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Transition metal hydrides exhibit two modes of reactivity in
proton transfer reactions, showing either acid or basic behavior
depending on the substrates. During the past decade, it was shown
that a hydride ligand could be the proton accepting site in the hy-
drogen-bonded complex M-Hδ-‚‚‚Hδ+X, whose formation pre-
cedes the proton transfer, yielding cationic M(η2-H2) complexes.1

At the same time, many neutral hydrides are known to be strong
acids.2 Therefore, it could be supposed that proton transfer from
transition metal hydrides should be preceded by the formation of
molecular MH‚‚‚B hydrogen bonds (where B is a base), as for X-H
acids. However, such hydrogen bonds are uncommon.1,3 The ion
molecular [MH]+‚‚‚B interaction was found in IR studies (in the
νMH andνPO regions) of phosphine oxides and [Cp*2OsH]+PF6

- in
solution4 or [IrH2(PPh3)2L2]+BF4

- in the solid state.5 The changes
in IR frequencies revealed were the same as those for classical hy-
drogen bonds, confirming that the polarization of the metal-hy-
drogen bonds is M-Hδ+. In their classical work, Norton et al. stud-
ied the interaction between HCo(CO)4 and a series of nitrogen and
oxygen bases, but found no evidence for such a hydrogen bond.6

Thus, the existence of anintermolecular M-H‚‚‚B hydrogen bond
for a neutral transition metal hydride in solution is still an unan-
swered question.7 Another major question3 is whether some M-H
bonds are polarized Mδ‚‚‚Hδ+ prior to hydrogen bond formation
or whether this polarization (repolarization of metal-hydride Mδ+-
Hδ- bond) is the result of M-H‚‚‚B hydrogen bonding.

In this communication, we report spectroscopic and theoretical
evidence for the intermolecular hydrogen bond with neutral hydride
complex as an acid. For this study, we chose well-known CpM-
(CO)3H hydride complexes (M) Mo, W) which are less acidic2

than HCo(CO)4 studied by Norton et al.6 In the 2200-1600 cm-1

region of IR spectra, they exhibit in solution two strongνCO bands
and weakνMH bands (see Table 1), which appeared to be sensitive
to the presence of organic bases in the solution (Table 1).

Thus the addition of an excess of pyridine (Py) or phosphine
oxides ((n-C8H17)3PdO, ((CH3)2N)3PdO) causes the appearance
of low frequency shoulders/bands ofνCO andνMH bands (∆νCO )
4-12 and∆νMH ) 9-12 cm-1), while a new low frequency shifted
νPO band of H-bonded ((CH3)2N)3PdO grows up in the presence
the hydride excess (∆νPO )12 cm-1). The∆νMH and∆νPO values
are comparable to those observed for ion molecular hydrogen
bonds.4,5 These spectral changes are slightly more pronounced for
molybdenum than for tungsten. The H-bonding equilibrium shifts
to the right upon the increase of the base/hydride excess (Figure
1) or lowering the temperature (Figure S1).

Similar spectral changes were observed upon the addition of BH3-
NEt3 hydride to the hexane solution of CpW(CO)3H. Low frequency

shifts of carbonyl bands (to 2024 and 1934 cm-1) are comparable
to those in the presence of pyridine; the changes in theνBH region
are similar to those observed for regular proton donors. Interestingly,
the νWH band undergoes a larger low frequency shift, and aνWH‚

‚‚HB band of dihydrogen-bonded adduct appears at 1822 cm-1

(Figure 2). This is the first example where dihydrogen bond
formation was observed between two neutral hydride complexes.

In contrast to bases, noνCO and νMH band shift was observed
with indole, suggesting the absence of XH‚‚‚OC or XH‚‚‚HM
hydrogen bonding (X) N, C) with this proton donor or with CH
groups of the bases used.

