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Importance of Favourable Non-Covalent Contacts in 
the Stereoselective Synthesis of Tetrasubstituted 
Chromanones 
Laura R. Andreola a and Steven E. Wheeler*a

Automated transiton state (TS) structure computations for a recently reported Pd-catalysed conjugated addition of 
arylboronic acids to 2-substituted chromones (Chem Sci, 2020, 11, 4602) reveal unexpected conformations of the key 
stereodifferentiating benzyl group on the pyridine-dihydroisoquinoline (PyDHIQ) ligand.  Detailed analysis shows that 
stereoselectivity is determined primarily by favourable non-covalent contacts between this benzyl group and the substrates, 
combined with torsional strain in the primary TS structure leading to the minor stereoisomer. This finding should inform 
further use and analysis of PyDHIQ and related ligands in other stereoselective transformations. 

Introduction
Stoltz, Hong, and co-workers1 recently developed new chiral 

pyridine-dihydroisoquinoline ligands (PyDHIQ, Scheme 1a) that 
enable the enantioselective synthesis of tetrasubstituted 
chromanones via a Pd-catalysed conjugate addition of 
arylboronic acids to 2-substituted chromones in aqueous 
solvent [Reaction (1), Scheme 1b]. Such chiral motifs are 
prevalent in natural products,2-4 and this was the first 
demonstration of the enantioselective construction of a 
tetrasubstituted centre at the C2 position of chromanones in a 
single step. Reaction (1) builds on previous examples of Pd(II) 
catalysed conjugate additions of arylboronic acids to α,β-
unsaturated carbonyl groups from Uemura et al.,5 Miyaura et 
al.,6 and others.7-15 In 2013, Stoltz et al.16 accomplished the first 
Pd(II) catalysed conjugate addition of an arylboronic acid to 
chromone with moderate yields and high enantioselectivities 
with their t-BuPyOx ligand; however, they were only able to 
achieve trisubstituted stereocentres.  In 2016, Gerten and 
Stanley17 reported the racemic synthesis of tetrasubstituted 
chromanones via the addition of arylboronic acids to 2-
substituted chromones in aqueous conditions with a 
Pd(Phen)(TFA)2 catalyst. The 2020 report from Hong and 
coworkers1 builds on these two previous results to achieve the 
enantioselective synthesis of tetrasubstituted chromanones in 
Scheme 1b. 

Stoltz et al.9 had previously reported the first 
enantioselective Pd-catalysed construction of all-carbon 
quaternary stereocentres via 1,4-addition of arylboronic acids 
to β-substituted cyclic enones. A subsequent computational 

study with Houk and co-workers18 found that the mechanism 
involves transmetalation followed by coordination of the enone 
to the metal, alkene insertion, and protonation of the resulting 
enolate to yield the final product. These computations revealed 
that the alkene insertion step (see Scheme 1c) is both rate 
limiting and stereodetermining.  Wiest et al.19 recently used 
their Q2MM approach20 to predict the stereoselectivity of 82 
examples of this reaction based on this alkene insertion step, 
resulting in good agreement with experimental data. This 
further supports the alkene insertion step as the key to 
stereoselectivity.
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Scheme 1.  (a) Chiral PyDHIQ ligands used by Hong and coworkers to catalyse (b) the 
enantioselective addition of arylboronic acids to 2-substitued chromones. (c) The 
stereodetermining alkene insertion step.

The selectivity of reaction (1) hinges on the identity of the 
stereodifferentiating group (R1, Scheme 1a) on the chiral imine 
component of the PyDHIQ ligand.1  Isopropyl groups at this 
position (e.g. ligand 1b) lead to poor selectivity, while alkyl-
substituted benzyl groups provide ee’s as high as 98%. 
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Furthermore, while bulkier alkyl groups (iPr, tBu) retain high 
selectivity they result in reduced yield. Ultimately, ligand 1c, 
featuring a pendant 2,6-dimethylbenzyl group, was identified as 
the optimal catalyst for this reaction. 

