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Modulation of Stacking Interactions by Transition-Metal Coordination: Ab

Initio Benchmark Studies

Shaun T. Mutter and James A. Platts*!?!

Abstract: A series of ab initio calcula-
tions are used to determine the
C—H--m and n---;-stacking interactions
of aromatic rings coordinated to transi-
tion-metal centres. Two model com-
plexes have been employed, namely,
ferrocene and chromium benzene tri-
carbonyl. Benchmark data obtained
from extrapolation of MP2 energies to
the basis set limit, coupled with
CCSD(T) correction, indicate that co-

weaker hydrogen-bond acceptors but
are significantly stronger hydrogen-
bond donors than uncomplexed rings.
It is found that m--m stacking to a
second benzene is stronger than in the
free benzene dimer, especially in the
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chromium case. This is assigned, by use
of energy partitioning in the local cor-
relation method, to dispersion interac-
tions between metal d and benzene &
orbitals. The benchmark data is also
used to test the performance of more
efficient theoretical methods, indicating
that spin-component scaling of MP2
energies performs well in all cases,
whereas various density functionals de-
scribe some complexes well, but others

ordinated aromatic rings are slightly

Introduction

The intermolecular interactions of aromatic molecules are
of great interest across chemistry, biology and materials sci-
ence. Specifically, hydrogen bonds in which aromatic mole-
cules act as donors and/or acceptors are increasingly recog-
nised as playing an important role in molecular recogni-
tion."! Face-to-face m-stacking interactions, driven largely by
dispersion forces, rival hydrogen bonds for stability,” and
are vital in determining the structure and properties of bio-
logical molecules such as proteins and nucleic acids.

The archetypal models of such interactions employ the
simplest aromatic molecule, benzene, and its dimers and
complexes with other small molecules. The complex formed
between benzene and methane, for example, is bound by a
C—H--n hydrogen bond,” as is the T-shaped dimer of ben-
zene. The face-to-face, m-stacked form of the benzene
dimer has comparable energy to that of the T-shaped form,
with a minimum energy geometry in the off-centre parallel-
displaced (PD; C,,) rather than the higher symmetry sand-
wich (Dy;,) form.P!
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with errors of more than 1 kcalmol ™.

Experimental data on such systems is hard to come by,
and environmental effects such as solvation can be difficult
to separate from the inherent effects of the interactions of
interest, so theoretical studies of model complexes are cru-
cial in gaining a deeper understanding. However, many ap-
proximate methods fail to give even a qualitatively correct
description, and high-level ab initio methods are required to
achieve acceptable accuracy. This is primarily due to the im-
portance of dispersion forces in determining interaction en-
ergies, which in turn means that electron correlation must
be taken into account. The simplest approach to this,
second-order Mgller-Plesset (MP2), is known to overesti-
mate the strength of dispersion interactions by as much as
100%.1! The currently accepted standard approach involves
extrapolation of MP2 correlation energies to the basis set
limit, along with correction for the shortcomings of MP2 by
use of CCSD(T) calculations in smaller basis sets. The re-
sulting predictions, termed CBS(T), are believed to be
within a small fraction of 1 kcalmol ™' of true interaction en-
ergies.>”!

In contrast, many standard methods of quantum chemistry
give quantitatively incorrect descriptions of C—H--m or
m-stacking interactions. Hartree—Fock (HF) methods fail to
give any stabilisation whatsoever, due to lack of dispersion
by construction. Most DFT methods also fail to properly de-
scribe dispersion interactions,® although recent studies indi-
cate some functionals that do perform well.”! Significant
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recent efforts have also been focussed on complementing
DFT calculations with empirical dispersion corrections, with
impressive results.'”! Recent developments indicate that
methods such as spin-component scaling,"'! quantum Monte
Carlo'? and explicit correlation (F12)!"¥! methods are all
suitable for describing non-covalent interactions. However,
CBS(T) data are still the benchmark against which others
methods are tested.

