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The new H-bonded complex [Os(bpy)2(CO)(EtO···H-
DMAP)][PF6]2, where DMAP = 4-(dimethylamino)pyridine
and bpy = 2,2�-bipyridine, has been synthesized and charac-
terized by X-ray diffraction, IR, solution and solid-state NMR
spectroscopy. The complex shows a strong hydrogen bond
between the protonated DMAP moiety and the deprotonated
ethanolic group directly bonded to the Os atom. High-speed
(28 KHz) solid-state 1H MAS NMR spectroscopy and quan-
tum-mechanical calculations were used to assess the location
of the hydrogen atom involved in the H-bond. Both con-
firmed a proton characteristic of an N−H···O−Y hydrogen

Introduction

The complex [Os(bpy)2(CO)(OTf)][OTf], where OTf �
CF3SO3

�, was first synthesized in the 1980s as a potential
reactive intermediate for the chemically mild synthesis of a
new series of metal-ligand complexes with strong ligand-
field donor ligands. Many nitrile and isocyanide derivatives
were produced and their excited-state properties ex-
plored.[1,2]

Following our earlier studies devoted to the synthesis of
new [Os(bpy)2(CO)L]n� complexes with interesting and po-
tentially useful fluorescence properties,[3] we investigated
the substitution of OTf[4�7] with alcohols. Many structures
of Ru(bpy)2 derivatives (bpy � 2,2�-bipyridine) have been
reported in the literature, but few Os(bpy)2 structures can
be found in the Cambridge Structural Database (CSD),[8]

as summarized in our recent paper.[9]

In an attempt to extend the reactivity of the [Os(bpy)2-
(CO)(OTf)][OTf] complex, we found that DMAP[10�14] [4-
(dimethylamino)pyridine] has an active role in its reaction
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Piemonte Orientale ‘‘A. Avogadro’’,
Corso T. Borsalino 54, 15100 Alessandria, Italy

[c] Department of Chemistry, University of Montana,
Missoula, Montana 59812, USA

606 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/ejic.200400631 Eur. J. Inorg. Chem. 2005, 606�614

bond. A molecular orbital analysis was performed to eluci-
date the IR CO stretching frequency red shift of the H-
bonded complex with respect to [Os(bpy)2(CO)O(H)Et]-
[OTf]2. Absorption spectra indicate that the H-bond is pre-
sent both in water and dichloromethane solutions. However,
no direct evidence of the H-bond interaction in solution is
observed from the 1H NMR spectrum (CD2Cl2) between 298
and 193 K.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

with alcohols. We have characterized the resulting
[Os(bpy)2(CO)(EtO···H-DMAP)][PF6]2 (1[PF6]2) complex
by X-ray crystallography and solid-state 1H NMR and solu-
tion spectroscopic techniques. We have also examined the
solution properties of the triflate analog 1[OTf]2. The main
feature of these complexes is the presence of a strong
N�H···O hydrogen bond between a protonated dimeth-
ylaminopyridine moiety (H-DMAP�) and an alkoxide
group directly bonded to the Os atom.

It is significant that the heteronuclear N�H···O bond
plays a central role not only in protein folding and DNA
base-pairing, but also in the ever-growing areas of molecu-
lar recognition and crystal-engineering research.[15�20] Im-
portant reviews in recent decades have highlighted the field
of strong H-bonds,[21�24] and the electrostatic versus coval-
ent nature of the H-bond has been extensively debated and
investigated.[22,25�30] A new model, the Electrostatic-Coval-
ent H-Bond Model (ECHBM),[31�33] has been developed
to rationalize the electrostatic nature of weak homonuclear
O�H···O H-bonds and the covalent nature of strong ones.
The ECHBM has been applied to heteronuclear cases with
good results, although additional aspects require further
investigation.[34]

Recent studies of intramolecular X�N�H···O�Y hydro-
gen bonds[35,36] in ketohydrazone-azoenol systems demon-
strated the presence of very strong H-bonds. The H-bond
is stronger if the two resonance forms X�N�H···O�Y and
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X�N···H�O�Y have similar energy, a condition that oc-
curs when the intrinsic proton affinity (PA) of the N
atom is reduced.[34] Thus, a weak hydrogen bond can be
strengthened by introducing chemical substituents that re-
duce the PA difference between the H-bond donor and ac-
ceptor atoms and cause the resonance forms to become iso-
energetic. This observation helps to explain the behavior of
the homonuclear H-bond.

There are three classes of strong intramolecular H-bonds:
(i) (�)CAHB, a negative-charge-assisted H-bond; (ii)
(�)CAHB, a positive-charge-assisted H-bond; and (iii)
RAHB, a resonance-assisted H-bond. These classifications
can be extended to intermolecular interactions as well, as
demonstrated by an extensive analysis of intermolecular
N�H···O/N···H�O bonds[34] using the Cambridge Crystal-
lographic Database (CSD).[8] In most examples of intermo-
lecular H-bonds, the H-bond results from an acid-base
equilibrium, usually referred to as ‘‘a salt bridge’’ in the
biochemical literature.[24] For example, Jerzykiewicz et al.
have reported an intriguing case of a strong intermolecular
N�H···O/N···H�O bond in the complex between 3,5-di-
methylpyridine and 3,5-dinitrobenzoic acid (DMP-DNB)
that is characterized by an almost linear N�H···O angle
(177°) and a nitrogen�oxygen distance of about 2.550 Å.[37]

In this paper we report the study of the heteronuclear H-
bond of [Os(bpy)2(CO)(EtO···H-DMAP)]2� using several
complementary physical techniques in combination with
quantum-mechanical calculations. Furthermore, we de-
scribe how theoretical computation can play a critical role
in developing an understanding of the structural properties
of the complex and in rationalization of the spectroscopy
data.

