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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 YXH4 
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 XH4 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+ + XHi- --> YXH~ process). The capability of XH3 in effecting the etheroly- 
tic disruption of the Y - - H  bond is finally brought out. 

Key words: Metal hydrides, bonding properties of ~ - I n t e r a c t i o n  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 

0040-5744/79/0052/0113/$03.00 



114 R. Bonaccorsi et al. 

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 LiBH4 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; lls,  6p; l l s ;  4s) (for A1, 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 A1) 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 Car sym- 

C3v C2v C3v 
Ha ,Ha Hb~b Hb~: 

iY 
I I I  I I I  

Fig. 1. Geometrical arrangement of the three structures of the YXH4 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 Ryxa Rx~, Rxaba ~b /3b E ~ AEa 

LiBHa I 1.87 1.23 1.15 113.3 105.3  -34.0025 0 
II 2.06 1.27 1.16 106.8 115.3 -33.9920 6.59 
III 2.92 1.39 1.16 104.1 115.2  -33.9508 32.44 

NaBH4 I 2.18 1.19 1.16 111.0 107.9 -186.5652 0 
II 2.36 1.21 1.16 109.6 114.2 -186.5628 1.51 
III 2.92 1.20 1.17 106.5 112.3 -186.5350 18.95 

LiA1H4 I 2.05 1.61 1.46 124.3 91.4 -248.6692 0 
II 2.34 1.71 1.47 87.7 124.0 -248.6667 1.57 
III 3.26 1.74 1.49 100.1 117.0 -248.6051 40.23 

NaAIH~ I 2.35 1.53 1.48 118.5 99 .1  -401.1749 4.77 
II 2.59 1.56 1.49 96.0 120.0 -401.1825 0 
III 3.28 1.57 1.50 103.4 114.8 -401.1556 16.88 

In •. b In degrees. ~ In hartrees, d In kcal/mole. 

met ry  and  there are, in fact, four  equivalent  reciprocal  a r rangements  of  the XH~ 
and  Y groups.  The  top  of  the bar r ie r  for the passage f rom one to another  of  these 
min ima  is given by structure II  ( symmetry  C2v). On the top of  the barr ier  the inter- 
ac t ion between XH4 and Y is not  suppor ted  by three H atoms,  as it is in the case 
of  s t ructure  I, but  by two a toms only. Structure I I I  ( symmetry  C3v) corresponds  to 
the best  geometr ical  a r rangement  in which the interact ion is suppor ted  by one H 
atom.  This last s t ructure does not  p lay an impor t an t  role in the geomet ry  re- 
a r rangements  o f  the meta l  hydr ides  in the gas phase,  but  its impor tance  increases 
in solut ion and in the carbonyl  reduct ion mechanism as our pre l iminary  studies on 
the influence of  the solvent indicate,  and as the discussion on the exper imental  da t a  
on the react ion mechanism suggests. In  a recent  paper  Dill  et al. [6] consider  also 
in the LiBH~ case two other  structures,  bo th  cor responding  to a L iH group l inked 
to BH3 via the Li a tom,  but  they are higher in energy than  those we have considered 
here. 

The  energies and the numerica l  values of  the geometr ical  parameters  of  the struc- 
tures out l ined above,  ob ta ined  with the STO-3G basis, are r epor ted  in Table  1. The 
results of  the geometry opt imiza t ion  for structures I and II  (obta ined with the D Z  
basis set) are given in Table  2 (we have not  considered it necessary to opt imize also 
s t ructure  I I I  with this second basis set). In  Table  3 we give also the opt imized  
geometr ies  and  energies, ob ta ined  with both  basis sets, for the separate  closed-shell  
f ragments  in which such complex molecules can be reasonably  par t i t ioned  (i.e. 
XHi-  and Y+,  XH3 and YH).  

Accord ing  to the STO-3G results s t ructure I is more  t ightly bound  tban  structure 
I I :  in I the X - Y  dis tance is smaller  and  also the Rx~ values are  smaller.  In  bo th  
s tructures  the distances between the central  X a tom and the hydrogen  a toms  which 
suppor t  the interact ion with Y (RxH~) are larger  than the distances with the other  
H a toms  (RxHb). 
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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 ~ Rx~ a Rxnb a a b /~c E o AE d 

LiBH4 I 2.06 1.25 1.20 113.3 105.3  -34.4158 0 
II 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 
II 2.50 1.27 1.22 109.6 114.2 -188.8218 2.57 

LiA1H4 I 2.50 1.70 1.61 124.3 91.4 -251.6072 0 
II 2.66 1.73 1.62 87.7 124.0 -251.6105 2.07 

NaA1H4 I 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 

a In A. b In degrees. ~ In hartrees, d In kcal/mole. 

These two structures can be safely viewed as deriving f rom an interact ion between 

a dis tor ted XH~- anion and a Y+ cation. This interact ion reduces the value of  RxH 

in the complex with respect to the value found in BH~- and A1H;-. The  angular  

dis tor t ion is larger in the A1H;- case and, for the same XH;-  group, is larger when 

Y = Li. 

