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We investigate the mechanism of primary alkane CH bond activation with dioxo-dicopper

([Cuy0,]*") complexes, which serve as model catalysts for enzymes capable of activating CH bonds
under mild conditions. As large H/D kinetic isotope effects (KIEs) are observed in enzymes and their
synthetic mimics, we employ density functional theory along with variational transition-state theory
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with multidimensional tunneling to estimate reaction rate coefficients. By systematically varying
ligand electrophilicity and substrate chain length, we examine trends in rate coefficients and kinetic
isotope effects for the two proposed CH activation pathways — one-step oxo-insertion and two-step
radical recombination. Although larger tunneling transmission coefficients are obtained for the radical
pathway, the oxo-insertion mechanism yields higher rate coefficients on account of lower activation
barriers. The question of the preferred CH activation mechanism, however, remains open: excellent
agreement is observed between the predicted and known experimental KIE results for the radical
pathway, while calculated Hammett slopes for the oxo-insertion pathway closely mirror experiments.

1 Introduction
tion with an hydroxl group. Computational studies, primar-

Efforts to streamline the conversion of natural gas into methanol
as a cleaner alternative to traditional syngas-based methods have
long been pursued, with the vision of establishing a methanol
economy that could revolutionize energy and chemical indus-
tries. T A promising avenue in this pursuit is the development
of catalysts capable of selectively activating strong C-H bonds,
mimicking the functionality of enzymes found in nature, specif-
ically that of the enzyme particulate methane monooxygenase
(pMMO) .25 While significant progress has been made in eluci-
dating the reactivity of oxygen-activated metal complexes, specif-
ically iron and copper complexes, challenges persist in interpret-
ing the mechanisms governing CH activation. 10

Two mechanisms have been proposed for CH activation reac-
tions catalyzed by dioxo-dicopper ([Cu202]2+) complexes: (i)
one-step oxo-insertion where the activation of a C-H bond occurs
in a single concerted step alongside the insertion of an oxygen
atom into the metal-carbon bond, and (ii) two-step radical re-
combination pathway, in which the first step involves homolytic
cleavage of C-H bond (hydrogen atom transfer, HAT), leading
to the formation of a methyl radical and subsequent recombina-
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ily based on density functional theory (DFT), have contributed
valuable insights into these mechanisms but often face challenges
in capturing spin-dependence and treating multireference charac-
ter of these systems. 16718

Experimental studies probing the effects of substrate and cat-
alyst variations on reaction kinetics can help validate theoreti-
cal predictions of the preferred reaction pathways. For instance,
Hammett studies have shown enhanced reaction rates follow-
ing substitutions of aromatic substrates with electron-donating
groups. 11920 However, the observed experimental barriers in
these studies often fall within a narrow range (<10 kJ moll),
making it challenging for density functional approximations to re-
solve energy differences accurately. To overcome this limitation,
we previously proposed a strategy that yields a wider range of
barriers via multiple ligand substitutions in the catalyst instead.#
This method enables a quantitative comparison between the pro-
posed pathways and experimental Hammett plot, 1921 aiding
in elucidating the true CH activation mechanism.

The kinetic isotope effect (KIE) serves as another means to
probe mechanisms and contrast experiments with theory22 CH
functionalization reactions are characterized by large kinetic iso-
tope effects originating in large part from hydrogen tunnel-
ing.2230 The accurate quantification of tunneling effects is cru-
cial for discerning the preferred mechanism, as tunneling can
substantially contribute to catalytic activity. Traditional one-
dimensional approximations are cost-effective®! but often are in-
accurate due to their inability to capture the shape of the ef-
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fective potential for tunneling and the phenomenon of "corner-
cutting,” where the tunneling path deviates from the minimum
energy path (MEP).32 One needs to employ approaches such as
variational transition state theory with multidimensional tunnel-
ing (VIST/MT) to quantify these effects.23-3>