Hong and co-workers1 explained the stereoselectivity of this 
transformation based on the TS model presented in Figure 1a. 
In this model, it was assumed that the chromone was located 
cis to the chiral imine component of the ligand in both the 
favoured and disfavoured TS.  It was further assumed that the 
pendant benzyl group of the ligand was oriented away from the 
reaction centre based on an X-ray crystal structure of ligand 1d 
bound to PdCl2 that shows a similar conformation. The 
selectivity was then rationalized in terms of a proposed steric 
clash between the carbonyl group of the reacting chromone 
with the sterically-demanding R groups on the benzyl group.
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Figure 1. (a) TS model from Hong, et al.1 (b) Revised TS model explaining the observed 
stereoselectivity in terms of stabilizing aryl-aryl interactions in the favoured TS 
complemented by torsional strain that destabilizes the disfavoured TS.

Herein, we provide a detailed computational study of 
reaction (1), showing that the coordination of the ligands to the 
Pd centre differs in the favoured and disfavoured pathways and 
in both stereocontrolling TS structures the benzyl group of 
PyDHIQ adopts a ‘closed’ conformation. This unexpected 
conformation proves vital for both the attractive non-covalent 
interactions that preferentially stabilize the TS structure leading 
to the major product and the torsional strain that disfavours the 
TS structure leading to the minor product (see Figure 1b).

Theoretical Methods
In light of previous mechanistic work,18, 19 we focus on the 

rate-limiting and stereodetermining alkene insertion step for 
reaction (1) and further assume that the selectivity is under 
Curtin-Hammett control.21   For ligand 1c, we considered four 
primary options for these TS structures arising from the two 
possible configurations of the substrates (i.e. the chromone cis 
or trans to the chiral amine component of the ligand) and the 
addition to the two faces of the chromone. For each of these 
structures, conformations were systematically explored using 

Crest22 (constraining positions of the bond-forming atoms) at 
the GFN2-xTB level of theory,23 retaining all unique conformers 
(based on a 0.125 Å RMSD cut-off) within 10 kcal mol-1 of the 
lowest-lying conformer. These structures were then fully 
optimized at the B3LYP-D3/6-31G(d)/LANL2DZ24-27 level of 
theory common to other DFT studies involving Pd,28 using 
PCM29, 30 to model the aqueous solvent. All TS structures were 
confirmed to have a single imaginary vibrational frequency with 
mode corresponding to the forming C–C bond. In total, 35 
unique TS structures were identified for 1c based on an RMSD 
cut-off of 0.4 Å.  Single point energies were then computed at 
the PCM-B3LYP-D3BJ/6-311+G(d,p)/LANL2DZ31 level of theory. 
After these structures were identified for 1c, the lowest energy 
structures leading to the (R) and (S) products were used as 
template structures for the automated TS optimizer AARON32 to 
find analogous TS structures for ligands 1a, 1b, 1d, and 1e. 
AARON automatically samples conformations of added 
substituents. 

The reported free energies comprise the PCM-B3LYP-
D3BJ/6-311+G(d,p)/LANL2DZ single point energies with thermal 
and entropic corrections calculated using Grimme’s quasi-RRHO 
approximation33 from frequencies computed at 333 K at the 
PCM-B3LYP-D3/6-31G(d)/LANL2DZ level of theory, which are 
then Boltzmann weighted. All DFT computations were executed 
with Gaussian 09,34 with input generation, output parsing, and 
thermochemical analysis done using AaronTools.35 Molecular 
structure figures and the buried volume visualization in the TOC 
figure were generated using UCSF ChimeraX36 with the 
SEQCROW bundle.35, 37

