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The synthesis, reactivity, and catalytic activity of Ru!' com-
plexes with different pyridine- and imidazole-based PN li-
gands are reported. The investigations reveal a strong influ-
ence of the N-heterocycle and the steric demand of the phos-
phine groups on the stability of different isomers of [Lo,RuX,]|
(L = PN ligand; X = CI, H). The imidazole-based complex 5
with dicyclohexylphosphine groups was found to be the most
active precatalyst for the acceptorless dehydrogenation of
primary alcohols, whereas different phosphine groups at the
imidazole ligand as well as pyridine-based ligands caused a

drop in catalytic activity. In the presence of a primary amine,
imines are preferentially formed under these conditions. In
summary, the investigations show that comparably small
changes in the ligand moiety have a strong effect on the rela-
tive stability of stereoisomers for both hydride and chloride
complexes, whereas isomerization of the Kkinetic reaction
products was observed in some cases. The described changes
in the ligand moiety most probably have a strong impact on
the relative stabilities of isomeric intermediates as well and
thus affect the catalytic activity of these complexes.

Introduction

An important concept in homogeneous catalysis takes
advantage of so-called cooperative ligands or metal-ligand
cooperation.['l Thereby, the interplay of a coordinated li-
gand with the central metal atom of the complex allows for
the reversible transfer of electrons or protons, thus leading
to the application of base metal complexes as catalysts and
the development of new catalytic reactions.!]

In this context, a series of pyridine-based pincer com-
plexes have been reported as highly efficient catalysts for
various known and unknown reactions,’! including the ac-
ceptorless dehydrogenation of primary alcohols in the pres-
ence of amines to amides and the hydrogenation of organic
carbonates to methanol.[*! In particular, the reversible cleav-
age of dihydrogen by an aromatization—dearomatization se-
quence is thought to be responsible for the spontaneous
liberation of H, in ruthenium pincer complexes
(Scheme 1),1>¢! whereas the typical meridional coordination
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mode of the pincer ligand enforces a frans orientation of
the two hydride ligands in I, which seems to be favored over
the carbonyl ligand trans to the hydride.
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Scheme 1. Metal-ligand cooperation in H, activation for different
ruthenium complexes and their structural relationship to P,N-li-
gand systems.

In addition to the generation of a reactive trans-dihydride
intermediate, the nature of the donor group D in I seems
to play a crucial role in the significant improvement of the
catalyst activity in acceptorless dehydrogenation reactions
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of primary alcohols. Originally it was thought that this
group reversibly generates a vacant coordination site, which
in many cases is required for the -hydride elimination of a
coordinated alkoxide.’] But recent experimental studies and
calculations show that an outer-sphere mechanism is more
likely.[®] Accordingly, Ru'' PNN-type pincer complexes ex-
hibit higher activities in hydrogenation and dehydrogen-
ation reactions than their PNP-type analogues.>¥ In line
with these findings, a similar activity is observed for Ru!
complexes with a tetradentate phenanthroline-based ligand
I1, which retains the frans orientation of the two ancillary
ligands. In contrast to the pyridine-based pincer system, the
intermediately formed frans-dihydride complex II un-
dergoes reversible hydrogenation of a C=C double bond of
the ligand backbone instead of H, liberation.”]

As the trans arrangement of the phosphine groups does
not seem to be crucial for the performance of the com-
plexes, the formal deduction to two P,N ligands should also
lead to active dehydrogenation catalysts with the formal
composition [L,RuX,] (X = H, CI, vacant; L = P,N ligand).
In addition, these bidentate PN ligands are an important
class of ligands that has been widely used in homogeneous
catalysis.®! Furthermore, octahedral complexes that contain
two of these PN ligands can potentially exist as different
stereo- and constitutional isomers, which, for example, has
been shown to be relevant for hydride complexes that can
serve as active hydrogenation catalysts.]

For this reason, we started to investigate the coordina-
tion behavior of pyridyl- and imidazolyl-functionalized
phosphine ligands towards common ruthenium precursors.
Although hydrogenation reactions that employ in situ gen-
erated ruthenium catalysts with picolyl- and methylimid-
azolyl (M¢Im) phosphines have been reported, the reverse
reaction has not been investigated so far.[') However, the
reaction of [{Ru(benzene)Cl,},] with one equivalent of

MeImCH,PR, (R = ‘Bu, Ph, p-Tol, Cy) initially results in
the formation of [Ru(benzene)(n'-MImCH,PR,)Cl,],
which isomerizes to the cationic complex [Ru(benzene)(n?>-
MeImCH,PR,)CI|Cl, thus providing evidence for the hemi-
labile nature of the imidazole ring.['°®! Furthermore, de-
pending on the steric demand, phosphine-group mono- and
bis-ligated complexes were obtained by the reaction of
[Ru(cod)(methylallyl),] (cod = cyclooctadiene) with two
equivalents of imidazolyl phosphine and HBr.I'%! Herein,
we present the synthesis and characterization of Ru' com-
plexes with the general composition [L,RuCl,] (Scheme 2),
with L denoting a pyridyl- or imidazolyl-based P,N ligand.
Furthermore, we compare all complexes in the acceptorless
dehydrogenation of primary alcohols and demonstrate for
the most active catalyst that the imine is formed preferably
in the presence of a primary amine. Finally, we investigated
the impact of the heterocycle and the phosphine group by
comparing the reactivity and structure of the in situ gener-
ated dihydride complexes.

