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Abstract: The principle of correspondence between the symmetry decompositions of the valence atomic orbitals
(AOs) of the central metal and those of the hydride ligands is used to predict and rationalize the geometries
of simple transition metal polyhydride complexes. In this orbitally ranked symmetry analysis method (ORSAM)
the minimum energy structures have metal AOs whose irreducible representations match those of the hydrides.
In agreement with previous work, the hydrides prefer to bond to the metal {)s andnd orbitals, but
ORSAM also includesn(+ 1)p orbitals in a natural way and avoids having to postulate hypervalency for
transition metal complexes with electron counts greater than 12. Comparison with ab initio structures of 114
simple transition metal polyhydrides shows that ORSAM correctly predicts and rationalizes the geometries of

both classical and nonclassical complexes.

Introduction

Simple methods for the reliable prediction and rationalization
of molecular structure are essential to chemistry. The well-
known valence shell electron pair repulsion (VSEPR) method
developed by Sidgwick and Powell and later Gillespie and
Nyholm predicts geometries by placing areas of high density
(ligands or lone pairs) as far apart as posstilée success of
the method has been attributed to the repulsions of eleétrons
through the Pauli exclusion principle. However, later stutlies

showed that Pauli repulsions between lone pairs of electrons

were not sufficient to rationalize the shapes of molecules.

Instead, the physics behind VSEPR involves the preference for

the main-group central atom to maximize the electron density
in its ns orbital at the expense of its less stabpe orbitals?
Nevertheless, VSEPR rules work reasonably well for predicting
geometries of main group systems, but they fail for many
transition metal complexes. For example, VSEPR rules canno
provide an explanation for the structures of W distorted
trigonal prism Cs,),% or the experimentally known W(Cij
(C3) molecule®

The complementary spherical electron density model (CSEDM)
is based upon the spherical distribution of cluster components
or of ligands around a central atom such that the inert-gas or
18-electron rule is fulfilled. Ligands can be distributed in either
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a best packing or best covering fastiguch that the linear
combinations of ligand orbitals match the central atom’s
spherical harmonics. While this method seems to work well for
18-electron transition metal complexes, it fails to explain the
geometries of 8 12-electron complexes such as W(§¢or

6-

The valence bond (VB) meth®ds based upon the concept
of two-center-two-electron (2e-2e) ligand bonding to hybrid-
ized orbitals on a central atom. The method is simple and
chemically intuitive, but it can be difficult to apply to electron
deficient systems and transition metal complexes wiligands'©
In electron-rich systems one must invoke the use of either high-
energy d orbitals or three-centeiour-electron (3e-4e) bond&!
formed from the following resonance structures: M+—L <
L-M* L.

Recently, Landis has applied VB methods to transition metal

tpolyhydride complexe¥ In this model, the bonding around the

metal is considered to occur only through ds-type hybrid orbitals
in analogy to main group sp hybrids. Since theH 1)s andnd
metal atomic orbitals define the valence space, the metal may
form a maximum of six 2e2e bonds. Thus, 12 electrons will
fill the transition metal valence shell, rather than the 18 electrons
that might be expected if then(t- 1)p orbital were part of the
valence shell. Lone pairs on the metal occupy pure d orbitals,
and the metal s character of the bond orbitals should be
maximized. If the transition metal complex has more than 12
electrons in the valence space it is considered hypervalent and
linear H-M—H 3c—4e units are required in the bonding
scheme. As Landis points out, this scheme “leads to the
conclusion that most transition metal complexes are hyper-
valent!”12a
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Since many hypervalent complexes in the main group are Table 1. Orbital Counts (&sp") for Each Stoichiometry and d
unstable, it seems odd to classify transition metal complexes Electron Count

with more than 12e (all the very stable complexes) as d° d? a d® d®
hypervalent. While hypervalency in main group complexes is MHs s o&s s s dsp
due to the inaccessibility of thad orbitals, this is not the case MH., dBs Ps ds dsp dsp
for transition metals because their + 1)p orbitals are more MHs d's d's dsp dsp? dsp
readily available. The excitation energies for main group  MHs d:S d'sp 0§sz ’sp’
elements from the ground state to the first excited state MH7 d>sp dsp? dsp’

S . . MHg d°sp? d*sp?
containing amd orbital are roughly 29 times larger than those MHo Psp?

for the corresponding excitation (ground state to the first excited
state containing an(+ 1)p orbital) for transition elements.in
fact, while studie¥ have shown that the optimal exponent for atom’s and ligands’ AO combinations can be used to eliminate
a d function is roughly the same for any main group element, conformations with mismatching irreducible representations.
recent studies by this group have shown that an accurateConsideration of the ligand types{donor andsz-donor or
representation of transition metal ¢ 1)p orbitals is necessary ~ acceptor) and central atom (main group or transition metal) can
to correctly describe the energetics of transition metal complexesbe used to further reduce the number of possible geometries.
and their reaction¥2 Since the spherical harmonics are identical for all atoms, the
In this work, we develop a method for predicting the structure application of the above criteria provides a set of possible
of transition metal polyhydride complexes through the use of geometries for any isoelectronic complex with the same type
symmetry analysis coupled with the preferential bonding of of ligands and central atom. However, the global minimum for
hydrides to metalr( + 1)s andnd orbitals. The method, an  a given system will be determined by details of the electronic
application of MO theory to molecular geometry, is similar in  structure including the radial portion of the wave function.
some ways to CSEDM with the exception that electron counts  In this work, the principles discussed above are applied to
which do not fulfill the 18e rule are incorporated. In addition,  the problem of determining the geometries of simple transition
our method does not require a spherical distribution of ligands metal polyhydride complexes. The set of possible geometries
(best covering or best packih such that a greater variety of ~ for a given stoichiometry is reduced by the fact that hydride
geometries are allowed. Our method bears some similarity to ligands prefer to bond to transition metals through+ 1)s
that of Landis in the sense that bonding is favored through ( andnd metal AOs. The relative importance of the central atom’s
+ 1)s andnd orbitals, but § + 1)p orbitals are incorporated ~AOs in bonding forms the basis for the orbitally ranked
into the bonding scheme such that more systems can besymmetry analysis method (ORSAM) presented below.
adequately described without invoking hypervalency. A pre-  The application of ORSAM to transition metal polyhydride
liminary report of the application of our approach to \W&hd complexes consists of the following steps:
OsH; has appearetf. The work reported here is most closely (1) Choose a set of possible geometries for a given stoichi-
related to the application of symmetry to molecular geometry ometry MH, with a symmetry ofCy, or higher and determine
recently discussed by King.The present work extends the ideas the irreducible representations for the hydride ligands. It is

presented in work by the present autidfsand King?’ assumed that lower symmetryC,,) structures are available,
but they are not explicitly analyzed due to the large number of
Orbitally Ranked Symmetry Analysis Method (ORSAM) possible geometries.

