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Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6.

Electronic spectrum of phenyl formate measured using 1C-R2PI
spectroscopy. (b) and (c) represent UV-UV hole-burning spectra of phenyl
formate measured by probing the bands at 37673 and 37613 cm’,
respectively, marked by asterisks in the spectrum A. Tentative assignment
of the bands in the electronic spectrum is done based on the calculated
vibrational frequencies in the excited electronic state at the CIS/6-31+G(d)
level of theory. See the text as well as Table S1 for the detailed assignment.
The bands marked as A; and A, belong to the trans conformer only but

could not be assigned to S;«—S transition.

(a) cis and (b) trans conformers of phenyl formate obtained at the M05-
2X/aug-cc-pVDZ level of theory. The atom numbering scheme is shown in

the structure of trans conformer.

IR spectra by probing (a) 0-0(cis) + 83 cm™ and (c) 0-O(trans) + 126 cm’’
bands in the electronic spectrum shown in Fig. 4.1. Theoretical IR spectra
of the cis and trans conformers of phenyl formate calculated at the M05-
2X/aug-cc-pVDZ level of theory are shown as stick diagrams in 4.3(b) and
4.3(d), respectively. The calculated IR frequency has been scaled with
respect to reported experimental carbonyl stretching frequency of methyl

lactate.

IR spectra measured in the carbonyl stretching region by exciting the (a) 09
(trans), (b) 03 (trans) + 39 cm™, (c) 09 (trans) + 51 cm™, (d) 09 (trans) + 79
cm” and (e) 0 (trans) + 126 cm™ bands of the electronic spectrum of

phenyl formate shown in Figure 4.1(c).

NBO view showing the overlap of lone pair orbital (n) of carbonyl oxygen
and rr* orbitals of phenyl ring in the cis conformer of phenyl formate.

NBO view of (a) m* orbital of phenyl ring along with m orbital of the
carbonyl group and (b) m orbital of phenyl ring along with * orbital of

carbonyl group in the cis conformer of phenyl formate.
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Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

NBO view for the overlap of donor and acceptor orbitals involved in R; and
R, interactions in the cis and trans conformers of phenyl formate. R; and R,

are defined at the footnote of Table 4.3.

NBO view for the overlap of donor and acceptor orbitals involved in Rj
interaction in the cis and trans conformers of phenyl formate. R3 is defined

at the footnote of Table 4.3.

(a) Crystal structure of collagen tripeptide sequence (Pro-Hyp-Gly)
showing n—n  interaction (represented by green arrow) between the
neighbouring carbonyl groups. (b) General structure of a proline unit in
collagen showing the trans conformation of the amide bond. Where X= -H

or —OH at 4R-configuration

(a) Electron withdrawing group (EWG) in the 4R position favors the
gauche conformation which stabilizes the Cy-exo puckering of the
pyrrolidine ring. (b) Newman projection of C4 and C5 carbon atoms of the
pyrrolidine ring in gauche conformation showing overlap of o orbital of
C5-H bond with o* orbital of C4-EWG bond and ¢ orbital of C4-H bond
with o* orbital of C5-N bond.

(a) Electronic spectrum of Cbz-Hyp-OMe measured using 1C-R2PI
spectroscopy. (b), (¢), (d), and (e) are the UV-UV hole burning spectra of
Cbz-Hyp-OMe measured by probing the bands marked by (¢), (A), (m),
and (e) in the R2PI spectrum, respectively. A9 (37677 ecm™), B (37703
em™), €9 (37656 cm™), and DQ (37633 cm™) represents the origin band

transition of conformers A, B, C, and D, respectively.

Zero-point corrected relative energies of the conformers of Cbz-Hyp-OMe
calculated at the M05-2X/aVDZ level of theory. Conformers are classified
into four groups (P, Q, R, and S). Conformers of group P, Q and S have

exo puckering while group R has endo puckering of the pyrrolidine ring.
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Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Structures of all the 16 conformers optimized at the M05-2X/aVDZ level of
theory. E represents the zero point corrected relative energies (kcal/mol)
of the conformers with respect to the most stable conformer (I-c). “c”

stands for cis, “t” stands for trans.

(a) Symbols for representing the important geometrical parameters. f3
represents the benzyl ring torsion. Dihedral angles ® (O10-C8-N1-C2), ¢
(C8-N1-C2-C-11) and y (CN1-C2-C11-013) are the Ramachandran angles
that define the main chain torsion angles. Distance r represents the N...H-O
hydrogen bond distance. (b) Pictorial representation of Burgi-Dunitz
parameters. dpp represents the distance between the donor oxygen and
carbon atom of the acceptor carbonyl group while Opp represenst the angle
0...C=0. A represents the degree of pyramidalization of the acceptor

carbonyl carbon from the plane of its three substituents.

Experimental IR spectra of conformers A, B, C and D shown in
comparison with the theoretical IR spectra of group P, Q and R structures
of Cbz-Hyp-OMe in the (a) C=0 stretching frequency region and (b) O-H
stretching frequency region. The calculated amide C=0, ester C=0O and OH
stretching frequencies are scaled using scaling factor of 0.9441, 0.9546 and

0.9391 respectively.

NBO view of overlap of donor and acceptor natural bond orbitals involved

in n—7*, R1 and R2 interactions in the conformers of group P.

cis and trans conformers of N-methoxycarbonyl (2S,4R)-4-
hydroxypyrrolidine-2-methyl showing no change in the amide C=O
stretching frequency in the absence of n—m* interaction. Second order
perturbative energies of R1 and R2 interactions are shown for cis and trans
conformers below their corresponding geometries. R1 and R2 interactions
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Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Skeletal structure of salicin

(a) Electronic spectrum of salicin measured using 1C-R2PI spectroscopy.
(b), (c) and (d) are UV-UV hole burning spectra of salicin measured by
probing the bands labeled as A (36422), B (36435) and C (36452 cm )
respectively, in the R2PI spectrum. The electronic band origins of A, B and
C conformers are designated as AY (36422 cm ), BY (36435 cm ') and
CY (36452 cm™).

Relative energies (including zero-point energy corrections) of the
conformers of salicin calculated at the M06-2X/6-311++G(d,p) level of
theory. Conformers are divided into four groups P, Q, R, and S on the basis

of their structural similarities.

Structures of 14 low energy conformers of salicin optimized at the M06-

2X/6-311++G(d,p) level of theory.

(a), (c) and (e) show the experimental IR spectra of species A, B, and C,
respectively, in the O-H stretching region measured by probing their
respective electronic band origins (for electronic origin bands see Figure 2).
The scaled theoretical O-H stretching frequencies of conformers II, I and
I are shown in (b), (d) and (f) respectively, calculated at the M06-2X/6-
311++G(d,p) level of theory. The structures of conformers I, I1, and III are
also shown in the inset of the figure. The blue dotted line represents the O-
H...O hydrogen bonding, and the green dotted line represents the n—m*

interaction.

Experimental O-H stretching frequencies of species A, B and C in
comparison with the computed O-H stretching frequencies of (a) Group P,
(b) Group Q, (¢) Group R, and (d) Group S conformers. The calculated
[M06-2X/6-311++G(d,p) level of theory] O-H stretching frequencies are

shown as stick spectra (origins scaled by a factor of 0.9333).
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Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10.

(b), (d) and (f) shows experimental electronic spectra of species A, B and C
respectively, in comparison with the Franck-Condon simulated electronic
spectra of conformers II, I and III presented in (a), (c) and (e), respectively.
Assignments of the bands are based on the simulated Franck-Condon
spectra.

NBOs of the three lowest energy conformers (I, II, and III) of salicin and
the gauche conformer of benzyl alcohol, showing no overlap between the
orbitals of the aromatic ring and ¢* orbital of the benzylic OH group. The
electron density was calculated at the M06-2X/6-311++G(d,p) level of
theory.

(a) NBOs of the 02-H2...07 hydrogen bonding interaction and n—m*
interaction in various conformers (I, II, ITI, V and VIII) of salicin calculated
at the M06-2X/6-311++G(d,p) level of theory. The NBOs of the n—n*
interaction show overlap between the lone pair orbitals (ns and np) of 07
atom with the 7* orbital of C2'=C3’ bond of the aromatic ring. The NBOs
of the hydrogen bonding interaction show overlap between lone pair
orbitals (ns and n,) of 07 atom with the o* orbital of the 02-H2 bond. (b)
NBOs of the n—m* interaction between the lone pair orbital of (ns and np)
oxygen atom and the aromatic ring in the gauche and trans conformers of

benzyl alcohol.

(a) X-ray crystal structure of the B-Glucosidase enzyme...salicin complex
(PDB ID: 3VIL). (b) Structure of salicin in the enzyme bound state and
one of its NBOs showing an n—7* interaction between the oxygen atom of

the benzylic OH and the aromatic ring. The electron density has been

calculated at the M06-2X/6-311++G(d,p) level of theory.
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Synopsis

Non-covalent interactions are the backbone of biomolecular and material structures as
well as biological processes. Thus, an in-depth understanding of these weak interactions may
lead to design of efficient functional materials, drugs and also understanding the biological
processes. These non-bonding interactions generally have a broad range of classifications
depending on their nature, origin and strength. Hydrogen bonding is the most versatile and
well understood non-covalent interaction documented in the literature. Intermolecular
interactions involving m-systems, which are also very popular and well studied, are m-
stacking, m-hydrogen bonding, cation—m interactions and anion-m interactions. Recently,
another non-covalent interaction involving m-system and electronegative atom has been
recognized by the scientific community. This newly discovered non-covalent interaction is
named as n—m* interaction.

The n—7* interaction is generally classified into two categories: n— 7y, (amide) and
n— 7, (aromatic).' The n— 7}, interaction is widely present in the backbone of proteins and
peptoids where the lone pair of electrons on the oxygen atom of a carbonyl group is
delocalized into the m*orbital of a neighbouring carbonyl group.” This interaction follows the
Burgi-Dunitz trajectory (O...C=0 distance < 3.2 A and £0...C=0 = 109 £ 10°) of approach
of a nucleophile to an electrophilic system. In the case of the n— 7, interaction, lone pair
electrons on electronegative atom (e.g. oxygen of a carbonyl group) are delocalized into the
m* orbital of an aromatic ring. In this case, the geometrical requirements for the optimum
interaction is given by the distance between the carbonyl oxygen and aromatic ring centroid
(2.8-3.8 A) as well as the angle between the aryl and carbonyl planes (< 90°).
n—> 7Ty, interaction is also termed as lone pair (Ip)...w interaction. The n—>m), interaction is

mostly observed in nucleic acids and in the side chains of proi:eins.3'6



The widespread presence of the n—m* interactions in proteins, nucleic acids, and solid state
materials has been documented from an extensive search of X-ray crystal structures in the
Protein Data Bank (PDB) as well as Cambridge Structural Database (CSD).*" The N7,
interaction was first reported in Z-DNA by Egli and co-workers in 1995 through analysis of
its crystal structure.® Later, Egli and co-workers have reported several nucleic acids (tRNA,
hammerhead ribozyme and RNA Pseudoknot) where significant n—m* interactions are
present.” Another crystallographic data analysis performed by Sankararamakrishnan and co-
workers also provides evidence of n—m* interaction in nucleic acids.’

Significance of the n—m* interaction in proteins was recognised after its discovery in
collagen triple helix.'” The presence of the n—m* interactions in the backbone of individual
PP-II helix of collagen accounts for very long and robust structure of individual strand in
spite of the absence of any intra-strand hydrogen bonding interaction. The n—m* interaction
exists not only in the backbone but also in the side chains of proteins. Sankararamakrishnan
and co-workers have analyzed high resolution crystal structures of about 500 proteins and
reported that the oxygen atom of the backbone carbonyl group interacts frequently with side
chain carbonyl groups as well as aromatic centers.”

