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Theoretical calculations (B3LYP/6-31+G**) of chiral clusters of diaziridines have been carried out. Five
configurations of chiral and nonchiral clusters with up to eight monomers have been considered. The proton
transfer within the neutral and protonated clusters has been studied as a possible source of racemization
waves. The optical rotatory power (ORP) has been calculated for the neutral and protonated homochiral
clusters. The results show that the clusters with alternated chiral molecules are the preferred ones and that the
proton transfer proceeds with low energetic barriers in the protonated systems. The ORP results are very
dependent on the shape of the clusters and the neutral or protonated state of them.

Introduction

The tetrahedral bonding characteristics of the carbon atom
allows to build molecules for which their mirror image is not
superimposable with the original system. This characteristic is
known as chirality. The importance of the chirality is manifested
in the selection of a unique enantiomeric form for the two main
building blocks of nature, the aminoacids and sugars.

Leaving aside the very small energy differences because of
the parity violation principle,1 that have never been measured
for any organic molecule so far, both enantiomers present the
same physicochemical properties in nonchiral environments.
However, the effect of polarized light, which is chiral itself,
can be used to distinguish the two different enantiomers or to
favor a given reaction as has been shown in the case of
molecular machines proposed by Feringa where the chirality
of the systems is used to govern the cycle.2

Chiral recognition in complexes linked by hydrogen bonds
has been studied experimentally3 and theoretically.4 In some
cases, chiral systems can aggregate and form long chains or
helix-shaped structures.5-8 The subsequent chemical processes
along the chains can invert stepwise the chirality of the
molecules producing what we have called racemization waves.9

The control and rationalization of these processes is of the
utmost importance in the development of novel molecules
designed as switches.10

Enantiomerically pure diaziridines, generally N,N′-disubsti-
tuted, were described by Mannschreck and Seitz in 196711-16

and have been the object of continuos interest (for a review
and a recent paper see refs 17, 18). In the solid state, the X-ray
structure of only two N,N′-unsubstituted diaziridines has been
described with CSD19 refcodes: OCIWUS and RAJQID. The
first one contains at positions 3 a spiro chiral glucose residue,20

while the second one has an achiral 3,3-pentamethylene sub-
stituent.21 In both cases, the NH protons are in a trans disposition
and the hydrogen-bond network involves N-H‚‚‚N bonds

forming chains in the case of OCIWUS20 and more complex
patterns in the case of RAJQID.21

In the present article, the chiral discrimination in diaziridine
clusters, connected through hydrogen bonds (HBs), has been
studied using density functional theory (DFT) methods. Clusters
up to eight monomers have been considered. Different topolo-
gies of the clusters have been explored. The protonation and
the subsequent proton transfer along the molecular chains have
been studied. The evolution of the optical rotatory power has
been explored in function of the cluster size.

Methods

The geometry of the isolated monomers, clusters, and
transition-state structures has been optimized using the hybrid
DFT, B3LYP computational level,22,23and the 6-31+G** basis
set,24 with the Gaussian-03 package.25 The minimum or transi-
tion state (TS) nature of the geometries has been verified by
frequency calculations at the same computational level.

This computational level has been proven to be adequate for
the description of hydrogen-bonded system providing similar
results to the ones obtained at the MP2 level with a triple-Z
basis set.26,27 Some calculations have been carried out at MP2
level to confirm this assertion.

ORP has been calculated at the B3LYP/6-311++G(2d,2p)
level. This level of calculation has been considered as the
minimum adequate to obtain reliable results.28-30

We have not considered quantum tunneling in our study either
of the inversion barriers or of the proton transfer. In what
concerns inversion barriers, microwave studies on the H2Cd
NH inversion show that tunneling adds little to the measured
rates.31 Another degenerate system is found in the inversion of
aziridine where the tunneling at 338-373 K has been estimated
to 5% of ∆Gq.32 The tunneling is important at temperatures at
which vibrational levels within 20-25 kJ mol-1 of the top of
the potential barrier are substantially populated.33. In what
concerns proton transfer, the effect of tunneling should be more
important taking into account literature results for the case
NH4

+‚‚‚NH3;34,35the treatment of these effects both classically
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(using the Bell-Limbach model)36,37 and quantum mecani-
cally38-40 is beyond the aims of the present work. However,
we feel that in the examples reported in this paper the neglecting
of the quantum mechanical tunneling should not alter the main
conclusions.

