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bstract

The aqueous coordination chemistry of dihydrogen has potential applications in inorganic biomimicry, chemoselective hydrogenation catalysis,

nd green chemistry. However, experimental and mechanistic studies that explore the aqueous behavior of these complexes are virtually unknown.
his review identifies the motivation for studying aqueous dihydrogen coordination complexes by providing a summary of reactions that involve
dihydrogen ligand in highly polar solvents. The under-utilized potential of aqueous dihydrogen complexes in ionic hydrogenation reactions and

n biomimicry is addressed. Finally, NMR methods for characterizing H–H bond distances in �2-H2 complexes are reviewed.
2007 Elsevier B.V. All rights reserved.
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from H2 gas to a substrate. For instance, when H2 gas coor-
dinates to a highly electrophilic rhenium fragment to form
[Cp*Re(H2)(CO)(NO)]+, it becomes superacidic (pKa = −2
in CH2Cl2) [14]. In another example, the dicationic trans-
[Os(DPPE)2(CO)(H2)]2+ complex, prepared by protonation of
the corresponding osmium hydride, has a reported pKa value
close to −6 (pseudo-aqueous scale) [15]. Although such acidity
N.K. Szymczak, D.R. Tyler / Coordinat

. Introduction

.1. Overview

The seminal discovery by Kubas et al. [1] of an unusual class
f compounds now known as �-bonded complexes prompted
vast research effort to understand their structure, function

nd reactivity [2–6]. �-Bonded dihydrogen complexes (i.e.,
2-H2 complexes) in particular have been the subject of espe-
ially intense investigation because they have been shown to be
ey intermediates or precursors in a variety of catalytic trans-
ormations involving H2 as a reactant [7,8]. While much is
nown about the non-aqueous reactivity of dihydrogen com-
lexes, specifically with regard to catalysis, very few studies
ave identified, much less examined, water-soluble dihydrogen
omplexes and their solution behavior. Aqueous coordination
hemistry has many desirable attributes. Of particular interest
s the extension of known non-aqueous catalytic reactions into
queous media to reduce the use of environmentally hazardous
olvents and to increase atom economy. Also, because the dielec-
ric constant of water is exceptionally high, water is a particularly
esirable medium in which to perform reactions that feature a
harged transition state. Furthermore, hydrogenation reactions
hat proceed through an ionic mechanism may selectively pro-

ote reactions at a polar group in the presence of non-polar
unctionalities. It has been suggested that the selectivity should
e maximized when performed in an ionizing, polar solvent such
s water [9–11].

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

The focus of this review is information relevant to the chem-
stry of dihydrogen �-complexes in aqueous solution. We begin
ith a brief background section on the bonding and struc-

ure in �2-H2 complexes, followed by a short discussion of
nown aqueous �2-H2 complexes, and then proceed to a general
escription of the non-aqueous reactivity of dihydrogen com-
lexes in polar media. The heterolytic reactivity trends as they
elate to ionic-type hydrogenation reactions will be discussed,
ollowed by a brief survey of known ionic hydrogenation reac-
ions that proceed through an �2-H2 precursor or intermediate.
uch reactions are of particular interest because they are an ini-

ial step toward utilizing an ionic mechanism in hydrogenation
eactions. A thorough understanding of the mechanism of these
onic hydrogenations, as well as a knowledge of the solution-
hase properties of dihydrogen complexes in water, is required
efore effective catalytic cycles involving H2 intermediates can
e realized in water. Because of their relevance to heterolytic H2
ctivation, intermediates in proton transfer reactions will also be

iscussed, specifically with regard to hydrogen bonded species,
ncluding a novel dihydrogen hydrogen bonding motif. Finally,
MR characterization methods of �2-H2 complexes will be

eviewed.
F
o

ig. 1. The coordination of a generic HX � bond (a) to a transition metal center,
nd (b) a pictorial description of the bonding in �-complexes with H2 as a
rototype. Filled orbitals are shaded gray, empty orbitals are unshaded.

.2. Bonding and structure of η2-H2 complexes

The bonding in �2-H2 complexes and � complexes, in gen-
ral, is described by the Dewar–Chatt–Duncanson bonding
odel [12], which entails electron donation from the � bond

f the ligand to an empty metal orbital accompanied by back-
onation from a filled d-orbital into the �* orbital of the ligand
Fig. 1).

The backbonding is a crucial component of this bonding,
uch as it is in the bonding of olefins and CO to a transition metal

ragment. Just as the ν(C O) in an infrared spectrum gives elec-
ronic information on the extent of �-back-bonding, the H–H
ond distance (dHH) gives analogous information for a coordi-
ated H2 ligand. Accordingly, the extent that the H–H bond is
longated from the distance in the free molecule (0.74 Å) is a
ypical characterization criterion for H2 �-complexes. In this
egard, one can consider a �-bonded H2 complex as an arrested
ntermediate along the oxidative-addition pathway. Indeed, H–H
ond distances have been measured in complexes that span the
pectrum from free H2 to classical dihydrides (Fig. 2).

Coordination of H2 to a transition metal center results in
everal changes in the properties of the H2 molecule, and acti-
ation (both homolytic and heterolytic) is usually facile. The
lectronic features of the transition metal fragment determine
hich activation pathway is followed, and heterolytic activa-

ion of H2 is typically favored for highly electrophilic fragments
r complexes containing highly �-acidic trans ligands. While
he acidity of free H2 is negligible in THF (pKa > 49) [13], the
Ka can drop substantially upon coordination to a transition
etal. Indeed, one potential way of utilizing �2-H2 coordina-

ion complexes in water is to deliver acid equivalents generated
ig. 2. The change in the H–H bond distance upon coordination to metal centers
f increasing basicity.
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underwent decoordinative decomposition and scavenged some
of the acid produced. Control experiments showed that the pH
of the ending solution corresponded with the pKa values of the
protonated phosphine ligands. To circumvent the decomposition
Fig. 3. The first reported water-soluble �2-H2 complexes.

epresents an extreme case of binding to a super electrophilic
etal fragment, more common pKa values of coordinated H2

ange between 5 and 16 pKa units [5,13,16–18]. A consequence
f the increased acidity of coordinated H2 is the propensity
or deprotonation by a suitable base. Thus, although the H–H
ond in free dihydrogen is quite strong (104 kcal mol−1), the
eterolytic activation of H2 is a common reaction pathway that
llows an H2 molecule to be effectively cleaved into H+ and
− [5,19,20]. The proton transfer heterolytic activation path-
ay (Eq. (1)) can proceed intermolecularly to an external base
r intramolecularly to a nearby ligand. This type of reactivity is
rucial to many biological and industrial systems that utilize H2
s a feedstock [21].

(1)

. Water-soluble �2-H2 complexes

As discussed in the sections below, water-soluble, inert �2-H2
omplexes show potential for use in a wide variety of appli-
ations, ranging from biomimicry to selective hydrogenation
atalysis. Yet, until relatively recently, few such complexes were
nown. The first water-soluble dihydrogen complexes were
eported by Malin and Taube [22], although the complexes
ere not recognized as �2-H2 complexes until some 20 years

ater [23]. Taube synthesized the [Os(NH3)4(H2)(L)]+ complex
nd the corresponding ethylene diamine (en) species (Fig. 3)
n water by the routes in Eqs. (2) and (3). Subsequent analy-
es by diffraction [24,25] and NMR spectroscopy [26] showed
hat both complexes have elongated �2-H2 ligands. It needs to
e stressed that using water in these syntheses was not (and is
ot) typical of the methods used to prepare �2-H2 complexes.
ost coordination complexes of dihydrogen are generated in

on-polar and, typically, non-coordinating solvents.

