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Cyeclic (Alkyl)(amino)carbenes in Organic and Organometallic Methane C-H Activation: a DFT and MCSCF
Study
Zhicheng Sun, Thomas R. Cundari”
Univ. of North Texas, Dept. of Chemistry, Center for Advanced Computing and Modeling (CASCaM), 1155 Union Circle #305070, Denton,
Texas 76203

Density functional theory (DFT) and multi-configurational self-consistent field (MCSCF) calculations are used to investigate the electronic and
steric properties of cyclic (alkyl)(amino)carbenes (CAACs). Calculations show CAACs’ diverse electronic characteristics in terms of its donor
and acceptor capabilities. Reactions of CAACs in methane C—H bond activation via insertion and also as a supporting ligand (L) for L(Cp)M (M
= Co, Rh, Ir) motifs via C—H oxidative addition are studied. The binding energies and buried volumes are calculated for selected CAACs as
ancillary ligands to the L(Cp)Rh motif. Overall, CAACs show highly tunable electronic and steric properties by adjusting their substituents and
backbones. Although CAAC may not be viable in activating inert small molecules with low polarity like methane, this class of ligand has great
potential as ancillary ligands for transition metal complexes in catalysis. Calculation of C—H activation by L(Cp)Ir and L(Cp)Rh with CAACs as
supporting ligands show CAACs can render the reaction more amenable to catalysis by destabilizing the oxidative addition products while keeping

the reaction mildly exergonic, and the barriers reasonable.

Introduction

Alkanes are a major component of natural gas and crude oil. However,
C-H activation of light alkanes remains a challenge due to the strong
sp> C-H bonds of the former.!”” Very harsh reaction conditions
involving high temperatures are utilized in industry.® In the 1980s,
Bergman,”!3 Jones, 416 Graham,!”!8 and their co-workers showed that
L(Cp")M complexes (Cp* = n3-Cs(Me)s; M = Rh, Ir; L = CO, PMe;)
have the ability to activate saturated hydrocarbons via oxidative
addition (OA). OA was directly observed by Janowicz and Bergman via
photogeneration of Cp*Ir(PMe;) and reaction with the alkane solvent,
RH, to give Cp*Ir(R)(H)(PMe3).!? Then Cp*Ir(R)(H)(PMe;) thermally
eliminates RH under methane to give very stable Cp*Ir(Me)(H)(PMe3).
10 Some computational studies have reported the electronic structures of
the activating complexes and the reaction mechanisms.!®?2 The
extensive study on the L(Cp*)M system and the isolation of C-H
activation products paved the way for more experimental and
computational studies on C—H activation and functionalization with
organometallic compounds. Depending on the choice of the transition
metal and ancillary ligands, different M/L combinations can show
drastically different reaction kinetics, thermodynamics and even
different mechanistic pathways for C—H activation.

Successful synthesis and characterization of phosphinocarbenes by
Bertrand and co-workers?®> and N-heterocyclic carbenes (NHCs) by
Arduengo et al?* have inspired chemists to study carbenes as
supporting ligands in transition metal complexes. NHC ligands have
shown their capabilities in organometallic catalysis,?>?7 including
intermolecular and intramolecular C—H activation.?$?° Another family
of stable carbenes, cyclic alkyl(amino)carbenes, CAACs, have attracted
increasing attention in coordination chemistry and transition metal
catalysis as supporting ligands.?*-32 When the o-withdrawing and -
donating nitrogen in NHC is replaced by a o-donating alkyl group in
CAAC, the o-donating and the m-accepting ability of the carbene
increases, as evidenced by a higher energy HOMO and a lower energy
LUMO, respectively. The strong m-accepting ability of CAAC ligands
better stabilizes electron-rich, late transition metal complexes with
lower coordination numbers, which in turn could make open
coordination sites more accessible for metal-centered C—H coordination
and activation. Formation of a o-alkane complex before oxidative
addition permits m-backdonation from a filled metal d orbital to the o*
orbital of a methane C—H bond, which should facilitate homolytic
cleavage of the C-H bond.’*** However, catalysis with CAAC-
supported coordination compounds is still in its infancy. In addition to
the large research effort made to study the organometallic chemistry of
CAAC s, isolated stable singlet ligands have the ability to mimic
transition metals and activate small, inert molecules as well.3>3¢ The
smaller singlet-triplet gap and the stronger electrophilicity and
nucleophilicity may make CAACs good candidates as organocatalysts
for activating very enthalpically strong bonds. The Bertrand group has
demonstrated CAACs’ ability to activate H,,>” B-H,38-3° Si—H,3840 p—
H,3% and N-H bonds.?’
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Figure 1. Representation of a five-membered ring CAAC. In this paper, the
carbon attached to the carbene carbon (C.) is defined as C,, and the two
substituents on the C, are defined as R' and R2.

