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Abstract: The ruthenium and osmium
complexes [MCl,(diphosphane)(L)]
(M=Ru, Os; L=bidentate amino
ligand) and [MCI(CNN)(dppb)]
(CNN =pincer ligand; dppb=1,4-bis-
(diphenylphosphino)butane), contain-
ing the N-H moiety, have been found
to catalyze the acceptorless dehydro-

mine) display very high activity and
different substrates, including cyclic
and linear alcohols, are efficiently oxi-
dized to ketones by wusing 0.8-
0.04 mol % of catalyst. The effect of
the base and the comparison of the cat-
alytic activity of the Ru versus Os com-
plexes are reported. The ruthenium

complex 7 generally leads to a faster
conversion into ketones with respect to
the osmium complex 13, which displays
better activity in the dehydrogenation
of 5-en-3@-hydroxy steroids. The syn-
thesis of new Ru and Os complexes
[MCL(PP)(L)] (PP=dppb, dppf; L=
(£ )-trans-1,2-diaminocyclohexane,  2-

genation of alcohols in ‘BuOH and in
the presence of KOrBu. The com-
pounds trans-[MCl,(dppf)(en)] (M=
Ru 7, Os 13; dppf=1,1"-bis(diphenyl-
phosphino)ferrocene; en=ethylenedia-

Introduction

Catalytic alcohol dehydrogenation, through the direct for-
mation of hydrogen and without the need of oxidizing
agents, is a straightforward route to achieve carbonyl com-
pounds, such as ketones, aldehydes, and esters.! This pro-
cess is of great current interest as a potential method for hy-
drogen production from biomass products.'” A number of
transition-metal complexes have been shown to display
good to high catalytic activity for both H, generation and
the preparation of carbonyl compounds from alcohols,
ruthenium being the metal of choice. Regarding the hydro-
gen generation, [Ru(OCOCF;),(CO)(PPh;),], described by
Dobson and Robinson, was found to be active for the dehy-
drogenation of primary and secondary alcohols in the pres-
ence of CF;COOH.? Morton and Cole-Hamilton reported
that [RuH,(N,)(PPhs);] is active in the dehydrogenation of
alcohols in the presence of NaOH.P! More recently, Beller
and co-workers reported the generation of H, from 2-propa-
nol, by use of the systems RuCl; hydrate/phosphane and
[RuCl,(p-cymene)],/nitrogen ligands in strong basic solu-
tions.! For the preparation of carbonyl compounds, Hulshof
and co-workers found that the Robinson catalyst® and the
related system [Ru(u-OCOC,F,0CO),(CO)-
(diphosphane)],!” can be employed for the acceptorless de-
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(aminomethyl)pyridine, and 2-amino-
ho- ethanol) of trans and cis configuration

; is also reported.
osmium -

hydrogenation of secondary alcohols, affording ketones in
good yields. Adair and Williams described the dehydrogena-
tion of secondary alcohols using the Grubbs’ catalyst
[RuCl,(=CHPh)(PCy,),] (Cy=cyclohexyl) and the [RuCl,-
(p-cymene)],/PPh, system.”) PNP and PNN ruthenium com-
plexes have been reported by Milstein and co-workers as
active catalysts for the dehydrogenation of secondary alco-
hols to ketones®™ and for the dehydrogenation of primary al-
cohols to esters and acetals.™”) Zhao and Hartwig showed
that several Ru derivatives, including hydrido-phosphane, di-
phosphane-diamine, and Shvo complexes are active in the
dehydrogenation of 1,4-butanediol to y-butyrolactone at
205°C without base.'” A few iridium catalysts were also
shown to be active in the alcohol dehydrogenation.!"! Tt is
worth noting that because of the higher redox potentials of
aldehydes/primary alcohols relative to those of ketones/sec-
ondary alcohols, the dehydrogenation of secondary alcohols
is thermodynamically easier."? In addition, the catalytic al-
cohol dehydrogenation represents a key step for broadening
the alcohol reactivity, thus giving access to C—C and C—N
bond-forming reactions through a hydrogen borrowing proc-
ess.!

Recently, the Ru and Os phosphane complexes cis-
[MCL,(PP)(ampy)] (M=Ru,™ Os; PP=diphosphane,
ampy =2-(aminomethyl)pyridine) were found to be highly
efficient catalysts for the (asymmetric) transfer hydrogena-
tion and hydrogenation of ketones. Furthermore, the related
pincer complexes [MCI(CNN)(PP)] (M =Ru," Os!'?), pre-
pared by using 6-(4-methylphenyl)-2-pyridylmethylamine
(HCNN), catalyze the reduction of carbonyl compounds
with high productivity when using 0.05-0.001 mol % of cata-
lyst and a high rate (turnover frequency (TOF) up to

Chem. Eur. J. 2011, 17, 3474 -3481



10°h™). In addition, trans-[OsCly,(PP)(diamine)]!”! com-
plexes were found to be extremely active catalysts for the
asymmetric hydrogenation of ketones. Based on the micro-
scopic reversibility, it is expected that the hydrogenation cat-
alysts reported above, as well as the classical trans-
[RuCL,(PP)(diamine)] described by Noyori et al.,!'¥! should
also be active in the reverse dehydrogenation process,”
even though the concentrations of the reagents are entirely
different.

