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Introduction

Transition-metal hydrides have received substantial atten-
tion over the past two decades for their role in formation,

activation, and storage of hydrogen.[1] Particularly relevant
to biology and catalysis are hydrogenation processes at dinu-
clear frameworks. In this context, we mention our recent
DFT and NMR mechanistic study of the double reversible
activation of H2 over the Rh2S2 core.[2] At the biological
level, the hydrogenases are comparably functional. In partic-
ular, the active site of Fe-only hydrogenases features a coop-
erative pair of iron centers, which in the early stage involve
a bridging hydride intermediate.[3] Rauchfuss et al., in devel-
oping models of the latter, demonstrated that the Fe�Fe dis-
tance elongates by about 0.05 - when the anion [Fe2-
ACHTUNGTRENNUNG(S2C3H6)(CN)(CO)4ACHTUNGTRENNUNG(PMe3)]

� is protonated in the bridging
region.[4]

Hydrido-bridged M�M bonds have received much theo-
retical attention, aimed to provide an adequate description
of the electron redistribution at the three centers.[5] Howev-
er, there are only a few structural reports on pairs of bimet-
allic precursors and hydrogenated derivatives, a selection of
which is given in reference [6]. Elongation of the M�M dis-
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tance is generally predictable, since the two-electron, two-
center (2e–2c) bond transforms into a 2e–3c one. In con-
trast, Puddephatt et al.[7] first pointed out the unexpected
shortening of an Rh�Co bond on protonation (from
2.6858(2) to 2.6480(8) -). The structures of parent dimer
[(CO)Rh ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-dppm)2Co(CO)] (dppm=Ph2PCH2PPh2)
and its protonated derivative are shown in Figure 1 (data

obtained from the Cambridge Structural Database[8]). Theo-
retical analysis of this heterodinuclear system, which ap-
proximately combines a T-shaped RhL3) and a trigonal-pyr-
amidal CoL4 fragment, is complicated by the semibridging
CO ligand and lack of symmetry.

One covalent or dative M�M s bond must be present in
the unprotonated precursor (possibly, a d9–d9 or d8–d10 com-
bination of metal configurations). Following protonation,
the metal s hybrids reorient somewhat toward the H bridge
and form a 2e–3c bond, as indicated by the bending of the
Co-Rh-(CO)term group and the more symmetrically bridging
CO. For the precursor, the Rh=Co bond suggested by the
total electron count of 32 is inconsistent with the orientation
of the fragments which does not allow dp–pp overlap be-
tween Co and the planar-coordinated Rh centers. It was
originally suggested[7] that protonation could activate a dor-
mant M=M bond, but this remained unsupported by a sub-
sequent theoretical analysis.[9] According to the latter, even

the presence of a M�M s bond in the precursor can be seri-
ously questioned owing to the lack of a suitable HOMO[10]

and the absence of the corresponding bond critical point
(bcp; AIM analysis[11]). Thus, the shortening of the distance
in the protonated derivative would simply stem from a
newly formed 2e–3c interaction.[9] In the dirhodium ana-
logue, the Rh�Rh distance is unaffected by protonation
(2.739(1) versus 2.731(2) -).[12] In this case, a quantum
theory of atoms in molecules (QTAIM) analysis of the pre-
cursor showed that, on rearranging the CO bridge from
symmetric to semibridging, the Rh�Rh bcp disappears.[13] In
conclusion, an irrefutable explanation of the effects of M�M
bond protonation is not available yet. In particular, the
QTAIM approach seems to have evident difficulties in clari-
fying the nature of M�M bonding, especially in the presence
of CO ligands, which subtract a significant amount of elec-
tron density away from the intermetallic region.[14]

The structures of the complexes [(CO)2M ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-
PtBu2) ACHTUNGTRENNUNG(m-H)M(CO)2] (M=Fe (1),[15] Ru (2)[16]) and
[(CO)3M ACHTUNGTRENNUNG(m-PtBu2)ACHTUNGTRENNUNG(m-CO)M(CO)3]

� (M=Fe (3)[17]) together
with those of their H-bridged derivatives (4–6, in that
order),[17,18] provide new examples of M�M bond shortening
on protonation. The extent of the effect (almost 0.05 - in
most cases) and the relatively symmetric metal environ-
ments encouraged us to perform specific DFT and AIM
analyses to evaluate the electronic underpinnings of the phe-
nomenon, especially by focusing on the diiron species 1 and
4. By idealizing the H bridges as protons and the phosphido
anion as a four-electron donor, the dimers consist of two

connected L4M d8 fragments, isolobal with CH2.
[19] Thus, an

Fe=Fe bond could exist in the hypothetical monoanionic
precursor [(CO)2Fe ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-PtBu2)Fe(CO)2]

� (7) with s

and p components analogous to those of the C=C bond in
ethylene.

