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Penta-coordinated or -valent: the nature of the
chemical bond of some Ti—C-Al compounds+

J. SalBmannshausen

Detailed DFT calculations of the published [CpTi(u?-Me)(u2-NPPhs)(u°-C)(u2-AlMe,),(AlMe,)(AlMe3)] 1 revealed
the triple-bond nature of the Ti—C bond and thus being a methide carbon with 5 surrounding ligands. This
finding was further corroborated by the derivates [CpTi(p?-Me)(u?-NPPhs)(u*-C)(u?-AlMe,),(AlMe,)] 3, which
has one AlMes ligand “removed” compared to 1, and [CpTi(p2-NPPh3)(SiMes)(13-C)(u2-AlMe,)(AlMe,)] 4, where
the —AlMe, moiety has been replaced by a non-coordinating SiMes one. Detailed electronic investigations
(QTAIM, NBO, ETS-NOVC) suggest a Ti—C triple bond, with one AlMe, moiety covalently bound to the carbon
and the remaining three AlMe, moieties interacting more in a Lewis acid—base fashion. Consequently, this is a
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Introduction

A detailed understanding of the nature of a bond between the
elements in a compound is of fundamental importance for the
properties of the molecule, in particular for a catalyst.

Take for example carbon, which as the first element of
group 4, has normally a coordination number of four originat-
ing from the four sp® orbitals creating four available orbitals
for bonding. The simplest example for this kind of bonding
would be CH, where the 1s orbital of the hydrogens are inter-
acting with one of the sp® orbitals of the carbon forming a o-
bond, creating the familiar tetrahedral shape of the molecule.
Lower hybridizations modes are possible utilizing only two or
one p-orbitals to result in sp® and sp orbitals, respectively,
where the remaining p-orbitals are usually engaged in = type
bonds. This concept is incomplete as carbon can expand its
coordination sphere above 4 to for example 5, as reported for
the cationic compound LisC' as early as 1976 (see in text of
ref. 1). This structure was later subject to DFT investigations by
Schleyer 1982."* Here the sp” hybridized orbitals are bonding
three of the Li ligands whereas the remaining p-orbital is
binding the remaining two Li ligands in a c-allyl type nearly
linear 3 centre 2 electron (3c2e) bond.? This way, the resulting
overall wavefunction for this particular orbital combination is
lowered, compared with the individual orbitals. These kinds of
compounds can be considered as penta-valent, as the atom-
atom interaction is that of a valence bond, with the carbon to
be considered hypercoordinated since it has eight valence elec-

Imperial College London, UK. E-mail: j.sassmannshausen@imperial.ac.uk
1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3dt00164d

4494 | Dalton Trans., 2023, 52, 4494-4500

penta-coordinated carbon and not, as the geometry would suggest, a penta-valent one.

trons to bond to the five lithium atoms. Unfortunately,
Schleyer et al. did not report the electronic structure of the
LisC" compound at the time.

More recently Merino et al. published an excellent compre-
hensive review of planar tetra- and penta-coordinated carbon
compounds, including some quite stunning movies of the mole-
cular dynamics of some of the investigated compounds.*®

Addressing these observations and unearthing the under-
lying electronic structure is not only a pure academic question
but one of fundamental importance.’ In general, understand-
ing the intrinsic steps of a reaction, which often is governed by
electronic effects and hypervalent/hypercoordinated
elements,® is of great importance as it helps to tailor-make
catalysts which in turn might be more efficient as well.

To this end, we have been interested in these kind of
investigations for some years now and have often discovered
unexpected electronic properties.’®'® Hence, the report from
Stephan in 2000 about the unusual five-fold coordinate sphere
of the Ti-Al-C compound 1 was an interesting subject to
explore."””'® Here, we report the electronic nature of the
carbon atom which is surrounded by five ligands, clearly in
breach of the more common 4 ‘bonding’ carbon.