Herein, we report that the pincer Ru and Os complexes
1-4 and the bidentate amino derivatives 5-13 are highly
active in the acceptorless dehydrogenation of alcohols to ke-
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Results and Discussion

Preparation of diphosphane Ru and Os complexes with N-
H-containing ligands: Preliminary results on Ru and Os
complexes [MCL(PP)(diamine)] showed that these com-
pounds are catalytically active in the dehydrogenation of al-
cohols. To extend the number of potential catalysts for this
reaction, new derivatives containing the N-H moiety were
isolated. The ruthenium compound 5 was promptly prepared
in 82% yield by treatment of [RuCl,(dppb)(PPh;)] (dppb=
Ph,P(CH,),PPh,) with one equivalent of (+)-trans-1,2-di-
aminocyclohexane (trans-dach) in dichloromethane at RT
[Eq. (D)].

Cl Phy
= :Pphz th thj [RUCh(dppb)(PPhs)]  + HaN NHp o CHECR H E Juj o0
/g;zu—ghz \ /N/OS E’hz \ /ZI/OS Ehz d RT C; /\ o Pha
HoH
5
1 2 3 4
In the P NMR spectrum, complex 5 shows a singlet at
0=45.1 ppm, consistent with a trans configuration. Treat-
H (|3' F;13> H T' ;@@ H (|3' \'T;h?@ ment of [RuCl,(PPh;);] with 1,1"-bis(diphenylphosphino)fer-
H\,‘\J Ri—p H\,Q,,R ;p/éy-ej H\,ilfRu-i,p/& rocene (dppf) and ampy in toluene at 50°C gives the deriva-
O NP @N/‘ Phe NP tive 8 of trans configuration, isolated in 92 % yield [Eq. (2)].
H 1 Hi © iy © Two doublets at 0=51.6 and 40.9 ppm with %J(PP)=
5 6 7 38.3 Hz were observed in the P NMR spectrum. Heating of
8 in toluene at reflux temperature for 24 h afforded the ther-
CI Ph;@ cl Phy Cl Ph modynamically more stable cis isomer 9, as inferred from
Q RU_P = y N—R‘u’ipp% H\,Z'_Rlujb P NMR spectroscopy (0=57.8 and 44.2 ppm, %J(PP)=
N Phy (‘| Phe (\-o | Ph 35.6 Hz), according to previous studies on the Ru/diphos-
Hy © Nh‘H e phane/ampy system.!"* The Ru derivative 10 containing the
. 0 10 NH, and OH functions was prepared by reaction of [RuCl,-
(dppb)(PPh;)] with 2-aminoethanol (ae) in toluene at 60°C
Ph, o - and was isolated in 85 % yield [Eq. (3)].
Ho T Pen b ¢ e C" 2 The *'PNMR spectrum shows two doublets at 6=59.5
Hi goigre md 15 & H OS_P& and 444ppm with 2J(PP)=427Hz, whereas in the
O./N\/Al QN/(; Phe <-/ \/él Pha "H NMR spectrum the signal at =3.53 ppm is for the OH
HH HH HH moiety.
1 12 13
Fones. Several alcohols, includ- N e o1 Ph T ol Ph 3@
ing 3-hydroxy sterols, have x &P /& toluene ’ o /&
been efficiently oxidized with — [RuCk(PPhoxl + dppt ———=  { N—Ri—- — {_NRi—E @
0.8-0.04 mol% of catalyst at toluene, 50°C N reflux ¢ ,L\ ’
130-145°C. The preparation of Hi & 3
some ruthenium and osmium 8 9
complexes with bidentate nitro-
gen ligands is also described.
This is the first example of the Gl Phy
use of Os complexes in the al- toluene HH o _\\P/D
cohol dehydrogenation reaction. [RuCly(dppb)(PPhg)] +  HN OH 0c C‘ 7’7 —En ®
<L
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As regards the Os derivatives, reaction of [OsCl,(PPh;);]
with dppb and trans-dach led to the formation of complex
11 as a mixture of three isomers [Eq. (4)].

HoN - NH,

[OsClx(PPh3);] + dppb ——
mesitylene 7/ hy

trans cis

The *'P NMR spectrum obtained at 90°C after 1 h shows
one singlet at =—11.7 ppm, consistent with a frans com-
plex, and four doublets at d=-2.2, —12.8 ppm (3J(P,P)=
13.4 Hz) and 6 =—2.7, —11.7 ppm (3/(P,P)=13.3 Hz) for two
cis species, on account of the two coordination modes of the
trans-dach ligand. Upon heating at reflux in mesitylene for
4 h, the trans species partially converts to the cis isomers,
which results in a mixture trans/cis/cis=2:6:1. This result re-
sembles that obtained for the reaction of the Os precursor
with dppb and ampy, instead of frans-dach, for which a mix-
ture of cis and trans isomers was observed under similar ex-
perimental conditions.'¥ Notably, in the case of ruthenium
with trans-dach the complex S was obtained as a single trans
isomer.

Finally, treatment of [OsClL,(PPh;);] with dppf and trans-
dach affords compound 12 as a single trans isomer, as estab-
lished by *'P NMR spectroscopy (6 =—9.9 ppm), which was
isolated in 73 % yield [Eq. (5)].

