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ABSTRACT: The role of mono-protected amino acid
(MPAA) ligands in accelerating enantioselective cyclo-
palladation and palladium-catalyzed C−H functionalization
was investigated using kinetic, spectroscopic, and computa-
tional methods. The catalytic relevance of characterized di-
palladium species was evaluated by kinetic analysis. The
kinetic method of continuous variation (MCV) demonstrated
that a complex containing a single MPAA-bridged di-
palladium core (Pd2(MPAA)1) is an active catalyst for the
reactions studied. The experimental findings are consistent
with density functional theory calculations that indicate that enantioinduction can be achieved by a single MPAA ligand
bridging a di-palladium catalyst through secondary sphere hydrogen-bonding interactions that lower the barrier to C−H
activation of the major enantiomer.
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■ INTRODUCTION

Understanding how attractive interactions accelerate specific
chemical reactions and thus enable selective catalysis is a
central goal of catalysis science.1−4 Achieving this goal requires
insight into the structure of the active catalyst(s) for a reaction,
but obtaining this information is often complicated by the
formation of dynamic ensembles of catalysts in low
concentrations within complex reaction mixtures. Reaction
kinetics and density functional theory (DFT) calculations,
when informed by accurate information regarding precatalyst
structure and speciation, provide a means to evaluate the
feasibility of different catalyst architectures. In this work, we
leverage these tools to elucidate the di-palladium structure of a
catalyst for enantioselective C−H functionalization. These
structural insights provide the framework for a revised model
of stereoinduction via stabilizing hydrogen-bonding inter-
actions in the secondary coordination sphere that accelerate
enantioselective C−H activation.
Mono-protected amino acid (MPAA) ligands have led to

significant advances in palladium-catalyzed C−H functionaliza-
tion as a result of their ability to enhance reaction rates and to
impart enantioselectivity to a range of transformations.5−15

Early studies by Reutov established that MPAA ligands enable
enantioselective cyclopalladation of N,N-dimethylaminome-
thylferrocene (1, dmaf) (Figure 1A).16 Since this discovery,
dmaf (1) has served as a representative substrate in

stoichiometric,17−21 computational,22 and catalytic23−29 stud-
ies of MPAA ligands in enantioselective cyclopalladation.30−33

Yu reported the first instance in which MPAA ligands were
used [in conjunction with Pd(II)] for catalytic enantioselective
C−H functionalization in the desymmetrization of benzhydryl
pyridines (bhp) (Figure 1B).34 This study also provided a
model for stereoinduction via bidentate MPAA coordination
on the basis of a reported35 bidentate MPAA palladacycle
(Figure 1C).
The bidentate model was supported by the observation that

N-methyl ligands afforded minimal enantioinduction.34 The
hypothesis that bidentate MPAA coordination could enable
rate acceleration and stereoinduction was subsequently
corroborated by DFT calculations,37−40 observation of Pd−
MPAA ions via high-resolution mass spectrometry,41−45 first-
order dependence on total palladium in steady-state
kinetics,46,47 and a lack of nonlinear effects (NLE) in
asymmetric reactions.48,49 As indicated by its frequent
reproduction in review literature,5,14,23,50−60 the bidentate
model has been widely adopted as a general mechanism to
rationalize rate acceleration and stereocontrol in Pd−MPAA
catalysis.
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Given the prevalence of the bidentate model in the
literature, we were surprised when our attempts to prepare
the complex on which it was originally based35 afforded an
MPAA-bridged dimer (Figure 1D).36 A wide range of
carboxylate-bridged complexes have been structurally charac-
terized,61−67 and carboxylate-bridged di-palladium complexes
have been proposed as key intermediates in catalytic
reactions,68,69 but our report was the first to show that the
MPAA carboxylate moiety also adopts this coordination
mode.36 Indeed, our study revealed that MPAA-bridged di-
palladium complexes are the only species observable in
solution for palladacycles of N,N-dimethylbenzylamine
(dmba), but exchange experiments indicated that high-energy
mono-palladium complexes were likely also present in the
solution. Given that mono- and di-palladium complexes
(Figure 1C,D) possess distinct structures with their own
unique potential for interacting with substrates, we wished to
establish whether di-palladium complexes61,63,68−72 are active
catalysts for enantioselective C−H activation/functionalization
of prototypical substrates [e.g. N,N-dimethylaminoferrocene
(1) and bhp].

■ RESULTS AND DISCUSSION
Di-Palladium Complexes and dmaf Olefination.

