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Ab initio investigations at the MP2, CCSD(T), and MRCISD levels of theory with augmented &ripiesis

sets have identified and characterized various stationary points on the,Ref(H 1—3, hypersurfaces. The

van der Waals complexes, Befkl are very weakly boundd = 0.08-0.32 kcal/mol with respect to H

loss) with H/H, interactions playing an important role in determining equilibrium structures which can be
understood in terms of the various relevant long-range potentials. The covalent moleculgisEetind to

have a linear, centrosymmetric structure and to be strongly bound with respect-toHBgin agreement

with previous calculations. BeHnteracts weakly with additional Hnolecules De < 0.75 kcal/mol) which

are positioned parallel to the near-linear Betoiety in the equilibrium structures of the BgH.)n-1
complexes. Of particular interest is the dramatic change in the nature of the transition statefprd@idtion
depending on the number ofholecules present. For= 1, the reaction proceeds stepwise: first breaking
the H, bond and forming one BeH bond followed by forming the second BeH bond. This process has an
activation energy of about 56 kcal/mol. For= 2, the reaction proceeds via a pericyclic mechanism through

a planar cyclic transition state where twe bbnds are broken while simultaneously two BeH bonds and one
new H, bond are formed. The activation energy for this process decreases framtHevalue to about 38
kcal/mol. Forn = 3, the reaction proceeds through a true insertion mechanism with the addition of the third
H, molecule, decreasing the activation energy to about 33 kcal/mol. The results are discussed in comparison
to the isoelectronic B/nH, systems where significarnt bond activation through a cooperative interaction
mechanism has been identified.

Introduction in a second step. Far= 2, BH," is produced in a concerted,
) one step process through a planar cyclic transition state with a
The formation of the covalently bound Behholecule by pericyclic mechanism involving the simultaneous breaking of
the reaction of Be with KHis a well-known difficult case for both H, bonds, while forming both BH bonds and a new H
electronic structure theory. At the heart of the problem is the pond. Forn = 3, the reaction does proceed by direct insertion
change of the principléA; electron configuration from 1a2a? of B into an H bond but the insertion occurs very late in the
3a” to 1a® 2a” 1by* (in Cz, symmetry) as the system passes reaction path after almost 75% of the reaction exothermicity
through the transition state region. Additional complications has been released. A detailed analysis of the evolution of the
arise from the quasi-degeneracy of the Be 2s and 2p orbitalsmolecular orbitals along the reaction paths for these three'@ases
and the decreasing energy difference between dgéahd b, revealed the origin of these dramatic mechanistic changes and
electron configurations for Has that internuclear separation their energetic consequences. To effectively weaken and
increases. These features and the simplicity of possessing only,itimately break an Hbond, the node of an occupied molecular
four valence electrons has made the BeH, symmetric orbital must be “maneuvered” to bisect the Holecule. With
insertion reaction a prototypic proving ground for a large variety increasing number of Hmolecules (up to three), the energy
of high level computational techniqués' required to reach a transition state with the necessary orbital
Recently, a new, qualitatively different motivation for study- node position is increasingly offset by the formation of a
ing BeH, has emerged. Kemper et &l.using mass spectro-  corresponding number of favorable BH interactions.
metric techniques to study the interaction of Bsoelectronic Originally, with the phenomena observed and analyzed only
with Be) with H,, discovered that the activation energy for for the BF + nH, systems, it was unclear how much of the

forming BH,™ could be reduced from about 60 kcal/mol when
only one H molecule was present to approximately 2 kcal/mol
when two additional K molecules were present. Detailed
understanding of the cooperative effect of the two additional
H, molecules was provided by a theoretical anahfsig the
reactions B + nH, — BH,™ + (n — 1)H,. The calculations

activation energy lowering could be attributed to the node
structure of the orbitals, how much could be attributed to the
effects of the positive charge or how much could be attributed
to the special ability of boron to participate in three center-two
electron (3e-2e) bonds. Some evidence that-3e bonding is

important was inferred from the results of theoretical study of

revealed that the reaction mechanism and the nature of thethe isovalent syster$, Al™ + nH,, where similar reaction

transition state for Bkl™ formation depended dramatically on
the number of H molecules present up to three. For= 1,
BH," is produced in a stepwise mechanism where first the H
bond is broken with one atom transferred t filly forming
the first BH bond followed by formation of the other BH bond

10.1021/jp002313m CCC: $19.00

mechanisms were found only for tme= 1 andn = 2 cases.
Additional support for the important role of 3@e bonding was
provided by a theoretical study of the isoelectronic syst&ms,
Li~ + nH,, where a novel 3e2e bonding scheme was identified
in the transition state of the = 3 case. However, detailed
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comparisons with the corresponding B- nH, systems were
complicated by the competition between Li and H (becoming
present as an Hnolecule dissociates) for the negative charge
which has no analogue in the cationic boron systems.

