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Metal hydrides are of considerable importance in chemical synthesis as intermediates in catalytic hydrogenation
reactions. Transition metal atoms react with dihydrogen to produce metal dihydrides or dihydrogen complexes and these
may be trapped in solid matrix samples for infrared spectroscopic study. The MH, or M(H2) molecules so formed react
further to form higher MH4, (H2)MH,, or M(Hy),, and MHs, (H2)2MH,, or M(H;)3 hydrides or complexes depending on
the metal. In this critical review these transition metal and dihydrogen reaction products are surveyed for Groups 3
though 12 and the contrasting behaviour in Groups 6 and 10 is discussed. Minimum energy structures and vibrational
frequencies predicted by Density Functional Theory agree with the experimental results, strongly supporting the
identification of novel binary transition metal hydride species, which the matrix-isolation method is well-suited to

investigate. 104 references are cited.

1 Introduction

Transition metals and their compounds catalyze reactions of H,
with organic molecules, which is the basis of catalytic hydro-
genation. Classical metal hydrides (L,MH,) were known to be part
of the catalytic cycle, but nonclassica dihydrogen complexes
(LaM(H2)) were only assumed to be intermediates until the first
example was discovered and characterized by Kubas et al.1 Thus,
the hidden phenomenon of molecular hydrogen coordination and
activation of H—H bonds was brought to light. The over 350 known
stable complexes involve every metal from V to Pt. Only the very
early transition metals and actinides are not represented.2.3

Most transition metal H, complexes are cationic because the
higher electrophilicity of the cation site reduces the back donation
that leads to oxidative addition and dihydride formation. The
coordination chemistry of dihydrogen has been reviewed ex-
tensively,2-5 and the equilibrium isotopic effectsof H, and D, inthe
Kubas complex have demonstrated that D, is bound (8.6 + 0.5 kcal
mol—1) dlightly stronger than H, (6.8 £ 0.5 kca mol—1).6 In
addition, photochemical mechanisms for reductive elimination of
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H, from organometallic dihydride complexes have been de-
scribed.” However, naked metal atoms or metal hydrides also form
dihydrogen complexes, and the matrix-isolation technique is a
proven method for bringing metal atoms and small molecules
together, isolating them from gross solvent effects, and investigat-
ing their mutual interaction and photochemistry. This method
typically relies on infrared spectroscopy and compares the effect of
complexation on the vibrational spectra of the parent molecules.
However, naked metal hydrides and dihydrogen compl exes without
ligands are therefore fundamentally different from organometallic
hydride complexes: the naked metal species are unsaturated, and
thus more reactive and they interact differently with molecular
Ho.

The cel ebrated example of anaked metal dihydrogen complex is
Pd(H.). This complex, which forms spontaneously from Pd and Ho,
was first discovered by Ozin and Garcia-Prieto® and later
reaffirmed in collaborative work from this laboratory and that of
Manceron.® The later work also formed higher bis and tris
complexes with additional dihydrogen available. Several meta
monohydrides, dihydrides, and trihydrides also form dihydrogen
complexes as will be discussed in this review. Some of these
complexes undergo equilibration between the dihydrogen complex
and dihydride subunits in the matrix as reported for the Kubas
complex W(CO)3(PR3)2(n2-H,) at room temperature in solutionl0
which, based on the low H-H stretching mode and the observed W—
H stretching modes, is well aong the reaction coordinate to
oxidative addition.1.6 However, the related Cr(CO)s(H,) complex
prepared by Sweany inrare gasmatrices't and inlarger yield (along
with Mo and W counterparts) by Upmacis et al. in liquid xenon
under H, pressure such that the H—H stretching modes could be
observed!? is stable for only a few seconds at room temperature.
Finally, an investigation of the naked W atom reaction with H; in
excess neon revealed WH, and WH,, and led to the discovery of
WHg in the trigonal prismatic classical hydride structure predicted
by theory.13-15 Unfortunately, it is not possible to determine the
thermal stability of WHg because of reactive aggregation while the
matrix evaporates.

After describing the experimental and theoretical methods used
to prepare and characterize naked metal hydrides and dihydrogen
complexes, severa examples of dihydrides, trihydrides, tetra-
hydrides, and hexahydrides will be discussed. Particular attention
will be paid to the mode of dihydrogen bonding and to vertical
relationships in the periodic table.
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2 Experimental and computational methods

Theexperiment for reactions of |aser-ablated transition metal atoms
with small molecules during condensation in excess argon and neon
has been described in detail previously.1617 Fig. 1 illustrates the
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Fig. 1 Schematic diagram of apparatus for laser-ablation matrix-isolation
infrared spectroscopic investigation of transient species. After matrix/
reagent/metal co-deposition, the cold window is rotated 90° for recording
infrared spectra, as indicated by the arrow. The infrared beam from the
spectrophotometer is normal to the outside Csl optical windows.

experimental approach. The Nd:Y AG laser fundamental (1064 nm,
10 Hz repetition rate with 10 ns pulse width) was focused onto a
rotating metal target, and the laser energy was varied from 10-40
mJ pulse—1. Thus, laser-ablated metal atoms were co-deposited
with hydrogen molecules in excess argon, neon, or pure hydrogen
as the matrix and reagent18.19 onto a 3.5 K Csl cryogenic window
using a Sumitomo Heavy Industries Model RDK-205D closed-
cycle cryocooler. Hydrogen, D,, HD, and H, + D, mixtures were
used in different experiments. Fourier-transform infrared spectra
were recorded at 0.5 cm—1 resolution on a Nicolet 750 with 0.1
cm~—1 accuracy using an Hg—Cd-Te detector. Matrix samples were
annealed at different temperatures, and selected samples were
subjected to broadband photolysis by a medium-pressure mercury
arc lamp (Philips, 175W) with globe removed (240-700 nm).
Thermal methods have traditionally been employed to evaporate
transition metal atoms.8.9.20-23 However, laser-ablation has some
advantages over thermal evaporation as a source of metal atoms
(plus a small yield of cations and electrons).1? First, laser-ablated
atoms have excess kinetic/electronic energy.24 Second, the re-
fractory metals like tungsten can be evaporated.13 Third, minimum
heat load is put on the matrix substrate as only a small volume of
metal is heated to very high temperature. However, the major

disadvantage is laser-induced emission from the target surface,
which irradiates the sample, but this can be used to advantage!
Hydrogen is the most difficult molecule to trap in amatrix. Hence,
the substrate must be as cold as possible, no more than 10 K for
argon and 4 K for neon, and 4 K or less for pure hydrogen and
deuterium. The earlier Pd(H,) work employed krypton and xenon
matrices because the cryogenic refrigerator could not get cold
enough to trap H in solid argon.8.°

These matrix hosts are different and each presents some
advantages and disadvantages. For a common substrate tem-
perature, such as 3.5 K currently employed in our laboratory, argon
freezes more rapidly and traps H, and small products more
efficiently, but at a cost of stronger guest—host interaction. Higher
hydrides are formed more easily in neon because of more diffusion
before solidification. Pure hydrogen or deuterium, of course, favors
higher hydrides and typically provides frequencies between neon
and argon matrix values. Normal hydrogen (F.P. 14.0 K) is more
difficult to freeze than deuterium (F.P. 18.6 K) and both ortho and
para nuclear spin isomers are present.

