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ABSTRACT: We report mechanistic studies on the reactivity of
different α-substituted C(sp3)−H bonds, −CHnR (R = H, Me,
CO2Me, CONMe2, OMe, and Ph, as well as the cyclopropyl and
isopropyl derivatives −CH(CH2)2 and −CHMe2) in the context of
Pd0-catalyzed C(sp3)−H arylation. Primary kinetic isotope effects,
kH/kD, were determined experimentally for R = H (3.2) and Me
(3.5), and these, along with the determination of reaction orders
and computational studies, indicate rate-limiting C−H activation
for all substituents except when R = CO2Me. This last result was
confirmed experimentally (kH/kD ∼ 1). A reactivity scale for C(sp3)−H activation was then determined: CH2CO2Me > CH(CH2)2
≥ CH2CONMe2 > CH3 ≫ CH2Ph > CH2Me > CH2OMe ≫ CHMe2. C−H activation involves AMLA/CMD transition states
featuring intramolecular O → H−C H-bonding assisted by C−H → Pd agostic bonding. The “AMLA coefficient”, χ, is introduced to
quantify the energies associated with these interactions via natural bond orbital 2nd order perturbation theory analysis. Higher
barriers correlate with lower χ values, which in turn signal a greater agostic interaction in the transition state. We believe that this
reactivity scale and the underlying factors that determine this will be of use for future studies in transition-metal-catalyzed C(sp3)−H
activation proceeding via the AMLA/CMD mechanism.
KEYWORDS: C−H activation, DFT, kinetics, palladium, reaction mechanism, reactivity series, relative rates

■ INTRODUCTION
Mechanistic studies have guided reaction development in C−
H activation, leading to more efficient and applicable
procedures while elucidating previously unknown features of
the reaction mechanism.1 To this end, the use of computa-
tional tools such as density functional theory (DFT) has
played an increasingly important role in the study of reaction
mechanisms, guiding experimental setup and providing
mechanistic insights that would be challenging or impossible
through experimentation alone.2

The use of Pd0-catalyzed C(sp2/sp3)−H activation in
organic synthesis has ascended to the level of a valuable
synthetic strategy since the turn of the century and now
constitutes a reliable method for the construction of valuable
compounds from simple (pseudo)halide starting materials.3 In
2006, Echavarren and Maseras reported the synthesis of fused
rings by C(sp2)−H arylation (Scheme 1a).4 In this study, it
was shown that the reaction of substituted aryl bromides 1
could lead to the formation of isomeric products 2 and 3
depending on the nature of the R group. In particular, it was
shown that when R was electron-withdrawing, arylation took
place preferentially on the substituted ring due to electronically
favored C−H activation on this ring. DFT calculations
suggested that direct proton transfer to the bromide ligand
(TS1sp2) is unlikely due to the high computed energy barrier of
43.3 kcal mol−1. Thus, the proton abstraction was proposed to

occur via an intramolecular (TS2sp2) or an intermolecular
(TS3sp2) base-assisted mechanism, depending on the elec-
tronic properties of the ortho-substituent to the activated C−H
bond. This mechanism was later termed concerted metalation-
deprotonation (CMD) or ambiphilic metal−ligand activation
(AMLA).5 In 2008, our group contributed to mechanistic
studies of Pd0-catalyzed C(sp3)−H activation in the formation
of benzocyclobutenes 5 (Scheme 1b).6 It was found that C−H
activation was the rate-limiting step and was proposed to
proceed via a carbonate-assisted AMLA/CMD mechanism.
Computational studies showed that two transition states are
energetically accessible, with a cis (TS1sp3) or trans (TS2sp3)
orientation of the carbonate base relative to the activated C−H
bond, with the trans geometry being favored with the
considered substrate/ligand/base combination.7 In 2010,
Fagnou and co-workers reported mechanistic studies on the
Pd-catalyzed C(sp3)−H arylation of aryl bromides to form
lactams (7) and cyclic sulfonamides (Scheme 1c).8 Detailed
kinetic analysis revealed a rapid oxidative addition followed by
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a rate-limiting C−H activation, supported by a significant
primary kinetic isotope effect (KIE). The authors noted that
both pivalate and carbonate bases were required in the reaction
on the basis of stoichiometric studies of the corresponding PdII
oxidative addition complexes, which they attributed to a
reversible CMD with pivalate and an irreversible deprotona-
tion of the formed Pd-bound pivalic acid by carbonate.
Computational studies supported the proposed C−H
activation proceeding through a CMD mechanism.
The electronic effects of substitution on the arene ring are

