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Abstract

Cross-coupling reactions for C-C bond formation represent a cornerstone of organic
synthesis. In most cases, they make use of transition metals, which has several down-
sides. Recently, metal-free alternatives relying on electrochemistry have gained interest.
One example of such a reaction is the oxidation of tetraorganoborate salts that initiates
aryl-aryl and aryl-alkenyl couplings with promising selectivities. This work investigates
the mechanism of this reaction computationally using density functional and coupled-
cluster theory. Our calculations reveal a distinct difference between aryl-alkenyl and
aryl-aryl couplings: While C-C bond formation occurs irreversibly and without an en-
ergy barrier if an alkenyl residue is involved, many intermediates can be identified
in aryl-aryl couplings. In the latter case, intramolecular transitions between reaction

paths leading to different products are possible. Based on the energy differences be-



tween these intermediates, we develop a kinetic model to estimate product distributions

for aryl-aryl couplings.

Introduction

Many years after the development of transition metal catalyzed cross-coupling reactions,
they are now broadly used in organic synthesis. While palladium catalysts have been most
popular since the introduction of these reactions, ? a large variety of noble metals are in use
today. In addition, catalysis by non-noble transition metals has gained interest too.* In such
reactions, residues can be introduced to the metal scaffold by insertion to an aryl-halogen
bond and by ligand exchange with a precursor. The coupling then happens via a reductive
elimination, which is facilitated by transition metals due to their unoccupied d orbitals.
Incorporating transition metals in organic reactions is, however, accompanied by several
disadvantages: first, they are expensive and large amounts of catalyst are lost in the workup
process. Second, the lost catalyst is environmentally problematic and can pose toxicity issues
to the consumers if remaining in the products. Reductive eliminations occur, however, also
in metal-free compounds, as for example in the oxidized tetraphenylborate anion, which can
produce biphenyl.*® These reactions form the basis for an attractive synthetic route to C-C
coupling products that avoids the use of transition metal catalysts.

In our previous work with a focus on the experimental side, we investigated substituted te-
traphenylborates® and alkenyltriarylborates.” The oxidation of the borate salts was perfomed
electrochemically with RVC electrodes in acetonitrile and in a subsequent work by means of
a photocatalyst.® Similar reactions occur with chemical oxidants.? For aryl-aryl couplings,
we proposed® the mechanisms shown in Fig. 1 based on cyclic voltammetry, galvanostatic
measurements, and density functional theory (DFT) calculations.

The initial oxidation of the quaternary borate anion results in a doublet state named

A as shown for tri(fluorophenyl)methoxyphenylborate in Fig. 1. In this structure, there
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Figure 1: Proposed mechanism for aryl-aryl coupling in tri(ﬁuorophenyl)methoxyphenylbo—
rate.

is no bond between any two of the four substituents at the boron atom. DFT calculations
revealed that at this point, the spin density is centered on the most electron-rich moiety.
Following pathway (1), the three-membered ring B, which features a bond between two of
the substituents, is formed by 7-stacking and subsequently opens to structure C, where the
boron residue is bound to only one side of the coupling product. The alternative mechanism
(2) proceeds directly from A to C via o-bond cleavage and was also proposed for aryl-vinyl
coupling reactions.®® Subsequently, the boron-carbon bond in C is broken homolytically,
furnishing the final product and removing the radical character. As a side product, borinic
acids BR,OH are formed.

In this work, we explore the reaction mechanism in detail. By means of DFT and coupled-
cluster (CC) calculations, we characterize the reaction path and identify intermediates with
a special focus on differences between aryl-aryl and aryl-alkenyl couplings. Based on the
energetics of the intermediates B, we predict product distributions for heterosubstituted
molecules. In addition, we model reaction paths for the elimination of the coupling product

from intermediate C and investigate the role of the solvent in this reaction step.

