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a b s t r a c t

[(40-Ph-terpy)(bipy)Ru(L)](OTf)n and [(40-Ph-terpy)(quS)Ru(L)](OTf)n (n = 0 or 1 depending on the charge
of L, L = labile ligand, e.g., H2O, CH3CN or OTf, bipy = 2,20-bipyridine, quS = quinoline-8-thiolate) have
been evaluated as catalysts for the hydrogenation of the biomass-derivable C6-substrates 2,5-dimethyl-
furan (obtainable from 5-hydroxymethylfurfural) and 2,5-hexanedione (the hydrolysis product of
2,5-dimethylfuran). Operating in aqueous acidic medium at T = 175–225 �C the bipy complex is only mar-
ginally active, while the quinoline-8-thiolate complex realizes yields of hydrogenated products up to 97%
starting from 2,5-hexanedione and up to 66% starting from 2,5-dimethylfuran. The catalyst can also con-
vert the 5-HMF derived acetone 4-(5-methyl-2-furanyl)-3-buten-2-one into 2,5,8-nonatriol, a potentially
valuable cross-linker for polymer formulations. On the basis of DFT calculations, the higher activity of the
quinoline-8-thiolate complex is proposed to be rooted in a metal–ligand bifunctional mechanism for the
heterolytic activation and transfer of dihydrogen to the carbonyl substrate with the hydride-thiol
complex [(40-Ph-terpy)(quSH)Ru(H)]+ as the active catalyst.

� 2015 Published by Elsevier Ltd.
1. Introduction

We recently demonstrated the use of the complexes [(40-Ph-terpy)
Ru(H2O)3](OTf)2 (1) and [(40-Ph-terpy)Ir(OTf)3] (2) (40-Ph-terpy =
40-phenyl-2,20:60,2”-terpyridine, OTf = trifluoromethanesulfonate)
as homogeneous catalysts for the hydrodeoxygenation (HDO) of
2,5-hexanedione (2,5-HD) and 2,5-dimethyl-furan (2,5-DMF) to
2,5-hexane-diol (2,5-HDO) and 2,5-dimethyltetrahydrofuran
(2,5-DMTHF) in aqueous acidic medium in up to 69% and 80% yield,
respectively. Hexane can also be generated by catalyst 1 in up to
10% yield as the total HDO product [1]. These substrates form part
of the value chain shown in Scheme 1 leading from glucose
(obtainable from starch, sugarcane/beets or, in principle, cellulose)
via the key intermediates 5-hydroxymethylfurfural (HMF) and
2,5-DMF to ultimately hexane [2], with the ultimate goal of our
research approach being the development of a robust, recyclable
and promiscuous homogeneous acid/metal-based binary catalyst
system that through an iterative dehydration/hydrogenation
reaction cascade can directly convert sugars or sugar alcohols to
value-added HDO products in a single reactor with water as the
only side-product. By definition, this goal requires the catalyst
used to be stable to both acid and water, as well as the high tem-
peratures needed – empirically T > 150 �C – to trigger the acid cat-
alyzed dehydration reactions of the (poly-) alcohol substrates [3,4].

As a result of our study we found that while complexes 1 and 2
are active and stable in aqueous-acidic medium at temperatures up
to 175 �C, they decompose to the inactive bis-tridentate [M(40-Ph-
terpy)2]n+, M = Ru/n = 2 or M = Ir/n = 3 complexes at T > 175 �C,
which were recovered from the reaction mixtures and analyzed
by MS and single-crystal X-ray analysis. Furthermore, re-addition
of fresh substrate to recovered clear-red reaction solutions of 1
showed only marginal catalytic activity, which – in addition to
the formation of the bis-tridentate complex – was attributed to
catalyst inhibition by irreversible coordination of organic (by-)
products in the reaction, possibly dimers formed by aldol conden-
sation or Diels–Alder adducts acting as chelating ligands. As 1 is
postulated to operate as an ionic hydrogenation catalyst with
water acting as the base deprotonating a transient g2-H2 ligand
it intrinsically generates one equivalent of acid, giving H3O+ as
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Scheme 1. Value chain from cellulose to deoxygenated value-added products via the two target substrates 2,5-dimethylfuran and 2,5-hexanedione [1].
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the strongest possible solvent-leveled acid in aqueous medium.
However, increased concentrations of an acid co-catalyst (HOTf)
and/or the use of organic co-solvents also suppressed catalyst
activity. The inhibition by additional acid can then be understood
by disfavouring this deprotonation step, i.e., higher concentrations
of H3O+ push the hydrogen activation equilibrium [M(g2-H2)]+

+ H2O,M � H + H3O+ to the left side, away from the hydride com-
plex as the active reducing agent.

On the basis of the established catalyst decomposition pathway
to [Ru(40-Ph-terpy)2]2+ and the postulated catalyst inhibition by
chelating organic species we hypothesized that blocking two of
the three coordination sites in 1 occupied by labile ligands (i.e.,
H2O, solvent, substrate, etc.) by adding a second bidentate chelat-
ing ligand would prevent the decomposition to the bis-tridentate
complexes, while still leaving one coordination site for the hetero-
lytic activation of dihydrogen. An obvious and logical choice for
this is the complex [(40-Ph-terpy)(bipy)Ru(L)](OTf)n (3) (n = 1 or 2
depending on the charge of L, L = labile ligand, e.g., H2O, CH3CN
or OTf, bipy = 2,20-bipyridine), as Creutz et al. have previously
established that the analogous hydride complex cation [(terpy)
(bipy)Ru(H)]+ can rapidly transfer the hydride ligand to carbonyl
acceptors in aqueous medium [5–7]. A further extension is the
incorporation of the quinoline-8-thiolate ligand resulting in the
complex [(40-Ph-terpy)(quS)Ru(L)](OTf)n (4) (n = 0 or 1 depending
on the charge of L, L = labile ligand, e.g., H2O, CH3CN or OTf,
quS = quinoline-8-thiolate). For this system we anticipated that
the coordination of the soft anionic sulfur donor to the soft ruthe-
nium centre would result in strong binding of the quS ligand in a
stable 5-membered metallacycle and lead to an increased electron
density on the metal. This in turn should result in a higher hydride
donor ability of the corresponding hydride complex [(40-Ph-terpy)
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Scheme 2. Structural evolution of complexes to be tested as catalysts and proposed
metal–ligand bifunctional heterolytic activation of dihydrogen by the quinoline-8-
thiol complex.
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(quS)Ru(H)] (4a) postulated to form under catalytic conditions (H2

atmosphere and elevated temperature) and also potentially enable
a metal–ligand bifunctional heterolytic activation of the transient
g2-H2 ligand into a hydride and coordinated thiol assuming that
a cis configuration between the hydride and thiol can be struc-
turally realized. This was previously directly observed at low tem-
perature for the complexes [M(g2-H2)(CO)(quS)(PPh3)2]+ , [M(H)
(CO)(quSH)(PPh3)2]+, M = Ru, Os [8,9].