Asymmetric olefination of dmaf (1) with N,N-dimethylacryla-
mide (2) was selected as a model reaction for kinetic studies
because data acquisition was expedited by the operational
simplicity of conducting reactions open to air (O2 terminal
oxidant, Figure 2A).28,73 The reaction was optimized for
mechanistic analysis by omitting bromide additives, which
were not required for high levels of enantioinduction. The
absolute chirality of the major product enantiomer from this
reaction (S) was determined by SXRD (3, Figure 3B), and
major enantiomer formation was quantified using chiral
stationary phase supercritical fluid chromatography (SFC).
The structure and speciation of dmaf palladacycles in solution
were also established and found to be consistent with the di-
palladium complexes observed in our previous work (Figures
S5−S23).36 Of particular importance is the observation that
acetate-bridged palladacycle 4 undergoes rapid, sequential

ligand substitution upon titration with MPAA (Figures 2B and
S17−S21). In the presence of excess MPAA, the ligand
exchange equilibrium can be driven to favor di-MPAA
complexes (e.g. palladacycle 5, Figure 2D). The observed
ligand exchange is suitable for generating kinetically competent
catalysts that provide marked rate acceleration relative to
Pd(OAc)2 from the acetate-bridged palladacycle 4 (Figures 2C
and S4). Given that palladacycle 4 is a suitable precatalyst for
enantioselective C−H functionalization, we next endeavored to
identify the active catalyst in dehydrogenative olefination of
dmaf.
Preliminary experiments revealed that only 0.5 equiv of

MPAA per Pd are required to achieve maximal enantiomeric
excess (ee) for dmaf olefination (Figure 2E). This observation
led us to hypothesize that rate acceleration and stereocontrol
in dmaf olefination may be achieved by a di-palladium catalyst
wherein only one MPAA ligand [i.e., Pd2(MPAA)1, Figure 2F]
is required to achieve accelerated C−H functionalization of the
major enantiomer. Although additional MPAA ligands may be
coordinated to the active catalyst(s), these might exhibit only
minimal kinetic contributions. Hydrogen bonding in the crystal
lattice of 5 and intramolecular hydrogen bonding in computa-
tional studies of cyclopalladation36 led us to hypothesize that
secondary sphere hydrogen bonding could stabilize the
transition state for enantioselective C−H activation (red
ligand in Figure 2F).

Figure 1. Seminal reports of MPAA ligands in (A) enantioselective
cyclopalladation16 and (B) palladium-catalyzed asymmetric C−H
functionalization.34 (C) Previously reported model for bidentate
MPAA coordination.35 (D) Revised model of MPAA coordination.36

Figure 2. (A) Model reaction for kinetic analysis. (B) Observation of
sequential MPAA ligand substitution upon titration of palladacycle 4.
(C) Mixtures of palladacycle 4 + MPAA form catalysts that are
kinetically competent for acceleration of the major enantiomer
relative to palladium(II) acetate alone. (D) ORTEP of palladacycle 5
with 40% thermal ellipsoids. (E) Maximal rate acceleration is achieved
with only 0.5 equiv of MPAA per palladium. (F) Proposed model for
Pd2MPAA1 catalysis.
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Steady-State Kinetics of dmaf Olefination. The first
step toward testing the hypotheses outlined above was to
examine the effect of reactant concentrations on the rate of
dmaf olefination (Figure 3A). Initial rate data were used
because catalyst degradation observed during reaction progress
kinetic analysis74 complicated the interpretation of full reaction
profiles (Figure S31).49 The reaction is zero order in dmaf (1)
under the standard reaction conditions (0.1−0.3 M), but a
negative concentration dependence becomes apparent at
higher dmaf loading (0.4−1.2 M, Figure 3C). Zero order in
dmaf indicates that dmaf association does not contribute to
turnover limitation of the Pd−MPAA catalyst, whereas a
negative order indicates that an additional dmaf-dependent
process inhibits turnover. Negative order in dmaf can be
rationalized by our finding that dmaf coordinates 4 to generate
an off-cycle complex consistent with bridge-splitting equilibria
observed with isolated dimers75,76 and in systems with
bimetallic77,78 active catalysts (Figures S10−S13). The
reaction is first order in N,N-dimethyl-acrylamide (2) from
0.1−1.2 M, indicating that olefin insertion contributes to
limiting the rate of Pd−MPAA turnover (Figure 3D).79 At
higher olefin concentrations, the reaction displays saturation
kinetics, consistent with reversible olefin binding prior to
insertion (Figure 3E).80

