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Abstract 

The electronic structure of a series of homoleptic H-bridged copper-boron complexes (Cu-H,-BH.,_,, n = 1,2, and 3) and their 
phosphine substituted analogues ((PHs)4_nC~-H,-BH,_,, n = 1, 2, and 3) has been investigated with the Fenske-Hall method. 
For the sake of comparison parallel calculations have been carried out for H-bridged copper binuclear complexes fl(PH&$Iu- 
H,-Cu(PH,),_,]k, n = 1, 2, 3, and k = + 1 f or n = 1, k = 0 for n = 2, and k = - 1 for n = 3). The results of the Fenske-Hall 
method are verified by similar calculations with the aid of the non-iterative Extended Hiickel theory (EHT). 

The main conclusions of the present study follow from the analysis of the electronic charge distribution in those molecules. This 
analysis reveals that the H-bridges in copper-boron compounds differ considerably from those in copper binuclear complexes. The 
former are due to non-covalent electrostatic interactions between the copper atom (coordinated copper atom) and the negative- 
charged BH, group. The covalency of the Cu-H bond turns out to be negligibly small while in copper binuclear complexes the 
Cu-H bond resembles the usual, strongly polarized covalent bonds. The new interpretation of the electronic structure of the 
copper-boron H-bridge is different from that usually accepted for those systems and facilitates the understanding of the flexibility 
of the H-bridged copper-boron complexes with respect to intramolecular isomerization processes. 

1. Introduction 

The bonding of the hydrogen atom in polynuclear 
transition metal compounds has received a great deal 
of attention in both experimental and theoretical stud- 
ies [1,2]. In addition to the relatively commonly ob- 
served terminal position of the hydrogen atom [3] a 
variety of the so-called hydride bridge (the hydrogen 
atom(s) located between transition metal atoms) has 
been established 141. The bridge bonds Ml-H-M,, 
which involve two metal atoms (M,,M,), have been 
interpreted as two-electron, three-centre bonds [5]. In 
several ways they resemble the B-H-B bonds in boron 
hydrides [6]. 

The electronic structure of hydrogen bridges in 
homonuclear (M,=M,) transition metal complexes has 
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been extensively studied in our earlier papers [7]. The 
dominant covalent character that these bridges exhibit 
in the majority of investigated systems has been estab- 
lished; the covalent character has been interpreted in 
terms of the presence of molecular orbitals localized 
primarily in the M-H-M region. Moreover, the Mul- 
liken population analysis shows that each of the two 
M-H bonds has a rather large (0.1-0.2) two-centre 
overlap population [7a]. The ionic contribution to M-H 
regions of the bridge has been found to depend consid- 
erably on the metal atom while being almost independ- 
ent of the terminal ligands [7h-d]. Another character- 
istic feature of the M-H-M bond is a high negative 
charge carried by the bridging hydrogen atom [7]. This 
causes the hydride bridges in transition metal com- 
plexes to differ from their homonuclear boron counter- 
parts and supports the term “the hydride bridge”. 

The above similarities and differences between M- 
H-M and, B-H-B bridges suggest that a study of 
heteronuclear systems with M-H-B bonds should be 
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of interest. In this paper we report on our calculations 
for hydride bridged systems with Cu-H-B bonds. The 
geometry and electronic structure of such bonds has 
been given considerable attention in earlier papers [81. 
Both homoleptic [8b,9] and copper-coordinated [lo] 
systems with Cu-H,-BH,_,, n = 1, 2, 3, are known 
experimentally. A covalent character is commonly as- 
sumed for these bridges [4,8,10-121 in the interpreta- 
tion of the electronic structure of the metal-boron 
hydrides. However, the differences between transition 
metal and boron atoms suggest that the M-H-B bonds 
may possess a significant degree of ionic character. The 
investigation of this problem is the major objective of 
the present study. 

In order to explore the electronic structure of Cu- 
H-B bridges we have carried out a series of approxi- 
mate MO calculations on different Cu-H,-BH,_, and 
(PH,),_$u-H.-BH,_. systems whose geometry is 
schematically shown in Fig. 1. The calculated wave 
functions are analyzed and discussed in terms of the 
covalent US. ionic character of the bridge by using the, 
Mulliken population analysis. For the sake of compari- 
son we have also carried out analogous calculations for 
homonuclear [(PH,),_,Cu-H.-Cu(PH,),_,lk bridged 
complexes (see Fig. 0, with the complex charge k 
(0, f 1) which is chosen in such a way that the Cu 
atoms have the formal oxidation of + 1 for each value 

Fig. 1. Schematic representation of the hydrogen and hydride bridges 
and the orientation of local coordinate systems associated with the 
bridge atoms. 

of n = 1, 2, 3. The relevant computational details and 
the wave function analysis together with a discussion of 
certain aspects of the isomerization processes, which 
change the number of bridging hydrogens are pre- 
sented in the next two sections. 

