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We report the homogeneous catalytic hydrogenation of biomass
derived furanic aldehydes to furfuryl alcohols using low loadings of
PNP metal complexes under mild conditions. Our strategy
represents an efficient and selective approach to the direct
hydrogenation of furan derivatives to promising platform
chemicals.

Developing efficient processes for the valorizations of biomass-
derived substrates is imperative for a future sustainable
production of chemicals and fuels.! As such, particularly the last
decade has witnessed the developments of a plethora of
transformations using
homogeneous organometallic catalysis under mild conditions.?
One of the more recent additions to the list of substrates
include furanic aldehydes, mainly represented by
hydroxymethyl furfural (HMF),®> which is derived from
celullose.1<3b4 However, the inherent difficulty of handling HMF
induces considerable challenges for its selective synthetic

effective and selective biomass

modifications.> Thus, to access more suitable liquid biofuels,
further chemical transformations of HMF are required. The
majority of these synthetic modifications focus on transforming
the furan ring itself.3 Selective reduction of the aldehyde
functionality to products such as 2,5-bis(hydroxymethyl)furan
(DHMF) has been more scarcely reported. This product type is
a highly important starting molecule for various polymerization
or etherification processes.3**® The selective conversion of
HMF to DHMF has been mainly achieved by various
hydrogenation methodologies, electrocatalytic
hydrogenation,” transfer hydrogenation,® biocatalysis,® and
heterogeneous catalysis.1?

The gradual progress of selective homogeneous organometallic
catalytic systems for HMF hydrogenation to DHMF is pioneered
by Elsevier!!a Mazzoni,'1t Beller,'¢ and Hashmi.3' Mazzoni used
0.1 mol% of the dimeric Shvo’s catalyst to reach a practically
quantitative NMR yield of DHMF after 2 hours under 10 bar H,
at 90 °C in a 29:1 mixture of toluene/H,0. Beller used pure

such as
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toluene and 1 mol% of an P"PNP-Mn complex to afford 64% of
isolated DHMF after 24 hours of reaction time under 30 bar H,
at 100 °C (see Sl).

Hence, the challenge remains to produce the desired product
highly selectively under mild and sustainable conditions. This
drawback is likely due to the labile nature of HMF, which
significantly affects its potential in a bio-based industry.
Toward this end, the fructose derived 5-methyl furfural (MF)
has been proposed as an alternative substrate for biofuels
development due to its high stability, excellent synthetic utility
and reduced oxygen content.’?>3 MF is industrially produced
from biomass!3 as an important intermediate for the
production of pharmaceuticals,'* food flavoring component?!>
and agricultural chemicals.’® Furthermore, 5-methyl furfuryl
alcohol (MFA) is also interesting as an industrially important
component and bio-diesel precursor.*t¢ Moreover, to the best
of our knowledge a homogeneous catalytic MF hydrogenation
to MFA remains elusive in the literature.

OZB_/OH [Ru], H HOAEO)_/OH o Lep
_(RulFp — —PiPr,
Y, / He /—_ LSPR2 H\/__S_ 2
HMF 7
o= o HO o
‘b_ [Ru] or [Ir], H, b_
MF MFA
o= HO
AB [Ru], H,
Y
FAL

Scheme 1. This work: Selective catalytic hydrogenation of furanic aldehydes to
their corresponding alcohols.

R = Ph (Ru-1) Ir-1
R = iPr (Ru-2)

+/ Low catalyst loading (5-500 ppm)
o v Up to quantitative isolated yields
| 2 + Gram-scale
+/ Green solvent or neat
FA

Likewise, only recent reports have emerged with furfural (FAL)
as substrate.l” FAL, derived from hemicellulose,**" is a key
platform compound which can be widely converted to a variety
of chemicals and biofuels.'® However, selective hydrogenation
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of FAL to furfuryl alcohol (FA) is challenging due to undesired
side reactions.!® FA is the most significant derivative of FAL with
high demand in the manufacture of foundry resins and
feedstock for the production of levulinic acid.?®

Transition metal pincer complexes are known for their
robustness and efficacy in catalyzing both dehydrogenation as
well as hydrogenation reactions.?! In this regard, several
concrete studies on mechanistic investigations for the
hydrogenation of carbonyl functionalities are known. In
particular, the outer-sphere stepwise mechanism of
cooperating pincer ligands describes the catalyzed
hydrogenation of aldehydes.?'f Hence, we were prompted to
study this type of complexes for the transformation of biomass-
derived furanic aldehydes.

Herein, we show the effective and selective conversion of all
three furanic aldehydes to their corresponding alcohols under
mild conditions using low catalyst loadings (Scheme 1).