The goal is to identify where the observed strong hydro-
gen bond fits into the currently available hydrogen bonding
models and to understand how the d-orbital energies and
electron distributions are impacted by this bond relative to
previously reported Os(bpy)2(CO)(L) systems.

Results and Discussion

Crystal Structure of [Os(bpy)2(CO)(EtO···H-DMAP)][PF6]2

The dissolution of [Os(bpy)2(CO)(OTf)][OTf][38] in etha-
nol in the presence of a tenfold excess of DMAP gave a
dark-red solution that slowly changed to violet. The crystal-

Table 1. Geometric features of the strong N�H···O hydrogen bond in the crystal structure of [Os(bpy)2(CO)(EtO···H-DMAP)][PF6]2 and
from theoretical calculations at the B3LYP/BS3//B3LYP/BS3 level of theory, with LACVP ECP on the Os atom

X-ray data Theoretical calculations
H-OPT[a] 1a (alkoxide form) 1b (alcohol form) EtOH�DMAP

N···O [Å] 2.614(9) 2.614 2.635 2.599 2.890
N�H [Å] 0.99(2)[b] 1.102 1.085 1.539 1.911
H�O [Å] 1.62(2)[b] 1.514 1.550 1.060 0.979
Os···O [Å] 2.083(6) 2.083 2.128 2.178 �
N···H···O [°] 174.7(9)[b] 177.1 176.9 177.1 177.6

[a] Geometry optimization with non-H atoms fixed to the X-ray structure. [b] Hydrogen position refined as discussed in the text.
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line product 1[PF6]2, which was obtained after purification
and careful recrystallization, was analyzed by single-crystal
X-ray diffraction (see Exp. Sect.).

The structure determined for the complex is illustrated in
Figure 1 and the crystallographic data are given in the Exp.
Sect. The most interesting feature of 1[PF6]2 is the strong
N�H···O hydrogen bond (dotted line in Figure 1) between
the H-DMAP� moiety and a deprotonated ethanol mol-
ecule directly bonded to the Os atom.

Figure 1. Molecular structure of [Os(bpy)2(CO)(EtO···H-
DMAP)][PF6]2 showing the adopted labeling scheme, with dis-
placement ellipsoids drawn at the 25% probability; the PF6

� moiety
is disordered with black and white bonds indicating the two pos-
sible positions

The strength of the N�H···O interaction is implied by
the geometric features of the hydrogen bond, as summar-
ized in Table 1. The H-bond is close to linear [N�H···O
angle is approximately 175(1)° both from X-ray data and
theoretical calculations, see below] and the donor�acceptor
distance is short [2.614(9) Å] and close to the values ob-
served in two-center hydrogen bonds[35,37] in which the hy-
drogen is approximately midway between the two electro-
negative atoms (O1 and N1 in Figure 1). It is worth noting
that the O atom of the ethanol ligand is tightly bonded to
the Os atom while the methyl group is rather mobile, as
indicated by their anisotropic displacement parameters
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(ADP) (depicted at 25% of probability in Figure 1). Atom
O1 shows a small averaged ADP [0.058(2) Å2], while the
very mobile C2 atom has a significantly larger ADP value
[0.152(7) Å2] and C1 has intermediate mobility, its ADP
value being 0.087(4) Å2. Similarly, in the case of the H-
DMAP� moiety the atoms of the molecule showing smaller
ADPs are those closest to the N�H bond and those directly
bound to the Os complex through the N�H···O hydrogen
bond. This is illustrated by the monotonic increase in the
ADPs going from N1 to C8 [ADP � 0.066(2), 0.070(3),
0.077(3), 0.085(4), 0.114(4), 0.130(6) for atoms N1, C3, C4,
C5, N2, and C8, respectively].

The crystal packing of the osmium complex is driven by
various intermolecular interactions. First, the positively
charged Os complex and the H-DMAP� moiety are bound
together by the previously described strong N�H···O hy-
drogen bond. Next, the negative PF6

� anions are bound to
the positive Os-containing moiety and to the H-DMAP�

by ionic forces. Finally, weak interactions are present be-
tween the C�H groups belonging to the bpy groups and
to the H-DMAP� moiety and those of the hydrogen-bond
acceptors [CO bonded to Os and F belonging to PF6

�

anions; H···F and H···O contacts ranging from 2.42(1) to
2.91(1) Å]. As already observed in other PF6

�-containing
crystal structures,[9] each PF6

� moiety is disordered over
two positions (black and white bonds in Figure 1 for the
major and the minor components, respectively).