H,N  NH,
Cl Phy e
[OsCly(PPhy)y] + dppf ~———= “N—Os—pP (5)
toluene /l Phy
/N\ C]
H

These results agree with the literature data for the com-
pounds [MCL(PP)(NN)] (M=Ru, Os). As a matter of fact,
although the reaction of Ru phosphane complexes with dia-
mines leads preferentially to the trans isomer," with the
ampy ligand the thermodynamically most stable species is
the cis complex.™ With Os and diamines a single trans
isomer!'"! has been obtained with the ferrocene diphosphane
dppf, whereas with dppb a mixture of trans and cis isomers
is formed.

Catalytic results: Ruthenium and osmium/diphosphane/
amine complexes, bearing ligands with the N-H functionali-
ty, were found to be active in the dehydrogenation of a
number of alcohols [Eq. (6)].
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OH [Ru] or [Os] 0
RJ\ - )L , T Hz (6)
R fBUOH, A R™ R

The pincer Ru and Os
complexes 1-4 catalyze the

Cl Phy
| P dehydrogenation of 1,2,3,4-
* H\C'_/Olsﬂ';hz @ tetrahydro-1-naphthol  (a-

tetralol), which was taken
as model compound for
this study, on account of its
low redox potential (E°=
0.080 V).'Z High conver-
sion of a-tetralol into o-tet-
ralone (93 and 90%) was
observed with the Ru derivatives 1 and 2 (0.4 mol %) and
KOrBu (2mol%) in BuOH at 130°C (bath temperature)
within 24 h (Table 1). Under these experimental conditions,
the yield of o-tetralone was equal to the conversion of the
alcohol, as established by GC and 'H NMR analyses, thus
indicating a high selectivity.

Table 1. Dehydrogenation of o-tetralol with catalysts 1-13 (0.4 mol %) in
the presence of KOrBu (2 mol %) in tBuOH at 130°C.

Catalyst Conv. [% ] Conv. [%]® Conv. [%]
after 1 h after 2 h (time, h)

1 13 27 93 (24)
2 10 19 90 (24)
3 4 6 44 (24)
4 4 5 36 (24)
5 21 40 97 (22)
6 74 94 97 (3)

7 80 93 98 (3)

8 82 90 97 (4)

9 73 82 90 (4)
10 6 8 86 (45)
1 20 38 93 (22)
12 14 28 96 (24)
13 31 65 98 (6)

[a] The conversion was determined by GC analysis.

To shift the reaction toward the ketone, the reaction was
carried out in an open system. Tertiary butanol was chosen
as a suitable protic solvent, which by contrast with primary
or secondary alcohols is not involved in dehydrogenation re-
actions. The corresponding pincer osmium complexes 3 and
4 display lower activity, thus leading to incomplete forma-
tion of a-tetralone (44 and 36 %). The ruthenium derivatives
[RuCl,(PP)(diamine)] 5-7 show higher activity with respect
to the pincer complexes, affording fast and quantitative de-
hydrogenation of a-tetralol (97-98 % conversion) in a short-
er time. Interestingly, the diamine derivatives 6 and 7, which
display the dppf diphosphane, exhibit the highest rate, with
up to 80% conversion after 1 h. The dppf derivative 8 with
the ampy ligand shows activity similar to that of 7, with
97 % conversion after 4 h, thus indicating that both the di-
amine and the ampy complexes, which are catalysts for hy-
drogenation and transfer hydrogenation, are highly efficient
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catalysts for the dehydrogenation reaction. It is noteworthy
that the cis isomer 9 shows a slightly lower activity with re-
spect to the trans isomer 8 (90% after 4 h), thus differing
from the activity of [RuCl,(dppb)(ampy)] in the transfer hy-
drogenation of ketones, for which the cis isomers gave the
highest rate.'* The ruthenium complex 10 containing the 2-
aminoethanol ligand is also active, although with lower effi-
ciency (86% conversion in 45h). As regards osmium, the
complexes 11-13 catalyze the dehydrogenation of a-tetralol
and their activity was compared with that of the related
ruthenium derivatives 5-7. The osmium complex 11 (trans
and cis isomers), which displays the same set of ligands as 5,
shows much the same activity (93% conversion in 22 h)
with respect to 5 (Table 1). Compounds 12 and 13, which
contain the dppf diphosphane, also led to complete conver-
sion (96-98 %), even though with a rate lower than that of 6
and 7. In particular, 13 gave 65 % conversion after 2 h and
98% in 6 h, thus indicating that osmium can efficiently be
employed in alcohol dehydrogenation. These data show that
[RuCl,(dppf)(ampy)] (8, 9) and trans-[MCl,(dppf)(en)] (M=
Ru 7, Os 13) are among the most active Ru and Os cata-
lysts. To study the effect of the metal in catalysis, the activity
of 7 and 13 was compared.

To investigate the role of the base on the activity of the
ruthenium 7 and osmium 13 complexes, the catalytic dehy-
drogenation was carried out with KO7Bu in the range 0 to
40 mol %. Under the same experimental conditions as those
previously described, in the absence of base complexes 7
and 13 (0.4 mol %) were found not to be active in the dehy-
drogenation of a-tetralol (<1%, 2 h; Table 2).

Table 2. Influence of the base (KOrBu) on the dehydrogenation of a-tet-
ralol with catalysts 7 and 13 (0.4 mol %) in fBuOH at 130°C.

