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Abstract: Complexation of dihydrogen to transition metal centers was discovered by Kubas and coworkers in 1984.

The notion that the simplest molecule in chemistry can act as a ligand to form relatively stable transition metal

complexes has led to a paradigm shift in coordination chemistry. Crucial to the exploration of this intriguing new

chemistry has been the use of isotope substitution. Several aspects of the coordination chemistry of dihydrogen have

revealed fascinating isotope effects on reactivity, spectroscopy and in some cases structure. Complexation of HD has

been used to diagnose bond distances from measurements of JHD and isotope effects for D2 versus H2 binding have

been evaluated. Examples of quantum mechanical exchange coupling in H2 complexes have been described. These

effects disappear when one of the H atoms is replaced by D. In molecules with bound hydrogen adjacent to a hydride

ligand, non-statistical occupancy of hydrogen versus hydride sites by deuterons has been observed. In some cases,

isotope-dependent structures have been established by the study of HD, HT and DT complexes using NMR

spectroscopy. Copyright # 2007 John Wiley & Sons, Ltd.
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Introduction

Homogeneous transition metal catalysts play a pivotal

role in hydrogenation and hydroformylation reactions.

For this and other reasons, the reaction of hydrogen

with soluble transition metal complexes has been

extensively studied. The first molecular transition

metal hydride complex to be reported was H2Fe(CO)4,

described by Walter Hieber and coworkers in 1931.1 In

1984, the first example of coordination of an intact

dihydrogen molecule was reported by Greg Kubas and

coworkers.2 This revolutionary result was received with

some skepticism by the coordination chemistry com-

munity. Kubas has described the difficulties that were

encountered, which bear considerable resemblance to

the reception accorded to the discovery of nitrogen

complexes 20 years earlier.3

The accepted paradigm for the binding of a Lewis basic

ligand to a Lewis acidic metal center depends upon

electron donation from a low lying molecular orbital of the

ligand (often a lone pair) to an empty metal centered

orbital of appropriate symmetry. Some ligands (such as

ethylene and carbon monoxide) also gain additional

binding energy by back donation from filled metal d

orbitals into empty ligand centered antibonding orbitals.

For the binding of hydrogen to transition metals, an

adaptation of the Dewar–Chatt model for ethylene

binding is generally accepted. The bonding interactions

between a metal complex and hydrogen have been

described in terms of donation from the filled sigma

bonding orbital of H2 into an empty orbital of sigma

symmetry on the metal. This interaction is augmented by

back donation from filled metal orbitals of predominant d

character to the s* orbital of H2. Both of these interactions

weaken and lengthen the H–H bond. In the limit of strong

back donation from an electron-rich metal center, bond

cleavage to form a dihydride (oxidative addition) can

result. In the diagram below, filled orbitals are shaded

and M represents a metal with associated ancillary

ligands. While this model is generally accepted, there is

continuing discussion of the relative importance of the

sigma and pi components.
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Since the initial discovery by Kubas, a large number of

hydrogen complexes have been prepared, and a rich

chemistry is rapidly developing. A key aspect of the

structure of these complexes is the H–H distance (dHH),

which has been found to be in the range 0.85–1.0 Å in

the vast majority of complexes reported to date. In

contrast, conventional dihydride and polyhydride com-

plexes generally have dHH51.5 Å. Dihydrogen complexes

which have dHH values between approximately 1.1

and 1.5 Å are structurally very interesting. Such com-

plexes have been termed ‘stretched’ or ‘elongated’

dihydrogen complexes. In the representation below,

elongated dihydrogen complexes are depicted as inter-

mediate between ‘normal’ dihydrogen complexes and

dihydride complexes.
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The thermal stability of these complexes varies with the

strength of the interaction between H2 and the metal

center. The initial studies by Kubas and coworkers

examined complexes of the group 6 metals W, Mo and

Cr of the general form (PR3)2M(CO)3(H2). These complexes

bind hydrogen relatively weakly and have values of dHH

less than 1 Å. Species with stronger metal/hydrogen

interactions are more robust and have longer values of

dHH. While the complexes discussed here have good

thermal stability and are isolable at room temperature,

dihydrogen complexes are reactive and like many low

valent organometallic species must be stored and

handled under an inert atmosphere.

