Open Access Article. Published on 10 August 2018. Downloaded on 12/4/2025 11:06:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Green Chemistry

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Iridium complexes catalysed the selective
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We describe an unprecedented catalytic dehydrogenation of glucose by homogeneous catalysts. Iridium

() complexes containing the fragment [Cp*Ir(NHC)

12* (NHC = N-heterocyclic carbene ligand) are shown

to be very active and highly selective catalysts for the dehydrogenation of glucose to gluconic acid and

molecular hydrogen. Glucose is converted to gluconic acid at a catalyst loading of 2 mol%, at reflux in
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Introduction

The production of chemicals from fossil resources is not a sus-
tainable process because it generates considerable amounts of
CO.. As an alternative, the conversion of biomass is an attractive
and sustainable synthetic protocol for the green manufacture
of profitable organic compounds.’™ Among others, glucose is
an abundant and renewable feedstock for the production of
initial platform chemicals.*”” Traditional systems for glucose
transformation use harsh conditions such as high temperature
or strong acids. The main challenge in the use of glucose is to
control selectivity due to the presence of many functional
groups.®° For instance, in the oxidation of glucose the for-
mation of different acids and keto acids is normally observed.
In the last few years, highly active heterogeneous catalysts have
been developed using O, as the oxidant. The Au/TiO, based
materials are among the most selective for the conversion of
glucose to gluconic acid."*™* However, industrial conversion
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water, without additives and with a selectivity of over 95%. Experimental evidence obtained by H NMR
spectroscopy and mass spectrometry (ESI/MS) reveals the formation of iridium coordinated to glucose
and gluconic acid species. A plausible mechanism is proposed, based on the experimental evidence and

of glucose is carried out by enzymatic biocatalysis. Glucose is
selectively converted into gluconic acid by the enzyme glucose
oxidase obtained from the fungus Aspergillus niger."> Gluconic
acid is an important building block in the production of other
chemicals and it is used in the pharmaceutical and food
industries.'® The production of gluconic acid by enzymes has
limitations imposed by the use of these labile natural catalysts,
such as the pH, oxygen pressure and catalyst recovery.

In this manuscript, we describe an alternative process for
the transformation of glucose into gluconic acid using iridium
molecular complexes (Scheme 1). Traditional glucose oxidation
involves the presence of air or oxygen with the concomitant
formation of water. In contrast, in the catalytic dehydrogena-
tion of glucose, water is the origin of both OH™ groups of the
carboxylic acid and the proton that releases molecular hydro-
gen. There are precedents in the literature describing the con-
version of alcohols and aldehydes into carboxylic acids where
water plays a key mechanistic role."”>® We have experimental
evidence in favour of the formation of iridium coordinated to
glucose and gluconic acid species. Based on these observations
as well as DFT calculations, a feasible reaction mechanism is
proposed.

Results and discussion

The catalytic dehydrogenation of glucose to gluconic acid was
evaluated by using iridium(ur) complexes containing the frag-
ment [Cp*Ir(NHC)] (NHC stands for N-heterocyclic carbene).
Iridium catalyst precursors were prepared by standard

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Selective dehydrogenation of glucose by iridium(i) com-
plexes in water.
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Scheme 2 Synthesis and crystal structures of 2—4. Ellipsoids are at the
50% probability level. For complex 2, hydrogen atoms and solvent mole-
cules (CHCls) are omitted for clarity. Selected bond lengths [A] and
angles [°]: Ir(1)-C(2) 2.040(5), Ir(1)-0O(3) 2.159(3), Ir(1)-O(4) 2.148(3),
Ir(1)-Cp*cent 1.78, O(3)-Ir(1)-0O(4) 66.18(12), O(3)-Ir(1)-C(2) 85.92(16).
For complex 3, hydrogen atoms except in H,O ligands, solvent mole-
cules (CH,Cly) and counterions (2 x OTf™) are omitted for clarity.
Selected bond lengths [A] and angles [°]: Ir(1)-C(2) 2.060(4), Ir(1)-O(9)
2.176(3), Ir(1)-0(10) 2.172(3), Ir(1)-Cp*cent 1.78, O(9)-Ir(1)-0O(10)
81.19(12), O(9)-Ir(1)-C(2) 89.13(14). For complex 4, selected bond
lengths [A] and angles []: Ir(1)-C(2) 2.035(6), Ir(1)-O(3) 2.091(4), Ir(1)-
C(4) 2.023(7), C(4)-0O(5) 1.242(8), Ir(1)-Cp*cent 1.81, C(4)-Ir(1)-0O(3)
80.4(2), O(3)-Ir(1)-C(2) 88.8(2).