The present study of the Bé nH, reaction systems offers
the possibility of gaining additional insight into the cooperative
interaction mechanism. Because Be is isoelectronic with B
the molecular orbitals of Be- nH, are expected to correspond
strongly with those of B + nH,, and being electrically neutral,

Sharp and Gellene

doubly occupied and the two valence electrons were distributed
among the four orbitals arising from the 2s and 2p atomic
orbitals.

Stationary points on the Beghh and BeH(H2),—1 hpersur-
faces were generally located and characterized with second-
order Mgller-Plesset (MP2) perturbation theory applied to a
Hartree-Fock (HF) wave function with frozen core electrons.
Analytical first derivatives were used to optimize geometric
structures to a residual root-mean-square force of less than 10

the complications arising from charge competition are prevented. hartree/bohr and analytical second derivatives were used to

Furthermore, although 3€e bonding is more prevalent in

characterize the stationary point as a local minimum (all real

boron chemistry, there is precedent for hydrogen bridge bonding frequencies) or a transition state (one imaginary frequency). For
in beryllium compounds. Several preparations have been each transition state identified for these systems, the reaction

reported>23 for BeH, which give a polymeric solid believed
to contain BeHBe hydrogen bridge groupls23 which has been
characterized by a stretching métieentered near 1340 crh
but not, to date, by high quality X-ray diffractidd.However,
crystal structure®® have provided definitive evidence for BeH
Be hydrogen bridge bonding in alkylberyllium hydride deriva-
tives2* Finally, the prototypic beryllium hydrogen bridge
bonding molecule, HBepBeH, has been identified in argon

coordinate was determined by displacing the geometry slightly
in the direction of the eigenvector associated with the imaginary
frequency (both positive and negative) and following the
potential energy gradient to a subsequent stationary point on
the potential surface. In addition, at stationary points identified
by the MP2 calculations, MRCISD and coupled cluster with
single and double substitutions and a perturbative treatment of
triple substitutions (CCSD(TY) calculations were performed.

matrixe$® as a product of laser evaporated beryllium reacting These additional single point calculations allow two issues to
with hydrogen. Thus, to help assess the relative importance ofbe addressed. First, CCSD(T) is a better method for electron

charge and 3e2e bonding inv bond activation by cooperative
interaction with ams? electron configuration atom, a high level
ab initio investigation of the reactions
Be(H,),, + H, — BeH,(H,), n=0-2 (1)

was performed. In reaction 1, Befd denotes van der Waals
complex and Bek{H,), denotes the covalently bound BgH
molecule interacting with additional Hnolecules.

Motivated by structural, thermochemical, and polymerization

correlation than MP2. And second, a comparison of the CCSD-
(T) and MRCISD results gives insight into the validity of using
single configuration approaches (i.e., MP2 and CCSD(T)).

An important exception to this general approach was followed
for the characterization of the transition state region ofrtke
1, Be/H system. Because this region of that potential energy
surface is necessarily multiconfiguratiofal? it could not be
described well by MP2 calculations based on a single config-
uration HF wave function. Instead, this transition state was
characterized by MRCISD. In the CAS-MCSCF portion of these

questions and attracted by the low number of valence electrons,calculations, the 1s orbital of Be was always doubly occupied

many theoretical investigations of BeHrefs 27-42) and
(BeHy) (refs 33-36, 38, 42) have been reported. The calcula-
tions indicate that Beklis a linear, symmetric molecule with a

and the four valence electrons were distributed among the six
orbitals arising from the 2s and 2p atomic orbitals of beryllium
and the 1s orbital of each hydrogen. Additionally, the Bg(H

BeH bond length of about 1.33 A and dissociation energy of and BeH geometries were optimized at the CCSD(T) level.

about 35-40 kcal/mol with respect to Be- H,. Calculations
on polymeric species, (Beli, consistently find a hydrogen
bridge bonding motif as the lowest energy structure. Matrix
isolation infrared spectf&for BeH, and (BeH), are constant
with the theoretical predictions for the vibrational frequencies.

To our knowledge, experimental evidence for the van der Waals

complex, Be(H), has not been reported. The interaction of Be

with multiple H, molecules appears not to have been considered

previously.

Methods
In general, tripleZ valence Gaussian basis sets employing

The MP2 and CCSD(T) calculations were performed with the
GAUSSIAN 94 suite of programisand the MRCISD calcula-
tions were performed with the MOLPR®&electronic structure
package. All calculations were performed on a DEC alpha 3000/
700 workstation.