Figure 2 illustrates the above-mentioned isolobal analo-
gies, which are eventually extended to pairs of Cp(L)M d8

fragments, because the known complex [{Cp*Ir(CO)}2] (8)
has been reported to accept two protons across the Ir�Ir
linkage in two separate steps.[20]

Of the iridium series 8–10, only the precursor has been
structurally characterized. In fact, this species features two

Figure 1. Structures of parent dimer [(CO)RhACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-dppm)2Co(CO)]
(dppm=Ph2PCH2PPh2) and its protonated derivative.
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bridging CO ligands, but spectroscopic evidence suggests
that these are shifted to terminal positions on protona-
tion.[20] It therefore seems challenging to compare with com-
putational methods the behavior of the diiron and diiridium
systems with respect to the effects on the intermetallic dis-
tance.

The analysis is then extended to the analogous dicobalt
system (models 11–13), for which no protonation chemistry
is reported, while there are several structural reports of the
precursor 11 with various substituents on the Cp rings.[21] In
our view, the contiguity of the metals Fe and Co makes the
study of the latter system even more appropriate than that
for the iridium system.

We present systematic DFT calculations for the above-
mentioned dinuclear Fe, Ir, and Co complexes and interpret
the M�M interactions in terms of perturbation theory and
by chemical intuition. Additionally, a QTAIM approach[11]

was adopted, also because the method has been scarcely ap-
plied to 3e–3c bonds formed by two metals and one bridging
hydride. An example is the anion [(CO)5Cr ACHTUNGTRENNUNG(m-H)Cr(CO)5]

� ,
in which the long Cr�Cr distance (ca. 3.3 -) is at the limit
of bonding/nonbonding interactions,[22] and the other relata-
ble study is that on [CpMnHSiCl3], in which the MnHSi ring
contains only one metal center.[23]

Results and Discussion

Iron dimers: mono- and diprotonated species : The first cal-
culations were carried out for models based on the experi-
mental structures of 1 and 4[15, 18] with H atoms replacing all
the bulky substituents on phosphorus. Figure 3 shows opti-
mized models 1a and 4a. The geometries compare satisfac-
torily; in particular, the trend towards a shorter Fe�Fe dis-
tance is respected in the doubly H bridged species (Dr=0.02
versus 0.05 -, in the computed and experimental structures,
respectively).

Consistent results were also obtained for the further sim-
plified models 1b and 4b (Figure 4), in which two PH3 li-
gands replace the bridging dppm. This result excludes that
the origin of this effect is due to the small and constrained
bite angle of the dppm ligand.

The consistency of the simpler and more symmetrical
models facilitates the examination of other subtle effects on

the geometry. For example, 4b
has almost C2v symmetry, while
in 1b (quasi-Cs) the Fe2Pbridge

plane is no longer a mirror
plane, not only because of the
presence of only one H bridge.
In fact, the two Fe ACHTUNGTRENNUNG(PH3)(CO)2
fragments are rotated by about
t=88 around their inner Fe�P
vectors, so that the two L4M s

hybrids are reoriented toward

the single H bridge and favor, in principle, a stronger 2e–3c
bond (s–p rehybridization also occurs, vide infra). Another
noticeable trend is the elongation of all the M�L bonds on
going from 1b to 4b. In fact, the distances Fe�Pbr, Fe�Pterm,
and Fe�CO increase (on average) from 2.19 to 2.23 -, 2.23
to 2.30 -, and 1.78 to 1.81 -, respectively. Correspondingly,
the C�O distances shorten by about 0.02 -, as reflected in
the larger CO wavenumbers (by about 100 cm�1) of the bis-
H derivative. In conclusion, the added proton seems to sub-
tract electron density from the metal centers and hence re-
duces backdonation to both the terminal CO and phosphine
ligands.

Figure 2. Isolobal relationships between L4M d8, methylene, and Cp(L)M d8 fragments.

