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ABBREVIATIONS 

aiw 

binap 
BDE 

bq- 
C-C6H100 
cod 
cot 

CP- 
cp* - 

CY 
CYP 
CYttP 
dape 
dcpe 
DD-8 

dedppe 
depe 
diop 

diphpyH2 
dmdppe 
dmgH 

dmpe 
dmso 
DNMR4 

dpb 
dpbp 
dppm 
dppe 
dppp 
dppb 
dppf 
dtfpe 

dtpe 
E 

Pa 

ew 

eu 
Fc+,‘Fc 
HB(3,5Me, pz); 

apparent 
2,~-bis(diphenylphosphino)- I,1 ‘-binaphthyl 
bond dissociation energy 
cyclometalated benzoquinolato 
cyclohexanone 
I,.%cycle-octadiene 

1,3,5-cycle-octatriene 
cyclo~ntadienyl anion 
1,2,3,4,5-pentamethylcyclopentadienyl anion 
cyclohexyl 
cyclopentyl 
(Cy, PCH, CH2 CH2)2 PPh 
1,2-bis~di(~-methoxyphenyl)phosphino)ethane 
1,2-bis{dicyclohexylphosphino)ethane 
dodecahedral eight-coordinate 
I-(diethylphosphino)-2-(diphenylphosphino)ethane 
1,2-bis(diethylphosphino)ethane 
(R,R)-4,5-bis(diphenylphosphinomethyl)-2,2-dimethyl-1,3- di- 
oxolane 
2,6-diphenylpyridine 
1 -dimethylphosphino-2-diphenylphosphinoethane 
dimethylglyoxime 
1,2-bis(dimethylphosphino~thane 
dimethylsulfoxide 
dynamic nuclear magnetic resonance simulation program, 
version 4 
diporphyrinatobiphenylene tetra-anion 
2,~-bis(diphenylphosphino)biphenyl 
bis(dipheny~phosphino)methane 
1,2-bi~diphenylphosphino~thane 
1,3-bis(diphenylphosphino)propane 
1,4-bis(diphenylphosphino)butane 
1 ,l ‘-bis(diphenylphosphino)ferrocene 
l,Zbis~bis(ptrifluoromethylphenyl)phosphino)ethane 
1,2-bis(di-~-tolylphosphino~thane 
anodic peak potential 
equation 
entropy units (Cal mol- ’ K-r) 
ferrocinium/ferrocene electrochemical couple 
tris~3,5-dimethylpyrazolyl)hydroborato 



158 P.G. Jessop and R.H. Morris/ Coord. Chem. Reu. 121 (1992) 155-284 

HMQC 
HOTf 
Im 
IPR 

cLL*) 
LUMO 
M 
MeIm 
meso-tet 

WW 
M(H)2 
M(H * * * H) 
MO 
nbd 
NHE 
NMR 
nOe 
OC-6 
OCF-7 
oep’ - 
PB-7 

pnp- 

PP3 
pp3 me 

PqEC 
R 
R-prophos 
rat-tet. 
rot 
salen - 

;CE 
SP-4 
SP-5 
SPS-7 
T 

Tl 
q tav) 

’ H-detected heteronuclear m~tiple-quantum coherence 
tritluoromethylsulfonic acid 
imidazole 
isotopic perturbation of resonance 
ligand 
bidentate hgand, e.g. dmpe, depe, dppe, etc. 
lowest unoccupied molecular orbital 
metal atom or metal complex fragment (ML,) 
N-methylimidazole 
meso-tetraphos-1, 
(R,S)-Ph3 PCHJH, PPhCH,CH3 PPhCH, CH3 PPh, 
spinning dihydrogen complex 
classical dihydride complex 
elongated non-spinning dihydrogen complex 
molecular orbital 
norbornadiene 
normal hydrogen electrode 
nuclear magnetic resonance 
nuclear Overhauser effect 
octahedral six-coordinate 
mono-face-capped octahedral seven-coordinate 
octaethyiporphy~n dianion 
pentagonal bipyramidal seven-coordinate 
bis(2-diphenyIphosphino-l-sila-l,l-dimethy~ethane)amide, 
[N(SiMe, CH3 PPh,),] - 
tetraphos-2, P(CH, CH, PPh,), 
P(CH~CH~CH~PMe~)3 
pyridine 
quantum mechanical exchange coupling 
alkyl or aryl group 
(R)-(+)-1,2-bis(diphenylphosphino)propane 
racemic-tetraphos-1, (R,R,S,S)-(Ph, PCH, CH3 PPhCH2j2 
rotational 
~,~‘-ethy~ene(bi~sali~yiidene-iminato) dianion 
sigma bond or mirror plane 
saturated calomel electrode 
square planar four-coordinate 
square pyramidal eve-coordinate 
square-based-four-legged piano stool seven-coordinate 
temperature 
longitudinal relaxation time of nuclear spins 
T, of nuclei undergoing fast chemical exchange 
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T WV effective T, (nuclear magnetization relaxation data fit to an 
exponential function with a time constant, T,(eff), when a 
double exponential function should have been used) 
minimum Tl observed 
Tl at temperatures below 8r 
transverse relaxation time of nuclear spins 
trigonal bipyramidal five-coordinate 
tetrahydrofuran 

TI (min) 

q (ne) 
Tz 
TB-5 
thf 
tmp2 - 
tot 
TP-3 
triphos 

w1/2 

X 
0 

61 
02 

03 

?-7 

159 

tetramesitylporphyrin dianion 
total 
trigonal planar three-coordinate 
PhP(CH2CH2 PPh,), 
width of peak at half height 
anionic ligand 
temperature 
temperature at the onset of slow exchange 
temperature of relaxation coalescence 
temperature of line-shape coalescence 
seven-coordinate complex of unknown geometry 

A. INTRODUCTION 

The surprising report in 1984 by Kubas et al. [I] that the H-H bond can 
remain intact when coordinated in a metal complex uncapped a volcano of scientific 
activity that continues to this day. By 1988, there were 70 papers on the subject. 
About 40 different types of complexes of group 6 to group 10 metals* were known 
by 1988 and half of these could be isolated under ambient conditions. Review articles 
in that year by Kubas [2,3], Crabtree and Hamilton [4], and Henderson [S] 
summarized many of the important properties of the dihydrogen ligand. These 
reviews concentrated mainly on the methods for elucidating the structure and bond- 
ing of such complexes in the solid state and in solution. By this time, some types of 
reaction were emerging, namely oxidative addition, deprotonation, and elimination 
of the dihydrogen ligand (Sects. B, D and E of this review, respectively) as well as H 
atom exchange and fluxionality (Sect. C). 

At the end of 1991, the number of papers has risen to more than 300. Now, 
about 90 structural types are known, 60 of which are stable at room temperature. 
Progress in the determination of the structures of dihydrogen complexes in the solid 
state has been slow because of the shortage in the world of neutron scattering and 
diffraction facilities. Only four single crystal neutron diffraction studies have been 

* Each complex of a different metal and different stereochemical arrangement of donor atoms was counted 
but related complexes containing different substituents on the donor atoms were not counted. 
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reported; the complexes are W(H,)(CO),(P’Pr,), @(H-H) = 0.82(l) A* [6]), 
[Fe(H1)H(dppe)JBPh, (d(H-H) = 0.82(2) A at 20 K [7], see Fig. 1 which shows the 
metal and donor atoms of the molecule), Fe(H2)(H),(PEtPh,), @(H-H) = 0.82( 1) 8, 
at 27 K [S]), and Mo(Hz)(CO)(dppe)z @(H-H) = 0.80-0.85** A [9]). 

There is also a neutron diffraction study of the intriguing complex 
Re(H . . . H)(H),(P(p-tol),),, with a very elongated dihydrogen unit @(H-H) = 
1.357(7) A at 20 K [lo]). Hydrogen atoms in Hz ligands have been located in certain 
X-ray single crystal structure determinations but the results are less reliable [ 1 l- 161. 
Some of these will be discussed in Sect. B. 

(i) The scope of the review 

This review covers the reactions of dihydrogen complexes in the liquid and 
solid phase. It includes most reactions since the discovery of the dihydrogen ligand 
(ca. 1980 by Kubas [ 171) as well as some reactions from the 1960s and 1970s which 
are of relevance to this chemistry. In particular, there have been great advances in 
the reaction of dihydrogen complexes over the past four years, Examples of each of 
the four reaction categories covered in Sects. B-E increased greatly in number and 

H(I) 

P(2) 

Fig. 1. The core of the cation [Fe(H,)H(dppe),]+ as determined by a single-crystal neutron diffraction 
study. Reproduced with permission from ref. 7. 

* Disorder of the alkyl groups of one phosphine ligand prevented publication of the neutron structure 

C6(b)l. 
** Libration motion of the H2 resulted in uncertainty in the H-H distance. 
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in diversity. New sub-categories have emerged: the intermolecular homolytic cleavage 
of dihydrogen (Sect. B) and reactions of very acidic dihydrogen complexes (Sects. D 
and F.(ii)). Added to these are new classes of reaction involving redox chemistry 
(Sect. F) and reactions where the H2 ligand is retained (Sect. G). Some dihydrogen 
complexes are active homogeneous catalysts (Sect. H). There is only brief coverage 
of the preparation of dihydrogen complexes (see below) and reactions that occur 
after the loss of the H2 ligand (Sects. E and H) when these have little to do with the 
nature of the dihydrogen complex. (Discussion of binary complexes such as Pd(H,) 
are not included in this review [18-241.) 

The discovery of dihydrogen complexes has caused much excitement in the 
theoretical community. Burdett et al. [25], Tsipis [26], Bertran et al. [27(a)] and 
G&burg and Bagatur’yants [27(b)] have recently reviewed calculations on dihydro- 
gen complexes. Empirical and ab initio theories which have been developed to 
rationalize some of the reactions will be discussed only briefly in the present review. 

How does the reactivity of dihydrogen complexes differ from that of hydride 
complexes? Some significant differences will be pointed out. Most of the structures, 
reactions and catalytic cycles of transition metal hydrides still need to be re-examined 
in the new light of the dihydrogen ligand era. This has only been partially accom- 
plished in this review. 

Since 1988, there has been significant progress in the interpretation of solution 
NMR data for dihydrogen complexes. Section B outlines under which conditions a 
dihydrogen ligand, (H,), can be distinguished from a dihydride structural unit, (H)*, 
in a complex. This field is still developing rapidly and cannot be adequately covered 
in this review article. Recent papers by Desrosiers et al. [28], Earl et al. [29], and 
Luo et al. [30] describe the current status of H-H distance determinations from the 
measurement of spin-lattice relaxation times, T,, of the hydrogen nuclei. Kubas 
briefly reviewed methods of distinguishing M(H,)L, and M(H)*L, complexes in the 
solid state and solution in a recent article [31]. There are some cases where the solid 
and solution structures can differ [3]. The methods of inelastic neutron scattering 
[32(a)] and solid state NMR [32(b)] are powerful techniques in the study of dihydro- 
gen complexes in the solid state. The rotational and quantum mechanical tunneling 
dynamics of the Hz ligand probed by these methods are beyond the scope of this 
review. 

(ii) The preparation of &hydrogen complexes 

Two general methods of making dihydrogen complexes are reactions of coordi- 
natively unsaturated complexes with hydrogen gas or protonation of metal hydride 
species. The preparations can be viewed as reactions of dihydrogen complexes in 
reverse; the first is the reverse of H2 elimination reactions described in Sect. E and 
the second is the reverse of the heterolytic splitting of dihydrogen as described in 
Sect. D. 
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(a) Preparation from dihydrogen gas 
A common method of preparation is the reaction of hydrogen gas with a 

coordinatively unsaturated complex, ML, (eqn. (l), L not necessarily all the same 
and not necessarily neutral), or with a complex with a displaceable neutral ligand 
L’ (eqn. (2)) or an anionic ligand, X- (eqn. (3)). 

L,M +Hz@L,M(H2) (1) 

L,ML’+HzeL,M(H,)+L (2) 

L,MX+H&[L,M(H,)]+ +X- (3) 

Some complexes prepared via eqn. (1) include M(H,)(CO),(PCy,),, M = Cr, MO, W 
[1,6,33]; Mo(H,)(CO)(dppe), [34]; M(H,)Cl(H)(CO)(P’Pr,),, M = Ru, OS [35,36]; 

(H,)(dppb)Ru(Cl)sRuCl(dppb) C371; CRu(H,)H(dppe)J+ Cl41; CRu(Hz)Cl(dcpe)J+ 
C3gl; CWW(ppdl+ C391; M(H2)H(Cl)2(PiPr&, M = Rh, fr C40,411; Ir(H,)Cl(H),- 
(P’Pr,), [42] and Eu(H,)Cpf [43]. Reaction (2) usually requires the assistance of 
UV or visible light when L’ is carbon monoxide. The following complexes have been 
prepared by displacement of CO: M(H,)Cp(CO),, M = V, Nb [44]; M(H,)(CO),, 
M = Cr, MO, W [45-491; M(H,)(cyclooctene)(CO),, M = Cr, MO, W [SO]; 
M(H,)(nbd)(CO),, M =Cr, MO [Sl]; M(H,)H(Cp)(CO),, M = MO, W [52]; 

Mn(H,)Cp(CCG C531; Fe(H,)(CO)(NO), and Co(H,)(CO),(NO) 1541; 
CO(H,)CH,(CO)~ [SS]; and Ni(H,)(CO), [56]. Low-temperature Ar matrices (in the 
work of Sweany) or Xe( 1) solutions (used by the group of Poliakoff and Turner) have 
provided the best conditions for observing these dihydrogen species. Other ligands 
L’ which have been displaced are N, [57] and NH3 [SS]. Often a group 1 metal ion 
or Tl+ is present in reaction (3) to precipitate with the anion. Complexes prepared 
as in eqn. (3) are [Re(H,)Cp*(CO)NO]+ [59], [M(H,)H(depe),]+, M = Fe, Ru, OS 
[60], [M(H,)Cl(depe),]+, M = Ru, OS [61] and [Ru(H,)H(dcpe)z]+ [38]. 

The synthesis of polyhydride complexes which are thought to contain a dihydro- 
gen ligand, such as RuHq(PPh3)s, are usually made via eqn. (4) [62], a more complex 
version of eqn. (1). 

L,MX,+mH-+H,+L,M(H,)H,+mX- (4) 

Common sources of hydride in eqn. (4) are NaH, NaBH,, LiAlH4, or H2 gas in the 
presence of a base, such as NEt, or OR-. The anion, X-, is usually chloride 
or bromide. Complexes made according to eqn. (4) are ReH,(PR,), [63]; 

CFe(H,)H(pp,)l+ C641; M(H2)H2(PR&, M = Fe, Ru Cg,28,651; Ru(H,)H,(cyttp) 
[66]; [M(H,)H(L,),]+, M = Fe, Ru, OS [61]; and Rh(HI)Hz(HB(3,5-Me2pz)3) [67]. 

(b) Protonation of a hydride complex 
Another common method of preparation is the addition of H+ to a hydride 

(or polyhydride) complex to produce a dihydrogen complex via eqn. (5). 

L,MH + H+ zs [L,M(H,)]+ (5) 
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Complexes prepared as in eqn. (5) are [Re(H,)H,(CO)(PMe,Ph),]+ [68]; 

CRe(H,)(CO),(PMe,Ph),l’ C691; CWWWcyttp)l+ WI; CReHdPCyM+ C701; 
[Fe(H,)H(L,),]+, Lz = dppe, dmpe [60,71], (L& = meso-tet, ppJme [72,73]; 
[M(H,)H(PPh(OEt),),]+, M = Fe, Ru, OS [74-761; [Ru(Hz)H(Lz)J’, Lz = dppe, 
dppp, dppb, binap, diop [60,77-i80], (L2)2 = pp3 [81]; [M(H,)Cl(L,),]+, M = Ru, 

0% L, = depe, dcpe [38-611; [Ru(H,)(Cp or Cp*)(L)(L’)]+ [82-851; 

COs(H,)(OAc)(PPh3)31’ WI; COsWPMe2Ph)31+ C871; COs(H2WpW)l+ CfW; 
CWW(PP~I+ C891; CW%W2(PMe2Ph)31+ C901; CIr(H,)H(bq)(PPh3),1’ and 
CWW2WPCy3h1+ C911. 

(c) Other methods of preparation 
Some less common preparations have been reported. The reduction of com- 

plexes of Re(V) or Os(II1) in the presence of a source of protons and electrons 

(H+ and Mg or Na) produces the complexes ReH,Cl(PMePh,), [92] and 

COsWNHd,12+ C931, respectively. Oxidation of the latter complex with 
[FeCp,]PF, gives [OSH~(NH~),]~+. The reaction of Ru(cod)(cot) with PCy3 and 
H2 gives RuH,(PCy,), [94]. Some complexes which are prepared by modifying 
existing dihydrogen complexes will be discussed in Sect. G. 

B. HOMOLYTIC SPLITTING OF COORDINATED DIHYDROGEN 

(i) Introduction 

There are two common classes of reaction in which the H-H bond of a 
dihydrogen ligand cleaves in a homolytic fashion: intramolecular (eqn. (6)) and inter- 
molecular (eqn. (7)). 

h I -0 + L”Mu 

kM /H 
h-I 

a 2 L,,M-H 

(6) 

(7) 

The first class is formally a two-electron oxidative addition reaction; the oxida- 
tion state of the metal increases by two. The electron density at the metal is usually 
assumed to be less in the dihydride tautomeric form (see, for example, refs. 53 and 
95). However, the addition of dihydrogen to certain Ir(1) complexes to give Ir(II1) 
dihydrides can be reductive with respect to the metal [96]. Therefore it is better to 
refer to eqn. (6) as a homolytic splitting in preference to an oxidative addition. 
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Reaction (6) is of direct importance to the mechanism of many homogeneous 
hydrogenation catalysts, including Wilkinson’s catalyst, RhCl(PPh~)~, where the 
unobserved dihydrogen ligand in a Rh(1) intermediate rapidly splits to give the 
dihydride intermediate responsible for the hydrogenation of an unsaturated com- 
pound. The t,i2-dihydrogenldihydride equilibrium has direct parallels to the equilibria 
between $-alkane and alkylhydride species [97], q2-silane and silylhydride species 
[98-103-j and between ~2-stannane and stannylhyd~de complexes [104,105]. These 
equilibria are important in catalytic hydrosilylation and hydrostannylation reactions 
and potentially important in C-H bond functionalization, but are beyond the scope 
of this review. 

There is only one well-characterized example to date of the intermolecular 
splitting of a dihydrogen ligand as shown in eqn. (7). This involves the dihydrogen 
complex Ir(H,)HCl,(P’Pr,), [106,107], as will be discussed below. However, there 
are several mechanisms,of homogeneous catalysis which involve the reaction of 
dihydrogen with two metal centers to give two monohydrides and these will also be 
considered. The formal oxidation state of each of the two metals increases by one 
electron when the dihydrogen splits according to eqn. (7). 

(ii) Observing the dihydrogen-dihydride equilibrium (6) 

The chemistry of such an equilibrium is complicated by the variable structural 
and spectroscopic properties of species thought to be dihydrogen complexes and 
those thought to be dihydrides. The definition of dihydrogen complexes is still 
evolving because there appears to be a range of H-H distances possible, and research 
has still not found the borderline distance between M(H,) and M(H), structures. 
This review defines dihydrogen complexes as having the characteristics listed in 
Table 1. The H-H distance should fall in the range 0.8-1.0 A. This range appears 
suitable to include complexes with a rapidly spinning H, unit whose properties are 
perturbed little from those of free H2 gas (d(H-H) = 0.74 A, v(H-H) = 4400 cm-‘, 
J(HD) = 43.5 Hz). This also includes those with an Hz ligand which has internal 
motion (probably spinning like a propeller) which is much faster than the tumbling 
of the molecule in solution and yet has physical properties associated with a longer 
H-H distance (d(H-H) G 1 .O 1$, v(H-H) = 3 100-2400 cm - ‘, J(HD) > 25 Hz, 
T’(min) < 22 ms at 200 MHz (see structure 1, Fig. 2). 

Complexes with structure 1 have been referred to as non-classical dihydrides, 
molecular hydrogen complexes, and q2-dihydrogen complexes. They will be referred 
to here as dihydrogen complexes, M(H,), or spinning dihydrogen complexes. The 
T,(min) time quoted here is for the case where the ‘H NMR measurement is made 
at 200 MHz on a complex where only dipolar relaxation between the two hydrogen 
nuclei is important and where the dihydrogen ligand has a correlation time which 
is much shorter than that of the rest of the molecule. Equations have been proposed 
to calculate d(H-H) from T;(min) for the case of rapid internal motion of the Hz 
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d@L-H) = 0.8 to 1.0 A 1.1 to 1.6 A > 1.6 A 

1 2 3 

Fig. 2. Structures 1, M(H,), 2, M(H * * * H), and 3, M(H),. 

ligand; distances are found to be a factor of 0.793 shorter than the case of the Hz 
Egand having the same correlation time as the molecule as a whole f29]. Values 
obtained at other observation frequencies are directly proportional and are readily 
converted to the 200 MHz scale: e.g. Ti (min, 200 MHz) = T, (min, 400 MHz)/2. Other 
sources of relaxation such as metal-hydrogen dipole-dipole and ancillary ligand 
hydrogen-dihydrogen dipole-dipole interactions have to be factored out to obtain 
a ~~~rnin) value which represents only the H-H dipole-dipole relaxation in the 
dihydrogen ligand [28]. The effects on T, measurements of chemical exchange 
between dihydrogen and a hydride species must also be considered (see Sect. C and 
ref. 108). There is also the concern that quantum mechanical effects have been 
neglected when trying to relate T1 (min) to d(H-H) quantitatively via equations based 
on relaxation theories which assume classical molecular dynamics [ 1091. If there are 
phosphors donor ligands in the complex, then the J(HP) coupling between (‘Hz) 
and 31 P nuclei will be less than 6 Hz and usually near to zero Hz. Inelastic neutron 
scattering experiments reveal the existence of a rotational tunneling transition in the 
far-IR and show that there is often a small barrier (<3 kcal mall’) to rotational 
tunneling in dihydrogen complexes of structure I in the solid state [32(a)]. 

All equilibria (6) which have been studied are solution phase and the techniques 
of observation are IR and NMR spectroscopy. The dihydrogen mode v(H-H) is 
weak and is not usually observed for complexes in solution by the IR method; an 
exception is studies employing Xe(1) as a solvent [44]. The best proof for the existence 
of a dihydrogen complex in solution is the observation by use of NMR of both a 
short minimum T1 time and also a large H-D coupling for the corresponding HD 
complex, 

Dihydrides have distances d(H-H) expected for two ligands which occupy the 
usual stereochemical positions in coordination polyhedra (1.8-2.5 A, structure 3, 
Fig. 2). Such distances usually result in little communication between the nuclei: a 
long minimum 7” time (>90 ms at 200 MHz) and a very small J(HD) coupling 
constant (~5 Hz, see Table 1) for the M(H)(D) complex. A class of trihydrides of 
formulae [IrH,CpL]+, RuH,CpL, and NbH,Cp, with hydrides which are separated 
by approximately 1.7 A exhibit quantum mechanical exchange coupling [110-l 143 
(see also Sect. C.(ii)). Simultaneous quantum mechanical tunneling of two protons 
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through a vibrational potential surface accounts for this phenomenon; covalent 
bonding between the hydrogens is not necessarily needed [109]. The metal-hydride 
stretch of hydride complexes in solution is often intense enough to be observed in 
IR spectra. Typically, these can range in frequency from 1500 cm-’ for early 3d 
transition metals such as Cr to up to 2300 cm’ for late Sd transition metals such as 
Pt. Dihydrides have also been called classical dihydrides and will be printed as M(H), 
in complex formulae in this review. 

In polyhydride complexes, two hydride ligands are known from single-crystal 
neutron diffraction studies to approach as closely as 1.6 A in OsH,(P’Pr,), [I 151 
and even 1.36(l) A in ReH,(P(p-tolyl),), [lo]. The latter complex enters a region of 
as yet incompletely defined H-H interaction or elongated dihydrogen structure, 
denoted in this review as H * *. H, structure 2. X-ray diffraction studies of 

[ReH,(cyttp)]+ [16], Re(HJ(Cl)(PMePh,), [12], RuH,I(PCy,), [11] and 
[RuH,Cp(dppm)] + [ 131 suggest that H-H distances of 1.08(5), 1.17(13), 1.03(7) and 
1 .O( 1) are present, respectively. Complexes [RuH,Cp(CO)(PCy,)]+ and 
[RuH,Cp(dmpe)] + have d(H-H) values of 0.97 and 1.02 A, respectively, according 
to solid state NMR measurements [109]. These complexes also appear to contain 
ligands with undefined H.. . H interactions. Neutron diffraction studies are still 
needed for these. Both of the complexes [Ru(HD)Cp(dppm)]+ and 
[Ru(HD)Cp(dmpc)]+ have couplings, J(HD), of 22 Hz but it is not known whether 
these are temperature-dependent [83,84]. Complexes M(H * . * D)L, with H-D dis- 
tances which are thought to be in the range 1.0-1.6 A exhibit J(HD) couplings of 
intermediate size (4-25 Hz; see Table 1) in ’ H or ‘H NMR spectra. The T1 (min) 
value of the H . . . H nuclei should be corrected to remove sources of relaxation other 
than the H **. H dipole-dipole interaction [28,30,116]. Rotational motion of the 
elongated H . . . H structure is assumed to be restricted (but this has not been proven) 
so that d(H-H) is calculated from the T,(min) without the factor of 0.793 used in 
the case of rapid motion [29]; Tl (min) values which correspond to 1 .O and 1.6 A are 
6 and 90 ms at 200 MHz (see Table 1). This assumes that the potential energy versus 
H-H distance plot for such a complex has one minimum at the equilibrium H-H 
distance (Case I, Fig. 3). Case I is actually drawn with three minima to account for 
the possible existence of less stable dihydrogen and dihydride forms. In other words, 
this is a case of arrested homolytic cleavage of Hz, similar to the case of the arrested 
splitting of agostic C-H bonds [117]. However, the properties of a complex 
M(H . . . H)L, might also be explained by the averaging of the properties of a 
dihydride complex, 3, and a complex with a rotating dihydrogen ligand, 1, caused 
by a low energy bond-splitting/bond-forming process; in such a case, a potential 
surface with a double well must be drawn (Case II, Fig. 3) [29]. Possible examples 
of such a rapid, reversible homolytic cleavage process are described below. Theory 
suggests that hydride-hydride overlap is always positive even when the H ... H 
distance is as long as 2 A, so that there is no electronic reason for the barrier of 
Case II [118]. Nevertheless, several examples are introduced below where there is a 
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AH 

AH 

1 1.2 1.4 

d(HH)A 

CASE II 

1.6 1.8 2 

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 

d0-J.H) A 

Fig. 3. Case I. Arrested homolytic cleavage of dihydrogen. Case II. Rapid reversible homolytic cleavage 
of dihydrogen. 

sizable energy barrier between dihydrogen and dihydride tautomers. Future single- 
crystal neutron diffraction structural studies could help to resolve the mysteries of 
M(H . . . H)L, complexes. 

Several indirect methods for distinguishing dihydrogen from dihydride are 
summarized in Table 2. Polyhydrides with formulae [ReHs(PR,)2]+ [70] and 
[MoH,(dppe)z]2+ [119] must contain at least one H-H bond so as not to exceed 
the maximum oxidation state of the metal. Bianchini et al. Cl203 propose that gold 
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TABLE 2 

Indirect ways which have been proposed to distinguish dihydrogen and dihydride structures 

MH,L:+ oxidation state x + z exceeds group 
number of metal 

Reaction with ClAuPR, Gives MClL; + Hz or 
ML&-H)AuP + HCI 

Reaction with AuPR: Gives M(PRJ)L, + Au 
+2H+ 

&,,(ox) Less positive 
H2 lability More labile 
v(C0) (cm- ’ )” Similar to v(C0) 

of M(N,)L,” 

No reaction or gives 
MHL,(p-H)AuP+ 

No reaction or gives 
MHL,(p-H)AuP+ 

More positive 
Less labile 
Higher than v(C0) 

of M(N,)L,” 

120 

120 

95 
2,87 
44,51,53, 
103,299 

“When a CO ligand is one of the ancillary ligands L,. 

reagents react with dihydrogen complexes of Co(I) and Rh(1) in a different fashion 
than with similar dihydride complexes of Ir(II1). Notably, the dihydrogen complexes 
reduce AuPRi to Au(O) whereas the dihydrides do not. This is consistent with 
Zanello’s proposal that dihydrogen complexes are more reducing than tautomeric 
dihydride complexes and that this difference can be detected by electrochemical 
measurements [95]. This may not always be the case. Both dihydrogen complex 
[Os(H,)H(dppe),]+ and complex [Os(H . . . H)H(depe)J + have very similar poten- 
tials for their oxidation [29]. Intuitively, it would be expected that dihydrogen 
complexes should evolve H, more easily and quickly than comparable dihydride 
complexes. In fact, it was on this basis that Ashworth and Singleton proposed in 
1976 that [Ru(H,)H(dppe),]+ contained a coordinated dihydrogen molecule [77] 
long before the existence of the dihydrogen ligand was reported in 1984 by Kubas 
et al. [l], and before its existence in this Ru complex was proved by Morris et al. 
in 1985 [14]. However, Halpern et al. pointed out that there is the same difference 
in lability between the two non-classical complexes [RuHS(PPh,)3]+ and 
[0~H~(P(~-tol)~)~]+ and between the non-classical RuH,(PPh3)3 and the classical 
0sH,(P(p-tol)3)3 [121] so that high dihydrogen evolution rates might not be defin- 
itive proof of a dihydrogen versus dihydride formulation (see Sect. E for further 
discussion of this point). 

The final entry in Table 2 indicates that the frequency, v(CO), of a MH,(CO)L, 
complex provides evidence for the existence of.a dihydrogen ligand if the v(C0) of 
the corresponding dinitrogen complex, MN2(CO)L, is comparable. If v(C0) for 
MH2(CO)L, is much higher than that of the dinitrogen complex, then a dihydride 
is present. Note that this criterion supports the view that dihydrogen complexes are 
more reducing, and hence more strongly backbonding, than tautomeric dihydride 
complexes. We find that this criterion fails to distinguish between the complexes 
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trans-Mo(H,)(CO)(dppe),, v(C0) = 1815 and Mo(H),(CO)(depe),, v(C0) = 
1790 cm-‘; the corresponding complexes Mo(N,)(CO)(L,), have v(C0) = 1799 and 
1776 cm-‘, respectively [34]. Of the methods of Table 2, only the measurement of 
v(C0) is likely to signal the simultaneous existence of dihydrogen and dihydride 
forms in equilibrium by showing distinct v(C0) absorptions for each. For example, 
an equilibrium between Nb(H,)Cp(CO), and Nb(H),Cp(CO), in Xe(1) was detected 
by IR spectroscopy [44]. The observation of distinct electrochemistry for M(H,) and 
M(H), forms might be possible under special circumstances. 

(iii) Factors injluencing the &hydrogen-dihydride equilibrium (6) 

Some factors which are known to stabilize either a dihydrogen complex (the 
left-hand side of eqn. (6)) or dihydride complexes (the right-hand side) are listed in 
Table 3. These factors alao relate to other addition reactions, such as the well-studied 
homolytic cleavage of carbon-hydrogen bonds [122-1281. Strong metal-hydride 
bonds will push equilibrium (6) to the right. The trend down a column of the periodic 
table is thought to be an increase in the M-H bond strength as M changes from a 
3d to 4d to 5d transition metal. This explains why V(H,)Cp(CO), is a dihydrogen 
complex whereas Ta(H),Cp(CO), is a dihydride; consistent with the trend is the 
observation that Nb(H,)Cp(CO), and Nb(H)* Cp(CO), co-exist in equilibrium [44]. 
This is also why Ru(H . .* H)H,(PPh,), probably has an elongated dihydrogen 
ligand (see below) whereas OsH,(PPh,), is a tetrahydride [65]. The reason for this 
trend is thought to be a relativistic contraction of orbitals which improves 
d(M)-a(H-) overlap. The 5d metals also give the most stable dihydrogen complexes 
with respect to Hz loss. As a result, equilibrium (6) is possible for a variety of 5d 
metal complexes (see below). 

Making the metal very n-basic will destabilize the dihydrogen complex because 
of excessive d(M)+a*(H,) backbonding and force the equilibrium to the right. 
Factors that make a metal x-basic in a complex [MHzL,X,]‘+ (L = neutral ligand, 
X = anionic ligand) are high-energy d electrons and good M-H2 orbital overlap. 
Metal-based electrons are more energetic (reducing) in a complex of an early trans- 
ition metal (e.g. group 6 > group 9) with a charge, z, as negative as possible, and 
with electron-donating ligands, as indicated in Table 3. Conversely, dihydrogen com- 
plexes are stabilized by weakly x-basic metal centers produced by later transition 
metals in positive oxidation states with the correct mix of 0 donor and rc acceptor 
ligands to provide the critical amount of backbonding to the Hz ligand. A nice 
example of the electronic effect of the ligand is the observation by Kubas et al. [34] 
that Mo(H,)(CO)(dppe), is a dihydrogen complex whereas Mo(H),(CO)- 
(P’Bu,CH,CH,P’BU~)~ is a dihydride complex with a chelating phosphine of the 
same size but more electron-donating than dppe. Another is the observation that 
Ir(H,)(H),Cl(P’Pr,), is a dihydrogen complex whereas Ir(H)5(PiPrj), is a pentahy- 
dride [42]. Here, the replacement of electronegative chloride by hydride shifts eqn. (6) 
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TABLE 3 

171 

Factors that determine stability of dihydride complexes, dihydrogen complexes and coordina- 
tively unsaturated complexes which have a low affinity for dihydrogen 

Factor Complex 

Dihydride 

M(H), LXX;+ 

Dihydrogen 

M(H,)L,XF+ 

Coordinatively 
unsaturated 
ML,X;+ 

Properties of M-H bond 

Bond energy 
Energy decrease 

with row of M 
orbital overlap 

High 

5d>4d>3d 
Good d(M)-a(H-) 

Properties of metal M 

x-basicity of M Strong 
Favored group of M Group 6 > group 9 
Favored electron 

config. 
Charge z+ 

Properties of ligands 

Donor properties of 
L, x- 

Size of L, X- 

Polydentate L, X- 

d6 when x+y=4 

Weak 
Group 8 
d6 when x+y=5 

Very weak 

<+2 oto +3 >o best 

L 

Electron donating 
e.g. NHJ, PMe,, 
depe, SR-, OR-, 
NR;, H- 

Small 

Correct mix of 0 
donor and n-acid 
ligands 

Small or large Ligand which 
shields the 
vacant site, 
possibly with a 
C-H...M bond 

Favor coord. number Favor coord. number Favor coord. 
x+y+2 e.g. Cp- x + y + 1 e.g. pp3 number x + y 
in CpRhHzL in CCo(HZ)(pp3)l+ e.g. pnp ligand 

in fr(pnp)(H)z 

Medium 

5d>3d>4d 
Good d(M)-@(Hz) 

Low 

Poor overlap 
(nodes) 

Nature of trans 
ligand 

Strongly u donating n acid ligand in an 
electron-rich 
complex 

High trans 
influence e.g. 
H-, CO, PR3, 
R- 

to the right. Some of these factors have been noted in reports of calculations on 
model complexes of the type W(H,)(CO),(PH,), versus W(H),(PH,), [129] and 

CF@-MW51z’ versus [Fe(H),13 - [ 130,13 11. These and related calculations have 
recently been reviewed by Burdett et al. [25] and Tsipis [26]. 
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The corresponding dinitrogen complex [M(N,)L,X,_,]‘+ can be used as an 
indicator of n-basicity of the d6 binding site [ML,XS _,]“, where M is a metal from 
groups 6-9. It was proposed that when v(NZ) is less than 2060 cm- ‘, a dihydride 
M(H), will form (equilibrium (6) will lie to the right) whereas when it is greater than 
2060 cm-‘, the dihydrogen complex will be favored [132]. More recently, this 
approach has been refined to include limits on the electrochemical potentials of the 
dinitrogen complexes (Table 4, [ 133)). Dihydrogen complexes which have corre- 
sponding N, complexes with E,,,(d5,d6) < 0 V versus NHE should undergo homo- 
lytic splitting. If the dihydrogen is trans to a a-donor such as hydride and is on a 
4d or 5d metal, splitting will occur at the more positive potential of 0.5 V. The 
strength of this method is that the potentials can be calculated from the structure of 
the complex by an additive ligand parameter method proposed by Lever [134,135]. 
In principle, the stability of a dihydrogen complex with any combination of d6 metal 
and five ancillary ligands can be predicted on the basis of the guidelines of Table 4 
and the additive parameter approach. Unfortunately, this only gives information 
about the stability of the dihydrogen complex on the left of eqn. (6); if the dihydride 
on the right side is made particularly stable by the stereochemistry of the ligands 
(see below), then homolytic splitting might occur even when v(N2) of the correspond- 
ing dinitrogen complex is greater than 2060 cm-’ and E,,, is greater than 0.5 V. 
Some examples of this will be described below. 