(2)
(3) F
s

ig. 4. The [Ru(H2O)5(H2)]2+ complex was generated in situ under a high
ressure of H2.

The complexes synthesized by Taube are unexpectedly robust
ith regard to loss of H2 in aqueous solutions or solutions

ontaining highly coordinating solvents such as pyridine and
cetonitrile. However, the ligand trans to the �2-H2 ligand was
asily displaced by a variety of neutral and anionic ligands,
ncluding water. As a practical application, it was found that
rans-[Os(en)2(H2)(L)][PF6] binds to a variety of biomolecules,
ncluding nucleotides, RNA, amino acids, peptides, and phos-
holipids. The chemical shift of the H2 resonance was a sensitive
robe of the trans ligand [27], and the ease of substitution of the
rans ligand and its subsequent effect on the 1H NMR spectrum
f the �2-H2 ligand was exploited for molecular recognition.

Another water-soluble, yet unstable, �2-H2 complex was
enerated in situ by charging a solution of [Ru(H2O)6]2+ with
0 atm of H2 (Fig. 4) [28]. This complex is unusual in several
espects. The coordination sphere around the ruthenium does not
ontain any �-acidic or �-basic ligands, which is quite atypical
f most ligand architectures that support an intact dihydrogen
igand. The solution structure of the complex was confirmed
y 17O NMR spectroscopy at 533 atm H2, and the identity of
he coordinated H2 ligand was shown by a large JHD and small
1 value of the H2 resonance (see Section 5). This complex
as also found to catalyze H/D exchange with the D2O solvent

nd H2, and at the high pressures used, HD gas was observed
pectroscopically.

Recently, another class of water-soluble and stable �2-H2
omplexes was reported from our laboratory [29,30]. When a
ater-soluble iron bis(phosphine) complex was charged with
low pressure of H2 (1–2 atm) in water, the corresponding

ihydrogen hydride species formed (Fig. 5).
The formation of the dihydrogen complex was investigated

y variable temperature multinuclear NMR experiments and
hown to follow a pathway involving phosphine-assisted het-
rolytic cleavage of H2. (Note the formation of the protonated
hosphine in Fig. 5.) Once the phosphine was protonated, it
ig. 5. The [Fe(DMeOPrPE)2(H)(H2)]+ complex is generated at near atmo-
pheric pressure of H2 along with acid-promoted decomposition products.
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ig. 6. The [M(DMeOPrPE)2(H)(H2)]+ complexes (M = Fe, Ru, Os) are gener-
ted quantitatively when reacted in buffered solutions.

athway, the dihydrogen complex could be formed quantita-
ively when reacted in a buffered solution (pH 7). The analogous
uthenium [31] and osmium species [32] were also found to
ield a water-soluble and stable dihydrogen hydride complex in
uffered solution at slightly higher pressures of H2 (ca. 24 atm)
Fig. 6).

Although the above examples represent the known �2-H2
oordination complexes in water, numerous other reports have
roposed intermediates consisting of �2-H2 complexes in water,
articularly to explain H/D exchange in D2O as well as potential
ntermediates in hydrogenase enzymes [33–40]. These examples
re discussed in the sections below where appropriate.

. Reactivity of H2 complexes

.1. General non-aqueous reactivity

When an �2-H2 complex is involved in a catalytic or stoichio-
etric reaction, the �2-H2 ligand does one of the following: (1)

t readily dissociates to provide an open coordination site; (2) it
cts as a proton or hydride donor to an appropriate substrate, or
3) it provides reducing equivalents to a metal center for later use.
hese reactions are outlined in Scheme 1 for both homolytic and

eterolytic cleavage pathways. The homolytic pathway is typ-
cally favored for highly basic transition metal centers, while
he heterolytic pathway is favored for electrophilic metal com-
lexes. Because most catalytic processes involving H2 employ

a
h
s
s

Scheme 1. Homolytic and heterolytic reaction pathways for �2-H2 com
cheme 2. A general schematic representation for the ionic hydrogenation of a
olar double bond.

ighly basic transition metal centers, the homolytic pathway is
ost typical. The catalytic chemistry of H2 through homolytic

ctivation pathways has been extensively reviewed [5,7,8,41].
n contrast, catalytic reactions proceeding through heterolytic
outes are less studied [7,21].

.2. Heterolytic reactivity of η2-H2 complexes:
toichiometric ionic hydrogenation reactions

The heterolytic cleavage of H2 is proposed to be an impor-
ant step in reactions involving H/D exchange [42] and various
atalytic ionic hydrogenations and hydrogenolysis reactions
21,43]. An ionic hydrogenation involves the sequential addi-
ion of H+ and H− across a polar double bond (Scheme 2) [44].
riginally, this was achieved through the use of different external
ydride or proton sources, but such reactions have the potential
o utilize both fragments from the heterolytic cleavage reaction
f H2.

Kursanov et al. provided an early example of ionic hydro-
enation reactions by using separate acid and hydride sources
45]. A variety of olefins and ketones were stoichiometrically
ydrogenated using Et3SiH as a hydride source and CF3COOH

s a proton source. It was later recognized that the source of a
ydride need not be a typical organic hydride source such as a
ilane. Reports by Darensbourg and co-workers [46] and Gib-
on and El-Omrani [47] showed that certain early metal hydride

plexes. B represents a generic base, E represents an electrophile.
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Fig. 7. Ionic hydrogenation of an aldehyde using group 6 hydrides.

omplexes are sufficiently hydridic to hydrogenate aldehydes
hrough an ionic mechanism (Fig. 7).

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

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

.3. Catalytic ionic hydrogenations involving η2-H2

omplexes

Because metal hydrides and protons can be generated directly
y heterolytic cleavage of H2 on a transition metal center, the
cope of ionic hydrogenations has been extended to catalytic
ystems in which H2 acts as both the proton and hydride source.
n this regard, dihydrogen complexes are ideal catalysts because
2-H2 complexes typically have a high kinetic acidity [4,5], and

he resulting hydride can be substantially hydridic [44].
A general mechanistic scheme for an ionic hydrogenation

nvolving an �2-H2 complex is shown in Scheme 3. Because of
he charged and polar species involved in this pathway, ionic-
ydrogenation reactions lend themselves to ionizing solvents

uch as alcohols and water [9]. For this reason, the ionic hydro-
enation pathway shows promise for selectively hydrogenating
olar C O and C N bonds in the presence of C–C olefinic and
cetylenic bonds [10,11]. It is also noted that reactions of H2

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

(
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(
p

3
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cheme 3. Proposed mechanism for catalytic ionic hydrogenations of ketones
y an �2-H2 complex.

n biological systems proceed through heterolytic routes where
+ and H− are transferred separately to a substrate. In this

ense, ionic hydrogenations involving �2-H2 complexes mimic
iological reductions.

Several complexes have been shown to be viable catalysts for
ydrogenation reactions proceeding through an ionic pathway.
deally, the kinetic acidity of the H2 complex should be reason-
bly high so that it can act as a proton donor to the substrate
nd concomitantly regenerate the metal hydride. Conversely,
he resultant hydride should be sufficiently hydridic to affect a
ydride transfer to an electrophilic substrate.