Results and discussion

Validation of the employed level was done by optimising the
geometry of the solid state structure, and relevant parameters
are in good agreement between the observed and calculated
structure (Table S1). Minor details in bond length and angles
are most likely due to the difference between the observed
solid state structure and the calculated gas-phase one. During

This journal is © The Royal Society of Chemistry 2023
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Table 1 Relevant metrics between 1, 1-dft, and 2. Distances in A, angles in degree
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1 1-dft 2
d(C3-Al2) 2.095(3) 2.08 d(Al1-C9) 2.098(2)
d(C3-Al4) 2.087(3) 2.12 d(Al2-C9) 2.100(2)
d(C3-Al5) 2.121(3) 2.11 d(Al3-C9) 1.958(2)
d(C3-Al26) 2.150(3) 2.12
<(Ti-C3-Al4) 104.81 106.45 <(Al1-C9-Al2) 173.10(11)
<(Ti-C3-Al5) 175.80 175.11 <(Al1-C9-Al3) 94.47(8)
<(Al2-C3-Al4) 130.72 129.31 <(Al2-C9-Al3) 92.41
<I(A127C37A126 114.77 114.94
<4(Al4-C3-Al126) 114.37 115.16
3'(Al2-Al4-Al26-C3) 359.86 359.41

the preparation of this manuscript Villegas-Escobar et al.
reported a similar trigonal-bipyramidal carbon with three alu-
minium and two hydrogens atoms around the carbon (c¢f
Table 1).2°

Their metrics are very close to the one from Stephan’s com-
pound and are listed in Table 1 for comparison.

In both cases, the geometry is close to a perfect trigonal-
bipyramidal structure with the Ti(Al)-C-Al angle being 175.11°
(1-dft), 175.80° (1) and 173.10(11)° (2), respectively. The C-Al
bond distances are around 2.11 A. The in-plane distances
between the carbon and aluminium are slightly shorter than
the carbon-apical ones. Some distortion of the ideal 120° can
be observed reflecting the different ligands in the plane (alu-
minium in 1 and 1-dft, and aluminium and hydrogen in 2).
Bearing in mind the differences between both compounds, the
overall geometry is remarkable similar.

Electronic structure analysis

In order to obtain a more detailed understanding of the nature
of the interactions between carbon and aluminium in 1-dft,
QTAIM and NBO analysis were performed.> We obtained bond
paths between carbon and all of the five surrounding ligands
for 1-dft as illustrated in Fig. 1 and 2, and relevant parameters
summarized in Table 2. Plots for the Laplacians of the elec-
tron-density are provided in the ESL

Judging from the values of the bond critical points bcp1-3
and bcp9, the central carbon is bound equally to the alu-
minium atoms. This is further corroborated by the Laplacian
of these points which are very similar and suggesting the
expected an open-shell, ionic interaction.>® However, the
values of the Ti~C bcp8 are nearly twice as strong as the C-Al
ones. Thus, more electron density can be expected between

This journal is © The Royal Society of Chemistry 2023

3‘. &o
.

Fig. 1 Electron density plot through Ti, C3 and Al26 with N27 and Al5
being out of plane.

Y

Fig. 2 Electron density plot through Al2, C3 and Al4 with Al26, C62 and
C66 being out of plane.

these two atoms compared with the C-Al interaction. The
slightly lower value of the Laplacian of bcp9 would also
suggest a less ionic interaction. This raises some doubts about

Dalton Trans., 2023, 52, 4494-4500 | 4495
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Table 2 Electron densities and Laplacians of 1-dft
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Table 3 Summary of bond properties of 1-dft

p(r) V(1)
bep1 0.0588 —0.0551
bep2 0.0555 —0.0502
bep3 0.0552 —0.0517
bep6 0.0567 —0.0871
bep7 0.1226 —0.0993
bep8 0.1286 —0.0452
bep9 0.0556 —0.0534
bep10 0.0377 —0.0103

the potential electronic similarities between 1-dft and 2.
Indeed, detailed NBO analysis reveals the following picture:

- The carbon is sp hybridized

- The Ti-C bond is a triple bond

- The remaining sp hybrid orbital is bonding Al5

The remaining three aluminium atoms are interacting in such
a way that a suitable Ti-C n-bond is donating electron density
into an empty p-orbital of the aluminium atom (¢f. Fig. 3).

