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Abstract: Four types of ruthenium(ll) complexes, [fac-PNN]JRuH(PPh3)(CO) (A), [fac-PNuN]JRuH(n-BH4)(CO) (B), [fac-

PNuN]RUCIz(PPhs) (C) and [fac-PNuN]JRuH(n!-BH4)(PPhs) (D) (where PNuN and PNN are N-(2-(diphenylphosphino)ethyl)-
5,6,7,8-tetrahydroquinoline-8-amine and its deprotonated derivative), have been synthesized and assessed as catalysts for

the acceptorless dehydrogenation of secondary alcohols to afford ketones. It was found that C, in combination with t-

BuOK, proved the most effective and versatile catalyst allowing aromatic-, aliphatic- and cycloalkyl-containing alcohols to

be efficiently converted to their corresponding ketones with particularly high values of TON achievable. Furthermore, the

mechanism for this PNN-Ru mediated process been proposed on the basis of a number of intermediates that have been

characterized by EI-MS and NMR spectroscopy. These catalysts show great potential for applications in atom-economic

synthesis as well as in the development of organic hydride-based hydrogen storage systems.

Introduction

The conversion of alcohols to carbonyl compounds can be regarded
as one of the most important fundamental reactions in organic
chemistry as evidenced by its extensive application in the synthesis
of fine chemicals and pharmaceutical intermediates. Indeed, a raft
of methods have been implemented over the years to accomplish
this transformation.! Traditionally, stoichiometric amounts of
common oxidants are used, but these reactants tend not only to be
hazardous or toxic but can generate large quantities of noxious by-
products.2 In recent years, the development of transition-metal-
catalyzed oxidation of alcohols using environmentally friendly
oxidants such as 0,3 H,0,* or acetone® offers an improved
approach. However, from the viewpoint of atom economy and
reaction safety, the direct dehydrogenation of an alcohol to form a
carbonyl compound (e.g., a ketone or an aldehyde) without the
need for an oxidant altogether, is an even more desirable and
sustainable route as the only by-product is hydrogen.® The first
reports of complexes that were capable of mediating this green
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transformation were reported by Robinson in the 1970s and Cole-
Hamilton in the 1980’s, in which well-defined ruthenium(ll)
complexes of the type [Ru(OCOCFs);(CO)(PPhs);]” and
[RuH2(N3)(PPhs)3]® were employed. In the intervening years, the
concept of acceptorless alcohol dehydrogenation (AAD)? has rapidly
grown in interest with not only ruthenium! but iridium20 catalysts
reaction. While both
heterogeneous!? and homogeneous®1%1l processes have been
developed, the catalytic efficiency of the homogeneous variant
remains insufficiently high to merit its industrial application and

now capable of the promoting the

hence needs to be improved. For example, the ruthenium- and
iridium-based homogeneous catalysts reported so far tend to
require relatively high catalyst loadings in the 0.1 - 5 mol% range to
satisfactory Nevertheless, recent
developments using pincer complexes that can operate using

achieve conversions.
metal-ligand cooperation (MLC) show great potential for improving
these catalytic performances. 3131415

In our previous work we have shown the ruthenium-hydride [fac-
PNN]RuUH(PPh3)(CO) (PNN = 8-(2-diphenylphosphinoethyl)amido-
trihydroquinoline) (A) (Chart 1) to be an effective catalyst in the
coupling cyclizations of y-amino alcohols with secondary alcohols to
give pyridine or quinoline derivatives. Indeed, this system has
proved highly efficient and amenable to catalyst loadings of as low
as 0.025 mol% to achieve satisfactory results in this multistep
dehydrogenative pathway.¢ Furthermore, A and its derivative [fac-
PNuNJRuUH(n1-BH4)(CO) (B) (PNyN = 8-(2-diphenylphosphinoethyl)-
aminootrihydroquinoline) (Chart 1) can also be applied to the
catalytic hydrogenation of esters. Notably, when combined with 5
mol% of NaBHs;, A or B can deliver high efficiencies for the
hydrogenation of a wide range of esters under mild reaction
conditions.”
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Chart 1. PNN-ruthenium(ll) complexes (A — D) to be explored for the

AAD reactions

Herein we explore the use of A and B, along with two new
examples of this class of ruthenium(ll) complex, [fac-
PNyN]RuCly(PPhs) (C) and [fac-PNyN]RuH(n-BH4)(PPhs) (D) (Chart 1),
for the acceptorless dehydrogenation of alcohols. In particular, C is
shown to exhibit unprecedented efficiency in the acceptorless
dehydrogenation of secondary alcohols to afford the corresponding
ketones, with very low catalytic loadings required to achieve high
conversions. We view these complexes as showing great potential
for applications in atom-economic synthesis and the development
of organic hydride hydrogen storage systems. Furthermore, we
propose a mechanism for the catalyzed acceptorless
dehydrogenation reactions that is based on various intermediates
that have been characterized by EI-MS and NMR spectroscopy.