The commonly accepted interpretation [4,8,10-121 
of the character of M-H-B bonds being predomi- 
nantly covalent is not confirmed by our calculations on 
copper-boron compounds. The bonding contributions 
to the Cu-H, region of the Cu-H,-B bridge by some 
molecular orbitals are nearly ‘cancelled by the anti- 
bonding contributions of other orbitals. The net effect 
can be viewed as the BH; group interacting electro- 
statically with the positively charged Cu atom 
(Cu(PH 1 3 4_n group). In contrast to previously studied 
hydride bridges [7] the Cu-H-B bonds have only a 
slight degree of three-centre covalent character. 

2. Computational details 

The major part of the calculations has been per- 
formed with the approximate SCF method of Fenske 
and Hall [13]. Its main advantage over a, variety of 
semiempirical approaches [14] amounts to the non-em- 
pirical evaluation of the required matrix elements of 
the one-electron operator. The valence atomic basis 
sets for H, B, P, and Cu comprise (Is), (2s 2p), 
(3s 3p 3d), and (3d 4s 4p) orbitals, respectively. All 
atomic basis sets are the same as those employed in 
our earlier calculations [7]. Obviously, the reliability of 
the Fenske-Hall method in single molecule calculations 
is uncertain if not questionable. However, the results 
obtained for a series of similar molecules are expected 
to reveal the major common features of the electronic 
structure and its variation within that series being thus 
much less method-dependent. 

The relative simplicity of Fenske-Hall calculations 
makes this method a convenient and useful tool for 
investigations of qualitative chemical aspects of the 
electronic structure of transition metal complexes. This 
method has been successfully used in our earlier stud- 
ies of hydride bridges [7]. 

In order to make our conclusions method-indepen- 
dent as far as possible we have carried out parallel 
calculations by using the non-iterative Extended Huckel 
method (EI-IT) [15]. As shown in the next section the 
EHT results, though quantitatively different from those 
of the Fenske-Hall method, lead to the same global 
picture of the electronic structure of molecules investi- 
gated in this study. 

Fenske-Hall and EHT calculations are usually car- 
ried out on experimentally deduced molecular geome- 
try. For none of the molecules studied in this paper are 
the corresponding geometric data directly available 
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TABLE 1. Geometric data assumed in calculations for copper-boron binuclear complexes 

279 

Molecule Symmetry P-cu-P Bond distances (A) 
angle (deg.) 

Cu-H,-BfH,)s a c 3v Cu-B = 2.867 Cu-H, = 1.697 
B-H, = 1.17 B-H, = 1.07 

(PHJsCu-H,-BfH,), a*b 115 Cu-B = 2.867 Cu-H, = 1.697 
B-H, = 1.17 B-H, = 1.07 
Cu-P = 2.287 

115 Cu-Cu = 3.394 Cu-H, = 1.697 
Cu-P = 2.286 

Cu-(H b)Z-B(Ht)s = c 2” Cu-B = 2.185 A Cu-H b = 1.82 
B-H,, = 1.07 B-H, = 1.07 

(PH,), Cu-(Hb)2-B(H,)2 b*c 122 Cu-B = 2.185 Cu-H, = 1.82 
B-H, = 1.07 B-H, = 1.07 
Cu-P = 2.286 

(PH,),Cu-(H,),-Cu(PH,), b*c 122 Cu-Cu = 3.168 Cu-H b = 1.82 
Cu-P = 2.286 

ti-(H,),-BH, c 3” Cu-B = 2.185 Cu-H, = 1.91 
B-H, = 1.22 B-H, = 1.07 

(I’H,)Cu-@I,),-BH, b Cu-B = 2.185 Cu-H, = 1.91 
B-H, = 1.22 B-H, = 1.07 

[(PH,)cu-(H,),--Cu(PH,11-’ Cu-Cu = 3.168 Cu-H, = 1.91 
Cu-P = 2.286 

a All angles in the B(H,).,_,, (n is the number of tydrogen atoms involved in the bridge) are assumed to be 109” 27’; b the phosphine group has 
the same geometry in all molecules: P-H = 1.42 A, HPH = 93”; ’ the planes of H,BH, and PCuP are mutually perpendicular. 

and they have been deduced from the experimental 
values [lo] for similar molecules which differ from the 
present ones mostly by bulky substituents at phospho- 
rus. It should be mentioned that according to these 
experimental data [lo] the assumed set of geometric 
parameters in the bridge region depends on the num- 
ber of bridging hydrogen atoms. 

The structure of the investigated H-bridges and the 
choice of the local coordinate systems are given in Fig. 
1. The geometric data employed in present calculations 
are summarized in Table 1. Some uncertainties with 
respect to assumed geometries are not expected to be 
highly important for qualitative investigations for a 
series of related molecules. Moreover, the results of 
Fenske-Hall, EHT, and similar approximate methods 
do not significantly depend on the choice of the geo- 
metric data. 

Our calculations have been performed for homolep- 
tic Cu-H,-BH,..., and copper-coordinated (PH3)4_n- 
Cu-H,-BH,_, molecules with different number of 
the bridging hydrogens. A fixed molecular geometry 
has usually been assumed (Table 1). However, in order 
to gain some insight into the isomerization processes: 

Cu-H,-BH,_, - Cu-H,+,-BH,_, 

and 

(PH3)4-nCu-Hn-EH~_n - 

a limited variation of the hydrogen bridge geometry 
has been studied. 

