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ABSTRACT: A series of cationic half-sandwich cyclopentadienyl—
ruthenium (IT) —pyridylamine complexes, [(7°>-CsH;)Ru(x*-L)(PPh,)]*
(L = N,ne-substituted pyridylamine ligands) ([Ru]-1—[Ru]-6), along
with the analogous cyclopentadienyl—ruthenium(II)—N-isopropylpyr-
idylimine complex [(7>-CsHs)Ru(x>-L)(PPh;)]* (L = N-isopropylpyr-
idylimine) ([Ru]-7), have been synthesized in good yields. Structural
identities of all the complexes have been authenticated by 'H, "*C, and
*'P NMR, mass spectrometry, and X-ray crystallography. The synthe-
sized complexes exhibited high catalytic activity for the transformation
of the bio-derived furans, 2-furfural (furfural), S-methyl-2-furfural (5-MF),
and S-hydroxymethyl-2-furfural (S-HMF) to levulinic acid (LA) and the
diketones, 3-hydroxyhexane-2,5-dione (3-HHD), 1-hydroxyhexane-2,
S-dione (1-HHD), and hexane-2,5-dione (HD) in water. Efficient
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High thermal and aqueous stability of the catalyst

"
\
‘___Ru\n
Phap‘N/ =N
a

O &7

Biomass derived furans

(0}
)J\/\[fR'
? 0
Open chain ketoacid and

diketones

transformation of furfural to LA over a range of 7°-Cp—Ru—pyridylamine complexes is substantially affected by the

N

amine’

-substituents, where a 7°-Cp—Ru—N-propylpyridylamine complex ([Ru]-2) exhibited higher catalytic activity in com-

parison to other #7°-Cp—Ru—pyridylamine and 7°-Cp—Ru—pyridylimine complexes. The relative catalytic activity of the studied
complexes demonstrated a substantial structure—activity relationship which is governed by the basicity of N, steric hindrance

at N, and the hemilabile nature of the coordinated pyridylamine ligands.

B INTRODUCTION

Tremendous interest toward the development of a wide range
of stable cyclopentadienyl—Ru(II) (77°>-Cp—Ru) complexes has
been observed over the past five decades."” Consequently, due
to the unique structural properties, stability, and chemical reac-
tivity of the 77°>-Cp—Ru(II) complexes, these complexes find appli-
cation in various fields (Scheme 1), including small-molecule
activation, transfer hydrogenation, and biology.”™" In the par-
ticular context of catalysis, one of the prominent 7°-Cp—Ru(II)-
based transfer hydrogenation catalysts is Shvo’s catalyst, which
demonstrated the involvement of both the metal and the ligand
to control the selectivity.'”'" Nikonov’s group also demon-
strated the application of [(17°-CyHs)Ru("Pr;P)(NCCH,;),] in
the transfer hydrogenation of ketones, nitriles, esters, and
N-heterocycles.'”"” Studies demonstrated the formation of
(7°-CsHs)Ru—H (ruthenium hydride) as an important inter-
mediate species, which facilitated the transfer hydrogenation of
these unsaturated groups.'*”'® Moreover, mechanistic studies
by NMR also revealed the presence of the trihydride species
[(7°-CsHg)Ru(NHC)(H);] (NHC is a carbene ligand) as the
catalyst resting stage for the transfer hydrogenation reaction.'®
Weissensteiner et al. also demonstrated the catalytic reactiv-
ity of the 7°-Cp—Ru(II) aminophosphine (PN) complexes
[(7°>-CH)Ru(x®-PN)CH;CN]* and [(*-CsH;)Ru(x*-PN)Br]
for the transfer hydrogenation of a wide range of ketones to
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secondary alcohols.”” They proposed that the observed high
catalytic activity of these 7°-Cp—Ru(I) aminophosphine com-
plexes is due to the reversible Ru—N bond cleavage of a 17°-Cp—
Ru(1II)-coordinated aminophosphine ligand (Scheme 1). Similarly,
Pandey et al. explored 7°>-Cp—Ru(I) complexes containing pyri-
dylphosphine ligands, such as [(17°-CsHs)Ru(PyPPh,)(PPh,)Cl],
for the transfer hydrogenation of aldehydes to alcohols in the
presence of HCOOH/NaOH."® Notably, these aminophosphine
or pyridylphosphine ligands may act as hemilabile ligands
due to their reversible x*—k'—«* coordination behavior to the
1°-Cp—Ru(Il) center. These results implied that 7*-Cp—Ru(II)
complexes represent an important class of catalyst for transfer
hydrogenation reaction, but so far the application of 77°>-Cp—Ru(1I)
complexes in catalytic biomass transformations remains unex-
plored."!

Catalytic transformation of biomass-derived furans and their
derivatives to open ring components, such as levulinic acid (LA)
and diketones, which are considered as important platform
precursors for the production of various fine chemicals and fuel
components, have been extensively explored using various het-
erogeneous catalysts.'”~** These transformations were mostly
carried out in the presence of catalysts based on Pt-, Pd-, Rh-,
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Scheme 1. Literature Reports on Cyclopentadienyl—Ruthenium-Based Complexes
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Ru-, and Au-metal-based nanoparticles or in the presence of strong
acid (H;PO,, HC, H,SO,), high temperature (120—170 °C), and
high H, pressure (50—100 bar).”’~** For instance, Montech et al.
reported the transformation of S-hydroxymethylfurfural (S-HMF)
to 1-HHD (1-hydroxyhexane-2,5-dione) over Pt/C catalyst in
oxalic acid at 140 °C and 30 bar of H,.*" Similarly, a 5-HMF
to 1-HHD transformation was also reported over Pd/C with
Amberlyst-15 under 50 bar of H,.>" Analogously, transformation
of furans to LA was achieved over Pd/AL,O; with Amberlyst-70
at 165 °C and 70 bar of H,, as reported by Li et al.*