Density functional theoretical (DFT) calculations of transition
metal hydrides and their hydrogen complexes were done for
comparison. The Gaussian 98 program system?2> was employed to
caculate the structures and frequencies of expected product
molecules using the BPW91 and B3LY P density functionals. The
6-311++G(d,p) basis set for hydrogen and the LANL ECP plusDZ
and SDD pseudo-potentials for transition metal atoms in Gaussian
98 were used.zs All geometrical parameters were fully optimized
and the harmonic vibrational frequencies were obtained analyt-
icaly at the optimized structures. Such DFT calculations predict
metal-hydride vibrational frequencies (usually afew % too high)26
and are a great help in identifying new product species. Extensive
computational studies for larger organometallic transition metal
complexes have recently been reviewed and compared with
experiment.2?

3 Dihydrides

Metal dihydrides form two basic structures, the classical open
dihydride MH, and the dihydrogen complex M(H,). However,
most metal atoms are sufficiently reactive to give the classical
dihydride as will be discussed below.

31MH, (M = Sc-Zn)

The first-row transition metal dihydrides were first investigated
using thermal metal atom reactions?1-23.28.29 gnd then with laser-
ablated metal atoms.19:30-35 |n general, the results arein agreement;
however, thermal metal atoms usually require ultraviolet photolysis
to activate dihydrogen whereas laser-ablated metal atoms are
sufficiently energetic to react with dihydrogen during matrix
sample deposition. Table 1 compares BPW91 calculated states,
structures, and frequencies with argon matrix absorptions for first-
row dihydrides. The small ScH, molecule was apparently not
trapped in arecent investigation although Y H, was observed.3° The
use of isotopic substitution for identifying adihydrideisillustrated
in Fig. 2. Note that the two stretching modes of YHD at 1428.4 and

Table 1 Calculated states, bond lengths, angles, and stretching frequencies and argon matrix stretching frequencies observed for the first row transition metal

dihydridess

SCH2 T|H2 VHZ Cer MnH2 FeHz COHZ N|H2 CUH2 ZnHz
Ground State 2A4 3A, 4B, B, 6A 4 SA1 B, A1 2B, 1ZQ+
M—H (A) 1.815 1.749 1.692 1.638 1.669 1.620 1.566 1.425 1515 1.542
HMH (deg.) 1160 122 118 110 156 146f 140 7 124 180
Calc. vz (by) 1506 1578 1615 1663 1625 1694 1736 2119 1631 1908
Calc. vy (&) 1528 1592 1639 1672 1691 1745 1800 2125 1770 1900
Obs. v3 (by) 1435¢ 1508¢ 16144 1592e 1661f 16849 1969h 18701
Obs. v; (&) 1532 1651 2007

a Calculated at the BPW91/6-311++G(d,p) level. b Ref. 30, B3PW91 functional. ¢ Ref. 22. d Ref. 19. ¢ Refs. 20,33. f Ref. 32. 9 Ref. 28. " Ref. 34. ' Ref. 35.

i Ref. 29.
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Fig. 2 Infrared spectrain 1590-860 cm—1 region for laser-ablated yttrium
co-deposited with argon/hydrogen samples. (a) 5% H, in argon deposited at
3.5 K for 60 min, (b) after annealing to 16 K, (c) after A > 240 nm
photolysis for 15 min, (d) 5% HD in argon deposited at 3.5 K for 70 min,
(e) after annealing to 16 K, (f) 5% D, in argon deposited at 3.5 K for 60 min,
and (g) after annealing to 16 K. (Reprinted with permission from Ref. 30.
Copyright 2002 American Chemical Society.)

1021.7 cm—1 are intermediate between the symmetric (a,) and
antisymmetric (b,) stretching modes of YH, at 1459.8, 1397.8
cm—1and of YD, at 1042.0, 1003.2 cm—1. Thus, the H/D isotopic
frequency ratios are 1.4010 and 1.3933 for the two modes.

Thetrendsin Table 1 are noteworthy: First, theincreasing H-M—
H valence angle from ScH, to MnH, and FeH,, which are probably
linear,32:33 isin agreement with recent LM R spectroscopy of FeH,,
whichistheonly transition metal dihydrideto beinvestigated inthe
gas phase.36 This trend can be explained by decreasing d character
in the sd hybrid orbitals, which reaches zero d character in the pure
sp hybrid for ZnH,. Second, increasing frequencies follow a
general decrease in metal-hydrogen bond length along the
transition series. The acute angle *A; ground state for NiH, may be
an anomaly, but theidentification of this state in solid argon by the
Weltner group appears to be sound.34 However, recent theoretical
calculations show that the 3A4 state is close in energy, and gaseous
NiH, might very well have the linear 3A4 ground state.37

Ozin and Gracie reported that the photochemical reaction of Cu
(2P) and H, gave CuH and H and that the back reaction produced Cu
+ H, and not CuH,.38 Although CuH, (2B,) is physicaly stable, it
is 6 kcal mol—1 higher in energy than Cu + Hj, and any CuH,
produced by excited Cu must be protected by a barrier to prevent
decomposition. A 20 kcal mol—1 barrier has been predicted by
Garcia-Prieto, et al .39 and evidence for CuH, hasvery recently been
found in solid hydrogen.35> However, hydride anion and CuH
combine to give the very stable linear CuH,— anion observed at
1497 cm—1 in solid argon.3® The isoelectronic zinc dihydride
molecule forms readily from the reaction of 3P metastable excited
zinc atoms with hydrogen in the argon matrix gas and exhibits a
relatively high 1870 cm—1 H-Zn—H stretching frequency.2®

32MH, (M = Y-Cd)

The second-row transition metal dihydrides have been observed
except for radioactive Tc, noble Pd which forms only the complex,
and Ag.18:2329.3040-43 The strong b, modes for the second-row
dihydrides (Table 2) in solid argon (except where noted) are higher
than their first row counterpartsin all cases. Thisis particularly so
for RuH» and RhH,, where the second-row dihydrides are lower
spin states. The RuH, molecule exhibits both & and b, modes (at
2004 and 1984 cm—1 in solid neon),42 and BPW91 calculations
predict a bent (90.3°) 1A; ground state. Likewise, RhH, givesrise
to both stretching modes (2053 and 2099 cm—1, see Fig. 5), and
BPW91 calculations find a bent (83.5°) 2A; ground state.43

3.3MH, (M = La, Hf, W, Re, Pt, Au, Hg)

Laser-ablation has facilitated evaporation of the refractory metals,
and seven of the third row transition metal dihydrides have been
observed.9.30:33,354044.45 The strong b, modes for the third-row
dihydrides (Table 3) are higher than their second-row counterparts.
Thisis due to relativistic contraction not counterbalanced by shell
expansion and is characteristic of relativistic effects for third row
molecules.4648 Only the more intense bending mode has been
observed in the Au case.