Results

To simplify comparisons between the properties of various
Be/hH, stationary points and the corresponding isoelectronic
B™/nH, stationary point$? only a subset of internal coordinates
and harmonic frequencies will be reported here. A full descrip-
tion of the optimized geometries and harmonic frequencies will

pure spherical harmonic functions were used. Valence andbe provided as Supporting Information. The coording®es
polarization functions were provided by the cc-pVTZ basis sets r(Hy), and 6, Will be used to denote the distance between

for hydrogert® and beryllium?** The hydrogen basis set was

Be and the midpoint of an Hmolecule, the K bond length,

augmented by the diffuse functions recommended for use with and the angle betweéhandr(H,), respectively. The coordinates

the cc-pVTZ basié® For beryllium, a set of diffuse functions

r(BeH) and@ugen Will denote the BeH bond length and the

for use with the cc-pVTZ basis set appears not to have beenHBeH bond angle in the BeHinoiety of a BeH(H,)n—1 complex
developed previously and exponents for an uncontractedor the transition state forming it. The angle formed by two
(1s1pldif) set (s: 0.116; p: 0.018; d: 0.068; f: 0.142) were differentR coordinates will be denotekr. The total energy

determined by optimizing the total energy of the excited

of Be(Hy)n, and BeH(Hz)n-1 and harmonic zero point energies

2s'2pt 1P atomic state at the complete active space (CAS) (ZPEs) are reported relative to the energies of the infinitely

multiconfigurational self-consistent-field (MCSCE}7 level
followed by internally contracted configuration interaction in
the single and double space (MRCISBY? In these MCSCF
calculations, the 1s atomic orbital of beryllium was always

separated Bet nH, reactants. Unscaled MP2 harmonic
frequencies are used in the calculation of ZPEs. Because MP2
and CCSD(T) are size extensive, the total energy of multiple
H, molecules is simply the corresponding multiple of the single
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TABLE 1: Calculated Geometry? and Relative Energy for
Be(H) and BeH, Stationary Points

van der Waals transition  covalent
property complex state molecule

point group Cov Cs Deh
R (A)/MP2 4.227
R (R)/CCSD(T) 4.563
R (A))MRCISD 2.498
r(Hz) (A)/MP, 0.7377
r(Ho) (A)/CCSD(T) 0.7433
r(Hz) (A)MRCISD 3.496
r(BeH) (A)/MP2 1.332
r(BeH) (A)/MRCISD 1.350

Relative Energy
MP2 0.956 —40.70
CCSD(T) —0.084 —36.56
MRCISD —2.375 +58.83 —38.96
MRCISD+Q 0.591 +60.53 —35.33

Relative ZPE

per-H +0.2Z —3.49 +1.7%
per-D +0.1% —2.3# +1.26

aWith aug-cc-pVTZ basis set for H and the cc-pVTZ basis set
augmented as described in the text for B&/ith respect to Bet+ H,
(D2) in kcal/mol.c At MP2 level of theoryd At MRCISD level of
theory.

H, molecule energy. Unfortunately, MRCISD calculations do
not enjoy this property. Consequently, MRCISD energies can
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Figure 1. Relative energy of the stationary points on the minimum
energy path for Bet H, — BeH, calculated at the CCSD(T) level of
theory with harmonic MP2 ZPE added for the perhydrogenated species
The transition state energy and ZPE was calculated at the MRCISD
level of theory. The orbitals pictured show the evolution of the two
highest occupied and lowest unoccupied valence orbitals along the
reaction path. The energy scale does not apply to the orbitals.

be compared properly only when the calculations consider the than that of the Ber- H,) although the MP2 stationary point is

same number of Fmolecules (i.e., the supermolecule approach).
Davidsoi¥® has proposed a correctio@) to partially compen-
sate for the size nonextensivity of MRCISD calculations and
MRCISD+Q energies will also be reported as appropriate.
Variations in the H bond length and harmonic stretching
frequency are important indicators of-32e bonding and the
present results are compared with the previously repBmig2/
aug-cc-pVTZ values of 0.7374 A and 4518 threspectively,
for isolated H.

Be and BeH Calculations on Be and BeH were performed

a local minimum, MRCISD predicts a substaniialof 2.4 kcal/
mol, and CCSD(T) predicts a modet of 0.084 kcal/mol.
Inclusion of MP2 harmonic ZPE predicBy values which are
decreased fronD, by 0.22 and 0.15 kcal/mol for the perhy-
drogenated and perdeuterated species, respectively.

The covalent molecule is calculated to be linear and cen-
trosymmetric Dep) with r(BH) equal to 1.33 A (MP2) and 1.35
A (CCSD(T)). TheDe values calculated by the four methods
are in reasonable agreement with MP2 predicting a somewhat
higher value of 40.7 kcal/mol and the CCSD(T), MRCISD, and

to evaluate the adequacy of the basis sets and methodologiesMRCISD+Q values falling in the range 378 2.0 kcal/mol.