In comparison to the extensive exploration of heterogeneous
catalytic systems, catalysts based on transition-metal complexes
have been less explored for such biomass transformations.
In this direction, Zhang et al. reported [(1>-Cp*)Ir(x*-bpy)CI]*
(where “bpy” is bipyridine) complexes for the catalytic hydro-
genolytic transformation of S-HMF to 1-HHD in water using
H, gas (10 bar) at 120 °C.**** Later, Fu et al. also investigated
the catalytic transformation of S-HMF to 1-HHD using formic
acid/ formate buffer solution at 130 °C and 30 bar of H,, over
-Cp*~Ir complexes having hydroxyl-substituted bipyridine
ligands, where the hydroxyl substituents exerted a promotional
effect to enhance the catalytic performance.”>*® Moreover, the
transformation of LA to y-valerolactone (GVL) was also explored
with Shvo’s catalyst."" The results implied that a ruthenium—
hydride species, [{r*-(C,-2,5-(Ph),-3,4-(Ar),)}Ru(CO),H],
played a crucial role in facilitating the selective transfer
hydrogenation of LA to 4-hydroxyvaleric acid (4-HVA) in the
presence of formic acid, which was followed by the dehydration
of 4HVA to GVL at 100 °C."" In the recent past, we also
explored several half-sandwich #°-arene—Ru(Il) complexes
having nitrogen donor ligands, [(1%-arene)Ru(x*L)CI]* (L =
ethylenediamine or 8-aminoquinoline), for the catalytic trans-
formation of biomass-derived furans such as furfural and S-HMF
to LA and diketones (1-HHD and 3-hydroxyhexane-2,5-dione
(3-HHD)) using formic acid.””*® Our findings revealed that the
presence of —NH groups in these complexes and the presence
of a labile coordinating chloro ligand facilitated efficient transfer
hydrogenation of furfural to furfuryl alcohol with the aid of
formic acid. Subsequently, upon the formation of furfuryl alcohol,

H'-assisted ring opening of furfuryl alcohol led to the formation
of LA and diketones. Notably, using formic acid is advanta-
geous, as it can act as an efficient hydrogenating source as well
as controls the pH of the catalytic reaction and hence the selec-
tivity of the product. Moreover, 7°-arene—ruthenium complexes
usually underwent decomposition to ruthenium metal at hlgher
temperature (>120 °C) and lost their catalytic activity.””*’
On the other hand, the ruthenium—cyclopentadienyl-based
complexes displayed high stability in water and acid at a higher
temperature in comparison to n’-arene—ruthenium com-
plexes.’*> It has been hypothesized that the anionic cyclo-
pentadienyl ligand bonded strongly with the Ru** center, in
comparison to the weakly bonded neutral 7°-arene ligand.”"**
Moreover, it has also been suggested that, due to the anionic
cyclopentadienyl ligand, the metal center may have a higher
electron density and it may therefore substantially influence the
catalytic activity of the resulting 7°-Cp—Ru(II) complexes, in
comparison to the 7%arene ligand.

Herein, we report a series of half-sandwich #°-Cp—Ru(II)
complexes containing N, . .-substituted pyridylamine ligands,
and the molecular structure of all these complexes have been
authenticated by X-ray crystallography. These complexes have
been employed for the catalytic ring-opening transformation of
the bio-derived furfural, S-HMF, and other related furans to LA
and diketones in water at 120 °C with the aid of formic acid.
Our findings evidenced that the presence of —NH bonds,
suitably balanced basicity, bulkiness at N,;.., and the flexible
nature of the pyridylamine ligands significantly influence the
outcome of the studied catalytic transformation. Moreover,
efficient direct transformation of fructose to diketone and a
scaled up (gram-scale) transformation of furfural to levulinic
acid are also achieved over the high-performing 7°-Cp—Ru(II)—
pyridylamine catalyst.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Cyclopentadienyl—
Ruthenium(ll) Complexes. At the outset, the 7°-Cp—Ru(II)
precursor [(1°-CyHs)RuCI(PPh;),] was treated with the
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Scheme 2. Synthesis of 77°-Cp—Ru(II) Complexes Containing Pyridylamine-Based ([Ru]-1—
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N, mine-Substituted pyridyamine ligands L1—L6, 2-(aminomethyl)-
pyridine (L1), N-(pyridin-2-ylmethyl)propan-1-amine (L2),
N-(pyridin-2-ylmethyl)propan-2-amine (L3), N-(pyridin-2-
ylmethyl)butan-1-amine (L4), 3-methyl-N-(pyridin-2-
ylmethyl)butan-1-amine (LS), and N-benzyl-1-(pyridin-2-yl)-
methanamine (L6), in methanol under reflux conditions, which
afforded yellow to orange cationic mononuclear piano-stool
nS—Cp—Ru(II) complexes [Ru]-1—[Ru]-6 in good yields
(Scheme 2). With the dissociation of a PPh, and chloro ligand,
the obtained complexes [Ru]-1—[Ru]-6 have the general for-
mula [(7>-CsH)Ru(xk*-L)PPh,]*, where L = L1 ([Ru]-1),
L2 ([Ru]-2), L3 ([Ru]-3), 14 ([Ru]-4), L5 ([Ru]-5),
L6 ([Ru]-6). Analogously, N-(pyridin-2-ylmethylene)propan-
2-amine (L7) ligand is treated with [(5>-CsHs)Ru(PPh,),Cl]
to afford #’-Cp—Ru(Il)—N-isopropylpyridylimine complex,
[(n>-CsHg)Ru(x*L7)PPhs]* ([Ru]-7). All the complexes
[Ru]-1—[Ru]-7 are highly stable in air and moisture. The spec-
troanalytical analyses of the synthesized complexes corrobo-
rated the proposed structures well (see the Experimental Section).

In the '"H NMR spectra of the complexes [Ru]-1—[Ru]-6,
the ortho C—H of pyridylamine resonated at 8.61—8.32 ppm
in comparison to those of free ligands (8.50—8.29 ppm).
Analogously, the ortho C—H of complex [Ru]-7 resonated in a
downfield region (9.28 ppm) in comparison to free ligand L7
(8.63 ppm). The observed downfield shift is consistent with
the coordination of pyridylamine/pyridylimine ligands with the
n>-Cp—Ru(II) moiety.'”'® The observed downfield shift in
the resonance of the aromatic C—H proton of PPh; in the
"H NMR region of 7.49—6.94 ppm along with the appearance
of a sharp singlet in *'P NMR (55.33—53.17 ppm in [Ru]-1 -
[Ru]-6 and 48.18 ppm in [Ru]-7) is in accordance with the
coordination of PPh3 to 77°-Cp—Ru(II)."”"***7*> Moreover, the
Ru(II)-coordinated 77°-Cp proton resonated as a sharp singlet in
the range of 4.80—4.30 ppm. In addition, the counteranion PF6
resonated at ~—144 ppm in *'P NMR for these complexes.'®

Further, molecular structures of the complexes [Ru]-1—
[Ru]-7 have all been authenticated by X-ray crystallography

