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When oxidants favour cleaving a strong C—H bond at the expense of weaker ones, which are otherwise
inherently preferred due to their favourable reaction energy, reactivity factors such as the polarity match
effect are often invoked. Polarity match follows the intuition of electrophilic (nucleophilic) oxidants react-
ing faster with nucleophilic (electrophilic) C—H bonds. Nevertheless, this concept is purely qualitative and
is best suited for a posteriori rationalization of experimental observations. Here, we propose and inspect
two methods to quantify polar effects in C—H cleavage reactions, one by computation via the difference
of atomic charges (Aq) of reacting atoms, and one amenable to experimental measurement through asyn-
chronicity factors, 5. By their application to three case studies, we observe that both Ag and # faithfully
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capture the notion of polarity match. The polarity match model, however, proves insufficient as a predictor
of H-atom abstraction reactivity and we discourage its use as a standalone variable in reaction design.
Besides this caveat, n and Ag (through its mapping on ) allow the implementation of polarity match into a
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Introduction

The ability to selectively activate C-H bonds via H-atom
abstraction (HAA) is considered the Holy Grail in synthetic
chemistry,"” as it paves the way to direct C—H functionali-
zation granting access to molecules of higher complexity while
avoiding the installment of directing and protecting groups
during their preparation.>® The low polarity of most C—H bonds
hinders their selective cleavage. In addition the broad range of
bond strengths they can display complicates the activation of
strong bonds in the presence of weaker ones, which are inher-
ently easier targets following a so-called linear free-energy
relationship (LFER) that makes more exergonic HAA reactions
faster.” This challenge has inspired the development of a palette
of oxidants achieving, in some cases, the selective cleavage of the
stronger bonds in substrates as inert as alkanes.®>*'° Experiments
have revealed a gamut of physicochemical factors affecting HAA
reactivity and selectivity including sterics,""® spin-state
energetics,'"'® radical character of the H-abstractor,'®'® H-atom

tunnelling,"”*° and thermodynamics.>* >
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Marcus-type model of reactivity, alleviating its shortcomings and making reaction planning feasible.

Despite the growing body of quantitative data in the field of
HAA, probably the most widely used model in the design and
understanding of radical-mediated HAA reactions, besides the
renowned LFER, is the polarity match effect (PME; Scheme 1).>*2°
The attractivity of this model lies in its simplicity: a nucleophi-
lic H-atom abstractor matches the polarity of electrophilic
H-donors rendering their reactions kinetically favoured.
Similarly, an electrophilic H-atom abstractor matches the
polarity of nucleophilic H-donors, which is reflected by a faster
reaction. However, the qualitative nature of this model is also
its main drawback, as it cannot be applied to predict relative
HAA rates in series of reactions. In addition, it may not always
be clear when an H-atom abstractor/donor is electrophilic or
nucleophilic.

The known shortcomings of conceptual models have led
to theoretical efforts aiming at the quantitative prediction of
reactivity trends in HAA. Some investigations have pursued a
connection between the coupling of reactant and product
vibronic states with HAA reaction rates,’** a development
which has been successfully applied for a posteriori analysis
of complex reactivity patterns.*>*® Complementary efforts
have revived the interest in thermodynamics to predict
relative HAA barriers from experimentally accessible
quantities,?”*® targeting the a priori applicability necessary
for reaction design. Among the latter, we recently developed
a model which approximates the HAA barrier (AG¥) using a
linearized form of the famous Marcus equation incorporat-
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Scheme 1 Application of the polarity match effect (PME) relies on the notion that an electron-poor H-atom (H’*) can be efficiently abstracted by a
matching nucleophilic oxidant (Y) and, conversely, an electron-rich H-atom (H°") abstracted by a matching electrophilic oxidant. The alternative

combinations are mismatched and kinetically non-competitive.

ing all thermodynamic contributions to reactivity
(AG;ermo)ZSQ
* _AGH #
AGT = AGintrinsic,oo + AGthermo (1)
where
1 F
AGtT‘nermo = EAGO + Z(‘G‘ - |’7|) (2)

with AG, standing for free energy of reaction (AGy/2 is the
well-known diagonal thermodynamic contribution to HAA reac-
tivity - LFER) and with 5 and o being the factors of asynchroni-
city and frustration, which have been only recently identified
as key off-diagonal thermodynamic elements of HAA reactivity
and which stem from the off-diagonal terms of the thermo-
dynamic cycles for HAA reaction - acidity constants and
reduction potentials of both the oxidant and substrate
(Fig. 1).>° All non-thermodynamic contributions are swept in
eqn (1) into the term denoted as the intrinsic barrier
AG], insic 00 at double-zero (i.e., un-frustrated and synchronous)
limit. This term depends on the reaction coordinate and may
include effects such as sterics, spin-state energetics, etc.

