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ABSTRACT

The efficient hydrogenation reaction of furfural (FFR) to furfuryl alcohol (FFA) was
achieved with new pyridyl-imine iridium(lll) and ruthenium(ll) complexes as catalyst
precursors. The hydrogenation of furfural yielded furfuryl alcohol selectively with a turnover
number (TON) of 2961 and turnover frequency (TOF) of 1481 h™ The reactions were
performed with formic acid as the source of hydrogen using a catalyst loading as low as
0.025 mol% and EtsN as base. The catalyst remained active for up to seven consecutive
catalyst reuse cycles. Iridium outperformed the ruthenium analogues in terms of selectivity.
Iridium hydride species were detected, during in situ *H NMR spectroscopy studies, and are
believed to be the active catalytic species. A mechanism of the hydrogenation reaction has

hence been proposed.

KEYWORDS
iridium(lI1),  ruthenium(ll), half-sandwich  complexes, furfural, furfuryl alcohol,
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1. INTRODUCTION

Depleting fossil resources and growing environmental concerns, has stoked the quest for
renewable resources to synthesize chemicals and liquid fuels. Biomass is a promising
alternative to the current fossil resources as it is readily available and renewable.'
Valorisation of biomass is usually aimed at producing platform molecules, which can further

be transformed into useful chemicals and fuels.* The US Department of Energy (DOE) was
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the first to come up with a list of platform molecules in 2004°. However Bozell angl Pgtejson®c e

revisited this list the following year and updated the list to include sugars (glucose, xylose),
furans (5-hydroxymethylfurfural, furfural), polyols (sorbitol, glycerol, xylitol) and organic
acids (lactic, succinic, levulinic acids).* One of the important platform molecules which
features in this updated list, furfural (FFR), has an annual global demand of around 30
kton/year.” It is produced from the hydrolysis of xylan, found in the hemicellulose part of
lignocellulosic biomass.® It serves as a raw material for the production of a variety of
valuable chemicals including furfuryl alcohol (FFA), which in turn is used to produce fine
chemicals and products such as tetrahydrofurfuryl alcohol (THFA), 1,2-pentanediol (1,2-PD),
2-methylfuran (MF), cyclopentanone (CPO) thermostatic resins, vitamin C, lysine and
lubricants.® FFA is synthesized by the hydrogenation of the aldehyde group in FFR as shown

in Scheme 1.1°

— OH
FFA

Ho ‘Cat.

3 ] —

THFA 1,2-PD

?

Scheme 1: Hydrogenation products of FFR®

Commercial production of FFA uses a copper chromite catalyst, high temperatures and high
pressures of hydrogen gas. This method of production is unfavourable due to the toxicity of
the chromite catalyst and the explosive nature of hydrogen gas at high temperature and
pressure.* Due to this, focus has been shifted to catalyst systems that use alternative less
toxic metal catalysts (based on Pd, Pt, Ru and Ir) while some reports use other safer sources
of hydrogen like isopropanol and formic acid.**™*” The hydrogenation of aldehydes as well as
ketones was first described in 1925 by Meerwein-Ponndorf-Verley via transfer hydrogenation
and since then a considerable amount of progress has been made in the field of transfer
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M hydrogenation. Catalyst systems commonly used for transfer hydrogenation reactionssare s
5 less efficient in reducing aldehydes and also have difficulties in controlling the
6 .
7 chemoselectivity to the alcohol product.”
8
?o Many homogeneous catalytic systems such as Ru and Ir complexes?*® which have been
11 used in the hydrogenation of biomass derivatives have been reported. In our previous work,
12
13 we successfully hydrogenated levulinic acid into gamma-valerolactone, another important
14 . . . . . .
15 platform chemical obtained from lignocellulose, using half-sandwich ruthenium complexes as
516 catalyst precursors. Complete conversions and high selectivities to gamma-valerolactone was
7
%8 achieved in a solvent-free system with formic acid as the hydrogen source.?*? There are few
39 . .
920 reports on the conversion of furfural to furfural alcohol with homogenous Ru and Ir
(@]
g; complexes with relatively good yield (Figure 1). Amongst these, most use hydrogen gas,
%3 while some need the presence of other additives. In others, difficult-to-handle supporting
24
S5 ligands such as trialkyl phosphines are used to stabilize the catalyst precursors and there are
=y
26 . - 33 e - .
Z no studies done on the recyclability of the catalysts.*>?* still, the selectivity for FFA is low
gg when using these catalytic systems.
0
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58 Figure 1: Homogeneous Ruthenium and Iridium catalysts used in the hydrogenation of furfural to
59
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Wu et al., for instance reported very high turnover numbers (13 877 h™) in conversion of EFR: o
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to FFA using an iridium half-sandwich catalyst (Figure 1E). However, to achieve these
results, they needed a phosphate buffer solution as an additive in addition to 10 bars of
hydrogen gas. There was also no further study done to show the recyclability of their
catalysts.’> O’Connor and co-workers also, reported the conversion of FFR to FFA in 95 %
yield within a short reaction time, using an iridium half-sandwich complex as the catalyst
(Figure 1F) and 2-propanol as both solvent and hydrogen source They used a high catalyst
loading of 1 mol% and also didn’t report on the recyclability of their catalyst.*® It is important
to develop recyclable homogeneous catalysts, from ligands that are easy to handle and
synthesize (preferably one step) which require no further additives and solvents to synthesize
FFA selectively from FFR.

