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Biomass valorization

Transfer hydrogenation (TH) processes are receiving great attention for biomass valorization and ruthenium(II)
complexes are renowned TH catalysts both on laboratory and industrial scale. Only a few homogeneous catalytic
precursors are available in the literature for the TH of ethyl levulinate (EL) to y-valerolactone (GVL). Herein,
starting from simple, commercially available isocyanides, two classes of air-stable ruthenium(II) complexes were
synthesized and tested as catalytic precursors. First, an optimized preparation of Ru(Il) p-cymene isocyanide
complexes was developed. Then, the thermally induced p-cymene/DMSO substitution gave access to unprece-
dented ruthenium isocyanide-DMSO complexes. All the complexes were characterized and tested in TH of EL to
GVL showing promising performances, adopting 2-propanol as hydrogen donor, a low catalyst (Ru) and co-
catalyst (KOH) amount, working under microwave heating for 1 h at 150 °C. The most selective systems were
also successfully tested with different biomass-derived alcohols, including 2-butanol. Finally, the recycling of the

best catalyst was also investigated, thus improving the efficiency of the entire process.

1. Introduction

Isocyanides (CNR) are versatile ligands for transition metal com-
plexes which offer several advantages with respect to other commonly-
used classes of ligands. Their effective and tunable c-donor and
n-acceptor character provides a robust metal — carbon bond adapting to
diverse metal centers [1] and the multi-site reactivity of coordinated
isocyanides gives access to other organometallic fragments [2]. Several
alkyl and aryl isocyanides are available either commercially or through
documented synthetic procedures [3]. Generally, they can be manipu-
lated in the presence of air/moisture and they require a simple ligand
exchange step for their coordination. Their bonding with metal centers
can be regulated by the varying substituent (R) and can be easily
detected by FT-IR spectroscopy, based on the fact that the CN stretching
vibration provides an intense absorption in a clean spectral region.
Despite these useful features and their cost-effectiveness, isocyanides
have been overlooked with respect to more popular monodentate li-
gands, such as carbonyl, phosphanes and NHC carbenes, especially in
catalyst development [4], a topic, up to now, not thoroughly
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investigated in the literature [5]. Ruthenium represents a privileged
choice, due to the superior catalytic performances of Ru-based catalysts
with respect to other noble metals [6,7], thus resulting one of the most
active metals for several industrially important reactions [8]. Specif-
ically, half-sandwich ruthenium complexes with n®-arene ligands have
been extensively investigated as catalysts for a variety of reactions,
including (de)hydrogenation/hydrogen borrowing processes [9-11],
hydration of nitriles [12], arylation of C(spz)-H bonds [13] and alkene
metathesis [14]. The {Ru(qs—arene)}2+ moiety is capable of coordinating
a wide range of ligands starting from the halido-bridged dimers [RuX
(p—X)(n6—arene)]2 (X=halide) [15], which can be prepared in gram-scale
and almost quantitative yield from RuCls hydrate [16,17]. However,
among thousands of these derivatives, only few have been reported with
isocyanides (L=CNR) [18,19]. Despite the °-arene ligand in piano-stool
ruthenium(II) complexes is often considered a spectator ligand in cata-
lytic cycles, its thermally-induced displacement has been sometimes
invoked as the key step to generate the active species
[10b,11,13c,14,20]. In this respect, it is known that the ruthenium —
arene bond is labilized by competing n-acceptor ligand(s) [16,21]:
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therefore, the coordination of an isocyanide to the RuH(nG-arene) scaf-
fold should facilitate this reactivity, which has never been investigated
up to now and bears foreseeable (positive) implications for the catalytic
activity.

In the 1990's, ruthenium(II) ne—arene complexes rose to prominence
for catalytic transfer hydrogenation (CTH) reactions [6b,22], which still
today represent a valid alternative to hydrogenation reactions with
molecular hydrogen [23]. The main advantages of CTH over hydroge-
nation with molecular hydrogen include the reduction of risks and safety
restrictions, the added value of exploiting molecular diversity in the
reducing agent. Other advantages of adopting hydrogen donor(s) over
other traditional methodologies involve the requirement of cheaper
reagents, resulting less hazardous than, for example, boron, aluminum
and silicon hydrides, generally employed as reducing agents. Moreover,
avoiding the use of molecular hydrogen would allow the employment of
milder reaction conditions, mainly in term of the reaction pressure,
resulting both in a lower environmental impact and in easier down-
stream operations, if the selectivity parameter is rightly addressed
[23b,23c]. In particular, Noyori-Ikariya catalysts (Fig. 1, E) and subse-
quent generations, are commercially available and have found wide-
spread use for CTH reactions [24], including the conversion of biomass-
derived molecules, such as furfural and other furanic derivatives, levu-
linic acid/levulinate esters [25]. Specifically, these latter compounds
represent emerging building blocks in the biomass conversion field, as
demonstrated by the several applications developed up to now, such as
the synthesis of oxygenated bio-fuels, fragrances, plasticizers, in-
termediates for chemical and pharmaceutical industry, food additives
and bio-solvents [26]. Among them, levulinate esters can be advanta-
geously upgraded into more valuable bio-products, such as ketals [27],
alkoxypentanoates [28] and y-valerolactone (GVL) [11,29], due to the
greater stability of the esters with respect to the corresponding acids,
thus generally reducing the formation of by-products [30]. GVL is a key
compound due to its widespread application, highlighting its use as
green additive for lubricants, plasticizers, fuels and green solvents in
organic synthesis and biomass refinery [31]. Regarding the CTH of
levulinate esters, ethyl levulinate (EL) is an intriguing molecule derived
directly from biomass and its conversion to GVL through CTH approach
has been extensively studied particularly employing heterogeneous
catalysts. Anyway, some unsolved drawbacks still remain, including the
use of high amount of catalyst and harsh reaction conditions, both
hampering the sustainability of the process [32]. Research into EL
conversion using homogeneous catalysts has been comparatively limited
[33], despite these systems are usually characterized by higher catalytic
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efficiency and turnover numbers than the heterogeneous ones, at the
same time requiring milder reaction conditions. To date, the most
promising results obtained in the CTH of EL to GVL in the presence of
homogeneous catalytic precursors (Fig. 1) are summarized in Table 1.

The main drawbacks of the catalytic systems developed in the studies
reported in Table 1 are related to the instability of the catalysts under air
[33a,33b,33¢,33g], the high amount of the catalyst [33a,33d,33f], the
long reaction time [33a,33b,33f], the use of fossil-based solvents [33a],
and/or the high amount of base [33b,33e,33f,33g]. The air- and
moisture-stable Ru(II) complex [RHCI{KZN-((4-C6H1QOH)N:CH)z}(T]G-p-
cymene)]BPhy, previously studied by us, was found to be the best cat-
alytic precursor for the CTH of EL to GVL among a series of related
a-diimine complexes, affording the maximum GVL yield of 62 mol%
under mild reaction conditions (1 h at 160 °C) [11]. Considering the
sustainability issues, low amounts of both Ru catalyst (0.56 mol%,
respect to EL) and of the base potassium hydroxide (1 mol% respect to
EL) were used. Moreover, this reaction was performed in the presence of
2-propanol as hydrogen-source and solvent, employing microwave
(MW) as efficient heating system, aimed at improving the process effi-
ciency, exploiting fast temperature increase, short reaction times and
energy saving [31a,34] (Entry 8, Table 1). On the basis of these positive
outcomes, the MW heating was proposed for the CTH of EL to GVL with
the ruthenium(II) isocyanide complexes investigated in this paper and
never proposed for any catalytic application. Moreover, the CTH of EL to
GVL was studied in the presence of a wide range of biomass-derived
alcohols, including isopropanol, ethanol, butanol, pentanol and hex-
anol [35], with the aim of optimizing the sustainability degree of the
entire process. Finally, in this perspective, some insights on the spent
catalyst were provided, being of paramount importance for the recycle
issue, an aspect barely considered in the literature. In summary, the
adoption of i) very low amount of a new air-stable and easily synthe-
sizable Ru(Il)-based catalysts, ii) a biobased solvent, iii) mild reaction
conditions, also exploiting the efficient microwave heating, represent
the main strengths for improving the sustainability of the EL conversion
to GVL over the state of the art.

2. Results and discussion
2.1. Synthesis and characterization of 1°-arene isocyanide complexes
Given the paucity of studies about isocyanide ligands in catalysis and

the absence of prior works on the catalytic activity of the target com-
pounds of this work (see the Introduction Section), we employed a
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Structure of the pre-catalysts reported in Table 1.
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Table 1
Best catalytic performances for the TH of EL to GVL using A-G as homogeneous pre-catalysts.
H, donor
1-VII cat. 0
Jnpon T
- EtOH

0
Ethyl levulinate (EL)

y-valerolactone (GVL)

[a]

Entry  Temperature, reaction time Base Metal, Hydrogen donor, solvent  EL GVL Ref.
(mol% vs EL) Catalyst Conversion (mol%)  Yield (mol%)
(mol% vs EL)
1 140°C, 24 h - Fe, A HCO,H, > 99 98 [33a]
(5 %) 1,4-dioxane
2 100 °C, 19 h NaHCO3 Fe,B " ProH 96 95 [33b]
(5 %) (1 %) (H-donor and solvent)
3 80 °C, 20 min ‘BuOK Mn, C ) PrOH 98 82 [33c]
1 %) (0.5 %) (H-donor and solvent)
4 140°C,3h - Sc(0Th; PrOH 98 92 [33d]
MW heating (5 %) (H-donor and solvent)
5 150 °C, 3 h Ba(OH), Ir, D (1.34010% %) '/ Glycerol, - 68 [33e]
(100 %) H>0
6 30°C, 18 h N-methyl piperidine”  Ru, E HCO,H (excess) " 94 el [33f]
(1 %) MeOH
7 82 °C, 30 min K2CO3 Ru, F ! PrOH 98 94 [33¢]
(5 %) (0.01 %) (H-donor and solvent)
8 160 °C, 1 h KOH Ru, G prOH 81 62 [11]
MW heating 1 %) (0.56 %) (H-donor and solvent)

[l Conventional heating, unless otherwise specified.
] Under inert atmosphere and anhydrous conditions.
lel Blank test (without catalyst) is not reported.

I Formic acid/N-methyl piperidine 1:1 mol ratio; in large excess with respect to EL.

le] Enantiomeric excess of (R)-GVL is 82 %.

selection of commercially-available and inexpensive isocyanides with
different alkyl or aryl substituents. The starting materials [RuXy(n®-p-
cymene)]y (X=Cl, I) were prepared in 95-99 mol% yield from com-
mercial RuClg hydrate, according to published procedures [10b,16].
Next, [RuClz(nﬁ—p—cymene)] 2 (up to 500 mg, 1.6 mmol) was allowed to
react with the selected isocyanides (CNR) to afford the corresponding
[RuClz(CNR)(T]6-p—cymene)] derivatives (R: xylyl, Xyl, 1a; 2-naphthyl,
1b; benzyl, Bn, 1c; cyclohexyl, Cy, 1d; tert-butyl, 1e; Scheme 1a), ac-
cording to an optimized procedure. The reactions were carried out in
stoichiometric conditions at room temperature in CHyCl,. Instead,
[RuIz(CN‘Bu)(nG'p-cymene)], 1f, was prepared from the iodide dimer
[RuIz(ns-p-cymene)]z in refluxing CH,Cly (Scheme 1b). The conversion
of the isocyanide can be easily evaluated by FT-IR spectroscopy and was
typically complete within 1 h. Therefore, excess of ligand and/or longer
reaction times are unnecessary [19b,19 g,19i,19j]. Previously-reported

[Rqu(CNR)(HG-arene)] complexes (X=Cl, I) were purified by (re)crys-
tallization and/or silica gel chromatography [19]. Instead, 1a-f were
herein purified by a simple filtration of the reaction mixture over celite,
which is nevertheless fundamental to remove a brown solid by-product
(see Experimental Section for details), followed by a final washing with
diethyl ether or hexane. Thus, orange (1a-e) or violet-red (1f) air-stable
powders were isolated in 89-97 mol% yields. Remarkably, the prepa-
ration of 1a-e was alternatively carried out using the less-hazardous
acetonitrile, with no significant difference in yield and purity of the
final compound [36].