Theinitial reaction of H, and ground state Pt produced thermally
in the Manceron laboratory proceeds on annealing in the argon
matrix,* and you cannot get Pt atoms and H, molecules much
colder. With the inclusion of spin—orbit coupling, triplet and singlet

Table 2 Calculated states, bond lengths, angles, and stretching frequencies and argon matrix stretching frequencies observed for the second row transition

metal dihydrides?

YH;, ZrH, NbH2 MoH, RuH, RhH2 Cde
Ground State 2Aq 3B, B, 5B, 1A, 2Aq 1245+
M—H (A) 1.955 1.863 1.783 1.713 1.558 1.531 1.683
HMH (deg.) 115 118 117 109 90 84 180
Calc. vs (by) 1474 1608 1745 1819 2112 2156 1790
Calc. vy (a) 1518 1624 1727 1830 2164 2207 1794
Obs. v (b) 1398 1524¢ 15694 1719ef 19849h 20539 1754
Oobs. v; (a) 1460 2004 2099

a Calculated at the BPW91/6-311++G(d,p) level. b Ref. 30, B3PW9L functiond. ¢ Ref. 40. d Ref. 18. € Ref. 41. f Ref. 23 reports 1709 cm—1 in solid krypton.

9 Neon matrix. " Ref. 42. P Ref. 43. 1 Ref. 29, CCSD(T).

Table 3 Calculated states, bond lengths, angles, and stretching frequencies and argon matrix stretching frequencies observed for the third row transition metal

dihydridesa

La|-|2 HfH2 WH2 ReHz PtHZ AUH2 HgHz
Ground State 2A, 3B, 5B, 6A, 1A, 2B, g
M-H (A) 2.104 1.865 1717 1.745 1521 1.619 1.642
HMH (deg.) 109 119 113 146 86 129 180
Cal. v3 (by) 1356 1632 1922 1718 2427 17589 1920n
Calc. vy (an) 1389 1661 1928 1874 2459 20049 2044
Obs. v (b) 1283 1622¢ 1832d 1646 2349f 1895
Obs. Vi (al) 2366

aCaculated at the BPW91/6-311++G(d,p) level. b Ref. 30, B3PW9I1 functional. ¢ Ref. 40, B3PW9L1 functional. d Ref. 13. e Ref. 33. f Ref. 44. 9 Ref. 53:

calculated intensities < 2 km mol—1. " Ref. 29, CCSD(T). i Ref. 45.
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Pt atomic states mix in the curve crossing region, and ground state
Pt reacts spontaneously to form PtH, in the 1A; state.4950 This
mechanism is corroborated by a very recent theoretical investiga-
tion.51

P{(3D3) + Ha (13*) — PtH, (*A1) AE = —50 keal mol—1 (1)

The AuH, moleculeis particularly interesting because the CuH,
and AgH, molecules could not be prepared in the Ozin resonance
photolysis work.38 However, it is known that, owing in part to
relativistic effects, the AuH bond is stronger than the AgH and CuH
bonds,52 so AuH, has a better chance of surviving a resonance
photolysis experiment. Manceron has succeeded in preparing
(H2)AuH and AuH, from the resonance photolysis of Au in solid
hydrogen,3s and the AuH, molecule is characterized by its strong
bending mode at 638 cm—1.53 Laser-ablation experiments also
produced AuH,, AuHD, and AuD,. Balusubramanian and Liao
calculated that the AuH, molecule is separated by a 20 kcal mol—1
barrier from its some 20 kcal mol—1 lower energy precursor-
decomposition products Au + H,.54

The HgH, molecule is aso a unique dihydride.4> Ground state
Hg (1S) is a closed-shell unreactive atom, but the Legays have
shown that the triplet state Hg (3P) inserts spontaneously into
dihydrogen. The linear molecule has a strong 1895.8 cm-—1
antisymmetric stretching frequency in solid argon, which is higher
(+25 cm—1) than the analogous mode in ZnH,. The Legays also
used an argon overcoat to retain H, condensed at 5.7 K and
measured HgH, at 1902.7 cm—1 in solid hydrogen.

3.4 Pd(H>)

Palladium hydrogen complexes were first observed by Ozin and
Garcia-Prieto in solid krypton and xenon, and the spectra were
interpreted in terms of both side and end-bonded complexes.8
However, subsequent theoretical investigations find a stable
minimum only for the side-bonded structure, and new experimental
evidenceindicates reassignment of PdHH featuresto Pd(H.),.2 The
Pd(H-) complex was characterized by 960 cm—1 and split 894, 885
cm~—1 stretching modes in solid krypton and xenon, respectively,8
and these arein accord with the more recent 950 cm—1 argon matrix
observation.®

A largeyield of Pd(H.) was prepared with thermal Pd atoms, and
new absorptions were observed at 950, 1507, and 2971 cm—1 in
solid argon in the Manceron laboratory in Paris.® These bands show
appropriate HD and D, isotopic shifts for assignment to Pd(Hy). In
fact the low Pd(H,)/Pd(D>) (950/714 = 1.311) isotopic frequency
ratio indicates significant anharmonicity in the Pd—H;) potential
function. The 2971 band is due to the H—H stretching mode (&), the
1507 cm—1 absorption arises from the antisymmetric (by) Pd-H,
stretching mode, and the strong 950 cm—1 band is assigned to the
symmetric () Pd—H, stretching vibration. These bands are
compared in Table 4 with vibrational frequencies calculated at the

Table 4 Observed argon matrix and calculated frequencies for Pd(H>)

Observeda Calculateda Mode

2971 (16)b 2935 (83)c V1 (aq), H—H str

1507 (2) 1444 (8) v3 (bg), asym Pd—H,, str
950 (360) 966 (170) V2 (&), sym Pd—H, str

aB3LYP/6-311++G(2d, 2p)/SDD, Ref. 9. P Relative integrated intensities.
¢ Calculated infrared intensities, km mol—1.

