3414 J. Phys. Chem. R008,112,3414-3423

Evidence of an Unexpectedly Long G&C Bond (>2.7 A) in 1,3-Metalladiyne Complexes
[Cp2MCCR]2 (M =Ti, Zr): QTAIM and ELF Analyses
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Topological analyses of the electron density using the quantum theory of atoms in molecules (QTAIM) and
electron localization function (ELF) have been carried out, at the B3LYP/DGVZVP and MP2/DGVZVP
theoretical levels, on different 1,3-metalladiyne cyclic compoundsNICBCR)]., (M = Ti, Zr; R = F, CH;,

H, SiHs). The QTAIM results indicate the presence of an extraordinarily lorgCond (in a 2.73.0 A

range) connecting the CCR moieties, contrary to the common geometrical assumption-a¥1ebbhd in

similar metallacycles. The existence of this-C bond is also supported by the distinct consequences on the
reaction profiles for the Ti and Zr complexes, the CC oxidative coupling reactions being favored only for the

Ti complexes. Moreover, the consequences of this bonding in the coupling/cleavage reactions of these
metallacyclic complexes are reported and analyzed, revealing the transcendence of these long-range bonds in
the overall behavior of these compounds.

Introduction SCHEME 1: General Molecular Arrangement of the

. . Different 1,3-Metalladiyne Compounds Studied in This
The discovery of several long-€C bonds in the range of Work (1—8), Indicating the Specific Combination of R
1.6-3.5 A has been reported in organic molecules such as ortho-Groups and’M Metal Atoms

carboranes,3,8-dichlorocyclobutdfinaphthalene derivatives,
and tetracyanoethylene anion dimérsyhich constitute a R\
challenge to the conventional bonding models. When compared C, \
to the length of any standard-<€C bond, these bonds seem to "\c M~k| FCH; H SiHs
have extraordinary length, which generally causes them to be @ 1\ P Ti | T 2 3 4
disregarded as proper bonds. Their potential relevance as long- M M s o678
range mediators prompts their study to discover whether these < \ R
bonds are strong enough to play a role in molecular reactivity. C; \

Usually, in organometallic compounds, the presence of a \
metal atom results in a complete disruption of the normal C\
behavior of organic molecules. This is the reason underlying
their numerous applications in many chemical processes, such . .
as in organic synthesfsgehydrogenation reactiofgolymer- were prepared_also by Er.k&put In contrast to n asnalogues,
ization reaction§,and stereospecific reactiohit.is also known  these do not yield the oxidative coupling reacttén?
that metal atoms may induce weak interactions which, as the Bonding connectivity has constantly been an issue for these
determination of the bond connectivity, sometimes are hard to €0mPounds because of the difficult determination of bonding
determiné. For example, we have recently studiébe nature interactions. Several models have been proposed to explain the

of the agostic bond$1° suggesting that some of the formerly interactions that yield such structures. Depending on the strength
considered a-agostic bonds are better viewed as agostic of each C--Ti interaction, these molecules can be viewed as

geometries, with no bonding to the metal, in which the hydrogen dimers or proper metallacycléSDespite having an ambiguous
approximation is not caused by its bonding to the metal atom. bonding structure, these compounds present notable stablhty.
One of these reactions, in which weak interactions with metal MOreover, another consequence of such labile bonds is a not
atoms govern their geometrical structure, is the metal-catalyzed Ul understood reactivity. _
oxidative coupling of alkynes mediated by Ti atob which The existence of a possible-TiTi bond was suggested by
the 1,3-titanadiyne (see Scheme 1) plays a key role. TheseStucky et al. to explain the observed diamagnetisrithe
metallacyclic compounds, which were first isolated by TeuBen, Presence of a €:C bond was implicitly rejected, possibly to
participate also in other catalytic reactions applied to industrial th€ large interatomic €-C distance t2.7 A), presumed
processe# acting as intermediates in the oxidative coupling incompatible with bonding® Nevertheless, in the 1980s, a
reaction (see Scheme 2) of two phenylethynyl anions in the Pioneering study by Jemmi$ using the isolobal analogy from
presence of two [G4Ti] groups and resulting in a strained but Extended Huokel and MNDO calculations, suggested the

stable phenylbuta-1,4-diene product. Similar Zr-based complexesPrésence of a long-distance slight-Q interaction in Ti
compounds, stating: “There is a slight bonding interaction that

* Author to whom correspondence should be addressed. E-mail: S€€MS to develop.” This, according to them does not lead to
dobado@ugr.es. new C—C bond with Zr but does so with Ti. To the best of our
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SCHEME 2: Schematic Structural Representation of the Geometries Adopted by the Reactive (a), TS (b), and Product
(c) Molecules Calculated in the Present Work (18)
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knowledge, no further studies supporting this idea, with links prediction made by Jemmid Today, thanks to the availability
to the findings reported here, have been published. of appropriate methodologies for the characterization of chemi-
Other comparative studies on these kinds of complexes werecal bonding, we are able to uncover the presence of such bonds,
carried out by Rosenth&$,who analyzed in depth the coupling which remained disregarded until now. Additionally, the
reactivity with Ti and Zr, oriented to synthetic applications in consequences of this bonding in the reactivity of these metal-
the metathesis reaction of 1,3-diynes. Nevertheless, the reason#acyclic complexes are reported and analyzed, revealing the
why the Ti complexes are able to conduct the coupling reactions, transcendence of these long-range bonds in the overall behavior
while Zr does not, are still unknown. of these compounds.
However, the problem of distinguishing a bond within a
complex molecular structure is not only associated with orga- Methodology

