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Abstract 

The electronic structures of p_(C,H,BCH,) [Mn(CO)& (5) and (CqH4BCH3)CO-~-(C4H4BCH3)Mn(CO)~ (6) have been derived 
by correlating the frontier MOs of the metal dimers [Mn(CO)&+ and [Co(C,H,BCHs) Mn(C0)s]2+ with those of the central 
borole dianion C,H,BCHz-. It is found that the interaction between the metal dimer and central borole ligand in 5 is stronger 
than in 6. This finding is supported by the He (I) PE spectra of 5 and 6. The interpretation of the spectra is based on INDO 
calculations, in which relaxation and correlation effects are taken into account by means of the Green’s function method. 
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1. Introduction 

To understand metal-metal interactions in systems 
without any direct metal-metal bond we have started 
to investigate systems such as l-4 [l-4]. In these 
studies we used molecular orbital (MO) calculations in 
association with data from photoelectron (PE) spec- 
troscopy [1,6], cyclovoltammetry [2], and X-ray investi- 
gations [3,41. 

In this paper we report on our studies on the 
triple-decker complexes 5 and 6, which were prepared 
recently [5]. The results are compared with those for 
the triple decker 4 161. 
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2. Results and discussion 

2.1. Computational details 
To gain an insight into the ground state electronic 

structure of 5 and 6 we adopted Hoffmann’s fragment 
MO approach [7] based upon extended Hiickel calcula- 
tions [8] with standard parameters for all atoms [91. 
The semiempirical INDO calculations were carried out 
by an improved INDO procedure [lo] that was devel- 
oped to simulate high-quality ab initio calculations on 
organometallic compounds. The non-validity of Koop- 
mans’ theorem in respect of ionizations from orbitals 
with strong metal character is well documented [ll-131. 
In the case of molecules with low symmetry the stan- 
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dard A SCF and A CI methods are not appropriate 
because of the variational collapse that usually occurs 
for the states that are not lowest in their representa- 
tion. 

In the present study we have chosen a many-body 
perturbational approach based on the Green’s function 
method [14]. In this approach the relaxation and corre- 
lation effects in the ground and cationic states are 
explicitly taken into account. By analogy with previous 
studies [151 we adopted the following approximation 
for the self-energy part s(o) in the inverse Dyson 
equation [ 161: 

s(w) =$“(w) + D4 (1) 

This expression contains second-order terms $*) (w) 
to approximate the self-energy part and one third-order 
term, D4 [14]. The jth vertical ionization potential 
Zzr, is related to the ith canonical MO energy, ej, 
according to (2), if the inverse Dyson equation is solved 
via the diagonal variant: 

(2) 

This method was successfully applied to various metal 
complexes, either on the INDO [12,17] or ab initio 
level [18]. The geometry used for the calculations on 
the triple-decker complex of 5 was adapted from the 
reported X-ray structure for the closely related com- 
pound &C,H,R1BR2)[Mn(C0)3]2 (R’ = C,H,, R* = 
C,H,) [5]. The X-ray structure for the CoMn triple-de- 
cker complex 6 is not available. The geometrical pa- 
rameters used for the calculations were deduced from 
the structures of complexes 5 151 and 4 141. An eclipsed 
conformation of the borole ligands was assumed in 
order to take advantage of the C;-symmetry. The bo- 
role rings were assumed to be planar. 

2.2. Electronic structure and bonding of the neutral 
molecules 

A convenient way of analyzing the bonding in the 

triple-decker complexes 5 and 6 is to build up the 
molecules from the metal dimer fragment and the 
central borole dianion. The borole dianion has six 
donating r-electrons and each metal atom can be 
considered as a d6 species. A simplified interaction 
diagram in the case of 5 is shown in Fig. 1. The frontier 
orbitals of the [Mn(CO,)]z+ dimer can be easily de- 
rived as in-phase and out-of-phase combinations of the 
well known fragment MOs of two Mn(CO), units [7]. 
They are shown on the left side of Fig. 1. The in-phase 
and out-of-phase combinations are not greatly split in 
energy because of the large distance between the metal 
atoms. For the sake of clarity we have omitted from 
Fig. 1 the empty levels 5a’, 6a’ and 3a”, which are the 
bonding counterparts of the 7a’, Sa’ and 4a” levels and 
are left nonbonding with respect to the central ligand. 
On the right side of Fig. 1 we show the three donor 
r-orbitals of the borole dianion, la’(r,), 2a”(r,) and 
3a’(rrJ, together with two high lying, occupied a-MOs, 
2a’ and la”, mainly directed along the C-C and B-C (+ 
bonds (“ribbon orbitals”). The two CT-levels can pro- 
vide weak four-electron interactions with appropriate 
metal orbitals. The three a-orbitals match very well 
with the 8a’, 4a” and 7a’ MOs of the [(CO),Mn - 
Mn(CO),]*+ dimer. This gives rise to the occupied la’, 
la” and the HOMO (7a’) as well as the antibonding 
LUMO (5a”), 8a’ and an empty high lying level of 5. 
The “t2g” like Mn-orbitals are clustered just below the 
HOMO and are followed by the two MOs 2a” and 2a’ 
with dominant ligand a-character (Fig. 1). Six electrons 
are stabilized in the la’, la” and 7a’ MOs of 5. To- 
gether with 12 electrons from the “t2g” like Mn levels 
and 12 electrons involved in Mn-carbonyl m-bonds this 
yields a total of 30 VE, which corresponds to a stable 
situation [ 191. 