Computational details

To obtain a qualitative picture of the reaction path, we carried out calculations with the

Gaussian!® and Q-Chem!! program packages at the BSLYP/6-31G(d) level of theory.!? In



this way, we identified stable structures along the reaction path for a large set of borate salts
comprising BViy, BVizSt, BViySt,, BVizPh, BPhyViy, BPh3Vi, BPh,ySty, BPhsSt, B(PhF);St,
BPh,, B(PhF),, B(PhOMe),(PhF),, B(PhF)3(PhOMe), and B(PhF)3(ortho—PhOMe) where
Vi=vinyl, St=styryl, Ph=phenyl and all F and OMe substituents are in para-position if not
indicated otherwise.

For each molecule, we optimized the anionic equilibrium structures first. Notably, multi-
ple minima were found in some cases. Starting at these structures we followed the gradient
on the potential energy surfaces (PES) of the oxidized neutral molecules. To locate minima
and first-order saddle points, we used PES scans and the freezing string method.? Stationary
points were characterized by frequency calculations that also yielded vibrational contribu-
tions to the enthalpy and entropy from which Gibbs free energies and, subsequently, barrier
heights were computed.

After these initial calculations, we reexamined selected molecules and reaction steps
with the hybrid-GGA functional wB97X-D,!* the one-parameter hybrid-meta GGA func-
tional TPSSh,!® and the empirical hybrid-meta GGA functional M06-2X.'6 All DFT cal-
culations were carried out with the SG-2 grid.!” In addition, we investigated the impact of
the conductor-like polarizable continuum model (C-PCM) for solvation'® and D3 dispersion
corrections. 1%2° Furthermore, we performed selected single-point calculations with equation-
of-motion ionization potential coupled-cluster singles and doubles?!*? (EOM-IP-CCSD) and
the 6-311G(d,p) basis set at geometries obtained with B3LYP/6-31G(d). In these calcula-

tions, we chose the anion as CC reference state.

Results and discussion

Our investigations identified two different reaction paths that are contrasted in Fig. 2.
Whenever alkenyl groups are part of the coupling product, the reaction is kinetically unhin-

dered, while substantial barriers are encountered in aryl-aryl couplings. These computational



results confirm our earlier hypothesis presented in Fig. 1. A new aspect is the formation of

a further stable structure D from C in which the boron residue has moved to an adjacent

carbon atom through a secondary 1,2-rearrangement.

0 kJ/mol

-5 kJ/mol

Ph\(g, Ph

B

—37 kJ/mol
-59 kJ/mol

) Ph
€ Ph—8
370 kJ/mol ~106 kJ /mol

135 kJ /mol

e

162 kJ/mol

353 kJ /mol

Figure 2: Left: Formation of biphenyl from tetraphenylborate. The three-membered ring
B is formed as an intermediate. Right: Formation of 1,4-diphenylbutadiene from diphe-
nyldistyrylborate. No significant barrier was found. Numbers represent Gibbs free energies

G.

Couplings involving alkenyl groups

Borates substituted with St or Vi groups exhibit reaction paths without any significant

barriers after oxidation; this is exemplified for BPh,St, in the right panel of Fig. 2. Especially

substrates with bare Vi groups show no barrier at all for rearrangement from A to D whereas

tiny barriers are sometimes observed when other alkenyl groups are involved. The three-

membered ring B is formed but does not represent a stable structure; it is only associated

with an energy plateau. The relaxation from A to C is distinctly exergonic. As an example,



135kJmol~! and 154 kJ mol~!, respectively, are released in St-St and St-Ph coupling starting
from BPh,St,. Energy differences for other molecules are very similar and can be found in
the supporting material. A further stable structure D, which is an isomer of C with the
boron atom bound to the terminal end of the newly formed diene, was identified in St-St
coupling. D is somewhat lower in energy than C (AG = —28kJmol™!) and the barrier
between the two structures is only 8 kJmol™!. In contrast, migration of the boron residue
along the phenyl ring is not favorable in the case of St-Ph coupling, presumably because the
aromaticity of the phenyl group would be lost.

