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Abstract: n → π* has emerged as an important noncovalent interaction that can affect the
conformations of both small- and macromolecules including peptides and proteins. Carbonylcarbonyl (CO···CO) n → π* interactions involving CO groups are well studied. Recent studies
have shown that the CO···CO n → π* interactions are the most abundant secondary interactions
in proteins with a frequency of 33 interactions per 100 residues and, among the various secondary
interactions, n → π* interactions are expected to provide the highest enthalpic contributions to the
conformational stability of globular proteins. However, n → π* interactions are relatively weak
and provide an average stabilization of about 0.25 kcal.mol-1 per interaction in proteins. The
strongest n → π* interaction could be as strong as a moderate hydrogen bond. Therefore, it is
challenging to detect and quantify these weak interactions, especially in solution in presence of
perturbation from other intermolecular interactions. Accordingly, spectroscopic investigations
that can provide direct evidence of n → π* interaction are limited, and majority of the papers
published in this area have relied on X-ray crystallography and/or theoretical calculations to
establish the presence of this interaction. The aim of this perspective is to discuss the studies where
spectroscopic signature in support of n → π* interaction was observed. As the “n → π*
interaction” is a relatively new terminology, there remains the possibility of having earlier studies
where spectroscopic evidence for n → π* interactions was obtained but were not discussed in the
light of the n → π* terminology. We noticed several such studies and, as can be expected, these
studies were often overlooked in the discussion of n → π* interactions in the recent literature. In
this perspective we have also discussed these studies and provided computational support for the
presence of n → π* interaction.
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n → π* interaction, the lone pair of electrons of an electronegative atom is delocalized over the
antibonding π orbital (π*) of an electron deficient π-system (e.g. aromatic, C=O etc.).3-8 In recent
years, carbonyl-carbonyl (CO···CO) n → π* interactions involving CO groups have attracted a
lot of attention due to their ability to stabilize of small molecules9-10 as well as macromolecules

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

including peptides11-13, peptoids14-17, polyesters18 and proteins19-23. Recently, the presence of
CO···CO n → π* interactions was also discovered in transition metal carbonyl complexes.24-25 In
proteins, the CO···CO n → π* interaction was shown to contribute at least 0.25 kcal.mol-1 per
residue to the stabilization of proteins.19 Although individual CO···CO n → π* interactions are
weak, they are particularly important in peptides, proteins and other peptidomimetic oligomers
that contain multiple CO groups and the cumulative effect of these n → π* interactions could be
significant.26 In a recent review, Raines and co-workers pointed out that the CO···CO n → π*
interactions are the most abundant secondary interactions in proteins with a frequency of ~33
interactions per 100 residues and, among the various secondary interactions, n → π* interactions
are expected to provide the highest enthalpic contributions to the conformational stability of
globular proteins.27
n → π* interactions are often characterized by X-ray crystallographic and theoretical
studies. For example, CO···CO n → π* interaction between the lone pair of a CO oxygen donor
atom (O) and the π* orbital of an acceptor CO group is characterized by short O···C distance
[shorter than sum of van der Waals distance between O and C] 28, O···C=O () angle of ~109
and pyramidality ( or ) of the acceptor CO carbon atom towards the donor oxygen atom (Figure
1A).29-30 The stabilization of a molecule due to n → π* interaction can be quantified in the form
of second-order perturbation energy (E2) using Natural Bond Orbital (NBO)31 calculations.
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Figure 1. A) Pictorial representation of geometrical parameters used to characterize n → π*
interactions. B) Predicted change in C=O bond stretching frequency and 13C NMR chemical shift
Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

in an acceptor CO group due to acceptance of electron density in a *(C=O) orbital. C) Predicted
change in C=O bond stretching frequency and 13C NMR chemical shift in a donor CO group due
to electron donation from the oxygen atom of CO to an acceptor π* orbital.

n → π* interactions are relatively weak. Therefore, it is not straightforward to detect and
quantify them in solution due to probable interference from other intermolecular perturbations
and, naturally, spectroscopic investigations that can provide direct evidence of n → π* interaction
are limited. As the CO group possess strong dipole moment, it is infrared active. The change in
C=O stretching frequency due to a CO···CO n → π* interaction is, therefore, expected to provide
signature of the n → π* interaction. For a CO group that accepts electron density in the π* orbital
of the C=O bond, the C=O bond order should decrease and, therefore, a red shift is expected in
the C=O stretching frequency (Figure 1B). Similarly, for a donor CO, there should be weakening
of C=O bond strength and, accordingly, there should be a red shift in the C=O stretching frequency
(Figure 1C). Another spectroscopic method that could provide signature of CO···CO n → π*
interaction is the 13C NMR spectroscopy. An upfield shift in the 13C signal of the acceptor carbon
atom is expected as it accepts electron density and becomes electron rich. On the other hand, a
downfield shift of the 13C signal of the donor CO carbon is expected due to the polarization of the
C=O bond. Finally, a blue shift in the n–π* electronic transition signal of the acceptor CO group
is expected in the ultraviolet (UV) spectrum due to an n → π* interaction.
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The aim of this perspective is to discuss the studies where spectroscopic signature in support
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evidence of n → π* interaction involving CO groups, we came across several earlier studies where
spectroscopic signature were observed but they were not discussed in the context of n → π*
interaction and, as a result, these studies were often overlooked in the discussion of n → π*
interactions in the recent literature. This is expected as the “n → π* interaction” is a relatively
new terminology. We have also included these studies here and carried out Natural Bond Orbital
Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