In the presence of MPAA, K2CO3 has little effect on the rate
of Pd−MPAA turnover (Figure 3E, blue squares). If the role of
K2CO3 is to deprotonate the MPAA N−H to generate di-
anionic MPAA chelates (Figure 1C), then K2CO3 should be
necessary for MPAA-induced rate acceleration and should have
little effect on the background reaction. On the contrary, major
enantiomer formation is accelerated by MPAA [relative to
Pd(II) acetate alone] without K2CO3 and at all K2CO3
loadings investigated (Figure 3E, blue filled squares > red
filled circles). The fact that added base provides no selective
acceleration of the MPAA promoted reaction suggests that the
role of K2CO3 in these reactions is not to generate the active
catalyst (via MPAA N−H deprotonation). Instead, increasing
K2CO3 loading appears to suppress the racemic reaction
(Figure 3E, red circles). This K2CO3-dependent suppression
practically eliminates minor enantiomer formation in the
MPAA-catalyzed reaction (Figure 3E, blue empty squares),
thereby improving enantioselectivity.

Kinetic Isotope Effects in dmaf Olefination. To gain
insight into whether C−H activation contributes to the rate of
Pd−MPAA turnover, we next turned to a study of deuterium
kinetic isotope effect (KIE) experiments.81−83 In the absence
of the MPAA ligand, dmaf olefination afforded a primary KIE
(kH/kD = 3.91 ± 0.40, Figure 4A). In the presence of the

MPAA ligand, on the other hand, a small KIE was observed in
the rates of formation of both major and minor enantiomers
(kH/kD = 1.17 ± 0.03 and 1.47 ± 0.20, respectively). Prior
competitive KIE experiments have demonstrated that MPAA
ligands lower the barrier to C−H activation.84 The KIEs,
measured by absolute rates in separate experiments,81 herein
are consistent with preliminary studies in a prior report85 and
show that MPAA ligands change the turnover limiting step in
palladium-catalyzed C−H olefination of dmaf.

Figure 3. (A) Standard reaction conditions for kinetic studies; (B) absolute chirality of the major enantiomer (Sp) as determined by SXRD:
ORTEP with 40% thermal ellipsoids; (C) order in dmaf ≤0; (D) first order in N,N-dimethylacrylamide (0.1−1.2 M), fit to y = mx + b; (E)
saturation behavior in N,N-dimethylacrylamide at high concentrations, fit to Michaelis−Menten equation y = mx/(x + b); (F) negative order in
K2CO3 with modest selectivity for suppression of the racemic background reaction.

Figure 4. (A) Absolute KIEs with and without the MPAA ligand; (B)
qualitative free energy profile summarizing how MPAA ligands change
the rate-limiting step in dmaf olefination.
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The qualitative free energy profile in Figure 4B illustrates a
scenario consistent with the observed rates and KIEs. The
primary KIE observed without MPAA shows that C−H
cleavage is turnover-limiting in the background reaction
(Figure 4B, black curve). The fact that MPAA significantly
decreases the KIE for both major and minor enantiomers
suggests that MPAA lowers the barrier of both product-
forming pathways such that they are no longer turnover-
limiting (Figure 4B, red and blue curves). Olefin insertion is
depicted as turnover-limiting for the Pd−MPAA pathways
because of the observed rate dependence on olefin
concentration (Figure 3D); however, our experiments do not
preclude the possibility of additional slow steps in the catalytic
cycle (e.g., β-elimination or O2 redox chemistry). The small
KIE observed in the presence of MPAA could be the result of
equilibrium isotope effects, product formation via the back-
ground reaction, a different step on the catalytic cycle with a
barrier similar to that of C−H cleavage, or a combination of
these factors.
Catalyst Stoichiometry during dmaf Olefination. The

KIE experiments presented above demonstrate that MPAA
ligands change the turnover-limiting step of catalytic dmaf
olefination by lowering the barrier to C−H activation. We next
sought to identify the species responsible for MPAA-
accelerated C−H activation. A plot of ee versus MPAA
loading revealed that ee is maximized around a 2:1 Pd:MPAA
ratio, consistent with an active catalyst composed of two Pd
centers bridged by a single MPAA ligand (Pd2(MPAA)1) with
the second bridging ligand (OAc or MPAA) exerting minimal
influence (Figure 2E,F). This abbreviated formula
(Pd2(MPAA)1), used throughout, does not signify that
precisely one MPAA ligand is coordinated to the active
catalyst but that only one MPAA ligand participates in
acceleration of the major enantiomer pathway regardless of
the identity of additional coordinated carboxylates.
An NLE experiment was conducted to assess the presence of

