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ABSTRACT: Chiral acetyl-protected aminoethyl quinoline (APAQ) ligands were recently discovered to afford highly ac-
tive and enantioselective palladium catalysts for the arylation of methylene C(sp3)-H bonds. Herein, we investigate the 
origins of these heightened properties through a combination of density functional theory (DFT), X-ray crystallography, 
and detailed analyses of topological steric maps as strategic tools for predicting chiral inductive effects imparted on the 
transition-metal center by ancillary ligand scaffolds. DFT and single crystal X-ray diffraction studies both confirm the 
existence of an unusual amide-bridged dimerization motif of catalytically active APAQ-Pd complexes. Comparison of the 
structural parameters of these complexes to those featuring acetyl-protected aminoethyl pyridine (APAPy) as ligand con-
firms that the high activity of APAQ-Pd complexes originates from the presence of the quinoline ring, which serves to 
promote dissociation of catalytically inactive palladium dimers. Furthermore, analysis of the steric topographic maps for a 
representative subset of monomeric, monoligated palladium complexes allowed us to draw a unique parallel between the 
3-dimensional structures of these catalysts and their reported asymmetric induction in β-C-(sp3)-H bond arylation reac-
tions. Finally, we identified cooperative non-covalent interactions present between the APAQ ligand and the substrate as 
a crucial factor for imparting bias between the two chemically equivalent methylenic C(sp3)-H bonds prior to CMD activa-
tion.   

INTRODUCTION  

Discoveries over the past 40 years have allowed the 
functionalization of unreactive C-H bonds through transi-
tion metal-catalyzed processes to produce structurally 
diverse organic molecules.1 More recently, these advances 
have been applied to the development of organometallic 
complexes capable of controlling the site- and stereo-
specificity of both intra- and inter-molecular C-H bond 
transformations.2 Despite these significant advancements, 
the regio- and enantioselective catalytic functionalization 
of aliphatic C(sp3)-H bonds remains a significant chal-
lenge due to the difficulty associated in differentiating 
between two geminal hydrogen atoms.3  The use of direct-
ing groups represents the most successfully implemented 
strategy to control aliphatic C-H bond functionalization 
reactions.4 

Amide moieties derived from carboxylic acids consti-
tute one such class of directing groups that have afforded 
exceptional regio- and enantioselective control in trans-
forming proximal C-H bonds into a broad range of syn-
thetically useful functional groups.5 Exploiting this strate-
gy, one of us reported a number of Pd-catalyzed processes 
for the functionalization of β-C(sp3)-H bonds.6 More re-

cently, these methodologies were extended to the stere-
oselective arylation of unbiased β-methylene C(sp3)-H 
bonds by combining a novel acetyl-protected aminoethyl 
quinoline (EtAPAQ) ligand with palladium-acetate. 
(Figure 1).7 This catalyst tolerates a broad array of sterical-
ly and electronically diverse aryl-iodide reagents and af-
fords the arylated products in excellent enantiometic ex-
cesses (ee’s). 

In a collaborative effort with Houk et al.,8 one of us re-
cently reported a detailed computational investigation of 
the mechanism involves in the Pd-catalyzed β-C-H bond 
arylation reaction, which is briefly summarized in Figure 
1. It was determined that Pd(OAc)2 reacts with the APAQ 
ligands to form a reactive mono-ligated palladium-acetate 
complex A. It was also proposed that the thermodynami-
cally favorable off-cycle palladium dimer B is not an ac-
tive catalytic species, but rather exists as the resting-state 
of the catalytic cycle. From A, a substrate molecule can be 
metalated by extrusion of AcOH thus affording complex 
C, which features a favorable agostic C(sp)-H interaction. 
The ensuing concerted metalation deprotonation (CMD) 
step affords complex D that can oxidatively add an aryl-
iodide to generate a transient Pd(IV) intermediate (not 
shown), prior to reductive elimination of the product. 
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Subsequent reaction with silver(I)-salts and HOAc was 
proposed to regenerate the un-ligated Pd(OAc)2 starting 
material thus closing the catalytic cycle.  

 

 

Figure 1. APAQ/Pd complexes catalyze the enantioselective 
arylation of C-H bonds located beta to a carbonyl. Recent 
mechanistic investigations, employing DFT, identified this 
sequence of elementary reaction steps as key in forming β-
arylated products.  