To obtain different coupling products from the same substrate in these calculations, we
modified the anionic starting geometries. However, we were unable to obtain all possible
products in this way: Neither Ph-Ph nor Vi-Vi coupling takes place if a St group is present,
which we attribute to the more extended delocalization of the unpaired electron in the St
group. From these results we expect that the coupling proceeds without delay after the initial
oxidation and that the formation rate of the product is determined by the oxidation rate.
This implies that the product distribution is hard to predict. Electronic energy differences
between the anionic precursor structures likely play a role but the vibrational state of the
anion at the moment of oxidation may also be relevant because this could make an impact

on the direction in which the oxidized molecule moves on the neutral PES.

Aryl-aryl couplings

For aryl-aryl couplings, the three-membered ring B is kinetically stabilized for all molecules
that we examined, as exemplified for tetraphenylborate in the left panel of Fig. 2. This re-
flects the steric crowding: the three-membered ring is substituted with 6 carbon atoms that
have to move past each other when the ring opens. The enthalpies associated with the initial
relaxation from A to B fall in a range from —63 to —27kJmol™! and are thus distinctly
smaller than when an alkenyl group is involved. Generally, more energy is gained if more

electron-rich substituents are coupled. Enthalpies computed for five different tetraarylbo-



rates are available from the supporting information. Similar to aryl-alkenyl couplings, we
found that the coupling of two electron-deficient rings, for example of two PhF moieties in
B(PhOMe),(PhF), is not possible; the intermediate B is not stable in such cases.

The barrier towards ring opening of B as calculated by B3LYP is in the range of 28
to 50kJ mol~! with the higher values in general corresponding to electron-rich substituents,
for example, 49kJmol™! for formation of MeOPh-PhOMe from B(PhOMe),(PhF), and
35kJmol™! for formation of FPh-PhF from B(PhF),. Because of the importance of this
reaction step for the selectivity of the coupling (see next Section), we computed the electronic
energies for the ring opening of BPhy also with EOM-IP-CCSD /6-311G(d,p) using the anion
as CC reference state. Together with vibrational contributions from B3LYP, this resulted
in a value of 20kJmol™! for the barrier height as compared to 28 kJmol™! obtained with
B3LYP for this molecule. If one ring is substituted in ortho-position, the relaxation from A
to B releases less energy compared to the corresponding para-substituted compound, while
more energy is gained from B to C and the barrier for opening the cyclic intermediate
B is lower. We attribute this destabilization of B to repulsive interaction between the
substituent in ortho-position and the second aryl ring. Similar to aryl-alkenyl couplings,
a further intermediate D, in which the boron residue is bound to the ortho-position, also
exists in aryl-aryl couplings (see Fig. 2). The relaxation from C to D is accompanied by
a substantial energy gain of ca. 50kJmol~! whereas further rearrangements resulting from
migration to the meta- and para-position bring only negligible energy gains. If a methoxy
substituent is bound to the aryl ring in ortho-position, additional cyclic intermediates similar
to C and D may exist; these are depicted in Fig. 3. While all tested DF'T methods found
the intermediate D’ and predicted a barrier of ca. 15kJmol™! between D and D’, only

dispersion corrected methods identified C’ as a stable structure.



Figure 3: Stable intermediates of types C and D in the formation of FPh-PhOMe from
B(PhF);3(ortho—PhOMe) .

Selectivity of aryl-aryl couplings

The activation energy necessary to open the cyclic intermediate B explains the selectivity of
the coupling observed for heterosubstituted tetraarylborates. Since different intermediates
B are separated from each other only by low barriers, the most thermodynamically favorable
species forms before the reaction proceeds. In a borate that is substituted by three identical
aryl groups and a fourth one that is different, a transition between two intermediates that
correspond to homo- and heterocoupling is possible if the C-C bond in one B-type structure
is broken and a new C-C bond between the two previously uninvolved residues is formed
at the same time. This is shown in Fig. 4 for two isomers of B(PhF);PhOMe. We note,
however, that BSLYP possibly underestimates the activation barriers of these transitions.
For BPh,, the electronic contribution to the barrier is 23 kJ mol™! higher when computed
with EOM-IP-CCSD/6-311G(d,p) compared to B3LYP/6-31G(d).