Thus, accurate theoretical studies of model systems give
valuable insight into the origin, strength and geometry of
these important interactions. However, such methods have
not, to date, been applied to systems in which aromatic rings
act as ligands to transition metals. This is of more than just
academic interest; metal-arene complexes are common in
catalysis,'¥ chemical sensors™ and bio-inorganic chemis-
try.'! For example, our interest in this field was prompted
by the elegant ruthenium—-arene complexes designed as anti-
cancer drugs by Sadler etal.'l In these, the coordinated
arene is designed to coordinate through stacking and/or
C—H-m interactions to DNA, thus distorting the double-
helix structure and ultimately leading to programmed cell
death, or apoptosis. However, little or no information is
available on the effect of ruthenium coordination on the in-
teractions of aromatic ligands, or on appropriate theoretical
methods for description of such interactions.

In this work, we have employed modern ab initio methods
to determine the strength and preferred geometry of inter-
molecular interactions in two model metal-arene complexes.
We have also used this data to benchmark more approxi-
mate ab initio and DFT methods that should prove useful in
studying larger, more realistic systems. Figure 1 shows sche-
matic representations of the complexes considered.
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Figure 1. Schematic representation of the complexes considered.
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Computational Methods

All ab initio calculations were performed by using the Molpro suite of
programs!'® that employed correlation-consistent basis sets."”] Typically,
augmented sets aug-cc-pVnZ were used on heavy atoms and non-aug-
mented sets cc-pVnZ were used on hydrogen. This removal of diffuse
functions from hydrogen, denoted AVrnZ*, has been shown to significant-
ly reduce calculation times and basis set superposition error (BSSE) with
little loss of accuracy in interaction energies. All MP2 calculations em-
ployed the density fitting (DF) approximation for calculation of both un-
derlying HF and correlation energy,® with the aug-cc-pVTZ fitting basis
sets for HF and MP2 employed where available,” and the def2-QZVPP
JK-fitting basis on Cr and Fe for DF-HF calculations.”!

CBS(T) data were obtained from extrapolation of DF-MP2 energies with
AVDZ* and AVTZ* by using the ES°R®R=ES 4+ Bn~ formula of Hel-
gaker et al.”® The MP2 basis set limit that was found was then corrected
for the known shortcomings of MP2 by applying a ACCSD(T) correction,
that is, the difference in correlation energy between MP2 and CCSD(T),
obtained with cc-pVDZ.!"! All such data were corrected for BSSE by
using the counterpoise method.?” No account was made in such ab initio
calculations for relaxation energy between interacting and non-interact-
ing isolated system geometries, that is, intermolecular complexes were
constructed from monomers at their equilibrium geometries.

We have also carried out MP2 calculations within the local correlation
approach, exploiting the short-range nature of electron correlation,
which decays as r°*! After localisation of the canonical HF orbitals,
only excitations to virtual orbitals that are spatially close are considered.
Coupled with DF methods, this approach can lead to significant savings
in computational resources, and can approach linear scaling with system
size in favourable cases.”” This DF-LMP2 method, coupled with AVTZ*,
was successfully applied to the various forms of the benzene dimer re-
cently,” and also effectively eliminates BSSE and the need for counter-
poise correction. The localised orbitals required for DF-LMP2 were gen-
erated through the Pipek-Mezey method,”” whereas the orbital domain
selection followed the procedure of Boughton and Pulay,?! with merging
of rotationally invariant @ domains where appropriate. All domains were
calculated with a large intermolecular separation and then fixed for cal-
culations on the interacting system. The use of localised orbitals also
allows decomposition of total correlation energies into intra- and inter-
molecular contributions, and even from interactions between specific or-
bitals on separate molecules, as set out by Schiitz.”*”!

Associated with these DF-LMP2 methods, spin-component scaling (SCS)
has been used to correct the known shortcomings of MP2-based data at
no extra computational cost. This approach separately scales the correla-
tion energy due to parallel and anti-parallel spin electron pairs. In its
original form proposed by Grimme, the scaling parameters were opti-
mised to improve on MP2 for a wide range of thermodynamic, kinetic
and geometrical properties.* Three further variants of SCS have been
employed, all specifically optimised for description of non-covalent inter-
actions. The first, termed SCSN, uses new scaling parameters to improve
DF-LMP2/AVTZ* prediction of binding energy for stacked nucleic acid
base pairs.®!! The second, termed SCS(MI), also uses modified scaling pa-
rameters, but is based on MP2 correlation energies extrapolated to the
basis set limit.’! Both methods result in errors of around 0.3 kcalmol !
compared to CBS(T) data over a representative set of intermolecular in-
teractions. The third method, termed SCSC, was optimised for study of
catalysis and included total energies as well as interaction energies.*”!

