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Application of statistical learning and mechanistic
modelling towards mapping the substrate
electronic space in a Cu-catalyzed Suzuki-Miyaura
couplingt

Francisco A. Gomez-Mudarra, ©2° Gabriel Aullon ©2° and Jesus Jover ) *2°

Cu-catalyzed Suzuki-Miyaura coupling between highly fluorinated aryl boronate esters and aryl iodides has
been studied with DFT calculations. The reaction mechanism proposed suggests that the oxidative addition
of the aryl iodide onto the copper catalyst is the rate-determining step. Several alternative reactions, in
which the initial substrates have been replaced by para- and meta-substituted reactants, have been
computed to build a reaction barrier database that accounts for the electronic properties of a wide range
of functional groups. Statistical learning techniques, based on multi linear regression (MLR) modeling, allow
interpreting the electronic effects of both substrates onto the overall reaction barrier, indicating that both
electron poor aryl boronate esters and aryl iodides produce lower reaction barriers. The reaction barrier
database and the MLR models can be combined to generate an electronic substrate map that easily
enables estimating the reaction outcome for analogous Suzuki-Miyaura reactions between aryl boronate

rsc.li/catalysis esters and iodobenzenes.

Introduction

The use of homogeneous catalysts based on first-row (or base)
transition metals (Mn, Fe, Co, Ni, and Cu) as a replacement
for their precious metal analogs (Ru, Rh, Pd, Ir, Pt, Au) in
cross coupling reactions has experienced a large increase in
recent years.' This replacement obeys both environmental
and economic factors; first-row transition metals are usually
less toxic,* cheaper, and more abundant® than their precious
second- and third-row transition metal counterparts, and if
handled properly, they can provide equally active catalytic
platforms. However, there are some important challenges to
be addressed for base metals to be implemented as general
catalysts, and these issues arise from their inherent reactivity,
which can lead to problems with 1) the stability of the active
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species in presence of air, 2) the propensity to generate
radical species through single-electron transfer processes
(seriously affecting the selectivity of the reaction), and 3) the
characterization of high-spin paramagnetic species, which
requires less traditional techniques. The study of base metal-
catalyzed cross-coupling reactions is experiencing a fast
development and many classical reactions, usually carried out
with precious metals, already showcase entire functional
versions that employ base metal homogeneous species as
catalysts. For instance, it is now possible to find classical
cross-coupling reactions promoted by homogeneous catalysts
based on manganese,® iron,'°** cobalt,">™° and nickel.>*>*
On the other hand, the study of copper-catalyzed
homogeneous cross-coupling reactions is one of the most
active research areas related to base metal catalysis.>* >’
Currently, it is possible to find a recent example for almost
any of the classical coupling reactions such as Heck,*
Sonogashira,* Stille,*® Hiyama,** and Buchwald-Hartwig.**
The Suzuki-Miyaura reaction, one of the most representative
metal-catalyzed cross-couplings, has several versions in which
the typical palladium catalysts have been replaced by
analogous copper complexes.**° Recently, a Cu-catalyzed
Suzuki-Miyaura coupling of highly fluorinated aryl boronate
esters with aryl iodides has been reported.*® This procedure
allows preparing polyfluorobiphenyl products that present a
wide variety of potential applications in the fields of
medicinal chemistry,"** electron-transport materials,****
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Scheme 1 Cu-catalyzed Suzuki-Miyaura coupling between CgFsBpin
and iodobenzene, as described in ref. 40.

and supramolecular chemistry.*>*® The general experimental
setup for this reaction showcases the coupling between
2,3,4,5,6-pentafluorophenylboronic acid pinacol ester (CgFs-
Bpin) and iodobenzene in the presence of the 1,10-
phenanthroline (phen) ligand, the CsF base, and copper(i)
iodide, which probably takes the shape of [Cul(phen)] as the
initial catalyst (Scheme 1). One of the main interests of our
group consists of computationally studying metal-catalyzed
fluorination processes to find plausible reaction mechanisms
that could allow to better understand the underlying
chemistry in these systems.”’>> Herein, we will study the
reaction mechanism associated with the copper-catalyzed
Suzuki-Miyaura shown in Scheme 1 and, afterward, we will
explore the impact of electronic effects of both substrates, i.e.,
the aryl boronate ester and the aryl iodide, onto the activation
barrier of the reaction. This procedure will be carried out by
recomputing the catalytic cycle and hence creating a large
activation barrier database for a varied range of para- and
meta-substituted boronates and iodobenzenes. Finally, we will
employ the reaction barrier database to explore the electronic
substrate space with statistical learning techniques and to
construct a substrate map, which will be able to relate the
performance of each catalytic system with the electronic
properties of both substrates.

Computational details

All the structures have been fully optimized in N,N-
dimethylformamide (DMF) using the Gaussian16> suite of
programs with the B3LYP°*™’ functional. In the geometry
optimization process, the 6-31G* basis set>*®° was used to
describe all atoms except for Cu and I, for which the Stuttgart
double zeta basis set (SDD),*’** along with the associated
ECP to describe the core electrons, was employed. Ultrafine
integration grids have been used to ensure satisfactory
convergence. This is necessary because some of the species
under study present a number of low frequency vibrational
modes (<100 cm™') that contribute significantly to the
entropy and must be computed properly. In all cases, the
solvation energies in N,N-dimethylformamide were computed
with the (IEF-PCM)®*>°® continuum dielectric solvation model
using the SMD® radii and non-electrostatic terms.
Dispersion effects have been included in the optimization
process using the D3 method of Grimme.®® For some species,
namely, Is and RETS (vide infra), additional features have to
be included to produce the final geometries; in both cases,
the maximum displacement step was set to 0.05 Bohr, and
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vibrational frequencies were computed during each
optimization step. In all cases, frequency calculations are
carried out to ensure the nature of stationary points and
transition states. This computational scheme is named BS1.

