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The electronic structure of two novel binuclear complexes, containing the diradical 6e-bonded p,p’- I ,2-ethanediyldiamido [p,- 
p’-N(i-Pr)CHzCH2N(i-Pr), hereafter R-EDA] ligand, is discussed by using SCF first-principle discrete variational (DV) Xa 
calculations and gas-phase UV-photoelectron (PE) spectroscopy. The nitrogen-metal interaction has been compared with that 
computed, within the same theoretical framework, for different isoelectronic complexes where the unsaturated 1,4-diaza-1.3- 
butadiene [N(i-Pr)==CHCH=N(i-Pr), hereafter R-DAB] ligand acts either as an 8e (u-N, u-N’, $-CN, q2-CN’) or a 4e (u-N, 
u-N’ chelating) donor. Such a comparison indicates that different coordinative situations correspond to significantly different 
bonding schemes, pointing out that the versatile coordination behavior 01’ the saturated (R-EDA)/unsaturated (R-DAB) ligand 
is a consequence of its “electronic flexibility”. In particular, two interesting and unexpected points come out from the analysis 
of theoretical data. First of all, in both Ru2(CO),[p,p’-N(R)CH2CH2N(R)] and FeRu(CO),[p,p’-N(R)CH2CH2N(R)] complexes, 
the main source of the M-N bonding is r in nature, while u contributions are very poor. Second, in the former compound, a 
metal-based to-like level actively participate in the Ru-N interaction. Transition-state ionization energies reproduce excellently 
the experimental PE pattern of the homobinuclear complex while some discrepancy is present between computed and experimental 
ionization energies in the heterobinuclear one. 

Introduction 
The electronic structure of metal carbonyl complexes with 

a-diimines (RN,=CuHCuH=N,R, hereafter R-DAB) has been 
investigated both theoretically and experimentally in a series of 
papers recently published.2 The interest in these kinds of com- 
plexes is mainly due to the extremely versatile coordination be- 
havior shown by the a-diimines, which can act as a 2e ( u - N ) , ~  
4e (0-N, a-N’ chelating),’ 4e ($-CN, $-CN’),4 2e,2e (u-N, u-N’ 
bridging)? 6e (u-N, p2-N’, v2-CN’).3 and 8e (u-N, u-N’, q2-CN, 
$-CN’)3 donors. Moreover, it has been shown that the coordinated 
a-diimine ligand may easily participate in not only C-H and 
N-H bond formation, but also in C-C and N-C coupling 
reactions with a wide variety of unsaturated organic substrates,r6 
such as a-diimines,’ carbodiimides (RN=C=NR),8 sulfines 
(R2C=S-0),8 ketene (H2C=C=0)9 and alkynes ( R ’ G  
CR”) . lo 

Despite the large amount of work relative to the exploration 
of the chemical properties of the metal-q2-C=N bonded unit, 
little is known about the hydrogen addition to the N,CuCBN, 
skeleton of a coordinated R-DAB ligand. In relation to that, some 
of us showed quite recently that F ~ R u ( C O ) ~ ( R - D A B ( ~ ~ ) )  reacts 
with H2 (D2) to give FeRu(CO),(p,p’-N(R)CHYCHYN(R)) (Y 
= H, D) involving selective trans addition of H2 (DJ across the 
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(9) Polm, L. H.; van Koten, G.; Vrieze, K.; Stam, C. H.; van Tunen, W. 
C. J. J. Chem. Soc.. Chem. Commun. 1983, 1177. 
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central C-C bond of the N,CuCBN, skeleton, while no loss of CO 
occurs.I1 

In this contribution, which is part of a systematic investigation 
of thie electronic properties of metallacycle binuclear 
we report a combined theoretical and experimental investigation 
of the electronic structure of the two novel binuclear complexes 
Ru2(C0),[p,p’-N(i-Pr)CH2CH2N(i-Pr)] and FeR~(cO)~[p ,p’ -  
N(i-Pr)CH2CH2N(i-Pr)] (hereafter I and 11; see Figure l ) ,  
containing the diradical p,p’-6e-donor 1,2-ethanediyldiamido 
(hereafter R-EDA) ligand, by using SCF first-principle discrete 
variational (DV) Xa calculations and gas-phase UV-photoelectron 
(PE,) spectroscopy. Incidentally, the strategy of coupling this 
theoretical method with UV-PE spectroscopy has been demon- 
strated in the past to be successful to obtain detailed information 
about the electronic properties of complex molecular systems.13 