Our initial work concentrated on testing the conversion of HMF
to DHMF using the PNP complexes Ru-MACHO (Ru-1),%2 its
PrPNP congener (Ru-2), and the Abdur-Rashid P"PNP-Ir(H),Cl
complex (Ir-1) 22 (SI, Table S1). Thus, with 0.1 mol% of Ru-1 or
Ir-1 and 5 mol% of base under 10 bar of H, in EtOH, the
conversion towards DHMF was highly selective, affording 76%
and 93% conversion after 1.5h at 25 °C, respectively.
Interestingly, Ru-2 led to a significant increase in conversion,
with 0.05 mol% affording >95% after 15 minutes and 2 mol% of
NaOEt under 10 bar H, at 25 °C. Control experiments without
any base additive led to no conversion, suggesting that the
presence of a strong base seems to be necessary for the
reaction to occur, which is in line with the typically necessary
activation of the chlorido PNP complexes. Interestingly, the
reaction rate seems to also be affected by the loading of the
base. Thus, when lowering the NaOEt loading from 2.0% to 0.5%
in the presence of 0.05 mol% Ru-2, the initial reaction rates
dropped significantly. Nevertheless, both reactions reach full
conversion after 20 min and 60 min, respectively (SI, Figure S2).
The effect of concentration of HMF in EtOH was investigated
with 0.05 mol% of complex Ru-2 by using 0.79 mmol of HMF
and 10 bar H, at 25 °C in EtOH volumes ranging from
0.25-5.00 mL. The reaction afforded full conversion within 10
min in the solvent range 0.50-5.00 mL, but in 0.25 mL a minor
drop to 91% conversion was observed (Sl, Table S2), showing
that a highly concentrated solution is slightly detrimental for
catalytic activity. Moreover, the reaction is at all concentrations
entirely selective (>99%), towards DHMF according to H- and
13C-NMR analysis as well as the absence of any humins by simple
visual inspection.

Increasing the hydrogen pressure to 30 bar reduced the
reaction time to 1 min before reaching >95% conversion of
HMF, which corresponds to a turnover frequency (TOF) of
>1900 min! (Table 1, Entry 1). To the best of our knowledge,
this system constitutes the first example of homogeneous
catalytic HMF hydrogenation to DHMF at room temperature. In
addition, the catalytic rate is more than a 200 fold improvement
to the previous state-of-the-art.11®

We then scaled up to 1 g of HMF using 0.01 mol% (100 ppm) of
Ru-2 at 25 °C and 30 bar H, (Entry 2). After 120 min, we isolated

2| J. Name., 2012, 00, 1-3

a quantitative yield of DHMF after a simple filtratign, througha
silica gel. Further decreasing the catalysPlIdadivg/ o B ppHm
caused a sharp drop in conversion. Thus, 32% conversion was
achieved after 6h, and practically no further conversion was
observed after 24h, suggesting catalyst inhibition or even
degradation.

Next, we tested the tolerance of the catalytic protocol by
performing the reaction in H,O in the presence of various
additives. A number of common bases were evaluated, and
LiOH was found to be optimal (SI, Tables S6-S7). Thus,
employing 2 mol% LiOH, 0.05 mol% of Ru-2, and 30 bar of H,
afforded full conversion after 2 hours (Entry 3).

We also carried out the HMF hydrogenation in varying ratios of
EtOH/H,0 mixtures. Thus, >95% conversion was achieved after
15 min in both 95:5 and 80:20 EtOH/H,0 ratios using 0.05 mol%
Ru-2 under 30 bar H, at 25 °C (Table 1, Entries 4-5), suggesting
the feasibility of using bioethanol as solvent.

Finally, we attempted to reuse Ru-2 for the hydrogenation of
HMF through consecutive addition using 0.79 mmol of HMF per
loading and an initial 0.05 mol% of catalyst (30 bar H,, 25 °C, 2h
per run, Sl, Figure S26). The experiment shows a detrimental
effect in the conversion after the third run, where the overall
catalyst loading is 0.0125 mol%. As such, we observed 75%
overall conversion in the last run, and we were unable to carry
out the additions to the point where the overall catalyst loading
goes below our best results with batch reactions.

To shed light on the fate and stability of the catalyst during the
consecutive additions, we carried out some crude NMR studies
for the characterization of the resting species. The catalytic
hydrogenation of HMF in EtOH with 1 mol% of Ru-2 at 25 °C and
30 bar of H, was monitored by *H-NMR (SI, Fig. S40). Based on
the hydride region, we suggest the expected presence of an
alkoxide complex, Ru-OR, overlapping with remnant Ru-2 at
-16.5 to -16.7 ppm. These Ru-OR species might correspond to
coordinated DHMF. Interestingly, Ru-OR is still found after
carrying out the first consecutive addition of HMF under similar
reaction conditions, suggesting to some extent the stability of
the catalyst.

