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Abstract

This review deals with the results of investigations of novel types of hydrogen bond involving transition metal complexes, namely
H-bonds with a metal atom (XH - - - M) and those with the hydride hydrogen atom (XH - - - HM) as a base, as well as those with cationic
hydrides as proton donors with organic bases ({(MH]" - - - B). Spectral, thermodynamic and structural characteristics of intra- and
intermolecular hydrogen bonds are described. The influence of the nature of the metal atom, and of electronic and steric properties of
ligands on the proton donor ability of the metal atom and hydride hydrogen are discussed. Studies of proton transfers occurring through

intermediate hydrogen bonds are also analysed. © 1997 Published by Elsevier Science S.A.
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1. Introduction

Proton transfer reactions proceeding through hydro-
gen bonding are widespread and fundamental in chem-
istry and biochemistry. The modern concepts of nature,
structure and spectral manifestations of hydrogen bonds
were formed on the basis of the large of data on the
interaction between organic acids and bases. Tremen-
dous success was achieved for them in determining the
structures of intra- and intermolecular hydrogen bonds,
the energetics of ion—molecular H-complex formation
in the gas phase, as well as in the determination of
correlations between hydrogen bond characteristics and
acid-basic properties [1-4].

In recent years most attention has been paid to the
investigation of hydrogen bonding with transition metal
complexes or hydrides and its participation in proton
transfer reactions. So it is extremely important to find
out whether the numerous catalytic processes involving
transition metal complexes can proceed through inter-
mediate hydrogen-bonded complexes. Hydrogen bonds
with different ligands have been examined extensively.
Hydrogen bonds with 7-ligands have been investigated
since the 1970s [5-8]. The large series of works by
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Lokshin and co-workers concerned the study of the
interaction of fluorinated alcohols and HCl with car-
bonyl and nitrozyl containing half-sandwich transition
metal m-complexes [9,10] was continued by Poliakoff
and co-workers [11]. These low temperature IR investi-
gations in liquid xenon solution enabled the detection
and study of previously unknown hydrogen bonding
with the oxygen atom of terminal CO- and NO-groups.
Fairly strong H-bonds of proton donors with alkoxy [12]
and phenoxy [13] ligands were studied in solution and
in the solid state. The nature of the hydrogen bonds
with ligands named above is similar to the hydrogen
bonds which are typical for organic bases, since lone
pairs of sp-electrons of heteroatoms or w-electrons of
unsaturated and aromatic fragments are acting as proton
acceptors. Braga and co-workers, after an analysis of
the structural data in the Cambridge database, con-
cluded that H-complexes with such proton donor and
acceptor ligands as COOH, OH, CH, COOR and CO
have structural properties which are similar to those of
related organic solids [14].

Recently, new types of hydrogen bonds, which are
characteristic only of organometallic compounds, were
found and investigated. First of all these are hydrogen
bonding to transition metal atoms (XH --- M) (1). In
contrast to organic bases, in this case d-electrons are
proton acceptors. Another surprise presented by
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organometallic chemistry in recent years were hydrogen
bonds formed with transition metal hydrides. The par-
ticular characteristic of transition metal hydrides is their
dual reactivity: they can be the source of both protons
and hydride ions. Two extreme cases of hydride ligand
participation in hydrogen bonding were found: they can
react as a proton donor ((MH]™ - - - B) (2), in the case
of cationic hydrides, and as an acceptor of protons
(MH - - - HX) (3). Since hydrogen has no lone pair of
electrons, the last, type III, bond is exceptional. It is
these new types of hydrogen bond and their spectral,
thermodynamic, and structural features, as well as their
participation in proton transfer, to which this review is
dedicated.

2. Hydrogen bonding to transition metal atoms of
the XH - - - M type

2.1. Intramolecular hydrogen bonding to a metal atom

In over 20years (1970-90) of numerous IR and
NMR investigations intermolecular hydrogen bonding
to transition metal atoms had not been observed [5~10].
At the same time, intramolecular hydrogen bonding
with transition metal atoms was found in molecules of
s-complexes of Cr[15], Fe [16—18], Ru, Os [17] and Rh
[19,20]. Contradiction between the data obtained raised
the question of whether intramolecular hydrogen bond-
ing to a metal atom was the result of the influence steric
factors.

This question was answered on the basis of a system-
atic investigation of a-carbinols (I-III) by IR spec-
troscopy in combination with conformational calcula-
tions by molecular mechanics methods accomplished in
the Yu.T. Struchkov’s laboratory by Epstein and co-
workers [21-30].

S L S
M : OH *

: (|) Ry -
OH . M OH N
> @— oc’ oL
I n 1
McCR1Ry0OH Mc9CR | HOH L =CO, PR3
M = Fe, Ru, Os M =Mn, Re

Ry, Rz = H, Me, Ph, Mes, C6Fs, tBu

All carbinols were shown to be divided into two
groups. In the first group intramolecular hydrogen bond-
ing formation is governed by conformational prefer-
ence. This includes carbinols containing small-size metal
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atoms of the first transition row or compounds with
metal possessing reduced basicity due to electron ac-
cepting ligands. The hydrogen bond with a metal atom
is formed in this case only if the conformation of (A)
with an OH-group position under the cyclopentadienyl
ring is energetically favourable (Scheme 1).

The second group includes carbinols containing elec-
tron-rich metal atoms of the second and third transition
rows. All carbinols of this group form hydrogen bonds
with metal atoms regardless of conformation preference.