Complexes of the type [M(H,)L,X,]“+ are particularly stable when the metal 

TABLE 4 

Properties of the corresponding dinitrogen complexes which indicate the stability of dihydride 
complexes, dihydrogen complexes and coordinatively unsaturated complexes when there are 
five ancillary ligands on the complex [ 1333 

Property of [M(N,)L,X,_,]‘+ 

Too reducing Correct energy 
of HOMO 

Too oxidizing 

N, tram to CO 

Ellz vs. NHE (V) 

v(NJ (cm-r) 

<0 

< 2060 

O<E<l 

206O<v<2160 

>O.S (3d metal) 
> 1.0 (4d, 5d) 
>2160 

N, trans to a-donor 

E1,2 vs. NHE (V) 

v(NJ (cm-‘) 

Corresponding 
complex 

<O (3d metal) 
<OS (4d, Sd metal) 
< 2060 

Dihydride 

CW-hLX,-.I’+ 

0 < E < 1.7 (3d) 
0.5 < E < 2.0 (4d, 5d) 
206O<v<2180 

Dihydrogen 

CM(WLL,I’+ 

> 1.7 (3d) 
>2.0 (4d, 5d) 
>2180 

Coordinatively 
unsaturated 

CMLLxI’+ 
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has a d6 configuration and the complex is octahedral so that the sum of neutral and 
anionic ligands, x + y, is five. The majority of known dihydrogen complexes are of 
this type. Dihydride complexes with the metal in the d6 electron configuration are 
also very stable when the complex is octahedral; in this case the sum x + y is four. 
Even electron-poor complexes such as M(CO),(H),, M = Fe, Ru, OS, exist as dihy- 
drides with negligible H-H bonding. The dihydrogen complexes M(CO),(H,) are 
destabilized by a repulsion between a filled d orbital and the filled c(HZ) orbital and 
by poor backbonding from the low-energy d orbitals [136]. 

The stereochemistry of the ancillary ligands can influence equilibrium (6). The 
shift from left to right of eqn. (6) involves an increase by one in the coordination 
number of the metal. Small ligands will favor the dihydride tautomer. However, iarge 
ligands might also do the same by preventing a metal from adopting an octahedral 
geometry and therefore disallowing the favorable d6 configuration. For example, the 
ligand l,l’-bis(diphenylphosphino)ferrocene (dppf) has a large bite angle of 106”; this 
prevents octahedral coordination around Ru and causes the formation of a seven- 
coordinate trihydride complex, [Ru(H),(dppf),] +, instead of the dihydrogen-hydride 
structure [Ru(H~)(H)(L~)~~ + which is found in all other cases where chelating 
phosphine ligands, L,, are present [137]. Similarly, it has been proposed that 
[OsH,(PPh,),]+ does not contain a dihydrogen ligand because interactions between 
the large PPh, ligands do notallow a regular octahedral structure to form [29]. 
Cyclopentadienyl ligands, which are assumed to occupy three coordination sites, 
strongly favor six-coordinate, d6 complexes M(H)2CpL, M = Co, Rh, Ir over five- 
coo‘rdinate complexes M(H~)CpL [136], whereas the tetradentate phosphine pp3 
appears to favor five-coordinate, d*, dihydrogen complexes over six-coordinate, d6 
dihydride complexes for [M(H,)(pp,)]+, M = Co(I) and possibly Rh(1) [89]. 

A UV photon is usually required to cause the elimination of dihydrogen from 
dihydrides like Ir(H&CpL and Fe(H),(dmpe), which lie far to the right of eqn. (6), 
probably by AH greater than 25 kcal mol- ’ [136]. The photon excites an electron 
from a MO which is H-H antibonding (dihydride) to a MO which is H-H bonding 
and M-H antibonding (transient dihydrogen intermediate) [ 138,139]. The high- 
energy intermediates can sometimes insert into the C-H bonds of unreactive alkanes 
such as methane [140-1421. 

The ligand trans to dihydrogen in an octahedral complex is crucial to the 
stabilization of the complex with respect to Hz loss. Electron-poor complexes require 
a good a-donor trans to the dihydrogen whereas more electron-rich complexes require 
a good n: acid such as CO [132]. A good u-donor like a hydride when trans to 
dihydrogen in an electron-rich complex will cause a shift to the right in eqn. (6). The 
trans influences of hydride versus phosphine on dihydrogen coordination has recently 
been explored in an ab initio study of complexes ~~~~s-[F~H~)H(PH~)~]+ and 
[Fe(H,)(PH,),]‘+ [1433. The first complex was calculated to be much more stable 
with respect to Hz loss than the second, despite the high trans influence of hydride; 
we note that the second complex is probably too electron deficient to be stable. 
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(iv) Thermodynamics of the dihydrogen-dihydride equilibrium (6) 

Table 5 lists free energy changes in equilibria between well-characterized dihy- 
drogen complexes and their dihydride tautomers. Only examples where both species 
are directly observed (by NMR or IR) are included. In the usual case, the ratio of 
concentrations of the two species must be between 1:50 and 50: 1 to be detectable 
reliably by NMR. They are organized by stereochemical change and then by metal 
group number. The stereochemical notation is the one suggested by Sloan [144]: 
octahedral, OC-6, etc. Some enthalpy and entropy changes are also listed in Table 5. 
Activation energies for some of these reactions will be discussed in Sect. B.(v) below. 

All of the complexes except two in Table 5 involve octahedral, d6 dihydrogen 
complexes and seven-coordinate, d4 dihydrides. Kubas et al. [6,145,146] reported 
the first examples of such an equilibrium between the complexes W(H,)(CO),(PR,), 
and their dihydride isomers which are thought to have a mono-face-capped octahe- 
dral geometry (OCF-7) (eqn. (8)). 

The geometry of the dihydrogen complex was established by neutron diffraction 
while the structure of the product follows from the NMR observations that the two 
hydride and two phosphorus nuclei become inequivalent when fluxional exchange 
processes of the seven-coordinate complex are frozen out at 200 K. IR spectra showed 
v(C0) peaks due to both tautomers. The ‘H NMR spectra of the HD complexes 
revealed a 1: 1: 1 triplet for the W(HD) species with a coupling of 33.5 Hz but only 
a 1:2: 1 triplet with J(HP) coupling and no resolvable J(HD) coupling for the 
W(H)(D) species as expected. Quantitative data for the equilibria were obtained by 
use of “P and ‘H NMR. The W(H,) form is slightly more stable than the W(H), 
form at room temperature but, unlike the other examples in Table 5, it becomes less 
favored as the temperature increases (AS has the positive value of 1.2 or 2.4 e.u. for 
the two complexes examined). If the loss of rotational freedom of the H, ligand on 
going to the dihydride was the major contribution to AS, then a negative AS would 
have been expected. More ancillary ligand disorder in the seven-coordinate W(H), 
form must override the loss of entropy of the H, ligand. For these tungsten complexes 
the movement of the large, flexible phosphine substituents could be freer in the seven- 
coordinate isomer. 

Several examples of d6 complexes containing Cp or Cp* (&Me,) ligands are 
represented in Table 5. They all involve the same stereochemical change from three- 



T
A

B
L

E
 

5 

St
er

eo
ch

em
ic

al
 

an
d 

th
er

m
od

yn
am

ic
 

da
ta

 f
or

 t
he

 e
qu

ili
br

iu
m

 
M

(H
Z

)L
,r

t 
M

(H
),

 L
,, 

w
he

re
 b

ot
h 

th
e 

di
hy

dr
og

en
 

an
d 

di
hy

dr
id

e 
co

m
pl

ex
es

 
ha

ve
 

be
en

 d
ir

ec
tly

 
ob

se
rv

ed
* 

St
er

eo
ch

em
ic

al
 

C
ha

ng
e 

in
 

D
ih

yd
ro

ge
n 

co
m

pl
ex

 
T

em
p.

 
A

G
 

A
H
 

A
S 

J(
H

D
) 

R
ef

. 
ch

an
ge

 
d 

co
nf

ig
ur

at
io

n 
(R

) 
(k

ca
l 

m
ot

 -
 ’

 ) 
(k

ca
l 

m
ol

- 
’ )

 
(e

.u
.)

 
(H

z)
 

O
C

-6
 i

=?
 O

C
F-

7 
d6

=
d4

 
W

H
2)

(C
O

)a
(P

iP
r&

 
29

8 
0.

80
 

1.
2 

1.
2 

33
.5

 
14

6 
w

(H
2)

(c
o)

3(
pc

Y
P

3~
2 

29
8 

0.
78

 
1.

5 
2.

4 
14

6 
O

C
-6

 7
ct

 SP
S-

7 
d6

z$
d4

 
C

R
e(

H
*~

p
*(

C
O

)~
N

O
)l
’ 

19
s 

1.
0 

27
 

59
 

E
R

W
W

C
~K

W
(P

C
Y

,)
I+

 
29

8 
2 

28
.5

 
20

s 
E

R
u(

H
z 

~~
dt

f~
)l

+ 
29

5 
-0

.3
 

25
.3

 
85

 
C

R
u(

H
2 )

W
d
p
p
e)

l +
 

29
5 

- 
0.

4 
24

.9
 

83
,8

5 
C

R
u(

H
2 )

C
p(

da
pe

)l
 

+
 

29
5 

-0
.6

 
24

.3
 

85
 

[R
u(

H
 

. *
 - 

H
)C

p(
dm

dp
pe

)]
 

+ 
29

8 
0.

2 
- 

0.
92

 
-4

.5
 

23
.8

 
84

 
[R

u(
H

 
* *

 * 
H

~~
dr

n~
)]

 
+ 

29
8 

1.
0 

22
 

84
 

[R
u(

H
 

- *
 . 

H
)C

p+
(d

pp
m

)]
+

 
29

5 
0%

4 
20

.9
 

84
 

O
C

-6
 #

?-
7 

d6
=

d4
 

[R
e(

H
2)

tG
O

),
(P

M
e,

P
h

),
l+

 20
0 

-0
.1

 
-1

.7
 

-8
 

31
 

69
 

R
~(

H
z)

(O
C

O
C

FJ
)~

(P
C

Y
,)

Z
 

24
3 

-1
 

25
2 

0s
(H

,)
C

I(
C

O
)S

tE
t3

(P
iP

r,
),

 
29

8 
>I

 
29

8 
PB

-7
 i

t 
D

D
-8

 
d4

=d
Z

 
IR

e(
J&

)(
H

)$
O

)(
PM

e~
 

Ph
),

l+
 

21
3 

-0
.6

 
-1

.1
 

-2
.4

 
34

 
68

 
SP

S-
7 

P?
-8

 
d4

=
rd

2 
N

~H
~~

~C
O

)~
 

22
8 

0.
8 

44
 

“O
C

-6
 =

 o
ct

ah
ed

ra
l; 

O
C

F-
7 

= 
m

on
o-

fa
ce

 
ca

pp
ed

 
oc

ta
he

dr
al

; 
SP

S-
7 

= 
tr

an
so

id
 

sq
ua

re
-b

as
ed

-f
ou

r-
le

gg
ed

 
pi

an
o 

st
oo

l; 
PB

-7
 =

 p
en

ta
go

na
l 

bi
py

ra
m

id
al

; 
D

D
-8

 =
 d

od
ec

ah
ed

ra
~.

 

_ 



176 PG. Jessop and R.H. Morris/ Coord. Chem. Rev. 121 (1992) 155-284 

legged piano stool (octahedral) dihydrogen complex to transoid-square-based-four- 
legged piano stool (SPS-7) dihydride (eqn. (9)). 

(9) 

The Re dihydrogen complex is the least stable of these complexes with respect 
to Hz loss because the strong A-acid ligands, CO and NO+, inhibit backbonding to 
the H, ligand. Nevertheless the J(HD) coupling of 27 Hz for the Re(HD) complex 
suggests a reasonably strong M-HD 7~ interaction. Both the Re(H,) and Re(H), 
forms are observed at 190 K by 1 I-J NMR, with the Re(H,) form in slightly greater 
concentration [59]. The strong Re-H bonds and the small size of the ligands are 
favorable factors for dihydride formation. The Cp* ligand also appears to play a 
role in making the SPS-7 geometry quite favorable. 

Steric interactions between the phosphine ligands and the Cp or Cp* ring are 
very important in determining the position of equilibria for the ruthenium cyclopenta- 
dienyl complexes of Table 5. The substituents on phosphorus are brought closer to 
the C, ring in the Ru(H,) complex than in the transoid dihydride complex so that 
larger phosphines and Cp* versus Cp favor the Ru(H), form. This is illustrated by 
the decrease in AG values in the series [RuH2CpL, Jf, as L, increases in size from 
dmpe to dmdppe to dppe. Note that, if electronic effects dominated, the reverse 
would have been expected (see below). Similarly, [Ru(H~)Cp(dppm)]’ is completely 
in the dihydrogen form [83] whereas [RuH,Cp*(dppm)]” has AG = 0.4 for eqn. (6) 
[84]. In the series [RuH2CpL2]+, LZ = P(CsH4-4-R)2CH2CH,P(C6H4-4-R),, R = 
CF3 (dtfpe), H (dppe) and OMe (dape), steric effects are kept constant while electron- 
donating capacity increases. Here, AG for eqn. (6) becomes more negative and the 
dihydride form becomes more favorable on going from R = CF3 to R = OMe [SS]. 
A more electron-donating ligand should favor the Ru(H), form, as observed. The 
elongated dihydrogen tautomer, [Ru(H . ’ . H)C~dmdppe)] + becomes more stable 
than the dihydride form as the temperature is raised (AS = -4.5 e.u.). It was argued 
that this was due to the higher entropy of the spinning H2 ligand [84]. Actually, it 
is not clear whether the HZ ligand is spinning rapidly since the J(HD) couplings for 
most of these CpRu complexes are 25 Hz or less, indicative of elongated, non- 
spinning or slowly spinning H . . . H units (structure 2, Fig. 2). 

There are three other equilibria involving d6 dihydrogen complexes and seven- 
coordinate dihydrides with undefined stereochemistry in Table 5. The best charac- 
terized is the Re complex of Luo et al.[69]. NMR studies (’ H and 31 P) indicate that 
a thermally unstable dihydrogen complex with H, trans to CO is in equilibrium 
with a dihydride according to the equation 

CRe(HZ)(CO)z(PMeZ PhM + * CWHWOLW% W31+ (10) 
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In the corresponding HD complexes, the Re(HD) complex has J(HD) = 31 Hz 
whereas the Re(H)(D) complex has no resolvable J(HD) coupling. Again, it is the 
dihydrogen complex which is strongly favored by an increase in temperature. Luo 
et al. comment that AS reflects, in part, the large rotational entropy of the H2 ligand 
and they propose that dihydrogen/dihydride equilibria (Fig. 3, Case II) are likely to 
be much more common than elongated H . * . H structures 2 (Case I). The other two 
d6 F? d4 entries in Table 5 are less well established because J(HD) couplings for the 
(HD) isomers have not been determined. The complex Ru(H,)(q’-OCOCF,)(rl’- 
OCOCF,)(PCy3)2 is thought to have trans PCy, ligands and one monodentate and 
one chelating trifluoroacetate ligand. It is present in a small amount relative to the 
fluxional seven-coordinate dihydride Ru(H)~(~‘-OCOCF~)(~~~-OCOCF~)(PC~,), 
and its presence is indicated by a small broad singlet in the ‘H and 31P NMR 
spectra. The second complex, 0s(H2)Cl(CO)(SiEtJ)(P’PrJ), has unknown stereo- 
chemistry; a broad singlet in the high field region of the ‘H NMR spectrum was 
assigned to the dihydrogen tautomer whereas a small triplet was attributed to the 
less abundant dihydride form. 

The complex [ReH4(CO)(PMe2Ph),]+ discovered by Luo and Crabtree has 
several unique and fascinating features [68]. It is the only example of a pentagonal 
bipyramidal (PB-7) dihydrogendihydride complex in equilibrium with a dodecahedral 
(DD-8) tetrahydride complex (eqn. (11)). 

(11) 

The geometries are assigned on the basis of ’ H, 31 P and v(C0) data and comparisons 
with complexes of known PB-7 and DD-8 structures. Other structures might also 
be possible. The complexes decomposed above 280 K, but below this temperature 
‘H NMR signals for both species were evident. Thermodynamic parameters were 
obtained from ‘H NMR studies. The dihydrogen form is in lower concentration, 
[Re(H,)], than that of the dihydride, [Re(H),], but [Re(H,)] increases at the expense 
of [Re(H),] as the temperature increases (positive AS). The positive AS was attributed 
to the rotation of the dihydrogen ligand. The study provided the first evidence that 
eqn. (6) shifts to the left upon isotopic substitution of the complexes. That is, in the 
complex [ReH,(CO)(PMe,Ph),]+, the equilibrium constant, K, for eqn. (11) is 
l/O.18 = 5.6 at 193 K whereas the K for the ReHD: complexes is l/O.25 = 4 [68]. 

The equilibrium between the complexes Nb(H,)Cp(CO), and Nb(H),Cp(CO), 
in Xe(1) was studied by IR and time-resolved IR spectroscopy by Haward et al. [44]. 
The dihydrogen complex is thought to have a square-based-piano-stool geometry 
(SPS-7); the geometry of the formally eight-coordinate dihydride is unknown. The 
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changes in v(C0) absorbances of the two species at equilibrium were monitored over 
the temperature range 163-228 K. A AH value of 0.8 + 0.1 kcal mol-’ indicated that 
the dihydrogen complex was slightly more stable than the dihydride. When the 
experiments were repeated with a Nb(D,)/Nb(D)2 equilibrium mixture, the AH value 
increased to 1.3 Ifr 0.1 kcal mol-‘. This shift in eqn. (6) to the left with deuterium 
substitution was ascribed by Haward et al. to a small net change in zero point energy. 
This work supports the emerging theme that deuterium prefers to occupy the non- 
classical bonding sites in molecules. 

We have calculated, using the additive ligand approach [133], the E1,2 poten- 
tials for the dinitrogen complexes of selected complexes of Table 5. All are above the 
OV limit for homolytic splitting suggested by the data in Table 4: W(N,)(CO),- 

(P’Pr& (0.5 V), CRefNzf(CO)z(PMe*Phf,l’ (I.8 V, CWN2fCp*(CWNo)lf 
(2.1 V), [Ru(N~)C~dmpe)]+ (1.3 V) and Ru~~)(~‘-OCOCF~)(~‘-OCOCF~)(PCy~)~ 
(1.1 V). They should be above this limit for the dihydrogen form to exist. One would 
have thought that the complexes should be near to the 0.5 V limit indicated in 
Table 4 so that the dihydride could also exist. In fact, it is the stere~hemistry of the 
ancillary ligands which stabilizes the dihydride and pushes eqn. (6) to an equilibrium 
position. 

In summary, dihydrogen complexes associated with a range of J(HD) coupling 
constants have dihydride tautomeric forms close in energy. The metals in the com- 
plexes have a range of electronic and stereochemical environments; however, all 
are sufficiently electron-deficient to - have an observable dihydrogen form 
(E~,~(M~~)) > 0.5 V). One definite trend is that if the stereochemical requirements 
of the ancillary ligands are held constant, then more electron-donating ligands will 
push eqn. (6) to the right. Bulky ligands favor the dihydride form in complexes 
[RuH2CpLJf. Dueterium substitution in complexes [ReH,(CO)(PMe2Ph),Jf 
favors the non-classical form. The AS value for eqn. (6) can be negative or positive 
depending on the ancillary ligands in the complex. Complexes M(H - * . H)L, (struc- 
ture 2) have equilibria which exhibit thermodynamic properties similar to those of 
dihydrogen complexes M(H,)L, (structure 1). There are no well-characterized exam- 
ples of equilibrium (6) for 3d transition metal complexes. Factors against such an 
equilibrium are the steric difficulties of forming seven-coordinate complexes on a 
small 3d metal and the weakness of the M-H bonds in the dihydride form under 
the electron-deficient conditions necessary for stabilization of the dihydrogen form. 

(v) Kinetics of the dihydrogen-dihydride equilibrium (1) 

Dynamic NMR methods of spin saturation transfer and line shape analysis 
have been used to examine the rates of H atom exchange of certain of the well- 
defined equilibria of Table 5. The activation parameters for the forward reaction of 
these equilibria, i.e. the splitting of the dihydrogen ligand, are listed in Table 6. 

The forward rate of eqn. (8), PRJ = PLPrs, was studied by saturating the 31 P 
resonance of the dihydride complex, W(H),(CO),(P’Pr,),, and monitoring the 
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decrease in magnetization of the 31P peak of the dihydrogen complex [146]. The 
dihydride peak appears as a shoulder on a ts3 W satellite peak of the W(H,) species. 
Above 310 K, this shoulder became too broad due to fast 31 P site exchange according 
to eqn. (8); below 288 K, the shoulder broadened as the two phosphorus ligands on 
the dihydride became inequivalent [6]. Rate constants ranging from 6 to 23 s-l were 
found over a temperature range of 288-310 K. Obtaining rate constants for the 
reverse reaction was not possible due to poor signal-to-noise ratios, and obtaining 
rates by saturating ‘H resonances was hindered by the rapid relaxation of the 
dihydrogen nuclei. This study serves to illustrate some of the di~culties encountered 
in studying the NMR properties of dihydrogen complexes which undergo such 
diverse dynamic processes. 

The reaction coordinate diagram for eqn. (8) is shown in Fig. 4. The activation 
enthalpy for dihydrogen ligand homolysis is 10.1 kcal mol- ‘. The AS* of -20 e.u. 
suggests a well-ordered, late transition state where the Hz ligand has lost rotational 
freedom. 

The rate constant of the reverse reaction of eqn. (8), PR3 = PCy,, was deter- 
mined by use of the stopped-flow (UV detection) method [147]. Equation (8) was 
treated as a pre-equilibrium to a second-order substitution reaction of the dihydrogen 
complex by pyridine. The AHt value of 14.4 kcal mol-’ for this pre-equilibrium step 
(dihydride to dihydrogen) should be compared with the reverse reaction of eqn. (8), 
PR, = PiPr3, where AHt = 8.9 kcal mol-’ (Fig. 4). The values differ because of the 
different ligands in the two studies and also because of the large errors in the AH* 
values resulting from the small temperature ranges of the studies (30”). Zhang et al. 
found no isotope effect (1.08 f 0.04) for the reaction of W(D),(CO),(PCy,), to give 
W(D,)(CO),(PCy,),. This is perhaps surprising considering that an H-H (D-D) 
bond is being created. 

AG 

kcav 
mol 

reaction wxdinate 
Fig. 4. Reaction coordinate diagram for W(H,)(CO),(P’Pr,),~W(H),(CO),(P’Pr,),. 
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Chinn et al. [59] observed that the piano stool complex 
[Re(H,)Cp*(CO)(NO)]+ and its transoid dihydride tautomer were interconverting 
via eqn. (9) at 195 K. The kinetics of this reaction were studied by saturating the 
methyl resonance of the dihydride tautomer and observing spin transfer to the methyl 
in the Re(H,) complex. Calculations provided a rate constant of 2.5 s-l and a AG* 
barrier to the reaction of approximately 11 kcal mol-‘, lower than the tungsten 
complexes discussed above. 

Studies of spin transfer from cyclopentadienyl protons on the 
[CpRu(H * * * H)L,] + complex to the transoid-[CpRu(H),L,]+ complex and vice 
versa provided rate constants at a variety of temperatures for ligands, LZ = dmpe 
and dmdppe [84]. The latter complex was the more thoroughly studied of the two. 
Rate constants in the range 5 x 10m3 to 0.1 s-l were obtained over a temperature 
range of 289-328 K. The AG* of 19.5 kcal mol-’ for [CpRu(H . . . H)dmdppe]+ is 
higher than that of W(H2)(C0)3(P’Pr3), (see above and Fig. 4). The A$ value of 
-3 e.u. indicates a less ordered transition state than that of the tungsten complex. 
Structure 4 is the proposed transition state for the isomerization reaction of the 
complexes with L, = dmpe and dmdppe. 

T + 
H. 

L’)“-H 
‘.. I --.._ I, 

4 

Related complexes [Ru(H,)(Cp or Cp*)(PPh3)2]+, once formed, are unstable 
and irreversibly isomerize to the dihydride isomer. The decay of the Cp or Cp* peak 
was monitored by ‘H NMR to obtain first-order rate constants at suitable temper- 
atures (212-231 K for Cp; only 253 K for Cp*). The rate constants were unaffected 
by the presence of added PPh, during the reaction. The AG* value for the Cp* 
complex is much greater than that of the Cp complex at 253 K. The reason might 
be that the latter has a higher energy transition state for reaction (9) (see structure 4) 
than the former due to steric repulsions. 

Jia et al. [148] found that the complex [Ru(H . . . H)Cp*(dppp)]+ irreversibly 
isomerized to the transoid-dihydride form at a first-order rate constant of 
4.0 x 10m4 s-l at 293 K. The related complex [Ru(H . * . H)Cp*(dppm)]+ exists as a 
mixture of elongated dihydrogen and dihydride forms which interconvert above 
210 K, as indicated by averaging of the 7” times of the hydrogens ,on the ruthenium. 
The acidic dihydrogen complex, [Ru(H,)(Cp)(CO)(PMe,)]+, is thought to be irre- 
versibly converted to the dihydride tautomer [149]. First deprotonation of the H2 
ligand promoted by the solvent (e.g. CH,CN) is thought to produce RuH(Cp)- 
CO(PMe,) in low concentration. This complex is then probably reprotonated 
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between the CO and PMe, ligands to give the dihydride tautomer, 
[Ru(H),(Cp)(CO)(PMe,)]+. In other words, heterolytic cleavage of dihydrogen ulti- 
mately results in its homolytic cleavage! This mechanism would only be reversible 
when protonation at the metal versus reprotonation at the hydride are competitive 
processes. The other Ru complexes discussed in this section are not sufficiently acidic 
for this mechanism to be important. However, the complex [Re(H,)Cp*(CO)NO)]+ 
is acidic enough and its mechanism of interconversion should be re-examined in light 
of this alternative mechanism. 

The forward rate for eqn. (1 l), the conversion of 
[Re(H,)(H),(CO)(PMe,Ph),]+ to the tetrahydride product, was obtained by satura- 
tion of the tetrahydride resonance and observing the decay of the resonance of the 
hydrides in the Re(H2)(H)2 tautomer [68]. This multiplet is distinct from the dihydro- 
gen resonance in the ‘H NMR spectrum of these dihydrogen-dihydride species at 
213 K. The AGf is 11.6 kcalmol-‘, which is comparable with that of the 
[Re(H,)Cp*(CO)(NO)]+ complex. Line shape analysis of the variable-temperature 
‘H NMR spectra was not attempted because the dihydrogen resonance was found 
to be anomalously broad. However, the coalescence temperature for the dihydrogen- 
dihydride to tetrahydride tautomerism process (eqn. (6) or eqn. (11)) was observed to 
be 278 K; from Av = 309 Hz and a population ratio of 1.0:0.46 for ReH,:Re(H,)(H), 
a rate constant of 720 s-l and hence a AG* (278 K) of 12.6 kcal mol- ’ was calculated. 

In conclusion, these well-defined dihydrogen/dihydride equilibria have activa- 
tion enthalpies which range from 10 to 20 kcal mol- ’ and negative activation entro- 
pies. The loss of the H-H bond could be balanced by M-H bond making so that 
this may not be an important enthalpic contribution to the barrier. The AHt probably 
arises because the complex has to change its coordination number and geometry 
and the ancillary ligands have to move in the process. Therefore steric contributions 
to the barrier are important. A loss of rotational freedom of the H2 might explain 
why A$ is negative. A conclusive study of activation barrier as a function of changing 
electronics at the metal remains to be done; steric interactions would have to remain 
constant throughout the reaction to observe a systematic trend. Difficulties in rate 
constant determinations in many of the studies discussed here stem from the instabil- 
ity of the complexes in certain cases, from the rapid relaxation of the dihydrogen 
nuclei and from other dynamic exchange processes which complicate the analysis. 

(vi) Rapid dihydrogen-dihydride equilibrium (6) or elongated H * ’ ’ H ligand? 

Section B.(ii) introduced the difficulties in determining the true nature of dihy- 
drogen complexes with T1 (min, 200 MHz) in the range 6-90 ms and J(HD) couplings 
between 25 and 4 Hz. One possible model is that these observed properties are a 
result of an averaging of properties of a normal dihydrogen form, 1, and a normal 
dihydride form, 3, (as defined in Table 1) caused by rapid interconversion of the two 
forms via eqn. (6) (see case II, Fig, 3). The activation energy, AGt, would have to be 
less than 10 kcal mol-’ so that the separate species would not be observable, even 
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at temperatures which are low for solution NMR experiments (200 K), If the equilibria 
have a non-zero AS, then the chemical shift of the Hz resonance and its coup~n~s), 
J(HP) should change according to changes in the temperature-dependent relative 
populations of the M(H,) and M(H), species. Similarly, 6(HD) and J(HD) should 
also change as the temperature changes. The lack of such changes was used as 
evidence that complexes Re@-I),L, are not in rapid equilib~um with a dihydrogen 
form [ISO]. Similarly, the complex [Re(H * 4 - H)(H)&yttp)]+ appears to have an 
elongated dihydrogen ligand in the solid state and in solution. The T,(min) time of 
the H2 nuclei of the complex in solution corresponds to a distance LI(H-H) of 
1.14 A, [28] (if there is not rapid rotation of the H2 unit), which is similar to the 
X-ray determined value @(H-H) = 1.08(5) A, [ 161). However, temperature-dependent 
NMR parameters for the complex [Os(H * + * H)(H)(depe),]+ suggest that a rapid 
equilibrium is present [29] (see below). 

Table 7 lists some candidates for this rapid equilibrium. The first complex 
[RhH2PP,]+ is known by means of an X-ray diffraction study to be an octahedral 
dihydride in the solid state and also in solution below 183 K, according to the NMR 
spectra (’ H and ‘l P) [39]. Above 183 K, the complex is thought to isomerize 
completely to a dihydrogen complex of C 3V symmetry (eqn. (12)) with couplings, 

TABLE 7 

Possible examples of rapid equilibria between dihydrogen, M(H2)L,, and dihydride, M(H),L,, 
tautomers; alternatively there could be one M(H - * . H)L, structure 

Change in Complex J(HD) ~~(min) f(HP) Ref. 
electron (Hz) (ms, 200 MHz) (Hz) 
configuration 

d8;=rd6 CRh~H..H~~p~)l+ 18 <425 67,14 39 
d%d4 Re(H.,H)Cl(PMePh,), 25(33”) 19 12 

Ru(H..H)(H),(PPh,), 16k4 20 + 4(23b) 6’ 2863,153 
[Ru(H*.H)Cp*(dppm)J+ 21 12 <3 148 

[~(H..H)H(dedp~)~ I+ 19 -30 <5 188 
[Os(H=H)H(depe),]+ IO-12 35-40 5.5 29 
[Ru(H..H)Cl(depe),]+ 14 7.2’ 61 
[Os(H..H)Cl(depe),] + 30 11.8’ 61 
t-[O~H..H}(L)(NH~)4 1” d 20-4’ 39-19d 290 
[Os(H..H)(PPh~)~(~‘-OAc)]+ 13.7 20 9.5’ 86 
Os(H..H)(thf)(oep) 12 54 88 

“7’r(min) corrected to remove Re-H and H-H(PMePh,) relaxation contributions according 
to the method of Desrosiers et al. [28]. 
bT1(min) corrected to remove averaging with terminal hydride Tf and for H-H(PPh,) relax- 
ation contributions according to the method of Desrosiers et al. [28]. 
‘Averaged J(PH) value due to fluxionality. 
dJ(HD) and ?;(min) depend on L. J(HD) decreases as L=CH,CN>py > Im > NH:, > 
I- > Cl- =r D, 0 > Me, CO > Br-. TX (min), when observed, decreases in the opposite order. 
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(12) 

J(HP), to the axial 31P atom of 67 Hz and to the three equatorial 31P of 14 Hz. 
These couplings are unusually large for a dihydrogen complex. They do not appear 
to change with temperature. The T1 of the dihydrogen resonance at 303 K was 
170 ms at 80 MHz or 425 ms at 200 MHz. This is much too long for a dihydrogen 
complex; the closely related dihydrogen complex [Ru(H,)H(pp,)] + has a T1 value 
of 25 ms at 340 K and 300 MHz [Sl]. The evidence against this being a fluxional 
dihydride is the observation of a multiplet for the HD complex, the analysis of which 
revealed a coupling, J(HD), of 18 Hz. The observation of a Rh(I)-based oxidation of 
the complex [ 15 I] also supports the dihydrogen formulation. It is not known whether 
this coupling is temperature-dependent. Perhaps a rapid equilibrium (12) lying quite 
far to the right can harmonize all of these facts. It is interesting that the CJV complex 
[Rh(H2)(PH3)J+ was calculated ab initio to be 31 kcal mol-’ less stable than the 
CZy complex [Rh(H)2(PH3)4]+ [27,152]. 

The complex trans-Re(H . . . H)Cl(PMePh2), has a minimum T1 time of 33 ms 
(corrected for Re-H dipole-dipole and ligand-H relaxation) that falls in the range 
assigned to ambiguous H2 ligands. The J(HP) of 19 Hz is unusually large [12] and 
indicates Re-hydride character in the bonding. Again, these values could be the result 
of a rapid equilibrium. 

A recent report by Gusev et al. Cl533 of an averaged J(HD) coupling of 
approximately 2.7 Hz for the RuH,D, isotopomer of RuH,(PPh,), places this 
complex in the ambiguous H.. . H region. The authors calculated that a 2.7 Hz 
average indicates an 8.5 Hz J(HD) for a static Ru(HD)(H)(D)P, complex. They 
suggest that this complex should be formulated as a tetrahydride with H-H distances 
averaging about 1.37 A. They rule out an equilibrium between dihydrogendihydride 
and tetrahydride species on the basis of no change in chemical shifts with temperature 
and no broadening of the lines due to exchange. However, we calculate that a 2.7 Hz 
average represents about 16 Hz J(HD) (see Table 7 and Sect. C.(iii)(d)). The best 
interpretation at the present is to formulate this complex as Ru(H . . . H)(H),(PPh,), 
with a slowly rotating elongated dihydrogen with an H-H distance of about 1.1 A 
[28]. Gusev et al. argued against this structure on the basis that representative cis- 
J(HP) couplings of 15-30 Hz and trans-J(HP) coupling of 75 Hz could not average 
to the observed J(PH) value of 6 Hz. However, they did not consider the possibility 
that these couplings probably have opposite signs. 

There are several complexes [Ru(HD)(Cp or Cp*)LJ + with J(HD) values 
between 25 and 20 Hz (see Tables 5 and 7) that fall in the ambiguous region. The 
T,(min) times and small J(HP) couplings are consistent with a dihydrogen formula- 
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tion. It has been proposed that these complexes have elongated H2 ligands (1 .O- 1.1 A) 
which rotate slowly [148]. The alternative is that the J(HD) coupling is an average 
due to rapid interconversion of a Ru(HD) complex of structure 1 (Fig. 2) and a 
square piano stool complex of structure 3, cisoid-[Ru(H)(D)(Cp or Cp*)L,]+ (as 
opposed to the slower conversion to the transoid structure as in eqn. (9)). 

The complexes trans-[Os(H . . . H)(H)(L,),]+, L, = dedppe and depe, provide 

evidence for a rapid equilibrium. The J(HD) coupling for the latter complex in 
acetone-d, increases from 10.5 to 11.6 Hz as the temperature is raised from 220 to 
325 K [29]. The couplings change when the solvent is CD2C1,:J(HD) = 11.3 Hz at 
220 K and 12.4 Hz at 311 K. The T1 (min) time is shorter in CD2C12 (35 ms) than in 
acetone-d, (40 ms). A shift in a rapid equilibrium (13) from Os(H),H+ to Os(H,)H+ 
structures as the temperature increases and on going from acetone to CD,Cl, can 
explain these and other changes in chemical shifts and couplings J(PH) of this 
complex. Equation (13) also shifts to the left when H atoms are replaced by D atoms. 
This is the second instance of deuterium favoring the non-classical structure (see 
above). 

