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The interaction of different hydrogen bond donors with [M(CO)5L] [L = (E)-1,2-di-4-pyridylethene, M = Cr or W]
was studied by means of IR spectroscopy. A clear shift to higher wavenumbers of the E and A1 carbonyl vibration
modes upon addition of the hydrogen bond donors is observed. The binding isotherms allowed calculation of both
the equilibrium constants and free energies of formation of the adducts. These parameters depend on the nature of
the carbonyl compound used, the pKa of the hydrogen bond donor and the steric hindrance of its A–H bond.

During the last five decades a large number of investigations
have been carried out on hydrogen bonding.1 Much experi-
mental data obtained from the application of different methods
with a variety of hydrogen bonded systems have been pub-
lished, and theoretical advances on the study of hydrogen
bonding have approached a high level of development.

Typically, hydrogen bonds are weak interactions (2–12 kcal
mol�1) between proton donor groups and lone pairs of hetero-
atoms. Although this interaction has been mainly studied in
organic and biological systems, many examples of inorganic
and organometallic compounds have recently been published
opening a great field of research and potential applications in
molecular recognition and catalysis.

Most often the question in a potential hydrogen-bonding
interaction is not ‘does hydrogen bonding occur?’, but ‘to what
extent, or with what energy, does hydrogen bonding occur?’ It is
usually easy to decide whether some interaction has occurred
(A–H stretching frequency, proton magnetic resonance, etc.),
but there are only a few examples in which simple methods to
evaluate the energy have been reported.2 In particular, one of
the most widely used methods is based in the shift of the A–H
frequency in the IR spectrum 2 although these methods have led
to controversy regarding the validity and generality of such an
approach.

The great structural diversity of organometallic compounds
has led to a large number of hydrogen-bonded patterns being
discovered in solution and in the solid state.3 Recently, Crabtree
and co-workers 4 found a new type of hydrogen bonding (or
dihydrogen bond) of the type M–H � � � H–A, where M is a
transition metal. The characterization of this intriguing type
of interaction was carried out by means of IR and NMR
spectroscopy, and the energies were found from both theoretical
and experimental data. Shubina, Epstein and co-workers 5 have
also found this kind of interaction in metal hydrides and have
elegantly shown that the ν(CO) shift to higher wavenumbers of
the carbonyl coligands is an indirect indication of the existence
of hydrogen bonding to the hydride or the metal. In fact, an
exhaustive study of the Cambridge Crystallographic data base
by Braga et al.6 has shown that H � � � H interactions have been
known for more than thirty years, although the observations
remained unexplained. Metal carbonyls such as [Cr(η6-C6H5-
CO2H)(CO)3] have also recently been used as ‘IR-active
organometallic pH probes’, due to the shift of the CO band to
lower wavenumbers upon increasing the pH of the solution,

which favours deprotonation of the π bonded ligand.7 In fact,
detection of such (CO) modes offers substantial benefits when
employed in spectroscopic sensing measurements, mainly
because the bands are narrow relative to the overall spectral
width (small shifts can be determined precisely) and because
they occur in a region of the spectrum that is generally free
from other absorptions.

With these ideas in mind, we decided to use metal carbonyl
compounds as hydrogen bonding probes for various proton
donors. Specifically, we have used tungsten and chromium
pentacarbonyls with pyrazine- and bipyridine-like ligands, in
order to allow hydrogen bonding by the proton donor to the
lone pair of the unco-ordinated nitrogen atom of the ligand. In
this paper we report the shift of the ν(CO) bands of penta-
carbonyl(E)-1,2-di-4-pyridylethene)metal (metal = Cr or W)
with several typical hydrogen-bonding donors such as indole,
diphenylamine and 2,4,6-trimethylphenol, and its dependence
on the hydrogen-bonding donor type and concentration.