Several �2-H2 or dihydride complexes show promise as ionic
ydrogenation catalysts (Fig. 9). For instance, ruthenium com-
lexes bearing either Cp or Cp* and carbonyl ligands or bidentate
hosphine chelates provide access to the necessary ionic hydro-
enation prerequisites. The complex [Ru(Cp*)(CO)2(H2)]+ is
o acidic that it is deprotonated by diethyl ether [14], while
he pKa values of the coordinated �2-H2 ligand in complexes
f the type Ru(Cp)(P2)(H2)+ are typically between 7 and 9
measured in THF or CH2Cl2) and are also readily depro-
onated [50,51]. Bullock has determined the hydricity of the
everal resultant hydride species by comparing the rate con-
tants of hydride transfer to the trityl cation (Ph3C+) measured
sing stopped-flow techniques [52,53]. The Ru(Cp*)(CO)2(H)
omplex delivers its hydride equivalent at an impressive rate
estimated kH− ≈ 5 × 106 M−1 s−1), which is illustrative of its
otential as a potent hydride donor.

.3.1. Molybdenum and tungsten hydrides for ionic
ydrogenations

Molybdenum and tungsten Cp complexes containing car-
onyl and phosphine ligands are active ionic hydrogenation
atalysts. The hydricity of these species is diverse and very sen-

itive to the identity of ancillary ligands (Table 1). Additionally,
he acidity of the cationic molybdenum and tungsten dihydride
pecies is considerable, as protonation of CpW(CO)3H with a
trong 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
species, an intermediate �2-H2 species may only be formed transiently and the dihyd

Table 1
Rate constants for hydride transfer from metal hydrides to [Ph3C][BF4]
(CH2Cl2, 25 ◦C)

Metal hydride kH− (M−1 s−1)

CpW(CO)3Ha 7.6 × 101

HSiEt3a 1.5 × 102

CpMo(CO)3Ha 3.8 × 102

CpMo(CO)2(PCy3)Ha,b 4.3 × 105

CpMo(CO)2(PPh3)Ha,b 5.7 × 105

CpMo(CO)2(PMe3)Ha,b 4.6 × 106

Cp*Ru(CO)2(H)c ≈5 × 106

a Ref. [53].
b PCy3 = tricyclohexyl phosphine, PMe3 = trimethyl phosphine, PPh3 =
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(4)
riphenyl phosphine.
c Ref. [52].

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

A study of the protonation of CpW(PMe3)(CO)2H showed
hat the kinetic site of protonation is the W–H bond, sug-
esting an intermediate W(H2)+ species [55]. The existence
f an �2-H2 complex may only be transient, however, as the
ihydride version dominates in solution [54]. Regardless of
he tautomeric form of the dihydride species, the rates of
ydrogenation were found to be slow. Also, the Mo and W
atalysts suffered decomposition from a competitive phosphine
rotonation/decoordination pathway. To prevent decomposition
nd enhance catalytic rates in the Mo-system, an appended
hosphine was installed on a cyclopentadienyl ring to inhibit
hosphine dissociation [56]. Unfortunately, this modification
fforded even slower rates (3× slower), although it did substan-
ially increase the thermal stability and lead to longer catalyst
ifetimes of several hundred turnovers. Clearly, further improve-

y
(

for catalytic ionic hydrogenation reactions. Note that in the case of Mo or W
ride tautomer results.

ents are required for group 6 metal hydride systems before their
tility is realized.

.3.2. RuCp(P2)H systems for ionic hydrogenations
The ruthenium piano-stool complexes were shown by Nor-

on and co-workers to be viable catalysts for the hydrogenation
f imines, iminium ions, ketones, and aziridines [57,58]. In
rder to optimize the catalysts for selective hydrogenation
eactions, several parameters of the complex were adjusted.
he size of the phosphine chelate was varied to examine
ow it affected the rate of hydride transfer to an iminium
ation. It was found that the smaller the chelate ring size, the
aster the hydride transfer, giving the following trend in the
ates: CpRu(DPPM)H > CpRu(DPPE)H ≈ CpRu(DPPBz)H >
pRu(DPPP)H � CpRu(DPPB)H [59]. This trend was rational-

zed by considering the effect that the ring size has on the energy
f the LUMO. The energy of the unsaturated CpRu(P2)+ cation
ecreases as the chelate ring becomes larger, making the hydride
ore stable, and consequently less able to transfer away from

he CpRu(P2)H fragment. Accordingly, the best catalyst for the
elective hydrogenation of iminium ions was found to contain
he DPPM phosphine.

Further studies aimed at determining selectivity and inhibi-
ion conditions found that when the iminium ion was located
ithin the same molecule as a terminal olefin, hydrogenation
as not catalytic. Presumably, this was due to competitive coor-
ination of the olefin with H2. In support of this hypothesis, when
he olefin contained sterically blocking substituents to prevent it
rom competitively coordinating with H2, selectivity of the C N
ouble bond was achieved over the C C double bond (Eq. (4))
57].
The CpRu(P2)H system can be tuned for asymmetric catal-
sis. For example, when a chiral diphosphine ligand such as
S,S)-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 �2-H2 complex to give the corresponding alcohols.

Fig. 10. The catalytic ionic hydrogenation of aziridinium ions by
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uCp(DPPM)H gives regioselectivity based on the substituents at the 2-postion
f the aziridinium cation.

ith modest enantioselectively (Eq. (5)) [60].

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

A limitation to the investigations of such epoxide hydro-
enations is the instability of the transiently formed protonated
poxide. This fact precluded a study of the mechanism of
hese reactions. To circumvent this problem, aziridinium ions
ere investigated. Aziridinium ions are isoelectronic to pro-

onated epoxides but they have a higher thermal stability
nd are thus suitable models for studying the regiochem-
stry of hydride transfer to a protonated epoxide. In a recent
tudy, Norton and coworkers found that the regiochemistry
as controlled by the electronic properties of the R′ or
′ substituents (Fig. 10) [58]. Alkyl-substituted aziridinium

ations gave the more branched ammonium cations, while
he aryl-substituted aziridinium cation gave the less branched
mmonium cations. This was rationalized by considering induc-
ive effects on the acidity of the carbon at the 2-position.

u

r
o

(5)

rimethylsilyl enol ethers with the specific example shown for the conversion of
-trimethylsiloxystyrene to acetophenone.

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

ydride.

.3.3. Hydrogenolysis of silyl enol ethers
Hidai showed that the acidity of a dihydrogen complex

ould be harnessed catalytically when coupled with a hydride-

bstracting fragment such as a trialkyl silyl cation [61].
specific example is shown in Scheme 5 where trans-

Ru(DPPE)2(H2)Cl][OTf] and SiMe3OTf are used to effect a
lean conversion of a silyl enol ether to a ketone and Me3SiH.
he mechanism in Scheme 5 was elucidated by deuterium

abeling studies as well as by monitoring the stoichiometric
eaction by 1H NMR spectroscopy and was found to occur via
eterolytic H2 cleavage instead of an alternative dehydrosilyla-
ion mechanism. (The latter mechanism is the reverse reaction
f the transition-metal-induced 1,4-addition of hydrosilanes to
,�-unsaturated carbonyl compounds [62,63].) Note that this
echanism is different from the previously discussed ionic

ydrogenation pathways in that the proton and hydride are trans-
erred to two separate molecules. Also noteworthy is the ease of
euteration at the �-position. Consequently, this type of reaction
s a highly efficient means (85%+) for deuterium incorporation

sing D2 gas as the sole source of deuterium.

