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ABSTRACT

This Account presents our view of unconventional intermolecular
hydrogen bonds (HBs) for organometallic complexes and transi-
tion-metal or main-group hydrides. Over the past decade, low-
temperature spectroscopic (IR, UV, and NMR) studies combined
with theoretical calculations have disclosed the static and dynamic
features of different HBs. Their guiding role in the proton-transfer
processes was determined, as well as the energetic characteristics
of HB intermediates and the activation barriers. Nevertheless, there
is still much to explore in terms of the prediction of HB properties
and control of protonation/deprotonation processes.

Introduction

The importance of hydrogen bonds (HBs) in many physi-
cal, chemical, and biological structures and processes can
scarcely be exaggerated. Over the years, the hydrogen-
bond concept evolved via not only an elucidation of the
nature but also an extension of the range of hydrogen-
bonding partners.! Thus, for a hydrogen bond X°-—
Ho*---B, the classical row of electronegative elements X
(e.g., N, O, and F) has been broadened by the elements
of periods III-IV (P, S, Cl, etc.). The same elements
bearing lone electron pairs, as well as the  electrons of
multiple bonds or arene rings, have been shown to be
proton-accepting sites B. Discovery of unconventional
basic centers specific for organometallic complexes has
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opened a new page in the hydrogen-bond concept. Their
fundamental and practical (catalysis, new materials) im-
portance elicited studies from several research groups
including our own. As the result, we are beginning to
understand the organometallic HBs involved in proton-
transfer processes.?

Our main interest in this area is in spectroscopic and
theoretical studies of intermolecular interactions involving
organometallic compounds. In this Account, we will
describe the peculiarities of these unconventional HBs in
comparison with the classical ones, discuss their struc-
tures and spectroscopic manifestations, and show recent
developments in the field, especially the studies of the
mechanism of proton transfer to organometallic hydrides.

Organometallic Compounds as Proton
Acceptors in HBs

Three large classes of transition-metal or main-group
compounds can serve as proton acceptors.

1. Complexes of Transition Metals. Complexes of
transition metals have one unconventional basic site, the
d electrons of a transition metal, that yields XH®"---ML,
bonds. This class includes sandwich (Cp,M, Cp*,M) and
semi-sandwich (CpML,, Cp*ML,, where L = CO, NO, Hal,
N,, PRs, etc.) complexes of Group VI-VIII transition
metals, as well as the coordination compounds (ML,-
(phosphine),,). The ligands present in these complexes can
also form HBs, but they do not differ much from classical
X0—H0%*++-B bonds.

Thorough spectroscopic studies of XH*---M bonds in
the traditional solvents of low polarity by our group have
allowed us to determine their thermodynamics and to find
some common features for XH---M and classical HBs. The
interesting investigations by Kazarian and Poliakoff in
supercritical media have led to similar conclusions.*
Studies of ionic hydrogen bonds (M™-:-*HN) in the
crystalline state and in solution have allowed Brammer
and Crabtree to find the criteria by which HBs to a metal
atom can be identified and distinguished from agostic
interactions.?®> A comparative theoretical study of the
ionic and neutral systems is presented in ref 6.

2. Transition-Metal Hydride Complexes. Transition-
metal hydride complexes have two unconventional basic
sites: metal and hydride ligand. The last is unusual in
possessing no lone pairs or xr electrons but some negative
charge at the hydride atom. The discovery that a hydride
ligand can be an intermolecular hydrogen-bond acceptor
X—H%*---"9HML, in the solid state”? and in solution?® has
produced widespread interest. The term “dihydrogen
bond” (DHB) is widely used now for this type of interac-
tion.> The thermodynamic properties of such bonds in
solution have been determined by low-temperature IR and
NMR studies for many systems such as CpMHL,, Cp*MHL,,
and MH,L,,, where L = CO, NO, Hal, or a mono- or
polydentate phosphine.?~!” A family of ionic DHBs be-
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Scheme 1

p

EP/T\H————HOR

N

M =Fe, Ru, Os

I

tween the NH' groups of aza-crown ethers and the
hydride ligands of polyhydride anions has been studied
by Morris et al.*® Some hydrides!®!® of electron-rich
transition metals do not form XH:--HM but form XH:--M
hydrogen bonds (compare structures I and II, Scheme 1).

3. Main-Group Hydride Complexes. Main-group hy-
dride complexes have only one unconventional basic site,
hydride ligand. The formation of EH°"---**HX bonds,
which are DHBs as well, was found for the first time with
boron hydrides.??!~2 Recently, some theoretical calcula-
tions for DHBs with other main-group hydrides and
structural investigations of their crystalline state have been
published.?»¢ The spectral and thermodynamic charac-
teristics of these bonds have been determined in our
investigations of a series of boron hydrides and GaH,™ in
solution.?

ﬂr anometallic Hydrides as Proton Donors in
3

Many neutral hydrides are known to be strong acids.
Therefore, it was supposed that a molecular MH’*---B
hydrogen bond between M—H bonds of neutral transition-
metal hydrides and neutral bases (B) could be formed, as
a HB of X—H acids. In this case, repolarization of a M—H
bond (M—H?" instead of M—H?") could occur at the stage
of HB formation. However, when Norton et al. studied the
interaction between HCo(CO), (a rather strong acid) and
a series of bases, they found no evidence for such HB.?*

Nevertheless, a cationic hydride, as we found, can be
a proton donor in an ionic ([MH]"++-X") or ion-molecular
(IMH]*---B) hydrogen bond.?>~2¢ In these cases, some
positive charge is more easily placed on the metal-bound
hydrogen atom. The ionic HB was established for [Cp*,-
OsH]* and [WHs(dppe).]* as proton donors and CF;COO~
as a base. The ion-molecular ((MH]"++-B) interaction was
found with phosphine oxides as B; they are excellent
proton acceptors, which combine great ability to form
hydrogen bonds with weak basicity. Subsequently, IR

studies (in the vy and vpp regions) of [IrH,(PPhs),L,]BF,
and PPh3PO in the solid state were performed by Peris
and Crabtree;*’ the NMR spectra were not studied. The
changes in IR frequencies®> 2’ were the same as for
classical HBs, confirming that the polarization of the
metal—hydrogen bonds is M—H".