Results and Discussion

Neutral Monomers. Initially, the three possible tautomers
of diaziridine, A, B, and C, have been considered, together with
the transition states between the most stable configuration A
[(1S,2S)diaziridine] and the other two structures B [(1R,2S)-
diaziridine], which is a meso form, and C (Figure 1 and Table
1). The SS and RR nomenclature will be used along the text to
refer to the (1S,2S)diaziridine and (1R,2R)diaziridine molecules,
respectively.

The problem of the structure and inversion of diaziridines
has been the subject of many studies, experimental18,41as well
as theoretical.42-45 If we have carried out the calculations
corresponding to Figure 1 and Table 1, it is to have a set of

values consistent with those of the clusters and not to try to
discuss previous work which was carried out at higher levels
[MP4, G2, G3, CCSD(T)].42-45 However, the values of Table
1 are very similar to those reported in these studies, for instance,
structure C calculated at the B3LYP/6-31+G** level (135.4 kJ
mol-1) is similar to the G2 calculation (135.6 kJ mol-1) and at
the MP2/6-311++G** level (150.7 kJ mol-1) to the MP4/6-
311G** level (150.2 kJ mol-1).43 The synchronous inversion
of both nitrogens via aC2V structure presents two imaginary
frequencies, in agreement with previous reports,44 and its relative
energy is 264.2, 294.4, and 291.5 kJ mol-1 at the three levels
reported in Table 1.

The results obtained for the different methods and basis sets
are qualitatively similar, even though the B3LYP method
provides transition-state barriers 10% lower in average than
those obtained at the MP2 level with the same basis set. The
energy differences between the minima indicate that in the case
of the isolated molecule, the most stable configuration corre-
sponds to a chiral structure, A or its enantiomer, while the meso
form B is 26 kJ mol-1 higher in energy and the zwiterionic
one, C, is highly destabilized by 135 kJ mol-1 at the B3LYP
level. In addition, the energy barriers to transform configuration
A into B or C are high in the gas phase. Structures B and C are
intermediates in the racemization process of this molecule, since
they can evolve to either A or its enantiomer A*.

Neutral Clusters. Five different topologies of the cluster that
present two HB interactions per monomer have been considered
(Figure 2 shows the optimized ones for the hexamer). The first
three cases correspond to two homochiral (I and II in Figure 2)
and one alternating chiral complexes (III). In those cases where
the number of monomers is large enough, the homochiral
complex can be present in helical and cyclic form in analogy
to the experimental data of the HB clusters formed by systems
with C2 symmetry5,6 and in agreement with the theoretical recent
reports of clusters of chiral molecules with the same sym-
metry.8,9,46In addition, two clusters of monomer B with different
topology have been considered (IV and V), those that can be
considered as analogous to both the homo- and heterochiral
cases and as will be seen later can be important in the proton-
transfer mechanism. The relative energy results obtained at the
MP2/6-31+G(d,p) computational level for the dimers and
trimers are similar to those obtained at the B3LYP/6-31+G-
(d,p) one (Table 2).

The relative energies with respect to the noncyclic homochiral
cluster (I) are shown in Figure 3. In all clusters, the most stable
configuration corresponds to that with the alternated chirality.
The cyclic homochiral clusters (II) present two more HBs than

Figure 1. Schematic representation of the three possible tautomers of
diaziridine and the TS linking them. The chirality of the sterogenic
centers is indicated.

