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Abstract

A series of ruthenium complexes of the general composition [(n°-arene)(N N N)Ru(X)](Y),, (arene =p-Me-'Pr-C¢Hy, CsMes; N NN =bipy,
phen, 6,6'-diamino-2,2-bipyridine, 2,9-diamino-1,10-phenanthroline; X=Cl, H, H,O; Y=Cl, OTf) was synthesized and the new
compounds exhaustively structurally characterized by standard techniques (NMR, IR, elemental analysis, single-crystal X-ray crystal-
lography). The single-crystal X-ray structures of [(p-Me-"Pr-C¢H;)Ru(dabipy)C1][Cl] (3CI[CI]), [(p-Me-"Pr-C¢H,)Ru(daphen)CI1][ClI]
(4CI[C1]), [(CsMeg)Ru(dabipy)CI]J[Cl] (7CI[CI]), [(CsMes)Ru(daphen)CIJ[Cl] (8CI[OTf]), [(p-Me-"Pr-CsHy)Ru(bipy)(H,0)][OTf],
(10[OTfL), [(p-Me-"Pr-CsHy)Ru(dabipy)(H,O)][OTf], (30[OTfly), [(p-Me-"Pr-CsHs)Ru(dabipy)(H20)1[SO4] (30[SO4]), [(p-Me-Pr-
CeHs)Ru(daphen)(H,0)][OTf], (40[OTfl,), [(CsMes)Ru(daphen)(MeOH)][OTf], (8(MeOH)[OTTf],), [(p-Me-'Pr-C¢H4)Ru(dabipy)(H)][OTf]
(BH[OTT]), [(p-Me-"Pr-C¢H,)Ru(daphen)(H)][OT{] (4H[OTT]), [(CsMes)Ru(dabipy-BH,-OTf)(H)] (7H[-NH,-BH,-OTf]) have been determined.
Under 750-1100 psi (5-7.5 MPa) of hydrogen pressure at 110 °C in the presence of acid and water in sulfolane solvent the aquo complexes form
active catalysts for the selective deoxygenation of terminal diols, notably 1,2-hexanediol, to the corresponding primary alcohol, i.e., 1-hexanol in
up to 60% yield. The presence of amino functions on the ortho-positions of the chelating ligands results in lower catalyst activity. Under the same
reaction conditions the catalysts fail to convert glycerol to GC-detectable products. At the higher temperatures (7> 150 °C) possibly required for
glycerol activation the catalysts show increasing decomposition with increasing temperature.
© 2007 Elsevier B.V. All rights reserved.
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Scheme 1. Reaction pathways for the deoxygenation of terminal diols to primary alcohols (a) and subsequent possible total hydrogenation to alkanes (b).

sponding «,w-diols, which could directly serve as polyester
and polyurethane components. An economically very attrac-
tive example of such a transformation would be the selective
deoxygenation of the bio-Diesel by-product glycerol [1] to 1,3-
propanediol. One principle strategy to achieve this goal is an
acid-catalyzed dehydration of a terminal diol function to an
aldehyde, followed by a homogeneously metal-catalyzed hydro-
genation in the same reactor vessel. Scheme 1 illustrates this
reaction pattern (a) along with the less desirable potential follow-
up reaction (b) leading to a total deoxygenation of the diol to
the corresponding alkane. Reaction (a) constitutes a necessary —
albeit not sufficient — criterion for catalyst activity in the desired
glycerol deoxygenation. We recently discussed the challenges
and opportunities of this strategy in detail [2].

To date only two homogeneous catalyst systems employ-
ing this strategy and capable of catalyzing the deoxygenation
of glycerol have been described: in NMP solvent the sys-
tem HWOy/(acac)Rh(CO); yields up to ~20% 1,3-propanediol
along with about the same amount of 1,2-propanediol and traces
of n-propanol after 24 h at 200 °C and 4600 psi (31.7 MPa) pres-
sure of a 1:2 mixture of CO(g) and H»(g) [3]. The combination
of HCl, methyl sulfonic acid and (R,PCH;CH;,PR>)Pd(OAc),
(R=1-cyclooctenyl or sec-butyl) in sulfolane/water mixtures
yields <5% 1,3-propanediol along with traces of 1,2-propanediol
and substantial amounts of n-propanol and acrolein after 10 h at
175°C and 900 psi (6.2 MPa) of a 1:2 mixture of CO(g) and
Ha(g) [4]. Presumably the use of synthesis gas rather than pure
hydrogen in both cases stabilizes the catalysts at the — for homo-
geneous systems — comparatively high reaction temperatures.
Neither system has found practical applications. Heterogeneous
catalysts that convert glycerol to 1,2-propanediol with high
selectivity and in some case good yield exist [5-9] and are being
commercialized [10], but to the best of our knowledge no het-
erogeneous system to date has been described that can generate
the more valuable 1,3-propanediol in meaningful yields. The
high selectivity of heterogeneous catalysts is likely caused by
the preferential reaction of one of the sterically more acces-
sible terminal hydroxyl groups with an acidic catalyst surface
resulting in dehydration to acetol followed by hydrogenation to
1,2- rather than 1,3-propanediol [11]. Scheme 2 illustrates this
concept.

We therefore postulate that any catalyst capable of
deoxygenating glycerol to 1,3-propanediol will have to be homo-
geneous in nature, exploiting the relatively higher stability of a
secondary carbo-cationic intermediate formed by loss of water
from the secondary position of glycerol under acidic conditions
in a polar reaction medium. This dehydration gives 3-hydroxy-
propionaldehyde as the key intermediate [12,13], which can in
situ be hydrogenated to 1,3-propanediol. While no mechanis-
tic data is available from the patents, the two homogeneous
catalyst systems mentioned above very likely operate by this
pathway. Following the same strategy, we previously evalu-
ated two ruthenium based homogeneous catalyst systems for
the selective deoxygenation of terminal diols to primary alcohols
[2,14,15], leading us to formulate a set of rational catalyst design
criteria that any catalyst system will have to fulfill in order to be
potentially viable for the deoxygenation strategy summarized in
Scheme 1. Most importantly, the criteria demand that the catalyst
be capable of heterolytic activation of hydrogen gas, resulting in
a ionic hydrogenation mechanism, and be tolerant of the acidic
and by definition aqueous reaction conditions. Following these
design criteria and inspired by the work of Ogo and Siiss-Fink,
we identified the complexes of the general composition [(n%-
arene)Ru(H,O)(N N N)](OT¥),, (nﬁ-arene =p-cymene, CcMeg,
N NN =bipy, phen) as potentially viable catalyst precursors for
the deoxygenation of terminal diols and ultimately glycerol
under acidic aqueous conditions. Ogo and Siiss-Fink had previ-
ously shown that these complexes are active for both the transfer
hydrogenation of ketones by formate under aqueous acidic con-
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Scheme 2. Possible origin of the high selectivity of glycerol dehydration to
acetol on a heterogeneous catalyst surface.
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Scheme 3. Hypothetical catalytic cycle for a metal-ligand bifunctional ionic hydrogenation of carbonyl functions by (m%-arene)Ru(H)(N N N)](OTY), (n°-arene = p-
cymene, C¢gMeg, NN N =6,6'-diamino-2,2'-bipyridine or 2,9-diamino-1,10-phenanthroline). The n°®-arene ligand is omitted for clarity.

ditions [16—-18] and the hydrogenation of CO; to formate using
Ha(g) [19-21].

In an attempt to rationally design a more active cata-
lyst system, we also hypothesized that the introduction of
amino functions in the ortho-positions of the chelating lig-
ands, i.e., the use of 6,6'-diamino-2,2'-bipyridine instead of
2,2'-bipyridine or 2,9-diamino-1,10-phenanthroline instead of
1,10-phenanthroline would result in more active catalysts by
opening a pathway to a metal-ligand bifunctional concerted
hydrogenation as pioneered by Shvo and co-workers [22-24]
and Morris and co-workers [25-28] for hydrogenation and
Noyori for transfer hydrogenation catalysts [29,30]. Scheme 3
illustrates the concept for the complexes studied here. The mech-
anism postulates a heterolytic activation of hydrogen gas by a
non-classical dihydrogen complex and a proton shuttle role for
the ortho-amino substituents resulting in the close spatial posi-
tioning of a hydride (Ru—H) and a proton source (-NH3*) in the
coordination sphere of the catalytic centre.

Here we describe the synthesis of both the parent and ami-
nated bipy and phen supported catalysts and their evaluation in
the catalytic hydrogenation of acetophenone and benzophenone
and the deoxygenation of 1,2-hexanediol and glycerol.