Complex 7 Complex 13

KOrBu Conv. [%]® Conv. [% ] Conv. [% ] Conv. [% ]
[mol %] (2h) (time, h) (2h) (time, h)

0 0 1

0.5 1 8

1 43 91 (21) 45 91 (21)

2 97 98 (3) 65 98 (6)

3 97 60 94 (6)

6 96 58 92 (6)
40 66 96 (24) 47 95 (24)

[a] The conversion was determined by GC analysis.

With 0.5 mol % of base the ruthenium complex is catalyti-
cally inactive, whereas osmium led to 8% conversion after
2h. By use of 1 mol% of KO7Bu the two complexes show
apparently the same behavior with 43-45% conversion after
2h and 91 % after 21 h. At higher base loading, namely 2—
6 mol %, the Ru catalysts afforded almost quantitative con-
version after 2 h, whereas the Os complex gave 58-65% of
a-tetralone in 2 h and up to 98% in 6 h. It is worth noting
that in a closed system (25 mL Schlenk tube) compounds 7
and 13 give incomplete conversion of o-tetralol in 4 h (65
and 56 %). At higher loading of KOfBu (40%) the Ru and
Os systems are less active and complete conversion is
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reached after 24 h. In addition, in the absence of Ru or Os
complexes, no dehydrogenation of a-tetralol was observed
in basic fBuOH at 130°C after 3 h. These data show that the
catalysis occurs efficiently when the base/complex ratio is
>2, which suggests that in dehydrogenation, similarly to hy-
drogenation, the dihydrido system [MH,(dppf)(en)] (M=
Ru, Os), formed by reaction of [MCl,(dppf)(en)] with potas-
sium o-tetralol alkoxide, is involved in catalysis. To investi-
gate the potential of 7 for synthetic purposes, the dehydro-
genation of a-tetralol was carried out at different catalyst
loadings, with Ru/KOrBu=1/5. At 0.4 mol% of Ru quanti-
tative formation of ketone is attained in 3 h, whereas the
employment of 0.08 and 0.04 mol % of 7 gives 96 and 93 %
conversion, respectively, after 21 h (Table 3).

Table 3. Catalytic dehydrogenation of a-tetralol at different loadings of 7
(KOrBu/7=5/1) in tBuOH at 130°C.

Complex 7 [mol %] Conv. [%]% Time [h]
0.4 98 3
0.08 96 21
0.04 93 21
0.02 80 46

[a] The conversion was determined by GC analysis.

Finally, at 0.02 mol% of 7 a-tetralone (80%) is formed
after 46 h, affording a turnover number (TON) of 4000 and
suggesting that 7 can be used for the preparation of ketones.
It is worth noting that complete dehydrogenation of a-tetra-
lol (95% conversion in 2 h) was also achieved by using 7
(0.4 mol%), obtained in situ by treatment of [RuCl,-
(PPh;);)] with dppf (1 h at 110°C) and ethylenediamine (1 h
at 110°C) in rBuOH. By contrast, no conversion (<1%)
was observed under the same experimental conditions when
using Me,NCH,CH,NMe, instead of H,NCH,CH,NH,,
which indicates that the N-H functionality is crucial for the
fast catalytic dehydrogenation. These results differs from
those obtained for the [RuCl,(p-cymene)]/amine system, for
which tertiary amines display higher activity than primary
ones.[

Ruthenium and osmium complexes 7 and 13 (0.4 mol %)
were efficient catalysts for the dehydrogenation of a number
of alcohol substrates to the corresponding ketones at 130°C,
achieving TOF values up to 300 h!. As a matter of fact,
quantitative conversion of a-tetralol into a-tetralone is ach-
ieved with 7 and 13 in 3 and 6 h with TOF=200 and 80 h™!,
respectively (Table 4).

The cyclic 1-indanol and fluorenol were also dehydrogen-
ated with 88-99 % conversion, ruthenium being faster than
osmium. The ketone 4-methoxyacetophenone was formed
quantitatively (up to 97 %) with 7 in 4 h and with 13 in 20 h,
starting from the corresponding alcohol. Notably, 1-phenyle-
thanol, which exhibits a higher redox potential than 4-me-
thoxy-1-phenylethanol, led to 58 and 68 % of ketone with 7
and 13 after 20 h, respectively. Also the cyclic 3-methyl-2-cy-
clohexenol was rapidly converted to ketone (92% in 2 h)
with TOF=300 h™' by using 7, whereas with 13 the reaction
was considerably slower. Complete dehydrogenation was
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Table 4. Dehydrogenation of alcohols with catalysts 7 and 13 (0.4 mol %) in the presence of KOtBu (2 mol %)

in fBuOH at 130°C.

the dehydrogenation of benzhy-
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NMR data for these reactions
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showed that the yield is much
the same as the conversion and
that the reactions occur with
high selectivity.

Steroidal compounds contain-
ing the 4-en-3-one functionality,
such as progesterone, have
been prepared by oxidation of
5-en-3B-hydroxy steroids with
concomitant C=C double-bond
isomerization. Different routes,
including the use of Cr!/2%?!
MnO,,”™! and the Oppenauer
oxidation with ketones mediat-
ed by [Al(OiPr);], have been
described.”!! In the middle of
the 1990s Bickvall et al. report-
ed the oxidation of sterols by
using acetone as oxidant
through a hydrogen-transfer re-
action, catalyzed by [RuCl,-
(PPhs);] and [Ru,(CO),(p-H)]
[(7’-C,Ph,CO),H] complexes.*!
Interestingly, the ruthenium
and osmium derivatives 7 and
13 in the presence of KO7Bu
have proven to efficiently cata-
lyze the dehydrogenation of
sterols in tBuOH/toluene mix-
ture at 145°C (bath tempera-
ture; Table 5).