Further plots of all relevant Ti-C-Al orbital interactions are in
the ESLt A summary of the various metrics further corroborating
the multibonding nature of the Ti-C bond is given in Table 3,
and Bader and NBO charges of selected atoms in Table 4.

In all cases, we note that the values for the Ti-C bond are
significantly higher than for the C-Al bonds, further corrobor-
ating the multiple bond character of the Ti-C bond.

Me
Cp .~ \ AlMe,
/Tl_C\\
RsP=N AlMe,
Ty

Mes
5

+ AlMes

Derivatives

To gain more insight into the nature of the Ti-C bond and to
further corroborate our hypothesis, we were looking into the
similar compounds, which can be seen as derivates of 1. In
particular, a derivative of 1 which has a bridging p*-NP'Pr,

BCP (total NBCP (NAO
density) atomic densities) Natural
binding
o(r) Vi(r)  p(d) V2p(r) index® Wiberg
Ti-C3 0.1286  0.1809  0.1358  0.1965  1.2194 1.4868
C3-Al2 0.0588  0.2206  0.0570  0.2123  0.5542 0.3071
C3-Al4 0.0552  0.2068  0.0579  0.2053  0.5574 0.3107
C3-Al5 0.0556  0.2137  0.0616  0.2209  0.6119 0.3744
C3-Al26  0.0555  0.2010  0.0523  0.1835  0.4994 0.2494
“NCU strength parameters
Table 4 Summary of atomic properties of 1-dft
Bader Natural Wiberg NLMO/NPA bond
charge charge index orders
Ti 0.87250 4.5537 5.2905
C3 —2.63525 —1.88537 3.0970 1.8741
Al2 2.31071 1.80942 1.9592 1.9195
Al4 2.32283 1.77598 2.0165 1.9736
Al5 2.32471 1.65577 2.1941 2.0046
Al26  2.34443 1.96122 1.7349 1.7707

instead of the u>-NPPh; moiety, which is in equilibrium with
AlMe; (eqn (1))."
R='Pr
MesAl~
e
Cp\ ./ P >~AlMe,

R3zP=N AlMe
3 \AI/ 2
\V/[=)

6

Thus, we were investigating [CpTi(p>-Me)(u>*-NPPh;)(p*-C)
(n*-AlMe,),(AlMe,)] 3, which is similar to 5 and [CpTi(p*
NPPh;)(SiMe;)(u*-C)(u*>-AlMe,)(AlMe,)] 4, in which the N-AlMe,
moiety has been replaced with a non-coordinating -SiMe; one.
This way, we are ‘stripping’ the Ti-C bond from all the non-co-

Fig. 3 Typical interaction between the Ti—C n-bond and an empty Al orbital of predominantly s-shape.
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valently bounded Al ligands to investigate the true nature of
that bond. Additionally, next to the already employed QTAIM
and NBO methods, we are also utilizing ETS-NOVC?*>™>® to get
a different view of this bond. This way, we hopefully remove
any kind of bias which might be inherited to the used
methods. For better comparison, some relevant metrics of 1-
dft, 3 and 4 are summarised in Table 5.

Inspection of Table 5 indicates the release of pressure of
the C3-Al4-C14-Al5 butterfly shaped ring, going from 1-dft to
3 and finally 4, as evident from the dihedral angle of the ring
going from —17.49° to finally —10.51°. The position of the ring
is also shifting, as evident from the shortening of the Ti-C3-
Al5 angle from 175.11° A to 134.58°. These changes are conco-
mitant with a shortening of the Ti-C3 bond from 1.947 A to
1.757 A. For comparison, we also calculated Al,Me; at the
same level of theory. Here we found an average Al-uCH; bond
distance of 2.14 A with an Al-Al distance of 3.394 and a di-
hedral angle of —11.27°. So far, our hypothesis of a Ti-C triple
bond with one covalently*® bound terminal AlMe, and the
remaining three Al moieties surrounding this bond and are
interacting in a dative?” bond fashion with Ti-C3 triple bond.

As before, we conducted QTAIM and NBO analysis and the
relevant data are collated in Tables 6 and 7, respectively.

