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Ab Initio Models for the Nitroaldol (Henry) Reaction

Begofia Lecea, Ana Arrieta, Ifiaki Morao, and Fernando P. Cossio*

Abstract: Ab initio calculations (up to MP4SDQ/6-31+ G*//MP2(FU)/6-31 + G* +

AZPVE) on several model nitroaldo! (Henry) reactions have been performed. It is found
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that the free nitronate anions react with aldehydes via transition states in which the nitro

and carbonyl dipoles are antiperiplanar to each other. This kind of reaction yields anti
(erythro) nitroalcohols as major products. The Henry reaction between lithium ni- tion -
tronates and aldehydes is predicted to occur via cyclic transition structures yielding syn

ab initio calculations + Henry reac-

nitroaldol reactions -

nitroalcohols as major products. The stereocontrol in these model reactions is low. The
factors affecting the stereoselectivity in the reaction between dilithiated nitronates and

aldehydes are also discussed.

Introduction

The nitroaldol reaction between a nitroalkane and a carbonyl
compound to yield a nitroalcohol was discovered in 1895 by
Henry.!"1 Since then, this reaction has become a classical method
for the chemical synthesis of carbon—carbon bonds, and has
been used in the synthesis of diverse naturally occurring or bio-
logically interesting products.’! In addition, the versatility of
the nitro group provides a facile entry to a wide range of func-
tional groups starting from the nitroalcohol products.!® In view
of its significance, the scope and usefulness of the nitroaldol
reaction has been extensively reviewed,™! although the develop-
ment of this reaction is less advanced than that achieved for the
aldol reaction. In particular, the stereochemical problem of this
reaction is still challenging in many cases.

The Henry reaction between a primary nitroalkane and an
aldehyde can yield the corresponding anti (erythro) and syn
(threo) isomers (Scheme 1). Seebach and co-workers!>! have de-
veloped complementary protocols that allow either syn or anii
diastereomers to be formed preferentially. Thus, silyl nitronates
generally!® yield anti nitroalcohols. In contrast, double depro-
tonation of nitroalkanes or nitroalcohols with lithium bases
followed by reprotonation preferentially yields the correspond-
ing syn diastereomers; if the reprotonation is carried out with
a-silytoxy lithium nitronates the anti nitroalcohol is again the
major product. On the other hand, several groups have reported
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Scheme 1. Possible diastereomers formed by the Henry reaction between a primary
nitroalkane and an aldehyde (only one enantiomer is drawn).

preferential anti stereocontrol in the Henry reaction using neu-
tral alumina'™ or tetrabutylammonium fluoride'® (TBAF) as
reagent or catalyst, respectively. Finally, it is noteworthy that
syn stereocontrol has been reported for the Henry reaction cat-
alyzed by lanthanum-lithium complexes.[®]

In spite of its significance, the Henry reaction has not, to the
best of our knowledge, been explored by means of high-level
computational tools. We present herein an ab initio SCF-MO
study on the Henry reaction, in the hope that the models thus
developed could be useful in the design of new versions of this
reaction.

Computational Methods

All the calculations reported in this work were performed with GAUS-
SIAN92 [10] or GAUSSIAN 94 [11] packages. Given the presence of species
bearing significant negative charge along the reaction coordinates under
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study, we used the 6-31 4+ G* basis set [12]. Electron correlation was partially
taken into account by using the Maller —Plessct method [13]. Both full core
(FU) and frozen core (FC) approximations were used [14]. However, both
approaches yielded similar results for the relative energies corresponding to
the stationary points included in our study. Therefore, unless otherwise stat-
ed, the MP2 data correspond to the frozen core approach. In some cases
density-functional theory (DFT) was used [15], in order to introduce electron
correlation during the gcometry optimization of relatively large structures.
Approximate DFT calculations were carried out by using a hybrid three-
paramcter functional developed by Becke [16]. which combines the Becke’s
gradient-corrected exchange functional and the Lee - Yang--Parr and Vosko—
Wilk—Nusair correlation functionals [17] with part of the exact Hartree—
Fock exchange energy. This hybrid functional will be denoted as B3LYP.
Zero-point vibrational cnergies (ZPVE) were computed at either HF/6-
314+ G* or MP2/6-31+G* and scaled with the 0.89 and 0.96 correction
factors, respectively [18]. The B3LYP results were not scaled. Stationary
points were characterized by frequency calculations [19]. All reactants, reac-
tion intermediates and products have positive defined Hessian matrices. All
transition structures (TSs) show only one negative eigenvalue in their diago-
nalized force constant matrices, and their associated eigenvectors were con-
firmed to correspond to motion along the reaction coordinate under consid-
eration. For several reactions intrinsic reaction coordinate [20] (IRC)
calculations were performed to connect previously computed transition struc-
tures with reaction intermediates and products. No symmetry constraints
were imposed during the optimizations. Atomic charges [21] and bond indices
[22] were calculated by the natural bonding analysis (NBA) method [23]. All
calculations involving the atoms-in-molecules theory developed by Bader [24]
were performed with the AIMPAC package [25].

