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Evidence for mcyr>dy Bonding in Transition Metal Carbene
Compounds (L,M=CHR) and Its Decisive Role in the a-Agostic Effect

Xuhui Lin?*, Weiqin Tian?, Wei Wu®", Yirong Mo®*

It has been generally recognized that the a-agostic interaction (M~H-C) in transition metal carbene compounds L,M=CHR
(R=H, Me etc.) can be interpreted with a double metal-carbon bonding model. This bonding model involves the
reorganization of the o component, which can be illustrated in terms of three-center two-electron (3c-2e) M-H-C covalent
bond as in transition metal alkyl compounds. Herein, we propose an alternative partial triple metal-carbon bonding model
to elucidate the agostic interaction in L,M=CHR. Apart from the well-defined o and i bonds, there exists a seemingly weak
but decisive third force, namely the nicyz—>dy bonding between an occupied mi-like symmetric CHR orbital and a vacant metal
d orbital, which is the true origin of the a-agostic effect. This partial triple bonding model is authenticated on both Fischer-
and Schrock-type carbenes by an ab initio valence bond (VB) method or the block-localized wavefunction (BLW) method,
which has the capability to quantify this notable it bonding and further demonstrate its geometric, energetic and spectral
impacts on agostic transition metal carbene compounds. We also show that ancillary ligands can modulate the mcyr—>dw

bonding through electronic and steric effects.

Introduction

Transition metal (TM) carbene compounds have been
fascinating chemists, as they are key reactants, intermediates
and transition states in various catalytic processes.’ Since the
first TM carbene compound was synthesised in 1964 by
Fischer,® there have been an array of such compounds
discovered and an intense assessment has been prompted to
understand their structural and functional peculiarities,
particularly the nature of metal-carbon bonds therein.” 8 So far
a double bonding model involving both o and rtinteractions has
been well envisioned, though certain computational and
experimental evidences demonstrate that the metal-carbon
bond orders are generally less than or equal to unity.® Besides
the expected short double M=C bond distances, several TM
carbene compounds (L,M=CHR) also display acute M-C-H
angles (less than 120°) yet large M—-C-R angles (up to 150~170°),
low C-H bond stretching frequencies and upfield carbon
chemical shifts. 10

In 1980, Goddard et al. proposed the hypothesis of carbene
pivoting and subsequently traced this unusual structural
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deformation to the “intramolecular interaction between
carbene lone pair and corresponding metal acceptor orbital”
(i.e. the o bond, as seen in Fig. 1(a)).!! Specifically, the carbene
lone pair can interact with the metal’s d,, orbital and form a
dative o bond. However, if the carbene is tilted, the lone pair
can interact with the d,, orbital as well. The latter interaction is
responsible for the acute M-C-H angle. Goddard et al. also
pointed out that there is a weak ncyr—>dyw bonding interaction
(Figure 1b), though they believed it to be marginal and not
responsible for the agostic structures in TM carbenes. For the
agostic interaction in TM alkyl compounds similarly with acute
M-C-H angles, however, a three-center two-electron (3c-2e)
covalent bond between an occupied C-H orbital and a vacantd
orbital of metal centre (ocy = dv) Was proposed by Green and
Brookhart,1214 but its general applicability has been
questioned?®. Recently, this 3c-2e ocy >dy was described as a
n-bond character bonding of TM alkyl compounds by Copéret
and co-workers,'® which has been quantified by ab initio
valence bond theory'. In this work, we adopt the original
concept of meyr—>dym bonding to describe the agostic
interaction.

In consistent with Goddard et al.’s bonding model, Eisenstein
and Jean also attributed the a-agostic interaction in TM alkyl
compounds to the reorganization of the oy_c bond,® while the
negative hyperconjugation from M-C bond to the whole alkyl
group should be responsible for the formation of the B-agostic
interaction®®. Alternatively, Lu et al. argued that the formation
of B-agostic structures is driven by the short London dispersion
effect.?°
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(a) Goddard et al's Double Bonding Model (b) Partial Triple Bonding Model
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Figure 1. Bonding model for a-agostic interaction in transition
metal carbene compounds.

