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ABSTRACT: The bidentate HCNN dicarbonyl ruthenium complexes trans,cis-
[RuCl2(HCNN)(CO)2] (1−3) and trans,cis-[RuCl2(ampy)(CO)2] (1a) were
prepared by reaction of [RuCl2(CO)2]n with 1-[6-(4′-methylphenyl)pyridin-2-
yl]methanamine, benzo[h]quinoline (HCNN), and 2-(aminomethyl)pyridine
(ampy) ligands. Alternatively, the derivatives 1−3 were obtained from the reaction
of RuCl3 hydrate with HCO2H and HCNN. The pincer CNN cis-[RuCl(CNN)-
(CO)2] (4) was isolated from 1 by reaction with NEt3. The monocarbonyl
complexes trans-[RuCl2(HCNN)(PPh3)(CO)] (5−7) were synthesized from
[RuCl2(dmf)(PPh3)2(CO)] and HCNN ligands, while the diacetate trans-[Ru-
(OAc)2(HCNN)(PPh3)(CO)] (8) was obtained from [Ru(OAc)2(PPh3)2(CO)].
Carbonylation of cis-[RuCl(CNN)(PPh3)2] with CO afforded the pincer derivatives
[RuCl(CNN)(PPh3)(CO)] (9−11). Treatment of 9 with Na[BArf]4 and PPh3 gave
the cationic complex trans-[Ru(CNN)(PPh3)2(CO)][BAr

f
4] (12). The dicarbonyl

derivatives 1−4, in the presence of PPh3 or PCy3, and the monocarbonyl complexes
5−12 catalyzed the transfer hydrogenation (TH) of acetophenone (a) in 2-propanol at reflux (S/C = 1000−100000 and TOF
up to 100000 h−1). Compounds 1−3, with PCy3, and 6 and 8−10 were proven to catalyze the TH of carbonyl compounds,
including α,β-unsaturated aldehydes and bulky ketones (S/C and TOF up to 10000 and 100000 h−1, respectively). The
derivatives 1−3 with PCy3 and 5 and 6 catalyzed the hydrogenation (HY) of a (H2, 30 bar) at 70 °C (S/C = 2000−10000).
Complex 5 was active in the HY of diaryl ketones and aryl methyl ketones, leading to complete conversion at S/C = 10000.

■ INTRODUCTION

The search for more efficient transition-metal catalysts for the
synthesis of valuable organic compounds is an issue of current
relevance for both academia and industry. Among the different
metals, ruthenium has been deeply investigated because of its
high performance in several organic reactions.1 In the last few
decades great concern has been focused in academia on the
improvement of the catalyst (stereo)selectivity for achieving
clean organic transformations. Conversely, on account of
stringent regulations, industrial attention has been concen-
trated on atom economy and productivity of the catalysts,
which have to be employed at low loading and should display
moderate sensitivity against air and substrate impurities.
Therefore, robustness and deactivation of the ruthenium
species have to be carefully taken into account for the design of
a practical catalyst.2 The catalytic hydrogenation (HY)3 and
transfer hydrogenation (TH)4 of carbonyl compounds are
environmentally friendly and widely accepted methods in

industry for the production of a number of organic
compounds.5 A crucial breakthrough for the HY and TH
reactions has been the introduction of ligands with an NH
functionality, which led to highly active catalysts, entailing an
outer-sphere mechanism.6 The employment of the ampy
ligand,7 by us and other groups, has afforded the catalysts cis-
[RuCl2(ampy)(PP)] (PP = diphosphine), which allow the
reduction of a number of carbonyl compounds with high rate
and enantioselectiviy.8 Furthermore, the use of 6-aryl-function-
alized ampy ligands has led to cyclometalated pincer9 CNN
complexes [RuCl(CNN)(PP)] (HCNN = Hamtp),7,10 which
display superlative features for the TH and HY of carbonyl
compounds with TOF and TON values up to 106 h−1 and 105,
respectively (Figure 1).
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These pincer CNN complexes has also been found to be
active in other organic transformations, including dehydrogen-
ation,11 racemization, and deuteration of alcohols12 and imine
hydrogenation.13 Recently, we have demonstrated that benzo-
[h]quinoline pincer complexes [RuCl(CNN)(PP)] (CNN =
ambq7,14) are efficient catalysts for the HY and TH of
ketones10a,14,15 and aldehydes of commercial grade purity
(Figure 1).16 The reduction of aldehydes requires some
consideration, as several side reactions may occur during the
catalysis, with depletion of selectivity. Since the catalytically
active ruthenium hydride species6a,17 are generated in basic
alcohol media, aldehydes displaying reactive α-hydrogen atoms
can easily undergo aldol condensation,18 in addition to
Claisen−Tishchenko19 or Cannizzaro reactions20 for non-
enolizable substrates. Furthermore, aldehydes can also
decarbonylate with Ru21 and Os22 complexes, affording
metal carbonyl derivatives, resulting in deactivation and low
catalyst productivity.23 To avoid decarbonylation, employment
of carbonyl Ru catalysts has been investigated.23c,24 In the past
decade, monocarbonyl ruthenium complexes have been
successfully applied in a number of organic reactions, such as
TH and HY of carbonyl compounds,25 HY of carboxylic and
carbonic acid derivatives,26 alcohol dehydrogenation,27 and
C−X (X = C, N) forming reactions.28 Relevant examples of
monocarbonyl catalysts are [Ru(TFA)2(PPh3)2(CO)],29

[Ru(μ-OCOC2F4OCO)(diphosphine)(CO)]2,
27e [Ru(OAc)-

(CCN)(CO)],30 Ru(CNO)(PPh3)2(CO)],
31 [RuCl2(NNN)-

(CO)] and [RuCl(NNN)(HOCH3)(CO)]Cl,
32 and those

reported by Milstein ([RuH(PNN)(CO)]),33 Gusev
([RuCl2(PNN)(CO)]),34 and Saito ([RuHCl(PNN)-
(CO)]).35 Moreover, we have described that the derivatives
[RuCl((2-CH2-6-MeC6H3)PPh2)(NN)(CO)]36 and [RuH-
(Ph2P(CH2)3PPh2)(NN)(CO)]Cl

37 (NN = en, ampy7) are
active in ketone TH reactions. Dicarbonyl ruthenium
complexes have been proven to catalyze HY, TH, and
dehydrogenation (DHY) reactions involving carbonyl com-
pounds and alcohols, including dynamic kinetic resolution.38

Examples are [(η5-C5H4O)2HRu2H(CO)4],
38b,39 [(η5-C5R5)-

RuCl(CO)2],
40 [RuCl(PCP)(CO)2],

41 [RuCl2(LL′)(CO)2]
(LL′ = PC, PP, PS),42 [RuBr(RCCCR)(CO)2]

0/+ (RCCCR =
2,6-bis(1-alkylimidazolylidene)benzene),43 and [Ru(CP)-
(NN)(CO)2]Cl.

44 In addition, [RuCl2(bpy)(CO)2] and
[Ru(bpy)2(CO)2][PF6]2 have been found to promote CO2
reduction45 and the water-gas shift reaction.7,46 It is also worth
pointing out that these ruthenium mono- and dicarbonyl
catalysts have usually been employed at a relatively low S/C
(≤103), thus limiting their application.
We report herein a straightforward synthesis of bidentate

HCNN and pincer CNN ruthenium complexes, with one and
two CO ligands, which display high catalytic activity and
productivity in the reduction of a number of aldehydes and
(bulky) ketones.47 While the monocarbonyl derivatives
[Ru(X)2(HCNN)(PPh3)(CO)] (X = Cl, OAc) and [RuCl-

(CNN)(PPh3)(CO)] were found to be active in TH and HY
reactions, the dicarbonyl derivatives [RuCl2(HCNN)(CO)2]
and [RuCl(CNN)(CO)2] required the addition of a
phosphine, allowing the reduction at S/C values up to
100000 and TOF values up to 100000 h−1.

■ RESULTS AND DISCUSSION
Synthesis of Dicarbonyl Ruthenium Complexes.

Treatment of RuCl3·xH2O with formic acid in a sealed tube
at 110 °C for 2 h gave [RuCl2(CO)2]n, which reacted cleanly
with the Hamtp ligand7 in ethanol at 80 °C overnight,
affording the bidentate HCNN complex trans,cis-
[RuCl2(Hamtp)(CO)2] (1) isolated in 75% yield, in a one-
pot reaction (Scheme 1).

Complex 1 in CDCl3 shows two triplets in the 1H NMR
spectrum at δ 4.78 and 4.19 for methylene and amino groups
of the HCNN ligand. The 13C{1H} NMR spectrum displays
two singlets at δ 195.5 and 190.3 for the CO groups and a
signal at δ 51.2 for the CH2N group, slightly shifted downfield
in comparison to the free ligand (δ 48.2),10e,48 suggesting a
configuration of 1 with two cis carbonyls and two trans
chlorine atoms. The strong IR νCO adsorption bands at 2067
and 1998 cm−1 can be attributed to the two cis CO groups.
These data are similar to those observed for the related
trans,cis-[RuCl2(ampy)(CO)2] (1a), which is prepared from
[RuCl2(CO)2]n and ampy7 in an ethanol/water (3/1 in
volume) mixture at reflux and isolated in 78% yield (Scheme
1). The triplets at δ 4.73 and 4.22 are for the CH2N and NH2
moieties, whereas the 13C{1H} NMR resonances of the two
CO groups appear at δ 195.9 and 192.7. In the IR spectrum
the two cis CO groups lead to two νCO adsorptions at 2054
and 1991 cm−1, close to those of the trans,cis-[RuCl2(bpy)-
(CO)2] der ivat ive .49 Simi lar ly to 1 , complexes
[RuCl2(Hambq)(CO)2] (2) and [RuCl2(HambqPh)(CO)2]
(3), containing the more rigid benzo[h]quinoline HCNN

Figure 1. 6-Aryl-functionalized ampy and benzo[h]quinoline CNN
ruthenium complexes.