(2) Determine the “orbital count” for a given metal system.
The orbital count (8sp") is the number of metal AOs of each
angular momentum type necessary to construdelocalized
symmetry-adapted MH bonding orbitals. Since hydride ligands
prefer to bond througm(+ 1)s andnd orbitals?°?'these metal
AOs should be used before { 1)p orbitals. Nonbonded metal
electrons (lone pairs) are accommodated in pure d orbitals. Metal
p orbitals are used when the number of ligands exceeds the

An important approximation in MO theory is the construction
of the MOs of a complex from a linear combination of atomic
orbitals (LCAO)!® which are usually separable into radial
functionsRy(r) and spherical harmonidéy(6,¢). For the central
atom of a complex, M}, the radial portions of the AOs are
always spherically symmetric (i.e., unaffected by any symmetry
operation), but the spherical harmonics transform as specific
irreducible representations depending on the point group of the . . ) .
molecule!® In the most stable complexes, the ligands must orient number of s and.d prbltaI§ available for bonding. The orpltal
themselves such that there is maximum correspondence betweefPUNts for all stoichiometries and d electron counts are listed
their valence orbitals’ irreducible representations and those of in Table 1.

the central atom. Thus, a group-theoretical analysis of the central (a) In this discussion, only the singlet states are considered,
but the method can be easily extended to open-shell states by

(13) Excitation energies for main group atoms range from 62 75¥'cm  considering the number of partially occupied d orbitals rather

for As to 95 696 cm? for Cl; second- and third-row transition metals range ;
from 10 529 cm for Y to 37 645 cm! for Hg. Most of the first-row metals than the formal count of d electrons. For example, a tnp?et d

lie between 15 000 and 25 000 cfnMoore, C. E.Atomic Energy Leels system should have the same orbital count as a sinfgtststem.
NSRDS-NBS 35; U.S. National Bureau of Standards: Washington, DC;  (b) Because they have low-lyingn - 1)p orbitals, anionic
Vols. I-I1ll. The values for several elements are listed in Table S1 of the complexes of high-oxidation-state, early transition metals should
Supporting Information. include th ibl S f h | ith
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Table 2. Symmetry Combinations of Metald, (n + 1)s, and § +
1)p Orbitals in Various Groups

T'ma

Tws Twp

On €y + tzg g tiu

Ty e+t 24 t

DGh alg + elg + eZQ alg =] + €1y
Dsh a' +e +e a' &' +e
D4h alg + blg + ng + eg alg oy + €u

Dan a +€+¢€' &' &' +¢€

D2h Zag + blg + bzg + bgg g b]_u + bzu + b3u
Dag atetes & b+ e

Dag &gt 2¢ Qg Sut &y

D2d a1+b1+b2+e a b2+e

Cey atete & ate

Cs, ate+e & ate

Cu aatbth+e a ate

C3U a; + 2e a at+e

Ca, Zal+ag+b1+b2 =4 a1+b1+b2

Table 3. Symmetry Decompositions of MHSystems.
SA? for d occupancy (orb count)

d° d? d* d® dé

symm Ty (sf) (scf) (scf) (spdd) (spd)
Ty att Y N Y N N
Da  ag+bgte N N N N Y
Don 2ag + boy + by N N N N Y
Dag a+hb+e Y Y Y Y Y
Cyy a+b+e Y Y Y N Y
Cs, 25 t+e Y N Y Y Y
Ca, 2a + b+ by Y Y Y Y Y
Cy/ 2a + b+ by Y Y Y Y Y
G 3a + by Y Y Y Y Y

of the metal AOs in various symmetry groups are found in Table
2. Any geometry whose orbitals completely match between the
metal and the hydrides is referred to as “symmetry allowed”
(SA) and is included in a set of possible geometries for the
given stoichiometry and d electron count.

The application of the method to MHystems is presented
as an illustration. The total set of possible geometries for,MH
includes the high-symmetry tetrahedi and square planar
D4 geometries along with various “distortions” from these
geometries: rhomboidd),,, distorted tetrahedrdD,y, Square
pyramidalC,,, trigonal pyramidalCs,, and threeC,, geometries

o H
H
g M
\M\\ H/ﬁ\H ‘
7\ HH H’M\H
H H |
H
Cz} Cz)l CZJH

The hydride irreducible representations for each of these
complexes are listed in the second column of Table 3. The
number of d lone pairs has to be accounted for in order to

determine the sets of possible geometries for these complexes

For  through d, the orbital count for MH is s, or threend
orbitals and onen(+ 1)s orbital. At ¢ one f + 1)p orbital
must be introduced to make the orbital coufdp while at @

it would be dsp. The results of matching the irreducible
representations of the hydride ligands to the metal AO irreduc-

ible representations under the constraint of maximizing the use

of s and d orbitals are listed in Table 3. It should be noted the
high-symmetry geometrie3{ andDap) often expected for Mk
complexes are only allowed in two d-electron countsTp(d®

and d) and one d-electron count f@, (d8). The hydrides in

Bayse and Hall

Table 4. Sets of Possible Geometries for MH
{MH} + O (<Cy)
MH3 d° Dan, Ca,, Cou, Co/
d? Dan, Cay Cau, Cof
at Dap, Ca,, Coy, Co/
d® Dan, Cay, Ca,, G2/
d8 CZU; CZI/’
MH,4 d° Ty, D2d, Cay, Cay, Cou, Co)', Co”!
d2 DZdv C4zr| CZU: C21/’7 CZU”
d* Ta, D2, Casy Cay, Cau, Co/, G2
d® D2y, Cay Cay G2/, Co)!
d8 D4h| DZhs Dst C4L': C3Z/! CZL’! CZI/’! CZL'”
MHs d° Cs,, Cayy Cop. Co)f
d? Cs,, Cay, Coiy Cof
d4 DShy C4U| CSU: CZ:/: CZU’: CZU”
dG DShv CSU: C41/y C2L’! C21/’| CZU”
d® Dan, Casy Cay, Coy Cof
MHe d° Cs,, Csy, Ca)/
dZ DShy Dzd, CSZ/y C4L’! C3U1 C31/’y sz/y CZU’: CZv”y CZU’”
d4 CSU: C31/1 C3L"v CZUv CZZ}’! CZL’”) CZU’”
ds On, Dan, Dan, Dan, D3g, D24, Csy, Cay, Cauy Cai', Cous
C21/’| CZU”y C217'”
MH7 d° Cs,, Ca,, Ca', Cauy o,
dZ CZU: C2U’| C217”1 CZL’”'
d* Dsh, Csy Cai, G/, Ca, Co', G2, G2
MHg d° Dz, Cs', C2/, G, Co,""
d? Dad, D2, Dad', Ca/, Coiy G2/, Co,", G
MHg d° Dan, Dav', Ca)'s Cay, C3)/, Caf

the D4y conformation require two p orbitalsjén order to bond
to the metal so that only8ccomplexes (orbital count dsp?)
can assume this geometry. The highest symmetry structures for
d? are the first-order JahfiTeller (FOJT) distortion fromTy
(D2g) and the pseudo-second-order Jafieller (PSOJT) distor-
tion from Dan (Cy,). The & system has th®,y and distorted
tetrahedralCz, geometries as high-symmetry possibilities.

By applying this reasoning to other Midystems, one arrives
at the general results of ORSAM listed in Table 4. The tables
of hydride ligand irreducible representations and schemes of
all geometries considered are included in Supporting Information
(Tables S2S7 and Schemes S57). Dihydrogen complexes
can also be rationalized as part of this analysis. Since the
dihydrogen ligand is a-donor ligand, it will act like a hydride
ligand. When the dihydrogen is considered a hydride ligand,
the dihydrogen complex fits into a symmetry class with fewer
H’s and more d electrons. For example, the all-hydride system
AgHs (d®) could reduce to a'd dihydrogen complex Agf-
Hy)H. If the dihydrogen is considered a hydride ligand, then
the complex would follow a set of rules féd® ML, systems
for which ORSAM would predicDep.

The method can also be used for ligands other than hydride
by applying the same principles listed above. Ligands such as
phosphine can replace dihydrogen ligands forming (MJfHR-)
complexes that would be similar to Mg}{Hy—, systems. Strong
one-electron ligands like GRean replace hydrides. However,
these complexes would not necessarily have the same minimum
energy structure as the all-hydride complexes due to the steric
bulk and different electronic requirements of the phosphine
ligands.