The structural evolution of the catalyst systems and the
proposed metal–ligand bifunctional heterolytic activation of
dihydrogen by 4 is summarized in Scheme 2.

Here we present the comparative evaluation of complexes 3 and
4 as catalysts for the conversions of the lower half of Scheme 1, i.e.,
the conversion of 2,5-dimethylfuran and 2,5-hexanedione to
deoxygenated/hydrogenated products in aqueous acidic medium.

2. Materials and methods

2.1. General

All reagents and solvents were purchased from commercial
suppliers and used as received unless otherwise specified. 2,5-HD
and 2,5-DMF, 1,4-dioxane and c-valerolactone were passed
through a short plug of neutral Al2O3 (Brockmann Activity I) imme-
diately before use to remove any peroxides or stabilizers present
and, in the case of 2,5-dimethylfuran, a yellow contaminant of
unknown identity (but possibly the 2 + 2 cycloaddition or 4 + 2
Diels–Alder dimer formed under the influence of light). All water
used was HPLC grade. NMR spectra were collected on 400 or
600 MHz Bruker Avance spectrometers and calibrated to the resid-
ual solvent signals. IR spectra were collected on a Thermo-Fisher
Nicolet 4700 FT-IR spectrometer. ESI-MS spectra were collected
on Bruker AmaZone SL or Agilent 6540 UHD Accurate Mass Q-
TOF spectrometers.

GC analyses were performed on a Varian 3800 with FID detector
using a 30 m Stabilwax-da (acid deactivated polyethylene glycol)
column. Quantification was carried out using dimethylsulfone as
the internal standard (100 mmol L�1) and linear 5 level calibration
curves. GC–MS analyses were performed on a Varian Saturn 2000
GC/MS running in CI mode and using the same column and tem-
perature programing used for quantification. Reaction products
were identified by comparison to the retention times of authentic
samples or by analysis of the mass spectra when authentic samples
were unavailable (C9 HDO products, see SI). Head space gas analy-
ses were carried out on a SRI 8610 micro-GC fitted with a TCD
detector against authentic gas samples (1000 ppm of C1–C6 alkanes
and alkenes in helium, GRACE Davison Discovery Sciences).

All hydrogenation experiments employed industrial grade H2

gas (99.995%) and were carried out in an Autoclave Engineers
MiniReactor with a 50 mL 316SS reactor vessel and impeller. At a
/dx.doi.org/10.1016/j.poly.2015.10.049
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total reaction solution volume of 25 mL the reactor had a gas-
phase headspace of �50 mL (unused reactor body plus enclosed,
pressurized magnet-drive assembly). Unless otherwise specified
(cf. control experiments) the reactor vessel and impeller were
cleaned and polished after each reaction using 3 M abrasive pads
or a sand blaster, respectively.

2.2. Chloro(bipy)(40-Ph-terpy) ruthenium(II) hexafluorophosphate

The procedure reported by Rasmussen et al. for the analogous
[RuCl(bipy)(40-Ph-terpy)](PF6) was followed substituting phterpy
for terpy [10]. RuCl3(40-Ph-terpy) (0.501 g, 0.968 mmol), 2,20-bipyr-
idine (0.167 g, 1.07 mmol) and LiCl (0.204 g, 4.81 mmol) were sus-
pended in 3:1 EtOH:H2O (100 mL). Triethylamine (1.0 mL,
7.0 mmol) was added and the mixture was purged with Ar for
10 min then refluxed under Ar for 4 h. The deep red-purple solu-
tion was cooled to room temperature, filtered then concentrated
to half volume and added to 100 mL of saturated, aqueous KPF6.
The resulting red-purple ppt. was collected via filtration, washed
with 4 � 10 mL cold 3 M HCl then Et2O (50 mL). The product was
purified by column chromatography (neutral alumina, Brockmann
activity I stationary phase, 25 � 300 mm column, 1:1 acetone:-
toluene eluent). The desired product eluted first as a dark purple
band that was collected and evaporated to yield a purple residue.
The residue was dissolved in minimal acetonitrile, added to Et2O
(200 mL) and the resulting purple powder was collected by filtra-
tion and washed with Et2O. Yield: 0.462 g; 64%. 1H NMR:
(400 MHz, acetone-d6, d): 10.41 (dd, J1 = 5.6 Hz, J2 = 0.7 Hz, 1H),
9.10 (s, 2H), 8.93 (d, J = 8.1 Hz, 1H), 8.87 (d, J = 7.9 Hz, 2H), 8.65
(d, J = 8.0 Hz, 1H), 8.44 (dt, J1 = 7.9 Hz, J2 = 1.5 Hz, 1H), 8.26
(d, J = 7.1 Hz, 2H), 8.14 (ddd, J1 = 7.1 Hz, J2 = 5.6 Hz, J3 = 1.3 Hz,
1H), 8.03 (dt, J1 = 7.9 Hz, J2 = 1.5 Hz, 2H), 7.89 (dd, J1 = 5.5 Hz,
J2 = 0.7 Hz, 2H), 7.85 (dt, J1 = 7.6 Hz, J2 = 0.9 Hz, 1H), 7.71 (t, 2H),
7.70 (d, 1H), 7.64 (t, J = 7.3 Hz, 1H), 7.44 (ddd, J1 = 7.6 Hz,
J2 = 5.5 Hz, J3 = 1.3 Hz, 2H), 7.14 (ddd, J1 = 7.3 Hz, J2 = 5.8 Hz,
J3 = 1.3 Hz, 1H). 13C NMR: (100 MHz, acetone-d6, d): 160.67 (C),
160.52 (C), 159.88 (C), 157.94 (C), 154.27 (CH), 153.86 (CH),
153.68 (CH), 147.48 (C), 138.66 (C), 138.45 (CH), 138.18
(CH), 137.12 (CH), 131.49 (CH), 130.99 (CH), 129.17 (CH),
128.88 (CH), 128.42 (CH), 127.91 (CH), 125.40 (CH), 125.10 (CH),
124.92 (CH), 121.73 (CH). ESI-MS: M+ peak: 602.07; calc. [C31H23-
ClN5Ru]+: 602.07.