We are now searching for a HB with a neutral hydride
complex. Low-temperature IR study of the interaction
between CpW(CO);H and phosphine oxides has revealed?®
the lower-frequency vwy and vpo band shifts in WH:---B
complexes analogous to those observed for cationic hy-
drides. We suppose a partial positive charge is placed on
the hydrogen when it interacts with polar bases; such
repolarization is perhaps possible because of the presence
of three electron-withdrawing CO ligands. This problem
deserves further experimental and theoretical studies.

Spectroscopic (IR and 'H NMR) Evidence for
Unconventional HBs

Evidence of HB Formation. The most significant IR
spectral changes upon unconventional HB formation for
all of the above three classes are similar to those of
classical hydrogen bonds: a decrease in intensity (A) of
the vou(free) band and the appearance of a low frequency
(Avor > 100 cm™Y) broad intense vou(bonded) band. A
downfield shift of the H(O) signal in the '"H NMR spectra
is also observed. However, these IR and NMR features give
no information concerning the site of hydrogen-bond
formation.

Determination of the HB Site: IR Spectra. The study
of ligand IR stretching vibrations (vmy, ven, and v, where
L = CO, NO, and M-Hal) in the presence of proton donors
is convenient for this purpose. The rule is quite simple:
the band of hydrogen-bond acceptor group (vmu or v)
shifts to lower frequency (—Av), while all other bands shift
to higher frequencies (+Av). In the case of HBs to a metal
atom, all diagnostic bands have a positive Av about 10—
35 cm~1.?»% This experimental criterion has been con-
firmed by theoretical calculations.!1623

The two examples of OH---MH bonds for transition-
metal hydrides found up to date [WH,(dppe)s,'® [1*-N(CH,-
CH,PPh,)s;]ReH; (II, Scheme 1)!9] reveal +Avyy in their
low-temperature IR spectra in the presence of fluorinated
alcohols RFOH.

DHBs with monohydrides induce a low-frequency
shoulder (—Avyn), as found for Cp*Fe(dppe)H.!* Polyhy-
drides of classes 2 and 3 display a more complicated
picture: the shift of vyu/ven(bonded) bands to lower
frequency in DHB complexes is accompanied by a shift
of the bands of nonbonded groups to higher frequency
(+Avpun). Thus, distinct new high- and low-frequency
bands were observed in the spectra of Cp,NbHj in the
presence of RFOH at 200 K. Similarly, the low frequency
shoulders of the broadened vgy bands (—Avgy) in the IR
spectra of neutral (BHs;L) and anionic (BH,~, B,H,?>")
boron hydrides?'??> and GaH,™ # are accompanied by
upward shifts (+Avgyy,) of the initial bands because of the
large number of free EH groups in the DHB complex.

VOL. 38, NO. 8, 2005 / ACCOUNTS OF CHEMICAL RESEARCH 625
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INMR Spectra. NMR data for XH--*M complexes (class
1) are rare. Significant coupling between the OH~ or NH~
protons and the metal center (Jyn) has been observed for
XH--+Pt" hydrogen bonding.

The DHBs in class 2 have been more thoroughly
studied, and two principal pieces of evidence for DHB
formation have been found: an upfield shift of the hydride
signal and a decrease in its relaxation time by a factor of
1.5—2.2> The dyy shifts are temperature- and alcohol-
concentration-dependent and usually range from —0.2 to
—0.8 ppm at 200—230 K in an excess of proton donors.*!°
The regioselectivity of DHB with dihydrides PP;OsH,' [PP;
= [*-P(CH,CH,PPh,)s], (I, Scheme 1)] and ReH,(CO)(NO)-
(PR3)2?® was demonstrated: one of the hydride signals
exhibits a significant upfield shift, while the second
resonance remains practically unchanged. For the trihy-
dride Cp,NbHs, both the central and lateral hydride
ligands take part in DHB with (CF;),CHOH at 180 K (the
Ady are —1.3 and —0.4 ppm, respectively; both T} i, times
decreased).’> The larger shift of the first signal indicates
the preferred coordination of the OH group to the central
hydride (confirmed by DFT calculations). NMR changes
because of the BH--+HO bond formation observed for the
system BH3;NH;/(CF;),CHOH have not been so pro-
nounced.?!

Quantum-exchange coupling has been proposed by
Chaudret and Limbach?®® as an additional way of diagnos-
ing DHB formation but has not become widely used.