Results and discussion
Syntheses of compounds

The compounds [M(CO)5L] [L = pyrazine or (E)-1,2-di-4-
pyridylethene; M = Cr or W] were obtained from photochemical
reaction of the hexacarbonyl complex in THF to generate
[M(CO)5(THF)], and subsequent addition of the correspond-
ing ligand in excess to avoid generation of the thermo-
dynamically more favourable dinuclear compounds.8 The IR
spectra of the compounds so obtained are virtually identical,
indicating the presence of a metal pentacarbonyl moiety, the
bands being readily assigned to the two A1, B2 and E modes
for the pseudo C4v metal centre (see Fig. 1 for compounds 3
and 4), by comparison with other monosubstituted metal
carbonyl derivatives.9 The 1H NMR spectra confirm the η1

co-ordination of the N-donor ligands, and 13C NMR clearly
shows the two carbonyl inequivalent sites of the penta-
carbonyl fragments, so confirming the proposed geometry of
the compounds.

Syntheses of the pyridyl compounds 3 (M = Cr) and 4 (M =
W) also afford [{M(CO)5}2L] [L = (E)-1,2-di-4-pyridylethene,
M = Cr or W] as minor products; in these compounds the
N-donor behaves as an ambidentate bridging ligand as con-
firmed by 1H and 13C NMR spectroscopy. The IR spectra are
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similar to those of the monometallic compounds, indicating
a local C4v symmetry about the metal atoms.

Addition of hydrogen-bonding donors

The initial objective was to investigate whether the addition of
hydrogen-bonding donors to compounds 1, 2, 3 and 4 could be
detected spectroscopically from changes in the wavenumber of
the ν(CO) vibration modes. A hydrogen-bonding interaction
with the electron pair of the unco-ordinated nitrogen atom
would be expected to decrease the electron density of the metal
carbonyl fragment via an inductive effect and so decrease the
extent of electron back donation from the metal to the CO π*
antibonding orbitals. In this way, hydrogen bonding should lead
to an increase of the wavenumber of the ν(CO) vibration
modes.

To favour association between the donor and the metal com-
plex we sought to prevent self association of the hydrogen bond
donor. We therefore selected aromatic amines where the nitro-
gen lone pair is deactivated by resonance, and phenols where
self association is sterically inhibited. These hydrogen-bond
donors were: diphenylamine, 4-nitrophenyl(phenyl)amine,
pyrazole, imidazole, 2,4,6-trimethylphenol, indole, carbazole

Fig. 1 The IR spectra of compounds 3 (a) and 4 (b) with the assign-
ment of the bands.

and 3,6-dibromocarbazole. Only in the case of 4-nitrophenyl-
(phenyl)amine some self association is to be expected owing
to the accepting character of the nitro group. The hydrogen
bond donors also need to be sufficiently acidic to participate
in bonding, but not so acidic as to induce complete proton
transfer. With respect to our compounds, we have found that
this requires a pKa (DMSO) value in the range 17–25.

Since typical thermodynamic values for bimolecular associ-
ative intermolecular interactions are in the range �∆S� 5–20 J
K�1 mol�1,10 we carried out our experiments at high concen-
tration where the process becomes most readily detectable. The
best results were achieved when the mixtures of the solutions of
the hydrogen-bond donor and acceptor in CH2Cl2 were evapor-
ated on a NaCl plate, to obtain an amorphous thin film of
the adducts. The experiments were performed by adding small
aliquots of a solution of the complex (1, 2, 3 or 4) to a range
of solutions of the eight hydrogen-bonding donors employed,
to give a final composition in the range of M:A–H 1 :0.25 to
1 :20.

Addition of the hydrogen-bond donors to pyrazine com-
pounds 1 and 2 failed to show any significant changes in the
wavenumber of the ν(CO) vibration modes, indicating that,
apparently, no hydrogen bonding is occurring in these com-
plexes. We interpret this result as a consequence of the inductive
deactivation of the unco-ordinated lone pair of the pyrazine
upon co-ordination to the highly electron withdrawing metal
fragment, M(CO)5.