Besides the well-described and intuitive effect of AG,, frus-
tration o contributes to the HAA barrier height by accounting
for the accessibility of the two off-diagonal pathways: one
going via electron-transfer (ET) state and one via proton-trans-
fer (PT) state (i.e., ‘Ox” + SubH" and ‘OxH' + Sub™ states,
respectively). The less available the ET and PT states are, in
sum, the more frustrated and the slower the reaction is.*’
Asynchronicity n decreases the barrier in response to the rela-
tive accessibility of the two off-diagonal ET and PT states so
that the more unequal the availability of the ET and PT states
is, the more asynchronous and the faster the reaction is.>®

From Fig. 1, asynchronicity # is governed by the difference
between potential disparities (w) of two radicals Sub® and Ox
among which the H atom is transferred. For the upcoming dis-
cussion, we will take advantage of the equivalence:

(3)

which means that the potential disparity of a given substrate
radical Sub’ equals the disparity of the native substrate Sub-H
(see ESIT for the proof). Based on this equivalence, comparing
o of two H-atom donor sites (Sub;—H vs. Sub,—H) quantifies

@Dsub* = WsubH

A) \ -
ox* 9, ox® Sub® — 3, sui
N N
pKa,Ox EoH,Ox pKa,Sub EoH,Sub
\ \
a® @
OxH* OxH SubH®! SubH
B) Ppotential disparity: C)  Asynchronicity:
1 RT = Wox* — Wsub*
w Z—(E"—?ln(lo) " pKa) n ox Sub
‘/E Frustration:
Potential duality: 0 = Hox* ~ Hsub
1 o RT In(10) Reaction Gibbs energy:
u=—( +=In(10 XpK) i
V2 F : AGy = _F(EI?I,OX - E]L-)l,Sub)

Fig. 1
the half-reaction off-diagonal composite functions — potential disparity (w)

(A) Half-reaction thermodynamic cycles for H-atom transfer for an arbitrary oxidant (Ox’) and substrate (SubH) pair. (B) Expressions to derive

and potential duality (u). (C) Expressions to derive the off-diagonal (asyn-

chronicity 7 and frustration o) and diagonal (AGg) full HAA reaction descriptors. See also ref. 37 and 39.
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which of the Sub—H bonds has a stronger tendency to favor
electron vs. proton detachment during the homolysis process.
For w, < w,, the Sub,—H bond is more oxidizable and/or less
acidic than Sub,—H. Second, the comparison of @ of two
H-atom acceptor sites (Ox,” vs. Ox,") quantifies which oxidant
is biased more toward electron vs. proton attachment. For @, >
w,, Ox;" is more reduceable and/or less basic than Ox,".

The possible pairing scenarios of co-reactants Sub—H and
Ox" with distinct potential disparities strongly evoke the
notion of polarity match between nucleophilic/electrophilic
oxidants and electrophilic/nucleophilic Sub—H bonds and its
effect on reactivity. In the context of HAA, electrophilic oxidants
(and nucleophilic substrates) tend to have a dominant redox
(E°) component, favouring ET-driven HAA. Conversely, nucleo-
philic oxidants (and electrophilic substrates) tend to have a
major acidobasic (pK,) component, favouring PT-driven HAA.
Thus, oxidant-substrate pairs with a higher polarity match
should exhibit a higher degree of asynchronicity: n (=Aw =
Wox — Wsubn) Which makes HAA reactions faster as ruled by
eqn (1) and (2). This parallel between polarity match and asyn-
chronicity in HAA inspired us to investigate whether the
thermodynamic measure of HAA asynchronicity - parameter
n —and its effect on the HAA barrier, could serve as a quantitat-
ively reliable representation of the otherwise qualitative
concept of PME.

To elucidate the applicability of thermodynamic character-
istics in the context of PME, we first present how the notion of
polarity is captured by the atomic charges of the reacting
atoms in the HAA co-reactants. Then, we show the connection
of atomic charges with the potential disparity of the reactants,
anchoring the qualitative concept of polarity match with a
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quantifiable reaction descriptor - asynchronicity #. Finally, we
explore the limits of the popular PME concept in reaction
design in light of the Marcus-type model of reactivity integrat-
ing the full thermodynamic basis comprising AG,, o, and 7. Of
note, in this work we will employ the term polarity match (PM)
to refer to the polarity/philicity relation between co-reacting
partners, while the term polarity match effect (PME) will be
used only when the effect PM on HAA barriers can be
quantified.

Results and discussion

Thermodynamics-reactivity correlation trend of the selected
reaction set

Here, we built on a reported set of experimentally character-
ized HAA reactions between a cobalt-oxo H-abstractor
(L;Co™0) and a series of organic C—H bond substrates
(Fig. 2A), exhibiting non-LFER-like behavior, that is, no corre-
lation between the bond dissociation enthalpy of the probed
C—H bonds and bimolecular HAA rate constants k, (Fig. 2B).*
Instead, we note in passing that the authors of ref. 40 found a
linear correlation between substrate pK, and log(k,), which
evinces the preponderant role of the acidobasic component of
HAA within the studied reaction set but is expected to be of
limited transferability as it does not cover the effects of
reduction potentials and LFER, known to be key predictors of
the reactivity patterns displayed by other oxidants.”*!