The first focus of this research is to study CAACs’ ability to serve
as an organocatalyst in methane C—H activation. The second focus of
this research is to discover the effect of different CAACs as supporting
ligands on the performance of transition metal complexes of the type
L(Cp)M (M = Group 9 metal, L = neutral, 2¢- donor) for methane C—H
activation, and to offer insight into compound electronic structure,
mechanisms and catalyst design. NHC ligands have demonstrated their
electronic and steric tunability. 445 Structural data have been used to
evaluate the extent of o- and =m-bonding in some complexes.
Computational descriptors such as Tolman cone angle and buried
volume calculated from X-ray structures of transition metal phosphine
and NHC complexes, respectively, provided more insight to ligands’
steric properties.*® NHCs have also proved their value as ligands for
replacing tertiary phosphine ligand to support transition metals in
organometallic catalysis, notably in Grubbs’ catalysts for olefin
metathesis.#’->0 But compared to the well-studied NHC ligands, the
tunability of CAAC ligand is less characterized. Due to the synthetic
availability of CAACs at the current time, some of the CAACs in this
computational research are “hypothetical.” However, according to the
synthetic routes reported by Bertrand ez al., the choice of R! and R? is
seemingly unlimited, except for H, and aryl groups seem best tolerated
as substituents on the nitrogen center (R), Figure 1.3! This research
seeks to provide a better understanding of CAAC reactivities and
properties from a computational perspective by replacing the traditional
carbonyl and phosphine ligands on the classic L(Cp*)M complexes by
Bergman,'- Jones,%® and Graham.®!'® The structure and bonding of
transition metal carbene complexes supported by CAAC, each
decorated with different substituents, ligated to Group 9 transition
metals (Co, Rh and Ir) will be compared and contrasted. We will
compare activation energies of complexes of the same Group 9 metal
but with different substituents on CAAC supporting ligands and
examine how barriers change with respect to the steric and electronic
properties of different CAACs. The mechanism for this catalytic
reaction step will be modelled as an OA.

Computational methods

Density functional theory (DFT) calculations via Gaussian 16°' was
used for describing all the molecules utilizing the hybrid meta-GGA
functional, ®B97XD%2. The effective core potential (ECP) basis set
def2-SVP3? was used for the metal and 6-31G(d) for other atoms for
geometric optimization and frequency calculations. Geometries were
optimized without symmetry constraint. Harmonic vibrational
frequencies confirm the nature of intermediates (no imaginary
frequency) and transition states (only one imaginary frequency). Single
point calculations were done with the larger def2-TZVP?? basis set for
metal atoms and 6-311++G(d,p) for other atoms. All Gibbs free energies
and thermal corrections for optimized structure were determined at
298.15 K and 1 atm pressure. The methane C-H activation by
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Wasserman et al. was studied experimentally in the gas phase, so for
simplicity it was decided to model CAAC’s impact as an ancillary
ligand in the gas phase as well.!!

The GAMESS>* package was used for multi-configurational self-
consistent field (MCSCF) calculations to study the frontier orbitals of
the CAAC ligands and (CAAC)(Cp)M motifs. Optimized structures
from DFT calculations were used as geometries for CASSCF (CAS =
complete active space) single-point calculations. CASSCF calculations
were started from small active spaces (electrons, orbitals) (2,2) and
proceeded to the largest (12,12) active spaces. Natural orbital
occupation numbers (NOON) and the natural orbital (NO) plots were
studied to assess the suitability of various active space selections. The
results and discussion for CAAC ligands in this paper are based on
CAS(8,8)/6-31G(d) calculations after careful analysis of NO from
among all the active spaces studied. 6-31G basis is used for H atoms.
CAS(12,12) active space was chosen for the (CAAC)(Cp)M motifs and
SBKJC ECP basis was used for the metal atoms.

Results and discussion

The discussion of the calculational results will be divided into three
subsections. In the first section, the electronic structures of different
CAAC ancillary ligands will be analyzed. In the second section, results
of different CAAC ligands activating methane will be compared and
contrasted to those presented in the experimental study reported by the
Turner group.>® In the third section, methane C-H activation
computational results of (CAAC)(Cp)M with three different metals (Co,
Rh, and Ir) will be compared to carbonyl- or trimethylphosphine-
supported (Cp)M complexes inspired by the work of Bergman,’!3
Jones,'#1 and Graham.!”!8 and their co-workers.

1. CAAC Ligands: Structure and Reactivity

Phukan et al. reported a very extensive study on a wide selection
of five-membered CAACs with different substituents, focusing on
geometries, ligand properties, and activation of H-H and N-H bonds of
dihydrogen and ammonia.’® The CAAC ligands studied in this project
are shown in Figure 2 along with the DFT-calculated HOMO and
LUMO orbital energies (eV). Five-membered CAACs with bulkier
substituents like cyclohexane (2) and 2,6-diisopropylphenyl (Dipp) (3)
were studied along with two diamino-CAACs with saturated (4) and
unsaturated (5) backbones. A member of the newly synthesized class of
6-membered CAACs’7 (6) and an NHC (7) were also represented.

a.
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a4 4 4 Foa
7.45 -7.42 _7%3 ?1%3 -7.48
: 7.78
e D Dl g
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Figure 2. ®B97XD/6-311++G(d,p) calculated HOMO-LUMO energies (eV)
and the free energy difference between singlet and triplet states (AGs_r) of the
carbenes studied.

1.1. Optimized Molecular Structures

C—N(A) CC, (A) ZN—C—C, ()
1 singlet 1.32 1.53 106.0
1 triplet 1.39 1.50 114.7
2 singlet 1.31 1.52 105.7
2 triplet 1.38 1.51 116.4
3 singlet 1.32 1.53 106.5
3 triplet 1.39 1.50 116.1
4 singlet 1.30 1.53 105.3
4 triplet 1.38 1.51 115.5
5 singlet 1.34 1.45 102.6
5 triplet 1.40 1.39 113.7
6 singlet 1.32 1.52 117.6
6 triplet 1.38 1.50 121.2

Table 1. Unrestricted ®B97XD/6-31G(d) calculated bond lengths and N-C~C,
bond angles of singlet and triplet states of CAAC ligands 1 - 6.