Results and Discussion

Treatment of [(Ph;P);RuCl,] with diisopropylphos-
phino(2-picolyl)phosphine (PicP'Pr,; 2 equiv.) in dichloro-
methane or THF results in the formation of three different
complexes according to the 3'P{'H} NMR spectrum of the
reaction mixture, which shows two sharp singlet resonances
of different intensity at 0 = 73.4 and 75.3 ppm, as well as
two doublet resonances centered at 6 = 68.9 and 70.4 ppm
(3Jpp = 29.7 Hz). Similar results were obtained when [(cod)-
RuCl,], was employed instead, thereby suggesting that no
PPh; is present in the three newly formed complexes. On
the basis of 'H-COSY, 'H-gNOESY, 'H,'*C-HSQC, and
'H,3C-HMBC NMR spectroscopic experiments as well as
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Scheme 2. Synthesis of complexes 1-5.
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selective 3'P-decoupling NMR spectroscopic experiments,
assignments for the three complexes could be made, which
suggested the molecular structure for la-c¢ shown in
Scheme 2. Interestingly, no chemical exchange could be de-
tected between the three species in the mixture by 'H-
gNOESY NMR spectroscopy, but the ratio of 1a, 1b, and
1c slowly changes over the course of 20 h in CD,Cl, accord-
ing to the 3'P{'H} NMR spectra.l''l All attempts to sepa-
rate these complexes by crystallization failed and resulted
in the formation of different types of crystals and the pre-
cipitation of a yellow powder. Nevertheless, it was possible
to determine the molecular structure for two of the three
complexes by means of single-crystal X-ray diffraction,
thereby confirming that different [(PicP’Pr,),RuCl,] isomers
are formed in this reaction (Figure la and b). The bond
lengths and angles of the structurally characterized com-
plexes are summarized in Table 1.

In the symmetric trans-dichloride complex 1a the Cl1-
Rul-CI2 angle was found to be 172.94°, whereas the two
coordinated PicP’Pr, ligands in the octahedral Ru'f com-
plex exhibit an almost coplanar orientation with the two
P'Pr, groups cis to each other. Comparably long Ru-P dis-
tances between 2.310 and 2.312 A are observed in complex
la, whereas Ru-N bond lengths range between 2.154 and
2.160 A. The second complex was identified as the corre-
sponding cis-dichlorido complex 1b with the two pyridine
rings located frans to each other (Figure 1b). In comparison
to la, the Ru-N and Ru-P distances are slightly shorter,
whereas the bond length of the ruthenium-chlorine bond
appears longer in 1b.

With the aim of varying the steric and electronic proper-
ties of the PN-ligand system, we employed the analogous
2,6-lutidine-based ligand >°LutP’Pr, in the complexation of
[(Ph3P);RuCl,]. For the corresponding >°LutPPh, ligand,
Lavigne and Lugan et al. reported the formation of the
trans-dichlorido complex, whereas with >°LutPCy, only
one equivalent of ligand reacted with the Ru'" precursor.['?!
For the ‘Pr-substituted ligand it turned out that, despite the
increased steric repulsion of the methyl groups in the 6-
position, the trans-dichlorido complex 2 was formed. In
analogy to 1a, the central Ru'l atom in 2 exhibits a dis-
torted-octahedral environment with two coplanar >°Lut-
PPr, ligands (£ = 9.44°) and two chlorido ligands in the
apical positions. In comparison to la, the Ru-P bond
lengths in 2 are slightly shorter (Table 1), whereas the Ru—
N distances are elongated in 2, possibly owing to the steri-
cally more demanding methyl substituents. With a value of
53.62°, the tilt angle between the two pyridine groups in 2
is slightly larger than in complex 1 (45.50°).