Figure 3. Optimized models 1a and 4a with computed and average exper-
imental (italic) parameters.
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With the goal of determining the geometric parameters
which directly affect the M�M distance, models 1b and 4b
were optimized again by imposing a fixed Fe�Fe distance
significantly longer (2.65 -) or shorter (2.33 -) than that at
equilibrium. In the latter case, no convergence was obtained
for the bis-H species. In general, the bridging Fe�H and
Fe�P distances undergo modest changes, since the necessary
structural rearrangements occur at the Fe-bridge-Fe angles.
For the mono-H derivative, however, there is an evident
effect on the t rotation of each Fe ACHTUNGTRENNUNG(PH3)(CO)2 fragment (see
Figure 4). This is practically zero at the long separation, but
it is maximized (ca. 128) at 2.33 -. The total energy varia-
tions are rather small in any case. For the bis-H derivative
4b, the elongation of the Fe�Fe distance to 2.65 - causes an
energy increase of 2.7 kcalmol�1. For the mono-H species
1b, the DE values are 2.4 and 1.4 kcalmol�1 at 2.33 and
2.65 -, respectively. Moreover, in the more restricted range
of distances 2.42–2.57 -, the variation of the potential
energy surface (PES) is no more than 0.5 kcalmol�1, and
this suggests a quite flexible intermetallic framework for
both the singly and doubly H-bridged species.

The Mayer bond index[24] of the Fe�Fe bond is significant-
ly greater for 1b than for 4b (0.98 versus 0.75). Also, the
Fe�Fe reduced overlap populations from simple EHMO cal-
culations[25,26] follow the trend (0.27 versus 0.11, for 1b and
4b, respectively) and indicate that bond length and strength
are not directly correlated. A similar conclusion was reached

by us in a previous theoretical analysis for the classical
[M3(CO)12] systems (M=Fe, Ru, Os).[27] In the trinuclear
iron cluster, the unique CO-bridged Fe�Fe bond is shorter
than the unbridged ones in spite of the reversed bond in-
dexes.

Structure of the unprotonated precursor [(CO)2Fe(m-
Ph2PCH2PPh2)ACHTUNGTRENNUNG(m-PtBu2)Fe(CO)2]

�: The d8–d8 anionic spe-
cies of the type [(CO)2Fe ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-PtBu2)Fe(CO)2]

� (7)
can be considered as an inorganic analogue of ethylene
(Figure 2). A similar point was raised by Hoffmann, who hy-
pothesized for Fe2(CO)8 the unbridged structure I with a
Fe=Fe bond. As an alternative, the structure II with two CO
bridges was also considered.[19] Later computations showed
that various other conformers are also possible.[28–30]

In the absence of structural information on the hypotheti-
cal precursor of 1 and 4, two isomers were optimized at the
DFT level of theory with one (7a) or two CO bridges (7b ;
Figure 5). Models with discrete PH3 ligands in place of
dppm have consistent geometries.

Complex 7a has a semibridging CO ligand (Fe1-C1-O1
1518), similar to that of the complex in Figure 1[7] and the
dirhodium analogue.[12] On the other hand, the doubly bridg-
ed isomer 7b is energetically disfavored with respect to 7a
by about 18 kcalmol�1, and does not even correspond to a
minimum, in view of two imaginary frequencies. However,
the significantly shorter Fe�Fe distance in 7b (Dd=0.12 -)
suggests multiple-bond character which is not present in 7a,
in which the potential Fe=Fe double bond remains hidden.
In other words, the structure of the most stable unprotonat-
ed precursor is inappropriate for simultaneous s and p

bonding (see Figure 2). Some associated electronic problems
are addressed in the qualitative MO analysis (vide infra).

There is a strong correlation between the computed CO
stretching vibrations and the Fe�CO bond lengths in the
series of model compounds. As expected, the semibridging
or bridging CO ligands have the lowest frequencies, while
those of the terminal CO ligands progressively increase in
going from the unprotonated to the mono- and diprotonated
derivatives. The decreased electron density on the metal
center is consistent with the d8, d7, and d6 configurations at-
tributable to the Fe centers in 7, 1, and 4, respectively. This
is indirectly confirmed also by the protonation energies,
which were roughly estimated by excluding the effects of
the solvent and in the absence of a corresponding base. As
is predictable from the increasing oxidation number, the ad-
dition of the first proton is significantly more exothermic
than that of the second proton (�342.4 and �245.5 kcal
mol�1 for 7a!1a and 1a!4a, respectively).

Figure 4. Optimized models 1b and 4b with computed parameters.
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Protonation of Group 9 dimers [{CpM(CO)}2] and isolobal
main-group analogues : Stepwise protonation of
[{Cp*Ir(CO)}2] (8) yields 9 and 10.[20] The precursor has a
doubly CO bridged structure similar to those of several Co-
based analogues with variously substituted Cp ligands.[21]

DFT calculations were carried out on the precursors and the
protonated derivatives (never structurally characterized) of
both metals to verify the effects on the M�M distance. Un-
substituted Cp ligands were invariably used.