The key parameters of DFT-optimized CAAC structures 1 — 6 are
collected in Table 1. Triplet CAACs show longer (~0.07 A) C.~N bond
lengths and slightly shorter C.—C, bond lengths (~0.02 - 0.03 A) than

the corresponding singlets. It is further noted that the optimized
structures of CAACs possess nonplanar structures, which is expected
due to the presence of multiple sp’ hybridized carbons (except for 5).
Singlet CAACs are more planar than triplet CAACs. This could be due
to the triplet CAACs being better in forming hybridized orbitals, which
can be seen from the elongated C.—N bonds (by 0.06 to 0.08 A) in
triplets while the change in C.—C, lengths are much smaller (0.01 to 0.03
A, except for 5 due to the unsaturation). Introducing a bulky
cyclohexane substituent in 2 at the C, attached to the C, shortens both
CN and C.~C, very slightly, by 0.01 A. Changing the alkyl group to
a bulky aryl group on the amino N in 3 changes the geometry very little.
Finally, changing the sp? carbon to a second amino group shortens C.—
N by 0.02 A (4), Table 1. For NHC 7 singlet, both amino nitrogens have
sp? hybridization, which means the N lone pairs locate on the p. orbitals.
Both C.—N bonds are 1.38 A. One of the N of 7 triplet state is sp’
hybridized. The C.—N(sp?) and C.~N(sp®) bonds are 1.41 and 1.38 A,
respectively.

1.2. Electronic Structure

By changing the substituents on the alpha carbon (C,), particularly
that attached to the carbene carbon (C.), very different electronic and
steric profiles can be obtained. The steric parameters of CAAC 1 - 6 and
PMe; were characterized with SambVca via their buried volume
(%Vgu) as proposed by Cavallo and coworkers in a study of L(Cp)Rh
motifs with L = NHC,® which will be discussed in detail later. The o-
donating and m-accepting abilities of selected CAACs were assessed
with the energies of their HOMO and LUMO, using DFT calculations,
Figure 2. A high-energy HOMO (strong o-donating character) and a
low-lying LUMO (strong m-accepting character) are expected to lead to
strong M—C, bonds in CAAC complexes. The C, attached to the carbene
carbon, changing the two methyl groups to a bulky cyclohexane
substituent (2) does not change the HOMO-LUMO gap by much (~0.04
eV), and the AGg_rincreases by ~3 kcal/mol.

To date, synthesis of CAACs requires an aryl group bonded to the
nitrogen center.3! When changing the methyl group on the nitrogen
center to an aryl group, diisopropylphenyl (Dipp), the HOMO-LUMO
gap increases from 8.42 (1) to 8.51 (3) eV. Replacement of the alkyl
group by an amine group (at the position adjacent to the nitrogen) for
CAAC 4 significantly increases the HOMO-LUMO gap from 8.42 to
8.75 eV. Unsaturation on the ring has a noticeable effect on the HOMO-
LUMO gap (8.75 eV for 4 vs. 8.29 eV for 5), indicating stronger o-
donating and the m-accepting ability. According to our MCSCF active
space molecular orbital (MO) analysis, this seems to be due to the
delocalization of the N—C,. m bonding and antibonding orbitals, Figure
S1. The HOMO-LUMO gap becomes smaller when the ring size
increases from five (1) to six (6) (8.42 and 8.02 eV, respectively). This
destabilization of the carbene lone pair (HOMO) is proposed to be due
to the ZN-C—C, bond angle increase upon going from a five-
membered ring to a six-membered ring (from 106.0° to 117.6°%), see
Table 1. The NHC 7 shows a lower HOMO energy level than that of
CAAC 1 - 6, which is expected when a m-donating amino group is
replaced by a o-donating alkyl group. The singlet and triplet free energy
gaps for CAAC models are calculated and shown in Figure 2. All the
DFT-optimized CAACs are predicted to have a stable singlet ground
state, as expected. The energy splitting between singlet and triplet for
five-membered CAAC (~48 to 50 kcal/mol) is much larger than the six-
membered CAAC (~36 kcal/mol). It could indicate that a larger ring
size could make triplet states more accessible for the CAAC, perhaps
upon ligation to a metal center. The singlet state NHC 7 is 72.1 kcal/mol
more stable than the triplet state, which correlates with the increasing
electronegativity of the m-donating amino group vs. that of the alkyl
group.