Despite the controversies over the nature of agostic
interactions in TM alkyl compounds,?% 22 there have been few
different proposals from the Goddard et al.’s for the nature of
the a-agostic interaction in TM carbene compounds. In this
work, however, we propose an alternative partial triple bonding
model to elucidate the agostic TM carbenes, in which the
ncyr—~>dy interaction between an occupied mni-like symmetic CHR
orbital and a vacant d orbital is the driving force for the a-
agostic interaction (Fig. 1(b)). The focus in this study is thus on
the precise role of the metal’s orbital d,, which interacts with
the mcyr orbital or the distortive o lone pair in agostic TM
carbenes. To evaluate and quantify such ncur—>dw interactions,
we resorted to the ab initio valence bond (VB) theory which
provides a workable solution as it constructs wave functions for
Lewis (resonance or electron-localized) structures with strictly
localized atomic or fragmental orbitals.23-26 In particular, the
block-localized = wavefunction (BLW) method, which
incorporates the advantages of both MO and VB theories, is
able to explore the geometric, energetic and spectra impacts of
delocalization (and thus the m interaction ) on transition metal
carbene compounds.?’-2° Fig. 2 shows the computational
models in this work.
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Figure 2. Computational models of experimental TM carbene
compounds with agostic interactions.

Results and Discussion

The first case discussed here is the ligand-free model system
[V=CH,]*, whose geometries were optimized at the PBEO-
D3(BJ)/Stuttgart (6-311G**) level. Our computational results
show that the C; structure is more stable than the G,, structure
by 1.5 kcal/mol, which is consistent with the literature.3° In

2| J. Name., 2012, 00, 1-3

contrast to a usual metal alkylidene structure of C,, symmetry,
the global minimum C; structure exhibits significant structural
deformation, including an acute V-C-H' angle (80.7°), a large
V-C-H angle (163.9°) and a stretched C-H' bond (1.145A),
indicative of the a agostic interaction.

Since the vacant d,, orbital is believed to play a critical role in
the agostic interaction, we employed the BLW method to re-
optimize both the C; and C,, geometries by constraining the d,,
orbital to be strictly vacant. Surprisingly, both converge to the
same geometry. In other words, the agostic structure of C
symmetry would resume to a usual metal alkylidene structure
of C,, symmetry if the d,, orbital were removed from any
interaction with occupied orbitals. As a consequence, the
adiabatic delocalization energy (ADE), which measures the
energy difference between the optimal DFT and the optimal
BLW computations, is 7.3 kcal/mol and 5.8 kcal/mol for C, and
C,, symmetries respectively. However, the vertical
delocalization energy (VDE, energy difference between DFT and
BLW states at the same DFT optimal geometry) dramatically
reaches up to 24.5 kcal/mol for agostic C; structure, indicating
that the significant agostic interaction (24.5 kcal/mol) is largely
biased or offset by the structural deformation cost (24.5-
7.3=17.2 kcal/mol). In other words, the seemingly marginal
agostic effect (1.5 kcal/mol) from the non-agostic C,, structure
to the agostic C; structure results from a strong and stabilizing
orbital interactions and similarly strong but destabilizing
deformation penalty.

1.807 A /H

|'— 1.092 A

1216° H
BLW Opt (Cy,)

7.3 (24.5) kcal/mol
5.8 (6.4) kcal/mol
+

H 1.764 A H
807~ 1145 A / V———C{_1.096 A
v————C_1.088 A 124 9:\—/\
—_— \H 1.5 kcal/mol . H
17124 DFT Geometry (Cy)
163.9° acy

DFT Geometry (Cs)

Figure 3. Key structural parameters for [VCH,]* optimized by the
regular DFT and BLW methods at the C;and C,, symmetries. The
data on the arrows represent the ADEs, while the data in
brackets refer to the VDEs. The EDD maps (at the isovalues of
0.003 a.u. for G, left, and 0.001 a.u. for C,,, right) show the
electron movement toward the d,, orbital, where the orange
and cyan colors refer to the gain and loss of the electron density,
respectively.

To seek an improved understanding of the bonding nature of
[V=CH,]*, we break it into two fragments, V* and carbene
(singlet), and track the energy evolution of orbitals from
isolated carbene monomer, deformed carbene monomersin C,,
and C;symmetries in the existence of V* which exerts an electric
field, and to the final compound. The shifting of energy levels of
frontier molecular orbitals in various monomers are quite minor

This journal is © The Royal Society of Chemistry 20xx
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and negligible. However, the m¢y, orbital pivots from the Gy,
structure to the C; structure, making itself more compatible to
interact effectively with the d,, orbital. As seen from Fig. 4, the
Tcyp orbital interacts with the d,, orbital rather than the
distortive o lone pair orbital.