Additional single point calculations on the optimized
geometries have been employed to obtain improved Gibbs
energy values with larger basis sets (scheme BS2). In these
calculations, the B3LYP functional was kept and the
6-311+G** all-electron basis set®”®>”® was employed for all
the atoms except Cu and I, which were described with the
aug-cc-pVTZ-PP basis set.”"”> These single point calculations
also include the solvation and dispersion effects. These
computational settings have been used previously for
studying similar copper-catalyzed reactions.**>%>>

To improve the speed of calculations, the pinacolborane
group (Bpin) was simplified to the corresponding [1,3,2]
dioxaborolane analog. This approximation was validated by
computing the initial reaction steps between Phl and C¢Fs-
Bpin with the full and simplified systems, which produced
very similar relative Gibbs energies for the formation of
intermediate I; (0.6 and 0.1 kcal mol™), and for the
transmetalation transition state TMTS (8.1 and 7.4 kcal
mol ™). Therefore, all the references to the Bpin group
throughout the manuscript refer to the [1,3,2]dioxaborolane
moiety.

The NBO charges have been computed employing the
NBO7 program’® using the BS2 computational scheme.

The computed Gibbs energies were corrected to use a
standard state corresponding to species in solution with a
standard concentration of 1 M. The final Gibbs energies at a
given temperature, based on the rigid rotor/harmonic
oscillator approach to statistical mechanics, were obtained
using the following formula

G$ = Egsz + Heorps1 ~ TSps1 + RT In(C°/C™™)

where Egg, is the electronic energy, including the solvent and

dispersion terms, obtained with the large basis sets scheme
(BS2). Heorrps: is the thermal correction to enthalpy and
contains the zero-point energy plus the vibrational,
rotational, and translational energies computed with the BS1
scheme. Finally, TSps; accounts for the entropic correction
obtained from the BS1 scheme. Gibbs energies as output by
Gaussian16, which refer to an ideal gas (P = 1 atm) standard
state, were corrected to use a standard state, in which the
species in the solution have a standard concentration of 1 M.
This procedure was carried out by adding an additional term
to the computed Gibbs energy of each species. This
correction is computed as RTIn(C°/C'™), where C° is the
standard reference state concentration (1 M), and C'™™ is
the concentration of an ideal gas under the standard P = 1
atm conditions at a given temperature. Therefore, for an
ideal gas at 1 atm and at 130 °C, C'*™ = 1/V,,, = P/RT = 0.030
M; numerically, this correction term equals 2.80 kcal mol™
per molecule. The values of Egpsy, Heorrps1, TSpsi, and G° at
130 °C can be found in Tables S1-S3.}

This journal is © The Royal Society of Chemistry 2023
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All  the statistical analysis procedures—parameter
correlations, construction of simple and multilinear
regressions, external validation, and X-/Y-scrambling

processes—have been performed with Excel.

Results and discussion
Determination of the reaction mechanism

The first stage of this study consists of exploring the reaction
shown in Scheme 1 to propose a plausible reaction sequence
for the coupling of C¢FsBpin and iodobenzene (Scheme 2, the
3D representation of the species involved can be found in the
ESL} Fig. S1). In the process of finding a suitable mechanism,
different reaction pathways have been considered and
computed; finally, the pathway displaying the lowest energy
requirements has been selected.

Recently, a catalytic system, reported by Lledds and
Casares,”* was reported to produce a similar pathway for the
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reaction between [Cu(bipy)(Ce¢Fs)] and aryl iodides, which
generates biaryl products. Following this pathway, the
reaction starts with the replacement of iodide by fluoride on
the initial [Cul(phen)] catalyst (I,) to produce intermediate I,.
This reaction stage is exergonic by 4.6 kcal mol ™ and has
been previously reported to proceed smoothly in similar
reaction conditions;”® hence, the transition state governing
this transformation has not been sought. Then, C4FsBpin
comes in and attaches onto the fluoride ligand through the
boron atom, delivering intermediate I, which is 4.7 kcal
mol™" higher in energy than the previous species. Since
fluoride is not sterically hindered, this addition is considered
to be barrierless. The C¢F5 group is transferred from boron to
copper through the corresponding transmetalation transition
state (TMTS), while fluoride detaches from the metal to form
FBpin, which is released into the reaction mixture. This step
requires further 7.4 kcal mol™, indicating that the overall
barrier up to this point is 12.0 kcal mol™. After that, the
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Scheme 2 Plausible reaction mechanism for the Cu-catalyzed Suzuki-Miyaura coupling between CgFsBpin and Phl (top) and its corresponding
Gibbs energy profile (bottom); in all cases, the bidentate phen ligand is represented as NAN.
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organometallic complex [Cu(CeF;s)(phen)] (I,) is obtained, and
the relative Gibbs energy goes down by 23 kcal mol ™.
Iodobenzene then reacts with I, to form an encounter
complex (Is), in which the incoming aryl ring exhibits a
n-stacking interaction with the CgF5 group; this addition is
almost thermoneutral. At this point, the oxidative addition
takes place and the C-I bond is cleaved onto the copper; the
most favorable transition state (OATS) adopts a square
pyramid geometry in which both aryl rings are placed cis to
each other, while one of the nitrogen donor atoms of phen
occupies the axial coordination site. The oxidative addition
step has an energy requirement of 24.2 kcal mol ™. The trans
oxidative addition transition state (¢trans-OATS) was also
computed and found to require a slightly higher energy
investment (25.4 kcal mol ™). Alternative transition states
with different ligand arrangements and trigonal bipyramidal
geometries have been computed and found to produce the
same cis and trans transition states described above.
Dinuclear oxidative addition transition states were not
taken into consideration because of the low concentration of
the initial catalytic species.”® After the oxidative addition,
intermediate Is should be formed; however, all the attempts
to optimize this formally Cu(m) species with the regular
computational  settings, including different trigonal
bipyramidal and square pyramidal complexes, have led to the
formation of the final product (PhC¢Fs), indicating that the
reductive elimination process seems to be barrierless. This