The electronic structure of 6 can be analyzed simi- 
larly. A simplified interaction diagram is shown in Fig. 
2. The frontier orbitals of the CoMn*+ dimer are not 
described as in-phase or out-of-phase combinations of 
the valence MOs of the two metal fragments. They are 
split, and localized either on the Mn(CO), or on the 
Co(C,H,BCH,) moiety (see left side of Fig. 2). Four 
additional levels appear in the valence region of the 
CoMn*+ dimer, two MOs (7a’, 4a”) with dominant 
a-character, and two MOs (4a’, 2a”hvith dominant rTTj 
and rr,-character, of the terminal borole ligand. In this 
case there is also a good match between occupied and 
empty levels of the two fragments. The orbitals 8a’ and 
9a’ of CoMn *+ dimer interact with 3a’ (~~1 of the 
borole dianion, while 5a” and 6a” interact with 2a” 
(~~1. This gives rise to the bonding levels 3a” and the 
HOMO (lOa’) the nonbonding LUMO (7a”), lla’ and 
the antibonding 8a”, 12a’ MOs of 6. The “t2g” like 
metal orbitals are now split by about 1.2 eV. The 
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“ t “-Mn levels are clustered below the HOMO, to- 
ge28her with four a-orbitals of the two borole ligands. 
The “t2g)’ Co orbitals are located at lower energy 
(13.4-14 eV), together with two MOs, viz. 2a” and 4a’, 
with dominant r2 and a3 character, of the terminal 
borole ligand. The HOMO (lOa’) and 3a” of 6 are 
predicted to be at higher energy than the HOMO (7a’) 

and la” MOs of 5 by 0.5 and 0.84 eV respectively, 
suggesting greater stabilizing interaction in 5 than in 6. 

2.3. Photoelectron spectra and assignment 
The He(I) photoelectron spectra of 5 and 6 are 

presented in Fig. 3. Table 1 provides information on 
the computed ionization energies and assignments in 

Ei (ev) 

-9.00 

-11.00 

-izoa 

-13.oa 

- 14.oc 

40’(G) 

3a’(x*-y2) 2a”(xy) 

2a’(x2-y2) 1 a”(xy) 

1 a’(z2) i 

2 

I- Y 
X 

(iO)~l 2+ 

7')' 
Mn &w3 QJ 2- 
Mn 

A 

A” 

(JO), 

Fig. 1. Interaction diagram for the MOs of hvo [Mn(CO)JC fragments (left) and one [C,H,BCH,l*- fragment (right) to derive the MOs of 5. 
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terms of fragment orbitals with reference to the orbital 
diagrams of Figs. 1 and 2. 

Figure 4 displays the proposed mapping between 
computed and measured ionization energy. On the low 
energy side of the PE spectra (7.5-10.5 eV) 5 and 6 
display two band systems. In the case of 5 the first 
band system is composed of two peaks at 8.1 and 8.5 
eV. In the case of 6 the maxima of the peaks are 
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located at 7.7 and 8.2 eV with a shoulder at 8.6 eV. 
The second band system has one peak at 9.8 eV for 5 
and two peaks at 9.2 and 9.8 eV for 6. The ratios of the 
areas below the envelopes of the two band systems are 
approximately 6 : 1 for 5 and 6 : 1: 1 for 6. The ratios 
can provide a guide for estimation of the number of 
ionization events associated with each band system. 
Beyond 10.5 eV for 5 and 10.1 eV for 6 a broad band is 

3a” 