It should be noted that both C; and C,, geometries exhibit the
similar distributions of canonical MOs, which interact with V*+
differently due to the different orientations (leading the
different orbital overlaps). This can be reflected from the very
different vertical delocalization energies 24.5 kcal/mol and 6.4
kcal/mol for the C; and C,, geometries, respectively, and the
electron density difference (EDD) maps between DFT and BLW
states (Fig. 3). Therefore, the metal-carbon bond in [V=CH,]*
should be best defined as a partial triple bond, in which the third
bond refers to the n¢y,—>dy, orbital interaction, or the true origin
of agostic interaction.

— b
3d, 02304 J -0.1209 0412128 o
30y — . / -0.1228
30y,  — <9 i
i T T c
‘ Cm— i 02027 T
[ A -0.24380 ~b—

def-CH, (C.)

def-CH, (Cz,) CH,

[VCH,J*

Figure 4. Orbital correlation diagram for the complex of CH, and
V*, in which def- refers to deformed (but isolated) geometries.
Energies are at the atomic units.

In order to validate this partial triple bonding model in
general TM carbenes, we continue to study chloride-bonded
[CI,VCHMe]~ and [Cl,VCHMe]* systems. It has been recognized
that cationic TM compounds usually display more significant
agostic characters than neutral and even anionic counterparts.
However, here we found that anionic [Cl,VCHMe]~ is much
more agostic than cationic [CI,VCHMe]*, though the latter is
more electrophilic than the former (Fig. 5).

There are two major differences between these anionic and
cationic systems. One lies in the electronic configurations, in
which [Cl,VCHMe]" represents typical Fischer-type TM carbene
consisting of two dative bonds,® 3! while [Cl,VCHMe]* is a
Schrock-type carbene32 33 with two electron-sharing bonds (the
triplets of [VCI,]* and CHMe are more stable than their singlet
counterparts by 27.3 kcal/mol and 59.6 kcal/mol respectively).
However, this is not the cause why [CI,VCHMe]" is more agostic
than [Cl,VCHMEe]*, as they both possess an vacant d,, orbital to
accept the electron density from the mcyve orbital. The more
decisive difference is the orientation of the two chloride ligands.
The two chlorides are nearly perpendicular to the d,, plane in

This journal is © The Royal Society of Chemistry 20xx
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[CI,VCHMEe], but they are in the same plane with the d,, orbital
in [Cl,VCHMe]*. As a consequence, the micypme—>dy, interaction in
[CI,VCHMe]~ is much stronger than that in [Cl,VCHMe]*.
Specifically, chloride ligands have little interference with the
Tichme—> dy, interaction in [Cl,TiCHMe], which thus is essentially
comparable to [V=CH2]* and exhibits significant agostic
characters. In sharp contrast, in [Cl,VCHMe]*, the d,, orbital
tends to accept electron density from chlorines rather than the
Tichve Orbital, leading to the impairment of the agostic
interaction.

The BLW method can be used to further clarify the role of
n->d,, interaction in the a-agostic effect by keeping the d,,
orbital vacant. It is obvious that both BLW optimal structures
exhibit few agostic characters any more. Notably, the ADE in
[CI,VCHMe]* with insignificant agostic effect reaches to 37.5
kcal/mol, while it is only 14.6 kcal/mol in the agostic
[CI,VCHMe]~. As discussed above, Tcyme—>dx, bonding is
prominent in [Cl,VCHMe]~ and thus nearly all 14.6 kcal/mol can
be ascribed to the agostic interaction. As for [Cl,VCHMe]*, the
37.5 kcal/mol mainly comes from the mg,—>d,, interaction
supplemented with secondary micyme—>dy,, as chloride atom is a
much stronger m electron-donating group than CHMe group.
These conclusions can be endorsed by the electron movements
to the d,, orbital as revealed by EDD maps. As shown in Fig. 5, it
is obvious that the d,, orbital would not interact with regular or
distortive lone pair of the carbene fragment (as proposed in
Goddard’s bonding model), yet accept electron density from
occupied orbital of appropriate symmetry in ligands, i.e.,
chlorine atoms or mcyve Orbital in the carbene fragment.

From the pretext, one can see that the ancillary ligands are
able to affect the strength of the mcyr—> dy, bonding and thus
modulate the agostic effect. To this end, we used [R’Cl,VCHMe]
(R’= CH,CH3;, Cl, CsHs, OCH3, CN and CO) to demonstrate the
modulation mechanism of ancillary ligands on the a-agostic
interaction.