The main goal of the present contribution is the investigation 
of differences in the nitrogen-metal interactions on passing from 
the unsaturated R-DAB ligand acting either as a 8e (a-N, u-N’, 
&2N, q2-CN’) or a 4e (u-N, a-N’ chelating) donor to the 
“saturated” p,p’-6e-donor R-EDA. In this respect, we will make 
an extensive use of comparison with theoretical results, obtained 
within the same framework, relative to the electronic structure 
of a series of isoelectronic molecules: Ru,(CO),(R-DAB)(p-CO)” 
(R = neopentyl, 111), RU~(CO),(R-DAB)(~-HC=CH)~ ( R  = 
isopropyl, IV), and Fe2(C0)4(R-DAB)(C4R4)2c (R = isopropyl, 
V) (see Figure 1). Due to the low symmetry of the heterobinuclear 
complex 11, which in principle allows extensive mixing of atomic 
orbitals (AOs), the character of selected molecular orbitals (Ma), 
particularly important to describe the metal-ligand (M-L) in- 
teractions, has been assigned by referring to the relative contour 

Experimental Section 
1JV-Photoelectron Spectra. High-resolution He I and He I1 excited 

PE spectra were measured by directly interfacing an IBM AT computer 
to a Perkin-Elmer PS-18 spectrometer modified for He I1 measurements 
by inclusion of a hollow-cathode discharge lamp, giving a high output of 
He I1 photons (Helectros Developments). Resolution measured on the 

plots (CPS). 
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Tabk I. Atomic Character from the SCF DV-Xa Calculation of Ru~(CO)~(~,~'-N(CH,)CH,CH~N(CH~)) 
Dopulation. % 

eigenvalue 2Ru 
MO -E,eV TSIE s p d 2N 2(CH2) 2(CH3) 6(CO) 
15b1' 2.90 
19al 6.37 
14bi 7.03 
1 Oa2 7.05 
13b2 7.25 
1 8al 7.25 
13bl 7.27 
982 7.31 
12bi 7.57 
17al 7.57 
12b2 9.72 
16al 10.35 

*Lowest unoccupied MO. 

8.75 
9.37 
9.38 
9.56 
9.54 
9.60 
9.75 

10.02 
9.97 

11.96 
12.60 

1 6 
3 18 
1 1 
0 2 
0 4  
1 7 
0 2 
0 1 
0 0  
0 0  
0 1 
1 1 

17 
40 
40 
16 
47 
41 
41 
71 
75 
69 
28 
20 

9 
0 

31 
48 
16 
21 
25 

1 
0 
2 

30 
28 

. -- 
0 
0 
0 

10 
3 
3 
5 
1 
0 
4 
3 

29 

- -- 
I 
0 
6 

11 
4 
4 
6 
1 
1 
3 

16 
8 

. .  

66 
39 
21 
13 
26 
23 
21 
25 
24 
22 
22 
13 

character 

Ru-Ru u bond 
N, pseudo-* - empty e,-like 
N, pseudo-* - empty e,-like 
t2,-like + Nu n- 
t,-like + N, n+ 
t,-like + N, pseudo-* 
t,-like + CO 2** 
t,-like + CO 2r* 
tu-like + CO 2** 
Nu n- 
Nu n+ 

Table 11. Atomic Character from the SCF DV-Xa Calculation of RuFe(CO),(p.r'-N(CH3)CH,CH,N(CH,)) 
Dopulation, 56 

eigenvalue Ru Fe 
MO -E, eV TSIE s p d s p d 2N 2(CHJ 2(CH3) 3 ( C 0 ) ~ ,  3(CO)pe character 
34afE 3.24 0 3 1 0 0  2 2 3  8 
33a' 6.58 9.03 0 4 11 0 1 55 3 
23a" 6.66 9.21 0 0 4 0 0 68 6 
32a' 6.67 9.29 0 0 2 0 1 70 3 
31a' 6.93 9.44 1 4 8 1 15 40 3 
22a" 7.43 9.74 0 4 12 0 2 7 37 
30a' 7.52 9.90 0 4 39 0 0 0 21 
21a" 7.64 10.15 0 0 42 0 3 7 19 
29a' 7.69 10.03 0 1 14 0 4 9 38 
28a' 7.94 10.69 0 0 68 0 0 0 1 
20a" 10.04 12.29 0 0 12 0 1 5 36 
27a' 10.45 12.70 0 0 3 0 0 1 20 
26a' 10.90 13.20 0 0 6 0 2 3 33 

E Lowest unoccupied MO. 

