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Hydride Complex 

The chemistry and current significance of cova 
hydrogen compounds of transition metals are discus 

Joseph ( 

Hydrogen is a ubiquitous chemical 
element, which can be brought into 
combination with most other elements. 
It behaves as a positive ion in strong 
acids, and occurs as a negative ion in 
combination with very electropositive 
metals. It forms hard alloy-like hydrides 
with the lanthanides and transition 
metals, and covalent compounds with 
most of the remaining elements. Never- 
theless, until very recently it appeared 
incapable of forming covalent or ionic 
bonds with the transition metals, such 
as chromium, iron, cobalt, nickel, cop- 
per, and the platinum metals. 

The last decade has seen a change 
in all of this. Numerous complex com- 
pounds of the general type [MHxLy] 
have been discovered. Here M is a tran- 
sition metal and L is a ligand (1) at- 
tached to the metal. The ligands L are 
not usually all of the same kind, and 
although most hydride complexes are 
mononuclear-that is, contain only one 
metal atom in the molecule, as given 
in the formula-a few are di- and poly- 
nuclear, especially when L is carbon 
monoxide. 

These complexes contain covalent 
M-H bonds which usually have little, 
if any, tendency to ionize as hydrides. 
This covalency confers on many of the 
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SCIENCE 

The first reasonably well defined, 
but nonetheless very unstable, hydride 
complexes of transition metals were 
[FeH2(CO)4] and [CoH(Co)4], discov- 
ered in 1931 by Hieber and his co- 
workers (5). These substances were 
long a mystery because they are acidic, 

.es and for some years they were formu- 
lated, for example, as [Fe(COH)2- 
(CO)2]. Nevertheless, standard chem- 

lent ical tests gave no sign of any OH 
group in the molecule, nor, after the 

,sed. introduction of infrared spectroscopy, 
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in water, long known to give a strong- 
ly reducing solution, was now shown 
by nuclear-magnetic-resonance spectros- 
copy to contain a substance having 
hydrogen attached to cobalt. The pres- 
ence of [CoH(CN)5]3- was then in- 
ferred, but a salt has only recently been 
isolated (7). When this solution is 
formed in the presence of gaseous hy- 
drogen, K3[CoH (CN) 5] is formed in 
rather high concentration, and this 
compound is a homogenous hydrogen- 
ation catalyst for the conversion of 
alkynes to alkenes. The substance once 
thought to be potassium rhenide (KRe) 
in aqueous solution was also shown to 
have hydrogen attached to the metal. 

The final phase was the discovery of 
hydride complexes with no carbon at- 
tached to the transition metal-again 
an accidental discovery, this time in my 
own laboratory. The first such complex 
was a substance, trans-[PtHCl(PEt3) 2] 
(8), so remarkably stable that it can 
be sublimed in a vacuum. It will dis- 
solve in aqueous ammonia open to the 
air without oxidation, and the solution 
can be evaporated on a steam bath, the 
original hydride being left. The large 
chemical shift of the unique hydrogen 
occurs at 26.9 r, and in the infrared 
spectrum there is a very strong sharp 
band at wave number 2183 cm-1, due 
to the Pt-H stretching vibration. 

In the last decade many transition- 
metal hydride complexes of all levels 
of stability have been obtained. In gen- 
eral, they have the formula [MHxLY], 
as defined above, and are diamagnetic, 
and the number and character of the 
ligands L is such that the metal atom 
tends to approach the effective atomic 
number of the next inert gas, or to 
have two electrons less than the number 
required by the effective atomic num- 
ber rule. The first definite examples of 
paramagnetic hydrides, all three isomers 
of [OsHC12(PBu2Ph) 3], were found 
only recently (9). They have one elec- 
tron less than the required number. 

Apart from hydride complexes of the 
type [MHxLy], there are two complex 
hydrides, K2ReH9 and K2TcH9, analo- 
gous to the main-group types-for ex- 
ample, LiAlH4. 

The crystal structure of K2ReH9 has 
been determined by x-ray and neutron 
diffraction studies, and the anion struc- 
ture is shown in Fig. 1. The nine hy- 
drogen atoms are about 1.68 angstroms 
from the rhenium atom, a reasonable 
distance for a covalent single bond, 
and since the rhenium atom must form 
nine ar-bonds, all its 5d-, 6s-, and 6p- 
orbitals must be used in a-bonding. 
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Fig. 1. Arrangement of the hydrogen atoms 
in [ReH9]--. Atoms 1 to 6 are at the cor- 
ners of a trigonal prism; atoms 7 to 9 stand 
out from the center of each prism face. 
[From S. C. Abrahams, A. P. Ginsberg, 
K. Knox, J. Amer. Chem. Soc. 3, 558 
(1964), reproduced with permission.] 

No analogous complex hydrides-for 
example K[OsHg]-have yet been iden- 
tified, although analogous hydrides of 
molybdenum and tungsten may exist 
(10). 

The salt K2ReH9, stable in alkaline 
aqueous solution, slowly exchanges hy- 
drogen for deuterium (half-life, 7.8 
days at 25 C) in 15-percent KOD-D20. 
The hydrogen atoms behave as if they 
were all equivalent, and the r value of 
19.1 is among the lower values ob- 
served for transition-metal hydride 
complexes. 