As much as the result points to the feasibility for conducting
consecutive addition reactions, we speculate whether a
behavior similar to what was suggested by Mazzoni for their
hydrogenation of HMF!® is occurring in our system as well, i.e.
that the presence of two hydroxyl units in DHMF is particularly
responsible for the catalyst inactivation.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Hydrogenation of HMF to DHMF using Ru-2.2

HO o P Ru-2 HO o oH /—l ~PiPr,
L, —_— |, SN—Ru—CO
H, (30 bar), 25 °C '
HMF 2 mol% base DHMF : Fpr, H
‘ Ru-2
Ru-2 EtOH/H,0 Time Conv. TOF
Entry X . TON .
mol% ratio min %P min?t
1c 0.05 EtOH 1 >95 >1900 >1900
20 0.01 EtOH 120 299 10000 83
34 0.05 H,0 120 299 2000 17
4d 0.05 95:5 15 >95 >1900 >127
54 0.05 80:20 15 >95 >1900 >127

a3 Standard reaction conditions: 0.79 mmol HMF, Ru-2, 2 mol% base, 30 bar H,, 25
°C. P Determined by *H-NMR. Selectivity 299%. ¢ Base is NaOEt: 2.0 M/EtOH. 9 Base
is LIOH. € 4.36 mmol HMF.

We then explored the catalytic activity for the transformation
of MF. Interestingly, Ir-1 is more active than Ru-2 for
hydrogenating MF in EtOH as well as in EtOH/H,0 mixtures (SI,
Tables S9-510). A slight increase in reaction temperature was
found necessary to reach effective catalytic turnover rates. In
fact, under identical reaction conditions (0.1 mol% catalyst, 30
bar H,, 60 °C, 2 mol% NaOEt, EtOH as solvent, 10 min reaction
time), both Ru-1 and Ru-2 facilitates <10% conversion whereas
Ir-1 leads to 299% conversion (TOF = 100 min1). Moreover,
further lowering the Ir-1 loading to 0.05 mol% requires 150 min
until full conversion is observed (Scheme 2, upper reaction). In
95:5 and 80:20 EtOH/H,0 mixtures, excellent conversion rates
were obtained as well.

Ir-1 (0.05 mol%)
Hs (30 bar), 60 °C l In EtOH: >99% conv. (150 min)

2 mol% NaOEt, EtOH/H,0 In EtOH/H,0 (95:5): >99% conv. (180 min)

0=\—-o
l ) ! /
MF MFA

0.005 mol% Ru-1:  >95% conv. (5h)
Ru-1 (0.0005-0.005 mol%) LO.OOOS mol% Ru-1:  74% conv. (48h) ‘

H, (30 bar), 120 °C
2 mol% NaOEt, neat

Scheme 2. Hydrogenation of MF to MFA.

At this stage, we performed a benchmark reaction employing
MF under neat conditions (Scheme 2, lower reaction).
Surprisingly, Ru-1 showed superior catalytic activity over Ir-1,
whereas Ru-2 merely reached 21% conversion (Sl, Table S11).
From these observations, we speculate whether the diminished
activity and low conversion is a result of catalyst deactivation or
a detrimental change in solubility of Ru-2 in the neat conditions.
Thus, employing 0.005 mol% of Ru-1 or Ir-1 led to high
conversions (295% and 91%, respectively) with TONs of 19000
and 18200 after 5h. Decreasing the catalyst loading to 0.0005
mol% gratifyingly led to 17% conversion after 5h when using Ru-
1, corresponding to a TON of 34000 and TOF of 113 min (SI,

This journal is © The Royal Society of Chemistry 20xx
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Table S12). On the contrary, Ir-1 exhibited a somewhat:inferior
TOF of 40 min'l. Extending the reaction tifrk 648K esGREd 1A
74% conversion in the Ru-1 system, corresponding to a TON of
148000 and an overall TOF of 51 minl. Under identical
conditions, Ir-1 provided 56% conversion. Scaling up the
reaction to 7.9 mmol of MF with 0.01% Ir-1 under 30 bar and
120 ©C for 2h allowed to isolate the product MFA in 97% yield.

