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Rotating iron and titanium sandwich complexes

Filip Vlahovic:, Maja Gruden, Marcel Swart-

Abstract: The origin for the rotational barrier of organometallic vs
inorganic sandwich complexes has remained enigmatic for the past
decades. Here, we investigate in detail what causes the substantial
barrier for titanodecaphosphacene through spin-state consistent
density functional theory. Orbital interactions are shown to be the
determining factor.

Recently a challenge was put forward on Twitter' to get a
better understanding for the difference observed® in the
rotational barrier of ferrocene (Fc, [Fe'(CsHs)z]%) vs. titanodeca-
phosphacene (TdP, [Ti%(Ps)2]%), with values of respectively ca. 1
kcal'mol™ (Fc) vs. ca. 8 kcal-‘mol™ (TdP). The cyclo-Ps anionic
ring is the inorganic analogue of the cyclopentadienyl ring and is
known to form complexes with several (transition) metals.?® Both
compounds fall within the category of sandwich complexes,®
which since the discovery of ferrocene'® "' has led to a complete
new field within organometallic chemistry. In both cases the
central metal is coordinated on both sides to a five-membered
anionic ring (see Figure 1), whose idealized structure can exist
in either Dsq or Ds, symmetry. There had been discussion about
which one of the conformers would be the most stable one for
Fc, because the difference in energy was too small to measure
experimentally. Based on more precise experimental methods it
was found that the eclipsed Ds, conformer of Fe' in the low spin
state (S=0) dominates in the vapor state'® ', which was
confirmed by theoretical chemistry; *'® the same conformer was
found to prevail for TdP.? Surprisingly, a major difference was
observed for the barrier heights.> ' Here, we address the
challenge that was put forward for understanding the stability
and interconversion of the rotamers of these sandwich
complexes, with density functional theory (DFT) calculations.
Through the use of spin-state consistent density functional
approximations'® and chemical bonding analyses,'® we have
determined what causes the surprisingly large difference in
rotational barrier.

The first step in our study was the optimization of the
structures of the Dsq and Ds, conformers for both compounds at
OPBE/TZP? (including ZORA?' relativistic corrections). For both
conformers, the sandwich complexes in both Ds, and Dsqg
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arrangement adopt stacking structures due to the ligand’s -
orbitals and its aromaticity.” %

¢ Fe

Figure 1. Structure of ferrocene (Fc) and titanodecaphosphacene (TdP)

Our calculations confirm that indeed the Ds, conformation is
a true global minimum for both Fc and TdP, without any
imaginary frequencies (see Table 1). Our calculations also
revealed that the staggered (Dsq) conformation is in both cases a
saddle point, corroborating previous theoretical studies."'® The
obtained structural parameters for the two conformers Ds, and
Dsq (see Table S1) are nearly identical for Fc and slightly
different for TdP. Furthermore, we performed separate
optimizations for the three possible spin states (low,
intermediate, high), which indicated clearly that the low-spin S=0
spin-state is in all cases the spin ground state, with the other
spin states more than 30 kcal-mol™ higher in energy (Table S2).

Our calculations showed that for both conformers, the
frontier MOs are constructed from nearly the same amount of
metal and ligand orbitals. The differences between the HOMOs
and LUMOs are not significant enough to differentiate between
the conformers (Table 1), and therefore we had to focus our
attention on chemical bonding analyses.

Chemical bonding analysis Fc. We start our analysis on the
origin of the barrier with the Energy Decomposition Analysis
(EDA)' which had been shown to be very useful in the past.?
The structural resemblance between the conformers (vide
supra) allowed us to explore the change of energy, and factors
contributing to it. This was used as function of the rotation of one
ring relative to the other, whereby we can neglect the change in
the geometry of the ligand and/or metal-ligand distance. We
chose to perform the rotation in both Fc and TdP in steps of 5
degrees starting from the more stable (Ds,, dihedral angle of 0
degrees) and going to the less stable (Dsq, dihedral angle of 180
degrees) conformation, see Figure 2.