Results and Discussion

As model systems we studied the interaction between nitronates
derived from nitromethane or nitroethane and simple alde-
hydes, such as formaldehyde and acetaldehyde. These reactions
are shown in Scheme 2. The energetics and the geometries of the
different reaction pathways associated with reactions 1-5 are
collected in Tables 1-6 and in Figures 28, respectively. The
definition of the relative energies discussed in this section is
indicated in Figure 1. In the following subsections we shall
present and discuss separately the results obtained for each of
these reactions.

Nitromethane Nitronate plus Formaldehyde (Reaction 1): The
relevant differences in energy corresponding to this reaction are
given in Table 1, and the fully optimized stationary points are
depicted in Figure 2. Nitromethane nitronate (1a) is predicted

Abstract in Basque: Nitroaldol ( Henry ) erreakzioaren eredu des-
berdinen ab initio kalkuluak (MP4SDQ/6-31+G*//MP2(FU)/
6-31+G*+AZPVE teoria-mailaraino) egin dira. Nitronato
anioi askeek aldehidoekin erreakzionatzen dutela ikusi da, nitro
eta karbonil dipoloak elkarrekiko antiperiplanar leudekeen rrants-
iziozko egoeren bitartez. Erreakzio mota honek anti (erithro)
nitroalkoholak ematen ditu produktu nagusi. Litio nitronato eta
aldehidoen arteko Henry erreakzioa trantsiziozko egitura ziki-
ikoen bitartez gertatzen dela aurresaten da, produktu nagusi
syn nitroalkoholak emanez. Erreakzio hauetan estereokontrola
baxua da. Bilitiodun nitronato eta aldehidoen arteko erreakzioaren
estereoselektibitatean eragina duten faktoreak ere eztabaidatzen
dira.
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Reaction 1
CH,=NO,” + CH,0 —— TOCH.CH:NO, ——  HOGH,CH=NO,"
1a 2a 3a 4a
Reaction 2
o
H
= Me
CHgCH=NO;~ + CHaCHO —— Me +  Me” :
H £
NO, NO,
1b 2b 3b(syn) 3b(anti)
Reaction 3
CH,=NO,Li + 2a —_ CH,(OLi)CH,NO,
1c 3¢
Reaction 4
CHy=NO,Li - 2H,0 + 2a ——» CH,{OLi)CH,NO; + 2H,0
1d 3d
Reaction 5
[CHNO,2 2Li* + 2a ————» CHy(OLi)CH=NO,Li
1e 3e
Scheme 2. The five Henry reactions studied in this work.
1+2
0.00
AEFXH
3
AE=E(INT)-[E(1)+E(2)]
AAE
AE,=E(TS)-E(INT)
—
AEn=E(3)-[E(1)+E(2)] 4

AAE,,=E(4)-E(3)

Figure 1. Definition of the relative energies used in the present work. Structures
1-4 are defined in Scheme 2. The same substitution patterns apply to intermediates
INT and saddle points TS.

to be a planar C, -symmetric anion at both HF/6-31 + G* and
MP2(FU)/6-31 4+ G* levels of theory, in agreement with the data
reported by Wiberg.[2“) Interaction of 1a with formaldehyde 2a
leads without any activation barrier to the complex INTa
(Figure 2). This complex also has C,, symmetry and lies
13.47 kcalmol ™! below the reactants at the MP4SDQ/6-
31+ G*//MP2(FU)/6-31 + G* + AZPVE level. The saddle point
TS a associated with the C—C bond forming step has C, symme-
try, with a O6-C5-C2-N1 dihedral angle w of ca. 180° at both
HF/6-314+ G* and MP2(FU)/6-31 + G* levels. TSa and INTa
were confirmed to be associated with the same process by means
of an IRC analysis starting from TS a.l?”! The geometry of this
saddle point involves an antiperiplanar relative orientation be-
tween the nitronate and carbonyl dipoles. The C2—C5 distance
is 2.292 A at the latter level, a value similar to those calculated
for both sequential and pericyclic reactions involving formation
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Table 1. Differences in energy {a,bf (kcalmol™ ’) corresponding to reaction 1. Scheme 2 (nitromethane nitronate + formaldehyde).
HF6-31+G* MP2(FU);6-31 4+ G*// MP2(FU);/6-31 + G* MP3/6-31 + G*j/ MP4SDQ/6-31+ G*;/
HF6-31 + G* MP2(FU)/6-31 + G* MP2(FU)/6-31 + G*

AE, —13.16 —13.37 —13.06 - 7.79 —1347

AE, +15.66 + 2.99 + 2.28 + 717 + 6.88

AE,, —~ 5.05 —14.51 —~15.83 — 4.56 —12.22

AAE,,, —10.96 —10.52 — 9.04 —14.90 —10.57

{a} See Figure 1 for the definition of energy differences. [b] Zero-point vibrational energies are included.