He Is-' line was always around 22 meV. The He I1 spectra were cor- 
rected only for the He I1 B "satellite" contributions (10% on reference 
N2 spectrum). The ionization energy (IE) scale was calibrated by ref- 
erence to peaks due to admitted inert gases (Xe-Ar) and to the He Is-' 
self-ionization. A heated inlet probe system was used at 90-1 IO OC. 

Synthesis. Title compounds were synthesized according to the pub- 
lished procedures." After crystallization, their purity was checked by 
IR and 'H NMR spectroscopies. 

Tbeoreticrl Metbod. SCF HartretFock-Slater discrete variational 
(DV) Xa  calculation^^^ of I and I1 were performed on a VAX-8530 
(Digital Equipments) computer at the computing center of the University 
of Basilicata. 

The following approximations are used throughout the calculations: 
(i) the use of near-minimal A 0  basis sets, (ii) a self-consistent charge 
(SCC) approximation of the Coulomb potential, representing atoms by 
overlapping spherical charge distributions,'"I5 (iii) the use of the Gas- 
par-Kohn-Sham exchange-correlation potcntial,l6 (iv) neglect of rela- 
tivistic effects, and (v) Slater's transition-state (TS) formalism" to 
compute the ionization energies (IEs). 

Numerical AOs (through 5p on Ru, 4p on Fe, 2p on C, N, and 0, and 
1s on H) obtained for the neutral atoms were used as basis functions. 
Due to the size of the investigated systems, orbitals ls-4p (Ru), 1s-3p 
(Fe), and Is for carbon, nitrogen and oxygen have been kept frozen in 
a fully occupied configuration, allowing their exclusion from the varia- 
tional calculations. Valence states were constrained to remain orthogonal 
to the atomic cores. Atomic orbital populations were computed by using 

(14) Averill, F. W.; Ellis, D. E. J. Chem. Phys. 1913,59,6412. (b) Rosen, 
A.; Ellis, D. E.; Adachi. H.: Averill, F. W. J. Chem. Phys. 1976, 65, 
3629 and references therein. (c) Trogler, W. C.: Ellis, D. E.; Berkowitz, 
J. J .  Am. Chem. Soc. 1919,101, 5896. 

(15) Holland, G. F.; Manning, M. C.; Ellis, D. E.; Trogler, W. C. J.  Am. 
Chem. Soc. 1903, 105, 2308. 

(16) (a) Gaspar, R. Acta Phys. Acad. Sei. Hung. 1W. 3, 263. (b) Kohn, 
W.; Sham, L. J. Phys. Rev. 1965. llOA, 1133. 

(17) Slater, J. C. Quantum Theory of Molecules and Solids. The Sev- 
Cowistent Field For Molecules and Solids: McGraw-Hill: New York. 
1974: Vol. 4. 
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Figure 1. Schematic views of investigated molecules. The reference 
framework is also reported. 
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Flgure 2. Qualitative drawing of the L + M donation of symmetry a2 
involving the pseudo-r N. levels. 

Mulliken's scheme," and they are reported in Table I and I1 together 
with transition-state ionization energy (TSIE) values that have been 
mmputcd for each occupied MO therein reported. Geometrical param- 
elm for the title compounds were taken from ref 1 I and ideal id  to the 
C, symmetry (I) and C, symetry (11). respectively. In order to save 
computer time, the electronic propcrties of the R substituents (R = 
isopropyl) on the nitrogen atoms have been simulated by replacing them 
with methyl groups. Such a procedure was already adopted during the 
theoretical investigations relative to 111, IV. and V.' 
Results and Discussion 