methods. The [Cp*Ir(NHC)(SO,)] complex 2 and the [Cp*Ir
(NHC)(H,0),](OTf), complex 3 were obtained from 1 using
silver salts as halide abstractors and water as solvent
(Scheme 2). A characterization study of complexes 2 and 3 by
single crystal X-ray diffraction confirmed the chelating coordi-
nation mode of the sulfate ligand and the coordination of
water molecules.

In a typical catalytic experiment, the iridium complex was
added to a solution of glucose in deionized water and the
mixture was heated at reflux for an appropriate time. The pro-
gress of the reaction and product distribution was monitored
by ESI/MS, NMR and HPLC. Given the potentially wide
product distribution that can result from glucose oxidation,
preliminary monitoring of the reaction outcome was per-
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formed by negative ESI-MS.>°*?®1 The disappearance of the
peak due to deprotonated glucose [glucose-H]|™ (m/z 179) con-
comitant with the sole formation of a new species at m/z 195
anticipated good selectivity toward gluconic acid. Details of
the method optimization and chromatographic conditions for
quantitation purposes are given in the ESL{>*?° The
HPLC-MS/MS method consists of taking small aliquots of the
crude reaction mixture, diluting them with water/methanol
(95:5) and directly injecting them into the HPLC-MS system.
This methodology allows to (i) monitor glucose and gluconic
acid without unnecessary work-up, minimizing the number of
errors from sample pre-treatment steps, and (ii) obtain
detailed temporal reaction profiles and rapid reaction optimiz-
ation. Examples of the reaction profiles are shown in Fig. 1.

The results showed that catalyst precursors 1 and 2 were
active in the conversion of glucose to gluconic acid without
additives (Table 1). This transformation is a green process
carried out under mild reaction conditions using water as
solvent. Even more interesting is the formation of only gluco-
nic acid among all the potential acids and ketoacids directly
obtained from glucose (entries 3 and 4). We observed that
glucose dehydrogenation is sensitive to pH variation. The
addition of different amounts of base led to a significant
decrease in gluconic acid yield accompanied by glucose degra-
dation to unidentified products (entries 2, 5 and 6). The mass
balance of the reactions could not be rationalized under basic
conditions and glucose dehydrogenation was not further inves-
tigated in basic media. In this context, it is worth noting that
under basic conditions in the absence of any catalyst (entry 2),
glucose degradation without the formation of gluconic acid
was also observed at identical reactions times. This suggests
that both the intrinsic glucose degradation pathways caused
by the presence of base and gluconic acid formation are simul-
taneously coexisting at basic pH values. The situation is comple-
tely reversed under acidic conditions. The use of 0.25 eq. of
H,SO, or HCI vs. glucose significantly accelerated glucose de-
hydrogenation without penalizing selectivity to gluconic acid
(Fig. 1b and c). For example, under these conditions, 40% yield
was obtained after 30 min whereas for the reaction at neutral
PH, 40% yield was achieved after 6 h. Acidification enhanced
glucose conversion and gluconic acid yield that increased from
44 to 88%. Further increasing the H,SO, content did not sub-
stantially influence either the reaction yield (entries 7-10) or the
kinetics of gluconic acid formation. The use of different
amounts of HCI displayed identical reaction outcomes to those
observed for H,SO,. Control experiments under these reaction
conditions (entry 1) revealed that the iridium complexes are
essential for glucose dehydrogenation.

We also explored the potential application of iridium cata-
lysts in the selective conversion of (poly)carbohydrates into
gluconic acid. This represents a hot topic today with the main

1 The versatility of MS for the discovery of new catalytic reactions is exemplified
by Robbins and Hartwig in ref. 26; in particular, the analysis of oxidized pro-
ducts from glucose using ESI/MS has been documented in ref. 27 and 28.

