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with Bader’s “Atoms in Molecules” (AIM) analysis. The two “classic” mechanisms for hydrogen trans-
fer, o-bond metathesis (0BM) and oxidative addition/reductive elimination (OA/RE), are well represented
by the reaction of CH4 with [Cp,ScCH3] and [CpIr(PH3)(CHs3)]*, respectively (Cp=m°-CsHs). The mid-
point species for these two pathways are the transition state [Cp,Sc(CH3 ) H]* and the OA intermediate,
Hydrogen transfer [CpIr(PH3)(CH3 ), H]*. Bond (B) critical points (CP) were located along the Sc-C and C-H coordinates
Bader's analysis of the four-center geometry of [Cp,Sc(CH3),H]}; a ring (R) CP was located in the center. For the
Bonding patterns intermediate [Cplr(PHs)(CH3)HJ*, bond critical points (BCPs) were located only along the Ir-C and
Ir-H coordinates of the four-center geometry. Most of the new mechanisms that have been pro-
posed are characterized by single transition states with short M-H distances connecting reactants with
products. Representative models of a variety of alternative mechanisms were analyzed; in all, seven
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different bonding patterns were identified that describe seven unique mechanisms for hydrogen transfer.
In general, those metal centers that have d electrons available to participate in hydrogen transfer interact
with the transferring hydrogen during this reaction as the hydrogen atom is nearly unique in being able
to support omni-directional bridging bonds. Basis sets and density functional effects were investigated
with [Cp,Sc(CH3 ) H]* as the model. Seventeen basis sets were assigned to scandium and the densities at
the Sc-C BCP increased slightly up to the quadruple-{ level in the basis. The densities at the C-H BCPs are
constant, but the densities at the ring critical point (RCP) also increased slightly. Ten density functionals
were tested and the densities at the BCPs and RCP are constant, but the Sc-C BCP moved slightly farther
from the scandium as the amount of exact exchanged admixed into the functional increased.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The activation of the carbon-hydrogen (C-H) bond is an area of
high interest in chemical research [1]. Transition metals (TM) are
especially suited for the facile activation of these bonds because the
metal d orbitals possess the proper energies and symmetries that
match the C-H bonding (o) and antibonding (¢*) orbitals [2]. When
coordinating to the metal, the filled C-H o orbital donates electron
density to an unoccupied d orbital, and a filled metal orbital (if
available) donates electron density to the empty C-H ¢* orbital;
both the “forward” and “back” donation weaken the C-H bond and
in some cases causes scission. Upon activation, the hydrogen can
be transferred to a pendant ligand.

Historically two “classic” mechanisms have been assumed for
C-H activation and hydrogen transfer: (1) o-bond metathesis
(oBM) [3] and (2) oxidative addition/reductive elimination (OA/RE)
[4]. The reaction profiles for these two mechanisms are sketched in
Scheme 1. For 0BM, only one transition state (TS) is found along
the reaction coordinate that joins the reactant and product. This TS
represents the midpoint along the reaction coordinate. However,
for the OA/RE pathway, an oxidized intermediate (INT) is found at
the midpoint along this pathway and two TSs are found on either
side of the INT. In the first TS, the R’-H bond is breaking and the
M-R’ and M-H bonds are forming; because the metal must use two
of its previous nonbonding d electrons in forming these two new
bonds, the resulting INT is in a higher formal oxidation state (n+2).
In the second TS, the M-R and M-H bonds are breaking and the
R-H bond is forming; loss of R-H completes the hydrogen trans-
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fer. Geometrically, the 0BM TS is characterized by a four-center
geometry with a long M-H distance (~2.0A) and a small R-M-R’/
angle (~90°); conversely, the geometry of the oxidized INT is char-
acterized by a short M-H distance (~1.5A) and a large R-M-R’
angle (~130°). Representative systems for hydrogen transfer that
proceed by the oBM and OA/RE mechanisms are the reaction
of CH, with [Cp,Sc(CH3)] and [Cplr(PH3)(CH3)]* (Cp=m°-CsHs),
respectively.

Very recently several alternatives to these two classic mech-
anisms have been proposed. In these alternative mechanisms,
a single TS connects reactant and product, but rather than the
expected long, nonbonding M-H distance, the midpoint TSs show a
short M-H distance. Furthermore, the R'~-M-R angle is wider than
expected for 0BM, the classic mechanism with a single TS. Thus,
these systems have a TS that geometrically resembles the OA/RE
INT.

Hall, Hartwig and their coworkers [5] investigated the bory-
lation of alkanes with model systems involving the addition of
CH4 to [CpM(CO);BR;] (M=Fe, n=1; M=W, n=2; R=0CH,). A
single TS for C-H and B-H coupling/decoupling connects the o-
bound methane reactant and o-bound borane product, a result
that would imply a BM type mechanism. However, the short cal-
culated M-H distances (~1.5A) and orbitals localized along these
coordinates suggest a bonding interaction between the metal the
transferring hydrogen. These workers called this new mechanism
“metal-assisted cBM” (MAGBM).

Lin and coworkers, studying the mechanism for hydrogen
transfer by the addition of RH (R=CgHs, CH,CH,0C;Hs, CH3) to
[TpRu(PH3)(H)] [6], found a single seven-coordinate, Ru!V TS con-
necting the o-bound alkyl reactant and o-bound H, product. In
the related TS, [TpRu(PH3)(CHs),H]?, electron density was local-
ized along the Ru-C and Ru-H coordinates but not along the C-H
coordinates [7]. Thus, it would appear that the transferring hydro-
gen interacts only with the metal in this TS. Because of the oxidative
character of the TS, these workers called this mechanism an “oxida-
tively added transition state” (OATS) [8].

Oxgaard etal. [9] investigated the mechanism for the arylation of
olefin catalyzed by iridium [10] and ruthenium [11] systems. In par-
ticular, the TSs for hydrogen transfer between the phenyl and ethyl-
benzene ligands in these systems, [(acac),Ir(CgHs)(CH,CH,Ph)H]!
and [TpRu(CO)(CgHs)(CH,CH,Ph)H]!, geometrically resembled
seven-coordinate Ir¥ and Ru'V intermediates, respectively. The M-H
distances were short (~1.5A), and the distances between the aryl
and alkyl ligands and the transferring hydrogen were consid-
ered too long for C-H interactions. Because of these geometric
parameters, these researchers also recognized that the transferring
hydrogen interacts with the metal in the TS and proposed the name
“oxidative hydrogen migration” (OHM).

Finally, Perutz and Sabo-Etienne proposed the name “o-
complex-assisted metathesis” (o0-CAM) [12] mechanism to
describe an overall mechanism that includes hydrogen transfer
and R-R’ cross-coupling steps, and applied this view to several
systems mentioned above. In this mechanism, the reactant and
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product include o-bound ligands [13], which promote this close
proximity between the transferring hydrogen and the metal.

Our research into these mechanisms has culminated with the
characterization of these reaction path midpoint species by their
bonding patterns as defined by Bader’s “Atoms in Molecules” (AIM)
analysis [14]. Because of the lack of separation of steric and bond-
ing effects, geometric parameters by themselves are insufficient
for characterizing the connectivity in these species. In the AIM
analysis, the electron density is analyzed without recourse to any
specific orbital description. Critical points (CP) are located in the
electron density and their characteristics can identify bonding
and nonbonding sites. By applying this analysis to representative
species for the BM, OA/RE, and alternative mechanisms described
above, we proposed a spectrum of mechanisms for metal-mediated
hydrogen transfer [15]. Various bonding patterns were identified
that described different degrees of connectivity in non-equilibrium
species for hydrogen transfer, and the patterns were “resolved” into
a spectrum that represents a nearly continuous set of mechanisms.

Here, we expand on our prior work by considering more systems
for hydrogen transfer. A wider range of connectivity in midpoint
species for hydrogen transfer is identified, which expands the num-
ber of mechanisms for hydrogen transfer. We identify seven sets of
bonding patterns, five of which lie in between those that are char-
acteristic of the cBM TS and the OA/RE INT. Lastly, we examine the
effects of basis sets and density functionals on the bonding patterns.