A first, qualitative description of the bonding scheme of I and 
I1 can be obtained by using a well-trained method, i.e. the in- 
trracting fragment approach, which consists of dividing the whole 
molecules into interacting fragments and allowing the interaction 
of their outermost MOs. In the present case, the choice of the 
interacting fragments is straightforward: RuM(CO), [M = Ru 
(I), Fe (II)] and R-EDA. The frontier MOs of the bimetallic 
fragment mainly involved with those of the bridging ligand have 
been thoroughly described by Hoffmann and co -worke r~ .~~  
According to their suggestions the M(CO)3 subfragment 
"remembers its octahedral parentage" so that the metal-based 
orbitals can be labeled as e - and t -like The higher lying e,-like 
set accounts for the M-Cd  u-antknding interaction, while the 
inner t&ke one consists of strongly metal-localized orbitals ("d 
pairs") mainly involved in the back-donation interaction into the 
virtual 2r' CO-based levels. When two M(CO), subfragments 
are allowed to interact to give rise to the M2(C0), unit, bonding 
and antibonding combinations (with respect to the M-M inter- 
action) of the e,- and t2,-like sets are obtained. As far as those 
coming out from the tz,-like set is concerned (a, + a, + a2 + b, 
+ b, + b2; in our framework), their net contribution to the 
metal-metal bond in a d8 systemM is usually quite poor because 
both bonding and antibonding partners are completely occupied. 
The same thing does not hold for the e,-Iike ones (a, + h2 + a2 
+ b,; in our framework) where only the bonding combinations 
(a, + bz) are as a result occupied.2' Moreover, the eg-like set 
is also significantly involved in the M-L interactions on passing 
from the M2(C0)6 unit to the actual complex M2(C0),(ligand).19 

In relation to R-EDA, six electrons are here available for 
coordination: four of them occupy the two I lone pairs of the 
N. atomsz2 (hereafter labeled as pseudo-r) of symmetry b, and 
a2 in I and a' and a" in 11, while the remaining two electrons fill 
up the in-phase linear combination of the I1 N, "radical lobes" 
(hereafter n+) of symmetry a,. The out-of-phase linear combi- 
nation n- (bz in symmetry in our framework) is empty in the 
neutral diradical ligand. Elementary overlap and symmetry 
considerations allow us to expect the az pseudo-r level to play a 
leading role in the M-N bond, giving rise to a highly delocalized 
interaction (see Figure 2). 

(18) Mullikm, R. S. J.  Chem. Phys. 1955. 23, 1833. 
(19) (a) Elian. M.; Hoffmann, R. Inorg. Chcm. 1975, 14, 126. (b) Elisn, 

M.; Chcn. M. M. L.: Mingos, M. P.; Hoffmann, R. I w ,  Chem. 1976, 
I S .  1148. (4 Thorn. D. L.; Hoffmann. R.lnorg. Chem. 1978,17,126. 

(20) Metal atoms are formally in their zero ion state both in I and in 11. 
(21) The like set of the M(CO), subfragmmt (M = do) gives rise. in 

M&)6, to two oaupied MOs bonding in character with respect to 
the M-M interaction. If the M,(C0)6 has a C, symmetry, as in I, one 
of these MOs will be o in character (symmetry a,) whilc the other one 
will have a r nature (symmetry bz in our framework).'* 

(22) I and II symbols. prrpcndicular and parallel. respectively, refer to the 
R.EDA plane. 

Ryre 3. DV-Xu contour plot for the 19a, MO in the XI plane. Con- 
tour values are *3.2 X L0-I. f6.4 X 1O-I. *1.28 X Ira, *2.56 X 1U2, 
*%I2 X lUz, *1.024 X lU1, *2.048 X IU', *4.096 X Ir', and S.192 
X l U '  e'/'/A'/' with negative values in dashed lines. 

18a, 13b, 
Figure 4. DV-Xu mntou plot for the 13b2 and 18a, MOs in the yr 
plane (m indicates the midpoint between Ru atoms). Plot parameters 
are identical with those of Figure 3. 

As a whole we expect that, in both I and 11, the 11 outermost 
MOs should be those coming from the M2(C0),- plus the R- 
EDA-based levels (six tz,-like + two e,-like + two pseudo-n + 
n+). 

R U ~ ( C O ) ~ ~ ' - N ( R ) C H ~ ~ ~ N ( R ) ] .  In Table I the DV-Xa 
ground-state charge density analysis of the 12 highest lying MOs 
of I is reported. The theoretical results nicely match the aforesaid 
qualitative d d p t i o n .  The highest occupied MO (HOMO, 19aJ 
is completely shared between the Ru atoms and the CO groups. 
This level is related to the e,-like set, it is strongly concentrated 
between the Ru atoms, and it represents the direct Ru-Ru u bond 
(see Figure 3). Moreover, accordingly to its e,:like character, 
it is antibonding with respect to the Ru-CO u interaction. 