(13) 

A variety of other ruthenium and osmium complexes have recently appeared 
with spectroscopic characteristics of ambiguous M(H . . . H) structures as listed in 
Table 7. Rapid equilibria could also be operating here. 

The NMR properties of these complexes should be examined carefully for 
changes resulting from variations in temperature and solvent. These would signal 
the perturbation of a rapid equilibrium. Clearly, future crystallographic work is also 
required to resolve these structural ambiguities. 

(vii) Other dihydrogen to dihydride reactions 

Table 8 lists reactions where the homolysis of H2 is postulated but only the 
reactant or the product is observed. The reactions are listed by stereochemical change 
with the lowest coordination number complexes coming first. The exchange of H 
atom positions in complexes cis-Pt(H),L,, where L2 is a bulky chelating phosphine 
ligand, was proposed to proceed via an unobserved dihydrogen intermediate [154]. 
The stereochemistry of the kinetic product obtained by the oxidative addition of 
dihydrogen to complexes IrCl(CO)L, has been rationalized in terms of the preferred 
orientation of a side-on bonded Hz ligand [155,156]. Similarly, the interconversion 
of isomeric cis-dihydrides of Ir(III), IrH,XL, or [IrH,(L-L’),]+, might involve an 
Ir(1) dihydrogen complex [ 1571. 



186 P.G. Jessop and R.H. Morris/ Coord. Chem. Rev. 121 (1992) 155-284 

TABLE 8 

Other postulated dihydrogen-dihydride interconversions where only one of the species is 
directly observed. The postulated species are between quotation marks 

Stereochemical 
change 

Complexes Ref. 

SP-4+TP-3 

SP-5 -+ OC-6 

OC-6=TB-5 
OC-6$PB-7 

hv 
OC-6 -?-7 

hv 
SPS-7 - ?-8 
9*8 

cis-Pt(H), L2z&‘Pt(H2)Lz” 
L2 = PCy,(CH2),PCy,, n = 3,4 

“Ir(H,)Cl(CO)L,” + Ir(H),Cl(CO)L, 
L = PPh3 

“Ir(H,)Cl(CO)L2”+ Ir(H),CI(CO)L, 
Lz = dppe 

cis-Ir(H),XL 3+“Ir(H2)XL3” 

CM(Hz)(H)(L,),I + +“[M(H)3(L2)2] +” 
M = Fe, Ru, OS, Lz = dppe, depe 

Ir(H2)(H)C12L2~ “IrH3ClzL,” 
L=P’Pr, 

WCp(H,)(CO),H -% “WCp(H),(CO),” 

CWH,Cp,l + G+“[W(H,)HC~,] +” 

154 

156 

155 
157 

60 

107 

160 

161,162 

The exchange of H atoms between dihydrogen and hydride sites in the com- 
plexes [M(H,)H(L,),] +, L2 = dppe, depe, has been postulated to proceed via homol- 
ysis of the Hz ligand to give an unobserved trihydride intermediate [60]. The 
activation parameters for the process involving the Fe and OS complexes 
(AHt = 9-12 kcal mall ’ and AS = - 13 to -2 e.u) are similar to the parameters 
obtained for well-defined homolytic splitting reactions (Table 6). The trend that the 
depe ligand causes faster exchange than the dppe ligand for a given metal is explained 
by the fact that the more basic depe ligand would favor the formation of the trihydride 
intermediate. This is discussed further in Sect. C. 

There are two reports of the possible photoinduced homolysis of a dihydrogen 
complex to give a dihydride. The first is the conversion of a mixture of postulated 
dihydrogen complexes Ir(H,)HCl,(P’Pr,), (see below) to a possible trihydride species 
Ir(H),Cl,(P’Pr,), upon UV irradiation of a hydrogen purged CH,C12 solution 
[ 1071. The trihydride has v(Ir-H) at 2000 cm-’ and produces a triplet at - 12.6 ppm 
(J(PH) 7.3 Hz). A T1 measurement was not made to confirm the structural assign- 
ment. Gusev et al. [158] first suggested, on the basis of NMR work, that this is not 
a trihydride but instead is an HCl adduct of IrH,CI(P’Pr,),; however, these authors 
have now withdrawn this suggestion 11593. The second report involves the photolysis 
of WCp(H)(CO), in an Ar matrix in the presence of some H2 to give products which 
were identified on the basis of IR spectra to be W(H,)Cp(H)(CO), and possibly 
W(H),Cp(H)(CO), (footnote 9 of ref. 160). 

The homolysis of a non-spinning HD ligand intermediate might explain why, 
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nine times out of ten, addition of D+ occurs between the two hydrides of W(H),- 
Cpf to give the trihydride [W(H)(D)(H)Cp$]+ [161,162]. Parkin and Bercaw pro- 
pose that D+ adds to a W-H bond and not to the metal to give an HD complex 
with the D end oriented between the two hydrogens. An alternative mechanism 
which they favored was the direct formation of a (H-D-H) ligand which fragments 
into the preferred product; there is no definitive example yet of such a ligand. 

(viii) Intermolecular homolytic cleavage of a &hydrogen ligand 

There are several examples of complexes which split hydrogen gas in an 
intermolecular homolytic fashion to give monohyd~de products. These include the 
reactions of Hz with Coz(CO), or Co(CN):- to give CoH(CO), or CoH(CN):-, 
respectively [ 1631. The former reaction is of considerable importance in the catalytic 
hydrofo~ylation of olefins [ 1641. Dihydrogen interm~iates have not been detected 
in such reactions. Therefore it is interesting to note the observation of a possible 
dihydrogen complex in such a process as described below. 

The paramagnetic Ir(IV) dihydride complexes ~~a~s,~~a~s-Ir(H)~(Cl)~~PR~)~, 
R = ‘Pr, Cy, when dissolved in CDCIJ give diamagnetic species which were studied 
by ‘H and 31P NMR [106]. Spectra suggest the presence of a monohydride species 
(e.g. ‘H NMR, -47.9 ppm, t, J(PH) = 11 Hz; 31P NMR, 35.8 ppm, s, when PR, = 
PCys) and a dihydrogen species (-0.4 ppm, broad, Tr < 10 ms). Traces of the Ir(IV) 
complex caused all the hydride and phosphorus nuclei to relax rapidly and the peaks 
broadened and shifted as the temperature was lowered to 200 K. The equilibrium (14) 
was shifted by bubbling Hz gas through the solution and the resonance at - 0.4 ppm 
disappeared, presumably because of rapid exchange with free dihydrogen. The com- 
plex with PRJ = P’ Pr, has a broad resonance in the ’ H NMR spectrum at f 2.5 ppm, 
which increases in intensity when dihydrogen is introduced. This behavior seems 
consistent with a closely related, well-defined dihydrogen complex Ir(H,)(H),Cl- 
(P’Pr,),, which also loses and re-coordinates dihydrogen reversibly [42]. Equa- 
tion (14), proposed by Mura et al. [106], provides a reasonable explanation of 
this complex system. Here, an octahedral d6 dihydrogen complex reacts with a five- 
coordinate d6 complex to give two octahedral d5 hydride species in a formal inter- 
molecular one-electron oxidative addition (eqn. (7)). A related reaction in which an 
end-on oriented, bridging dihydrogen ligand appears only in the transition state is 

(14) 
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the addition of H2 to the d’ tetramesitylporphyrin complex Rh(tmp) to give d6 
RhH(tmp) [165]. 

There is a variety of reactions where monohydrides react in an intermolecular 
fashion to eliminate dihydrogen. This is the reverse of eqn. (7) where the dihydrogen 
intermediate is not observed or is assumed to be the transition state structure. The 
closest system to eqn. (7) is the reported intermolecular elimination of dihydrogen 
from two d5 octaethylporphyrin complexes RuH(oep)(THF) to give two d6 Ru(oep)- 
(THF)2 complexes and free Hz (eqn. (15)) [ 1661. 

2RuH(oep)(thf) + 5 --, 2Ru(oep)(thf), + H, (15) 

This reaction is proposed to proceed via a bridging dihydrogen intermediate, 
5. The precedent for structure 5 is the diamagnetic complex Ru,(p-H . . . H)(dpb)(L),, 
dpb = biphenylene-bridged diporphyrin, L = 1-tert-butyl-5-phenylimidazole, which 
has a minimum T1 time of 66 ms at 200 MHz [88(b),166] (see Sect. E.(i)). The 
analogous H . . . D complex has J(HD) = 15 Hz. The special bridging ligand dpb, 
which consists of two ruthenium porphyrins held cofacial with d(Ru-Ru) = 3.8 A by 
a biphenylene spacer, traps the dihydrogen ligand and stabilizes it with respect to 
elimination as in eqn. (15). A further example of dihydrogen elimination is the 
conversion of d6 trans-CoH(dmgH),(PR,) to d5 Co(H,O)(dmgH),(PR,) via a pos- 
tulated linear Co-H-H-Co transition state [ 1671. 

5 

The production of paramagnetid hydrides from dihydrogen complexes 
(eqn. (14)) is fascinating and deserves further study. It will be interesting to see how 
common is this intermolecular splitting of coordinated dihydrogen. 

C. EXCHANGE OF H ATOMS BETWEEN DIHYDROGEN AND OTHER HYDROGEN-DONOR LIGANDS 

(i) Introduction 

The interchange of H atoms between dihydrogen and hydride ligands was 
reported soon after the identification of dihydrogen complexes. Crabtree and Lavin 
reported in 1985 that the ‘H NMR signals of the dihydrogen and hydride ligands 
which are situated cis in [Ir(Hz)H(bq)(PPh3)2]’ coalesce at 240 K because of such 
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an exchange [168]. At about the same time, Morris et al. [14] showed that the 
hydride trans to the dihydrogen in [Fe(H2)H(dppe)J+ exchanges positions with H 
atoms of the H, ligand. Since then many such examples have appeared from several 
research groups. Exchange between dihydrogen and one hydride, the simplest case, 
will be considered first. Many other more complex systems involving four or more 
H-donor ligands (especially polyhydride complexes) display fluxional processes that 
may involve such an exchange. Usually, less is known about these; they will be 
discussed in Sect. C.(iii) below. 

Before the era of dihydrogen ligands, the fluxionality of polyhydrides [62,169] 
could have been viewed as the traveling of hard spheres of hydrogen over the surface 
of a metal atom in the complex. Clearly, mechanisms that involve the association of 
hydrogen atoms as an intermediate step must now be considered as well. The brilliant 
line-shape analysis of the ‘H NMR spectra of complexes ML4H, M = Co, Rh, Ir, 
ML,H,, M = Fe, Ru, OS and MLoH1, M = MO, W, L = PR3 or L2 = dppe by 
Meakin et al. [I693 revealed that barriers to intramolecular rearrangement were 
relatively insensitive to ligand variation, whereas there is a definite trend to higher 
barriers for higher atomic numbers of ‘the central atom. These complexes do not 
contain H-H interactions. Nevertheless, it is interesting that an intermediate for the 
hydride site exchange that looks like ~~u~s-M(H~)~L~, M = MO, W, (see Fig. 5 of 
ref. 169) could not be ruled out. 

(ii,J Intr~rno~ec~~#r H atom exchange for a three-hydrogen system M f H, ) H 

(a) Mechanisms of H atom exchange 
Two general types of mechanism can be envisaged. The first is dissociative and 

involves homolysis of the H-H bond (eqn. (6)) to produce a fluxional trihydride 
intermediate which allows the intramolecular exchange of H atoms between H, and 
H ligands. The dissociative category can be broken into two groups, those where 
(H,) and H are adjacent (eqn. (16)) and those where they are not (eqn. (17)). 

Dissociative H-H 

“\/” “T” 

PC L,hf-fp-b~-_~* 
(16) 

H H* 

T 
LM 

i i "T" 

I 
-b,M-W - hM-H -L,M 

I I 
(17) 

H H 
I 

H* H* 

Equations (16) and (17) are gdverned by the same factors that influence the kinetics 
of homolytic splitting of Hz (see Sect. B.(v)), 

The second general mechanism is associative and would implicate a trihydrogen 
intermediate or transition state (eqn. 18). 
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Fig. 5. Electron isodensity contour maps for the transition states of the hydrogen transfer reactions in 
(a) [ScHCl, J + H, and (b) [F~H~)H(PHs)~]’ f H,. Reproduced with permission from ref. 170. 

Associative H-H 

The trihydrogen ligand of the intermediates in mechanism (18) rotate to allow 
exchange. Calculations suggest that a trihydrogen transition state or intermediate is 
more stable in the open goemetry, 6, than in a closed, triangular geometry, 7 
[170,171]. 

Maseras et al. [170] calculate that EFe(H,)(PH&J’ with an open H3 grouping (6) 
is the transition state for H atom exchange in cis-[Fe(H,)H(PH,),]+ (see below in 
this section). The NMR study of the-complex [Re(H,)(H)2(PMe,Ph),(CO)]+ by 
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Luo and Crabtree [68] makes the most convincing case that the associative mecha- 
nism (18) can be distinguished from the dissociative one of eqn. (16) (see below). 

Mechanism (19) is a special case of associative exchange which involves dihydro- 
gen complexes of two different stereochemistries (8 and 10) unless the trihydrogen 
transition state or intermediate, 9, has a symmetry element (a or C,) containing the 
central H and the metal which make the two outer hydrogens equivalent. 

H 

8 9 10 

There is some evidence that a cis interaction between H2 and H (11) can be regarded 
as the incipient formation of the H3 ligand of 9 in cis-M(H,)(H) complexes Fe(H,)- 
(H)z(PEtPh,)3 [S] and Ru(H,)H(PC~,)~X, X = Cl, I [l l] and that this is linked to 
high fluxionality of the complexes. 

H*-H 
i 

Lp,_LH 

11 

Eisenstein describes this cis effect on the basis of extended Hiickel calculations as 
partial bond formation caused by the donation of hydride electron density into the 
e* orbital of the H, ligand C&11,25]. Bertran et al. [27], on the basis of ab initio 
studies, propose that, instead of a covalent interaction, this is an electrostatic attrac- 
tion between positively polarized Hz and negatively polarized H- ligands. Both of 
these views support the proposal of Crabtree et al. that eqn. (19) involves an acidic 
dihydrogen ligand transfering a proton to an adjacent hydride base [91]. 

Technically, all four equations (16)-(19) result in u bond metathesis [172] 
(M-H and H-H* going to M-H* and H-H r~ bonds) although only eqn. (19) shows 
the transition state with two H-H interactions which must be invoked in the case 
of do metal complexes [171]. The term c bond metathesis should probably be 
reserved for do metal systems where R bonding is not important. For the other 
metals, we prefer the expression “four-center transition state mechanism”. 

Extended Htickel calculations by Rabaa et al. [171] showed that a four-center 
transition state mechanism is energetically preferred over the oxidative addition 
mechanism for eqn. (20). 

H $ 
CpzLuH + H,’ i Cp&u:’ ‘H 

[ 1 ‘Hl’ 
e CPZLUH’ + m 

The calculated overlap population between Lu and the central H was less than a 
fourth of that between Lu and the outer H atoms. This is consistent with the 



192 P.G. Jessop and R.H. MorrislCoord. Chem. Rev. 121 (1992) 155-284 

traditional representation of bonding in a four center transition state mechanism 
activated complex (12). 

.’ 
3.. 

‘H H 
.* 4% 

H 
‘\ ,’ 

; ‘H 

‘. 0’ 

‘M’ i-i 

12 13 

The same bonding arrangement (12) is predicted for the activated complex 
[ScH,Cl,]* from the electron density contours generated by the ab initio MO 
calculations of Maseras et al. [170] (Fig. 5(a)). A similar contour map showed an 
open trihydrogen ligand bound by the center hydrogen for the transition state 
[Fe(H3)(PH3)J +* (structure 13, Fig. 5(b), eqn. (19)). If the iron complex is representa- 
tive of late transition metals, then there is a significant difference in the bonding in 
the transition state of late transition metals compared with that of early transition 
metals. Maseras et al. used the expression “open direct transfer” to describe the four- 
center transition state mechanism with this open trihydrogen type of transition state 

(13). 
Some complexes, [IrH, CpL] +, L = PMe,, PPh,, AsPh, [173], RuH3Cp*L, 

L= PMe,, PPh3, PiPrs, PCyJ, and NbH,(C,H,SiMe,), [174], were initially sus- 
pected of containing the trihydrogen structure 9 on the basis of huge, temperature- 
dependent, J(HH) couplings in the ‘H NMR. These couplings were measured from 
second-order spectra with spin systems AB2 as might result from an open HBHAHB 
ligand. However, it soon became apparent that these were not ordinary J(HH) 
couplings when values greater than the coupling in free Hz gas (280 Hz) were observed 
[l lo]. Also, the spectra had strange temperature-dependent features: the couplings 
increased with temperature and then disappeared (above 200 K for the Ru and Ir 
complexes and above 320 K for the Nb complexes) giving spectra with A, ‘H spin 
systems which were typical of a trihydride undergoing fast intramolecular rearrange- 
ment. Interaction of the ruthenium complex with CuCl gave an asymmetric complex 
Ru(H,)HCp*(PCy3) - CuCl according to the ‘H NMR spectra [175]. This suggested 
that Ru(H2)HCp*(PCy,) was a dihydrogen hydride. In fact the research group of 
Heinekey has demonstrated that the Ir complexes [ 111 ,I 123, the Ru complexes [ 1131 
and the Nb complexes [ 1141 are trihydrides containing angular H-H-H geometries, 
14, (ring is Cp-type ligand, L = monodentate ligand for Ir and Ru complexes, L = 
CgH4SiMe, for Nb) with two fairly close H-H distances of about 1.7 A and with 
shallow M-H vibrational potential wells that allow the phenomenon of quantum- 
mechanical exchange coupling (QEC) [ 109,112,176,177] to occur. This phenomenon 
explains the origin of the large J(HH) couplings. Ab initio calculations on the Nb 
system suggest that this quantum-mechanical effect may arise under conditions which 
also favor dihydrogen-hydride structures as thermally accessible higher energy iso- 
mers of the trihydrides [178]. The exchange coupling phenomenon does not cause 
an averaging of chemical shifts. Linesshape coalescence in the high temperature 
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14 

spectra occurs when the exchange coupling constant, J(HH), greatly exceeds the 
chemical shift separation of the inequivalent hydrides; under these conditions an AB 
(or AB2) spectrum is indistinguishable from an A2 (or A3) spectrum [177]. An 
important characteristic of the QEC phenomenon is that the exchanging particles 
must have the same mass and spin. If one is ‘H and the other is ‘D or 3T, then 
there is negligible quantum mechanical tunnelling and there is no large exchange 
coupling contribution to the usual scalar J(HD) or J(HT) coupling. For example, 
Ir(D)(H)(D)Cp(PPh,) has no resolvable J(HD) coupling even though the all protio 
complex, IrH3Cp(PPh3), has a H-H QEC value of 397 Hz at 196 K [l 111. Thus, a 
study involving isotopic substitution of D for H in complexes MH,L, is crucial in 
revealing whether QEC is present. 

We note that the r, values (these may not be minimum values) of all the 
trihydrides that display QEC are consistent with trihydride as opposed to dihydro- 
gen/hydride structures (200 ms at 193 K, 500 MHz for Ir(H),Cp(AsPh,) [173]; 
100 ms at 193 K, 250 MHz for Ru(H),Cp*(P’Pr,) [179]; 55 ms at 200 K, 200 MHz 
for Nb(H)3(CgHqSiMe3), [174]; accounting for the significant effect of the Nb-H 
dipole-dipole relaxation gives a corrected T1 (H-H) of about 100 ms for this complex 
(see also Sect. B.(ii)). 

Further complexes should be examined for QEC effects. The complexes 

COs(H)3(CgMe3H3)(PMe3)l+ Cl801 and [Ru(H)~(C~M~,)PM~,]+ [181] do not 
appear to display QEC at the temperatures at which they were examined; however, 
Heinekey and Harper have reported that complexes [Os(C,H,)L(H),]+ do exhibit 
QEC [182]. 

(b) Observing H atom exchange for a three-hydrogen system M(H,)H 
Rates of H atom exchange can be determined quantitatively by line-shape 

analysis, by observing T1 averaging, by spin saturation transfer studies, or by 2D 
NMR methods. Rates can also be estimated qualitatively by use of isotopic labelling 
studies. All of these methods, apart from 2D experiments, have been applied to 
dihydrogen complexes. For the three-hydrogen system, the objective is to obtain the 
rate constants kH2 and k” (equal to 2kH2) in eqn. (21). 

M(HH*)(H)L A “7 M(H,)(H*)L, (21) 
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Complete line-shape analysis is the preferred method for obtaining rate versus 
temperature data, and it will be considered first. 

(c) Complete line-shape analysis 

It is useful to look at an example of a variable-temperature ‘H NMR study of 
such a system. The ‘H NMR spectra in the high field region as a function of 
temperature for the complex [Fe(H,)H(depe),]BPh, in acetone-d, [60] is found in 
Fig. 6. Below the temperature defining the onset of slow exchange (0, x 200 K), there 
is a broad dihydrogen resonance, Hz, of intensity 2 downfield from a quintet of 
intensity 1 for the hydride ligand H (Fig. 6, 200 K). As the temperature is raised 
above 8,, the hydride peak broadens and the dihydrogen peak sharpens a little as 
the relaxation rates of these nuclei start to average; the chemical shifts remain at 

294 

A_ 

276 

Fig. 6. 200 HMz NMR spectra (left) and simulated spectra (right) of [Fe(H,)H(depe),]+ in acetone-d,; 

the temperatures (K) and rate constants (k”“, s-l) are as follows: 200, 0.02; 219, 0.35; 238, 3.9; 257, 29; 

276, 165; 294, 800; 322 K, 4500 s-l. 
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their no-exchange values. At the relaxation coalescence temperature (0, x 250 K) the 
two peaks have the same, averaged l/T, values (average weighted 2: 1, see Table 9). 
At a higher temperature, 8 3 x 294 K, the peaks coalesce (line shape coalescence). At 
the highest temperature of the series of spectra in Fig. 6, the nuclei are near the fast 
exchange limit; a quintet of intensity 3 should be observed in this case as three 
hydrogen, made equivalent by exchange, couple to four equivalent 31 P nuclei. In the 
present case, the line width is too broad to resolve this coupling because of the short 
T, of the protons. By the use of a different solvent, ethanol-d,, it is possible to resolve 
the quintet. 

The program DNMR4 was used for the simulation of the spectra. This program 
allows nuclei at different sites to have different T2 values; this is the case for the 
dihydrogen and hydride nuclei. Since hydride and dihydrogen nuclei have a negligible 
H-H coupling between themselves (see below), the case of two interconverting 
“conformations” was used to simplify the calculations. One confirmation has an 
H$P,” spin system with a very short T2 for HA nuclei (the H, ligand) and with four 
equivalent phosphorus nuclei Px of the depe ligands and the other has an HBPf 
system, HB being the hydride ligand with a long T2. A complete line-shape analysis 
of the no-exchange spectrum (200 K, Fig. 6) requires a knowledge of the T, at a no- 
exchange temperature (0 < 0,) for each site (Ty2 and Ty), as well as the coupling 
constants J(H,,H), J(H,,P) and J(H,P). Unfortunately, in this case the first two 
couplings could not be observed directly and phosphorus decoupling was not avail- 
able. However, the complete temperature dependence of T, was determined for each 
site, and from the temperature-dependent correlation time equation, the value of 
Ty2 could be calculated [183]. J(H1,H) is known to be close to zero (~2 Hz). 
Iterative fitting of the dihydrogen resonance with changing J(H,,P) gave a value of 
- 5 Hz for J(H,,P). A better value (-2 Hz) was obtained from a spectrum of the 
sample in ethanol-d, at the fast exchange limit at 293 K, where an averaged coupling 
of - 17 Hz results from the averaging (1:2) of the terminal hydride coupling of 
-47 Hz and the J(H,,P) of -2 Hz. The fast exchange spectrum, a quintet, was not 
obtained in experiments with the complex in acetone-d, (Fig. 6). The T’j value can 
be obtained from the width of the peaks in the quintet in the no-exchange spectrum. 

Once the no-exchange spectrum has been simulated, it is necessary to obtain 
the temperature-dependent values of T*(O) for the two sites and values for the 
chemical shifts sH2(0) and S”(e), if they are temperature-dependent. The T2 values 
can be measured from singlets in the spectrum or calculated from Tl data as long 
as H-H dipolar relaxation is dominant. The temperature dependence of the chemical 
shifts can be checked in the no-exchange and slow-exchange regions. For an H,/H 
exchanging system, the averaged chemical shift in a fast exchange spectrum should 
be ~5”~ x s + ~5~ x 4 (see Table 9); a change from this value must also be accounted 
for by the temperature dependence of 6 values. It is very important to check the 
temperature indicated by the VT unit of a commercial spectrometer, by use of the 
methanol calibration method. Only in this case is a comparison of kinetic data 
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obtained by use of different spectrometers by different research groups valid. Fre- 
quently, temperatures of uncalibrated NMR probes can be too high or too low by 
20” at 200 K, and this can result in large errors in the calculated activation energies. 

Rates of exchange in the slow exchange and line-shape coalescence regions can 
be estimated as described below. The iterative procedure of varying the rate constant, 
calculating a spectrum and comparing it with the one observed leads to the best 
estimates of the rate constants. 

(dj Activation para~ters~rom camp~ete line-shape studies 
The activation parameters are calculated by use of the Eyring equation (with 

a transmission coefficient of 1). Published values are listed in Table 10. This table 
includes results from two line-shape studies [81,184] of 31P NMR spectra of com- 
plexes [M(H~)H(pp~)]+, M = Fe, Ru which also show Hz/H exchange in the ‘H 
NMR (the 1 H NMR spectra were not simulated). In the coordinated ligand 
PA(CH2CH2PMPhz)z(CH2CH,PXPhz) in these complexes there are two equivalent 
terminal nuclei Py which can exchange positions with one terminal nucleus Px. The 
central phosphorus PA cannot exchange with the others. The PAPyPx spectra were 
simulated in this case with equal T, values for ail phosphorus nuclei. 

If the last ruthenium complex is ignored, the enthalpies of activation listed in 
Table 10 are in the range of 9-12 kcai mol- I. The entropies of activation vary 
depending on the ligand system and are small and negative in most cases. These 
parameters fall in the same ranges as those for the intramolecular homoiytic splitting 
of dihydrogen (see Table 6). Therefore an H-H dissociative mechanism {eqn. (17)) 
could explain these exchange processes. In isostructural complexes, trans- 
[M(H,)H(L,),]+, the 5d metal, OS, favors exchange compared with the 3d metal, 
Fe, and the more electron-donating and smaller iigand depe favors exchange com- 

pared with the less basic, larger ligand dppe (Table 10). Both of these factors are 

TABLE 10 

Activation parameters for the exchange of H atoms between dihydrogen and hydride sites in 
the complexes [M(H,)HL,] +. These were obtained from complete line-shape analyses 

Complex Sets of Temp. AHt AS AC’ (300 K) Ref. 
exchanging range (kc& mol - t ) (e.u.) @al mol - 2 ) 
nuclei W) 

CWW-Wpe)~l+ t-2H/H 200-320 12.2 -2.5 13.0 f0.2 60 
CF~H~)H(dppe)~l’ t-2H/H 213-329 11.0 -10.0 14.0 f0.3 60 
[Os(H . . . H)H(depe),]+ t-2H/H 200-312 9.1 -12.9 12.9 +0.2 29 
COs(WH(dppe)z I+ t-2H/H 200-294 9.9 -11.5 13.3 f0.3 29 
[Os(H,)H(dedppe),]+ t-2H/H 200-3 13 8.8 17.5 13.9 f 0.4 188,305 
CWWWFP~I 2PJP 188-318 9.7 -9 1321 184 
CR~(H~)H(PP~)I+ 2PJP 203-302 24.0 44 12+1 81 



198 P.G. Jessop and R.H. MorrislCoord. Chem. Rev. 121 (1992) 155-284 

consistent with the homolysis of the H-H bond (see Table 3). Thus a fluxional 
trihydride intermediate (see eqn. (17) or eqn. (22)) could explain the exchange in this 
case. In fact a very fluxional trihydride [Ru(H),(dppf),] + which can be considered 
as a model of this intermediate has recently been characterized [137]. 

(22) 

An associative H-H mechanism was postulated for exchange in the complexes 
[M(H,)H(pp,)]+ (eqn. (23)) [81,184]. A trigonal bipyramidal structure with an open 
or closed H, ligand (see structures 6 and 7 above) was suggested to be the intermedi- 
ate. Such intermediates were postulated because the simple associative H-H mecha- 
nisms depicted in eqns. (18) and (19) cannot explain how the terminal phosphorus 
atoms of the pp3 ligand become equivalent. However, the activation parameters are 
equally consistent with a dissociative mechanism with a trihydride intermediate, at 
least for the iron complex. It is possible that the HZ/H and Py/P” exchange processes 
for the complex [Ru(H,)H(pp,)]+ are not related to each other or that a different 
mechanism of H atom exchange is involved in this case. This will have to be 
determined by simulating the ’ H NMR spectra. 

CP 

6 h *... h ..,.\ H*+ 
P< I ;;‘/H 

P 

(23) 

(e) Slow exchange with incomplete T, averaging 

The TI times of the (H,) and H- nuclei have been measured as a function of 
temperature for a variety of dihydrogen complexes. In several cases H,/H exchange 
has been detected by the convergence of TI values of the Hz and H- nuclei to an 
averaged value as the temperature is raised. However, no rate constants were derived 
from this data. The complete averaging of TI values (relaxation coalescence) [185] 
takes place at exchange rates corresponding to temperatures at or above the relax- 
ation coalescence temperature, OZ. This temperature is below that of the temperature, 
03, where line-shape coalescence is attained. At temperatures (0 2 0,) above the 
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relaxation coalescence point, the HZ and H resonances have the same T,(obs) value. 
Here, I/& (obs) is given by the average of l/TTZ and l/T? weighted 4: 3 (see Table 9). 

Relaxation time constants Tr have been reported for M(H,)H complexes listed 
in Table 11 in the region of slow exchange at temperatures 0 (see Table 9) which are 
below the temperature, Q, of relaxation coalescence where l/T, values average and 
well below the temperature, B3, of line-shape coalescence. The measured effective 7” 
time T, (eff) of the hydride is usually much shorter than the 7” (ne) (ne = no-exchange) 
value expected, while that of the dihydrogen is close to the short T1 (ne) value expected 
(see Table 11). In actual fact, the 7” (eff) value for the hydride is false because a single 
exponential analysis of the inversion recovery data is employed. In this slow exchange 
region, the change in magnetization is described by a double exponential expression 
with time constants 7; and ?;i which are complicated functions of the lifetimes of the 
H, and H sites and the relaxation times 7’y2(ne) and Ty(ne). Fortunately, the case 

where Tf = 10Ty (A = H, B = H, here) has been analyzed in detail by Strehlow and 

Frahm [186]. Future studies of Tl in exchanging systems of this type should take 
advantage of this analysis to obtain rate constants and true T1 values. Nevertheless, 
if partial TZ averaging is observed, then the rate constant kn2 must fall in the fairly 
narrow range of values between l/TTz(ne) and l/T?(ne) (see Table 9). This allows us 
to estimate the rate constant kH2 (Table 11) and AC1 (Table 12) reasonably accurately 

TABLE 11 

Estimation of rate constants for Ha to H site exchange from T, (eff) data (from the literature) 
which were obtained below the region of relaxation coalescence. The T,(ne) are the expected 
no-exchange values 

Complex MHz 6 H2 H 
F-1, 

Ref. 

W 
T,(eff) T,(ne) ~,(eff) I’ 
(ms) (ms) (ms) (ms) 

[F~H~)H(dm~)~l+ 400 242 20 -18 49 -400 30 71 
C~e(WW%&1+ 400 213 31 19 391 428 0.5 60 

400 230 31 25 145 600 8 60 
CWHzV-W~pe)J+ 200 244 11 12 116 169 5 60,183 
CF~H~~H(dtf~~~l+ 400 293 21 20 21 287 >50b 306 

< 500* 
ERu(HZ)H(depe)z I ’ ao 273 56 57 885 1457 1 60 

400 295 70 83 241 2132 10 60 
FWWWppe),l + 200 285 29 26 294 357 2 60 
[Ru(H2)H(dppp)~l+ 400 303 14 -10 14 -400 >loob 80 

<lOOO” 

CIr(H2)H(bs)(PPh3)21’ 250 220 8 8 37 200 -50 63 

*Estimate by Morris and Jessop (this work). 
bNear relaxation coalescence but below line shape coalescence. 
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Activation free energies, AC’, for the rate of H atom exchange from dihydrogen to hydride in 
the complexes M(HI)HL,. These are calculated from peak coalescence data (when Av is 
reported) or relaxation coalescence data (from Table 11). Literature values of AG’ are given in 
parentheses 

Complex Sets of T(Q) 
exchanging (K) 
nuclei 

Ref. 

CRW, W(dwbh I+ 
CFe(H, )H(pp, Me)1 + 
CFe(HD)D(pp, Me)1 + 
Cfr(H2)H(bq)(PPhX)21+ 

CTr(H2)H(bq)(PCyJ )21 + 
CRu(H,)H(dpbp), I+ 

CFe(H2)H(PPh(OEt)2)J+ 
CRu(H2)H(diop)21+ 
CFe(H2 )H(pp, )I + 

CFe(H2 )H(dmpe), I+ 

COs(H,)H(depe), I+ 
CRu(H,)H(pp,)l+ 

COs(H,)H(dppe), I+ 
CFe(H2 )H(depe), I+ 
COs(H2 )H(dedppe), I+ 
COs(H,)H(PPh(OEt),),l + 
CFe(H2 )H(dppe), I+ 
CRu(H2 )H(dppp), I+ 
Os(H,)H(CO)CI(P’Pr,), 
CFe(H, )H(dtfpe), I+ 
CFe(H, )H(dedppe), I+ 
CFe(H2)H(dppm),I+ 
CRu(H,)H(depe),l + 
CRu(H,)H(PPh(OEt),kl+ 
CRu(H2 )H(dppe), I+ 
CRu(H2 )H(binap), I+ 
[Fe(H,)H(meso-tet)]+ 
[Os(H,)H(meso-tet)]+ 

t-2H/H 243 1920 
2P/P 280 1442 
c-HD/D 200 308 
c-2H/H 240 3075 
c-2H/H 220 
c-2H/H 258 3215 
t-2H/H 250-270 1440 

1328 
251 

2080 
1578 
669 

2P/2P 243 
t-2H/H 243 
t-2H/H 280 
c-2H/H 290 
2P/P 273 
t-2H/H 242 
t-2H/H 293 
t-2H/H 240 
c-2H/H 303 
2P/P 269 
t-2H/H 280 
t-2H/H 294 
t-2H/H 290 
2H/H 273 
t-2H/H 310 
t-2H/H 303 
t-2H/H 313 
t-2H/H 293 
t-2H/H > 323 
t-2H/H 340 
t-2H/H 295 
2H/H 343 
t-2H/H 285 
t-2H/H > 303 
t-2H/H > 303 
t-2H/H > 303 

2108 
45 

1818 
330 
440 
820 
200 
40 

940 

528 

880 
640 

366 

10.4 80 
12.2 73 
9.2(9.1) 73 

10.1 91 
11.0 Table 1 I 
10.8 91 
10.9-11.8 78 
10.3 78 
11.4 74 
12.0 289 
12.6(12.1) 64 
12.3(12.4) 184 
12.4 Table 11 
12.6 71 
12.1(12.1) 29 
13.2 81 
12.5(12) 81 
12.9(13.1) 29 
13.2(12.9) 60 
13.8(13.9) 188 
13.9 76 
13.9(14.1) 60 
14.0-15.0 Table 11 
14.4 36 
15 Table 11 

>15 188 
15.5 307 
15.9 Table 11 
16.1 76 
16.3 Table 11 

>16 79 
>18 72 
>18 72 

for cases where incomplete averaging of Tr values has been reported. Trends in these 

AGt values as well as those obtained from line-shape coalescence studies will be 

discussed below. 