TABLE 1: Relative Energy of the Tautomers and TS Shown
in Figure 1 Calculated at the B3LYP/6-31+G**
Computational Level

structure symmetry

B3LYP/6-
31+G** Erel
(kJ mol-1)

MP2/6-
31+G** Erel
(kJ mol-1)

MP2/6-
311++G** Erel

(kJ mol-1)

A C2 0.0 0.0 0.0
B Cs 26.5 27.5 25.1
C Cs 135.4 150.2 150.7
TS (A-B) C1 119.0 133.5 149.6
TS (A-C) C1 215.3 230.1 225.2

Figure 2. Optimized geometries of the five configurations considered for the clusters. The ones shown correspond to the hexamer. The identifiers
I-V are used for all the cluster sizes studied.
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the noncyclic clusters (I) and are more stable than the noncyclic
homochiral cluster forn > 5, being the most favorable case for
the seven-membered complex with aErel of -6.14 kJ mol-1

with respect to the noncyclic homochiral case and 8.13 kJ mol-1

less stable than the case with alternated chirality (III).
The average interaction energy per monomer of the clusters

studied is gathered in Table 3. In general, the interaction energy
of clusters formed by meso forms, IV and V, presents larger
interaction energies than those formed by the chiral monomers
probably because of a favorable secondary HB interaction in
the former cases47,48 and a most effective dipole-dipole
interaction between the monomers. The structures with cyclic
clusters, II and V, present their maximum energetic differen-
ces with respect to the noncyclic counterparts, I and IV, in
the clusters with seven monomers. Thus, it can be assumed
that this configuration is the most favorable for the cyclic
configurations.

The energetic cooperativity of the clusters is evident when
the interaction energy is plotted versus the number of monomers
(Figure 4). Only the cyclic cluster V presents a minimum as an
indication that the most favorable interaction energy per
monomer has been reached and larger clusters should have
smaller interaction energy per monomer. In the lineal cases,

the cluster size is not large enough to estimate the maximum
interaction energy value that can be reached in very large
clusters. In addition, the different behavior of the IV cluster
with a deeper tendency is significant. These results can be related
to the dipole moment component of each molecule in the
direction of the hydrogen bonds. While the chiral molecule
shows a small component in the direction of the HB, a much
bigger one is expected in the meso forms. A similar result has
been recently described for 4-pyridone clusters in linear HB
arrangement where very large cooperativity effects have been
found.49

The energetic difference between the homochiral (I) and
alternated cluster (III) is linearly related to the number of
monomers (R2 ) 0.999) favoring the latter. Thus, in a long
chain, as the ones encountered in solid phase, the alternated
cluster should be energetically favored.

The evolution of the average HB distance as a function of
the cluster size is shown in Figure 5. Small variations are
observed in the noncyclic homochiral and heterochiral clusters
(I and III, respectively). The two cyclic configurations, II
and V, present a minimum value in the heptamer. Finally,
configuration IV is the only one where the average distance
tends to shorter values for clusters larger than eight mono-
mers. This result is probably related to the effective alignment
of the monomer dipole moment and compares well with the
evolution of the interaction energy per monomer for the same
configuration.

Proton Transfer in Neutral Systems.The proton transfer
in the neutral and protonated systems along the chain has been
studied for the monomers, dimer, and trimer isolated and in
the presence of one and two water molecules, as solvent, at
both ends of the chains. The proton transfer along the chain

TABLE 2: Relative Energy (kJ mol-1) of the Different
Configurations Considered for the Dimmers and Trimers
Calculated at the B3LYP/6-31+G** and MP2/6-31+G**
Computational Levels

dimers trimers

configuration
B3LYP/

6-31+G**
MP2/

6-31+G**
B3LYP/

6-31+G**
MP2/

6-31+G**

I 0.00 0.00 0.00 0.00
III -2.83 -2.64 -5.28 -4.86
IV 49.59 52.05 66.16 71.07
V 50.96 55.05 43.37 37.19

TABLE 3: Interaction Energy (kJ mol -1) of the Clusters
Studied with Respect to the Energy of the Former
Monomers

cluster size I II III IV V

2 -28.48 -31.31 -31.80 -30.43
3 -58.65 -63.94 -71.86 -94.65
4 -88.99 -80.46 -96.66 -116.09 -166.55
5 -119.40 -120.02 -129.47 -162.65 -230.19
6 -149.89 -154.92 -162.14 -210.44 -286.08
7 -180.38 -186.55 -194.68 -259.04 -337.48
8 -210.85 -215.73 -227.67 -308.12 -384.74

Figure 3. Evolution of the relative energy, with respect to the noncyclic
homochiral clusters (I), with the number of monomers.