DFT calculations were performed by using Gaussian 09,°* using the
6-31+G(d,p) basis set.”! Initial optimisations were performed with the
BP86 functional,® which is widely used in description of organometallic
complexes. Two functionals that show promise for description of intermo-
lecular interactions were employed, namely, Becke’s half-and-half
method, BHandH, and Truhlar’s M05-2X and M06-2X functionals.l”! The
former performs surprisingly well for stacking interactions, apparently
through error cancellation, whereas the latter were specifically designed
to correct for the shortcomings of traditional DFT methods in describing
non-covalent interactions. All DFT interaction energies were corrected
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for BSSE by using the counterpoise method.? Natural bond orbital
(NBO) analysis was performed with the NBO 5.G program.’]

Results and Discussion

The geometries of Cr(C¢H,)(CO); and Fe(CsHs), were opti-
mised without symmetry restrictions by using BP86/6-31+
G(d,p), and the resulting structures were confirmed as a
true minima through harmonic frequency calculation. Both
are in excellent agreement with available experimental data,
taken from low-temperature X-ray” and gas-phase electron
diffraction studies,*! respectively, as outlined in Table 1.

Table 1. Comparison of experimental and optimised geometries for
Cr(CeH,)(CO); and Fe(CsHy), [A], [°].

Exptl [ DFT
Cr(CHe)(CO);
Cr-C 1.834 (4) 1.839
c-0 1.173 (9) 1.174
Cr—C 2233 (9) 2229
c—C 1.414 (9) 1.426
Fe(CsHs),

Fe—C 2.054 (3) 2.047
c—C 1.435 (2) 1.441
C-H 1.080 (7) 1.091
mean-C-H'"! 3.7 (9) 1.35

[a] Estimated standard deviations given in parenthesis. [b] Angle between
C—H and the mean plane of C.

Complexes of Cr(C¢Hg)(CO); and Fe(CsHs), with meth-
ane, with one C—H bond of the latter directed toward the
centroid of the aromatic ligand, were constructed, and rigid
scans of the H--arene distances were performed by using
DF-LMP2/AVTZ*. The results of these scans are shown in
Figure 2 (HF interaction energies are uniformly positive,
and so are not shown here). Both plots are similar in overall
form, and it is evident that DF-LMP2 and the two variants
of SCS agree on the general features of these complexes,
with stabilisation relative to separate monomers for separa-
tions of over 23 to 2.4 A, and minima at approximately
2.8 A. As has been observed in previous studies, SCSN is
bracketed by DF-LMP2 and SCS interaction energies, typi-
cal of the tendency of the former to overestimate and the
latter to underestimate interaction energies of such non-co-
valent interactions.

The methods used in Figure 2 have been extensively
tested on small, organic model systems, but are as yet un-
tried for the intermolecular interactions of transition-metal
complexes. We have, therefore, calculated CBS(T) interac-
tion energies at the separations corresponding to minima of
the SCSN curves. The resulting data, along with results from
more approximate methods, is presented in Table 2. Our
best estimates of interaction energies are —1.27 kcalmol™
and —1.47 kcalmol ™', for the Cr and Fe complexes, respec-
tively, which differ only very slightly from the value of
—1.45 kcalmol ™" for benzene:methane calculated by using
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Figure 2. Scans of Cr(C¢Hg)(CO); and Fe(CsH;), with CH, (e=
DF-LMP2, i =SCS and A =SCSN).

similar methods.”) These data also suggest that ferrocene
is a slightly better hydrogen-bond acceptor than
Cr(C¢Hg)(CO);. The MP2 values are close to the CBS(T)
data, and increase with basis set size to values 0.15-0.20 kcal
mol™' greater than the CBS(T) value, indicating that the cor-
rection from MP2 to CCSD(T) is small. The perturbative
triples contribution is small but important, because neglect-
ing this term and using ACCSD only leads to significant
over-correction from MP2 data.