1.3. MCSCF Natural Orbital Analysis

Given the challenges for DFT in describing virtual orbitals, it was
decided to further investigate the nature of the frontier orbitals of the
CAAC ligands by performing multi-configuration self-consistent-field
(MCSCF) calculations with the 6-31G(d) basis set on the singlet state
of CAACs 1 - 6, Figure 2. Active spaces from (2,2) to (12,12) were
analyzed and (8,8) was chosen as representative based on these results.
All MCSCEF calculations use the complete active space SCF (CASSCF)
protocol. Natural orbitals of CAAC ligands are obtained from the
MCSCF calculations and the relevant natural orbital occupation
numbers (NOONs) computed. The key frontier orbitals of 1 - 6 are
shown in Figure S1. Full details of the key natural orbitals in the
CASSCEF active space are given in the Supporting Information. Taken
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together, the MCSCF calculations imply that several candidate orbitals
are close in energy both at the top of the valence band and the bottom
of the conduction band, and the electronic properties of CAAC will thus
be very sensitive to both ring size and substituents.
2. CAAC Ligands in C-H Insertion

Highly m-acidic CAAC ligands have been shown to be very
reactive as compared to NHC ligands. A computational study by Su and
Chu with B3LYP and CCSD methods on NHCs found them to be
unreactive towards C-H insertion into methane (barriers > 56
kcal/mol).*® Turner has shown experimentally that CAAC shielded by
a 2,6-diisopropylphenyl (Dipp) substituent on the nitrogen is able to
activate the relatively acidic sp-, sp?-, sp’-hybridized C-H bonds of
phenylacetylene, pentafluorobezene and chloroform (pKa = 29, 27 and
16, respectively).’ Our calculations show that chloroform C-H
activation with 1 has an activation barrier of only 10.8 kcal/mol,
consistent with the observed reactivity of Turner et al.® Thus, it was
decided to assess whether methane (pKa ~ 50), a smaller, more
refractory hydrocarbon, could undergo metal-free C—H activation by
CAACs from the computational perspective, given the importance of
methane as the major component of natural gas.

R R 1 1
2R R CHs |# R 2 R R
K .
i+ CHy —> -H _.CK-_H + CHs _.(K(
N N N N "H
v \ \ A
R R R R

Scheme 1. Homolytic H-atom abstraction (HAA) pathway at C.of CAACs.

Activation of the methane C—H bond can occur through either
homolytic or heterolytic cleavage. Non-concerted C—H insertion
transition states for methane are located for CAACs 1 - 6. Calculations
(0B97XD/6-311++G(d,p)) suggest that methane C—H activation by
CAACs goes via an H-atom abstraction (HAA) pathway at C,, forming
a methyl radical, which is followed by a radical rebound to form a new
C.~Me bond, Scheme 1. A Mulliken spin density calculation of the
open-shell singlet TS shows small radical character developing on the
dissociating methyl group, which supports the activation process as a
hybrid of both homolytic and heterolytic (~+0.1 - +0.2 in charge with
CAAC 1 - 6). This resembles the hybrid H, activation mechanism
modelled by Frey et al., which is a step-wise carbene insertion into a H,
bond whereby H, becomes slightly polarized upon activation.?” The
optimization of the singlet and triplet C-H activation TSs yields
different geometries, Figure 3. The singlet TSs for 1 - 6 show a C.—H—
Me bond angle much smaller than 180° (114°-120°), while the triplet
TSs have a C.—H-Me close to 180° (175°- 180° for 1, 2, 4, 5, 6 and 160°
for 3). This is drastically different from the TS structure of chloroform
activation, for which the singlet HAA linear TS (179°) is 17.5 kcal/mol
lower than the isomeric singlet bent TS (118°), which is expected due
to chloroform’s high polarity. Triplet HAA TS for chloroform is 40.8
kcal/mol higher in free energy than singlet and the optimized geometry
shows a slightly more bent C.—H—Me bond angle (176°). According to
Mayer et al. on the mechanistic distinctions between HAA and proton
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coupled electron transfer (PCET) mechanisms,* the singlet CAAC C—
H activation is best described as a three-electron, three-center HAA
with mainly a bond stretching vibrational contribution, based on the
calculated geometrical parameters. The triplet TSs are better described
as PCET with a mix of bending and stretching vibrational characters.
For 1, 2, 4 and 5, the singlet TS is favored by 14 - 15 kcal/mol in free
energy versus the triplet, while the singlet TS for 3 is favored by 34
kcal/mol. The difference between the singlet and the triplet TS for 6 is
only 10 kcal/mol, consistent with the computational evidence given
above suggesting that the S and T states of 6 are closer in energy.

The results for different CAACs are similar in terms of reaction free
energy barriers (AGY) and exergonicity (AG). The calculated C-H
activation AG* are 43.8 (1), 43.3 (2), 47.7 (3), 47.0 (4), 50.6 (5), 41.6
(6), 53.8 (7) kcal/mol, respectively, see Table 2. The high barriers are
likely due to the high pKa of methane, given the low barrier computed
for activation of the Cy,3—H bond of chloroform, but are interesting in
terms of the favourable computed energetics. All CAACs calculated
have a lower methane activation barrier than NHC 7, which agrees with
the stronger nucleophilicity of CAACs. The reaction was computed to
be highly exergonic. The insertion product is 24.2, 28.1 and 27.7
kcal/mol in free energy below the reactants for 1, 2 and 3, respectively,
while those for 4, 5, and 6 are 28.3, 11.8 and 30.8 kcal/mol, respectively.
For NHC 7, the insertion product is only 8.5 kcal/mol lower in free
energy than the reactants. The significant difference in thermodynamics
between NHC and CAAC is expected because CAACs are a poor
leaving group compared to NHCs due to CAACs’ higher basicity.
Therefore, CAACs are less suitable for organocatalysis than NHCs for
small molecule activation. Compared to 4, the unsaturation in the ring
of 5 seems to make a drastic difference in terms of insertion
exergonicity, which is likely due to the high thermodynamic stability of
its CAAC reactant. The stability of 5 in its singlet state is demonstrated
by its large AGg.t (51.3 kcal/mol), which may be due to conjugation
from the carbon-carbon double bond. The interaction from the empty
carbene p-orbital and the HOMO of the double bond m-orbital thus
stabilizes the singlet carbene. But C—H insertion leads to the disruption
of this conjugated system, which could destabilize the insertion product.
Its relatively high AG* (50.6 kcal/mol) and singlet stability suggests 5’s
low reactivity of the C.. Calculations of the bond dissociation free
energies (BDFEs) indicate that the C.—H bond formed in the
intermediate for 6 is 3 - 6 kcal/mol stronger than for 1 and 2, which may
also yield a lower barrier for methane activation by 6.