To the best of our knowledge, 1a [19j], 1d [19b,19¢] and 1le
[19Db,19¢,19 g,19i] were previously reported in the literature, whereas
1b-c are unprecedented. Compounds la-f were characterized by
elemental (CHN) analyses, FT-IR and NMR spectroscopy (Figures S1-
$24). CH,Cl, and CDCIl3 were used as standard solvents for IR and NMR
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Scheme 1. Synthesis of ruthenium complexes 1a-f from commercially available isocyanides and the corresponding [RuX5(n®-p-cymene)l, (X=CI, I) dimer. Isolated

yields (mol%) in parentheses.
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measurements, respectively. The isocyanide ligand is characterized by a
strong IR absorption in the 2150-2160 or 2185-2200 cm ™' range (ar-
omatic/aliphatic group) and by a relatively broad 3C NMR signal
around 150 or 140 ppm (aromatic/aliphatic group). The shift of the
C=N stretching band (in CH3Cly) with respect to the free isocyanide
indicates a scarce n-backdonation from the {Ru(n6-p-cymer1e)}2+ moiety
[19b,19 g,19j] and reflects the relative donor/acceptor properties of the
isocyanide substituent and the halide co-ligand (Table S1). The molec-
ular structures of 1d and 1e were elucidated by single-crystal X-Ray
diffraction (Figs. 2 and 3, Table 2). These complexes display a three-
legged piano-stool geometry, as found in the few related compounds
where Ru is bonded to a n®p-cymene, two halides and one isocyanide
ligand [19£,19j,19 h]. The C(1)-N(1) contact [1.148(2) A and 1.147(8) A
in 1d and 1e] and the Ru-C(1)-N(1) angle [173.74°(13) and 179.5°(7) in
1d and 1e, respectively] is in agreement with a c-bonded isocyanide
with little n-backdonation from the metal center [1]. The bonding pa-
rameters of the coordinated CN'Bu ligand are comparable with those
previously reported for analogous complexes [37]. Remarkably, only
few crystal structures of ruthenium cyclohexyl isocyanide complexes
have been reported so far in the literature and none of them with an
arene co-ligand [38].

2.2. Synthesis and characterization of DMSO/isocyanide complexes

The addition of a m-acceptor ligand (such as a monodentate phos-
phane, saturated NHC, allenylidene or a bidentate N-heterocycle) to the
RuH(nG-arene) scaffold results in the labilization of the ruthenium-arene
bond [14-21]. Coordinating solvents (such as MeCN, DMSO, H,0) may
facilitate the dissociation of the arene by binding to the vacant coordi-
nation sites on the metal [39]. As a matter of fact, several well-
established synthetic procedures are based on the thermal or photo-
chemical cleavage of the arene ligand from Ru(II) complexes in MeCN
solution [40]. In the case of DMSO, the undesired release of p-cymene in
DMSO or DMSO/water solution has been often reported while assessing
the suitability of the respective Ru(Il) complexes for biological appli-
cations [41,42]. However, the isolation of Ru(DMSO)y (x = 1-3) com-
plexes, taking advantage of the DMSO/arene exchange as a useful
synthetic step, has been rarely accomplished [43,44]. Even fewer studies

Fig. 2. Molecular structure of 1d. Displacement ellipsoids are at the 50 %
probability level.
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Fig. 3. Molecular structure of 1le. Displacement ellipsoids are at the 50 %
probability level. Only the main image of the disordered ‘Bu group is
represented.

Table 2
Main bond distances (A) and angles (°) of 1d and 1e.
1d le

Ru(1)-C(p-cymene),y 2.210(4) 2.200(14)
Ru(1)-Cl(1) 2.4143(4) 2.4018(18)
Ru(1)-Cl(2) 2.4110(4) 2.4113(17)
Ru(1)-C(1) 1.9759(15) 1.975(6)
C(1)-N(1) 1.148(2) 1.147(8)
N(1)-C(2) 1.4510(19) 1.461(9)
Cl(1)-Ru(1)-Cl(2) 88.226(13) 88.29(7)
Cl(1)-Ru(1)-C(1) 85.47(4) 85.1(2)
Cl(2)-Ru(1)-C(1) 87.90(4) 85.2(2)
Ru(1)-C(1)-N(1) 173.74(13) 179.5(7)
C(1)-N(1)-C(2) 170.05(16) 175.9(7)

provide a complete spectroscopic and/or crystallographic character-
ization, including the assessment of the stereochemistry and binding
mode of DMSO ligands [45,46].

With this background in mind, the p-cymene/DMSO exchange pro-
cess for 1a-e was investigated in two different conditions. First, a one-
pot procedure in toluene solution was developed. Thus, a suspension
of 1a-e, freshly prepared from [RuCly(n®-cymene)], and the respective
isocyanide, was treated with DMSO (5-10 eq. respect to Ru; Scheme 2a).
The reactions proceeded at 55-110 °C for 2-6 h, accompanied by a
progressive color change from orange to yellow. The formation of a by-
product (3, see Experimental Section) in a variable amount was ascer-
tained, depending on temperature/excess of DMSO and the type of
isocyanide ligand (especially for 1c,e). Optimization of the reaction
conditions and workup allowed us to isolate 2a,b,d in 56-79 mol%
yields, whereas 2c,e could not be separated from the by-product 3c,e.
Next, the p-cymene/DMSO exchange on 1a-d was investigated in DMSO
as less-hazardous solvent (Scheme 2b) [36]. In comparison with the
previous approach, the reactions proceeded at higher temperature
(100-130 °C), but required shorter times (for instance, less than 30 min
for 1a). Subsequent removal of excess DMSO was carried out by water
(NaCl)/CHCl3 extraction followed by trituration in Et,O. Hence, com-
pounds 2a-d were isolated as colorless or pale-yellow solids in 56-82
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Scheme 2. Preparation of ruthenium complexes 2a-e by DMSO-assisted p-cymene cleavage from 1a-e in toluene (a) or DMSO (b) as solvents. Blue arrows indicate
the one-pot procedure in toluene starting from [RuCly(n°-p-cymene)],. Isolated yields in parentheses (for 2c the yield obtained in DMSO is reported; 2e was not

isolated as a pure compound - see Experimental Section for details).

mol% yields.

In summary, complexes containing aryl isocyanides (1a-b) required
a lower temperature/time for the complete conversion and offered a
more straightforward procedure than those featuring aliphatic iso-
cyanides (1c-e). Compounds 2a,b,d were thus obtained in comparable
yield and purity by both procedures, while 2c is best prepared in DMSO
as solvent.

Compounds 2a-e were characterized by CHNS analyses, FT-IR (solid-
state or CH,Cly) and NMR (acetone-dg and CDCl3) techniques. FT-IR and
NMR spectra are displayed in Figures S25-S47; selected data are re-
ported in Table S1. Overall, the data are consistent with a cis,mer-
[RuCl,(CNR)(kS-DMSO)3] formulation for all the compounds.

The isocyanide ligand (CNR) shows a relatively broadened '*C NMR
resonance in the 145-160 ppm range and a strong IR absorption around
2130 or 2165 cm ™! for aromatic and aliphatic substituents, respectively.
The isocyanide stretching band in 2a-e is shifted to lower wavenumbers
(~ — 30 cm ™) with respect to 1la-e and closer to that of the free iso-
cyanide, suggesting an increased n-backdonation from the Ru(II) center.
Intense absorptions within 1085-1115 cm ™' are present in the solid-
state FT-IR spectra, accounting for S=O stretching vibrations [47]. In
the 'H and !3C NMR spectra, the methyl groups belonging to the DMSO
ligands give rise to three resonances of equal intensity around 3.30-3.50
and 43-48 ppm, respectively. Both FT-IR and NMR features are indic-
ative of kS-coordinated DMSO [47-49]. Results of 'H NOESY, 'H-'3C
HMBC and HSQC NMR experiments combined with the symmetry of the
three possible isomers (fac, trans-mer, cis-mer; Chart S1) allowed us to
establish the stereochemistry in solution. Moreover, the crystal structure
of mer,cis-2a was elucidated by X-ray diffraction (Fig. 4). It displays a
slightly distorted octahedral geometry around the metal center. All the
DMSO ligands are S-bonded, according to the NMR data. The Ru(1)-S(2)
distance [2.2725(4) A] trans to Cl(2) is shorter than Ru(1)-S(1) [2.3274
5) /0\] and Ru(1)-S(3) [2.3739(5) 10\] which are in mutual trans position,
in view of the different trans influence of CI~ and DMSO. Conversely, Ru
(1)-Cl(1) [2.4209(4) A] and Ru(1)-Cl(2) [2.4454(4) A] distances are
very similar. The C(1)-N(1)-C(2) [167.63(19)°] angle significantly de-
parts from linearity, even more than in the precursor 1a [171.9(2)°], and
also the C(1)-N(1) distance of 2a [1.165(2) f\] is slightly longer than in
1a [1.159(3) f\] [19j], in accordance with an increased n-backdonation.

To the best of our knowledge, a poorly-characterized coordination
polymer obtained from 1,4-diisocyanobenzene and [RuCly(DMSO)4]
represents the only example reported in the literature of a ruthenium
compound containing isocyanide and sulfoxide ligands [50].
Structurally-characterized compounds that are somehow related to 2 are
cis,mer-[RuCly(CO)(kS-TMSO)3] (TMSO=tetramethylene sulfoxide /
tetrahydrothiophene S-oxide) [51] and [RuClz(CO)(kS-DMSO)y(xO-
DMSO)] (cis,cis,trans, all-trans, all-cis isomers) [52].

The cis,mer stereochemistry adopted by compounds 2 is presumably
more stable than the trans,mer stereochemistry on electronic grounds, by
placing an electron-donating ligand (Cl™) instead of a moderately
n-acceptor ligand (xS-DMSO) [48] trans to the strong w-acceptor

0(1)

Fig. 4. Molecular structure of cis,mer-[RuClo(CNXyl)(xS-DMSO)3], 2a.
Displacement ellipsoids are at the 50 % probability level. Main bond distances
(f\) and angles (°): Ru(1)-C(1) 1.9256(19), Ru(1)-Cl(1) 2.4209(4), Ru(1)-Cl(2)
2.4454(4), Ru(1)-S(1) 2.3274(5), Ru(1)-S(2) 2.2725(4), Ru(1)-S(3) 2.3739(5),
C(1)-N(1) 1.165(2), N(1)-C(2) 1.405(2), S(1)-O(1) 1.4832(14), S(2)-0(2)
1.4825(13), S(3)-0(3) 1.4827(14), CI(1)-Ru(1)-C(1) 175.95(5), Cl(1)-Ru(1)-S
(2) 178.408(17), S(1)-Ru(1)-S(3) 175.310(17), Ru(1)-C(1)-N(1) 177.22(16), C
(1)-N(1)-C(2) 167.63(19).

isocyanide ligand. Accordingly, the stability (assessed by DFT calcula-
tions) of [RuCly(CO)(DMSO)s] complexes is higher for those isomers
featuring a chloride trans to the carbonyl ligand instead of a kS or xO-
coordinated DMSO [53]. Competition for n-backdonation, as well as
increased steric hindrance, are likely responsible for the lower stability
of the fac isomer of 2, as assessed for [RuCl(C,C)(xS-DMSO)s] (C,
C=bidentate monoanionic ligand; DFT) [45].

Compounds 2a-d are labile in solution at room temperature, due to
the (partial) release of DMSO. The timing and outcome of the process are
markedly dependent on the type of solvent, temperature and isocyanide
substituent. In this respect, freshly-prepared solutions of 2a-d in ace-
tone-de show only a minimal amount of DMSO, which slightly increases
in the following 24 h. Conversely, dissolution of 2a-d in CDCl3 causes an
immediate and significant release of DMSO (up to 20-25 mol%). New H
NMR resonances appear in the typical ranges of kS- (3.0-3.5 ppm) and
p-kS,k0-DMSO (3.7-3.9 ppm; Figures S48-549) [54]. Therefore, ace-
tone-ds is recommended for NMR analyses of 2. A solution of 2a in
DMSO-dg rapidly exchanged all the sulfoxide ligands within a few hours.

Compounds 3, namely by-products in the preparation of complexes 2
in toluene as solvent, are characterized (see Experimental Section) by an
IR absorption at 2166-2190 cm ' for the isocyanide ligand, about
25-35 cm ™! higher than in 2, and a 1:1 isocyanide/DMSO ratio (‘H
NMR). In this regard, compounds 3 could result from the displacement
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of DMSO from 2, a process which is inhibited by working in DMSO as
solvent.