The best illustration for this statement are the pri-
mary carbinol examples (I-III, R, = R, = H) possess-
ing no energetically preferable conformations. There-
fore, the presence of molecules with intramolecular
hydrogen bonding of the OH - - - M-type in dilute solu-
tions is not connected with the influence of steric
factors. In this situation, bands of intramolecular hydro-
gen bonds in the IR spectra appear only for metallo-
cenylcarbinols of Os and Ru (II) [22] and for norborna-
dienylcyclopentadienylrhodium derivatives [19,20] (sec-
ond group) while no such bands appear for ferrocenyl-
carbinols (I, II) [21] and carbinol derivatives (III) (first
group) [23]. Hydrogen bonding to Fe, Mn, Re could be
observed in tertiary carbinols or in secondary ones with
bulky substituents [23,24,27].

These compounds appeared to be excellent models,
enabling one to vary the proton accepting ability of the
basic centre (metal atom), proton donor properties of
OH-groups and the geometry of the hydrogen-bonded
cycles. This allowed separation of the influence of the
metal atom nature and determination of the correlation
between spectral characteristics and the structure of
these compounds [28—30}. The problem of the estima-
tion of the enthalpy of intramolecular hydrogen bonds
(—AH) is rather complicated. AH values obtained
from the dependence of formation constants on tempera-
ture include not only the energy of hydrogen bonding
but a conformational component E_ ;. The values of
E, .; could be large and their assessment by conforma-
tional calculations is approximate, therefore it is not
expedient to determine AH from the combination of
En¢ and AH,,  as in Ref. [31]. It is convenient to use
Avgy values as a measure of the relative strength of
intramolecular hydrogen bonding of the OH - - - M type
[19-24,28-30].

2 _
AVoy = Yoi free ~ YOH bonded
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2.1.1. The nature of the metal atom and the relative
strength of intramolecular hydrogen bonding OH - - - M

The relative strength of intramolecular hydrogen
bonding OH - - - M for all isostructural carbinols in-
creases down the group paralle] to the row of metal
atom basicity Mn < Re, Fe << Ru < Os [28-30]. Perfect
linear dependencies were found between values of
Avyy ...y for carbinols (I) and (II) with different R
(Fig. 1). Proton acceptor properties of the metal atom in
carbinols increase sharply (twofold) on passing from the
first to the second transition row, and to a lesser extent
to the third row: 0.56(Fe):1(Ru):1.24(Os). It is interest-
ing that for B-carbinols Mc(CH,),OH (M = Fe, Ru),
forming six-membered cycles the same ratio was ob-
tained: Avgy ... pe/AVoy ... gy = 0.565 [28-30].

2.1.2. Conditions of intramolecular OH - - - M hydro-
gen bond retention in the solid state

The most common type of hydrogen bonding in
crystalline carbinols is intermolecular hydrogen bonding
of the OH - - - O type [14]. There is little knowledge
about structures of a-carbinols containing intramolec-
ular hydrogen bonding with metal atoms. Intramolecular
contacts M - - - Hand M - - - O are assumed on the basis
of X-ray data obtained by Struchkov and co-workers for
the following carbinols: FcCHOH(ArCo (CO),) [23],
CsH FeC;H ,C(OH)(PhC ,0,) [32],
C H,RhC,H;C(OH)Me [20], and by Lecomte et al. for
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Fig. 1. Correlations of Avgy ..y (M =Fe, Os) with Avgy .. g, for
metallocenylcarbinols McR,R,0H and Mc®CHR ,OH.
Mc?CHR,OH: R, =H (1), Me (2), Ph (3), C;F (4), Mes (5)
McRR,0H: R, /R2 =Ph/Ph (6), H/Ph (7), H/Me (8),
Mc(CH,),0H (9) Apyy(Fe)=(0.561£0.0D)A vy, (Ru), r=0.995;
Avgy(0s) = (124 £0.0D)A vy, (Ru), r = 0.998 [30].

[7°-CsH,(CH,),]Feln’-C,H,C(OH)PhEt] [33]. The
M:---0 and M- - H distances are 3.45-3.57A and
2.9-3.03 A respectively, i.e. less than the sum of the
van der Waals radii.

Using X-ray data and results of conformational cal-
culations we have developed the specific spectral crite-
ria enabling one to identify the presence of an intra-
molecular hydrogen bond with a metal atom in the solid
state [26].

Firstly, voy bands assigned to the intramolecular
hydrogen bond do not obey the linear dependence be-
tween half-widths (Av, ;) and shift values Avyy, eval-
uated for intermolecular hydrogen bonds of the
OH - - - O type. Secondly, bands assigned to vibrations
Vo ... m Of chelates broaden on passing from crystal to
solution. This is compatible with common changes of
half-widths under less ordered conditions {34]. Thirdly,
for intramolecular hydrogen bonds, either considerably
smaller »,, bands shifts to higher frequencies or even
low frequency shifts on melting are observed.

The fundamental role of steric effects for crystals has
been estimated by analysis of spectra of all compounds
investigated in the scope of the above approaches. It
turned out that hydrogen bonding to a metal atom in a
crystal is not retained if there exists no favourable
conformation with an OH-group turned towards the
metal atom (A), regardless of their relative strength in
solution. For example, spectra of primary carbinols of
Ru, Os [22,28] and Rh [20] in solution reveal bands of
chelates (Awg, =110-180cm '), but only vy .. o
bands are observed for solid samples [25-28].