In a recent study, we showed that thermodynamic charac-
teristics allow a fairly reliable prediction of relative barriers in
a large space of all-organic and metal-oxo-mediated HAA reac-
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Fig. 2 Top left: General HAA reaction of L;Co"'O and a generic H-atom d

onor. Bottom left: Series of substrates used in ref. 40 to probe the reactiv-

ity of L,Co"™O. Top right: The HAA reactivity exhibited by the L,Co"'O oxidant, showing no evident correlation between experimental activation ener-
gies (AG™) derived from the rate constants k, and substrates C—H bond dissociation enthalpy (BDE) as taken from ref. 40. Bottom right: Comparison

between activation (AG};) and reaction (AGo) Gibbs energies obtained usi
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ing the selected DFT protocol (See Computational methods for details).
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tions,* obtained both experimentally and computationally
and including L,;Co™O0 among the different probed oxidants.
In the present work, we apply a computational method that
adequately captures the non-LFER behaviour of L;Co™O with
respect to HAA from seven different C—H bond substrates (cf:
Fig. 2 bottom left) to elaborate the notion of C—H bond
polarity and radical philicity in HAA reactivity and investigate
whether the proposed polarity/philicity measures, under the
prism of the PME, are applicable to explain non-LFER trends
such as those seen in the HAA reactions from Fig. 2.

Atomic charge as an auxiliary measure of polarity/philicity

In order to quantify radical philicity, earlier studies proposed
the use of Mulliken electronegativities, which are based on
ionization energies and electron affinities, [(IE + EA)/2].>*
However, a natural pitfall of this approach arises if one seeks
to estimate the polarity of H-donating species, since typical
organic substrates possess several H-atoms whose different
polarities cannot be captured by a single global descriptor
such as Mulliken electronegativity. Aware of this limitation, we
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of substrates and and a their
quantification.

Electrophiles can be viewed as locally electron-poor at the
reacting site, while nucleophiles would be locally electron-rich.
An intuitive measure of these electronic features is atomic
charge, which we foresee can serve as a probe of polarity/phili-
city of H-atom donor/acceptor sites. Here, we inspect the
usability of two complementary charge schemes: integrated
atom-in-molecule (AIM)-charges - ¢am, and electrostatic
potential (ESP)-derived charges - ggsp (see section
Computational methods). The range of atomic charges on
hydrogen/oxygen atoms in the set of C—H bond substrates and
Co-oxo oxidant from Fig. 2 is presented in Fig. 3A, complemen-
ted by ESP maps of all species. The tetrahydrofuran (THF) and
acetonitrile (MeCN) molecules, used as solvents in ref. 40, are
included to broaden the polarity span. All data are condensed
in Table S1.}

Fig. 3A illustrates how atomic charges follow the intuitive
polarity trend, where electrophilic H atoms, like those in

MeCN and in the position 9 of fluorene, are relatively

radicals, strategy for

put forth a link between the concepts of polarity and philicity more positive (gami/qesp values of +0.095/+0.043e and
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Fig. 3 (A) AIM and ESP atomic charges, gam and gesp, for the HAA-active atoms in the set of substrates, solvents and oxidant L1Co"'O, investigated
in ref. 40. All values were obtained as described in the section Computational methods. (B) Correlation between the AIM charge of H atoms and the
associated potential disparity o, quantifying inequality in the redox and acidobasic potency of the C—H bond substrates, solvents, and the H-atom
abstractor L;Co"'O. (C). Correlation between the ESP charge and . Besides the solvents MeCN and THF, the set is taken from Fig. 2.
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+0.048/+0.017e), while nucleophilic ones like those in cyclohex-
adiene (CHD) and THF are less positive ( +0.012/+0.008e and
+0.006/+0.004¢). Complementarily, the nucleophilic nature of
the L;Co™O oxidant is captured by the negative charge of its
reactive O-atom (—1.010/—0.090¢). These observations suggest
that atomic charges can be used as quantifiers of polarity. Our
next step towards a quantifiable PME is to investigate whether
atomic charges can be correlated with the potential disparity @
from Fig. 1.

For the set of organic substrates from Fig. 2, the gam vs. @
and ggsp VS. @ plots are shown in Fig. 3B and C. Indeed, the
change in both gan and ggsp follows the change in w: as the
atomic-charge-represented electrophilicity of the H-atom
increases, w gets more positive due to a higher reduction
potential (and/or weaker basicity) of the C—H bond substrate
(¢f Fig. 1). In addition, a more electrophilic character of the H
atom leads to a better match with the strong nucleophilic char-
acter of the oxo group in L;Co™O, which goes well with the
increasing difference between woy and wsypy. This allows to
translate the polarity of H atoms and the philicity of oxidants
in PME, through the implementation of  (wox — Wsypn), iNto
the Marcus-type model of reactivity from eqn (1) and (2).
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Despite the higher ionicity that AIM charges are known to
display,*> which is evident in the calculated charge for the
O-atom in L;Co™O (Fig. 3A), the values obtained for C-bound
H atoms are comparable between both tested charge schemes.
To test the generality of the trends seen in Fig. 3B and C, we
present an additional computational set of 40 substrate C—H
bonds (Fig. 4), covering a broader polarity range than the
space of experimentally studied (mostly benzylic) C—H bonds
in Fig. 2.