(Figure 1 and Table 1). The important bond parameters are shown
in Table 2 (Tables S1 and S2 in the Supporting Information). The
complexes [Ru]-1, [Ru]-4, [Ru]-6, and [Ru]-7 crystallized in a
monoclinic crystal system with P2,/n space group (I2/a space
group for [Ru]-4), whereas complexes [Ru]-2 and [Ru]-3
crystallized in a triclinic crystal system with space group PI.
While the crystallographic refinement data for complex [Ru]-$
are not satisfactory for reporting, they are consistent with the
proposed structure of the complex [Ru]-5 (Figure S1 and
Tables S3 and S4 in the Supporting Informatlon) All the com-
plexes [Ru]-1—[Ru]-7 adopted a typical three-legged piano-stool
geometry around the Ru(II) center. In this piano-stool arrange-
ment the k¥’ pyridylamine/pyridylimine and PPh, ligands
occupied three legs of the stool, and the 7°-Cp ring is placed
at the apex of the stool. For the 7>-Cp—Ru(II) moiety, the
average Ru—C dlstances are in the range 2.157-2.203 A,
whereas Ru to 7°-Cp centroid distances are in the range of
1.817—1.877 A>'71%3¢73% The Ru—P distances are observed in
the range of 2.300—2.34S A, which is in accordance with the
Ru—P distances reported for other related systems.>'”'%3¢73¢
The Ru—N,, bonds (2.114-2.064 A) and Ru—-N,,;,. bond
(2.055 A in [Ru] 7) are shghtlz shorter than the Ru—N, ;..
bonds (2.198—2.144 A).>'7'®* In the complexes [Ru]-1—
[Ru]-7, the N, —Ru—N,pire/imine angles are in the range of
75.5-77.6° whereas Ny /amine/imine—Ru—P angles are in the
range of ca. 94°. The °-Cp,—Ru—P/N angle of ca. 125° is
consistent with the piano-stool geometry of the 1*-Cp—Ru(II)—
pyridylamine/imine complexes. Summation of all the angles
around N, is 359.67° for the complex [Ru]-7, which is in
agreement with the planar iminic Ny Further, the planar
arrangement of the pyridylimine ligand in the complex [Ru]-7
is also well supported by the lowest torsion angle (—3.0(4)°)
around Nj,;... Notably, the iminic C=N is shorter (1.282 A) in
[Ru]-7 in comparison to the C—N_.. bonds (1.440—1.488 A)
in complexes [Ru]-1—[Ru]-6.
Catalytic Transformation of Furan Derivatives to Levu-
linic Acid and Diketones in Water. Catalytic performance
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Figure 1. Single-crystal X-ray structures of complexes (a) [Ru]-1, (b) [Ru]-2, (c) [Ru]-3, (d) [Ru]-4, (¢) [Ru]-6, and (f) [Ru]-7, with thermal
ellipsoids at 30% probability. The anionic counterpart (PF4) and hydrogen atoms, except for those on the amine nitrogen, are omitted for the sake of

clarity.

of the synthesized 7°-Cp—Ru(Il)—pyridylamine complexes
[Ru]-1—[Ru]-6 along with #*-Cp—Ru(Il)—pyridylimine com-
plex [Ru]-7 for the transformation of biomass-derived furans
has been evaluated using furfural (1a) as the model substrate
(as shown in Table 3) at 120 °C in the presence of 12 equiv of
formic acid in water.

As elaborated in Table 3, complex [Ru]-1 containing
(2-pyridylmethyl)amine (L1) exhibited a 70% yield of LA
(1b) in 6 h (Table 3, entry 1). An enhancement in the yield of
LA (1b) to 84% is achieved by performing the catalytic reaction
over the N, -n-propyl-substituted pyridylamine (L2) coordinated
17°-Cp—Ru(Il) complex ([Ru]-2) (Table 3, entry 2). However,
using 77°-Cp—Ru(II) containing various other N, -substituted

pyridylamine ligands, (N, e-isopropyl, [Ru]-3; N,..-n-butyl,
[Ru]-4; N,,...-isopentyl, [Ru]-$; N, .-benzyl, [Ru]-6), the
yield of LA (72—78%) could not be further enhanced (Table 3,
entries 3—6). In contrast to the high catalytic activity of °-Cp—
Ru(II) pyridylamine complexes, [Ru]-7 having a rigid pyri-
dylimine ligand displayed only 48% yield of LA under analogous
reaction conditions (Table 3, entry 7). Notably, the precursor
[(7°-CsHs)Ru(PPh,),Cl] also exhibited a poor yield of LA
(Table 3, entry 8). The lower catalytic activity of complex [Ru]-1
is presumably due to the involvement of N, . in strong
interactions with solvent water molecules. Further it should be
noted that, with an increase in alkyl carbon chain length or
branching, the polarizability of N,;.. also increases.*® However,
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Table 2. Important Bond Lengths (A), Bond Angles (deg), and Torsion Angles (deg) for Complexes [Ru]-1—

[Ru]-4, [Ru]-6

and [Ru]-7
[Ru]-1 [Ru]-2 [Ru]-3 [Ru]-4 [Ru]-6 [Ru]-7
Bond Lengths (A)
Ru—C, 1.877 1.826 1.829 1.817 1.829 1.852
Ru—C,y 2.191 2.176 2.182 2.170 2.151 2203
Ru-N,, 2.114(4) 2.104(3) 2.0936(19) 2.096(5) 2.105(2) 2.097(2)
Ru—N, nine/imine 2.163(4) 2.175(4) 2.198(2) 2.144(5) 2.185(2) 2.055(2)
Ru-P 2.3005(11) 2.3144(9) 2.3293(6) 2.3094(13) 2.3151(7) 2.3452(7)
Namine/imine—Cé 1.475(6) 1.474(6) 1.485(3) 1.440(9) 1.488(4) 1.282(4)
Nomine imine—C7 1.481(7) 1.523(3) 1.391(9) 1.504(3) 1.504(4)
Bond Angles (deg)
Ny, —Ru=N, e imine 77.06(16) 77.64(14) 76.60(8) 77.6(2) 77.13(9) 76.29(9)
N,,~—Ru-P 93.16(10) 90.15(9) 90.79(5) 91.22(12) 90.81(6) 88.08(6)
Namine/imine—RuU—P 94.46(13) 92.66(11) 90.13(6) 92.9(2) 91.39(7) 90.74(7)
N,,—Ru—C, 127.65 128.12 127.94 127.15 126.87 130.28
Nomine/imine—Ru-Cy 124.94 127.93 130.66 127.97 128.57 128.09
P—Ru-C, 125.98 125.94 125.60 125.89 127.08 127.30
Torsion Angles (deg)
Ny, —C5=Cs=Namine imine 23.6(6) —25.6(6) 32.6(3) —-15.3(9) —30.2(4) —3.0(4)
Table 3. Catalytic Activity of Cyclopentadienyl—Ruthenium (II) 90 -
Complexes for Transformation of Furfural (1a) to Levulinic 80 — = (E
Acid (1b)“ 70 | & (]
o 7-Cp-Ru(ll) cat. 1% 60
@A\o e —— OH —_
\ HCOOH $ 50
60-120 °C, 2-6 h e} =
1a water 1b % 40
temp. time HCOOH yield -~ 30
entry catalyst (°C) (h) (mmol) (%)° 20
1 [Ru]-1 120 6 12 70 10
2 [Ru]-2 120 6 12 84 0 Va" E E
¢ Ru]-2 120 2 12 1
31 [Ru]- , 4 35,5 ~ " ~ - “ © ~ <
47 [Ru]-2 60, 80, 6 12 0, 1, 21 > R SIS B X > ool
100 ¥ § §¢ ¢ ¢ ¢ §
5¢ [Ru]-2 120 6 3,6 50, S5 Y
3 [Ru]3 120 6 12 72 @Q
4 [Ru]-4 120 6 12 74
5§ [Ru]s 120 6 12 76 Figure 2. Catalytic transformation of furfural to LA by 7°-Cp—Ru(1I)
6 [Ru]6 120 6 12 78 complexes in water. Reaction conditions: furfural (1.0 mmol),
7 [Rul-7 120 6 12 48 ruthenium catalyst (5 mol %), formic acid (12 equiv), and water
8  [(r-CsHy) 120 6 12 45 (10 mL) at 120 °C for 6 h.
Ru(PPh,),Cl]