Defining the location of the H1 position was not straight-
forward and different strategies for the X-ray data refine-
ment were carefully checked. As discussed below, an Os�O
distance of 2.083(6) Å is consistent with both the alcohol
and the alkoxide form. Nevertheless, in the Fourier differ-
ence map, after location of all the non-hydrogen atoms and
of all the H-atoms (whose locations were calculated using
the program XP as implemented in SHELX-TL)[39] except
H1, a well-defined peak was observed at about 1.0 Å from
N1. With unconstrained refinement, the H1-atom coordi-
nates retain a position consistent with the alkoxide form.
Moreover, if in the initial model an H-atom is bonded to
O1 to obtain an N···H�O alcohol form, refinement moves
the H atom towards N1, into the position expected for for-
mation of an N�H···O alkoxide. We are aware, however,
that it is difficult to determine the precise location of an H-

Scheme 1
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atom only on the basis of X-ray data, particularly consider-
ing that wR2 � 0.12 for the refined structure of 1[PF6]2.
Therefore, to compare the stability of the two different
forms (1a and 1b) depicted in Scheme 1, and to give a more
general overview of the literature on such inorganic systems,
we carried out theoretical calculations and also performed
an extensive search in the Cambridge Structural Database
(CSD).[8] This search of the two alkoxide-containing frag-
ments 3 and 4 depicted in Scheme 2, where the oxygen atom
can be protonated or deprotonated, returned 51 structures.
The alcohol-alkoxide geometric features were indirectly an-
alyzed by monitoring the Os�O distance in these struc-
tures, thus avoiding a comprehensive study of distances and
angles involving H-atoms whose exact location cannot be
defined from X-ray analysis. The Os�O bond lengths are
obviously dependent on the presence of the ancillary li-
gands. Nevertheless, distances shorter than 2.00 Å are gen-
erally consistent with the alkoxide form, as reported, for
example, by Richter-Addo et al.,[40] where the Os�O dis-
tance is 1.89(2) Å in (octaethylporphyrinato)Os(NO)(OEt).
Conversely, Os�O distances larger than 2.20 Å are always
attributed to the alcohol form as, for example, in the [N,N�-
bis(salicylidene)-o-phenylenediamine](methanol)(nitrido)-
osmium(vi) perchlorate complex reported by Tsz-Wing et
al.,[41] where the Os�O distance is 2.265 Å. Os�O distances
in the range 2.00�2.20 Å have been attributed to either
form. For example, in the tetraphenylarsonium pentachlo-
roosmium ethanol solvate, [AsPh4][OsCl5EtOH]·EtOH, re-
ported by Lang et al.,[42] the acceptor is a second ethanol
molecule where the located hydrogen is clearly much closer
to the EtOH in the first coordination sphere. Thus, the al-
koxide form can be excluded, even if the Os�O distance
(2.078 Å) is short. Also, several alkoxide-like complexes
that have the alkoxy group in a bridged coordination show
Os�O distances around 2.10 Å, as reported, for example,
in the nonacarbonyl(µ-σ-η-dimethylamino-1-methoxy-1-

Scheme 2
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oxobut-2-ene-2,4-diyl)(µ-methoxo)triosmium dichloro-
methane solvate complex by Adams et al.[43] Finally, the
Os�O distance can be substantially larger {up to 2.40 Å as
in the [diethylsilylene(tetrahydrofuran-O)](tetrahydro-
furan)[meso-(tetra-p-tolyl)porphyrin]osmium tetrahydro-
furan solvate complex reported by Woo et al.}[44] when the
ligand is bound to the Os atom in the alcoholic form.

Theoretical Calculations of the Hydrogen-Bond Geometry

Because the observed Os�O distance in our crystal struc-
ture (2.078 Å) is consistent with the two possible forms (al-
cohol and alkoxide) depicted in Scheme 2, theoretical calcu-
lations were carried out to better understand this situation
in 1[PF6]2. However, the quantum treatment of a charged
H-bonded complex containing a third-row transition metal
is not straightforward. Consequently, several different stra-
tegies were adopted for evaluation of the electron corre-
lation effects and the basis-set superposition error
(BSSE).[45] The geometric optimization was carried out first
at the Hartree�Fock (HF) level of theory, employing the
BS1 basis set and then employing the density functional
method, with the B3LYP and B3PW91 schemes and differ-
ent basis sets (see Table 2). Finally, a single-point calcu-
lation was carried out employing the post-SCF local MP2
correction (L-MP2 in Table 2), as implemented in the Jag-
uar software, using the BS3 basis set, on the geometry opti-
mized at the HF/BS1 level. At this level of calculation, the
electron-correlation effects can be treated correctly at a
fraction of the computational time of a ‘‘normal’’ MP2 cal-
culation, and the BSSE should be of limited importance.
The energy values reported in Table 2 indicate that the
Hartree�Fock method is inadequate for estimating the en-
ergy difference between the alcohol and the alkoxide forms
(unique negative ∆E in Table 2). On the other hand, the
DFT methods give results in keeping with the L-MP2 value,
which suggests a slight energetic preference for the alkox-
ide form.