Our objective is to contrast rate coefficients obtained using
VTST/MT with conventional transition state theory to exam-
ine the importance of multidimensional tunneling in both pro-
posed pathways for CH activation with imidazole-substituted
[Cu,0,1%" complexes, and probe the sensitivity of reaction ki-
netics to systematic variations in the catalyst and substrate. Al-
though the radical pathway yields significantly larger tunneling
transmission coefficients than the oxo-insertion mechanism, the
latter yields higher rate coefficients on account of lower activation
barriers. Comparing experimental Hammett slopes with compu-
tations indicates preference for the oxo-insertion type mechanism
with a partially cationic substrate in the transition state. On the
other hand the magnitudes of kinetic isotope effects predicted for
the radical pathway are in better agreement with experiments.
Owing to these conflicting outcomes, the question of which of the
two mechanisms is preferred remains unanswered. That being
said, this work shows that multidimensional tunneling corrections
are necessary to capture kinetics and that tunneling transmission
coefficients, or in other words the pre-factor in the rate expres-
sion, can be sensitive to ligand electrophilicity.

2  Models and Methods

2.1 Models

Along similar lines to previous studies by our group, the bis-
(u-oxo) isomeric form of the dicopper-dioxo active site is em-
ployed. 1436157 We point the reader to our earlier work justifying
this choice over the (multireference) peroxo active site as well
as the choice of the singlet spin-potential energy surface.1% The
Cu(IIl) centers are each bound to 2 N-donor imidazole ligands
as shown in Figure |1} We expand on prior work examining the
impact of ligand electrophilicity on CH, activation barriers to in-
clude their role in governing multidimensional tunneling and ki-
netic isotope effects. This is carried out by substituting the hydro-
gen atom at the carbon atom positioned between the two nitrogen
atoms in imidazole with OCH;, CH,, CF;, or NO,. The Hammett
parameters for para-substitution to benzoic acid, ¢, are reported
to be -0.268, -0.17, 0, 0.54, 0.78 for OCH;, CH,, H, CF5, and
NO,, respectively.%3% A negative (positive) Hammett parameter
indicates electron-donating (withdrawing) character of the sub-
stituent. To examine the impact of alkane chain length on the
barrier to primary CH activation and tunneling transmission coef-
ficients, we examine reactants ranging from CH, to CgHy,.

2.2 Minimum Energy Paths

All density functional theory simulations are carried out using
the ab initio quantum chemistry software, Q-Chem.“% Gas phase
calculations are carried out using the wB97X-D/def2-SVP4li42
level of theory and the def2-ECP effective core potential for
Cu that includes scalar relativistic corrections.#3 Natural bond
orbital (NBO) analysis##42 and energy decomposition analy-
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sis (EDA)46"? are used to characterize initial and transition
structures. The latter are determined using the freezing string
method>%>1l and Hessian-free optimization®2 and verified using
vibrational analysis. We calculate minimum energy paths (MEPs)
using mass-weighted coordinates, commonly referred to as in-
trinsic reaction coordinates (IRCs), employing the gradient-based
predictor-corrector algorithm implemented in Q-Chem.3722/[RCs
are calculated to ensure that the TS indeed connects the in-
tended reactant and product and to construct a reaction path for
VTST/MT rate coefficient calculations. The maximum IRC step
size is deliberately chosen to ensure a smooth path, set at 0.1 or
0.125 atomic units (a.u.). The convergence threshold for IRC (la-
beled "RPATH_TOL_DISPLACEMENT" in Q-Chem) is set between
0.001-0.005 a.u. The threshold is chosen in such a way that the
vibrational analyses of the IRC end points yield either all real fre-
quencies or only a small number of imaginary frequencies, all

smaller than 100i cm~!.

We perform vibrational analysis for all geometries constituting
the IRC to compute free energies and couplings necessary for mul-
tidimensional (small-curvature) tunneling corrections, described
below. As has been shown in prior work by our group,1#30
wavefunction stability analysis reveals that stationary points (ex-
cept the initial state) typically suffer from instability. While a
spin-correction scheme such as that proposed by Yamaguchi and
coworkers=® is necessary to correct the instability and obtain
spin-pure solutions, we limit ourselves to using unstable solu-
tions. This is because spin-corrected energies are noisy and can
lead to artificial peaks on the MEP (Figure S1 of Supporting In-
formation). Given the large number of systems examined in this
study and the absence of a systematic protocol for the elimina-
tion of points yielding anomalous energies, we elect to use spin-
unstable energies, while emphasizing that the reported rate co-
efficients do not represent true values. Trends in barriers remain
largely unaffected by this choice (Table S1 of the SI).