nometallic complexes but is ubiquitous in chemistry. As happens  cajculations based on density functional theory (DFT) and
for other structure$!® the existence of bonds is not always pp2 were performed with the Gaussian03 pacRager the
Iinked to the geometrical parameters (mainly short internuclear getermination of the geometries of the studied molecules, as
distances). well as for the further analysis of the resulting wavefunction.
The bond concept, although being extremely useful for the We used Becke'’s three-parameter functidhaith the exchange
chemist, is not an observable, in terms of quantum mechanicspotential of Lee, Yang, and Patr(B3LYP), as in previous
and therefore is subject to interpretation. Chemical models that calculations on related organometallic compouhtigverthe-
include bonds as building blocks are usually forced to determine |ess, the most relevant data of this work have been calculated
the existence or absence of bonds between atoms. Such theoriegiso at the MP2 level (full coreéin order to validate the DFT
are not always able to describe bonds properly, and therefore results (see Table S-1). We chose the DGauss DZVP polarized
determining the existence or absence of a bond could beDFT orbital basis sets for all atoms, coded in the Gaussian
somewhat arbitrary. program as DGDZVP 27 which for Ti and Zr atoms acquires
Geometric conditions are not the unique requirements for the (15s9p5d)/[5s3p2d] and (18s12p9d)/[6s5p3d] form, respec-
determine the presence of a bond, but electron arrangement hagvely. Although DGDZVP basis set lacks f functions for Ti
to be an integral part of the bond definition. Molecules are not and Zr, the validity of the geometric results arising from this
a mere superposition of atoms, but atoms are glued togetherbasis set have been compared for compotmegainst a more
through bonds. The chemical ability of distinguishing an atom complete basis set including f and g functions, such as the
or functional group within a molecule implies that these retain Wachters-Hay function, which presents the form (15s11p6d3fg)/
their identity, so it is usually considered that bonds are entities [10s7p4d3fg], employing the 6-3%H-G** basis set for the rest
that join atoms, these preserving part of their individual of the molecule. Results (see Table S-1) indicate no substantial
properties. At this point, given that molecular space can be geometric difference arising from the use of f and g functions.
divided into fragments (called open systems) in which the Also, the inclusion of the relativistic effects was considered in
Schralinger equation may be solved individually, it is reasonable this work performing calculations on Zr complexes, using
to think that bonds are related to the boundary conditions SBKJCS relativistic effective core potentials for Zr atoms and
between these open systems. the DGDZVP basis set for the remaining atoms. Nevertheless,
Based in these ideas, the theory that is able to identify the the geometries resulting from these calculations do no vary
connectivity of bonds within molecules is the Quantum Theory substantially, the £&-C, distances being even lower than those
of Atoms in Molecules (QTAIM), which has been also applied at B3LYP/ DGDZVP, and the energetic reaction profiles present
for characterization of long €C bonds in tetracyanoethylene almost no differences in comparison to the theoretical level
dimers and ortho-carboranésThe QTAIM, together with the chosen for this work (B3LYP/DGDZVP). For instance,A¢
analysis of the electron localization function (ELF) are useful distances are systematically shorter with SBKJC in about 0.01
tools for the identification of chemical structures (including A, while activation energies in the case of Zr compounds
bonding connectivity) and coupled electron pairs, respectively. presenting the long €C bond is 0.2 kcamol™ higher with
Both approaches have been applied successfully to the characSBKJC, in the rest of the cases being 1 keadl~* lower. In
terization of other organometallic compourfd8:21 Therefore, any case, no substantial difference can be appreciated. A
the main purpose of this work is to rationalize the bonding complete geometrical comparison of these two methods can be
scheme for a set of different titana- and zirconadiyne complexesfound in Tables S-3 and S-4 in the Supporting Information.
and uncover the causes of their distinct reactivity led by Tiand  The stability®3° of the wavefunctions of all structures was
Zr atoms, within the framework of the QTAIM theory and ELF  checked through a relaxation of the wavefunction under various
analysis. This has resulted in the identification of an uncommon constraints: these comprise allowing an RHF determinant to
C—C bond in 1,3-dimetallacycles, with bond lengths of about become UHF or the orbitals to become complex. The results
2.7 A. This finding corresponds to the above-mentioned confirmed a singlet ground-state for all the structures. The local
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stability of all structures was checked through the eigenvalues of 1,3-metalladiynes by the QTAIM analysis from B3LYP
of the matrix of second derivatives (Hessian); all energetic calculations. In addition, MP2 calculations were carried out for
minima presented no imaginary frequencies, while transition compound4a, in order to compare their results (See Table S-1
states (TS) presented a single imaginary frequency. Eventuallyfor geometric details and Figure S-14 for a representation of
the potential energy surface of these compounds were explorecthe C-C bond identified at the MP2 level). For the purpose of
by performing a relaxed scan, in which the-C, distance characterizing the origins and consequences of such bond, we
was fixed and the rest of the geometrical parameters optimized. have selected a set of model compounds with Ti and Zr modified
The study of the bonding scheme present in these compoundswith different substituents R= F, CHs, H, and SiH. Two
was performed with the QTAIR4 33 and ELP4 3" methodolo-  cyclopentadienyl (Cp) units were also attached to each metal
gies. In QTAIM theory, the electron density topological analysis atom as ligands, for a better modeling of the systems for which
provides an accurate definition of the chemical concepts of atom, experimental data is available. Therefore, complexes can be
bond, and structure, as pointed out by Batdef? This theory  viewed as the dimers of the organometallic compounghCp
allows the partition of the molecular space into separate regionsc=c-r. The specific combination of metal atom M and
associated with atoms, and thus an atom in a molecule is definedsypstituent R are noted frothto 8, correspondind—4 to Ti
as the region of the space delimited by zero flux surfaces. For compounds an8—8 to Zr ones, as indicated in Scheme 1.
each point contained in the atomic basin, the gradient paths of In this work, we also seek to study the final step of the CC

