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The reactions of At + nH, to produce AlH"(H,),-1 have been studied by high-level ab initio electronic
structure techniques motivated by thdond activation by cooperative interaction observed experimentally
and theoretically for the isovalent'B+ nH, reaction systems. Far = 1, the reaction proceeds stepwise:
first breaking the Hbond and forming one AIH bond followed by the formation of the second AIH bond.
This process has an activation energy of 85.0 kcal/mol.r~er 2, the reaction proceeds via a pericyclic
mechanism through a planar, cyclic transition state where twioodds are broken simultaneously while two
AlH bonds and one new thond are formed. The activation energy for this process decreases fram~the

1 value to about 55.0 kcal/mol. These two cases are qualitatively very similar to what was observéd for B
+ nH, with the major quantitative differences being that corresponding activation energies wet@ Beal/

mol lower and reaction energetics were-@&D kcal/mol more exothermic in the boron systems. frer 3,

no additional activation energy lowering was observed with Ahich contrasts significantly with the behavior
observed with B. This difference is rationalized in terms of the special ability of boron to form strong three
center-two electron bonds.

Introduction first breaking the HHbond and forming one BH bond, followed

Recently, experimentalnd theoreticdlinvestigations have by the formation of the second BH bond. V.V'th the addmon.of
a second hydrogen molecule, the reaction proceeds via a

revealed remarkable and unexpected chemistry for the reaction®™ >~~~ ) . o

of BT(22, 1S;) and H. Formation of the covalently bound, pericyclic mechanism through a pl_ana_r cyclic transition state

linear, centrosymmetric molecule, BH is exothermic by about \l;vhec:e tWOdH bonds arebbrolgen wfyle swgulfrahr!eouslyhtwq B.H

56 kcal/mol with respect to Band H. However, the presence ﬁn S a? oned nﬁwj—l ond are forme b IS Te%o%;'st'rch

of a 57 kcal/mol reaction barrier effectively prevents the reaction ¢ dzqge ?Wetﬁ dt € actlva(;'uon erzﬁrgymg// n??ﬁ y °. 'he

from proceeding efficiently, and only weakly bound, electrostatic aadition ora thir "ifemo"e more than o Ot the remaining
activation energy with a transition state that is geometrically

complexes, B(H,), formed by three-body association reactions, - > .
are observed. With increased hydrogen pressure and/or deYe'Y Similar to that of the electrostatic complex. Although this
creased temperature, additionalHolecules can be electrostati- case proceeds through a true insertion mechanism, the insertion

cally complexed to B. Computational results indicate that the occurs late in the reaction after over 75% of the exothermicity