Theoretical Methods

Ab initio calculations with relativistic effective core potentials
(RECPs) using the GAMESS-UK packé&gbave been performed on
a variety of simple transition metal polyhydride complexes (VH
including neutral, anionic, and cationic systems of all second- and third-
row metals. The metals were represented by modified Ermler
Christiansen RECP basis sétShese bases were of douldeguality
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in the s and p space with triplequality in the d space. Then(+ 1)s Table 5. Minimum Energy Structures for MH
and fi + 1)p orbitals have been included in these basis sets in

) . " species species species

accordance with recent studies on transition metal systemhe
hydride basis functions were triplequality 2 d® none YH  Da  [ZrH* Gy,

Geometry optimizations and frequency calculations have been  hone - Lak  Cs,  [HfHg" G, b
performed at the restricted HartreEock (RHF) leveP> Geometry d [ZrH3]7 Dan NbH;  Dan [M°H31 <Ca (C)*
optimizations at the MP2 lev&lwere performed for all third-row neutral " [l\HﬂfHﬁ] _ 82“ $a::|l3 23“ [\IQVH;] . <3é Ceb
systems. The relative energies of the neutral systems were recalculatedd {W?% ]31 jé‘ (Co? R%Hg; C3"’ {OLSJH?]]* c 2 (Cs
at the MP2, MP3, and CCSD levéfsRelative energies at the MP2 46 [RuH33]‘ " Rh Cu (PdH] s ©)
level were (_:alculate_d f(_)r s_ystems with dihydrogen Ilgan_ds due t(_) the [OsH]~ Ca, IrHs Ca [PtHd* Ca
overestimation of kibinding in RHF. If the order of the relative energies ¢  [PdH;~ C,, AgH; Cn' [CdHi* Ca
was changed, geometry optimizations at the MP2 level were performed. [PtHs]~  Ca AuHsz C' [HgHs* GCu/

Relative energies are listed in Tables-S®1 of the Supporting a - Py - " " -
Information. In select cases, geometry optimizations were performed _  Refer to Figure 1- Dihydrogen complex: [Mok™, Cz, d* ML,
at the CISD leveéP and relative energies were calculated at the [RuHs] ™, Cy, d® MLy; [PdHs]™, Cp, d® ML .
GMO2(PEMCSCF) and GMO2(SDTQ) leve.

All calculations were performed on SGI Indigo R4400 and O2
workstations.

Results

MH 3. Four geometries have been considered for sMH
complexes: trigonal planaDsn, trigonal pyramidalCs,, T- [MoH,]* (Cy) [RuH]" (C) 0.774 A
shapedC;,, and Y-shaped,, . 3

1.769 A

H\ /H 1.864 A l 1.457 A
H—M—H \ e \ 2330 A
M
e 77.0°
| /
O}

H H 135.0° 85.6°

+ ™ o
Co Coy [WH3] (Cy) [PAH,]* (C) 0753 A

The results of ORSAM for MK complexes are found in
Table 4. While any of the four geometries is possible for the
d’—d® complexes, only the tw€;, geometries are SA for the
d® systems.

Most of the complexes examined in this study (Table 5) have
minima at one of the high symmetry>(C,,) geometries
predicted by ORSAM. While one might expect the results for [TcH,]" (Cy)
the second- and third-row metal complexes to be the same, the,:igure 1. Structural parameters for MHand MH. complexes
results show that this is not always the case. Unlike thesLaH ([MoH3]*, [RuHg]*, [WH3]~, [PdHe]*, [TcHa] ) with symmetry<Ca,.
complex, the B'YH3 complex isDz, due to the ligand repulsions
around a small metal center and the high contribution of p the metal. A previous study on these two complexes con-
orbitals to the bonding orbitals. Mulliken population anal§sis strained the geometry to plandd4) and thus did not observe
shows that 36% of the yttrium valence electrons are located in 4,0 Cs, lanthanum complex. Most of the? dystems ara,

p orbitals. The lanthanum complex also has a high amount of \hare it is favorable for the lone pair of electrons to occupy
p character in its bond orbitals, but the relative size of the metal 1, 4 orbital (a'). However, the potential energy surface for
allows the hydride ligands to bend slightly out of planar with [HfH ]~ is very flat such that th®a, structure is a maximum

(22) GAMESS-UK is a package of ab initio programs written by M. F. < 1 kcal/mol above nearly degenerdie, and Cp,’ minima.
Guest, J. H. van Lenthe, J. Kendrick, K. Schoffel, and P. Sherwood, with The ¢ molybdenum cation reduces to an [MopH,)]"

contributions from R. D. Amos, R. J. Buenker, M. Dupuis, N. C. Handy, ; 4
I. H. Hillier, P. J. Knowles, V. Bonacic-Koutecky, W. von Niessen, R. J. complex Cs, Figure 1) analogous to &Cp, d* ML system.

Harrison, A. P. Rendell, V. R. Saunders, and A. J. Stone. The package is 1n€ positive ch_arge OnquHs]_+ increases the gap between
derived from the original GAMESS code due to Dupuis, M.; Spangler, D.; the d and p orbitals, thus favoring tkg, conformation where

Wendoloski, JNRCC Software CatalogRCC: Warrington, UK., Vol. - there js less mixing of the p orbitals into the bond orbitals. Thus,
1, Program No. QGO01 (GAMESS). - . .
(23) (a) Hurley, M. M. Fernandez-Pacios, L.: Christiansen, P. A.; Ross, the system undergoes a PSOJT distortion that allows the mixing

R. B.; Ermler, W. C.J. Chem. Phys1986 84, 6840. (b) LaJohn, L. A;; of the € and ¢ d combinations.

Christiansen, P. A.; Ross, R. B.; Atashroo, T.; Ermler, W.JCChem. . _
Phys 1987, 87, 2812. (c) Ross, R. B.; Powers, J. M.; Atashroo, T.; Ermler, While most of the d systems areCs,, the D, [MoH3]

W.'C.; LaJohn, L. A; Christiansen, P. A. Chem. Phys199Q 93, 6654. complex is stabilized by the occupancy of the,gorbitals (¢').
ggg guntnringy T-CH-é- %heml\-/I ng;lhgml ggi22832%9 The d tungsten anion optimizes to a distort€g, (Cs, Figure
oothaan, C. C. Rev. Mod. Phys , 69. ; ; _
(26) (a) Maller. C.- Plesset, M. $hys. Re. 1936 46, 618. (b) Rice, J. 1) geometry. The ruthenium cation reduces to a mono
E.; Amos, R. D.; Handy, N. C.; Lee, T. J.; Schaefer, H. F.,JIIChem. (dihydrogen) complexGs, Figure 1) which is analogous to a
Phys 1986 85, 963. (c) Watts, J. D.; Dupuis, M. Comput. Chen1988 ~Cy, d® ML, complex. The Blsystems prefer th€z, geometry
9, 158. + ; ;
(27) Bartlett, R. 3. Phys. Cheml989 93, 1697, e>.(cept for [PdH]* which reduces to a dihydrogen complég,(
(28) Saunders, V. R.: van Lenthe, J. Mol. Phys 1983 48, 923. Figure 1).
(29) Couty, M.; Hall, M. B.J. Phys. ChemA 1997, 101, 6936.
(30) (a) Mulliken, R. SJ. Chem. Phys1995 23, 1833. (b) Mulliken, (31) Neuhaus, A. H.; Glendening, E. D.; StrietwieserOQéganometallics

