Oligothiophene Synthesis by a Distinct, General C—H Activation Mech-
anism: Electrophilic Concerted Metalation-Deprotonation (eCMD)
Long Wang and Brad P. Carrow*

Department of Chemistry, Princeton University, Princeton, NJ 08544, United States

ABSTRACT: Oxidative C-H/C-H coupling is a promising synthetic route for the streamlined construction of conjugated organic materials
for optoelectronic applications. Broader adoption of these methods is nevertheless hindered by the need for catalysts that excel in forging core
semiconductor motifs, such as ubiquitous oligothiophenes, with high efficiency in the absence of metal reagents. We report a (thioether)Pd-
catalyzed oxidative coupling method for the rapid assembly of both privileged oligothiophenes and challenging hindered cases, even at low
catalyst loading under Ag- and Cu-free conditions. A combined experimental and computational mechanistic study was undertaken to under-
stand how a simple thioether ligand, MeS(CH.)3SO3Na, leads to such potent reactivity toward electron-rich substrates. The consensus from
these data is that a concerted, base-assisted C—H cleavage transition state is operative, but thioether coordination to Pd is associated with de-
creased synchronicity (bond formation exceeding bond breaking) versus the classic concerted metalation-deprotonation (CMD) model. En-
hanced positive charge build-up on the substrate results from this perturbation, which rationalizes experimental trends strongly favoring n-basic
sites. The term electrophilic CMD (eCMD) is introduced to distinguish this mechanism. More O'Ferrall-Jencks analysis further suggests
eCMD should be a general mechanism manifested by many metal complexes. A preliminary classification of complexes into those favoring
eCMD or standard CMD is proposed, which should be informative for studies toward tunable catalyst-controlled reactivity.

1.INTRODUCTION Scheme 1. Ilustrative Methods for Thiophene Coupling.
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can construct the C—C linkage of these important conju- instance, reactions that occur readily at more hindered C—H bonds

are rare yet highly desirable for thiophene-based materials that are
Existing methods for the latter nevertheless have practical draw- frequently decorated with fluorine, aryl, and/or alkyl substituents to
backs, and mechanistic uncertainties about what catalyst and ligand augment processability and electronic properties."’
structures can accelerate the key C—H cleavage step hinders progress Because the "standard" concerted metalation-deprotonation
(CMD) mechanism for C-H cleavage (Scheme 2) is believed to op-

erate during many Pd(II)-catalyzed C-H functionalization reac-

in this area.

A leading palladium-catalyzed method for oxidative thiophene
coupling requires AgF as a promoter and also generally favors reac- tions, which displays sensitivity to steric effects and tends to favor
tion at more acidic, less hindered C—H bonds."*"* Notwithstanding

the need for silver as an essential additive in many dehydrogenative

sites with lower C-H pX (i.e., electron-poorsubstrates), *' it is fair
to question whether CMD is the preferable mechanistic manifold if

coupling reactions,"* which may correlate in some cases to a catalytic the goal is to access new catalysts tailored for dehydrogenative cou-

role for Ag(I) during the key (hetero)arene C—H activation step,'
the predominance of dative ligand-free ("ligandless") Pd(II) cata-
lysts in this area emphasizes the significant room for improvement
that remains. In this regard, both catalytic efficiency and tunable site

pling with electron-rich (hetero)arenes. It is thus instructive to con-
sider (1) the limitations of the original CMD model in the context of
dehydrogenative coupling reactions, () what mechanisms are most
effective for electron-rich (hetero)arene functionalizations, and (i)
what catalyst structures favor the latter.



Scheme 2. Representative Arene Activation Pathways and
Transition States for Thiophene C—H Bond Cleavage.
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Late transition metal complexes that catalyze a wide array of C-H
functionalization reactions frequently feature an internal base (e.g.,
coordinated acetate) that can assist in the key bond cleavage step.”
Early experimental mechanistic studies of Pd(II)-mediated cy-
clometalation by Ryabov,” and computational studies on the im-
portant role of carboxylate ligands during C-H bond cleavage of
benzene or methane,* supported the feasibility of a base-assisted
mechanism of C-H cleavage. A general model was subsequently
evolved by Davies and Macgregor, in studies of Pd(II), Ru(Il),
Rh(IIT), and Ir(Ill) promoted cyclometalations, and given the
term “ambiphilic metal ligand activation” (AMLA) to highlight the
important roles of both an electrophilic metal and nucleophilic base
in facilitating C-H bond cleavage.* Fagnou formalized an analogous
concept as CMD from a series of detailed experimental and compu-
tational mechanistic studies of Pd-catalyzed direct arylation reac-
tions.” The standard CMD model has since become a widely
adopted and effective construct for predicting reactivity and regiose-
lectivity trends across a wide spectrum of C-H coupling reactions,
which typically favor (hetero)arenes or sites with lower C—H bond
pX: and less steric hindrance.”®

Importantly, catalytic direct arylation reactions begin by oxidative
addition of a haloarene to Pd(0). Consequently, the catalytic inter-
mediates around which the standard CMD model was developed
were organopalladium species possessing a strongly electron-releas-
ing hydrocarbyl (aryl) ligand and frequently a strong o-donor phos-
phine ligand as well. On that other hand, a number of exceptions
have been noted where metal complexes appearing to cleave C-H
bonds by a concerted, base-assisted mechanism do not adhere to the
selectivity guidelines for CMD.****%*' These tend to be more elec-
trophilic metal complexes, such as Pd(II) coordinated by weaker da-
tive ligands (e.g., amine, sulfoxides) rather than strong o-donor
phosphines, and weaker X-type ligands (e.g., halides, sulfonates) ra-
ther than hydrocarbyl groups. For instance, classic cyclopallada-
tion”>*' reactions by Pd(OAc): or arene mercurations with HgX, (X
= OAc, O.CCF;) exhibit reactivity patterns that parallel Friedel-
Crafts chemistry but have been postulated to involve internal base
assistance.”’

Differing rationalizations have been put forward to account for
such deviations from the standard CMD model, such as a stepwise
SeAr-type mechanism. However, a primary kinetic isotope effect
(KIE) is generally observed in these cases, which can only be ex-
plained in a stepwise pathway when deprotonation of a Wheland

intermediate by external® or internal® base is rate-limiting (ko<<k-1,
Scheme 2). A computational study of C-H activation by Pd(OAc)»
nevertheless found minimal charge build up on the catalyst-bound
arene, which is inconsistent with the involvement of a o-arenenium
species.”* While the standard CMD model has been postulated to
occur in a variety of reactions catalyzed or mediated by Pd(1I),
Rh(III), Ir(I11), Ru(1I), and Pt(II) complexes,” the contradictory
reactivity patterns noted above are not easily reconciled within a sin-
gular, concerted mechanistic manifold. Insights to explain how cer-
tain complexes simultaneously manifest mechanistic features of
CMD together with reactivity patterns of stepwise SzAr pathways,
and how ligand choice might dictate or amplify this behavior would
significantly aid efforts to design new catalysts for dehydrogenative
coupling with tunable reactivity.