In compound 1, the geometric features and the small en-
ergy difference between the two forms indicate that the
N�H···O interaction is a rather strong, almost linear, res-
onance-assisted hydrogen bond. Nevertheless, it cannot be

Table 2. Energy (∆E) of the alcohol form (N···H�O hydrogen bond
present), with respect to the alkoxide one (N�H···O hydrogen bond
present); the LACVP ECP was employed for the Os atom in all
calculations, while different basis sets (see computational details)
were adopted; ∆E is calculated taking the energy of the alkoxide
form as reference

Level of the calculation ∆E [kJ/mol]

HF/BS1//HF/BS1 �21.2
HF/BS1//L-MP2/BS3 3.8
B3LYP/BS1 4.7
B3LYP/BS3 2.9
B3PW91/BS1 4.7
B3PW91/BS2 6.3
B3PW91/BS3 10.0
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considered a three-center hydrogen bond because the O···N
distance is too long [2.614(9) Å, which is longer compared,
for example, to the 2.550(2) Å of the DMP-DNB complex
reported by Jerzykiewicz et al.].[37] Indeed, the N�H···O
hydrogen bond is sufficiently strong to be stable in solution,
as indicated by spectroscopic measurements (see below).

The case of the EtO�H···DMAP couple was also con-
sidered at the B3LYP/BS3 level of calculation. We at-
tempted to optimize the geometry of the complex
EtO�···H-DMAP�, but the proton moved toward the al-
coholic oxygen. The uncomplexed DMAP�EtOH complex
has a nitrogen�oxygen distance that is longer than in
models 1a and 1b (Scheme 1) due to withdrawal of electron
density from the oxygen by the metal center. The acid-base
equilibrium between a nitrogen base and an organic or in-
organic acid can be described in terms of a positive/nega-
tive-charge-assisted H-bond, (�)CAHB; the approximate
proton position can be estimated from the pKa values (or
the PA). The pKa values for ethanol and H-DMAP� in
water are about 16 and 9.2, respectively. This difference ac-
counts for the large d(N�O) in the EtO�H···DMAP cou-
ple and for the failure of all attempts to optimize the ge-
ometry of the hypothetical EtO�···H-DMAP� complex,
thus confirming that when the ethanol is not bonded to
an organometallic moiety, a stable alkoxide structure is not
formed. The ethanol bonded to the osmium should possess
a lower pKa value, and consequently the ∆PA moves toward
zero, shortening the N�O distance.

Spectroscopic Measurements

In order to corroborate the conclusions drawn from the
solid-state structure determination and the theoretical cal-
culations we made a detailed investigation of the spectro-
scopic properties of 1[OTf]2 and [Os(bpy)2(CO)(EtOH)-
(OTf)2] (2[OTf]2). Solid-state 1H NMR spectroscopy of-
fers an alternative method for detecting the presence of an
H-bond when dynamic behavior or the presence of trace
moisture can mask its presence in solution. The main con-
straint of this approach with organic solids, however, is the
presence of strong dipole-dipole interactions that cause line
broadening of up to some tens of kilohertz. This homonu-
clear dipolar interaction is only partly averaged by the ro-
tation of the solid sample at the spinning speeds routinely
used in magic angle spinning (MAS) experiments. Never-
theless, relatively high resolution can be achieved in many
cases at high magnetic fields by rotating the sample at very
high spinning speeds (28�30 KHz). The solid-state 1H
NMR spectrum of 1[OTf]2, recorded under these exper-
imental conditions, is shown in Figure 2.[46�48] The peaks
at δ � 0.6 and 2.8 ppm are readily assigned to the CH3 and
CH2 groups of the ethanol ligand, respectively, whereas the
resonance at δ � 2.3 ppm is assigned to the methyl groups
of DMAP (small differences between solution and solid-
state proton chemical shifts are accepted due to the bulk
magnetic susceptivity and crystal-packing effects).[46�48]

The spectrum is dominated by the strong signal centered at
δ � 7.4 ppm, which is attributed to the large array of aro-
matic protons. At chemical shifts greater than δ �
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11.0 ppm, a broad resonance is evident as a shoulder of the
aromatic peaks. This resonance does not have any counter-
parts in the solution spectrum, and it is in the region ex-
pected for an N�H···O proton involved in an alkoxide hy-
drogen bond. Indeed, the proportion of aromatic, aliphatic,
and hydrogen-bond protons, as determined by integration
of the peaks, well agrees with the proposed assignment. A
magnetic shielding calculation using the GIAO method
gave a value of δ � 13.17 ppm, which also confirms the
proposed assignment.