2.3. (Bipy)(40-Ph-terpy)(triflato) ruthenium(II) trifilate (3)

Theprocedure reportedbyRasmussenet al. for the analogous [Ru
(OTf)(bipy)(40-Ph-terpy)](OTf) was followed with slight modifica-
tion [10]. The following was performed with the exclusion of O2

using standard Schlenk technique. [RuCl(bipy)(40-Ph-terpy)](PF6)
(0.417 g, 0.558 mmol) was dissolved in 1,2-dichlorobenzene
(50 mL) forming a dark purple solution. Triflic acid (0.75 mL,
8.5 mmol)was added resulting in an immediate color change todark
cherry red. The solution was stirred for 4 h at 50 �C then cooled to
0 �C and added to �20 �C Et2O (200 mL). The resulting solid was fil-
tered and washed with Et2O. Yield: 0.380 g; 79% dark cherry red
powder. The product was contaminated with 9% [Ru(40-Ph-terpy)2]
(OTf)2 bymass butwas used as is for catalysis experiments since the
catalytic activity of [Ru(40-Ph-terpy)2](OTf)2 was previously deter-
mined to be negligible. NMR andmass spectrawere collected in ace-
tonitrile after allowing 2 h at room temperature for replacement of
the highly labile triflate by acetonitrile in the sixth coordination site.
High purity samples of [Ru(NCMe)(bipy)(40-Ph-terpy)](OTf)2 (3a)
for characterizationwere produced in low yield (�1%) using column
chromatography (alumina neutral, Brockmann activity I,
20 � 300 mm, 2:1 MeCN:toluene eluent). The separation of [Ru(40-
Ph-terpy)2](OTf)2 and 3a was minimal, however collecting only
Please cite this article in press as: R.J. Sullivan et al., Polyhedron (2015), http:/
the tail of the orange-red band that eluted yielded 3a, after removal
of the solvent, as an orange powder in good purity. 1H NMR:
(400 MHz, MeCN-d3, d): 9.62 (d, J = 5.4 Hz, 1H), 8.83 (s, 2H), 8.63
(d, J = 8.0 Hz, 1H), 8.58 (d, J = 8.0 Hz, 2H), 8.37 (d, J = 8.1 Hz, 1H),
8.33 (t, J = 7.8 Hz, 1H), 8.13 (d, J = 7.3 Hz, 2H), 8.03 (t, J = 7.8 Hz,
2H), 7.98 (t, J = 6.2 Hz, 1H), 7.81 (t, J = 8.7 Hz, 1H), 7.73
(t, J = 7.1 Hz, 2H), 7.71 (d, J = 4.5 Hz, 2H), 7.66 (t, J = 7.3 Hz, 1H),
7.36 (m, 3H), 7.09 (t, J = 6.2 Hz, 1H). 13C NMR: (100 MHz, MeCN-d3,
d): 159.34 (C), 158.54 (C), 158.51 (C), 156.80 (C), 154.10 (CH),
153.35 (CH), 152.01 (CH), 150.22 (C), 139.40 (CH), 138.52 (CH),
138.27 (CH), 137.47 (C), 131.41 (CH), 130.50 (CH), 128.73 (CH),
128.67 (CH), 128.41 (CH), 127.54 (CH), 126.03 (C), 125.32 (CH),
125.05 (CH), 124.43 (CH), 122.37 (CH). ESI-MS: [M]2+ peak:
304.02; calc. [C33H26N6Ru]2+: 304.06.

2.4. Chloro(40-Ph-terpy)(8-quinolinethiolate) ruthenium(III) chloride

The following was performed with the exclusion of O2 using
standard Schlenk techniques. RuCl3(40-Ph-terpy) (0.498 g,
0.964 mmol), 8-quinolinethiol hydrochloride (0.228 g, 1.15 mmol)
and sodium bicarbonate (0.194 g, 2.31 mmol) were suspended in
methanol (150 mL) and refluxed overnight. The resulting dark
red solution was cooled to room temperature and filtered. The sol-
vent was removed in vacuo yielding the product as a red powder.
Yield 0.599 g; 97%. Small amounts of impurities were present;
the product was used without further purification. ESI-MS: M+

peak: 605.9; calc. [C30H21ClN4SRu]+: 606.02.

2.5. Acetonitrile(40-Ph-terpy)(8-quinolinethiolate) ruthenium(II)
triflate (4)

[RuCl(quS)(40-Ph-terpy)]Cl (0.481 g, 0.750 mmol), silver triflate
(1.03 g, 4.01 mmol) and zinc powder (0.496 g, 7.69 mmol) were
suspended in acetonitrile (150 mL) and refluxed under argon over-
night resulting in a deep red solution and off white precipitate. The
mixturewas cooled to room temperature and filtered. The insoluble
materials were discarded. The solvent was removed from the fil-
trate in vacuo resulting in a dark burgundy residue that was purified
by column chromatography (neutral alumina, Brockmann activity I
stationary phase, 25 � 300 mm column, 1:1 MeCN:toluene eluent).
The product eluted first as a dark red band that was collected and
evaporated yielding a dark burgundy solid that was stored under
argon. Yield: 0.254 g; 44%. 1H NMR: (400 MHz, MeCN-d3, d): 9.66
(dd, J1 = 5.1 Hz, J2 = 1.4 Hz, 1H), 8.63 (s, 2H), 8.50 (d, J = 7.9 Hz,
2H), 8.40 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H), 8.06 (d, J = 7 Hz, 2H),
7.94 (t, J = 8.0 Hz, 2H), 7.81 (d, J = 5.4 Hz, 2H), 7.70 (dd, J1 = 8.3 Hz,
J2 = 5.0 Hz, 1H), 7.65 (t, J = 7.6 Hz, 2H), 7.59 (t, J = 7.2 Hz, 1H), 7.50
(d, J = 7.9 Hz, 1H), 7.42 (d, J = 7.1 Hz, 1H), 7.33 (t, J = 6.3 Hz, 2H),
7.28 (t, J = 7.7 Hz, 1H), 2.01 (s, 3H). 13C NMR: (100 MHz, MeCN-d3,
d): 159.66 (C), 159.15 (C), 154.01 (C),153.01 (CH), 152.80 (C),
152.32 (CH), 146.93 (C), 137.94 (C), 137.89 (CH), 137.50 (CH),
132.24 (C), 130.80 (CH), 130.73 (CH), 130.28 (CH), 128.41 (CH),
128.15 (CH), 127.93 (CH), 124.39 (CH), 122.91 (CH), 121.07 (C),
120.08 (CH), 120.67 (CH), 4.11 (CH3). ESI-TOF-MS: [M-MeCN]+:
571.0523; calc. [C30H21N4SRu]+: 571.0525.

