conditions are
scarce,'®'%1?

Results and discussion

Synthesis of Ir-(NSi”*"?) complexes with the 4,4'-dimethyl-2,2'-
bipyridine (bipy™*) ligand

Iridium-bipyridine derivatives have shown to be highly
effective catalysts in FADH processes.” Therefore, to prepare
coordinative and electronically saturated Ir-NSi® species we
decided to use 4,4'-dimethyl-2,2"-bipyridine (bipy™®) as auxili-
ary bidentate ligand. The reaction of the iridium(m) complex
[Ir(H)(C1)(x*-NSi*®“*)(coe)] (1)"** with one equivalent of bipy™*
at 353 K for 48 h leads to an orange solid, which has been
characterized as complex [Ir(H)(CI)(x*-NSi®")(i>-bipy™*)] (2)
(Scheme 2). The reaction of light protected CH,Cl, solutions of
2 with silver triflate affords a yellow solid of [Ir(H)(OTf)(x>-
NSi®*)(k*-bipy™?)] (3) (Scheme 2).

The Ir-(k>-NSi’®") species 2 and 3 have been characterized
by means of multinuclear NMR spectroscopy. The 'H NMR of
2 and 3 in CD,Cl, show a singlet resonance corresponding to
the Ir-H at § —18.03 and —17.53 ppm, respectively. These
values are low field shifted with respect to that observed for 1
(-20.68 ppm), 4 (—27.46 ppm) and 5 (—29.21 ppm). The
"H-*°Si HMBC NMR spectra show the resonance due to the
silicon atom at 6 46.8 (2) and 41.0 (3), which compare well

with the value found for the unsaturated species 1 (§ 41.0),"**

This journal is © The Royal Society of Chemistry 2023

View Article Online

rS

Paper

| A
>
O\ '\l‘ Toluene
' wCl  8o°C t
Bu,Si—Ir" v Bu23|lu

/ - coe N
H |Coe
1

\rqsl CH,Cl,
+AgOTf| - AgCl

<@ /\a\ c(2)

c(5)
tBUZSHI., 1y \N

0(/. \c)
<o /T N() 9((2%] 23 F(2)
L‘j OTf

S N(ﬁ C[26’r3) >~m
Scheme 2 Preparation of complexes 2 and 3 and molecular structure

@ b" ‘% S
c(uNm )c13 H8 ‘
of complex 3.

()
\

Q\ /\,\ )
Z!éo) 0o(2) (o 7
c(19) .[ o)

c(15) € )c(m) 0(4)

c(16) ‘,z[;c(m

Wees)

2 c(12) N(2)
c(13)

4 (6 45.8),"** and 5 (5 44.5)."*” F{'"H} NMR spectra of 3 (at
298 K) in CD,Cl, show a sharp resonance at § —78.82.
Considering that F{"H} NMR spectra of free TfO~ in CD,Cl,
(298 K) show a singlet resonance at § —79.0,>° the value found
for 3 suggests a weak Ir-OTf bond."?>2°

In order to attain a deeper understanding about the metal
coordination sphere, the solid-state structure of compound 3
has been determined by single crystal X-ray diffraction, using
synchrotron radiation. Selected geometrical parameters are
reported in Table 1. The metal atom exhibits a distorted octa-
hedral geometry, with a ¥*-Si,N and a ¥*>-N’,N" coordination of
(NSi®") and bipy™®, respectively, the hydride and an oxygen
atom of the triflate fragment. The Ir-Si and Ir-N(1) bond
lengths have been found to be slightly shorter than those
reported in compound 1 (2.2853(6) and 2.0947(18) A, respecti-
vely)."*® Indeed, our previous studies have already revealed
that the substitution of the chloride by a triflate ligand (which
is a more electron-withdrawing group), reinforce the Ir-Si
bond.'*” On the contrary, the Ir-O(2) bond length in 3 (2.381
(4) A), with the oxygen trans to the silicon, is in the upper limit
of Ir-O bond lengths reported in Ir-OTf fragments (in the

