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The Origins of Dramatic Axial Ligand Effects: Closed-Shell MnYO
Complexes Use Exchange-Enhanced Open-Shell States to Mediate
Efficient H Abstraction Reactions**

Deepa Janardanan, Dandamudi Usharani, and Sason Shaik*

High-valent manganese-oxo complexes are currently in high
demand because of their efficient catalysis of C—H bond
activation,!'! their implications as intermediates during water
splitting, for example in photosystem I1,?! and their antiox-
idant activity.?® Many of these oxidation processes occur by
an initial H-abstraction step. The efficient H-abstraction
reactions with MnYO reagents have been known to be
mediated, not by the ground closed-shell states, but by the
open-shell spin states wherein the metal-oxo moiety has an
oxyl radical, Mn—Or, character,? and which generate the
high-spin ground state of the Mn'YOH.!"*1 Indeed, having an
oxyl radical is considered to be a pre-requisite for an efficient
H abstraction** by either a metal-oxo moiety or an oxide of
a nonmetallic element, for example, P-O". However, a recent
report on the efficient H-abstraction reactivity by a series of
[(Cz)(X)MnYO] (Cz: corrolazinato®~, X =none, F~, CN")
complexes, 1-3 in Scheme 1, appears to contrast this common
view.”! Complex 1 was diagnosed to possess a closed-shell
singlet ground state,” while 2 and 3 were assumed to have
similarly closed-shell ground states,®? and nevertheless the
latter two perform the H abstraction efficiently even though
these states are not oxyl radicals. Moreover, the reaction
series showed almost an unprecedented axial ligand effect,
X~. Thus, coordination of F~ was found to accelerate the
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Scheme 1. Reactions investigated (HAT =hydrogen atom transfer).
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reaction rate with dihydroanthracene (DHA) by a factor of
2100 relative to the pentacoordinate complex, and with CN™
as a ligand, the acceleration factor was 16000.° These highly
intriguing results are the focus of this work, which studies
these reactions (Scheme 1) with an aim of answering the
following fundamental questions: Considering that the
ground state of  the H-abstraction product,
[(Cz)(X)Mn"VOH], is a quartet state (S=3/2), can the
closed-shell [(Cz)(X)MnYO] states really function as the
active oxidants in C—H activation from DHA ? And, what are
the reasons behind huge rate-enhancement attending the
introduction of axial ligands?

These questions are addressed here by employing density
functional theory (DFT) to characterize the oxidants and
follow their reactions in Scheme 1. To this end, we used four
different functionals starting with B3LYP, going through
B3LYP* and B3LYP** which have decreasing percentages of
Hartree-Fock exchange (20, 15, and 10 % ), and ending with
BP86 that has none. The results show that except for 1, which
unequivocally has a singlet ground state, 2 and 3 may have
triplet ground states. However, irrespective of the spin-state
identity in the ground state, the reaction itself is mediated by
a specific triplet transition state that maximizes the exchange
interactions, enjoys exchange-enhanced reactivity (EER),[”
has a large oxyl radical character as in other reactions of
MnVO,**l and correlates directly to the quartet Mn'YOH
product.

Following the same computational protocol as in a pre-
vious study, which simply overlooked the critical spin-state,
the geometry optimization was carried out with UB3LYP
using the LACVP basis set (B1). Energies were further
refined using a larger LACV3P + * basis set (B2) incorporat-
ing solvent effects (¢=>5.7 and probe radius 2.72 A corre-
sponding to chlorobenzene) using the Poisson-Boltzmann
solver in Jaguar 7.6.%! The B2 energies were augmented with
thermal corrections from GO3®! frequency calculations (see
the Supporting Information for full details). B3LYP*,
B3LYP**, and BP86 energies were determined by single-
point calculations using B2 and solvent correction.