1.1. Theory of Bader’s “Atoms in Molecules” analysis

In Bader’s analysis, the charge density (po(r)) of a given molecule,
which is a physical-observable, is analyzed for CPs in the electron
density. The location of a CP is denoted by the position vector,
rc, and at these points the first derivative of the density vanishes
(vp(rc)=0); therefore, these points can be minima, maxima, or
saddle points in the density. The charge density of a molecule is
three-dimensional, so there are three curvatures at a CP, which
is the rank (w) of the CP. Through the Hessian matrix (A(rc) Eq.
(1)), which is a (3 x 3) matrix of the second derivatives of the den-
sity with respect to the coordinates (82/8q8q’), the curvatures at a
given CP are represented as

Pp Pp Pp
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@p  Pp Pp

0zox 0zdy  0z2
Diagonalization of the Hessian matrix (A Eq. (2)) yields three
eigenvalues (A Ay A3) whose sum of signs is the signature (o) of
the CP; as such, the CPs are denoted by their rank and signature as

(w, o). The reference coordinates, x’, y’, and Z, are those for which
the off-diagonal elements of A(r.) are zero.
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For example, the result of this analysis for an atomic center, at
which the electron density is a maximum, gives three eigenvalues
that are negative in character; therefore, curvatures at atoms have
arank of 3 and a signature of —3 and are therefore labeled as (3, —3)
CPs. There are three other possibilities for the signatures of rank 3
CPs, which include:

¢ (3, —1): two negative eigenvalues; one positive
e (3, +1): one negative eigenvalue; two positive
e (3, +3): all three eigenvalues positive

The (3, —1) CPis called a bond critical point (BCP) because it con-
nects trajectories in the gradient field of the density that originate
at two adjacent atoms connected by a chemical bond. Physically,
this CP is minimum in the density along the direction connect-
ing the two atoms but a maximum in each of the two orthogonal
directions. In other words, there is a local concentration of electron
density (perpendicular to the bond) at this critical point, a feature
characteristic of a chemical bond. The (3, +1) CP is termed a ring
critical point (RCP) because these CPs are located inside a ring of
atoms that are linked together by a series of BCPs. Here, the density
is a minima in the two orthogonal directions in the “plane” of the
ring and a maximum in the direction perpendicular to this “plane”.
A cage critical point (3, +3), which is a minima in all three orthog-
onal directions, is located in the density when a ring is capped by
one or more atoms.

2. Computational method

All density functional theory [16] (DFT) calculations were per-
formed with the Gaussian 03 suite of programs [17]. Unless
otherwise noted, geometries were optimized at the B3LYP/DZP
level of theory, and the basis set is described below. The analytical
frequencies were calculated for all species; intermediates are char-
acterized by real frequencies and TSs by one imaginary frequency.
The B3LYP density functional is comprised of the Becke3 exchange
[18] and Lee-Yang-Parr (LYP) correlation [19] functionals, respec-
tively. All 3D geometric and bonding pattern representations were
constructed with JIMP2 visualization software [20]. The electron
densities of these species were analyzed with the implementation
of Bader’s analysis in AIM2000 [21]. In the following representa-
tions, BCPs and RCPs are marked by red (dark) and yellow (pale)
dots, respectively. The bond paths are approximate and represented
by dashed lines.

In the DZP basis set, the TM was assigned the Los Alamos
National Laboratory 2 (LANL2) effective core potential (ECP) of Hay
and Wadt [22] for the core electrons and the (341/341/n1) (Sc — Cu:
n=4;Y— Ag:n=3;La— Au: n=2)double-{ basis set as modified by
Couty and Hall [23] (mDZ) for the electrons considered explicitly.
One f-polarization function was added to this basis set. The first and
second row atoms that interact directly with the TM were assigned
the correlation consisted double-{ basis set (cc-pVDZ) of Dunning
[24]. Those atoms that do not interact with the metal were assigned
the full double-{ D95 basis set of Dunning [25]. For 1, 2, and 3,
the cc-pVDZ basis sets were augmented with diffuse functions in
the optimization and frequency calculations. These assignments are
listed explicitly for each species in the Supporting Information. For
those species optimized at the TPSS/TZP level of theory, the basis
set (TZP) is as follows: iridium was assigned the Stuttgart Relativis-
tic Small Core (RSC) 1997 ECP (SDD) for the inner 60 electrons and
the (311111/22111/411) basis set for the 17 explicit electrons [26];
all atoms that touch the metal were assigned the cc-pVTZ basis set
[24]; the remaining carbon and hydrogen atoms were assigned the
D95 basis set [25].

In the AIM analyses, the ECP/BS that was assigned to the metal
was replaced with the well-tempered basis set (WTBS) to reintro-
duce the core electrons and create an all-electron model [27]. For
1, 2, and 3, the diffuse functions that were added to the cc-pVDZ
basis sets were not used. All other assignments of the DZP basis set
remained the same.
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Fig. 1. Characteristic bonding patterns of [CpM(CHj3 ), H]* (M=Sc (1), Y (2), La (3)),
a typical oBM TS. BCPs were located along the M-C and C-H coordinates, and a RCP
was located inside the M-C-H-C coordinates.

An analysis of this procedure and the robustness of the CP
results was made for the scandium model (1) where the basis sets
are as follows: Pople’s STO-nG (n=3, 6) [28], 3-21G [29], 6-31G
with and without an f-polarization function [30]; Huzinaga’s WTBS
[27]; Ahlrich’s pvVDZ [31], TZV [32], VDZ [31], VTZ [32], and TZVPP
[33]; Peterson’s cc-pVDZ, aug-cc-pVDZ, cc-pVDZ-DK, cc-pVTZ, and
cc-pVQZ [34], Wachters+f [35], and Bauschlicher’s ANO [36]. The
density functionals that were used in the same section are as fol-
lows: exchange: Becke88 (B)[37], Becke3 (B3)[18], Becke Half&Half
(BH&H) [38], modified Perdew-Wang 91 (mPW) [39]; correlation:
Lee-Yang-Parr [19], Perdew-Yang 91 (PW91) [39b], Becke95 (B95)
[40]; exchange/correlation: Perdew-Burke-Ernzerhof (PBE) [41],
Tao-Perdew-Staroverov-Scuseria (TPSS) [42]; stand-alone: MPW-
LYP1M [43]. The hybrid versions of the mPWPW91 (MPWO0) [39]
and PBE (PBEOQ) [41] functionals were also used in this analysis.

3. Results and discussion
3.1. The two “classic” mechanisms: cBM and OA/RE

The “classic” oBM and OA/RE mechanisms have been theoreti-
cally investigated by methane reacting with [Cp;MCH3] (M =Sc, Y,

La) and to [Cp*Ir(PR3)(C'H3)]* (R=H, Me), respectively, as models
closely related to the experimental systems [3,4,15].

c—H

H

3.1.1. CH4+[Cp>MCH3]

The characteristic bonding patterns for the four-centered geom-
etry (M-C-H-C) of the BM TSs, [CpM(CH3),H]f (M=Sc (1), Y
(2), La (3)), are presented in Fig. 1. BCPs are located along both
M-C and C-H coordinates and a RCP inside the M-C-H-C coordi-
nates. In Table 1 the optimized geometric parameters and density
at the CPs are reported for 1, 2, and 3. As the metal is replaced
with the heavier congeners, the M-C and M-H distances increase
and the C-M-C angle decreases, while the C-H distances remain
essentially unchanged. The bonding patterns of 1, 2, and 3 are
essentially the same; however, the density at the M-C, C-H BCPs
and RCPs decrease, remain unchanged, and decrease down the
period, respectively.