Table 1 Selected bonds lengths (A) and angles (°) found for complex 3

Ir-Si 2.2731(12) O(2)-Ir-N(1) 91.53(16)
Ir-0(2) 2.381(4) O(2)-Ir-N(2) 86.98(16)
Ir-N(1) 2.063(4) O(2)-Ir-N(3) 75.89(15)
Ir-N(2) 2.044(4) O(2)-Ir-H 94(2)
Ir-N(3) 2.148(4) N(1)-Ir-N(2) 175.12(15)
Ir-H 1.53(7) N(1)-Ir-N(3) 96.75(16)
Si-Ir-0(2) 171.94(13) N(1)-Ir-H 83(3)
Si-Ir-N(1) 81.92(12) N(2)-Ir-N(3) 78.38(16)
Si-Ir-N(2) 99.92(12) N(2)-Ir-H 102(3)
Si-Ir-N(3) 109.42(11) N(3)-Ir-H 170(3)
Si-Ir-H 81(2)
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2.04-2.40 A range),”’ indicating a weak bonding, in good
agreement with the aforementioned "°F{'"H} NMR spectra of 3.

Effect of the ancillary ligand in the performance of Ir-(NSi®*")
catalyzed FADH

A comparative study of the activity of complexes 2, 3, 4, and 5
(0.1 mol%) as catalyst precursors for the hydrogen generation
from FA-Et;N (40 mol% of Et;N) at 353 K was performed using
a man on the moon™ reactor (Fig. 1).>* It should be men-
tioned that while compounds 2 and 3 with bipy™** as auxiliary
bidentate ligand are coordinatively saturated species, com-
plexes 4 2% and 5 '?? are unsaturated species with distorted tri-
gonal bipyramidal and square pyramidal geometries in the
solid state, respectively.

The results of these experiments show that complex 3
(TOFs min = 1210 h™") is a more effective catalyst precursor
than 2 (TOF5 i, = 900 h™) (Fig. 2), and both precursors are
more active than [Ir(H)(OTf)(x>NSi*®*)(coe)] (4) (TOF5 min =
600 h™") and/or [Ir(H)(OTf)(x>-NSi®"?)(PCy;)] (5) (TOFs5 min =
60 h™") (Fig. 2). The systems based on 4 and 5 show the
decomposition of the catalyst to give iridium nanoparticles, in
a similar fashion to that previously observed for the related Ir-
(x>-NSiM®), species.'® Conversely, the formation of iridium
nanoparticles was not observed when using 2 or 3. These
results show that the use of coordinatively saturated catalyst

[ >
i 9N
‘Buzsiln,.,lr@ ‘BUZSi""--lr"\\OTf

|
H/N\ X H/|
> L
X =Cl, 2; TfO, 3 L =coe; 4
L=PCy;; 5

Fig. 1 Ir-(NSi®*) catalyst precursors.
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Fig. 2 TON versus time (min) from the 2, 3, 4 or 5 catalyzed (0.1 mol%)
solventless dehydrogenation of FA-EtzsN adduct (EtsN 40 mol%) at
353 K. The gas evolution was measured using a man on the moon™
reactor?? (Hp: CO, = 1:1).
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precursors prevents the reduction of iridium(u) and encour-
aged us to study the performance of 3 as catalyst for FADH.

Subsequently, we have studied the influence of the catalyst
loading on the catalytic performance of 3. The activity of the 3-
catalyzed FADH in presence of Et;N (40 mol%) depends on the
catalyst loading, thus using a 0.05 mol%, instead of 0.1 mol%,
a reduction of the activity was observed (TOF5 min = 820 h™%
Fig. S141). Therefore, we decided to use a 0.1 mol% loading in
the following studies.