Types of Complexes 

Table 1 shows the main types of 
compound now known. A list of indi- 
vidual complexes would occupy many 
pages. The types are arranged under 
each metal in periodic-table sequence. 
It appears that carbonyl and cyclopen- 
tadienyl types predominate, but this is 
really not the case; the formulas listed 
usually represent only one compound, 
whereas the general formulas given for 
the tertiary phosphine types often rep- 
resent numerous individual compounds, 
some with as many as three geometrical 
isomers. 

In [MH~Ly], L is most common- 
ly carbon monoxide, cyclopentadienyl 
anion, and tertiary phosphines, but 
halide and similar ions also occur with 
these, especially in the phosphine and 
phosphine-carbonyl complexes. The pat- 
tern of types is very clear. The carbonyl 
and cyclopentadienyl types occur to the 
left and at the top of the transition- 
metal series, the phosphine and the 

arsine and halide types, to the bottom 
and right. 

The few types of ligands L involved 
is at first glance surprising, but had it 
been possible for more ligands to stabi- 
lize the M-H bond, hydrido-complexes 
would have been known long ago. 
When the transition-metal complexes 
containing the common ligands are re- 
duced in aqueous solution, the metal is 
usually then present in some low oxi- 
dation state without hydrogen attached, 
or it is deposited. Ligands with high 
ligand field strengths stabilize the hy- 
dride species best. Only those with 
carbon or phosphorus as ligand atoms 
are really effective; then ligand effec- 
tiveness falls off, in tertiary arsines, 
organic sulfides, amines, oxyacid an- 
ions, and halide ions, roughly in that 
order. 

The hydride complexes are usually 
obtained by reduction or protonation 
of suitable metal complexes. All the 
positively charged species listed in Table 
1 were obtained by protonation, usually 
in very strong acid: 

[Fe(C5H5)2] + H+ = [FeH(C5H5)2]+ 
(1) 

They were detected, by nuclear-mag- 
netic-resonance spectroscopy, in the 
acid solutions but were not isolated. 

The cations [ReH2(C5H5) 2]+ and 
[WH3(C5H5)2]1+ are exceptions and are 
formed in dilute acid. The rhenium 
complex [ReH(C5H5 ) 2] has almost the 
same basic strength as ammonia in di- 
oxane solution, but it is not soluble in 
water. The complex [TaH3(C5H5) 2], 
having no nonbonding electron pair on 
the metal, is not basic. 

The carbonyl and cyclopentadienyl 
carbonyl hydrides are usually obtained 
by hydrolysis of their salts with water 
or dilute acid: 

Li[Mo(CO)3 (C5H5)] + CH3COOH -> 
[MoH (CO)3(C55H5)] + CH3COOLi (2) 

The salts are obtained by reduction 
of a carbonyl complex either by treat- 
ment with alcoholic potassium hy- 
droxide, 

[Fe(CO)5] + 30H- -> 
[FeH(CO)4]- + CO3-- + H20, (3) 

or directly by reduction with alkali 
metal or amalgam in a suitable solvent. 
Special methods are common, especially 
for the iron series of polynuclear hy- 
drides, where diamines are used to 
cause "valency disproportion": 

4[Fe3 (CO) 12] + 9 en -> 

3[Fe(en)3][Fe3(CO)ll] + 15CO (4) 
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In the cyclopentadienyl series, reactions 
such as 

LiC5H5 + [Mo(CO)6] -- 
Li[Mo(CO)3(C5H5)] + 3CO (5) 

are useful. 
Direct reduction of the carbonyls by 

hydrogen under pressure is also possible 
and produces the hydride directly: 

[Co2(CO)8] + H2 = 2[CoH(CO)4] (6) 

Bis(cyclopentadienyl)hydrides are ob- 
tained by the reaction of sodium cyclo- 
pentadienide on metal halide in the 
presence of sodium borohydride: 

NaCsHs 
WCle NaBH4 > [WH2(C5H5)2] (7) 

The tertiary phosphine hydrides and 
halide hydrides result when the com- 
plexes of the metal halide with the 
phosphine are reduced. A number of 

reducing agents have been used. Lith- 
ium aluminum hydride is a general re- 

ducing agent, but not usually the best. 
Hydrazine hydrate and boiling alcoholic 
potassium hydroxide are very good in 
special cases-the former, particularly 
for producing platinum hydride com- 
plexes, 

cis-[PtCI2(PR3)2] + 2N2H4 > 

trans-[PtHCl(PR3)2] + N2 + 
NH4C1 + NH3, (8) 

and the latter especially for producing 
iridium complexes, 

[IrCl3(PR3)3] + C2H50H + KOH -> 
[IrHCl2(PR3)3] + KCI + CH3CHO (9) 

In reaction 9 a second or third chloride 
ion can be replaced by, respectively, 2 
or 3 moles of KOH, and the reaction 
is assisted by use of the higher-boiling 
2-methoxyethanol. In the ruthenium 

and osmium series of complexes, alco- 
holic potassium hydroxide inserts car- 
bon monoxide together with hydrogen, 
both from the alcohol: 

[Ru2Cl3(PR3) 6]Cl + 

2RCH20H + KOH -> 

2[RuHCl(CO)(PR3)3] + 
2RH + 2KC1 + 2H20 (10) 

An interesting method involves the 
addition of hydrogen gas or hydrogen 
halide to a complex of the metal in a 
low oxidation state: 

Et, 
[PtHCl(PEt3)2] + HC1 Et2 

[PtH2Cl2 (PEt3) 2] (11) 

This type of reaction, now known as 
oxidative addition, is especially com- 
mon among d8 complexes. The ad- 
dition of hydrogen gas to the planar 

Table 1. Types of hydride complexes formed by transition metals. 