To study the OA/RE mechanism, the o-complexes, TSs, and oxi-
dized INTs along the reaction coordinates for methane addition
to [CpIrPH3(C'H3)]* and [(acac),Ir(C’'H3)] (acac=acetylacetonate)
were studied. The geometric parameters and bonding patterns of
[CpIrPH3(0-CH4)(C'H3)]* (4), [[CpIrPH3(CH3)(C'H3)H]J* (5), and
[CpIrPH3(CH3)(C'H3)H]* (6) are presented in Fig. 2. Likewise,
the results of similar analyses for [(acac),Ir(c-CHy4)(C'Hs)] (7),
[(acac),Ir(CH3)(C'H3)H]! (8), and [(acac),Ir(CH3)(C'H3)H] (9) are
shown in Fig. 3. At the B3LYP/DZP level of theory, we were unable
to locate o-complexes with the Cp* (Cp*=m°-CsMes) and PMes
ligands. However, the o-complexes, [CplrPMe3;(CH4)(C’'H3)] and
[Cp*IrPH3(CH4)(C'H3)], were located at the TPSS/TZP level of theory,
but the o-complex [Cp*IrPMe3;(CH,4)(C’'H3 )] was not located even at
this higher level. As a result, we considered the Cp/PHj3 species for
our full analysis.

c C=" c' c H c
\ Va \/ ~ -
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Fig. 2. Optimized geometric parameters and bonding patterns of 4-6. The distances listed are in angstroms and the angles in degrees.
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Fig. 3. Optimized geometric parameters and bonding patterns of 7-9.

3.1.2. CH4+[CpIrPH3(C'H3)]

As anticipated for a o-complex, the Ir-C and Ir-H distances in 4
are long. The calculated C-H bond distance is slightly longer than
that of free methane, which indicates that the metal exhibits a small
influence on this parameter. BCPs were found along the Ir-C’, Ir-H,
and C-H coordinates. The o-complex’s interaction is manifested
solely in the Ir-H bonding interaction, which is consistent with
previously reported results for methane weakly coordinated to a
metal [44].

In the TS for C-H bond cleavage (5), the C-H bond lengthens, the
Ir-C and Ir-H distances shorten, and the Ir-C’ bond length length-
ens slightly. The largest geometric change is in the Ir-C distance as
it prepares to form the bond, while the second largest change is in
the C-H bond as it prepares to break. The C-Ir-C’ angle is much
wider in this TS than in the precursor o-complex. Species 5 is char-
acterized by the same bonding patterns as 4; thus, the Ir-Cand C-H
bonds are formed and broken, respectively, after the TS is passed.

The geometric parameters of 6 are consistent with an IrV species.
The Ir-C, Ir-C’, Ir-H distances of 2.18, 2.18, and 1.54 A, respectively,
are similar to those of other Ir-C and -H bonds, respectively, and
the C-Ir-C’ is wide at ~128°. BCPs were found along the Ir-C and
Ir-H coordinates and not along either C-H or H-C/, results consis-
tent with expectations and with those previously reported for OA
intermediates [15].

Relative to 4, the enthalpic barrier for C-H bond cleavage
(AH§74) is 8.7 kcalmol~!, and the formation of the intermediate
(AHg_,) is slightly endothermic at 4.4 kcal mol~!. The thermody-
namic value for the formation of 6 agrees well with the value
reported previously [4e], but the enthalpic barrier to C-H bond
cleavage is lower by ~3 kcal mol~1 with the larger basis set used
here.

3.1.3. CH4+[(acac),Ir(C'H3)]

In 7, methane is weakly bound to the iridium center through
one 0-C-H bond. The calculated C-H bond length is again slightly
longer than that of free methane, which would indicate a small
effect from the metal on this geometric parameter. Compared to
4, the analogous Ir-C and Ir-H distances are shorter by ~0.2 and

The distances listed are in angstroms and the angles in degrees.

~0.1 A, respectively. In the AIM analysis, 7 is characterized by Ir-C’,
Ir-H, and C-H BCPs, and even with the shorter Ir-C distance, the
methane to iridium bonding in the o-complex is manifested solely
through the Ir-H interaction.

Relative to the values in 7, the Ir-C and Ir-H distances decrease
by ~0.3 A and the C-H distance increases by ~0.5 A in forming the
TS, 8. A BCP is located along the Ir-C coordinate, which is con-
sistent with the shorter length here compared to that in 5. BCPs
are also located along the Ir-C/, Ir-H, and C-H coordinates as they
were in 5. However, the formation of the Ir-C bond here creates a
RCP inside the Ir-C-H coordinates. The activation of the C-H bond
occurs later along the reaction coordinate in the bis-acac system,
which is reflected in the shorter Ir-C and longer C-H distances and
presence of Ir-C BCP in 8.

For the intermediate, 9, the bond distances, intra-ligand dis-
tances, and C-Ir-C angle are consistent with an IrV intermediate,
and BCPs are located along the Ir-C and Ir-H coordinates.

Relative to 7, the energies (E.) of 8 and 9 are 8.5 and
8.1 kcal mol~1, respectively. Thus, 9 is in a very shallow minimum,
and the TS (8) is very late in the reaction path. Such a shallow
minimum results in enthalpic differences of 6.7 and 7.3 kcal mol~1.
Examination of the zero-point energies at the harmonic level pre-
dicts that the intermediate here does not exist, but the harmonic
approximation typically is not accurate for such a shallow mini-
mum.

We have presented the bonding patterns that are characteris-
tic of the 0BM and OA/RE mechanism, and in the case of the later
mechanism we have shown how these patterns change along the
reaction coordinate and vary with differing “spectator” ligands. We
now describe the bonding patterns that can be found in between
these two classic cases.

3.2. Bonding patterns of representative models for mechanisms of
alternative character

Previously, we concentrated on descriptions of the characteris-
tic bonding patterns for the midpoint species along the cBM and
OA/RE pathways [15]. For hydrogen transfer reactions in which
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Fig. 4. All possible degrees of connectivity for a four-centered geometry. These patterns are for hydrogen transfer between R and R’ supported by a metal, M.

there is OA INT this midpoint represents that species, while for
those reactions without an INT this midpoint corresponds to the
TS. We also considered several representative models for alterna-
tive mechanisms and identified bonding patterns with differing
degrees of connectivity [15]. Here, we consider all possible degrees
of connectivity by presenting in general form the bonding patterns
for metal (M) mediated hydrogen transfer between R and R’. These
bonding patterns (A — G) are shown in Fig. 4.

The first bonding pattern, A, is characterized by M-R, M-R’,
R-H, and R'-H BCPs with a RCP inside the coordinates of the
four atoms; the metal supports only the pendent ligands and the
hydrogen interacts only with the pendent ligands. Pattern A has
already been identified with the TS for oBM. As the M-H interac-
tion strengthens, a BCP should appear along the M-H coordinate,
which creates two RCPs inside the M-R-H and M-R’-H coor-
dinates; together these form the characteristic pattern in B. In
this pattern, which has the highest possible degree of connectiv-
ity, the metal supports the pendent ligands and the transferring
hydrogen.

We can rationalize the next two bonding patterns (C, D) by
considering the coalescence of one BCP with one RCP of B. Bader
described the points in the density where a BCP and RCP coa-
lesce and annihilate as the “catastrophe point of the conflict type”
[14]. For example, if the R'-H BCP coalesces with its correspond-
ing RCP, they annihilate and produce pattern C. Instead, if the
M-R’ BCP coalesces with its corresponding RCP, they annihilate and
produce pattern D. In C, the metal again supports the pendent lig-
ands and the transferring hydrogen, but the interaction between
the transferring hydrogen and one pendent ligand is lost, a pat-
tern already identified in the TS for OA in [(acac),Ir(CH3 )(C’'H3)HJ .
However, in D, the metal supports only one pendent lig-
and and the transferring hydrogen while the interactions
between the pendent ligands and the transferring hydrogen are
retained.

Table 2
Relative energies (kcal mol~1) for C¢Hg + [(acac),M(CH,CH,Ph)] (Rxn1)

The remaining three sets of bonding patterns can be rationalized
by the coalescence of both RCPs with BCPs from B. Coalescence of
the M-R-H and M-R’-H RCPs with the M-R and R’-H BCPs results
in pattern E where the metal interacts with only one pendent ligand
(excluding the transferring hydrogen) and the transferring hydro-
gen interacts with only one pendent ligand, a pattern seen in the
TS for OA in [[CpIrPH3(CH3)(C’'H3)H]* . Next, the coalescence of
the M-R-H and M-R’-H RCPs with the respective M-R and -R’
BCPs results in pattern F. Here, the metal supports only the trans-
ferring hydrogen, which retains R-H and R’-H interactions. Lastly,
the coalescence of the M-R-H and M-R’-H RCPs with the R-H and
R’-H BCPs results in G, which is the typical pattern for the OA/RE
intermediate, where the metal interacts with only the pendent lig-
ands, consistent with our understanding of the bonding in these
intermediates.