Once the best catalyst precursor, 3, was chosen and the
catalyst loading (0.1 mol%) optimized, we decided to study the
effect of temperature on the performance. Thus, we have
studied the catalytic FADH using 3 (0.1 mol%) as catalyst pre-
cursor in the presence of an initial concentration of Et;N of
40 mol% at different temperatures (Fig. 3). These studies
revealed that, as expected, the temperature produces a positive
effect on the activity of the reaction (Fig. 3) and allowed us to
determinate the initial reaction rates (TOFs ;) at 323, 333,
343, 353, 363 and 373 K (Table S167). The Arrhenius plot for
these data®® yields an apparent activation energy of 16.76 +
1.72 keal mol™, which is lower than that found for the related
[Ir(CF5CO,)(k*>-NSi™),] species (27.5 kecal mol™")'® and agrees
with the greater activity of 3 in comparison to that found for
[Ir(CF5CO,)(k*NSi™),], under the same reaction conditions
(Table 2).

The activity of the catalytic system 3/Et;N (40 mol%) as
FADH catalyst (373 K; TOF5 i, = 3260 h™") is higher than that
reported for the iridium(m) complexes [Ir(CF;CO,)(x*-NSi™),]
(373 K; TOF5 min = 2900 h™")'® and [Ir(COD)(NP™Y)]|[TfO]
(363 K; TOF5 min = 3000 h™")'® but lower than that reported for
the manganese compound [Mn(CO),("®*"PNNOP)] (353 K;
TOF5 min = 8500 h™)** (Table 2) and for the iridium(u1) species
reported by Fischmeister et al. (TOF =~ 13 300 h™"),"% Iglesias
et al. (TOF ~ 11600 h™)'” and Gelman et al (TOF ~
11 800 h™).***

FTIR studies of the gases resulting from these 3-catalyzed
reactions evidenced that the selectivity of the catalytic process

373K
800+ 363K
353K
600 -
z
O
400
. 343K
200
333K
33K
0 ] v >-7;77 77777 IVV” . T T T 1
0 10 20 30 40 5 P -
Time(min)

Fig. 3 TON versus time (min) from the 3-catalyzed (0.1 mol%) solvent-
less dehydrogenation of FA-EtsN adduct (EtsN 40 mol%) at different
temperatures. The gas evolution was measured using a man on the
moon™ reactor?? (H,: CO, = 1:1).

This journal is © The Royal Society of Chemistry 2023
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Table 2 Comparison of the activity of 3 (0.1 mol%) as catalyst precursor
for the solventless dehydrogenation of FA in presence of the FA-EtzN
(5:2) adduct or sodium formate with 2, 4, 5 and other metal-based
catalysts

Catalyst T (K) TOF (h™")/(time) Ref.

4 353 600/(5 min) This work
5 353 60/(5 min) This work
2 353 900/(5 min) This work
3 353 1210/(5 min) This work
3 373 3260/(5 min) This work
[Ir(CF5CO,)(K*-NSiMe2),] 373 2900/(5 min) 16
[Ir(CF5CO,)(K*-NSiMe2), | 353 600/(5 min) 16
[Mn(CO),(**"PNNOP)] 353 8500/(3 min) 24
[RuCl,(PPh;);] 313 400/(2 h) 3
[Ir(cOD)(NP™®Y)|[TfO] 363 30007 18

“sodium formate instead FA-Et;N (5:2) adduct, > Maximum Turnover
Frequency.

depends on the temperature. Thus, while at 353 K, the for-
mation of CO was below the detection limit of the FTIR
(3 ppm) and, therefore, the selective formation of H, and CO,
and residual Et;N was observed (Fig. 4), the FTIR spectra of
the gases obtained from the reactions at 373 K shows the pres-
ence of traces of CO (Fig. S177). It is known that the dehydra-
tion of neat FA to form H,O and CO is favored at high tempera-
tures.?® Therefore, it is reasonable to assume that the traces of
CO observed at 373 K may be formed by thermal, uncatalyzed
decomposition pathways.*®