In a borate substituted with two pairwise identical substituents, the mechanism displayed
in Fig. 4 corresponds to a transition between two homo-coupled products. The transition
from a B intermediate that leads to a homo-coupled product to one that leads to a hetero-

coupled product occurs through a two-step mechanism shown in Fig. 5. The structures asym-
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Figure 4: Transition between two B intermediates that correspond to formation of PhF—PhF
and PhF—PhOMe, respectively, from B(PhF);PhOMe . Left panel: OMe residue in para-
position. Right panel: OMe residue in ortho-position. For comparison, the energetic posi-
tions of the transition states for the progress of the reaction from B to C are 52, 42, 34, 38
kJ mol~! for the four species displayed in the figure from left to right.




B-hetero and asym-B-homo are available from the supporting information. Similar to the
previous mechanism, EOM-IP-CCSD/6-311G(d,p) raises the activation barriers compared
to B3LYP/6-31G(d), here by ca. 10kJ mol ™.
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Figure 5: Transition between two B intermediates that correspond to formation of
MeOPh—PhOMe and PhF—PhOMe, respectively, from B(PhOMe),(PhF),. In each case,
one elementary step consists in the rotation of one of the inactive rings by 90 degrees to
arrive at the asym-B arrangement of the phenyl groups with local symmetry C,. The second
step is a concerted rotation of all phenyl groups at once. For comparison, the energetic
positions of the transition states for the progress of the reaction from B to C are 49 and 53
kJ/mol ~! for the left and right species, respectively.

Assuming that the equilibration between different intermediates B occurs faster than
their decay, the product distribution can be calculated by means of the Eyring equation.
Here, we need to take into account the free energy differences between the B intermediates
AG' = G} ioro — Ghomo and the barriers for ring opening towards C AG*. Under the further
assumption that the products are formed through independent irreversible first-order reac-

tions, we obtain the following general expression for the distribution between homo-coupled

and hetero-coupled products obtained from a borate that is substituted by three identical
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aryl groups and a fourth one that is different.

mo_ mik ik ny kit Eny [ AG’} exp[ —AG,/RT] + exp[ ~AG, /RT]
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Here, indices 1 and 2 refer to hetero-coupled and homo-coupled products, n is the amount
of product, n’ that of the corresponding B precursor, and k denotes the rate constants
associated with the ring opening. Additional indices a and b are used to distinguish between
opening a particular ring in different directions. For a borate substituted with two pairwise
identical substituents, an additional combinatory factor of four results from the number of

possible combinations of two particular residues in a heterocoupling.

Table 1: Theoretical and experimental product distributions for four heterosubstituted
tetraarylborates. Theoretical results were computed from free energies obtained with
B3LYP/6-31G(d). Indices 1 and 2 refer to hetero-coupled and homo-coupled product. See
text for further explanation.

theory experiment
Molecule Il Z;Zii;i ny /ng n1 /na
B(PhF)3(PhOMe)" 79.788 0.28  22.48 32.50
B(PhF);(ortho—PhOMe)™  0.619 0.21 0.13 0.42
B(PhOMe),Ph, ® 0.022 30.53 0.66 1.25
B(PhF)y(PhOMe), ® 0.039 14.45 0.56 —

@ For this molecule, homo refers to MeOPh-PhOMe.

Product distributions for four tetraarylborates obtained with BSLYP /6-31G(d) are com-
piled in Tab. 1 and compared with experiment. Although absolute theoretical and exper-
imental values differ by a factor between 1.4 and 3.2, the trend between the molecules is
reproduced correctly. While the amount of homo-coupled product is overestimated by the
calculations for all molecules in Tab. 1, there is no clear trend with respect to the electron
richness of the coupled rings. Owing to the exponential dependence the product distribution
is very sensitive to small changes in the energy differences. To test the validity of the re-
sults compiled in Tab. 1, we re-evaluated the product distributions for B(PhOMe)y(PhF), ,

B(PhF)3(PhOMe) ", and B(PhF);(ortho—PhOMe)  using free energies obtained using differ-
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ent density functionals and with EOM-IP-CCSD. The results for the product distributions
can be found in table 2, underlying energies as well as values for the two factors constituting

the overall product distribution are available from the supporting information.

