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Our previous communication1 on the preparation of metal-
loporphyrin dimers with metal-metal bonds between MoRu and
MoOs was the first report of multiple metal-metal bond formation
between two transition metal atoms from different triads. These
unprecedented dimers exhibit a metal-metal bond composed of
10 electrons, and thus are isoelectronic with the Re2(porphyrin)2,
Ru2(porphyrin)22+, and Os2(porphyrin)22+ congeners. Interest-
ingly, whereas all three homodimers are diamagnetic,2 the MoRu
and MoOs heterodimers exhibit large, temperature-dependent,
paraagnetic shifts in their1H NMR spectra. Classical molecular
orbital schemes3 imply that even-electron metal-metal bonded
systems may exhibit a nonzero spin state when the highest
occupied molecular orbitals are degenerate, for example when
they haveπ symmetry.1 Herein we report the first structural and
magnetic studies of a polar, unsupported Mo-Ru bond.

Combined with magnetic susceptibility data (vide infra), the
crystal structure of [(OEP)MoRu(TPP)]PF6, 1+PF6

- (OEP )
octaethylporphyrin, TPP) tetraphenylporphyrin),4 provides a
wealth of information about the molecular orbital diagram for
these hithertofore unstudiedinter-triad heterometallic multiple
bonds. The asymmetric unit contains two distinct metal-metal
bonded conformers (Figure 1): one has eclipsed porphyrin
macrocycles (1a+, twist angle) 4.4°, see Figure 2a), whereas
the other exhibits two porphyrin ligands staggered at almost
exactly 45° (1b+, see Figure 2b). This unexpected result provides
a rare example of deformational isomerism,5 and represents the
first report of a simultaneous structural characterization of two
unique metal-metal bonds in a single asymmetric unit.

We suggest that the two conformations found in the crystal
structure of1+ reflect an electronic preference for the eclipsed
conformation and a steric preference for the staggered. According
to the known angular dependence of metal-metal dxy overlap to
form aδ-bond, the interaction energy is maximum in an eclipsed
conformation, and decreases to zero as the orbitals rotate to a
staggered position. On the other hand, the steric strain between
eclipsed porphyrin macrocycles may be relieved by rotation of
the porphyrins to the staggered conformation. Indeed,δ-bond
strengths in [W(TPP)]2

6 and [Mo(TPP)]27 have been estimated
as 11.6 and 6.3 kcal/mol, respectively, and are both seen to exhibit

a porphyrin-porphyrin twist angle of 18° in the solid state. For
these symmetric tetraphenylporphyrin dimers, the minimum
energy conformation is a compromise between the two extremes.
Our OEP-TPP heterodimer was specifically designed to make
intermediate twist angles unfavorably high in steric energy and
thus force the dimer into one or the other energy minimum.

The solid-state structural isomerism implies that these limiting
conformations are very similar in absolute energies,8 and thus an
estimate of the excess steric strain in the eclipsed conformation
is also an estimate of theδ-bonding strength. Atomic coordinates
from 1+ were fed into Chem3D9 and MM2 steric energy compu-
tations were then performed as a function of N-Mo-Ru-N
dihedral angle. A steric energy minimum was found at an angle
of 44.0°, in close agreement with the conformation of1b+.
Rotation of [(OEP)MoRu(TPP)]PF6 from the eclipsed position
to the staggered was found to relieve 5.5 kcal/mol in steric strain.
This estimate of the MoRuδ-bonding interaction in1+ is
consistent with our previous unsuccessful attempt to measure the
electronic barrier to rotation by dynamic NMR methods.10

Two descriptions of theδ-bonding interaction in thed9 [(OEP)-
MoRu(TPP)]PF6 heterodimer are possible. Since 9d-electrons
are involved in the metal-metal bond, the magnetic orbital may
be either aδ* /nb (exponent indicates eclipsed/staggered conforma-
tion) or a π* orbital. In the first case, the molecular orbital
diagram isσ2π4δ(/nb)2δ(* /nb)1 and the calculated excess steric strain
of 5.5 kcal/mol would be representative of only one-half of the
full δ-bond energy. The alternative molecular orbital description
of σ2π4δ(/nb)2π*1 would imply that the molecule contains a full
δ-bond when in the eclipsed conformation. Since the corre-
sponding configurations of the one-electron reduced (d10) dimer
are much more readily distinguishable:σ2π4δ(/nb)2δ(* /nb)2 (S) 0)
versusσ2π4δ(/nb)2π*2 (S) 1), we decided to investigate the solid-
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Figure 1. ORTEP plot of [(OEP)MoRu(TPP)]PF6 illustrating the two
separate dimers in the asymmetric unit: (a) Mo1-Ru1 (ligands eclipsed)
2.211(2) Å, (b) Mo2-Ru2 (staggered) 2.181(2) Å.
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state magnetic susceptibility of [(OEP)MoRu(OEP)],2, in the
temperature range 2-300 K.

