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ABSTRACT: Density functional theory and absolutely
localized molecular orbital energy decomposition analysis
calculations were used to calculate and analyze dihydrogen
activation transition states and reaction pathways. Analysis of a
variety of transition-metal complexes with d°, d° d% and d%
orbital occupation with a diverse range of metal ligands reveals
that for transition states, akin to dihydrogen o complexes,
there is a continuum of activated H—H bond lengths that can
be classified as “dihydrogen” (0.8—1.0 A), “stretched or
elongated” (1.0—1.2 A), and “compressed dihydride” (1.2—1.6
A). These calculations also quantitatively for the first time
reveal that the extent to which H, is activated in the transition-
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structure geometry depends on back-bonding orbital interactions and not forward-bonding orbital interactions. This is true
regardless of the mechanism or whether the metal ligand complex acts as an electrophile, ambiphile, or nucleophile toward

dihydrogen.

B INTRODUCTION

Activation of molecular dihydrogen (H,) by metal ligand (ML)
complexes is a critical step in many industrial and synthetic
processes and generally occurs through either an oxidative
addition or a 6-bond metathesis mechanism (Scheme 1)." The

Scheme 1. Oxidative Addition and o-Bond Metathesis
Mechanisms for H, Activation
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oxidative addition transition state involves a three-centered
four-electron bonding interaction between a metal center and
H, and leads to a formally oxidized metal dihydride
intermediate. The metal dihydride intermediate can further
undergo reductive elimination to give a metal monohydride.
Alternatively, H, can be activated via a one-step o-bond
metathesis mechanism that directly gives a metal monohydride.
The concerted o-bond metathesis transition state involves a
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four-centered interaction where the hydrogen is passed to a
metal ligand, thereby avoiding a dihydride intermediate with a
formal increase in the oxidation state of the metal center.
Several variants of this mechanism have been proposed.”™*
Beginning with the report by Kubas and co-workers of the
W(CO);(PR;),(H,) complex,® it was recognized that a
dihydrogen ¢ complex occurs prior to H, bond activation.®
There are now numerous examples of well-characterized ¢
complexes, which vary significantly in stability and structure.”
Kubas has outlined a continuum of metal dihydrogen o
complexes based on the H—H bond length that ranges from
normal dihydrogen complexes at short bond lengths (0.8—1.0
A) to elongated dihydrogen complexes at intermediate bond
lengths (1.0—1.2 A) and all the way to “compressed dihydride”
complexes at bond lengths greater than 1.2 A (Scheme 2).°
The bonding in metal dihydrogen complexes is generally
described by analogy to the Dewar—Chatt—Duncanson
bonding model for 7 systems.'* This involves side-on
coordination with the metal center to allow forward- and
back-bonding orbital interactions (Scheme 3).” Forward-
bonding arises from charge transfer between the filled o-orbital
electrons in H, interacting with an empty d, orbital on the
metal center. Back-bonding is the result of charge transfer
between a filled d, orbital and the o* antibonding orbital of
H,.** Importantly, H, is known to bind equally well to both
electron-deficient and -rich metal centers,”**>'* suggesting that
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Scheme 2. Continuum of Metal Dihydrogen Complex
Geometries
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Scheme 3. Illustration of Forward- and Back-bonding
Orbital Interactions in a Dihydrogen ¢ Complex
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either forward- or back-bonding orbital interactions can
dominate.

Similar orbital interactions are expected in the transition state
for H, activation. However, the relative importance of forward-
bonding versus back-bonding in H, activation transition states
for specific metal and ligand combinations remains unclear. To
date, most theoretical investigations have focused on o
complexes or metal dihydride complexes and not the transition
state for H—H bond cleavage.**' "> Early work by Saillard and
Hoffmann using extended Hiickel theory suggested that back-
bonding charge transfer may control the reaction coordinate for
H, activation with ML complexes and on heterogeneous metal
surfaces.””> More recently, Diefenbach and Bickelhaupt have
shown that back-bonding interactions play a major role in H,
activation by palladium(0)."*