The 3'P{'H} NMR spectrum of 2 in C¢D¢ exhibits a
single sharp peak at & = 71.7 ppm. Contrary to these obser-
vations, very broad resonances are observed for the Pr
groups and the benzylic CH, groups, whereas the reso-
nances that correspond to the pyridine ring and the CHj;
group in the 6-position of the pyridine ring appear rather
sharp in the '"H NMR spectrum. The 'H-gNOESY NMR
spectrum of 2 in C¢Dg displays chemical exchange between
the resonances of the ‘Pr groups, respectively, as well as be-
tween the two broad resonances that correspond to the
benzylic CH, protons at § = 3.20 and 5.12 ppm in the 'H

Figure 1. Molecular structures of 1a, 1b, and 2 obtained by single-crystal diffraction. (a) ORTEP diagram of 1a; (b) ORTEP diagram of
1b; and (c) ORTEP diagram of 2. All thermal ellipsoids are set at 50% probability (hydrogen atoms were omitted for clarity).

Table 1. Selected bond lengths [A] and angles [°] of compounds 1-5 for comparison.

la 1b 2 3 4 5
Ru-P 2.310-2.312 2.285 2.270-2.274 2.262-2.269 2.249-2.273 2.281-2.294
Ru-Cl 2.432-2.442 2.509 2.423-2.449 2.484-2.500 2.459-2.482 2.482-2.530
Ru-N 2.154-2.160 2.077 2.278-2.286 2.049-2.108 2.074-2.132 2.078-2.096
Cl-Ru-Cl 172.94 87.94 176.04 87.16-87.35 90.92 80.93-81.75
N-Ru-N 90.72 173.67 98.80 172.8-175.2 90.47 174.5-174.6
P-Ru-P 111.63 104.77 104.64 104.74-105.38 104.14 103.53-105.29
Prig—Ru-Npj, 78.77-79.92 82.68 78.57-78.59 80.88-81.52 80.50-81.00 80.1-81.1
Hetl-Ru-Het2  45.50 43.38 53.62 45.47-45.77 61.44 38.82-39.38
Eur. J. Inorg. Chem. 2015, 696-705 698 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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NMR spectrum. Such observations are in accordance with
the fluxionality phosphine arms, which are able to adopt
different orientations.

To further investigate the impact of the aromatic substit-
uent on the structure, the reactivity, and the catalytic ac-
tivity, we synthesized imidazolyl-based P,N ligands with a
more electron-rich N-heterocycle bound to the phosphino
groups. In addition to late-transition-metal complexes with
imidazolyl phosphines,'31 Beller and co-workers charac-
terized a series of complexes with the general composition
[Ru(benzene)(n>*-MelmCH,PR,)CI|CL[10b]

The analogous Pr-substituted ligand M¢ImCH,PPr,
readily reacts with [(Ph3;P);RuCl,] (0.5 equiv.) to the cis-
dichlorido complex 3, in which the phosphine groups are
located trans to the two chlorido ligands (Figure 2a). The
octahedral complex 3 crystallizes as a mixture of the A and
A isomer in the asymmetric unit of the triclinic unit cell.
The Ru-P distances in 3 are slightly longer than in 1a, 1b,
and 2, whereas the bonds to the nitrogen atoms of the imid-
azole ring are found to be shorter than in the pyridine ana-
logues. Importantly, the same isomer as with PicP'Pr, seems
to be the thermodynamic product of the complexation reac-
tion and no other isomers are formed, whereas the methyl
substituent in the 6-position of 2°LutP'Pr, apparently fa-
vors the trans-dichlorido complex. Although the resonances
of the "Pr groups appear slightly broadened in the 'TH NMR
spectrum of 3, no chemical exchange could be detected in
the '"H-gNOESY NMR spectrum. In accordance with the
determined structure, the 3'P{'H} NMR spectrum of 3 ex-
hibits a singlet resonance at 6 = 81.1 ppm.

As small changes in the ligand moiety lead to a changed
coordination behavior and different reaction products, we
started to investigate the influence of the steric and elec-
tronic properties of the phosphine arm. Accordingly, the
sterically less demanding and more m-accepting phosphine
MeImCH,PPh, was utilized in the reaction with [(Ph;P)s-
RuCl,], leading to the chiral cis-dichlorido complex 4. The
molecular structure of 4 has been confirmed by single-crys-
tal X-ray diffraction (Figure 2b); it shows a chiral octahe-
dral complex with two chlorido ligands cis to each other,
but with different groups in the trans position. The corre-
sponding bromido complex, which was published during

the preparation of this manuscript, exhibits the same stereo-
chemical configuration as complex 4.1l With values of
2.249-2.273 A, the Ru-P bond lengths were found to be
almost identical with the recently reported dibromido com-
plex. In addition, the similarity between the bromido and
the chlorido complex is reflected in identical Ru—N bond
lengths, whereas the ruthenium-halogen bond exhibits typi-
cal lengths for each element, respectively.