R. S.J. Chem. Physl1955 23, 1841. 1996 15, 3688.



1352 J. Am. Chem. Soc., Vol. 121, No. 6, 1999

Scheme 1

— — b,

4 e
4 b5 - o

+

Dsp

4 =

Gy
Y-shaped

_ﬁ_ a,
Cov
T-shaped

T Y Y

Table 6. Minimum Energy Structures for MH

species species species
d° [YH 4]7 Td ZrH4 Td [NbH4]+ C4,,c
[LaH]~ Ta HfH, Tu [TaH]*  Tq
o? [NbHA] - Dyg MoH4 Czyd [TCH4] + < zl,b'c (CS)
[TaH4]‘ Doy WH4 Dyqg [ReH4]+ Cy,°
d [TCH4]7 Ty RuH,; Cyt [RhH;;]Jr Ca
[ReHq]~ Tq OsH, Ta [IrH 4] Cay
& [RhHJ]~ Ca PdH, D [AgHs® Dy
[IrH 4]_ CQU PtH, Cz,, [AUH4]+ Dzdb
dé [AgH4]~ Dan
[AUH4]7 D4h

2 Refer to Figure 1° Dihydrogen complex: [Tck]™, Cs; PdHy, Don
d®® MLy; [AgH4]™, Dun di® MHy; [AuH4T, Den di® ML,. € MP2
optimized geometry! Closed shell.

ORSAM predicts only theC,, T-shaped and,,’ Y-shaped
geometries for @icomplexes due to the incorporation of one p
orbital into the orbital count. Both of the anionic complexes
([PdHs]~ and [PtH] ™) form the T-shaped geometry while the
neutral and cationic systems reduceg’ M(#n?-Hz)H com-
plexes which follow the rules forDep d1© MH, complexes. If
we consider distortions from an open-shéllzk, geometry to
the T-shapedQy,) or Y-shapedC,,) complex, we see that the
doubly occupied 'e(M—H bonds through the metal p AOs)
orbitals transform as;and I in Cy, symmetry. As a complex
distorts toward the T-shaped;(becomes stabilized) or Y-shaped
geometry (@ becomes stabilized), respectively, it will be
stabilized by a FOJT effect (Scheme 1). Metals that prefer to
have low oxidation states such as Ag will prefer to distort toward

Bayse and Hall

lying Cs dihydrogen complex+«6.5 kcal/mol) resembling @4,
complex with a dihydrogen trans to a vacant site. Both the
[YH4~ and [LaH]~ complexes have long>2.0 A) M—H
bonds due to the mixing of low-lying {n + 1)p orbitals and

the stronger ionic character of the hydride ligands in these early
high-oxidation state metal complexes. TheZrH; and HfH,
have been synthesized by pulsed laser ablation and characterized
by IR spectroscop$ The experimentalists observe an increase
in the asymmetric M-H stretch from Zr to Hf (1623.6 and
1678.4 cm?, respectively) consistent with the shorter-Hi
bond obtained in this work and othé¥sThis increase in
stretching frequency is also observed theoretically (RHF: Zr,
1679 cnvl; Hf, 1712 cnth). The shorter HfH bond distance

is due, at least in part, to relativistic bond contracfitn.

The & MH4 systems generally form th®,q ([NbH4]-,
[TaH4]~, WH,4) complex. The molybdenum system has a global
minimum at theC,, geometry but also has a low-lying-4
kcal/mol) Dog geometry. The cationic rhenium complex forms
a dihydrogen complex at the RHF level, but geometry optimiza-
tions at the MP2 level give &4, geometry. At either level of
theory the [TcH]™ system is a dihydrogen complex (Figure 1).
The molybdenum system has been synthesizédt since it is
most likely a triplet the #irules apply. Geometry optimizations
at the unrestricted Hartred-ock level give aly structure for
triplet MoH, as expected by ORSAM.

The d* systems are equally divided infQ ([TcH4] ~, [ReH,y] ~,
OsHy), and Cy, (RuHy, [RhH,]*, [IrtH4] ") systems which are
the high symmetry conformations predicted by ORSAM. In all
cases both of these geometries are minima on the potential
energy surface withv15—45 kcal/mol separating the isomers
except in the case of OgHbr which they are nearly degenerate
at the MP2 level. The tetrahedral system is favored by systems
where the p orbitals are low enough in energy to mix into the
t, orbital (anionic and third-row systems).

The neutral Pd and cationic® éystems correspond 10yq
minima that have reduced to linear bis(dihydrogen) complexes
(Dwh d1° ML ;) due to the stability of the'd metal centers in
these late-row transition metals (Pd, Ag, Au). However, the
neutral Pt system and the anionic complexes possess the saw
horseC,, geometry:

H—M—H
k)

HH
Co

The & [AuH,4]~ complex studied here has been determined

the Y-shaped structure leading to a dihydrogen complex. The to be aDa complex as in a previous studySeveral other &

gold complex is an interesting case as both # and +3
oxidation states are common. Ab initio results at the RHF and
MP2 levels show that the nonclassical Y-shagzd Au'(?-
H2)H complex is stabilized by 28.7 kcal/mol (MP2) over the
classical T-shape@,, conformation (Au(lll)). Previously, it was
expected that Aukiwould be T-shaped from hybridization and
FOJT argument® however, the JahnTeller distortion was

complexes have also been structurally determine®asby
both experimental and theoretical methods ([RAH®® [NiH 4)2,
[PdHg2-,37 and [PtH]% %839, High-spin @ and d° MH,4

(33) Chertihin, G. V.; Andrews, LJ. Am. Chem. S0d.995 117, 6402.

(34) Pyykko, P.Chem. Re. 1988 88, 563.

(35) Xiao, Z. L.; Hauge, R. H.; Margrave, J. . Phys. Chem1992
96, 636.

(36) Lundberg, L. B.; Cromer, D. T.; Magee, C. Borg. Chem1972

only performed toward the T-shaped system, so the dihydrogen11, 400.

global minimum was not observed.
MH 4. The results of ORSAM for Ml complexes were

(37) (a) Bronger, W.; Aufferman, Gl. Less-Common Me1991, 169,
173. (b) Kadir, K.; Kritikos, M.; Nofes, D.; Andersen, A. FJ. Less-
Common Met1991 172 36. (c) Gupta, MZ. Phys. Chem1993 181, 9.

discussed above with the results listed in Table 4, and the (d) Switendick, A. CZ. Phys. Chem1993 181, 19.

minimum energy geometries for specific systems are listed in
Table 6. The 8 complexes formTy complexes except for
[NbH4]* (C4, at MP2). This niobium complex also has a low-

(32) Schwerdtfeger, P.; Boyd, P. D. W.; Brienne, S.; Burrell, Alriorg.
Chem 1992 31, 3411.

(38) (a) Bronger, W.; Mler, P.; Schmitz, D.; Spittank, HZ. Anorg.
Allg. Chem 1984 516, 35. (b) Bronger, W.; Aufferman, G.; Hofman, K.;
Miiller, P. Z. Kristallogr. 1985 170, 37. (c) Bronger, W.; Aufferman, G.;
Muller, P.J. Less-Common Met986 116, 9. (d) Bronger, W.; Aufferman,
G.; Mulller, P. Z. Kristallogr. 1987, 178 37. (e) Bronger, W.; Aufferman,
G.; Milller, P.J. Less-Common Me1988 142, 243.