Scheme 1. Synthesis of HCNN Dicarbonyl Complexes
trans,cis-[RuCl2(HCNN)(CO)2] (1−3) and trans,cis-
[RuCl2(ampy)(CO)2] (1a)
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ligands,50 were obtained by reaction of [RuCl2(CO)2]n with
Hambq and HambqPh 7 in ethanol at reflux and isolated in 49
and 72% yields, respectively (Scheme 1). The 1H NMR
spectrum of 2 in CD2Cl2 shows two broad resonances at δ 4.59
and 3.69 for the CH2 and the NH2 groups, whereas a doublet
of doublets at δ 9.07 is ascribed to the H-10 proton of the
benzo[h]quinoline moiety, indicating that the ligand is not
cyclometalated. The CO groups of 2 appear as singlets at δ
200.0 and 190.4 in the 13C{1H} NMR spectrum, while the
CH2N carbon is at δ 52.3. The IR spectrum reveals two
stretching bands at 2059 and 1985 cm−1 for the cis CO
moieties. Likewise, 3 displays a resonance at δ 9.42 in the 1H
NMR spectrum for the aromatic H-10 proton, whereas the two
13C{1H} NMR singlets at δ 201.2 and 194.4 are ascribed to the
CO ligands.
Treatment of 1 with an excess of triethylamine (10 equiv) in

n-butanol at 110 °C overnight afforded the cyclometalated
pincer CNN derivative cis-[RuCl(amtp)(CO)2] (4) in 58%
yield (Method A for compound 4 in the Experimental Section)
(Scheme 2). Alternatively, compound 4 was also obtained
directly through a one-pot synthesis from RuCl3·xH2O/
HCO2H (Method B for compound 4), followed by reaction
with Hamtp and triethylamine in n-butanol (Scheme 2). In the
1H NMR spectrum of 4 the diastereotopic methylene protons
of the CNN ligand appear as a doublet of doublets at δ 4.65
and a multiplet at δ 4.41, whereas the amino group give two
broad signals at δ 4.06 and 3.46. The 13C{1H} NMR spectrum
displays the CO signals at δ 200.4 and 194.0, while the
resonances at δ 164.2 and 52.3 are for the ortho-metalated
carbon and the CH2N moiety, respectively. The cis CO ligands
show two strong stretching bands in the IR spectrum at 2028
and 1958 cm−1. A comparison of the cyclometalation reaction
of Hamtp with [RuCl2(PPh3)3]

50 and [RuCl2(PPh3)-
(dppb)],10e with respect to [RuCl2(CO)2]n, indicates that
the C−H activation occurs more easily with ruthenium
phosphine precursors.

Synthesis of Monocarbonyl Ruthenium Complexes.
The monocarbonyl ruthenium complex trans-[RuCl2(Hamtp)-
(PPh3)(CO)] (5) was synthesized in 68% yield by reaction of
the precursor [RuCl2(dmf)(PPh3)2(CO)] with Hamtp in
chloroform at 60 °C overnight (Scheme 3).
The 1H NMR spectrum of 5 displays two triplets at δ 4.50

and 3.13 for the CH2 and the amino groups, whereas the
31P{1H} NMR resonance is at δ 54.5. These NMR data are
similar to those of trans-[RuCl2(ampy)(PPh3)(CO)],25a

displaying the CO trans to the NH2 moiety. For 5, the
13C{1H} NMR doublet at δ 200.5 (2J(C,P) = 21.5 Hz) is for
CO cis to the PPh3 group, whereas the doublet at δ 50.1 is for
the CH2N moiety. The CO ligand exhibits a stretching band at
1947 cm−1 in the IR spectrum, close to that of trans-
[RuCl 2(ampy)(PPh3)(CO)] . 2 5 a L ikewi se , t r an s -
[ RuC l 2 (Hambq ) (PPh 3 ) (CO) ] (6 ) a nd t r a n s -
[RuCl2(HambqPh)(PPh3)(CO)] (7) were obtained by the
reaction of [RuCl2(dmf)(PPh3)2(CO)] with Hambq and HCl·
HambqPh 51 with NBu3 in n-butanol at reflux overnight, leading
to the products in 93% and 44% yields, respectively (Scheme
3). The syntheses of 6 and 7 required higher temperature with
respect to that for 5, possibly due to the higher rigidity of the
benzo[h]quinoline ligands, in comparison to Hamtp, hindering
the coordination of the heterocyclic moiety. Complexes 6 and
7 show NMR and IR data similar to those observed for 5, with
31P{1H} NMR resonances at δ 53.4 and 53.5, whereas the
13C{1H} NMR carbonyl signals appear as doublets at δ 200.4
and 200.5, respectively. The aromatic H-10 protons for 6 and 7
are at δ 9.29 and 9.08, indicating no cyclometalation. Finally,
the IR spectra of 6 and 7 display a νCO band at 1920 and 1924
cm−1, respectively. The reaction between the acetate precursor
[Ru(OAc)2(PPh3)2(CO)] and the ligand Hamtp in toluene at
reflux for 48 h afforded the trans-[Ru(OAc)2(Hamtp)(PPh3)-
(CO)] (8) in 40% yield (eq 1).
The 1H NMR spectrum of 8 in CD2Cl2 shows a doublet of

doublets at δ 4.41 and a multiplet at δ 4.21 for the two
diastereotopic methylene protons. The NH2 group gives two

Scheme 2. Syntheses of the Cyclometalated Dicarbonyl Complex cis-[RuCl(amtp)(CO)2] (4)

Scheme 3. Synthesis of the HCNN Monocarbonyl Complexes trans-[RuCl2(HCNN)(PPh3)(CO)] (5−7)
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signals at δ 8.16 and 1.57; the low-field resonance is consistent
with an intramolecular N−H···O hydrogen bond interaction
with one acetate. The methyl signals of the acetate ligands are
at δ 2.07 and 1.20. In the 13C{1H} NMR spectrum the CO
appears as a doublet at δ 202.9 (2J(C,P) = 17.4 Hz), whereas
the acetate carbonyl shifts are at δ 180.5 and 177.7. The
31P{1H} NMR resonance of the PPh3 is at δ 54.4, very close to
the value observed for 5 (δ 54.5), while the IR νCO adsorption
band of the CO is at 1914 cm−1. Finally the infrared stretching
bands at 1597 and 1572 cm−1 are characteristic of νOCO of two
monodentate acetate ligands, the second slightly red shifted
due to the presence of a hydrogen bond with the amino
group.52 Therefore, the spectroscopic data for 8 are consistent
with the arrangement observed for 5, with one acetate ligand
interacting with the NH2 moiety.
The pincer CNN monocarbonyl complex [RuCl(amtp)-

(PPh3)(CO)] (9) was easily prepared by treatment of cis-
[RuCl(amtp)(PPh3)2] with CO (1 atm) in CH2Cl2 at room
temperature overnight by PPh3 substitution and was isolated in
59% yield (eq 2).

The 31P{1H} NMR spectrum of 9 in CD2Cl2 shows a singlet
at δ 57.6, consistent with the PPh3 trans to chlorine,53 whereas
the CO ligand is trans to the pyridyl nitrogen. In the 1H NMR
spectrum the diastereotopic methylene protons appear as two
doublets of doublets at δ 4.25 and 3.41, while the amino group
is at δ 3.86 and 2.79. The 13C{1H} NMR doublet at δ 176.3
(2J(C,P) = 12.3 Hz) is for the cyclometalated carbon, whereas
the doublet at δ 207.5 (2J(C,P) = 18.2 Hz) is for the CO
moiety. For 9, the IR stretching band of CO is at 1905 cm−1.
Attempts to isolate 9 by cyclometalation of 5 in 2-propanol or
n-butanol at reflux and in the presence of a base (NEt3 or

NBu3) failed, affording a mixture of 9 and uncharacterized
products.
Similarly to 9, the benzo[h]quinoline CNN derivative

[RuCl(ambq)(PPh3)(CO)] (10) was prepared by treatment
of the pincer precursor cis-[RuCl(ambq)(PPh3)2] with CO at
room temperature and isolated in 80% yield. The 1H NMR
spectrum of 10 resembles that of 9, with two signals at δ 4.51
and 3.70 for the diastereotopic CH2N protons, whereas the
NH2 resonances are at δ 4.03 and 2.86. The doublet at δ 8.02
is attributed to the CH proton close to the ortho-metalated
carbon atom. The 13C{1H} NMR signal of the CO ligand is a
doublet at δ 207.8 (2J(C,P) = 17.5 Hz), whereas the
cyclometalated carbon atom gives a doublet at δ 172.1
(2J(C,P) = 12.8 Hz). The 31P{1H} NMR spectrum of 10 shows
a singlet at δ 58.5, while the IR νCO adsorption band is at 1922
cm−1. The complex [RuCl(ambqPh)(PPh3)(CO)] (11) was
obtained from the pincer precursor cis-[RuCl(ambqPh)-
(PPh3)2] (11a), which was prepared following the procedure
described for the synthesis of 10. Thus, 11a was isolated in
88% yield by reaction of [RuCl2(PPh3)3] with HCl·
HambqPh 51 and 10 equiv of NEt3 in 2-propanol at reflux
(Scheme 4).
The 31P{1H} NMR spectrum of 11a in CDCl3 shows two

doublets at δ 57.3 and 50.8 with a 2J(P,P) value of 33.7 Hz. In
the 1H NMR spectrum, the signals for the diastereotopic
CH2N protons are at δ 4.31 and 3.61, whereas the NH2
resonances are at δ 4.02 and 3.02. The 13C{1H} NMR
spectrum of 11a exhibits a doublet at δ 177.9 (2J(C,P) = 3.9
Hz) for the cyclometalated carbon atom. Reaction of 11a with
CO (1 atm) in CH2Cl2 at room temperature afforded 11,
isolated in 83% yield, displaying much the same spectroscopic
data as the related derivative 10 (Scheme 4). The molecular
structure of 11 was confirmed by an X-ray single-crystal
diffraction measurement carried out at 123 K. An ORTEP style
drawing of 11 is displayed in Figure 2.
The ruthenium center of 11 is in a pseudo-octahedral

environment with the cyclometalated CNN ligand bound to
the metal in a terdentate fashion, forming two five-membered
chelate rings. The Ru−N2 bond distance of the benzo[h]-
quinoline trans to the CO is significantly shorter (2.0719(17)
Å) than the Ru−N1 amino bond distance (2.2737(18) Å), in
agreement with the geometrical constraints of the terdentate
ligand showing narrow N2−Ru−C2 and N1−Ru−N2 bond
angles (80.78(7) and 74.45(6)°, respectively) and the higher
trans influence exerted by the aryl group. The amino nitrogen
N1 and the CHNH2 carbon are displaced by −0.182 and
+0.175 Å, respectively, from the best-fit plane through the
aromatic part of the CNN moiety. This arrangement is
characterized by one N−H and the Ru−Cl1 bonds that are
almost parallel (H−N1−Ru−Cl1 dihedral angle of about
−12.26°, with an H···Cl1 distance of 2.69 Å), suggesting a
possible intramolecular hydrogen bond interaction.54

Scheme 4. Synthesis of cis-[RuCl(ambqPh)(PPh3)2] (11a) and [RuCl(ambqPh)(PPh3)(CO)] (11)
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The cationic diphosphine complex trans-[Ru(amtp)-
(PPh3)2(CO)][BArf4] (12), isolated in 79% yield, was
promptly obtained by treatment of 9 with Na[BArf4] (Arf =
3,5-(CF3)2C6H3) and PPh3 in CH2Cl2 at room temperature, by
the replacement of chlorine with PPh3 (eq 3).

