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Abstract: Density functional theory
and Car—Parrinello molecular dynamics
simulations have been carried out for
model aldol reactions involving aggre-
gates of lithium enolates derived from
acetaldehyde and acetone. Formalde-
hyde and acetone have been used as
electrophiles. It is found that the geo-
metries of the enolate aggregates are in
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within the respective Li,O, clusters.
The reactivity of the enolates follows
the sequence monomer > dimer > tet-
ramer. In lithium aggregates, the ini-
tially formed aldol adducts must rear-
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range to form more stable structures in
which the enolate and alkoxide oxygen
atoms are within the respective Li,O,
clusters. Positive cooperative effects,
similar to allosteric effects found in
several proteins, are found for the suc-
cessive aldol reactions in aggregates.
The corresponding transition structures
show in general sofa geometries.

general determined by the most favor-
able arrangements of the point charges

um enolates

Introduction

The aldol reaction! is one of the most commonly used
methods to generate C—C bonds in a convergent and stereo-
controlled manner.? Although this reaction has been known
since 1838, there are many mechanistic aspects that are
not completely understood. Despite its formal simplicity, the
aldol reaction can occur with the assistance of different cata-
lysts or promoters. These different methods can be grouped
in two general families: enol derivatives or enolates,* and
enamines.’) Furthermore, these families have in turn their
biochemical counterparts. Thus, type II aldolases® rely on
zinc enolates, whereas type I aldolases!”! and catalytic mono-
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clonal antibodies!® are based on the a-activation of carbonyl
compounds through the formation of enamines. An exten-
sion of this latter type of non-metal-assisted catalysis con-
sists of the development of aldol reactions catalyzed by pro-
line or proline-derived molecules.”)

As far as the aldol reaction involving metallic enolates is
concerned, a relevant issue is the nature of the reactive nu-
cleophile, which is difficult to determine by kinetic investi-
gations due to the very high reactivity of the nucleophilic
species involved.'”! Different monomeric,'"! dimeric,'” tet-
rameric,l””) and hexameric!' enolate structures have been
observed experimentally by means of colligative property
measurements, X-ray, 'Li and *C NMR and/or UV/Vis spec-
troscopies. It was postulated that these aggregates might di-
rectly participate in the aldol reaction.™ This hypothesis
was supported by the high dissociation barriers of the lithi-
um oligomers (>15.5 kcalmol™ for 4-fluoroacetophenone
and acetophenone cubic tetrameric lithium enolates)!'"® and
also by the different diastereoselectivities observed experi-
mentally in alkylation reactions of aggregates or "naked”
enolates.'”! However, it is known that lower aggregates of
several types of organolithium species are more reactive
than higher ones.™ Consequently, due to the complexity of
these aggregates and the possibility of interconversion be-
tween them, it was suggested that lithium enolate oligomers
can react by themselves or they can release monomeric or
lower-order units, which are the real reactive species.“"I
Very recently, Reich et al.'® have reported an outstanding
work on the aldol reaction between acetophenones and ben-
zaldehydes in the presence of lithium diisopropylamide
(LDA). These authors found that dimeric LDA reacts with
acetophenone 1-H to form a heterodimeric species 2, which
in turn gives rise to homodimers (1-Li), (Scheme 1). These
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Scheme 1. Aldol reaction between ketones 1-H and aldehydes 3 promot-
ed by LDA, according to Reich et al. (see ref. [20]). Solvation around the
lithium centers has been omitted.

latter species dimerize to yield the corresponding tetramers
(1-Li),, which are thermodynamically more stable than
dimers (1-Li),. Both metastable homodimer (1-Li), and the
corresponding tetramer (1-Li), were characterized by NMR
spectroscopy and found to be able to react with aromatic al-
dehydes to yield the corresponding 1:1 and 3:1 enolate-al-
dolate complexes. The dimer was about 17 times more reac-
tive than the corresponding tetramer. According to these
authors, the 3:1 enolate—aldolate species reacts about 2.3
times faster than (1-Li), and no other intermediate enolate—
aldolate complexes were detected by using '’F NMR spec-
troscopy. Interestingly, the authors!'! pointed out that “a
scheme where the 3:1 adduct dissociates unimolecularly to
lower aggregates before reacting with aldehyde does not fit
the kinetic traces”.

These experimental results suggest that in the tetrameric
species subsequent aldol reactions take place faster than the
first one. This idea is interesting within a wider context,
since allosteric effects are well-known in proteins like hemo-
globin and other enzymes®! as well as in complex cata-
lysts.”!! However, the nature of the positive cooperative ef-
fects in lithium aggregates is unknown and difficult to assess
experimentally.

Another important issue is the nature of the transition
structures associated with aldol reactions.’” Both acyclic®!
and cyclic transition structures have been postulated. The
latter occur through mechanisms similar to [3,3]-sigmatropic
suprafacial ~ reactions  (metallo-Claisen  mechanism,?"
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Figure 1. Postulated cyclic transition structures associated with aldol reac-
tion. Subscripts ch, sf, bt, and tb stand for chair, sofa, boat and twist-
boat, respectively. Approximate dihedral angles (in absolute value) asso-
ciated with each transition structure are also indicated.

Figure 1). These cyclic transition structures can in turn be of
chair TS, (the well-known Zimmerman-Traxler®™ model),
sofa TSy boat TS,,?"! twist-boat TS, (Figure 1), or
pseudo-[3+2]? type. In the case of lithium enolates, compu-
tational studies carried out on model systems?>**3! and ex-
perimental evidences obtained from deuterium-labeled eno-
lates® suggest that sofa transition states TS, are the prefer-
red ones.