Figure 1a shows the optimized geometry of oxidant 1 in
the three lowest states, the singlet state S =0, and two triplet
states S, (Sg) =1, while Figure 1b shows the orbital occu-
pancy in S=0. It is seen that 1 is characterized by a singlet
ground state, %a;,”, with two triplet states lying above; one
S, =1having a 8**'a,,' occupancy, and the other S; = 1 with
&'n*'a;,> occupancy. This state ordering is conserved in all the
four functionals used by us (see Tables S1-S4 in the Support-
ing Information), and as such we feel safe to unequivocally
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Figure 1. a) B3LYP key geometrical parameters (distances in A, angles
in °) and relative free energies (in kcalmol™) for 1, given in the order
S=0 (Sa=1)[Sg=1]. b) Orbital occupancy diagram for the S=0 state.
Sp=1 has 8n*'a;,' while S;=1 has 8'n*'a, .

assign the ground state of 1 as a singlet state, in agreement
with experiment.’*! Using the same strategy for 2 and 3, we
find that B3LYP and B3LYP* predict that the triplet state B is
the ground state lying, respectively, 7 and 1 kcalmol ™! below
the singlet state, whereas B3LYP** and BP86, which has
a bias for low-spin states,””! predict singlet ground states for
both complexes. Since the experiment® was unable to
determine the spin state of these complexes, this issue
remains as a challenge also for the experiment.

Quite different from the relative energy trends exhibited
by the oxidants 1-3, Figure 2 shows that the lowest transition-
state species for the H-abstraction processes with DHA, is
TSy that is nascent from the triplet state B, irrespective of
the ground state of the oxidant. Figure 2a shows the generic
energy profile for 1 reacting with DHA, which in all the
functionals has the same spin-state ordering of the energy
profiles. The same ordering, as in Figure 2 a, is obtained with
B3LYP** for 2 and 3 reacting with DHA. Thus, assuming
efficient spin-cross over prior to, or en route to H-transfer
event,™'% the reaction will be mediated by *TSyy and
proceeds directly to the ground state of the MnVOH
complex.'"™3 Our calculations for 1+DHA show that the
minimum energy crossing point!'” coincides precisely with the
energy of TSy 5. On the other hand, Figure 2b displays the
B3LYP state orderings for the reactions of 2 and 3 (see also
Figures S2-S4 in the Supporting Information), where triplet
state B is the lowest profile throughout. Accordingly, whether
the triplet state B is an excited state or a ground state, the H-
abstraction reaction is unequivocally mediated by *TSyj

R TSk In R TSy Iy

Figure 2. Generic state ordering for H-abstraction reactivity of 1-3 with
DHA; a) 1 (with B3LYP, B3LYP* and B3LYP**) and 2, 3 with B3LYP**
b) 2-3 with B3LYP. R denotes the separate reactants, TS, the
transition state, and I, the intermediate for H-abstraction step.
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associated with this triplet state. BP86 yields the same trend
for 2 and 3 as in Figure 2a, while for 1, it predicts degenerate
TSy and *TS;; 5. Once again, the uniform showing that *TS;;
is the lowest transition state for 2 and 3, and most likely also
for 1, and the respective intermediate that is uniformly
nascent from triplet B; all these enable us to confidently
single out this triplet state as the reactive state.

The root cause for the key role of the triplet state B will
soon be elucidated, but before doing so let us inspect the
B3LYP free-energy barriers in Table 1. Much like in the heme

Table 1: B3LYP free-energy barriers (AG*,;) and reaction energies (AGg))
for the H abstraction from DHA by oxidants 1-3.F

AG™/AGy, [kcalmol™]

1 (X=None) 2 (X=F) 3 (X=CN")
TS, 31.7/16.5 30.3/4.5 29.2/5.4
TSpa 34.5/14.0 32.4/5.4 36.9/4.3
TSs 23.0/—4.6 15.8/—14.7 14.4/—13.9

[a] Barriers (AG™,) and reaction energies (AGy,), including solvation
corrections, are relative to the lowest state of the separated reactants; 'R
for 1 and *R; for 2 and 3.

