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2-Oxopiperazines and their derivatives are important pharmacophores found in numerous bioactive
products. The potency of these compounds depends on the nature and/or position of their substituent
(s) as well as on their chirality. Hence, it is important to develop, control and optimize synthetic routes
leading to enantiomerically pure substituted 2-oxopiperazines. In this work we report on the origin of
this stereoselectivity, upon alkylation of 2-oxopiperazines at position C3, studied by means of quantum
chemistry calculations. Indeed, this alkylation with methyl chloride is predicted to afford mainly the
exo product with a 98:2 ratio. To this purpose, we model the reaction path leading to both enantiomers
by scrutinizing the structures and energetics of the pre-reaction complexes, the transition states and the
post-reaction complexes. The computational results are in good agreement with the experimental obser-
vations, and provide valuable insights into the origins of this specificity. From the conformational anal-
ysis of the piperazine ring and of intramolecular interaction patterns, we show that the enantiofacial
discrimination is achieved by a subtle balance between sterical hindrance and control of the conforma-
tion of the piperazine ring.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Piperazines, symmetrical cyclic 6-ring molecules containing
four carbon atoms and two nitrogen atoms at opposing position
(see Fig. 1a), represent a broad class of chemical compounds with
many pharmacological properties and applications. Molecules fea-
turing a piperazine scaffold have been reported to have diverse bio-
logical activities (antihistaminic, antihelmintic, anticancer,
antidepressant, antifungal, antibacterial, . . .) depending on their
substitution [1–9]. Indeed, piperazines can be substituted at nitro-
gen or carbon atoms, conferring the newly formed molecule with
specific activities. For instance, simple N-substituted piperazines
can be found in numerous drugs and/or recreational drugs [10].
While substituting a piperazine on a nitrogen atom remains rather
easy, a stereo-controlled substitution on a carbon position remains
quite a challenge to organic chemists. Methods used for the
preparation of asymmetric substituted piperazines include enan-
tioselective hydrogenation [11], stereoselective alkylation of
2-oxopiperazines using a chiral auxiliary [12–17], a-lithiation
mediated by chiral ligands such as (�)-sparteine [18,19] or synthe-
sis from a chiral pool of compounds such as naturally occurring
amino acids [20–23]. Nowadays, because of numerous recurrent
positive hits in screenings, piperazine derivatives and especially
their keto analogues are considered as important and privileged
scaffolds in medicinal chemistry [24]. In this paper, we will focus
on 2-oxopiperazines (or piperazin-2-ones, i.e., piperazines featur-
ing a carbonyl function at position 2, see Fig. 1b) and their chiral
syntheses and/or substitutions. Although less frequently employed
in pharmaceutical chemistry, oxopiperazines [25] are important
pharmacophores particularly found in bioactive drugs used in cen-
tral nervous system therapies [26], used tomimic inverse c-turns in
peptides [27], or as efficient chiral ligands in enantioselective catal-
ysis [28]. Rhodotorulic acid (N-[3-[5-[3-[acetyl(hydroxy)amino]pro
pyl]-3,6-dioxopiperazin-2-yl]propyl]-N-hydroxyacetamide, see
Fig. 1c), for instance, a natural iron chelator produced by Rhodotor-
ula pilimanae [29], features two asymmetric centers at position 3
and 6 with identical configurations. Swapping of one of those chi-
ralities impacts the formation (rate and spatial arrangement) of
the corresponding iron complexes [30,31]. Hence, when considering
2-oxopiperazine derivatives, it is of paramount importance to mas-
ter enantioselective synthesis routes, as the presence and chirality
of substituents at the different positions of the piperazine heterocy-
cle have a direct and significant influence on the biological activity.