A striking observation from the plot in Fig. 4A is the pres-
ence of two distinct groups of substrates, which can be quali-
tatively classified as polar (blue series, 1-32 in Fig. 4C) and
nonpolar (black series, 33-40). The overall correspondence
between gan and @ from Fig. 4A is quantified by a mean
unsigned error (MUE) of 250 mV and 201 mV for the polar and
nonpolar subsets (see Fig. S1AT), which are acceptable consid-
ering the cost reduction associated with computing gam vis-a-
vis the pK,su and Eg, components of w (see Fig. 1A).
Although a similar self-sorting of polar and nonpolar sub-
strates is observed with the ggsp scheme in Fig. 4B, the predic-
tion of the @ descriptor by the corresponding linear fit for the
polar set is burdened with a MUE = 338 mV (Fig. S1Bt), while
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Fig. 4

(A) Correlation between gam of hydrogen atoms and the potential disparity @ of the corresponding C—H bond substrates. (B) Correlation

between ggsp of hydrogen atoms and the potential disparity o of the corresponding C—H bond substrates. (C) Set of substrate C—H bonds. Probed H
atoms are shown explicitly and coloured in agreement with Fig. 4A. All energetics and charges are listed in Tables S2 and S3.}
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the nonpolar set displays nearly identical charges, precluding
any prediction. As presented in Fig. S2 and S3f and their
associated discussion, the most important factors determining
whether a C-H substrate is polar or nonpolar are its H-atom
charge and potential duality y; in other words, nonpolar sub-
strates tend to feature nearly uncharged H-atoms and high-
energy off-diagonal states of SubH, i.e., Sub~ and SubH"". Only
in such cases a correlation between g, and BDFE was
observed (Fig. S47). Interestingly, strained cyclic hydrocarbons
(31-32) and benzylic substrates (25-30) align with the polar
subset.

Despite the limited chemical space covered in Fig. 3 and 4,
we conclude this section by emphasizing that the polarity of
an H-atom target can be reasonably translated into a pure
thermodynamic function and, vice versa, that the potential dis-
parity @ of a C—H substrate can be estimated from the gan of
the HAA-involved hydrogen atom, or somewhat less success-
fully from the corresponding ggsp. The mapping of PM into
atomic charges (such as AIM charges) and their translation
into a thermodynamic descriptor holds potential to make the
PME on the HAA barrier quantifiable, and a bridge between
atomic charges and relative HAA barriers may facilitate the
large-scale investigation of HAA reactivity via machine learn-
ing, where computationally inexpensive molecular descriptors
are most desirable for the development of predictive multi-
variate models.*?

Quantifiable polarity match effect and its limits in reaction
design

Here, we assess to which extent the variability of HAA barriers
across the reaction set from Fig. 2A can be attributed to the
Aggsp-, Agam- and n-encapsulated PME as derived from eqn
(1) and (2) (Ag-encapsulated PME relies on the mapping of Ag
on 7). To this aim, we explore two distinct scenarios of metal-
oxo-mediated HAA reactivity: (i) a nucleophilic CoO oxidant vs.
a series of substrates acting as electrophiles, and (ii) an electro-
philic CoO oxidant vs. the same set of substrates acting now as
nucleophiles. Finally, we present a case study where the quan-
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tifiable PME is applied to reaction design, highlighting the
reach and limitations of the model.

Scenario 1. Oxidant as nucleophile, substrates as electro-
philes. As a first case study, we investigate whether the pro-
posed polarity/philicity measures are applicable to explain the
non-LFER trend of HAA reactions from Fig. 2. We must first
emphasize that a non-LFER trend does not rule out the influ-
ence of AG, on reactivity, but merely signals that this factor is
not dominant. Since the substrates in Fig. 3 cover an ample
range of bond dissociation free energies (BDFE, spanning 65 —
85 kecal mol™; ¢f. Table S1t), we examined PME on the barrier
for H-atom abstraction performed by L;Co™O (a strongly
nucleophilic oxidant as seen in Fig. 3B) without interference
with the AG, term. To this end, we calculated intrinsic HAA
barriers (AG/, ) through the expression:

intrinsic

AGT” ~ AG” — AG

intrinsic 2 (4)
which is a linearized form of Marcus model for barriers
employed by us to derive eqn (1) and (2).%”

A Ag-encapsulated PME-like trend is observed in shaded
area in Fig. 5A and B. Therein, the intrinsic HAA barrier tends
to increase when the charge difference between the HAA-active
atoms of L;Co™O and substrates diminishes (both Agapy and
Aggsp, taken from Fig. 3). A similar pattern is obtained using
as a measure of PM (Fig. 5C): the AG], ;.. tends to elevate as
the degree of asynchronicity decreases. The importance of
introducing heterogeneity in the pool of substrates by includ-
ing the solvents THF and MeCN is evident: while the reaction
with THF and the original substrates is adequately captured by
both quantifications of PME, MeCN is a marked outlier. This
observation highlights the limited predictivity achievable by
the sole application of PME, even in sets of reactions sharing a
common co-reactant. In Fig. 5C we show that introduction of
the missing thermodynamic factor of frustration, ¢, improves
the description of the whole reaction set. Finally, we show in
Fig. 6 that only the complete thermodynamic projection of the
HAA barrier, AG},,..,, provides a satisfactory prediction of
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Fig. 5 Correlation between PM and intrinsic HAA barriers (AGZ, i sicr

