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Mechanistic study on the reductive elimination of
(aryl)(fluoroaryl)palladium complexes: a key step
in regiospecific dehydrogenative cross-couplingf

Tomoki lida,® Ryota Sato,® Yusuke Yoshigoe, (2 ° Takaki Kanbara 2 *® and

Junpei Kuwabara (2 **<

Cross-dehydrogenative coupling (CDC) reactions have attracted attention as short-step synthetic
methods for C-C bond formation. Recently, we have developed CDC reactions between naphthalene
and fluorobenzene. Rather than exhibiting general regioselectivity, this reaction proceeds selectively at
the pB-position of naphthalene. In this study, investigation using model complexes as reaction intermedi-
ates revealed that the origin of the unique selectivity is the exclusive occurrence of reductive elimination
at the p-position. Detailed studies on the reductive elimination showed that the steric hindrance of the
naphthyl group and the electron-withdrawing properties of fluorobenzene determine the position at
which the reductive elimination reaction proceeds. These results show that the selectivity of the C-H
functionalisation of polycyclic aromatic hydrocarbons (PAHSs) is determined not by the C-H cleavage
step, but by the subsequent reductive elimination step. The regioselective CDC reaction was adaptable to
various PAHs but was less selective for pyrene with extended n-conjugation. In fluorobenzene substrates,
the F atoms at the two ortho positions of the C—H moiety are necessary for high selectivity. The substrate
ranges are in good agreement with the proposed mechanism, in which the reductive elimination step

rsc.li/dalton determines the regioselectivity.

Introduction

Cross-coupling reactions are important bond-forming reac-
tions that facilitate the syntheses of various natural products,
pharmaceuticals, and electronic device materials."”
Conventional cross-coupling reactions entail the preparation
of organometallic reagents, such as organoboron or organotin
compounds, and halogenated compounds. In contrast, cross-
dehydrogenative coupling (CDC) reactions, which enable cross-
coupling between C-H bonds, have attracted attention as
short-step synthetic methods that do not require pre-
functionalisation.*™> CDC reactions between electron-rich
thiophenes and electron-deficient fluorobenzenes have been
demonstrated to exhibit high cross-coupling selectivity and
regioselectivity, without requiring a directing group."*™°
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Recently, we extended this strategy and realized a selective
cross-coupling CDC reaction of fluorobenzenes with less-reac-
tive naphthalenes through the cooperative effect of a Pd cata-
lyst and Ag salt."” Interestingly, this reaction preferentially pro-
ceeds at the p-position of naphthalene although the C-H
direct functionalisation of naphthalene preferentially occurs at
the a-position in general.'®2° The investigation into the origin
of this unique selectivity indicated that the formation of the
a-substituted product is suppressed owing to the very slow
reductive elimination of a Pd(u) complex with an a-naphthyl
group (a-biaryl complex; Scheme 1b)."”

In addition to the reversibility of the C-H cleavage of
naphthalene, the p-substituted product is preferentially
formed from the p-biaryl complex owing to rapid reductive
elimination (Scheme S1f). The reaction mechanism is note-
worthy because the regioselectivity of direct C-H functionalisa-
tion is determined by the reductive elimination step rather
than by the C-H cleavage step. As reductive elimination is a
critical elemental reaction that yields products in many cross-
coupling reactions,>>* the detailed studies have been con-
ducted in Ni,>> Pd,>**” and Pt*®*° complexes. However, it
rarely determines the regioselectivity of general C(sp®)-C(sp®)
coupling reactions owing to its rapid nature. In special cases
in silaboration and C-N coupling reactions, reductive elimin-
ation has been reported to determine regioselectivity.*>*! The

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 (a) p-Selective CDC reaction; (b) proposed reaction mecha-
nism for p-selectivity.’”

aim of this study is to uncover the origin of the rate difference
in reductive elimination, which determines regioselectivity.
The findings demonstrate that the difference in the reductive
elimination rates was caused by the steric hindrance of
naphthalene and the electron-withdrawing effect of fluoroben-
zenes. Moreover, this mechanism provides a plausible expla-
nation for the substrate scope of the regioselective CDC reac-
tion. This study offers essential insights into the CDC and
reductive elimination which is a crucial elementary reaction in
organometallic chemistry.