The existence of conformation (A) energetically
favourable for hydrogen bonding OH - - - M is a neces-
sary but insufficient condition for the retention of this
bonding in the solid state. The realisation of an intra-
molecular hydrogen bond OH - -- M competing in a
crystal with a strong intermolecular hydrogen bond
OH - - - O depends on the proton accepting ability of the
metal atom. For example, in the case of Mc’CHROH
crystals: for M = Os (R = Me, Ph, C(F;) only molecules
with intramolecular hydrogen bonding OH - - - Os exist;
for M = Ru, in addition to chelates, there exist associ-
ates with OH - -- O hydrogen bonding; for M = Fe
almost all molecules are associated [26,28-30]. In solu-
tion, chelate cycles are observed in all these com-
pounds, but the relative strength, as mentioned above,
decreases in the sequence Os > Ru > Fe. Similarly, in
cationic carbinols formed by protonation of aldehydes,
intramolecular hydrogen bonding with ruthenium, os-
mium [35] and rhodium [36] atoms, in contrast to iron,
is retained in the solid state as well [35].

The disclosure of intramolecular hydrogen bond for-
mation rules, as well as the dependence of its strength
on the nature of the metal atom, revealed the means for
a directed search for OH - - - M intermolecular hydro-
gen bonding.
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2.2. Intermolecular hydrogen bonding of the OH - - - M
ype

Intermolecular hydrogen bonding OH - - - M was de-
tected when highly basic #-complexes of second and
third row transition metals were used, namely in the
interaction of 4-fluorophenol with Ru and Os atoms of
their metallocenes and with norbornadienylcyclopenta-
dienylrhodium derivatives [37]. In recent years, inter-
molecular hydrogen bonding of different proton donors
with d-electrons of Groups VI and VIII transition metals
in Os, Ru metallocenes (Cp,M; IV) and decamethyl-
metallocenes (Cp, M; V) [29,30,38,39], Co, Rh, and Ir
half-sandwich 7-complexes CpML,, Cp*ML, (L=
CO, C,H,, N,, PMe,, PPh;; VI) [40-43] and molyb-
denum and tungsten complexes of ML ,(dppe), (L = H,,
N,. CO; VII) type were investigated and characterised
[44,45].

Intermolecular hydrogen bonding was studied by IR
spectroscopy in common low polar and non-polar sol-
vents by us [38,39,43-45], as well as in liquid xenon
and supercritical liquids by Kazarian and co-workers
[40-42]; see also the review by Poliakoff et al. [46].
Interaction of proton donors with all the organometallic
bases studied induces the appearance of bands of hydro-
gen bonded complexes OH ---M in the vy, range.
The sensitivity of these bands to the nature of the metal
atom allowed one to assign them to vy ...\ vibration.
The values of shifts which characterise the strength of
intermolecular hydrogen bonding vary in the range
200-500cm ™!, increasing down the group Co < Rh < Ir
[40-43], Ru < Os [38,39], Mo < W [44,45]. For com-
plexes with carbonyl and dinitrogen ligands, the forma-
tion of hydrogen bonding with a metal atom was con-
firmed by high frequency shift of v, and vy, bands
in contrast to the low frequency ones characteristic for
hydrogen bonding with ligands [9-11]. The amount of
experimental data is sufficient to allow one to analyse
the properties of this hydrogen bonding type, to eluci-
date some regularities of their formation, and to discuss
the similarity of hydrogen bonding of a proton donor
with metals and organic bases and their particular char-
acteristics,

2.2.1. The resemblance between new hydrogen bonding
to transition metal atoms (OH - - - M) and the usual one
to organic bases (OH - - - B)

The analogy between some characteristics of hydro-
gen bonding with d-electrons of metal atoms and with
sp-electrons of heteroatoms in organic bases has been
revealed.

Isotopic ratio vgy .. v/ Vop ... »¢ for metallocenes of
the iron subgroup [38], and for the half-sandwich car-
bonyl complexes of rhodium and iridium [40-42), this
is 1.35, as in the case of common H-bonds.

W(CO),(dppe),

300 H

Mo(CO) (dppe),

g Cp'InCO),

a 250 -

> .
4 Cp'RI(CO),

i
200 -
¢ Cp,Ru
T T T
200 300 400
AV em™

Fig. 2. Comelation of Av,,, (OH bonded) with Avgy for the
systems PhOH-transition metal complexes in CH,Cl, solutions
(r=0.997).

Temperature dependence: this reveals a reversible
increase of the amount of hydrogen bonded proton
donor molecules with temperature decrease.

Linear dependence of v,,: the linear dependence
between the values of shifts of vy, (Awy,) and its
half-widths (Av, /2) of the OH - - - M bands is similar
to that obtained for hydrogen bonding with organic
bases (Fig. 2).

Enthalpy of hydrogen bonding (— AH): this can be
determined from the empirical correlation equations
connecting —AH with Avg, and integral intensity
Aoy obtained by analysis of organic systems [47].°
Good agreement between the A H values obtained from
the van’t Hoff equation and from the correlation of
AH/Av was shown for (CF;);COH - - - IrCp " (CO),:
28.6kJmol ™! and 28.4kJmol~ ' respectively [40]. Hy-
drogen bonding with transition metal atoms is of medium
strength, the enthalpy values being 3—7 kcal mol ™. Pro-
ton-accepting properties of transition metal atoms can
be determined by use of the empirical ‘rule of factors’
[39,48,49]. As a result of analysis of a large body of
spectroscopic and calorimetric data for organic proton
donors and bases, Iogansen proposed [48,49] an empiri-
cal correlation assuming constant acidic and basic prop-
erties in hydrogen bond formation. The general equation
for a proton donor i and acceptor j is AX;; = AX*P,E,
where A X* stands for either a spectroscopic (Av,A A)
or thermodynamic (— A H) factor in a specific solvent.