behavior has been reported before by Bolm in a
computational study of a copper-catalyzed Sonogashira
coupling.”” The stabilization of this structure as a local

minimum was attempted by adding additional keywords
during the geometry optimization procedure (vide supra) but
they have not been able to produce the desired intermediate.
Then, the angle between both aryl substituents on Is was
frozen at different values and the complexes were optimized.
These calculations produce the expected copper(m)
intermediate as a local minimum (all vibrational frequencies
positive) with a Cp,-Cu-Ccp, angle of 93°; unfortunately,
removing the angle constraint in a further reoptimization
produces the reductive elimination of PhC¢Fs. Therefore, we
decided to study the potential energy surface in the forward
direction from I by performing a relaxed potential energy
surface scan of the Cp,~Cu-Cc y, angle—starting at 93° with
5° decrements until the angle takes a value of 48°. The
relaxed scan indicates that the energy smoothly decreases as
the angle takes lower values, with no clear sign of an energy
requirement to overcome the reductive elimination barrier,
supporting the idea that intermediate Is is not stable and,
whenever formed, automatically evolves into the final
products (Fig. S21). Nevertheless, intermediate Is could be
considered a transient species in the reaction pathway and
has been kept as such and further analyzed. This
intermediate adopts a square pyramid geometry with one of
the N atoms of the phen ligand taking the apical
coordination position while both aryl rings are placed cis to
each other in the equatorial plane. The relative Gibbs energy
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of Is is —3.4 kecal mol™, well below to that found for the
trans-I isomer (2.8 kecal mol™), in which the phenyl and the
pentafluorophenyl rings are placed ¢rans to each other in the
equatorial plane of the complex. Intermediate I, which
should formally be a copper(m) species, shows a certain
ligand field inversion since its occupied frontier orbitals
(HOMO, HOMO-1, etc., computed at the BS2 level) have
mainly ligand character instead of showcasing the expected
doubly occupied non-bonding d-orbitals of the copper center,
which appear at lower energies (see ESIT and Fig. $3).”® This
particular electronic structure is probably responsible for the
unstable nature of intermediate Is, in which a certain
oxidation state cannot be assigned to the copper center. Even
so, NBO calculations state that the charge of copper increases
from 0.68 to 1.07 when 1, is transformed into I, indicating
the oxidation of the metal during the oxidative addition
stage. Other alternative pathways were computed to ascertain
that the reaction proceeds through the sequence shown in
Scheme 2. First, the outer-sphere electron transfer between I,
and PhI to produce the corresponding [Cu(CeFs)(phen)]” and
PhI" species has been computed to require an energy
investment of more than 30 kcal mol™, which rules out the
possibility of the reaction proceeding through this pathway.
In addition, the reaction sequence from I, + PhI to I; + PhC-
F5 does not correspond to a c-complex-assisted metathesis.
This can be observed from the IRC analysis’>®® of the
oxidative addition transition state, which produces the
expected species close to the I intermediate (Fig. S47).

As stated above, I is not stable and directly produces the
final PhC¢Fs product and the initial catalyst I,. However,
during the reviewing process of this manuscript, in particular
from the relaxed potential energy surface scan from Is, we
were able to identify a plausible transition state for the
reductive elimination stage (RETS). Although this transition
state is not a “traditional” saddle point, we decided to keep it
in the overall catalytic cycle for completeness. As expected
from the relaxed potential energy surface scan described
above, this transition state should be found at a Gibbs energy
value slightly below that of Is (—4.3 kcal mol ). After RETS,
the newly formed [Cul(phen)] (I;) and PhC¢F5 fragments do
not strongly interact; thus, we consider that no significant
intermediate is formed after this transition state. At this
point, the reaction goes back to the starting point and a large
amount of energy is released (ca. 55 kcal mol™) due to the
C-C bond formation of PhCeFs. The overall energy barrier
[AG%FT from now on), computed as the Gibbs energy
difference between I5 and OATS, corresponds to the oxidative
addition step and spans over 24.2 keal mol .

Exploration of substrate electronic effects

The computed Gibbs energy profile, in which the oxidative
addition is the rate-limiting stage, indicates that an
electronic effect should be observed on the overall AGhgr
value when iodobenzene is replaced by substrates bearing
different substituents in the para position of the ring

This journal is © The Royal Society of Chemistry 2023
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Scheme 3 Cu-catalyzed Suzuki-Miyaura coupling between CgFsBpin
and different para-substituted iodobenzenes.