(NBO),31 Atoms in Molecules (AIM)32 and Non-Covalent Interaction (NCI)33 analyses on the
molecules under investigation to support the presence of n → π* interactions in them. All the
calculations were carried out using Gaussian 09 suite of quantum chemical program.34 Minnesota
functional (M06-2X)35 exchange correlational functional in conjunction with 6-311+G(2d,p) basis
set were used for the calculations. AIM analyses were done with Multiwfn36 software. For the
NCI plots, we used VMD37 graphical visualisation software. In the NCI plot, the nature of the
specific interactions is highlighted through a red blue green (RGB) colour scheme on the
calculated isosurface. A strong attractive interaction is indicated in blue whereas a strong repulsive
interaction is indicated by red. Green isosurface indicates weak interactions. To visualize structure
and determine the crystallographic parameters, we used Mercury 3.638 and Chemcraft39 graphical
visualization software. In this perspective, we discuss various spectroscopic evidence of n → π*
interactions in (i) gas-phase (ii) solution and (iii) Ar and N2 matrices. In most of the molecules or
dimer complexes studied here, the X···C distances between the donor heteroatoms (X = O, N and
S) and the acceptor carbon atoms were significantly shorter than the sum of van der Waals radii
of C and X involved in the interaction. In several molecules, X-ray structural evidence including
pyramidality of the acceptor C atom towards the X atom was also observed, which support the
presence of n → π* interaction. In a recent study, Cockroft and co-workers have shown that
CO···CO interactions are dominated by n → π* delocalizations when O···C distances are short,
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but electrostatics dominate at longer O···C distances.40 Therefore, the interactions discussed
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2. Spectroscopic evidence of n → π* interaction in the gas phase
Gas phase spectroscopy is useful to study weak interactions in molecules in an isolated
environment without the perturbation from intermolecular forces. Unfortunately, reports of gas
phase spectroscopic studies to probe n → π* interactions are limited. Das and co-workers used

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

gas phase infrared spectroscopy to detect the change in C=O stretching frequency in the cis and
trans conformers of phenyl formate (1) (Figure 2).41 They observed that the cis conformer is more
stable than the trans conformer by 1.32 kcal.mol-1 and one of the reasons of this higher stability
of the cis form is a favourable n → π*Ar interaction between the CO group and the phenyl ring
(Figure 2). They also observed a red shift of 31 cm-1 in the C=O stretching frequency of the cis
conformer of 1 relative to the trans conformer. In a subsequent study, Das and co-workers also
highlighted the importance of steric effect and hyperconjugation in the shift in the C=O stretching
frequency of phenylacetate.42 The red shift in C=O stretching frequency must arise from bond
lengthening via n → π*Ar mixing as steric or other repulsive influences would produce a blue
shift.43 We have analysed the effect of electron delocalization in the stabilities of the cis and trans
isomers of phenyl formate by carrying out optimization and NBO analyses of the molecules in
M052X/aug-cc-pVDZ level of theory, which was previously used by Das and workers in their
earlier works.42 From the NBO analysis, we observed that there were large stabilization energies
arising from electron delocalizations between the filled and empty orbitals in both the cis and the
trans isomers of phenyl formate. Most of these delocalization energies, however, are common to
both the isomeric forms. Only major difference was found in the presence of n → π* interaction
in the cis form, which is absent in the trans isomer.
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Figure 2. Cis and trans conformation of phenyl formate (1) and their CO stretching frequencies.41

Das and co-workers also observed infrared spectroscopic signature for CO···CO n → π*
interaction in (2S,4R)-N-(Benzyloxycarbonyl)-4-hydroxyproline methyl ester (Cbz-Hyp-OMe,
2). They carried out gas phase IR spectroscopic studies and quantum chemical calculations on
different conformations of 2.44 The amide bond in 2 can exist in either cis or trans conformation
(Figure 3A). The trans conformer of 2 is stabilized by CO···CO n → π* interaction and hence red
shifts in the stretching frequencies of both the donor and acceptor CO groups were observed in
the trans conformer relative to the cis conformer. The carbamate and the ester C=O frequencies
were red shifted by 14 cm-1 and 5 cm-1, respectively, in the trans conformer. In agreement with
these observations, DFT calculations also showed that the trans conformer has short contact (2.97
Å) between the two CO groups. NBO calculations showed ~2 kcal·mol-1 stabilization of the trans
isomer due to the delocalization of electron density of the carbamate CO oxygen lone pair over
the π* orbital of the ester C=O bond (Figure 3B).
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hydroxyproline methyl ester.