P —AH =18Av /(720+ Av), —AH =29(AAy,)"% where
(a AOH)I/Z =(Apy banded)l/z ~{(Aon free)l/z'
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The basicity factor E; is characteristic of the proton
accepting site, P; is the acidity factor for the proton
donating site in the hydrogen bond, and A X* is that for
the standard H-bonded complex (phenol—ether). For the
standard complex both the basicity and acidity factors
are taken as unity, E; = P, = 1. The values of P, and E;
demonstrate the invariability of proton donor and proton
acceptor properties of organic acids and bases in hydro-
gen bonding. This rule was found to be applicable to
hydrogen bonding to metal atoms. Thus, AH values
increase linearly with the proton donating ability P, of
the proton donors in the order PhOH < (CF,),CHOH <
4 - FC(H,OH < 4 —-NO,C,H,OH (Fig. 3). For all
metals in the compounds investigated the basicity factor
E; was calculated from the equation E; =

AH,;/AH} P.* Th E; values were shown to be inde-
pendent of the proton donor used. This enabled us to
compare the proton accepting ability of organometallic
and organic bases. The E, factors for all metals, are, as
can be seen from Fig. 4, larger than those for m-sys-
tems. In general the E; factors vary over the range
0.6—1.2, from values less than for benzonitrile to those
larger than that for DMSO and near to that for pyridine.

The influence of the medium: the sequence of changes
in the hydrogen bonding character and A H is retained
in low polar and non-polar media (liquid xenon and
supercritical liquids). As in the case of organic bases,
the changes in OH values and the enthalpies of forma-
tion increase with decrease in solvent polarity. For
example, H values (in kilocalories per mole) for
Cp, I(CO), - - - HOCH(CF;), increase in the series
4.8(CH,Cl,) <5.7(CCl,) < 6.1(C¢H,,).

Is a hydrogen bond of the OH - - - M-type linear?
The applicability of correlations obtained for linear
hydrogen bonds with organic bases allowed us to as-
sume the linearity of such hydrogen bonds in solution.
Solid hydrogen bonded complexes
Cp*(CO),Rh - - - HOR, Cp*(CO),Ir---HOR (ROH
= HOC4H,NO,) isolated from hexane were charac-
terised by IR spectroscopy. The spectral changes of v
and v, appeared to have the same regularities as in
solution. Bands in the range of stretching vibrations of
carbonyl groups are high frequency shifted and
Avgy .. > Avgy .. gy This allows one to presume the
retention of the linearity of hydrogen bonds in solid
state. The linearity of ionic-type hydrogen bonds was
proved by neutron diffraction study of following salts:
Et;NH" Co(CO); (the Co - - - H-N angle = 180°) [50],
and [N"Pr, [l cis-PtC1,(NH, Me), ] (the Pt - - - HN angle
= 167°) [51].

“The AH 11 value is solvent dependent and for carbon tetra-
chloride is 5.3 kcalmol ~!, for dichloromethane —4.6kcalmol !, and
for hexane — 5.7kcalmol ™' [49].
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Fig. 3. The OH - - - M hydrogen bond enthalpies — AH in CCl, (a)
and CH,Cl, (b) vs. factor of acidity P; for sandwich and half-sand-
wich complexes.

2.2.2. Characteristics of hydrogen bonds with a metal
atom

2.2.2.1. The dependence of basicity factors on the na-
ture of the metal atom. Basicity factors of transition
metal atoms in isostructural compounds increase on
moving down the group: Ru < Os, Co < Rh <Ir, Mo <
W (Fig. 4). This is the main difference between hydro-
gen bonds with d-electrons of metal atoms and hydro-
gen bonds with sp-electrons of heteroatoms where ba-
sicity factors decrease down the group: N > P > As,
O >S > Se [39]. The sequence of proton accepting
properties of a metal correlates with the increase of
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CpRu(PPh,),

Cp’,0s

CpRh(CO)PMe,)
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Fig. 4. Scale of E,- factors of metal atoms in transition metal complexes and organic bases [48,49]. (The values of Ej were calculated from the

data of Refs. [38-45]).

chemical bond strength [52], the sequence of pK, [53],
and A H values of protonation [54,55].

2.2.2.2. The dependence of proton accepting ability of a
metal atom on electron effects of ligands. The increase
of electron donor ability of ligands leads to an increase
in the strength of hydrogen bonding of the OH -- - M
type. Permethylation of the rings in metallocenes in-
creases proton acceptor ability of the metal to a greater
extent than the nature of the metal atom. The following
succession of E; factors was obtained: Cp,Ru < Cp,Os
< Cp, Ru < Cp; Os. The replacement of carbonyl lig-
ands by phosphine ligands increases the proton acceptor
ability of rhodium atom so much that it appeared to be
greater than that of iridium. So the sequence of E; is as
follows: CpIr(CO), < Cp~*Rh(CO), < Cp* I{CO), <
CpRh(CO)(PPh;) < CpRh(PPh,),. It is interesting that
in these cases, as in the case of the replacement of H,
ligand by CO ligand, the strength of the hydrogen bond
increases: MH ,(dppe), < M(CO),(dppe), (Fig. 4). It is
notable that such effects of isoelectronic ligand groups
on metal complex basicity have been found by Angelici
and co-workers [54,55].

