
 

Osmium Catalysts for Acceptorless and Base-Free Dehydrogenation 
of Alcohols and Amines: Unusual Coordination Modes of a BPI An-
ion 

María L. Buil,a Miguel A. Esteruelas,*,a M. Pilar Gay,a Mar Gómez-Gallego,b Antonio I. Nicasio,a      
Enrique Oñate,a Alicia Santiagob and Miguel A. Sierra*,b 

aDepartamento de Química Inorgánica, Instituto de Síntesis Química y Catálisis Homogénea (ISQCH), Centro de Innovación 
en Química Avanzada (ORFEO-CINQA), Universidad de Zaragoza-CSIC, 50009 Zaragoza, Spain 
bDepartamento de Química Orgánica I, Facultad de CC. Químicas, Centro de Innovación en Química Avanzada (ORFEO-
CINQA) Universidad Complutense de Madrid, 28040 Madrid, Spain 

Supporting Information Placeholder 

ABSTRACT: A novel type of catalyst precursors for the dehydrogenation of hydrogen carriers based on organic liquids has been 
discovered. Complexes OsH6(PiPr3)2 (1) and OsH(OH)(CO)(PiPr3)2 (2) react with 1,3-bis(6’-methyl-2’-pyridylimino)isoindoline 
(HBMePI) to give OsH3{κ2-Npy,Nimine-(BMePI)}(PiPr3)2 (3) and OsH{κ2-Npy,Nimine-(BMePI)}(CO)(PiPr3)2 (4). The unprecedented 2-
Npy,Nimine coordination mode of BMePI is thermodynamically preferred with Os(IV) and Os(II) metal fragments and allows to prepare 
BMePI-based dinuclear metal cations. Treatment of OsH2Cl2(PiPr3)2 (5) with 0.5 equiv of HBMePI in the presence of KOtBu affords 
the chloride salt of the bis(osmium(IV)) dinuclear cation [{OsH3(PiPr3)2}2{-(2-Npy,Nimine)2-BMePI}]+ (6). Related homoleptic 
bis(osmium(II)) complexes have been also synthetized. Complex 4 reacts with the bis(solvento) [OsH(CO){1-O-
[OCMe2]2}(PiPr3)2]BF4 to give [{OsH(CO)(PiPr3)2}2{-(2-Npy,Nimine)2-BMePI}]BF4 (7), whereas the addition of 0.5 equiv of 
HBMePI to {OsCl(6-C6H6)}2(–Cl)2 (8) affords [{OsCl(6-C6H6)}2{-(κ2-Npy,Nimine)2-BMePI}]Cl (9). The reactions of 4 with 8 and 
{OsCl(6-p-cymene)}2(-Cl)2 (10) lead to the heteroleptic cations [(PiPr3)2(CO)HOs{-(2-Npy,Nimine)2-BMePI}OsCl(6-arene)]+ 
(arene = C6H6 (11), p-cymene (12)). The electronic structrure and electrochemical properties of the dinuclear complexes were also 
studied. Complexes 3 and 4 are efficient catalyst precursors for the acceptorless and base-free dehydrogenation of secondary and 
primary alcohols and cyclic and lineal amines. The primary alcohols afford aldehydes. The amount of H2 released per gram of heter-
ocycle depends upon: the presence of a methyl group adjacent to the nitrogen atom, the position of the nitrogen atom in the hetero-
cycle, and the size of the heterocycle. 

INTRODUCTION  
Catalytic acceptorless alcohol dehydrogenation (eq 1) is a reac-
tion of great interest in connection with the hydrogen produc-
tion from biomass and the hydrogen storage/transport in organic 
liquids. The process is an oxidant-free atom-economical ap-
proach for the oxidation of alcohols to carbonyl compounds1 
and although the reaction is generally endothermic at room tem-
perature, the equilibrium can be driven by removal of H2. 

 

 
 

The most attractive hydrogen carriers based on organic liquids 
are the cycloalkanes, as they have a relatively high hydrogen 
content and also can be transported through the liquid-fuel in-
frastructures. Nevertheless, their large enthalpy of dehydro-
genation is a drawback for practical applications. The introduc-
tion of a heteroatom into the ring system significantly decreases 
the enthalpy of dehydrogenation. As a consequence, the metal-

promoted acceptorless dehydrogenation of cyclic amines is a 
reaction which is also waking a great interest (eq 2).2 

 

 
Platinum group metals form the most efficient homogenous cat-
alysts for these reactions and therefore are highly relevant from 
an environmental point of view, in particular those of ruthe-
nium3,4 and iridium,5,6 although nonprecious metals have also 
given rise to interesting catalysts.7,8 High temperatures and 
strong basic media are often employed to promote the cataly-
sis.3e,k-m,o;5a,b,d;7a-d,f An alternative that avoids the use of additives 
involves catalysts bearing ligands with heteroatoms having suf-
ficiently basic free electron pairs. 1e,2a 

1,3-Bis(2-pyridylimino)isoindolates (BPIs) are a class of 
monoanionic ligands with five basic nitrogen atoms,9 which 
show κ2-Npy,Niso, κ2-Niso,Nimine

10, κ3-(Npy,Niso,Nimine)-bridge,11 

κ3-(Npy,Niso,Npy)-mer,12 and κ3-(Npy,Niso,Npy)-fac10 coordination 



 

modes (I to V in Chart 1), leaving free at least two basic het-
eroatoms. Hence, BPIs could be able to stabilize catalysts for 
the acceptorless dehydrogenation of alcohols and amines avoid-
ing the use of strong basic media.3h-j 

 

Chart 1. BPI coordination modes. 

 
 

Osmium is the less used platinum group metal in catalysis, with 
the notable exception of the Sharpless dihydroxylation and re-
actions akin.13 However, this metal appears to be a promising 
alternative for reactions related to hydrogen economy.14 For in-
stance, in 2011, Baratta and co-workers reported that diamine-
diphosphine osmium complexes promote the acceptorless de-
hydrogenation of alcohols to ketones, in basic medium, with ac-
tivities comparable to those of their ruthenium counterparts.15 
Also, we have recently demonstrated that the trihydride-acety-
lacetonate complex OsH3(acac)(PiPr3)2 catalyzes the acceptor-
less dehydrogenation of cyclic amines.16 

In the search for osmium catalysts for the base-free and accep-
torless dehydrogenation of alcohols and cyclic amines, we have 
studied the reactions of complexes OsH6(PiPr3)2 (1) and 

OsH(OH)(CO)(PiPr3)2 (2) with 1,3-bis(6’-methyl-2’-pyri-
dylimino)isoindoline (HBMePI). This molecule is a sterically 
demanding version of HBPI,17 which allows a κ3-
(Npy,Niso,CHpy)-mer coordination of the BMePI anion18 (VI in 
Chart 1), in agreement with other α-substituted N-heterocy-
cles.19 During this study, we have discovered an unprecedented 
κ2-Npy,Nimine coordination mode of a BPI anion (VII in Chart 1). 
This paper reports: i) the unprecedented κ2-Npy,Nimine coordina-
tion of the BMePI anion, ii) a thermodynamic perspective of its 
existence, iii) the µ-(κ2-Npy,Nimine)2 coordination of BMePI 
(VIII in Chart 1), and iv) the catalytic activity of the Os(κ2-
Npy,Nimine) complexes in the acceptorless and base-free dehy-
drogenation of alcohols and amines. 

RESULTS AND DISCUSSION 
κ2-Npy,Nimine Complexes. Polyhydrides of platinum group met-
als are a class of transition metal compounds, which have the 
ability of activating σ-bonds.20 In particular, the d2-hexahydride 
complex 1 has proved to promote the rupture of C–H,21 C–C,22 
C–N,23 O–H,24 and N–H25 bonds. In agreement with this, the 
treatment of 2-propanol solutions of this polyhydride with 1.0 
equiv of HBMePI, under reflux, for 6 h leads to the trihydride-
osmium(IV) derivative OsH3{κ2-Npy,Nimine-(BMePI)}(PiPr3)2, 
as a result of the deprotonation of the polycycle, by action of a 
hydride ligand, and the coordination of a pyridyl group and its 
adjacent imine function of the resulting anion. Complex 3 was 
isolated as a red solid in 67% yield (Scheme 1). 

 

Scheme 1. Formation of 3 

 
 

The novel κ2-Npy,Nimine coordination of the BMePI anion to the 
[OsH3(PiPr3)2]+ metal fragment was confirmed by means of the 
X-ray diffraction analysis structure of 3. Figure 1 shows a view 
of the molecule. The coordination geometry around the osmium 
atom can be described as a distorted pentagonal bipyramid with 
axial phosphines (P(1)–Os–P(2) = 168.07(8)°). The metal coor-
dination sphere is completed by the hydride ligands separated 
by 1.63(9) (H(01) and H(02)) and 1.61(9) (H(02) and H(03)) Å 
and the pyridine N(1) and imine N(2) atoms of the chelate 
BMePI anion, which acts with a N(1)–Os–N(2) bite angle of 
59.7(3)°. The osmium-pyridine bond length of 2.168(7)° (Os–
N(1)) is about 0.04 Å shorter than the osmium-imine distance 
of 2.207(7) (Os–N(2)) Å. The classical trihydride nature of the 
complex was confirmed by the DFT-optimized structure 
(B3LYP/def2-SVP) and the hydride resonances in the 1H NMR 
spectrum. The DFT calculations yield separations between the 
hydrides of 1.574 and 1.573 Å, which agree well with those ob-
tained from the X-ray diffraction analysis. The 1H NMR spec-
trum, at 193 K, in dichloromethane-d2 shows three high field 
signals centered at –10.68, –12.15 and –13.89 ppm correspond-
ing to the inequivalent hydrides. As expected for equivalent 
phosphines, the 31P{1H} NMR spectrum displays a singlet at 
20.1 ppm. 

 



 

 

Figure 1. Molecular diagram of complex 3 (50% probability ellip-
soids). All hydrogen atoms (except the hydrides) are omitted for 
clarity. Selected bond lengths (Å) and angles (°): Os–N(1) = 
2.168(7), Os–N(2) = 2.207(7), N(1)–C(6) = 1.341(11), N(2)–C(6) 
= 1.392(11), N(2)–C(7) = 1.339(11), N(3)–C(7) = 1.343(11), N(3)–
C(14) = 1.378(10), N(4)–C(14) = 1.294(11), N(4)–C(15) = 
1.391(11), P(1)–Os–P(2) = 168.07(8), N(1)–Os–N(2) = 59.7(3). 

Gade and co-workers have reported cationic and neutral os-
mium-bis(triphenylphosphine) complexes containing a κ3-
(Npy,Niso,Npy)-mer BPI ligand26 and half-sandwich species with 
the polydentate anion coordinated κ3-(Npy,Niso,Npy)-fac or κ2-
Npy,Niso.10 The difference in the oxidation state of the metal cen-
ter, +2 in these compounds and +4 in 3, prompted us to carry 
out the reaction between the hydroxide-osmium(II) complex 2 
and HBMePI, in order to determine the influence of the oxida-
tion state of the metal center in the coordination fashion of the 
BMePI anion. The hydroxide group in 2 should promote the 
deprotonation of the polycycle in the same way as the hydrides 
of 1. In fact, the treatment of toluene solutions of 2 with 1.1 
equiv of HBMePI, at room temperature, for 2 h produces the 
deprotonation of the polycycle. Interestingly, the resulting 
BMePI anion coordinates to the [OsH(CO)(PiPr3)2]+ metal frag-
ment as in 3, κ2-Npy,Nimine, in spite of the +2 oxidation state of 
the metal center. This clearly indicates that the oxidation state 
of the metal center does not determine the mode of coordination 
of the BMePI ligand. The new osmium(II) complex OsH{κ2-
Npy,Nimine-(BMePI)}(CO)(PiPr3)2 (4) was isolated as an orange 
solid in 60% yield (Scheme 2). 