2.3 Kinetic Isotope Effects

The kinetic isotope effect (KIE) is a unitless ratio that quantifies
the change in reaction rate coefficient when one or more atoms in
the reactants are replaced by its isotope. For reactions involving
the transfer of H, the KIE is typically defined as the ratio of the
rate coefficient for the reaction with the lighter isotope (protium)
to the rate constant for the reaction with the heavier isotope (deu-
terium), expressed as:

KIE = k—H (@9)

kp

where ky and kp are the rate coefficients for the reactions in-
volving protium and deuterium, respectively. The KIE is sensitive
to the masses of the isotopes, with larger values often observed
when the isotopic substitution influences both zero-point energies
and quantum mechanical tunneling.

In experiments designed to elucidate mechanisms, the isotopic
substitution of protium with deuterium is only carried out for the
specific hydrogen atom(s) in the substrate participating in the re-
action. Since Q-Chem only allows all hydrogen atoms to be sub-
stituted with deuterium in IRC calculations, our current approach
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involves perdeuteration. While this may limit the direct com-
parison of predicted KIEs with experimental results, we expect
that trends arising from variations in ligands and chain lengths
obtained using complete isotopic substitution will be similar to
those observed when only the substrate hydrogen atoms are sub-
stituted. To precisely capture tunneling corrections, we perform
IRC calculations and subsequent vibrational analyses for both the
all-protium and all-deuterium systems.

2.4 Reaction Rate Coefficients

It is not guaranteed that the potential energies of the end-points
of the protiated and deuterated IRCs are identical. It is also not
necessary that the energies of the IRC end points exactly match
those of the reactant and product minima employed to initiate
the TS search. We therefore describe the free energy barrier, AG*,
as the difference in Gibbs free energies between the highest point
on the free energy profile and the initial state free energy.

To capture trends in kinetics across catalyst and substrate vari-
ations, we choose the initial (or reactant) state free energy as the
sum of free energies of isolated catalyst and substrate. This is be-
cause energy decomposition analysis (EDA)404 reveals that the
interaction energies between catalyst and substrate fragments in
the reactant state described by a pre-association complex span a
wide range (-12.9 to -48.0 kJ mol 1) when the alkane chain length
is varied. Directly comparing rate coefficients by assigning the re-
actant as a pre-association complex will therefore not capture the
overall kinetics of CH activation. For this reason, we employ what
is akin to an apparent free energy barrier that is often reported for
heterogeneous catalytic systems.

Rate coefficients obtained from conventional transition state
theory, referred to simply as TST,2Z are contrasted with vari-
ational transition state theory with multidimensional tunneling
(VTST/MT).2 The key distinction between the two approaches,
in this work, lies in the treatment of tunneling. Conventional
TST does not account for quantum mechanical tunneling, and
therefore, x is unity. Within the VIST/MT framework, we calcu-
late two types of tunneling transmission coefficients: (i) Zero-
curvature tunneling (ZCT, kzcr), which accounts for multidi-
mensional tunneling but ignores the curvature of the reaction
path®8-60 and (ii) Small-curvature tunneling (SCT, kscr), which
incorporates the reaction path curvature, accounting for corner-
cutting effects.®ll The procedure is identical to that reported in
the Pilgrim software.®2 The approach employs splines to inter-
polate the effective potential energy along the minimum-energy
path. Gaussian quadrature is utilized for integration. Our Python
implementation is tested by showing that the transmission coeffi-
cients for test systems employed in Pilgrim are within 5% of the
Pilgrim values.

We report rate coefficients (s—!) using the relation:

i
K1) = (1) 2T exp (—AGRT(T)) @

where T is the temperature, kg, h, and R are the Boltzmann’s,
Planck’s, and gas constant, respectively. The equation represents
first-order kinetics, or in other words we assume constant catalyst
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concentration that is folded into the rate expression.

3 Results

Table[T]reports kinetics data obtained for the two proposed mech-
anisms by varying the ligands coordinated to the [Cu,0,1?>" ac-
tive site and the chain length of the alkane substrate. To under-
stand the impact of tunneling at both low and room temperatures,
transmission coefficients, free energies, and kinetic isotope effects
are reported at low (200K) and ambient temperatures (300K).