Our group is specialized in asymmetric substitution of
2-oxopiperazines at various C-positions and stereosynthesis of
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Fig. 1. Structure of a piperazine (a), a 2-oxopiperazine (b) and rhodotorulic acid (c).
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polysubstituted oxopiperazines [32,33]. We have, in particular,
proposed a new pathway to chiral 3-substituted-2-oxo-
piperazines based on a stereoselective alkylation of 1,4-disubstitu
ted-2-oxopiperazines with different electrophiles (BnBr, CH3Cl,
. . .) by using a chiral alcohol inductor grafted to N1 (Scheme 1).
While such syntheses are now routine and afford C3-1,4-disubstitu
ted-2-oxopiperazines with high yields and diastereomeric excesses
(>96%), the mechanisms underlying this stereospecificity are still
unclear. To address this shortcoming, we study the C3-alkylation
of 1,4-disubstituted-piperazin-2-one (10R)-1 using quantum chem-
ical methods. To alleviate the cost of accurate calculations on these
molecules, we use methyl chloride as a model electrophile
(Scheme 2). We focus on the impact of (i) reaction energetics, (ii)
transition states structures and (iii) reaction paths on alkylation
stereospecificity. Similar studies have already been performed on
piperidine [34–36] and piperidone [37] derivatives but to the best
of our knowledge, no such studies have ever been performed on
oxopiperazine derivatives.
2. Methods

2.1. Models

We wish to make it clear that the species chosen as targets of
our computational study may not correspond to the actual reactive
Scheme 1. Alkylation of 2-oxopi
intermediates present in solution and described in Scheme 1. Upon
addition of a strong base such as LDA on reactant 1 in THF, depro-
tonation of both the hydroxyl function and position C3 will likely
occur; the reactive species thus formed would present two anionic
sites, which would subsequently be chelated by lithium. The
hydroxyl function, being more acidic, is deprotonated before the
C3 position and thereby binds lithium first. Micouin et al. proposed
a potential mechanism involving a transition state featuring two
lithium cations to explain the exo preference of the reaction [38].
Modeling the reactive species using two anionic sites or chelated
by two lithium cations did not seem desirable as the incoming
methyl chloride and/or the Li+ would not be able to discriminate
between the two reactive sites and consequently either aggregate
or repulse one another. Moreover, it is known that lithium conju-
gates used in organic synthesis (organolithium reagents, lithium
enolates, . . .) form oligomers that can only achieve sufficient stabi-
lization via interactions with other molecules that help fulfill the
octet rule on lithium [39,40] (e.g., solvents such as THF); yet the
choice of the number of solvent molecules to explicitly include in
quantum chemistry calculations, as well as their placement around
lithium, raise difficult practicality issues. Hence, as a first step
toward the understanding of the stereospecificity of the reaction,
we have chosen not to introduce lithium (whether in form of single
ions or aggregated with THF molecules) in our initial model, but to
retain the hydroxyl group in the reactant. This simplified model
provides a cost-effective approximation of the actual reactive spe-
cies, considering that the hydrogen atom belongs to the first group
of the periodic table. Nevertheless, it has been suggested [38,41]
that in such systems, coordination with a Li+ cation may be the
key factor in the stereospecificity; to ascertain whether this is
the case, we performed an additional series of calculations with
an actual lithium atom (in place of the hydroxyl hydrogen) bridg-
ing the two anionic sites together. The presence of the second
lithium atom in the calculations is not mandatory, as it does not
influence the stereoselectivity. This fact was demonstrated by a
perazine (10R)-1 and (10S)-1.



Scheme 2.

(a) (b)

Fig. 2. Intramolecular hydrogen bonding patterns. (a) HB-1 and (b) HB-2.
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series of experiments [42] and by theoretical studies [37] on sys-
tems featuring one negatively charged oxygen.

3. Computational details

All calculations were performed using the Gaussian 09 program
[43]. Full geometry optimizations were performed in the gas phase
with the hybrid B3LYP density functional method [44–46] using
the 6-31+G⁄ basis set, which represents a good compromise
between accuracy and computational cost. Indeed, considering
the large size of the systems, using higher-level methods for full
optimization would not have been cost-effective. When men-
tioned, single point MP2/6-31+G⁄ calculations were subsequently
undertaken to determine the relative energies of the different
products formed during the alkylation reactions. Frequency calcu-
lations were performed to verify the true nature of stationary
points. Vibrational frequency calculations gave only one imaginary
frequency for all transition structures, confirming their saddle-
point nature, whereas all other structures were verified as minima
with all-positive frequency values. Zero-point, thermal and entro-
pic corrections at a pressure of 1 atm and a temperature of 195 K
(unless otherwise specified) were added to the electronic energies
to calculate the Gibbs free energies in the gas phase. Basis Superpo-
sition Set Errors (BSSE) can be neglected in calculations of such sys-
tems as discussed in Refs. [35,37]. Intrinsic Reaction Coordinate
analyses have been conducted to obtain the pre-reaction and
post-reaction complexes connected to a transition state. The quan-
tum theory of atoms in molecules (QTAIM) derived data were cal-
culated with the Multiwfn software [47].