Most of the results are analysed in terms of the 
Mulliken population analysis by comparing the calcu- 
lated atomic (atomic group) charges and two-centre 
overlap populations. In Fenske-Hall calculations the 
MO energy data may depend markedly on the choice 
of basis functions [13]. Thus, their absolute values are 
not given particular attention. The same applies to the 
results of EHT calculations. In both cases it is the 
sequence and bonding-antibonding character of MOs 
which is used to interpret the electronic structure of 
molecules. 

3. Results 

In the framework of approximate calculations of the 
electronic structure of molecules most significance is 
usually attached to the wave function analysis. This can 
be accomplished in terms of global considerations, 
e.g., by using different schemes for the partition of the 
total density distribution. Among such techniques the 
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TABLE 2. Mulliken Population Analysis data for compounds CuH,BH,_, and (PHs).,_,CuH,,BH,_, (n = 1, 2, 3). Results of calculations with 
the Fenske-Hall method 

CuH,BH,_, (PH,),_,CuH,BH,_, 

na 1 2 3 1 2 3 

Atomic group charges 
b CuL,_, 0.837 0.932 0.963 0.945 0.968 0.965 
BH,-, - 0.837 - 0.932 - 0.963 - 0.945 - 0.968 - 0.965 
’ H, - 0.037 0.027 - 0.078 - 0.014 0.015 - 0.077 
d H, 0.055 0.099 0.058 0.063 0.084 0.043 

Two-centre overrCp populations 
Cu-H, 0.065 0.002 - 0.004 0.010 - 0.009 -0.004 
B-H, 0.367 0.432 0.409 0.420 0.449 0.411 
B-H, 0.438 0.430 0.429 0.439 0.434 0.431 
cu-L 0.322 0.165 0.314 
Cu-B 0.022 - 0.007 - 0.004 0.010 -0.009 -0.004 

a n is the number of hydrogen atoms involved in the bridge; b L denotes a ligand group of the copper atom. No ligand at Cu is present in 
homoleptic complexes; c H, is the hydrogen atom of the bridge bond; d H, is the terminal hydrogen of the BH, group. 

Mulliken population analysis is frequently used and 
will be employed here to investigate the electronic 
structure of hydride bridges. Another possibility is given 
by a direct analysis of the form of particular molecular 
orbitals. This reveals additional features associated with 
a pair of atomic orbitals contributing to the given MO. 
In this way one can identify the bonding, non-bonding, 
and antibonding character of the MO in a specified 
region. 

The present analysis of the calculated MO levels is 
virtually limited to the two above aspects. Only marginal 
attention is paid to the orbital energies, for they are 
known [14] to depend strongly on the details of the 
approximate method which is used for their calcula- 
tion, The orbital energies will be used mostly to obtain 
compatible sequences of MO energy levels. This fea- 
ture is further exploited below to discuss the possibility 
of internal conversion which changes the number of 
bridging hydrogens. The total energy obtained from 
methods used in this paper does not seem to provide 
accurate enough measures of such processes. There- 
fore, only a qualitative interpretation of the mutual 
transformation between nH- and (n + l)H- bridges 
has been attempted and the corresponding data are 
analyzed mainly in terms of the energy and form of the 
pertinent molecular orbitals. 

3.1. Population analysis 
The electronic charge distribution in homoleptic 

systems and their phosphine substituted analogues is 
analyzed in terms of the net charge attributed to the 
Cu(Cu(PH J4 _,I atom(group), the hydrogen atom in 
the bridge, and the BH, group. The corresponding 
data are presented in Table 2. They reveal a strongly 
ionic character for all systems studied in this paper. 

In all systems the BH, group (including the H 
atoms of the bridge) carries the total negative net 
charge of about minus one. The Cu atom or the 
Cu(PH&_, group carry an equivalent positive charge. 
One of the remarkable features is that in all M-H,-B 
bridges the bridging hydrogen atoms are almost neu- 
tral. This is to be compared with the similar data for 
Cu-H,-Cu bridges collected in Table 3. 

For all systems presented in Table 3 the bridging 
hydrogen atoms carry relatively large net negative 
charges. This is the first indication that the Cu-H,-B 
bridges may have a different electronic structure as 
compared to that of the hydride bridges in binuclear 
transition metal complexes. Further support to such a 
conclusion is given by the two-centre overlap popula- 
tion data of Tables 2 and 3. 

