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ABSTRACT: A metal-promoted degradation of 2-azetidinones to afford CC´N-pincer ligands is reported. The hexahydride com-
plex OsH6(P

iPr3)2 (1) reacts with (±)-cis-1-(4-methoxyphenyl)-3-phenoxy-4-(pyridin-2-yl)azetidi-2-one (I), (±)-cis-1-(4-
methoxyphenyl)-3-phenoxy-4-(isoquinolin-2-yl)azetidi-2-one (II), and (±)-cis-1-(4-methoxyphenyl)-3-phenoxy-4-(quinolin-2-
yl)azetidi-2-one (III) to give the respective OsH2(P

iPr3)2(CC´N) (2-4) complexes, which add HBF4·OEt2 to yield 
[OsH2(P

iPr3)2(CC´´N)]BF4 (5-7). These salts are the result of the addition of the proton of the acid to the dianionic CC´N-pincer 
ligand. The hydride ligands of these compounds undergo quantum mechanical exchange coupling, which has been experimentally 
quantified according to a two dimensional harmonic oscillator model, where Jex is determined by the separation between the hy-
drides, their hard sphere radius, and a ν parameter describing the H-M-H vibrational wag mode allowing the movement along the 
H-H vector. The comparison of the results reveals that the phenomenon is particularly intense for 5-7. Furthermore, in these com-
pounds, the separation between the hydrides is about 0.1 Å shorter than in the respective neutral species 2-4 whereas the hydride 
hard sphere radius increases about 10%, and the ν value decreases about 20%. 

INTRODUCTION 

The C-H, C-N, and C-C cleavages are among the most rele-
vant metal-mediated σ-bond activation processes. The C-H 
bond activation is a classical issue in organometallics because 
of its connection with the functionalization of nonactivated 
organic molecules.1 The rupture of C-N bonds2 is of im-
portance as a necessary step in the hydrodenitrogenation of 
petroleum,3 shows interesting applications in organic synthe-
sis,4 and is playing a main role in the understanding of the 
degradation processes of metal-catalysts based on N-
heterocyclic carbene ligands.5 The metal-mediated rupture of 
C-C bonds6 is much less frequent than the cleavages of C-H 
and C-N bonds. The low polarity and the characteristic direc-
tionality of the σ-orbitals provide both thermodynamic and 
kinetic obstacles to C-C bond activation. Thus, its general 
applicability in synthetically useful transformations remains 
limited.7 Two strategies are being used to facilitate the C-C 
bond cleavage. One is to increase the energy state of the start-
ing organic molecule by employing strained rings8 and other is 
to decrease the strength of the C-C bond by increasing its 
polarity.9 It has been also shown processes of C-C rupture, 
which are facilitated by previous C-H bond activation.10 The 
sequential cleavage of several different σ-bonds is part of the 

degradation processes of organic molecules. However, its 
rational use may be ideal for accessing complex molecular 
architectures. 

The saturated hexahidride complex OsH6(P
iPr3)2 has proven 

activate C-H bonds11 of a wide range of organic molecules, as 
well as a few N-H12 and N-C13 bonds. In agreement with the 
ability of this compound to break N-H bonds, it reacts with 4-
(2-pyridyl)- and 4-(2-quinolyl)-2-azetidinones to form osmat-
rinems, resulting from the N-H bond cleavage of the β-lactam 
and the coordination of both nitrogen atoms to the osmium 
center.14 The replacement of the NH-hydrogen by an aryl 
group protects the amidic nitrogen atom against the metal 
center, which is then directed towards the C4-H bond of the 
four membered ring.15 The addition of this bond to the metal 
center allows the active participation of an osmium lone pair 
in the B-type β-lactam fragmentation,16 which becomes ther-
mally accessible through a stepwise process. Thus, the reac-
tion of the hexahydride complex with (±)-cis-1-(4-
methoxyphenyl)-3-methoxy-4-(pyridine-2-yl)azetidi-2-one 
affords OsH3{κ

2-C,N-[py-2-CH=COMe]}(PiPr3)2, after the 
expansion of the resulting four-membered heterometalaring17 
(Scheme 1). 

 



 

 
Scheme 1 

 

Because is the M-C bond strength that dominates in the deter-
mination of the position of the metal-mediated C-H bond 
activation equilibrium, not the C-H bond strength, the arene-
CH bond activation is thermodynamically favored with regard 
to the alkane-CH bond activation in spite of that an arene-CH 
bond is stronger than an alkene-CH bond. The arene-CH bond 
activation is also kinetically favored as a consequence of its 
prior η2-arene coordination.1c,e,18 This basic principle of organ-
ometallics prompt us to replace the methoxy substituent at 3-
position of the lactamic four-membered ring by a phenoxy 
group and to perform the reactions of the hexahydride com-
plex with the N-aryl-2-azetidinones shown in Chart 1, in order 
to build novel (CC´N)Os-pincer complexes. Although the 
reactions would proceed by a different pathway, in view of the 
kinetic preference of the arene C-H bond activation, the result-
ing products should be more stable and robust. 

Pincer compounds are having tremendous impact in the mod-
ern chemistry of transition metal, in particular those of plati-
num group.19 The mer-disposition of the donor atoms of the 
ligands allows to design complexes with applications ranging 
from catalysis20 and medicine21 to material science.22 Further-
more, because complexes with these ligands are generally very 
robust, they have been used as intermediates in synthetic pro-
cedures requiring drastic experimental conditions. Thus, for 
instance, we have recently shown that dihydride-osmium(IV) 
complexes of formula OsH2(CCC)(PiPr3)2 are the key species 
for the preparation of homoleptic and heteroleptic osmium(II) 
compounds, containing two pincer ligands, which are 
phosporescent emitters in the blue-green region.22b Compared 
with other platinum group metals, the osmium complexes are 
significantly less developed. They are based on neutral,23 
CCC-,22 NNX- (X = C,N,S),24 NCN-,21c and PXP- (X = C,N)25-
monoanionic, and CNX- (X = C,O),26 and ONO27-dianionic 
ligands. 

