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This perspective deals with dinitrogen fixation and activation (a) by complexes of the early

transition metals Ti and Zr as synthesized by solution techniques, and (b) by ligand-free Ti and

Zr atoms and small clusters as generated using the matrix isolation technique. The two

approaches are very different, and not many attempts have yet been made to connect the two

different research areas, although a detailed understanding of dinitrogen activation and fixation

can only be achieved if all efforts are combined. One of the most striking results that emerged

from the research of one of us is that the ligand-free dimer Ti2, which can be stabilized and

studied in matrix isolation experiments, is able to cleave the strong NN triple bond without a

significant activation barrier in just one step, leading to the cyclic bis-nitrido species Ti(m-N)2Ti.

In this perspective we are discussing possibilities to use this unusually high reactivity for catalytic

processes.

Introduction

The discovery of the first transition metal complex which

catalytically reduces dinitrogen to ammonia1,2 together with

new high-resolution data of the nitrogenase MoFe protein3

have renewed interest in dinitrogen activation. In the last few

years several new Ti and Zr complexes of N2 have been

synthesized and shown to be relevant for dinitrogen reduc-

tion.4 Detailed studies of the reactions of atoms, dimers, and,

latterly, small clusters with N2 using matrix isolation techni-

ques are now also available. The matrix isolation technique5

has on several occasions been at the very heart of new

developments in chemistry (e.g. in the case of noble gas

compounds6 and molecular Al and Ga cluster compounds7).

In this article we attempt to highlight similarities between the

‘‘worlds’’ of matrix isolation and of preparative solution

chemistry. We propose that the results from matrix isolation

experiments could also in the case of dinitrogen activation give

some interesting new ideas for future experiments in prepara-

tive chemistry. Possibilities to bind N2 and activate the NN

triple bond by compounds which include the early transition

metal elements Ti and Zr are discussed herein. The discussion

includes:

(1) Activation by synthesised complexes in solution.

(2) Activation by bare atoms.

(3) Activation by dimers.

(4) Activation by trimers or larger clusters.

(5) Perspectives.
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1. Activation by complexes

Many authoritative review articles already cover the field of

N2 fixation and activation by mononuclear as well as dinuclear

complexes of Ti and Zr.4 Therefore here we concentrate on

more recent examples, some of which have not yet been

reviewed. Fig. 1 gives an overview of bonding modes of N2

realized so far; no differentiation has been made between

single, double or triple bonds in this overview. To date, the

only known example for bonding mode (8) is the gold cluster

[(LAu)6(N2)]
2+ (where e.g. L = PPh2iPr).

8 Bonding mode (6)

is realized in the dinitrogen complex [(NPN)Ta(m-H)]2
(m-Z1:Z2-N2), where NPN is PhP(CH2SiMe2NPh)2.

9 In this

complex, N2 adopts a side-on end-on dinuclear bonding mode.

Examples for the other modes are provided below.

Metallocene derivatives have been proven to be particularly

interesting. Small modifications in the cyclopentadienyl sub-

stitution have great influence on the reactivity toward dinitro-

gen. N2 prefers a bridging Z1,Z1-coordination in dinuclear Ti

complexes.10 From early experiments it has already been

known that bis(pentamethylcyclopentadienyl)-titanium(II) re-

acts with N2 to give either the mononuclear N2 complex

Cp*2TiN2 or the dinuclear dark blue N2 complex

{Cp*2Ti}2(m2,Z
1,Z1-N2) [Cp* = C5(CH3)5].

11 In the crystalline

phase, {Cp*2Ti}2(m2,Z
1,Z1-N2) exhibits NN and TiN bond

distances of 116.5(1.4) and 200.5(1.0)/201.6(1.0) pm.12

Recently it has been shown that two N2 units reversibly bind

in an end-on fashion to Ti(II) in complexes of the form

[C5Me4R]2Ti (R = CMe3, SiMe3, CHMe2, or CH3).
13 For

example, 1, {C5Me4[CH(CH3)2]}2Ti(N2)2 [featuring TiN and

NN bond distances of 204.3(1) and 111.0(2) pm] is stable at

temperatures of up to �30 1C, but releases N2 at higher

temperatures. Interestingly, the temperature up to which these

complexes are stable increases in the order R = Cme3 o
SiMe3 o CHMe2 o CH3. The short NN distance and the high

wavenumber of the NN stretching fundamental (1986 cm�1)

indicate a weak degree of N2 activation.

