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In the presence of a chiral lithium N,P amide, alkylation of benzaldehyde results in an enantioselective
formation of 1-phenyl-pentanol. This stereoselective addition reaction has herein been studied using
dispersion-corrected density functional theory. For five different chiral ligands originating from amino
acids the resulting enantioselectivity has been computationally determined and compared with
experimentally available enantiomeric ratios (e.r.). In all cases the experimentally preferred enantiomer
could be reproduced by the computational model. The selectivity trend among the ligands was found
strongly sensitive to the amount of dispersion correction included. The origin of selectivity in the
alkylation reaction is found to be composed of many combined interactions. For the most selective ligand
2A the most important factors found, which are favouring the (R)-TS, are a CH–π interaction between
benzaldehyde–dimethyl ether (DME), stronger Li-solvation, and Li–π interactions with the phenyl ring in
the backbone of the chiral lithium N,P amide. In addition, solvation by the bulk solvent and the size of
the substituent on the nitrogen are also found important factors for the enantioselectivity.

Introduction

Alkyllithium compounds are widely used in organic synthesis
because of their strong Brønsted basicity and nucleophilicity,
which can be employed to generate new C–C bonds.1,2 A few
examples have been reported regarding the use of alkyllithium
reagents in stereoselective C–C bond formations, for example
alkylation of imines,3,4 ketones,5–8 or aldehydes.7–21 Other
stereoselective reactions involving chiral organolithium com-
pounds are exemplified by: the use of oxiranyllithiums to give
substituted epoxides,22 lithium enolate addition to
aldehydes,23–25 or, using chiral lithium amides rather than alkyl-
lithiums, enantioselective deprotonation reactions.26–39 One of
the potential applications of chiral lithium organic compounds is
the synthesis of enantiomerically pure alcohols, which are used
for example as intermediates in drug design. During several
years, we have systematically studied a model reaction for such
a synthesis, viz. the enantioselective formation of 1-phenyl-
pentanol by nucleophilic 1,2-addition of n-butyllithium (n-BuLi)
to benzaldehyde using chiral lithium amides as ligands
(Scheme 1). The overall goal has been to design and synthesize

chiral ligands that provide both a high yield and, above all, high
enantioselectivity. The first ligands investigated by us were
lithium amides containing a chelating ether group (N,O
ligands).40 Later on, it was found that N,S ligands, i.e. com-
pounds containing a chelating thioether group, surpassed their
N,O counterparts with respect to yield and enantio-
selectivity.41–43 This finding suggested that the analogous N,P
amides could be promising chiral ligands for obtaining even

Scheme 1 Formation of 1-phenyl-pentanol by nucleophilic addition of
n-BuLi to benzaldehyde with and without chiral lithium amide ligands.
R′ = i-Pr, Me; R = i-Pr, Ph, Bn.

†Electronic supplementary information (ESI) available: Figure of con-
strained bonds in initial geometry optimization. Cartesian coordinates,
potential energies, free energies, solvation energies, and dispersion cor-
rection energies for the different TSs. See DOI: 10.1039/c2ob06910e
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higher enantioselectivities. In order to investigate the hypothesis,
an approach to prepare chiral N,P ligands was recently
developed.44

These ligands were then applied in the n-BuLi addition to
benzaldehyde where enantiomeric ratio (e.r.) values in the range
between 10 and 99 were obtained. This finding confirmed the
potential of chiral lithium N,P amides for stereoselective syn-
thesis.45 At the same time, the variance in the observed enantios-
electivity raised the question how the structure of the ligands
affects the stereoselectivity. This question was the starting point
for the present computational study where we investigate the
transition states (TSs) based on the N,P ligands and the resulting
enantioselectivities for the addition reaction.

Due to their high polarity, lithium organic compounds
are prone to be aggregated and solvated.22,46–60 n-BuLi, for
example, forms tetramers (see Scheme 1) in non-polar solvents,
and solvated dimers in strongly coordinating ethers.61,62