The 31P{1H} NMR spectrum of 12 in CD2Cl2 shows a
singlet at δ 35.5, while the 1H NMR signals at δ 3.53 and at δ
2.95 belong to the methylene and the amino groups,
respectively. The 13C{1H} NMR resonances of the CO and
the cyclometalated carbon atoms appear as triplets at δ 205.9
(2J(C,P) = 15.7 Hz) and 169.4 (2J(C,P) = 10.5 Hz),
respectively, indicating a trans arrangement of PPh3 ligands.
Finally, 12 shows a strong IR νCO adsorption band at 1914
cm−1. Thus, the NMR and IR data of the coordinated CO of
12 and 9 are much the same (Δδ = 1.6 and ΔνCO = 9 cm−1),
consistent with the presence of a trans pyridine nitrogen. It is
likely that the chlorine abstraction from 9 with Na[BArf4] may
led to a cationic species of the type [Ru(amtp)(PPh3)(CO)-
(solvent)n][BAr

f
4] (n = 0, 1), which rapidly reacted with the

PPh3 to cleanly afford complex 12, also in accordance with the
isolated solvato complex [Ru(amtp)(dppb)(2-propanol)]-
[BArf4].

55

Reduction of Aldehydes and Ketones via TH and HY
Catalyzed by Carbonyl HCNN Ruthenium Complexes.
The catalytic activity of the complexes 1−12 was investigated
in the reduction of the model substrate acetophenone a via TH
and HY, in the presence of alkoxides. Complexes 1−4, with
phosphines, and the derivatives 5−11 efficiently catalyzed the
selective TH of different (bulky) ketones and (unsaturated)
aldehydes, in short times at S/C = 1000−100000 (Scheme 5).
The dicarbonyl HCNN complexes 1−4 (S/C = 1000) did

not show appreciable activity in the TH of a (0.1 M) in 2-
propanol at reflux in the presence of NaOiPr (2 mol %) with
less than of 2% of conversion in 2 h (Table S1 in the
Supporting Information). Addition of a phosphine, namely
PPh3 or PCy3 (2 equiv) in situ, drastically increased their
activity. Complex 1 in the presence of PPh3 afforded
quantitative reduction of a in 1 h with an S/C ratio of 1000
(TOF = 1000 h−1), whereas with PCy3 the TH occurred in less
than 1 min (Table 1, entries 1 and 2).
By employment of PCy3 at S/C = 10000, the reaction was

complete in 20 min (TOF = 100000 h−1), whereas at S/C =
50000−100000, quantitative reduction of a was achieved
within 4 h (Table 1, entries 3 and 4, and Table S1 in the
Supporting Information).
It is worth pointing out that the related complex trans,cis-

[RuCl2(ampy)(CO)2] (1a) was not active, and in the presence
of PCy3 the TH of a occurred in 2 h at a low rate (TOF = 800
h−1; Table 1, entry 5), indicating that the phenyl substituent in
the 6-position of the HCNN ligand is crucial to achieve high
catalytic activity.
The benzo[h]quinoline derivatives 2 and 3 displayed a

similar behavior with S/C = 1000, affording 97% of reduction
of a in 1 h with PPh3, whereas in the presence of PCy3, 2 and 3
led to complete conversion in 15 and 30 min, respectively
(Table 1, entries 6−9). The cyclometalated pincer ruthenium
dicarbonyl derivative 4 in the presence of PCy3 afforded 97%
reduction of a in 20 min at S/C = 1000 (TOF = 4300 h−1),
indicating a lower activity with respect to 1 (entry 11). The
monocarbonyl HCNN derivative 5 displayed good perform-
ance (TOF = 12000 h−1), allowing quantitative reduction of a
in 20 min at S/C = 1000 (entry 12). An increase in the rate
was observed by addition of the strongly basic PCy3 to 5 (TOF
= 18700 h−1; entry 15). Complex 5 efficiently catalyzed the
TH of a also in the range of S/C 5000−50000, leading
quantitatively to 1-phenylethanol in 40 min (S/C = 10000,
TOF = 8000 h−1) and 42 h (S/C = 50000), proving that 5 was
a productive catalyst (entries 13 and 14 and Table S1 in the
Supporting Information). The benzo[h]quinoline complexes 6
and 7 led to 99% conversion of a at S/C 1000 in 10 and 20
min, respectively, with a rate comparable to that observed for 5
(TOF = 11000−12000 h−1). These catalysts were also active at
a lower loading (S/C 10000), with complete reduction of a in
2 h and 45 min for 6 and 7 (TOF up to 20000 h−1; entries 16−
19). The diacetate ruthenium derivative 8 gave 99%
conversion of a in 10 min and 1 h, at S/C = 1000 and
10000, respectively (TOF = 20000 and 17000 h−1; entries 20
and 21). The higher rate of 8 in comparison to that of 5 can be
attributed to the easier substitution of the acetate with the
isopropoxide, with respect to the chloride. A similar behavior
was observed for the [RuX(CNN)(dppb)] complexes (X = Cl,
OAc) which catalyze the TH of a with TOF values of 1100000
and 1800000 h−1 for the chloride and acetate derivative,
respectively.10e,53 Finally, the pincer CNN monocarbonyl
complexes 9−11 proven to be highly active catalysts for the

Figure 2. ORTEP style plot of compound 11 in the solid state
(CCDC 1868440). Ellipsoids are drawn at the 50% probability level.
H atoms are omitted for clarity. Selected bond lengths (Å) and angles
(deg): Ru1−C1 1.847(2), Ru1−C2 2.042(2), Ru1−N2 2.0719(17),
Ru1−N1 2.2737(18), Ru1−P1 2.2763(5), Ru1−Cl1 2.4846(5); C1−
Ru1−C2 92.25(9), C1−Ru1−N2 172.74(8), C2−Ru1−N2 80.78(7),
C1−Ru1−N1 112.30(8), C2−Ru1−N1 154.78(7), N2−Ru1−N1
74.45(6), C1−Ru1−P1 88.70(6), C2−Ru1−P1 89.01(6), N2−Ru1−
P1 93.18(5), N1−Ru1−P1 96.94(5), C1−Ru1−Cl1 92.58(6), C2−
Ru1−Cl1 91.39(6), N2−Ru1−Cl1 85.61(5), N1−Ru1−Cl1
82.16(5), P1−Ru1−Cl1 178.643(19).

Organometallics Article

DOI: 10.1021/acs.organomet.8b00919
Organometallics XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00919/suppl_file/om8b00919_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00919/suppl_file/om8b00919_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00919/suppl_file/om8b00919_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1868440&id=doi:10.1021/acs.organomet.8b00919
http://dx.doi.org/10.1021/acs.organomet.8b00919


TH of a. [RuCl(amtp)(PPh3)(CO)] (9) afforded extremely
fast and quantitative reduction of a in 20 min at S/C = 10000
(TOF = 86000 h−1), whereas at S/C = 50000, complete
conversion was achieved in 4 h (TOF = 55000 h−1; entries 22
and 23). The benzo[h]quinoline ruthenium complexes 10 and
11 exhibited a lower activity, affording the reduction of a in 15

min for 10 (S/C = 1000) and in 1 h for 11 (S/C = 10000,
TOF = 18000 h−1; entries 24 and 26). Use of K2CO3 in place
of NaOiPr with 10 afforded quantitative reduction of a in
longer reaction times, this protocol being relevant for base-
sensitive substrates, such as aldehydes (entry 25).16b The
cationic complex 12 allowed reduction of a in 10 min at S/C =

Scheme 5. TH of Ketones and Aldehydes Catalyzed by Ruthenium Carbonyl Complexes 1−12

Table 1. Catalytic TH of Acetophenone (0.1 M) with Complexes 1−12 in 2-Propanol at 82 °C in the Presence of 2 mol %
NaOiPr

entry complex S/C ligand (2 equiv) time (min) conversna (%) TOFb (h−1)

1 1 1000 PPh3 60 99 1000
2 1 1000 PCy3 1 99 >30000
3 1 10000 PCy3 20 99 100000
4 1 100000 PCy3 240 99 95000
5 1a 1000 PCy3 120 99 800
6 2 1000 PPh3 60 97
7 2 1000 PCy3 15 96
8 3 1000 PPh3 60 97
9 3 1000 PCy3 30 99
10 4 1000 PPh3 60 99
11 4 1000 PCy3 20 97 4300
12 5 1000 20 99 12000
13 5 10000 40 99 8000
14 5 25000 1 day 99 2200
15 5 1000 PCy3 20 97 18700
16 6 1000 10 99 11600
17 6 10000 120 99 10500
18 7 1000 20 99 12000
19 7 10000 45 99 20000
20 8 1000 10 99 20000
21 8 10000 60 98 17000
22 9 10000 20 99 86000
23 9 50000 240 99 55000
24 10 1000 15 96
25 10c 1000 30 95
26 11 10000 60 99 18000
27 12 1000 10 99 45000
28 12 10000 240 98 16000
29 [RuCl2(PCy3)2(CO)2] 1000 960 90 120
30 [RuCl2(PCy3)2(CO)2] 1000 ampy 480 91 480
31 [RuCl2(PCy3)2(CO)2] 1000 Hamtp 10 99 49000

aThe conversions were determined by GC analysis. bTurnover frequency (moles of ketone converted to alcohol per mole of catalyst per hour) at
50% conversion. cReaction was performed using 5 mol % K2CO3 as base.
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1000 (TOF = 45000 h−1) and was also active at lower loading
(S/C 10000), affording complete conversion in 4 h (entries 27
and 28), possibly through a displacement of a PPh3 group
under these catalytic conditions.
Since an acceleration effect was observed with the HCNN

complex 1 upon addition of PCy3, we carried out control
experiments starting from the well-known cis,trans,cis-
[RuCl2(PCy3)2(CO)2] precursor in the presence of HCNN.
The in situ generated catalyst, obtained by refluxing a 2-
propanol solution of [RuCl2(PCy3)2(CO)2] with Hamtp (2 h),
promoted the quantitative reduction of acetophenone in 10
min (TOF = 49000 h−1 at S/C 1000; Table 1, entry 31).
Conversely, using the ruthenium dicarbonyl precursor alone or
in the presence of ampy led to about 90% conversion of a with
much lower rates (TOFs = 120 and 480 h−1, respectively) and
with very long reaction times (16 and 8 h; entries 29 and 30).
These results clearly indicated that cis , trans ,cis-
[RuCl2(PCy3)2(CO)2] displayed poor activity in the TH
reactions under our conditions, in agreement with the
literature data for the TH of cyclohexanone and HY of
aldehydes occurring at high temperature,56 and that the use of
HCNN ligands which allow cyclometalation is crucial to
achieve high rate and high productivity in the ketone TH (see
below).
The most active catalysts for the TH of a were tested in the

reduction of (bulky) ketones and aldehydes (Scheme 5).
Isobutyrophenone b and the bulky pivalophenone c were
quantitatively reduced to the corresponding alcohols in 15 and