The compound cholest-4-en-
3-one is formed quantitatively
in 20 h by heating cholest-5-en-
3B-ol (Table5, entry 1) with 7
(0.8 mol %) and KO7Bu

20 20

20 40

20

20 30

20 70

2 220

20 15

30

30

[a] The conversion was determined by GC and NMR analyses. [b] Turnover frequency (moles of alcohol con-
verted into ketone per mole of catalyst per hour) at 50% conversion. [c] Substrate/catalyst/KOBu=125:1:5.

[d] Isomerization to cyclohexanone. [e] Substrate/catalyst/KOrBu=>50:1:5.

also observed with 3,5,5-trimethyl-2-cyclohexenol, achieving
95 and 97 % conversion with 7 and 13 in 2 and 20 h, respec-
tively. It should be pointed out that the unfunctionalized al-
cohol 2-cyclohexenol isomerizes to cyclohexanone (86 %) in
5 h with 7, whereas the osmium complex 13 gave 91 % con-
version in 2 h. In addition, the substrate 2-heptanol was con-
verted (72%) into 2-heptanone with 7 in 45 h, whereas 13
led to 91 % conversion in 20 h. On the other hand, 3-hepta-
none was obtained from 3-heptanol (73% conversion in
20 h) with 7, whereas with 13 poor conversion was observed
(40% in 30 h). Finally, 7 was found to be almost inactive in
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(4 mol%), as inferred from 'H
and “CNMR analyses, thus
showing that this reaction
occurs with excellent selectivity
without formation of side prod-
ucts. Complete conversion of this 3-hydroxy sterol, which
displays a very low redox potential (0.063 V),l* is also ob-
tained with the osmium derivative 13. In addition, cholest-4-
en-3-one is also formed (90 % conversion in 20 h) by using
complex 7 in polyethylene glycol (PEG, 3400 MW) as reac-
tion medium. Stigmasterol is dehydrogenated with 7 in
tBuOH/toluene, affording 80% conversion after 36h,
whereas with 13 quantitative conversion is achieved after
20 h (Table 5, entry 2). With 7, androstenedone is formed
from trans-dehydroandrosterone in low amount (45% con-
version in 46 h), whereas 13 afforded a higher conversion

Chem. Eur. J. 2011, 17, 3474 -3481
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Table 5. Catalytic dehydrogenation of sterols with complexes 7 and 13 (0.8 mol %) in the presence of KOrBu (4 mol %) in rBuOH/toluene (2:1, v/v) at

145°C.
Entry  Substrate Product Complex 7 Complex 13
conv. time TOF conv. time TOF
[%]“  [h] ™ [%]"  [h] (']
1 >98l 20 15 >98c 20 15
2 80 36 5 >98c 20 8
3 45 46 - 86 20 6
HO (o]
0,
4 87 20 11 95 20 25
HO o

[a] The conversion was determined by 'H and '*C NMR analysis. [b] Turnover frequency (moles of alcohol converted into ketone per mole of catalyst
per hour) at 50 % conversion. [c] No signal of the starting material was observed.

(86 % in 20 h; Table 5, entry 3). Interestingly, pregnenolone
was also efficiently oxidized to progesterone after 20 h with
87 and 95% conversion when using 7 and 13, respectively
(Table 5, entry 4). These results indicate that osmium led to
a better conversion with respect to the analogous ruthenium
complex, which may be ascribed to the stronger thermal sta-
bility of the Os species relative to Ru, the deactivation
being retarded. Apparently, this is the first report on the cat-
alytic dehydrogenation of sterols promoted by a transition-
metal complex, without using an oxidizing agent.

To show the potential of these dehydrogenation catalysts
for synthetic applications, a few ketones were prepared.
Thus, 1-indanone, a-tetralone, and 4-methoxyacetophenone
were isolated in 80, 83, and 77% yield by using 7
(0.4 mol %) at 130°C, starting from the corresponding alco-
hols. In addition, cholest-4-en-3-one was obtained from cho-
lest-5-en-3f-ol by using 7 (0.8 mol %) at 145°C and isolated
in 90% yield, in agreement with the high selectivity of this
process.

As regards the catalytic cycle, it is likely that the mecha-
nism may resemble that proposed for the reverse hydroge-
nation reaction with ruthenium, which entails the dihydride
species [MH,(PP)(diamine)] (M=Ru, Os) and the N-H
functionality.”!

These results indicate that the ruthenium and osmium
complexes [RuCl,(PP)(ampy)] and [MCL(PP)(diamine)]

Chem. Eur. J. 2011, 17, 3474 -3481
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(M =Ru, Os), which are among the most active catalysts for
transfer hydrogenation and hydrogenation of ketones, also
display high activity in the reverse reaction of dehydrogena-
tion of alcohols. Because complexes 7-9 and 13 can be
easily obtained from commercially available ligands through
a straightforward synthesis, these systems may find applica-
tions in the synthesis of ketones by dehydrogenation.