Since minimum values of TT2 are used to calculate H-H distances in dihydro- 



P.G. Jessop and R.H. Morris/ Coord. Chem. Rev. 121 (1992) 155-284 201 

gen complexes [63,183], it is important that no-exchange values T,(ne) and not 
effective ones T,(eff) are measured. We note that T,(eff) values instead of minimum 
values of Ty2(ne) are expected for the complex [Fe(H,)H(depe),]+ when measured 
at 400 MHz, 213 K, and the complex [Ir(H,)(bq)H(PPh,),]+ when measured at 
250 MHz, 200 K (Table 11). These are about the temperatures at which slow exchange 
is occurring and at which minimum T1 values are expected. In a different process, 
where Cr(H2)(C0)3(PCy,), is exchanging its dihydrogen ligand with free Hz gas 
with a rate constant of 62.5 s-l, the effective T1 of the Hz ligand is 17.3 ms whereas 
the T’(ne) of the H, ligand is 9 ms at 300 MHz [108]. 

Table 9 also indicates that rate constants for systems in the slow exchange 
regime can be obtained from line widths at half-height (o~,~) if the value of T2 is 
known and if there is no spin-spin coupling. However, this approach has not yet 
been used. 

(f) Line-shape coalescence 
A typical coalescence 1 H NMR spectrum for an M(H,)(H) system is shown in 

Fig. 6 when the temperature is 294 K. This is the temperature at which the “valley” 
between the H, and H peaks just disappears as the temperature of the solution is 
raised. Shanan-Atidi and Bar-Eli [187] have provided a simple analysis of this case. 
In fact, the rate constant, kH2, at the coalescence temperature, t13, is just the separation 
of the two no-exchange chemical shifts in Hz (see also Table 9) 

kH2 = Av = 1 v,,(GH2 - S”).l 

where v0 is the spectrometer frequency. 

(17) 

The coalescence temperatures of many exchanging systems have been reported 
(Table 12) but corresponding activation energies AGs were not calculated. We have 
calculated these values (Table 12) and compared them with those obtained by line- 
shape analysis and incomplete Tl averaging. The agreement is good in all cases 
where the coalescence temperature was accurately observed. In certain cases, 
the phosphorus nuclei are also exchanging in a 2:l site population ratio; the 
rate constants at coalescence are again just the chemical shift separation of non- 
exchanging nuclei in Hz. 

The complexes of Table 12 are listed in order of increasing AG* values. Since 
AS’ values for these intramolecular processes are small (see Table 10) the ordering 
of AH* values will not be too different from the order of AG* values in Table 12. 
Complexes with cis-M@,)(H) geometries tend to have low AG* values (see also Sect. 
C.(ii)(g), below). This might be explained by the ease of the “least motion” associative 
pathway, eqn. (19). The energies calculated ab initio for transition states of H-atom 
exchange in cis-[Fe(H2)(H)(PH3)4]+ are 3 kcal mol- ’ for an open H, ligand com- 
plex, 69 kcal mall’ for a closed, triangular H3 ligand complex and very high for a 
trihydride complex [170]. However, a complex with a cis-(H,)(H) configuration 
can have a fairly high AG* (e.g. [Ru(H,)H(pp,)]+) and a complex with a 
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trans-(H,)(H) geometry can have a low AC;* (e.g. [Ru(H,)H(dppb),]+). Thus, 
eqn. (19) for [Ru(H~~H(pp~)] i may not have as low a AGZ as expected because the 
pp3 ligand must also move or perhaps this complex exchanges via a dissociative H-H 
mechanism. The low AGt of the dppb complex has been attributed to the flexibility 
of the seven-membered chelate ring [78,80]. Note that AGt decreases for the com- 
plexes trans-[Ru(Hs)H(L&]’ on going from L, = dppe (RuL, five-membered ring) 
to dppp (six-membered ring) to diop, dpbp, and dppb (seven-membered rings). Not 
only does the flexibility of the ligand increase in this order, but the bite angle and 
effective cone angle also increase. Larger size ligands will destabilize the ground state 
octahedral geometry and favor the trihydride intermediate in the exchange process 
(eqn. (22)). As mentioned above, a trihydride transition state was calculated to be 
unfavorable for exchange in a cis-(Hz)H complex [170]; however, the trihydride 
intermediate appears to be the best explanation for the exchange in the trans-(Hz)H 
complexes. The very rigid meso-tetraphos ligand complexes of Fe and OS do not 
exhibit HZ/H exchange; this ligand forces the H, and H ligands to remain trans to 
each other [72]. 

It was stated in Sect. C.(ii)(c) that more basic ligands favor exchange in com- 
plexes tran~-[M(H,)H(L~)~1+ because they stabilize the trihydride intermediate of 
eqn. (22). Table 12 provides more evidence for this. When M is Fe, Ru, or OS, AG* 
decreases when LZ is changed from dppe to depe [29,60]. Similarly, AG* decreases 
when L, in the iron complexes changes from electron-withdrawing dtfpe to dppe; in 
this case, both ligands have the same size. The J(HD) couplings of the complexes 
~~u~s-~M(HD~D(L~)~]’ always decrease when a more electron-donating ligand L, 
is present [60]. This trend is expected on the basis that a more electron-rich metal 
will back-bond more strongly to the HD ligand and weaken the H-D bond. This 
relationship only holds for a series of similar complexes. There is no overall trend 
between J(HD) and AGt for the complexes in Table 12. The complexes with the 
dedppe ligand are anomalous in that they have higher AGt values than those with 
either the dppe or depe ligands [ 1881. This is the case despite the fact that the dedppe 
ligand should be inte~ediate in electron-donor ability. A special steric interaction 
must destabilize the trihydride intermediate containing the dedppe ligand. 

A further trend is that, for isostructural complexes, AGt decreases as the metal 
changes from Ru to Fe to OS [60]. This can be seen in the complexes 
[M(H~)H(L~)~]+, LZ = dppe, depe and dedppe, with the ~~u~s-M(H~)H geometry 
and in the complexes [M(H,)H(pp,)]+ with the cis-M(H,)H geometry. The 
PPh(OEt)z complexes have undefined stereochemistry but still show this trend. The 
Ru > Fe > OS trend can be explained by stabilization of the trihydride intermediate 
which favors exchange for OS with its strong OS-H bonds and stabilization of the 
ground state dihydrogen complex with a strong H-H bond which hinders exchange 
for Ru. The order of J(HD) couplings for the dppe and depe complexes Ru > Fe > OS 
supports this idea [60]. The J(HD) values for the pp3 complexes also decrease as 
Ru > Fe [64,81]. 
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(g) No line-shape decoalescence 
Table 13 lists complexes M(H,)HL, which remain at the fast exchange limit at 

low temperatures. This must be caused by a small AG*, a small chemical shift 
difference, a low observation frequency (I+,) or a combination of these factors. As 
mentioned in Sect. C.(ii)(a), the ruthenium complexes in this table are thought to 
have a cis-(Hz)-H interaction which facilitates H atom exchange. The PCyJ com- 
plexes in this table have elongated dihydrogen ligands (H . . . H) (see Table 1, 
Sect. B.(ii)) which might also lower AG:. The stereochemistries of the P(OEt)3 com- 
plexes of Table 13 are unknown but might be cis. The fairly long minimum TI time 
for the rat-tetraphos complex indicates that it may also have an elongated dihydrogen 
ligand (H . . . H) which is cis to a hydride. However, the chemical shift difference and 
hence AG*, is not known for any of these complexes. 

(h) Intramolecular exchange of isotopes 
Usually, dihydrogen ligands labelled with deuterium can be introduced readily 

by exchange of Hz in dihydrogen complexes with HD or D2 gas (e.g. see representative 
equations (25)-(29) and Sect. E) or by addition of a source of Df to a hydride 
complex (see Sect. D). 

M(H, )(H)L n + M(D,)(H)L, (25) 

M(D,)(H)L,= M(HD)(D)L, (26) 

M(HD)(D)L n + M(DD)(D)L, (27) 

TABLE 13 
Complexes M(H,)HL, whose NMR properties are averaged by rapid exchange of H atoms 
between dihydrogen and hydride at low temperature 

Complex Sets of 
exchanging 
nuclei 

K (av) 
(ms) 

MHz Ref. 

WH, )WOCOCFs WCY 3 )z c-2H/H 193 72 250 252 
Ru(H . . . H)H(WCY 3)~ c-2H/H 193 72 200 11 
Ru(H . . . H)H(C~)PCY,), c-2H/H 193 75 200 I1 
CWWWWWd41+ 2H/H 188 4 80 74 
COs(H, )H(WBt), M + 2H/H 188 40 80 76 
[Os(H . . . H)H(rac-tet)] + c-2H/H 252 160 400 72 

<180 ’ 400 72 

“No Tl available, but fast exchange spectrum observed. 
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W-WW,= MV-b NW, (2% 

Intramolecular H/D exchange produces a close to statistical mixture of isotopomers 
[60]. It will not be completely statistical because deuterium probably prefers to be 
in the (HD) or (DD) site (see also Sects. B.(iv), B.(vi), and C.(iii)(d)). Isotopomers can 
be detected in solution by NMR methods or, in a low-temperature matrix, by IR 
spectroscopy. 

The presence of isotopomers in solution is usually verified by 1 H or 2H NMR 
or by an isotope effect on the NMR of the nucleus (e.g. 31 P) of an ancillary ligand. 
Separate resonances for dihydrogen site and hydride site isotopes are observed in 
the spectra of complexes at the no intramolecular exchange limit. In this exchange 
regime, the isotopomers with (HD) ligands should give a typical J(HD) coupling of 
magnitude 25-35 Hz for dihydrogen complexes M(H,)L, and 5-25 Hz for 
M(H . . . H)L, (see Table 1). However, in cases where reaction (26) is fast, only 
averaged chemical shifts and J(HD) coupling constants are observed. The J(HD),” 
coupling at the fast exchange limit for either a complex MH2DL, or MHDzL, is 
approximately J(HD)/3, where J(HD) is the no-exchange coupling of the (HD) ligand 
[29]. For example, the no-exchange J(HD) for [Os(H . . . D)(D)(depe),]+ is about 
12 Hz, whereas the fast exchange, averaged J(HD),, is about 4 Hz [29]. Small 
deviations of J(HD)_ from the value J(HD)/3 are expected because of the preference 
of deuterium to be in the non-classical site. The ’ H NMR pattern of the fast exchange 
spectrum should be a 1: 1: 1 triplet for Mk, DL, and a 1:2: 3:2: 1 quintet for MHD, L, 
[29,73]; there may be additional splitting caused by 31P nuclei. The J(HD),” coupling 
of 10 Hz for the isotopomers of [Fe(H,)(H)(P(CH,CH,CH, PMe,), f] ’ (ref. 73, 
Fig. 7) was attributed to a no-exchange coupling of 30 Hz [30]. 

Luo and Crabtree [68] have pointed out that isotopic perturbation of chemical 
shift (also known as IPR [189]) should be observed in the fast exchange ‘H NMR 
spectra of isotopomers of non-classical polyhydrides. Each isotopomer will show a 
distinct hydride resonance if M-H and M(H,) sites have significantly different 
chemical shifts and if there is a substantial deuterium fractionation between the two 
sites. The isotopomers of the iron complex [Fe(H2)H(P(CH2CHZCH2 PMe,), )] + 
give an IPR shift of approximately -0.020 at 298 K (see Fig. 7(a)). 

Intramolecular isotope exchange reactions in isotopomers of M(H,)HL,, com- 
plexes are reviewed below in the order of decreasing d electron count at the metal 
(from d8 to do). The sole d* system to be reported is the postulated complex 
Co(D,)(H)(CO),, which is presumed to mediate the photochemical conversion of 
CoH(CO), to COD&O), in a low-temperature Ar/D, matrix [55]. 

There are several qualitative studies of intramolecular exchange between isoto- 
pomers of M(d6) complexes trans-[M(H2)HL4]+, M = Fe, Ru or OS. The intramolec- 
ular exchange rates of isotopomers [MH,D,_,(L,),]+ appear to be qualitatively 
similar to rates for the ~~u~s-~M(H~)(H)(L2)~~’ complexes, M = Fe, Ru, OS, Lz = 
dppe, depe (see Tables 10-12) [60]. Thus, lifetimes of the species [MHD,(depe),]+ 
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Fig. 7. ‘H NMR spectra (31P decoupled) of isotopomers. [FeH,D,_,{P(CH,CH,CH,PMe,),jl+ in 
acetone-d, (298 K) with increasing deuteration: (a) 60% deuteration according to ref. 73 but we calculate 
20%; (b) 90% deuteration. Reproduced with permission from ref. 73. 

undergoing exchange at 300 K according to eqn. (26) would be approximately 0.1 s 
for Ru and 0.005 s for Fe and OS. This can be compared with the times for replacement 
of half of the hydrogens at the metal with deuteriums by reaction with D, gas (1 atm) 
according to eqns. (25-29) of less than 5 min for Ru, 2 h for Fe and 180 h for OS 
[60]. Thus, the intramolecular exchange rate is qualitatively faster than the intermo- 
lecular exchange of D, with M(H,) under these conditions. Mixtures of isotopomers 
produced according to eqns. (26) and (29) have also been observed in this series of 
complexes with M = Fe, Ru or OS, L, = dppe [60] and L, = dedppe, M = Fe, OS 
[188]. Earl et al. [29] made use of an inversion-recovery pulse sequence first intro- 
duced by Kubas et al. [6] to observe the (HD) resonance of the dppe complex 

COs(HD)H(dppe), I+, which was buried under the broad (H,) resonance of the 
isotopomer [Os(H,)D(dppe),]+. Half of the metal-bonded hydrogens in the com- 
piexes [Fe(H,)(H)L,] +, L = P(OEt)s and PPh(OEt), are replaced by D in 3.5 h, 
presumably via reactions (25)-(29) [74]. There is no evidence for intramolecular 
H/D exchange in the complexes trans-[M(HD)(H)(meso-tetraphos)] +, M = Fe, OS, 
where the tetraphos ligand holds the octahedron in a rigid configuration [72]. In 
the complex Ir(HD)Cl,(H)(P’Pr,), the hydride and HD ligands are thought to be 
trans to each other and do not exchange [41]. The other trans-[M(H,)(H)L,]+ 
complexes of Tables 10 and 12 must exhibit intramolecular isotope exchange. 

Of the compounds cis-M(H,)(H)L, with d6 metal ions of Tables 12 and 13, 
intramolecular isotope exchange has been reported for two but must occur for all. 
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The complex [Ir(H,)H(bq)(PPh,),] + exchanges Hz with Dz readily and also has a 
low barrier to intramolecular exchange (eqns. (26) and (29)) [91]. These properties 
contribute to making this complex an excellent catalyst for deuterium exchange into 
alcohols (eqn. (30)) [ 1901. 

EWfWWWW~,M + 
ROH+D,, .ROD+HD 

R = Me, Et. ‘Bu 
(30) 

The separate ’ H resonances for the isotopomers cis-[Fe(HD)D(L,)] + and cis- 

[Fe~D~)H(L~)l’, L = P(CH~CH~CH~PMe~)~, were observed at 180 K. At 200 K 
the resonances coalesced. This gives a AGS value of 9.1 kcal mol-” (see Table 12) 

c731. 
Complexes M(D2)HL, have been postulated as intermediates or transition state 

structures in a variety of reactions’ of D, with d4-do metal hydride complexes to 
give deuterides. 

MHL, + D ~~M(D~)HL~~M(HD)DL~~MDL~ + HD (31) 

The Mo(d4) complex Mo(D,)H(CO)~C~ is presumed to mediate the photochemical 
conversion of MoH(CO),Cp to MoD(CO),Cp in a low-temperature Ar/D, matrix 
[160]. The Mo(d’) complex MoH(SC~H~iPr~)~(PEtPh~~ is converted to deuteride 
MoD(SC~H~iPr~)~(PEtPh~), possibly via eqn. (31) [191]. These reactions may be of 
relevance to the formation of HD from Dz by nitrogenase which might have dihydro- 
gen and/or hydride at the active site [ 119-J. An acid/base exchange mechanism might 
also account for the nitrogenase isotope exchange reaction; see Sect. D. The unstable 
W(dz) complex [W(HD)H(Cp),]+ might explain why D+ adds preferentially between 
the hydrides of W(H)~Cp~ [161]. Gel1 et al. [192] postdated the existence of the 
unstable\ Zr(d’) complex Zr(H,)D(R)Cp,, R = CH2C,H,,D, to account for the 
formation of ZrH(R)Cp, from ZrD(R)Cpa and Hz gas. The proposed scheme was 
an associative exchange mechanism, eqn. (19), which is also a sigma bond metathesis 
reaction. 

(iii) Zntramolec~~a~ H atom exchange for dihyd~ogenpolyhyd~ide systems M(H,) H, 

(a) Mechanisms 
Many more pathways for H atom exchange are avaiIable to dihydrogen com- 

plexes which also contain two or more hydride ligands. The mechanisms would 
probably be composites of various dissociative (eqns. (16) or (17)) or associative 
(eqn. (19)) (H,)/H processes. In addition, associative processes involving tetra- 
hydrogen intermediates might be possible [193,194]. Concerted processes are also a 
possibility. For example, simultaneous oxidative addition of dihydrogen and reduc- 
tive coupling of an adjacent dihydride set in complexes mer-M(H,)H,L,, could be 
a favorable, low-energy pathway (see eqn. (32)). 
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jb) Lake-shale c~uZesee~ce 
The complex [Re(H,)(H)z(PMe, Ph),(CO)] + is a well-characterized dihydro- 

gen complex with a corresponding J(HD) coupling of 34 Hz [6X]. The NMR study 
of this compound by Luo and Crabtree provides the first, and so far only, evidence 
for an associative mechanism (eqn. (18) or eqn. (19)) which involves a rotating tri- 
hydrogen inte~ediate. The argument is based on the fact that two tautomers, a 
dodecahedral tetrahydride complex, [Redly]+, 15, and a pentagonal bipyra- 
midal dihydrogen/dihydride complex, [Re(H,)(H),L,(CO)]+, 16, coexist in similar 
concentrations and are in “slow” equilibrium (AG’ 11.6 kcal mol-’ at 213 K, see 
Table 6). Yet each tautomer undergoes “fast” intramolecular site-exchange processes 
which are independent of each other (Scheme 1). The barrier to H-atom exchange 
within the dihydrogen tautomer, 16, is AGf = 9.9 f 0.2 kcal mol-’ at 213 K (Table 14) 
on the basis of coalescence of the resonances of (Hz) and (H), species of equal 
population. The barrier to exchange within eight-coordinate 15 is assumed to be 
very low. Since the site exchange in 16 occurs faster than the conversion of 16 to 15, 
the tetrahydride must be ruled out as a possible intermediate for the former process 
[68]. This in turn suggests that the dissociative mechanism (eqn. (17)) is not involved 
in the site exchange within the dihydrogen complex 16. A possible intermediate 
trans,mer-[Re(H,),(PMe,Ph),(CO)]+ was ruled out on the basis of the observation 

16 
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TABLE 14 

Activation free energies, AG’, calculated from peak coalescence data for the complexes 
M(H,)H,L,. Literature values of AG’ are given in parentheses 

Complex Sets of 
exchanging 
nuclei 

AG’ 
(kcal mol - ’ ) 

Ref. 

CRe(H2)H2(CO)(PMePh,)31 i 2H/2H 213 125 9.9(9.9) 68 
Ru(H##O)(P’Pr& H/H 175 132 8.1 35 

2H/2H 181 992 7.6 35 
Ru(H . . . H)H~~PPh~)~ 2PjP 210 891 9.3(5.9) 153 
mer-Ru(H,)H,(cyttp) 2H/2H 245 750 10.6 195 
CW%)A(PCyd~l+ 4H/2H 200 2538 8.4 91 

of diastereotopic methyl groups on the PMe, Ph ligands at the fast exchange temper- 
ature (263 K). 

A pseudo-octahedral structure [Re(H,)(H)(PMe, Ph),(CO)] + (Scheme 1) was 
proposed as the intermediate or transition state of the exchange reaction within 
complex 16 (see also eqn. (19)). The AG* of 9.9 kcal mol-’ is the lowest measured 
(see Table 12) and is consistent with a facile associative process. Luo and Crabtree 
noted that this (H3) intermediate would be no more than IO kcal mol-’ less stable 
than the dihydrogendihydride structure, making a ground-state (H3) ligand a reason- 
able goal for future work [68]. 

The variable-temperature ‘H NMR spectra reported for Ru(H,)(H),(CO)- 
(P’Pr,), [35] show two coalescences of peaks which are apparently related to the 
same site exchange process. First the broad peaks due to inequivalent hydrides 
coalesce’at 175 K (denoted H/H exchange in Table 14). Then at 18 1 K, this coalesced 
peak merges with the broad dihydrogen resonance (2H/2H exchange). We calculate 
the AC* values for both processes to be near 8 kcal mol-‘. An associative exchange 
mechanism (eqn. 19)) may be operating here as well. Hydrogen atoms can be imagined 
to be travelling easily from one mer position to the other (eqn. (33)). However, the 
concerted mechanism of eqn. (32) cannot be ruled out. 

H2 H H 

(33) 

The mechanisms of eqn. (32) or eqn. (33) might also apply to the complexes 
mer-Ru(H,)(H),L,, L3 = (PPh,), or cyttp and mer-Fe(H,)(H),(PEtPh,),. Peak 
coalescence in the 31P NMR spectra is observed for the first complex Cl531 and in 
the ‘H NMR spectra of the cyttp complex [195]. No decoalescence of peaks is 
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observed for the Fe complex at low temperature [S]. The AG’ values are low in the 
first two cases in accord with the facile process suggested by eqn. (32) or eqn. (33). 

The complex [IrH,(PCy,),]+ has been formulated as the bis dihydrogen 
complex [Ir(H2)2H2(PCy3)2]+ 17 [91]. 

R\“, ,R 
P + 

Separate ‘H NMR resonances for the hydride and dihydrogen ligands (ratio 1:2) 
are observed at 188 K. These peaks coalesce at 200 K. We calculate the AG$ at this 
temperature to be 8.4 kcal mall’. Again, a very low barrier is obtained for this 
polyhydride with dihydrogen and hydride ligands situated cis to each other around 
the equatorial plane of the complex. 

(c) No line-shape decoalescence 
The dihydrogenpolyhydride complexes of Table 15 have ‘H nuclei which re- 

main equivalent in the ‘H NMR spectra to low temperatures. All the M-H reso- 
nances have short T1 times at low temperature, which are suggestive of averaging of 
short T1 times of dihydrogen ligands with long T1 times of hydrides (see also Table 1). 

TABLE 15 

Complexes M(H,)H,L, whose NMR properties are averaged by rapid exchange of H atoms 
between dihydrogen and hydride at low temperature 

Complex Sets of 
exchanging 
nuclei 

T1 (av) 
(ms) 

MHz Ref. 

[ReH,L,]+, L = PCys 
L = PPhJ 

[Re(H . . H)H,(cyttp)]+ 

Pe(H,)H,(PEtPh,), 

RuHsW~sh 
[OsH5(PMePhz),]+ 
Rh(H,)H,(HB(3,5Me, Pz),) 

fr(H2)H,(Cl)(PCy& 
fr(H2)H2(Cl)(PiPr& 
CWbW~PMedW~l+ 

173 30 400 70 
173 20 400 70 
183 68 250 16 
205 24 250 65 

<173 a 250 8 
203 28 200 94 
203 68 360 87 
166 42 400 67 
190 73 200 41 

<190 a 200 41 
203 20 360 90 

“No Tl available, but fast exchange spectrum observed. 
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All the metal ions could be in the d” configuration, except perhaps the 
Re complexes. The complex [ReHs Lz] + may be CReld”WWb bl +, 
EWd2)@%MW,1+ or [Re(d4)(H,),H2 L2 J +. Hydrogen atoms are mobile in these 
cumplexes because there is at least one hydride cis ta a dihydrogen ligand in each 
cumplex. The bulky phosphine ligands, Lj will remain approximately trans so that 
the hydrogen ligands occupy sites around the equator. The presence of more than 
one Hz ligand is suppurted by the short TI times of these complexes, even after the 
Re-H dipole-dipole contribution is subtracted out (see Sect. B.(ii)). The eight-coordi- 
nate cyttp complex fRefH - l f H)H,(cyttp)]+ has an elongated dihydrugen ligand as 
discussed in Sect. B.(ii). The hydrogen ligands are situated in a meridiunal band 
around the metal. The 250 MHz ‘H NMR spectrum of the complex in solution at 
183 K shows three separate Re-H resonances with integrals 1:4: 1; the dihydrogen 
resonance is coalesced with or is overlapping a hydride resonance to give the peak 
which has the intensity af four protons. 

A neutrun d8raction study of the complex mer-~~(H~)H~(PEtPh~)~~ 18, re- 
vealed that the dihydrogen ligand has an interactian with the hydride which is 
located cis [S]. This nascent H-H2 banding is proposed to facilitate the hydride/ 
dihydrogen fluxionality according to an associative process such as eqn. (19) in an 
overall exchange process resembling eqn. (33). 

H 

The Ru and OS complexes of Table 25 could have two, one or no dihydrogen 
ligands. The Ru complex is formulated as Rutd6)(H,), H2(PCy& on the basis of 
the proposed structure uf Errjd6>CHz)zf-12fPCy,),]‘, 17. The OS complex could 

be KWd2W15(PMe2 Phj,j +, Cos(d4)(H2)H3(PMe,Ph),1+ Or iPW”KW2~ 
(PMez Ph),]? Desrosiers et al. point out that there are several possible structures 
for these Ru and OS complexes which are consistent with the q values [ZS]. 

The group 9 metal complexes of Table 15 are all thought to be d6. Tn the 
complex RhfH2 )H2 (H3(3,5-Me2 Pz), >, NY the present of one dihydrogen ligand 
which is cis to two hydrides has been established by isotope substitution studies (see 
Sect. C.(iii)(d) below). There is fast exchange at low temperature. The bulky phos- 
phines, L, in complexes Ir(H2)HZ(Cl)L2 are trans and the hydrogen ligands ark mer, 
making for ready exchange by the ‘mechanism of eqn. (32) or eqn. (33). The complex 
[Ir(Hz )%Iz(PMe, Ph),] ’ Iikely has a similar structure to the iron complex 18 with a 
mer arrangement of H-bonded ligands. 
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(d} Intramolecular exchange of isotopes 
The main use of deuterium labeliing of these very fluxional dihydrogenpolyhy- 

dride complexes is to establish the existence of H-H (H-D) bonding. This is achieved 
by the observation of an averaged J(HD),” coupling or of a perturbation of chemical 
shift (see discussion of IPR is Sect. C.(ii)(h) above). 

Of the complexes of Table 14, the isotopomers of the Re complex 
[ReH,D,_,(CO)(PMe2Ph),]+ have been the most thoroughly studied by Luo and 
Crabtree [68]. The ‘H NMR spectrum of the isotopomer Re(HD)D, in CD2Clt at 
193 K includes a 1: 1: 1 triplet with J(HD) = 34 Hz. No net IPR was observed for 
this complex. Luo and Crabtree point out that, since there are two tautomeric forms 
of this complex, Re(H),, 15 and Re(H,)(H),, 16 (Scheme I), there will be two 
contributions to the IPR shift of the fast average ‘H NMR spectra of the isotopomers 
and that these contributions tend to cancel each other. An upfield shift contribution 
comes from the isotope effect on the equilibrium between the two tautomers; deutera- 
tion increases the relative concentration of 16 whose ReH resonances are upfield of 
that of 15. A downfield shift cont~butio~ is expected because deute~um prefers to 
occupy the non-classical site, which is upfield from the hydride site in this case. 

The averaged coupling, J(HD),,, of approximately 2.7 Hz for the RuH2D, 
isotopomer of RuH~(PPh~)~ suggests that this complex contains an elongated dihy- 
drogen ligand as discussed in Sect. B.(vi). The 2.7 Hz value was observed indirectly 
by Gusev et al. [153] by simulating couplings in a RuH2D,P, spin system to fit a 
proton-coupled ‘H NMR broad resonance at the fast exchange limit (at 278 K).. 
Subsequent proton decoupling verified that J(HD) was contributing to the line width. 
There is a large uncertainty in this procedure because it is difficult to ensure that 
only RuH,D, P, is present; RuHDJP, and RuH,DP3 could also be formed in 
significant amounts and these would give different coupling patterns in the 2H NMR 
spectrum. Gusev et al. calculated that a 2.7 Hz average indicates an 8.5 Hz J(HD) 
for a static Ru(HD)(H)(D)P, complex. However, we calculate that a 2.7 Hz average 
represents about 16 Hz J(HD): one must average couplings in Ru(HD)(D)(H) 
((‘J(HD) f 32J(HD))/4 = 16/4f, Rug (‘J(HD) = 0) and Rug 
{‘J(HD) = 0) according to the statistical weightings of approximately $:&:& respec- 
tively. The statistical weights will have some error because of the preference of 
deuterium to be in the (HD) ligand over the terminal hydride position. (See ref. 29 
for a similar treatment.) 
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The complex Ru(H . . . H)H,(PPh3)3 is an efficient catalyst in solution for H,/ 
HD/D2 isotope equilibration [196,197]. This is explained by the ease of exchange of 
the H2 ligand with D, gas and the ease of intramolecular exchange of isotopes on 
Ru. 

Nanz et al. [198] report that a 2D-(‘H, lo3 Rh)-HMQC experiment reveals 
J(HD),, values of 4.7 Hz for isotopomers Rh(HD)(D),L and Rh(HD)H(D)L, L = 
(HB(3,5-Me, Pz)~), which are in the fast exchange limit (see Table 15). We calculate 
a no-exchange J(HD) of 28 Hz for this complex by use of the method which we used 
for the case of the complex Ru(H . . . H)H,(PPh,), (see above). These authors also 
note two opposite contributions to the averaged chemical shift of the isotopomers. 
The first is a downfield shift contribution because deuterium prefers to occupy the 
non-classical site, Rh(HD)H,, over the classical ones, Rh(H,)HD. The non-classical 
site is thought to be upfield from the hydride sites in this case (see also the IPR of 
the Re complex above). The second is “a normal isotope effect”, which is an upfield 
shift. 

The complexes [OsD,(PMe, Ph),]+ [87] and [IrD4(PMe, Ph),] + [199] were 
prepared by reacting the parent dihydrogen complexes in solution with Dz (see 
Table 15). The properties of other isotopomers were not reported. 

Reactions with deuterium gas can give evidence for unstable, fluxional di- 
hydrogen intermediates. Before the dihydrogen molecule was a recognized ligand, 
Brintzinger in 1979 [200] proposed that the transient Zr(d’) complex Zr(D,) 

(H),Cpf, mediated H/D exchange via the associative transition state species 
[Zr(H)(DDH)Cpz]f to give Zr(D)(H)Cpf according to the equation 

(34) 

(iv) H/D exchange in the reaction of M(H,)L, with D, 

The previous sections have demonstrated that dihydrogen complexes with 
additional hydride ligands, M(H,)H,L,, are often efficient catalysts for H1/HD/D2 
isotope equilibration of the gases. However, a few coordinatively saturated dihydro- 
gen complexes with no hydrides also catalyze this reaction. 

The unstable complex Cr(D,)z(CO), in liquid Xe at -70°C causes D2/HD/ 
H2 isotope exchange [46]. This was demonstrated indirectly by reacting a mixture 
of Cr(D,),(CO), and the more stable Cr(D,)(CO), with H, and observing by IR 
spectroscopy the formation of Cr(HD)(CO),. Similarly, there was evidence that 
Cr(HD)2(CO), under HD gas gives coordinated H, and D, species. 

Cr(HD),(CO),*Cr(HA(DA(CO)4 (35) 
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However, complex Cr(H,)(CO)S reacts with Dz gas under pressure to give 
Cr(D,)(CO), but not Cr(HD)(CO),. Therefore it appears that two coordinated 
molecules XY (X, Y = H, D) are required for H/D exchange. 

Several mechanisms, supported by semi-empirical or ab initio calculations, have 
been proposed for exchange reaction (35) [25,201,202]. It is generally agreed that a 
coordinated square or tetrahedron of hydrogen isotopes all bonded together would 
be too high in energy to be an transition state for this reaction. Likewise, the Cr(IV) 
tetrahydride Cr(H),(CO), and the complex Cr(H,)H(CO), with a closed, triangular 
H3 ligand (structure 7 above) would be too unstable. The likely structures for the 
transition state(s) or intermediate(s) of eqn. (35) are isotopomers of Cr(H,)(H),(CO), 
and/or Cr(HHHH)(CO), with an open H, ligand (four H bonded in a chain) or 
Cr(H,)H(CO), with an open H3 ligand (structure 9). 

Curious reactions, first reported by Kubas et al. [6], are the isotope scrambling 
reactions of eqns. (36) and (37) L = PCyJ or P’Pr,. 

D, + W(H,)(CO)3L, =HD + W(HD)(CO)JLz=Hz + W(D2)(C0)3L2 (36) 

2W(HD)(CO), L, =WH,)(WxL2 + WP2)(C%L2 (37) 

Starting with equimolar amounts of D, gas and H2 complex, isotope equilibration 
takes place according to reaction (36) for the complexes in toluene over a period of 
days at 20°C and 1 atm. Surprisingly, this equilibration also takes place with the 
microcrystalline H2 complex over a period of nine days. Prior loss of CO or 
phosphine ligand L to allow D2 coordination, formation of W(H,)(D,)(CO),L or 
W(H,)(D,)(CO),L,, and exchange as an eqn. (36) appears to be an unlikely mecha- 
nism because ligand loss would be a high-energy process, especially in the solid state. 
These tungsten complexes are thought to undergo substitution reactions via an 
associative mechanism [203]; for example, the 20-electron transition state 
W(CO)3 L(L-CH)(py), with a phosphine ligand L coordinated via P and a C-H bond 
to W is the favored intermediate in the substitution of W(CO),L,(py) by P(OMe),. 
Perhaps a 20-electron intermediate such as the dihydride W(H),(D,)(CO),L,, 20, 
could account for this slow isotope exchange process. 

20 

As suggested in Sect. C.(iii) above, such dihydrogen/dihydride species undergo 
rapid intramolecular H atom exchange and thus would catalyze isotope equilibration. 
Pacchioni suggests that Cr(H,)(CO), does not exchange with D2 to give HD because 
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the dihydride Cr(H),(CO), is calculated to be too high in energy [202]; the tungsten 
complexes, on the other hand, are in equilibrium with dihydride tautomers which 
may be responsible for the associative exchange reaction. Although the isotope 
scrambling of W(D2)(C0)3L, does occur over a period of days with HZO, H+/D+ 
exchange by traces of water is not thought to be responsible for exchange reaction 
(37) [204]. Equation (37) could be explained by the loss of HD from one tungsten 
center (a low-energy process) and then attack of free HD on another tungsten, as in 
eqn. (36), to give isotope scrambling. 

The 1 H NMR spectrum of a product isolated from the reaction of 
[Ru(H2)Cp(PPh,)CN’Bu]+ in CH2Clz with Dz revealed the presence of 
[Ru(HD)Cp(PPh,)CN’Bu]+ [82]. The intermediate for exchange was postulated to 
be [Ru(H),(D,)Cp(CN’Bu)]+. More recently, Chinn and Heinekey [ZOS] have pro- 
posed that, since this dihydrogen complex is quite acidic, a catalytic amount of base 
could account for the H/D scrambling between Ru(H,) and Ru(D,) complexes. 

Another complex which displays exchange of this sort is trans- 

Re(H * * . H)Cl(PMePh2), [12,92]. Reaction of the complex in solution with D2 gives 
the HD complex and deuterium incorporation into the ortho protons of the phos- 
phine ligand. No mechanism was discussed. 

Bianchini et al. [39] suggest that simultaneous coordination of H, and D, is 
required for H/D exchange in M(H,)L, complexes. On this basis, they were not 
surprised when [Rh(H . . . H)pp,] + did not react with Dz to give the Rh(HD) 
complex. More research is needed in this interesting area. 

(v) Intramolecular H atom exchange in bimetallic systems 

Exchange of H atoms between dihydrogen and a hydride which is bridging 
between metals is observed in all cases where the two groups are cis to each other 

(eqn. (38)). 

(38) 

Such a reaction has been reported for the Ru, complex (Lz)(Hz)Ru@-H) 
@Cl)zRuH(PPh,),, Lz = FeCp(l,2-C,H,(CHMeNMe,)(P’Pr,)) [15]. We calculate 
from the rate data reported here the parameters AG’(293 K) = 11.8, 
AH? = 15.3 kcal mol-’ and AS = 12 cal mol-’ K-‘. The AHt value is higher than 
those observed for mononuclear complexes (see Table 10). Jackson and Eisenstein 
[206] point out that this binuclear complex has a cis Hz/H interaction (see Sect. C.(ii)) 
which might assist the exchange process. However, we note that the energy for 
exchange is not especially low for this complex. Perhaps the energy is high because 
a hydride must move from its very stable bridging position. The RuRe complex 
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[(PPh,),(H,)Ru(p-H),&-CO)ReH(PPh,),ll’ [207] also exchanges via eqn. (38). In 
both the RuRu and RuRe complexes, the terminal hydride exchange positions with 
the bridging hydride at a much slower rate. Signifi~n~y, the related complex 
[(PPh3)2(H,)Ru@-C1),@-H)@CO)ReH(FPh,)Jf, which probably does not have 
adjacent H, and p-H groups, does not show this intramolecular H atom exchange 
reaction. 