20 min, respectively, with the 1/PCy3 system at S/C = 10000
with TOF values of up to 95000 h−1 (Table 2; entries 1 and 2).
This catalytic system converted benzophenone d to

benzhydrol in 15 min at S/C = 10000 with TOF = 100000
h−1 (Table 2, entry 3). The sterically hindered dialkyl
pinacolone e and the cyclic (R)-camphor f were quantitatively
converted to pinacolyl alcohol and to an isoborneol/borneol
mixture (85/15) in 20 min and 1 h at S/C = 10000 and 2000,
respectively (TOF = 75000 and 5000 h−1; entries 4 and 5). It
is worth noting that bulky ketones were usually reduced at
considerably lower S/C on account of the difficulty of the
substrate to approach the metal center.57,58 Complex 1, in the
presence of PCy3, was proved to catalyze the TH of
cyclohexanone g in 1 h (97% conversion, S/C = 10000) and
allylacetone i in 30 min (98% conversion) to the
corresponding alcohols, with no reduction of the CC
bond (entries 6 and 7). Benzaldehyde j was completely and
rapidly reduced to benzyl alcohol by the benzo[h]quinoline
dicarbonyl ruthenium complexes 2 and 3 with PCy3 in a few
minutes (S/C = 1000, TOF up to 30000 h−1). Employment of
PPh3 instead of PCy3 afforded the TH of benzaldehyde j but
with longer reaction times (60 min; entries 8−11). The
benzo[h]quinoline derivative 6 quantitatively reduced
(−)-menthone h at S/C = 10000 in 8 h, with a good
stereoselectivity for (−)-menthol (71%; entry 12). (±)-β-
Citronellol was obtained from (±)-citronellal m in 99% yield
with 6 in 10 min and 8 h, respectively, at S/C 1000 and 10000
(entries 13 and 14). The commercial citral n, consisting of the

Table 2. TH of Ketones and Aldehydes (0.1 M) with Complexes 1−3, 6, and 8−10 in 2-Propanol at 82 °C in the Presence of 2
mol % NaOiPr

entry complex ligand (2 equiv) substrate S/C time (min) conversna (%) TOFb (h−1)

1 1 PCy3 b 10000 15 99 95000
2 1 PCy3 c 10000 20 99 75000
3 1 PCy3 d 10000 15 96 100000
4 1 PCy3 e 10000 20 98 75000
5 1 PCy3 f 2000 60 97 5000
6 1 PCy3 g 10000 60 97 20000
7 1 PCy3 i 10000 30 98 60000
8 2 PPh3 j 1000 60 98 1700
9 2 PCy3 j 1000 2 99 12000
10 3 PPh3 j 1000 60 99 1000
11 3 PCy3 j 1000 1 99 >30000
12 6c h 10000 8 h 99d 5600
13 6c m 1000 10 99 6000
14 6c m 10000 8 h 99 3300
15 6c ne 1000 30 99f

16 8c h 1000 30 99g 8000
17 8c h 10000 56 h 81g 900
18 8c ne 1000 10 99f

19 8c ne 10000 90 98f

20 9 k 10000 10 99 80000
21 9 k 25000 30 99 65000
22 9 d 10000 40 99 32000
23 9 d 25000 90 99 25000
24 9 l 1000 40 93
25 10 d 1000 30 94
26 10 j 1000 60 98

aThe conversions were determined by GC analysis. bTurnover frequency (moles of ketone converted to alcohol per mole of catalyst per hour) at
50% conversion. cReactions were conducted employing 5 mol % K2CO3 as base. d(−)-menthol/(+)-neomenthol/(+)-isomenthol/
(+)-neoisomenthol = 71/23/4/2. egeranial/neral = 2/1. fgeraniol/nerol = 2/1. g(−)-menthol/(+)-neomenthol/(+)-isomenthol/(+)-neo-
isomenthol = 75/18/4/3.
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E and Z geranial and neral isomers in a ratio of about 2:1, was
converted to a mixture of the respective alcohols (geraniol and
nerol) with 6 in 30 min (99% conversion at S/C = 1000),
whereas the diacetate ruthenium complex 8 led to similar
results in 10 min (entries 15 and 18). K2CO3 was used instead
of NaOiPr for the TH of m and n to prevent aldol
condensation and CC hydrogenation side reactions in
strong basic media. Compound 8 proved to be active also at
lower loading, promoting the complete TH of n in 90 min at
S/C = 10000 (entry 19). Under these conditions, selective
reduction occurred only at the carbonyl group. The TH of the
conjugated CC bond began after longer reaction times,
affording 40% of citronellol in 30 h, at n/8 = 1000. With 8, h
was completely converted in 30 min with 75% of (−)-menthol
at S/C = 1000, whereas at S/C = 10000 only 81% conversion
was attained in 56 h (entries 16 and 17). Complex 9 promoted
the TH of benzophenone d with complete formation of
benzhydrol in 40 (S/C = 10000, TOF = 32000 h−1) and 60
min (S/C = 25000, TOF = 25000 h−1; entries 22 and 23),
whereas with 10, substrate d was reduced in 30 min (94%
conv) at S/C = 1000 (entry 25). Complexes 9 and 10
efficiently catalyzed the TH of aldehydes. Benzaldehyde j was
converted by 10 in 1 h at S/C = 1000 (entry 26), whereas the
derivative 9 quantitatively reduced 4-bromobenzaldehyde k in
10 and 30 min at S/C = 10000 and 25000, respectively, with
TOF up to 80000 h−1 (entries 20 and 21). Highly
chemoselective TH of (E)-2-methylcinnamaldehyde l was
achieved employing 9 (S/C = 1000) in 40 min, leading to 93%
of (E)-2-methylcinnamol (entry 24).
Complexes 1−11 were also studied in the HY of several

ketones (2 M) at 30 bar of H2 pressure at 70 °C in ethanol and

methanol in the presence of KOtBu at S/C up to 10000
(Scheme 6).
The dicarbonyl HCNN complexes 1−3 with 5 mol %

KOtBu showed no catalytic activity in the HY of a, as for the
TH reactions. Addition of 2 equiv of PPh3 or PCy3 to 1 (S/C =
2000) in ethanol led to 34% and 46% conversion, respectively,
after 16 h (Table 3; entries 1 and 2). Interestingly, quantitative
conversion was attained in methanol with PCy3 using KOtBu
or KOH as base (entries 3 and 4). A similar behavior was
observed with the benzo[h]quinoline derivatives 2 and 3 in the
presence of PCy3, affording quantitative reduction of a in
methanol and poor conversion in ethanol (entries 5 and 6 and
Table S3 in the Supporting Information). The monocarbonyl
complex 5 led to 63% conversion of a in methanol (16 h),
whereas with 6 quantitative formation of 1-phenylethanol was
obtained (entries 7 and 8). Conversely, the pincer CNN
derivatives 9−11 showed lower activity, with better results in
ethanol with respect to methanol. Complex 9 in the presence
of 2 mol % KOtBu gave 61% conversion of a in ethanol and
25% in methanol (16 h), and similar results were observed for
10 and 11 (Table S3 in the Supporting Information).
Complex 5 was tested in the HY of aryl methyl ketones with

different electronic properties (Scheme 6). Benzophenone d
was quantitatively converted to benzhydrol (99%) in 16 h (S/5
= 500; Table 3, entry 9). The HY of 2′-methylacetophenone o
led to 46% of conversion with a S/C = 10000 (entry 10),
whereas 2′-chloroacetophenone p and 4′-nitroacetophenone r
were quantitatively hydrogenated to the corresponding
alcohols in the presence of 5 mol % KOtBu (entries 11 and
13). In addition, 4′-methoxyacetophenone q afforded complete
conversion at S/5 = 500 (entry 12), while benzoin s gave 63%
of 1,2-diphenyl-1,2-ethanediol at S/5 = 10000, possibly due to

Scheme 6. HY of Ketones Catalyzed by Ruthenium Carbonyl Complexes 1−11

Table 3. HY of Ketones (2 M) with Complexes 1−3, 5, and 6 under H2 (30 bar) with KOtBu at 70 °C

entry complex ligand (2 equiv) substrate S/C solvent KOtBu (mol %) time (h) conversna (%)

1 1 PPh3 a 2000 EtOH 2 16 34
2 1 PCy3 a 2000 EtOH 2 16 46
3 1 PCy3 a 2000 MeOH 5 16 99
4 1b PCy3 a 2000 MeOH 5 16 99
5 2 PCy3 a 2000 MeOH 5 16 99
6 3 PCy3 a 2000 MeOH 5 16 99
7 5 a 2000 MeOH 5 16 63
8 6 a 2000 MeOH 5 16 99
9 5 d 500 EtOH 5 16 99
10 5 o 10000 EtOH 2 16 46
11 5 p 10000 EtOH 5 16 99
12 5 q 500 EtOH 5 16 99
13 5 r 10000 EtOH 5 16 99
14 5 s 10000 EtOH 5 16 63

aHY was carried out in an eight-vessel Endeavor Biotage system, and the conversions were determined by GC analysis. bReaction was performed
employing 5 mol % KOH as base.