To estimate the influence of solvation, SCRF continuum calcula-
tions were performed at the B3LYP/6-31+G⁄ level of theory. Calcu-
lations were performed in water (e = 78.3553), n-octanol
(e = 9.8629), tetrahydrofuran (e = 7.4257), chloroform (e = 4.7113)
and carbontetrachloride (e = 2.2280) to estimate the effect of the
increasing polarity of the solvent.

4. Results and discussion

The stereoselectivity of the alkylation in position 3 of 2-
oxopiperazine (10R)-1 was examined. To this purpose, the reaction
of the enolate derived from (10R)-1 with methyl chloride as the
electrophile was investigated (see Scheme 1) in the gas phase as
well as in solution. In a first step, conformational searches of the
different reactants ((10R)-1 and the enolate derived from (10R)-1)
and products ((10R,3S)-2 exo and (10R,3R)-2 endo) have been per-
formed in the gas phase, which led to two representative families
of isomers, located within a range of 10 kcal mol�1 and showing
different intramolecular hydrogen bonding patterns involving the
hydroxyl function of the piperazine ring (see Fig. 2), namely HB-
1 and HB-2. HB-1 refers to the interaction between AOH and the
carbonyl function AC@O of the piperazine ring, whereas HB-2
refers to the interaction between AOH and the ether function
ACAOACA of the AOBn group.

While the most stable structure for (10R)-1 is based on pattern
HB-2, the HB-1 pattern is found in the most stable structures for
the enolate and both the products. The free energy differences G
(HB-1) � G(HB-2) in the gas phase are +0.5, �8.1, �2.0 and �0.6
for (10R)-1, the enolate of (10R)-1, the exo product and the endo pro-
duct, respectively. It has to be acknowledged that the position/
direction of the OBn substituent does not alter the global stability
as many conformers differing only by the OBn position lie within
less than 1 kcal mol�1.

Energy and free energy differences when considering the most
stable structure of each compound (reactant: enolate from (10R)-
1 and products (10R,3S)-2 and (10R,3R)-2) are reported in Table 1.
These results indicate that the ((10R,3S)-2, i.e., exo) product is
always favored, independently of the calculation method used.
B3LYP and MP2 methods provide comparable results when consid-
ering the gas phase, but the latter predicts a slighter stabilization of
the exo product in solvent. Solvation free energies are of the same
magnitude than that in the gas phase, indicating that stereoselec-
tivity is unaffected by the polarity of the solvent. Experimentally,
the (10R,3S)-2:(10R,3R)-2 ratio is at least 98:2 [32,33], which
implies a free energy difference of at least 1.5 kcal mol�1 under
experimental conditions (1 atm, �78 �C).

In order to investigate the influence of kinetic effects in the
stereoselective alkylation of (10R)-1, the free energies of the transi-
tion states and their respective pre- and post-reaction (abbreviated
as PreRC and PostRC, respectively in the remainder of the text)



Table 1
Energy and free energy differences (in kcal mol�1) of separated products computed at
the B3LYP/6-31+G⁄ and MP2/6-31+G⁄ levels of theory at a temperature of 298 K and a
pressure of 1 atm. DE energies are ZPE corrected.

Gas phase CCl4 CHCl3 THF n-Octanol Water

D(E + ZPE) DG DG DG DG DG DG

B3LYP/6-31+G⁄

2 exo �33.6 �29.2 �45.3 �50.6 �51.9 �52.5 �53.1
3 endo �31.5 �27.3 �43.9 �48.8 �50.3 �51.0 �51.7
D 2.1 1.9 1.4 1.8 1.6 1.5 1.4

MP2/6-31+G⁄

2 exo �39.8 �33.4 �55.9 �50.5 �57.4 �58.0 �59.4
3 endo �37.5 �31.6 �54.0 �48.7 �55.5 �56.1 �57.4
D 2.3 1.8 1.9 1.8 1.9 1.9 2.0

Table 2
Free energy differences (in kcal mol�1) at a temperature of 195 K and a pressure of
1 atm of Pre-Reaction complexes, Transition States and Post-Reaction complexes for
RP1 in the gas phase and in solution.