On the material front, there are quite extensive reports in the literature demonstrating
the role of the n—m* interaction in the supramolecular self-assembly of molecules to give
rise to specific structures of materials.'' Mostly, n—}, type of interaction, which is also
referred as lone pair (Ip)...m interaction, has been observed in materials. A triazine-based
supramolecular self-assembly shows the first evidence of the n—m, interaction in the solid
state. This interaction has been named as a new supramolecular bond by Reedijk and co-
workers who have done a thorough systematic search of the lone pair (Ip)...m interaction in
the crystal structures deposited in the CSD."" The n—7* interaction also contribute to the

stability of polymers and small molecules. The examples are poly Lactic acid (PLA),



peptoids (polymer of N-subsituted glycine residues), N-acyl homoserine lactones (AHL), y-
Amino butyric acid (GABA) and analgesics drug aspirin.”

It has been observed from crystallographic and computational studies that n—m*
interaction is present in the backbone of o-helix along with the hydrogen bonding
interaction.” Raines and co-workers have stated that there is a close connection between the
hydrogen bond and an n—m* interaction,” and interplay or cooperativity between these two
interactions is inevitable in the structures of biomolecules. Such interplay between both the
interactions can either increase or decrease the strength of the other interaction.'? Raines and
co-workers have also shown the interplay between n—m* interaction and hydrogen bonding
in the side chains of proteins through crystal structure and computational analysis.'” They
have also used NMR spectroscopy to understand the role of n—m* interaction in the stability
of biomolecules.”® Several proline derivatives have been used as model systems. The prolyl-
peptide bonds of proline derivatives can have both cis and trans conformations. Interestingly,
the trans amide conformations which have n—m* interactions are dominant in proteins. The
NMR spectroscopy experiments on model compounds indeed show preferential population of
the conformers having an n—m* interaction over the conformers without an n-m*
interaction.

Till now, experimental approaches to determine the presence of the n—om*
interactions are limited to only NMR spectroscopy and X-ray crystallographic studies. Both
of these studies demonstrate the presence of the n—m* interaction in various molecular
systems. However, the question arises as to whether this close contact between two electron-
rich moieties observed in the crystal structures occurs just because of optimization of the
arrangement of other molecular units in the macromolecular systems. Further, in solution
phase spectroscopy, the solute-solvent interaction may change the equilibrium between the

conformers having n—m* interaction and without having n—m* interaction. In principle,



presence of neighboring intermolecular interactions can obscure the investigation of the
n—7* interaction as it is very weak in strength.

Isolated gas phase spectroscopy is an ideal means to study this weak n—om*
interaction as this technique allows to study the structures of molecular moieties in an
environment which is free from crystal packing forces and solvent or any other
intermolecular interactions. Although there are thorough literature studies on conventional
hydrogen bonding, m-stacking and m-hydrogen bonding interactions in isolated gas phase,
similar studies on the n—m* interaction are scarce in the literature. The scarcity of the gas
phase study of the n—m* interaction in the literature is definitely due to the weak and
counterintuitive nature of this non-covalent interaction. In this thesis, we have employed
isolated gas-phase spectroscopic techniques combined with quantum chemistry calculations
to explore n—m* interaction quantitatively in various molecular systems and addressed the
following questions on n—m* interaction.

1) Can we study n—n* interaction in isolated gas phase?
2) Can n-m* interaction exists along with strong hydrogen bonding interaction?
3) Can we directly probe the n—m* interaction in a molecular system from gas phase
spectroscopic study?
4) Can we explore n—m* interaction in molecular systems which have direct biological
implications using gas phase spectroscopy? (e.g., peptides, drugs, nucleic acid etc.)
In chapter 1, we have introduced the n—m* non-covalent interaction. We have discussed its
significance in biomolecules, materials, and small molecules. The current understanding of
the n—m* interaction through NMR spectroscopy has been reviewed in this chapter. We have
also discussed the physical nature of the n—m* interaction understood so far from the
experimental and computational analysis. At the end of this chapter, we have projected the

aim of the current thesis.



In chapter 2, we have described the experimental setup and computational methods
which have been employed to study the structures of molecules and complexes stabilized by
the n—m* interaction. We have discussed the principles of supersonic jet expansion, Time of
Flight Mass spectrometry and laser based various spectroscopic techniques used to measure
high-resolution electronic and vibrational spectroscopy of molecules in isolated gas phase.
The spectroscopic techniques include resonant two-photon ionisation spectroscopy (R2PI),
resonant ion-dip infrared spectroscopy (RIDIRS), IR-UV and UV-UV hole-burn
spectroscopy.

In chapter 3, we have shown the interplay between hydrogen bonding and weak
n—m* interactions in the complexes of 7-azaindole and several 2,6-substituted
fluoropyridines using gas phase spectroscopic techniques (R2PI and IR-UV double resonance
spectroscopy) combined with quantum chemical calculations. In literature, the co-operativity
between hydrogen bonding and n—m* interactions is reported mostly based on crystal
structure and computational analysis. Here, our purpose is to show the spectroscopic evidence
of the interplay between hydrogen bonding and n—m* interactions, by studying judiciously
chosen molecular complexes of 7-azaindole and several 2,6-susbituted fluoropyridines, as a
model system in isolated gas phase. We have found from our experiment and detailed
theoretical calculations that the structures of these complexes are stabilized due to subtle
balance between N-H...N hydrogen bonding and n—, interactions.

In chapter 4, we have reported gas-phase IR spectroscopic evidence of weak n—m
interaction in phenyl formate. Generally, the hydrogen-bonding interaction (X-H---Y) in a
molecular system can easily be quantitatively characterized by measuring the red-shift in the
X-H stretching frequency using IR spectroscopy. However, there is no report to measure the
strength of the n—7 interaction quantitatively by probing the functional group involved in

the interaction using gas phase IR spectroscopy. The central theme of this chapter is to



investigate whether the existence of the n—m* interaction can be proven by probing the
stretching frequency of the C=O group involved in this interaction using gas phase IR
spectroscopic technique. For this purpose, we chose phenyl formate as a model compound
and studied its structure in a supersonic jet. We observed both cis and trans conformers of
phenyl formate in our experiment. The cis conformer has C=O group oriented towards the
phenyl ring while the trans conformer has C=0 group oriented away from the phenyl ring.
The cis conformer having n—my, interaction is more stable than the trans conformer where
n—T1y, interaction is absent. IR spectrum of the cis conformer shows significant red-shift in
the donor C=0 stretching frequency relative to that of the trans conformer. We have shown
that the observed red-shift in the C=0 stretching frequency of the cis conformer is due to
n—1,, interaction. This study provides the direct evidence for the n—my, interaction as the
functional group involved in this interaction is directly probed using IR spectroscopy.
Chapter 5 deals with the IR spectroscopic signature for the n—m* interaction
between two adjacent carbonyl groups (C=0...C=0) in hydroxyl proline derivative, an
important amino acid residue of collagen. In chapter 4, we have reported gas phase IR
spectroscopic evidence of n—1,,. interaction by probing the C=O0 stretching frequency. Here,
we have used the same spectroscopic technique to show the evidence of n—my, interaction
between two C=0 groups which is widely present in the structures of proteins including
collagen. The n—my,, interaction stabilizes the structure of collagen, which is the most
abundant protein in animals. Collagen has a unique helical structure made up of three
polyproline II-type (PP-II) helices which are tightly inter-twisted with each other. Each of the
strands consists of the amino acid sequence X-Y-Gly in a repeating manner, where X is
usually proline (Pro) and Y is 4R-L-hydroxyproline (Hyp). The prolyl peptide bonds of each
PP-II strands of collagen predominantly exist in trans conformer which allows the two

proximal carbonyl groups to come close following the Burgi-Dunitz trajectory for favourable



n— 7,,, interaction. Here, we have studied Cbz-Hyp-OMe to show the gas-phase IR
spectroscopic evidence of the n—m* interaction between two carbonyl groups. This study
demonstrates the first gas phase IR spectroscopic evidence of the n—m* interactions between
the two carbonyl groups.

In chapter 6, we have shown the role of the n—m* interaction in governing the
conformational preferences of an analgesic drug salicin, even in the presence of strong
hydrogen bonding interactions in the molecule. Structure of salicin consists of a sugar
molecule (B-D-glucopyranoside) and a benzyl alcohol moiety, which are linked through the
anomeric oxygen atom of the sugar molecule. In this chapter, we have explored the
conformational preferences of salicin in isolated gas-phase. We have observed three lowest
energy conformers of salicin in our experiment. All the three conformers show a chain of
weak hydrogen bonding interactions between the equatorial hydroxy groups of the sugar
moiety. It has been found that the oxygen atom of the CH,OH group of the benzyl alcohol
moiety is involved in hydrogen bonding interaction with one of the equatorial -OH group of
the sugar moiety as well as it takes part in an n—m* interaction with the phenyl ring. We
observed an interplay between hydrogen bonding and n—m* interaction in the most stable
conformers of salicin. Presence of the n—m* interaction decreases the strength of the
hydrogen bonding in these conformers since the same oxygen atom is involved in both
hydrogen bonding and n—m* interactions, similar to that observed in o-helix. The most
significant finding of this study is that higher energy conformers of salicin, possessing
stronger hydrogen bonds but negligible n—m* interactions are not observed in the experiment
suggesting that n—m* interaction play a major role in governing the conformational
preferences of salicin.

In chapter 7, we have discussed the summary of the present thesis and future

perceptive.
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INTRODUCTION

1.1 Non-covalent interactions

Non-covalent interactions play a central role in dictating the structures and functions
of biomolecules as well as materials."**’ A detailed understanding of these weak non-
bonding interactions helps us to understand biological processes and to design new functional
materials as well as drugs. There are different types of non-covalent interactions, present in
biomolecules and materials, e.g., hydrogen bonding, m-m stacking, cation...m, anion...7 etc.
These non-bonding interactions are classified depending on their nature, origin, and strength.
There are excellent reviews in the literature describing various types of non-covalent
interactions in great detail.">***'*%*> For the brevity, a brief description of different non-
covalent interactions is provided here.

Hydrogen bonding is the most versatile non-covalent interaction present in
bimolecular systems and materials.'*"'® This non-covalent interaction is denoted as X-H...Y
where X can be any atom which has higher electronegativity than hydrogen and Y can be any
atom or group.*® Here, X-H is denoted as hydrogen bond donor and Y is denoted as hydrogen
bond acceptor. Depending upon the electronegativity of the hydrogen bond donor and
acceptor groups/atoms, hydrogen bonding interactions are generally classified into two types,
conventional and non-conventional hydrogen bonding."* In the case of conventional
hydrogen bonding, both X and Y are electronegative atoms like N, O, etc. Conventional
hydrogen bonding interactions (for example O-H...O, N-H...N, N-H...O, ionic hydrogen
bonds, etc.) fall in the category of strong non-covalent interactions and it is mostly governed
by electrostatic forces.'® Considering the ionic hydrogen bond it is stated that the interaction
energy of conventional hydrogen bonding interactions can lies in the range of 5-40 kcal/mol.
In the case of the non-conventional hydrogen bonding, X is usually a carbon atom while Y is

an electronegative atom, i.e. O, N. The examples are C-H...O, C-H...N, C-H...F, etc. These
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non-conventional hydrogen bonding interactions belong to weak non-covalent interactions as
the interaction energy lies in the range of 2-5 kcal/mol.