3. Spectroscopic evidence of n → π* interactions in solution
3.(a). IR spectroscopic study of phenyl formate in tetrahydrofuran (THF)
Recently, Das and coworkers45 also reported the IR spectroscopic studies 1 in tetrahydrofuran
(THF). The IR spectrum of 1 in THF showed two C=O stretching frequencies at 1766 cm-1 and
1744 cm-1, respectively, which indicate the presence of both the trans and cis isomers of phenyl
formate in THF (Figure 2). As discussed above, the cis form of 1 is stabilised by an n → πAr*
interaction and, therefore, the lower C=O stretching frequency of 1744 cm-1 was assigned to the
cis isomer and the higher C=O stretching frequency of 1766 cm-1 was assigned to the trans isomer.
The computed C=O stretching frequencies of the cis and trans geometries of 1 optimized by using
polarizable continuum model (PCM) were also in accordance with the experimental results.45

3.(b). Studies of proline-based molecules in solution
The amide bond of proline (Pro) (Figure 4) can undergo cis-trans isomerization (Figure 4B),
which affect the backbone conformation of a polypeptide chain.46 The CO groups at the N- and
C-terminus of Pro can participate in n → π* interaction only in the trans isomer (Figure 4B).47-48
In addition, the pyrrolidine ring of Pro can exist in -endo or -exo forms of the C carbon atom

8

Physical Chemistry Chemical Physics Accepted Manuscript

N

O

View Article Online

DOI: 10.1039/D0CP03557B

OH

OH

Page 8 of 32

Page 9 of 32

Physical Chemistry Chemical Physics

(Figure 4C).49-50 The C-exo ring pucker favours the trans conformation of the N-terminal View
amide
Article Online
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interaction.51-52 Although the strength of n → π* interactions are relatively weak, it was found to
be important in determining the three-dimensional structures of the Pro-based molecules.
Interestingly, the Pro ring pucker also affects the backbone torsion angles (Ф and Ψ) of Pro.52-52
It was shown that the substitution of a hydrogen atom with electronegative atom such as fluorine

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

(F) at the C position can stabilize the exo conformation, which increased the strength of n → π*
interactions.51
A 



B

4 3
5 2

N
H

N

N

1

OH

O

O

O

HN
O
cis

proline

HN
O
trans

C
O

O
N

OH

O


C -endo

N

OH

O
C-exo

Figure 4. A) Chemical structure of proline (Pro). B) Cis and trans conformations of the amide
bond in a N-acylated proline structure. The red dotted line indicates n → π* interaction. C) The
-endo and -exo forms of Cγ or C4 of the pyrrolidine ring in Pro derivatives.

Raines and co-workers synthesised Pro-based molecules 3-7 of the form AcYaaOMe,
where Yaa represents Pro, 4(R)-hydroxy-L-proline (Hyp), 4(S)-hydroxy-L-proline (hyp), 4(R)fluoro-L-proline (Flp) and 4(S)-fluoro-L-proline (flp) (Figure 5).53-54 The γ-endo and γ-exo forms
of Pro interconverts rapidly at room temperature. Using NMR spectroscopy, equilibrium
population of approximately 2:1 of endo:exo conformers was found for Ac-Pro-OMe.49
Incorporation of electronegative substituents such as OH and F at Cγ position changes the
equilibrium population of γ-exo and γ-endo forms. The C─O/C─F bonds in the respective
derivatives orient antiperiplanar to adjacent C─H single bonds due to a gauche effect. The polarity
9
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of the C─O or C─F bond makes the substituted carbon a potent electron acceptor and therefore
View Article Online
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When the electronegative atoms are bound to C carbon of R chirality as in Hyp and Flp, these
orbital interactions favour the Pro ring Cγ-exo pucker form (Figure 5B). Conversely, when the
electronegative atoms are bound to C carbon of S chirality as in hyp and flp, these orbital
interactions favour the Cγ-endo pucker form of the Pro ring (Figure 5C). As a result of such

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

preference of pyrrolidine ring pucker, the strength of the n → π* interaction gets affected, which
is reflected in the ester C=O stretching vibrations (νester) (Table 1). Accordingly, the value of ester
C=O vibrational frequency (νester) is lower in AcFlpOMe (6) by 6 cm-1 than in AcflpOMe (7).53
The decrease in C=O frequency was attributed to the greater electron donation from the amide CO
oxygen lone pair to the nearby ester CO group in Flp, when the pyrrolidine ring is expected to
stabilize in γ-exo form. Crystal structure of AcFlpOMe 6 was reported by Raines ad co-workers
wherein the amide oxygen atom was in close contact with the carbon atom of the ester group. An
abrupt change in the ester C=O frequency of 5 was explained based on the formation of an
additional transannular hydrogen bond.53
To investigate the effect of n → π* interactions, we carried out theoretical calculation on
3-7 at M06-2X/6-311+G(2d,p) level of theory. The theoretical parameters are listed in Table 1
and the C=O stretching frequencies are compared with the experimental IR values. The optimized
structures show short nonbonded O···C distances in these molecules. The shorter O···C distance
in 6 compared to 7 supports the experimental observation that the ester C=O vibrational frequency
(νester) in 6 was lower than in 7. NBO calculations showed that the delocalisation of the amide
oxygen lone pair with the π* orbital of ester C=O bond was much higher in 6 than in 7. Therefore,
it can be concluded that the difference in the C=O stretching frequencies in 6 and 7 were a result
of different strength of CO···CO n → π* interactions in them.
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Figure 5. (A) Chemical structures of proline derivatives 3-7. (B) Anti-periplanar σ(C-H) → σ*(CF) interactions stabilizes the Cγ-exo conformation of Ac-Flp-OMe. (C) Anti-periplanar σ(C-H) →
σ*(C-F) interactions stabilizes the Cγ-endo conformation of Ac-flp-OMe.