Finally, we turned our attention to hydrogenating FAL to FA. In
the literature, impressive results have been achieved by several
research groups (see Sl).17 For example, Kirchner, Hoffmann,
and Bica demonstrated that the 2,6-diaminopyridine based PNP
complexes of the base metals Fel’*f and Mn'"" are highly
competent catalysts for FA production, with catalyst loadings as
low as 0.005 mol% still affording quantitative NMR yields under
relatively mild conditions (EtOH as solvent, 1.0 mol% DBU
additive, 30 bar H,, 40 °C, 16h, TOF = 21 min).17¢

Interestingly, whereas Ir-1 was superior for hydrogenating MF
to MFA when a solvent is present, Ru-2 is again the most
competent catalyst for the transformation of FAL to FA. Thus,
full conversion is achieved after 30 min with 0.05-0.1 mol% Ru-2
in solvent mixtures ranging from 100:0 to 80:20 of EtOH/H,0
under 30 bar H, at 25 °C (Table 2, Entries 1-3). These results
corresponds to TONs ranging from 1000-2000 and TOFs ranging
from 33-67 min-1. Next, the isolation of the product was carried
out under similar reaction conditions using 0.90 mmol of FAL
and 0.1 mol% Ru-2 in EtOH. Then, the reaction mixture was
filtered over silica gel affording 61% yield.

On the other hand, when the catalyst Ru-1 (0.1 mol%) was
evaluated in the presence of EtOH (30 bar H, at 25 °C), the
reaction lead to low conversion (24%, Sl, Table S13).

Finally, the reaction in water afforded full conversion in 10 min
(Table 2, entry 4) albeit along with a clearly observable
formation of an insoluble brown solid (humins).

Furthermore, we carried out a consecutive addition experiment
under standard reaction conditions (25 bar H,, 25 °C, 10 min)
using 0.90 mmol of FAL per loading and an initial 0.1 mol% of
Ru-2 in water. The conversion dropped from 299% to 56%
already after the second addition. This observation suggests the
inhibition of Ru-2 due to the presence of humins (SI, Figure S26).
In fact, humins formation are frequently observed from FAL in
aqueous conditions.?*

Moreover, comparing with the mentioned literature
precedence, our method allows to combine the use of relatively
low catalyst loading with effective catalytic conversion rates of
FAL to FA while still employing mild conditions and green
solvents.

J. Name., 2013, 00, 1-3 | 3
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Table 2. Hydrogenation of FAL to FA using Ru-2.2

]
o 0 Ru-2 S HY |:~‘PIPr2
[/)—/ _ [/)—/ N—RU—CO
Ha (30 bar), 25 °C '
FAL 2 mol% NaOEt FA 3 Fipr, H
30 min i
Ru-2
Entry Ru-2 EtOH/H,0  Conversion TON TOF
mol% ratio %b min?t
1 0.05 EtOH >99 2000 67
2 0.1 95:5 >99 1000 33
3 0.05 80:20 299 2000 67
4 0.1¢ H,O >99 1000 100
5 0.05¢ H,O 93 1860 186

a Standard reaction conditions: 0.90 mmol FAL, Ru-2, 2 mol% base (NaOEt: 2.0
M/EtOH), 30 bar H,, at 25 °C, 30 min. b Determined by 'H-NMR. Selectivity 299%.
¢ Formation of an insoluble dark solid in the reaction (humins) observed by visual
inspection.

Further insight into the formation of DHMF was obtained from
deuterium-labeling experiments using the catalyst system Ru-2 in
presence of 30 bar of D, (Scheme 3).2225 |n EtOH, practically
exclusively d; labeled product, DHMF-d;, was formed. When
changing the solvent to H,0, the D-incorporation is diminished to
approximately 80%, the remainder being simply DHMF. The
observation might be explained by the fact that the reaction is
significantly faster in EtOH than in H,0. Thus, for the reaction in EtOH,
we suggest that when the active catalyst is loaded with deuterium, it
is delivered to HMF before any scrambling with the protic proton on
the EtOH alcohol unit occurs. This scenario is corroborated by
previous results we have obtained for the hydrogenation of ethyl
levulinate.22 In this case, 24 hours under 30 bar D, at 60 °Cled to a
~2:1 mixture of labeled/unlabeled products.

When conducted in H,0, both the higher acidity of the solvent
compared to EtOH as well as the different catalytic rate might
contribute to the lower degree of deuterium labeling. Previous work
by Dumeignil and Gauvin strongly suggest that for the same catalyst
family, temperatures significantly higher than 25 °C are needed to
facilitate hydride/deuteride exchange.?>® However, those studies
were conducted with ~10 equivalents D,0 in toluene, and not in an
all-aqueous solvent, which might explain the somewhat diverging
observations. Finally, a Cannizaro type reaction could explain the
presence of non-labeled DHMF. However, no conversion was
observed in the absence of the catalyst, strongly suggesting that this
option can be ruled out.

