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Chiral Discrimination in Lithium Complexes of Bis(5H-pyrroles) and Bis(oxazolines)
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The 1:1 and 2:1 complexes of chiral bis{fyrroles) and bis(oxazolines) with the lithium cation have been
studied by means of DFT methods (B3LYP/6-31G* and B3LYP/6-BG1*). The energetic, geometric,
electronic, and orbital properties of the complexes have been analyzed. The chiral discrimination in the 2:1
complexes (homo vs heterochiral ones) indicate that in all the cases the heterochiral complexes are more
stable than the homochiral ones, except fortdrebutyl derivatives. The chiral discrimination energies will

be discussed on the basis of different parameters related to the lithium atom such ad fhdidtance, the

orbital interaction between the lone pair of the nitrogen and an empty orbital of the lithium, and its atomic
contribution to the total energy of the complexes.

Introduction Two recent reports have identified systems with axial chirality
that tend to form selectively heterochiral dimers when com-
plexed with square planar met&l50ne of the systems selected
for this study, the bis(oxazolines), is widely used as chiral
catalyst associated with a variety of metal&®

In the present article, complexes in which a lithium cation
has been used as linker between chiral Ibisffyrroles) and
between chiral bis(oxazolines) have been studied by means of
DFT calculations. The chiral discrimination results have been

The chiral discrimination is a process intimately related to
biological molecular behavior. In addition, the presence of metal
atoms in the structure of proteins plays, in many cases, an
important role in the formation of selective complexes that have
been described, for instance, in the selective oxidation of the
cytochrome P450 proteirdsThe interactions between the metal
atoms and the heteroatoms are, in general, stronger than thos

fc%rmsgf y hydrogen bonds and confer a greater stability to the rationa]ized on the basis of.the geometrical and electronic
) . , analysis of the complexes using AIM and NBO methods.
Several cases have been reported in the literature where the
formation of homo- vs heterochiral complexes is due to the Methods
intervention of different metals. Probably, the most important
one corresponds to the catalytic complexes used in reduction The geometries of the monomers, dimers, and trimers have
processes resulting in what is known as the nonlinear effect. been optimized with the B3LYP methHd? and the 6-31G*
Theoretical work carried out by Noyori et &leported the basis sé using the Gaussian-03 packdgeThe minimum
different possible catalytic species in model systems. nature of the structures has been confirmed by frequency
The metals have been used to bring together chiral entities calculations at the same computational level. A further geometry
in the field of mass spectroscopy. Thus, Cooks et al. have usedoptimization has been carried out at the B3LYP/6-BGF*
copper(ll) attached to a chiral reference ligand to discriminate levell®> The stabilization energy of the complexes has been
between D and L amino acid mixturéSperanza et & have corrected of the inherent basis set superposition error as defined
studied the complexes of-aminophosphonic acids with group by Boys and Bernardi
I metallic cations. The complexes had the structures §BYA" The electron density has been analyzed using the atoms in
and [MAgB;]*, where M= H, Li, Na, and K and A and Az molecules (AIM) methodology and the AIMPAG® and
are the enantiomers of an acid A, while B is a reference MORPHY?® programs using the wave function obtained at the
a-aminophosphonic acid with a known configuration. After an B3LYP/6-31H-G** level. The atomic energy has been obtained
induced fragmentation process, the abundance ratio between th@y numerical integration within the atomic basin using the
species [MAB] and [MBy], which depends on the ligand MORPHY program with the default parameters. As a measure
configuration, was studied and the different stabilities of the of the integration quality, the value of the integrated Laplacian
diastereomeric complexes in the gas phase were assignednas been consideré®l.The largest value obtained for this
Molecular mechanics MM2 calculations were used as support. parameter has been 0:31073, which indicates very accurate
From the abundance ratio, the enantiodifferentiation energy of integrations® Finally, the interactions between occupied and
the clusters was obtained. Seven cases were found where thempty orbitals as well as charge transfer within the complexes
heterochiral complexes are more stable than the correspondinchave been studied with the NBO methdd.
homochiral, but only four cases were found in which the
homochiral complex is the most stable. A chiral recognition Results and Discussion

between—0.43 and+0.55 kcal/mol was found depending on
the metallic cente?. The structure of chiral 2;2nethylene-bis(B-pyrrol-2-yl) (1)

and 2,2-methylenebis(oxazolin-2-yl) derivative®)(considered

*To whom correspondence should be addressed. E-mail: ibon@ N this article are shown in Chart 1. These ligands pregent
igm.csic.es. Fax: 91-5644853. symmetry and are able to form complexes with different metals
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CHART 1 TABLE 2: Calculated N—Li Interatomic Distances (A) and
N—Li—N Angles (deg)