The DF-LMP2 interaction energies with AVTZ* (without
counterpoise correction) are close to the corrected, conven-
tional DF-MP2 value, illustrating the essentially BSSE-free
nature of this approach. The basis effect in these complexes
is rather small, with interaction energies increasing by less
than 0.2 kcalmol ™ from AVDZ* to AVTZ*. The SCS inter-
action energy is rather too low, but SCSN performs better
and is as close to the CBS(T) value as the MP2 basis set
limit, and performance of SCS(MI) and SCSC is similar to
SCSN. As expected, HF provides no stabilisation due to the
importance of dispersion forces. In contrast, all three DFT
methods give reasonable estimates of interaction energies:
the values from BHandH are fortuitously close to the best
estimate, given that the average error over a set of 22 com-
plexes of small molecules was over 2 kcalmol ..

Analogous scans were performed for the PD complexes
of benzene with Cr(CsH4)(CO); and Fe(CsHs),, in which
benzene was placed at an offset equal to 1.6 A, the optimal
value in the isolated benzene dimer. Figure 3 shows interac-
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Table 2. Interaction energies for Cr(C¢H;)(CO); and Fe(CsHs), with CH,
and C¢H, [kcalmol '] 1

CH, PD T1 T2b
Cr(CHe)(CO);
CBS(T)" -127 —422 —238 —5.85
MP2/CBS +ACCSD -1.11 —3.36 -1.93 -5.15
DF-HF/AVTZ* +0.59 +3.11 +1.88 +0.70
DF-MP2/AVDZ* -121 —5.47 —2.48 —6.15
DF-MP2/AVTZ* -134 —5.82 —2.75 —6.72
MP2/CBS —1.46 —6.11 -3.01 —-7.26
DF-LMP2/AVTZ* -1.35 —5.62 —2.53 —6.49
T —0.92 —-3.76 -1.53 —4.74
SCSNE —1.11 —435 —2.03 —5.89
SCS(MI)! -1.05 —4.18 ~1.94 —5.53
scscl -1.29 —5.44 —2.38 —6.14
BHandH/6-31+G(d.p) -1.29 -2.92 —2.06 —6.12
M05-2X/6-314G(d.,p) —0.85 —223 -1.15 —425
M06-2X/6-314G(d,p) —0.90 -3.19 -1.51 —4.69
CH, PD T1 T2
Fe(CsHs),

CBS(T)" —147 —3.00 —2.86 —3.57
MP2/CBS +ACCSD -131 —227 —247 —3.03
DF-HF/AVTZ* +0.42 +3.68 +0.73 +1.75
DF-MP2/AVDZ* -1.28 —3.84 —2.80 -372
DF-MP2/AVTZ* —1.46 —4.10 —-3.08 —4.08
MP2/CBS -1.63 —429 -337 —4.40
DF-LMP2/AVTZ* —1.44 —-3.99 -2.97 —3.94
Scst —0.99 —2.44 —2.08 —2.66
SCSNE -1.23 271 —2.65 —328
SCS(MI)!! —-1.16 —2.64 —2.47 -3.09
scscll —-1.36 —3.91 —2.79 -3.75
BHandH/6-31+G(d.p) —1.69 —1.60 —2.95 -3.17
M05-2X/6-314G(d.,p) —-1.05 —1.01 -1.92 —2.05
M06-2X/6-314G(d,p) -1.16 —1.90 -2.19 —2.42

[a] All data except those based on DF-LMP2 are counterpoise corrected.
[b] Equivalent to MP2/CBS+ACCSD(T). [c] See the text for definitions.
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Figure 3. Scan of the PD complex of Cr(CsHs)(CO); and Fe(CsHs), with
C¢H; (¢ =DF-LMP2, = =SCS and A =SCSN).
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tion energies as a function of vertical separation, r;, ob-
tained from DF-LMP2/AVTZ* calculations. In the benzene
dimer, DF-LMP2 strongly overestimates interaction ener-
gies, so we surmise that the large interaction energies seen
in Figure 3 are also overestimates. The SCS values are much
smaller, and the SCSN curves are close to the SCS curves,
both becoming negative around 3 A and reaching minima at
approximately 3.5 A. Once again HF data are positive ev-
erywhere, and are, therefore, not shown. A scan of horizon-
tal displacement, or offset, (also not shown) by using
DF-LMP2/AVTZ* indicates a shallow minimum around
1.5 A, with the sandwich structure (r,=0) approximately
1 kcalmol " less stable than the PD one.