Energies, Nature, and Structures of
Unconventional HBs

Energy Values. The formation enthalpies (—AH) of HBs
formed by the three classes of complexes have been
determined from van’t Hoff’s method (temperature de-
pendence of formation constants obtained from IR or
NMR data) or by assuming empirical correlations between
—AH and IR spectral characteristics (Avog and AA'?) like
those found by logansen for organic systems.3! The
similarity of the enthalpy values determined by these two
different approaches proves the applicability of empirical
correlations for unconventional HBs.39717 All of these HBs
are of medium strength (—AH = 4—7.6 kcal mol™!) except
the neutral boron hydrides, which form HBs of only 2.5—
3.3 kcal mol1.2! The —AH values depend on the partner.
Therefore, we find it more convenient to compare differ-
ent unconventional bases using the characteristics of the
proton-accepting ability, basicity factors (Ej) independent
of the partners and media.?32 The E; values of transition
metals reported up to date vary from 0.62 to 1.45, and
those of hydride ligands are 0.54—1.66 and 0.41—1.37
(classes 2 and 3, correspondingly). Interestingly, hydrogen
bonding has been shown to occur at the metal site for
hydrides with rather high basicity factors (E; = 1.2—1.45).
Thus, there is no clear correlation between the hydrogen-
bonding site preference and the basicity factor. An in-
crease of E; factors allows predicting a proton transfer from
weaker XH acid.?®
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The theoretically estimated energies are as a rule higher
than the experimental —AH values®®? for several reasons.
First, the calculations are usually carried out in the gas
phase. Taking into account the solvent polarity, as was
shown for CpRuH(CO) (PHj), leads to a decrease of energy
values from —AH(gas phase) = 9.7 to —AH(CH,Cl,) = 2.9
kcal mol™! and to a better agreement with the experimen-
tal value in a nonpolar solvent.'? Second, the simplified
models of the real systems have been used. Comparative
study of the real Cp*Fe(dppe)H complex and its models
shows that the H-:-H bond energies do not differ signifi-
cantly, whereas the H---Fe bond energies are overesti-
mated in the models because of the neglect of the steric
hindrance caused by the phenyl substituents.!6 Third, the
basis set superposition errors have not been determined
in many cases, although they can be very large (up to
50%).615

Structures. A classical intermolecular HB is character-
ized by a linear geometry of the X—H---B fragment and
an H---B distance shorter than the sum of the van der
Waals radii. The X—H bond elongates upon HB formation.

The same features have been found in the recent
theoretical calculations for DHBs of CpRuH(CO)PCys,!2
PP;MH,,"® Cp,NbH;,'"» and EH,~ (E = B, Ga).?"?®> The
H---H distances are shorter than the sum of the van der
Waals radii (2.4 A). The M(E)—H and O(N)—H bonds are
elongated, while the Ho~---H*"*—X moieties are practically
linear (the angles range from 168° to 178°) (Scheme 2a).
The M(E)—H?"---H°* fragments are as a rule far from linear
(about 100—130°), which has led to the description of DHB
as a bent interaction between XH and the o electrons of
H—E bonds by some authors.?* However, the “hydrogen
bond linearity” always refers to the B---H’*—X angles. A
linear correlation between the values of —AH and the
distances r(H--*H) has been theoretically obtained for
various DHB complexes (Figure 1). Earlier, such correla-
tions were found for small molecules by Grabovsky?? and
Alkorta et al.3

While DHBs have been extensively studied by theoreti-
cians, the calculations on HB to a transition-metal atom
have been limited.?#6 Our recent study of HB to Cp*FeH-
(dhpe) (dhpe = 1,2-diphosphinoethane, Figure 2) provides
for the first time a comparison of the M---HX and
MH:---HX bonding.!® Thus, the Fe---H distances are less
than the sum of the van der Waals radii (2.949—2.418 A
depending on the proton donor), as are the r(H---H). The
Fe---H—X and H---H—X angles are close to linear. The
metal-hydride bond shortens [Ar(Fe—H) = —0.004 to
—0.007 A] upon coordination of proton donor to the metal
atom but elongates by 0.007—0.016 A upon DHB forma-
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FIGURE 1. Correlation between the DHB enthalpy values and
H---H distances for complexes of AlH;=3 with CH30H (1), CFs0H
(2), CFsCH,0H (3), BH4_23’37 with CH30H (4), CFsCH,0H (5), GaH;~ with
CF30H (6), CH30H (7), CFsCH,0H (8), Cp*FeH(dhpe)'® with (CFs),CHOH
(9), FCH,CH,0H (10), (CF3)3COH (11), CFsCOO0H (12), and CFsCH,0H
(13).

FIGURE 2. Optimized geometries of the hydrogen-bonded adducts
at hydride and metal sites of Cp*FeH(dhpe) with CF;CH,0H. Hydrogen
atoms of Cp* ring and PH, groups are omitted for clarity.

tion. In agreement with the experiment, the calculations
show an energy preference for DHB adducts.!*1¢

The two calculated directions of proton donor coordi-
nation for the Cp*FeH(dhpe) system, to the hydride ligand
and to the metal atom, are mutually trans (Figure 2). In
the case of polyhydrides, the proton donor approaches a
hydride ligand or metal atom in such a way that additional
interaction with the metal atom or neighbor hydride
ligand is possible (bifurcated structures in parts b and c
of Scheme 2). For example, with the Cp*WHj3(dhpe)/(CFs),-
CHOH system, the calculations show an energetic prefer-
ence for HB to the metal atom (Scheme 2b) (OW---H—O0,
172.8°% r(W-+-H), 2.69 A).17 Although the H:+-H(O) distance
is also short (2.03 A), the H--*H—0 angle of 133.0° is not
definitive for HB. We believe that in such situations other

parameters, e.g., bond overlap population or electron
density at the H--H bond critical point, should be
considered to elicit the true nature of the HB interaction.
On the other hand, DHB to Cp,NbH; can be regarded as
asymmetrical bidentate coordination (Scheme 2c) by
experimental data and calculations.!® Interesting results
were obtained for diprotic acids XH,.?* Minima on the
potential energy surfaces for H,O and CF;NH, with GaH,~
were achieved when two different hydride ligands coor-
dinate with both hydrogen atoms of the XH, groups to
form a symmetrical chelated structure (Scheme 2d). Such
a DHB has nonlinear OH:--H and NH:--H moieties and
induces less bond elongations. The H---H distances are
longer than in the linear DHB complexes. With less acidic
proton donors or less basic proton acceptors (BH,™), we
obtained linear monodentate coordination (Scheme 1a);
the interaction with the second hydrogen atom of the XH,
group cannot be regarded as a DHB (H---H distance =
2.449 A).