Green Chem., 2018, 20, 4094-4101 | 4095
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Fig. 1 Temporal profile monitored by HPLC-MS/MS of glucose disappearance and gluconic acid formation.

Table 1 Summary of the results of glucose dehydrogenation

Entry Cat. Additive Conv.” (%) Yield® (%) Selec.” (%)
1 — H,S0, (1 eq.) 0 0 0
2 — NaOH (1 eq.) 64 0 0
3 1 — 44 44 100
4 2 — 27 25 92
5 1 NaOH (1 eq.) 82 27 32
6 1 NaOH (0.5 eq.) 43 17 39
7 1 H,S0, (1 eq.) 97 97 100
8 1 H,80, (0.75 eq.) 93 93 100
9 1 H,S0, (0.5eq.) 90 90 100
10 1 H,80, (0.25 eq.) 88 88 100
11 1 HCI (0.25eq.) 86 86 100
12 2 H,80, (0.5eq.) 39 39 100
13 2 HCI(0.25eq) 40 40 100

Reaction conditions: glucose (80 mg, 0.44 mmol), catalyst loading
(2 mol%), 24 h, 110 °C (bath temperature) and deionized H,O (20 mL).
“Conversions and yields determined using HPLC-MS/MS. ” Selectivity
to gluconic acid was calculated as (moles of gluconic acid produced/
moles of glucose reacted) x 100.

goal of affording valorised organic building-block chemicals,
especially using water as solvent.>’ Starch was selected as a
target (poly)carbohydrate (Fig. 2). Starch is a polysaccharide
made of glucose units bonded by p-glycosidic bonds. We used
starch composed of 20-25% of amylose and 75-80% of amylo-
pectin. In a typical reaction, starch was treated under the
general conditions described for the dehydrogenation of

4096 | Green Chem., 2018, 20, 4094-4101
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Fig. 2 Direct conversion of starch to gluconic acid and hydrogen in
water.

glucose. Starch was dissolved in acidic water using 1 eq. of
H,SO, per glucose unit and heated at 100 °C in the presence
of 2 mol% of catalyst 1. The reaction proceeded slowly due to
the hydrolysis of glycosidic bonds and after 50 h, the conver-
sion was 80% (considering all starch as glucose units). At that
time, the yield of gluconic acid was 50% and the yield of
glucose was 30%. The initial results reveal the potential appli-
cation of iridium complexes as selective catalysts for the trans-
formation of biomass into added-value chemical products.
The success of the process lies in the high stability of catalyst
1 in acidic medium.

Mechanism

In order to understand the general mechanism of the dehydro-
genation of glucose to gluconic acid, we first addressed the

This journal is © The Royal Society of Chemistry 2018
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chemical speciation of 1 in aqueous solution and under cata-
lytic conditions. Compound 1 is moderately soluble in water
and different species coexist. The "H NMR spectrum in D,O
features broad signals for the NHC and the Cp* moieties, con-
sistent with an equilibrium by chloride-water ligand exchange
(Fig. S51). This equilibrium has previously been established
for other piano-stool complexes.>” The ESI/MS results also
indicated that chloride cleavage and subsequent water coordi-
nation at the vacant sites took place upon dissolving 1 in
water. A prominent hydroxo-ligated species of the formula
[Cp*Ir(NHC)(OH)]" (m/z 441.0) was observed in the ESI mass
spectrum of aqueous solutions of 1 accompanied by doubly-
charged species of the formula [Cp*Ir(NHC)]*" (m/z 212.1) and
[Cp*Ir(NHC)(H,O)]*" (m/z 221.1). An additional peak at m/z 459
(Fig. S21) was detected. This latter species indeed corre-
sponded to a mixture of isobaric cations formulated as [Cp*Ir
(NHC)CI]" and [Cp*Ir(NHC)(OH)(H,0)]', as evidenced by its
characteristic gas-phase fragmentation. The collision induced
dissociation (CID) mass spectrum of mass-selected species at
m/z 459 displays losses of Am = 18 and 36, consistent with the
sequential release of two water molecules simultaneously with
one HCI molecule (Fig. S37).