“Reaction conditions: furfural (1.0 mmol), formic acid (12 equiv),
ruthenium catalyst (S mol %), water (10 mL). *Yield determined by
'"H NMR with respect to the internal standard (p-anisaldehyde),
“Effect of reaction time. “Effect of reaction temperature. “Effect of
formic acid concentration.

an increase in alkyl chain length may also increase the steric
hindrance at the nitrogen center (Namme), which may lead to a
decrease in the basicity of mtrogen ® Further, the significantly
enhanced catalytic efficiency of #°-Cp—Ru(II) pyridylamine
complexes [Ru]-1—[Ru]-6 (70—84% yield of LA) in compar-
ison to 77>-Cp—Ru(II) pyridylimine complex [Ru]-7 (45% yield
of LA) clearly evidenced the crucial role of the flexible pyridy-
lamine ligands over the rigid pyridylimine ligand (Figure 2). %"’
In this context, preceding studies suggested that pyridylphosphine-
and aminophosphine-based hemilabile ligands may show flexible
coordination behavior, which conse%uently create a vacant coor-
dination site at the metal center. Comparing the catalytic
activity of various aminophosphine ligands, Weissensteiner et al.
demonstrated that the flexible N,N-dimethyl-diphenylphosphi-
noethylamine (PN) exhibited the highest catalytic activity for the

transfer hydrogenation of ketone to secondary alcohol in
comparison to the rigid N,N-dimethyl-2-diphenylphosphinoani-
line (DBD) and 2-{1-(IN,N-dimethylamino)-ethyl}-1-diphenyl
phosphinoferrocene (PPFA)."” A similar dissociation and
recoordination of the amine group was also observed for the
flexible pyridylamine in a Pd—pyridylamine-catalyzed copoly-
merization of ethylene and norbornene.”” Hence, on the basis of
the aforementioned findings, we proposed that the ruthenium-
bound x*-pyridylamine ligands in the complexes [Ru]-1—[Ru]-6
may presumably undergo a reversible K*—k'—«* coordination/
decoordination interconversion, where the pyridyl group remains
coordinated with the ruthenium and the amine branch is pen-
dant.”” This will create a new vacant site for the coordination of
formate and subsequently form a Ru—H species to further facil-
itate the transfer hydrogenation of furfural (1a) to furfuryl alcohol.
Further, the furfuryl alcohol undergoes an acid-assisted ring
opening to LA (1b) (Figure S2 in the Supporting Information).

Further, the steric crowding at the N ;.. center of the com-
plexes [Ru]-2—[Ru]-$ is estimated by comparing the N---C,
and N—H---C, distances (where C,, is the farthest carbon of the
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alkyl chain, and n (n > 2) represents the position of the carbon
from the N,,;,.) obtained from their single-crystal X-ray struc-
tures (Figure S3 and Table S$ in the Supporting Information).
The results implied that the methyl groups of the iso-propyl
chain are placed very close to the Ny .. (N---C, 2.499 A) in
[Ru]-3 in comparison to that in [Ru]-2 (N---C, 2.529 A and
N--Cy 3.251 A), suggesting more crowding at N, in the
complex [Ru]-3. Further, it is observed that the N---C, distance
in complex [Ru]-2 is more than that in the complexes [Ru]-4
and [Ru]-$, having bulky long carbon chains at N, sug-
gesting the least steric crowding at N, in complex [Ru]-2.
Moreover, the N—H---C, distances are also in good agreement
with the observed trend in N---C, distances (Table SS in the
Supporting Information). It is interesting to note that the
N---C; (3251 A) and N—H--C; (2.873 A) distances in the
complex [Ru]-2 are longer than those in the complex [Ru]-4,
which clearly evidenced the relatively less steric crowding at
N, nine Of the complex [Ru]-2. Moreover, we also observed that
the long isopentyl substituent at N,,;.. of the complex [Ru]-$
can fold back and, hence, may cause steric crowding at N ;..
(Figure S4 in the Supporting Information). Therefore, the
basicity and the steric crowding at N, is also expected to
play a crucial role in tuning the catalytic activity of the studied
°-Cp—Ru(Il) complexes for the transformation of furfural
(1a) to LA (1b).*°

Now, the high-performing [Ru]-2 catalyst was used for
further optimization of the catalytic reaction conditions for the
transformation of furfural (1a) to LA (1b). Performing the
reaction at a lower temperature (60—100 °C) resulted in a
sharp decrease in the yield of LA (1b) (Table S6 in the
Supporting Information). Moreover, decreasing the amount of
formic acid to 3 or 6 equiv is also found to have a detrimental
effect on the yield of LA (1b) (Table S7 in the Supporting
Information). It should be noted that in the presence of catalyst
alone (without formic acid), catalyst with H, gas, or without
catalyst only with formic acid (12 equiv), the reaction could
not proceed, suggesting the presence of formic acid and the cat-
alyst together is essential to achieve an efficient transformation
of furfural (1a) to LA (1b). Time-dependent reaction progress
monitored in 2, 4, and 6 h displayed a gradual increase in the
yield of LA (1b) from 35% (2 h) to 84% (6 h) (Table S8 in the
Supporting Information).