The Cu-H, overlap population in Cu-H,-B bridges 
is close to zero, indicating the lack of a covalent bond 
between copper and hydrogen atoms of the bridge. On 

TABLE 3. Mulliken Population Analysis data for compounds 
[(PHs)4_,-CuH,Cu(PHs)4_~]~ (n = 1,2,3 and k = + 1, 0, - 1 re- 
spectively). Results of calculations with the Fenske-Hall method 

na 1 2 3 

Atomic group charges 
b CuL,_, 0.659 0.393 0.178 
‘H, - 0.326 - 0.394 -0.445 

Two-centre overlap populations 
Ctl-H, 0.162 0.115 0.095 
cu-L 0.307 0.176 0.330 
cu-cu - 0.002 - 0.008 - 0.002 

’ n is the number of hydrogen atoms involved in the bridge; b L 
denotes a ligand group of the copper atom; ’ H, is the hydrogen 
atom of the bridge bond. 
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the other hand, the overlap population data for H,-B 
are typical for the covalent bonds usually encountered. 

The two-centre C&H, populations of Table 2 are 
to be contrasted with those for homonuclear complexes 
of Table 3. In the latter case the Cu-H, pairs exhibit a 
marked degree of covalent character in spite of rela- 
tively high negative net charges on hydrogens of the 
bridge. In is a rather remarkable feature of hydride 
bridges in transition metal compounds that the multi- 
centre bonds of the bridge have a considerable cova- 
lent character while simultaneously exhibiting a marked 
internal polarization. 

For all the compounds listed in Table 2 the Fenske- 
Hall method predicts that almost all of the negative 
charge of the BH, group is carried by the boron atom. 
Both the terminal and bridge hydrogen atoms are 
principally neutral. The total negative charge of the 
BH, group results also from parallel non-iterative EHT 
calculations. However, the charge distribution within 
the BH, group as predicted by the non-iterative EHT 
method favours a small negative charge on all hydro- 
gens. This is a rather typical result of non-iterative 
EHT calculations. The Fenske-Hall method, though of 
approximate character, has a closer resemblance to 
non-empirical SCF approaches and its results seem to 
give more reliable charge distributions. A similar over- 
estimated charge shift towards hydrogens also follows 

from our EHT calculations on binuclear complexes in 
Table 3. In this particular case both the Fenske-Hall 
and EHT methods uniformly predict a large negative 
charge on hydrogen atoms of the bridge, the EHT 
results being definitely larger than those in Table 3. 
This again points to the overestimation of the polar 
character of bonds in the non-iterative EHT method. 

The two-centre overlap populations for Cu-H b pairs 
are consistently independent of the method employed 
in approximate calculations. The Cu-H, overlap popu- 
lation in copper-boron compounds of Table 2 is negli- 
gible while that in molecules of Table 3 is within the 
range of the values characteristic for typical covalent 
bonds (cf. Cu-P and B-H overlap populations, Tables 
2 and 3). 

Let us also remark that according to the Fenske-Hall 
data of Table 2 there is no direct covalent bonding 
between copper and boron while the Cu-P bonds in 
phosphine substituted molecules turn out to be uni- 
formly covalent. Principally, the same conclusions fol- 
low from the corresponding EHT calculations. 

The population analysis results discussed in this 
section permit some general conclusions concerning 
the electronic structure of the C&H-B systems and its 
comparison with formally similar Cu-H-Cu linkages. 
In copper-boron compounds neither of the two meth- 
ods used in our calculations predict that there is any 

TABLE 4. Occupied H-bridge molecular orbitals for CuH,BH,_, as calculated by the Fenske-Hall method 

Molecular orbital a Energy 
(eV) 

Coefficients of atomic orbitals of the bridge atoms b Type of contribution 
to the Cu-H bond 

CtlHBH, 
HOMO 9 - 13.82 

2 - 17.17 

- 0.53d,zCu 

0.22scu 
+ 0.42sH b + 0.43p,B 

0.83d,zCu + 0.26SHb + 0.2Op,B 

CuH,BH, 
HOMO 9 - 14.02 

-0.6Od,2CU 
o u)scu + 0.22(sH:, + sH;) + 0.39p,B 

antibonding ’ 
bonding I 
bonding 

antibonding d 
bonding I 

8 - 14.10 
3 - 16.63 
2 - 17.16 

0.7Od,Cu + 0.3OfsH:, - sH;) + 0.46p,B 
0.73d,zCu + O.l2(sH’, + sH;) + 0.34p,B 
0,7ld,Cu - 0.28(sH:, - sH$ - 0.33p,B 

antibonding 
bonding 
bonding 

CuH,BH HOMO 879 0.422 (sHt, + 13.02 Cu + 0.20 sH; - 2sH;) - 

W 2( - sH:, + SHE) 
+0.42&B 

-pY 
antibonding 

7 - 14.45 

4 - 16.44 

-0.67d,zCu 

O.l&Cu 
+ 0.16(sH; + sH; + sH;) + 0.33p,B 

0.69d,zCu + 0.06(.5&,’ + tibz + SHd) + 0.34p,B 

antibonding ’ 
bonding > 
bonding 

293 16.55 0.83 >cu 0.12 (sHf, sH; 
+ - 

2sH;) - - - 
W 2(sH: - SHE) 