 

 
Chart 1 

 

This paper describes the preparation and structural characteri-
zation of osmium-dihydride complexes stabilized by the first 
CC´N-dianionic and CC´´N–monanionic pincer ligands in the 
osmium chemistry. These ligands, which can not be generated 
by direct coordination of any organic fragment, result from 
two C-H bond activations and the breakage of parallel C-N 
and C-C bonds in a type-B-rupture of 2-azetidinones. In addi-
tion, an spectacular quantum mechanical exchange coupling 

undergoing by the hydride ligands is quantified through a two 
dimensional harmonic oscillator model. 

RESULTS AND DISCUSSION 

1 Dianionic ligands. In agreement with the thermodynamic 
and kinetic preference of the arene-CH bond activation over 
the alkane-CH bond activation, the replacement of the metoxy 
substituent by a phenoxy group allows that the degradation of 
the azetidinones gives rise to dianionic CC´N-pincer ligands, 
as a result of the additional ortho-CH bond activation of the 
phenoxy group. Thus, the treatment of toluene solutions of 
OsH6(P

iPr3)2 (1) with 1.0 equiv of I, II, and III, for 6 h, under 
reflux leads to the pincer-osmium(IV)-dihydride complexes 2, 
3, and 4, respectively, which were isolated as a yellow solid 
(2) or red solids (3, 4) in 60-70% yield, according to Scheme 
2. 

 
Scheme 2 

 

The similarity between the formation of 2-4 and the reaction 
of 1 with ()-cis-1-(4-methoxyphenyl)-3-methoxy-4-(pyridine-
2-yl)azetidi-2-one is only formal. In this context, it should be 
noted that the activation of the ortho-CH bond of the phenoxy 
group, which is kinetically preferred, should favor the direct 
activation of C3-H. The activation of the latter instead of C4-
H may change the mechanism of the fragmentation of the four 
membered ring. 

Complexes 2 and 4 were characterized by X-ray diffraction 
analysis. The structures prove the formation of the pincer 
ligands. Figure 1 shows a drawing of the pyridyl derivative 2. 
As expected for the pincer coordination, the donor atoms of 



 

the tridentate ligand are mer disposed with the pyridyl and aryl 
groups located pseudo trans (N(1)-Os-C(1) = 149.06(11)º). 
Thus, the coordination geometry around the metal center can 
be rationalized as a distorted pentagonal bipyramid with axial 
phosphines (P(1)-Os-P(2) = 160.2(3)º) and the hydride lig-
ands, separated by 1.62(4) Å, lying in the equatorial plane 
along with the pincer. The Os-C(1) bond length of 2.119(3) Å 
is in agreement with the Os-aryl distances found in other five-
membered osmacycles resulting from ortho-metalation reac-
tions11,28 whereas the Os-C(7), C(7)-C(8), C(8)-C(9), and Os-
N(1) distances of 2.057(3), 1.360(4), 1.411(4), and 2.154(3) Å, 
respectively, compare well with the related parameters of 
OsH3{κ

2-C,N-[py-2-CH=CR]}(PiPr3)2 (R = H29, OMe17). The 
structure of 4 (Figure 2) resembles that of 2 with the quinolyl 
group occupying the position of the pyridyl and N(1)-Os-C(1) 
and P(1)-Os-P(2) angles of 149.4(2)º, and 161.07(6)º, respec-
tively. The Os-C(1), Os-C(7), C(7)-C(8), C(8)-C(9) and Os-
N(1) bond lengths of 2.107(6), 2.038(6), 1.372(8), 1.392(8), 
and 2.244(5) Å, respectively, are statically identical to those of 
2.  

.  

Figure 1. ORTEP diagram of complex 2 (50% probability 
ellipsoids). Selected bond lengths (Å) and angles (deg): Os-
C(1) = 2.119(3), Os-C(7) = 2.057(3), C(7)-C(8) = 1.360(4), 
C(8)-C(9) = 1.411(4), Os-N(1) = 2.154(3), Os-P(1) = 
2.3588(8), Os-P(2) = 2.3747(8), P(1)-Os-P(2) = 160.2(3), 
C(1)-Os-C(7) = 74.83(12), N(1)-Os-C(7) = 74.22(11), Os-
C(7)-C(8) = 121.1(2), N(1)-Os-C(1) = 149.05(11). 

 
Figure 2. ORTEP diagram of complex 4 (50% probability 
ellipsoids). Selected bon lengths (Å) and angles (deg): Os-
C(1) = 2.107(6), Os-C(7) = 2.038(6), C(7)-C(8) = 1.372(8), 
C(8)-C(9) = 1.392(8), Os-N(1) = 2.244(5), Os-P(1) = 
2.3743(15), Os-P(2) = 2.3689(14), P(1)-Os-P(2) = 161.07(6), 
N(1)-Os-C(1) = 149.4(2), C(1)-Os-C(7) = 75.1(2), N(1)-Os-
C(7) = 74.3(2), Os-C(7)-C(8) = 121.5(4). 

The 1H, 13C{1H} and 31P{1H} NMR spectra of 2-4, in toluene, 
are consistent with the structures shown in Figures 1 and 2. As 
expected for inequivalent hydrides, the 1H NMR spectra con-
tain two high field resonances between -3 and -8 ppm. In the 
13C{1H} NMR spectra, the metalated central carbon atom of 
the pincers displays a low field resonance between 257 and 
248 ppm, suggesting that in these compounds there is a signif-
icant electron delocalization in the five-membered azamet-
alacycle, in agreement with OsH3{κ

2-C,N-[py-2-
CH=CR]}(PiPr3)2 and related compounds.30 The signal corre-
sponding to the metalated carbon atom of the aryl group is 
observed at about 137 ppm. The 31P{1H} spectra show a sin-
glet between 4 and 8 ppm in accordance with the equivalence 
of the phosphines. 