In comparison to M ImCH,P'Pr,, the corresponding di-
cyclohexylphosphine-substituted ligand MImCH,PCy, ex-
hibits similar electron-donating properties, whereas the
bulky cyclohexyl groups cause increased steric demand.
Utilizing MImCH,PCy, in the complexation of
[(Ph3P);RuCl,] in THF at 60 °C resulted in the formation
of a yellow precipitate in 55% yield, which was identified
as the dicationic dimer [(M*ImCH,PCy,),Ru,CL]Cl, (5).
Interestingly, when two equivalents of MImCH,PCy, were
utilized in the reaction with [Ru(cod)(methylallyl),] and
HBr, only one equivalent of ligand binds to the central
ruthenium atom.!%%!

The structural analysis of 5 revealed a dimeric complex
with two octahedrally coordinated Ru'' atom, which are
bridged by two p,-coordinating chlorido ligands (Fig-
ure 2¢). Similar to 1b, the phosphine groups are located
trans to the chlorido ligands, thereby causing shortening of
the Ru-—P bond (2.281-2.294 A) relative to 1a and 2. With
values between 2.482-2.530 A, the Ru—Cl bond lengths to
the bridging chlorido ligands are very similar to the dis-
tances found in the other complexes. The imidazole rings in
5 occupy the axial positions in this dimer and are arranged
in a pairwise and almost parallel manner with short dis-
tances of 3.355-3.626 A, thus indicating m interactions be-
tween the imidazole rings.

Owing to the similarity of the ligand scaffold to other
pyridine- and phenanthroline-containing ruthenium com-
plexes, we investigated complexes 1-5 as precatalysts for the
dehydrogenation of primary alcohols. Accordingly, in a typ-
ical experiment, a ruthenium dichlorido complex
(0.01 mmol), KO‘Bu (0.04 mmol), and primary alcohol
(5.00 mmol) in toluene (4 mL) were heated to reflux
(Table 2). As the reaction proceeds rather slowly, relatively
long reaction times were necessary to obtain high produc-

Figure 2. Molecular structures of 3-5 obtained by single-crystal diffraction. (a) ORTEP diagram of 3; (b) ORTEP diagram of 4; and (c)
ORTEP diagram of 5. All thermal ellipsoids are set at 50% probability (hydrogen atoms were omitted for clarity).
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Table 2. Acceptorless dehydrogenation of primary alcohols.[*]

R OH [Ru]/base o OH y
_— + +

R)J\O/\R R)\O/\R 2
Entry Catalyst Alcohol S/B/CI®! t[h]  Conversion [%]  Yield ester [%] Yield hemi-acetall [%)]
1 1 benzyl alcohol 500:4:1 120 63.5 38.8 243
2 2 benzyl alcohol 500:4:1 120 41.8 3.3 29.3
3 3 benzyl alcohol 500:4:1 120 70.3 61.7 44
4 4 benzyl alcohol 500:4:1 120 76.1 56.2 11.4
5ldl 5 benzyl alcohol 1000:4:1 120 95.0 63.2 31.5
6 [(Ph3P);RuCl,] benzyl alcohol 500:4:1 120 36.8 2.4 32.8
7 1 n-hexanol 500:4:1 120 41.5 37.6 2.4
8 3 n-hexanol 500:4:1 120 71.1 45.0 25.4
9 4 n-hexanol 500:4:1 120 41.6 30.9 4.5
1041 5 n-hexanol 1000:4:1 120 93.7 68.2 19.2
11 [(Ph3P);RuCl,] n-hexanol 500:4:1 120 43.7 0.4 6.7
12 4 benzyl alcohol 200:4:1 19 27.4 16.8 1.2
13l 5 benzyl alcohol 400:4:1 19 93.2 354 46.5

[a] Reaction conditions: Alcohol (5.00 mmol), KO’Bu (0.04 mmol), catalyst (0.01 mmol) and m-xylene (internal standard; 1.00 mmol),
and toluene (4 mL) were heated to reflux for 120 h. [b] Ratio of substrate/base/catalyst. [c] Determined by GC analysis with m-xylene as
internal standard. [d] Catalyst (0.05 mmol) was used. [e] Precatalyst (4: 0.01 mmol, 5: 0.005 mmol) and KO’Bu (0.04 mmol) were added
under air; substrates were added under argon without purification and heated to reflux for 19 h.

tivity of the catalyst and to address selectivity issues. Em-
ploying complexes la—c as catalyst in the dehydrogenation
of benzyl alcohol gave the corresponding ester in 38.8%
and the hemi-acetal in 24.3% yield (Table 2, entry 1), as
detected by GC analysis. Interestingly, after removal of the
solvent and the internal standard, only benzaldehyde,
benzyl benzoate, and benzyl alcohol could be detected as
reaction products. The hemi-acetal seems stable under the
conditions of the GC and its formation is likely base-cata-
lyzed. In a control experiment, a mixture of benzaldehyde
and benzyl alcohol in toluene was heated to reflux in the
presence of KO’Bu; it showed a slow formation of the hemi-
acetal. It is worth mentioning that homogeneous catalysts
capable of dehydrogenating a primary alcohol to an alde-
hyde are rare.l'¥!