Results and discussion

Synthesis and characterization of PNN-ruthenium complexes

A H
\ ; H
N RUCl,(PPha)s = N NaBH, W N
Toluene, reflux 3 h N Toluene/Ethanol, 65 °C
HN S PPh, < \N/ ‘ den,

65% 0% 00000 X7 e

/ \ ‘Ru’
o cl l cl ot l\H
h : Phy
PNyN D

Scheme 1. Synthesis of PNN-ruthenium complexes C and D

Reaction of RuCly(PPhs); with 8-(2-diphenylphosphinoethyl)-
aminotrihydroquinoline (PNyN) in toluene at 100 2C for 3 hours
gave on work-up, [fac-PNyN]RuCl,(PPhs) (C), in good yield (Scheme
1). Complex C displays peaks in its ESI mass spectrum corresponding
to a protonated molecular ion and a fragmentation peak
attributable to a loss of chloride from the molecular ion.
Unexpectedly, on standing in deuterated chloroform for four hours,
C undergoes partial isomerization resulting in a mixture consisting
of Cand C' in a 72:28 ratio. The 31P{1H} NMR spectrum of C exhibits
two mutually coupled doublets at § 55.68 and & 45.61 with a
coupling constant of ca. 28 Hz corresponding to a cis-arrangement
of the phosphine donors. In C' a cis-arrangement of the phosphine
donors is again apparent with the two doublets (each ca. 2J(PP) = 28
Hz) in this case appearing at 6 48.12 and & 43.16 (see Sl). Crystals of
the major isomer C suitable for a single-crystal X-ray diffraction
study could be grown by slow diffusion of n-hexane into its solution
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in dichloromethane. The structure consists of a distorted octahedral
geometry at ruthenium with the PNyN ligand adopting a fac-
configuration with the triphenylphosphine molecule trans to the
amine donor and the two chloride ligands mutually cis (Fig. 1, see
Sl). The borohydride derivative of C, [fac-PNsN]RuH(n-BH4)(PPhs)
(D), could be readily obtained by reacting complex C with NaBH4 in
a toluene/ethanol mixture at 65 °C; the structure of D was
confirmed by multinuclear NMR spectroscopy, MS and elemental
analysis (see SI).
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Fig. 1. ORTEP representation of C. All hydrogen atoms have been
omitted for clarity. Bond lengths [A] and angles [deg]: Ru(1)-N(2)
2.089(5), Ru(1)-N(1) 2.162(5), Ru(1)-P(1) 2.2622(17), Ru(1)-P(2)
2.3249(17), Ru(1)-Cl(1) 2.4275(17), Ru(1)-CI(2) 2.5013(16), P(1)-Ru(1)-
Cl(2) 167.48(6), P(2)-Ru(1)-CI(2) 89.40(6), CI(1)-Ru(1)-Cl(2) 84.44(6),
N(2)-Ru(1)-N(1) 78.61(19), N(2)-Ru(1)-P(1) 90.62(14), N(1)-Ru(1)-P(1)
84.06(14).

Catalytic Studies

Firstly, we screened the catalytic activity of all four PNN-ruthenium
complexes, A — D, for the test AAD reaction of cycloheptanol to give
cycloheptanone; the results are listed in Table 1.

Table 1. Acceptorless dehydrogenation of cycloheptanol by
complexes A-D.?

OH o
@ A-D (0.025 mol%), 24 h @

p-xylene at reflux

Entry Cat. Base Conv.
(%)°
1 A t-BuOK 50
2 B none 26
3 B t-BuOK 52
4 (o t-BuOK 76
5 D none 35
6 D t-BuOK 74
7 1c t-BuOK 12
8 2d t-BuOK 16

aReaction conditions: cycloheptanol (5 mmol), A - D (1.25 x 103 mmol),
t-BuOK (5 mmol) in p-xylene (5 mL) at 160 2C (oil bath temperature) for
24 hours.

5The conversion was determined by GC analysis using dodecane as an
internal standard .

¢1is RuH(CO)(PPhs)s(1.25 x 103 mmol) as catalyst.

42 is RuClz(PPhs)s (1.25 x 103 mmol) as catalyst.

This journal is © The Royal Society of Chemistry 20xx
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Typically, the catalytic screen was performed using an equimolar alcohols were selected for study in the AAD using the optimal
ratio of cycloheptanol to the t-BuOK base (5 mmol), using 0.025 mol% conditions established (viz., alcohol: t-BuOK = 1:1, 0.025 mol% C in
of the corresponding ruthenium complex in p-xylene at reflux for 24 p-xylene at reflux); the results are compiled in Table 2.

hours. To our delight, all the ruthenium species were active with ~ Table 2. Substrate scope in the acceptorless alcohol
the conversion to cycloheptanone being 50% for A, 52% for B, 76% dehydrogenation by C.2