2.6. Computations

All calculations were performed using the GAUSSIAN 09 software
suite [11]. All structures were optimized using the M06-L func-
tional [12,13], with def2-SVP basis set [14] and associated ECP
[15] for Ru and 6-31G(d,p) basis set [16–18] for all other atoms.
An ultrafine integration grid (99 radial shells with 590 angular
points per shell) was used. Solvent effects were incorporated using
the polarizable continuum model for water [19–23]. All structures
were verified to be local minima or transition states by frequency
/dx.doi.org/10.1016/j.poly.2015.10.049
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calculations showing 0 or 1 imaginary frequencies, respectively.
For transition state structures the normal mode vibration
corresponding to the imaginary frequency involved motion of the
correct atom(s) along the reaction coordinate in all cases. Gibbs
free energies reported include zero-point energy corrections and
thermal corrections for T = 473 K and p = 55 atm. Final evaluation
of energies was performed using single point energy calculations
on the M06-L/def2-SVP,6-31G(d,p) geometries using the M06-L
functional, def2-TZVP basis set [14] with associated ECP [15] for
Ru and the 6-311G(d,p) basis set [24,25] for all other atoms.
Zero-point and thermal energy corrections were taken from the
lower level geometry optimizations.

2.7. Purification of 4-(5-methyl-2-furanyl)-3-buten-2-one (C9
substrate)

4-(5-Methyl-2-furanyl)-3-buten-2-one was provided through a
collaborationwith Los Alamos National Laboratory (LANL) [26]. Prior
to use the oily, brown semi-solid (5 g) was sublimed at 40 �C,
60 mTorr to yield a slightly off-white powder that was stored at
4 �C. Yield after sublimation: 4.2 g, mp 30–31 �C (lit. 35–36 �C) [27].
1H NMR: (400MHz, CDCl3, d): 7.20 (d, J = 15.8 Hz, 1H), 6.55 (d,
J = 3 Hz, 1H), 6.53 (d, J = 16.3 Hz, 1H), 6.09 (dd, J1 = 3.3 Hz,
J2 = 0.9 Hz, 1H), 2.34 (d, J = 0.8 Hz, 3H), 2.30 (s, 3H). 13C NMR:
(100 MHz, CDCl3, d): 198.04 (C), 156.01 (C), 149.55 (C), 129.64 (CH),
122.67 (CH), 117.73 (CH), 109.30 (CH), 27.99 (CH3), 14.07 (CH3).

2.8. Example HDO experiment of the C9 substrate

[Ru(NCMe)(quS)(40-Ph-terpy)](OTf) (0.0451 g, 0.0593 mmol)
and C9 substrate (1.878 g, 12.5 mmol) were charged into an Auto-
clave Engineers MiniReactor. Dimethylsulfone (0.236 g, 2.51 mmol,
GC internal standard) and water (20 mL) were added and the reac-
tor purged three times with hydrogen. The reactor was pressurized
to 55 bar (800 psi) H2, sealed and heated to 200 �C. Heating was
accomplished in �30 min. The reaction was stirred at temperature
for 16 h then cooled. A sample of the headspace gas was taken for
micro-GC analysis before the reactor was vented. The reaction
products were analyzed by GC-FID for quantification and GC–CI-
MS for identification.
3. Results

3.1. Synthesis and characterization of [Ru(OTf)(bipy)(40-Ph-terpy)]
(OTf) (3) and [(40-Ph-terpy)(quS)Ru(NCCH3)](OTf) (4)

[Ru(OTf)(bipy)(40-Ph-terpy)](OTf) (3) was prepared by modifi-
cation of the procedure for the analogous [Ru(OTf)(bipy)(terpy)]
(OTf) and the synthesis is summarized in Scheme 3 [10].
RuCl3(40-Ph-terpy) was reacted with bipy in aqueous ethanol followed
by addition of KPF6(aq) to precipitate [RuCl(bipy)(40-Ph-terpy)]
(PF6). Anion exchange by treatment of [RuCl(bipy)(40-Ph-terpy)]
(PF6) with TfOH in 1,2-dichlorobenzene at 50 �C followed by addi-
tion of Et2O precipitated [Ru(OTf)(bipy)(40-Ph-terpy)](OTf) (3) in
91% purity, contaminated by 9% of [Ru(40-Ph-terpy)2](OTf)2. Sepa-
ration of these two compounds proved extremely challenging
due to the high (but desired) lability of the triflate ligand in 3,
which resulted in substitution reactions in many solvents. Since
the activity of [Ru (40-Ph-terpy)2](OTf)2 had already been shown
to be negligible in HDO reactions [1], 3 was therefore used for
the catalysis studies without further purification taking into
account of the presence of inactive material for the calculation of
actual catalyst load. High purity samples of [Ru(NCMe)(bipy)
(40-Ph-terpy)](OTf)2 (3a) for characterization could be prepared
by stirring 3 in acetonitrile for 2 h followed by column chromatog-
Please cite this article in press as: R.J. Sullivan et al., Polyhedron (2015), http:/
raphy to separate 3a from [Ru (40-Ph-terpy)2](OTf)2, but this, how-
ever, was not practical for production of quantities sufficient for
use in HDO experiments because good resolution could not be
achieved between the two products and therefore large sacrifices
to yield would have been required to achieve high purity.

The new complex [Ru(NCMe)(QuS)(40-Ph-terpy)](OTf) (4) was
prepared as summarized in Scheme 4. RuCl3(40-Ph-terpy) was
reacted with quSH�HCl (quSH�HCl = 8-quinolinethiol hydrochlo-
ride) and NaHCO3 in MeOH to yield [RuCl(quS)(40-Ph-terpy)]Cl.
Subsequent reaction with Zn and AgOTf in MeCN followed by col-
umn chromatography gave the desired product 4. Two isomers are
theoretically possible. As indicated in Scheme 4, a 1H NMR-NOE
experiment determined that the acetonitrile ligand was located
trans to the sulfur atom of the quS ligand, i.e., the synthesis gives
what appears to be the wrong isomer to facilitate the desired
metal–ligand bifunctional heterolytic dihydrogen activation into
a hydride and coordinated thiol as proposed in Scheme 2.

Surprisingly, for isolated 4 the IR spectrum displayed only a very
weak signal in the nitrile stretching region (m = 2261 cm�1), which
suggested that the acetonitrile ligandmight be lost during evapora-
tion of the solvent leading to the complex Ru(OTf)(QuS)(phterpy) as
the actual isolated material. A high-resolution ESI-MS gave a peak
matching the molecular weight of 4minus acetonitrile with a char-
acteristic ruthenium isotope pattern, for which the loss of the labile
acetonitrile ligand is however likely an artifact of the method. In
contrast, a 1H NMR experiment in acetone-d6 showed the signal
from the methyl peak of coordinated acetonitrile. The molecular
/dx.doi.org/10.1016/j.poly.2015.10.049
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Table 1
Results of HDO of 2,5-hexanedione by 3 (bipy) and 4 (quS) in water.