Herein, we investigate the coordination of APAQ lig-
ands to palladium and report a highly unusual binding 
motif for Pd(II) dimers. We extend the use of topological 
steric maps as a strategic tool to predict potential chiral 
inductive effects. Finally, using these data in conjunction 
with those obtained during catalytic reactions, we at-
tempt to understand the origin of the selectivity and ac-
tivity of APAQ/Pd catalysts in the arylation of β-C(sp3)-H 
bonds. 

COMPUTATIONAL DETAILS 

All calculations were carried out using the Gaussian 09 
program suite.9 Geometry optimizations were performed 
with the B3LYP functional.10 The Def2-TZVP basis set11 
with ECP was used for Pd and the 6-31G(d,p) basis set12 
was used for all other atoms. Frequency calculations at 
the same level of theory were performed to identify the 
number of imaginary frequencies (zero for local minima) 
and to provide the thermal corrections for Gibbs free en-
ergy determinations. Due to the lack of dispersion in the 
B3LYP functional, dispersion correction calculations using 
the corresponding B3LYP-D functional were performed 
with the DFT-D3 program of Grimme.13 The relative Gibbs 
free energies (at 298.15 K) are given in kcal/mol and are 
illustrated using CYLView.14 

RESULTS AND DISCUSSION 

Computational Analysis of HAPAPy and APAQ Li-
gated Palladium Dimers Using DFT. Acetate-bridged 
Pd(II) dimers featuring a wide variety of bidentate chelat-
ing ligands are reported in the literature.15 Using density 

functional theory, we investigated whether similar dimer-
ic motifs were possible using the HAPAPy ligand (Figure 
2) as a simplified model for the APAQ ligands. In line 
with literature precedents, the thermodynamic minimum 
for acetate-bridged dimer 1a was located; however, due to 
the steric hindrance imposed by the bulky 3,5-di-tert-
butylbenzene aryl group alpha to the amide fragment, we 
wondered whether alternative dimerization modes could 
be envisaged. Capitalizing on the Lewis basic amide oxy-
gen atom, we uncovered the amide-bridged palladium 
dimer 1b as a significantly more favorable alternative to 1a 
(ΔG = -33.3 kcal/mol), probably because of the unfavora-
ble steric interactions between the 3,5-di-tert-butylphenyl 
groups. Note that the Pd-Pd bond distance is predicted to 
be much shorter in 1b than in 1a, which can be further 
attributed to the alleviation of steric repulsion.  

 

Figure 2. Comparing the thermodynamic favorability of ace-
tate- versus amide-bridged palladium dimers ligated by 
HAPAPy. Aryl: 3,5-di-tert-butylphenyl. 

Turning our attention to the larger APAQ ligand scaf-
fold, we located the thermodynamic minima correspond-
ing to the acetate-bridged dimers 2a and 3a  as well as the 
amide-bridged dimers 2b and 3b (Figure 3). In contrast to 
1a and 1b, these APAQ ligated complexes exhibit signifi-
cantly longer Pd-Pd distances (2a: 3.63 Å, 2b: 3.59 Å, 2b: 
3.19 Å, and 3b: 3.23 Å), which is a testament of the steric 
bulk imparted by the quinoline ring. From the optimized 
geometries of 2a and 3a, it is clear that unfavorable 
C(sp2)-H to π interactions arising from the orthogonal 
orientation of the quinoline rings (highlighted with a red 
box) causes the extreme lengthening of the Pd-Pd dis-
tance. To alleviate these destabilizing steric interactions, 
complexes 2 and 3 would only exist as amide-bridged di-
mers because these C(sp2)-H to π interactions are re-
placed with stabilizing π- π interactions and a sufficiently 
close Pd-Pd distance to suggest a partial overlap of the dz2 
orbitals from both palladium centers. We found that the 
re-orientation of 2a to 2b and 3a to 3b, like complex 1, are 
also highly exothermic processes (ΔG = -35.9 and -34.7 
kcal/mol, respectively). 
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Figure 3. APAQ-ligated palladium dimers feature long Pd-Pd 
distances due to the unfavorable steric repulsion of the quin-
oline rings. Alkylation of the benzylic methylene group forc-
es the dissociation of OAc-bridged dimers for EtAPAQ. Both 
APAQ-ligated palladium complexes favor formation of am-
ide-bridged dimeric species. Aryl: 3,5-di-tert-butylphenyl. 