(Scheme 3). This possibility has been explored by computing
the complete reaction mechanism for six additional
para-substituted iodobenzenes (p-R;-C¢H,l, where R; = NO,,
CF;, F, Me, OMe, and NMe,) that cover almost all the range
of electronic donation properties, with NO, as the most
electron-withdrawing and NMe, as the most electron-
donating substituents. Experimentally, the electronic effect
for some of these substituents could not be observed clearly
(reactions were reported for different p-R;-C¢H4l substrates
with R; = F, CF;, Me, and OMe substituents), probably
because the reaction times were too long (18 hours) and all
the aryl iodides produced almost quantitative isolated
yields.*® However, there are experimental data supporting the
electronic effect of the iodobenzene substrate onto the overall
performance of the reaction; competition experiments show
that the reaction of a 1:1 mixture of p-Me-C¢H,I and p-CF;-
CeH,I with CeF5sBpin produces a 1:3 product ratio, indicating
that the latter substrate, which has an electron withdrawing
substituent, generates a more efficient catalytic system. In
fact, the authors state that “aryl halides bearing electron-
withdrawing groups are more reactive and give better yields
compared to aryl halides bearing electron-donating groups”,
confirming the electronic effect of the iodobenzene substrate
onto the reaction barrier.

Computationally, the electronic effect of the para
substituent can be clearly ascertained by the AGhgr values,
which range between 22.2 and 27.4 kcal mol™* (Fig. 1), all of
them low enough to produce operative reactions under the

30 -
265 4
242 245
29 27 oa
~ |22 pj
S 20 -
£
©
o
=
g
%S 10 -
<
0
p-NO, p-CF; p-F p-H p-Me p-OMe p-NMe,

Fig. 1 Computed AGher for reactions between different p-Ry-CgHal
species and CgFsBpin.
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experimental conditions. In all cases, AGher is computed as
the energy difference between OATS and (I, + p-R;-CgHyl),
indicating that these values also include the formation of
intermediate I5, which is always slightly higher in energy
than the latter. As should be expected in an oxidative rate-
determining step, the electron-withdrawing groups produce
lower barriers than their electron-rich counterparts. As
before, intermediate Is could not be computed for these
reactions because it automatically reductively eliminates to
deliver the final product and the initial catalyst (I,); therefore,
intermediate Is and RETS have not been further computed
for any of these systems. At this point, we tried to correlate
these computed AGhpr values with different electronic
features of the para substituents of the aryl iodides. At first,
and since the iodobenzene is accepting the electrons during
the oxidative addition stage, we used the electrophilic
conceptual density functional theory indices, namely,
electrophilicity (w)®' and electroaccepting power (©*)** of the
p-Ri-C¢HyI substrates. However, none of these parameters
showed a good correlation with AGhgr. Then, we turned upon
the classical Hammett para substituent constants (c,).** In
this case, the correlation between ¢, and AGhgr is better (R? =
0.905, rmse = 0.53 kcal mol ™", MAE = 0.43 kcal mol ™) but the
limited availability of o, values for more complex systems,
e.g., the C¢F5 ring or doubly substituted aryl rings, prompted
us to search for a more general parameter to correlate with
the DFT computed energy barriers.

Thus, we next explored the correlation of the AGher values
with the electric properties of the carbon bound to iodide (Cjys0)
in p-R-CgH,l, which is the main reactive point of these
substrates toward the oxidative addition. The Cy,, electrostatic
potential®* shows just a moderate correlation with AGhgr (R* =
0.876, rmse = 0.60 kcal mol™, MAE = 0.54 kcal mol™). In
addition, the Mulliken,* NBO,”® and CMS5 (ref. 86) charges were
computed and correlated with the reaction barriers. The
Mulliken and NBO charges did not show any relevant
correlation; on the other hand, the CM5 charge of Cys, (gc from
now on, Table S51) showed a very good negative correlation with
AGher (R* = 0.946, rmse = 0.40 kcal mol™!, MAE = 0.34 kcal
mol ™", Fig. 2), indicating that the substrates displaying more
positive gc values, ie, those bearing electron-withdrawing
para-substituents, produce lower reaction barriers. This
behavior allows the interpretation of the substrate effect on the
reaction barrier; when an electron-withdrawing group is placed
at the para position of the iodobenzene, the electron density of
the ring is depleted toward that group. In this situation, the ipso
carbon has a more positive charge that consequently produces
an increased electrophilic character and a higher tendency for
getting electrons from copper, thus lowering the oxidative
addition transition state. The opposite behavior should be
expected when an electron-donating group is placed in the para
position of iodobenzene.

Next, we sought whether the electronic effects of the aryl
boronate ester could also play a role on the reaction outcome;
this was done by replacing the CgFs ring of the original
substrate by para-substituted phenyl rings p-R,-C¢H,Bpin (R, =

Catal. Sci. Technol,, 2023,13,1381-1394 | 1385
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Fig. 2 AGig vs. AGher for reactions between p-R;-CgH4l and CgFsBpin,
and linear correlation between AG{rand the CM5 charge of the ipso
carbon atom of p-R;-CgHyl species (qc).