Groups IV and V Group VI Group VII Group Villa Group VIIIb Group VIIIc and I 

Titanium Chromium Manganese Iron Cobalt Nickel 
TiHC13 [CrH(CO)]5- [MnH(CO)5] [FeH2(CO)4] [CoH(CO)41 [Ni4H(CO) 91- * 
[{TiH(CS5H)2}2]t [Cr2H(CO)0o]- [Mn2H2(CO)9] [FeH(CO)4]- [CoH{C2H4 [NiHCl (PPr3)2] 

(PPh2)2}2] 
[Cr2H(CO)6(OH)3]- - [Mn2H(CO)9]- [Fe3H (CO)11]- * [CoH(CO)3(PR3) 

Vanadium [CrH(CO)3Ar]+ ? [Mn3H3(CO)12] [FeH (C5Hs)2]+ [CoH(CN)5]- Copper 
[VH(CO)61 Li3[Cr2H3Ph6]3Et20 [MnH(CO)4(PR3)] II [FeHaX(2.s) [CoH(PF3)4] CuH(solvent) 

(diphos)2] ff 
Li3[CrHPh5]3Et2O [Mn2H(CO)9(PR3)] [FeHl(CO)yY3]+ ** [CoH (CO) (PF3)3] 

[MnH(NO)2(PPh3)2] [FeH(CO)2(CsHs)] [CoH(dmg)2B]f t 
[C5H5)FeMn [(Fe(CO)2 [CoH2{C2H4 

(CO)7H]+ (CsHs) }2H]+ (PPh2)2}21]+ 
[Mn3H(CO)io(BH2)2] [CoH(N2) (PPh3)3] 

[CoH3(PPh) 3] 

Zirconium Molybdenum Technetium Ruthenium Rhodium Palladium 
[ZrH2 (C5H5)2]2 [Mo2H(CO)io]- [TcH(CO)5] [Ru4H2(CO) 13] [RhH(CO)4] [PdHCl (PEt3)2] 
[ZrH(BH4) (C5Hs)2] [Mo2H(CO)6(OH)3]- K2TcH9 [RuH(C5H5)2]+ [RhH.X(3-X) 

(QR3)3] 
[Mo2H3(CO)6 (OH )3] [RuHAXX(2-) [RhHCO(PPh3) s] 

(diphos)21 
Niobium [MoH2(C5H5)2] [RuHCl (CO) [RhH(NH3)5]+ + 

(PR3)31 
[MoH(CO)3(CsH5)] [RuH(CO)2(CsHs)] [RhHCl trien]+ t 
[{Mo(CO)3(CsHs) }H]+ [(Ru(CO)2 [RhH(PF3)4] 

(C5H5) }2H]+ 
[MoW(CO)6(C5H5)2H]+ [RuHCl (PPh3)3] 
[(Mo(CO)2(PMe2) 

(CsHs) }2H] 

Hafnium Tungsten Rhenium Osmium Iridium Platinum 
[WH(CO)6]- [ReH(CO)5] [OsH2(CO)4] [IrH(CO)4] trans- 

[PtHX(QR3)2]?? 
[W2H(CO) o]- [Re2H(CO)802]- [OsHxH(2-X) [Ir4H(CO)0o]- trans- 

[Re3H3(CO)12] (diphos)2] [Pt2H2(PPh2)2 
(PEt3)2] 

[W2H3 (CO)6(OH)3]* [ReH (C5H5)2] [OsHC2 (PR3)3] [IrHxX(3-X) [PtH2C12 (PEt3)2] 
(QR3)3] 

[WH2(C5H5)2] [ReH2 (CH5)2]+ [OsHCl3(PR3)2] [IrHXX(3-x) (CO) [PtH (PPh3)3]+ 
(QR3)2] 

Tantalum [WH3(CsH5)2]+ K2ReH9 [OsHCl (CO) [IrH(CO) (PPh3)3] 
(QR3)3] I1 II 

[TaH3(C5H5)2] [WH(CO)3(C5H5)] [ReH5(PR3)31 [Ir2H2X4DE]ff f 
[WH2(CO)2(C5H5)]+ [ReH7(PR3)2]*** [IrH (PF3) 4] 
[{W(CO)a(C 5H5) }2H]+ [ReH2Cl (PR3)4] [IrH3(PR3)2] 