Table 2: Product distributions for (a) B(PhOMe)y(PhF),, (b) B(PhF)3(PhOMe)", and (c)
B(PhF)3(ortho—PhOMe)™ calculated with different methods. The extrapolated experimental
value for B(PhOMe)y(PhF), is obtained from the value for B(PhOMe),Ph,y scaled with a
factor for the different substitution calculated with B3LYP /6-31G(d).

Molecule (a) (b) (c)
Distribution n(FPh-PhOMe) n(MeOPh-PhOMe)  n(FPh-PhOMe)  n(FPh-PhOMe)
n(MecOPh-PhOMe) n(FPh-PhF) n(FPh-PhF) n(FPh-PhF)

extrapolated experimental value 1.05 — 32.5 0.422
B3LYP/6-31G(d) 0.56 — 22.5 0.132
B3LYP-PCM/6-31G(d) 9.96 10.7 33.8 0.327
B3LYP-PCM-D3/6-31G(d) 0.41 22.7 4.4 0.012
B3LYP-PCM/6-311G(2d,p) 0.50 8.6 13.8 0.010
B3LYP-PCM-D3/6-311G(2d,p) 0.40 116.1 0.1 0.007
TPSSh-PCM /6-31G(d) 16.83 6.3 138.7 0.316
TPSSh-PCM-D3/6-31G(d) 0.58 4.4 18.2 0.013
wB97X-D-PCM/6-31G(d) 0.31 19.2 9.5 0.017
M06-2X-PCM/6-31G(d) 0.19 19.2 8.6 0.378
M06-2X-PCM-D3/6-31G(d) 0.18 13.7 10.6 0.359
EOM-IP-CCSD/6-311G(d,p) 0.16 — 41.6 0.161

Although the reaction paths obtained with the different methods do not differ qual-
itatively, the energetic differences between the methods are large enough to give rise to
completely different product distributions as Tab. 2 illustrates. While a few methods pro-
duce good results for individual molecules, no approach delivers good results for all three
molecules. The performance of the initially employed B3LYP/6-31G(d) method without
D3 correction and PCM is relatively consistent and in qualitative agreement with CCSD /6-
311G(d,p). The same can be said about M06-2X/6-31G(d) with dispersion correction and
PCM included. This approach predicts, however, substantially higher barriers for the tran-
sition between different B intermediates. It is also noteworthy that the energy differences
between different B structures computed with different approaches are in better agreement
than the activation energies.

In any case, a quantitative assessment of the product distributions is thus not possible
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with our current theoretical approach. We are, however, able to offer a qualitative expla-
nation of the experimentally observed selectivity of aryl-aryl couplings that involves two
factors: On the one hand, the intermediate B is stabilized if electron-rich rings participate
in the coupling but, on the other hand, this effect is partly compensated by the relatively
high barriers associated with ring opening towards an electron-rich product. As illustrated
by Tab. 1 and corroborated by further results obtained using other density functionals (see
supporting information), the first factor is more important in general. For example, for
B(PhF)3(PhOMe), the formation of FPh-PhOMe is favored by a factor of 80 based on the
stability of the corresponding B structures, but by analyzing only barrier heights one would
expect that the formation of FPh-PhF is favored by a factor of 4. Interestingly, the displace-
ment of the methoxy group from the para- to the ortho- position destabilizes B to such a
degree that the product distribution is inverted, which is also observed in the experiment.
This destabilization can likely be attributed to repulsion between the oxygen atom in the

methoxy group and the second aryl moiety.