Results and Discussion
A. Ligand Conformations 

The key benzyl group in ligands 1c, 1d, and 1e can adopt either 
an ‘open’ or ‘closed’ conformation (see Figure 2). The X-ray 
crystal structure of 1d (featuring a 2,6-diethylbenzyl 
substituent) bound to PdCl2, reported by Hong et al.,1 reveals 
that the Bn group is oriented away from the Pd. Gas phase DFT 
computations of the analogous complex featuring ligand 1c 
predict that the open and closed conformer are nearly 
isoergonic, with the latter lying only 0.4 kcal mol-1 lower in free 
energy than the former. In aqueous solvent the free energy gap 
increases, with the closed conformer predicted to be 1.4 kcal 
mol-1 lower in free energy than the open conformer (see Figure 
2). Interestingly, the unbound ligand favours the open 
conformation found in the X-ray crystal structure, but only 
slightly, by 0.7 kcal mol-1 in the gas phase and 0.1 kcal mol-1 in 
aqueous solvent (see ESI Table S5). This suggests the 
importance of the interaction of the benzyl group with some 
combination of the palladium and the chlorines in the 
conformational behaviour of this ligand, which portends the 
important role that the benzyl group conformation plays in the 
energetics of the catalytically active complex. 
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Figure 2.  Optimized structures of the ‘open’ and ‘closed’ conformations of 1c-PdCl2 along 
with relative free energies in the gas phase and in solution provided in kcal mol-1. 
Hydrogens omitted for clarity.

B. Stereocontrolling TS Structures and Origin of Stereoselectivity

The key alkene insertion step in reaction (1) is depicted in 
Scheme 1c. Stereoselectivities were predicted for five ligands 
(see Table 1) based on an exhaustive search of possible 
conformations and configurations of the ligands around the 
metal centre (see Theoretical Methods, above, and 
Supplementary Information).  Overall, there is reasonable 
agreement between the computed and experimental 
selectivities, although we systematically overestimate the free 
energy difference between the stereocontrolling TS structures. 
However, we correctly capture the key experimental 
observation that bulky aryl groups are required for high 
selectivity. Although ligand 1a was not experimentally active, 
we predict that, if catalytically active, its selectivity would follow 
this trend.

Table 1. Experimental yield, ee, and free energy barrier differences (ΔΔG‡) along with 
predicted barrier height (ΔG‡), ee, and ΔΔG‡ values (in kcal mol-1) for reaction (1) using 
different PyDHIQ ligands.

Experiment Theory

Ligand % Yield ee ΔΔG‡ ΔG‡ ee ΔΔG‡

1a - - - 21.8 92 2.1

1b 11 68 1.1 20.3 98 3.0

1c 97 95 2.4 20.5 >99 4.8

1d 77 98 3.0 20.1 >99 5.0

1e 70 98 3.0 18.9 >99 7.3

To explain the origin of the selectivity in this reaction, we 
examined the key low-lying TS structures leading to the two 
stereoisomeric products for ligand 1c more closely (see Figure 
3). Notably, in the most favourable TS structures the substituted 
benzyl group of the ligand adopts the closed conformation in 
which it is rotated toward the Pd and reacting substrates. This 
is in contrast with the conformer assumed by Hong et al.1 

Figure 3. Optimized structures a) and b) of the stereocontrolling TS structures and c) of 
the pro-R TS structure with the chromone cis to R2 for reaction 1 catalysed by 1c. Key 
distances are shown in Angstroms and relative free energies in kcal mol-1.  Selected 
hydrogens omitted for clarity. The stereocontrolling TS structure for ligands 1d and 1e 
are similar to those shown above. For ligands 1a and 1b the chromone is cis to R2 in both 
pro-R and pro-S TS structures. 

Moreover, while in TS-1c(S), which leads to the major 
stereoisomer, the substrates adopt the configuration assumed 
by Hong et al.,1  in the minor TS structure [TS-1c(R)] the 
chromone is trans to the chiral amine component of the ligand 
(Figure 3a).  The lowest-lying TS(R) structure featuring the 
chromone cis to the chiral amine component of the ligand, TS-
1c(R’) (Figure 3c), is 0.5 kcal mol-1 higher in free energy than TS-
1c(R). Moreover, unlike the TS structures in Figures 3a and b, in 
this more highly disfavoured TS structure the Bn group adopts a 
conformation almost parallel to the aromatic portion of the 
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ligand. Thus, the steric interactions between the chromone and 
benzyl group envisioned by Hong et al.1 (see Figure 1) are not 
present in the corresponding TS structure, which is furthermore 
not the primary TS structure leading to the minor stereoisomer!