The pyridyl complex 2 shows interesting photophysical prop-
erties. The absorption spectrum of a 2x10-4 M toluene solution 
of this compound, at 298 K, exhibits two main bands at the 
visible region: an intense absorption centered at 350 nm and a 
less intense band centered at 466 nm. In agreement with these 
absorptions, the calculated spectrum by means of time-
dependent density functional theory (TD-DFT) under vacuum 
shows higher energy absorptions at 321 (0.274) nm and 367 
(0.0144) nm and a lower energy absorptions at 441 (0.0148) 
nm. The higher energy band is the result of the combination of 
two one-electron promotions from the HOMO-1 to the LUMO 
and from the HOMO to the LUMO+1 (74% and 24%) whereas 
the lower energy band is mainly a HOMO to LUMO transition 
(98%). The high energy region of the spectra is dominated by 
interligand charge transfer transitions with remarkable π-π* 
character, whereas the low energy absorption mainly involves 
metal-to-ligand charge transfer processes. In addition, com-
plex 2 is emissive upon photoexcitation in the solid state at 
room temperature and in toluene solution at room temperature 
and a 77 K. The lifetimes are 1.1, 2.0 and 6.6 ηs, respectively, 
whereas the quantum yield in the solid state is 0.06. This di-
hydride is yellow emissive in the solid state (571 nm) and in 
toluene (562 nm) at room temperature and green (540 nm) in 
toluene at 77 K. The computed difference in energy between 
the optimized triplet excited state and the singlet ground state 
with the same geometry (598 nm) is consistent with the exper-
imental emission wavelengths, suggesting that the observed 
luminescence is phosphorescence resulting of the emission 
from the triplet state of lower energy. 

2 Monoanionic ligands. The electron delocalization in the 
azametalacycle exacerbates the nucleophilicity of its C-H 
carbon atom (C(8) in Figures 1 and 2), which becomes a 
Brønsted base stronger than the metal center and the hydride 
ligands. As a result, the addition of 1.0 equiv of HBF4·OEt2 to 
diethyl ether solutions of 2, 3, and 4, at room temperature, 
produces its selective protonation to afford monoanionic 
CC´´N-pincer ligands, which stabilize the cationic dihydride-
osmium(IV) derivatives 5, 6 and 7, respectively (Scheme 3). 
These salts were isolated as white solids in almost quantitative 
(89-96%) yield. 

Complex 5 was characterized by X-ray diffraction analysis. 
Figure 3 shows a view of the cation of the salt. The coordina-
tion geometry around the osmium atom is similar to that of 2 
with N(1)-Os-C(1) and P(1)-Os-P(1A) angles of 151.08(18)º 
and 157.07(4)º respectively. The most noticeable differences 
between both structures are observed in the sequence Os-C(7)-
C(8)-C(9). While the Os-C(7) bond length (1.973(5) Å) short-
ens about 0.08 Å, the C(7)-C(8) and C(8)-C(9) distances 



 

(1.501(7) and 1.493(7) Å, respectively) lengthen between 0.09 
and 0.14 Å with regard to 2. The Os-C(1) and Os-N(1) bond 
lengths of 2.104(5) and 2.164(4) Å, respectively, are however 
statically identical to those of 2. The Os-C(7) bond length is 
consistent with an Os-Fischer-type carbene separation31 
whereas the C(7)-C(8) and C(8)-C(9) distances are in accord-
ance with C(sp3)-C(sp2) bonds. 
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Figure 3. ORTEP diagram of the cation of complex 5 (50% 
probability ellipsoids). Selected bond lengths (Å) and angles 
(deg): Os-C(1) = 2.104(5), Os-C(7) = 1.973(5), C(7)-C(8) = 
1.501(7), C(8)-C(9) = 1.493(7), Os-N(1) = 2.164(4), Os-P(1) = 
2.4090(9), P(1)-Os-P(2) = 157.07(4), C(1)-Os-N(1) = 
151.08(18), C(7)-Os-N(1) = 76.28(17). 

 

The 1H, 13C{1H} and 31P{1H} NMR spectra of 5-7, in di-
chloromethane-d2, are consistent with the structure shown in 
Figure 3. The 1H NMR spectra at 183 K contain an ABX2 spin 
system, centered between -3 and -5 ppm, in agreement with 
two inequivalent hydride ligands. In the 13C{1H} NMR spec-
tra, the resonance corresponding to the metalated central car-
bon atom of the pincers is observed at about 300 ppm, shifted 
about 40 ppm to lower field with regard to those of their neu-
tral precursors, whereas the signal due to the metalated carbon 
atom of the aryl group appears at about 168 ppm. The 31P{1H} 

NMR spectra show between 15 and 20 ppm a singlet, as ex-
pected for equivalent phosphines. 

3. Quantum mechanical exchange coupling. The 1H NMR 
spectra of complexes 2-7 in the high field region are tempera-
ture dependent, increasing the observed H-H coupling constant 
(Jobs) as the temperature increases. Figure 4 shows the spec-
trum of 4 as a function of the temperature between 183 and 
273 K. The increment (ΔJobs = - ) depends upon the 
nature of the heterocyclic substituent of the starting azet-
idinone and the charge of the complexes. Thus, the values 
diminish in the sequence quinolyl (7,4) > pyridyl (5,2) ≥ iso-
quinolyl (6,3) and are higher for the salts 7-5 than for the 
respective neutral species 4-2 (Table 1). 

The large values of Jobs and their dependence with the temper-
ature can be readily explained in terms of quantum mechanical 
exchanges coupling32 between the hydride ligands. The phe-
nomenon involves the exchange of the hydrogen nuclei, which 
occurs by tunneling through a low barrier between the two 
sides of the double-well potential.33 

The vibrational motion of the two hydrides must be considered 
as a whole. This finite overlap gives rise to both a symmetric 
and an antisymmetric combination of the two single-particle 
wave functions, which differ in energy by 2Jex. This amount is 
related with Jobs by means of eq 1. Constant Jmag is the portion 
of Jobs due to the Fermi contact interaction, i.e., independent 
from the temperature and its sign may vary from compound to 
compound. 

Jobs = Jmag - 2 Jex                  (1) 

The term Jex represents the quantum mechanical exchange 
coupling between the hydrides, is inherently negative, and can 
be determined by eq 2, according to a two dimensional har-
monic oscillator model.34 

Jex = (-ħa/2mπ2λδ2) exp {(a2+λ2)/2δ2}             (2) 

where 

δ2 = [h/4π2mv]coth [hν/2kT]          (3) 

 

 
Figure 4. 1H{31P} NMR spectra of complex 4 in the high-field 
region as a function of the temperature. 

 



 

Table 1. Jobs (Hz) as a function of the temperature for complexes 2-7. 