As for the iron precursor 7, two iridium isomers were op-
timized as real minima. The CO-bridged model 8a is slightly
more stable (by 1.1 kcalmol�1) than the one with terminal
CO groups (8b) as shown in Figure 6. Remarkably, a signifi-
cantly longer Ir�Ir distance in 8a (2.60 versus 2.51 -) sug-
gests that an actual M=M bond can be realized in the ab-
sence of ligand bridges.

The calculations on the analogous Co-based precursor af-
forded only the bridged structure 11 (not shown), in which
the Co�Co distance is somewhat longer than the experimen-
tal value[21a] (2.360 versus 2.322 -). Other X-ray structures
show that the separation increases with greater bulkiness of
the Cp substituents.[21] This suggests that steric repulsion be-
tween opposite Cp and CO ligands plays an important role
and that the unbridged dicobalt isomer may be considerably
destabilized if the Co�Co distance is as short as that of a
double bond.

The mono- and bis-H derivatives of diiridium (9 and 10,
Figure 7) and dicobalt (12 and 13, not shown) were all opti-
mized as real minima. In the former case, starting from the
unbridged precursor 8b, the Ir�Ir distance progressively in-
creases from 2.51 - to 2.59 (in 9) to 2.72 - (in 10). This is
consistent with two consecutive transformations of a 2e–2c
into a 2e–3c M�M bond.

Since the unprotonated cobalt precursor 11 shows only
the CO-bridged structure, only the final step of protonation
is comparable to that of the iridium system. In any case, the
elongation trend is fully confirmed (from 2.32 to 2.43 -). In
both cases, the Mayer bond indexes[24] (0.98 and 0.81 for 9
and 10 and 0.342 and 0.258 for 12 and 13, respectively) sug-
gest a direct correlation between M�M distance and bond
strength, which does not apply to the diiron system. Another
similarity between the Ir and Co systems concerns the pro-
gressively longer M�C and shorter C�O distances. Thus,
metal backdonation to CO diminishes whenever the added
proton transforms into a hydride.[31] The trend is well reflect-
ed by the CO stretching frequencies.[32]

The M�M distance computed for the protonated deriva-
tive [Cp(CO)Co ACHTUNGTRENNUNG(m-H)Co(CO)Cp]+ (12) is about 0.17 -
shorter than that in [(PH3)(CO)2Fe ACHTUNGTRENNUNG(m-PH2) ACHTUNGTRENNUNG(m-H)Fe(CO)2-
ACHTUNGTRENNUNG(PH3)] (1b) in spite of the almost equal metal radii (D=

0.01 -). The more contracted intermetallic region in the
cobalt species is also reflected by the shorter Co�Hbr distan-

Figure 5. DFT optimized isomers 7a and 7b.

Figure 6. DFT optimized isomers 8a and 8b.
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ces with respect to the Fe�Hbr ones (1.64 versus 1.70 -). On
the other hand, these data are apparently in contrast with
first and second protonation energies of the cobalt species
(�220.4 and �131.5 kcalmol�1, respectively) which are
about 100 kcalmol�1 less exothermic than those of the corre-
sponding iron species. Certainly, the presence of several P
donors in the latter case is responsible for electron richer
metal centers. Other influencing factors are the require-
ments of the bridging phosphido group, which is addressed
below in the MO analysis.

The terminal Cp(CO)M fragments in both the monopro-
tonated Ir and Co species 9 and 11 are rotated by a few de-
grees with respect to the M�M axis, that is, the equivalent
of the t rotation in models 1a and 1b. As pointed out for
the latter, this type of deformation strongly favors better
overlap between the metal s hybrids and the H 1s orbital
and thus results in a more effective (stronger) 2e-3c bond.
In this respect, constrained optimizations of the mono-H
cobalt complex 12 were also carried out at different Co�Co
distances, which were either shorter (2.24 -) or longer
(2.50 -) than the equilibrium distance (2.36 -). Again, a
correlation is observed between the intermetallic distance
and the somewhat different orientation of the terminal frag-
ments (t rotation). Moreover, a very flat PES is observed,
as indicated by the DE values of +0.6 and +1.4 kcalmol�1

at the shortest and longest Co�Co separations, respectively.
Finally, in view of the analogy between d8 ML4 and CR2

fragments (see Figure 2), the bonding in the present metal
dimers is comparable to that in olefins.[19] Accordingly, the

single and double protonation of the C=C bond of ethylene
was computationally tested by systematically optimizing the
species C2H4/C2H5

+/C2H6
2+ , all of which were found to be

minima. The progressive elongation of the C�C distance
from 1.33 to 1.38 to 1.54 - confirms that transformation of
a 2e–2c into a 2e–3c bond weakens the interaction between
the backbone atoms.