The additional interactions found theoretically for
transition-metal polyhydrides are demonstrated in the
solid state, although there are only a few DHB structures
with well-determined hydrogen positions reported.?” The
linearity of the central fragment has been shown by
neutron diffraction studies for ionic XH"---M 5 and neutral
NH-:-HB bonds.* The spectral data obtained for inter-
molecular M:--HX and MH:--HX bonds in solution provide
indirect evidence for the linear structure.?>3?

Nature of the Bonding. The geometry changes during
the different types of unconventional HB formation, as
well as those in classical HBs, are accompanied by a
mutual polarization of both partners with some charge
transfer occurring from the base. As it has been demon-
strated for many systems,?»¢131621.23 hoth the positive
charge on the acidic hydrogen and the negative charge
on the metal or the hydride atom increase in value upon
HB formation. Kitaura-Morokuma decomposition analysis
of the bond energy contributions for the simple DHB
(LiH---HX)3%¢ as well as for EH, ---HX®” shows that the
electrostatic term has the greatest impact on the total
energy gain similarly to classical HBs. Both DHB3¢37 and
M---H—0?% complexes have considerably larger contribu-
tions of the polarization energy relative to classical HBs.

The positive overlap population of an H--H bond,
which increases from 0.005 to 0.020 for BHsNH;3;/CH;OH?!
to 0.028—0.190 for EH, /ROH,® as well as the charge
density at the H---H bond critical point,* indicate a
covalent component of DHB.

Mechanistic Aspects (Proton Transfer via
Unconventional Hydrogen Bonds)

While classical XH%"++-B hydrogen bonds precede proton
transfer in a classical system, unconventional hydrogen
bonds have been shown to be intermediates in protona-
tion reactions.

The protonation of transition-metal compounds yields
classical cationic hydrides via intermediacy of HBs with
the transition-metal atom (eq 1).>'® Under certain condi-
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tions (low temperature, small amount of CF;COOH in CH,-
Clp), an ion pair stabilized by a hydrogen bond between
a cationic hydride and a counteranion can be observed.?
The reversibility of eq 1 has been shown, with the
equilibrium shifting toward the ion pairs upon cooling or
with an increase in the HX acid concentration. All species
in eq 1 were observed in the case of sterically hindered
sandwich compounds? and WH,(dppe),,'® while no free
ions were found in the protonation of half-sandwich
compounds in CH,Cl,® because of high HB formation
constants. However, only the free cation [Cp*Ir(CO),H]*
and the molecular complex Cp*(CO),Ir---HORY were found
in neat (CF;),CHOH or in (CF;),CHOH or HCI diluted by
supercritical xenon, probably because of dissociation of
the hydrogen-bonded ion pair caused by the high polarity
of these media.*

[M] + HX = M---HX = MH'...X = [MH+] X1 @
1 2 3

In the case of transition-metal hydrides, just as there
are two types of HBs, two pathways for proton transfer
are possible. In addition to the direct protonation of the
transition-metal atom yielding a classical polyhydride
species (as in eq 1), the proton transfer may proceed via
initial attack on the hydride ligand and dihydrogen
bonding, followed by intracomplex proton transfer and
nonclassical product formation (eq 2).

[MH] 4+ HX = MH---HX == [M(*-H,)] "[X]” —~ M—-X
4 5 6 7
)

In many cases, the nonclassical complex 6 is a kinetic
product of protonation, evolving eventually to a classical
polyhydride or organyloxo species 7.!!

Only two transition-metal hydrides have been found
where the formation of the above-mentioned XH---MH
bonds precedes the formation of classical cationic hy-
drides (eq 1).'®19

Examples of eq 2 are more numerous. A dynamic
equilibrium between a DHB and an (5?-H;) complex was
observed for the first time by NMR3? for the frans-RuH,-
(dppm),/(CF3),CHOH system. Later, this equilibrium was
observed for the protonation of hydridocarbonyl com-
plexes of Re® and Ru!® and of PPsMH, dihydrides.!* By
variable temperature IR spectroscopy, the reversibility of
such equilibria has been shown; the equilibria shift toward
the dihydrogen complexes upon cooling or increasing the
HX concentration.

The formation of ion pairs M—(?-Hp)*+-X~ (X~ =
CF;COO7, RFO™, and ArO™), stabilized by hydrogen bonds
between the dihydrogen ligand and counteranions, was
detected for CpRuH(CO)(PCys),'"*2 PPsMH,,* and Cp*FeH-
(dppe)'¢ complexes by IR and UV—visible spectroscopy.
The ion-pair stability increases with the proton-accepting
ability of the anion. For CpRuH(CO)(PCys), the vco band
position thus depends on the nature of the anion.!? The
dissociation of the hydrogen-bonded ion pair in the
reaction with CF;COOH is assisted by the formation of
homoconjugate anion [CF;COO(HOCOCEFs;),]~.111216
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Scheme 3
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Recently, it was found experimentally that a second
proton donor molecule may be necessary in an earlier
stage of the reaction, the proton-transfer step itself.
Norton et al. found that PhNH3" is capable of protonating
CpHW(CO),(PMe3) only because of the strong homocon-
jugate interaction of PhNH;" with its conjugate base.*
Intervention of a second proton donor molecule is simi-
larly necessary for the protonation of Cp*FeH(dppe) by
fluorinated alcohols or p-nitrophenol*!¢ (Scheme 3).
Theoretical studies'>!>!6 support this mechanism, showing
that the coordination of the second HX molecule increases
the strength of the primary dihydrogen-bonding interac-
tion nonadditively (the so-called cooperative effect in
hydrogen bonding*!). The barrier is therefore lower, and
the proton transfer can take place.

