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We introduce here the spin-resolved version of the charge displa-
cement function, which is applied to two competing pathways of
proton-coupled electron transfer in oxidation catalysis (hydrogen-
atom transfer, concerted proton-coupled electron transfer). The
difference in charge displacement between the two mechanisms is
directly observable and can be translated to electron flow using this
new analysis tool.

Proton-coupled electron transfer (PCET)" ™ is a ubiquitous process
in chemistry and biology, covering areas such as oxidation
catalysis,® enzymatic reactions”® and photosynthesis.”"* The
PCET concept is used ambiguously in any process involving the
movement of a proton and an electron.”> However, in the literature
the use of the term PCET is far from consistent, following
different definitions that depend on whether the proton and the
electron move together in space (same or different endpoint) and
time (synchronous or sequentially). Indeed, a useful general
guidance is to distinguish between (i) the stepwise mechanism
where the electron transfer (ET) and the proton transfer (PT) take
place in a sequential manner, and (ii) concerted PCET
(cPCET)"™ in which the proton and the electron are transferred
simultaneously. A variant of the latter are reactions where the
proton and the electron are transferred together, which is best
described as the transfer of a genuine hydrogen atom (radical),
which are usually denoted hydrogen atom transfer (HAT) reac-
tions. Scheme 1 offers an overview of these representative cases.
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Spin-resolved charge displacement analysis
as an intuitive tool for the evaluation of cPCET
and HAT scenariost

® Johannes E. M. N. Klein ¢ and

The operation of a stepwise or a concerted mechanism can
be inferred by the presence of a discrete intermediate that can
in some cases even be isolated experimentally. However, such a
rigorous distinction between stepwise and concerted is not
always straightforward, as it may relate back to the arbitrary
definition of a lifetime (of an intermediate), which in turn may
depend on the (choice of) experimental apparatus.® Because of
this, the Hammes-Schiffer group has developed a protocol to
distinguish cPCET from HAT, based on the electron-proton
nonadiabaticity, which reflects the change in the charge dis-
tribution taking place during the reaction.'*'® Nevertheless,
the interplay between experimental and theoretical methods is
often still required or useful,®> making this rather a complex
procedure to apply where often chemical intuition is not
appealed to directly.

Other methods have also been proposed, e.g. based on
the evaluation of the deformation energies at the transition
state (TS) of the active complex,® the screening of chemical
descriptors resulting from multireference calculations'” or the
analysis of the intrinsic bond orbitals (IBOs) along the reaction
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Scheme 1 (a) Concerted vs. stepwise CPET mechanism. (b) Hydrogen
atom transfer (HAT). (c) Concerted proton-couplet electron transfer
(cPCET).
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pathway."®'® The latter tool shows interesting results, which is
intriguing because despite the simplicity, it identified very
effectively whether a cPCET or HAT mechanism is operating,
by displaying the electron flow occurring upon bond reorgani-
zation along the reaction coordinate.

In this paper, we propose an alternative approach which
relies on the analysis of the charge displacement function
(CDF)*® that accompanies the formation of a new chemical
bond, in terms of the electron density rearrangement that is
taking place during the generation of an adduct from two
constituting fragments (see below and ESIt Section 1.2 for more
details). As any PCET event is governed by a significant charge
rearrangement this approach addresses the underlying changes
to the electronic structure directly and should provide an
intuitive way of interpreting results.

In particular, the charge displacement function, Ag(z), mea-
sures at each point z along a chosen axis (typically chosen along
the bond(s) to be formed) the amount of electrons that move
across a plane perpendicular to this axis passing through z
(see e.g. Fig. 1b); this flow of electrons is based on the difference
between the final density of the total system and the sum of
fragment densities (see ESIf Section 1.2 for details). Positive
values of Ag(z) correspond to electrons flowing in the direction
of decreasing z, and negative values to electrons moving to
increasing z. Furthermore, a positive slope indicates regions of
charge accumulation, and vice versa a negative slope indicates

Ptot —
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Fig. 1 3D contour plots (+ 0.035 e au™>) of the Ap for the FeO—H(sub-
strate) bond in the TS of the TauD-J model complex: (a) o, B and total spin-
density, cyan (violet) ribbon color corresponds to regions of charge
accumulation (depletion); (b) CD curves of the corresponding density
differences in (a). Red, blue and black curves corresponds to a, f and total
density, respectively.
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depletion.”® The CDF analysis has been widely applied in
closed-shell systems to study e.g. charge transfer (CT) contribu-
tion in weak interactions®' > or the n coordination/activation
by gold complexes.?”*°