0 0
W3 B3LYP/6-31G* B3LYP/6-313G**
4 system N-Li  N-Li—-N N—Li N—Li—N

N NJ_s
\ ) 1(F) 1.953 95.3 1.938 97.6
3 3 1(Cl) 1.957 96.2 1.939 97.6
< 1 X X 5 X 1(Br) 2.025 90.5 1.941 97.2
1(CHs) 1.923 103.9 1.912 103.8
X =F, Cl, Br, CHs, CF;, CCH, C(CH;); 1(CR) 1.997 89.3 1.971 91.2
1(CCH) 1.947 97.0 1.928 99.0
TABLE 1: Stabilization Energy, Est (kcal/mol), of the 1:1 UC(CHs)s]  1.922 100.7 1.913 100.9
Complexes of Li and the Chelating Molecules (1 and 2) 2(F) 2.102 90.6 1.943 98.8
2(Cl) 1.978 96.4 1.950 98.1
B3LYP/6-31G* B3LYP/6-1H#G** 2(Br) 2.068 91.4 1.957 97.3
svstem E E E E 2(CHy) 1.930 103.2 1.920 102.9
Y Sta StatBSSE Sta Stat-BSSE 2(CR) 2011 90.8 1088 913
1(F) —84.56 —77.74 —75.93 —74.97 2(CCH) 1.949 97.8 1.934 99.0
1(Cl) —81.87  —78.03 —76.81 —75.63 2[C(CHy)s] 1.926 100.9 1.920 100.7
1(Br) —94.12 —78.18 —77.35 —76.34
igggs)) :gg'gg :gg'gg :?g'ié :?é'gg provides a correlation coefficient of 0.93 and 0.92 for the:Li
1(CCH) -89922  —84.46  —82.19 -81.30 and Li*:2 series of complexes, respectively.
1[C(CHa)3] —95.00  —91.17 —85.74 —84.84
_ _ _ _ Ry
0 e pm o mn e Faessdl ) = 1530, -8308 ()
2(Br) —94.70 —78.31 —74.59 —73.51 .
2(CHy) -86.92 -—82.89 —81.36  —80.48 Estarpssdli :2) = 15.63; — 80.86 (2)
2(CRy) —88.76 —79.20 —73.99 —72.42
EES(CC']?) | _g;-gg _gé-gg _gg-‘l‘g _;g-gg The most important geometrical characteristics of theLN
3)3 —O00. —0o. —09o. —oc.

interactions formed are reported in Table 2. For the same
complexes, the B3LYP/6-31G* calculations provide longer

using their nitrogen atoms as chelating points. A search in the N—Li distances than the ones obtained at the B3LYP/6-
CSD?2 shows 56 crystal structures with bis(oxazolines) chelated 311+G** level. The largest difference found is 0.158 A for
with metals including two cases where two chiral molecules the fluorine derivative o®, the average deviation being 0.036
are associated to a unique metal afS#f The substituents ] ) )
chosen in the present study have been selected on the basis of The N-Li—N angles are in most of the cases larger with the
their limited conformational profile and simultaneously for a B3LYP/6-311G** method than with the B3LYP/6-31G* one.

broad range of steric and electronic characteristics. This parameter compensates the differences in theNLi