On the basis of these previous results, we have investigat-
ed the model aldol reactions of monomeric, dimeric, and
tetrameric lithium enolates to analyze the structure and re-
activity of these nucleophiles. In particular, our aim has
been to assess the origins of the distinct kinetic behavior of
the different aggregates as well as the nature of the transi-
tion states depending upon the aggregation state. The ulti-
mate goal of this work is to assess the possibility of coopera-
tive effects in the successive aldol reactions, whose existence
has been suggested by previous experimental work. Given
the elusive nature of the different species, computational
tools appear to be especially well-suited for these purposes.

Results and Discussion

Monomeric, dimeric, tetrameric, and hexameric aggregates
of lithium enolates: We started our study analyzing compu-
tationally the main features of the monomeric, dimeric, and
tetrameric aggregates of lithium enolates derived from ace-
taldehyde 1a-H and acetone 1b-H (Scheme 2). These calcu-
lations were performed in the presence of dimethylether
(DME) molecules to saturate the coordination sphere of
lithium cation. In good agreement with the results obtained
by Pratt et al.,[*! kinetically stable structures were obtained
for the different aggregates (Figure 2).

The results collected in Figure 2 indicate that the main
geometric features of the different aggregates of acetalde-
hyde and acetone are quite similar to each other. However,
a slight increase in the O—Li distances was found on going
from lower to higher aggregates, as it can be seen by inspec-
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Scheme 2. Oligomers derived from monomeric enolates 1a,b-Li.

tion of the average values (R,;;)reported in Figure 2. Simi-
larly, the charges of the oxygen and lithium atoms were
found to increase from lower to higher aggregates. We can
define the average absolute charge value of the aggregate
with 2n point charges within Li,O, clusters as Equation (1),
in which g;;; and go; are the natural bond orbital (NBO)
charges of the lithium and oxygen atoms present in each ag-
gregate (see the Supporting Information).

n)~! |:z": quii — i:qo,j] (1)

According to Equation (1), we can observe that the mag-
nitude of this parameter increases in the sequence mono-
mer <dimer < tetramer (Figure 2) thus showing a larger
ionic character (i.e., (gor;)values closer to +1).

We also investigated the preferred structure of lithum
enolate hexamers under different conditions. Given the size
of the resulting structures and the similarities found for the
dimers and tetramers of 1a,b-H, we calculated the structures
of the hexamers for acetaldehyde 1a-H. The results ob-
tained are gathered in Figure 3. For the non-solvated struc-
tures two local minima were located. The first one corre-
sponds to a distorted bicubic geometry for the LisOg core
and is denoted as cubic (c) in Figure 3. The other one exhib-
its a hexagonal-prismatic (k) structure and was found to be
about 6 kcalmol™' more stable than the former. Hexagonal
prismatic structures have been reported for non-solvated
hexamers of lithium enolates of isobutyrophenone® and pi-
nacolone.” When we tried to optimize the fully Me,O-sol-
vated hexameric structures only the hexagonal-prismatic ge-
ometry (la-Li); was obtained starting from both structures
(Figure 3). This latter structure is similar to THF-solvated
geometries obtained by Pratt et al.**!

We postulated that bonding within the Li,O, clusters
should have a significant ionic character. To test this hypoth-
esis we measured the sign of the Laplacian of electron den-
sity at the O—Li bond critical point of electron density of
1a-Li and (1a-Li),. As noted by Bader and Cremer, this

<qOLi> = (2

Chem. Eur. J. 2013, 19, 13761 -13773

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

1a-Li
EHOLi>> 23;3: {RoLiy=334
GoLi)=0.

{GoLipy=0.77

(1a-Li), (1b-Li),
{RoLiy =355 {RoL;> =355
{GoLiy=0.79 {9oLiy="0.81

(1a-Li), (1b-Li),
(Rou =369 (Rowy =3.71
{qoLiy=0.84 {qoLip=0.84

Figure 2. Fully optimized structures (B3LYP/6-31+G(d,p) level of
theory) of (1a,b-Li), (n=1,2,4). Distances are given in A. Average O—Li
distances (R ;) are given in a.u. Average charges (qop;) (in a.u.) are de-
fined by Equation (1). Elements are represented as follows: hydrogen:
white; carbon: gray; oxygen: red; lithium: violet.

magnitude has the dimensions of an energy density, and a
positive value indicates an ionic bond. For both parent struc-
tures we obtained Vp(r.)=+0.286 and V’p(r.)= +0.181,
respectively (both values in a.u.), thus confirming the signifi-
cant ionic nature of these Li,O, clusters. This fits in with a
more general picture also found in corresponding Li,E,, clus-
ters of methyllithium (E=C) and other lithium—element ag-
gregates (E=H, F, C1).’") Already Li,C, clusters, although
less polar than the present Li,O, cores, were shown to be
held together not only by a covalent component but also by
sizable electrostatic interactions.

To obtain the relative energies associated with the oligo-
merization reactions of lithium enolates derived from
1a,b-H, we calculated the internal and Gibbs free energies
associated with the following Equations (2) and (3), in
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Figure 3. Fully optimized structures of different (1a-Li); complexes. See
the caption of Figure 2 for further details. Relative energies are given in
kcalmol™! and were calculated at the M06/6-31+G(d,p)//B3LYP/6-31 +
G(d,p)+AZPVE level of theory.

which Am is the stoichiometric correction of the products
with respect to the reactants [See Eq. (16) in the Computa-
tional Methods section].