Scheme 2. Formation of 4  

 
Complex 4 was also characterized by X-ray diffraction analysis. 
The structure, which demonstrated the novel coordination of the 
BMePI anion again, has two chemically equivalent but crystal-
lographically independent molecules in the asymmetric unit. 
Figure 2 shows one of them. The coordination geometry around 
the osmium atom can be rationalized as derived from a distorted 

octahedron with the phosphines occupying trans positions 
(P(1)–Os(1)–P(2) = 162.86(4)° and 161.47(4)°). The perpendic-
ular plane is formed by the chelate BMePI anion, which acts 
with N(1)–Os(1)–N(2) bite angles of 60.30(13)° and 
60.44(13)°, the hydride disposed trans to the pyridine N(1) 
atom (H(01)–Os(1)–N(1) = 164.1(17)° and 163.0(17)°), and the 
carbonyl group located trans to the imine N(2) atom (C(39)–
Os(1)–N(2) = 165.29(17)° and 164.51(18)°). The osmium-pyr-
idine bond lengths of 2.175(4) and 2.173(4) (Os(1)–N(1)) Å, as 
well as the osmium-imine distances of 2.229(4) and 2.230(4) 
(Os(1)–N(2)) Å, are slightly longer than the respective parame-
ters in 2, which is consistent with the different oxidation states 
of the compounds. According to the presence of the hydride lig-
and, the 1H NMR spectrum of 4, in dichloromethane-d2, at room 
temperature shows a triplet (2JH-P = 20.3 Hz) at –14.00 ppm. The 
31P{1H} NMR spectrum contains a singlet at 19.5 ppm for the 
equivalent phosphines. 

 

 

Figure 2. Molecular diagram of complex 4 (50% probability ellip-
soids). All hydrogen atoms (except the hydride) are omitted for 
clarity. Selected bond lengths (Å) and angles (º): Os(1)−N(1) = 
2.175(4) and 2.173(4), Os(1)−N(2) = 2.229(4) and 2.230(4), 
N(2)−C(6) = 1.402(5) and 1.412(5), N(2)−C(7) = 1.329(5) and 
1.326(5), N(3)−C(7) = 1.359(6) and 1.350(5), N(3)−C(14) = 
1.387(5) and 1.380(5), N(4)−C(14) = 1.304(6) and 1.301(6), 
N(4)−C(15) = 1.403(6) and 1.403(6), P(1)−Os(1)−P(2) = 162.86(4) 
and 161.47(4), N(1)−Os(1)−N(2) = 60.30(13) and 60.44(13), 
H(01)−Os(1)−N(1) = 164.1(17) and 163.0(17), C(39)−Os(1)−N(2) 
= 165.29(17) and 164.51(18). 

Perspective on the Formation of Os{κ2-Npy,Nimine-(BMePI)} 
Complexes. To gain insight into why complexes 3 and 4 coor-
dinate the BMePI ligand in a κ2-Npy,Nimine fashion, we calcu-
lated the energy of the optimized structures resulting from bend-
ing the metal fragment [OsH(CO)(PiPr3)2]+ to this anion in all 
possible forms. The free energy ΔG(kcalꞏmol-1) was computed 
at the B3LYP/def2-SVP level, in toluene, at 298 K, and 1 atm. 
The results are summarized in Chart 2. 

 

 

 

 

 

 



 

Chart 2. Optimized structures and energies resulting from the coordination of the BMePI ligand to the metal fragment 
[OsH(CO)(PiPr3)2]+ in all possible options. 

 
 

The κ2-Npy,Nimine coordination generates the most stable 
structures. Although for this coordination two isomers of simi-
lar stability are possible in the perpendicular plane to the P–Os–
P direction, pyridine trans to H (a) and pyridine trans to CO 
(b), only the first of them is observed. This suggests that the 
formation of 4 (isomer a) is kinetically controlled and starts 
with the coordination of one of the pyridyl groups at the coor-
dination vacancy of 2, which lies trans to the hydride ligand. 
Thus, the adjacent imine N atom could displace the hydroxide 
ligand from the metal coordination sphere. The free OH- group 
should subsequently deprotonate the isoindoline. Once a is 
formed, the activation barrier for its isomerization into b ap-
pears to be too high. Isomer a is stable at least 24 h, in toluene, 
under reflux. This is consistent with the high octahedral Δo split-
ting of the 5d6 ions, which leads to low-spin configurations with 
a maximized ligand-field stabilization energy.27 In spite of α-
substituted pyridines have a poor coordination power and usu-
ally undergo tautomerization to afford N-heterocycle carbenes 
with a N-H wingtip,19 here, the tautomerization is disadvan-
taged. Isomers c and d with κ2-CHpy,Nimine coordination are 15.4 
and 13.1 kcalꞏmol-1 less stable than the respective κ2-Npy,Nimine 
derivatives. 

Isomer a showing κ2-Npy,Nimine coordination is between 5 and 
9 kcalꞏmol-1 more stable than the structures resulting from a κ2-

Npy,Niso binding to [OsH(CO)(PiPr3)2]+ (isomers e and f respec-
tively). The κ2-Npy,Niso coordination has been observed in half-
sandwich iridium(III) derivatives as an intermediate step in the 
formation of κ3-(Npy,Niso,Npy)-fac species and κ3-(Npy,Niso,Cpyl)-
fac derivatives containing a dianionic ligand resulting of the 
deprotonation of the free pyridyl group.10 Isomers g and h with 
κ2-CHpy,Niso coordination remain being about 16 kcalꞏmol-1 less 
stable than the structure of the isolated isomer a, whereas the 
structures with coordination κ2-Nimine,Niso (isomers i and j) lie 
about 7 kcalꞏmol-1 above the latter. 

The terdentate coordination of the BMePI anion involves the 
donation of 6e- from the ligand to the metal center. Because the 
latter in [OsH(CO)(PiPr3)2]+ possess 14e-, a 2e- donor ligand 
(CO or PiPr3) must be released from the osmium coordination 
sphere in order to satisfy the 18-Electron Rule. The release of 
carbon monoxide produces a marked loss of stability. Thus, the 
resulting systems k and l lie between 53 and 57 kcalꞏmol-1, re-
spectively, above a whereas the displacement of triiso-
propylphosphine generates systems m-p, which are only 4–10 
kcalꞏmol-1 less stable than a. They have free energies similar to 
those of the derivatives with bidentate coordinations different 
from κ2-Npy,Nimine. This agrees well with the strong backbond-
ing ability of osmium. 
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µ-(κ2-Npy-Nimine)2 Complexes. In view of the high stability of 
the κ2-Npy,Nimine coordination, we asked ourself if complexes 3 
and 4 could be used as metalaligands to prepare dinuclear spe-
cies and if the BMePI anion could act as a bridge with a double 
κ2-Npy,Nimine coordination. Indeed, homoleptic species with two 
osmium(IV) centers and homoleptic and heteroleptic deriva-
tives with two osmium(II) centers, which contain a µ-(κ2-
Npy,Nimine)2 bridge, can be synthetized employing strategies 
adapted to each particular case. 

Treatment of the osmium(IV) complex OsH2Cl2(PiPr3)2 (5) with 
0.5 equiv of HBMePI and 0.6 equiv of KOtBu, in 2-propanol,28 
at room temperature, for 4 hours affords the salt 
[{OsH3(PiPr3)2}2{µ-(κ2-Npy,Nimine)2-BMePI}]Cl (6), containing 
a cation that can be formally described as the result of the coor-
dination of a [OsH3(PiPr3)2]+ metal fragment to the free chelate-
Npy,Nimine moiety of 3. This salt was isolated as a dark-purple 
solid in 49% yield (Scheme 3). 

 

Scheme 3. Formation of 6. 

 
 

The µ-(κ2-Npy,Nimine)2 coordination of the BMePI anion in 6 was 
confirmed by X-ray diffraction analysis. Figure 3 shows a view 
of the cation of the salt, which is formed by two chemically 
equivalent OsH3(κ2-Npy,Nimine)(PiPr3)2 moieties connected to 
each other through an isoindoline linker. The coordination pol-
yhedron around the osmium atoms resembles that of 3 with 
P(1)–Os(1)–P(2), P(3)–Os(2)–P(4), N(1)–Os(1)–N(2), and 
N(4)–Os(2)–N(5) angles of 168.21(15)°, 164.21(4)°, 
61.00(16)° and 60.88(15)°, respectively. The osmium-pyridine 
bond lengths of 2.151(4) (Os(1)–N(1)) and 2.155(4) (Os(2)–
N(5)) Å, the osmium-imine distances of 2.208(4) (Os(1)–N(2)) 
and 2.219(4) (Os(2)–N(4)) Å and the separations between the 
hydride ligands of 1.49(6) (H(01) and H(02)), 1.49(7) (H(02) 
and H(03)), 1.52(5) (H(04) and H(05)), and 1.65(5) (H(05) and 
H(06)) Å are also similar to the respective parameters of 3. The 
classical trihydride nature of the OsH3 units, which is notable 
considering the cationic nature of this species,20,29 was con-
firmed by the DFT-optimized structure (B3LYP/def2-SVP). In 
agreement with the X-ray diffraction structure; it displays sep-
arations between the hydride ligands of 1.571 (H(01) and H(02), 
1.583 (H(02) and H(03)), 1.559 (H(04) and H(05)), and 1.586 
(H(05) and H(06)) Å. As expected for chemically equivalent 
OsH3(PiPr3)2 moieties, which contain three inequivalent hydride 
ligands, the 1H NMR spectrum, in dichloromethane-d2, at 193 
K shows three high field signals at –10.78, –12.11, and –13.95 
ppm. The 31P{1H} NMR spectrum displays a singlet at 20.9 ppm 
corresponding to the equivalent phosphines. 

 

 

Figure 3. Molecular diagram of complex 6 (50% probability ellip-
soids). All hydrogen atoms (except the hydrides) are omitted for 
clarity. Selected bond lengths (Å) and angles (°): Os(1)–N(1) = 
2.151(4), Os(2)–N(5) = 2.155(4) Å, Os(1)–N(2) = 2.208(4), Os(2)–
N(4) = 2.219(4), N(2)–C(6) = 1.421(6), N(2)–C(7) = 1.323(6), 
N(3)–C(7) = 1.355(6), N(3)–C(14) = 1.358(6), N(4)–C(14) = 
1.325(6), N(4)–C(15) = 1.406(6), P(1)–Os(1)–P(2) = 168.21(15)°, 
P(3)–Os(2)–P(4) = 164.21(4)°, N(1)–Os(1)–N(2) = 61.00(16)°, 
N(4)–Os(2)–N(5) = 60.88(15)°. 

The coordination ability of the free chelate-Npy,Nimine moiety of 
Os{κ2-Npy,Nimine-(BMePI)}-complexes is also demonstrated by 
the reaction summarized in Scheme 4. The free pyridine N(5) 
and imine N(4) atoms of 4 displace the coordinated acetone 
molecules of the bis(solvento) [OsH(CO){κ1-O-
[OCMe2]}2(PiPr3)2]BF4.30 This species is asymmetrical in any 
plane containing the P–Os–P direction. So, at first glance, two 
coordination ways of the chelate-Npy,Nimine moiety are possible, 
pyridine trans to hydride and pyridine trans to carbonyl, as in 
isomers a and b of Chart 2. According to their similar stability, 
the displacement leads to [{OsH(CO)(PiPr3)2}2{μ-(κ2-
Npy,Nimine)2-BMePI}]BF4 (7), which is formed as the mixture of 
isomers 7a and 7b shown in Scheme 4. The mixture was iso-
lated as a dark purple solid in 67% yield. 

Figure 4 shows a view of 7a. The structure proves that both 
OsH(CO)(PiPr3)2 metal fragments coordinate to the chelate-
Npy,Nimine units in the same manner, with the pyridine N(1) and 
N(5) atoms trans to the respective hydride ligand (N(1)–Os(1)–
H(01) = 167(5)° and N(5)–Os(2)–H(02) = 165(4)°) and the 
imine N(2) and N(4) atoms trans to the respective carbonyl 
groups (N(2)–Os(1)–C(20) = 164.1(5)° and N(4)–Os(2)–C(21) 
= 165.3(5)°). Thus, the coordination polyhedron around each 
osmium atom is as in 4 with P(1)–Os(1)–P(2) and P(3)–Os(2)–
P(4) angles of 162.08(12)° and 163.37(12)°, respectively. The 
osmium-pyridine bond lengths of 2.148(9) (Os(1)–N(1)) and 
2.166(10) (Os(2)–N(5)) Å as well as the osmium-imine dis-
tances of 2.243(9) (Os(1)–N(2)) and 2.217(8) (Os(2)–N(4)) Å 
are statistically identical to the corresponding parameters of 4. 
The equivalence of the metal fragments is also revealed by the 
1H and 31P{1H} NMR spectra, in dichloromethane-d2, at room 
temperature. Thus, the 1H NMR spectrum shows a hydride res-
onance at –14.45, which appears as a triplet with a H–P cou-
pling constant of 20.0 Hz, whereas the 31P{1H} NMR spectrum 
exhibits a singlet at 20.2 ppm for the four phosphine ligands. 