Organometallics Article

DOI: 10.1021/acs.organomet.8b00919
Organometallics XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00919/suppl_file/om8b00919_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00919/suppl_file/om8b00919_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.8b00919


the chelate effect exerted by the diol product, resulting in
catalyst poisoning (entry 14). Therefore, these data indicated
that complex 5 displays a higher activity for methyl aryl
ketones containing Cl and NO2 electron-withdrawing groups
(p, r) with respect to acetophenone a and the corresponding
Me and OMe derivatives (o, q).
As regards the mechanism of the TH and HY reactions

involving ruthenium complexes, catalytically active mono- or
dihydride Ru species are generally formed from Ru−X (X = Cl,
carboxylate) precursors, by reaction with alkoxides or H2.

17,59

In the TH with 2-propanol the Ru−H species are generated by
formation of acetone via an inner-sphere mechanism from a
Ru−OiPr complex. When a NH2 moiety is present cis to the
Ru−X center, the Ru−H species may be formed from a 16-
electron Ru−amide complex and alcohol through an outer-
sphere mechanism60 or a Ru−amine/alkoxide.6a,c,55,60a,61

Regarding the HY reactions, the Ru−H species are obtained
through a dihydrogen splitting from a labile Ru−X precursor in
basic alcohol (inner sphere) or from a 16-electron Ru−
amide6a,c or Ru−amine/alkoxide species (outer sphere).62

Therefore, is it reasonable that, in the TH promoted by the
pincer complexes 9−11, the reaction occurs through
substitution of the chloride with the isopropoxide, which
leads to the corresponding catalytically active hydride [RuH-
(CNN)(CO)(PPh3)]. This process is in line with the
mechanistic studies carried out on the analogous [RuX(CNN)-
(PP)] (X = Cl, H; HCNN = Hamtp; PP = dppb, (S,S)-
skewphos),55,61a in which the NH2 function accelerates TH
and HY reactions. Using the monocarbonyl phosphine
derivatives 5−8, pincer [RuX(CNN)(CO)(P)] (X = Cl, H)
can also be formed via cyclometalation under catalytic
conditions. With the bidentate dicarbonyl ruthenium deriva-
tives 1−3, it is likely that, in the presence of an added
phosphine, the first step in catalysis is the displacement of the
HCNN ligand with PR3, followed by CO elimination,
coordination of the HCNN ligand, and cyclometalation,
affording [RuX(CNN)(CO)(P)] species, a behavior which
has also been observed for the [RuCl(p-cymene)(Hamtp)]Cl/
phosphine catalytic system.50 Control 31P{1H} NMR experi-
ments showed that reaction of 1 with PCy3 (2 equiv) at room
t empe r a t u r e i n CDC l 3 affo r d e d c i s , t r a n s , c i s -
[RuCl2(PCy3)2(CO)2] (δ 27.7),63 in a small amount, as result
of Hamtp displacement. Heating of this solution at 90 °C (12
h) led to an increase in the dicarbonyl derivative, with the
formation of the monocarbonyl cis,trans-[RuCl2(PCy3)2(CO)]
(δ 34.5), in addition to the cyclometalated species [RuCl-
(amtp)(PCy3)(CO)] (see the Supporting Information).
Conversely, reaction of cis,trans,cis-[RuCl2(PCy3)2(CO)2]
with Hamtp in 2-propanol at reflux (2 h) and in the presence
of the base NEt3 led to the formation of several species,
including trans,cis-[RuHCl(PCy3)2(CO)2] and uncharacterized
ruthenium hydride species, in addition to [RuCl(amtp)-
(PCy3)(CO)], as inferred from 1H−1H COSY and 13C{1H}
NMR measurements.64 It is worth noting that for these types
of ruthenium carbonyl complexes the use of the bulky and
strongly basic phosphine PCy3 gave better catalytic perform-
ance, with respect to PPh3.

65 In addition, bulky ketones, such
as pinacolone, pivalophenone, and camphor, were reduced
efficiently with the 1/PCy3 system, which appeared superior
with respect to the diphosphine derivatives [RuCl(CNN)-
(PP)]10e,14b and to the well-known arene complexes [(η6-
arene)RuCl(H2NCHPhCHPhNTs)].

66 This is likely due to
the flatness of the pincer carbonyl system, allowing an easy

access of the substrate to the metal hydride. Furthermore,
these carbonyl complexes showed comparable or better
performance with respect to [RuCl(CNN)(PP)] for the
reduction of commercial grade aldehydes, with S/C values of
up to 25000.16b Finally, employment of HCNN ligands
afforded extremely active and productive catalysts with respect
to the bidentate ampy derivatives, 1a/PCy3 and trans-
[RuCl2(ampy)(PPh3)(CO)],

25a on account of the formation
of more robust pincer complexes.

■ CONCLUDING REMARKS
In conclusion, we reported the synthesis of bidentate HCNN
trans-[RuX2(HCNN)(L)(CO)] (X = Cl, OAc) and pincer
CNN [RuCl(CNN)(L)(CO)] (HCNN = Hamtp, Hambq,
HambqPh; L = CO, PPh3) carbonyl complexes starting from
RuCl3·xH2O, [RuCl2(CO)2]n, [RuCl2(PPh3)2(dmf)(CO)],
[Ru(OAc)2(PPh3)2(CO)], and cis-[RuCl(CNN)(PPh3)2] pre-
cursors. The monocarbonyl phosphine complexes and the
dicarbonyl derivatives, in the presence of phosphine (PPh3 or
PCy3), efficiently catalyzed the TH of ketones, including bulky
substrates, and the chemoselective TH of unsaturated
aldehydes in 2-propanol at reflux at S/C = 1000−100000
and TOF values of up to 100000 h−1. In addition, these
complexes were active catalysts for the HY of ketones (H2, 30
bar) in MeOH and EtOH at S/C values of up to 10000.
Formation of cyclometalated ruthenium carbonyl/phosphine
species represents a key issue for achieving highly productive
catalysts. Studies are ongoing to extend this synthetic protocol
to the preparation of CNN pincer carbonyl complexes and
apply these new systems for catalytic C−H activation organic
transformations.

■ EXPERIMENTAL SECTION
All reactions were carried out under an argon atmosphere using
standard Schlenk techniques. The solvents were dried by standard
methods and distilled under argon before use. The ruthenium
compound RuCl3·xH2O (x = 2.5) was purchased from Alfa/Aesar,
whereas all other chemicals were acquired from Aldrich and Strem
and used without further purification. The HCNN ligands Hamtp,10d

Hambq,14b and HambqPh 10a and the complexes [RuCl2(CO)2]n,
67

[RuCl2(dmf)(PPh3)2(CO)],68 [Ru(OAc)2(PPh3)2(CO)],69 cis-
[RuCl(amtp)(PPh3)2],

50 and cis-[RuCl(ambq)(PPh3)2]
14b were

prepared according to the literature procedures. NMR measurements
were recorded on a Bruker AC 200 spectrometer,and the chemical
shifts, in ppm, were relative to TMS for 1H and 13C{1H} and 85%
H3PO4 for

31P{1H}. 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 equipped
with a MEGADEX-ETTBDMS-β chiral column of 25 m length,
column pressure 5 psi, hydrogen as carrier gas, and flame ionization
detector (FID). The injector and detector temperature was 250 °C,
with initial T = 95 °C ramped to 140 °C at 3 °C/min−1 for a total of
20 min of analysis. The tR value of acetophenone was 7.03 min, while
the tR values of (R)- and (S)-1-phenylethanol were 9.93 and 10.15
min, respectively.

Synthesis of trans,cis-[RuCl2(Hamtp)(CO)2] (1). RuCl3·xH2O
(83.2 mg, 0.33 mmol) was added to formic acid (6 mL, 0.16 mol),
and the suspension was stirred in a sealed tube at 110 °C for 2 h, until
the mixture turned yellow and homogeneous, giving [RuCl2(CO)2]n.
The solvent was evaporated under reduced pressure, and the residue
was dissolved in distilled ethanol (6 mL). After addition of the ligand
Hamtp (78.1 mg, 0.39 mmol, 1.2 equiv), the solution was stirred at 80
°C overnight and then the solvent was evaporated under reduced
pressure. The residue was dissolved in chloroform (2 mL), and the
solution was stirred for 1 h at room temperature. The complex was
precipitated by addition of diethyl ether (10 mL). After filtration, the
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solid was washed with diethyl ether (2 × 5 mL) and n-pentane (5
mL) and dried under reduced pressure. Yield: 105.3 mg (75%). Anal.
Calcd for C15H14Cl2N2O2Ru: C, 42.27; H, 3.31; N, 6.57. Found: C,
42.19; H, 3.26; N, 6.59. IR (Nujol): 2067 (s), 1998 (s) cm−1 (νCO).
1H NMR (200.1 MHz, CDCl3, 20 °C): δ 7.79 (t, 3J(H,H) = 7.7 Hz,
1H; aromatic proton), 7.54 (d, 3J(H,H) = 8.2 Hz, 2H; aromatic
protons), 7.45−7.29 (m, 4H; aromatic protons), 4.78 (t, 3J(H,H) =
6.2 Hz, 2H; CH2N), 4.19 (t, 3J(H,H) = 5.9 Hz, 2H; NH2), 2.45 (s,
3H; CH3).

13C{1H} NMR (50.3 MHz, CDCl3, 20 °C): δ 195.5 (s;
CO), 190.3 (s; CO), 164.8 (s; NCC), 159.7 (s; NCCH2), 140.5−
120.2 (m, aromatic carbon atoms), 51.2 (s, CH2N), 21.5 (s; CH3).
Synthesis of t rans ,c is - [RuCl2(ampy)(CO)2] (1a) .

[RuCl2(CO)2]n (50.8 mg, 0.22 mmol) was suspended in an
ethanol/water mixture (3:1; 4 mL) and ampy (28 mL, 0.27 mmol,
1.2 equiv) was added to the slurry. The mixture was stirred at reflux
for 2 h, and then the solvent was removed under reduced pressure.
The residue was dissolved in dichloromethane (1 mL) and stirred for
30 min at room temperature. Addition of diethyl ether (5 mL)
afforded the precipitation of the complex, which was filtered, washed
with diethyl ether (2 × 2 mL) and n-pentane (2 mL) and finally dried
under reduced pressure. Yield 57.6 mg (78%). Anal. Calcd for
C8H8Cl2N2O2Ru: C, 28.59; H, 2.40; N, 8.33. Found: C, 28.55; H,
2.36; N, 8.39. IR (Nujol): 2054 (s), 1991 (s) cm−1 (νCO).