However, differences in sequences of proton acceptor
properties and enthalpy of protonation were found in
carbonyl compounds of molybdenum and tungsten
M(CO),(dppe),. Basicity factors of the hydrogen bond
afford a common increase down the group (Mo < W),
whereas —A H values of protonation (trifluoromethan-
sulphonic acid in dichloroethane) changed in the reverse
order: 27.4kcalmol "' and 25.1 kcalmol ™' respectively
[55]. Such a contradiction seems to be defined by the
cis—trans rearrangement accompanying the protonation
reaction. Thus, a hydrogen bonding not causing rear-
rangement of the base reflects more precisely the elec-
tron density distribution in the initial molecule. Conse-
quently, as in the case of organic compounds, hydrogen
bond strength characterises just proton accepting ability
of the reacting site.

2.2.2.3. The influence of steric factors of ligands on the
Sformation constants of hydrogen bonding to the metal
atom. The accessibility of the metal centre for the
proton donor depends on steric effects of the ligand
environment and is reflected in values of the formation
constants K. .. It is clear that in half-sandwich com-
pounds steric effects are smaller than in metallocenes.
This is manifested in the decrease of K, . Formation
constants of hydrogen bonding of metallocenes (IV) and
their permethylated analogues (V) are considerably
smaller than those of organic bases with close basicity
factors. Moreover —AH and K, values vary in the
reverse order, i.e. —AH(Cps M) > —AH(Cp,M) and
Kim(Cps M) < K, (Cp,M). Molecular mechanics
calculations, with and without taking account of hydro-
gen bond formation, revealed that steric hindrances of
methyl groups are responsible for the anomalous order
of K., changes: Cp, Os < Cp,0Os [56].

2.3. The competition between metal and ligands as
proton accepting sites in hydrogen bonding

Organometallic compounds usually posses several
proton acceptor sites and competition arises between
them in the formation of a hydrogen bond with a proton
donor. At the present time it is difficult to formulate any
general rules which could make it possible to predict the
site of hydrogen bonding. The following is only an
attempt to elucidate several situations already studied.

(1) The coexistence of two types of H-complex: the
weaker one with a w-system of Cp rings and the
stronger with a metal. Such coexistence was found in
the system proton-donor—sandwich w-complexes (IV)
and (V) (M =Ru, Os). Steric hindrances, as shown
above, considerably reduce the probability of H-bond-
ing of the OH---M type. At the same time, the
formation constant for complexes with a 7-system, as a
rule, are larger than can be expected for weak H-bonds
(2-3kcalmol ') [38,39].
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(2) The metallic site in half-sandwich compounds
(VID), for example Cp~ M(CO), is more accessible; the
m-electron density of the Cp ring is diminished due to
the electron accepting properties of CO ligands [40~43].
Proton donors with electron-rich metals (Rh, Ir) form
only one type of H-bond (OH - - - M). Weak proton
accepting properties of the metal, in the case M = Co
(first transition row), just lead to development of bond-
ing with a m-system [41].

(3) Bridged carbonyl groups are known to be stronger
proton acceptors. In bi- (M = Ru, Rh) and polynuclear
(M = Rh) complexes they win the competition with the
metal [57,58]. By contrast, in the iridium trinuclear
cluster containing terminal carbonyl groups the site of
coordination is the metal atom [58].

(4) The E; values decrease on passing to the left in
the period. Metal atoms in Cp* M(CO), (M = Mn, Re)
[9.10] and even in Cp*M(CO),L (L =N,, H,) [11] do
not form complexes with proton donors, the proton
accepting site being the oxygen atom of a terminal
carbonyl ligand.

(5) Dinitrogen derivatives of tungsten W(N, ),(dppe),
show an interesting type of coordination with proton
donors. The site of coordination there appeared to de-
pend on temperature. The simultaneous formation of
complexes of both types is observed at ambient temper-
ature. Two bonded v, bands appear, and v, bands
undergo both low frequency (v in a OH - - - N com-
plex) and high frequency (vyy in a OH--- W com-
plex) shifts. However, only a single vy, band and a
high frequency vy, band are observed at low tempera-
ture (200-220K) (Fig. 5). Thus, with decreasing tem-
perature, the equilibrium between the two types of
hydrogen bonded complex shifts to a more thermody-
namically stable one, namely OH - - - W [44],

2.4. Hydrogen bonding and proton transfer

Proton transfer in low polar media (CH,Cl,) was
investigated for organometallic compounds (IV-VII)
with trifluoroacetic acid by IR and UV-vis spec-
troscopy [43,45,59]. The range of carbonyl v., and
carboxylate v, 0, bands (1810~1600cm™") appeared
to be very informative. The spectral criteria for bands
assignment of the equilibrium RCOOH --- N 2

RCOO™ --- "HN were used [60,61]. Spectral evidence
[M] + CFiCOOH =—= [M4---HOCOCF; =<—= [MH]~...OCOCT3- =—>
1 2
1810-1780 cm-! 1750-1730 cmy! 1710-1695 cm-!

All bands corresponding to every step of the equilib-
rium above are observed in the case of sterically hin-
dered sandwich compounds [59] and WH ,(dppe), [45].
The spectral picture is simpler for half-sandwich com-

o{(a)
A VOH free
290 K
VOH..W
0.26-
{ ) 20K AN
H F .
oae] )i
1 ' K
H ]
L
i
D"1"| ™7 T ™7 VT Ty T T
33490 3460 3380 3300 3220 3140 306
v, em’”
A 1B VNN free
VNN..HO
0.3 220 K

/N 290K

\]
]
[}
[}
1
1
*
L]
1

0.4

-t
Vv, em

Fig. 5. Variable-temperature IR spectra of W(N,),(dppe), with
(CF,),CHOH in the range of v, (a) and »yy (b).

that the hydrogen bonding to a metal atom (OH - - - M)
(1) precedes proton transfer was obtained. The follow-
ing equilibrium involving ionic hydrogen bond (MH*
-+ ~0) (2) formation after proton transfer appears for
all compounds investigated.