Preparation of Palladium Complexes 1, 2, and 3. In-
trigued by these computational data, we set out to inves-
tigate the nature of the Pd intermediates formed upon 
reaction of HAPAPy, HAPAQ, and EtAPAQ with Pd(OAc)2. 
Reaction of HAPAPy with equimolar Pd(OAc)2 in CHCl3 at 
40 oC led to the formation of a single organometallic spe-
cies that was confirmed to feature an amide-bridged bind-
ing motif by a single crystal X-ray diffraction study (1, 
Figure 4). 

Complex 1 crystallized in the P21 space group with one 
molecule in the asymmetric unit cell. The solid-state 
structure exhibits a short distance between the two Pd 
centers (2.87 Å), which is very similar to the value pre-
dicted by DFT (2.84 Å). This value is well within the sum 
of the Van der Waals radii for a bonding interaction be-
tween two Pd atoms (3.26 Å). 

N1
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Pd2
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O1

O2

 

Figure 4. Preparation and solid-state structure of 1. Hydrogen 
atoms not located at chiral centers, solvent, and positional 
disorder have been omitted for clarity. Thermal ellipsoid 
parameters are set at 50% probability. Selected distances (Å) 

and angles (o): Pd1-N1 1.995(7); Pd1-N2 2.013(7); O1-Pd2 
2.038(7); Pd2-N3 2.003(8); Pd2-N4 2.000(7); O2-Pd1 2.040(6); 
Pd1-Pd2 2.8734(9); N1-Pd1-N2: 86.3(3); and N3-Pd2-N4: 
86.7(3). 

Encouraged by this result, we turned our attention to 
the reaction of HAPAQ and EtAPAQ with Pd(OAc)2. To 
our surprise, under reaction conditions similar to those 
used for HAPAPy (CHCl3, 40 oC), a mixture of products 
was observed by 1H NMR spectroscopy. Performing the 
reaction in the presence of a sacrificial amine base afford-
ed complexes 2 and 3 in 73 and 27% yield, respectively, 
after re-crystallization (Scheme 1).  

Scheme 1. Reaction of APAQ ligands with Pd(OAc)2 in 
the presence of a sacrificial amine base affords the 
dimeric bimetallic [LPd(OAc)]2 complexes 2 and 3. 
Aryl: 3,5-di-tert-butylphenyl. 

 
Complexes 2 and  3 were characterized by a single-

crystal X-ray diffraction study. As in the case of complex 1, 
both 2 and 3 also exhibit a dimeric amide-bridged motif in 
the solid-state (Figure 5). Complex 2 crystallized in the 
P21212 space group whereas 3 crystallizes in the C2 space 
group. The distances between the two palladium centers 
in these complexes are significantly longer than in 1 and 
are only slightly below the sum of the Van der Waals radii 
(3.20 Å for 2 and 3.23 Å for 3). Here again, the Pd-Pd dis-
tances are in line with those predicted by DFT. 
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Figure 5. Solid-state structures of 2 (top) and 3 (bottom). 
Hydrogen atoms not located at chiral centers, solvent, and 
positional disorder have been omitted for clarity. Thermal 
ellipsoid parameters are set at 50% probability. Complexes 2 
are crystallographically symmetric and can be described by 
the operators 1-X,1-Y,+Z and 1-X,+Y,1-Z, respectively. Selected 
distances (Å) and angles (o): 2: Pd1-N1: 2.022(4); Pd1-N2: 
2.023(4); O1-Pd1’ 2.027(4); Pd1-Pd1’ 3.1951(10); and N1-Pd1-N2: 
90.0(2). 3: Pd1-N1 2.024(4); Pd1-N2 2.027(3); O1-Pd1’ 2.021(3); 
Pd1-Pd1’ 3.2290(8); and N1-Pd1-N2: 89.10(4). 