Figure 4. Interaction energy per monomer (kJ mol-1) versus the
number of monomers.

Figure 5. Evolution of the average HB distance as a function of the
number of monomers within the cluster.
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produces the racemization of the monomers that have been
involved in this process. Once the proton reaches the last
monomer of the chain, it has two possibilities, go back to the
original configuration or produce the racemization of the chain
if it evolves using the other N atom of each diaziridine molecule.
This process is similar to the Grotthus mechanism,50 where the
entering proton does not leave the chain untiln other protons
enter, wheren is the number of hydrogen bonds in the chain.
Another mechanism where the presence of HB is not necessary
has been described recently but does not apply to the present
case.51

The results obtained for the proton transfer within the
monomer in the presence of two water molecules are shown in
Figure 6 and Table 4. The comparison of the proton-transfer
TS without the water molecules (see Table 1) shows that the
presence of solvent molecules stabilizes 80 kJ mol-1 the TS

structure, for the first two ones, and 45 kJ mol-1 for the two
additional water molecules. In addition, the zwiterion structure
M2 is stabilized by 42 kJ mol-1 and 26 kJ mol-1 because of
the presence of two and four water molecules, respectively, since
it forms stronger HB contacts that the parent compound.

The results of the proton transfer within the neutral homo-
chiral and heterochiral dimers without and with two and four
molecules of water are shown in Figure 7 and Table 5. In the
absence of water molecules, a reduction of 10 kJ mol-1 is
observed in the intramolecular proton transfer with respect to
that of the isolated monomer, which corresponds to the limiting
step in this reaction. The intermediate formed by a nonchiral
and a chiral structure is stabilized over 25 kJ mol-1 when
compared to the relative energy of the isolated nonchiral because
of the formation of strong HB as occurs in the solvated
monomer. The inclusion of solvent molecules produces a
significant reduction of the first proton transfer (TS1), over 70
kJ mol-1 with two water molecules and about 109 kJ mol-1

with four molecules, and thus the limiting step becomes the
intermolecular proton transfer (TS2), even though it is stabilized
between 21 and 40 kJ mol-1 because of the presence of the
external water molecules. The intermediate structure (M2) with
a nonchiral molecule is again stabilized over 20 kJ mol-1 with
respect to the system without solvent molecules.

The results of the proton transfer for the trimers without and
with water molecules (Figure 8 and Table 6) are very similar
to the ones reported for the dimers as an indication that these

Figure 6. Minima and transition-state structures found in the proton
transfer of the monomers in the presence of two water molecules
(because of symmetry reasons, only half of the structures are shown).
The TS structure has been named using the chirality of the precedent
system in the figure.

TABLE 4: Relative Energy (kJ mol-1) of the Proton-
Transfer Stationary Structures within the Monomers in the
Presence of Two and Four Water Molecules (See Figure 6)

number of water molecules M1 TS M2

2 0.00 134.84 91.99
4 0.00 89.88 66.01

Figure 7. Minima and transition-state structures found in the proton transfer of the heterochiral dimer in the presence of two water molecules
(because of symmetry reasons, only half of the structures are shown). The TS structures have been named using the chirality of the precedent
system in the figure.