* Other, similar polynuclear complexes are known. tCgHs = cyclopentadienyl. tOther, similar polynuclear carbonyl hydrides, their anions and derived 
hydroxy, alkoxy, and similar complexes have been reported. ?Ar = aromatic molecule (for example, CeHs and CH3CQH4C1). IIR = alkyl or aryl group; 
in PR3 the R groups need not all be the same. TX = halide or other monovalent acid radical; diphos = diphosphine (for example, R2PCH2CH2PR2 and 
o-CoH4(PEt2)2. **Y = tertiary phosphine or arsine, or carbon monoxide; y = 3 or 4, z =2 or 1, respectively. tdmg = dimethylglyoxime; B = pyridine 
or triphenylphosphine. **Trien = triethylenetetramine; other, similar ammine hydrides are known. ??A great number of very stable compounds of this 
type and a few related compounds are known. 11 IIQ = P or As. ?ffD = (CO)2, E = (PEt)2, or A = E = cyclo-octa-l,5-diene. ***Other derivatives of 
the general formula RexHy(PR3)z (x = 1 or 2) have been reported. 

17 MAY 1968 725 



[IrCICO(PPh3)2] to give octahedral 
iridium(III) complexes has been much 
studied, and the reaction 

[IrCl(CO)(PPh3)2] + H2 -> 
[IrH2C1CO(PPh) 2] (12) 

is an oxidation by hydrogen. There are 
other preparative methods, but reac- 
tions I to 3 and 6 to 12 are the most 
common. 

General Properties 

Hydride complexes are generally 
colorless solids, but some, especially 
among the carbonyl hydrides, are col- 
ored, and a few, such as [MnH(CO)5], 
[FeH2(CO) 4], [CoH(CO) 4], and the 
[MH(PF3)4] type, are volatile liquids. 
The cobalt and iron carbonyl hydrides 
are very volatile, giving off poisonous, 
evil-smelling vapors. 

The thermal stabilities of the molecu- 
lar hydrides derived from the elements 
of the main groups of the periodic table 
fall markedly as one proceeds from the 
lighter to the heavier elements, as in the 
familiar series CH4, SiH4, GeH4, SnH4, 
and PbH4. In contrast, the heavier tran- 
sition metals generally give the more 
stable hydride complexes, with the pos- 
sible exception of the purely carbonyl 
hydrides. This exception may be caused 
by the very much greater stability of 
the polynuclear carbonyls of the heavier 
transition metals, which are products 
of the decomposition, rather than by 
the inherent instability of the bond be- 
tween hydrogen and the heavier tran- 
sition metals, in their carbonyl hydrides. 
In all other series, however, the heavier 
transition metals give the more stable 
hydrides. Thus the nickel compound 
[NiHCl(PPr3) 2] has been detected 
spectroscopically only in solution. The 
solid palladium compound [PdHC1- 
(PEt3)2] has been isolated, but is very 
unstable, in marked contrast to its very 
stable platinum analog, described above. 

Generally, of the hydrides listed in 
Table 1, those to the top and left of 
the table oxidize readily in air and may 
be sensitive to moisture, and those at 
bottom right tend to have relatively 
high thermal, oxidative, and hydrolytic 
stability. The carbonyl hydrides tend to 
be the most sensitive to temperature and 
oxidation, but the substitution of tri- 
phenyl phosphine for carbon monoxide 
increases stability markedly. Thus [CoH- 
(CO)4], which is very volatile and de- 
composes, with loss of hydrogen, at 
temperatures above about -20?C, 
has a substitution product, [CoH(CO)3- 
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(PPh3)], which is stable up to +20?C. 
This increase in stability may be associ- 
ated with the higher electron density on 
the metal atom, because the more elec- 
tronegative phosphine in [CoH(CO)3- 
{P(OPh)3}] causes decomposition to 
start at about 0?C. 

Hydride complexes are generally too 
sensitive to oxidation to be manipulated 
in the presence of air, and they are 
handled in a closed system under ni- 
trogen or argon. However, the hydride 
complexes of osmium, iridium, and 
platinum, which contain monotertiary 
phosphines, halogen, and sometimes one 
molecule of carbon monoxide, are 
especially stable; they do not oxidize 
in air, and can be manipulated in open 
vessels. Compounds of type [MH- 
(PF3) 4] (where M = cobalt, rhodium, 
or iridium) also have good thermal, 
hydrolytic, and oxidative stability, in 
marked contrast to their carbonyl 
analogs. 

The nature of the hydrogen in 
the transition-metal hydride complexes 
varies considerably. In those which 
contain two or more carbon monoxide 
molecules it tends to be protic; the 
most strongly acidic is [CoH(CO)4], 
said to be as strongly acid as nitric acid 
in methanol solution. But generally the 
acid strengths are very low; thus 
[CoH(CO)3(PPh3)] has an acid dis- 
sociation constant of 1.09 x 10-7. The 
alkali metal salts are all hydrolytically 
unstable in water, but stable insoluble 
salts are produced through combination 
with large organic or complex cations 
such as [Fe(phen) ]++. 

As mentioned above, both [WH2- 
(C5H5) 2] and [ReH(CsHs) 2] are mono- 
acid bases, the proton from solution be- 
ing attached to an electron pair on the 
metal. This pair is also available for 
other strong electron acceptors, such as 
boron trifluoride in the compound 
[WH2 (BF3) (C5H5) 21. 