Our group recently reported (thioether)Pd catalysts that acceler-
ate electron-rich heteroarene C-H alkenylation and can enable
C-H functionalization at hindered sites.* The reactivity patterns
observed with these catalysts also do not perfectly mirror the stand-
ard CMD model, raising questions about the potential generality of
these catalysts and the details of their catalytic mechanisms for het-
eroarene functionalization. This motivated us to investigate whether
thioether ligands might exert beneficial effects in oxidative het-
eroarene coupling because the putative organopalladium intermedi-
ate formed by C-H bond cleavage should be conserved inboth C-H
alkenylation and arene C-H/C-H coupling. We report here that
thioether coordination to a Pd catalyst indeed exerts unique effects
during oligothiophene synthesis through oxidative coupling, such as
by enabling efficient catalytic turnover in the absence of Ag(I) or
Cu(II) reagents and improved reactivity toward formation of hin-
dered C-Cbonds. Moreover, a combined experimental and compu-
tational mechanistic study suggests (thioether)Pd-promoted C-H
bond cleavage remains concerted but manifests systematic differ-
ences versus the standard CMD model. It has previously been spec-
ulated that the standard CMD mechanism could be one of multiple
possible mechanisms within a continuum spanning fully synchro-
nous, concerted or stepwise pathways for base-assisted C—H bond
cleavage, but an analysis by Gorelsky, Lapointe, and Fagnou previ-
ously failed to substantiate this hypothesis.”®* We have revisited this
idea using (thioether)Pd complexes as a model of catalysts that ex-
hibit some characteristics contrasting the standard CMD model, and
data are reported here suggesting certain combinations of ligands
with Pd(II), and potentially many other metal complexes, may in-
deed perturb the nature of C—H bond cleavage mechanism into a
distinct region of the mechanistic continuum in a predictable fash-
ion.

2. RESULTS AND DISCUSSION

2.1. Identification of Active (Thioether)Pd Catalysts. We
initially focused on a model C-H/C-H coupling of 2-methylthio-
phene (1) using benzoquinone (BQ) as oxidant to identify ligand-
accelerated reactions for this study (Table 1). The conditions for
this screening lacked any stoichiometric metal reagent and were re-
stricted to a short reaction time (2 h) and low [Pd] (0.5 mol%),
which is ca. 6-20x lower than reported methods,”*" to more easily
distinguish between highly active and poor catalysts. As a reference
point, Pd(OAc), with no added dative ligand or with N-based lig-
ands commonly used in oxidative Pd catalysis, such as pyridine (py),
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2-luoropyridine (*py) and 4,5-diazafluorenone,

gave no



Table 1. Ligand Influence on C—H/C-H Coupling of 2-Methyl-
thiophene.”

0.5 mol% Pd(OAc),

Me— S 0.5 mol% <ligand> Me— S 7\

U e rer o e
BQ, HBF, (1 mol%) \_/

AcOH
1 60°C,2h 2
entry ligand yield  entry ligand yield (%)
1% — 0 13 L2 38
20 py 0 14 L3 4
3* Fpy 0 15 L4 43
4% 2-py-(CH2).SOsH 0 16 L5 10
5° DAF 0 17 L6 43
6° Ac-Val-OH 0 18 L7 60
78 Boc-Val-OH 0 19¢ L7 86
8t Boc-Ile-OH 0 20 LS8 43
9* Ac-Met-OH S 21 L9 10
10> Boc-Cys(Bzl)-OH 4 22° L10 1
11° L1 3 23° L11
12 L1 8 24° L12 0
OSBU /@S\%SO;;NE Me/SW‘SOSNa OSEQ
MeO R L6 (n=2) (@)
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L3 (R=H) L5 (R=Fs) L8 (n=4) NaOsS™ 3 g
Sy COH _S_COH P(0-An)
/@( ICANS @[ :
MeO SOH
L10 L1 L12

“Conditions: thiophene (0.20 mmol), BQ (0.15 mmol), Pd(OAc),, lig-
and, and HBF4.Et,O stirred under air in AcOH (1.0 mL) at 60 °C for 2
h. Yield determined by 'H NMR versus 1,3,5-(CF3)3CsHs. “No HBF..
“CSA substituted for HBF4, AcCOH/THF (1:1) solvent.

bithiophene product within 2 h (entries 2, 3, and 5). Several mono-
protected amino acid (MPAA) ligands pioneered by Yu were also
considered (entries 6-10); examples lacking a thioether gave no
product while Ac-Met-OH or Boc-Cys(Bzl)-OH gave low yield
(4%-5%)." A slight increase in product formation (3%-8%) oc-
curredin the presence of a neutral thioether L1 (entries 11 and 12).**

A more pronounced increase in bithiophene yield corresponded
to the use of thioether ligands possessing a weakly-coordinating sul-
fonate anion (entries 13-21), and higher yields were generally asso-
ciated with a more electron-rich thioether. Removal of an acetate lig-
and from Pd(OAc) by the action of acid cocatalyst appears to be
important, which should generate a more electrophilic Pd species
that could be more reactive toward C—H bond activation (vide in-
f£ra).* The highest yield (86%) was observed with substitution of
HBF, cocatalyst for camphorsulfonic acid (CSA) using L7 (entry
19). Modification of the anionic thioether to make it more strongly
chelating (e.g., L6), or geometrically restricted from chelation to Pd
(e.g, L9), gave inferior results (entries 17 and 21) suggesting hemi-
lability is beneficial to catalysis. Substitution of the sulfonate moiety
for amore basic carboxylate (entries 22 and 23) fully suppressed the
reaction, which indicates the tethered anion does not function as the
internal base.” Lastly, the incorporation of a pendant sulfonate
group into other dative ligand classes, such as pyridine (entry 4) or
phosphine (entry 24), did not generate an active catalyst suggesting
the thioether is a critical element for accessing a highly active Pd

species. This catalyst survey anecdotally suggested to us that (thi-
oether)Pd complexes are exceptionally reactive toward catalytic pro-
cesses featuring C—H cleavage of electron-rich heteroarenes. It was
thus of interest to interrogate if, and how, anionic thioether (e.g,
L7) coordination to Pd influences the mechanism of these reactions
as compared to related catalytic systems.

2.2. Kinetic and Isotope Effect Experiments. A kinetic analy-
sis of 2-hexylthiophene (2-HT) coupling using L7/Pd(OAc), was
conducted using the method of initial rates. The dependence of the
rate on catalyst concentration (Figure 1a) was found to be first order
but only for [Pd] >1.5 mM. At lower [Pd] (< 1.5 mM; <0.3 mol%),
the kinetic behavior transitions to a second-order dependence of the
rate on the (thioether)Pd catalyst (see Figure la, inset).” While
complex, these kinetic data are clearly inconsistent with a simple
monometallic mechanism for which a constant first-order depend-
ence should be observed at all [Pd]. Instead, we interpret the kinetic
trend as indicative of a switch in turnover-limiting step from one in-
volving a single Pd center at high [Pd], such as C-H activation, to a
scenario at low [Pd] in which reversible C-H activation precedes a
later turnover-limiting step involving two Pd centers, such as Pd-to-
Pd transmetalation (TM) or possibly reductive elimination (RE)
from a dinuclear species (vide infra). A mechanistic study by Stahl
on o-xylene homocoupling observed a similar concentration-de-
pendent fluctuation in the kinetic order of a Pd catalyst.”