Solvent Approach Pre-RC TS Post-RC

Gas phase exo 0.0 10.3 �45.0
endo 1.4 12.7 �40.0

CCl4 exo 0.0 7.4 �49.7
endo 0.2 9.4 �46.1

CHCl3 exo 0.0 8.6 �50.1
endo 0.6 9.4 �49.0

THF exo 0.0 8.5 �50.4
endo 0.8 9.0 �49.8

n-Octanol exo 0.0 8.5 �50.5
endo 0.9 8.7 �50.3

Water exo 0.1 7.5 �52.0
endo 0.0 8.5 �51.5
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complexes have to be evaluated. In principle, many conformations
should be considered, but as previously mentioned, conformational
searches of the free enolate followed by clustering generated two
main families of structures differing by the nature of their
intramolecular hydrogen bond. Within these families, two sub-
groups emerged according to the conformation of the piperazine
ring and the position of the AOBn substituent, hence eight differ-
ent enol conformations. Representative geometries of the two fam-
ilies with their sub-structures are represented in Figs. SI1 and SI2
along with their relative energies. The transition structures for
both exo and endo attacks of methyl chloride based on these eight
families of conformers were located and in all cases the exo TS
were more stable than the endo ones. The most stable enols for
each families present an additional stabilization due to an interac-
tion with the AOBn group. However, it is interesting to note that,
depending on the intramolecular HB pattern considered, the most
stable enols do not present the same piperazine cycle conforma-
tion. Hence, based on these considerations, we have selected two
structural matching structures (one from each HB family) that
seemed the most appropriate from a chemical point of view, fea-
turing: (i) a ‘‘free” AOBn moiety, so as to avoid interaction with
the reactive site and not to favor one attack over the other because
of obvious steric hindrance upon approach of the methyl chloride
and (ii) the HB-1 conformation of the piperazine cycle. Subse-
quently, starting from these two enols, transition structures (TS)
for both exo and endo attacks of methyl chloride were located
and the optimized structures of both the pre-reaction and post-
reaction complexes were obtained from IRC calculations.

In the remainder of the text, we will focus on two reaction paths
(RP):

(i) RP1 involving structures featuring the HB-1 intramolecular
hydrogen bond, i.e., the interaction between the alcohol
function AOH and the carbonyl function AC@O of the piper-
azine ring (see Table 2 as well as Figs. 3 and SI3–5 featuring
the structures and energies of PreRC1, TS1 and PostRC1).

(ii) RP2 involving structures featuring the HB-2 intramolecular
hydrogen bond, i.e., the interaction between the alcohol
function AOH and the ether function ACAOACA of the
AOBn group (see Table 3 as well as Figs. 4 and SI6–8 repre-
senting the structures and energies of PreRC2, TS2 and
PostRC2).

4.1. Pre-reaction complexes (PreRC)

First of all, it has to be acknowledged that the energy difference
between the exo structures of PreRC1 and PreRC2 is in favor of
PreRC1 by 5.6 kcal mol�1. Depending on the intramolecular hydro-
gen bonding pattern considered, the pre-reaction complexes lead-
ing to the endo (10R,3R)-2 and exo (10R,3S)-2 products do not
present similar free energy stabilities. While the two conforma-
tions show similar energies for HB-2 with a methyl chloride adopt-
ing a quite symmetrical position for both attacks, a difference of
1.4 kcal mol�1 is observed for HB-1 in favor of the exo approach.
Indeed the position of the OH� � �O hydrogen bond influences the
endo ingress of the methyl chloride. Although the CMAC3 distance
is shorter for the endo approach (3.51 Å vs. 3.62 Å), the CAH� � �O
interaction between the carbonyl oxygen and one of the hydrogen
atoms of the methyl chloride is much weaker (3.86 Å vs. 2.17 Å).
Such a short distance is indicative of the existence of a bond path
linking the two atoms, which was indeed confirmed in the exo
complex with an electron density qbcp = 0.0181 au at bond critical
point. No such path was identified in the endo complex. These
interactions and values are in agreement with those of Soteras
et al. while studying the alkylation of oxazolopiperidones [37]. In
RP2, by construction, the incoming of the methyl chloride is not
impeded by the presence of the intramolecular hydrogen bond,
hence the similar positions of the methyl chloride and the similar
energies. The CAH� � �O distances between the carbonyl oxygen and
one of the hydrogen atoms of the methyl chloride are 2.13 Å and
2.17 Å for exo and endo, respectively. The densities at bond critical
point are 0.0196 au and 0.0180 au for exo and endo, respectively
attesting to the presence of a bond path in both attacks. It has to
be acknowledged that in both RPs the overall structure of the enols
are nearly superimposable for the two attacks, their rmsd being
0.3 Å and 0.1 Å for PreRC1 and PreRC2, respectively.