incremental binding energy decreases with each addition, NS been realized.
covering the range of 3-40.8 kcal/mol fom = 1—4 when zero A detailed study of the evolution of the occupied molecular
point energy effects are included. These results are in goodorbitals along the various reaction paths provided a full
agreement with the experimentally determined binding energiestnderstanding of the mechanisms and ensuing activation energy
for the first and second Haddition; the two electrostatic ~ changes. For all electrostatic complexes, the highest occupied
complexes for which experimental binding energies are avail- molecular orbital (HOMO) is one that has a node between the
able. The electrostatic binding energy of the thirgrhblecule B ion and the H molecule(s). To activate thezHnolecule,
was not determined experimenta”y because thé—B)s com- this node has to be “maneuvered” to intersect Q.rh)di'hd With
plex reacted with near zero activation energy to produce the @ single hydrogen molecule present, this can be accomplished
BH," ion. Interestingly, interaction of this ion with up to two by allowing the B ion to interact strongly with only one
additional H molecules was predicted to result in strong hydrogen of the limolecule, causing the energy requirement
bonding (14-18 kcal/mol)2~# attributable to the formation of ~ ©Of breaking the Hbond to be offset by the formation of only
three center-two electron (aQe) bonds and this was observed ©One BH bond. With the addition of a second hydrogen mOleCUle,
experimentally. the node of the HOMO is positioned at the transition state to
The most interesting question, however, was how the Weak, intersect both b"bonds, aIIOWing the Bion to interact Strongly
electrostatic bonding of threesHinolecules to B could allow ~ With two hydrogen atoms. With three hydrogen molecules
a 57 kcal/mol activation energy barrier to be surmounted. It Present, the node in the HOMO begins to intersect all three H
seemed ||ke|y that energetic considerations alone could not bonds at the transition state and theiBn interacts eqUiV&'ent'y
account for this effect and that a mechanistic change was With three hydrogen atoms.
involved. The computational identification of the transition state ~ Once the mechanism for this unuswabond activation was
for reactions involving one to three hydrogen molecti#swed well understood, an interesting question naturally arose:*is B
that, indeed, the mechanism and associated activation energyessential or will the mechanism operate with oth&relectron
depended dramatically on the number of hydrogen molecules configuration atoms? The present work takes a first step toward
involved. With one hydrogen, the reaction proceeds stepwise: answering this question by examining the interaction of Al
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with nH, (n = 1—4). Because Al is isovalent with B, the function. Instead, complete active space (CAS) multiconfigu-
topologies of relevant molecular orbitals for the aluminum rational self-consistent-field (MCSC¥)!calculations followed
systems are expected to be similar to the corresponding boronby internally contracted configuration interaction in the single
systems, although the energetics could be quite different. Forand double space (MRCISB)® were performed. In the
example, in the boron work it was not clear how much of the MCSCF calculations, the 4252p° core electron configuration
activation energy lowering could be attributed to the strong 3¢ of Al was held frozen and the four valence electrons were
2e bonds that would be formed after insertion when two or three distributed among the six orbitals arising from the 3s and 3p
hydrogen molecules were present. Although-3e bonding has  atomic orbitals of Al and the 1s orbitals of each hydrogen
been observed for aluminubrthis bonding motif is certainly atom.
less prominent for aluminum than it is for boron. At each stationary point identified by the MP2 calculations,
A preliminary account of some of these calculations was MRCISD and coupled cluster with single and double substitu-
published previousl§ in conjunction with an experimental gas tions and a perturbative treatment of triple substitutions (CCSD-
phase ion chemistry study that searched unsuccessfully for Al (T))* calculations were performed. Because MRCISD is not
insertion chemistry analogous to that observed for B that size extensive, energies can be compared properly only when
work only reactants and products were characterized and nothe same number of Hmolecules are considered (i.e., the
information on the intervening transition states was provided. supermolecule approach), which was taken to be 3 in this study.
Further, electron correlation was considered only at the MP2 Davidsor® has proposed a correction (Q) to partially compen-
level, which had proved to be not entirely satisfactory in sate for the size nonextensivity of MRCISD calculations and
describing the BH"(H2), ions. Beyond that study, Al MRCISDH+Q energies will be reported also as appropriate. The
appears to have been considered previously in only one low-MP2 and CCSD(T) calculations were performed with the
level ab initio study, and we are unaware of any experimental GAUSSIAN 94 suite of program&and the MRCISD calcula-
spectroscopic information. The present work extends our tions were performed with the MOLPROelectronic structure
previous study by fully characterizing transition states, electro- package. All calculations were performed on a DEC alpha
static complexes, and inserted molecules using couple clusterworkstation.
and multireference techniques in addition to MP2. This informa-
tion allows a meaningful comparison between the chemistry of Results

Al*/nH, and Bf/nH, to be made. o ) ) )
To simplify comparisons between the properties of various