As a first step, the 1:1 complexes between thé ion and dlstances_ to maintain the mtramolg_cularNJ distances almost
the chelating molecules have been calculated. The complexesconstant in both methods. In addition, the angle formed by the
show C, symmetry (as an example, in Figure 1 is shown the planes of t.he heterocyclic rings is larger with the small basis
corresponding complex of the methyl derivativef and the ~ Set than with the extended one. _ _
calculated stabilization energies have been gathered in Table ASSuming that the NLi distance represents the interaction
1. The effect of the BSSE correction is, in average, 6.9 kcal/ €nergy between both moieties, we have plotted the stabilization
mol for the smallest basis set but only 1.0 kcal/mol for the largest €nergy against the NLi distance. Although a trend is observed
one. The corrected data show similar values at the two levels (When the N-Li distance increases, the stabilization energy
considered here. These values at the B3LYP/6433%* level decreases), it is clear that other effects are responsible for the
range betweenr-73.9 kcal/mol for the Li:2(F) and—84.9 kcal/ final stabilization _engrgies. This fact is_gsp(_acially clgar in the
mol for the Li*:1[C(CHz)s] complexes. A linear correlation ~ case of the Ciderivatives that show s.tabll'lza'tlon energies larger
between the corrected stabilization energies of the two series,than the expected for the correspondingllldistances obtained
at the highest level calculated here, provides a square correlatiori these complexes.
coefficient, R2, of 0.992. This result indicates a similar ~ The AIM analysis shows bond critical points (BCP) between
dependence of the interaction energies with the substituents inthe lithium atom and the two nitrogen atoms and the corre-
the two series. The effect of the substituents on the stabilization SPonding ring critical point (Table 3). The small values of the
energy can be rationalized using some Taft parameters. The€lectron density at the BCPs (between 0.030 and 0.038 au) and

linear correlation witho; (inductive effect) (eqs 1 and 2) the positive and small value of the Laplacian of the electron
density (between 0.248 and 0.196 au) are typical of ionic bonds.

In the cases studied here, no critical points have been found
between the lithium atom and the X substituents.

The strongest orbital interaction identified by the NBO
method corresponds to the lone pair of the nitrogen with one
of the empty orbitals of the lithium atom (Table 3). Some
additional significant interactions can be found between the
lithium and the X substituents, but their values are much smaller
than the N-Li interaction except for the case of the £group
where the interaction is larger than 5 kcal/mol.

Figure 1. Li*:2(X = CHs) 1:1 complex obtained at the B3LYP/6- On the basis of the NBO charges, the amount of charge
311+G** computational level. transferred from the ligands to the lithium atom ranges from
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Homochiral Heterochiral
Figure 2. Optimized geometries of the homo- and heterochiral complexes of the methyl derivati2esbtdined at the B3LYP/6-3H1-+G**

level.

TABLE 3: Electron Density and Laplacian (au) at the N—Li TABLE 4: Calculated Corrected Stabilization and Chiral
Interaction and the Most Important Orbital Interactions Discrimination Energies (kcal/mol) of the Dimers Bonded by
(kcal/mol) between the Li Atom and the Rest of the System a Li™ Atom (2:1) at the B3LYP/6-3114+G** Level
Calculated at the B3LYP/6-31H-G** Level
— - Estarssse
N—Liinteractn NBO analysisH(2)) system homochiral heterochiral chiral discrimirfatn
2 it it
system pece pece  N(p)—Li X—Li 1(F) 11184  —114.94 —2.97
1(F) 0.035 0.228 10.07 1(CI) —108.47 —114.32 —4.30
1(Cl) 0.035 0.228 10.18 121 1(Br) —107.51 —112.44 —4.94
1(Br) 0.035 0.227 10.22 2.12 1(CHa) —118.83 —119.15 -0.37
1(CHa) 0.038 0.248 10.78 1(CR) —104.05 —108.51 —4.59
1(CFs) 0.032 0.208 11.51 5.52 1(CCH) —114.97 —118.49 —3.48
1(CCH) 0.036 0.236 10.33 1[C(CHs)4] —108.13 —105.75 2.50
1[C(CH3)3] 0.038 0.248 12.66 2.22 2(F) —108.79 —113.48 —4.76
2(F) 0.034 0.224 10.01 2(Cl) —106.62 —112.65 —6.15
2(Cl) 0.034 0.220 10.08 1.05 2(Br) —105.06 —111.83 —-6.93
2(Br) 0.033 0.215 10.14 2.08 2(CHa) —-118.17 —118.55 —0.42
2(CHs) 0.037 0.240 10.83 2(CRy) —102.65 —107.50 —4.58
2(CFR) 0.030 0.196 11.83 5.84 2(CCH) —114.83 —117.49 —2.54
2(CCH) 0.035 0.231 10.27 2[C(CHs)4] —108.72 —106.83 1.92
2[C(CHs)3] 0.037 0.241 11.48 1.95

; ) aNegative values indicate that the heterochiral complex is more
0.091 e in the Li:1[C(CHs)s] complex to 0.061 e in the  stable than the homochiral one.