Aqueous solutions of 1 undergo an equilibrium by
chloride-water ligand exchange. This equilibrium is sup-
ported by '"H NMR and ESI/MS and generates complex
[Cp*Ir(NHC)(H,0),]*" (3*) containing labile H,O ligands.
Moreover, DFT calculations revealed that deprotonation of
water molecules coordinated to organometallic complexes,
such as in 3*", is a feasible process.*® Consequently, aqua and
hydroxo species can exist in equilibrium in aqueous solutions,
and it is reasonable to consider that this equilibrium can be
shifted to the aqua 3> species under acidic conditions. This
explains the faster glucose conversion in acidic medium than
at neutral pH and suggests that the 3** dication is the active
catalyst. For these reasons, we consider the aqua complex as
the experimental input for the DFT studies.

Next, we addressed the progress of the catalytic reaction by
ESI/MS. The versatility of this technique for detecting short-
lived or transient intermediates in mechanistic studies is well
documented.’*® In the present work, aliquots at different
time intervals were taken, diluted with water and directly
injected into the ESI mass spectrometer. Glucose coordination
to the iridium complex was evidenced at the initial stages of
the reaction by the m/z values, the isotopic pattern and frag-
mentation upon CID of species present in the mixture. Species
formulated as [Cp*Ir(NHC)(glucose)]*" (m/z 302) and [Cp*Ir
(NHC)(glucose-H)]" (m/z 603) were detected based on their m/z
value, isotopic pattern (Fig. 3) and CID spectra (Fig. 4). It is
worth noting that glucose binding at the Ir centre in the [Cp*Ir
(NHC)(glucose)]** species was remarkable since glucose back-
bone fragmentation was preferred over neutral glucose release
under CID conditions, suggesting strong glucose coordination.
As the reaction proceeds, a new Ir-containing species could be
detected in situ by ESI/MS monitoring, formally corresponding
to gluconic acid ligation to the Ir complex. A peak at m/z 619
formulated as [Cp*Ir(NHC)(gluconic acid-H)]" was observed

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

[Cp*Ir(NHC)(glucose)]?*

a) 1o
) 100 i 4504

3011 4232

4252

A1 4571

461.1
2
383.1 5 [Cp*Ir(NHC)(glucose - H)J
-- ‘ 212 L ! 513.2 6032
iy

miz

1
250 3 0_: 350 400 450 500 550 600

100 100

1 R 603.2
Simulated for Simulated for

b
J « o [Cp*Ir(NHC)(glucose)P* =|  *[* [Co*Ir(NHC)(glucose -H)J*
[ A miz o S P v S v et
300 301 302 303 304 600 601 602 603 604 605 606
100 se24 100 6012 e
301.1
*® ®
3026 602.2 604.2
o miz o miz
300 301 302 303 304 600 601 602 603 604 605 606
Fig. 3 (a) ESI mass spectrum of the reaction mixture diluted with water

at U. = 5 V; the inset shows the lower m/z region where [Cp*Ir(NHC)
(glucose)]?* is observed; additional peaks were detected at m/z 383
(assigned to [2 x glucose + Nal*) and m/z 425; (b) a comparison of the
calculated isotopic patterns for [Cp*Ir(NHC)(glucose)®* (left side) and
[Cp*Ir(NHC)(glucose—H)I™ (right side).
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Fig. 4 (a) CID mass spectrum of mass-selected species at m/z 302,

[Cp*Ir(NHC)(glucose)]?*, recorded at low collision energy E, = 10 eV. It
displays losses of Am = 18 to yield a doubly-charged cation at m/z 293
followed by a charge-splitting process that produces the singly-charged
cations at m/z 441 and 175. (b) CID mass spectrum of mass-selected
species at m/z 603, [Cp*Ir(NHC)(glucose—H)]*, recorded at low collision
energy Ei.p = 15 eV. It displays losses of Am = 178 to yield the singly-
charged cations at m/z 425.

according to its m/z value, isotopic pattern and CID mass spec-
trum (Fig. S47).

A plausible mechanism for the dehydrogenation of glucose
is proposed, based on the above experimental evidence and
complemented by density functional theory (DFT) calculations
(Scheme 3). The initial hypothesis came from mechanistic
investigations into the synthesis of carboxylic acids from alco-
hols in water,"”'®*”7° and from the conversion of aldehydes
to carboxylic acids in the “Aldehyde-water shift” reaction.”® For
the theoretical studies, a simplified model for the substrate,
namely MeCH(OH)CHO = 2-hydroxypropanal, was considered,
minimizing the computational cost that would arise from the
consideration of multiple glucose conformations.