The DPPE ligand in Scheme 5 was exchanged for a chi-
al bidentate phosphine ligand such as BINAP for the purpose
f asymmetric hydrogenolysis of silyl enol ethers. Unfortu-
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cheme 6. Shvo’s ruthenium catalyst hydrogenates polar double bonds by an o
roposed as a logical intermediate to explain the reactivity.

ately, when the trans-[Ru(BINAP)2(H2)Cl][OTf] complex was
eacted with H2 gas and a prochiral trimethylsilyl enol ether,
o enantioselectivity of the product alcohol was observed. This
esult indicated that the site of protonation is the oxygen atom
f the silyl enol ether and not the sp2 carbon. However, when
he chiral BINAP catalyst was used in enolate systems, it was
ound that the system achieved enantioselective protonation of
rochiral enolates in up to 75% ee, albeit not catalytically (Eq.
6)). Overall, this route provided a new approach using H2 to
ffect the asymmetric protonation of enol ethers [61].

.3.4. Shvo’s system
The aryl-substituted cyclopentadienyl ruthenium system

riginally reported by Shvo et al. [64] (molecule 1 in Scheme 6)
as shown to act as a catalyst for the hydrogenation of ketones,
lefins, and acetylenes [65]. Mechanistic work by Casey et al.
ater showed that complex 1 catalyzes the hydrogenation of
enzaldehyde by an outer-sphere ionic mechanism [66].
The acidity of the hydroxyl proton in Scheme 6 was con-
rmed to be high (3 pKa units more acidic than benzoic acid) and
atisfies one of the prerequisites for an ionic mechanism, vide
upra. Furthermore, deuterium isotope effects were investigated

f
o

d

phere ionic type mechanism. The dihydrogen species was not observed but is

(6)

y selective deuteration of the hydroxyl and hydride positions.
he observation of primary deuterium isotope effects for both
u–D and O–D supported a concerted mechanism of hydro-
en transfer in which Ru–H and O–D bond breaking occurs
n the transition state. In addition, a second-order rate law was
btained (first-order each in aldehyde and Ru–H) as well as
S‡ = −28 eu, implying a concerted associative mechanism in
hich the hydride and proton are simultaneously transferred

o the substrate. Although an �2-H2 complex was not directly

bserved in this system, its presence as an intermediate is almost
ertain. The proposed intermediate H2 complex is similar to one
eported by Heinekey, which was so acidic that diethyl ether
cted as a base to deprotonate the coordinated H2 [14]. In light of
his result, it is reasonable to propose that the cyclopentadienone
igand in Scheme 6 can act as a base to deprotonate the initially

ormed �2-H2 complex at rate that exceeds the detection limits
f 1H NMR spectroscopy.

An iron complex similar to the Shvo-type system was recently
escribed 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
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n the Shvo mechanism in Scheme 6, is proposed here as a logical intermediate
o explain the reactivity.

ecause it represents the first, well-defined iron catalyst for the
ydrogenation of ketones, aldehydes and imines. The iron cata-
yst shows high functional group tolerance for carbon–halogen
roups, nitro groups, and impressively even pyridine. The hydro-
enation system also shows high chemoselectivity, as polar
ouble bonds were selectively hydrogenated in the presence of
lefinic or acetylenic groups (Scheme 7).

The second-order rate constant for the hydrogenation of ace-
ophenone at 25 ◦C was k = 9.8 × 10−3 M−1 s−1. An Eyring plot
ielded �H‡ = 9.0 ± 0.6 kcal mol−1 and �S‡ = −37.5 ± 2.1 eu.
imilar to Shvo’s system, the large negative entropy of acti-
ation is consistent with a highly ordered transition state in
hich the ketone is strongly associated with the iron complex.
lthough not observed, a transient �2-H2 intermediate is likely
eterolytically cleaved intermolecularly by the nearby ketone
nd utilized as a proton and hydride source. This work shows
hat, by exploiting the high kinetic acidity of a coordinated dihy-
rogen ligand, chemoselective hydrogenation reactions utilizing
rst-row metals are possible. Numerous substrates were selec-

ively hydrogenated under remarkably mild conditions. Fig. 11 is
resented to highlight the chemoselectivity, the lack of inhibition

n the presence of competing ligands, and the mild conditions
sed in these reactions.

ig. 11. Selected examples of chemoselective ionic hydrogenation using an iron
atalyst.

s
p

F
a

cheme 8. A generalized scheme showing ionic hydrogenation of polar double
onds proceeding through an outer-sphere mechanism.

.3.5. Noyori-type hydrogenation systems
Hydrogenation catalysts based on Noyori’s chiral

iphosphine/diamine-RuCl2 complexes have seen exten-
ive use for the enantioselective hydrogenations of polar
ouble bonds [11,68]. Noteworthy is the selectivity for the
ydrogenation of polar C N and C O bonds over C C bonds.
ne of several impressive traits of this catalyst system is

he fast rate and high ee. For example, when the pre-catalyst
u(Cl)2((S)-tolBINAP)((S,S)-DPEN) was added to 45 atm
2 in the presence of a butoxide base at 30 ◦C, the TOF of

cetophenone was 2 × 105 h−1 with 80% ee [68]. While it
s apparent that such systems also operate through an ionic
echanism, Noyori uses the term “metal–ligand bifunctional

atalysis” to generally refer to systems that operate by hydride
ransfer to an outer-sphere molecule [69]. This outer-sphere

echanism is identical to that proposed for the Shvo ruthenium
ystem where the L group (a ketone in Shvo’s system) is
eplaced 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-
ng the structure and mechanism of the active catalysts involved.
he presence an unsubstituted diamine was found to be critical,
nd the catalysts were found to be ineffective when diamines
ithout NH groups were used [75]. The nature of the so-called

NH-effect” has been widely investigated and is proposed to sta-
ilize an incoming ketone by forming an intermediate like that

hown below. Such an intermediate explains the selectivity of
olar C O bonds over C C bonds [76] (Fig. 12).

ig. 12. Proposed intermediate involving the NH-effect in the hydrogenation of
ketone.
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cheme 9. Morris’ proposed pathway for the hydrogenation of ketones by
u(diamine)(diphosphine)(H)2 complexes.

Subsequent mechanistic work by the Morris group reformu-
ated the active catalyst as a ruthenium dihydride formed by the
eterolytic cleavage of H2 [70]. Using deuterium isotope experi-
ents, they found that the rate of hydrogenation decreased when

sing D2 instead of H2, and they attributed this observation to
he decreased acidity of an �2-D2 complex compared to an �2-

2 complex. Furthermore, they suggested that deprotonation of
oordinated dihydrogen by a transiently formed amido ligand is
he rate-determining step of the hydrogenation reaction. Their
roposed mechanism is shown in Scheme 9 [70–72].

An alternative pathway involving cationic intermediates has
lso been proposed to be active when the hydrogenation is per-
ormed in protic solvents in the absence of exogenous base [73],
lthough an �2-H2 complex is still a key intermediate in this
athway.

One of several noteworthy features of the Noyori and Morris
echanisms is that the heterolytic activation of H2 is proposed to

e a critical step in catalyzing the asymmetric hydrogenation of
etones and imines. It is noted that several further examples of an
2-H2 complex mediating reactivity by an ionic mechanism are
nown and proposed, such as the hydrogenation of carbon diox-
de to formic acid [77,78] using a dihydrogen complex, as well as
umerous aqueous selective hydrogenation catalysts [35,40,79].