Figure 2. 1H MAS NMR spectrum of 1 measured at 499.7 MHz,
64 transients, pulse delay 10 s, rotational speed 28 kHz

Evidence of formation of the H-bonded complex in solu-
tion is inferred from the initial rapid change in the color of
the solutions of 2[OTf]2 during the addition of DMAP. A
comparison of the color of 1[OTf]2 and 2[OTf]2, either in
the reaction solvent (ethanol) or in CH2Cl2, confirms that
an interaction between the osmium moiety and DMAP per-
sists in solution. Prior to addition of DMAP to carefully
dried dichloromethane solutions of 2[OTf]2 a broad peak is
detected at δ � 2.17 ppm in the 1H NMR spectrum; this
indicates the presence of coordinated ethanol as opposed to
an alkoxide complex for this species. On addition of DMAP
this resonance disappears and the characteristic color
change to violet is observed. Although direct observation
of the H-bond was not possible using solution NMR tech-
niques in the range of temperature we investigated
(298�193 K), these spectra contain the following features
that suggest the interaction is maintained in CD2Cl2: (i) the
two diastereotopic CH2 protons of the coordinated ethanol
are well separated both in 1[OTf]2 and in 2[OTf]2 (Fig-
ure 3); (ii) although the signal pattern is practically equiva-
lent, the coupling constants are different (1[OTf]2, 2J �
10.55, 3J � 6.42, 3J � 6.86 Hz; 2[OTf]2 2J � 10.88, 3J �
7.10, 3J � 7.09 Hz); (iii) for 1[OTf]2 and 2[OTf]2 the methyl
protons and aromatic protons have different chemical shifts,
and (iv) the coordinated DMAP signals are clearly different
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Figure 3. Expansion of the 1H NMR spectra for the diastereotopic
CH2 protons of the coordinated ethanol group in 1 (A) and 2 (B);
the spectra were recorded in CD2Cl2 solution at 399.78 MHz and
298 K

from those of free DMAP. In the former case, the signals
occur at δ � 3.09 ppm (methyl group, 6 H), 6.61 ppm (meta,
2 H), and 7.67 ppm (ortho, 2 H), whereas in the latter case
they fall at δ � 2.95, 6.46, and 8.15 ppm, respectively. From
the literature,[34] we would expect a value of δNH···O in the
range 9.28�14.18 ppm. A broad signal can be observed in
the solution 1H NMR spectrum in the range δ �
5.90�6.75 ppm, and its chemical shift changes markedly
with temperature. A possible explanation for this behavior
could be rapid equilibria involving traces of water. This is
also consistent with the lack of the O�D signal in the
2H NMR spectrum of [Os(bpy)2(CO)(CD3CD2O···D�
DMAP)][OTf]2. According to the previously reported stud-
ies of Limbach and co-workers, the inability to detect the
H-bond resonance could be related to fast exchange of the
hydrogen-bonded ligand with water.[49] Lowering the tem-
perature could be a way to overcome the fast exchange.[50,51]

We measured spectra at 193 K, but it still did not resolve
the anticipated resonance due to the strong hydrogen bond.
Apparently, the hypothesized equilibria are not sufficiently
slow at this temperature, either for the protonated or deut-
erated complex. Attempts to rigorously dry solid samples
prior to dissolution in carefully dried NMR solvents did
not eliminate all traces of water.

The IR spectrum of 1[OTf]2 in KBr, prepared under an-
hydrous conditions, shows two sets of adsorptions in the
region around 3000 cm�1, which are typical for C�H
stretching modes. It also shows a broad band at 3273 cm�1

that can be attributed to the hydrogen-bond interaction;
this broad band is not present in the IR spectrum of
the deuterated analog [Os(bpy)2(CO)(CD3CD2O···D�
DMAP)][OTf]2. The presence of the H-bond between the
osmium moiety and DMAP can also be indirectly deter-
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mined by the shift of the CO frequency. The CO stretching
in 1[OTf]2 falls at 1929 cm�1 whereas in 2[OTf]2 it appears
at 1939 cm�1, showing a red shift due to the presence of
the hydrogen bond, in agreement with the theoretical calcu-
lations (see discussion below). The electronic absorption
spectra of 1[OTf]2 and 2[OTf]2 are quite different (λmax �
280, 340, and 455 nm for 1 and 266, 302, 352, and 444 nm
for 2). Solutions of 1[OTf]2 give a barely detectable emis-
sion at 549 nm when excited at 450 nm while solutions of
2[OTf]2 give a more-pronounced emission at 557 nm. This
difference in behavior could result from the quenching of
the MLCT excited of the complex by the electron-donating
DMAP group.[2,52]

Electron Distribution on the Os-Containing Moiety

The electron distribution on the Os�CO and Os�OEt
moieties was investigated by employing the calculated and
experimental vibrational data and the NBO[53] orbital
analysis, using the three models proposed above (1a, 1b and
2 in Scheme 1). As described above, the calculations were
carried out at the B3LYP/BS3//B3LYP/BS3 (with LACVP
ECP for Os atom) level of theory with the Jaguar software.

The CO stretching frequency (νCO) is a traditional diag-
nostic tool that has been used to estimate electron avail-
ability in a metal complex.[54,55] As shown in Table 3, com-
paring model 2, which lacks the hydrogen bond, to model
1a, which has the hydrogen bond, we observe that the
strength of the Os�O interaction is increased and the
strength of the CO bond decreased, as a consequence of the
H-bond formation. This is indicated by a shortening of the
Os�O bond, a lengthening of the CO bond, and a red shift
of the calculated and experimental ν(CO) frequencies (even
if the calculated frequencies show the expected systematic
over-estimation error). In 1a, the proton is further removed
from the ethanolic oxygen and the ν(CO) is further red-
shifted. Also, the trend in the Os�C and C�O bond
lengths is in keeping with the proposed explanation in
which the electron density on the metal center increases on
passing from model 1b to model 1a.