species containing more than one chiral ligand.86,87 A small,
systematic, positive deviation from linearity was observed in a
plot of eeMPAA versus eeproduct, consistent with slightly lower
reactivity of Pd2(MPAA-L)1(MPAA-D)1 relative to Pd2(MPAA-
L)2 (Figure S55). Notably, the slower rate of the mixed D/L
complex is much more apparent in plots of eeMPAA versus rate
(Figure S56). Whereas large NLEs result from inequivalent
reactivity or stability between diastereomeric catalysts bearing
more than one chiral ligand, the small magnitude of the NLE
in this work is consistent with the hypothesis that a second
bridging ligand (X) in Pd2(MPAA)1(X)1 plays only a minor
role in determining the rate and selectivity of Pd−MPAA
catalysts (the two ligands are stereochemically independent).88

To test our hypothesis that MPAA-accelerated C−H
activation can be achieved via a Pd2(MPAA)1 species, we
sought to determine the kinetic order in the MPAA ligand.
Reactions conducted with 0−1.5 equiv of MPAA ligand per
palladium displayed increasing rates of major enantiomer
formation and rate acceleration approaching saturation with
much less than one MPAA ligand per palladium (Figure 5A).
The trend in major enantiomer acceleration is mirrored by
concurrent inhibition of minor enantiomer formation. Rate
saturation at low MPAA loading qualitatively supports the
Pd2(MPAA)1 hypothesis; however, plotting initial rates versus
MPAA loading does not provide a simple kinetic order in
MPAA because it reflects competing contributions from two
mechanisms (Figure 5B, eqs 1 and 2). On the other hand, our

qualitative observations point to a hypothesis that is testable
without complete characterization of the ensemble of resting
states; namely, that a species with a relative stoichiometry
(Pd2(MPAA)1) can achieve MPAA-accelerated C−H activa-
tion. Toward this end, the kinetic method of continuous
variation (MCV) provides a straightforward probe of relative
transition state stoichiometry in ligand-accelerated catalysis.

= [ ‐ ] + [ ‐ ]k k

Initial rate major enantiomer

Pd OAc Pd MPAA1 2 (1)

= [ ‐ ] + [ ‐ ]k k
Initial rate minor enantiomer

Pd OAc Pd MPAA1 3 (2)

Kinetic MCV Indicates That a Pd2(MPAA)1 Complex is
Responsible for Rate Acceleration in dmaf Olefination.
The MCV is well suited for determining the relative
stoichiometry of molecular association.89 Whereas MCV is
most frequently used to assess binding equilibria (and thus
reactant/product stoichiometry, see Figures S9 and S13) with
spectroscopic observables, it can be applied to any molecular
association with an experimental observable that is linearly
dependent on the concentration of the associated species. In
the case of ligand-accelerated, steady-state catalysis, the
relevant response is rate (thus probing transition-state
stoichiometry).89 Relevant applications of kinetic MCV to
probe transition-state stoichiometry can be found in
mechanistic studies of organometallic catalysis,90−93 enzymol-
ogy,94 olefin polymerization,95 and, most frequently, synthetic
models89,96−102 of metalloenzymes.
The stoichiometry of the MPAA-accelerated transition state

was therefore probed using kinetic MCV by plotting the initial
rate of major enantiomer formation versus mole fraction
MPAA (χMPAA = [MPAA]0/([MPAA]0+[Pd(OAc)2]0) and
fitting those data to eq 3, which accounts for the two reactions
that contribute to major product formation (for derivation see
the Supporting Information eq 34). The relative stoichiometry
of palladium with respect to MPAA is represented in eq 3 by
the variable a. To reduce the number of adjustable parameters,
b was determined independently (b = 1.5, Figure S64).90,91

Nonlinear least squares curve fitting of the data in Figure 6 to
eq 3 gives a best fit a = 2.03 ± 0.13 (constrained to b = 1.5).

Figure 5. (A) plot of initial rate of major and minor enantiomer
formation versus MPAA loading; (B) simplified, minimal model of
product-forming pathways.
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The dashed lines in Figure 6 show the poor fit when the model
is constrained to 1:1 Pd:MPAA (additional fits and constraints
in Figures S71−S73). The best fit for the relative stoichiometry
of palladium (a = 2) is consistent with our hypothesis, outlined
above, that MPAA-accelerated C−H activation can be
achieved by a complex with the limiting stoichiometry
Pd2(MPAA)1. As noted above, this does not imply that
additional MPAA/carboxylate ligands are not bound to the
complexjust that they exert a minimal effect on dmaf
olefination rate.