DFT level of approximation: agreement is very good but not
perfect. The Pd(H,) stretching frequencies are in the ranges
reported for these modes in transition metal—(H,) complexes.1-3.6
The analogous modes for the (PCy3).W(CO)s(H2) complex are
953, 1575, and 2690 cm—1. The H—H stretching mode for Pd(H.) in
solid argon, 2971 cm—1, is between the 3030, 3080 and 2711 cm—1
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values, respectively, for the Cr, Mo, W(CO)s(H,) complexes in
liquid xenon.12

Bonding between the Pd and H, subunits was investigated by
Alikhani et al. using the natural bonding orbital method.®
Occupancy of the o bonding orbital of the H, molecule decreased
slightly on going from free H, to the Pd—H, complex (2 e versus 1.9
e), which is in line with weakening of H-H bonding upon
complexation. In addition, no bonding orbital was found between
the palladium atom and dihydrogen molecule. The effective charge
transfer from metal to ligand was calculated to be only 0.06 e. From
the NBO analysis, the o donation (from H to the vacant 5s orbital
of Pd) and =t back-donation (from the filled 4d orbital of Pd to the
dihydrogen o* orbital) were found to be 0.17 and 0.23 e,
respectively. Therefore, the interaction between Pd and H, arises
from two cooperatively coupled intermolecular donor—acceptor
delocalizations that lead to minor charge reorganization, and the
spontaneous reaction (2) forms the dihydrogen complex.

PA(1So) + Ha(154%) — Pd(H,) (1A;) AE = —18 keal mol—1  (2)

The differences in the noble metals Pd and Pt and their hydrides
come back to their d© and d9 electronic configurations. The
ground state metals from thermal evaporation react spontaneously
to form the Pd(H,) dihydrogen complex and the PtH, classica
dihydride, respectively.8944 Fig. 3 illustrates the spectra of
Pd(H,)1 03 complexes, and Fig. 4 compares their computed
structures with that for PtH,. The strong Pd—<(H,) stretching
frequency at 950 cm—1 and the & and b; Pt—H modes at 2366, 2349
cm—1 are diagnostic of these structures and bonding models. The

2.0- Pd(H,),
1.5- Pd(H,),
Pd(Hz)
[
-,g 1.0 (d)
g ///\;
< L./\,
0.5- q (©
00— (@)
950 900 850 800 750

Wavenumber (cm™)

Fig. 3 Infrared spectra of products formed by the reaction of thermal Pd
atoms co-deposited for 90 min with H, in excess argon at different
concentrations. (a) Pd/H,/Ar = 0.5/2/100, (b) Pd/H,/Ar = 0.6/4/100, (c)
Pd/H,/Ar = 0.3/8/100 and (d) Pd/Ho/Ar = 0.3/24/100. (Reprinted with
permission from Ref. 9. Copyright 2001 American Chemical Society.)

1.698 A H.. 1749 A1
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H = H
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H

Fig. 4 Structures calculated for PtH,, Pd(H>), Pd(H.),, and Pd(H.)s using
B3LY P/6-311++G(d,p)/SDD. Angles in degrees and distances in Ang-
stroms.



analogous open PdH, dihydride state computed to be 5.0 kcal
mol —1 higher in energy than Pd(H,) is not observed.®

Three further points about Pd(H,) are of considerable chemical
interest. First, Pd(H,) adds one and two more dihydrogen ligandsto
form the Pd(H.)» and Pd(H.)3; complexes, which will be discussed
later. Second, one more Pd atom can activate the dihydrogen ligand
and form the open rhombus structure, Pd(u-H).Pd, which absorbs
at 1348 cm—1 in the infrared spectrum. Third, electron capture
alows one Pd to activate dihydrogen to form the PdH,— anion.®

3.5 Dihydride anions and comparisons

Dihydride anions have been investigated in the gas phase by
photoel ectron (photodetachment) spectroscopy.55 These transition
metal dihydride anions are typically prepared by electrica
discharge methods and mass selected before laser photodetach-
ment.

With laser ablated Pd, a sharp new absorption at 1247.0 cm—1
shiftsto 908.5 cm—1 with D, New bandsat 1479.5 and 981.8 cm—1
are found with the HD reagent. Companion DFT calculations
predict the 224+ state of linear (HPdH)— to have an extremely high
intensity antisymmetric stretching fundamental near 1300 cm—1-
This facilitates identification of the linear HPdH— anion in solid
argon, which is formed through electron capture by Pd(Hy).
Clearly, the extra electron helps Pd to reduce H, and to form
stronger Pd-H bonds.

This is a genuine Pd(I)H,— molecular anion isolated in solid
argon, in contrast to the ternary Nap[Pd(O]H,] solid compounds
prepared by reaction of NaH with palladium sponge at very high
hydrogen pressure.56.57 The out-of-phase frequency of the linear
solid state PdH,2— anion (1455 cm—1) with two adjacent Na*
cations is higher than the argon matrix value for isolated PdH,—
(1247 cm—1).957 Higher ternary hydrides such as Na[Pd(I1)H,]
have also been formed at very high hydrogen pressures,57.58
athough such dianions cannot be observed isolated in solid argon
due to coulombic instability.

4 Trihydrides

Metal trihydrides are more difficult to characterize than dihydrides,
and therefore, fewer cases are known. Examples of the classical
trigonal form and the monohydride-dihydrogen complex will be
considered next.

41MHz;(M = Sc, Y, La)

Laser-ablated Group 3 atoms react with H, to form the mono-
hydride diatomic molecules and with another H, to form the
trihydride molecules.30 The vs (€) modes for the three Group 3
trihydrides are 1487.7, 1385.1, and 1263.6 cm—1 (YHz isshownin
Fig. 2). These bands exhibited H/D isotopic frequency ratios of
1.379, 1.392, and 1.397, respectively, as the increasing metal mass
increases the H(D) contribution to the vibrational mode. Experi-
ments with HD produced triplet bands in the M—H and in the M—D
regions, which are the characteristic MH.D and MHD, mixed
isotopic pattern. Accompanying BPW91 functiona calculations
predict trigonal almost planar MH3; molecul es with strong e modes,
which require 0.980, 0.960, and 0.957 scale factors to fit the
observed argon matrix frequencies. This structure for ScHs is in
agreement with recent CCSD(T) calculations of Balbanov and
Boggs.5®

Sc+Hy — ScH + H )
Ho + ScH — ScHg )

4.2 (H,))MH (M = Fe)

Group 8 tends to form lower hydrides. The dominant product with
ironisFeH, at 1661 cm—1in solid argon, 1675 cm—1 in solid neon,
and 1666 cm—1 in solid hydrogen:3242 FeH, has a 1675 cm—1 gas
phase fundamental.36 Note that the neon matrix most closely

approximates the gas phase and that the hydrogen matrix value is
between neon and argon matrix values. The second most intense
absorptionisat 1653, 1729, and 1714 cm—1 for these three matrices,
respectively. The trigonal FeH3 ground state has been reported as
6A ;" at the CCSD(T) level of theory;>° however, we find the 4B,
state (H,)FeH complex to be 26 kcal mol—1 lower in energy using
the BPW91 density functional. Hence, (H,)FeH and not FeH; is
trapped in the matrix. The strong Fe-H mode in (Hy)FeH is
calculated to fall 6 cm—1 below that for 4A FeH and 29 cm—1 above
5A; FeH,. The 1729 and 1714 cm—1! bands in solid neon and
hydrogen are assigned to the (H,)FeH complex.