Methods Alf/nH, stationary points and the corresponding/igH,
stationary points, only a subset of internal coordinates and
Preliminary geometry optimizations and stationary point harmonic frequencies will be reported here. A full description
characterizations were performed using the aug-cc-pVDZ basisof the optimized geometries and harmonic frequencies will be
sef with final geometry optimizations and characterizations provided as Supporting Information. The coording®es(Hy),
being performed with the aug-cc-pVTZ basis $&he former and g, Will be used to denote the distance betweert Al
basis set is of doublé-quality, the latter is of triplez quality, and the midpoint of an Hmolecule, the K bond length, and
and both are augmented by diffuse functions that are requiredthe angle betweeR andr(H,), respectively. The coordinates
to describe polarizability properly, which is particularly impor-  r(AlH) and Oyan will denote the AIH bond length and HAIH
tant for the electrostatic complexes. No significant qualitative bond angle in the All™ moiety of a AlH"(Hz),—1 molecule
differences between the results obtained with the two basis setsor the transition state forming it. The angle formed by two
were observed. For aluminum, the tridiésasis set consists of  different R coordinates will be denoteflrr. The electronic
a (15s9p2d1f) set of primitive Gaussian functions contracted energy of Alf(Hy), and AlH,"(Hz)n—1 and harmonic zero point
to [5s4p2d1f] and augmented by an uncontracted (1slpldif)energies (ZPEs) are reported relative to the energies of the
set of functions. For hydrogen, the tripfebasis set consists of  infinitely separated At + nH, reactants. Unscaled MP2
a (7s2pld) set of primitive Gaussian functions contracted to harmonic frequencies are used in the calculation of ZPEs.
[3s2pld] and augmented by an uncontracted (1s1lpld) set ofvariations in the H bond length and harmonic stretching
diffuse functions. Pure spherical harmonic basis functions were frequency are important indicators of-32e bonding, and the
used throughout. present results are compared with the previously repbki&2/
Stationary points on the electrostatic complex! (), and aug-cc-pVTZ values of 0.7374 A and 4518 chrespectively
inserted molecule, Al (H2)n—1, hypersurfaces were located for isolated H.
and characterized by MP2 perturbation theory applied to a AlI*(H,) and AlH,*. Geometric and energetic parameters
Hartree-Fock (HF) wave function with frozen core electrons. characterizing stationary points on this hypersurface are sum-
Analytical first derivatives were used to optimize geometric marized in Table 1 and illustrated in Figure 1. The electrostatic
structures to a residual root-mean-square force of less th&n 10 complex is calculated to be T-shapégb,) with the H, moiety
hartree/bohr, and analytical second derivatives were used tolittle changed from its isolated characteristias (H,) = 0.0044
characterize a stationary point as a local minimum or a transition A, Aw(H,) = —70 cnt?) and R equal to about 3.01 A.
state. For each transition state identified, the local reaction Calculated electronic binding energies fall into two groups: a
coordinate was determined by displacing the geometry slightly low value near—1.65 kcal/mol with MP2 and MRCISBQ
in the direction of the eigenvector associated with the imaginary techniques and a value about 85% larger with CCSD(T) and
frequency (both positive and negative) and following the MRCISD techniques. Inclusion of MP2 harmonic ZPE predicts

gradient to a subsequent stationary point. an adiabatic dissociation enerdydj that is decreased froie
This general computational approach was followed in all casesby 0.69 kcal/mol. The covalently bound, inserted AiH
except for characterizing the transition state region ofrtke molecule is calculated to be a linear symmetb) molecule

1, Al*/H; system. This region of that potential energy surface with r(AlH) equal to 1.55 A. Calculate®. values by the four
is necessarily multiconfigurational and cannot be described well methods investigated agree to within 1 kcal/mol, predicting a
by MP2 calculations based on a single configuration wave value of about+-10 kcal/mol. The positive sign of this value
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TABLE 1: Calculated Geometry? and Relative Energy for
Al*(H,) and AlH,+ Stationary Points

electrostatic

property complex transition state inserted molecule
point group Co Cs Deon
R(A) 3.0113
r(Hz) (A) 0.7418 2.8072
r(AIH) (A) 1.6197 1.551
relative energy
MP2 —1.75 +9.60
CCSD(T) -3.10 +9.45
MRCISD —2.81 +88.76 +10.22
MRCISD+Q —1.53 +88.39 +10.83
relative ZPE
per-H; +0.69 —4.61 +1.2¢9'
per-D; +0.49' —-3.2# +1.03!

aQptimized at the MP2/aug-cc-pVTZ level of theobpngle between
r(Hz) andr(AlH) is 93.3. °Relative to Al" + H, in kcal/mol. %At the
MP2/aug-cc-pVTZ level of theoryAt the MRCISD/aug-cc-pVTZ level
of theory.

means that AlH" is less stable than the A+ H, reactants.
Despite this thermodynamic instability, Adlies in a relatively
deep local potential energy minimum characterized by MP2
harmonic frequencies of 2085, 582, and 2174 &rfor the
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Al (H2)z and AlH ;™ (H>) 2. Geometric and energy parameters
characterizing this hypersurface are summarized in Table 3 and
illustrated in Figure 3. The electrostatic complex is calculated
at the MP2 level to hav€; symmetry with theR andr(H,)
values being comparable to those of &fl;) and Al (Hy).. As
was the case with the other electrostatic complexes, each H
adopts a near T-shape geometry with thé idh with 6gr equal
to 65.6. Again, the calculated®, values tend to fall in two
groups, with MP2 and MRCISBQ predicting lower values
and CCSD(T) and MRCISD predicting higher values. The
agreement between the CCSD(T) and MRCISD values is less
than it was for Af(Hz) and Al(Hy),. Inclusion of harmonic
ZPE considerations predicts an adiabd@icthat is 3.06 kcal/
mol less tharDe. The transition state for forming the covalently
bound AlH,*™ ion hasCs symmetry and, in essence, is very
similar to the two H case. Here, two Hmolecules participate
in the pericyclic transition state and the third li¢s considerably
further from the Af ion and has am(H,) only about 0.022 A
larger than the equilibrium fvalue. From this transition state,
the covalent AlHT is formed as it was in the two4tase, with
R for the third H, decreasing only slightly in the process. The
interaction of AlH+ with a second Klinduces slightly larger
distortions in each subunit, witli(Hy) increasing by an
additional about 0.013 A an@lan decreasing by an additional