Table 1. Experimental and theoretical values of ester C=O stretching frequencies of 3-7,
nonbonded O···C distance and NBO energies.

Compound

3
4
5
6
7
aref

Ring
pucker
exo
exo
endo
exo
endo

Experimentala

Theoreticalb

νester (cm-1)
1743
1746
1725
1748
1754

νester (cm-1)
1846
1848
1814
1847
1858

O···C
distancec
Å
2.76
2.75
2.75
2.75
3.09

E2
kcal·mol-1
2.39
2.62
2.48
2.60
0.16

52-53 bcalculated values without scaling. cdistances were from the optimised structures.
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geometrical positions in mesocyclic compounds is well known in the literature.55-61 Various
spectroscopic techniques including 13C NMR, IR, UV absorption and optical rotatory dispersion
(ORD) were used to probe the presence of transannular interactions in solution.56-61 Although
these interactions have the characteristics of n → π* interactions,6 the transannular interactions

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

hardly found any mention in the discussion of n → π* interactions in the recent literature.1-2
Therefore, analyses of the experimental spectroscopic data of transannular interactions in
conjunction with theoretical calculations should provide better understanding of the nature of
these interactions.

3.(c)(i). IR spectroscopic evidence of the transannular interactions
Leonard and co-workers carried out IR spectroscopic investigations of aminoketone and
aminoacyloin model compounds to study the transannular interaction.56-61 They considered eight
and ten-membered rings of aminoketones and nine-membered aminoacyloins involving a CO
group as acceptor and a tertiary amino N atom as donor (Figure 6). The compounds were
strategically designed so that the lone pair of the donor N atom remains in a favourable position
to interact with the CO group. The N···C=O interactions were modulated by changing the steric
crowding around the N atom by alkylating it with various alkyl groups (Figure 6). Steric bulk near
the N atom is supposed to disfavour and weaken the N···C=O interactions. The C=O stretching
frequencies of the compounds having N···C=O interactions are expected to be red shifted
compared to those having no N···C=O interaction and the magnitude of red shift should be
dependent on the strength of N···C=O interaction. IR spectroscopic studies of N-methyl
substituted aminoketone 8 and N-cyclohexyl substituted aminoketone 9 were done in carbon
tetrachloride by Leonard and co-worker.56 The C=O stretching frequency of 8 (1681 cm-1) was
red shifted in comparison to that of 9 (1690 cm-1) by 9 cm-1 (Figure 6) suggesting that the N···C=O
12
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interaction is stronger in 8 compared to that of 9 in agreement with the prediction that View
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Figure 6. General chemical structures of aminoketones, aminoacyloin and compounds 8-9.

To evaluate the electronic effect on the transannular interactions, Leonard and co-workers
introduced para-substituted aryl groups on the donor N atom of aminoketones59 (compounds 1012). IR spectroscopic studies of 10-12 indicate no significant effect of para-substituents on the
C=O stretching frequencies of the aryl amines (Figure 7A). This was explained based on the
inherent electron withdrawing nature of aryl groups, which might have substantially reduced the
electron donation from N atoms in these compounds to detect any effect of the para-substitution.
The weaker electron donation from N atom in these compounds was also supported by the higher
C=O stretching frequencies of 10-12 compared to the alkyl compounds 8 and 9. Similarly, the CO
stretching frequencies of aromatic amine-derived aminoacyloin derivatives 13-15 suggest weak
transannular N···C=O interactions in these compounds.59 However, the C=O stretching of 15 was
red shifted compared to 13 and 14 (Figure 7B) indicating some effect of electron donating group
at the para position of the phenyl ring.
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Figure 7. (A) Chemical structure of 10-12 and (B) 13-15 along with the C=O stretching frequency
observed in IR spectroscopy.

Apart from transannular N···C=O interactions, Leonard and his co-workers successfully
reported evidence of transannular S···C=O interactions in an eight membered ring (compound 16,
Figure 8).61 IR spectroscopic studies showed presence of two conformational forms of the
molecule. In one conformer, the C=O stretching frequency (1684 cm-1) was considerably red
shifted than the other conformer (1703 cm-1). The conformer with red shifted C=O stretching
frequency was assigned as the form having S···C=O transannular interaction whereas the one with
higher C=O stretching frequency was assigned as the one without any S···C=O transannular
interactions.
O
O
S
16
S···C=O
present
-1
C=O (cm ) 1684

S
16
absent
1703

Figure 8. Chemical structure of 16 along with the C=O stretching frequency observed in IR
spectroscopy in its two conformers.

14

Physical Chemistry Chemical Physics Accepted Manuscript

A

Page 14 of 32

Page 15 of 32

Physical Chemistry Chemical Physics

3. (c)(ii) Ultraviolet (UV) spectroscopic evidence of transannular interactions.
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transannular interactions.58 For example, 2-Hydroxycyclononanone 17 (Figure 9) showed two
distinct UV peaks at 217 and 264 nm. The transition at longer wavelength (264 nm) was attributed
n-π* transition of the CO group. On the other hand, compound 18 (1-Methyl-1-azacyclononan-5ol-6-one) showed no detectable maxima near 264 nm but showed a new peak at 228 nm.59

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

Similarly, aminoketone 8 having a nitrogen atom within the ring showed an UV absorption at 225
nm.59 Since compound 8 and 18 are expected to have N···C=O transannular interactions, it is
likely that the UV absorptions of the CO groups were modified by the N···C=O interactions
between tertiary amino nitrogens and the CO groups in 8 and 18.
OH
O

OH
O
N

17

max 217, 264

18
217, 228

Figure 9. Chemical structure of 17-18 and their UV absorptions are shown.

