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The research presented here focuses on the electrostatic effect of varying alkali metal cations (Li* through CsM)in
the outer coordination sphere of model methane activating complexes with metal-nitrogen multiple bonds.
Lighter metal alkali metal cations yield reduced methane activation barriers (AG), with the lowest barrier
computed for the Li* salt; moreover, all modeled salts have lower AG* than the corresponding anion in polar

solvents. Via variation of the polarity of continuum solvents, this research also indicates that electrostatic effects
are likely to be manifested most significantly in the low polarity, hydrophobic solvents typically used for inor-
ganic and organometallic complexes capable of methane activation. Taken together, the results of these DFT
simulations suggest that electrostatic effects have the potential to significantly decrease methane activation

barriers.

1. Introduction

The global warming potential of methane is greater than that of
carbon dioxide by a factor of 25 [1]. Catalytic methane activation and
functionalization has the potential to convert methane gas to liquid
methanol, decreasing the need to “flare” methane (which releases CO5)
and increasing supplies of methanol, a valuable chemical. However,
because methane does not react readily, and when it does react it is
typically under forcing conditions, finding active and selective catalysts
for methane conversion remains a crucial need.

Olah et al. showed that methane activation is possible when
employing largely main group-based superacids [2]. Exploiting very
strong acid/base interactions in d-block chemistry, Wolczanski and co-
workers [3] showed in pioneering research that highly Lewis acidic
d-transition metal ions coupled with highly basic imide actor ligands
could readily activate methane via 1,2-C—H addition to metal-nitrogen
multiple bonds. Recent DFT studies also implicate 1,2-C—H addition as
the preferred pathway for methane C—H activation by early, high-valent
transition metal nitride complexes [4-6].

Inorganic and organometallic catalysis has traditionally focused on
modifying the metal-ligand active site by manipulating the metal, actor
ligand, supporting ligands and/or ligand substituents. As such chemists
have emphasized changes to the metal’s inner coordination sphere.
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Recent research, however, has begun to explore outer coordination
sphere effects — dispersion, nucleophiles, electrostatics — in the search
for more active and selective catalysts [7-9], albeit less so for unadorned
substrates like light alkanes. For example, Wolczanski and co-workers
demonstrated that dispersion effects played a significant role in rates
of migratory insertion involving iron-imide complexes [8]. In other
research, our team showed that outer-coordination sphere nucleophiles
substantially lower methane activation barriers by up to 10 kcal/mol via
kinetic (transition state stabilization) means as opposed to simply
increasing the thermodynamic driving force [7].

The chemical bonding properties of metal-nitride complexes have
been found to be greatly affected by their coordination environment
[10,11]. Vanadium nitride complexes activate methane via 1,2-C—H
addition to their metal-nitrogen multiple bonds [4,5], a mechanism akin
to that which has been deduced for the d° Wolczanski systems [3]. Ex-
periments and DFT simulations have unraveled an interesting radical
process for conversion of methane to acetic acid mediated by V'-oxo-
peroxo complexes [12]. Deng et al. have reported several d° systems,
including VY, which can functionalize methane under electrocatalytic
conditions that generate highly reactive O-based radicals capable of
cleaving the strong C—H bond of methane [13,14].

Experiments by Yang and coworkers [9] suggest that outer sphere
electrostatic effects may impact the chemistry of manganese nitrides.
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Calculations by Najafian and Cundari [15] indicate that outer sphere s-
block metal ions appended to supporting ligand functionalities can also
lower activation barriers for methane activation by middle-series MnN
complexes. Considering these and other literature precedents [16], we
thus sought to investigate whether methane activation barriers for more
prevalent high valent, early d-block nitrides could be modulated via
electrostatic effects engendered by alkali metal cations.

2. Computational methods

Using the Gaussianl6 package [17], density functional theory was
utilized to optimize all geometries; free energies assume standard tem-
perature (298.15 K) and pressure (1 atm) for gas-phase simulations. The
compounds were optimized using the B3LYP functional and def2-TZVPP
basis set; all alkali metal species were predicted to be ground state sin-
glets. The enthalpies and Gibbs free energies were calculated, as well as
vibrational frequencies, to account for the appropriate number of
imaginary frequencies for ground and transition state structures. The
SMD continuum solvent model [18] was used to assess solvent envi-
ronments of varying polarity, including benzene, THF, acetone, aceto-
nitrile, and water; methane activation was also studied in the absence of
a solvent (gas phase).