0.2OsB bonding 
Y 

a MOs are numbered according to increasing order of orbital energies; b For the definition of local coordinate systems see Fig. 1; ’ Bonding 
contribution involves the 4s A0 of Cu while the antibonding effect follows from the 3d,z A0 of Cu. The net antibonding effect cancels the 
bonding contribution from 2 MO; d See note c. The net antibonding effect cancels the bonding contribution from 3 MO, ’ See note c. The net 
antibonding effect cancels the bonding contributions from 4 MO. 
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covalent Cu-H, bond. Hence, the copper-boron com- 
pounds cannot be classified as featuring the three 
centre H-bridges. The Cu (or Cu(PH,),_,) and 
H,BH,_, groups are held together principally by elec- 
trostatic interactions. In this sense the bonding in 
copper-boron compounds resembles the usual hydro- 
gen bonds which are of predominantly electrostatic 
nature [16]. In this context the Cu-H-Cu bridges of 
compounds presented in Table 3 are distinctively dif- 
ferent from the Cu-H-B links. Above all the Cu-H, 
overlap populations indicate their definite covalent 
character. A large negative charge on the bridge hydro- 
gen atoms combined with the overlap population val- 
ues permits us to classify the Cu-H-Cu bridges as 
typical three(multi)-centre hydride bonds which have 
been studied in a variety of transition metal compiexes 
K&71. 

Our’ conclusion concerning the electronic structure 
of the Cu-H-B bridge is different from the characteri- 
zation of this bridge put forward by other authors 
[4,8,10]. There is no support found in our calculations 
for the claims [4,8,10] that the Cu-H-B bridge repre- 
sents a polar covalent bond. 

3.2. Hydrogen bridges in term of MO shapes and ener- 

gies 
In our search for additional support for our inter- 

pretation of diversities in the electronic structure of 

hydrogen/hydride bridges we have analyzed the shape 
of the calculated molecular orbitals in both Cu-H-B 
and Cu-H-Cu systems. The form of molecular orbitals 
as calculated by the Fenske-Hall method for C&H,- 
BH,_,, (PH3&-$u-Hn-BH4+ and [(PH,),_$u- 
H, - Cu(PH,),_Jk is shown explicitly in Tables 4, 5, 
6, respectively. The MO coefficients given there are 
restricted to orbitals directly involved in the hydrogen 
bridge. Those data are accompanied by the MO energy 
values. 

Let us first analyze the data for Cu-H”-BH,_” 
species. It can be seen that the bonding and antibond- 
ing H-bridge orbitals occur throughout the energy 
spectrum and differ by the amount and type of partici- 
pating valence orbitals of Cu and B. Of particular 
importance are relatively large contributions from the 
4s and 4p orbitals of Cu. The d-type orbitals of Cu do 
not seem to make an important contribution to the 
bonding in the H-bridge region. Actually, the H-bridge 
orbitals with the considerable participation of d, or- 
bitals could have been classified as almost nonbonding 
in the region of interest. 

The data of Table 4 reveal the background of our 
interpretation of the electronic structure of H-bridges 
in Cu-H-B systems pursued earlier on a basis of the 
population analysis data (previous section). On inspect- 
ing those data one finds that the bonding effect of 
some MOs is always nearly cancelled by the antibond- 

TABLE 5. Occupied H-bridge molecular orbitals for (PH,),_,CuH,BH,_, as calculated by the Fenske-Hall method 

Molecular orbital a Energy 
(eV) 

Coefficients of atomic orbitals of the bridge atoms b Type of contributions 
to the Cu-H bond 

(PH,),Cu~H, 
HOMO 21 

16 

(PH,),CuHsBH, 
HOMO 17 

15 
13 
9 
5 

- 11.58 
- 17.26 

- 11.75 
- 13.90 
- 14.73 
- 18.07 
- 20.92 

0.34d,zCu - 0.53sHb - 0.53p,B 
0.68d,zCu + O.lOsH, + 0.22p,B 

0.43d,zCu + 0.29d,z_,,zCu - 0.20(sH:, + sH;) - 0.33p,B 
0.45d,Cu + 0.37(sH’, - SHE) + 0.53p,B 
0.21d,z.&u + 0.26sCu + O.l8(sH:, + SHE) + 0.38p,B 
0.82d,Cu - O.l7(sH:, - sH;) - O.l7p,B 
0.32d,zCu + O.l3d,~_,zCu + 0.2OWI:, + sH;) 

antibonding 
bonding 

antibonding ’ 
antibonding 
bonding 
bonding 
bonding 

(PH,)CuH,BH 
HOMO 13,14 - 12.37 0.34$cu + 0.25 

(sH:, + sH; - 2sH;) + o 5O&B 

2( -sH,‘+sH,*) ’ -P, 
antibonding 

11 14.11 
0.48d;Cu 

- - 
- 0.2lsCu 

0.17(sH:, + SHE + sH;) - 0.39p,B 

+ sH; - 6, 7 2sH;) - 17.12 0.89> - 0.10 (sH:, 

yz 2( -sH:, + SHE) 

antibonding d 
bonding > 

5 - 18.39 0.35d,zCu + 0.12sCu - 0.15&H:, + SHE + sH;) - 0.38sB antibonding 
4 - 19.93 0.49d,Xu + O.l6(sH:, + SHE + sH;) + 0.36sB bonding 

B MOs are numbered according to increasing order of orbital energies; b For the definition of local coordinate systems see Fig. 1; ’ The 
antibonding effect follows from the 3d, 2 A0 and cancels the bonding contributions from MOs 13 and 5; d The antibonding contribution from 
the 3d,z A0 of Cu cancels the bonding contribution from the 4s A0 of Cu. 
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ing contribution to the Cu-H, region by another occu- 
pied MO. This leads effectively to the nonbonding 
interaction between Cu and H,. Simultaneously, the 
MOs are strongly polarized either towards copper or 
boron. This makes the whole system strongly ionic. 