Therefore, the catalytic performance of the high-performing
complex [Ru]-2 has also been further investigated for the trans-
formation of other furan derivatives, S-HMF (2a) and S-MF
(3a), under the optimized reaction conditions (catalyst S mol %,
formic acid 12 equiv, at 120 °C, 6 h in water). Unlike furfural
(1a), only 66% conversion of S-HMF (2a) is achieved in 6 h.
However, 96% conversion of S-HMF (2a) to open-ring products
1-HHD (2b) with 69% selectivity (yield 42%) along with LA
(1b) and 3-HHD (3b) (Scheme 3b) is observed for the reaction
performed for longer duration (12 h). Formation of 1-HHD
(2b) as the major open-ring product from S-HMF (2a) has also
been reported earlier with other catalytic systems such as Pd/C,
Cp*Ir, and #°-arene—Ru(Il) complex.”"***”** Interestingly,
reaction with 5-MF (3a) resulted in the formation of 3-HHD
(3b, selectivity 84%) and 2,5-HD (3¢, selectivity 16%)
(Scheme 3c). Formation of 3-HHD (3b) as a major product
over 2,5-HD (3c) is presumably due to the higher preference
toward hydration over hydrogenation of the intermediate hex-
3-ene-2,5-diene (HED).

Encouraged by the above results, catalytic transformation of
fructose over [Ru]-2 catalyst at 120 °C with 12 equiv of formic

Scheme 3. Catalytic Transformation of Different Bio-Derived
Furans over [Ru]-2 Catalyst

( [Ru]-2 cat. (5 mol%) 0
(_7/\0 HCOOH (12 equiv.) )K/\I(OH
H,0, 120 °c 6h
(0]
1a 1b
Conv.>99 %% sel. 599 %?, Yield 84 %?
[Ru]-2 cat. (5 mol%)

O HCOOH (12 equiv.) \)\/Y )J\/\r( /U\/\H/
HO X
WO H,0, 120 °C

2a Conv. >66 %2 6 h Sel. 72 %* Sel 21 %° Sel 7%
Conv. > 96 %2 12 h Sel. 69 %,° Yield 42 %"

(c) [Rul-2cat 5mol%) O HO o)
o) HCOOH (12 equiv.)
U0 o '
0. ,

o] o
3a 3b 3c
Conv.>99 %%  Sel. 84 %°, Yield 45 %"  Sel. 16 %°

(d)
HOH,C CH,OH  [Ru]-2 cat. (5 mol%) /\Q/\ )J\/\n/
2 QOH HCOOH (12 equiv.)
S 120°C, 6 h

2a
HO ©OH Sel. 9% * Sel 13%
D-fructose 0
HO
4a )J\/\H/OH
° o
Sel. 65 %* Sel. 13 %°
(e) [Ru]-2 cat. (1 mol%) (0]
0 HCOOH (4 equiv.) )J\/\[(OH
_—
WS H;0, 120°C, 15 h o)
Gram Scale reaction 1b
1a
1.0g, 105 mmol Conv. > 99 %2 Sel. >99 %? Yield 64%°

“determined by 1H NMR with respect to the internal standard
(p-anisaldehyde), “determined by '"H NMR of the purified product
obtained from column chromatography (ethyl acetate/hexane 2/98—
10/90 v/v).

acid was also performed, which led to the formation of 1-HHD
(2b), LA (1b), 2,5-HD (3c), and $-HMF (2a) in 65%, 13%,
13% and 9% selectivities, respectively, in 6 h (Scheme 3d).
Formation of 5S-HMF (2a) and 1-HHD (2b) products from
fructose is consistent with previous reports, suggesting that this
transformation proceeded through the formation of platform
dehydrogenated precursor S-HMF (2a), which subsequently
transformed to 1-HHD (2b).**

Notably, the recovered catalyst [Ru]-2 (S mol %) showed
high stability and therefore could be recycled for four consec-
utive catalytic runs for the transformation of furfural (1a) to LA
(1b), where a 60% yield of LA (1b) was achieved even after the
fourth catalytic run (TON for first catalytic run 16.8 and TTN
58.4) (Figure SS in the Supporting Information). Experiments
performed in the presence of Hg metal showed no significant
change in catalytic activity of [Ru]-2 for furfural (1a) to LA
(1b) transformation, suggestmg that the active catalytic species
is homogeneous in nature.”” To further explore the practical
applicability of this catalytic methodology, a gram-scale exper-
iment was also carried out for the catalytic transformation of
furfural over [Ru]-2 catalyst (1 mol %) and achieved 64% yield
of LA (1b) in 15 h (TON 64.0) (Scheme 3e).

Therefore, the above findings clearly evidenced the high
stability of the [Ru]-2 catalyst at high temperature (>120 °C)
in water and in the presence of an acid (formic acid). Moreover,
as inferred from the Hg poisoning experiments, no decom-
position of [Ru]-2 catalysts to Ru nanoparticles is observed
under the catalytic reaction conditions (>120 °C in water).
The observed high stability of [Ru]-2 catalysts can be attributed
to the strong coordination of #>-Cp to the Ru center, while
nS-arene—Ru(II) complexes decomposed to Ru nanoparticles at
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a higher temperature.””*° Moreover, the high aqueous and

thermal stability of the studied 7°-Cp—Ru(II)—pyridylamine
complexes is also reflected in their two-fold higher catalytic
activity (84% yield of LA, 6 h, 120 °C, 12 mmol of HCOOH)
over the analogous 7°-arene—Ru(II) (42% yield of LA, 8 h, 100 °C,
12 mmol of HCOOH).”” Notably, previously explored catalysts
based on a 7°-Cp*—Ir complex or other metal nanoparticle
catalysts (Pd/Al,O; or Au/Nb,Ojs) required high H, gas pres-
sure (5—80 bar) and higher temperature (120—170 °C) for
analogous catalytic transformations (Table S9 in the Support-
ing Information).'® ¢ Therefore, the studied 1°-Cp—Ru(I1)—
pyridylamine complexes represent a class of highly active cata-
lysts with high thermal and aqueous stability, showing catalytic
activity higher than or on par with that of previously reported
catalytic systems.

B CONCLUSIONS

In summary, we synthesized and characterized (by 'H, *C, *'P,
NMR, and mass) a series of cationic #7°-Cp—Ru(II)—pyridyl-
amine ([Ru]-1—[Ru]-6) and 7°-Cp—Ru—pyridylimine ([Ru]-7)
complexes and authenticated the molecular structures of
all the complexes by X-ray crystallography. The synthesized
1°-Cp—Ru—pyridylamine complexes displayed high catalytic
activity for the transformation of the biomass-derived furans,
furfural (1a), S-HMF (2a), and 5-MF (3a) to the value-added
open-ring products, LA (1b) and diketones (1-HHD (2b),
3-HHD (3b) and 2,5-HD (3c)) with high conversion (>99%)
and selectivity at 120 °C in the presence of formic acid.
Experimental findings demonstrated that the 7°-Cp—Ru—
pyridylamine complexes exhibited higher catalytic performance
in comparison to the analogous ns—Cp—Ru—pyridylimine com-
plex, which can be attributed to the hemilabile nature of the
pyridylamine ligands and the basicity and bulkiness at N,
Moreover, the studied catalytic system has also been applied to
the transformation of fructose and the gram-scale transforma-
tion of furfural to open-ring products for practical applications.
Therefore, the high catalytic activity along with the aqueous and
thermal stability demonstrated by the studied 7°-Cp—Ru(II)
complexes may also find applications in various other high-
temperature catalytic reactions.