Additional details can be observed by employing the
NBO approach. The Os�O interaction is described in the
same way for the three models depicted in Scheme 1, with
the electron density confined to the two lone-pairs localized
on the oxygen atom, which have about 30% s and about
70% p character. It is worth noting that no NBOs can be
found that give rise to two-center bonds (referred to as BD

Table 3. Selected distances [Å], calculated C�O frequency [cm�1],
and stabilization energy [kJ/mol] for the three models of Scheme 1
at the B3LYP/BS3//B3LYP/BS3 level of theory, with LACVP ECP
on the Os atom

d(Os�O) d(Os�C) d(C�O) ν(C�O) E(Os�O) E(C�O)

1a 2.125 1.8791 1.161 2043 537 1895
1b 2.169 1.883 1.160 2065 357 1919
2 2.213 1.887 1.158 2065 293 1946
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in NBO nomenclature).[53] In fact, the Os�O interaction is
described by electron donation from the oxygen lone-pairs
to two empty osmium d-orbital NBOs. The lowest-energy
osmium NBO has 99% d character whereas the next-high-
est-energy d-orbital has about an 80% s and a 20% d
character. The energy stabilization arising from this delocal-
ization can be estimated using Perturbation Theory Analy-
sis as provided in the NBO package. The decrease in the
Os�O distance is reflected in the stabilization energies,
which are 293.80, 357.27, and 537.76 kJ/mol for models 2,
1b and 1a, respectively. A similar trend can be observed for
the Os�C and C�O bonds (see Table 3). In the latter case
the C�O bond is described by a single BD NBO. Again,
application of Perturbation Theory Analysis results in do-
nation of electrons from two oxygen lone-pairs to two vac-
ant carbon NBOs, which again gives stabilization energies
following the trend 2 � 1b � 1a (see Table 3). This trend is
also in agreement with the H-bond-induced red shift of the
CO stretching measured experimentally and confirmed by
the theoretical calculations.

The slight increase in electron density at the metal with
the introduction of the H-bond is entirely consistent with
the expected increase in the lone pair π-donor ability of the
O-atom resulting from partial deprotonation. This, in turn,
increases back-donation by the metal to the CO ligand and
results in the observed slight red-shift of the CO stretch-
ing frequency.

Conclusion

The strong N�H···O hydrogen bond formed between the
protonated DMAP moiety and the deprotonated ethanolic
group in the complex [Os(bpy)2(CO)(EtO···H-DMAP]-
[PF6]2 has been investigated by a combination of single-
crystal X-ray diffraction analysis, spectroscopic techniques,
and theoretical quantum calculations. The dominance of
the alkoxide form over the alcoholic one in the solid state
has been supported by the results from different, comp-
lementary experimental and theoretical approaches. The 1H
MAS NMR spectrum, recorded at very high spinning
speeds, is characterized by the presence of a broad proton
signal in the expected N�H region. Although discrimi-
nation between the two possible forms 1a and 1b was not
possible from the solution data alone, IR and 1H NMR
spectra also support the persistence of the H-bonded com-
plex in solution.

The theoretical and experimental studies clearly show
that the hydrogen atom is closer to N than to O, but the
closeness in energy of the alcohol and alkoxide forms real-
ized from the calculations suggest that the hydrogen bond
in 1 is a resonance-assisted hydrogen bond. However, the
resonance contribution of the nitrogen moiety to this strong
hydrogen bond must await a survey of the PAs of the nitro-
gen bases employed. The experimental and theoretical data
also support a significant perturbation of the electronic en-
vironment at the Os atom of 1 relative to 2 and that the
alcohol ligand is in a predominantly alkoxide form. The
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latter is exactly the opposite of the case for the free alcohol
H-bonding to DMAP and points to the importance of the
metal complex in establishing the observed hydrogen bond.

Preliminary results prompt us to believe that the reactiv-
ity generated by formation of this strong hydrogen bond
could be widely extended by using different alcohols (or
amines), different bases, and different metal triflate com-
plexes. For example, the principles underlying the chemistry
of the strong hydrogen bond could be adapted to different
reactants with relevant biological roles, such as purinic and
pyrimidinic bases in DNA or RNA, or nucleophilic amino
acids in proteins or polypeptides. Such investigations could
assume relevance in the anti-tumour drug field. For ex-
ample, different ruthenium-based metal complexes have
been studied for their anti-tumour properties,[56�59] but
only one complex with covalently coordinated DNA bases
at the metal center has been reported in the literature.[60]

Experimental Section

General Remarks: (NH4)2OsCl6 was purchased from Novachimica.
2,2�-Bipyridine, obtained from Aldrich, was purified by crystalliza-
tion from hexane and dried under vacuum over P2O5.[61] Neutral
alumina for chromatography was obtained from Aldrich. All other
reagents were reagent grade and used as received without further
purification.