4.2. Transition state (TS)

For both reaction paths considered, the transition state leading
to the exo product is favored (by 2.4 kcal mol�1 for TS1 and by
0.8 kcal mol�1 for TS2), although (i) the CMAC3 distances are
shorter for the two endo attacks and (ii) the positions of the incom-
ing methyl chloride are only slightly nonsymmetrical for both
attacks. In TS1, the CMAC3 distances are 2.38 Å and 2.37 Å for the
exo and endo approaches, respectively. The endo attack leads to a
less eclipsed position of the incoming methyl chloride (CMAC3AC2-
AO dihedral angle of 77� and 75�, for exo and endo, respectively)
because of sterical hindrances with the axial hydrogen of C6 and
the alcohol function involved in HB-1, resulting in a weaker
CAH� � �O interaction (2.93 Å vs. 2.76 Å for exo), a deformation of
the piperazine cycle and a spatial rearrangement of HB-1, hence
a destabilization. Indeed, the formation of the endo TS is impeded
by the presence of the axial hydrogen of C6, with a H� � �H distance
of 2.33 Å, which is smaller than two times the van der Waals radius
of hydrogen (rH = 1.2 Å). In TS2, by construction, only the steric
hindrance with the axial hydrogen of C6 might remain. While the



Fig. 3. Pre-reaction (PreRC), transition state (TS) and post-reaction (PostRC) structures for the exo and endo attacks of the HB-1 intramolecular hydrogen-bonded enolate of
(10R)-1 by methyl chloride. The free energy differences between each state and the reactants are given in kcal mol�1. Better quality images of the structures are given in
Supplementary Information (SI3–5).

Table 3
Free energy differences (in kcal mol�1) at a temperature of 195 K and a pressure of
1 atm of Pre-Reaction complexes, Transition States and Post-Reaction complexes for
RP2 in the gas phase and in solution.

Solvent Approach Pre-RC TS Post-RC

Gas phase exo 0.0 7.6 �53.2
endo 0.0 8.4 �47.6

CCl4 exo 0.0 5.1 �56.1
endo 0.7 5.7 �52.9

CHCl3 exo 0.0 5.9 �55.5
endo 1.0 7.0 �53.5

THF exo 0.0 7.2 �55.2
endo 1.2 7.1 �53.5

n-Octanol exo 0.6 6.1 �56.2
endo 0.0 6.0 �54.5

Water exo 0.0 5.6 �57.2
endo 0.3 5.2 �55.9
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methyl chloride is less attracted by the 2-oxopiperazine in the HB-
2 conformation (the CMAC3 and CAH� � �O distances are longer than
in the HB-1 structures), there is no relevant difference in its loca-
tion between the two attacks as there is no specific steric interac-
tion in the TS2 transition structures. The main difference between
the two structures is the value of the OAC2AC3AH dihedral angle,
which is 25� and 20� for the exo and endo attacks respectively,
attesting to slight non-equivalent torsional strains in the piper-
azine cycle upon alkylation at the C3 position. Consequently, the
exo and endo TS2 are less than 1 kcal mol�1 apart. The exo and endo
structures of the ‘‘TS enol” show different deformations as con-
firmed by a rmsd of 0.56 Å and 0.25 Å, respectively. It has to be
acknowledged that the energy difference between the exo struc-
tures of TS1 and TS2 is of 2.9 kcal mol�1 in favor of TS1 in the
gas phase.
4.3. Post-Reaction Complexes (PostRC)