for C and 74% for D (Table 1, entries 1, 3, 4 and 6). In the absence of )O\H 0.025 mol% C, t-BuOK i
t-BuOK, the conversion dropped to 35% using D, while for B it Ry "R, P-xylene atreflux,10-48 h ~ R~ >R,
lowered to 26% (Table 1, entries 2 and 5). In order to rule out any R1, Rz = alkyl, aryl, cycloalkyl
catalyst precursor effects on performance, RuH(CO)(PPhs); and Entry Alcohol Product t(h) Conv. (%)° TON
RuCly(PPhs)sin the presence of 5 mmol t-BuOK, were independently 1 OH 0
evaluated under the same conditions; the conversion to @ iﬁ 24 23 920
cycloheptanone in these cases was 12 and 16%, respectively (Table 5 OH o
1, entries 7, 8). Overall, the best results were obtained using the © é 24 43 1720
PNN-ruthenium(ll) complexes C and D. However, due to D being
synthesized from C, coupled with the fact that D showed some 3 OOH @" 24 76 3040
instablity in solution, we choose C as our catalyst for subsequent 36 94 3760
studies. 4 d” d
24 100 4000
5 OH o
100 o o ©* 24 100 4000
;Ez B0+ 74 OH o
g o 6 24 98 3920
T 604
1=
El 7 OH o
£ o 2 24 100 4000
3 2 8
204 H 24 91 3640
5
o T T T OH [¢]
NaOH  K;CO; CsCO:® (-BuOK 1-BuOK® None 9
diforent bases @@ 24 100 4000
Fig. 2 The acceptorless dehydrogenation of cycloheptanol by complex €
under different bases? 10 O.O
aReaction conditions: cycloheptanol (5 mmol), base (5 mmol), C (1.25 x " c 24 97 3880
103 mmol) in toluene (5 mL) at 130 °C (oil-bath temperature) for 24
hours.
b The conversion was determined by GC using dodecane as an internal 11 iy i
standard. 24 96 3840
¢Base: CsCOs (2.5 mmol). .
d Reaction conditions: cycloheptanol (5 mmol), t-BuOK (5 mmol), C (1.25 12 g /©)g
umol), at 160 °C (oil-bath temperature) in p-xylene (5 mL) in 36 hours. \O/©)\ ~o 24 90 3600
Secondly, with a view to establishing the most compatible base,
the acceptorless dehydrogenation of cycloheptanol to 13 o I
cycloheptanone with C as catalyst was screened with four different /©)v /©*/ 24 94 3760
types of bases, NaOH, K,CO3, CsCOs and t-BuOK (Fig. 2, see SI, Table
S1), in toluene at reflux. It was found that the type of base 14 ©)°Hv ©)°V
introduced had a significant effect on the conversion of 24 95 3800
cycloheptanol to cycloheptanone with t-BuOK the standout on o
. . 15
performer. When equivalent molar ratios of NaOH or K,COs; were d\ (ik 24 63 2720
employed (5 mmol), the conversion observed after 24 hours is
markedly less (23 and 39%, respectively) than that seen with t-BuOK 16 i 9
(74%). With 2.5 mmol of CsCOjs (relatively expensive and toxic), 69% W ©A* 10 97 3880
of cycloheptanone was produced after 24 hours. On increasing the " .
temperature to reflux in p-xylene, the conversion using C/t-BuOK 17 ‘)\‘ ‘)K‘ 0
increased to 76% in 24 hours and 94% in 36 hours (see Sl, Table S1). “ She ¢ 24 27 1080
Notably in the absence of base and under the same reaction oM °
. . 18
conditions using C as catalyst, only 5% of cycloheptanone was )\Q *@L 24 30 1200
.
produced after 24 hours. Overall, carrying out the AAD in p-xylene ’
at reflux using t-BuOK as the base proved the optimal operating 19 GH i
conditions to deliver high conversions to cycloheptanone. (X\ L 24 21 840
To explore the versatility of C, a broad range of secondary
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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a Reaction conditions: alcohol (5 mmol), € (1.25 x 103 mmol) and t-BuOK

(5 mmol) in p-xylene (5 mL) at 160 °C (oil bath temperature).

b The conversion was determined by GC using dodecane as an internal

standard.

¢Under the same reaction conditions but with C (0.625 x 10> mmol).

4The reaction temperature at 50 °C.

€ Reaction conditions: Benzyl alcohol (10 mmol), € (0.1 mmol) and t-

BuOK (1 mmol) in toluene (5 mL) at 117 oC (oil-bath temperature).
It was found that for the cyclic alcohols, the smaller ring sizes (n < 6)
led to very low conversions, e.g., only 23% and 34% of
cyclohexanone and cyclopentanone were obtained after 24 hours,
respectively (Table 2, entries 1-2). By contrast, the larger cyclic
alcohols (n = 7) gave excellent conversions to the corresponding
ketones, with cycloheptanone and cyclooctanone being obtained in
94% in 36 hours and 100% in 24 hours, respectively (entries 3-4).
With regard to the aromatic-containing secondary alcohols, the
conversions to the corresponding ketones were usually high, for
example 1-phenylethanol, diphenylmethanol, 4-methylphenyl-
(phenyl)methanol, 1,2,3,4-tetrahydro-1-naphthalenol, 1-indanol and
10, 11-dihydro-5H-dibenzo [a, d] cyclohepten-5-ol, were amenable
to 100%, 98%, 100%, 91%, 100% and 97% conversions in 24 hours,
respectively (Table 2, entries 5-10). With regard to secondary
alcohols with electron-rich groups (Me or MeO) in the aromatic ring,
they also gave very high conversions (Table 2, entries 11-13). Even
the aromatic-containing secondary alcohols with sterically hindered
groups gave moderate to high conversions (Table 2, entries 14-15).
Conjugative and electronic-rich effects due to the presence of the
aromatic ring are likely responsible for this good performance. On
the other hand, the alcohols containing electron-withdrawing
groups in the aromatic ring gave very poor conversions: percentage
conversions for 4-chlorophenyl(phenyl)-methanol, 1-(4-
fluorophenyl)-ethanol, 1-(2-fluorophenyl)ethan-1-ol being only 27%,
30% and 21% (Table 2, entries 17-19). These findings imply that
catalyst C is very sensitive to the structure of the secondary alcohol
employed. Alkyl-containing alcohols can also be effectively
dehydrogenated particularly those incorporating a C=C double bond
(Table 2, entries 16, 20), e.g., 1-octen-3-ol could be quantitatively
converted to 1-octen-3-one in only 10 hours (Table 2, entry 20).
Even when the catalyst loading was reduced to 0.0125 mol%, 100%
conversion of 1-octen-3-ol could be achieved in 40 hours leading to
a remarkable TON of 8000 (100% conversion) (Table 2, entry 21). For
alkyl-containing alcohols without an alkene unit in the chain such as