1H NMR
(200.1 MHz, CDCl3, 20 °C): δ 8.94 (dd, 3J(H,H) = 6.0 Hz, 4J(H,H)
= 1.5 Hz, 1H; o-C5H4N), 7.90 (td, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.4
Hz, 1H; p-C5H4N), 7.52−747 (m, 2H; m-C5H4N protons), 4.73 (t,
3J(H,H) = 5.9 Hz, 2H; CH2N), 4.22 (t,

3J(H,H) = 5.2 Hz, 2H; NH2).
13C{1H NMR (50.3 MHz, CD2Cl2, 20 °C): δ 195.9 (s; CO), 192.7 (s;
CO), 160.2 (s; NCCH2), 153.0 (s; C(6) of Py), 139.6 (s; C(4) of
Py), 125.2 (s; C(3) of Py), 122.5 (s; C(5) of Py), 50.6 (s; CH2N).
Synthesis of trans,c is - [RuCl2(Hambq)(CO)2] (2) .

[RuCl2(CO)2]n (203 mg, 0.89 mmol) was reacted with the ligand
Hambq (202.0 mg, 0.97 mmol, 1.1 equiv) in ethanol (10 mL), and
the suspension was stirred at 80 °C overnight. The solvent was
removed under reduced pressure, and the residue was dissolved in
dichloromethane (4 mL). The solution was stirred at room
temperature for 4 h, and then the volume was reduced to about 1
mL, with evaporation of the solvent under vacuum. The complex was
precipitated by addition of diethyl ether (10 mL). The obtained solid
was filtered, washed with diethyl ether (2 × 5 mL) and n-pentane (5
mL), and dried under reduced pressure. Yield: 190 mg (49%). Anal.
Calcd for C16H12Cl2N2O2Ru: C, 44.05; H, 2.77; N, 6.42. Found: C,
44.10, H, 2.78; N, 6.38. IR (Nujol): 2059 (s), 1985 (s) cm−1 (νCO).
1H NMR (200.1 MHz, CD2Cl2, 20 °C): δ 9.07 (dd, 3J(H,H) = 4.4
Hz, 4J(H,H) = 1.0 Hz, 1H; aromatic proton), 8.29 (d, 3J(H,H) = 8.3
Hz, 1H; aromatic proton), 8.11−7.41 (m, 6H; aromatic protons),
4.59 (m, 2H; CH2N), 3.68 (br s, 2H; NH2).

1H NMR (200.1 MHz,
tetrachloroethane-d2, 20 °C): δ 9.04 (d, 3J(H,H) = 4.5 Hz, 1H;
aromatic proton), 8.23 (d, 3J(H,H) = 7.5 Hz, 1H; aromatic proton),
8.13−7.03 (m, 6H; aromatic protons), 4.61 (m, 2H; CH2N), 3.67 (br
s, 2H; NH2).

13C{1H} NMR (50.3 MHz, tetrachloroethane-d2, 20
°C): δ 200.0 (s; CO), 190.4 (s; CO), 160.0 (s; NCC), 156.5 (s;
NCCH2), 150.6−117.2 (m; aromatic carbon atoms), 52.3 (s; CH2N).
Synthesis of trans,cis-[RuCl2(HambqPh)(CO)2] (3).

[RuCl2(CO)2]n (227 mg, 1.00 mmol) suspended in ethanol (10
mL) was reacted with HCl·HambqPh (353 mg, 1.10 mmol, 1.1 equiv).
The suspension was stirred at 80 °C overnight, and the solvent was
evaporated under reduced pressure. The residue was dissolved in
dichloromethane (4 mL), and the mixture was stirred at room
temperature for 4 h. The solution was concentrated to about 1 mL,
with removal of the solvent under reduced pressure, and the complex
was precipitated by addition of diethyl ether (10 mL). The obtained
solid was filtered, washed with diethyl ether (2 × 5 mL) and n-
pentane (5 mL), and dried under reduced pressure. Yield: 370 mg
(72%). Anal. Calcd for C22H16Cl2N2O2Ru: C, 51.57; H, 3.15; N, 5.47.
Found: C, 51.49; H, 3.22; N, 5.51. IR (Nujol): 2055 (s), 1984 (s)
cm−1 (νCO).

1H NMR (200.1 MHz, CD2Cl2, 20 °C): δ 9.42 (d,
3J(H,H) = 7.4 Hz, 1H; aromatic proton), 8.22−7.03 (m, 11H;
aromatic protons), 4.68 (m, 2H; CH2N), 3.87 (m, 2H; NH2).

13C{1H} NMR (50.3 MHz, CD2Cl2, 20 °C): δ 201.2 (s; CO), 194.4
(s; CO), 161.7 (s; NCC), 157.2 (s; NCCH2), 150.4−118.2 (m;
aromatic carbon atoms), 46.4 (s; CH2N).

Synthesis of cis-[RuCl(amtp)(CO)2] (4). Method A. trans,cis-
[RuCl2(Hamtp)(CO)2] (1; 76.3 mg, 0.18 mmol) was suspended in n-
butanol (5 mL), and triethylamine (250 μL, 1.79 mmol, 10 equiv)
was added. The mixture was heated at 110 °C overnight, giving a
brown solution. The solvent was removed under reduced pressure,
and the residue was dissolved in dichloromethane (5 mL) and stirred
with K2CO3 (112 mg, 0.81 mmol, 4.5 equiv) for 2 h at room
temperature. The mixture was filtered, the filtrate was concentrated to
about 0.5 mL, and the product was precipitated by addition of n-
pentane (5 mL). The solid was filtered, washed with diethyl ether (2
× 2 mL) and n-pentane (2 × 5 mL), and dried under reduced
pressure. Yield: 41.6 mg (58%). Anal. Calcd for C15H13ClN2O2Ru: C,
46.22; H, 3.36; N, 7.19. Found: C, 46.25; H, 3.30; N, 7.11. IR
(Nujol): 2028 (s), 1958 (s) cm−1 (νCO).

1H NMR (200.1 MHz,
CDCl3, 20 °C): δ 7.76 (d, 3J(H,H) = 7.4 Hz, 1H; aromatic proton),
7.73−7.63 (m, 1H; aromatic proton), 7.59 (d, 3J(H,H) = 8.0 Hz, 1H;
aromatic proton), 7.56−7.44 (m, 1H; aromatic proton), 7.10 (d,
3J(H,H) = 7.0 Hz, 1H; aromatic proton), 6.88 (d, 3J(H,H) = 7.7 Hz,
1H; aromatic proton), 4.65 (dd, 2J(H,H) = 16.4 Hz, 3J(H,H) = 6.5
Hz, 1H; NCH2), 4.41 (m, 1H; NCH2), 4.06 (m, 1H; NH2), 3.46 (m,
1H; NH2), 2.32 (s, 3H; CH3).

13C{1H} NMR (50.3 MHz, CDCl3, 20
°C): δ 200.4 (s, CO), 194.0 (s, CO), 164.2 (s, CRu), 162.6 (s, NCC),
157.6 (s, NCCH2), 142.8−117.1 (m; aromatic carbon atoms), 52.3
(s; NCH2), 21.7 (s; CH3).

Method B. RuCl3·xH2O (128.8 mg, 0.51 mmol) was suspended in
formic acid (7 mL, 0.186 mol), and the slurry was stirred at 110 °C
for 2 h. The solvent was evaporated under reduced pressure, and the
residue, dissolved in n-butanol (7 mL), was reacted with the ligand
Hamtp (111.0 mg, 0.56 mmol, 1.1 equiv) and triethylamine (1.4 mL,
10.0 mmol, 20 equiv). The solution was stirred at 110 °C overnight,
and then the solvent was evaporated under reduced pressure. The
residue was dissolved in CHCl3 (2 mL), stirred with K2CO3 (320 mg,
2.32 mmol, 4.5 equiv) for 2 h at room temperature, and filtered. The
filtrate was concentrated to about 1 mL, and the complex was
precipitated by addition of diethyl ether (10 mL). The obtained solid
was filtered, washed with diethyl ether (2 × 3 mL) and n-pentane (3
mL), and finally dried under reduced pressure. Yield: 61.2 mg (30%).

Synthesis of trans-[RuCl2(Hamtp)(PPh3)(CO)] (5).
[RuCl2(dmf)(PPh3)2(CO)] (282.3 mg, 0.36 mmol), suspended in
chloroform (15 mL), was reacted with the ligand Hamtp (78.4 mg,
0.40 mmol, 1.1 equiv), and the mixture was stirred at 60 °C overnight.
The obtained solution was concentrated to about 1 mL by solvent
evaporation under vacuum. The complex was precipitated by addition
of n-pentane (10 mL). The obtained solid was filtered, washed with
diethyl ether (2 × 5 mL) and n-pentane (5 mL), and dried under
reduced pressure. Yield: 160.3 mg (68%). Anal. Calcd for
C32H29Cl2N2OPRu: C, 58.19; H, 4.43; N, 4.24. Found: C, 58.20;
H, 4.40; N, 4.28. IR (Nujol): 1947 (s) cm−1 (νCO).

1H NMR (200.1
MHz, CDCl3, 20 °C): δ 7.69 (m, 10H; aromatic protons), 7.37 (m,
11H; aromatic protons), 7.15 (d, 3J(H,H) = 8.2 Hz, 1H; aromatic
proton), 4.50 (t, 3J(H,H) = 6.0 Hz, 2H; NCH2), 3.13 (t, 3J(H,H) =
5.9 Hz, 2H; NH2), 2.49 (s, 3H; CH3).

13C{1H} NMR (50.3 MHz,
CDCl3, 20 °C): δ 200.5 (d,

2J(C,P) = 21.5 Hz; CO), 165.3 (s; NCC),
161.2 (d, 3J(C,P) = 1.0 Hz; NCCH2), 140.3−119.6 (m; aromatic
carbon atoms), 50.1 (d, 3J(C,P) = 2.8 Hz; CH2N), 21.5 (s; CH3).
31P{1H} NMR (81.0 MHz, CDCl3, 20 °C): δ 54.5.