3. Results and discussion
3.1. Geometries

The Gibbs free energies, enthalpies, atomic charges, bond lengths,
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and bond angles of reactant, product and transition state stationary
points were analyzed for each VN /A" complex interacting with
methane. The model activating complex is composed of V> central
metal ion, a nitride actor ligand, hydroxyl supporting ligands, Fig. 1. An
alkali cation (A™) is then ligated to the hydroxyl supporting ligands and
thus placed in the outer coordination sphere relative to the metal-nitride
active site. The reaction between the VN /A" complex and methane
(CHy) via the expected 1,2-C—H addition transition state [3-6] yields a
product with a new V-methyl bond with concomitant conversion of the
nitride ligand to an imide (NH), Fig. 2.

Optimized geometries of the alkali metal/vanadium nitride station-
ary points show the expected correlations between the size of the alkali
metal ions and the length of the bonds they make to the ligating oxygen
atoms. The VN bond lengths increase slightly as a function of the alkali
metal cation, Figs. 1-3. In the nitride reactants, for example, optimized
V=N bond lengths increase slightly from 1.539 to 1.545 A for the Li* to
the Cs™ salt, respectively, Fig. 1. Calculated bond lengths for transition
states (TSs) and products deviate very slightly from these trends; for
example, optimized V=N transition state bond lengths are 1.596, 1.604,
1.603, 1.604, and 1.604 A for Li*, Na™, K™, Rb*, and Cs™, respectively,
Fig. 2. Note, that the bond length of the vanadium-nitrogen is length-
ened (by ~4 %) in the TS relative to the reactant nitrides. In the imide
product, bond lengths decrease and then increase, although again the
differences are very small: 1.646, 1.644, 1.659, 1.649, 1.649 A for Lit,
Na', K', Rb*, and Cs" salts, respectively (Fig. 3). Similar trends are
reflected in the two V—O bonds that ligate the alkali metal cation, i.e.,
bond lengths decrease as the alkali metal increases in size for both
reactant and product states, Fig. 1 and Fig. 3. The transition states again

0.958

Fig. 1. Reactant geometries (B3LYP/def2-TZVPP optimized) for alkali metal/vanadium nitride complexes, A*[VVN(OH)3] . All displayed complexes are singlets.

Bond angles in degrees; bond lengths in Angstrom units.
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Fig. 2. Transition state geometries (B3LYP/def2-TZVPP optimized) for 1,2-C—H addition to alkali metal/vanadium nitride complexes, AT[VYN(OH)s]~. All dis-
played complexes are singlets. Bond angles in degrees; bond lengths in Angstrom units.

deviate from this metric trend, as the V—O bond length of the com-
pounds in the transition state calculations were 1.977, 1.972, 1.960,
1.954, 1.895 A for Li*, Na*, K*, Rb*, and Cs* complexes, respectively.
Importantly, alterations to the core geometry of the anionic V=N
complexes by varying the alkali metal counterion are very small,
Table 1, implying that the computed changes in energetics discussed
below more fully reflect underlying variations in electronic structure
rather than geometric perturbations.

3.2. Impact of outer coordination sphere alkali metals upon C—H
activation barriers

From the data in Table 1, the calculated sample standard deviations
for the calculated enthalpies and free energies of activation are both ~
+3Y kcal/mol for the range of cations studied. The values calculated for
five alkali metal salts studied herein thus closely mirror the standard
deviation of enthalpies in a prior study of the impact of outer coordi-
nation sphere nucleophiles upon methane activation [7], ca. +3.5 kcal/
mol. The DFT calculations thus reveal that electrostatic effects signifi-
cantly modulate methane activation barriers.