The phosphine, monocarbonyl phos- 
phine, and related hydride complexes 
are neutral, and the hydrogen takes one 
place, as a halide ion would, in the 
coordination shell. X-ray crystal struc- 
tures, which do not show the hydrogen, 
support this statement. They also show 
that the bond in the trans position to 
the hydrogen is slightly longer than 
other, similar bonds in the molecule, 
and that the angle between the M-H 
bond and the bonds to the cis ligands 
is rather smaller than that required for 
the regular coordination polyhedron. 

The characteristic hydride resonances 
in the nuclear-magnetic-resonance spec- 
tra occur at r values of 11 to 42, the 

carbonyl, arene, and cyclopentadienyl hy- 
drides tending to have the lower values. 
In binuclear species, high r values result 
when the hydrogen is associated with 
both metal atoms-for example, for 
[{Co(Co)3(C5H,)}H]1, r = 30.99; for 
[MoH(CO)3(C5H5)], Tr 15.52. Never- 
theless the highest value recorded (r = 
41.2) is for the mononuclear complex 
trans-[FeHCl{o-C6H4(PEt2)2}2]. 

The infrared spectra of the hydride 
complexes show strong bands due to the 
M-H stretching and bending modes of 
vibration, but in the carbonyl hydrides 
the bands are often difficult to identify. 
The stretching frequencies cover the 
wave-number range 1700 to 2250 cm-1, 
and the bending modes occur around 
660 to 850 cm-1. There is no obvious 
correlation between the M-H frequen- 
cies, the r values, and the protonic or 
hydridic nature of the hydrogen. 

Hydrogen is so light relative to the 
mass of a transition-metal ion that the 
stretching frequencies are a useful indi- 
cation of relative M-H bond strengths, 
provided that only one hydrogen atom 
is attached to the metal and that other 
vibration frequencies of the same order, 
which could couple with it, are absent. 
The stretching frequencies show that 
the strength of binding depends very 
much on the character of other ligands 
in the complex, especially on that of the 
ligand trans to hydrogen; the greater the 
trans effect of the ligand the weaker the 
M-H bond and the lower the M-H 
stretching frequency (see Table 2, where 
ligands X are listed in order of increas- 
ing trans effect). 

The hydrogen atom itself has a pro- 
found effect on the ligand in the trans 
position. Thus in the reaction 

trans-[PtXCl(PEt3)2] + py = 
[PtXpy(PEt3)2]+ + Cl- (13) 

equilibrium is attained 105 times 
faster when X -H than when X = Cl. 
This labilizing effect of hydrogen is used 
to catalyze sluggish substitution reac- 
tions, under reducing conditions. A 
transient unstable hydride in low con- 
centration is formed, and the substitu- 
tion occurs in it. Thus the substitution 
of chloride ion by nitrogenous ligands 
in rhodium(III) complexes, 

[RhCl3py3]- ti-->[RhHCl2py3]-? PY 

[RhCl2py4]+, (14) 

is greatly catalyzed by alcohol, hypo- 
phosphorous acid, and hydrogen gas- 
all believed to act as hydride donors 
(11). 

SCIENCE, VOL. 160 



Chemical Reactions 

Most of the hydride complexes un- 

dergo trivial reactions of the sort ex- 

pected, in the case of halogen and 

halogen acids, to give halide complexes 
together with hydrogen halide and 

hydrogen, respectively. Many hydride 
complexes are also chlorinated by highly 
chlorinated solvents: 

[PtHCl(PEt3)2] + CC14 - 
[PtCl2(PEt3)2] + CHC13 (15) 

Condensation, with elimination of 
hydrogen, is common, especially in the 
case of the carbonyl hydrides, where the 
hydrogen tends to be very labile and is 
reversibly lost: 

Heat 
2[MnH(CO)5] --- -" 

200?/250 atm 

[Mn2(CO)lo] + H2 (16) 

Although manganese carbonyl hydride 
must be heated, [CoH(CO)4] starts 
to decompose at temperature below 
-20?C, and [FeH(CO)2(C5H5)] is so 
unstable that the acidification of a solu- 
tion of Na[Fe(CO)2(C5H5)] leads direct- 
ly to formation of the dimer: 

2[Fe(CO)2(C5H5)]- + 2H+ -> 
[Fe2(CO)4(C5H5)2] + H2 (17) 

The hydride is obtained by sodium 
borohydride reduction of [FeI(CO)2- 
(C5H5)] in tetrahydrofuran. Hydrogen 
elimination seldom occurs from the 
non-carbonyl hydrides, but it will occur 
between transition-metal hydride com- 
plexes and hydrides of main-group ele- 
ments (12): 

trans-[PtHCl(PMe2Ph)2] + MePh2SiH -> 
trans-[PtCl(SiMePh2) (PMe2Ph)2] + H2 

(18) 
GeH4 + 2[MnH(CO)5] -> 

[(CO)5Mn-GeH2-Mn(CO) 5] + 2H2 
(19) 

The halides of metals which form very 
stable organometallic compounds some- 
times react with transition-metal hy- 
drides to form stable metal-to-metal 
bonds: 

2[RhHCl2(PR3)3] + HgCl2 -> 
[(PR3)3Cl2Rh-Hg-RhCl2(PR3) 3] + 

2HC1 (20) 
2[CoH(CO)4] + HgC12 -> 

[(CO)4Co-Hg-Co(CO)4] + 
2HC1 (21) 

However, such carbonyl compounds 
are more readily obtained through the 
use of the sodium salt, as, for example, 
in the reaction 

Bu2SnCl2 + 2Na[Co(CO)4] -> 

[Bu2Sn{Co(CO)4)2] + 2NaC1 (22) 
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Table 2. Influence of the ligands (X) in trans-[PtHX(PEt3)2] on the Pt-H bond as shown by 
its stretching frequency [v(Pt-H) cm-'] in hexane. 