Here we report a molecular orbital (MO) energy
decomposition study on transition states and reaction-
coordinate profiles for H, activation. We have analyzed
transition-metal complexes with various d-orbital occupation
and with a diverse range of ligands. Here we present the case
that transition states, akin to dihydrogen o complexes, have a
continuum of activated H—H bond lengths and can be
classified as normal dihydrogen, elongated/stretched dihydro-
gen, or compressed dihydride. We also show quantitatively, for
the first time, that the transition-structure geometry depends on
back-bonding orbital interactions rather than forward-bonding
orbital interactions regardless of the mechanism or whether the
complex is electron-rich or -deficient. Lastly, we also investigate
whether H, activation transition states have electrophilic,
nucleophilic, or ambiphilic electronic character.
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B COMPUTATIONAL DETAILS

All geometries were optimized in Gaussian 03'> using the B3LYP
density functional in conjugation with the 6-31G(d,p) basis set for
main-group elements and the LANL2DZ basis/pseudopotential for
transition-metal atoms. Stationary points were characterized as minima
or first-order saddle points by vibrational frequency analysis from the
Hessian matrix. Head-Gordon’s absolutely localized MO energy
decomposition analysis (ALMO-EDA) in Q-Chem, version 3.2,'%'
was used to dissect the interaction energies in transition structures
between metal ligand (ML) and dihydrogen (H,) fragments (Scheme

Scheme 4. Definitions of Transition-State Fragments for
Energy Decomposition Analysis
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4). ALMO-EDA calculations were carried out with the B3LYP
functional and the 6-31G(d,p) basis set. The Supporting Information
also reports results for the 6-31+G(d,p) and 6-31++G(d,p) basis sets.

ALMO-EDA is a variational method that utilizes block localization
of fragment MO coeflicients to obtain directional charge-transfer
(Ecr) stabilization as the difference between localized and delocalized
energies. In this energy decomposition scheme, the total energy of a
structure is given in eq 1. The AEpgr energy term is the energy to
distort the ML and H, fragments from their optimized ground-state
structures into their respective transition-state geometries (Scheme §).
The AEpyr energy term is the total interaction energy (AEpr)
between the two fragments and can be divided into three terms (eq 2).
This type of energy decomposition was first introduced by Morokuma,
Rauk and Ziegler, and others and has been popularized by
Bickelhaupt.'®

Scheme S. Relationship between Distortion and Interaction
Energies
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Scheme 6. ML Complexes Studied
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Figure 1. Transition structures for H, activation. Bond lengths are given in angstroms. For 3-TS, S-TS, and 6-TS, the H atoms on the

pentamethylcyclopentadienyl group were removed for visual clarity.

AE = AEpgr + AEr

AE 1 = AEpgy + AEpq, + AEqr

(1)
@)

The frozen density term (AEgg,) is the energy change resulting
from bringing the ML and H, transition-state fragments into close
proximity with overlapping electron densities without MO relaxation
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and constitutes a combination of Coulombic interactions and
exchange repulsion as a consequence of enforcing an antisymmetrized
wave function description to comply with the Pauli exclusion principle.
Individual fragment (intramolecular) polarization (AEpq; ) is the result
of relaxation of the absolutely localized orbitals due to the presence of
the other fragment. Lastly, an estimate of directional charge-transfer
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stabilization is obtained by the difference between this localized state
and the fully delocalized state. The AEcr energy term provides an
estimate of all occupied to unoccupied donor—acceptor orbital
interactions. For the H, activation transition states analyzed, the
AE( energy term provides relative forward-bonding (AEcry; H, —
ML) and back-bonding (AEcr;; ML — H,) charge-transfer energy
stabilization because of the orbital interactions depicted in Scheme 3.