well understood for C(sp2)−H activation. Indeed, Hammett
plots constitute a reliable tool to quantify these effects and, in
some cases, predict the selectivity of reactions.9 However, the
influence of α-substitution on C(sp3)−H bond activation
remains unexplored in this context.10 This represents a
significant issue in the field, as practitioners studying this
class of reaction have to rely on chemical intuition rather than
the use of accurate data. This lack of understanding in the field
of Pd0-catalyzed C(sp3)−H activation could be due to the
significant challenge associated with the activation of
methylene C−H bonds. Indeed, previous examples were
limited to gem-dialkyl groups11 or benzylic secondary
positions,12 which precluded comparative studies of reactivity
on a broad range of α-substituents. Recently, however, our

group reported an extremely active Pd/NHC system that
allowed for the arylation of nonactivated secondary C−H
bonds.13 In this reaction, the IBiox-type NHC ligand was
essential for the high reactivity and enantioselectivity observed,
presumably due to its rigid bisoxazoline scaffold and strong
electron-donating properties compared to phosphine ligands.14

Unlocking this reactivity has thus opened the door to a
quantitative study of substituent effects on the reactivity of
secondary C−H bonds.
We report herein the construction of a reactivity scale which

allows the first quantitative analysis of the effect of α-
substituents on the rate of activation of C(sp3)−H bonds
using a Pd0/NHC catalytic system (Scheme 1d). This study,
combining experimental and computational methods, shines a
light on key factors affecting the differences in observed
reactivity between different types of C(sp3)−H bonds.

■ RESULTS AND DISCUSSION
Kinetic Studies. At the onset of this study, a practical

challenge was the observation of a significant induction period,
which we ascribed to the slow activation of the employed
[PdII(NHC)(η3-allyl)Cl] precatalyst to form the active Pd0
species.13a We first sought to suppress this induction period,
which would be detrimental to obtaining reliable kinetic data.
Gratifyingly, we found that complex 10 (Scheme 2), which
contains a bulky η3-1-tBu-indenyl ancillary ligand that,
according to Nova, Hazari, and co-workers,15 avoids the
formation of off-cycle PdI species, successfully realized this
task. The spirocyclic IBiox6 ligand, initially developed by

Scheme 1. Mechanistic Studies on Pd0-Catalyzed C−H
Activation: (A−C) Previous Studies and (D) Current Study

Scheme 2. Kinetic Studies: (A) KIE; (B) Kinetic Data Using
VTNA; (C) Control Experiments
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Glorius and co-workers,16 already proved optimal for the
arylation of secondary C−H bonds in racemic mode,13a and it
was therefore retained for this study.
In order to examine the relative reactivity of the current

system effectively and correlate differences between distinct
C−H bonds, we first needed to ensure that the C−H
activation was the rate-limiting step, as had been previously
reported by our group and Fagnou for primary C−H bonds
and Pd/phosphine catalysts.8a To this end, we examined the
deuterium KIE in parallel experiments (Figure S5). Our
observed KIE of 3.5 strongly suggests that the C−H activation
is the rate-limiting step for this process (Scheme 2a).17

Furthermore, this experimental KIE is in excellent agreement
with the calculated value (vide infra). This confirmed that the
different rates displayed for different substrates would reflect
the differences between C−H bonds during the C−H
activation step, as intended in this study.
In order to further characterize the reaction mechanism

experimentally with the current substrate/catalyst combination
prior to DFT studies, the orders in reactants were first
obtained using the VTNA method developed by Bureś
(Scheme 2b and Figures S1−S4).18 The data obtained were
found to be broadly in agreement with what was disclosed by
Fagnou and co-workers with primary C−H bonds and the Pd/
PCy3 catalyst.