χ χ χ= +m ninitial rate major enantiomer ( )( ) ( )a b
MPAA Pd Pd

(3)

Computational Evaluation of MPAA-Accelerated
Cyclopalladation. Next, DFT calculations were used to
study dmaf cyclopalladation in the presence and absence of
MPAA ligands.103 Similar to our previous reports,36,39,71 here
we computed reactants, intermediates, transition states, and
products of cyclopalladation via mono-palladium and di-
palladium complexes [Pd2(X)2 and Pd2(MPAA)1(OAc)1,
where X represents the bridging carboxylates in the reactants
and products of the cyclopalladation reaction, X = OAc or
MPAA, MPAA = Boc-Gly or Boc-L-Ala]. These calculations
indicate that the di-palladium pathways are favored, both
kinetically and thermodynamically, relative to the mono-
palladium pathways (Figures S151−S154). The computed free
energies of species in the second cyclopalladation, relative to
their respective pre-reaction complexes (6), are shown in
Table 1. A representative free energy profile for cyclo-
palladation of 6 (where MPAA = Boc-L-Ala) is provided in
Figure 7. Only the energetically most favorable bridge-ruptured
acetate assisted C−H activation pathway is presented here.36

Similar trends are observed for the first cyclopalladation (Table
S20).
The calculated reduction in the barrier for the overall C−H

activation process in the presence of Boc-Gly relative to acetate
is striking (6 → TS, ΔΔG⧧ = 7.0 kcal/mol, Table 1). Further
analysis reveals that specific stabilization of the activated
complex for C−H cleavage only makes up a small fraction of
the acceleration (7 → TS, ΔΔG⧧ = 1.0 kcal/mol, Table 1),
whereas most of the stabilization is already present in
intermediate 7 (6 → 7, ΔΔG = 6.0 kcal/mol, Table 1).
Thus, introducing MPAA ligands lowers the barrier to

cyclopalladation by stabilizing interactions in the endergonic
intermediate (7) that are maintained in the C−H activation
transition state. Similar results were found for Boc-L-Ala (Table
1).
A key structural feature of intermediate 7 is hydrogen

bonding of the bridge-ruptured MPAA ligand to the acetate
participating in concerted metalation deprotonation (CMD).
This interaction helps stabilize the reactive bridge-ruptured
conformation. To assess the importance of the hydrogen-
bonding interaction, structure 7 was re-optimized after manual
rotation of the amide group out of close proximity to the CMD
transition state so that there would be no hydrogen bonding
between the MPAA and the reacting acetate. Removing the
hydrogen-bonding interaction between the reactive acetate and

Figure 6. (A) Reaction conditions for kinetic MCV; (B) plot of initial
rate of formation of major enantiomer versus χMPAA with data fit to eq
3, y = m(χMPAA)(χPd)

a + n(χPd)
b.

Table 1. Computed Free Energies (in kcal/mol) of 7 and
C−H Cleavage TS Relative to Their Respective Bridged
Prereaction Complex 6 for Various Ligands (Acetate, Boc-
Gly, and Boc-L-Ala)

ΔG
(kcal/mol)

complex X 7 TS barrier to C−H
cleavagea

Pd2X2 acetate 20.8 29.3 8.5
Boc-Gly 14.8 22.3 7.5

Boc-Gly (-HBb) 19.7 26.8 7.1
Boc-L-Ala (S)

(major)
14.9 22.8 7.9

Boc-L-Ala (R)
(minor)

18.9 26.5 7.6

Pd2X1OAc1 Boc-L-Ala (S)
(major)

16.2 25.3 9.1

Boc-L-Ala (R)
(minor)

17.9 27.2 9.4

akcal/mol. bWith no hydrogen-bonding (HB) interaction.

