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On the role of anionic ligands in the site-selectivity of
oxidative C–H functionalization reactions of arenes†

Italo A. Sanhueza,a Anna M. Wagner,b Melanie S. Sanford*b

and Franziska Schoenebeck*a

The replacement of an acetate ligand for carbonate leads to a reversal in site-selectivity in the Pd-mediated

C–H oxidative coupling of benzo[h]quinoline with 1,3-dimethoxybenzene. This report describes Density

Functional Theory studies designed to elucidate the origin of this selectivity change. These studies

focused on two key mechanistic steps: C–H activation and C–C bond-forming reductive elimination. We

considered monometallic and bimetallic reaction pathways for acetate and carbonate conditions. The

favored C–H activation pathway proceeds via a concerted metalation deprotonation (CMD) mechanism,

independent of the nature of anionic ligand (acetate versus carbonate). The predicted selectivity is

ortho/para for the C–H activation for both the acetate and carbonate-ligated Pd complexes. Further, we

determined that the reductive elimination step is greatly facilitated by the coordination of

benzoquinone (by DDG‡ � 20 kcal mol�1) and is predicted to be meta–meta selective with both anionic

ligands. Overall, the DFT studies indicate that the anionic ligand does not induce a mechanism change

at the elementary steps, and the predicted selectivity at all steps is equivalent for carbonate and acetate,

no matter whether a dinuclear or mononuclear pathway is considered. These studies lead us to propose

that the role of the anionic ligand is to control which step of the mechanism is overall selectivity-

determining. This proposal has been tested experimentally using appropriately designed experiments.

Notably, the insoluble base MgO as an acid trap under acetate conditions (with the aim of making the

C–H insertion step less reversible), gave rise to predominant ortho/para selectivity in the presence of

acetate, in analogy to the results previously seen under carbonate conditions.
Introduction

Direct functionalization of C–H bonds via palladium catalysis
has become an increasingly attractive strategy for the synthesis
and derivatization of natural products and pharmaceutically
relevant building blocks.1 Despite vast progress in this eld over
the past 10 years, several key challenges remain. In particular,
the control of site-selectivity in Pd-catalyzed C–H functionali-
zation requires signicant further development, in both reac-
tion discovery and mechanistic understanding.2,3 The most
frequently applied approach to control site-selectivity is the use
of substrates that contain ortho-directing groups, which pre-
organize the Pd-catalyst through coordination.1,4 In marked
contrast, only a few examples of reactions where site-selectivity
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is controlled by catalyst structure and/or reaction conditions
have been reported.2,3 Furthermore, the mechanistic origins of
the observed selectivities generally remain poorly understood.
In this context, Sanford and co-workers have recently demon-
strated that site-selectivity in Pd-mediated oxidative coupling
reactions is highly dependent on the anionic ligand associated
with the Pd-center.5 When performing stoichiometric experi-
ments with cyclopalladated [BzqPd(II)X]2 (Bzq ¼ benzo[h]quin-
oline) and a large excess of 1,3-dimethoxybenzene (300 equiv.)
in the presence of 4 equiv. of DMSO, and 1 equiv. of benzo-
quinone (BQ) at 150 �C (see Scheme 1), it was discovered that
the use of acetate as the anion (X) resulted in a 16 : 1 preference
for the meta–meta oxidative coupling product A. In contrast,
Scheme 1 Anion-dependent selectivity in oxidative coupling.
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substitution of acetate for carbonate gave high selectivity for the
ortho/para coupling product B (11 : 1 ratio). The origin of this
selectivity reversal is currently not understood,5 and the rational
design of new, more selective reactions as well as the applica-
tion of these transformations to wider classes of substrates will
require a detailed understanding of the mechanistic details and
factors controlling selectivity. We herein report Density Func-
tional Theory6 studies designed to elucidate the origin of
selectivity in this Pd-mediated oxidative coupling between
benzo[h]quinoline and 1,3-dimethoxybenzene as a function of
anionic ligand (Scheme 1). We also demonstrate the design and
implementation of experiments to conrm our computationally
derived conclusions.
Results and discussion