3.3. Correlations among alkali metal ions

3.3.1. Hammond Postulate
Table 1 collects the calculated free energy barriers and reaction free
energies for methane activation for each alkali metal cation in the A*/

VN model complexes. The presence of a heavier alkali metal in the outer
coordination sphere results in higher Gibbs free energy barriers for
methane activation, Table 1. While the computed methane activation
barriers are large, as expected for a reaction involving the strong triple
bond of a d°-VYN complex, what is of greater interest in the present
context is that AG' can be reduced by the choice of outer sphere cation.
Lighter alkali metals present lower methane activation barriers, e.g., the
Li* salt has a lower barrier of ~52 kcal/mol, and reaction energies
somewhat closer to thermoneutral, Table 1. An anionic vanadium
nitride anion (i.e., alkali metal absent) was simulated for methane
activation in acetonitrile and water. These calculations show that alkali
metal ions appended systems have lower energy methane activation
barriers than does the parent anionic nitride complex (vide infra).

Among the alkali metal ions analyzed (Li*, Na*, K*, Rb*, Cs"), the
Gibbs free energies of activation and reaction display a linear trend with
a modest positive correlation, R? ~0.78, Fig. 4, thus conforming to
Hammond’s Postulate [19]. Hence, unlike previous studies on methane
activation in the presence of outer-sphere nucleophiles [7], electrostatic
effects seem to arise from both kinetic and thermodynamic origins. To
this end, correlations with calculated electronic structure properties of
the AT[VVN(OH)3]~ were investigated.

3.3.2. Electrostatic effects of alkali metal ions

To assess the impact of electrostatics, calculated Mulliken charges for
active site atoms of the reactant nitride complexes are tabulated and
correlations with calculated activation barriers sought. In the present
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Fig. 3. Product geometries (B3LYP/def2-TZVPP optimized) generated by 1,2-C—H addition of methane to alkali metal /vanadium nitride reactants, AT[V'N(OH)3] ™.
All displayed complexes are singlets. Bond angles in degrees; bond lengths in Angstrom units.

Table 1
Calculated enthalpy and Gibbs free energy barriers (kcal/mol) for methane

activation via 1,2-C—H addition of methane to the V-nitrogen triple bond of
AT[VN(OH)3] .

Activation Barrier Reaction Energy

AT Enthalpy Free Energy Enthalpy Free Energy
AH? AGH AH AG
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Lit 40.5 52.0 16.5 27.0

Na© 41.0 52.3 22.5 33.4

K" 46.5 58.2 24.0 35.6

Rb" 47.5 59.3 27.8 39.4

Cs* 47.1 58.7 28.1 39.6

Average 44.6 56.1 23.8 35.0

Standard Deviation +3.5 +3.6 +4.7 +5.2

research, comparisons are made among highly related chemical entities,
so that changes in computed atomic charges are expected to be
reasonable. The nitride nitrogen Mulliken atomic charge, Fig. 5, shows
the greatest correlation with the free energy barrier of methane acti-
vation among the atomic charges investigated, Fig. 5, R? ~0.85, a much
stronger correlation than for vanadium atomic charge/energy barrier
(R2 ~0.019) and alkali metal/energy barrier charge (R2 ~0.55). The
correlation in Fig. 5 indicates that a less negative (i.e., more electro-
philic/less basic) nitride — arising from a less electropositive alkali metal
in the outer coordination sphere — yields lower energy barriers and thus

AG? vs. AG,,, for Methane Activation by

A*[VYN(OH),]-
41
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Fig. 4. Calculated free energy barriers of activation (x-axis) versus reaction free
energies (y-axis) for methane activation by alkali metal appended V-nitrides,
A" [VVN(OH)3] ~; the best-fit linear regression is shown.

creates more favorable conditions for methane activation. The Cs™ salt,
interestingly, does not follow the trend in charges, Table 2, as well as the
trend in activation energy calculations, Table 1, which may be due to the
difficulties reported in modeling cesium compounds with effective core
potential methods [20].
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b. Electrostatic Effects of Alkali Metal Ions

AG* vs. N charge

-0.52

50.00 52.00

y =-0.0036x - 0.2897 [
R>=0.855

54.00

56.00 58.00 60.00

Free Energy Barrier (kcal/mol)

Fig. 5. Charge of nitride nitrogen (in e, as determined from a Mulliken population analysis) — y-axis — in an A"[VVN(OH)3] ~ complex versus the computed methane
activation barrier (kcal/mol) — x-axis; linear regression fit is shown. Linear correlations with vanadium and alkali metal atomic charges were much weaker.