Qualitative MO analysis : Since the counterintuitive re-
sponse to protonation on the diiron system is well repro-
duced by the DFT calculations, a detailed orbital analysis
may highlight the electronic origin of the phenomenon, es-
pecially in comparison with the normal behavior of the Co
and Ir systems. Figure 8 illustrates how one or two lateral

hydrogen atoms perturb the central frontier MOs of a sym-
metric L3M ACHTUNGTRENNUNG(m-PH2)ML3 moiety.

For two d8-configured metal atoms, the in-phase combina-
tions of dp and s hybrids are both populated, but the stabili-
zation of a M=M bond requires a sufficiently large HOMO–
LUMO gap. This is not warranted by the intrinsic high
energy of the combining s hybrids, which prevents the sM�M
bonding combination from lying much lower than the ACHTUNGTRENNUNGdp–dp

antibonding one (p* LUMO). Thus, a second-order Jahn–
Teller distortion may be activated, as confirmed by the
highly asymmetric structure of the diiron precursor 7a
(Figure 5), in which the M=M bond may actually be dor-
mant. One lateral H bridge added to the ideal-C2v precursor
breaks one of the mirror symmetries and forces the mixing
of the s and p M�M bonding MOs (right side of Figure 8).
Rehybridization is further enhanced by the significant t ro-
tation of the ML3 fragments (as defined in Figures 3 and 4)
and the overall 2e–3c bond is strengthened (see the lower
box of Figure 8). Opposite to the H bridge, a bent sM�M

bond (definitely nondormant) results from s–p rehybridiza-
tion (upper box), which is fully confirmed by the picture of

Figure 7. Optimized structures of 9 and 10 with computed parameters.

Figure 8. Comparative diagrams for the interaction of the frontier orbitals
of a M2L7 fragment (middle) with one (right) or two (left) bridging H
atoms.
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the HOMO obtained from the DFT coefficients (Figure 9a).
The HOMOs of mono-H diiridium and dicobalt complexes
9 and 12 (Figure 9b) have a similar nature.

Interestingly, a similar p*/s* mixing determines the final
shape of the LUMO with a specific antibonding character
for the bent M�M bond, as shown in the upper box of
Figure 8. This level is occupied in the complex [(CO)2CoACHTUNGTRENNUNG(m-
dppm)ACHTUNGTRENNUNG(m-PPh2) ACHTUNGTRENNUNG(m-H)Co(CO)2]

[33] (15), which can be consid-
ered the analogue of two-electron-reduced diiron complex
1. The M�M experimental distance in 15 (2.637(1) -) is
elongated by about 0.20 - with respect to that in 1. As ex-
pected for electron-rich systems, the DFT computed Co�Co
distance is overestimated (by about 0.10 -) for the model
15a, which contains an H-substituted dppm ligand. In spite
of the electron richer metal atoms, no protonation chemistry
is reported for 15. Provided that H+ addition is possible, it
is unlikely that H bridges are formed due to the absence of
a bent M�M bond.

The various attractive and repulsive interactions activated
by the occupied MOs could also be qualitatively monitored
by tools such as interaction and Walsh diagrams, the MOOP
table (overlap population orbital by orbital), and so on.[26b]

For instance, the t rotation enhances both the sM-H-M and
sM�M interactions (two-thirds of the M�M bonding is associ-
ated with the HOMO) and reduces the repulsion between
pairs of dx2�y2 orbitals belonging to the t2g set. As shown in
Figure 10, the antibonding combination becomes less desta-

bilized with increasing t, and this also justifies why the pa-
rameter is maximized at the shorter Fe�Fe distance of
2.33 - and zero at 2.64 -. However, other occupied MOs
follow the opposite trend, so that the overall PES appears
rather flat and featureless.

As was already pointed out, the M�M distance appears
definitely longer in the diiron than in the comparable
Cp2Co2 complexes in spite of the almost equal radii. This is
due to the different assembly of the two opposed ML4 frag-

ments, as exemplified in Figure 11, which compares a system
with all terminal ligands (also applicable to a CpM deriva-
tive) with the phosphido-bridged analogue.

