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New monocationic trihydride and dicationic dihydride-dihydrogen and bis(dihydrogen) osmium complexes with
cyclic and acyclic triamines have been prepared and characterized. The treatment of OsH3Cl(PiPr3)2 (1) with 1,4,7-
triazacyclononane (TACN) in toluene at 60 °C affords the monocationic trihydride [OsH3(TACN)(PiPr3)]Cl (2), which
reacts with HBF4 to give the dicationic dihydride-dihydrogen [OsH2(TACN)(η2-H2)(PiPr3)](BF4)2 (3). Complex 1
also reacts with 1,4,7-triazacyclodecane (TACD) and bis(2-aminoethyl)amine (BAEA). Similarly to TACN, the reaction
of 1 with TACD gives a monocationic trihydride derivative [OsH3(TACD)(PiPr3)]Cl (4), which in the presence of
HBF4 generates a dicationic dihydride-dihydrogen [OsH2(TACD)(η2-H2)(PiPr3)](BF4)2 (5). However, the treatment
of 1 with BAEA leads to the monocationic trihydride [OsH3(BAEA)(PiPr3)]Cl (6), which in the presence of HBF4

affords the dicationic bis(dihydrogen) [Os(BAEA)(η2-H2)2(PiPr3)](BF4)2 (7). The structures of 2-4 and 6 have been
determined by X-ray diffraction analysis, and the position of the hydrogen atoms bonded to the metal center was
confirmed by density functional theory calculations. The geometries of 2, 4, and 6 have been rationalized as
pentagonal bipyramids and their behavior on the basis of the Nmeridional-Os-Nmeridional angle of the bipyramids.

Introduction

The activation of molecular hydrogen promoted by transi-
tion-metal complexes is very sensitive to the nature of the
metal, the ligands, and the charge of the complex. It is
generally accepted that strongly donating ligands, 5d metals,
and neutral charge favor elongation and splitting of the
hydrogen-hydrogen bond to form dihydride derivatives,
while electron-withdrawing ligands, 3d metals, and positive
charge favor the molecular hydrogen binding to afford
dihydrogen compounds.1 On the other hand, there are poorly
understood effects, under these general statements, that are
made evident in the sensitivity of the hydrogen-hydrogen
separation. For instance, the hydrotris(pyrazolyl)borate (Tp)
ligand has a higher ability than the cyclopentadienyl (Cp)

group to stabilize nonclassical structures.2 However, both
ligands adopt the same facial geometry, and although there
are differences between them in steric and electronic proper-
ties,3 the comparison of the ν(CO) IR data for MHTp-
(CO)(PiPr3) and MHCp(CO)(PiPr3) (M ) Ru,4,5 Os4,6)
suggests that their electron-donating abilities are similar.

Osmium hydride complexes have been shown to promote
carbon-carbon and carbon-heteroatom coupling reactions.7
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However, it is difficult to rationalize the processes because
the products from the reactions of these compounds with
unsaturated organic molecules depend on the interactions
within the OsHn units,8 and a further understanding of them
is needed. Our interest in advancing the problem’s solution
prompted us, recently, to carry out a systematical comparison
of the structures and spectroscopic properties between the
Cp complexes OsH3Cp(PiPr3),

9 [OsH2Cp(η2-H2)(PiPr3)]BF4
10

and [OsH2Cp(κ1-OCMe2)(PiPr3)]BF4
11 and the Tp counter-

parts OsH3Tp(PiPr3), [OsTp(η2-H2)2(PiPr3)]BF4, and [OsTp(η2-
H2)(κ1-OCMe2)(PiPr3)]BF4. This study revealed that Tp
avoids piano-stool structures, typical for the Cp ligand, and
enforces dispositions allowing N-Os-N angles close to 90°,
which favor the nonclassical interactions.12

A neutral analogue of the Tp and Cp ligands is 1,4,7-
triazacyclononane (TACN).13 It also binds metals strongly
to cover a trigonal face of an octahedrally coordinated

transition-metal ion, proving useful control over the remain-
ing environment. Thus, this amine and some of its function-
alized derivatives have received increased attention in recent
years;14 in particular, iron15 and ruthenium16 chemistries are
well established including some reports on dihydrogen
complexes.17 For osmium, Taube and co-workers18 have
reported some of the few known compounds.19

In our search to shed new light on how to control the
interactions within OsHn units, we have now prepared OsH3

and OsH4 complexes with TACN and related amines (Chart
1), such as 1,4,7-triazacyclodecane (TACD) and bis(2-
aminoethyl)amine (BAEA), and compared their structures
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and spectroscopic features with those of the Tp and Cp
counterparts. This paper reports, in addition to the results of
this study, a new entry to osmium chemistry with triamine
ligands, which allows the preparation of trihydride, dihydride-
dihydrogen, and bis(dihydrogen) derivatives.

Results and Discussion

1. TACN Complexes. A method of general use in
preparing compounds containing a Cp ligand in OsPiPr3

chemistry involves the reaction between the precursor
OsH2Cl2(PiPr3)2

20 and a Cp derivative of an s- or p-block
element.21 However, this method is not useful in generating
the related IndOs compounds (Ind ) indenyl). The entry into
the latter takes place via the complex OsH(Ind)(PiPr3)2, which
is prepared in high yield by the reaction of trihydride
OsH3Cl(PiPr3)2

22 (1) with LiInd.23 Complex 1 has also shown
to be a suitable precursor to the synthesis of OsH3Tp(PiPr3),
which is allowing the development of OsTp chemistry.8a,12

With these precedents in mind, we decided to explore the
reaction of 1 with TACN, as a method to coordinate the
triamine to the OsPiPr3 unit.

The treatment at 60 °C for 12 h of a toluene solution of
1 with 1.2 equiv of TACN leads to the monocationic
trihydride derivative [OsH3(TACN)(PiPr3)]Cl (2), which is
isolated as a white solid in 70% yield, according to Scheme
1. Its formation is the result of the displacement of the
chloride anion and one of the phosphine groups of 1 by the
triamine ligand.

Figure 1 shows a molecular diagram of the cation of 2,
obtained from X-ray diffraction data. The structure proves the
coordination of the amine, which, as expected, acts as a tripodal
facial κ3-N,N,N ligand. Thus, the geometry around the osmium
atom can be rationalized as a distorted pentagonal bipyramid
of Cs symmetry, with the phosphine ligand and the N(1)-TACN
atom occupying axial positions [P(1)-Os-N(1) ) 178.67(10)°].
The metal coordination sphere is completed by the hydride
ligands and the nitrogen atoms N(2) and N(3) of the TACN
group lying in the base. This ligand distribution is similar to
that found in the related Tp derivative OsH3Tp(PiPr3). However,
it should be noted that the Nmeridional-Os-Nmeridional angle

N(2)-Os-N(3) of 77.66(13)° (Table 1) and the Nmeridional-
Os-Naxial angles N(1)-Os-N(2) and N(1)-Os-N(3) of
78.62(13)° and 78.13(13)°, respectively, are smaller than the
related parameters in the Tp counterpart [83.17(12)°, 84.71(12)°,
and 83.49(12)°].