Complex Temperature (K)  ΔJobs 

 273 263 253 243 233 223 213 203 193 183  

2 35 32 29 27 26 24 23 23 22 21 14 

3 33 29 26 24 23 22 21 18 17 19a 14 

4 1339a 1054a 837a 657 553 462 377 317 270 224 1115 

5 3724a 2691a 1949a 1419a 1030 787 575 422 348 263 3461 

6 2409a 1770a 1233 1075 698 597 432 311 246 187 2222 

7 38314b 29191b 22300b 17106b 13196b 10256b 8044b 6381b 5130b 4187b 34127 

aCalculated values using eq 4. b Estimated values using eq 6 with a = 1.4 Å, λ = 1.1 Å, and ν = 480 cm-1 

 

Table 2. Summary of parameters for complexes 2-7: T1(min), a; Jmag, λ and ν.

Complex 
T1 min (ms), 

300 MHz a (Å) 
Jmag (Hz) λ (Å) ν( s-1) 

2 
123 1.59a 

1.67b 

1.62(4)c 

21 1.0 575 

3 89 1.50a 

1.68b 

18 1.0 563 

4 
56 1.40a 

1.57b 
1.47(6)c 

27 1.0 563 

5 
101 1.53a 

1.64b 

1.48(6)c 

25 1.1 461 

6 105 1.54a 

1.65b 

24 1.1 483 

7 46 1.34a 

1.52b 

32 1.1 480 

a from the T1(min) value. b DFT calculations. c X-Ray diffraction analysis.  

 

 

Eqs 2 and 3 indicate that, for each temperature, the value of Jex 
is determined by a, λ, and ν, which are characteristic for each 
compound and considered temperature invariant. Parameter a 
is the separation between the hydrides, λ is the hard sphere 
radius of the hydrides, and ν describes the H-M-H vibrational 
wag mode which allows movement along the H-H vector. 
Parameters a, λ, and ν have been only determined in a few 
cases, which include trihydride complexes displaying A2B 
spin systems. The procedure involves the partial tritiation of 
the hydride positions,35 which quenchs the quantum mechani-
cal exchange coupling. The observed values of JHT can be then 
used to ascertain the contribution of Jmag to Jobs. Thus, the 
contribution of Jex to Jobs can be derived through eq 1 and the 
corresponding temperature dependency accurately modeled. 
However, the hydride tritiation is not necessary.36 By combin-
ing eqs 1-3, eq 4 is obtained. Now, Jobs is determined by Jmag, 
λ, and ν; for a given hydride-hydride separation which can be 

obtained from T1 experiments, neutron and X-ray diffraction 
analysis, or DFT calculations. 

Jobs = Jmag + 2[(2νħa/λh coth[hν/2hT]) 

Exp{-2π2mν(a2+λ2)/hcoth[hν/2hT]}]            (4) 

The hydride-hydride separations (a) calculated from the 300 
MHz T1(min) values of the hydride resonances of 2-737 and 
those obtained from the optimized structures 
(B3LYP(LanL2dz,6-31G**)), as well as from the X-ray dif-
fraction analysis of 2, 4 and 5, are collected in Table 2. The 
separations obtained from the T1(min) values agree well with 
those found by X-ray diffraction analysis whereas are about 
0.1 Å shorter than the separations resulting from DFT calcula-
tions. Like ΔJobs, the a values depend upon the heterocyclic 
substituent of the starting azetidinone and the charge of the 
complexes. They decrease in the sequence pyridyl > iso-
quinolyl > quinolyl and are about 0.1 Å shorter for the salts 



 

than for the neutral species. Taking a as the separation ob-
tained from T1 (min) values, the Jobs values collected in Table 
1 versus the temperature were computed. Figure 5 shows plots 
of the fits for 5 and 6, whereas the parameters obtained from 
the corresponding computer fitting are collected in Table 2. 
Jmag vary from 18 to 27 Hz, being between 4 and 6 Hz higher 
for the salts 5 and 6 than for the respective neutral species 2 
and 4. Parameter λ increases about 10% in the salts with re-
gard to the neutral complexes, whereas the ν values decrease 
about 20% in the same vein. In contrast to the charge, the 
substituent of the azetidinone has not any significant influence 
on both parameters. 

 
Figure 5. Plots of Jobs versus temperature for complexes 5 and 
6. 

 

The quantification method described by eq 4. has some predic-
tive character when families of related compounds are com-
pared. The quantum mechanical exchange coupling is mainly 
intensive for 7. Thus, Jobs values could not be directly obtained 
from the respective 1H NMR spectra. However, the Jmag, λ, and 
ν parameters can be estimated on the basis of the previously 
mentioned tendencies, starting from those computed for its 
neutral counterpart 4, and refined according to eq 4 to afford 
the Jobs values shown in Table 1. 

 

CONCLUDING REMARKS  

This study reveals that 2-azetidinones substituted at 4-position 
with an N-heterocycle and at 3-position with a phenoxy group 
generate CC´N-pincer ligands through a metal-mediated deg-
radation involving two C-H bond activations and the breakage 
of parallel C-N and C-C bonds in a type B-rupture of the four-
membered ring. As a proof of concept, novel neutral and cati-
onic dihydride-osmium(IV) complexes have been prepared 
from the reactions of the hexahydride complex OsH6(P

iPr3)2 
with the corresponding 2-azetidinones and characterized by X-
ray diffraction analysis and spectroscopically.  

The hydride ligands of the new compounds undergo quantum 
mechanical exchange coupling, which is particularly intense 
for the salts. The phenomenon has been experimentally quanti-
fed according to a two dimensional harmonic oscillator model, 
where the term Jex is determined by the separation between the 
hydrides, their hard sphere radius, and the parameter v describ-
ing the H-M-H vibrational wag mode allowing movement 
along the H-H vector. The analysis and comparison of the 
obtained data show that there are significant differences be-
tween the salts and the respective neutral species. Thus, it is 
observed that in the cationic compounds the separation be-
tween the hydrides ligands is about 0.1 Å shorter, the hydride 
hard sphere radius increases about 10%, and the v value de-

creases about 20%. 

In conclusion, β-lactams, with important applications in organ-
ic synthesis,38 should be also taken into account in coordina-
tion chemistry because their metal-mediated productive degra-
dation leads to novel pincer ligands, which allow to stabilize 
transition metal complexes with interesting spectroscopic 
properties. 