21a,b-Li — (1a,b-Li), + 2Me,O  (Am = +1) (2)

2 (1a,b-Li), — (1a,b-Li); + 4Me, O  (Am = +3) (3)
In the case of the formation of hexamers, the following
transformation in Equation (4) can be envisaged.
3/2 (1a,b-Li)y — (1a,b-Li)s (Am = —1/2) 4)
Although the geometries provided by B3LYP functional
are reliable enough for these systems,*! a more adequate
treatment of energies (in particular dispersion energies) is
required to estimate reaction energies associated with Equa-
tions (2)—(4). In this respect M06 functional provides reli-
able calculations of dispersion energies, especially in highly
branched systems.’! Therefore, we used a combined MO06//
B3LYP approach in the evaluation of most relative energies
along this work. The values obtained for acetaldehyde and
acetone at the MO06/6-31+ G(d,p)/B3LYP/6-31+G(d,p)
level of theory in vacuo and in Et,O solution are gathered
in Table 1. Given the size of the structures involving acetone
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Table 1. Reaction energies!? [AE, in kcalmol '] and Gibbs reaction ener-
gies*! [AG, in kcalmol™'] associated with Equations (2)—(4).

AE AE AG AG
£=1.00 e=4.201 £=1.00 e=4.201

21a,b-Li—(1a,b-Li),+2Me,0

1a-H —14.0 -102 -21.6 —20.4

1b-H -16.5 135 -135 -22

2 (1a,b-Li),—(1a,b-Li);+4 Me,O
1a-H +42 +38 —20.6 ~26.6
1b-H +23 +22 -21.6 -30.6

3/2(1a,b-Li);—(1a,b-Li),

1la-H —15.9 —12.7 —4.25 -0.1

[a] Values computed at the MO06/6-31+G(d,p)/B3LYP/6-31+G(d,p)
level. [b] Values computed at 298 K. [c] Values computed by using the
self-consistent reaction field PCM model in diethyl ether.

1b-H and the similarities obtained for lower aggregates, the
thermodynamic data corresponding to the hexamer were
computed only for acetaldehyde 1a-H.

These results indicate that tetramers and hexamers should
be the major species in solution, followed by the dimers,
which is in good agreement with previous computational
and experimental work on related systems. To assess the re-
activity of these lithium aggregates in subsequent aldol reac-
tions, we have computed the chemical potential, hardness,
and nucleophilicity (both global and local) of monomeric,
dimeric, tetrameric, and hexameric species derived form
1a,b-H. The results have been collected in Table 2 and indi-
cate that the nucleophilicities follow the sequence mono-
mer > dimer >tetramer. The nucleophilicites of the
a-carbon enolate moieties follow the same trend (see Fig-
ure S1 of the Supporting Information for a more detailed
discussion). Therefore, a decreasing reactivity with increas-
ing aggregation states should be expected for these reac-
tions, with acetaldehyde lithium enolate oligomers being sig-
nificantly more reactive than acetone analogues.

Table 2. Hardnesses™™ (1), chemical potentials®™ («), nucleophile-
cities™? (w™), and local nucleophilicities of the o carbon®™ (wg,) of
monomeric-, dimeric-, and tetrameric lithium aggregates of acetaldehyde
1a-H and acetone 1b-H.

Species Vi u ® O
[hartree] [hartree] [kcalmol™] [kealmol™]

1a-Li 0.237 —0.036 6.76" 3.101
(1a-Li), 0.197 —0.083 2.86l1 0.671
(1a-Li), 0.105 —0.084 2.631 0.3311
(1a-Li), 0.206 —0.087 2.601 0.211
1b-Li 0.204 —0.204 2.90(! 1.88¢!
(1b-Li), 0.199 —0.068 1.89te! 0.45!el
(1b-Li), 0.200 —0.085 1.13t! 0.16!!
(1b-Li), 0.175 —0.101 0.73! 0.06!!

[a] Computed at the B3LYP/6-314+G(d,p) level. [b] Computed using
Equation (20). [c] Computed using Equation (19). [d] Computed using
Equation (18). [e] Computed using Equation (21). [f] Computed with re-
spect to formaldehyde 1¢ (7=0.218 hartree, 4=—0.172 hartree, w* =
43.82 kcalmol™'). [g] Computed with respect to acetone 1b-H (=
0.231 hartree, u =—0.142 hartree, o' =27.21 kcalmol ). Electrophilicities
*computed using Equation (17).
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Our calculations are in agreement with previous computa-
tional and experimental results on the geometries of lithium
enolates, but do not provide any insight on the reasons un-
derlying the structural features of the different aggregates.
In other words, we can describe properly what has been ob-
served but at this point we do not understand why these ag-
gregates and geometries (and not others) have been ob-
tained. Assuming the important ionic character previously
described, we can estimate the electrostatic potential gener-
ated by a given Li, O, aggregate a possessing an specific ge-
ometry g, according to Equation (5)

Et(,‘,.rg)ul — Z qlq/

=1 j>i

(in a.u.) (5)

If we average the distances and charges according to
Equation (1) (see Figures 2 and 3), then we can approximate
this potential energy in the form of Equation (6):

Cnu] qOLI LIOL.
E. (Rowi) ZZ Rou Vd'g (6)

-~
X
-~

In Equation (6), V,
for which we make q(Ll)

(i a normalized electrostatic potential
|(’I( )| - ROL] =1

For ideal symmetric aggregates a with specific geometries
g, we can estimate the corresponding V,, values analytically.
In the case of the monomer, only a linear arrangement is
possible and we obtain V,,,;=—1 a.u.

If we consider a dimer with a linear C., symmetry
(Figure 4), we obtain the following expressions given in
Equation (7) and therefore V,,=—7/3~2.33 a. u.

V1,2 = V2.3 = V3,4 =-1
Vis=Vy,= +1/2 (7)
Via= *1/3

In the case of a D,-symmetric square-planar dimer
(Figure 4), the identities in Equation (8) are readily ob-
tained and the total normalized electric potential is
Vi =2[(1/V2) = 2] » —2.59 a.u.

Vl,z = V1.4 = V2.3 = V3_4 =-1

8
Via=Vo = “'1/\/5 ( )

This result indicates that the square-planar arrangement is
more stable than the linear one. If we consider a tetrahedral
arrangement, it is found that V,;,=—2 a.u. Therefore, the
tetrahedral geometry for the Li,O, cluster is the less-favored
one from a Coulombic standpoint. This is not surprising
since this geometry forces two pairs of identical charges to
approach each other (See Figure 4). Similarly, it can be
readily seen that for odd oligomers (trimers, pentamers) 3D-
prismatic geometries are not stable because of repulsive in-
teractions.