Saturation behavior was also observed when the dependence of
the catalytic rate on [2-HT] was measured (Figure 1b),* which is
consistent with favorable substrate binding to Pd. Further support
for strong substrate coordination was the observation of a shift in 'H
and "’F NMR resonances corresponding to L4-coordinated Pd upon
addition of 2-methylthiophene (Figure S12). Energy decomposition
analysis further corroborates interaction energy as an important ef-
fect (see Section 2.4).

Another notable and unexpected kinetic observation was that the
catalytic rate exhibits a positive order dependence on [BQ] during
2-HT coupling using 1.0 mM [Pd], a catalyst concentration for
which a bimetallic turnover-limiting step is operative (Figure 1c).
This kinetic behavior indicates BQ must be involved in a catalytic
function beyond its typical role as a terminal oxidant to turnover
Pd(0), potentially as a ligand for one Pd center of some bimetallic
elementary step. An inner sphere role of BQ is further suggested by
the alternative use of a more hindered quinone oxidant (e.g., p-xylo-
quinone or duroquinone) during coupling of 1, which suppressed
catalytic activity (Table S6). The role of BQ in catalysis was explored
in further detail computationally in Section 2.6.

Table 2. Substrate and Solvent '"H/*H Isotope Effects.

0.1-0.5 mol% Pd(OAc),
0.1-0.5 mol% L7

HigCmrSN~HD  02-1.0mol% CSA  Ho.ce S I\
U BQ, AcOH or AcOH-ds s~ Ceftrs
(0.50 M) 60°C 3
entry [Pd] (mM) substrate KIE solvent KIE
1 2.5 2.0(1) 1.20(4)
2 2.0 2.7(2) 0.99(4)
3 1.5 4.3(3) 0.93(3)
4 1.0 4.9(5) 0.66(4)
5 0.5 0.57(5)
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Figure 1. Dependence of the observed rate constant (%bs) on the concentration of (a) [Pd] (0.5-2.5 mM) using [arene] = 0.50 M and [BQ] = 0.38
M, (b) [arene] = 0.10-0.60 M using [Pd] =2.5 mM and [BQ] = 0.25 M, or (c) [BQ] = 0.13-1.0 M using [Pd] = 1.0 mM and [arene] = 0.50 M during

the coupling of 2-hexylthiophene in AcOH at 60 °C as determined by 'H NMR versus 1,3,5-(CF3)3CsHs as standard. [Pd] = Pd(OAc)./L7/CSA =

1:1:2 in all cases.
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Figure 2. (a) Computed energy profiles for reaction of the L7-Pd catalyst with 2-methythiophene and (b) transition states of the lowest energy path-
ways for concerted C—H bond cleavage. All energies given in kcal/mol and bond lengths in A

The substrate '"H/?H kinetic isotope effect (KIE) was next inves-
tigated. For the reaction outlined in Table 2, the KIE was found to
vary from 2.0-4.9 as determined from independent oxidative cou-
pling reactions of 2-HT or S-d2-HT in acetic acid at varied [Pd]
(2.5 t0 0.5 mM, respectively). The trends of these isotope effects are
consistent with a bimetallic turnover-limiting step following reversi-
ble C—H activation that would give rise to a squared dependence of
the rate on [catalyst], which in turn should give rise to a squared de-
pendence on the substrate isotope effect ifboth Pd complexes cleave
a C-Hbond. The mathematical basis for this relationship was deter-
mined by Stahl*’ Solvent isotope effects ranging from 1.2 to 0.57
were also determined for reactions with decreasing [Pd] (2.5 t0 0.5
mM, respectively). This trend correlates to increased deuterium in-
corporation into 2-HT at lower [Pd], which again is consistent with
a scenario where C—H activation occurs reversibly prior to another
turnover-limiting step. In total, these KIE data are consistent with a
scenario in which C—H activation and a bimetallic step, for instance
Pd-to-Pd TM, occur at similar rates and their relative kinetic contri-
butions are thus catalyst concentration dependent.

2.3 Computational Analysis of C—H Activation. The possi-
bility of a stepwise electrophilic metalation (SeAr-type) mechanism
is important to consider given the affinity of (thioether)Pd, and

229030 for activation of more elec-

tron-rich (hetero)arenes. Using isotope effect data alone, it is diffi-
cult to unambiguously distinguish a stepwise mechanism involving
rate-determining proton transfer (ka<<k 1, Scheme 2) from a con-
certed mechanism. Computational studies were thus conducted to
provide important insights into the structures and energetics of rele-
vant catalytic intermediates and reaction steps. Density functional
theory (DFT) calculations were performed on reactions of (L7)Pd
complexes with 2-methylthiophene. Geometry optimizations were
performed using the selected spin-restricted M06-L functional with
Stuttgart/Dresden ECP (SDD) basis set for Pd and 6-31+G(d) ba-
sis set for other atoms. Single point calculations were performed us-
ing the non-local functional M06 with IEFPCM (SCRF) solvent
model (acetic acid), with SDD basis set for Pd and 6-311+G(d,p)
for other atoms. Full computational details can be found in the Sup-
porting Information, including assessment of other functionals and
basis sets.

numerous other metal complexes,

We previously reported experimental evidence of catalyst specia-
tion in mixtures of Pd(OAc). with a neutral, monodentate thioether
that occurs through equilibration of mono-, di-, and trinuclear Pd
species possessing 1:2, 1:1, and 3:2 Pd/L ratios, respectively.** To
assess whether analogous speciation may occur with hemilabile



anionic thioethers, we examined a 1:1 solution of Pd(OAc); and L4
in AcOH-d; by F and 'H NMR spectroscopy. The obtained spectra
suggested rich speciation also occurs in this case too (Figure $12),
but resonances were not sufficiently resolved for molecular weight
determination by DOSY NMR and structure assignment. Computa-
tional evaluation oflikely thioether-coordinated Pd species were in-
stead pursued. Ground state energies of a variety of putative Pd spe-
cies coordinated by L7 were calculated and compared (Scheme
S$13). In general, k-5, O coordination of L7 was favored after loss of
one acetate ligand from Pd(OAc),, which is presumed to occur un-
der typical conditions that include catalytic amounts of a strong acid
(e.g, CSA). Monomeric Pd(L7),, dinuclear Pd>(OAc)2(L7),, and
trinuclear Pd;(OAc)4(L7). species are predicted to be close in free
energy (AG = 2.8 kcal/mol) and likely equilibrate rapidly as indi-
cated in eq 1, which is directly analogous to experimental observa-
tions reported previously for mixtures of Pd(OAc). and neutral,
monodentate thioethers.** The dinuclear complex 4 was selected as
the starting point for subsequent calculations for simplicity, alt-
hough it could be expected that complex kinetic orders in [Pd] rang-
ing from 0.5 to 1 could arise from these off-cycle equilibria.
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The L7-accelerated mechanism of C-H bond cleavage was next
explored using DFT calculations (Figure 2). The reaction pathway
was initiated by formation of a mononuclear species Pd(xS,O-
L7)(x*-OAc) (5) followed by reversible binding of substrate (e.g. 2-
methylthiophene) to form a n-complex (6).”* Note that four possi-
ble diastereomers of the substrate-catalyst pair are possible due to
cis/ trans arrangements of the thioether and 7-arene ligands bound
to Pd and coordination of 2-methylthiophene through either the Re
or Siface. The two more favorable isomers are illustrated in Figure 2
and the remaining possibilities shown in Figure S14. 2-Methylthio-
phene coordinates to Pd in an n)* fashion in cis-8i-6 with comparable
Pd-CS and Pd-C4 distances of 2.17 and 2.24 A, respectively. The
CS-H bond is distorted out of plane more so than the C4-H bond,
as judged by the dihedral angle ($) about C3-C4-CS5-H (154.9°)
or C2-C3-C4-H (165.9°). However, substantial double bond char-
acter remains as indicated by the C5-C4 bond length (1.42 A) as
compared to the o-bond length in the solid-state structure of tetra-
hydrothiophene (1.520 A)* or calculated C5~C4 7-bond in free 2-
methylthiophene (1.37 A). These structural data are thus incon-
sistent with the formation of a o-arenium (Wheland) intermediate
in a stepwise electrophilic metalation pathway.