HO
, o Q0 Ru-2 (0.1 mol%)  HO Q pPH
P - OO @0 , y/
30 bar D, D
HMF 25°C, 30 min DHMF
2 mol% NaOEt or LIOH g et

oso've”t , EtOH: >95:5 DHMF-d;/DHMF
>95% conversion 1 0: 80:20 DHMF-d;/DHMF

Scheme 3. Deuterium-labeling experiments.
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In conclusion, we demonstrate the highly effective and selective
hydrogenation of the furanic aldehydes HMF, MF, and FAL
under mild reaction conditions toward the corresponding
alcohols catalyzed by PNP-Ru and PNP-Ir complexes. Moreover,
our method allows to achieve a TOF >1900 min?! or a
TON = 10000, as well as isolating a quantitative yield of DHMF
and MFA. Unfortunately, the yield is somewhat diminished for
FA due to humins formation. Furthermore, we show for the first
time the homogeneously organometallic catalyzed
hydrogenation of neat MF to MFA with a TOF = 100 mint or a
TON = 148000. In addition, our method allows for converting
FAL to FA under mild conditions using low catalyst loading with
a TOF = 67 min'L. Importantly, we demonstrate the feasibility of
employing “green” solvents or even neat conditions. Finally, we
shed light on the involvement of the solvent in the
hydrogenation process via deuterium-labeling experiments.

Conflicts of interest

There are no conflicts to declare

Acknowledgments

We gratefully thank Kasper Enemark-Rasmussen and Associate
Professor Charlotte Held Gotfredsen for valuable help in
performing 2H-NMR experiments.

Notes and references

1 See for examples: (a) A. Bayu, A. Abudula, and G. Guan, Fuel
Process. Technol. 2019, 196, DOI:
10.1016/j.fuproc.2019.106162. (b) Z. Xue, D. Yu, X. Zhao, T.
Mu, Green Chem. 2019, 21, 5449-5468. (c) A. Hommes, H. J.
Heeres, J. Yue, ChemCatChem 2019, 11, 4671-4708. (d) N. M.
Eagan, M. D. Kumbhalkar, J. S. Buchanan, J. A. Dumesic, and
G. W. Huber, Nat. Rev. Chem. 2019, 3, 223-249. (e) L. T. Mika,
E. Cséfalvay, and A. Németh, Chem. Rev. 2018, 118, 505-613.
(f) Z. Sun, B. Fridrich, A. de Santi, S. Elangovan, and K. Barta,
Chem. Rev. 2018, 118, 614-678. (g) W. Leitner, J.
Klankermayer, S. Pischinger, H. Pitsch, and K. Kohse-
Hoinghaus, Angew. Chem. Int. Ed. 2017, 56, 5412-5452. (h) J.
N. Chheda, G. W. Huber, and J. A. Dumesic, Angew. Chem. Int.
Ed. 2007, 46, 7164-7183. (i) A. J. Ragauskas, C. K. Williams, B.
H. Davison, G. Britovsek, J. Cairney, C. A. Eckert, W. J.
Frederick Jr., J. P. Hallett, D. J. Leak, C. L. Liotta, J. R. Mielenz,
R. Murphy, R. Templer, and T. Tschaplinski, Science 2006, 311,
484-489.

2 See for examples: (a) J. R. Cabrero-Antonino, R. Adam, and M.
Beller, Angew. Chem. Int. Ed. 2019, 58, 12820-12838. (b) K.
Sordakis, C. Tang, L. K. Vogt, H. Junge, P. J. Dyson, and M.
Beller, G. Laurenczy, Chem. Rev. 2018, 118, 372-433. (c) T. A.
Bender, J. A. Dabrowski, and M. R. Gagné, Nat. Rev. Chem.
2018, 2, 35-46. (d) J. Pritchard, G. A. Filonenko, R. van Putten,
E. J. M. Hensen, and E. A. Pidko, Chem. Soc. Rev. 2015, 44,
3808-3833. (e) P. J. Deuss, K. Barta, and J. G. de Vries, Catal.
Sci. Technol. 2014, 4, 1174-1196. (f) K. Schroder, K.
Matyjaszewski, K. J. T. Noonan, and R. T. Mathers, Green
Chem. 2014, 16, 1673-1686.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 7


https://doi.org/10.1039/d0gc01543a

Page 5 of 7

Published on 20 June 2020. Downloaded by LA TROBE UNIVERSITY on 6/20/2020 4:38:35 PM.