Mechanistic studies suggest that this transformation proceeds
via the pathway illustrated in Scheme 2. The two key steps with
respect to site-selectivity are (i) the C–H activation of aryl-H
(Step 1) and (ii) C–C bond-forming reductive elimination (Step
3). Importantly, the reductive elimination step is greatly facili-
tated by the presence of benzoquinone (BQ).5,7 Detailed exper-
imental mechanistic studies suggest that this is due to
coordination of the BQ to a Pd-intermediate (Step 2), and this is
supported by recent computational studies of an oxidative Heck
reaction.8 In addition to facilitating the reductive elimination,
the concentration of benzoquinone can also affect site-selec-
tivity under some conditions. For example, when acetate is the
anionic ligand, a high concentration of BQ (�10 equiv.) gives
rise to much lower selectivity (A : B� 1 : 1). Interestingly, and in
marked contrast, with carbonate as the counterion, the A/B
selectivity is independent of BQ concentration.5

On the basis of this general mechanism, the changes in
selectivity as a function of ligand (acetate vs. carbonate) could
potentially be due to: (1) a change in the mechanism of the C–H
activation step upon changing the anionic ligand at Pd, (2) a
change in the site-selectivity of the C–H activation step (with no
change in the overall mechanism), (3) a change in the selectivity
of the quinone-promoted reductive elimination step, or (4) a
change in the selectivity-determining step of the overall reaction
Scheme 2 Proposed mechanism of C–H functionalization.5

Chem. Sci.
as a function of ligand. It is important to note that there are
several unknown variables in this sequence. Most importantly,
the coordination environment at palladium in the various
intermediates and transition states is unknown. Benzoquinone
could coordinate to several possible intermediates;5,7 further-
more, there is no information available on the precise nature of
ligands (L).

Given the large number of possible intermediates, we chose
the following strategy to explore the anion effect on selectivity in
the oxidative coupling of benzo[h]quinoline and 1,3-dimethoxy-
benzene. First, we calculated the C–H activation transition state
preference as a function of anion (acetate versus carbonate) and
mechanism. Then we independently studied the BQ-promoted
reductive elimination (Steps 2/3) and calculated the transition
states and relevant intermediates prior to elimination for the
different anionic ligands and for a number of potential ligation
states. These calculations provide critical insights into the
origins of selectivity reversal as a function of anionic ligand. The
insights gleaned from the DFT studies were then subsequently
tested experimentally.
Computational details and choice of system for calculations

All calculations were performed with Gaussian09,6 unless
otherwise stated. The structures presented in the main manu-
script were optimized in the gas-phase using uB97XD9/6-
31G(d,p) and LANL2DZ10 (for Pd and Na). Frequency calcula-
tions were performed on all gas-phase optimized geometries to
verify the nature of all stationary points as either minima or
transition states. Single point energies were then calculated
with M06L11 with SDD12 for Pd (and Na) and 6-31++G(d,p) or
def2-TZVPP. The solvation model COSMO-RS13 was employed to
account for solvation. The standard state was converted to 1 M
in solution (+1.89 kcal mol�1).

Dispersive effects are expected to be particularly relevant in
considerations of monomeric versus dimeric pathways and the
Pd/BQ interaction (but see later discussion for potential
overestimation of these effects). Potential inaccuracies in the
analyses of mono versus dimeric pathways due to the basis set
superposition error (BSSE)14 may also arise; we therefore also
considered alternative methods for energy calculations (e.g.
PBE0-D3, PBE0) or basis set (def2-TZVPP) in addition to the
above computational approach. The results are discussed in the
main manuscript.

We undertook the majority of preliminary conformational
searches with uB97XD/3-21G optimization, with later rene-
ment at uB97XD/6-31G(d,p) and M06L treatment. A method
and basis set comparison study for the ortho/para pathway (for
acetate) from Fig. 2 (presented in the ESI†) suggest that this was
adequate. The results of this study are summarized in the ESI
(page S6†) and compare the basis sets 6-31+G(d), 6-31G(d,p) and
3-21G with LANL2DZ (for Pd) for geometry optimizations with
the methods uB97XD or B3LYP15 as well as the single point
energy methods: PBE0, PBE0-D3 (ref. 16) and M06L with 6-
31++G(d,p), SDD (Pd) basis set or def2-TZVPP.11,24 This study
showed that there is barely any dependency of the activation
barriers of the individual steps on the basis set.
This journal is ª The Royal Society of Chemistry 2013
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In order for the solvation model, COSMO-RS, to be appli-
cable, the experimental conditions need to be homogeneous, so
that the effect of solvation on reactivity can be modeled. The
original reaction conditions by Sanford et al. (see Scheme 1, i.e.
300 equiv. of 1,3-dimethoxybenzene and 4 equiv. DMSO) were
heterogeneous when carbonate was employed as the anionic
ligand. Thus, we initially performed an experimental solvent
screen with varying amounts of DMSO (4 to 300 equivalents) to
render the reaction homogeneous. The selectivity only changed
slightly under the homogeneous reaction conditions (1,3-
dimethoxybenzene/DMSO, 300 : 50) and the overall selectivity
trend was unaffected (see Table S1–S3, p. S2 in the ESI†). We
also determined experimentally that the counter-cation of the
carbonate salt (Cs+ and Na+ were tested) had no marked effect
on the selectivity (see p. S2 in the ESI†).