2. Results
2.1. Synthesis and structures of the catalysts

The structures of the complexes synthesized and evaluated
as catalysts are shown in Chart 1 with their numbering scheme
#0O denoting the aquo, #Cl chloro and #H the hydride com-
plexes, respectively. Complexes 10 and 50O have previously

been described as the PFg ™ salts [31] and 20 and 60 as the BF4~
salts [16,17]. The synthesis of all triflate counter ion complexes
described here was carried out by reacting either [RuCl,(n°-
p-Me-"Pr-CgHy)1» [32] or [RuCly(n°-CgMeg)]> [33], with the
chelating ligand and a slight excess of AgOT{.

Depending on the order of addition either the correspond-
ing chloro complexes [(m%-arene)Ru(Cl)(N N N)|CI (ligand

D <2+

(0T ),

N-N = dabipy: 3
N-N = daphen: 4

N-N = dabipy: 7
N-N = daphen: 8

Chart 1. Structures of the eight aquo complexes of the type [(m°-
arene)Ru(N N N)(H,0)](OTf), (10[OTf],-80[OTf],) synthesized and tested
as catalysts.
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Scheme 4. Synthetic routes to the aquo complexes [(nﬁ-arene)Ru(N NN)(H,0)](OTf);. (a) Chloro route and (b) aquo route.

addition first — chloro route) or the triaquo complexes [(m°-
arene)Ru(H,0)3](OTf), [34] (AgOTf addition first— aquo
route) are formed as intermediates. The two synthetic routes
are shown in Scheme 4. Typically the chloro complexes are iso-
lated, while the triaquo complex is reacted with the ligand in situ
after removal of the AgCl formed in the first step by filtration and
exchange of the aqueous solvent for methanol. After empirical
optimization the complexes 10[OTf],, 10[SQ4], 30[OTf],,
40[OTA],, and 70[OTf], were prepared via the chloro route
with isolation (and for new complexes full characterization)
of the intermediate chloro complexes. SO[OTf], [16] was pre-
pared by both routes. The remaining complexes 2[OTf], [17],
30[S0q4], 60[OTf], [17] and 80O[OTf], were prepared by the
aquo route following literature procedures for the known com-
plexes, but exchanging the silver salts used for AgOTf where
applicable. The triflate complexes gave NMR spectra identical
to those reported for the corresponding PFg™ or BF4~ com-
plexes previously reported. For the purpose of catalytic reactions
we selected the triflate anion as it has higher resistance to ther-
mal and hydrolytic degradation in the aqueous acidic reaction
conditions used (vide infra).

The corresponding hydride complexes 1H[OTf]-8H[OTTf]
were prepared through reaction of the aquo complexes with
NaBHy in methanol. Complex SH[OTf] has been structurally
characterized [20] while complex 6H[OTf] could only be pre-
pared in situ by Siiss-Fink and co-workers, but not isolated in
pure form [17]. We experienced the same for TH[OTf] and
2H[OTIf], both of which could only be prepared in situ in a
mixture with the corresponding hydroxy complexes [(p-Me-Pr-
CsH4)Ru(N N N)(OH)](OTY) and other unidentified products.
In contrast, all amino-substituted hydride complexes 3H[OTT],

4H[OTS], 7TH[OTf] and 8H[OT(] precipitated from the reac-
tion solution giving satisfactory elemental analysis and in some
cases single crystals suitable for X-ray analysis. The charac-
teristic spectroscopic data of the hydride ligand in complexes
1H[OTf]-8H[OTIf] as recorded in methanol solvent are sum-
marized in Table 1.

For the complexes 10[OTf],, 30[O0Tf]l,, 3H[OTI],
3CI[OTf] (obtained adventitiously during an initial attempt
to prepare 3O0[OTf], via the chloro route), 40[0Tf],,
4H[OT(], 4CI[C]] and 8CI[CI] single-crystal X-ray analy-
sis was performed. Instead of the aquo complex 8O[OTf],
the methanol complex [(CeMeg)Ru(daphen)(MeOH)][OTf],
8(MeOH)[OTTf], was obtained. Fig. 1(a) shows the cation struc-

Table 1
Characteristic spectroscopic data for the hydride ligand in complexes of the type
[(T]6—arene)(N N N)Ru(H)][OTf] A1H[OTf]-8H[OT{])

Complex 8(Ru-H) [ppml], v(Ru-H)
CD;0D [cm~!], CH;0H

1H (bipy/p-Me-'Pr-CgHy)? —5.53d 19054
2H (phen/p-Me-Pr-CsHy)® —5.50¢ 19114
3H (dabipy/p-Me-'Pr-CgHy )* —5.99 1884
4H (daphen/p-Me-"Pr-C¢Hy)? —5.61 1889
5H (CgMeg/bipy)© —6.71%4 189924
6H (C¢Meg/phen)® —6.694 18994
7H (CgMeg/dabipy)® —6.34 1849
8H (C¢Meg/daphen)® —6.02 1856

2 This work.

b Ref. [17].

© Ref. [20].

4 Complex not isolated—values determined in solution in presence of other
species.
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Fig. 1. ORTEP plots of (a) [(CeMeg)Ru(daphen)(MeOH][OTf], (8MeOH)[OTI], and (b) [(CeMeg)Ru(dabipy-BH,-OTf)(H)] (7H[-NH2-BH,-OTf]) and drawn at
50% probability. Hydrogens and counter ions and solvent MeOH present in the structure of (§MeOH)[OTf], omitted for clarity.

ture of the methanol complex, in which the methyl group of the
alcohol ligand is pointing down and away from the ruthenium
centre, suggesting a minimal impact on the overall structure of
the complex when compared to the corresponding aquo com-
plex. A single crystal isolated from a reaction mixture of the
preparation of the hydride complex 7H[OTf] was determined to
be an adduct of one of the amino functions of dabipy with -BH;-
OT{, representing an interesting artifact of the reduction of the
aquo complex by NaBHy4. The structure is shown in Fig. 1(b).
The boron—oxygen distance is 1.844 A, i.e., substantially shorter
than the sum of the van der Waals radii, suggesting a strong Lewis
acid/base interaction. The hydride ligand could not be located
in this structure.

Table 2 summarizes some characteristic bond length and
angles of all these complexes as well as those of the earlier
described complexes SO[PF¢l,, SH[OTA], and the n6—benzene
complex [(CgHg)Ru(phen)CI][CI] (9Cl). Listed are the dis-
tances between the ruthenium centre and the nitrogen donor
atoms in the bipy or phen chelate d(Ru-N), the distance between
the ruthenium centre and the ligand X (X = Cl, H, OH;) occupy-
ing the active site d(Ru—X), the distance between the ruthenium
centre and the centroid of the n6—arene ring d(Ru—Cg-centroid)

and the angle o between the two planes defined the atoms
N-C2-C2'-N’ of the bipy or N1-C1a—C10a-N10 for the phen
chelate (cf. Fig. 1 for the numbering scheme) and the ruthe-
nium centre (plane 1) and the six carbon atoms of the mC-arene
ring (plane 2). Reasonably assuming that the influence of the
non-coordinating counter ions (OTf~, BF4~ or PFs™) on the
structure of the ruthenium centred cations is negligible, a set of
pairs of complexes emerge from the data in Table 2 that allow
direct comparisons of the influence of the ligands p-Me-'Pr-
CgH4 vs. CgMeg, bipy vs. phen, bipy vs. dabipy and dabipy vs.
daphen on the characteristic structural parameters while hold-
ing all other factors constant. The comparison of 10 vs. 50
reveals the influence of the nature of the arene ligand on the
structure of the aquo complex procatalyst structure. With the
sterically more demanding C¢Meg ligand all characteristic dis-
tances are longer by about ~0.025 A while the plane angle « is
slightly smaller by about ~4°, i.e., a is more acute. Both these
observations can be rationalized on the basis of the higher steric
demand of the C¢Meg ligand. The comparison between SO and
60 (bipy vs. phen) gives a small effect on the characteristic
bond distances and a slightly larger plane angle « (by ~3.5°)
for the phenanthroline ligand. The origin of this structural dif-
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Table 2

Key structural data for complexes of the type [(n°-arene)(N N N)Ru(X)]Y,, X = OH,, H or Cl
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Y

Complex NNN n d(Ru-N)? d(Ru-X)?* d(Ru-Cg-centroid)® o
p-Me-"Pr-CgHy
10° Bipy OTf 2 2.074 2.128 1.678 55.13
30° Dabipy OTf 2 2.096 2.139 1.678 31.99
3504° Dabipy SO4 1 2.105 2.083 1.686 42.99
K): U Dabipy OTf 1 2.102 1.615 1.732 44.58
3cr Dabipy BF4 1 2.096 2.401 1.682 33.72
40 Daphen OTf 2 2.115 2.124 1.682 34.90
4H® Daphen OTf 1 2.102 1.610 1.718 46.55
4crv Daphen Cl 1 2.106 2.396 1.685 34.62
CeMeg
50°¢ Bipy PFs 2 2.098 2.153 1.695 51.73
5HY Bipy OTf 1 2.074 1.502 1.732 52.49
60° Phen BF4 2 2.110 2.166 1.697 55.20
7H®f Dabipy 2.096 f 1.732 2791
7CI° Dabipy Cl 1 2.097 2.425 1.706 36.41
80 (MeOH)"2 Daphen OTf 2 2.138 2.142 1.697 34.21
sCIP Daphen OTf 1 2.127 2.398 1.695 23.65
CeHe
9CI° Phen Cl 1 2.097 2.413 1.678 62.98
2 Average over all equivalent bond distances/angles in the particular unit cell (either one or two symmetry equivalent complexes).
® This work.
¢ Ref. [16].
4 Ref. [20].
¢ Ref. [17].

f Values from the F3CSO,0-BH,-NH,-bipy adduct. The hydride ligand could not be located in the structure.