(39) Liao, M.; Zhang, Qlnorg. Chem 1997, 36, 396.
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Table 7. Minimum Energy Structure for MK

2174 A 1-45“39%:‘
species species species B I
0 - + 86.0°\’f :j 83.2°
d [ZrH 5] C4y NbH5 C4,, [MOH 5] C4L, .

[HHs]- Da®  TaHs C,, [WHg]*  <Cppe 0744 A F8330 A
d® [MoHs]” Gy TcHs G, [RuHg]™ Csd e L514
[WHs]~  GCs¢ ReH Csd [OsH]t G50

¢ [RuHj~ Cs  RhH  <Cpbe(C) [PdH"  <CoPS(CY) RhHs (C9

d6 EOjl-ls]]’ gsy ItHs  <CyPc(Cy [PtHs]"  <CpP9Cy)
PdH]~ Gy
[PtHs] - Czl,” ¢

2 See text? Refer to Figure 2¢ Dihydrogen complex: Rhgl Cy,
dS MLg; IrHs, Cy, d® ML, [PdHs] ™, Cp, d® ML; [PtHs] ™, Cp, d® ML;
[PdHs]~, Dan d® ML 4; [PtHs] ~, Dan d® ML 4. ¢ MP2 optimized geometry.

systems would have an orbital count of snd thus be ex-
pected to act like main-group systems; thgMnH 4]~ anion is
Td_40

MH 5. The results of ORSAM for the M complexes are
listed in Table 4. The pentagonal pyramidal structQge and
square pyramidaC,, geometries are allowed high-symmetry
structures for the Yand & systems; for the latter thezdand
dxy orbitals are obvious lone pair orbitals f@s, and Ca,, [WH;]* (Cy)
respectively. Occupancies of dnd higher require the addition Figure 2. Structural ters f | RhH PdHI+
of one or more p orbitals into the bonding scheme. ORSAM [Fl,?ﬁsr MHrSS)uvrveiathps;?nrrrfefr;ig;l?/u«tomp exes (Rt [Pdrl
shows that trigonal bipyramid&s;, structures are only SA for

d* and & complexes where the' @nd both the 'eand ¢ d Table 8. Minimum Energy Structure for MK
orbitals are lone pairs, respectively. In addition to these higher species species species
symmetry structures, a pentagonal plabayis SA for d only @ [NbHg~ Ca MoHs Cs  [TcHd* GCs
and severaC,, geometries are available for all electron counts. [TaHg~ Da? WHs Ca, [ReHy* Ca
o [TcHg~ Cp'¢ RuHs Gy ¢ [RhHg* <CpPed(Cy
H H [ReHg~ <CoX(C) OsHs  Cp [IrHgt  <CpPed(CY
| He L;I | y ¢ [RhHJ~ Cs? Pdh,  <Cyt
H/M\H M\ H\M/ [|rH5] CSy PtHe Cz,, ¢
ﬁ / \ / \ a See text? Refer to Figure 3¢ Dihydrogen complex: [Rhi™*, Cy,
H H H H d® MLy; [IrHe]™, Cs d* MLs; PtHs, D4y d® ML4. 9 MP2 optimized

geometry € Complex dissociates toHt+ Pd@?-Hz), (D).
Cy Co' Gy
a T-shapedC,, d® ML 3 complex due to the stability of the2

The results of the ab initio calculations are listed in Table 7. oxidation state in Pd. The anioni¢ galladium and platinum
The anionic and neutral®dcomplexes have th€,, square complexes form dihydroge@,," M(5?-H2)Hs complexes that
pyramidal geometry except for [H#H which optimizes to a  follow the rules forDa d® ML4 systems. The iMHs com-
D3, trigonal bipyramidal structure. Both of these conformations plexes have not been included in this study, but §]fH has
fit the ORSAM model with the Hf anion using the expanded been shown to beCs* in agreement with our symmetry
rules for high-oxidation state early metal$€d in addition to analysis.
d*s). There are several low-energy conformations for the §J&/H MH . The sets of SA geometries for Mi3ystems are listed
system as discussed by Lan#isVe obtain a distorte@y, (Cs, in Table 4. The Blhexahydride and hexamethyl complexes have
Figure 2) for the minimum energy structure and two low-lying been the subject of a considerable amount of reseétéfwith
C4, minima at the MP2 level corresponding to “open” and geometries ranging fror®y to C3,. ORSAM shows that only
“closed” umbrella geometries. The analogous Mo cation is a the pentagonal pyramidéls,, distorted trigonal prismatiCs,,
“closed” umbrellaC4, complex at the MP2 level. Land and distorted trigonal antiprismatic complexgs' complexes
reports similar results for [WkJ™ but obtains &4, minimum are possible geometries fof ¥Hs complexes. The dcom-
energy structure. The potential energy surface is too flat to obtainplexes incorporat a p orbital into their bonding scheme and
an accurate geometry at the level and basis set used in eitheallow a variety of high-symmetry geometries including trigonal
study, but either set of results is consistent with ORSAM. prismatic Dan, bicapped tetrahedrd,q, Cs,, andCa,. The d

Most of the & MHs systems fornCs, complexes with the system allows for a high-symmet@s, complex that most likely
lone pair of electrons in thezbrbital. The [MoH] ~ anion forms has 90 Hax—M—Heq bond angles due to the replacement of
aC,,’ complex that is a “squashedsq structure capped along  the e d orbitals with the g p orbitals in the bonding scheme
one of the long edges. The anionitsystems ar€s,, but both (i.e., the pseudo-second-order Jafiieller effect® should be
the neutral and cationic systems form dihydrogen complexes. absent). It is only for & systems thaDy complexes can be
The RhH, IrHs, and [PtH]* systems reduce to mono(dihydro-  expected among other lower symmetry structures. Se@ral
gen) M(@%-Hz)Hs complexes (Figure 2) which follow the . I . Klei
ORSAM rules forC,, d® ML 4 systems. The cationic palladium R 8418)5% hé?aytir'c%ecﬁgj;i g,tafarztls.kzb?ilt]-r?dnt?:%,t }ée.l;y'chrﬂdrli’eflgﬁtﬁr ¢

system forms a bis(dihydrogen) complex (Figure 2) resembling Magee, C. Blnorg. Chem1972,11, 400. (c) Moyer, R. O., Jr.; Lindsay,
R. J. Less-Common Me198Q 70, 56.

(40) Bronger, W.; Hasenberg, S.; Aufferman,Z Anorg. Allg. Chem (42) Kang, S. K.; Albright, T. A.; Eisenstein, horg. Chem1989 28,
1996 622, 1145. 1613.
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M‘hvl‘l784A 121.8° 1.6{)9421!\

1687 A 1.664 A

[ReH]- (C,)

(IrHg]™ (C,)

Figure 3. Structural parameters for Mt¢omplexes ([Rek]~, [RhHg] ",
[IrHg) ") with symmetry <Cy,.

structures are also possible for most of these d occupancies.

The d—df complexes are hypervalent according to Landis’
model and would thus be expected to have linearMHH
interactions. The final results for specific systems are listed in
Table 8, but none of the systems have linearNMi—H units.

|
HH H NV M
\ﬁ/ \%/ H” B H
2”5 SH 1’ H| H
H
Cav C3v' C2v
H
H H H H H
5 N /
H | g H? ey u ‘.\H
' H H A H
H
Cz}' CZUVI Cblll

The present study finds that most of tHecdmplexes prefer
the distorted trigonal prismati€s, geometry except [Regf"
which prefers the distorted trigonal antiprisma@g,’ one. In
addition to minima at these tw&s,-type geometries, the
complexes tend to have low-lyirn@s, complexes that are nearly
degenerate with th€;, geometry in some casésThe [TaH]
complex gives @3, geometry in accordance with the OSRAM
model for high-oxidation-state early transition metal anions that
incorporate i§ + 1)p orbitals earlier than other species.