L AGsr AG AGH
1 47.7 242 438
2 50.1 28.1 433
3 47.1 277 47.7
4 489 283 47.0
5 513 -11.8 50.6
6 36.0 -30.8 41.6
7 72.1 8.5 53.8

Table 2. AGg_t is the free energy difference between singlet and triplet of the
carbenes 1 - 7. AG is the change is free energy of the C, insertion into the C—H
bond of methane. AG*is the activation barrier. All free energies are in kcal/mol.

Figure 3. Transition state geometries of C—H activation by CAAC 1 (A) singlet, methane, (B) triplet, methane, (C) singlet, chloroform. Bond lengths and angles in

Angstrom units and degrees, respectively.
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3. L(Cp)M (M = Co, Rh, Ir) for Methane C—H Oxidative Addition

Clement et al. have shown that coordinatively unsaturated Pd°
and Ni® complexes supported by a strongly c-donating NHC ligand is
able to activate the C—H bond of an imidazolium salt,"%> forming
metal hydride complexes, which is very similar to the (NHC)Rh(I) C—
H activation by Wiedemann et al.®* It was thus decided to evaluate
CAACs, which are even stronger o-donating ligands than NHCs, for
oxidative addition of methane to (CAAC)CpM!. Methane oxidative
addition (OA) to these 16-electron intermediates formally results in an
18-electron product. The papers by Carreén-Macedo et al. and
Siegbahn and co-workers offer very comprehensive explanations from
a computational perspective on methane oxidative addition by
(OC)CpM!L2.2 We also calculated methane C-H activation with
L(Cp)M with L = CO, PMe; and M = Co, Rh, Ir (@aB97XD/6-
31G(d)//6-311G(d,p)) as a calibration of the functional choice and as a
comparison with using CAACs as ancillary ligands where L =1 - 6.
The present calculations with L = CO and PMe; show good agreement
with the experimental results from Bergman and Graham and
computational data from Siegbahn.?> CAAC 1 and 6 and NHC 7 were
modelled as ancillary ligands for all three metals in preliminary
calculations. Rh showed the most interesting results from the
preliminary studies and therefore calculations with this metal and
CAACs 2 - 5 as ancillary ligands were performed at the same level of
theory.

The important geometrical parameters of optimized reactant
complexes with CO, PMe;, 1, 6 and 7 as ancillary ligands are shown in
Table 3. The changes in geometries for (OC)CpM and (Me;P)CpM
between the singlets and triplets are very small (less than 0.1 A for Rh—
L and Rh—Z distance and less than 1° for ZL-Rh-Z), which agrees with
their similar thermal stability. The changes in key bond lengths and
angles between singlets and triplets for L(Cp)Co remain very small,
but the changes in £ZL—Rh-Z are slightly larger (1° for 1 and 2° for 6).
For L(Cp)Rh where L= 1 and 6, the elongation of Rh—L bond is more
significant than that of L= CO and PMe; (0.11 A for 1 and 0.15 A for
6) upon going from the singlet to the triplet state. For L(Cp)lr, the
changes in Ir-L and Ir—Z are smaller than 0.1 A. 1 and 6 show a larger
£1-M-Z than CO and PMe; for all three metals, indicating CAACs
have greater steric bulk. NHC 7 shows similar M—L and M—Z distances
compared to 1 and 6. The shorter (~0.3 - 0.4 A) M—L bond length with
CAAC versus that with PMe; can benefit catalytic systems that require
large steric hindrance, by positioning the ancillary ligands closer to the
metal center.

L  Spinstate AGgr (kcal/mol) M-L (A) M-Z(A) 2L-M-Z ()

singlet 1.77 1.78 136.5

Cco 11.1
triplet 1.77 1.81 137.5
singlet 2.18 1.77 138.5

P(Me); . 12.6
triplet 2.18 1.80 139.1
singlet 1.87 1.79 148.4

Co 1 . 13.1
triplet 1.88 1.86 149.9
singlet 1.86 1.80 151.9

6 . 13.1
triplet 1.88 1.87 153.9
singlet 1.90 1.79 149.8

7 12.9
triplet 1.90 1.84 150.9
singlet 1.84 1.92 136.7

Cco -1.1
triplet 1.90 1.97 137.1
singlet 2.26 1.94 136.8

P(Me); . 2.0
triplet 2.31 1.96 137.5
singlet 1.89 1.92 142.0

Rh 1 -3.8
triplet 2.08 2.02 177.0
singlet 1.88 1.92 146.6

6 -11.3
triplet 2.03 1.98 143.4
singlet 1.91 1.92 142.7

7 . -0.3
triplet 2.05 1.97 141.4
singlet 1.84 1.93 141.3

Ir| co ) 1.5
triplet 1.86 1.95 140.5

singlet 2.25 1.92 141.1
P(Me); 0.6

triplet 227 1.94 140.3

singlet 1.89 1.92 146.8
1 5.7

triplet 1.97 1.97 144.4

singlet 1.92 1.90 146.6
6 ) -14.8

triplet 2.02 1.96 147.3

singlet 20 1.91 1.91 147.4

triplet ' 2..00 1.95 144.2

Table 3. ®B97XD/6-311++G(d,p) calculated geometries of reactants L(Cp)M.
Z is the centroid of the Cp ligand.