Herein, we report the synthesis of half-sandwich iridium(Il) and ruthenium(Il) complexes
and their utilization as catalyst precursors in the chemoselective hydrogenation of FFR into
FFA. These complexes do not require hydrogen gas and do not need further additive to

achieve efficient hydrogenation.

2. EXPERIMENTAL
2.1 General Information

4-aminobenzoic acid (99%), 2-pyridinecarboxylic acid (99%), 2-quinolinecarboxaldehyde
(97%), dichloro(p-cymene)ruthenium(ll)dimer, iridium cyclopentadiene dimer, Furfural
(97%), Triethylamine, Sodium hexafluorophosphate (98%) and formic acid (95%) were all
purchased from Sigma-Aldrich and were used as supplied. All solvents used were of
analytical grade and were dried using MBRAUN SPS-800 solvent drying system. 'H NMR
(400 MHz) and ®*C{1H} NMR (100 MHz) spectra were recorded on a Bruker-400 MHz
spectrometer and values were reported relative to tetramethylsilane (& 0.0) as internal
standard. FT-IR spectra were recorded using a Perkin Elmer FT-IR Spectrum BX-ATR.
Elemental analyses were performed on a Thermo Scientific FLASH 2000 CHNS-O analyzer.
HR-MS (ESI) spectra were recorded on a Waters Synapt G2 spectrometer. Ligands L1, L2

and complexes 1 and 2 were synthesized following reported literature methods.?®
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2.2 General Procedure for the synthesis of complexes 1 to 4 DOk 101056/b0N 018118

2.2.1 [Ru(p-cymene)CI(L1)]CI (2)

Complex 1 was synthesized according to reported literature methods.? Yield: ( 270 mg, 93.9
%): M.p: decomposes without melting (onset at 180 °C); FT-IR (vmad/cm™): 3380 b (OH),
1702 s (C=0), 1600 s (HC=N); *H NMR (400 MHz, MeOD-d,, 25 °C, &, ppm): 9.53 (d, *JuH
= 5.60 Hz, 1H, pyr-CH), 8.84 (s, 1H, imine-CH), 8.31 — 8.25 (m, 4H, pyr-CH, pyr-CH,
aromatic-CH), 7.89 (d, Jun = 8.40 Hz, 2H, aromatic-CH), 7.86 (t, *Jun = 5.60 Hz, 1H, pyr-
CH), 6.00 (d, *Jun = 6.00 Hz, 1H, p-cym-CH), 5.69 (d, *Jun = 6.00 Hz, 1H, p-cym-CH), 5.64
(d, *Jun = 6.00 Hz, 1H, p-cym-CH), 5.50 (d, *Jun = 6.40 Hz, 1H, p-cym-CH), 2.60 (m, Juy =
7.20 Hz, 1H, p-cym-CH(CHs),), 2.25 (s, 3H, p-cym-CHs), 1.09 (d, *Jun = 6.80 Hz, 6H, p-
cym-CHs); *C{*H} NMR (100 MHz, DMSO-ds, 25 °C, &, ppm): 206.41 (-COOH), 168.94
(imine-C=N), 166.48 (pyridyl-C=N), 156.15 (pyr-CH), 154.72, 154.38 (aromatic-C(COOH)),
139.94 (pyr-CH), 130.64 (aromatic-CH), 130.50 (pyr-CH), 129.11 (pyr-CH), 122.76
(aromatic-CH), 105.24 (p-cym-C(CHgz)), 103.71, 86.67 (p-cym-CH), 86.00 (p-cym-CH),
84.87 (p-cym-CH, p-cym-CH), 30.45 ((p-cym-C(CHys)y)), 21.67 (p-cym-CHs, p-cym-CHy3),
18.26 (p-cym-CHgs); CHN-calculated: (51.88 % C, 4.56 % H, 5.26 % N), CHN-obtained:
(52.26 % C, 4.53 % H, 4.96 % N); HR-MS (ESI") [CH24CIN,O,Ru]" calculated, m/z =
497.0570 [M]", found, m/z = 497.0570 [M]"; Solubility: water, methanol, ethanol.