Somewhat to our surprise, we found all the remaining possible
patterns (A — G), when we analyzed the bonding of the midpoint
species of three reaction types for a variety of metals and charges:
(Rxn1) CgHg +[(acac),M(CH,CH,Ph)] (M=Fe~ (10), Co (11), Ni*
(12), Ru~ (13), Rh (14), Pd* (15), Os~ (16), Ir (17), Pt* (18)), (Rxn2)
CgHg + [TPM(CO)(CH,CH,Ph)] (M =Mn~ (19), Fe (20), Co* (21), Tc~
(22), Ru (23), Rh* (24), Re™ (25), Os (26), Ir* (27)), and (Rxn3)
CH,4 +[CpM(CO)(B(OCH3)2)] (M=Mn~ (28), Fe (29), Co* (30), Tc~
(31), Ru (32), Rh* (33), Re~ (34), Os (35), Ir* (36)). The geome-
tries, bonding patterns, and relative energies are described in their
respective section. Those systems that proceed by a oBM-like
pathway where one TS connects reactant and product are labeled
“Pathway 1” and the energy barrier in this pathway is that between
the reactant and the TS for hydrogen transfer. Those systems that
proceed by the OA/RE pathway are labeled “Pathway 2” and the
energy barrier in this pathway is that between the reactant and
the TS that results in the OA intermediate. For the first two reac-
tions, the carbon atoms of the phenyl and ethylbenzene ligands are
labeled CsPZ and C5P3, respectively.

Metal Pathway Reac— TS Reac — (Prod, INT)
AE} AE! AH! AG! AE, AE° AR AG

Fe~ (10) 12 7.91 8.46 7.87 21.08 -5.90 -5.86 -5.86 -5.51
Co (11) 12 16.27 16.74 16.15 30.02 -1.31 0.12 -0.47 9.05
Ni* (12) 12 37.40 38.06 37.47 50.39 28.75 30.25 29.66 38.08
Ru- (13) 1 3.89 3.69 3.69 4.69 -8.01 -7.82 -7.82 -8.01
Rh (14) 1 13.93 13.62 13.62 14.67 -3.43 -3.35 -3.35 -3.51
Pd* (15) 1 21.03 20.65 20.65 21.94 8.28 8.50 8.50 6.53
0Os~ (16) 2 NF NF NF NF -26.47 -25.86 —26.46 —12.80
Ir (17) 1 5.47 5.37 5.37 5.04 -3.33 -3.22 -3.22 -3.58
Pt* (18) 1 19.01 18.77 18.77 19.44 5.74 5.89 5.89 5.29

2 Energies relative to CgHg + [(acac); M(CH,CH,Ph)].
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Fig. 5. Optimized geometric parameters and bonding patterns of 10-12. The distances listed are in angstroms and the angles in degrees. By assigning the cc-pVDZ basis set

to cobalt in 11, the Co-C*P2 BCP and corresponding RCP were located.

3.2.1. Rxnl, C¢Hg +[(acac),M(CH,CH,Ph)]

The relative energies (kcalmol~1) for the first, second, and
third row analogs of this reaction for the anionic, neutral, or
cationic species are reported in Table 2. Unless noted otherwise,
the reactants are the o-bound benzene complexes, [(acac),M(o-
CgHg)(CH,CH,Ph)], and the energies are relative to these species.
In Table 2, the “products” are either the o-bound ethylbenzene
complexes, [(acac),M(CgHs)(o-CH3CH;Ph)] (Pathway 1), or the OA
intermediates, [(acac);M(CH,CH,Ph)(CgHs)H] (Pathway 2).

The optimized geometric parameters and bonding patterns for
Fe~ (10), Co (11), and Ni* (12) series are shown in Fig. 5. Geo-
metrically, the M-CP2 and CSP2-H bonds appear similar in the
three species. The M-CSP3 distance increases by ~0.15 A in 12 com-
pared to similar values in 10 and 11. The M-H distances increase,
and the CP3-H distances and CSP3-M-CSP2 angles decrease in
value along the series. Species 10 and 12 are characterized by the
same bonding pattern: M-CP2, M-H, CSP3-H and CSP2-H BCPs are
located along these respective coordinates, and a RCP is located
inside each M-CSP2-H triangle. However, 11 is characterized by
Co-H, CsP3_H, and CP2-H BCPs but is missing the M—-C5P2 BCP in
spite having the shortest M-CSP2 distance. To check this apparent
anomaly, cobalt was assigned the all-electron cc-pVDZ basis set and
a Co—C5P2 BCP and the corresponding Co—-CSP2-H RCP were now
located.

For all three of these systems, the reactants are taken as free
benzene and [(acac),M(CH,CH,Ph)] because the corresponding
[(acac);M(o-CgHg)(CH2CH,Ph)] complexes were not located. The
barriers to hydrogen transfer increase along this series as the metal
is replaced, paralleled by the trend in reaction energies, which
increase in energy and switch from exothermic and exergonic to
endothermic and endergonic.

For Ru~ (13), Rh (14), and Pd* (15), the M-CSP2, M-CSP3, and
M-H distances increase while the CsP3-H, CsP2-H, and CsP3-M-CsP?

parameters decrease along this series (Fig. 6). In the bonding analy-
sis, 13 is characterized by Ru-CSP2, Ru-CsP3, Ru-H, and CSP3—H BCPs
with a RCP inside the Ru-CsP3-H coordinates. In 14, the M-CsP3
BCP disappears and a CP2-H BCP appears, which parallels the
lengthening and shortening of the respective distances. A RCP is
also found in this species but inside the Rh—-H-CSP2 coordinates.
Species 15 is characterized by full connectivity as Pd-C5P2, Pd-CSP3,
Pd-H, CSP2_H, and CSP3-H BCPs are located; and RCPs are located
inside the Pd—CSP2-H and Pd-CSP3-H coordinates, respectively. The
geometric coordinates and bonding patterns of these species are
shown in Fig. 6. Although these three related systems appear quite
different, the RCPs are quite close to the BCPs and they will anni-
hilate each other when combined. Thus, the patterns in 13 and 14,
although different can both be generated from the pattern in 15.

The barrier for hydrogen transfer is small (3.7 kcal mol~1) in the
ruthenium system, and the formation of the o-bound ethylbenzene
complex is exothermic by 7.8 kcalmol~1. The barrier is greater by
~10kcalmol~! in the rhodium system, but the overall reaction is
still exothermic and exergonic at 3.4 and 3.5 kcal mol~1, respec-
tively. The enthalpic and free energy barriers are higher in the
palladium system (20.7 and 21.9 kcalmol~1), and product forma-
tion is now endothermic and endergonic by 8.5 and 6.5 kcal mol~!,
respectively.

For the third row models, Os~ (16), Ir (17), and Pt* (18), the
M-CsP2 distances are once again similar between the three systems,
and the M-C%P3 distances are the only coordinates that lengthen
as the metal is replaced. The M-H distances oscillate while the
CSP2_H and CP3-H distances and CSP2-M-CSP3 angles decrease as
the metal is replaced. In the bonding analysis, 16 is characterized by
metal-ligand BCPs as anticipated for an intermediate. For 17, BCPs
are located along the Ir-CSP2, Ir-C*P3, Ir-H, and CP3-H coordinates;
a RCP is found inside the Ir-CP3-H coordinates. Like the palla-
dium congener, 18 is characterized by full connectivity; BCPs are
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Fig. 6. Optimized geometric parameters and bonding patterns of 13-15. The distances listed are in angstroms and the angles in degrees. The larger all-electron basis set,
TZVPP, was assigned to the rhodium in 14 and a Rh-C*P3 BCP was not located even at with this basis set.

located along the Pt-CSPZ, Pt-CSP3, Pt-H, C5P2-H, and CSP3-H coor-
dinates, and RCPs are located inside the Pt—-CSP2-H and Pt-CP3-H
coordinates, respectively. These results are shown in Fig. 7.
Similar trends in the relative energies are calculated for the third
row analogs. Product formation becomes more endothermic and
endergonic as the metal is replaced. In the osmium system, the for-
mation of the OA INT, 16, is more exothermic than the iridium and
platinum systems; however, the Os system proceeds through Path-
way 2. The enthalpic and free energy barriers in the iridium system
are small at 5.4 and 5.0 kcalmol~!, respectively, and the overall
reaction is exothermic and exergonic by 3.2 and 3.6 kcalmol-1,

2 H 3| sp?c
spc._ | _-Csp

H—ocsp®

respectively. Like the palladium system, the barrier for hydrogen
transfer is large in the platinum system (18.8 kcalmol~1), and the
product formation is endothermic (5.9 kcal mol-1).