Excitation energies calculated for Be at the MRCISD level (with
the experimental valiéin parentheses) aP — 1S 22 048
cm~1(21 980 cnt?) and!P — 1S 42 881 cm?t (42 565 cn1l),

The MP2 harmonic frequencies for the perhydrogenated species
are calculated to be 2056.5, 722.3, and 2265.6'cfor the
symmetric stretching, bending, and asymmetric stretching

where a degeneracy weighted average experimental excitationmodes, respectively. These results indicate thgs decreased
energy of théP; states has been used. These calculated energie§rom De by 1.79 and 1.26 kcal/mol for the perhydrogenated

are within 1% of the experimental values. For Bekland we
calculated at the MP2 level (with the experimental vatbias
parentheses) are 1.3440 A (1.3426 A) and 2092.6'¢2060.8
cm1). These calculated values are within 1.5% of the experi-

and perdeuterated species, respectively.

The transition state for this system is found to have a very
asymmetric geometry with the shaiBH) equal to 1.353 A
and a longr(BH) equal to 4.10 A. Although the Hmnolecule

mental values. Thus, the present methodology was deemedn this structure is essentially completely dissociated w(kp)

sufficient to describe Be- -H interactions and the involvement
of Be p orbitals required for covalent bonding.

Be(H;) and BeH,. Geometric and energetic parameters

equal to 3.50 ABugen is only about 20; a value far from 180
equilibrium value of the covalent molecule. The energy of this
transition state is calculated to be 58.8 and 60.5 kcal/mol at the

characterizing various stationary points on this hypersurface areMRCISD and MRCISD-Q level of theory, respectively.

summarized in Table 1 and illustrated in Figure 1. The van der
Waals complex is calculated to be line&.() with R equal to
4.23 A (MP2) and 4.56 A (CCSD(T)). This seemingly large
geometry discrepancy is put into perspective when it is
recognized that a 0.3 A displacementRmear the minimum

Inclusion of MRCISD harmonic ZPE decreases the transition
state energy by 3.49 and 2.37 kcal/mol for the perhydrogenated
and perdeuterated species, respectively.

Be(H,). and BeH,(H,). Geometric and energetic parameters
characterizing various stationary points on this hypersurface are

energy structure results in an MP2 energy change of only aboutsummarized in Table 2 and illustrated in Figure 2. The van der

0.01 kcal/mol. The Hmoiety is little changed from its isolated
characteristics witln(H,) increasing by 0.26 mA (MP2) or 5.7
mA (CCSD(T)), andw(H>) decreasing by only 9 cnd (MP2).
Dissociation energie®) showed considerable variability with
the four methods investigated. MP2 and MRCHSQ predict
negativeDe values (i.e., the energy of the complex is greater

Waals complex is calculated to have a pla@astructure with
MP2 R values of 4.32 and 4.18 A which are very similar to
that calculated for Be(f). Also similar to then = 1 van der
Waals complex, the Hmolecules are nearly unchanged by the
interaction withr (H,) increasing by less than 0.5 mA aadH,)
decreasing by less than 11 cthnHowever, the orientation of
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TABLE 2: Calculated Geometry? and Relative Energy for
Be(H,), and BeH,(H,) Stationary Points

Sharp and Gellene

TABLE 3: Calculated Geometry? and Relative Energy for
Be(H,); and BeH,(H,), Stationary Points

van der Waals transition covalent van der Waals transition Dan covalent
property complex state molecule property complex state structure  molecule
point group Cs Ca Ca point group Cs Csy Dan Cyy
R(A) 4.3211 (l)® 1.5663 2.8685 R(A) 4.2462 1.8187 1.3124 2.8187
4.1833 Q)° r(Hz) (A) 0.7379 0.7935 0.9129 0.7394
r(Ha) (A) 0.7379 (I)° 0.9018 0.7391 r(BeH) (A) 1.7120 1.3895 1.3334
0.7377 Q)° Onen (deg) 90.5 123.6 176.2
r(BeH) (A) 1.5027 1.3325 Or:(H2) (deg) 69.2 68.3 90.0 90.0
Onger (deg) 107.5 177.9 Orr (deg) 49.4 72.6 120.0 717
Orr(y (deg) 159.61()° 73.6 90.0 ,
2 1233 (P MP2 260 e R irsg? 431 —30.82
Orr (deg) 46.5 74.0 | | ) ’
RR CCSD(T) —-0.53 25.97 561 —37.86
Relative Energy MRCISD —3.76 23.62 3.88 —40.77
MP2 1.82 36.01 —40.20 MRCISD+Q 0.12 27.31 570 —36.11
CCSD(T) —-0.21 34.95 —37.15 :
mgg:g& géﬁ’ :ggég per-H 1.19 Relaﬂvegﬁ 9.67 4.10
Q _ : : per-D 0.84 5.75 6.83 2.90
per-H 0 GI;zeIanve ZPE 331 284 @ MP?2 calculations with aug-cc-pVTZ basis set for H and cc-pvVTZ
per-D 0.47 233 201 basis set augmented as described in the text foP Béth respect to