The NMR monitoring of the reaction between 1a or 1d and DMSO (4
eq.) in toluene-dg provided useful insights into the arene/DMSO ex-
change process (Tables S2-S3, Figures S50-S51). After about 20 h at
room temperature, the partial formation of 2a,d together with another,
major [RuCly(CNR)(kS-DMSO)s] species (2a,dX) was observed. Heating
to 60-65 °C for 1-3 h resulted in a significant increase in the relative
amount of 2a,d (50-70 %), a decrease in 1a,d and related Ru(n6—p—
cymene) species (about 13-15 %), together with a marked decrease or
disappearance of 2a,dX. These results indicate a comparatively low
barrier for p-cymene dissociation, in accordance with the hypothesized
labilization effect operated by the isocyanide ligand in [RuCly(CNR)(p-
cymene)] complexes (1). Furthermore, the kinetic product 2a,dX could
correspond to fac-[RuClo(CNR)(kS-DMSO)s], arising from the pseudo-
facial arrangement of the p-cymene ligand in 1a,d. In each case, p-
cymene was identified in solution in stoichiometric amount (1:1 mol
ratio) with respect to 2a,d (or 2a,d + 2a,dx). Further heating (60-65 °C)
for 15-18 h resulted in the formation of 2a and 2d with overall 82 and
52 mol% NMR yield, respectively, accompanied by 3a,d as major by-
products. These data confirm that a lower amount of DMSO in the re-
action mixture results in an increased formation of the by-product 3,
particularly with aliphatic isocyanides (1d: cyclohexyl isocyanide).

Prolonged heating of a solution of 2a in toluene under reflux pro-
duced a new compound (4a) as a pale-yellow precipitate, which was
collected by filtration. The strong absorption at 1030 cm ™! in the solid
state FT-IR-spectrum, in the mid-region between that of S-DMSO and O-
DMSO, and two downfield-shifted '"H NMR resonances of the SCHj
groups (ca. 3.8 ppm, CDCls) are indicative [47] of the presence of the
rare [55] bridging DMSO ligand (p-Klo,KIS) (Figures S52-S53). The
xylyl isocyanide ligand in 4a gives rise to a sharp FT-IR band at 2138
cm ! (CH-Cl; solution). The 1H NMR set of signals indicates an overall
isocyanide/xS-DMSO/bridging-DMSO 1:1:1 ratio, leading to the pro-
posal of the [RuCly(kS-DMSO)(p-DMSO)(CNXyD) 1, formulation for 4a.

3. Catalytic transfer hydrogenation

The isocyanide Ru-based complexes were tested in the CTH reaction
of EL to GVL, working in different alcohols as hydrogen donor/solvents,
and exploiting MW irradiation. The generalized mechanism for
explaining the CTH of ketones in the presence of Ru-based complexes
was proposed by Chowdhury and Backvall [56]. According to Scheme 3,
it involves the preliminary deprotonation of the alcohol (RjR;CHOH)
with a base (MOH), leading to chloride dissociation (MCl) and enabling
the coordination of the alkoxide (step a), which undergoes in turn
B-hydrogen elimination to give the corresponding carbonyl compound
(the oxidized compound from alcohol) (step b) and the ruthenium hy-
dride complex (step c). Then, the position of the formed carbonyl
compound is replaced by the ketone of the substrate (O=CR3R4), namely
the EL (step d), and the subsequent migration of the hydride results in

O RR,CHOH, MOH a
Céu(n) -~ Cﬁu(n) +MCl+H,0
‘ Stepa ‘

a OCHR,R,;

RyR,CHOH

Ry Rzand Ry = CoHinsy) |
Ry =H or ChHaneyy H
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the formation of a new alkoxide complex (step e), which is protonated
by the alcohol (step f), thus closing the catalytic cycle with the coordi-
nation of the alkoxide anion of the alcohol (step b).

In the above general mechanism, the preliminary deprotonation of
the alcohol by a strong Brgnsted base promotes the catalytic cycle,
shortening the time required to attain the equilibrium between the
ketonic substrate and the alcoholic product.

In order to evaluate the catalytic behavior of the two classes of
compounds, preliminary reactions were carried out with the xylyl iso-
cyanide derivatives 1la and 2a as representative examples, working
either in the presence of 1 mol% KOH and under base-free conditions,
for 60 min at 160 °C, under MW heating (Table 3). These reaction
conditions, including the choice of KOH as the best promotor, were
selected starting from our previous study [11].

Results in Table 3 highlight the key role of KOH as the promotor
towards the CTH reaction, significantly enhancing EL conversion. At the
same time, it is interesting to note the high GVL selectivity in these tests
(entries 1 and 3, Table 3). Maximum GVL yields of 53 and 58 mol% were
ascertained working in the presence of 1a and 2a, respectively. More-
over, propyl levulinate (PL) could be formed as a consequence of the
trans-esterification reaction occurring between EL and 2-propanol, but it
was never detected (with or without KOH), thus not affecting the GVL
selectivity (Table 3). In the presence of KOH, 1a and 2a showed com-
parable catalytic performances. Compound 2a enabled us to reach the
highest GVL yield and was further employed for investigating the effect
of the reaction temperature. In the perspective of improving the sus-
tainability of our approach, this parameter was progressively lowered,
trying to improve the GVL selectivity, at the same time keeping high EL
conversion. Fig. 5 shows the results achieved by working at 150, 140 and
130 °C (including the already tested 160 °C), keeping constant the other
reaction parameters.

The temperature decrease from 160 to 150 °C significantly improved
the GVL selectivity from 60.6 to 78.0 mol%, respectively, leading only to
a slight decrease of the EL conversion (about 10 mol%). At 150 °C, the
maximum GVL yield of 67.7 mol% was achieved. Further reduction of
the reaction temperature to 140 and 130 °C worsened the GVL yield
(57.2 and 51.3 mol%, respectively). Based on these promising results,
the temperature of 150 °C was selected for investigating the catalytic
performances of all the different Ru-based complexes synthesized in this
work. Moreover, the commercially-available [RuClg(n(’-p-cymene)]z and
RuCls-nHy0, herein employed as starting materials for the synthesis of
complexes 1-2, and sometimes used as pre-catalysts for TH reactions
[57], were included in the panel of the tested compounds. The results of
the corresponding catalytic tests carried out under the previously
identified best reaction conditions are reported in Table 4.

All the synthetized complexes 1 and 2 show good catalytic activities
towards this reaction, achieving EL conversion from 75 to 93 mol% and
GVL selectivities in the range 57-86 mol% after 1 h of reaction time. For
compounds 1, the GVL yield is markedly influenced by the different
isocyanide substituent, reaching the highest value for the xylyl (1a) and

0=CR,R
a - d
— C Ru (1) C Ru (1)
Step b Step ¢ ‘
OZCRyR; 'H H
Step d 0=CR3R,
a a
Crlu n — C Ru (1l
‘ Stepe
OCHR3R, 0ZCRsR, H

Scheme 3. General catalytic cycle for the TH of ketones with alcohol and a ruthenium-chloride catalytic precursor.
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Table 3
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Effect of KOH (1 mol% respect to EL) on CTH of EL (5 mmol) to GVL in 2-propanol (10 mL), using 1a or 2a (0.56 mol% with respect to EL) as the catalyst precursors.

Reaction conditions: MW heating, T=160 °C, t = 60 min.

Entry  Catalytic Base  EL conversion (mol GVL selectivity (mol GVL yield (mol Propyl levulinate yield (mol  Other products yield (mol
precursor %) %) %) %) %)
1 1a KOH  92.1 57.5 53.0 - 39.2
(1.8) 1.2) 1.1 (0.8)
2 1a - 68.0 19.9 13.5 - 54.5
(1.5) 0.4) (0.3) 1.2)
3 2a KOH 955 60.6 57.9 - 37.6
1.4 0.9 0.9 (0.6)
4 2a - 20.1 18.6 3.7 - 16.3
0.4) 0.4) 0.1) (0.3)
Standard deviation values are reported in parenthesis.
o o Remarkably, [RuClz(nG—p—cymene)]z and RuCl3-nH,0 were charac-
f |160 °C ‘ 150 °C [£55:4140 °C | 130°C terized by worse catalytic performances, achieving GVL yields of 34.4
100 - and 14.9 mol% respectively (entries 16 and 17, Table 4), thus demon-
—_ A strating that the synthetic precursors of 1-2 are not suitable to catalyze
S [ the reaction of interest.
g 804 | In order to deepen the catalytic performances of the most performing
- [ catalysts 1a and 2a, these complexes were further tested for the same
9 reaction, but in the presence of different solvents as hydrogen donors,
g 60 such as ethanol, 1-propanol, 1-butanol, 2-butanol, 1-pentanol, 2-penta-
c nol, 1-hexanol and 2-hexanol. All these solvents can be obtained from
o [ renewable sources, guaranteeing the sustainability of the proposed
E 404 | process [58]. Regarding the chain length of the employed solvent/
Q : hydrogen donor, its effect towards the CTH of EL strongly relies on the
'é corresponding standard enthalpy change of dehydrogenation reaction
< 20 from alcohol to ketone/aldehyde [59], the latter defining the reducing
© tendency of ketone/aldehyde (corresponding oxidized species) to
o alcohol (reduced species). From this perspective, a higher standard
0 - : S R e enthalpy dehydrogenation change is associated to a greater stability of
EL conv. GVL sel. GVL yield the corresponding alcohol, which exhibits increasingly weak reducing
performances, unfavorably acting towards the CTH process. Corre-
Temperature

Fig. 5. Effect of the reaction temperature on CTH of EL (5 mmol) to GVL,
working in 2-propanol (10 mL) as hydrogen donor, in the presence of KOH (1
mol% with respect to EL), using 2a (0.56 mol% with respect to EL) as the
catalytic precursor. Reaction conditions: MW heating, t = 60 min.

t-butyl (1e) derivatives (about 73 mol% in both cases). Comparatively
minor differences were observed for compounds 2, except for the xylyl
derivative 2a offering a significantly better GVL yield (68 mol%).
Moreover, for complexes la-d and 2a-c the production of PL was
negligible, while the yield of other by-products was quite considerable,
whereas for 2d, also traces of PL were detected.

Taking into account complexes 1e and 1f, the presence of chloride or
iodide ligand can significantly affect the selectivity of the reaction: in
fact, at comparable EL conversion, the GVL selectivity was about 86 mol
% with 1e (Ru-Cl) and 63 mol% with 1f (Ru-I). This result suggests that
the dissociation of the halide plays a key role on the catalytic mecha-
nism. For both these two complexes, the PL yields were almost negli-
gible, as well as the yield of other by-products for 1e. Furthermore, by
comparing each couple of catalysts characterized by the same isocyanide
ligand, but belonging to the two different structures, namely 1a and 2a,
1b and 2b, 1¢ and 2¢, 1d and 2d, in most cases, the n6-arene isocyanide
complexes (complexes 1) showed comparable conversion with the cor-
responding DMSO/isocyanide ones (complexes 2), but a much better
selectivity (than complexes 2). The lower GVL selectivity offered by 2a-
d could be related to their thermally-induced (partial) conversion into
less-active species, due to the lability of sulfoxide ligands (Section 2.2).
Accordingly, 4a, derived from 2a by thermal rearrangement of the
DMSO ligands, provided a significantly lower GVL selectivity (63 mol%)
at comparable EL conversion, and higher yields in PL and other by-
products than the values achieved for 1a and 2a.

spondingly, lower standard enthalpy dehydrogenation change of alco-
hols is desirable for the CTH, indicating better hydrogen donor
performances [60]. The standard enthalpy dehydrogenation change
generally decreases with the increase of the chain length of the alcohol
and this is true moving from methanol up to butanol, whereas an in-
crease of the standard enthalpy dehydrogenation change occurs moving
from butanol to pentanol (Table S4), suggesting a weakening of the
hydrogen donor performances of the latter alcohol [60,61]. As expected,
among isomeric alcohols, the secondary ones generally show the lowest
standard enthalpy dehydrogenation change, thus providing increased
hydrogen donor activities than the corresponding primary ones [60,62].
Moreover, alcohol isomerism is mainly related to the electron-releasing
inductive effect of the alkyl group(s). In particular, primary alcohols are
generally less active than secondary ones, due to a lower electron-
releasing inductive effect, arising from only one alkyl group rather
than two [61]. For such purpose, 2-butanol, 2-pentanol and 2-hexanol,
together with the corresponding primary alcohols (1-butanol, 1-penta-
nol and 1-hexanol), were tested for the same reaction, in order to sys-
tematically evaluate the effect of the chain length, position of the
hydroxyl moiety and steric hindrance. For this goal, also ethanol was
tested as hydrogen donor. It is noteworthy that only a few studies have
systematically investigated the use of different alcohols as hydrogen
donors in TH reactions and the obtained results are reported in Table 5,
together with those previously obtained with 2-propanol.