At every point of the rotation we performed an EDA analysis
in order to follow the energy change in a way that can give us
more information about the factors that are contributing to the
stability. The EDA analysis has been used to calculate the
energy components that contribute to the overall energy in a
chemical sense. The destabilizing Pauli repulsion (AEpaui) is
larger in the Ds, conformer than in Dsq, for both Fc and TdP; this
obviously makes sense since the distance between CH or P
units on the opposite side of the metal are slightly larger within
the staggered Dsq conformation.
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Table 1. Energy (ZORA/OPBE/TZP) for two conformers of Fcand TdP
Fc TdP
D5d A(Dsd - DSh) D5h D5d A(Dsd - DSh) D5h
E(electronic)® 1.41 0 5.99 0
HOMO-LUMO® 3.172 -0.085 3.228 1.796 -0.158 1.954
EDA
AEprep 239.90 -1.10 241.00 237.56 -5.18 242.74
AE getorm 1.40 -0.22 1.62 4.58 -1.18 576
AE;yccye 102.79 -0.88 103.67 87.28 -4.00 91.28
AE yajexc 135.71 0.00 135.71 145.7 0.00 145.7
AEqistat -619.73 0.78 -620.51 -261.33 19.67 -281
AEpayi 345.63 -3.28 348.91 327.3 -28.15 355.45
AEqgrbint -631.66 5.00 -636.66 -434.09 19.67 -453.76
as/as’ -53.19 0.14 -53.33 -15.55 0.07 -15.62
ey/er” -394.31 3.01 -397.32 -52.10 1.37 -53.47
e/ es -66.99 0.62 -67.61 -4.03 -0.15 -3.88
an/a” -31.00 0.10 -31.10 -4.62 -0.01 -4.61
€9/ € -67.68 1.45 -69.13 -356.44 18.27 -374.71
e/ e’ -18.50 -0.32 -18.18 -1.34 0.12 -1.46
Etotal -665.86 1.40 -667.26 -130.56 6.01 -136.57
a) kcal-mol™; b) eV
36 5° further decomposed the AEqmint into contributions resulting from
the different irreps.
The main orbital set responsible for the larger AEqint in Fc is
coming from the doubly degenerate orbitals of e{" symmetry
(equivalent to e4q orbitals in Dsg). A detailed analysis of these
orbitals revealed that they consist mostly of filled bonding ligand
orbitals (~70%) with empty non-bonding counterparts mainly
from metal d orbitals. If we take a look at these orbitals (Figure
3) we see similar bonding patterns for both Dsq and Dsh, but
Ds;, Dsgq slightly better overlapping for the latter.
Dihedral angle Dihedral angle Now that we identified the main source for the stability of the

C/P-centroid-centroid-C/P 0° C/P-centroid-centroid-C/P 180°

Figure 2. Gradual rotation of one ring relative to the other in steps of 5
degrees leads to the change of dihedral angle from 0° to 180° and at the same
time to the interconversion of Ds;, to Dsy conformer.

At the same time, it is accompanied by a larger favorable
electrostatic interaction (AEestat) in the Ds, conformer, which
partially compensates for the difference in Pauli repulsion.
However, the sum of these two components (sometimes called
steric interactions) is favoring the Dsq conformer. It is only by
taking into account the orbital interactions (AEomint) that Dsn
emerges as the most stable conformer. In order to understand
better the origin of these differences in orbital interactions, we

Dsnh conformer (AEomint), We performed the rotation of one ring
relative to the other. We observed that the change in total
bonding energy along this rotation was determined mainly by
AEomint. Our EDA analysis showed a smooth wave-like energy
profile with the total AE.mint Oscillating between the values for the
Dsh (at 0°) and Dsq (at 180°) conformers (see Fig. 4).

Note that the AEqmint energy for (Dsp-frozen) “Dsq” differs from
the value for the Dsq-optimized conformer (see Table S3). Of
course, if we allow the Ds,-frozen “Dsy” structure to relax, it will
reach the true minimum within Dsq symmetry, which is only 0.05
kcal'mol™ lower in energy. This value is however obtained
through rebalancing of Pauli repulsion (which gets smaller by
2.83 kcal'mol") and orbital interactions (which gets less
favorable by 2.79 kcal'‘mol™) energies. Therefore, we can
conclude that the somewhat larger metal to ring-center distance
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in case of Dsq conformer (Table S1) is resulting from the relief of
Pauli repulsion, which simultaneously is counteracted by a loss
of favorable orbital interactions.

elgzl

Figure 3. Doubly degenerate orbitals responsible for stabilization of the
eclipsed (Dsy) and staggered (Dsq) arrangements of ferrocene.