system,”* here too, the singlet state has very high barriers,
and so are the barriers for the triplet state A. Additionally, the
trends in the barriers (obtained from the lowest state of R) for
the latter two states do not reflect much of the experimental
trend, especially not the dramatic axial ligand effect. The
good fit reported before™ for the singlet state is fortuitous,
since it overlooked the ground states for 2 and 3. The triplet
state B features the lowest barriers, which also reproduce the
observed significant axial ligand effect, showing a decrease of
7.2-8.6 kcalmol ™! in the barrier as the manganese ion gets
ligated by F~ and CN™. The trends in the barriers of triplet
state B follow the Bell-Evans—Polanyi effect,'!! and the
exothermic nature of all the reactions accounts for the
hydrogen atom transfer (HAT) efficiency of the oxidants.
Figure 3 shows the calculated free-energy barriers for the
three different functionals, plotted against the experimentall™
values. It is seen that irrespective of the functional (and hence
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Figure 3. Correlation between experimental and computed free energy
barriers for the reactions of 1-3 with DHA, in three different func-
tionals.
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also of the identity of the ground state), the trends in the
barrier follows the experimental observation, and reproduces
the observed very pronounced axial ligand effect on reac-
tivity.

Another agreement with experiment® is the kinetic
isotope effect (KIE) values for 2 and 3; the theoretical values
for the reaction passing through *TSy 5 are 8.2 and 7.1 and the
experimentally measured ones are 10.5 and 6.7, respectively.
Therefore the overall theoretical agreement with experiment
makes a solid case for the proposal that the triplet state B
mediates the H abstraction. The support of a singlet-state
reactivity based on the identity of the ground state is never
certain.l”! Interestingly, the KIE value for the reactions of 2
and 3 are similar for the triplet and singlet states (8.2 and 7.1
for *TS;; vs. 8.7 and 8.5 for 'TSy). By contrast, for oxidant 1
the calculated KIE value for the reaction proceeding via
TSy is very low (KIE(Sz=1)=2.3), whereas for the
corresponding singlet-state reaction, the value is high (KIE-
(5=0)=8.9). So here the calculations predict that if the
reaction of 1 proceeds via the singlet-state TS, the KIE will be
high, whereas if the reaction is mediated by the triplet state
like those of 2 and 3, the KIE will be rather low.

Let us discuss now the reactivity of the singlet state and
triplet states A and B, and try to comprehend the preference
of the latter state using the simplified orbital diagrams in
Scheme 2 that follows the electronic reorganization during
the H abstraction. Thus, as the H is being transferred, its
electron shifts to an orbital in the [(Cz)(X)MnO] moiety,
whereas the remaining proton makes an O—H bond with
a lone pair on the oxo ligand, as in proton-coupled electron
transfer (PCET) mechanisms.”"! Thus, on the S =0 surface,
in Scheme 2 a, a shift of an a electron from the oy orbital of
the substrate to the m* orbital of MnO leaves behind
a felectron on the substrate ¢c orbital, and results in an
open-shell singlet configuration in 'I. The triplet A state
(Scheme 2b), on the other hand, involves a shift of a f elec-
tron from oy to fill the ligand a,, orbital, leaving an
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Scheme 2. Electron reorganization during H abstraction from DHA by
1-3 in: a) S=0, b) S,=1, and c) Sz=1 spin states.
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o electron in the substrate ¢ orbital. Thus, ultimately, the
S=0 and the S, =1 states acquire the same electronic
structure, with the difference being the spin orientation in
@c. Consequently, the two TSs and the corresponding
intermediate states will have closer energies. By contrast, in
the Sy =1 state (Scheme 2c¢), an a electron shifts from oy to
m*, and leaves a 3 electron in ¢. As such, now the number of
exchange interactions on the manganese center increases to
three, thus leading to stabilization of *TSyy on the triplet
state B energy surface. Note also from Scheme 2¢ that the
triplet B correlates directly to the intermediate which
involves the S=23/2 state of Mn'YOH,®™ which is the
expected ground state of the Mn' complex.!"*

Figure 4 displays the spin natural orbitals of *TSyy and
illustrates that, in fact, as described in Scheme 2c, the
exchange enhancement for the triplet state B occurs already

5(1.00) *(1.00) dy; (0.81) .+ 2P(0) (-0.81)

Figure 4. Spin natural orbitals and their occupations (noted in paren-
theses) in *TSy  for the H-abstraction reaction of 1 with DHA. A
negative occupation number means [3 spin. *TSy species for 2 and 3
have similar electronic structures.