Experimental methods for structure
determination in dihydrogen complexes

The precise location of metal-bound hydrogen atoms by

X-ray diffraction is problematic. Superior structural

information is provided by neutron diffraction, but the

requirement for large well-formed single crystals has

limited this method to a small subset of the known

complexes.4

The direct measurement of dipolar couplings in solid-

state 1H NMR is a potentially general approach to this

problem which requires modest quantities of solid

sample. Dipolar coupling between the bound hydrogen

atoms is proportional to (dHH)�3, so this method gives

very precise values for dHH.5

Crabtree and coworkers pioneered the use of dipole–

dipole relaxation rates (a solution 1H NMR technique) to

measure HH distances.6 This methodology was later

refined by Halpern and coworkers.7 The measurement

at various temperatures of the spin lattice relaxation

time (T1) of the hydride resonance is required. If the

temperature corresponding to the maximum rate of

relaxation (minimum T1) can be reached, a value for

dHH can be extracted.

A widely employed solution NMR method relies upon

the measurement of H–D couplings in the bound

dihydrogen ligand. By employing HD gas in the

synthesis reaction, a single deuteron (nuclear spin

I ¼ 1) can be introduced into the bound hydrogen

ligand. In HD gas, the coupling between H and D (1JHD)

is 43 Hz. When HD gas reacts with a transition metal

precursor to form a dihydride complex, the resulting

two bond coupling between H and D (2JHD) is typically

very small, ca. 2–3 Hz. Dihydrogen complexes have

1JH–D values between these two limits, and the value of
1JH–D is inversely related to the internuclear distance

dHH. This empirical correlation is anchored by data

from solid-state NMR and neutron diffraction deter-

minations as outlined above.8 For dHH41.2 Å, this

relationship can be easily quantified (Equation (1)):

dHHð (AÞ ¼ 1:44� 0:0168ðJHDÞ ð1Þ

A very similar inverse linear relationship between JH–

D and dHH was predicted computationally.9 A more

sophisticated analysis of the relationship between HD

coupling and dHH recently reported by Chaudret,

Limbach and coworkers suggests that the linearity as

described in Equation (1) breaks down at longer

distances, but that reliable values for dHH can be

extracted from H–D coupling.10 This approach has

been extended by Gelabert and coworkers using a

slightly different analysis, with the results shown in

Figure 1.11 A problem with both of these approaches is

the relative paucity of structural data for complexes

with values of dHH51.3 Å. In spite of these limitations,

this method is believed to give reliable values of dHH up

to about 1.5 Å. At longer distances, the two bond

components of the coupling become dominant, leading

to contributions to the coupling from factors other than

dHH. Implicit in any determination of dHH from 1JH–D is

the assumption that the distance is independent of
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isotope substitution. As outlined below, this assump-

tion is not always valid.

Isotope effects on hydrogen binding

Shortly after the discovery of dihydrogen complexes,

attention turned to measurement of the hydrogen

binding energetics and the possibility of isotope effects

on hydrogen binding. In the case of the prototypical

complex (H2)W(CO)3(PCy3)2, measurement of the

heat of reaction for displacement of the bound

dihydrogen with pyridine has been used in combina-

tion with other data to determine that the binding

energy of H2 to this metal center is approximately

20 kcal/mol.12

In general, the binding of hydrogen to a metal

fragment MLn can be considered in terms of

Equation (2), with binding of deuterium described by

Equation (3)