The hydride positions obtained from X-ray diffraction data
are, in general, imprecise. However, density functional theory
(DFT) calculations have been shown to provide useful
accurate data for the hydrogen positions in both classical
polyhydride and dihydrogen complexes.24 Thus, to confirm
the positions of the hydrogen atoms of 2 bonded to the metal
center, the DFT/B3PW91 optimization of the structure of 2
was performed (2t, Figure 2). The OsH3 unit adopts a
disposition of local C2V symmetry with H(1A)-Os-H(1B)
and H(1B)-Os-H(1C) angles of 58.97° and 60.07° [57(2)°
and 60(2)° by X-ray diffraction], respectively, which agree
well with those obtained for the optimized structure of the
model Tp compounds OsH3Tp(PiPr3) (60.0° and 59.9°).12

However, they are smaller than those determined by X-ray
diffraction analysis for the C5Me5 derivatives OsH3(η5-
C5Me5)(AsPh3) [60(3)° and 70(3)°] and OsH3(η5-C5Me5)-
(PPh3) [64(2)° and 68(2)°], which show four-legged piano-

(20) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; López, J. A.; Meyer,
U.; Oro, L. A.; Werner, H. Inorg. Chem. 1991, 30, 288.
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M. A.; López, A. M.; Oñate, E.; Royo, E. Organometallics 2004, 23,
5633. (d) Esteruelas, M. A.; López, A. M. Organometallics 2005, 24,
3584.
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Scheme 1

Figure 1. Molecular diagram of the cation of 2. Thermal ellipsoids are
shown at 50%.

Table 1. Selected Bond Lengths (Å) and Angles (deg) of Complexes 2,
2t, 4, 4t, 6, and 6t

2 2t 4 4t 6 6t

Os-N(1) 2.174(3) 2.183 2.183(3) 2.195 2.179(3) 2.180
Os-N(2) 2.192(4) 2.220 2.176(3) 2.205 2.206(3) 2.253
Os-N(3) 2.192(4) 2.219 2.216(3) 2.236 2.210(3) 2.233
Os-P(1) 2.2637(11) 2.315 2.2708(10) 2.325 2.2652(9) 2.321
Os-H(1A) 1.583(10) 1.620 1.51(4) 1.619 1.591(10) 1.615
Os-H(1B) 1.576(10) 1.597 1.52(4) 1.598 1.579(10) 1.590
Os-H(1C) 1.585(10) 1.622 1.39(4) 1.623 1.583(10) 1.620
H(1A)-H(1B) 1.583 1.585 1.593
H(1B)-H(1C) 1.611 1.622 1.541

N(1)-Os-N(2) 78.62(13) 78.18 79.71(11) 79.35 78.73(11) 78.21
N(1)-Os-N(3) 78.13(13) 78.02 84.33(11) 84.63 78.95(11) 79.15
N(2)-Os-N(3) 77.66(13) 77.08 78.28(11) 78.36 82.64(11) 85.65
N(1)-Os-P(1) 178.67(10) 176.40 174.86(8) 174.36 176.47(9) 177.38
N(2)-Os-P(1) 102.71(10) 103.85 103.19(8) 104.17 102.82(8) 104.34
N(3)-Os-P(1) 102.15(10) 105.27 100.36(8) 100.33 98.05(8) 100.33
H(1A)-Os-H(1B) 57(2) 58.97 63(2) 59.04 59(2) 59.63
H(1B)-Os-H(1C) 60(2) 60.07 60(2) 60.45 57(2) 57.40

Dihydride-Dihydrogen and Bis(dihydrogen) Osmium Complexes
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stool structures.25 The Os-H bond lengths for the terminal
hydrogen atoms H(1A) and H(1C) are almost identical, 1.620
and 1.622 Å, respectively, whereas the central hydride H(1B)
lies 1.597 Å away from the metal. The separations between
the latter atom and those of the corners are 1.583 Å
[H(1A)-H(1B)] and 1.611 Å [H(1B)-H(1C)].

The most noticeable spectroscopic features of 2 are a
singlet at 33.2 ppm in the 31P{1H} NMR spectrum and a
doublet at -12.28 ppm, with a H-P coupling constant of
15.6 Hz, in the 1H NMR spectrum. The presence at room
temperature of only one resonance for the 2:1 inequivalent
hydride ligands indicates that the hydride atoms bonded to
osmium undergo a thermally activated site-exchange process.
Lowering the sample temperature produces a broadening of
the resonance. However, decoalescence is not observed down
to 193 K. The T1 values of this resonance were determined
at 300 MHz over the temperature range 273-193 K. A T1(min)

value of 80 ( 1 ms was obtained at 213 K.
The total relaxation rate for each H(n) hydride ligand (RH(n)

) 1/T1(min)H(n)) of 2 is the addition of the relaxation rate due
to the hydride-hydride and hydride-hydrogen of the NH
group dipole-dipole interactions (at 300 MHz, RH-H )
129.18/rHH

6 and RH-H′ ) 129.18/rHH′
6, respectively) and that

due to all other relaxation contributors (R*),26 which can be
estimated to be 1.2 s-1,27 a value similar to those found for
the related trihydride compounds [OsH3(diolefin)(PiPr3)2]-
BF4.

28 Thus, one can obtain values of RH converted to the
300 MHz scale for each hydride ligand by using eqs 1-3,
once the structure of 2 is known and the separations between
hydrides (rHH) and between the hydrides and the NH
hydrogens of the TACN ligand (rHH′) have been optimized.

RH(1A) )R*+RH(1A)-H(1B) +RH(1A)-H(1C) +RH(1A)-H′(1A) +
RH(1A)-H′(1B) +RH(1A)-H′(1C) (1)

RH(1B) )R*+RH(1B)-H(1A) +RH(1B)-H(1C) +RH(1B)-H′(1A) +
RH(1B)-H′(1B) +RH(1B)-H′(1C) (2)

RH(1C) )R*+RH(1C)-H(1A) +RH(1C)-H(1B) +RH(1C)-H′(1A) +
RH(1C)-H′(1B) +RH(1C)-H′(1C) (3)

For exchange rates higher than 100 s-1, as in this case at
213 K, the relaxation rate is the weighted average of the
relaxation rate of each hydride (eq 4).29

R) [RH(1A) +RH(1B) +RH(1C)] ⁄ 3 (4)

Solving RH(1A), RH(1B), and RH(1C) yields an R value of 12.4
s-1, which leads to a T1(min) value of 81 ms in good agreement
with that determined by 1H NMR spectroscopy.