4.3 (H,)RhH and RhH

Rhodium covers the entire range of possibilities. The argon matrix
spectrum of Rh and H. reveals absorptions at 2053.4 and 1920.6
cm—1for RhH, and RhH, respectively (Fig. 5). Annealing produces
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Fig. 5 Infrared spectrain the 2130-1900 cm—1 region for laser-ablated Rh
co-deposited with H, in different matrices. (a) 2% H, in argon after
deposition at 7 K for 60 min, (b) after annealing to 30 K, (c) 2% H, in neon
after deposition at 3.5 K for 60 min, (d) after annealing to 11 K, (€) puren-
H,, after deposition at 3.5 K for 30 min, (f) after annealingto 6.5K and 4 >
240 nm photolysis, (g) 50% H, + 50% D, after deposition at 3.5 K for 30
min, and (h) after annealing to 6.5 K and 4 > 240 nm photolysis.

anew band at 2014.0 cm—1 for (H,)RhH at the expense of RhH and
increases the 2053.4 cm—1 band and a weaker associated 2099.4
cm—1 absorption.#3 The latter is due to the v, (a;) mode of RhH,
(2A1) and the former to the vz (b,) mode. Although calculations
predict that RhH3 (Cay, 1A;) is 27 kca mol—1 more stable than
(H2)RhH (C,,, 3A,), only the latter is observed in solid argon.
However, additional absorptions are observed for the (H;)RuH3
and (H2)RhH, complexesin solid neon at 2078.2 and 1974.2 cm—1,
respectively.43 These higher complexes, computed to be bound by
8 kcal mol—1, arefavored in pure hydrogen. Fig. 5 comparesthe Rh
+ H, reaction products in argon, neon, and hydrogen matrices and
illustrates the effect of reagent diffusion and concentration on the
co-deposition reactions.

These isolated rhodium hydride molecule frequencies fall in the
2150-1900 cm~—1! range for organometalic rhodium hydride
complex HRh(L), absorptions.60-62 For example the HRh(PPhs),
complex exhibits a 2140 cm—1 Rh—H stretching mode (H/D ratio
1.390) in a KBr disc.62 Thus it appears that the Rh—H stretching
frequency increases upon coordination at the Rh center by H, and
by PR3 ligands, and that the Rh—H stretching frequency can be
“tuned” by changing the ligand. The situation is, however, more
complicated for RuH,(PRs3); complexes. A 2080 cm—! Ru—H
stretching frequency has been reported for the R = Ph compound
with apresumed trans-dihydride structure,62 but two frequencies at
1940 and 1885 cm—1 (H/D ratios 1.396 and 1.391) have been
observed for the diphenylmethylphosphine complex, which is
assumed to have the cis-dihydride structure.61 The naked RuH,
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molecule in solid neon exhibits higher 2004 and 1984 cm—1
frequencies and the computed 3B; ground state RuH, molecule is
bent (99°).42

Rh + H2 ad RhH2 (5)
H, + RhH; — (H2)RhH, (6)
H2 + RhH3 —> (Hz)RhHg, (7)

4.4 (H)MH and (H2)AuHz (M = Cu, Ag, Au)

Gold hydride is a stable diatomic molecule, which has been
characterized by electronic band spectroscopy in the gas phase,52
but there is no evidence for stable, solid gold hydrides.63 Although
mononuclear gold hydride complexes are unstable or unknown,54
gold hydrides have been observed in heterobimetallic complexes
with ruthenium, iridium, and platinum.85-67 The anticipated AuH;
molecule has been the subject of several theoretical investigations.
Gold trihydride was first predicted to be T-shaped from non-
relativistic and relativistic pseudo-potential calculations.4® Very
recent quantum chemical calculations®8.69 show that the Y -shaped
(H2)AuH complex is more stable than the T-shaped AuH3 form.
Other very recent effective core potential calculations show that
AuH; is atransition state with an imaginary b, bending frequency
and agree that (H,)AuH is the stable equilibrium structure.”® Gold
isalsointeresting becauseit formsunusually strong chemical bonds
due to relativistic effects.46-48.71

Laser-ablated coinage metal atom reactions with H, in excess
argon, neon, and pure hydrogen give the MH diatomic and/or
(H2)MH dihydrogen complex for all metals.3572 The 2226.6 or
1597.2 cm—1 bands observed with laser-ablated gold atoms and H,
or D, in solid argon are dightly blue shifted from the 2218.8 or
1591.7 cm—1 fundamentals deduced for AuH or AuD from
electronic band spectra.52 Both data sets have the 1.394 H/D
frequency ratio, which is appropriate for a heavy metal hydride
vibration.

In addition, a sharp 2173.6 cm—1 band appears and increases on
annealing to alow diffusion of H, at the expense of AuH, and a
1559.3 cm—1 band increases on annealing to allow reaction of D, at
the expense of AuD. Our DFT calculations (BPW91) predict the
strongest Au-H stretching mode for (H;)AuH to be 56.8 cm—1
below AuH and with greater infrared intensity. The H/D frequency
ratio 1.394 isthe sameasfor AuH/AuD. Assignment of these bands
to the Au—H stretching mode of the stable (H)AuH complex is
further substantiated by observation of the strong 1556.5 cm—1 and
two weaker fundamentals in the pure deuterium matrix where the
yield of (D2)AuD is increased owing to the effectively high
concentration of the D, reagent (Fig. 6(c)).”2 Unfortunately the D—
D stretching mode was too weak to be observed.
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Fig. 6 Infrared spectra of products of laser-ablated gold and deuterium
reactions in pure deuterium frozen at 3.5 K. (a) Gold atoms co-deposited
with pure deuterium for 25 min, (b) after annealing to 7 K, (c) after A > 240
nm irradiation, and (d) after annealing to 8 K.

Hydrogen matrix experiments with Cu and Ag produce the
analogous (H,)CuH and (H2)AgH complexes, which exhibit H—H
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stretching modes at 3567 and 3806 cm—1 and M—-H stretching
vibrations at 1861 and 1743 cm—1, respectively.35 Note that these
H—H stretching modes for Group 11 (H,)MH complexes are higher
than that for Pd(H,) and for the Group 6 carbonyl M(CO)s(H.)
complexes.912 Hence, the coinage metal complexes involve a
weaker interaction with the H; ligand.