2 Values for the corresponding methanol complex 8(MeOH)[OTf],.

ference is unclear. The most pronounced structural change is
observed between the aminated and non-aminated complexes,
e.g. 10 vs. 30 (non-aminated vs. aminated bipy ligand) that
show a decrease of 23.14° in « induced by the steric repulsion
between —NH, substituents in the ortho positions of the chelate
and the m®-arene ligand. This is illustrated in Fig. 2 that gives
a “side-on” view of the two aquo complex procatalyst struc-
tures in both “stick” and space-filling representation. A further
comparison emerging from the data in Table 2 is between 3H
and 4H showing only minimal differences between the dabipy
and daphen complexes with essentially no change in d(Ru-N),
a 0.14 A longer d(Ru—Cg-centroid) for dabipy matching the
slightly smaller angle o (~2°).

Fig. 3 shows the structure of the also prepared sulfate com-
plex 3[SQOy4], in which the sulfate dianion is coordinated to the
ruthenium centre displacing the weakly coordinated water lig-
and observed with the triflate counter ions in 30[OTf],. The
sulfate coordination in 3[SQO4] is asymmetric with a close con-
tact of 2.959 A between N6 and O2 representing a hydrogen
bond interaction between 0o-NH» and the sulfate anion. Further
hydrogen bonds exist between O2 and a water molecule O5 at
d(02-05)=2.888 A present in the second coordination sphere
and between N6’ and O3 in adjacent complex in the lattice at
d(N6’-03)=2.939 A. The fact that no sulfate coordination is
observed for the triaquo complex [(né—arene)Ru(H20)3][SO4]
[16] suggests that such a stabilization through hydrogen-bond
interaction between the ortho-amine functionality and an oxy-
gen on the sulfate anion has to be present for coordination to
occur.

2.2. Reactivity studies

As Scheme 3 shows, we postulated a non-classical 'T]Z—Hz
complex generated by displacement of water as a reactive inter-
mediate (or possibly transition state) in the heterolytic activation
of hydrogen gas by the m°-arene ruthenium complexes investi-
gated here. This hypothesis was also formulated by Dyson et
al. for the corresponding chelating phosphine complexes [(n°-
arene)(P N P)Ru(CI)]CI (P NP =dppe or similar) [35], which by
necessity undergo loss of the chloride ligand under the reac-
tion conditions. An alternative hydrogen activation model was
given by Ogo and co-workers, who proposed a heterolytic activa-
tion of hydrogen through a concerted mechanism involving the
coordinated water ligand and possibly ring-slippage to an m*-
coordinated arene ligand by generating a transient additional free
coordination site on the ruthenium center [ 19]. These alternative
mechanisms of hydrogen activation in aqueous media including
a possible variant with metal-ligand bifunctional activation by
an ortho-aminated chelate are shown in Scheme 5.

In an attempt to generate the n>-H, complexes postulated in
the catalytic cycle (Schemes 3 and 5) the two independently
synthesized hydride complexes [(p-Me-'Pr-C¢H4)Ru(bipy)
H]OTf (1H[OTf]) and [(p-Me-'Pr-C¢H4)RuH(dabipy)H]OTf
(BH[OTH]) were reacted with HOTf in methanol-d4 at room-
temperature. In either case instantaneous formation of the aquo
complexes and evolution of H, and HD gas was observed as
indicated by their resonances in the 'H NMR spectrum with
their characteristic shifts and coupling constants (a singlet at
4.55ppm and a 1:1:1 triplet at 4.51 with Jyp =43 Hz, respec-
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Fig. 2. Influence of the presence of the amino substituents on the angle « of the two rings in the cations 10 vs. 30 (non-aminated vs. aminated bipy ligand).

tively). Invoking the Principle of Microscopic Reversibility, the
evolution of Hy(g) by protonation of the hydride complexes
must be the reverse of the formation of the hydride complex
from the aquo complex in the reaction mixture. This step is also
directly mimicked by the generation of HD(g) by heating the
procatalyst aquo species 10[OTf] or 30[OTf] under ~3 atm of
hydrogen gas atmosphere at ambient temperature, i.e., isotope
exchange occurs between the gas phase and the perdeuterated
solvent, which is only possible through either of the heterolytic
Hz(g) activation pathways proposed in Scheme 5. If the sulfate
complex 3[SO4] is employed in the same experiment heating to
~70°C is required to effect the generation of HD(g), suggesting

Table 3
T, values obtained for [(p—Me—iPr-C6H4)Ru(bipy or dabipy)H]OTf

that the hydrogen-bond supported sulfate coordination persists
in solution at ambient temperature. Together these experiments
provide evidence for a heterolytic activation of H»(g), but do not
allow a distinction between the two alternative pathways shown
in Scheme 5. In a further attempt to directly observe an m?-H
complex and possibly determine the characteristically short 7'
relaxation time of the typically broad resonance of an n>-H,
ligand [36] as well as the Jyp of its corresponding HD iso-
topomer [37], complexes 1H[OTf] and 3H[OTf] were reacted
with excess HOTf in methanol-ds at —80 °C. However, even
at this low temperature, no n>-H, complex could be detected.
Instead the resonance of the hydride ligand in either complex

Compound Temperature (°C) Equivalents of HOTf* T measurement (s)
[(p-Me-"PrCsH4)Ru(bipy)H]OTf RT 0 2.20

—80 0 1.52

—80 1.5 1.48

—80 15 1.65

—60 15 1.17

—60 15 0.82°
[(p-Me-"PrC¢H4)Ru(dabipy)H]OTf RT 0 4.08

—-80 0 2.67

—80 15 1.83

4 With respect to ruthenium compound.
b Ty value of the shoulder present on the upfield side of the hydride signal.
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Scheme 5. Possible mechanisms of heterolytic hydrogen activation by the aquo procatalyst complexes.

remains sharp and its shift value almost unchanged up to —60 °C.
The T time of the hydride resonance is only marginally shorter
than that of the hydride complex at ambient conditions, i.e.,
does not drop to the values of <100 ms expected for a non-
classical dihydrogen complex. Table 3 lists the observed T}
relaxation times as a function of temperature. Above —60 °C
the hydride signal is lost and signals for free hydrogen and the

Fig. 3. Structure of the complex [(p—Me—iPr—C(,H4)Ru(dabipy)(H20)][SO4]
(3[SO4)).

aquo complexes 10[OTf], and 30[OTf], emerge. An interest-
ing feature of the low-temperature spectrum of 1H[OTIf] is a
shoulder peak appearing on the hydride signal in the presence
of excess HOTf at —5.7 ppm at —80°C. The T} time of this
shoulder is slightly lower than that of the dominant hydride sig-
nal and shifted upfield, i.e., in the opposite direction expected
for an n2-H, ligand. We therefore propose that this shoulder
peak originates form an interaction of the hydride ligand with
an HOTf molecule in solution Ru-H- - -H-X*"0 (X=H5O0, sol-
vent or OT{™) that on the reaction coordinate represents the first
step to protonation and loss of Ha(g) observed upon warming.
In contrast, a solution of the aminated ligand complex 3H[OTf]
under analogous conditions did not show a shoulder signal. Also
its spectra gave no indication of a protonation of the amine
substituents under these conditions.

The pK, values of n>-H, complexes are usually determined
by establishing an equilibrium (Eq. (1)) between the correspond-
ing hydride complex with an acid of known pK, and measuring
the relative concentration of the hydride and m?-H, complex by
integration of their NMR signals; this of course requires that the
m2-H, complex is stable and directly observable. With the pK,
of the external base known, the pK,, of the metal n>-H, complex
is easily calculated using Eq. (2) [37].