In relation to the analysis of the following eight MOs 
(14bl-17al), it is useful to divide them into three different sets. 
The first one includes the 14b, and loa2 levels, which a m u n t  
for the donation from the N. pseudo-n orbitals into the empty 
a2 and bl e,-like MOs of the bimetallic fragment. Accordingly, 
they represent, together with the 13b, level (see below), the main 
source of bonding between the N. and Ru atoms (their relative 
orbital overlap populations (OOP) are 0.184e and 0.092e. re- 
spectively). The second and the third set comprise the six ty-like 
orbitals. Among them the 9az, 12b,, and 17a, MOs (the third 
set) are purely tz8-like in nature, almost completely localized on 
the Ru atoms (see Table I) and mostly involved in the back- 
bonding interaction into the 2r' CO-based virtual levels. The 
analysis of the 13q  and 18al MOs requires a special caution. They 
are the antibonding partners (see Figure 4) of the interaction 
between suitable levels belonging to the tplike set and the n+ and 
n- linear combinations of the I1 N. "radical lobes". Incidentally, 
the bonding counterparts, more localized on the organic fragment, 
are accounted for by the 12bz and 16al MOs. The presence of 
bonding/antibonding partners involving n- ( I 2 q  and 13b2 MOs, 
respectively) indicates that a better description of the bonding 
scheme is obtained by considering the R-EDA as formally charged 
2- rather than neutral. Particularly interesting is the analysis 
of the nature of the last t$ike orbital, the 13b, MO. This level 
accounts for a strong bon mg interaction between the second b, 
level of the t2,4ike set of the bimetallic fragment (the other one 
gives rise to the 12b, MO)13 and the b, combination of the N, 
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(0.53) 

( 11 1 
Egure 5. DV-Xa gross atomic charges (in parentheses) and total overlap 
populations of I and 11. 

pseudo-* orbitals. Such a fact is definitely unusual and deserves 
to be stressed because it implies that the t,-like orbitals, usually 
simple spectators of the M-L interactions, actively participate 
in the M-L bond. The antibonding partner of the interaction 
between the b, levels of the bimetallic fragment and the ligand- 
based b, pseudo-* orbital is the empty 18bl MO, which shows, 
among the unoccupied MOs, the largest contributions from the 
Ru d,, AOs (20%) as well as from the Nu  2p, AOs (8%). 

Before we move to the analysis of the experimental results, an 
important point coming out of the calculations has to be em- 
phasized: the Ru-N bonding interaction is clearly between A 

orbitals of the ligand and d lobes of the metal atoms. As far as 
the u character of the Ru-N bond is concerned, this is computed 
to be very poor. In this regard, by referring to Figure 5 ,  where 
the Mulliken gross atomic charges and the total OP are reported, 
we observe that the total Ru-N OP is 0.43e and the sum of OOPS 
relative to 14bl, 13bl, and loa2 is 0.41e. The comparison of the 
present theoretical results with those obtained within the same 
framework for 1II-V is particularly interesting because it shows 
that different coordinative situationsz4 correspond to significantly 
different bonding schemes, indicating that the versatile coordi- 
nation behavior of the saturated (R-EDA)/unsaturated (R-DAB) 
ligand is the consequence of a sort of ‘electronic flexibility” of 
the N,C&N, skeleton. Actually, in 111 and IV, we showed2 that 
the interaction between Nu and the Ru atom within the metal- 
lacycle is mainly T in character. This was the consequence of the 
bad energy matching between Ru 4d AOs and N, n+ and n- 
combinations; the latter being shifted toward lower energies by 
the strong 7rz - Ru’ donation (Ru’ is the second Ru atom). The 
absence of such a strong donation interaction in V allowed both 
u and T contributions to play an important role in the M-L 
interaction.2c 

The low IE region (up to 12 eV) of the He I/He I1 excited PE 
spectra of I is reported in Figure 6, where bands have been al- 
phabetically labelled. Relative IE values are reported in Table 
111. With reference to other polynuclear carbonyl  cluster^,'^ it 

(23) The twlike nature of the 12b, and 13b, MOs is confirmed by their 
bonding character with respect to the metal-carbonyl interaction. 