Fig. 2. Interaction diagram for the MOs of one [Mn(CO),]+, [C4H4BCH&# (left) and one [C,H,BCH$- fragment (right) to derive the 
MOs of 6. 
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observed in both PE spectra. Beyond 12.5 eV the PE ticipation in the complex MOs enlarged reorganization 
spectra of 5 and 6 display an intense band, characteris- effects are predicted and also that larger Koopmans’ 
tic of the hydrocarbon and carbonyl framework. The defects are more characteristic of electron-rich metals, 
computational results listed in Table 1 provide an for which the 3d-shell becomes extremely contracted 
interpretation of the PE spectra of 5 and 6. It is seen [6,11,14]. In the case of 5 the overall effect of relax- 
that with inclusion of relaxation and correlation effects ation and correlation for ionizations from the “t Zg” Mn 
there is a satisfactory correspondence between experi- orbitals leads to an energy decrease of 2.15-3.13 eV 
mental ionization energies and theoretical results. The with respect to Koopmans’ values (Table 1). For ioniza- 
key points for understanding the PE spectra of 5 and 6 tions from orbitals with major ligand character the 
are the dependence of the Koopmans’ defects on (i) calculated Koopmans’ defects have values of < 1.84 
the localization of the MO wavefunction at the 3d eV. Thus, the six ionizations originating in the “tZg” 
centre, and (ii) the metal atom. It is well known from Mn orbitals must be correlated with the first band 
previous studies [11,14], that with increasing 3d-par- system of 5 and the third peak must be assigned to an 

TABLE 1. Description of the computed vertical ionization potentials lUj at INDO level for 5 and 6. All energies in eV 

MO= -Ej b Relax ’ ZU$mr d Zzr’ BANDe Population analysis f 

%cO %Mn %L g %CO fragment and metal 
orbital assignment 

5 

6A’ 10.91 2.47 8.44 8.10 1 67 13 20 x2-y2 

3X 11.06 2.56 8.50 
4A’ 11.10 2.57 8.53 

5fY 11.04 2.50 8.54 

3A’ 11.71 3.13 8.58 

4A 10.86 2.15 8.71 

7A’ 10.32 0.67 9.65 
1X 12.54 1.84 10.70 
2A’ 12.21 1.33 10.88 
2X 11.94 0.80 11.14 
1A 13.17 1.70 11.47 I 

84 
68 

8.50 2 63 

80 
56 

9.80 3 17 
48 

10.60 4 
23 

1 
33 

13 3 
10 22 
22 15 
10 10 
25 19 
54 29 
41 11 
72 5 
94 5 
50 17 

x2-y2 

xy 
L: 7r3 + 7a’(yz) 

L n + 4aYxz) . 2 
La 

La 

L:~,+8a’ 

6 

6A” 10.27 1.48 8.79 7.70 1 1 45 43 11 Mn: xy 
4/Y 12.25 3.43 8.82 84 - 15 1 Co: 22 
9A’ 10.55 1.72 8.83 8.20 2 7 52 26 15 Mn: x2 - y2 
8A’ 10.92 2.02 8.90 11 55 30 4 Mn: z2 
3A’ 12.67 3.75 8.92 8.60Sh 3 92 - 7 1 Co: x2-y2 
5A’ 10.25 1.29 8.96 9 36 35 20 L: n-3, Tr, 
1X 12.89 3.67 9.22 9.20 4 83 1 6 - co: xy 

10.x 9.60 0.28 9.32 4 10 79 7 L: ns+y.z 
3.x’ 10.73 0.91 9.82 9.80 5 11 19 65 5 L: Tr2+_X2 
5X 11.63 1.02 10.61 10 1 87 2 Lo 
4X 11.66 0.94 10.72 2 11 84 3 L:U 
2X 12.00 1.05 10.95 20 11 66 3 L: rr2 
6A’ 11.93 0.89 11.04 

10.10 6 
5 12 79 4 L:U 

7A 11.77 0.54 11.23 3 96 1 La 

a The labelling of the valence molecular orbitals refers to Figs. 1 and 2. 
b Koopmans’s ionization potential. 
’ Global influence of relaxation and correlation on the ionization potential. 
d Computed ionization potential according to eqn. (2). 
e The numbers refer to the band labelling of Fig. 3. 
f Mulliken population analysis of the molecular orbitals of the neutral molecule. 

g L = C,H,BCH,. 
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ionization from the HOMO (7a’). The ionizations aris- 
ing from the four remaining frontier orbitals of 5 (la’, 
2a’, la”, 2a”) are calculated to be 11.47, 11.14, 10.88 
and 10.70 eV, and give rise to the band system starting 
at 10.5 eV. 