the _elgctron d‘?”s"y lead to the atomic center with which the oxidative coupling reaction mechanism, and for that purpose,
basin is associated. From the previous definition, the concept : !
we characterized the molecular structures corresponding to

of bond between two atoms arises naturally: within a molecular . TS d d f thi icul Th

system at equilibrium, two atoms are said to be bonded if they react!yes, =>S and pro ucts of this par.tlcu ar step. | nese are

share a common interatomic surface (the zero-flux surface) identified with Latin lettersa—c, res_pectlvely. To verify the

through which they can interact, as is a common boundary accuracy of the chqsen r_nethodologlf:al procedure, we gom_pared
calculated geometries with the experimental X-ray data in Figure

condition for the independent resolution of the Sclimger . L . 4
equation for each basin, this being the reason why atomic basinsL: The X-ray data avallable_ correspond to_ S|m|Ia‘l5'_E|nd zf
compounds, differing only in the R substituent, Si{#4

are also referred to a®pen systenisThis bonding condition
is satisfied when there is a point (contained into the zero-flux ~ The structures of the CC oxidative coupling reaction analyzed
surface) where the electron density is a minimum in a specific here @—c) present a similar geometry, both CCM moieties lying
direction in space but a maximum in the plane perpendicular in the same plane. Additionally, the Cp rings are located above
to it. These points are known as bond critical points (BCP), and below that plane, with their hydrogen atoms alternating as
and the pair of gradient paths that connect the BCPs with eachin a gear. For the reactives, resulting from the different
nucleus is referred to as the atomic interaction line or bond path. interactions between C and M atoms, the structure of
With respect to the ELF function, this was first introduced [Cp2M(CCR)]; can be viewed as a dimer, wherg &oms are
by Becke and Edgecomtfeand reinterpreted by Silvi and  strongly attached to M, butCatoms are attracted only to the
Savirf® as a measure of the excess of local kinetic energy due M atom of the other monomer (see Figure 1). As the coupling
to Pauli’s exclusion principle, in comparison to a uniform reaction follows, the gatoms are mutually attracted, finally
electron gas. The ELF analyses, which is found elsewttefé, resulting in a continuous butadiene-like structucewith two
yield values are between 0 and 1. Values close to 1 indicate MCp;, units joined to the carbon chain. All of these structures
electron pairing at that point, whereas values near O are usually(a—c) can be considered also as metallacycles, because QTAIM
found in regions between electron pairs. As in QTAIM analysis, identifies at least one ring in all of them.
itis possible to divide the molecular domain in basins grouped | overall, the agreement of the calculated geometries with
around the ELF attractors. From a chemical standpoint, basinshe experimental values can be qualified as good. In comparison
can be classified as being of core, valence, or hydrogenated. Ifyith Mp2 calculations performed with the same basis set (see
the basm_d_oes not contain a nuclei, it is called a vale_n(_:e basin,Taple S-1 for a methodological comparison fta, B3LYP
whereas if it contains a nucleus other than a proton it is called yjg|gs petter geometries, closer to the experimental X-ray data.
a core basin, or hydrogenated if a proton is inside the basin. |, general, differences between experimental and calculated data

Valence basins are characterized by the number of core basing,, 45 and sa (molecules which best match the experimental
with which they are connected, and this is known as the synaptic molecules) are below 0.03 A, except for M distances, where
order38 So, it provides valuable information about the location, the differences rise io 0 '08 A. In general MP’2 results

size, population, and multiplicity of b_ond_s, and m(_)stir_nportant, overestimate bond distances, up to 0.1 A. Additionally, the
the degree of bond character reduction in those situations wherel\/l_|\/I distance is shown to t;e very sensible to the spécific

the bond connectivity is not clear. . A i
QTAIMdataatthe BCPswere calculated with MORPH Y981 suzsgtggn’;,égr:&g\; ;n aZrange 0f 3.48.60 A for Ti compounds,
while charges were integrated with AIM2000 Softwé&t&LF an o U or 4 on_es. ) )
was computed with ToOPMoB,and isosurfaces were rendered _ Figure 1 depicts the main geometrical features for the Ti and
with SciArf3 visualization package. Zr reactive compound26—8a). Thg F-subgtltuted equivalent
Theoretical calculations were performed within these selected €Omplex was not found fata, but this issue is addressed below
systems, and the geometry resulting from the optimization was N the d|§cu33|on of the reaction profiles. The most significant
compared to the closest structures for which X-ray data are result arises from the comparison of the-2,—M'—C; central
available?*45 the formula differing only in the R substituent, Moiety proportions, when comparing Ti and Zr complexes:
Si(CHs)s. These structures (YATRAM, SAJCEL) were found proportions of the Ti-based compounds are notably wider than

in the Cambridge Structural Database (C3D). Zr-based ones, because, while the-il distance remains
_ _ almost similar (in an average of 3.56 A fba—4aand 3.60 A
Results and Discussion for 5a—84d), the G---Cy distance for Zr compounds is 0.3 A