With the more basic complexes [M(CO)5L] [L = (E)-1,2-di-4-
pyridylethene; M = Cr 3 or W 4] addition of the hydrogen-bond
donors produced an increase of the wavenumber of the ν(CO)
vibration modes. The shift is large for the E and A1ax (vibration
of the CO trans to the pyridyl ligand) band, but insignificant for
the B2 and A1eq (symmetric vibration mode of the equatorial
carbonyl groups) carbonyl bands, as shown in Fig. 2. As stated
before, this shift is attributed to hydrogen bonding to the lone
pair of the co-ordinated pyridyl ligand. The experiments were
completely reproducible and the ν(CO) shifts were highly

Fig. 2 The FTIR spectra in the carbonyl region for the reaction of
compounds 3 (a) and 4 (b) with different amounts of diphenylamine
(A–H).
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dependent on the nature of the H-bond donor and its concen-
tration relative to compounds 3 or 4. The band shows an
isosbestic point at 1949 cm�1 for 3 and 1944 cm�1 for 4, indicat-
ing that two species are present in the solutions, the relative
concentrations of which change with A–H concentration. A
stepwise increase in the donor concentration resulted in a
gradual increase of the ν(CO) wavenumber of the E and A1ax

vibration modes, until a frequency asymptote is achieved, as
shown in Fig. 3. The maximum ∆ν(CO) value was 20 cm�1 for
the two diphenylamine cases. Addition of an excess of a more
powerful hydrogen-bond acceptor such as OPPh3 to a mixture
of 3 or 4 and the different donors resulted in a shift of ν(CO) to
their original frequency, indicating that the A–H � � � OPPh3

interaction is now preferred over formation of the M–N–
N � � � H–A bond. Hydrogen bonding to the carbonyl ligands
can also be ruled out in this case, since no decrease of the ν(CO)
is observed at any concentration of the donors used. These
results could also be interpreted in terms of hydrogen bonding
to the metal 5 since this interaction should produce an increase
of the ν(CO) shift as seen. However, the fact that compounds 1,
2 and [{M(CO)5}2L] [L = (E)-1,2-di-4-pyridylethene, M = Cr or
W] failed to show this effect rules out this possibility.

We were a little concerned by the fact that only the E and A1ax

carbonyl vibration modes shifted upon hydrogen bond form-
ation, while the B2 and A1eq bands remained practically
unchanged. In order to confirm this unexpected spectroscopic
behaviour we tried to protonate 3 and 4 and then get the IR
spectra. Unfortunately these two compounds decompose upon
protonation with loss of the bipyridyl ligand. The reaction of 3
and 4 with trimethylaluminium leads to the formation of the
adducts [(OC)5MNC5H4C2H2C5H4NAlMe3] which were char-
acterized by IR spectroscopy. The spectra show that the E and
A1ax bands appear at a higher frequency than for 3 or 4 while
the A1eq and B2 carbonyl bands appear at the same frequency
(3�AlMe3: E, 1934; B2, 1984; A1eq, 2068. 4�AlMe3: E, 1930; B2,
1975; A1eq, 2070 cm�1; the A1ax band appears as a hump of the
E band, as for 3 and 4).

The fact that a gradual shift of the E and A1ax bands is
observed, instead of the appearence of a new band due to the

Fig. 3 Plots of ∆ν vs. A–H:M ratio for the reaction of compounds 3
(a) and 4 (b) for different hydrogen-bonding donors.

newly formed hydrogen-bonded species, is not surprising since
similar studies have been reported leading to the same results.6

Besides, it is known that IR spectra are usually, but not invari-
ably, in slow exchange,11 and adduct formation, with its low
activation barrier, is one of the most rapid reaction processes.
Only the reactions of 3 and 4 with carbazole and 3,6-
dibromocarbazole showed separated bands for the free and
hydrogen-bonded carbonyl species as shown in Fig. 4.