NO,, CF;, F, H, Me, OMe and NMe,) that cover all the electron
donating range, and then recomputing the complete reaction
mechanism with iodobenzene as the counterpart (Scheme 4).
Experimentally, the substrate effect of the boronate onto
the reaction barrier can be observed in the reaction between
bromobenzene and C¢FsBpin, m,m'-(CF;),C¢H;Bpin and m,m'-
Me,-C¢H;Bpin, which produce yields of 87%, 35%, and
traces, respectively. These experiments again suggest that
electron-poor aryl boronate esters produce more efficient
reactions  than  their  electron-rich  counterparts.’’
Computationally, a clear electronic dependence on the
identity of the R, substituent was observed for AGhgr, with
electron-withdrawing groups producing lower barriers that
increase as the electron donation ability of R, increases
(Fig. 3). The computed AGhgr values for this series of
reactions show a larger span than those from the aryl iodide
substrates—from 24.2 kcal mol ™" for C¢FsBpin to 37.0 keal
mol™" for p-NMe,-C¢H,Bpin. This electronic effect arises
from how the Gibbs energy surface changes when the
p-substituted phenyl ring replaces Cg¢F5 on the aryl boronate
ester. As stated above, AGhr for the CeF5Bpin + PhI couple is

Bpin
[Cul(phen)] ‘
¥ CsF, DMF ‘
B, 130°C Ry
Scheme 4 Cu-catalyzed Suzuki-Miyaura coupling between

iodobenzene and different para-substituted aryl ester boronates.
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Fig. 3 Computed AGher for reactions between Phl and different p-Rs-
CeH,4Bpin species.

computed as the energy difference between I5 and OATS (for
the other aryl iodides is the energy difference between I, +
Pp-Ri-CgHyI and OATS). However, as soon as CgFsBpin is
replaced by para-R,-C¢H,Bpin, the Gibbs energy of all the
species following the coordination of the aryl boronate ester
(i.e., the formation of I3) is much higher and the overall
reaction barrier is found between OATS and I,. This means
that AGhrr must be computed as the Gibbs energy difference
between (OATS + FBpin) — (I, + p-R;-CeHyl + p-R,-CeH,Bpin),
as shown in Scheme 5. In this way, it seems obvious why the
different p-R,-C¢H,Bpin substrates produce varying barriers
and how the electronic effect of R, is projected onto AGhgr.
With the computed barriers of the eight p-R,-C¢H,Bpin
substrates at hand, we tried to find a quantitative correlation
with the electronic features of the para-R, substituents. As
before, the Hammett para substituent constants (g,)** provide a
quite good correlation (R* = 0.985, rmse = 0.33 kcal mol™, MAE
= 0.28 keal mol ") but the C4F5 ring must be excluded of this
procedure since its o, value has not been experimentally
determined. Again, we explored the atomic -electrostatic
potential®* and the Mulliken, NBO,”” and CM5 (ref. 86)
charges of the boron atom in the p-R,-CcH,Bpin substrates. In
this case, selecting the boron atom is favorable for various
reasons: 1) boron is the anchoring point of the aryl boronate
ester onto I, prior to transmetalation, 2) boron has a direct
effect onto the para-R, group transfer in TMTS, and 3) the
stability of the species formed after TMTS shows a trend with
respect to the p-R,-CsH,Bpin to FBpin transformation. As above,
the Mulliken and NBO charges show very poor correlation with
AGher. On the other hand, the electrostatic potential of the
boron atom shows a very good correlation with the computed
Gibbs energy barriers: R* = 0.984, rmse = 0.47 kcal mol™, and
MAE = 0.43 kcal mol™. As in the case of aryl iodides, the CM5
charge of the boron atom in p-R,-C¢H,Bpin (gg from here on,
Table S41) shows also a very good linear relationship with AGhgr
(R* = 0.983, rmse = 0.49 kcal mol™, MAE = 0.40 kcal mol™") and
was selected as the descriptor for quantitatively reproducing the
overall reaction barrier with a simple linear regression for the
studied set of p-Ry,-CgH,Bpin substrates reacting with

This journal is © The Royal Society of Chemistry 2023
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Scheme 5 Gibbs energy profiles for reactions between Phl and different p-R,-CgH4Bpin species.

iodobenzene (Fig. 4). In principle, both the boron electrostatic
potential and the gg parameters could be employed, but the
usage of an atomic charge seems to be more chemically
intuitive.

The linear relationship described by gg is negative with
respect to this parameter, indicating that the substrates with
more positive gp values produce lower energy barriers. Since
the aryl boronate ester is a Lewis acid, adding an electron
withdrawing substituent to the para position of the ring
produces a larger g value and enhances the possibility of
coordinating to the fluoride ligand in I,, hence increasing
the overall reactivity of the system. The opposite behavior will
be expected when an electron-donating group is placed in the
para position of the aryl boronate ester.