A new 1661.5 cm—1 band in pure hydrogen and the strong, sharp
1198.6 cm—1 absorption in pure deuterium are in reasonable
agreement with the DFT prediction of avery strong antisymmetric
(b1) H-Au—H stretching mode for AuHs, and AuDs. However,
AuH3 is less stable than (H)AuH, and AuH; is a transition state
with an imaginary b; antisymmetric bending mode. Calculations
were performed to search for a stable complex of AuH3 that might
match the observed spectrum: (H,)AuHs is stable to dissociation
into H, and AuH3 (8 kcal mol—1, B3LYP) but higher energy than
H, + (H2)AuH (23 kcal mol—1, B3LY P). Once formed from AuHz*
and H,, there is apparently a considerable energy barrier for
(H2)AuHs3 to eliminate H, 72

Thethree Au—H stretching modesin the AuH3 transition state are
changed littlein the stable (H,)AuH3 complex, but theimaginary by
bending frequency involving the unique, short Au—H bondisreal in
(H2)AuH3 using the BPW91 and B3LY P functionals. Thereby the
AuHj; transition state is stabilized through complexing to dihy-
drogen. An experiment with pure HD gives a mixed H,D isotopic
pattern that confirms the C,, T-shaped structure for the AuH3
subunit.

The coinage metal hydride products observed in argon, neon, and
hydrogen matrices are summarized in Table 5.

Table 5 Coinage metal hydride products in argon, neon, and hydrogen
matrices

Argon Neon Hydrogen

CuH CuH CuH,»

(Hz)CuH (Hz)CuH (Hz)CuH

AgH — —

(H2)AgH (H2)AgH (H2)AgH

AuH (H2)AuH (H2)AuH, AuH,
(Hz)AUH (Hz)AUHg (H2)AUH3

5 Tetrahydrides

Tetrahydrides include the classical form and the dihydrogen metal
dihydride complex.

51MH,~ (M = Sc, Y, La)

Group 3 metals are isoel ectronic in the valence shell with Group 13
metals where stable tetrahydrometallate anions (AlH,—) are well
known. Laser-ablated scandium family metals activate dihydrogen
as MH, dihydrides, which readily complex with another dihy-
drogen to form (Hz)MH, complexes. Thisis shownin Fig. 2(8),(b)
where annealing to 16 K increases (H,) Y H at the expense of Y Hy,
and subsequent UV photolysis, Fig. 2(c), regenerates YH,. The
latter complexes have substantial (2.8-2.4 eV) computed electron
affinities, and the tetrahedral MH,— anions are formed in the laser-
ablation process.”® New 1227.3 and 882.3 cm—1 bands were
assigned to antisymmetric Y-H and Y-D stretching fundamentals
vs (tp) of the tetrahedral anions YH,~ and YD,— based on the
following evidence. In the HD experiments the above bands split
into 1291.4 and 1225.4 cm—1 and 915.7 and 884.5 cm—1 doublets,
respectively, on symmetry lowering, which are due to symmetric
and antisymmetric YH, and YD, stretching fundamentals in
YH.D,—. The antisymmetric YH, and YD, modesin YH,D,— are
very close to the vz (t;) modes observed in YH;~ and YD4—,
respectively, and the new symmetric modes lie higher about 64
cm—1 for the YH> mode and 33 cm—1 for the YD, mode in the
YH,D,— anion. This pattern of four Y—H(D) stretching modes for



YH,D,— verifies atetrahydride species.” Note that the Ar,H* and
Ar,D* species are observed in these experiments at 903.3 and 643.3
cm—1, respectively, which provides for a charge balance in the
matrix.7475> The antisymmetric M-H stretching mode vz (tp)
decreases from 1305.1 cm—1 for ScH,— to 1227.3 cm—1 for YH,—
andto 1114.1 cm—1for LaH,~ suggesting a straightforward metal—
hydrogen bond length increase from ScH,— to YH,— andto LaH,—,
respectively, which isin line with DFT computations. Finally, the
strong degenerate vs (t;) mode computed for YH,— at 1241.3cm—1
and YD, at 886.0 cm—1 arein excellent agreement with observed
values.”3

The anion identification is further confirmed with CCl, additive,
which serves as an electron trapping agent.1” The elimination of
YH,4— with CCl, in the sample is due to the preferential capture of
ablated electrons by CCl,. Hence, YH,— is identified from the
observation of four Y-H(D) stretching absorptions on HD
substitution, agreement with DFT frequency calculations, and CCl,4
doping to verify the anion charge.”3

52MH, (M = Ti, Zr, Hf)

The Group 4 tetrahydrides are formed through the spontaneous
reaction of MH, with another H,. The TiH; molecule was first
prepared by the photochemical reaction of thermally evaporated Ti
and 2H, in the Margrave laboratory and then by laser-ablated Ti
atom reactionswith H, in excess argon.22:31 Thesetetrahydridesare
identified from four bond stretching vibrations for the MH,D»
molecules.40 The isoelectronic TiH,4, ZrH,4, and HfH, molecules
exhibit vs (t;) modes at 1663.8, 1623.6 and 1678.4 cm-1,
respectively, in solid argon. Theincreasein frequency from ZrH, to
HfH,4 has been attributed to the relativistic bond-length contraction
predicted for HfH, (1.907 A) reative to ZrH, (1.912 A).4
However, La and Hf are separated by the 14 elements of the
|lanthanide series, and no such contraction occurs for Larelative to
Y asis described above.

53 (H2)C|’H2, MOH4, and WH4

The Group 6 tetrahydrides provide a contrast: Fig. 7 compares Cr,
Mo, and W reaction products with H, in excess neon. First, CrH, is
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Fig. 7 Infrared spectra in the 2050-1450 cm—1 region for laser-ablated
Group 6 metal atoms reacted with H, during freezing in excess neon at 3.5
K. (&8 W and 4% H,, co-deposited for 1 h in neon, (b) after annealing to 10
K, (c) after annealing to 11 K, (d) Mo and 4% H, co-deposited for 1 hin
neon, (e) after annealing to 9 K, (f) after annealing to 11 K, (g) Cr and 5%
H, co-deposited for 1 hin neon, (h) after A > 290 nm photolysisfor 10 min,
and (i) after annealing to 12 K.

most stable in the C,, (H,)CrH, structure and 5A; state, 6 although
isotopic scrambling occurs in these experiments on deposition and
on ultraviolet photolysisthrough the 3A ; tetrahedral excited state,19
asisillustrated in Scheme 1. Using mixed H, + D, both pure and
diluted in neon, the (H2)CrD, and (D,)CrH, species are major and
the (HD),CrHD species is a minor deposition product, and al

(Hy)CrD,
Cr'+H,+D,

[CrH,D,]" — (HD)CrHD

N (D,)CrH,

Cr*+ HD + HD

Scheme 1

increase on annealing and photolysis.1® Such rearrangements arein
accord with dihydrogen—dihydride exchange processes in organo-
metallic metal hydride, dihydrogen complexes, which have been
reviewed by Eisenstein, et al.2? The diagnostic frequency for
(H2)CrH,, 1526 cm—1 in solid neon, is 102 cm—1 lower than for
CrH,, 1628 cm—1, which isduein part to asubstantial changeinthe
H-Cr-H angle.14 This means that the absorption first assigned to
CrH; by the Margrave group is, in fact, due to (H,)CrH,.19.23
Second, MoH, and WH, are most stablein the tetrahedral 3A ; states
characterized by vs (t2) modes at 1830 and 1920 cm—1 in solid
neon, respectively.1341 Note that the W—-H stretching frequencies
are substantially higher than such Cr-H modes. Again the role of
relativistic contraction is manifested.46