Interestingly, the methyl-substituted complex 2 exhibits a
significantly lower catalytic productivity in the dehydroge-
nation reaction, in which only 3.3 % of benzyl benzoate and
29.3% of benzaldehyde hemi-acetal are formed (Table 2, en-
try 2). With a conversion of 70.3%, the imidazolyl-based
complex cis-[(MImCH,PPr,),RuCl,] (3) exhibits a produc-
tivity similar to its pyridine-based counterpart (la—c), but
the selectivity for the ester formation is increased. A similar
observation can be made for the phenyl-substituted ana-
logue 4, which results in a conversion of 76.1% when em-
ployed as a catalyst in the dehydrogenation of benzyl
alcohol (Table 2, entry 4). In comparison to 3, with 4 as
catalyst slightly less of the ester and more of the hemi-acetal
is formed. The highest catalytic activity was observed with
complex 5 as catalyst, which resulted in 95% conversion of
the benzyl alcohol (Table 2, entry 5). When the reaction was
stopped after 66 h, 69.0% conversion of benzyl alcohol was
detected by means of GC analysis. Thus, complex 5 exhibits
a similar catalytic activity to the previously reported com-
plex II with a four-dentate and phenanthroline-based li-
gand.® Importantly, at 63.2%, the yield of benzyl benzoate

Eur. J. Inorg. Chem. 2015, 696-705
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is similar to 3 and 4 but the hemi-acetal is formed in much
higher yield. For comparison we utilized the non-function-
alized precursor complex [(Ph;P);RuCl,] as catalyst for the
dehydrogenation of benzyl alcohol (Table 2, entry 6). To
our surprise, the reaction resulted in 36.8% conversion of
benzyl alcohol, but the hemi-acetal is formed almost exclu-
sively. Thus, complex 2 and [(PhsP);RuCl,] exhibit similar
catalytic activities and selectivities in the acceptorless de-
hydrogenation of benzyl alcohol. In accordance with the
discussed hemi-acetal formation, the catalytic dehydrogen-
ation of a mixture of benzaldehyde and benzyl alcohol with
complex 5 as catalyst results in the conversion of both sub-
strates and subsequent ester formation. Moreover, the con-
tinuous GC analysis of the reaction with complex 5 as cata-
lyst revealed that after a short period the concentration of
aldehyde and hemi-acetal remained constant over the
course of the reaction.

The reaction with n-hexanol as substrate resulted in
much lower conversion of 41.5% with 1 as catalyst but gave
a similar yield of the corresponding ester (Table 2, entry 7).
When the imidazole-based complex 3 was employed in the
reaction, 71.1% conversion of n-hexanol was observed, but
only 45.0% of hexyl hexanoate was formed during this reac-
tion (Table 2, entry 8). The phenyl-substituted complex 4
appears less active for the dehydrogenation of n-hexanol
and gave only 41.6% conversion (Table 2, entry 9). In line
with the observations for 3, 93.7% conversion of n-hexanol
was detected with complex 5 as a catalyst (Table 2, entry
10), whereas the ester was formed in 68.3% and the corre-
sponding hemi-acetal in 19.2% yield. Finally, we investi-
gated the activity of the precursor complex [(Ph;P);RuCl,]
as catalyst, which resulted in 43.7% conversion of n-hexa-
nol, but the major product of the reaction turned out to be
2-butyl octanol (Table 2, entry 11), which is likely formed
by aldol condensation of hexanal followed by hydrogena-
tion of the formed a,B-unsaturated aldehyde.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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As the imidazole-based dichlorido ruthenium complexes
did not show any sign of decomposition in the presence of
oxygen and moisture after two weeks, we investigated the
possibility of using these complexes as bench-stable precata-
lysts under air. In a typical experiment, complex 4 or 5,
which had been stored under air for several days, was
weighted into a Schlenk tube together with the required
amount of KO’Bu. The tube was evacuated and refilled
with argon and benzyl alcohol, then m-xylene and toluene
were added to the Schlenk tube under a stream of argon
without any kind of purification or degassing of these com-
pounds. With 27.4% conversion of the primary alcohol,
complex 4 showed poor performance after heating the mix-
ture to reflux for 19 h (Table 2, entry 12). To our surprise,
with 0.25 mol-% of 5 as precatalyst, 93.2% conversion of
benzyl alcohol was observed after 19 h (Table 2, entry 13).
Interestingly, the corresponding hemi-acetal was the main
product of this reaction, whereas benzyl benzoate was
formed in only 35.4% yield.