Similarly, lithium N,P amides form different types of solvated
dimers (A′ or A′′) as has recently been studied in detail both
experimentally and computationally.45,63 The background reac-
tion, originating from alkylation of the substrate by n-BuLi
itself, normally has a relatively high activation barrier due to the
stability of the (n-BuLi)4 aggregate, making the ligand-free reac-
tion path relatively slow at −116 °C. Addition of a chiral lithium
ligand, for example A, deaggregates the homocomplex of
n-BuLi forming a chiral heterocomplex B which provides
the alkylating reagent in a less aggregated and thus more
reactive state that may react with benzaldehyde (Scheme 1, right
part).12–16,20,21,41,43,45,64,65 As a result, the ligand-mediated
reaction path is faster and dominates the addition reaction over
the background reaction. Since the heterocomplex inherits the
chirality of chiral amide A, the addition reaction is stereospecific
and one of the enantiomers of the alcohol is generated in excess.
The enantiomeric ratio of products is determined by the dif-
ference in the activation barriers for formation of the two
alcohol enantiomers, i.e. eventually the difference in free energy
between the (S)- and (R)-transition states (TSs), according to
the Curtin–Hammett principle.66–68 Calculating the e.r. for the
alcohol formation thus appears rather straightforward. However,
one of the main challenges is that the ligands show considerable
conformational flexibility generated both by the substituents R,
R′ and the phenyl groups in the phosphine moiety.63 Con-
sequently, there is a large variety of possible TS conformers for
each ligand that needs to be systematically analysed to identify
the relevant most stable TS for each enantiomer.

In the present work, the enantioselective addition of n-BuLi to
benzaldehyde mediated by the chiral ligands 1A–5A (Fig. 1) has
been studied computationally using density functional theory
(DFT). For each ligand, all plausible (S)- and (R)-TSs have been
located and the e.r. in the alcohol formation has been determined
utilizing dispersion-corrected free energies in solution calculated
from the most stable diastereoisomeric TSs. The results are com-
pared to the experimental e.r.-values44 and the selectivity is
rationalized from the TSs. Earlier computational and experimen-
tal studies on the alkylation of benzaldehyde in the presence of
chiral ligands have been reported,7,8,10–16,18,20,40,41,43,44,57,69–71

but this appears to be the first computational study utilizing
chiral N,P ligands for the title reaction. Interestingly, the first
protocol using catalytic amounts of the chiral ligand in

enantioselective alkylation of aldehydes was recently published
by Maddaluno’s group.21

Methods

All geometries were optimized at the B3LYP/6-31G** level of
theory.72–75 Vibrational frequencies were calculated at the same
level of theory to characterize the stationary points, and to deter-
mine thermochemical corrections. Solvation energies for the
optimized geometries were calculated at the B3LYP/6-31+G**
level76 using the SM8 solvation model with THF as solvent.
Grimme’s DFT-D3 approach77 was used to account for dis-
persion interactions. In a previous DFT-study on lithium amide
aggregates we found it necessary to reduce the effect of the dis-
persion correction to 20% in order to reproduce the experimental
observations.63 However, in that study we focused on to what
degree the lithium amide were solvated, by one or two solvent
molecules. It has recently been debated that dispersion correc-
tions work very well in the gas-phase or when comparing
systems with the same molecularity, for example regioisomers or
diastereoisomers, while for example ligand dissociation in sol-
ution is less well described and a robust computational protocol
to accomplish this has not yet settled. Since we in this study are
dealing with diastereoisomeric TSs, we initially wanted to calcu-
late the total energies including either 20% or 100% of the
DFT-D3 dispersion energy. The efficiency of the TS geometry
optimizations depends largely on a good initial geometry guess.
To enhance the throughput of the TS calculations we initially
constructed a template for one TS in the following way: Starting
from the equilibrium geometry of a DME-solvated heterocom-
plex B for one of the ligands, we replaced the butyl group with
an ethyl group, and the two substituents R and R′ were set to
methyl groups. The resulting scaffold was merged with a benzal-
dehyde molecule and a TS search was performed for the
complex. The TS found for this model system was then used as
a template to locate the TS for the full ligands 1A–5A and with