For all the investigated alcohols, the catalytic performances of 1a
were better than those of 2a, especially in terms of selectivity to GVL
after 1 h of reaction, as previously ascertained with 2-propanol, con-
firming the key contribution of the catalyst structure on the mechanism.
EL conversion values were generally comparable between the two cat-
alytic precursors employed in the same solvent/hydrogen donor. All the
secondary alcohols showed better results than the primary ones, with
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Table 4
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Catalytic performances of 1a-f, 2a-d, 4a, [RuClz(ns-p-cymene)]g and RuCl; hydrate (0.56 mol%, with respect to EL) on CTH of EL (5 mmol) to GVL, working in 2-
propanol (10 mL) and in the presence of KOH (1 mol% with respect to EL). Reaction conditions: MW heating, T=150 °C, t = 60 min.

Entry  Catalytic precursor EL conversion (mol GVL selectivity (mol GVL yield (mol Propyl levulinate yield (mol Other products yield (mol
%) %) %) %) %)
5 la 84.6 86.1 72.9 - 11.7
1.4 (1.5) 1.2) (0.2)
6 2a 86.7 78.0 67.7 - 19.0
0.9 (0.8) (0.7) 0.2)
7 1b 75.3 78.0 58.7 - 16.6
(0.8) (0.8) (0.6) 0.2)
8 2b 79.9 67.6 54.0 - 25.9
(2.0) 1.7) (1.4) (0.6)
9 1c 89.0 76.0 67.6 - 21.4
1.4 1.2) (1.1) 0.3
10 2c 91.6 60.4 55.3 - 36.3
(1.8) 1.2) 1.1 0.7)
11 1d 88.3 57.2 50.5 — 37.8
(1.1) (0.7) (0.7) (0.5)
12 2d 92.8 61.8 57.4 3.5 31.9
1.9) 1.3) 1.2) (0.1) 0.7)
13 le 85.0 85.8 73.0 3.8 8.3
1.7) (1.8 (1.5) (0.1) 0.2)
14 1f 84.9 62.6 53.1 4.6 27.2
1.3) (0.9 (0.8) (0.1) 0.4
15 4a 83.4 62.5 52.1 7.6 23.7
(1.3) (0.9) (0.8) 0.1) (0.4)
161 [RuCl,y(n°-p- 81.4 42.3 34.4 - 46.9
cymene)], (1.5) (0.8) 0.7) (0.9)
17 RuCls-nH,0 34.6 43.0 14.9 - 19.7
0.7) (0.8) (0.3) 0.4)

Standard deviation values are reported in parenthesis.
[l The % catalyst amount was calculated as (mol Ru/mol EL)e100.

both 1a and 2a, as the former selectively favored the TH mechanism of
EL to GVL, rather than the trans-esterification of EL to the corresponding
levulinate ester, a typical reaction of primary alcohols [60,62]. As
shown in Table 5, in the presence of secondary alcohols, the yield of the
corresponding levulinate ester was negligible (<3 mol%), whilst in the
presence of primary alcohols, it was always higher than that of GVL, for
both 1a and 2a. For example, by comparing entries 5-6 with 20-21,
namely 2-propanol with 1-propanol, the EL conversion was high in all
cases (>80 mol%), whereas the GVL selectivity significantly decreased
moving from 2-propanol (80 mol%) to 1-propanol (25 mol%). The same
trend can be observed by comparing 2-butanol (entries 24-25) with 1-
butanol (entries 22-23), whereas the GVL selectivity decreased from
approximately 75-80 to 15-20 mol%. Similar trends of the GVL selec-
tivity have been ascertained by comparing 2-pentanol (entries 28-29)
with 1-pentanol (entries 26-27) even if in this case lower EL conversions
were achieved in 1-pentanol than in 2-pentanol (about 55 mol% in 1-
pentanol and about 74 mol% in 2-pentanol). In addition, in all these
tests (entries 26-29), GVL conversions are lower than those previously
obtained with C3 and C4 alcohols. This outcome agrees with the highest
standard enthalpy dehydrogenation change of 1-pentanol and 2-penta-
nol compared to the C4 isomers (1-butanol and 2-butanol, in the case
of 2-pentanol/2-butanol the value is comparable), and with the
increased steric hindrance, which is less significant for Cs isomers.
Remarkably, the influence of steric factors in the catalytic mechanism is
even more pronounced within the 1-hexanol/2-hexanol couple (entries
30-33), showing the worst catalytic outcomes. In fact, with the increase
of the chain length, the higher steric hindrance leads to a worsening of
the catalytic performances: both for primary and secondary alcohol,
GVL yields decrease moving from butanol to pentanol and this detri-
mental effect is more marked in the presence of hexanol. These last
outcomes are similar to those obtained with ethanol, which is a weak
hydrogen donor. On the other hand, 2-butanol, a secondary alcohol
characterized by one of the lowest standard enthalpy dehydrogenation
changes (see Table S4), but at the same time featured by mild steric
hindrance, revealed to be the best hydrogen donor. Comparing the data

obtained from 2-propanol (the most commonly used alcohol in CTH
studies) with those from 2-butanol, 2-pentanol and 2-hexanol, it is
noteworthy that 2-butanol shows the best synergy among the effects of
the chain length, isomerism and steric hindrance. At the same time, the
negative effect of the steric hindrance was not considerable for 2-
butanol, whereas it became more impactful for longer-chain alcohols
(1-pentanol/2-pentanol and 1-hexanol/2-hexanol). This synergy high-
lighted for 2-butanol has a significant effect on its corresponding cata-
lytic performances. A comparative evaluation between 2-propanol and
2-butanol reveals a slightly higher GVL yield with the latter (76 versus
73 mol%, respectively) in the presence of 1a (the most performing pre-
catalyst identified in this study). Regarding the comparison with longer-
chain secondary alcohols, 2-pentanol and 2-hexanol, in the presence of
the same pre-catalysts 1a, for the last ones the steric hindrance became
predominant and GVL yield significantly decreased as a function of the
increase in the chain length. In particular, for 2-pentanol and 2-hexanol
the GVL yields were 51 and 24 mol%, respectively.

To demonstrate the scalability of the proposed approach, the CTH
reaction of EL to GVL with 1a in the presence of 2-butanol as hydrogen
donor was carried out in a pressure tube, adopting the traditional
heating with an oil bath. For this purpose, the reaction time was
changed, using 120 min instead of 60 min employed in the MW reaction,
considering the well-known high efficiency of the latter approach
[34b,34c,63]. A comparison between the catalytic results obtained with
the two heating systems is reported in Fig. 6.

The comparison between microwave and traditional heating did not
highlight any specific effects of microwaves, underlining the absence of
any remarkable differences in the catalytic performances, in terms of
both selectivity and yield parameters, achieved at comparable EL con-
version. The translatability of the reaction using la as catalytic pre-
cursor and 2-butanol as hydrogen donor has been fully demonstrated,
which is a highly desirable aspect for taking into account the possible
scale-up of the reaction. In particular, for the entries reported in Fig. 6,
adopting both MW and traditional heating systems, promising GVL
productivities (calculated as molGVL/(molRu x h)) were ascertained for
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Table 5
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Effect of the hydrogen donors (10 mL) on CTH of EL (5 mmol) to GVL working in the presence of KOH (1 mol% with respect to EL) and 1a or 2a as the catalytic

precursor. Reaction conditions: MW heating, T=150 °C, t = 60 min.

Entry  Catalytic precursor Hydrogen EL conversion GVL selectivity GVL yield Levulinate ester yield Other products yield
(mol%) donor (mol%) (mol%) (mol%) (mol%) (mol%)
18 la ethanol 38.4 52.1 20.0 - 18.4
(0.56 mol%) 0.9 (0.5) 0.2) (0.2)
19 2a ethanol 39.3 36.8 14.5 - 24.9
(0.56 mol%) (0.8) 0.8) 0.3) (0.5)
20 la 1-propanol 80.2 27.0 21.6 35.2 23.3
(0.56 mol%) (1.6) (0.5) 0.4 0.7) (0.5)
21 2a 1-propanol 90.0 22.7 20.5 66.1 3.4
(0.56 mol%) 2.3) (0.6) (0.5) a.7) 0.1)
5lal la 2-propanol 84.6 86.1 72.9 0.0 11.7
(0.56 mol%) 1.4 (1.5) (1.2) (0.2)
6! 2a 2-propanol 86.7 78.0 67.7 0.0 19.0
(0.56 mol%) (0.9) (0.8) 0.7) (0.2)
22 la 1-butanol 83.9 22.9 19.3 62.5 2.2
(0.56 mol%) 1.9) (0.5) 0.4 a.4 0.1)
23 2a 1-butanol 84.2 16.3 13.8 57.8 12.7
(0.56 mol%) 1.2) 0.2) 0.2) (0.8) (0.2)
24 la 2-butanol 95.7 79.8 76.4 2.0 17.3
(0.56 mol%) 2.7 2.2) @1n 0.1) (0.5)
25 2a 2-butanol 87.0 77.4 67.3 2.1 17.6
(0.56 mol%) (2.6) (2.3) (2.0) (0.1) (0.5)
26 la 1-pentanol 57.7 21.1 12.2 41.0 4.5
(0.56 mol%) (1.5) 0.9 0.3) (0.9) (0.1)
27 2a 1-pentanol 54.8 20.5 11.2 41.9 1.7
(0.56 mol%) (1.6) (0.6) (0.3) (1.3) (0.1)
28 la 2-pentanol 73.8 68.7 50.7 1.9 21.2
(0.56 mol%) 2.2) @21 1.5) (0.1) (0.6)
29 2a 2-pentanol 75.4 69.1 52.1 1.8 21.5
(0.56 mol%) 2.3) @1n (1.6) 0.1) (0.6)
30 la 1-hexanol 36.3 18.8 6.8 20.5 9.0
(0.56 mol%) 0.7) 0.4) (0.1) 0.4 (0.2)
31 2a 1-hexanol 35.8 20.7 7.4 20.7 7.7
(0.56 mol%) (0.5) 0.3) 0.1) (0.3) 0.1)
32 la 2-hexanol 41.0 59.7 24.5 1.9 14.7
(0.56 mol%) 1.2) 1.8) 0.7) 0.1) 0.9
33 2a 2-hexanol 43.3 55.9 24.2 1.7 17.4
(0.56 mol%) 1.3) 1.7 0.7) 0.1) (0.5)
34 la 2-butanol 87.8 85.0 74.6 0.0 13.2
(0.11 mol%) 2.2) @1 1.9) (0.3)

Standard deviation values are reported in parenthesis.
[l Taken from Table 4.
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Fig. 6. Comparison of MW and traditional heating systems for CTH reaction of
EL (5 mmol) to give GVL in 2-butanol (10 mL), using the complex 1a (0.56 mol
% with respect to EL). Reaction conditions: T=150 °C, KOH=1 mol% respect to
EL, reaction time = 60 min for MW heating or 120 min for traditional heating.

MW and traditional best entries, amounting to 136.4 h~'and 66.3h71,
respectively. These productivities are significantly higher than those
claimed in most of the available literature studies (Table 1, Fig. 1). In
particular, Dai et al. claimed a productivity of 5 h™}, working with iron
(ID hydroxycyclopentadienyl hydride (B, Fig. 1) as the catalyst [33b].
Besides, Fu et al. obtained 1.2 h™!, employing an iron-based homoge-
neous catalyst (A, Fig. 1) [33a]. Shende et al. achieved the productivity
of 4.6 h™!, using the Noyori-Ikariya’s catalyst (E, Fig. 1) [33f].
Remarkably, the MW-related productivity of 136.4 h™! of the present
work is even higher than that achieved under the optimized conditions
of our previous study equal to 110 h™}, obtained using a ruthenium p-
cymene complex with a-diimine ligand (G, Fig. 1) as catalytic precursor
(KOH as base, 2-propanol as hydrogen donor, T=160 °C and MW as the
heating system) [11].

The reaction mixture obtained under the optimized MW reaction
conditions, namely that obtained with 1a as catalytic precursor and 2-
butanol as hydrogen donor, was qualitatively analyzed by GC-MS, to
better characterize the involved reaction products and obtain useful
information on the reaction mechanism. Based on the identified mole-
cules (Figures S54-S58), and starting from our previous work [11], the
following reaction pathways have been proposed (Scheme 4).