LiT:2(CCH) one.

2:1 Complexes.The calculated 2:1 complexes sh@x and kcal/mol, with the exception of theert-butyl derivatives that
S, symmetry for the corresponding homochiral and heterochiral show, in both cases, the opposite trend. In the series of the
complexes (Figure 2), respectively. The X groups of the two halogen derivatives, the increment of the atom size produces a
molecules in the homochiral complexes are disposed, in pairs,larger discrimination as indication of the importance of steric
one opposite to the other while in the heterochiral case they factors in the chiral discrimination energy of these complexes.
are arranged as a gear. Due to the similarity of most of the The larger discriminations are found for the bromine derivatives
results obtained with both basis sets considered here, only thosef 2 (—6.93 kcal/mol). A comparison between the complexes
obtained with the larger one will be commented on in this of 1 and2 shows, in general, that the inclusion of the oxygen
section. atom favored the heterochiral complexes as indicated by the

The calculated BSSE-corrected stabilization energy and the more negative values obtained for the chiral discrimination.
chiral discrimination values are reported in Table 4. As inthe  The calculated L+N distances at the B3LYP/6-331**
case of the 1:1 complexes, a linear correlation is found betweenlevel are reported in Table 5. The distances obtained for the
the stabilization energies obtained for the complexe$ afid 2:1 complexes are slightly longer, 0.12 A on average, than those
2, in this case with a square correlation coefficient of 0.94. Using obtained for the 1:1 ones. Additionally, in all the cases the
the stabilization energies between the monomers with a lithium heterochiral distance is shorter than the homochiral one, except
cation as a reference (1:1 complexes), the stabilization energyin the tert-butyl derivatives where the opposite happens. A
increases an average of36.6 kcal/mol in the case of the graphical representation of the-Nli interatomic distance
heterochiral complexes of the 2:1 systems, ranging betweendifference vs the corresponding chiral discrimination (Figure
—20.9 to—44.4 kcal/mol. The smaller increments in each series 3) shows a linear correlation between these two parameters with
correspond to the C(CGd) derivatives as indication of the strong  a square correlation coefficier®?, of 0.94.
repulsion between the X groups in the complexes formed. Like in the case of the 1:1 complexes, BCP’s between the Li

Regarding the chiral discrimination, all the compounds studied and the N atoms were found for all the 2:1 complexes with
here show a preference for the heterochiral dimers, up to 6.9small values of the electron density and positive values of the
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TABLE 5: Li +--N Distance (A) in the 2:1 Complexes at the B3LYP/6-31tG** Computational Level

system homochiral heterochiral system homochiral heterochiral
1(F) 2.043 2.031 2(F) 2.060 2.031
1(Cl) 2.058 2.038 2(Cl) 2.073 2.038
1(Br) 2.067 2.042 2(Br) 2.084 2.042
1(CHy) 2.051 2.051 2(CHg) 2.056 2.051
1(CR) 2.077 2.053 2(CR) 2.077 2.053
1(CN) 2.042 2.040 2(CN) 2.044 2.040
1(CCH) 2.055 2.031 2(CCH) 2.056 2.031
1(C(CHa)s) 2.128 2.142 2(C(CHg)s) 2.126 2.142

TABLE 6: Atomic (hartree) and Relative (kcal/mol) Energy
of the Li Atom in the 2:1 Complexes Calculated within the

AIM Methodology

tot. energy
system  homochiral complex heterochiral complex rel erfergy
1(F) —7.38005 —7.385 27 -3.27
1(Cl) —7.370 57 —7.377 87 —4.58
1(Br) —7.356 36 —7.36555 —5.77
1(CHg) —7.38901 —7.389 04 —0.01
1(CR) —7.36750 —7.376 47 —5.63
1(CCH) —7.38268 —7.391 66 —5.64
1[C(CHs)3] —7.368 45 —7.364 84 2.27
2(F) —7.37187 —7.38013 —5.18
2(Cl) —7.362 77 —7.37413 -7.13
2(Br) —7.348 53 —7.362 84 —8.98
2(CHs) —7.38157 —7.38207 -0.31
2(CR) —7.36392 —7.37289 —5.62
2(CCH) —7.377 28 —7.384 77 —4.70
2[C(CH3)4] —7.364 00 —7.36183 1.36

a2 Negative values indicate that the atom within the heterochiral

complex is more stable than in the homochiral one.