B EXPERIMENTAL SECTION

Procedure for the Synthesis of Cyclopentadienyl-Ruthenium-
(I Complexes [Ru]-1-[Ru]-7. Complexes [Ru]-1—[Ru]-7 were
synthesized by treating N-substituted pyridylamine (L1-L6) and
pyridylimine (L7) ligands with the cyclopentadienyl—ruthenium
precursor [(i7°*-CsHs)RuCl(PPh;),] in methanol (25 mL) under reflux
conditions for 20 h. Later, the volume was reduced to 10 mL, and then
NH,PF4 was added (0.489 g, 3.0 mmol). The resulting solution was
stirred for 12 h at room temperature to obtain the desired complexes
as precipitates, which were washed with diethyl ether (3 X 10 mL) and
dried in air.

Synthesis of [(7°-CsHs)RuPPh;(x?-(N,N)-2-(aminomethyl)-
pyridine]PFg ([Ru]-1). Complex [Ru]-1 iswas synthesized following
the above general procedure, by using 2-(aminomethyl)pyridine (L1)
(1.180 g, 1.1 mmol) and [(57>-CsHs)Ru(PPh;),Cl] (0.363 g, 0.5 mmol).
Pale yellow solid, yield 0.210 g (61%). FTIR (v, cm™'): 3357, 3313
V(N—H stretching), 1606 v(N—H bending), 1090 v(C—N), 832
v(PFy stretching), 556 v(PFg bending). "H NMR (400 MHz, DMSO-
dg): 6 (ppm) 8.61 (d, 1H, J = 5.20 Hz), 7.56 (t, 1H, J, = 7.80 Hz, ], =
7.52 Hz), 7.39 (t, 6H, J, = 9.28 Hz, ], = 6.24 Hz), 7.32 (t, 6H, ], =
8.80 Hz, J, = 628 Hz), 7.28 (d, 1H, ] = 8.28 Hz), 7.12 (t, 6H, J, =
928 Hz, ], = 8.04 Hz), 6.79 (t, 1H, ], = 6.52 Hz, ], = 6.28 Hz), 4.36
(s, SH), 4.03-3.99 (m, 1H). ®C NMR (100 MHz, DMSO-d):
5 (ppm) 16228, 155.77, 136.18, 134.35, 133.97, 132.97, 132.86,

129.64, 12832, 12823, 123.02, 120.32, 75.09, 53.54. 3P NMR
(161.97 MHz, DMSO-d): & (ppm) 55.33 (s, PPh;), —144.19 (sep, PFy).
MS (ESI): m/z calculated for [(5>-CsHs)Ru(x>-L1)PPh;]* (L1 =
2-(aminomethyl) pyridine) $37.1 [M]*, found $37.1 [M]*. UV—vis
(dichloromethane, A, nm (¢, M™' cm™)): 365 (3.7 x 10%), 327
(6.8 x 10%), 274 (8.0 X 10%), 267 (7.1 X 10*). The CCDC deposition
number of the complex [Ru]-1 is 1564514,

Synthesis of [(1°-CsHs)RuPPh;(i-(N,N)-N-(pyridin-2-ylmethyl)-
propan-1-amine]PFs ([Ru]-2). Complex [Ru]-2 was synthesized
following the above general procedure, by using N-(pyridin-2-
ylmethyl)propan-1-amine (L2) (0.165 g 1.1 mmol) and [(1f-
C¢H;)Ru(PPh,),Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield
0.225 g (62%). FTIR (v, em™): 3277 v(N—H stretching), 1605
v(N—H bending), 1091 v(C—N), 833 v(PF; stretching), 557 v(PFy
bending). '"H NMR (400 MHz, DMSO-d,): 5 (ppm) 8.39 (d, 1H, ] =
524 Hz), 7.70 (t, 1H, J, = 7.76 Hz, ], = 7.52 Hz), 7.46 (t, 3H, ], =
628 Hz, J, = 828 Hz), 742 (d, 1H, ] = 7.76 Hz), 7.39 (t, 6H, ] = 7.56 Hz,
], = 7.00 Hz), 7.00 (t, 6H, J, = 9.28 Hz, ], = 8.28 Hz), 6.90 (t, 1H,
J, = 6.52 Hz, ], = 6.52 Hz), 4.51 (s, SH), 4.39 (dd, 1H, J, = 15.56 Hz,
], = 15.56 Hz), 4.09—4.02 (m, 1H), 3.29-3.25 (m, 1H), 3.19-3.14
(m, 1H), 2.90—2.88 (m, 1H), 1.40—1.36 (m, 1H), 1.18—1.15 (m, 1H),
0.54 (t, 3H, J; = 7.28 Hz, ], = 7.52 Hz). >*C NMR (100 MHz, DMSO-
dg): 6 (ppm) 161.23, 155.37, 136.74, 132.99, 132.77, 132.65, 132.61,
130.07, 128.76, 128.67, 123.55, 120.92, 75.68, 61.13, 60.71, 21.49,
10.29. 3'P NMR (161.97 MHz, DMSO-dy): & (ppm) 54.98 (s, PPhy),
—144.19 (sep, PF). MS (ESI): m/z calculated for [(>-CsHg)Ru(i*
L2)PPh;]* (L2 = N-(pyridin-2-ylmethyl)propan-1-amine) 579.1
[M]*, found 579.1 [M]*. UV—vis (dichloromethane, 4,,, nm
(& M em™)): 369 (3.7 x 10%), 329 (6.7 X 10%), 274 (7.5 x 10%),
266 (6.6 x 10°). The CCDC deposition number of the complex
[Ru]-2 is 1556948.