The & OsHs complex was discussed previousfyvhere the
distorted trigonal prismati€,,"" geometry was determined to

be the lowest in energy because, compared to structures such

(43) An MCPF calculation in an all-electron basis set predicts thesWH
Cs, complex to be lower in energy by 0.4 kcal/mol but only when first-
order perturbative relativistic corrections are adéfed/e have examined
the relative energies of the Wisystem at various levels (HF, MP2, MP3,
GMO?2) in the basis sets with and without polarization functions (Supporting
Information Table S22). All our calculations place tig isomer 0.3-0.9
kcal/mol below theCs, isomer. A recent study of basis set, electron
correlation, and relativistic effects in WHertwig, R. H.; Koch, W.; Yates,

B. F. J. Comput. Chem1998 19, 1604) shows that th€s, and Cs,
geometries are near-degenerate; their MCPF calculations with the Deuglas
Kroll relativistic operator place th€s, geometry 1.3 kcal/mol more stable
then theCs, geometry.

Bayse and Hall

asDs, andCy, Cy,'" is able to minimize the contribution of the
p orbital to the b bonding orbital by mixing in d characté$.
The analogous CpOsttomplex is pseud&,,***°and repre-
sents an example of an MH.L, complex described as SA by
the ORSAM model but having geometry different from that of
the simple hydride because of the steric requirements of the
Cpring. The [TcH]~ and RuH complexes also show th&,’
geometry. The @[ReHg]~ anion optimizes to a nonclassical
distortedC,," geometry Cs, Figure 3). The cationic Rh system
optimizes to sawhorse bis(dihydrogen) complex;R4,),H>
that follows the rules foC,, d® ML 4 complexes.

The anionic rhodium and iridium “dMHg systems are
pentagonal pyramidal with'90° Hax—M—Heq bond angles. A
complex in which a dihydrogen forms from 2 equatorial hydrides
(Cs, analogous taC4, d® MLs) lies 6—-10 kcal/mol above the

H H
oy |t Le“
N <«—» H—M H,
n? ¥ 4

Cso c,

Cs, minimum. This process is low energy because the reduction
of the metal allows the pseudgsbrbital to be filled (d). The
neutral palladium system dissociates into anardd the Pdi

Doq complex (Pdg?-H,),). The platinum system i€,,"” where
four hydrides come together into two dihydrogen ligands@t(
Hy)-H,) such that the complex is pseudo-square planar and
follows the ORSAM model foDg, d® ML 4.

Although the set of possible geometries 6f\MH; is fairly
large, the highest SA geometry is the famil@y. There have
been several experimertaland theoreticd? studies of the
[PdHs]2~ and [PtH]2~ ions by various groups. The platinum
complex exists as an octahedron, but the palladium system
cannot be isolated due to the instability of Pd(PMulliken
population analysé%of these complexes show that the valence
p orbitals do play a significant part in the bonding of these
complexes and that the use of a Madelung potential is essential
to obtain the correct theoretical bonding picture for these
complexes? The [FeH]*~ and [RuH]*~ anions have also been
characterized as octahedral by X-ray diffractfdrA non-Oy,
dé system is the&C,, merIr(PPh)3(H)s complex where the trans
phosphines bend away from the axial phosphine~i%°.48

MH 7. The results of ORSAM for the MiAsystems are listed
in Table 4. The @ and d systems favor the pentagonal
bipyramidal structur€s,, the capped trigonal pris@s,, or the
capped trigonal antiprisi@s,’ as high-symmetry structures. The
d* systems also include the pentagonal bipyranitiglstructure
which is not allowed for 8lcomplexes because two p orbitals
are necessary for bonding to the equatorial hydrides. Ghe
structure can be considered a PSOJT distobtgdstructuret®
The & systems can only possess vari€iss geometries as their

(44) Bayse, C. A.; Couty, M.; Hall, M. BJ. Am. Chem. Sod996 118
8916.

(45) Girolami, G. S. (Professor of Chemistry, University of lllinois,
Urbana-Champaign, IL), personal communication.

(46) (a) Bronger, W.; Aufferman, GAngew. Chem., Int. Ed. Endl994
33, 1112. (b) Bronger, W.; Aufferman, Q. Alloys Compd1995 219, 45.

(c) Bronger, W.; Aufferman, GZ. Anorg. Allg. Chem1995 621, 1318.

(47) Bau, R.; Chiang, M. Y.; Ho, D. M.; Gibbins, S. G.; Emge, T. J.;
Koetzle, T. F.Inorg. Chem 1984 23, 2823.

(48) (a) Bau, R.; Carroll, W. E.; Hart, D. H.; Teller, R. G.Tmansition
Metal Hydrides Bau, R., Ed.; American Chemical Society: Washington,
DC, 1978. (b) Clark, G. R.; Skelton, B. W.; Waters, T. Norg. Chim.
Acta 1975 12, 235.



Geometries of Transition Metal Polyhydride Complexes J. Am. Chem. Soc., Vol. 121, No. 613999

The work of Gusev and Berk&on group 8 polyhydrides
[M(PR3)4H3] ", M = Fe, Ru, and Os, shows that while several

Table 9. Minimum Energy Structure for MH

species species species ’ : :
@ [MoH ] Caf TeH G e [RUH® <CoP® (C) ?r: th(lase .syTten?shhgvg nonclalssmeIDF] d MbL6 g%orpetrlgs,d A
WH7~ Ca ReH, <C, (Cy [OsH;t <CyPc(Cy) e classical polyhydride complexes have been determined by
@ [RuHs~ <Cnt(C) RhH; <Cp X-ray diffraction to have either the MIHC,, ([Os(PMe)4(H)3] )
[OsH]~ <Cuf(Cy IrH7  <Cu%Cy or the MH; Cs,’ ([Fe(PE%)4(H)s]™, [Os(PE%)4(H)s] ™) geometry,

both predicted as possibilities by symmetry analysis. Dae
geometry of the Ir(fPr;),Hs*° complex is also in agreement with
our results for 4 MH;. The “distorted Dsy" structure of
Os(PMePh)(H),2 is better explained as@,’ ML 7 geometry.
Theoreticdl? and experiment&i characterization of the Cp*ReH
complex as aCs, complex provides further support for the
broad applicability of ORSAM.

MH g. The results of ORSAM for the Mglcomplexes are
listed in Table 4. A high-symmetry geometry for a Wtomplex
is the dodecahedrd),q, but our symmetry analysis shows that
this conformation is only SA for @dMHg systems. For the®
complexes, the highest symmetries allowed areDh¢ and
distorted square antiprismai®,' geometries. Thebsystems
can also possess dodecahe@raland square antiprismati2.g
geometries. In addition to the high-symmetry structures, several
C,, geometries are available. The final results for specific
systems are given in Table 10.

aRefer to Figure 4° Dihydrogen complex. [Rui*, Cp,' d* MLs;
[OsH/]", Cp) d* MLs; RhHy, Cy4, d® MLs; IrH7, Cs, d* MLg. ¢ MP2
optimized geometry.