6 1.236

‘1.249 Q
1107 X8

1152 . 106.4
2056/ 5.938
2.292 d

1.364

TSa 3a

1.412

4a

Figure 2. Fully optimized stationary points located in the reaction between ni-
tromethane nitronate and formaldehyde, computed at the HF/6-31+G* and
MP2(FU)/6-31 + G* (bold numbers) level. In this. and the remaining figures show-
ing ball-and-stick representations, unless otherwise stated, atoms are represented by
increased shading in the following order: H. C. N, and O. Bond lengths and angles
are given in A and deg, respectively.

of C—C bonds.*®2°! The C2-C5 bond index is 0.417, and the
NBA reveals that the formaldehyde moiety bears a net charge
of —0.34 at the expense of the nitronate. These results are com-
patible with a nearly ““halfway”, although slightly early transi-
tion structure. It is also interesting to note that the angle (C2-
C5-06) of attack over the sp? carbon of the aldehyde (&) is
115.27 at the MP2(FU)/6-31+G* level. The analogous angle
associated with the nitronate o (C5-C2-N1) is found to be
93.8" at the same level. The former value is in the range of the
angles of attack associated with the Biirgi—Dunitz trajecto-
ry.[3% We have not been able to locate TSs with a gauche rela-
tionship between the alkoxide oxygen and the nitro group. This
result is not surprising, since a strong Coulombic repulsion be-
tween the two groups is to be expected for these hypothetical
saddle points. At our highest level of theory, the Henry reaction
between nitromethane nitronate and formaldehyde in the gas

o]
[ 8]
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phase has an activation barrier from the complex INTa of
6.88 kcalmol ~!. This value lies between the HF/6-31 + G* and
the MP2(FU)/6-31 4+ G* results.

The reaction product 3a is calculated to be 12.22 kcalmol ™!
more stable than the reactants Ia and 2a at our highest level of
theory (see Table 1). It is interesting to note that our calcula-
tions yield AE,,, values that are comparable to those obtained
for AE,. Indeed, the C-C bond forming step is slightly en-
dothermic at the MP4SDQ/6-31 + G*//MP2(FU)/6-31 + G*
level. As a consequence, although the reaction as a whole is
exothermic, the step corresponding to the formation of the C—C
bond is reversible, and it is likely that this effect would be more
pronounced in solution. We have also found, however, that the
nitroalkoxide 3a can isomerize to the hydroxynitronate 4a (Fig-
ure 2). The latter is ca. 11 kcalmol ! more stable than 3a (see
the AAE,, values in Table 1}, and has a pseudocyclic structure,
because of strong hydrogen bonding between the H7 and O3
atoms. In fact, the shape of 4a is rather similar to that of 2-ni-
troethanol, although the intramolecular hydrogen bond is obvi-
ously weaker in the latter (Figure 3a). Therefore, 4a can act as
an energy trap and shifts the equilibrium toward the nitroaldol
products. In addition, this nitronate is thought to be involved in

b) (©)
anti (erythro) syn (threo)
+2.35 HF/6-31+G" 0.00
+2.65 MP2/6-31+G* 0.00
+2.46 MP3/6-31+G~ 0.00
+2.42 MP4SDQ/6-31+G* 0.00

Figure 3. Fully HF/6-31 + G* and MP2(FU)/6-31 + G* (bold numbers) optimized
structures of a) 2-nitroethanol, b) anri-3-nitro-2-butanol. and ¢) syn-3-nitro-2-bu-
tanol. Distances are given in A. Relative energies (kealmol ™ '), computed at several
theoretical levels on HF/6-31 + G* geometries, are also included.
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Table 2. Differences in energy [a.b] (kcalmol™ ') corresponding 1o reaction 2, Scheme 2 (nitroethane nitronate plus acetaldehyde).

HF/6-31 +G* MP2/6-31 + G*/; MP3/6-31 + G*/f MPASDQ/6-31 + G*//
HF/6-31+G* HF/6-31 4+ G* HF/6-31 4+ G*
AE, —12.81 —14.26 ~ 635 — 553
AL (syn) +20.80 (0.00) [c] + 4.42(0.00) [c] +11.86 (0.00) [c] +10.97 (0.00) [¢]
AE,(anti) +20.87 (—0.26) [c] + 4.59 (—0.16) [c] +11.96 (—0.23) [c] +11.08 (—0.22) [c]
AE, (svn) + 1.68 (0.00) [c] —12.31 (0.00) [c] 4+ 0.62 (0.00) [c] — 0,19 (0.00) []
AE,(anti) + 0.34 (—1.50) [c] —13.51 (—1.36) [¢] ~ 0.64(—1.42) [ — 145 (—1.42) [q]

[4] See Figure 1 for the definition of energy differences. [b] Zero-point vibrational energies, scaled by 0.89 and computed at the HF/6-31 + G* level, arc included. [¢] Relative
free energies (computed at 298.14 K with HF/6-31 + G* thermochemical data) with respect 1o the formation of the syn adduct.

polyalkylation reactions,”! although substituted nitronates
such as 4a are expected to be less reactive than 1a itself (vide
infra).

Nitroethane Nitronate plus Acetaldehyde (Reaction 2): The next
step in our study was to explore the Henry reaction between
monosubstituted nitronates and simple alkyl aldehydes. We
chose acetaldehyde 2b and the nitronate 1b derived from ni-
troethane as model substrates. The geometries of the stationary
points located for this reaction are reported in Figure 4, and the
corresponding relative energies are given in Table 2.