The same pattern of the shapes of molecular or- 
bitals as discussed for the systems of Table 4 is also 
found for phosphine substituted systems of Table 5. 
Both these tables confirm our conclusions concerning 
the negligible covalency of the H-bridge in Cu-H-B 
species. The effect of ligands attached to the Cu atom 
does not seem to change the basic features of the 
electronic structure of those systems. 

Quite different are the conclusions which can be 
reached from similar data for copper binuclear hydro- 
gen-bridged systems (Table 6). In all those molecules it 
is only the d, orbitals whose bonding contribution to 
the three-centre Cu-H-Cu region is virtually cancelled 
by their antibonding counterparts. The bonding effect 
due to overlap between 4s and 4p orbitals of Cu and 
the 1s orbital of H, is not cancelled and determines 
the electronic structure of the three-centre hydride 
bridges. Simultaneously, the relatively large amplitudes 
of 1s of H, make the system internally ionic. On 
comparing the data of Table 6 with those of Tables 4 
and 5 one concludes that the Cu-H-Cu bridges are 

TABLE 6. Occupied H-bridge molecular orbitals for [(PH3)4_nCUH.Cu(PHs)4_,lk as calculated by the Fenske-Hall method 

Molecular orbital a Energy Coefficients of atomic orbitals of the bridge atoms b Type of contributions 
(eV) to the Cu-H bond 

KPH,),CUHCU(PH,)SI+~ 
HOMO 35 

25 

19 

(PH,),CUH,CU(PH,), 
HOMO 28 

27 

- 11.66 

- 20.22 

-21.61 

- 6.56 

- 8.24 

23 - 12.73 
15 - 16.20 

13 - 16.86 

NPH,)CUH,CU~PH,)I-* 
HOMO 20.21 0.36 

19 

17 

9, 10 

-3.53 

-6.94 

- 8.74 

a MOs are numbered according to increasing order or orbital energies; b For the definition of local coordinate systems see Fig. 1; ’ Bonding 
contribution involves the 4p, AOs of Cu while antibonding effect follows from 3d,z AOs of Cq d 
Cu while antibonding effect follows from 3d, AOs of Ctq e 

Bonding contribution involves the 4p, AOs of 
Bonding contribution involves the 4s and 4p, AOs of Cu while antibonding eifect 

follows from 3dXz_rz and 3d,z AOs of Cu; f See note d; g See note c; h Bonding effect follows from 3d,8d2 AOs of Cu and is cancelled by 
antibonding effect from 19 MO while antibonding contribution following from 4s AOs of Cu cancels bonding contribution from 19 MO. 

0.28(d,zCu1 + d,zCt?) _ o 61sH 

- 0.22( pzcut + p,&) * b 

0.35(d,zCu’ + d&u’) + o 31 

O.l9(sCU + SCUS) . 
0.49fd,Zu’ + d,zCu2) + O.ZlsH, 

bonding 

bonding 

O.l8(d,Cu’ + d,Cu’) 

0.17( - p$u’ + pxcll~) 
+ 0.5o(SH,’ - SH,‘) 

0.17(d,2Cu1 + d,Zu2) 
O.l8(d,~_,,~Cu’ + d,z_&u2) - 0.38(sH,’ + sH,*) 
-O.l4(p,Cu’ + PzCU2) 

o.~(ScU’ + SCU’) + 0.27(SH,’ + SH,‘) 
0.6l(d,Cu’ - d&u21 - 0.21(SH,’ - SH,‘) 

antibonding 
antibonding e 
bonding > 
bonding 
bonding 

0.44( d&t’ + d,zCu2) 

0.38(d,z_,zCu’ + d+zCu2) 
+ 0.16@$,’ + SHb2) bonding 

0.14 >cul + 
-d 

pcus +0.30 
( SHb’ + sHb2 - 2SHd) antibonding f 

W d, 1 -2(sH,‘- sHb2) bonding > 

-0.15 
( 

ECU’+ -p,Cus 
PY 1 

0.14( d&u’ + d,zCu’) antibonding s 

- 0.2O(sCu’ + SCUS) 
- 0.38(sH b1 + sH b2 + sH b3) bonding > 

0.53(d,zCu1 + d&u’) antibonding h 

-O.l8(sCu’ + sCu2) 
+ O.lOfsH,’ + sHb2 + sHb3) bonding > 

gw++u2 -0.10 
(sH,’ + sH b2 - 2sH b3) 

bonding 
yz yz -2(sH,’ - sHb2) 
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determined by covalent character of the bonding. Only 
a negligible covalent character of Cu-H-B bridges is 
found and this arises from the mechanism which is 
responsible for the covalency of binuclear hydrides. Let 
us also mention that the pattern of molecular orbitals 
which follows from Fenske-Hall calculations is qualita- 
tively reproduced by the EHT method. However, the 
energy sequence and the shapes of particular MOs 
have frequently been found to be considerably differ- 
ent from each other. Nevertheless, the same mutual 
cancellation mechanism is found to be operative for 
EHT molecular orbitals. 