Another type of non-conventional hydrogen bonding interaction, which involves -
electron cloud as an acceptor, is widely studied in the literature.***'***"*® This non-covalent
interaction is known as m-hydrogen bonding interaction and it is denoted by X-H...w where,
X =C, N, O etc. The interaction energy of m-hydrogen bonding interaction is generally less
than 2-5 kcal/mol. In the case of m-hydrogen bonding interactions, both electrostatic and
dispersion forces play significant role.*®

m-systems are also involved in m-m stacking interaction where, two or more -
systems (aromatic ring) stack upon each other resulting in attractive interaction.***' m-rr
stacking interaction plays crucial role in the stability of biomolecules and supramolecular
assembly of materials. For example, -1t stacking interaction is one of the significant forces
for the double helical structure of DNA, drug-DNA intercalation, crystal packing of aromatic
molecules etc.”” This non-covalent interaction is mostly driven by dispersion forces which
originate because of the polarization of delocalized m-electron cloud.*+*°

Another non-covalent interaction which involves m-systems is ion...7w interaction
where, an ion can be a cation or anion. Cation...7r and anion...7 interactions are observed in
the structures of protein, biological processes like ion recognition and transport as well as

28,31,52

supramolecular assembly. Both cation...m and anion ...7 interactions originate mostly

from electrostatics (ion-quadrupole) combined with smaller but important contributions of
induction (ion-induced polarization) and dispersion forces.”*'

Recently, a non-covalent interaction involving m-system and an electronegative atom
has been recognized by the scientific community.”'">* This non-covalent interaction known

as n—m* interaction is very weak (0.3-1.5 kcal/mol) compared to other non-covalent

interactions. However, the n—m* interaction has been found to have potential role in the
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stabilization of the structures of bio-molecules and supramolecular architectures.™”'" The
thesis is primarily dealt with gas phase spectroscopy studies and quantum chemical
calculation on the molecular systems having n—>m* interaction.
1.2 The n—>7* interaction

The n—n* interaction is a recently discovered non-covalent interaction which is
extensively present in biomolecules and materials. This interaction involves delocalization of
lone pair (n) electrons on any electronegative atom or oxygen atom of a C=O group into a T

1-13,53-83

orbital of an adjacent C=O group or an aromatic moiety (see Figure 1.1). The n—>n*

interaction is quite analogous to hydrogen bonding, as both involves a lone pair donor atom

H c=o0,
[ es v Ny
% d ~0

Figure 1.1 (a) Example of n—my, (amide) interaction. Angles ®, y, 0 are the Ramachandran
angles. (b) Burgi-Dunitz trajectory for favorable n— my,, interaction. Adapted in part with
permission from ref. 61. Copyright [2014] American Chemical Society. (c) Example of n—m,
(aromatic) interaction. Adapted in part with permission from ref. 3. Copyright [2007] American
Chemical Society.
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which donates its lone pair electron density into an anti-bonding orbital. However, unlike the
n—7n* interaction, the anti-bonding orbital in hydrogen bonding is o* of X-H bond (see
Figure 1.2).'? Further, the n—>n* interaction (~0.3-1.5 kcal/mol) is much weaker in strength
compared to hydrogen bonding (~5-10 kcal/mol).”’ It is worth mentioning that the n—m*
interaction is getting explored only for last 15 years while hydrogen bonding is known in the
literature for almost a century. The n—n* interaction was overlooked by the scientific
community earlier because it is weak and counterintuitive in nature. This interaction seems to
be counterintuitive as it involves interaction between two electron rich moieties (lone pair

and m-system).

n
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(a) (b) (c)

Figure 1.2 NBO view of (a) Overlap of lone pair orbital (n) of nitrogen with ¢* antibonding
orbital of the N-H bond in N-H...N hydrogen bonding interaction. (b) Overlap of lone pair orbital

of nitrogen with 7* antibonding orbital of aromatic ring in n—1,,.interaction and (c) overlap of
oxygen lone pair with 7* antibonding orbital of a carbonyl group in n—1y,, interaction. Figure
(c) adapted in part with permission from ref. 61. Copyright [2014] American Chemical Society.

1.2.1 Classification of n—>n* interaction

The n—n* interaction is broadly classified into two types, n—my,, (amide) and
n—Ty, (aromatic), based on the nature of the acceptor n-system.' The n— 7, interaction is
delocalization of the lone pair (Ip) electrons on the oxygen atom of a carbonyl group into the

n° orbital of an adjacent carbonyl group and this interaction is generally present in the
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backbone of proteins. (see Figure 1.1a).>””’ This interaction follows the Burgi-Dunitz
trajectory (O...C=O distance < 3.2 A and £0...C=0 = 109 + 10°) required for the optimal
overlap during the nucleophilic attack at the carbonyl carbon. On the other hand, the n— 7,
interaction occurs through the overlap between the lone pair (Ip) electrons on an
electronegative atom (e.g. oxygen of a carbonyl group) with the T orbitals of an aromatic
ring (See Figure 1.1c). In this case, the geometrical requirements for the optimum interaction
is given by the distance between the carbonyl oxygen and aromatic ring centroid (2.8-3.8 A)
as well as the angle between the aryl and carbonyl planes (< 90%). The n—T,,interaction is
mostly observed in nucleic acids and in the side chain of proteins.”® n— 7}, interaction is
also termed as lone pair (Ip)...w interaction.

In the case of the n— 7y, interaction, which is also called C=0....C=0 n—>n*
interaction, the donor carbonyl group distorts the plane of the acceptor carbonyl group and
consequently the carbon atom of the acceptor carbonyl group rises above the plane of its
substituents and moves towards the oxygen atom of the donor carbonyl group. Such a
deviation from the planarity can be measured as degree of pyramidalization (A), which is also
a characteristic signature of the n—m* 5, interactions in proteins and other molecules.’®’

1.3 Signature of n—>7n* interaction in biomolecules

Significance of n—n* interaction in biomolecules is revealed through their crystal
structure analysis. The geometrical parameters for favorable n—m),, and n—m}, interactions
mentioned in the previous section serveas a basis to search the short contacts between two
carbonyl groups (C=0...C=0) or between an electronegative atom and an aromatic ring, in
the crystal structures of biomolecules.

1.3.1 n—7x* interaction in nucleic acids
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The n—my, interaction was first reported in Z-DNA by Egli and co-workers in 1995
through analysis of its crystal structure.® Z-DNA is found to be stable and rigid even though it
does not have proper base stacking like A-DNA and B-DNA have. Crystal structure of Z-
DNA reveals that the O4 oxygen of the deoxyribose sugar of the cytidine moiety points
directly towards the guanine ring of the guanidium (G) moiety at each GC site (see Figure
1.3a) while the stacking interaction between the guanine and cytosine bases is mostly
disrupted. The distance between the oxygen atom of the sugar and one of the carbons of the

guanine ring in the Z-DNA has been found to be 2.98 A, which is less than the sum of

the van der Waals radii of the oxygen and the carbon atoms. The angle between the O4 atom

()

Figure 1.3 (a) Crystal structure of Z-DNA (PDB ID-131D) showing n—7,. interaction between
oxygen atom of the cytidine (C) sugar and guanine ring of the guanidium (G) moiety. (b) Crystal
structure of tRNA (PDB ID-1EHZ) showing n— 7y, interaction between oxygen atom of
phosphate and cytosine ring at the U-turn.

and the exocyclic C-N bond, i.e. Z04...C=N, is 105°. It has been demonstrated from this
geometrical arrangement of the oxygen atom of the sugar unit and the guanine ring that an

attractive n—m* interaction between one of the lone pairs of the 04’ atom and the 7* orbitals

8
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of the guanine ring contributes to the stability of the Z-DNA, in spite of the poor base
stacking present there.

Later, Egli and co-workers have performed Cambridge Structural Database (CSD)
analysis and identified several nucleic acids (tRNA, hammerhead ribozyme and RNA
Pseudoknot) where significant n—m* interactions are present.’” They have pointed out that
there is a possibility of the n— " interactions at the U-turns of the tRNA and the
hammerhead ribozyme (see Figure 1.3 b). U-turns are actually structural motifs found in
diverse three dimensional structures of RNA. At the U-turn, RNA backbone makes a sharp
turn of about 120° from the standard helical conformation between the first and second
nucleotides of the UNR sequence, where U is uridine, N is any base and R is usually adenine
or guanine.3 It is interesting to note that the U-turns are stabilized by two hydrogen bonds and
an n—7* interaction between an oxygen atom of the phosphate group of the third residue and
the face of the nucleobase of the first nucleotide. Egli and co-workers have also reported an
n—7* interaction between the oxygen of water molecules and the aromatic ring of unstacked
nucleobases in the crystal structure of an RNA pseudoknot obtained from beet western
yellow virus.”

Another crystallographic data analysis performed by Sankararamakrishnan and co-
workers also provides evidence of n—7* interaction in nucleic acids.” They have analysed
several crystal structures of DNA and RNA to find the close contacts between the oxygen
atom of one base and aromatic centre of another base. They have analyzed 77 crystal
structures of DNA having 110 base sequences and 55 crystal structures of RNA containing
76 base sequences. It has been found that n—m* interaction is possible in 91 base pairs in
DNA and 18 base pairs in RNA. The authors have reported that oxygen-aromatic close
contacts between the base pairs are very less frequent in RNA compared to those in DNA.

They have performed ab-initio calculations on all the 91 base pairs in DNA showing close
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contacts between the oxygen atom and the centre of aromatic ring by taking the co-ordinates
of the atoms from the crystal structures. It has been found that such close contacts are indeed
attractive in nature.

1.3.2 n—7* interaction in proteins

1.3.2.1 n—7* interaction in the backbone of proteins.

It has been found that the n—m* interaction, in similarity to the hydrogen bonding
interaction, plays a significant role in the stability of the backbone of proteins.””>"* The
search for the significance of the n—>m* interaction in proteins began after its recognition in
the stability of the collagen triple helix.'® Collagen is the most abundant protein in animals. It

consists of three polyproline II-type (PPII) helices which are tightly intertwisted with each

(a)

(4R)Hyp

Figure 1.4 (a) n—>my,, interaction in the backbone of PP-II helix of collagen (PDB ID-1CAG)
between the carbonyl groups of residue i and i+1. (b) Sequence of collagen (pro-Hyp-Gly). (¢)
n—Ty,, interaction in the backbone of a-helix (PDB ID-1AL1) between carbonyl groups
of residue i and i+1.
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other through hydrogen bonding interaction.>***

The repeating amino acid sequence of each
PPII helix is Xaa—Yaa—Gly, where Xaa is proline (Pro) and Yaa is (2S,4R)-4-hydroxyproline
(Hyp). The peptide bond between residue Xaa and Yaa (prolyl peptide bond) of collagen
predominantly exist in trans conformation, which allows the carbonyl group of residue Xaa
and Yaa to come in close contact along the Burgi-Dunitz trajectory (see Figure 1.4).10-3485.86
The crystal structures, NMR spectroscopy and computational analysis of collagen-mimetic
peptides also show that the trans conformation of the prolyl peptide bond is more stable
compared to the cis conformation.'” In the trans form, the lone pair orbital of the carbonyl
oxygen atom of residue i-/ overlaps with the n* orbital of the carbonyl group of residue i (O;.
1...Ci=0;). These studies suggest that the trans conformations of the peptide bond in
individual polyproline strand of collagen is stabilized by n—n* interaction that operates
between the residues i and i+1.""***

Further, it has been observed that the thermal stability of collagen is enhanced due to
the presence of electron-withdrawing substituents (for example hydroxyl group or fluorine) at
the 4R configuration of the Yaa residue.’’ Electron-withdrawing substituents at the 4R
position impose the exo puckering of the pyrrolidine ring due to gauche effect. ™ The exo
puckering of the pyrrolidine ring favors the n—m* between the neighboring carbonyl groups.
Conversely, the 4S configuration imposes the endo puckering of the proline ring, which
disfavors the n—m* interaction between the residue i and i+1.>** This clearly explains the
choice of nature to choose explicitly the 4R-configuration instead of 4S-configuration in the
structure of collagen triple helix. The presence of the n—>n* interactions in the backbone of
individual PP-II helix of collagen accounts for very long and robust structure of individual
strand inspite of absence of any intrastrand hydrogen bonding interaction.

After the discovery of the n—m* inte raction in collagen and PP-II helices, the search

for the n—>n* interaction in other secondary structures of proteins was initiated. Raines and
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co-workers have performed computational and PDB analysis to find the presence of the
n-m* interactions in proteins and other molecules.” Christian Fufezan followed a similar
procedure to determine the significance of the n—n* interaction in the structural stability of
proteins.®® Both the studies by Raines and co-workers and those of Christian Fufezan show
that there are abundant n—m* interactions in the allowed regions of the Ramachandran plot.
Further, the computational search of the possible conformations of proteins which can give
rise to an n—7* interaction correlates well with the actual PDB search.