8a Zero order was observed for the aryl bromide
substrate 8a, which is consistent with a fast and irreversible
oxidative addition taking place. The reaction was also
determined to be first order with respect to catalyst 10, as
expected for catalysis by a mononuclear Pd complex.
Interestingly, unlike what was reported by Fagnou and co-
workers for the Pd/PCy3 system, we observed zero order with
respect to the concentration of the pivalate additive. However,
upon examining the solubility of CsOPiv in trifluorotoluene at
140 °C, it was found that even in the lowest concentration
studied, this base was insoluble, meaning that obtaining
meaningful kinetic data on this species is a significant
challenge. This was also the case with carbonate, which is
sparingly soluble in the reaction solvent. Interestingly, the
reaction does not proceed in the absence of pivalate or
carbonate (Scheme 2c and Figures S11−S12), with both being
required in order for product formation to occur. In the
absence of either of these bases, only the corresponding
protodehalogenation product 11a was detected. Due to the
heterogeneous nature of these transformations, the effect of
stirring on the rate of reaction was examined (Figure S13).
When the stirring rate was low (250 rpm), the reaction did not
proceed, with only trace amounts of product formation being
observed. This is consistent with a species that is not entirely
soluble in the reaction media being involved in a kinetically
relevant step in the reaction, as with a higher stirring rate, there
is a higher concentration of this species in solution.19 Finally,
we hypothesized that the activation of the PdII precatalyst 10
to generate the active Pd0-NHC species was mediated by
CsOPiv.15a Interestingly, upon heating the precatalyst with this
additive, the rapid formation of an unexpected bis-indene
cross-coupling product was observed, indicating an unusual
catalyst activation mode (Figure S8). Moreover, when the
corresponding experiment was performed with carbonate as an
additive, this reaction was slowed down (Figure S9). These
data correspond to pivalate playing a major role in the
activation of the palladium catalyst; however, when taken
together with the previous observations on kinetic orders, it

does not rule out pivalate also being involved in the
subsequent C−H functionalization.
Based on our experimental observations supported by DFT

calculations (vide infra), we propose the following catalytic
cycle (Scheme 3). Complex 10 undergoes activation to

generate the required Pd0 catalyst, I. The latter undergoes
rapid and irreversible oxidative addition with aryl bromide 8 to
generate complex II. Subsequent ligand exchange with pivalate
to form III takes place. The activation of the secondary C−H
bond occurs via AMLA/CMD,5 followed by exergonic
deprotonation of the Pd-bound pivalic acid IV by carbonate.
This dual-base activation mode is supported by the fact that
both bases are experimentally required (Scheme 2c). The C−
H activation step is rate-limiting, consistent with the measured
primary KIE of 3.5 (Scheme 2a). Finally, reductive elimination
from palladacycle V leads to the indane product 9 and restores
the active Pd0 species.
Following this preliminary study, we turned our attention to

the relative rates of compounds with different α-substituents. It
is important to note that the exo-position of the R substituent
in substrate 8 relative to the activated C−H bond is required
for this study, as a modification of the endo α-position would
lead to conformational and reactivity biases being introduced.
A gem-diester group on this endo-position facilitates the
substrate synthesis, prevents competitive C−H activation, and
exerts a Thorpe-Ingold effect, which allows a broader range of
exo-substituents to be tested. We selected R = H (8b) as the
“neutral” substituent in analogy to the Hammett plots, and as
such, this relative rate was set to 1.0. All subsequent rates for
the various R groups are compared to this substrate (Figure 1).
The most acidic substrate with respect to the activated C−H
bonds (8c, R = CO2Me) displayed the fastest rate, with a
reaction that was 2.1 times faster than the standard reaction. At