A. Geometrical and Energetic FeaturesAs mentioned in longer than in Ti ones. This results in a broadening of the central
the Introduction, a long €C bond has been identified in some ring in the Ti structures. This trend is also observed in the X-ray
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TG, ZeC TGy ZrCa = CrCa
=z e 4 i [T e T
2 2273 6 2415 2 2391 6 2.467 2 1269 6 1270 2 2761 6 3.040
3 2227 7 2389 3 2454 7 2.502 3 1272 7 1270 3 2721 7 3.042
4 2282 8 2432 4 2432 8 2486 4 1275 8 1273 4 2702 8 3.020
2312) (2.419) (2395) (2.419) (1.253)  (1.249) (2.706)  (2.990)

Ti*-Cy  Zr*Cyp ZR+CyCy T || Zoezs
T 1= 1400 S 2=
2 D44 6| 2200 2 1470 6 1488 2 3489 6 3.553
32042 7 2203 3 1435 7 1462 3 3.603 7 3.602
4 2047 8 2206 4 1431 8 1480 4 3.594 8 3.602

2.077)  ( 2.190) (141.4) (143.4) (3.550)  (3.522)

Figure 1. Geometrical parameters (angstroms and degrees)adoBa compounds calculated at the B3LYP/DGDZVP level. The experimental
values appear in parentheses. All hydrogen atoms have been removed for clarity.

structure*45 M---M distance is always of about 3.5 A, but The CC oxidative coupling reaction takes place following
the G++-Cy distance for Zr complexes is 0.3 A greater. the compounda—c indicated in Scheme 2. Simultaneous with
Other geometric parameters that are increased from Ti to Zr the approaching of £and G atoms thedRC,C, angle is
are the M—C; and M—C» bond distances but to a lesser reduced to almost 13dor the transition statekb—8b (see Table
magnitude. Both of these are increased from Ti to Zr by about S-4, in the Supporting Information). Other minor effects may
0.16 A, a value very similar to the covalent bond radius gjsg be appreciated: the;€C, bond is lengthened by about
difference for Ti and Zr (0.13 A). The&-C; distance remains ¢ 03 A for Ti compounds, and more than 0.04 A for Zr
almost unchanged with the different R substituent and metal complexes. Also, M-C; is reduced froma to b compounds to

atoms studied. _ _ _ _ a higher degree (about 0.14 A and 0.18 A for Ti and Zr
If the above-mentioned differences in the geometries were oo mnounds, respectively). This trend continues until the final
caused by the increase in atom size from Ti to Zr, this would stabilization of the products larger G—C; and shorter N

be reflgcted in an overall resizing of the whole structure. Instead, . bond distances, with an even lower valence angle (See Table
only distances from the metal to the nearest atoms augmente . . . . -
-5, in the Supporting Information). All of this evolution seems

and the M--M distance remains constant. This was noticed b . . .
y to be the result of a progressive destruction of theC,; triple

Jemmis in 19887 when it was associated with the possible i . -
existence of a M+M bond, which would be stronger for Zr bond, this being converted gradually into a double bond. As a

than for Ti complexes. Nevertheless, although the strikingly C ~ consequence of these bond-order reductions, the bonds sur-
C distance reduction from Zr to Ti was still noticed by Jemmis rounding the ¢—C; bond are reinforced, and thus the incipient

in 199847 the question of whether the different distances indicate M'1—C; bond is strengthened (shortened) and a new@ is

a G—Cy bond was left open. created.
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Figure 2. Relative energy profiles fo2—8 compounds in the last step of the CC oxidative coupling reaction ofNJOCR], dimers, structures
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Figure 3. PES resulting from the variation of thex&C, distance in steps of 0.1 A from 3.33 A to 1.43 A, fbmand2a. The x-axis is inverted

for a better match with Figure 2.
Differences in the geometrical evolution of Ti and Zr

for 1 and3 is found in the number of minima present in the

compounds along the reaction path do not seem very evident,curve. While3 resulted in two minima3a and 3c), the curve
but the energetic profile of the reactions is appreciably different for 1 resulted in a single minimuni¢). The shape of the curve

for all Ti and Zr compounds, as shown in Figure 2. For Ti

corresponding td indicates that neitheta nor 1b exists, but

complexes the reaction is exothermic, but by contrast, most Zr an indentation near 2.9 A and the deep energetic bias show the
complexes yield to an endothermic reaction. Similarly, the effects caused by the presence of fluorine. In comparis@ to
reactions involving titanium yielded a low-energy barrier (about F has promoted the reaction in such manner that has lowered
3 kcatmol™), while in most zirconium complexes these barriers the energy barrier below the former value of the reactive,

were higher than 15 kcahol™1, except for compoun8, which
presented an energy barrier of 5 koabl=2.

In order to determine the causes that avoided the finding of

a reactive structure with fluorine within the Ti complexésy)(

stabilizing the products, and a PES curve with a single minimum
is observed.