Synthesis of trans-[RuCl2(Hambq)(PPh3)(CO)] (6).
[RuCl2(dmf)(PPh3)2(CO)] (365 mg, 0.46 mmol), suspended in n-
butanol (5 mL), was reacted with the ligand Hambq (208 mg, 1.00
mmol, 2.2 equiv). The mixture was stirred at 130 °C overnight, and
then the solvent was evaporated under reduced pressure and the
residue was dissolved in chloroform (1 mL). The solution was stirred
for 1 h at room temperature, and the complex was precipitated by
addition of diethyl ether (10 mL). The solid was filtered, washed with
diethyl ether (2 × 3 mL) and n-pentane (3 mL), and finally dried
under reduced pressure. Yield: 291 mg (93%). Anal. Calcd for
C33H27Cl2N2OPRu: C, 59.11; H, 4.06; N, 4.18. Found: C, 59.20; H,
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4.10; N, 4.16. IR (Nujol): 1920 (s) cm−1 (νCO).
1H NMR (200.1

MHz, CD2Cl2, 20 °C): δ 9.29 (d, 3J(H,H) = 7.2 Hz, 1H; aromatic
proton), 8.10−6.87 (m, 21H; aromatic protons), 6.72 (d, 3J(H,H) =
8.3 Hz, 1H; aromatic proton), 4.27 (m, 2H; CH2N), 3.91 (m, 2H;
NH2).

13C{1H} NMR (50.3 MHz, CD2Cl2, 20 °C): δ 200.4 (d,
2J(C,P) = 18.4 Hz; CO), 160.3 (s; NCC), 155.0 (s; NCCH2), 142.6−
116.7 (m; aromatic carbon atoms), 49.5 (s; CH2N).

31P{1H} NMR
(81.0 MHz, CD2Cl2, 20 °C): δ 53.4.
Synthesis of trans-[RuCl2(HambqPh)(PPh3)(CO)] (7).

[RuCl2(dmf)(PPh3)2(CO)] (245 mg, 0.31 mmol) was reacted with
HCl·HambqPh (159 mg, 0.50 mmol, 1.6 equiv) and tributylamine (0.5
mL, 2.1 mmol, 6.8 equiv) in n-butanol (5 mL), and the mixture was
stirred at 130 °C overnight. The solvent was evaporated under
reduced pressure, and the residue was dissolved in chloroform (3
mL). After addition of K2CO3 (200 mg, 1.45 mmol, 4.7 equiv), the
mixture was stirred for 2 h at room temperature. The suspension was
filtered, and the solution was concentrated to about 1 mL by
evaporation of the solvent under reduced pressure. The complex was
precipitated by addition of diethyl ether (10 mL), filtered, washed
with diethyl ether (2 × 3 mL) and n-pentane (3 mL), and finally dried
under reduced pressure. Yield: 101 mg (44%). Anal. Calcd for
C39H31Cl2N2OPRu: C, 62.74; H, 4.19; N, 3.75. Found: C, 62.66; H,
4.10; N, 3.82. IR (Nujol): 1924 (s) cm−1 (νCO).

1H NMR (200.1
MHz, CD2Cl2, 20 °C): δ 9.08 (m, 1H; aromatic proton), 7.92−6.56
(m, 27H; aromatic protons), 4.16 (dd, 2J(H,H) = 10.3 Hz, 3J(H,H) =
4.9 Hz, 2H; CH2N), 3.88 (m, 2H; NH2).

13C{1H} NMR (50.3 MHz,
CD2Cl2, 20 °C): δ 200.5 (d, 2J(C,P) = 17.5 Hz; CO), 159.9 (s;
NCC), 155.1 (s; NCCH2), 148.7−117.2 (m; aromatic carbon atoms),
49.5 (s; CH2N).

31P{1H} NMR (81.0 MHz, CD2Cl2, 20 °C): δ 53.5.
Synthesis of trans-[Ru(OAc)2(Hamtp)(PPh3)(CO)] (8). [Ru-

(OAc)2(PPh3)2(CO)] (100.3 mg, 0.13 mmol) and the ligand Hamtp
(28.3 mg, 0.14 mmol, 1.1 equiv) were suspended in toluene (5 mL),
and the mixture was stirred at 110 °C for 2 days. The resulting
solution was concentrated to almost 0.5 mL, the solvent was
evaporated under reduced pressure, and the complex was precipitated
by addition of n-pentane (7 mL). The solid was filtered, washed with
n-heptane (2 × 5 mL) and diethyl ether (2 × 3 mL), and dried under
reduced pressure. Yield: 37.1 mg (40%). Anal. Calcd for
C36H35N2O5PRu: C, 61.10; H, 4.98; N, 3.96. Found: C, 61.02; H,
5.03; N, 3.89. IR (Nujol): 1914 (s) (νCO), 1597 (s) and 1572 cm−1

(s) (νCO).
1H NMR (200.1 MHz, CD2Cl2, 20 °C): δ 8.17 (d,

3J(H,H) = 7.9 Hz, 1H; NH2), 7.79−7.60 (m, 6H; aromatic protons),
7.46−7.37 (m, 6H; aromatic protons), 7.30−7.17 (m, 7H; aromatic
protons), 7.06 (m, 1H; aromatic proton), 6.91 (d, 3J(H,H) = 8.4 Hz,
1H; aromatic proton), 6.64 (dd, 3J(H,H) = 12.3 Hz, 3J(H,H) = 7.8
Hz, 1H; aromatic proton), 4.41 (dd, 2J(H,H) = 16.6 Hz, 3J(H,H) =
6.5 Hz, 1H; CH2N), 4.21 (m, 1H; CH2N), 2.14 (s, 3H; CH3), 2.07
(s, 3H; CH3CO), 1.57 (m, 1H; NH2), 1.23 (s, 3H; CH3CO).
13C{1H} NMR (50.3 MHz, CD2Cl2, 20 °C): δ 202.9 (d, 2J(C,P) =
17.4 Hz; CO), 180.5 (s; CH3CO), 177.7 (s; CH3CO), 163.5 (s;
NCC), 161.0 (s; NCCH2), 146.5−116.7 (m; aromatic carbon atoms),
52.2 (d, 3J(C,P) = 2.6 Hz; CH2N), 25.3 (s; CH3CO), 25.0 (s;
CH3CO), 21.6 (s; CH3).

31P{1H} NMR (81.0 MHz, CD2Cl2, 20 °C):
δ 54.4.
Synthesis of [RuCl(amtp)(PPh3)(CO)] (9). cis-[RuCl(amtp)-

(PPh3)2] (251.9 mg, 0.29 mmol) was suspended in dichloromethane
(5 mL), and the mixture was stirred under a CO atmosphere (1 atm)
overnight at room temperature. The solvent was evaporated under
reduced pressure, and the residue was purified by flash chromatog-
raphy, using dichloromethane/diethyl ether as eluent (gradient 9/1 to
1/1). Yield: 106 mg (59%). Anal. Calcd for C32H28ClN2OPRu: C,
61.59; H, 4.52; N, 4.49. Found: C, 61.64; H, 4.61; N, 4.56. IR
(Nujol): 1905 (s) cm−1 (νCO).

1H NMR (200.1 MHz, CD2Cl2, 20
°C): δ 7.78 (ddd, 3J(H,H) = 9.9 Hz, 3J(H,H) = 6.7 Hz, 4J(H,H) = 2.9
Hz, 2H; aromatic protons), 7.57−7.15 (m, 17H; aromatic protons),
6.69 (dd, 3J(H,H) = 6.6 Hz, 3J(H,H) = 1.9 Hz, 1H; aromatic proton),
6.62 (ddd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 1.7 Hz, 4J(H,H) = 0.6 Hz,
1H; aromatic proton), 4.25 (dd, 2J(H,H) = 16.2 Hz, 3J(H,H) = 6.3
Hz, 1H; CH2N), 3.86 (dd,

2J(H,H) = 16.6 Hz, 3J(H,H) = 8.9 Hz, 1H;
NH2), 3.41 (ddd, 2J(H,H)= 16.5 Hz, 3J(H,H) = 10.0 Hz, 3J(H,H) =

6.5 Hz, 1H; CH2N), 2.79 (dd, 2J(H,H) = 8.6 Hz, 3J(H,H) = 6.6 Hz,
1H; NH2), 2.14 (s, 3H; CH3).

13C{1H} NMR (50.3 MHz, CD2Cl2,
20 °C): δ 207.5 (d, 2J(C,P) = 18.2 Hz; CO), 176.3 (d, 2J(C,P) = 12.3
Hz; CRu), 162.2 (s; NCC), 157.2 (s; NCCH2), 145.4−116.4 (m;
aromatic carbon atoms), 51.2 (d, 3J(C,P) = 5.3 Hz; CH2N), 21.7 (s;
CH3).

31P{1H} NMR (81.0 MHz, CD2Cl2, 20 °C): δ 57.6.
Synthesis of [RuCl(ambq)(PPh3)(CO)] (10). Complex 10 was

prepared by following the procedure used for 9, employing cis-
[RuCl(ambq)(PPh3)2] (226 mg, 0.26 mmol) in place of cis-
[RuCl(amtp)(PPh3)2]. Yield: 132 mg (80%). Anal. Calcd for
C33H26CIN2OPRu: C, 62.51; H, 4.13; N, 4.42. Found: C, 62.55; H,
4.10; N, 4.37. IR (Nujol): 1922 (s) cm−1 (νCO).

1H NMR (200.1
MHz, CD2Cl2, 20 °C): δ 8.02 (d, 3J(H,H) = 8.2 Hz, 1H; aromatic
proton), 7.90 (dt, 3J(H,H) = 6.6 Hz, 4J(H,H) = 1.3 Hz, 2H; aromatic
protons), 7.45−6.98 (m, 19H; aromatic protons), 4.51 (dd, 2J(H,H)
= 17.3 Hz, 3J(H,H) = 5.9 Hz, 1H; CH2N), 4.03 (dd, 2J(H,H) = 17.4
Hz, 3J(H,H) = 8.4 Hz, 1H; NH2), 3.70 (ddd, 2J(H,H) = 16.7 Hz,
3J(H,H) = 6.3 Hz, 3J(H,H) = 3.8 Hz, 1H; CH2N), 2.86 (pseudo t,
J(H,H) = 8.4 Hz, 1H; NH2).

13C{1H} NMR (50.3 MHz, CD2Cl2): δ
207.8 (d, 2J(C,P) = 17.5 Hz; CO), 172.1 (d, 2J(C,P) = 12.8 Hz;
CRu), 156.0 (s; NCC), 150.6 (s; NCCH2), 142.4−116.6 (m;
aromatic carbon atoms), 51.4 (s; CH2N).

31P{1H} NMR (81.0
MHz, CD2Cl2, 20 °C): δ 58.5.