Statistical learning for reaction barrier estimation

Up to this point, we have observed that the reaction barrier
depends on the nature of both the aryl iodide and the aryl
boronate ester substrates. In addition, we have stated that
the activation barrier can be modeled from the CM5 charges

This journal is © The Royal Society of Chemistry 2023

of the key atoms of these substrates by linear regression
methods. Therefore, we thought about building a
quantitative structure-property  relationship (QSPR)
multilinear regression (MLR) mathematical model that allows
estimating the overall barrier (AGiyg) for any pair of
substrates directly from the computed g¢ and gg values. This
kind of approach has been extensively employed by the group
of Sigman in recent years.”’ ** The QSPR model will take the
form shown is eqn (1)

AGiqir = a + by-qc + boqs (1)

where a is the y-intercept of the regression and b, are the
regression coefficients of the CM5 charge descriptors. Of
course, to do that, a relatively large and representative set of
computed reaction barriers must be employed. Consequently,
the reaction profiles (or at least the key intermediates and
transition states) have been computed for a diverse range of
reactions comprising  different combinations of
para-substituted substrate pairs that spread across the whole
range of electronic donating properties (Scheme 6).
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Scheme 6 Cu-catalyzed Suzuki-Miyaura coupling between
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esters.

We have computed the complete Gibbs energy profiles
for 18 additional p-R;-CgH4l/p-R,-C¢H,Bpin substrate pairs
within three different series (see ESIT): 1) p-NO,-C¢H,I with
p-R,-C¢H,Bpin, 2) p-NMe,-C¢H,I with p-R,-C¢H,Bpin, and
3) p-Ri-CcH,l with p-NMe,-C¢H,Bpin (where R; and R, =
NO,, CF;, F, H, Me, OMe, and NMe,). In principle, these
series of substrate pairs contain the maximum variability
on the electron-donating properties for R; and R,. The
computed energy profiles show that, in all cases, the
highest energy stationary point is the oxidative addition
transition state (OATS), and AGhgr must be computed as
the energy difference between (OATS + FBpin) and (I, +
P-Ry-Ce¢H,I + p-R,-CgH,Bpin), following the trend shown in
Scheme 5. The only exceptions to this behavior are the
P-Ri-CcH, I/CoF5sBpin  pairs, where the overall barrier is
found between OATS and I, + p-R;-CgHul. At this point,
and to provide the database with a higher variability, new
para-substituents were included in both p-R;-C¢H,I and
p-R,-C¢H, Bpin substrates: Ry, R, = CN, COMe, Cl, ¢Bu, OH,
and NH,. The electron-donating properties of these new
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substituents are in between those of the substituents
employed before and, thus, these groups should produce
activation barriers located in the range of 22-39 kcal
mol ™, which correspond to the most electron withdrawing
(p-NO,-C¢H,4I/C¢FsBpin) and  most  electron-donating
(p-NMe,-CcH,1/p-NMe,-CH,Bpin) pairs, respectively.
Therefore, AGhpr was computed for several para-substituted
substrate pairs (71) by computing only the species needed,
i.e., p-Ri-CcHyl, p-Ry-C¢H,Bpin and their corresponding
OATS (I, and FBpin are also required but have been
computed previously). At this point, 103 AGhpr values have
been computed for p-R;-C¢H,ul/p-R,-C¢H Bpin substrate
pairs (Table S61), and the MLR model can be constructed.
Usually, when building QSPR models, the dataset is
randomly split into 80% for model selection (training set
or tset) and 20% to validate the final model (prediction set
or pset). In this case, the training set used for building the
MLR model has been constructed to comprise a balanced
amount of p-R; and p-R, substituents, ie., each substituent
appears 4 times as R; and R,, except for R; = NMe,, H,
and NO,, which are employed 5 times (Fig. S51). Thereby,
the tset used to build the MLR model includes 56
substrate pairs, which is ca. 50% of the dataset. All the
other substrate pairs (47 points in the database) will be
used as prediction set to validate the MLR as external
predictors (Fig. S5f). The MLR model obtained, along with
some of the relevant statistical parameters from both tset
and pset, are shown in Table 1; the computed AGiur
values and the associated residual errors can be found in
Table S7.f The cross-correlation coefficient between gc and
gg for the reactions within the training set is as low as
0.002.

The statistical results of the MLR model are very good; for
the training set, the correlation coefficient (R*) is 0.965 and
the associated errors rmse and MAE are very low, 0.65 and
0.54 keal mol™, respectively. Similar values are obtained for
the prediction set, showing the robustness and the high
prediction capacity of the model. Fig. 5 shows a plot of
AGiqr vs. AGhpr for all the substrate pairs studied (including
training and prediction sets). As in the previous linear
regressions, both ¢gc and ¢gg showcase negative signs,
indicating that larger charge values would produce lower
activation barriers for both substrates. Hence, the
physicochemical interpretation for both parameters remains

Table 1 Statistical parameters of the training and prediction sets for the
constructed MLR

MLR equation AGigg =170.26 - 73.05¢c — 349.77qs  (2)

Standard MLR AGiyg = 31.27 - 1.23¢¢ — 3.26q3 (3)
tset pset
R’ 0.965 0.971
Rigy’ 0.964 —
rmse (kecal mol ™) 0.65 0.64
MAE (keal mol ™) 0.54 0.50

This journal is © The Royal Society of Chemistry 2023
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the same as above. Adding an electron withdrawing
substituent to the para position of the iodobenzene depletes
the electron density of the ipso carbon, causing an increase
of gc and a higher tendency for the substrate to engage in
the oxidative addition stage, which entails receiving electrons
from the copper atom in I,. On the other hand, adding an
electron withdrawing group to the para position of the aryl
boronate ester produces a stronger Lewis acid, which is more
easily activated by L. In both cases, the presence of electron
donating groups produce the opposite effect.