Plots ofø vs T andµeff vs T for 2 are shown in Figure 3. The
magnetic moment of the dimer is 0.44µB at 2 K, and as the
temperature is raised to 300 K (µeff ) 2.31 µB) it tends to the
value expected for anS ) 1 spin state (µeff ) 2.83 µB). This
behavior is similar to that we reported recently in Ru and Os
doubly bonded homodimers.11 Curve-fitting analysis of the data
for 2 using an adequate model (eq 1 in ref 11) confirmed the
spin triplet ground state (3A2, S) 1), and it provided reasonable
values for the parameters that were varied12 and a lower limit for
the zero-field splitting parameter (D ≈ 600-800 cm-1). Suc-
cessful curve fitting by the3A2-ZFS model (Figure 3) indicates
that MoRu(Por)2 dimers are accurately described by the
σ2π4δ(/nb)2π*2 molecular orbital diagram.13 This relative ordering
δ < π* < δ* has not been previously observed in any
metalloporphyrin dimer, and is likely a result of the polarity
inherent to aninter-triad metal-metal bond. Analogous studies
of multiple Mo-Ru bonds with ligand systems other than

porphyrins may very well exhibit a similarly perturbed MO
diagram.14

From the solid-state magnetic susceptibility of the neutral
heterodimer2, we have assigned molecular orbital descriptions
and bond orders to the two torsional isomers seen in the crystal
structure of1. We propose that the eclipsed molecule in Figure
2 has a MO descriptionσ2π4δ2π*1 and a metal-metal bond order
of 3.5 while the staggered dimer demonstrates aσ2π4δnb2π*1

electronic configuration and a lower metal-metal bond order of
2.5. Interestingly, the metal-metal bond of order 2.5 has a length
of 2.181(2) Å while the higher order bond is slightly longer,
2.211(2) Å. Furthermore, the Ru atom in the staggered molecule
is displaced only 0.295 Å from the N4 plane while the corre-
sponding Ru atom in the eclipsed dimer is displaced by 0.334 Å.
We attribute the longer Mo-Ru bond and larger Ru-N4 separa-
tion to increased porphyrin-porphyrin steric strain in the eclipsed
conformation. An increase in strain is consistent with the
observed lengthening of the N4-N4′ distance from 3.054 Å in
the staggered dimer to 3.106 Å in the eclipsed dimer. Although
the metal-metal bond is also forced to elongate, loss ofσ andπ
overlap are apparently compensated for by the gain inδ overlap.
Whether one or the other conformation exhibits a stronger metal-
metal bond is an interesting question. It seems likely that theσ
and π components of the shorter, 2.5 bond order are stronger
than those same components of the slightly longer, 3.5 bond order;
but how this difference relates to theδ-bond strength is still a
matter of debate.
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Figure 2. (a) ORTEP plot of1a+ as viewed down the Mo1-Ru1 bond
axis: porphyrin cores are rotated 4.4°, N4-N4′ ) 3.106 (4) Å, Mo1-N4

) 0.562 (2) Å, Ru1-N′4 ) 0.334 (2) Å. (b) ORTEP plot of1b+ as viewed
down the Mo2-Ru2 bond axis: porphyrin cores are rotated 43.5°, N4-
N4′ ) 3.054 (4) Å, Mo2-N4 ) 0.578 (2) Å, Ru2-N′4 ) 0.295 (2) Å.

Figure 3. Data points and adjusted curves for the (a) magnetic
susceptibility and (b) the magnetic moment of [(OEP)MoRu(OEP)]. The
fits were obtained with a value ofD ) 800 cm-1, see ref 12.
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