(24) It is useful to remember that in 111 and IV the unsaturated R-(DAB) 
acts as an 8e (o-N, a-N’, +q2-CN, q2-CN’) donor, while in V it works 
as a 4e (o-N, o-N‘ chelating) donor. 

i 

4 I 1 

7 e 9 10 11 12 P V  

I‘ 

i I’ y 
. .  . ... 

7 B 9 10 11 12 P V  

Figure 6. He I (below) and He I1 (above) PE spectra of I. 

Table 111. Ionization Energy Data (eV) for Compounds I and 11’ 
band I band I1 

A 7.52 A 7.5 
(S’, S’) B (8.39, 8.65) 8.77 B 8.1 
B‘ (S”’) 9.00 (9.5) 
C 10.79 (S, S’) C (8.8, 9.0) 9.10 

D 10.8 

‘Shoulders in parentheses. 

is well-known that the spectral region beyond 12 eV includes 
ionizations from levels primarily localized on the carbonyl groups 
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(50,4u, and 1 r  MOs) as well as from the u framework of the 
organic portion of the cluster. Since a detailed analysis of this 
region is not productive for the purposes of this contribution it 
has not been reported in Figure 6. The experimental pattern up 
to =lO eV is dominated by the presence of three welldefmed peaks 
(A, B, and B’) centered a t  7.52, 8.77, and 9.00 eV, respectively. 
Furthermore, at least three shoulders are evident, two on the lower 
IE side of band B (S’ and S” in Figure 6) and one on the higher 
IE side of band B’ (S”’). TSIE  calculation^^^ (see Table I) 
reproduce very well this trend in relation to relative intensities 
and position of bands. Absolute IE values are, however, uniformly 
overestimated here by = I  eV. 

On the basis of the above reported discussion and with reference 
to the PE results of similar M2(CQ6L derivati~es,’%~~P no doubt 
at all exists in relating the low-intensity peak A to the ionization 
from the 19al MO, which, as already mentioned, accounts for the 
direct Ru-Ru u bond. Bands B’ and B” together with their 
shoulders are assigned as a whole to the ionization from the three 
sets previously described ( 14bl-17al MOs). In particular, band 
B’ and the shoulder S”’ are associated with the third set (9a2, 12b,, 
and 1 7al MOs). These levels are highly localized on the Ru atoms 
(purely t,-like in character; see above), and accordingly, band 
B’ shows a relative intensity increase with respect to band B under 
the He I1 ionizing source.26 

The marked decrease in relative intensity of the shoulder S’ 
indicates that it includes ionizations from MOs with significant 
contributions from ligand based levels.26 On this basis and with 
reference made to the TSIE ordering, we propose to assign S’ to 
the ionization from the 14bl and loaz MOs. Finally, the peak 
B and its shoulder S” are assigned as a whole to the 13b2, 18al, 
and 1 3bl MOs which consistently are computed to be very close 
in energy. 

Relying on TSIE ordering, we can reasonably assume that the 
bonding combination of the Ru-Nu u interaction (12b2 and 16a1 
MOs; see Table I) are hidden under the broad and unresolved 
band envelope C beyond 10 eV, which in agreement shows a 
dramatic decrease in relative intensity on switching to the He I1 
radiation, 26 

RuFe(CO)dp,p’-N(R)CH,CH,N(R)]. The analysis of the 
electronic structure of I1 can be easily worked out by making 
reference to the bonding scheme already proposed for I and 
keeping in mind well-known differences between Fe and Ru atoms. 
In Table 11, the DV-Xa ground-state charge density analysis of 
the 13 high lying MOs of I1 is reported. We needed to add a 
further level (26a’ MO) in Table I1 in order to include MOs having 
the same character of those reported in Table I. 

The outstanding difference between Table I and Table I1 is quite 
obvious: there is here a net energy separation between Fe-based 
t2,-like levels (the higher lying 33a’, 23a”, and 32a’ MOS),~ and 
the Ru-based ones (the lower lying 30a‘, 21a”, and 28a’ MOs)?” 
Moreover, the 31a’ MO, which is the main source of bonding 
between Fe and Ru (the relative OOP is 0.21e),29 is asymmetrically 
distributed between the metal atoms. Such an asymmetry will 
give rise to a remarkable polarization of the metal-metal bond, 
which explains, at least partially, the significant difference in metal 
gross atomic charges (see Figure 5 ) .  Now, if we qualitatively 
assume that the direct Ru-Fe interaction arises from a charge 

Casarin et al. 