The cycle starts with the formation of the aqua complex
[Cp*Ir(NHC)(H,0),]*" (3) on the basis of the aqueous specia-
tion described above. In order to prove that complex 3 is a
competent catalytic active species, we performed the dehydro-
genation of glucose using isolated 3 as a CF3;SO;™ salt. The
results showed that complex 3 without additives is as efficient
as complex 1 under acidic conditions for the conversion of

Green Chem., 2018, 20, 4094-4101 | 4097
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glucose to gluconic acid in water. The H,O ligands in complex
3 are exchanged with glucose leading to species A. Species A
was evidenced by ESI/MS and according to DFT calculations
displays a chelate coordination mode via the carbonyl group
and the hydroxo group. We hypothesize that this ordered
cyclic arrangement not only confers remarkable stability to
species A (as evidenced by CID experiments), but also is
responsible for the propensity of the substrate to be converted
selectively into gluconic acid. Experimental attempts to isolate

View Article Online
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crystals of glucose coordinated to 3 were unsuccessful.
However, in a parallel experiment we observed the chelate
coordination of a model substrate containing an ortho-substi-
tuted aldehyde and a hydroxyl group. The reaction of
complex 1 with salicylaldehyde under basic conditions led to
complex 4. Deprotonated salicylaldehyde was coordinated in a
chelate mode as observed by single crystal X-ray diffraction
(ESIL, section S47). This result lends indirect support to the pro-
posed glucose chelate coordination mode. Then, a nucleo-
philic attack of water on the carbonyl of the coordinated
glucose produces a gem-diol species B through a low barrier
transition state 1 (12.9 kcal mol™"). Similar species have been
detected and/or postulated in the conversion of alcohols to car-
boxylic acids in aqueous medium.*®™** If the nucleophilic
attack on a coordinated carbonyl is produced by an amine or
alcohol, the formed species is an hemiaminal or hemiacetal,
respectively. These species are proposed as key intermediates
in many transformations and are difficult to detect and/or
isolate. Gusev et al. detected the formation of such species by
ESI/MS using ruthenium and osmium catalysts.**** The gem-diol
species rearranges to produce C that releases gluconic acid
and a solvated proton (H;0') and forms an iridium hydride
(D). Then, the iridium hydride (D) is protonated, forming a
dihydrogen species that releases hydrogen and regenerates the
catalyst. Analysis by gas chromatography confirmed the gas
evolution. As the reaction proceeds, a gluconic acid-co-
ordinated species is also observed in the ESI/MS (Fig. S47).
This species is an out-of-cycle intermediate and results from
the accumulation of gluconic acid in the reaction medium.
Related acetate-ligated species have been identified and iso-
lated in the pioneering examples of dehydrogenative oxidation
of alcohols to carboxylic acid using Ru-based catalysts."”

The highest energy step, in this case also the rate determin-
ing step, corresponds to the hydride transfer from the gem diol to
the iridium through TS2 (26.3 kcal mol™"), forming 2-hydroxy-
propanoic acid and H;O" (Fig. 5). A similar high-energy step
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Fig. 5 Abridged energy diagram for the conversion of R-MeCH(OH)CHO into the corresponding carboxylic acid catalysed by [Cp*Ir(NHC)]?* (the

complete mechanistic proposal is shown in Fig. S87).
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has been proposed in the “aldehyde-water shift reaction” using
a bipyridine iridium complex.*® The energy profile diagram
consists of a low barrier TS1 followed by a high barrier TS2
that support our experimental observations by ESI/MS.
Although other pathways could be considered, the experi-
mental results and the calculations support an energetically
feasible route for the dehydrogenation of glucose as described
in Scheme 3.