Results and discussion
Rate differences in reductive elimination

Previously, the biaryl model complexes with N,N,N',N'-tetra-
methylethylenediamine (TMEDA) as a supporting ligand were
synthesised and compared in terms of reductive elimination
(Scheme 2)."” Reductive elimination of the o-biaryl model
complex did not proceed at 120 °C in cyclopentyl methyl ether
(CPME) under the same conditions used for the catalytic reac-
tion. One factor that prevents reductive elimination even at
such high temperatures is the effect of the electron-withdraw-
ing pentafluorophenyl group.'®**”*” In contrast, the B-biaryl
model complex reacted entirely in 10 min, yielding the reduc-
tive elimination product (92%), as well as naphthalene (7%) as
a decomposed product.’” These results show that the reductive
elimination of the p-biaryl model complex is significantly
faster than that of the a-biaryl model complex. To understand
the reason for the difference in the reductive elimination rates,
these two complexes were analyzed using single-crystal X-ray
structural analysis (Fig. S1f). The Pd-C distances between Pd
and CgF5 in the two complexes were almost the same. The
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Scheme 2 Differences in reactivity of reductive elimination in the
model complexes.?”

naphthalene moiety was disordered; hence, no clear compari-
son could be made for the distance between Pd and the
naphthalene carbon. Comparing '°F nuclear magnetic reso-
nance (NMR) spectra, five signals were observed in the a-biaryl
model complex, whereas only three signals were observed in
the B-biaryl model complex (Fig. S3 and S5t), which indicates
that the rotation of the CgFs group in the o-biaryl model
complex is slower than the NMR timescale. The five signals of
the a-biaryl model complex did not coalesce even at 110 °C.
These results suggest that the rotation of the aryl group is
inhibited in the a-biaryl model complexes, presumably due to
a steric requirement. This sterically restricted structure may be
associated with slow reductive elimination.*®*° When 1-ada-
mantanecarboxylic acid was added to the a-biaryl model
complex and heated, naphthalene was formed by the reverse
reaction (Scheme 1b, and Scheme S2f). In addition, the
B-substituted  coupling  product, 2-(pentafluorophenyl)
naphthalene, was observed in small amounts (Scheme S37).
The formation of the p-substituted coupling product from the
a-biaryl model complex shows the reverse reaction and clea-
vage of the C-H bond at the p-position, followed by reductive
elimination (see Scheme 1b).

The reductive elimination of the p-biaryl model complex
was found to be faster than that of the a-biaryl model complex.
However, as the steric and electronic factors are different at
the o- and p-positions of the naphthyl group, the factor respon-
sible for the difference in the reductive elimination rate is not
clear. To compare only the steric factors under almost the
same electronic factors, complexes with ortho-tolyl and para-
tolyl groups were investigated instead of the a-naphthyl and
B-naphthyl groups (Scheme 3). In CPME at 120 °C, the
complex with the ortho-tolyl group, which has a large steric
hindrance, showed no reaction at all, whereas the complex
with the para-tolyl group showed quantitative reductive elimin-
ation (Fig. S6t). This indicates that steric hindrance was the
principal factor in decreasing the rate of reductive elimination.
Although the steric hindrance of phosphorus ligands is known
to promote reductive elimination by destabilizing biaryl
intermediates,?>*'™*3 the effect of the steric hindrance of the
aryl group on the reductive elimination between sp® carbons
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Scheme 3 Reductive elimination of ortho-tolyl and para-tolyl complex.

from Pd has not been discussed in detail. In reductive elimin-
ation for C-S and C-P bond formation, the steric hindrance of
the aryl group on Pd reduces the rate.*>*® Furthermore, the
fact that Pd(2,4,6-trimethylphenyl),(tmeda) is stable at high
temperature’® also suggests that the steric hindrance of the
aryl group inhibits reductive elimination. In Ir complexes,
steric hindrance has been shown to slow reductive
elimination.*®

As mentioned above, no reductive elimination proceeded in
the o-biaryl model complex at 120 °C for 30 min; however,
when PPh; was added to the reaction system, complete reduc-
tive elimination proceeded in 30 min (Scheme 4, and Fig. S77).
As PPh; is more effective than TMEDA in promoting reductive
elimination due to its r-acceptor nature,*’>° reductive elimin-
ation proceeds at the a-position. The substitution of the chelat-
ing ligand TMEDA with PPh; may have facilitated the for-
mation of a three-coordinate state and accelerated reductive
elimination.”® The choice of supporting ligands that did not
promote reductive elimination, such as TMEDA used in this
model system and the dialkyl sulfoxide additive used in the
coupling reaction, was identified as a contributing factor to
the observed differences in reductive elimination.