Synthesis of [(i1°-CsHs)RuPPh;(i-(N,N)-N-(pyridin-2-ylmethyl)-
propan-2-amine]PFs ([Ru]-3). Complex [Ru]-3 was synthesized
following the above general procedure, by using N-(pyridin-2-ylmethyl)-
propan-2-amine (L3) (0.165 g 1.1 mmol) and [(7°-CsH;)Ru-
(PPh,;),Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield 0.240 ¢
(66%). FTIR (v, cm™): 3274 v(N—H stretching), 1604 v(N—-H
bending), 1093 v(C—N), 828 v(PF; stretching), 556 v(PF4 bending).
"H NMR (400 MHz, DMSO-d;): 5 (ppm) 8.16 (d, 1H, J = 5.24 Hz),
7.76 (, 1H, ], = 7.60 Hz, ], = 7.76 Hz), 7.50 (t, 3H, J, = 7.56 Hz, ], =
7.00 Hz), 7.48 (d, 1H, J = 7.75 Hz), 744 (t, 6H, ], = 628 Hz, ], =
8.52 Hz), 7.00 (t, 6H, J, = 8.80 Hz, J, = 828 Hz), 694 (t, 1H,
J, = 628 Hz, ], = 7.04 Hz), 4.64 (s, SH), 4.14—4.11 (m, 1H), 3.26—
321 (m, 1H), 1.94—1.88 (m, 1H), 0.93 (dd, 6H, J; = 6.04 Hz, ], =
6.52 Hz). 3C NMR (100 MHz, DMSO-d;): 6 (ppm) 161.55, 154.93,
137.10, 132.82, 132.73, 132.63, 132.44, 130.27, 128.99, 128.90, 123.42,
121.08, 75.33, 58.35, 56.63, 24.72, 20.48. 3'P NMR (161.97 MHz,
DMSO-d;): & (ppm) 54.44 (s, PPhs), —144.17 (sep, PF). MS (ESI)
m/z calculated for [(1>-CsHs)Ru(x*-L3)PPh;]* (L3 = N-(pyridin-2-
ylmethyl)propan-2-amine) $79.2 [M]*, §79.2 found [M]*. UV—vis
(dichloromethane, A, nm (g, M™' ecm™)): 369 (3.7 x 10%), 329
(6.9 x 10%), 275 (7.7 X 10%), 266 (6.7 X 10*). The CCDC deposition
number of the complex [Ru]-3 is 1564515.

Synthesis of [(1>-CsHs)RuPPh;(i%-(N,N)-N-(pyridin-2-ylmethy!)-
butan-1-amine]PFs ([Ru]-4). Complex [Ru]-4 was synthesized
following the above general procedure, by using N-(pyridin-2-ylmethyl)-
butan-1-amine (L4) (0.180 g, 1.1 mmol) and [(7*-CsH;)Ru(PPh,),Cl]
(0.363 g, 0.5 mmol). Pale yellow solid, yield 0.250 g (67%). FTIR
(v, em™): 3127 v(N—H stretching), 1601 v(N—H bending), 1092
v(C—N), 830 v(PF, stretching), 557 v(PFs bending). 'H NMR
(400 MHz, DMSO-dy): 6 (ppm) 8.38 (d, 1H, J = 5.28 Hz), 7.70
(t 1H, J, = 7.52 Hz, ], = 7.52 Hz), 745 (t, 3H, J, = 6.00 Hz, J, =
6.80 Hz), 7.39 (t, 6H, J; = 6.52 Hz, ], = 8.04 Hz), 7.19 (t, 1H, J, =
9.04 Hz, ], = 7.28 Hz), 7.00 (t, 6H, J, = 9.28 Hz, ], = 8.28 Hz), 6.89
(t, 1H, J, = 6.52 Hz, ], = 6.52 Hz), 4.51 (s, SH), 442—4.37 (m, 1H),
4.11—-4.03 (m, 1H), 3.24—3.22 (m, 1H), 2.91-2.85 (m, 1H), 1.36—
1.31 (m, 1H), 1.18—1.10 (m, 1H), 0.96-091 (m, 1H), 0.77 (t, 3H,
Ji = 704 Hz, ], = 724 Hz). *C NMR (100 MHz, DMSO-dy):
5 (ppm) 161.23, 155.36, 136.75, 133.02, 132.77, 132.65, 130.06,
128.75, 128.65, 123.55, 120.92, 75.70, 60.88, 59.17, 30.53, 18.78,
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13.66. *'P NMR (161.97 MHz, DMSO-d,): & (ppm) 54.89 (s, PPhy),
—144.18 (sep, PF¢). MS (ESI): m/z calculated for [(°-CsHs)Ru(ix*
L4)PPh,]* (L4 = N-(pyridin-2-ylmethyl)butan-1-amine) 593.2 [M]*,
found 593.2 [M]*. UV—vis (dichloromethane, 1,,,, nm (&, M~ cm™)):
369 (3.5 x 10%), 330 (5.9 X 10°), 274 (7.9 X 10%), 266 (7.0 X 10°). The
CCDC deposition number of the complex [Ru]-4 is 1556949.

Synthesis of [(°-CsHs)RuPPh;(i’-(N,N)-3-methyl-N-(pyridin-2-
ylmethyl)butan-1-amine]PF4 ([Ru]-5). Complex [Ru]-5 was synthe-
sized following the above general procedure, by using 3-methyl-N-
(pyridin-2-ylmethyl)butan-1-amine (LS) (0.195 g 1.1 mmol) and
[(7°-CsHs)Ru(PPh,),Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield
0.255 g (68%). FTIR (v, em™): 3306 v(N—H stretching), 1608
v(N—H bending), 1089 v(C—N), 829 v(PF, stretching), 556
v(PF¢ bending). 'H NMR (400 MHz, DMSO-d;): § (ppm) 8.37
(d, 1H, J = 5.16 Hz), 7.69 (t, 1H, J, = 7.76 Hz, ], = 9.04 Hz), 7.46
(t, 3H, J; = 7.52 Hz, ], = 5.76 Hz), 7.38 (t, 6H, J; = 628 Hz, ], =
7.04 Hz), 7.19 (t, 1H, J, = 9.04 Hz, ], = 8.04 Hz), 7.01 (t, 6H, J, =
9.00 Hz, ], = 8.28 Hz), 6.88 (t, 1H, J, = 6.28 Hz, ], = 6.52 Hz), 4.52
(s, SH), 4.41 (dd, 1H, J, = 7.76 Hz, ], = 4.52 Hz), 4.11—4.04 (m, 1H),
324-321 (m, 1H), 1.28—1.19 (m, 2H), 1.11-0.98 (m, 1H), 0.80
(d, 3H, ] = 6.28 Hz), 0.76 (d, 3H, ] = 6.28 Hz). '*C NMR (100 MHz,
DMSO-dy): 6 (ppm) 161.23, 155.44, 136.74, 133.10, 132.78, 132.72,
132.67, 130.03, 128.72, 128.62, 123.54, 120.88, 75.71, 61.17, 57.79,
37.73, 25.04, 22.56, 22.33. 3'P NMR (161.97 MHz, DMSO-d,):
5 (ppm) 54.73 (s, PPhy), —144.18 (sep, PF¢). MS (ESI) m/z calculated
for [(#°-CsHs)Ru(k*-L5)PPhy]* (LS = 3-methyl-N-(pyridin-2-
ylmethyl)butan-1-amine) 607.2 [M]*, found 607.2 [M]*. UV-vis
(dichloromethane, A, nm (g, M™' ecm™)): 363 (3.7 x 10%), 329
(6.1 x 10%), 274 (8.2 X 10%), 267 (7.4 X 10%). The CCDC deposition
number of the complex [Ru]-5 is 1564516.