Kinetic isotope experiments on the 3-catalyzed FADH were
performed at 353 K using 40 mol% of Et;N (Table 3 and
Fig. 5). The results from these studies show that the initial
TOF values (calculated after 5 min) dropped from 1210 to 770,
270 and 290 h™' when HCOOH was replaced by HCOOD,
DCOOH and DCOOD, respectively (Table 3). These TOFs5 min
values show a high kinetic isotopic effect (KIE) for DCOOH
and DCOOD of 4.5 and 4.2, respectively (Table 3, entries 3 and
4), which evidenced that the hydride transfer from the CH of
FA to the metal leading to CO, is the rate-determining step of

. Hy EN

co,

3500 3000 2500 2000 cm-1

Fig. 4 FTIR of the gas resulting from the solventless 3-catalyzed
(0.1 mol%) FADH in presence of EtsN at 353 K.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Table 3 Kinetic isotope effect experiments on the 3-catalyzed dehy-
drogenation of FA using 40 mol% of EtsN at 353 K

Entry Substrate TOFs min “/(KIE) ®
1 HCOOH 1210/(—)
2 HCOOD 770/(1.6)
3 DCOOH 270/(4.5)
4 DCOOD 290/(4.2)

“h~'; PKIE = entry 1/ the corresponding entry (2, 3 or 4).

[~ — HCOOH;

300 o F - - HCOOD!

DCOOH
{— - = DCOOD|
250
200 _--7
///
& -7
2 1504 -7
.
///
100 4 -7
/’/ Lt -
. . —
504 - e -
D
ST e
KA
0 === T T 1
0 5 10 15
Time(min)

Fig. 5 TON versus time (min) from the 3-catalyzed (0.1 mol%) solvent-
less dehydrogenation of HCOOH, HCOOD, DCOOH and DCOOD in
presence of EtzN 40 mol% at 353 K. The gas evolution was measured
using a man on the moon™ reactor.??

the process.”® Moreover, the KIE value (1.6) obtained when
using HCOOD show a secondary KIE effect, analogous to that
found for the related Ir-(k>-NSi™*), species (Table 3, entry 2).'°

In all the studied 3-catalyzed (0.1 mol%) dehydrogenation
of FA-Et;N (Et;N 40 mol%) reactions, once the gas evolution
ends a blue residue remains in the reactor. '"H NMR spectra
(DMSO-dg) of these blue residues show the presence of tri-
ethylammonium salts, a major component of the mixture,
together with several unidentified Ir-H species. "H->°Si HMBC
spectra shows three different silicon resonances (Fig. S19%).
Two of them correspond to compounds with ‘Bu,Si groups not
bonded to Ir (**Si{'"H} NMR; § —14.11 and —22.85 ppm), but
the remaining resonance is due to a complex with an Ir-Si
bond (*°Si{"H} NMR; § 45.11) and two inequivalent ‘Bu substi-
tuents (Fig. 6).

The addition of a second load of FA (50 pL) to this blue
residue at 353 K evidenced that it catalyzed FADH. However, a
decrease of the activity (TOFs min ~ 940 h™') was observed
(Fig. 7). This demonstrates that, although the use of 4,4’-di-
methylbipyridine as ancillary ligand somehow protects the Ir-
Si bond, the partial deactivation of the active species still
occurs. It should be mentioned that the blue-residue is still
active after 24 h (TOF5 i, &~ 270 h™) (Fig. S157%).

Therefore, the catalytic system based on 3, with bipy™* as
auxiliary ligand, is more active (Table 2) and stable than [Ir
(CF5C0,)(k*>-NSi™*),].'® This encouraged us to study its per-

Dalton Trans., 2023, 52, 6722-6729 | 6725
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Fig. 6 'H-2°Si HMBC spectrum DMSO-ds (400 MHz, 298 K) of the blue
residue from the solventless 3-catalyzed (0.1 mol%) FADH in presence of
EtsN (40 mol%) at 353 K.
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Fig. 7 TON versus time (min) from the 3-catalyzed (0.1 mol%) of FA
(250 pL) in presence of EtsN 40 mol% or the blue-residue catalyzed sol-
ventless dehydrogenation of HCOOH (50 plL) at 353 K. The gas evolution
was measured using a man on the moon™ reactor.??

formance as FADH catalyst in an aqueous medium. These
studies show that initially the system based on 3 (0.1 mol%),
in presence of Et;N (40 mol%) at 353 K, is slightly more active
in water solution (TOFs mi, = 1500 h™") than under solventless
conditions. However, after 15 min of reaction catalyst de-
activation is observed (Fig. 8).

