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The Properties of the Metal Complex Hydrides

Ab initio Calculation of Geometric Structure, Electronic Charge Distribution
and Binding Energy of LiBH,, NaBH,, LiAlH,, and NaAlH,
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The essential features (geometries of the minima and of the saddle points,
energy barriers) of the potential energy surface of the four hydrides YXH,
mentioned in the title have been determined with two basis sets, of minimal and
DZ quality respectively. The importance of the different extent of the deforma-
tion of the XH, group in the different structures of the four hydrides is brought
out and discussed. The aspects of charge distribution and bonding are examined
drawing on population analysis, comparison of the electrostatic molecular
potentials and decomposition of the interaction energy (this last referred to the
Y+ + XH; — YXH, process). The capability of XHj in effecting the etheroly-
tic disruption of the Y—H bond is finally brought out.

Key words: Metal hydrides, bonding properties of ~ — Interaction energy
decomposition — Catalytic effects on heterolytic cleavage

1. Introduction

The mechanism of the carbonyl reduction with the complex metal hydrides men-
tioned in the title is not yet completely assessed. In particular there are some in-
direct indications suggesting differences in the chemical behaviour of the different
hydrides which deserve a careful determination [1-5]. Within the frame of a study
of these mechanisms, undertaken in our laboratory, we present here a preliminary
report on the electronic structure of the isolated reagents.

The attention is focussed on the essential features of the potential energy surface
(position and relative value of the minima and of the barriers), on the characteristics
of the bonding between the alkali atom and the other moiety of the molecule, on
the differences in the heterolytic dissociation energies along our set of complex
hydrides. The calculations have been performed with two different basis sets; a
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minimal set, easier to handle in following studies of the reaction mechanism with
realistic models of the organic substrate but not adequate to reproduce well the
energetics of the dissociation processes, and a second set, of DZ quality, simple
enough to be used also for the calculation of some selected points of the energy
hypersurface of the composite system hydride-organic substrate and flexible
enough to give a reasonable account of the energies involved in the dissociation
processes.

The analyses reported here refer only to the isolated molecules (the effect of
appropriate solvents on the structure of the hydrides will be dealt with in a future
paper) but they certainly are of some interest in se, owing to the chemical importance
of such molecules, not yet well studied even under gas phase conditions. In fact the
ab initio studies we know on the outstanding characteristics of the potential energy
surface of these hydrides concern only the LiBH, molecule [6-7].

2. Results and Discussion

For the calculation of the SCF MO-LCAO electronic wavefunction, performed
with the Gaussian 70 package [8] we have employed the STO-3G basis set [9]and a
contracted Gaussian set of double zeta quality proposed by Huzinaga [10] on the
basis of its uncontracted set (14s, 6p; 14s, 7p; 11s, 6p; 11s; 4s) (for Al, Na, B, Li,
and H in this order).

For each metal hydride we have determined with the STO-3G basis rather larger
portions of the ground state potential energy hypersurface which will be used later
in the continuation of this study. We limit ourselves to reporting here the results for
the points corresponding to the equilibrium geometry and a few other points of
particular relevance.

The four molecules can be roughly described as distorted XH, groups (X stands
for B and Al) interacting with the Y atom (Y stands for Li and Na). Three relevant
structures are depicted in Fig. 1. Structure I corresponds (with one exception, see
later) to the most stable geometrical arrangement; this structure has a C;, sym-
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Fig. 1. Geometrical arrangement of the three structures of the YXH, compounds considered
in this paper
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Table 1. Geometries and energies of the three more stable structures of the complex hydrides
YXH, calculated with the STO-3G basis set

Structure Ryx? Rxu, Ryw,* b B® Ec° AE“
LiBH, 1 1.87 1.23 1.15 113.3 105.3 —34.0025 0

11 2.06 1.27 1.16 106.8 115.3 —33,9920 6.59

IIT 2.92 1.39 1.16 104.1 115.2 —33.9508 32.44
NaBH, I 2.18 1.19 1.16 111.0 107.9 —186.5652 0

1I 2.36 1.21 1.16 109.6 114.2 —186.5628 1.51

IIT 2.92 1.20 1.17 106.5 112.3 —186.5350 18.95
LiAlH, 1 2.05 1.61 1.46 124.3 91.4 —248.6692 0