3

10

11

Green Chemistry

(a) B. Wozniak, S. Tin, and J. G. de Vries, Chem. Sci. 2019, 10,
6024-6034. (b) L. Hu, J. Xu, S. Zhou, A. He, X. Tang, L. Lin, J. Xu,
and Y. Zhao, ACS Catal. 2018, 8, 2959-2980. (c) A. D. Dwivedi,
K. Gupta, D. Tyagi, R. K. Rai, S. M. Mobin, and S. K. Singh,
ChemCatChem 2015, 7, 4050-4058. (d) A. D. Dwivedi, V. K.
Sahu, S. M. Mobin, and S. K. Singh, Inorg. Chem. 2018, 57,
4777-4787. (e) Z. Xu, P. Yan, H. Li, K. Liu, X. Liu, S. Jia, and Z. C.
Zhang, ACS Catal. 2016, 6, 3784-3788. (f) Y. J. Xu, J. Shi, W. P.
Wu, R. Zhu, X. L. Li, J. Deng, and Y. Fu, Appl. Catal. A. Gen.,
2017, 543, 266-273. (g) B. Wozniak, A. Spannenberg, Y. Li, S.
Hinze, and J. G. de Vries, ChemSusChem 2018, 11, 356-359. (h)
B. Wozniak, Y. Li, S. Hinze, S. Tin, and J. G. de Vries, Eur. J. Org.
Chem. 2018, 2018, 2009-2012. (i) A. Cadu, K. Sekine, J.
Mormul, D. M. Ohlmann, T. Schaub, and A. S. K. Hashmi, Green
Chem. 2018, 20, 3386-3393. (j) E. J. Garcia-Suarez, D. Paolicchi,
H. Li, J. He, S. Yang, and A. Riisager, Saravanamurugan, S. Appl.
Catal., A. Gen. 2019, 569, 170-174.

(4) (a) H. Zhao, J. E. Holladay, H. Brown, and Z. C. Zhang,
Science 2007, 316, 1597-1600. (b) S. Qin, T. Li, H. Zhang, H. Liu,
X. Yang, N. Rong, J. Jiang, Y. Wang, H. Zhang, and W. Yang,
Green Chem. 2019, 21, 6326-6334. (c) E. Niirenber, P. Schulze,
F. Kohler, M. Zubel, S. Pischinger, and F. Schith, ACS
Sustainable Chem. Eng. 2019, 7, 249-257. (d) S. Chen, R.
Wojcieszak, F. Dumeignil, E. Marceau, and S. Royer, Chem. Rev.
2018, 118, 11023-11117. (e) H. Li, A. Riisager, S.
Saravanamurugan, A. Pandey, R. S. Sangwan, S. Yang, and R.
Luque, ACS Catal. 2018, 8, 148-187. (f) S. Xu, D. Pan, W. Li, P.
Sheen, Y. Wu, X. Song, Y. Zhu, N. Xu, L. Gao, and G. Xiao, Fuel
Process. Technol. 2018, 181, 199-206. (g) M. J. Gilkey, and B.
Xu, ACS Catal. 2016, 6, 1420-1436. (h) D. Scholz, C. Aellig, and
I. Hermans, ChemSusChem 2014, 7, 268-275. (i) Y. Nakagawa,
M. Tamura, and K. Tomishige, ACS Catal. 2013, 3, 2655-2668.
(j) A. Yepez, A. Pineda, A. Garcia, A. A. Romero, and R. Luque,
Phys. Chem. Chem. Phys., 2013, 15, 12165-12172.

(a) A. Y. Li, and A. Moores, ACS Sustainable Chem. Eng. 2019,
7,10182-10197. (b) C. Zeng, H. Seino, J. Ren, K. Hatanaka, and
N. Yoshie, Macromolecules 2013, 46, 1794-1802.

(a) P. Dominguez de Maria, and N. Guajardo, ChemSusChem
2017, 10, 4123-4134. (b) K. I. Galkin, E. A. Krivodaeva, L. V.
Romashov, S. S. Zalesskiy, V. V. Kachala, J. V. Burykina, and V.
P. Ananikov, Angew. Chem. Int. Ed. 2016, 55, 8338-8342.

J. J. Roylance, T. W. Kim, and K. S. Choi, ACS Catal. 2016, 6,
1840-1847.

S. Giboulot, C. Comuzzi, A. Del Zotto, R. Figliolia, G. Lippe, D.
Lovison, P. Strazzolini, S. Susmel, E. Zangrando, D. Zuccacia, S.
Baldino, M. Ballico, and W. Baratta, Dalton Trans. 2019, 48,
12560-12576.