Conclusions

Iridium complexes bearing NHC ligands are efficient catalysts
for the production of gluconic acid from glucose in water and
under mild reaction conditions. Glucose dehydrogenation in
water represents a convenient methodology for the production
of added-value chemicals from biomass. Using iridium com-
plexes, the process is highly selective and we have not observed
the formation of other acids or ketoacids. Experimental evi-
dence obtained by '"H NMR spectrometry and mass spec-
troscopy (ESI/MS) shows the formation of catalytic intermedi-
ates that contain glucose coordinated to iridium. The results
support an unprecedented catalytic dehydrogenation of
glucose by homogeneous iridium complexes with the concomi-
tant formation of hydrogen gas. A plausible mechanism is pro-
posed based on the observation of these species and sustained
by DFT calculations.

Experimental section
General details

Complex 1 was prepared according to previously reported pro-
cedures.*> Complex 3 was previously synthesised using wet
CH,CI, as solvent and in this manuscript, we report the syn-
thesis of it using water as solvent.’® p-Glucose (99%),
p-gluconic acid (50% aq. sol), salicylaldehyde (98%), K,CO;
(99%), AgSO;CF; (99%) and Ag,SO, (99%) were purchased
from commercial suppliers and used as received. HPLC-grade
methanol (MeOH) and formic acid (HCOOH, content >98%)
were purchased from Scharlab (Barcelona, Spain). HPLC-grade
water was obtained from distilled water passed through a
Milli-Q water purification system (Millipore, Bedford, MA,
USA). Nuclear magnetic resonance (NMR) spectra were
recorded on Bruker spectrometers operating at 300 or
400 MHz ("H NMR), 75 or 100 MHz (“’C{'"H} NMR) and
377 MHz (*°F NMR), respectively, and referenced to SiMe, or
CCI;F (8 in ppm and J in Hz). NMR spectra were recorded at
room temperature with the appropriate deuterated solvent.

Methods

General procedure for catalytic experiments. Catalytic assays
were performed under aerobic conditions in 50 mL 2-neck
round bottom flasks. In a typical reaction, iridium catalyst
(2 mol%) was charged into a glucose solution (20 mL, 4 mg
mL ") with additives (H,SO,4, HCI, and NaOH) if needed. The
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reaction flask was introduced into a pre-heated oil bath at
110 °C. At selected times 250 pL aliquots were collected
directly from the flask with a syringe, diluted and kept at 4 °C
until HPLC-MS/MS analysis. At the end of the reaction, pH was
adjusted to 12 by adding NaOH. The solvent was evaporated
and the crude was analysed by 'H-NMR spectroscopy using
deuterium oxide as solvent.

Electrospray ionisation mass spectrometry (ESI/MS) and col-
lision induced dissociation (CID) experiments. ESI-MS studies
were performed using a QTOF Premier instrument equipped
with an orthogonal Z-spray-electrospray interface (Waters,
Manchester, UK) operated in the V-mode at a resolution of ca.
10 000 (FWHM). The drying and cone gas was nitrogen set to
flow rates of 300 and 30 L h™", respectively. A capillary voltage
of 3.5 kV was used in the positive ESI(+) scan mode. The cone
voltage was adjusted to a low value (typically U. = 5-15 V) to
control the extent of fragmentation in the source region.
Chemical identification of the Ir-containing species was facili-
tated by the characteristic isotopic pattern at natural abun-
dance of Ir and it was carried out by comparison of the isotope
experimental and theoretical patterns using the MassLynx 4.1
software. Typically, aqueous solutions of compound 1 were
stirred under catalytic conditions and aliquots were extracted
at the required time intervals, diluted with water to a final con-
centration of 5 x 10~* M (based on the initial Ir concentration)
and directly introduced into the mass spectrometer. For CID
experiments, the cations of interest were mass-selected using
the first quadrupole (Q1) and interacted with argon in the
T-wave collision cell at variable collision energies (Ejaboratory =
3-15 eV). The ionic products of fragmentation were analysed
with the time-of-flight analyser. The isolation width was 1 Da
and the most abundant isotopomer was mass-selected in the
first quadrupole analyser.

Procedure for hydrogen identification. A 100 mL Schlenk
flask was charged with glucose (80 mg, 0.44 mmol), H,SO,
(5.9 pL, 0.11 mmol), catalyst 1 (4.3 mg, 8.8 x 10> mmol) and
2 mL of water. The Schlenk flask was sealed and introduced
into a pre-heated oil bath at 110 °C. After 2 h, a 25 mL sample
of the generated gas was collected and the hydrogen content
was qualitative analysed by gas chromatography (GS-MOL
15 meters column ID 0.55 mm TCD from J&W Scientific; N, as
a carrier gas).