M(H,) + B < [M(H)L,]”+BH* 1

pK, = pKeq + pKpn+ (2)
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Table 4
Effects of HOTf addition on the stability of [(p-Me-'Pr-C¢H4)Ru(bipy)H]OTf
(1H[OTT]) in various deuterated solvents

Solvent Observation pK,?

DMF-d; No protonation of hydride with ~15 eq. -0.5
HOTf

CD3;0D Shoulder peak with excess HOTf -2
(Ty ~ 1s/400 MHz)

Acetone-ds Loss of hydride with ~1.5 eq. HOTf -7

% pK, of the protonated NMR solvent on an aqueous scale.

Even without having established this equilibrium an approx-
imate pK, range for the postulated intermediate [(p-
Me-Pr-C¢Hz)Ru(bipy)(m>-H»)]>* — or another protonated
species of unknown structure derived from [(p-Me-Pr-
CeHs)Ru(NNN)H]OTf and HOTf — can be established by
correlating the pK, of the protonated NMR solvents used with
the behaviour of the [(p-Me-"Pr-CgH4)Ru(bipy)H]* cation under
acidic conditions (Table 4). Upon the addition of HOTS to
[(p-Me-"Pr-CgH4)Ru(bipy)H]OTf (1IH[OTf]) in acetone-de at
—80°, HD(g) is generated (Eqgs. (3) and (4)). In contrast, when
DMF-d7 or methanol-d4 were used as the solvent [RuH(bipy)(p-
Me-Pr-C¢H4)]OTf remained unprotonated (Eq. (5)).

RuH' <> Ru(Hp)** (3)
Ru(H,)>T +X — RuX*/?*H,(g) )
RuH™ + HT + Sol <+ RuH™ + SolH™ 3)

Extrapolating to the aqueous scale for which the pK, values
of the protonated solvents are known, the pK, of the proto-
nated species derived from [(p-Me-iPr-C6H4)Ru(bipy)H]OTf
(IH[OTf]) must be between that of protonated acetone
(pKay = —7) and protonated methanol (pK, = —2), though it can
be speculated that it may be closer to that of methanol, assum-
ing that it is an interaction of the hydride with the protonated
solvent that leads to the shoulder peak on the hydride resonance
observed in the NMR spectrum at low temperature. Ultimately,
placing a numerical value on the pKj, of the protonated interme-
diate in this fashion is of course at best qualitative due to the
use of only three solvents and the extrapolation to an aqueous
pK, scale. However, even a very approximate knowledge of the
pK, of the protonated species is valuable with respect to its cat-
alytic activity under the aqueous reaction conditions that will
level the overall acidity of the catalytic reaction mixtures to that
of H3O* (pK, = —1.74 in aqueous media) [38] as the strongest
acid present.

A result that logically emerges from the experiments
described above (Table 4) is that the presence of the amine
functions in [RuH(dabipy)(p-Me-iPrC6H4)]OTf has no or little
impact on the acid/base behaviour of the hydride complex, i.e., it
appears that with 2 or more equivalents of HOTT either no proto-
nation of the amines to [RuH(dabipyH)(p-Me-"PrCsH4)](OTf),
occurs or if it does that the pK, of such a species is low enough
to protonate the hydride ligand leading to the immediate forma-
tion of a transient n>-H, ligand and the subsequent observed
irreversible loss of Hy(g) from the complex. This pegs the pK,

of a protonated ortho-amine bipyridine or phenanthroline lig-
and coordinated to ruthenium(II) at a remarkable —2 (aqueous
scale) or possibly even lower. This low pK;, value may be the
consequence of the already cationic hydride complex resisting
the build-up further positive charge through protonation of the
ligand. A direct titration of either the dicationic aquo complex
[Ru(H,0)(dabipy)(p-Me-'PrCsHy)](OTf), (30[OTf],) or the
monocationic [Ru(Cl)(dabipy)(p-Me-"PrCg¢H4)]C1 (3C1) with
HOTf in aqueous medium while directly monitoring the pH
of the solution with an electrode gives the same result, i.e.,
no protonation of the amine functions in the dabipy ligand is
observable. Furthermore the titration curves of both 30[OTf],
and 3CI[OTf], are identical to those obtained for the parent
bipy complexes 10[OTf], and 1CI[OTf],, i.e., the presence
of the amine substituent has no buffering effect on the pH of
the solution as a function of acid added. Equivalent results are
obtained when monitoring the UV/vis spectrum of the com-
plexes as a function of added acid in aqueous solution, i.e.,
the spectra do not exhibit any distinct changes that could be
associated with a protonation of the ligand. Since the strongest
acid accessible in aqueous medium is H3O* with a pK, of
—1.74, this confirms the estimate of —2 as the absolute upper
limit for [(p—Me—iPrC6H4)Ru(dabipyH)(H20)](OTf)3 and [(p-
Me-iPrC6H4)(dabipyH)Ru(C1)](OTf)z obtained from the NMR
experiments discussed earlier. Some evidence that the amine
functions can in fact serve as a proton shuttle as postulated
in Scheme 3 comes from an NMR experiment, in which
[(p-Me-"PrCgHy)(dabipy)Ru(C1)]CI (4CI[Cl]) was titrated with
concentrated HCI in DMSO-dg solution, in which the chloro
complex mimics the also monocationic hydride complex 4H.
DMSO-dg (¢ =48.9, 1t =3.9 D) was chosen as the NMR solvent
as it most closely resembles the sulfolane medium (¢ =43.4,
u=4.35D) actually employed in catalytic reactions. Fig. 4
shows a series of 'H NMR spectra of 4CI[Cl] illustrating the
effect of the addition of ~ 1 (5L), 2 (10 L) and 4 (20 L)
equivalents (w.r.t. ruthenium) of concentrated HCI. Prior to the
addition of acid both the amine substituents as well as water
appear as well defined resonances at ~7 and 3.3 ppm, respec-
tively. As can be seen the resonance of the amine substituents
at 7 ppm (overlapping with one of the ring protons of the lig-
and) broadens and shows increasing coalescence with the signal
of H3O*Cl~ that shifts from 4.8 to 5.3 ppm, indicating that in
aqueous DMSO solution there is in fact rapid proton exchange
taking place between these species.

2.3. Catalytic hydrogenation of ketones

Acetophenone and benzophenone were selected as the sub-
strates for an initial evaluation of the relative activity and stability
of 10[0T],—40[OTTf], as hydrogenation catalysts in sulfolane
and to investigate the influence of the amine substituents on
catalytic activity. The hydrogenation of acetophenone to 1-
phenyl-ethanol is a standard reaction for the evaluation of
homogeneous hydrogenation catalysts and was also employed
by Siiss-Fink and co-workers for the evaluation of the same or
similar complexes as transfer hydrogenation catalysts in bipha-
sic medium at pH 3.8 [17]. However, as Scheme 6 shows, a
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Fig. 4. NMR spectra showing rapid exchange of protons between H3O*Cl~ and the amine functions in [Ru(Cl)(dabipy)(p-Me-"PrCsH4)]Cl in DMSO-dj solvent.
(a) No acid added; (b) 5 nL concentrated HCI added; (c) 10 wL concentrated HCI added; (d) 20 wL concentrated HCI added.

substantially more complex reaction cascade — triggered by a
secondary water loss from the initial hydrogenation product 1-
phenyl-ethanol to styrene followed by either total hydrogenation
to ethyl benzene or styrene dimer- or oligomerization — evolves
under the acidic conditions generated by the catalyst. The driv-
ing force for the secondary loss of water lies in the high solvation
energy of water in the highly polar and hygroscopic sulfolane.
The dehydration is catalyzed by HOTf — or more precisely under
the reaction conditions H3OTOTf~ — generated by the ruthenium
catalyst through the heterolytic cleavage of hydrogen gas to the
ruthenium hydride complex and free acid. Reaction conditions
were 500 mmol/L of acetophenone with 0.5 mol% catalyst load
for 24 h under 700 psi of Ha(g) at 50, 70 and 90 °C. The results
of all catalytic runs carried out with this substrate at the 24 h time
point are summarized in Table 5. Reaction mixtures were ana-
lyzed by quantitative GC against 100 mmol/L dimethyl sulfone
added as an internal standard (ISTD) with multi-level cali-
brations against authentic standard solutions of acetophenone,
1-phenyl-ethanol, styrene and ethylbenzene. The identities of the
other GC-detectable dimeric products bis(1-phenyl-ethyl)ether
(BPE, diastereomeric mixture of S,S/R,R and R,S) and 1,3-