H

H
MLn MLn

H

H
+

KH
ð2Þ

D

D
MLn

D

D
MLn+

KD
ð3Þ

Competitive binding of hydrogen versus deuterium can

be described by Equation (4), which results from

combination of Equations (2) and (3). A direct measure

of the deuterium equilibrium isotope effect (EIE) is

provided by the ratio KH/KD

H

H

D

D
MLn

H

H
MLn

D

D
+ +

KH/KD

ð4Þ

Kubas, Bender and coworkers have used vibrational

data to calculate the EIE for Equation (4) for

MLn ¼WðCOÞ3ðPCy3Þ2. This tungsten complex is the

only dihydrogen complex for which a complete set of

vibrational frequencies is available. Using the

general treatment of EIEs developed by Bigeleisen and

Goeppert-Mayer,13 the calculated EIE value for Equa-

tion (4) is KH=KD¼ 0:78ð300 KÞ.14 This inverse EIE is

largely attributable to low-frequency torsional and wag

modes. These modes are significantly more populated

at 300 K for the deuterium complex versus the

hydrogen complex. These calculated values were

confirmed by competition experiments, which gave

KH=KD ¼ 0:70� 0:15 for the tungsten complex in

THF solvent at 228C.14 Similar experiments lead to

KH=KD ¼ 0:65� 0:15 for the Cr analog with

MLn¼ CrðCOÞ3ðPCy3Þ2. In both cases, deuterium

binds more strongly than hydrogen. This is somewhat

counterintuitive, since the D–D bond is stronger

than the H–H bond by ca. 1.8 kcal/mol, suggesting

that the reaction of Equation (4) should be slightly

exothermic.

The study of the temperature dependence of the

equilibrium of Equation (4) reveals that the isotope

effect can be attributed to an unfavorable enthalpy

term, DDH ¼ 1:8� 1:0 kcal=mol. Thus, displacement

of bound deuterium by hydrogen as depicted in

Equation (4) above is endothermic. This enthalpy term

overcomes a favorable entropy contribution of

DDS ¼ 5:3� 4:0 cal=mol=deg. The standard entropy of

D2 gas is 34.6 cal/mol/deg versus 31.2 cal/mol/deg for

H2. The greater negative entropy of binding for D2 gas

versus H2 gas is due to a greater loss of rotational (and

translational) entropy for D2 upon binding.

Limited data are available for isotope effects on the

rate of dissociation or coordination of hydrogen. Such

kinetic isotope effects (KIE) can be measured in some

cases. For the reaction shown in Equation (5), with

MLn¼WðCOÞ3ðPCy3Þ2, Hoff and coworkers determined

the values of k�1¼ 469 s�1 for H2 and 267 s�1 for D2.15

This leads to the KIE for hydrogen (deuterium)

dissociation kH
�1=k

D
�1 ¼ 1:7

H

H
MLn

H

H
MLn+

k1

k-1

ð5Þ

Using this observation in combination with the EIE

data allows the calculation of the KIE for binding

(Equation (6))

kH
1 =k

D
1 ¼ KH=KD � kH

�1=k
D
�1 ¼ 0:7� 1:7 ¼ 1:2 ð6Þ

Isotope effects for hydrogen binding to Cr(CO)5 to

form the unstable complex (H2)Cr(CO)5 have been
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Figure 1 dHH as a function of JHD. Circles indicate experi-
mental data from neutron diffraction and solid-state NMR
spectroscopy. The line is fit using a published model.11
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determined by fast spectroscopic methods.16 In this

case, the rate of H2 binding is 1.9 times faster than the

rate of D2 binding (104 s�1), but the dissociation rate for

H2 is 2.5 s�1 compared to 0.5 s�1 for D2. Overall, D2 is

bound more strongly than H2.

Isotope effects in 1H NMR spectroscopy of H2

complexes: exchange coupling

As reviewed by Sabo-Etienne and Chaudret,17 some

transition metal polyhydride complexes exhibit quan-

tum mechanical exchange coupling (QMEC). If two

adjacent hydrogen atoms bound to a metal center are

in a suitably soft potential, a pairwise tunneling

process can occur. This often leads to very large HH

couplings in the 1H NMR spectra of these complexes.

There is some discussion in the literature as to the

possible intermediacy of a dihydrogen complex in

mediating this interaction. Consistent with the symme-

trization postulate, the couplings are quenched when

the symmetry of the system is reduced, i.e. if one of the

two H atoms is replaced by D or T.

In this context, very interesting observations have

been reported by Chaudret and coworkers on a cationic

H2 complex of tantalum, [Cp2Ta(CO)(H2)]+ (1,

Cp ¼ Z5-C5H5). The tantalum center in complex 1 has

a d2 configuration, which is expected to give a large

electronic asymmetry in the back donation from Ta to

the s* orbital of the bound H2 ligand as the H2 rotates. It

was expected that hydrogen rotation in this complex

would have a sufficiently large barrier to rotation that a

‘static’ spectrum would be accessible in the tempera-

ture range available to solution 1H NMR spectroscopy

(Figure 2).