Importance of the Quinoline Ring on Catalytic Ac-
tivity. We previously reported that the APAQ ligand scaf-
fold generates highly active Pd-catalysts for β-C-(sp3)-H 
bond arylation reactions. In fact, providing the right sub-
stitution pattern on the ligand backbone, these ligands 
have achieved exceptional enantioselectivity/control 
(Figure 6).7 Unlike APAQ ligands, catalysts featuring the 
pyridine based HAPAPy ligands have been shown to be 
significantly less active only yielding β-arylated products 
in 28% yield after 36 hours (VI).8 

This result could tentatively be rationalized by consid-
ering the Pd-Pd distance in complexes 1 (2.87 Å), 2 (3.20 
Å), and 3 (3.23 Å), which suggest that complex 1 is more 
stable and thereby less prone to dissociation in solution 
than complexes 2 and 3. In light with the catalytic activity, 
this unfavorable bond dissociation could indicate that 
HAPAPy-ligated palladium complex 1 primarily lies in its 
dimeric form, which serves as a resting state for the cata-
lytic cycle. This hypothesis is further supported by the 
fact that the HAPAQ palladium complex 2 could be isolat-
ed as a monomer 2mono (Figure 7, bottom trace) and was 
found to dimerize only after extended periods of time in 
concentrated solutions.16 The 1H NMR spectrum of 2mono 
invariably contained traces of the more thermodynami-
cally stable dimeric species 2, resonances from which can 
be clearly observed and have been labeled by orange tri-
angles in Figure 7. This phenomenon was not observed 
during the preparation of the amide-bridged dimer 1; the 
1H NMR spectrum only shows signals of the latter (top 
trace). All together, these data and observations clearly 
show that the significant differences observed in the ac-
tivities for these two ligand classes arise from the pres-
ence of the quinoline ring on the APAQ scaffold, which 
likely prevents the formation of the off-cycle palladium 
dimers B. 

 

Figure 6. Selected ligands that were surveyed with palladium 
for activity in β-C-H bond arylation reactions along with 
their isolated product yields and the observed enantiomeric 
ratios. 

Correlating Enantioselectivity With Ancillary Lig-
and Structure Using Steric Topographical Analysis. 
We next wondered if we could draw a parallel between 
the 3-dimensional structures of these catalysts and their 
reported asymmetric induction in β-C-(sp3)-H bond aryla-
tion reactions (Figure 6).7 Asymmetric catalysis relies on 
the ability of ancillary ligands to strategically block specif-
ic sections of the coordination sphere in order to transfer 
asymmetric information from the catalyst to the sub-
strate. Thus, we hypothesized that topological steric 
maps,17,18 obtained from a representative subset of mono-
meric, monoligated palladium complexes  Imono-Vmono and 
1mono (Figure 8), could afford key insights into the rational 
design of novel ligand scaffolds for use in asymmetric 
reaction development. Note that to facilitate this discus-
sion, the steric maps presented in Figure 8 have been par-
titioned into 4 quadrants.  

We first considered 1mono and Imono, two ligand systems 
unable to induce appreciable enantio-enrichment under 
catalytic conditions. In either environment, significant 
steric occupancy is only displayed in a single quadrant 
from the C6H3(o-tBu)2 moiety in 1mono(SE), or from the 
quinoline moiety in Imono (NW). For comparison, IImono, 
which combines the steric effect of the C6H3(o-tBu)2 and 
the quinoline in their respective opposing quadrants, has 
been shown to afford significant enantio-induction (19:81 
er). This suggests that the chiral scaffold can be accurate-
ly modeled by a quadrant diagram where the NW and SE 
quadrants are sterically congested forcing the substrates 
to reside in the less occupied NE and SW quadrants. 