Synthesis of [(i°-CsHs)RuPPh;(i-(N,N)-N-benzyl-1-(pyridin-2-yl)-
methanamine]PFs ([Ru]-6). Complex [Ru]-6 was synthesized
following the above general procedure, by using N-benzyl-1-
(pyridin-2-yl)methanamine (L6) (0.217 g 1.1 mmol) and [(ip*-
C¢H;)Ru(PPh,),Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield
0251 g (65%). FTIR (v, em™): 3254 v(N—H stretching), 1605
v(N—H bending), 1090 v(C—N), 836 v(PFq stretching), 557 v(PFq4
bending). 'H NMR (400 MHz, DMSO-d,): § (ppm) 8.36 (d, 1H, J =
5.28 Hz), 7.68 (t, 1H, J, = 9.28 Hz, J, = 7.76 Hz), 7.49 (t, 3H, J, =
7.52 Hz, J, = 7.00 Hz), 7.41 (t, 6H, ], = 6.24 Hz, ], = 8.56 Hz), 7.34—
7.26 (m, SH), 7.18=7.12 (m, 1H), 6.94 (t, 6H, J, = 9.32 Hz, ], =
8.00 Hz), 6.79 (d, 1H, J = 6.28 Hz), 4.61 (s, SH), 4.50—4.46 (m, 1H),
4.39—4.33 (m, 1H), 4.27—4.20 (m, 1H), 3.95 (dd, 1H, ], = 4.52 Hz,
J, = 4.52 Hz). BC NMR (100 MHz, DMSO-d): § (ppm) 161.04,
155.48, 137.10, 136.69, 133.49, 133.38, 132.03, 132.98, 132.92, 132.60,
130.40, 129.15, 129.05, 128.90, 128.81, 128.41, 123.86, 121.37, 75.95,
62.87, 60.96. *'P NMR (161.97 MHz, DMSO-dy): § (ppm) 55.317
(s, PPh;), —144.18 (sep, PF¢). MS (ESI) m/z calculated for [(i’-
CsHs)Ru(x?-L6)PPhy]* (L6 = N-benzyl-1-(pyridin-2-yl)-
methanamine) 627.2 [M]*, found 626.8 [M]*. UV—vis (dichloro-
methane, 4,,,,, nm (¢, M~ cm™)): 366 (2.9 x 10%), 328 (5.3 x 10°),
373 (7.2 X 10%), 266 (6.6 X 10*). The CCDC deposition number of
the complex [Ru]-6 is 1564517.

Synthesis of [(n*-CsHs)RuPPh;(k?-(N,N)-N-(pyridin-2-
ylmethylene)propan-2-amine]PFs ([Ruj-7). Complex [Ru]-7 was
synthesized following the above general procedure, by using N-(pyridin-
2-ylmethylene)propan-2-amine (L7) (0.162 g 1.1 mmol) and [(i7*-
CsH;)Ru(PPh;),Cl] (0.363 g 0.5 mmol). Brown solid, yield 0.255 ¢
(70%). FTIR (v, cm™): 1092 (C—N), 830 1/(PF; stretching), 557 v/(PFg
bending). '"H NMR (400 MHz, DMSO-dy): § (ppm) 928 (d, 1H, J =
5.52 Hz), 8.63 (d, 1H, J = 5.03 Hz), 7.70 (t, 1H, J, = 7.80 Hz, ], =
7.52 Hz), 7.62 (d, 6H, ] = 7.76 Hz), 743 (t, 3H, ], = 7.52 Hz, ], =
6.76 Hz), 7.36 (t, 6H, J, = 6.80 Hz, ], = 7.00 Hz), 7.19 (t, 1H,
J, = 7.00 Hz, J, = 6.00 Hz), 7.02 (t, 6H, J, = 9.28 Hz, ], = 8.56 Hz),
4.84 (s, SH), 4.66—4.59 (m, 1H), 1.42 (d, 3H, J = 6.56 Hz), 0.80
(d, 3H, J = 6.52 Hz). C NMR (100 MHz, DMSO-d,): § (ppm)
160.69, 156.05, 155.68, 135.36, 132.71, 132.60, 131.36, 130.95, 130.13,
128.57, 128.47, 127.56, 124.45, 78.94, 66.29, 25.00, 21.63. *'P NMR
(16197 MHz, DMSO-d¢): 6 (ppm) 48.18 (s, PPh;), —144.18
(sep, PFq). MS (ESI) m/z calculated for [(17°-CsH)Ru(x*-L7)PPh,]*

(L7 = N-(pyridin-2-ylmethylene)propan-2-amine) 577.1 [M]*, found
577.1 [M]*. UV—vis (dichloromethane, A, nm (¢ M~ cm™)):
436/2.9 X 10% 337/2.5 X 103, 273/9.1 X 10°, 267/8.0 X 10°. CCDC
deposition number of the complex [Ru]-7 is 1564518.

General Procedure for 7°-Cp—Ru(ll)-Catalyzed Transforma-
tion of Furfural (1a) and Its Derivatives to Levulinic Acid (1b)
and Diketones in Water. All of the reactions were carried out in a
Teflon-coated autoclave. To an aqueous suspension (10 mL) of
17°-Cp—Ru(Il) catalyst (5 mol %) was added 1.0 mmol of furan (or its
derivatives or fructose) and formic acid (as specified), and the reaction
mixture was heated at 120 °C for the specified duration. After com-
pletion of the reaction, the reaction mixture was cooled to room
temperature and dried under reduced pressure. The selectivity of the
products was determined by "H NMR. The yield for LA (1b) from
farfural (1a) was determined by isolating the purified product through
column chromatography (ethyl acetate/hexane 2/98 to 10/90 v/v)
and by 'H NMR in CDCI, with reference to p-anisaldehyde added as
an internal standard (Figure S7 in the Supporting Information). The
yields of the diketone products 1-HHD (2b, from S-HMF, 2a) and
3-HHD (3b, from 5-MF, 3a) were determined by isolating the purified
products by column chromatography (ethyl acetate/hexane 2/98
to 10/90 v/v).
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