X N03 Cl Br I N02 SCN CN 

v(Pt-H) 2242 2183 2178 2156 2150 2112 2041 

The most important reactions of the 
transition-metal hydrides are (i) inser- 
tion reactions, where olefins and the like 
are inserted between the hydrogen and 
the metal, and (ii) the corresponding 
eliminations. These two reactions, in 
succession, lead to olefin isomerization, 
which becomes catalytic if the hydride 
species is formed only transiently, and 
then is important for the petrochemicals 
industry. 

Most hydride complexes undergo in- 
sertion reactions at temperatures and 

pressures that vary according to the 
labilities of the hydrogen atoms in the 
complexes. At room temperature and 

pressure the very labile [CoH(CO)4] 
reacts with olefins to form unstable 
organic derivatives, 

RCH=CH2 + [CoH(CO)4] -4 

[RCH(CH3)Co(CO)4], (23) 

whereas the very stable platinum(II) 
complexes need higher temperatures 
and pressures: 

800 
trans-[PtHCl(PEt3)2] + C2H4 80 at-- 

trans-[Pt(CH2CH3)Cl(PEt3) 2] (24) 

This latter reaction is reversed by heat- 
ing the ethyl complex in a vacuum, and 
even at room temperature the ethyl 
complex reacts in benzene with hydro- 
gen to regenerate the hydride: 

trans-[Pt(2C2CH3)Cl(PEt3)2] + H2 -> 
trans-[PtHCl(PEt3)2] + C2H6 (25) 

Perfluoro-olefins undergo the same 
sort of insertion reactions, giving the 
relatively very stable highly fluorinated 
alkyl complexes. 

The hydride complexes that are of 
interest as catalysts are those that have 
stabilities within rather narrow limits. 
If the hydride complex is too unstable it 
will not be formed, and if it is too stable 
it will not undergo subsequent reaction 
with organic substrates. Nevertheless, a 
surprising number of useful reactions 
are known in which a transient transi- 
tion-metal hydride complex acts as a 
catalyst for the hydrogenation and 
isomeration of olefins (13). 

The catalytic hydride species is 
formed in hydrogenation systems by 
three main types of reaction. Its pres- 
ence is usually inferred from kinetic 
studies, although it can be isolated in 

some cases. The three types of reaction 
are as follows: 

1) Heterolytic splitting of H2, 

[RuCl6]3- + H2 -> 
[RuHC15]3- + H+ + C- (26) 

Cu++ + H2 -> CuH+ + H+, (27) 

where no change in oxidation state of 
the metal occurs. 

2) Homolytic splitting of hydrogen, 

2[Co(CN)5]3- + H2 -> 2[CoH(CN)5]3- 
(28) 

2Ag+ + H2 -> 2AgH+, (29) 

where the oxidation state of the metal 
is increased by one unit. 

3) Addition of H2 to form a hydride, 

[IrCl(CO)(PPh3)2] + H2 -> 

[IrH2Cl(CO) (PPh3)2], (30) 

where the oxidation state of the metal is 
increased by two units. 

The hydride species so formed act as 
transient intermediates in reductions or 

hydrogenations, and are particularly 
effective if the organic substrate can 
easily enter the coordination sphere of 
the metal. Thus, one of the most active 

hydrogenation catalysts known is the 
complex [RhCl(PPh3)3]. This dissociates 
in solvents, such as alcohol, and loses 
one molecule of triphenylphosphine, 
thus freeing one coordination space to 
take up an unsaturated organic sub- 
stance. This complex also reacts with 
hydrogen to form a hydride, in the 
manner of reaction 30. Thus, olefin and 

hydrogen are brought together and re- 
act homogeneously and very rapidly 
even at room temperature, predomi- 
nantly as follows (14): 

[RhCl(PPh3)3] [RhCl (s)(PPh3)] 

[Rh H,C ()(PPh3)2J 

[Rh HCI (RCH=CHR)(PPh3) 

(S = solvent). Groups R and R' 
(R = R' = H, alkyl or aryl) exert 
powerful steric influences, and trans- 
stilbene (R = R' = Ph) hydrogenates 
very slowly in contrast to cyclohexene 
and terminal olefins. Alkynes are also 
hydrogenated. 
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In carbonyl hydrides the olefin inser- 
tion is followed by carbon monoxide 
insertion and hydrogen cleavage, when 
those gases are present-processes that 
lead to a cyclic reaction in which olefins 
are converted to ketones or aldehydes, 
as follows: 