Spectroscopic Methods: The NMR spectra were recorded with a
JEOL EX 400 spectrometer (operating at 399.78 MHz for 1H) with
chemical shifts referenced to residual protons of the solvent
(CD2Cl2). VT NMR experiments were performed according to
standard procedures. 1H MAS measurements were performed with
a Varian InfinityPlus 500 spectrometer operating at 499.7 MHz for
1H. Powdered samples were spun at 28 KHz in a Varian 2.5 mm
HX probe (courtesy of Department of Chemistry, University of
Durham, UK). Spectra were acquired using a π/2 pulse of 2.8 µs
in duration and a pulse delay of 10 s over a spectral width of 150
KHz. A total of 64 transients were collected for each spectrum.
Proton chemical shifts were referenced to the resonance of PDMSO
[poly(dimethylsiloxane)] at δ � 0.14 ppm relative to tetramethylsil-
ane (TMS). UV/Vis absorption spectra were measured at room
temperature in deionized water, using a Hitachi U-3210 double-
beam spectrophotometer, and emission spectra were measured
using a SLM 4800 spectrofluorimeter. The IR spectra were meas-
ured as either KBr pellets or in CH2Cl2 or CD2Cl2 solution using
a Bruker Equinox 55 FT-IR spectrophotometer with a resolution
of 1 cm�1 and an accumulation of 64 scans.

[Os(bpy)2(CO)(EtO···H�DMAP)][OTf]2 (1[OTf]2): [Os(bpy)2(CO)-
(OTf)][OTf][38] (OTf � CF3SO3

�; 25 mg) was dissolved in etha-
nol and a tenfold excess of DMAP was added. The solution rapidly
changed color from yellow to dark red. The solution was stirred
for approximately 48 h and finally became violet. The solvent was
then evaporated and the compound was suspended in a toluene
solution to dissolve the free DMAP. Finally, the solid was separated
and washed several times with diethyl ether. Conversion of the
starting complex to the H-bonded product was essentially quanti-
tative; yield 91% (27.4 mg). 1H NMR (CD2Cl2): δ � 1.01 (t, 3 H,
CH3CH2OH), 3.10 (s, 6 H, DMAP), 3.75 (m, 1 H, CH3CH2OH),
3.89 (m, 1 H, CH3CH2OH), 6.60 (d, 2 H, DMAP), 7.20 (d, 1 H),
7.26 (m, 2 H), 7.67 (d, 2 H, DMAP), 7.85 (m, 2 H), 7.97 (t, 1 H),
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8.04 (m, 3 H), 8.37 (t, 1 H), 8.41 (d, 1 H), 8.47 (d, 1 H), 8.58 (d, 1
H), 8.65 (d, 1 H), 9.34 (d, 1 H), 9.49 (d, 1 H) ppm. Selected 13C
NMR spectroscopic data (CD2Cl2): δ � 19.82 (CH3CH2OH), 39.70
(CH3, DMAP), 69.46 (CH3CH2OH), 106.84 (meta, DMAP),
140.97 (ortho, DMAP), 177.99 (CO) ppm. Selected IR data (KBr):
ν̃ � 1929 (CO); (CH2Cl2): ν̃ � 1945 (CO); (CD2Cl2): ν̃ � 1951
cm�1 (CO). Absorption spectrum (H2O): λmax � 280, 340, 455 nm.
Emission spectrum (H2O, λexc � 450 nm): weak emission with
λmax � 549 nm.

[Os(bpy)2(CO)(EtO···H�DMAP)][PF6]2 (1[PF6]2): Crystals of the
complex were obtained by precipitating the ethanol solution of
1[OTf]2 with a saturated solution of (NH4)PF6. 1H NMR
(CD2Cl2): δ � 1.03 (t, 3 H, CH3CH2OH), 3.13 (s, 6 H, DMAP),
3.83 (m, 1 H, CH3CH2OH), 3.93 (m, 1 H, CH3CH2OH), 6.61 (d,
2 H, DMAP), 7.16 (d, 1 H), 7.52 (d, 2 H, DMAP), 7.27 (m, 2 H),
7.71 (t, 1 H), 7.83 (d, 1 H), 7.96 (t, 1 H), 8.03 (m, 2 H), 8.29 (m, 3
H), 8.38 (t, 1 H), 8.47 (d, 1 H), 8.52 (d, 1 H), 9.31 (d, 1 H), 9.50
(d, 1 H) ppm. Selected IR data (CH2Cl2): ν̃ � 1945cm�1 (CO).

[Os(bpy)2(CO)O(H)Et][OTf]2 (2[OTf]2): This complex was pre-
pared by dissolving 25 mg of [Os(bpy)2(CO)(OTf)][OTf] in ethanol
and stirring the solution for 5 d. After evaporation of the solvent,
the orange solid was characterized spectroscopically; yield 82%
(21.6 mg). 1H NMR (CD2Cl2): δ � 1.15 (t, 3 H, CH3CH2OH),
2.17 (br, CH3CH2OH), 3.77 (m, 1 H, CH3CH2OH), 3.87 (m, 1 H,
CH3CH2OH), 7.27 (d, 1 H), 7.33 (t, 1 H), 7.49 (t, 1 H), 7.80 (m, 2
H), 7.94 (t, 1 H), 8.00 (t, 1 H), 8.13 (t, 1 H), 8.14 (t, 1 H), 8.38 (t,
1 H), 8.48 (t, 2 H), 8.57 (d, 1 H), 8.65 (d, 1 H), 9.10 (d, 1 H), 9.45
(d, 1 H) ppm. Selected IR data (KBr): ν̃ � 1939 (CO); (CH2Cl2):
ν̃ � 1956 (CO); (CD2Cl2): ν̃ � 1963 cm�1 (CO). Absorption spec-
trum (H2O): λmax � 266, 302, 352, 444 nm.