On the other side of the equilibrium, the second proton
donor molecule stabilizes the protonation products via
hydrogen bonding between the (772-H,) ligand of the cation
and the anion. [Cp*Fe(n?-H,)(dppe)]* isomer is formed at
200 K and rearranges irreversibly into the trans-dihydride
upon warming; the counteranion determines the temper-
ature at which this rearrangement takes place.!*

The mechanism of proton transfer to the main-group
element hydrides resembles that of transition-metal hy-
drides (eq 2), yielding organyloxy derivatives.?® However,
(7>-H,) complexes of main-group elements (B and Ga) are
so unstable that they have been characterized only
theoretically?®? (with the exception of the BH;(1%-H,)
complex observed by IR spectra in cryogenic matrixes at
13—27 K*2). Recent calculations have found them as
transition states or as very shallow minima on the
potential-energy surface preceding a dihydrogen loss.3”

Proton-Transfer Kinetics and Thermodynamics.
Potential-Energy Surface

The equilibrium thermodynamic parameters for the step-
wise protonation of the transition-metal hydrides in Table
1 have been obtained using a combination of different
spectroscopic techniques.

These data allow us to present a general profile for the
potential energy of proton transfer using the H—H dis-
tances as the reaction coordinate (Scheme 4). The experi-
mental picture agrees with theoretical findings. Hydrogen-
bond formation is a diffusion-controlled process with no
energy barrier. This step makes a considerable contribu-
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Table 1. Enthalpies (in kcal mol™') and Entropies (in eu) for Two Stages of Hydrides Protonation

dihydrogen bonding proton transfer

hydride® (E)) RFOH AH° AS° rH---Hb AH° AS° rH—H?
triphosRe(CO)2H (0.97)° (CF3);COH —6.0 —22.7 1.83 —2.3 -8.4 0.80
Cp*FeH(dppe) (1.36)14:16 (CF3)2CHOH —-6.5 —18.6 —4.2 -8
triphosRu(CO)H;, (1.39)1° (CF3)CHOH —6.6 —23 1.81 —8.7 —42 0.93
RuHs(dppm)s (1.40)38 (CF3)2:CHOH —6.8¢ —10.2¢
Cp*MoHjs(dppe) (1.43)17 CF3;CH20OH —6.1 -20.4 -3.9 -14.4
PP3;0sH; (1.67)13 CF3;CH2OH —6.8 -19.2 1.96 —-2.5 =7.7 0.95

@ triphos = CH3(CH2CH2PPhy)s; dppe = PhoPCH2CHyPPhy; dppm = PhyPCH3PPhg; PP3 = n*—P(CH2CHgPPhy)s. ® In angstroms.
¢ Calculated by using Avxy values from ref 38. ¢ Calculated from the original value of —17 kcal mol~! obtained for transformation of free

hydride into (2-Hg) complex.38

Scheme 4

AH°

rH..H, A

tion to the total energy gain and determines the direction
of proton transfer. The depth of the second well depends
on the stability of the nonclassical complex formed; it is
a true minimum in most cases (Table 1). The (3-H,)
complex can lie above a DHB complex if it is unstable,
like [CpRu(72-H,) (CO) (PCys)] FOR .12

The activation parameters associated with the proton-
transfer step have been rarely measured. For Cp*FeH-
(dppe)/(CF3),CHOH in dichloromethane, AH* = 3.9 kcal
mol~! and AS* = —40 eu, and for CpRuH(CO) (PCys)/ (CF3)3-
COH in hexane, AH* = 11.0 kcal mol~! and AS* = —19 eu.
In other cases, the activation free energy AG* has been
estimated to be in the 12—16 kcal mol™! range, in
agreement with the observation of two separate NMR
resonances for the DHB and the (2-H;) complexes. The
barrier is particularly sensitive to the strength of the
proton donor. When there are hydrogen-bonded inter-
mediates in proton transfer to a transition-metal hy-
dride, there is a correlation between the strength of the
M—H---H interaction and the proton-transfer activation
barrier. Calculations confirm that there is a barrier
decrease with acid strength up to a barrierless reaction
with strong acids.'®

Another important issue is a correlation between HB
characteristics (formation enthalpies or basicity factors)
and parameters of proton transfer (enthalpies or pKky).
Such correlations for organic systems are linear for a given
class of bases.

Such correlation may be found for transition-metal or
hydride ligand protonation (Figure 3), but deviations from
linearity are not rare for such bases. They can be explained
by further transformations of the primary protonation
products; e.g., the cis—trans isomerization occurs with

a 31
Mo(CO),(dppe
Cp*,0s 4 (CO)(dppe),
- 27 1 ™
g [ ]
= W(CO),(dppe),
S 231
E . Cp*Ir(CO),
jan)
<
19 1
Cp*zRu
15 T T T
0,8 1,0 1,2 1,4 1,6
E;
b 19
17 RuHy(dppm),
Lo triphosRu(CO)H,
g 15
Ei
v/
T 13
3
11 A
Cp*FeH(dppe)
9 T T
1,35 1,37 1,39 1,41
E

il

FIGURE 3. Correlations between the basicity factors E; of transition-
metal atom? (a) and of hydride ligand (b) and the enthalpies of their
protonation by CF3SO3H in CICH,CH,CI (data from ref 43) and by (CFs),-
CHOH in CH,Cl, (sum of two AH values in Table 1).

M(CO),(dppe)..® There may also be structural peculiarities
in the protonation products. Thus, the enthalpies of DHB
and E; factors increase down the iron triad: H(Fe) < H(Ru)
< H(Os) (for isostructural PPsMH, hydrides),'® although
their ability to undergo protonation (judged by the relative
content of protonated form in PP3;MH,/p-nitrophenol
equimolar mixture®) varies aperiodically H(Fe) < H(Os)
<H(Ru) as do the pK, values of (?>-H,) ligands.?®* This
can be explained by a stronger (and then shorter) H—H
bond in the ruthenium complex as compared to the
osmium derivatives. Note, the E; factors of transition
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metals®? as well as the pK, values of classical hydrides*
increase down the group evenly.