A careful analysis of the binding isotherms shown in Fig. 3
allowed us to estimate the binding equilibrium constants
assuming that 1 :1 adducts are formed.12 The Lineweaver–
Burk 13 plots for the binding data of compounds 3 and 4 with
the different hydrogen-bonding donors, from which the equi-
librium constants are obtained, are shown in Fig. 5. Only for
the carbazole and 3,6-dibromocarbazole cases, and for the reac-
tion of 3 and indole, the separated bands for the free and
hydrogen-bonded metal carbonyls made difficult the determin-
ation of the binding constants, since no binding isotherms

Fig. 4 The IR spectrum of compound 4 with 3,6-dibromocarbazole
at a A–H:M 1 :10 molar ratio.

Fig. 5 Lineweaver–Burk plots of compounds 3 (a) and 4 (b) for
different hydrogen-bonding donors.
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Table 1 Binding constants and free energies (kcal mol�1, relative to the reaction of 3 � diphenylamine) determined from the binding isotherms of
reactions of compounds 3 and 4 with A–H

A–H pKa
a K(3 � A–H)

b K(4 � A–H)
b ∆G(3 � A–H)

c ∆G(4 � A–H)
c

Diphenylamine
4-Nitrophenyl(phenyl)amine
Imidazole
2,4,6-Trimethylphenol
Pyrazole
Indole

24.95
16.85
18.6
18.4
19.8
20.95

0.338
0.503
0.120
0.694
0.079
—

0.353
0.549
0.152
1.064
0.120
1.101

0.00
�0.23

0.60
�0.42

0.849
—

�0.03
�0.28

0.47
�0.67

0.60
�0.64

a In DMSO, from ref. 14. b In mol�1. c In kcal mol�1, relative to the reaction of 3 � diphenylamine.

could be obtained. Table 1 shows the binding constants for the
adducts studied, and the free energies (relative to the reaction
of 3 and diphenylamine) obtained. The free energies for the
formation of the adducts 4 � � � H–A are slightly lower (more
negative) than those for 3 � � � H–A. This result may indicate the
higher basicity of the tungsten carbonyl compound, probably
because of the higher back donation capability of the metal.
Since we have estimated the relative free energy values for the
hydrogen-bond formation at room temperature, we cannot
evaluate the entropy of the process, which we believe must show
important differences for the different hydrogen-bond donors.
For this reason, the binding constants do not show a clear trend
when we compare them with the pKa of the hydrogen-bond
donors used. However, when we compare the binding constants
and relative free energies of donors with similar steric size
(which we believe must show a similar value of the formation
entropy), we observe that those with lower pKa show higher
formation constants and hence lower formation free energies
(this is the case for diphenylamine and 4-nitrophenyl(phenyl)-
amine, and imidazole and pyrazole).

Theoretical data on the structure and energy of the 3 � � � H–A
and 4 � � � H–A hydrogen bonds

The theoretical studies of adducts of complexes 3 and 4 with
diphenylamine revealed the existence of local minima on the
potential energy surfaces corresponding to the structure pre-
sented in Fig. 6. The hydrogen-bond distances for the two
adducts are 2.01 and 2.07 Å for 3 and 4 respectively, smaller
than the sum of the van der Waals radii of H and N and close
to those for other A–H � � � N hydrogen bonds. The N–H � � � N
angles obtained for the two characterized compounds are in the
range between 171 to 177� close to 180� for similar to classical
hydrogen bonds and previous theoretical examples. The M–C
and C–O distances of the hydrogen-bonded adducts did not
show any significant differences compared to those of the free
compounds 3 and 4.

The calculated energies by which the adducts of compounds
3 and 4 with diphenylamine are stabilized relative to the separ-
ated molecules are 8.61 and 7.76 kcal mol�1 respectively, both
being in the range of classical hydrogen bond energies.1 It is
important to point out that we expected a higher energy for the
tungsten complex 4, while we theoretically determined that 3 is

Fig. 6 Optimized structure of the adduct of compound 3 with
diphenylamine obtained by means of HF/3-21G.

the one that shows the higher energy. We believe that this differ-
ence between theoretical and experimental data is mainly due to
the different theoretical methods used to optimize the struc-
tures of the adducts of 3 (HF/3-21G) and 4 with diphenylamine
(B3LYP/LanL2DZ).