Complex 2 is a Brønsted base in spite of its cationic
character. The addition at room temperature of 4.8 equiv of
HBF4 to a dichloromethane solution of the trihydride gives
rise to the formation of [OsH2(TACN)(η2-H2)(PiPr3)](BF4)2

(3), as a consequence of the protonation of the starting cation.
This dicationic dihydride-dihydrogen derivative is isolated
as a white solid in 82% yield, according to Scheme 1.

Complex 3 has also been characterized by X-ray diffrac-
tion analysis. Figure 3 shows a view of the structure, whereas
selected bond lengths and angles are given in Table 2. Like

(25) Gross, C. L.; Girolami, G. S. Organometallics 2006, 25, 4792.

(26) Baya, M.; Eguillor, B.; Esteruelas, M. A.; Oliván, M.; Oñate, E.
Organometallics 2007, 26, 6556, and references cited therein.

(27) This value affords the best compromise between the experimental T1(min)

values of 2, 4, and 6 and those calculated from 2t, 4t, and 6t.
(28) Castillo, A.; Esteruelas, M. A.; Oñate, E.; Ruiz, N. J. Am. Chem. Soc.

1997, 119, 9691.

Figure 2. DFT/B3PW91-optimized geometry of 2t.

Figure 3. Molecular diagram of the cation of 3. Thermal ellipsoids are
shown at 50%.

Table 2. Selected Bond Lengths (Å) and Angles (deg) of Complexes 3
and 3t

Os-N(1) 2.154(5) 2.179
Os-N(2) 2.171(4) 2.189
Os-N(3) 2.146(5) 2.156
Os-P(1) 2.3312(14) 2.420
Os-H(01) 1.577(10) 1.624
Os-H(02) 1.582(10) 1.650
Os-H(03) 1.582(10) 1.651
Os-H(04) 1.578(10) 1.617
H(01)-H(02) 2.059
H(02)-H(03) 0.86(9) 1.033
H(03)-H(04) 2.086

N(1)-Os-N(2) 77.43(17) 77.50
N(1)-Os-N(3) 78.74(18) 79.02
N(2)-Os-N(3) 79.26(17) 79.03
N(1)-Os-P(1) 143.00(12) 143.76
N(2)-Os-P(1) 139.57(13) 138.68
N(3)-Os-P(1) 104.52(13) 105.87
H(01)-Os-H(02) 79(3) 77.94
H(02)-Os-H(03) 32(3) 36.46
H(03)-Os-H(04) 84(4) 79.29
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in 2, the geometry around the osmium atom can be described
as a distorted pentagonal bipyramid of Cs symmetry.
However, in this case the axial positions are occupied by
the H(02)-H(03) dihydrogen ligand and the N(3)-TACN
atom. The base of the pyramid is formed by the nitrogen
atoms N(1) and N(2) of the TACN amine cisoid-disposed
to the H(01) and H(04) hydride ligands, respectively, and
the phosphine group situated between the hydrides. The
Nmeridional-Os-Nmeridional angle N(1)-Os-N(2) of 77.43(17)°
and the Nmeridional-Os-Naxial angles N(1)-Os-N(3) and
N(2)-Os-N(3) of 78.74(18)° and 79.26(17)°, respectively,
agree well with those of 2.

The dihydride-dihydrogen nature of 3 was confirmed by
means of optimization of the obtained X-ray structure at the
DFT/B3PW91 level of theory (3t, Figure 4). The H(02)-H(03)
distance of 1.033 Å is similar to the dihydrogen bond lengths
determined from neutron diffraction data30 for the C5Me5

complexes [OsH2(η5-C5Me5)(η2-H2)(PPh3)]+ [1.01(1) Å] and
[OsH2(η5-C5Me5)(η2-H2)(AsPh3)]+ [1.08(1) Å] and about 0.3
Å shorter than that in [OsH2(η5-C5Me5)(η2-H2)(PCy3)]+

[1.31(3) Å].
The 31P{1H} NMR spectrum of 3 contains a singlet at 52.6

ppm, which is shifted by 19.4 ppm to lower field with regard
to that of 2 (Table 3). At room temperature, the 1H NMR
spectrum in acetonitrile-d3 shows at -9.07 ppm a doublet
with a H-P coupling constant of 19.8 ppm. The presence
of only one resonance for the equivalent hydride ligands and
the coordinate hydrogen molecule indicates that exchange
of the classical and nonclassical hydrogen atom sites is fast
on the NMR time scale. Lowering the sample temperature
produces a broadening of the resonance. However, decoa-

lescence is not observed down to 198 K in a 2:1 CDClF2/
CD3CN mixture.

Additional insight into the solution structure is obtained
from the 1H NMR spectrum of the partially deuterated
isotopologues of 3 (Figure 5), which are generated by the
addition of 1.5 equiv of trifluoromethanesulfonic acid-d1 to
an acetonitrile-d3 solution of 2. The multiplet splitting gives
a H-D coupling constant of 3.0 Hz. This value is average
owing to the exchange process in the OsH4 unit. If we assume
that there is no site preference for the hydrogen and
deuterium atoms, the average coupling constant is equal to
[1JHD + 4(2JHD) + 2J′HD]/6 where 1JHD, 2JHD, and 2J′HD are
the couplings within the dihydrogen ligand, between the
dihydrogen atoms and the hydrides, and between both
classical hydrides. If we adopt typical values for the geminal
2JHD couplings between -1 and +1 Hz,31 1JHD is between
13.0 and 23.0 Hz. These values afford a H-H distance range
between 0.95 and 1.22 Å,32 which contains the H-H distance
obtained by DFT calculations.

The behavior of 2 is similar to the behavior of the Cp
counterpart OsH3Cp(PiPr3). In contrast to the Tp analogue
OsH3Tp(PiPr3), which generates a bis-dihydrogen deriva-
tive,12 both species afford dihydride-dihydrogen compounds
by protonation. These facts indicate that (i) the charge is
not determinant for the dihydride or dihydrogen nature of
the complex and (ii) the abilities of the TACN and Cp ligands
to stabilize dihydrogen derivatives are similar and lower than
that of the Tp group.