Entrya Cat. T
[�C]

2,5-HDb

[%]
2,5-DMTHFb

[%]
2,5-HDOb

[%]
HMAb

[%]
MBDb

[%]
Cat. decomp.

O

O

O OH

OH

O OH Humins

1 3 175 78 1 2 5 14 N
2 3 200 60 6 5 8 21 Y
3 3 225 38 18 3 6 34 Y
4 4 175 0 1 83 2 14 N
5 4 200 0 8 89 0 3 N
6 4 225 3 58 25 6 8 N
7 4 245c 9 50 0 8 34 Y
8d 4 200 0 2 81 9 6 N
9e 4 245c 48 6 0 2 44 n/a
10f 4 245c 55 0 0 0 45 n/a
11g control 225 81 1 0 0 18 n/a

a Reaction conditions: 2,5-hexanedione [1000 mmol/L] in water, 5.5 MPa (800 psi) H2(g), dimethylsulfone (ISTD) [100 mmol/L], catalyst load [1 mmol/L = 0.1% w.r.t.
substrate], reaction time = 16 h.

b By quant. GC-FID; ±1%; 2,5-HD = 2,5-hexanedione; 2,5-DMTHF = 2,5-dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HMA = hemiacetal = 2-hydroxy-2,5-
dimethyltetrahydrofuran formed by cyclization of the partial hydrogenation product 2-hydroxy-hexan-2-one; MBD = mass balance deficiency: gas phase products and
substrate decomposition to polymers and solids (humins) not quantifiable by GC.

c Maximum sustained internal temperature achievable on the equipment used at time of study.
d Experiment performed using the burgundy red aqueous phase from entry 5 with fresh substrate added.
e Control reaction using reactor coating from entry 7.
f Experiment performed using the burgundy red aqueous phase from entry 7 with fresh substrate added.
g Control reaction without catalyst added.
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weight of the acetonitrile complex was therefore taken for the
catalyst load calculations in the catalysis study.

3.2. Catalytic hydrogenations

The results of the catalytic hydrogenation of 2,5-hexanedione
(2,5-HD) inwater by complexes 3 and 4 are summarized in Table 1.1

The bipy complex 3 shows only low activity (Entries 1–3) achieving a
maximum combined yield of fully hydrogenated products (2,5-DMTHF
and 2,5-hexandiol) of only 11% at 200 �C and 21% at 225 �C.
This corresponds to a minimum TON of 420 and TOF of only 14 h�1

at 200 �C.2 As observed with 1 [1], catalyst decomposition to [Ru
(40-Ph-terpy)2](OTf)2 and inactive Ru0 was observed at T > 175 �C.

In contrast, the quS complex 4 realizes very high conversions to
HDO products (up to 97%, Entry 5, Table 1) and achieves very good
mass balances. While the complex is essentially insoluble in water
at room temperature, after the reactions the color of the aqueous
solution adopt the dark burgundy color of 4, but small amounts
of a burgundy precipitate were also always present. Rinsing the
reactor body with MeOH dissolved the burgundy precipitate
deposited by reactions at 175 or 200 �C to leave a shiny 316SS
surface, i.e., no catalyst decomposition was apparent at this tem-
perature. The solution recovered from the reaction at 200 �C could
be recycled with the addition of fresh substrate in a cleaned reactor
(Entry 8, Table 1) realizing almost the same amount of 2,5-hexane-
diol, giving a TON for this catalyst of, at minimum, 3600 and a min-
imum TOF comparable to that of 1 at 121 h�1.3 At 225 �C a matte,
1 A complete reaction cascade for the HDO of 2,5-HDO and 2,5-DMF is elaborated in
Scheme 3 of Ref. [1], which also discusses the most likely pathway in more detail.

2 TON estimated based on 2 eq. of H2 added to each substrate molecule, 0.1% cat
load w.r.t. substrate and 21% yield of hydrogenated products at 225 �C. TOF estimated
at 200 �C for comparison with other catalysts based on TON = 220 at this temperature
and reaction time of 16 h.

3 TON estimated based on 2 eq. of H2 added to each substrate molecule, 0.1% cat
load w.r.t. substrate and 97% and 83% yields of hydrogenated products for the 1st and
2nd reactions respectively. Actual TON could be higher as the catalyst may be usable
for additional reactions, and only the amount of catalyst soluble in water at r.t. was
used for the second reaction (solids were discarded when the reactor was cleaned).
TOF estimated based on TON = 1940 and reaction time of 16 h for the first reaction.
The actual TOF could be considerably larger if the majority of hydrogenation occurs in
the first couple hours.
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slight discolouration of the reactor body was observed after rinsing
with MeOH following the reaction and a blue metallic Ru0 coating
was observed after rinsing with MeOH following the reaction at
245 �C (Entries 6 and 7, Table 1). Very similar in appearance to that
from decomposition of 1, the coating formed by decomposition of 4
exhibited negligible HDO activity (Entry 9, Table 1). Instead, a high
degree of substrate oligo-/polymerization to non-volatile solids
occurred, most likely by aldol condensation reactions. The still
clear-red colored solution from the reaction conducted at 245 �C also
showed only negligible recyclability, indicating lack of catalyst sta-
bility at this temperature (Entry 10, Table 1) by decomposition to
inactive [Ru(40-Ph-terpy)2](OTf)2.

The results of applying complex 4 to the conversion of the more
directly biomass derivable 2,5-DMF are summarized in Table 2.
Due to its low activity further studies with 3 were abandoned.
The best result with 4 at 0.1 mol% catalyst load was achieved at
200 �C with 50% yield of 2,5-hexanediol, 11% yield of 2,5-DMTHF
and the lowest amount of substrate decomposition (Entry 2,
Table 2). As previously observed with 1, addition of even a small
amount of acid (0.5 eq of TfOH w.r.t. 4, Entry 7, Table 2) also
resulted in significant deactivation of the catalyst and was not
effective at decreasing the extent of substrate decomposition.
Use of the weaker acid HC(O)OH, which decomposes at the reac-
tion temperature (Entry 6, Table 2), resulted in less catalyst deac-
tivation, but also gave no improvement towards minimizing
substrate decomposition and the yields were lower than with no
acid added. Use of a higher catalyst load, 0.5% w.r.t. substrate
(Entry 7, Table 2), resulted in up to 78% yield of 2,5-hexanediol
and 9% of 2,5-DMTHF.