2.2.2 Synthesis of [Ru(p-cymene)CI(L2)]CI (2)

Complex 2 was synthesized according to reported literature methods.?® Yield: (193 mg, 91.90
%): M.p: decomposes without melting (onset at 187 °C); FT-IR (vmadcm™): 3387 b (OH),
1706 s (C=0), 1593 s (HC=N), 1513 w (C=N); *H NMR (400 MHz, MeOD-d,, 25 °C, 8,
ppm): 9.09 (s, 1H, imine-CH), 8.85 (d, 33y = 8.40 Hz, 1H, quin-CH), 8.82 (d, 3Jun = 8.80
Hz, 1H, quin-CH), 8.33 (d, *Jun = 8.40 Hz, 1H, quin-CH), 8.32 (d, 3Jun = 8.40 Hz, 2H,
aromatic-CH), 8.28 (d, *Jun = 8.40 Hz, 1H, quin-CH), 8.20 (t, *Jun = 7.60 Hz, 1H, quin-CH),
8.06 (d, *Jun = 8.80 Hz, 2H, aromatic-CH), 8.01 (t, ®Juy = 7.20 Hz, 1H, quin-CH), 6.03 (d,
$Jun = 6.40 Hz, 1H, p-cym-CH), 5.89 (d, *Jun = 6.00 Hz, 1H, p-cym-CH), 5.77 (d, 3Jun =
6.40 Hz, 1H, p-cym-CH), 5.32 (d, *Jun = 6.00 Hz, 1H, p-cym-CH), 2.38 (m, 3Juy = 7.20 Hz,
1H, p-cym-CH(CHs),), 2.29 (s, 3H, p-cym-CHs), 0.99 (d, 3Jun = 6.80 Hz, 3H, p-cym-CHs),
0.84 (d, *Jun = 6.80 Hz, 3H, p-cym-CHa); “*C{*H} NMR (100 MHz, DMSO-ds, 25 °C, 8,
ppm): 206.92 (-COOH), 170.34 (imine-C=N), 166.98 (pyridyl-C=N), 156.09, 155.55
(aromatic-C(COOH)), 148.92, 141.37 (quin-CH), 133.93 (quin-CH), 132.51, 131.27


https://doi.org/10.1039/d0nj01811b

New Journal of Chemistry Page 6 of 21

(aromatic-CH), 130.99 (quin-CH), 129.80 (quin-CH, quin-CH), 125.39 (quin-CH), 123,285 5
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(aromatic-CH), 106.01 (p-cym-C(CHj3)), 105.54, 87.01 (p-cym-CH), 86.82 p-cym-CH), 85.98
(p-cym-CH), 85.09 (p-cym-CH), 30.95 (p-cym-C(CHj3)y), 22.51 (p-cym-CHs), 21.43 (p-cym-
CHj3), 18.78 (p-cym-CHs); CHN-calculated: (55.67 % C, 4.50 % H, 4.81 % N), CHN-
obtained: (56.00 % C, 4.56 % H, 4.75 % N); HR-MS (ESI") [C,7H26CIN,O,Ru]" calculated,
m/z = 547.0726 [M]", found, m/z = 547.0725 [M]"; Solubility: water, methanol, ethanol.