diphenyl-1-butene (DPB) were determined by GC-MS and their
amounts approximated using the same response factor as ace-
tophenone. This introduces an error in the quantification that
together with the formation of oligomers of styrene that can-
not be analyzed by GC accounts for the incomplete/excess
mass balance [MB] (in %) obtainable from the data in Table 5
as [MB]=[AP]+[PE]+[ST]+[EB]+2 x [BPE] +2 x [DPB].
For the higher temperatures an apparent loss of material of up
to 45% of initial acetophenone occurs, which is attributed to the
formation of involatile styrene oligomers. Ogo and co-workers
had previously shown that the hydride complex [RuH(bipy)(m®-
CsMeg)](OT1) (SO[OTI]) is an effective styrene polymerization
catalysts under aqueous acidic conditions [39]. Also conceivable
is loss of the acetophenone substrate by dimerization through
aldol condensation to 1,3-diphenyl-but-2-enone, which is how-
ever not observed in the GC traces. If it occurred it would upon
iterative hydrogenation and loss of water also lead to DPB as
the product, i.e., consume one hydrogenation equivalent per ace-
tophenone lost. Due to the complexity of the overall reaction, the
relative activity of the catalysts evaluated by the reactions listed
in Table 5 is best compared by the total amount of hydrogen
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Scheme 6. Reaction cascade for the hydrogenation of acetophenone by in sulfolane medium.

consumed as defined by [100 — AP] + [EB] (in percent relative
to the starting amount of acetophenone). This value includes
the activity of the catalysts for the secondary hydrogenation of
styrene to ethylbenzene and can therefore exceed 100%.

A much less complex reaction cascade is observed for ben-
zophenone (Scheme 7). Table 6 summarizes the result of the
catalytic runs for this substrate under the same reaction con-
ditions. With the exception of bis(diphenylmethyl)ether, which
cannot be analyzed by GC due to decomposition during injection
causing the peak for the compound to recede into the baseline
of the GC-trace, all the concentrations of all components of the
reaction mixture, i.e., benzophenone (BP), diphenyl methanol
(DOH) and diphenyl methane (DPM) were determined by quan-
titative GC with calibration against authentic solutions. The
concentration of bis(diphenylmethyl)ether was inferred through
the mass balance.

The appearance of diphenyl methane as the final prod-
uct of the hydrogenation of benzophenone could in principle
be interpreted as the result of a remarkable direct metal-
catalyzed hydrogenolysis of either diphenyl methanol or
bis(diphenyl)methyl ether. However, we exclude this possibil-
ity on the basis of the known high propensity of benzyl ethers
to undergo acid-catalyzed disproportionation reactions [40] and

[Ru], H OH (H'], -H:0

—_— = ° -

o)
Ph)j\Ph Ph™ "Ph

the following observations: if diphenyl methanol is used as the
substrate (entries 2 and 3, Table 6) benzophenone is detected in
the reaction mixture. Under these conditions it can only origi-
nating from the disproportionation of the ether formed through
condensation of two equivalents of diphenyl methanol. The
analogous process occurs in the hydrogenation of acetophe-
none, where the GC-detectable bis(1-phenyl-ethyl)ether formed
appears as a transient reaction mixture component in low con-
centration. Fig. 5 shows a typical 24 h reaction profile for the
hydrogenation of acetophenone.

Examination of the hydrogenation data for acetophenone
in Table 5 and benzophenone in Table 6 reveals that the
percentage conversion to the total hydrogenation products ethyl-
benzene/DBP and DPM, respectively, scaled with the reaction
temperature. They are therefore the thermodynamic products for
this system. For the acetophenone hydrogenation (Table 5) a pair
wise comparison of the total hydrogenation equivalents for bipy
vs. dabipy and phen vs. daphen bearing metal centres reveals
that the presence of the amine substituents has a detrimental
rather than positive effect on catalyst activity for the bipy/dabipy
pair and a marginally positive effect for the phen/daphen pair.
In no case did the presence of the aminated ligand results in a
substantial enhancement of catalyst activity postulated for an

Ph Ph OH
[Hu]! H2
>_ 0_< - - /J\ £ Ph/\Ph
Ph Ph Ph Ph
‘ [H*]

acid catalyzed disproportionation

Scheme 7. Reaction cascade for the hydrogenation of benzophenone in sulfolane medium.



Table 5
Hydrogenation of acetophenone by [Ru(H,0)(N N N)(p-Me-"PrCsH4)](OTf),, N N N = bipy, dabipy, phen or daphen
NNN* T[°C]
50 70 90

APP PEP ST EBP BPEC DPB® H,¢ AP PEP ST EBP BPEC DPB® H,¢ APP PEP STP EBP BPEC DPB® Hd
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Bipy 41 28 3 0 18 0 59 1 25 13 2 5 23 101 0 0 0 7 0 34 75
(10)

Phen 29 24 4 0 18 0 71 0 12 13 0 2 13 100 0 0 5 7 0 25 107
(20)

Dabipy 69 17 8 6 0 0 31 11 26 3 7 7 8 96 18 3 3 14 0 19 96
(30)

Daphen 14 30 4 0 20 0 86 0 19 14 1 6 9 101 0 0 3 11 0 24 111
(40)

& Reaction conditions for all entries: solvent: sulfolane, 500 mmol/L acetophenone, 700 psi Hz(g), 0.5 mol% catalyst load, 24 h, ISTD for GC: 100 mmol/L. DMS. Abbreviations: AP: acetophenone, PE: 1-
phenylethanol, ST: styrene, EB: ethylbenzene, BPE: bis(1-phenyl-ethyl)ether (diastereomeric mixture of (S,5/R,R) and (R,S), DPB: 1,3-diphenyl-1-butene, H; eq.: total hydrogenation equivalents consumed (in %
relative to initial AP).

b By quantitative GC with multi-level calibration against authentic samples.

¢ Approximate by quantitative GC using the same response factor as for acetophenone. Value as percentage of acetophenone equivalents, i.e., %BPE: [(final BPE concentrated/2)/(initial AP concentrated)] x 100%
and %DPB: [(final DPB concentrated/2)/(initial AP concentrated)] x 100%.

d Calculated as total hydrogenation equivalents consumed in % relative to initial AP, i.e., %H, = 100% — %AP + %EB. This value can be >100% due to the secondary hydrogenation of styrene to ethylbenzene.

Table 6
Hydrogenation of benzophenone by [Ru(H,O)(N N N)(p-Me-"PrCgH,)](OTf);, NNN = bipy, dabipy, phen or daphen
NNN? T[°C]

50 70 90

BP (%) DOH (%) DPM (%) BPME MB (%) H;(%) BP(%) DOH (%) DPM (%) BPME MB (%) H;(%) BP(%) DOH (%) DPM BPME MB (%) H; (%)

(%) (%) (%) (%)

Bipy (10) 62 9 0 23 71 38 16 21 23 41 60 108 1 1 96 1 98 194
Bipy (10)° - - - - - - - - - - - - 0 5 81 14 86 181
Bipy (10)° - - - - - - - - - - - - 0 80 0 20 100 0
Phen (20) 66 14 1 19 81 35 15 30 14 41 59 929 2 10 80 7 92 177
Dabipy 30) 96 1 0 3 97 4 96 1 3 0 100 7 86 1 12 2 99 27
Dabipy (30)¢ - - - - - - 91 0 3 5 94 11 - - - - - -
Daphen (40) 97 1 0 2 98 3 82 6 5 6 93 22 54 7 33 7 94 80

% Reaction conditions: solvent: sulfolane, 500 mmol/L benzophenone, 700 psi H2(g), 0.5mol% catalyst load, 24 h, ISTD for GC: 100 mmol/L. DMS. Abbreviations: BP: benzophenone, DOH: diphenyl-
methanol, DPM: diphenylmethane, BPME: bis(diphenylmethyl) ether (not analyzable by GC due to decomposition), MB: mass balance exclusive BPME, %DPOH: [(final DPOH concentrated)/(initial
benzophenone concentrated)] x 100%, %DPM = [(final DPM concentrated)/(initial benzophenone concentrated)] x 100%, %BPME = BP(initial) — %BP — %DPOH — %DPM, %MB = %BP + %DPOH + %DPM,
%H, = %DPOH + 2 x %DPM + BPME (amount of H, consumed relative to BP can be higher than 100% due to formation of DPM), ‘~”: not determined.

b Run conducted using DOH as the substrate.

¢ Baseline run conducted using DPOH as the substrate without metal catalyst.