The scarce influence of the charge on the interactions
between the hydrogen atoms bonded to the metal center has
precedent in ruthenium chemistry. Although the dihydro-
gen [Ru(TACN)(η2-H2)(CO)(PPh3)]2+ and [Ru(TACN)(η2-H2)-
(PPh3)2]2+ complexes are dicationic and the Tp analogues
monocationic, 1JHD coupling of the isotopomers of the TACN
compounds is smaller than those of the Tp counterparts. On
the other hand, in contrast to osmium, the ability of the
TACN ligand to stabilize nonclassical structures in ruthenium

(29) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halpern, J. J. Am.
Chem. Soc. 1991, 113, 4173.

(30) Webster, C. E.; Gross, C. L.; Young, D. M.; Girolami, G. S.; Schultz,
A. J.; Hall, M. B.; Eckert, J. J. Am. Chem. Soc. 2005, 127, 15091.

(31) Gross, C. L.; Girolami, G. S. Organometallics 2007, 26, 1658.
(32) The calculated range undergoes slight variations depending upon the

equation used: 0.95-1.14 Å, according to Hush’s equation (Hush, N. S.
J. Am. Chem. Soc. 1997, 119, 1717), 0.98-1.18 Å, according to
Limbach’s equation (Gründemann, S.; Limbach, H.-H.; Buntkowski,
G.; Sabo-Etienne, S.; Chaudret, B. J. Phys. Chem. A 1999, 103,
4752), 1.04-1.20 Å, according to Morris’ equation (Maltby, P. A.;
Schlaf, M.; Steinbeck, M.; Lough, A. J.; Morris, R. H.; Klooster, W. T.;
Koetzle, T. F.; Srivastava, R. C. J. Am. Chem. Soc. 1996, 118, 5396),
and 1.05-1.22 Å, according to Heinekey’s equation (Luther, T. A.;
Heinekey, D. M. Inorg. Chem. 1998, 37, 127).

Figure 4. DFT/B3PW91-optimized geometry of 3t.

Table 3. Selected NMR Data of Complexes 3, 5, 7, and
[OsTp(η2-H2)2(PiPr3)]+

1H 31P{1H}

complex δOs-H(OsH4) JHP T1(exp) JHD δ ∆δOsH3-OsH4

3 -9.07 19.8 24 3.0 52.6 19.4
5 -9.11 19.8 23 3.0 51.3 21.6
7 -10.31 8.1 14 32.5 -6.5
[OsH4Tp(PiPr3)]+ -8.45 7.2 12 20.2 -8.5

Figure 5. Hydride region of the 300 MHz 1H NMR spectrum of the reaction
of 2 with 1.5 equiv of trifluoromethanesulfonic acid-d1, at 298 K in
acetonitrile-d3.
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chemistry is similar to that of the Tp group and higher than
that of the Cp group. Thus, while [RuH2Cp(PPh3)2]+ is a
classical dihydride complex, both [RuTp(η2-H2)(PPh3)2]2+

and [Ru(TACN)(η2-H2)(PPh3)2]2+ are dihydrogen derivati-
ves.17a

2. TACD Complexes. The difference in behavior between
2 and its Tp counterpart is consistent with the difference
observed in the N-Os-N angles of both compounds. While
the N-Os-N angles of 2 are close to 78°, those of the Tp
compound are close to 84°, a value near 90°. In order to
approach one of the N-Os-N angles of these triamine
systems to the angles of the Tp complex, we have carried
out the reaction of 1 with TACD, which has an additional
CH2 spacer between two of the NH groups.

The treatment at 60 °C for 12 h of a toluene solution of
1 with 1.1 equiv of TACD leads to the trihydride [OsH3-
(TACD)(PiPr3)]Cl (4), which is isolated as a white solid in
70% yield, according to Scheme 2.

Figure 6 shows a view of the structure of 4, whereas
selected bond lengths and angles are given in Table 1. As
expected, the geometry around the metal center is similar to
that of 2, i.e., a pentagonal bipyramid with the phosphine
and the nitrogen atom N(1) in axial positions and the hydride
ligands and the nitrogen atoms N(2) and N(3) in the base.
The trimethylene group C(5)H2-C(6)H2-C(7)H2 separates
the equatorial nitrogen atom N(3) and the axial nitrogen atom
N(1) and breaks the Cs symmetry of the bipyramid. As a
consequence of this, the Nmeridional-Os-Naxial angle N(1)-
Os-N(3) is opened up to 84.33(11)°, while the other Nmeridional-
Os-Naxial angle N(1)-Os-N(2) [79.71(11)°] and the
Nmeridional-Os-Nmeridional angle N(2)-Os-N(3) [78.28(11)°]
remain close to 78°.

The asymmetry of the cation has no significant influence
on the structural parameters of the OsH3 unit. The DFT/

B3PW91 optimization of the structure (4t, Figure 7) provides
hydrogen-hydrogen separations of 1.585 Å [H(1A)-H(1B)]
and 1.622 Å [H(1B)-H(1C)] and H(1A)-Os-H(1B) and
H(1B)-Os-H(1C) angles of 59.04 and 60.45°, respectively,
which are very similar to the ones calculated for 2.

The 1H{31P} NMR spectrum of 4 in dichloromethane-d2

at 203 K is consistent with the structures shown in Figures
6 and 7. Thus, in agreement with the presence in the cation
of three inequivalent hydride ligands, it contains an ABC
spin system in the high-field region, defined by δA ) -11.1
ppm, δB ) -12.1 ppm, and δC ) -13.2 ppm and JAB )
117 Hz, JBC ) 65 Hz, and JAC ) 0 Hz. The large values of
JAB and JBC suggest the operation of quantum exchange
coupling33 between the central hydride HB and those of the
corners. This is supported by the spectrum at 193 K, which
shows JAB and JBC values of 99 and 59 Hz, respectively. At
room temperature in acetonitrile-d3, the spectrum contains a
singlet at -12.06 ppm, which is converted into a doublet
with a H-P coupling constant of 15.9 Hz in the 1H NMR
spectrum. This signal indicates that the hydride ligands also
undergo a thermally activated site-exchange process. A
singlet at 29.7 ppm in the 31P{1H} NMR spectrum is another
characteristic feature of 4.

The presence of a Nmeridional-Os-Naxial angle in 4 close to
84°, and therefore similar to those of the Tp counterpart,
does not modify its behavior with regard to that of 2. The
addition at room temperature of 3.7 equiv of HBF4 to a
dichloromethane solution of 4 leads to the dihydride-
dihydrogen derivative [OsH2(TACD)(η2-H2)(PiPr3)](BF4)2 (5)
analogue to 3, which is isolated as a white solid in 82% yield,
according to Scheme 2.