Structure  I I I  could be viewed also as deriving f rom the interact ion o f  XHa with 

YH.  Accord ing  to this point  o f  view one can observe f rom the data  o f  Table 1 that  

the interact ion produces a shortening of  the XH~ distances (with respect to XH3), 

while RyE~ is larger than in YH.  The angular  distort ion is larger for the BHa group 

than for the A1Ha group. 

On the whole, the geometr ical  structures seem to be reasonable and in agreement  

with intuition. 

The  values obtained with the Huzinaga 's  basis show the same trend. The D Z  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 YXH4 systems 

STO-3G DZ 

R (~) E (a.u.) R (A) E (a.u.) 

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 . 6 6 6  --160.3157 1 . 8 6 3  --162.3763 
BHa ~ 1.180 --26.0699 1.190 --26.3724 
A1H3 ~ 1 . 5 0 1  --240.7276 1 . 6 2 5  --243.5661 
BH~ b 1.188 --26.5531 1.254 --26.9612 
A1Hg b 1 . 5 1 8  --241.1673 1 . 6 8 5  -244.1825 

a Dab symmetry, b Ta symmetry. 



Properties of the Metal Complex Hydrides 117 

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 LiBH4, NaBH4, LiA1H4 
and structure I I  in NaA1H~. 

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 kcalfmole), 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 all [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 
BHi- ion). 

The relative importance of the distortion of the XH4 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 HXi- anion at its equilibrium geometry (see Table 3) and at the geome- 
tries corresponding to those of the XH4 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 = A1. 

The approximation of using a rigid geometry for the XH4 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 XHi- ; 
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 YXH4 compounds (kcal/mole) 

STO-3G DZ 

Structure I II III I II 

LiBH4 - 4.46 - 5.99 - 6.62 - 1.36 
NaBH4 -0.26 - 1.00 -0.95 -0.37 
LiA1H4 - 31.43 -28.04 - 17.87 - 13.74 
NaA1H4 - 9.64 - 6.56 - 4.48 - 5.11 

- 1 . 2 9  

-0.77 
-7.94 
-3.43 
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Table 5. Energies and geometries of the more important structures of the YXH4 compounds 
determined with the constraint of keeping rigid the internal geometry of the XH4 fragment ~ 

STO-3G DZ 

Structure R y x  b E ~ A E  a Ryx b E ~ A E  a 

LiBH~ I 1.87 - 33.9974 0 2.06 - 34.4144 0 
II 2.06 - 33.9852 7.66 2.20 - 34.4100 2.76 
III 2.70 -33.9393 36.46 

NaBH4 I 2.19 - 186.5641 0 2.37 - 188.8248 0 
II 2.35 - 186.5612 1.82 2.52 - 188.8205 2.70 
III 2.92 - 186.5327 19.70 

LiA1H4 I 2.02 -248.6291 2.95 2.54 -251.5870 4.20 
II 2 .21  -248.6338 0 2.63 -251.5937 0 
III  3.04 -248.5820 32.51 

NaA1H4 I 2.34 -401.1581 8.79 2.79 -406.0095 2.70 
II 2.47 -401.1721 0 2.90 -406.0138 0 
III 3 .25  -401.1492 14.37 

The internal geometries of the BH4 and A1H4 fragments are equal to those of BHi  and ALHi- 
reported in Table 3. 
b In A. ~ In hartrees, a In kcal/mole. 

o ther  molecules.  In  fact  the AE values between structures I I  and  I, calculated with 
the  D Z  basis on the STO-3G geometr ies  are:  2.3, 0.9, - 7 . 0  and - 4 . 8  kca l /mole  
(compare  with the cor respond ing  values given in Table  2 in the same order).  Also 
in this app rox ima t ion  there is in LiA1H4 an  inversion between min imum and 
barr ier .  

Passing now on to compa re  the descr ip t ion  o f  the e lect ron d is t r ibut ion  provided  by  
the two basis sets, it appears  f rom the results o f  the popu la t ion  analysis given in 
Table  6 tha t  the Huz inaga ' s  basis tends  to give a larger  charge separa t ion  (and a 
larger  d ipole  momen t )  than  the STO-3G one. We recall  that  there  is a general  t rend  
of  the  STO-3G basis to  give lower d ipole  momen t s  (with respect  to  D Z  bases) at  
least  for f irst-row molecules.  Li t t le  is known abou t  the relat ive meri t  o f  these bases 
for molecules  conta in ing  N a  and  A1 atoms.  