1I 2.34 1.71 1.47 87.7 124.0 —248.6667 1.57

11T 3.26 1.74 1.49 100.1 117.0 —248.6051 40.23
NaAlH, I 2.35 1.53 1.48 118.5 99.1 —401.1749 4.77

1I 2.59 1.56 1.49 96.0 120.0 —401.1825 0

111 3.28 1.57 1.50 103.4 114.8 —-401.1556 16.88
=In A. ® In degrees. ¢ In hartrees. 4 In kcal/mole.

metry and there are, in fact, four equivalent reciprocal arrangements of the XH,
and Y groups. The top of the barrier for the passage from one to another of these
minima is given by structure I1 (symmetry C,,). On the top of the barrier the inter-
action between XH, and Y is not supported by three H atoms, as it is in the case
of structure I, but by two atoms only. Structure III (symmetry C,) corresponds to
the best geometrical arrangement in which the interaction is supported by one H
atom. This last structure does not play an important role in the geometry re-
arrangements of the metal hydrides in the gas phase, but its importance increases
in solution and in the carbonyl reduction mechanism as our preliminary studies on
the influence of the solvent indicate, and as the discussion on the experimental data
on the reaction mechanism suggests. In a recent paper Dill et al. [6] consider also
in the LiBH, case two other structures, both corresponding to a LiH group linked
to BHj; via the Li atom, but they are higher in energy than those we have considered
here.

The energies and the numerical values of the geometrical parameters of the struc-
tures outlined above, obtained with the STO-3G basis, are reported in Table 1. The
results of the geometry optimization for structures I and II (obtained with the DZ
basis set) are given in Table 2 (we have not considered it necessary to optimize also
structure 111 with this second basis set). In Table 3 we give also the optimized
geometries and energies, obtained with both basis sets, for the separate closed-shell
fragments in which such complex molecules can be reasonably partitioned (i.e.
XH; and Y*, XH; and YH).

According to the STO-3G results structure 1 is more tightly bound than structure
II: in I the X-Y distance is smaller and also the Rxy values are smaller. In both
structures the distances between the central X atom and the hydrogen atoms which
support the interaction with Y (Rxy,) are larger than the distances with the other
H atoms (Ryg,)-
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Table 2. Geometries and energies of the two more stable structures of the complex hydrides
YXH, calculated with the DZ basis set

Structure Ryx®  Rxu,* Rxm,® o° B E° AEd
LiBH, I 2.06 1.25 1.20 113.3 105.3 —34.4158 0

11 2.21 1.28 1.21 106.8 115.3 —34.4118 2.51
NaBH, I 2.38 1.26 1.21 111.0 107.9 —188.8259 0

1I 2.50 1.27 1.22 109.6 114.2 —188.8218 2.57
LiAIH, I 2.50 1.70 1.61 124.3 91.4 —251.6072 0

I 2.66 1.73 1.62 87.7 124.0 —251.6105 2.07
NaAlH, 1 2.70 1.68 1.63 118.5 99.1 —406.0229 0.50

II 2.94 1.72 1.63 96.0 120.0 —406.0237 0
=Tn A. ® In degrees. ¢ In hartrees. 4 In kcal/mole.

These two structures can be safely viewed as deriving from an interaction between
a distorted XH; anion and a Y* cation. This interaction reduces the value of Ry
in the complex with respect to the value found in BH; and AIH;. The angular
distortion is larger in the AIH; case and, for the same XH; group, is larger when
Y = Li.

Structure III could be viewed also as deriving from the interaction of XH; with
YH. According to this point of view one can observe from the data of Table 1 that
the interaction produces a shortening of the XH, distances (with respect to XHj),
while Ryy, is larger than in YH. The angular distortion is larger for the BH; group
than for the AlH; group.

On the whole, the geometrical structures seem to be reasonable and in agreement
with intuition.

The values obtained with the Huzinaga’s basis show the same trend. The DZ basis
set gives consistently larger X-H distances, while the angular parameters are

Table 3. Geometries and energies of some closed-shell fragments of the YXH, systems

STO-3G DZ
RA) E(a.u) R(A) E(auw)

H- —0.1586 —0.4481
Li* —7.1354 —7.2363
Na+* —159.7846 —161.6697
LiH 1.515 —7.8634 1.645 —7.9691
NaH 1.666 —160.3157 1.863 —162.3763
BH,* 1.180 —26.0699 1.190 —26.3724
AlH;® 1.501 —240.7276 1.625 —243.5661
BH; ® 1.188 —26.5531 1.254 —26.9612
AlH; ® 1.518 —241.1673 1.685 —244.1825

& Dgp symmetry. ® T, symmetry.
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surprisingly equal in the two sets of calculations (deviations of less than 0.5 degrees).