As evident from Table 6, the electron density p(r) of the Ti-
C3 bond critical point is increasing, concomitant with a
decrease of the Laplacian V?p(r) of that point. This would
further corroborate our hypothesis that the three Al atoms in
the plane of trigonal-bipyramidal (Al4, Al5 and Al26) are co-
ordinated via a dative bond to the Ti-C triple bond, rather
than via a covalent bond to the carbon. This is also confirmed
by looking at the NBO donor-acceptor interactions, which
indicate that a Ti-C = bond is donating electron density into

View Article Online
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an empty orbital of these aluminium ligands. Drawings of
these interactions can be found in the ESL.}

To finish off our detailed investigations, we were also
looking into ETC-NOVC to see if our hypothesis is correct, or
the wrong conclusions are drawn due to a biased method. This
analysis was conducted by first computing the whole molecule
(closed shell) and then the two fragments where the Ti-C bond
has been broken. In light that the original compound 1 is dia-
magnetic, which does imply a Ti*" species, we arrived to the same
conclusion as Stephan'” and assumed a Ti-C triple bond. Thus,
both fragments were treated as open shell with a multiplicity of 4.
Furthermore, we made sure the C3-Al4-Al5-C14 ring remains
intact, assuming a structure similar to Al,Me;. This leads to three
dominant interactions: one which could be assigned to be of ¢
and two broadly to be of & character. We noticed that these orbi-
tals are not localised but seem to be highly delocalised, in par-
ticular in the direction of the in-plane Al atoms. This is more
dominant in 1-dft compared to 4 (c¢f Fig. 4).

Fig. 4 shows the NOVC pairs which are making up the
shown bonds. For example, for 4 the NOVC pair 1-514 is made
up of the pair 1 with orbitals 1 and 1025; and pair 514 with
orbitals 1026 and 2050 (¢f. ESI page 407). The overall interaction

Table 6 QTAIM results of 1-dft, 3 and 4

BCP (total BCP (total BCP (total

density) 1-dft density) 3 density) 4

p(r) V() plr) Vi) p(r) VZp(r)
Ti-C3 0.1286  0.1809 0.1755 —0.0483 0.1951  —0.0522
C3-Al4 0.0552  0.2068  0.0552  —0.0537 0.0672 —0.0709
C3-Al5 0.0556  0.2137  0.0656  —0.0687  0.0447 —0.0393
C3-Al26  0.0555 0.2010 0.0577 —0.0539 n.a. n.a.

Table 5 Metrics summary of 1-dft, 3 and 4. Distances in A, angles in degree

d(Ti-C3) 1.947
d(Ti-Al26) 2.743
d(Ti-N27) 1.919
d(Al4-Al5) 2.636
d(C3-Al4) 2.119
d(C3-Al5) 2.108
d(C3-Al126) 2.119
4(Ti-C3-Al26) 84.72
4(Ti-C3-Al5) 175.11
<(Ti-C3-Al4) 106.45
4(Al4-C3-Al5) 129.31
4(Al4-C3-Al26) 115.16
4(Al5-C3-Al4-C14) -17.49

This journal is © The Royal Society of Chemistry 2023

1.807 1.757
2.692 n.a.
1.937 2.119
2.667 2.631
2.079 1.996
2.021 2.010
2.097 n.a.
86.84 n.a.
161.25 134.58
107.66 141.46
81.15 82.08
121.13 n.a.
—-21.71 —-10.51

Dalton Trans., 2023, 52, 4494-4500 | 4497
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Table 7 Selected charges for QTAIM and NBO analysis of 1-dft, 3 and 4
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Bader charge 1-dft Bader charge 3 Bader charge 4 Natural charge 1-dft Natural charge 3 Natural charge 4
Ti 0.8725 1.1971 0.8288
C3 —2.6353 —2.2732 —1.9345 —1.8854 —1.5384 —1.2619
Al4 2.3228 2.3306 2.3444 1.7760 1.6515 1.6365
Al5 2.3247 2.3354 2.3380 1.6558 1.6462 1.6305
Al26 2.3444 2.3529 n.a. 1.9612 1.7792
1-dft