The complex associated with the reaction coordinate is INTb.
The complexation energy AE, for INTb is only — 5.53 kcalmol !
at our highest level of theory (Table 2), a value significantly
lower than that computed for the parent reaction. The saddle

w(N2-C3-C4-05)=167.9 ®(N2-C3-C4-05)=183.1

TSb(anti} TSh(syn)

1.543

3b(anti) 3b(syn)

Figure 4. Fully optimized (HF/6-31 + G* level) geometries of stationary points cor-
responding to reaction 2 (Scheme 2). Bond lengths and angles are given in A and
deg. respectively. Dihedral angles are given in absolute value.
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points associated with the formation of the C3--C4 bond are
TS b(anti) and TSb(syn), leading to the corresponding ervthro
and threo nitroaldols, respectively. It is found that 1b is less
nucleophilic than la, and that the activation energies from
INTbD are ca. 11 kcalmol ™! at the MP4SDQ/6-31 + G*//HF /6-
314 G* level, a value ca. 4 kcalmol ™! higher than that obtained
for the parent reaction. However, the shape of saddle points
TSb is very similar to that of TSa (Figure 1). In particular, the
relative orientation of the dipoles associated with the carbonyl
and nitro groups remains virtually antiparallel. Quite surpris-
ingly, the energy of TSb(anti) is calculated to be slightly higher
than that of TSb(syn),*Talthough the relative energies are very
close to each other. However, inclusion of vibrational enthalpy
and total entropy corrections leads to a difference in free energy
(298.14 K) of 0.22 kcalmol ~! at the MP4SDQ/6-31 + G*//HF/
6-314+G*+AZPVE + AH ;, + AS level, where TS b(anti) is the
saddle point of lowest energy. This result is in agreement, from
the point of view of stereocontrol, with the observation that the
counterion of the nitronate usually only plays a marginal or
negligible role in Henry reactions.[* 3-8% The higher energy of
the syn TS probably arises from the gauche relationship between
the alkyl (or aryl) substituents, since the alkoxy and nitro groups
should be antiperiplanar to each other. The TSs associated with
these reactions would then have the general geometry shown in
Scheme 3. The stereocontrol in these Henry reactions is expect-

8- 0~

O\N/O O\N/O
anti-«— H\/%\/ R E\%fH — syn
N
R T H RZ T H
O ¢]
&' &
Scheme 3. Possible gcometries of transition states associated with the reactions of
monosubstituted nitronates with aldehydes.

ed to depend upon the size of substituents R' and R2. It is also
noteworthy that the geometry of these transition states closely
resembles the structure of the hapten developed by Schultz et
al.l*?) for an antibody-catalyzed retro-Henry reaction.

The geomctries of the products 3b(anti) and 3b(syn) arc de-
picted in Figure 4. As expected, the shape of these nitroalkox-
ides is similar to that of 3a. Since the gauche interactions be-
tween the methy! groups in 3b(syn) are higher than in TSb(syn),
the difference in energy between the two diastereomers of 3b is
more pronounced than in the saddle points TSb. This difference
in free energy is computed to be 1.42 kcalmol = at our highest
level of theory, with the anti alkoxide being more stable. How-
ever, the corresponding neutral syn nitroalcohol is found to be
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Table 3. Differences in encrgy [a,b] (kcalmol ™ ') corresponding to reaction 3, Scheme 2 (nitromethane lithium nitronate plus formaldehyde).

HF/6-31 + G* MP2/6-31+G*//

MP2/6-31 + G*

MP3/6-31 +G*); MPASDQ/6-31 + G*/;

HE/6-31 + G* MP2/6-31 + G* MP2/6-31 + G*
AE, ~16.70 —17.83 —17.61 —17.93 —17.64
AF, +28.96 +16.82 +11.14 +20.81 +19.93
AE,, — 574 —15.17 ~16.28 ~10.35 —11.31

[a] See Figure 1 for the definition of energy differences. [b] Zero-point vibrational energies, scaled by 0.89 and computed at the HF/6-31 + G* level, are included.

ca. 2.5 kcalmol ™! more stable than its anti isomer, because of

the presence of intramolecular hydrogen bonds, which stabilize
pseudocyclic structures for these compounds (Figure 3b,c).

Finally, it is worth mentioning that our calculations suggest
that the reaction between nitronate 1b and acetaldehyde (2b) is
approximately thermoneutral, the value of AE_ being only
—1.45 kcalmol ™! for the anti nitroalkoxide at our highest level
of theory. We can therefore conclude that the Henry reaction
between substituted nitroalkanes and carbonyl compounds is
more difficult than the parent reaction from both kinetic and
thermodynamic standpoints. This result is in agreement with the
difficulties observed in Henry reactions between highly substi-
tuted carbonyl compounds and/or nitronates.*!

Nitromethane Lithium Nitronate plus Formaldehyde (Reac-
tion 3): This model reaction was selected to explore the effect of
a metallic center along the reaction coordinate. The geometries
of the stationary points located are collected in Figure 5, and the
associated relative energies are reported in Table 3.