B RESULTS AND DISCUSSION

Scheme 6 shows complexes 1—14, which were chosen to study
because they are experimentally known to or are proposed to
activate H,. This set represents a diverse range of complexes
that includes Sc, W, Ru, Os, Rh, Ir, and Pd metal centers with
d°, d° d% and d'° electronic configurations and with Cp*, CO,
phosphine, and pincer-type ligands. Pd metal (15) and
Pd(PH;), (16) were also chosen because they have been
previously studied as model complexes for H, activation.'#"*
Figure 1 shows the optimized transition-state geometries for
H, activation by complexes 1—16. The partiall H-H bond
lengths range from 0.889 to 1.511 A. Table Sl in the
Supporting Information gives the H—H bond lengths for the &
complexes. Interestingly, this range of partial bond lengths for
H, activation is close to the range observed for ¢ complexes
(Scheme 2).*° Therefore, we propose that H, activation
transition states can also be geometrically classified similarly
to ¢ complexes (Scheme 7). Transition states with relatively

Scheme 7. Proposed Geometric Classification for H,
Activation Transition States
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short H—H partial bond lengths between 0.8 and 1.0 A can be
considered as “normal” dihydrogen-like. This encompasses
transition states 1-TS—3-TS. This categorization also implies
that these transition states should be considered “early” along
the reaction coordinate for H, cleavage.

Transition states 4-TS—11-TS have H—H partial bond
lengths between 1.0 and 1.2 A. In this regime, classification as
“elongated” or “stretched” dihydrogen transition structures is
most appropriate. For transition states 12-TS—16-TS, the H—
H bond is significantly broken with lengths between 1.2 and 1.6
A, can be viewed as “compressed dihydride”, and should also be
considered “late” along the reaction coordinate for H, cleavage.

B ENERGY DECOMPOSITION ANALYSIS OF
“NORMAL” DIHYDROGEN TRANSITION
STRUCTURES

The trans-(PMe,),Ir(CO)(Cl) complex (1) is a model Vaska-
type complex.”" There are two transition structures for iridium
insertion (oxidative addition) into the H—H bond. The most
favorable is 1-TS, which is shown in Figure 1, where insertion
occurs along the Cl-Ir—CO axis.”* Despite the electron-rich
nature of this complex with an Ir' oxidation state, the transition
structure H—H partial bond length is only stretched to 0.889 A
from the H—H equilibrium geometry of 0.74 A. Complex 2a is
a model complex of (***PCP)Ru(CO)(NH,),* where the tert-
butyl groups are replaced by H atoms.*® In 2a-TS, the amido
(NH,) ligand assists in H, activation, resulting in the formation
of noncoordinated ammonia and (PCP)Ru(CO)(H). We have
also analyzed the osmium variant of complex 2a, which is 2b.
Transition structures 2a-TS and 2b-TS have nearly identical
H—H partial bond lengths of 0.932 and 0.935 A, respectively.
The Cp*,Sc(CH;) complex (3) activates H, through a one-
step metathesis process, which results in methane and
Cp*,Sc(H) formation.* In 3-TS, the breaking H—H partial
bond length is 0.938 A. These four transition states highlight
that the dihydrogen-like geometric classification transcends
mechanistic classifications and encompasses examples of
oxidative addition, o-bond metathesis, and 1,2-addition.

Table 1 gives the activation energies (AE¥) and ALMO-EDA
energies for transition states 1-TS—3-TS. The activation
energies decrease from 16.8 kcal/mol for 1-TS to 5.4 kcal/
mol for 3-TS. The total interaction energy (AEy = —12.6)
between the distorted (PMe;),Ir(CO)(Cl) and H, fragments in
1-TS mainly results from the charge-transfer stabilization terms
AEcr; and AEcr,. The AEcr; energy stabilization results from
back-bonding orbital interactions between filled (PMe;),lr-
(CO)(Cl) orbitals donating into the antibonding orbital of the
H, fragment. The forward-bonding orbital stabilization
(AEcr,) is the result of the filled o orbital of H, donating
into an empty orbital on the Ir metal center. Because forward-
and back-bonding orbital interactions impart equivalent
stabilization (AEcr, — AEcr = 0.2 kecal/mol), the charge-
transfer character, based on energy stabilization, of this
transition state can be considered ambiphilic.