.3.6. Hydrogenase enzymes
The hydrogenase enzymes mediate the conversion of pro-

ons and electrons to H2 (Eq. (7)) with impressive efficiency
80]. The physiological role played by hydrogenase enzymes
llows H2 to be used as an energy source to drive ATP forma-
ion via ATPase or to contribute to acetylCoA synthesis [81].
dditionally, hydrogenase enzymes reclaim the H2 formed as a
yproduct in the fixation of N2 to ammonia by nitrogenase [82].
ne direction that has been explored extensively to exploit this

unction is the construction of synthetic models of the active

ite of Fe–Fe and Fe–Ni hydrogenase enzymes with the goal of
ynthesizing a viable catalyst for H2 production [83–86]. Such
odels exploit key structural features found in the enzyme active

ite, and for the H-cluster (the most widely modeled site), this

c
s
t
s

ig. 13. Proposed intermediates in the hydrogenase-mediated activation of H2.

nvolves a binuclear iron core featuring three CO ligands, two
N−1 ligands, and a thiolate bridging from the Fe4S4 cluster

87,88].

2 � 2H+ + 2e− (7)

From a mechanistic standpoint, the intermediates involved
n conversion of H+ to H2 are unusual (Fig. 13). In particular, a
oteworthy feature of the mechanism is the competitive ability of
ater, H2 and hydrides to coordinate to an iron center. Although

everal pathways have been proposed for the conversion of H2
o H+, a common feature is the likely coordination and subse-
uent heterolytic cleavage of dihydrogen at an iron center [85].
his reaction is likely facilitated either by an amine of the pro-
osed azadithiolate cofactor [88], exogenous water [39], thiolate
89], or another base [90]. Also noteworthy is the presence of a
oordinated hydride and an �2-H2 ligand coordinated to a metal
omplex at biological conditions, namely in water (Fig. 13).

X-ray crystallography has provided key insights into the
echanism of H2 conversion. A reduced form of the diiron core
as shown to contain an empty coordination site on the distal

ron center (denoted in Fig. 13 as Fed). However, a crystallo-
raphic study of the oxidized form of the H-cluster showed that
coordinated water molecule was actually bound to the previ-
usly identified “empty” coordination site [88,91]. Additionally,
ntroduction of CO to the oxidized form resulted in the substi-
ution of the water molecule by CO and subsequent inhibition
t the distal site as determined spectroscopically [92] and crys-
allographically [93]. Taken together, these results provide good
vidence that the site of H2 production/activation is likely on the
istal iron center and that, during catalysis, H2 likely displaces

oordinated water [38]. Given the importance of the H2 conver-
ion pathway, it is a worthwhile pursuit to understand some of
he underlying reactivity trends associated with this rather elu-
ive class of complexes, namely water-soluble and stable M–H2
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Fig. 14. Catalytic H/D+ exchange and the subsequent hydrogenation of ketones.
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DMSO). (Note that a similar complex, [Os(DPPE)2(H2)H]BF4,
has an experimentally determined pKa value of 12.7 in THF
[102].) The H/D exchange reaction with acetone-d6 was also
noted to occur with trans-[Ru(DPPE)2(H2)Cl]PF6 [103]. Within
cheme 10. Proposed intermediates in the hydrogenase-catalyzed H/D
xchange reaction mediated by H2O. Ligands other than the hydrides and
ropanedithiolate bridge have been removed for clarity.

nd M–H complexes featuring the heterolytic cleavage of H2 as
key reactivity trait.

.3.7. H/D exchange reactivity
A common reaction of most H2 complexes is their ability

o affect H/D exchange reactions between H2 and D2 or H2
nd D+. The exchange process has been suggested to occur by
ne of many possible exotic yet computationally viable routes
p. 121, Ref. [2]). However, the most common pathway likely
nvolves heterolytic cleavage of H2 (Eq. (8)) [42]. In order for
/D exchange to occur efficiently by this route, the pKa of the
2 ligand and the protonated base must be similar.

(8)

The H/D exchange reaction is an important feature of nitro-
enase and hydrogenase metalloenzymes [94–97] and is one of
he requisites for a functional hydrogenase mimic [39,98,99].
n this regard, Darensbourg showed that structural analogues of
he hydrogenase enzyme carried out H/D exchange between H2
nd D2 and also H2/D2O mixtures [90]. It was also noted that
he process was not mediated solely by a metal hydride in the

2O-assisted case because replacement of the hydride by a thi-
late still gave H/D exchange. However, without the presence of
dventitious water, H/D exchange did not occur, and therefore
he mechanism in that case is likely due to binuclear cooperation
etween the two iron sites. Suggested pathways were proposed
or both exchange reactions, and the H2O-assisted pathway is
hown in Scheme 10.

Several groups have exploited the H/D exchange reactivity
f �2-H2 complexes for the purpose of selective deuteration of
rganic molecules using D2O or CH3OD as a deuterium source.
or instance, Dahlenburg and Gotz reported an unusual exam-
le of an iridium complex that activates H2 heterolytically, yet
ydrogenates ketones through a classic hydride insertion mech-
nism (Fig. 14) [100]. The hydrogenation of several ketones was
chieved with nearly a 1:1 mixture of deuterium incorporation
t the carbonyl carbon.

The proposed mechanism involved an equilibrium between
he dihydrogen amido complex and a dihydride amine species

Fig. 15). In this reaction, the dihydrogen complex catalyzed the
/D exchange between H2 and D2 or H2 and D+.
Lau and co-workers recently reported another example of

sing an H/D exchange reaction of an �2-H2 complex to install
F
d

ig. 15. Proposed equilibrium between an isomeric dihydrogen amido and a
ihydride amine pair.

euterium [34]. The pre-catalyst TpRu(PPh3)(CH3CN)H was
eacted with D2O to form a proposed Ru(HD) intermediate
pecies prior to transferring the deuterium to an organic substrate
ia a C–H activation process (Fig. 16).

Various ethers and aromatic substrates were tested for deu-
erium incorporation and benzene was found to give the highest
euteration (27%) at 0.4 mol% catalyst loading. Interestingly,
lthough substrate solubility was an important issue to con-
ider when exchanging aliphatic R–H with deuterium from
2O, the highest degree of deuteration was obtained when an

mmiscible solvent system (water/benzene) was used, compared
o highly miscible water/THF or water/dioxane solutions. The
pRu(PPh3)(CH3CN)H complex was also found to catalyze

he H/D exchange between H2 and various deuterated solvents
THF-d8, benzene-d6, and diethyl ether-d10) to give mixtures of
D and D2. Thus, the TpRu(PPh3)(CH3CN)H system presents

n intriguing alternative to H/D exchange by traditional het-
rolytic mechanisms involving polar substrates.

Bianchini reported another example of an unusual H/D
xchange reaction involving a tripodal phosphine osmium dihy-
rogen hydride complex (Scheme 11) [101]. When deuterated
cetone was used as a solvent, deuterium incorporation into the
2 ligand was observed. The reaction was proposed to proceed
ia a keto-enol tautomerization of acetone because the pKa of the
2 ligand is thought to be more acidic than acetone (pKa = 26 in
ig. 16. Proposed equilibrium between the ruthenium hydride and a ruthenium
ihydrogen complex.
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Scheme 11. Proposed mechanism for the H/D exchange with acetone-d6 mediated by a ruthenium or osmium �2-H2 complex.
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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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complex, Fe(H)2(H2)(PEtPh2)3 (Fig. 19) [118], and an iridium
phosphine complex, Ir(�2-H2)H(Cl)2(PiPr3)2 (Fig. 20) [119].
With the iron species, the H2 ligand was located by neutron
cheme 12. Proposed intermediates in the proton transfer of a metal hydride
MH) and an acid (AH).