From all the above results, the different reaction profiles seem
to be caused by the presence of Ti or Zr in these complexes.

an exploration of its potential energy surface (PES) has beenThe distance between,Gnd G depends strongly on the

carried out, and compared with that equivalent of strucBare
with R = H (see Figure 3). In this picture, the energy of the
system is calculated at fixed,€Cy» distances, optimizing the
remaining geometrical parameters—C, distances for reactive
structures &) are about 2.9 A, while distances for product

transition metal chosen, differing by a value much greater than
the increase in atomic radius. Therefore, it might be asked
whether the shorter £-C, distances for Ti complexes are
related to the possible presence of 2C» bond. To answer
this, we continue analyzing the arrangement of the electron

structures¢) are near 1.5 A. The main difference between PES distribution close to the center of the molecule.
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B. Electronic Structure: QTAIM and ELF Analyses. The
bond connectivity of these compounds is characterized within
the QTAIM theory and the ELF analysis. If bonds were assigned
using exclusively geometric criteria, as has been done implicitly
in most of the literaturé®18 this would result in both €and
C, bonded to M, forming a three-membered ring, and possibly
a bond connecting both metal atoms. Nevertheless, QTAIM
shows clearly neither a bond path connectingavid G nor a
bond path connecting M and'Mor all the molecules studied.
Instead, for certain compounds, ampriori unexpected g&-Cy
bond is found. This bond is more frequent for Ti compounds
than for Zr compounds. More precisely, all the Ti compounds
studied present a bond path connecting@d G, while within
the Zr compounds, onl$a shows such a bond. Additionally,
the complementary calculations carried with MP2 cieresults
also in the presence of a EZ2 bond path. (See Figure S-14).
From Figure 2, it can be seen that the relative energies for the
products are grouped in two, with a clear energy gap between
them. All reactions for which reactive compounds present-a C
C2 bond (including5) are considerably more favorable than
those which do not. This indicates that the presence of such &
long bond is related to the distinct reaction profiles. For the
consequences and properties of this unusual bond to be clarified.
a comprehensive bond characterization through the QTAIM and
ELF analysis has to be performed.

Figure 4 shows a plot of the Laplacian of the electron density,
v2p(r), for Ti and Zr compound®a and 6a (R = CHs) as
representatives of compounds where this bond is present of
absent, which includes the bond paths and critical points found.
In this plot, a BCP appears in the geometric center of M, M
C,, and G atoms, connecting the two carbon atoms. The
presence of a central BCP is also reflected in the appearance o
two RCP at both sides of the,€C, bond. For the other
compounds (mostly Zr-based compounga;-8a), the BCP is
replaced by a ring critical point (RCP) located at the same
position. Although Zr seems to avoid the presence of such bond,
an exception can be found in compousej where a clear BCP
connects @and G (see Table 1). This is due to the presence
of the F atoms, as will be explained below. ,

These differences between Ti and Zr are added to the C,./
previously mentioned differing capability for yielding oxidative N
coupling reactions, properties which seem to be related to each
other. Therefore, the possible link between these behaviors hag .
to be addressed. It bears mentioning that the appearance of X
BCP between €and G atoms does not solely constitute an
indication of the local shape of the electron density but also rigyre 4. Laplacian plot of the electron density f@a (Ti) and 6a
points out that both carbon atomic basins share a zero-flux (zr), including the values of the electron densiy) (e-a~2), and, in
surface, a boundary condition that is directly associated with italics, its Laplaciarv?o(r) (e-a~5%) measured at the BCPs. Thép(r)
the interaction between the electrons belonging to each Badin. contours begin at zero and increase (dashed contours) and decrease
The values of the electron density of this BCP may seem weak, (S0lid contours) in steps ¢£0.02,+0.04,+0.08,+0.2,£0.4,£0.8,
but it has to be pointed out that, from the © the G+ atom, Iﬂ_:Z.O,_i_A.._O, anc8.0. The thick lines represent the atomic interaction

L . . ines joining the nuclei, solid squares represent the BCP, and solid
the atomic interaction line crosses zones cloge to both me.taltriangles represent the RCP.
atoms. Therefore, compared to the high-density zones arising
from the presence of the metals, the existence of a maximum
of the electron density in the plane perpendicular to the C
C> bond (the BCP), precisely between the M atoms, emphasizes
the relative strength of this interaction.

The G—C; interaction can be characterized by the properties
of the corresponding BCP; the value of the electron density is
always about 0.035-&3, (see Table 1 and Figure 4). This is
a relatively low value, but its order of magnitude is even higher ~ Table 1 lists the properties of the main bonds, including the
than those found in other weak interactions, such as hydrogenC>.—C> BCPs for2a—8a. Noticeably,5a (R = F) is the only
bonding (about 0.014-a2).#8 The Laplacian of the electron  Zr compound where a BCP joins the @d G atoms. This
density,v?p(r), is positive, indicating the presence of a charge- raises the question as to whether the presence gf-&¢£bond

depletion zone associated with that BCP, as in most weak
interactions. Despite the topological differences (different
number of BCPs, RCPs, and bond paths) found bet\#eemd

6a, the remaining BCPs present similar values, but slight
differences can be found in the,€M' bond, wherep(r) is
higher for compouna.
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TABLE 1: Selected BCP Parameters for 1a-8a Calculated at the B3LYP/DZVP Level. Electron Densityp(r) (e-ap9), Its
Laplacian, v2p(r) (e-ao™®), Electron Density Energy, Eq4(r)(hartree-ay,~%), and Ellipticity, €. The Values for Zr Compounds Are in
Parentheses