Table 2 also reports CBS(T) data and approximations to
this for the minima of the SCSN curves. For the chromium
complex, the CBS(T) value of —4.22 kcalmol™! is significant-
ly more negative than the analogous value for the PD ben-
zene dimer (—2.63 kcalmol™!). This is something of a sur-
prise, because one might expect the m electrons in free ben-
zene to be less-tightly bound, and hence more polarisable
and able to interact through dispersion, than those in ben-
zene that is n°-bound to chromium. This point will be ad-
dressed in more detail below. For ferrocene, the CBS(T)
value of —3.00 kcalmol ™' is also more negative than the
value in free benzene, albeit to a lesser extent. As is well
documented for m-stacked complexes, MP2 overestimates
binding by around 50 %, with the MP2 basis set limit as
much as 2 kcalmol ™' greater than the best estimate. In this
case, the contributions to binding from triple excitations are
rather large, 0.86 and 0.73 kcalmol ™!, clearly demonstrating
that such excitations cannot be neglected. DF-LMP2 is
again close to DF-MP2 in strongly overestimating binding,
whereas SCS, SCSN and SCS(MI) scaling yield good agree-
ment with CBS(T) values. In contrast, SCSC scaling values
lead to significant overestimation of binding, suggesting they
are less appropriate for these complexes. All DFT methods
yield stable complexes, unlike HF, but agreement with
CBS(T) is rather poor, with errors of between 1 and 2 kcal
mol ™!, the former error being more typical of the behaviour
previously reported.” For these PD complexes, the M06-2X
functional appears to best reproduce CBS(T) data, with
errors of approximately 1 kcalmol .

As well as the PD form, T-shaped complexes can be
formed between Cr(C,Hg)(CO); and C¢H, with the metal
complex as either the donor or the acceptor of a hydrogen
bond, as shown in Figure 1. In the former, the threefold
symmetry of the metal complex means that two distinct
complexes must be considered, donating through C—H that
is either in the eclipsed or staggered position relative to a
carbonyl, which we denote T2a and T2b. Data from
DF-LMP?2 scans of each of these are shown in Figure 4. As
in previous scans, SCSN values are bracketed by DF-LMP2
and SCS in all cases. These curves, with all three methods,
clearly show that Cr(CsHg)(CO); is a much better hydrogen-
bond donor to benzene than it is a hydrogen-bond acceptor
from benzene. Complex T1 reaches maximum stabilisation
of slightly more than —2 kcalmol ™, whereas complexes T2a
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Figure 4. Scan of T-shaped complexes of Cr(C¢H;)(CO); with CH; (o =
DF-LMP2, 1= =SCS and A =SCSN).

and T2b have maximum stabilisations of almost
—6 kcalmol™. Moreover, complex T2b (with the C-H
donor staggered between the CO ligands) is more stable
than complex T2a by approximately 0.3 kcalmol .

Table 2 reports CBS(T) and related data for the minima
on the SCSN curves for T1 and T2b complexes. This con-
firms the initial finding that Cr(C,Hg)(CO); is a significantly
stronger hydrogen-bond donor than hydrogen-bond accept-
or in such T-shaped complexes, the two forms differing by as
much as 4 kcalmol™. The T2b complex is more than
1.5 kcalmol™ more stable than the PD one, unlike the free
benzene dimer in which stacked and T-shaped forms are
almost isoenergetic. Thus, the presence of the transition
metal significantly alters the propensity of benzene to form
intermolecular interactions. Once again, DF-MP2 and
DF-LMP2 methods substantially overestimate the strength
of binding, whereas SCSN, SCS(MI) and SCSC scaling of
the latter reproduces the CBS(T) data with impressive accu-
racy. The importance of dispersion contributions to the bind-
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ing energy in these C—H:-m complexes is demonstrated by
the lack of binding at the HF level, whereas both DFT
methods tested perform adequately with errors in the region
of 1 kcalmol .