 

 

 

 



 

 

Scheme 4. Formation of the mixture of isomers 7a and 7b. 

 
 

 

 

Figure 4. Molecular diagram of complex 7a (50% probability el-
lipsoids). All hydrogen atoms (except the hydrides) are omitted for 
clarity. Selected bond lengths (Å) and angles (º): Os(1)−N(1) = 
2.148(9), Os(2)−N(5) = 2.166(10), Os(1)−N(2) = 2.243(9), 
Os(2)−N(4) = 2.217(8), N(2)−C(6) = 1.407(14), N(2)−C(7) = 
1.279(13), N(3)−C(7) = 1.351(14), N(3)−C(14) = 1.346(14), 
N(4)−C(14) = 1.364(13), N(4)−C(15) = 1.387(14), 
N(1)−Os(1)−H(01) = 167(5), N(5)−Os(2)−H(02) = 165(4), 
N(2)−Os(1)−C(20) = 164.1(5), N(4)−Os(2)−C(21) = 165.3(5), 
P(1)−Os(1)−P(2) = 162.08(12), P(3)−Os(2)−P(4) = 163.37(12). 

Complex 7b has been also characterized by X-ray diffraction 
analysis. Figure 5 shows a view of the cation. Although both 
metal centers display an octahedral environment with trans 
phosphines (P(1)–Os(1)–P(2) = 163.12(4)° and P(3)–Os(2)–
P(4) = 164.51(4)°), in this case, only one of the coordination 
polyhedral resembles that of 4 with the hydride ligand trans to 
the pyridine (N(1)–Os(1)–H(01) = 170.5(17)°) and the carbonyl 
group located trans to the imine (N(2)–Os(1)–C(21) = 
164.71(19)°). The other one, around the Os(2) atom, contains 
the hydride ligand trans to the imine (N(4)–Os(2)–H(02) = 
156.1(17)°) and the carbonyl group trans to the pyridine (N(5)–
Os(2)–C(22) = 171.30(18)°). With regard to the Os–N dis-
tances, the differences between the metal fragment are small, 
according to a similar trans influence for the hydride ligand and 
the carbonyl group. Thus, the osmium-pyridine bond lengths, 
2.167(4) (Os(1)–N(1)) and 2.175(4) (Os(2)–N(5)) Å, are statis-
tically identical, whereas the osmium-imine distance Os(2)–
N(4) (2.261(4) Å, trans to hydride) is only 0.04 Å longer than 
the osmium-imine bond length Os(1)–N(2) (2.225(4) Å, trans 
to carbonyl). In accordance with the presence of two inequiva-
lent metal fragments in the dimer, the 1H NMR spectrum, in 

dichloromethane-d2, at room temperature shows two hydride 
resonances at –14.31 and –17.43 ppm, which are observed as 
triplets with H–P coupling constants of 20.0 and 18.8 Hz, re-
spectively, whereas the 31P{1H} NMR spectrum exhibits two 
singlets at 20.6 and 20.2 ppm. 

 

 

Figure 5. Molecular diagram of complex 7b (50% probability el-
lipsoids). All hydrogen atoms (except the hydrides) are omitted for 
clarity. Selected bond lengths (Å) and angles (º): Os(1)−N(1) = 
2.167(4), Os(2)−N(5) = 2.175(4), Os(2)−N(4) = 2.261(4), 
Os(1)−N(2) = 2.225(4), N(2)−C(6) = 1.408(5), N(2)−C(7) = 
1.324(6), N(3)−C(7) = 1.355(6), N(3)−C(14) = 1.373(5), 
N(4)−C(14) = 1.312(6), N(4)−C(15) = 1.411(6), P(1)−Os(1)−P(2) 
= 163.12(4), P(3)−Os(2)−P(4) = 164.51(4), N(1)−Os(1)−H(01) = 
170.5(17), N(2)−Os(1)−C(21) = 164.71(19), N(4)−Os(2)−H(02) = 
156.1(17), N(5)−Os(2)−C(22) = 171.30(18). 

The µ-(κ2-Npy,Nimine)2 coordination mode is not only preferred 
for structures based on OsHX(PiPr3)2 (X = H2, CO) skeletons, 
but also for those supported for half-sandwich metal fragments 
such as OsCl(η6-C6H6). Treatment of dimer {OsCl(η6-
C6H6)}2(µ-Cl)2 (8) with 1.2 equiv of HBMePI, in methanol, at 
room temperature, for 48 h produces the precipitation of the red 
chloride salt of the cation trans-[{OsCl(η6-C6H6)}2{μ-(κ2-
Npy,Nimine)2-BMePI}]+ (9a, 56% yield), which indeed contains 
the polydentate anion coordinated in this way (Scheme 5). In 
contrast to 8, its p-cymene counterpart {OsCl(η6-p-cy-
mene)}2(µ-Cl)2 (10) reacts with 1,3-bis(4’-tertbutyl-2’-pyri-
dylimino)isoindoline in the presence of lithium diisopropyla-
mide to afford a mononuclear [Os{κ3-Npy,Niso,Npy-fac-
(BPI)}(η6-p-cymene)]+ cation via a neutral OsCl{κ2-Npy,Niso-
(BPI)}(η6-p-cymene) intermediate10. 
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Scheme 5. Formation of 9a. 

 
The μ-(κ2-Npy,Nimine)2 coordination of BMePI in 9a was con-
firmed by X-ray diffraction analysis. Figure 6 shows a view of 
the structure. The cation has a C2 axis, which crosses the isoin-
doline passing through the N(3) atom and the middle point of 
the C(10)−C(11) bond of the six-membered ring. As in the pre-
vious complexes, the osmium atoms are situated in position anti 
with regard to the isoindoline N(3) atom, with the arenes lying 
in different planes. One of them is located above the BMePI 
ligand, while the other one is situated below the anion. Thus, 
the coordination polyhedron around each osmium atom can be 
rationalized as a distorted octahedron with the arene occupying 
three sites of a face, whereas the pyridyl-imine unit 
(N(1)−Os(1)−N(2) = 61.17(16)°, N(5)−Os(2)−N(4) = 
61.74(16)°) and the chloride ligand lie in the opposite one. The 
osmium-pyridine bond lengths of 2.117(4) (Os(1)−N(1)) and 
2.097(4) (Os(2)−N(5)) Å and the osmium-imine distances of 
2.156(4) (Os(1)−N(2)) and 2.152(4) (Os(2)−N(4)) Å compare 
well with the respective parameters in the previously mentioned 
compounds. 

 

 

Figure 6. Molecular diagram of complex 9a (50% probability el-
lipsoids). All hydrogen atoms are omitted for clarity. Selected bond 
lengths (Å) and angles (º): Os(1)−N(1) = 2.117(4), Os(2)−N(5) = 
2.097(4), Os(1)−N(2) = 2.156(4), Os(2)−N(4) = 2.152(4), 
N(2)−C(6) = 1.398(6), N(2)−C(7) = 1.314(6), N(3)−C(7) = 
1.368(6), N(3)−C(14) = 1.354(6), N(4)−C(14) = 1.320(6), 
N(4)−C(15) = 1.411(6), N(1)−Os(1)−N(2) = 61.17(16), 
N(5)−Os(2)−N(4) = 61.74(16). 

The [BArF
4]- salt of 9a is very soluble in methanol, at room tem-

perature, in contrast to the Cl- salt. This methanol solution can 
be kept, at room temperature, under argon, in the absence of 
light, for long time. However, under light, cation 9a evolves to 
the cis-isomer 9b (Scheme 6), to reach 1:1 equilibrium mixture, 
as a result of a 180º rotational process of one of the metal moi-
eties around the closer imine N−C double bond. DFT calcula-
tions (B3LYP/def2-SVP level) have estimated an activation 
barrier of 16.2 kcalꞏmol-1 for the isomerization, the trans isomer 
being 0.6 kcalꞏmol-1 more stable than the cis-isomer. 

 

 

 

Scheme 6. Light mediated trans-cis (9a-9b) isomerization 
for 9. 

 
 

The cis isomer 9b has been also characterized by X-ray diffrac-
tion analysis. Figure 7 shows a view of its structure. The main 
difference with regard to 9a is the presence of a symmetry plane 
at the same position as the C2 axis of 9a. So, both arenes lie at 
the same face of the bridge ligand. The coordination polyhedron 
around the osmium is as in 9a. The angles N(1)−Os(1)−N(2) 
and N(5)−Os(2)−N(4) of 61.80(19)° and 61.58(18)°, respec-
tively, as well as the Os-pyridine bond lengths of 2.096(5) 
(Os(1)−N(1)) and 2.110(5) (Os(2)−N(5)) Å and the Os-imine 
distances of 2.142(5) (Os(1)−N(2)) and 2.149(5) (Os(2)−N(4)) 
Å agree well with the respective parameters of 9a. 

 

Figure 7. Molecular diagram of complex 9b (50% probability el-
lipsoids). All hydrogen atoms are omitted for clarity. Selected bond 
lengths (Å) and angles (°): Os(1)−N(1) = 2.096(5), Os(2)−N(5) = 
2.110(5), Os(1)−N(2) = 2.142(5), Os(2)−N(4) = 2.149(5), 
N(2)−C(6) = 1.410(7), N(2)−C(7) = 1.313(7), N(3)−C(7) = 
1.354(7), N(3)−C(14) = 1.361(7), N(4)−C(14) = 1.313(7), 
N(4)−C(15) = 1.407(7), N(1)−Os(1)−N(2) = 61.80(19), 
N(5)−Os(2)−N(4) = 61.58(18). 

The fact that both metal fragments OsHX(PiPr3)2 and OsCl(η6-
C6H6) prefer the κ2-Npy,Nimine coordination prompted us to ex-
plore the possibility of forming heteroleptic species with the 
two different types of fragments connected by a µ-(κ2-
Npy,Nimine)2-BMePI ligand. The free pyridine N(5) and imine 
N(4) atoms of 4 cleaves the bridges of 8 and 10 and displace a 
chloride ligand of the resulting mononuclear fragment, to afford 
the desired heteroleptic dimer cations [(PiPr3)2(CO)HOs{µ-(κ2-
Npy,Nimine)2-BMePI}OsCl(η6-arene)]+ (arene = C6H6 (11), p-cy-
mene (12)), which were isolated as both the red Cl- and [BArF

4]- 
salts in high yield (87-92%), according to Scheme 7. 

 

Scheme 7. Formation of 11 and 12. 
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The formation of these novel cations was confirmed by means 
of the X-ray analysis of the [BArF

4]- salt of 11. The structure has 
two cations and two anions chemically equivalent but crystallo-
graphically independent in the asymmetric unit. Figure 8 shows 
a view of one of the cations. The coordination polyhedron 
around the Os(1) atom resembles that of 4 with P(1)–Os(1)–
P(2), N(1)–Os(1)–H(01) and N(2)–Os(1)–C(39) angles of 
162.03(8)° and 163.37(9)°, 160(3)° and 161(3)°, and 164.4(3)° 
and 165.8(3)°, respectively, whereas the geometry around Os(2) 
is also close to octahedral, with the arene occupying three sites 
of a face. The N(5), N(4)-pyridyl-imine unit, which acts with 
N(4)−Os(2)−N(5) bite angles of 61.9(3)º and 61.6(3)º, lies in 
the opposite sites along a chloride ligand. The Os(1)−pyridine 
bond lengths of 2.174(7) and 2.176(7) (Os(1)–N(1)) Å as well 
as the Os(1)−imine distances of 2.216(6) and 2.196(6) (Os(1) –
N(2)) Å agree well with those of 4, whereas the Os(2)−pyridine 
bond lengths of 2.118(7) and 2.100(8) (Os(2)−N(5)) Å and 
Os(2)−imine distances of 2.131(6) and 2.120(7) (Os(2)−N(4)) 
Å are between 0.05 and 0.08 Å shorter than the respective ones 
above mentioned. 