[CoH (CO )] 
14-" [CH,CH,Co(CO)4] 

Y./v 

c,, 
+ CO 

[cH3CH2COCo(co)4L] 

The organic carbonyl can now insert 
itself; then cleavage leads to the produc- 
tion of an alcohol: 

+ RCHO 

[CoH(CO)4] 4- 
+ H2, -RCH2OH 

[RCH(OH)Co(CO)4] (31) 

These reactions occur simultaneously. 
The olefin insertion reaction occurs at 
room temperature with cobalt carbonyl 
hydride, and non-terminal olefins ulti- 
mately give ketones. However, a cobalt 
salt with hydrogen, carbon monoxide, 
and the olefin at higher temperatures 
and pressures produces the carbonyl 
hydride moiety on the surface of the 
metal, formed by reduction of the salt. 
Now, both terminal and non-terminal 
olefins react to form mainly aldehydes 
and primary alcohols. This reaction is 
known as the Oxo- or hydroformylation 
reaction and is used in the manufacture 
of long-chain alcohols for the plastics 
industry. The overall reaction is 

CnH(2n+1)CH=CHCmH(2m+1l) 

+CO, + 2H2 

Cobalt catalyst 

C(n + m + 2)H(2n + 2m + 3)CH20H (32) 

The isomeration of non-terminal 
olefins which, in reaction 32, leads ulti- 
mately to the formation of primary 
alcohols probably occurs through a 
hydride intermediate. Many transition- 
metal compounds in organic solution 
cause double-bond migration, giving the 
equilibrium mixture of isomeric olefins. 
The minute amounts of hydride needed 
are produced by reaction of the metal 
complex with solvent, hydrogen, or the 
olefin. Successive rapid addition and 
elimination of olefin then occurs, until 
equilibrium is established. Rhodium 
trichloride in alcohol is very effective: 

[L.Rh--H] + RCH2CH=CH2 
H H 
I I 

RC-CH--CH 

H RhLn H 
RCH==CHCHa + [L.Rh-H] (33) 
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The ligands L may include solvent, 
halide ion, and olefin (15). The hydro- 
gen may also be transferred from one 
molecule to another. Some hydrides, 
especially [IrH3(PPh3)a], decompose 
formic acid to carbon dioxide and hy- 
drogen in boiling acetic acid solution, 
and in the presence of an aldehyde 
produce the alcohol (16). 

Thus, because hydrogen can so easily 
become a ligand, transition-metal com- 
plexes encourage hydrogen migration 
even in essentially saturated systems. 
Indeed, all degrees of interaction of 
substrates with the metal ion occur, 
from slight weakening of the bond to 
hydrogen, as detected by spectroscopic 
methods and x-ray structure (17), to 
complete severance of hydrogen from 
its ligand (18), as in the reaction 

[IrCL (PPh3)3 

lq\ H (34) 

Ph2P-Ir -PPh3 

CL PPh3 

There is even an example of a reversible 
reaction of the type of reaction 34 (19). 
In such reactions, when the metal atom 
inserts itself into a C-H bond, the 
metal increases both its oxidation num- 
ber and its coordination number by two 
units. 

The complexes of transition met- 
als in low oxidation states especially 
have this capacity to take hydrogen 
from the ligand, solvent, or hydrogen 
gas, and thus to increase the oxidation 
number of the metal. Thus the reaction 
must be one where the metal, which 
behaves as a nucleophile, attacks the 
antibonding orbitals on the molecule 
containing hydrogen. The metal ion has 
taken the role of electron donor rather 
than its more usual one of electron 
acceptor. This capacity of transition- 
metal ions in low oxidation states to 
behave as both donors and acceptors is 
important for the formation of complex 
compounds of unsaturated and aromat- 
ic hydrocarbons, carbon monoxide, and, 
as has only recently been realized, nitro- 
gen (20). It provides a mechanism 
whereby these substances may be 
brought into reaction together and with 
hydrogen. 

Nitrogen complexes in this context 
open the intriguing prospect of the 
catalytic hydrogenation of nitrogen 
to hydrazine or ammonia under mild 
conditions. The most interesting nitro- 
gen complex so far found is [CoH(N2)- 
(PPh3) 3], which is produced from nitro- 

gen gas by various methods, including 
the reaction 

[CoH3(PPh3)3] + N2 = 
[CoH(N2)(PPh3) 3] + H2, (35) 

in alcohol at ordinary temperature and 
pressure (21). In such complexes the 
nitrogen molecule is held by one end, 
rather as the N2 group in diazomethane 
is bonded to the methylene group. 

This is as near as any chemist has 
come to finding a substance which will 
take up nitrogen gas in a protic solvent 
under conditions as mild as one would 
expect to find in biological systems 
which "fix" atmospheric nitrogen-that 
is, which convert atmospheric nitrogen 
to ammonia, to be metabolized by the 
fixing organism or its host plant (22). 
Hydrogen is a competitive inhibitor of 
natural nitrogen fixation, just as it is a 
competitor with nitrogen for the active 
site in the cobalt complex discussed 
above. Thus it seems that the cobalt 
complex offers a site very similar to that 
which occurs in the nitrogen-activating 
enzyme, nitrogenase. The cobalt-nitro- 
gen complex has not yet been reduced 
to ammonia, but the nitrogen in 
[Ru(NH3)5N2]++ can be reduced (20), 
and such reduction of the nitrogen 
molecule must occur after it has been 
taken up by the nitrogenase. 