0 min of dissolution into acetone-d6 the H/D isotopolog formed
nd within a few hours complete deuterium incorporation was
oted. In this case, a mechanism was not proposed for the H/D
xchange. However, it is likely to proceed in a manner analo-
ous to the osmium species because the H2 ligand is moderately
cidic (pKa = 6, pseudo-aqueous scale).

. Proton transfer reactions involving �2-H2 complexes

All of the reactions shown above that involve the heterolytic
leavage of H2 can generally be classified as proton transfer
eactions. Proton transfer pathways involving the transfer of
proton to a metal hydride play a key role in catalytic ionic

ydrogenations, the reduction of H+ to H2, and H/D exchange
eactions [104]. Accordingly, significant experimental and the-
retical research has been devoted to uncover intermediates and
ain mechanistic insight into the elementary steps involved in
roton transfer reactions. The stepwise proton transfer to a metal
ydride shown in Scheme 12 is the generally accepted route for
hese reactions.

Note that species A, D, and E are discrete and well-
haracterized species. Species B and C represent the key
ntermediates that have remained elusive for many years. In an
ffort to understand these key intermediates, Crabtree and co-
orkers [105] and Morris and co-workers [106] independently
iscovered the capacity of a metal hydride to accept a hydrogen
ond from an appropriate hydrogen bond donor. This finding
evealed new bonding possibilities and caused many mechanis-
ic questions to be readdressed. The field of dihydrogen bonding
also known as “protonic/hydridic” bonding) has been exten-
ively reviewed [107–111], so this topic will not be covered
n detail here. To further elucidate the presence of intermedi-

tes along the proton transfer pathway, Chaudret showed that a
ynamic equilibrium involving proton transfer exists in solution
etween a hydride and a dihydrogen complex in the presence
f an acidic alcohol (Fig. 17) [112]. Further studies have since

F
n

Fig. 18. Proposed intermediate contact ion pair (hashed box).

onfirmed the generality of these equilibria in other systems
113–115].

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

.1. Dihydrogen hydrogen bonding (DHHB)

The hydrogen bonding interaction between a coordinated H2
igand and a hydrogen bond acceptor has been proposed as an
ntermediate in H/D exchange reactions (see Scheme 10 for an
xample) and other variants of proton transfer [34,90]. Among
he first crystallographically identified instances that potentially
ontain a hydrogen bonded �2-H2 ligand are an iron phosphine
ig. 19. The cis-effect in the Fe(H)2(H2)(PEtPh2)3 complex determined by
eutron diffraction.
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ig. 20. The crystal packing of the Ir(�2-H2)H(Cl)2(PiPr3)2 complex exhibits
ntermolecular close contacts between a cis-hydride ligand and a nearby chloride
igand.

iffraction and found to be unusually staggered with respect
o the P–Fe–P and Fe–H axes. A computational study revealed
n interaction between a cis-hydride and dihydrogen ligands.
his was subsequently called the “cis-effect” and can be loosely
escribed as an interaction of the hydride �-orbital with the �*
rbital of the coordinated H2 (Fig. 19).

The barrier to H2 rotation was probed by low-frequency
nelastic neutron scattering spectroscopy and was found to be
bnormally low. The low barrier was rationalized by consid-
ring the stabilizing interaction between H2 and the cis Fe–H
ond that served to decrease the strength of the Fe–H2 back-
onding contribution. Further studies of the cis-effect on an H2
igand were reported for an osmium complex, which showed
hat this interaction lengthens the H–H bond distance when the
is ligand is changed and follows the order H > F > Cl > H2O
120].

The Ir(�2-H2)H(Cl)2(PiPr3)2 complex was shown in the solid
tate to have close contacts between an �2-H2 ligand of one
olecule and a chloride ligand of another molecule and a cis-

ydride [119]. However, due to the large size of the phosphine
igands and the fact that the complex does not retain its �2-H2
igand in solution [121], the actual driving force for the molec-
lar association is unclear and might be due to crystal-packing
ffects rather than hydrogen bonding.

There are a several examples of crystal structures of
ihydrogen complexes that exhibit close contacts to a coun-
erion and potentially are associated by dihydrogen hydrogen
onding interactions [122,123]. Notably, the acidic trans-
Os(DPPE)2(H2)(CH3CN)][BF4]2 complex was shown to

ontain a BF4

− group in close proximity to the coordinated H2
igand (2.365 Å) (Fig. 21). The close proximity of BF4

− was
resumed to facilitate the mobility of the proton [123].

ig. 21. The solid-state structure of the trans-[Os(DPPE)2(H2)(CH3CN)][BF4]2

omplex exhibits intermolecular close contacts to the BF4
− counterion.
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Similar ion pairing phenomena were proposed to facilitate
roton transfer in other systems. For example, the kinetics
f deprotonation of trans-[Fe(DPPE)2H(H2)]+ by NEt3 were
hown to be governed by the counterion [124]. In this reaction,
he anion was found to facilitate the separation of the reaction
roducts through the formation of a stable ion pair. This finding
onflicted with the previously proposed hypothesis that the role
f the ion pair was to mobilize a proton in an otherwise sterically
ongested area [123].

Although H-bonding may be responsible for the crystalline
rrangement of these associated complexes, other factors such
s steric and electronic repulsion and crystal-packing forces are
ikely to give similar energetic stabilization. The few instances
n which a hydrogen bond to a coordinated �2-H2 ligand is pro-
osed in solution involve a counterion acting as the H-bond
cceptor [117,125–128]. Thus, the driving force for these asso-
iations in solution may be driven by the formation of a tight
on pair instead of by hydrogen bonding interactions. To clar-
fy the nature of the interactions of H2 with appropriate H-bond
cceptors, several computational reports have shown that inter-
olecular hydrogen bonding to a coordinated H2 is possible

33,37,121,128–131] in spite of a report stating that intermolec-
lar H-bonding in solution is unlikely because the H2 would be
creened from the surroundings by the shell of co-ligands [132].

We recently reported the identification of intermolecular
HHB in the solution phase [31]. Specifically, the water-soluble

rans-[Ru(DMeOPrPE)2(H2)H]+ complex (DMeOPrPE = 1,2-
is(dimethoxypropylphosphino)ethane) was spectroscopically
hown to participate in DHHB with the potent H-bond acceptor
yridine N-oxide. Three tests unambiguously established the
resence of DHHB in this complex. First, downfield shifts of
he �2-H2 resonance were noted in the 1H NMR spectrum upon
itration of an appropriate acceptor molecule (acetone and pyri-
ine N-oxide) into a non-aqueous solution of the complex. The
hape of the binding isotherm (as well as the association con-
tant, Ka) was dependent on the identity of the acceptor. (The
ssociation constant for pyridine N-oxide was four times as large
s that for acetone.) A second test employed a solvatochromic
-bond probe (4-nitropyridine N-oxide) that has a λmax that is

ensitive to H-bond donors. Thus, DHHB was indicated in the
rans-[Ru(DMeOPrPE)2(H2)H]+ complex by a hypsochromic
hift in the λmax of the probe molecule (Scheme 13, right side).
n analogous experiment with the carbonyl-substituted complex