The distribution of the predicted residual errors for the
103 barriers is shown in Fig. S6.f As may be observed, 89% of
these values display an error lower than 1 kcal mol™, which
is often considered as the chemical accuracy limit. The
highest and lowest computed residual errors are 1.40 and
-1.35 kecal mol™", respectively, well below three times the
rmse of the MLR. In addition, only five substrate pairs have
residual errors larger than twice the rmse (Table S77), which
indicates the goodness of the MLR model obtained.
According to the regression coefficients found for the
standardized MLR (in which both descriptors have been
autoscaled to produce variables with zero mean and unit
variance) shown in Table 1, gg is ca. 2.75 times more
important than g¢ in the estimation of the reaction barrier,
suggesting that the nature of the aryl boronate ester plays a
major role in the expected reactivity of the system.
Y-Randomization experiments were carried out to ensure that
the good performance of the MLR model was not due to
chance effects; the average R?, rmse, and MAE values
obtained for ten different scrambling procedures of the
computed barriers are 0.022, 4.69 kcal mol ™, and 3.68 kcal ™,

This journal is © The Royal Society of Chemistry 2023
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respectively, showing that chance correlation did not play any
significant role in the resulting statistics. As an additional
validation procedure, we have repeated the MLR modeling
ten times by randomly varying the splitting of the whole
dataset into training and prediction sets. The average
statistical parameters obtained after this procedure are very
similar to those reported above; tset: R* = 0.971, rmse = 0.64
kcal mol™", and MAE = 0.52 kcal mol™*; pset: R* = 0.963, rmse
= 0.65 kcal mol™, and MAE = 0.43 kcal mol™", demonstrating
again the goodness of the proposed MLR model.

Since the electronic effect of the para-substituent on the
computed barrier is transmitted through the gc and gg
descriptors, it should be expected that the activation barrier
of other substrates, for which the electronic properties are in
between those employed to construct the MLR, could also be
computed. At this point, we decided to use the MLR model to
predict the activation barrier for substrate pairs bearing the
substituents included in Fig. S5f in either para- or
meta-positions. Thus, we built three different subsets of
reactions between m-R;-CeH,I/p-Ry-CeH, Bpin  (m-Ry/p-R,),
P-Ri-CeH, 1/m-R,-C¢H, Bpin (p-Ry/m-R;), and m-R;-CeH,l/m-R,-
CeH,Bpin (m-R,/m-R,) substrates, which contain 17, 16, and
17 substrate pairs respectively. The results obtained for these
new external prediction sets are very good and the AGipx
derived values are quite close to those computed by DFT
(Fig. 6 and Table S8t). As may be observed, the results for the

40 - L
1 ° ,/'
e
35 4 ,..,
o "
© g e,
£ ,’.A
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£ 307 4t
3 ,é
e 4 /Ao
2 A/,. A
25 - e m-R,/p-R,
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s m-Ry/m-R,
R A —
20 25 30 35 40
AG} zr (kcal mol1)
m-R,/p-R, p-Ri{/m-R, m-R,/m-R,
R2 0.967 0.937 0.938
rmse* 0.66 0.67 0.89
MAE* 0.53 0.57 0.78

Fig. 6 AGir vs. AGher for reaction between substrate pairs that
include para- and meta-substituted substrate pairs, and statistical
parameters for these reaction subsets (* in kcal mol™).
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m-Ri/p-R, and p-R;/m-R, subsets are very close to those
obtained for the original training and prediction sets both in
terms of R> coefficients and error values. The correlation
between AGiyr and AGhpr shows that the m-Ry/p-R, subset
produces both positive and negative errors (points both
above and below the perfect fit), while the p-R;/m-R,
substrate pairs mainly produce AGiy x values lower than their
DFT counterparts (points below the diagonal in Fig. 6). This
could be attributed to an incipient appearance of steric
interactions between the meta substituent of the substrates
with other parts of the catalytic system, mainly between both
aryl rings in the oxidative addition transition state.

This same behavior is stressed for the m-R,/m-R, substrate
pairs, which display the largest errors, probably because the
steric interactions are becoming increasingly more
important. Nevertheless, the statistical parameters of this
reaction subset remain at a very good level, demonstrating
that the MLR developed with only para-substituted substrates
can also capture the electronic effects of meta-substituents.
The deviation between AGigr and AGhpr can be further
observed for reactions where one of the substrates is doubly
substituted at the meta-positions, i.e., m,m'-(R,),-C¢H3l or m,
m'-(R,),-C¢H3Bpin. We have computed 10 additional systems
comprising five m,m’-(R;),-C¢H3l/p-Ry-CsH,Bpin (m,m'-(Ry)./p-
R,) and five p-Ry-CgHyl/m,m'-(R,),-C¢HsBpin (p-Ry/m,m'-(R,),)
substrate pairs and compared their MLR and DFT barriers
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Fig. 7 AGiwr vs. AGher for reaction between substrate pairs that
include one para- and one doubly substituted meta-substrate pairs,
and statistical parameters for these reaction subsets (* in kcal mol™).
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(Fig. 7). Although the agreement found between the barriers
is still quite good, both sets show larger errors and a clear
deviation from the perfect fit can be observed (Table S9%),
most probably because the electronic effects are starting to
be blurred by the incipient appearance of steric interactions
of the meta-substituents within the catalytic species.
Obviously, ortho-substituted substrates produce even larger
barrier differences because the steric hindrance introduced
by the substituent is more pronounced; for this reason,
substrate pairs including this substitution pattern have not
been included in this study.