egn (4)). PM is quantified as: (A) The gam difference between the HAA-active

atoms in L,Co"'O and in the substrates from Fig. 3 (Agawm). (B) The gesp difference between the HAA-active atoms in L,Co"O and in the substrates
(Agesp); and as (C) reaction asynchronicity (;). (D) Additional inclusion of the factor of frustration (s, right) brings the outlying substrate MeCN into a
qualitatively correct trend, shown as a shaded area. Filled and empty circles correspond to substrates and solvents investigated in ref. 40, respect-
ively. Squared Pearson'’s coefficients (r%) are presented, obtained through least-squares fitting of a linear function to all points in each plot. All bar-
riers correspond to the calculated ground spin state, and all reactivity data is contained in Tables S4 and S5.+
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Fig. 6 Performance of the thermodynamic component of the HAA
barrier, AG{,emo. from eqn (2), as a predictor of relative reaction barriers
for HAA by the L,Co"'O oxidant from the set of substrates (filled circles)
and solvents (empty circles) from Fig. 3A. All barriers correspond to the
calculated ground spin state and all points were employed in the least-
squares linear fit shown as a dotted line, whose slope m and r? values

are shown in the lower-right corner of the plot.
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relative HAA barriers for the full set, adequately reflecting the
experimental observation that MeCN and THF are practically
inert in the presence of L,Co™O. All source data for Fig. 5 and
6 is condensed in Tables S4 and S5.7

In this illustrative scenario, all proposed quantifiers of
PME, Aggsp, Aqam, and 7, have limited predictivities and their
use as standalone predictors of HAA reactivity is prone to
failure even in apparently closely related reactions.

Scenario 2. Oxidant as electrophile, substrates as nucleo-
philes. Now, we turn the nucleophilic L;Co™0 into an electro-
philic oxidant by functionalization of its ligand scaffold. To
achieve this, the charge on the reactive O atom must become
more positive than the H atoms to be abstracted. Two intuitive
approaches to tune the O-atom charge are as follows: first, by
making the Co™O unit ‘electron poor’ through instalment of
n-conjugated electron withdrawing groups in the periphery;
second, by altering the molecular charge via substitution of
the phenyl anion on boron with a neutral Lewis base such as
pyridine. Implementations of these ideas and their effect on
the charge of the oxygen atom and on the potential disparity «
of the resulting oxidant candidates are shown in Fig. 7 and in
Table S6.7

A)
Electrophilic

dam
Gesp

-0.822 _.-
+0.060

__L,Co"0

Nucleophilic \LOCO”'O

B)
25 ;
2.0 - L,Co"O M
15 - e
o5 ] L,co0
=00 | m ™
3-0.5 4 L,Co"0 ~ LsCo"O
-1.0 A .
;g 1" Wicoio  r=-o0ss
110 -1.00  -0.90  -0.80
dam (€)
C
) 25 -
2.0 - L,Co"0 [
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5E o L,Co"O .~
= 00 -
3 .05 L.Co"0 L,Co"O
104 B
;3 —/'LoCO”'O r2=0.96
-0.12 -0.08 -0.04 0.00 0.04 0.08
qESP (e)

Fig. 7 (A) Structures, electrostatic potential maps, and oxygen gam/gese charges for distinct structural derivatives of oxidant L;Co"'O. (B) Correlation
between oxygen gam charges for oxidants LoCo"'O to L,Co"'O and their potential disparity, w. (C) Correlation between oxygen gesp charges for oxi-
dants LoCo"'O to L4Co"'O and their potential disparity, w. All data is contained in Table S6.}
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As chemical intuition suggested, Fig. 7A showcases how
peripheral functionalization with —CN groups in L,Co™O
decreases the gamv/qesp charge at oxygen from —1.010/—0.090
to —0.861/—0.017e, while phenyl-to-pyridine substitution yields
L;Co™O with a —1.010/-0.090 to —0.925/—0.015¢ change in
gesp- Combining both strategies led to L,Co™O, with a stun-
ning change in polarity (and philicity) as compared to the orig-
inal L,Co™0: —1.010/—0.090 — —0.822/+0.06e. This translates
in an upshift of @ by more than 3 V in favour of the redox com-
ponent, as shown in Fig. 7B and C. Finally, we investigated the
complex LoCo™O inspired by the experimental reports of
Smith et al.**> which, as suggested in mutual agreement by
potential disparity @ and charge analyses (Fig. 7B), is expected
to be even more nucleophilic than L;Co™0. We note that gap
magnitudes, due to their pronounced ionicity, are not informa-
tive on the polarity/philicity of the HAA-active oxygen atoms on
the set of H-atom abstractors from Fig. 7A. In comparison, the
gesp value of +0.06e for oxidant L,;Co™O and its potential dis-
parity @ of >2.0 V signal this species as an electrophilic
H-abstractor vs. the set of substrates from Fig. 3. Again, the
predictive power of PME alone, derived from either Agam,
Aggsp or 77 is almost null (Fig. 8A and Tables S7, S8%).

The poor correlations shown in Fig. 8A again highlight
the limited reliability of PME for the prediction of chemical
reactivity, and Fig. 8B demonstrates that the inclusion of
frustration ¢ and the LFER (in addition to 7) yields a notice-
able improvement in the prediction of relative HAA barriers.
Despite this significant leap, we observe an outlier (9-‘Bu-
fluorene), which we attribute to steric hindrance between
the ‘Bu groups in both the oxidant and the substrate, as pre-
sented in Fig. S5 and S67 and their accompanying
discussion.