The main pathway (pathway 1) involves the traditional TH mecha-
nism of EL to GVL, whose formation is favored by the efficiency of EtOH
as leaving group [64]. In this context, ethyl-4-hydroxypentanoate in-
termediate of pathway 1 was not identified by GC-MS, in agreement
with its high instability [11,65]. On the other hand, in pathway 2, EL
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Scheme 4. General reaction pathways proposed for the CTH of EL to GVL, working in the presence of 1a as the catalytic precursor and 2-butanol as hydrogen donor.

first undergoes a trans-esterification reaction with 2-butanol, giving 2-
butyl levulinate, the latter reacting with 2-butanol to give the 2-butyl-
4-hydroxypentanoate, which is converted in turn to GVL, through a
ring-closing reaction. Despite the occurrence of the trans-esterification
reaction, pathway 2 does not prevail over pathway 1, as already
demonstrated by Tabanelli et al. [64] for TH of EL with 2-propanol. In
our case, the even greater steric hindrance of 2-BuOH probably stabilizes
both intermediates of pathway 2, namely 2-butyl levulinate and 2-butyl-
4-hydroxypentanoate, which have been experimentally identified by the
GC-MS analysis of the reaction mixture (Figures S57-S58). The proposed
mechanism is consistent with that already reported in our previous work
[11], also considering the results reported in Table 5. Indeed, besides the
trans-esterified levulinate ester, another by-product could be repre-
sented by the other intermediate from pathway 2, namely the corre-
sponding reduced species of the levulinate ester, that is 2-propyl-4-
hydroxypentanoate, 2-butyl-4-hydroxypentanoate, 2-pentyl-4-hydroxy-
pentanoate and 2-hexyl-4-hydroxypentanoate.

Moreover, a preliminary characterization of the spent catalyst was
carried out. For this purpose, at the end of the reaction carried out under
the optimized conditions (2-butanol as hydrogen donor, 1a = 0.56 mol%
with respect to EL, KOH=1 mol% with respect to EL, 150 °C, 1 h, under
MW heating), the formation of a black precipitate was observed. The
suspension was filtered and ICP-OES analysis of the liquid phase was
performed for the Ru quantification. The concentration of soluble Ru
species in the final reaction mixture amounted to 59 % of the initial
value. The FT-IR spectrum of the black solid showed no diagnostic ab-
sorption (such as isocyanide stretching) and the elemental analyses
indicated a low organic content (see Experimental Section). SEM-EDS
analyses (Figure S59) indicated the presence of Ru(0) particles, whose
unwanted formation agrees with the prevailing reducing environment of
the TH reaction medium [66]. In addition, KCl was also identified,
whose formation indicates the catalytic cycle advancement, taking into
account that this salt results from the release of the chloride ligand
originally present in 1a and the employment of KOH as the co-catalyst. It
should be noted that, up to now, literature dealing with Ru-based cat-
alysts has not specifically considered the characterization of the spent
catalyst and its possible recycle. In principle, in our case, the precipi-
tation of 41 % of Ru metal has occurred under the best reaction condi-
tions, but its potential next recovery/reuse after oxidation to RuCls is
reasonable [67]. Even better, in order to minimize a priori the precipi-
tation of the Ru®, the CTH of EL to GVL was carried out in the presence of
la in 2-butanol, employing a much milder reaction temperature
(110 °C). After 2 h, the promising GVL selectivity of 65.7 mol% was
achieved, although the corresponding EL conversion was 26.8 mol%.
Besides the confirmation of the desirable absence of any Ru metal pre-
cipitate after this reaction, the 'H NMR spectrum of the final reaction
mixture (see ESI for details) showed signals in the aromatic region due to
the xylyl group and small, characteristic resonances due to ruthenium
hydride species (8y/ppm = -21.1, -23.5 ppm) which are possibly related
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to the homogeneous, catalytically active species. Under these new re-
action conditions, a recycling test was carried out in 2-butanol by
replenishing the consumed EL (up to 5 mmol), confirming the previous
catalytic results (EL conversion = 25.3 mol%, GVL selectivity = 62.8
mol%), again highlighting the absence of Ru metal in the reaction me-
dium, which is a highly desirable aspect for improving the catalyst reuse.

Lastly, in order to increase the productivity of the proposed catalytic
approach, a single reaction (entry 34, Table 5) was carried out with a 5-
fold lower amount of catalyst 1a (0.11 mol%, respect to EL) under the
previously optimized reaction conditions (2-butanol as hydrogen donor,
KOH=1 mol% respect to EL, 150 °C, 1 h, under MW heating). The EL
conversion was 87.8 mol%, slightly lower than that obtained in entry 24
(95.7 mol%), but the GVL selectivity (at comparable EL conversion) was
improved (85.0 versus 79.8 mol%), allowing the similar GVL yield of
74.6 mol% to that achieved in entry 24 (76.4 mol). Based on these
outstanding results, the maximum GVL productivity was increased up to
666 h™!, a noteworthy achievement, especially if compared with the
results already available for homogeneous and heterogeneous
(0.63-3.86 h™1) systems [60,64,67]. Such a very high productivity,
together with the use of efficient MW irradiation and a simple and high-
yielding preparation of the Ru complexes (95 % and 78 % overall yield
for 1a and 2a, respectively, from commercial RuCls hydrate) improve
the techno-economic assessment of the CTH conversion of EL to GVL, in
agreement with the life cycle assessment (LCA) given by Van Slagmaat
et al. [68]. In conclusion, the main strengths of our new Ru(Il)-based
catalyst are (i) the stability of our catalysts under air environment, (ii)
the easy and high-yield synthesis of the catalysts, (iii) the high turnover
number and turnover efficiency, (iv) the very high GVL productivity and
(v) the feasible recycle under milder reaction conditions. In fact, one of
the main bottlenecks of the available homogeneous Ru-based catalysts is
their degradation during the reaction, due to the precipitation of Ru
metal, thus hindering at the moment the complete catalyst reuse [65].
This issue was specifically considered in this work, and the drawback of
the Ru metal precipitation was overcome by operating at a lower tem-
perature (110 °C), which resulted in lower EL conversion and GVL yield,
but in a satisfactory GVL selectivity (66 mol% of the first recycle versus
80 mol% of the direct run), which is a highly desirable aspect for next
industrial purposes. However, the precipitation of ruthenium as solid
phase could result also in a potentiality, thanks to its possible recovery/
reuse after oxidation to RuCls.

4. Conclusions

Six ruthenium(II) n®-p-cymene complexes with different aryl/alkyl
isocyanide and halide ligands were prepared in 89-97 mol% yield,
starting from commercially available RuCl; hydrate and isocyanides.
Two synthetic procedures were developed, which allowed us to isolate
four cis,mer-[RuClo(CNR)(xS-DMSO)3] compounds in 56-82 mol% yield,
representing the first ruthenium complexes with DMSO and isocyanide
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as ligands. All these air- and moisture-stable isocyanide complexes are
effective catalytic precursors for the transfer hydrogenation of ethyl
levulinate to y-valerolactone. The reaction conditions involve a low
catalyst loading (0.56 mol%), short reaction time (1 h) and the energy-
saving microwave heating (150 °C), thus pointing to an improvement in
the sustainability of the process with respect to the literature, where
anhydrous systems and inert atmosphere are often needed. The selec-
tivity for y-valerolactone is generally higher for the p-cymene de-
rivatives with respect to the corresponding DMSO complexes, possibly
due to the lability of sulfoxide ligands in solution, and this feature is
affected by the isocyanide group in each series. The best catalytic per-
formances are offered by the xylyl isocyanide derivatives 1a and 2a
(y-valerolactone yields equal to 72.9 and 67.7 mol%, respectively).
Remarkably, 1a and 2a are also effective catalytic precursors in 2-
butanol, a more sustainable solvent and hydrogen donor with respect
to isopropanol, providing 76.4 and 67.3 mol% of y-valerolactone yield,
respectively, under the optimized conditions, together with the prom-
ising y-valerolactone productivity of 136.4 h™! for 1a. Moreover, the
catalytic performances of 1a in 2-butanol with traditional heating are
consistent with those obtained using MW heating, a desirable feature for
the process scale-up. In order to demonstrate the possible catalyst
recycle, the temperature was decreased up to 110 °C, avoiding the
thermal degradation of 1a, and fresh EL was added and converted to
GVL. Finally, to further increase the catalyst productivity, the catalyst
amount was reduced to 0.11 mol%, obtaining the EL conversion of 87.8
mol% and the GVL selectivity and yield of 85.0 and 74.6 mol%,
respectively, thus increasing the GVL productivity up to the highest
value of 666 h™!. In summary, we demonstrated that isocyanide coor-
dination to ruthenium(ll) scaffolds provides catalytic activity for the
transfer hydrogenation. This represents the basis for the development of
new compounds with improved catalytic activity, particularly con-
cerning the catalyst stability in the employed reaction conditions. This
goal could be reached by keeping a simple synthetic design of the cat-
alytic precursors, as we did in this work, which is a fundamental aspect
in the perspective of catalyst development beyond the academic level.

5. Experimental section
5.1. General experimental details

All reagents and solvents were obtained from Alfa Aesar, Merck,
Carlo Erba or TCI Europe and were used without further purifications. 1-
pentyl levulinate and 1-hexyl hexanoate were purchased by Biosynth
and Chemspace, respectively, and used as received. Isocyanides were
stored at 4 °C or — 20 °C; contaminated labware was treated with
methanolic HCl. Compounds [Rqu(nG-p-cymene)]g (X=Cl, I) were
prepared according to the literature [10b,16,17]. The preparation of 1a-
e was carried out under N5 using standard Schlenk techniques. Anhy-
drous CH,Cl, was obtained from SPS 5 solvent purifier (MBraun) and
stored over 4 A MS. All the other operations, including work-up pro-
cedures, were carried out in air with non-anhydrous solvents. Filtrations
were carried out on G3 sintered-glass filters, unless otherwise specified
(G4); celite Standard Supercel® (Alfa Aesar) was used when indicated.
All the isolated complexes are free-flowing powders relatively inert to
air and moisture which were kept under N for long time storage as a
precaution. Percent reaction yields are calculated on molar basis with
respect to [Rqu(nﬁ—p—cymene)]z and are referred to the isolated,
powdered material. Carbon, hydrogen, nitrogen and sulfur (CHNS) an-
alyses were performed on a Vario MICRO cube instrument (Elementar).
Infrared spectra of solid samples (650-4000 cm ™! range) were recorded
on a Perkin Elmer Spectrum Two spectrometer equipped with a
diamond-ATR sampling accessory. FT-IR spectra of solutions were
recorded using a CaF, liquid transmission cell (1500-2300 cm Hona
Perkin Elmer Spectrum 100 FT-IR spectrometer. FT-IR spectra were
processed with Spectragryph [69]. NMR spectra were recorded on YH
JNM-ECZ400S or JNM-ECZ500R instruments (JEOL) equipped with
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Royal HFX Broadband probes. CDCl; stored in the dark over Na,CO3 was
used for NMR analysis. 1*C{'H} NMR spectra were recorded with 6 s
relaxation time. Chemical shifts are referenced to the residual solvent
peaks (*H, '3C) [70]. NMR resonances were assigned with the support of
TH-NOESY (mix time 750 ms, relaxation time 1 sec, linewidth 15 Hz),
1H-13C gs-HSQC and gs-HMBC correlation experiments.

5.2. Synthesis and characterization of arene-isocyanide complexes

Procedure a (Scheme 1). In a 25 mL Schlenk tube under N, a solution
of [Rqu(n6-p-cymene)] 2 (100-300 mg; X =Cl, I) in anhydrous CHyCl,
(8-10 mL) was treated with a stoichiometric amount of the selected
isocyanide. The orange (X=Cl) or violet-red (X=I) mixture was stirred
for 1-3 h at room or reflux temperature, respectively. The conversion
was checked by FT-IR analysis (CHxCly), then the resulting orange-red
(X=Cl) or violet-red (X=I) suspension was filtered in air over celite.
The filtrate was taken to dryness under vacuum and the residue was
triturated with Et,O/hexane 1:1 V/V mixture and stirred at room tem-
perature for some hours. Next, the suspension was filtered (G3 sintered
glass filter) and the resulting orange (X=Cl) or red-violet (X=I) solid was
washed with EtoO/hexane 1:1 V/V, hexane and then dried under vac-
uum (40 °C). The filtration is fundamental to remove a dark brown solid
(by-product). Samples isolated without the filtration step appear with a
brownish shade and have a lower CHN content, while showing no im-
purities on the 'H and 13C NMR spectra.

Procedure b (Scheme 1). The reactions were carried out as described
above using deaerated MeCN as solvent.

[RuClz(CNXyl)(n6-p-cymene)] , 1a (Chart 1).