The complexes (P(~-tol)~)~(H*)Ru(~-H)~~-Cl)~RuH(P~~-tol)~~~ [208] and 
(PCY~)~ (HZ)Ru@-H& RuH(PC~,)~ [94] are particularly fluxional with exchange occ- 
urring between all hydrogen donor ligands. A simultaneous oxidative addition of Hz 
to give ~H)Ru~-H) and reductive elimination of (~-H~Ru(H*) to give Ru(HH*) 
(eqn. (39)) can be proposed based on a related mechanism proposed by Dekleva et al. 
[209]. 

(H~)Ru(~-H)Ru(H*)~(H)Ru(~-H)Ru(HH*) 

Note the similarity to the concerted mechanism of eqn. (32). 

(39) 

A complex formulated as a mixture of Cp*(PCy,)Ru@-Hz)&-H)CuCl and 
Cp*(PCy~~Ru(~~H)~CuCl was proposed to undergo H atom exchange [175]. How- 
ever, the 1 H NMR spectra are equally consistent with the presence of one dynamic 
trihydride species with bridging and terminal hydrides which are coupled by quantum 
mechanical exchange (see Sect. C.(ii)(a)). 

Finally, the complex Rude-H*)(dpb)L~, which contains a dihydrogen bridging 
in some manner between two Ru(porphyrin) moieties, exchanges the Hz for D2 [ 1661. 
However, no intramolecular exchange to give an HD ligand is observed. 

D. HETEROLYTIC CLEAVAGE OF THE DIHYDROGEN LIGAND 

(if Introduction to intermolecular heterolytic cleuuage 

Intermolecular heterolytic cleavage of a dihydrogen ligand produces a hydride 
and the conjugate acid of the external base. 

M(H,)L, + B~[M~H)L~] - + BH + (40) 

Intramolecular heterolytic cleavage is the protonation of a coordinated ligand by a 
dihydrogen ligand (eqn. (41)), and will be discussed in Sect. D.(iv). 

M(Hz )L,+M(HL)(H)L, - 1 (41) 

The most dramatic example of intermolecular heterolytic cleavage is the protonation 
of diethyl ether solvent by an extremely acidic dihydrogen complex [59]. 

[Re(H,)Cp*(CO)(NO)]+ + EtzOz$ReHCp*(CO)(NO) + Et20H+ -+dimer (42) 

In addition to simple stoichiometric reactions such as eqn. (42), intermolecular hetero- 
lytic cleavage is observed or postulated in several general mechanisms. 
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(a) Base-assisted hydride donation by Hz 
A combination of a base and free H2 can be an effective hydride-donating 

mixture for the synthesis of metal hydrides, via a presumed intermediate dihydrogen 
complex 2, e.g. [SS] 

Ru~~p~(thf)~ + KOD + Hz -+ [RuH(oep)(thf)]- + (HOD + K+) (43) 

In this case, the presumed intermediate Ru(H,)(oep)(thf) is not observed, but the 
dinitrogen analogue Ru~N~)(oep)(thf) has a v(NN) frequency of 2110cm-’ [210], 
within the range expected for analogues of stable dihydrogen complexes [132], and 
Os(H . . . H)(oep)(thf) is known [SS]. 

(b) Exchange of protons between a hydride and an acid 
Two of the possible mechanisms for this exchange involve dihydrogen com- 

plexes. 

M(H) + DA=+ [M(HD)] + + A - *M(D) -!- HA (44) 

M(H) + DA=M(H)(DA)eM(HD)(A)=M(D)(HA)+M(D) + HA (45) 

Examples of the first mechanism are eqn. (46) [21 l] and possibly eqn. (47) (M = Cr, 

w, c2w. 

Fe(H),(dmpe), + DCCPh;;;rFeH(D)(dmpe), + HCCPh 

[MH(CO),]- + MeODj[MD~~O)~]- + MeOH 

(46) 

(47) 

The intermediate dihydrogen complexes [FeH(H2)(dmpe),]+ [213] and 
M(HD~(CO)~ [45,48,214] are known but are not observed in these reactions. A 
proposed example of the second mechanism (eqn. (45)) is the deuteration of the 
hydride ligand of [IrH(H,O)(bq)(L,)]+ (L = PPhJ, PCy,) by addition of DzO [91]. 

(c) Exchange of protons between a dihydrogen complex and alcohol or water 
The first step is protonation, by the dihydrogen complex, of alcohol (eqn. (48)), 

alkoxide ion (eqns. (49) and (50)), or a metal alkoxide. 

M(H,) + DOR~[M(H)]- + HDOR+~M(HD~ + HOR (48) 

M(H,) + OR-*[M(H)]- + HOR (49) 

[M(H)] - + DOR+M(HD) + OR - (50) 

The synthesis of v2-HD complexes can be achieved by the addition of D20 or ROD 
to a dihydrogen complex [71,84] or the addition of H,O or ROH to a dideuterium 
complex [204]. 
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(d) Catalytic H/D exchange between D2 and alcohol or water 
Dihydrogen complexes must be labile and acidic to be catalytically active for 

this process. 

M + D, + H,OeM(D,) + H,O=M(DH) + HODeM + DH + HOD (51) 

The proton exchange step may proceed by any of the intermolecular mechanisms 
described above for isotope exchange between M(H,) and ROD; i.e. protonation by 
the dihydrogen complex of either ROH (eqn. (48)) or OR- (eqns. (49) and (50)). 
Protonation of OD- is proposed as the mechanism for this step during the catalysis 
of exchange between D,O and Hz by Ru(oep)(thf), in the presence of KOD; in the 
absence of base, the catalysis did not occur [88]. Protonation of ROH is proposed 
for the catalysis of exchange between ‘BuOH and Dz by [Ir(Hz)H(bq)(PPh3)2]SbF6 
[190]. Intramolecular exchange processes are also possible (see Sect. D.(iv)). For 
example, the complexes [Ir(MeOH)(D)(bq)(PPh,),]+ and [Ir(MeOD)(H)(bq)- 
(PPh,),]+ are suggested as two of the intermediates in the isotope exchange reaction 
between Dz and MeOH [190]. An unusual intramolecular example (Scheme 2) will 
be described in Sect. D.(iv). If nitrogenase contains an q2-H, ligand, then reaction (51) 
may be involved in the catalysis by nitrogenase [119] of H/D exchange between 
Hz0 and D,. 

(e) Other catalytic cycles involving deprotonotion of dihydrogen complexes 
These include the catalytic production of H2 from alcohols by 

RuH2(H2)(PPh,), (Sect. H) and possibly the cycle of nickel hydrogenase [215]. 

Ni(H,) 3 NiH- -H’,2e- Ni 
t I 

HZ (52) 

If nitrogenase contains an acidic dihydrogen ligand (see above), then protonation by 
that ligand of an $-Nz moiety (see ref. 216 and references cited therein) could be 
part of the catalytic cycle of the enzyme. A model for this reaction has been reported 
[217]. 

W(N, )2 (dppe), + 2CRuH, WdtbWW -+ 

[WF(NNH,)(dppe),]BF, + 2RuHCp(dtfpe) + BF3 * thf + N, (53) 

(f) Dimerization of &hydrogen complexes 
Deprotonation of a dihydrogen complex could be the first step in the formation 

of a dinuclear complex with hydride bridges, e.g. [218] 

2[Ru-H,] + 3 Ru-H + [Ru-H,] + 2 [Ru-H-Ru] + (54) 

where Ru+ = [RuCp(PPh,)(CN’Bu)]+. 
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Evaluation of proposed mechanisms involving heterolytic cleavage of Hz 
ligands requires a knowledge of the thermodynamic and kinetic acidities of molecular 
hydrogen complexes. These subjects will be discussed in the following sections. 

(‘ii) ~~er~odyna~ic uc~dity 

Although the pK, values of dihydrogen complexes are not normally measured 
in aqueous solution, all of the values discussed in this review will be on the aqueous 
scale, for ease of comparison. Acetonitrile has been suggested [219] as a better scale 
and solvent for pK, measurements of hydride complexes, but it suffers from the 
drawback that it is too strongly coordinating for dihydrogen complexes (see Table 20, 
Sect.’ E). The pK, values of hydride complexes have been extrapolated to the aqueous 
scale [220]. For acidic transition metal hydrides, and presumably dihydrogen com- 
plexes, the scales can be interconverted by eqn. (55) [220]. 

pK,(HtO) = pK,(MeCN) - 7.5 (55) 

The pK, values of dihydrogen complexes are usually determined by measuring 
the concentrations of species in an equilibrium (eqn. (40)) with an external base such 

as a phosphine [148,217], an amine [20.5], a metal hydride [85,148,221-J, or an 
alkoxide [198]. The bases which have been used are listed in Table 16, with the ply, 
values (aqueous scale) of the conjugate acids. The concentrations are calculated from 
the ‘H or 31P NMR spectra of the solutions at equilibrium. The ply, ranges of 
alcohols (10-20) and protonated phosphines (O-l 1) are complimentary, although the 
use of phosphines and alkoxides have disadvantages. Ion-pairing may occur between 
alkoxides and cationic dihydrogen complexes or between protonated phosphines and 
the anionic conjugate bases of neutral dihydrogen complexes. If proton-decoupled 
31 P NMR spectroscopy is used for studies involving phosphines, gated decoupling 
and very long delay times between pulses are required, the former to suppress the 
nOe effect, and the latter to allow full relaxation of the magnetization. The longitudi- 
nal relaxation of free phosphines is very slow; typical Ti values are 15 s for P”Pr, 
(field strength not reported [222]) and 26 s for PPh, (at 5.9 Tesla) [223] in solution 
at ambient temperature. This problem can be avoided if the concentrations of PR, 
and [HPR,] + are calculated from the original con~ntrations of added PR, and the 
ratio of [M(H,)+]/[M(H)J, which in turn is calculated from 31P or preferably ‘H 
NMR spectral data. Phosphines used as external bases need to be bulky to prevent 
substitution of the dihydrogen ligand. 

The solvent of choice for pK, measurements is thf because CD, Cl, and CD, CN 
can be too reactive. Most of the reported measurements (Table 17) have been made 
in thf, although CD2Cl, is sometimes used because of solubility problems and the 
high cost of thf-da. 
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TABLE 16 

Selected bases and the pK, values (aqueous scale) of the conjugate acids 

Base PUBH + ) Ref. 

H- 35 224 
‘BuO- 19.2 308 
EtO- 15.9 308 
HO- 15.7 309 
MeO- 15 308 
RuHCp*(PMe, Ph), 14.3 148 
Proton sponge 12.3 310 
P’Bu, 11.4 311 
NEt3 10.8 312 
PhO- 10.0 308 
PCY3 9.7 312 
PnBu3 8.4 312 
RuHC~PPh~)~ 8.0 85,313 
RuHCp(dppm) 7.5 85,313 
PMez Ph 6.5 312 
MeCOO- 4.7 308 
PMePhz 4.6 314 
PG H4-pMek 3.8 311 
HCOO- 3.7 308 
PPh, 2.7 312 
p(c6H4-I)-c1)3 1.0 311 
PPhzH 0.0 312 

The pK, of the d~hydrogen complex is determined from the K,, of eqn. (40) by 
the equation 

PK, = PK,, + PKBH + (56) 

where p-K, and pK,,+ are on the same acidity scale. 
The pK, values of interconverting dihydrogen and dihydride tautomers 

(eqn. (57)) are related by eqn. (58). 

W-M & M(H), (57) 

PK,(W-M) = PK,@W),) - log K (58) 

The major tautomer is always the weaker acid. If the minor tautomer is observable 
(i.e. > 1% of the mixture), then the difference between the pK, values of the tautomers 
will be less than 2 units. 

Because K (eqn. (57)) for dideuterium complexes is smaller than that for $-Ha 
complexes, (Sect. B.(iv), [68]), the acidity of the classical tautomer will be increased 
by deuteration, at the expense of the non-classical form. 
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TABLE 17 

Reported pK, values (aqueous scale) of dihydrogen and hydride complexes 

Complex PK, Solvent Ref. 

Group 7 

CWWCp*WWNO)l + 

Group 8 

CWWWdmpeM+ 
CWH2)WW2 I+ 
CWH2FWkwLl + 
CWH2WWpe)2 I+ 
Ru(H . . H)H2(PPh,), 

CRu(H, )H(dppe), I+ 
CWH, W@tfpe), I+ 
CRW)2 Cp*WW2 I+ 
CWW2 Q*Wfe2 W2 I+ 
CWW2 Q*(PMePh2 I2 I+ 
CWWz Q*WWz I+ 
CWW, Cp*Wwp)l+ 
CRWdQ*(dwm)l + 

CWW2 Cp*@wm)l + 

CWH2)QWw41 + 
CWW2 Wdwe)l + 

CWW2 QWw)l + 

CWH2 Wdw41+ 
l3W-0, QWw)l + 

CWW, QV’Phsh I+ 
CWH2 )Q@wNl + 

VW-Q2 W-he)1 + 
NW2 ~QMwe)l+ 
CWW2 QWfp41+ 
CWH2Dtdtfp41 + 
COW2 W-b& I+ 
CWH2 VWwe)2 I+ 
CWH2)Wtfpe)2 I+ 

-2 

-16 EtOH 71,257 
16 thf 306 

-12 thf 315 
7.8 thf 221 
17 thf 133,196 
14.1 thf 231 
9.1 thf 221 

16.3 + 0.7 thf 148 
14.3 f 0.5 thf 148 
12.2 f 0.4 thf 148 
11.1 f0.2 thf 148 
10.4 + 0.5 thf 148 
9.2 thf 85 
8.8 thf 85 

10.1” MeCN 205 
9.3” MeCN 205,220 
9.0 thf 85 
8.6 thf 85 
8.6 thf 85,313 
8.0 thf 85,313 
7.5 thf 85,313 
7.5 thf 85 
7.2 thf 85 
4.9 thf 85,217 
4.6 thf 85,217 

-16 EtOH 133 
12.6 thf 231 
8.4 thf 221 

Et20 59 

‘Converted [220] from acetonitrile scale using pK,(aqueous) = pK,(MeCN) - 7.5. 

The apparent pK, of rapidly interconverting tautomers is greater than the pK, 

of either tautomer alone (eqn. (59), [220]3. 

KaPP = 
a (59) 

The thermodynamic acidities of hydride and dihydrogen ligands in a hydrido(di- 
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hydrogen) complex (e.g. [IrH(H,)(bq)(PPh,),]+ are identical because deprotonation 
from either site results in the same thermodynamic product (eqns. (60) and (61)). 

i i 
+ B$M 

“; \ +BH+ 

(60) 

H H 

/ / 
M+ + B$M + BH+=M +BH+ 

\ \ \ 

(61) 

HZ Hz H 

Selective deprotonation of the dihydrogen ligand, which has been observed 
(Sect. D.(iii)), is evidence of greater kinetic rather than thermodynamic acidity of the 
dihydrogen ligand. Only if the second step of reaction (61) is prevented by rigidity 
of the ancillary ligands could the hydride and dihydrogen ligands have differing 
thermodynamic acidities. The dihydrogen product of deprotonation at the hydride 
site is likely to be unstable with respect to oxidative addition because of the increased 
basicity of the metal. If oxidative addition is not possible, then the dihydrogen ligand 
in the original complex will be more acidic than the hydride ligand. 

How are the acidities of di- or poly-hydrides related to the degree of Hz 
activation? Free hydrogen has a pK, of 35 [224], while most hydrides have pK, 
values below 20 on the aqueous scale [220,225]. One might expect, therefore, that 
acidity increases with H-H bond weakening. However, we have seen that dihydrides 
are not necessarily more acidic than their dihydrogen tautomers. The increase in 
acidity caused by weakening of the H-H bond is countered by a strengthening of 
the M-H bond, which decreases the acidity. The sum of these bond strengths, as 
expressed by AH,,, (defined in eqn. (62), [133]), is a major factor in determining the 

PG. 

AHBDE{M(HI)) = AWH * > + AH,(MH * > - AH,{M(H,)} (62) 

If AHBhc were the only factor, one would expect that electron-deficient labile 
dihydrogen complexes, with their strong H-H bonds and high AHriDE values, would 
be the least acidic dihydrogen complexes. Early indications are that the reverse is 
true [133]. Electron-deficient dihydrogen complexes are both labile and acidic. 
Examples are the labile and very acidic complexes [Ru(H~)C~*(CO)~]BF, and 
[Re(H,)Cp*(CO)(NO)]OSO,CF, [59]. The acidity of both dihydrides and di- 
hydrogen complexes is increased by a decrease in the electron density caused by 
oxidation or ancillary ligand substitution. For example, [OS(H,)(NH,),]~’ is more 
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acidic than [Os(H - * * H)(NH,),]‘+ [93(a)] and [ReH~(~O)(PMe~Ph)~]+ is more 
acidic than [ReH~(PMe~Ph)*]+ [68]. 

The electrochemical potential E,,, for d5/d6 couples is an indicator of the 
electron density of the d6 metal; a low Eljz value indicates an electron-rich metal 
center. The pK, of a dihydride [M(H),L,]’ or dihydrogen complex [M(H,)L,]+ 
has been linked to the electrochemical potential of the conjugate base (MHL,) by a 
the~ochemi~al cycle and resulting equation (eqn. (66), 7’ = 300 K, ES]) modified 
from those of Tilset and Parker for hydrides [226]. 

[M(H,)L,] + --, MHLS + H + AG = 2.301RTpK, = 1.37pK, (63) 

MHL5 -+[MHLs]+ +e- 

H++e- +H= 

AG = FE;,.(MH) = 23.1E”(MH+/MH) (64) 

AG = constant (65) 

[M(H,)L,] ’ + [MHLJ] + f H l AGBDE = 1.37pK, + 23. lE” f constant (66) 

Equation (66) can be transformed by rearrangement, conversion to enthalpies rather 
than free energies (using the assumptions of Tilset and Parker [226]), and substitution 
of an empirically derived constant, to a more useful form [ 1331 

pK, = (0.730 kcal-’ mol)AHBDE - (16.9 V-i)E,,, - 43 (67) 

where Ellz is the reduction potential for the MH/MH- (d5/d6) pair with reference 
to the FeCp:/FeCp, potential. The constant (-43) is based on a small data set 
[133] and needs to be refined as more data become available. 

The A&or value is difficult to measure or estimate. Typical hydride AHBDE 
values of 58-68 kcal mol-” (3d metals), 65-70 kcal mol-’ (4d metals), and 
70-75 kcal mol- ’ (5d metals) [226] (note the published correction [227]). If tauto- 
merism is observed (minor tautomer > I%), then the AHsuE of the dihydrogen 
complex must be within 3 kcal mol-l of that of the dihydride. The major tautomer 
has the greater AHBDE. 

If tautomerism is not observed and the complex has EllZ or v(NN) values far 
from the borderline with dihydrides, then the AHaDs could range as high as 
104 kcal mol-r, the AHBDE of free H, [2283, although more likely values for labile 
dihydrogen complexes would be on the order of 80 kcal mol- ‘. The gas phase AHBDE 
of [Mn(H~)(C~)~]+ is 83.5 kcal mol-’ (p. 679 of ref. 2291, much higher than typical 
Mn-H AHBDE values of -60 kcal mol-’ [226]. 

It is likely that AHBDE varies with E 1,2; possible evidence of this was presented 
by Jia and Morris [SS]. They simplified eqn. (67) by assuming that AHBr,a was 
constant for complexes [Ru(H~)Cp~diphosphine)] ’ (eqn. 68)). 

ply,= -(16.9V-‘)Ellz+C’ (68) 

where C’ = (0.730 kcal - ’ mol)AHa,, - 43. 
The observed slope of the plot of pK, vs. El,, was -10.7 V-’ instead of the 
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theoretical 16.9 V-’ [85]. This difference could have been due to a variable AHBDE 
or a systematic error in converting between acidity scales. 

The uncertainty in AH,,, creates difficulties in using eqn. (67) to predict pK, 
values of observed or postulated dihydrogen complexes. A possible range of 
60-85 kcal mol-’ in AH,bE translates into a range of 18 units for the predicted PK.. 
Substituting 60 kcal mol-’ for the AH BDE gives a lower limit on the pK, of the 
dihydrogen complex (eqn. (69) [ 1333). 

pK,(lower limit) = 11 - (16.9 V1)El,,(MH/MH+) (69) 

The upper limit of the pK, can be obtained by adding 18 units to the lower limit; 
this corresponds to a AH,n, of 85 kcal mol-‘. The El,* value can be measured or 
it can be estimated from Lever’s additivity parameters [ 133- 1351. Despite the uncer- 
tainty in predicted pK, values (+ 9), the usefulness of eqns. (67)-(69) has been demon- 
strated [149,230]. 

The above discussion describes the factors which determine acidity and the 
methods for predicting or determining the pK, of dihydrogen complexes. The pK, 
values for several dihydrogen complexes have been reported (Table 17), while limits 
can be placed on the possible pK, values for many more such complexes (Table 18). 
The latter data are available from the reported reactions or non-reactions of dihydro- 
gen complexes with external bases (Table 16). 

The qualitative trend predicted in eqns. (67) and (69), that greater electron 
density at the metal (lower El,* value) corresponds to lower acidity, is consistent 
with the observed trends in pK, with respect to choice of ligand. For the classical 
or non-classical complexes [RuH,Cp(L,)]+, the trend in acidity with varying 
L2 is dmpe < dape < dppp < 2PPh, < dppe = dppm < dtfpe. The trend for 

[RuHzCp*(L,)]+ complexes is 2PMe, < 2PMe, Ph < 2PMePh, < 2PPh3 < dppp < 
dppm. The [RuH2Cp*(L2)]+ complexes have pK, values 2 or 3 units higher than 
the corresponding Cp complexes. 

Similar trends have been reported for classical hydrides. Substitution of CO by 
phosphine or Cp by Cp* results in higher pK, values for monohydride complexes 
[220]. Basic ligands decrease the acidity of both hydrides and dihydrogen complexes. 

For isostructural monohydrides, acidity decreases down the group because of 
the increasing M-H bond strength [220,226], although there is some evidence that 
the 4d complex is the most acidic in the series [MH(P(OMe),),]+ (M is of group 10) 
and MH(C0)4 (M is of group 9) [220]. 

For dihydrogen complexes on the borderline with dihydrides, is there the same 
trend in acidity with respect to the metal? The only complete series of complexes 
with reported pK, values is the group 8 series trans-[M(H,)H(dtfpe)21BF, [221], 
for which the trend in acidity is 3d > 5d > 4d. The 4d metals may be the least acidic 
because they have the least hydride character or weakest M-H2 interaction and 
strongest H-H bond (Sect. E.(ii)). An opposing factor is the high E,, value for the 
Ru complex compared with the Fe and OS complexes. Other factors may be involved 
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Reactions of dihydrogen complexes with external bases in organic solvents, and ranges of 
possible pK, values (aqueous scale) for the complexes 

Complex Strong bases’ Weak basesb pK,(M(H,)) Ref. 

Group 6 
M(H,)(CO), (M = Cr, MO, W) 

W(Hz)(CO),(PCy,), 
W(HA(CO)@PrA 
W(H2 HCO)~WYP~), 
W-L)(C0)3P'PrCyz)z 

Group 7 

WJ&&I+ NEt, _ <ll 70 
(L = PPh3, PCy,, P’Bu,Me) 

CRe(H2 Y-MWtp)l + NEt3, HCOO- 
PMe,,MeCOO 
NEt3 
NEt3 
NEt3 

_ <4 16 

CRe(H2)H2(CO)(PMe2Ph)31’ 
[ReH,(triphos)]+ 

CRe(H2)(CO)2(PMe2Ph)31+ 

Group 8 

CWfL Y-WOW3 )A + 
CPe(H2 )H(PPh(OEt), ).+I + 
WHd-hPEtPbh 
CRu(H,)H(pp,)l+ 
CRu(H,)H(dcpe)z I+ 
CM% Y-W’WW, 141 + 

CWWHU’(OW, 141 + 

CRW-b P-WWW3 I41 + 
CRW, )Cp*(CO)z I+ 
[L, HReH3(CO)Ru(H2)L2]+ ’ 
[L, HReHC12(CO)Ru(H2)L2]+ ’ 
[OsH,(PMe,Ph),]+ 

COs(H,)H(PPh(OEt),),l+ 
P@WWVW,),l+ 
Os(H . . . W@p)W) 
[Os(H . . ’ H)(NW~12+ 

Group 9 

CWH2)2H2PCy3)21+ 
CWH2)H2PMe2W31’ 
CIr(H2)H(bq)(PPh3)21’ 

HCO; ? 
O’Bu- 
O’Bu-, KH 
O’Bu- 
O’Bu- 

NEt, 
NEt, 
O’Bu- 
O’Bu- 
OEt- 
NEt3 
NEt3 
NEt3 
Et,0 
NEt3 
NEt3 
NEt3 
NEt3 
NEt3 
N’Pr; 
_ 

NEt, _ 

NEt3 _ 

Me-, Bu- - 

- <7? 133 
_ <19 316 
PCYJ, NEt3 11-19 6,204,3 16 
_ <I9 316 
- <19 316 

_ <ll 68,317 
_ <ll 318 
_ <ll 69 

_ 
_ 
_ 
_ 
_ 
_ 
_ 
- 
- 
_ 
_ 
_ 
_ 
_ 
_ 

OMe 

<II 
<ll 
<19 
<19 
<16 
<ll 
<ll 
<ll 

<O? 
<ll 
<ll 
<ll 
<ll 
<II 

>15 

<ll 
<ll 

74 
74 
316 
81 
38 
76 
76 
76 
59 
207 
207 
284 
76 
76 
88 

93(a) 

91,253 
199 
91,168 

‘Bases strong enough to deprotonate the dihydrogen complex. 
bBases not strong enough to deprotonate the dihydrogen complex. 
“L = PPh,. 
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[231]. The scarcity of pK, data for other series of dihydrogen complexes prevents 
us from determining whether the above trend in acidity is a general phenomenon. 

(iii) Kinetic acidity 

For reasons discussed in the previous section, the hydride and dihydrogen 
ligands in [IrH(H,)(bq)(PPh,),]+ have equal Bronsted acidity. However, reactions 
with partially deuterated analogues of this complex (e.g. eqn. (70) [91]) show that 
the dihydrogen ligand is selectively deprotonated. 

(70) 

Another hydrido(dihydrogen) complex, trans-[Ru(Hz)H(dppe)z]+, was investigated 
by Bautista et al. [60]. At -80°C BuLi deprotonated the dihydrogen ligand selec- 
tively, giving trans-RuH,(dppe),, which isomerizes to the cis complex at higher 
temperatures. These two studies show that there is a kinetic selectivity for deprotona- 
tion of the dihydrogen ligand rather than the terminal hydride. In other words, the 
dihydrogen ligand has a greater kinetic acidity. 

Other evidence suggests that the kinetic acidity of a dihydrogen complex is 
greater than that of its dihydride tautomer. This evidence includes the selective 
deprotonation of the dihydrogen tautomer in dihydrogen/dihydride pairs. For exam- 
ple, the reaction of NaOEt with a mixture of [Ru(H,)CpL]+ and [Ru(H),CpL]+ 
(L = dtfpe, dppe, dape) at - 60°C in acetone-d, results in rapid deprotonation of the 
dihydrogen complex, followed by slow deprotonation of the dihydride 11481. Chinn 
and Heinekey [205] reported the observation of rapid proton exchange between 
[Ru(H,)Cp(dmpe)] + and RuHCp(dmpe) but not between [Ru(H), Cp(dmpe)] + and 
RuHCp(dmpe). This is evidence for a kinetic acidity difference, not a thermodynamic 
acidity difference, as had been suggested [2,61,205]. In fact, the dihydride 
[Ru(H),Cp(dmpe)]+ is more acidic than the dihydrogen tautomer [220]. 

Why should dihydrogen complexes have greater kinetic acidity than classical 
hydrides of similar structure? The activation barrier for deprotonation of hydrides 
is primarily a result of the structural and electronic rearrangement [220]. Deprotona- 
tion of a dihydrogen complex requires very little rearrangement because there is no 
change in coordination number [148]. Formation of a hydrogen bonded pair between 
a hydride and an external base (21) is not normally possible because of the partial 
negative charge on the hydride [220]. A hydrogen-bonded pair could be formed as 
a transition state or even an unstable intermediate for a dihydrogen complex (22) 
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because of the lower electron density at the hydrogen atoms compared with classical 
hydrides, or because of distortion of the dihydrogen ligand to an unsymmetrical (23) 
or even $-bonded configuration (24). 

H& Ha 
@+_H& . . . B- ..M--1 . ..B- Id---\ M-H&-Hh . . . B- 

H& Hh . ..B- 

21 22 23 24 

Further kinetic study is required to determine whether or not this type of hydrogen 
bonding occurs. 

If the kinetic acidity of dihydrogen complexes is greater than that of classical 
hydrides, then application of the principle of microscopic reversibility requires that 
protonation of a metal hydride at the hydride, rather than at the metal, is the 
mechanism for the protonation reactions of at least some hydrides. There is evidence 
for this; in an equilibrium mixture of [Ru(H,)Cp(dmpe)] +, [Ru(H),Cp(dmpe)] + and 
RuHCp(dmpe), saturation of the ‘H NMR signal of the Cp protons of the neutral 
complex results in saturation transfer to the dihydrogen complex only [84]. Proton- 
ation of RuHL(PPh,), (L = Cp, Cp*) at 195 K produces [Ru(H,)L(PPh,),]+ exclu- 
sively, which is converted upon warming to [Ru(H),L(PPh,),]+ [84]. Similar results 
were obtained with the complexes RuHCp*(dppp) [148], FeHCp*(dppe) [232] and 
RuHCpLz (L2 = dppe, dtfpe, dape [148], depe, dmdppe, and R-prophos [84]); in 
some of these cases, the thermodynamic product is a mixture of the two tautomers. 

A counter-example is the case of RuHCp*(PMePh,),, which, when protonated 
at - 60°C produces [Ru(H), Cp*(PMePh,),] +. Similarly, protonation of 
RuHCp*(dppm) produces a mixture of the tautomers [148]. It is possible that 

CWH~CP*LI + is the kinetic product even in these two cases, and that the 
homolytic cleavage reaction is rapid (not likely at this temperature) or that an error 
in the experiment caused a temporary warming of the solution, a possibility suggested 
in the report [148]. 

A dihydrogen complex can be inferred as the intermediate in the protonation 
of W(H),Cp; because of the results of labelling studies (eqn. (71) [162]). 

/H 
CP*~W, + D+ - 

H 

[ 

I” 
Cp*TD 

Ii 1 
+ 

I” I 1 
+ 

- Cp*2YH 
D 

(71) 

The observed kinetic product is [W(H)(D)(H)CpT]+, which partially isomerizes to 
[W(H)(H)(D)Cpt]+. Because the lone pair, which corresponds to the HOMO of 
WH2Cpf, is lateral to the two hydrides, protonation by D+ at the metal would 
be expected to produce [W(H)(H)(D)Cpz]+. Therefore, protonation at either 
one or both hydrides is indicated, giving either [W(H)($-DH)Cpt]’ or 
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[W(q3-HDH)Cp;]+ as the intermediate [162]. There is as yet no precedent for an 
q3-H3 ligand, although there has been considerable speculation (Sect. C.(ii)). 

There is therefore evidence for protonation of hydrides at the hydride rather 
than at the metal for several systems. This may be a favorable mechanism, particularly 
if the product of protonation is a dihydrogen complex or a classical polyhydride 
close in energy to its non-classical tautomer. This is a necessary conclusion from the 
observation of the greater kinetic acidity of dihydrogen ligands compared to terminal 
hydrides. 

(iv) Mechanisms ofintramolecular heterolytic cleavage: protonation ofligand lone 

pairs 

Intramolecular heterolytic cleavage of a dihydrogen ligand (eqn. (41)) results in 
protonation of a basic ligand, either at the metal-ligand bond or at a ligand lone 
pair. Oxidative addition of H2 gas or an $-H, ligand to a metal center could be 
viewed as a protonation by $-Hz of a metal lone pair [192]. Mechanisms of 
protonation of a ligand lone pair are the following. 

(a) Direct proton transfer 
If the basic site on the ancillary ligand is near to the dihydrogen ligand (i.e. a 

lone pair on the metal-bound atom or on another atom proximate to the dihydrogen 
ligand), then the mechanism could be direct intramolecular proton transfer 

LNB ,2 

[ 1 

t 
I H 

L' 
BH 

M-1 
G=p, 1 

H 
-._ ’ M--H 

H 

(72) 

where B is a basic site on ligand L. Such a reaction could be a step in the catalysis 
of H/D exchange between D2 and ethanol by the square planar Ni complex 
miL2]C12 (L = o-&HJOH)CH=N-NHCSNH2’) (Scheme 2). Zimmer et al. [233] 
proposed intramolecular exchange between a D2 ligand and the dangling OH group 
as a step in the mechanism. We show a possible complete cycle for this catalysis 
(Scheme 2). The last step,’ exchange of the dangling OD group with free alcohol, 
could be acid-catalyzed; Zimmer et al. reported. that the exchange was promoted by 
added acid. 

Before the advent of known dihydrogen complexes, Brothers [234] proposed 
a dihydrogen complex as a step in the catalytic hydrogenation of olefins by Pd(salen). 
This step provides the empty site cis to hydride required before olefin coordination 
and insertion. 
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Scheme 2. 

HO N N OH E 

(b) External base catalysis 

(73) 

The second mech~ism for protonation at a ligand lone pair is external base 
catalysis (eqn. (74), B = basic site, A- = external base), which allows protonation at 
any lone pair, regardless of its distance from the ~hydrogen ligand. It is also a viable 
mechanism for protonation of the metal-ligand bond or the metal center itself. 
Although it may be difficult to determine which site on the complex is protonated, 
it is easy to prove that the mechanism is operating; the rate should increase in basic 
solution. 

(74) 

Ryan et al. [149,235] report an example. The rate of loss of ~y~lo~nta~ene from 
[Ru(H~)C~CO)L]+ (L = PPh, or PMe,, eqn. (75)) was increased by addition of an 
external base such as the conjugate base RuHCp(CO)L, and decreased by addition 
of excess HBF, * Et,O. The immediate product of protonation of RuHCp(CO)L is 
not known, but could be the tram dihydride [Ru(H),Cp(C!O)L]+ (protonation at 
the metal), or [RuH(C, H~)(CO)~MeCN)] + (protonation at the ring). There is little 
precedent for the latter. The dihydride inte~ediate could lose C5 H6 by ring slippage 
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(75) 

to [Ru(H),($-C,H,)(CO)L(MeCN),]+ followed by reductive elimination, or by 
proton transfer to the ring from one of the hydrides. 

fv) mechanist of intramuleculu~ hete~olyt~c cleavage: protonation of the metal- 
ligand bond 

Ancillary ligands with no lone pairs, such as hydride, alkyl or silyl groups, can 
be protonated at the metal-ligand bond. Possible mechanisms include external base 
catalysis, internal base catalysis, oxidative addition, and D bond metathesis. Aspects 
of these mechanisms have already been discussed in the section on H atom exchange 
(Sect. C). Each of these mechanisms will be defined and discussed in the section 
below, with the exception of external-base catalysis, which was described in 
Sect. D.(iv) above. The examples shown below are from q2-H2 chemistry as well as 
studies of hydrogenolysis of M-X bonds, whether or not there are indications of an 
#-Hz type intermediate. The hydrogenolysis examples are included for two reasons: 
further study may show that some of them do, in fact, involve q2-Hz intermediates, 
and the nature of and effects on the activated complexes for heterolytic cleavage may 
be independent of the prior formation of an r,r’-H, intermediate. However, a compre- 
hensive review of hydrogenolysis is not within the scope of this review. 

(a) Internal base catalysis mechanism 
This mechanism consists of two or more sequential intramolecular heterolytic 

cleavage steps. For example, the postulated mechanism for hydrogenolysis of 
ZrCp,CI(CH,Cy) involves protonation of the chloride, which in turn protonates the 
alkyl ligand [192]. 