On the left side, the parallel and accepting metal hybrids
are out of phase with respect to each other, that is, the com-
bination is p* in character. Conversely, the interaction with
the pp orbital of the phosphido bridge (right side of
Figure 11) imposes a significant reorientation of the metal
hybrids toward each other, with some s–dp mixing. As a
consequence, the accepting combination acquires significant
M�M s* repulsive character, which is activated by the elec-
tron density donated by the phosphido bridge. The corre-
sponding elongation of the intermetallic distance seems also
to imply that the further elongating effect of protonation on
an already stretched Fe�Fe bond can be much less evident.

We now briefly address the relation of the iron complexes
discussed above with some of their formal derivatives in
which a third, non-H bridge (CO, CH2, or SO) substitutes
for the second H bridge in 4. The experimentally character-
ized compounds are [(CO)2Fe(m-Ph2PCH2PPh2) ACHTUNGTRENNUNG(m-PCy2)ACHTUNGTRENNUNG(m-
H) ACHTUNGTRENNUNG(m-CO)Fe(CO)2],

[34] (16), [(CO)2Fe(m-Ph2PCH2PPh2)ACHTUNGTRENNUNG(m-
PtBu2) ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-CH2)Fe(CO)2],

[16] (17), and [(CO)2Fe(m-
Ph2PCH2PPh2) ACHTUNGTRENNUNG(m-PtBu2)ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-SO)Fe(CO)2]

[35] (18). At
variance with the hydride bridge, all the new m-type ligands
have both s-donor and p-acceptor capabilities, the latter
being characterized by an empty pp orbital (CH2) or a p*
level (CO and SO; for the latter the orthogonal p* level is
occupied). Recall that the addition of a proton to 1 causes
transfer of the Fe�Fe bonding electrons (see Figure 9a) to
the resulting hydrido bridge (oxidative addition). In con-
trast, the new bridge in 16–18 carries a s lone pair, which is
strongly repulsive with the Fe�Fe bent bond. As shown in
Figure 12, the problem is avoided if one of the two electron

Figure 9. a) HOMO of the model [(PH3)(CO)2Fe ACHTUNGTRENNUNG(m-PH2) ACHTUNGTRENNUNG(m-H)Fe(CO)2-
ACHTUNGTRENNUNG(PH3)] (1b). b) HOMO of the model [Cp(CO)Co ACHTUNGTRENNUNG(m-H)Co(CO)Cp]+

(12).

Figure 10. Orbital underpinnings of the stabilizing trend due to t rota-
tion.

Figure 11. Comparison of selected orbital interactions with all terminal li-
gands with one phosphido bridge.

Figure 12. Interactions between the frontier MOs of the mono-H model
1b and the s-donor and the p-acceptor orbitals at the bridge.
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pairs transfers into the p-bonding combination between the
bridge pp acceptor orbital (e.g., CO p*) and the metal-cen-
tered p* combination (ex-LUMO in Figure 8). Importantly,
the partial population of the ex-LUMO level explains why
in all three species 16–18, the Fe�Fe distance (2.579(2),
2.496(1) and 2.613(1) -, respectively) is about 0.1 - longer
than in the complexes 1 and 4.

QTAIM analysis : The noncanonical behavior of the Fe2
system on protonation was studied by using the quantum
theory of atoms in molecules (QTAIM),[11] also with the aim
of characterizing the electron-density topology in the region
of the M�M bond. The detailed results will be reported else-
where,[36] but we summarize here the relevant comparison of
the Fe2 and Co2 systems because of the contiguity of the
metals in the periodic table. The Ir2 analogues could not be
studied due to the lack of an appropriate basis set.

The connection between any two bonded atoms in the
QTAIM method is signified by the appearance of a saddle
point of minimum electron density 1 along the interatomic
vectors, that is, a bond critical point (bcp).[11] For the mono-
and bis-H diiron models 1b and 4b, (Figure 4), as well as
the dicobalt models 12 and 13 (see the Ir2 analogues in
Figure 7), all the expected metal–ligand and intraligand bcp
were located, and the corresponding 1 values correlate well
with the bond lengths (see Supporting Information). In par-
ticular, the metal–ligand interactions appear to decrease
from the mono- to the bis-H derivatives. These results are
consistent with the trends for the optimized geometric pa-
rameters, which were already interpreted in terms of re-
duced p backdonation from the metals. The M�H interac-
tions are almost unaffected by the second protonation, as
shown by the corresponding bcp. Interestingly, the Co�H
bcp in both 12 and 13 are characterized by electron densities
which are somewhat higher than that of the corresponding
Fe�H bcp, and thus follow the difference in bond lengths
(1.63 versus 1.70 -, respectively).