In descending down the group 8 metals, the M-C*P3 bond is
formed and the CSP2-H bond is broken between 10 and 13. The
CsP3_H is then broken between 13 and 16. For group 9, the M—CsP3
bond is formed in the iridium species, but the bond is not broken.
Likewise, for group 10, the M-CP3 bond is formed in the palla-
dium and platinum congeners. As the metal is replaced down each
period, the barriers decrease in energy and product formation also
decreases in energy.
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Fig. 7. Optimized geometric parameters and bonding patterns of 16-18. The distances listed are in angstroms and the angles in degrees.
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Table 3
Relative energies (kcal mol~') for CsHg +[TpM(CO)(CH,CH>Ph)] (Rxn2)

Metal Pathway Reac — TS Reac — (Prod, INT)

AE} AE AH! AGH AEy AE° AH° AG*
Mn~- 1 8.26 7.77 7.77 9.80 —-10.21 -9.88 —-9.88 -11.07
Fe 1 14.71 14.45 14.45 16.82 —6.26 —5.72 -5.72 —6.74
Co* 1 14.76 14.26 14.26 16.03 —-0.89 -0.77 -0.77 -1.42
Tc 2 NF NF NF NF —-0.12 —-0.10 —-0.10 -0.37
Ru 1 11.71 1142 1142 12.53 -714 -6.97 -6.97 -7.98
Rh* 1 18.74 18.36 18.36 19.64 -0.17 —0.06 -0.06 -0.70
Re~ 22 NF NF NF NF NF NF NF NF
Os 2 0.51 0.20 0.20 0.93 0.58 0.52 0.52 0.79
Ir* 1 12.92 12.69 12.69 13.73 -3.69 -3.59 -3.59 -3.91

2 Reactant [TpRe(CO)(o-CsHg)(CH2CH,Ph)]~ was not located.

3.2.2. Rxn2, C¢Hg +[TpM(CO)(CH,CH,Ph)]

For this reaction similar analyses were performed for the first
TM row (Mn~ (19), Fe (20), Co* (21)); second TM row (Tc~ (22), Ru
(23),Rh* (24)); and third TM row (Re~ (25), Os (26), Ir* (27)) metals.
Therelative energies (kcal mol—1) for the first, second, and third row
analogs for this system are reported in Table 3. The reactants, TSs,
and products for these systems are defined the same way as in the
previous system.

In this series of first row species: the M—-CSP2 and CSP2-M-CsP3
parameters oscillate, the M-CP3 and CP2-H distances decrease
from their values in 19 to identical distances in 20 and 21, respec-
tively, and the M-H distance increases and the CSP3-H distances
decrease. In the bonding analysis, 19 is characterized by Mn-CP3,
Mn-H, CP2-H, and C"?3-H BCPs with a RCP located inside the
Mn-CP3-H coordinates. Species 20 and 21 are characterized by
the same bonding patterns; only M-H, CSP2-H, and CSP3-H BCPs
were located. The results of these analyses for these species are
presented in Fig. 8. One should note that the RCP and one BCP are
quite close in 19; their coalescence will produce the same pattern
as that found for 20 and 21.

Once again, the energy barrier to hydrogen transfer increases
along this series; however, the values of the iron and cobalt sys-
tems are similar. The product is more exothermic in the manganese
system and becomes isenthalpic with the reactant in the cobalt
system.

For the second transition row systems, 22, 23, and 24, the M-CsP3
and M-H distances oscillate, the CP3-H, CSP2-H distances and
CSP3_M-CSP2 angles decrease, and the M-CSP3 distances increase
along this series. In the bonding analysis, BCPs are only found along
the Tc-CsP3, Tc-CSP2, and Tc-H coordinates in 22, characteristics
expected of an intermediate. Species 23 is characterized by full con-
nectivity; Ru-CsP2, Ru-CsP3, Ru-H, CP2-H, and CP3-H BCPs were
found along these coordinates as expected for the >20° decrease
in the CSP2-M-CsP3 angle. RCPs were found inside the Ru-CsP2-H
and Ru-CsP3-H coordinates, respectively. As the Rh-CsP3 distance
increases in 22 the Rh-CsP3 BCP and the Rh—~CSP3—H RCP are lost, but
the other BCPs are retained. The optimized geometric parameters
and bonding patterns of these species are shown in Fig. 9.

The general increase in energy of the barrier is not seen for the
second row analogs as the technetium system proceeds by a dif-
ferent pathway than the ruthenium and rhodium systems. For the
technetium system, the OA intermediate (22) is isenthalpic with
the reactant, but all attempts to locate the TS for oxidative C-H
bond cleavage failed. For the ruthenium and rhodium systems, the
energy barrier increases from one metal to the next and product
formation becomes less exothermic.

In the third transition row systems, 25, 26, and 27, the M—CP2
distance decreases by 0.03A from the value in 25 to identical
values in 26 and 27. The M-CP3 and M-H distances oscillate
between the three species, while the CSP2-H distance, the CSP3-H

distance, and the CSP2-M-CSP3 angle, decrease along this series.
In the bonding analyses of these species, M—C5P2, M-CSP3, and
M-H BCPs are located in 25 and 26, which are both intermedi-
ates. Species 27 is characterized by full connectivity; BCPs were
located along the Ir-CsP2, Ir-CSP3, Ir-H, CSP2-H, and CSP3-H coor-
dinates, and RCPs are located inside the Ir-CsP3-H and Ir-CP2-H
coordinates, respectively; note that 27 is close to having a pat-
tern like 25 and 26. The results for these complexes are shown
in Fig. 10.

The o-bound benzene reactant and the TS for oxidative C-H
bond cleavage were not located in the rhenium system; all attempts
to optimize these species resulted in the oxidized intermedi-
ate, which is significantly more stable than the reactant. For
osmium, the barriers to oxidative C-H bond cleavage appear lower
in energy than product formation. The relative SCF energies for
the TS and product are 1.8 and 1.0 kcalmol~!, respectively, but
zero-point corrections produce lower thermally corrected barri-
ers. The barrier to hydrogen transfer is moderate in the iridium
system at 12.7 kcalmol~1, and product formation is exothermic by
3.6 kcalmol—1.

For the group 7 metals, the CSP2-H and CP3-H bonds are broken
and the M-C%P2 bond is formed in switching between manganese
and technetium. For group 8, the M—-CP2 and M-C%P3 bonds are
formed in the ruthenium species prior to breaking the CSP2-H and
CsP3_H bonds in the osmium species. Lastly, for group 9, the M—C5P2
bond is formed in the rhodium species prior to forming the M-CSP3
bond in the iridium species.

3.2.3. Rxn3, CH4 to [CpM(CO)(B(OCH,))]

The relative energies for these systems are presented in Table 4.
All of these systems proceed by Pathway 1; the reactants and prod-
ucts are the o-bound methane and o-bound borane complexes,
respectively.

The optimized geometric parameters and bonding patterns of
the first TM row species, Mn~ (28), Fe (29), and Co* (30), are
shown in Fig. 11. Along this series, the M-B distance is identical
in 28 and 29, but lengthens slightly in 30, while the M-H dis-
tance decreases from 28 to an identical value in 29 and 30. The
M-C, B-H, and B-M-C parameters decrease along this series; only
the C-H distance lengthens in this series. In the bonding analysis,
BCPs are found along the Mn-B, Mn-H, and C-H coordinates in 28.
The analogous BCPs are located in 29 along with a B-H BCP and
a RCP inside the M-B-H coordinates; however, the B-H BCP coa-
lesces with the RCP and annihilates the BCP at the double-{ level
in the basis for iron. In 30, the M-B BCP is lost, which parallels
the lengthening of this bond; only M-H, C-H, and B-H BCPs were
located.