We now consider complex 6, with two different 
3d-metals. Analogous to the extended Htickel calcula- 
tions, the INDO ground state wavefunction of 6, pre- 
dicts different localizations and different energies for 
the 3d-electrons of Co and Mn. The “t,,“-Co orbitals 
(la”, 3a’, 4a’) are strongly localized on the cobalt centre 
(83-92% Co3d character) and calculated to be at 
12.89, 12.67 and 12.25 eV, respectively. The “tZg” Mn- 
orbitals (8a’, 9a’, 6a”), with only 45-55% Mn 3d charac- 
ter, are delocalized, and calculated to be at 10.92, 
10.55 and 10.27 eV, respectively. As previously men- 
tioned, large Koopmans’ defects can be expected for 
the “tZg” levels for Co and smaller ones for Mn. The 
calculated Koopmans’ defects are 3.43-3.75 eV and 

, , , 
6 7 6 9 10 11 12 13 14 15 ll 

I(eV 

5 6 7 8 9 10 11 12 13 14 15 
lb 

Fig. 3. He(I) photoelectron spectra of 5 and 6. 

1.48-2.02 eV for the “tZg’‘-Co and “tzB”-Mn MOs, 
respectively. For ionizations originating in ligand or- 
bitals the Koopmans’ defects do not exceed 1.05 eV 
(Table 1). Thus, the six ionizations originating in the 
“ t 2g” orbitals of Co and Mn should appear first in the 
PE spectrum of 6. We remember that the empirical 
assignment predicts six ionization events for the first 
band system of 6. In this region the INDO calculations 
predict five ionizations from the metal levels and one 
from the 5a’ MO of 6. The sixth metal level ionization 
is calculated to be at 9.22 eV (la”), exactly at the same 
value as the maximum of peak 4. The calculated energy 
separation for the ionizations from the 5a’ and la” MO 
is 0.26 eV, which compares with the experimental value 
of 0.6 eV. 

It is interesting to note that in the triple-decker 
complex 4 the lowest ionization from a metal level 
appears at 9.1 eV and the five remaining metal levels 
contribute to the first band system with maxima at 7.5 
and 8.1 eV [6]. The ionizations from the HOMO and 
3a”-MO of 6 are calculated to be at 9.32 and 9.82 eV, 
compared with the experimental values of 9.2 and 9.8 
eV, respectively. 

Although experimental assignment predicts one ion- 
ization for peak 4, we suggest that for this peak there 
are two ionizations from the la” and 1Oa’ MOs of 6. In 
such cases, where the ionizations from the metal and 
ligand levels overlap, the “experimental intensity argu- 
ments” can be misleading because of the different 
relaxation effects accompanying these ionizations. The 
calculated energy separation for peaks 4 and 5 of 0.5 
eV agrees well with the experimental value of 0.6 eV. 
The ionizations arising from the a-orbitals of both 
borole ligands and from the r,-MO of the terminal 
borole give rise to the band system starting at 10.1 eV 
(Table 1). The ionizations arising from the r,-orbitals 
of the borole ligands are also expected to contribute to 
this band system. For 6, the la’ (rri) and 2a’ (~~1 MOs 
have not been considered in the particle-hole space of 
the Green’s function method. 

In the case of 6 the experimental ionization energy 
originating from the HOMO (9.2 eV) is lower in energy 
by 0.6 eV with respect to that for 5 (9.8 eV). The same 
is true for the ionization from the 3a” MO. Both 
findings support the qualitative arguments presented in 
the preceding section. It is noteworthy that in the 
triple-decker complex 4 the ionization from the HOMO 
appears in the broad band system with a maximum at 
8.1 eV. 

3. Conclusions 

The INDO calculations are capable of reproducing 
the PE pattern of both triple decker compounds when 
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Fig. 4. Correlation between the first PE bands of 5 and 6 with the calculated ionic states. 

relaxation effects are taken into account. This in turn lization can be traced back to the better overlap be- 
increases confidence in the predicted MO sequence tween the Mn(CO), and the P-system and the better 
shown in Figs. 1 and 2. The main outcome is a stronger acceptor properties of the Mn(CO), unit than in the 
stabilization of the HOMO in 5 than in 6. This stabi- borole-Co moiety. These effects can be seen by com- 

7 0 9 10 11 12 

Fig. 5. Correlation between the first PE bands of 5, 6 and 4. 
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paring the first PE bands in 4-6 as shown in Fig. 5. A 
strong influence of the metal on the ligand MOs is 
observed. 

The MO calculations also provide a delocalized 
description for the ionic states in the case of the 
Mn-Mn triple-decker (5) and to a lesser extent for 6. 
The strongly localized tZg levels of the Co fragment in 
6 are subject to greater relaxation effects than for 
manganese. This is due to the more contracted charac- 
ter of the 3d wave functions of cobalt. 
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