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Abstract

The aqueous coordination chemistry of dihydrogen has potential applications in inorganic biomimicry, chemoselective hydrogenation catalysis,
and green chemistry. However, experimental and mechanistic studies that explore the aqueous behavior of these complexes are virtually unknown.
This review identifies the motivation for studying aqueous dihydrogen coordination complexes by providing a summary of reactions that involve
a dihydrogen ligand in highly polar solvents. The under-utilized potential of aqueous dihydrogen complexes in ionic hydrogenation reactions and
in biomimicry is addressed. Finally, NMR methods for characterizing H-H bond distances in n>-H, complexes are reviewed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Overview

The seminal discovery by Kubas et al. [1] of an unusual class
of compounds now known as o-bonded complexes prompted
a vast research effort to understand their structure, function
and reactivity [2-6]. o-Bonded dihydrogen complexes (i.e.,
m2-H, complexes) in particular have been the subject of espe-
cially intense investigation because they have been shown to be
key intermediates or precursors in a variety of catalytic trans-
formations involving Hy as a reactant [7,8]. While much is
known about the non-aqueous reactivity of dihydrogen com-
plexes, specifically with regard to catalysis, very few studies
have identified, much less examined, water-soluble dihydrogen
complexes and their solution behavior. Aqueous coordination
chemistry has many desirable attributes. Of particular interest
is the extension of known non-aqueous catalytic reactions into
aqueous media to reduce the use of environmentally hazardous
solvents and to increase atom economy. Also, because the dielec-
tric constant of water is exceptionally high, water is a particularly
desirable medium in which to perform reactions that feature a
charged transition state. Furthermore, hydrogenation reactions
that proceed through an ionic mechanism may selectively pro-
mote reactions at a polar group in the presence of non-polar
functionalities. It has been suggested that the selectivity should
be maximized when performed in an ionizing, polar solvent such
as water [9-11].

Although heterolytic proton transfer reactions play a
prominent role in many -catalytic cycles, including the
hydrogenase-mediated reduction of protons, there has been lim-
ited experimental success at identifying key intermediates in
such reactions. Many of these intermediates are proposed to con-
tain unique hydrogen-bonded species; however, their identity in
solution has been unconfirmed up to now.

The focus of this review is information relevant to the chem-
istry of dihydrogen o-complexes in aqueous solution. We begin
with a brief background section on the bonding and struc-
ture in m2-H, complexes, followed by a short discussion of
known aqueous 1?-H, complexes, and then proceed to a general
description of the non-aqueous reactivity of dihydrogen com-
plexes in polar media. The heterolytic reactivity trends as they
relate to ionic-type hydrogenation reactions will be discussed,
followed by a brief survey of known ionic hydrogenation reac-
tions that proceed through an m?-H, precursor or intermediate.
Such reactions are of particular interest because they are an ini-
tial step toward utilizing an ionic mechanism in hydrogenation
reactions. A thorough understanding of the mechanism of these
ionic hydrogenations, as well as a knowledge of the solution-
phase properties of dihydrogen complexes in water, is required
before effective catalytic cycles involving H, intermediates can
be realized in water. Because of their relevance to heterolytic Hy
activation, intermediates in proton transfer reactions will also be
discussed, specifically with regard to hydrogen bonded species,
including a novel dihydrogen hydrogen bonding motif. Finally,
NMR characterization methods of n>-H, complexes will be
reviewed.
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Fig. 1. The coordination of a generic HX o bond (a) to a transition metal center,
and (b) a pictorial description of the bonding in o-complexes with Hy as a
prototype. Filled orbitals are shaded gray, empty orbitals are unshaded.

1.2. Bonding and structure of n’-H> complexes

The bonding in n2-H, complexes and o complexes, in gen-
eral, is described by the Dewar—Chatt—-Duncanson bonding
model [12], which entails electron donation from the o bond
of the ligand to an empty metal orbital accompanied by back-
donation from a filled d-orbital into the o* orbital of the ligand
(Fig. 1).

The backbonding is a crucial component of this bonding,
much as itis in the bonding of olefins and CO to a transition metal
fragment. Just as the v(C=0) in an infrared spectrum gives elec-
tronic information on the extent of w-back-bonding, the H-H
bond distance (dgg) gives analogous information for a coordi-
nated Hy ligand. Accordingly, the extent that the H-H bond is
elongated from the distance in the free molecule (0.74 A) isa
typical characterization criterion for H, o-complexes. In this
regard, one can consider a o-bonded H, complex as an arrested
intermediate along the oxidative-addition pathway. Indeed, H-H
bond distances have been measured in complexes that span the
spectrum from free Hj to classical dihydrides (Fig. 2).

Coordination of Hy to a transition metal center results in
several changes in the properties of the H, molecule, and acti-
vation (both homolytic and heterolytic) is usually facile. The
electronic features of the transition metal fragment determine
which activation pathway is followed, and heterolytic activa-
tion of Hj is typically favored for highly electrophilic fragments
or complexes containing highly m-acidic trans ligands. While
the acidity of free Hj is negligible in THF (pK, >49) [13], the
pK, can drop substantially upon coordination to a transition
metal. Indeed, one potential way of utilizing m?-H, coordina-
tion complexes in water is to deliver acid equivalents generated
from Hj gas to a substrate. For instance, when H, gas coor-
dinates to a highly electrophilic rhenium fragment to form
[Cp*Re(H2)(CO)(NO)]*, it becomes superacidic (pK,=—2
in CH,Clp) [14]. In another example, the dicationic trans-
[Os(DPPE)>(CO)(H»)]** complex, prepared by protonation of
the corresponding osmium hydride, has a reported pK, value
close to —6 (pseudo-aqueous scale) [15]. Although such acidity
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(0.74 A) (0.8-1A) (1.1-15A) (>1.5A)

-
r

Increasing d, basicity

Fig. 2. The change in the H-H bond distance upon coordination to metal centers
of increasing basicity.
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Fig. 3. The first reported water-soluble n>-H, complexes.

represents an extreme case of binding to a super electrophilic
metal fragment, more common pK, values of coordinated Hy
range between 5 and 16 pK, units [5,13,16-18]. A consequence
of the increased acidity of coordinated H, is the propensity
for deprotonation by a suitable base. Thus, although the H-H
bond in free dihydrogen is quite strong (104 kcal mol~!), the
heterolytic activation of H» is a common reaction pathway that
allows an Hp molecule to be effectively cleaved into H" and
H™ [5,19,20]. The proton transfer heterolytic activation path-
way (Eq. (1)) can proceed intermolecularly to an external base
or intramolecularly to a nearby ligand. This type of reactivity is
crucial to many biological and industrial systems that utilize Hy
as a feedstock [21].
1+
H :B

M—ll_| — M—H +BH"

ey
2. Water-soluble n2-H, complexes

As discussed in the sections below, water-soluble, inert nz-Hz
complexes show potential for use in a wide variety of appli-
cations, ranging from biomimicry to selective hydrogenation
catalysis. Yet, until relatively recently, few such complexes were
known. The first water-soluble dihydrogen complexes were
reported by Malin and Taube [22], although the complexes
were not recognized as m>-H, complexes until some 20 years
later [23]. Taube synthesized the [Os(NH3)4(H3)(L)]* complex
and the corresponding ethylene diamine (en) species (Fig. 3)
in water by the routes in Eqs. (2) and (3). Subsequent analy-
ses by diffraction [24,25] and NMR spectroscopy [26] showed
that both complexes have elongated v>-H; ligands. It needs to
be stressed that using water in these syntheses was not (and is
not) typical of the methods used to prepare m?-H, complexes.
Most coordination complexes of dihydrogen are generated in
non-polar and, typically, non-coordinating solvents.

e T
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Fig. 4. The [Ru(H,0)s(H)** complex was generated in situ under a high
pressure of Hp.

The complexes synthesized by Taube are unexpectedly robust
with regard to loss of Hy in aqueous solutions or solutions
containing highly coordinating solvents such as pyridine and
acetonitrile. However, the ligand rans to the n?-H, ligand was
easily displaced by a variety of neutral and anionic ligands,
including water. As a practical application, it was found that
trans-[Os(en)2(H2)(L)][PFe] binds to a variety of biomolecules,
including nucleotides, RNA, amino acids, peptides, and phos-
pholipids. The chemical shift of the H, resonance was a sensitive
probe of the trans ligand [27], and the ease of substitution of the
trans ligand and its subsequent effect on the 'H NMR spectrum
of the m?-H, ligand was exploited for molecular recognition.