A concerted mechanism for cleavage of the substrate C—-H bond
was subsequently calculated to occur with the assistance of the adja-
cent acetate as an internal base via six-membered transition states
cis-SiTS7 and trans-Re-TS7, the latter of which was kinetically fa-
vored (AAG* = 1.3 kcal/mol) but also endoergic by 13.8 kcal/mol.
Isomerization of this less stable organo-Pd intermediate frans-Re-8
to cis-Si-8 should nevertheless be facile, so either mechanism for

C-H cleavage may converge to the same organometallic product
(e.g., cis-$i-8). Inspection of these two transition states at different
levels of theory suggested that both cis and trans pathways occur
with energy differences within the error of the DFT computations
(Table S20), which lead us to conclude they are each kinetically rel-

evant.

The early transition state cis-S+TS7 features Pd—Cjps0 and Cpso—
H bond distances of 2.09 A and 1.30 A, respectively. In contrast, the
late transition state frans-Re-TS7 is characterized by a slightly
shortened Pd-C. bond (2.06 A) and elongated Cjwo —H bond
(1.43 A). In both cases the indicated bond lengths suggest the tran-
sition state is considerably asynchronous with a greater extent of Pd—
C bond formation than C-H bond cleavage. We speculate the result
is a CMD-type mechanism manifesting characteristics of SsAr-type
reactions (i.e., complete Pd—C bond formation prior to C-H bond
cleavage), which is apparently facilitated by coordination of an ani-
onic thioether ligand to Pd. This type of transition state lowers the
kinetic barrier for activation of electron-rich heteroarenes and also
helps to rationalize the observed site selectivity and reactivity pat-
terns for our catalysts, favoring more n-basic sites, that do not align
well with trends established for direct arylation.

Other plausible transition states, such as those involving alterna-
tive internal proton acceptors other than coordinated acetate (e.g.,
CFsCO», CH3S057) or external base, were also evaluated (Figures
$15-S17) and occurred in all cases with higher kinetic barriers than
the pathways shown in Figure 2. Alternative mechanisms involving
intact Pd aggregates during C—H bond cleavage also cannot be con-
clusively ruled out,***' but the lack of terminal acetate ligands in the
di- and tripalladium species formed by coordination of L7 to Pd (eq
1) suggest amononuclear active species is favored, which agrees with
our previous study of a related (thioether)Pd catalyst and the major-
ity of mechanisms proposed in other Pd-catalyzed dehydrogenative
coupling reactions.” The resulting thienylpalladium species formed
after C—H bond cleavage (e.g., cis-S#-8) was the starting point for
evaluations of subsequent catalytic steps for biaryl formation, which
are discussed in Section 2.6.

2.4 Distinctions Between the Standard CMD Model and
"eCMD". As mentioned above, the standard CMD model correlates
reactivity/selectivity with C-H bond pX. and less sterically hin-
dered sites in most cases.”® However, exceptions to the “pK: rule”
have been widely noted even when evidence suggests a concerted,
base-assisted mechanism remains operative. Accounting for how dif-
ferences in the metal complex structure give rise to these “non-clas-
sic” CMD mechanisms and extraction of guidelines to predict what
catalysts should manifest a particular reactivity pattern would be in-
formative. In this regard, the concept of a mechanistic continuum for
C-H cleavage mechanisms has been postulated both for C(sp*)-H
and C(sp*)-H bond cleavage and could potentially provide a basis
to rationalize multiple types of concerted pathways.”**** Such a
continuum can be analyzed by More O'Ferrall-Jencks analysis, and
the plot shown in Figure 3a does so by mapping the simultaneous
change of metal-carbon and carbon-hydrogen bond order during
transition states for C—H bond cleavage. The reaction coordinate
begins at the upper-left of the plot and proceeds to the lower-right,
with the diagonal dashed line representing a perfectly concerted and
synchronous trajectory. Transition states falling above or below the
diagonal occur with decreasing synchronicity and lie either toward
canonical stepwise SpAr (upper-right corner) or C-H deprotona-
tion (lower-left corner) pathways, respectively.



a) More O’Ferrall-Jencks analysis of representative eCMD or standard CMD transition states

b) Expanded More O’Ferrall-Jencks analysis
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Figure 3. (2) More O'Ferrall-Jencks analysis of the effect of representative electron-poor, -neutral, or -rich substrates on the transition state location
and free energy of activation, relative to free arene and Pd(PMes)(Ph)(x*-OAc) for standard CMD or Pd(x2$,O-L7), for €CMD and (b) expanded
analysis of other concerted, base-assisted C—H cleavage transition states. Bond indices were calculated using literature DFT data for transition states
represented by plus (Fagnou),* square (Macgregor),?** diamond (Periana),* up triangles (Stahl),* open circle (Gorelsky and Woo),* star (Larrosa)*’
open diamonds (Yu),* down triangles (Fagnou),”* open squares (Echavarren),*'*'* cross (Sanford),'s* or open/up triangle (Roithova)* symbols.

Two distinct clusters are apparent in this More O'Ferrall-Jencks
plot (Figure 3a) when representative transition states for activation
of an electron poor (CsFsH), neutral (benzene/xylene), or electron-
rich (thiophene) substrate are plotted. Importantly, the substrate
identity does not appear to dictate whether a transition state locates
above or below the diagonal. Instead, substrate variation leads to
displacement parallel to the diagonal and results in an earlier or later
transition state for more electron poor (e.g., Ar = CeFs) or more elec-
tron-rich (e.g., Ar = 2-Me-thienyl) cases, respectively. This substrate
effect does not substantially alter the polarization because such par-
allel movement in the plot correlates to roughly equal and opposite
fluctuations in bond breaking and formation.

The group of transition states falling below the synchronous tra-
jectory in Figure 3a correspond to C-H cleavage by organopalla-
dium complexes associated with direct arylation reactions, which
manifest standard CMD. This cluster should thus display some char-
acteristics of the limiting mechanism in this part of the continuum
(e.g, C-H deprotonation), which does align with typical experi-
mental site selectivity in direct arylation that favors more acidic C—-
H bonds. The other cluster of transition states residing above the di-
agonal are relatively less synchronous (i.e., larger average displace-
ment perpendicular to the diagonal) and reside in the region of the
continuum toward stepwise SgAr. As such, reactivity favoring more
nucleophilic sites should be expected for reactions involving these

metal complexes. Because this latter cluster of transition states pop-
ulates a distinct region of the concerted continuum that is character-
ized by metal-carbon bond formation that is more advanced than
carbon-hydrogen bond cleavage, we propose that they constitute a
distinct type of CMD mechanism that may be described as electro-
philicCMD or "eCMD".