Conclusion
By using a metal carbonyl ‘sensor’ we have detected the
hydrogen-bonding capability of several weak acids, based on
FTIR spectroscopy of the carbonyl region. The hydrogen bond
occurs to the non-bonding lone pair of the dipyridylethene lig-
and of compounds 3 and 4, promoting an increase of the ν(CO)
shift due to an inductive effect. Plots of the binding isotherms
allowed us to determine the binding constants of the hydrogen-
bonded adducts formed. The binding constants depend on
the pKa of the hydrogen bond donor used, the nature of the
carbonyl compound and on the steric hindrance of its A–H
bond. The geometry, energy and electron redistribution were
theoretically analysed for two model complexes including the
Cr and W atoms.

Experimental
General

All synthetic reactions were carried out under a nitrogen
atmosphere using standard Schlenk techniques. Solvents for
synthesis were dried and degassed by standard methods before
use. Chromatographic work was performed on silica gel 60 Å or
alumina columns.

Proton and carbon NMR spectra were recorded on a Varian
300 MHz spectrometer, using CDCl3 or CD2Cl2 as solvent,
IR spectra on a Perkin-Elmer System 2000 FT-IR using NaCl
plates.

Syntheses of compounds 1–4

The compound [Cr(CO)6] or [W(CO)6] (176 mg, 0.8 mmol)
was dissolved in THF (20 ml) and the resulting suspension
irradiated for 30 min to yield the yellow solvate [M(CO)5-
(THF)]. Pyrazine (for 1 and 2) or (E)-1,2-di-4-pyridylethene
(for 3 and 4) was then added (1 mmol) and the reaction
mixture stirred for 20 min. The solution was filtered and the
solvent removed under reduced pressure. Purification by
column chromatography on alumina with CH2Cl2–hexane
(1 :1) afforded pure compounds 1 (yield: 51%) or 3 (yield
41%) (M = Cr) and 2 (yield 62%) and 4 (yield 57%) (M = W).
The syntheses of 3 and 4 yielded the dimetallic compound
[{M(CO)5}2L] [L = (E)-1,2-di-4-pyridylethene] as a minor
product (ca. 20%).

Pentacarbonyl(pyrazine)chromium 1. 1H NMR: δ 8.63 (s, 2 H,
C5H4N2) and 8.32 (s, 2 H, C5H4N2). 

13C NMR: δ 217.1 (4 C, cis
CO), 210.9 (1 C, trans CO), 152.9 (2 C, pyrazine) and 146.7 (2 C,
pyrazine). IR (cm�1): 2062.2w, 1992.6w and 1920.1s. Calc. for
C9H4CrN2O5: C, 37.92; H, 1.48; N, 10.69. Found: C, 38.26; H,
1.85; N, 10.71%.
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Pentacarbonyl(pyrazine)tungsten 2.1H NMR: δ 8.54 (s, 2 H,
C5H4N2) and 8.43 (s, 2 H, C5H4N2). 

13C NMR: δ 211.1 (4 C, cis
CO), 208.9 (1 C, trans CO), 149.9 (2 C, pyrazine) and 145.7 (2 C,
pyrazine). IR (cm�1): 2062.3w, 1997.2w and 1926.8s. Calc. for
C9H4N2O5W: C, 26.76; H, 1.00; N, 6.93. Found: C, 27.05; H,
1.05; N, 6.71%.