7 TS (1.269)

3¢

Figure 5. Fully HF/6-31+ G*, MP2(FC)/6-31 + G* (bold numbers), and B3LYP/
6-31 + G* (numbers in parentheses) optimized geometrics of stationary points cor-
responding to reaction 3 (sec Scheme 2). Distances are given in A.
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We first optimized the structure of nitromethane lithium ni-
tronate at both HF/6-31 4+ G* and MP2/6-31 + G* levels. Ac-
cording to our results, monomeric 1¢ is predicted to have C,,
symmetry. The general features of this stationary point are in
agreement with X-ray data available for a recently described
symmetric potassium nitronate.”*3! Boche et al. have reported
the crystal structure of the polymeric aggregate [a-nitrobenzyl-
lithium —ethanol],,**! as a model for lithium nitronate/protic
solvent interaction. This complex has an infinite ribbonlike
structure including Li-O-N-O-Li-O six-membered rings. In our
study, however, we considered only the reaction with monomer-
ic lithium species. Previous computational studies!?®:*31 suggest
that models based upon monomeric enolates account reason-
ably well for the main features of the reaction between enolates
and electrophilic double bonds. The reaction profiles associated
with oligomeric structures will be the subject of further work.
Our calculations on 1c¢ indicate that the interaction between the
lithium atom and the oxygen atoms of the nitro group is electro-
static in nature. Thus, the energy density [H(r )] at the critical
points of the Li—-O bond yields a positive value, namely.
Hir)) = + 0.014 au, which is indicative of an ionic bond.t3% 37!
Moreover, the presence of the lithium cation has a significant
effect on the nitronate counterion.”® Thus, our calculations on
1¢ at the MP2/6-31+ G* level yield a C=N bond length of
1.312 A, whereas in 1a this value is 1.348 A. A complementary
increase in the N-O bond lengths is observed from 1a to Ic.
The NBA charge at the C atom in 1¢ is —0.190, whereas in 1a
it is —0.471. The oxygen atoms of the nitronate moiety in le
and 1a have NBA charges of —0.795 and —0.707, respectively.
These results indicate that the Coulombic interaction between
the nitronate and the lithivm cation promotes a higher localiza-
tion of the charge at the oxygen atoms, and the carbon atom of
the nitronate is therefore less nucleophilic. Schleyer et al. have
observed a similar effect in acetaldehyde enolates.'*%!

We also located a complex INTc, formed from the inter-
action between 1lc¢ and formaldehyde. This complex lies
17.64 kcalmol ~ ! below the reactants at our highest level of the-
ory (Table 3). Compilexes of this type have been reported in the
reaction between enolates and electrophiles, 2% 49
cases crystallographic structural data arve available.[* 1 Tt is note-
worthy that our calculations at both the HF/6-31+G* and
MP2/6-31 + G* levels on INTc¢ yield a structure in which
formaldehyde interacts with 1¢ through a lone pair instead of
through the dipole (Figure 5). This result contrasts with those of
other calculations on lithium complexation with aldehydes, in
which linear structures are predicted.[?8- 40421

The transition structure associated with this reaction is TS¢
(Figure 5). At the HF/6-31 + G* level, this saddle point shows a
sofa conformation, the Li6, O1, C2, C4, and OS5 atoms being
nearly coplanar. It is noteworthy that the lithium atom is only

and in some
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Table 4. Relative energies [a,b] (kcalmol ") of the transition structures depicted in Figure 6.

TS Isomer HF/6-31 +G* MP2/6-31 + G*// MP3/6-31 +G*// MP4SDQ/6-31 +G*j/  BILYP/6-31+G*
HF/6-31 +G* HF/6-31 + G* HEF/6-31 + G*

TSee syn 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 [0.00]

TSea anti 0.27 (0.23) 0.43 (0.46) 0.28 (0.25) 0.32 (0.28) 0.17[0.39]

TSue anti 0.97 (1.22) 0.03 (0.28) 0.33 (0.58) 0.23 (0.48) 0.65 [1.33]

TSaa sen 0.88 (1.02) 0.08 (0.23) 0.25 (0.40) 0.14 (0.28) 1.44 [1.88]

{a] Numbers in parentheses correspond to differences in free energy computed at 298.14 K with HF/6-31+G* thermochemical data. [b] Numbers in square brackets
correspond to differences in free energy computed at 298.14 K with B3LYP/6-31+ G* thermochemical data.

coordinated to one oxygen of the nitro group (O1 in Figure 5).
This saddle point is similar to those reported for aldol reactions
involving lithium enolates.?8 4%-43] The bond index between
C3 and C4 is 0.307 at the HF/6-31 + G* level, a value lower
than those found for TS a and TSb. However, the shape of TS¢
is quite different at the MP2/6-31 +G* and B3LYP/6-31 + G*
levels, as can be seen by inspection of Figure 5. This saddle point
exhibits a distorted chairlike geometry, in which lithium is coor-
dinated to the three oxygen atoms. In particular, the bond
lengths 1i6-0O1 and Li6-07 are quite similar to each other,
and the absolute values of the dihedral angles between the N2,
C3,C4, and O5 atoms are 27.5 and 21.7° at the MP2/6-31 + G*
and B3LYP/6-31 + G* levels, respectively. The activation ener-
gies from INTc and from the separate reactants are 19.93 and
2.29 kcalmol !, respectively (MP4SDQ/6-31+ G*//MP2/6-
31+ G*+ AZPVE data, Table 3). These values are significantly
higher than those obtained for the Henry reaction involving the
free nitronate (vide supra). It is to be expected that this lower
reactivity of 1¢ would be less significant in a solvated system.
This particular aspect will be discussed below.