(25) Casarin, M.; Ajb. D.; Vittadini, A.; Granozzi, G.; Bertoncello, R.; 
Osella. D. Inorg. Chem. 1986, 25, 511. Granozzi, 0 . ;  Casarin. M.; 
A im,  S.; Osella, D. Inorg. Chem. 1982, 21, 4073. 

(26) In fact, on the besi of the Gelius mode>” we expect a marked decrease 
in the cross-section ratio u(N 2 ) u M nd) on passing from the He I 

(27) (a) Gelius, U. In Electron Spectroscopy; Shirley, D. A., Ed.; North 
Holland: Amsterdam, 1972; p 31 1 .  (b) Rabalais, J. W. In Principles 
of W Phoroclectron Spectroscopy; Wiley Interscience: New York, 
1977. 

(28) The t -like character of these MOs has been assigned on the basis of 
their kalization percentage on the metal atoms as well as on the 

to the He I1 excitation source.2 ?’ ( 

carbonyl groups. 
(29) The total F t R u  OP is 0.09 (see Figure 5 for 11). The smaller value 

with respect to the OOP relative to the 31a’ MO is due to the presence, 
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Figure 7. He I (below) and He I1 (above) PE spectra of 11. 

sharing between the e,-like lobes of the M(CO)3 subfragments,’* 
the obtained results are in concert with the higher electronegativity 
of Ru compared to that of Fe (Pauling values: Ru, 2.2; Fe, 1.8).m 
As already found in I, both Nu pseudo-n orbitals are involved in 
the ligand - metal donation, giving rise, in the present case, to 
two different bonding combinations, one that favors the charge 
transfer into an e,-like level of Ru (the 22a” MO, the relative M-N 

among the occupied levels. of MOs antibonding in nature wiih respect 
to the F c R u  interaction. 

(30) Johnson, B. F. G.; Lewis, J .  Adu. Inorg. Chem. Rodlochem. 1981, 24, 
225. 
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OOPS are 0.1 le  (Ru), 0.05e (Fe)) and the other one, which mainly 
involves an e,-liie level of Fe (the 29a’ MO amounts for the largest 
F c N  OOP among the occupied MOs (0.16e)). The strong in- 
teraction between a Fe-based e,:like level and the symmetric 
combination of Nu pseudo-* orbitals can be explained by once 
more making reference to the larger charge of Fe compared to 
that of Ru. Moreover, the Fe-Ru bond polarization could be 
responsible for the slightly weaker Ru-N interaction,” which1 as 
a whole passes from 0.43e to 0.40e.32 

Such a fact would also explain minor variations in the N-C(H)2 
OPs on passing from I to I1 (see Figure 5 ) .  In this regard, it. is 
useful to remind that the Nu pseudo-* levels are the antibonding 
partners of the ‘# interaction between N, and C (H)2; as a 
consequence the final Nu-CB(H)2 OP and the N, and gross 
atomic charges are the results of a subtle balance of bonding/ 
antibonding interactions between the metals and N, atom;. 

As a final remark, even though the main source of bonding 
between metals and the R-EDA ligand is once more basica’lly ?r 

in character, it is worthwhile to mention that in the present case 
no t2 -like orbital seems to be involved in the M-L interaction. 
As ateady found in many other cases,z12 this result confirms that 
the M-L interactions are significantly influenced by the nature 
of the metal-metal bond. 

Moving on to the discussion of PE experimental results, of I1 
(Figure 7, Table 111), we see that the proposed bonding scheme 
nicely matches PE spectral pattern variations on going from I to 
11. Moreover, the considerations above reported in relatioln both 
to the energy region beyond 12 eV and to the uniform overestimate 
of the experimental IEs hold once more. 