Unfortunately, with the more demanding furan ring containing
substrates the recyclability of 4 previously observed for HDO of
2,5-hexanedione was no longer achieved. Since a higher catalyst
load was necessary, but the solubility of 4 at room temperature
was still very low, the vast majority of catalyst precipitated from
solution upon cooling the reactor to room temperature. Thus, in
contrast to the reaction with 2,5-HD, the recovered reaction
solution is only marginally active upon addition of fresh 2,5-DMF
substrate (Entry 5? 8, Table 2), giving only the hydrolysis ring-
opening product 2,5-HD upon recycling. Reuse of the burgundy
precipitate deposited on the reactor walls showed some activity
/dx.doi.org/10.1016/j.poly.2015.10.049
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Table 2
Results of HDO of 2,5-DMF by 4 in water.

Entrya T
[�C]

Cat. load
[% w.r.t. substrate]

Acid load
[% w.r.t. substrate]

2,5-DMFb

[%]
2,5-HDb

[%]
2,5-DMTHFb

[%]
2,5-HDOb

[%]
HMAb

[%]
MBDb

[%]
O O

O

O OH

OH

O OH Humins

1c 175 0.1 – 1 1 1 42 1 54
2c 200 0.1 – 0 3 11 50 5 31
3 225 0.1 – 0 15 34 5 9 37
4d 225 control – 1 82 1 0 0 16
5 200 0.1 0.05/HOTf 0 38 9 7 10 37
6 200 0.1 0.1/HC(O)OHe 0 5 5 36 5 49
7 200 0.5 0 0 1 9 78 2 9
8f 200 n/a 0 1 75 2 n/cg 5 17
9h 200 n/a 0 1 27 1 15 11 45
10i 200 n/a 0 1 41 1 2 5 50

a Reaction conditions: 2,5-dimethylfuran [1000 mmol/L] in water, 5.5 MPa (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], catalyst load [1 mmol/L = 0.1% w.r.t.
substrate], reaction time = 16 h.

b By quant. GC-FID; ±1%; 2,5-DMF = 2,5-dimethylfuran; 2,5-HD = 2,5-hexanedione; 2,5-DMTHF = 2,5-dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HMA = hemi-
acetal = 2-hydroxy-2,5-dimethyltetrahydrofuran formed by cyclization of the partial hydrogenation products 2-hydroxy-hexan-2-one; MBD = mass balance deficiency: gas
phase products and substrate decomposition to polymers and solids (humins) not quantifiable by GC.

c Solids (substrate polymerization) present after reaction.
d Control reaction without catalyst.
e pH before reaction = 3.48; pH after reaction = 5.40; CO2 peak observed in micro-GC trace of reactor headspace after reaction.
f Experiment performed by filtering the burgundy red aqueous phase from entry 7 and adding fresh substrate to assess recyclability of the catalyst solution.
g n/c = not possible to calculate in the recycling experiment: the concentration of 2,5-hexanediol was higher before the reaction than after due to a combination of

conversion to 2,5-DMTHF and decomposition.
h Experiment performed without cleaning any of the burgundy solids generated in entry 7 from the reactor and adding new dimethylsulfone solution and substrate.
i Experiment performed by rinsing the reactor with MeOH after the reaction of entry 7 but not removing any of the MeOH insoluble discolourations and adding new

dimethylsulfone solution and substrate.
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(Entry 9, Table 2) but far less than with the addition of fresh cata-
lyst. Further heterogeneous catalysis by Ru0 could not be excluded
with this experiment. Therefore, the reactor was subsequently
rinsed with MeOH to remove the MeOH components of the bur-
gundy precipitate but not any Ru0 deposits and the control reaction
was repeated. This reaction showed only negligible hydrogenation
activity (Entry 10, Table 2), consistent with previous observations
for the inactivity of Ru0 deposited by 1 and supported the hypoth-
esis that homogeneous catalysis is in fact the origin of the observed
hydrogenations. Characterization of the burgundy precipitate
deposited in the reactor after reactions showed the presence of
both 4 and [Ru(40-Ph-terpy)2]2+, providing evidence that incorpo-
rating quS as a second ligand in conjunction with 40-Ph-terpy
was successful at slowing, but not preventing, bis-chelate forma-
tion. This also suggests a possible explanation for the deactivation
of 4 by even sub-stoichiometric amounts of acid – either as gener-
ated by the activation of H2 by the complex or by adding more
HOTf (Entry 5, Table 2). Once protonated, quS should coordinate
less strongly to ruthenium because of the loss of formal negative
charge on the ligand and decrease in electron density available
for donation from the sulfur atom to the Ru(II) centre. Therefore,
under acidic conditions protonation of the quS ligand may result
in loss of free thiol, formation of 1 and then conversion to [Ru(40-
Ph-terpy)2]2+, explaining why activity of 4 was so diminished in
the presence of even 0.5 eq w.r.t. 4 of added triflic acid. Formation
of [Ru(40-Ph-terpy)2]2+ also appeared to be acid catalyzed
(Scheme 5), since [Ru(40-Ph-terpy)2]2+ was generated as a by-pro-
duct at temperatures as low as 50 �C during the preparation of 3
by the reaction of [RuCl(bipy)(40-Ph-terpy)](PF6) with excess HOTf
in 1,2-dichlorobenzene, explaining why activity associated with 1
formed by loss of quSH was also not observed.

As is evident from the last column (MBD) of Table 2, the 2,5-DMF
substrate is under identical reaction conditions (cf. Table 1), much
more susceptible to oligo-/polymerization reactions resulting in
higher mass balance deficiencies than with 2,5-HD. As previously
reported and discussed [1], we attribute this to the low solubility
Please cite this article in press as: R.J. Sullivan et al., Polyhedron (2015), http:/
of 2,5-DMF in water at room temperature. This results in an initially
biphasic reactionmixture that has a high concentration of substrate
in the organic phase leading to reaction of the substrate with itself,
possibly by Diels–Alder reactions, which are not possible with 2,5-
HD, or again aldol condensation after ring-opening hydrolysis. This
substrate decomposition is also observed to a large extent in the
uncatalyzed control reaction (Entry 4, Table 2).

In an attempt to minimize substrate decomposition, the activity
of 4 in mixtures of water/sulfolane (1:9), water/1,4-dioxane (1:5),
c-valerolactone (1:9) and pure ethanol (99%), all of which fully dis-
solve both the catalyst and 2,5-DMF at room temperature, was
investigated. While decomposition was greatly reduced in all sol-
vent systems, 4 was essentially inactive towards HDO of the sub-
strate in any of the solvent investigated realizing <2% conversion
to HDO products under the same reaction conditions as listed in
Table 2.