The addition of a large excess of (n-C8H17)3PO (0.3 M) to
hexane-CH2Cl2 (10:1) solution or dissolution of CpM(CO)3H
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Table 1. Spectroscopic Characteristics for CpM(CO)3H Hydrides
and Their Hydrogen-Bonded Adducts with Pyridine and
(n-C8H17)3PO in Hexane at 290 K

Mo W

νCO νMH νCO νMH

free hydride 2030 1790 2028 1848
1946 1939

Py 2024 a 2024 a
1936 1932

(n-C8H17)3PO 2024 1780 2022 1839
1936 1928

a In the presence of Py, theνMH bands are masked by wideνCO bands.

Figure 1. IR spectra of (CH3)2N)3PdO (0.01 M) in the presence CpMo-
(CO)3H. Hexane, 290 K.

Figure 2. Changes ofνWH band of CpW(CO)3H (0.05 M) in the presence
of H3BNEt3 (0.5 M). Hexane, 290 K.
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complexes in neat pyridine causes partial proton transfer, as is evi-
dent from the appearance of twoνCO bands of [CpM(CO)3]- anions
at 1895 and 1776 cm-1 for Mo, and 1888 and 1770 cm-1 for W.
The νCO bands of the anions reversibly grow up with temperature
decrease (Figure 2), indicating the shift of the proton transfer equi-
librium (eq 1) to the right upon cooling. Quantitative analysis of
the intensity changes in Figure 3 gives thermodynamic parameters
for the proton transfer step:∆H ) -7.0 kcal mol-1, ∆S) -26.1
e.u.

To shed more light on this rare type of hydrogen bonding, the
DFT calculations were performed8 for the CpM(CO)3H hydrides
(M ) Mo, W) and their adducts with pyridine. The main geome-
trical parameters of free hydrides and their hydrogen-bonded com-
plexes obtained are summarized in the Table 2 together with
relevant stretching vibration frequencies and Mulliken charges of
atoms involved in the interaction (MH, N). The hydrogen-bonded
adducts have rather short hydrogen-nitrogen contacts, comparable
to the CH‚‚‚N distances in hydrogen-bonded adducts of similar
strength9 and close to the linear arrangement of the M-H‚‚‚N
moiety. The deviation of M-H‚‚‚N angle from 180° might be
caused by additional attraction between the CH groups of pyridine
adjacent to nitrogen and metal-bound carbonyls. The M-H bonds
elongate upon hydrogen bond formation (see Table 2), as expected.
All changes are more pronounced for molybdenum than for the
tungsten analogue. The interaction energies of both adducts are
typical for weak hydrogen bonds,10 but again the values obtained
reflect stronger interaction in the case of molybdenum hydride

(∆EZPE ) -2.25 kcal mol-1) than of tungsten (∆EZPE ) -2.05
kcal mol-1).

Analysis of charge distributions in free hydrides (Mulliken
charges) and their variation after hydrogen bond formation shows
that polarization of the metal hydrogen bond in free hydrides is
already Mδ--Hδ+ (Table 2). Upon the formation of the hydrogen-
bonded complexes, the positive charge of the metal-bound hydrogen
atom increases by 0.088 and 0.077 units for MoH and WH,
respectively, while the charge of the metal atom itself becomes
more negative by ca.-0.06 units. Hydrogen bonding leads also to
the increase of electron density on the nitrogen atom of pyridine.
In addition, there is a small positive overlap population of H‚‚‚N
bonds of 0.103 and 0.074 units for molybdenum and tungsten
hydride, respectively. All these electronic changes, although
relatively small in magnitude, are comparable to those established
for conventional hydrogen bond donors and acceptors.11

Finally, frequency calculations confirm the experimental IR
observations. TheνCO and νMH frequencies calculated for free
hydrides are in good agreement with the experimental values. Two
lower frequencyνCO stretching modes (ν2

CO andν3
CO) have very

close frequencies, and consequently only one band was observed
in the spectra in solution. All bands of hydrogen-bonded adducts
appear at lower frequencies, the band shift values∆ν being larger
for molybdenum than for tungsten (Table 2).