Experimental
General information

Complexes 1,'** 4,'** and 5 '?” were prepared according to the
reported method. HCOOH, HCOOD, DCOOH and DCOOD
were purchased from commercial sources and used without
further purifications. Et;N was purchased from commercial
sources and distilled prior to use.
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Fig. 8 TON versus time (min) from the solventless 3-catalyzed
(0.1 mol%) of FA (250 pL) in presence of EtzsN 40 mol% (blue) at 353 K or
3-catalyzed (0.1 mol%) of FA (250 pL)/H,O (250 pl) in presence of EtsN
40 mol% at 353 K. The gas evolution was measured using a man on the
moon™ reactor.??

All reactions and manipulations were carried out under an
argon atmosphere by using Schlenk-type techniques or in a
Glovebox-MBraun UNIlab. Organic solvents were dried by stan-
dard procedures and distilled under argon prior to use or
obtained oxygen- and water-free from a Solvent Purification
System (Innovative Technologies). 'H, **C, 2°si, *'P and '°F
NMR spectra were obtained on a Bruker AV-300, AV-400 or
AV-500 spectrometer using TMS as the internal reference in
CD,Cl,, or DMSO-ds as solvent. All chemical shifts (§) are
reported in ppm and coupling constants (/) are reported in Hz
to apparent peak multiplets. "H-"H-COSY, *C-APT, 'H/**C
HSQC, "H/"*C HMBC and "H/*’Si HMBC sequences were used
for help in the assignments of the 'H, and "*C{"H} spectra. All
catalytic experiments have been reproduced a minimum of
three times.

Synthesis of [Ir(H)(CI)(x2-NSi")(xk2-bipy™<)] (2)

Toluene (10 mL) was added to a mixture of [Ir(Cl)(H)(x>-
NSi®*)(coe)] (1) (0.538 g, 0.913 mmol) and 4,4'-dimethyl-
bypyridine (0.185 g, 1.004 mmol). The reaction mixture was
warmed at 353 K and stirred for 48 hours to give a dark-red
solution and an orange precipitate. After that, the reaction
mixture was cooled to 273 K. The red solution was filtered
through Celite and the residue was washed with hexane (2 x
5 mL) and CH,Cl, (2 x 2 mL) to give an orange solid of 2.
425 mg (70%). Anal. caled for C,¢H3,ClIrN;OSi: C, 47.08; H,
5.62; N, 6.33, found C, 46.93; H, 5.68; N, 6.48. 'H NMR plus
COSY (300 MHz, CD,Cl,, 298 K): 5 9.33 (d, *Jy_i = 6.3 Hz, 1H,
H°®-Py), 9.18 (d, *Ji_y = 6.0 Hz, 1H, H®-Bpy), 7.96 (s, 1H, H*-
Bpy), 7.91 (d, *Ju_y = 5.6 Hz, 1H, H®-Bpy), 7.87 (s, 1H, H*-
Bpy), 7.20 (d, *Ju_ = 5.6 Hz, 1H, H>-Bpy), 7.02 (d, *Jy_y = 6.0
Hz, H>-Bpy), 6.69 (s, 1H, H>-Py), 6.58 (d, *Jy_u = 6.5 Hz, 1H,
H°-Py), 2.48 (s, 3H, Me-Bpy), 2.44 (s, 3H, Me-Bpy), 2.32 (s, 3H,
Me-Py), 1.09 (s, 9H, tBu-Si), 0.44 (s, 9H, tBu-Si), —18.03 (s, 1H,
Ir-H). “C{'H} NMR APT plus HSQC, COSY and NOESY
(75 MHz, CD,Cl,, 298K): & 158.7 (C®-Bpy), 151.2 (Cjps,), 150.7
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(C°-Py), 150.7 (C°-Bpy), 149.2 (Cipso); 147.8 (Cppso)y 147.7 (CO-
Bpy), 128.0 (C>-Bpy), 127.4 (C’-Bpy), 124.3 (C*-Bpy), 124.0
(C*-Bpy), 117.9 (C°-Py), 111.0 (C3-Py), 29.9 (CMe;), 29.0
(CMej), 25.6 (CMej;), 25.3 (CMe3), 21.9 (Me-Bpy), 21.7 (Me-
Bpy), 21.20 (Me-Py). 'H-*°Si HMBC (60 MHz, CD,Cl,, 298 K): §
46.8. High-resolution mass spectrometry (ESI+): caled m/z =
663.2024; found m/z = 628.2339 (M + Cl).