Figure 4. Optimized structures of the stereocontrolling TS structures for the reaction in 
Scheme 1 using 1c with the benzyl-ligand dihedral angle highlighted. The key dihedral 
angle (in degrees, see Newman projection) is provided for the stereocontrolling TS 
structures for all four ligands. Selected hydrogens omitted for clarity.

Qualitatively, TS-1c(S) is favoured over TS-1c(R) due 
primarily to the presence of a greater number of stabilizing non-
covalent interactions between the substrate and ligand in the 
former and destabilizing torsional strain of the Bn group in the 
latter. More precisely, it can be seen in Figures 3a and b that TS-
1c(S) involves two stabilizing non-covalent interactions 
between the ketone oxygen of the chromone and two nearby 
hydrogens, while in TS-1c(R) only one such interaction is 
present. TS-1c(R) also has fewer stabilizing interactions 
between the benzyl group and the substrates than TS-1c(S) and 
these interactions are less favourable, with longer distances and 
less ideal interaction angles. Specifically, TS-1c(S) has three CH-
π interactions between the substrate and the benzyl group 
ranging from 2.48 - 2.78 Å whereas TS-1c(R) has only one 
interaction at 2.78 Å. In terms of torsional strain, Figure 4 shows 
that the dihedral angle of the benzyl group relative to the ligand 
backbone is much closer to the preferred angle (i.e. that of the 
ligand bound to PdCl2; see Figure 4) in TS-1c(S) than in TS-1c(R) 
(172.8° vs 155.6°). In the latter case, this non-ideal dihedral 
angle arises to relieve a steric clash between the benzyl group 
and the benzene substrate. Finally, we note that one of the 
hydrogens on the aromatic ring of the Bn group engages in a 
weak agostic interaction with the Pd (see Figures 3a and b).  This 
interaction is stronger in TS-1c(R) than in TS-1c(S) (e.g. the H…Pd 
distance is 2.86 Å in TS-1c(R) but 3.33 Å in TS-1c(S); see ESI Table 

S6 and Figure S2 for NBO analysis), resulting in a slight decrease 
in selectivity. 

To quantify the non-covalent interactions between the 
ligand and substrate, we considered two complementary 
energy decomposition analyses (see Figure 5 and ESI for 
details). These consistently show that the non-covalent 
interactions between the ligand and substrate are 1.8 to 2.2 
kcal/mol more favourable in TS-1c(S) compared to TS-1c(R). 
Further decomposition of the ligand-substrate interaction 
indicates that the bulk of this difference (1.3 kcal/mol) can be 
attributed to the dimethyl benzyl group. In terms of the 
torsional strain of the benzyl groups in TS-1c(S) and TS-1c(R), 
the distortion energy of the ligand is 1.2 kcal/mol greater in the 
latter than in the former (see Supporting Information for 
details).
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Figure 5. Models of the system without the Ligand-Substrate interaction where the 
ligand is truncated (a) and the substrate is removed (b).

Analyses of the key TS structures for ligands 1b, 1d, and 1e 
provide a more complete picture of the origins of 
stereoselectivity. First, unlike in the TS structures for ligands 
with bulky R1 groups, for ligand 1b both low-lying TS structures 
feature the chromone trans to the chiral amine component of 
the ligand. The modest selectivity of this ligand originates from 
the more favourable hydrogen bonding interaction formed 
between the chromone and ligand in the TS structure leading to 
the (S) product [in TS-1b(S) this interaction has a distance of 
2.05 Å and an angle of 148.4°, compared to 2.09 Å and 132.0°in 
TS-1b(R)]. 

The introduction of a bulky substituent (i.e. ligands 1c, 1d, 
and 1e) drastically destabilizes the (R)-transition state featuring 
the chromone trans to chiral amine due to the distortion of the 
ligand required to avoid a steric clash. The result for all three of 
these ligands is that the operative TS structure leading to the (R) 
stereoisomer features the chromone cis to the chiral amine, as 
seen for ligand 1c in Figure 3b. However, ligand distortion is not 
completely avoided in these cis structures, all of which exhibit 
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non-ideal dihedral angles (see Figure 4). For all three ligands the 
dihedral angle is ~20° farther from ideal in TS(R) than in TS(S). 
Thus, the origins of stereoselectivity of ligands 1d and 1e are 
similar to those discussed for 1c and arise from a combination 
of the more favourable non-covalent contacts between the 
ligand and substrate in the (S)-transition state structures 
combined with the torsional strain in the ligand in the TS 
structures leading to the (R) product. This is depicted in the 
revised stereoselectivity model in Figure 1b.