Fig. 1 Experimentally verified bonding modes of N2. Note that no

differentiation was made between single, double or triple bonds.

Examples for the nomenclature used in the text are (1) M(Z1-N2),

(2) M(Z2-N2), (3) M2(m2,Z
1,Z1-N2), (4) and (5) M2(m2,Z

2,Z2-N2), and

(6) M2(m2,Z
1,Z2-N2).
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There are now several examples of dinuclear titanocene

complexes, featuring a bridging N2 unit. One early example

is {Cp2Ti(p-tolyl)}2(m2,Z
1,Z1-N2), for which NN and TiN

bond distances of 116.2(1.2) and 196.2(0.6) pm were mea-

sured.14 The well known precursor for low-valent titanocene

complexes Cp2Ti(PMe3)2
15 reacts with N2 to form the

dinuclear complex {Cp2Ti(PMe3)}2(m2,Z
1,Z1-N2), featuring

NN and TiN bond distances of 119.1(8) and 192.0(6)/

192.1(5) pm.16 Recently the paramagnetic complex [(C5H3-1,3-

(SiMe3)2)2Ti]2(m2,Z
1,Z1-N2), 2, has been prepared according

to eqn (1) [with an NN bond distance of 116.4(5) pm].17

This complex has an interesting chemistry. Treatment with

Me3SiN3 results in liberation of N2 and formation of the imido

complex [C5H3-1,3-(SiMe3)2]2TiQNSiMe3, which takes up

H2 to form [C5H3-1,3-(SiMe3)2]2Ti(H)NSiMe3(H). Finally,

[(C5Me4H)2Ti]2(m-Z
1,Z1-N2), featuring TiN and NN bond

distances of 198.7(3) and 117.0(4) pm and an almost perfectly

linear Ti–N–N–Ti chain, is also known.18 Synthesis was

achieved from the hydride (C5HMe4)2TiH.

There are also examples with ligands other than Cp deriva-

tives, leading to lower formal oxidation states of the Ti atoms.

In {(Z5-C5Me5)Ti(Z
6-C5H4QCR2)}2(m2,Z

1,Z1-N2), obtained

from eqn (2), one of the Cp ligands attached to each of

the Ti atoms is replaced by pentafulvenes C5H4QCR2 (R =

p-tolyl or CR2 = adamantyl).19

However, although the formal oxidation state is lower, the

NN bond distance (measuring about 116.0 pm) is not larger

than in compounds with two Cp-ligands on each of the Ti

atoms. This has been explained by MO theory, indicating that

the reduced degree of p-bonding between the Ti atoms and the

bridging N2 is caused by interactions between the d-orbitals on

the Ti atoms and the pentafulvene ligands.10 Reduction of

[(Me2N)C(NiPr)2]2TiCl2, which can be prepared from Ti(N-

Me2)2Cl2 and iPrNCNiPr in diethylether, with Mg powder in

THF under an atmosphere of dinitrogen affords the dinuclear

complex {[Me2NC(NiPr)2]2Ti}2(m2,Z
1,Z1-N2) with an NN bond

distance of 128.0(8) pm.20 Another example is {[(Me3Si)2N]

TiCl(TMEDA)}2(m2,Z
1,Z1-N2) (TMEDA = N,N,N0,N0-tetra-

methyl-ethylene-diamine), which can be isolated in the form of

brown crystals.21 The TiN and NN bond distances were

measured to be 202.3(5) and 128.9 pm.

There are also known dinuclear complexes with two brid-

ging N2 units. Such a complex is the anion of the salt

[Li(TMEDA)2]
+{[(Me3Si)2N]2Ti}2(m2,Z

2,Z2-

N2)2Ti[N(SiMe3)2]2}
�, which can be obtained in the form of

paramagnetic, deep-purple/black crystals as one of the pro-

ducts of the reaction between trans(TMEDA)2TiCl2 with

(Me3Si)2NLi and N2.
21 The TiN and NN bond distances were

found to be 223.6/229.0 and 137.9(2.1) pm, respectively.

Finally, in the Ti complex [{(C10H8)Cp2–Ti2}{(C5H4)

Cp3Ti2}(m3-N2)], the N2 unit, with an NN distance of 130(1)

pm, exists as a m3-Z
1,Z1,Z2-ligand.22 This is an example of

bonding mode (7) (see Fig. 1).