Another water-soluble, yet unstable, n>-H, complex was
generated in sifu by charging a solution of [Ru(H>O)g]** with
40 atm of H, (Fig. 4) [28]. This complex is unusual in several
respects. The coordination sphere around the ruthenium does not
contain any m-acidic or m-basic ligands, which is quite atypical
of most ligand architectures that support an intact dihydrogen
ligand. The solution structure of the complex was confirmed
by 70 NMR spectroscopy at 533 atm H», and the identity of
the coordinated Hj ligand was shown by a large Jyp and small
T, value of the Hy resonance (see Section 5). This complex
was also found to catalyze H/D exchange with the D, O solvent
and H», and at the high pressures used, HD gas was observed
spectroscopically.

Recently, another class of water-soluble and stable nz-Hz
complexes was reported from our laboratory [29,30]. When a
water-soluble iron bis(phosphine) complex was charged with
a low pressure of Hy (1-2atm) in water, the corresponding
dihydrogen hydride species formed (Fig. 5).

The formation of the dihydrogen complex was investigated
by variable temperature multinuclear NMR experiments and
shown to follow a pathway involving phosphine-assisted het-
erolytic cleavage of Hy. (Note the formation of the protonated
phosphine in Fig. 5.) Once the phosphine was protonated, it
underwent decoordinative decomposition and scavenged some
of the acid produced. Control experiments showed that the pH
of the ending solution corresponded with the pK, values of the
protonated phosphine ligands. To circumvent the decomposition

(|;| HTH —|+ " (l_‘,l "
P, | 4P 1-2 atm H, F’f.,_J_\\\P P 3
—_— .
P’Fle‘Pj H20 2[P’ |e‘P:| ' 2}_@:] ' F|e e
cl H cl

H3CO OCH
T W ‘%F;—\PPT 3

DMeOPrPE H,CO—, \k)a-ocH3

Fig. 5. The [Fe(DMeOPrPE),(H)(H;)]* complex is generated at near atmo-
spheric pressure of H, along with acid-promoted decomposition products.
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Fig. 6. The [M(DMeOPrPE),(H)(Hz)]* complexes (M = Fe, Ru, Os) are gener-
ated quantitatively when reacted in buffered solutions.

pathway, the dihydrogen complex could be formed quantita-
tively when reacted in a buffered solution (pH 7). The analogous
ruthenium [31] and osmium species [32] were also found to
yield a water-soluble and stable dihydrogen hydride complex in
buffered solution at slightly higher pressures of H, (ca. 24 atm)
(Fig. 6).

Although the above examples represent the known m?-Hj
coordination complexes in water, numerous other reports have
proposed intermediates consisting of n2-H, complexes in water,
particularly to explain H/D exchange in DO as well as potential
intermediates in hydrogenase enzymes [33—40]. These examples
are discussed in the sections below where appropriate.

3. Reactivity of H, complexes
3.1. General non-aqueous reactivity

When an 2-H; complex is involved in a catalytic or stoichio-
metric reaction, the n>-H, ligand does one of the following: (1)
it readily dissociates to provide an open coordination site; (2) it
acts as a proton or hydride donor to an appropriate substrate, or
(3) it provides reducing equivalents to a metal center for later use.
These reactions are outlined in Scheme 1 for both homolytic and
heterolytic cleavage pathways. The homolytic pathway is typ-
ically favored for highly basic transition metal centers, while
the heterolytic pathway is favored for electrophilic metal com-
plexes. Because most catalytic processes involving Hy employ

HOMOLYTIC
PATHWAY

ligand

(n+2)+ 1+
MZ_ H oxidative addition

| (n+2)+ 7 i
R'-— n+
M—Rp~"H M—H +RH

insertion reductive elimination

substitution

hydride transfer

Q H.
O 0] 0O
LA

",

Scheme 2. A general schematic representation for the ionic hydrogenation of a
polar double bond.

highly basic transition metal centers, the homolytic pathway is
most typical. The catalytic chemistry of Hy through homolytic
activation pathways has been extensively reviewed [5,7,8,41].
In contrast, catalytic reactions proceeding through heterolytic
routes are less studied [7,21].

3.2. Heterolytic reactivity of n°-Hy complexes:
stoichiometric ionic hydrogenation reactions

The heterolytic cleavage of H> is proposed to be an impor-
tant step in reactions involving H/D exchange [42] and various
catalytic ionic hydrogenations and hydrogenolysis reactions
[21,43]. An ionic hydrogenation involves the sequential addi-
tion of H* and H™ across a polar double bond (Scheme 2) [44].
Originally, this was achieved through the use of different external
hydride or proton sources, but such reactions have the potential
to utilize both fragments from the heterolytic cleavage reaction
of Hj.

Kursanov et al. provided an early example of ionic hydro-
genation reactions by using separate acid and hydride sources
[45]. A variety of olefins and ketones were stoichiometrically
hydrogenated using Et3SiH as a hydride source and CFzCOOH
as a proton source. It was later recognized that the source of a
hydride need not be a typical organic hydride source such as a
silane. Reports by Darensbourg and co-workers [46] and Gib-
son and El-Omrani [47] showed that certain early metal hydride

HETEROLYTIC
PATHWAY

i
I

"
M—H +BH* proton transfer

7 N

n+
M +EH

M4 Bt

reductive deprotonation

Scheme 1. Homolytic and heterolytic reaction pathways for n>-H, complexes. B represents a generic base, E represents an electrophile.
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M-H = HMo5(CO);9, HM(CO)s", cis-HM(CO),P(OMe)s
(M=Cr, W)

Fig. 7. Ionic hydrogenation of an aldehyde using group 6 hydrides.

complexes are sufficiently hydridic to hydrogenate aldehydes
through an ionic mechanism (Fig. 7).

Bullock later showed that ionic hydrogenations of less reac-
tive substrates were possible, and using WCp(CO)3H and triflic
acid he was able to effect the hydrogenation of ketones and
substituted olefins [48]. In the case of ketone hydrogenation,
unexpectedly, the kinetic product of hydrogenation was isolated
as an alcohol-coordinated species, stabilized by a hydrogen bond
to the triflate anion (Fig. 8) [49].

It was subsequently found that the hydrogen-bonded adduct
retained its structure in solution as well as in the solid state.
Additionally, the hydrogen-bonded adducts were general to a
variety of ketones and aldehydes including 2-adamantanone,
cyclohexanone, and propionaldehyde. Hydrogen-bonding inter-
actions are presumed to facilitate the proton transfer event.

3.3. Catalytic ionic hydrogenations involving n°-H
complexes

Because metal hydrides and protons can be generated directly
by heterolytic cleavage of Hy on a transition metal center, the
scope of ionic hydrogenations has been extended to catalytic
systems in which Hj acts as both the proton and hydride source.
In this regard, dihydrogen complexes are ideal catalysts because
m2-H; complexes typically have a high kinetic acidity [4,5], and
the resulting hydride can be substantially hydridic [44].

A general mechanistic scheme for an ionic hydrogenation
involving an m?-H; complex is shown in Scheme 3. Because of
the charged and polar species involved in this pathway, ionic-
hydrogenation reactions lend themselves to ionizing solvents
such as alcohols and water [9]. For this reason, the ionic hydro-
genation pathway shows promise for selectively hydrogenating
polar C=0 and C=N bonds in the presence of C—C olefinic and
acetylenic bonds [10,11]. It is also noted that reactions of Hy

= — %,Q,C
| 0 CF3S03H [ _--0=8-CF3
40 F
/W‘-H + )]\ ~WL L
0CY%0 0C"/%~0
ocC oc Co ><H

OH \
g 007 \osozca
oc ©

Fig. 8. A stoichiometric ionic hydrogenation of acetone using WCp(CO)3H as
a hydride source.