The results of similar analyses of the second row analogs (Tc™
(31), Ru (32), Rh* (33)) are shown in Fig. 12. In these species, the
M-B and B-M-C parameters oscillate; the M-C, M-H and B-H
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Fig. 8. Optimized geometric parameters and bonding patterns of 19-21. The distances listed are in angstroms and the angles in degrees.

distances decrease; and the C-H distance increases in this series.
Species 31 and 32 exhibit the same bonding patterns; M-B, M-H,
and C-H BCPs were located in these species. A M-C BCP forms

along this coordinate in 33, which is also exhibits
distance.

The third row analogs (Re~ (34), 0s (35), Ir* (36)—Fig. 13) exhibit
the same geometric trends for the first five parameters listed as the
second row analogs. The C-M-B angles, however, increase in this
series rather than oscillate. These species exhibit the same bonding

patterns as their second row analogs.

The rhenium and osmium systems exhibit negative enthalpic
values are, of course, positive for these two

. i
barriers. The AE¢.p

systems (0.6 and 1.8 kcal mol~1, respectively). Again the very low
electronic energy barriers are overwhelmed by the harmonic vibra-
tional corrections. The formation of the o-bound borane products
are exothermic by 24.1 and 13.4kcalmol~! for the rhenium and
osmium systems, respectively. For the iridium system, the enthalpic
and free energy barriers are small at 4.7 and 6.7 kcalmol-1,
respectively, and the formation of the o-bound borane com-
plex is exothermic by 1.2 kcalmol~! but is slightly endergonic by
0.9 kcal mol-1.

The iridium system is characterized by similar energies to those
of the iron system, which is the experimental system. The barriers to
hydrogen transfer are smaller in the former, and product formation
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Fig. 9. Optimized geometric parameters and bonding patterns of 22-24. The distances listed are in angstroms and the angles in degrees.
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Table 4
Relative energies (kcal mol~') for CH4 +[CpM(CO)(B(OCH;),)] (Rxn3)
Metal Pathway Reac — TS Reac — Prod

AE} AE} AH' AGH AE, AE° AR AG
Mn~ 1 4.18 3.30 3.30 5.97 -8.79 -9.85 -9.85 —6.38
Fe 1 8.23 7.48 7.48 9.58 1.04 0.28 0.28 2.66
Co* 1 13.17 12.38 12.38 14.56 6.42 5.77 5.77 7.47
Tc~ 1 2.10 1.39 1.39 341 -14.16 —15.09 -15.09 -12.14
Ru 1 7.11 6.40 6.40 8.44 -0.97 -1.75 -1.75 0.57
Rh* 1 15.03 14.47 14.47 17.14 8.34 7.59 7.59 9.84
Re~ 1 —-0.56 -1.17 -1.17 0.37 -23.30 —24.07 —24.07 —21.67
Os 1 0.45 —0.08 —-0.08 1.44 -12.65 —13.42 -13.42 -10.64
Ir* 1 5.37 4.74 4.74 6.65 —-0.55 -1.23 -1.23 0.92

is slightly exothermic. It remains to be seen if the iridium system
can accomplish this chemistry.

3.2.4. Effects of spectator ligand on bonding patterns

The effect of spectator ligand on the bonding patterns were
considered by studying the reaction: CH4+[LM(PH3)H'| (M=Fe,
Ru, Os). The ligands (L) considered for this study are Cp, Tp, a
tris—carbene ligand [45] (HB(NHC)3) that is similar to Tp, and
a tris—-phosphine ligand [46] (HB(PMe,CH; )3 = HBP3). The results
for [LFe(PH3)(CH3)(H)(H')] (L=Cp (37), Tp (37a), HB(NHC)3 (37b),
HBP3 (37c¢)) are presented in Fig. 14. The results for the ruthenium
analogs, [LRu(PH3)(CH3)(H)(H')] (L=Cp (38), Tp (38a), HB(NHC);
(38b), HBP; (38c)), are presented in Fig. 15. Likewise, the results for

In the geometric analyses of the ruthenium analogs, the Ru-C
and Ru-H’ distances lengthen, the Ru-H and C-H distances oscil-

late, and the H-H' and C-Ru-H parameters decrease along this

the osmium analogs, [LOs(PHs )(CHs )(H)(H')] (L=Cp (39), Tp (39a), though these distances are the longest in the series.

HB(NHC);3 (39b), HBP3 (39c)) are shown in Fig. 16.

In the geometric analyses of the iron species, the Fe-C, Fe-H, dis-
tance lengthens and the C-Fe-H’ angle decreases along this series.
The Fe-H’, C-H, and H-H’ distances oscillate between the species. In
the bonding analysis, 37 is characterized by Fe-H, Fe-H’, C-H, and
H-H’ BCPs; a RCP is found inside the Fe-H-H’' coordinates. How-
ever, the H-H’ and Fe-H-H’ RCP coalesce and the BCP is lost along
the Fe-H’ coordinate in 37a. Species 37b and 37c exhibit the same
bonding patterns as the Tp analog. The loss of the BCP along the
Fe-H’ coordinate parallels the increasing bond distance from 37 to

37c.

metal.

H 3 | — H 2 3 1+
sp’c csp sp’c csp? Sp*C—H—Csp
N |
He/ \OS/ \||r/
Re-Cs2: 2.18 Os-C#2: 2.15 Ir-Cs2: 2.15
Re-Cs3: 2.24 Os-Cs3: 2.21 Ir-C=3; 2.25
Re-H: 1.63 Os-H: 1.59 Ir-H: 1.60
C=2-H: 2.01 Cs2-H: 1.90 C#2-H: 1.66
Cs2-H: 2.10 Cs3-H:1.98 Cs3-H: 1.75
Cse2-Re-Cs3: 124 .6° Cs2-0s-C*3: 117.9° Cse2-|r-Cs3: 98.0°
H H H sp3
(@ sp2 O sp3 Csp2 | @ c
2 spacp n Cse seae@® u ¢ "G“:‘O
Csp § (EO O. 3 © O:Voe eTer o
e u *? . :: 6°v :lx
°Q-;.~_a\ : . o° ‘Q‘\‘:. . 99& Q°o e.°’;p
Re Os Ir
INT INT TS
25 26 27

CgHe + [TPM(CO)(C,H,Ph)]

Fig. 10. Optimized geometric parameters and bonding patterns of 25-27. The distances listed are in angstroms and the angles in degrees.

series. Interestingly, the ruthenium Cp analog, 38 is an intermedi-
ate with the expected patterns of BCPs. Species 38a is characterized
by Ru-C, Ru-H, Ru-H’ BCPs, and a RCP is found inside the Ru-C-H
coordinates. The Ru-C BCP and RCP of 38a coalesce and the BCP
along the Ru-C coordinate is lost in 38b. Despite having a longer
Ru-Cbond thanin 38b, a BCP is located along this coordinate in 38c.
Species 38c is characterized by full connectivity as Ru-C, -H, -H/,
C-H, and H-H’ BCPs were found along with RCPs inside the Ru-C-H
and Ru-H-H’ coordinates. The strengthening of the C-H and H-H’
bonds in 38c allows for Ru-C and Ru-H’ BCPs to be located even

In the osmium analogs, all of the geometric parameters oscillate
as the ligand is replaced. Each species is an intermediate, and only
0Os-C, Os-H, and Os-H’ BCPs are located for these species. The char-
acter of the midpoint species, geometric parameters, and bonding
patterns are insensitive to the change in ligand for this transition

The influence of the spectator ligand on the bonding patterns
is limited with both all iron and osmium species being insensi-
tive. However, the four ruthenium species exhibit different bonding
patterns. Consistent with an intermediate, 38 is characterized by
only metal-ligand BCPs; however, 38c exhibits full connectivity.
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c—T B |- c—T—B c—T——B T+
Mn Fe/ Co
Mn-C: 2.21 Fe-C:2.13 Co-C: 2.11
Mn-B: 2.01 Fe-B: 2.01 Co-B: 2.07
Mn-H: 1.54 Fe-H: 1.49 Co-H:1.49
C-H:1.41 C-H:1.49 C-H:1.56
B-H: 1.82 B-H: 1.65 B-H: 1.53
C-Mn-B: 96.9° C-Fe-B: 96.7° C-Co-B: 93.6°
C H B C H B C H B
OU_;:o:L, Q OLL::QGQ»,_.’ ..4(/' O;—H::Gc L-,.v..-c
L] R @ C ®
T o F :
' o o
Mn Fe Co
TS TS TS
28 29 30

CH, + [CpM(CO)(B(OCH,),)]

Fig. 11. Optimized geometric parameters and bonding patterns of 28-30. The distances listed are in angstroms and the angles in degrees.