Both basis sets indicate structure I as the more stable in LiBH,, NaBH,, LiAlH,
and structure 1T in NaAlH,.

The energy barriers separating the equivalent minima of each hydride does not
present the same trend along the set of molecules in the two sets of calculations.
The highest barrier corresponds to the LiBH, molecule in the STO-3G basis
(6.5 kcal/mole), while in the DZ basis the corresponding value is decidedly lower
(2.5 kcal/mole). We recall that Dill et al. [6] obtain for this molecule a barrier of
5.4 kcal/mole with 6-31G* calculations performed at the STO-3G geometries,
while Boldyrev et al. [7] obtain 3.9 kcal/mole with a geometry optimization per-
formed on a basis set of DZ quality and 4.5 kcal/mole with a basis set including
polarization functions (this last value corresponds to calculations performed with
the geometry of the BH, fragment kept fixed and equal to that of an isolated
BH, ion).

The relative importance of the distortion of the XH, fragment in the different
hydrides and in the different structures of each hydride can be appreciated by
examining the data collected in Table 4. Such data concern the difference in energy
between the HX anion at its equilibrium geometry (see Table 3) and at the geome-
tries corresponding to those of the XH, fragments in the different structures of the
complex hydrides. These results confirm what has been said above, namely that the
STO-3G basis emphasizes in general the distortion, and that the distortion effects
are larger when Y = Li and X = AL

The approximation of using a rigid geometry for the XH, group in the complex
hydrides can give rise to incorrect estimations of the relative stabilities of the
different structures. In Table 5 we give the energies of the hydrides calculated by
keeping the internal geometry of the XH, group rigid and equal to that of XH; ;
the introduction of this approximation modifies the trend of the relative energies,
and, in particular, produces an inversion of the position of the minimum and of the
saddle point in both basis sets.

Another approximation in the calculation of the relative stability of the different
structures could be represented by the use of geometries optimized with a minimal
basis also for calculations with larger basis sets. In the present case this approxima-
tion can be used with confidence for LiBH,, but introduces sizable errors in the

Table 4. Differences between the energy of the XH ion at its equilibrium geometry and at the
geometries present in the different structures of the YXH, compounds (kcal/mole)

STO-3G DZ
Structure 1 11 111 I 1I
LiBH, —4.46 -5.99 —6.62 —1.36 —-1.29
NaBH, —-0.26 —1.00 —0.95 —0.37 —0.77
LiAlH, —31.43 —28.04 —17.87 —13.74 —7.94

NaAlH, —9.64 —6.56 —4.48 —=5.11 -3.43
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Table 5. Energies and geometries of the more important structures of the YXH, compounds
determined with the constraint of keeping rigid the internal geometry of the XH, fragment?®

STO-3G Dz

Structure Ryxb E° AE¢ Ryxb E° AE¢

LiBH, I 1.87 —33.9974 0 2.06 —34.4144 0
11 2.06 —33.9852 7.66 2.20 —34.4100 2.76
111 2.70 —33.9393 36.46

NaBH, 1 2.19 —186.5641 0 2.37 —188.8248 0
1T 2.35 —186.5612 1.82 2.52 —188.8205 2.70
111 2.92 —186.5327 19.70

LiAlH, I 2.02 —248.6291 2.95 2.54 —251.5870 4.20
II 2.21 —248.6338 0 2.63 —251.5937 0
111 3.04 —248.5820 32.51

NaAlH, I 2.34 —401.1581 8.79 2.79 —406.0095 2.70
11 2.47 —401.1721 0 2.90 —406.0138 0
111 3.25 —401.1492 14.37

2 The internal geometries of the BH, and AlH, fragments are equal to those of BH; and ALH;
reported in Table 3.
»In A.  °In hartrees.  ¢In kcal/mole.

other molecules. In fact the AE values between structures II and I, calculated with
the DZ basis on the STO-3G geometries are: 2.3, 0.9, —7.0 and —4.8 kcal/mole
(compare with the corresponding values given in Table 2 in the same order). Also
in this approximation there is in LiAlH, an inversion between minimum and
barrier.