Case study: application of the quantifiable PME to reaction
design. As a final example, we target the reversal of the non-
LFER reactivity pattern observed in the reaction between
L;Co™O and the substrates CHD and fluorene. To this aim, we
follow the PME rationale and its quantification through asyn-
chronicity and Agamn/Agesp in spite of its limitations discussed
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in the previous sections. The L,;Co™O species favours HAA
from fluorene over CHD despite a ~7 kcal mol™" higher exergo-
nicity for the latter. This observation was attributed to the
difference in acidobasic component of AG, in ref. 40, which
may be viewed as a case of polarity match effect where an elec-
trophilic fluorene substrate reacts faster than a nucleophilic
CHD counterpart with the strongly nucleophilic H-abstractor
L;Co™0. To maximize the chance for a PME-accelerated HAA
from CHD, the reacting oxygen atom must become more elec-
trophilic, that is, less negatively charged. Following the derivati-
zation of L,Co™O presented in Fig. 7, L,Co™O should be a
sufficiently electrophilic candidate. In Fig. 9 we present the
DFT-calculated intrinsic barriers for HAA from CHD and fluor-
ene by all oxidants from Fig. 7. All reactivity data for this set is
contained in Table S9.F

Three important observations can be distilled from panels
A and B of Fig. 9. First, all three Agamnv, Agrsp, and 7 represen-
tations of PME predict similar reactivity patterns, where intrin-
sic barriers follow a non-monotonous (roof-like) trend as a
function of the philicity of the oxidant. Second, the ionicity of
gamv allows no evident rationalization of such non-monoto-
nous trends, while Aggsp, and # change sign signalling the
reversal of polarity/philicity of substrates and oxidants. Third,
all quantifiers fail to capture the reversal in substrate selecti-
vity in going from L, to L, that is observed in the explicitly cal-
culated AG}g; barriers in Fig. 9B. While the first observation
reinforces the qualitative importance of PME, the failure in
predicting the selectivity reversal evinces the limitations of
PME as a predictor of reactivity/selectivity.

The abovementioned limitation of PME as a sole predictor
of reactivity and selectivity can be particularly stark in reac-
tions involving transition metal-based oxidants, where spin
crossover is commonplace,*®?” as is the case in the family of
Co™O0-based H-atom abstractors herein investigated. As shown
in Table S9,f HAA from the substrate fluorene takes place on
the singlet surface with LyCo™0O and L,Co™0, while the triplet
surface becomes the ground state with L,Co™O-L,Co™O.
Reaction with CHD takes place in the triplet state in all cases.