Pentacarbonyl[(E)-1,2-di-4-pyridylethene] chromium 3. 1H
NMR: δ 8.66 (d, 2 H, 3JH–H = 5.4, C5H4N), 8.57 (d, 2 H,
3JH–H = 6.2, C5H4N), 7.40 (d, 2 H, 3JH–H = 5.4, C5H4N), 7.30 (d,
2 H, 3JH–H = 6.0, C5H4N), 7.25 (d, 1 H, 3JH–H = 16.2, CH��CH)
and 7.16 (d, 1 H, 3JH–H = 16.2 Hz, CH��CH). 13C NMR: δ 221.4
(1 C, trans CO), 215.0 (4 C, cis CO), 156.3 (2 C, C5H4N), 151.2
(2 C, C5H4N), 145.4 (1 C, C5H4N), 143.2 (1 C, C5H4N), 133.4
(2 C, C5H4N), 129.1 (1 C, C5H4N), 122.6 (1 C, CH��CH) and
121.9 (1 C, CH��CH). IR (cm�1): 2067.0w, 1982.8w and 1914.4s.
Calc. for C17H10CrN2O5: C, 54.56; H, 2.69; N, 7.48. Found:
C, 55.05; H, 2.90; N, 7.45%.

Pentacarbonyl[(E)-1,2-di-4-pyridylethene]tungsten 4. 1H
NMR: δ 8.80 (d, 2 H, 3JH–H = 6.3, C5H4N), 8.68 (d, 2 H,
3JH–H = 5.1, C5H4N), 7.42 (d, 2 H, 3JH–H = 5.7, C5H4N), 7.35 (d,
2 H, 3JH–H = 6.3, C5H4N), 7.30 (d, 1 H, 3JH–H = 16.2, CH��CH)
and 7.18 (d, 1 H, 3JH–H = 16.2 Hz, CH��CH). 13C NMR: δ 202.8
(1 C, trans CO), 199.2 (4 C, cis CO), 156.8 (2 C, C5H4N), 151.2
(2 C, C5H4N), 145.4 (1 C, C5H4N), 143.0 (1 C, C5H4N), 133.8
(2 C, C5H4N), 129.0 (1 C, C5H4N), 123.3 (1 C, CH��CH) and
121.9 (1 C, CH��CH). IR (cm�1): 2070.6w, 1978.6w and 1900.4s.
Calc. for C17H10N2O5W: C, 40.34; H, 1.99; N, 5.54. Found:
C, 40.58; H, 2.02; N, 5.78%.

�-(E)-1,2-Di-4-pyridylethene-bis(pentacarbonylchromium). 1H
NMR: δ 8.69 (s, 4 H, C5H4N), 7.38 (s, 4 H, C5H4N) and 7.25 (s,
2 H, CH��CH). 13C NMR: δ 221.4 (2 C, trans CO), 215.0 (8 C, cis
CO), 156.5 (4 C, C5H4N), 144.6 (2 C, C5H4N) and 131.3 (4 C,
C5H4N) and 122.7 (2 C, CH��CH). IR (cm�1): 2068.2w, 1980.6w
and 1915.4s. Calc. for C11H5CrNO5: C, 46.66; H, 1.78; N, 4.95.
Found: C, 47.06; H, 1.92; N, 4.95%.

�-(E)-1,2-Di-4-pyridylethene-bis(pentacarbonyltungsten). 1H
NMR: δ 8.56 (d, 4 H, 3JH–H = 6.6, C5H4N), 7.37 (d, 4 H,
3JH–H = 6.6 Hz, C5H4N) and 7.25 (s, 2 H, CH��CH). 13C NMR:
δ 202.7 (2 C, trans CO), 199.2 (8 C, cis CO), 157.0 (4 C, C5H4N),
144.4 (2 C, C5H4N), 131.5 (4 C, C5H4N) and 123.4 (2 C,
CH��CH). IR (cm�1): 2070.6w, 1974.7w and 1903.1s. Calc. for
C11H5NO5W: C, 31.84; H, 1.21; N, 3.38. Found: C, 31.97; H,
1.34; N, 3.45%.