Figure 7. Calculated free energy profile of the second cyclopalladation
reaction for the pro-S C−H bond (light gray, substrate from first
cyclometallation; black, di-palladium-substrate core; blue, acetate for
concerted-metallation-deprotonation; purple, bridging carboxylate;
red, bridge-ruptured carboxylate; dark gray, variable side chain on
bridge ruptured carboxylate).
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NH of Boc-Gly results in an increase in the energy of 7 by 4.9
kcal/mol (labeled Boc-Gly-HB in Table 1, Figure S155). As a
result, the overall barrier for Boc-Gly without the hydrogen
bonding interaction is higher than that with hydrogen bonding,
but still lower than the reaction with acetate. These
calculations suggest that hydrogen bonding is a significant
(but not sole) factor in acceleration of cyclopalladation by the
MPAA ligand.
Building on the ability of the computational model to

recapitulate experimentally observed rate acceleration, we next
assessed whether the model reproduced observed stereo-
chemical outcomes. The complex with two coordinated MPAA
ligands, Pd2(Boc-L-Ala)2, was examined first because titration
studies indicate that this is the most abundant state with
standard MPAA loadings used in catalysis (Figures S17−S21).
We found lower barriers to activation of both enantiotopic C−
H bonds relative to the acetate pathway (consistent with the
observed decrease in KIE for both pathways, Figure 4,
ΔG⧧ acetate = 29.3, ΔG⧧ Ala2‑R = 26.5, and ΔG⧧ Ala2‑S = 22.8
kcal/mol). The calculated barriers of the pro-S and pro-R C−
H activation are consistent with the S chirality of the major
product (ΔΔG⧧ = 3.7 kcal/mol). Most of the ΔΔG⧧ for pro-S
and pro-R selectivity comes from the free energy difference
between the pro-S and pro-R agostic complexes 7 (ΔΔG = 4.0
kcal/mol); the difference in the barriers for C−H cleavage is
small (ΔΔG⧧ = 0.3 kcal/mol) (Table 1). Structural analysis of
species in the pro-S and pro-R free energy profile show that the
key hydrogen-bonding interaction is intact in the pro-S 7
complex (NH−O = 2.07 Å) and disrupted in the disfavored
pro-R 7 complex (NH−O = 2.58 Å, Figure S158). These
findings indicate that MPAA chirality impacts the hydrogen-
bonding interaction, which then effects the extent of
acceleration from the MPAA ligand and enantioselectivity.
The experimentally observed stereochemical outcomes were
borne out in calculations of the first cyclopalladation step as
well (Table S20).
Calculations for Pd2(Boc-L-Ala)2 complexes provide a

structural rationale for the observed acceleration of C−H
activation and enantioselectivity in the presence of chiral
MPAA ligands. The free energy profiles for complexes bearing
a single MPAA ligand, Pd2(Boc-L-Ala)1(OAc)1, were also
examined to assess whether the computational model is
consistent with the major outcome of this work; namely, that a
di-palladium catalyst requires only one MPAA ligand to
achieve accelerated C−H functionalization of the major
enantiomer relative to minor enantiomer and the acetate-
only pathway (Figures S159 and S160). Indeed, replacing one
acetate ligand in Pd2(AcO)2 with Boc-L-Ala lowers the C−H
activation barrier of both enantiomers (relative to acetate) and
reproduces the absolute chirality of the major reaction product
(ΔΔG⧧ = 1.9 kcal/mol). A hydrogen-bonding interaction is
again present in both the intermediate (7) and transition state
(Figure 8), and most of the energetic differentiation
contributing to enantioselectivity is present in the pro-S and
pro-R complexes of 7 (ΔΔG = 1.7 kcal/mol). Overall, the
calculations for Pd2(Boc-L-Ala)1(OAc)1 indicate that a single
MPAA ligand can stabilize the high energy intermediate (7)
and lower the barrier to enantioselective C−H activation via
hydrogen-bonding interactions in the secondary coordination
sphere. On the other hand, the calculated barrier to C−H
activation at Pd2(Boc-L-Ala)1(OAc)1 is higher in energy than at
Pd2(Boc-L-Ala)2, suggesting that coordination of a second
MPAA ligand should afford faster C−H activation. This

difference in calculated barriers was not expected on the basis
of experimental studies, which indicate that only one MPAA
ligand is required per di-palladium catalyst for effective
acceleration of major enantiomer formation (Figures 5 and
6), but the calculated energy profiles are compatible with at
least two specific kinetic scenariose.g, faster turnover of
MPAA ligands (for accelerating C−H activation) than
turnover of the Pd catalyst (for C−H functionalization) or a
masked kinetic influence of the second MPAA ligand because
of a change in the turnover-limiting step upon coordination of
the first MPAA (see further discussion following Figure S160).
As a preliminary test of the computational model of

secondary sphere hydrogen bond catalysis, rates and
selectivities were compared for reactions conducted with
Boc-NH-L-Phe, Boc-NMe-L-Phe, and no MPAA ligands
(Figure 9). Under the standard reaction conditions N−Me
MPAA accelerates the rate of formation of both major and

Figure 8. Calculated geometry of (A) intermediate 7 and (B)
transition-state TS with Boc-L-Ala for the favored enantiomer, pro-S
(intramolecular hydrogen-bonding shown with green dashes, Pd =
yellow, Fe = orange, O = red, N = blue, C = gray, except MPAA chiral
center, C1 = purple, all H’s except H1 and H2 were omitted for
clarity).