Fig. 1 Putative monomers of chiral lithium N,P-amides investigated in
this study.
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n-BuLi, both for (S)- and (R)-TSs. In the experiments, one of the
ligands (2A) was chosen so that the (S)-product was formed in
excess whereas all the others yielded the (R)-product. In order to
have a uniform basis for the discussion throughout the present
computational study, the absolute configuration of 2A was
inverted compared to the experiment. Due to the conformational
flexibility of the ligands, a large number of TS searches
are required to find the most stable TS for each of them. To
additionally save computational resources, the optimizations
were performed in two steps: First, all heterocomplexes B were
optimized using a local version of the MM3* force field.78 For
each ligand, benzaldehyde was merged to all MM3* heterocom-
plexes within an energy range of 8 kJ mol−1 and these were then
optimized with DFT. Owing to the complex nature of the reac-
tion coordinate involved in the addition reaction, an initial
energy minimization using DFT where some bonds were con-
strained was performed followed by optimizing to a TS with the
constraints lifted. The constrained bonds are depicted in Fig. S1
in the ESI.† To ensure that the investigated TS indeed are
describing the reaction of interest an intrinsic reaction path
(IRC)79 analysis was performed for one of the TS which verified
that it indeed connects the correct reactants with the correct pro-
ducts. In the explicit solvation of lithium, dimethyl ether (DME)
was used as a model for THF or DEE. All DFT calculations
were performed with Jaguar80 and all force-field calculations
with MM3* using MacroModel.81

Results and discussion

Benzaldehyde coordination

The calculations of the TSs show that the amide nitrogen, the
two lithium atoms and the α-carbon of n-BuLi form a central
slightly puckered four-membered (N–Li–C–Li) ring which is a
common structural pattern in lithium organic chemistry. One of
the lithiums is internally coordinated by the phosphorus, while
the other lithium coordinates to the carbonyl oxygen of the alde-
hyde (Fig. 2). A similar coordination motif was found in a PM3
study on the benzaldehyde alkylation reaction.40

The TS appears to be early on the reaction coordinate going
from the reactant to product as judged by the rather long distance
for the C–C bond formed, see below. This result is, according to
Hammond’s postulate, expected in an exergonic reaction.14

When analyzing all the generated TSs the first observation
made from the optimized structures is that the benzaldehyde

coordination modes can be categorized into three different
groups. We will here adopt the nomenclature syn, anti or
in plane for this purpose, defined as the relationship between
benzaldehyde and the chelating phosphorus with respect to the
4-membered N–Li–C–Li ring (Fig. 3). A similar nomenclature
was instructive for stereoselective alkylation reactions using zinc
alkyl reagents.82

For all ligands it is observed that by far the most frequently
occurring coordination mode in the (S)-TSs is the anti-confor-
mation, although for ligands 3A and 5A a few (S)-TSs feature
the in plane conformation. The common characteristic of these
two ligands is that both are based on the same phenylalanine
amino acid backbone which obviously affects the possible con-
formation modes. However, it is always found that the in plane
conformation is less stable than the anti-conformation. No syn-
conformations for the (S)-TSs are observed due to a severe steric
repulsion between the PPh2 moiety and the phenyl ring of the
benzaldehyde, as depicted in Fig. 3. All (R)-TSs for ligand 3A
are in an anti-conformation, and also most of the (R)-TSs for the
other ligands although for these some TSs have benzaldehyde
coordinating in the less stable in plane conformation.

An important deviator among the ligands is 5A where it is
found that in some (R)-TSs the benzaldehyde is coordinating
in a syn-conformation. Most importantly, the most stable TS
for ligand 5A is in fact the (R)-TS with benzaldehyde in syn-
conformation (Fig. 4). Thus, there appears to be two energeti-
cally available paths (syn or anti) for the major enantiomer
resulting in the (R)-product, but only one available path (anti)
for the less stable enantiomer resulting in the (S)-product. Thus,
already here we can observe a discrimination of the less favoured
product route. These results are summarized in Table 1.

Origin of selectivity

With the most stable TS-structures for each ligand now ident-
ified, the interesting point is to see if the computational model
used predicts/verifies the experimental results regarding the

Fig. 2 Schematic picture of the TS in the ligand-mediated addition of
n-BuLi to benzaldehyde. R = Ph, Bn, i-Pr and R′ = Me, i-Pr.

Fig. 3 Schematic representation of the different coordination modes of
benzaldehyde in the TSs. Bu = n-butyl.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 2807–2814 | 2809
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enantioselectivity. Experimentally, it is found that ligands 1A
and 3A give a low selectivity (10–30 : 1, Table 2) in the alky-
lation reaction while ligand 2A gives a high selectivity (99 : 1).
It should be remembered that these selectivities correspond to
small relative energies, 3–6 kJ mol−1 (see Table 2) making
the computational prediction challenging. Gratifyingly, for all
ligands the experimentally preferred enantiomer is reproduced
by the computational approach. However, the trend of which one
of the ligands is the most selective was found more challenging
to reproduce. Only when applying Grimme’s dispersion correc-
tion on top of the solvation free energies could this trend among
the different ligands be correctly reproduced.