3.3. The hydrogen bridge komerization in terms of the 
MO correlation diagrams 

The methods employed in our calculations do not 
permit sophisticated evaluation of molecular geome- 
tries via total energy minimization. However, certain 
information concerning the intramolecular isomeriza- 
tion processes can be acquired by analyzing the accom- 
panying changes in the form and energy of molecular 
orbitals. 

It has been claimed [8b,lO] that the Cu-H,-B sys- 
tems may undergo internal isomerization processes 
which change the number of hydrogen atoms involved 
in the bridge. The relative ease of such processes 
follows to some extent from the conclusions presented 
in the two previous sections. If the systems were of 
ion-pair structure then the rotation of the nearly spher- 
ical charge distribution of a BH,- group would involve 
only small gains or losses of energy. 

To investigate this problem further we have consid- 
ered the bending of the Cu-H-B bridge which leads to 
either C-HZ-B or Cu-H,-B bridges, i.e., 

Cu-H,-BH, - Cu ABH 
a1 3‘ 

(2) (2a> 

H 
Cu-H-BH, t------) Cu’+BH, - 

(1) (3a) 

Cu-H,BH 

(3) 

The bending mode indicated in this scheme is presum- 
ably the most important one for the isomerization 
processes. However, the final products 2 or 3 require a 
full relaxation of the molecular geometry along the 
isomerization reaction path. Our data which follow 
from the variation of a single geometry parameter ((~i, 
for the isomerization 1 + 2 via 2a, ct2 for the isomer- 

ization 1 + 3 via 3a) provide only a very approximate 
picture of the whole process. 

It has been observed that the energy of the bonding 
and antibonding Cu-H-B orbitals of Cu-HABH, re- 
mains almost the same for a wide range of the (ri and 
(Ye angles. One can consider this as an indication of 
relatively small energy changes in the systems upon the 
variation of the Cu-H-B angle. However, if the com- 
plete geometry relaxation, which leads to the final 
products, is taken into account the energies of MOs 
representing the Cu-H-B region undergo more pro- 
nounced changes. This is illustrated on the MO energy 
diagram in Fig. 2. 

LeJy 

-14 

-I5 

-16 

-17 

-18 

-19 

-20 

-21 

HOMO 
CU-H-8 o 

.--- .‘I 

HOMO 

a &H-B __.----- 

i ‘,-; / 
‘/ ‘\ 

/ 

b G-H-B ,;/ \\ &-H-B ,;’ 

B-Hb,~-~, 
B-H, B-H 

,-,____---- 
, 

/’ 
/’ 

/’ 
B-Hb,B-H, ,’ 

CuH2BH2 CuHBH, CuH,BH 

Fig. 2. The MO energy levels for three different H-bridged forms of 
CuBH., as calculated by the Fenske-Hall method. The orbitals which 
are bonding in the Cu . . . H, region are denoted by ‘b’ while those 
which are antibonding in this region have a label ‘a’. 
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21 

t 

HOMO HOMO 

CU-H-B Cu-H-B 
a 

t\ HOMO /’ 
--a 

\\ / 
\\ 
’ ‘\ CU-H-B a 1’. 

CU-H-B __‘T-\;-- . . ’ 

“, CU-BH, 
\ \ /7- 

,---\ 
\ 

\---\ d,,,dyrC” 1’ 
.._ Cu-H-B 

dwedx2-yQ a _: __ 

[ 
dxy,d&2Cu ‘\ ’ --I= -y-l ,3 dxy,dx+2 Cu’\ 

3 ‘x,3/’ \ 
\ 

/’ I\ 
/‘\’ 

‘\ 
/ 

B-Ht 
C”-BH, /$$- _ 

\ 
\ 
\ 

b 
\ 

: ,’ 
/ \ 

\ 
‘I / ‘\ CU-H-B b 

b Cu-H-B (,’ 
__ 

4 
b 

4. 

CU-H-B 
‘\ 

‘\ .,CU-H-B b________ C”-H-B b 

B-H,,B-H, 

B-H, ,B-Hb /.rMM 
.- 

B-H,,B-Hb ___e--- 

C” Ii, BH, Cu H BH, CuHSBH 

Fig. 3. The MO energy levels for three different H-bridged forms of 
CuBH, as calculated by the non-iterative EHT method. The orbitals 
which are bonding in the Cu * . . H, region are denoted by ‘b’ while 
those which are antibonding in this region have a label ‘a’. 