Since the differences in theN.i distances show a good
correlation with the chiral discrimination energy, the atomic
contribution of the lithium atom to the total energy of the
systems has been calculated with the AIM methodology (Table
6). It is significant that the relative atomic energies of the Li
atom in the homo- vs the heterochiral complexes present values
similar to those obtained for the chiral discrimination and that
both parameters are highly correlated (square correlation coef-
ficient RZ = 0.96). It looks as if the information on the Li atoms
is able to explain the relative characteristic of the whole
molecules.

The NBO analysis (Table 7) shows strong interaction between
the lone pairs of the nitrogen atoms and the lithium cation. It is
interesting to notice, excluding thert-butyl derivatives, that
the value of the orbital interaction is larger in the 2:1 complexes
than in the case of the 1:1 even though thelll distance is
shorter in the latter case. This interaction energy for the
heterochiral complexes is, in all the cases, larger than the ones
obtained for the homochiral ones except for tteet-butyl
derivatives in agreement with the values obtained for the chiral
discrimination energy. The additional interactions observed in

4
- R the 1:1 complexes between the X group and the lithium atom
2 2 y= 1620-73X - 0.2781 A are greatly reduced probably due to the longer distance between
& R? = 0.9377 0,040
c 04
S 0038 { ¢
£ 5] 0.036
E
5 0.034 - y= 6.9950 273
2 4 7 00324 R?=0.9946
= & 0.030 -
597 @ 0.028
5 . . . ‘ . ' 0.026
0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.024 1
0.022
A N-Li Distance 0.020 . . . .
Figure 3. Chiral discrimination energy (kcal/mol) vs the difference 19 1.95 2 205 21 215
of the N—Li distance (&) in the homo-and heterochiral complexes. The
fitted linear correlation is shown with the corresponding square N-Li Distance (A)
correlation coefficientR?.
Laplacian. The values of the electron density and the Laplacian 021
for all the N—-Li interactions found in the present article have y = 87.230@3.086%x
been plotted vs the corresponding interatomic distances (Figure R? =0.9994
4). A good exponential relationship has been obtained in both 0.20
cases, in agreement with other closed-shell interactions described 3
in the literature that show a similar behavér?’ s
In agreement with the correlations found for the electron &
density vs the N-Li distance and the chiral discrimination vs > 015 ]
the relative N-Li distance, a good linear relationship is found
between the chiral discrimination vs the relative electron density
at the bond critical point (square correlation coefficid®?, of
0.97). 0.10 : : . .
The highly congested structure of these complexes is clearly 19 1.95 2 2.05 2.1 215

proven by the presence of additional intermolecular BCP’s
between the substituents in position 5 ahdfBhe heterocyclic

was found between those groups.

N-Li Distance (A)

; - SHe Figure 4. Electron density and its Laplacian at the-Ni bond critical
units, except for the heterochiral fluoro derivatives where none point vs the N-Li distance. The equation and square correlation

coefficient of the fitted curve are shown.
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TABLE 7: NBO Analysis of the Orbital Interaction, E(2) (kcal/mol), between the Lone Pair on the Nitrogen and an Empty
Orbital of the Lithium Cation Calculated at the B3LYP/6-311+G** Level

system homochiral heterochiral system homochiral heterochiral
1(F) 19.02 19.58 2(F) 18.15 20.11
1(Cl) 17.25 18.02 2(Cl) 17.58 18.88
1(Br) 15.95 17.04 2(Br) 16.37 18.06
1(CHs) 16.99 16.99 2(CHs) 18.1 18.23
1(CFs) 16.39 17.16 2(CFy) 17.53 18.33
1(CCH) 16.92 17.98 2(CCH) 18.25 19.11
1[C(CHa)3] 7.54 6.64 2[C(CHa)3] 8.16 7.37
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