C. Intermediates 4 and 5

To further understand this reaction, we also considered 
intermediates 4 and 5. Based on previous work,18 catalytic 
activity is expected to be primarily determined by the free 
energy difference between the lowest-lying TS structure and 
the intermediate 4 (ΔG‡, see Table 1).  While the experimental 
yields cannot be fully explained by these predicted barrier 
heights alone, the computed values do correctly predict ligand 
1a to be considerably less active than the other ligands. 

In terms of intermediate 5, which immediately precedes TS-
1c(S) and TS-1c(R) (see Figure 6) in the catalytic cycle, we again 
find that the closed conformations are lower in free energies 
than their open counterparts. The difference between the open 
and closed energies is slightly larger for intermediate 5-(S), 
suggesting that the interaction of the benzyl group with the 
substrates is more favourable in intermediate 5-(S) than in 5-(R) 
since it has a more stabilizing effect on the energy. This free 
energy difference can be explained, however, in relation to the 
stabilizing interactions and torsional angle of the ligands in the 
transition states. In 5-(S)-closed, the key stabilizing interactions 
seen in TS-1c-S are not formed as favourably; the interaction 
between a benzyl hydrogen and the chromone carbonyl, at 2.56 
Å in the transition state, has a 2.98 Å distance in 5-(S). 
Additionally, the destabilizing torsional strain in TS-1c-R is not 
observed in 5-(R)-closed; the ligand does not have to 
accommodate the substrate phenyl which is not close enough 
to the chromone for bond formation. Both ligands have 
favourable benzyl dihedral angles in intermediate 5.

Conclusions
Understanding the origin of stereoselectivity in catalytic 

reactions is instrumental in the rational design of improved 
chiral ligands. Above, we showed that the PyDHIQ ligand affords 
the stereoselective synthesis of tetrasubstituted chromanones 
primarily by engaging in stabilizing non-covalent interactions 
with the reacting chromone in the TS structure leading to the 
favoured enantiomer. These interactions include hydrogen 
bonding and dispersion-driven interactions, both of which are 
significant contributors to the difference in free energy barriers 
between the stereocontrolling TS structures. Dispersion forces 
are especially important in the interaction of the ligand with the 
chromone in the TS structure leading to the major 
stereoisomer, where the seemingly bulky benzyl group 
contributes favourably to the energy with stabilizing dispersion 
effects more than it does unfavourably with steric effects.38 

Because these interactions are localized on the end of the 
chromone where the reaction occurs, extending the use of this 
reaction scheme to other substrates with more complex 
scaffolds would potentially allow highly stereoselective 
preparation of more complex products with chromone motifs, 
which are significant in antibiotic and anticancer drug 
development.

Figure 6. Optimized structures of intermediate 5 leading to TS-1c(R) (a) and TS-1c(S) (b) 
for ligand 1c in open and closed ligand conformations. Free energies are relative to 5-
(R)-closed and given in kcal mol-1. 

More broadly, the ‘closed’ conformation of the PyDHIQ 
ligand favoured in the stereocontrolling TS structures for this 
reaction will likely also be operative in other reactions utilizing 
these ligands.  Thus, even though the crystal structure of 
PyDHIQ bound to PdCl2 exhibits an open conformation, one 
must consider both closed and open conformations of this 
ligand when developing stereochemical models of reactions in 
which it is utilized. For example, Hong et al.39 recently reported 
another use of PyDHIQ ligand 1c in an Ir catalysed C(sp2)-H 
borylation of diarylmethylsilanes. Due to the bulkiness of the 
Bpin group in the substrate and the possibility of both stabilizing 
and destabilizing interactions between the Bpin and benzyl 
groups of the ligand, it would be necessary to explore the 
‘closed’ and ‘open’ conformers of the ligand to determine the 
factors responsible for this high degree of selectivity. 
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