T+
H
M

-~
~

|

e :\ﬂ
g

TR
H

Scheme 3. Proposed mechanism for catalytic ionic hydrogenations of ketones
by an n?-H, complex.

in biological systems proceed through heterolytic routes where
H* and H™ are transferred separately to a substrate. In this
sense, ionic hydrogenations involving n2-H, complexes mimic
biological reductions.

Several complexes have been shown to be viable catalysts for
hydrogenation reactions proceeding through an ionic pathway.
Ideally, the kinetic acidity of the H> complex should be reason-
ably high so that it can act as a proton donor to the substrate
and concomitantly regenerate the metal hydride. Conversely,
the resultant hydride should be sufficiently hydridic to affect a
hydride transfer to an electrophilic substrate.

Several n°-H; or dihydride complexes show promise as ionic
hydrogenation catalysts (Fig. 9). For instance, ruthenium com-
plexes bearing either Cp or Cp* and carbonyl ligands or bidentate
phosphine chelates provide access to the necessary ionic hydro-
genation prerequisites. The complex [Ru(Cp*)(CO)(Hp)]" is
so acidic that it is deprotonated by diethyl ether [14], while
the pK, values of the coordinated m?-H, ligand in complexes
of the type Ru(Cp)(P2)(H)* are typically between 7 and 9
(measured in THF or CH,Cly) and are also readily depro-
tonated [50,51]. Bullock has determined the hydricity of the
several resultant hydride species by comparing the rate con-
stants of hydride transfer to the trityl cation (Ph3C*) measured
using stopped-flow techniques [52,53]. The Ru(Cp*)(CO),(H)
complex delivers its hydride equivalent at an impressive rate
(estimated k- ~ 5 x 10° M1 s71), which is illustrative of its
potential as a potent hydride donor.

3.3.1. Molybdenum and tungsten hydrides for ionic
hydrogenations

Molybdenum and tungsten Cp complexes containing car-
bonyl and phosphine ligands are active ionic hydrogenation
catalysts. The hydricity of these species is diverse and very sen-
sitive to the identity of ancillary ligands (Table 1). Additionally,
the acidity of the cationic molybdenum and tungsten dihydride
species is considerable, as protonation of CpW(CO)3;H with a
strong acid resulted in only 16% of the corresponding dihy-
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Fig. 9. Several examples of proposed active catalysts used by Bullock and Norton for catalytic ionic hydrogenation reactions. Note that in the case of Mo or W
species, an intermediate m2-H, species may only be formed transiently and the dihydride tautomer results.

Table 1
Rate constants for hydride transfer from metal hydrides to [Ph3C][BF4]
(CH;,Cl,, 25°C)

Metal hydride k- M~1s7h
CpW(CO);H? 7.6 x 10!
HSiEt;? 1.5 x 10?
CpMo(CO);H? 3.8 x 102
CpMo(CO),(PCy3)H*P 43 x10°
CpMo(CO), (PPh3)H*® 57 % 10°
CpMo(CO), (PMe3)H*P 4.6 x 10°
Cp*Ru(CO), (H)°® ~5 % 100

2 Ref. [53].

b PCy; =tricyclohexyl phosphine, PMes =trimethyl phosphine, PPhs=
triphenyl phosphine.

© Ref. [52].

dride, implying that the dihydride is a stronger acid than HOTf
[54].

A study of the protonation of CpW(PMe3)(CO),;H showed
that the kinetic site of protonation is the W—H bond, sug-
gesting an intermediate W(Hj)* species [55]. The existence
of an m2-H, complex may only be transient, however, as the
dihydride version dominates in solution [54]. Regardless of
the tautomeric form of the dihydride species, the rates of
hydrogenation were found to be slow. Also, the Mo and W
catalysts suffered decomposition from a competitive phosphine
protonation/decoordination pathway. To prevent decomposition
and enhance catalytic rates in the Mo-system, an appended
phosphine was installed on a cyclopentadienyl ring to inhibit
phosphine dissociation [56]. Unfortunately, this modification

ments are required for group 6 metal hydride systems before their
utility is realized.

3.3.2. RuCp(P3)H systems for ionic hydrogenations

The ruthenium piano-stool complexes were shown by Nor-
ton and co-workers to be viable catalysts for the hydrogenation
of imines, iminium ions, ketones, and aziridines [57,58]. In
order to optimize the catalysts for selective hydrogenation
reactions, several parameters of the complex were adjusted.
The size of the phosphine chelate was varied to examine
how it affected the rate of hydride transfer to an iminium
cation. It was found that the smaller the chelate ring size, the
faster the hydride transfer, giving the following trend in the
rates: CpRu(DPPM)H > CpRu(DPPE)H ~ CpRu(DPPBz)H >
CpRu(DPPP)H > CpRu(DPPB)H [59]. This trend was rational-
ized by considering the effect that the ring size has on the energy
of the LUMO. The energy of the unsaturated CpRu(P,)* cation
decreases as the chelate ring becomes larger, making the hydride
more stable, and consequently less able to transfer away from
the CpRu(P>)H fragment. Accordingly, the best catalyst for the
selective hydrogenation of iminium ions was found to contain
the DPPM phosphine.

Further studies aimed at determining selectivity and inhibi-
tion conditions found that when the iminium ion was located
within the same molecule as a terminal olefin, hydrogenation
was not catalytic. Presumably, this was due to competitive coor-
dination of the olefin with Hy. In support of this hypothesis, when
the olefin contained sterically blocking substituents to prevent it
from competitively coordinating with Hy, selectivity of the C=N
double bond was achieved over the C=C double bond (Eq. (4))

[57].
(@) .

2 mol % CpRu(DPPM)H

Hs (50 psi) +)\/\/{LBF4‘ ~) N
X CH,Cly, RT, 24 h PP

afforded even slower rates (3 x slower), although it did substan-
tially increase the thermal stability and lead to longer catalyst
lifetimes of several hundred turnovers. Clearly, further improve-

71 % conversion @)

The CpRu(P>)H system can be tuned for asymmetric catal-
ysis. For example, when a chiral diphosphine ligand such as
(5.5)-Chiraphos was used, the resulting amine product formed
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Scheme 4. Proposed mechanism for the catalytic ionic hydrogenation of epox-
ides using an m-H, complex to give the corresponding alcohols.
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Fig. 10. The -catalytic ionic hydrogenation of aziridinium ions by
RuCp(DPPM)H gives regioselectivity based on the substituents at the 2-postion
of the aziridinium cation.

with modest enantioselectively (Eq. (5)) [60].
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Scheme 5. A proposed mechanism for the catalytic hydrogenolysis of
trimethylsilyl enol ethers with the specific example shown for the conversion of
a-trimethylsiloxystyrene to acetophenone.

The electron-donating alkyl groups increase the electron den-
sity of the carbon at the 2-position and cause the carbon
at the 1-position to be more susceptible to hydridic attack.
Conversely, the electron-withdrawing phenyl group leads to
a more acidic carbon, so it is more easily attacked by a
hydride.

3.3.3. Hydrogenolysis of silyl enol ethers
Hidai showed that the acidity of a dihydrogen complex
could be harnessed catalytically when coupled with a hydride-

()

N
. || BF4_ > |
H, (50 psi) + ‘A\/\ AN
I\) CH,Cly, RT, 1 day ©/\
cl” ol N
56 % ee (@)

The reactions above demonstrate the viability of using an
ionic hydrogenation strategy to sequentially transfer protons and
hydrides to an appropriate substrate. This method was extended
to the goal of obtaining terminal alcohols catalytically by hydro-
genation of epoxides (Scheme 4) [58].