Fig. 4 NOVC pairs of 1-dft (top) and 4 (bottom). The individual pairs of orbitals making up these interactions are shown in the ESI} for more

information.

is shown in Fig. 4 and resembles that of a = bond. In general for
4 it is very easy to identify the various Ti-C ¢ and the two =
bonds, whereas for 1-dft this is more complex due to the deloca-
lisation of the bonds. However, this is in line with our hypoth-
esis about the Ti-C triple bond, which is donating electron
density into suitable Al orbitals for Al2, Al4, and Al5. As a conse-
quence of this electron donation, the electron density between
Ti and C3 will be decreased going from 4 to 1-dft via 3, which
also explains the apparent paradox of C3 having a higher charge
in 1-dft compared to 4: as clearly visible in Fig. 4, the bonding
orbitals are more located on C3 than Ti (¢f NOVC pair 2-565),
thus C3 having a higher electron density, compared with NOVC
pair 2-516, where the electron density is more between C3 and
Ti as expected for a more traditional triple bond.

Conclusion

From the presented data we can draw the following con-
clusion: although the geometrical arrangement is that of a tri-
gonal-bipyramidal one, detailed electronic analysis shows
clearly a Ti-C3 triple-bond, i.e. a methide carbon. Analysis of

4498 | Dalton Trans., 2023, 52, 4494-4500

the C3-Al5 bond, i.e. at the other ‘tip’ of the trigonal-bipyrami-
dal geometry, is more of single bond character in line with the
originally proposed methide carbon. The remaining three alu-
minium atoms are in the plane of the geometry and show a
dative bond between a suitable Ti-C bond and an empty Al
orbital of suitable shape. The different values for Al26, com-
pared with Al2 and Al4, can be explained by the additional
interaction with N27 (¢f. Fig. 1) and thus some of the electron
density demand is satisfied via that interaction. This con-
clusion is further corroborated from the derivatives 3 and 4,
which clearly show an expected trend. In conclusion, support
for the original description of the C3 atom in 1 as a penta-co-
ordinated rather than penta-valent carbon, as found in 2, has
been obtained."” Detailed electronic analysis needs to be done
for these wunusual, curious trigonal-bipyramidal shaped
carbons to obtain the true electronic nature of these carbons.

Computational details

All calculations were performed at using the PBEO
functional®®*° in combination of a mixed basis set consisting

This journal is © The Royal Society of Chemistry 2023
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of Pople’s 6-311G(d,p) basis set® for all elements apart from
Ti, where the Stuttgart-Dresden effective core potential was
used.’ This mixed basis set is abbreviated ecp11l and an
expansion of the previously employed ecp1l mixed basis set.>>
The PBEO functional was found to give good results for tran-
sition metal complexes, specially in combination with
Grimme’s DFT-D method.?***

All calculations were performed using GAMESS-US versions
2019-R1 and 2021-R2 using a standard grid setting.’>° The
optimised structure was subject to a numerical Hessian calcu-
lation to verify the nature of the structure being a true
minimum (no imaginary frequencies).

For the ETS-NOVC properties calculation, we were using the
DZVP all electron basis®” set instead of the effective core poten-
tial one. The larger Sapporo-DKH3-DZP basis set in combi-
nation with the all-electron scalar relativity treatment employ-
ing the local unitary transformation modification (keyword
RELWFN = LUT-IOTC) with a large grid (keywords nrad = 125
nleb = 1202) as implemented in GAMESS-US were used for the
Quantum Theory of Atoms in Molecules (QTAIM),*® and
Natural Bond Orbital (NBO).>***° This way, we hope to obtain a
comprehensive understanding of the way the atoms in this
molecule are interacting with each other. For visualisation of
the QTAIM analysis AIM2000""** was utilized, the various orbi-
tals were generated using Jmol.** For the ETS-NOVC analysis
the program Multiwfn, version 3.8, was employed.** All of the
raw data of the computed compounds 1-dft, 3, and 4 are avail-
able free to download from https:/doi.org/10.5281/
zenodo.7683030.
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