in the transition state. It is seen that *TSy; 5 has already four
approximately singly occupied spin orbitals, three of which
are centered on Mn and/or on MnO, carry o spins, and the
fourth (@) which is shared between DHA and the O atom of
MnO, carries a {3 spin (negative spin density). Thus, as the H is
being abstracted in triplet state B, the Mn" center in the TS
becomes Mn'" and is enriched by exchange relative to the
other transition states. Indeed, the spin density distribution on
Mn, po(Mn), shows that the ratio of [p(Mn);TSyyg)/
[0(Mn);'TSy] is 2.88 for 1, 3.15 for 2, and 2.93 for 3; similar
ratios are found for [p(Mn);*TSy 5)/[0(Mn);* TSy A]. As dis-
cussed previously, this type of electronic reorganization that
increases the number of exchange interactions on the metal
can lead to exchange-enhanced reactivity (EER),"™ which is
so prevalent in oxidative processes by metal-oxo reagents.”-'*!

While the electronic structure of TS, experiences
exchange stabilization, we still have to account for the fact
that it lies below both TSy and *TSy 4, irrespective of the
functional used here to probe the reactivity (with the
exception of BP86, which predicts that for 1 the transition
states 'TSy; and TS, ; are degenerate). Let us then consider
the relative energy of *TSy; relative to "TSy or TSy . Thus,
as we argued before, TSy is stabilized relative to 'TSy or
TSy A by three units of exchange interaction (3 K), but this
exchange stabilization is opposed by the orbital excitation
from & to * (AE.) that is needed to generate *TSy 5 from
"TSy or *TSy . The relative energies of *TSyp to 'TSy or
TSy will therefore be determined approximately by the
balance of these two terms, namely by AE,;—3 K. These
terms were estimated for TSy and 'TSy, and are given in
Table S14 in the Supporting Information. The K values
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between d orbitals of transition metals are reduced roughly to
around 50-70% of the atomic exchange because of orbital
delocalization. Indeed, our exchange values for the oxidants
are 11.1, 12.4, and 12.9 kcalmol ™' for 1, 2, and 3, respectively,
compared with 19.8 kcalmol ™! for Mn™."* On the other hand,
the AE, term evaluated from SCF energy differences (see
Table S14 in the Supporting Information), are 26.4, 14.8, and
18.5 kcalmol !, for the three oxidants in the respective order.
Carrying over these values to the respective transition states,
one can derive the following conclusions: In the case of 1, the
3 K stabilization is 33.3 kcalmol " which is larger than AE,.;
(26.4 kcalmol "), thereby leading to a net stabilization of
TSy by 6.8 kcalmol ' relative to 'TSy;, in good agreement
with 6.4 kcalmol !, which is the B3LYP computed energy
difference between 'TSy and *TS; (see in the Supporting
Information Table S5, B2 +solv energies). Similar consider-
ations lead to values of 22.4 and 20.1 kcalmol ™' stabilization
energies of “TSy relative to 'TSy, for 2 and 3, respectively,
compared with the B3LYP computed values of 16.0 and
14.0 kcalmol !, These values predict that in all cases, the
TSy is the lowest energy transition state, and the computed
trend in the *TSyp-'TSy energy gaps for 1-3 follows the
balance of exchange enhancement versus orbital excitation
energies, showing a jump on moving from 1 to 2 and 3. Thus,
the dramatic axial ligand effect observed by experiment with
1-3 reacting with DHA  originates in the net stabilization of
TS, 5 because of the EER of this state relative to the singlet
TS. This EER stabilization exhibits a jump from 6.8 to 22.4
and 20.1 kcalmol ™!, after the axial ligands are introduced to
the [(Cz)Mn"O] complex, because of a combination of an
increase of the 3 K term and a concomitant decrease of the
AE,q. It is important to note here that, in accord with
previous expectations,**** the most reactive state Sp=1 is
also the one with the higher oxyl radical character, whereas
S =0 has no such character.