The higher symmetry of ferrocene means that only two T-
shaped complexes between Fe(CsHs), and C¢Hy were
scanned by using DF-LMP2 methods, with the results shown
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Figure 5. Scan of T-shaped complexes of Fe(CsHs), with C;Hy in T1 and
T2 orientations (¢ =DF-LMP2, [ =SCS and A =SCSN).

in Figure 5. Once again, the SCSN curves are bracketed by
unscaled DF-LMP2 and SCS ones. The difference between
T1 and T2 forms here is less marked, but the pattern is the
same: ferrocene is a better hydrogen-bond donor to benzene
than it is a hydrogen-bond acceptor from benzene. At the
minima of the SCSN curves (2.5 and 4.8 A), the interaction
energies are —2.65 and —3.28 kcalmol ™', respectively. The
CBS(T) data in Table 2 confirm this, showing that the T2
form is 0.7 kcalmol™" more stable than the T1 form. The
former has similar interaction energy to the T-shaped ben-
zene dimer (binding energy of = —2.68 kcalmol ), indicating
that the coordinated cyclopentadienyl ring in ferrocene has
similar hydrogen-bond acceptor properties to benzene, but
is a slightly stronger hydrogen-bond donor than free ben-
zene. In both cases, MP2 overestimates the strength of inter-
action, whereas SCSN, SCS(MI) and SCSC are in good
agreement with CBS(T) data. All three DFT methods give
reasonable agreement with the best estimate, with BHandH
apparently performing well here.
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The data presented above indicates that a benzene ring
coordinated to Cr(CO); is a slightly weaker hydrogen-bond
acceptor than free benzene, but that such a ring is a rather
strong hydrogen-bond donor and forms significantly stron-
ger m-stacking interactions than free benzene. The origins of
this behaviour were probed further by analysing the proper-
ties of Cr(C¢Hy)(CO); itself. NBO analysis by using BP86/
6-31+G(d,p) indicates strong donation from the st system
of benzene into formally empty Cr d orbitals, balanced by
back-donation from filled metal d orbitals into s* orbitals
on benzene. The former dominates, resulting in a net charge
on benzene in the complex of +0.12 e. Closer inspection in-
dicates that this net positive charge on benzene is located
entirely on the hydrogen atoms: NBO charges on the hydro-
gen atoms average +0.298 in the coordinated benzene, com-
pared with +0.262 in free benzene, whereas charges on the
carbon atoms are very slightly more negative in the complex
than in benzene. Second-order perturbative NBO analysis
data shows that stabilisation by donation from benzene w or-
bitals into chromium d orbitals is significantly stronger
(401.90 kcalmol™!) than that from back-donation from d
into s* orbitals (132.25 kcalmol ™).

In ferrocene the charge on iron is +0.399 and —0.200 on
each ring, indicating significant deviation from the formal
charges of +2 and —1, but retaining the overall pattern of
electron distribution. The stabilisation energy associated
with donation from each of the cyclopentadiene units to
iron is 484.46 kcalmol™!, whereas the back-donation from
iron to the cyclopentadiene units is much weaker in compar-
ison at 85.32 kcalmol .

These patterns of electron distribution are reflected in the
molecular electrostatic potential generated by the metal
complexes, as shown in Figure 6, in which the only signifi-
cantly positive values are located close to aromatic hydro-
gen atoms. The corresponding values for free benzene (not
shown) exhibit less pronounced maxima associated with
C—H bonds (maxima +0.025 a.u. in benzene, +0.044 a.u. in

Figure 6. Molecular electrostatic potential around Cr(C¢H)(CO); and
ferrocene at the BP86/6-314G(d,p) level, projected onto the 0.001 au
isodensity contour. Blue represents positive MEP and red represents neg-
ative MEP.
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Cr(C¢Hg)(CO); and +0.029 in ferrocene) but also a mini-
mum over the ring centroid, a feature that is absent in the
chromium complex but evident in ferrocene. Thus, it seems
evident that net donation of electrons from benzene to Cr,
and the concomitant changes in electron density around
benzene, lead to the reduced hydrogen-bond accepting and
increased hydrogen-bond donating ability of the coordinated
benzene. This effect is less pronounced in ferrocene because
net negative charge of each ring is retained.

These changes do not, at first sight, explain the large in-
crease in m-stacking interaction energy shown in Table 2 and
Figure 3 for the chromium complex, because net donation
from the m system of benzene should lead to reduced disper-
sion interactions. However, these changes do contribute to
the increased binding in the PD complex: in the free ben-
zene dimer at the same separation, the BSSE-corrected HF/
AVTZ* interaction energy is 44.13 kcalmol™, whereas in
Table 2 we find +3.11 kcalmol ', This difference of 1.02 kcal
mol™' is a substantial fraction (64%) of the overall differ-
ence between free and chromium-bound benzene dimers, in-
dicating that increased electrostatic attraction and/or re-
duced exchange-repulsion play a part in the increased bind-
ing of this complex.