symmetric stretching, bending, and asymmetric stretching 6.3° from the AlH,"(H>) values.

modes, respectively. Harmonic ZPE considerations decrease the

stability of AlH,* by about 1.3 kcal/mol. The depth of the AtH Discussion

potential well is established by the energy of the transition state

for AIH,* formation. This transition state lies about 88.8 kcal/  Instructive trends in the results can be identified by grouping
mol above the At + H, reactants or about 78.5 kcal/mol above the systems as electrostatic complexes, covalent molecular ions,
the AlH," product based on MRCISD calculations. The inclu- and the intervening transition states. It is also instructive to
sion of ZPE considerations decreases the energy of this transitiorconsider the relative energetics for the stepwise addition of each

state by about 3.8 kcal/mol with respect to*Al- H,. The
geometry of this transition state has a low symme@gstructure
with very inequivalent hydrogen atoms. Om@AIH) has a
bonding distance of 1.62 A, and the oth¢AIH) has a very
long distance of 3.32 A.

Al*(H»), and AlH 2t (H5). Geometric and energy parameters

H> molecule within these groups. Although this information is
available implicitly in Tables %3, it is provided in Table 4 for
convenience. Constructing Table 4 required choosinghihe
values of a particular method. Energies from CCSD(T) calcula-
tions generally are considered more reliable than those from
MP2 because CCSD(T) captures significantly more electron

characterizing this hypersurface are summarized in Table 2 andcorrelation. Although CCSD(T) and MRCISD capture compa-

illustrated in Figure 2. The electrostatic complex is calculated
at the MP2 level to have @s geometry with each FHadopting

a T- or near T-shape structure with theAbn. These two K
molecules lie on the same “side” of theAlon with R equal

to approximately 3.0 A anérr equal to about 66 The bond
length and vibrational frequencies of the Riolecules in the
complex are changed by onty0.0045 A and—71 cnt?! from

the isolated Hvalues. The calculatelde values again fall into
two groups with the CCSD(T) and MRCISD values being about
70% larger than the MP2 and MRCISH) values. Inclusion

of a harmonic ZPE consideration predicts an adialdagithat

is 1.74 kcal/mol less thaBe. The transition state for forming
the covalently bound Al ion hasC,, symmetry with the
equivalent H bond lengths increased by almost 0.5 A to about
1.2 A andr(AIH) decreased to almost the equilibrium AfH
values. The covalent molecular ion is formed from this transition

state through a pericyclic mechanism where simultaneously two

AlH bonds are formed, two FHbonds are formed, and a new
H, bond is formed. This mechanism implies that the two
hydrogen atoms that ultimately participate in the two AlH bonds
of AlH,™(H,) originate from different hydrogen molecules,
as do the two hydrogen atoms that ultimately form the H
In the covalently bound molecular ion, the interaction of
AlH " with H, induces only small distortions in each subunit
with r(H,) increasing by about 0.02 A ariian decreasing by
about 16.

rable amounts of electron correlation, as judged by the absolute
total energies, the approximate 0.65 kcal/mol per subunit
discrepancy between MRCISD and MRCISD relative ener-
gies for the electrostatic complexes (where Ahd H are the
subunits) and the covalent molecular ions (where Altdnd
H, are the subunits) is about 3 times larger than that observed
for the isovalent B/nH, systems. Noting that, with frozen core
electrons, the electronic structure of/BH, and Al/nH; are
very similar, it seems that correcting for the nonsize extensivity
of MRCISD is more difficult in the Af/nH, system. Thus,
CCSD(T) values for relative energy were used in the construc-
tion of Table 4 with the exception of the AH, transition state,
for which MRCISD calculations are required. In the following
discussion, comparisons to experiment and the previously
calculated results for the isovalent/faH, systems will be made
as appropriate.