A limitation to the investigations of such epoxide hydro-
genations is the instability of the transiently formed protonated
epoxide. This fact precluded a study of the mechanism of
these reactions. To circumvent this problem, aziridinium ions
were investigated. Aziridinium ions are isoelectronic to pro-
tonated epoxides but they have a higher thermal stability
and are thus suitable models for studying the regiochem-
istry of hydride transfer to a protonated epoxide. In a recent
study, Norton and coworkers found that the regiochemistry
was controlled by the electronic properties of the R’ or
R’ substituents (Fig. 10) [58]. Alkyl-substituted aziridinium
cations gave the more branched ammonium cations, while
the aryl-substituted aziridinium cation gave the less branched
ammonium cations. This was rationalized by considering induc-
tive effects on the acidity of the carbon at the 2-position.

abstracting fragment such as a trialkyl silyl cation [61].
A specific example is shown in Scheme 5 where trans-
[Ru(DPPE),(H,)CI1][OTf] and SiMe3OTTf are used to effect a
clean conversion of a silyl enol ether to a ketone and Me3SiH.
The mechanism in Scheme 5 was elucidated by deuterium
labeling studies as well as by monitoring the stoichiometric
reaction by '"H NMR spectroscopy and was found to occur via
heterolytic H, cleavage instead of an alternative dehydrosilyla-
tion mechanism. (The latter mechanism is the reverse reaction
of the transition-metal-induced 1,4-addition of hydrosilanes to
o,B-unsaturated carbonyl compounds [62,63].) Note that this
mechanism is different from the previously discussed ionic
hydrogenation pathways in that the proton and hydride are trans-
ferred to two separate molecules. Also noteworthy is the ease of
deuteration at the a-position. Consequently, this type of reaction
is a highly efficient means (85%+) for deuterium incorporation
using D; gas as the sole source of deuterium.

The DPPE ligand in Scheme 5 was exchanged for a chi-
ral bidentate phosphine ligand such as BINAP for the purpose
of asymmetric hydrogenolysis of silyl enol ethers. Unfortu-
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Scheme 6. Shvo’s ruthenium catalyst hydrogenates polar double bonds by an outer-sphere ionic type mechanism. The dihydrogen species was not observed but is

proposed as a logical intermediate to explain the reactivity.

nately, when the trans-[Ru(BINAP),(H,)CI][OTf] complex was
reacted with Hp gas and a prochiral trimethylsilyl enol ether,
no enantioselectivity of the product alcohol was observed. This
result indicated that the site of protonation is the oxygen atom
of the silyl enol ether and not the sp? carbon. However, when
the chiral BINAP catalyst was used in enolate systems, it was
found that the system achieved enantioselective protonation of
prochiral enolates in up to 75% ee, albeit not catalytically (Eq.
(6)). Overall, this route provided a new approach using Hj to
effect the asymmetric protonation of enol ethers [61].

by selective deuteration of the hydroxyl and hydride positions.
The observation of primary deuterium isotope effects for both
Ru-D and O-D supported a concerted mechanism of hydro-
gen transfer in which Ru-H and O-D bond breaking occurs
in the transition state. In addition, a second-order rate law was
obtained (first-order each in aldehyde and Ru—H) as well as
AS* = —28eu, implying a concerted associative mechanism in
which the hydride and proton are simultaneously transferred
to the substrate. Although an m>-H, complex was not directly

0]

H—H H, (1 atm) H
/e A\ ’e, I W\
i L‘Pj OTf + —>° P
P P -78 °C P~ P
& C
75 % ee (S)
e
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3.3.4. Shvo’s system

The aryl-substituted cyclopentadienyl ruthenium system
originally reported by Shvo et al. [64] (molecule 1 in Scheme 6)
was shown to act as a catalyst for the hydrogenation of ketones,
olefins, and acetylenes [65]. Mechanistic work by Casey et al.
later showed that complex 1 catalyzes the hydrogenation of
benzaldehyde by an outer-sphere ionic mechanism [66].

The acidity of the hydroxyl proton in Scheme 6 was con-
firmed to be high (3 pK, units more acidic than benzoic acid) and
satisfies one of the prerequisites for an ionic mechanism, vide
supra. Furthermore, deuterium isotope effects were investigated

observed in this system, its presence as an intermediate is almost
certain. The proposed intermediate H, complex is similar to one
reported by Heinekey, which was so acidic that diethyl ether
acted as a base to deprotonate the coordinated Hy [14]. In light of
this result, it is reasonable to propose that the cyclopentadienone
ligand in Scheme 6 can act as a base to deprotonate the initially
formed m?-H, complex at rate that exceeds the detection limits
of "H NMR spectroscopy.

Aniron complex similar to the Shvo-type system was recently
described by Casey and Guan [67]. This finding is noteworthy
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Scheme 7. A generalized catalytic scheme for the ionic hydrogenation of ketones
using an iron hydride complex. The dihydrogen species was not observed, but, as
in the Shvo mechanism in Scheme 6, is proposed here as a logical intermediate
to explain the reactivity.

because it represents the first, well-defined iron catalyst for the
hydrogenation of ketones, aldehydes and imines. The iron cata-
lyst shows high functional group tolerance for carbon—halogen
groups, nitro groups, and impressively even pyridine. The hydro-
genation system also shows high chemoselectivity, as polar
double bonds were selectively hydrogenated in the presence of
olefinic or acetylenic groups (Scheme 7).

The second-order rate constant for the hydrogenation of ace-
tophenone at 25 °C was k=9.8 x 1073 M~!s~!. An Eyring plot
yielded AH* =9.0+ 0.6 kcalmol ! and AS'=—37.5+2.1eu.
Similar to Shvo’s system, the large negative entropy of acti-
vation is consistent with a highly ordered transition state in
which the ketone is strongly associated with the iron complex.
Although not observed, a transient n>-H, intermediate is likely
heterolytically cleaved intermolecularly by the nearby ketone
and utilized as a proton and hydride source. This work shows
that, by exploiting the high kinetic acidity of a coordinated dihy-
drogen ligand, chemoselective hydrogenation reactions utilizing
first-row metals are possible. Numerous substrates were selec-
tively hydrogenated under remarkably mild conditions. Fig. 11 is
presented to highlight the chemoselectivity, the lack of inhibition
in the presence of competing ligands, and the mild conditions
used in these reactions.

(0] Hy (3 atm) 2 mol % Fe OH
+ Hy (3 atm) ——
| N\ CHj toluene, 25 °C | N\ CHs
= =
8h, 87 %
O OH

2mol % Fe
M + Hp (3 atm) ——— X

toluene, 25 °C
36h,87%

Fig. 11. Selected examples of chemoselective ionic hydrogenation using an iron
catalyst.
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Scheme 8. A generalized scheme showing ionic hydrogenation of polar double
bonds proceeding through an outer-sphere mechanism.
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3.3.5. Noyori-type hydrogenation systems

Hydrogenation catalysts based on Noyori’s chiral
diphosphine/diamine-RuCl, complexes have seen exten-
sive use for the enantioselective hydrogenations of polar
double bonds [11,68]. Noteworthy is the selectivity for the
hydrogenation of polar C=N and C=0 bonds over C=C bonds.
One of several impressive traits of this catalyst system is
the fast rate and high ee. For example, when the pre-catalyst
Ru(C1)7((S)-tolBINAP)((S,S)-DPEN) was added to 45atm
H» in the presence of a butoxide base at 30°C, the TOF of
acetophenone was 2 x 10°h~! with 80% ee [68]. While it
is apparent that such systems also operate through an ionic
mechanism, Noyori uses the term “metal-ligand bifunctional
catalysis” to generally refer to systems that operate by hydride
transfer to an outer-sphere molecule [69]. This outer-sphere
mechanism is identical to that proposed for the Shvo ruthenium
system where the L group (a ketone in Shvo’s system) is
replaced by an amine in Noyori’s catalyst system (Scheme 8).

Extensive mechanistic work by Morris and co-workers
[70-72] and Noyori and co-workers [73,74] focused on elucidat-
ing the structure and mechanism of the active catalysts involved.
The presence an unsubstituted diamine was found to be critical,
and the catalysts were found to be ineffective when diamines
without NH groups were used [75]. The nature of the so-called
“NH-effect” has been widely investigated and is proposed to sta-
bilize an incoming ketone by forming an intermediate like that
shown below. Such an intermediate explains the selectivity of
polar C=0 bonds over C=C bonds [76] (Fig. 12).

'R
I
H HH
RsPu, | WN
_,Ru j
RsP )w("'N
Hz

Fig. 12. Proposed intermediate involving the NH-effect in the hydrogenation of
a ketone.
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Scheme 9. Morris’ proposed pathway for the hydrogenation of ketones by
Ru(diamine)(diphosphine)(H), complexes.