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

nonan-3-ol and nonan-2-ol, the conversions were lower at 29% and
27% in 48 hours, again highlighting the importance of conjugative
effects in the transformation (Table 2, entries 22 and 23). As for
benzyl alcohol as the primary alcohol, the conversion to
benzaldehyde was lower at 41% after 48 hours at a relatively low
temperature (50 °C) (Table 2, entry 24). However, at higher
temperatures (>117 °C), benzyl benzoate was produced instead of
the corresponding benzaldehyde (Table 2, entry 25). A few other
examples of primary alcohols were also converted using C to the
corresponding esters (see Sl, Table S2). These findings are consistent
with the work reported by Gusev.18
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Cl KCl N OH
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Scheme 2. Proposed mechanism for the acceptorless dehydrogenation of
secondary alcohols catalyzed by C

Mechanistic and Characterization aspects

A proposed catalytic cycle for these AAD reactions that makes use
of bifunctional metal-ligand cooperativity,13k19 is shown in Scheme
2. Firstly, C undergoes the loss of H* and CI-, under the action of the
strong base t-BuOK, forming amide M-1 along with KCl and t-BuOH.
Crabtree has previously noted that the NH of a pincer ligand needs
to be deprotonated to form the active catalyst and we similarly
propose a related step occurring during the conversion of C to M-
1.6 Subsequently, the hydroxyl group in the secondary alcohol adds
across the Ru=N bond in M-1, to form intermediate M-2. The
CHR1R20 hydrogen atom belonging to the coordinated alkoxide in
M-2 transfers to the Ru center to generate hydride M-3 and ketone.
In the last step elimination of hydrogen gas from M-3 occurs
reforming M-1.

Table 3. Species detected using ESI mass spectrometry under
catalytic conditions using catalyst C

Intermediat  ESI MS: m/z Structural
e detected assignment
species
e .
N
C [C+1]* 795.4 hc';psu/N/H
PP Ny
Ph b
‘ S
W
- - + Cl_= _
M-1 [(M-1)+1] 759.1 PhBP/R“/Nj
b
PR 'ph

This journal is © The Royal Society of Chemistry 20xx
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In order shed some light on this mechanism, we monitored the
reaction of an equimolar ratio of C, t-BuOK and benzyl alcohol in
CDClsz at 45 °C for 24 hours, by ESI-MS and H NMR spectroscopy. In
the ESI-MS peaks corresponding to C along with four different
intermediates have been identified: M-1 [(PNN)RuCI(PPhs)], M-2
[(PNsN)RuUCI(O-t-Bu)(PPhs)], M-2" [(PNuN)RuCI(OCH2Ph)(PPhs)] and
M-3 [(PNsN)RuCI(H)(PPhs)] (Table 3 and Sl).18 At the same time, the
IH NMR spectrum was recorded after 1, 6 and 24 hours (see Fig. 3).
Close examination of the spectra reveals the signal corresponding to
the benzyl alcohol CH; group at 4.72 ppm decreases in intensity
with the time: at t = 0 h, peak area = 3.76; at t = 1 h, peak area =
3.57; at t = 6 h, peak area = 3.49; at t = 24 h, peak area = 3.14.
Furthermore, after one hour a new peak at 5.32 ppm forms with a
peak area of 0.25 which can be assigned to the benzyl alkoxide
intermediate M-2". After 6 hours, this peak area increases in
intensity to 0.35 while a new peak at 10.5 ppm becomes visible
which can be attributed to the formation of benzaldehyde. After 24
hours, the peak area at 5.32 ppm for M-2" integrates to 0.31 which
is similar in intensity to that observed after 6 hours. This would
therefore suggest that an equilibrium is established between M-2"
and benzyl alcohol. In summary, all this in-situ determined data
firmly support the steps shown in the catalytic cycle in Scheme 2.

aAnni

=)
=] 3
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10105100 95 90 85 B0 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (oom)

Fig. 3. 'H NMR (500 MHz, CDCls) spectra of an equimolar ratio of C and
benzyl alcohol recorded: 1. after sample dissolution, 2. with t-BuOK (1 eq.) at
45 °C after 1 hour, 3. with t-BuOK (1 eq.) at 45 2C after 6 hours, 4. with t-
BuOK (1 eq.) at 45 2C after 24 hours.

Conclusions

This journal is © The Royal Society of Chemistry 20xx

Four types of PNN-Ru(ll) complexes, A — D, have been evaluated as
catalysts in the acceptorless dehydrogenation of secondary alcohols
to give ketones. Complex [fac-PNyN]RuCly(PPhs) (C), in the presence
of t-BuOK, proved the most suitable and was able to operate
efficiently with a catalyst loading of just 0.025 mol%. Indeed, using
C/t-BuOK as catalyst, seventeen different kinds of secondary
alcohols could be dehydrogenated to give their corresponding
ketones with yields in the range 21-100%; structural variations in
the substrate greatly affect the catalyst performance. In addition, a
mechanism for the PNN-Ru mediated dehydrogenation has been
proposed that is supported by various intermediates that have been
characterized by EI-MS and NMR spectroscopy.