2.2.3 [Ir(Cp*)CI(LD)][PF¢] (3)

Ligand L1 (40.72 mg, 0.18 mmol) and [IrCI,Cp*], (71.70 mg, 0.09 mmol) was stirred in dry
methanol (20 ml) for 30 mins, followed by the addition of NaPFs (33.13 mg, 0.18 mmol).
The solution was left to stir at 25 °C for 24 h. The solvent was removed via vacuum after
which the orange solid formed was further dissolved in acetone. The resulting solution was
filtered with a microfilter and the acetone removed under vacuum. After vacuum drying the
solid overnight, a bright orange solid was obtained. Yield: 88 mg (66.60 %); FT-IR (vma/Cm’
1): 1681 s (C=0), 1603 w (HC=N), 1561 w (C=N); *H NMR (400 MHz, DMSO-ds, 25°C,
ppm): & 9.4 (s, 1H, imine-CH), 8 9.07 (d, 3Jun = 5.20 Hz, 1H, pyr-CH), & 8.45 (d, %Juy =
7.20 Hz, 1H, pyr-CH), & 8.36 (t, *Jun = 7.60 Hz, 1H, pyr-CH), 5 8.19 (d, *Jun = 8.40 Hz, 2H,
aromatic-CH), & 7.96 (t, 3Jun = 6.40 Hz, 1H, pyr-CH), & 7.77 (d, *Juy = 8.40 Hz, 2H,
aromatic-CH), & 1.42 (s, 15H, Cp*-CH); *'P{*H} NMR (161 MHz, DMSO-ds, 25°C, ppm): &
-131.02 to -152.98 (m, 1P), ®*F{*H} NMR (376 MHz, DMSO-ds, 25°C, ppm): & -69.20 (s,
3F), 6 -71.09 (s, 3F); CHN-calculated: (37.63% C, 3.43% H, 3.82% N), CHN-obtained:
(38.01% C, 3.56% H, 3.76% N); HR-MS (ESI") [C23H2sCIN,OIr]" calculated, m/z =
589.1234 [M]", found, m/z = 589.1229 [M]"; Solubility: DMSO, acetone, methanol and
ethanol.

2.2.4 [Ir(Cp*)CI(L2)][PF¢] (4)

[IrCI,.Cp*]2 (71.70 mg, 0.09 mmol) was stirred in dry methanol (20 ml) for about 10 mins
followed by the addition of ligand L2 (49.74 mg, 0.18 mmol). The mixture was allowed to
stir for 30 mins before the addition of NaPFs (33.13 mg, 0.18 mmol). The solution was left to
stir at 25 °C for 24 h. After 24 h, the resulting solution was filtered with a microfilter and the
methanol removed via vacuum to afford a dark brown solid which was dried overnight under
vacuum. Yield: 111 mg (78.64 %); FT-IR (vmad/cm™): 1689 s (C=0), 1600 w (HC=N), 1516
w (C=N); 'H NMR (400 MHz, DMSO-ds, 25°C, ppm): & 13.37 (s, 1H, COOH), § 9.72 (s, 1H,
imine-CH), & 8.92 (d, *Juy = 8.40 Hz, 1H, quin-CH), & 8.43 (d, *Juy = 8.00 Hz, 1H, quin-
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1

2

z CH), 5 8.36 (d, *Jun = 8.80 Hz, 1H, quin-CH), & 8.30 (d, *Jun = 8.40 Hz, 1H, quinsCEE,/c e
5 8.18 (d, *Jun = 8.40 Hz, 2H, aromatic-CH), & 8.15 (t, *Jun = 8.80 Hz, 1H, quin-CH), & 8.01
? (d, *Jun = 8.40 Hz, 2H, aromatic-CH), & 7.97 (t, ®Juy = 7.60 Hz, 1H, quin-CH), & 1.30 (s,
g 15H, Cp*-CH); **P{"H} NMR (161 MHz, DMSO-dg, 25°C, ppm): & -135.41 to -157.36 (m,
1(1) 1P), F{*H} NMR (376 MHz, DMSO-ds, 25°C, ppm): & -69.20 (s, 3F), & -71.09 (s, 3F);
12 CHN-calculated: (41.36% C, 3.47% H, 3.57% N), CHN-obtained: (40.94% C, 3.61% H,
I 3.46% N); HR-MS (ESI) [CorHarCINoO,IF]* calculated, m/z = 639.1390 [M]", found, m/z =
}2 639.1395 [M]"; Solubility: DMSO, acetone, methanol and ethanol.

a7

A8

S9 2.3 General procedure for hydrogenation reactions

0

%; Furfural (20 mmol), formic acid (20 mmol), catalyst (0.02 mmol / 0.1 mol %), and

%3 triethylamine (20 mmol) were added to an autoclave reactor. The mixture was heated to the

gg desired temperature after purging four times with nitrogen gas. The mixture was then left to

%g stir for the required length of time. At the end of the reaction, the reactor vessel was cooled

%g and the gas generated released. A sample of the mixture was then analysed by 'H NMR
0 spectroscopy.