EXPERIMENTAL SECTION 

General Information. All reactions were carried out with 
rigorous exclusion of air using Schlenk-tube techniques. Sol-
vents were obtained oxygen- and water-free from an MBraun 
or PS-MD-5 solvent purification apparatus. 1H, 13C{1H} and 
31P{1H} NMR spectra were recorded on Bruker 300 ARX, 
Bruker Avance 300 MHz,  Bruker Avance 400 MHz or Bruker 
Avance 500 MHz instruments. Chemical shifts (expressed in 
parts per million) are referenced to residual solvent peaks (1H, 
13C{1H}), or external 85% H3PO4 (31P{1H}). Coupling con-
stants J and N are given in hertz. Attenuated total reflection 
infrared 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 electrospray mass spectra were 
acquired using a MicroTOF-Q hybrid quadrupole time-of-
flight spectrometer (Bruker Daltonics, Bremen, Germany). 
OsH6(P

iPr3)2
39and I, II, and III were prepared by published 

methods.14 

Preparation of 2. A colorless solution of OsH6(P
iPr3)2 (100 

mg, 0,193 mmol) in toluene (10 mL) was treated with I (49 
mg, 0.193 mmol) and heated under reflux during 6 h. After 
this time, the resulting solution was evaporated to dryness. 
The residue was dissolved in pentane and filtered through 
Celite and the solvent was removed in vacuo. The subsequent 
addition of methanol to the residue afforded a yellow solid that 
was washed with methanol (3 x 2 mL) in a iPrOH/dry ice bath 
and dried in vacuo. Yield: 98 mg (71%). Anal. Calcd for 
C31H53NOOsP2: C, 52.10; H, 8.03; N, 1.91. Found: C, 52.49; 
H, 7.64; N, 1.97. HRMS (electrospray, m/z): calcd. for 
C31H52NOOsP2 [M-H]+: 708.3135, found: 708.3270. IR (cm-1): 
(OsH) 2185 (w), 2068 (w). 1H NMR (300 MHz, C6D6, 298 
K): δ 8.43 (d, JH-H = 5.9, 1H, CH py), 7.58 (d, JH-H = 7.2, 1H, 
CH Ph), 7.16 (br, 1H, CH Ph), 6.94 (t, JH-H = 7.2, 1H, CH Ph), 
6.71 (m, 2H, CH Ph and Os-C=CH), 6.62 (br, 1H, CH py), 
6.61 (br, 1H, CH py), 5.77 (m, 1H, CH py), 1.93 (m, 6H, 
PCH(CH3)2), 1.06 (dvt, JH-H = 6.9, N = 12.6, 18H, 
PCH(CH3)2), 0.98 (dvt, JH-H = 7.2, N = 12.6, 18H, 
PCH(CH3)2), -4.25 (br, 1H, OsH), -7.80 (br, 1H, OsH). 
1H{31P}NMR (400 MHz, C7D8, 273 K, high field region): δ -
4.24 (d, JH-H = 34.5, OsH), -7.89 (d, JH-H = 34.5, OsH). T1 
(min) (ms, OsH, 300MHz, C7D8, 223 K): 123 ± 4. 31P{1H} 
NMR (121.4 MHz, C6D6, 298 K):  4.2 (s). 13C{1H}-APT 
NMR, HMBC and HSQC (75.5 MHz, C6D6, 298 K):  248.3 
(t, JC-P = 4.9, OsCO), 174.8 (s, C py), 170.8 (t, JC-P = 1.3, C 
PhO), 157.7 (s, CH py), 145.1 (t, JC-P = 1.0, CH Ph), 136.6 (t, 
JC-P = 6.9, OsC Ph), 134.3 (s, CH py), 122.6 (t, JC-P = 1.1, CH 
Ph), 122.5 (t, JC-P = 1.1, CH Ph), 117.9 (s, CH py), 113.2 (s, 
CH py), 109.7 (s, CH Ph), 106.7 (s, Os-C=CH), 26.5 (vt, N = 
12.4, PCH(CH3)2), 19.7 (s, PCH(CH3)2), 19.2 (s, PCH(CH3)2).  

Preparation of 3 A colorless solution of OsH6(P
iPr3)2 (100 

mg, 0,193 mmol) in toluene (10 mL) was treated with II (58 
mg, 0.193 mmol) and heated under reflux during 12 h. After 
this time, the resulting solution was evaporated to dryness. 
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The residue was solved in pentane and filtered through Celite 
and the solvent was removed in vacuo. The subsequent addi-
tion of methanol to the residue afforded a red solid that was 
washed with methanol (3x 2 mL) in a iPrOH/dry ice bath and 
dried in vacuo. Yield 87 mg (60%). Anal. Calcd for 
C35H55NOOsP2: C, 55.44; H, 7.31; N, 1.84. Found: C, 55.13; 
H, 7.37; N, 2.03. HRMS (electrospray, m/z): calcd. for 
C35H54NOOsP2 [M-H]+: 758.3287, found: 758.3292. IR (cm-1): 
(OsH) 2110 (w), 2100 (w). 1H NMR (400 MHz, C6D6, 298 
K): δ 8.33 (d, JH-H = 6.6, 1H, CH isqn), 7.89 (d, JH-H = 7.3, 1H, 
CH Ph), 7.60 (d, JH-H = 7.2, 1H, CH isqn), 7.54 (s, 1H, Os-
C=CH), 7.25 (d, JH-H = 8.7, 1H, CH Ph), 7.21 (d, JH-H = 7.7, 
1H, CH Ph), 7.06 (m, 2H, CH isqn), 6.95 (t, JH-H = 7.4, 1H, CH 
isqn), 6.72 (t, 1H, JH-H = 7.2, CH Ph), 6.30 (d, 1H, JH-H = 6.6, 
CH isqn), 1.96 (m, 6H, PCH(CH3)2), 1.04 (dvt, JH-H = 6.8, N = 
12.8, 18H, PCH(CH3)2), 0.92 (dvt, JH-H = 6.8, N = 12.6, 18H, 
PCH(CH3)2), -3.92 (br, 1H, OsH), -7.61 (br, 1H, OsH) -3.82 
(d, JH-H = 21.7, OsH), -7.51 (d, JH-H = 21.5, OsH) T1(min) (ms, 
OsH, 300MHz, C7D8, 233 K): 89 ± 4. 31P{1H} NMR (161.8 
MHz, C6D6, 298 K):  7.1 (s). 13C{1H}-APT NMR, HMBC 
and HSQC (100.5 MHz, C6D6, 298 K):  256.1 (t, JC-P = 4.0, 
OsCO), 173.8 (s, C isqn), 170.7 (s, C PhO), 152.5 (s, CH 
isqn), 145.0 (s, CH isqn), 137.0 (t, JC-P = 6.7, OsC Ph), 135.1 
(s, C isqn), 129.8 (s, CH isqn), 127.4 (s, CH Ph), 126.0 (s, CH 
Ph), 125.8 (s, CH Ph), 125.5 (s, C isqn), 123.0 (s, CH isqn), 
122.6 (s, CH isqn), 111.7 (s, CH isqn), 110.0 (s, CH Ph, 105.5 
(s, Os-C=CH), 26.9 (vt, N = 25.0, PCH(CH3)2), 19.7 (s, 
PCH(CH3)2), 19.1 (s, PCH(CH3)2). 