TABLE 5: Relative Energy, with Respect to the Energy of
the Corresponding M1 Structure, and Chiral Discrimination
(kJ mol-1) in the Stationary Structures along the
Proton-Transfer Path in the Homo- and Heterochiral Dimers
(See Figure 7)

starting structure M1 TS1 M2 TS2

SS:SS 0.00 200.03 110.29 179.65
RR:SS 0.00 205.52 109.96 167.71
chiral discr. -2.83 2.66 -3.15 -11.93

SS:SS-2Wa 0.00 129.49 89.64 154.26
RR:SS-2W 0.00 128.67 89.04 146.29
chiral discr. -2.51 -3.33 -3.11 -10.48

SS:SS-4Wa 0.00 92.19 75.30 139.79
RR:SS-4W 0.00 91.34 74.79 132.61
chiral discr. -2.58 -3.43 -3.09 -9.77

a 2W and 4W indicate the presence of two and four molecules of
water.
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chains are adequate models for larger cases. The proton transfer
along the chain produces an inversion of the chirality of the
monomers as can be seen clearly in the first and last structures
shown in Figure 8. This effect should invert the chirality of the
monomers in longer chains as the proton transfer evolves along
the chain producing what has been named as chirality wave.

Regarding the chiral discrimination observed for the different
species in the proton-transfer process, a significant increment
of its value is obtained in the TS2 structures of the dimers and
trimers, which corresponds to the intermolecular proton transfer.
These results can be explained on the basis of the contraction
of the systems upon proton transfer that increases the repulsion
of the CH2 group of the diaziridine molecules in the homochiral
complexes.27,52

Protonated Systems.The protonation of the monomer does
not destroy the chirality of this molecule. However, now only
one stereogenic center is present in the molecule and the proton
transfer, from one nitrogen to the other one, or the inversion of
the NH group produces the racemization of the system (Figure
9). The barrier of this process will be discussed.

In the dimers and larger clusters, the protonation in the
external molecules of the noncyclic homo- and heterochiral
clusters spontaneously produces a proton transfer to the second
molecule of the chain. A similar process has been described
for the protonation process of HCN and formamide clusters53,54

and proteinR-helix models.55 The basicity of the systems (Table
7) increases with the size of the cluster because of the solvation
effect of the additional monomers (similar effects have been

described for HB clusters of water). This process generates a
mesolike structure in the first member of the chain (Figure 10).

In the protonated chains, the proton transfer produces, in a
first step, the formation of mesoforms of diaziridine along the
chain. Thus, if the proton leaves at the end of the chain, the
configurations IV and V are obtained from the initial II and III
forms, respectively.

Protonation produces important geometrical variation on the
direction of the chains with a kink in the second monomer,
which is the one that becomes protonated. This molecule acts,
mainly, as HB donor, forming a short NH‚‚‚N with the third
molecule while the HB where the second molecule acts as
acceptor is elongated over 3 Å in the trimers and tetramers
studied here.

As in the neutral systems, the configuration with alternated
chirality is more stable than the homochiral one. However, in
this case, the increment of the difference between these two
configurations with the cluster size is not as pronounced as in
the neutral clusters (the energetic difference between the neutral
configurations I and III are-2.83,-5.29, and-7.67 kJ mol-1

for the dimer, trimer, and tetramer, respectively).
The proton transfer in these systems has been studied without

and with one molecule of water at the end of the chain (Table

Figure 8. Minima and transition-state structures found in the proton transfer of the trimer with alternated chirality in the presence of two water
molecules (because of symmetry reasons, only half of the structures are shown). The TS structures have been named using the chirality of the
precedent system in the figure.

TABLE 6: Relative Energy and Chiral Discrimination (kJ
mol-1) in the Stationary Structures along the
Proton-Transfer Path in the Homo- and Alternated Chiral
Trimers (See Figure 8)

M1 TS1 M2 TS2 M3

SS:SS:SS 0.00 201.47 107.67 166.28 91.36
SS:RR:SS 0.00 201.98 107.94 158.31 90.39
chiral discr. -5.28 -4.78 -5.01 -13.25 -6.25

SS:SS:SS-2W 0.00 127.77 88.56 147.37 87.64
SS:RR:SS-2W 0.00 127.59 88.86 139.66 87.25
chiral discr. -5.38 -5.56 -5.08 -13.09 -5.77

SS:SS:SS-4W 0.00 91.61 75.99 141.67 84.90
SS:RR:SS-4W 0.00 91.16 75.52 134.37 84.51
chiral discr. -5.00 -5.45 -5.47 -12.30 -5.40

Figure 9. Schematic representation of the protonated diaziridine. The
chirality of the sterogenic nitrogen is shown.