Passing now on to compare the description of the electron distribution provided by
the two basis sets, it appears from the results of the population analysis given in
Table 6 that the Huzinaga’s basis tends to give a larger charge separation (and a
larger dipole moment) than the STO-3G one. We recall that there is a general trend
of the STO-3G basis to give lower dipole moments (with respect to DZ bases) at
least for first-row molecules. Little is known about the relative merit of these bases
for molecules containing Na and Al atoms.

According to the population analysis, in the DZ wavefunctions there is a sharp
charge separation between the two fragments, XH, and Y, which could be indicated,
in a fairly good approximation, as ions with formal charge —1 and + 1, respectively.
This charge separation is far from complete in the STO-3G wavefunctions. Par-
ticularly striking is the case of LiAIH,: the formal charge of the Li atom in structure
I is negative. In order to look into the features of the charge distribution more
accurately one can resort to the examination of the electrostatic potential maps.
The electrostatic potential maps give a detailed image of the spatial features of the
charge distribution clearer than the total electronic density maps [11]. By comparing
Figs. 2 and 3 (the first is a map of the electrostatic potential of LiAlH, in the
STO-3G basis, the second a map for the same molecule in the DZ basis) it is
evident that the difference in the two charge distributions is not so drastic as one
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Fig. 2. Electrostatic potential maps
for structure I of LiAlH, (STO-3G
basis). The values of the isopoten-
tial lines are given in kcal/mole

could judge from the population analysis. In fact in both cases the Li atom acts as
a positively charged counterpart of the AIH, group which gives, on the whole,
negative contributions to the electrostatic potential. Other features of these maps
are of some interest, in particular the location of the negative minima (i.e. of the
most favoured positions, on the electrostatic basis, for an attack of a positively
charged reactant). These minima in fact are placed in correspondence to the H
atoms, while in general near the H atoms the electrostatic potential is positive and
the minima are placed in intermediate regions (see, e.g., Ref. {12] which concerns

AN
mainly the CH, and —CH; groups). It may be added that the electrostatic maps

Fig. 3. Electrostatic potential map
for structure I of LiAlH, (DZ
basis)
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Fig. 4. Electrostatic potential map
for structure I of LiBH, (STO-3G
basis)

of hydrides containing the BH, group (see Figs. 4 and 5) show the usual shape of
the potential, i.e. with minima along the bisector line of the HBH angles. The
corresponding maps for the compounds containing the Na atom (not reproduced
here, but available upon request to the authors) indicate that the electrostatic
potential near the XH, group is more negative, in agreement with the larger dipole
moment of these compounds.

The inadequacy of the population analysis for getting an estimation of the charge
distribution characteristics, and, of consequence, also of the bonding characteristics
of a compound, also appears from the examination of the interaction energy
analysis. We report in Table 7 the decomposition of the interaction energy between

Fig. 5. Electrostatic potential map
for structure I of LiBH, (DZ basis)
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XH; and Y* performed with the Morokuma’s technique [13]. The energy of the
whole system AB is considered as composed of the energy of the two separate
partners A and B, plus an interaction term AE which is decomposed in a few terms
of clear intuitive meaning:

AEscy = E(AB)scr — (E(A)scr + EB)scr) = Ees + Epoy + Eex + Eo. (D)

The first term, E,, gives the electrostatic interaction energy between the two rigid
partners A and B, the second, E,;, the mutual polarization energy of A and B, the
third the non-classical exchange terms and the last the charge transfer contributions
to the interaction energy. For the operational definition of such terms and for their
interpretation we refer to the relatively abundant literature on this subject (see e.g.
[13-16]). The partition of AE given in Table 7 indicates that the classical terms
(Ees + Epq) are the dominant ones, but, at the same time, that the charge transfer
term is far from negligible. Compare, for example, with the decompositions of the
interaction energy of a metallic cation with small neutral molecules [16-17], which
gives, in general, values of E; decidedly smaller. For all the species, and for all the
geometries here considered the bond cannot be considered as purely ionic.

The data of Table 7 refer to the geometries given in Tables 1 and 2 for the metal
hydrides as well as for the separate partners XHy. In other words we have not
employed in the calculation of AE the energy of the unperturbed T, structure of
the XH; anions, but a geometry equal to that of the XH, fragment in the molecule
disregarding thus the deformation contribution to the interaction energy already
considered in Table 4.