Finally, we characterized the reaction product 3¢, in which
the chief geometric features of TSc at HF/6-31+G* level,
namely, sofa conformation and bicoordination of lithium, are
preserved at both HF/6-31 + G* and MP2/6-31 + G* levels. The
reaction 1¢ +2a — 3¢ is predicted to be exothermic, the AE,,,
values being comparable to those computed for reaction 1 (see
Tables 1 and 3). These values are lower than those reported for
lithium-mediated aldol reactions.[**

We also computed the transition structures associated with
the Henry reaction between the lithium nitronate of nitroethane
and acetaldehyde. Given the size of these systems and the con-
vergence of the MP2/6-31 - G* and B3LYP/6-31 +G* results
obtained for TS¢, the geometry optimizations were performed
only at the HF/6-31 + G* and B3LYP/6-31 + G* levels. The re-
sulting structures of these saddle points are reported in Figure 6,
and their relative energies are collected in Table 4. In contrast to
the results obtained for TSc¢, the geometrical features of these
latter saddle points are quite similar at both HF and B3LYP
levels. In particular, the lithium atom is strongly coordinated to
only one oxygen of the nitro group even at the B3LYP level. This
is because the tricoordinated structure of TSe¢ at the MP2 or
B3LYP levels (Figure 5) induces a partial eclipsing between the
methylene protons at C2 and C 3. In the case of the TSs included
in Figure 6, the presence of the bulkier methyl groups favors
sofa geometries in order to minimize the Pitzer strain. There-
fore, the tricoordinated geometry of TSc¢ seems to be particular
to the simplest case, that is, to the 1¢ +2a — 3¢ process. Ac-
cording to our calculations, the TS of lowest energy is associated
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TSee TSea

TSae TSaa

Figure 6. Fully HF/6-31 4+ G* and B3LYP/6-31+ G* (in parentheses) optimized
geometries of transition structures associated with the C -C bond forming step in
the reaction between nitroethane lithium nitronate and acetaldehyde. Distances are
given in A.

with the syn diastereomer, although the stereocontrol in this
model reaction is quite low. It seems likely that increasing the
bulk of the susbtituents of the reactants or that of the ligands
bound to the metal would result in a higher stereocontrol in
favor of the syn nitroaldols.

Solvated Nitromethane Lithium Nitronate plus Formaldehyde
(Reaction 4): We selected this model reaction in order to explore
the solvation effects on the metal-assisted Henry reaction. We
found two solvated complexes for lithium nitronate 1¢. The first
one, denoted as INTd in Figure 7, has two water molecules (as
models for an ether solvent) interacting with the lithium atom.
The energy density at the critical points associated with the
Li—O pairs reveals that this interaction is again electrostatic in
nature. According to the computed NBA charges for INTd at
the HF/6-31 + G* level, the two water molecules have a bulk
charge of +0.036. Coordination of the two water molecules
results in a lowering of the charge at lithium, and a concomitant
increase in that at the carbon atom of the nitronate, which
enhances its nucleophilicity. The charge on this carbon atom
is —0.221, a value between the corresponding values in 1a and
lc. We also located another solvated intermediate, labeled
INT’d in Figure 7. This intermediate also exhibits a distorted
tetrahedral environment for the lithium atom, but incorporates
only one water molecule. Given the higher basicity of sp*-hy-
bridized with respect to the more electronegative sp*-hybri-
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INTd INT'd

2.116

Tsd 1q

Figure 7. Fully HF/6-31+G* optimized geomctries of stationary points corre-
sponding to reaction 4 (see Scheme 2). Bond distances and angles are given in A and
deg.. respectively.

dized oxygen atoms, it was expected that the INT'd + H,O
ensemble would be less stable than INTd + 2a. This was indeed
found to be the case, and our complexation energies are lower
for the former intermediate than those found for the latter
(Table 5). For example, INT’d +H,O is predicted to be
1.19 kcalmol ™! higher in energy than INTd +2a at the
MP4SDQ/6-31+ G*//HF/6-31 + G*+ AZPVE level. Interest-
ingly, our calculated value for AE, is —33.75 kcalmol !
(MP4SDQ/6-31 + G*//HF/6-31 + G* + AZPVE results, Table 5),
a value similar to the enthalpy of solvation associated with
related ion—molecule clusters.*>]

Table 5. Differences in energy [a,b] (kcalmol ™ ') corresponding to reaction 4.

HF/6-31+G* MP2/6-314+G*// MP3/6-314+G*// MP4SDQ/6-31 + G*//

HF/6-31+G*  HF/6-31+G*  HF/6-31+G*
AE. ~-2880[c]  —34.51]c —34.02 [c} —33.75[c]
AE. —2826[d]  —33.14[d] —32.87 [d] —32.56 [d]
AE, +11.14 ~ 602 + 162 + 145
AE,, ~3439 —51.87 —46.58 —46.66

[a] See Figure 1 for the definition of encrgy differences. [b] Zero-point vibrational
energies, scaled by 0.89 and computed at the HF/6-31 + G* level, are included.
[c] Complexation energy computed as AE, = E(INTd)—{[E(1¢)+2 E(H,0)].
[d] Complexation energy computed as AFE, = EQONT'd)—[E(1c)+ E2a) +
L(H,0)].