Conclusion and Future Perspectives

This Account highlights unconventional HBs for organo-
metallic complexes and transition-metal and main-group
hydrides. Although these HBs were discovered only 10—
15 years ago, their common spectral, structural, and
thermodynamic features have been determined, as well
as their intermediacy in proton transfer processes. All of
the unconventional HBs studied to date are of medium
or weak strength. A practically linear arrangement
has been shown for the X—H-:--M, X—H-:--HM), and
X—H---H(E) moieties, with short H--*M and H--H dis-
tances. Calculations suggest that polyhydrides can form
some bifurcated or chelate structures with angles signifi-
cantly less than 180°. Their electrostatic nature is similar
to that of classical hydrogen bonds of the same energies.
Only the polarization energy is more important for
unconventional HBs than for classical HBs.

Two pathways of protonation for transition-metal
hydrides have been studied: to the metal atom via HB as
well as to the hydride ligand via DHB, yielding classical
and nonclassical cationic polyhydrides, respectively. How-
ever, the conditions that determine which pathway is
chosen for proton transfer are still unclear. The effects of
metals, ligands, and solvent properties should be studied
further. There are especially few data available for the first
pathway. In the case of the EH---HX interaction, the
mechanistic study of proton transfer demands new ap-
proaches, combining theoretical with spectral investiga-
tions. A future challenge is to study the equilibrium
between these types of hydrogen bonding to steer the
reaction along a desirable pathway. The different potential
energy surfaces and the activation barriers await thorough
study using experimental (involving kinetic) methods and
theoretical work.

As more riddles are unraveled, this new lively world of
HBs can be applied to the solution of catalytic, physical,
and supramolecular problems in chemistry and biochem-

istry.

Authors thank Professors A. Lledos, M. Peruzzini, and R. Poli
for fruitful collaboration. This work was supported by RFBR (05-
03-32415, 04-03-32456), by INTAS (00-00179), and by Division of
Chemistry and Material Science of RAS.

References

(1) Jeffrey, G. A. An Introduction to Hydrogen Bonding; Oxford
University Press: Oxford, U.K., 1997. (b) Scheiner, St. Hydrogen
Bonding. Theoretical Perspectives, Oxford University Press: New
York, 1999.

For overview on the subject, see (a) Recent Advances in Hydride
Chemistry; Peruzzini, M., Poli, R., Eds.; Elsevier: Amsterdam, The
Netherlands, 2001. (b) Epstein, L. M.; Shubina, E. S. New types
of hydrogen bonding in organometallic chemistry. Coord. Chem.
Rev. 2002, 231, 165—181. (c) Brammer, L. Metals and hydrogen
bonds. Dalton Trans. 2003, 3145—3157. (d) Alkorta, I.; Rozas, |.;
Elguero, J. Non-conventional hydrogen bonds. Chem. Soc. Rev.
1998, 27, 163—170. (e) Coustelcean, R.; Jackson, J. E. Dihydrogen
bonding: Structures, energetic, and dynamic. Chem. Rev. 2001,
101, 1963—1983.

(2

630 ACCOUNTS OF CHEMICAL RESEARCH |/ VOL. 38, NO. 8, 2005

(3)

(4

(5)

(6

(7

(8

(9

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18

(19)

(20)

Shubina, E. S.; Belkova, N. V.; Epstein, L. M. Novel types of
hydrogen bonding with transition metal z-complexes and hy-
drides (review). J. Organomet. Chem. 1997, 536—537, 17—29.
Kazarian, S. G.; Hamley, P. A.; Poliakoff, M. Is intermolecular
hydrogen bonding to uncharged metal centers of organometallic
compounds widespread in solution? J. Am. Chem. Soc. 1993, 115,
9069—-9079.

Yao, W.; Eisenstein, O.; Crabtree, R. H. Interaction between CH
and NH bonds and d8 square planar metal complexes: Hydrogen
bonded or agostic. Inorg. Chim. Acta 1997, 254, 105—111.
Alkorta, |.; Rozas, |.; Elguero, J. Transition metals as hydrogen
bond acceptors: A theoretical study. J. Mol. Struct. 2001, 537,
139-150.

Wessel, J.; Lee, J. C.; Peris, E.; Yap, G. P. A,; Fortin, J. B.; Ricci, J.
S:, Sini, G.; Albinati, A.; Koetzle, T. F.; Eisenstein, O.; Rheingold,
A. L.; Crabtree, R. H. An unconventional intermolecular three-
center N—H---H,Re hydrogen bond in crystalline [ReHs(PPhs)s]-
indole-C¢He. Angew. Chem., Int. Ed. Eng. 1995, 34, 2507—2509.
Crabtree, R. H.; Siegbahn, P. E. M.; Eisenstein, O.; Rheingold, A.
L.; Koetzle, T. F. A new intermolecular interaction: Unconven-
tional hydrogen bonds with element—hydride bonds as proton
acceptor. Acc. Chem. Res. 1996, 29, 348—354.

Belkova, N. V.; Bakhmutova, E. V.; Shubina, E. S.; Bianchini, C.;
Peruzzini, M.; Bakhmutov, V. |.; Epstein, L. M. The energy profile
of proton transfer from Brgnsted acids to terminal hydrides in
transition metal complexes can be estimated by combining in situ
IR and NMR spectroscopy. Eur. J. Inorg. Chem. 2000, 2163—2165.
Bakhmutov, V. |.; Bakhmutova, E. V.; Belkova, N. V.; Bianchini,
C.; Epstein, L. M.; Peruzzini, M.; Shubina, E. S.; Vorontsov, E. V.;
Zanobini, F. In-depth NMR and IR study of the proton-transfer
equilibrium of {{(MeC(CH,PPh3)3} Ru(CO)H, with hexafluoroiso-
propanol. Can. J. Chem. 2001, 79, 479—489.