Prepared according to procedure a using [RuCly(n®-p-cymene)],
(300 mg, 0.980 mmol Ru) and XyINC (131 mg, 1.00 mmol); reaction
time: 3 h; yield: 412 mg, 96 mol%. Alternatively prepared from
[RuClg(n6-p-cymene)]2 (251 mg, 0.818 mmol Ru) in MeCN (10 mL)
according to procedure b; reaction time: 45 min; yield: 344 mg, 96 mol
%. The previous literature preparation in lower scale (60 mg of
[RuClg(n6—p—cymene)] 5) and similar reaction conditions resulted in an
86 mol% yield of 1a after recrystallization [19j]. Soluble in CHyCly,
MeCN, poorly soluble in toluene, insoluble in hexane. Anal. Caled. for
C19H23CloNRu: C, 52.18; H, 5.30; N, 3.20. Found: C, 52.48; H, 5.23; N,
3.16. IR (solid state): O/cm ™! = 3048w, 2968w, 2922w, 2872w, 2148 s
(C=N), 1591w, 1541w, 1498w, 1468 m, 1441w-sh, 1377 m, 1324w,
1318w, 1280w, 1262w, 1203w, 1183w, 1169w, 1117w, 1091w, 1059w,
1032 m, 1002w, 923w, 894-886w, 859w, 815w, 768 s, 718w, 692w,
665 m. IR (CHyCly): U/cm™! = 2162 s (C=N). IR (MeCN): U/cm ™! =
2159 (CN). IR (toluene): G/cm™ = 2156 (C=N). '"H NMR (CDCls):
§/ppm = 7.19-7.15 (m, 1H, C'3H), 7.09 (d, 3Juy=7.6 Hz, 2H, C1?H),
5.70 (d, 3Jun=6.1 Hz, 2H, C*H), 5.53 (d, *Jyn=6.1 Hz, 2H, C°H), 2.93
(hept, 3Jun=6.9 Hz, 1H, C°H), 2.47 (s, 6H, C''H), 2.35 (s, 3H, C'H), 1.33
(d, 3Jqr=6.9 Hz, 6H, C’H). '*c{'H} NMR (CDCls): 5/ppm = 151.7 (br,
C®), 135.8 (C'9), 129.3 ('), 128.0 (C'?), 127.3 (br, C?), 108.5 (C°),
107.9 (C?); 88.8, 88.3 (C% + C%; 31.6 (C%), 22.7 (C7); 19.2, 19.1 (C! +
c!h). 'H NMR (CD3s0D): 8/ppm = 7.31-7.18 (m, 3H, C12H+C!*H); 5.92
(d, 3Juu=6.1 Hz, 2H, C*H), 5.70 (d, 3Juy=6.1 Hz, 2H, C°H), 2.89 (hept,
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Chart 1. Structure of 1a (numbering refers to carbon atoms).
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Chart 2. Structure of 1b (numbering refers to carbon atoms).

3Jun=6.9 Hz, 1H, C°H), 2.49 (s, 6H, C!'H), 2.28 (s, 3H, C'H), 1.33 (d,
3Juu=6.9 Hz, 6H, C'H).

[RuClz{CN(Z-naphthyl)}(n6-p-cymene)] , 1b (Chart 2).

Prepared according to procedure a using [RuClz(nG—p—cymene)]z
(106 mg, 0.346 mmol Ru) and 2-naphthyl isocyanide (59 mg, 0.35
mmol); reaction time: 1 h; yield: 145 mg, 91 mol%. Soluble in CHCl,,
poorly soluble in toluene, insoluble in ‘PrOH, hexane. Anal. Caled. For
Co1H21CIoNRu: C, 54.91; H, 4.61; N, 3.05. Found: C, 54.51; H, 4.41; N,
3.10. IR (solid state): U/cm ™" = 3053w, 2968w, 2933w, 2874w; 2152 s,
2107 m-sh (C=N); 1623w, 1594w, 1501w, 1470w, 1381w, 1358w,
1358w-sh, 1326w, 1283w, 1267w, 1245w, 1207w, 1163w, 1121w,
1094w, 1064w, 1039w, 954w, 930w, 898w, 881w, 861 s, 833w, 754 m,
708w, 665w. IR (CH-Cl, or toluene): U/cm™ = 2171 m-sh, 2160 s
(C=N), 2141 m-sh, 2120w-sh; shoulder absorptions are present also in
the FT-IR spectrum of 2-naphthyl isocyanide and are probably related to
interactions of the 2-naphthyl groups in solution. 'H NMR (CDCly):
8/ppm = 7.95 (s, 1H, C'°H); 7.86 (d, 3Juyp=8.7 Hz, C'"H) + 7.89-7.80
(m, C'®*H+C'H) (3H); 7.60-7.53 (m, 2H, C'H+C!°H); 7.47 (dd,
3 Jun=8.7 Hz, *Jyy=1.2 Hz, 1H, C'®H), 5.74 (d, 3Jyu=5.8 Hz, 2H, C*H);
5.57 (d, 3Juu=5.8 Hz, 2H, C°H); 2.94 (hept, >Jyu=6.9 Hz, 1H, C°H),
2.37 (s, 3H, C'H), 1.36 (d, 3Juy=6.9 Hz, 6H, C’H). *°C{'H} NMR
(CDCls): 8/ppm = 149.5 (br., C%), 133.0 (C'9), 132.6 (C!1), 129.8 (C17);
128.13, 128.07, 128.01, 127.7 (C'2 + c'® + c'* + C'®); 126.4 (C'%;
124.6 (C%); 123.4 (C'®); 108.9, 108.3 (C% + C%); 88.9 (C° + C%; 31.5
(C%; 22.7 (C7); 19.1 (CH.

[RuClz(CNCHzPh)(n6-p-cymene)] , 1c (Chart 3).

Prepared according to the procedure a using [RuCly(n°-p-cymene)],
(110 mg, 0.359 mmol Ru) and benzyl isocyanide (47 pL, 0.39 mmol);
reaction time: 1.5 h; yield: 147 mg, 97 mol%. Alternatively prepared
from [RuClz(n6-p-cymene)]2 (80 mg, 0.26 mmol Ru) in MeCN (5 mL)
according to procedure b; reaction time: 2 h; yield: 104 mg, 94 mol%.
Soluble in CH,Cl,, MeCN, poorly soluble in iPrOH, insoluble in Et50.
Anal. Calcd. for C1gH21CloNRu: C, 51.07; H, 5.00; N, 3.31. Found: C,
51.2; H, 4.99; N, 3.37. IR (solid state): 0/cm™! = 3084w, 2977w, 2960w,
2929w, 2913w, 2872w-sh, 2214 s (C=N), 2170w-sh, 1605w, 1534w,
1498w, 1454w, 1429w, 1389w, 1355 m, 1277w, 1197w, 1158w,
1107w, 1076w, 1052w, 1027w, 875w, 798w, 740 s, 695 m, 678w, 602
m, 524w, 483w. IR (CH,Cly): 0/cm ™! = 2200 s (C=N). IR (MeCN): 0/

Ru 12

CI““‘"I
Cl

~ 11

10

8
Cx
SN

9

Chart 3. Structure of 1c (numbering refers to carbon atoms).
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em™! = 2201 s (C=N). 'H NMR (CDCls): 8/ppm = 7.42-7.33 (m, 5H,
Ph), 5.57 (d, 3Jun=5.7 Hz, 2H, C*H), 5.42 (d, 3Jyu=5.7 Hz, 2H, C°H),
5.03 (s, 2H, C°H), 2.74 (hept, >Juu=6.8 Hz, 1H, C°H), 2.24 (s, 3H, C'H),
1.20 (d, 3Jup=6.9 Hz, 6H, C’H). '3C{'H} NMR (CDCls): 5/ppm = 141.3
(br. C®), 132.0 (C'9), 129.2 (C'h), 128.9 (C'3), 127.1 (C'?); 107.48,
107.45 (C2 + C%); 87.94, 87.86 (C° + C*); 48.8 (C%), 31.3 (C%), 22.5 (C)),
18.9 (CH.

[RuClz(CNCy)(n6-p-cymene)] , 1d (Chart 4).

Prepared according to procedure a using [RuClz(n6—p—cymene)]2
(300 mg, 0.980 mmol Ru) and cyclohexyl isocyanide (125 pL, 1.00
mmol); reaction time: 2.5 h; yield: 396 mg, 97 mol%. Alternatively
prepared from [RuClz(nG—p—cymene)]g (499 mg, 1.63 mmol Ru) in MeCN
(5 mL) according to procedure b; reaction time: 1.5 h; yield: 656 mg, 96
mol%. The literature preparation involved the use of excess isocyanide,
prolonged reaction time and purification via silica gel chromatography,
as follows: 5.0 eq CyNC, CH,Cly, 20 h, room T, 58 mol% yield [19b].
Soluble in CH,Cly, acetone, toluene, MeCN; poorly soluble in iprOH,
Et,0, insoluble in hexane. Crystals of 1d suitable for X-ray diffraction
were obtained from a CHCl; solution layered with hexane and settled
aside at — 20 °C. Anal. Calcd. For C17H25CIoNRu: C: 49.16; H: 6.07; N:
3.37. Found: C: 48.98; H: 5.91; N: 3.34. IR (solid state): U/cm~ ! =
3060w, 3043w, 2959 m, 2937 m, 2919 m-sh, 2861 m, 2195 s (C=N),
2157-2148 m-sh, 1538w, 1497w, 1469 m-sh, 1462 m-sh, 1446 m, 1386
m, 1378 m, 1362 m, 1352 m, 1325 m, 1276w, 1241w, 1203w, 1154w,
1143w, 1127wm 1115 m, 1092 m, 1055 m, 1033 m, 1022-1015 m-sh,
998w-sh, 933w, 916 m, 876 m, 863 m, 822w, 800w, 875w, 675w, 657
m. IR (CHyCly): G/cm ™! = 2194 s (C=N). IR (MeCN): U/cm ! = 2192 s
(C=N). IR (toluene): i/cm ™! = 2186 s (C=N). 'H NMR (CDCls): 8/ppm
=5.57 (d, 3Juu=>5.9 Hz, 2H, C*H), 5.40 (d, *Juu=>5.8 Hz, 2H, C°H), 4.01
(s-br, 1H, C°H), 2.85 (hept, 3Jyy=6.9 Hz, 1H, C°H), 2.29 (s, 3H, C'H);
2.02-1.92 (m, 2H), 1.87-1.75 (m, 4H), 1.51-1.37 (m, 4H)
(C'°H+C"'H+C?H); 1.30 (d, 3Jun=6.9 Hz, 6H, C’H). 3C{'H} NMR
(CDCly): 8/ppm = 138.7 (br, C®N), 107.2 (C%), 106.9 (C?); 87.7, 87.5 (C®
+ C%, 55.4 (C%), 32.8 (C19), 31.5 (C?), 24.9 (C'?), 22.9 (C'h), 22.7 (C7),
19.0 (C1). 'H NMR (CD30D): 5/ppm = 5.76 (d, >Jun=6.1 Hz, 2H, C*H),
5.54 (d, *Juu=6.0 Hz, 2H, C°H), 4.26-4.12 (m, 1H, C°H), 2.82 (hept,
3Jun=6.9 Hz, 1H, C®H), 2.23 (s, 3H, C'H); 2.01-1.89 (m, 2H), 1.89-1.75
(m, 4H), 1.58-1.41 (m, 4H) (C'°H+C''H+C'?H); 1.30 (d, J=6.9 Hz, 6H,
C’H).

[RuCly(CNBu)(n®-p-cymene)], 1e (Chart 5).

Prepared according to procedure a using [RuCly(n®-p-cymene)ls
(200 mg, 0.653 mmol Ru) and tert-butyl isocyanide (75 pL, 0.66 mmol);
reaction time: 3 h; yield: 237 mg, 93 mol%. Alternatively prepared from
[RuClz(nG-p-cymene)]z (76 mg, 0.25 mmol Ru) in MeCN (5 mL) ac-
cording to procedure b; reaction time: 2.5 h; yield: 87 mg, 89 mol%.
Previous literature preparations involve the use of excess isocyanide,
prolonged reaction time and/or higher temperature and purification via
(re)crystallization, as follows: 5.0 eq ‘BuNC, CH,Cl,, room T, 20 h, 64
mol% yield [19b]; 3.5 eq ‘BuNC, hexane, reflux T, overnight, 61.5 mol%
yield [19g]; 1.5eq BuNC, toluene, room T, 6 h, > 85 mol% yield [19i].
Soluble in CH,Cl, MeCN, insoluble in petroleum ether. Crystals of 1le
suitable for X-ray diffraction were obtained from a CHyCly solution
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Chart 4. Structure of 1d (numbering refers to carbon atoms).
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layered with hexane and settled aside at — 20 °C. Anal. Calcd. For
C15H23CIoNRu: C, 46.28; H, 5.95; N, 3.60. Found: C, 45.98; H, 5.86; N,
3.53. IR (solid state): G/cm™! = 3056w, 3032w, 2981w, 2968w, 2962w,
2929w, 2873w, 2192 s (C=N), 1617w, 1540w, 1466 m, 1442w-sh,
1404w, 1387w, 1372w, 1322w, 1279w, 1236w-sh, 1195 m, 1168w-
sh, 1141w, 1117w, 1093w, 1057w, 1030w, 1003w, 975w, 957w,
920w, 877w, 859w-sh, 800w, 691w, 675w. IR (CH,Cly): G/cm ™! = 2186
(C=N). IR (MeCN): U/cm ™! = 2185 (C=N). 'H NMR (CDCls): 5/ppm =
5.55 (d, 3Jun=6.0 Hz, 2H, C*H), 5.39 (d, ®Juy=6.0 Hz, 2H, C°H), 2.83
(hept, 3Juu=6.9, C°H), 2.29 (s, 3H, C'H), 1.54 (s, 9H, C!°H), 1.30 (d,
8 Jun=6.9 Hz, C’H). 3Cc{'H} NMR (CDCls): 5/ppm = 137.9 (br., C®);
107.8, 106.6 (C* + C%); 87.6, 87.4 (C* + C*); 58.7 (C%); 31.5 (C%); 30.8
(C1%; 22.7 (C7); 18.9 (CH).