Subsequent mechanistic work by the Morris group reformu-
lated the active catalyst as a ruthenium dihydride formed by the
heterolytic cleavage of H, [70]. Using deuterium isotope experi-
ments, they found that the rate of hydrogenation decreased when
using D5 instead of Hy, and they attributed this observation to
the decreased acidity of an m?-D, complex compared to an m2-
Hj complex. Furthermore, they suggested that deprotonation of
coordinated dihydrogen by a transiently formed amido ligand is
the rate-determining step of the hydrogenation reaction. Their
proposed mechanism is shown in Scheme 9 [70-72].

An alternative pathway involving cationic intermediates has
also been proposed to be active when the hydrogenation is per-
formed in protic solvents in the absence of exogenous base [73],
although an m?-H; complex is still a key intermediate in this
pathway.

One of several noteworthy features of the Noyori and Morris
mechanisms is that the heterolytic activation of H» is proposed to
be a critical step in catalyzing the asymmetric hydrogenation of
ketones and imines. It is noted that several further examples of an
m2-H; complex mediating reactivity by an ionic mechanism are
known and proposed, such as the hydrogenation of carbon diox-
ide to formic acid [77,78] using a dihydrogen complex, as well as
numerous aqueous selective hydrogenation catalysts [35,40,79].

3.3.6. Hydrogenase enzymes

The hydrogenase enzymes mediate the conversion of pro-
tons and electrons to Hy (Eq. (7)) with impressive efficiency
[80]. The physiological role played by hydrogenase enzymes
allows Hj to be used as an energy source to drive ATP forma-
tion via ATPase or to contribute to acetylCoA synthesis [81].
Additionally, hydrogenase enzymes reclaim the H, formed as a
byproduct in the fixation of N, to ammonia by nitrogenase [82].
One direction that has been explored extensively to exploit this
function is the construction of synthetic models of the active
site of Fe—Fe and Fe—Ni hydrogenase enzymes with the goal of
synthesizing a viable catalyst for Hy production [83-86]. Such
models exploit key structural features found in the enzyme active
site, and for the H-cluster (the most widely modeled site), this

NH NH
/ N\ — S< V A\ H
[FesSd” Fed =—(re,8]” F& Fed
434 /l ~c” “‘CN H;0 ocd ¢ \“CN
o co NC co

~ \‘ ¢ H
[FeqS4] a /;E\C /Fﬁ‘"CN
NC co

Fig. 13. Proposed intermediates in the hydrogenase-mediated activation of Hj.

involves a binuclear iron core featuring three CO ligands, two
CN~! ligands, and a thiolate bridging from the Fe4S4 cluster
[87,88].

Hy = 2H' +2e” (7

From a mechanistic standpoint, the intermediates involved
in conversion of H* to H, are unusual (Fig. 13). In particular, a
noteworthy feature of the mechanism is the competitive ability of
water, Hy and hydrides to coordinate to an iron center. Although
several pathways have been proposed for the conversion of Hp
to H*, a common feature is the likely coordination and subse-
quent heterolytic cleavage of dihydrogen at an iron center [85].
This reaction is likely facilitated either by an amine of the pro-
posed azadithiolate cofactor [88], exogenous water [39], thiolate
[89], or another base [90]. Also noteworthy is the presence of a
coordinated hydride and an ?-H; ligand coordinated to a metal
complex at biological conditions, namely in water (Fig. 13).

X-ray crystallography has provided key insights into the
mechanism of H, conversion. A reduced form of the diiron core
was shown to contain an empty coordination site on the distal
iron center (denoted in Fig. 13 as Fed). However, a crystallo-
graphic study of the oxidized form of the H-cluster showed that
a coordinated water molecule was actually bound to the previ-
ously identified “empty” coordination site [88,91]. Additionally,
introduction of CO to the oxidized form resulted in the substi-
tution of the water molecule by CO and subsequent inhibition
at the distal site as determined spectroscopically [92] and crys-
tallographically [93]. Taken together, these results provide good
evidence that the site of H, production/activation is likely on the
distal iron center and that, during catalysis, H likely displaces
coordinated water [38]. Given the importance of the H, conver-
sion pathway, it is a worthwhile pursuit to understand some of
the underlying reactivity trends associated with this rather elu-
sive class of complexes, namely water-soluble and stable M—Hj
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Scheme 10. Proposed intermediates in the hydrogenase-catalyzed H/D
exchange reaction mediated by H>O. Ligands other than the hydrides and
propanedithiolate bridge have been removed for clarity.

and M—-H complexes featuring the heterolytic cleavage of H; as
a key reactivity trait.

3.3.7. H/D exchange reactivity

A common reaction of most Hy complexes is their ability
to affect H/D exchange reactions between Hp and D, or Hy
and D*. The exchange process has been suggested to occur by
one of many possible exotic yet computationally viable routes
(p. 121, Ref. [2]). However, the most common pathway likely
involves heterolytic cleavage of Hy (Eq. (8)) [42]. In order for
H/D exchange to occur efficiently by this route, the pK, of the
H; ligand and the protonated base must be similar.

ol .
i nln M+ HD
H* base HD 8)

I_ —| base ||—| D* H

The H/D exchange reaction is an important feature of nitro-
genase and hydrogenase metalloenzymes [94-97] and is one of
the requisites for a functional hydrogenase mimic [39,98,99].
In this regard, Darensbourg showed that structural analogues of
the hydrogenase enzyme carried out H/D exchange between H
and D, and also Hy/D>O mixtures [90]. It was also noted that
the process was not mediated solely by a metal hydride in the
D,O-assisted case because replacement of the hydride by a thi-
olate still gave H/D exchange. However, without the presence of
adventitious water, H/D exchange did not occur, and therefore
the mechanism in that case is likely due to binuclear cooperation
between the two iron sites. Suggested pathways were proposed
for both exchange reactions, and the H,O-assisted pathway is
shown in Scheme 10.

Several groups have exploited the H/D exchange reactivity
of m?-H, complexes for the purpose of selective deuteration of
organic molecules using D,O or CH30D as a deuterium source.
For instance, Dahlenburg and Gotz reported an unusual exam-
ple of an iridium complex that activates Hy heterolytically, yet
hydrogenates ketones through a classic hydride insertion mech-
anism (Fig. 14) [100]. The hydrogenation of several ketones was
achieved with nearly a 1:1 mixture of deuterium incorporation
at the carbonyl carbon.

The proposed mechanism involved an equilibrium between
the dihydrogen amido complex and a dihydride amine species
(Fig. 15). In this reaction, the dihydrogen complex catalyzed the
H/D exchange between H and D; or H; and D*.

Lau and co-workers recently reported another example of
using an H/D exchange reaction of an n>-H, complex to install

1 mol% [Ir]
Hy + D ————————= HD

10 atm, CH;CN
0] oD oD
R 1 mol% [ir] H D
B R + R + HD + CH30OH
H, (10 atm), CH30D, 50 °C
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Fig. 14. Catalytic H/D* exchange and the subsequent hydrogenation of ketones.
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Fig. 15. Proposed equilibrium between an isomeric dihydrogen amido and a
dihydride amine pair.

deuterium [34]. The pre-catalyst TpRu(PPh3)(CH3CN)H was
reacted with DO to form a proposed Ru(HD) intermediate
species prior to transferring the deuterium to an organic substrate
via a C—H activation process (Fig. 16).

Various ethers and aromatic substrates were tested for deu-
terium incorporation and benzene was found to give the highest
deuteration (27%) at 0.4 mol% catalyst loading. Interestingly,
although substrate solubility was an important issue to con-
sider when exchanging aliphatic R-H with deuterium from
D,0, the highest degree of deuteration was obtained when an
immiscible solvent system (water/benzene) was used, compared
to highly miscible water/THF or water/dioxane solutions. The
TpRu(PPh3)(CH3CN)H complex was also found to catalyze
the H/D exchange between H; and various deuterated solvents
(THF-dg, benzene-dg, and diethyl ether-djg) to give mixtures of
HD and D;. Thus, the TpRu(PPh3)(CH3CN)H system presents
an intriguing alternative to H/D exchange by traditional het-
erolytic mechanisms involving polar substrates.