In none of the cases could an M�M bcp be located, simi-
lar to other complexes with chemically predictable M�M
bonds.[14] Recall, in this respect, that no Rh�Co bcp could
be detected[9] for the system [(CO)Rh ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-
dppm)2Co(CO)] (Figure 1),[7] which behaves identically to
the diiron species on protonation. Other classical failures
are [Co2(CO)8]

[37] and [Fe2(CO)9],
[38] for which symmetry

and perturbation theory arguments, as well as a detailed ab
initio analysis,[39] support the presence of an, albeit weak,
Fe�Fe bond. Conversely, the bcp has been detected for
some dimetal carbonyl compounds (e.g., [Mn2(CO)10]) by
using either theoretical[40] or experimental[41] determinations
of the electron density. In particular, an experimental study
on the complex [Co2(CO)6ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-C4O2H2)] revealed the
Co�Co bcp, although the surface in the intermetallic region
is quite flat.[42]

Interestingly, our AIM analysis shows incipient detection
of the M�M bcp as a function of the M�M distance. Recall
that for both the diiron and dicobalt systems, models with
imposed short M�M distances were optimized with the goal

of finding some correlation with other geometrical parame-
ters (e.g., the t rotation defined in Figures 3 and 4). The
electron density profiles along the M�M vector of the
mono-H complexes 1b and 12 are depicted at the top and
bottom of Figure 13, respectively. The black and gray lines

refer to the fully optimized and constrained models. The
common origin is fixed at the left metal atom and, in any
case, the electron density starts to descend very steeply at
about 0.55 - with practically the same gradient. A flat pla-
teau of almost equal electron density is invariably reached.

The longer the M�M separation, the wider is the plateau,
and the longer the gradient remains invariant. For this
reason, the detection of the bcp is possible only if the M�M
distance is short enough to allow a sufficiently rapid and
symmetric inversion of gradient. For the cobalt case
(Figure 13, bottom), the curve of the stationary point and
the model exhibiting the bcp are rather comparable. In con-
trast, the difference is more significant for the diiron system,
where the Fe�Fe distance must be two times shorter before
the bcp appears. In particular, the curve relative to the fully
optimized geometry presents a quite extended zero-gradient
region. As previously discussed, the presence of the phos-
phido bridge stretches the Fe�Fe separation to a point at
which the H bridge has only limited influence over the
M�M bond. This does not occur for the dicobalt complex, in
which the overall Co�Co and the Co-H-Co bridge bonding
are more directly correlated.

Figure 13. Electron density profiles 1(r) along the metal–metal vector for
the mono-H complexes 1b (Fe, top) and 12 (Co, bottom). The black lines
refer to the fully optimized models, and the gray lines to those with a
short arbitrarily fixed M�M distance. The latter cases are the only ones
to exhibit a bcp. The 1(r) cutoff value is 1.0 e-�3.
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The appearance of the bcp at shorter M�M distances is
attributable to the improved overlap between the metal
atoms with a concentration of higher electron density in the
intermetallic region. Recall that M�M bonding, which
mainly results from the overlap of contracted d orbitals,
may significantly differ from the typical M�L or intraligand
bonds, in which the electrons of the contributing s and p or-
bitals are in diffuse lobes, properly aligned with the bonding
direction.

The AIM method also allows quantification of interatom-
ic interactions through the evaluation of the delocalization
indices between basins dA–B.

[42,43] In the mono-H diiron
model 1b, the dACHTUNGTRENNUNG(Fe�H) indexes are all slightly less than 0.5,
while dACHTUNGTRENNUNG(Fe�Fe) has a higher value (about 0.62) which is
almost as large as that of dACHTUNGTRENNUNG(Fe�PH3). Importantly, in the
bis-H derivative 4b, the d ACHTUNGTRENNUNG(Fe�Fe) of 0.30 is practically
halved with respect to 1b. As remarked by other authors,[14]

the M�M delocalization indices follow the trends of the
Mayer bond indices, which also predict Fe�Fe bond weaken-
ing in going from 1b to 4b. As another significant result, the
AIM charge Q(Fe) in 1b is significantly greater than in 4b,
which again supports the idea that the metal configuration
changes from d7 to d6. This is also consistent with the deter-
mined Laplacian maps, which show a significant M�M de-
pletion. The backdonation capabilities of the metals must
decrease accordingly. A completely analogous picture ap-
plies to the dicobalt derivatives 12 and 13, for which dACHTUNGTRENNUNG(Co�
Co) decreases from 0.73 to 0.31.