Catalytic studies involving IIImono-Vmono highlighted the 
importance of a strategic substitution pattern on the 
APAQ ligand backbone. These groups, which reside in the 
SW quadrant of their respective plots, appear to have a 
more nuanced effect on the asymmetric transformation. 
To further investigate the role of the ethyl group on the 
stereochemical determining step of the catalytic cycle, we 
examined the optimized 3D model of complex IVsub, that 
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is bound to a model substrate, to determine whether non-
covalent interactions between the APAQ ligand and the 
substrate could be responsible for imparting bias between 
the methylene C(sp3)-H bonds prior to cyclopalladation 
(Figure 9). Such hydrogen bonding interactions are well 
known to promote high er’s for asymmetric catalytic reac-
tions occurring in the catalytic pockets of enzymes.19 In 
our case, we determined that complex IVsub exhibits a 
strong arene π-stacking interaction of the fluorinated aux-
iliary with the quinoline ring (π-π distance ~3.1 Å). Sur-
prisingly, we observed a hydrogen bonding interaction 
between an ortho-fluorine atom on the amide auxiliary 
ring and a hydrogen atom from the ethyl group in both 
(R)-IVsub and (S)-IVsub (H--F distance: 2.2 Å) well within 
the sum of the Van der Waals radii for a hydrogen atom 
(120 pm) and a fluorine atom (135 pm). The presence of 
these interactions suggests that the ethyl group could 
serve to immobilize the substrate amide auxiliary frag-
ment throughout the carbopalladation process.  

Having considered the role of the alkyl groups on the 
backbone of the APAQ ligand, we also looked for other 
interaction that could impart sufficient bias on the meth-
ylene group so as to favor reaction at one geminal C(sp3)-

H bond over the other. From a thermodynamic point of 
view, the two conformations (R)-IVsub and (S)-IVsub only 
differ in Gibbs free energy by 0.10 kcal/mol in favor of (S)-
IVsub, which cannot alone support the observed S enanti-
oselectivity induced by this ligand diastereomer under 
catalytic conditions. Upon further analysis of the opti-
mized geometries, we noticed hydrogen bonding interac-
tions in both the (R)-IVsub and (S)-IVsub conformers be-
tween the substrate alkyl chain and the ligand amide oxy-
gen atom. For the (R)-IVsub configuration, there is a dis-
tinct interaction with the β-C(sp3)-H hydrogen atom (2.41 
Å), supporting a concerted process between this C-H 
bond, the amide, and the metal. Conversely, the  (S)-IVsub 
configuration shows hydrogen bonding between the ter-
minal methyl group of the substrate and the amide frag-
ment (2.48 Å). We believe that despite (R)-IVsub exhibit-
ing a CMD-like interaction with the C(sp3)-H bond, this 
configuration also leads to an unfavorable arrangement of 
the terminal CH3 moiety in the more sterically congested 
southern hemisphere of the coordination sphere (Figure 
8). Moreover, the terminal CH3 hydrogen bonding inter-
action observed in (S)-IVsub could help in locking the β-
C(sp3)-H hydrogen atom in the desired configuration. 

 

Figure 7. HAPAQ-ligated palladium form complex 2 (center trace). A low concentration of the dimeric species 2 is visible in the 
spectrum of 2mono (select resonances for dimer 2 are indicated by orange triangles). Only one species exists for the reaction of 
HAPAPy and Pd(OAc)2 (top trace), which is the dimeric product 1. Aryl: 3,5-di-tert-butylphenyl. 
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Figure 8. Steric topology maps for monomeric complexes Imono-Vmono and 1mono. Each complex is along each of the 3 axes to 
clearly depict the steric contributions of the ligand.  Aryl: 3,5-di-tert-butylphenyl. 

 

Figure 9. Comparison of the non-covalent interactions existing between APAQ ligand and the substrate. This analysis clearly 
depicts the role of the alkyl group as a hydrogen bond donor to the fluorinated auxiliary. 

CONCLUSION 

Herein, we have disclosed the preparation, isolation, 
and crystallographic characterization of APAPy- and 
APAQ-ligated palladium complexes, the latter of which 
exhibit excellent activity and enantioselectivity in  β-C-
(sp3)-H bond arylation reactions. In contrast to other 
Pd(II) dimers, we found that these bulky chelating ligands 

favor an unusual amide-bridged dimerization motif be-
cause this binding mode better alleviates unfavorable 
steric repulsion of the ligands while simultaneously in-
corporating favorable Pd-Pd bonding interactions. From 
these studies, we determined that the origin of the high 
catalytic activities with APAQ ligands should be attribut-
ed to the presence of the quinoline ring. This heterocycle 
promotes the dissociation of the off-cycle palladium di-
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mers to their corresponding monomers, which effectively 
increases the solution-phase lifetime of catalytically active 
monomeric palladium complexes.  