Surprisingly, the resonance due to bound dihydrogen

in 1 is invariant with temperature. In contrast the HD

complex 1-d1 exhibits decoalescence at low tempera-

ture, allowing the two ends of the bound HD ligand to

give distinct resonances (Scheme 1).18

This profound change in the NMR spectrum upon

isotope substitution is not the result of a conventional

KIE on the rotation process. Rather, Chaudret and

coworkers attribute this to the quenching of QMEC by

isotope substitution.

Dihydrogen complexes with an adjacent
hydride ligand

Molecules with both dihydrogen and hydride ligands

adjacent in the coordination sphere of a transition

metal complex have very interesting properties. Such

complexes generally have barriers to hydrogen atom

permutation of 5 kcal/mol or less. Such dynamic

processes can be studied by 1H NMR spectroscopy.

Figure 2 1H NMR spectra for the hydride region of a mixture
of 1 and 1-d1 at various temperatures as reported by Sabo-
Etienne and coworkers.18 The signal designated as c is due to
1 and is invariant with temperature. The signals designated as
b and c are due to 1-d1. The experimental spectra are overlaid
with calculated spectra derived using the indicated value for
kHD, the rate constant for H atom permutation. Reproduced by
permission from the American Chemical Society.
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When such a molecule is partially deuterated, the

expectation would be that the deuteron would be

statistically distributed between the dihydrogen and

the hydride ligand. In fact, non-statistical distributions

of deuterium are often observed. In the case of the

cationic iridium tris-pyrazolyborate complex 2, D

concentrates in the hydride ligand, leading to concen-

tration of H in the dihydrogen ligand. In the structural

diagrams for complexes 2–4, the site of deuterium

enrichment is indicated with an arrow. By studying the

NMR spectra of partially deuterated samples of com-

plex 2 as a function of temperature, the energy

difference between the two different isomers of 2-d1

can be quantified. The species with the single deuteron

in the hydride site is more stable by 125 cal/mol

(Scheme 2).19

In contrast to 2, partial deuteration of 3 leads to

concentration of D in the dihydrogen ligand.20 Similar

results were reported for the iron complex 4.21 It seems

that the lowest energy situation results from placing D

in the strongest available bond. In the case of third row

transition metals such as iridium, the M–H bond is

stronger than the H–H bond. For first and second row

metals such as rhodium and iron, the situation is

reversed.

A somewhat different situation results in molybde-

num complex 5, which also features a dihydrogen

ligand adjacent to a hydride. In this case, the metal

configuration is d2, so this molecule combines some of

the features of tantalum complex 1 with the dihydro-

gen/hydride complexes 2–4 considered above. It could

reasonably be anticipated that the d2 configuration

would lead to a substantial barrier to H2 rotation and

that the degenerate atom exchange would be slowed

sufficiently at very low temperatures that three distinct

hydride resonances could be observed, corresponding

to a hydride ligand and the inner/outer ends of the

dihydrogen ligand.

Very low-temperature 1H NMR spectroscopy of com-

plex 5 and partially deuterated derivatives reveals that

rotation of the bound HD ligand can be stopped on the

NMR timescale, while the HH ligand exhibits a sub-

stantial exchange coupling. Although this dynamic

process can be stopped, the atom exchange between

the dihydrogen moiety and the adjacent hydride is very

rapid at the lowest accessible temperatures (125 K),

even in 5-d2.22 It is also observed that partially

deuterated samples of 5 exhibit non-statistical distri-

bution of D, with a slight concentration of D in the

dihydrogen ligand (Scheme 3).

Elongated dihydrogen complexes

Elongated dihydrogen complexes were initially consid-

ered as frozen structures at various points on the

oxidative addition pathway of dihydrogen to the

transition metal center, and were described by simply

interpolating between the dihydrogen or dihydride

models. However, attempts to use conventional experi-

mental methods to determine the structure of elon-

gated dihydrogen complexes are fraught with

difficulties. In some cases, a complete description of

the bonding situation in such complexes presents

significant challenges to our traditional ideas of

chemical bonding. Both computational and experimen-

tal approaches have been applied to these problems,
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and the interplay between theory and experiment has

been particularly beneficial in advancing our under-

standing of these interesting molecules.