In transition structures 2a-TS and 2b-TS, the AEyr energy
values are smaller than the AEjyr energy value for 1-TS despite
the larger AEcr energy terms. This is the result of the larger
Pauli repulsion that shows up in the AEgy, energy term. The
difference between forward- and back-bonding charge-transfer
stabilization (AEcr, — AEcr) in 2a-TS and 2b-TS is —3.8 and
—7.9 kcal/mol, respectively. This indicates that there is more
energy stabilization as a result of electron transfer from H, to
the metal than due to electron flow from the metal to
dihydrogen.”® Characterization of this electronic property

Table 1. BALYP ALMO-EDA Results Using the 6-31G(d,p) [LANL2DZ] Basis Set”

TS AEFRZ AEPOL AECTI AECTZ
1-TS 517 -25.8 -184 -182
2a-TS 763 -38.8 -18.8 -22.6
2b-TS 824 —422 -196 274
3-TS 74.1 -39.2 -25.3 -17.8

AEoY AEnr AEcr, — AEcr d(H-H) AEF
-19 -126 0.2 0.889 16.8
2.1 -6.1 -3.8 0.932 10.7
-17 -85 -7.9 0935 13.5
-2.0 -10.1 7.5 0.938 54

“All energies are reported in kcal/mol. Bond lengths are reported in A. bHigher—order charge-transfer energy stabilization cannot be assigned to a

particular direction of charge flow.
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suggests that complexes 2a and 2b act as electrophiles toward
the H—H bond in the transition state.

A different situation is found in 3-TS, where AEqp is 7.5
kcal/mol more stabilizing than AEcr,, which indicates that
complex 3 acts as a nucleophile toward the H—H bond, despite
the Sc™ oxidation state and d° electronic configuration. As we
have pointed out for methane C—H activation, this nucleophilic
characterization based on charge-transfer stabilization is the
result of the methyl ligand acting as an anionic ligand with
significant **Sc—C®~ bond polarization.”®

To investigate how the ALMO-EDA energy terms change as
a function of the reaction coordinate, we have tracked the
interaction energy profile along the intrinsic reaction coordinate
(IRC) for the reaction of complex 1 with H,. Figure 2 plots the
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Figure 2. Interaction energies along the IRC pathway for the reaction
of 1 with H, (kcal/mol).

energies beginning with an H—H bond length of 0.841 A
through the transition-state structure to a structure with an H—
H bond length of 1.050 A. The total interaction energy
(AEyr) slowly increases until the transition state, where it then
becomes larger and more stabilizing to counteract the
geometrical distortion that is required along the reaction
pathway. After the transition state, the increase in stabilizing
interactions is mainly the result of orbital interaction (AEcry)
energy terms. As the reaction progresses, the difference
between the AE.r; and AE.r, values remains nearly constant
until a H—H bond distance of 0.923 A, where the AEcr, energy
term becomes more stabilizing than the AEcp, energy term.
This indicates that complex 1 acts as an electrophile toward H,
in the ¢ complex and transition state, and after the transition
state, the electronic character switches. This ultimately has a
connection with the formal increase in the oxidation state from
I' to Ir™ in this reaction.

B ANALYSIS OF “STRETCHED” DIHYDROGEN
TRANSITION STATES

As mentioned previously, transition structures 4-TS—11-TS
have H—H partial bond lengths ranging between 1.013 and
1.118 A and can be considered stretched or elongated
dihydrogen-like. Complex 4 was chosen to study because it is
known to form a o complex with dihydrogen after photo-
chemical dissociation of a CO ligand from Ru(PMe;),(CO),.”’
This complex adopts a trigonal-bipyramidal geometry with two
phosphine groups in the axial positions.”® The insertion
transition structure (4-TS, Figure 1) adds H, (1.013 A)
along the CO—Ru—CO axis of complex 4.>” Because complex 4
is a highly reactive intermediate, the barrier for H, cleavage is
only ~0.5 kcal/mol relative to the corresponding ¢ complex.

Complex 5 is also a transient and short-lived species that in
the gas phase activates H,.>> Again, because this complex is a
highly reactive intermediate, the activation barrier for transition
structure 5-TS (H—H = 1.031 A) is negative compared to free
reactants and only 0.1 kcal/mol with respect to the dihydrogen
complex. Our transition state and low activation barrier are in
agreement with the previous report by Musaev and
Morokuma.”