In accord with general reactivity patterns of other metal-
oxo reagents,® here too, as shown in Figure 5, the geometric
features of the optimized transition states are in agreement
with the nature of the electron shifts in Scheme 2. Thus, as
shown in Scheme 2, the 'TS;; and *TS;; ; are characterized by
electron shift from the oy orbital of DHA to the m* orbital of
MnO, and as such, these TSs assume a bent side-on trajectory

a)1 + DHA

%
O < .1.313/1.185
“H 128111517

129.9/124.8°\O
1.650/1.712

— [\ ) —

H
{1.263/1.232
"H., 1.310/1.345

120.5/119.3° \O
1.734/1.820
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1.733/1.823
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F CN
AE%ef =215/4.1 AFpe =17.7/6.6 AEpey =21.6/6.4
AET=248/46 AE*=169/6.8 A= 15977

Figure 5. Key geometric details of 'TS,/’TS; 5 in 1-3. Given under-
neath the TSs are the deformation energies (in kcalmol™) of the
species and the corresponding electronic barriers (UB3LYP/B2+solv//
B1 in kcal mol™") relative to the separate reactants at a given spin
state.
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with Mn-O-H angles of around 120°.""! The higher barrier on
the singlet-state surface is well-correlated with the total
deformation energy in the TSs,™ which for 1 is dominated by
the degree of stretching of the C—H bond of the DHA,
whereas for 2 and 3 the deformation of the oxidant moiety
contributes more than 50% of the total deformation energy
(Table S16 in the Supporting Information). Note that *TSy;
which features double occupancy of the m* orbitals, possesses
accordingly elongated Mn—O bonds in all the oxidants
(Figure 5) but more so in 2 and 3. This Mn—O bond elongation
is the root cause of the reduced orbital excitation in 2 and 3 in
3TSH)B, and at the same time it increases the oxyl-radical
character of these oxidants,®™** and contributes thereby to
the superior reaction thermodynamics, thus enhancing their
reactivity.’? All these features are manifestations of the EER,
which establishes a lower *TSy; with a small deformation
energy of the reactants, ™™ while the 'TSy species which is
deprived of exchange enhancement has a high deformation
energy, a less exothermic reaction, and a higher barrier.

An interesting example that follows the above trend,
based on the EER principle,™ is the recent report that the
analogous diamagnetic pentacoordinate oxomanganese(V)-
corroles were found to be inert towards olefin epoxidation,®
whereas by contrast, the same reagents undergo stoichiomet-
ric oxygen atom transfer (OAT) reactions with phosphines!'®!
and thioethers.'®™ OAT reactions are two-electron processes
that respond to the electron accepting property of the oxidant
(its electrophilicity) ¥ and do not require exchange en-
hancement to proceed./”

In conclusion, the computed barriers and kinetic isotope
effects (KIEs) for the HAT reactions of [(Cz)(X)Mn"O]
complexes with DHA, reproduce the experimental trends®™
and especially the dramatic axial ligand effect, whereby
coordinating the manganese center with anionic and electron-
rich ligands enhances the reactivity by more than four orders
of magnitude."®! The present work reveals once again that
the closed-shell state of the reagent is not the reactive state
even if it is sometimes the ground state.'"” From the closed-
shell state, which has no unpaired electrons initially, the oxyl
radical is created en route to the transition states, and this
requires a high deformation energy and a correspondingly
high barrier. The reactive state in the [(Cz)(X)Mn"O]
complexes is the triplet state (8'm*', Scheme 2b) that has
a high oxyl radical character and is the state that enjoys
exchange-enhanced reactivity (EER)” because of the
increase in the number of exchange interactions in the
respective transition state TSy ; compared with the singlet-
state TS. It is no wonder that this state dominates the
reactivity on Mn"O, since after all the H abstraction generates
Mn'YOH, < which is known to possess a quartet ground state
and is nascent from the triplet state B. Finally, the study
predicts that for 1, [(Cz)Mn"O], which is devoid of the axial
ligand, and clearly has a singlet ground state, that measure-
ment of the KIE for the reaction of DHA can distinguish
between a reaction mediated via 'TSy (KIE =8.9), and the
one mediated via *TSyp (KIE=2.3). Since BP86 predicts
closely lying transition states 'TSy and *TSyg, such a test
would be important to bridge experiment and theory on spin-
state issues in reactivity.'”)
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