Experimental section

General information.

All experiments with metal complexes and phosphine ligands were
carried out under an atmosphere of nitrogen. All solvents were
reagent grade or better and were used after being distilled under
nitrogen. Most of the chemicals used in the catalytic reactions were
re-purified according to standard procedures (e.g., vacuum
distillation). All TH NMR (500 MHz), 33C NMR (125 MHz) and 3P
NMR spectra were recorded on a Bruker AV-Ill (500 MHz)
spectrometer. GC analyses were carried out on an Agilent 6820
instrument using an OV-1701 column. GC conditions: Injector Temp:
250 2C; Detector Temp: 250 2C; column temperature 150 2C. ESI-MS
analysis was performed on a 3200 QTRAP 1200 infinity series
instrument using a column C18, acetonitrile: water = 70:30, flow
rate = 1 mL / min, electronic energy = 50 eV, Q1MS scan range =
100~1000.

Synthesis of complex C

RuCl,(PPhs)s (2.00 g, 2.087 mmol) and N-(2-(diphenylphosphino)-
ethyl)5,6,7,8-tetrahydro-quinolin-8-amine (0.75 g, 2.087 mmol)
were dissolved in toluene (100 mL) and stirred at 100 eC for 3 h.
After being cooled to room temperature, the resulting precipitate
was filtered and washed with diethyl ether (3 x 10 mL). The title
complex was obtained as pale yellow solid (1.08 g, 65%). 1H NMR
(500 MHz, CDCl3) & 7.67 (q, J = 7.8, 7.2 Hz, 6H), 7.43 (t, J = 8.7 Hz,
2H), 7.39 — 7.18 (m, 10H), 7.17-7.06 (m, 8H), 6.97 (d, J = 7.8 Hz, 1H),
6.88 (t, J = 7.6 Hz, 1H), 5.35 (s, H, N-H), 3.54 (q, J = 48.6, 38.2 Hz, 1H),
2.86 — 2.57 (m, 4H), 2.39 — 2.29 (m, 2H), 2.17-1.98 (m, 3H), 1.78 —
1.62 (m, 1H).13C NMR (126 MHz, CDCls) 6 161.21, 154.69, 138.71,
137.89, 137.17, 136.87, 136.77, 135.23, 135.18, 135.10, 135.07,
135.02, 134.90, 134.78, 134.71, 134.00, 133.93, 133.57, 131.42,
131.35, 129.07, 128.84, 128.78, 128.62, 128.26, 127.83, 127.76,
127.61, 127.54, 127.34, 127.29, 127.27, 127.21, 127.14, 127.08,
127.01, 125.34, 122.59, 61.22, 45.65, 44.78, 37.98 (d, J = 27.2 Hz),
28.96, 27.97, 21.50, 20.73 (CH3-Toluene)

31p NMR (202 MHz, CDCls) & 55.68 (d, J = 27.6 Hz), 45.61 (d, J = 27.8
Hz).ESI-MS (m/z) Calcd for [C41H41CIoN2RUP,], 795.1; found: 795.4
[C+1]*; Calcd for[Ca1H40ClaN2RUP;], 759.1; found: 759.6 [C-CI]*.

Anal. Calcd for C41H40CIN2RUP,: C, 61.96; H, 5.073; N, 3.52. Found:
C,61.77; H, 5,159; N, 3.34.

On standing in CDCls for 4 h, complex C was obtained as a mixture
of two isomers, C/C' 72:28. No free PPhs was detected after this

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



time (NMR sample: 20 mg of C in 0.8 mL CDCl3).

CandC'

13C NMR (126 MHz, CDCls) & 162.74 (C'), 161.21 (C), 157.58 (C'),
154.69 (C), 138.71, 137.89, 137.17, 136.87, 136.77, 135.23, 135.18,
135.10, 135.07, 135.02, 134.90, 134.78, 134.71, 134.00, 133.93,
133.57, 131.42, 131.35, 129.07, 128.84, 128.78, 128.62, 128.26,
127.83, 127.76, 127.61, 127.54, 127.34, 127.29, 127.27, 127.21,
127.14, 127.08, 127.01, 125.34, 122.59 (C), 120.98 (C'), 61.93 (C'),
61.22 (C), 45.65 (C), 44.78 (C"), 37.98 (d, J = 27.2 Hz, €), 35.11 (d, J =
27.6 Hz, C'), 28.96 (C), 28.27 (C') 27.97 (C), 27.21 (C"), 21.50 (C),
21.21(C'), 20.73 (CHs-Toluene).

31p{1H} NMR (202 MHz, CDCl3) C: & 55.68 (d, J = 27.6 Hz), 45.61 (d, J
=27.8 Hz); C: 6 48.12 (d, J = 27.7 Hz), 43.16 (d, J = 29.3 Hz).
Catalytic study details.

Under an atmosphere of argon, a Schlenk vessel equipped with a
stir bar, was loaded with the ruthenium complex (A - D) (1.25 x 1073
mmol) to be investigated, the corresponding alcohol (5 mmol) and
the desired amount of base (NaOH, K,COs3;, CsCOs, t-BuOK) (1 - 5
mmol) in p-xylene (5 mL) (or toluene). The reaction was then stirred
and heated to the desired oil-bath temperature (130°C or 160 °C)
with the reaction vessel open to the bubbler. After the specified
reaction time (10 - 48 h), the resultant solution was cooled to room
temperature and the reaction mixture filtered through a plug of
silica gel and then analyzed by GC using dodecane as an internal
standard,¢¢ employing an OV-1701 column column on Agilent
6820 instrument.