3.1 Radical Recombination and Oxo-Insertion Mechanisms

Fig. [1| shows the transition structures corresponding to the oxo-
insertion (Ox0) mechanism and the first, rate-limiting step of the
radical recombination (Rad) mechanism for CH, activation with
a complex consisting of four imidazole N-donor ligands (catalyst
labeled ‘H’ in Table[I). In the oxo-insertion pathway, methanol
is formed in a single step, with the transition state (TSoxo) in-
volving simultaneous Cu-O and C-H cleavage alongside C-O and
O-H bond formation. TSex, exhibits a bent C~-H-O configuration
(122°) and is associated with an apparent barrier (AE¥) of 95.8
kJ mol'l. The radical pathway encompasses a two-step process,
with the rate-limiting step involving CH cleavage to form radical
species, followed by a recombination step to produce methanol.
The first step (TS;,q) displays a nearly linear C-H-O configura-
tion (171°) with an associated barrier of 174 kJ moll. The imag-
inary frequencies corresponding to the reaction coordinate in the
TSs are 879i and 1981i cm™ for TSex, and TS,,4, respectively.
These values are consistent with our earlier study where we re-
port 1075i and 1858i cm™! for Oxo and Rad TSs, respectively.14
Natural bond orbital (NBO) analysis reveals a difference in the
total natural charge on CH, between the transition states and ini-
tial states of +0.59 and +0.11 for the Oxo and Rad mechanisms,
respectively, in close agreement with previous work (+0.65 and
+0.18).1% On account of its charged character, the Oxo TS is
therefore expected to be more sensitive to the electrophilicity of
ligands coordinated to the metal center.

Fig. |2| presents the Arrhenius plot of temperature-dependence
of the rate coefficients for the two mechanisms of the imidazole-
substituted catalyst with CH, as the reactant. In the temperature
range of 25 K to 500 K, the rate coefficients for Oxo are higher
than Rad. Quantum mechanical tunneling dominates the Oxo
and Rad pathways below 220 K and 330 K, respectively, based
on the sharp changes in slopes in Figure The Rad pathway
possesses tunneling transmission coefficients that are larger than
Oxo, with xgcr nearly 3 orders of magnitude larger at 200 K.

3.2 Chain Length Effects

Fig. depicts the alkane chain length dependence of the
VTST/MT and TST rate coefficients at 200 K for the two mech-
anisms. In the case of the oxo-insertion mechanism, barriers drop
steeply from CH, to C,Hg, followed by a gradual decline. ZCT
and SCT coefficients vary less strongly with chain length, with
C2-C5 values about half of those obtained for CH, activation. As
a result, the TST and VTST/MT rate coefficients are close to each
other for C2-C5 and higher than the value obtained for CH,.
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Table 1 Calculated kinetic parameters for Oxo and Rad mechanisms at 200 and 300 K across all ligand-substitutions and substrates examined in this
work. AE# is the ZPE-corrected barrier and AG* is the Gibbs free energy barrier calculated using the harmonic oscillator approximation and procedure
described in previous work. o4 Barrier values are reported in kJ mol'l. Kinetic isotope effects (KIEgcr) are calculated using kscr values.

(a) Tsrad

(b) TSoxo

Fig. 1 Transition structures for the first step of the two-step radical
recombination (TS;,4) and one-step oxo-insertion mechanisms (TSoxo).
The active site is coordinated to imidazole (labeled ‘H’ in the ‘Catalyst’
column of Table , and the substrate is CH,. Color scheme: Cyan,
carbon; dark blue, nitrogen; red, oxygen; brown, copper; and white,
hydrogen. The visualizations are created using the Visual Molecular Dy-
namics (VMD) software. 3