[Rul(CNBu)(n®-p-cymene)], 1f (Chart 6).

Prepared according to procedure a using [Ruly(n°-p-cymene)], (127
mg, 0.26 mmol Ru) and tert-butyl isocyanide (30 pL, 0.27 mmol); re-
action time: 2 h (reflux temperature); yield: 135 mg, 91 mol%. Soluble in
CH,Cly, poorly soluble in Et;0, insoluble in hexane. Anal. Calcd. for: C,
31.48; H, 4.05; N, 2.45. Found: C, 31.42; H, 3.99; N, 2.48. IR (solid
state): O/cm ! = 3063w, 3035w, 2980w, 2953w, 2924w, 2898w,
2862w, 2166 s (C=N), 2051w-sh, 1541w, 1506w, 1465w, 1443 m,
1349w, 1366 m, 1326w, 1304w, 1282w, 1230 m-sh, 1200 m, 1156w-sh,
1109w, 1089w, 1053w, 1016w, 1012w, 932w, 885w, 854 m, 803w,
735w, 677w, 631w, 517 m. IR (CH,Cly): 0/cm ™' = 2169 s (C=N). 'H
NMR (CDCl): 8/ppm = 5.60 (d, 3Juu=6.0 Hz, 2H, C*H), 5.49 (d,
3 Jun=6.0 Hz, 2H, C°H), 2.94 (hept, 3Jun=6.9 Hz, 1H, C°H), 2.56 (s, 3H,
C'H), 1.49 (s, 9H, C'°H), 1.31 (d, *Juu=6.9 Hz, 6H, C’H). 13C{'H} NMR
(CDCl3): 8/ppm = 135.8 (br., C%), 109.8 (C>), 106.1 (C?), 89.2 (C*), 87.6
(C%), 58.4 (C), 32.1 (C%), 30.8 (C19), 23.1 (C7), 20.5 (C1).

5.3. Synthesis and characterization of DMSO-isocyanide complexes

Procedure a (Scheme 2). In a 50 mL round-bottom flask, a brick-red
suspension of [RuClz(n6-p-cymene)]2 (about 100 mg), the selected iso-
cyanide (CNR, 1.0 eq) in toluene (5 mL) was stirred at room temperature
for 1.0-1.5 h. The quantitative conversion of the isocyanide and the
formation of 1a-e was assessed by FT-IR (CH,Cly) analyses on an aliquot
of the resulting mixture (R=Xyl, ‘Bu: red—orange solution -+ solid; R=2-
naphthyl or Bn: abundant orange precipitate; R=Cy: dark red-orange
opalescent solution). Increased concentration of the initial reaction
mixture should be avoided. A reaction performed with xylyl isocyanide
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Chart 6. Structure of 1f (numbering refers to carbon atoms).
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and 35 mg [RuCly(n°-p-cymene)], per mL of toluene led to the formation
of a dark green oil and a lower purity of the final product. Next, DMSO
(5-10 eq.) was introduced and the mixture was stirred at 55-110 °C for
2-6 h, as specified below. A yellow solution was obtained and the for-
mation of 2a-e was monitored by FT-IR (toluene). The mixture was
cooled to room temperature and filtered over celite (with the assistance
of CH,Cly) to remove a small amount of dark brown solid. The filtrate
was taken to dryness under vacuum. The resulting yellow sticky solid
was stirred with Et;0 (2a-c¢) or Et;O/hexane 1:1 V/V (2d-e) (about 15
mL) until a suspension is obtained. Otherwise, after 1-2 h the pale-
yellow solution was removed and the residue was triturated with fresh
solvent. The suspension was filtered (yellow filtrate), affording a pale
yellow/colorless solid which was washed with Et;O/hexane 1:1 V/V,
hexane and then dried under vacuum (40 °C).

Procedure b (Scheme 2). In a 10 mL test tube, 1a-d (0.33-0.35 mmol)
and DMSO (1.5 mL) were introduced. The red solution was heated at
100 °C for 35 min (1a), 2 h (1b-c) or 130 °C for 3 h (1d), affording a
yellow solution. The mixture was diluted with an aqueous NaCl solution
(250 g/L) and extracted three times with CHCls. The pale-yellow
aqueous phase was discarded. The combined organic solutions were
extracted with water and taken to dryness under vacuum. The yellow-
orange oily residue was dissolved in CHCl, and filtered over celite.
The filtrate was thoroughly dried under vacuum to remove residual
DMSO and the resulting yellow/orange oily residue which was treated
as described above.

Cis,mer- [RuCly(CNXyl)(xS-DMSO)s], 2a (Chart 7).

Prepared from [RuClz(nﬁ—p—cymene)] 2 (98 mg, 0.32 mmol Ru),
XyINC (42 mg, 0.32 mmol) and DMSO (0.12 mL, 1.7 mmol, 5.3 eq)
according to procedure a (2nd step: 55 °C, 4 h or 90 °C, 20 min); yield:
130 mg, 76 mol%. Alternatively prepared from 1la (151 mg, 0.346
mmol) according to procedure b; yield: 153 mg, 82 mol%. The yield of
both procedures over a 60-150 mg scale range is reproducible (Pro-
cedure a: yield = 77 + 3 mol% for 6 preparations. Procedure b: yield =
79.7 + 2.5 mol% for 3 preparations.) and the purity of the final product
is identical. Colorless solid. Soluble in CH5Cl,, CHCl3, THF, acetone,
MeCN, sparingly soluble in toluene, EtyO, insoluble in hexane. X-ray
quality crystals of 2a were obtained from a CHCl; solution layered with
hexane and settled aside at — 20 °C. Anal. Calcd. For C;5H57CIoNO3RuSs:
C, 33.52; H, 5.06; N, 2.61; S, 17.89. Found: C, 33.74; H, 5.05; N, 2.59; S,
17.09. IR (solid state): §/cm ™! = 3018w, 3004w, 2981w, 2918w, 2122 s
(C=N), 2051w, 1466w, 1444w, 1418w, 1404w, 1386w, 1372w, 1307w,
1286w; 1110's, 1093 s (S=0); 1029 m-sh, 1011 m, 972 m, 936w, 918w,
909w, 786 m, 728-721 m, 684 m-sh, 674 m, 518 m, 515 m. IR (CH,Cl»):
U/cm ™! = 2131 s (C=N). 'H NMR (acetone-dg): §/ppm = 7.26-7.17 (m,
3H, CgHs), 3.52 (s, 6H, C*-H), 3.41 (s, 6H, CP-H), 3.40 (s, 6H, C*-H), 2.58
(s, 6H, C°Hs). 13C{'H} NMR (acetone-dg): 5/ppm = 159.0 (br., C=N),
136.7 (C?), 129.3 (C), 128.8 (C%), 47.9 (CY), 46.0 (C9), 43.2 (C), 19.3
(C%. 'H NMR (CDCls): 8/ppm = 7.20-7.14 (m, 1H), 7.13-7.08 (m, 2H)
(CeHs); 3.53 (s, 6H, C*H); 3.45 (s, 6H, CPH); 3.37 (s, 6H, C°H); 2.56 (s,
6H, C°H). '3C{'H} NMR (CDCls): §/ppm = 156.5 (br., C=N), 135.9 (C2),
129.0 (CY, 128.3 (C%), 47.8 (CY), 46.1 (C), 43.3 (C?), 19.3 (C°). 'H NMR
(DMSO-dg): 6/ppm = 7.28-7.21 (m, 3H, CgH3), 3.44 (s, SCH3), 2.49 (s,
6H, CCHs); the signal at 3.44 ppm in the freshly-prepared solution ac-
counts for the 17 % of the total DMSO expected, and it is absent after 24

a
O~/
\S\a 9

CI///,, | \\\S\b

., o \
O\\S/RU\C c 5
b/l . S 1 2

c Cl 3

Chart 7. Structure of 2a (numbering refers to carbon atoms).
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h, due to ligand exchange with DMSO-dg. The diethyl ether/petroleum
solution used in the last stage of the workup (according to procedure a)
was taken to dryness under vacuum. The residue was analyzed by FT-IR
and 'H NMR, showing the presence of comparable amounts of 2a and an
unidentified {Ru(DMSO)(CNXyl)} species, 3a. IR (CH,Cly): U/cm™! =
2166 s (C=N). 1 NMR (acetone-dg): 8/ppm = 3.39 (s, 6H, SCH3), 2.50
(s, 6H, CCHs).

Cis,mer- [RuCla{CN(2-naphthyl) }(xS-DMSO)3], 2b (Chart 8).

Prepared from [RuClz(nG—p—cymene)]z (107 mg, 0.351 mmol Ru), 2-
naphthyl isocyanide (54 mg, 0.36 mmol) and DMSO (0.15 mL, 2.1
mmol, 6.0 eq), according to procedure a (2nd step: 70 °C, 6 h); yield:
110 mg, 56 mol% (54 + 2 mol% for 3 preparations over a 90-120 mg
scale range). Alternatively prepared from 1b (150 mg, 0.328 mmol)
according to procedure b; yield: 121 mg, 66 mol%. Procedure b provides
2b in a slightly higher purity. Pale-yellow solid. Soluble in CHyCly,
acetone, poorly soluble in Etp0, insoluble in petroleum ether. Anal.
Caled. for Ci7HssCl,NOsRuSs: C, 36.49; H, 4.50; N, 2.50; S, 17.19.
Found: C, 36.61; H, 4.57; N, 2.43; S, 16.87. IR (solid state): U/cm ! =
3007w, 2919w, 2125 s-sh; 2111 s-br, 2057w-sh (C=N); 1625w, 1594w,
1505w, 1410 m, 1361w, 1309w, 1291w; 1106 s, 1092 s (S=0); 1015 s,
972 m, 934 m, 922 nm 861 m, 815 m, 751 m, 720 m, 680 m, 533w, 497
m, 474 m. IR (CHyCly): 0/cm ™! = 2145 m-sh, 2133 s, 2117 s-sh, 2104 m-
sh (C=N). 'H NMR (acetone-de): 8/ppm = 8.21 (d, 4Tun=1.4 Hz, 1H,
C?H), 8.05 (d, *Jus=8.6 Hz, 1H, C°H), 8.01-7.97 (m, 2H, C*H+C’H),
7.72 (dd, 3Jup=8.7 Hz, “Jyn=2.0 Hz, 1H, C'°H), 7.65-7.60 (m, 2H,
C°H+CPH), 3.50 (s, 6H, C?H), 3.45 (s, 6H, C°H), 3.43 (s, 6H, C°H). '3C
{'H} NMR (acetone-ds): 5/ppm = 158.6 (C=N), 133.8 (C>), 133.6 (C%),
130.7 (C%); 128.84, 128.79 (C* + C7); 128.5, 128.4 (C° + C%), 127.2 (C1),
126.1 (C?), 124.6 (C1°), 47.6 (CY), 46.0 (CP), 43.1 (C%). 'H NMR (CDCls):
8/ppm = 8.00-7.85 (m, 4H), 7.61-7.54 (m, 3H) (C1oH7); 3.53 (s, 6H),
3.48 (s, 6H), 3.45 (s, 6H) (SCHs).

Cis,mer-[RuCl;(CNBn)(kS-DMSO)3], 2¢ (Chart 9).