(a) Y. C. He, C. X. Jiang, G. G. Chong, J. H. Di, and C. L. Ma,
Bioresour. Technol. 2018, 247, 1215— 1220. (b) Y. M. Li, X. Y.
Zhang, N. Li, P. Xu, W. Y. Lou, and M. H. Zong, ChemSusChem
2017, 10, 372-378.

See for examples: (a) E. A. Redina, K. V. Vikanova, G. I.
Kapustin, I. G. Mishin, O. P. Tkachenko, and L. M. Kustov, Eur.
J. Org. Chem. 2019, 4159-4170. (b) H. Liu, Q. Mei, S. Li, Y. Yang,
Y. Wang, H. Liu, L. Zheng, P. An, J. Zhang, and B. Han, Chem.
Commun. 2018, 54, 908-911. (c) B. Op de Beeck, M. Dusselier,
J. Geboers, J. Holsbeek, E. Morré, S. Oswald, L. Giebeler, and
B. F. Sels, Energy Environ. Sci. 2015, 8, 230-240. (d) M. Tamura,
K. Tokonami, Y. Nekagada, and K. Tomishige, Chem. Commun.
2013, 49, 7034-7036. (e) R. Alamillo, M. Tucker, M. Chia, Y.
Pagan-Torres, and J. Dumesic, Green Chem. 2012, 14, 1413-
1419.

(a) E. Jansen, L. S. Jongbloed, D. S. Tromp, M. Lutz, B. de Bruin,
and C. J. Elsevier, ChemSusChem 2013, 6, 1737-1744. (b) T.
Pasini, G. Solinas, V. Zanotti, S. Albonetti, F. Cavani, A. Vaccari,
A. Mazzanti, S. Ranieria, and R. Mazzoni, Dalton Trans., 2014,
43,10224-10234. (c) S. Elangovan, C. Topf, S. Fischer, H. Jiao,

This journal is © The Royal Society of Chemistry 20xx

12

13

14

15

17

19

20

21

22

23

24

25

A. Spannenberg, W. Baumann, R. Ludwig, K. JHQ@%&QSnMé
Beller, J. Am. Chem. Soc. 2016, 138, 8889-881439/D0GC01543A
K. I. Galkin, and V. P. Ananikov, ChemSusChem 2019, 12, 185-
189.

(a) H. Ban, S. Chen, Y. Zhang, Y. Cheng, L. Wang, and X. Li, Ind.
Eng. Chem. Res. 2019, 58, 19009-19021. (b) M. Chidambaram,
and A. T. Bell, Green Chem., 2010, 12, 1253-1262.

W. Yang, and A. Sen, ChemSusChem 2011, 4, 349-352.

J. M. De Man, Principles of Food Chemistry, 3rd Ed. Springer,
Heildelberg, 1999.

D. L. Kalschne, M. C. Viegas, A. J. D. De Conti, M. P. De Corso,
and M. Toledo Benassi, Food Res. Int. 2018, 105, 393-402.
(a) X. Tan, G. Wang, Z. Zhu, C. Ren, J. Zhou, H. Lv, X. Zhang, L.
W. Chung, L. Zhang, and X. Zhang, Org. Lett. 2016, 18, 1518-
1521. (b) W.-P. Wu, Y.-J. Xu, S.-W. Chang, J. Deng, and Y. Fu,
ChemCatChem 2016, 8, 3375-3380. (c) N. Gorgas, B. Stoger, L.
F. Veiros, and K. Kirchner, ACS Catal. 2016, 6, 2664-2672. (d)
J. Briinig, Z. Csendes, S. Weber, N. Gorgas, W. R. Bitter, A.
Limbeck, K. Bica, H. Hoffmann, and K. Kirchner, ACS Catal.
2018, 8, 1048-1051. (e) S. Weber, J. Brinig, V. Zeindlhoder, C.
Schroder, B. Stoger, A. Limbeck, K. Kirchner, and K. Bica,
ChemCatChem 2018, 10, 4386-4394. (f) Z. Csendes, J. Brlinig,
N. Yigit, G. Rupprechter, K. Bica-Schroder, H. Hoffmann, and
K. Kirchner, Eur. J. Inorg. Chem. 2019, 3503-3510. (g) S.
Garhwal, B. Maji, S. Semwal, and J. Choudhury,
Organometallics 2018, 37, 4720-4725. (h) M. Glatz, B. Stoger,
D. Himmelbauer, L. F. Veiros, and K. Kirchner, ACS Catal. 2018,
8,4009-4016. (i) F. Christie, A. Zanotti-Gerosa, and D. Grainger,
ChemCatChem 2018, 10, 1012-1018.