Preparation of 4. A colorless solution of OsH6(P
iPr3)2 (100 

mg, 0,193 mmol) in toluene (10 mL) was treated with III (58 
mg, 0.193 mmol) and heated under reflux during 12 h. After 
this time, the resulting solution was evaporated to dryness. 
The residue was solved in pentane and filtered through Celite 
and the solvent was removed in vacuo. The subsequent addi-
tion of methanol to the residue afforded a red solid that was 
washed with methanol (3 x 2 mL) in a iPrOH/dry ice bath and 
dried in vacuo. Yield 93 mg (63%). Anal. Calcd for 
C35H55NOOsP2: C, 55.44; H, 7.31; N, 1.84. Found: C, 55.59; 
H, 7.24; N, 2.01. HRMS (electrospray, m/z): calcd. for 
C35H54NOOsP2 [M-H]+: 758.3292, found: 758.3268 IR (cm-1): 
(OsH) 2161 (w), 2150 (w). 1H NMR (400 MHz, C6D6, 298 
K): δ 9.08 (d, JH-H = 8.7, 1H, CH qn), 7.72 (d, JH-H = 6.5, 1H, 
CH Ph), 7.37 (m, 1H, CH qn), 7.22 (m, 2H, CH qn), 6.97 (m, 
4H, CH Ph, CH qn, Os-C=CH ), 6.85 (d, JH-H = 8.8, 1H, CH 
qn), 6.73 (td, JH-H = 7.3, JH-P = 1.3, 1H, CH Ph), 1,70 (m, 6H, 
PCH(CH3)2 ), 1.02 (dvt, JH-H = 6.8, N = 12,8, 18H, 
PCH(CH3)2), 0.87 (dvt, JH-H = 6.8, N = 12,6, 18H, 
PCH(CH3)2), -5.18 (br, 2H, OsH). 1H{31P} NMR (300 MHz, 
C7D8, 243 K, high field region): δ -5.24 (AB spin system, Δν = 
1547, JA-B = 657, 2H, OsH). T1(min) (ms, OsH, 300MHz, 
C7D8, 223 K): 56 ± 4. 31P{1H} NMR (121.5 MHz, C6D6, 298 
K):  4.0 (s). 13C{1H}-APT NMR, HMBC and HSQC (75.5 
MHz, C6D6, 298 K):  256.3 (t, JC-P = 4.5, OsCO), 176.2 (s, C 
qn), 170.1 (s, C PhO), 149.0 (s, C qn), 145.3 (s, CH Ph), 135.8 
(t, JC-P = 6.8, OsC Ph), 134.4 (s, CH Ph), 129.8 (s, CH qn), 
128.8-128.7 (s, CH qn, CH Ph), 123.8 (s, C qn), 122.3-122.2 
(s, CH Ph, CH qn), 121.8 (s, CH qn), 120.3 (s, CH qn), 111.2 
(s, Os-C=CH), 110.3 (s, CH qn), 27.4 (vt, N = 25.0, 
PCH(CH3)2), 20.2 (s, PCH(CH3)2), 19.2 (s, PCH(CH3)2). 

Preparation of 5. A yellow solution of 2 (100 mg, 0.141 
mmol) in 5 mL of diethyl ether was treated with 1 equiv of 
HBF4·OEt2 (19.4 µL, 0.141 mmol) and stirred for 15 min at 

room temperature. During the course of the reaction a white 
solid was formed. The solvent was removed, and the solid was 
washed with further portions of diethyl ether and dried in 
vacuo. Yield: 107.1 mg (96%). Anal. Calcd for 
C31H54NOOsP2BF4: C, 46.79; H, 6.83; N, 1.76. Found: C, 
46.56; H, 6.44; N, 1.60. HRMS (electrospray, m/z): calcd. for 
C31H52NOOsP2 [M-2H]+: 708.3148, found: 708.3135. IR (cm-

1): (OsH) 2049 (w), 1927 (w), (BF4) 1050 (br). 1H NMR 
(300 MHz, CD2Cl2, 298 K): δ 8.92 (d, JH-H = 6.9, 1H, CH py), 
7.96 (t, JH-H = 6.9, 1H, CH py), 7.76 (d, JH-H = 6.9, 1H, CH 
py), 7.43 (d, JH-H = 7.5, 1H, CH Ph), 7.34 (m, 2H, CH py, CH 
Ph), 7.05 (t, JH-H = 7.5, 1H, CH Ph), 6.83 (t, JH-H = 7.4, 1H, CH 

Ph), 4.11 (s, 2H, CH2), 1.84 (m, 6H, PCH(CH3)2), 0.94 (2 dvt, 
overlapped, JH-H = 6.9, N = 12.3, 36H, PCH(CH3)2), -4.10 (br, 
1H, OsH), -4.72 (br, 1H, OsH). 1H{31P} NMR (300 MHz, 
CD2Cl2, 223 K, high field region): δ -5.24 (AB spin system, 
Δν = 2799, JA-B = 787, 2H, OsH). T1(min) (ms, OsH, 300 
MHz, CD2Cl2, 193 K): 101 ± 4. 31P{1H} NMR (121.5 MHz, 
CD2Cl2, 298 K):  18.8 (s). 13C{1H}-APT NMR, HMBC and 
HSQC (75.5 MHz, CD2Cl2, 298 K):  298.1 (s, OsCO), 168.7 
(s, C PhO), 164.6 (s, C py), 158.6 (s, CH py), 145.2 (s, CH 
Ph), 139.9 (s, CH py), 132.8 (t, JC-P = 5.3, OsC Ph), 126.7 (s, 
CH py), 126.1 (s, CH Ph), 124.3 (s, CH py), 124.2 (s, CH Ph), 
113.8 (s, CH Ph), 62.7 (s, CH2), 26.8 (vt, N = 27.5, 
PCH(CH3)2), 19.1 (s, PCH(CH3)2), 19.0 (s, PCH(CH3)2).  