In conclusion, the experimental and theoretical results show for
the first time the formation of intermolecular hydrogen bonds
between the neutral transition metal hydrides CpM(CO)3H as proton
donors and bases which precede the hydride deprotonation. Inter-
molecular dihydrogen bond (H‚‚‚H) was found between two neutral
hydride complexes using H3BNEt3 as a base. Further studies of
the nature of the MH‚‚‚B interaction as well as of thermodynamics
of the M-H‚‚‚B bond formation and subsequent proton transfer
are in progress.
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(2) Kristjánsdóttir, S. S.; Norton J. R. InTransition Metal Hydrides; Dedieu,
A., Ed.; VCH: New York, 1992; pp 309-357.

(3) Brammer, L.Dalton Trans.2003, 3145-3157.
(4) Epstein, L. M.; Shubina, E. S.; Krylov, A. N.; Kreindlin, A. Z.;

Rybinskaya, M. I.J. Organomet. Chem.1993, 447, 277-280.
(5) Peris, E.; Crabtree, R. H.J. Chem. Soc., Chem. Commun.1995, 2179-

2181.
(6) Kristjansdottir, S. S.; Norton, J. R.; Moroz, A.; Sweany, R. L.; Whitten-

burg, S. L.Organometallics1991, 10, 2357-2361.
(7) (a) The intramolecular W-H‚‚‚OdC hydrogen bonding interaction was

found by Pickett et al.7b in the study of the WH3(dppe)2(OCMedO)
complex. (b) Fairhurst, S. A.; Henderson, R. A.; Hughes, D. L.; Ibrahim,
S. K.; Pickett, C. J.J. Chem. Soc., Chem. Commun.1995, 1569-1570.

(8) DFT calculations with the B3LYP functional. Computational details are
given in the Supporting Information.

(9) Gu, Y., Kar, T.; Scheiner, S.J. Mol. Struct.2000, 552, 17-31.
(10) (a) Desiraju, G. R.; Steiner, T.The Weak Hydrogen Bond in Structural

Chemistry and Biology; Oxford University Press: New York, 1999. (b)
Calhorda, M. J.Chem. Commun.2000, 801-809.

(11) Scheiner, S.Hydrogen Bonding: A Theoretical PerspectiVe; Oxford
University Press: New York, Oxford, 1997.

JA057867N

Figure 3. Variable temperature IR spectra in theνCO region of CpW(CO)3H
(0.005 M) in neat pyridine. Spectra measured between 240 and 290 K with
10 K increments.

Table 2. Optimized Geometrical Parameters (bond distances in
angstroms; angles in degrees), Mulliken Charges (q), and
Stretching Vibration Frequencies (in cm-1) for CpM(CO)3H
Hydrides and Their Hydrogen-Bonded Complexes with Pyridine

MoH MoH‚Py WH WH‚Py

M-H 1.724 1.729 1.735 1.738
H‚‚‚N 2.648 2.925
M-H‚‚‚N 160.6 162.8
q(M) -0.119 -0.180 -0.073 -0.141
q(H) 0.112 0.200 0.127 0.204
q(N) -0.380a -0.373a

νM-H 1800 1767 (-33)b 1857 1844 (-13)b
ν1

CO (sym A′) 1996 1987 (-9)b 1995 1989 (-6)b
ν2

CO (asym A′′) 1924 1912 (-12)b 1919 1912 (-7)b
ν3

CO (asym A′) 1923 1907 (-16)b 1918 1904 (-14)b

a q(N) of free pyridine is-0.368.b In parentheses,∆ν ) νadduct- νfree.

[M] -H + B a [M] -H‚‚‚B {\}
excess B

[M] - + [H(B)n]
+ (1)

[M] ) CpM(CO)3, B ) R3PO, Py
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