X-ray Crystallographic Study: The crystal structure of 1[PF6]2 was
solved by single-crystal X-ray diffraction analysis. Suitable crystals
were obtained by slow evaporation of the solvent from a water/
ethanol solution. Diffraction data were collected at room temp.
with a Bruker SMART-APEX CCD[62] area detector dif-
fractometer, using graphite-monochromated Mo-Kα (λ � 0.71073
Å) radiation. Absorption correction was performed using SAD-
ABS.[63] The structure was solved by direct methods (SIR97)[64] and
refined by full-matrix least squares (SHELX97).[39] All hydrogen
atoms except H1 were generated in their calculated positions with
the XP[65] software. Because the location of atom H1, which is in-
volved in the strong hydrogen bond, is not straightforward, differ-
ent refining techniques were adopted. These results were compared
to those from theoretical quantum calculations, as described in the
crystal structure section. Crystallographic data and
details of data collections and refinements are given in Table 4.
CCDC-244832 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: � 44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Computational Details: All the calculations on the osmium complex
were performed on the cationic complexes (1a, 1b, 2; see Scheme 1)
using the Jaguar software,[66] except for the magnetic shielding ten-
sor calculations, which were calculated with the Gaussian 98
(G98)[67] program. The Hartree�Fock (HF)[68] and density-func-
tional theory (DFT) methods were adopted for geometry optimiz-
ation. DFT calculations were carried out using Becke’s[69] three-
parameter hybrid functional and either the Lee�Yang�Parr[70] or
Perdew�Wang[71] gradient-corrected correlation functional. The
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Table 4. Crystal data for [Os(bpy)2(CO)(EtO···H-DMAP)][PF6]2

[Os(bpy)2(CO)(EtO···H-DMAP)][PF6]2

Empirical formula C30H32F12N6O2OsP2

Formula mass 988.76
Temperature 293(2) K
Wavelength 0.71069 Å
Crystal system triclinic
Space group P1̄
Unit cell dimensions a � 8.626(1) Å

b � 10.227(2) Å
c � 21.354(4) Å
α � 103.399(4)°
β � 97.066(6)°
γ � 94.283(5)°

Volume 1808.2(5) Å3

Z 2
Density (calculated) 1.816 Mg/m3

Absorption coefficient 3.715 mm�1

F(000) 968
Crystal size 0.20 � 0.15 � 0.02 mm
θ range for data collection 4.08�23.25°
Index ranges �9 � h � 9, �11 � k � 11,

�23 � l � 23
Reflections collected 16348
Independent reflections 4935 [R(int) � 0.0357]
Completeness to θ � 23.25° 94.9%
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 4935/60/454
Goodness-of-fit on F2 1.001
Final R indices [I � 2σ(I)] R1 � 0.0466; wR2 � 0.1155
R indices (all data) R1 � 0.0558; wR2 � 0.1202
Largest diff. peak/hole 0.980/�0.646 e·Å�3

importance of the electron correlation effects was then taken into
account by performing calculations that use the local MP2 (L-
MP2) method[72�75] as implemented in the Jaguar software. The
Los Alamos Effective Core Potential (ECP) Double-ζ (LanL2Dz)
was used for the Os atom in the Gaussian 98 calculations, while
the LANL ECP named LACVP[76] was employed for all calcu-
lations carried out with the Jaguar program. Different basis sets
were employed for the geometry optimizations (main results sum-
marized in Tables 1 and 3) and for the calculations of the energetic
features (Table 2), i.e. 6-31G(d,p), 6-31�G(d,p), 6-31��G(d,p),
and 6-311��G(2d,p),[68] hereafter named BS1, BS2, BS3, and
BS4, respectively. For the NMR calculations on model 1a, a
B3LYP/BS3//B3LYP/BS4 (geometry optimization//NMR calcu-
lation) level of theory was used, employing the GIAO[77] method
as implemented in Gaussian 98. The σ values were converted into
proton chemical shifts, δ, relative to the magnetic shielding of TMS
computed with the corresponding basis set. The vibrational fre-
quencies were then calculated (without applying any scaling factor)
for the CO groups at the B3LYP/BS3//B3LYP/BS3 levels (with the
LACVP ECP for Os atom), using numerical algorithms im-
plemented in the Jaguar software. The Natural Bonding Orbital
(NBO)[53] analysis was carried out with the Jaguar software to
rationalize, by means of geometric features and orbital analysis,
the IR spectral characteristics of 1a, 1b and 2. Finally, a geometry
optimization calculation on the two possible forms of the non-me-
tal-containing organic couple formed by ethanol and DMAP
(EtOH···DMAP and EtO�···H�DMAP�) was performed at the
B3LYP/BS3 level of theory. All attempts to optimize the geometry
of the hypothetical EtO�···H�DMAP� complex failed.
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