All complexes studied in this work are computed to follow a
concerted C—-H oxidative addition passage to form the insertion
product complex: L(Cp)M + CH4 — L(Cp)M(H)(CHj3). (OC)CpCo has
a 19.8 kcal/mol calculated AG* for methane oxidative addition while
(Me;P)CpCo has a 32.7 kcal/mol free energy barrier. Neither complex
has demonstrated the ability to activate hydrocarbons in experiments,
which is likely due to the weak Co—H/C bond energies. Calculations
from Siegbahn?? and our group® show that a spin crossover is required
to go from triplet reactant complex to a singlet oxidative addition
product, which further inhibits cobalt-based reactions with methane.
We attempted to calculate the binding energy of methane by looking
for the o-complexes (L(Cp)Co--CHy) with all L studied. But all
attempts led either to product or methane dissociation at the level of
theory chosen. The high effective nuclear charge and the localized 3d
orbitals of Co make it hard for the reactant precursor o-complex to
form. For M = Rh, calculation shows a barrier height of 5.5 kcal/mol
with (OC)CpRh, which is only 1 kcal/mol higher than the experimental
value measured by Wasserman et al.!' The free energy barrier to
methane activation by (Me;P)CpRh is calculated to be marginally
lower than the carbonyl derivative, 4.9 kcal/mol. Methane activations
with (OC)Cplr and (Me;P)Cplr are calculated to be barrierless, which
agrees with computational data reported Siegbahn.??

Among three metals, the singlet-triplet splitting varies when
different CAACs act as the ancillary ligands. For both L = 1 and 6,
triplet states are favored by 13.1 kcal/mol for L(Cp)Co. These values
are very close to the AGgt computed when L = CO (11.1 kcal/mol)
and PMejs (12.6 kcal/mol). For L = 7, triplet state is favored by 12.9
kcal/mol. For L(Cp)Ir, 1, 6 and 7 stabilize a singlet ground state of the
metal complex with AGg.t=-5.7, -14.8 and -2.0 kcal/mol for L=1, 6
and 7, respectively. The (CAAC)(Cp)Rh complexes have varied
singlet-triplet splitting patterns: 3.8 (1), 4.8 (2), 6.7 (3), 4.1 (4), 0.2 (5),
11.3 (6), 0.3 (7) kcal/mol in favor of the singlet. The donor ability and
the field strength of CAAC ligands are highly tunable by adjusting the
steric and the electronic properties from the substituents on the C, and
amino group. Compared to CAACs 1 - 5, 6 does a better job stabilizing
the singlet state despite the Rh atom’s low excitation energy (7.8
kcal/mol) from ground state d3s! to the excited state d°.2> Both L(Cp)Ir
and L(Cp)Rh show singlet-triplet near-degeneracy when NHC 7 is the
ancillary ligand with singlet state being slightly favored by 0.3 and 2.0
kcal/mol for Rh and Ir, respectively. Mulliken population analyses
with unrestricted DFT methods on singlet states indicate that L(Cp)M
supported by CAAC ligands have much lower spin densities than when
L = CO, PMe; and NHC 7, which could be due to the stronger donor
ability of CAAC ligands than that of PMe; and CO ligands. MCSCF
calculations were performed on L(Cp)M with L =1 and 6 for all three
metals to study the bonding in transition metal carbene complexes.
CAS(12,12) active space was used after experimenting with several
active space sizes and initial wavefunction guesses. MCSCF calculated
natural orbitals show the M—C, bond in both singlet and triplet state
consists of a relatively covalent ¢ bond and one very polarized © bond.
The NO plot and occupation numbers of natural orbital and
occupancies of metal and carbene carbon are shown in SI. Triplet states
of all three metals are predominantly metal-based triplets with the
unpaired electron resides on the nonbonding d orbitals. The two singly
occupied natural orbitals of three metals all have 1 e total occupancy:
0.95 and 0.93 e for Co, 0.81 and 0.80 e for Rh, 0.90 and 0.79 ¢ for Ir.
Frontier molecular orbitals of the L(Cp)Ir and L(Cp)Rh motifs suggest
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that the strong o-donating strength of 1 and 6 destabilizes the d,. We
propose based on the current results, that CAACs are better donors
than NHC 7 and PMe; and offer easier access to the low spin ground
state for L(Cp)Rh and L(Cp)Ir. However, the differences in donor
ability seem to have little effect on L(Cp)Co, which might be due to
the Co’s high nuclear charge and the highly-stabilized near-degenerate
d orbitals.3

For methane activation with L(Cp)M with CAACs as ancillary
ligands, the relative energies of transition states and of oxidative
addition products with respect to the reactants, L(Cp)M + CHy,, are
shown in Table 4. Free energy profiles with both singlet and triplet
surface in methane activation are shown in Figure S7 to S15. 1(Cp)Co,
6(Cp)Co and 7(Cp)Co have 38.1, 42.1 and 36.3 kcal/mol free energy
barriers, respectively. This might be due to the poor ability of the triplet
states of the cobalt carbene complexes to bind methane. Oxidative
addition of methane to 1CpCo is less endergonic than L = CO and
P(Me);, AG = 4.9 kcal/mol. The OA product of methane oxidative
addition to 6(Cp)Co is 36.5 kcal/mol uphill as compared to reactants.
The triplet state 1(Cp)Co(H)(CHs) is favored by 25.9 kcal/mol, while
the singlet state is favored for L(Cp)Co(H)(CH;) when L = CO, PMe;
and 6.