aMP2 calculations with aug-cc-pVTZ basis set for H and cc-pVTZ
basis set augmented as described in the text foP BB.and (J) refer
to the H for which 6r,¢, is more nearly 99and 180, respectively.
¢ With respect to Bet H, (D) in kcal/mol.
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Figure 2. Relative energy of the stationary points on the minimum
energy path for Be(k) + H, — BeH,(H,) calculated at the CCSD(T)
level of theory with harmonic MP2 ZPE added for the perhydrogenated
species. The orbitals pictured show the evolution of the two highest

Be + H, (D) in kcal/mol.
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Figure 3. Relative energy of the stationary points on the minimum
energy path for Be(b). + H2 — BeHx(H»), calculated at the CCSD-

(T) level of theory with harmonic MP2 ZPE added for the perhydro-
genated species. The orbitals pictured show the evolution of the two
highest occupied and lowest unoccupied valence orbitals along the
reaction path. The energy scale does not apply to the orbitals.

occupied and lowest unoccupied valence orbitals along the reaction BeH, 4 H,. Inclusion of MP2 ZPE predicts tha. is decreased

path. The energy scale does not apply to the orbitals.

the H, molecules with respect to the Be atom in the= 2
complex differ significantly from the linear configuration of the
n =1 complex withdr,, values of 123 and 160. Calculated

De values are similar to the = 1 results with CCSD(T) theory
predicting the complex to be stable by about 0.21 kcal/mol.
Inclusion of MP2 ZPE predicts thdde is decreased by 0.67

by 2.84 and 2.01 kcal/mol for the perhydrogenated and the
perdeuterated species, respectively.

The transition state for this system was determined to be a
five-membered ring havin@,, symmetry. In passing through
this transition state from the van der Waals complex, the
covalent molecule is formed through a pericyclic mechanism
where simultaneously two +bonds are broken, and two BeH

and 0.47 kcal/mol for the perhydrogenated and perdeuteratedbonds and one newzbond are formed. At the transition state,

species, respectively.

The structure of the covalently bound Bgidteracting with
an additional H molecule is calculated to be a pland,,
geometry. The geometric parameters of the BéHBH) =
1.3325 A;0ppn = 178°) and H (r(H2) = 0.7391 A) moieties
are nearly unchanged from their infinitely separated values.
Similarly, the bending and stretching vibrations of Behithe
complex are within 3 cmt of their isolated values and the;H
stretch is decreased by only 30 tinConsistent with the weak
interaction between BeHand H, D, values calculated by
CCSD(T), MRCISD, and MRCISBQ theory are increased by

r(BeH) is 0.17 A longer than its equilibrium value in Bgkihd
r(Hy) is about 0.16 A longer than its equilibrium value in.H
The energy of this transition state calculated by the four methods
investigated covers the range of 34:3L.8 kcal/mol. Inclusion

of MP2 ZPE predicts that the transition state energy is increased
by 3.31 and 2.33 kcal/mol for the perhydrogenated and the
perdeuterated species, respectively.

Be(H,); and BeH,(H2)2. Geometric and energetic parameters
characterizing various stationary points on this hypersurface are
summarized in Table 3 and illustrated in Figure 3. The van
der Waals complex is calculated to haveCastructure with

about 1 kcal/mol or less from the corresponding value calculated gy, = 69.2 and MP2R values of 4.25 A, a value very similar

for BeH,. Although the MP2 calculations converged to a local

to those calculated for Be@land Be(H),. Again, the H moiety

minimum energy structure, the energy is greater than that of is almost unchanged with(H,) increased by only 5 mA and
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w(Hy) decreased by only 9 cmh. As with the other van der ~ TABLE 4: Calculated Energy Changes$ (kcal/mol) for the
Waals clusters, MP2 and MRCISBED methods predict negative  Indicated Reactions

De values, MRCISD predicts a substantid of 3.8 kcal/mol, reaction electronic  per-H per-D

and CCSD(T) predicts a modd3t of 0.53 kcal/mol. Inclusion van der Waals complex formation

of MP2 ZPE predicts &, which is decreased frofe by 1.19 Be + H,— Be(Hy) —0.08 4014 +0.07

and 0.84 kcal/mol for the perhydrogenated and the perdeuteratedBe(H,) + H,— Be(Hy), -0.13 +0.32  +0.19

species, respectively. Be(Hy)2+ H2—Be(H,)s -0.32  +0.20 +0.05

The structure of the covalently bound Bgidteracting with Covalent Molecule Formation

two H, molecules is calculated to haveG, geometry with Be+ H,—BeH+H +59.59  +56.68 +57.08

the H, molecules parallel to the nearly linedgen = 176°) Be+ Hy—~ BeH, —36.56 3477 —35.30
: , Behs + Ha—BeHx(Hy) —-0.58 +0.47  +0.17