Synthesis of [Ir(H)(OTf)(k>-NSi™®")(k>-bipy™**)] (3)

CH,Cl, (8 mL) was added to a mixture of complex 2 (0.370 g,
0.558 mmol) and silver triflate (0.157 g, 0.614 mmol). The
resulting suspension was stirred overnight at room tempera-
ture. The orange solution was filtered through Celite and the
solvent was removed in vacuo, washed with hexane (2 x 5 mL)
and dried in vacuo to give a yellow powder of 3.320 mg (74%).
Anal. caled for C,,Hj3,F3IrN;0,SSi: C, 41.74; H, 4.80; N, 5.41; S,
4.13; found C, 41.23; H, 4.78; N, 5.18; S, 4.36. "H NMR plus
COSY (300 MHz, CD,Cl,, 298 K): & 9.08 (d, *Jyy_; = 5.9 Hz, 1H,
H°-Bpy), 8.43 (d, *Jy_u = 6.2 Hz, 1H, H®-Py), 8.02 (s, 1H, H*-
Bpy), 7.94 (s, 1H, H>-Bpy), 7.82 (m, 1H, H®-Bpy), 7.32 (m, 1H,
H’-Bpy), 7.10 (m, 1H, H>-Bpy), 6.76 (m, 1H, H*>-Py), 6.71 (m,
1H, H°-Py), 2.52 (s, 3H, Me-Bpy), 2.47 (s, 3H, Me-Bpy), 2.36 (s,
3H, Me-Py), 1.07 (s, 9H, tBu-Si), 0.47 (s, 9H, ¢tBu-Si), —17.40
(br, 1H, Ir-H). “C{"H} NMR APT plus "H-"*C HSQC: § 169.3
(Cipso), 159.9 (C*-Bpy), & 159.1 (Cypso); 158.0 (Cipso), 148.3 (C°-
Py), 147.7 (C®-Bpy), 128.5 (C*-Bpy), 127.8 (C*-Bpy), 124.4 (C*-
Bpy), 124.2 (C*-Bpy), 118.9 (C*-Py), 111.7 (C*-Py), 29.7 (CMe;),
28.8 (CMejy), 25.4 (CMe3), & 24.3 (CMes), 22.2 (Me-Bpy), 22.0
(Me-Bpy), 21.4 (Me-Py). 'H-*°Si HMBC (60 MHz, CD,Cl,,
298 K): § 41.0. F{'H} NMR (300 MHz, CD,Cl,, 298 K): &
—78.82 (s, Ir-OTf). High-resolution mass spectrometry (ESI+):
caled m/z = 777.1855; found m/z = 628.2339 (M + OTf).