Conclusion

In summary, we have found that the pincer [MCI-
(CNN)(diphosphane)] and [MCl,(diphosphane)(L)] (M=
Ru, Os; L=bidentate nitrogen ligand) complexes, which
contain the N-H functionality, are catalysts for the oxidation
of alcohols through acceptorless dehydrogenation. Particu-
larly active are the compounds [MCl,(dppf)(en)] (M=Ru 7,
Os 13), which efficiently dehydrogenate several substrates,
including cyclic and linear alcohols, by using 0.8-0.04 mol %
of Ru or Os catalyst at 130-145°C. The comparison of the
reactivity of the Ru and Os systems shows that although 7
gives generally faster reduction than 13, the latter derivative
displays higher activity in the oxidation of 5-en-3f-hydroxy
steroids. These investigations indicate that Os can be effi-
ciently employed in the alcohol dehydrogenation reaction
and is a valid complement to Ru. Studies are under way to
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broaden the scope of these complexes for other catalytic
transformations, including hydrogen-borrowing reactions,
through alcohol activation.

Experimental Section

General: All reactions were carried out under an argon atmosphere by
using standard Schlenk techniques. The solvents were carefully dried by
standard methods and distilled under argon before use. The diphos-
phanes, the nitrogen ligands, and all other chemicals were purchased
from Aldrich and Strem and used without further purification. The com-
pounds [MCL(PPh;);] (M=Ru,* Os®)), [RuCl,(dppb)(PPh;)],*® and
1,150 2 [16b] 3 [16a) 4 [16b] 6 (271 7 (1) 3 1317 were prepared according to the
literature procedure. NMR measurements were recorded on a Bruker
AC 200 spectrometer and the chemical shifts, in ppm, are relative to
TMS for 'H and “C{'H}, and 85 % H;PO, for *'P{'H}. Elemental analyses
(C, H, N) were carried out with a Carlo Erba 1106 elemental analyzer,
whereas the GC analyses were performed with a Varian GP-3380 gas
chromatograph.

Synthesis of trans-[RuClL,(dppb)(trans-dach)] (5): [RuCl,(dppb)(PPh;)]
(100 mg, 0.116 mmol) and (& )-trans-diaminocyclohexane (trans-dach;
13.9 uL, 0.116 mmol) were dissolved in dichloromethane (2.0 mL) and
the solution was stirred for 24 h at room temperature. The resulting solu-
tion was concentrated (0.5 mL) and addition of heptane (2 mL) afforded
a yellow precipitate, which was washed with 1-propanol (3x1 mL) and
dried under reduced pressure. Yield: 68mg (82%); 'HNMR
(200.1 MHz, CDCl;, 20°C): 6=7.71-7.26 (m, 20H; aromatic protons),
2.89 (m, 4H; CH,P), 249 (m, 6H; CHN, NH,), 1.67-1.49 (m, 8H;
CH,CH,P, CH,CH), 0.99 ppm (m, 4H; CH,); "C{'"H} NMR (50.3 MHz,
CDCl;, 20°C): 6=133.1-127.5 (m; aromatic carbons), 57.1 (s; CHNH,),
357 (s; CH,CH), 244 (s; CH,), 243 (d, J(C,P)=29.0Hz; PCH,),
22.0 ppm (s; CH,); *'P{'H} NMR (81.0 MHz, CDCl,, 20°C): 6 =45.1 ppm
(s); elemental analysis calcd (%) for C3,H,,CLN,P,Ru: C 57.30, H 5.94,
N 3.93; found: C 57.15, H 5.73, N 3.60.

Synthesis of trans-[RuCl,(dppf)(ampy)] (8): [RuCl,(PPhs);] (200 mg,
0.209 mmol) and dppf (127 mg, 0.229 mmol) were treated with toluene
(2.0 mL) and the suspension was stirred for 1 h at 50°C. After addition
of ampy (23 pL, 0.223 mmol) the suspension was stirred for 2 h at 50°C
and then concentrated to about 0.5 mL. Addition of heptane (2 mL) af-
forded a yellow precipitate, which was washed with heptane (3x1mL)
and diethyl ether (3x1mL) and dried under reduced pressure. Yield:
160 mg (92%); "H NMR (200.1 MHz, CD,Cl,, 20°C): =8.51 (m, 1H; o-
CsH,N), 8.10 (pseudo t, J(H,H)=7.9 Hz, 4H; aromatic protons), 7.60—
7.03 (m, 18 H; aromatic protons), 6.58 (t, J(H,H)=6.6 Hz, 1H; aromatic
proton), 473 (m, 2H; CH,), 431 (m, 2H; CH,NH,), 422 (m, 2H;
CsH,), 4.14 (m, 2H; CsH,), 4.03 (m, 2H; CsH,), 3.05 ppm (m, 2H; NH,);
BC{'"H} NMR (50.3 MHz, CD,Cl,, 20°C): 6=163.8 (m, NCCH,), 156.3
(d, J(C,P)=3.7 Hz; NCH), 139.2-120.1 (m, aromatic carbons), 89.9 (dd,
J(C,P)=46.0 and 4.9 Hz; ipso-CsH,), 82.4 (dd, J(C,P)=46.8 and 0.8 Hz;
ipso-CsH,), 779 (d, J(C,P)=7.7Hz; CH,), 75.7 (d, J(C,P)=7.1 Hz;
CsH,), 71.5 (d, J(C,P)=5.8 Hz; CH,), 69.1 (d, J(C,P)=5.0 Hz; CH,),
50.4 ppm (t, J(C,P)=2.3 Hz; CH,); *'P{'H} NMR (81.0 MHz, CD,Cl,,
20°C): 6=51.6 (d, J(PP)=38.3 Hz), 40.9 ppm (d, J(PP)=38.3 Hz); ele-
mental analysis caled (%) for C,H;CL,FeN,P,Ru: C 57.57, H 4.35, N
3.36; found: C 58.32, H 4.43, N 3.16.