4" A run conducted with the addition of 4 equivalents of HOTf with respect to catalyst.
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Fig. 5. Concentration/time profile of acetophenone hydrogenation by 20[OTf],
at90°C.

effective metal-ligand bifunctional hydrogenation mechanism.
For the hydrogenation of the sterically more demanding ben-
zophenone the aminated catalysts were consistently much less
active, suggesting that the presence of the amine substituents
substantially hinders substrate access to the ruthenium centre.
This again also implies that a concerted proton/hydride transfer
mechanism as proposed in Scheme 3 does not operate. Instead
a direct coordination of the substrate to the ruthenium, likely
through an insertion of a carbonyl or alkene into the Ru—H bond,
is required. The addition of 4 equivalents (w.r.t. ruthenium) of
free HOTT to a hydrogenation of benzophenone by the dabipy
catalyst 30[OTf], (entry 6, Table 6) marginally improves the
reaction outcome, i.e., it does not induce a change in mechanism
leading to a more active catalysts system.

2.4. Deoxygenation of 1,2-hexanediol

As stated earlier a successful deoxygenation of terminal diols
to primary alcohols by a catalyst system is a necessary — albeit
not sufficient — prerequisite for a selective transformation of
glycerol to 1,3-propanediol (or other sugar polyalcohols to the
corresponding a,w-diol) by the same catalyst. 1,2-Hexanediol
was selected as the model system for a comparative evaluation
of the catalysts 10[OT],-80[OTf],. Scheme 8 shows the over-
all reaction cascade occurring with terminal diols under acidic

conditions as previously established with 1,2-propanediol as the
model substrate [14,15]. The deoxygenation of terminal diols
begins with an acid-catalyzed dehydration of the diol to the
corresponding aldehyde, which constitutes the actual hydro-
genation substrate. Compared to 1,2-propanediol the longer
chain substrate has the advantage that its total hydrogenation
product hexane (cf. Scheme 1b) has a low enough volatility to
be easily be quantifiable by GC using liquid samples drawn
directly from the reaction mixture without any further sample
preparation.

Summarized in Table 7 are the results of the evaluation of
the procatalysts 10-40[OTf], against 1,2-hexanediol using 12
molar equivalents of HOTf (w.r.t. ruthenium catalysts) with all
other reaction conditions equivalent to those for acetophenone
and benzophenone. The initial acid-catalyzed dehydration step
requires an empirically determined minimum reaction tempera-
ture of 90 °C below which no diol reactivity is observed, i.e., the
acid-catalyzed dehydration appears to have a higher activation
barrier than the subsequent metal-catalyzed carbonyl hydro-
genation, which for acetophenone and benzophenone proceeds
even at 50 °C (cf. Tables 5 and 6). At 90 and 110 °C the reactions
mixtures appear as clear yellow solutions at the end point of the
reactions (24 h). Higher temperatures (125 °C) result in lower
yields of hydrogenated materials and increased catalyst decom-
position as indicated by discolouration of the reaction mixture,
appearance of a black precipitate and a peak for free p-cymene
in the GC-trace of the solutions. The maximum yield of 46% 1-
hexanol and maximum consumption of H»(g) was observed with
20[OTA],. As with the ketone substrates, a pairwise comparison
of the catalyst pairs bipy vs. dabipy and phen vs. daphen reveals
that the presence of the amino functions has a detrimental effect
on overall catalyst activity, which is somewhat less pronounced
for the phen systems. In all cases good selectivity to the primary
alcohol and only marginal yields of hexane were observed. This
is in contrast to the [cis-Ru(6,6’-Cl;-2,2’-bipy),(OH3)2][OTf],
catalyst that we previously evaluated under similar conditions.
Under almost identical reaction conditions this catalyst yielded
29% 1-hexanol and 33% hexane [15].

The increase of the water concentration in the reaction mix-
ture as the reaction progresses demands an evaluation of the

OH [H*], -H20 - [cat.], Ha(g) oH
" OH - H/\y H/\/
OH [H*
H*], —-n H,0 +1, — )
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Scheme 8. Reaction cascade for the deoxygenation of 1,2-diols under acidic conditions.
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Table 7

Deoxygenation of 1,2-hexanediol by [Ru(H,O)(N N N)(p-Me-'PrCsH,)](OTf),, N NN =bipy, dabipy, phen or daphen

NNN? 1,2-HD 1-HOL 2-HOL HAL HEX DHE 1,3-DO 1,4-DO DE*® MB H,¢

(%)° (%)° (%)° (%)° (%)° (%)° (%)° (%)° (%)° (%)° (%)°

T=90°C
Bipy (10) 26 32 0 1 0 0 7 0 33 67 32
Phen (20) 34 28 0 0 0 1 3 5 29 71 30
Dabipy (30) 10 9 1 4 0 0 10 7 59 41 10
Daphen (40) 20 25 1 2 0 0 5 5 42 58 26

T=110°C
Bipy (10) 0 26 0 0 1 1 2 0 70 30 29
Phen (20) 2 46 0 0 1 2 4 3 42 58 50
Dabipy (30) 0 14 0 0 1 0 2 0 82 18 17
Daphen (40) 1 35 1 0 2 2 63 0 56 44 40

& Reaction conditions for all entries: solvent: sulfolane, 500 mmol/L 1,2-hexanediol, 30 mmol L~' HOTf (12.0 eq. w.r.. catalyst), 700 psi Ha(g), 0.5 mol% catalyst
load, 24 h, ISTD for GC: 100 mmol/L DMS. Abbreviations: 1-HD: 1,2-hexanediol, 1-HOL: 1-hexanol, 2-HOL: 2-hexanol, HAL: hexanal, HEX: hexane, DHE:
n-dihexyl-ether, 1,3-DO: 1-pentyl-3-butyl-1,3-dioxolane,2,5(6)-di-butyl-1,4-dioxane, DE: 1,1/1,2/2,2-diol ether, MB: mass balance of all species identified by GC.

b As % of 1,2-hexanediol consumed.

¢ Calculated as DE=100% — MB (these yields are inferred as the compounds cannot be analyzed by GC).

4 Calculated as total hydrogenation equivalents consumed in % relative to initial 1,2-HD.

effect of the relative acid and water content on catalyst activ- imum yield of the primary deoxygenation product 1-hexanol
ity and product distribution (Scheme 8). Employing the most is achieved with 8 equivalents, while higher amounts give no
active catalyst identified (20), The influence of the amount of  further improvement and with increasing acid concentration
water added to the reaction mixture (in weight% with respectto  ultimately lead to catalyst decomposition. The optimal acid con-
the total amount of sulfolane/water mixture) at the beginning of ~ centration thus represents a compromise between the acidity that
the reaction on the yield of 1-hexanol achieved is illustrated in  is required for an efficient dehydration of the diol to the actual

Fig. 6. Reaction conditions are as defined previously (cf. foot- aldehyde hydrogenation substrate and the catalyst stability and
note a, Table 7). As expected, increasingly larger amounts of selectivity under acidic conditions.
water inhibit the reaction by pushing the initial dehydration equi- Overall catalyst activity and selectivity for the deoxygena-

librium back to the side of the 1,2-diol starting material, i.e., the tion of the model system and ultimately glycerol or other sugar
yield is increasingly limited due to the thermodynamics of this alcohols is however much more complex and a function of at
reaction. An interesting — and reproducible — feature is the slight ~ least 7 parameters:

increase in observed yield upon addition of 1 mol% water, which
points to a possible catalyst activation induced by the presence

. . ! . 1. the catalyst concentration;
of water in the reaction mixture lending support to the hydrogen 2. the substrate concentration:
activation pathway proposed by Ogo and co-workers [19] shown 3. the solvent and its relative concentration:
in the top of Scheme 5. 4. temperature:
Shown in Fig. 7 is the effect of the amount of HOTf 5. hydrogen pr;:ssure'
added (in mol equivalents relative to ruthenium catalyst) on 6. initial acid concentration (i.e., equivalent of acid added);
the achievable yield of 1-hexanol in the catalytic deoxygenation 7. initial water concentration (i.e., initial water content of the
of 1,2-hexanediol with 20[OTf],. As the graph shows a max- reaction mixture)
5000, 49.00
g 40.00 . 47.00
s Rt 45.00
£ 3000 -
Q i
5 2000, £ 43.00
g7 B 41.001
& 10.00{ 8 39.001
0.00 & 37.00 -
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Acid Concentration (Eq. w.r.t. cat.)
Fig. 6. Effect of the amount of water added (in weight% relative to total amount

of sulfolane/water mixture) on the yield of 1-hexanol in the catalytic deoxygena- Fig. 7. Effect of the amount of HOTf added (in mol equivalents relative to
tion of 1,2-hexanediol with 20[OTf]; at 4 equivalents of HOTf w.r.t. ruthenium ruthenium catalyst) on the achievable yield of 1-hexanol in the catalytic deoxy-
catalyst. genation of 1,2-hexanediol with 20[OTf],.
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|
W60.00-70.00 |
150.00-60.00 |
30.00 =4000-5000 |
030.00-40.00 |
020.00-30.00

Conversion to
Hexanol + Hexane [%]

- 16 eq. HOTf
12 eq. HOTf
8 eq. HOTf
4.0 5.0 4 eq. HOTf
Percentage Water [%]

1.0 2.0

3.0

Fig. 8. Combined effects of acid and water content on the achievable yield of
1-hexanol and hexane in the catalytic deoxygenation of 1,2-hexanediol with
20[OTf],.