The degrees of connectivity of 38a and 38b are in between the Cp
and HBP3 analogs.

3.3. Stability of bonding patterns

To verify the stability of these bonding patterns, we examined
seven models that correspond to one of the bonding patterns by
assigning a higher-level basis set to the metal. The basis sets that
were assigned to the non-metal atoms in the previous Bader’s anal-
yses were unchanged. Patterns A, D, E, and F were verified up to the
quadruple-{ level by assigning the cc-pVQZ basis set to the scan-

dium, nickel, manganese, and iron centers of 1, 12, 28, and 37a,
respectively. Patterns B, C, and G were verified at the triple-( level
by assigning the TZVPP basis set to the palladium, ruthenium, and
technetium centers of 15, 38a, and 22, respectively. Thus, all seven
patterns have been identified and verified at higher levels in the
basis.

3.3.1. Detailed analysis of basis set and density functional effects
Here, we investigate in more detail the basis set and density

functional (DF) effects on the CPs of 1, where a single previ-

ously optimized geometry was used. A variety of basis sets and

c—T B 1- —T /B ciH B I+
Tc/ Ru Rh/
Tc-C: 2.36 Ru-C: 2.27 Rh-C: 2.25
Tc-B: 2.11 Ru-B: 2.10 Rh-B: 2.14
Tc-H: 1.68 Ru-H: 1.61 Rh-H: 1.60
C-H:1.38 C-H: 1.51 C-H:1.63
B-H: 2.04 B-H: 1.90 B-H: 1.69
C-Tc-B: 98.4° C-Ru-B: 99.7° C-Rh-B: 95.7°
O O o= O O:coe© O
°‘:‘ 9’°~ q'u‘l .'d. ) ¢¢. = :: .op.
Tc Ru Rh
TS TS TS
31 32 33

CH, + [CPM(CO)(B(OCH,),)]

Fig. 12. Optimized geometric parameters and bonding patterns of 31-33. The distances are reported in angstroms and angles in degrees.
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C—H BIl- C—H B C—H B 1+
| / | Nee| A
Re Os Ir
Re-C: 2.43 0Os-C: 2.33 Ir-C: 2.28
Re-B:2.13 Os-B: 2.12 Ir-B: 2.14
Re-H:1.75 Os-H: 1.67 Ir-H: 1.61
C-H:1.29 C-H: 1.38 C-H: 1.54
B-H:2.16 B-H: 2.09 B-H: 2.03
C-Re-B: 97.4° C-0Os-B: 100.1° C-Ir-B: 103.1°
c H B H B H
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(-] o Q e" ey 0 @ %
‘:\ r “ ‘\\ o o’
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Re Os Ir
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34 35 36

CH, + [CpM(CO)(B(OCH,),)]

Fig. 13. Optimized geometric parameters and bonding patterns of 34-36. The distances are reported in angstroms and angles in degrees.

DFs were considered in this analysis. Finally, 1 was individually
optimized with four different basis sets assigned to scandium
(the basis sets for the carbon and hydrogen atoms of section 1
remained the same) and the gradient fields were analyzed and
compared.

3.3.2. Basis sets

For this investigation, the B3LYP/DZP coordinates of 1 and the
B3LYP DF were used. The basis sets assigned to the carbon and
hydrogen atoms in the previous analysis remain the same. The basis
sets assigned to the scandium with the corresponding density and
metric values for the Sc-C (B), C-H (B’), and ring (R) CPs of 1 are

listed in Table 5. In Fig. 17, the CPs and atoms designations are
defined and will be used throughout this section.

The values of the density at B calculated with the fully contracted
basis sets are slightly smaller than those calculated with the split-
valence, double-{, triple-{, and quadruple-{ basis sets. The values
of B and B’ increase to ~0.052 and ~0.128 (e/bohr3), respectively,
with the change in basis sets. The density value of R also increases
slightly. Geometrically, the distances between the B and R to scan-
dium are insensitive to the basis set. Likewise, the distance between
the B and R remains ~0.6 A. For the Sc-B-C angles, a value of ~168°
is reported for all but the STO-nG (n=3, 6) basis sets, which return
a value smaller by ~5°.

C—H—H' C—T—H' C—H—H C—T—H‘
FelL FeL FelL FelL
Fe-C:2.12 Fe-C: 2.15 Fe-C: 2.21 Fe-C: 2.21
Fe-H: 1.50 Fe-H: 1.52 Fe-H: 1.54 Fe-H: 1.54
Fe-H" 1.53 Fe-H" 1.58 Fe-H' 1.61 Fe-H': 1.57
C-H:1.53 C-H:1.55 C-H:1.54 C-H:1.53
H-H" 1.13 H-H'" 1.03 H-H": 1.05 H-H': 1.04
C-Fe-H': 89.0° C-Fe-H" 85.1° C-Fe-H': 83.2° C-Fe-H': 82.8°

L=Cp L=Tp L = HB(NHC)3 L = HBP,
c H C H , C H . H .,
07“# &; tzbl OA—"O’k ~ tl O,,=;°=L =g ,tl O sragp le °=|-(I,
ec 2 " 9 1
Fe Fe Fe 99
TS TS TS TS
37 37a 37b 37c
1]
CH, + [LFePH,(H"]

Fig. 14. Optimized geometric parameters and bonding patterns for 37 (L=Cp), 37a (L=Tp), 37b (L=HB(NHC)3), and 37c (L=HBP3). The distances listed are in angstroms and

the angles in degrees.
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C-H:2.22 C-H: 1.60 C-H: 1.66 C-H: 1.61
H-H" 1.61 H-H': 1.54 H-H'": 1.52 H-H'": 1.15
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Fig. 15. Optimized geometric parameters and bonding patterns for 38 (L=Cp), 38a (L=Tp), 38b (L=HB(NHC)3), and 38c (L=HBP3). The distances listed are in angstroms and

the angles in degrees.

The characteristic RCP that is found inside the four-center coor-
dinates of 1 was not located in the gradient field in the STO-3G
basis; instead, a BCP was located along the Sc-H coordinates with
two RCPs nearly overlapping this BCP on both sides. Because of
this discrepancy in bonding patterns for this small basis, we do not
report the values for the RCP density and the geometric parameters
at this level.

Basis set effects are more prominent for the densities of the CPs
than for the relative locations of the CPs in the density. However
the STO-nG (n =3, 6) basis sets performed poorly in describing both
the value of the density at these CPs and their relative locations.
While the values of the density at the CPs are slightly smaller at the

N N

WTBS level, the relative coordinates of the CPs are similar for this
basis set to those of the larger basis sets.

3.3.3. Density functionals

In Table 6, we report the metric and density values of the three
CPs of 1 from twelve DFs. We used the B3LYP/DZP optimized coor-
dinates of 1 and assigned the cc-pVDZ basis sets to the scandium,
carbon, and transferring hydrogen atoms while the methyl and Cp
hydrogen atoms were assigned the D95 basis set. This level of basis
was chosen as it was shown in the previous table to return accurate
values for these CPs so any effect of the DF will be readily apparent.