68.9°

P 1.661 A

@
[OsH]- (C,) [RuF]+ ()

. 1509 A 1527 A

0.750 A 0.787 A

1.651 A

2.058 A 1.909 A 1577 A

~—
65.5°

IrH7 (Cy)

N o
81.0° 1.533A 62.9°

RhI—I7 (Cs)

Figure 4. Structural parameters for Mi¢omplexes ([Osk~, [RuH/] ", /M\ H« M H
RhH;, IrH7) with symmetry<C,,. H < H H "f-{ H
highest symmetry minima. The results of ab initio calculations H HH
for specific systems are listed in Table 9. D, Cy Cyy
H H H y B
H| H H | H H H
HH] /H H / \M/H H\‘ g N/
M ISEN Hy \H H‘y & Hy | H
HY 3 H H” B YH H H W% H }I{ H
CSv CSD' Cz; C2v () CZ)| "
H H H H H H The neutral 8RuHg system is a dihydrogen complex (Figure
H\ I J/ \M/ \M/ 5) while the classical osmium complex is a protonated version
M H" 4% H g l%’ﬂ of [OsH;]~ (Csat MP2, Figure 5). The system has five equatorial
H ﬁ H HH H j, H hydrides and three more coordinated on one side of the
H H molecule. At the MP2 level, the anionic rhenium and technetium
c. Con o systems have the same general structure as the osmium complex.
2 % 20

Both of the cationic systems (Rh and Ir at MP2) reduce to tris-

The & anionic complexes of molybdenum and tungsten both (dihydrogen) complexes similar to that shown for [§# in
have Cs,' capped trigonal antiprismatic geometries. Tbg' Figure 5. These [Mf?-H,)3H] t systems behave likgy, d® ML 5
geometry is preferred t&s, due to the ability ofCg,’ to complexes.
delocalize the contribution of the metal p orbital. THeTdH;, Both of the & complexes are dodecahedrBbh§) at the MP2
system adopts &' geometry while the classical ReH level. Theoretical and experimental studies of the [OsjRR
complex is a slightly distorted,,”" complex. Both of these  (H)s]™ compleX*56 and a neutron diffraction study of Os-
complexes are analogous to their protonatehH gnalogues (49) () Gusev, D. G.. Fener, R.: Burger, P.. Orama, O.; Berke. H.
where the proton adds along t@g(~C; for ReH) axis between  am. Chem. Sod997 119, 3716. (b) Jacobsen, H.; Berke, Bhem. Eur.
four hydrides. The cationic ruthenium and osmium systems J. 1997, 3, 881. '
(Figure 4) are bis(dihydrogen) complexes [J#{H2)2Hs] " with N ’(6\53) Sﬁgﬁffcggg'gég E?)g,n'nsizl__'; Bau, R.; Longoni, G.; Koetzle, T. F.
trans .dlhydrpgen Ilggnds and an addmoryal hydride between the (51) (a) Aslanov, L.; Mason, R.; Wheeler, A. G.; Whimp, P.JOChem.
two cis hydrides. This structure can be viewed & ad° MLs Soc., Chem Commum97Q 30. (b) Hart, D. W.; Bau, R.; Koetzle, T. B.
system. Both neutraPdystems reduce to dihydrogen complexes Am. Chem. Sod 977 99, 3872. _
(Figure 4) where the Rh system forms a cis bis(dihydrogen) gg '(';’)1'Hze'r’rr';']i'r'{n"v'w?)\.o;rgiﬂggﬁg‘gvs\}‘ggﬁeﬁ"I‘r?t‘_‘%d. Endlogs
complex Cs, d® MLs) and the Ir system forms a mono- 25 1092. (b) Herrmann, W. A.; Theiler, H. G.; Herdtwerk, E.; Kiprof, P.
(dihydrogen) complexs, d* MLg). At the MP2 level, the J. Organomet. Chenl989 367, 291. (c) Herrmann, W. A.; Theiler, H.
anionic ruthenium and osmium system3)(dave five hydrides

G.; Kiprof, P.; Tremmel, J.; Blom, Rl. Organomet. Chen199Q 395, 69.
! . 54) Lin, Z.; Hall, M. B.J. Am. Chem. S0d.992 114, 6102.

that are nearly planar with the metal and two hydrides both (34 Lin a m. chem. S0d992

above the MH plane (Figure 4).

(55) Maseras, F.; Koga, N.; Morokuma, K. Am. Chem. Socd993
115 8313.
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Table 10. Minimum Energy Structure for Mkland MH,

Bayse and Hall

species species species
MHg d° [TCHg]_ <C2,,C(C5) RuHg <C277b,c [RhHg]Jr <Cy, (CS be
[ReHg]~ <C,%(Cy) Oshg <C,%(Cy) [IrHg] ™ <CpP
d? [RhHg]_ Dog
[|TH 8]7 Daqg
MHg do [TCHQ]Z_ D3h' [RUHg]_ D3h' RhHg <Cy (C3)b'c
[ReHd]* Day’ [OsHy] - Day’ IrHs Dan' ©

aRefer to Figure 5P Dihydrogen complex¢ MP2 optimized geometry.

o 74.8°
1.607 A

[IrHg]" (Cy)

Figure 5. Structural parameters for MHomplexes (Rukl OsH;,
[IrHg] ") with symmetry<C,,.

(PCi2H19)2He®" reveal that both of these complexes are substi-
tuted dodecahedra as expected fogight-coordinate polyhydride
complexes.

MH . The results of ORSAM for the Miisystems are listed
in Table 4. In addition to monoanionic systems, we have also
calculated structures for the polyhydride complexes [JJéH
and [ReH]?~ which are known experimentalff. Theoretical
studies of the [Reb)?~ species have been performed be several
groups® The ORSAM model predicts high-symmetry confor-
mations for these dcomplexes as either a tricapped trigonal
prism (edgewiseD3, or facial Dzy') or Cs' (capped square
antiprism). The calculations for the rhenium and technetium
dianions areDzy in agreement with the experimental results.
In addition, our calculations predict that [Rg]H, [OsHy] —, and
IrHg are also by’ (Table 10). The rhodium complex isGy
complex withfac tris(dihydrogen) ligands Rip¢-H,)sHs. A mer
Rh(?-H,)3H3 complex lies~20 kcal/mol above th€; complex.
Both of these tris(dihydrogen) species are pse@dand can
be described using the rules 10 d® MLe. TheDz, complexes
haveC,, transition states that lie1 kcal/mol above the global

show that the counterions can reverse this ordering; for example,
in RbsReH;o the [Reky]2~ units areC,,’ at low temperature®.
Several substituted MHog-x complexes have been discussed
in the literature. A theoretical study of M(RHH7, M = Re
and Tcb! gave a theoretical minimum for the rhenium system
similar to the Cy,’ geometry for MH in this study. The
technetium system was shown to reorient to a bis(dihydrogen)
system corresponding toC,, d* MH7 in this study. Neutron
diffraction studies of W(PPRI)sHs have shown that the
complex isC,,'.52

Discussion

ORSAM correctly predicts the geometries for all systems
studied. While the variety of SA geometries is large, and this
may be a criticism of the method, the range of possibilities better
reflects the variety of experimentally observed geometries.
Adding rules to ORSAM that would reduce the possible
geometries would make the method prone to fail because of
their inflexibility. There is a pitfall for a user in arbitrarily
restricting the number of possible geometries to a very limited
set. For example, many chemists were hesitant to accept that
WHs or W(CHg)s could be anything other thad@y, due to the
expectation of this structure by other more restrictive methods.

In general, these polyhydride complexes will not always
possess the SA geometry with the highest symmetry. Since
hydrides avoid bonding to p orbitals when possible, high-
symmetry geometries with pure p or sp combinations will be
less favorable than lower symmetry conformations where dp
mixing can occur. For exampléd)s, and C4, are SA high-
symmetry possibilities for Osgspecies. However, the former
uses a pure p.a orbital for bonding and the latter requires sp
hybrids to accommodate the trans hydrides along the axis. The
system prefers th€,," geometry where the required p contribu-
tion (orbital count= d*sp) of b symmetry can be “diluted” by
the by d orbital. One should note that many studig®’63which
have been used as evidence for the unimportance of p orbitals,
are of small complexes such as MH diatomics aRdid  (x
< 6) where enougimd and ( + 1)s orbitals are present such
that p orbitals will not contribute significantly.