Since its development in 2016, steric topographic maps 
have been used primarily to determine the buried volume 
of a given ligand or to visualize the steric environment 
around a metal center ligated by a chiral molecule. Here, 
using the β-C-(sp3)-H bond arylation as a model reaction, 
we show that the combination of DFT and steric maps 
could be used as a predictive tool.  

EXPERIMENTAL SECTION 

General Considerations. All manipulations were carried out 
under aerobic conditions unless otherwise noted. Starting mate-
rials and solvents of reagent-grade were purchased from com-
mercial suppliers and used as received without further purifica-
tion. Solution-phase 1H and 13C NMR spectra were recorded on a 
Varian Inova 500 MHz spectrometer. All NMR signals are re-
ported in ppm relative to SiMe4 with reference to the residual 
solvent resonances of C6D6 (7.16 ppm for 1H and 128.06 ppm for 
13C) and CDCl3 (7.26 ppm for 1H and 77.16 ppm for 13C). NMR 
multiplicities are denoted as follows: s = singlet, d = doublet, t = 
triplet, q = quartet, quin = quintet, m = multiplet, and br = 
broad. Ligands L1 and L2-L3 were prepared according to literature 
procedures. 

Synthesis of complex 1. A 10 mL scintillation vial was 
charged with HAPAPy ligand L1 (35.2 mg, 99.4 µmol, 1 equiv.), 
Pd(OAc)2 (22.3 mg, 99.4 µmol, 1 equiv.), and 2 mL chloroform. 
The resulting solution was stirred at 40 oC for 24 hours, at which 
point, all volatiles were evaporated under vacuum. The residue 
was extracted with 2 x 2 mL benzene, filtered through a pipette 
plug of celite, and concentrated under vacuum to afford complex 
1 as a light-orange powder in 98% yield (50.7 mg). Single crystals 
suitable for an X-ray diffraction study were grown by vapor dif-
fusion of diethyl ether into a saturated dichloromethane solution 
at room temperature. M.P. xxxxx oC dec. 1H NMR (CDCl3, 500 
MHz): δ 0.95 (s, 9H), 1.40 (s, 9H), 1.84 (s, 3H), 2.35 (s, 3H), 2.65 
(s, 3H), 3.36-3.45 (m, 4H), 4.28 (dd, J = 14.34, 6.76 Hz, 1H), 4.48 
(t, J = 8.71 Hz,1H), 4.81 (m, 1H), 5.19 (d, J = 10.70 Hz, 1H), 5.56 (s, 
1H), 6.37 (d, J = 7.58 Hz, 2H), 6.55 (d, J = 7.09 Hz, 1H), 6.70 (t, J = 
7.39 Hz, 1H), 6.77 (t, J = 7.19 Hz, 1H), 6.93-6.99 (m, 3H), 7.43 (d, J 
= 7.69 Hz, 1H), 8.59 (d, J = 10.67 Hz, 1H). 13C NMR (CDCl3, 125 
MHz): δ 9.7, 22.4, 27.2, 29.3, 29.4, 31.1, 42.7, 62.7, 77.4, 80.9, 124.8, 
129.8, 134.1, 145.1, 168.3, 250.9. HRMS ESI-TOF+ found m/z = 
xxxxxxx, [M + H]+ calculated for [C25H35N2O3Pd]+ m/z = 
517.1677. 