On the basis of this data, we decided to perform the
computational studies using NaCO3

� or OAc� as anionic
ligands and applying COSMO-RS calculations for the solvent
mixture.

Study of step 1: C–H activation as a function of anionic
ligand and mechanism. As shown in Scheme 3, there are several
potential mechanisms for the C–H activation step including: (a)
electrophilic aromatic substitution (SEAr),17 (b) concerted met-
alation deprotonation (CMD)18 or (c) a Heck-type arylation
pathway.1,4,19–21

Previous preliminary DFT investigations by the Sanford
group suggested against an electrophilic aromatic substitution
(SEAr) mechanism based on a poor correlation of the relative
energies of the intermediates with experimental data.5a Analo-
gous conclusions have also recently been made in related work
by Zhang et al.22 We therefore focused our investigations on
mechanisms (b) and (c), i.e. the CMD and the Heck type path-
ways (Scheme 3).

The CMD pathway features a six-membered transition state
in which the anionic ligand (acetate or carbonate) participates
in a concerted deprotonation of the arene, while Pd inserts into
the C–H bond (Scheme 3). Recent studies by Hartwig and co-
workers have suggested the potential direct involvement of a
Scheme 3 Mechanistic possibilities for C–H activation.

This journal is ª The Royal Society of Chemistry 2013
cyclopalladated dinuclear Pd complex in the C–H arylation of
pyridine N-oxide.23 We therefore calculated CMD C–H activation
by the dinuclear and mononuclear Pd(II) complex for both
acetate and carbonate and the two possible sites on the arene
(ortho or meta in 1,3-dimethoxybenzene). We applied the
following naming convention: TSCMD(m–m) or TSCMD(o–p) that
would lead to themeta–meta product A or the ortho/para product
B, respectively (see Fig. 1 and Scheme 1).
Fig. 1 (a) CMD is the favored C–H activation mechanism. Selectivity (DDG‡) for
CMD-C–H activation for acetate (top) and NaCO3

� (bottom), derived from dinu-
clear (Di, red) and mononuclear Pd-complexes (Mon, blue);25 calculated at
COSMO-RS (DMSO/DMB26 ¼ 50/300) M06L/6-31++G(d,p) (SDD for Pd)//uB97X/
6-31G(d,p) (with LANL2DZ for Pd & Na), including standard state conversion.29

Free energies in kcal mol�1. (b) Selectivity (DDG‡) for CMD-C–H activation for
acetate (top) and NaCO3

� (bottom), derived from dinuclear (Di, red) and mono-
nuclear Pd-complexes (Mon, blue);25 calculated at COSMO-RS (DMSO/DMB26 ¼
50/300) M06L/def2-TZVPP//uB97X/6-31G(d,p) (with LANL2DZ for Pd & Na),
including standard state conversion.29 Free energies in kcal mol�1.