Local correlation methods allow us to decompose correla-
tion contributions to the binding energy from individual or-
bitals and/or atoms, functional groups or whole molecules.
Comparison of such decomposition for the PD complex
with the analogous benzene dimer (Table3) from

Table 3. Intermolecular correlation energies in PD complexes [kcal
mol~'].

Cr(C4Hg)(CO);-CgH, Benzene dimer

total —8.99 —843
dispersion —6.73 —6.27
ionic —2.30 -2.17
T+ —2.55 -2.96

Cr--benzene —-0.87 -

DF-LMP2/AVTZ* confirms the increased intermolecular
correlation in the chromium complex. Coupled with the in-
creased binding at the HF level, this accounts for essentially
all the increased binding of the metal complex. Table 3 also
indicates that dispersion interactions dominate this intermo-
lecular correlation, but that ionic terms (double excitations
from the occupied orbitals of one monomer to the virtual
orbitals of the other) are substantial in both cases. Isolating
just the interactions between s orbitals in each monomer
(by using Lowdin charges as the criteria) reveals that the
withdrawal of electron density from benzene by complexa-
tion to Cr does indeed reduce the strength of the stacking
interaction. However, this is more than offset by the interac-
tions of orbitals predominantly based on Cr with the stacked
benzene, which at —0.87 kcalmol™"' are surprisingly strongly
stabilising. The bulk (—0.55 kcalmol™', 63%) of these Cr in-
teractions are with the m orbitals of benzene, with the re-
mainder made up from individually small (—0.02 to
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—0.05 kcalmol™) but cumulatively significant contributions
from C—C and C—H o-bonding orbitals.

Rigid scans by using BHandH were also carried out on
the ferrocene and Cr(C¢H,)(CO); complexes with methane
and the PD, T1 and T2 conformations of benzene. Data
from these scans is summarised in Table 4, along with analo-

Table 4. Equilibrium distances [A] and interaction energies [kcalmol ]
of Cr(C4H,)(CO); and Fe(CsHs), at equilibrium distances.

DF-LMP2 SCSN BHandH
Teq AE Teq AE Teq AE
Cr(CHe)(CO);
CH, 2.80 —1.38 2.90 -1.11 2.60 —1.60
PD 3.30 -5.80 3.50 —4.35 3.40 —3.00
T1 2.50 —2.53 2.60 —2.08 2.50 —2.06
T2b 4.80 —6.55 4.90 -5.89 4.80 —6.27
Fe(CsHs),

CH, 2.80 —1.44 2.80 -1.23 2.50 -1.97
PD 3.30 —4.14 3.50 -2.71 3.40 —1.67
T1 2.50 =297 2.50 —2.65 2.40 -3.02
T2 4.70 -3.95 4.80 -3.28 4.70 -3.23

gous data from DF-LMP2 and SCSN for comparison. These
results show that the curves have minima at similar equilib-
rium distances to DF-LMP2 and/or SCSN, whereas interac-
tion energies at these minima follow the same trends as
seen in Table 2. For both CH, complexes, interaction ener-
gies are overestimated and hence separation is underesti-
mated (relative to SCSN). For both PD complexes,
BHandH scans have consistently reduced the interaction
energy, and run almost parallel to the SCSN curves, such
that rather similar minima have been found. Performance is
best for the T-shaped complexes, for which BHandH and
SCSN curves are close across all separations. Table 4 indi-
cates that, in general, BHandH is as successful in locating
minimum energy geometry as is unscaled MP2, and hence
could be an efficient method for optimising larger, more
complex systems in which the rigid scan technique would be
unsuitable. This prompted us to explore this as an approach
to full geometry optimisation. Previous work shows than
this approach gives reasonable approximations to high-level
optimised geometries, even in cases in which interaction en-
ergies are significantly in error.*! We, therefore, performed
unconstrained geometry optimisations for four complexes of
Cr(C¢H)(CO);, and the resulting structures are shown in
Figure 7, along with selected geometrical parameters.