rans-[Ru(DMeOPrPE)2(CO)H]+ gave no change in the λmax of
he probe molecule (Scheme 13, right side). Thus, substitution
f the �2-H2 ligand by CO showed that the association was spe-
ific to the �2-H2 ligand and not merely a result of association
ith the coordination complex.
A third test confirming DHHB came from a study of

he rotational dynamics of a probe molecule, pyridine N-
xide-d5. Using 2H NMR spectroscopy, the solution dynamics
f the probe molecule in the presence of the trans-
Ru(DMeOPrPE)2(H2)H]+ complex and its carbonyl analogue

ere investigated. The addition of the large �2-H2 complex

relative to the pyridine N-oxide probe molecule) caused a sub-
tantial increase in the rotational correlation time (τc) of the
robe molecule. This increase is a result of an increase in the
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Scheme 13. Addition of the trans-[Ru(DMeOPrPE)2(H2)H]+ complex to pyri-
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ine N-oxide probe molecules causes changes in the rotational correlation time
τc) and the λmax. In the τc experiment, note that cyclohexane-d12 was used as
n internal standard to normalize for the effects of solvent viscosity.

ffective volume and is consistent with the formation of an
-bonded adduct. When the H2 ligand was replaced by CO,

he effect of adding the H2 complex was reversed and trans-
Ru(DMeOPrPE)2(CO)H]+ caused no increase in the τc of the
robe molecule (Scheme 13, left side). Taken together, all three
ests suggest that intermolecular DHHB is possible to a neutral
cceptor.

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

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

It is important to note that the M–(H ) bond strength is signif-
2
cantly affected by the M–d� → �* back-bonding contribution
2,133]. The H-bond acceptor likely populates the �* acceptor
rbital of H2. Thus, upon participation in DHHB interactions,

ig. 22. The proposed orbital diagram showing the effect of DHHB on metal
ackdonation into the �* orbitals of the H2.
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here are two likely consequences to the M–(H2) bond; a length-
ning of the H–H bond distance and as well as a concomitant
engthening of the M–(H2) bond distance. Unfortunately, the
ompetition between these two effects may offset the ability to
irectly observe the effect of H-bonding on the H–H distance in
2-H2 complexes.

The increased lability of an H2 complex is likely to be one
f the most important consequences of DHHB. Furthermore,
ecause several proposed intermediates in the hydrogenase-
ediated reduction of protons feature DHHB species (Fig. 13)

38,85], it is possible that biological enzymes may have evolved
o explicitly include this interaction in their active site structures.

. Nuclear magnetic resonance characterization of
2-H2 complexes

The characterization of �2-H2 complexes typically relies on
easuring the H–H bond distance because it is a good indica-

or of the extent of �-back-bonding, and thus of H2 activation
12]. Several techniques are available to examine the H–H bond
istance [2,17]. Because hydrogen atoms are typically X-ray
ilent, X-ray diffraction methods are generally not amenable
o H–H bond length determinations. Nevertheless, crystallo-
raphic determinations are possible using neutron diffraction.
owever, this technique requires significantly larger crystals

han X-ray crystallography and access to a neutron source. As
convenient alternative to diffraction, NMR spectroscopy has

een extensively used to measure H–H bond distances. Because
f the omnipresence of NMR spectrometers in most research
nstitutions, techniques based on solution-phase characteriza-
ion have emerged that allow an H–H bond distance to be
traightforwardly measured using one of several solution-phase
r solid-state NMR methods. The prominent solution-phase
MR methods are outlined below.

.1. HD-coupling as a probe of the dHH

The close proximity of the two hydrogen atoms in an H2
omplex allows significant interaction between the two nuclei. A
onsequence of this interaction is manifested in the HD coupling
onstant in the 1H NMR spectra of HD complexes (Fig. 23). In
act, a key piece of evidence supporting the structural assignment
f the first dihydrogen complex was the large HD coupling con-
tant of 33.5 Hz [1]. Isotopic substitution of one of the hydrogen
toms by deuterium forms the HD isotopolog, which has a char-
cteristic 1:1:1 triplet because deuterium has a spin of 1. Free
D gas has a JHD of 43 Hz, and accordingly, this is the upper

imit of an HD coupling constant. Substitution can be achieved
y treating a coordinatively unsaturated complex with HD gas
irectly [2]. More commonly, synthesis proceeds by protona-
ion of a metal deuteride or by treating a metal hydride with a
euterated acid or an exchangeable deuterium source such as an
lcohol.
Several empirical relationships that correlate the measured
HD with the dHH in a given molecule have been found, the first
f which was given by Morris and co-workers [134]. A linear
elationship was discovered when the dHH was plotted against
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ig. 23. A typical high field 1H NMR spectrum of an HD isotopolog of an �2-H2

omplex.

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

HH = 1.42 − [0.0167(JHD)] Å (9)

slightly different variation was constructed by Heinekey who
sed a slightly smaller data set that included H–H distances
btained from solid-state NMR methods and corrected neutron
iffraction data [135]:

HH = 1.44 − [0.0168(JHD)] Å (10)

onsidering the uncertainty in obtaining the JHD (±0.3 Hz),
he error associated with these measurements is estimated to
e ±0.005 Å [136].

Both of these correlations have been successfully used
or the characterization of “short” dihydrogen complexes
dHH < 1.1 Å). However, the correlation breaks down for
stretched” or elongated �2-H2 complexes (dHH = 1.1–1.5 Å).
more recent adaptation of the linear equation relating the JHD
ith the dHH was provided by Gusev [121], who reported that the
ew relationship yielded a slightly better fit than Morris’ original
elationship, although the linear relationship still breaks down
t distances greater than 1.3 Å (Fig. 24):

HH = 1.47 − [0.0175(JHD)] Å (11)

To establish a correlation that was accurate for both short and
longated H2 distances, Limbach and Chaudret used an approach
ased on the bond-valence bond-length concept [137]. They
ased their model on a relationship given by Hush [138] who

howed that the JHD is proportional to the H–H bond order, pHH.
ecause free H2 has a JHD value of 43 Hz, Hush’s relationship

s

HD = 43pHH (12)

F
r
a
E
C

ig. 24. The H–H bond distance (rH–H) up to 1.3 Å as a function of JHD showing
ts using Morris’ and Gusev’s linear relationship. Reprinted with permission
rom Ref. [121]. Copyright 2004 American Chemical Society.

he correlation proposed by Limbach and Chaudret is

HD = 43 exp

(
0.74 − dHH

0.404

)

−2.81

(
1 − exp

(
0.74 − dHH

0.404

))2

(13)

einekey further refined this correlation and was able to obtain
better fit (Fig. 25) with experimentally determined H–H bond
istances [139]:

HD = 43 exp

(
0.74 − dHH

0.494

)

ig. 25. The H–H bond distance (RHH) as a function of JHD. The dashed curve
epresents the fit from Limbach and Chaudret’s relationship given in Eq. (13),
nd the solid curve represents a fit using Heinekey’ modifications as given in
q. (14). Reprinted with permission from Ref. [139]. Copyright 2004 American
hemical Society.
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.2. H–T spin–spin coupling

Heinekey showed that isotopic substitution using tritium is a
ore precise technique to probe the H–H bond distance. Tritium

3H) has a nuclear spin of 1/2 and a gyromagnetic ratio almost
even times as large as 2H. Accordingly, H–T couplings are
uch larger than H–D coupling constants, and thus the detection

f small changes in the coupling constant are more reliable when
sing JHT compared to JHD. Heinekey has been the main advo-
ate of this technique and estimated the experimental uncertainty
n the measurement of JHT as ±0.4 Hz. Thus, the error associ-
ted with the dHH determination is estimated to be ±0.001 Å
136]. From an experimental standpoint, the use of tritium has
any drawbacks, the major being the radioactive nature of the

H isotope. Consequently, most inorganic chemistry groups are
ot equipped to use tritium without specialized equipment and
raining, and this has translated into limited use of this otherwise
owerful technique.