L AGsrof L(CPM AG! AG

co 12.6 198 147
P(Me); 11.1 327 23.6
Co| 1 13.1 381 4.9
6 13.1 421 365

7 12.9 36.3 252

co -1 55 35
P(Me); 2.0 49 85
Rh| 1 38 122 12
6 -11.3 202 11.6

7 0.3 80 -5.2

Co 0.6 68 276
P(Me), 15 32 -307

r| 1 57 71 -162
6 -14.8 361 -4.1

7 2.0 50 -243

Table 4. ®B97XD/6-311++G(d,p) calculated singlet-triplet free energy
splitting of L(Cp)M, relative energies of the TSs (AG!) and of OA products
(AG) with respect to the reactants, L(Cp)M + CH,. Only the relative energies
of the most stable OA TS and OA product spin states are shown.

Compared to L = CO and P(Me);, methane C—H activation with
L(Cp)Ir when L =1 or 6 is much less exergonic as well: -30.7 kcal/mol
for PMes and -27.6 kcal/mol for CO vs. -16.2 kcal/mol for 1 and -4.1
kcal/mol for 6. Both (OC)(Cp)Ir and (Me;P)(Cp)Ir are calculated to
have a negative free energy barriers of -6.8 and -3.2 kcal/mol, which
is close to the -1.8 kcal/mol from Siegbahn’s work on (OC)(Cp)Ir.??
There is a chance that the negative barriers arise from basis set effects.
Houk et al. argued that unfavourable entropic factors could lead to
negative values of AS¥; methane additions are so exothermic that
enthalpy decreased all along the reaction profile.®® But for L=1 and 6,
the barriers for C—H activation are 7.1 and 36.1 kcal/mol, respectively.
The higher barrier reflects the higher thermodynamic stability of the
singlet reactant complex. Both 1(Cp)Rh and 6(Cp)Rh shows very
reasonable activation barriers of 12.2 and 20.2 kcal/mol, respectively,
although methane OA is endergonic for both: 1.2 and 11.6 kcal/mol
higher than their respective reactants. NHC 7 appears to be the middle
ground between CAAC 1 and PMe;s in terms of OA kinetics and
thermodynamics, Table 4.

Based on the reasonable methane activation barriers calculated
for 1(Cp)Rh and 6(Cp)Rh, it was decided to model the remaining
CAACs (2 - 5) as supporting ligands for (Cp)Rh. Calculated binding
free energy of CO, PMes; and 1 - 6 to Rh in LCpRh is shown in Table
5. The CAAC ligands have a stronger binding to Rh than CO by 11 -
21 kcal/mol and stronger than PMe; by 15 - 25 kcal/mol. Although it
may be expected that a high-lying HOMO (strong donor) and a low-
lying LUMO (strong m-acceptor) lead to stronger ligand-metal
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bonding, this does not appear to be the case in the present calculations.
Based on our data for the HOMO-LUMO gap of the free ligands and
their binding free energies to Rh, the ligand binding AG is not directly
correlated to its HOMO and LUMO energy levels. For example, 3
shows a 0.01 eV higher LUMO and 0.08 eV lower HOMO than 1, but
3 binds 2.2 kcal/mol more strongly than 1 to Rh. § has a lower LUMO
and higher HOMO than 1, but it binds 7.4 kcal/mol more strongly than
1. In terms of the impact of a bulky cyclohexyl substituent on CAAC,
the binding energy of 2 is 5.4 kcal/mol lower than 1. Considering they
have very close HOMO and LUMO energy levels, steric factors seem
to be dominant here.

CAACs generally better stabilize the singlet state of L(Cp)Rh
than CO or PMe;, except 5. But 6(Cp)Rh seems to suggest that the
stabilization of the singlet seems has a very small impact on the
activation barrier, which is quite surprising considering singlet reactant
complexes have shown better performance in forming the reactant o-
complex precursor.® Buried volumes (%/V3,,) were also calculated for
CAACs and PMe; at the DFT-optimized geometries to quantify steric
profile. %V, is a lot larger for CAACs with bulky cyclohexane (2)
and aromatic (3) substituents than the parent CAAC (1). Surprisingly,
the two diamino-CAACs with saturated (4) and unsaturated (5)
backbones have %V, values close to that of 2 with bulky cyclohexane
substituent on C,. 6 shows that bigger ring size will increase the %V,
by ~24%. Overall, buried volume calculations show that CAAC
ligands have very tunable steric properties by introducing different
substitutions on the C, and N, as well as adjusting the ligand ring size.
Buried volumes have been shown to vary based on metal center itself
and metal-ligand bond length, especially certain ligands are more
influenced by the metal and its environment than the others.