o(r) (era™®) V2o(r) (era0™®) Eq(r) (hartreeas ) €
[CPz2MCCR]; R Ti zr Ti Zr Ti zr Ti zr
C—Cy
1a (5a) F - (0.027) - (0.033) - (-0.011) - (6.581)
2a (6a) CHs 0.035 - 0.041 - —0.019 - 1.246 -
3a(7a) H 0.034 - 0.042 - -0.018 - 1.185 -
4a (8a) SiH3 0.035 - 0.045 - —0.019 - 1.247 -
Ci—C
1a (5a) F - (0.358) - (~1.062) - (—0.679) - (0.277)
2a (6a) CHs 0.368 (0.368) —1.144 ¢1.117) —0.689 0.701) 0.166 (0.130)
3a(7a) H 0.367 (0.368) —~1.145 (-1.160) —~0.678 (-0.684) 0.156 (0.121)
4a (8a) SiHs 0.367 (0.369) —~1.108 1.161) —0.698 0.682) 0.091 (0.061)
C1—M’
1a (5a) F - (0.070) - (0.137) - (—0.068) - (0.173)
2a (6a) CHs 0.062 (0.060) 0.158 (0.129)  —0.052 (-0.055) 0.423 (0.612)
3a(7a) H 0.067 (0.061) 0.160 (0.128)  —0.056 -0.056) 0.236 (0.435)
4a (8a) SiH; 0.058 (0.055) 0.153 (0.131)  —0.048 (-0.051) 0.429 (0.806)
C—M
1a (5a) F - (0.090) - (0.200) - (—0.101) - (0.212)
2a (6a) CHs 0.099 (0.090) 0.265 (0.192)  —0.105 (-0.099) 0.232 (0.268)
3a(7a) H 0.099 (0.089) 0.273 (0.197)  —0.107 0.100) 0.231 (0.276)
4a (8a) SiHs 0.099 (0.089) 0.269 (0.194)  —0.106 (-0.099) 0.224 (0.262)

; . ; TABLE 2: Integrated Electron Population over Selected
for 5ais related to the absence of a Ti-based reactive structureQTA”vI Atomic Basin of 1a—8a at the B3LYP/DGDZVP

1a (which would be equivalent t6a). Level. See Scheme 1 for Atom Numbering.
In both Ti and Zr complexes, the presence of fluorine causes

the products to be much more stabilized. This can be seen for G C. M

1 in Figure 3, where althougha does not exist as a stable 1la [Cp.TiCCF]. - - -

structure, one can extrapolate an estimate for the reaction energy gg [C?(Z:Tplzgf:gc'_'l—ﬁz g'ig 2'451411 gg'gg

from lato 1c. This value was estimated at about 25 kel 2, Ja [CpTi CCSiHy) 6.91 6.68 20.27

being exothermié? 5a [Cp2Zr CCFl, 6.05 6.33 38.08
On comparing the increase of product stability from com-  6a [Cp2Zr CCCHgl2 6.61 6.40 38.11

pounds with R= H and R= F, we find that, for Ti compounds ;2 mé;ﬁ%gﬂk ?-g? g-gg ggﬂ

(3 and 1), the additional stabilization caused by F is of about

22 keatmol™*, very similar to the stabilization of Zr compounds  These high values are explained considering that the decay of
(7 and5), whlere the energy of the products is lower by about the electron density from the BCP in the direction perpendicular
20 kecal mot. The difference is that, while for Ti compounds  to the molecular plane is much more pronounced than in the
the reactions preserves (but increases) its exothermic charactergirection contained in the plane, because in the latter direction
for Zr, the reaction changes its reaction behavior from endot- the presence of metal atoms smoothes out the curvature of
hermic to exothermic one. p(r), which becomes very reduced. These high ellipticity values
Itis remarkable that reactions with a bond path in the reactive have been associated by Badavith a bond that is close to a
structures gave an exothermic energetic profile. Therefore, it formation or destruction process (also called catastrophe points).
can be concluded that there is a direct correlation between theThe proximity to this situation is reflected in the short distances
distinct reactivity and the presence of a bond, and we can affirm petween the BCP and the RCPs next to it, although the
that the presence of this new type of-C bond is the reason  difference between them is measurable and well differentiated.
behind the formation of the butadiene hydrocarbon in this The molecule nearest to that situation of bond creation/
particular oxidative coupllng reaction with Ti-based complexes. destruction is preciselfa, the molecule wherg(r) and its
Moreover, the topology differences betwe2a—-5a and 6a— Laplacian are the weakest, and the ellipticity is the highest. The
8ais related to the different energetic profiles described (lower fact that F promoted the existence of - for a metal that
reaction barriers for the former), because passing from the ysually does not allow this remote-E interaction resulted in
reactives to the products féa—8arequires the formation ofa  a very labile G—C» bond.
catastrophe point (usually structures with higher instability)  Table 2 summarizes the electron populations integrated over
leading to higher reaction barriers before the formation of the the M, G, and G QTAIM atomic basins. This table reveals

new C-C bond. This condition was already achievedam- two clear trends. The first one is the increasing charge as C
5g; the topology does not need to be changed feotac, and  passes from Ti to Zr compounds. This increase is comparatively
therefore the activation barrier of the reaction is lower. small (about 0.1 € and is related to the different strength of

In the case ofla, the F atom does not solely produce the the M—C bonds. The second trend correlates bottagd G
C,—Cy, but overwhelmingly stabilizes the product structlice atomic charges with the substituents£RF, CHs, H, and SiH)
causing the disappearance of the reaction barrier and alsoelectron-withdrawing character. Remarkably, the charge pull
avoiding the existence of the TB and the reactivda originated by R diminishes not only at its bonded atom)(C