These studies show that the highest propensity for the n—m* interaction is in left and
right handed a-helices. It is also present in 3;( helices, twisted P-turns and [-bulges.
However, the extended -strands have the least propensity for the n—>m* interaction between
the i+1 and 1 residues, as the neighbouing carbonyl groups in this structure are at a distance
greater than 3.2A. These analysis showed that n—m* interaction is abundant in the structures
of proteins and contribute significantly towards the stability of the protein structures. Very
recently, it has been observed through crystal structure and computational analysis that the
oxygen atom of the acceptor carbonyl group (Ci+;=0i11) can also donate its lone pair electron
density back to the m* orbital of the donor C;=0; group.*® This has been called as reciprocal
n—7* interaction. Although the propensity of this interaction is less, it imparts additional
stability to the structures of proteins.
1.3.2.2 n—r* interaction involving side chains of proteins

The n—m* interaction exists not only in the backbone but also in the side chains of
proteins. Sankararamakrishnan and co-workers have analyzed high resolution crystal
structures of about 500 proteins and reported that the oxygen atom of the backbone carbonyl
group interacts frequently with side chain carbonyl groups as well as aromatic centers.” Thus,
both n—>m* s, and n—>m* 4, types of interactions are present in proteins. It has been found that
there are 249 examples where a close contact of about 3.5 A between an aromatic center and

12
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backbone carbonyl oxygen is present. On the other hand, the occurrence of the interaction
between a side chain carbonyl oxygen and aromatic center is very less frequent (37
examples). Fig. 1.5(a) shows an example of an n—m*,, interaction between the backbone
carbonyl oxygen atom of an alanine residue and the aromatic center of a phenylalanine
residue in the protein bacterial luciferase enzyme (PDB ID:1LUC). A similar interaction
between the side chain carbonyl oxygen of glutamine and the aromatic center of tyrosine

present in the protein Serratiamarcescens endonuclease (PDB ID:1QLO0) is shown in Fig.

1.5(b).
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Figure 1.5 (a) The n—my, interaction between backbone carbonyl oxygen of Ala and side
chain aromatic ring of Phe residues (PDB ID-1LUC). (b) n—m, interaction between side
chain carbonyl oxygen of Glu and side chain aromatic ring of Tyr residues (PDB ID-
1QLO). (¢) n— my,,, interaction between side chain carbonyl oxygen and backbone
carbonyl group of Asp residue (PDB ID-1AGJ), an example of self contacting Asp
residues in proteins. Adapted in part with permission from ref. 5 and 6. Copyright [2007]
American Chemical Society.

Close contact between the carbonyl groups of the backbone and side chain of the
same amino acid residue aspartic acid (Asp) has been identified by Sankararamakrishnan and
co-workers from an exhaustive search of high-resolution protein crystal structures in the
PDB.® They have found that these intra-residue close contacts between the carbonyl groups
are present in about 102 Asp residues. Figure 1.5¢ shows an example of this interaction in an

Asp residue of the protein epidermolytic toxin A (PDB ID:1AGJ). The authors have also
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recognized n—mw* interactions between water oxygen atoms and the m-cloud of aromatic
residues in proteins through the detailed analysis of high resolution crystal structures of
proteins as well as quantum chemistry calculations of model compounds based on protein
structures in the presence of different orientations of water molecules.*

1.3.2.3 Co-operativity between hydrogen bonding and n—7n* interaction in proteins.

It has been found from the PDB search that n—m* interaction is present in the
backbone of a-helix along with the hydrogen bonding interaction.>”'*® In a a-helix, the
hydrogen bonding interaction (n—c*) is present between i and i+4 residues while the n—n*
interaction is present between i and i+1 residues. Interestingly, the same carbonyl oxygen
atom of residue i is involved in both hydrogen bonding and n—m* interaction.” As oxygen
atom has two lone pairs (s-type and p-type), the s-type lone pair is engaged in hydrogen
bonding with the N-H bond of the residue i+4 while the p-type lone pair takes part in the
n—-7* interaction with the neighbouring C=0 group (see Figure 1.6). Since, same oxygen
atom is involved in both hydrogen bonding and n—n* interactions, strength of both of these
interactions are interdependent in a-helix. This induces an interplay between hydrogen
bonding and n—m* interaction, where one interaction can either increase or decrease the
strength of the other interaction.'?

For example, presence of the n—>m* interaction between i and i+1 residues shortens
the O;...Ci+1=0i4; distance which causes the compaction of the backbone, that could decrease
the distance between residue i and i+4 to have stronger hydrogen bonding.” Further, the
involvement of Ci;;=0j:; in hydrogen bonding with N-H makes it better acceptor for n—n*
interaction as the hydrogen bonding polarises the Ci:;=0;:; bond and makes it electron
deficient. This can be called as positive co-operativity between hydrogen bonding and n—n*

interaction, where one interaction increases the strength of the other. Negative co-operativity
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between hydrogen bonding and n—m* interaction has also been observed in the peptidic

systems where, n—7* interaction opposes the hydrogen bonding and vice versa.**

Figure 1.6 (a) Hydrogen bonding (n—0¢™) interaction in a-helix between carbonyl group of
residue 1 and N-H bond of residue i+4. (b) n—my,, interaction in a-helix between carbonyl
groups of residue i and i+1. Adapted in part with permission from ref. 7. Copyright [2010]
Nature Chemical Biology.

Interplay between hydrogen bonding and n—m* interaction has been investigated in
the proteins using crystallographic as well as computational studies.'? It has been found that
the side-chain carbonyl group of asparagine residues in proteins can involve in n—m*
interaction with the carbonyl group of the backbone and it can also form hydrogen bond with
the N-H group of i+2 residue (hydrogen bond between i and i+2 residues is called as local
hydrogen bond) as well as N-H group of residue i+n where, n>5 ( hydrogen bond between i
and i+n residue where, n>5 is called as non local hydrogen bond). Crystal structure and
computational analysis show that strength of the n—n* interaction decreases in the absence
of local hydrogen bond, as the side chain carbonyl groups of the asparagine residue are

involved in stronger hydrogen bond with i+n (n>5) residue. While in the presence of local
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hydrogen bond, which is weaker than non-local hydrogen bond, the n—>r* interaction is more
prominent. Thus a strong hydrogen bond decreases the strength of the n—m* interaction
while the n—m* interaction is stronger in the presence of weak hydrogen bond (local
hydrogen bond).

1.4 Signature of n—7* interaction in materials.

There are quite extensive reports in the literature demonstrating the existence of the
n—7* interaction and its role in the supramolecular self assembly of molecules to give rise to
specific structures of materials. Mostly, n—my,type of interaction, which is also referred as
lone pair (Ip)...7 interaction, has been observed in materials.

1.4.1 n—>7* interaction in supramolecular structures.

Very first report of the existence of the n—n* interaction in material has been
provided by Reedijk and co-workers who have called this interaction as a new
supramolecular bond.'"™ They reported n—m* interaction in the crystal structure of
[Zn4(oxodentriz)Clg](CH3CN)»(H20)] complex, which shows that the nitrogen atom of
acetonitrile is in close contact with the aromatic ring of triazine (see Fig. 1.7a).80 The distance
between the nitrogen atom of the acetonitrile molecule and the center of the triazine ring is
3.25 A and the angle of approach of the nitrogen atom of the acetonitrile molecule towards
the center of the triazine ring is 75.21°. These favorable geometrical parameters indicate the
presence of an n—>7w* interaction between the nitrogen atom of acetonitrile and
heteroaromatic ring triazine.

Later, Reedijk and co-workers have designed two triazine-based compounds which
self-assemble to form structures stabilized by both C—H...m and n—7* interactions.*”® The
crystal packing of the self assembled structures of both the compounds has been shown in
Fig. 1.7b and c, which shows that each molecular unit interacts with four neighbouring

molecules by means of two n—>n* and two weak C—H...w interactions. Presence of n—m*
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interaction along with C-H...m imparts additional stability to the structure. Further, the same
group  reported  the  crystal structure of a  co-ordination  complex,
[Cu(Hspet)(NO;),]J(NO3) 0.5H,0 where, double n—7* interaction holds the two complexes

together in their crystal packing.®’

Figure 1.7 (a) Ip...w interaction between nitrogen atom of acetonitrile and aromatic ring of triazine
in the crystal structure of Zn4(oxodentriz)Cig](CH3CN),(H20) complex. Adapted with
permission from ref. 80. Copyright [2006] American Chemical Society. (b) and (c)
supramolecular structures generated by O(Ip)...m and Cl (1 p)r.interaction, respectively, along
with C-H...w interaction. Adapted with permission from ref. 88. Copyright [2007] American
Chemical Society.

Mukhopadhyay and co-workers have reported the crystal structure of two co-
ordination complexes of nickel II malonate, namely (CsH7N3)4[Ni(C3H204),-(H,0)2](Cl104),
and (CsH7N,)4[Ni(C3H204)2(H,0),](PFg),.”° The crystal structures of these complexes are

stabilized by n—n* interaction, m...m stacking interaction and anion...r interaction. All the
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three types of non-covalent interactions form a chain which stabilizes the supramolecular
network of the complexes. Ghosh and co-workers have also reported three dimensional

molecular assembly of [Cu,(pic);(Hbyp)(H,O)(ClO,),] complex which is stabilized by

combination of n—n*, m...w stacking, anion...m and hydrogen bondi ng i nterac#®i
The above examples demonstrate that the n—n* interaction, in combination with other non-

covalent interactions, plays an important role in the self-assembly of the molecules to form

large multidimensional structures.

Reedijk and co-workers have also performed an extensive search of the Cambridge
Structural Database (CSD) to identify n—>m* interactions in materials.'' They have analyzed
263007 crystal structures and each one of them contains at least one neutral six membered
aromatic ring. The authors have observed several crystal structures (9,168) showing close
contact between halogen atoms (fluorine, chlorine, bromine and iodine) and the aromatic
ring. Close contact between the oxygen atom of an ether group and an aromatic ring (O...T)
has been observed in 3703 crystal structures, while C=0...w close contact has been found in
5069 crystal structures. Similarly, various crystal structures showing close contact between
nitrogen and the aromatic ring have been observed. In fact, they have observed n—m*
interactions in a large number of crystal structures and their observation has helped in the
recognition of n—>7* interactions in materials.

Not only oxygen, nitrogen and halogen atoms act as lone pair donors in n—m*
interactions, but also other elements in the periodic table have been demonstrated as potential
lone pair donors for the n—n* interaction. Caracelli and co-workers have reviewed several
crystal structures where antimony (Sb) and bismuth (Bi) participate in the Ip...n

interaction.”””* The n—7* interaction between the metal atom (Sb, Bi) and aromatic ring can
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lead to the formation of small one dimensional or large three-dimensional structures. The
authors have also found the existence of the Sb(lp)...r interaction in biomolecules.”
1.4.2 n—>7* interaction in polymers

n—>7* interaction also contribute to the stability of poly (Lactic acid) (PLA), which is
a biodegradable polyester.®® The crystal structure of o-PLA shows that its backbone dihedral
angles i.e. (¢ and V) are similar to those of the PPII helix strand of collagen. The neighboring
carbonyl groups in PLA are oriented along the Burgi-Duntiz trajectory for favorable n—m*
interaction (see Figure 1.8). Calculations suggest that energy for every n—m* interaction in
the PLA is 0.44 kcal/mol. Further, the analysis of crystal structures of small-chain of PLA

revealed pyramidalization of the acceptor carbonyl group which is the characteristic of

Figure 1.8 Crystal structure of Poly lactic acid (PLA) showing n—7* interaction between adjacent
carbonyl groups, oriented along the Burgi-Duntiz trajectory. (Reproduced from ref. 62 with
permission from The Royal Society of Chemistry.)

n—Ty,, interaction. This suggests that n—>m* interaction stabilizes the structure of PLA. Like
PPII helix, PLA also lacks intramolecular hydrogen bonding interaction. This indicates that
n—7* interaction can exist independently and it is not just a short contact imposed by the
geometric constraint due to the hydrogen bonding patterns.