Accord ing  to the  popu la t ion  analysis,  in the D Z  wavefunct ions there  is a sharp 
charge separa t ion  between the two fragments ,  XH4 and Y, which could  be indicated,  
in a fair ly good  approx ima t ion ,  as ions with formal  charge - 1 and + 1, respectively.  
This charge  separa t ion  is far  f rom comple te  in the STO-3G wavefunctions.  Par-  
t icu lar ly  s t r iking is the case o f  LiA1H~: the formal  charge  o f  the Li a tom in s t ructure  
I is negative.  In  o rder  to look  into the features of  the charge d is t r ibut ion  more  
accura te ly  one can resor t  to the  examina t ion  o f  the e lect ros ta t ic  potent ia l  maps.  
The electrostat ic  po ten t ia l  maps  give a deta i led image  of  the  spat ial  features of  the 
charge d is t r ibut ion  clearer  than  the to ta l  e lectronic densi ty maps  [11 ]. By compar ing  
Figs. 2 and  3 (the first is a m a p  o f  the e lec t ros ta t ic  potent ia l  of  LiA1H~ in the 
STO-3G basis, the second a m a p  for the  same molecule  in the D Z  basis) it is 
evident  tha t  the difference in the two charge dis t r ibut ions  is not  so dras t ic  as one 
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Fig. 2. Electrostatic potential maps 
for structure I of LiA1H4 (STO-3G 
basis). The values of the isopoten- 
tial lines are given in kcal/mole 

could  judge  f rom the popu la t ion  analysis.  In  fact in bo th  cases the Li a tom acts as 
a posi t ively charged  coun te rpa r t  o f  the A1H~ group which gives, on the whole,  
negat ive cont r ibu t ions  to the  e lect ros ta t ic  potent ial .  Other  features of  these maps  
are  of  some interest ,  in par t icu la r  the loca t ion  of  the negative min ima  (i.e. o f  the  
mos t  favoured  posi t ions,  on the e lect ros ta t ic  basis, for an a t tack  of  a posi t ively 
charged  reactant) .  These min ima  in fact  are  p laced in correspondence  to the H 
a toms,  while in general  near  the H a toms  the electrostat ic  potent ia l  is posit ive and 
the min ima  are p laced  in in te rmedia te  regions (see, e.g., Ref. [12] which concerns 

\ 
mainly  the CH2 and - - C H 3  groups).  I t  may  be a d d e d  that  the e lectrostat ic  maps  

/ 

510 20 4~'~0 40 20 105 

/ 

Fig. 3. Electrostatic potential map 
for structure I of LiA1H4 (DZ 

" / basis) 
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Fig. 4. Electrostatic potential map 
for structure I of  LiBH4 (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 XH4 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 

I 20x\ \  \ ~x ~ ( i / ' / /  It 
IL \ \ 4 0  / / / 

\ \ \  / /  
\\ \ .  / /  

\ 
" DZ \ \ 

Fig. 5. Electrostatic potential map 
for structure I of LiBH~ (DZ basis) 
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XHi- and Y+ performed with the Morokuma's technique [131. 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: 

AEscr = E(AB)scF - (E(A)scr + E(B)scF) = Ees + Epol + Esx + Eot. (1) 

The first term, Ees, gives the electrostatic interaction energy between the two rigid 
partners A and B, the second, Eros, 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 
(E~ + Epo~) 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 Eot 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 XH/-. In other words we have not 
employed in the calculation of AE the energy of the unperturbed Ta structure of 
the XH/- anions, but a geometry equal to that of the XH4 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 8 the 
decomposition of AE performed on the structures considered in Table 5, i.e. on 
structures which maintain the rigid structure of the XHi- anions. It may be of 
some interest that the relative weight of each separate contribution to AE (i.e. the 
value of EJAE, 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 EdAE calculated in the 
two basis sets; in particular the larger value of Ee~/AE and the smaller value of 
Evo~/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 XHa. It appears quite evident that the complex hydrides have a 
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Kcal/mole 
Li++H-+BH 3 

30O 

2 0 0  

Li + +BH~" 

357.3 

100  

0 197.0 

--43~4 

Li BH 3 

- 1 0 q  - 

T 
3 

233.8 

Na++BH4 "- 

142.8 

Na BH 4 

Li+~ - H--+AIH 3 

STO-3G 

Li + ~AIH4"- 

357.3 

230.0 

--47,1 
ki AI H 4 

Na+§ H-eAIH 3 
_ 

233.8 

 ,j00 
--8i'6 

NaAI H 4 

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 XH3 on the intrinsic properties of  YH can be heuristically called, as in 
our preceding papers [18-20], the "catalyt ic" effect of  XHa. 

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 Nai l ,  while the corresponding values at the 
Hartree-Fock limit are 165.0 and 143.1 kcal/mole), 1 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 YXH4 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 H20 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  A1Ha is larger than that of the 
BH3 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 

Li~- H~- BH 3 

150 l~ 
100 Li ++ BH4- 

178,6 

500 136.7 
- 46.6 

- - 5 0 - -  LiBH 

Na4+ H--=- BH 3 

Na + § BH 4- 

162.2 

~ H  122"0 

-- 48.4 

I 
NaBH 

Li~ H-+AIH 3 

Li -% AIH ~- 

178.6 

118.2 

--45.2 

L i AI H 4 

DZ 
Na+.+ H ~-AIH3 

162.2 Na~-+AIH~ - 

-51,0 

Na AI H 4 

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 XHa 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 A1 containing hydrides than in the B containing ones. 
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