One further step back from 2,5-DMF in the C6 value chain
shown in Scheme 1 is 5-hydroxy-methylfurfural (HMF). However,
the aldehyde functional group of this substrate makes it even more
reactive towards decomposition than 2,5-DMF and we previously
found that only intractable resins are formed when attempting
the HDO of HMF or furfural using 1 under aqueous acidic condi-
tions [28]. Therefore we postulated that the HDO of HMF directly
by 4 is also unlikely to succeed. Instead the HDO of the longer chain
substrate 4-(5-methyl-2-furanyl)-3-buten-2-one (in the following
denoted as C9 substrate) obtained by a Zinc proline complex cat-
alyzed aldol condensation of 5-methyl-furfural with acetone was
attempted [26,29], The C9 substrate is a model for the aldol con-
densation adduct of HMF with acetone, lacking only the furanic
methanol group which can be converted to methyl by hydrogenol-
ysis [30,31]. The subsequent formation of an aldol adduct replaces
the aldehyde group of HMF with an a,b-unsaturated ketone,
greatly reducing the (self)-reactivity and making HDO by 4 poten-
tially possible.

Scheme 6 details the formation and conversion pathways of the
C9 substrate that rationalize the results of the HDO this substrate
/dx.doi.org/10.1016/j.poly.2015.10.049
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by 4 as given in Fig. 1. At a catalyst load of 1.0% w.r.t. substrate,
complex 4 is capable of producing 2,5,8-nonatriol (10) from this
substrate in 29% yield via hydrogenation of the a,b-unsaturated
side chain, followed by ring opening and hydrogenation of all
carbonyl groups along with a combined 34% yield of the other par-
tially hydrogenated intermediates identified by mass spectrometry
(M+ peaks and fragmentation patterns under CI conditions) and
listed in Fig. 1.
3.3. DFT calculations

The reaction conditions and requirement to use high-pressure
reactors make mechanistic studies and observation of any reactive
intermediates derived from 4, notably any postulated hydride
complex, very challenging.4 We therefore probed conceivable reac-
tion pathways for hydrogen activation and hydride transfer by DFT
calculations. One of the reasons for selection of the quS ligand was
the desire to incorporate the potential for a metal–ligand bifunc-
tional (MLB) hydrogenation mechanism. To allow an MLB mecha-
nism, the sulfur atom of the quS ligand must be cis to coordinated
H2 during the catalytic cycle. However, based on the geometry of 4
established by NMR (NOE experiment), the sulfur atom of quS is
not aligned in the desired manner in the pro-catalyst, but is in fact
trans to the labile acetonitrile ligand to be displaced by H2. Nonethe-
less, an MLB mechanism may be possible if reorganization of the quS
ligand in the coordination sphere via a 5-coordinate transition state
is energetically feasible. Therefore in order to predict if an MLB
mechanism could be operating, the energy profiles for a concerted
MLB, stepwise MLB and non-MLB hydrogenation mechanism were
investigated in silico for the hydrogenation of formaldehyde as a
model carbonyl substrate. The calculated energy profiles are shown
in Fig. 2.

Formaldehyde was chosen due to the difficulties in locating
transition states with the larger carbonyl substrates studied exper-
imentally. Although formaldehyde has lower steric bulk than 2,5-
hexanedione, steric effects should contribute relatively equally in
the hydride transfer steps of all proposed reaction pathways, and
therefore calculations with formaldehyde as a model carbonyl sub-
strate were deemed to be useful for mechanistic insight.

The reaction pathway following a concerted MLB mechanism
possessed the lowest activation barriers, with no individual barrier
exceeding 22 kcal/mol. Although the initial activation barrier for
H2 coordination trans to the sulfur atom of quS was slightly lower
than the barrier for rearrangement of the quS ligand in the coordi-
nation sphere, the subsequent barrier to the activation of the coor-
dinated H2 in this non-MLB pathway was very high, therefore
favoring de-coordination of H2 rather than deprotonation (i.e.,
rather than heterolytic activation of the coordinated H2). In con-
4 A direct observation of hydride complexes might be possible through the use of
high-pressure NMR, which however is at present beyond our capabilities.
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trast, once the quS ligand rearranged, all the activation barriers
along the proposed concerted MLB pathway were lower than the
energies of even the ruthenium hydride intermediates formed in
the non-MLB or stepwise MLB mechanisms. Transition states for
hydride transfer from either geometry of the neutral ruthenium-
hydride intermediate formed by deprotonation of the coordinated
thiol to protonated or neutral formaldehyde could not be located as
reflected by the termination of the reaction pathways from these
species in Fig. 2. A geometry for the deprotonation of the trans
g1-dihydrogen complex at E = 49.54 kcal/mol, e.g., by H2O, could
not be determined. Instead the acidic distal proton shows a weak
interaction with the C–H bond adjacent to the nitrogen atom in
the quS ligand.5
4. Discussion

The addition of a bipy ligand to the coordination sphere of 1
proved detrimental to catalyst activity. The minimum TOF
decreased from 125 h�1 to only 14 h�1 at 200 �C. A possible expla-
nation for this diminished activity are steric constraints imposed
by the ligand framework, which would likely have been of limited
relevance for the small C1 species used by Creutz et al. [7], but
could result in a slower and less active catalyst for the sterically
more demanding C6 substrates tested here. Further, the presence
of only one free coordination site, while theoretically effective for
preventing coordinative inhibition by chelating ligands, would
increase the susceptibility to coordinative inhibition by solvent,
counterion and other monodentate ligands, potentially explaining
the observation that in an actual catalytic cycle the activity of 3
is less than 1/3 that of 1. Since the binding energy of aqua ligands
is expected to be similar to that of coordinated dihydrogen
[32–34], and a large excess of available aqua ligands exists in aque-
ous medium, competition between water and H2 for the one avail-
able coordination site could be another factor explaining the
observed TOF for 3 of only 11% of that observed for 1. It is also con-
ceivable that changes in the electronic environment at the Ru cen-
tre caused by the addition of the bipy ligand resulted in a higher
activation barrier for the activation of H2 or hydride transfer to
substrate (as the anticipated rate determining steps) compared to
1, resulting in a slower catalyst turnover.

The relative product distribution between 2,5-DMTHF and
2,5-HDO exhibited a very similar temperature dependence to the
product distribution of reactions catalyzed by 1. This suggests
the same reaction cascade and supports the hypothesis that 1
and 3 operate via similar mechanisms of H2 coordination,
deprotonation forming a Ru–H species and then hydride transfer
to (protonated) substrate. As elaborated for catalytic hydrogena-
tions with 1 [1], the actual hydrogenation substrate in all reactions
5 See Supplementary Material for detailed energies and Cartesian coordinates for
all species shown in Fig. 2.
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is 2,5-HD, i.e., starting from 2,5-DMF, the first step is hydrolysis of
the furan ring to the 2,5-HD, while a direct hydrogenation of the
furan ring to 2,5-DMTHF does not occur.