To evaluate the effect of N···C=O transannular interaction in the UV transition, we
performed excited state calculations on 8, 17-19 using time-dependent density functional theory
(TD-DFT)62. TD-DFT is a popular tool for computing the properties of absorption and emission
spectra of molecules. We used Natural Transition Orbital (NTO) analysis63 to understand the
nature of the orbitals involved in the UV transitions. To perform TD-DFT calculations, we first
optimised 8 and 17-19 at M06-2X/6-311+G(2d,p) level of theory in vacuo followed by frequency
calculations. The initial geometry of 8 was generated from the crystal structure of 24 (discussed
later) by replacing the tBu group of 24 with a methyl (Me) group. The initial geometry of 19 was
generated by replacing the tBuN group of 24 with a methylene (CH2) group. Similarly, the initial
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Leonard and co-workers also investigated the ultraviolet spectrum of molecules having
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geometries of 17 and 18 were derived from a twisted-boat-chair (TBC) structure
of Online
View Article
DOI: 10.1039/D0CP03557B

molecular mechanics calculation64 and X-ray single crystal structure analysis65. No
conformational search was performed to find out the global minimum energy structures of these
molecules. After optimizations and frequency calculations to confirm that the geometries of 8 and
17-19 were indeed local minima in the potential energy surface (PES), NBO analyses were carried
out on 8 and 18 to evaluate the contribution of the transannular n → π* interactions on their
Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

stabilization. We observed significantly high NBO stabilization energy values (E2) arising from
transannular n → π* interactions in 8 and 18 (6.15 and 9.88 kcal·mol-1, respectively). A pictorial
representation of the stabilizing effect of N···C=O transannular interaction on the molecular
orbitals of 8 or 18 is shown in Figure 10A. Due to N···C=O transannular n → π* interaction, there
will be mixing of orbitals leading to stabilization of the filled molecular orbital (MO) having
nitrogen lone pair character whereas the vacant MO of π* (C=O ) character will be raised in
energy. As the filled orbital gets stabilized, there will be an overall stabilization of the molecule.
We then carried out TD-DFT calculations on the optimized geometries at M06-2X/6311+G(2d,p) level of theory. From the TD-DFT calculations we found that the excitation energies
for n-π* electronic transition of the carbonyl group of 8 and 19 were 4.31 eV (λ = 287.8 nm) and
4.10 eV (λ = 302.4 nm), respectively and the corresponding values for 17 and 18 were 4.14 eV (λ
= 299.8 nm) and 4.31 eV (λ = 287.6 nm), respectively. From the NTO analysis63 it is confirmed
that the donor orbitals involved in the above UV transitions of 8 and 17-19 have dominant oxygen
lone pair (n) character and the acceptor MOs have dominant π* character (Figure 10B). Taken
together, these data indicate that the noncovalent N···C=O transannular interaction indeed raised
the energies of the π* MO of the C=O group in 8 and 18 relative to 19 and 17, respectively, that
lacked N···C=O transannular interactions (Figure 10C-D). Therefore, it can be concluded that the
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cyclononanone, which was previously found to be a stable structure for a nine membered ring by
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n-π* electronic transitions of the carbonyl groups of 8 and 18 were blue shifted relative to 19
Viewand
Article Online
DOI: 10.1039/D0CP03557B

Figure 10. (A) Schematic MO energy level diagram of a nN → π*C=O interaction showing the
stabilization of the filled orbital of N lone pair character and destabilization of the vacant orbital of
π*(C=O) character leading to overall stabilization of the system due to this interaction. (B) Nature
of occupied and unoccupied orbitals associated with the n-π* electronic transitions of 18 (Isovalue
= 0.15 au) show oxygen lone pair (nO) character of filled MO and π*(C=O) character of vacant
MO. (C) Energies of MOs of oxygen lone pair (nO) character and π*(C=O) character that are
involved in n-π* electronic transitions in 8 and 19 and (D) 17 and 18.

3. (c)(iii) 13C NMR spectroscopic evidence of transannular interactions
Nakashima et. al.66 utilised 13C NMR spectroscopy on a series of compounds [16 (Figure 8) and
19-22 (Figure 11)] to detect the transannular interactions of a CO group with O, S and N donors
in eight membered ring systems. The compounds were carefully chosen from a pool which was
previously studied by Leonard and co-workers for the presence of transannular interactions.56-61
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17, respectively, due to the presence of N···C=O transannular n → π* interactions in 8 and 18.
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The effect of transannular interaction on the chemical shift of the CO carbon was monitored.
ViewThe
Article Online
DOI: 10.1039/D0CP03557B

shift decrease in the order of 19 > 16 > 20 > 21 with the CO carbon of compound 19 being the
most deshielded one (Table 2). In a 1:9 cyclohexane-chloroform mixture, the CO carbon

13C

signals of 16, 19 and 20 were less shielded by approximately five ppm than in the cyclohexane
(cHex) solutions, but still retain the same relative order (19 < 16 < 20) of shielding. The CO carbon
resonance of compound 21 was highly shielded in 1:9 cyclohexane-chloroform mixture, where
Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

geometrical effects of the bicyclic system may play a significant role apart from the N···C=O
interaction. These studies showed that the N···C=O interaction is stronger compared to O···C=O
and S···C=O transannular interactions, which is consistent with the results of Leonard and coworkers.
O
O

O
N
O

19

Table 2. CO 13C values of 16, 19-21.