At a first look, the low-IE region of the He I/He I1 svectrum 
of I1 seems to be less resolved than in I. On the other hand, this 
is simply the consequence of the theoretically predicted (sa: above) 
different relaxations undergone by the 3d AOs with respect to 
the 4d ones. As a final issue, the ionizations from Fe-based MOs 
lie in the lower IE region of the spectrum, hiding the iclnization 
from the MO responsible for the direct Fe-Ru u bond (31a’ MO 
in Table 11). As a whole, three bands (A, B, and C) are detectable 
in the IE region below 10 eV; a fourth well-defined band (D) lies 
at 10.8 eV. Moreover, at least two evident shoulders (S and S’ 
in Figure 7) are evident on the lower IE side of band (2. There 
is no doubt in relating band A plus band B to the ionizations from 
the Fe t2 -like orbitals (33a’, 23a”, and 32a’ MOs) as well as to 
the 31a’ k0. More specifically, band A could be associated with 
a single ionization event (33a’ MO), while band B could be as- 
sociated with the ionization from the remaining three ’Ma. The 
increase in relative intensity of both bands with respect to the 
remaining ones on passing to the He I1 radiation is im tune with 
such an assignment.” On passing to the band envolope C, we 
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propose to assign it as a whole to five ionization events (22a”-28a’ 
MOs) on the basis of its higher intensity with respect to bands 
A and B. As to a more detailed assignment of this band, it seems 
that the TSIE ordering does not completely agree with the relative 
intensity variations on passing from He I to the more energetic 
radiation. In fact, it is well evident that there is a significant 
increase in relative intensity of the lower IE region of band C so 
that, rather than two shoulders, an evident new peak (C’) is present 
in the He I1 spectrum. On this basis, we would be inclined to 
assign C’ to the ionzation of at least two Ru t2,-like levelsZ6 and 
C to the remaining three orbitals, two of them being the pseudo-* 
levels of the N, atoms. As far as this discrepancy is concerned, 
we would like to point out that (i) the computed energy difference 
between the 22a” MO (significantly localized on the N a  2p A h )  
and the t -like levels nearest in energy (30a’ and 21a” MOs) is 
on the or& of 0.2/0.3 eV and (ii) the hE between peaks C’ and 
C is almost the same (see Table 111). An inversion in the TSIE 
ordering for levels so close in energy is not dramatic, and it can 
be due to the use of the SCC approximation to model the true 
electron density. 

Finally, band D, on the basis of its dramatic decrease under 
the He I1 radiation and its energy position as well, is assigned with 
confidence to ligand-based orbitals. Making reference to TSIE 
results, we tentatively propose to assign the low-energy side of 
this band to the ionization from the 20a” MO, which represents 
the out-of-phase linear combination of N, lobes. 
Conclusions 

Theoretical data indicate that, in both I and 11, the main source 
of bonding between the N, atoms of the R-EDA ligand and the 
metals of the M2(C0)6 fragment is T in character. Moreover, 
as far as I is concerned, calculations point out that one of the 
metal-based ta-like orbitals is highly involved in the just mentioned 
bonding interaction. The overall bonding scheme, on going from 
I to 11, is substantially the same, and slight differences can be 
rationalized by making reference to the presence of a polarized 
Ru-Fe bond. As a whole, DV-Xa results confirm once more that 
in polynuclear organometallic clusters the strength of the met- 
al-metal interaction can influence the nature of the M-L bond. 
The comparison between experimental results and theoretical 
outcomes is excellent for I and acceptable for 11. Such a difference 
does not have to be ascribed to the failure of the DV-Xa calcu- 
lations in describing the mixing between ligand- and metal-based 
orbitals for low-symmetry molecules. Actually, in the recent past, 
we showed2J2 that the DV-Xa method is ‘head and shoulders” 
above other computational techniques for obtaining quantitative 
informations about the bonding schemes of very complex molecular 
systems. In our opinion, the discrepancy between TSIE ordering 
and the relative intensity variations on passing from the He I to 
the He I1 ionizing source is a consequence of the approximations 
used throughout the calculations. 
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(31) The largest contribution to the Ru-N interaction in I antd I1 comes from 
the loal and 22a” Ma. whose OOPS are 0 . 1 8 ~  and 0.1 I e, respectively. 

(32) It is worthwhile to mention that the Ru-N, bond distances are almcwt 
exactly the same on going from I to 11. 

(33) It is well-known that Ru has a higher covalency than Fe, so that the 
stronger mixing between Ru and L AOs gives rise to MOs with a 
significant participation of ligand-based A&. 