Complex 6 is a model for [Cp*Ir(PMe;)(SDmp)]* (SDm
= 2,6-dimesitylphenylthiolate), which is known to activate H,.*
The computed activation barrier for 6-T'S is 5.3 kcal/mol, and
the H—H bond is stretched to 1.051 A3

The iridium pincer complexes 7 and 8 are well-characterized
alkane dehydrogenation catalysts.”™' Transition states 7-TS
and 8-TS have been previously reported by Krough-Jesperson
and Goldman. In these oxidative addition transition structures,
dihydrogen is stretched to 1.084 and 1.112 A, respectively.

In contrast to the low barriers for H, activation by complexes
7 and 8, hydrogenolysis of complex 9 was recently reported by
Muller, Goldberg, and co-workers>* with an activation barrier of
about 21 kcal/mol. Our computed activation barrier for 9-TS is
21.7 kcal/mol. In 9-TS, the H—H bond (1.118 A) adds in a 1,2-
addition fashion across the Pd—OH bond to give the palladium
hydride complex and water.

Lastly, complexes 10 and 11 are proposed intermediates in
hydroformylation'®** and alkene hydrogenation reactions.>
Their insertion transition states (10-TS and 11-TS) have
stretched H—H bond lengths of 1.118 A.

Table 2 gives the ALMO-EDA energies for transition states
4-TS—11-TS. All of these transition states, except 6-TS, have
positive values for the difference between forward- and back-
bonding charge-transfer energy stabilization (AEcr, — AEcr,),
indicating that the complexes act as nucleophiles in the
transition state toward H,. In 6-TS, the difference between

Table 2. B3ALYP ALMO-EDA Results Using the 6-31G(d,p) [LANL2DZ] Basis Set”

TS AFpy, AEpy, AEcr, AEcr, AByo”
4-TS 372 —-22.7 —27.2 —194 -2.1
S-TS 34.7 —15.8 -30.3 —-29.0 -3.0
6-TS 54.8 -27.6 —28.5 —41.5 -2.5
7-TS 46.0 —24.1 —40.8 —32.1 —0.2
8-TS 52.7 —27.5 —45.2 -33.0 04
9-TS 103.8 —66.4 —-39.5 —10.8 —-1.7
10-TS 44.8 —229 —-35.2 —-26.2 -2.2
11-TS 39.3 —15.9 —42.2 —35.1 -2.2

AEnr AEcr, — AEcy, d(H-H) AE¥
—34.1 7.7 1.013 —5.3 (0.4)°
—433 13 1.031 —20.6 (0.1)°
—453 —12.9 1.051 5.3

—s1.1 8.7 1.084 —23.6 (0.04)°
—52.6 122 1.112 —21.1 (0.1)¢
—14.7 28.7 1.118 217

—41.8 9.0 1.118 5.8

—56.1 7.0 1.118 —262 (02)¢

“All energies are reported in kcal/mol. Bond lengths are reported in A. bHigher—order charge-transfer energy stabilization cannot be assigned to a
particular direction of charge flow. “Activation energy relative to the metal dihydrogen complex.
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directional charge-transfer stabilization energies is —12.9 kcal/
mol, which is due to the cationic nature of the complex 6. In
accordance with the previous calculations by Krough-Jesperson
and Goldman, we find that in 8-TS the PCP ligand imparts
more nucleophilic character with more back-bonding stabiliza-
tion compared to the POCOP ligand in 7-TS.*'

Figure 3 shows the interaction energy profile along the IRC
pathway for the reaction of complex 7 with H,. All of the
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Figure 3. Interaction energies along the IRC pathway for the reaction
of 7 with H, (kcal/mol).

interaction energies increase slowly along the reaction
coordinate from a H—H bond length of 0.982 A until the
transition state, and then, similar to what was observed for the
reaction pathway of complex 1, after the transition state, the
total interaction energy rapidly increases. It is clear from Figure
3 that the AEcr, term is responsible for the rapid increase in
the total interaction energy. At the beginning of the reaction
coordinate, the AEcr, — AEcr; value is only 2.0 kcal/mol and
increases to 8.7 kcal/mol at the transition state. After the
transition state, this charge-transfer energy difference increases
to 34.5 kcal/mol at a H—H partial bond length of 1.444 A. On
the basis of Figures 2 and 3, it is clear that back-bonding orbital
interactions become highly important at the transition state and
increase in importance after the transition state. In contrast, in
o complexes and structures leading up the transition state,
forward- and back-bonding interactions are equally important.