CHzCy 
CHZCY CHZCY Cl 

(32 Zr 
/ Hz_ ’ 

I 

‘a - 

Cp,Zr-CI+ Cp,ZrClH + Cp,Zr 
/ 

+ CHJCy (76) 

I I \H 

Hz H 

Wochner and Brintzinger [236] showed that the rate of hydrogenolysis of 
ZrCptC1(CH2CMe3) was 24 times faster than the Cp derivative, and suggested that 
the greater Bronsted basicity of pentamethylcyclopentadienyl ligands allowed rapid 
hydrogenolysis by a ring-mediated internal base catalysis mechanism (eqn. (77)). 
Strong supporting evidence is the lack of reaction in the ethylene-budged analogue 
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(771 

Zr{C$ H4(C5 Me& )Cl(CH2 CMe3) (25), due to the prevention by the bridge of the 
ring-rotation step in the above mechanism. 

25 

The hydrogenolysis of ZrCp~Cl(CH2CMe,) (eqn. (76)) exhibited an inverse isotope 
effect of kHJkDz = 0.85. This effect could result from a pr~quilibrium which favors 
the $-D2 intermediate ($-D, coordination is favored over $-Hz coordination at 
some temperatures (Sect. E.(ii)). The inverse isotope effect is not evidence for or 
against the internal base catalysis mechanism. 

This mechanism (eqn. (78)) requires an oxidizable electron-rich metal center, 
making it impossible for do metals and unlikely for metals in high oxidation states 
[234], and many of the lanthanides and actinides [237-J. Oxidative addition is favored 
by a basic metal center or basic ancillary ligands. Heterolytic cleavage of H, is not 
involved in the mechanism, but the overall reaction involves formal heterolytic 
cleavage. Therefore the products (and possibly the kinetics) are indistinguishable 
from those of other mechanisms for heterolytic cleavage. 

H H 

I I 
M-H 2+M-H+M z$ M+RH 

I I I 
R R RH 

(78) 
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This mechanism was suggested by Orchin and Rupilius [164], well before the 
discovery of stable $-Hz complexes, for the hydrogenolysis of acyl cobalt carbonyls 
(eqn. (79)) during hydroformylation of olefins. 

0 R 
NC’ O\ P 

H2 
(RCO)Co(CO)s - tc30-H2 - 

OC :: H 
% ** 

:: 
OCF “H - RC(O)H + HCo(COIS (79) 

:: 
0 0 

Heck and Breslow [238] had earlier suggested the same mechanism but without the 
dihydrogen intermediate. The approximate density functional calculations of Versluis 
and Ziegler [239] supported the suggestion that the more stable product of H, 
addition to Co(CO),(C(O)R) is the $-Hz complex, rather than the dihydride, and 
compared the oxidative addition (eqns. (78) and (79)) and four-center transition state 
(eqn. (80), below) mechanisms. The result showed that the two mechanisms have 
similar energies of activation although the oxidative addition reaction might be 
favored if the electron density at the metal center were increased by substitution of 
a carbonyl by a phosphine. 

The kinetic isotope effect (kn&,,) of oxidative addition of H2 to trans-IrCl- 
(CO)(PPh,), in toluene is 1.06 to 1.22 [156,240]. The isotope effect for the oxidative 
addition mechanism may be comparable. As will be discussed below, this is also 
within the range possible for a four-center transition state mechanism. 

(c) Four-center transition state mechanism 
The expression “0 bond metathesis” was coined by Thompson et al. Cl721 to 

refer to a concerted mechanism with a four-center activated complex involving 
cleavage of H-H or C-H bonds (e.g. eqn. (80)). The mechanism is analogous to that 
of olefin metathesis. 

M-H2 e $--I!- G+ M-H --‘MH+RH 

$ AH 
(80) 

The term tr bond metathesis should properly be reserved for do metals with alkyl, 
hydride, or related c bonding ligands. For the other metals, we prefer the expression, 
“four-center transition state mechanism”. Obviously, a cis arrangement of the Hz 
and X ligands is required. The structure of the four-center transition state has been 
discussed in Sect. C.(ii). 

Brothers [234] suggests that the four-center transition state mechanism would 
be favored in a polar solvent because the activated complex involves charge separa- 
tion (as shown in eqn. (80)). Increased rates in polar solvents were interpreted by Lin 
and Marks [237] as support for a four-center transition state mechanism for hydro- 
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genolysis of UCpt(Me)(OCH’Bu,), although they note that oxidative addition of 
Hz to trans-IrCl(CO)(PPh,), [240] is also faster in polar solvents. Thompson [172] 
suggests that there may be little charge separation in the four-center transition state. 

A kinetic isotope effect is observed (e.g. kH2/kDZ of 1.64 and 2.5 for hydrogeno- 
lysis of n-octyllithium [241] and ThCpt(CH,‘Bu)(O’Bu) [237], respectively). These 
values are greater than 1, possibly because there may be greater H-H bond stretching 
in the four-center transition state [237]. Folga et al. [242] calculated by approximate 
density functional theory that the kinetic isotope effect kHH/kHD of the model reaction 
of Cl,LuH with Hz or HD (cf. eqn. (82) below, M = Lu) is less than 1 at lower 
temperatures and greater than 1 at higher temperatures. The reasons are 
AS*(HH) > AS*(HD) because of the greater rotational entropy of free HD compared 
with Hz, and AH*(HH) > AHi because the zero-point energy in 
[Cl,LuH,D]* is lower than that in the non-deuterated analogue. 

Both of the bonding interactions in an q2-H2 complex (M t H2 0 donation 
and M -+ H2 R backdonation) lower the energy of the q2-H2 intermediate or transient 
which precedes the four-center transition state. If similar (T and rr bonding is present 
in the transition state, then the electronic and steric factors which influence the 
strengths of q2-H2 bonding would be expected to affect the energy of the transition 
state similarly. However, while the M c H2 c donation is the same in the transition 
state, the M-+H2 rc backdonation is not. The calculations of Versluis and Ziegler 
[239] show that the four-center transition state for the hydrogenolysis of COG- 
(C(O)CH,) (structure 26, see eqn. (79)) has both an M(a, LUMO) c H, 0 donation 
(27) and an M + H,(a*) K backdonation (28). Note that the rc backbonding orbital 
on the metal is not the d,2_y2 orbital which was responsible for the rc backdonation 
in the dihydrogen complex (29) but rather the metal-acyl bonding MO. 

26 21 28 29 

Electronic and steric factors inhibiting the M(a, LUMO) c H2 (r donation may 
be responsible for the different rates of hydrogenolysis of the Zr-R bond in 
Cp,Zr(R)(X) complexes. The slower rate observed for X = Cl compared with H may 
result from partial donation of electron density from Cl to the LUMO by pa overlap. 
The failure of the complex with X = q2-acyl to react is attributed to occupation of 
the vacant site at the LUMO by the carbonyl oxygen [192]. The rate of hydrogeno- 
lysis of these compounds also depends on the energy of the LUMO; if it is too high, 
the donation from the H2 is weakened and the activation energy is too high for 
rapid hydrogenolysis [243]. The LUMO must be sterically accessible (ref. 243 and 
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references cited therein). The location of the LUMO can determine the site of Hz 
attack [200]. 

The strength of the a backbonding interaction is also expected to affect the 
activation barrier. Increased electron density in the M-R 0 bonding MO (e.g. in 
eqn. (80) or structure 28) should strengthen this interaction. Therefore Q donating 
ancillary ligands could lower the activation barrier and increase the rate of the four- 
center transition state mechanism, although we suggest that the increase in the 
strength of the M-X bond could actually raise the activation barrier. There is little 
evidence either way [243]. A possible example is the dynamic equilibrium observed 
by Albeniz et al. [244] and shown in eqn. (81) as a four-center transition state 
mechanism, although other mechanisms were not ruled out and there was no direct 
evidence of a dihydrogen intermediate. They observed that the equilibrium with X = 
H is faster if L = P”Bu, or PPh,Me than if L = P(Aryl),. This could be an example 
of a four-center transition state of lowered energy because of stronger CJ basic ancillary 
ligands. 

631) 

For the case of L= PPh3 and X = CH3, the AG* value for eqn. (81) was 
12.3 kcal mall1 at 257 K. 

Steigerwald and Goddard [245] showed by Hartree-Fock gradient optimiza- 
tion of the geometry and bonding for the transition state of the equation 

Cl*M-H +D,= =QM(D)+HD (82) 

where M = Ti(III), Sc(II1) or [Ti(IV)]+ that the principal MOs of the transition state 
were two orthogonal delocalized three-center bonds (one H-M-D and the other 
H-D-D), which can only be formed from d orbitals. They suggest therefore that 
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M-R (eqn. (80)) bonds with low d character would not have this delocalization in 
the transition state and therefore would be less easily metathesized because of the 
greater activation energy. For example, the greatest rate for eqn. (82) was observed 
for [TiHClz]‘, which they attributed to the high d character of the Ti-H bond in 
this complex (-90%) compared with the Sc(II1) and Ti(II1) complexes (50-70%). 
Other factors which lowered the energy of the [TiH,Cl,] + transition state compared 
with the isoelectronic ScH,Cl, were the greater electronegativity of Ti, which encour- 
aged a greater donation from Hz to the [TiHClJ + fragment in the transition state, 
and a weaker M-H bond in [TiHCl,] + compared with ScH,Cl,. 

As mentioned previously, hydrogenolysis of metal alkyl complexes can occur 
with or without an $-Hz intermediate. For example, Lin and Marks [237] used 
chemical shift methods to show that UCpt(Me)(OCH’Bu,) does not coordinate Hz 
to any significant extent (<O.OOl%). With the support of theoretical calculations, 
they proposed a four-center transition state mechanism without an $-Hz intermedi- 
ate for the hydrogenolysis of the U-OR bond. 

(vi) Thermodynamics of intramolecular heterolytic cleavage 

In the vast majority of cases, protonation by an q2-H2 ligand of a metal-ligand 
(M-L) bonding pair or a lone pair on a metal-bound atom is followed by elimination 
of HL. The free acid is often a thermodynamic sink: the reaction is irreversible. There 
are no stoichiometric examples of the reverse reaction, the synthesis of an q2-H2 
complex by intramolecular protonation of a hydride by a bound acid. 

If protonation of a ligand does not result in elimination of the protonated 
ligand, the equilibrium between the two tautomers 

M(H,)(L)=M(H)(HL) (83) 

depends on the relative acidities of the ligands H2 and HL. We have seen that 
prediction of q2-H2 acidities is difficult. Even less is known about the pK, values of 
bound acids (HL) other than water. The pK, is usually decreased rather than 
increased upon coordination because the M-L bonding is primarily M t L TV dona- 
tion. The decrease will be lessened if (a) there are one or more atoms between the 
metal and the acidic proton (e.g. eqn. (72)), (b) there is significant M --) L backbonding, 
or (c) if the proton on the ligand is hydrogen bonded to neighbouring basic ligands 
(e.g. complex 30 [246]). A clear example of such a complex, which results directly 
from protonation by an q2-H2 ligand, is lacking. Gusev et al. [158] proposed 

IrH(H,)Cl,(P’Pr,), ~IrH,Cl(HCl)(P’Pr,), (84) 

with hydrogen bonding between the HCI and Cl ligands, but later unpublished results 
showed that the structure assignment of the product was incorrect [159]. Fryzuk 
et al. [247] have a stronger case for their suggestion that intramolecular hydrogen 
bonding is the driving force for reaction (85). 
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There is no direct evidence for a dihydrogen intermediate in eqn. (85). The proposal 
for hydrogen bonding in the product stems from an analogy to the crystallo- 
graphically characterized orthometallated complex RuCl(C,H,PPh,)mH(Si- 
Me,CH,PPh,),], which has an H-Cl separation of 2.55 A. 

Albeniz et al. [244] observed that equilibrium (86) depends on the choice of 
phosphine. 

The equilibrium lies to the left for basic phosphines (P”Bu, and PPh,Me) but to the 
right for acidic phosphines (PAryl,). Albeniz et al. suggested that this trend results 
from the preference of the basic metal in the P”Bu, complex for oxidative addition 
of the more electron-withdrawing aryl group. For the P(C6H,-p-CH,), complex, the 
AH and AS were 1.6 & 0.4 kcal mall ’ and 8 f 2 kcal mol-’ K-i. The positive en- 
tropy was attributed to “the greater freedom of motion of the agostic acyl group (in 
the product) compared to the Ir-Aryl bond (of the reactant)” [244]. The small AH 
indicates that the agostic and dihydrogen ligands have similar binding strengths. 

Equilibria of the typ shown in eqn. (83) are steps in the postulated mechanism 
for H/D exchange between Dz gas and the NH3 ligands of IrH(Cl)(NH,),- 



236 P.G. Jessop and R.H. Morris / Coord. Chem. Rev. 121 (1992) 155-284 

(PEt3)2]PFs (eqn. (87) [248]) and between DzO and the hydride ligand of 
[IrH(H,O)(bq)L,]+ (L = PCy,, PPhJ, eqn. (88) [91]). 

Ir(H)(NH,)Xr(H,)(NH,)&Ir(D,)(NH,)=lr(D)(NH,D) (87) 

W-M-b 0) - XIr(H)(DZO)~Ir(HD)(OD)~Ir(D)(HOD) (88) 

E. LOSS OR SUBSTITUTION OF THE DIHYDROGEN LIGAND 

(i) Types of reaction 

By far the largest number of observed reactions of dihydrogen complexes 
involve elimination of H2 because of the weak binding of the H2 ligand to the metal. 
Types of reaction in this class are simple elimination, substitution, substitution 
followed by insertion, ligand exchange, and elimination followed by dimerization. 
These are discussed below, with examples. 

(a) Elimination 
Simple elimination from dihydrogen complexes is the first step in most of these 

reactions, but the immediate product is only observed in the absence of other 
potentially coordinating reagents (e.g. eqn. (89) [249]). 

Mo(H, )(CO), (PCY, )Z =M~(CO)~(PCY,)Z + HZ (89) 

The stability of dihydrogen complexes with respect to this reaction (Table 19; entries 
are listed by metal, and then by decreasing number of hydride ligands per metal) 
depends on the number of factors which will be discussed in Sect. E.(ii). A few 
examples of photochemical dissociation of H, from dihydrogen complexes have been 
reported. These involve complexes Mo(H,)HCp(CO), [SZ], Cr(H,)(CO), [214], and 
Ni(H,)(CO), [56]. Veillard suggests that, for the last two complexes, dissociation 
occurs by donation of an electron into the M(H,) antibonding orbital, creating a 
dissociative low-lying excited state [ 1393. 

(b) Substitution 
Table 20 lists the dihydrogen complexes which have been observed to react by 

substitution. The most common strongly binding ligands used are CO, phosphines, 
amines and nitriles. Other ligands include N 2, 02, Dz, water, alkenes and alkynes 
(e.g. eqn. (90) [250]). 

CFG-b)Ww3)l+ + N~+CF4WWm)l+ + HZ 

where ppJ = P(CH2CH2 PPh,), . 

(90) 

Whether or not N, is a more strongly binding ligand than Hz depends on the 
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TABLE 20 

P.G. Jessop and R.H. Morris/ Coord. Chem. Rev. 121 (1992) 155-284 

Substitution reactions of dihydrogen complexes 

Complex Reagent Ref. 

Group 6 

Cr(H2)(CO), N2, CO, D2 46,214 

Cr(H2 )(CO), (PCys )2 N2 57 

Cr(H& (CO), N2,CO 46 
Cr(H,)(CO),(t-cyclooctene) N2 50 

Cr(H2)(CO)2(C6HgMe) co 103 

Mo(H2)(CO)(dppe)2 N2 34 
fat-Mo(H,)(CO),(nbd) N2 51 
W(H2)(CO)J(t-cyclooctene)2 N2 50 

WW~WW,PCY~)~ PY 147 

WH2)(W3PiPr3)2 H2QN2 204,269 

W32WO), (PCYP,), N2 146 

Group 7 

Mn(H2)Cp(CO)2 N2 53,103 
Re(H . . . H)Cl(PMePh,), N2, CO, HD 92 

CRe(H2 )Cp*(CO)(NO)l + 0S02 CF; 59 

Group 8 

Fe(H2)H2(PEt2 Ph)s 
Fe(H2 )H2 (PEt Ph, )a 
CFe(H2 )H(PhP(OEt), )J + 
CFe(H2)H(depe)2 I+ 
CFe(H2 )H(P(OEt), )41+ 
CFe(H2 )H(PP, )I + 
CFe(H2)H(dppe)21+ 
CFe(H2)H(dmpe)J+ 

N2 

N2 

D2, CO, RCN, RNC, PR3 

N2, D2 
D2, CO, RCN, RNC, PRs 
N2, MeCN 
N2, CO, MeCN 
N2, CO, MeNC, C2H4, CCPh-, 

65,320 
65 
74,270 
60,275 
74 
64,184 
14 
71,211,213,257,326 

Fe(Hz)(CO)z(ChH.+) 
Fe(H2)(CO)(NO), 
Ru(H . . . H)H2(PPh& 

Ru(H, )H, (Cyttp) 
Ru(Hz)Hf(PCy,), 
CRu(Hz)H(PPh(OEt),),l+ 
CRu(H2)H(P(OMe),)J+ 
CRu(H2)H(dppe)J + 
CRu(H2 )H(depe)z I+ 
CRu(Hz)H(pp,)l+ 
CRu(H,)H(P(OEt),),l+ 
CRu(H2 )Cl(dcpe)z I+ 
Ru(H,)(oep)(thf) 
CRu(H2)Cp(dmpe)l+ 

PR,, Cl-, SR- 
co 

D2 

N2, D,, CO, PRs RW)R 

N2, D2, CO, CNR, WWs 

D2 

CO, CNR, RCN, PR, 
D2. CO, CNR, PR, 
D2, CO, MeCN 

D2 

D2, CO, MeCN, PRJ, S02, dmso 

D2 

co 

thf 
MeCN 

103 
54 
196,296,324 
195,327 
11 
76,270 
76 
14,60 
60 
81 
76 
38 
88 
205 
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TABLE 20 (continued) 

241 

Complex Reagent Ref. 

[Ru(H,)Cp(PPh,)(CN’Bu)] + 

Ruz(H,)(dpWLz” 
R~z(Hz)(H)APCYA 
Ruz(Hz)Cla(dppWt 
Ruz(Hz)(H)APPhA 
[OsH5(PMe2Ph),]+ 

COs(H, )H(PPh(OEt), M + 
CWH, MWW3 )41+ 
[Os(H . . . WWppe), I+ 

[Os(H . . . WWbeh I+ 
Os(H,)H(Cl)(CO)(P’Pr,), 

Group 9 

Co(H,)(CO)z(NO) 
[C”tH2 )(PP, )I+ 

CWH2 Nv3 )I + 
CWWJ-MPCY,M+ 
CWH2 Y-I2 @‘Me2 W3 I’ 

Ir(H2)HC12(PiPr3), 

CIr(H2 )H(W(PPh3 )2 I+ 

Group IO 

WH2)(W3 

CO, RI 
D2, N2, SPY 
N2 

N2 

N2 

D2, CO, olefins 
CO, CNR, RCN, PR3 
CO, CNR, PR3 
CO, RCN, PR3, P(OR)3, Cl-, 

SR-, MeIm 
D2, CO, Cl-, RCN 
02 

N2, D2 

Cl-, PRJb 

D2, C2H4, PR,, thf 

MeCN 
D2, CO, MeCN, thf, C2H4, 

MeCCMe 
CO, MeCN, py 
D2, H20, ROH 

co 56 

82,328 
88(b),166 
94 
37 
94 
87 
76,270 
76 
29,325 

29,60,325 
36 

54 
120 
39,120 
91,253 
90,199,295 

107 
168,190 

aL = I-tert-butyl-5phenylimidazole. 
bBy treatment with [Au(PEt3)]+ or Au(PEt,)Cl, respectively. 

complex and the temperature. For M(X,)(CO),(PCy,),, Hz binding is weaker than 
Nz binding for M = MO or W, but the opposite is true for the Cr complex [33]. In 
general, M(H,) binding will be stronger than M(N,) binding at higher temperatures 
because of the lower entropy of free H2 compared with Nz (Sect. E.(ii)). 

Dioxygen is not expected to bind strongly to a vacated $-Hz site because the 
electron-deficient metal centers of dihydrogen domplexes are usually not easily oxi- 
dized. The only example of substitution by O2 is the irreversible reaction of 
Os(H,)HCl(CO)(P’Pr,), with O2 to produce Os(O,)HCl(CO)(P’Pr,), [36]. Substi- 
tution of Hz by Dz may occur with or without H/D scrambling (Sect. C). 

Dihydrogen complexes with potentially chelating ligands are unstable with 
respect to Hz loss because the dangling end of the ligand may occupy the site 
liberated by H2 elimination [251]. 
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Ir(D2)(H)z(?‘-OCOCF,)(PPh,),=Ir(H),(?Z-OCOCF~)(PPh~)2 + D, (91) 

Some counterions [39,59,190,252] may substitute the H, ligand [39]. 

CWWhm)lSO,CF, + Wpp,)W~CF,) + H2 (92) 

Stepwise substitution reactions are thought to occur with bis(dihydrogen) com- 
plexes such as cis-Cr(H,),(CO), (eqn. (93) [46]) and [Ir(H,),H,(PCy,),]+ [253]. 

Cr(H2), (CO), --- N1 Cr(H2)(N2)(CO)4 & Cr(N,),(CO), (93) 

The bridging dihydrogen ligand in Ru,(H,)(dpb)L, (dpb = diporphyrinatobi- 
phenylene tetraanion, L = I-t-butyl-5phenylimidazole) is replaced by two pyridine 
molecules [ 1663. 

L L 

+ 2PY - + Hz 

L 

(94) 

Substitution reactions of proven or proposed dihydrogen complexes are in- 
voked in the mechanisms of many reactions involving transition metal hydrides. For 
example, a number of reports propose the following mechanism for substitution 
reactions of hydrides by pseudohalides. 

MHL, + HX + [M(H,)L,] + + X - + MXL, + H, (95) 

where X- = SR- [213,230], OR- [254], Cl- [119], CF,CO; [252], or CCPh- 
[211]. 

If the predicted pK, [133] of the dihydrogen intermediate is much lower than 
that of HX, then this type of reaction is unlikely to occur because the first step is 
energetically unfavorable [230]. There is some evidence that more steps are involved 
for the reaction with RCCH [255] (see Sect. H.(iii)). 

Dihydrogen is such a weak ligand that its complexes are often useful catalyst 
precursqrs; Hz elimination or substitution produces the catalytically active species. 
On the other hand, dihydrogen complexes appear within several proposed catalytic 
cycles. The subject of dihydrogen complexes in catalysis is covered in Sect. H. 

(c) Substitution followed by intramolecular reaction 

The substitution reactions of hydrido(dihydrogen) complexes with unsaturated 
reagents (alkenes [90,256-J, alkynes [184,250,257-2591, RNN+ [76], CO2 
[195,257,260,261], and CS2 [257,260]) are often followed by insertion of the unsatu- 
rate into the M-H bond [257]. 

trans-[Fe(H,)H(dmpe),] + + CX, + [Fe(X, CH)(dmpe),] + + H, (96) 
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where X = 0, S. The hydrido intermediate formed by the substitution step is rarely 
observed. This sequence of reactions is important in the catalytic cycle of the 
hydrogenation of unsaturates such as alkynes [75] or ketones [262]. However, 
Bianchini et al. [263] have proposed the insertion of an alkyne into the M-H bond 
of [Fe(H,)H(pp,)]+ after substitution by alkyne of an arm of the phosphine rather 
than the Hz ligand (Sect. H). 

Substitution of the dihydrogen ligands can be followed by other kinds of 
intramolecular reaction. If the intermediates are not observed, it may be difficult to 
deduce the mechanism. For example, the reactions of Ru(H,),(H),(PCy,), with Phi 
and CF,COzH may start by simple substitution of the dihydrogen ligand (eqns. (97) 
and (98), [ 11,252]). 

WH~~U-MPCY~~ + PhI~Ru(H,)(H)I(PCy,), + PhH + U-b) (97) 

Ru(HA(H),(PCy,), + CF3COzH + Ru(H,)(H)(OCOCF,)(PCy,), + (2I-U (98) 

The reaction of [Re(H,)H,(cyttp)]+ with acetone (eqn. (99) [264]) is another unusual 
reaction that may proceed via substitution of the dihydrogen ligand and subsequent 
intramolecular reactions. 

[Re(H,)H,(cyttp)] + Me,CF) Re(=O)(H),(cyttp)] + (99) 

(d) Ligand exchange 
Exchange of ligands between a dihydrogen complex and another complex is 

rare, but an example (eqn. (100) [265]) has been reported. 

WW% P-Wwe)2 I+ + MoN )Adppe), -+ 2CFe(N, )H(dmpe), I+ + MoHAdppe), 

(100). 

The resulting MO hydride is classical. 

(e) Elimination followed by dimerization 
Hydride ligands can occupy bridging positions in order to fill empty sites 

liberated by elimination of Hz ligands from non-classical polyhydrides such as 

RNWzH,(PC~Az @qn. (101) C941), CRu(Hz)Cp*(CO)JBF, C591, and CRu(HACp- 
(CO)L]BF, [84] (eqn. (102), L = PPh,, PMe, Ph, PMe,). 

~Ru(H~)~H~(PCY~)~ ~(PCY~)~HRU(~-H)~RU(H~)(PCY~)~ + 3H2 

2[Ru(H,)Cp(CO)L]BF, + {[RuCp(CO)L],@-H)}BF, + Hz + (HBF,) 

(101) 

(102) 
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(ii) Stability of dihydrogen complexes and the thermodynamics of H, elimination 

Although dihydrogen complexes are usually unstable with respect to Hz loss 
(eqn. (103)), a few are remarkably stable. 

M(H,)L,eML, + Hz (103) 

Several factors influencing the observed stability are summarized in Table 3; these 
include thermodynamic factors such as M-HI bond strength and stabilization of 
the unsaturated product complex, and kinetic factors such as the trans effect. The 
kinetics of H, elimination will be discussed in Sect. E.(iii). Because very few measure- 
ments of thermodynamic data for eqn. (103) have been reported (Table 21), this 
discussion will be focussed primarily on qualitative trends in dihydrogen complex 
stability. The quantitative thermodynamic data will be referred to where appropriate. 

Trends in the stability of $-Hz complexes can be reasoned in terms of the 
molecular orbital description of $-Hz binding to metal centers. Two bonding inter- 
actions occur, H2(rr) + M(o) donation and M(rc) + Hz@*) back-donation [ 1641 both 
of which weaken the H-H bond. The latter interaction is very sensitive to electron 
density at the metal center. If the metal is too electron-rich, the strong back-donation 
and resulting population of the o*(Hz) orbital will give a classical dihydride. In an 
electron-poor complex, insufficient back-donation will result in a very weakly bound 
Hz ligand. The optimum electron density for dihydrogen complexes exists if the 
dinitrogen analogues have v(NN) frequencies between 2060 and 2150 cm-’ [132]. 

Prediction of the stability of a d6 octahedral ML,(H,) complex is possible 
using a ligand additivity approach [133] based on Lever’s electrochemical parameters 
[134,135]. Such a complex is predicted to be stable if the calculated E,,2(d5/d6) 
potential of the corresponding dinitrogen complex ML,(N,) falls within a certain 
range. High E,,, values indicate an electron-poor complex which will easily lose H,. 

TABLE 21 

Thermodynamic data for the loss of H2 or N2 from dihydrogen or dinitrogen complexes 

$Yal mol-‘) gil mol-‘) 
VW,) Ref. 
(cm-‘) 

7.3 f 0.1 
9.3 + 0.2 
6.5 + 0.2 
9.0 f 0.6 

10.0 f 1.0 
13.5 f 1.0 
7.7 f 0.2 

-3.16 

25.6 + 1.7 -0.3 _ 

35.4 f 2.3 -1.3 2128 
23.8 + 2.1 -0.6 _ 

32.1 f 3.2 -0.6 2159 
_ _ _ 
_ _ 2113 
23.2 f 1 +0.8 

-2.3 - 2.43 _ 

57,108 
33,57 
57 
17,57 
57 
33,57 
35 
91 

“Calculated for 298 K from published data. 
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The method is particularly useful for explaining trends in stability and evaluating 

the likelihood of non-classical structures for di- or poly-hydrides. 

Complexes which have significant hydridic character (i.e. with weak or non- 
existent H-H bonds) are generally more stable to Hz loss. Classical dihydrides and 
M(H . . * H) complexes react by Hz elimination or substitution often, but not always, 
more slowly or under more severe conditions. This is partly due to greater kinetic 
stability, rather than thermodynamic stability. The kinetic differences will be dis- 
cussed in Sect. E.(iii). Of course, dihydrogen complexes are more thermodynamically 
stable than their dihydride tautomers if the equilibrium between them lies in favor 

of the dihydrogen complex. Some classical hydrides or elongated dihydrogen com- 
plexes are unstable to loss of HZ; an example is ReH,(H . . . H)(PR,), (R = C6H, or 

&H,-p-Me, [30]) which decomposes in benzene by loss of H, [266]. 
Because the dihydrogen H-H distance, d(H-H), is rarely known directly (e.g. 

from X-ray or neutron diffraction studies), it has to be estimated from observables 

such as vibrational frequencies v(HZ) [2], v(MH,) [32(a)], or NMR data (T1 or 
J(H@). The use of such values as indicators of relative stability of dihydrogen 

complexes is suspect if not applied to isostructural complexes. 
High v,(MH,) or v,,(MH,) frequencies and low v(HZ) frequencies indidate 

strong M-H2 interactions, although for most complexes, these data are not available. 

For the complexes M(H2)(C0)3(PCy3)2 [2,32(a)], the trends in v,(MH,) and 
v,,(MH,) frequencies is 5d 2 3d > 4d and the trend in v(HI) frequency is 5d < 4d. 

These trends match those of their thermodynamic stabilities (5d > 3d > 4d, see below). 
Another indicator frequently referred to is the v(NN) frequency of the corre- 

sponding dinitrogen complex. As mentioned above, Morris [132] suggested that, if 

the v(NN) frequency was greater than 2150 cm-‘, the dihydrogen complex would be 
unstable with respect to Hz elimination. However, observed v(NN) frequencies which 
correspond to stable dihydrogen complexes (in solution under argon) in Table 19 are 
as high as 2163 cm-l, while those for unstable dihydrogen complexes are as low as 
2043 cm-‘, well below the 2150 cm-’ limit. Within a series, the correlation of 
instability and v(NN) frequency is quite good, as will be described below. 

The chemical shift of the dihydrogen ligand may be another indicator, as 
suggested by Nanz et al. [198]. A complex with a chemical shift of the dihydrogen 
ligand at higher field than that of a hydride ligand in a similar environment (on the 
same complex or a related classical hydride complex) should have greater hydridic 
character and therefore small J(HD) values and slow rates of HZ/D2 exchange [198]. 
For example, the Hz signal is upfield of the H signal in [Os(H * * * H)H(depe),]+ but 
not in [Os(H,)H(dppe),]+ [29]. In practice, this is probably not a reliable indicator 
becauSe of the large number of factors which influence the chemical shifts of hydride 
ligands. A counterexample to the rule is the classical complex ReH,(PMePh,), which 
has a 2H signal 1 ppm downjield of the H signal at -105°C [267]. 

Within a series of complexes, those with larger J(HD) values are expected to 
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have more unstable Hz ligands. For example, the J(HD) values for the series trans- 
[M(HD)D(depe),]+ increases in the order OS < Fe < Ru, while the stability with 
respect to H2 loss increases in the reverse order. 

One might expect the AH value for Hz loss, being a quantitative measure of 
the stability of the complex with respect to eqn. (103), to correlate with J(HD), v(NN), 
or d(H-H) data. However, AH depends strongly on the nature and enthalpy of the 
product of Hz loss. In the case of the Kubas-type complexes, the products 
M(CO),(PCy,), contain agostic interactions for all three metals (eqn. (104), M = Cr 
[268], MO, W [269]). 

MU&HCO)&‘CY& - H2 + (104) 

If the enthalpies of these agostic complexes are similar, then the AH of Hz loss should 
be indicative of Hz activation (i.e. large AH indicates hydridic character) and therefore 
have the opposite of the trend in @IN) frequencies. The data (Table 21) support this 
conclusion; the dihydrogen complex which has the lowest AH (MO) hasthe dinitrogen 
analogue with the highest v(NN) frequency. 

Note, as an aside, that the thermodynamic data for [Ir(H,)H(bq)(PPh,),]+ 
[91] contrasts sharply with the other data in Table 21; a negative AS value is not 
expected for a dissociative process. The error in the data is probably very large 
because. measurements were made at only two temperatures. 

The choice of metal and ligands affects the stability of dihydrogen complexes. 
The qualitative stability of several isostructural series of dihydrogen complexes of 
groups 6 and 8 metals decreases in the order 5d > 3d > 4d. Specifically, the stability 
trends observed for group 6 complexes were 5d > 3d >4d for M(H,)(CO), [46] and 
3d > 4d for fac-M(Dz)(C0)3(nbd) [Sl]. The stability trends observed for group 8 
complexes were 5d > 3d, 4d for [M(H,)H(PPh(OEt),),]+ [270] and MH4(PPh,), 
[65], and 5d > 3d > 4d for [M(H,)H(dppe),]+ and [M(H,)H(depe),]+ [60]. The 
only quantitative thermodynamic data for a complete series of complexes is that for 
the Kubas complexes M(H,)(CO),(PR,), (M = group 6) and it supports the same 
trend; i.e. AH for eqn. (103) decreases in the order 5d > 3d > 4d (Table 21, not all of 
the AC values are available). There are two series of complexes for which the 
qualitative stability trend is 5,d > 4d > 3d, the poorly characterized series 
[M(H,)Cl(depe),]+ (M = group 8) [61] and, ironically, the Kubas-type complexes. 
In toluene, Cr(H,)(CO),(PR,), completely and instantaneously eliminates Hz, while 
the MO complex partially dissociates Hz [268]. The reason for the difference between 
the qualitative and quantitative trends for thesefcomplexes may be kinetic in origin. 
If the activation barrier for H2 loss from the MO complex were higher than from the 
Cr complex, the discrepancy would be explained. These data are not available. 
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The overall trend in stability for dihydrogen complexes is a function of the two 
bonding interactions; they will be dealt with separately. 

(a) M t (H,) CT donation 
Bautista et al. [60] suggest that the strength of the M t (H,) r~ donation should 

increase down the group, as observed for hydrides and other cr ligands [226]. For 
example, M-L heats of binding in M(L)(CO),(PCy,), (M = group 6, [203]) increase 
down the group for L = py (a 0 donor) but not for Nz or H2 (both of which have a 
x backbonding component). There is some indication, however, that M-H 0 bonds 
do not always increase in strength down the group; calculated strengths of chemisorp- 
tion of hydrogen on groups 7-10 metal surfaces are lowest for 4d metals [271]. 
Whatever the trend in M-H c bond strengths, it is not clear that the same trend 
can be expected for M t H, cr bond strengths. Jean et al. [130], using extended 
Hiickel calculations, found that the cr donation in M(Hz)L5 (L = H or CO) is stronger 
for Cr than for W because the lower-energy metal hybrid orbitals of the 3d Cr atom 
favor M c (H,) dative bonding. “The lowering of the metal hybrid orbital (a symme- 
try orbital of Cr) decreases the energy gap between interacting MOs but also 
corresponds to a smaller overlap with q,* (less diffuse metal orbitals). At distances 
inferior to 1.7 A, the energy factor is dominant” [ 130). At this point, it is not possible 
to make any general conclusion. 

(b) M + (H,) R back-donation 
It is also difficult to predict the trend in the strengths of the back-donation. 

Using the ligand additivity approach mentioned above, one can estimate the Eljz 
(ds/d”) reduction potentials for pseudo-octahedral dihydrogen complexes MLs(H2) 
[133]. For any combination of ligands which would give an Ellz value in the range 
for stable dihydrogen complexes, the trend in E,,, values is 3d < 5d < 4d for group 6 
and 5d < 3d < 4d for group 8. If the E,,, values are taken as indicators of the electron 
deficiency at the metal center, then the 4d metals have the least electron density to 
backdonate to the Hz ligand. The barrier to rotation of the ligand is an empirical 
indicator of the strength of the x backbonding. A neutron scattering study showed 
that the barrier is lower for rotation of the Hz ligand in [Ru(H2)H(pp,)]BPh, than 
in [Fe(H,)H(pp,)]BPh, [272], which is consistent with a weaker 7c back-donation 
in the Ru complex. However, for the complexes M(H2)(C0)3(PiPr3),, this barrier 
increases in the order Cr < MO c W [268,273]. This contrasts with the trend predicted 
by the ligand additivity approach (4d < 5d < 3d) but is consistent with the calcula- 
tions of Jean et al. [130] who calculated that, for MLs(H2), the A electron donating 
ability of W (5d) is greater than Cr (3d) if L = H (a donor), or roughly the same if 
L = CO (7~ acceptor). 