Bianchini reported another example of an unusual H/D
exchange reaction involving a tripodal phosphine osmium dihy-
drogen hydride complex (Scheme 11) [101]. When deuterated
acetone was used as a solvent, deuterium incorporation into the
Hp ligand was observed. The reaction was proposed to proceed
via aketo-enol tautomerization of acetone because the pK, of the
Hp ligand is thought to be more acidic than acetone (pK, =26 in
DMSO). (Note that a similar complex, [Os(DPPE),(H,)H]BF4,
has an experimentally determined pK, value of 12.7 in THF
[102].) The H/D exchange reaction with acetone-dg was also
noted to occur with trans-[Ru(DPPE), (H,)CI1]PFg [103]. Within

_|+

NCMe MeCN MeCN
DQO H

TpRu—H TpRu—b TpRu—D

PPh; prh; 3P PPh;

Fig. 16. Proposed equilibrium between the ruthenium hydride and a ruthenium
dihydrogen complex.
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Scheme 11. Proposed mechanism for the H/D exchange with acetone-ds mediated by a ruthenium or osmium m2-H, complex.
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Scheme 12. Proposed intermediates in the proton transfer of a metal hydride
(MH) and an acid (AH).

20 min of dissolution into acetone-dg the H/D isotopolog formed
and within a few hours complete deuterium incorporation was
noted. In this case, a mechanism was not proposed for the H/D
exchange. However, it is likely to proceed in a manner analo-
gous to the osmium species because the Hj ligand is moderately
acidic (pK, =6, pseudo-aqueous scale).

4. Proton transfer reactions involving n2-H, complexes

All of the reactions shown above that involve the heterolytic
cleavage of H can generally be classified as proton transfer
reactions. Proton transfer pathways involving the transfer of
a proton to a metal hydride play a key role in catalytic ionic
hydrogenations, the reduction of H* to Hy, and H/D exchange
reactions [104]. Accordingly, significant experimental and the-
oretical research has been devoted to uncover intermediates and
gain mechanistic insight into the elementary steps involved in
proton transfer reactions. The stepwise proton transfer to a metal
hydride shown in Scheme 12 is the generally accepted route for
these reactions.

Note that species A, D, and E are discrete and well-
characterized species. Species B and C represent the key
intermediates that have remained elusive for many years. In an
effort to understand these key intermediates, Crabtree and co-
workers [105] and Morris and co-workers [106] independently
discovered the capacity of a metal hydride to accept a hydrogen
bond from an appropriate hydrogen bond donor. This finding
revealed new bonding possibilities and caused many mechanis-
tic questions to be readdressed. The field of dihydrogen bonding
(also known as “protonic/hydridic” bonding) has been exten-
sively reviewed [107-111], so this topic will not be covered
in detail here. To further elucidate the presence of intermedi-
ates along the proton transfer pathway, Chaudret showed that a
dynamic equilibrium involving proton transfer exists in solution
between a hydride and a dihydrogen complex in the presence
of an acidic alcohol (Fig. 17) [112]. Further studies have since
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Fig. 17. The dynamic equilibrium between a hydride and a dihydrogen complex
observed by Chaudret and co-workers [112].
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Fig. 18. Proposed intermediate contact ion pair (hashed box).

confirmed the generality of these equilibria in other systems
[113-115].

An intermediate species between the hydrogen bonded alco-
hol and the discrete dihydrogen complex (species C) was
proposed to be directed by electrostatic forces as a contact ion
pair [116,117] or alternatively as a hydrogen-bonded species
with dihydrogen (Fig. 18).

4.1. Dihydrogen hydrogen bonding (DHHB)

The hydrogen bonding interaction between a coordinated Hy
ligand and a hydrogen bond acceptor has been proposed as an
intermediate in H/D exchange reactions (see Scheme 10 for an
example) and other variants of proton transfer [34,90]. Among
the first crystallographically identified instances that potentially
contain a hydrogen bonded n?-H, ligand are an iron phosphine
complex, Fe(H)>(H;)(PEtPhy)3 (Fig. 19) [118], and an iridium
phosphine complex, Ir(nz-Hz)H(Cl)z(PiPrg)g (Fig. 20) [119].
With the iron species, the Hy ligand was located by neutron

-H

H ™
EtPh2PJ’1,,. ‘\\\\H
e
EtPh,P r‘| PPh,Et

Fig. 19. The cis-effect in the Fe(H),(H,)(PEtPhy); complex determined by
neutron diffraction.
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Fig. 20. The crystal packing of the Ir(nz—Hz)H(Cl)z(Pi Pr3), complex exhibits
intermolecular close contacts between a cis-hydride ligand and a nearby chloride
ligand.

diffraction and found to be unusually staggered with respect
to the P-Fe—P and Fe—H axes. A computational study revealed
an interaction between a cis-hydride and dihydrogen ligands.
This was subsequently called the “cis-effect” and can be loosely
described as an interaction of the hydride o-orbital with the o*
orbital of the coordinated Hj (Fig. 19).

The barrier to Hy rotation was probed by low-frequency
inelastic neutron scattering spectroscopy and was found to be
abnormally low. The low barrier was rationalized by consid-
ering the stabilizing interaction between H; and the cis Fe-H
bond that served to decrease the strength of the Fe—H, back-
bonding contribution. Further studies of the cis-effect on an Hy
ligand were reported for an osmium complex, which showed
that this interaction lengthens the H-H bond distance when the
cis ligand is changed and follows the order H>F>Cl>H,0
[120].

The Ir(nz-Hz)H(Cl)z(PiPr_g)z complex was shown in the solid
state to have close contacts between an mZ-H, ligand of one
molecule and a chloride ligand of another molecule and a cis-
hydride [119]. However, due to the large size of the phosphine
ligands and the fact that the complex does not retain its m>-Ha
ligand in solution [121], the actual driving force for the molec-
ular association is unclear and might be due to crystal-packing
effects rather than hydrogen bonding.

There are a several examples of crystal structures of
dihydrogen complexes that exhibit close contacts to a coun-
terion and potentially are associated by dihydrogen hydrogen
bonding interactions [122,123]. Notably, the acidic trans-
[Os(DPPE),(H,)(CH3CN)][BF4]» complex was shown to
contain a BF4~ group in close proximity to the coordinated H»
ligand (2.365 A) (Fig. 21). The close proximity of BF4~ was
presumed to facilitate the mobility of the proton [123].
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Fig.21. The solid-state structure of the trans-[Os(DPPE),(H2)(CH3CN)][BF4]>
complex exhibits intermolecular close contacts to the BF4~ counterion.

Similar ion pairing phenomena were proposed to facilitate
proton transfer in other systems. For example, the kinetics
of deprotonation of trans-[Fe(DPPE),H(H;)]* by NEt3 were
shown to be governed by the counterion [124]. In this reaction,
the anion was found to facilitate the separation of the reaction
products through the formation of a stable ion pair. This finding
conflicted with the previously proposed hypothesis that the role
of the ion pair was to mobilize a proton in an otherwise sterically
congested area [123].

Although H-bonding may be responsible for the crystalline
arrangement of these associated complexes, other factors such
as steric and electronic repulsion and crystal-packing forces are
likely to give similar energetic stabilization. The few instances
in which a hydrogen bond to a coordinated m?-Hj ligand is pro-
posed in solution involve a counterion acting as the H-bond
acceptor [117,125-128]. Thus, the driving force for these asso-
ciations in solution may be driven by the formation of a tight
ion pair instead of by hydrogen bonding interactions. To clar-
ify the nature of the interactions of Hy with appropriate H-bond
acceptors, several computational reports have shown that inter-
molecular hydrogen bonding to a coordinated H is possible
[33,37,121,128-131] in spite of a report stating that intermolec-
ular H-bonding in solution is unlikely because the H, would be
screened from the surroundings by the shell of co-ligands [132].