The 1H and 31P{1H} NMR spectra of 11 and 12, in dichloro-
methane-d2, at room temperature are consistent with the struc-
ture shown in Figure 8. In the 1H NMR spectra, the most notice-
able feature is a triplet (2JH−P ≈ 20 Hz) at –14.39 ppm for 11 and 
at –14.50 ppm for 12, corresponding to the hydride ligand. The 
31P{1H} NMR spectra contains an AB spin system centered at 
20.5 ppm and defined by Δʋ = 169.5 Hz and 2JP−P = 229.4 Hz 
for 11 and by Δʋ = 69.0 Hz and 2JP−P = 229.1 Hz for 12, which 
indicates high activation barriers for rotational processes 
around the imine N(2)−C(7) and N(4)−C(14) bonds. 

 

Figure 8. Molecular diagram of complex 11 (50% probability el-
lipsoids). All hydrogen atoms (except the hydride) are omitted for 
clarity. Selected bond lengths (Å) and angles (º): Os(1)–N(1) = 
2.174(7) and 2.176(7), Os(1)–N(2) = 2.216(6) and 2.196(6), 
Os(2)−N(5) = 2.118(7) and 2.100(8), Os(2)−N(4) = 2.131(6) and 
2.120(7), N(2)−C(6) = 1.408(10) and 1.416(10), N(2)−C(7) = 
1.324(10) and 1.322(10), N(3)−C(7) = 1.367(10) and 1.356(10), 
N(3)−C(14) = 1.333(10) and 1.347(10), N(4)−C(14) = 1.320(11) 
and 1.334(10), N(4)−C(15) = 1.383(11) and 1.380(11), 
P(1)−Os(1)−P(2) = 162.03(8) and 163.37(9), N(1)−Os(1)−H(01) = 
160(3) and 161(3), N(2)−Os(1)−C(39) = 164.4(3) and 165.8(3), 
N(4)−Os(2)−N(5) = 61.9(3) and 61.6(3). 

The electronic properties of the heteroleptic complexes 11 and 
12 were studied using experimental-computational methods. 
The homoleptic complex 9a was also included in the study for 
comparison purposes. The electrochemical properties of these 
new class of bimetallic compounds were also addressed. 

UV/vis absorption spectra of 1x10-5 M acetonitrile solutions of 
compounds 9a, 11 and 12 (Table 1, Table S1 and Figure S1 in 
the Supporting Information) show an intense absorption band in 
the range 480–498 nm. Time-dependent DFT calculations (TD-
B3LYP/def2-SVP, computed in acetonitrile as solvent) indicate 
that these visible transitions can be assigned to MLCT bands 
resulting from HOMO to LUMO or combinations of HOMO 
and HOMO-1 to LUMO transitions. The HOMOs are π-molec-
ular orbitals mainly located at OsH(CO)(PiPr3)2 for 11 and 12, 
and at OsCl(η6-C6H6) for 9a, whereas the LUMOs are π*-mo-
lecular orbitals delocalized on BMePI ligand (Figure S2 in the 
Supporting Information). The UV-vis spectra also contain 
higher energy bands (λ = 330–340 nm), corresponding to com-
binations of electron transitions from orbitals below the HOMO 
to the LUMO. 

 

Table 1. UV-vis Excitation Energies (λmax in nm) for com-

plexes 9a, 11 and 12. 

Complex λ nm (ɛꞏ10-4/ M-1ꞏ cm-1)a 

9a 498(2.08), 348(1.35), 279(3.02), 269(3.41) 

11 480(3.74), 339 (2.53), 248 (5.36) 

12 497(2.54), 338(1.89), 247(4.28) 

aData recorded at room temperature in acetonitrile with a con-
centration of 1x10-5 M. In parenthesis, the molar extinction coeffi-
cient ɛ. 

Cyclic voltammetries (CV) for compounds 9a, 11 and 12 were 
conducted on 1x10-3 M acetonitrile solutions and 0.1 M of the 
supporting electrolyte (Bu4N)(ClO4) and data are shown in Ta-
ble 2. These compounds experience two reduction events. The 
first reduction wave is reversible (values ranging from –0.75 V 
to –0.84 V) and the second one irreversible, at values ranging 
from –1.16 V to –1.32 V. As the complexes studied have 
LUMO orbitals mainly centered on the BMePI moiety, the re-
duction appears to exclusively involve the bridging ligand (Fig-
ures S2 and S3 in the Supporting Information). 

Heteroleptic complexes 11 and 12 display four oxidation events 
(Table 2). To get more information about the insights of these 
processes, a DFT investigation was conducted (B3LYP/def2-
SVP level) using the model cation [(PMe3)(CO)HOs{µ-(κ2-
Npy,Nimine)-BMePI}OsCl(η6-C6H6)]+ (11M+; Figure 9). The re-
sults indicate that after the first reversible oxidation (at 0.92 V), 
the spin density for the one-electron oxidized species 11M2+ is 
still predominantly resident on the OsH(CO)(PMe3)2 metal 
fragment (0.75 e-). Subsequent loss of one electron (at 1.15 V) 
affords trication 11M3+ showing a HOMO distribution with sig-
nificant participation of the OsCl(η6-C6H6) metal fragment, 
from which the next oxidations at 1.35 V and 1.48 V should 
take place. In consequence, the experimental and computational 
results indicate that the two metal fragments behave inde-
pendently from each other in a sequential manner. The homo-
leptic cation 9a shows two irreversible oxidation waves at 1.41 
and 1.57 V, which agree well with the oxidations assigned to 
the OsCl(η6-C6H6) metal fragment of 11. 

 

 

 

 

 



 

 

Figure 9. Computed (B3LYP/def2-SVP level) sequential two-electron oxidation of model heteroleptic complex 11M+: Highest occupied 
HOMO orbitals of 11M+ and 11M3+ and the spin density of dication 11M2+ (isosurface value 0.04). 

 

Table 2. Electrochemical data for complexes 9a, 11 and 12.a 

aData obtained from 1x10-3 M acetonitrile solutions, containing 
0.1 M (Bu4N)(ClO4) as supporting electrolyte at 20 ºC. Data are 
given in V. Potentials are relative to Ag/AgCl. bE1/2 values. 

 

Dehydrogenation of Alcohols and Amines Promoted by 3 
and 4. Both complexes are efficient catalyst precursors for the 
acceptorless and base-free dehydrogenation of the above men-
tioned hydrogen donors, including cyclic and lineal substrates. 
In contrast to 3 and 4, diamine-phosphine osmium complexes 
previously reported requires the use of KOtBu for the reaction 
to proceed.15 The alcohol dehydrogenation was performed in 
toluene, at 100°C, using a substrate concentration of 0.25 M and 
a 7% mol of catalyst, whereas the amine dehydrogenation was 
carried out in p-xylene, at 140°C, using a substrate concentra-
tion of 0.12 M and a 10% mol of catalyst. Table 3 collects the 
alcohols studied and the yield of carbonyl compound formed 
after 24 h. Table 4 summarizes the results obtained, after 48 h, 
for the reactions performed with cyclic and lineal amines. 

The trihydride complex 3 dehydrogenates 1-phenylethanol (run 
1) and related alcohols with a substituent at the phenyl group 
(runs 3–5 and 7) to afford the corresponding ketones and H2 (eq 
1) in 60-80% yield, depending of the nature of the substituent 
and its position. A chloride substituent at para position has a 
negligible influence (run 7), while a methyl group slightly fa-
vors the dehydrogenation. The influence of the position of the 
latter is however very marked, decreasing the amount formed 
of ketone as it approaches to the functional group; i. e., p > m > 
o (runs 3 > 4 > 5). For these substrates, the efficiency of the 
carbonyl complex 4 is comparable to that of the trihydride com-
plex 3 (run 2 versus run 1 and run 6 versus run 5). 

Complex 3 dehydrogenates diphenylmethanol (run 8) with 
the same efficiency as 1-p-tolylethanol; i. e., better than 1-phe-
nylethanol. The adverse impact resulting from the increase of 
the steric hindrance due to the replacement of a methyl group in 
1-phenylethanol by a phenyl appears to be compensated for the 
higher stability of benzophenone with regard to acetophenone. 
Diphenylmethanol is also better dehydrogenated than 1-phe-
nylethanol in the presence of 4 (run 9), although the latter is 
slightly less active than 3, in this case. The replacement of aryl 

substituents in the alcohol by alkyl groups certainly hampers the 
dehydrogenation. Thus, secondary alcohols with two alkyl 
groups, such as 2-octanol and 1-cyclohexylethanol (runs 10-
13), are worse dehydrogenated (34–45%) than those containing 
some aromatic substituent. The same trend has been observed 
with other catalysts.3k For these aliphatic substrates, the car-
bonyl complex 4 performs better than the trihydride derivative 
3. The latter also dehydrogenates functionalized alcohols such 
as 3-pyridylethanol (run 14) 4-pyridylethanol (run 15) and 1-
(tetrahydrofuran-2-yl)ethan-1-ol (run 16). The corresponding 
ketones are formed in 20–45% yield. The position of the 
CH3CHOH– group at the pyridyl ring has a noticeable influence 
in the reaction; the conversion to the ketone increases as the 
substituent approaches the nitrogen atom. In agreement with 
this Nakazawa and co-workers have observed that while a wide 
range of 2-pyridylmethanol derivatives are efficiently dehydro-
genated with the iron precursor Fe(η5-C5H5)Cl(CO)2 and NaH, 
3-pyridylmethanol and 4-pyridylmethanol do not undergo oxi-
dation under the same conditions.7c 

Complex 3 transforms primary alcohols, such as benzyl alco-
hol (run 17), 4-methylbenzyl alcohol (run 19) and 4-chloroben-
zyl alcohol (run 20) into the corresponding aldehyde and H2. 
The amount of ester formed, as a consequence of a dehydro-
genative alcohol dimerization is lower than 8% in all cases. In 
contrast to 3, osmium complexes stabilized by P,N,P–, P,N,N– 
and N,N,N–pincer ligands afford esters.14b,e A similar behavior 
has been also observed for RuH2(PPh3)4, related ruthenium pre-
cursors stabilized by pincer3f and tetradentate3i amine-phos-
phines and pincer N,N,N ligands,3h and P,N,P–iron deriva-
tives.7b Both electron withdrawing and electron donating groups 
favor the dehydrogenation. Thus substituted benzaldehydes are 
formed in better yields than benzaldehyde. The carbonyl com-
plex 4 is also active for the dehydrogenation of benzyl alcohol 
(run 18), although is less efficient than the trihydride complex 
3. 

Heterocycles containing nitrogen include 1,2,3,4-tetrahydro-
quinoline, 1,2,3,4-tetrahydroquinaldine, 6-methyl-1,2,3,4-tetra-
hydroquinoline, 1,2,3,4-tetrahydroisoquinoline, and 2-methyl-
indoline. Both complexes 3 and 4 are efficient catalyst precur-
sors to promote the dehydrogenation of these substrates. Under 
the reaction conditions the aromatic heterocycles were formed 
with yields between 100% and 18%. The amount of molecular 
hydrogen released per gram of heterocycle used, after 48 h, de-
pends upon three factors: i) the presence of a methyl group ad-
jacent to the nitrogen atom, ii) the position of the heteroatom in 
the heterocycle and iii) the size of the heterocycle. 