Preparation of 6. A red solution of 3 (50 mg, 0.066 mmol) in 
5 mL of diethyl ether was treated with 1 equiv of HBF4·OEt2 
(9.00 µL, 0.066 mmol) and stirred for 15 min at room temper-
ature. During the course of the reaction a white solid was 
formed. The solvent was removed, and the solid was washed 
with further portions of diethyl ether and dried in vacuo. 
Yield: 103.1 mg (92%). Anal. Calcd for C35H56NOOsP2BF4: 
C, 49.70; H, 6.67; N, 1.65. Found: C, 49.54; H, 6.83; N, 1.74. 
IR (cm-1): (OsH) 2165 (w), 2048 (w), (BF4) 1053 (br). 1H 
NMR (400 MHz, CD2Cl2, 298 K): δ 8.73 (d, JH-H = 6.5, 1H, 
CH isqn), 8.18 (d, JH-H = 8.0, 1H, CH Ph), 8.05 (d, JH-H = 7.5, 
1H, CH isqn), 7.90 (m, 2H, CH isqn), 7.74 (d, 1H, JH-H = 6.4, 
CH isqn), 7.45 (d, JH-H = 7.2, 1H, CH Ph), 7.42 (d, JH-H = 8.0, 
1H, CH Ph), 7.07 (t, JH-H = 7.3, 1H, CH isqn), 6.85 (t, 1H, JH-H 
= 7.2, CH Ph), 4.43 (s, 2H, CH2), 1.88 (m, 6H, PCH(CH3)2), 
0.97 (dvt, JH-H = 7.2, N = 13.6, 18H, PCH(CH3)2), 0.89 (dvt, 
JH-H = 6.8, N = 13.6, 18H, PCH(CH3)2), -4.16 (br, 2H, OsH). 
1H{31P} NMR (300 MHz, CD2Cl2, 223 K, high field region): δ 
-4.53 (AB spin system, Δν = 1533 JA-B = 698, 2H, OsH). T1 
(min) (ms, OsH, 300MHz, CD2Cl2, 193 K): 105 ± 4. 31P{1H} 
NMR (121.5 MHz, CD2Cl2, 298 K):  19.8 (s). 13C{1H}-APT 
NMR, HMBC and HSQC (75.5 MHz, CD2Cl2, 298 K):  
296.1 (s, OsCO), 169.0 (s, C isqn), 165.4 (s, C PhO), 150.6 (s, 
CH isqn), 145.5 (s, CH Ph), 135.7 (s, OsC Ph), 133.7 (s, CH 
isqn), 133.0 (s, C isqn), 131.1 (s, CH isqn), 128.3 (s, CH isqn), 
127.1 (s, C isqn), 126.9 (s, CH Ph), 126.4 (s, CH Ph), 125.5 (s, 
CH isqn), 124.6 (s, CH isqn), 114.1 (s, CH Ph), 62.4 (s, CH2), 
27.3 (vt, N = 27.6, PCH(CH3)2), 19.2 (s, PCH(CH3)2). 

Preparation of 7. A red solution of 4 (50 mg, 0.066 mmol) in 
5 mL of diethyl ether was treated with 1 equiv of HBF4·OEt2 
(9.00 µL, 0.066 mmol) and stirred for 15 min at room temper-
ature. During the course of the reaction a white solid was 
formed. The solvent was removed, and the solid was washed 
with further portions of diethyl ether and dried in vacuo. 
Yield: 98.3 mg (89%). Anal. Calcd for C35H56NOOsP2BF4: C, 
49.70; H, 6.67; N, 1.65. Found: C, 49.85; H, 6.54; N, 1.34. IR 
(cm-1): (OsH) 1971 (w), 1914 (w), (BF4) 1056 (br). 1H 



 

NMR (300 MHz, CD2Cl2, 298 K): δ 8.83 (d, JH-H = 8.9, 1H, 
CH qn), 8.42 (d, JH-H = 8.4, 1H, CH Ph), 8.03 (d, JH-H = 8.0, 
1H, CH qn), 7.88 (m, 2H, CH qn, CH Ph), 7.73 (t, 1H, JH-H = 
7.4, CH qn), 7.52 (d, JH-H = 7.5, 1H, CH qn), 7.37 (dd, JH-H = 
7.9, JH-P = 1.3, 1H, CH Ph), 7.03 (t, JH-H = 7.6, 1H, CH qn), 
6.82 (dt, JH-H = 7.5, JH-P = 1.3, 1H. CH Ph), 4.43 (s, 2H, CH2), 
1.52 (m, 6H, PCH(CH3)2 0.91 (dvt, JH-H = 6.9, N = 14.0, 18H, 
PCH(CH3)2), 0.80 (dvt, JH-H = 6.9, N = 14.0, 18H, 
PCH(CH3)2), -2.78 (br, 2H, OsH). 1H{31P} NMR (300 MHz, 
CD2Cl2, 243 K, high field region): δ -2.88 (AB spin system, 
Jcalculated

A-B = 14731, 2H, OsH). T1 (min) (ms, OsH, 300MHz, 
C7D8, 203 K): 46 ± 4. 31P{1H} NMR (121.5 MHz, CD2Cl2, 298 
K):  16.2 (s). 13C{1H}-APT NMR, HMBC and HSQC (75.5 
MHz, CD2Cl2, 298 K):  298.6 (s, OsCO), 168.6 (s, C qn), 
167.8 (s, C PhO), 146.2 (s, C qn), 144.8 (s, CH qn), 140.6 (s, 
CH Ph), 134.3 (s, CH qn), 132.4 (s, CH Ph), 131.5 (s, C Ph), 
130.7 (s, CH qn), 128.3 (s, CH qn), 128.2 (s, C qn), 125.8 (s, 
CH Ph), 123.9 (s, CH qn), 120.6 (s, CH qn), 113.8 (s, CH Ph), 
65.5 (s, CH2), 27.5 (vt, N = 27.1, PCH(CH3)2), 19.5 (s, 
PCH(CH3)2), 19.0 (s, PCH(CH3)2). 