Scheme 3. Proposed Catalytic Cycle
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the other end of the scale, when R = OMe (8g), the rate was
observed to be much slower than the standard reaction.
Cyclopropyl-containing substrate 8d underwent C−H activa-
tion with a relative rate of 1.6. Consistent with previous
work,20 this reaction formed the spirocyclic product 9d,
meaning that the C−H activation at the tertiary position was
favored due to the preferential formation of a 6-membered
palladacycle over a larger ring. This high rate presumably is due
to the increased sp2 character associated with cyclopropane
rings.21 Substrate 8e, containing an electron-withdrawing N,N-
dimethylamide group, reacted 1.5 times faster than the
standard substrate. The difference in reactivity between 8c
and 8e is consistent with the decreased electron-withdrawing
ability of amides compared to esters, meaning that the
activated C−H bond is less acidic in this case. Although the
pKa value of a methyl proton is higher than that of a benzylic
proton, 8b is significantly faster than 8f in this reaction. When
comparing these two R groups, it is clear that the methyl group
is significantly smaller near the C−H bond being activated.
Interestingly, a methyl group (8b) reacts ca. 10× faster than an
ethyl group (8a). This is consistent with the wealth of
empirical data accumulated in this field in the past two decades
by our group and others,3d,8,11,12,13a but the current study now
allows a precise figure to be put on this well-known reactivity
difference between primary and secondary C−H bonds. Due
to this significant difference in reactivity between the methyl
and ethyl groups, we again examined the KIE on the former to
see if there was a different value with a reaction that was
significantly faster. We observed a kH/kD of 3.2 for this CH3/
CD3 system (Figure S6), suggesting that the C−H activation is
still the rate-limiting step for this substrate.
Finally, substrate 8h bearing an isopropyl group was also

tested, but no sign of C−H activation at the tertiary C−H
bond was detected. Instead, the 6-membered ring product
arising from C−H arylation at one of the terminal methyl
groups was mainly observed (48% NMR yield), together with
the protodehalogenated product (35%). This further confirms

previous observations that nonbiased tertiary C−H bonds do
not readily undergo C−H activation in such transformations.
Although a relative rate cannot be measured for this case, we
propose to position it at the extreme right of the reactivity scale
on the basis of the calculated C−H activation barrier (vide
infra).
This study leads to the following overall order based on the

measured relative reaction rates

H H c H

H H H H

C CO Me C (CH ) ( Pr ) C CONMe

C C Ph C Me C OMe
2 2 2 2 2 2

3 2 2 2

>
> > >

Computational Studies. In order to rationalize the
observed differences in reactivity for these substrates, we
turned to DFT calculations (see Supporting Information for
details). We take Pd(NHC), I, as the active species (cf.
Scheme 2), and the initial C−Br oxidative addition at this
species was assessed for substrate 8b (Figure S14). This
proceeds with a barrier of only 6.4 kcal/mol to access T-
shaped Pd(NHC)(ArH)Br, IIH (the superscript will indicate
the α-substituent), the most stable isomer of which lies at
−27.7 kcal/mol. Br/OPiv substitution then gives IIIH at −34.7
kcal/mol with a κ2-OPiv ligand. This facile oxidative addition
process is consistent with the observed zero-order kinetics in
[ArBr]. IIIH is the rate-limiting intermediate for the
subsequent C−H functionalization catalysis, and so in the
following, all free energies will be quoted relative to this
species, set to 0.0 kcal/mol.
The computed catalytic cycle starting from IIIH is shown in

Figure 2. C−H activation proceeds in a 2-step process via an
agostic intermediate, Int(IIIH−IVH), formed via the κ2−κ1-
displacement of one arm of the OPiv ligand. This sets up the
system for an AMLA/CMD C−H activation via TS(IIIH−
IVH)2 at +23.9 kcal/mol and forms the cyclometalated

Figure 1. Initial rate experiments to determine relative rate constants
krel.

Figure 2. Computed free energy reaction profile (kcal/mol at 413 K)
for the C−H cyclization of 8b starting from intermediate IIIH. Level
of theory: B97D(def2tzvp,1,2-C6H4Cl2)//BP86(SDD, 6-31G**). 1,2-
C6H4Cl2 (ε = 9.99) is used as a substitute for CF3Ph (ε = 9.18), as
parameters for the latter are not available.
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intermediate IVH at +14.7 kcal/mol. At this point, following
Fagnou,8a we consider HOPiv to dissociate from IVH with H+

transfer to carbonate, where any anions present were modeled
as ion pairs with Cs+ counterions (see Scheme S1 for model
testing). This exergonic step gives the 3-coordinate inter-
mediate VH at −3.7 kcal/mol from which C−C coupling
proceeds via TS(VH−I·9b) at +10.0 kcal/mol. This initially
leads to I·9b in which the indane product forms a π-complex
with the Pd(NHC) fragment. Catalysis is therefore computed
to be strongly exergonic and proceeds with an overall barrier of
23.9 kcal/mol via TS(IIIH−IVH)2, implying rate-limiting C−H
activation. A computed KIE using IIIH-d3 gave a value of 3.6,
in good agreement with the experimental value of 3.2.
This reaction profile was recomputed for R = Me, CO2Me,