B ANALYSIS OF “COMPRESSED DIHYDRIDE”
TRANSITION STRUCTURES

Transition structures 12-TS—16-TS have partial H-H bond
lengths ranging between 1.175 and 1.511 A and can be
categorized as compressed dihydride-like. Complex 12 is a
proposed intermediate in the hydroformylation reaction of

alkenes catalyzed by HRh(CO), and is similar to complex 10.
In 12-TS, H, (1.175 A) adds along the CO—Rh—CO axis with
an activation barrier of 14.3 kcal/mol. Complex 13 is a model
rhodium(I) complex for the proposed intermediate in
acrylamide hydrogenation.®® Although there are several possible
H, activation transition structures, the lowest-energy pathway
involves 13-TS, where H, (1.208 A) addition occurs along the
H,PRh(17*-H,C=CH-) plane.>>* Complexes 14a and 14b are
model structures of the Kubas complex W(CO);(P'Pr;),.>°
The activation energies for 14a-TS and 14b-TS are 4.4 and 6.4
kcal/mol, respectively, relative to their dihydrogen complexes.
In the complex with phosphine ligands (14b-TS), the partial
H—H bond length is longer (1.511 A) than that in the complex
with trimethylphosphine ligands (14a-TS; H-H = 1.344 A).

Table 3 gives the ALMO-EDA results for transition
structures 12-TS—16-TS. On the basis of AEcr, — AEcp
values, all of the transition structures except 13-TS have
nucleophilic character where back-bonding interactions provide
more stabilization than forward-bonding interactions. In 13-T,
there is nearly equivalent energy stabilization from forward- and
back-bonding orbital interactions. The Pd atom (15) and
complex 16 show the most nucleophilic character with
significant back-bonding stabilization in accordance with
previous work by Bickelhaupt and Diefenbach."*

Figure 4 shows the interaction energies along the IRC for the
reaction of Pd with H,. From a H—H bond length of 1.04 A to
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Figure 4. Interaction energies along the IRC path for the reaction of
Pd with H, (kcal/mol).

a bond length of 1.77 A, the total interaction energy (AEyr)
becomes more stabilizing by ~80 kcal/mol. This is not due to
the polarization (AEpg.) or forward-bonding charge-transfer
(AEcr,) energy terms because these terms remain nearly
constant along the IRC. Instead, the increase is due to the back-

Table 3. ALMO-EDA Results at B3LYP/6-31G(d,p) [LANL2DZ]“

TS AEpy, N AEcr, AEcr, AEyo”
12-TS 45.2 -234 —36.7 —28.7 -2.3
13-TS 534 —24.7 —37.6 —34.7 —3.2
14a-TS 32.1 —-23.6 -52.5 —34.4 2.9
15-TS 45.2 —31.8 —61.0 —28.5 3.3
16-TS 31.3 —-25.0 —61.3 =233 4.9
14b-TS 334 —28.2 —62.4 —-39.1 49

NBrr AEcr, — AEcr, d(H-H) AE*
—459 8.1 1.175 14.3

—46.7 2.9 1.208 12.5

755 18.1 1.344 —12.0 (4.4)°
—72.7 325 1.404 —11.3 (5.1)°
-73.3 38.0 1.456 9.8

—914 233 1.511 —10.5 (6.4)°

“All energies are reported in kcal/mol. Bond lengths are reported in A. bHigher—order charge-transfer energy stabilization cannot be assigned to a
particular direction of charge flow. “Activation energy relative to the metal dihydrogen complex.

6372

dx.doi.org/10.1021/ic3006426 | Inorg. Chem. 2012, 51, 6367—6375



Inorganic Chemistry

bonding charge-transfer stabilization (AEcr;), which increases
by ~50 kcal/mol.