Synthesis of cis-[RuClL(dppf)(ampy)] (9): Compound 8 (120 mg,
0.144 mmol) was treated with toluene (2.0 mL), stirred for 24 h at 120°C,
and then the suspension was dried under reduced pressure. Yield: 110 mg
(92%); 'HNMR (200.1 MHz, CD,Cl,, 20°C): 0=891 (m, 1H; o-
CsH,N), 8.49 (pseudo t, J(H,H)=7.8 Hz, 2H; aromatic protons), 8.16
(pseudo t, J(H,H)=8.1 Hz, 2H; aromatic protons), 7.64-6.70 (m, 18H;
aromatic protons), 6.56 (s, 1 H; aromatic proton), 4.95 (m, 1H; CH,),
4.45 (m, 1H; CsH,), 422 (m, 1H; CH,), 4.08 (m, 1H; CsH,), 3.96 (m,
1H; CH,), 3.77-3.58 (m, 3H; CH,N, C;H,), 3.32 (m, 1H; C;H,), 3.09 (m,
1H; CH,N), 1.70 (m, 1H; NH,), 1.57 ppm (m, 1H; NH,); “C{'H} NMR
(50.3 MHz, CD,Cl,, 20°C): 0 =158.6 (m, NCCH,), 151.0 (s, NCH), 137.7-
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120.0 (m, aromatic carbons), 78.3 (d, J(C,P)=12.8 Hz; CsH,), 77.6 (d, J-
(C,P)=84Hz; CH,), 76.1 (d, J(C,P)=2.9 Hz; CH,), 74.9 (d, J(C,P)=
6.9 Hz; CsH,), 73.2 (d, J(C,P)=5.8 Hz; CH,), 70.6 (d, J(C,P)=3.9 Hz;
CsH,), 70.1 (d, J(C,P)=5.5Hz; CsH,), 69.9 (d, J(C,P)=5.6 Hz; CsH,),
522 ppm (d, J(C,P)=2.6 Hz; CH,); *P{'"H} NMR (81.0 MHz, CD,Cl,,
20°C): 0=57.8 (d, J(PP)=35.6 Hz), 44.2 ppm (d, J(P,P)=35.6 Hz); ele-
mental analysis caled (%) for C,H;CL,FeN,P,Ru: C 57.57, H 4.35, N
3.36; found: C 57.14, H 4.25, N 3.17.

Synthesis of trans-[RuCl,(dppb)(ae)] (10): [RuCl,(dppb)(PPh;)] (150 mg,
0.174 mmol) and 2-aminoethanol (12 pL, 0.200 mmol) were treated with
toluene (2.0 mL). The suspension was stirred for 2 h at 60°C and concen-
trated to 0.5 mL. Addition of heptane (2 mL) afforded a yellow precipi-
tate, which was washed with heptane (3x1mL) and diethyl ether (3x
1 mL) and dried under reduced pressure. Yield: 98 mg (85%); 'H NMR
(200.1 MHz, CD,Cl,, 20°C): 6=7.69-7.18 (m, 20H; aromatic protons),
3.86 (br s, 2H; CH,0OH), 3.53 (br s, 1H; OH), 2.93 (br s, 2H; CH,N),
2.69 (br s, 6H; CH,P, NH,), 1.65 (br s, 2H; CH,CH,P), 1.56 ppm (br s,
2H; CH,CH,P); *P{'"H} NMR (81.0 MHz, CD,Cl,, 20°C): 6=59.5 (d, J-
(PP)=42.7 Hz), 44.4 ppm (d, J(PP)=42.7 Hz); elemental analysis calcd
(%) for C3H;sCLLNOP,Ru: C 54.63, H 5.35, N 2.12; found: C 54.38, H
5.61, N 2.15.

Synthesis of [OsClL(dppb)(¢trans-dach)] (11): [OsCl,(PPh;);] (150 mg,
0.143 mmol) and dppb (70 mg, 0.164 mmol) were treated with mesitylene
(2.0mL) and the suspension was stirred for 2 h at room temperature.
Trans-dach (18 pL, 0.150 mmol) was added and the resulting suspension
was stirred at 135°C for 4 h and concentrated to 0.5 mL. Addition of hep-
tane (2 mL) afforded a dark-green precipitate, which was washed with
heptane (3x1mL) and diethyl ether (3x1 mL) and dried under reduced
pressure. Yield: 72 mg (63%); '"H NMR (200.1 MHz, CD,Cl,, 20°C): 6=
8.00-6.90 (m; aromatic protons), 3.98-0.90 (m; CH, CH,, NH,); *'P{'H}
NMR (81.0 MHz, CD,Cl,, 20°C): 6=-2.7 (d, J(PP)=13.4 Hz, major cis
complex), —11.7 (d, J(PP)=13.4 Hz), —2.2 (d, J(P,P)=13.3 Hz, minor cis
complex), —12.8 (d, J(P,P)=13.3 Hz), —11.7 ppm (s; trans complex); ele-
mental analysis caled (%) for C;,H,,CLN,OsP,: C 50.93, H 5.28, N 3.49;
found: C 49.96, H 5.44, N 3.48.