Tungsten is particularly difficult to evaporate, and laser-ablation
is up to the task. Infrared spectra for laser-ablated W co-deposited
with 4% H, in neon are shown in Fig. 8. The lowest three W—H
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Fig. 8 Infrared spectrum in the W-H stretching region for tungsten hydrides
prepared by reacting laser-ablated W atoms and H, in excess neon during
co-deposition at 3.5 K. (@) W and 4% H, co-deposited for 1 h in neon, (b)
after annealing to 10 K, (c) after broadband photolysis for 15 min, and (d)
after annealing to 11 K. (Reprinted with permission from Ref. 13. Copyright
2002 American Chemica Society.)

stretching absorptions at 1895.3, 1860.2, and 1831.9 cm—1 are due,
respectively, to the WH3, WH, and WH, molecules. The W-H
stretching mode for the CpW(CO)sH complex is at 1845 cm—1,
hence the isolated tungsten hydride molecules are good models for
tungsten hydride bonds in ligated organometallic complexes.13.77
The strongest band at 1920.5 cm—1 after annealing and photolysis
is due to WH,. This band shifts to 1377.0 cm—1 with D, (1.3947
ratio), and HD substitution gives four bands at 1935.8, 1920.2,
1384.8, and 1378.0 cm—1 for WH,D,, which shows that a
tetrahydride is formed.13

The above discussion of RhH, and RhH; included the (H,)RhH,
complex, which appears below isolated RhH; in the neon matrix
spectrum (Fig. 5). BPW91 calculations predict 127, 142 cm—1 red-
shifts for the dihydrogen complex from isolated RhH, and 78, 90
cm—1red-shiftsare observed in solid neon.43 It isinteresting to note
that the H,, D, and HD isotopic modifications of (H2)RhH,
interconvert on photolysis, which suggests that a tetrahedral
[RhH,D,]* excited state is formed on photoexcitation. Thisisin
accord with dynamic rearrangement processes for classical and
nonclassical transition metal polyhydride complexes, which have
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been explored experimentally and theoretically.2” This rearrange-
ment isillustrated in Fig. 5(g) where the complex prepared from H,
+ D, includes (HD)RhHD. Note aso that the (L)RhH, complex
bands are split as L can be H, and D5, in this experiment.

In addition a weaker 738 cm—1 band increases on annealing,
decreases on photolysis, and increases on final annealing, but these
changes are small compared to those for (H;)RhH,, which is
calculated to be more stable by 9 kcal mol—1 than the Rh(H>),
isomer.43 Our calculations further predict a very strong Rh—(H>)
stretching mode at 723 cm—1 for Rh(H.),. The 738 cm—1 band
shiftsto 565 cm—1with D, (H/D ratio 1.306) and exhibitsanew 616
cm-1 intermediate component suggesting two equivalent H,
ligands. With HD the band appears at 630 cm—1, but photolysis
decreases the 630 cm—1 band in favor of the 616 cm—1 absorption.
Hence, photolysis initiates scrambling of Rh(HD), and
Rh(H,)(D,), and again suggests that a tetrahedral [RhH.D]*
intermediate is involved in the rearrangement process.

5.5 Pd(H>),

The bisdihydrogen palladium complex (Fig. 3) givesriseto astrong
(e) antisymmetric (H,)-Pd—(H2) mode at 778 cm—1, which is
intermediate between Pd(H,) and Pd(H,); modes® Note the
proximity of the strong modes for the Rh(H,), and Pd(H,)>
bisdihydrogen complexes.

Theresultsof atopologica analysisonthe Pd(Hy), » 3 complexes
show a substantial increase in charge flow to hydrogen, indicating
a dominant d — o* charge transfer interaction. In the Pd(H5)23
complexes the ligand effects on the Pd charge are additive, which
leads to an electron population depletion so close to unity that
further coordination higher than Pd(H,)3 is unfavorable.®

6 Hexahydrides

Metal hexahydrides range from trisdihydrogen complexes to
classical hexahydrides.

6.1 Pd(H.)3

The trisdihydrogen palladium complex is formed through the
addition of two H, molecules to Pd(H,). Clearly higher hydrogen
concentrations and the pure hydrogen matrix favor thetris complex.
The strong doubly-degenerate Pd—(H,) stretching modeis observed
at 730 cm—1 in solid argon (Fig. 3). An even stronger in-plane
ligand bending mode at 320 cm—1 in solid argon is more sensitive
to mixed isotopic substitution. With H, + D, this band givesriseto
new 317 and 270 cm—1 bands for Pd(H5)»(D>) and to new 294 and
237 cm—1 bands for Pd(H,)(D2)2, which verifies the doubly-
degenerate nature of the mode and the tris-dihydrogen stoichio-
metry.® Manceron has shown that Pd(H.); is essentially the only
product formed when thermal Pd atoms are condensed with pure
normal H, near 3 K.78 Palladium isthe only metal that forms atris-
dihydrogen complex.

Although DFT calculations failed to converge under Dap
symmetry, C,, symmetry revealed structural agreements consistent
with the higher symmetry (Fig. 4). The Pd(HD)3; complex retains
double degeneracy when all HD subunits are oriented the same way
in the molecular plane, but when one HD is turned opposing the
other two, this degeneracy is split. Hence, the novel Pd(H,)s3
complex is definitively identified through mixed isotopic spec-
tra®

6.2 (Hg)szHz, MoHgs, and WHg

Theoretical calculations agree that the octahedral MHg structures
predicted by VSEPR are considerably higher energy than lower
symmetry structures.14.15.27 For WHe, an eclipsed distorted trigonal
prism (Cgz,) and for (H,)>CrH, a bis-dihydrogen complex (C,,) are
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the computed globa minima (Fig. 9), in 1A; and 5A; dtates,
respec’[ivdy_13—15,19

Fig. 9 Planar C,, structure for (H,)CrHx(H,) and distorted trigonal
prismatic Ca, structure for WHg calculated using BPW91/6-311++G(d,p)/
SDD.