Orbital overlap varies depending on the metal binding site. Bickelhaupt et al. 
[274] calculated that a major reason for the failure of H, to bond in an q2 fashion 
to PtCl:- is the poor n overlap of the metal orbitals with the c* H, orbitals due to 
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nodes in the former. Bautista et al. [60] suggest that the OS member of the series 
[M(H,)H(depe),]+ has greater 7~ (and a) overlap because of relativistic contraction 
of the OS orbitals. 

In summary, our understanding of the factors involved is not yet at a level 
where we can explain or predict the trend down the group, beyond the statement 
that 5d dihydrogen complexes are observed to be the most stable with respect to H, 
loss and have the longest H-H distances (calculated from T1 data). It appears that 
the relative stabilities of the 3d and 4d metals depend on the ligand set. 

The choice of ancillary ligands would be expected to affect both the thermo- 
dynamic and kinetic stability of the complexes. If the ancillary ligands are strong c 
donors, the M t (H,) g donation is expected to be weakened. Electron-withdrawing 
ligands decrease the back-donation to the Hz ligand and thereby decrease 
stability. Complexes [Ru(H,)H(R, PCHz CH2 PR2)2] + [60] and MoH,(CO)- 
(RZPCH2CH2PR2)z [34] lose H, far more readily if R = Ph than if R = Et. The 
H-H bond is entirely cleaved in the MO complex (R = Et) because of the strong 
back-donation. The complex [Ru(H2)HL4]BF4 is far more stable [76] if L = 
PPh(OEt)z than if L = P(OEt),, presumably because the latter ligand is a stronger 
71 acid. However, cis-Cr(H,)(CO),L is more stable if L = CO than if L = alkene [SO]. 
This cannot be explained in terms of the 7~ backbonding. The alternative is a 
weakening of the M c (H,) 0 donation by the higher electron density in the alkene 
complex. Obviously, the electronic effects of ligands on the stability of the dihydrogen 
complex are still difficult to predict or explain, given the present level of under- 
standing. 

The trans ligand in particular affects the stability of the dihydrogen complex; 
this is both a kinetic and a thermodynamic effect. For example, the complex trans- 

[Ru(H,)H(dcpe),] + (dcpe = Cy, PCH,CH2 PCy,) [38] is more unstable than 
trans-[Ru(H2)Cl(dcpe),1+. However, complexes trans-[M(H,)H(depe),]+ (M = Fe, 
Ru) are more stable than their chloro analogues [61,275]. Trans ligands which 
compete effectively with H2 for K electron density are expected to weaken the back- 
donation. For example, Maseras et al. [143] calculated that the replacement of the 
terminal hydride in trans-[Fe(Hz)H(PH3)J+ with PH3, a stronger 71 acid, in 

CWWPW512’ or cis-[Fe(H,)H(PH,),]+ results in weaker H, binding. Dinitro- 
gen will replace D, in fat-Mo(D,)(q2-nbd)(CO), (D, trans to CO) but not in the 
mer isomer (D2 trans to olefin) [Sl], presumably because CO is a stronger z acid 
and has a stronger trans influence than the olefin. 

The range of El12 values needed for a stable d6 dihydrogen complex remains 
constant from group 6 through group 9. In order to maintain E,,, values within this 
range, increasingly electron-donating ligand sets are required for the late transition 
metals [133]. For this reason, many group 6 dihydrogen complexes contain carbonyl 
ligands, while carbonyl(dihydrogen) complexes of the later metals would be unstable 
to Hz elimination unless the R acid effect of the carbonyl is balanced by strong 
basicity in the other ligands. Ziegler et al. L-1361 reported another reason for the 
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instability of the theoretical adduct M(H,)(CO), (M = Ru, OS); it is destabilized by 
a two-orbital four-electron repulsion Hz (Q) + M( 1 a,, occupied), which occurs in 
addition to the favorable H*(G) -+ M(2a,, unoccupied) interaction. 

The coordinatively unsaturated complexes produced by H2 loss from dihydro- 
gen complexes are often themselves unstable. Equilibrium (103) can be driven to the 
right if the product complex is trapped or stabilized in one of the following ways: 

(a) reaction with a reagent which coordinates more strongly than Hz, 
(b) dimerization (e.g. eqn. (lOI)), 
(c) shielding of the empty site by a bulky ligand, or 
(d) a chelation (e.g. eqn. (91)) or an agostic interaction with an ancillary ligand 

(e.g. eqn. (104)). 
Because considerable rearrangement is required in eqn. (104), this agostic interaction 
is more difficult to achieve in the solid state. As a result, the dihydrogen complex 
Cr(H~)(CO)~(PCy~)~ is considerably more stable in that state [268]. Agostic inter- 
actions often involve a C-H of an ethyl or phenyl phosphine. An unusual case is a 
suspected agostic interaction with a methylene C-H bond in one of the dppb ligands 
of fRuH(dppb),]+ [276]. Dihydrogen complexes which do not contain ligands 
capable of agostic interactions could be more stable as a result. 

The five-coordinate product of Hz elimination from an octahedral d6 dihydro- 
gen complex can have any of the possible structures: 

31 32 33 

Although the square pyramidal structure (31) has been assumed in theoretical calcula- 
tions of interactions between ML, and Hz (L = H-, CO) [130], the Y structure (32). 
may actually occur in a large number of cases [277]. Extended Hiickel calculations 
for IrH:- show that structures 31 and 32 are local minima on a plot of potential 
energy versus 01. The trigonal bipyramidal structure (33) is a local maximum for this 
ligand set, Structure 32 (the Y structure) is favored over structure 31 if the ligand L’ 
is a weak cr donor (e.g. Cl-) or a II donor (e.g. Cl-, NH;) or if the ligands subtending 
the acute angle do not have lone pairs or filled 7~ systems [277,278]. Examples of all 
three structures being produced by dihydrogen loss are known or postulated. Mo- 
(H~)(CO~~dppe~~ loses H2 reversibly [34] to give square pyramidal Mo(CO)(dp~)~ 
[279(a)]. Similarly, if the substitution reactions of W(H,)(CO), are dissociative, the 
transient would be W(CO)$, a square pyramidal complex [279(b)]. Bianchini 
El 51,184] reported that [Fe(H,)H(pp,)] + loses Hz irreversibly to produce the para- 
magnetic trigonal bipyramidal complex [FeH(pp,)]+. The product of reaction (105) 
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[38] has a Y structure (tl = 93” opposite the Cl), although it was originally described 
as a trigonal bipyramidal structure [280]. 

[Ru(H,)Cl(dcpe),] + + [RuCl(dcpe)z]+ + Hz (105) 

Reaction (105) requires elevated temperatures. The dihydrogen complex can be 
synthesized by addition of Hz to the five-coordinate complex [38]. The known 
dihydrogen complex trans-[Fe(Hz)H(meso-tetraphos)]+ cannot be produced by H, 
addition to [FeH(meso-tetraphos)]+ [72], which may also have a Y structure 
by analogy to [FeBr(meso-tetraphos)]+ [281]. However, trans-[Fe(H,)H(meso- 
tetraphos)] + is relatively stable in solution under argon, in contrast to the dihydrogen 
complex in eqn. (105). Particularly unstable five-coordinate complexes would be those 
with ligands which fit the electronic requirements for one of the possible structures 
(31-33) but for steric or ring-strain reasons cannot adopt that favored structure. The 
corresponding dihydrogen complexes would be expected to be relatively stable. 
Perhaps this suggests a strategy for the choice of ligands in the synthesis of stable 
dihydrogen complexes. 

How do the thermodynamics of dihydrogen binding compare with those for 
other related ligands? For each group 6 metal, the AH value for Nz loss from the 
dinitrogen complex is about 2-4 kcal mol- ’ higher than for Hz loss from the dihydro- 
gen complex (Table 21). This enthalpic term favoring Nz binding is counterbalanced 
by the lower AS of Hz loss, which favors H, binding. The lower AS of H2 loss results 
primarily [282] from the lower absolute entropy of H2 compared with N2 (31.2 vs. 
45.8 cal mall ’ K-’ at 298.15 K [283]). The result is that Hz is a stronger ligand 
than N2 above a crossover temperature which depends on the exact values of AH 
and AS [176,282]. These temperatures for the equation 

M(H,)(C%(PCy,), +N z=M(Nz)(CC)~(PCY& + Hz (106) 

are -69, + 28, and 46°C for Cr, MO, and W, respectively [57]. Similarly, Dz has a 
higher absolute entropy (34.6 cal mall’ K-‘) than H, [283]. Consequently, the AS 
of elimination of Dz (eqn. (103)) would be expected to be about 2-3 e.u. higher than 
that for elimination of Hz. If the AH value for loss of Dz is higher than that for loss 
of H,, then the equilibrium for eqn. (103) would lie further to the right for Dz than 
for H2 (i.e. K,,/K,, > 1) at temperatures higher than the crossover temperature. The 
ratio K,,/K,, for IrH(H,)Cl,(PCy,), is 0.5 at 260 K [41], which must be below the 
crossover temperature. Another result of this difference in entropies is that a competi- 
tive reaction between H, and DZ, similar to that in eqn. (106), would result in a 
higher proportion of the deuterated product at lower temperatures. 

(iii) The kinetics of H, elimination or substitution 

The conventional wisdom holds that dihydrogen complexes lose H, more 
readily than related dihydrides because M(H,) complexes are further along the 
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reaction pathway. This reputed difference has been used as a criterion for identifying 
non-classical dihydrides [29] or for suggesting the occurrence of an otherwise unde- 
tected dihydrogen complex [34]. For example, the rate of loss of H2 from 
[OsH,(PMe,Ph),]+ [87,284] is slow, with a rate (k= 3 x 10e4 s-l in CH,Cl, at 
20°C) comparable with some dihydrides such as cis-PtH,(PMe,), (7.3 x 1O-4 s-l in 
THF at 21°C) [285] and cis,cis,trans-RuH,(CO),(PPh,), (6.4 x 10m4 s-l in THF at 
26°C) [230]; this would suggest that the osmium complex does not contain a 
dihydrogen ligand. However, the following objections to the generalization should 
be noted. 

(a) Unstable dihydrides lose H, even more quickly; the complex IrH,Cl(PPh,),, 
which is most likely to be a classical dihydride, loses H, with a rate constant greater 
than 5 x ~O’S-~ [286]. 

(b) If a dihydride/dihydrogen tautomeric pair is evolving H,, then under some 
conditions the absolute rate of loss of the dihydride may be greater than that for the 
dihydrogen complex (see below). 

(c) The rate-determining step of substitution reactions of M(H,) or M(H), com- 
plexes is not necessarily Hz elimination. The mechanism could be associative or 
could involve rate-determining prior dissociation of an ancillary ligand. An example 
of a related reaction having an associative mechanism is the elimination of pyridine 
from W(py)(CO),(PCy,), to form an agostic complex [203]. 

(d) Halpern et al. Cl211 note that the difference in the AH* for H2 elimination 
is 8 kcal mol-’ between [RuH,(PPh3)3]+ (8.8 kcal mol-‘, non-classical) and 
[OsH, { P( p-tol), }3] + (16.8 kcal mol- ‘, assumed to be non-classical) and approxi- 
mately the same between RuH,(PPh,), (17.9 kcal mol- ‘, non-classical) and 
OsH, { P( p-tol), }3 (25.2 kcal mol - ‘, classical). If non-classical dihydrogen complexes 
react faster, then there should have been a much greater difference in the latter pair. 
Specifically, one would expect the AH% barrier for OsH,{P(p-tol),}, to be more than 
8 kcal mol-’ higher than RuH,(PPh,), because the OS complex is classical. Their 
argument is weakened by our uncertainty as to the structures of RuH,(PPh,), and 
[OsH,{P(p-tol),},]+. Failure to observe a greater difference in AH$ could have been 
due to RuH,(PPh,), being an elongated (M(H .** H), see Sect. B), rather than 
rotating dihydrogen complex. The point is well taken, though, that dihydrogen 
complexes are not necessarily more labile than classical dihydrides and that, until 
more data are collected, Hz lability should not be used as more than circumstantial 
evidence of non-classical character. 

In a solution containing a pair of interconverting dihydride and dihydrogen 
tautomers, the concentration of each will decrease while dihydrogen is evolved. What 
are the relative rates of disappearance of the two tautomers? We consider this 
question with the proviso that the dihydride can only lose H2 via the dihydrogen 
complex (the possibility of the dihydride losing H2 by another route seems remote). 
Will the absolute rate of loss of the dihydrogen tautomer always be greater? Will 
the specific rate (meaning the rate per molar concentration of the complex) of loss 
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of the dihydrogen tautomer always be greater? There are two extreme cases one 
could consider; rapid tautomerism (kt is slow in eqn. (107)) and slow tautomerism 
(k, is fast). 

W-9, - &M(H,)k’-M+H, 
k-1 

(107) 

If the tautomers are rapidly interconverting relative to the rate of loss of Hz 
(i.e. ki, k- 1 >> k,), then they will remain at the equilibrium ratio of concentrations 
throughout the reactions. Therefore, they will be lost with the same specific rates. 
The absolute rate of loss of the major tautomer will be greater than that of the minor 
tautomer, by virtue of its greater concentration. 

(108) 

where [MHzlt,,, = [M(H,)] + [M(H),] and K = kl /k_ 1. 
If the interconversion of the tautomers is very slow compared with kz (i.e. kl, 

k- 1 ec k,), then the concentration of the dihydrogen complex will rapidly approach 
steady state. Before it does so, it will be consumed at a greater rate than the dihydride. 
An example is the W(H,)(CO),(PCy,), system, for which the values of kl , k- 1, and 
kz are 37, 18 and 469 s-l, respectively [147]. 

Intermediate cases are more difficult. There are some values of the rate constants 
that will cause the specific and absolute rates of loss of the dihydride to be greater 
than those of the dihydrogen complex, but only if one starts with a greater-than- 
equilibrium concentration of the dihydride (e.g. 1 M for each of M(H,) and M(H),, 
and k,, k_l, kz =4, 1, 2 s-l). 

In conclusion, the extreme cases show that the specific rate of loss of the 
dihydrogen complex will be equal to or greater than that of the dihydride tautomer. 
This may not be true in intermediate cases. 

The lability of classical or non-classical polyhydride complexes increases with 
protonation. For example, the rate of elimination of H, from the ruthenium com- 
plexes in Table 22 increases in the order Cl213 [RuH3(PPh,),]- < RuH,(PPh,), < 
[RuH5(PPh3)J+. Note that this is an effect of the decreasing AH*; the entropy of 
activation is negative for the charged complexes, because of solvation effects, and 
approximately zero for the neutral complex [121]. The extent of M +(H,) A back- 
bonding in dihydrogen complexes is dependent on the electron density at the metal. 
Protonation of the complex will necessarily decrease the available electron density 
at the metal and therefore labilize HZ. Similar arguments could be used to explain 
the increase in lability of classical di- or poly-hydrides upon protonation: decreased 
electron density at the metal would stabilize a dihydrogen-like transition state. 
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TABLE 22 

Kinetic data for the loss of H, or Xz from dihydrogen and related complexes 

WHdLx k" 
(s-l) 

AH’ 
(kcal mol - ’ ) 

1 

;zsu.) 
Ref. 

2.9 x 103= 
1.3 x 100 
4.7 x 102 
2.7 x lo2 
7.5 x 10’ 
3.6 x lo3 
2.1 x 100 
6.8 x lo-+’ 
6.6 x 10-2 

3 x lo-4d 
6.1 x lo-’ 

12.1 + 1.0 
_ 

16.9 + 2.2 
16.2 f 1.1 
17.8 f 0.7 
8.8 f 0.1 

17.9 f 0.2 
21.8 f 1.4 
16.8 * 0.5 
_ 

25.2 + 1.3 

-2.1 f4.5 108 
- 119 

10.4’ 147 
6.9’ 147 
9.8’ 147 

-12f I 121 
3fl 121 

-9+4 121 
-9f2 121 

- 87,284 
-2f4 121 

“298 K. 
bCould be [M(H)5L3]+. 
‘Calculated by Jessop and Morris from published data. 
d293 K. 

The loss of D, from q2-D2 complexes is slower than the loss of H2 from 
corresponding dihydrogen complexes. The isotope effect kH2/kD2 is 1.7 for 
W(H,)(CO),(PCy,), [147], 5 for Cr(H,)(CO), [45], and 6-7 for Ir(H2)HC12(PCy,)2 
[41]. The activation parameters (Table 22) for the W complex suggest that the 
reduced rate of D, elimination is due to the lower activation entropy, which could 
not have been anticipated from thermodynamic data; free D, has a higher entropy 
than Hz. The dramatic effect of the solvent on the AS* for H2 reductive elimination 
from a dihydride has been demonstrated [285]. Because of the high error (several 
cal mall’ K’) in the AS* values in Table 22, the unknown structure of the activated 
complex, and the unknown role of the solvent, it is unwise to interpret the observed 
activation entropies. 

The reasons for the greater thermodynamic stability of W(H2)(CO)J(PCy3)2 
compared with the Cr analogue were discussed in the previous section. The activation 
parameters show the W complex to be also kinetically more stable. The greater 
AHf value is only partially offset by the greater ASt. The high AHt is probably a 
direct consequence of the strength of the W-H2 bond, which might be partially 
cleaved in the activated complex. 

As discussed in the previous section, the effect of the trans ligand on dihydrogen 
complex stability could be kinetic rather than thermodynamic. Because accurate rate 
determinations are not available in most cases, separating the kinetic and thermo- 
dynamic factors is difficult or impossible. For this reason, most of the discussion of 
ligand effects on stability and lability of dihydrogen complexes has been put in 
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Sect. E.(ii). Comparison of quantitative rate data is possible between the complexes 
[OsH5(PPh3)3]+ Cl213 and [OsH5(PMe2Ph)3]+ [87,284]. The latter eliminates 
dihydrogen two orders of magnitude more slowly, because the PMe,Ph ligands are 
stronger r~ donors. 

F. OXIDATION/REDUCTION CHEMISTRY OF DIHYDROGEN COMPLEXES 

(i) Introduction 

There are only a few studies of the electrochemistry of dihydrogen complexes, 
all involving cyclic voltammetry. The complexes undergo oxidation much more 
commonly than reduction, and the potentials for oxidation are usually more positive 
than the ferrocinium/ferrocene couple (Fc’/Fc, Tables 23 and 24). Oxidation 
reactions would be expected because stable dihydrogen complexes have oxidizable 
d electrons which are used to back-bond to the H2 ligand. Only two complexes, 
Re(H . . * H)Cl(PMePh,), and [Os(H . * * H)(NH3)5]2+ display a reversible, one- 
electron oxidation (Table 23), whereas several undergo irreversible oxidations 
(Table 24). Non-coordinating dry solvents (thf or CHIClz) and electrolytes (NBu,BF, 
or NBu,PF,) are usually needed to avoid side reactions in these studies. A variety 
of reference electrodes has been employed but most of the potentials can be referenced 
to the Fc+/Fc couple; this has been done in the tables. The complexes are organized 
in the tables according to the group of the metal. 

So far, two decomposition routes of oxidized dihydrogen complexes have been 
proposed. The first is H, evolution after oxidation (eqn. (110)) and the second is loss 
of a proton (eqn. (111)). 

P&l + + H, 
/ 

(110) 

M(H2)L -e n - CMW,LI +\ 
MHL,+H+ (111) 

The Fl12 values for oxidation of stable dihydrogen complexes, M(H2)L,, probably 
span a fairly small range (perhaps 2 V), as indicated by potentials of corresponding 
dinitrogen complexes (see Table 4). Decomposition via eqn. (110) might be expected 

TABLE 23 

Electrochemical potentials for the reversible oxidation of dihydrogen complexes 

Complex 
(“;{’ , 

Reference Solvent 
;‘ts. Fc+/Fc) 

Ref. 

Re(H . . H)Cl(PMePh2), - 0.07 AgCliAg CH2 Clz -0.59 267 

[Os(H . . . WWHM2+ 0.58 NHE 6H,CN 0.03 93(a) 
0.41 NHE 1 M HOTf 93(a) 
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TABLE 24 

Anodic peak potentials (E,,) for the irreversible oxidation of dihydrogen complexes 

Complex” Reference 
electrode 

Solvent E, Ref. 
(V vs. Fc+/Fc) 

Re(H . . H)H,(PPh,)2? 1.15 
Re(H . . H)H,(PMePh,),? 1.25 
Re(H . . . H)H,(PMe2Ph),? 1.27 
Re(H . . . H)H,(PCy,),? 1.10 
Re(H . . . H)H,(dppe)? 1.37 
[Re(H . . . W-LPPh3)31+ ? 1.64 

OWWWppeM+ 0.8 

t-CW-L U-Wepe)2 I+ 0.60 

c-CWWWpp3)1+ 0.70 

NWH, V-Wpw), I+ >l 

t-CRd-b P-Wpe)2 I+ 1.1 

c-CRn(H,)H(pp,)l+ 0.41? 

r-COs(Hz)H(dppe)z I* 1.15 
t-[Os(H . . . WWh& I+ 1.0 
[Os(H . . . fWH3M3+ 1.3 

C’X-M(PP~)I+ 0.45 

CWH . . W(PP,)I + 0.73 

AgCl/Ag 
AgCl/Ag 
Ai$l/Ag 
&CVAg 
AgCl/Ag 
AidlAg 
Fc+/Fc 
Fc+/Fc 
SCE 
Fc+/Fc 
Fc+/Fc 
SCE 
Fc+/Fc 
Fc+/Fc 
NHE 
SCE 
SCE 

CH2 Cl2 0.68 287 
CH2ClI 0.78 287 
CH2C12 0.80 287 
CHzClz 0.63 287 
CH2 Cl, 0.90 287 
CH2 Cl, 1.17 287 
thf 0.8 60 
thf 0.60 60 
thf 0.3 1 151 
thf >l 60 
thf 1.1 60 
thf 0.02? 95 
CH,Cl, 1.15 29 
thf 1.0 29 
CH3CN 0.75 93(a) 
thf -0.11 151 
thf 0.17 151 

‘C = cis. t = trans. 

because the product dihydrogen complex [M(H,)L,]+ would be about 1 V less 
reducing than the reactant, M(H,)L, and this could place it beyond (more positive 
than) the limit of E,,, values which defines stable M-H, back-bonding. The observed 
difference between Os(IV)/(III) and Os(III)/(II) potentials for the complexes 
[Os(H,)(NH,)J4 +‘3 +” + in CH3CN is 0.72 V, a little less than the 1 V change 
expected, although the first couple is irreversible [93(a)]. The pairs of complexes 

CWMNW,13+‘2+ and [Re(H,)CI(PMePh,),]’ +” (Table 23) are rare instances 
where the upper oxidation state complex is known to be stable to H, loss. This is 
probably because the lower oxidation state complex has an E,,, value near 0 V 
which is characteristic of complexes at the M(H,)/M(H), limit (see Table 4). Therefore 
the upper oxidation state complex has a sufficiently small, positive E1,2 value to fall 
in the range of stability mentioned above. In addition, 5d metals are known to 
stabilize higher oxidation state complexes better than 3d or 4d metals and in 
particular stabilize dihydrogen complexes better with respect to loss of H2 (see 
Table 3). 

Oxidized dihydrogen complexes are expected to be about 17 pK, units more 
acidic than the parent complexes and therefore are likely to decompose via eqn. (111). 
This is apparent from eqn. (67) described in Sect. D or its more general form for 
dihydrogen and dihydride complexes (eqn. (112)). 

pK,(MH2 L,) = 0.73AHBDE - 16.9E,,,(MHL,/MHL,) - 43 (112) 
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If the E,,,(MHLz /MHL,) for the corresponding conjugate hydride of the oxidized 
dihydrogen complex, [MHz L,] +, is about 1 V more positive than that for the 
unoxidized complex, then the oxidized dihydrogen complex should be about 17 pK, 
units more acidic, assuming AHBDE remains constant. The increase in acidity upon 
oxidation is clearly illustrated by the complexes [OS(H,)(NH,),]~“” in solution. 
The dication is stable in basic methanol whereas the trication is easily deprotonated 
by neutral water and is only stable in greater than 1 M H03SCF3. Accordingly, the 
electrochemistry in aqueous acid is only reversible when the pH is 0 or less (Table 23) 

PWI . 
The oxidation of [Os(H,)(NH,),] 2 + is irreversible in acetone because the 

product Os(III)(H,) complex reduces acetone to isopropanol. This paradoxical reac- 
tion, where an oxidation turns the complex into a more potent reducing agent, is a 
further pathway to decomposition of oxidized dihydrogen complexes (see also 
Sect. H). 

(ii) Irreversible oxidation of dihydrogen complexes 

Most of the dihydrogen complexes show an anodic peak in the cyclic voltammo- 
gram corresponding to an irreversible oxidation process (Table 24). Specific details 
of this chemistry are described in this section and are organized according to the 
group of the metal. The two reversible oxidations of Table 23 were discussed in 
Sect. F(i). Table 25 lists the redox properties of some hydride complexes which are 
relevant to the work discussed here. 

The complexes ReH,L, and [ReH,L,]+ are formally Re(VI1) complexes with 
no easily ionizable d electrons. The observation that these complexes can be oxidized 

TABLE 25 

Electrochemical potentials for the oxidation of related hydride complexes. These are reversible 
except where noted 

Complex 
(“;i2 

Reference Solvent El/Z 
(V vs. Fc+/Fc) 

Ref. 

ReH,(PPh3)3 
ReH,(PMe, Ph), 
ReH,(dppe)z 
Fe(Cl)H(dppeL 
Fe(H), (PP~) 
Ru(Cl)H(dppe)2 
Ru(H)z(~p3) 
Os(Cl)H(dppe)2 
Co(H)(pp3) 

CIr(H)2(pp3 )I + 

0.29 AgCl/Ag CH2 Cl2 -0.18 287 
-0.17” AgCllAg CH2C12 - 0.69” 267 
-0.4” Fc+/Fc THF -0.4 29 
-0.71 Fc+/Fc THF -0.71 60 
-0.48 SCE THF -1.04 1.51 
-0.12 Fc+/Fc THF -0.12 60 

0.08” SCE THF - 0.48” 151 
-0.14 Fc+/Fc THF -0.14 29 
- 0.48 SCE THF -1.04 151 
>1.4 SCE THF > 0.9 151 

“Anodic peak potential associated with irreversible oxidation. 
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(see Table 24) and then readily lose H, (cf. eqn. (110)) suggested to Costello et al. 
[287] that this is evidence for the existence of a dihydrogen ligand as proposed 
earlier by Hamilton and Crabtree [63]. These could be Re(V) complexes of the type 
Re(H,)H5 L, and [Re(H2)H,L, J’ with an ionizable d electron pair. For example, 
the Re(V) complex Re(H),(PPh,), is easily oxidized (Table 25). The recent reports 
that Re(H * * . H)H5(P(p-tol),), [lo] and [Re(H . . . H)H,(cyttp)]+ [16] have elon- 
gated H-H bonds in the solid state supports this contention. However, the complex 
Re(H),(dppe) has no short H-H distance in the solid state [288]. Solution NMR 
studies are ambiguous as to the existence of an elongated H-H bond [28,150]. The 
oxidation of these hydrides might just involve an electron in a HOMO with 
Re(VII)-H bond character and not involve a lower oxidation state of Re at all. 
Zanello argues that such Re-H oxidations are likely to be difficult because hydrides 
appear to remove more electron density from the metal than a dihydrogen ligand 
[95]. Interesting questions about these structures and reactions still remain to be 
answered. 

The anodic peak potentials for the complexes [M(H,)H(L,),]+ increase as 
M = Fe < OS < Ru and Lz = depe < dppe. This aperiodic ordering according to the 
metal is expected for d6 octahedral complexes of group 8 metals [60] on the basis 
of electrochemical correlations suggested by Lever [ 1341. For example, it is observed 
for the reversible couples of the complexes M(Cl)H(dppe), (Table 25). The ordering 
according to ligand is consistent with the depe ligand being more electron-donating 
than the dppe ligand. This electrochemical information along with spectroscopic 
data were used to support the argument that the x-basicity of the metal toward 
the H, ligand decreases as Fe > OS > Ru [60]. The oxidized complexes, 
[M(H,)H(L,),]+, were proposed to decompose by loss of H, or a proton (eqn. (110) 
or eqn. (111)). The trihydride Re(H),(dppe), makes an interesting contrast to the 
isoelectronic complex [Os(H,)H(dppe),] +. It oxidizes at 1.5 V more negative than 
the OS complex (Table 25). 

The complexes [M(H,)H(pp,)] +, M = Fe, Ru, display complex voltammo- 
grams [95]. The iron complex has an irreversible oxidation at 0.3 V vs. Fc’/Fc, a 
little more negative than the complexes [Fe(H,)H(L,),]+. The oxidized complex 
[Fe(H,)H(pp,)]‘+ does not lose a proton (via eqn. (111)) because the reversible wave 
of the expected product, [FeH,(pp,)]+ at -1.04 V, is not observed (see Table 25). 
The corresponding Ru complex decomposed rapidly in the electrochemical cell and 
so the assigned potential for this complex is tentative. 

The oxidation of the unique complex [OS(H,)(NH,),]~‘, which is acidic and 
paramagnetic, is thought to proceed by initial loss of a proton [93(a)]: 

COs(H,)(NH,),13+~[OsH(NH3),]Z+ + H+ 

COsH(NHd~12’ + COS(CH~CN)(NH,)]~+ + 2e- + H+ 
(113) 

The five coordinate, trigonal bipyramidal complexes [M(H,)(pp,)]+, M = 
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Co(I), Rh(1) are the easiest complexes of those listed in Table 24 to oxidize. The 
rhodium complex might exist in rapid equilibrium with a Rh(III) dihydride form (see 
Sect. B.(vi)). The oxidized complexes decompose via loss of a proton (eqn. (114)) and 
the redox wave of the product is observed (e.g. a wave at - 1.04 V for [CoH(pp,)] + Ijo, 
see Table 25): 

CM(HZ)(PPAI+ + CMH(PP# + e- + H+ (114) 

The dihydride, [Ir(H),(pp,)]+, in contrast to the Co(I) and Rh(1) dihydrogen com- 
plexes, is not oxidized at potentials as positive as 0.9 V vs. Fc+/Fc. 

(iii) Irreversible reduction ofdihydrogen complexes 

The only complex to be reduced electrochemically is [Fe(H,)H(pp,)]+. The 
process is irreversible and the product identified is Fe(H),(pp,) [151]. The fate of 
the hydrogen atom in the reduction is unknown. 

(iv) Ligand additivity methodfor estimating electrochemical potentials of dihydrogen 
complexes 

Lever has shown that electrochemical potentials of complexes can be predicted 
based on a model involving additive ligand parameters EL and linear equations for 
each metal oxidation and spin state [ 134,135]. Morris introduced a tentative EL 
value of 0.8 V for the dihydrogen ligand [133]; this value may vary depending on 
the nature of the H2 ligand (i.e. M(H,) vs. M(H . . . H)). With this information, it is 
possible to calculate potentials, E,,2(calc.), for six-coordinate dihydrogen complexes 
(see Table 26) and compare them with the observed values from Tables 23 and 24. 
In general, the agreement is good. 

It is interesting that the electrochemical potential which we predict for the 
fictitious complex Re(H2)H(dppe), (-0.2 V) is similar to the observed potential for 
the trihydride Re(H),(dppe), (-0.4 V). Therefore electrochemistry alone could not 

TABLE 26 

Observed potentials for the oxidation of dihydrogen complexes of d6 metals and potentials 
calculated by use of Lever’s additive ligand parameters, EL 

Complex k,,(obs) 
(V vs. Fc+/Fc) 

=L &&W 

(V vs. Fc+/Fc) 

Re(H,)Cl(PMePh,), - 0.59 0.8 - 0.24 + 4 x 0.36 = 2.0 -0.3 
t-CFe(H, )H(dppe), I+ 0.8 0.8 - 0.4 + 4 x 0.36 = 1.84 1.0 
t-CRu(H,)H(dppe),l+ ‘1 0.8 - 0.4 + 4 x 0.36 = 1.84 1.2 
t-COs(Hz)H(dppe)21+ 1.15 0.8 - 0.4 + 4 x 0.36 = 1.84 0.9 
COs(H,)(NH,),12+ 0.03 0.8 + 5 x 0.07 = 1.15 0.1 
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establish whether this was a trihydride or dihydrogen-hydride complex. In addition, 
it may not necessarily be the case that a dihydride complex, M(H),L,, is more 
difficult to oxidize than a dihydrogen complex, M(H,)L,. Here, three hydrides in 
Re”‘(H),(dppe), are predicted to make the metal easier to oxidize than one dihydro- 
gen and one dihydride ligand in “Re’(H,)(H)(dppe),“. 

G. REACTIONS IN WHICH THE DIHYDROGEN LIGAND IS RETAINED 

The dihydrogen ligand is so unstable that almost all of the reactions of dihydro- 
gen complexes involve the destruction of the dihydrogen ligand itself through H-H 
bond cleavage or H, elimination. Reactions of dihydrogen complexes which do not 
involve the destruction of the dihydrogen ligand are therefore very rare and deserve 
comment. They can also be used as synthetic methods for dihydrogen complexes. 
We have reviewed a few electrochemical reactions in which the dihydrogen ligand is 
preserved (Sect. F). There are also reactions of bis(dihydrogen) complexes in which 
one but not both dihydrogen ligands are destroyed (eqns. (93), (97), (98), and (101) 
of Sect. E). Other reactions in which a dihydrogen ligand is retained are described 
in the following sections. 

(i) Substitution of ancillary ligands 

Examples of simple substitution reactions of ancillary ligands include reac- 
tions (115) [6] and (116) [46]. 

W(H,)(CO),(P’Pr,), + 2PCy, --) W(H,)(CO),(PCy,), + 2P’Pr, (115) 

W-MW5 + Hz - hv cis-Cr(H2),(CO), + CO (116) 

Li and Taube recently reported that the ligand trans to dihydrogen in the complexes 
[Os(H . . . W(enh WI’ + can be substituted by donor groups of biologically impor- 
tant molecules [93(b)]. 

Bianchini et al. [263] proposed a mechanism for the catalysis of alkyne reduc- 
tion by [Fe(H,)H(pp,)]BPh, which involved the dissociation of one of the branches 
of the tetradentate phosphine ligand, followed by coordination of an alkyne at the 
resulting free site (Scheme 4 in Sect. H). The dihydrogen ligand is, however, involved 
in the subsequent step, which is H, addition to the C%C triple bond. A similar 
mechanism was proposed by Field et al. [255] for reaction (117) (eqn. (132) is Sect. H). 

FeH,(dmpe), + 4PhCECH + trans-Fe(C*Ph),(dmpe), + 2CH2=CHPh (117) 
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(ii) Protonation of the dihydrogen complex 

Halpern [121] reported the protonation of RuH,(H - * * H)(PPh3)3 (eqn. (118)). 
The number of dihydrogen ligands in the product is not known, but the T,(min) of 
18 ms at 500 MHz suggests that there is at least one. 

RuH,(H . . . H)(PPh,), + CF, SO3 H -+ [RuH,(PPh,),] + + CF, SO; (118) 

Henderson [119] reported the reaction 

MoH,(dppe), + 2HCl-+ MoH,Cl,(dppe), + 2H2 

The suggested mechanism, the first steps of which are 

(119) 

MoH, - Ht [MoH,] + +[MoH,(H,)] + ;-lfl- [h40H4(H2)j2+ 2 

[MoH,]‘+ = -----+ MoH, Cl* (120) 

is supported by kinetic results and the observation of the intermediate 

CMoWdppe)212+y which must contain at least one dihydrogen ligand because MO 
cannot reach the + 7 oxidation state. For the same reason, a dihydrogen rather than 
dihydride tautomer of [M~H~(dppe)~]+ is protonated. In a review, Henderson [S] 
suggested that, for polyhydridic complexes of transition metals in high oxidation 
states, protonation may depend on the ability of the complex to convert to a 
dihydrogen tautomer. 

For the reaction of MoH,(dppe), with a variety of ligands in the presence of 
HBF,, a similar mechanism (eqn. (121)) has been proposed [119] (L = NO, MeCN, 
CO, PhCCH, N;, C02, S02, N,). 