-634.4 .ﬁ.
-634.6 " g

-634.8 s 4 i

-635.0 2 o ’p\
-635.2 ‘. !

-635.4 ?

-635.6 4

-635.8 ?

-636.0 P

-636.2 B

-636.4 .
6366 4 o
636!
-637.0

Energy kcal/mol
P

0 20 40 60 80 100 120 140 160 180 200
Torsion angle value (C-centroid-centroid-C)

i

Figure 4. Change of the total AE,win during the rotation of one ring relative to
the other in steps of 5 degrees, starting from Ds,, (dihedral C-centroid-centroid-
C of 0°) and going to the Ds4 (dihedral angle 180°) conformation

Chemical bonding analysis TdP. Although Fc and TdP are
both sandwich complexes, there are critical differences in these
(in)organic complexes. The rotation barrier for TdP is 5.99
kcal-mol™ (at OPBE/TZP, see Table 1), while the barrier for Fc is
only 1.41 kcal'-mol". This might be attributed to the barriers
increasing upon larger metal T-donation (backdonation).?*
However, the structural parameters (Table S1) show drastically
larger Ti-P distances (2.53 A) compared to Fe-C (2.00 A), which
results mainly from the Ps ring itself (P-P 2.15 A). Also the
metal-centroid bond is affected (Fc 1.59 A, TdP 1.74 A).
Moreover, these distances are larger for Dsq than for Ds, (see
Table S1). Hence, the metal 1-donation would be expected to
be counteracting the rotational barrier.
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The EDA analysis shows that although the absolute value of
AEomint is smaller for TdP than for Fc (Table 1), the difference
between Ds;, and Dsq is much larger (19.7 kcal-mol™” for TdP vs.
5 kcal-mol™ for Fc). The steric interactions (sum of AEgse: and
AEpau) varies much less (2.5 kcal-mol™ for Fe, 8.5 kcal-mol™ for
TdP), even though the individual components do vary. The
destabilizing Pauli repulsion (which favors Dsq) can be attributed
to an electronic effect, where electron-accepting character on
the ligands facilitates removal of electron density from Ti. At the
same time it boosts the effect of the lone pairs on the P atoms.

The decomposition of AEqmint into the contributions from the
irreps for TdP shows a difference with the results for Fc. The
main orbital set responsible for the larger AEowint in Dsn
arrangement is now coming from the doubly degenerate orbitals
of e, symmetry. Unlike the case of Fc, these TdP orbitals
consist mostly of empty antibonding ligand orbitals (~80%) with
filled non-bonding counterpart originating from metal d orbitals.
However, the most drastic change when going from Dsy, to Dsq in
TdP is the reorientation of the density, which moves from “cis”-
like pattern in Dsh for e,”:1 (with a larger overlap), to “trans”-like
in Dsg (e24:1); compare e.g. the blue lobes in the Fig. 5 (left),
together with the corresponding participation of P-orbitals (in
pink). This is in sharp contrast to the situation for Fc, where the
shape of the orbitals responsible for the AEqwin difference hardly
change during the rotation from Ds, to Dsq (see Figure 3).
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Figure 5. Doubly degenerate orbitals responsible for stabilization of the
eclipsed (Ds,) and staggered (Dsq) arrangements of TdP

The origin for the larger rotational barrier in TdP vs. Fc is
therefore resulting from orbital interactions (AEowint). In particular
the changes in the orbitals in the e, irrep, perhaps due to
smaller overlap because of larger metal-ligand distances, which
comes with an energetic cost because of a smaller overlap in
Dsq which inherently favours the Ds, arrangement of TdP.
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Experimental Section

DFT calculations have been carried out using QUILD® and the
Amsterdam Density Functional program (ADF2016.01).2* ¥ Geometry
optimizations of were performed using the OPBE functional, 2% % 2°
including ZORA?' scalar relativistic corrections, in an triple-zeta basis set
with one polarization (TZP) of Slater type orbitals.>”*' For all calculations
the Becke grid of verygood quality was used.** ** Chemical bonding
analyses (EDA'") were carried out (see Supporting Information).
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