 

 

11M+

-1e- -1e-

11M2+ 11M3+Os (0.75 e-)

 Reduction Oxidation 

 Epc
1 Epc

2 Epa
1 Epa

2 Epa
3 Epa

4 

9a -0.75b -1.16 1.41 1.57 --- --- 

11 -0.84b -1.32 0.92b 1.15 1.35 1.48 

12 -0.85b -1.35 0.92b 1.23 1.43 1.82 



 

Table 3. Osmium Catalyzed Acceptorless and Base-Free 

Dehydrogenation of Alcoholsa 

run catalyst substrate product 
yield 
(%)b 

1 3 

  

60 

2 4 60 

3 3 

  

76 

4 3 63 

5 3 

  

39 

6 4 39 

7 3 

  

61 

8 3 

  

77 

9 4 69 

10 3 

  

34 

11 4 46 

12 3 

  

37 

13 4 45 

14 3 

  

32 

15 3 

  

20 

16 3 45 

17c 3 

  

31c,d 

18c 4 13c,e 

19c 3 
 

 

58c,f 

20c 3 
  

41c,g 

a Conditions: 3 or 4 (0.0178 mmol); substrate (0.254 mmol); tol-
uene (1 mL) heated at 100 ºC for 24 h. b Conversions were calcu-
lated from the relative peak area integrations of the reactant and 
product in the GC spectra. cYields were determined by 1H NMR 
spectroscopy using 1,1,2,2-tetrachloroethane as standard. d 3% of 
benzyl benzoate is also formed. e 7% of benzyl benzoate is also 
formed. f1% of 4-methylbenzyl 4-methylbenzoate is also formed. g 
8% of 4-chlorobenzyl 4-chlorobenzoate is also formed. 

Table 4. Osmium Catalyzed Acceptorless and Base-Free 

Dehydrogenation of N-Heterocycles and Lineal Aminesa 

run 
cata-
lyst 

substrate product 
yield 
(%)b 

mol H2/g 
substrate 

1 3 

 

81 1.22 ꞏ 10-2 

2 4 68 1.02 ꞏ 10-2 

3 3 

 
 

18 0.59 ꞏ 10-2 

4 4 31 0.42 ꞏ 10-2 

5 3 

  

85 1.15 ꞏ 10-2 

6 4 78 1.06 ꞏ 10-2 

7 3 

  

52 0.78 ꞏ 10-2 

8 4 51 0.77 ꞏ 10-2 

9 3 100 0.84 ꞏ 10-2 

10 4 100 0.84 ꞏ 10-2 

11c 3 

  
37 0.20 ꞏ 10-2 

12c 4 26 0.14 ꞏ 10-2 

13c 3 
  16 0.13 ꞏ 10-2 

a Conditions: 3 or 4 (0.0119 mmol); N-heterocyclic substrate 
(0.119 mmol); p-xylene (1 mL) heated at 140 ºC for 48 h. b Con-
versions were calculated from the relative peak area integrations of 
the reactant and product in the GC spectra. cYields were determined 
by 1H NMR spectroscopy using 1,1,2,2-tetrachloroethane as stand-
ard. 

A methyl group adjacent to the nitrogen atom hampers the de-
hydrogenation. While 1,2,3,4-tetrahydroquinoline (runs 1 and 
2) and 6-methyl-1,2,3,4-tetrahydroquinoline (runs 5 and 6) af-
ford the corresponding quinolines in 68–85% yield, releasing 
between 1.02ꞏ10-2 and 1.22ꞏ10-2 molꞏg-1 of H2, quinaldine (runs 
3 and 4) is formed in 18–31% yield along 0.24–0.42ꞏ10-2 molꞏg-

1 of H2. Since the presence of the methyl substituent adjacent to 
the heteroatom reduces the coordination ability of the heterocy-
cle, this reveals that the coordination of the nitrogen atom to the 
metal center of the catalysts is a key step in the dehydrogena-
tion. The position of the heteroatom in the heterocycle certainly 
plays an important role for the catalysis. Thus, 1,2,3,4-tetrahy-
droisoquinoline (runs 7 and 8) is worse dehydrogenated than 
1,2,3,4-tetrahydroquinoline. After 48 h in presence of 3, the for-
mer releases 0.78ꞏ10-2 molꞏg-1 of H2, about 34% less than 
1,2,3,4-tetrahydroquinoline. This is in contrast with that previ-
ously observed for the acetylacetonate derivative 
OsH3(acac)(PiPr3)2.16 Under the same conditions, with this cat-
alyst, 1,2,3,4-tetrahydroisoquinoline releases 1.50ꞏ10-2 molꞏg-1 
of H2, about 20% more than 1,2,3,4-tetrahydroquinoline 
(1.20ꞏ10-2 molꞏg-1). A similar behavior has been observed for 
some ruthenium-hydride precursors.3g The size of the heterocy-
cle is also relevant. 2-Methylisoindoline (runs 9 and 10) re-
leases all its capacity of H2, 0.84ꞏ10-2 molꞏg-1, between 70% and 
50% more than the molecular hydrogen produced from its six-
membered counterpart 1,2,3,4-tetrahydroquinaldine. 

Complexes 3 and 4 also promote the dehydrogenation of lineal 
amines such as N-phenylbenzylamine (runs 11 and 12) and N-
methylbenzylamine (run 13) to afford the corresponding imines 
in 30%–16% yield, after 48 h reaction. 
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CONCLUDING REMARKS 
This study has revealed that the anion 1,3-bis(6-methyl-2-

pyridylimino)-isoindolinate, with five-basic nitrogen atoms, co-
ordinates to osmium (IV) and osmium (II) metal fragments in 
the unprecedented 2-Npy,Nimine fashion to form mononuclear 
complexes, which are efficient catalyst precursors for the ac-
ceptorless and base-free dehydrogenation of secondary and pri-
mary alcohols and cyclic and lineal amines. The reason of this 
novel coordination mode is thermodynamic, since it gives rise 
to the most stable structures from the all possible options. Be-
cause the polydentate ligand has still three free basic nitrogen 
atoms, the resulting mononuclear species can be further used as 
metaloligands to prepare homoleptic bis(osmium(IV)) and 
bis(osmium(II)) and heteroleptic bis(osmium(II)) dinuclear cat-
ions, where the polydentate ligand acts as -(2-Npy-Nimine)2-
bridge, also unprecedented. Frontier orbitals and electrochemi-
cal studies on bis(osmium(II)) complexes, with different envi-
ronments around each osmium atom, show that the metal frag-
ments behave independently and in a sequence manner.  

The new complexes are formally zwitterions with a negative 
charge on the isoindoline nitrogen atom and a positive charge 
on the metal centers. In this context, it should be noted that ex-
ocyclic N(2)–C(7) and N(4)–C(14) bond lengths are generally 
shorter than the endocyclic C(7)–N(3) and N(3)–C(14) dis-
tances. 

In conclusion, a novel type of catalyst precursors for the accep-
torless and base-free dehydrogenation of hydrogen carriers 
based on organic liquids, which can be further employed as 
metaloligands to generate homoleptic and heteroleptic dinu-
clear metal cations, has been discovered. 

 

EXPERIMENTAL SECTION 

All reactions were carried out with rigorous exclusion of air using 
Schlenk-tube techniques. Acetone, methanol, tetrahydrofuran, 2-propa-
nol and p-xylene were dried and distilled under argon. Other solvents 
were obtained oxygen- and water-free from an MBraun solvent purifi-
cation apparatus. NMR spectra were recorded on a Varian Gemini 
2000, a Bruker ARX 300 MHz, a Bruker Avance 300 MHz, or a Bruker 
Avance 400 MHz instrument. Chemical shifts (expressed in parts per 
million) are referenced to residual solvent peaks (1H, 1H{31P}, 13C{1H}) 
or external standard (31P{1H} to 85% H3PO4 and 11B to BF3ꞏOEt2). 
Coupling constants J and N (N = J(PH) + J(P'H) for 1H and N = J(PC) 
+ J(P'C) for 13C{1H}) are given in hertz. Attenuated total reflection in-
frared spectra (ATR-IR) of solid samples were run on a Perkin-Elmer 
Spectrum 100 FT-IR spectrometer. C, H, and N analyses were carried 
out in a Perkin-Elmer 2400 CHNS/O analyzer. High-resolution elec-
trospray mass spectra (HRMS) were acquired using a MicroTOF-Q hy-
brid quadrupole time-of-flight spectrometer (Bruker Daltonics, Bre-
men, Germany). Cyclic voltammograms (CVs) were recorded at room 
temperature in acetonitrile solutions using concentrations 1.10-3 M of 
the test sample and 0.1 M of the supporting electrolyte (Bu4N)(ClO4), 
in a AUTOLAB PGSTAT302N potentiostat with Ag/AgCl 3M as ref-
erence electrode and Pt and glassy carbon as the counter and working 
electrodes respectively (scan rate 0.1 V/s). All reagents and substrates 
were purchased from commercial sources and were dried and distilled 
under argon or in a Kugelrohr distillation oven. 5-tert-butyl-4-hydroxy-
2-methylphenyl sulfide was purchased from commercial sources and 
used without further purification.  OsH6(PiPr3)2 (1),31 
OsHCl(CO)(PiPr3)2,32

 OsH(OH)(CO)(PiPr3)2 (2),33 OsH2Cl2(PiPr3)2 
(5),31 [(η6-C6H6)OsCl2]2 (8),34 [(η6-p-cymene)OsCl2]2 (10),35 1,3-bis(6-
methylpyridyl-2-imino)isoindoline (HBPI)36 were prepared according 
to the published methods. The formed imines were characterized by 
comparison of their 1H NMR spectra with those previously reported: 

N-benzylidene aniline14a, N-(phenylmethylene)methanamine37. The 
formed aldehydes were characterized by comparison of their 1H NMR 
spectra with those previously reported: 4-methylbenzaldehyde38, 4-
chlorobenzaldehyde38. 

OsH3{κ2-Npy,Nimine-(BMePI)}(PiPr3)2 (3). OsH6(PiPr3)2 (0.100 g, 
0.193 mmol) was dissolved in propan-2-ol (10 mL) and treated with 
1,3-bis(6’-methyl-2’-pyridylimino)isoindoline (HBMePI) (0.063 g, 
0.193 mmol). The yellow solution was stirred under reflux for 6 h and 
then, the volatiles were removed under vacuum. The resulting residue 
was precipitated and washed with pentane (3 x 3 mL, 233 K) affording 
a red solid which was dried in vacuo. Yield: 0.108 mg (67%). Red crys-
tals suitable for X-ray diffraction analysis were obtained from slow dif-
fusion of pentane in a concentrated solution of 3 in toluene. Anal. 
Calcd. for C38H61N5OsP2: C, 54.33; H, 7.32; N, 8.34. Found: C, 54.62; 
H, 7.07; N, 8.48. HRMS (electrospray, m/z): Calcd. for C38H61N5OsP2 
[M + H]+: 842.4092, found: 842.4150. 1H NMR (300 MHz, CD2Cl2, 
298 K): δ 9.05 (d, 3JH-H = 6.3, 1 H, CHarom), 8.56 (d, 3JH-H = 8.4, 1 H, 
CHarom), 7.92 (dd, 3JH-H = 6.0, 3JH-H = 1.5, 1 H, CHarom), 7.55 (d, 3JH-H = 
8.0, 1 H, CHarom), 7.35 (t, 3JH-H = 7.6, 1 H, CHarom), 7.30 (dt, 3JH-H = 7.5, 
1JH-H = 1.0, 1 H, CHarom), 7.16 (dt, 3JH-H = 7.4, 1JH-H = 0.8, 1 H, CHarom), 
7.11 (t, 3JH-H = 8.1, 1 H, CHarom), 6.63 (d, 3JH-H = 7.3, 1 H, CHarom), 6.26 
(d, 3JH-H = 7.4, 1 H, CHarom),  2.54 (s, 3 H, py–CH3), 2.23 (s, 3 H, py–
CH3), 1.89 (m, 6 H, PCH), 0.87 (dvt, JH–H = 6.8, N = 12.8, 36 H, 
PCH(CH3)2), –12.06 (br, 3 H, OsH). 1H NMR (300 MHz, CD2Cl2, 193 
K): δ –10.68 (d, JH-H = 66.6, 1 H), –12.15 (dd, JH-H = 66.6, JH-H = 37.1), 
–13.89 (d, JH-H = 37.1). T1(min) (ms, OsH, 300 MHz, CD2Cl2, 203 K): 91 
(–10.68 ppm). 13C{1H} NMR (75.5 MHz, CD2Cl2, 298 K): δ 171.9, 
166.8, 166.7, 164.1, 157.8, 155.1, 142.4, 140.4 (all s, Carom), 137.6, 
137.2, 130.1, 129.1, 123.0, 122.1, 118.8, 117.6, 116.7, 116.4 (all s, 
CHarom), 28.7 (dvt, PCH), 25.3 and 25.1 (both s, CH3), 20.5 and 20.3 
(both s, PCH(CH3)3). 31P{1H} NMR (121 MHz, CD2Cl2, 298 K): δ 20.1 
(s). 