Electrostatic Complexesin all cases, the kHspecies adopts
a T- or a near T-shape geometry with respect to, Athich is
the attractive orientation of theHjuadrupole. The positions
of the H, molecules are also constant among the complexes
with R being about 3.0 A9 being 65.5, and the Hmolecules
adopting the most attractive, near T-shape structures with respect
to each other. Compared to those fof/BH,, the R and Orr
values for Alf/nH, are about 0.75 A longer and 13maller,
respectively. Taken together, these geometric changes place the
centers of H molecules about 3.2 A apart, which is very close



8312 J. Phys. Chem. A, Vol. 103, No. 41, 1999

Sharp et al.

Unoccupied Orbitals

Occupied Orbitals

_ AlH*+H
80— ‘ +86.5
= ]
o _ N \
g 60 'I' Qy n“
'-Ce ] e ," “‘
o 1’ ‘\
ol W) x
>\ | l' ‘\
on ) N '
— ) ',
Q20 g .
Mmoo AH N
o +107 L AIYHY Al'+H,
| 24 0.0
20—

Figure 1. Relative energy of stationary points on the minimum energy path forAH, — AIH,* calculated at the CCSD(T)/aug-cc-pVTZ level

of theory with harmonic ZPE added for tper-H, species at the MP2/aug-cc-pVTZ level of theory. The transition state and AIH energy were
calculated at the MRCISD/aug-cc-pVTZ level of theory. The orbitals pictured for reactants and products are the two highest occupied and lowest
unoccupied valence orbitals which illustrate that the energetic barrier arises from the symmetry correlation of the HOMO of the reactants with the
LUMO of the products andaice versa The orbitals pictured for the transition state are the lowest occupied and the two nearly equal energy orbitals
that comprise the major configurations of the MCSCF wave function. The energy scale does not apply to the orbitals.

TABLE 2: Calculated Geometry? and Relative Energy for
AlT(Hy), and AlH,"(H,) Stationary Points

electrostatic transition inserted
property complexX state molecule
point group Cs Cy, Cy
R(A) 2.977 () 1.753 2.074
3.008 ()
r(H2) (A) 0.7420 () 1.199 0.7576
0.7419 ()
r(AIH) (A) 1.658 1.543
Onar (deg) 98.9 164.3
Orr(Hy) (deg) 90.91() 71.1 90.0
90.0 Q)
Orr (deg) 65.6 58.9
relative energy
MP2 —3.61 +53.12 +1.23
CCSD(T) —6.32 +49.54 -0.21
MRCISD —5.13 +50.65 +1.47
MRCISD+Q -3.15 +52.13 +2.71
relative ZPE
per-H, +1.74 +2.95 +4.27
per-D; +1.24 +2.24 +3.16

2 Optimized at MP2/aug-cc-pVTZ level of theofil) and (J) refer
to H, molecules parallel and perpendicular to the plane of symmetry,
respectively‘Relative to A" + 2H, in kcal/mol.

to the equilibrium (H), separatiod® This suggests that #H,
interactions may contribute to determining the equilibrium

incremental H binding energy fom = 1—3. Although it is
possible that this binding energy increase results from basis set
superposition error (BSSE), calculations onp)Hndicate that

the BSSE correction with the aug-cc-pVTZ basis set is only
0.01 kcal/mot® and the incremental binding energy for= 4,
which would be expected to have the largest BSSE, decreases.
This decrease witm = 4 was also observed in thetBiH;
systend and probably results from each kholecule no longer
being able to interact with its own empfyorbital on Al
Compared to the available experimental informatiothe
calculated electrostatic binding energies of td Al™ and to
Al*(Hy) are about 1 kcal/mol too large.