TABLE 7: Proton Affinity with Respect to the
Corresponding Neutral Complex

PA (kJ mol-1) chiral discrimination protonated

SS -884.12
SS:SS -965.93
RR:SS -966.19 -3.08
(SS)3 -1008.84
SS:RR:SS -1007.00 -3.44
(SS)4 -1022.73
(RR:SS)2 -1018.65 -3.59
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8 and Figure 10). The process evolves with a smaller barrier
than in the case of the neutral ones. In all the cases, the limiting
step is the intramolecular proton transfer at the end of the chain.
However, the presence of more solvent molecules should reduce
it, and thus in the case of the monomer the proton transfer with
two molecules of water in the molecular side where the reaction
takes place provides a barrier of only 33 kJ mol-1.

As the proton advances along the chain, the molecules lose
their chirality and thus when the proton reaches the last
monomer, only that one has chirality. If the proton is released
at the end of the chain, the whole chain becomes nonchiral but
energetically less stable than the original one, as shown in the
study of the neutral clusters.

Optical Rotatory Power (ORP). The calculated ORP of the
homochiral linear and cyclic clusters I and II are gathered in

Table 9. The values obtained here are similar to the ones
reported for the diaziridine molecule calculated with the aug-
cc-pVDZ and 6-311+ +G(2d,2p) basis sets 67.7 and 62.1°,
respectively.56 The shape of the cluster has a deep influence on
the value and sign of the ORP. Thus, while the monomer and
cyclic structures have positive values of ORP, the structure I
that has a helix shape presents in all the cases negative
values.

In the case of the cyclic clusters, II, a linear correlation can
be found between the ORP value and the number of monomers
of the cluster (ORP) 11.7 (n° of monomers)+ 17.31,R2 )
0.99,n ) 5).

The protonation of the monomer does not change significantly
the ORP of this molecule. However, in the dimer, trimer, and

Figure 10. Proton-transfer process in the presence of a water molecule for the monomer, heterochiral dimer, and trimer with alternating chirality
as starting structures (because of symmetry reasons, only half of the structures are shown). The circle hydrogen atom corresponds to the proton
added to the molecules. The TS structures have been named using the chirality of the precedent system in the figure.
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tetramer, the value is reduced even though it still has the
opposite sign of the monomer as in the case of the neutral
clusters.

Conclusions

A study of the chiral discrimination in diaziridine clusters
has been carried out using DFT computational methods. The
most stable neutral structure corresponds to that with the
monomers in alternated chirality. The proton transfer within the
neutral diaziridine chain proceeds with high TS barriers. The
protonation of the first diaziridine of the chain tends to produce
a spontaneous proton transfer from the first monomer to the
second. The studied processes of proton transfer in the charged
system show small barriers. The proton transfer in the neutral
or protonated systems produces an inversion of the chirality of
the monomers as the process evolves along the chain producing
chirality waves. The calculated ORP of the clusters is very
dependent on the cluster size, cyclic or helix shape, and the
number of monomers that form the cluster.

Although diaziridine itself has not been prepared, many
3-substituted and 3,3′- disubstituted diaziridine derivatives are
known. Therefore, experiments verifying the theoretical findings

in the present paper may either be carried out in solution or
else by gas-phase spectroscopy. The issue of alternating chirality
cluster preferences has recently been experimentally verified
in the case of lactate tetramers; however, in that case, the
chirality is more permanent.57 A case of chirality synchronization
in transiently chiral cluster species has been recently published
for trifluoroethanol.58
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