We recently reported the identification of intermolecular
DHHB in the solution phase [31]. Specifically, the water-soluble
trans-[Ru(DMeOPrPE),(Hz)H]* complex (DMeOPrPE=1,2-
bis(dimethoxypropylphosphino)ethane) was spectroscopically
shown to participate in DHHB with the potent H-bond acceptor
pyridine N-oxide. Three tests unambiguously established the
presence of DHHB in this complex. First, downfield shifts of
the n2-H, resonance were noted in the 'H NMR spectrum upon
titration of an appropriate acceptor molecule (acetone and pyri-
dine N-oxide) into a non-aqueous solution of the complex. The
shape of the binding isotherm (as well as the association con-
stant, K,) was dependent on the identity of the acceptor. (The
association constant for pyridine N-oxide was four times as large
as that for acetone.) A second test employed a solvatochromic
H-bond probe (4-nitropyridine N-oxide) that has a Anyax that is
sensitive to H-bond donors. Thus, DHHB was indicated in the
trans-[Ru(DMeOPrPE),(H,)H]* complex by a hypsochromic
shift in the A . of the probe molecule (Scheme 13, right side).
An analogous experiment with the carbonyl-substituted complex
trans-[Ru(DMeOPrPE),(CO)H]* gave no change in the Apax of
the probe molecule (Scheme 13, right side). Thus, substitution
of the m-H; ligand by CO showed that the association was spe-
cific to the m2-H ligand and not merely a result of association
with the coordination complex.

A third test confirming DHHB came from a study of
the rotational dynamics of a probe molecule, pyridine N-
oxide-ds. Using 2H NMR spectroscopy, the solution dynamics
of the probe molecule in the presence of the trans-
[Ru(DMeOPrPE);(H,)H]* complex and its carbonyl analogue
were investigated. The addition of the large m>-H, complex
(relative to the pyridine N-oxide probe molecule) caused a sub-
stantial increase in the rotational correlation time (t.) of the
probe molecule. This increase is a result of an increase in the
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Scheme 13. Addition of the trans-[Ru(DMeOPrPE),(H,)H]* complex to pyri-
dine N-oxide probe molecules causes changes in the rotational correlation time
() and the Amax. In the 7. experiment, note that cyclohexane-dj, was used as
an internal standard to normalize for the effects of solvent viscosity.

effective volume and is consistent with the formation of an
H-bonded adduct. When the H» ligand was replaced by CO,
the effect of adding the Hy complex was reversed and trans-
[Ru(DMeOPrPE),(CO)H]" caused no increase in the 7. of the
probe molecule (Scheme 13, left side). Taken together, all three
tests suggest that intermolecular DHHB is possible to a neutral
acceptor.

These and other studies give a rationale for studying DHHB
in solution as a way to gain insight into the nature of the inter-
action as well as to determine how such interactions change the
reactivity.

The DHHB interaction can be loosely described by the orbital
description shown in Fig. 22.

Itis important to note that the M—(H;) bond strength is signif-
icantly affected by the M—d; — o* back-bonding contribution
[2,133]. The H-bond acceptor likely populates the o* acceptor
orbital of Hj. Thus, upon participation in DHHB interactions,

A = a hydrogen bond acceptor

. dr (H‘O G* ) dr +O G*
Mo Bo A Mo B o

H

+ /‘ - + / -
ds \_C do . (O
decreased d" backdonation

Fig. 22. The proposed orbital diagram showing the effect of DHHB on metal
backdonation into the o* orbitals of the Hj.

there are two likely consequences to the M—(Hj;) bond; a length-
ening of the H-H bond distance and as well as a concomitant
lengthening of the M—(H;) bond distance. Unfortunately, the
competition between these two effects may offset the ability to
directly observe the effect of H-bonding on the H-H distance in
M2-H, complexes.

The increased lability of an H, complex is likely to be one
of the most important consequences of DHHB. Furthermore,
because several proposed intermediates in the hydrogenase-
mediated reduction of protons feature DHHB species (Fig. 13)
[38,85], it is possible that biological enzymes may have evolved
to explicitly include this interaction in their active site structures.

5. Nuclear magnetic resonance characterization of
n2-H; complexes

The characterization of m2-H, complexes typically relies on
measuring the H-H bond distance because it is a good indica-
tor of the extent of m-back-bonding, and thus of H; activation
[12]. Several techniques are available to examine the H-H bond
distance [2,17]. Because hydrogen atoms are typically X-ray
silent, X-ray diffraction methods are generally not amenable
to H-H bond length determinations. Nevertheless, crystallo-
graphic determinations are possible using neutron diffraction.
However, this technique requires significantly larger crystals
than X-ray crystallography and access to a neutron source. As
a convenient alternative to diffraction, NMR spectroscopy has
been extensively used to measure H-H bond distances. Because
of the omnipresence of NMR spectrometers in most research
institutions, techniques based on solution-phase characteriza-
tion have emerged that allow an H-H bond distance to be
straightforwardly measured using one of several solution-phase
or solid-state NMR methods. The prominent solution-phase
NMR methods are outlined below.

5.1. HD-coupling as a probe of the dyy

The close proximity of the two hydrogen atoms in an Hj
complex allows significant interaction between the two nuclei. A
consequence of this interaction is manifested in the HD coupling
constant in the 'H NMR spectra of HD complexes (Fig. 23). In
fact, akey piece of evidence supporting the structural assignment
of the first dihydrogen complex was the large HD coupling con-
stant of 33.5 Hz [1]. Isotopic substitution of one of the hydrogen
atoms by deuterium forms the HD isotopolog, which has a char-
acteristic 1:1:1 triplet because deuterium has a spin of 1. Free
HD gas has a Jup of 43 Hz, and accordingly, this is the upper
limit of an HD coupling constant. Substitution can be achieved
by treating a coordinatively unsaturated complex with HD gas
directly [2]. More commonly, synthesis proceeds by protona-
tion of a metal deuteride or by treating a metal hydride with a
deuterated acid or an exchangeable deuterium source such as an
alcohol.

Several empirical relationships that correlate the measured
Jup with the dyy in a given molecule have been found, the first
of which was given by Morris and co-workers [134]. A linear
relationship was discovered when the dyy was plotted against
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JHD

- 5

Fig. 23. A typical high field '"H NMR spectrum of an HD isotopolog of an n?-H;
complex.

the measured Jyp value (Eq. (9)). Morris used a large set of dis-
tances that included uncorrected neutron data, X-ray diffraction
data, distances obtained by solid-state NMR measurements, and
corrected neutron data [134]:

dyn = 1.42 — [0.0167(Jup)] A )

A slightly different variation was constructed by Heinekey who
used a slightly smaller data set that included H-H distances
obtained from solid-state NMR methods and corrected neutron
diffraction data [135]:

din = 1.44 — [0.0168(Jup)] A (10)

Considering the uncertainty in obtaining the Jup (£0.3 Hz),
the error associated with these measurements is estimated to
be £0.005 A [136].

Both of these correlations have been successfully used
for the characterization of ‘“short” dihydrogen complexes
(dur<1.1A). However, the correlation breaks down for
“stretched” or elongated ’T]Z-HQ complexes (dgg=1.1-1.5 A).
A more recent adaptation of the linear equation relating the Jyp
with the dyy was provided by Gusev [121], who reported that the
new relationship yielded a slightly better fit than Morris’ original
relationship, although the linear relationship still breaks down
at distances greater than 1.3 A (Fig. 24):

dun = 1.47 — [0.0175(Jup)] A (11)

To establish a correlation that was accurate for both short and
elongated H, distances, Limbach and Chaudret used an approach
based on the bond-valence bond-length concept [137]. They
based their model on a relationship given by Hush [138] who
showed that the Jyp is proportional to the H-H bond order, pgg.
Because free H; has a Jygp value of 43 Hz, Hush’s relationship
is

Jup = 43 pun (12)

° 14

r(H-H) = 1.47 - 0.0175-J, o
max dev:0.06, r2=0.97

1.2

r(H-H), A

1.0

r(H-H) = 1.42 - 0.0167-J,p

10 20 30
Jun(Hz)

Fig.24. The H-H bond distance (ry_g) upto 1.3 A as a function of Jup showing

fits using Morris’ and Gusev’s linear relationship. Reprinted with permission
from Ref. [121]. Copyright 2004 American Chemical Society.