C\ T /H‘ C\ IiI/H‘

OsL OsL
Os-C: 2.19 Os-C: 2.17
Os-H: 1.62 Os-H: 1.60
Os-H" 1.62 Os-H" 1.62
C-H: 2.30 C-H:2.13
H-H':1.77 H-H" 1.44
C-Os-H" 129.6° C-Os-H'" 119.8°
L=Cp L=Tp
H H
y H'S. ¢ o
000. iy 6(,5“\0 ':#,“*,;éo‘sﬁ
Os Os
INT INT
39 39a

OsL OsL
Os-C: 2.23 Os-C: 2.23
Os-H: 1.63 Os-H: 1.63
Os-H'" 1.64 Os-H': 1.63
C-H:2.24 C-H:2.25
H-H' 1.52 H-H" 1.50
C-Os-H" 124.1° C-Os-H'" 124.0°
L = HB(NHC)3 L = HBP4
H
c f HI ? HI
0.. . I} . O
:#‘e"e : "s’ .'Q.. : -o’
4 .4
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39b 39c

CH, + [LOsPH,(H"]

Fig. 16. Optimized geometric parameters and bonding patterns for 39 (L=Cp), 39a (L=Tp), 39b (L=HB(NHC)3), and 39c (L=HBPs). The distances listed are in angstroms and
the angles in degrees.
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Table 5
Density and metric data for the B, B and R CPs of 1 for the basis sets listed
Basis set CP p (e/bohr3) Metric data (A) /Sc-B-C (°)
B B’ R B R B-R
STO-3G 0.04812 0.13143 NA NA NA NA 163.3
STO-6G 0.04789 0.13134 0.04643 1114 1.019 0.556 163.8
WTBS 0.04981 0.12846 0.04607 1.158 1136 0.605 168.2
3-21G 0.05104 0.12770 0.04763 1.159 1144 0.622 167.7
6-31G 0.04991 0.12842 0.04677 1.161 1.138 0.597 167.4
6-31G* 0.05081 0.12845 0.04724 1.164 1.139 0.598 167.5
pvDZ 0.05039 0.12831 0.04674 1.158 1136 0.605 168.0
TZV 0.05099 0.12828 0.04750 1155 1.135 0.599 167.7
VDZ 0.05015 0.12835 0.04642 1.160 1.137 0.605 168.2
VTZ 0.05132 0.12840 0.04779 1157 1135 0.600 167.8
Wachters +f 0.05270 0.12847 0.04782 1.159 1.137 0.612 168.8
cc-pvVDZ 0.05204 0.12831 0.04783 1.159 1.135 0.605 168.1
aug-cc-pVDZ 0.05213 0.12850 0.04776 1.159 1.136 0.607 168.3
cc-pVDZ-DK 0.05221 0.12853 0.04777 1.160 1137 0.608 168.4
cc-pVTZ 0.05205 0.12836 0.04810 1.160 1137 0.603 167.9
cc-pvQzZ 0.05286 0.12822 0.04821 1.157 1.136 0.606 168.3
ANO 0.05269 0.12826 0.04794 1.159 1136 0.609 168.5

cQ:ce:B= - oree:0

<& r
< g
¢ o o’
¢ (/ R l"'
BO J )
A o
L\
® ad
5’
Sc

Fig. 17. Atomic and CP definitions for the following analyses of 1.

The change in exchange and correlation functionals exhibits
little effect on these values in comparing the data of the first
four functionals. The radial distance of B (from the scandium
coordinates) shortens when exact exchange is admixed into the
DF, this distance continues to shorten as more exact exchange is
included. Conversely, the radial distance of B’ (from the carbon
coordinates) increases as more exact exchange is admixed into the
functional; the corresponding parameter for R remains essentially
unchanged. The values of the density at these CPs are also insensi-
tive to the DF. Last we tested two meta density functionals (BB95,
TPSS) and a hybrid density functional (MPWLYP1M) and observe
minor differences between the values calculated with these
functionals.

Table 7
Optimized geometric parameters for 1 optimized with four basis sets assigned to
scandium

Basis set Metric data

r(Sc-C) (A) r(Sc-H) (A) r(C-H) (A) £C-Sc-C (°)
WTBS 2.409 1.891 1.438 733
Wachters +f 2.408 1.899 1.441 73.5
cc-pvVDZ 2.408 1.897 1.440 734
LANL2mDZ(f) 2.409 1.896 1.441 73.5

3.3.4. Full optimization

Species 1 was individually optimized with four different basis
sets assigned to the scandium (WTBS, Wachters +f, cc-pVDZ, and
LANL2mDZ) and the electron densities of these optimized geome-
tries were analyzed with Bader’s analysis. The basis sets assigned to
the carbon and hydrogen atoms of DZP remained the same for these
optimizations. The optimized geometric parameters are presented
in Table 7.

Interestingly, the optimized geometric parameters of 1 are sim-
ilar between these four basis sets. The C-H distance that was
calculated at the WTBS level is slightly smaller than the other three
values, and this distance corresponds to the slightly smaller C-Sc-C
angle at this same level.

The corresponding metric data and density values for the CPs for
these four geometries of 1 are reported in Table 8. Minor differences
between the density values and radial distances of these CPs are
observed. The distance of R from the scandium center calculated at
the Wachters +f level is ~0.1 A longer than those calculated at the

Table 6
Density and metric data for B, B’ and R of 1 for the density functionals listed
Functional CP p (e/bohr?) Metric data (A) /Sc-B-C (°)
B B R Sc-B C-B' Sc-R
BLYP 0.05146 0.12771 0.04803 1.164 0.958 1.137 167.9
BPW91 0.05206 0.12697 0.04846 1.164 0.961 1.138 167.8
mPWPW91 0.05200 0.12691 0.04844 1.164 0.961 1.138 167.7
PBE 0.05211 0.12671 0.04855 1.164 0.962 1.139 167.7
B3LYP 0.05204 0.12831 0.04783 1.159 0.966 1.135 168.1
B3PWI1 0.05251 0.12768 0.04817 1.159 0.968 1.136 168.0
MPWO 0.05262 0.12777 0.04814 1.158 0.970 1.136 168.0
PBEO 0.05271 0.12760 0.04823 1.158 0.970 1.136 167.9
BH&HLYP 0.05252 0.12944 0.04741 1.152 0.977 1.133 168.2
BB95 0.05137 0.12634 0.04806 1.164 0.959 1.138 167.9
TPSS 0.05172 0.12768 0.04798 1.162 0.960 1.137 168.0
MPWLYP1M 0.05162 0.12803 0.04781 1.162 0.960 1.137 168.3
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Table 8

Metric data of the CPs and corresponding densities for 1 optimized with each basis set listed

Basis set B B R /Sc-B-C (°)
r (A) o (e/bohr3) r° (A) o (e/bohr3) ri (A) o (e/bohr3)

WTBS 1.157 0.05012 0.965 0.12905 1.134 0.04653 168.0

Wachters +f 1.159 0.05313 0.964 0.12578 1.144 0.04611 166.0

cc-pvVDZ 1.159 0.05210 0.965 0.12853 1.136 0.04768 168.4

LANL2mDZ(f) 1.157 0.05010 0.964 0.12912 1.134 0.04653 168.0

2 Relative to scandium coordinates.
b Relative to carbon coordinates.

other levels, and the Sc-B-C angle is 2° smaller at this same level
in the basis. Interestingly, the values returned with WTBS assigned
to scandium are similar to those values calculated at higher levels
of theory when the molecule was optimized with this basis set.

4. Conclusions

We have identified in total seven bonding patterns by analyzing
midpoint species along the reaction coordinates of the reactions
described above. On the sole basis of geometric parameters of these
TM species, the bonding patterns cannot be determined a priori,
and Bader’s analysis is helpful in characterizing the bonding pat-
terns of these model complexes (Fig. 4). The transferring hydrogen
does not interact with the metal center in the “classic” ¢BM mech-
anism (e.g. 1, 2, 3). For the other “classic” mechanism, OA/RE, the
hydrogen can bond to the metal in the TS (e.g. 8) and forms a full sin-
gle bond in the oxidized intermediate (e.g. 6, 9). Differing degrees
of connectivity have been identified in TSs for hydrogen transfer;
thus connectivity varies in these reactions. In general, those metal
centers that have d electrons available to participate in hydrogen
transfer interact with the transferring hydrogen during this reac-
tion.
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