X-ray Structure Determination

A single-crystal X-ray diffraction study of C was conducted on a
Rigaku Sealed Tube CCD (Saturn 724+) diffractometer with graphite-
monochromated Mo-Ka radiation (A = 0.71073 A) at 173(2) K. Cell
parameters were obtained by global refinement of the positions of
all collected reflections (see Table S3 in Sl). Intensities were
corrected for Lorentz and polarization effects and empirical
absorption. The structures were solved by direct methods and
refined by full-matrix least squares on F2. All non-hydrogen atoms
were refined anisotropically and all hydrogen atoms were placed in
calculated positions. Using the SHELXL-97 package, structural
solution and refinement were performed.2°

Acknowledgements

We acknowledge support from the National Natural Science
Foundation of China (21476060 and U1362204) and the Nature
Science Foundation of Hebei Province (B2014205049). G.A.S. thanks
the Chinese Academy of Sciences for a Visiting Scientist Fellowship.

Notes and references

1. (a) G. Procter, In Comprehensive Organic Synthesis; Ley, S. V., Ed.;
Pergamon: Oxford, 1991; Vol. 7, p 305. (b) M. E. Pierce, G. D. Harris,
Q. Islam, L. A. Radesca, L. Storace, R. E. Waltermire, E. Wat, P. K.
Jadhav, G. C. Emmett, J. Org. Chem.1996, 61, 444. (c) P. N.
Confalone, R. E. Waltermire, In Process Chemistry in the
Pharmaceutical Industry; Gadamasetti, K. G., Ed.; Marcell Dekker,
Inc.: New York, NY, 1999; pp 205.

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

2.(a) K Bowden, I. M. Heilbrone, R. H. Jones and B. C. L. Weedon, J.
Chem. Soc. 1946, 39. (b) H. Bowers, L. Jones, J. Chem. Soc. 1953,
2548. (c) P. H. J. Carlsen, T. Katsuki, V. S. Martin, , K. B. Sharpless J.
Org. Chem. 1981, 46, 3936. (d) P. L. Anelli, C. Biffi, F. Montanari, S.
Quici, J. Org. Chem. 1987, 52, 2559. (e) T. Miyazawa, T. Endo, S.
Shiihashi, M. Okawara, J. Org. Chem. 1985, 50, 1332. (f) S. D.
Rychnovsky, R. Vaidyanathan, J. Org. Chem. 1999, 64, 310. (g) E.
Fritz-Langhals, J. Stohrer, H. Petersen, Pat: US 2003073871 (A1).
3.(a) R. A. Sheldon, I. W. C. E. Arends, G.-).T. Brink, A. Dijksman, Acc.
Chem. Res. 2002, 35, 774. (b) I. E. Markd, P. R. Giles, M. Tsukazaki, S.
M. Brown, C. Urch, J. Science 1996, 274, 2044. (c) M. S. Sigman, D. R.
Jensen, Acc. Chem. Res. 2006, 39, 221. (d) G. Csjernyik, A. H. Ell, L.
Fadini, B. Pugin, J.-E. Backvall, J. Org. Chem. 2002, 67, 1657. (e) B.
Jiang, Y. Feng, E. A. Ison, J. Am. Chem. Soc. 2008, 130, 14462.
4.(a) G. Barak, J. Dakka, Y. Sasson, J. Org. Chem. 1988, 53, 3553. (b)
K. Sato, M. Aoki, J. Takagi, R. Noyori, J. Am. Chem. Soc. 1997, 119,
12386. (c) R. Noyori, M. Aoki, K. Sato, Chem. Commun. 2003, 1977.
5. (a) M. L. S. Aimeida, M. Beller, G.-Z. Wang, J. -E. Backvall, Chem.
Eur. J. 1996, 2, 1533. (b) F. Hanasaka, K. Fujita, R. Yamaguchi,
Organometallics 2005, 24, 3422. (c) S. A. Moyer, T. W. Funk,
Tetrahedron Lett. 2010, 51, 5430. (d) Q. Wang, W. Du, T. Liu, H. Chai,
Z, -K. Yu, Tetrahedron Lett. 2014, 55, 1585.(f) F. Saleem, G. K. Rao,
A. Kumar, G. Mukherjee and A. K. Singh, Organometallics 2014, 33,
2341.
6. R. H. Crabtree, Chem. Rev., 2017 DOI: 10.1021 / acs. chemrev.
6b00556.
7. (a) A. Dobson, S. D. Robinson, Inorg. Chem. 1977, 16, 137. (b) A.
Dobson, S. D. Robinson, J. Organomet. Chem. 1975, 87, 52.
8. (a) D. Morton, D. J. Cole-Hamilton, I. D. Utuk, M. Paneque-Sosa,
M. Lopez-Poveda, J. Chem. Soc. Dalton Trans. 1989, 489. (b) D.
Morton, D. J. Cole-Hamilton, J. Chem. Soc. Chem. Commun. 1988,
1154. (c) D. Morton, D. J Cole-Hamilton, J. Chem. Soc. Chem.
Commun.1987, 248.
9. (a) C. Gunanathan, D. Milstein, Chem. Rev. 2014, 114, 12024. (b)
K-N. T. Tseng, J. W. Kampf, N. K. Szymczak, Organometallics 2013,
32, 2046. (c) A. Friedrich, S. Schneider, ChemCatChem 2009, 1, 72.
(d) G. E. Dobereiner, , R. H. Crabtree Chem. Rev. 2010, 110, 681. (e)
J. H. Choi, N. Kim, Y. J. Shin, J. H. Park, J. Park, Tetrahedron Lett.
2004, 45, 4607. (f) G. R. A. Adair, J. M. J. Williams, Tetrahedron Lett.
2005, 46, 8233. (g) J. Zhang, M. Gandelman, L. J. W. Shimon, R H.
ozenberg, D. Milstein, Organometallics 2004, 23, 4026. (h) J. Zhang,
M. Gandelman, L. J. W. Shimon, H. Rozenberg, D. Milstein, Dalton
Trans.2007, 107. (i) S. E. Clapham, A. Hadzovic, R. H. Morris, Coord.
Chem. Rev. 2004, 248, 2201. (j) C. Gunanathan, D. Milstein, Science
2013, 341, 1229712. (k) M. Nielsen, A. Kammer, D. Cozzula, H. Junge,
S. Gladiali, M. Beller, Angew. Chem., Int. Ed. 2011, 50, 9593. (I) M.
Nielsen, E. Alberico. W. Baumann, H.-J. Drexler, H. Junge, S. Gladiali,
M. Beller, Nature 2013, 495, 85.(m) J. J. Cheng, M. J. Zhu, C. Wang, J.
J. Li, X. Jiang, Y. W. Wei, W. J. Tang, D. Xue, J. L. Xiao, Chem. Sci.
2016, 7, 4428.
10. (a) K. Fujita, N. Tanino, R. Yamaguchi, Org. Lett.2007. 9, 109. (b)
K. Fujita, T. Yoshida, Y. Imori, R. Yamaguchi, Org. Lett. 2011, 13,
2278. (c) A. V. Polukeev, P. V. Petrovskii, A. S. Peregudov, M. G.
Ezernitskaya, A. A. Koridze, Organometallics 2013, 32, 1000. (d) A.
H. Ngo, M. J. Adams, L. H. Do, Organometallics 2014, 33, 6742. (e) S.
Musa, |. Shaposhnikov, S. Cohen, D. Gelman, Angew. Chem. Int. Ed.
2011, 50, 3533.