Kinetic parameters in reductive elimination of f-biaryl model
complexes

As the p-biaryl model complex can be isolated and undergoes
selective reductive elimination, detailed studies of this process
are feasible. The kinetic parameters of the reductive elimin-

F
F F
Me,;N  NM
SN PPh, (4 equiv.) O
Pd — F F
F CPME
Q 120 °C, 30 min
F

Scheme 4 Reductive elimination of a-biaryl model complex with PPhs.

F
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ation were calculated by tracing the reaction over time.’™*
Heating of the p-biaryl model complex in deuterated toluene
revealed that reductive elimination proceeds in accordance
with the first-order reaction kinetic equation (Fig. 1a). The rate
constants at each temperature were used to calculate the acti-
vation enthalpy (AH*) and entropy (AS*), as a linear relation-
ship was obtained from an Eyring plot. The results yielded
AH* = 134 kJ mol™!, AS* = 73 ] K™ mol~? (Fig. 1b). As the
Eyring plot is not a perfect straight line, these values may
contain a certain amount of error. In particular, large differ-
ences in AS* values can be observed for small differences in
slope. Osakada et al. have reported values of AH* = 101 kJ
mol~" and AS* = —10 ] K™* mol™" in the reductive elimination
of a similar complex (Fig. 2) in deuterated benzene.”* The high
AH* of the p-biaryl model complex is presumably due to the
large number of F substituents. However, the reason for the
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Fig. 1 (a) First-order plot of reductive elimination of the $-biaryl model
complex in toluene-dsg, (b) Eyring plot.
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positive value of AS* in the p-biaryl model complex is unclear.
This may be due to the elongation of the Pd-C bond in the
transition state, which enables greater degrees of freedom.

The kinetic parameters were calculated for several deute-
rated solvents to investigate their effects on reductive elimin-
ation. Similar values were obtained for the low-polarity sol-
vents deuterated toluene, dioxane, and tetrachloroethane
(Table 1). In the high-polarity solvents, CD;NO, and DMSO-ds,

Table 1 Kinetic parameters of the reductive elimination reactions of
the p-biaryl model complex and dielectric constants of solvents®*

Dielectric ~ AH* AS* AG* (k] mol™%;
Solvent constants (kJmol™") (JK 'mol™) 120 °C)
Toluene-dg  2.38 134 73 105
Dioxane-dg 2.21 131 56 109
C,D,Cl, 8.2 141 91 105
CD3;NO, 35.8 119 16 113
DMSO-d, 42 104 -15 110
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the values of AH* became smaller, and the values of AS* were
close to zero. Particularly in DMSO-de, the value of AS was
negative. A possible reason for this negative value is that the
DMSO molecule is directly involved in the transition state,
resulting in multimolecular reactions. However, when the
coordination of other molecules is involved in the transition
state of reductive elimination, the value of AS* is more nega-
tively significant. For example, in a reaction in which reductive
elimination is promoted by the coordination of an olefin to
the apical position of a Ni(u) diethyl complex, the value of AS*
is —53.5 ] K~' mol".** Therefore, we assume that DMSO is not
directly involved in the transition state. As the values of AH*
are small in high-polarity solvents, CD;NO, and DMSO-ds,
high-polarity solvents may facilitate the formation of structures
such as tricoordinate intermediates, which favour reductive
elimination.”® Table 1 displays the AG* values at 120 °C, at
which the CDC reaction occurs. The AG* values indicate that
reductive elimination proceeds more easily in low-polarity sol-
vents at a high temperature of 120 °C.