B WHAT CONTROLS THE TRANSITION-STATE
GEOMETRY?

The diversity in the electronic activation of H, is displayed in
Figure 5 by a plot of AEcr, — AEcr, values for all of the
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Figure 5. Difference between forward-bonding (AEcr,) and back-
bonding (AEcr,) charge-transfer stabilization for H, activation

transition states.

transition structures. This plot shows that there is a range from
electrophilic activation (negative values) to nucleophilic
activation (positive values). However, this net charge-transfer
energy stabilization does not control the transition-state
geometry. There is a very poor correlation between the
transition-state H—H partial bond lengths for 1-TS—16-TS and
AEcr, — AEcr values (see the Supporting Information).

Instead, there is a good linear correlation (R* = 0.8) between
the transition-state H—H partial bond lengths and the total
charge-transfer stabilization energy (Figure 6a) and no
correlation with AEgp, or AEpqy interaction energies. Parts b
and ¢ of Figure 6 show linear correlation plots where the
charge-transfer terms are separated into forward- and back-
bonding energy terms. There is excellent correlation between
the transition-structure geometry and AEcr, with a R? value of
0.92, while there is very poor correlation (R* = 0.15) with
AEcr,. This indicates that back-bonding orbital interactions
and not forward-bonding orbital interactions control the extent
that H, is activated in the transition state and our geometric
transition-state classification. The amount of back-bonding
orbital stabilization depends on the orbital overlap and relative
frontier orbital energy levels. This conclusion can be reached
regardless of the net charge flow between the ML complex and
H, in the transition state.

For example, in transition state 3-TS, the H—H bond is only
stretched to 0.938 A and is a dihydrogen-like transition state
but can be considered nucleophilic with a AE-y, — AEc, value
of 7.5 kcal/mol. Similarly, in 9-TS, the H—H bond is stretched
to 1.118 A and is considered to be a stretched dihydrogen
transition-state geometry despite a AEcr, — AEcr, value of
28.7 kcal/mol. A similar AE-r, — AEcr; value was found for
transition state 14b-TS with an H—H bond length of 1.511 A.
Most important in determining the transition-state geometry is
the back-bonding stabilization, which is only —25.3 kcal/mol in
3-TS and —39.5 and —62.4 kcal/mol in 9-TS and 14b-TS,
respectively.
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Figure 6. Linear correlation plot between transition-state H—H partial
bond lengths and the (a) total charge-transfer stabilization (y =
—0.0089x + 0.5529; R* = 0.8054), (b) back-bonding charge-transfer
stabilization (y = —0.0124x + 0.6645; R* = 0.9183), and (c) forward-
bonding charge-transfer stabilization (y = —0.009x + 0.8851; R* =
0.1528).

The electrophilic example of 2b-TS shows that the transition
state is dihydrogen-like because the back-bonding interactions
only lead to —19.6 kcal/mol of stability despite the forward-
bonding interactions that result in —27.4 kcal/mol of
stabilization. 6-TS has a stretched dihydrogen transition state
because the back-bonding interactions are —28.5 kcal/mol
stabilizing despite the larger —41.5 kcal/mol of stability
imparted from forward-bonding orbital interactions.

These examples illustrate that whether the transition state is
geometrically like “dihydrogen”, “stretched dihydrogen”, or
“dihydride” depends on energy stabilization as a result of
electron density flow from the metal and ligand into the
antibonding orbital of H, rather than energy stabilization
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gained from electron-density transfer from H, to the metal and
ligand.

H CONCLUSION

On the basis of DFT and energy decomposition analysis of a
diverse set of H, activation transition states, we have proposed
a continuum of geometries that is analogous to the continuum
proposed for weak o complexes. This includes transition states
that are “dihydrogen” (0.8—1.0 A), “stretched or elongated”
(1.0—12 A), and “compressed dihydride” (1.2—1.6 A). Our
calculations revealed that the extent to which H, is activated in
the transition-structure geometry depends on back-bonding
orbital interactions and not forward-bonding orbital inter-
actions regardless of the mechanism or overall charge flow.
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