These parameters can be viewed as defining a 7-dimensional
“reaction-yield space” the optimum of which can only be deter-
mined empirically. From the complex reaction cascades that
evolve under the acidic conditions for both the model as well
as glycerol substrates [2,14,15], it is also immediately evident
that parameters 2, 3 and in particular 6 and 7 are not independent
of each other, as the relative concentrations are not only deter-
mined by their initial values, but also by all chemical processes
— reversible (i.e., equilibria) and irreversible (i.e., kinetically
and thermodynamically competent to final products) — in the
reaction mixture. While a simultaneous variation of all four (let
alone all seven!) reaction parameters is technically not feasible,
the use of a parallel reactor allows the systematic and simulta-
neous variation of two parameters effectively mapping out the
“reaction-yield space” in two dimension. Using the procatalyst
10[OTf],, Fig. 8 shows the result of such a two-dimensional
experiment for parameters 6 and 7, ranging from 0, 4, 8 to 16
equivalents of initial acid/ruthenium and 0—5% initial water con-
tent. Using a 24 well parallel reactor with 4 wells serving as
controls a 4 x 5 array results showing a maximum yield of 61%
for the combination 16 eq. HOTf and 3% water. This a very

Table 8

different result than what would have been predicted from a sim-
ple linear combination of the corresponding one-dimensional
experiments shown in Figs. 6 and 7.

Listed in Table 8 are lists the optimum acid/water ratios deter-
mined for all procatalysts 10-80[OTf],. No clear trend for
an optimum ratio emerges from the data, but the results again
show that the aminated ligands give lower yields. In one case
(40), where the yield approaches that of the non-aminated par-
ent system, catalyst decomposition is observed as indicated by
discolouration of the solution and formation of a black pre-
cipitate. The p-cymene complexes 10 and 20 achieve higher
conversions than the corresponding C¢Meg complexes SO and
60—this is the opposite trend of what was observed by Siiss-
Fink and co-workers [17,18] in the transfer hydrogenation of
acetophenone by the same complexes in biphasic media at pH
3.8. Their study notes a pronounced increase in catalytic activ-
ity with increasing alkyl substitution on the n°-arene ring from
CeHg to p-cymene to C¢Meg. The origin of this discrepancy must
lie in the very different reaction conditions employed: the trans-
fer hydrogenation was carried out at 50 °C using formic acid as
the reductant, while the hydrogen gas hydrogenation was car-
ried outat 110 °C. Either or both of these differences alone could
result in a different mechanism with a different rate-determining
step.

2.5. Control experiments for homogeneity

Previous work by Finke and co-workers had shown that ruthe-
nium(II) n®-arene complexes, in particular those lacking further
supporting ligands, can serve as a source of highly catalyti-
cally active ruthenium nano-particles formed by auto-catalytic
reduction to ruthenium(0) in situ [41]. For the N N N ligand sta-
bilized catalytically active ruthenium centres described here we
exclude this possibility on the basis of the following observa-
tions: in almost all reactions very small amounts (<1 mg) of
black residue form, but this residue is not catalytically active, i.e.,
decanting from this residue and recharging the reactor without
cleaning between catalytic runs does not give catalytic activity

Empirically determined optimum initial acid/water content of the reaction mixture for the deoxygenation of 1,2-hexanediol by complexes 10-80

# NNN m%-arene Eq. HOTf %H,0 HOT{/H,0 Yield [%]°
10 Bipy p-Cymene 12 2 6 63
20 Phen p-Cymene 16 3 53 61
30 Dabipy p-Cymene 8 1 8 24¢
40 Daphen p-Cymene 8 2 4 59¢
50 Bipy CgMeg 12 4 4 484
50 16 5 32 48
60 Phen C6Meg 16 4 4 514
70 Dabipy CeMeg 8 3 2.6 25
80 Daphen CeMeg 4 1 4 29
80 12 4 3 29
80 16 5 32 29

% Reaction conditions for all entries: solvent: sulfolane, 500 mmol/L 1,2-hexanediol, 110 °C, 1100 psi H»(g), 0.5 mol% catalyst load, 24 h, ISTD for GC: 100 mmol/L

DMS.
b Combined yield of 1-hexanol and hexane (the latter is <2% in all cases).
¢ Catalyst was decomposed at the end of the reaction.
4 No hexane formation observed.
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Table 9

Reaction conditions explored in the attempted deoxygenation of glycerol by 20[OTf],

Conditions® Comments

Reaction # Acid (w.r.t. catalyst) Water (%) Temperature (°C)

1 4.0 eq. HOTf 1 110 No reaction

2 8.0 eq. HOTf 1 110 No reaction

3 4.0 eq. HOTf - 110 No reaction

4 12.0 eq. HOTf - 110 No reaction

5 4.0 eq. HOTf - 125 Catalyst decomposition
6 8.0 eq. HOTf - 175 Catalyst decomposition
7 4.0 eq. HoWO4 - 110 No reaction

8 12 eq. HoWO4 - 175 Catalyst decomposition

& Reaction conditions: solvent: sulfolane, 700 psi Ha(g), 500 mmol L1 glycerol, 2.5 mmol L~! catalyst (0.5 mol%), 100 mmol L~! DMS (internal GC standard),

t=24h.

beyond the base activity of the reactor vessel itself (typically
<1% conversion). The same black precipitate is also observed
in blank reactions, i.e., reactions in which no catalyst added
and is therefore likely organic in nature. The blank reactions
showed no catalytic activity. In catalytic reactions where more
pronounced catalyst decomposition was observed (notably with
30 and 40) the observed yields were always much lower than
in those reactions where no catalysts decomposition occurred.
Finally, using the analogous P N P complexes as hydrogenation
catalysts for styrene under comparable conditions, Dyson and
co-workers established that no decomposition to active hetero-
geneous species occurs [35].

2.6. Attempted deoxygenation of glycerol

Upon examination of the reaction parameters associated with
the model system 1,2-hexanediol, reactions with glycerol as
the deoxygenation substrate were carried out. The procatalyst
20[OTf], was employed using a range of acid and water con-
centrations and reaction temperatures. However, GC analysis
of the reaction mixture showed no detectable amount of 1,3-
propanediol or any other deoxygenation products. Following
the reaction conditions employed with the benchmark rhodium
catalyst patented by Celanese [3], tungstic acid (HyWO4) was
also tested as the acid-catalyst, again with no success. The reac-
tion conditions employed in the attempts to reduce glycerol are
summarized in Table 9.

The initial attempt in the deoxygenation of glycerol employed
the optimum conditions determined for the reduction of 1,2-
hexanediol with procatalyst 20[OTF], in the water series, i.e.,
4 eq. HOTf with 1% water/sulfolane solvent (first entry, Table 9).
A sample taken from the reaction at = 0h was analyzed by GC
and showed the presence of glycerol and two unknown species,
the identities of which could not be established by GC-MS, but
were hypothesized to be acid-catalyzed glycerol condensation
products, as reaction samples taken later showed a decrease in
concentration of these two species and an increase in the glyc-
erol concentration with time. After 24 h the only species present
in the reaction mixture was glycerol and the mass balance of
the reaction accounted for all of the glycerol initially present.
Reactions 2—4, which employed either a higher acid concentra-
tion or pure sulfolane as the reaction solvent, yielded the same

results as those of Reaction 1. Since no reactivity was observed
at 110 °C, higher reaction temperatures, 125 and 175 °C, were
used in reactions 5 and 6 as it was postulated that the activa-
tion energy barrier for the initial dehydration of glycerol was
not being overcome at 110 °C. Analogous to the observations
with the diol model substrate, at 125 or 175 °C, the reaction
mixture went from an orange-yellow to a green and ultimately
colourless solution with the presence of black precipitate, signi-
fying decomposition of the catalyst. Again, glycerol was the only
species present after 24 h. However, the final mass balance could
only account for 38% of the initial substrate concentration for
Reaction (5) and no detectable amount of glycerol was present in
Reaction*** 6 after 24 h. Therefore, these higher reaction tem-
peratures promoted the condensation of glycerol to species that
could not be detected by GC, most likely the formation of acid-
catalyzed dimeric or oligomeric species similar to those formed
by the condensation of diols (cf. Scheme 8 and Ref. [2]). Only
very small amounts of acrolein were observed during the course
of these analyses. Reactions 7 and 8 which used HyWOy as the
acid-catalyst gave similar results.