C(CH2)2, Ph, and OMe (Figures S15−S20), and in all cases,
the mechanism outlined in Figure 2 was followed. With one
exception (R = CO2Me, vide infra), the overall energy span for
the cyclization process corresponds to C−H bond cleavage via
TS(IIIR−IVR)2 and a computed KIE when R = Me returned a
value of 3.5, in excellent agreement with the experiment.
Significant variations in the barriers to C−H activation were
also seen (ΔG⧧

CHA, Table 1), and the computed trend follows

that of the relative rates in Figure 1, with the exception of the
anomalously high value when R = Ph. This outcome was
independent of functional choice (Figures S22−S23),22 and
these tests also showed some variation in the relative
positioning for the cyclopropyl group. For the remaining
substituents, the trend in ΔG⧧

CHA (R = CO2Me ≪ H < Me <
OMe) was robust across all functionals, so our initial analyses
focused on these cases.
Details of the computed C−H activation transition states,

TS(IIIR−IVR)2, for R = CO2Me, H, Me, and OMe are shown
in Figure 3. In all cases, the transferring hydrogen, H2, shows
short contacts with both the Pd metal center and the pendent
oxygen, O1, of the κ1-pivalate base, consistent with the synergic
combination of C1−H2 → Pd agostic and O1 → H2−C1 H-
bonding interactions that facilitate C1−H2 bond cleavage.5c

Within this series, an increased barrier is associated with a
shorter Pd···H2 contact, with this distance decreasing from
2.21 Å for R = CO2Me to 2.00 Å for R = OMe. Similar trends
are also seen in the agostic intermediate Int(IIIR−IVR) with
H-bonding being more significant for R = CO2Me and agostic
bonding being more prominent for R = OMe (Figure S25).
The relative energies associated with these donor−acceptor

interactions were quantified through NBO 2nd order
perturbation analyses on the TS(IIIR−IVR)2 structures. First,
these indicated that O1 → H2−C1 H-bonding is a more
significant component than the C1−H2 → Pd agostic
interaction (Table S1). Moreover, increased barriers are
associated with a greater relative contribution from the agostic
interaction. To quantify this, we introduce the “AMLA
coefficient”, χ, the ratio of the O1 → H2−C1 donation to the
C1−H2 → Pd agostic interaction, as defined via NBO 2nd
order perturbation analyses. χ is highest for R = CO2Me (5.0)

and lowest for R = OMe (2.6), and a plot of ΔG⧧ vs χ provides
a straight line with a reasonable correlation coefficient, R2, of
0.91 (Figure S27). C−H activation is therefore characterized as
an intramolecular deprotonation that is assisted by an agostic
interaction with the Pd center.
Given the above, enhanced reactivity is seen with more

acidic bonds (i.e., R = CO2Me) where a reduced contribution
from the agostic interaction is necessary to polarize the C−H
bond. Consistent with this, the average computed NBO charge
at the CH2R methylene hydrogens in IIIR is the highest for R =
CO2Me (+0.300), intermediate for R = H and Me (+0.272 and
+0.277, respectively), and the lowest for R = OMe (+0.241).
In this last case, delocalization of the OMe lone pair into the
C1−H2 σ* orbital may account for the lower charge (quantified
via the 2nd order perturbation analysis at 6.0 kcal/mol). In
general, as the C−H activation proceeds, the computed charge
at the transferring hydrogen (H2) increases in first Int(IIIR−
IVR) and then TS(IIIR−IVR)2 (Table S2). The only exception
is a reduction in charge in Int(IIIR−IVR) when R = OMe
(+0.191), and this matches both an increased OLP → C1−H2