For both hydrogen patterns the product obtained through the
exo attack is clearly favored and is around 5 kcal mol�1 more stable
(5.0 kcal mol�1 for HB-1 and 5.6 kcal mol�1 for HB-2, see Tables 2
and 3). The exo attacks lead to (10R,3S)-2 products with an equato-
rial ACH3 at the C3 position, while endo attacks lead to (10R,3R)-2
products with an axial ACH3 at the C3 position, inducing an addi-
tional strain/deformation of the piperazine cycle in this latter case.
The methyl groups preferring the equatorial position, it becomes
obvious that the exo products are favored. Upon alkylation, because
of sterical hindrance, the Boc moiety is reoriented anti to the newly
bound methyl, again inducing strain in the piperazine cycle. The
released chloride anion interacts with two hydrogen atoms from
the 2-oxopiperazine as a consequence of stabilizing electrostatic
interactions. The overall enol structures (the newly bound ACH3

has not been considered) are now very different upon alkylation,
as the rmsd between exo and endo configurations are now 1.36 Å
and 1.15 Å for PostRC1 and PostRC2, respectively. It has to be
acknowledged that the energy difference between the exo struc-
tures of PostRC1 and PostRC2 is 2.6 kcal mol�1 in favor of PostRC1
in the gas phase.
4.4. Discussion

The most relevant effect of the solvation is the stabilization of
both the transition states and the post-reaction complexes, and
in this latter case, the stabilization increases with the polarity of
the solvent (Tables 2 and 3) because of a favorable solvation of
the released chloride anion. The solvation does not change the
exo/endo preferences but one can observe, especially for RP1, that
the energy difference between the two enantiomers diminishes.

In RP1, from PreRC1 to TS1, there is a weakening of the HB-1
intramolecular hydrogen bond as its length increases from 1.75 Å
to 1.82 Å in both attacks. As can be seen on Figs. 3 and SI3–5, the
spacial arrangement of HB-1 impedes the incoming of the methyl
chloride in the endo attack. In order to keep the intramolecular
hydrogen bond distance at its optimal value while favoring the
ingress of the methyl group, the system has to deform (bending/
rotation of the alcohol function). The slightly higher deformation
of the overall enol structure upon incoming of the endo MeCl is
confirmed by the evaluation of the rmsd which is of 0.49 Å vs.
0.34 Å for the exo attack. Then from TS1 to PostRC1, the HB weak-
ens again and now has a value of 1.93 Å and 1.90 Å for exo and endo
products, respectively. Again, the overall deformation of the enol is



Fig. 4. Pre-reaction (PreRC), transition state (TS) and post-reaction (PostRC) structures for the exo and endo attacks of the HB-2 intramolecular hydrogen-bonded enolate of
(10R)-1 by methyl chloride. The free energy differences between each state and the reactants are given in kcal mol�1. Better quality images of the structures are given in
Supplementary Information (SI6–9).

Table 4
Free energy differences (in kcal mol�1), at a temperature of 195 K and a pressure of
1 atm of Pre-Reaction complexes, Transition States and Post-Reaction complexes for
RP-Li in the gas phase and in solution.

Solvent Approach Pre-RC TS Post-RC

Gas phase exo 0.0 12.1 �38.6
endo 1.3 13.7 �33.9

CCl4 exo 0.0 8.9 �45.7
endo 1.5 10.4 �42.4

CHCl3 exo 0.9 6.2 �48.9
endo 0.0 6.3 �46.3

THF exo 0.0 6.1 �50.9
endo 0.4 5.2 �49.4

n-Octanol exo 0.4 5.5 �51.8
endo 0.0 7.0 �50.2

Water exo 0.3 6.7 �52.2
endo 0.0 6.0 �51.8
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more important for the endo configuration (0.99 Å vs. 0.84 Å). The
strong intramolecular hydrogen bonds in PreRC1 and TS1 locks
the piperazine ring in its conformation, forcing its surroundings
to deform and to adapt to the incoming methyl chloride. Upon
alkylation and thus weakening of HB-1 because of the loss of the
negative charge and subsequent equilibration of the electronic
density, there is a release of the strain and the piperazine ring is
able to deform in PostRC1. In RP2, compared to RP1, the
intramolecular hydrogen bond is weaker by construction and its
value does not vary much from PreRC2 to PostRC2 (see Figs. 4
and SI6–8), attesting of its non-participation in the alkylation pro-
cess. Deformations of the enol structure are also less important
than in the HB-1 case.