1.5 Significance of n—>n* interaction in small molecules
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Importance of n—m* interaction is observed in several small molecules like N-acyl
homoserine lactones, drugs, neurotransmitters and pep‘[oids.l’m’63 TRIAT.94 N-acyl homoserine
lactones (AHL) are signalling molecules which mediate quorum sensing in Gram -ve
bacteria. N-acyl homoserine lactones have two carbonyl groups adjacent to each other as in
proline residue (see Figure 1.9a).%' The crystal structure of N-trimethyl homoserine lactone (a
non-natural homoserine lactone) shows that the two carbonyl groups are in close proximity
following the Burgi-Dunitz trajectory for favourable n—m* interaction. It has been shown
that N-acyl homoserine lactones like proline residue can also exhibit n—m* interaction
between the proximal carbonyl groups. Further, the crystal structure of N-acyl homoserine

lactone in the bound-state with the protein demonstrate that the n—m* interaction in the

Figure 1.9 (a) Crystal structure of N-trimethyl homoserine lactone showing n—m* interaction
between the neighbouring carbonyl groups. Adapted in part with permission from ref. 61.
Copyright [2014] American Chemical Society. (b) and (c) lowest energy conformers of GABA
showing n—7* interaction between nitrogen atom and C=0 group of carboxylic acid.

molecule is disrupted due to the formation of hydrogen bond between N-acyl carbonyl
oxygen and tyrosine residue of the receptor. Thus there is a competition between the
hydrogen bonding and the n—x* interaction at the time of binding of N-acyl homoserine
lactones with its receptor. Any factor that can attenuate the n—n* interaction of the AHLs
will affect its binding affinity with the receptor.

The n—m* interaction have also been reported in y-Amino butyric acid (GABA),

which is an inhibitory neurotransmitter in the brain and spinal cord. Microwave spectroscopy
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data shows the evidence of nine conformers of GABA in the gas phase.”” Out of 9, five
conformers have intramolecular non-covalent interactions while remaining four conformers
are without any intramolecular non-covalent interaction. Among the five conformers, three
show the possibility of intramolecular hydrogen bonding and two show the possibility of
n—-n* interaction. The conformers which show n—m* interaction are observed to be the
lowest energy conformers of GABA (see Figure 1.9b and 1.9¢). Similarly, four lowest energy
conformers of B-alanine has been observed in gas phase through microwave spectroscopy.’
Among the four conformers of B-alanine, three conformers are stabilized by intermolecular
hydrogen bonding (N-H...O=C) while the fourth conformer is stabilized by n—>n* interaction
between nitrogen lone pair and ©* orbital of carbonyl group. These results clearly indicate
that even though n—m* interaction is weaker in strength compared to hydrogen bonding it
can independently stabilize the conformations of the molecule. Further, the stability of the
conformers having n—m* interaction is comparable with the stability of the hydrogen bonded
conformers.

The significance of the n—m* interaction has been observed in analgesic medicine
aspirin.”® Crystal structure of aspirin shows close contact between the oxygen atom of the
hydroxy group of carboxylic acid and the carbonyl group of the ester along the Burgi-Dunitz
trajectory. Calculation shows an n—m* interaction energy of 0.95 kcal/mol for this
conformer. Another conformer predicted through calculation shows n—m* interaction
between the carbonyl oxygen atom of carboxylic acid and the carbonyl group of ester with
interaction energy of 1.73 kcal/mol. Interestingly, both the conformers of aspirin has been
observed in the gas-phase through microwave spectroscopy.’” Structures of these two
conformers of aspirin are shown in Fig. 1.10a and 1.10b. Thus both crystal structure and
microwave spectroscopy data suggest that lowest energy conformers of aspirin is stabilized
by n—m* interaction. It has been speculated that intermolecular n—>n* interaction in aspirin
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may shield the donor oxygen from interaction with solvent that helps it to pass through the
hydrobhobic channel without hydrolysis. Thus n—7* interaction could facilitate the chemical

and pharmacological functions of aspirin.

trans-amide cis-amide

(c) (d)

Figure 1.10 (a) and (b) are the lowest energy conformers of aspirin showing n—m* interaction
Adapted in part with permission from ref. 63. Copyright [2011] American Chemical Society.
Structures of small peptoid mimicking (¢) n—my, interaction and (d) n—my, interaction.
Adapted in part with permission from ref. 1. Copyright [2007] American Chemical Society.

The n—m* interaction is also found to regulate the conformations of peptoids."”® A
peptoid is a polymer of N-subsituted glycine residues. It lacks hydrogen bonding interactions
in its backbone, like polyproline and poly (lactic acid). It has been observed that the
n—T1,,,interaction stabilizes the backbone of peptoids while n—y, interaction is present in
the backbone-side chain contacts. Blackwell and co-workers have designed small peptoids to
study these interactions. The structures of small peptoids mimicking the n—my,, interaction

in the backbone and n—my, interaction in the backbone-side chain contacts of peptoids have
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been shown in Figure 1.10c and 1.10d, respectively. The n—my,, interaction in the backbone
of peptoid favors the trans conformation of the amide while the n—y, interaction between
backbone carbonyl group and side chain aromatic ring favor the cis conformation. Thus both
the interactions could be used to tune the conformations of peptoids.
1.6 Understanding n—m* interaction through NMR spectroscopy

NMR spectroscopy has been extensively used to understand the role of n—m*
interaction in the stability of biomolecules as well as the factors which can affect the n—>n*
interaction.'™'*%% Raines and co-workers have used NMR spectroscopy to explore
n—T1,,, interaction in several proline derivatives as model systems. The peptide bonds in
proline derivatives can have both cis and trans conformations. Since, the n—m* interaction is

present in only trans conformations, it will tend to increase the population of the trans

o] N 0 N o
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AcProOMe Ac-4S-Flp-OMe Ac-4R-Flp-OMe

T’Bilrgi-Dunitz trajectory
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Figure 1.11 (a) Structures of trans conformers of N-acetylproline methylester (AcProOMe), N-
acetyl-4S-Fluoroproline methylester (Ac-4S-Flp-OMe) and N-acetyl-4R-fluoroproline methylester
(Ac-4R-Flp-OMe) from ref. 10. (b) Crystal structure of Ac-4R-Flp-OMe showing trans
conformation of the peptide bond and orientation of adjacent carbonyl groups along the Burgi-
Dunitz trajectory. Adapted in part with permission from ref. 10. Copyright [2002] American
Chemical Society.
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conformer compared to the cis conformer. Therefore, population difference between the cis
and the trans conformers can indicate the strength of the n—m,, interaction between the
neighboring carbonyl groups. Using "H NMR spectroscopy, Raines and co-workersj have
determined the equilibrium constant (Kanscis) between the trans and the cis conformers of the
proline derivatives and this gives information about the relative population of both the
conformers in the solution.

For example, the role of the n—m* interaction in the stability of collagen has been
revealed through NMR spectroscopy of three model compounds (AcProOMe, Ac-4R-Flp-
OMe and Ac-4S-Flp-OMe).'® Structures of all the three model compounds are shown in
Figure 1.11. NMR spectroscopy shows that Kgangeis 1S greater than 1 for all the three
compounds indicating that the population of the trans conformer is more than the cis
conformer. This study also proves that the trans form of the prolyl peptide bond in the
collagen is more stable than the cis form. This observation is further supported by calculation
which shows significant overlap between the lone pair orbital on amide oxygen and the
empty 7* orbital of adjacent carbonyl group in the trans conformations. It is also revealed
from the NMR spectroscopy that the presence of the electron withdrawing group (hydroxy or
fluorine) on the proline ring at the 4R configuration enhances the population of the trans
conformer, indicating a stronger n—m* interaction. On the other hand, preference for the trans
conformer in the 4S configuration is lower compared to that in the 4R configuration. This
observation is also supported by computational analysis.

Similarly, NMR spectroscopy of N-formylproline phenylester (see figure 1.12) has
been studied to understand the energetics of the n—»>m* interaction.”” The substituents (X) at
the para position of the phenyl ring has been varied from electron withdrawing group to
electron donating groups to attenuate the electrophilicity of the acceptor carbonyl group and

to observe its effect on the strength of the n—>m* interaction. NMR spectroscopy shows that
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electron withdrawing groups increase the trans/cis ratio (>2.12) whereas electron donating
groups decrease the tans/cis ratio (<2.12). This suggests that the electron withdrawing group
decreases the energy of the m* orbital of the acceptor carbonyl group making it more
electrophilic and thus allows more closer overlap of the lone pair orbital of the oxygen and

the ©* orbital of the Ci;1=0is group.

Cis Trans

Figure 1.12 Structures of cis and trans conformers of N-formylproline phenylester from ref. 13.
n—m* interaction in the trans conformer is indicated by green arrow. X represents the
electron donating or withdrawing group. An electron withdrawing group favours the trans
conformation while electron donating group favours the cis conformation.

Raines and co-workers have further changed the nature of the substituent attached to
the donor carbonyl group to observe the effect on n—m* interaction.®® The methyl group
attached to the donor carbonyl group of N-acetylproline methylester is changed to
monofluoromethyl group. As a result the trans/cis ratio decreases. Lower value of trans/cis
ratio in case of monoflouromethyl group compared to the methyl group indicates that the
inductive effect of fluorine decreases the donating ability of the donor oxygen thereby
decreasing the population of the trans conformer. Further, substituting the monoflouromethyl
group by difluoromethyl group or trifluoromethyl group results in slight decrease in the
n—7* interaction energy due to the inductive effect of fluorine. However, the trans/cis ratio
increases in case of difluoromethyl and trifluoromethyl substitution compared to
monofluoromethyl because of the steric interaction between fluorine and acceptor carbonyl

group in the cis conformer. This results in increase in the population of the trans conformer.
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Raines and co-workers have also studied the effect on the strength of the n—n*
interaction on changing the nature of the lone pair donor atom. They replaced the donor
oxygen of the N-acetylproline methylester by sulphur to form N-thioacetylproline

methylester (see Figure 1.13). NMR experiments show that trans/cis ratio of N-
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Figure 1.13 Structures of trans conformation of (a) N-thioacetyl-4R-fluoroproline methylester and
(b) N-acetyl-4R-fluoroproline methylester. NBO views of the overlap of their respectiven and m*
orbitals are shown below. Strong n—m* interaction is observed when carbonyl oxygen is

replaced by sulphur. Adapted in part with permission from ref. 60. Copyright [2009] American
Chemical Society.

thioacetylprolinemethylester is 2 times greater than that measured for N-thioacetylproline
methyl ester.”’ Calculation also shows that the energy of the n—m* interaction in N-
thioacetylproline methylester (1.3 kcal/mol) is more than N-acetylproline methylester (0.7
kcal/mol). Sulphur, being better electron pair donor, enhances the n—m* interaction and
favour the trans conformer more over the cis conformer. In general, the n—m* interaction
between the two neighbouring carbonyl groups is enhanced if electron withdrawing group is
present near the acceptor carbonyl group and electron donating group is present near the
donor carbonyl group. A stronger n—1y,, interaction in proline derivatives increases the
population of its trans conformer over the cis conformer.

1.7 Physical nature of n—m* interaction

1.7.1 n—>m), interaction
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The attractive interaction between two carbonyl groups can be thought of (1)
coloumbic interaction between the negatively charged oxygen atom of one carbonyl group
and positively charged carbon atom of the other carbonyl group, (2) dipolar interaction
between two permanent dipoles of the two carbonyl group or (3) a donor-acceptor interaction
where electron density is donated from the lone pair orbital of the carbonyl oxygen to the
empty © antibonding orbital of other carbonyl group.”®® To reveal the nature of the
attractive interaction between two carbonyl groups, Raines and co-workers have studied
several proline derivatives using NMR spectroscopy. It has been observed that replacement
of the oxygen atom of the amide carbonyl group in N-acetylproline methylester by sulfur
results in an increase in the Kgangcis 1.€. population of the trans conformer over the cis
increases. If the interaction between the two carbonyl groups is electrostatic, then the value of
Kiranseis should decrease as sulfur carries less negative charge compared to oxygen. This
indicates that attractive interaction between the carbonyl group is not governed by
electrostatic forces rather it could be either dipole...dipole interaction or donor-acceptor
interaction.

For favorable dipole...dipole interaction, the two carbonyl groups should be
orthogonal to each other and thus there will be restriction of all the four atoms to a fixed
orientation. Crystal structure as well as computational analysis of small molecules and
proline derivatives, show that there is no such restriction on the C=0...C=0 dihedral angle.
Further, it has been observed that Kygcis value is higher for N-acetylproline methylester
compared to that for N-acetylproline dimethylamide. Since the dipole moment of the amide is
more than the ester, the Kyangis value in the case of dimethylamide should be higher if the
interaction between the neighboring carbonyl groups is dominated by dipolar interaction.