Scheme 3. Catalytic competition reactions featuring (a) eCMD
or (b) standard CMD mechanisms.

a) Competitive C—H/C—-H coupling featuring eCMD

0.5 mol% Pd(OAc),
0.5 mol% L7

B ——
BQ, CSA (1 mol%)
AcOH
60°C,2h

Me — S\~ CeF
+ EUH

0%

S
Me\@ + CoFsH

(1 equiv each) 66%

b) Competitive direct arylation featuring standard CMD

5% Pd(OAC) ® Coftra CeFs
s 10% P'Bu,Me s
che\Q + CgFsH — & +
\_/ p-BrCgH4F
K,CO3, DMA F
(1.5 equiv each) 120°C, 4 h F 0% 86%



Scheme 4. Representative Transition State Structures for C-H
Bond Cleavage of a 2-Substituted Thiophene by Pd(II).
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If eCMD is indeed a distinct class of concerted mechanism, it
should give rise to different reactivity patterns versus reactions pro-
ceeding through standard CMD. To test this, we calculated several
C-H cleavage barriers (Figure 3a) for a complex proposed to mani-
fest eCMD, Pd(L7)(OAc), which is found to be much more reactive
toward an electron-rich (e.g., 2-methylthiophene) rather than elec-
tron-poor (e.g., CsFsH) substrate (AAG* ca. 8 kcal/mol). This reac-
tivity trend is fully reversed for standard CMD, as judged from re-
ported energies for activation of CsFsH or 2-methylthiophene by
Pd(PMe;)(Ph)(OAc) that reflect strong preference for the elec-
tron-poor arene (AAG' ca. 4 kcal/mol). These counterpoised en-
ergy differences are corroborated through intermolecular competi-
tion experiments (Scheme 3). Catalytic C-H/C-H coupling of an
equimolar mixture of 2-methylthiophene and C¢FsH using
L7/Pd(OAc): formed exclusively 3 in 66% yield as determined by
NMR versus internal standard; no cross-product or octafluorobi-
phenyl were detectable and >99% C¢FsH remained after 2 h. On the
other hand, direct arylation under Fagnou's conditions” using p-
bromofluorobenzene, P'BuxMe/Pd(OAc). as a catalyst, and an
equimolar mixture of 2-hexylthiophene and CeFsH, generated
2,3,4,4',5,6-hexafluorobiphenyl in high NMR yield (86%) with no
detectable products corresponding from activation of the electron-
rich substrate. These results emphasize that standard CMD and
eCMD type transition states can correlate to potentially significant
experimental reactivity differences. Several additional analyses, us-
ing the representative models shown in Scheme 4, were subse-
quently conducted to test this conclusion further.

A Hammett analysis was performed using L7/Pd(OAc): to cata-
lyze C-H/C-H coupling of a series of six 2-substituted thiophenes
(Figure 4a). Kinetic data were derived from individual reactions us-
ing the method of initial rates under conditions described in Table
1, entry 19. Calculation of relative transition state energies ( e.g., cis-
Si-TS7) were also used in this analysis; the slope of these data (p =
-7.1) signifies accumulation of substantial positive charge in

a) eCMD b) standard CMD
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Figure 4. Hammett analysis of 2-substituted thiophenes during C-H
activation by (a) eCMD during C-H/C~H coupling reactions catalyzed
by L7/Pd(OAc); or (b) literature data for standard CMD during direct
arylation.?® Calculated values correspond to Scheme 4 transition states.

Table 3. Calculated atomic charges (NBO) on 2-substituted thi-
ophenes for transition states depicted in Scheme 4.

eCMD standard CMD
R AGl q(ArH)C AG* q(ArH)C
(kcal/mol)? (kcal/mol)®
OMe 6.7 0.25
Me 10.8 0.22 25.8 0.11
Ph 10.5 0.21 25.2 0.09
H 11.7 0.20 25.6 0.09
CeFs 13.3 0.18
CO:Me 14.9 0.16 25.2 0.06
CN 239 0.03

Energies were calculated at the MO06/6-311+G(dp)-
SDD/PCM(AcOH)//MO06L/6-31+G(d)-SDD level of theory. “Litera-
ture gas phase values calculated at the B3LYP/DZVP (Pd)/TZYP level
of theory.2® ‘Determined by natural bond order (NBO) analysis.

the eCMD transition state. While thioether L7 appears important
for manifesting this electrophilic behavior, other reactions that lo-
cate in the eCMD region, such as the cyclometalation of substituted
N,N-dimethylbenzylamines studied by Ryabov,” also show electro-
philic characteristics (p = —1.6). The trend reverses for organome-
tallic ~ species associated with standard CMD, with
Pd(PMe;)(Ph)(OAc) considered here as a representative case (Fig-
ure 4b). Literature calculated values for these reactions trend closely

with experiment,”*

and the slope of these data reflect modest accu-
mulation of negative charge on the substrate (p = 1.3) in the con-

certed transition state.

Charge accumulation in the concerted transition states was also
assessed by natural bond order (NBO) analysis for the representa-
tive cases in Scheme 4. The sum of atomic charges (g) on the thio-
phene substrate (Table 3) agrees with the trends observed by Ham-
mett analysis suggesting eCMD manifests a larger degree of charge
build-up on the substrate, which ranges from 0.16 to 0.25, depend-
ing on the thiophene identity. On the other hand, charge accumula-
tion during standard CMD is considerably less (0.03 to 0.11) sug-
gesting a minimally polarized transition state. Together these Ham-
mett and NBO data reinforce the notion that eCMD is a more po-
larized, concerted C—H cleavage mechanism.

A distortion-interaction analysis was also performed on the same
representative Pd complexes. Data from this analysis shown in Fig-
ure Sa indicate that interaction energy is more significant in
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Figure S. Distortion-interaction analysis of representative (a) eCMD or
(b) classic CMD transition states for reactions depicted in Scheme 4.



magnitude for €CMD and is associated with a considerable sensitiv-
ity of AE to the functional group on the thiophene substrate. On the
other hand, the interaction energies are smaller in magnitude and
overall activation barriers are relatively flat across the series for CMD
(Figure Sb; tabular data in Table $24). These data signify that sub-
strate-catalyst interactions are an important influence on reactions
involving e€CMD and could enhance the catalyst preference for acti-
vation of -basic sites. These data are also consistent with kinetic ob-
servations of saturation behavior in [arene] during reactions with
(thioether)Pd catalysts, which are not often observed in dehydro-
genative coupling reactions using other catalysts.

The four lines of evidence discussed above (More O'Ferrall-
Jencks, Hammett, NBO charge, and energy decomposition anal-
yses) help to solidify eCMD as a distinct model within the mecha-
nistic continuum. A logical next question to consider is, what struc-
ture features of the transition metal complex are most important
with regard to whether eCMD or standard CMD is favored? To
probe this, we calculated transition states for an expanded selection
of Pd(OAc), complexes coordinated by a dative ligand other than
L7, such as pyridines, a neutral thioether, phosphine, or N-heterocy-
clic carbene that span a range of o-donicity. As can be seen in Figure
3b (open triangles), activation of 2-methylthiophene by each of
these complexes give rise to a transition state that locates in the
eCMD region suggesting the identity of the L-type ligand may be not
the determinant factor. In fact, a commonality of Pd complexes man-
ifesting this mechanism is the absence of a strong X-type ligand (e.g.,
aryl, alkyl), which is substituted for a weak donor, such as carbox-
ylate or sulfonate. In other words, the reaction mechanism differs by
whether the complex is organometallic (std. CMD) or a more elec-
trophilic, inorganic Pd(II) complex (eCMD).