Here, we apply open-shell CDF (osCDF) for the first time, using
unrestricted Density Functional Theory (DFT), and show that it
can successfully discriminate between cPCET and HAT in a
chemically intuitive way. To this end, we use the same case
studies investigated before using IBOs," involving model systems
for the well-studied reactions of lipoxygenase®'® and the inter-
mediate TauD-/>'~° of taurine dioxygenase. The active species in
lipoxygenase is an Fe(ur)-OH, and for TauD-J an Fe(w)-oxo, which
cleave C(sp*)-H bonds with ¢cPCET and HAT mechanisms, respec-
tively. For the sake of consistency, we applied osCDF directly on
the TS coordinates available for the two model systems:'® (i) a
high-spin (S = 5/2) Fe™-OH moiety coordinated to an amide, a
carboxylate and three imidazoles, with a 2,5-diene as substrate
to model the cPCET reaction of lipoxygenase; and (ii) a high-spin
(S = 2) Fe"—=0 moiety coordinating to two imidazoles and a
carboxylate (facial triad®”) with an acetate to mimic the decar-
boxylated o-ketoglutarate coordination environment, and ethane
as substrate to model the HAT reaction of the TauD-J intermediate
(see ESIT Section II.1 for a detailed description of the model
complexes). We employed the S12g functional***° in combination
with a TZ2P basis set (see ESIf Section I.1 for the complete
computational details), which was previously demonstrated to
provide a consistent description of the spin state and electronic
structure in transition-metal complexes.**™**

Both systems were represented by (i) the [Fe(O/OH)(L)]”*
complex and (ii) the substrate, as the two fragments for osCDF.
The z-axis was chosen to lie along the Fe—O/Fe-O(H) bond,
with the O atom at z = 0 and the iron complex at negative z.
We start with the HAT mechanism in TauD-J, which can be
considered as the simpler case.

When the C-H bond is cleaved via HAT, it is generally
accepted®® that the *c-channel represents the most favorable
pathway (see ESIT Section I1.2), where the a-spin electron moves
from the C-H bond to the c* (Fe dz*-O p,) antibonding orbital
of the Fe=—O0 unit to form the new O-H bond, whereas the other
electron proceeds from the B-spin manifold of the :O(Fe) lone
pair, as depicted in Scheme 2. Fig. 1a shows the 3D contour
plots of how the a/B/total electron density changes when the
fragments are brought together from infinite separation to the
structure they attain at the TS.

Note that the positions of the H, C and O atom involved in
the HAT are explicitly indicated in Fig. 1a (left), and in the ESI}

A
0. o9

Scheme 2 Representation of the electron flow in the HAT mechanism
from C(sp*)—H bond to the Fe'V=0 acceptor of the TauD-J intermediate.
a- and B-spin electrons are drawn with red and blue arrows, respectively.
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(Section 11.3) we present an alternative view where we have
rotated the system to highlight the changes around these three
atoms. It is interesting to see (Fig. 1a) a substantial decrease
of a-spin density (o-shaped) in the C-H region with a less
pronounced increase in the O-H region, which is accompanied
by a simultaneous charge rearrangement in the Fe=O0O unit: a
decrease in the O(p,)-shaped o-density is noticed, with a con-
current increase in the Fe(d,)-shaped o-density. On the other
hand, the B-spin difference shows the rearrangement of the
Fe—O0 unit with a shift from Fe(p,) to the O-H moiety. It is
accompanied by a decrease of f-density in the H atom region
and an increase around the C atom, consistent with Scheme 2.

The total electron density difference 3D contour plots is also
shown in Fig. 1a. Here, a substantial depletion from the C-H
region with a concomitant increase in the O-H region can be
appreciated, concurrently with a decrease in the Fe-O bond and
a slight accumulation on the Fe atom. The osCDF plot (Fig. 1b)
finally gives us a quantitative picture of the charge fluxes
associated with o-, B- and total-density rearrangement as dis-
cussed above. The osCDF associated with the a-density rear-
rangement is found to be positive in the whole molecular
region (red curve), thus unambiguously indicating a net charge
flux from the right to the left in the direction going from the
C(sp®)-H bond to the Fe™=O0 acceptor. On the contrary, the
0sCDF associated to the B-spin polarization (blue curve) is
negative and the associated charge flux goes in the opposite
direction. Noteworthy, for instance, if we evaluate the CDFs
in the region of the Fe-O bond we can easily quantify that about
0.28 electrons of -spin accumulate at the Fe site while about the
same amount of charge (0.22 e) of opposite spin polarization
(o-spin) moves from the same region. This can be interpreted as
the swapping of an B-electron on Fe with an a-electron, where the
B-electron moves onto OH, anti-ferromagnetically coupled to Fe™
in an exchange-coupled Fe™-OH system."’