Synthesis of cis-[RuCl(ambqPh)(PPh3)2] (11a). The hydro-
chloride ligand HCl·HambqPh (183.5 mg, 0.57 mmol) and NEt3 (0.35
mL, 2.59 mmol) were added to [RuCl2(PPh3)3] (500 mg, 0.52 mmol)
in 2-propanol (5 mL), and the mixture was heated under reflux for 2
h. The resulting solution was concentrated (1 mL), and addition of n-
pentane (5 mL) afforded an orange precipitate. The solid was filtered,
washed with n-pentane (2 × 5 mL), and dried under reduced
pressure. The product was recrystallized from methanol (3 mL).
Yield: 432 mg (88%). Anal. Calcd for C56H45ClN2P2Ru: C, 71.22; H,
4.80; N, 2.97. Found: C, 71.11; H, 4.73; N, 3.02. 1H NMR (200.1
MHz, CDCl3, 20 °C): δ 8.36 (dd, 3J(H,H) = 5.0 Hz, 4J(H,H) = 2.6
Hz, 1H; aromatic proton), 7.80−6.79 (m, 34H; aromatic protons),
6.69 (t, 3J(H,H) = 6.8 Hz, 6H; aromatic protons), 4.31 (dd, 2J(H,H)
= 16.0 Hz, 3J(H,H) = 3.6 Hz, 1H; CH2N), 4.02 (m, 1H; NH2), 3.61
(dt, 2J(H,H) = 16.1 Hz, 3J(H,H) = 7.6 Hz, 1H; CH2N), 3.02 (m, 1H;
NH2).

13C{1H} NMR (50.3 MHz, CDCl3, 20 °C): δ 177.9 (d,
2J(C,P) = 3.9 Hz; CRu), 161.3 (d, 3J(C,P) = 1.9 Hz; NCCH2),
155.1(s; NCC), 142.1−116.9 (m; aromatic carbon atoms), 50.8 (d,
3J(C,P) = 2.8 Hz; CH2N).

31P{1H} NMR (81.0 MHz, CDCl3, 20
°C): δ 57.3 (d, 2J(P,P) = 33.7 Hz), 50.8 (d, 2J(P,P) = 33.7 Hz).

Synthesis of [RuCl(ambqPh)(PPh3)(CO)] (11). Complex 11 was
prepared by following the procedure used for 9, employing cis-
[RuCl(ambqPh)(PPh3)2] (11a; 119.8 mg, 0.13 mmol) in place of cis-
[RuCl(amtp)(PPh3)2]. Yield: 76.6 mg (83%). Anal. Calcd for
C39H30ClN2OPRu: C, 65.96; H, 4.26; N, 3.94. Found: C, 66.01; H,
4.33; N, 4.02. IR (Nujol): 1920 cm−1 (νCO).

1H NMR (200.1 MHz,
CD2Cl2, 20 °C): δ 7.96 (dd, 3J(H,H) = 6.0 Hz, 4J(H,H) = 1.0 Hz,
1H; aromatic proton), 7.66 (d, 3J(H,H) = 9.0 Hz, 1H; aromatic
proton), 7.61−7.48 (m, 5H; aromatic protons), 7.44 (t, 3J(H,H) = 2.6
Hz, 1H; aromatic proton), 7.36−7.30 (m, 2H; aromatic protons),
7.29−7.05 (m, 15H; aromatic protons), 7.03 (br s, 1H; aromatic
proton), 4.57 (dd, 2J(H,H) = 16.9 Hz, 3J(H,H) = 6.7 Hz, 1H;
CH2N), 4.14 (dd, 2J(H,H) = 17.4 Hz, 3J(H,H) = 7.6 Hz, 1H; NH2),
3.81 (dt, 2J(H,H) = 16.4 Hz, 3J(H,H) = 7.6 Hz, 1H; CH2N), 2.99
(pseudo t, J(H,H) = 7.9 Hz, 1H; NH2).

13C{1H} NMR (50.3 MHz,
CD2Cl2, 20 °C): δ 208.0 (d, 2J(C,P) = 17.4 Hz; CO), 172.6 (d,
2J(C,P) = 12.8 Hz; CRu), 155.8 (s; NCC), 150.9 (s; NCCH2), 148.7
(s; ipso-Ph), 142.7−117.2 (m; aromatic carbon atoms), 51.5 (s;
CH2N).

31P{1H} NMR (81.0 MHz, CD2Cl2, 20 °C): δ 58.0.
Synthesis of trans-[Ru(amtp)(PPh3)2(CO)][BAr

f
4] (12). Na-

[BArf4] (71.0 mg, 0.0801 mmol) was added to [RuCl(amtp)(PPh3)-
(CO)] (9; 50.0 mg, 0.0801 mmol) and PPh3 (21.0 mg, 0.0801 mmol)
in dichloromethane (5 mL). The reaction mixture was stirred for 30
min at room temperature and filtered to remove NaCl. The obtained
solution was concentrated (1 mL), and addition of n-heptane (5 mL)
afforded a light yellow precipitate that was filtered, washed with
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pentane (2 × 3 mL), and dried under reduced pressure. Yield: 108.5
mg (79%). Anal. Calcd for C82H55BF24N2OP2Ru: C, 57.46; H, 3.23;
N, 1.63. Found: C, 57.52; H, 3.27; N, 1.62. IR (Nujol): 1914 cm−1

(νCO).
1H NMR (200.1 MHz, CD2Cl2, 20 °C): δ 7.75 (m, 8H;

aromatic protons), 7.58 (s, 4H; aromatic protons), 7.44−7.32 (m,
8H; aromatic protons), 7.30−7.20 (m, 11H; aromatic protons),
7.19−7.06 (m, 15H; aromatic protons), 6.62 (d, 3J(H,H) = 7.9 Hz,
1H; aromatic proton), 6.42 (dd, 3J(H,H) = 7.6 Hz, 4J(H,H) = 0.5 Hz,
1H; aromatic proton), 3.53 (t, 3J(H,H) = 6.5 Hz, 2H; CH2N), 2.95
(m, 2H; NH2), 2.04 (s, 3H; CH3).

13C{1H} NMR (50.3 MHz,
CD2Cl2, 20 °C): δ 205.9 (t, 2J(C,P) = 15.7 Hz; CO), 169.4 (t,
2J(C,P) = 10.5 Hz; CRu), 162.1 (q, 1J(C,B) = 50.1 Hz; CB), 162.0 (s;
NCC), 156.3 (s; NCCH2), 144.6−116.8 (aromatic carbon atoms),
124.7 (q, 1J(C,F) = 271.8 Hz; CF3), 50.6 (s; CH2N), 21.7 (s; CH3).
31P{1H} NMR (81.0 MHz, CD2Cl2, 20 °C): δ 35.5.
Typical Procedure for TH of Ketones and Aldehydes. The

ruthenium catalyst solution used for TH was prepared by dissolving
the complexes 1−12 and cis,trans,cis-[RuCl2(PCy3)2(CO)2] (0.02
mmol) in 2-propanol (5 mL). The catalyst solution (250 μL, 1.0
μmol) and a 0.1 M solution of NaOiPr (200 μL, 20 μmol) in 2-
propanol were added subsequently to the ketone or aldehyde solution
(1.0 mmol) in 2-propanol (final volume 10 mL), and the resulting
mixture was heated under reflux. The reaction mixture was sampled
by removing an aliquot of it, which was quenched by addition of
diethyl ether (1/1 v/v), filtered over a short silica pad, and submitted
to GC analysis. The base addition was considered as the start time of
the reaction. The S/C molar ratio was 1000/1, whereas the base
concentration was 2 mol % with respect to substrate (0.1 M). The
same procedure was followed for TH reactions with other S/C values
(in the range 1000−100000) or with different base concentrations
(1−5 mol %), using the appropriate amount of catalysts, base, and 2-
propanol.
Typical Procedure for TH of Ketones and Aldehydes with in

Situ Prepared Catalysts from 1−11 and cis,trans,cis-
[RuCl2(PCy3)2(CO)2]. The catalyst solutions were prepared by adding
2-propanol (5 mL) to the complexes 1−11 (0.02 mmol) and the
corresponding ligand (PPh3 or PCy3, 0.04 mmol). The mixtures were
stirred for 30 min at reflux. The solutions of the in situ formed catalyst
were used in the TH reactions as described above.
In the case of cis,trans,cis-[RuCl2(PCy3)2(CO)2], the ampy or

Hamtp ligand was added to the ruthenium complex in 2-propanol
(ligand/catalyst ratio 2) and the mixture was refluxed for 2 h. The
solution of the in situ formed catalyst was used in the TH reactions as
described above.
Typical Procedure for HY of Ketones with 1−3, 5, 6, and 9−

11. The HY reactions were performed in an eight-vessel Endeavor
Biotage apparatus. The vessels were charged with the ruthenium
catalysts (2.5 μmol), loaded with 5 bar of N2, and slowly vented (five
times). The ketones (5 mmol), eventual ligand (PPh3 or PCy3, 5
μmol), and a KOtBu solution (1 mL, 0.1 mmol, 0.1 M) in methanol
or ethanol were added. Further addition of the solvent (methanol or
ethanol) led to a 2 M ketone solution. The vessels were purged with
N2 and H2 (three times each), and then the system was charged with
H2 (30 bar) and heated to 70 °C for the required time (16 h). The S/
C molar ratio was 2000/1, whereas the base concentration was 2 mol
%. A similar method was applied for the reactions with other S/C
values (in the range 500−10000) or with different base concen-
trations (5 mol %), using the appropriate amount of catalysts, base,
ligands (ligand/catalyst ratio 2), and solvent. The reaction vessels
were then cooled to room temperature, vented, and purged three
times with N2. A drop of the reaction mixture was then diluted with 1
mL of methanol and analyzed by GC.
Single-Crystal X-ray Crystallography Structure Determina-

tion of Compound 11. Single crystals of complex 11 were obtained
by slow cooling of a concentrated solution of the species in CH2Cl2.
X-ray diffraction data were collected with a Bruker APEX-II κ-CCD
diffractometer equipped with a rotating anode (Bruker AXS, FR591)
by using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).
For additional details for the collection and refinement of data, see the
Supporting Information.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.organo-
met.8b00919.

NMR data of the isolated complexes, X-ray crystallo-
graphic details of compound 11, and catalytic results of
the TH and HY reactions (PDF)

Accession Codes
CCDC 1868440 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail for W.B.: walter.baratta@uniud.it.
ORCID
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