[MH]- + OCOCF3~
1685 cm-1
685 cm (l)

pounds [43]. Only bands of molecular- (1) and ionic-type
(2) complexes appear due to high formation constants of
hydrogen bonding. The temperature dependencies are
similar to those described in Ref. [60). The intensity
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increase of the ionic H-complex (2) band on cooling
means a shift of equilibrium to a more stable ionic
form. This has been proved additionally by the intensity
increase of d~d* transition in the ionic form (UV-vis
spectra) with decreasing temperature [39]. Proton trans-
fer was also observed in pure (CF;),CHOH, as well as
(CF;),CHOH or HC! diluted by supercritical xenon in
the v, range of Cp*I{CO), (2150-1850cm™')
[41,42]. However, only cation [Cp”I{CO),H]* and
Cp*(CO),Ir - - - H-OR, (1) [41] have been found.
Probably, excess of proton donors increases the polarity
of the medium and causes the dissociation of the ionic
hydrogen bond. The ionic-type of hydrogen bonded
complex (2) was observed in the v., range in the
presence of small concentrations of CF,COOH in
CH,Cl, solution [39]. The same molecular- and ionic-
types of H-complex were detected in the reverse process
of deprotonation in CH,Cl, solution. UV-vis spectra
and IR spectra in the range v,5co, V¢ of the acid and
vmus+ Of protonated salts (Cp, OsHTA~ and
WH ,(dppe); A”) mixed with CF,COOK in the pres-
ence of 18-crown-6 were measured [39.45,59]. The
results obtained showed that the proton transfer in pro-
tonation and deprotonation processes in a low polar
medium proceeded through the system of molecular (1)
and ionic (2) hydrogen-bonded complexes.

3. Cationic hydrides as proton donors in hydrogen
bonding. Hydrogen bond of the [MH]* - . - B type

Acidic properties of transition metal hydrides have
been investigated in detail, and for many of them values
of pK, in water and acetonitrile were determined [62—
65]. Many neutral hydrides are strong acids. So, it was
natural to assume that deprotonation proceeds through
the hydrogen-bonded intermediates formation. How-
ever, attempts to detect hydrogen bonding between
HCo(CO), as relatively strong acid and nitrogen- and
oxygen-containing bases appeared to be unsuccessful
[66]. As is shown above, protonation of IV-VI-types of
compound, as well as deprotonation of two salts—
(Cp"OsH)*A~, A =BF,, PE, SO,CF, [59] and
WH(dppe); A~ [45]—resulted in the formation of the
ionic-type of hydrogen bonding between cationic hy-
drides and trifluoroacetate anion [MH]* - - - OCOCF; .

Ion—molecular hydrogen bonding between cationic
hydrides and neutral bases [MH]* - -- B has been de-
tected when the bases used contained phosphoryl groups
[45,67]. The choice of phosphynoxides (B) as bases was
dictated by their greater ability to form hydrogen bond-
ing and their lower basicity compared with nitrogen
ones leading directly to deprotonation products. For
example, Ph,;PO is respectively 3 and 7.5 orders of
magnitude less basic than pyridine and triethylamine
[68] but give formation constants of H-complex with

phenol (1og Kp oy ... op) 1.5 and 1 orders of magnitude
larger [69]. Spectral evidence of hydrogen bonding was
successfully observed by IR spectroscopy, both in the
range of vy, and in the range of stretching vibrations
of the phosphoryl group v,_, (1300-1100cm™"). The
increase of integral intensity (two times) in the range
vosn and growth of the low frequency absorption take
place in the presence of phosphine oxides. The intensity
of the vpy 4. 1N this case decreases and the low
frequency band v, o.q.q DElonging to H-complex ap-
pears. The intensity of bonded bands increases with the
growth of proton acceptor properties of the phosphine
oxide (Fc,PO), indicating the formation of hydrogen-
bonded complexes MH* - -- OP. Very interesting re-
sults were obtained for HMPTA possessing a basicity
close to that of pyridine and extremely high ability to
form hydrogen bonds log Ky oy ... op two orders of
magnitude larger than that of pyridine. In this case the
process does not stop at the stage of ion—molecular
hydrogen bonding and is accompanied by partial proton
transfer to HMPTA. The v,y . and Vpg g bands
disappear, but the intensity of the bonded bands are
abnormally low at ambient temperature. The reverse
shift of the equilibrium to ion-—molecular hydrogen
bonded complexes (MH* - - B) on cooling is evi-
denced by the observed rise in both the bonded bands
intensities. So, the intensity of v ,; became five times
larger than that of the free band at the same temperature
[67]. Analogous hydrogen bonded complexes of triph-
enylphosphine oxide with cationic dihydrides
[IrtH,(PPh,),L,IBF, are described by Peris and Crab-
tree [70]. For these compounds the growth of the v;
intensity and the appearance of a low frequency
Vpo..um band are observed. Thus, a new type of
hydrogen bonding, where cationic hydrides are in the
role of proton donor, was detected and shown to be the
preceding step for their deprotonation.