BeH, moiety. As was the case with the BgH,) complex, the Behp(Hs) + Ho— Berb(Ha)s 071 1055 4018

bond I.engths and vibrational frequencies of the B@Hd'l-b. . Transition State Formation
subunits are almost unchanged from the corresponding infinitely Be + Ho— (Be(Hy)' 15039 45590 +57.0%
separated valueB, values calculated by MP2 and MRCISID Be(Hy) + Ho— (Be(Hy))' +35.03 +37.67 +36.90
methods is less than that determined for B@H) where aDe Be(Hy)2+ Ho— (Be(Hy)s)' +26.10 +33.05 +31.00
\(/)iazlgeosjc?(lgslll?;i? gr):egt(;rsﬁl(a-rrz ?t:]a(.jt h;gg:;agjeggf%z;)ébom # CCSD(T) electronic energy and MP2 ZPE with aug-cc-pVTZ basis
: ) -r= set for H and cc-pVTZ basis set augmented as described in the text for
Inclusion of MP2 ZPE predicts By which is decreased from  Be.b MRCISD calculations.
De by 4.10 and 2.90 kcal/mol for the perhydrogenated and the
perdeuterated species, respectively. it facilitates comparisqns with previous yvorl_< on the isoelect_ronic
The transition state for the = 3 system ha€s, symmetry B /nHz systems? An important exception is the BegHransi-
with R contracted to 1.82 A, and thekholecules elongated to tion state for which MRCISD energies and harmonic frequencies
r(Ho) = 0.794 A. The value of(BeH) is 1.71 A ando(H>) has were used.
decreased by about 980 chfrom its infinitely separated value. van der Waals Complexes The geometry of the van der
The energy of this transition state calculated by the four methods Va&ls clusters can be understood in terms of the various long-
investigated to fall in the range of 26431.9 kcal/mol. Inclusion ~ fange potentials\(r) involving the polarizability of Be ¢ge)
of MP2 ZPE predicts that this transition state energy is increased@nd H (o) and the permanent quadrupole moment o{®,).
by 8.14 and 5.75 kcal/mol for the perhydrogenated and the FOr n = 1 the leading term iVig is the dispersion terffi
perdeuterated species, respectively. In passing through thigProportional to ageou,/R® (the leading induction term is
transition state toward the covalent molecule,@asymmetry ~ Proportional taxg:Qu,/R¥)>* and, because the componentpf
axis is preserved along the minimum energy pathway leading Parallel to the H bond axis is about 40% larger than the
to a highly symmetrida, structure. In this geometry, all six _Perpendicular componept?® the calculated linear Be@
hydrogen atoms are equivalent witiBeH) = 1.39 A and geometry is expected. With the mtr_oducnon of a second H
r(H,) = 0.913 A. The energy of this structure is calculated by Molecule in ther = 2 cluster, the leading term ¥ r becomes
the four methods investigated to be 4:4..0 kcal/mol. Although  Proportional toQu,?/R In an isolated (H), cluster, the H
MP2 calculations characterize this stationary point as a local Molecules adopt a T-shaped equilibrium geometry with a bond
minimum, there is concern about the accuracy of this result. Midpoint to bond midpoint separatioR(H>,Hz)) calculated at
The MP2 transition state separating B structure from Beht the MP2/aug-cc-pVTZ levé! to be 3.41 A. The effect of this
(H2)z is only very slightly distorted from thBs, geometry and ~ Potential can be seen in the geometry of the B(ldluster
has an energy only 0.1 kcal/mol greater than g energy.  Where the H bond axes form angles of 9T.@nd 7.9 with
Furthermore, the CCSD(T) energy of this n&y: transition R(H2,H,) which is equal to 3.36 A. This pattern continues with
state structure is lower than that of tiey, structure. This  the Be(H)s cluster where the kibond axes form angles of
uncertainty about the nature of thBs, stationary point 101.7 and 21.6 with R(Hz,H;) which equals 3.65 A'in this
complicates estimating the associated ZPE. If it is treated as ac@S€. The formation of near T-shaped/H} structures in
local minimum then the relative ZPE is 9.67 and 6.83 kcal/mol Préference to near linear Be/istructure in then = 2, 3
for the perhydrogenated and perdeuterated species, respectivehz0mplexes indicates that these species are best thought of as
However, if the structure is actually a transition state, the pair (H2)23 clusters interacting with a Be atom. With regard to the
of & normal modes leading to BelH.) is expected to have  c@lculatedDe, the CCSD(T) values are probably the most
with an imaginary frequency. Adjusting for the energy of this real!st|c conS|d.er|ng that thB. of Be, is about 2.5 kcgl/moq?él
¢ mode pair predicts that, if thBg, structure is a transition ~ Ose S about 7 time¥ greater tham.,, and the Be/Be interaction
state, its ZPE is decreased by 2.23 and 1.58 kcal/mol for the 1S not entirely van der Waaf8.However, the results cannot be