Chem. Eur. J. 2013, 19, 13761 -13773
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Figure 4. Model geometries for alternating positive and negative charges
in monomeric, dimeric, tetrameric, and hexameric aggregates. Arrange-
ments for which X-ray diffraction structures have been reported have
been highlighted.

We can define the stabilization energy with respect to the
monomer as Equation (9):

AV —n )

ag —

-V,

ag

According to this definition, the stabilization energy per
point charge is simply Equation (10):

N2
AV, == (10)

Therefore, for a dimeric tetrahedral arrangement we

obtain AV,, = 0. Following a similar procedure, we have ob-
tained different V,,, AV,,, and AVa‘gvalues for the respec-

tive aggregates and geometries. The details can be found in
the Supporting Information and the results have been col-
lected in Table 3.

These results indicate that for tetramers and hexamers the
linear arrangements are the least favored ones. In the case
of the dimer, the most stable structure is square planar,
which is in good agreement with the experimental evidence.
Similarly, tetramers find their strongest Coulombic stabiliza-
tion through cubic arrangements, a result also in agreement
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Table 3. Normalized potentials® (V,,, in a.u.), approximate Coulombic
potentials™! (E?", in a.u.), stabilization energies with respect to the
monomer (AV,,, in a.u.) and stabilization energies per point charge!”
(AV,,, in a.u.) for different model aggregates and geometries”! associated
with alternating point charges.!

Aggregate Geometry ESY AV,, AV,
(n)
monomer linear —1.00 (-0.17) 0.00 0.00
(n=1)
dimer linear -2.33 0.33 0.08
(n=2) tetrahedral -2.00 0.00 0.00
square planar —2.59 (—0.44) 0.59 0.15
tetramer linear -5.07 1.07 0.13
(n=4) octagonal —5.45 1.45 0.18
square planar —5.58 1.58 0.20
cubic —5.82 (—0.80) 1.82 0.23
hexamer linear -7.83 1.83 0.15
(n=6) square planar —8.58 2.58 0.21
cubic —-9.00 3.00 0.25
hexagonal —8.90 (—1.69) 2.90 0.24
prismatic

[a] Computed by means of Equation (6). [b] Eﬁfg“lenergies computed by
using the (gop;) and (Rqy;) values reported in Figures 2 and 3. [c] Com-
puted according to Equation (9). [d] Computed according to Equa-
tion (10). [e] Geometries and numbers highlighted in italics correspond
to arrangements that have been observed experimentally by using X-ray
diffraction for different compounds. [f] See Figure 4 and the Supporting
Information for further details.

with the X-ray and NMR data.*”) Hexamers, however, yield
two structures very close in Coulombic energy: the fused-
cubic and the hexagonal-prismatic arrangements. Actually,
the former is more stable than the latter in terms of electro-
static potential energy. In the case of the non-solvated struc-
ture of (la-Li);, we found a geometry of this type (See
Figure 3), although it was computed to be about 6 kcalmol™
less stable than the hexagonal-prismatic one, which turns
out to be the only viable solvated structure. These combined
results point to a preference for the hexagonal-prismatic ar-
rangement because of the contribution of covalent®! and
non-electrostatic non-bonding interactions. In addition, tet-
rahedral coordination around the lithium atom is not fa-
vored for the lithium atoms incorporated into the fused part
of the cubic arrangement, thus resulting in the exclusive for-
mation of hexagonal-prismatic structures.

As far as the electrostatic stabilization energies for the
different aggregates are concerned, our results suggest that
most likely the hexagonal-prismatic hexamer represents an
upper limit in terms of stabilization energy per point charge
AV,,_g. In addition, as we have commented before, in the
case of odd oligomers the regular prismatic geometries are
not favored and therefore only polygonal (for trimers) and
fused square-planar (ladder) structures are viable, especially
in the case of solvated oligomers, as suggested by Collum
etal. for lithium phenolates.*! Probably, cyclic-planar
dimers and cubic tetramers represent the optimal aggrega-
tion/geometry combination for partially ionic Li,O, clusters.
Such arrangements have been shown in Li,C, clusters to

www.chemeurj.org
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gain much stability through direct covalent Li—Li bond-
o [42]
ing.

Aldol reactions involving monomeric enolates: To assess the
intrinsic reactivity of monomeric lithium enolates, we ana-
lyzed the effect of lithium coordination on unsolvated eno-
late 1a-Li". Since in these model calculations only the intrin-
sic variation of the relative energies along the C4—CS distan-
ces were assessed, these calculations were performed at the
MO06/6-31+ G**B3LYP/6-31 + G** level in the absence of
solvent effects. We approached both reactants through three
different arrangements. In the first one, denoted as Scan 1 in
Figure 5, the lithium cation is attached only to formalde-
hyde. In this case, the reactants converge to the aldol adduct

0(4,5,6,1)=0.0°
0(5,3,2,1)=0.0 °

1
Q ©(4,5,6,1)=180.0 °

0(5,3,2,1)=180.0 °

Scan 2

E (kcal mol1)
5

ny
o

r(A)

Figure 5. Relaxed scans (M06/6-31+ G**//B3LYP/6-31+ G** level) asso-
ciated with the interaction between unsolvated enolate of acetaldehyde
and formaldehyde at different C3—Cb distances r in the presence of a
lithium cation. Frozen bond lengths and dihedral angles are given in A
and ° respectively.

through a downhill process. Along the second approach
(Scan 2, Figure 5), the lithium is bound only to the oxygen
atom of the enolate. In line with the relatively weaker nucle-
ophilicity of the 1a-Li’ species (see above), this process is
uphill and the aldol adduct is of higher energy than the sep-
arated reactants. Finally, in the case of Scan 3 (Figure 5),
lithium coordination to both the enolate and the electro-
phile was allowed thus resulting in a profile similar to (but
less pronounced than) that found for Scan 1.