The Cr/H,/Ne system reveals a weak b, stretching mode at
1627.7 cm—1for CrH, and the (H2)CrH, complex shifted to 1525.8
cm—1. Further annealing increases markedly a sharp 1529.5 cm—1
absorption that is assigned to the b, mode of linear CrH, in the bis-
dihydrogen CrH, complex, which isthe most stable form computed
for CrHg.19 It has been suggested that DFT underestimates the
interaction between the dihydrogen ligand and the metal com-
plex.27

In addition Fig. 7 reveals two sharp bands at 1882.0 and 1993.7
cm~—1 that are probably due to MoHsg. These absorptions are much
closer in frequency to those assigned to WHg than to (H2) CrH»(H>).
The MoHg molecule is clearly aclassical hexahydride, like WHeg,
and probably hasthe sametrigonal prismatic structure, which isthe
calculated global minimum for MoHg.4t

The W/H,/Ne sample reveals weak 2004.4 and 1927.5 cm—1
absorptions on deposition that alternatively increase on annealing
and decrease on A > 240 nm photolysis, which associates weaker
2021.2 and 1953.8 cm—1 W-H stretching modes (Fig. 8) and lower
frequency 1080.3 and 840.7 cm—1 bands.13 The distorted Cs, prism
WHge structure contains three equivalent shorter W—H and three
equivalent longer W—H bonds (Fig. 9). The two higher DFT
caculated W-H stretching frequencies, a; and e modes, are
predominantly due to the shorter trio of W—H bonds and the next
two g and e modesto thelonger W—H bond trio based on computed
displacement coordinates for each mode. The four W—H stretching
modes calculated at 2059.3, 2039.9, 1963.7 and 1949.8 cm—1,
respectively, with the BPW91 functiona (Table 6) as weak &,
strong e, weak g and strong e modes are 10-38 cm—1 (0.5-2%)
higher but in excellent agreement with the observed 2021.2, 2004.4,
1953.8 and 1927.5 cm—1 bands. The a; and e deformation modes
computed at 1151.1 and 894.0 cm—1 are observed at 1080.3 and
840.7 cm—1in amost as good agreement. In conclusion, the overall
excellent agreement between six calculated and observed fre-
guencies for the distorted Cs, prism WHg structure confirms the
identification, assignments, and structure of the novel WHg
molecule formed and characterized in solid neon.13-15 Although
reaction 8 requires activation energy, which is calculated to be 28



Table 6 Neon matrix observed and DFT calculated frequencies (cm—1) for
WHe in the distorted trigonal prism structure

Observeda CalculatedP

2021.2 (3) 2059.3 (ay, 45)

2004.4 (40) 2039.9 (e, 72 X 2)

1953.8 (12) 1963.7 (a4, 92)

1927.5 (100) 1949.8 (e, 141 X 2)

1080.3 (30) 1155.1 (a4, 101)

946.1 (e, 14 X 2)

840.7 (14) 894.0 (e, 60 X 2)

805.8 (2, 0)
758.6 (ay, 10)
7095 (e, 9 X 2)

aln solid neon, Ref. 13. Relative integrated band absorbances in
parentheses. b Calculated at the BPW91/6-311G(d,p)/SDD level. Mode,
intensity, km mol—1 in parentheses.

kcal mol—1,79 thisis provided by the laser-ablation process!?.24 or
by photoexcitation, and reactions 9 and 10 appear to be spontaneous
in the neon matrix.

W(5D,) + H, (124*) — WH, (5B,) AE = — 22 kcal mol—1  (8)

WH, (5B) + Ha (124") — WH, (3A;) AE = — 27 keal mol—1
©)

WH, (3A1) + Hy (154) — WHe (*A;) AE = — 15 kcal mol—1
(10)

It is interesting to compare the reactivity of a bare W atom, the
WH, molecule, W(CO)s, and the Kubas subunit W(CO)3(PR3)2
with the H, molecule. Although the bare W atom is unreactive,”®
excited W forms the dihydride WH,, but WH,, reacts straightaway
with H, to give WH4. However, the highly coordinated carbonyl
complexes bind dihydrogen,1-412 athough the Kubas complex
exists at equilibrium with the dihydride isomer at room tem-
perature.10 Clearly backbonding to CO decreases the capability of
W to reduce the H, molecule to a classical hydride.

The only other known metal hexahydrides are MHg*— anionsin
solid ternary compounds with akali or alkaline cations. These
anions, however, have the regular octahedral structure8® and
include Re(in)He3—, Fe()He?*—, RuHg?—, OsHg?—, Rh(in)He3,
IrH&3—, and Pt(iv)Hg2—.89-89 The infrared spectrum of Mg,FeHg
shows one strong absorption at 1720 cm—1, which shifts to 1262
cm—1in Mg,FeDg (H/D ratio 1.363).82 These bands are assigned to
t, modes in the octahedral FeHg4— (FeDg*—) complexes, and they
compare favorably to the antisymmetric FeH, stretching mode at
1726 cm~—1 in the low-spin iron(i1) complex trans-[FeH,(C,H-
4(PEL2)2)2], 22 which isdlightly higher than thelinear FeH, molecule
value (1661 cm—1).32 The structure and electron counting in
homoleptic ternary transition metal hydride anions has been
discussed.8091 These highly charged anions require adjacent
cations for charge stabilization via interaction of the hydride anion
ligands with the cations,57 and they cannot be observed asisolated
anions in solid matrices or in the gas phase.®2

7 Conclusions

This review has focused on the variety of structures and states that
can be formed from the elements for binary transition metal
hydrides. The relative stabilities of matrix-isolated classical MH,
dihydrides and M (H,) dihydrogen complexesin their own right and
as subunits in higher hydrides has been explored. Celebrated
examples are Pd(H,) and PtH,, both of which form spontaneously
in metal atom reactions with dihydrogen.89.4451 |n addition
palladium aso yields the higher Pd(H,)» and Pd(H,)s; complexes.®
The stable gold trihydride is (H2)AuH, and AuHs is a transition
state that can be stabilized in the higher (H2)AuH3 complex.”2
The matrix infrared experiment through the use of isotopic
substitution on the vibrational frequencies (Hz, D, HD, Ha + D)
has proven to be an effective method for characterizing metal

hydrides. Neon and argon matrix absorption spectra are slightly
shifted from the gas phase frequencies®® and hydrogen matrix
absorptions typically fall between neon and argon matrix val-
ues.94-9% The reaction dynamics are different in each matrix owing
to different diffusion rates for H, in each condensing solid, and
different product distributions are often observed (Table 5). Laser-
ablation is an efficient technique for evaporating metal atoms,24
particularly for the most refractory metals like tungsten, and this
method finds many applications.

When dealing with new molecules it is very helpful to have the
reinforcement of quantum chemica structure and vibrational
frequency calculations. A large data base of vibrational frequencies
computed with DFT using the hybrid B3LYP and pure BPW91
density functionals gives confidence to the vibrational assign-
ments.17.97.98 For a molecule as complicated as trigonal prismatic
WHeg, the match between calculated and observed frequencies and
infrared intensities is essential for confirmation of the matrix
isolation preparation of this important hexahydride molecule.13-15

The use of pure normal hydrogen and deuterium as reagent and
matrix is promising for the future discovery of new higher metal
hydride molecul es.18.19.78.96.99 One advantage of molecular matri-
cesisthat the matrix itself can be monitored through weak induced
infrared absorptions.96.100.101 Finally, solid para-hydrogen has
found application as a medium for spectroscopic investigations of
atoms, molecules, and charged hydrogen clusters,101-104
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