In the presence of primary amines, different products
have been reported for different catalysts in the acceptorless
dehydrogenation (Scheme 3).'! These range from N-het-
erocyclic compounds!'® to secondary amines,!'” imines,®!
and amides.[*1%201 For this reason we investigated the most

0.1 mol-% 5,
0.8 mol-% KOtBu

toluene, reflux, Hy f

Ph” OH NH,

Scheme 3. Acceptorless dehydrogenation of benzyl alcohol in the pres

Ph

active complex of this series, complex 5, as a dehydrogen-
ation catalyst in the presence of a primary amine
(Scheme 4). Notably, the conversion of benzyl alcohol de-
creased in the presence of benzylamine but resulted in selec-
tive formation of the imine (39.0%). In contrast to the im-
ine formation, which is assumed to take place in a noncata-
lytic dehydration step of the generated aldehyde and the
primary amine, the generation of amides or esters requires
an additional dehydrogenation step of the in situ formed
hemi-aminal or the hemi-acetal, respectively.*2!1' Accord-
ingly, with higher catalyst loading (0.2 mol-%), complete
conversion of benzyl alcohol was observed, but a very unse-
lective product distribution with almost equal amounts of
imine, ester, and amide was obtained. Notably, almost no
secondary amine (<0.5%) was observed in these reactions.

In addition to determining the catalytic activity of the
dichlorido complexes, we aimed to compare the reactivity
and stability of the corresponding dihydride complexes with
the analogous complexes that contained three- and four-
dentate ligands. Several mechanistic investigations of dif-
ferent ruthenium catalysts for the acceptorless dehydroge-
nation of primary alcohols and related reactions have been
conducted, thus indicating that trans-dihydridoruthen-
ium(II) complexes are usually intermediates in the catalytic

P
N~ ~Ph o 0
| +
)\H * Ph)j\o/\ Ph Ph)LH/\Ph
(39.0 %) (9.7 %) (5.4 %)

ence of benzylamine.

\ .
H 'Pr,
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[PicPPryRuCl) ZNAMBEL [ Ruy CRL
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Scheme 4. Formation of hydride complexes.
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cycle.??l For this reason, we treated the synthesized
dichlorido complexes with two equivalents of a hydride
transfer reagent, such as NaHBEt; in C¢Dg. It turned out
that the generated hydride complexes under discussion were
not isolable as pure compounds. In spite of this, a possible
structure of the formed complexes was suggested on the
basis of 'H, 'H{3'P}, and 'H-gCOSY NMR spectros-
copy.

When 1la-¢ were treated with two equivalents of
NaHBEt; (0.5 M in C¢Dy), the solution immediately decolo-
rized and the >'P{'"H} NMR spectrum indicated the forma-
tion of a new ruthenium complex, which was identified as
the cis-dihydride complex 6a. In solution, complex 6a is
slowly converted to another hydride complex, the NMR
spectra of which are in agreement with the formation of
complex 6b. Selected NMR spectroscopic chemical shifts
for the prepared hydride complexes are summarized in
Table 3.

Table 3. Selected NMR chemical shifts for the hydride complexes
6-8.

3IP{IH} NMR I'H NMR 2o Hz]® 2y
[ppm] [ppm] [Hz]®
6a  67.9(d),96.5(d)  -16.83 (vtd)  21.9 8.5
(Jpp = 148Hz)  -7.52(ddd)  91.4,25.6 8.5
6b  88.4 (s) ~14.77 (1) 20.1 -
Ta  72.7 (s) —7.68 (m) - -
7 76.4(d), 103.9 (d) -17.95 (vtd)  32.9 8.5
(CJpp = 148Hz)  -7.76 (ddd)  97.5,24.4 8.5
7c  82.5(s) -9.14 (1) 17.1 -
8  64.2(s) ~7.79 (m) -

[a] Coupling constant of the resonance corresponding to the hy-
dride ligand.

The isomerization of ruthenium hydride complexes was
shown to be relevant for ruthenium diamine diphosphine
complexes, in which the corresponding trans-dihydride
complex was found to be the active species, and which exhi-
bits a limited lifetime and isomerizes to the corresponding
cis-dihydride complexes.!’! This is of particular importance
because for some ruthenium catalysts the cis and the trans
isomer of hydride complexes are calculated to have similar
energy but exhibit significantly different reaction barriers
within the catalytic cycle.[*?"]