As pointed out in the Methods section, the total energies were
initially calculated either including 0, 20% or 100% of the
DFT-D3 dispersion correction term energy (Table 2) to parallel
an earlier study on the ground state complexes of the lithium
amides.63 When comparing the results when applying 20% or
100% of the dispersion correction it is indeed observed that
inclusion of the full dispersion correction gives a clearly better
agreement with the experimental results.44 The relation between

1A and 3A, with the latter being slightly more selective, could
not be correctly reproduced. However, the calculated energy
error is only 0.8 kJ mol−1, which is significantly lower than the
typical errors found for dispersion-corrected DFT calculated rela-
tive energies for diastereoisomeric transition states as shown by a
recent benchmark study by Clark and co-workers.83 An interest-
ing observation is that to achieve the correct ratio (ca. 10) in e.r.
between ligands 2A and 3A a scaling of the dispersion correc-
tion close to 65% is needed. This was the scaling of the dis-
persion effect required found in a previous study.84 Other studies
have also suggested that calculated dispersion effects are slightly
overestimated.85,86 Especially noteworthy are that the dispersion
corrections for ligands 2A and 3A are opposite. For ligand 2A,
the dispersion correction increases the free energy gain for the
(R)-TS by 11 kJ mol−1 while for ligand 3A the free energy
difference is reduced by 4 kJ mol−1 (see Table 2). For ligands
4A and 5A, where the experimental selectivity is yet unknown,
we predict that ligand 4Awill give a low selectivity, similarly or
lower than that found for 1A and 3A, while ligand 5A is pre-
dicted to have the second highest selectivity among the five
ligands investigated in this study. Overall, the calculated enan-
tioselectivity is overestimated for ligands 1A–3A compared to
the experimentally observed selectivities. This is a rather general
phenomenon observed when calculating enantioselectivities,87

and may have its origin from overestimation of the entropy term
due to the neglect of anharmonicity or the fact that the geometry
optimizations were performed in the gas-phase rather than in the
solution phase. Another important factor to bear in mind is that
experimentally any background reaction will lower the enantio-
meric ratio, while computationally the “pure” reactions are
always considered. The large computational energy difference
between TSs for ligand 2A (19 kJ mol−1) compared to the exper-
imental value (6 kJ mol−1) may indicate that in this system we
have a higher degree of a competitive background reaction com-
pared to the other ligands, i.e. the ligand is kinetically slow but
highly enantioselective. Interestingly, Friesner and co-workers
have suggested an overall scaling factor (2/3) before using free
energies to calculate the enantiomeric ratios.87 If that procedure
is applied to the present study, and then adding the full

Fig. 4 Different coordination modes for benzaldehyde in (R)-TS and
(S)-TS for ligand 5A. Hydrogens are omitted for clarity.

Table 1 Observed conformations in the TSs

Ligand (R)-TS (S)-TS

1A Anti Anti
In-plane

2A Anti Anti
In-plane

3A Anti Anti
In-plane

4A Anti Anti
In-plane

5A Syn Anti
Anti In-plane
In-plane

Table 2 Experimental and calculated enantiomeric ratios at −116 °C
with different amounts of dispersion correction included in the final
energy. Relative energies (in kJ mol−1) between TSs are given in
parentheses

Ligand

Calc. enantiomeric ratio with different amount of
dispersion correction

Exp.a0% 20% 65% 100% 100%c

1A 245 259 295 327 10 28
(7.2) (7.3) (7.4) (7.6) (3.0) (4.3)

2A 93 489 20 200 365 000 2 920 000 99
(5.9) (8.1) (12.9) (16.7) (19.4) (6.0)

3A 11 500 6400 1723 621 5 10
(12.2) (11.4) (9.7) (8.4) (2.1) (3.0)

4A 827 751 605 511 5 —b

(8.8) (8.6) (8.4) (8.1) (2.1)
5A 2900 3640 6020 8920 16 —b

(10.4) (10.7) (11.4) (11.9) (3.6)

aRef. 44. bNot determined. c Solution phase energies (SM8) removed.

2810 | Org. Biomol. Chem., 2012, 10, 2807–2814 This journal is © The Royal Society of Chemistry 2012
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dispersion correction the correct selectivity order between
ligands 1A and 3A is achieved (e.r. = 55 and 29, respectively)
while ligand 2A is still the most selective (e.r. = 71 400).