4

gi 2.4 Crystal data collection, structure resolution and refinement

35

%g Single crystals suitable for X-ray diffraction analysis for complex 3 were grown and used to

B8 determine the structure for the complex. In a typical experiment, an orange crystal of 3 with

gg approximate dimensions 0.70 x 0.27 x 0.20 mm® was selected under ambient conditions. The

j; crystal was mounted in a stream of cold nitrogen at 100 K and centred in the X-ray beam

43 using a video camera on the diffractometer. The crystal evaluation and data collection were

jg performed using Quazar multi-layer optics monochromated Mo Ka radiation (A = 0.71073 A)

j? on a Bruker APEX-II CCD diffractometer and APEX Il control software. All X-ray

jg diffraction measurements were performed at 100 K and diffractometer to crystal distance of

50 4.00 cm. Data reduction was performed using SAINT+, and the intensities were corrected for

ﬁ; absorption using SADABS.** Using the Olex2 software,® the structure was solved with the

gi ShelXT* structure solution program using Intrinsic Phasing and refined with the ShelXL*’

55 refinement package using Least Squares minimisation. All non-hydrogen atoms were refined

g? with anisotropic displacement coefficients. All hydrogen atoms were placed in geometrically

58

59
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idealised positions and constrained to ride on their parent atoms. Crystallographig, data1as; s s
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been deposited with the Cambridge Crystallographic Data Centre with CCDC 1833342.
Copies of this information may be obtained free of charge from the Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK (fax: +44 1223 336063; deposit@ccdc.cam.ac.uk or

http://www.ccdc.cam.ac.uk).

3. RESULTS AND DISCUSSIONS

3.1 Synthesis of catalysts

The four complexes were characterised using *H and *C{*"H} NMR spectroscopy, elemental
analysis (CHN), infrared spectroscopy and mass spectrometry. The *H NMR spectra (Figures
S1-S4) of the complexes show significant shifts of the signal for the protons adjacent to the
pyridyl nitrogen as well as those of the imine protons. These shifts confirm the coordination
of both nitrogen atoms to the metal centres. For the ruthenium complexes 1 and 2, a chloride
was displaced upon coordination and serves as the counter ion to stabilize the complex.
However, for the iridium analogues, complexes 3 and 4, NaPFg was used to abstract a
chloride for successful bi-dentate coordination, where PFg™ anion serves as the counter ion to
the complexes. The [M]" peaks, which correspond to the cationic part of the complexes, were

observed in the mass spectra (Figures S5-S8) of complexes 1 to 4.

Single crystals suitable for XRD analysis were obtained for the iridium complex 3.
Crystallization of 3 was performed by dissolving 5 mg of 3 in a vial containing about 1 ml
acetone. The vial was closed with a needle pierced lid and kept at room temperature to allow
slow evaporation. After a week, shiny orange prismatic crystals were obtained. The crystal
data and structure refinement parameters for 3 are presented in Table 2. The complex
crystallized in the P2;/c space group in a monoclinic crystal system. The crystal structure
obtained (Figure 2), confirmed the successful abstraction of one chloride from the iridium
metal centre to allow the successful coordination of a nitrogen atom to the iridium metal. The
structure also shows the cyclopentadiene n°-bonded to the iridium metal centre, causing the
complex to assume a piano-stool structure about the metal centre. Selected bond distances

and angles of 3 have been shown as captions under the molecular structure.
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Scheme 2: Outline for the synthesis of complexes 1 to 4.

ci1g#”

Figure 2: Molecular structure of 3 (hydrogen atoms removed for clarity). Selected bond lengths (A)
and bond angles (°): Ir(1)-CI(1), 2.3843(11); Ir(1)-N(1), 2.084(4); Ir(1)-N(2), 2.115(4); N(1)-C(7),
1.431(6); N(1)-C(8), 1.284(7); N(1)-Ir(1)-CI(1), 83.79(11); N(2)-Ir(1)—CI(1), 85.74(12);
N(1)-Ir(1)-N(2), 76.09(16)
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The imine C=N bond remains intact as can be seen from the shorter bond lepgth ofsthe s

oNOYTULT D WN =

N(1)—-C(8) bond (1.284(7) A) as compared to that of the N(1)-C(7) bond (1.431(6) A). The
Ir—Cl bond length (2.3843(11) A) and the two Ir—N bond lengths (2.115(4) and 2.084(4) A)
that were recorded for 3 are in accordance with those reported in literature.®