3. Discussion

To our knowledge no thermodynamic data on the acid-
catalyzed condensation behaviour of glycerol in aqueous and/or
sulfolane solution exist. A recent theoretical study on the acid-
catalyzed dehydration of glycerol in the gas phase [42] reports
activation barriers of ~25kcal/mol for a pinacol rearrange-
ment type hydride shift mechanism to protonated 3-HPA and
~37 kcal/mol for loss of water to form the secondary carbocation
HOCH,CH*CH,O0H. While these barriers can be anticipated
to be substantially lower in a highly polar medium capable of
stabilizing charged intermediates, they still appear to be high
enough that under the reaction conditions accessible by the cat-
alysts (i.e., T<110°C) the prerequisite initial dehydration of
glycerol does not proceed, in particular if one considers the
carbocation pathway. The origin of the difference in behaviour
between the terminal diols and glycerol is unclear. An addi-
tional catalyst design criterion emerges from these realizations.
The catalyst must be of high thermal stability, i.e., be active
at reaction temperatures of at least 175 °C. This constitutes an
interesting challenge for a homogeneous system that may how-
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Fig. 9. Comparison of proton-hydride distances (in A) in 3H and 4H with that in the Noyori catalyst (n°-p-Me-"Pr-CsH4 )Ru(H)[S,S-NTsCH(CgHs)CH(CgHs)NH; .

ever be surmountable by designing catalysts employing tri- or
tetradentate ligand frameworks, which should result in ther-
mally more stable catalysts. In this context it is noteworthy
that both homogeneous glycerol deoxygenation catalyst sys-
tems reported in the patent literature [3,4] operate under an
atmosphere of synthesis gas rather than pure hydrogen. The
resulting presence of carbonyl ligands likely serves to protect
the metal centre from reduction under the forcing reaction con-
ditions (T'=175-200°C).

The failure of the amino substituted procatalysts 30[OTf],,
40[O0TAf],, 70[OTf], and 80O[OTf], to show higher activity
induced by a metal-ligand bifunctional mechanism can be traced
to at least two factors: (1) The low pK, of a protonated amino
function in coordinated dabipy or daphen. (2) A mismatch
between the proton-hydride distance in the hydrogen loaded
catalyst. For both factors a comparison to the Noyori catalyst is
instructive, as it is the only system for which structural data
and a consensus on a metal-ligand bifunctional mechanism
exists. Experimental results suggest a pK, < —2 for the proto-
nated amino functions in the monocationic catalysts, while due
to the condensation chemistry the strongest acid possible acid
in the reaction mixtures is H3O* with a pK, of —1.74 (values
extrapolated to pure aqueous medium) [38]. The low pKa of
the protonated ligand thus closely matches the solvent level of
the aqueous medium (cf. Fig. 4) and is relatively close to the
pK, of the ketone and ether hydrogenation/hydrogenolysis tar-
gets, which in their protonated form have estimated pK, of —7
to —3.5 on an aqueous scale. However, as the example of the
Noyori system shows and which in fact operates under basic
conditions [29,43,44], an actual protonation of the substrate
may not be necessary in order to effect a metal-ligand bifunc-
tional proton-hydride transfer to an unsaturated substrate. A

similar observation has been made for the Shvo system [45],
which also has been shown to act as a metal-ligand bifunc-
tional catalyst, effecting hydrogenation by a proton/hydride
transfer mechanism and for which the pKj, of the proton donor
tetraphenyl-hydroxyl-cyclopentadienyl has been determined to
be 17.5 in acetonitrile, which may roughly correlate to a pK, =4
in aqueous media [24]. In both cases the desired proton/hydride
transfer mechanism is thus better formulated through a con-
certed transition state [29,46], in which the relative pK, value
of the proton shuttle on the catalyst and the protonated sub-
strate is only one of several factors. In this scenario the more
critical parameter is not the pK, of the proton donor, but more
likely the distance between the proton and hydride donor in
the coordination sphere of the catalytic metal centre. Fig. 9
compares the structures of the hydride complexes 3H and 4H
with that of the structurally similar Noyori system (n°-p-Me-
iPI'-C6H4)Ru(H)[S,S-NTSCH(C6H5)CH(C6H5)NH2] [44]. The
Ru-H. - -H-N distance of 2.29 A in the Noyori system is shorter
than the van der Waals distance of 2.4 A, suggesting the exis-
tence of a weak hydrogen bond interaction. The corresponding
distances in the metal-ligand bifunctional systems reported by
Morris, e.g. trans-Ru(H),(R-binap)(tmen) (tmen = tetramethyl
ethylene diamine) are ~2.4 A, i.e., “at the outer limit of
protonic-hydridic or dihydrogen bonding” [27,28]. Even though
the steric repulsion between the amino substituents and the m°-
arene ligand serve to bring the NH;-protons closer to the hydride
ligand (cf. Fig. 2 and angle « in Table 2), the corresponding
distances in 3H and 4H are ~2.9 A, i.e., substantially longer
by ~0.5-0.6 A. Considering that the average C=0 distance in
the carbonyl hydrogenation targets is ~1.43 A this further sug-
gest that the proton—hydride distances in the amino-substituted
bipy and phen complexes 3H and 4H are too long to allow a
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metal-ligand bifunctional proton/hydride transfer mechanism.
A further difference between the Noyori and Morris catalysts
and the systems described here is the extent of electronic
coupling between the hydride and proton source, e.g., in (n°-
p-Me-Pr-C¢Hy)Ru(H)[S,S-NTsCH(CgHs)CH(C¢Hs)NH;] the
proton donating amine function is coordinated, which substan-
tially lowers its pK,, and cycles between NHj in the hydrogen
loaded 18 electron complex and NH in the hydrogen deficient
16 electron complex [29]. In contrast there is no or only a very
weak and remote electronic connection between the proton and
hydride source in the hydride complexes 3H, 4H, 7H and 8H
and the pKj, of the unprotonated amino function is too high for
them to serve as proton sources. As the example of the Shvo
system shows, coordination of the proton source to the active
metal centre is however not an absolutely necessary condition
for metal-ligand bifunctionality.

4. Conclusions

The complexes [(m®-arene)Ru(H,O)(N NN)](OTf),, m°-
arene = p-Me-"Pr-C¢Hy, CgMeg, NNN=bipy, phen, 6,6-
diamino-bipy, 2,9-diamino-phen) form active catalysts for the
hydrogenation of ketones in sulfolane. Under acidic conditions
that promote dehydration they selectively deoxygenate terminal
diols to the corresponding primary alcohols by hydrogenating
the intermediate aldehyde. The product distributions and cata-
lyst activities are a complex function of the initial water and
acid (HOTY) content of the reaction mixtures. The catalysts are
inactive for the deoxygenation of glycerol to 1,3-propanediol
or other products, as they do not sustain the temperatures
required for an initial acid-catalyzed dehydration of glycerol
to 3-hydroxy-propionaldehyde (estimated to be >150°C). The
amino substituents introduced into the ortho-positions of the
chelating ligands do not result in higher catalyst activity, i.e.,
they fail to act as proton donors in a hypothesized metal-ligand
bifunctional proton/hydride transfer mechanism to the carbonyl
substrates. This is likely caused by a mismatch between the pro-
ton/hydride distance in the catalysts and the C=0 distance in the
carbonyl hydrogenation targets.

5. Supplementary material

Full experimental details: NMR data and spectrum
images for all complexes synthesized. Crystallographic data
(excluding structure factors) for the structures reported in
this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no.
CCDC-652579 (3CI[BF4]), CCDC-652580 (3H[OTI]),
CCDC-652581 (30[OTf]z), CCDC-652582 (30[SO4]),
CCDC-652583 (4CI[Cl]), CCDC-652584 (4H[OT]), CCDC-
652585 (40[0Tf]2, CCDC-652586 (7CI[Cl1]), CCDC-652587
(7H-BH,-OTf), CCDC-652588 (8CI[OTf]) (from MeOH),
CCDC-652589 (8CI[OTf]) (from acetone), CCDC-652590
(80(MeOH)[OTTf]2), CCDC-652591 (10[OTf]2). Copies of
the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [fax: +44 1223
336-033; e-mail: deposit@ccdc.cam.ac.uk].
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