Mapping the substrate electronic space of the reaction

Finally, the computed barrier dataset can be employed to
map the electronic chemical space of the substrates for the
studied Suzuki-Miyaura reaction. To do this, a new MLR,
similar to eqn (2), has been constructed employing all the
single para- and meta-substituted iodobenzenes and aryl
boronate esters (153 substrate pairs, eqn (4)).

AGisap = 166.36 — 68.94¢ — 339.8675 (4)

The computed regression parameters for eqn (4) are very
similar to those found above: R* = 0.959, rmse = 0.65 kcal
mol ™', and MAE = 0.55 kcal mol ™', providing a reliable way to
compute the barrier of the reaction as a function of gc and
ggs- With these magnitudes at hand, the electronic map of the
studied reaction can be constructed (Fig. 8); this map

qs
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0'3|91 0.3:98 0.405
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Fig. 8 Map of electronic substrate space for the Suzuki-Miyaura
reaction between iodobenzenes and aryl boronate esters as a function
of gc and qgg. The black diagonal lines correspond to the
representation of eqn (4) for the AGhap values shown in the bottom
and right axes. The computed 18-hour yield for each AGhap value
appears circled onto the corresponding regression line.
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showcases the values of gc and ¢ (left and top axes,
respectively), while the reaction barrier values take the
bottom and right axes. The linear regression models
corresponding to integer AGiup values of eqn (4) have been
added as black lines, and the surface of the map has been
color-coded regarding these values (green for lower AGijap,
red for higher AGi;p). Moreover, the computed AGip values
can be transformed into rate constants using the Eyring-
Polanyi equation, which can then be employed to simulate
the reaction yield at the desired reaction conditions. In this
way, the estimated yield for each integer value of AGap, at
130 °C in 18 hours, has been added onto each regression
line. Once constructed, the map can be easily employed to
derive reaction barriers directly from g¢ and gg, for example,
the coupling between p-CN-CcH,I (¢ = 0.078) and PhBpin (gg
= 0.385) should have a reaction barrier close to 31 kcal mol™
and would produce a yield of ca. 87%. Conversely, the map
can be employed to find suitable or better counterparts for a
given reaction; for instance, reactions with yields higher than
98% (AGiap < 27 kecal mol™) employing p-Cl-CeH,I (gc =
0.060) as a substrate would need an aryl boronate ester with
gg = 0.397, which could only be achieved by p-NO,-C¢H,Bpin
and C¢FsBpin (gg = 0.397 and 0.405, respectively). The map
also reflects why the expected electronic effect for the
reaction between C¢FsBpin and the different iodobenzenes
could not be observed in 18 hour experimental runs. The gg
value for C¢F5sBpin is 0.405, corresponding to the right axis of
the map; thus, all the possible g values would produce
nearly quantitative reactions, making it impossible to observe
the electronic influence of the substituted iodobenzene on
the overall reaction barrier. In addition, the computed data
allows adapting the electronic map to different reaction
conditions, ie., temperature and reaction times with relative
ease, thus allowing the prediction of the reaction barriers in
different scenarios.

Conclusion

A plausible mechanism has been proposed for the copper-
catalyzed Suzuki-Miyaura coupling between iodobenzenes
(R4-C¢H4I) and aryl boronate esters (R,-CoH,Bpin). The
reaction seems to follow the typical transmetalation/oxidative
addition/reductive elimination sequence for a copper-
catalyzed process. The copper(m) intermediate, which should
be formed after the oxidative addition, is unstable and
automatically evolves into the final product through a low-
energy reductive elimination barrier. This intermediate, with
formal +3 oxidation state, shows a certain ligand field
inversion that can be observed in its occupied frontier
orbitals, which mainly display ligand contributions.

The reaction mechanism has been recomputed for
different substrate pairs; in all cases, the highest energy
transition state corresponds to the oxidative addition of the
iodobenzene onto the copper(i) organometallic intermediate
[Cu(CgFs)(phen)].
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A large database of reaction barriers for several substrate
pairs (153 different reactions) has been constructed by
computational means. These reactions feature a wide variety
of para- and meta-substituted iodobenzenes and aryl boronate
esters, which cover the full range of electronic properties of
both the substrates.

The electronic effects of both substrates on the reaction
barrier are captured by the computed CM5 charges of the ipso
carbon of the iodobenzene (g¢) and the boron atom of the aryl
boronate ester (gg), respectively. These parameters can be
related with the propensity of both substrates to engage in the
catalytic cycle. gc modulates the ability of the aryl iodide to
participate in the oxidative addition stage, with larger values
producing lower activation barriers. gg indicates the tendency
of the aryl boronate ester to behave as Lewis acid and shows
that electron-withdrawing substituents generate more reactive
substrates and consequently lower activation barriers.

The gc and gy parameters, combined with the reaction
barrier database, can be employed to derive multilinear
regression (MLR) models that allow computing and
predicting the activation energy in reactions between
monosubstituted para- and meta-substituted reactants. The
MLR equations show very small errors, typically lower than 1
kcal mol™, in all cases except for those in which one of the
substrates has a double meta-substitution.

The MLR model comprising all the computed reactions
allows building an electronic substrate map, based on qc and
gg, which can be employed to easily allocate the activation
barrier and the yield for any pair of substrates used in the
studied Suzuki-Miyaura reaction.
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