Chem. Sci.

http://dx.doi.org/10.1039/c3sc00017f


Fig. 2 Free energy profile (in kcal mol�1) for acetate (top) or sodium carbonate
(bottom) as anionic ligands. The ortho/para-pathway (mononuclear) was calcu-
lated and various coordination possibilities considered. Calculated at COSMO-RS
(DMSO/DMB ¼ 50/300) M06L/6-31++G(d,p) (SDD for Pd & Na)//uB97X/6-
31G(d,p) (LANL2DZ for Pd & Na), including standard state conversion.29
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Fig. 1a and b illustrate the relative activation barriers and
selectivities (DDG‡) for the CMD C–H activation transition states
to generate the ortho/para (right) ormeta–meta isomer (le) with
AcO� (top) and NaCO3

� (bottom) as the anion, calculated at
M06L/6-31++G(d,p) (Fig. 1a) and M06L/def2-TZVPP (Fig. 1b)
levels of theory with COSMO-RS solvation (for DMSO/DMB26).24

In the case of the M06L/6-31++G(d,p) basis set, the mono-
metallic and bimetallic pathways are essentially iso-energetic
for acetate, but the dimeric pathway is favored for carbonate
(Fig. 1a).25 For def2-TZVPP basis set (see Fig. 1b), the C–H acti-
vation by a monomeric Pd(II) complex is mostly preferred for
carbonate and acetate ligands. Based on our calculations, C–H
activation at the ortho position [TSCMD(o–p)] is favored over meta
[TSCMD(m–m)] by DDG‡ z 4–7 kcal mol�1. This preference is
independent of the nature of the anionic ligand (AcO� versus
NaCO3

�) and nuclearity of Pd-complexes.
We next turned our studies to the Heck type mechanism

(c, Scheme 3). In previous studies by Yu and co-workers, a
change in mechanism from CMD to Heck upon ligand-alter-
ation has been claimed for the C–H activation.3j The Heck-type
pathway involves a four-membered transition structure as
illustrated in Scheme 3.1,22,27 In analogy to the CMDmechanism
above, for each anion, the two alternative isomeric transition
states were calculated. We found that the predicted activation
free energy barriers are considerably higher for the Heck type
pathway (DDG‡ > 20 kcal mol�1), suggesting that it is not in
competition with the CMD mechanism. This indicates that a
change in mechanism as the origin of selectivity for acetate
versus carbonate is highly unlikely.

Overall, these studies indicate that the favored C–H activa-
tion pathway proceeds via a CMD mechanism with ortho/para
selectivity. This matches the selectivity obtained experimen-
tally under carbonate conditions, but does not match that seen
with acetate. We next assessed the subsequent reductive
elimination step for further insight into the origin of site-
selectivity.

Study of steps 2/3: reductive elimination as a function of
anionic ligand and coordination sphere. The precise structural
features of the reductive elimination step are currently
unknown. As indicated in Scheme 2, benzoquinone coordina-
tion is believed to occur, but the geometry of the resultant
complex is unknown. Moreover, it is not clear whether coor-
dination of the ligand (L ¼ conjugate acid of anionic ligand)
occurs during the reductive elimination. Another unknown is
whether the reductive elimination takes place via a mono- or
bimetallic pathway. We initially considered a mononuclear
pathway and studied the reductive elimination from Pd
complexes containing a variety of ligands, involving (i) ben-
zoquinone coordination, (ii) benzoquinone-free reductive
elimination with only L, or (iii) reductive elimination from a
complex containing neither benzoquinone nor L as ligands.
Fig. 2 gives the free energy proles for the ortho/para-pathways
(B-selectivity) for the two anionic ligands, AcO� (top) or
NaCO3

� (bottom), and takes into account various coordination
possibilities. The corresponding gure for the meta–meta
pathways (A-selectivity) is given in the ESI (Fig. S2, page S4†).
The latter shows analogous activation free energy barriers in
Chem. Sci.
the reductive elimination with respect to the various possible
coordination states.

Our calculations show that reductive elimination in the
absence of benzoquinone has a prohibitively high barrier of DG‡

> 30 kcal mol�1 (see Fig. 2, TSRE1 and TSRE2). Coordination of BQ
to the bis-aryl Pd center signicantly decreases the barrier for
reductive elimination to roughly DG‡ z 13–15 kcal mol�1, i.e.
TSRE3. The lowest energy pathway examined is therefore the one
involving dissociation of the acid from Int1, NaHCO3 respec-
tively, followed by reductive elimination via the benzoquinone-
coordinated TSRE3.28

Although the reaction is difficult to achieve, requiring the
reactant in large excess (as co-solvent) and 150 �C reaction
temperature over prolonged time, the calculated activation free
energy barriers are still overall rather high. For the carbonate
pathway we calculate an overall activation free energy barrier of
DG‡ ¼ 35.3 kcal mol�1 to reach TSRE3 (see Fig. 2); for acetate the
barrier is even higher: DG‡¼ 41.4 kcal mol�1. This seems to be a
consequence primarily of dispersion that stabilizes the cyclo-
palladated Pd(II) acetate starting complex strongly.30,31 While
dispersion is arguably crucial in the system considered (p–p
interaction in Pd-dimer, Pd/BQ interaction in reductive elim-
ination) the current methodology might overestimate these
effects.30,31