4] Journal Name, [year], [vol.],
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Mechanism | Catalyst | Substrate | AE* 200K - 300K
AG* KZCT KSCT KlEsct | AG* | kzcr | Kscr | KlEscr
CsHy, | 148.1 | 144.1 4.8 5.4 5.5 1388 | 1.4 | 14 2.5
C,Hy, | 148.3 | 143.8 | 1.3x10° [ 1.4x10° [ 31.8 [ 138.1 | 3.2 | 3.3 5.4
H C,Hg 151.2 | 146.8 | 5.8x10° | 6.2x10° | 26.0 | 141.2 | 2.7 | 2.8 3.3
C,Hg 154.7 | 150.9 | 3.2x10* [ 3.5x10° [ 271 [ 1457 | 1.9 | 1.9 2.6
Rad 174.0 | 171.9 | 2.1x10% | 2.4x10* | 304 | 168.4 | 7.4 | 7.8 1.4
OCH, 171.7 | 168.7 | 5.1x10* [ 5.8x10° [ 457 [ 164.6 | 2.7 | 2.8 2.4
CH,4 CH, 172.4 | 170.8 | 3.1x10* | 3.4x10* [ 58.5 [ 167.9 | 6.6 | 6.9 2.5
CF,4 163.9 | 161.9 | 9.2x10* | 1.2x10° [ 43.5 [ 158.7 | 3.4 | 3.6 2.0
NO, 169.0 | 166.8 | 7.8x10° | 9.1x10° | 36.7 | 163.5 | 3.1 | 3.2 1.7
CsHy, 44.0 | 37.9 34 4.4 8.4 305 [ 1.6 | 1.8 3.4
C,Hy, 47.2 | 40.6 3.7 4.6 9.2 329 | 1.7 | 1.9 3.7
H C,Hg 52.1 | 46.0 4.4 5.6 8.1 385 [ 1.8 [ 20 3.1
C,Hg 54.2 | 49.0 4.0 5.1 7.3 422 | 1.7 | 1.9 2.5
Oxo 95.6 [ 91.3 8.2 10.7 5.2 856 [ 22 | 24 1.7
OCH,4 98.0 | 92.8 9.7 12.6 8.2 863 [ 23 | 25 2.4
CH, CH, 105.4 | 102.5 10.7 13.9 2.3 98.1 | 24 [ 26 0.8
CF, 77.2 | 72.9 7.2 9.1 5.0 67.4 | 22 [ 24 1.9
NO, 66.0 | 62.0 4.8 5.9 4.5 56.8 | 2.0 [ 21 1.8
0 —— VTST/MT Oxo ----- TST Oxo
—— VTST/MT Rad ----- TST Rad
-20
_‘1': —a0
g: -60
= -80
-100
-120

0.0 3.045 10.0 30.0

20.0
1000/T (K1)

Fig. 2 Arrhenius plots for the two-step radical recombination (‘Rad’)
and one-step oxo-insertion (‘Oxo’) pathways across a temperature range
from 25 to 500 K. The vertical colored lines separate regions dominated

by quantum mechanical tunneling and by thermal effects. Deviations

between the dashed and solid lines highlight the significant impact of
tunneling contributions (SCT), particularly at lower temperatures. The
slopes of the dashed lines are -9.32 and -5.30 for radical and oxo-insertion
mechanisms, respectively.

TST rate coefficients are smaller than VIST/MT in the Rad
mechanism because multidimensional tunneling plays a more im-
portant role when compared to the Oxo mechanism. There is a
sharp decline in the barrier from CH, to C,H followed by a more
gradual decrease from C,H¢ to C;H;,, reflected in the TST rate
coefficients in Figure 3| The trend in VTST/MT rate coefficients,
however, is not monotonic because the increase associated with a
drop in barrier is partially offset by the general decrease in tun-
neling transmission coefficients from C1 to C5.

We explore the trends in kinetic isotope effects for both mech-
anisms in Fig. [4] across varying substrate chain lengths at 200
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Fig. 3 Rate coefficients (s~') at 200 K for Rad (blue) and Oxo (red)
mechanisms, demonstrating the contributions of multidimensional tun-
neling (xscr) across various substrate chain lengths. The darker circles
represent rate coefficients calculated using variational transition state the-
ory with multidimensional tunneling (VIST/MT), while the lighter circles
correspond to those obtained from conventional transition state theory
(TST) that excludes tunneling contributions.

K. Owing to larger contributions from multidimensional tunnel-
ing, the KIE values for the Rad mechanism are consistently higher
than those for the Oxo mechanism. The TST-based KIEs are much
smaller than the VIST/MT KIEs. While there are no significant
differences in KIEs observed across C1-C4 substrates, the KIE
drops to 5.1 in C5 due to smaller tunneling contributions. For
the Oxo mechanism, KIE values increase from C1 to C4, reaching
their highest value for C4, and then show a slight decrease for
C5. Unlike the Rad mechanism, there is no sharp change in KIE
between C4 and C5.