It is also worthwhile to note the many diagonal relationships
in these systems. Generally, anionic systems and neutral third-

minimum through which the systems rapidly exchange hydrides row systems will be similar as will cationic systems and neutral

as observed in NMR studi&& In addition, more recent studies
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Geometries of Transition Metal Polyhydride Complexes

Table 11. Structural Parameters and Total Mulliken Populations
for CIHz and [PdH]~ at the RHF Level

CIHz CIH [PdHs]~
X—Hax, A 1.286 1.258 1.518
X—Heq A 1.737 1.590 1.702
Hax—X—Heq deg 86.59 85.28 88.67
tot. Mull. pop., X 6.787 49 6.923 18.619 65
tot. Mull. pop., Hy 0.724 44 0.635 0.965 08
tot. Mull. pop., Hq 1.244 04 1.22 1.207 64

2 No polarization functions were used on €Polarization function
included on CI { = 0.6).

Table 12. Percentages of Orbital Types in Fost&oys Localized
Orbitals (See Text)

bond % s % p %d %HE  %He % Heq
Cl-Hs® 189 505 3.4 23.2 2°0 2.0
Cl—Hed 27 36.8 3.2 29 434 11.8
Pd—Hax 17.9 45 459 31.3 0°2 0.z
Pd—Heq 16.8 13.0 18.4 04 50.4 1.0

2 See text? Polarization functions (d; = 0.6) were included on
Cl. ¢ Residual contributions.

In the valence bond approdélto transition metal polyhydride

complexes, analogies are made between hypervalent main group

and so-called hypervalent transition metal complexes. An
example is [Pdhk]~, a complex said to have one PH 2c—2e
bond and a linear 3e4e H-Pd—H unit constructed from H
Pd—H ' H—Pd H resonance structures. Thus, the system would
be similar to CIH, a simple hydride analogue of the known
CIFs molecule. In the previous studyNBO analysi&*was used

in the discussion of these complexes, but Maseras and Moro-
kumé® have shown that NBO cannot give an adequate descrip-
tion of the contribution of if + 1)p orbitals since it does not
include them in the valence space. Using a modified version of
NBO, they showed that for Nifthe population of the 4rbital
changed from 0.05 with a valence space of 3d4s to 0.27 when

4p orbitals were included as part of the valence space (3d4s4p).

As a result of this ambiguity in NBO analysis, we have chosen
to analyze these complexes using Fostoys*® and Pipek-
Mezey’ localized orbitals. The localized orbitals were analyzed
by summing the squares of the coefficients of the CGTO’s and
determining the percentage of the total belonging to individual
contributions.

The geometry of Clhlwas optimized at the RHF level (Table
11) using the WadtHay RECP and doublé&-basis set for
chloriné® and the Dunning triplé: basis set for hydrogett.
Calculations were performed both with and without a d
polarization function on the chlorine atonf & 0.6). The
structural parameters and total Mulliken populatSase listed
in Table 11. The analysis of the localized orbitals shows that
the hydrogens are strongly bound to the chloride through the p
orbital (69.4% of the CI contribution for a €Hax bond and
86.2% for a C-Heq bond), as expected. The localized orbitals
for the CHHeq bonds are actually delocalized over both
hydrogens with/s of the Hy contribution arising from the k|
trans to the primary bond (Table 12). It should be noted tha
only the FosterBoys method could provide “localized” orbitals;
the Pipek-Mezey method gave a 3¢le interaction. The d

t
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polarization function contributes only 3% to each bonding orbital
(though it does stabilize the molecule by 37.8 kcal/mol). Only
1.7% of the chlorine electrons are located in d orbitals. A similar
analysis was conducted on the RHF optimized geometry (Table
11) of [PdH]~. In contrast to the results for CiHboth the
Foster-Boys and PipekMezey localizations provide cleanly
localized Pda-H bond orbitals with residual contributions smaller
than those in Clll The Pd-Hax bond is a mixture of s and d
contributions and the PeHgq bonds have almost a 1:1:1 ratio
for s, p, and d character (Table 12). Thus, while a hypervalent
description may be appropriate for GIHt is less appropriate
for [PdH;] .

In the MO picture (Scheme 2) for CHan antibonding orbital
must be incorporated into the bonding scheme due to the
inaccessibility of the 3d orbitals; the excitation energy from the
ground state of the Cl atom to the first excited state containing
a 3d orbital is 95 696 cnt.13 In this electron-rich system, an
extra pair of electrons occupies an antibondinguwbital thus
canceling one of the;donding contributions. The net result is
a 3c—-4e bond between Cl and theed$. The addition of d
functions to the chlorine does not change the overall nature of
the a* orbital as they act as polarization functions rather than
valence 3d orbitals. In the case of [PgH there are no 5d
orbitals of the proper symmetry to form a T-shaped structure
(the hydrides lie in the node of the kbly, AO). Since the 5p
orbitals are much more accessible for Pd (excitation into a 5p
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orbital is 34 068 cm?), the kb p, bonding orbital can be to transition-metal hydride complexes in the orbitally ranked
incorporated into the bonding scheme (Scheme 2) and alHPd ~ symmetry analysis method (ORSAM) can be used to determine
interactions can be transformed into-2e bonds. Similar a set of geometries for a given d electron count and,MH
diagrams can be constructed for other pairs of main group andstoichiometry among which the minimum energy structure will
transition met_al complexes which are called analogous in ape found. Geometry optimizations of a number of these
hypervalent picture (e.g., [RhH and SF, [PtHi]*~ and Xek, complexes show that all of the minimum energy geometries
[FeHe]*™ and Xek). The [RhH]~ complex POSSEsses t.he SaW  are predicted by ORSAM. Furthermore, the geometries of
horseCp, geometry. However, rather than forming-3te linear nonclassical polyhydrides can also be rationalized as part of

H—M—H interactions analogous to a main group hypenvalent . ihoq When the results of ORSAM are compared with
complex, this system forms a linear iiond orbital through the . . . -
experimental data many unusual geometries can be rationalized.

metal  AO. o o :
The hypervalent mod®also has difficulty with the structures In addition, these transition-metal hydride complexes are not

of complexes such as [WH and [W(CHs);]~ as neither of hypervalent in the usgal sense of the term but makg substantial
these “hypervalent’ complexes has a linearM—L unit as use of the i + 1)p orbital after thend and ¢ + 1)s orbitals are
required for a 3e4e bond. TheCs, structure with a linear ~ completely employed.

L—M—L unit would be expected from hypervalency arguments;

however, this complex is a maximum on the potential energy ~ Acknowledgment. This research has been supported by the
surface lying 12 kcal/mol above ti@," geometry in the hydride  Robert A. Welch Foundation (Grant No. A-648) and the

complex. Also, hypervalency arguments cannot be used to National Science Foundation (Grant Nos. CHE91-13634 and
rationalize the known geometries of numerous eight- and nine- g4.23271).

coordinate transition metal polyhydride systems, such as
[ReHg],27,%6 none of which contain linear HM—H units.

ORSAM is able to correctly predict all of these complexes. Supporting Information Available: Tables and figures

containing symmetry analysis data (33 pages, print/PDF). See
Conclusions any current masthead page for ordering information and Web

. . access instructions.
Symmetry and group theoretical analysis is one of the most

powerful tools available to the modern chemist. Their application JA981965+