Similar to the situation for the pair Fe/Ru,23 complexes of

Zr are potentially even more interesting for N2 activation. N2

complexes of Zr have also been known for a long time now. In

the case of binuclear complexes the bridging Z2,Z2 bonding

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1253–1262 | 1255
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mode is more common than for Ti. One early example for the

bridging Z1,Z1 mode is {Cp*2Zr(N2)}2(m-Z
1,Z1-N2) featuring

two terminal and one bridging N2.
24 The NN bond distance of

the terminal and bridging N2 units are 111.6(8) and 118.2(5) pm.

The ZrN bond distances were found to be 218.8(4) pm for the

terminal N2 and 208.7(3)/207.5(3) pm for the bridging N2. The

two end-on bonded N2 ligands adopt a gauche conformation,

which can be explained by p-interactions between the two p-
orbitals of the N2 unit and suitable orbitals at the Zr. In the IR

spectrum (KBr disk) the symmetric and antisymmetric combina-

tions of the two NN stretches of the terminal N2 ligands occur at

2040 and 2003 cm�1, respectively.25 The significant energetic

separation of the two modes, together with the high intensity of

the band assigned to the NN stretch of the bridging N2 unit (at

1578 cm�1) means substantial electronic coupling, in agreement

to the suggested p-interactions.25 The terminal N2 ligands can be

replaced by CO or PF3. It proved difficult to add H2 to such

complexes. The normal result, if any, is the formation of a

metal–hydrogen bond with expulsion of free N2.
4

However, there are some exceptions. One of them is the

dinuclear Zr complex {[P2N2]Zr}2(m-Z
2:Z2-N2), with P2N2 =

PhP(CH2SiMe2NSiMe2CH2)2PPh.
26 The NN and ZrN bond

distances were measured to be 143(1) and 220.3(4)/201.0(2)

pm. This complex adds dihydrogen at pressures of 1–4 bar to

give [P2N2]Zr(m-Z
2-N2H)(m-H)Zr[P2N2]. The bonding proper-

ties within the planar Zr2N2 core of this dinitrogen complex

have been analysed recently in detail by resonance Raman, IR

and UV-vis spectroscopy.27 With 154.8 nm, the NN bond

distance in the complex {[(iPr2PCH2SiMe2)2N]ZrCl}2(m,Z
2,Z2-

N2) (see Fig. 2) is one of the largest known NN bond length in

a metal–dinitrogen complex.28

Very recently, the complex [(Z5-C5Me4H)2Zr]2(m-Z
2,Z2-N2),

3, was synthesized by reduction of (Z5-C5Me4H)2ZrCl2
29 with

sodium amalgam under one atmosphere of N2.
30 This complex

was shown to react immediately at 22 1C with H2 leading to

the complex [(Z5-C5Me4H)2ZrH]2{m2,Z
2,Z2-N2H2}, 4.30,31 4

reacts at 851 with H2 to give the hydride (Z5-C5Me4H)2ZrH2

and NH3. The work was also extended to Hf complexes.32

However, we restrict ourselves to Ti and Zr in this review.

2. Activation by the bare atoms

Ti atoms can be stabilized with the help of matrix isolation

techniques. The metal atoms can either be generated thermally

or with the aid of the laser-ablation technique. The laser-

ablation technique generates, besides neutral species in their

electronic ground state, a high percentage of charged and/or

electronically excited species. Furthermore, N2 is cleaved in

the course of the laser-ablation process, so that the matrix also

contains N atoms. Therefore thermal evaporation is more

suitable to study coordination compounds, the generation of

which requires mild conditions. Nevertheless, we will also

discuss the results of laser-ablation studies. In our experi-

ments, Ti vapour, thermally evaporated by resistive heating of

a Ti or Ti/Mo filament, is codeposited in a vacuum apparatus

together with a large excess of a noble gas (such as Ar or Ne)

onto a freshly polished Cu surface kept at temperatures in the

region 6–12 K (see Fig. 3a). Fig. 3b shows an UV-vis spectra of

an Ar matrix containing small quantities (0.1%) of Ti. The

absorptions can be assigned to electronic excitations of single

Ti atoms, which are slightly shifted from their gas phase values

Fig. 2 Structural models of {[(iPr2PCH2SiMe2)2N]ZrCl}2(m,Z
2,Z2-

N2) [with experimentally determined NN and ZrN separations of

154.8(7) and 202.4(4)/217.5(3) pm].