The relevant spectroscopic data of 5 are almost identical
with those of 3 (Table 3). The 31P{1H} NMR spectrum
contains a singlet at 51.3 ppm, shifted by 21.6 ppm to lower
field with regard to that of 4. At room temperature, the 1H
NMR spectrum in acetonitrile-d3 shows at -9.11 ppm a
doublet with a H-P coupling constant of 19.8 Hz. The JHD

coupling constant in the partially deuterated isotopologues
is 3.0 Hz, the same value as that in 3. The T1(min) value of
23 ( 1 ms, found at 213 K, is also similar to that of 3.

3. BAEA Complexes. In order to open selectively the
Nmeridional-Os-Nmeridional angle of the pyramid, we have
selected the BAEA triamine. This group would allow us to

(33) Sabo-Etienne, S.; Chaudret, B. Chem. ReV. 1998, 98, 2077.

Scheme 2

Figure 6. Molecular diagram of the cation of 4. Thermal ellipsoids are
shown at 50%.

Figure 7. DFT/B3PW91-optimized geometry of 4t.
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keep the Cs symmetry of the cation, without imposing
restrictions on the Nmeridional-Os-Nmeridional angle because
Nterminal-M-Nterminal angles between 78 and 164° have been
reported for this ligand.34

The treatment at 60 °C for 12 h of a toluene solution of
1 with 1.7 equiv of BAEA leads to the trihydride
[OsH3(BAEA)(PiPr3)]Cl (6), which is isolated in 62% yield,
according to Scheme 3.

Figure 8 shows a view of the structure of 6. Selected bond
lengths and angles are given in Table 1. The geometry around
the metal center is the expected one: a pentagonal bipyramid
of Cs symmetry with the phosphine and the bridge nitrogen
atom N(1) of the triamine in axial positions [P(1)-Os-N(1)
) 176.47(9)°]. The base is formed by the terminal nitrogen
atoms N(2) and N(3) and the hydride ligands. Both Naxial-
Os-Nmeridional angles N(1)-Os-N(2) and N(1)-Os-N(3) of
78.73(11)° and 78.95(11)° are similar to those of 2, while
theNmeridional-Os-NmeridionalangleN(2)-Os-N(3)of82.64(11)°
is close to the related angle in the Tp counterpart and near
90°.

The opening of the Nmeridional-Os-Nmeridional angle of the
pyramid appears to provoke the approach of H(1C) to H(1B).
Thus, the separation between these hydride ligands of 1.541
Å, obtained from the DFT/B3PW91 optimization of the
structure of 6 (6t, Figure 9) is between 0.07 and 0.08 Å
shorter than those calculated for 2t and 4t. In contrast to the
H(1B)-H(1C) distance, the separation between H(1A) and
H(1B) of 1.593 Å is very similar to those in the cyclic
triamine complexes.

The NMR spectra of 6 agree well with those of 2. The
31P{1H} NMR spectrum in acetonitrile-d3 contains a singlet
at 39.0 ppm. In the 1H NMR spectrum at room temperature,
the hydride ligands display at -12.38 ppm a doublet with a
H-P coupling constant of 14.7 Hz, in agreement with the
operation of a thermally activated site-exchange process.
Lowering the sample temperature produces a broadening of
the resonance. However, decoalescence is not observed down
to 193 K. The 300 MHz T1 study of this resonance, over the
temperature range 273-193 K, affords a T1(min) value of 77
( 1 ms at 203 K, which is consistent with the structural
parameters of 6t.

In contrast to Nmeridional-Os-Naxial angles, the Nmeridional-
Os-Nmeridional angle of the pyramid certainly has a signifi-
cant influence on the chemistry of these trihydride
complexes. Thus, there is a marked difference in the
behavior between the cyclic triamine compounds 2 and 4

and the BAEA derivative. Complex 6, unlike 2 and 4,
reacts with HBF4 in dichloromethane at room temperature
to give the bis(dihydrogen) complex [Os(BAEA)(η2-
H2)2(PiPr3)](BF4)2 (7), which is isolated as a white solid
in 90% yield, according to Scheme 3.

The relevant spectroscopic data of 7 agree well with those
of the Tp counterpart [OsTp(η2-H2)2(PiPr3)]BF4, where the
bis(dihydrogen) nature of the complex has been proven by
X-ray diffraction analysis and confirmed by DFT calcula-
tions,12 and show notable differences with those of 3 and 5
(Table 3). Thus, at room temperature in acetonitrile-d3, the
1H NMR spectrum shows at -10.31 ppm a doublet with a
H-P coupling constant of 8.1 Hz, which is similar to the
one observed in the Tp analogue (7.2 Hz) and 11.7 Hz
smaller than those found in 3 and 5. The T1(min) value of this
resonance, 14 ( 1 ms, is also similar to the value found for
the resonance of the Tp complex (12 ( 1 ms) and about 10
ms lower than those of the Os-H4 resonances of 3 and 5.
The 31P{1H} NMR spectrum contains a singlet at 32.5 ppm,
which, similarly to that of the Tp counterpart and in contrast
to those of 3 an 5, is shifted by 6.5 ppm toward higher field
with regard to the resonance of 6.

The DFT/B3PW91-optimized structure of the model cation
[Os(BAEA)(η2-H2)2(PMe3)]2+ (7t, Figure 10) confirms the
bis(dihydrogen) nature of the BAEA species. The geometry
around the osmium atom can be described as a distorted
octahedron with the terdentate ligand occupying fac positions.

(34) For example, see: (a) Chin, R. M.; Barrera, J.; Dubois, R. H.; Helberg,
L. E.; Sabat, M.; Bartucz, T. Y.; Lough, A. J.; Morris, R. H.; Harman,
W. D. Inorg. Chem. 1997, 36, 3553. (b) Stähler, R.; Näther, C.; Bensch,
W. Eur. J. Inorg. Chem. 2001, 1835. (c) Barth, M.; Kästele, Y.;
Klüfers, P. Eur. J. Inorg. Chem. 2005, 1353.

Scheme 3

Figure 8. Molecular diagram of the cation of 6. Thermal ellipsoids are
shown at 50%.

Figure 9. DFT/B3PW91-optimized geometry of 6t.
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The coordinated hydrogen molecules are symmetrically
disposed to the sides of the Cs symmetry plane of the cation.
The H(1)-H(2) and H(3)-H(4) bond lengths are 0.974 and
0.968 Å, respectively. In addition, it should be noted that
the Nbridge-Os-Nterminal angles N(1)-Os-N(2) and N(1)-
Os-N(3) of 78.52 and 78.99°, respectively, remain close to
78°, while Nterminal-Os-Nterminal angle N(2)-Os-N(3) is
opened up to 94.63°.