In conclusion, the AIM delocalization indexes fully con-
firm that, in all the studied systems, there is significant M�
M bonding, but the strength of interaction decreases when
the bond is protonated. Thus, this approach reveals the un-
usual inconsistency between bond length and strength in the
diiron system.

Conclusion

One axiom in chemistry is that the transformation of a 2e–
2c bond into a 2e–3c one weakens the interaction between
the two pivotal atoms. Also, the direct correlation between
bond strength and bond length is a widely accepted para-
digm.

Herein we have addressed a rare case in which these prin-
ciples are apparently contradicted. Different theoretical
strategies (quantitative and qualitative MO theory as well as
the QTAIM method) were applied to understand the elec-
tronic underpinnings of Fe�Fe bond shortening on protona-
tion of [(CO)2Fe ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-PtBu2) ACHTUNGTRENNUNG(m-H)Fe(CO)2]. Gas-
phase optimizations are consistent with the experimentally
observed shortening of the Fe�Fe distance in the bis-H de-
rivative 4 with respect to the mono-H precursor 1 and ex-
clude the possibility of a solid-state origin of the effect. On
the other hand, no M�M bond shortening was detected in
comparable studies on the diiridium (9–10) and dicobalt
(12–13) complexes. Noteworthily, these are also relevant for
providing the first structural characterization of known and

unknown protonation products of the [{CpM(CO)}2] com-
pounds (M=Co, Ir). An active M�M bent bond is observed
in all the mono-H bridged species, which is then oxidized on
protonation with transfer of the bonding electron pair into
the new hydrido bridge (oxidative addition). The bond
strength indicators (e.g., the Mayer and AIM delocalization
indexes) confirm the expected M�M bond weakening even
when the distance is shortened rather than elongated. Ac-
cordingly, the direct correlation between bond length and
strength is reversed. The failure of such a chemical para-
digm has also been pointed out by Frenking et al.,[44] who
calculated bond dissociation energies (BDE) of the M�P
bond (M=Cr, Mo, W) for differently substituted phosphane
ligands. In this present case, however, the origin of the phe-
nomenon is not substituent-dependent but regulated by
more subtle effects.

As is often observed for dimeric transition metal com-
plexes, the AIM method has problems in detecting M�M
bonding due to the absence of the expected bcp. Given a
large degree of variance for the M�M distance, the present
case study has highlighted how the gradient of electron den-
sity becomes suitable to define the bcp only below a certain
lower limit of M�M distance.

In the case of the diiron system, the flat PES can also be
associated with the presence of the phosphido bridge, which
imposes a rather long M�M distance already in the mono-H
system. Thus, it is not totally surprising that an already
stretched bond cannot be definitely elongated on the trans-
formation into a 2e–3c bond. The low energetic cost for re-
arranging the geometry of M-H-M systems like the present
ones may have significant implications for organometallic,
catalytic, and biological metal–hydrogen chemistry.

Finally, this paper has addressed current and crucial as-
pects of the combined usage of MO and electron density
(QTAIM) analyses, which have recently been a source of
controversy[45–47] and public debate.[48] Here we show how
their complementary usage can provide more in-depth
chemical information.

Computational Details

BeckeRs three-parameter hybrid exchange-correlation functional[49] and
the nonlocal gradient correction of Lee, Yang, and Parr[50] (B3LYP) were
used for DFT calculations with the Gaussian98 program suite.[51] All of
the fully optimized structures were confirmed as minima by calculation
of the vibrational frequencies. All the reported wavenumbers were prop-
erly scaled.[52] The metal atoms were treated with the effective core po-
tentials of Hay and Wadt[53] with the associated double-z valence basis
functions. The basis set used for the remaining atomic species was 6-31G
with the addition of the polarization functions (d, p) for all atoms, includ-
ing hydrogen.[54] The reported protonation energies were simply calculat-
ed as the difference of the total energies between the protonated and the
precursor models optimized in the gas phase. Qualitative MO arguments
were derived from EHMO calculations[25] with the graphic capabilities of
the package CACAO.[26] The AIM2000 package (vers. 1.0)[55] was used
for the QTAIM bonding analysis.[11] To avoid the problems related to the
core potentials of the metals, the corresponding wavefunctions were ob-
tained from single-point calculations by using the basis set 6-311++G-
ACHTUNGTRENNUNG(2d,2p) for the metals and bridging atoms. The M�M profiles were con-
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structed with the PROFIL program as part of the AIMPAC suite of pro-
grams.[56]
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