Belkova, N. V.; lonidis, A. V.; Epstein, L. M.; Shubina, E. S.;
Gruendemann, S.; Golubev, N. S.; Limbach, H.-H. Hydrogen
bonds with hydride ligand and low-temperature protonation of
CpRuH(CO)(PCys) basing on IR and NMR spectroscopy data. Eur.
J. Inorg. Chem. 2001, 1753—1761.

Belkova, N. V.; Besora, M.; Epstein, L. M.; Lledos, A.; Maseras,
F.; Shubina, E. S. Influence of media and homoconjugate pairing
on transition metal hydride protonation. An IR and DFT study on
proton transfer to CoRuH(CO)(PCys). J. Am. Chem. Soc. 2003, 125,
7715—7725.

Gutsul, E. I.; Belkova, N. V.; Sverdlov, M. S.; Epstein, L. M.;
Shubina, E. S.; Bakhmutov, V. I.; Gribanova, T. N.; Minyaev, R.
M.; Bianchini, C.; Peruzzini, M.; Zanobini, F. Low-temperature IR
and NMR studies of the interaction of group 8 metal dihydrides
with alcohols. Chem. Eur. J. 2003, 9, 2219—2228.

Belkova, N. V.; Revin, P. O.; Epstein, L. M.; Vorontsov, E. V.;
Bakhmutov, V. I.; Shubina, E. S.; Collange, E.; Poli, R. Kinetics
and mechanism of the proton transfer to Cp*Fe(dppe)H: Absence
of a direct protonation at the metal site. J. Am. Chem Soc. 2003,
125, 11106—11115.

Bakhmutova, E. V.; Bakhmutov, V. |.; Belkova, N. V.; Besora, M.;
Epstein, L. M.; Lledés, A.; Nikonov, G. I.; Shubina, E. S.; Tomas,
J.; Vorontsov, E. V. First investigation of non-classical dihydrogen
bonding between an early transition metal hydride and alcohols.
IR, NMR, and DFT approach. Chem. Eur. J. 2004, 10, 661—671.
Belkova, N. V.; Collange, E.; Dub, P.; Epstein, L. M.; Lemenovskii,
D. A;; Lledos, A.; Maresca, O.; Maseras, F.; Poli, R.; Revin, P. O.;
Shubina, E. S.; Vorontsov E. V. Experimental and computational
studies of hydrogen bonding and proton transfer to Cp*Fe-
(dppe)H. Chem. Eur. J. 2005, 11, 873—888.

Andrieu, J.; Belkova, N. V.; Besora, M.; Collange, E.; Epstein, L.
M.; Lledés, A.; Poli, R.; Revin, P. O.; Shubina, E. S.; Vorontsov E.
V.. Hydrogen bonding and proton-transfer involving the trihydride
complexes Cp*MHs(dppe) (M = Mo, W) and fluorinated alcohols.
Rus. Chem. Bull. 2003, 52, 2679—2682.

Shubina, E. S.; Krylov, A. N.; Belkova, N. V.; Epstein, L. M.; Borisov,
A. P.; Mahaev, V. D. The role of hydrogen bonds involving the
metal atom in protonation of polyhydrides of molybdenum and
tungsten of MH4(dppe),. J. Organomet. Chem. 1995, 493, 275—
2717.

Albinati, A.; Bakhmutov, V. |.; Belkova, N. V.; Bianchini, C.; De
Los Rios, I.; Epstein, L. M.; Gutsul, E. I.; Marvelli, L.; Peruzzini,
M.; Rossi, R.; Shubina, E. S.; Vorontsov, E. V.; Zanobini, F.
Synthesis, characterization, and interconversion of the rhenium
polyhydrides [ReHs(17*-NP3)] and [ReH4(7*-NP3)]* (NP3 = tris(2-
diphenylphosphinoethyl)amine). Eur. J. Inorg. Chem. 2002, 1530—
1539.

See, e.g., Abdur-Rashid, K.; Gusev, D. G.; Lough, A. J.; Morris, R.
H. Intermolecular proton-hydride bonding in ion pairs: Synthesis
and structural properties of [K(Q)][MHs(PiPr3)2] (M = Os, Ru; Q =
18-crown-6, 1-aza-18-crown-6, 1,10-diaza-18-crown-6). Organo-
metallics 2000, 19, 834—843.



(21)

(22)

(23)

(24)

(25)

(26)

(28)

(29)

(30)

(31)

(32)

Diverse World of Unconventional HBs Belkova et al.

Epstein, L. M.; Shubina, E. S.; Bakhmutova, E. V.; Saitkulova, L.
N.; Bakhmutov, V. |.; Gambaryan, N. P.; Chistyakov, A. L.;
Stankevich, I. V. Unusual hydrogen bonds with hydride atom in
boron hydrides as proton acceptor. Spectroscopic and theoretical
studies. Inorg. Chem. 1998, 37, 3013—3017.

Shubina, E. S.; Bakhmutova, E. V.; Filin, A. M.; Sivaev, |. B.;
Teplitskaya, L. N.; Chistyakov, A. L.; Stankevich, I. V.; Bakhmutov,
V. I.; Bregadze, V. |.; Epstein, L. M. Dihydrogen bonding of
decahydro-closo-decaborate?~ and dodecahydro-closo-dodeca-
borate?~ anions with proton donors. Spectral and theoretical
investigation. J. Organomet. Chem. 2002, 657, 155—162.
Belkova, N. V.; Filippov, O. A.; Filin, A. M.; Teplitskaya, L. N.;
Shmyrova, Y. V.; Gavrilenko, V. V.; Golubinskaya, L. M.; Bregadze,
V. l.; Epstein, L. M.; Shubina, E. S. Interaction of the [GaH4]~ anion
with weak XH Acids—A spectroscopic and theoretical study. Eur.
J. Inorg. Chem. 2004, 3453—3461.