perhydrogenated and perdeuterated species, respectively. ~ considered definitive because questions about the effect of
increased basis set size and increased levels of electron

correlation remain. These issues were not addressed because
the current emphasis was on the cooperativ®nd activation
Instructive trends in the results can be identified by grouping mechanism. Finally, we note that for such weakly bound
the systems as van der Waals complexes, covalent moleculeglusters, a harmonic approximation for estimating ZPEs is
and the intervening transition states. It is also instructive to clearly inappropriate.
consider the relative energetics for stepwise addition of each Covalent Molecule In agreement with previous theoretical
H, molecule within these groups. Although this information is studies’#? BeH, is calculated to have a linear, centrosymmetric
implicitin Tables 1-3, it is provided in Table 4 for convenience. structure. However, the present best estimat®34.8 kcal/
Table 4 was constructed generally using CCSD(T) electronic mol) is somewhat lower than most previous theoretical esti-
energies and MP2 harmonic frequencies. The CCSD(T) energiesmates3:32:37.39The discrepancy can be attributed to the higher
are emphasized because only this methodology gave realisticcorrelation used in the present study because the DIRf240.7
interaction energies for the van der Waals clusters and becausékcal/mol) agrees with previous similar calculations. Similarly,

Discussion
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MP2 harmonic frequencies agree with previous theoretical is almost 0.5 A longer than the equilibrium value in BeH
predictiond®:37and matrix isolation experimental resiifsThe Nevertheless, this structure can be identified with-3e Be-
interaction of additional Kiwith BeH, appears not to have been H—H bonding because theststretching energy falls by almost
considered previously. AlthougdDb, is calculated to be about 8 1000 cnt? from the free H value. This 3e-2e bonding in the
times greater than that of BeJHthe value is nevertheless transition state accounts for the 8.9 kcal/mol decrease in the
relatively small being less than 1 kcal/mol. The magnitude of electronic activation energy relative to the= 2 case. The 3¢
De and the small effect that the BekHy), » interaction has on 2e bonding is particular apparent in thH2s, intermediate
the geometric and vibrational characteristics of either BeH structure wherer(H,) has elongated to 0.91 A and the six
H. identifies the interaction as dominantly noncovalent. This equivalentr(BeH) are only about 0.06 A longer than the
result contrasts sharply with the isoelectronic BKH>); 2 equilibrium value in Bekl Further, the Hstretching energy in
interaction&? which were shown to be covalent involving-3c the Dg;, structure is approximately 2000 cilower than the
2e even though BelfH,); » adopt geometries generally similar  free H, value. Of the three detailed reaction mechanisms
to BHzT(H2)12 The increased strength of the BgftH,): considered, only this final one can be properly considered as
interaction relative to that in Be/(hh—3 is probably best an insertion mechanism.
attributed to a decreased size of the frontier orbital, which is Comparison with B+/nH2. As stated in the |ntr0duction, the
induced by the Sp orbital hybridization in the BE covalent maior motivation for investigating the B]Hiz Systems was to
bonds, and which allow® to decrease by about 1.4 A. The compare possible bond activation with the previous results
effect can be seen by comparing the orbitals in Figures 1 andfor the isoelectronic B/nH, systems2 There are, in fact, some
2. A similar argument was invoked to explain an analogous striking similarities and some important differences. For the
effect observed for the Al(Hy);-3 and AlH;*/(Hy)1 2 systems? three cases investigatenl£ 1—3) the transition state structures
Transition State Formation. One of the most interesting  of the corresponding BnH, and BehH, systems are very
results of this study is the variation in transition state structure similar. In addition, the activation energies for the twe= 1
and properties with the number of,Hholecules present. For  systems differ by less than 1 kcal/mol becauseDkéor BeH
n = 1, the transition state is calculated to be about 56 kcal/mol (49.8 kcal/mol) and BH (47.7 kcal/mol) are almost equal.
which is only about 1 kcal/mol less than the energy of BeH However, the energetic similarity does not persist tortke 2