Therefore, aldol reactions involving cyclic intermediates
and transition structures should be the preferred ones since
these cyclic reaction paths encompass the stability of the
lithium enolate (at the cost of a lower nucleophilicity) and
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that of the corresponding carbonyl compound. In the case of
this latter partner, the electrophilicity enhancement induced
by the metal is actually the driving force of the whole
process.

When the solvated structures were considered, a behavior
similar to that observed in Figure 5 was observed. Interac-
tion between 1a-Li and formaldehyde 1¢-H requires the for-
mation of intermediate m-INT1la through exchange with
one coordinated Me,O molecule, which is an almost ener-
getically neutral elementary process. From this intermediate,
aldol adduct m-Pla was obtained in an exergonic step
(Figure 6). We were unable to locate a transition structure

A
1cH L 5 5
0= o)
Loy Lol P Loy >4
P - | -— ~L
L \o_// L 120_:{ L
1a-Li m-INT1a m-P1a
0.0 (0.0) +1.3 (+0.6) -11.5 (-10.6)
B
18.0
160 <
m-INT1a ©
~ lao0 ¥
\ ‘e
m-P1a
\/\r\//\u\nmwamx\,\mmw' 2.0
5 100}
€ L
8 oo}
= i
W -10.0 }
< |-

time (ps)

Figure 6. A) Reaction between solvated monomeric 1a-Li (L=OMe,)
and formaldehyde 1c¢-H. Numbers correspond to relative energies and
Gibbs energies (in parentheses, kcalmol '), computed at 220.15 K, at the
MO06(PCM=E,0)/6-31+G**//B3LYP/6-31+ G** level of theory;
B) Car-Parrinello molecular dynamics (CPMD) simulation at 220.15 K
showing spontaneous conversion of m-INT1a into m-Pla.

connecting m-INT1la and m-Pla, as we observed in the
scans involving the unsolvated structures. To check if the
former intermediate was actually a fleeting species,*! we
performed Car—Parrinello molecular dynamics (CPMD)
simulations and observed the spontaneous transformation of
m-INT1a into the corresponding aldol adduct m-P1a. Thus,
Figure 6B reveals a barrierless formation of the C4—C5
bond in a few picoseconds.

Since formaldehyde is an exceptionally strong electrophile
among carbonyl compounds, we repeated the same study on
solvated monomeric enolate 1b-Li and acetone 1b-H. In
this case, a saddle-point m-TS1b was located, although with
a quite low associated activation energy. CPMD simulations
on m-INT1b (Figure 7B) yielded very variable distances be-
tween C4 and C5 but without formation of a C4—C5 bond,
thus showing the kinetic persistence of this reactive inter-
mediate, which is almost isoenergetic with respect to mono-

Chem. Eur. J. 2013, 19, 13761 -13773

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A
L 1b-H L 5
\ ﬁ 0= o)
Ly, L L, . m-TS1b | - \’
N = AU = AN )
o) 2073 o
1b-Li m-INT1b m-P1b
0.0 (0.0) -0.9 (-1.5) -5.3 (-2.8)
B C  R@s=225A
18.0 «(6,5,4=104.4°
_ 6(5,3,2,1)=5.1°
160 < $(2,35,6)=3.2°
) :
140§ 9
m-INT1b
120
S 10.0¢
= : \
T oof gAY ,%
n
e _
Y -100}

m-TS1b
AE,=4.0 kcal mol™
AG,=6.8 kcal mol™

0 4 8 12 16
time (ps)

Figure 7. A) Reaction between solvated monomeric 1b-Li (L=OMe,)
and acetone 1b-H. Numbers correspond to relative energies and Gibbs
energies (in parentheses, kcalmol™'), computed at 220.15 K, at the M06-
(PCM=E,0)/6-31+G**//B3LYP/6-31 + G** level of theory. B) Carr—
Parrinello molecular dynamics (CPMD) simulation at 220.15 K showing
the stability of m-INT1b as a function of time. C) Chief geometric fea-
tures of saddle-point m-TS1b, optimized at the B3LYP/6-31 4+ G** level.
Distances and angles are given in A and °, respectively. Activation ener-
gies are also reported.

meric reactant 1b-Li. The shape of m-TS1b has a sofa ge-
ometry, which is in good agreement with the transition
structures described by Houk et al.”? with a dihedral angle
0 of 5.1° and a twist dihedral angle of 3.2°. (see Figure 1 for
the definition of angles).

The approaching trajectory of the enolate to the carbonyl
group presents an angle o of about 104°, a value slightly
smaller than that associated with the ideal Biirgui-Dunitz
trajectory for an addition to a carbonyl group.*! Although
the formation of the new C—C bond is energetically favored,
it is only slightly exothermic in terms of Gibbs energy.

Why does transition structure m-TS1b adopts a sofa con-
formation instead of a chair-like or boat conformation? To
understand the reasons for this particular geometry of aldol
transition structures involving this kind of lithium enolates,
we performed a rigid scan on the optimized geometry of
m-TS1b by varying only the dihedral angle 6 (See Figures 1
and 7). The result of this scan is gathered in Figure 8.

It is readily appreciated that the most stable sofa confor-
mation occupies a relatively flat zone for —10<6<+10°,
the boat and chair conformations being strongly destabilized
for values of 0 larger than +20° because of strong 1,4- and
1,3-diaxial van der Waals repulsive interactions.