Thus the interaction between the carbonyl groups of residue i and i+1 in proteins is due to
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donor-acceptor interaction in which lone pair orbital (n) of carbonyl oxygen atom of residue i
overlaps with the ©* antibonding orbital of the carbonyl group of residue i+1.

Any factor which decreases the energy gap between the n and ©* orbitals lead to a
better overlap between them and hence stronger n—m* interaction. For example, replacing
donor oxygen with sulphur leads to stronger n—n* interaction because energy of the lone
pair orbital in thioamide is higher compared to that in amide. Relatively higher energy of the
m* orbitals in alkenes or fluoroalkenes make them poor acceptors for n—m* interaction.®
Another factor which increases the overlap between donor lone pair and acceptor * orbitals
is the distance between donor oxygen and carbon atom of the acceptor carbonyl group. A
shorter distance allows better overlap between n and * orbitals and hence makes stronger
n—n* interaction. However repulsion between the n orbital of the donor and the filled ©
orbitals of the acceptor carbonyl groups tends to oppose the n—m* interaction.** Above
studies clearly indicate that n—m* interaction is basically governed by orbital interactions
which can be explained only on the basis of quantum mechanics.

1.7.2 n—>),. interaction

The very first theoretical study performed on Cg¢Fe...H,O complex by Dougherty and
coworkers predicted that n—m* interaction could be governed by electrostatic forces”
because the oxygen atom of the water molecule is attracted towards the electron deficient
aromatic ring of hexafluorobenzene. However, theoretical studies performed later shows that
n—7m* interaction is even possible between the lone pair containing atom and the electron rich

%% Tt is indeed interesting that n—m* interaction is favorable between the

aromatic ring.
oxygen atom of H,O and polycyclic aromatic hydrocarbons (PAHs, i.e. anthracene,
triphenylene, coronene, circumcoronene, etc.) although the same interaction is repulsive in

the benzene...H,O complex.99’100 It has been also reported that the n—m* interaction in

PAH...H,;S complex is much stronger than that in PAH...H20.99 Interestingly, this
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interaction is attractive even in the benzene...H,S complex.” It has also been demonstrated
that substituted benzene with electron donating groups have attractive n—m* interactions with
dimethyl ether and trimethyl ammonia while similar interaction is absent with water and
ammonia.”””® All of the results mentioned above indicate that increase in the dispersion in
these systems switches on the n—m* interaction. Thus dispersion interaction plays a
significant role in n—n* interaction.

The n—m* interaction between the oxygen atom and the electron-rich aromatic ring
has also been studied through NMR spectroscopy by Gung and co-workers.”*'”" They
designed triptycene scaffold which has anti and syn conformations. The syn conformation
allows close contact between aromatic ring and oxygen atom. The syn to anti ratio was
determined using different substituents on the aromatic ring through NMR experiment. It has
been observed that syn/anti ratio is greater than 2 even if the aromatic ring is substituted with
an electron donating group. These studies clearly indicate that n— 7y, interaction has
significant dispersion contribution.

Finally it is important to mention that n—>mn* non-covalent interaction should not be
confused with n—>m* electronic transition. The n—m* electronic transition involves electronic
excitation from n state to m* state in presence of light. On the other hand n—n* interaction
involves orbital overlap between lone pair orbital (n) and m* antibonding orbital which leads
to stabilization of the molecular system.

1.8 Aim of the thesis

n—-7* interaction has been explored in biomolecules, supramolecular structures and
small molecules through X-ray crystallography, NMR spectroscopy and computational
analysis. Computational studies show that the short contacts between an electronegative atom
and a & system (C=0 or aromatic ring) is indeed attractive in nature and it involves transfer

of electron density from electronegative atom to ©* antibonding orbital of the « system. It has
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been revealed from NMR spectroscopy that n—m* interaction plays a major role in the
structural stability of molecular systems and even dictates their conformational preferences. It
is also found that n—m* interaction has its own independent existence i.e. it can exist in
absence of other non-covalent interactions. It has been observed from crystallographic studies
that there is a subtle interplay between the n—m* interaction and the hydrogen bonding
interaction in the stabilization of molecular systems. However, quantitative nature and
strength of this weak n—m* interaction and its gas phase IR spectroscopic evidence are yet to
be explored. In the present thesis, we have addressed the following points on the n—>7* non-
covalent interaction.

1. Can we study n—n* interaction in isolated gas phase?

Till now experimental approaches to determine the presence of then—m* interaction is
limited to X-ray crystallographic and NMR spectroscopy studies. Both of these studies
demonstrate the presence of the n—m* interaction in various molecular systems. However, it
could be argued that the short contact observed between two molecular units (C=0...C=0 or
C=0...phenyl) in the crystal structure designated as the n—>m* interaction may arise due to
optimized orientation of different structural units of large biomolecular systems. On the other
hand, if the n—>n* interaction could be observed in the molecular units in absence of different
structural units of biomolecules, it could be inferred that this weak non-covalent interaction
detected in biomolecules is not due to mere optimization of those structural units in the
macromolecules.

Further, in solution phase spectroscopy, the strength of the n—n* interaction may be affected
due to solute-solvent interaction as the n—m* interaction is weaker in strength compared to
other non-covalent interactions. Isolated gas phase spectroscopy can provide accurate
strength of the n—m* interaction as it allows to study the structures of molecular moieties in

an environment which is free from crystal packing forces and solvent interactions. Non-

30



INTRODUCTION

covalent interactions like conventional hydrogen bonding, m-hydrogen bondi ngnd m...m

stacking i nteractliaors been studi ed quantitativelyinisol ated gas phase. However,
simlar studi es onntdre* interactionis absent i n the literature. In the present study,

we have enployed isolated-ghase spectroscopic techni ques to expkdre

interaction quantitatively in various molecular systems, which includes molecular complexes
(7-azaindole...2,6-subsituted fluoropyridine), phenyl formate, hydroxyproline derivatives and

salicin.

Study of n—* interaction in a molecular complex stabilized by both hydrogen bonding and

n—7* interaction can reveal the answer of the following question.
2. Can n—m* interaction exists along with strong hydrogen bonding interaction?

It has been previously discussed that interplay between hydrogen bonding and n—n*
interaction contributes significantly to the stability of protein structures. However, this
analysis is based only on crystallographic studies. A quantitative knowledge of interplay
between various non-covalent interactions can be obtained if judiciously chosen molecular
systems or weakly bound complexes can be studied in isolated gas-phase. There are several
reports on the gas-phase experimental and theoretical studies of molecular complexes which
are stabilized by interplay between various types of non-covalent interactions. However,
there is no report of a molecular complex which is stabilized due to subtle balance between
hydrogen bonding and n—m* interaction.

Herein, we have reported the interplay between hydrogen bonding and n—m*
interaction in 1:1 complexes of 7-azaindole and 2,6-substituted fluoropyridines using gas
phase laser spectroscopic techniques and quantum chemistry calculations. Presence of n—m*
interaction in the complexes is identified by probing the stretching frequency of the N-H
group of 7-azaindole, which is involved in N-H...N hydrogen bonding with the nitrogen

atom of fluoropyridine. Measurement of the N-H stretching frequency gives us the
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quantitative information about the strength of N-H...N hydrogen bonding present in the
complexes. It also demonstrates how n—m* interaction can affect the strength of the
hydrogen bonding interaction as these two non-covalent interactions are interrelated and
influence each other in the complexes. However, this is an indirect approach to probe the
n—7* interaction in a molecular moiety. Thus the following next question has been asked in
our work.

(3) Can we directly probe the n—m* interaction in a molecular system from gas phas
study?

It is well known that hydrogen bonding interaction (X-H...Y) in a molecular system
can be directly probed by measuring the red-shift in the X-H stretching frequency using IR
spectroscopy. On the other hand, there is no IR spectroscopic evidence of n—m* interaction,
which is analogues to hydrogen bonding. Here the point is to identify the presence of the
n—-7* interaction in a molecular system by directly probing the functional groups (C=0
group) involved in the n—7* interaction using IR spectroscopy. NMR spectroscopy provides
the evidence of the n—m™* interaction in a molecular system by determining the population
difference between the two conformers, one with and another without the n—m* interaction.
However, it does not provide a quantitative information on the n—n* interaction present in
the molecular system. Further, the solvent polarity may affect the population difference
between the conformers.

On the other hand, gas phase IR spectroscopy can be used to directly probe the change in the
C=0 stretching frequency in the conformer which has n—m* interaction relative to the one
which does not have n—r* interaction. Herein, we have used gas phase IR spectroscopic

techniques to quantitatively characterize n—> my, interaction in phenyl formate and

n—>T,, interaction in hydroxyproline derivative, by measuring the red-shift in the C=0

32



INTRODUCTION

stretching frequencies of their respective conformers which has n—n* interaction relative to
the conformers which do not have n—n* interaction.

Further question which we have asked in our study is following.

(4) Can we explore n—m* interaction in molecular systems which have direct biological
implications using gas phase spectroscopy? (for example peptides, drugs, nucleic acid
etc.)

We have studied the n—m* interaction in a drug salicin which is also known as natures
aspirin. Salicin is an analgesic and antipyretic drug which is obtained from the bark of a
willow tree. Salicin is highly rich in conformation due to presence of many flexible co-
ordinates. In our gas-phase experiments, we have observed three lowest energy conformers of
salicin which are stabilized by both hydrogen bonding and n—n* interaction. A fine interplay
between n—m* interaction and hydrogen bonding has been found in the observed conformers
of salicin. Interestingly, other higher energy conformers which have relatively stronger
hydrogen bonding interactions in the absence of n—m* interaction, were not observed in the
experiment. This indicates that presence of n—>n* interaction plays a major role in governing

the conformational preferences of salicin.
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2.1 Experimental methods
2.1.1 Supersonic jet expansion

Supersonic jet expansion technique has been used to perform high-
resolutionelectronic and vibrational spectroscopy of molecules in isolated gas phase. This
technique is the heart of the experiments described in this thesis. Here we can also measure
high resolution electronic and IR spectra of non-covalently bonded molecular complexes.
This technique brings the molecules in its lowest vibrational and rotational states. The
molecules are in an isolated environment as the molecular density is very low after the
expansion and the molecules can freely travel in space without any collision from other
molecules. The principle and application of supersonic expansion in molecular spectroscopy
have been described in detail in many reviews.'%*'%

Supersonic molecular beam is formed when gaseous molecules are expanded from a
high-pressure reservoir into a vacuum chamber through a small orifice whose diameter (D) is
greater than the mean free path of the gas molecules (D>>)) (see Figure 2.1). If the diameter
of the orifice is less than the mean free path of the gas molecules (D<<\o), the molecular
beam is called effusive beam. In an effusive flow, there is no change in the internal degrees
of freedom of the molecules. In supersonic molecular beam, molecules undergo numerous
collisions while passing through the orifice and downstream the orifice. The collisions
maximum near the orifice and it decreases with the increase in the distance (X) from the
orifice. Due to these collisions, the enthalpy associated with the random motion of molecules
is converted to a directed mass flow. As a result, the translational, rotational and vibrational
temperatures of molecules decreases and the mass-flow velocity (v) increases. The
translational temperature of molecules is directly proportional to the speed of sound (a)

according to the equation a=(kaT/m)l/2 where, 7 is the heat capacity ratio C,/C,, m, kg and T

is the maas, Boltzmann constant and temperature, respectively. This suggests that speed of
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sound decreases with a decrease in temperature of molecules while mass flow velocity
increases to a few km/sec. Hence the flow is termed as supersonic. The Mach number
(M=v/a) which is given by the ratio of flow velocity to the speed of sound is always greater

than 1 for supersonic flow.
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Figure 2.1. A schematic representation of supersonic expansion.