These results are consistent with observations of Girolami,
Schultz, Hall, Eckert, and co-workers indicating that the
nonclassical interactions in these types of systems are very
sensitive to coligand-M-coligand angles in certain regions
of the coordination sphere of the metal center because small
changes in these angles can invert the relative energies of
the metal orbitals presented to the bound H2.

30

Concluding Remarks. This paper shows an entry to the
chemistry of osmium with cyclic and acyclic triamine
ligands, which has afforded monocationic trihydride and
dicationic dihydride-dihydrogen and bis(dihydrogen) de-
rivatives. Furthermore, the systematical comparison of the
structures and spectroscopic features of the new compounds
and those of the Tp and Cp counterparts reveals that the
charge of the complex has less influence on the interactions
between the atoms of the OsHn units than determined
structural parameters, in particular some L-Os-L angles.

The starting point of the new chemistry is the trihydride
OsH3Cl(PiPr3)2, which reacts with L3 ligands such as TACN,
TACD, and BAEA to afford the salts [OsH3L3(PiPr3)]Cl,
characterized spectroscopically by X-ray diffraction analysis
and DFT calculations. Like the neutral Tp counterpart, these
compounds have structures that can be rationalized as
pentagonal bipyramids with a nitrogen atom in the axial
position and the other two lying in the base.

The Nmeridional-Os-Nmeridional angle of the bipyramids
determines the behavior of these species. The neutral Tp
complex OsH3Tp(PiPr3), with an angle of 83.17(12)°, reacts
with HBF4 to give the monocationic bis(dihydrogen) deriva-
tive [OsTp(η2-H2)2(PiPr3)](BF4).

12 However, the reactions of

the cationic TACN and TACD trihydrides, which have angles
close to 78°, lead to the dicationic dihydride-dihydrogen
compounds [OsH2(TACN)(η2-H2)(PiPr3)](BF4)2 and [OsH2-
(TACD)(η2-H2)(PiPr3)](BF4)2, analogous to the Cp complex
[OsH2Cp(η2-H2)(PiPr3)]BF4. In contrast to the trihydrides
containing cyclic triamines, the BAEA trihydride with an
angle similar to that of the Tp complex OsH3Tp(PiPr3),
82.5(3)°, reacts similarly to the latter to afford the dicationic
bis(dihydrogen) [Os(BAEA)(η2-H2)2(PiPr3)](BF4)2. Interest-
ingly, DFT calculations on the model [Os(BAEA)(η2-
H2)2(PMe3)]2+ indicate that the N-Os-N angle of this
dication, analogue to the Nmeridional-Os-Nmeridional of the
starting bipyramid, is opened up to 94.6°.

In conclusion, under the general statements rationalizing
the nonclassical hydrogen-hydrogen interactions, there are
facts concerning to the geometry of the LnM fragments that
subtly modify the combinations of metal orbitals interacting
with the hydrogen molecules.

Experimental Section

General Methods and Instrumentation. All reactions were
carried out under argon with rigorous exclusion of air using
Schlenk-tube or glovebox techniques. Solvents were dried by the
usual procedures and distilled under argon prior to use. The starting
material OsH3Cl(PiPr3)2 (1) was prepared according to the published
method.22 Bis(2-aminoethyl)amine (BAEA) and HBF4 were ob-
tained from commercial sources, whereas 1,4,7-triazacyclononane
(TACN) and 1,4,7-triazacyclodecane (TACD) were prepared ac-
cording to the published method.35 NMR spectra were recorded
on a Varian Gemini 2000, a Bruker ARX 300, or a Bruker Avance
300 MHz instrument, with resonating frequencies of 300 MHz (1H)
and 121.5 MHz (31P). Chemical shifts (expressed in parts per
million) are referenced to residual solvent peaks (1H) or external
H3PO4 (31P). Coupling constants, J, are given in Hertz. IR spectra
were run on a Perkin-Elmer Spectrum 100 FT-IR spectrometer. C,
H, and N analyses were carried out on a Perkin-Elmer 2400
CHNS/O analyzer.

Preparation of [OsH3(TACN)(PiPr3)]Cl (2). To a brown toluene
solution (15 mL) of 1, generated in situ from OsH2Cl2(PiPr3)2 (1098
mg, 1.88 mmol), molecular hydrogen, and triethylamine, was added
TACN (305 mg, 2.36 mmol), and the resulting mixture was stirred
for 12 h at 60 °C. The final yellow solution was concentrated to
ca. 0.5 mL and pentane (6 mL) was added, causing the precipitation
of a whitish solid. The precipitate was decanted, washed with
pentane (4 × 8 mL), and dried in vacuo. An ivory solid was
obtained. Yield: 690 mg (70%). Anal. Calcd for C15H39ClN3OsP:
C, 34.77; H, 7.59; N, 8.11. Found: C, 34.91; H, 7.60; N, 7.88. IR
(cm-1): 3219 (m, NH), 2088 (m, OsH). 31P{1H} NMR (CD3CN,
298 K): δ 33.2 (s). 1H NMR (CD3CN, 298 K): δ -12.28 (d, 2JHP

) 15.6 Hz, 3 H, Os-H), 1.14 (dd, 3JHP ) 12.6 Hz, 3JHH ) 7.2 Hz,
18 H, PCHCH3), 1.93 (m, 3 H, PCHCH3), 2.77, 3.15 (m, 6 H each,
NCH2), 5.67 (br, 3 H, NH). T1(min) (ms, OsH, CD2Cl2, 213 K): 80
( 1.

Preparation of [OsH2(TACN)(η2-H2)(PiPr3)](BF4)2 (3). HBF4

(1:1 solution in diethyl ether, 400 µL, 2.93 mmol) was added to a
dichloromethane (10 mL) suspension of 2 (315 mg, 0.61 mmol),
and the mixture was stirred for 10 min. The resulting suspension
was concentrated to ca. 3 mL, and diethyl ether (15 mL) was added.
The solid was decanted, washed with diethyl ether (3 × 15 mL),

(35) Atkins, T. J.; Richman, J. E.; Oettle, W. F. Org. Synth. 1988, 6, 652.