If we estimate the electrostatic interactions between the
lithium cation and the oxygen and carbon atoms involved in
the cyclic transition structure, the relative Coulombic ener-
gies for different values of 6 (See Figure 7 for atom order-
ing) can be approximated as Equation (11), in which the
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Figure 8. Scan of relative total (B3LYP/6-31+ G* level of theory) and
Coulombic (B3LYP/6-31+G* NBO charges) energies (AE and AES™,
respectively) versus dihedral angle 6 (See Figure 1 for the definition of

this angle) of transition structure m-TS1b. The region occupied by the
sofa conformations is highlighted in gray.

constant term /1 stands for the following 6 independent
terms in Equation (12):

AECoul ~ [ K + 4qs + 54 :| —A in a.u.
R R0 R0 T RE) )
(11)
6 6 q:q;
A= Efgul 4 Efg'll + Z Rl—lj] (1n a.u.) (12)

=2 j>i

In Equation (11): g,=—0.22¢ is the NBO combined charge
of the methylene group at C4. The two Coulombic interac-
tions between Lil and C3 and C4 are repulsive, the respec-
tive NBO charges being +0.61, +0.53, and +0.49 a.u. For
this reason, the AE;*"terms shown in Figure 9 are positive.
The only stabilizing electrostatic term is the one that corre-
sponds to the Lil—C4(H,) interaction. Therefore, the less
destabilizing Coulombic terms are achieved for <0, thus
favoring boat conformations associated with shorter R, dis-
tances. Electrostatic interactions do not favor chair confor-
mations associated with large R,, distances and with 6
values larger than +20°. Therefore, in these kind of transi-
tion structures, the sofa conformation represents an optimal
trade-off between Coulombic interactions and repulsive 1,4-
diaxial interactions. This electrostatic-steric model also pre-
dicts that highly nucleophilic enolates (with large negative
G, values) and small substituents at C4 and around the Lil
cationic center (which minimize repulsive 1,4-diaxial interac-
tions) should promote a transition from sofa to boat or
twist-boat conformations. Alternatively, metal-oxygen cova-
lent interactions, which minimize the relevance of these
electrostatic interactions, or adequate cyclic substitution pat-
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Figure 9. A) Cartoon showing the transformation of the oxygen atoms of
the enolate and the carbonyl compound through aldol reactions involving
Li,O, clusters. B) Schematic representation of electrostatic distributions I
and II associated with products Prn and Pn’ respectively. The colors red
and blue denote charges of —1e and + 1e, respectively. The orange point
denotes a charge of —0.5 e. The relative normalized electrostatic poten-
tials are also indicated. C) Superimposed optimized geometries (B3LYP/
6-31+G(d,p) level) of compounds d-P1b and d-P1’b showing the larger
O(in)-Li distances in the less stable aldol product d-P1b. Hydrogen
atoms have been omitted for the sake of clarity. D) Same as for (C) but
involving tetrameric adducts t-P1b and t-P1'b.

terns should stabilize the chair conformations, thus resulting
in Zimmerman-Traxler geometries.

Given that the reaction profile associated with the aldol
dimerization of acetone is more similar to other stereochem-
ically complex aldol reactions, in the following sections only
reaction between oligomers (1b-Li), (n=2,4) and acetone
1b-H will be discussed. The data corresponding to the aldol
reaction between acetaldehyde and formaldehyde can be
found in the Supporting Information.

Aldol reactions involving dimeric structures: The reaction
profiles associated with the aldol dimerization of acetone
1b-H through the dimeric enolate (1b-Li), are gathered in
Scheme 3. Also in this case, displacement of one coordinat-
ing solvent molecule by the carbonyl compound is almost
neutral from the energetic standpoint. From intermediate
d-INT1b the first aldol product is obtained with an activa-
tion energy of about 10 kcalmol™', a value higher than that
obtained for the monomer. This confirms the lower reactivi-
ty predicted for enolate dimer (1b-Li), with respect to the
monomer (see above).

Our calculations indicate that formation of d-P1b is endo-
thermic. According to our electrostatic model, it is clear
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Scheme 3. Reaction profiles from the possible aldol reactions between enolate dimers (1b-Li), with acetone
1b-H. Numbers below the arrows correspond to the relative energies. The corresponding relative Gibbs ener-
gies, computed at 220.15 K, are in parentheses. All results have been computed at the MO6(PCM)/6-31 4 G**//
. AE, and AG, are the corresponding activation

B3LYP/6-31+G** level of theory and are given in kcalmol
energies and Gibbs energy barriers, respectively. L=0OMe,.

that the oxygen atom coming from the electrophilic carbon-
yl compound 1b-H is converted into an alkoxide oxygen,
whereas the reverse transformation takes place at the
oxygen atom of the former enolate moiety. As a result, a
“neutral” oxygen atom is now within the dimeric Li,O, clus-
ter. The alternative product, denoted as d-P1'b in Scheme 3,
exhibits a more ionic Li,O, cluster since in this aldol adduct
the oxygen atoms associated with the enolate and alkoxide
moieties are inside the dimeric Li,O, structure. This latter
aldol adduct is found to be about 10 kcalmol ' more stable
than the former.

In principle, this situation can occur in any aldol reaction
involving this type of enolate aggregates. Therefore, initially
formed aldol products Pn should rearrange to form the
much more stable adducts Pn’ (Figure 9 A). We tested this
hypothesis by means of the normalized electrostatic poten-
tial model outlined in Equation (3). In this case, the simpli-
fied arrangements I and II (Figure 9B) correspond to aldol
adducts d-Pn and d-Pr’, respectively. If C,-symmetric ar-
rangement I is considered, the associated normalized bicen-
tric terms are given in Equation (13). With these values it is
found that the total normalized potential is V;~—2.54 a.u.
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A similar analysis of the C,,-
symmetric structure II, in which
the alkoxide oxygen atom is

=0, L within the Li,O, cluster, yields
O:Ll:o\ the identities given in Equa-
A tion (14) and therefore Vi~
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we conclude that in Li,O, ag-
gregates (n>1), the electrostat-
ic interactions favor arrange-
ments in which the oxygen
atoms possessing higher charges
(alkoxides and enolates) are
within the cluster structure. As
a consequence, the aldol ad-
ducts Pn initially formed should rearrange to the more
stable Pn’ intermediates. It is noteworthy that the actual
structure of d-P1b shows a considerable distortion for the
Li,O, cluster, as a consequence of the lower electrostatic
stabilization of this square planar dimer by the “neutral”
oxygen atom associated with the starting enolate. The regu-
lar geometry is recovered in the stabilized aldol adduct
d-P1'b (Figure 9C).