3.2 Hydrogenation of FFR to FFA

In the preliminary hydrogenation studies, 20 mmol of FFR was reacted with 10 mmol of
triethylamine base and 20 mmol formic acid at a 0.1 mol% catalyst loading for 10 h (Table
1). At these conditions, all catalysts gave 100% conversions of FFR. Catalysts 1, 2 and 3 gave
FFA selectivities of 89%, 83% and 99% respectively whereas 4 gave 100% selectivity (Table
1, entries 1-4). In an attempt to select the best performing catalyst, the reactions were
repeated as before but for 6 h. Again, all catalyts gave 100% conversions with varied
selectivities except for 4 which maintained 100% selectivity (Table 1, entries 5-8). The time
was further reduced to 2 h and at this time, only 4 maintained 100% conversion and
selectivity (Table 1, entries 9-12). From this preliminary study, it can be observed that
iridium catalysts gave higher FFA selectivities than their ruthenium counterparts. The
secondary product, mostly formed from the use of 1 and 2 was identified as difurfuryl ether
(DFE), as was proven with *"H NMR spectroscopy (Figure S9). The formation of DFE from
FFA has been seen with heterogeneous catalysts in molecular hydrogen driven FFR
hydrogenation reactions."? It was interesting to observe the formation of this product for the
first time under transfer hydrogenation. We were able to optimize the reaction to achieve only
up to <10% vyield of DFE with the ruthenium complexes. Having established catalyst 4’s
better performance and selectivity in the series, this catalyst was used for further optimization

of other parameters.
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Table 1: Hydrogenation of FFR to FFA.
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DOI: 10.1039/DONJ01811B

Entry Catalyst Time FFR FFA DFE TONP TOF
(h) Conversion Selectivity Selectivity (hhe
(%)* (%)* (%0)°

1 1 10 100 89 11 890 89
2 2 10 100 83 17 830 83
3 3 10 100 99 1 990 99
4 4 10 100 100 0 1000 100
5 1 6 100 92 8 920 142
6 2 6 100 86 14 860 127
7 3 6 100 99 1 990 158
8 4 6 100 100 0 1000 167
9 1 2 65 100 0 650 325
10 2 2 98 93 7 911 456
11 3 2 98 99 1 970 485
12 4 2 100 100 0 1000 500

Conditions: FFR (20 mmol), formic acid (20 mmol), catalyst (0.02 mmol), base (10 mmol), 140 °C.
[a] Conversion and Selectivity determined by NMR spectroscopy. [b] TON = moles of FFA / moles
of catalyst. [c] TOF = TON / time.

3.2.1 Conversion as a function of amount of base

An interesting observation was made in our previous work in synthesizing gamma-

valerolactone from bio-based levulinic acid,?® where catalytic amounts of triethylamine base

were enough to hydrogenate levulinic acid, using formic acid as the hydrogen source. This
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resulted 98% conversion using just two mmol of the EtsN base. Seeking similar resylts inthis: oo s

oNOYTULT D WN =

current work, the hydrogenation reactions were performed with 4 at 0.1 mol% catalyst
loading for 2 h while varying the amount of EtzN used. From Figure 3, it can be seen that as
the amount of base was decreased, the conversion also decreased slightly, with the highest
conversion being 99% for both 7.5 mmol and 5.0 mmol of base whereas 2.5 mmol of base
gave a conversion of 87%. All the reactions, however, gave 100% selectivities to FFA. When
the reaction was performed without base, no conversion was observed. Hence, 5.0 mmol of

base was selected as the optimum amount of base and was thus used for further reactions.

100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -

1

Conversion / %

5 7.5 10
Amount of base / mmol

Figure 3: Conversion as a function of base

Conditions: FFR (20 mmol), formic acid (20 mmol), catalyst (0.02 mmol), 2 h, 140 °C. [a]
Conversion and Selectivity determined by NMR spectroscopy.