Moving this analysis beyond Pd(II), a range of other metal com-
plexes proposed to cleave C—H bonds by a concerted mechanism
were considered to probe the potential generality of the eCMD
model. Representative Ir(III),* Rh(III),* and Ru(I1)*" complexes
reported in the literature were analyzed and each locates in the
eCMD region of the More O'Ferrall-Jencks plot consistent with
their established electrophilic properties. If electrophilic d* and d°
complexes enforce e€CMD, it might then be predicted that com-
plexes with higher d-electron count would favor standard CMD by
rendering the metal relatively more nucleophilic. In this regard, a di-
nuclear d'°, Ag(I) complex recently studied by Sanford was plotted
and indeed locates in the standard CMD region,"* which is con-
sistent with its observed reactivity pattern. Another d'° metal com-
plex, Cu(*"py)2(OAc) (*"py = 2-phenylpyridine),” also appears to
manifest standard CMD.

Because the e€CMD and CMD mechanisms are partitioned by a
perfectly synchronous transition state within a putative mechanistic
continuum, it would be anticipated that their reactivity differences
are most amplified when a catalyst structure shifts either class of
mechanism farther from this crossing point (i.e., perpendicular dis-
placement from the synchronous diagonal in the More O'Ferrall-
Jencks plot). For instance, an electrophilic Pt(II) cation developed
by Periana for Shilov-type reactions is not surprisingly the most po-
larized eCMD-type transition state considered here.* Likewise, a d*°
metal (e.g., Sanford’s dinuclear Ag(I) complex) is one of the most
polarized in the standard CMD region. On the other hand, more

synchronous and less polarized transition states should blur the
boundaries between eCMD and CMD and might exhibit subtler lig-
and effects on reactivity and selectivity. Experimental observations
by Yu of ligand-switchable selectivity using different MPAA-Pd
complexes (Figure 3b, open squares) is consistent with this notion,

given the central location of these transition states in the plot.**

It is striking that such a wide variety of base-assisted, concerted
C-H cleavage transition states spanning a diverse combination of
metal, ancillary ligands, and (hetero)arene substrate can display
eCMD characteristics distinct from the electron-rich complexes es-
tablished to promote standard CMD. Based on these distinctions,
we propose eCMD is a general class of C-H cleavage mechanism,
and it may be the case that many complexes manifesting eCMD have
previously been conflated with standard CMD simply for lack of a
more fitting model that can rationalize SeAr-type behavior together
with mechanistic features of concerted C-H cleavage. The addition
of this new model also substantiates Fagnou's postulation that mul-
tiple classes of concerted mechanism could exist within a broader
continuum.”®* Importantly, this analysis also suggests the extent of
nucleophilic or electrophilic character in the catalyst, as dictated by
the ancillary ligands and metal electronic configuration, overrides
the influence of the substrate as to what type of C-H cleavage mech-
anism occurs. These observations should be broadly informative to
ongoing efforts to realize predictable and tunable site selectivity in
catalytic, nondirected C—H functionalizations.

2.5. Scope of Thiophene C—H/C-H Coupling Using a Thi-
oether-Pd Catalyst. The above mechanistic analysis highlights
that PA(L7)(OAc) is one of the most electrophilic Pd catalysts in
the eCMD region, as depicted by its location away from the synchro-
nous diagonal. This helps to rationalize why this catalyst is particu-
larly reactive toward activation of electron-rich heteroarene C-H
bonds. To further demonstrate the utility of this (thioether)Pd cat-
alyst, we applied it to the synthesis of a range of oligothiophenes (Ta-
ble 4). Bithiophenes 2, 3, and 9 along with known p- and n-type sem-
iconductors 13 and 14 were smoothly formed (Table 4, a) within 2
h using only 0.5 mol% [Pd] giving good isolated yields
(77%-85%).°**' Opportunities for streamlining the syntheses of ol-
igothiophene motifs are exemplified by 12, a liquid crystal precur-
sor, which was prepared previously from 2-(para-methoxyphenyl)-
3-hexylthiophene by a conventional three-step sequence of bromin-
ation, Grignard formation, then Kumada coupling that occurred in
45%yield.” On the other hand, direct C~H/C-H coupling using our
(thioether)Pd catalyst generated 12 in a single step in 93% isolated
yield from the same precursor. A privileged n-type material (15) was
also formed in good isolated yield (70%) using 2 mol% [Pd].*

Parent a-quaterthiophene (16) was prepared in a single step from
bithiophene with high selectivity and good isolated yield (70%),
aided by precipitation of this oligomer at the mild reaction tempera-
ture (60 °C). a-Sexithiophene (21) was prepared with similar selec-
tivity and high isolated yield (95%) using terthiophene as the sub-
strate, which is a greener alternative to the conventional route in-
volving bromination followed by reductive coupling using stoichio-
metric Zn metal (Table 4, c).” The use of 2 mol% [Pd] was generally
effective for other more challenging oligomers, such as those pos-
sessing an organometallic group (e.g., 10) or quaterthiophenes



Table 4. Scope of Oxidative C—-H/C-H Coupling Using a (Thioether)Pd Catalyst.*

a. bithiophenes

I\
Me \S/ /s\ Me FiaCe \S/ s7 ~CeHiz

2, 77%" 3, 78%° 9, 81%"

MeO Cofte O 7\ H13Ce F
\.\S_?/d\'\OMe .O \S/ ° Q.Q C6H13

H15Ce

12, 93%" 13, 75%"
liquid crystals” p-type semiconductor

b. quaterthiophenes

C6H13

Cuss co,H
H13C¢

H13Cs

16, 70%" 17, 85% 18, 81%
n,p-type semiconductor®2

c. sexithiophene

[¢]
10, 89%

14, 85%" 15, 70%
p-type semiconductors’ n-type semiconductor®?

Cuss

H15Ce

19, 86% 20, 87%
p-type covalent organic framework (COF)%4P n-type semiconductor22

d. challenging fluorination pattern

F
standard standard
H S condmons Q/W conditions ) 7\
\ 5% \Sj (60%) \ / S O
F
22 F
classic R F F.
53
route Q/O\g e.g., 4,4-F, polymer predicted to have highest p (Yang):>” I\ S I\ S n
NiCl,, PPhy (R = 2-octyldodecyl) S \ // S \ / N
F R N-g

e. hindered examples

o
Me, Me, rl(
e S A Me-n_ o2 s /
° / s” Me / ] B‘N
\ Q IS \/ g Nome
Me Me fo) ))
o
23,76% 24, 81% 25, 96%

26, 66%

Tsolated yields. Standard conditions: thiophene (0.5 mmol), BQ (0.38 mmol), Pd(OAc): (2 mol%), L7 (2 mol%), and CSA (4 mol%)
stirred under air in AcOH/THF (1:1) at 60 °C. 0.5 mol% Pd(OAc), 0.5 mol% L7, and 1 mol% CSA; 2 h. Pd(PPhs)s (2.0 mol%), Na,CO; (2
equiv) in toluene/H-O at 120 °C for 20 h (81%). ‘n-BuLi, Et2O, -78 °C, then NFSI (53%).