FTIR Measurements

Aliquots of a stock CH2Cl2 solution of the hydrogen-bond
donors (A–H) were added to solutions of the complexes 1, 2, 3
and 4 in CH2Cl2 (typically 100 µL, 0.01 M). The donors were
diphenylamine, 4-nitrodiphenylamine, pyrazole, imidazole,
2,4,6-trimethylphenol, indole, carbazole and 3,6-dibromocarb-
azole. The solutions so obtained had a M:A–H ratio in the
range 1 :0.25 to 1 :10. The FTIR samples were prepared by
evaporating the resulting CH2Cl2 solutions on a NaCl plate, to
obtain an amorphous thin film of the adducts.

Computational details

Calculations have been performed with the GAUSSIAN 94
package of programs.15 Ab initio molecular orbital calculations
were made at the Hartree-Fock (HF) level with a 3-21G basis
set and with methods based on density functional theory (DFT)
using the LanL2DZ basis set.15 We used Becke’s 3 parameter
functional (B3) 16 which includes Slater exchange along with
corrections involving the gradient of the electron density,
and the correlation functional of Lee, Yang and Parr,
which includes both local and non-local terms (LYP).17,18 The

parameters are those determined by Becke by fitting to the G1
molecule set.16b,19

The geometries of adducts of compounds 3 and 4 with
diphenylamine have been completely optimized using HF and
DFT methods, respectively, and characterized as minima in the
potential energy surface by computing the matrix of second
energy derivatives (Hessian matrix). The requested convergence
on the density matrix was 10�9 atomic units and the threshold
value of maximum displacement was 0.0018 Å and that of
maximum force was 0.00045 hartree bohr�1 using the Berny
analytical gradient optimization routine.20,21

Acknowledgements
We thank the Generalitat Valenciana for financial support of
this work (GV-C-CN-09-071-96). We would also like to thank
Professor Robert H. Crabtree for his valuable help and advice.

References
1 D. Hadzi, Hydrogen Bonding, Pergamon, London, 1959; G. A.

Jeffrey and W. Saenger, Hydrogen Bonding in Biological Structures,
Springer, Berlin, 1991; P. Schuster, G. Zundel and C. Sandorfy, The
Hydrogen Bond, North-Holland, Amsterdam, 1976; M. C. Etter,
Acc. Chem. Res., 1990, 23, 120.

2 P. L. Huyskens, W. A. Luck and T. Zeegers-Huyskens, Inter-
molecular Forces; An Introduction to Modern Methods and Results,
Springer, Berlin, 1991; A. V. Ioagansen, Hydrogen Bond,
Nauka, Moscow, 1981; A. V. Iogansen, G. A. Kurkchi, V. M.
Furman, V. P. Glazunov and S. E. Odinokov, Prikl. Spektrosk.,
1980, 33, 460; R. M. Badger and S. H. Bauer, J. Chem. Phys., 1937,
5, 839.

3 D. Braga, F. Grepioni, E. Tedesco, K. Biradha and G. R. Desiraju,
Organometallics, 1996, 15, 2692; 1997, 16, 1846; D. Braga and
F. Grepioni, Acc. Chem. Res., 1997, 30, 81; D. Zhao, F. T. Ladipo,
J. Bradock-Wilking, L. Brammer and P. Sherwood, Organometallics,
1996, 15, 1441; S. G. Kazarian, P. A. Hamley and M. Poliakoff,
J. Am. Chem. Soc., 1993, 115, 9069; J. Chem. Soc., Chem. Commun.,
1992, 994; L. M. Epstein, A. N. Krylov, A. Z. Kreindlin, M. I.
Rubinskaya and E. S. Shubina, J. Mol. Struct., 1993, 301, 1;
L. M. Epstein, A. N. Krylov and E. S. Shubina, J. Mol. Struct.,
1994, 322, 345.