Ruthenium complexes: structural and
computational studies

Cyclopentadienyl and phosphine ligands are widely

used supporting ligands for hydride and dihydrogen

complexes. There is an extensive set of cationic

ruthenium dihydrogen complexes of the general form

[Cp/Cp*Ru(P–P)(H2)]+ (P2P ¼ chelating diphosphine

ligand; Cp ¼ Z5-C5H5; Cp� ¼ Z5-C5Me5).23 These robust

cationic complexes can be prepared by several syn-

thetic methods. The most convenient uses metathesis

reactions of the corresponding neutral chloride with

NaBAr4 under hydrogen gas. When the preparations

are carried out with HD gas, the HH distance can be

readily extracted by measurement of JHD. Depending

upon the co-ligands employed, the HH distance varies

greatly, from 1.0 to 1.2 Å. This extensive family of

complexes is exemplified by [Cp*Ru(dppm)(H2)]+ (6;

dppm ¼ bis-diphenylphosphinomethane).

The structure of 6 was determined (neutron diffrac-

tion) by Morris, Koetzle and coworkers in 1994, who

found that dHH ¼ 1:10� 0:03 (A. This is consistent with

T1 measurements and the H–D coupling. Variable

temperature 1H NMR spectra revealed a small decrease

in JHD upon increasing the temperature from ca. 200K

to room temperature, which may signal a slight

increase in the H–H (H–D) bond distance. Thermal

population of vibrationally excited states was proposed

to account for the decreased coupling at higher

temperatures (Scheme 4).24

In 1997 a computational study was reported on

[CpRu(H2PCH2PH2)(H2)]+, which serves as a model

system for complex 6. Using DFT calculations, a two-

dimensional potential energy surface (PES) was

built up as a function of dHH and the Ru–H distance

(Figure 3).

The resulting PES is highly anharmonic and has a

very slight gradient in energy as the H–H distance is

increased, suggesting that the H2 ligand is greatly

delocalized. Calculations on the lowest energy state

gave expectation values of 1.02 and 1.61 Å for the H–H

and Ru–H2 distances, respectively, close to the neutron

diffraction distances (1.10 and 1.58 Å, respectively).

Longer values of the H–H distance were obtained for

vibrationally excited states. Assuming a Boltzmann-

type equilibrium distribution for all the vibrational

states considered, the mean thermal H–H distance is

predicted to become longer at higher temperatures.

This fact explains the experimentally observed de-

crease in JHD upon increasing the temperature, which

would be due to the thermal population of vibrationally

excited states involving longer H–H distances.

Importantly, these findings led to the prediction that

replacement of H with D would lead to a significant

structural isotope effect, with dDD predicted to be 3%

less than dHH.25

Ruthenium complexes: experimental
observation of structural isotope effects

While neutron diffraction studies are generally seen as

definitive, the structural data on complex 6 have an

unusually large uncertainty of �3% in dHH. This is

due to thermal motion which persists even at the low

temperature employed for the diffraction experiment,

providing indirect verification of the soft PES computed

by Lledos, Lluch and coworkers.

Ru

PPh2

Ph2P

+

6

H

H

Scheme 4

Figure 3 Two-dimensional potential energy surface for the
[CpRu(H2PCH2PH2)(H2)]+ complex. Energies of contours are
given in kcal/mol. The arrows indicate the position of the
minimum potential energy structure. Reproduced by permis-
sion from the American Chemical Society.
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Ultimately, the predicted structural isotope effect

was observed experimentally by the use of NMR

spectroscopy. In principle, examination of the coupling

in isotopomers of 6 containing bound HD, HT and DT

should reveal any changes in structure arising from

changes in the mass of the bound ligand.26 These

experiments require the handling of tritium in the form

of carrier-free T2. Suitable precautions must be fol-

lowed while preparing the samples and while recording

NMR spectra. While bound HD and HT can be observed

with a conventional 1H NMR probe, special equipment

is required to directly observe tritons. A typical triton

NMR spectrum for complex 6 is shown in Figure 4.