Synthesis of trans-[OsCl,(dppf)(trans-dach)] (12): [OsCl(PPhs);]
(200 mg, 0.191 mmol) and dppf (117 mg, 0.211 mmol) were treated with
toluene (3.0 mL) and the suspension was heated at reflux for 4 h. After
addition of ftrans-dach (23.0 uL, 0.191 mmol) the yellow suspension was
stirred for 24 h at RT and then concentrated to 0.5 mL. Addition of hep-
tane (2 mL) afforded a yellow precipitate, which was washed with hep-
tane (3x1mL) and diethyl ether (3x1mL) and dried under reduced
pressure. Yield: 130 mg (73%); 'HNMR (200.1 MHz, CD,Cl,, 20°C):
0=7.79-7.10 (m, 20H; aromatic protons), 4.60 (s, 2H; CH,), 4.55 (s,
2H; CsH,), 4.16 (s, 4H; CsH,), 3.10 (d, J(H,H)=8.9 Hz, 2H; NH,), 2.86
(t, J(H,H)=9.0 Hz, 2H; NH,), 2.61 (m, 2H; CH), 1.71 (m, 2H; CH,),
1.47 (m, 2H; CH,), 1.05 ppm (m, 4H; CH,); “C{'H} NMR (50.3 MHz,
CD,Cl,, 20°C): 6=140.9 (m; ipso aromatic carbons), 140.1 (m; ipso aro-
matic carbons), 134.7 (t, J(C,P)=4.8 Hz; aromatic carbons), 134.3 (t, J-
(C,P)=4.9 Hz; aromatic carbons), 129.1-127.2 (m; aromatic carbons),
90.2 (dd, J(C,P)=60.9 and 5.6 Hz; ipso-CsH,), 76.5 (t, J(C,P)=3.9 Hz;
CsH,), 76.3 (t, J(C,P)=3.8 Hz; CsH,), 74.1 (br s; CsH,), 70.1 (s; CsH,),
57.9 (s; CHNH,), 35.6 (s; CH,), 25.0 ppm (s; CH,); *'P{'"H} NMR
(81.0 MHz, CD,Cl,, 20°C): d=-9.9 ppm (s); elemental analysis calcd
(%) for CyH,CLFeN,OsP,: C 51.68, H 4.55, N 3.01; found: C 50.96, H
4.63, N 2.87.

Procedure for the catalytic dehydrogenation of alcohols: The Ru or Os
complex (0.01 mmol) was dissolved in tBuOH (2 mL). After addition of
the alcohol substrate (2.5 mmol) and KOsBu (0.05 mmol) the solution
was heated at 130°C (bath temperature) under argon in an open system
and the conversion was determined by GC and NMR analyses, which re-
vealed the absence of side products (Ru or Os 0.4 mol%, KOrBu
2 mol %).

Procedure for the catalytic dehydrogenation of 3f-hydroxy steroids: The
ruthenium 7 or osmium 13 complex (0.01 mmol), the sterol substrate
(1.25 mmol), and KOrBu (0.05 mmol) were dissolved in fBuOH (2 mL)
and toluene (1 mL). The solution was heated at 145°C (bath tempera-
ture) under argon in an open system and the conversion into the 4-en-3-
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one derivative was determined by 'H and *C NMR analysis (Ru or Os
0.8 mol %, KOtBu 4 mol %).

Preparation of 1-indanone: Complex 7 (7.9 mg, 0.01 mmol) was dissolved
in fBuOH (2 mL). After addition of 1-indanol (335 mg, 2.5 mmol) and
KOrBu (5.6 mg, 0.05 mmol) the solution was heated at 130°C (bath tem-
perature) under argon in an open system for 7 h. Diethyl ether was
added to the solution (1:1, v/v), the mixture was filtered through a short
celite pad, and the solvent was evaporated. The product was purified by
flash chromatography (CH,Cl,/ether=30:1) to give the ketone (265 mg,
80 % yield).

Preparation of a-tetralone: The ketone o-tetralone was obtained by fol-
lowing the procedure used for 1-indanone but using a-tetralol and heat-
ing the solution for 4 h to afford the product (302 mg, 83 % yield).

Preparation of 4-methoxyacetophenone: The ketone 4-methoxyacetophe-
none was obtained by following the procedure used for 1-indanone but
using 4-methoxy-1-phenylethanol and heating the solution for 5h to
afford the product (290 mg, 77 % yield).

Preparation of cholest-4-en-3-one: Complex 7 (7.9 mg, 0.01 mmol) was
dissolved in tBuOH (2 mL) and toluene (1 mL). After addition of cho-
lest-5-en-3f-ol (483 mg, 1.25 mmol) and KOsBu (0.05 mmol) the solution
was heated at 145°C (bath temperature) under argon in an open system
for 20 h. Diethyl ether was added to the solution (1:1, v/v), the mixture
was filtered through a short celite pad, and the solvent was evaporated to
give the ketone (435 mg, 90 % yield).
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