Discussion based on theoretical calculations

For a detailed understanding of the difference in the transi-
tional barrier of reductive elimination between the o- and
B-biaryl model complexes, these reactions were modeled using
theoretical calculations at the B3LYP/6-311+G(d,p) (with SDD
for Pd) level in CPME (e = 4.76) solution (Fig. 3). Each reductive
elimination process for both complexes begins with a carbon

TS_a
+139

Int2_a
T (cg—csa) COMPplex

+58.1
+58.0

Int2_g
T (c1-c2) cOMplex

Fig. 3 Free-energy profiles of the modeled reaction pathways for the reductive elimination of the a- and p-biaryl model complexes at the B3LYP/6-
311+G(d,p) (with SDD for Pd) level in CPME (e = 4.76) solution. All AG, values represent the relative Gibbs energy for the complex compared to the
Gibbs energy for Intl-p. (AG,e = (G of any complex) — (G of Intl-p). Transition energies, AG* = AG,e (TS) — AG,e, (intl), were calculated to be 131

and 102 kJ mol™ for the a- and p-biaryl model complexes, respectively.

This journal is © The Royal Society of Chemistry 2024
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atom approaching another to create a C-C bond, followed by
the formation of the n-coordination complex. Activation energy
values, AG*, of these processes of the a- and p-biaryl model
complexes were estimated to be 131 and 102 kJ mol ™", respect-
ively. The value for the p-biaryl model complex was comparable
to the experimental value (vide supra). The value for the
a-complex is considerably higher (AAG* = 29 kJ mol™) than
that for the p-complex. In the transition state of the a-biaryl
model complex, the pentafluorophenyl and naphthyl rings are
arranged with a twisted torsion of 25.6° due to the proximity of
the H and F atoms on the rings. Conversely, the p-biaryl model
complex exhibits less torsion, at 0.7°. Reduced torsion enables
the overlap of orbitals between two carbon atoms, facilitating
the reductive elimination of the p-biaryl model complex.

Substrate scope of the regioselective CDC reaction

The substrate scope of the regioselective CDC reaction was
investigated using polycyclic aromatic hydrocarbons (PAHs). In
addition to the previously reported naphthalene and
anthracene,"”® phenanthrene, perylene, triphenylene, and
pyrene were examined as typical examples of common PAHs
(Scheme 5).°>°* Because the aim was to investigate the corre-
lation between regioselectivity and the structure of the sub-
strates, the reaction conditions were not optimized for each
substrate, and all reactions were performed under identical
conditions. The CDC reaction of phenanthrene with penta-
fluorobenzene afforded a mixture of two isomers, 2- and 3-pen-
tafluorophenyl phenanthrene. The positions of the introduced
pentafluorophenyl groups were determined by comparison
with the NMR spectra of separately synthesised reference com-

PdCl, (10 mol%)
Ag,CO; (4 eq) T
R R F 1-AdCOOH (4 eq.) F F
\ Octyl,SO (2 eq.) . O
+ F F——mmm F
- CPME, 120 °C OO F
i F N
PAH (10 eq.) 1eq. '
Naphthalene Anthracene Phenanthrene
9:0% 1: 0%
1: 3% 1:7% °A2: 37%
. 0, . 0,
yield: 68% yield: 17% yield: 52%
Triphenylene Perylene Pyrene
3:4%
2: 100% 1 939
O OO 2:93% 2:54%
. 0, .
O‘ 1: 0% ‘ 1:3% 001:35%
“] OO O‘ 4:10%
x
yield: 21% NMR yield: 21%3) yield: 26%

Scheme 5 CDC reaction of pentafluorobenzene with various PAHs. (a)
NMR yield and regioselectivity were determined via *°F NMR analysis of
a crude product with hexafluorobenzene as an internal standard.
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pounds (Fig. S2371). Although C-H functionalisation of phe-
nanthrene typically occurs at position 9,%*7” this reaction does
not produce the 9-substituted product. This observation shows
that selectivity is determined by the steric demand for phenan-
threne. Pentafluorobenzene was introduced at position 2 of tri-
phenylene (Fig. S34f). The yield and selectivity of perylene
were calculated from the NMR spectra of the reaction mixture,
because isolating the product from the remaining perylene
was difficult. The results showed that the reaction proceeds
selectively at the sterically vacant position 2 of perylene
(Fig. S371). In contrast, pyrene yielded products that reacted at
positions 1 and 4, in addition to the sterically vacant position
2 (Fig. S427). This result shows that reductive elimination pro-
ceeds even at the sterically hindered positions 1 and 4 in
pyrene.