Whereas with the pyridine-based P,N ligand the chiral
complex 6a is initially formed as the kinetic product, which
slowly converts into the symmetric hydride complex 6b, the
situation changed for the imidazole-based ligands. Treat-
ment of complex 3 with NaHBEt; (2 equiv.) in C4Dg re-
sulted in the formation of a mixture of three isomeric dihy-
dride complexes (7a—c), whereas the ratio of these com-
plexes did not change for several weeks. In contrast, the
same reaction with complex 5 led to a single product (8),
as indicated by a singlet resonance at 0 = 64.2 ppm in the
SIP{'H} NMR spectrum. Complexes 7a and 8 show very
similar patterns in the '"H NMR spectrum for the resonance
that corresponds to the imidazole moiety and the hydride
ligands (Figure 3¢ and d). On the basis of one- and two-
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dimensional NMR spectroscopy, the cis-dihydride isomer
with the two phosphine groups in a trans position to them
is assumed for both complexes. The two other products
from the reaction of 3 with two equivalents of NaHBEt;
were identified as the chiral cis-dihydride 7b and a trans-
dihydride complex (7¢), with the assumed structure shown
in Scheme 4.

e 0

6b

a)

b)

c)

Talb

Tc 7b
" 1 “
r

Figure 3. 'H NMR spectra of the dihydride complexes 6-8 in
C¢Dg: (a) 1la—¢ + NaHBEt; (2 equiv.) after 5Smin; (b) la—¢ +
NaHBELt; (2 equiv.) after 18 h; (¢) 3 + NaHBEt; (2 equiv.); and
(d) 5 + NaHBEt; (2 equiv.).

However, in all cases the in situ formed dihydride com-
plexes 6-8 appeared stable in solution for several days with-
out any sign of dihydrogen elimination, but they are con-
verted into a mixture of unidentified products after workup,
including removal of all volatiles under vacuum. Further-
more, the addition of a primary alcohol such as benzyl
alcohol or methanol to these complexes resulted in immedi-
ate gas evolution of dihydrogen and the formation of a new
complex, respectively. In the case of complex 8, the newly
formed complex after addition of benzyl alcohol gave rise
to a broadened resonance at 6 = 78.6 ppm in the 3!P{'H}
NMR spectrum. In the corresponding 'H NMR spectrum,
two broad resonances at 6 = —10.57 and —1.17 ppm were
observed. Notably, heating of this mixture to 70 °C for one
hour resulted in the evolution of a new resonance at 6 =
85.9 ppm in the 3'P{'"H} NMR spectrum and a new reso-
nance at 6 = —21.77 ppm for the corresponding hydride li-
gand in the 'H NMR spectrum. Addition of CD;OD to
the dihydride complexes caused gas evolution as well and
resulted in the formation of the analogous complexes, but
no deuterium incorporation into the PN ligand could be
observed after several days. In contrast to the reactivity of
the Ru"" complexes with rigid three- and four-dentate li-
gands, in which a trans-dihydride complex or a reaction
product thereof can be observed, the more flexible biden-
tate PN ligands allow for the formation of different cis-
dihydride complexes, which could generally be formed by
isomerization of an initially formed trans-dihydride com-
plex.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

FULL PAPER

of vgorse Cremisty

For comparison we investigated the reaction mixture of
a catalytic dehydrogenation experiment by NMR spec-
troscopy. Complex 5 was treated with KO’Bu (2 equiv.) and
benzyl alcohol (50 equiv.) in toluene or CgDg. Initially, a
new complex with a chemical shift of 6 = 80.4 ppm in the
SIP{'TH} NMR spectrum was formed. The absence of a
hydride resonance in the '"H NMR spectrum might indicate
the formation of a symmetric alkoxide complex. Upon heat-
ing to at least 70 °C, a new complex was formed within
minutes with a chemical shift of 6 = 83.2 ppm in the
3IP{!H} NMR spectrum. The newly formed complex exhib-
its a broad resonance at 6 = —-22.60 ppm with an integral of
one in its '"H NMR spectrum, which corresponded to a
hydride ligand. The chemical shift of 6 = —-22.60 ppm is
quite similar to those observed after the addition of benzyl
alcohol to complex 8 and indicates the presence of a weak
donor ligand, such as an alcohol or an alkoxide, trans to
the hydride. Notably, prolonged heating of the mixture did
not change this situation. That no dihydride complexes can
be observed in the presence of alcohols and the fact that
the separately prepared dihydride complexes readily liberate
H, upon treatment with alcohol indicates that the observed
hydride alkoxide species likely represents the catalytic rest-
ing state. The experiments with CD3;OD showed that no
deuterium incorporation into the PN ligand takes place,
thus suggesting that none of the ligand protons is involved
in hydrogen generation and that an intermediate dihydrogen
complex is probably formed by simple protonation of the
dihydride.

As the comparably small changes in the ligand moiety
have a strong effect on the relative stability of stereoisomers,
for both hydride and chloride complexes, it seems likely that
the relative stabilities of possible intermediates (on and off
cycle) are also strongly affected by these changes and thus
cause different catalytic performance. Whereas complexes
with rigid ligand systems are rather limited in their possible
stereoisomers, the use of flexible P,N ligands has led to dif-
ferent isomeric species that involve isomerization equilibria.