Figure 9. (A) reaction conditions; (B) legend of additives and their
corresponding product symbols and enantiomeric excesses; (C)
reaction profiles showing total product formation over time in the
presence of Boc-NH-Phe (blue), Boc-NMe-Phe (red), and no
additive (green) where solid circles indicate major enantiomer and
empty squares indicate the minor enantiomer.
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minor enantiomers, relative to the acetate only reaction, with
minimal enantioinduction (5% ee). The hydrogen bonding
MPAA ligand afforded even greater rate acceleration and
selective acceleration of the major enantiomer (95% ee).
Poor enantioselectivity with N−Me ligands has been

observed in other systems and has been interpreted as
evidence for the importance of MPAA chelation via nitrogen
coordination.34 The observed acceleration with N−Me MPAA,
however, is not compatible with the widely accepted model for
Pd−MPAA catalysis via N−H deprotonation and MPAA
chelation. The data are consistent with our computational
model in which electronic differences between MPAA ligands
and acetate contribute to rate acceleration71,104 while hydrogen
bonding interactions afford further rate acceleration and are
the dominant factor in controlling enantioselectivity.
MPAA-Accelerated Enantioselective Cyclopallada-

tion of bhp Derivatives. Catalytic reaction kinetics and
computational analysis of MPAA promoted cyclopalladation
both suggest that a Pd2(MPAA)1 catalyst lowers the barrier to
C−H activation in dmaf olefination. Given the centrality of this
step to a range of C−H functionalization reactions,1 we sought
to directly evaluate enantioselective MPAA-accelerated C−H
activation without possible complications from other steps in
the catalytic cycle by explicitly measuring the effect of MPAA
ligands on the rate of cyclopalladation (in the absence of
catalyst turnover). Moreover, to evaluate the relevance of
Pd2(MPAA)1 rate acceleration toward other substrates,
834,105,106 was chosen for stoichiometric C−H activation
because bhp derivatives are the most frequently studied in
computational models of MPAA-promoted cyclopalladation
(separated from other steps in catalysis).22,37−40,107

Initial rates of cyclopalladation were determined by assaying
reaction aliquots quenched with (S)-N,N-dimethylamino-L-
phenylalanine (Figure 10A).18,21,108 The quenching agent halts

C−H activation by sequestering unreacted palladium acetate as
the bis-chelate (Figure S83). The chelating ligand also
simplifies the complex ensemble of cyclopalladation products
in solution, leaving two diastereomeric palladacycles (corre-
sponding to enantiomeric products of C−H activation). The
relative abundance of each diastereomer was quantified by
both 19F NMR spectroscopy and SFC. Both analytical methods
indicate the cyclopalladation proceeds in 76−80% ee, which

matches the reported ee for palladium-catalyzed C−H
functionalization of bhp with Boc-Ala (Figures S80−S86).34

χ χ= mInitial rate major enantiomer ( )( )aMPAA Pd (4)

The initial rate data obtained from this approach were then
analyzed via kinetic MCV to determine the limiting
stoichiometry of the transition state of MPAA-accelerated,
enantioselective cyclopalladation (Figure 10A). The data in
Figure 10B were fit to eq 4, which provided a best fit for the
relative stoichiometry of palladium with respect to MPAA of a
= 1.96 ± 0.05 (Figure 10B solid curve and Figures S87−S90).
A poor fit is obtained when the stoichiometry is constrained to
1:1 Pd:MPAA (Figure 10B, dashed curve). These results
indicate that the Pd2(MPAA)1 species implicated in our
structural, kinetic, and computational studies of dmaf
olefination are also responsible for MPAA-accelerated C−H
activation of bhp. The differences between both the substrates
and the conditions used for the dmaf and bhp studies suggest
that Pd2(MPAA)1 complexes could be relevant to a broader
range of C−H functionalization reactions involving MPAA
ligands than those evaluated in this study.