1256 | New J. Chem., 2006, 30, 1253–1262 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006
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(matrix-shift).33,34 Matrix experiments have shown that a Ti

atom in its 3F electronic ground state (electronic configuration

3d24s2) does not form any complex with N2 presumably due to

significant s-repulsion (see the discussion in the case of the

monocarbonyl complex).35 Only after photolytic activation of

the Ti atom (excitation of one electron out of the 4s orbital)

can the formation of a weakly end-on bonded N2 complex be

observed,36 which according to DFT calculations exhibits a 5D
electronic ground state. The DFT calculations also found side-

on bonded complexes with 3A2 and 5B1 electronic states.

However, they are 14 and 65 kJ mol�1 higher in energy,

respectively.

Matrix-isolation studies of the interaction of laser-ablated

Zr and Hf atoms with dinitrogen36 indicate the formation of

both Z1- and Z2-coordinated complexes. According to BP86

calculations, the side-on bonded Zr(N2) complex exhibits a
1A1 ground electronic state. The degree of dinitrogen activa-

tion in the side-on bonded complexes increases in the order

Ti o Zr o Hf, a trend which has been rationalized by the

increasing size of the valence nd orbitals. A bis-Z2:Z2-dinitro-

gen complex of Zr, presumably with a 5B3g ground electronic

state, has also been sighted in these experiments. There is,

furthermore, some indication that bent NZrN and NHfN

species are generated as a consequence of the laser-ablation

process.

3. Activation by dimer

The generation of a ‘‘naked’’ Ti dimer in the absence of a

ligand sphere or another sort of protecting environment can

only be achieved in the gas phase or by using matrix isolation

techniques. Resonant-two-photon-ionization experiments of

the dimer in the gas phase allowed the bond energy to be

estimated to be 149 � 19 kJ mol�1.37 The dimer has also been

studied using mass spectrometry.38 We employed matrix iso-

lation which is now very well established as a powerful

technique for stabilizing reactive molecules and intermediates,

to study the dimer and its reactivity.34,39 A series of overtones

of the vibrational fundamental of the dimer in an Ar matrix

were traced in resonance Raman experiments.34,40 An analysis

of these overtones by the method introduced by LeRoy,

Bernstein and Lam41 yielded a De value of ca. 120 kJ mol�1.

Quantum chemical multireference CI calculations argue for a

somewhat higher value (ca. 150 kJ mol�1).40 The calculations

predict the electronic ground state to be 3Dg, in agreement with

the results of the gas phase experiments.

We then recorded electronic absorption spectra of the dimer

isolated in both Ne and Ar matrices.40 In the obtained spectra

allowed transitions to several electronically excited states

(namely 1 3Pu, 1
3Fu, 2

3Pu and 2 3Fu) were observed, each

showing vibrational structure allowing useful information to

be inferred about the excited states. The excitation energies are

not more than 0.41, 0.43, 0.73, and 0.94 eV. A Franck–Con-

don analysis of the intensity patterns observed for transitions

into different vibrational states reveals elongations of the

Ti–Ti bond by 9 � 2, 10 � 2, 13 � 2, 13 � 4 pm in the 1
3Pu, 1

3Fu, 2
3Pu and 2 3Fu excited states, respectively.40 These

excited states are presumably very important for the reactivity

of metal dimers. In the case of Ga2 we have shown that low-

lying electronic states are responsible for the very small barrier

to reaction with H2 of only 30 kJ mol�1.42

Very surprisingly, the Ti dimer reacts without any signifi-

cant activation barrier with N2 to give the cyclic bis-nitrido-

species Ti(m-N)2Ti, 5.
43 Thus the NRN triple bond is com-

pletely cleaved in just one step. The experiments have been

repeated with different dinitrogen isotopomers. The measured

Fig. 3 (a) Preparation of a matrix containing Ti atoms and N2. The Ti atoms are emitted from a hot filament. The N2 is admixed to the matrix

gas. In the resulting matrix the reactants are distributed statistically in defect sites. (b) UV-Vis spectrum of Ti atoms in an Ar matrix.
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spectra do not only indicate the presence of two equivalent N

atoms, but also allow an estimate of ca. 901 for the N–Ti–N

bond angles and of 175 pm for the Ti–N distance. Quantum

chemical (multireference CISD+Q) calculations clearly show

that Ti2N2 exhibits a
1Ag ground electronic state (in disagree-

ment with earlier DFT results using the BP86 functional

suggesting a 3B1u state).36 The Ti–N bond order is 1.5. The

reaction of Ti2N2 with H2 under matrix isolation conditions is

a topic of ongoing research.