The reason for the large dispersion effects favouring (R)-TS
for ligand 2A was investigated using two different approaches:
(a) non-covalent interaction (NCI) plots,88 a recently introduced
tool to visualize for example dispersion interactions or hydrogen
bonds84,89 and (b) calculation of Grimme’s dispersion effects for
different fragments of the TSs. Interestingly, the clearly largest
difference in dispersion effect between (R)- and (S)-TS originates
from the interaction between the phenyl ring of benzaldehyde
and one hydrogen in the solvent DME (as pointed out in Fig. 5).
This interaction is only found in (R)-TS since in the other, dia-
stereoisomeric, TS the phenyl ring is distanced from the coordi-
nating solvent molecule by ca. 7 Å (Fig. 6). The stabilizing
interaction between the slightly positive α-proton of DME and
the phenyl ring is nicely visualized by a NCI plot (Fig. 5).88 The
present study appears to be the second in the literature taking

advantage of NCI as a tool in understanding enantioselectivities.
Jacobsen and co-workers used the same approach in studying
enantioselective protonation of enol silanes using chiral
sulfinamides.90

The benzaldehyde–DME effect stabilizing (R)- over (S)-TS
seems to be dependent on the R′-substituent on the nitrogen in
the ligand since for ligands 4A and 5Awith R′ = Me this effect
is found to be opposite. This is likely an effect of the more bulky
i-Pr group in ligands 1A–3A (A-value 2.15 vs. 1.7 for Me)
which may interact with both the phenyl ring in benzaldehyde
and the solvent DME and thus assists directing the solvent. It
has previously been argued that a bulky substituent on the nitro-
gen (R′) is the most important factor responsible for a high selec-
tivity,17,40 and this can now partially be understood. However,
by comparing ligands 1A–3Awhich all have the same R′-group
(i-Pr) we see that the selectivity is also strongly dependent on
the R-group at the backbone of the ligand. Thus, the origin of
the selectivity is much more complex than one first may antici-
pate. In addition to the substrate–solvent interaction described
above, the phenyl ring in the backbone of the ligand 2A forms a

Fig. 5 (a) NCI-plot visualizing the dispersion effects (green) in the
(R)-TS for ligand 2A. (b) The structure of the TS with the view set as in
(a) for comparison, and with hydrogens removed.

Fig. 6 Geometry optimized structure of (R)-TS (top) and (S)-TS
(bottom) for ligand 2A.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 2807–2814 | 2811
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η2-coordination to one of the lithiums in the N–Li–C–Li ring in
(R)-TS, while in (S)-TS this coordination is reduced to only a
η1-coordination (Fig. 6). The energy difference contribution
originating from dispersion only between these different coordi-
nation modes is estimated to be ca. 6 kJ mol−1. In addition to
this, one should add the electrostatic cation–π interaction
between the lithium and the phenyl ring.

These two effects favouring the (R)-TS are to some extent
counterbalanced by other effects favouring (S)-TS, for example
between DME and the alkylating group, but are at least impor-
tant ingredients in the selectivity pot. The impact of Li–π inter-
actions on the enantioselectivity has been discussed before,16 but
it has also been suggested that the R-group can be either an alkyl
or an aryl group resulting in similar selectivities.40 This contra-
dicts the results using the present N,P-ligands where there is
a large difference in selectivity when comparing ligands 1A
and 2A.

Some other general phenomena for all ligands observed are
that for the anti-TSs the transferred alkyl group shows a larger
dispersion interaction with the phenyl ring in benzaldehyde in
the (S)-TS than in (R)-TS, ranging from 0.1 to 4 kJ mol−1. The
smallest of these numbers are found for the most selective ligand
2A, thus here the (S)-selectivity giving effect is most strongly
reduced. Similarly, the internal dispersion effect in the ligand
that is favouring (R)-TS is found largest for ligand 2A.

Since the TS geometries are very complex and many small
interactions are counterbalanced it is hard to pinpoint a specific
interaction that is the sole reason for the enantioselectivity. An
attempt to do this is by simply sketching the TS as built from
four units: (a) benzaldehyde (b) n-BuLi (c) Li-DME (d) ligand
(compare Fig. 2) and finally rank the different dispersion inter-
actions between the units based on the energy difference
between the TSs favouring (R)-TS, and then make a comparison
between the different ligands. This allows the identification of
what interactions are enhanced in the different ligands and thus
generates a selectivity modification. Such a comparison is pre-
sented in Table 3, where the lowest score for a particular inter-
action should be interpreted as resulting in the highest selectivity
for the (R)-TS. Ligand 4A has been excluded from this analysis
since the differences in dispersion effects between TSs were
found very small (less than 1 kJ mol−1).