4. Hydride ligand as proton acceptor in hydrogen
bonding of the MH®~ - - - ®* HX type

The assumption of a hydride—proton interaction in
the transition state was expressed for base-catalysed
alcoholysis of silicon triorganohydrides [71]. Later, the
intermediate for H /D exchange or H, elimination from
anionic hydrides of Group VI HM(CO),L.~ was as-
sumed to include such an interaction [72]. The sugges-
tion that the formation of dihydrogen complexes de-
mands the attack of the hydride hydrogen atom was
expressed in the review by Jessop and Morris [62].

4.1. Intramolecular hydrogen bonding between hydride
ligand and proton donor groups

The existence of intramolecular hydrogen bonding
between a hydride ligand and proton donor OH and NH
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groups (VIII-XI) was demonstrated simultaneously by
the groups of Morris [73,74] and Crabtree [75,76]. The
intramolecular MH - - - HO interaction was detected ear-
lier in the cation [I[rH(OH)(PMe,),]* (XII) by the
method of neutron diffraction, the most reliable for
locating of H-atoms [77]. However, the distance H - - - H
(2.4 A) was too large to consider such an interaction as
a normal hydrogen bonding.

In the work of the Morris and Crabtree groups
[73-76], values of 1.7-1.8 A for the H - - - H distance
were obtained by the less precise X-ray method, but
these data coincided with those calculated from T, in
NMR. The energy of hydrogen bonding according to
experimental assessment is 2.9-5 kcal mol~!. For
aminopyridines it decreases, depending on the trans
ligand, in the sequence H> CO > CN>J > Cl > Br >
F. The model ab initio studies showed that formation of
hydrogen bonds of this type is determined by a number
of factors: the influence of the trans ligand increasing
the negative charge on the hydride atom; the energetic
preference of the conformation, with the short distance
between NH and IrH being optimal for hydrogen bond-
ing; the additional polarisation of the Ir®*—~H?~ bond
on the approach of the N"?~H™"? bond [76].

So, the same question that arose on studying the
hydrogen bonding with metal atom appears: is the for-
mation of such a hydrogen bond determined in general
by conformational preference? This is especially be-
cause the intramolecular interaction does not demand
changes of entropy, whereas intermolecular hydrogen
bonding is characterised by a —AS value in the range
5-20e.u. [78].

4.2. Intermolecular hydrogen bonding between hydride
ligand and proton donors

Intermolecular hydrogen bonding of the
MH . --HOR type between proton donors (PhOH,

(CF,),CHOH, (CF,),COH) and tungsten hydrides
WH(CO),(NOXPR ;), in low polar media was detected
and characterised by IR and NMR spectroscopic meth-
ods in our common work with Berke and co-workers
[79]. These hydrides have highly polarised metal—hy-
dride bonds due to the trans effect of the NO-ligand
[80]. Evidence of WH - - - HO (XIII) hydrogen bonding
was obtained from analysis of changes of all the useful
bands in the IR spectra (vgy, Veos Vnos Vwe) as well
as NMR parameters (chemical shifts, coupling constants
and relaxation times).

PR,
o)
ON—W—H~---H—OR

ocC J)
R;
X1

Enthalpy values obtained from equations connecting
the shift value Avg, and the changes of integral inten-
sity A Agy with the enthalpy of hydrogen bonds forma-
tion [46] and from the temperature dependence of equi-
librium constants are close to each other. AH values
are 4-7kcalmol™!, depending on the proton donor
strength and on the basicity of phosphine ligand (Fig.
6). The H-- - H distance obtained from the hydride
T| nin relaxation time (similar to Refs. [73,75,76]) was
found to be 1.77A (R =Me). It was found that the
properties of these unusual OH - - - HM hydrogen bonds
were the same as those for OH---M and OH--- B
(B = organic base) mentioned above. These are: iso-
topic ratio of frequencies vy .../ Vop ... u = 1.35, typ-
ical for hydrogen bonds of medium strength; a similar
temperature dependence; the constancy of basicity fac-
tors for different proton donors. The applicability of
empirical correlation equations obtained for linear hy-
drogen bonds of proton donors with organic bases or
metal atoms is in accordance with the assumed linearity
of such hydrogen bonds (MH - - - HOR) in solution. It
is noteworthy that these experimental results obtained
are also in accordance with ab initio calculations made
by Liu and Hoffman [81] for the same intermolecular
interaction in the model systems FH---HLi and
FH - - - HMnL,. The angle FH - - - H is practically lin-
ear (1079.6°), the H:--H distances are 1.658 A and
1.683A, and AH values are 9.29kcalmol™! and
6.65kcalmol ' respectively.

An interesting structure for complex
[ReH ((PMePh,); - indol] (XIV) was obtained in the
investigation of the interaction between XH proton
donors (X =N,0) and polyhydrides by Crabtree and
co-workers [82,83]. The unusually precise neutron
diffraction study showed that intermolecular asymmetri-
cal three-centre hydrogen bonding NH - - - H,Re exists
in this structure in which a proton is bonded with two
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Fig. 6. The XH - - - HM hydrogen bond enthalpies — AH vs. factor
of acidity P; for hydrides of HW(CO),(NOXPR ), (R = Me (1), Et
(2), 'Pr (3)) and H,Re(COXNOXPMe, ), (4).

hydride ligands; the H--- H distances are 1.73 and
221 A,

1734
(PR3H3Re “w»HN
\H o

2214

XV

The preference of a three-centre H-bond over the
two-centre type was obtained by ab initio calculations
with functional density theory [83] for the model
ReH(PH,), - NH; complex. The H - - - H distances ob-
tained were 1.92 and 2.48 A.