The bond strength in the Zr dimer was experimentally

determined to be 294 kJ mol�1 which is almost twice the value

estimated for Ti2.
44 From resonance Raman spectra of the

matrix isolated molecule the force constant was estimated to

be 251 N m�1. It is a general scheme for the early transition

metals that the dimers are stronger bound for the second row

transition metals than for the first row ones.45 The difference is

most striking for Cr2 and Mo2, and has been explained by the

electron configuration of the metal atoms.

The experimental data accumulated for the reaction be-

tween laser-ablated Zr and N2 suggest the formation of the

four-membered cyclic Zr2(m-N2) species. DFT calculations

suggest this species to have, like Ti2N2, a
1Ag ground electronic

state characterized by ZrN bond distances of 193.2 pm and

NZrN bond angles of 87.21.

4. Activation by small clusters

Unfortunately, the reactions of the trimers and larger clusters

of Ti or Zr with N2 have not yet been studied. However,

information about the trimers themselves is available and

provides some idea about the possible reactivity of these

species. The Ti trimer has been studied by quantum chemical

calculations. A triangular D3h symmetric form with a 7E0

electronic ground state and Ti–Ti bond distances of about

230 pm defines the energy minimum according to DFT

calculations.46 Four excited electronic states are predicted to

have energies very close by. These are the 5E0, 3A2
0, 3E00 and

9A2
0 states with 2.2, 8.1, 8.4 and 9.8 kcal mol�1, respectively,

higher energies than the 7E0 ground state. This density of

electronic states in energetic proximity to the ground state

indicates a high reactivity. The Zr trimer has been generated

and studied experimentally by Raman spectroscopy using the

matrix isolation technique.47 The ZrZr valence force constant

in this trimer was estimated to be 119 N m�1. In summary the

preliminary calculations on Ti3 and Zr3 suggest that the

trimers should have a very interesting and rich chemistry.

Generally, the metal–metal force constant k(n) of a sym-

metric metal clusters with n atoms can be estimated by the

formula k(n) = bn k
(2), where k(2) denotes the force constant of

the metal dimer, bn = 2/an and an is the sum of the number of

atoms to which each atom in a bond is connected.48 This rule

is only applicable if the type of bonding or configuration does

not change between the dimer and cluster. For Zr and n = 3,

b3 is 1
2
, and thus a force constant of 147 N m�1 is expected for

Zr3.
49 This value is reasonably close to the value of 119 N m�1

determined from the Raman spectra. The decrease of the force

constant might suggest higher reactivity for the trimer and

larger clusters. However, there is a limit, and this is when the

onset of bulk behaviour occurs in the clusters. In the case of

Ti, and with respect to properties such as electron affinities,

ionization potentials, and chemical reactivity, the onset of

bulk behaviour occurs already for a cluster comprised of ten

atoms.50 This means that Ti2–Ti9 are the species which are

expected to show the most interesting chemistry with respect

to dinitrogen activation.

5. Perspectives

How could one possibly make use of the striking reactivity of

Ti2 to bind N2? One possible route to follow is the stabiliza-

tion of the Ti dimer in robust thermally stable host systems

such as zeolites or carbon nanotubes. Ti coated carbon

nanotubes and fullerenes were recently discussed as possible

hydrogen storage materials.51 It might be possible to get

access to the dimers or small clusters by CVD methods, e.g.

starting with the Ti(0) compound bisbenzene titanium

[[C6H6)2Ti].
52 As a first step in this direction we have calcu-

lated the structure and catalytic reactivity of C60Ti2.
53

Although it is of course speculative if such a compound could

ever be prepared on a large scale, we think that the analysis

gives some useful hints for future synthetic attempts. Com-

pounds of the form Tin(C60)(CO)k
+ (n = 1 or 2, k = 0–3)

were generated in the gas phase and analysed by TOF mass

spectrometry.54 The ionization energy of C60Ti was deter-

mined to be 5.92–6.42 eV and is thus smaller than that of free

Ti atoms (6.82 eV). The catalytic cycle as proposed in Fig. 4

illustrates the reduction of N2 with H2 to NH3. Fig. 5 contains

the relative energies for each of the steps. The formation of

the catalytically active species C60Ti2 from C60 and Ti2, is

associated with an energy change of �262 kJ mol�1 according

to our DFT calculations. C60Ti2 features a Ti–Ti distance of

242 pm. This value compares with 197.8 pm obtained in a

previous calculation.51b The first step in the catalytic cycle

then is the formation of C60[Ti(m-N)2Ti] from C60Ti2 and N2.