Reductive elimination is more likely when the aryl group is
electron-rich.”> As pyrene has a more extended n-conjugation
than the other substrates examined in this study, abundant
n-electrons might facilitate reductive elimination, resulting in
low regioselectivity. Theoretical calculations were performed to
determine the activation energy value AG* of the reductive
elimination of Pd(pyrenyl)C¢Fs(tmeda) with pyrene bound to
Pd in the 1- or 2-position. These calculations were carried out
in a similar manner to those performed for the - and p-biaryl
model complexes bearing the naphthyl moiety. The AG of
reductive elimination of Pd(2-pyrenyl)C¢Fs(tmeda), which is
less sterically hindered, is lower than that of Pd(1-pyrenyl)
CeFs(tmeda). This is the same trend as for naphthalene.
However, the AAG between the 2-pyrenyl and 1-pyrenyl com-
plexes is only 7 k] mol™", which is significantly less than the

PdCl, (10 mol%)
Ag2CO; (4 eq.)
1-AdCOOH (4 eq.)
Octyl,SO (2 eq.)

X

|
N X
- L I 7
X CPME, 120 °C
Fn
10 eq. 1 eq.
F F
F l F F l F ‘ F
i "
F F F

B selectivity 97% 98% 99%

yield 68% 15% 10%

F
F l F
o T

B selectivity 55%
yield  10%

Scheme 6 CDC reaction of naphthalene with various fluorobenzenes.
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29 k] mol™" between the o and f-biaryl model complexes
bearing a naphthyl moiety. These results support that the
small difference in the rate of reductive elimination in the case
of pyrene is a factor in the low selectivity of the CDC reaction.
In terms of substrate scope of PAHs, regiospecific reactions
occur in many PAHs; however, the selectivity is low in
n-electron-rich substrates.

The scope of the fluorobenzene substrates was also investi-
gated. In addition to previously reported pentafluorobenzenes,
high selectivities were observed for 1,2,4,5-tetrafluorobenzene
and 1,3,5-trifluorobenzene (Scheme 6). In contrast, the reac-
tion with 1,2,3 4-tetrafluorobenzene resulted in a low
B-selectivity of 55%. These results indicated that the introduc-
tion of F at both ortho-positions of the C-H bond was essential
for achieving high regioselectivity. The F atoms at the two
ortho-positions of the aryl group on Pd have been reported to
undergo slow reductive elimination.”"*® This suggests that the
two F atoms at the ortho-positions limit the reductive elimin-
ation, thereby exhibiting regioselectivity.

Conclusion

This study elucidates the origin of the unique regioselectivity
of the CDC reaction between fluorobenzenes and PAHs, which
proceeds predominantly in sterically vacant positions.
Investigation of the reactivity of the reaction intermediates
revealed that the unique regioselectivity was determined by the
reductive elimination step rather than the C-H cleavage step.
Specifically, the steric hindrance of PAHs and the electron-
withdrawing effect of the pentafluorophenyl group limit the
positions at which the reductive elimination reaction can
proceed, resulting in a unique regioselectivity. Therefore, it is
important to select ligands that do not promote reductive elim-
ination to achieve regioselectivity. The present regioselective
CDC reaction can be adapted to a variety of PAHs; however, it
was less selective in n-electron-rich pyrene. For fluorobenzenes,
substrates with F atoms introduced at the two ortho-positions
of the C-H bond demonstrated high selectivity. These sub-
strate scopes are consistent with the mechanism uncovered in
the present study, in which regioselectivity is determined by
the reductive elimination step. While studying the reductive
elimination of Pd biaryl complexes with various aryl and pen-
tafluorophenyl groups (PdArCeFs(tmeda)), it was established
that complexes with large steric hindrance of the eliminating
aryl group underwent slow reductive elimination. These results
suggest that the coupling of sterically hindered aromatic com-
pounds with fluorobenzenes is difficult because of reductive
elimination. These findings provide fundamental insights into
organometallic and synthetic organic chemistry.

Data availability

All experimental data is available in the ESL.}

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
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» Crystallographic data for a-biaryl model complex and
B-biaryl model complex has been deposited at the CCDC under
2338608 and 2338609, and can be obtained from https:/www.
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