20

21

Figure 11. Chemical structures of 19-21.

Comp
16
19
20
21

13C

(ppm)
cHex-d12
183.20
184.68
181.03
171.88

13C

(ppm)
cHex-d12/CDCl3
188.14
190.51
186.59
102.04

Gellantly et. al.67 predicted that the boat conformation of compound 22 is stabilized by
attractive nonbonded interactions between nitrogen and CO group. The strength of the interaction
was estimated to be 2-3 kcal·mol-1. Several years later, Spanka et. al. reported 13C NMR studies
of N-alkyl substituted amino ketones 8, 19, 22-24 having alkyl groups of different sizes in C6D6,
(Figure 12).68 Downfield shifts (deshielding) of 13C signals of the CO carbon atoms were observed
on incorporation of bulkier alkyl groups on the N atom (Table 3). This observation suggest that
the bulkier group reduces the N···C=O interaction in the amino ketones, which supports the
observation of Leonard and co-workers.

18
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CO carbon became shielded by the transannular interaction in cyclohexane solution and chemical
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O

O

O

Table 3. CO 13C values of 8, 19, 22-24 in C6D6.View Article Online
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N

N

22

23

24

Figure 12. Chemical structure of 22-24.

13C

(ppm)
206.4
215.0
207.7
208.6
209.2

3.c(iv) n → π* nature of transannular interactions

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

After many years of solution spectroscopic studies of transannular interactions by Leonard and
others, Dunitz and co-workers69-70 reported the X-ray crystal structures of 10 and 21 and
Rademacher et. al.68 reported the crystal structure of 24 (Figure 13). We further analysed these
crystal structures for signature of n → π* interactions. The X-ray crystallographic studies of the
compounds showed that short N···C=O close contacts with nonbonded N···C distances (d)
significantly less than the sum of the van der Waals radii of N and C atoms (3.25 Å). Interestingly,
the approach of the donor N atom to the CO carbon followed the Burgi-Dunitz (BD) trajectory (θ)
(Table 4) and induced significant pyramidality (Δ) in the sp2 acceptor CO carbon, which are clear
signature of n → π* interaction.

Figure 13. Crystal structure of A) 10 (CSD refcode TOLAZO) B) 21 (CSD refcode
MAZUNO01) C) 24 (CSD refcode FIXZOB).

Table 4. X-ray Structural parameters and NBO stabilisation energies of 10, 21 and 24.
Compounds

dN···C

θN···C=O

∆

E2
19
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N

Comp
8
19
22
23
24
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(Å)

(°)

(Å)
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kcal.mol-1

View Article Online

10

2.76

107.7

0.116

4.12

21

2.47

111.7

0.487

15.06

24

2.69

110.4

0.077

6.58

dN···C - Nonbonded distance between N and C atom, θN···C=O - Angle of approach of the N atom to the C=O
plane, ∆ and Θ - pyramidality of the CO carbon atom. E2 - Stabilisation energy from NBO calculations.

To understand the nature of these transannular N···C=O interactions, we carried out quantum
chemical calculations on the crystal structures of 10, 21 and 24. NBO and AIM calculations were
Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

done on the crystal geometries of 10, 21 and 24 without further optimization. It is clear from the
X-ray crystal structures of these compounds that the donor nitrogen atoms point toward the
acceptor CO carbon atoms (Figure 13A-C and Figure 14A). NBO analyses showed significant
stabilization (E2) of the molecules due to delocalization of the N lone pair of electrons into the π*
orbital of the C=O bonds in these molecules (Table 4, Figure 14B). The NBO stabilization energy
increased with the decrease in N···C distances, which also correlates with the spectroscopic data
presented by different research groups. AIM calculations showed bond critical point (bcp)
between the donor nitrogen and the acceptor CO group accompanying a bond path connecting
both the interacting atoms (Figure 14C). Noncovalent interaction between the N and CO carbon
atom was also observed from the NCI calculation (Figure 14D). Taken together, the X-ray
crystallographic analyses and our theoretical studies indicate that the transannular interactions are
n → π* in nature involving delocalization of lone pair of electrons of the donor atom (N) into the
antibonding π (π*) orbital of the C=O bond of the acceptor CO group.