All C,—Cy BCPs have properties similar to the BCP butalso at G This indicates that the charge has been transferred
described above. Another parameter that shows remarkablemainly from G—C, bonds, also supporting the above-described
values is ellipticity, with values up to 6.6 for compoubé. idea of partial bond destructions caused by highly electron-
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Figure 5. ELF isosurfaces of compourzh—c computed at a 0.75 ELF value. Numbers indicate the electron population of each basin. The color
convention represents core basins in magenta, and the remaining valence basins are classified depending on the number of connections to core
nuclear basins (synaptic order): red for monosynaptic, green for disynaptic, and cyan for disynaptic hydrogenated basins. Cp ligands have been

omitted for clarity.

withdrawing substituents such as fluorine. By contrast, the metal and anisotropy are precisely the same effects that take place

atom charge remains almost unaltered by the different substitu-around G. The ELF basin has gained about 0.8 feom the

ent, R. C,;—C;, valence basin, and its shape spreads as a step prior to
An ELF analysis provides additional insight into the main the formation of two basins, the same as already happened for

effects that occur over the course of the reaction. Figure 5 Cu. Itis noteworthy that the population reduction of the-C,

displays the ELF basin evolution fro@a to 2c. Here, for2a,

the formerly triple (in the monomer) -©C bond adopts a
configuration very similar to a double bond, a basin population
of 3.89 € with an elongated shape perpendicular to the
molecular plané? This is the result of attaching a Ti atom next
to a triple G=C bond, the partial destruction of its triple bond
character. This diminution in bond order increases following
the reaction fronRato 2c and is noticed in a reduction of the

basin (about 2€) is the sum of the €&-M' (1.2 €") basin and

the increase of the £ M basin (0.8 €). Given the position of

the elongated basin, it is clear that a new bond is being formed,
and because of the proximity of the basins, the-Cy is
promoted. Nevertheless, although QTAIM indicates the presence
of a bond, no ELF basin corresponding to a-C» bond was
found in the reactive complexes.

From the geometric, energetic, and electronic analyses

C,—C; basin population. This has remarkable consequences ingiscussed above, it could be deduced that the interaction that
the electron arrangement around the atoms composing thei,yag place between the two monomers is driven by the two

former triple bond (Zand G). The G begins to acquire a basin

arrangement similar to that of ethylene (two basins contained

in the molecular plane in a fashion very similar to that of sp

hybridization) resulting in the displacement of the R substituent

and causing the reduction of tfigRC,C, angle.

This effect, which is clear around the @tomic position, is
less evident for @ The C2-M basin presents minor changes
upon evolution fronRato 2b: In all cases, the basin is elongated

and contained in the molecular plane, so this could be interpreted

as a double bond between the &d the M atoms, but the
vicinity of C, atom may change this. A detailed view of the

basin’s shape reveals that the elongation is different in the area

next to G, adopting a more acute shape. As the reaction reache i k S
G ping P h favored, resulting in a destabilization of the system and,

the transition stat&b, this is more pronounced, and an approac
between equivalent basins is observed.

The particular effects in the £M basin resulting from the
dimerization of two RCCMCp can be better viewed when
comparing the €M valence basins with other organometallic
compounds such as methyl metzdszor methyl metals, the

different types of M-C interactions: the M-C, and M—C;..
These two differ mainly in their geometrical arrangement: the
first may be labeled as “frontal”, because in reactive compounds,
M, C,, and G are almost aligned, and the second may be
identified as “lateral”, because M gets closer to the opposite
monomer sideways.

While the lateral bond results in the deterioration of the triple
bond, the frontal bond allows an increase of population in the
C,—M basin resulting from the triple bond destruction. This is
because the £-M ionic bond remains unchanged, regardless
of the electrons pumped out from the former triple bond. If that

ond was covalent, this electron flow would have not been

consequently, reducing the degree of destruction of the triple
bond by the metal.

On comparing the behavior of the two-MC bonds, we find
that, although the two bonds are relatively weak with an ionic
character, one depends on the particular metal atom which it is

M—C bonds present a h|gh degree of ionic character. There isbonded tO, while the other does not. The bonding characteristics

an electron transfer of about I &om the metal to the methyl
group, located in the MC basin. This basin presents a
population near 2 eand is placed much nearer to C than to M,
and it adopts a relatively small size witlCg symmetrical shape.
When the situation of methyl metals is compared with the
complexes studied here, the—® basin of 1a—8a shows a
higher population (near 37§ also a higher volume, and a

of M—C; remain almost identical (the same very low BCP
values and same ELF population of about 172 éor the
equivalent Ti and Zr compounds. On the other hand, ELF
population in Zr-C, bonds is systematically 10% higher than
for Ti—C; bonds, but the respective density at their BCPs is
10% lower. This indicates that Zr frontal interactions are
appreciably weaker than the Ti-equivalents, although the triple

prominently elongated shape along the molecular plane (andbond destruction induced by the Zr-lateral interaction is stronger

therefore, perpendicular to the-€C, basin); see Table-S8 in
Supporting Information. The increase of population, volume,

than for Ti, a fact that again points out the differences in nature
of these two bonding interactions.
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The discussion of the nature of the long=<C, bond raises

Vidal et al.

and Zr atoms, which reduce its bond order from triple to double.

questions about the main causes originating this unusually longThis destruction results in the development of new “lateral”

C—C bond. Possible answers lie on the different metal radius,

bonding interactions between the &d the metal atoms, while,

the electron-withdrawing character of R, and the surrounding simultaneously, the QTAIM and ELF characteristics indicate

of a transition metal atom. The overall picture of this work is
varied, because from all the compounds studied, th€ ®ond
was found with both metals (Ti and Zr) and various-C

an increase in the accumulated charge of the “frontat* G4
bond, in comparison to isolated metal alkylidynes. These
modifications may take place only if the,€M bond is

distances and substituents. However, the common point in all "flexible* enough to hold such accumulation of charge (in-

of these is the destruction of the triple=C bond, regardless
of whether the long central-©€C bond is formed or not.