30] @ L4
o o
220 ® VISTMT
= ® TST
¥ 101
[ )
- o
8 ]
o
3 64
. ]
S
210 . . . .
CHy CaHs C3Hg C4H1o CsHi2

Fig. 4 Kinetic isotope effects at 200 K for the radical recombination
(KIEgqq) and oxo-insertion (KIEpy,) mechanisms for varying substrate
chain length. The data points represent KIE values calculated using
VTST/MT that includes kscr (darker circles) and conventional TST
(lighter circles) that excludes tunneling contributions.
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3.3 Ligand Effects

We report the dependence of rate coefficients on ligand elec-
trophilicity in Figure Oxo barriers exhibit pronounced lig-
and dependence, evidenced by a large ZPE-corrected apparent
activation barrier range (39.3 kJ moll). With the exception
of OCH,, increasing electron-withdrawing character, quantified
by the Hammett parameter for para- substitution o, leads to
lower barriers and therefore higher rate coefficients. We attribute
the decrease in the barrier to the stabilization of the transition
state by the electron-withdrawing ligand via charge transfer in-
teractions. 14 The tunneling transmission coefficients across these
ligand-substituted systems all lie within an order of magnitude of
each other and are smaller than 15 at 200 K. As a result, there
are very small differences between TST and VIST/MT rate coef-
ficients with varying ligand electrophilicity. We note that (with
the exception of OCHj), there is a monotonic decreases in both
kzcr and kscr with increasing substituent electron-withdrawing
character, i.e., CH3>H>CF;>NO,.

As reported in an earlier study, Rad is less sensitive to the abil-
ity of a ligand to push/pull electron density, and therefore, the
barriers exhibit a narrower range (10.0 kJ moll). The TST rate
coefficients, therefore, vary by less than 2 orders of magnitude
across the ligand-substituted systems. VIST/MT rate coefficients
are higher than those obtained from TST, owing to large contri-
butions from kzcr/scr-

10727 ®
o P ®
- o
-g 10 29 |
o
10—31 i
10—3_ &
o 10_7' '
x
© °
10-11{ @ @ VIST/MT
° ® TsT
OCH; CHs H CFs NO,

Fig. 5 Rate coefficients (s~!) at 200 K calculated using conventional TST
and VTST/MT (with xgcr) for the Oxo and Rad mechanisms obtained
by varying electrophilicity of ligands coordinated to the active site.

Figure [6] depicts the Hammett plots for the oxo-insertion path-
way using the 6, Hammett parameter, with the ¢ values on the x-
axis scaled by a factor of four to reflect the number of ligand sub-
stitutions4, Due to smaller tunneling coefficients observed for
the oxo-insertion mechanism, the linear fit to TST and VITST/MT
data are similar. In contrast, shown in Figure S6 of the SI, the rad-
ical pathway shows no dependence on ligands, resulting in poor
linear fit for VIST/MT (R? < 0.03) and only a modest improve-
ment for TST (R = 0.5, p = —0.56).

Despite differences in the choice of ligands and substrate, the
slope of the Hammett plot for oxo-insertion, p = —2.16, is con-
sistent with an electrophilic attack on the substrate reported

Journal Name, [year], [vol.],
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in previous experimental studies as well as prior work in our
group. HUAI220/ 1f we employ the meta-substituted o;,, Hammett
parameter, the slope becomes -3.12 with an R? value of 0.96 (Fig-
ure S5, SI). With o, as the electrophilicity descriptor, OCHj is
electron-withdrawing (o, och, = 0.12) and no longer an outlier,
and the fit is improved.

® TST
VTST/MT

_IOg(k/kref)
N

L

Fig. 6 Hammett plots at 200 K for the oxo-insertion pathway with sub-
stituents using Hammett parameters for para-substituted benzoic acid.
The summation accounts for all four substitutions made in each catalyst,
with the reference rate coefficient (k,.s) representing the catalyst labeled
‘H' (6, = 0). The R? value and slopes (p) of the linear fit are reported
for VTST/MT. For TST, without tunneling contributions, the slope (p)
is -2.24, and R? is 0.92.