Figure 14. (A) X-ray crystal geometry65 (B) NBO orbital overlap diagram (C) AIM plot and (D)
NCI plot of 24.
20
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Matrix isolation infrared spectroscopy is a suitable method to study weak van der Waals
complexes. Weak intermolecular complexes including, formaldehyde dimer (H2C=O···H2C=O)7172

25, formaldehyde-carbon dioxide (H2C=O···CO2)73 complex 26, carbon dioxide dimer

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

(CO2···CO2)74-76 27 and dinitrogen-carbon dioxide (N2···CO2)74 complex 28 (Figure 15) were
studied by different research groups in the past by using matrix isolation infrared spectroscopy.
HH
H
O
H
H

C

N

C
H

C O

H2CO dimer

O

C

O

H2CO-CO2 complex

25

26

N

O C O

O

O C O

O

C

O

CO2 dimer

N2-CO2 complex

27

28

Figure 15. Structural representation weak intermolecular complexes 25-28 studied by matrix
isolation infrared spectroscopy.
Hossein Khoshkhoo and Eugene R. Nixon reported a red-shift in the CO stretching
frequency of the formaldehyde dimer (25) by ~4 cm-1 with respect to its monomer in argon
matrix.71 They pointed out the presence of intermolecular interactions through the CO group but
the nature of the interactions was not understood. Subsequently, high level theoretical calculations
were performed on the formaldehyde dimer and it was reported that the global minimum structure
of the formaldehyde dimer is a Cs symmetric structure.77-79 In a recent study, we have taken the
well-established global minimum structure as initial geometry and re-optimized at M062X/6311+G(2d,p) level of theory for the further investigations.80 We observed an intermolecular O···C
and an O···H short contacts in the Cs symmetric formaldehyde dimer (Figure 16). NBO, AIM and
NCI analyses of the optimised structure suggested that one of the oxygen lone pair of electrons of
21
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one formaldehyde molecule interacted with the vacant antibonding π orbital (π*C=O) of theView
C=O
Article Online
DOI: 10.1039/D0CP03557B

interaction due to O···H─C hydrogen bond was also observed. Therefore, it can be concluded that
the red shift in the IR vibrational CO frequency of the formaldehyde dimer relative to its monomer

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

was due to these n → π* and n → σ* interactions.

Figure 16. (A) Chemical structure of formaldehyde. (B) Optimised structure of 25. (C) n → π*
NBO orbital overlap diagram in 25. (D) AIM plot showing bond path for n → π* and n → σ*
interactions in 25. (E) NCI plot of 25 showing the n → π* and n → σ* interaction.

Zwet et. al. reported the matrix isolated IR studies of formaldehyde-carbon dioxide
(H2C=O···CO2) complex (26) in argon matrix.73 A new IR band at 1737.0 cm-1 in the CO (C=O)
stretching region was observed due to complexation of formaldehyde with carbon dioxide. This
new band is red shifted by 5 cm-1 with respect to the monomeric CO stretching (1742.2 cm-1) of
formaldehyde. The red shift in the CO stretching frequencies was attributed to the formation of
weak complex. To investigate on the nature of interactions that might have changed the CO
frequencies, we performed quantum chemical calculations on the formaldehyde-carbon dioxide
complex. Zwet et. al. demonstrated formaldehyde-carbon dioxide to be a C2v symmetric T-shaped
structure. We optimized the C2v symmetric formaldehyde-carbon dioxide complex with the
formaldehyde oxygen pointing towards the CO2 carbon atom. In the optimized structure, an
intermolecular O···C short contact between the formaldehyde oxygen atom and the CO2 carbon
22
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bond of the neighbouring formaldehyde molecule in an n → π* manner. A weak n → σ*
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atom was observed (Figure 17). We then carried out NBO, AIM and NCI analyses to identify
the Online
View Article
DOI: 10.1039/D0CP03557B

of 1.25 kcal.mol-1 of the complex due to the orbital overlap of the formaldehyde oxygen lone pair
and the vacant π* orbital of CO2. AIM analysis also showed a clear bond path between the two
interacting atoms. NCI plot indicated the presence of noncovalent interactions between the oxygen
and the carbon of the CO2 molecule. Therefore, the red shift in C=O vibrational frequency in 26

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

can be attributed to an n → π* interaction in the molecule.

Figure 17. (A) Optimised structure of 26. (B) n → π* NBO orbital overlap diagram in 26. (C) AIM
plot showing bond path for n → π* interactions in 26. (E) NCI plot of 26 showing the n → π*
interaction.

Castano et al reported the IR spectra of carbon-dioxide dimer (CO2···CO2) (27) in both Ar
and N2 matrices.74 However, the asymmetric stretching frequency of the CO2 dimer in the IR
spectrum was found to be slightly blue shifted (1.6 cm-1) with respect to the monomer frequency,
which is inconsistent according to the expectation based on the results discussed above (Table 5).
Earlier studies established that a slightly slipped parallel structure is the global minimum structure
of CO2 dimer.81 We optimized the slipped parallel carbon dioxide geometry at M06-2X/6311+G(2d,p) level of theory (Figure 18A). AIM calculations show a typical bond path connecting
the oxygens (Figure 18C). From the NBO analyses, we observed interaction of the oxygen lone
pair of one CO2 molecule to the vacant C=O antibonding  orbital of the other CO2 (Figure 18B).
NCI plot also suggest weak interactions between the two CO groups (Figure 18D). Castano et al74
also observed a small blue shift (1.3 cm-1) of the C=O stretching vibration in the nitrogen-carbon
23
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type of non-covalent interaction involved in the complex. NBO analyses suggested a stabilization
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dioxide (N2···CO2) complex 28 with respect to the CO2 monomer (Table 5). The NBO, AIM
Viewand
Article Online
DOI: 10.1039/D0CP03557B

calculations on the N2···CO2 complex clearly demonstrate the delocalization of electrons of the
nitrogen lone pair to the C=O antibonding  orbital of the CO2 molecule. It should be noted that
the O···C distance (2.97 Å) in CO2 dimer is much longer than the O···C distances observed in
formaldehyde dimer and H2C=O···CO2 complex. Similarly, the N···C distance in N2···CO2 (3.06