Conclusion

In conclusion, we have described the synthesis and reac-
tivity of Ru' complexes with different P,N ligands, thereby
demonstrating the influence of the N-heterocycle as well as
the influence of the steric and electronic properties of the
phosphine on the relative stability of different isomers of
the type [L,RuX,] (L = PN ligand; X = CI, H). Among
the investigated complexes, the bench-stable precatalyst 5
exhibits the highest catalytic activity in the dehydrogenation
of primary alcohols to esters and is able to catalyze the
direct transformation of alcohols to imines in the presence
of amines. The reactivity studies with the corresponding
hydride complexes provide evidence for a non-cooperative
mechanism in which a hydrido alkoxide species appears to
be the catalytic resting state. In addition, our investigations
show that small changes in the ligand moiety strongly affect
the stability of different isomers as well as the catalytic ac-
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tivity of the synthesized precatalysts. We could demonstrate
in part that kinetic reaction products slowly isomerize to
thermodynamically stable isomers at ambient temperature.
Overall, the relative stabilities of isomeric intermediates are
likely influenced by the changes in the ligand moiety and
thus cause a different catalytic performance.

Experimental Section

General: All experiments were carried out under an atmosphere of
purified argon or nitrogen in a Braun Labmaster glovebox or by
using standard Schlenk techniques. CH,Cl, was dried with CaH,,
toluene was dried with sodium, and THF was dried with Na/K
alloy. C¢D¢ was distilled from Na/K alloy and stored over molec-
ular sieves; all other deuterated solvents were sparged with argon
and stored over molecular sieves. [(Ph3P);RuCl,],?3 [(cod)-
RuCl,],,?" and the P,N ligands were prepared according to pre-
viously reported procedures.'>1341 Benzyl alcohol and n-hexanol
were purchased from Aldrich, degassed, and stored in the glovebox
under an inert atmosphere. Detailed procedures for the synthesis
of all complexes including all spectroscopic data can be found in
the Supporting Information.

'H, 13C, and 3'P NMR spectra were recorded with a Bruker DRX
400 or a DPX 250 NMR spectrometer. 'H and 3C{'H}, '*C-APT
(attached proton test) NMR spectroscopic chemical shifts are re-
ported in ppm downfield from tetramethylsilane. The resonance of
the residual protons in the deuterated solvent was used as internal
standard for 'H NMR spectroscopy. The solvent peak of the deu-
terated solvent was used as internal standard for '3C NMR spec-
troscopy. *'P NMR spectroscopic chemical shifts are reported in
ppm downfield from H3;PO, and referenced to an external 85%
solution of phosphoric acid in D,O. IR spectra were recorded by
attenuated total reflection of the solid samples with a Bruker Ten-
sor IF37 spectrometer. HR-ESI mass spectra were acquired with a
LTQ-FT mass spectrometer (Thermo Fischer Scientific), as were
HR-APCI mass spectra. In both cases the resolution was set to
100000. Elemental analyses were performed with a Vario Micro
Cube Elemental Analyzer. Gas chromatography was performed
with m-xylene as internal standard with an HP-5 column and an
Agilent 6850 series GC system.

Single-Crystal X-ray Analysis: The single-crystal X-ray diffraction
data for the structural analysis of 1a, 1b-THF, 2-:0.5THE,
3-2.5CH,Cl,, 4:3CH,Cl,, and 5-3CHCI; were collected using
graphite-monochromated Mo-K,, radiation (4 = 0.71073 A) with a
STOE IPDS2 or IPDS2T imaging plate detector system. The struc-
tures were solved by direct methods with SHELXS-97 and refined
against F? by full-matrix least-square techniques using SHELXL-
97.251 Numerical absorption corrections were applied on the basis
of the crystal descriptions.[?¢]

CCDC-994528 (for 1a), -994529 (for 1b-THF), -994530 (for
2-0.5THF), -994531 (for 3-2.5CH,Cl,), -994532 (for 4-3CH,Cl,),
and -994533 (for 5:3CHCI;) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Dehydrogenation of Primary Alcohols: In a typical experiment, cat-
alyst (0.0l mmol), KO’Bu (0.04 mmol), primary alcohol
(5.00 mmol), m-xylene (1.00 mmol), and toluene (4 mL ) were
placed in a Schlenk tube under nitrogen atmosphere. In the case of
the dimeric complex 5, 0.005 mmol was used in the catalytic reac-
tion. The mixture was heated to reflux for the specified time, and
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the extent of conversion was frequently checked by GC analysis.
After the reaction, the mixture was cooled to ambient temperature
and the mixture was analyzed by GC.

Supporting Information (see footnote on the first page of this arti-
cle): Details of the data collection and the refinement are described
in the Supporting Information.
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