The transition structure TSd associated with this reaction is
predicted to have a chair conformation even at the HF/6-
31+ G* level, with the lithium atom coordinated to two water
molecules, to the oxygen atom of 2a, and to one oxygen atom
of the nitronate moiety. The C4-C35 bond order at the HF/6-
31+ G* level is calculated to be of 0.374. Given the electrostatic
tetracoordination of lithium and the higher nucleophilicty of
INTd, the activation barrier is lower than that found for the
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preceding reaction. The calculated value of AE, is of only
+1.45 kcalmol ™! at our highest level of theory (Table 5).

The O-lithiated product of this reaction is 3d (Figure 7) in
which the lithium atom has the same coordination pattern pre-
viously found for TSd. Again, the conformation of this reaction
product is calculated to be sofalike. The reaction energy of 3d
with respect to the nonsolvated nitronate le and 2a is
—46.66 kcalmol ™! at our highest level of theory. However, if
we consider the solvated nitronate INTd and 2a, this value is
only —12.91 kcalmol ™! and is thus comparable to that ob-
tained in aldol reactions with presumably tetracoordinated lithi-
um enolates. 44!

In summary, we can conclude that the Henry reaction be-
tween monometalated nitronates and carbonyl compounds
takes place via chairlike transition states, in which the lithium
atom is in a tetrahedral environment. If solvation is considered,
the activation barriers are expected to be lower than those ob-
tained for the Henry reaction involving the free nitronates. Un-
der these conditions, stereocontrol does not appear to be very
high, since important factors present in the aldol reaction
(namely, bulky susbtituents in esters and ketones, (E)/(Z) iso-
merism in enolates) cannot operate here. In any case, it is expect-
ed that inclusion of bulky ligands in the coordination sphere of
a metal might result in higher stereocontrol in favor of syn-ni-
troalcohols, in agreement with the results reported by Shibasaki
et al.l’T The reaction would then proceed via a saddle point in
which the substituents of the reactants occupy equatorial posi-
tions (vide supra). The general model is represented in
Scheme 4.

eq.
3y
Rl _~O0—ML,

A ——
R? %N/O

HO\ ML,
?q, \y— (ML)

syn-nitroalcohols

Scheme 4. Increase in syn selectivity by means of metals coordinated to bulky
ligands L.

Nitromethane Lithium Lithionitronate plus Formaldehyde (Reac-
tion 5): This reaction was selected to model the well-known
Seebach methodology involving the reaction between doubly
deprotonated nitroalkanes and carbonyl compounds. The sta-
tionary points located at the HF/6-31 + G* level are depicted in
Figure &, and the corresponding relative energies are reported in
Table 6.

Table 6. Diffcrences in cnergy [a,b] (kcalmol ') corresponding to reaction 5
(nitromethane lithium lithionitronate plus formaldehyde).

HF/6-31 4+ G* MP2/6-31 +G*// MP3/6-31 +G*// MP4SDQ/6-31+ G*//

HF/6-31+G*  HF/6-31+G* HF/6-31+G*
AE,  —1642 —17.75 —18.07 ~17.80
AE.  —15.02 —15.76 {c] —16.18 {c] ~15.95 [c}
AE,  + 559[d]  + 2.18[d] + 3.60 [d] + 3.46(d]
AE,, —40.23 —44.80 ~45.36 —43.35
AAE,, +22.62[]  +19.64 [¢] +21.51 [e] +20.95 [¢}

[a] See Figure 1 for the definition of energy differences. [b] Zero-point vibrational
energies, scaled by 0.89 and computed at the HF/6-31 + G* level, are included.
[c] Complexation energy computed from INT’e (see Figure 8). [d] Computed as
AE, = E(TSe)— E(INT’e) (see text). [e] Computed as AAE,,, = E(3’e) — E(3e) (see
Figure 8).
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Figure 8. Fully HF/6-31 + G* optimized geomectries of stationary points corre-
sponding to reaction 5 (see Scheme 2). Bond distances are given in A.

Nitromethane lithium lithionitronate (1e) is predicted to have
a planar C,-symmetric structure at the HF/6-31 4+ G* level (cf.
Figure 8). The Li 3 atom is bound to both the C2 and O 4 atoms.
The analysis of the gradient of the electron density in the result-
ing cyclic structure reveals that there is a (3, +1) ring point
corresponding to the N 1-C2-Li 3-O4 system. Similarly, there is
another (3, +1) ring point between the OS5, N1, O4, and Li6
atoms. The NBA analysis also reveals that the C2-Li3 bond is
less electrostatic than the Li—O bonds, since for the former
H(r)) = + 0.006 au. The NBA charges for the Li3 and Li6
atoms are +0.911 and +0.946, respectively. In addition, the
charge on the C2 atom is —0.448, a value much higher than that
found for nitromethane lithium nitronate (1¢). This results in a
highly nucleophilic nitronate species.