Many chemists think that a transi- 
tion-metal hydride complex plays an 
important role in the biological fixation 
of nitrogen, perhaps as reducing agent 
(23), and, as now seems likely, protects 
the nitrogen-activating site, which is 
assumed to be a transition-metal ion in 
the enzyme. Thus a simple scheme for 
nitrogen fixation, involving a transition 
metal (M) hydride complex, 

N2 EnzymeMH2 ? EnzymcM-N-N 

NH3 R3dUC 

can be formulated but is far from being 
confirmed (24). 

This account of hydride complexes is 
incomplete, but sufficient to show their 
great scope and unique interest in all 
fields of chemistry. Nearly all we know 
of these substances has been discovered 
in the last 12 years, and there is no sign 
of slackening in the pace of discovery. 

Summary 

Hydride complexes of transition met- 
als were virtually unknown 12 years 
ago, but they have now been found to 
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lie at the root of many interesting cata- 
lytic chemical reactions, some of which 
were used in industry even before the 
unique properties of hydride complexes, 
which formed their basis, had been 
realized. 

This article surveys the history, prep- 
arations, important properties, and reac- 
tions of hydride complexes, surveys 
their part in important catalytic indus- 
trial processes, and speculates about 
their possible role in the biological fixa- 
tion of nitrogen. 

References and Notes 

1. Ligands are atoms or molecules capable of 
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Et, ethyl; en, ethvlenediamine; Me, methyl; 
Ph, phenyl; phen, o-phenanthroline; Pr, 
propyl; py, pyridine. 
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This discussion focuses on the inter- 
actions that necessarily took place be- 
tween biospheric, atmospheric, litho- 
spheric, and hydrospheric evolution on 
the primitive earth and perhaps the 
moon. How can evidence and conjec- 
ture about each of these different kinds 
of evolution limit or illuminate hypoth- 
eses about the others, and how can all 
such lines of thought be integrated to 
bring us closer to a consistent and 
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plausible model of early terrestrial 
events? 

A salient and long-appreciated aspect 
of the terrestrial atmosphere is its great 
depletion in the noble gases, relative to 
their cosmic abundances (1). This seems 
to require the conclusion that the at- 
mosphere as we know it is of secondary 
origin. Either the earth originated with- 
out a primary atmosphere, or such an 
atmosphere was mainly lost in a subse- 
quent thermal episode. 

Actually, an internal source for our 
atmosphere as a result of gradual, epi- 
sodic, or rapid volcanic outgassing and 
weathering was proposed long before 
the depletion in noble gases was recog- 
nized. The Swedish geologist Hogbom 
(2) suggested this in 1894, and his 
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countryman Arrhenius (3), in 1896. 
Later Chamberlin (4) recognized a post- 
accumulational generation of the at- 
mosphere from occluded gases as a 
necessary consequence of his and Moul- 
ton's planetesimal hypothesis for the 
origin of the earth. Rubey's critical and 
comprehensive assessment (5) of possi- 
ble sources for the volatiles that com- 
prise the atmosphere and hydrosphere 
has led to wide acceptance of the con- 
cept of accumulation of both from 
juvenile sources. 

As far as the atmosphere is con- 
cerned, dispute focuses on the composi- 
tion and time of origin of the primitive 
atmosphere and the original proportions 
and changes in the proportions of 02, 
N2, CO2, and H in it. 

The atmosphere cannot be older than 
the earth. Hence an outside limit on its 
time of origin is the time of origin of 
the earth. Much evidence has been ad- 
duced in recent years, based on the ages 
of meteorites (6, 7) and on isotopic 
composition of terrestrial leads (7, 8), 
to suggest that both meteorites and leads 
were involved in some kind of homoge- 
nization event about 4.6 x 109 years 
ago (109 years is hereafter referred to as 
an aeon). Small excesses of xenon-129 
in some meteorites (9) support the in- 
ference that this event closely approxi- 
mates the time of origin of the solar 
system and hence the approximate time 
of formation of the earth. Such an in- 
terpretation, however -attractive and 
highly probable as it seems, is not the 
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atmosphere and the original proportions 
and changes in the proportions of 02, 
N2, CO2, and H in it. 

The atmosphere cannot be older than 
the earth. Hence an outside limit on its 
time of origin is the time of origin of 
the earth. Much evidence has been ad- 
duced in recent years, based on the ages 
of meteorites (6, 7) and on isotopic 
composition of terrestrial leads (7, 8), 
to suggest that both meteorites and leads 
were involved in some kind of homoge- 
nization event about 4.6 x 109 years 
ago (109 years is hereafter referred to as 
an aeon). Small excesses of xenon-129 
in some meteorites (9) support the in- 
ference that this event closely approxi- 
mates the time of origin of the solar 
system and hence the approximate time 
of formation of the earth. Such an in- 
terpretation, however -attractive and 
highly probable as it seems, is not the 
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