featuring deactivating electron-withdrawing substituents, such as
polyfluoroaryl, aldehyde, ketone, or carboxylic acid (e.g., 17-20)
groups giving good isolated yields (81%—89%) of several privileged
p- and n-type semiconductor materials within 12 h.*>** Another ex-
ample relates to the fluorinated bithiophene (FBT) motif. A flurry
of recent studies on device performance have noted a sensitivity to
incorporation of fluorine into organic materials but also to the rela-
tive positioning of fluorines within the macromolecular struc-
ture.””>**>* C—-H/C-H coupling should be useful to form uncom-
mon FBT motifs from simple fluorothiophene building blocks. In
particular, the 4,4'-FBT isomer remains rare in known conjugated ol-
igomers or polymers yet has been predicted to manifest improved
hole mobility versus analogues.”” A model of this motif (22) was as-
sembled in good isolated yield (60%) as shown in Table 4d, which
highlights that (thioether)Pd catalysts can indeed forge new fluori-
nated 5,5"-biaryl-2,2"-bithiophene®® materials in a convergent fash-
ion.

Lastly, we tested the potential for coupling at hindered C-H
bonds (Table 4, e), which has generally not been practical using
other Pd-catalyzed dehydrogenative coupling methods. Construc-
tion of bithiophenes 23-25 from moderately hindered 3-methyl
substituted thiophenes occurred in high isolated yields (76%-96%)
using the standard protocol. Increasing the substituent size to 3-
hexyl' or 3-aryl groups was still tolerated by the L7-Pd(OAc); cat-
alyst to form 26 and 27 in reasonable yields (51%—-66%). Even the

Ph— S
\ / 2 mol% Pd(OAc), R
2mol% L7 Ph— S Ph
s CHiz —— > 9+ 26 + \ / S (2)
BQ, CSA (4 mol%)
PhwS ACOH/THF CeH1s
U 60 °C, 12 h 29
] (87%)
(1 equiv each) cross-product 29
= = 201

homocoupling N (9 +26)
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Figure 6. (a) Computed energy profiles for formation of diorgano-Pd intermediate by sequential C—H activation at a single Pd center versus Pd-to-Pd
TM and (b) key intermediates and transition state for the TM pathway. All energies given in kcal/mol and bond lengths in A.
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Figure 7. (a) Computed energy profiles for RE from diorgano-Pd intermediates and (b) transition states for RE with or without assistance from BQ_

coordination. All energies given in kcal/mol and bond lengths in A

use of the particularly hindered 2-(1-naphthyl-4-(para-methoxy-
phenyl)thiophene still gave a modest isolated yield (23%) of a fully
substituted, tetraaryl bithiophene 28. These cases highlight a con-
siderable improvement in steric tolerance by this L7-Pd(OAc). cat-
alyst that allows assembly of highly substituted structures commonly
encountered in modern organic materials.

Feasibility for cross selectivity was also tested (eq 2). Reaction of
an equimolar mixture of 2-phenyl-4-hexylthiophene and 2-phenyl-
thiophene under the standard conditions generated an 87% com-
bined NMR yield strongly favoring the cross-product 29 over the
two homo-coupling products (29/(9+26) = 20:1); 29 was isolated
in 60% yield. The high cross selectivity is curious because at least
one C—H activation by this catalyst must occur preferentially at the
most sterically hindered yet n-basic site (C$ in 2-phenyl-4-hexylthi-
ophene). While the typical rationalization for cross selectivity in de-
hydrogenative coupling is sequential C—H activation at a single

metal center by two different mechanisms, our kinetic data suggest-
ing a bimetallic step that occurs after C—H activation, such as Pd-to-
Pd TM or RE, is rate-determining (see Section 2.2). This opens the
possibility that one of these downstream catalytic steps could also be
selectivity-determining.* Either TM and RE steps could be slower
for the hindered homocoupling pathway leading to 26. Additionally,
the absence of the homocoupling prodct 9 can only be rationalized
by a kinetic selectivity by L7-Pd(OAc), favoring C-H cleavage at
the more hindered substrate. This highlights a key feature of Pd co-
ordinated by an anionic thioether ligand — selectivity that is able to
override steric control in favor of electronic control, which remains
rare in nondirected C-H functionalization.

2.6. Pd-to-Pd Transmetalation and Ligand-Accelerated
Reductive Elimination. The kinetic data in Figure 2 are con-
sistent with a bimetallic turnover-limiting step involving an unusual
2:1 molecularity of Pd and BQ_in the catalytic intermediate. The



potential structure(s) of such a species is not intuitive. Furthermore,
the role of anionic thioether in facilitating a bimetallic TM/RE step
remained unclear from experimental data alone. These lingering
questions about the elementary mechanisms and intermediates in-
volved in thioether-Pd catalysis were thus evaluated computation-
ally. A putative pathway to the penultimate diaryl-Pd intermediate
leading to biaryl formation could occur by sequential activation of
two substrates at a single metal center, as depicted in Figure 6. We
found that the calculated barrier for a second C-H cleavage step by
such as pathway is large. Thiophene coordination to form interme-
diate 33 then C-H cleavage by standard CMD through TS34 (AG*
= 15.1 kcal/mol) renders the overall mononuclear pathway to a di-
organo-Pd intermediate (e.g., 35) quite unfavorable.

Alternatively, we were able to locate another pathway involving
disproportionation through Pd-to-Pd TM (Figure 6). Adduct for-
mation between two equivalents of cis-$i-8 initially forms a dinu-
clear complex 30 possessing one yO-sulfonate bridging ligand from
L7 and ax',y*-bridging mode from one thienyl ligand. From this spe-
cies, Pd-to-Pd TM can occur through a low energy transition state
TS31 (9.0kcal/mol) to form a new dinuclear complex 32 possessing
one diaryl-Pd fragment and one inorganic Pd fragment. The activa-
tion energy for this TM pathway is far lower than the monometallic
pathway (AAG* = 23.1 kcal/mol). Importantly, the low barrier for
Pd-to-Pd TM pathway also means it is unlikely to be the turnover-
limiting step during catalytic C-H/C—-H coupling. These results
also reveal an additional beneficial role of the anionic thioether lig-
ands we developed (e.g., L7), which is the ability to assemble reac-
tive multimetallic structures with short metal-metal distances (e.g.,
Pd-Pd = 2.94 A in 30) thereby facilitating cooperativity. We were
also unable to find any computational support for an accelerating ef-
fect of BQ in this TM pathway; any intermediates with one Pd atom
coordinated by BQ could not be located. The low energy barrier cal-
culated for Pd-to-Pd TM and lack of evidence for BQ acceleration of
TM forced us to consider the kinetic relevance of the product form-
ing step, RE, to fully reconcile the kinetic data.