From adduct d-P1'b the second aldol reaction can take
place by substitution of one ethereal ligand by the second
equivalent of carbonyl compound 1b-H. Three possible
complexes can be formed, denoted as d-INT2b, d-INT3b,
and d-INT4b in Scheme 3. In the former case, the second
aldol reaction leads to adduct d-P2'b through a saddle-point
d-TS2b with an activation barrier similar to that computed
for the first C—C bond-forming step. In contrast, aldol
adduct d-P3'b, which is about 2 kcalmol™' more stable than
d-P2'b, is formed via d-TS2b with an activation barrier of
about 3 kcalmol ™ lower than that associated with the for-
mation of d-P2’b. Finally, d-P4'b can be formed via d-TS4b
with an activation barrier similar to that found for d-TS3b
and with a reaction energy very close to that found for
d-P2'b (Scheme 3).

We can conclude that in lithium aggregates the most
stable and kinetically favored final product is associated
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with a cis arrangement between the two new carbonyl
groups. In addition, a positive aggregation effect is found for
the second C—C bond-formation, which is found to be of
lower activation energy with respect to the first aldol addi-
tion process.

The shape of energetically similar transition structures
d-TS1b, d-TS3b, and d-TS4b were found to be very close to
each other (Figure 10), with a sofa conformation similar to
that found for m-TS1b (Figure 7 C). However, it is notewor-
thy that the saddle-point d-TS2b, which is associated with
the kinetically favored step, shows a chair-like Zimmerman-—
Traxler conformation dictated by the tricyclic system gener-
ated by the C—C bond being formed, the Li,O, cluster, and
the first aldol adduct.

Aldol reactions involving tetrameric structures: Given the
approximate 7, symmetry of tetrameric enolate (1b-Li),,
only one initial complex can be formed after displacement
of one solvent molecule by acetone 1b-H, denoted in
Scheme 4 as t-INT1b. Formation of this initial complex is
very close in energy with respect to the initial tetrameric ag-
gregate. Formation of the first aldol product t-P1b takes
place with a free activation energy of about 8 kcalmol .
This adduct is calculated to be approximately 4 kcalmol™
less stable than the reactive

complex t-INT1b. Evolution to

aldol t-P1'b is favored by its L ﬁ\ 5

higher stability, derived from ToH L ==
the insertion of the “ionic” LZ0
oxygen atom coming from aldol v
electrophile 1b-H into the (b-Lis

Li,O, cluster. In this case, the 0.0(0.0)

geometric constrains of the tet-
ramer allow only a relatively
low distortion of the cubic %o \
framework of t-P1b with re-
spect to t-P1'b (Figure 9D).
From this latter stationary
point different routes are possi-
ble. We have included in
Scheme 4 the less-energetic one
leading to the final tetrameric
aldol product t-P4'b. The other
possible kinetically unfavorable
reaction paths are reported in
the Supporting Information.
The second addition of 1b-H
on t-P1'b takes place with an
activation barrier similar to that
found for the first aldol process.
The third and fourth aldol
processes occur with increasing-
ly lower activation energies
(Scheme 4). Therefore, a positive cooperative effect in the
successive aldol reactions is obtained also for the tetrameric
species. The progressive stabilization of the successive aldol
adducts results in the formation of tetramer t-P4’b, with an

t-P3'b
149 (-9.7)

o

-INT4b
265 (-19.9)
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Figure 10. Superposition of fully optimized saddle-points d-TS1b,
d-TS2b, and d-TS3b (B3LYP/6-31+G(d,p) level). RMSD: root mean
square deviation values with respect to d-TS1b. These RMSD values
were computed by considering the atoms represented in ball-and-stick
mode. Distances, angles, and dihedral angles (in absolute value) are
given in A and degrees, respectively. Hydrogen atoms have been omitted
for the sake of clarity.
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Scheme 4. Reaction profiles from the possible aldol reactions between enolate tetramers (1b-Li), with acetone
1b-H. See the caption of Scheme 3 for additional details.

overall Gibbs reaction energy of about —27 kcalmol ™" with
respect to the initial tetrameric enolate (1b-Li),. It is note-
worthy that the geometry and regiochemistry of D,,sym-
metric t-P4'b is similar to that found by Williard and Salvi-
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no™! for the aldol reaction between pinacolone and pivalal-
dehyde. The X-ray structure of this latter tetrameric aldol
adduct presents approximate S, symmetry because of the
geometric conformational constrains imposed by the
tert-butyl groups.

In these aldol reactions involving tetrameric species the
geometric features of the successive transition structures,
shown in Figure 11, reveal a close similarity along the for-
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Figure 11. Superposition of fully optimized saddle-points t-TS1b, t-TS2b,
t-TS3b, and d-TS4b. See the caption of Figure 10 for additional details.

mation of the respective C4—C5 bonds. In all cases, sofa con-
formations were obtained after full optimization. The C4—
C5 distances are of about 2 A, which is compatible with rel-
atively late transition structures associated with the forma-
tion of destabilized t-Pnb adducts. Apparently, the combina-
tion between electrostatic interactions and geometric con-
strains imposed by the cubic Li,O, cluster do not allow
chair-like Zimmerman-Traxler geometries, as it occurred in
the less-energetic aldol step involving dimeric structures.