MA-I, - H’ [MoH,]+ =[MoH,(H,)] + & [MoH4(H2)]‘+ -“1, 

[MoH,]‘+ A [MoH,L12+ (121) 

This is consistent with the general rule that the lability of a dihydrogen complex is 
increased upon protonation (Sect. E). Henderson suggests that this could be a model 
for the activation of nitrogenase given that “three electrons (and inferred protons) 
are consumed by the enzyme before dinitrogen binds, but dinitrogen displaces only 
one molecule of dihydrogen” [ 1191. 

(iii) Geometrical isomerization 

The complex [RuH(H,)(diop),]+ undergoes rapid (on the NMR timescale) cis/ 
trans isomerization above 303 K [2893 Saturation transfer is observed at 243 K but 
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not at 2 13 K. Other hydride(dihydrogen) complexes which undergo cis/trans isomer- 
ization include [Fe(H,)H{PPh(OEt),},]+ [74] and possibly [Ru(H,)H(dppb),]+ 
[SO], although the 31P NMR behavior of the latter could be explained by the 
existence of conformers (e.g. twist-chair and boat) of the chelate ring. The complexes 
trans-[Os(H . . . H)L(NH,),] *+‘I+ (L = py, I-, Cl-, MeCN, etc.) slowly isomerize to 
the cis isomer in acetone at room temperature [290]. Isomerization of Ir(H,)HCl*- 
(PiPrJ)* to a number of poorly characterized isomers has been reported [107]. 

(iv) Counterion exchange 

The counterion can be exchanged, e.g. [7] 

[Fe(H,)H(dppe),]BF, + NaBPh, + [Fe(H,)H(dppe),]BPh, + NaBF, (122) 

(v) Insertion reactions of ancillary ligands 

Insertion of an unsaturated molecule into a metal-hydride bond of a hydrido- 
(dihydrogen) complex could occur 

M(H2)H + X=Y=M(H,)(X-YH) (123) 

although there are no known examples. A proposed mechanism for eqn. (124) (L = 
PPh(OEt), , R = -C6 H,-p-Me, -Cs H,-p-OMe) invokes such a step (eqn. (125), [74]). 

[Fe(H,)HL,]+ + 2RN: + [Fe(RN2),L3]*+ + H2 + L + H+ (124) 

[Fe(H,)HL,]+ RN’ - [Fe(H2)(RN=NH)LJ2’ 

1 RN;, -H, 

[Fe(RN,),E,)‘+ ;H’,’ [Fe(RN2)(RN=NH)L,13+ (125) 

Given the lability of dihydrogen ligands, we suggest a more likely mechanism (126), 
which has precedence in the reactions of dihydrogen(hydride) complexes with unsatu- 
rates (Sect. E.(i)(c)). 

[Fe(H,)HL,] + 2 [FeHL,]+ 5 [Fe(RN=NH)L,]*+ 

1 RN; 

[Fe(RN,), L3]*+ -CL [Fe(RN,)(RN=NH)LJ3+ (126) 
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H. CATALYSIS AND RELATED REACTIONS 

(i) Introduction 

There are many well known processes of industrial and academic interest that 
involve the catalytic hydrogenation or dehydrogenation of compounds. Dihydrogen 
complexes can be considered as intermediates in all of these processes. Do dihydrogen 
complexes have unusual properties as catalysts? This question has not yet been 
answered. Table 27 lists the known catalytic reactions involving dihydrogen com- 
plexes as catalyst precursors. All of the transformations could be done, probably 
more efficiently, with other sorts of known homogeneous and heterogeneous catalysts. 
What is interesting is that these dihydrogen complexes are catalysts at all. Efficient 
hydrogenation catalysts have two or three very labile and sterically accessible coordi- 
nation sites for hydrogen and unsaturate coordination. In addition they are usually 
electron-rich so that the splitting of dihydrogen into hydrides and migration of 
hydride to the unsaturate are processes of low activation energy. These characteristics 
are quite different from those of stable dihydrogen complexes: coordinative saturation 
and a relatively electron deficient, substitution inert, d6 octahedral metal. Neverthe- 
less, there are interesting aspects of catalysis involving dihydrogen complexes. 

(ii) Dihydrogen complexes as catalysts or catalyst precursors 

Many of the dihydrogen complexes are catalysts because they contain a labile 
dihydrogen ligand and a reactive hydride(s). This is illustrated by the simple H/D 
exchange reaction of the equation 

Hz+Dz- =2HD (127) 

All of the complexes listed in Tables 13-I 5 in Sect. C which have efficient intramolecu- 
lar H atom exchange and a labile dihydrogen ligand should catalyze eqn. (127). 
Specific examples of catalysts for eqn. (127) are listed in Table 27. All are based on 
platinum metals. The exception is Kubas’ complex W(H,)(CO),(P’Pr,),, which 
slowly catalyzes this reaction in solution and in the solid state, possibly by an 
associative mechanism as discussed in Sect. C. The complex [Fe(H,)H(pp,)] + does 
not catalyze eqn. (127) because the dihydrogen ligand is not labile, even in boiling 
thf [64]. The reaction of deuterium with alcohols catalyzed by Crabtree’s complex 

CIr(H,)H(bq)(PPh, )z 1 + is discussed in Sect. D. The mechanism of such reactions 
may be related to the action of the enzymes hydrogenase [215,233,291,292] and 
dehydrogenase [293] (see also Sect. D). 

The dihydrogen complexes which hydrogenate alkenes and/or alkynes usually 
have a labile dihydrogen ligand and a hydride adjacent to the Hz, as in the case 
of the H/D catalysts above. Exceptions are complexes [Fe(H,)H(pp3)]+, 
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TABLE 27 

Dihydrogen complexes as catalysts or catalyst precursors 

Catalyst precursor Reaction Ref. 

CWH, Mdpw), I+ 
CIW-L)H(PR,),l+ 

PR3 = PPh(OEt), , P(OEtb 

CRu(H, )H(PP,)~ + 

Ru(H . . . H)H2PPh,), 
RCH=CHCH(OH)Me + Me,CO 

9-Me-anthracene + H2 +9-Me-an-H, 
ketone + H2 + alcohol 
ketone + i PrOH -+ alcohol + Me, CO 
EtOH -+ H2 + CH, CHO 
H2 + D2$2HD 

WdbkWW-C~)r PhCH=CH2 + H2 + PhCH2CHJ 

WCWwb) H2 + D2z$2HD 
MePhCO + ‘PrOH + MePhHCOH + Me,CO 
1 -hexene + H, + hexane 

I-alkene + H2 + alkane 208,209 
alkene + H2 + alkane 87 

Os(H,)H(Cl)CO(P’Pr,), 

fRh(H . . H)(PP, )I + 

CIr(H2)H2(PMe2Ph)J+ 
CIr(H,)H(W(PPh,),l+ 

alkene = C2 Hq, cyclohexene 
PhCCH + H2 + PhCHCH, 
PhCHCHz + H2 + PhCH2CH3 
RHC=CHR + H2 --f RH2 CCH2 R 

R =CO,Me 
H2C=CH2 + H2 + HsCCHJ 
H2 + D2+2HD 
D2 + ROH+HD + ROD 

H2 + D,z$ZHD 
RC=CH + H2 + RHC=CH2 

R = p-tol, CMe,, SiMe, 
RC=CH + H2 + RHC=CH2 

R = Ph, SiMe,, n-Pr, n-Pn, CH=CH(OMe) 
2RC=CH + H2 + RHC=CHCH=CHR 

R = SiMe, 
H2 + D2+2HD 
RC=CH + H2 + RHC=CH2 

R = Ph, CMe,, SiMe, 
2HC=CR -+ Z-RC=CCH=CHR 

R = SiMe,, Ph 
PhCH=CHCOMe + i PrOH + 

204 
259 

184,250,263 

250 

60 
75 

258 

262 

196 
196 
296 
297,329 
196 
37 
37 
37 
15 

294 
294 
89 

90,330 
91 
190 

“p-n = FeCp(C,HJ(CHMeNMe2)P’Pr2). 

(H,)(dppb)RuCl,RuCl(dppb), and [Rh(H . . * H)(pp,)]‘; all are catalysts as described 
below but the first has a non-labile H, ligand and the last two have no adjacent 

hydride. The mechanism proposed for the hydrogenation of phenylethyne to styrene 

by Os(H,)H(Cl)CO(PR,), (PR, = PiPrs, PMe’Bu,) in isopropanol at 60°C is proba- 
bly typical of the cycles for many of these catalysts (Scheme 3) [294]. The dihydrogen 
complex serves as a source of the five-coordinate species OSH(CI)CO(PR,)~ which 
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Scheme 3. 

is thought to be within the catalytic cycle. The unsaturated substrate coordinates 
and the hydride migrates to the unsaturate to give a vinyl ligand in this case, or an 
alkyl in the case of alkene hydrogenation. Hydrogenolysis of the vinyl or alkyl 
completes the cycle. The hydrogenolysis reaction could involve a dihydrogen interme- 
diate (see Sect. D). In the case of these OS complexes, as long as PhCCH is present, 
styrene product is not hydrogenated. However, as soon as the alkyne is consumed, 
styrene hydrogenation proceeds at a rate ten times that of alkyne hydrogenation. 
The explanation for this is that the alkyne rapidly reacts with OS complexes in 
solution to give the vinyl complex Os(CH=CHPh)(Cl)CO(PR,),, which is a thermo- 
dynamic sink. Hydrogenolysis of this complex is the turnover limiting step. Styrene 
is unable to coordinate until this vinyl complex is consumed. 

The complexes [Ru(H,)H(PR,),]+ (PR, = PPh(OEt)z, P(OEt)3 and P(OMe),) 
in CH2Clz are all active for the hydrogenation of I-alkynes to I-alkenes at 25°C 
1 atm Hz. The catalyst dies after about 30 turnovers with the formation of complexes 
containing the but-1-en-3-yn-2-yl ligand q3-RHC=CC=CR. A complex containing 
this ligand, [Ru(PhC=CC=CHPh)(PPh(OEt),),]BPh,, was characterized by a single 
crystal X-ray diffraction study [75]. The coupling of alkynes to give such ligands is 
a typical reaction of such group 8 cationic complexes (see below). 

The complex [Ir(H,)H,(PMe, Ph),] + in CH2 Cl2 hydrogenates 2-butyne to 
cis-2-butene, I-butene and butane at 22°C [295]. Again, it appears that the lability 



P.G. Jessop and R.H. Morris/Coord. Chem. Rev. 121 (1992) 155-284 265 

of the dihydrogen ligand serves to provide a coordinatively unsaturated and reactive 
complex, in this case [IrH,(PMe, Ph),]+. In this case, a proposed intermediate is 
the crystallographically characterized complex, [Ir(MeC=CMe)(PMe,Ph),]+. 

There are distinctive aspects to the selective hydrogenation of I-alkynes to 
alkenes catalyzed by dihydrogen complexes of iron. First, examples of iron-based 
homogeneous catalysts are rare and yet two dihydrogen complexes, [Fe(H,)H(pp,)]+ 
in thf and [Fe(H,)H(P(OEt),)J+ in CH2Clz are active at 25°C for this reaction. 
Second: there is evidence that the ppJ complex coordinates alkyne, not via loss of 
HZ, but instead by dissociation of one of the -CH2CH2 PPh, “arms” of the pp3 
ligand (Scheme 4) [263]. This is a rare example of a dihydrogen complex thought to 
be within the catalytic cycle. In Scheme 4, hydrogenation proceeds via coordination 
of the alkyne and migration of the hydride to give a vinyl intermediate which is then 
hydrogenolyzed by the cis dihydrogen ligand. This last reaction can be viewed as an 
intramolecular heterolytic cleavage of dihydrogen (see Sect. D). The dissociation of 
the pp3 “arm” is thought to be the turnover limiting step [184]. The study of the 
catalysis by [Fe(H,)H(P(OEt),),]+ is in progress [259]. 

The coupling of alkynes is an alternative reaction to their hydrogenation in 
certain cases. Of the I-alkynes examined for hydrogenation (see Table 27), only one, 
trimethylsilylethyne, undergoes concurrent hydrogenation and coupling at 66°C 
catalyzed by species derived from [Fe(H,)H(pp,)]+ in thf [263]. Under these condi- 
tions, a mixture of trimethylsilylethene and 1,4-bis(trimethylsilyl)butadiene was ob- 
tained in a ratio 2.2:9.8. In contrast, the complex [Ru(H,)H(pp,)]+ is a catalyst 

+ 

Scheme 4. 
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precursor for the dimerization of 1 -alkynes almost exclusively to Z-l ,Cdisubstituted 
enynes [258]. An intermediate was characterized by X-ray diffraction and shown to 
be [Ru(q3-Me3SiCCCCHSiMe3)(pp3)]+. The dihydrogen ligand appears to function 
as a good leaving group in these reactions. 

Several of the platinum metal complexes of Table 27 are alkene hydrogenation 
catalysts. The hydrogenation of styrene to ethylbenzene proceeds at 1 atm H,, 60°C 
in isopropanol in the presence of Os(H,)H(Cl)CO(P’Pr,), [294]. The dimeric Ru 
complexes of the table hydrogenate 1-alkenes in NJ-dimethylacetamide at 1 atm 
Hz [15,37]. The chloride bridges in these complexes provide additional sites of 
coordinative unsaturation at the metal so that I-hexene coordination might proceed 
without dihydrogen dissociation in these cases. Methylene chloride solutions of 
[OsH5(PMe2Ph),]+ at 25°C catalyze the hydrogenation of ethylene with 1 atm Hz 
and cyclohexene with 70 atm Hz [87]. The cation [Ir(H,)H,(PMe, Ph),]+ in CH;?Cl, 
is also active at 25°C and 1 atm Hz for ethylene hydrogenation [90]. In all of these 
reports of OS and Ir dihydrogen complexes, facile H, loss from the complex is 
stressed as an important factor in the activation of the catalyst. In contrast, the 
complex [Rh(H . . . H)(pp,)]+ was proposed to hydrogenate the C=C bond of di- 
methylmaleate in a two-step process: (1) proton transfer, and then, (2) hydride transfer 
[89]. No further details have emerged, but such a mechanism has recently been 
proposed for stoichiometric reduction of acetone by [Os(H,)(NH3),13+ (see below). 

The complex Ru(H.. . H)H2(PPh3), is an active catalyst for a variety of 
processes. In the presence of 1 atm Hz, a toluene solution of this compound at 55°C 
hydrogenates 9-methylanthracene to 1,2,3,4,5,6,7,8-octahydro-9-methyl-anthracene 
[196]. This catalyst also reduces unactivated ketones to alcohols. The hydrogenation 
of cyclohexanone to cyclohexanol proceeds at 21°C and 1 atm in toluene solvent; 
the following mechanism has been proposed [196]. 

RuH4(PPh3)3= RuH2(PPh3)3 + Hz 

RuH2(PPh3)3 + c-C6H100=RuH2(PPh3)3(c-C6H,oO) 

RuH~(PP~~)~(~-C~H,~O) + H2 + RuH,(PPh,),(c-C,H,, OH) 

(128) 

(129) 

(130) 

RuHz(PPh3)3(c-C6JJ110H) + H,““L,RuH,&PPh,), + c-&H,,OH (131) 

Here again, the themes of dihydrogen dissociation and hydride migration appear. 
Isopropanol can also be used as the source of hydrogen for the reduction of substi- 
tuted cyclohexanones to mixtures of cis and trans alkylcyclohexanols at 25°C cata- 
lyzed by species derived from Ru(H . * * H)H,(PPh,), [142,296]. The high activity of 
this complex was attributed to the dihydrogen ligand being a good leaving group. 
No dihydrogen complexes were thought to be within the catalytic cycle. Similarly, 
the complex [Ru(H,)H(pp,)]+ in thf at 40°C catalyzes the selective reduction of the 
ketone in @-unsaturated ketones with isopropanol or cyclopentanol as the source 
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of hydrogen [262]. The dimeric Ru(dppb) complex of Table 27 catalyzes the solvent 
transfer hydrogenation of acetophenone to I-phenylethanol at 25°C in isopropanol/ 
KOH [37]. 

The lability of the H, ligand in Ru(H . * * H)H2(PPh,), is thought to be the 
important characteristic of the catalyst for the dehydrogenation of ethanol to acetal- 
dehyde [297] in ethanol/NaOH solution at 150°C. The catalyst precursor is actually 
Ru(N,)Hz(PPh3)3, which is rapidly converted to the dihydrogen complex under 
these conditions. The steps in this process are proposed to be related to the hydrogen- 
ation reaction represented by eqns. (128)-( 13 1). However, anionic complexes are also 
implicated (Scheme 5). The reactive dihydrogen complex allows the ethoxide ion to 
coordinate in this cycle. Beta elimination gives acetaldehyde and the trihydride 
anionic complex. This hydride is basic enough to be protonated by ethanol to 
regenerate the dihydrogen complex. 

There are only a few cases where dihydrogen complexes are thought to be 
directly within the catalytic cycle. These include the H2/DZ/HD and D2/ROH 
exchange reactions, the hydrogenation of alkynes by [Fe(H,)H(pp,)]+, and the 
dehydrogenation of alcohols by Ru(H . . . H)H2(PPh3)3 as mentioned above. There 
are a few additional examples. The complex 0s(H,)(SiEt3)Cl(CO)(PiPr,), and its 
dihydride tautomer appear in the proposed cycle of the catalytic hydrosilylation of 
phenylethyne [298]. A nickel dihydrogen complex might be involved in the action 
of hydrogenase and nitrogenase [215]. The complex Co(H,)(C(O)R)(CO), has been 
proposed as an intermediate in the hydroformylation of olefins catalyzed by CoZCOs 
[ 164,239] (see also Sect. D.(iv)). 

The complexes mer- and fat-M(H,)(NBD)(CO), (M = Cr, MO, NBD = norbor- 
nadiene) are proposed to be intermediates in the photocatalytic conversion of NBD 
to NBN (norbornene) and nortricyclene (NTC) in n-heptane at 20°C. The mer isomer 
is proposed to lead to formation of NBN while the fat isomer leads to the formation 
of nortricyclene (NTC) as in Scheme 6 [299]. 

The carbonyl ligands are not shown in Scheme 6 and “s” represents weakly 
coordinated solvent, n-heptane. We have introduced intermediates 34 and 35 of 
unknown structure to complete the catalytic cycle for NTC formation. The significant 

OEf 

HOES +Rumdn2p3 \ H, 

[RuH$‘$ 
RuH2P3 

Scheme 5. 
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CYCLE FOR MJZR ISOMERS CYCLE FOR FAC ISOMERS 

Scheme 6. 

aspect to Scheme 6 is that the stereochemistry of the dihydrogen complex determines 

the structure of the hydrogenated product. The identity of several of the intermediates 

in this scheme was revealed by spectroscopic work utilizing supercritical liquid Xe 

as the solvent [51,299]. 

(iii) Reactions related to the catalytic cycles 

There are some interesting stoichiometric reactions which either provide further 

information on the catalytic systems mentioned above or suggest the possibility of 

new catalysts. Two examples considered here are reactions of alkynes with dihydrogen 

complexes and the reduction of ketones by H’/H- transfer from a dihydrogen 

complex. 

The hydrogenation of alkynes catalyzed by [Fe(H,)H(pp,)]+ is thought to 

involve a dihydrogen-alkyne intermediate (Scheme 4). Such an intermediate has also 

been proposed in the stoichiometric reduction of I-alkynes (eqn. (132)) during the 

formation of complexes Fe(CCR),(dmpe), from [Fe(H,)H(dmpe), J + and 4 equiva- 

lents of alkyne (eqn. (133)) [2553. 

Three catalytic systems were discussed in Sect. H.(ii) in which alkyne dimeriza- 
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[Fe(H2)H(dmpc)~+ + 4 HCCR + Fc(ccfR)2(dmpe)2 + H+ + 2 RHC=CH2 

(132) 

(133) 

tion was a side reaction (for complexes [Fe(H,)H(pp,)]+ and [Ru(H,)H(PR,),]+) 
or the main product of catalysis (for [Ru(H,)H(pp,)]+). A common theme was the 
formation of complexes containing the but-1-en-3-yn-2-yl ligand r13-RC=CC=CHR-. 
This reaction has also been observed in some stoichiometric reactions of dihydrogen 
complexes. Jia and Meek [66] report that Ru(H,)H,(cyttp) (cyttp = &H,P- 
(CH2 CH2 CH2 PCy,),) reacts with phenylethyne according to the equation 

RuH,(cyttp) + 3HC=CPh -+ Ru(CCPh)(q3-PhC=CC=CHPh)(cyttp) + 3H2 (134) 

Similarly, the dihydrogen complex [Fe(H,)H(dmpe),]+ reacts with 1-alkynes to give 
complexes [Fe(q3-RC-CC=CHR)(dmpe)z]+ [255,256]. 

Harman and Taube [93(a)] reported a rapid reduction of acetone by the 
electrochemically generated complex [OS(H,)(NH,),]~‘. Since the Os(I1) complex 

CWW(NW,12+ is inactive in such a reaction and the Os(II1) complex is acidic, 
the authors proposed an ionic hydrogenation mechanism where addition of H+ 
occurs before transfer of H - 

[OS(H,)(NH,),]~’ + Me,CO + [OSH(NH,)~]‘+ + [Me,C(OH)]’ 

-+ [OS(NH,),(HO)CHM~~]~+ (135) 

Bullock reported that a mixture of MoH(Cp)(CO), and HO, SCF3 reduces ‘BuHC= 
CH, to Me, HCCHMe, via protonation, carbonium ion rearrangement, and hydride 
reduction [300]. An acidic dihydrogen complex, [Mo(H,)Cp(CO),]+, might be 
involved in this reaction. A similar ionic reduction of ketones by a mixture of 
MoH,(Cp), and strong acids was discovered by Ito et al. [301]. However, Norton 
et al. recently found that H+ adds more rapidly to substrate than to metal hydride 
in the reduction of ketones/aldehydes by a variety of metal hydride/acid mixtures; 
therefore the formation of dihydrogen complexes as intermediates in the reaction is 
not necessary [302]. It will be interesting to see if catalytic cycles based on such an 
ionic hydrogenation mechanism can be devised. A promising stoichiometric reaction 
is the reduction of I-benzyl-N,N-diethylnicotinamide hexafluorophosphate ,(an 
NAD+ analogue) by H,/Ru(oep)(thf),/py in thf [SS]. The heterolytic cleavage of 
coordinated dihydrogen is postulated to be a key step in this reaction. 
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I. CONCLUSIONS 

Dihydrogen complexes exist on a small island of stability that is surrounded 
by a sea of instability defined by the d configuration, d electron energy and orbital 
overlap associated with the metal and the size and other stereochemical properties 
of the ligands. Small changes in any of these factors push the complex off the island. 
The complexes can be unstable with respect to intra- or inter-molecular homolytic 
cleavage, intra- or inter-molecular heterolytic cleavage, evolution of H2 gas, or 
hydrogenation of a ligand or non-coordinated substrate. Several of these reactions 
have parallels to the reactions of dihydride or polyhydride complexes. Some distinc- 
tive reactions of dihydrogen as opposed to dihydride complexes have emerged as 
noted below. 

Intramolecular homolytic cleavage (M(H,)L, to M(H),L,) is more thermody- 
namically favorable for 5d versus 3d metals, for metals in low oxidation states with 
high-energy d electrons, for small, electron-donating ligands and for ligands that 
destabilize octahedral coordination or favor higher coordination numbers. Compari- 
sons with the properties of the related dinitrogen complex, M(N2)L,, are useful in 
deciding if the H-H bond will split. Cleavage is likely to occur if v(N,) is less than 
2050 cm-’ or if E,,,{M(N,)L: /M(N,)L,} is less than 0 V vs. Fc+/Fc. However, an 
estimate of stability of the product dihydride must also be obtained before the 
outcome of the reaction can be reliably predicted; this is usually difficult to do using 
empirical methods. Isotopic substitution appears to favor M(HD)L, over M(H)(D)L,. 
Even though there is a loss in rotational motion of the H, ligand when the dihydride 
is formed, the change in entropy for this reaction is not always negative; the nature 
of the ancillary ligands is also important. Usually, the AS value is close to zero 
(* 10 e.u.). Complexes with elongated dihydrogen units, M(H * * . H)L, have thermo- 
dynamic properties which are similar to those of dihydrogen complexes M(H,)L,. 

The activation enthalpy barrier for the intramolecular splitting of dihydrogen 
ranges from less than 10 to up to 20 kcal mall’; the activation entropy is negative. 
The AHt probably arises because the metal has to change its coordination number 
and geometry and the ancillary ligands have to move in the process. The loss of the 
H-H bond could be balanced by M-H bond making so that this may not be an 
important enthalpic contribution to the barrier. Steric contributions to the barrier 
are important because of the changes in stereochemistry. A loss of rotational freedom 
of the Hz might explain why AS’ is negative. A conclusive study of the change in 
the activation barrier as a function of changing electronics at the metal remains to 
be done; steric interactions would have to remain constant throughout the reaction 
to observe a systematic trend. Kinetic studies of this reaction are challenging because 
of the instability of the complexes in certain cases. When the kinetics are monitored 
by NMR, the rapid relaxation of the dihydrogen nuclei and the presence of other 
dynamic exchange processes sometimes complicate the analysis. 

If a dihydrogen/dihydride equilibrium has a AC near to zero and a AGt which 
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is greater than 10 kcal mall’, then both M(H,)L, and M(H)2L, tautomers can be 
observed by NMR. Several examples have been reported for 4d and 5d metals. There 
are no examples yet for 3d metals. This can be explained by the difficulty in forming 
seven-coordinate complexes on a small 3d metal and the weakness of the M-H 
bonds in the dihydride form under the electron-deficient conditions necessary for the 
stabilization of the dihydrogen form. In many cases, AH* may be much less than 
10 kcal mol- ’ so that there is rapid equilibration of the tautomers. Further efforts 
are needed to distinguish between a rapidly interconverting mixture of tautomers 
and a single species with an elongated dihydrogen. Changes with temperature in 
NMR observable properties such as J(HD) could signal a ~rturbation of a rapid 
equilibrium. More crystallographic work is needed to resolve structural ambiguities 
in this area. 

Further examples of the intermolecular homolytic splitting of dihydrogen 
should be sought out. Such reactions are difficult to study because the reactant 
dihydrogen complex is usually diamagnetic and the product monohyd~de is para- 
magnetic. These reactions are potentially of importance in a variety of catalytic 
homogeneous hydrogenation mechanisms. 

The exchange of H atoms between dihydrogen and hydride ligands is a very 
common property of dihydrogen complexes. The AGt values for a large number of 
exchange processes have been estimated from literature reports of instances of 
incomplete Tl averaging or line-shape coalescence. In general, exchange is fastest 
when dihydrogen and hydride are located cis to each other. The presence of a cis 
interaction between H2 and H ligands and the ease of an associative H-H-H 
mechanism may account for the low barrier to exchange. NMR studies of the complex 
[Re(H~)H~(CO)(PMe~Ph)~]+ provide the best evidence for such an associative 
reaction. However, certain complexes with dihydrogen and hydride trans to each 
other also exhibit rapid exchange. For these complexes, a mechanism involving 
dissociation of the H-H bond to give a trihydride intermediate is favored. Factors 
that favor exchange in complexes ~~u~s-[M(H,)H(L,)~]” (M = Fe, Ru, OS) are: high 
flexibility of the backbone of the chelating diphosphine L2; large size of substituents 
to destabilize the octahedral geometry; electron-donating substituents on L,; and 
metals of higher z basicity (OS > Fe > Ru). This last-mentioned ordering of metals 
is different from that for H atom exchange in six-coordinate hydride complexes 
M(H)2L,, (L =.PR, or L2 = dppe) [303]. 

Hydrogen atom exchange processes involving the dihydrogen ligand allow 
interesting stoichiomet~c and catalytic isotope exchange reactions to take place. 
More research is needed to learn how the reaction of D, gas with coordinatively 
saturated dihydrogen complexes can result in H/D exchange and the formation of 
HD complexes. 

There are some distinctive features of the acidity of dihydrogen complexes with 
respect to that of related dihydride complexes. In general, dihydrogen complexes 
transfer protons to bases faster than dihydride complexes (kinetic acidity). However, 
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the thermodynamic acidity of a dihydrogen complex is not necessarily greater than 
that of its dihydride tautomer; the minor tautomer is the more acidic. In a hydride(di- 
hydrogen) complex, M(H2),H,,L,, the thermodynamic acidities of the hydride and 
the dihydrogen ligands are identical unless rearrangement in the product is restricted. 

Electron-deficient dihydrogen complexes are both labile and acidic. Very acidic 
dihydrogen complexes with pK, values below 0 have been reported. An equation 
linking the pK, of d6 M(H2)L, complexes to the H-H bond dissociation enthalpy 
and the d6/d5 reduction potential for the MHL, hydride allows the calculation of a 
range of possible pK, values from published electrochemical ligand additivity param- 
eters. The reactions of very acidic dihydrogen complexes appears to be a very 
promising area for future research. 

Several mechanisms for intramolecular heterolytic cleavage of dihydrogen 
ligands have been identified and classified as either the protonation of a ligand lone 
pair or a metal-ligand bond. These may be catalyzed by an external base. It may 
.be difficult to distinguish these mechanisms by kinetic methods with the exception 
of the external base catalysis mechanism for which the rate should depend on the 
concentration of the base. Very little data on the thermodynamics of such reactions 
have been reported, probably because the protonated ligand is often eliminated from 
the product complex. Studies of those systems in which the protonated product is 
not eliminated would be useful in order to determine the factors which influence the 
acidity of coordinated acids. 

The intra- or intermolecular heterolytic cleavage of a dihydrogen ligand may 
be involved in a number of important catalytic reactions, including H/D exchange, 
hydroformylation, olefin hydrogenation, and possibly the reactions of hydrogenase 
and nitrogenase. 

Dihydrogen elimination is a common reaction for M(H,) and M(H . . . H) 
complexes because of the weak M-H2 binding compared with that of most other 
ligands. However, some complexes are surprisingly stable with respect to loss of H, 
gas. Complexes M(H,)L, are not necessarily less thermodynamically or kinetically 
stable than related dihydride complexes, M(H), L,. Comparisons with the properties 
of the related dinitrogen complex, M(N,)L,, are useful in deciding if H, will be lost 
easily. This is likely to occur if v(N,) is greater than 2150 cm- ’ or if 
E,,2(M(N2)Li /M(N,)L,) is greater than 2 V vs. Fc+/Fc. However, an estimate of 
the stability of the product five-coordinate complex must also be obtained before 
the outcome of the reaction can be reliably predicted. There are a few examples of 
dihydrogen complexes which readily lose Hz when v(N2) is less than 2150 cm- ‘. 
Thus, the use of spectroscopic data as rough indicators of the strength of dihydrogen 
binding has limitations. These should be supplemented or replaced wherever possible 
by quantitative thermodynamic and.kinetic data, which are at present in short supply. 
The high enthalpy of N, loss compared with that of H, loss makes N, a stronger 
ligand at low temperatures. However, at higher temperatures, entropy factors make 
Hz a stronger ligand than N,. This may also be true for D2 versus H,. 
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In the absence of potentially substituting reagents, the coordinatively unsatu- 
rated complex produced by H, loss may or may not be more stable than the original 
dihydrogen complex. The stability of the dihydrogen complex with respect to Hz 
loss is increased if the complex contains a 5d metal and if the ligands are electron 
donating (especially for the later transition metals) and are not potentially chelating. 
The trend in qualitative stabilities of isostructural dihydrogen complexes of group 6 
and 8 metals is 5d > 3d > 4d or, less commonly, 5d > 4d > 3d. Quantitative data for 
M(H,)(CO),(PCy,), show that the 5d(W) complex is both kinetically and thermody- 
namically more stable than the 3d (Cr) complex. The reasons for the trends are not 
clear. 

In general, dihydrogen complexes (M(H,) or M(H 1. * H)) lose Hz more quickly 
than classical hydrides, but there are already some exceptions. As more data become 
available, more exceptions should come to light. The rate of elimination of Hz can 
no longer be used as a criterion for distinguishing M(H,) from M(H), complexes. 

Several types of reaction involve the loss of the H2 ligand. These include 
replacement of the Hz by a wide range of ligands; substitution followed by an 
intramolecular reaction, usually involving a hydride migration; exchange of H2 and 
another ligand between complexes; and elimination followed by dimerization of the 
resulting coordinatively unsaturated complex. 

There are only a few electrochemical studies of dihydrogen complexes. Two 
complexes, Re(H . . . H)Cl(PMePh,), and [Os(H . . . H)(NHs)5]2’, display a revers- 
ible, one-electron oxidation, whereas several undergo irreversible oxidations. So far, 
two common decomposition routes of oxidized dihydrogen complexes have been 
identified. The first is H2 evolution after oxidation and the second is loss of a proton. 
The oxidation of [Os(H2)(NH,),12’ is irreversible in acetone because the product 
Os(III)(H,) complex reduces acetone to isopropanol. This paradoxical reaction, 
where an oxidation turns the complex into a more potent reducing agent, is a futher 
pathway to decomposition of oxidized dihydrogen complexes. Additive electrochemi- 
cal parameters for ligands in six-coordinate complexes can be used to estimate 
potentials for the one-electron oxidation of dihydrogen complexes. In general the 
agreement is good. 

Reactions where the dihydrogen ligand is retained are rare. Examples of the 
following reactions of dihydrogen complexes are known or proposed: substitution of 
ancillary ligands in the complex; protonation of the complex; cis-trans isomerization 
of the complex; counterion exchange; and insertion reactions of ancillary ligands in 
the complex. 

Do dihydrogen complexes have unusual properties as catalysts? There are no 
catalysts of unusually high activity or selectivity among the complexes which have 
been tested so far. However, homogeneous hydrogenation catalysts based on iron 
are rare and so it is of interest that two iron dihydrogen complexes, [Fe(H,)H(pp,)]+ 
and [Fe(H,)H(P(OEt),Ph),]+, catalyze the reduction of 1-alkynes to alkenes. Certain 
dihydrogen complexes are also catalysts for H2/D2/HD exchange, the hydrogenation 
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of alkenes, dienes, anthracenes and ketones, the dehydrogenation of alcohols and the 
dimerization of alkynes. Dihydrogen complexes have been implicated as intermedi- 
ates in olefin hydroformylation and hydrosilylation processes. Several complexes of 
the type M(H,)HL, are H2/D2/HD exchange catalysts or hydrogenation catalysts 
because they readily dissociate Hz to allow the coordination of the substrate (D2, 
alkene, alkyne) to the metal and the reaction of the substrate with the cis hydride 
ligand. A few catalysts appear to be exceptions to this rule, including 
[Fe(H,)H(pp,)]+ for the hydrogenation of alkynes and M(H,)(CO),(nbd) for 
the hydrogenation of norbornadiene. The postulated dihydrogen complex 

CW-bWWJ3+ is thought to reduce acetone to isopropanol via a unique se- 
quence of H + and H - transfer. 

Dihydrogen and hydride are the simplest ligands in coordination chemistry. 
And yet they provide a gamut of reactions, some complicated by the particle/wave 
duality of hydrogen nuclei. The simplicity of these ligands makes a combined effort 
of theoretical treatment and quantitative experimental work a rewarding exercise in 
understanding the chemistry and physics of reactions of these and other ligands. 
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NOTE ADDED IN PROOF 

Two significant papers have appeared after the writing of this review. Lin and 
Hall [331] have calculated ab initio the relative stabilities of classical and non-clas- 
sical polyhydrides. They report several factors which should be added to those of 
Table 3. The stability of trans hydride ligands is significantly destabilizing and 
influences the stability and structure of isomers; thus the proposed intermediate 
complex of eqn. (33) might be of unreasonably high energy. A diagonal line through 
Ru and Ir divides classical (left-hand side) and non-classical (right-hand side) poly- 
hydrides for neutral complexes without strong rc-accepting ligands [331]. 

Bianchini et al. report that [Co(H),(pp,)]BPh,*2THF is a white, classical, 
octahedral dihydride complex which dissolves in THF to give the red, trigonal- 
bipyramidal dihydrogen complex [Co(H,)(pp,)] +. The red dihydrogen isomer crys- 
tallized as the PF; salt but the X-ray diffraction study failed to locate the hydrogen 
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atoms [332]. This is a further example of a low-energy_ dihydrogen/dihydride 

interconversion process (refer to eqn. (12)). Dinitrogen can displace dihydrogen from 

both the dihydrogen and dihydride isomers in the solid state. 
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