The correlation proposed by Limbach and Chaudret is

0.74 — dyn
Jup = 43 - 7
HD eXP( 0.404 )
0.74 — dugu \ \
—281(1— L 1
8< eXp< 0.404 >> (13

Heinekey further refined this correlation and was able to obtain
a better fit (Fig. 25) with experimentally determined H-H bond
distances [139]:

0.74 — duy
Jup = 43 20— dHR
HD = 95 €xP ( 0.494 >
0.74 — d 2
—3.04( 1 —exp | -~ “HH (14)
0.494

Jup(H2)

Fig. 25. The H-H bond distance (Rygp) as a function of Jyp. The dashed curve
represents the fit from Limbach and Chaudret’s relationship given in Eq. (13),
and the solid curve represents a fit using Heinekey’ modifications as given in
Eq. (14). Reprinted with permission from Ref. [139]. Copyright 2004 American
Chemical Society.
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5.2. H-T spin—spin coupling

Heinekey showed that isotopic substitution using tritium is a
more precise technique to probe the H-H bond distance. Tritium
(*H) has a nuclear spin of 1/2 and a gyromagnetic ratio almost
seven times as large as >H. Accordingly, H-T couplings are
much larger than H-D coupling constants, and thus the detection
of small changes in the coupling constant are more reliable when
using Jyt compared to Jyp. Heinekey has been the main advo-
cate of this technique and estimated the experimental uncertainty
in the measurement of Jyr as 0.4 Hz. Thus, the error associ-
ated with the dgy determination is estimated to be 0.001 A
[136]. From an experimental standpoint, the use of tritium has
many drawbacks, the major being the radioactive nature of the
3H isotope. Consequently, most inorganic chemistry groups are
not equipped to use tritium without specialized equipment and
training, and this has translated into limited use of this otherwise
powerful technique.

5.3. 'H NMR dipolar relaxation as a tool for identification
of Hy complexes

For the same reason that the Jyp correlation described above
finds utility in H-H bond distance characterization, the mea-
surement of relaxation rates of an m>-H» ligand has become an
important characterization tool to evaluate an H-H bond dis-
tance. The relaxation rate of a perturbed nucleus is inversely
related to the spin-lattice, or the T, relaxation mechanism:

relaxationrate = R = — (15)
T

The relaxation rate is comprised of at least four contributing

relaxation components:

R = Rdipolar + unadrupolar + Rcsa + Rother (16)

where CSA represents the chemical shift anisotropy. For dihy-
drogen complexes, the dipolar term dominates because the
excited nuclei can effectively relax through an adjacent H-
atom. Due to the close proximity of the two excited nuclei,
H, complexes have extremely short 7 values because of effi-
cient dipolar relaxation. The so-called dipole—dipole relaxation
has been attributed as the cause of the broad peaks typically
associated with Hy complexes [140]. A consequence of a dipo-
lar relaxation mechanism is that the observed T value will go
through a minimum value at a given temperature [141]. The
minimum value occurs when the rate of molecular tumbling in
solution matches the Larmor frequency. The equation describing
dipolar relaxation is

1 3y [ L b
Ty 10r° [1+ 20?1+ 47202

a7

where y is the gyromagnetic ratio, & the Planck’s constant/21,
r the internuclear distance, t. the rotational correlation time,
and w is the Larmor frequency. In the extreme narrowing
limit (0?12 < 1), the dynamic term in brackets reduces to 5z,
whereas if w? rg > 1, the term reduces to 2/w?t.. Thus, in the

extreme narrowing limit, Eq. (17) converts to

1 3\ y*n?
71 = (2) FT(Tc) (18)
While in the slow molecular motion regime, Eq. (17) simplifies

to

1 3\ v*? /1
7 \5) % o (19)

This relationship was exploited by Crabtree and Hamilton to
empirically correlate the dgyg with a measured value of 7'} (min)
at 250 MHz: for dihydrogen complexes, 71 <80 ms, while for
classical dihydrides, 77 > 150 ms.

Eq. (17) predicts that the 77 will go through a minimum value
when the rotational correlation time closely matches the Larmor
frequency. By utilizing the minimum value of T, the influence
of 7. on the T can be neglected and Eq. (17) can be converted
into a simpler expression. Thus, in the slow rotation regime (i.e.
the H nuclei of the Hj ligand have slow motion relative to the
molecular tumbling in solution) the dyy can be approximated
by [142,143]:

TiGsl
dyp = 5.811] Ti(slow) (20)
V

where v is the spectrometer frequency. A correct treatment of the
T (min) criteria that correlates with the dgg requires knowledge
of the anisotropic contribution to the relaxation. Thus, errors in
calculations of the dyy depend on the character of the anisotropy
of the H» rotation. When Hj rotation is very fast and the dipolar
H-H vectors are perpendicular to the internal rotational axis, the
measured T values are maximal [141]:

T (anisotropic) = 477 (isotropic) 21

Accordingly, in the fast motion regime (i.e. H, rotation is much
slower than molecular reorientation) the measured 77 value is
four times longer, and Eq. (20) transforms into [144]:

71 (fast
dupy = 461§ 1LY (22)
v

A further assessment of the method correlating the H-H bond
distance with the measured 71 (min) value was made by Halpern
and co-workers [142]. In this treatment, relaxation contributions
from other nuclei on the observed T are accounted for. For
instance, relaxation contributions from nearby spin-active 3!P
atoms, ortho-CH pendant groups, as well as transition metals
with non-negligible gyromagnetic ratios may lead to erroneously
measured 7 values. It should be stressed that the measured
relaxation rates (Ryps) are additive and the observed relaxation
rate includes all the dipolar contributions as well as relaxation
by other mechanisms (Eq. (16)):

[R]obs = ZR 23)

A limitation of the 71 method for determining the iden-
tity of an unknown hydride is the sensitivity to paramagnetic
species [141]. Relaxation by such species can dominate the
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overall relaxation process and lead to erroneously measured 7
values. Fortunately, many H, complexes have low spin d® con-
figurations (and hence are diamagnetic) and are air-sensitive, so
relaxation due to paramagnetic 3Oy is eliminated. Complications
can arise, however, if the sample is not pure and contains para-
magnetic impurities, or alternatively if the sample undergoes
decomposition to an ill-defined paramagnetic species.

Experimentally, the determination of a 71 (min) value for an
Hj resonance is straightforward. The spin—lattice time (77) can
be conveniently measured using the inversion-recovery method
which relies on a (RD-180°-t—90°—AT), pulse sequence, where
n is the number of accumulations. The system is allowed to
evolve for a delay time, 7, which is varied from 7 < T to 7> 377.
During the delay time, the net Zcomponent of the magnetization
returns to its equilibrium value My at a rate dependent on T7.
The evolution of the inverted peak can be treated with a three-
parameter fitting equation to extract the value of 77.

5.4. Use of deuterium quadrupolar coupling constants

Another potentially powerful NMR technique has emerged to
probe H complexes in solution. The deuterium quadrupole cou-
pling constant (DQCC) can be a sensitive measure of changes
around a coordinated nz-Hz ligand [145,146]. Changes due to
the intramolecular motions of H, are measured by changes in
the orientation of the electric field gradient tensors, and this
technique has been used to distinguish fast-spinning dihydrogen
ligands [147]. The DQCC value can be accessed from com-
plementary information obtained from >H NMR spectroscopy
(correlated to the 2H T time) of a m?-D; complex and by theo-
retical calculations using DFT.

6. Summary

Water-soluble and stable m?-dihydrogen complexes are an
attractive class of compounds that merit investigation into their
solution behavior. They are promising candidates as selective
catalysts for proton transfer reactions, including hydrogena-
tion reactions proceeding through an ionic pathway and H/D
exchange reactions. These proton transfer reactions lend them-
selves to ionizing solvents such as water because they involve
a highly charged transition state. Currently, there is a dearth of
water-stable dihydrogen complexes. Furthermore, studies gov-
erning their solution behavior are lacking.

Some fundamental questions arise when working with aque-
ous dihydrogen complexes. Specifically, it was not known
whether coordinated H; has the capacity to act as an H-bond
donor intermolecularly to an appropriate H-bond acceptor such
as water in solution. Hydrogen bonding interactions are pre-
sumed to mediate proton transfer reactions in water, including
the hydrogenase-mediated H/D exchange reaction.
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