Release of the coupling product

The species C and D from Fig. 2 do not represent the final products. To model the re-
lease of the coupling product, we investigated a possible two-step mechanism that starts
with a nucleophilic attack at the boron atom and proceeds with the dissociation of the cou-
pling product from the tetrahedral complex. This is similar to nucleophilic substitutions at
carbonyl groups. We studied this mechanism for the intermediate D obtained from BPh, us-
ing acetonitrile and water as nucleophiles. Our results obtained with B3LYP /6-31G(d) are
summarized in Fig. 6, further results are available from the supporting information.
Distinctly different energy profiles are obtained with the two nucleophiles: While water
forms the tetrahedral complex with a low barrier, this intermediate is higher in energy for
acetonitrile (20kJmol™t vs. 46kJmol™!). This may be due to the high affinity of boron

to oxygen. The final product in which the diphenyl molecule is detached from the complex
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Figure 6: Schematic energy profile of the two-step substitution reaction that releases the
final product. The reaction is studied with B3LYP /6-31G(d) for the intermediate D formed
from tetraphenylborate. Acetonitrile and water are investigated as nucleophiles.

is, however, much lower in energy when acetonitrile is used as nucleophile (12kJmol™! vs.
115kJmol~!). Since acetonitrile adopts a bent structure in the product, we attribute the
lower final energy to the interaction of the C=N 7*-orbitals with the radical electron. A
similar stabilizing interaction cannot occur with water as nucleophile.

In previous experimental work, %7 acetonitrile was used as solvent and water was added
during the workup. It was observed that the presence of water in the reaction mixture
facilitates the reaction. While we did not model an explicit substitution of one nucleophile
by the other, our results in Fig. 6 suggest that if water and acetontrile are present at the

same time, an initially attached water molecule will be replaced by acetonitrile eventually.
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Conclusion

In this work, we have investigated the reaction mechanisms of aryl-aryl couplings and aryl-
alkenyl couplings that follow the oxidation of quaternary borate salts. As suggested by
our preceding studies, oxidation occurs preferably on the most electron-rich substituent.
Whenever an alkenyl group is part of the coupling, the new C-C bond is formed without an
energy barrier during the irreversible relaxation following oxidation. For these reactions, it is
hardly possible to make a statement on the selectivity of the coupling because the new C-C
bond is formed faster than any equilibration in the doublet state can occur. We observed,
however, that couplings between two electron-deficient residues are often not possible when
electron-rich residues are present, depending on the strength on the electron-withdrawing
effects. Which residues are coupled in aryl-alkenyl couplings is likely determined by the point
on the potential energy surface at which the oxidation occurs. To obtain further insight into
this reaction, one would likely need to carry out ab initzo molecular dynamics simulations.

In contrast, we found a three-membered ring as an intermediate in aryl-aryl couplings.
The energy barriers to open such a ring are high compared to the barriers that separate
the ring structures that can be formed between the different residues. As a consequence,
the thermodynamically most favorable intermediate is formed before the reaction proceeds.
Substituents on the aryl moieties influence the energy differences between the reaction inter-
mediates and thus control the selectivity. The distribution of the coupling products is deter-
mined by an interplay between the stabilization of the pivotal three-membered ring and the
rate with which it opens. If electron-rich substituents are coupled, the three-membered ring
becomes more stable, the barrier towards ring opening increases, and the opening itself be-
comes more endergonic. For ortho-substituted residues, however, steric hindrance as well as
possible bonding interactions between the boron atom and the substituent in ortho-position
need to be considered as additional factors that can reverse trends expected from electronic
effects.

After the ring opening, the boron residue stays coordinated and can migrate along the
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aryl residue, but only the migration to the ortho-position is associated with a significant
energy gain. These secondary rearrangements are, however, hard to observe experimentally
since the final reaction products remain the same independent of the position of the boron
residue on the aryl ring. The subsequent release of the boron residue from the biphenyl
system proceeds through a two-step nucleophilic substitution with an intermediate in which
boron is tetrahedrally coordinated. The formation of the tetrahedral complex is associated
with a low barrier when water is used as nucleophile, whereas the overall substitution reaction
is more favorable with acetonitrile as nucleophile.

We tested different density functionals in this work and found that B3LYP delivers energy
differences that are in acceptable agreement with EOM-IP-CCSD. The product distributions
obtained from our B3LYP calculations reproduce the experimental trends qualitatively. As
an alternative to BSLYP, the M06-2X functional with D3(0) correction and C-PCM solva-
tion also works well. However, we also found that dispersion corrections and polarizable

continuum models do not lead to a uniform improvement of the description of the reaction.
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