The methane complex barely differs from the minimum
of the rigid scan, retaining approximate C;, symmetry with a
single C—H bond pointing towards the & system at a dis-
tance of 2.50 A from the centroid of the ring. Similarly, the
PD complex retains the essential features from Figure 3,
with parallel benzene moieties at 3.6 A apart. In this case,
however, there is little or no barrier to conversion to the
T2b orientation: default optimisation options result in spon-
taneous movement to the T-shaped form, whereas calcula-
tion of initial force constants from harmonic frequencies, or

Chem. Eur. J. 2010, 16, 5391 -5399

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

T —2—

XX

r(H..m) 2.503 A r(n..m) 3.590 A
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r(H.m) 2285 A
C—H..n 166.4°
M1 73.9°
r(H..0) 2.611,2.754A

r(H.m) 2489 A
C—H...m 150.1°
Figure 7. BHandH/6-31 + G(d,p) optimised geometries.

optimisation in Cartesian rather than internal coordinates,
locates the form shown in Figure 7 as a local minimum.
Significant differences from the results of rigid scans are
observed on optimisation of both T1 and T2b orientations.
In the former, the C—H donor no longer points directly to-
wards the centroid of the acceptor, but instead assumes an
off-centre position. This has been observed previously for
the free benzene dimer, in which it was found to be approxi-
mately 0.2 kcalmol ' more stable than the higher-symmetry
T-shaped form. Similarly, the T2b form does not retain the
perpendicular orientation employed for Figure 4, adopting
an orientation that brings two hydrogen atoms of benzene
into reasonably close contact with one of the carbonyl
oxygen atoms. Atoms-in-molecules analysis (not shown)
confirms the presence of a C—H:-O interaction as well as
the expected C—H:---m hydrogen bond in this orientation.
Even with the relatively efficient DF-LMP2 or SCSN
methods, full optimisation requires more CPU resources
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than are currently available to us, making identification of
such geometrical subtleties by any other means than DFT a
difficult and laborious task. It may be that other DFT ap-
proaches specifically designed to better describe non-cova-
lent interactions will be preferable to BHandH in this
regard, but in the absence of benchmark geometry for
proper comparison this cannot be determined at present. In
any case, detailed comparison of DFT methods is not the
main goal of this work.

Conclusion

Benchmark ab initio data determine the strength of interac-
tion of chromium benzene tricarbonyl and ferrocene with
methane and benzene, the latter in various orientations to
give C—H--m and m--m-stacking interactions. Compared with
benzene, both metal complexes are slightly weaker hydro-
gen-bond acceptors to both methane and benzene, but are
significantly stronger hydrogen-bond donors to the m system
of benzene. The most strongly bound complex, that of
Cr(C¢Hg)(CO); donating a C—H--;t hydrogen bond to ben-
zene, has an interaction energy of —5.85kcalmol™!, more
than twice the value of —2.68 kcalmol™' previously found
for the T-shaped benzene dimer. The PD, n-stacked complex
between the chromium compound and benzene is also much
more stable than the equivalent benzene dimer.

This benchmark data allows us to test the performance of
less accurate but more efficient MP2 and DFT methods. As
in non-metal cases, standard MP2 methods strongly overesti-
mate interaction energies. This behaviour can be remedied
by use of SCS, with two variants of this approach designed
specifically for non-covalent interactions showing promise in
this regard. A third approach, SCSC, performs well for CH,
and T-shaped complexes, but less well for PD ones. When
combined with density fitting and local correlation methods,
the DF-SCSN-LMP2 method is an efficient and accurate
method for determining interaction energies, allowing po-
tential energy surface scans for intermolecular coordinates.

The origins of the observed trends in interaction energy
are explored in more detail, and can largely be traced to the
net transfer of electron density from the aromatic ligand
into metal d orbitals. This apparently has a larger effect on
aromatic hydrogen electron populations, thus promoting the
hydrogen-bond donor capacity of these ligands. The en-
hanced mt--; stacking, most evident in the chromium com-
plex, can be traced partially to the same redistribution of
electrons and partially to additional dispersion interactions
with the metal centre. Finally, the utility of an efficient DFT
method for geometry optimisation is demonstrated, and the
importance of performing full optimisation rather than one-
dimensional scans is discussed.
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