Figure 2.2 shows velocity distribution curve of the gas molecules in the reservoir and
the supersonic beam. In a static cell, the velocity distribution is broad (see Figure 2.2a). In
supersonic beam, the velocity distribution narrows down and the peak maximum shifts to a
higher value as the flow velocity increases (see Figure 2.2b). The width of the Maxwell-
Boltzmann velocity distribution curve provides a measurement of the translational
temperature of molecules. Narrow velocity distribution of molecules in supersonic beam
suggests that translational temperature of molecules significantly decreases. The rate of
cooling of the translational degree of freedom is higher compared to that of the other degrees
of freedom. Infact, the rotational and vibrational degrees of freedom cool when they come in
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equilibrium with the translational cold bath. The rate of rotational-translational equilibration
is much faster than that of vibrational-translational equilibration and therefore, rotational
cooling is faster compared to vibrational cooling. As the rate of cooling is different for
different degrees of freedom, there is no further collision after some point in the expansion
and a non-equilibrium state is achieved. There is no further energy exchange between the
internal degrees of freedom afterwards. Molecules are frozen in this non-equilibrium state for
a long time and one can perform high resolution spectroscopy in isolated gas phase.

The process of supersonic expansion is isentropic under the adiabatic reversible
conditions (i.e. in the absence of heat source, shock waves, shear forces, heat sinks and heat

conductivity). Therefore, the temperature, pressure, and density of a supersonic molecular

(a) \ (b)

Maxwell speeddistribution
functionf(v)

Vkm/s

Figure 2.2. Velocity distribution curves of (a) effusive molecular beam and
(b) supersonic molecular beam.

beam can be described by the isentropic equation of state of an ideal gas which is given by

the equation 2.1.'%!'*

(v-1)/ -1
Tloz(%)y v _ (:;O)y =m ............. @.1)
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Where, Ty, Py and p are the temperature, pressure, and density of molecules in the reservoir
and T, P and p are the same quantities in the supersonic molecular beam. y is the heat
capacity ratio (Cp/Cy) and M is the Mach number. If we consider the expanding molecular
beam as a continuous medium, the Mach number at a distance (X) from the nozzle can be
written by equation 2.2

M=AX/D)" ... (2.2)

Where, A is a constant that depends upon the y and it is 3.26 for monoatomic gas. Equation
2.2 suggests that the Mach number increases with the increase in the distance from the
nozzle. However, the Mach number cannot keep on increasing. Fenn and Anderson have
shown that Mach number cannot have infinite value as the gas is made up of discreet atoms
and molecules and it is not continuous.'” The total number of collisions is finite and hence
the Mach number will also have a finite value. The terminal Mach number, which can be
achieved, is given by the equation 2.3 where, € is collisional effectiveness constant.'®’
Mr =2.05e-AN/ (A,/D)ANY . (2.3)
=133(P,D)** for Argon

Thus the terminal Mach number depends upon the pressure in the reservoir and
diameter of the orifice. The quantity PoD actually defines the total number of collision
possible for a molecule before achieving a given Mach number. Thus Mach number depends
upon the total number of collisions a molecule undergoes during the expansion.
2.1.2. Resonance Enhanced Multiphoton Ionisation and Time of Flight mass
spectrometry

Resonance Enhanced Multiphoton Ionisation (REMPI) technique and Time of Flight
mass spectrometry have been coupled with supersonic jet assembly to measure mass selected
electronic and IR spectra of isolated molecules and non-covalently bound molecular
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complexes. The principles of REMPI and TOF mass spectrometry have been described
below.
2.1.2.1 REMPI

Figure 2.3 shows a schematic diagram demonstrating the principle of REMPI. The S,
Siand Dy in the figure represent ground electronic state, first excited state, and ground ionic
state, respectively. In REMPI technique, multiple photons are used to ionize the molecules. If
two photons are used for ionization, it is called as resonant two-photon ionisation (R2PI).
R2PI is basically of two types: one color resonant two-photon ionisation (1C-R2PI) technique
(see Figure 2.3a) and two color resonant two-photon ionisation (2C-R2PI) technique (see
Figure 2.3b). In 1C-R2PI technique, molecules are electronically excited to one of the
vibronic levels in the S; state by a UV photon and subsequently, another photon of the same
energy ionises the molecules. Total energy absorbed by two photons must be more than the

ionisation potential of the molecule for successful ionisation of the molecule.

D;—+ Dy—+

So So
(a) (b)

Figure 2.3. Schematic diagram for (a) 1C-R2PI spectroscopy and (b) 2C-R2PI
spectroscopy.
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In 2C-R2PI spectroscopy, the second photon (ionisation photon) is of different
wavelength and from a different laser. 2C-R2PI technique is useful when the energies of the
two-photons of the same wavelength is insufficient to cross the ionisation potential of the
molecule. To overcome the ionisation potential of the molecule using 2C-R2PI, the second
photon should be of higher energy (shorter wavelength) relative to that of the first photon
(excitation photon). This technique is also advantageous over the 1C-R2PI technique in
studying the electronic spectra of weakly bound molecular complexes as their ionic state is
very shallow and excess energy available through 1C-R2PI spectroscopy may break the
molecular clusters in the ionic state. Thus the wavelength of the second photon is chosen
using such a way that the total energy of two photons should be just above the ionisation
potential. The molecular ions formed using R2PI technique are analyzed and detected using

TOF mass spectrometry.

2.1.2.2 Time of Flight mass spectrometry

In Time of Flight (TOF) mass spectrometry, the molecular ions of different masses
are separated according to their different time of flight (TOF) and then detected by a micro
channel plate (MCP) detector. The ions are first accelerated by applying an electric field of a
known voltage. The accelerated ions are then allowed to move in a field free region, where
they separate out depending upon their masses before reaching to the detector. When the
positively charged ions are accelerated, their potential energy is converted into kinetic
energy. The potential energy of a charged particle in an electric field is given by:

U=qV ....... (2.4)

where q is the charge of the particle and V is the potential of the electric field. The kinetic
energy of the particle is given by:

K=1/2mv* ...... (2.5)
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Where, m is the mass of the particle and v is the velocity of the particle. If the potential
energy is converted to kinetic energy then we can show from equation 2.4 and 2.5,

qV =12mv?* ....(2.6)
If an ion travels distance d which is the path length of the field free region in time t before
reaching to the detector then the velocity is given as:

v=d/t ...... 2.7)

Using equation 2.7 in equation 2.6 and rearranging we get,

t=[(d*2qV)m]"* ....... (2.8)

- t=k(m)"%......(2.9)

where, k=[d2/2qV]1/2 is a constant, since all the ions have the same charge, traveled same
distance and experience same electric field. From equation 2.9 it is clear that the time taken
by the ions to reach to the detector is directly proportional to the mass of the ions i.e. ions of
heavier mass will take more time to reach to the detector compared to the ions of lighter
mass.

The TOF mass spectrometer used here is based on three electrodes design given by Wiley
and McLaren for improved mass resolution of molecules and clusters.'® Figure 2.4 shows a
schematic diagram of TOF mass spectrometer used in the experiment. It consists of three
electrode plates, a field free TOF tube where the ions get separated depending upon their
masses and a micro channel plate detector at the end of the TOF tube for detecting the ions.
The first and the second electrode plate is called as repeller plate and extraction grid,
respectively. The repeller plate has higher positive voltage compared to the extraction grid
and the distance between them is denoted by s. The third plate, which is called as accelerating
grid is grounded. The positively charged ions are formed between the repeller plate and the

extraction grid through R2PI technique. The positively charged ions move towards the
43



CEMC®N EXPERIMENTAL AND COMPUTATIONAL METHODS

extraction grid due to the effect of uniform electric field (Es) between the repeller plate and
the extraction grid.The ions experience an electric field Es between the repeller plate and the
extraction grid and move towards the accelerating grid. The electric field between the
extraction grid and the accelerating grid is represented by E4 and the distance between them
is represented by d. Since E4 is more than E the ions in the region with E4experience much

stronger field which causes it to accelerate into the flight tube.

Extraction Grid
TOF tube ;
; ; Micro Channel
Repeller Plate A°°7erat'”g Grid J/ Plate detector
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Figure 2.4. Schematic representation of Time of Flight mass spectrometer
based on Wiley and McLaren design.

When a pulse laser ionises the molecular beam, a packet of ions is created. These ions
are at different positions in space. This variation in positions is known as initial spatial
distribution. When accelerated, the ions closer to the repeller plate moves faster than the ions
which are closer to extraction grid, this difference in their velocities is known as initial
velocity distribution or initial kinetic energy distribution. Due to initial space and energy
distributions, the ions of same masses will reach to the detector at slightly different times,
which will lead to decrease in the resolution of the TOF mass spectrometer. The dual-source

field allows us to adjust the parameter E4/Es so that all the ions start moving in the field free
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region from the same position, this is called energy focusing or space focussing.'®® This
design increases the resolution of the TOF mass spectrometer by reducing the time spread of
the ions of same mass.
If Uy is the initial energy of the ions then it is increased to U when it experiences an electric
field Eg between the repeller plate and the extraction grid and electric field E4 between the
extraction grid and the accelerating grid.

U=Up+qgsEs+qdEg, ..oovennnnn.n. (2.10)

The total time of flight T taken by an ion of mass m and charge q is given by

T=Ts+Ta+Tpy ceeennnnnn. (2.11)

where T; is the time taken by ion source to travel the ionization region

(zm)l/Z
qEq

=1.02 [(UgtgsEe) *+£(Ug)"] ooovveen. (2.12)

Tqis the time taken by ion source to travel the acceleration region106

1/2
- 1.02% [U"2-(Ug+qSE) ] v, (2.13)
d
and Tp is the time taken by ion source to travel field free drift tube

=1.022m)2 (L) . . (214)

In our experimental setup, the TOF mass spectrometer (Jordan TOF Products Inc.) is
placed mutually perpendicular to the axis of the skimmed molecular beam and the pulse laser
beam. The molecular beam is introduced into the space between the repeller plate and the
extraction grid which is separated by 1cm.The UV laser interacts with the molecular beam at
a right angle to the molecular beam axis and ionises the molecules. The repeller plate and the
extracting grid are kept at +3060 V and +2780 V, respectively, while the accelerating grid is
grounded. The molecular ions formed between the repeller plate and extraction grid are

accelerated into the field free TOF tube which is Imetre long. At the end of the tube,an 18
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mm dual chevron type micro channel plate detector (MCP) is placed to detect the ions. The
MCP detector is at a negative voltage (-3060 V) and it has several million micro-channels
which work as an independent electron multiplier. When an ion enters a micro-channel of the
detector, it emits an electron from the channel wall. This secondary electron is accelerated by
the electric field developed due to the voltage applied on either side of the MCP. The
accelerated electron travels along the parabolic trajectory until it hits the channel wall,
thereby producing more secondary electrons. This process is repeated along the channel wall,
as a result, the cascade process leads to the generation of several thousand electrons that
emerge from the rear end of the plate. The electronic signal generated from the detector due
to the bombardment of ions is visualized on the oscilloscope. Signal due to ions of different
masses appears at a different time on the oscilloscope.
2.1.3. Laser systems used for the experiments

We have used solid-state lasers pumped tunable dye lasers to measure the electronic
and IR spectra of molecules and molecular complexes in the supersonic jet. The working
principle of each of the lasers is described here briefly.
2.1.3.1 Dye laser

The dye laser is a liquid laser where the organic dye (Rhodamine 6G, Fluorescein,
LDS etc) is used as an active medium for generating laser light in the visible range. The
entire visible range can be covered by choosing different dyes.'”” " In general, the dyes used
as an active medium should have good photochemical stability, high quantum yield, strong
electronic absorption at the excitation wavelength and minimal intersystem crossing for good

performance of the laser.
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The dye laser (ND 6000, continuum) used here is pumped by the second harmonic
output (532 nm) of an ND-YAG laser (Continuum Surelite, 10 Hz rep. rate, 10ns pulse
width) with pulse energy of 250 mJ. Figure 2.5 shows a schematic of the Dye laser used in
the experiment. It consists of an oscillator cell and two amplifier cells (pre-amplifier and
final-amplifier). The vertically polarized 532 nm light strikes the beam splitter (BS1) which
reflects 5% of the total energy towards the oscillator dye cell and the remaining percentage
strikes the beam splitter BS2 after passing through a set of dichroic mirrors. Beam splitter
BS2 reflects 10% of the light towards the pre-amplifier cell and the rest is transmitted
towards the final-amplifier dye cell after passing through a dichroic mirror. The dye laser

cavity consists of a beam expander, two gratings which have 2400 lines/mm grooving, a front
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Figure 2.5. A schematic diagram of dye laser (ND6000, Continuum) showing its optical
configuration.
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mirror which is called Moya mirror and the oscillator dye cell. The light reflected by the
beam splitter bs1 passes through a telescope lens before it falls on the oscillator dye cell. The
incident 532 nm light excites the dye molecules of the oscillator cell which results into
stimulated emission. The laser beam from the oscillator dye cell passes through the beam
expander before falling on the grating. The grating provides the wavelength selection from
the board range output of the dye.