3.2.2 Catalyst loading

The catalyst loading was varied using 5.0 mmol of base (Figure 4). As the amount of catalyst
was reduced, conversion of FFR also reduced. 0.075 mol% and 0.05 mol% of catalyst both
gave conversions of 98 % whereas 0.025 mol% gave a conversion of 74 % with a TON and
TOF of 2961 and 1481 h™ respectively. O’Connor and co-workers used 1 mol% of an iridium
half-sandwich catalyst precursor to reduce FFR to FFA in 95 % yield within half an hour.* In
this work, the amount of iridium half-sandwich catalyst precursor used was twenty times less

(0.05 mol%) but still resulted in a relatively higher conversion of FFA, albeit in 2 hours. This
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reduction in amount of catalyst is potentially a more economical way to offset the high:cost
of iridium metal. A catalyst loading of 0.05 mol% was hence selected as the optimum amount
of catalyst for the reaction where a TON and TOF of 1964 and 982 h™ was recorded.

100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 ~
20 -
10 -

0

0.025 0.05 0.075
Catalyst loading / mol%

Conversion / %

Figure 4: Catalyst loading

Conditions: FFR (20 mmol), formic acid (20 mmol), base (5 mmol), 2 h, 140 °C. [a] Conversion and
Selectivity determined by NMR spectroscopy.

3.2.3 Homogeneity test

In order to test the homogeneity of the active catalyst in the hydrogenation of furfural to
furfuryl alcohol, a mercury poisoning test was performed with catalyst 4. The reaction was
performed with 20 mmol of FFR, 20 mmol of formic acid and 5 mmol of Et3N at a catalyst
loading of 0.1 mol%. Then, 330 mg of metallic mercury was added into the reaction vessel
and the reaction was carried out for 2 h at 140 °C. Nanoparticles, formed during the reaction,
could be responsible for the high activities observed, rendering the catalytic transformation to
be classified as heterogeneous or even a cocktail of both heterogeneous and homogeneous
catalysts.®® A fast way of testing the true nature of the catalysts involved in the
transformation is by the mercury poisoning test which is based on the ability of mercury(0)
to amalgamate zero-valent metals or to adsorb them onto the metal surface.*®** As such, to
test for the homogeneity of our reactions, metallic mercury was added in order to poison any
nanoparticles which could be formed during the reaction. At the end of the reaction, the
selectivity remained 100% while the conversion of furfural had only reduced from 93% to

92%. This showed that the active species driving the catalysis is of a homogeneous nature.

icle Online
JO1811B
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3.2.4 Recyclability studies View Articte Online

DOI: 10.1039/DONJ01811B
The recyclability of complex 4 was studied at 140 °C using 0.1 mol% catalyst loading, 20
mmol FA and 10 mmol of EtzN over 2 h. At the end of the reaction, ethanol was added to the
crude mixture, in the autoclave reactor, to dissolve its contents. The liquids (including
products and solvent) were removed under vacuum at 100 °C, leaving behind a solid residue,
which was dried overnight in a vacuum oven, at 40 °C. The dried catalyst was transferred
back into the reactor and recharged with FFR, FA and EtsN before heating at 140 °C for 2 h.
The procedure was repeated until the eighth run (Figure 5). The first run gave 100 %
conversion of furfural and 100% furfuryl alcohol selectivity as expected, however, the
furfural conversions of the subsequent runs reduced to greater than 90% (runs 2 and 3
recording 96%, 94% respectively). After the third run, the conversions further reduced to
greater than 80% (runs 4, 5 and 6 recording 83%, 82% and 81% respectively). For the 7" run,
the furfural conversion reduced to 75%. However, when the eighth run was attempted, the
content of the reactor had dried up. The furfuryl alcohol selectivities recorded from run 2

through to run 7 were all greater than 95%.

100

90 -

80 -

70 -

60 -

50 1 m Conversion

40 - .
m Selectivity

30 -

20 -

10 -

0 i

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run7
Catalysis cycle

Conversion/Selectivity (%)