The impact of ligand electrophilicity on KIEs for Oxo and Rad
mechanisms are shown in Fig. Due to larger tunneling con-
tributions, we observe larger VIST/MT KIEs for the Rad path-
way compared to Oxo across all ligands. There are no discernible
trends in Oxo KIEs with variation in ligand electrophilicity.

60 1 ®
°

E 40‘ 0 a
<
" °
< 201

0.

7.5‘_“ @® VIST/MT
o O TST
X -
S 5.0 L o °
<

2.5 P

OCH; CHs H CF5 NO,

Fig. 7 A comparison of VTST/MT (with Kscr) and conventional TST-
based kinetic isotope effects calculated at 200 K for Oxo and Rad mech-
anisms across different ligand substitutions.

4 Discussion

Our examination of C-H activation by [CuZOZ]2+ complexes re-
veals that the singlet oxo-insertion pathway is energetically more

6 | Journal Name, [year], [vol.], 1_@]

favorable than the singlet radical pathway despite considerably
larger tunneling coefficients and KIEs observed with the latter.
We contrast these findings with experimental literature examin-
ing the activity of dioxo-dicopper complexes towards activating
various CH bonds. A study of intramolecular hydroxylation of the
benzyl CH bond with a [Cu(Il);-0,12F center reported a substan-
tial KIE of 35.4 at 193 K.©%! Similarly, a KIE of 31 was observed
for the oxidation of 10-methyl-9,10-dihydroacridine (ArcH,) at
148 K. A computational study by Kim and co-workers examining
the Rad mechanism reports a VITST/MT-based KIE of 28 (277 K)
for CH, hydroxylation with the [Cu202]2+ active site in which
each Cu(IIl) is bound to three N-donor amine groups. All these
values closely resemble our VTST/MT-based KIE of 30.6 at 200 K
for the Rad mechanism, with the Oxo yielding KIE = 5.2.

Although KIEs indicate a possible Rad pathway, barriers and
Hammett plots conclude that the Oxo pathway may be preferred.
Applying spin- and zero-point corrections, the AE* value for CH,
activation with imidazole-bound [Cu202]2+ via Oxo is 25.2 kJ
mol !, significantly lower than the Rad barrier of 160.0 kJ mol!.
While experimental Hammett curves are typically generated by
varying the electrophilicities of substituents to an aromatic reac-
tant, the resulting ranges in activation barriers are typically too
narrow to be meaningfully interpreted using computations. Since
each Cu(IIl) is coordinated to two N-donor ligands in this work,
we can quadruple substituent effects by replacing an H- in the imi-
dazole N-donor with an electron-donating or withdrawing group.
The resulting range of zero point-corrected barriers for Oxo is
41.8 kJ mol'l. A reasonable linear fit and a finite, negative slope
are observed only for the oxo-insertion pathway and not the rad-
ical pathway (Section S3 of the SI). Although the magnitudes of
the slopes are also in agreement with experiment (p from -2.2 at
148 K to -1.48 at 193 K), this may be fortuitous because exper-
imental studies are carried out for substrates containing weaker
CH bonds than CH, and the Hammett plots are constructed using
o, values rather than g, 20/216>

Owing to these contrasting findings and differences in choices
of substrates/catalysts in experiments and theory, it is difficult to
draw conclusions regarding the preferred mechanism of CH acti-
vation. One possibility that we have not yet explored is the fact
that the Rad barrier in the triplet state is lower in energy than the
singlet Rad and singlet Oxo, reported in an earlier study by our
group.¥ In other words, a two-state-reactivity (TSR) scenario, in
which ligand-dependent crossover occurs from the singlet to the
triplet state, remains to be explored.Z%? For instance, a study
by Shaik and coworkers, of Rad mechanism-based CH activation
with nonheme Fe(IV)-oxo bound to tetramethylcyclam ligands,
showed that the unexpected faster kinetics with strong electron-
donating ligands originates in a large probability of spin-inversion
between the triplet and quintet states as well as enhanced tun-
neling.”?% Such a study for the dicopper system is hampered by
the fact that spin-pure singlet states (unlike triplets or quintets)
are difficult to determine on account of spin contamination in
DFT, making it difficult to accurately identify crossing points with
higher spin-states.