4 E. Peris, J. C. Lee, J. R. Rambo, O. Eisenstein and R. H. Crabtree,
J. Am. Chem. Soc., 1995, 117, 3485; B. P. Patel, J. Wessel, W. Yao,
J. C. Lee, E. Peris, T. F. Koeztle, G. P. A. Yap, J. B. Fortin, J. S. Ricci,
G. Sini, A. Albinati, O. Eisenstein, A. L. Rheingold and R. H.
Crabtree, New J. Chem., 1997, 21, 413; E. Peris, J. C. Lee and R. H.
Crabtree, J. Chem. Soc., Chem. Commun., 1994, 2573; E. Peris,
J. Wessel, B. P. Patel and R. H. Crabtree, J. Chem. Soc., Chem.
Commun., 1995, 2175; E. Peris and R. H. Crabtree, J. Chem. Soc.,
Chem. Commun., 1995, 2179; J. C. Lee, E. Peris, A. L. Rheingold
and R. H. Crabtree, J. Am. Chem. Soc., 1994, 116, 11014; J. Wessel,
J. C. Lee, E. Peris, T. F. Koeztle, G. P. A. Yap, J. B. Fortin, J. S. Ricci,
A. Albinati, O. Eisenstein, A. L. Rheingold and R. H. Crabtree,
Angew. Chem., Int. Ed. Engl., 1995, 34, 2507.

5 E. A. Shubina, N. V. Belkova, A. N. Krylov, E. V. Vorontsov,
L. M. Epstein, D. G. Gusev, M. Niedermann and H. Berke,
J. Am. Chem. Soc., 1996, 118, 1105; L. M. Epstein, E. S. Shubina,
E. V. Bakhmutova, L. N. Saitkulova, V. I. Bakhmutov, A. L.
Chistiakov and I. V. Stankevich, Inorg. Chem., 1998, 37, 3013.

6 D. Braga, P. De Leonardis, F. Grepioni, E. Tedesco and M. J.
Calhorda, Inorg. Chem., 1998, 37, 3337.

7 C. E. Anson, T. J. Baldwin, C. S. Creaser, M. A. Fey and
R. Stephenson, Organometallics, 1996, 15, 1451.

8 W. Kaim, Angew. Chem., Int. Ed. Engl., 1983, 22, 171.
9 P. S. Bratterman, Metal Carbonyl Spectra, Academic Press, New

York, 1975.
10 E. M. Arnett, L. Joris, E. Mitchell, T. S. S. R. Murty, T. M. Gorrie

and R. Schleyer, J. Am. Chem. Soc., 1970, 92, 2365; H. H. Jaffe,
J. Am. Chem. Soc., 1957, 79, 2373.

11 J. J. Turner, F. W. Grevels, S. M. Howdle, J. Jacke, M. T. Haward and
W. E. Klotzbücher, J. Am. Chem. Soc., 1991, 113, 8347.

12 K. A. Connors, Binding Constants: The measurement of molecular
complex stabilities, Wiley, New York, 1985.

13 H. Lineweaver and D. Burk, J. Am. Chem. Soc., 1934, 56, 658.
14 F. G. Bordwell, Acc. Chem. Res., 1988, 21, 456.
15 M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G.

Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Petersson,

http://dx.doi.org/10.1039/a905793e


3898 J. Chem. Soc., Dalton Trans., 1999,  3893–3898

J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. G.
Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B.
Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y.
Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle,
R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees,
J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez and
J. A. Pople, GAUSSIAN 94, Revision B.1, Gaussian, Inc.,
Pittsburgh, PA, 1995.

16 A. D. Becke, (a) Phys. Rev. A, 1988, 38, 3098; (b) J. Chem. Phys.,
1993, 98, 5648.

17 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785.

18 B. Miehlich, A. Savin, H. Stoll and H. Preuss, Chem. Phys. Lett.,
1989, 157, 200.

19 J. A. Pople, M. Head-Gordon, D. J. Fox, K. Raghavachari and
L. A. Curtis, J. Chem. Phys., 1989, 90, 5622; L. A. Curtis, C. Jones,
G. W. Trucks, K. Raghavachari and J. A. Pople, J. Chem. Phys.,
1990, 93, 2537.

20 H. B. Schlegel, J. Comput. Chem., 1982, 3, 214.
21 H. B. Schlegel, J. Chem. Phys., 1982, 77, 3676.

Paper 9/05793E

http://dx.doi.org/10.1039/a905793e