To also assess the likelihood of bimetallic, rather than
monometallic, reductive elimination, we calculated TS geome-
tries analogous to TSRE3 from a dinuclear Pd(II). Fig. 3 compares
This journal is ª The Royal Society of Chemistry 2013
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the free energies of the bimetallic (TSRE3-Di) and monometallic
(TSRE3-Mon) reductive elimination transition states. The mono-
nuclear pathway was found to be favored for both anionic
ligands (see Fig. 3). Based on our calculations, the ligand (L)
dissociates from the mononuclear complex prior to reductive
elimination and the TS containing benzoquinone favors the
meta–meta product A under all conditions tested.

Summary of mechanistic ndings. The available data
suggest that with both anionic ligands the lowest energy
pathway for C–H activation involves a CMD mechanism. The
calculations also indicate that the inherent selectivity of C–H
activation does not change upon moving from acetate to
carbonate (Fig. 1). With both of these anionic ligands, C–H
activation to form the ortho/para isomer is favored. This pref-
erence holds, independent of whether C–H activation occurs at
a mononuclear or dinuclear Pd(II) species. Our calculations
further show that the BQ-promoted reductive elimination step
favors the meta–meta isomer, for both mononuclear and dinu-
clear Pd-complexes with both anionic ligands.

Origin of site-selectivity. Having established the favored
reaction pathways for C–H activation and reductive elimination,
we can now compare the predicted selectivities for the two
anionic ligands for di- and mononuclear pathways. Fig. 4a and
5a give an overview of the crucial selectivity-determining tran-
sition states considering bimetallic C–H activation, calculated
with M06L/6-31++G(d,p)/SDD and the COSMO-RS solvation
model for DMSO/DMB26 (50 : 300). Fig. 4b and 5b compare the
Fig. 3 Selectivity (DDG‡) for reductive elimination for acetate (top) and NaCO3
�

(bottom), derived from dinuclear (red) and mononuclear Pd-complexes (blue);
calculated at COSMO-RS (DMSO/DMB26 ¼ 50/300) M06L/6-31++G(d,p) (SDD for
Pd & Na)//uB97X/6-31G(d,p) (with LANL2DZ for Pd & Na), including standard
state conversion.29 Free energies in kcal mol�1. The activation free energy barriers
are given in Fig. 2.

Fig. 4 (a) Overview of selectivity controlling steps for the acetate system and
bimetallic C–H activation at COSMO-RS (DMSO/DMB26 ¼ 50 : 300) M06L/6-
31++G(d,p) (SDD for Pd)//uB97X/6-31G(d,p) (with LANL2DZ for Pd & Na). Free
energies illustrated in kcal mol�1.29 (b) Overview of selectivity controlling steps for
the acetate system at COSMO-RS (DMSO/DMB26 ¼ 50 : 300) M06L/def2-TZVPP//
uB97X/6-31G(d,p) (with LANL2DZ for Pd & Na). Free energies illustrated in kcal
mol�1.29 At COSMO-RS (DMSO/DMB26 ¼ 50 : 300) M06L/6-31++G (d,p) (SDD for
Pd), the selectivity is 1.1 kcal mol�1. Energies in parenthesis are based on B3LYP
geometries [COSMO-RS (DMSO/DMB26 ¼ 50 : 300) M06L/6-31++G(d,p) (SDD for
Pd & Na)//B3LYP/6-31 + G(d) (with LANL2DZ for Pd & Na)].

This journal is ª The Royal Society of Chemistry 2013
selectivities for monometallic pathways at the M06L/def2-
TZVPP level of theory.