OsH{κ2-Npy,Nimine-(BMePI)}(CO)(PiPr3)2 (4). OsH(OH)(CO)(PiPr3)2 

(2) (0.070 g, 0.126 mmol) was dissolved in toluene (5 mL) and treated 
with HBPI (0.045 g, 0.138 mmol). The mixture was stirred for 2 h at 
room temperature before the volatiles were removed under vacuum. 
The residue was washed with methanol (2 x 1 mL) at approximately 
203 K and dried under vacuum affording an orange solid. Yield: 0.065 
g (60%). A crystal suitable for X-ray diffraction study was obtained 
from slow diffusion of methanol in a concentrated solution of 2 in tol-
uene. Anal. Calcd. for C39H59N5OOsP2ꞏCH3OH: C, 53.49; H, 7.07; N, 
7.80. Found: C, 53.15; H, 6.86; N, 7.73. HRMS (electrospray, m/z): 
Calcd. for C39H60N5OOsP2 [M + H]+: 868.3885, found: 868.3903. IR 
(cm–1): ʋ (CO) 1885 (s). 1H NMR (300 MHz, CD2Cl2, 298 K): δ 8.83 
(d, 3JH-H = 7.3, 1H, CHarom), 8.43 (d, 3JH-H = 8.4, 1H, CHarom), 7.89 (d, 
3JH-H = 7.2, 1H, CHarom), 7.54 (dd, 3JH-H = 8.0, 7.5, 1H, CHarom), 7.46 
(dd, 3JH-H = 8.4, 6.9 1H, CHarom), 7.45 (dd, 3JH-H = 7.2, 6.9 1H, CHarom), 
7.37 (dd, 3JH-H = 7.5, 7.3, 1H, CHarom), 7.31 (d, 3JH-H = 8.0, 1H, CHarom), 
6.84 (d, 3JH-H = 6.9, 1H, CHarom), 6.82 (d, 3JH-H = 6.9, 1H, CHarom), 2.60 
(s, 3H, py−CH3), 2.51 (s, 3H, py−CH3), 2.43 – 2.27 (m, 6H, PCH), 1.12 
(dvt, N = 12.9, 3JH–H = 6.9, 18H, PCH(CH3)2), 1.04 (dvt, N = 13.2, 3JH–

H = 6.9, 18H, PCH(CH3)2), –14.00 (t, 2JH-P = 20.3 Os–H, 1H). 13C{1H} 
NMR (75.5 MHz, CD2Cl2, 298 K): δ 186.6 (t, 2JC-P = 9.7, CO), 171.9, 
168.4, 167.8, 163.5, 157.7, 156.7, 141.5, 139.2 (all s, Carom), 137.2, 
137.1, 130.4, 128.8, 123.6, 121.9, 118.9, 117.8, 116.2, 116.1 (all s, 
CHarom), 28.0 (vt, N = 24.8, PCH), 25.1 (s, py−CH3), 24.8 (s, py−CH3), 
20.1 (s, PCH(CH3)2). 31P{1H} NMR (121 MHz, CD2Cl2, 298 K): δ 19.5 
(s). 

Synthesis of [{OsH3(PiPr3)2}2{µ-(κ2-Npy,Nimine)2-BMePI}]Cl (6). A 
yellow solution of HBMePI (31 mg, 0.094 mmol) in propan-2-ol (10 
mL) was treated with tBuOK (12 mg, 0.103 mmol) and stirred for 30 
minutes at room temperature. Then, OsH2Cl2(PiPr3)2 (0.100 g, 0.170 
mmol) was added and the resulting suspension was stirred for 4 hours 
at room temperature. The volatiles were removed under vacuum and 
the residue was recrystallized with toluene and filtered through a col-
umn of celite. The solvent was removed under vacuum and the result-
ing residue was precipitated and washed with pentane (3x3 mL, 233 K) 
affording a dark-purple solid. Yield: 49% Crystals of 6 suitable for X-



 

ray diffraction study were obtained from C6D6, using 5-tert-butyl-4-hy-
droxy-2-methylphenyl sulfide to facilitate the crystallization by the for-
mation of intermolecular hydrogen bonds. HRMS (electrospray, m/z): 
Calcd. for C56H106N5Os2P4 [M]+: 1354.6605, found: 1354.6553.  1H 
NMR (300 MHz, CD2Cl2, 298 K): δ 9.19 (m, 2 H, CHarom), 8.45 (d, 3JH-

H = 8.4, 2 H, CHarom), 7.73 (t, 3JH-H = 8.0, 2 H, CHarom), 7.55 (m, 2 H, 
CHarom), 7.11 (d, 3JH-H = 7.6, 2 H, CHarom), 2.58 (s, 6 H, py-CH3), 2.07 
(m, 6 H, PCH), 1.00 (dvt, JH–H = 6.8, N = 12.6, 36 H, PCH(CH3)2), –
12.18 (t, JH-P = 12.2, 6 H, OsH). 1H NMR (300 MHz, CD2Cl2, 193 K): 
δ –10.78 (d, J = 168, 2 H), –12.11 (d, J = 170, 2 H), –13.95 (br, 2 H). 
T1(min) (ms, OsH, 300 MHz, CD2Cl2, 233 K): 70 (–12.65 ppm). 13C{1H} 
NMR (75.5 MHz, CD2Cl2, 298 K): δ 167.2, 165.2, 156.5, 139.8 (all s, 
Carom), 138.1, 130.5, 124.2, 122.0, 116.4 (all s, CHarom), 28.7 (vt, N = 
12.1, PCH), 25.4 (s, CH3), 20.3 and 20.1 (both s, PCH(CH3)3).  31P{1H} 
NMR (121 MHz, (CD2Cl2, 298 K): δ 20.9 (s). 

[{OsH(CO)(PiPr3)2}2{μ-(κ2-Npy,Nimine)2-BMePI}]BF4 (7). A solution 
of OsHCl(CO)(PiPr3)2 (0.046 g, 0.080 mmol) in acetone (5 mL) was 
treated with AgBF4 (0.016 g, 0.082 mmol) and stir for 30 minutes at 
room temperature. Then, 4 was added (0.070 g, 0.080 mmol) and the 
solution was stir for 3 hours at room temperature. The suspension was 
filtered through celite, the volatiles were removed under vacuum and 
the residue was washed with diethyl ether (2 x 2 mL) affording a dark 
purple solid, which is a mixture of isomers 7a and 7b (ratio 0.4:1). 
Yield: 0.081 g (67 %). Crystals of both isomers suitable for X-ray dif-
fraction study were obtained from slow diffusion of diethyl ether in a 
concentrated solution of 7a + 7b in dichloromethane. Anal. Calcd. for 
BC58F4H102N5O2Os2P4: C, 46.67; H, 6.89; N, 4.69. Found: C, 46.37; H, 
6.56; N, 4.72. HRMS (electrospray, m/z): Calcd. for C58H102N5O2Os2P4 
[M]+: 1406.6190, found: 1406.6155. IR (cm–1): ʋ (CO) 1887 (s). Com-
plex 7a: 1H NMR (400 MHz, CD2Cl2, 298 K) δ 8.98 (d, 3JH-H = 4.0, 2H, 
CHarom), 8.29 (d, 3JH-H = 7.2, 2H, CHarom), 7.74 (dd, 3JH-H = 7.6, 7.2, 2H, 
CHarom), 7.50 (dd, 3JH-H = 4.4, 4.0, 2H, CHarom), 7.13 (d, 3JH-H = 7.6, 2H, 
CHarom), 2.66 (s, 6H, py−CH3), 2.37 – 2.27 (m, 6H, PCH), 1.18 – 1.09 
(m, 36H, PCH(CH3)2), 1.05 (dvt, N = 13.2, 3JH–H = 7.2, 36H, 
PCH(CH3)2), –14.45 (t, 2JH-P = 20.0 Os–H, 2H). 13C{1H} NMR 
(100.6 MHz, CD2Cl2, 298 K): δ 185.8 (t, 2JC-P = 9.2, CO), 168.9, 166.3, 
158.4, 139.5 (all s, Carom), 138.0, 131.0, 125.0, 122.7, 116.2 (all s, 
CHarom), 27.6 (vt, N = 24.9, PCH), 24.8 (s, py−CH3), 20.1 and 19.4 
(both s, PCH(CH3)2). 31P{1H} NMR (162 MHz, CD2Cl2, 298 K): δ 20.2 
(s). Complex 7b: 1H NMR (400 MHz, CD2Cl2, 298 K) δ 8.97 (d, 3JH-H 
= 7.6, 1H, CHarom), 8.51 (d, 3JH-H = 7.6, 1H, CHarom), 8.46 (d, 3JH-H = 
8.4, 1H, CHarom), 8.30 (d, 3JH-H = 7.6, 1H, CHarom),7.82 (dd, 3JH-H = 8.4, 
7.6, 1H, CHarom), 7.72 (dd, 3JH-H = 7.6, 7.6 1H, CHarom), 7.58 (dd, 3JH-H 
= 7.6, 7.2, 1H, CHarom), 7.50 (dd, 3JH-H = 7.6, 7.2, 1H, CHarom), 7.13 (d, 
3JH-H = 7.6, 1H, CHarom), 7.09 (d, 3JH-H = 7.6, 1H, CHarom), 2.66 (s, 3H, 
py−CH3), 2.47 (s, 3H, py−CH3), 2.37 – 2.27 (m, 6H, PCH), 2.27 – 2.18 
(m, 6H, PCH), 1.18 – 1.09 (m, 36H, PCH(CH3)2), 1.05 (dvt, N = 12.8, 
3JH–H = 6.4, 18H, PCH(CH3)2), 0.98 (dvt, N = 12.8, 3JH–H = 6.8, 18H, 
PCH(CH3)2), –14.31 (t, 2JH-P = 20.0, Os–H, 1H), –17.43 (t, 2JH-P = 18.8, 
Os–H, 1H). 13C{1H} NMR (100.6 MHz, CD2Cl2, 298 K): δ 187.7 (t, 
2JC-P = 9.8, CO), 185.8 (t, 2JC-P = 9.4, CO), 171.0, 168.9, 167.3, 166.6, 
158.2, 156.8 (all s, Carom), 140.0 (s, CHarom), 139.5, 138.4 (both s, Carom), 
137.8, 131.3, 130.3, 125.1, 124.9, 122.1, 122.0, 117.5, 116.0 (all s, 
CHarom), 28.1 (vt, N = 24.9, PCH), 28.0 (vt, N = 24.5, PCH), 25.2 (s, 
py−CH3), 25.1 (s, py−CH3), 20.2 and 20.1 (both s, PCH(CH3)2). 
31P{1H} NMR (162 MHz, CD2Cl2, 298 K): δ 20.6 and 20.2 (both s). 

trans-[{OsCl(η6-C6H6)}2{μ-(κ2-Npy,Nimine)2-BMePI}]Cl ([9a]Cl). A 
solution of [(η6-C6H6)OsCl2]2 (8) (0.100 g, 0.147 mmol) in methanol (5 
mL) was treated with HBPI (0.058 g, 0.177 mmol) and stirred for 48 
hours at room temperature in absence of light. After this time, red solid 
had precipitated and solution was removed. The volatiles were removed 
under vacuum, the red solid was washed with diethyl ether (3 x 2 mL) 
and dried under vacuum. Yield: 0.085 g (59 %). A crystal suitable for 
X-ray diffraction study was obtained from a concentrated solution of 
9a in dichloromethane. It was not possible to measure 13C spectrum due 
to low solubility of the complex. Isomer trans was obtained. Anal. 
Calcd. for C32Cl3H28N5Os2: C, 39.65; H, 2.91; N, 7.22. Found: C, 
39.82; H, 2.79; N, 7.03. 1H NMR (300 MHz, CD2Cl2, 298 K): δ 8.36 
(dd, 3JH-H = 5.6, 4JH-H = 3.1, 2H, CHarom), 7.81 (dd, 3JH-H = 8.4, 7.7, 2H, 

CHarom), 7.72 (d, 3JH-H = 8.4, 2H, CHarom), 7.68 (dd, 3JH-H = 5.6, 4JH-H = 
3.1, 2H, CHarom), 7.13 (d, 3JH-H = 7.7, 2H, CHarom), 6.32 (s, 12H, η6-
C6H6) 2.69 (s, 6H, py−CH3). 