By this simple analysis it is found that ligand 2A has the
lowest rank and thus overall is favouring the (R)-TS, while
ligand 3A is clearly the ligand least favouring the (R)-TS. This
is in accordance with the experimental results and also with the
calculated enantiomeric ratios presented in Table 2. We see
that ligand 2A has the lowest rank in four out of the seven
interaction criteria used, and shows a strong (R)-TS preference

(>5 kJ mol−1) in three of the interaction categories: benzal-
dehyde–LiDME, benzaldehyde–ligand, and n-BuLi–ligand.
Thus, the analysis for ligand 3A identifies that the underlying
dispersion effects that help to stabilize (S)-TS, and thus reduce
the enantioselectivity, are dominated by the interaction between
DME and the ligand. In particular we observe the dispersion
interaction to the i-Pr group on nitrogen with a H(DME)–H(i-Pr)
distance of 2.3 Å, which is smaller than the sum of van der
Waals radii of two hydrogens (2.4 Å).

For ligand 5A, the most stable TS adopts a syn conformation
which makes the selectivity determining factors a bit different.
The syn conformation, only available in the (R)-TS as discussed
above, makes the BuLi–benzaldehyde interaction stronger in
(R)-TS than in (S)-TS as opposed to the other ligands. In
addition, the benzaldehyde–ligand interaction strongly favours
the (R)-TS. Of particular note here is the finding of an interaction
between phosphorus and the aldehyde hydrogen, but also
between the aldehyde oxygen and one of the hydrogens at the
β-carbon of the backbone of the ligand forming a weak hydrogen
bond (2.5 Å).

In addition to the differences in dispersion interactions
described above, it is found that the Li–solvent interaction is
stronger in the (R)-TSs than in (S)-TSs for ligands 1A–3A as
judged by shorter Li–O distances (ca. 0.03–0.07 Å difference).
For ligands 4A–5A the differences are too small (0.01 Å) to be
interpretable. In addition to these specific interactions, it is also
found that the bulk solvent described by the SM8 solvation
model in general stabilizes the (R)-TS better than the (S)-TS and
thus enhances the enantioselectivity (Table 2). The only excep-
tion is ligand 3Awhere a very high selectivity is reduced by the
solvation model but still yields the highest selectivity among all
ligands. This finding, together with the fact that the largest dis-
persion energy differences involves interactions between the ben-
zaldehyde and the solvent fits well with earlier studies, where it
has been shown that the enantioselectivity is strongly dependent
on the solvent.9,12,20,40,41,91,92

Conclusions

A detailed computational investigation of the enantioselective
addition of n-BuLi to benzaldehyde in the presence of a chiral
lithium N,P-amide is presented. Five different chiral ligands
originally synthesized from amino acids were studied using dis-
persion-corrected DFT, and the resulting enantioselectivity has
been compared with experimentally available enantiomeric
ratios. Gratifyingly, the experimentally preferred enantiomers
were correctly reproduced for all ligands. Different amounts of
Grimme’s dispersion correction terms were tested in order to
reproduce the selectivity trend among ligands. It is found that
inclusion of the full dispersion correction gives the best agree-
ment with experimental data. The origin of the enantioselectivity
for the most selective ligand was found to include specific inter-
actions between the solvent and the substrate benzaldehyde,
stronger Li–solvent interaction, and Li–π interactions to the
phenyl ring in the backbone of the chiral lithium N,P amide. The
continuum solvation model was in general found to stabilize the
preferred diastereoisomeric (R)-TS better than the (S)-TS and
thus elevating the enantioselectivity.

Table 3 Rank, based on difference in dispersion interaction energies,
favouring (R)-TSa

Ligand a–b a–c a–d b–c b–d c–d d Total rank

1A 4 2 2 3 2 2 3 18
2A 2 1 3 4 1 1 1 13
3A 3 3 4 2 3 4 4 23
5A 1 4 1 1 4 3 2 16

a Interactions >5 kJ mol−1 favouring (R)-TS are highlighted in bold.
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