Synthetic procedures

General procedure for the synthesis of compound 2. Ag,SO,
(82 mg, 0.26 mmol) was added to a solution of 1 (110 mg,
0.22 mmol) in distilled H,O (50 mL). The reaction mixture
was introduced into a pre-heated oil bath at 70 °C and stirred
overnight (16 h) in the dark. The reaction was filtered over
Celite and the solvent was evaporated to dryness. The residue
was dissolved in CH,Cl, (30 mL), dried over MgSO, and
filtered over Celite. The resulting yellow solution was evapo-
rated to dryness. Complex 2 was precipitated using hexane
(20 mL), filtered and dried (yield 96.5 mg, 83%). 'H-NMR
(CD,Cl,, 400 MHz): 7.03 (s, 2H, Hjn), 3.71 (s, 6H, -Hn_cn,),
1.69 (s, 15H, Hgpe); APT (CD,Cl,, 100 MHz): 166.15 (C-Ir)
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125.22 (s, CHjp), 89.17 (s, Cp*-C), 39.44 (s, N-CH;), 11.67
(s, Cp*-CHy); electrospray MS (cone 20 V; mj/z, fragment):
543.1, [M + Na]'; elemental analysis caled for Cy5H,3IrN,0,S,
C: 34.67, H: 4.46, N: 5.39, S: 6.17; found, C: 34.46, H: 4.49,
N: 5.42, S: 5.90.

General procedure for the synthesis of compound 3.
AgCF;S0; (52 mg, 0.20 mmol) was added to a solution of 1
(50 mg, 0.10 mmol) in distilled H,O (10 mL). The reaction
mixture was introduced into a pre-heated oil bath at 40 °C and
stirred overnight (16 h) in the dark. The reaction was filtered
over Celite and the solvent was evaporated to dryness to
afford complex 3 as a yellow-brown solid (yield 56.4 mg, 73%).
'"H-NMR (D,O, 400 MHz): 7.33 (s, 2H, Hi,), 3.78 (s, 6H,
-Hy-cn,), 1.65 (s, 15H, Hcp), '’F-NMR (D,0, 377 MHz): —78.72
(s, CF3503).

General procedure for the synthesis of compound 4.
Salicylaldehyde (16 pL, 0.15 mmol) was added to a solution of
1 (50 mg, 0.10 mmol) in acetone (10 mL) in the presence of
K,COj3 (21 mg, 0.15 mmol). The resulting mixture was stirred
overnight at room temperature. The solvent was removed and
the crude material was purified by column chromatography on
silica gel using CH,Cl,-acetone (1:1 v/v) as eluent to afford 4
as a yellow solid (yield. 37 mg, 68%). 'H-NMR (CD,Cl,,
400 MHz): 7.14 (d, *Jys_ns = 7 Hz, 1H, H3), 6.95 (d, *J = 1 Hz,
1H, Hin), 6.89 (d, ] = 1 Hz, 1H, Hi,), 6.86 (d, 1H, H,),
6.75 (d, *Jus_ne = 8 Hz, 1H, Hy), 6.23 (dd, *Jis_ns = 8 Hz, Hs),
3.93 (s, 3H, ~Hy_cn,), 3.74 (s, 3H, ~Hx_cn,), 1.71 (s, 15H, Hcpx).
APT (CDCl;, 100 MHz): 179.98 (s, Ir-C=0), 153.25 (s, Cp),
145.21 (s, C-O-Ir), 132.54 (s, C,), 123.15 (s, CHjy,), 122.75
(s, CHip), 121.72 (s, C3), 115.38 (s, C¢), 113.18 (s, Cs), 91.04
(s, Cp*-C), 37.23 (s, N-CH;), 8.93 (s, Cp*-CH,); ESI/MS
(cone 20 V; m/z, fragment): 545.2, [M + H]', 568.2, [M + Na]',
577.3, [M + CH30H + H]'; elemental analysis caled for
Cy,H,,IrN,0,, C: 48.60, H: 5.01, N: 5.15; found, C: 48.39,
H: 4.78, N: 5.26.
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