IR spectroscopic investigation of interaction products
of the rhenium polyhydrides [ReH(PPh,),] and
ReH,(dppe) and tungsten polyhydride WH ,(PMePh,),
with both NH and OH proton donors was performed in
the region vy, for solid films precipitated from solu-
tion [82,83]. However, the analysis of spectral data
performed by the authors resulted in a number of con-
tradictions. Firstly, the equation AH = 1.28(Av)"/? can
be used only for Av>200cm™!, and hence is inade-
quate for weak proton donors [46]. Secondly, it is very
strange that, even on comparing Av,,, values, indepen-
dence of the proton accepting ability of the polyhy-
drides on the partner is not manifested. So, values of
Avyy in the interaction with NH acids are greater for

ReH,(dppe) than that for WH,(PMePh,),. However,
the sequence of shift values for H-bonding with OH
proton donors is the opposite. Such particular behaviour
is difficult to explain by steric factors. It could be
associated with a non-equilibrium state of adducts in the
films. The authors considered tungsten polyhydride to
have the same site of coordination as the rhenium
polyhydrides. However, as shown above, changes in the
vyy range of proton donors do not provide the struc-
tural information, especially which of the possible sites
of coordination is involved in hydrogen bonding.

The problem of defining the coordination site can be
simplified as in Ref. [79] by the presence of other
ligands possessing characteristic vibrations. The analy-
sis of the changes of the corresponding bands enabled
one to detect the WH - - - HOR bonding. Indirect reason
in support of hydrogen bonding with the hydride or
metal atom can be the proton transfer leading to the
formation of cationic dihydrogen complex in the former
case and to the formation of cationic (n + 1) polyhy-
dride in the latter. The proton transfer to WH ,(dppe),
was shown above to result in the formation of salt
WH.(dppe); A~ through the system of molecular and
ionic H-bonds similar to mcomplex adducts. This en-
ables one to consider the metal atom as a hydrogen
bonding site.

It turned out that the character of interaction between
hydrides and proton donors depends substantially on the
metal atom and on the ligand environment. So the
interaction of proton donors with rhenium dihydrides
H,Re(CO)NO)PR, possessing a ligand environment
similar to tungsten monohydride revealed many sur-
prises [84].

PRs,

ON—RE—H--H-OR
oc”
Rs

XV

The site of hydrogen bonding in these dihydrides,
taking into account the results of Ref. [79] and dihydro-
gen complex formation after proton transfer [85], could
be suggested to be a hydride ligand. However, it ap-
peared that 1:1 adducts, not only of OH - - - HM type
for R =Me, but also of OH---ON type for bulky
R ='Pr and both types for R =Et, are formed. So the
site of hydrogen bonding depends substantially on the
steric requirements of the phosphine ligands. Enthalpies
of hydrogen bonding with ReH turned out to be some-
what smaller than that with WH and linearly dependent
on proton donor strength (Fig. 6). The question ap-
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peared: how can such a variety of complex formation in
all cases lead only to one product of protonation, namely
the dihydrogen complex? The formation of 2:1 com-
plexes with ROH - - - HRe bonding with excess of pro-
ton donor became the answer. H-bonding hydride ligand
always occurs before the formation of the dihydrogen
complexes.

The results of model calculations for
ReH ,(COXNOXPH,), - H,O performed by the func-
tional density method are in agreement with the experi-
mental data. The most energetically preferable site of
coordination for a sterically unhindered phosphine-con-
taining molecule is the hydride ligand. It is interesting
that calculations showed a considerably greater strength
in the linear two-centre H - - - H bond compared than in
the three-centre one.

5. Conclusion

The review presented shows how fast the category
concerning the new field of knowledge—hydrogen
bonds specific to organometallic compounds—is pro-
ceeding. The use of the combination of spectral meth-
ods (IR in combination with UV-vis and NMR) ap-
peared to be highly efficient in studying hydrogen bond-
ing. Three new types of intermolecular hydrogen bond
were discovered: hydrogen bonds with a metal atom
(XH---M) and hydride hydrogen (XH::-HM) as
bases, as well as between cationic hydride as proton
donor and organic bases (MH* - - - B).

Usually, owing to their low strength, hydrogen bond
formation does not lead to a substantial perturbation of
the molecules under investigation. Thus, studies of H-
bonding interactions in solution are one reliable way of
determining the charge distribution in the molecule and
hence the site of electrophilic attack on the transition
metal complex. The review presents investigations of
complex structures containing intramolecular hydrogen
bonds of XH ---M and XH - - - HM types. However,
neutron diffraction and X-ray investigations of inter-
molecular adducts XH - - - M- and MH™ - - - B-types
are unknown as is their theoretical investigation.

Cleavage or formation reactions of metal-hydrogen
bonds are of crucial importance in catalysis. The eluci-
dation of the role of hydrogen bonding will enable us to
understand more clearly the mechanism of many pro-
cesses concerning the proton transfer. The equilibrium
of proton transfer to a metal atom is already established
to proceed through the system of hydrogen-bonded
complexes of molecular- and ionic-types.

The simultaneous existence of two such types of
stable complex is a criterion for the existence of two
minima on the potential energy surface. The protonation
of hydrides is one of the most general methods of
generating of dihydrogen complexes. Detection of hy-

drogen bonding with hydride ligand which precedes
protonation reveals the possibility of investigation of the
equilibrium between such adducts and dihydrogen com-
plexes. Unfortunately, to date, there are no theoretical
researches concerning the potential energy surfaces of
proton transfer for any such system.

We hope that this review will stimulate further inves-
tigations in this field.
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