.3. 1H NMR dipolar relaxation as a tool for identification
f H2 complexes

For the same reason that the JHD correlation described above
nds utility in H–H bond distance characterization, the mea-
urement of relaxation rates of an �2-H2 ligand has become an
mportant characterization tool to evaluate an H–H bond dis-
ance. The relaxation rate of a perturbed nucleus is inversely
elated to the spin–lattice, or the T1, relaxation mechanism:

elaxation rate = R = 1

T1
(15)

he relaxation rate is comprised of at least four contributing
elaxation components:

= Rdipolar + Rquadrupolar + RCSA + Rother (16)

here CSA represents the chemical shift anisotropy. For dihy-
rogen complexes, the dipolar term dominates because the
xcited nuclei can effectively relax through an adjacent H-
tom. Due to the close proximity of the two excited nuclei,
2 complexes have extremely short T1 values because of effi-

ient dipolar relaxation. The so-called dipole–dipole relaxation
as been attributed as the cause of the broad peaks typically
ssociated with H2 complexes [140]. A consequence of a dipo-
ar relaxation mechanism is that the observed T1 value will go
hrough a minimum value at a given temperature [141]. The
inimum value occurs when the rate of molecular tumbling in

olution matches the Larmor frequency. The equation describing
ipolar relaxation is

1

T1
= 3γ4h̄2

10r6

[
τc

1 + τ2
c ω2 + 4τc

1 + 4τ2
c ω2

]
(17)

here γ is the gyromagnetic ratio, � the Planck’s constant/2�,

the internuclear distance, τc the rotational correlation time,

nd ω is the Larmor frequency. In the extreme narrowing
imit (ω2τ2

c � 1), the dynamic term in brackets reduces to 5τc,
hereas if ω2τ2

c � 1, the term reduces to 2/ω2τc. Thus, in the
t
s
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xtreme narrowing limit, Eq. (17) converts to

1

T1
=

(
3

2

)
γ4h̄2

r6 (τc) (18)

hile in the slow molecular motion regime, Eq. (17) simplifies
o

1

T1
=

(
3

5

)
γ4h̄2

r6

(
1

ω2τc

)
(19)

his relationship was exploited by Crabtree and Hamilton to
mpirically correlate the dHH with a measured value of T1 (min)
t 250 MHz: for dihydrogen complexes, T1 < 80 ms, while for
lassical dihydrides, T1 > 150 ms.

Eq. (17) predicts that the T1 will go through a minimum value
hen the rotational correlation time closely matches the Larmor

requency. By utilizing the minimum value of T1, the influence
f τc on the T1 can be neglected and Eq. (17) can be converted
nto a simpler expression. Thus, in the slow rotation regime (i.e.
he H nuclei of the H2 ligand have slow motion relative to the

olecular tumbling in solution) the dHH can be approximated
y [142,143]:

HH = 5.81 6

√
T1(slow)

ν
(20)

here ν is the spectrometer frequency. A correct treatment of the
1 (min) criteria that correlates with the dHH requires knowledge
f the anisotropic contribution to the relaxation. Thus, errors in
alculations of the dHH depend on the character of the anisotropy
f the H2 rotation. When H2 rotation is very fast and the dipolar
–H vectors are perpendicular to the internal rotational axis, the
easured T1 values are maximal [141]:

1 (anisotropic) = 4T1 (isotropic) (21)

ccordingly, in the fast motion regime (i.e. H2 rotation is much
lower than molecular reorientation) the measured T1 value is
our times longer, and Eq. (20) transforms into [144]:

HH = 4.61 6

√
T1 (fast)

v
(22)

A further assessment of the method correlating the H–H bond
istance with the measured T1 (min) value was made by Halpern
nd co-workers [142]. In this treatment, relaxation contributions
rom other nuclei on the observed T1 are accounted for. For
nstance, relaxation contributions from nearby spin-active 31P
toms, ortho-CH pendant groups, as well as transition metals
ith non-negligible gyromagnetic ratios may lead to erroneously
easured T1 values. It should be stressed that the measured

elaxation rates (Robs) are additive and the observed relaxation
ate includes all the dipolar contributions as well as relaxation
y other mechanisms (Eq. (16)):

R]obs =
∑

R (23)

n

A limitation of the T1 method for determining the iden-
ity of an unknown hydride is the sensitivity to paramagnetic
pecies [141]. Relaxation by such species can dominate the
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verall relaxation process and lead to erroneously measured T1
alues. Fortunately, many H2 complexes have low spin d6 con-
gurations (and hence are diamagnetic) and are air-sensitive, so
elaxation due to paramagnetic 3O2 is eliminated. Complications
an arise, however, if the sample is not pure and contains para-
agnetic impurities, or alternatively if the sample undergoes

ecomposition to an ill-defined paramagnetic species.
Experimentally, the determination of a T1 (min) value for an

2 resonance is straightforward. The spin–lattice time (T1) can
e conveniently measured using the inversion-recovery method
hich relies on a (RD–180◦–τ–90◦–AT)n pulse sequence, where
is the number of accumulations. The system is allowed to

volve for a delay time, τ, which is varied from τ < T1 to τ > 3T1.
uring the delay time, the net Z component of the magnetization

eturns to its equilibrium value M0 at a rate dependent on T1.
he evolution of the inverted peak can be treated with a three-
arameter fitting equation to extract the value of T1.

.4. Use of deuterium quadrupolar coupling constants

Another potentially powerful NMR technique has emerged to
robe H2 complexes in solution. The deuterium quadrupole cou-
ling constant (DQCC) can be a sensitive measure of changes
round a coordinated �2-H2 ligand [145,146]. Changes due to
he intramolecular motions of H2 are measured by changes in
he orientation of the electric field gradient tensors, and this
echnique has been used to distinguish fast-spinning dihydrogen
igands [147]. The DQCC value can be accessed from com-
lementary information obtained from 2H NMR spectroscopy
correlated to the 2H T1 time) of a �2-D2 complex and by theo-
etical calculations using DFT.

. Summary

Water-soluble and stable �2-dihydrogen complexes are an
ttractive class of compounds that merit investigation into their
olution behavior. They are promising candidates as selective
atalysts for proton transfer reactions, including hydrogena-
ion reactions proceeding through an ionic pathway and H/D
xchange reactions. These proton transfer reactions lend them-
elves to ionizing solvents such as water because they involve
highly charged transition state. Currently, there is a dearth of
ater-stable dihydrogen complexes. Furthermore, studies gov-

rning their solution behavior are lacking.
Some fundamental questions arise when working with aque-

us dihydrogen complexes. Specifically, it was not known
hether coordinated H2 has the capacity to act as an H-bond
onor intermolecularly to an appropriate H-bond acceptor such
s water in solution. Hydrogen bonding interactions are pre-
umed to mediate proton transfer reactions in water, including
he hydrogenase-mediated H/D exchange reaction.
cknowledgment
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