Since couplings are directly proportional to the

magnetogyric ratios of the nuclei, it was readily

apparent that the bond distances are all temperature

dependent and that heavier isotopes lead to signifi-

cantly shorter bonds between the hydrogen (deuterium,

tritium) atoms. The couplings can be converted to HX

distances by application of the magnetogyric ratios and

the correlation between distance and HD coupling. A

summary of data for complex 6 is shown in Figure 5.

Inspection of this data shows that the computational

predictions of a structural isotope effect are verified.

For example, a comparison of bound HD versus bound

DT reveals that dDT is 2–3% shorter than dHD,

qualitatively verifying the computational prediction.

This is a remarkable isotope effect on a bond distance

in a molecule which is stable at room temperature.

These observations were subsequently extended to

complexes closely related to 6. It was found that

[CpRu(dmpe)(H2)]+, (dmpe ¼ 1;2 bis-dimethylphosphi-

noethane) a complex with dHH¼ 1:07 (A (from

JHD ¼ 22 Hz) also exhibits a modest temperature

dependence of the H–D coupling, showing the same

trend of lower coupling at higher temperatures. In

contrast, [CpRu(dppe)H2]+ (dppe ¼ 1;2 bis-diphenyl-

phosphinoethane) exhibits a temperature-independent

H–D coupling of 25Hz, consistent with dHH of ca. 1.02 Å.

Similar temperature-independent H–D couplings

were observed for [Cp*Ru(dmpm)H2]
+(dmpm ¼ 1;2 bis-

dimethylphosphinomethane), (JHD¼ 16 Hz; dHH of ca.

1.16 Å). Thus, it was concluded that the phenomenon of

structural isotope effects is exquisitely sensitive to the

structure of the dihydrogen complexes, with the tem-

perature- and isotope-dependent structures only ob-

served for ruthenium complexes of this type when dHH is

ca. 1.1 Å.

Iridium complexes: a different temperature
dependence

Dicationic iridium analogs to the cationic ruthenium

complexes described above have been prepared. Com-

plexes such as 7 have been prepared and characterized

by NMR spectroscopy (Scheme 5).

Based on the observed relaxation time T1 for the

hydride resonance and the value of JHD for 7-d1, the

structure of complex 7 is best described as an

elongated dihydrogen complex or compressed dihy-

dride, with dHH of ca. 1.4 Å. Interestingly, the observed

values of JHD in 7-d1 are temperature dependent,

suggesting that the structure of 7 changes with

Figure 4 3H NMR spectrum (800 MHz) of 6 at 287K. The
resonance due to bound T2 has been nulled by applying a 180–
t–90 pulse sequence with t ¼ 15ms. Coupling of T to H in HT
gives the outer doublet. Coupling of T to D (I ¼ 1) in bound HD
leads to the central 1:1:1 pattern. Reproduced by permission
from the American Chemical Society.

Figure 5 Bond distances derived from coupling data as a
function of temperature for complex 6. HD (triangles), HT
(circles) and DT (squares). Reproduced by permission from the
American Chemical Society.
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temperature, but the values of JHD increase with

increasing temperature. This is precisely the opposite

behavior seen in complex 6, and suggests that dHH

shortens as the temperature is raised.27 This novel

experimental observation was subsequently inter-

preted computationally in terms of a PES with

two slightly different minima, one roughly correspond-

ing to a dihydrogen structure and the other to a

dihydride.11

Structural isotope effects are predicted computation-

ally for complex 7.11 Experimental verification of this

prediction has not been realized. This experiment will

require the preparation of complex 7 with HD, HT and

DT bound. Since complex 7 is a dication, it is very

acidic, readily protonating even weak bases such as

triflate. The hazards of tritium containment with a

complex of this acidity have so far prevented this

experiment.

Conclusion

The coordination chemistry of dihydrogen continues to

surprise and delight chemists with new and unex-

pected developments. As might be expected for a

‘ligand’ consisting of two H atoms, isotope substitution

has played a pivotal role in understanding this

chemistry. Some of these developments have been

truly remarkable, and have led chemists to consider

carefully what is meant by standard ideas such as

structure. We can look forward to the preparation of

many more interesting new complexes and the fruitful

application of isotope studies in the elucidation of their

structure and reactivity.
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