Figure 5: Recyclability of complex 4

Conditions: FFR (20 mmol), formic acid (20 mmol), base (10 mmol), catalyst (0.02mmol), 2 h, 140
°C. [a] Conversion and Selectivity determined by NMR spectroscopy.
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A small scale reaction was performed in a J Young NMR tube by loading catalyst 3, formic
acid, Ets3N and MeOD, and monitoring the progression using NMR spectroscopy at 60 °C.
After 30 mins, the 'H NMR spectrum (Figure S10) showed the formation of iridium-hydride
peaks. Chemical shifts appeared at -9.5 ppm and -10 ppm which correspond to a dihydride*
and a monohydride® species respectively. A dihydrogen species usually appears further
downfield around -2 ppm as reported in literature,**** however this was not observed. In
addition, there was no evidence of a hydrogen gas peak in the spectrum. Initially the two
hydride species appear with the same intensity, however, as the reaction progresses, the
monohydride (-10 ppm) reduces in intensity, while the dihydride (-9.5 ppm) increases in
intensity. The dihydride however, appears as a sharp singlet instead of a doublet possibly due
to the fact that the hydrides are in the same chemical environment. A similar observation was
reported by Heinekey et al., in their study of the structure of iridium Cp" complexes in which
a single peak for their dihydride specie was seen.”® In addition to these two hydride species,
there is also a peak which appears at -9.6 ppm. Due to the low intensity of this peak, it is
likely to be from a hydride with very little concentration in the system, possibly via a
reversible pathway. There is also a new doublet peak at 8.8 ppm, which corresponds to the
species in which the Ir-Npyyrigyi bond has cleaved. The cleavage occurs at the pyridyl nitrogen
and not the imine nitrogen bond because there was no new sharp singlet appearing between
8.5 ppm — 9 ppm (expected region of imine resonance of ligand L1) in the 'H NMR
spectrum. This is further supported by the molecular structure for 3, where from its
crystallographic, the Ir-Nimine bond (2.08 A) is stronger than the Ir-Npyrigy1 bond (2.12 A).
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EtzN  + HCOOH —— HCOO™ + HEt;N*

\/ HEt;N* \/ HEt;N*CI"

I e Ir. +

Scheme 3: Proposed catalytic mechanism.

Page 16 of 21

View Article Online
DOI: 10.1039/DONJ01811B


https://doi.org/10.1039/d0nj01811b

Page 17 of 21 New Journal of Chemistry

1

2

2 3.2.6 Proposed FFR hydrogenation mechanism DOk 101055/ DN 018 11E
Z The proposed reaction mechanism for the hydrogenation of (FFR to FFA with catalyst 3 is
7 shown in scheme 3. The reaction begins with the deprotonation of formic acid by Et3N to
8

9 form a formate ion and a triethylammonium ion. A vacant coordination site is then created on
10 - : L .

11 the iridium metal (3-1) when the triethylammonium ion abstracts a chlorine atom to form a
g triethylammonium chloride salt. This allows coordination of the formate to the iridium metal
14 to form species 3-11. There is the likelihood of the formate ion coordinating to the iridium
15

16 metal through the hydrogen atom to form a bridged Ir-hydride species as shown in 3-1lb.

g; This however, would be in minute concentrations if it were to occur since the negatively

23 charged oxygen on the formate would form a better bond with the iridium metal. In lieu of

91 this, 3-11b is likely to correspond to the hydride observed at -9.6 ppm. After expulsion of CO,

53 from 3-11, the iridium monohydride species 3-1V is formed. A second coordination of a

%‘5‘ formate to 3-1V and subsequent release of CO, leads to the formation of the iridium

%6 dihydride species 3-VI1, which is the active species. Iridium assisted transfer of the hydrogen

R7

g8 atoms to FFR to form 3-VIII is followed by the release of FFA and coordination of a
9 : .

ao formate to form intermediate 3-11.

31

32

33

34

35 4. CONCLUSION

36

g; We have shown that iridium and ruthenium half sandwich complexes can be used

%9 successfully as catalyst precursors in homogeneous hydrogenation of furfural to
0

41 chemoselectively produce furfuryl alcohol, in a short period of time. The iridium complexes
42 : : . -

43 performed better than their ruthenium analogues in terms of selectivity to furfuryl alcohol.
2‘5‘ The efficiency of these complexes can be seen in the results obtained, a turnover number of
46 2961 and turnover frequency of 1481 h™ as well as the maintenance of this high activity even
47

48 after it was recycled seven times. The recyclability of the catalyst, the fact that the
gg hydrogenation reaction was performed under solvent-free conditions and use of a safer
g; alternative to molecular hydrogen makes the catalytic process presented herein a greener
53 pathway of synthesizing furfuryl alcohol.

54

55

56

57
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A recyclable homogeneous iridium complex for the selective synthesis of furfuryl alcohol
33 from furfural without additional solvent and hydrogen gas.
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