When acetate acts as the ligand, (Fig. 4a and b), the C–H
activation step favors the ortho/para isomer (dotted red path).
However, the subsequent reductive elimination via TSRE3(o–p) is
close in energy to the C–H activation TS of the competing meta–
meta pathway. Because the C–H insertion step should be
reversible (based on the relative barriers for the two steps, see
Fig. 4a and b), the mixture is therefore expected to partially
equilibrate. The overall predicted selectivity (DDG‡) is small. We
predicted the same small selectivity (DDG‡ z 1 kcal mol�1) also
for alternative methods (i.e. PBE0-D3, see ESI, Fig. S3†).
However, throughout the course of the reaction, acetic acid will
be generated in the reaction mixture. With increasing acid
concentration, the reverse reaction of C–H activation would be
expected to be favored, making the reductive elimination the
crucial selectivity-determining step (we present experimental
support of these proposals in the next section).
Chem. Sci.

http://dx.doi.org/10.1039/c3sc00017f


Fig. 5 (a) Overview of selectivity controlling steps for the carbonate system,
considering bimetallic C–H activation; calculated at COSMO-RS (DMSO/DMB26 ¼
50 : 300) M06L/6-31++G(d,p) (SDD for Pd & Na)//uB97X/6-31G(d,p) (with
LANL2DZ for Pd & Na). Free energies illustrated in kcal mol�1.29 (b) Overview of
selectivity controlling steps for the carbonate system, considering monometallic
pathways; calculated at COSMO-RS (DMSO/DMB26 ¼ 50 : 300) M06L/def2-TZVPP.
Free energies illustrated in kcal mol�1.29 At COSMO-RS (DMSO/DMB26 ¼ 50 : 300)
M06L/6-31++G (d,p) (SDD for Pd & Na), the selectivity is 5.0 kcal mol�1. Energies
in parenthesis are based on B3LYP geometries [COSMO-RS (DMSO/DMB26 ¼
50 : 300) M06L/6-31++G(d,p) (SDD for Pd & Na)//B3LYP/6-31 + G(d) (with
LANL2DZ for Pd & Na)].
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For the carbonate system, the selectivity was experimentally
found to be overall ortho/para-selective (see Scheme 1).
Computationally, the C–H activation for the meta–meta
pathway, i.e. TSCMD(m–m), was found to be the highest energy
TS on the free energy surface. It is therefore disfavored (see
Fig. 5a and b). The ortho/para reductive elimination TS
(TSRE3(o–p)) is lower in energy than the C–H activation TS for
the competing meta–meta-pathway (TSCMD(m–m)) by DDG‡ ¼
1.3–4.3 kcal mol�1 (see Fig. 5a and b). The carbonate pathway
therefore favors the ortho/para product B. Notably, the relative
barriers for the C–H activation (DG‡ z 33 kcal mol�1) and
reductive elimination step (DG‡ z 35 kcal mol�1) in the
carbonate system are similar, which is expected to render this
transformation less reversible than the analogous acetate
reaction. This is also expected to contribute to the observed
selectivity for B. Applying the alternative method PBE0-D3, the
almost identical selectivity prole was obtained; (see ESI,
Fig. S3 on page S4†).
Chem. Sci.
In the course of the experiment, NaHCO3 will be generated
that could potentially participate in the reaction pathway. We
tested this possibility experimentally, employing NaHCO3 as the
anionic ligand source in place of Na2CO3 under otherwise
identical reaction conditions. We found that NaHCO3 also gives
rise to efficient conversion, and similar selectivity to that found
previously with Na2CO3, i.e. the A : B ratio was 1 : 8 in favor of
ortho/para product B (see page S5 in the ESI†). Thus, if NaHCO3

were to coordinate to Pd(II), this would not affect the overall
selectivity. These results were conrmed computationally also;
see Fig. S4 on page S5 in the ESI† for the computed selectivity
prediction. The calculated selectivity is in favor of ortho/para,
albeit to a smaller extent than with NaCO3

�. Thus, the overall
selectivity that is experimentally observed under Na2CO3

conditions may likely arise from a mixture of Na2CO3 and
NaHCO3 derived reaction pathways.32

In summary, our computational data suggest that the ligand
(acetate versus carbonate) does not induce a change of mecha-
nism at the elementary steps, and the predicted selectivity at all
steps is equivalent for carbonate and acetate. Instead, the
anionic ligand controls which step of the mechanism is overall
selectivity-determining.33 For acetate, the reductive elimination
step is more strongly selectivity-controlling. For carbonate, the
C–H activation predominantly impacts selectivity.