[{OsCl(η6-C6H6)}2{μ-(κ2-Npy,Nimine)2-BMePI}](BArF
4) ([9a]BArF

4 + 
[9b]BArF

4). A suspension of [9a]Cl (0.085g, 0.088 mmol) in methanol 
(5 mL) was treated with NaBArF

4
 (0.093 g, 0.105 mmol) and stirred for 

3 hours, at room temperature under light. The volatiles of the resulting 
red solution were removed under vacuum and 10 mL of dichloro-
methane were added. The solution was filter through celite and dry un-
der vacuum. The residue was washed with pentane (3 x 2 mL) at ap-
proximately 203 K affording an orange solid, which was a mixture of 
[BArF

4]- salts of the cations 9a and 9b in about 1:1 ratio. Yield: 0.126 
g (80 %). A crystal of 9b suitable for X-ray diffraction study was ob-
tained from slow diffusion of pentane in a concentrated solution of the 
mixture in dichloromethane Anal. Calcd. for BC64Cl2F24H40N5Os2: C, 
42.77; H, 2.24; N, 3.90. Found: C, 42.88; H, 2.60; N, 3.51. HRMS 
(electrospray, m/z): Calcd. for C32Cl2H28N5Os2 [M]+: 934.0900, found: 
934.0947. Isomer trans (9a): 1H NMR (300 MHz, CD2Cl2, 298 K) δ 
8.39 (dd, 3JH-H = 5.6, 4JH-H = 3.1, 2H, CHarom), 7.81 – 7.67 (m, 14H, 
CHarom (BPI + BArF

4)), 7.56 (s, 4H, CHarom (BArF
4)), 7.06 (d, 3JH-H = 

8.0, 2H, CHarom), 6.16 (s, 12H, η6-C6H6) 2.64 (s, 6H, py−CH3). 13C{1H} 
NMR (75.5 MHz, CD2Cl2, 298 K): δ 171.7, 166.3 (both s, Carom), 162.3 
(q, 1JB-C = 49.8, C(BArF

4)), 157.2 (s, Carom), 141.3 (s, CHarom), 139.0 (s, 
Carom), 135.4 (s, CHarom (BArF

4)), 133.0 (s, CHarom), 129.4 (qq, 2JC-F = 
31.5, 3JC-B = 2.8, C−CF3 (BArF

4)), 125.2 (q, 1JC-F = 272.5, CF3 (BArF
4)), 

125.0, 122.1 (both s, CHarom), 118.1 (spt, 3JC-F = 3.9, CHarom (BArF
4)), 

116.1 (s, CHarom), 76.1 (s, η6-C6H6), 23.3 (s, py−CH3). Isomer cis (9b): 
1H NMR (300 MHz, CD2Cl2, 298 K) δ 8.34 (dd, 3JH-H = 5.6, 4JH-H = 3.1, 
2H, CHarom), 8.06 (d, 3JH-H = 8.5, 2H, CHarom), 7.81 – 7.67 (m, 12H, 
CHarom (BPI + BArF

4)), 7.56 (s, 4H, CHarom (BArF
4)), 7.12 (d, 3JH-H = 

8.9, 2H, CHarom), 6.16 (s, 12H, η6-C6H6) 2.67 (s, 6H, py−CH3). 13C{1H} 
NMR (75.5 MHz, CD2Cl2, 298 K): δ 171.7, 166.7 (both s, Carom), 162.3 
(q, 1JB-C = 49.8, C(BArF

4)), 157.0 (s, Carom), 141.2 (s, CHarom), 138.7 (s, 
Carom), 135.4 (s, CHarom (BArF

4)), 132.6 (s, CHarom), 129.4 (qq, 2JC-F = 
31.5, 3JC-B = 2.8, C−CF3 (BArF

4)), 125.2 (q, 1JC-F = 272.5, CF3 (BArF
4)), 

124.6, 122.0 (both s, CHarom), 118.1 (spt, 3JC-F = 3.9, CHarom (BArF
4)), 

116.5 (s, CHarom), 76.1 (s, η6-C6H6), 23.2 (s, py−CH3). 

[(PiPr3)2(CO)HOs{μ-(κ2-Npy,Nimine)2-BMePI}OsCl(η6-C6H6)]Cl 
(11). A solution of 4 (0.070 g, 0.081 mmol) in methanol (5 mL) was 
treated with [(η6-C6H6)OsCl2]2 (8) (0.027 g, 0.040 mmol) and stirred 
for 3 hours at room temperature. The volatiles were removed under 
vacuum and the residue was washed with diethyl ether (2 x 1 mL) af-
fording a dark red solid. Yield: 0.085 g (87 %). A crystal suitable for 
X-ray diffraction study was obtained from slow diffusion of pentane in 
a concentrated solution of 11 in dichloromethane (11 contraion was ex-
changed by BArF

4 in order to facilitate the crystallization; same proce-
dure as the one used for 7). Anal. Calcd. for C45Cl2H65N5OOs2P2: C, 
44.84; H, 5.44; N, 5.81. Found: C, 45.10; H, 5.51; N, 5.52. HRMS 
(electrospray, m/z): Calcd. for C45ClH65N5OOs2P2 [M]+: 1170.3544, 
found: 1170.3607. IR (cm–1): ʋ (CO) 1888 (s). 1H NMR (400 MHz, 
CD2Cl2, 298 K) δ 8.98 (d, 3JH-H = 7.5, 1H, CHarom), 8.43 (d, 3JH-H = 8.3, 
1H, CHarom), 8.29 (d, 3JH-H = 7.5, 1H, CHarom), 7.85 – 7.74 (m, 3H, 
CHarom), 7.68 (dd, 3JH-H = 7.5, 7.5, 1H, CHarom), 7.54 (dd, 3JH-H = 7.5, 
7.5 1H, CHarom), 7.16 (d, 3JH-H = 7.7, 1H, CHarom), 7.12 (d, 3JH-H = 7.3, 
1H, CHarom), 6.29 (s, 6H, η6-C6H6) 2.75 (s, 3H, py−CH3), 2.65 (s, 3H, 
py−CH3), 2.43 – 2.33 (m, 3H, PCH), 2.33 – 2.22 (m, 3H, PCH), 1.93 – 
0.99 (m, 36H, PCH(CH3)2), –14.39 (t, 2JH-P = 20.0, Os–H, 1H). 13C{1H} 
NMR (100.6 MHz, CD2Cl2, 298 K): δ 185.6 (t, 2JC-P = 9.6, CO), 170.7, 
169.6, 166.8, 166.0, 158.2, 157.4 (all s, Carom), 140.8 (s, CHarom), 138.7 
(s, Carom), 138.2 (s, CHarom), 137.7 (s, Carom), 132.4, 131.0, 125.5, 124.1, 
123.3, 121.1, 117.0, 115.3 (all s, CHarom), 76.1 (s, η6-C6H6), 28.3 – 27.7 
(m, PCH), 25.1 (s, py−CH3), 23.6 (s, py−CH3), 20.0 and 19.9 (both s, 
PCH(CH3)2). 31P{1H} NMR (162 MHz, CD2Cl2, 298 K): δ 20.5 (AB 
spin system, Δʋ = 169.5, 2JA-B = 229.4). 

[(PiPr3)2(CO)HOs{μ-(κ2-Npy,Nimine)2-BMePI}OsCl(η6-pCy)]Cl (12). 
A solution of 4 (0.066 g, 0.076 mmol) in methanol (5 mL) was treated 
with [(η6-p-cymene)OsCl2]2 (7) (0.030 g, 0.038 mmol) and stir for 3 
hours at room temperature. The volatiles were removed under vacuum 



 

and the residue was washed with diethyl ether (3 x 1.5 mL) affording a 
reddish-purple solid. Yield: 0.080 g (92 %). Anal. Calcd. for 
C49Cl2H73N5OOs2P2: C, 46.66; H, 5.83; N, 5.55. Found: C, 46.85; H, 
5.87; N, 5.67. HRMS (electrospray, m/z): Calcd. for 
C49ClH73N5OOs2P2 [M]+: 1226.4171, found: 1226.4235. IR (cm–1): ʋ 
(CO) 1897 (s). 1H NMR (300 MHz, CD2Cl2, 298 K) δ 9.06 (d, 3JH-H = 
7.5, 1H, CHarom), 8.42 (d, 3JH-H = 8.2, 1H, CHarom), 8.25 (d, 3JH-H = 7.4, 
1H, CHarom), 7.86 – 7.74 (m, 3H, CHarom), 7.68 (dd, 3JH-H = 7.5, 7.4, 1H, 
CHarom), 7.57 (dd, 3JH-H = 7.5, 7.5, 1H, CHarom), 7.17 (d, 3JH-H = 7.2, 1H, 
CHarom), 7.15 (d, 3JH-H = 7.2, 1H, CHarom), 6.32 (d, 3JH-H = 5.5, 1H, 
CHarom(pCy)), 6.01 (d, 3JH-H = 5.6, 1H, CHarom(pCy)), 5.86 (d, 3JH-H = 
5.5, 1H, CHarom(pCy)), 5.68 (d, 3JH-H = 5.6, 1H, CHarom(pCy)), 2.71 (s, 
3H, py−CH3), 2.68 (s, 3H, py−CH3), 2.54 (sept, 3JH-H = 6.9, 1H, 
pCy−CH(CH3)2), 2.43 (s, 3H, CH3−pCy), 2.42 – 2.27 (m, 6H, PCH), 
1.31 (d, 3JH-H = 6.9, 3H, pCy−CH(CH3)2), 1.20 – 1.04 (m, 36H, 
PCH(CH3)2), 1.20 – 1.04 (3H, pCy−CH(CH3)2, overlaped with 
PCH(CH3)2 signals), –14.50 (t, 2JH-P = 19.9 Os–H, 1H). 13C{1H} NMR 
(75.5 MHz, CD2Cl2, 298 K): δ 185.7 (t, 2JC-P = 9.6, CO), 170.9, 169.5, 
166.7, 166.1, 158.4, 157.4 (all s, Carom), 140.9 (s, CHarom), 138.9 (s, 
Carom), 138.3 (s, CHarom), 137.9 (s, Carom), 132.5, 131.3, 125.7, 124.4, 
123.4, 121.3, 117.0, 115.6 (all s, CHarom), 95.9 (s, Cipso(pCy)), 95.2 (s, 
Cipso(pCy)), 74.1, 73.6, 72.5, 71.3 (both s, CHarom(pCy)), 32.6 (s, 
pCy−CH(CH3)2), 28.2 (vt, N = 17.1, PCH), 28.0 (vt, N = 17.8, PCH), 
25.2 (s, py−CH3), 23.6 (s, py−CH3), 23.0 (s, pCy−CH(CH3)2), 22.6 (s, 
pCy−CH(CH3)2), 20.0 and 20.0 (both s, PCH(CH3)2), 19.3 (s, 
CH3−pCy) . 31P{1H} NMR (121 MHz, CD2Cl2, 298 K): δ 20.5 (AB spin 
system, Δʋ = 69.0, 2JA-B = 229.1). 

General Procedure for the Os-Catalysed Dehydrogenation Reac-
tions of Alcohols. A solution of the catalyst (0.0178 mmol) and the 
corresponding substrate (0.254 mmol) in toluene (1 mL) was placed in 
a Schlenk flask equipped with a condenser. The mixture was stirred at 
100ºC for 24 h. After this time the solution was cooled at room temper-
ature, and the progress of the reaction was monitored by GC (Agilent 
6890N gas chromatograph with a flame ionization detector, using an 
Agilent 19091N-133 Polyethylene glycol column (30 m x 250 µm x 
0.25 µm thickness). The oven conditions used are as follows: 80ºC 
(hold 5 min) to 200ºC at 15ºC/min (hold 7 min), except the reaction of 
dehydrogenation of diphenylmethanol: 150ºC (hold 5 min) to 240ºC at 
15ºC/min. For the reactions of dehydrogenation of primary alcohols, 
yields and molar ratio of products were determined by 1H NMR spec-
troscopy using 1,1,2,2-tetrachloroethane as standard. 