A) = B)
9-‘Bu-Fluorene 9-Ph-Fluorene 9-'Bu-Fluorene 9-'Bu-Fluorene MeCN O
= Xanthene Xanthene g CHD CHD 9-Bu-Fluorene
20 ° () Y — 16 ;
5} = e
£ CHD__ N\ »/ MecN N~ Mecn Xanthene T .
~~~~~~~ » : S0 <] <o THF
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g O O O THF ™~ y® < Eluorene
210 THF THF Ph,CH, = 8 CHD’.DHA
JE Fluorene 9-Ph-Fluorene Fluorene DHA & T
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Fig. 8 (A) Correlation between PM and intrinsic HAA barriers (AG”,

intrinsic’

eqgn (4)). PM is quantified as: the gam difference between the HAA-active

atoms in L4Co"O and in the substrates from Fig. 3 (Agam. left), the gesp difference between the HAA-active atoms in L,Co"'O and in the substrates

(Aqgesp. center), and as reaction asynchronicity (4, right). (B) The thermodynamic component of the HAA barrier, AG;.

thermo+ PYOVides a qualitatively

correct prediction of relative HAA barriers for most reactions in the set. Filled and empty circles represent the substrates and solvents investigated in
ref. 40, respectively. All barriers correspond to the calculated ground spin state, all points were employed for least-squares linear fitting and all data

is contained in Tables S7 and S8.}
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(A) Quantification of the polarity match effect in reactions with fluorene and CHD as substrates (blue and red, respectively) through charge

differences (Agam. left, and Agesp, center) provides a qualitative estimation of the reactivity pattern, but fails to predict the reversal in substrate
selectivity in going from Lo to L4. A similar prediction is obtained by applying the thermodynamic bias for asynchronous HAA (7, right) as a PME quan-
tifier. Blue shade indicates the ideal ;-controlled reactivity trend. In panels A and B, oxidants are presented as Lo-L4. (B) DFT-calculated HAA barriers

(AGZer). All data is contained in Table S9.1

If spin change is avoided by pursuing HAA from fluorene in
the singlet spin state for all oxidants L,-L,, PME successfully
predicts the selectivity reversal (Fig. S7t). Similarly, spin-state
energetics is at least partly responsible for the outlying behav-
iour of the reactions between CHD and L,Co™O and L,Co™0O
(Fig. 9A), as both take place at the triplet surface, although
both oxidants are in ground singlet states. As seen in Fig. S8,1
the pattern is closer to the ideal PME-controlled trend if the
singlet-to-triplet promotion energy of the L, and L; oxidants is
subtracted from AGZ, and AG,,.

Despite the intricate influence of spin crossover on the reac-
tivity of this reaction set, thermodynamic component of the
HAA barrier (AG7.,.. ) provides a qualitatively correct picture

thermo.
of the reactivity reversal, predicting AAG, .., = 9.0 keal mol™
in favour of the reaction between L;Co™O and fluorene (vs.
AAGher = 6.6 kecal mol™', see Fig. 9B), and AAG].., =
2.5 keal mol™ in favour of the reaction between L,Co™O and
CHD (vs. AAGZy; = 1.4 keal mol™"). This can be understood
since the thermodynamic basis comprised of AG,, 7 and ¢ con-
tains information (including the ground spin state) for the
four thermodynamic states from Fig. 1 relevant to HAA
between any given oxidant/substrate pair. We believe that
these examples attest the inadequacy of PME alone (and, more

generally, of univariate predictions of reactivity/selectivity) as

This journal is © The Royal Society of Chemistry 2023

we have presented in previous sections, while testifying the
importance of a thorough thermodynamic characterization of

HAA processes, encapsulated in AG7 .
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0.8
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Fig. 10 Normalized relative contributions of the thermodynamic (3, o,
AGo) and non-thermodynamic (AG i 00) terms to the barrier AG* for

HAA by L,Co"O (top) and L4Co"O (bottom) from CHD (grey bars) and
fluorene (black bars).
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Scheme 2 The asynchronicity of an HAA reaction, 5, arises as the difference between the potential disparity @ of the co-reactants. The o term
encapsulates the redox/acidobasic imbalance on each species and serves as a quantifier of the polarity and philicity notions.

To critically assess the importance of PME in the observed
reactivity reversal, we further compare the magnitude of each
individual contribution to the HAA barrier (contributions from
eqn (1) and (2), relative to their total sum). As seen in Fig. 10,
the n-quantified PME is an important but not a dominant con-
tribution to both the total HAA barrier and its variability.
While PME forms 17-30% of the barrier, the rest is given by
two other thermodynamic factors (frustration and LFER) and
non-thermodynamic term AGijmnsictoo. In case of L,Co™O
(upper panel in Fig. 10), PME favours HAA from fluorene (com-
pared to CHD) but frustration also has the same preference:
reaction with CHD is more asynchronous and less frustrated,
both of which in synergy outweigh less favourable LFER and
AG7 insic.00- A different picture is seen for reaction of L,Co™0
with CHD vs. fluorene (lower panel in Fig. 10). Now, PME
favours CHD but it is compensated by the effect of frustration,
which acts in opposite. In fact, the preference for CHD over
fluorene in case of L;Co™O is due to the synergic effect of
LFER and AGémnsic’OO. Of note, here the non-thermodynamic
term AGiﬁtrinsic,OO shows little variability, only 3-5%. From that,
we conclude that the intuitive PME and all the explored means
for its quantitative description are generally insufficient for
predictions, but may work provided all other contributions to
AG?” are either constant, or covariant with #, or their variability
is much smaller than the variability of n. Therefore, we discou-
rage the use of the concept of PME as a standalone criterion
for reaction design.

Conclusions

We have shown that the conceptual polarity match (PM) model
can be formulated through the charge difference of the HAA-
active atoms in co-reacting partners, Agary and Agggp, and its
effect on the barrier (PME) can be quantified by the factor of
asynchronicity n of the reaction under study. Charge differ-
ences are intuitively linked to PM, and they provide predictions
which are comparable with those obtained from reaction asyn-
chronicity, allowing PME quantification and its incorporation
into a predictive Marcus-type model of reactivity, presented in
eqn (1) and (2), which also accounts for non-PME components
of the HAA barrier on an equal footing. The factor 7, as illus-
trated in Scheme 2, is composed of the potential disparities of
the reacting species, embodying the imbalance of their redox

1408 | Dalton Trans., 2023, 52,1399-1412

and acidobasic components of HAA reactivity, providing a link
between the chemically intuitive notions of philicity and
polarity and thermodynamics, amenable to measurement and
calculation.

From the charge schemes we explored, electrostatic-poten-
tial-derived charges (ggsp) provide the most intuitive picture of
polarity and philicity, and we recommend their use for concep-
tual and qualitative analyses, while the correlation between