DFT calculations predict this reaction to be highly exother-

mic (energy change of �517 kJ mol�1). For comparison, the

energy change for the reaction between free Ti2 and N2 to give

Ti2N2 is calculated to be �539 kJ mol�1. The fact that the

reaction energy is only slightly reduced by the presence of C60

does of course not mean automatically that the reactivities of

Ti2 and C60Ti2 are similar and that C60Ti2 would also react

without activation barrier, but it might make this likely. This

indicates that C60 or a carbon nanotube would be the right

choice. Another interesting comparison can be made between

this reaction energy and that of the reaction between the V

compound [HN(CH2CH2NH)2V] and N2 to give the bridged

nitride dimer [HN(CH2CH2NH)2V(m-N)]2.
55 According to

DFT calculations, this reaction is exothermic by 684 kJ

mol�1. C60Ti2N2 exhibits TiN bond distances of 180 pm. This

is close to the value estimated on the basis of empirical

correlations from the experimental vibrational spectra for

free Ti2N2 (175 � 3 pm).44 The TiTi and NN separations

amount to 245 and 250 pm, respectively (in agreement to the

experimental estimate for the NN separation of 247 pm).

When coordinated to C60, the Ti2N2 unit is slightly bent.

Additional calculations were carried out to look at the

products of the reaction with H2.
54 The reaction energy of

the next step of the imaginary catalytic cycle to give C60[Ti
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(m-NH)2Ti] is also calculated to be exothermic (energy change

of �93 kJ mol�1). The TiN and NH bond distances are all 190

and 103 pm, respectively. The Ti–N–Ti bond angles are 751.

The TiTi and NN separations amount to 231 and 277 pm,

respectively.

Addition of a second H2 leads to C60Ti2N2H4. One of the

NH2 groups bridges the Ti2 unit, while the other is more end-

on coordinated. The TiTi bond distance increases to 252 pm.

The TiN distances to the bridging NH2 are 209 and 205 pm.

For the end-on bonded NH2 unit, TiN distances of 187 and

364 pm are adopted. This step is endoenergetic by +99 kJ

mol�1.

Reaction with a third H2 molecule could proceed via two

possible routes: (i) directly to two moieties of NH3 and

regeneration of the catalyst C60Ti2, or (ii) in a two step

reaction first to C60Ti2(NH)(H) and one moiety of NH3, and

then to another moiety of NH3 and C60Ti2. The first route is

endothermic by as much as 477 kJ mol�1 and therefore not

likely to be followed. The second route, which gives in the

second step the possibility of energetic assistance from further

reaction with N2, is much better. The first step of the second

route is endothermic by 123 kJ mol�1. The product of this

reaction, the species C60Ti2NH3, features TiH, TiN, NH and

TiTi bond distances of 188, 208/209, 104 and 230 pm, respec-

tively. The reaction energy for the second step is calculated to

be 354 kJ mol�1. Though this second step is unfavourable, if it

were to be coupled with reaction with a further mole of N2, the

overall process would be exoenergetic.

Fig. 4 Catalytic cycle for reduction of N2 to NH3 with C60Ti2 as catalyst.

Fig. 5 Relative energies of the intermediates formed during the reaction N2 + 3H2 - 2NH3 catalysed by C60Ti2.
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40 C. Cossé, M. Fouassier, T. Mejean, M. Tranquille, D. P. DiLella
and M. Moskovits, J. Chem. Phys., 1980, 73, 6076.

41 See, for example: R. J. LeRoy and W.-H. Lam, Chem. Phys. Lett.,
1980, 71, 544.

42 (a) H.-J. Himmel, L. Manceron, A. J. Downs and P. Pullumbi,
Angew. Chem., 2002, 114, 829 (Angew. Chem., Int. Ed., 2002, 41,
796); (b) H.-J. Himmel, L. Manceron, A. J. Downs and P. Pull-
umbi, J. Am. Chem. Soc., 2002, 124, 4448; (c) A. Köhn,
B. Gaertner and H.-J. Himmel, Chem.–Eur. J., 2003, 9, 3909.
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