Figure 10. DFT/B3PW91-optimized geometry of 7t. Selected bond lengths
(Å) and angles (deg): Os-N(1) 2.192, Os-N(2) 2.170, Os-N(3) 2.159,
Os-P(1) 2.412, Os-H(1) 1.673, Os-H(2) 1.669, Os-H(3) 1.674, Os-H(4)
1.668, H(1)-H(2) 0.974, H(3)-H(4), 0.968; N(1)-Os-N(2) 78.52,
N(1)-Os-N(3) 78.99, N(2)-Os-N(3) 94.63, N(1)-Os-P(1) 170.20,
N(2)-Os-P(1) 94.94, N(3)-Os-P(1) 94.43, H(1)-Os-H(2) 33.89,
H(3)-Os-H(4) 33.69.
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and dried in vacuo. A white solid was obtained. Yield: 329 mg
(82%). Anal. Calcd for C15H40B2F8N3OsP: C, 27.41; H, 6.13; N,
6.39. Found: C, 27.60; H, 6.18; N, 6.50. IR (cm-1): 3301 (m, NH),
2150, 2095 (vw, OsH), 1006 (vs, BF4

-). 31P{1H} NMR (CD3CN,
298 K): δ 52.6 (s). 1H NMR (CD3CN, 298 K): δ -9.07 (d, 2JHP )
19.8 Hz, 4 H, Os-H), 1.25 (dd, 3JHP ) 16.2 Hz, 3JHH ) 7.2 Hz, 18
H, PCHCH3), 2.44 (m, 3 H, PCHCH3), 3.07, 3.36 (m, 6 H each,
NCH2), 6.44 (br, 3 H, NH). T1(min) (ms, OsH, CDCl2F/CD3CN
(2:1), 213 K): 24 ( 1.

Preparation of [OsH3(TACD)(PiPr3)]Cl (4). To a brown toluene
solution (15 mL) of 1, generated in situ from OsH2Cl2(PiPr3)2 (1100
mg, 1.88 mmol), molecular hydrogen, and triethylamine, was added
TACD (286 mg, 2.0 mmol), and the resulting mixture was stirred
for 12 h at 60 °C. The final yellow solution was concentrated to
ca. 1 mL and pentane (6 mL) was added, causing the precipitation
of a whitish solid. The precipitate was decanted, washed with
pentane (4 × 8 mL), and dried in vacuo. An ivory solid was
obtained. Yield: 702 mg (70%). Anal. Calcd for C16H41ClN3OsP:
C, 36.11; H, 7.77; N, 7.90. Found: C, 35.74; H, 7.40; N, 7.82. IR
(cm-1): 3114 (s, NH), 2117 (s, OsH), 2078 (m, OsH). 31P{1H} NMR
(CD3CN, 298 K): δ 29.7 (s). 1H NMR (CD3CN, 298 K): δ -12.06
(d, 2JHP ) 15.9 Hz, 3 H, Os-H), 1.14 (dd, 3JHP ) 12.6 Hz, 3JHH )
7.2 Hz, 18 H, PCHCH3), 1.96 (m, 3 H, PCHCH3), 1.70-3.50 (14
H, -CH2-), 5.43 (br, 2 H, NH), 5.69 (br, 1 H, NH). T1(min) (ms,
OsH, CD2Cl2, 213 K): 75 ( 1.

Preparation of [OsH2(TACD)(η2-H2)(PiPr3)](BF4)2 (5). HBF4

(1:1 solution in diethyl ether, 300 µL, 2.2 mmol) was added to a
dichloromethane (10 mL) suspension of 4 (318 mg, 0.60 mmol),
and the mixture was stirred for 10 min. The resulting suspension
was concentrated to ca. 3 mL, and diethyl ether (15 mL) was added.
The solid was decanted, washed with diethyl ether (3 × 15 mL),
and dried in vacuo. A white solid was obtained. Yield: 329 mg
(82%). Anal. Calcd for C16H42B2F8N3OsP: C, 28.63; H, 6.31; N,
6.26. Found: C, 28.70; H, 6.15; N, 6.30. IR (cm-1): 3282 (m, NH),
1006 (vs, BF4

-). 31P{1H} NMR (CD3CN, 298 K): δ 51.3 (s). 1H
NMR (CD3CN, 298 K): δ -9.11 (d, 2JHP ) 19.8 Hz, 4 H, Os-H),
1.27 (dd, 3JHP ) 16.2 Hz, 3JHH ) 7.2 Hz, 18 H, PCHCH3), 2.40
(m, 3 H, PCHCH3), 1.80-3.80 (14 H, -CH2-), 6.16 (br, 2 H,
NH), 6.40 (br, 1 H, NH). T1(min) (ms, OsH, CDCl2F/CD3CN (2:1),
218 K): 23 ( 1.

Preparation of [OsH3(BAEA)(PiPr3)]Cl (6). To a brown toluene
solution (20 mL) of 1, generated in situ from OsH2Cl2(PiPr3)2 (750
mg, 1.28 mmol), molecular hydrogen, and triethylamine, was added
BAEA (180 mg, 1.67 mmol), and the resulting mixture was stirred
for 12 h at 60 °C. The resulting ivory suspension was vacuum-
dried, and the residue was washed with diethyl ether (4 × 6 mL)
and dried in vacuo. A white solid was obtained. Yield: 75 mg (62%).
Anal. Calcd for C13H37ClN3OsP: C, 31.73; H, 7.58; N, 8.54. Found:
C, 31.90; H, 7.75; N, 8.83. IR (cm-1): 3228, 3139 (m, NH), 2136,
2106 (m, Os-H). 31P{1H} NMR (CD3CN, 298 K): δ 39.0 (s). 1H
NMR (CD3CN, 298 K): δ -12.38 (d, 2JHP ) 14.7 Hz, 3 H, Os-H),
1.11 (dd, 18 H, 3JHP ) 12.3 Hz, 3JHH ) 6.9 Hz, PCHCH3), 1.92
(m, 6 H, PCHCH3), 2.60-3.20 (12 H, -CH2-N); 4.17, 5.17, 5.63
(all br, 5H, NH). T1(min) (ms, OsH, CD2Cl2, 203 K): 77 ( 1.

Preparation of [Os(BAEA)(η2-H2)2(PiPr3)](BF4)2 (7). HBF4

(1:1 solution in diethyl ether, 200 µL, 1.47 mmol) was added to
a solution of 6 (256 mg, 0.52 mmol) in dichloromethane (15
mL). After 10 min of stirring, the mixture was concentrated to
ca. 3 mL and diethyl ether (10 mL) was added. The resulting
solid was decanted, washed with cold diethyl ether (-60 °C, 3
× 10 mL), and dried in vacuo. A whitish solid was obtained.
Yield: 295 mg (90%). Anal. Calcd for C13H38B2F8N3OsP: C,
24.73; H, 6.07; N, 6.66. Found: C, 24.90; H, 6.10; N, 7.01. IR

(cm-1): 3329, 3281 (m, NH), 2041 (vw, OsH2), 1024 (vs, BF4
-).