Covalent Bond Formation. The only other computational
study of AlH,™ of which we are awarealso determined the
ion to have a linear centrosymmetric structure. However, no
binding energies were reported in that study that could be
compared to the present value-610.7 kcal/mol. The positive
binding energy indicates that A is less stable than Al+
H, and contrasts strongly with the55.9 kcal/mol binding
energy calculated for BH". This is a substantially larger
difference than that between tibg of AIH* and BHF, which
favors BH by only about 26.2 kcal/mdP indicating that the
remaining difference in binding energy (40.4 kcal/mol) arises
from the bonding of the second hydrogen atom. Binding of the

structures. This interpretation is supported by the increase infirst and second kto AlH,™ is calculated to be exothermic by
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Figure 2. Relative energy of stationary points on the minimum energy path fo(H8) + H, — AlH,"(H,) calculated at the CCSD(T)/aug-cc-
pVTZ level of theory with harmonic ZPE added for ther-H; species at the MP2/aug-cc-pVTZ level of theory. The orbitals pictured show the
evolution of the highest three occupied valence orbitals along the reaction path. The energy scale does not apply to the orbitals.

TABLE 3: Calculated Geometry? and Relative Energy for
Al*t(Hy); and AlH,*(H,), Stationary Points

electrostatic transition inserted
property complex staté molecule
point group Cs Cs Co
R(A) 2.969 2.129 (1) 2.093
1.706 (2)
r(Hz) (A) 0.7422 0.7591 (1) 0.7707
1.1813 (2)
r(AlH) (A) 2.129 (1) 1.551
1.644 (2)
0HA|H (deg) 101.2 158.0
Orr(Hy) (deg) 89.2 85.0 (1) 90.0
74.0 (2)
Orr (deg) 65.5 61.9 (1) 83.1
79.6 (2)
relative energy
MP2 —5.60 +46.83 —7.20
CCSD(T) —9.69 +42.43 —10.19
MRCISD —7.44 +45.87 —7.39
MRCISD+Q —5.00 +46.04 —5.70
relative ZPE
per-H; +3.06 +6.19 +7.61
per-D; +2.19 +4.50 +5.55

a Optimized at the MP2/aug-cc-pVTZ level of theok1) and (2)
refer to the symmetry unique and equivalentdpecies, respectively.
‘Relative to AF + 3H; in kcal/mol.

6.7 kcal/mol, which is about 3 times larger than the binding
energy of H to Al*, but less than about one-third of the binding
energy of H to BH," or BH,"(Hy). In the case of Bhi™ or
BH,"(H.,), the strong binding of kcould be attributed to the

formation of 3c-2e bondg,# as indicated by a long(Hy) value
(0.81 or 0.82 A) and a low Hstretching frequency (3579 or
3454 cnth)2. A 3c—2e bonding description does not seem
appropriate for AIH™(Hy)1 » wherer(H,) is about 0.76 or 0.77
A, respectively, and the Hbstretching frequency is about 4231
or 4233 cntl, respectively. Instead, the increased binding energy
of H, to AlH,™ and AlH,"(H,), as compared to Al probably

is best attributed to a decreased effective size of Al inAlH
induced by the sp-orbital hybridization in the covalent bonds
with H, which allowsR to decrease by about 0.9 A. This effect
can be seen by comparing the orbital plots in Figure 1.

Transition State Formation. The transition state for Alpt
formation from Al* + H, is calculated to be 85.0 kcal/mol,
which is only 1.5 kcal/mol below the energy of AfH+ H.
This energetic result, coupled with the transition state structure
having the shorter(AIH) (1.620 A) essentially equal to the
equilibrium bond length of AlFt (1.617 A), supports the
mechanistic interpretation of sequential bond formation for this
reaction. This situation is completely analogous to théHB
system, with the most significant difference being that the
activation barrier for At/H; is about 30 kcal/mol greater than
that for B"/H,.

Following the trend established with the BH, systems, the
activation energy for the AV2H, system decreases about 30
kcal/mol (35% decrease) from the AH, value with a
substantial mechanistic change. With twe Holecules, the
reaction proceeds through a concerted, pericyclic mechanism.
Figure 2 shows that in this transition state the node in the
HOMO is maneuvered to bisect both Honds, causing them
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Figure 3. Relative energy of stationary points on the minimum energy path fo(HB), + H, — AlH,"(Hy). calculated at the CCSD(T)/aug-
cc-pVTZ level of theory with harmonic ZPE added for ther-H, species at the MP2/aug-cc-pVTZ level of theory. The orbitals pictured show the
evolution of the highest four occupied valence orbitals along the reaction path. The energy scale does not apply to the orbitals.