Conclusion

Our electrostatic models as well as DFT and CPMD calcula-
tions on two aldol reactions account for the main geometric
features and chemical behavior of different lithium enolate
aggregates. The experimentally observed square-planar and
cubic geometries for dimeric and tetrameric aggregates are
compatible with the maximum normalized electrostatic sta-
bilization energies. In the case of the hexamer, for which
fused cubic and hexagonal-prismatic geometries are very
close in normalized electrostatic energy, the prevalence of
the latter structure stems from solvation effects and, most
likely, from small departures from ionic bonding. Our results
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also indicate that the nucleophilicity of lithium enolate ag-
gregates decreases with the aggregation state in the order
monomer > dimer > tetramer.

The role of the metallic center in aldol reactions consists
mainly of enhancing the electrophilicity of the carbonyl
compound, thus resulting in cyclic transition structures. In
dimeric and tetrameric aggregates, formation of the new
C—C bond is endergonic and results in unstable adducts in
which the new alkoxide oxygen atoms lie outside the respec-
tive Li, O, clusters. These initially formed species rearrange
to form significantly more stable adducts in which the Li, O,
moieties incorporate both enolate and alkoxide oxygen
atoms. Once again, electrostatics dictates these post-aldol-
step transformations.

Cooperative effects are found in successive aldol reactions
involving Li,O, clusters (n=2,4). The first aldol step is the
one that has the highest activation energy. Moreover, the
first enolate forms a tighter unit with its lithium, leaving the
neighboring lithium atoms less coordinated. Therefore, the
remaining lithium atoms can more effectively enhance the
electrophilicity of the subsequent carbonyl compounds. On
the other hand, in these processes, sofa geometries are ob-
tained for the respective transition structures in most cases,
as a result of the compromise between electrostatic and van
der Waals interactions.

Computational Methods

Computational details: All the optimizations of stationary points along
the reaction coordinates were carried out by means of Gaussian 09!
suite of programs. The calculations were performed within the density
functional theory””! (DFT) framework. The different stationary points
were optimized using the B3LYP™"! hybrid functional with the standard
6-31+ G(d,p) split valence basis-set. Since B3LYP overestimates the free
energy values of organolithium compounds compared to higher-level
computational methods,*! single-point calculations at the M06/6-31+4 G-
(d,p) level were performed on the fully optimized B3LYP/6-31+ G(d,p)
structures. This highly parameterized method is well suited for the treat-
ment of non-bonding interactions and dispersion forces, which can be rel-
evant in densely substituted interacting systems.""!

Solvent effects not related to solvation of metallic centers were estimated
by using the polarization continuum model®!! (PCM) method within the
self-consistent reaction field (SCRF) approach. Additional molecules
of solvent were treated explicitly to complete the tetrahedral environ-
ment of the lithium atoms in all the studied mechanisms. All SCRF-PCM
calculations were performed using diethylether (¢=4.24) as model sol-
vent. In the case of the energies in solution, the standard state was estab-
lished at 1M concentrations. Therefore, at 298 K the standard correction

for the 1M standard state is shown in Equation (15):%!

AG* = AG°—1.9Am (15)

in which the superscripts * and ° refer to the 1m and 1 atm states, respec-
tively, and Am is the stoichiometric correction. For activation energies
from two reactants to form a transition structure, Am=1. For reaction
energies this term is given by Equation (16) in which m; and m; refer to
the number of equivalents of products and reactants, respectively.

prod react

Am:Zm,-fzm, (16)

www.chemeurj.org

— 13771


www.chemeurj.org

CHEMISTRY

F. P. Cossio et al.

A EUROPEAN JOURNAL

All the stationary points were characterized by harmonic vibrational
analysis. Local minima showed positive definite Hessians. Fully optimized
transition structures (TSs) showed one and only one imaginary frequency
associated with nuclear motion along the chemical transformation under
study. Reaction paths were checked by intrinsic reaction coordinate
(IRC) calculations.™

The thermal corrections to the energy at 220.15 and 298.15 K were taken
from the harmonic analyses and added to the total energies to obtain the
free energies of each stationary point.

Electrophilicities (o) and nucleophilicities (w~) were calculated accord-
ing to the Equations (17) and (18),"! in which, in both expressions, « and
7 denote the corresponding chemical potential and hardness,*® respec-
tively. These parameters were calculated by using the following approxi-
mate formulas in Equations (19) and (20),*” in which & and & stand for
the orbital energies of the HOMO and LUMO of the corresponding spe-
cies, respectively.

v _ Ma 17
Wy = 20a 17)
_ (4a — us)’

0, =7 18)
A 2(na +s) " (
um (19)
N e — ey (20)

Local nucleophilicities'™! w¢,at the alpha carbon of the enolate moieties
of the different aggregates were calculated according to the following ex-
pression in Equation (21).

Dy = f(?(u) [N (21)

In this expression, fq,is the Fukui function®! at C(a) associated with a
nucleophilic attack, which in turn was calculated according to the follow-
ing formula in Equation (22),/”! in which the two terms on the right part
of the equation correspond to the NBO charge of the C(a) atom with N
and N—1 electrons, respectively.

f;u = q;vuy (N> - qr(uw (N - 1) (22)

The density-functional-theory-based Car—Parrinello!®!! molecular dynam-
ics simulations were carried out within the CPMD code!® using the
BLYP'®! gradient-corrected functional level and ultrasoft Vanderbilt®
pseudo-potentials with a 60 Rydberg cutoff for the plane wave expansion
of the orbitals. The CPMD simulations were performed at 220.15 K tem-
perature in NVT ensembles for a total timescale of about 15 ps with a
1 fs time step for integration of equation of motion.
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