On the one hand, enols from 2-oxopiperazines featuring the
intramolecular hydrogen bond pattern HB-1 are the most stable
in the gas phase, but

(i) upon alkylation, they show more structural deformation, as
HB-1 has to adapt to local sterical hindrance and a change of
the electronic density on the carbonyl function along the
reaction pathway;

(ii) in solution, the exo/endo preference is not as marked as in
the gas phase.

On the other hand, enols from 2-oxopiperazines featuring the
intramolecular hydrogen bond pattern HB-2 are less prone to form
in the gas phase, but

(i) upon alkylation, the exo/endo preference is more significant
than in the HB-1 case, especially when solvent is involved;

(ii) there is little deformation of the overall piperazine moiety
throughout the reaction path.

As aforementioned, the most stable conformation for the 2-
oxopiperazine reactant (10R)-1 possesses an intramolecular HB-2
pattern, so it could be possible for the system to swap from one
pattern to another in order to minimize the energy losses upon
reorganization/deformation.

In order to prove the validity of this initial model, we performed
additional calculations using a lithium atom in place of the hydro-
xyl hydrogen for the pre-reaction, transition state and post-
reaction structures in both the exo and endo approaches. We
focused on the one conformation where the lithium bridges the
two anionic oxygen atoms. Free energy differences obtained in
the gas phase as well as in a solvent medium for the two reaction
paths are given in Table 4. Detailed structures are given in Supple-
mentary Information (Figs. SI9–11). Again, consistent with experi-
mental results, the calculations favor the formation of the exo
product by 4.7 kcal mol�1. This energy difference is comparable
to that obtained for RP1 and RP2.

Similarly, the geometrical results and observations for the
structures featuring the lithium atom along the reaction path are
comparable to those obtained for RP1, i.e., (i) the endo approach
of the methyl chloride is impeded by the O� � �Li� � �O interaction
and the axial hydrogen at position C6, (ii) the transition state lead-
ing to the exo product is favored (by 1.6 kcal mol�1) and (iii) defor-
mations to accommodate the bonding of the methyl are observed.
The main difference between this scheme and RP1 is the relative
evolutions of the lengths of OLi� � �O and OH� � �O. In the previous
scheme, the OH� � �O distance increases from PreRC1 to PostRC1,
whereas in the new scheme the OLi� � �O distance remains constant.
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Indeed, the predominantly ionic nature of the O� � �Li� � �O ‘‘bonds”
allows a larger conformational freedom to the lithium ion between
the two anionic sites. The consequences of these looser bonds are a
less pronounced exo/endo preference (1.6 vs. 2.4 kcal mol�1 for TS
and 4.7 vs. 5.0 kcal mol�1 for PostRC) and slightly reduced global
deformations. Upon solvation, the exo preference is kept for the
PostRC complexes; however, a gradual stabilization of the endo
approach of the methyl can be seen to occur with increasing sol-
vent polarities (except for n-octanol), eventually resulting in a
switch to endo preference for THF and water (Table 4). The decom-
position of the corresponding free energies into enthalpic and
entropic terms (data not shown) reveals that this is due to the
higher entropy of vibrational modes. At this point, we wish to
stress that the vibrational frequencies of solvated systems are com-
puted based on the minimized geometry of their gas-phase coun-
terparts – an approximation which, although widely employed
and usually correct [48], deteriorates with the increasing number
of low-lying real frequencies. Indeed, not only does the RP-Li path-
ways present more modes below 50 cm�1 than RP1 (on average
30% more), but it also features more imaginary frequencies, which
signifies that the gas-phase saddle point is a better approximation
of the solvent one in the case of RP1 than RP-Li. When looking at
the ‘‘raw” energies (see Tables SI1–3), the stabilization of exo over
endo attacks in the transition states decreases with increasingly
polar solvents (from 2 to 0.5 kcal mol�1 for RP1, and from 2 to
0.1 kcal mol�1 for RP-Li) – a fact we tentatively attribute to the pro-
gressive screening by the solvent of charge–charge interactions at
different distances in both structures. Consequently, the error
introduced by subsequent vibrational analyses (vibrational
entropy, ZPE, . . .) has a greater probability of flipping the order of
the states’ free energies in the case of polar solvents. In addition,
the size of solvent molecules might not be adequately treated
inside an implicit framework: this could explain that the polar
but bulky n-octanol features a clear preference for exo-type transi-
tion states when comparing free energies (in contrast to water and
THF), but this preference is much less marked when comparing
energies. Clearly, the TS-Li systems, which feature both low-
frequency vibrations and ions, push the limit of the chosen
methodology [49] and would benefit from more realistic (but also
much more costly) explicit-solvent calculations. This would also
help to better characterize the apparent smaller preference for
one attack over the other in polar solvents.