H. This result coupled with a structure where the sh(BeH) systems. With the shift to the pericyclic mechanism, the
is only about 5 mA longer than the BeH equilibrium bond activation energy decreases by only 24.4 kcal/mol for the Be/
length, and an essentially fully dissociated bbnd ¢(H2) = nH, systems which is less than half of the 51.3 kcal/mol decrease

3.5 A) identifies this mechanism as sequential bond formation. for the Bf/nH, systems. This large energetic difference cannot
Although, an asymmetric transition state appears not to havebe attributed to detailed geometric differences in the transition
been considered previously® it is clearly the true transition  state structures. The bond lengths of the “separating” H
state for this reaction because the energy is more than 40 kcalimolecules differ by less than 0.03 A, the bond lengths of the
mol less than the symmetric, concerted, insertion transition “forming” H differ by less than 0.04 A, andBeH) andr(BH)
statel46.19Nevertheless, the orbital symmetry arguments pre- are within 0.16 and 0.24 A of their equilibrium values,
dicting a multiconfigurational wave function in the transition respectively. Alternatively, it is tempting to attribute the
state region remain valid. The two orbitals shown in the energetic difference to the differing strengths of the second BeH
transition state region of Figure 1, differ by being bonding or (BeH, — BeH + H, De = 96.2 kcal/mol) and BH (Bb™ —
antibonding with respect to 4 which has little energetic BH™ + H, D¢ = 122 kcal/mol) bonds because time= 2
consequences at(H,) = 3.5 A and thus the orbitals are transition states have two nearly fully formed BeH of BH bonds.
comparably occupied at the transition state. Furthermore, While, no doubt, these bond energy considerations make some
because each of these orbitals correlates with either the HOMOcontribution to then = 2 activation energy difference between
orbital of Be(H) or BeH;,, they provide the required multicon-  the beryllium and boron systems, a comparison to the isovalent
figurational “bridge” between the van der Waals complex and Al*/nH, system& shows that a bond energy explanation is not
the covalent molecule. For= 2, the mechanism for weakening complete. The structure of the= 1 andn = 2 transition states
and ultimately breaking antbond completely changes. Figure for Al™/nH, are very similar to the corresponding Bel and

2 shows that at the transition state, the node in the HOMO is B*/nH; systems. And, although each of the sequential AIH bond
“maneuvered” to bisect bothHbonds causing them to lengthen  energies (AlH — Al™ + H, De = 21.2 kcal/mol; Al —

by about 0.16 A. At the same time, however, two BeH bondlike AIH* + H, D, = 78.9 kcal/mol) is substantially less than the
distances, which are only about 0.15 A longer than the corresponding BeH bond energy, the activation energy decrease
equilibrium value in Bek, are established. Thus, the energy betweemn = 1 andn = 2 in the Al*/nH, system of 36.1 kcal/
required to length the $bond is partially compensated for by mol is 50% greater than that in the Bel, system. Thus, the
the energy gained in the BeH interactions. Although a similar positive charge appears to play a more significant role than the
statement could be made in the= 1 case (one BeH interaction individual bond energies in determining the energetic benefit
compensating for one lostthteraction at the transition state), of shifting the mechanism from sequential bond formation
the second BeH interaction is much more energetic than the (n = 1) to concerted bond formatiom & 2).

first. For example, theD, of BeH is about 49.8 kcal/més Curiously, an energetic similarity emerges again forrie
whereas th®e of BeH, with respect to BeH H is about 96.2 3 system where the activation energy decrease is 8.9 and 8.5
kcal/mol. Thus, with two BeH interactions possible in the kcal/mol for the BetH, and Bf/nH, systems, respectively. The

2 case, a substantial reduction in the activation energy of abouthest explanation for this similarity seems to be the comparable
24 kcal/mol relative to the = 1 case is possible. ability of beryllium and boron to participate in 3@e, hydrogen

Forn = 3, three H molecules interact equivalently with Be  bridge bonds. For example, the dimerization energy of BeH
in the transition state and Figure 3 shows that the node in theand BH, each involving the formation of two 3@2e, hydrogen
HOMO has begun to bisect all three Honds. However, the bridge bonds, are 33.3 and 41.0 kcal/rffolespectively. This
H, bond lengths are only elongated by about 0.06 A gBeH) hydrogen bridge bonding explanation is supported by the
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absence of the effect in the ABH, system (the reaction has
then = 2 pericyclic transition state with a spectatos) Where

3c—2e bonding is not usually expected. The hydrogen bridge
bonding explanation also explains why the cooperative effect

does not extend beyond the involvement of thwdmonds (i.e.,
n = 3). With the participation in three 32e bonds and the
two electrons nominally in the 2s orbital,"Bor Be formally
obtains a full octet of valence electrons.

Summarizing, the special ability of 'Bto promoteo bond

activation through cooperative interaction involving up to three 4369
o bonds appears to depend on a fairly uniqgue combination of
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