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

11. (a) W. Baratta, G. Bossi, E. Putignano, P. Rigo, Chem. Eur. J. 2011,
17, 3474. (b) J. Zhang, E. Balaraman, G. Leitus, D. Milstein,
Organometallics 2011, 30, 5716. (c) S. Muthaiahb, S. H. Honga, Adv.
Synth. Catal. 2012, 354, 3045. (d) J. Yuan, Y. Sun, G. Yu, C. Zhao, N.
She, S. Mao, P. Huang, Z. Han, J. Yina, S. Liu, Dalton Trans. 2012, 41,
10309. (e) S. Shahane, C. Fischmeister, C. Bruneau, Catal. Sci.
Technol. 2012, 2, 1425.

12. (a) W.-H. Kim, I. S. Park, J. Park, Org. Lett. 2006, 8, 2543. (b) T.
Mitsudome, Y. Mikami, H. Funai, T. Mizugaki, K. Jitsukawa, K.
Kaneda, Angew. Chem. Int. Ed. 2008, 47, 138. (c) T. Mitsudome, Y.
Mikami, K. Ebata, T. Mizugaki, K. Jitsukawa, K. Kaneda, Chem.
Commun. 2008, 4804. (d) K. Shimizu, K. Sugino, K. Sawabe, A.
Satsuma, Chem. Eur. J. 2009, 15, 2341. (e) K. Shimizu, K. Kon, K.
Shimura, S. S. M. A Hakim, J. Catal. 2013, 300, 242.(f) K. Shimizu, K.
Kon, M. Seto, K. Shimura, H. Yamazakic, J. N. Kondo, Green Chem.
2013, 15, 418. (g) D. Damodara, R. Arundhathi, P. R. Likhara, Adv.
Synth. Catal. 2014, 356, 189. (h) J. Yi, J. T. Miller, D. Y. Zemlyanov, R.
Zhang, P. J. Dietrich, F. H. Ribeiro, S. Suslov, M. M. Abu-Omar,
Angew. Chem. Int. Ed. 2014, 53, 833.

13. (a) B. Gnanaprakasam, D. Milstein, Acc. Chem. Res. 2011, 44,
588. (b) C. Gunanathan, Y. Ben-David, D. Milstein, Science 2007, 317,
790. (c) J. Zhang, G. Leitus, Y. Ben-David, D. Milstein, J. Am. Chem.
Soc. 2005, 127, 10840. (d) C. Gunanathan, L. J. Shimon, D. Milstein,
J. Am. Chem. Soc. 2009, 131, 3146. (e) B. Gnanaprakasam, D
Milstein, J. Am. Chem. Soc. 2011, 133, 1682. (f) R. Langer, A. Gese, D
Gesevicius, M. Jost, B. R. Langer, F. Schneck, A. Venker, W. Xu, Eur. J.
Inorg. Chem. 2015, 696. (g) R. Langer, I. Fuchs, M. Vogt, E.
Balaraman, Y. Diskin-Posner, L.J. W. Shimon, Y. Ben-David, D.
Milstein, Chem. Eur. J. 2013, 19, 3407. (h) H. Li, M. B. Hall, ACS Catal.
2015, 5, 1895. (i) E. Fogler, J. A. Garg, P. Hu, G. Leitus, L. J. W.
Shimon, D. Milstein, Chem. Eur. J. 2014, 20, 15727. (j) K.-N. T. Tseng,
J. W. Kampf, N. K. Szymczak, ACS Catal. 2015, 5, 5468. (k) C. Hou, Z.
Zhang, C. Zhao, Z. Ke, Inorg. Chem. 2016, 55, 6539.