These additional calculations show that AOLi and AOH interact
quite similarly with the nearby carbonyl function, which possesses
a high electronic density. They provide validation of our simplified
model and its a priori non-realistic reactive species (the non-
deprotonated hydroxyl function). Modeling the reactant using a
hydroxyl function and basing the discussion on hydrogen bonding
patterns seems a relevant first approximation: this approach repre-
sents a good compromise between feasibility/limitations of the
computational methods and the actual reaction occurring in the
test tube; in particular, it avoids having to take into account aggre-
gates formed by the lithium with its direct environment (THF sol-
vent molecules) and prevents difficulties linked with the
localization of the charge during the conformational search). The
role of the chiral auxiliary, which was seen to induce rigidity and
sterical hindrance via AOH/AOLi interactions, yields a first insight
into one of the many complex mechanisms underlying this
diastereoselective alkylation.
5. Conclusion

The computational results given in Table 1 unambiguously indi-
cate a stereospecificity upon alkylation at position 3 of 2-
oxopiperazines. Starting from a 10R configuration, the resulting
(10R,3S) is always favored over the (10R,3R) one, which is totally
consistent with experimental results. The free energy difference
between the most stable (10R,3S) and (10R,3R) structures is
1.8 kcal mol�1 at a temperature of �78 �C and a pressure of
1 atm, which corresponds to the experimental 98:2 ratio. From this
result alone, the alkylation of 2-oxopiperazines would thus appear
to be a thermodynamically driven reaction. However, the reaction
paths leading to either the endo or the exo products and the ener-
getics of the pre-reaction, post-reaction and transition state struc-
tures (Fig. 3) unambiguously prove that the alkylation of 2-
oxopiperazines is a kinetically driven reaction. Even when consid-
ering distinct conformations of the reactants, the exo attack is
always favored over the endo one, even for the least stable of the
TS conformers. The selectivity does not depend on the conforma-
tion of the starting enol reactant, but the mechanisms driving this
selectivity might differ with the conformation. Indeed, the pres-
ence of the Boc moiety and the alcohol chiral auxiliary blocks the
conformation of the piperazine cycle thus impeding a ring inver-
sion and subsequently favoring an approach of the electrophile
where the methyl will be equatorially bound. Moreover, the pres-
ence of an intramolecular hydrogen bond, i.e., the formation of a
pseudo 7-ring, between the alcohol function of the chiral auxiliary
and the carbonyl function of the piperazine adds a new level of
rigidity to the 2-oxopiperazine enol as well as sterical hindrance
upon incoming of the methyl chloride, favoring the approach of
the electrophile anti to the intramolecular hydrogen bond. These
results confirm the early hypotheses of Micouin et al. on the origins
of diastereoselectivity in the alkylation of N-substituted lactams
[38].

In conclusion, apart from sterical hindrance in some selected
conformations, there is no special effect of the substituent, as the
C3ACM distance does not govern the stereoselectivity. The main
source of the exo specificity upon alkylation is the imposed and
controlled strain/rigidity of the piperazine ring imposed by the chi-
ral auxiliary in the transition structure. Indeed, the preference for
one conformation of this ring induces an enantiofacial selectivity
upon approach of the electrophile.
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