Synthesis of complex 2. Charge a 20 mL scintillation vial 
with ligand L2 (40 mg, 99.4 µmol, 1 equiv.) and Pd(OAc)2 (22.3 
mg, 99.4 µmol, 1 equiv.) and a magnetic stir bar. Add 1 mL di-
chloromethane and stir until fully dissolved. Add N-
methylmorpholine (16.3 µL,149.2 µmol, 1.5 equiv.). Stir resulting 
solution overnight followed by filtration through a plug of celite. 
Wash the celite plug with 2 mL dichloromethane. The combined 
organic layers were evaporated under vacuum resulting in an 
oily residue. Pentane (5 mL) was added to the residue and then 
stirred for 10 minutes at room temperature. The solid precipitate 
was collected by vacuum filtration and dried under vacuum 
yielding crude 2 as a light-yellow powder. The title compound 
was purified by recrystallization from a mixture of diethyl ether 
and dichloromethane in 73% yield (41.1 mg). Single crystals suit-
able for an X-ray diffraction study were grown by vapor diffusion 
of diethyl ether into a saturated dichloromethane solution at 
room temperature. M.P. xxxxx oC dec. 1H NMR (CDCl3, 500 
MHz): δ 0.72 (s, 18H), 1.07 (s, 3H), 1.15 (s, 3H), 1.24 (s, 18H), 1.59 
(s, 3H), 2.29 (s, 3H), 3.36 (dd, J = 14.1, 3.8 Hz, 1H), 3.87 (dd, J = 
13.6, 4.5 Hz, 1H), 3.95 (dd, J = 11.9, 3.7 Hz, 1H), 4.70 (dd, J = 12.3, 

4.3 Hz, 1H), 4.75 (t, J = 12.9 Hz, 1H), 5.59 (t, J = 12.9 Hz, 1H), 5.70 
(s, br, 1H), 6.75 (s, 1H), 6.88 (t, J = 7.9 Hz, 1H), 7.20 (s, 2H), 7.25 
(d, J = 8.2 Hz, 1H), 7.32 (s, 2H), 7.46 (m, 4H), 7.53 (d, J = 8.2 Hz, 
1H), 7.68 (t, J = 8.9 Hz, 2H), 8.01 (d, J = 8.3 Hz, 1H), 8.13 (d, J = 8.3 
Hz, 1H), 9.17 (dd, J = 22.1, 8.7 Hz, 2H). 13C NMR (CDCl3, 125 
MHz): δ 15.4, 21.3, 21.6, 23.7, 25.1, 31.2, 31.7, 34.6, 35.3, 51.4, 51.5, 
56.6, 61.1, 66.0, 120.3, 120.4, 121.1, 121.2, 121.4, 121.5, 127.4, 127.5, 
127.6, 127.8, 127.8, 127.9, 127.9, 128.4, 130.6, 131.8, 139.9, 140.1, 141.9, 
143.5, 146.5, 147.3, 150.1, 151.6, 160.3, 161.7, 174.7, 176.3, 181.0. HRMS 
ESI-TOF+ found m/z = 567.1860, [M + H]+ calculated for 
[C29H37N2O3Pd]+ m/z = 567.1845. 

Synthesis of complex 2mono. Charge a 20 mL scintillation vial 
with ligand L2 (40 mg, 99.4 µmol, 1 equiv.) and Pd(OAc)2 (22.3 
mg, 99.4 µmol, 1 equiv.) and a magnetic stir bar. Add 1 mL ben-
zene and stir until fully dissolved. Add N-methylmorpholine 
(16.3 µL,149.2 µmol, 1.5 equiv.). Stir resulting solution overnight 
followed by filtration through a plug of celite. Wash the celite 
plug with 2 mL dichloromethane. The combined organic layers 
were concentrated to 1 mL and triturated with pentane (5 mL) 
and stirred for 10 minutes at room temperature. The solid pre-
cipitate was collected by vacuum filtration and dried under vac-
uum yielding 2mono (containing traces of 2) as a light-yellow 
powder. N.B.: [NMMH]+[OAc]– present in the sample and could 
only be successfully removed by crystallizing 2mono; however, all 
attempts to crystallize 2mono for purification and/or an X-ray 
crystallographic study of 2mono were unsuccessful due to its pro-
pensity to dimerize after long periods of time in concentrated 
solutions. This phenomenon has been observed previously by 
one of the authors.16 1H NMR (CDCl3, 500 MHz): δ 1.34 (s, 18H), 
1.42 (s, 3H), 1.59 (s, 3H), 4.43 (t, J = 11.3 Hz, 1H), 4.98 (t, J = 11.4 
Hz, 1H), 5.80 (m, 1H), 6.40 (dd, J = 16.0, 13.0 Hz, 1H), 7.37 (s, 1H), 
7.56 (s, 2H), 7.61 (d, J = 8.6 Hz, 1H), 7.68 (d, J = 7.7 Hz, 1H), 7.96 
(d, J = 8.4 Hz, 1H), 8.12 (d, J = 8.5 Hz, 1H), 8.41 (d, J = 8.8 Hz, 1H), 
10.41 (d, J = 8.8 Hz, 1H). 13C NMR (CDCl3, 125 MHz): δ 14.2, 22.5, 
22.7, 22.9, 23.4, 31.7, 34.3, 35.1, 47.9, 52.1, 52.9, 59.0, 59.1, 65.9, 
66.3, 120.6, 121.1, 121.9, 127.6, 127.6, 127.8, 129.8, 131.0, 139.8, 142.1, 
147.2, 151.3, 163.6, 170.0, 177.6, 178.7. 