Experimental investigations. If the above proposals are
correct, then it should be possible to obtain greater amounts of
the ortho/para product (i.e. the B-product) in the presence of
acetate, if the reaction conditions are altered so as to render the
C–H insertion step less reversible. This would disfavor equili-
bration and thus lessmeta–meta product via TSCMD(m–m) (Fig. 4a
and b) would be produced. In order to decrease the reversibility
of the reaction, the generated “free” acetic acid would need to
be removed from the reaction mixture. We hypothesized that
magnesium oxide (MgO), which is commonly used to neutralize
weak acids, could be used as an additional additive to the
original reaction conditions for this purpose (illustrated in
Scheme 1 (ref. 5)). MgO is an ideal base additive because it is
insoluble, which should preclude its direct participation in the
mechanism (via coordination and thereby serving as an anionic
ligand, for example).

To our delight, upon addition of MgO, the oxidative
coupling of 1,3-dimethoxybenzene with cyclopalladated benzo-
[h]quinoline in the presence of acetate as anionic ligand,
showed a decrease in meta–meta selectivity (A : B ¼ 5.0 : 1
versus A : B ¼ 6.3 : 1 with no added MgO), see Fig. 6.
Furthermore, when the number of equivalents of MgO was
increased from 8 to 15 (thereby enhancing the efficiency of
acid removal), this trend continued (A : B ¼ 3.3 : 1, with 100%
yield). These results are consistent with our computationally
derived conclusions.

It was previously found that the addition of greater equiva-
lents of BQ under the acetate conditions renders the reaction
more B-selective.5 When the equivalents of BQ were varied with
increasing amounts of MgO, increasing quantities of the B-
product were obtained (see Fig. 7). It should be noted that
though the addition of MgO to the acetate conditions may not
lead to a completely irreversible system, which should have
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Experimental tests of calculations. Enhanced B-selectivity observed in the
presence of MgO under acetate conditions.

Fig. 7 Experimental tests of calculations. Increased B-selectivity observed in the
presence of MgO under acetate conditions.
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selectivities similar to those seen under carbonate conditions,
addition of more MgO does lead to more of the B-product.

Finally, we hypothesized that the addition of external acid to
this system should reverse these effects, giving rise to greater
meta–meta selectivity (A-product), since the C–H insertion
would resume reversibility. We tested this scenario in Fig. 8. As
predicted, the proportion of A-product increased in a dose
dependent manner upon the addition of acid. This is consistent
with the hypothesis that the acid moves the system back
towards the original acetate system.
Conclusions

We have conducted DFT investigations to elucidate the origin of
site-selectivity in the oxidative coupling of 1,3-dimethoxy-
benzene and benzo[h]quinoline as a function of anionic ligand.
Fig. 8 Experimental tests of calculations. Upon addition of external AcOH to the
system with MgO, the selectivity favors product A once again.

This journal is ª The Royal Society of Chemistry 2013
Our data suggest that the favored C–H functionalization process
involves a mononuclear C–H activation for acetate and
carbonate conditions. The C–H activation involves a CMD
mechanism, independent of the nature of anionic ligand
(acetate versus carbonate) and nuclearity of the Pd-complex. The
predicted selectivity is ortho/para for the C–H insertion. The
reductive elimination is greatly facilitated by the coordination
of benzoquinone (by DDG‡ � 20 kcal mol�1) and is predicted to
be meta–meta selective. The anionic ligand (acetate versus
carbonate) does not induce a change in mechanism at the
elementary steps, and the predicted selectivity at all steps is
equivalent for carbonate and acetate, regardless of whether
dinuclear or mononuclear Pd complexes are considered.
However, the ligand does control which step of the mechanism
is overall selectivity-determining. We have tested these conclu-
sions experimentally using a number of appropriately designed
experiments. Notably, using the insoluble base MgO as an acid
trap under acetate conditions (with the aim of making the C–H
insertion step less reversible), gave rise to predominant ortho/
para (B) selectivity in the presence of acetate.

Overall this combination of theory and experiment provides
a detailed and compelling picture of the origin of site-selectivity
in Pd-mediated oxidative cross-coupling. It is particularly
notable that the hypotheses generated from DFT studies were
conrmed through rationally designed experimental investiga-
tions. We anticipate that similar approaches will provide valu-
able insights into the origin of site-selectivity in a variety of
other Pd-catalyzed C–H functionalization reactions.
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