creased in about 17§ originated from the triple bond. This
excess of charge close te @nd oriented toward £allows the

It is evident that the condition necessary for the appearanceformation of the incipient &-C, bond, driving the subsequent

of such a long €&C bond is the weakening of the triple bond,

reaction toward the final products. It is demonstrated that having

but there are also other factors that contribute and favor thea preformed bond in the reactives yields reactions more
presence of this bond. One of them is purely geometrical, the energetically favored.

minimum distance to which both ;Catoms are allowed to
approach. In 1988, Jemniiad already suggested the different

Once the triple bond character has been diminished, an
appropriate ©-C distance is also required to lead to the

metal size as a possible explanation of the different reactivity formation of a bond path. In most circumstances, this bond is

for Ti and Zr compounds.
Therefore, the possibility of forming a,€C, bond is greater

possible with distances of 2.7 A, but not for 3.0 A, which results
in Zr-based reactive compounds not presenting the@ bond.

for Ti, because its smaller atom size limits the approach betweenNevertheless, the required values for the-€, distance may

both G atoms (about 2.7 A). The corresponding distance for

change if highly electronegative substituents are attached to the

Zr-based compounds is higher, thus hampering the bondalkylidyne unit.

formation, but this is not an impediment: ELF study reveals
that for Zr compounds the triple=2C bond is also weakened
in a fashion similar to that for Ti, but the two highly populated

So, as pulling charge from the triple bond favors its
destruction, the presence of electronegative substituents results
in an increase in the amount of charge accumulated nexf to C

C,—M basins (available to react with any radical) are too far and therefore in an increase of the bond-formation probability,
apart to interact appropriately to form a bond. Therefore, other reducing at the same time the minimum distance required.
factors, such as the electron-withdrawing substituents (fluorine), Fluorine is one of these substituents that is capable of inducing
are required to make the long—C bond possible. These the presence of a;£Cy bond for Zr reactives5a), where the
substituents pull charge from the triple bond, augmenting the C,—C, distance is up to 3.0 A. The effect of F atom is so strong

destruction already started by the transition metal presence. Thisthat, for Ti compound., the products are so stabilized that the

is readily visible in the reduction of the;€C, ELF valence

potential energy surface presents no barrier and thus no reactive

basin as the electron-withdrawing character of R increases, anor TS structure Xa and 1b).
effect accompanied by an elongation of its shape, also translating Therefore, the conditions needed and the factors that augment
as an increased ellipticity, reaching values close to those ofthe transition metal activity for destroying and favoring the

standard double bonds.

As a result of the partial destruction of the=C triple bond,
the distribution of the electron density around fositions
changes and the amount of charge betwegar@ M increases
and distributes in order to form two pairing basins in the
molecular plane, forming an angle with the €&nter of about
120, in an sp-like arrangement, and therefore increasing the
possibility of forming a bond between,@nd G, increasing
the minimum distance required to form this long bond.

Conclusions
The presence of an unexpected-C bond of extraordinary

formation of this kind of long € C bonds have been discovered,
thus opening the possibility of improving the design of
organometallic compounds for their use in oxidative coupling
reactions.
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length has been characterized for the first time in organometallic manuscript.

compounds with relevance to organic synthesis. This bond,

which shows apolar characteristics and a length of about 2.7 A Supporting Information Available: Comparison between

for Ti complexes and 3.0 A for Zr complexes, is found to be
strongly correlated to the different thermodynamic character.
The reactions in which this bond has been found (in the initial
complexes) are favored in an average of 20 fnal™1, enough
to change the reactions from endothermic to exothermic.
The presence of this bond is noticed not only in the relative
stability of the products but also in the distribution of the
electron density, where the QTAIM theory finds a bond path
linking both G atoms. The bond path crosses the area in

experimental and calculated bond distances of compo2a€ls

8a (Table S-1). Comparison between nonrelativistic and rela-
tivistic calculated bond distances of compoubds-8a (Table
S-2). Comparison between nonrelativistic and relativistic cal-
culated activation energy of compounBa—8a (Table S-3).
Comparison between calculated bond distances of compounds
2b—8b (Table S-4). Comparison between calculated bond
distances of compound$c—8c (Table S-5). Selected BCP
parameters folb—8b (Table S-6). Selected BCP parameters

between the two metal centers, a characteristic that stresses thér 1c—8c (Table S-7). ELF basin population 86—8a (Table
relative strength, because the BCP has to constitute a maximumS-8). ELF basin population &tb—8b (Table S-9), ELF basin

within the line that contains both metals, which is difficult due
to the near presence of metal atoms.

The main cause of this bond is found in the partial destruction
of the alkylidyne triple bond, caused by the presence of the Ti

population ofLlc—8c (Table S-10). Integrated electron population
over selected QTAIM atomic basins 8b—8b (Table S-11).

Integrated electron population over selected QTAIM atomic
basins oflc—8c (Table S-12). Laplacian of electron density
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plot of 1(a—c)—8(a—c) compounds (Figure S-13). Graphical
representation of the bond path’s, ring critical points and bond
critical point of compoundia (Figure S-14). Optimized mo-
lecular structures df(a—c)—8(a—c) (Table S-15). This material

is available free of charge via the Internet at http://pubs.acs.org.
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