31P{1H} NMR (CD3CN, 298 K): δ 32.5 (s). 1H NMR (CD3CN,
298 K): δ -10.31 (d, 2JHP ) 8.1 Hz, 4 H, Os-H), 1.22 (dd, 18
H, 3JHP ) 14.4 Hz, 3JHH ) 6.6 Hz, PCHCH3), 2.46 (m, 3 H,
PCHCH3), 2.80-3.20 (all m, 12 H, -CH2-N), 4.09 (br, 1H,
NH), 4.82, 6.79 (both br, 2H each, NH2). T1(min) (ms, OsH,
CDCl2F/CD3CN (2:1), 218 K): 14 ( 1.

Structural Analysis of Complexes 2-4 and 6. Crystals suitable
for the X-ray diffraction study were obtained at room temperature
by vapor diffusion of diethyl ether into solutions of the complexes
in acetonitrile or dichloromethane. X-ray data were collected for
all complexes on a Bruker Smart APEX CCD diffractometer
equipped with a normal-focus, 2.4 kW sealed tube source (Mo
radiation, λ ) 0.710 73 Å) operating at 50 kV and 40 mA (2 and
3) or 30 mA (4 and 6). Data were collected over the complete sphere
by a combination of four sets. Each frame exposure time was 20 s
(2 and 3) or 10 s (4 and 6), covering 0.3° in ω. Data were corrected
for absorption by using a multiscan method applied with the
SADABS program.36 The structures of all compounds were solved
by the Patterson method. Refinement, by full-matrix least squares
on F2 with SHELXL97,37 was similar for all complexes, including
isotropic and subsequently anisotropic displacement parameters. The
hydrogen atoms bonded to the metal center were observed in the
difference Fourier maps and refined with a restrained Os-H bond
length of 1.59(1) Å (CSD). The rest of the hydrogen atoms were
observed or calculated and refined freely or using a restricted riding
model. For complex 3, one of the two BF4 anions was observed
disordered. The anion was defined with two moieties, complemen-
tary occupancy factors, isotropic atoms, and restrained geometry.
In all complexes, all of the highest electronic residuals were
observed in close proximity to the osmium centers and make no
chemical sense.

Crystal data for 2: C15H39ClN3OsP, MW ) 518.11, colorless, plate
(0.12 × 0.10 × 0.02), monoclinic, space group C2/c, a ) 35.985(6)
Å, b ) 8.0796(14) Å, c ) 14.499(3) Å, � ) 99.758(3)°, V )
4154.5(12) Å3, Z ) 8, Dcalc ) 1.657 g cm-3, F(000) ) 2064, T )
100(2) K, µ ) 6.344 mm-1, 25 260 measured reflections (2θ ) 3-58°,
ω scans 0.3°), 5144 unique (Rint ) 0.0418); min/max transmission
factors 0.397/0.691. Final agreement factors were R1 ) 0.0312 [4195
observed reflections, I > 2σ(I)] and wR2 ) 0.0652; data/restraints/
parameters 5144/4/218; GOF ) 0.955. Largest peak and hole ) 2.250
and -2.067 e/Å3.

Crystal data for 3: C15H40B2F8N3OsP ·CH3CN, MW ) 698.34,
colorless, irregular block (0.18 × 0.10 × 0.09), monoclinic, space
group P2(1)/n, a ) 8.1936(14) Å, b ) 33.085(6) Å, c ) 9.7024(16)
Å, � ) 94.868(3)°, V ) 2620.7(8) Å3, Z ) 4, Dcalc ) 1.770 g
cm-3, F(000) ) 1384, T ) 100(2) K, µ ) 4.997 mm-1, 17 705
measured reflections (2θ ) 3-58°, ω scans 0.3°), 6245 unique
(Rint ) 0.0572); min/max transmission factors 0.455/0.639. Final
agreement factors were R1 ) 0.0410 [5011 observed reflections, I
> 2σ(I)] and wR2 ) 0.0829; data/restraints/parameters 6245/25/
330; GOF ) 0.988. Largest peak and hole ) 2.096 and -1.379
e/Å3.

Crystal data for 4: C16H41ClN3OsP, MW ) 532.14, colorless,
irregular block (0.12 × 0.06 × 0.06), monoclinic, space group P21/
n, a ) 11.0652(12) Å, b ) 13.6318(15) Å, c ) 14.0989(15) Å, �
) 101.078(2)°, V ) 2087.0(4) Å3, Z ) 4, Dcalc ) 1.694 g cm-3,
F(000) ) 1064, T ) 100(2) K, µ ) 6.316 mm-1, 18 532 measured
reflections (2θ ) 3-58°, ω scans 0.3°), 5114 unique (Rint )

(36) Blessing, R. H. Acta Crystallogr. 1995, A51, 33. SADABS: Area-
detector absorption correction; Bruker- AXS: Madison, WI, 1996.

(37) SHELXTL Package, version 6.10; Bruker-AXS: Madison, WI, 2000.
Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112.
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0.0411); min/max transmission factors 0.475/0.682. Final agreement
factors were R1 ) 0.0284 [4418 observed reflections, I > 2σ(I)]
and wR2 ) 0.0567; data/restraints/parameters 4418/0/215; GOF
) 1.042. Largest peak and hole ) 1.139 and -1.101 e/Å3.

Crystal data for 6: C13H37ClN3OsP ·CH2Cl2, MW ) 577.00,
colorless, irregular block (0.12 × 0.12 × 0.06), monoclinic, space
group P21, a ) 8.3616(6) Å, b ) 9.5846(7) Å, c ) 13.6773(11)
Å, � ) 91.9300(10)°, V ) 1095.51(14) Å3, Z ) 2, Dcalc ) 1.749
g cm-3, F(000) ) 572, T ) 100(2) K, µ ) 6.260 mm-1, 13 759
measured reflections (2θ ) 3-58°, ω scans 0.3°), 5277 unique
(Rint ) 0.0243); min/max transmission factors 0.518/0.682. Final
agreement factors were R1 ) 0.0199 [5191 observed reflections, I
> 2σ(I)] and wR2 ) 0.0440; data/restraints/parameters 5277/4/
215; GOF ) 0.987. Largest peak and hole ) 0.898 and -0.874
e/Å3.

Computational Details. Quantum mechanical calculations were
performed with the Gaussian03 package38 at the DFT B3PW91
level.39,40 Core electrons of the osmium atom were described using
the effective core pseudopotentials of Hay-Wadt, and valence
electrons were described with the standard LANL2DZ basis set.41

A set of f-type functions was also added.42 Carbon atoms were

described with a 6-31G basis set.43 The hydrogen atoms directly
bonded to the osmium and nitrogen centers were described with a
6-31G(d,p) set of basis functions.43 The rest of the hydrogen atoms
were described with a 6-31G basis set.43 All minima were
characterized by analytically computing the Hessian matrix.
Information on the atom coordinates (xyz files) for all optimized
structures is collected in the Supporting Information.
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