To explain the differences in mechanistic conclusions arising
from comparing barriers, KIEs, and Hammett slopes, another
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testable hypothesis is that the distinction between the two mech-
anisms becomes blurry when the size of the substrate grows. Al-
though rigorous testing of this hypothesis is a topic for future
work, with an increase in alkane chain length in this study, we
observe small changes in the ‘radical character’ of the TS. The to-
tal charge on the alkane fragment in the Rad TS, calculated using
NBO, increases by 49% from 0.11 (CH,) to 0.17 (C5H,,), indicat-
ing an increase in cationic character with increasing chain length.
In contrast, the alkane fragment charge in the Oxo TS increases
only by 14% from 0.59 (CH,) to 0.68 (C;H;,). The imaginary
frequency associated with the Rad reaction coordinate decreases
from 1980.66 cm™~! (CH,) to 1732.9 ecm~! (CH;,), which in part
explains the drop in tunneling transmission coefficients and KIEs
with increasing chain length at 200 K (Table [I). To resolve the
question of preferred mechanism therefore, we need a more ex-
tensive analysis of substrate sensitivity than that reported in this
work.

Our examination of ligand and chain length dependence is in-
spired by studies of CH activation with nonheme Fe(IV)-oxo com-
plexes by Shaik and coworkers.2370 In addition to TSR, they
show that electron-donating ligands enhance tunneling transmis-
sion coefficients. If we assume that the substituents behave as if
they are meta- substituted, the x values for Oxo decrease mono-
tonically from CH; to NO,. However, all transmission coefficients
are within an order of magnitude of each other, and therefore
the substituent effect on tunneling with Oxo is not significant
enough to impact rate coefficients. While a general decrease is
also noted for the Rad mechanism, with the CH;-bound cata-
lyst yielding xgcr that is two orders of magnitude larger than
the NO,-bound one, the decrease is not monotonic. The decrease
in Oxo and Rad barriers with increasing chain length also leads
to a decrease in tunneling transmission coefficients. Contrary to
findings by Shaik and coworkers suggesting a volcano-type rela-
tionship between KIE and CH bond dissociation energy (BDE),23
we do not find a clear correlation for either reaction pathway
when the alkane chain length is varied. We note however that
the range of homolytic BDEs is narrow in our work (~18.8 kJ
mol 1) compared to theirs (~83.7 kJ mol1).23

Tunneling emerges as the primary factor driving the substan-
tial kinetic isotope effects observed in C-H activation catalyzed
by [Cu,0,]1?* complexes. The magnitudes of KIEs and their
trends with chain length and ligand substitution exhibit at least
a two-fold increase when zero- or small-curvature tunneling is
incorporated (Figure S2 of SI). In addition, overlapping KIEs
between SCT and ZCT-based rate coefficient calculations indi-
cate that corner-cutting does not significantly impact most sys-
tems. Therefore, even though prior computational studies of
CH activation with [Cu,0,]2* complexes estimate kgcr’s,22/2/
the zero-curvature approximation is expected to suffice. Man-
dal and Shaik?? also demonstrated, for CH activation with non-
heme Fe(IV)-oxo complexes, that a simple Eckart tunneling model
yields KIE values in good agreement with experiments and mul-
tidimensional models. The parity plot in Figure S3 of the SI also
illustrates this, with the exception of systems in which kgc7 values
exceed 20,000.

Physical Chemistry Chemical Physics

5 Conclusions

By examining the singlet potential energy surface of CH activa-
tion with [Cu,0,]1%" complexes, this study aims to uncover the
dependence of the rate coefficients, tunneling transmission coef-
ficients, and kinetic isotope effects of two proposed mechanisms
— one-step oxo-insertion and two-step radical recombination — on
catalyst electrophilicity and substrate CH bond strength. To this
end, we employ DFT simulations and contrast rate coefficients
and KIEs obtained using conventional TST without tunneling and
VTST with multidimensional tunneling. We find that the use of
multidimensional tunneling approximations is necessary to cap-
ture isotope effects in these systems, although the role of corner-
cutting appears to be small. The barriers for the oxo-insertion
pathway are always lower than those for radical recombination.
However, while calculated Hammett slopes are in agreement with
experiment for the Oxo pathway, the KIEs for the Rad pathway
align better with experimentally observed isotope effects. Future
work includes exploration of two-state reactivity and expansion
in substrate scope to address these conflicting mechanistic con-
clusions.
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