M. G. Dohade, and P. L. Dhepe, Green Chem., 2017, 19, 1144-
1154. (b) R. F. Perez, and M. A. Fraga, Green Chem., 2014, 16,
3942-3950. (c) P. Hirapara, D. Riemer, N. Hazra, J. Gajera, M.
Finger and S. Das, Green Chem. 2017, 19, 5356-5360.

G. Wang, R. Yao, H. Xin, Y. Guan, P. Wu, and X. Li, RSC Adv.,
2018, 8, 37243-37253.

(a) Y. Wang, and D. Zhao, Catalysts 2019, 9, 796. (b) J. C.
Serrano-Ruiz, and R. Luque, Chem. Soc. Rev., 2011, 40, 5266—
5281. (b) R. F. Perez, and M. A. Fraga, Green Chem., 2014, 16,
3942-3950.

(a) L. Alig, M. Fritz, and S. Schneider, Chem. Rev. 2019, 119,
2681-2751. (b) T. Zell, Y. Ben-David, and D. Milstein, Catal. Sci.
Technol., 2015, 5, 822-826. (c) A. Agapova, E. Alberico, A.
Kammer, H. Junge, and M. Beller. ChemCatChem 2019, 11,
1910-1914. (d) H. A. Younus, N. Ahmad, S. Chen, and F.
Verpoort, Advanced Synthesis and Catalysis 2015, 357, 283-
330. (e) G. Bauer, K. A. Kirchner, Angew. Chem. Int. Ed. 2011,
50, 5798 — 5800. (f) Z. Wei, H. Jiao, Advances in Inorganic
Chemistry, 2019, 73, 323-384.

See for examples: (a) W. Kuriyama, T. Matsumoto, O. Ogata,
Y. Ino, K. Aoki, S. I. Tanaka, K. Shida, T. Kobayashi, N. Sayo, and
T. Saito, Org. Process Res. Dev. 2012, 16, 166-171. (b) R.
Padilla, M. S. B. Jgrgensen, M. W. Paixdo, and M. Nielsen,
Green Chem. 2019, 21, 5195-5200. (c) S. Kar, A. Goeppert, and
G. K.S. Prakash, J. Am. Chem. Soc. 2019, 141,32, 12518-12521.
(d) S. Kar, Sen, R.; A. Goeppert, and G. K. S. Prakash, J. Am.
Chem. Soc. 2018, 140, 1580-1583. (e) B. Wozniak, Y. Li, S. Tin,
and J. G. de Vries, Green Chem. 2018, 20, 4433-4437. (f) N. M.
Rezayee, C. A. Huff, M. S. Sanford, J. Am. Chem. Soc. 2015, 137,
1028. (g) S. Werkmeister, J. Neumann, K. Junge, and M. Beller,
Chem. Eur. J. 2015, 21, 12226, 12250.

Z. E. Clarke, P. T. Maragh, T. P. Dasgupta, D. G. Gusev, A. J.
Lough, and K. Abdur-Rashid, Organometallics, 2006, 25, 4113-
4117.

Y. Nakagawa, M. Tamura, K. Tomishige, J. Jpn. Petrol. Inst.
2017, 60, 1-9.

(a) B. Chatterjee, and C. Gunanathan, Org. Lett. 2015, 17,
4794-4797. (b) L. Zhang, D. H. Nguyen, G. Raffa, S. Desset, S.
Paul, F. Dumeignil, and R. M. Gauvin, Catal. Commun. 2016,

J. Name., 2013, 00, 1-3 | 5


https://doi.org/10.1039/d0gc01543a

- Green Chemistry =1 =ik

COMMUNICATION Journal Name

67-70. (c) V. Krishnakumar, and C. Gunanathan, Chem. View Article Online
Commun. 2018, 54, 8705—-8708. DOI: 10.1039/D0GC01543A

Published on 20 June 2020. Downloaded by LA TROBE UNIVERSITY on 6/20/2020 4:38:35 PM.

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



https://doi.org/10.1039/d0gc01543a

HleEEsGreen Chemistry: = =i

Journal Name COMMUNICATION

View Article Online

Entry for Table of Contents DOI: 10.1039/DOGCO1543A

O=\_o ©oH O™ _o oH
* P
X
HMF vl DHMF
R SN—M—L
e} OFN Ly <-P/,!| BN
(©H); |, E— @)
oH H
Carbohydrates MF ? MFA
0=_g HO=N-.8
I 1,
FAL FA

Homogeneous catalyzed hydrogenation of furanic aldehydes
to their corresponding alcohols using PNP complexes

Published on 20 June 2020. Downloaded by LA TROBE UNIVERSITY on 6/20/2020 4:38:35 PM.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins



https://doi.org/10.1039/d0gc01543a