Prepared from 1c (148 mg, 0.350 mmol) according to procedure b;
yield: 130 mg, 71 mol%. Colorless solid. Soluble in CH,Cl,, toluene,
acetone, poorly soluble in Ety0, insoluble in petroleum ether. Anal.
Caled. for Cyi4H25CIoNOsRuSs: C, 32.12; H, 4.81; N, 2.68; S, 18.37.
Found: C, 33.49; H, 4.93; N, 2.76; S, 17.56. IR (solid state): /cm ™! =
3024w, 3007w, 2970w, 2922w, 2185 s (C=N), 1499w, 1456w, 1430w,
1412w, 1369w, 1313w, 1292w; 1112 s-sh, 1098 s, 1087 s (S5=0); 1020 s,
969 m, 836w, 917w, 739 m, 723 m, 699 m, 678 m, 608 m, 503w, 491w.
IR (CHyCly): 0/cm™! = 2168 (C=N). 'H NMR (acetone-de): 8/ppm =
7.65 (d, 3Juy=7.3 Hz, 2H, G°H), 7.43 (t, *Jun=7.3 Hz, 2H, C*H),
7.40-7.35 (m, 1H, C°H), 5.33 (s, 2H, C'H), 3.35 (s, 6H, C?), 3.34 (s, 6H,
c?), 3.27 (s, 6H, C%). 3°C{'H} NMR (acetone-dg): 8/ppm = 148.6 (br.,
C=N), 134.6 (C?), 129.7 (CH), 129.1 (C°), 128.2 (C%), 49.3 (C1), 47.5
(€Y, 45.8 (Cb), 43.1 (C%. NMR (CDCl3): §/ppm = 7.52 — 7.34 (m, 5H,
Ph), 5.08 (s, 2H, CHy); 3.41 (s, 6H), 3.37 (s, 6H), 3.25 (s, 6H) (SCH3).
The reaction of [RuClz(n6—p—cymene)] 2 (112 mg, 0.366 mmol Ru),
benzyl isocyanide (45 mg, 0.37 mmol) and DMSO (0.13 mL, 0.83 mmol,
5.0 eq), according to procedure a (2nd step: reflux, 17 h) affords a beige
solid, containing 2¢ and an unidentified by-product (3c) in comparable
amount [IR (CHaCly): G/cm™! = 2199 (C=N)].
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Chart 8. Structure of 2b (numbering refers to carbon atoms).
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Chart 9. Structure of 2¢ (numbering refers to carbon atoms).

Chart 10. Structure of 2d (numbering refers to carbon atoms).

Cis,mer-[RuCly(CNCy)(xS-DMSO)3], 2d (Chart 10).

Prepared from [RuClz(n6-p-cymene)]2 (106 mg, 0.347 mmol Ru),
cyclohexyl isocyanide (44 pL, 0.35 mmol) and DMSO (0.25 mL, 3.5
mmol, 10 eq), according to procedure a (2nd step: 90 °C, 2 h); yield: 142
mg, ~ 79 mol%. Alternatively prepared from 1d (140 mg, 0.336 mmol)
according to procedure b; yield: 140 mg, 81 mol%. Procedure b provides
2d in a slightly higher purity. Colorless solid. Soluble in toluene,
acetone, THF, CHCly; poorly soluble in EtoO and Et;O/hexane mix-
tures, insoluble in hexane. Anal. Calcd. for: C;3H29CloNO3RuSs: C,
30.29; H, 5.67; N, 2.72; S, 18.66. Found: C, 30.45; H, 5.72; N, 2.74; S,
18.26. IR (solid state): i/cm ! = 301 1w, 2929w, 2858w, 2169 s (C=N),
1617w, 1451w, 1411w, 1364w, 1311w, 1291w, 1105 s, 1090 s (S=0);
1018 s, 975 m, 939w, 923w, 893w, 719w, 678 m, 577w, 512w. IR
(CHCly): U/cm™! = 2165 s (C=N). 'H NMR (acetone-dg): 8/ppm =
4.29-4.23 (m, 1H, C'H), 3.40 (s, 6H, C*H), 3.34 (s, 6H, C°H), 3.31 (s, 6H,
CH), 2.03-1.96 (m, 2H, CZH); 1.93-1.85 (m, 4H), 1.51-1.37 (m, 4H)
(C2H+C3H+C4H). Belg} NMR (acetone-dg): &/ppm = 146.4 (br.,
C=N), 56.0 (C1), 47.6 (C%), 45.8 (C%), 43.1 (C%), 33.2 (C?); 25.7 (C%),
23.3 (C%. 'H NMR (CDCl3): 5/ppm = 4.09-4.01 (m, 1H, NCH®); 3.46 (s,
6H), 3.42 (s, 6H), 3.34 (s, 6H) (SCH3); 2.14-2.03 (m, 2H), 1.91-1.78 (m,
4H), 1.47-1.36 (m, 4H). Reactions performed according to procedure a
with a lower amount of DMSO (5.0 eq at 90 °C for 4 h or 120 °C for 2 h)
afforded a pale orange solid, containing 2d and an unidentified {Ru
(DMSO)(CNCy)} species, 3d. IR (CHxCly): U/cm~! = 2190 s (C=N). 'H
NMR (acetone-dg): 6/ppm = 4.13 (m, 1H, ClH), 3.27 (s, 6H, SCH3).

Cis,mer- [RuCly(CN'Bu) (xS-DMSO0)3] , 2e (Chart 11).

Prepared from [RuClz(né—p—cymene)]Z (107 mg, 0.348 mmol Ru),
tert-butyl isocyanide (42 pL, 0.37 mmol) and DMSO (80 pL, 1.1 mmol,
3.2 eq), according to procedure a (2nd step: 110 °C, 6 h). Pale yellow

Chart 11. Structure of 2e (numbering refers to carbon atoms).
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solid; yield: 135 mg, in admixture with an unidentified {Ru(DMSO)
(CN'Bu)} species, 3e (2e/3e ratio ~ 1.6). IR (solid state): O/cm! =
3008w, 2983w, 2926w; 2164 s, 2141 s-sh (C=N, 2e + 3e); 1468w,
1409w, 1371w, 1308w, 1288w, 1198 m; 1111 s, 1093 s (S=0); 1014 s,
968 m, 926 m, 723 m, 681 m, 550w, 528w. IR (CH,Cl,): U/cm™! = 2180
m-sh (C=N, 3e), 2154 s (C=N, 2e). TH NMR (acetone-dg): 8/ppm (2e) =
3.39 (s, 6H, C*H), 3.34 (s, 6H, C°H), 3.30 (s, 6H, C°H), 1.61 (s, 9H, C2H);
5/ppm (3e) = 3.25 (s, 6H, SCHg), 1.54 (s, 9H, CCHs). 3°C{'H} NMR
(acetone-dg): 8/ppm (2e) = 59.8 (C1), 47.7 (C¥); 45.9, 43.1 (C® + C9),
30.6 (C%); 5/ppm (3e) = 59.2 (CCHs), 44.8 (SCH3), 30.8 (CCH3); data
from 'H-'3C HMBC experiment.

5.4. Monitoring of the p-cymene/DMSO exchange in toluene-dg

An orange suspension of 1a,d (0.020 mmol) in toluene-dg (1.0 mL)
was treated with DMSO (6 pL, 0.08 mmol, about 4 eq), stirred at room
temperature overnight then heated at 60-65 °C for 15-21 h. The solu-
tion was analysed by 'H and 'H-'3C gs-HMBC NMR experiments at
selected time intervals. In both cases, the formation of a transient
complex, presumably fac-[RuCly(CNR)(kS-DMSO)3] (R=Xyl, 2aX;
R=Cy, 2d*) was observed. NMR data, spectra and other experimental
details are reported in the ESI.

[RuCly(CNXyl)(kS-DMSO)(1-DMSO0),] 2, 4a (Chart 12).

A suspension of 2a (260 mg, 0.483 mmol) in toluene (5 mL; corre-
sponding to 52 mg 2a/mL solvent) was stirred under reflux for 4 h,
affording a pale-yellow solution and solid. The mixture was cooled to
room temperature and filtered. The resulting pale-yellow solid was
washed with toluene, Et;0, hexane and dried under vacuum. Yield: 160
mg, 67 mol%. The formation of 4a is presumably assisted by its pre-
cipitation in the rection mixture. Analogous reactions carried out in
more dilute solutions (about 10-12 mg 1a/mL toluene) led to the pre-
dominant formation of 3a as assessed by FT-IR (CHyCly). Soluble in
CHyCl,, CHCl3; poorly soluble in MeOH, MeCN, toluene, acetone,
insoluble in diethyl ether, hexane. Anal calcd. for: CogH42Cl4N2O4RU2S4:
C, 33.99; H, 4.61; N, 3.05; S, 13.96. Found: C, 32.87; H, 4.40; N, 2.94; S,
13.43. IR (solid state): 0/cm ™! = 3009w, 2997w, 2921w, 2911w, 2137 s
(C=N), 1467w, 1443w, 1421w, 1410w, 1315wm 1297w; 1121 s,1099 s
(S=0); 1030 s (u-S=0); 980w, 926w, 819w, 777 m, 733 m, 683 m, 673
m, 523 m. IR (CHyCly): 0/cm™! = 2138 cm™. 'H NMR (CDCl3): 8/ppm
=7.19-7.08 (m, 6H, C¢H3s); 3.84 (s, 6H), 3.83 (s, 6H) (u-SO(CHs)2); 3.47
(s, 6H), 3.27 (s, 6H) (kS-SO(CH3)2), 2.53 (s, 12H, CCH3); referred to the
major set of signals. Other, minor '"H NMR resonances are ascribed to
different isomers of 4a.

5.5. X-ray crystallography

Crystal data and collection details for 1d, 1e and 2a are reported in
Table S3. Data were recorded on a Bruker APEX II diffractometer
equipped with a PHOTON2 detector using Mo-Ka radiation. The
structures were solved by direct methods and refined by full-matrix
least-squares based on all data using F> [71]. Hydrogen atoms were

Chart 12. Proposed general structure of 4a (wavy bonds represent
different isomers).
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fixed at calculated positions and refined using a riding model.

5.6. Catalytic studies

All operations were carried out in air using non-anhydrous solvents.
The catalytic conversion of EL into GVL was carried out in a monomodal
CEM Discover S-class System microwave reactor. Regarding the exper-
imental setup of the microwave reactor, in a standard procedure, a 35
mL reactor vessel was charged with EL (5 mmol), alcoholic solvent (10
mL) as hydrogen donor, KOH (0.05 mmol) and the selected ruthenium
complex in the proper amount, evaluated with respect to EL. The reac-
tion time was kept constant at 60 min, always working under magnetic
stirring. The studied temperature range was within 110-160 °C. In the
case of traditional heating, a 40 mL pressure tube immersed in an oil
bath was employed, charged with the same amounts of reagents and
heated at the set-point temperature. The reaction time was fixed at 120
min, always working under magnetic stirring. At the end of each reac-
tion, the reactor was promptly cooled to room temperature with an
external air flow, the reaction mixture was filtered and n-dodecane
(0.64 mmol) was added as the internal standard for GC-FID analysis.

EL conversion (mol%), GVL yield (mol%), levulinate ester yield (mol
%) and the yield of other unidentified products (mol%) were calculated
according to the following equations:

EL conversion = [(Imolg, — Fmolg)/Imolg. ] x 100 1)
GVL yield = (molgy./Imolg) x 100 (2)
Levulinate ester yield = (mOleyuinate_ester/ImMOlg) x 100 3)
Other products yield = [(Imolg, — Fmolg, — molgyy,

— MOlievulinate_ester) /ImOlgy ] X 100 4

where Imolg, is the starting moles of EL added into the reactor, Fmolgy, is
the final moles of EL after the reaction, molgy;, represents the moles of
synthesized GVL and moljevulinate ester T€Presents the moles of trans-
esterified levulinate ester.

The quantification of EL, GVL and EL esters was performed using a
DANI GC1000 instrument equipped with an FID detector employing a
100 % dimethylpolysiloxane HP-PONA capillary column (50 m x 0.2
mm x 0.5 mm) for the separation. Nitrogen was adopted as carrier gas
with the flow rate of 1 mL/min. The injector and detector temperatures
were maintained at 250 °C and the following temperature program was
used: 60 °C isothermal for 2 min; 10 °C/min up to 230 °C; 230 °C
isothermal for 5 min. The average experimental error of the conversion,
selectivity and yield data was within 3 %.

The qualitative identification of EL, GVL and reaction by-products
was carried out adopting a GC-MS (Agilent 7890B-5977A) instrument
using a (5 %-phenyl)-methylpolysiloxane HP-5MS capillary column (30
m x 0.25 mm x 0.25 mm) and a single-quadrupole MSD 5977 detector.
Helium was the carrier gas with the flow rate of 1 mL/min. The injector
and detector temperatures were set at 250 °C and 280 °C, respectively.
Each analysis was carried out according to the following temperature
program: 40 °C isothermal for 2 min; 10 °C/min up to 230 °C; 230 °C
isothermal for 5 min, working under splitless mode.
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