TABLE 4: Calculated Energy Changes (kcal/mol) for the
Indicated Reactions

reaction electronic per-Hz° per-D
Electrostatic Complexes

Alt + Hy— Alt(Hy) -3.10 -2.41 —2.61
(—1.35+ 0.15}

Alt(Ho) + Ha— Al t(Ho)2 -3.22 -2.17 —2.47
(—1.10+ 0.15¥

A|+(H2)2 + Hz - A|+(H2)3 —-3.37 —-2.05 —2.42

Alt(Ho)z + Hy— Al (Ho)s -3.17 -2.02 —2.36

Covalent Molecules

Alf +H,—AHT +H +88.32 +84.48 +85.64

Alt + H, — AlH;+ +9.45 +10.74 +10.48

AlH 2+ + H2"A|H2+(H2) —9.66 —6.68 —7.53

AH2t(Hy) + Ho— AlH2T(H)2,  —9.98 —6.64 —-7.59

Transition States

Alt + Hy— (Al (H2))" +88.76 +85.0F +85.52

AlF(Ho) + Ha— (Al (H2)2) T +52.64 +54.90 +54.39

Alt(Ho)o + Ho— (Al T(Ho)s)'  +48.75 +53.20 +52.01

a Electronic energy calculated at the CCSD(T)/aug-cc-pVTZ/IMP2/
aug-cc-pVTZ level of theory except where otherwise not&dro point
energy calculated at the MP2/aug-cc-pVTZ level of theory assuming
harmonic frequencie&Experimental values from ref 8MRCISD/aug-
cc-pVTZ value is 90.3 kcal/mofAt the MRCISD/aug-cc-pVTZ level
of theory.

to be stretched to almost 1.2 A, whilgAIH) shortens to within
0.1 A of the equilibrium bond length. In this sense, the /Al
2H, transition state lies closer to the covalent AlitH5) than

it does to Al"(Hy).. In contrast, the corresponding transition

from the B'/H; value and lies closer to &H,),, with r(BH)
about 0.25 A longer than the covalent equilibrium length and
r(H) elongated to only about 0.87 A.

The transition state for AI3H, is essentially identical to that
for Al*/2H,, with the third H located more than 2.0 A from
Al*. The binding energy of this Hto Al*/2H; transition state
is 3.9 kcal/mol, about midway between binding to the electro-
static complex (2.1 kcal/mol) and the inserted molecule (6.8
kcal/mol). Motion out of this transition state toward the covalent
molecule proceeds through the same pericyclic mechanism
operating in the Al/2H, system. The relatively large activation
energy of 53.2 kcal/mol is certainly compatible with the
experimental absent®f AlH,™(Hy), in the thermal reaction
of Al with 3H,. This result differs markedly from B3H,,
where BH(H>) > formation was observed experimentailgnd
the transition state involved all three kholecules, equivalently
dropping the activation energy to only 3.4 kcal/mol (70%
decrease with respect to'RH,).

It is interesting to consider why the AhH, reactions parallel
the B/nH, reactions fom = 1 and 2 but deviate strongly for
n = 3. Figure 4 compares the HOMO of ABH, along the
B*/3H, reaction path up to the formation of the high-symmetry
Da;, structure. The two electrostatic minima are very similar,
both havingC; symmetry and a HOMO that transforms as the
totally symmetric, A representation. With a small distortion from
this minima, the B/3H; arrives at the higher symmetrgs,
transition state for which there is no corresponding/aH;

state for B"/2H, decreases about 45 kcal/mol (80% decrease) stationary point. Here the HOMO of'®3H; still transforms as
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Figure 4. Comparison of the evolution of the highest occupied valence orbital fofH), + H, — AlH 2 (Hy)2 with BT (H.)2 + H, — BH2"(Hy)2
along the minimum energy path from the electrostatic minimum to the lowest eDgfgyructure. Indicated energies are for the electronic surfaces
without ZPE considerations. The energy scales do not apply to the orbitals.

a totally symmetric representation. However, athg station- Supporting Information Available: Tables giving the
ary point, the HOMO of B/3H, transforms as the nontotally = geometries and harmonic frequencies of various(iAp), and
symmetric A" representation, with the node that used to lie AlHt(H,),—1 Stationary points (and their deuterated analogues)
between B and the three Hmolecules now positioned on the optimized at the MP2/aug-cc-pVTZ level of theory. This
horizontal reflection plane of the molecule, bisecting the three material is available free of charge via the Internet at http://

H, molecules. In contrast, the ABH, HOMO at the D3, pubs.acs.org.
stationary point has A symmetry with the molecular orbital
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