This separation, somewhat arbitrary, of the deformation energy contributions does
not alter the results of the interaction energy analysis. We give in Table § the
decomposition of AFE performed on the structures considered in Table 5, i.e. on
structures which maintain the rigid structure of the XH; anions. It may be of
some interest that the relative weight of each separate contribution to AE (i.e. the
value of E;/AE, where the E;’s are the four contributions given in Eq. (1)) remains
remarkably constant in passing from the energy decompositions of Table 7 to
those of Table 8. Noticeably more different are the values of E;/AE calculated in the
two basis sets; in particular the larger value of E,;/AE and the smaller value of
E_,/AE in the DZ basis correspond to the higher ionic character these compounds
have in the DZ SCF description.

As was said in the introduction we shall not consider in this paper the features of
the actual mechanism of reaction which are still under discussion. We limit our-
selves to remark that in all proposed mechanisms there is a heterolytic cleavage of
a Y—H bond. It may be of some interest to obtain, from the data presented above,
an appraisal of the “intrinsic” (i.e. without intervention of the solvent and of the
organic substrate) capabilities of the different metal hydrides to get the heterolytic
dissociation. The relevant data are presented in graphical form in Figs. 6 and 7.

The selection of the reference states adopted in these two figures emphasizes the
effect of the formation of the complex metal hydride starting from the simple
hydrides YH and XH;. It appears quite evident that the complex hydrides have a
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Kcal /mole
Li*+H~+BH, Li*+H=AIH,
STO-3G
300
Na%H %BH, Na"+H=FAIH,
200 Li*+AH~
Li* +BH,
357.3 233.8 357.3 233.8
100\
Nat+AIH~
Na*+BH;~
230.0 140.0
0 LiH+BH,0 70 NaH+BH, LiH+AIH, NaH-+AH,
—434 -127 —~49.1 —826
LiBH, 142.8 LiAlH,
_10 0 L Na Al H 4
Na BH,

Fig. 6. Diagrams of the energies involved in the heterolytic dissociations of the Y—H bonds
(STO-3G calculations)

larger intrinsic capability than YH of undergoing the heterolytic dissociation. This
influence of XH; on the intrinsic properties of YH can be heuristically called, as in
our preceding papers [18-20], the ““catalytic” effect of XHj.

The STO-3G basis gives unrealistic (i.e. too high) dissociation energies and this
defect is particularly evident in the LiH case (the experimental dissociation energies,
measured from the bottom of the potential energy curve, are of the order of 164.9
for LiH and 154.5 kcal/mole for NaH, while the corresponding values at the
Hartree-Fock limit are 165.0 and 143.1 kcal/mole),* while in the complex hydrides
the magnitude of the errors due to the limitation of the basis set are presumably
lower (to our knowledge, there are no reliable estimates of the experimental values
of the heterolytic dissociation in the gas phase of the YXH, species).

More reliable are the values obtained with the Huzinaga’s basis. DZ bases give a
reasonable prediction of the energy for the process HY — H* + Y~ in halogenic
acids in absence as well as in presence of small complexing molecules, like H,O or
HY [20]. In the present case the absolute error is somewhat larger, owing to the
rather poor description of H~, but we feel that the trend of the energies in the set of
chemical processes here considered is passably reproduced.

According to the DZ results the catalytic effect of AIHj is larger than that of the
BH; in depressing the heterolytic dissociation energy of the YH bond.

1 The relevant data are taken from Refs. [21-23].
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Kcal /mole DZ
Li% H%BH, Li¥ H A,
Na*H7+BH, NattH +AH,
150+
100T Li*+BHy
Na* + BH,~ LitAHg
-—T
178.6
1622 1786 1822 Nat AN
50
136.7 122.0 118.2 107.6
ok _|LiH+BH; _NaH+BH; _|LiH+AIH, _|NaH+AH,
- 46.6 —48.4 ~45.2 -51.0
-50- LiBH, — LiATH L
1BH, NaBH, 4 Na Af R,

Fig. 7. Diagrams of the energies involved in the heterolytic dissociations of the Y—H bonds
(DZ calculations)

The stabilization energy of the complex hydrides with respect to the separate
partners YH and XHj; is remarkably constant along the whole set (we note in passing
that such a result heavily depends on the optimization of the YXH, geometries with
the DZ basis) and the energies of the heterolytic cleavages, measured from the
complex hydrides, indicate again that such processes, in gas phase conditions, are
easier in the Al containing hydrides than in the B containing ones.
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