gam charge differences and reaction asynchronicities is faith-
ful enough to be applied on large-scale explorations of the
chemical space. However, our results demonstrate that even if
the PME can be successfully represented by Agan and the
factor #, its predictive power will be necessarily limited
because a thermodynamic basis is only complete by addition
of the factor of frustration ¢ and the Gibbs energy of reaction
AG,. In the cases under study, these thermodynamic terms
account for 50-60% of the HAA barrier, which are further com-
plemented by a non-thermodynamic term which here shows
marginal variability. As we present in three different case
studies, the success or failure of the polarity match concept is
unpredictable, and cases of success are examples where the
PME acts in synergy with one of the three other components
projecting on the barrier, which may be fortuitous. Therefore,
application of the PM rationale without quantification and as
a standalone predictor is an unreliable strategy for reaction
planning.

To sum up, we are convinced that quantification of PME
through asynchronicity (or its estimation through Agapn,) and
its incorporation into a model condensed in eqn (1) and (2)
that also accounts for frustration and AG, will help minimize
the synthetic trials currently needed to achieve selective and
clean C—H cleavage during chemical synthesis.

Computational methods
Density functional theory calculations

All calculations were carried out with the B3LYP* functional
(with the 15% of Fock exchange),”® including Grimme’s D3
dispersion correction (see ESIf for a prescription on how to
utilize the D3 correction with this non-standard functional),*®
and using the conductor-like polarizable continuum model
(CPCM) to account for solvation effects.’® Geometry optimi-
zations were carried out with the def2SVP basis set.*’ The

This journal is © The Royal Society of Chemistry 2023
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Gibbs free energy (G) of all optimized species was calculated
as:

G = Ee + [EZPV +pV —RT In Q] (5)

where E. is the total electronic potential energy in CPCM
using def2TZVP®® basis, [Ezpy + pV — RTIn Q] corresponds to
the thermal enthalpic and entropic contributions to the solute
Gibbs free energy (Ezpy — zero-point vibrational energy; Q -
molecular partition function), obtained from a frequency cal-
culation (at the room temperature and p = 1 atm; ideal-gas
approximation).

The abovementioned protocol reproduces the experimental
ground spin states of the L;Co™0 (S = 0) and L,;Co"OH (S =
3/2) species, and the known pK,, reduction potential E° and
O—H bond dissociation free energy (BDFE) from the thermo-
dynamic cycle of L;Co™O (Fig. S91) with reasonable accuracy
(Table S107).

All DFT-computed HAA barriers (AG3:;) presented in this
work were calculated as the Gibbs free energy difference
between isolated reactants (cobalt-oxo oxidant, CoO, and
substrate, SubH) in solution and the corresponding tran-
sition state (TS), corrected by the change in standard state,
equal to 1.9 kcal mol™ (=RTIn(RT/p); p - pressure) corres-
ponding to the conversion of a 1 bar standard state in
the gas phase to 1 mol L™ concentration in solution at
298K:*?

AGRyr = Grs — Geoo — Gsubn — 1.9 keal mol™ (6)

As shown in Fig. S10,7 the employed method provides a
qualitatively correct prediction (+* = 0.90) of the relative bar-
riers of HAA reaction between L;Co™O and the substrates. In
all reactions studied, the three lowest spin states (singlet,
triplet, and quintet) were explored, and all energy terms were
calculated on the computed ground spin states, and this infor-
mation is condensed in Table S9.}

As presented in detail in ESI,} the choice of functional has
an important impact on the computed thermodynamic
descriptors and ground spin states. We tested the BP86%>*
functional (applied by Anderson and coworkers to the reaction
between L;Co™O and DHA),*® the widely used B3LYP func-
tional®® and its B3LYP* variant,”® using the known thermo-
dynamic data as benchmark. The best performance was
obtained with B3LYP*, yielding correct spin states and accepta-
ble energetics (see Table S10t). The standard B3LYP (20% of
Fock exchange) provides similar trends to B3LYP* but oversta-
bilizes high spin solutions, suggesting a ground state S =
2 multiplicity for the L;Co™O oxidant. For this reason, we con-
sider B3LYP unreliable for the study of reactivity of the
L,Co™O oxidant, as spin crossover is expected to take place
along the HAA coordinate. Finally, BP86 is grossly inaccurate,
not only underestimating the bond dissociation energy of
L;Co™O0 by ca. 20 keal mol™*, but also predicting a wrong spin
multiplicity (S = 1/2) for the product L,Co"OH and for the one-
electron reduced form [L;Co™0] . All the HAA barriers, calcu-

This journal is © The Royal Society of Chemistry 2023
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lated at the B3LYP*(D3)/def2SVP//def2TZVP level, are con-
densed in Tables S4, S5 and S7-S9.}

Atoms-in-molecules calculations

The atoms-in-molecules (AIM) approach was employed to cal-
culate charges, as it does not suffer from basis-set dependen-
cies.>® Two complementary charge schemes were used (i) inte-
grated AIM charges (gamnv), which quantify the difference
between the atomic nuclear charge and its associated electron
density, and (ii) electrostatic potential (ESP)-derived charges
(qesp), which reflect the attraction/repulsion experienced by a
point charge as it approaches the atomic surface. Atomic ESP
charges (ggsp) were calculated by probing the 0.001 isosurface
of the DFT-optimized electron density with a point charge.
Densities were integrated using the Proaim method with a
“Fine” interatomic surface mesh and outer angular integration
quadrature of 7200 grid points, by application of the AIM
theory using the AIMQB program, as implemented in the
AIMAII suite.’””® The relevant ggsp charges for all systems
studied are included in Tables S1-S6.71

Classification of polar and nonpolar substrates through an
artificial neural network

The JustNN software was employed for this task.>® A shallow
neural network, consisting of three neuron layers was
employed. The input layer contained four neurons taking the
values of potential disparity (w), potential duality (¢), bond dis-
sociation free energy (BDFE) and g atomic charge. All input
data were compressed, dividing all values for each descriptor
by the datum with the highest absolute value. The model also
contained a hidden layer consisting of three neurons and an
output layer with a single neuron providing the Boolean result,
0 = False = Nonpolar and 1 = True = Polar. From the input set
of 40 substrates from Tables S2 and S3,1 a subset of 10 sub-
strates was randomly excluded for validation, ensuring that
both polar and nonpolar substrates were represented. Data for
the remaining 30 substrates was used for training the model. A
learning rate of 0.7 and a momentum of 0.8 were employed
and the target error was set to 0.01. The structure of the model
is presented in Fig. S31 and accompanying discussion.
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