■ SUMMARY AND CONCLUSIONS−PROPOSED
MECHANISM OF MPAA-ACCELERATED,
ENANTIOSELECTIVE DMAF OLEFINATION

The studies outlined above build on structural characterization
of MPAA-palladacycles36 to understand the species responsible
for MPAA-accelerated C−H activation of the two substrates
that are most frequently employed in models of MPAA-
catalysis, dmaf (1) and bhp (8). Structural, kinetic, and
computational analysis provide complementary insights and
converge on the significance of complexes with the core
structure Pd2(MPAA)1. The proposed catalytic cycle in Figure
11 summarizes the key observations in this work.
The kinetically competent precatalyst 4 is an acetate-bridged

dimer in both the solid state and in solution (Figure 11A). In
the presence of excess dmaf, dimer 4 is in equilibrium with the
monomer (9, Figures S10−S13). A negative order in dmaf
suggests that driving the equilibrium toward 9 reduces catalytic
activity (Figure 11B). Similar to our previous report,36 MPAA
ligands displace acetate on precatalyst 4, resulting in an
ensemble di-palladium complexes with either one or two
coordinated MPAA ligands (Figure 11C).
Moving forward in the productive cycle, the observed first-

order rate dependence on olefin concentration (from 0.1 to 1.2
M) demonstrates that olefin insertion contributes to turnover
limitation. Saturation kinetics at higher olefin concentrations
are consistent with reversible olefin coordination prior to
insertion (Figure 11D,E). These data demonstrate the
relevance of olefin insertion to the rate of catalyst turnover;
however, steps that take place after insertion (β-elimination,
O2 redox chemistry, and ligand exchange) may also contribute
to turnover limitation.
Prior competitive KIE experiments have demonstrated that

MPAA ligands lower the barrier to C−H activation.84 The
KIEs, measured by absolute rates in separate experiments,
presented here, reveal that MPAA ligands can change the
turnover limiting step in palladium-catalyzed C−H function-
alization.81 The significant decrease in KIE of dmaf olefination
in the presence of MPAA ligands confirms that MPAA-
dependent rate acceleration is a result of lower barriers to both
enantiotopic C−H bonds cleavage (i.e., those leading to both

Figure 10. (A) Conditions for kinetic MCV in enantioselective
cyclopalladation of 8; (B) plot of initial rate of major diastereomer
formation vs χMPAA with fits to eq 4.
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the major and minor product enantiomers, Figure 11F). The
greater decrease in KIE for the reaction leading to formation of
the major enantiomer is consistent with selectivity determining
C−H activation after turnover-limiting olefin insertion (Figure
4B). On the other hand, this proposal must be reconciled with
the observed decrease in the rate of minor product formation
with increasing MPAA concentrations (Figure 5). The
decrease in both the KIE and the rate of minor enantiomer
formation can be explained by a model in which the
enantiomeric products are formed through diastereomeric
catalysts that are not in rapid equilibrium. In this scenario, the
degree of enantioselectivity is determined by the product of the
relative concentrations and rate constants of the diastereomeric
catalysts.109−111

Throughout this work, characterization of palladacycle
structure and speciation motivated verifiable hypotheses
regarding function. Most notably, observation of
Pd2(MPAA)1(OAc)1 in equilibrium with Pd2(MPAA)2 and 4
led us to hypothesize that the essential features of MPAA-
catalysis (rate acceleration and enantioselectivity) could be
achieved via a transition state containing a bimetallic core
bridged by a single MPAA ligand with minimal dependence on
a second bridging ligand. In catalytic and stoichiometric
reactions (with different substrates, MPAAs, and conditions),
kinetic MCV indicates the relevance of Pd2(MPAA)1 in
MPAA-accelerated, enantioselective C−H activation. More-
over, the Pd2(MPAA)1 model provides a tractable rationale
(supported by our computational analysis) for the observed
rate acceleration with N−Me ligands (electronic effects) and
further acceleration and enantioinduction with N−H ligands
(secondary sphere H-bond catalysis). The computational study
reproduces experimentally observed rate acceleration, enantio-
selectivity, and observation of both of these effects with only a
single MPAA ligand. It also provides insight into secondary
sphere interactions that contribute to rate acceleration and
enantioselectivity in these reactions. By identifying active
species involved in C−H functionalization reactions catalyzed
by Pd−MPAA mixtures, this work provides critical insight into
the stabilizing interactions that selectively accelerate desired
outcomes and sets the stage for further efforts to design
catalysts that harness secondary sphere hydrogen bonding to
accelerate di-palladium catalysis.
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