14. (a) A. Friedrich, M. Drees, M. Kass, E. Herdtweck, S. Schneider,
Inorg. Chem. 2010, 49, 5482. (b) A. Friedrich, M. Drees, J. S. Glnne,
S. Schneider, J. Am. Chem. Soc. 2009, 131, 17552. (c) S. Schneider, J.
Meiners, B. Askevold, Eur. J. Inorg. Chem. 2012, 412.(d) M. KaR, A.
Friedrich, M. Drees, S. Schneider, Angew. Chem., Int. Ed. 2009, 48,
905. (e) J. M. John, S. Takebayashi, N. Dabral, M. Miskolzie, S. H.
Bergens, J. Am. Chem. Soc. 2013, 135, 8578. (f) G. A. Silantyev, O. A.
Filippov, S. Musa, D. Gelman, N. V. Belkova, K. Weisz, L. M. Epstein,
E. S. Shubina, Organometallics 2014, 33, 5964. (g) S. Chakraborty, P.
O. Lagaditis, M. Forster, E. A. Bielinski, N. Hazari, M. C. Holthausen,
W. D. Jones, S. Schneider, ACS Catal. 2014, 4, 3994. (h) N. J.
Oldenhuis, V. M. Dong, Z. Guan, Tetrahedron, 2014, 70, 4213.(i) X.
Yang, ACS Catal. 2013, 3, 2684.

15. (a) H. Li, G. Lu, J. Jiang, F. Huang, Z. Wang, Organometallics 2011,
30, 2349. (b) G. Zeng, S. Sakaki, K. Fujita, H. Sano, R. Yamaguchi, ACS
Catal. 2014, 4, 1010. (c) H. X. Li, Z. X. Wang, Science China: Chem.
(2012), 55(10), 1991. (d) A. V. Polukeev, P. V. Petrovskii, A. S.
Peregudov, M. G. Ezernitskaya, , A. A. Koridze, Organometallics
2013, 32, 1000.

16. B. Pan, B. Liu, E. Yue, Q.-B. Liu, X. -Z. Yang, Z. Wang, W. -H. Sun,
ACS Catal. 2016, 6, 1247.

17. Z. Wang, X. -Y. Chen, B. Liu, Q. -B. Liu, G. A. Solan, X. -Z. Yang,
W.-H. Sun, Catal. Sci. Technol. 2017, 7, 1297.

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

18. (a) C. Vicent, D. G. Gusev, ACS Catal. 2016, 6, 3301. (b) D.
Spasyuk, D.G. Gusev, Organometallics, 2012, 31, 5239. (c)M. Bertoli,
A. Choualeb, AlJ. Lough, B. Moore, D. Spasyuk, D.G. Gusev,
Organometallics, 2011, 30, 3479.

19. (a) W. Baratta, G. Chelucci, S. Gladiali, K. Siega, M. Toniutti, M.
Zanette, E. Zangrando, P. Rigo, Angew. Chem. Int. Ed. 2005, 44,
6214. (b) R. J. Hamilton, S. H. Bergens, J. Am. Chem. Soc. 2008, 130,
11979.

20. G. M. Sheldrick, SHELXTL-97, Program for the Refinement of
Crystal Structures; University of Gottingen, Gottingen, Germany,
1997.

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins




Please do not adjust margins

ROYAL SOCIETY
OF CHEMISTRY

Journal Name

ARTICLE

Graphical for Table of Contents

Efficient Acceptorless Dehydrogenation of Secondary Alcohols to Ketones mediated

by a PNN-Ru(ll) Catalyst
Zheng Wang,®¢ Bing Pan,” Qingbin Liu,*® Erlin Yue,® Gregory A. Solan,*¢ Yanping Ma,? and Wen-Hua Sun*?¢

2Key Laboratory of Engineering Plastics and Beijing National Laboratory for Molecular Science, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100190, China. Email: whsun@iccas.ac.cn

b College of Chemistry and Material Science, Hebei Normal University, Shijiazhuang 050024, China. Email: liugingb@sina.com
¢ University of Chinese Academy of Sciences, Beijing 100049, China

4Department of Chemistry, University of Leicester, University Road, Leicester LE1 7RH, UK. E-mail: gas8@|eicester.ac.uk

H
)O\H C' t-BuOK 9 \\‘ N/>
' t-Bul
S —— H
Ri™ "Rz pyylene at reflux Rl)J\Rz + HA ”'m.pJu“‘\\ Pz

21 - 100% conversion c” |
R1, Rz = alkyl, aryl, cycloalkyl ~ 0.0125 - 0.025 mol% of C lph
TON up to 8000 3
C

The ruthenium(ll) complex, [fac-PNyN]JRuCly(PPhs) (C), in combination with t-BuOK proved an effective and versatile catalyst allowing
aromatic-, aliphatic- and cycloalkyl-containing alcohols to be efficiently converted to their corresponding ketones with particularly high
values of TON achievable.
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