It follows from Fig. 2 that the interaction of the 
terminal B-H molecular orbital in 1 with the non- 
bonding d, orbitals of this system leads to the forma- 
tion of new bonding and antibonding pairs of the 
occupied bridge MOs, thus securing the mutual cancel- 
lation effect (see previous section). In spite of the 
highly qualitative character of those considerations they 
are likely to indicate a considerable flexibility of the 
H-bridged copper-boron compounds. 

The orbital energy diagram of Fig. 2 has been ob- 
tained from Fenske-Hall MO calculations. To verify 
that our conclusions based on Fig. 2 are independent 
of the approximations inherent in the calculations an 
analogous diagram based on the non-iterative EHT 
data is presented in Fig. 3. The relative position of 
different MO levels can be seen to depend significantly 

on the method. However, the general pattern of MOs 
and in particular the cancellation of the bonding and 
antibonding effects in the Cu-H, region remain essen- 
tially the same. 

The H-bridge isomerization processes in phosphine- 
substituted complexes turn out to be more complicated 
than those in homoleptic systems. The change of the 
number of hydrogens in the bridge must be accompa- 
nied by either formation or cleavage of the Cu-PH, 
bond. Thus, the overall relaxation of the molecular 
geometry will involve significant energy changes. 

A series of exploratory calculations on phosphine 
substituted copper-boron complexes shows that a sim- 
ple bending of the Cu-H-B bridge involves a consider- 
able steric hindrance from the bulky PH, groups. 
Nonetheless, the MO diagram for the initial and final 
systems possesses the same features as those discussed 
for homoleptic systems. 

4. Conclusions 

In this paper we have investigated the electronic 
structure of homoleptic and phosphine substituted cop- 
per-boron complexes with hydrogen bridges of the 
form Cu-H,-B, rz = 1,2, and 3. The major part of our 
investigations has been carried out in the framework of 
the approximate Fenske-Hall method. The main re- 
sults of these calculations have been verified by using 
the non-iterative EHT approach. 

From the analysis of the electronic charge distribu- 
tion, two-centre overlap populations, and by explicit 
consideration of the shape of the calculated molecular 
orbitals we conclude that the electronic structure of 
Cu-H,-B bridges is significantly different from the 
structure of the so-called hydride bonds in binuclear 
transition metal complexes studied. in our earlier pa- 
pers [7]. The electronic structure data obtained from 
present calculations show that the H-bridged copper- 
boron complexes can be regarded as an ion pair, i.e., 
the positively charged Cu atom (or CU(PH&~ group) 
and the negative-charged BH, group. While the B-H, 
bonds retain their usual covalent character, there is 
only a negligible covalency involved in the Cu - - * H, 
interaction. 

The two moieties of the complex are held together 
mostly by the electrostatic interaction between the 
charged groups. This permits a certain freedom of 
internal rotation to the BH, group and facilitates the 
intramolecular isomerization processes which have also 
been considered in this paper. 

The electronic structure of the H-bridge in copper- 
boron complexes has been compared with that of the 
hydride bridge in copper binuclear complexes. It has 
been found that the hydride bridges involve a consider- 
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able amount of covalency and differ significantly from 
the H-bridges in copper-boron complexes. The inspec- 
tion of the form of molecular orbitals in the two series 
of molecules has revealed the mechanism conferring 
either ionic or covalent character on the corresponding 
bonds. It follows that the ionic character of the H- 
bridge in copper-boron complexes results from near- 
cancellation of the bonding and antibonding contribu- 
tions from different occupied orbitals. This cancella- 
tion turns out to be incomplete in the case of hydride 
bridges in copper binuclear complexes and the 
three(many)-centre Cu-H,-Cu bond, i.e., the hydride 
bond, follows mostly from the bonding interaction 
which involves 4s and 4p atomic orbitals of Cu and the 
1s orbital(s) of the hydrogen atom(s). 

The results of calculations presented in this paper 
contradict a rather commonly proposed interpretation 
of the electronic structure of Cu-H-B bridges in terms 
of covalent bonding [8b,lO]. Our interpretation which 
follows from Fenske-Hall and EHT data stresses the 
strongly ionic character of the Cu-H,BH,_, bond and 
the electrostatic nature of the interactions between Cu 
(or the corresponding coordinated Cu atom) and the 
BH, group. Such a picture of the bonding in H-bridged 
copper-boron complexes facilitates the understanding 
of the flexibility of these molecules with respect to 
intramolecular isomerization processes. 

By comparing the electronic structure of H-bridges 
in copper-boron and copper binuclear complexes one 
concludes that the purely electrostatic interaction in 
Cu-H,-B bridges makes them similar to ordinary hy- 
drogen bonds. In the latter case the electrostatic inter- 
action is the major contributor to the total H-bond 
energy. There is, however, a certain difference which 
arises from a substantial charge transfer between the 
copper (coordinated copper) and BH, moieties of the 
copper-boron H-bridged complexes. On the other 
hand, the uniqueness of hydride bonds in copper binu- 
clear complexes follows from the considerable contri- 

bution of covalent effects to the binding of negatively 
charged H, atom by two copper atoms. 
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