Synthesis of complex 3. The following reaction was per-
formed under the strict exclusion of oxygen and moisture using 
an Argon filled Mbraun dry box and standard Schlenk tech-
niques. Solvents were dried over Na metal prior to use. C6D6 was 
dried by distillation from Na/benzophenone and stored over a 
K0 mirror in a Teflon sealed ampoule. Toluene-d8 was distilled 
from sodium metal and stored over freshly activated metallic 
sodium in a Teflon sealed ampoule. Neutral alumina (Al2O3) was 
heated at 150 oC under high vacuum for 48 hours and used im-
mediately. 

Procedure. Charge a 20 mL scintillation vial with EtAPAQ lig-
and L3 (30 mg, 93.0 µmol, 1 equiv.), Pd(OAc)2 (21.9 mg, 97.7 
µmol, 1.05 equiv.) and 2,6-di-tert-butyl-4-methylpyridine tBu2Py 
(10.4 mg, 93.0 µmol, 1 equiv.) under an argon atmosphere. Add 3 
mL benzene and stir for 24 hours at room temperature. Filtrate 
the resulting mixture through a 3-inch Al2O3 pipette column. 
Wash the column with an additional 3 mL of benzene (eluent 
should become clear before the additional 3 mL finishes eluting). 
Concentrate the filtrate and repeat filtration through a second 3-
inch alumina pipette column. N.B. presence of any moisture dur-
ing filtration causes hydrolysis of the product. Concentration of 
the organic phase yields complex 3 as a light-yellow powder in 
27% yield (14.9 mg, 25.1 µmol). Single crystals suitable for an X-
ray diffraction study were grown in an inverted J-Young NMR 
tube at room temperature overnight from a saturated benzene 
solution layered with Bu2O. M.P. xxxxx oC dec. 1H NMR (CDCl3, 
500 MHz): δ 0.95 (s, 9H), 1.40 (s, 9H), 1.84 (s, 3H), 2.35 (s, 3H), 
2.65 (s, 3H), 3.36-3.45 (m, 4H), 4.28 (dd, J = 14.34, 6.76 Hz, 1H), 
4.48 (t, J = 8.71 Hz,1H), 4.81 (m, 1H), 5.19 (d, J =  10.70 Hz, 1H), 
5.56 (s, 1H), 6.37 (d, J = 7.58 Hz, 2H), 6.55 (d, J = 7.09 Hz, 1H), 
6.70 (t, J = 7.39 Hz, 1H), 6.77 (t, J = 7.19 Hz, 1H), 6.93-6.99 (m, 
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3H), 7.43 (d, J = 7.69 Hz, 1H), 8.59 (d, J = 10.67 Hz, 1H). 13C NMR 
(CDCl3, 125 MHz): δ 9.7, 22.4, 27.2, 29.3, 29.4, 31.1, 42.7, 62.7, 77.4, 
80.9, 124.8, 129.8, 134.1, 145.1, 168.3, 250.9. HRMS ESI-TOF+ found 
m/z = xxx.xxxx, [M + H]+ calculated for [C31H41N2O3Pd]+ m/z = 
595.2152. 

Crystallographic Structure Determinations. Single-crystal 
X-ray structure determinations were carried out at low tempera-
ture on a Bruker P4, Platform, or Kappa diffractometer equipped 
with a Mo or Cu radiation source and a Bruker APEX detector. 
All structures were solved by direct methods with SIR 2004 or 
SHELXS and refined by full-matrix least-squares procedures 
utilizing SHELXL within the Olex 2 small-molecule solution, 
refinement, and analysis software package. 
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