As the reference for subsequent comparisons, we first
studied the system [CH3CH,Cl,VCHMEe], where the ethyl ligand
is neither a 1t electron donating group (m-EDG) nor a mt electron
withdrawing group (m-EWG). As a consequence, it exhibits
comparable agostic interaction with respect to [VCH,]* and
[CI,VCHMEe]". In sharp contrast, when R’ is replaced by nm-EDGs
such as Cl, OCH3 and CsHs, the agostic interaction becomes
weaker than that in [CH3CH,Cl,VCHMEe], as demonstrated by
enlarged V-C-H angles and shortened C-H bond distances. It
has been shown previously that nm->d,, interaction has two
origins, one coming from mnr—>d,,, and the other being
concerning Tcyve—>dy,- Only the latter is responsible for the
agostic effect. The strength of the overall n->d,, interaction is
thus obviously dependent on the capacity of the d,, orbital as
well as the it electron donating abilities of ligands. Therefore, 1t-
EDGs substituted [R'Cl,VCHMe] exhibit nearly identical ADEs
(34.2, 38.2, 35.6 kcal/mol for Cl, CsHs and OCHs; respectively). In
contrast, more agostic complex [CH3CH,Cl,VCHMe] results in a
smaller ADE with 25.2 kcal/mol. This can be ascribed to the
weakened mig—>d,, interaction in [CH3;CH,Cl,VCHMe] though the
agostic Mcyme—>dy, interaction gets much stronger. According to
this assumption, MT-EWGs are expected to impair the mrg—>d,,

J. Name., 2013, 00, 1-3 | 3
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interaction and thus enhance the mncyvwe—>d,, interaction.
However, m-EWGs such as CN and NO would not lead to

Journal Name

stronger agostic interaction than [CH,CHsCl,VCHMe]. This is
because

Table 1. Optimal bond distances (A), angles (degree), vibrational frequencies of the CH' group (v, in cm) and the n->d,, charge
transfer energies (AE, in kcal/mol) at the PBEO-D3 level for [R'Cl,VCHMe].

R’ Method 0MCH 0MCC Rm-c Rm-n Rcn VeH' AE
CHACH DFT 77.7 164.9 1.715 1.847 1.144 2683 555
s BLW 113.2 130.1 1.814 2.460 1.094 3121 ‘
al DFT 89.9 150.4 1.730 2.057 1.117 2915 342
BLW 111.1 130.4 1.800 2.419 1.093 3128 ‘
DFT 88.1 155.4 1.755 2.049 1.116 2914
CsHs 38.2
BLW 99.1 146.3 1.807 2.259 1.099 3071
DFT 100.8 140.9 1.754 2.242 1.105 3014
OCH; 35.6
BLW 116.1 125.0 1.808 2.489 1.092 3154
N DFT 99.5 141.7 1.750 2.219 1.107 3006 323
BLW 115.5 124.0 1.790 2.465 1.091 3162 ‘
-, DFT 105.3 138.0 1.792 2.341 1.106 3013 453
BLW 116.2 122.7 1.816 2.498 1.092 3162 ‘
(@ | —
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Figure 5. Orbital interaction diagrams and optimized DFT and BLW structures for (a) [Cl,VCHMe]~ and (b) [Cl,VCHMe]* and their

n-EWGs change the orientations of ligands (see Fig. 6), which is
quite from the the 1t EDGs or ethyl substituted [R'CI,VCHMe]
but similar to the [Cl,VCHMe]*. As a consequence, the
Tlecpme—>dy; and mg—>dy, (not dy,~>Tcoscen) interactions would
compete for providing the electron density to the metal center
and thus lead to moderate agostic structures.

4| J. Name., 2012, 00, 1-3

Apart from the electronic effect, steric hindrance of large
ligands also plays an important role in agostic interactions. By
comparing the BLW optimal geometries between
[CpCl,VCHMe] and [CIz3VCHMe], it is clear that [CpCl,VCHMe]
also exhibits a moderate agostic structure, which is even
comparable to the DFT optimal geometry of [OCH3Cl,VCHMe].

This journal is © The Royal Society of Chemistry 20xx
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This unusual phenomenon can be ascribed to the steric Cangle.
hindrance of lager Cp ligands, which inhibit the rotation of M-C-
77.5°
99.5°
R'= C;Hj; (or Cl and OCH3) CH,CH,4 CN (or CO)

Figure 6. Optimal DFT geometries for [R'Cl,VCHMe] (R’= CsHs, CH,CH3, CN)

(a) E-[CI3VCHMe]

(b) Z-[CI3VCHMe]

DFT Geometries

BLW Geometries

&

EDD maps

Figure 7. Optimal DFT, BLW geometries and EDD maps (isovalue = 0.003 au) for two stereoisomers of [CI3VCHMe].