There is a local minimum in the HF/6-31 + G* energy hyper-
surface of this reaction, labeled INTe in Figure 8, in which the
formaldehyde molecule is bound to the Li6 atom. The geomet-
rical features of this complex are similar to those found for
INTc, with an almost linear arrangement between the two lithi-
um-—oxygen pairs. We also found another intermediate, denoted
as INT’e in Figure 8. In this complex, the formaldchyde mole-
cule interacts with the Li3 atom. This intermediate is calculated
to be less stable than INTe at all levels of theory. For example,
at our highest level, INT’e lies 1.85 kcalmol~! above INTe
(Table 6). This result can be explained by taking into account
the slightly lower charge on Li3 than on Li6 (vide supra); con-
sequently, the Coulombic interaction between 1e and 2a is not
so well stabilized in INT"e.

The transition structure TSe, leading to formation of the
C8-C2 bond, is also depicted in Figure 8. The shape of this TS,
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which has C, symmetry, is closely related to that of INT’e. In
addition, the IRC analysis for TSe connects this saddle point
with INT’e and not with INTe.l?” The bond index between the
C2 and C8 atoms is 0.282 at the HF/6-31 + G* level. In this TS,
the Li3 atom is still bound to C2, at a distance of 2.275 A. The
angle of attack at the aldehyde, that is, the C2-C8-O7 bond
angle, is 109.4°, a normal value for addition reactions at car-
bonyl compounds. TSe is only 3.46 kcalmol ™! above INT’e at
our highest level of theory. This is a much smaller value than
that obtained for the reaction between 2a and the unsolvated
nitromethane lithium nitronate (1¢) (cf. reaction 3), and can be
explained in terms of the higher nucleophilicity of 1e. This result
is in agreement with the reported experimental evidence, since it
has been found that doubly deprotoned nitronates are able to
react with carbonyl compounds of relatively low electrophilicity
such as ketones.[®)

We located two reaction products from the interaction be-
tween le and 2a. The first one is labeled 3e in Figure 8 and has
two dicoordinated lithium atoms. In particular, the Li3 atom is
bound to O7 and O4, thus forming a six-membered ring. The
other complexed product, 3’e, also has a plane of symmetry, but
its geometry involves an antiparaliel arrangement between the
alkoxide and nitronate dipoles. In this latter complex, the Li3
atom is bound only to O7. As a consequence, its energy is
significantly higher at all the levels of theory included in our
study (see the AAE,_ values in Table 6). The IRC analysis re-
veals that the reaction product corresponding to TSe is 3e. No
TS connecting INT’e or INTe with 3e could be located.l?”
Therefore, if substituted species of type 3, such as those repre-
sented in Scheme 5, are protonated by /k attack, stereoselective

0O—ML, R'

, fH
Hom, \o Y L wo—s o
R* — 7\ - — - 7\
N Mie NE N MLy,
R? e} R? \o/
3 3
‘H* (/k-attack) ‘ H* (utattack)

antrnitroaicohol
(t-product)

syn-nitroalcohol
(Fproduct)

Scheme 5. Possible alternative protonation pathways for alkoxide nitronates 3 and
3 to yield anti and syn-nitroalcohols, respectively.

formation of the corresponding anti-nitroalcohol would be ex-
pected. This s the case when mixed silyl—-lithium derivatives are
used (M = Li, M’ = Si; Scheme 5). However, in the case of
dilithiated complexes (M = M’ = Li), Seebach et al. observed
stercoselective formation of the corresponding syn-nitroalco-
hols.[*! These authors also noted that appropriate cosolvents
such as hexamethylphosphoramide (HMPA) are required to ob-
tain good stereocontrol. This highly coordinating additive could
shift the equilibrium from 3 to 3 (L' = HMPA, Scheme 5) thus
favoring the formation of the syn-nitroalcohol through u/ proto-
nation of 3. Another possibility is that these complexes are pref-
erentially protonated at oxygen (M = H, Scheme 5). In this case,
the syn-nitroalcohol should be favored owing to imtramolecular
hydrogen bonding (cf. Figure 3). For silicon derivatives (M’ = Si)
the anti-nitroalcohol would be the more stable stereoisomer.
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Conclusions

From the ab initio calculations reported in this paper, the fol-
lowing conclusions can be drawn:

D

2)

(98]
~—

The Henry reaction between anionic nitronates and alde-
hydes takes place via antiperiplanar transition states, in
which the carbonyl and nitro dipoles are antiparallel to one
another. This leads to the preferential formation of anti ni-
troalcohols. Substitution at both the nitronate and the car-
bony! compound increases the activation barrier and the
reversibility of the reaction.

The reaction between monometalated nitronates and car-
bonyl compounds takes place via cyclic transition structures
having chairlike conformation. The favored product in this
case is the syn-diastereomer, although effective stereocontrol
is difficult. Solvation of the metal is important in order to
increase the nucleophilicity of the nitronate.

The reaction with dimetalated nitronates has much lower
activation barriers, and Henry reactions with less elec-
trophilic carbonyl compounds, such as ketones, are thus pos-
sible. The anti or syn nitroalcohols should be formed prefer-
entially depending on whether the cyclic or open metalated
adducts are protonated.
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