Computacional Details. All calculations were performed at 
the DFT level using the B3PW91 functional at vacuum as 
implemented in Gaussian09.40 The basis set used were 
Lanl2dz (Os) and 6-31G** for the rest of the atoms. For 2 we 
performed TD-DFT calculations at the same level of theory 
for the lowest 20 singlet-singlet and 20 singlet-triplet excita-
tions at the ground state S0, and the lowest singlet-singlet and 
singlet-triplet excitations at the lowest excited triplet T1 opti-
mized geometries. It has to be noticed that the singlet-triplet 
excitations are set to zero due to the neglect of spin-orbit cou-
pling in the TD-DFT calculations as implemented in G09. 

Structural Analysis of Complexes 2, 4 and 5. X-ray data 
were collected for the complexes on a Bruker Smart APEX 
CCD or DUO APEX CCD diffractometers equipped with a 
normal focus, 2.4 kW sealed tube source (Mo radiation, l = 
0.71073 Å) operating at 50 kV and 40 mA (4) or 30 mA (2, 
and 5). Data were collected over the complete sphere. Each 
frame exposure time was 10 s (2, and 5) or 30 s (4) covering 
0.3o in . Data were corrected for absorption by using a multi-
scan method applied with the SADABS program.41 The struc-
tures were solved by Patterson or direct methods and refined 
by full-matrix least squares on F2 with SHELXL97,42 includ-
ing isotropic and subsequently anisotropic displacement pa-
rameters. The hydrogen atoms (except hydrides) were ob-
served in the least Fourier maps or calculated, and refined 
freely or using a restricted riding model. Hydrogens bonded to 
metal atoms were observed in the last cycles of refinement but 
refined too close to metals, so a restricted refinement model 
was used for all of them (d(Os-H= 1.59(1) Å). 

Crystal data for 2: C31H53NOOsP2, MW 707.88, orange, irregu-
lar block (0.16 x 0.12 x 0.09 mm3), monoclinic, space group 
P21/n, a: 16.9598(7) Å, b: 10.7831(4) Å, c: 17.8747(7) Å, β: 
107.1790(10)°, V = 3123.1(2) Å3, Z = 4, Z’ = 1, Dcalc: 1.506 g 
cm-3, F(000): 1440, T = 100(2) K,  4.209 mm-1. 28580 meas-
ured reflections (2: 3-58o,  scans 0.3o), 7511 unique (Rint = 
0.0359); min./max. transm. factors 0.690/0.862. Final agree-
ment factors were R1 = 0.0263 (6658 observed reflections, I > 
2s(I)) and R2 = 0.0542; data/restraints/parameters 
7511/3/346; GoF =  1.054. Largest peak and hole 1.339 (close 
to osmium atoms) and -0.869 e/ Å3. 

Crystal data for 4: C35H55NOOsP2, MW 757.94, orange, irregu-

lar block (0.08 x 0.03 x 0.03 mm3), monoclinic, space group 
P21/n, a: 14.0888(10) Å, b: 15.8579(11) Å, c: 15.2962(10) Å, 
β: 93.2240(10)°, V = 3412.0(4) Å3, Z = 4, Z’ = 1, Dcalc: 1.475 g 
cm-3, F(000): 1544, T = 100(2) K,  3.858 mm-1. 29571 meas-
ured reflections (2: 3-58o, w scans 0.3o), 8112 unique (Rint = 
0.0705); min./max. transm. Factors 0.681/0.862. Final agree-
ment factors were R1 = 0.0486 (6129 observed reflections, I > 
2s(I)) and R2 = 0.0858; data/restraints/parameters 
8112/2/382; GoF = 1.072. Largest peak and hole 1.823 (close 
to osmium atoms) and -1.423 e/ Å3. 

Crystal data for 5: C31H54NOOsP2 x BF4 x THF, MW 867.81, 
yellow, irregular block (0.16 x 0.06 x 0.02 mm3), monoclinic, 
space group P21/m, a: 8.6959(12) Å, b: 12.9629(17) Å, c: 
17.039(2) Å, β: 104.647(2)°, V = 1858.3(4) Å3, Z = 2, Z’ = 0.5, 
Dcalc: 1.551 g cm-3, F(000): 884, T = 100(2) K,  3.569 mm-1. 
19216 measured reflections (2: 3-58o,  scans 0.3o), 5054 
unique (Rint = 0.0433); min./max. transm. factors 0.685/0.842. 
Final agreement factors were R1 = 0.0312 (4553 observed 
reflections, I > 2s(I)) and R2 = 0.0763; da-
ta/restraints/parameters 5054/7/240; GoF = 1.075. Largest 
peak and hole 1.818 (close to osmium atoms) and -0.983 e/ Å3. 

Photophysical studies. All the manipulations of the organo-
metallic compound were carried out in strict absence of oxy-
gen and water. UV-Vis spectra were recorded on an Evolution 
600 spectrophotometer. Steady-state photoluminescence spec-
tra were recorded in a Jobin-Yvon Horiba Fluorolog FL-3-11 
spectrofluorometer. An IBH 5000F coaxial nanosecond flash 
lamp was used to measure the lifetimes. 
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2-Azetidinones as Precursors of Pincer Ligands: Preparation, Structure, and Spectroscopic Properties of 
CC´N-Osmium Complexes 

 

β-lactams should be taken into account in coordination chemistry because their metal-mediated productive degradation leads to 
novel pincer ligands, which allow to stabilize transition metal complexes with interesting spectroscopic properties. 

 