Notably, we found that [CI3VCHMe] has two stereoisomers,
which are noted as Z-[Clz3VCHMe] and E-[CIsVCHMe] for
comparison. Specially, in Z-[CIs3VCHMe], both H’ and CI’ atoms
are placed in the same side, while they lie in the opposite side
absolute energies are nearly identical (agostic E-[CI3VCHMe] is
only a little more stable than Z-[Cl;VCHMe] by 0.1 kcal/mol). It
seems that the orientation of ligands in E-[CIz3VCHMEe] also plays
an important role in the formation of agostic interaction, which
leaves the space for the C-H bond to bend towards the metal
centre. When the n—> d,, interaction was “shut down” by the
BLW method, both the BLW optimal geometries behave as
usual TM alkylidene structures, and the ADEs in E-[CI3VCHMe]
(34.2 kcal/mol) is only slightly higher than that in Z-[Cl;VCHMe]
(31.5 kcal/mol). It should be stressed here that the ADEs are also
comparable to that in [CI,VCHMe]*, because they have similar
n-> d,, charge transfer interaction. However, the mcyve—>dy,

This journal is © The Royal Society of Chemistry 20xx

interaction in E-[CI3VCHMe] is more significant than that in Z-
[CIsVCHMEe], which is also evidenced by the EDD maps in Fig. 7.

Summarizing the above analyses, we conclude that the
ancillary ligands can modulate the agostic interaction through
electronic and steric effects. In particular, it can not only
compete with the carbene fragment for the interaction with the
metal center, but also alters the orientation of ligands towards
the metal center.

The a-agostic interaction have been observed experimentally
in a set of well-defined silica-supported alkylidene metal
compounds (=SiO)(X)M(R’)(=CHtBu) involving third row
metals.3*3¢ These compounds share the same alkylidene
framework and differ by metal centers and ancillary ligands,
with M(R’) = TaCH,tBu, WNAr or ReCtBu and X = alkyl or pyrrolyl.
Our computed parameters typically the M-C-H angles are well
consistent with literatures as shown in Fig. 8. Here, we applied
the same theoretical scheme to study their simplified model

J. Name., 2013, 00, 1-3 | 5
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systems, noted as 4-Ta, 5-W and 6-Re. It can be seen from Fig.
8 that the agostic interaction is strongly present in 4-Ta but
moderate in 5-W and 6-Re. This can be ascribed to the &
electron donating nature of ancillary ligands. The strong m-EDGs
=CMe and =NPh in 5-W and 6-Re dramatically enhance the
Tr—>dy, and impair the agostic mcyve—>dy, bonding, and the
ADEs between DFT and BLW states are measured by 68.2
kcal/mol and 105.7 kcal/mol respectively, which is much larger
than that in 4-Ta (28.3 kcal/mol). However, the ADE in 4-Ta
mainly originates from the mcypme—>dy, interaction, leading to the
strongest agostic interaction among the three model systems.
Nevertheless, all BLW optimal geometries without the n—>d,,
interaction result in usual alkylidene structures with negligible
agostic interaction.

103.9°
(104.7°)¢
113.3°

4-Ta 5-W

6-Re

Figure 8. Optimal DFT geometries for computational models of
well-known experimental metal alkylidene compounds, in
which the black and blue data represent M—-C-H angles from
DFT and BLW optimizations respectively, the angles in brackets
are from Ref. 34.

Conclusions

In conclusion, the present theoretical calculations provide
direct evidence for the existence of a three-center two-electron
ncyr—~>dw bonding and its dominant role on the formation of a-
agostic interaction in exemplary TM carbene compounds.
Accordingly, the metal-carbon bonds in agostic TM carbenes
can be best defined as a partial triple bonding, consisting of
well-defined ¢ and m bonds as well as a weak yet decisive
ncyr—~>dy interaction. In addition, the electronic and steric
effects of ancillary ligands have been proved to be able to
modulate the agostic interaction.

Experimental Section

All DFT and BLW geometry optimizations and frequency
calculations were performed with the GAMESS software3’ at
the PBEO level®® augmented by Grimme’s D3 dispersion
correction3® 40, and the optimal structures are visualized
through CYLview software?l. The relativistic core potential
(RECP) from the Stuttgart group and the associated basis set*?
44 were adopted for all transition metals, while the remaining
main-group atoms (H, C, N, O, Cl and Si) were represented by 6-
311G(d,p) basis set. Details on the BLW method can be found in
the Supporting Information.

6 | J. Name., 2012, 00, 1-3
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