L | AGsrof L(Cp)Rh bindingAG AGt  AG  %Vp.,
co -1.1 45.1 56 34 N/A
PMe; 2.0 404 49 82 48.9
1 3.8 62.3 122 12 30.8
2 4.8 56.9 118  -0.8 537
3 6.7 64.5 27.1 186 61.6
4 4.1 59.8 1.1 -08 535
5 0.2 54.9 131 -54 51.1
6 -11.3 65.9 202 116 543

Table 5. Energy profile of singlet L(Cp)Rh catalyzed OA with methane. All the
energies are in kcal/mol. Buried volume (%V3,,) values for PMe; and CAAC
ligands are shown.

Summary and Conclusions

This project provides insight into the selection of CAAC
supporting ligands for organometallic C—H activation. Three main
parts of this study include (1) evaluating the electronic properties and
structures of the selected cyclic alkyl(amino) carbene (CAAC) ligands,
(2) analyzing C—H insertion into methane by isolated CAACs, and (3)
studying CAACs as ancillary ligands in (CAAC)(Cp)M (M = Co, Rh,
Ir) transition metal complexes and their ability to effect methane C—H
oxidative addition in comparison to (Me;P)(Cp)M and (OC)(Cp)M.
The main conclusions are summarized below.

(1) Both DFT and MCSCF calculations show that CAAC ligands
have highly tunable donor and acceptor ability by modifying the
different substituents on the amino group and the alpha carbon as well
as the cyclic backbone, which could make this group of ligands very
versatile in homogeneous catalysis. But due to CAACs’ unusual
electronic structures and the limitation of DFT in describing frontier
orbitals, particularly virtual orbitals, can make it difficult to accurately
model the electronic structures of this class of organic compounds
using only DFT. MCSCF calculations in particular reveal that the
frontier orbitals of the CAAC ligands are very sensitive to the
substituents and the ring size. The calculated electron density plot of
the six-membered rings CAAC 6 shows more substantial
delocalization than those of the five-membered ring CAACs 1 - 5,
which may impact the back-bonding properties when functioning as a
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ligand as compared to five-membered ring CAACs. The unsaturated
backbone of 5 causes delocalization of the N-C. n bonding and
antibonding orbitals as well.

(2) Calculations of C—H activation of chloroform by CAAC 1 are
consistent with the experimental observations from the Turner group,*
supporting the validity of the chosen computational methods. Barriers
for C—H activation of methane by CAAC ligands are, ca. 40 to 50
kcal/mol, which is much higher than the 10.8 kcal/mol for chloroform.
This is ascribed to the much higher pKa for methane than chloroform
(50 vs. 16), given the latter has a stronger homolytic bond energy than
methane, suggesting a transition state for activation that has a
surprising degree of PCET character. Methane activation with NHC 7
is calculated to be much less endergonic than with CAACs, which is
expected due to CAACs’ higher basicity. CAAC singlet state stability
and the thermodynamic stability of the product and radical
intermediate could all play a role in the CAAC’s reactivity towards C-
H bond activation. Our computational data suggests that the diamino
CAAC with unsaturated ring (5) has the potential of destabilizing the
methane activation product when the conjugation is disrupted in the
reaction, which could be useful in small-molecule catalysis.

(3) When acting as an ancillary ligand for Group 9 metals,
CASSCF results showed that the metal-carbene bond consists of a
relatively covalent ¢ bond and one very polarized n bond for both
singlet and triplet states. CAAC 1 and 6 showed very different
behaviour in stabilizing the ground states of L(Cp)M (M = Co, Rh, Ir)
compared to CO and PMes;. We believe both metal effects and ligand
can have an impact on stabilizing singlet Cp-based group 9 metal
catalysts, while ligand effects can be much stronger for Rh and Ir. For
lighter transition metals like cobalt, the much stronger donor ability of
CAAC has limited impact upon stabilizing the singlet state of the
reactive complex. When L = 1 and 6, L(Cp)Rh and L(Cp)Ir show a
large energetic preference for the singlet state versus the near
degeneracy of singlet and triplet states when L= CO and PMes, which
may be due to the strong c-donor ability of the CAAC class ligands.
NHC 7 seems be the middle ground between PMe; and CAAC 1 in
terms of singlet stability and the reaction energetics. With NHC and
CAAC ancillary ligands, L(Cp)Rh and L(Cp)Ir reactions show higher
barriers and higher exergonicity, which could potentially render the
reaction more catalytic than stoichiometric. But the challenge to
quantify the relationship between the ligand donor-acceptor properties
vs. the reaction thermodynamics and/or kinetics remains in studying
organometallic catalysis.

Our computational data of CAAC 1 - 6 within the L(Cp)Rh motif
suggest that this class of cyclic carbene ligand does not fit into the
classic Fischer or Schrock carbene ligand category. The electronic and
the steric characteristics of CAACs can potentially be tuned for
different applications by changing the substituents and the backbone.
From the buried volume (%/,,) calculations for L(Cp)Rh motifs, the
CAACs show very tunable steric properties as well by adjusting the
ring-size and the substituents on the C, (% V3, ~30.8 - 61.6). But the
stability of the singlet L(Cp)Rh depends more on the stability of the
CAAC ligand singlet (AGg_t of CAACs), while steric differences play
asmaller role. So far, CAACs have shown great potential in stabilizing
low-valent metal complexes due to CAACs’ strong z-acidity. But more
experimental and computational studies are needed to better
understand the electronic structure of the CAAC metal complexes.
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