Kristjansdottir, S. S.; Norton, J. R.; Moroz, A.; Sweany, R. L.;
Whittenburg, S. L. Absence of hydrogen bonding between cobalt
carbonyl (HCo(CO),) and nitrogen or oxygen bases. IR and Raman
study. Organometallics 1991, 10, 2357—2361.

Shubina, E. S.; Krylov, A. N.; Kreindlin, A. Z.; Rybinskaya, M. I.;
Epstein, L. M. Hydrogen-bonded complexes involving the metal
atom and protonation of metallocenes of the iron subgroup. J.
Organomet. Chem. 1994, 465, 259—262.

Epstein, L. M.; Shubina, E. S.; Krylov, A. N.; Kreindlin, A. Z.;
Rybinskaya, M. I. Interaction between [(175-CsMes),0sH]*PFg~
and nitrogen or oxygen bases. Hydrogen bonds of the type
[OsH]*++-B. J. Organomet. Chem. 1993, 447, 277—280.

Peris, E.; Crabtree, R. H. Infrared detection of MH--:OPPh3
hydrogen bonds. J. Chem. Soc., Chem. Commun. 1995, 2179—
2181.

Belkova, N. V.; Gutsul, E. I.; Epstein, L. M.; Shubina, E. S.
Manuscript in preparation.

Messmer, A.; Jacobsen, H.; Berke, H. Probing regioselective
intermolecular hydrogen bonding to [Re(CO)H2(NO)(PR3)2] com-
plexes by NMR titration and equilibrium NMR methodologies.
Chem.—Eur. J. 1999, 5, 3341—3349.

Ayllon, J. A.; Sabo-Etienne, S.; Chaudret, B.; Ulrich, S.; Limbach,
H.-H. Modulation of quantum mechanical exchange couplings in
transition metal hydrides through hydrogen bonding. Inorg. Chim.
Acta 1997, 259, 1-4.

logansen, A. V. Direct proportionality of the hydrogen bonding
energy and the intensification of the stretching vxy vibration in
infrared spectra. Spectrochim. Acta, Part A 1999, 55, 1585—1612.
logansen, A. V. Rule of products of acid—base functions of
molecules upon hydrogen bonding in CCl, solutions. Theor. Exp.
Chem. 1971, 7, 302—311. (b) The empirical “rule of factors”
demonstrating the invariability of proton donor (P}) and proton
acceptor (E;) properties of organic acids and bases in HB was

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

obtained322 from a large array of spectral and colorimetric data.
We used the equation of “rule of factors” AH;; = AH11PEj, where
AH,q is enthalpy of hydrogen bonding for a standard pair PhROH—
Et,0 (P, = E; = 1.00).

Grabowski, S. J. High-level ab initio calculations of dihydrogen-
bonded complexes. J. Phys. Chem. A 2000, 104, 5551—5557.
Alkorta, I.; Elguero, J.; Mo, O.; Yanez, M.; Del Bene, J. E. Ab initio
study of the structural, energetic, bonding, and IR spectroscopic
properties of complexes with dihydrogen bonds. J. Phys. Chem.
A 2002, 706, 9325—9330.

Klooster, W. T.; Koetzle, T. F.; Siegbahn, P. E. M.; Richardson, T.
B.; Crabtree, R. H. Study of the N—H---H—B dihydrogen bond
including the crystal structure of BH3sNH3 by neutron diffraction.
J. Am. Chem. Soc. 1999, 121, 6337—6343.

Orlova, G.; Scheiner, S. Intermolecular MH:--HR bonding in
monohydride Mo and W complexes. J. Phys. Chem. A 1998, 102,
260—269.

Fillipov, O. A,; Filin, A. M.; Belkova, N. V.; Epstein, LM.; Shubina,
E. S.; Lledos, A. Preliminary data.

Ayllon, J. A.; Gervaux, C.; Sabo-Etienne, S.; Chaudret, B. First
NMR observation of the intermolecular dynamic proton-transfer
equilibrium between a hydride and coordinated dihydrogen:
(dppm);HRuH-:-H—0OR = [(dppm);HRu(H2)1"(OR)~. Organometal-
lics 1997, 16, 2000—2002.

Gutsul, E. I.; Belkova, N. V.; Babakhina, G. M.; Epstein, L. M.;
Shubina, E. S.; Bianchini, C.; Peruzzini, M.; Zanobini, F. How can
the metal affect the proton transfer to the dihydrides [{P(CH,CH,-
PPh3)3} MH2] (M = Fe, Ru, Os)? A low-temperature electronic
spectroscopy study. Russ. Chem. Bull. 2003, 52, 1204—1206.
Papish, E. T.; Rix, F. C.; Spetseris, N.; Norton, J. R.; Williams, R.
D. Protonation of CpW(CO),(PMes)H: Is the metal or the hydride
the kinetic site? J. Am. Chem. Soc. 2000, 122, 12235—12242.
Karpfen, A. Cooperative effects in hydrogen bonding. Adv. Chem.
Phys. 2002, 123, 469—510.

Schreiner, P. R.; Schaefer, H. F.; Schleyer, P. R. The structure and
stability of BHs. Does correlation make it a stable molecule?
Qualitative changes at high levels of theory. J. Chem. Phys. 1994,
101, 7625—7632.

Angelici, R. J. Basicities of transition metal complexes from
studies of their heats of protonation: A guide to complex
reactivity. Acc. Chem. Res. 1995, 28, 51—60.

Abdur-Rashid, K.; Fong, T. P.; Greaves, B.; Gusev, D. G.; Hinman,
J. G.; Landau, S. E.; Lough, A. J.; Morris, R. H. An acidity scale
for phosphorus-containing compounds including metal hydrides
and dihydrogen complexes in THF: Toward the unification of
acidity scales. J. Am. Chem. Soc. 2000, 122, 9155—9171.

AR040006J

VOL. 38, NO. 8, 2005 / ACCOUNTS OF CHEMICAL RESEARCH 631