Single crystal structure determination of 3

X-ray data of 3 were collected in the XALOC beamline at ALBA
synchrotron (Spain).?” Data were collected at 100 K with
0.72940 A wavelength, using the Dectris Pilatus 6 M detector
placed at 122.1 mm from the crystal. The complete ¢ scans
were performed in steps of 0.5°, with an exposure time of 0.1 s
per frame. Intensity transmission was attenuated to 20%.
Sample crystallized as weakly diffracting thin needles, which
suffered radiation damage during data collection. Several crys-
tals were measured and subsequently merged. However, this
strategy led to worst agreement factors. Therefore, the best
data set was selected to perform the structural refinement.
Small redundancy in the measured diffraction of this aniso-
tropic sample may affect the absorption correction process.
Data were indexed, integrated, and scaled using APEX4
package.”® The crystal structure was solved and refined using
SHELXS?® and SHELXL?® in OLEX2 program.*’

Crystal data of 3. C,,;H;3,F3IrN;0,4SSi-C;Hg; M, = 3661.7(2);
yellow needle 0.005 x 0.020 x 0.060 mm?; monoclinic P2,/c; a =
15.8989(6) A, b = 19.4839(7) A; ¢ = 11.8251(4) A, f = 91.561(2)°;
V =3661.7(2) A% Z = 4; D, = 1.576 g cm™>; u = 4.032 mm™};
min. and max. absorption correction factors: 0.1248 and
0.2709; 26,.« = 68.182°; 53 433 reflections measured, 11179
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unique; Rj,. = 0.0781; number of data/restraint/parameters:
11 179/0/438; R1 = 0.0595 [9705 reflections, I > 26(I)], wR(F?) =
0.1756 (all data); largest difference peak: 6.91 e A™>. Highest
residual density peaks are found close to the metal atom.

General procedure for the formic acid dehydrogenation under
neat conditions

Catalytic reactions were carried out on a microreactor (man on
the moon™ series X102 Kit)** with a total volume of 16.2 mL.
Under an argon atmosphere, the reactor was filled with 250 pL
of formic acid and the corresponding amount of the catalyst
precursor. The reactor was then closed and heated to the
desired temperature in an oil bath, and when the temperature
and pressure of the system are stabilized, Et;N (370 pL,
40 mol% to FA) is injected with a microsyringe.

Procedure for the formic acid dehydrogenation in water

Catalytic reactions were carried out on a microreactor (man on
the moon™ series X102 Kit)** with a total volume of 16.2 mL.
Under an argon atmosphere, the reactor was filled with 250 pL
of formic acid, 250 pL of distilled water, and the corres-
ponding amount of the catalyst precursor. The reactor was
then closed and heated to the desired temperature in an oil
bath, and when the temperature and pressure of the system
are stabilized, Et;N (370 pL, 40 mol% to FA) is injected with a
microsyringe.

Conclusions

The iridium(m) complexes 2, 3, 4 and 5 (0.1 mol%) are
effective catalyst precursors for the solventless FADH in pres-
ence of Et;N (40 mol%). The catalytic system based on 3 has
proven to be the most active of them all. The best catalytic per-
formance (activity/selectivity) was achieved using 3 at 353 K
(TOFs min ~ 1210 h™'). The highest activity (TOFs; i, =~
3260 h™") has been obtained with 3 at 373 K. However, at that
temperature the FTIR spectra of the resulting gas show that
the desired products (H, and CO,) are impurified by traces of
CO.

Kinetic studies at variable temperature show that the acti-
vation energy of the 3-catalyzed FADH process is 16.76 kcal
mol~'. KIE values of 1.6, 4.5, and 4.2 were obtained for the 3-
catalyzed dehydrogenation of HCOOD, DCOOH, and DCOOD,
respectively, at 353 K. The strong KIE found for DCOOH, and
DCOOD (>4.0) evidenced that the activation of the C-H bond
of FA is the rate-determining step of the process.

In conclusion, the use of the ligand ¥*-NSi®" with two tert-
butyl substituents on the silicon atom and 4,4’-dimethyl-
bipyridine as ancillary ligand enhances the catalytic perform-
ance of Ir-NSi species as FADH catalyst precursors under sol-
ventless conditions. However, their use in an aqueous medium
is hampered due to the short life of the catalyst under these
conditions.
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