σ* donation (8.5 kcal/mol) and a shortening of the CH2−
OMe distance, from 1.43 Å in IIIR to 1.41 Å in Int(IIIR−IVR).
This less electron-deficient C−H bond therefore requires
greater interaction with the Pd center for activation to occur,
and this results in an increased barrier. For the R = H vs Me
comparison, both the computed charge at CH2R and the χ
value are slightly higher when R = Me, and these are both
contrary to the higher barrier (and lower observed rate) in that
case. We speculate that steric effects may be important here,
and while this is difficult to quantify, additional calculations on
the iPr analogue (i.e., C−H activation of a −CHMe2 group)
gave a significantly higher barrier of 37.2 kcal/mol. This value

Table 1. Computed Overall Barriers (kcal/mol) for C−H
Activation as a Function of Substituent, R

CHnR CH2CO2Me CH(CH2)2 CH3

ΔG⧧
CHA 19.1 23.5 23.9

CHnR CH2Ph CH2Me CH2OMe
ΔG⧧

CHA 27.0 25.4 27.7

Figure 3. Details of the computed geometries of TS(IIIR−IVR)2 for
R = CO2Me, H, Me, and OMe, with selected distances in Å and
relative free energies indicated in kcal/mol. χ is the AMLA coefficient
(see text for details).
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is in agreement with the observed lack of C−H arylation at the
tertiary C−H bond of substrate 8h (vide supra). With the
cyclopropyl group, the computed Pd···H2 distance in TS(IIIR−
IVR)2 is the longest of the systems studied here (2.28 Å),
although the computed value of χ = 3.9 does correctly place it
between R = CO2Me and R = H. This relatively high χ value
may reflect the greater C s-character in the cyclopropyl C1−H2

bond as well as being consistent with a relatively high
computed charge on CH in IIIR (+0.293, see Table S2).
Returning to the experiment, we noted above that for R =

CO2Me (8c), the identity of the rate-limiting transition is less
clear-cut: the energy span for C−H activation via TS(IIIR−
IVR)2 is only 19.1 kcal/mol while that for C−C coupling via
TS(VR−VIR) is the highest of those systems studied here at
18.5 kcal/mol; this balance is also functionally dependent (see
Scheme S2). Previous experimental23 and computational24

studies have shown electron-withdrawing substituents tend to
increase the barrier to reductive elimination. In the present
system, this implies a potential change in the rate-determining
process, and this was investigated experimentally. A kH/kD of
∼1 was indeed obtained (Figure S7), which supports the
suggestion from the calculations that, when R = CO2Me, C−H
activation is not rate-limiting.

■ CONCLUSIONS
We have studied the effect of α-substitution on the alkyl
fragment in ring-forming Pd0-catalyzed C(sp3)−H arylation for
various −CHnR groups. To this end, we have developed a
reactivity scale, which, for the first time, places substituents in a
series of most to least reactive: CH2CO2Me > CH(CH2)2 ≥
CH2CONMe2 > CH3 ≫ CH2Ph > CH2Me > CH2OMe ≫
CHMe2. Furthermore, kinetic analysis and parallel computa-
tional studies suggest that the C−H activation is the rate-
limiting step in most cases, with significant primary KIE values
being recorded for two of the substrates (R = H and Me). A
notable exception was observed when the substrate bearing the
most acidic C−H bonds adjacent to an ester group was used,
with a kH/kD ∼1 being recorded. This is consistent with the
wealth of empirical observations in the field that the acidity of
the C−H bond being activated is a crucial factor in
determining the rate of the reaction. NBO analyses character-
ize C−H activation as an intramolecular deprotonation assisted
by agostic bonding at the Pd2+ center. This is quantified by the
AMLA coefficient, χ, the ratio of the energies associated with
O → H−C donation and C−H → Pd agostic interaction.
Higher barriers are associated with a greater agostic interaction
in the transition state (a lower χ) and a correlation with the
computed charge at the reacting H atom is also seen. Future
studies will assess the utility of these descriptors in under-
standing and predicting the reactivity of C(sp3)−H bonds
bearing diverse α-substituents in other reactions proceeding via
the AMLA/CMD mechanism.
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