General Procedure for the Os-Catalysed Dehydrogenation Reac-
tions of N-Heterocycles and Amines. A solution of the catalyst 
(0.0119 mmol) and the corresponding substrate (0.119 mmol) in p-xy-
lene (1 mL) was placed in a Schlenk flask equipped with a condenser. 
The mixture was stirred at 140ºC for 48 h. After this time the solution 
was cooled at room temperature, and the progress of the reaction was 
monitored by GC (Agilent 6890N gas chromatograph with a flame ion-
ization detector, using an Agilent 19091N-133 Polyethylene glycol col-
umn (30 m x 250 µm x 0.25 µm thickness), and a Hewlett-Packard 
5890 series II gas chromatograph with a flame ionization detector, us-
ing a 100% cross-linked methyl silicone gum column (30 m x 32 mm, 
with 0.25 µm film thickness). The oven conditions used are as follows: 
80ºC (hold 1 min) to 220ºC at 10ºC/min (hold 2 min). For the reactions 
of dehydrogenation of linear amines, yields and molar ratio of products 
were determined by 1H NMR spectroscopy using 1,1,2,2-tetrachloro-
ethane as standard. 

Structural Analysis of Complexes 3, 4, 6, 7a, 7b, [9a]Cl, [9b] BArF
4  

and 11. X-ray data were collected for the complexes on a Bruker Smart 
APEX CCD (3, 6, 7a, 7b, [9b]BArF

4 and 11) or APEX CCD DUO (4  
and [9a]Cl) diffractometers equipped with a 2.4 kW sealed tube source 
(Mo radiation, λ = 0.71073 Å) operating at 50 kV and 40 mA (3, 4, 6, 
7a, and [9b]BArF

4 and 11) or 30 mA (7b and [9a]Cl). Data were col-
lected over the complete sphere. Each frame exposure time was 10 s 
(7a, 7b and [9b]BArF

4), 20s (6, [9a]Cl and 11) or 30s (3 and 4) cover-
ing 0.3o in ω. Data were corrected for absorption by using a multiscan 
method applied with the SADABS program.39 The structures were 
solved by Patterson or direct methods and refined by full-matrix least 

squares on F2 with SHELXL97,40 including isotropic and subsequently 
anisotropic displacement parameters. The hydrogen atoms were ob-
served in the least Fourier Maps or calculated, and refined freely or 
using a restricted riding model. 

The crystal structure of 4 was found to be non-merohedral twin of two 
components. The data were indexed and integrated taking the twinning 
into account and the crystal was refined with the reflections file in the 
HKLF 5 format. The twin law found with the CELL_NOW program is 
(1.000 -0.003 0.002, 0.470 -1.001 0.001, 0.476 -0.001 -0.994). A vari-
able describing the contributions of the two twin components was used 
in the refinement (BASF instruction). The crystal structure of 7a is also 
a racemic twin, crystallizes in the non-centrosymmetric Cc monoclinic 
space group with a Flack parameter of ≈ 0.5. 

In 6 two isopropyl groups of a phosphine ligand were observed disor-
dered and refined with different moieties, complementary occupancy 
factors, restrained geometry, and isotropic displacement parameters. 

In 7a, only one dimmer is found in the asymmetric unit but the BF4 
anion, dichloromethane of crystallization and a phosphine ligand were 
found disordered and refined in the same way than 6, while in 7b only 
the dichloromethane of crystallization was found disordered.  

11 crystallizes with two dimmers in the asymmetric unit. In both mol-
ecules the benzene ligands were observed disordered, along with sev-
eral CF3 groups of the BArF

4 anions and dichloromethane of crystalli-
zation. The refinement was performed in a similar way to 6. In [9a]Cl 
(solvent) and [9b]BArF

4 (anion) the same problems were encountered 
and refined in the same way. 

Crystal data for 3: C38H61N5OsP2, MW 840.05, red, irregular block 
(0.161 x 0.110 x 0.017), monoclinic, space group P21/c, a: 15.315(4) 
Å, b: 16.276(4) Å, c: 15.480(4) Å, β: 98.653(3)°, V = 3814.7(16) Å3, Z 
= 4, Z’ = 1, Dcalc: 1.463 g cm-3, F(000): 1720, T = 100(2) K, µ 3.460 
mm-1. 26981 measured reflections (2: 3-57o,  scans 0.3o), 6785 
unique (Rint = 0.1167); min./max. transm. Factors 0.572/0.862. Final 
agreement factors were R1 = 0.0527 (4474 observed reflections, I > 
2σ(I)) and wR2 = 0.1268; data/restraints/parameters 6785/17/439; GoF 
= 0.991. Largest peak and hole: 2.453 (close to osmium atoms) and –
2.519 e/ Å3. 

Crystal data for 4: C39H59N5OOsP2, CH4O, MW 898.09, orange, irregu-
lar block (0.36 x 0.12 x 0.06), triclinic, space group P-1, a: 15.189(3) 
Å, b: 16.201(3) Å, c: 18.352(4) Å, α: 68.87(3)°, β: 78.85(3)°, γ: 
77.29(3)°, V = 4076.8(17) Å3, Z = 4, Z’ = 2, Dcalc: 1.463 g cm-3, F(000): 
1840, T = 100(2) K, μ 3.246 mm-1. 43865 measured reflections (2θ: 3-
58o, ω scans 0.3o), 30923 unique (Rint = 0.0485); min./max. transm. 
Factors 0.575/0.862. Final agreement factors were R1 = 0.0372 (22654 
observed reflections, I > 2σ(I)) and wR2 = 0.0879; data/restraints/pa-
rameters 30923/2/940; GoF = 1.025. Largest peak and hole: 4.158 
(close to osmium atom) and –2.666 e/ Å3. 

Crystal data for 6: C56H106N5Os2P4, C22H30O2S, Cl, MW 1747.70, violet, 
irregular block (0.231 x 0.071 x 0.066), monoclinic, space group P21/n, 
a: 10.3148(6) Å, b: 21.0494(12) Å, c: 38.045(2) Å, β: 95.6450(10)°, V 
= 8220.3(8) Å3, Z = 4, Z’ = 1, Dcalc: 1.412 g cm-3, F(000): 3600, T = 
100(2) K, µ 3.270 mm-1. 81497 measured reflections (2: 3-57o,  
scans 0.3o), 19737 unique (Rint = 0.0705); min./max. transm. Factors 
0.667/0.862. Final agreement factors were R1 = 0.0491 (14612 ob-
served reflections, I > 2σ(I)) and wR2 = 0.0924; data/restraints/param-
eters 19737/22/882; GoF = 1.060. Largest peak and hole: 1.730 (close 
to osmium atoms) and –1.498 e/ Å3. 

Crystal data for 7a: C58H102N5O2Os2P4, BF4, 1.5(CH2Cl2), MW 1619.93, 
red, irregular block (0.19 x 0.02 x 0.02), monoclinic, space group Cc, 
a: 27.998(2) Å, b: 18.5935(16) Å, c: 19.606(3) Å, β: 131.4400(10)°, V 
= 7651.5(15) Å3, Z = 4, Z’ = 1, Dcalc: 1.406 g cm-3, F(000): 3268, T = 
100(2) K, μ 3.555 mm-1. 33890 measured reflections (2θ: 3-57o, ω scans 
0.3o), 17194 unique (Rint = 0.0460); min./max. transm. Factors 



 

0.584/0.862. Final agreement factors were R1 = 0.0625 (14359 ob-
served reflections, I > 2σ(I)) and wR2 = 0.1635; Flack parameter: 
0.52(1); data/restraints/parameters 17194/111/738; GoF = 1.036. Larg-
est peak and hole: 2.234 (close to osmium atoms) and –2.009 e/ Å3. 

Crystal data for 7b: C58H102N5O2Os2P4, BF4, 2.5(CH2Cl2), MW 1704.85, 
red, irregular block (0.15 x 0.15 x 0.10), triclinic, space group P-1, a: 
10.7229(5) Å, b: 17.5586(7) Å, c: 19.5024(8) Å, α: 96.5720(10)°, β: 
93.1670(10)°, γ: 93.9360(10)°, V = 3631.8(3) Å3, Z = 2, Z’ = 1, Dcalc: 
1.559 g cm-3, F(000): 1718, T = 100(2) K, μ 3.820 mm-1. 44350 meas-
ured reflections (2θ: 3-57o, ω scans 0.3o), 16899 unique (Rint = 0.0738); 
min./max. transm. Factors 0.687/0.862. Final agreement factors were 
R1 = 0.0380 (13252 observed reflections, I > 2σ(I)) and wR2 = 0.0928; 
data/restraints/parameters 16899/6/780; GoF = 0.998. Largest peak and 
hole: 1.676 (close to osmium atoms) and –1.808 e/ Å3. 

Crystal data for [9a]Cl: C32H28Cl2N5Os2, Cl, 3.65(CH2Cl2), MW 
1279.32, red, irregular block (0.14 x 0.06 x 0.02), triclinic, space group 
P-1, a: 10.8057(17)  Å, b: 11.3263(18) Å, c: 18.215(3) Å, α: 91.548(2) 
°, β: 106.232(2) °, γ: 99.684(2) °, V = 2103.5(6) Å3, Z = 2, Z’ = 1, Dcalc: 
2.020 g cm-3, F(000): 1223, T = 100(2) K, μ 6.724 mm-1. 22743 meas-
ured reflections (2θ: 3-57o, ω scans 0.3o), 10545 unique (Rint = 0.0338); 
min./max. transm. Factors 0.575/0.862. Final agreement factors were 
R1 = 0.0348 (8234 observed reflections, I > 2σ(I)) and wR2 = 0.0868; 
data/restraints/parameters 10545/8/486; GoF = 1.022. Largest peak and 
hole: 2.258 (close to osmium atoms) and –2.498 e/ Å3. 

Crystal data for [9b]BArF
4: C32H28Cl2N5Os2, C32H12BF24, 2(CH2Cl2), 

MW 1966.97, orange, irregular block (0.16 x 0.07 x 0.07), monoclinic, 
space group P21/c, a: 11.9316(6) Å, b: 27.9130(14) Å, c: 20.8299(11) 
Å, β: 99.4040(10)°, V = 6844.1(6) Å3, Z = 4, Z’ = 1, Dcalc: 1.909 g cm-

3, F(000): 3800, T = 100(2) K, μ 4.056 mm-1. 48364 measured reflec-
tions (2θ: 3-57o, ω scans 0.3o), 16171 unique (Rint = 0.0568); min./max. 
transm. Factors 0.680/0.862. Final agreement factors were R1 = 0.0476 
(11998 observed reflections, I > 2σ(I)) and wR2 = 0.0884; data/re-
straints/parameters 16171/61/917; GoF = 1.052. Largest peak and hole 
1.726 (close to osmium atoms) and –1.739 e/ Å3. 

Crystal data for 11: C45H65ClN5OOs2P2, C32H12BF24, 1.975(CH2Cl2), 
0.125 (C5H12), MW 2209.78, orange, irregular block (0.26 x 0.23 x 
0.09), triclinic, space group P-1, a: 12.6210(12) Å, b: 25.864(2) Å, c: 
28.215(3) Å, α: 87.3890(10)°, β: 82.1900(10)°, γ: 82.8930(10)°, V = 
9050.9(15) Å3, Z = 4, Z’ = 2, Dcalc: 1.622 g cm-3, F(000): 4361, T = 
100(2) K, μ 3.081 mm-1. 109359 measured reflections (2θ: 3-57o, ω 
scans 0.3o), 41929 unique (Rint = 0.0449); min./max. transm. Factors 
0.661/0.862. Final agreement factors were R1 = 0.0747 (31471 ob-
served reflections, I > 2σ(I)) and wR2 = 0.1815; data/restraints/param-
eters 41929/213/2029; GoF = 1.123. Largest peak and hole: 3.558 
(close to osmium atoms) and –2.205 e/ Å3. 
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