Table 2

Mulliken atomic charges (in e™) of vanadium, nitride nitrogen, and alkali metal
for reactant complexes and calculated methane activation energies (in kcal/mol)
for methane 1,2-C—H addition to the V-nitride triple bond of A*[VN(OH)3] .

A" metal AG' (kcal/mol) V charge N charge A" metal charge
(e7) (e?) (e?)

Lit 51.99 0.97 -0.48 0.73

Na* 52.33 0.94 —-0.48 0.83

K" 58.21 0.95 —0.50 0.84

Rb" 59.30 0.98 —0.51 0.84

Cst 58.69 0.94 —-0.49 0.87

3.4. Continuum solvent simulations

The effect of electrostatics upon methane activation was also inves-
tigated by modeling continuum solvents of varying polarity [18]:

D AN N D
(= S N )

Free Energy Barriers (kcal/mol)
(91
o0

benzene, THF (tetrahydrofuran), acetone, acetonitrile, and water (listed
from least polar to most polar). Note that while stationary points were
re-optimized for each continuum solvent, changes in geometries were
minimal among the solvents investigated. Intriguingly, the gas phase
reaction yielded the lowest calculated activation energy barrier.
Although there are unusual “bumps” in the plots, in general as the po-
larity of the solvent increases, so do methane activation barriers (Fig. 6).
The present results follow those observed for methane activation in the
presence of outer sphere nucleophiles [7], i.e., a less polar environment
was the most favorable vis-a-vis methane activation. Presumably, this is
a manifestation of reduced screening of the electrostatic interaction by
the medium between the cation and the active site atoms.

We only simulated anionic vanadium nitride anion (alkali metal
absent) in polar solvents acetonitrile and water (vide infra) to reduce any
artefacts arising from comparison of neutral and anionic entities in the
gas phase. These calculations show that alkali metal ion appended sys-
tems, particularly for the lightest s-block cations, have significantly

56
54
52
50
1 2 3 4 5
Alkali Metal (Period)
—8—gas —®—benzene thf acetone —®@— acetonitrile —@— water

Fig. 6. B3LYP/def2-TZVPP free energy barriers (kcal/mol), y-axis, for A"[VN(OH)3] . Complexes in the gas phase and in the presence of SMD continuum solvent
models (benzene, THF, acetone, acetonitrile, and water). 1 = Li" salt, 2 = Na™ salt, 3 = K salt, 4 = Rb™ salt, 5 = Cs™ salt.
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lower energy methane activation barriers versus the corresponding
anionic nitride complex. For example, in SMD-water, the AG' for
methane activation by AT [V(N)(OH)3] range from ~55.8 (Li") to 62.4
(Cs™) keal/mol, Fig. 6, as compared to a free energy barrier of 67.0 kcal/
mol for the anionic nitride complex. This indicates a AAG* from alkali
metal ion ligation of up to 11 kcal/mol! For SMD-acetonitrile, the
computed AAG is as large as 12 keal/mol in favor of the alkali metal
salts. As before, smaller alkali metal ions yield lower methane activation
barriers. For the Lit salt, AG = 53.5 keal/mol, as compared to AG} =
65.8 kcal/mol for the anion.

4. Summary and conclusions

The research presented here models different alkali metal ions in the
outer coordination sphere of model methane activating d%-nitride
complexes. The results suggest that electrostatic effects have the po-
tential to significantly decrease methane activation barriers. Further-
more, lighter metal alkali metal cations in the outer coordination sphere
yield lower methane activation barriers, with the lowest barrier being
computed for the Li* salt. Additionally, barriers are reduced signifi-
cantly, AAG' > 10 kcal/mol, when comparing the anionic nitride
complex to the Li* ion salts. Via variation of continuum solvent effects,
this research demonstrates that AT[VN(OH)s] ™ in gas phase reactions
yielded the lowest activation energy barriers, suggesting that electro-
static effects are likely to be enhanced in the low polarity, hydrophobic
solvents typically used for inorganic and organometallic complexes
capable of methane activation.
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