The addition of the quS ligand to the coordination sphere of 1 to
form 4 did not have a detrimental effect on the reaction rate with
the minimum TOF achieved with 4 being comparable to that of 1 at
121 h�1 compared to 125 h�1. Since 4, like 3, has only one potential
free coordination site available for H2 binding and activation, this
Please cite this article in press as: R.J. Sullivan et al., Polyhedron (2015), http:/
therefore suggests that a different mechanism is operating with
this catalyst allowing faster turn over at the single active site in
spite of a similar steric environment and greater selectivity for diol
formation without condensation to oxacyclic THF rings.

Based on the result of the DFT study that suggested that an
initial dissociation of acetonitrile followed by isomerization of
the 5-coordinate intermediate to a cis geometry (as proposed in
Scheme 2) is possible and actually leads to reaction pathway with
/dx.doi.org/10.1016/j.poly.2015.10.049
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Fig. 2. Energy profiles (kcal/mol) for the hydrogenation of formaldehyde by 4 via concerted MLB, stepwise MLB and non-MLB mechanisms.a
aM06-L/[6-311G(d,p) (C,H,N,S,O) def2-TZVP (Ru)]//M06-L/[6-31G(d,p) (C,H,N,S,O) def2-SVP (Ru)] level of theory with polarizable continuum model for water.

6 At present no commercial source for the acetone aldol adducts with HMF or
furfural exists.

7 The complete synthetic sequence is shown in the Supplementary Material
(Scheme SM1).

8 Note that acetone is available by fermentation of sugars/starch via the ABE
process or through the ketonization of acetic acid.
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lower activation barriers, the three most likely mechanisms for
hydrogenation catalyzed by 4 are shown in Scheme 7. The higher
energy non-MLB pathway shown (top half of Scheme 7) would
be analogous to that presumably followed by 1 and 3. The two
potential MLB pathways however (bottom half of Scheme 7), either
concerted or stepwise, are mechanisms not accessible by 1 or 3.
We therefore propose this to be at least part of the explanation
for the much higher activity of 4 compared to 3 with the other fac-
tor being a different, more electron-rich electronic environment
imparted on the ruthenium centre by the soft sulfur donor atom,
which in turn could substantially enhance the hydride donor abil-
ity of the postulated hydride complex. To our knowledge this is
only the second example of a possible metal–ligand bifunctional
hydrogenation under aqueous acidic conditions, the other being
the comparison between the complexes [(g5-C5H5)Ru(2,20-bipyri-
dine)(L)]OTf versus [(g5-C5H5)Ru(6,60-diamino-2,20-bipyridine)
(L)]OTf; (L = labile ligand) reported by us earlier [35].

The strong preference for proton and hydride transfer within
the coordination sphere of the complex rather than deprotonation
of g2-H2 complexes of 4 by solvent/substrate may also explain the
much higher selectivity for 2,5-HDO formation by 4 compared to 1
or 3. Since 2,5-DMTHF is formed by acid catalyzed ring closure of
2,5-HDO [1,29], and reactions catalyzed by 4 potentially avoid
releasing free acid (as H3O+ in the solvent leveled acid in the aque-
ous medium) this may explain the much higher selectivity for pro-
duction of 2,5-HDO by this catalyst.

The production of significant amounts of 2,5,8-nonanetriol by
the HDO of 4-(5-methyl-2-furanyl)-3-buten-2-one (C9) by 4 is sig-
nificant as this product could be extremely valuable as a potential
renewable biomass-based polymer cross-linker, e.g., for polyur-
ethanes or polyesters. While such a process facilitated by 4 or other
Please cite this article in press as: R.J. Sullivan et al., Polyhedron (2015), http:/
similar catalysts is at present hampered by the limited availability
of the C9 and similar substrates and would also require further
optimization, it is already preferable to the production via conven-
tional synthetic routes involving multiple steps and extremely low
atom efficiency.6 To the authors’ knowledge only one reported syn-
thesis of 2,5,8-nonanetriol exists in the literature [36], which
requires seven steps.7 While the overall yield is 52% the synthesis
involves two Grignard reactions, one oxidation using the Dess-Mar-
tin periodinane and protection and deprotection using silanes, all of
which generate stoichiometric waste products, in addition to requir-
ing several different organic solvents and quenching reagents result-
ing in a very unfavorable e-factor [37]. In comparison, the
production of 2,5,8-nonanetriol in the current work generates no
stoichiometric waste products, is performed in water and all starting
materials are – in principle – available from a renewable biomass
substrates.8
5. Conclusions

The addition of the quS ligand to the coordination sphere of 1,
generating 4, increased the TON by slowing the formation of the
bis-chelate 2, however complete prevention of this deactivation
pathway was not realized. In water at 200 �C, 4 proved effective
for the production of 2,5-hexanediol from either 2,5-hexanedione
/dx.doi.org/10.1016/j.poly.2015.10.049
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or 2,5-dimethylfuran in good yield (up to 82% and 78% respec-
tively) and with much higher selectivity than achieved by 1. Fur-
thermore, 2,5,8-nonanetriol could be produced from the C9
substrate (a model for the aldol condensation adduct of HMF with
acetone) in 29% yield demonstrating that high value added chem-
icals difficult to manufacture from typical fossil fuel feedstocks can
be easily produced from biomass substrates using homogeneous
catalysis.

Comparison of the catalytic activity between 4 and 3 suggests
that 4 operates by an MLB mechanism, which is supported by an
in silico investigation of the reaction mechanism for hydrogenation
of formaldehyde as a model carbonyl substrate by 4. This
study also provided a possible explanation for the observed high
Please cite this article in press as: R.J. Sullivan et al., Polyhedron (2015), http:/
2,5-hexanediol selectivity, since the predicted mechanism
involved concerted proton and hydride transfer between the metal
complex and the substrate and therefore did not generate free acid
(H3O+) that would catalyze the ring closure of 2,5-hexanediol to
2,5-DMTHF.
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Appendix A. Supplementary data

Compound Data Sheets with images of NMR/MS/IR spectra of all
relevant ligands and complexes. Example Micro-GC, GC and GC–
MS data. Detailed results (energies and Cartesian coordinates) of
Gaussian calculations (75 pages). Supplementary data associated
with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.poly.2015.10.049.
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