We now move to the cPCET reaction of lipoxygenase, following
the same scheme as before. In this case, the d-shell manifold of
the Fe-OH complex is fully occupied with 5 electrons of a-spin, so
that a B-electron is transferred from the ¢ C-H bond to the n* (Fe
dyzp~O Pyy) antibonding orbital of the Fe-OH unit via a °n-
channel (see ESIt Section I1.2). However, typical for PCET events,
this time the B-electron from the cleaved C-H bond populates the
metal-based d-orbitals, whereas the newly formed O-H bond is
created with both electrons proceeding from the :OH(Fe) lone
pair, as depicted in Scheme 3.

The o-spin contour plot (Fig. 2a) shows a decrease of
a-density on oxygen and an increase in the O-H region of the

B
m cPCET

Scheme 3 Representation of the electron flow in the cPCET mechanism
from C(sp®)—H bond to the Fe''-OH acceptor of lipoxygenase. a- and B-spin
electrons are drawn with red and blue arrows, respectively.
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Fig. 2 3D contour plots (0.035 e au™) of the Ap for the FeO—H(sub-
strate) bond in the TS of the lipoxygenase model complex: (a) o, B and total
spin-density, cyan (violet) ribbon color corresponds to regions of charge
accumulation (depletion); (b) CD curves of the corresponding density
differences in (a). Red, blue and black curves corresponds to o, f and total
spin-density, respectively.

newly formed bond; simultaneously, a-density is moving within
the CH-moiety from the hydrogen to carbon; a small depletion
of a-electron on Fe is also appreciable (see ESIT Section 1.4 for
an alternative view, highlighting the changes in the O---H---C
region). For the change in B-spin density generally we note an
accumulation on the O atom with effectively depletion on
oxygen itself to form a lobe in the direction of the to-be formed
O-H bond, resulting in an accumulation in the O-H region. A
substantial decrease of B-spin density (c-shaped) in the C-H
region is present, together with an accumulation on Fe resem-
bling a d;,, shaped orbital. However, a certain amount of
B-spin density depletion is also noticeable around Fe. It should
be noted that a depletion at oxygen in both the o- and B-spin
density was not present in the TauD-J intermediate; this is a
clear indication that in lipoxygenase both the o- and B-spin
electrons are transferred to form the new O-H bond. Overall, in
the total spin density difference, we note on the O atom a lobe
of accumulating charge density pointing towards the to-be
formed O-H bond, with a consequent increase at the O-H
region. It is accompanied by a significant decrease in density
on the transferring H atom, coupled with an accumulation on
the C atom of the substrate. The total density accumulated and
depleted on the iron is mainly coming from the B-spin density
in Fig. 2a, since the change in o-spin density on iron was
negligible. The flow of electrons in lipoxygenase therefore is
consistent with the arrows of Scheme 3.

This journal is © The Royal Society of Chemistry 2020
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The difference between the HAT mechanism of TauD-J
(Fig. 1b) and the cPCET mechanism of lipoxygenase (Fig. 2b)
is easily seen by focusing on the Fe-O and C-H regions. In the
HAT mechanism, as already mentioned, the o-flow from the
oxygen to the iron is accompanied by a B-flow in the opposite
direction, and of approximately the same magnitude. For
cPCET however, across the Fe-O unit there is only a B-flow
(about 0.15 €) towards iron and hardly an o-flow (below 0.04 €)
in the opposite direction. Overall, a net gain of charge density
in the Fe-O region is only observed for cPCET, but not for HAT,
which would be consistent with the expected flow of electrons
(Schemes 2 and 3) for these two mechanisms. Furthermore, by
using an alternative view that focuses in particular on the C-H
region (ESIt Sections II.3/I1.4), one immediately observes the
differences between depletion only (a-flow for TauD-/, B-flow
for lipoxygenase) vs. depletion around H together with accu-
mulation around C (B-flow for TauD-J, a-flow for lipoxygenase).
Moreover, the overall slope of the osCDF (ESIt Section IL5)
shows the breaking of the C-H bond with electrons flowing to
the left (H, depletion) and right (C, accumulation), fully con-
sistent with chemical intuition.

To summarize, we have applied the open-shell charge displa-
cement function in two well-defined model systems that perform
C(sp®)-H bond cleavage via a HAT or cPCET mechanism, showing
that this simple and intuitive approach is suited to distinguish the
electron flow that takes place during the two different scenarios.
By focusing on these two well-understood examples, our study
serves as a proof-of-concept for the osCDF for providing an
intuitive approach for elucidating the fundamental principles
behind this type of reactions, and validating its use for detailed
investigations of electron flows in reaction mechanisms and
understanding the electronic structure (changes) of more complex
systems.
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