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

Å) is also relatively longer. In addition, the NBO second order perturbation energies (E2) )
associated with the n → π* interactions were also relatively smaller for CO2 dimer and N2···CO2
(Table 5) compared to formaldehyde dimer and H2C=O···CO2 complex. Therefore, we conclude
that the n → π* delocalizations in CO2 dimer and N2···CO2 are weak and the vibrational
frequencies do not undergo red shift due to such small n → π* delocalizations. These results are
in agreement with the recent report of Cockroft and co-workers that in CO···CO interactions, n →
π* delocalizations are weak or absent when the O···C distances are long (~3.0 Å or longer) and
electrostatics dominate at such longer O···C distances.40
Table 5. IR values of CO2 dimer and N2···CO2 complex from ref 70.

CO2···CO2
N2···CO2

νmonomer
(cm-1)
2344.7
2344.7

νcomplex
(cm-1)
2346.3
2346.0

E2
(kcal·mol-1)
0.94
0.43
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NCI plots of the N2···CO2 complex are shown in Figure 18E-H. Interestingly, our theoretical
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Figure 18. (A) Optimised structure of CO2···CO2 (27). (B) n → π* NBO orbital overlap diagram in
27. (C) AIM plot showing bond path for n → π* interactions in 27. (E) NCI plot of 27 showing the
n → π* interaction. (E) Optimised structure of N2···CO2 (28). (F) n → π* NBO orbital overlap
diagram in 28. (G) AIM plot showing bond path for n → π* interactions in 28. (H) NCI plot of 28
showing the n → π* interaction.

4. Conclusions and outlook
n → π* interaction has emerged as an important noncovalent interaction that can be used to control
conformations of small molecules. The presence of n → π* interaction was also observed in many
proteins, peptides and peptidomimetics. In a recent review, Raines and co-workers highlighted the
importance of n → π* as a secondary interaction in proteins in controlling their secondary
structures and folding. Despite their importance in chemistry and biology, there have been limited
studies in recent years that provided direct spectroscopic evidence of n → π* interaction,
especially in solution environment. Therefore, majority of the papers published in this area have
relied on X-ray crystallography and/or theoretical calculations to establish the presence of this
interaction. However, as the n → π* terminology is relatively new, the possibility of having earlier
studies where spectroscopic evidence for n → π* interactions obtained but were not analysed and
25
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discussed in the light of the n → π* terminology remained open. We found several such studies
View Article Online
DOI: 10.1039/D0CP03557B

we have discussed several such earlier studies along with the recent reports on the spectroscopic
evidence of n → π* interactions in various types of molecules in the gas phase, in solution and in
Ar/N2 matrix. Based on these studies, we conclude that n → π* interaction can be detected in
solution by using common spectroscopic methods such as IR, UV-Vis, and NMR when the

Published on 02 November 2020. Downloaded on 11/2/2020 11:19:05 PM.

interactions are strong (> 1.5 kcal.mol-1). Red shift of C=O vibrational frequency, upfield shift of
the CO carbon chemical shift in 13C NMR and disappearance or hypsochromic shift of CO n-π*
transition in the electronic spectrum could be signatures of n → π* interactions. In majority of the
spectroscopic studies, the strength of n → π* interactions were ~1.5 kcal.mol-1, which is much
stronger than the average strength of n → π* interactions found in proteins (~0.25 kcal.mol-1).19
In case of transannular interactions, the n → π* stabilization energy values were much higher
(~5.0 kcal.mol-1). In Ar/N2 matrix, the n → π* interactions energies for the weakly bound
intermolecular complexes were mostly < 1.0 kcal.mol-1. Accordingly, very small red shift (~5 cm1)

of C=O vibrational stretching frequencies were observed for the complexes relative to the

monomer C=O stretching frequencies. In fact, contrary to expectation, both CO2 dimer and
N2···CO2 complexes showed blue shift in their C=O vibrational frequencies when n → π*
interactions were weak (<1.0 kcal.mol-1). Therefore, we believe that n → π* interactions may be
spectroscopically detected in solution only when they are relatively stronger (>1.5 kcal.mol-1) than
what is commonly observed in proteins and peptides (~0.25 kcal.mol-1). Therefore, it may be
difficult to get direct spectroscopic evidence for n → π* interactions in macromolecular systems
such as peptides and proteins. We anticipate that more interesting roles of n → π* interactions
will emerge in coming years in various areas of chemistry and biology including drug design and
development. For example, recently, n → π* interaction has found applications in dynamic
covalent chemistry (DCC)82, transition state stabilization83 and enzyme catalysis84, which were
not realised few years back. However, detection of n → π* interaction by spectroscopic techniques
26
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which were overlooked in the discussion of n → π* interactions in the recent literature. Herein,
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will remain a challenge and conformational analysis using model systems, X-ray crystallographic
View Article Online
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effects.
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