The possibility of turnover-limiting RE through a bimetallic
mechanism initially seemed unlikely. First, it is generally assumed
that C(sp*)-C(sp’) RE of simple hydrocarbyl groups is facile from
Pd(II) complexes.” Furthermore, Stahl concluded from a related
study of o-xylene C-H/C-H coupling that Pd-to-Pd TM was the
rate-determining catalytic step, though it is not clear if RE was ex-
plicitly ruled out as a kinetically relevant step in this study.” We nev-
ertheless interrogated several plausible pathways to bithiophene for-
mation starting from the dinuclear complex 32 formed after TM.
Dissociation of the 77’-coordination mode of the thienyl ligand is first
needed so the reacting ligand can adopt the appropriate orientation
for the C—C bond-forming RE transition state. Because BQ_is well
documented as a promoter of RE reactions,®' we modeled coordina-
tion of BQ to break the bridging thienyl coordination mode to gen-
erate 36 (Figure 7). Alternatively, solvent could occupy this site after
loss of n*-thienyl coordination to generate an alternative intermedi-
ate 39. In either of these cases, we found that spontaneous redistri-
bution of a thioether ligand (L7) occurs concomitantly with for-
mation of a new dinuclear complex. Both 36 and 39 exist as a p-O
adduct between a diorgano-Pd fragment and an inorganic Pd(L7)»
fragment.

Reductive elimination from the BQ-coordinated intermediate 36
is predicted to occur with a substantially lower barrier compared to
the competing reaction through intermediate 39 lacking coordi-
nated BQ (AAG* = 8.2 kcal/mol). Monometallic RE pathways were

also considered (Figure S19-S20) by initial fragmentation of 32,
both with and without coordinated BQ, and these pathways were
predicted to occur with higher energy barriers. The bimetallic, BQ-
accelerated pathway to biaryl formation thus rationalizes the final
outstanding experimental observations. First, the second order de-
pendence of the catalytic rate on [Pd] and the 2:1 molecularity of Pd
and BQ at low catalyst loading agrees with the low energy pathway
proceeding through intermediate 36 that possesses two Pd atoms
and a single coordinated BQ on the Pd atom poised to undergo RE.
More importantly, the relative energy barriers for C—H activation
and RE are predicted to be near isoergic (AAG* = 0.2 kcal/mol).
This result aligns well with the experimental observation that
C-H/C-H coupling occurs with a first order dependence on cata-
lyst concentration at high [Pd] because this reaction step is limited
by C-H cleavage whereas a second-order dependence of the rate on
[Pd] is observed at low catalyst concentrations when two molecules
of catalyst are required to undergo reversible TM followed by irre-
versible and turnover-limiting RE.

Scheme S. Proposed Catalytic Cycle for C-H/C-H Coupling.

reoxidation C—H activation by eCMD
(TOLS at high [Pd])
HBQ X 2 LPd-OAc 2ArH
2 HOAc X
(BQ)Pd® + LoPd" 2 LPd-Ar

s %\ J

BQ [Pd(Ar),PdL;]

reductive elimination Pd-to-Pd transmetalation
(TOLS at low [Pd]) (fast)

L = L7; Ar = thienyl; TOLS = turnover-limiting step.

A catalytic cycle is proposed in Scheme § for (thioether)Pd-cata-
lyzed C-H/C-H coupling based on the above interpretations of ki-
netic, isotope effect, and computational data. An aryl-Pd intermedi-
ate is initially generated by C—H activation after reversible substrate
coordination, but a second C-H activation step does not subse-
quently occur at this species. Instead, Pd-to-Pd TM occurs to gener-
ate a diaryl-Pd complex that remains associated to an inorganic
Pd(L7) fragment. Coordination of BQ to this dinuclear complex
accelerates the RE step to form the biaryl product. Finally, catalyst
regeneration by oxidation of Pd(0) completes the cycle and regen-
erates the acetate ligands need for subsequent eCMD steps. This cat-
alytic mechanism thus occurs by dual ligand catalysis in which both
the thioether ancillary ligand and BQ, acting as a w-acid, operate in
concert to achieve high catalytic rates under mild conditions.

3. CONCLUSION

In summary, a mild (thioether)Pd-catalyzed oxidative coupling
method was developed that constructs oligothiophene motifs in a
modular fashion, with low catalyst loading, and in absence of stoichi-
ometric metal promoters. A combined experimental and computa-
tional study was undertaken to reveal several unexpected mechanis-
tic features of this system. First, a bimetallic pathway was revealed
wherein the penultimate diorgano-Pd intermediate is generated by
one C-H activation event at two Pd centers followed by reversible
disproportionation through Pd-to-Pd transmetalation. Second, a



mechanistic picture emerged that involves dual ligand acceleration
where the thioether promotes C—H activation and BQ promotes bi-
metallic reductive elimination. Each of these steps occur with a sim-
ilar energy barrier but different kinetic order dependence on [Pd],
thus the turnover-limiting step is catalyst concentration dependent.
These findings provide new insights into how ligands manifest reac-
tivity changes in Pd-catalyzed C-H/C-H coupling and emphasize
that steps after C-H activation should be considered as potential se-
lectivity determining steps during (cross)dehydrogenative coupling
reactions. In the present reactions, reductive elimination is actually
the rate- and selectivity-determining step under standard conditions.

Evaluation of acetate-assisted C—H bond cleavage at Pd(II) coor-
dinated by an anionic thioether (e.g., L7) by DFT, Hammett, NBO
charge, and distortion-interaction analyses suggest a distinct con-
certed mechanism is operative that we describe as electrophilic
CMD, or eCMD. The eCMD mechanism is characterized by more
advanced metal-carbon bonding and less C—H bond cleavage in the
transition state as compared to standard concerted metalation-
deprotonation (CMD) that was formulated from reactions involv-
ing electron-rich catalysts. These features of eCMD give rise to
higher polarization and positive charge build-up on the substrate
during C-H activation, which strongly favors reactions at more 7-
basic sites in contrast to established trends for standard CMD that
favors more acidic sites.

The generality of eCMD was supported through a broader analy-
sis of other metal complexes in a More O'Ferrall-Jencks plot, from
which we conclude that () many complexes other than Pd(L7)OAc
can manifest eCMD and (i7) a particular complex locates within the
eCMD or standard CMD region as a function of its structure rather
than by the identity of the reacting substrate. More electron poor
complexes, such as inorganic d* (e.g., inorganic Pd(1I)) and d° com-
plexes (e.g., Rh(III), Ir(11I), Ru(II)) routinely reside in the €<CMD
region of the mechanistic continuum whereas more electron-rich
complexes, such as organometallic d* (e.g, arylpalladium) and d*°
complexes, generally locate in the standard CMD region. These cor-
relations agree very well with established reactivity patterns for each
cluster of complexes with CMD favoring reactions at more acidic
substrates and sites and eCMD favoring reactions with more elec-
tron-rich substrates and sites. Furthermore, the highly active catalyst
Pd(L7)OAc identified in this study is one of the most electrophilic
species in the eCMD region, as visualized by the perpendicular dis-
placement of its transition state from the synchronous trajectory in
the More O'Ferrall-Jencks plot. This accounts for its exceptional re-
activity toward C-H functionalization of electron-rich (het-
ero)arenes. The catalyst structure-mechanism correlations that were
established help to rectify electrophilic patterns of reactivity in base-
assisted (hetero)arene C—H cleavage that are captured by the stand-
ard CMD model. Instead, eCMD represents another distinct mech-
anism within abroader continuum that also includes standard CMD.
Preliminary guidelines to predict what catalyst structures manifest
eCMD or standard CMD should be informative for future efforts fo-
cused on switchable, catalyst-controlled reactivity.
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