The selected monochromatic oscillator laser beam exits the dye laser cavity and
passes through the pre-amplifier dye cell where it coincides with the reflected 532 nm laser
beam from the beam splitter BS2.The pre-amplified dye output is then allowed to incident on
the final amplifier dye cell. The transmitted 532 nm light from the beam splitter BS2
coincides with the pre-amplified dye output in the final amplifier dye cell which results in
further amplification of the dye output beam. The dye beam is introduced in UVT tracker
where it is allowed to pass through the BBO crystal for generating the doubled output (UV
beam).
2.1.3.2 UV Tracker (UVT)

UV tracker allows us to generate the UV beam from the visible output of the dye laser
by using a non-linear KDP or BBO crystal. The non-linear crystals are used either to obtain
frequency doubled output of the fundamental beam or to get further shorter wavelength by
mixing the doubled output of the dye laser with the 1064 nm IR beam from the YAG laser
(mixing after doubling). In the doubling mode, only a KDP or BBO crystal is used. The
wavelength of the frequency doubled output of the fundamental beam of the dye laser is
given by the equation 2.10,

Frequency doubled output wavelength = Fundamental wavelength/2 ........ (2.15)

In the case of mixing after doubling, the doubling crystal is used along with another KDP

crystal which is the mixing crystal. The frequency doubled output of the dye laser beam and
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the 1064 nm beam from the YAG laser overlap with each other inside the mixing crystal and
generates sum frequency output in the shorter UV region. The wavelength of the sum
frequency output can be calculated from the following equation:

1/(sum frequency output wavelength)=1/(frequency doubled output wavelength) + 1/(1064

7Mixing after doubling output
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Figure 2.6. A schematic diagram of UV tracker (UVT, Continuum) showing its optical
configuration.

Figure 2.6 shows a schematic diagram of the UV tracker. It has two stages, stage 1
and stage 2. In doubling mode, the doubling crystal is placed on stage 2 and it is paired with a
compensating crystal to avoid changes in the path of the beam with change in the
wavelength. The dye beam is allowed to fall on the doubling crystal by a set of prisms. The
vertically polarized dye beam strikes the doubling crystal, at a certain phase match angle. The

horizontally polarized doubled output along with the residual dye beam exit the doubling
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crystal and falls on a turning prism. The frequency doubled output (UV beam) is separated
from the fundamental beam with the help of four Pellin-Broca prisms placed after the exit
port of the UVT.

In mixing after doubling mode, the doubling crystal is moved to stage 1 and the
mixing crystal is placed on stage 2. Both the crystals are paired with the compensating
crystals. The vertically polarized dye beam is changed to horizontally polarized by the help of
a turning prism before it strikes the doubling crystal. The doubling crystal on stage 1 is
mounted at 90° to the plane of the optical bench so that it is properly oriented with the
horizontally polarized dye beam for doubling. The doubled output leaves the stage 1 as
vertically polarized and reaches stage 2 where it overlaps with 1064 nm IR light coming from
ND:YAG pump laser inside the mixing crystal. A set of mirrors in the dye laser directs the
1064 nm light towards the UV tracker. Inside the UVT the 1064 nm is allowed to incident on
the mixing crystal by the help of a mirror and a turning prism. The UV beam generated by
mixing after doubling exits the mixing crystal along with the residual doubled output,
residual dye beam and 1064 nm light. All the four lights are separated by the help of 4 Pellin-
Broca prisms.
2.1.3.3 IR OPO/OPA

The infrared laser (Laser Vision) uses optical parametric oscillation (OPO) and
optical parametric amplification (OPA) for generating light in the near-IR region (710 to 885
nm) and the mid-IR region (1.35 to 5 um).It uses a non-linear KTP crystal for OPO which is
pumped by 532 nm light and four non-linear KTA crystals for OPA which is pumped by
1064 nm light. All the OPO and OPA crystals are mounted on stepper motors which allow
the crystals to rotate to achieve proper phase matching angle for generating the IR beam of

the desired wavelength. Figure 2.7 shows a schematic of the IR OPO/OPA laser used here.
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The 1064 nm pump beam from the ND:YAG laser (seeded/unseeded) with pulse
energy of 530 mJ is directed into the IR laser using two steering mirrors. Inside the IR laser,
the pump beam first passes through the telescope which adjusts the beam profile and then
strikes the beam splitter. The beam splitter divides the horizontally polarized pump beam into
two separate beam lines. One-third of the total pump beam energy is reflected towards the
BBO crystal which generates 532 nm light by frequency doubling. A half-wave plate
(attenuator) in a rotation stage placed before the second harmonic generator is used to control

the efficiency of the conversion of 1064 nm to 532 nm. The 532 nm light generated by the
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Figure 2.7. A schematic diagram of IR laser (Laser Vision) showing its optical
configuration.

second harmonic crystal is directed into the OPO stage using 532 nm reflecting mirror HR1
and HR2. The OPO stage is configured as a linear cavity with a KTP crystal, a rear mirror,
and an output coupler. When an intense 532 nm laser beam passes through the KTP crystal
two new photons, signal (os) and idler (), are generated via optical parametric oscillation in
such a way that the sum of the signal and idler frequencies is equal to the frequency of the

pump beam. The wavelength of the signal and idler output from the OPO is tuned by rotating
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the KTP crystal. Both near-infrared signal and intermediate-IR idler beams pass through the
dove prism after coming out of the output coupler. The dove prism maintains the collimation
of the beam. A MgF, waveplate is placed before the OPA stage to change the polarization of
the idler beam from vertical to horizontal and hence the OPA crystals are tuned in the
horizontal plane. The near-infrared signal () is rejected using a silicon filter placed between
the OPA stage and MgF, waveplate. Thus only the idler beam (m;) reaches to the OPA stage.
At the OPA stage, there are two pairs of KTA crystals. Crystals in each pair rotate in
opposite direction to compensate the change in the path of the beam. The 1064 nm pump
beam transmitted by the beam splitter (bs) passes through the half-wave plate which allows to
attenuate the energy of the pump beam delivered to the OPA stage and also changes the
horizontal polarization of the 1064 nm to vertical polarization. The pump beam is directed
onto the center of the OPA crystals and in the direction of propagation of the intermediate IR
idler from the OPO output using mirror M3 and M4. Both intermediate-IR beam from the
OPO and 1064 nm beam mix inside the OPA crystals. The intermediate-IR idler becomes the
signal for the OPA stage and 1064 nm becomes the pump. Difference frequency generation
of both the beams results in the generation of a new idler in the mid-IR region while
simultaneously amplifying the intermediate-IR signal. The residual 1064 nm pump beam is
removed by the 1064 nm separator mirror towards the beam dump while passing the mid-IR
idler and intermediate-IR signal. The mid-IR idler is vertically polarized while the
intermediate-IR signal is horizontally polarized. Our requirement is the mid-IR beam,
therefore, a “Stack of plates” Si filter is used before the exit port which rejects the
intermediate-IR signal and allows only the mid-IR idler beam to pass through. The bandwidth

of the IR laser is 2-2.5 cm™.
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In order to generate far-IR wavelength, an AgGaSe?2 crystal is mounted at a distance
of one meter from the exit port of the IR laser. The “Stack of plates” Si filter is removed and

both mid-IR idler and the intermediate-IR signal from the OPA are allowed to incident on the

Signal + Idler from OPA &

ZnSe filter

Far IR output A %

AgGaSe2 Crystal

Figure 2.8. Schematic diagram of generation of far-IR wavelength using AgGaSe2
crystal.

AgGaSe2 crystal collinearly using a set of mirrors (see Figure 2.8). The AgGaSe2 crystal
generates a far-IR wavelength at a certain phase-match angle from the intermediate-IR signal
and mid-IR idler beams by difference frequency mixing (see equation 2.12) . The residual
signal and idler coming out of the AgGaSe2 crystal are removed by ZnSe filter while allows
the far-IR beam to pass through.

Ofar-IR = Osignal — Oidler -« veeveee (2.17)
where, Ofr.1r, Osignat and  igier are the frequencies of far-IR output, intermediate-IR signal and
mid-IR idler, respectively.
2.1.4. Experimental set-up
Figure 2.9 shows the photograph of our home-built jet-cooled REMPI-TOF mass
spectrometer used for the experiment. The set up consists of two differently pumped vacuum
chambers (molecular beam chamber and ionization chamber). Both the chambers are

connected through the skimmer having a diameter of 2mm. A commercial pulse valve
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(General valve, series 9, 10 Hz repetition rate) with orifice diameter of 0.5 mm and operated
by a pulse driver (IOTA ONE, Parker instrumentation) is used for the experiment. The pulse
valve is connected with a long stainless steel pipe which is connected with a XYZ
manipulator. The XYZ manipulator allows us to align the pulse valve orifice with the
skimmer. The whole assembly of the pulse valve is incorporated in the molecular beam

chamber.

Figure 2.9. Photograph of the home-built jet-cooled REMPI Time of Flight mass
spectrometer coupled with laser desorption

The molecular beam chamber is pumped by a 10-inch diffstack diffusion pump (OD
250, Hind Hivac) with a pumping speed of 2000 L/s and this diffusion pump is backed by a
roughing pump (FD-60, Hind Hivac) having a pumping speed of 17 L/s. The ionization
chamber is pumped by a 4.5-inchdiffstack diffusion pump (OD-114, Hind Hivac) with a
pumping speed of 280 L/s and it is backed by a roughing pump (ED-21, Hind Hivac) having
pumping speed of 6 L/s. The walls of the diffusion pumps are cooled by circulating water

(temperature 18° C) from a chiller (Refricon Hvac System). Vacuum chambers are separated
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from the diffusion pump by gate valves. Liquid nitrogen traps are present between the
vacuum chambers and the diffusion pump which prevents the oil contamination in the
vacuum chambers. The pressure in the vacuum chambers is measured by cold cathode ion
gauges. The base pressure in the molecular chamber and ionization chamber is 1*10”torr and
8* 10torr, respectively.

The time of flight (TOF) tube is connected with the ionization chamber and placed
perpendicular to the molecular beam axis. An 18 mm MCP detector (Jordon TOF Products) is
housed in a small vacuum chamber which is placed at the end of the TOF tube. The detector

chamber is pumped by a turbo molecular pump with a pumping speed of 70 L/s. The turbo
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Figure 2.10.Schematic diagram of the experimental setup of a home-built jet-cooled Time
of Flight mass spectrometer coupled with laser desorption. The temporal synchronisation
between the molecular beam and the lasers is performed using the delay generator.
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pump is backed by a dry scroll pump (SH-110, Varian, Pumping speed 1.5 L/s). A TOF
power supply (Jordon TOF products) is used to supply negative voltage to the detector and
the positive voltage to the electrode plates. The ion signal generated from the detector is
amplified by a preamplifier (SRS, Model SR445A) and sent to a digital oscilloscope
(Tektronix, 350 MHz, DPO 4034) which is interfaced with a computer using USB interface.
Temporal synchronization among the pulse valve, UV laser, and IR laser is performed by a
delay generator (BNC, Model 575).

2.1.5. Experimental Scheme

Figure 2.10 shows a schematic diagram of our experimental setup. Generally, the
sample of our interest (solid or liquid) having low vapor pressure is heated inside a stainless
steel container, which is placed just behind the pulse valve, to generate its vapor. The
samples which have very high vapor pressure is taken in a sample holder which is cooled
using an appropriate freezing bath and kept outside the chamber. The sample vapor seeded in
Argon or He/Ne carrier gas is allowed to expand through the orifice of the pulse valve into
the expansion chamber. Typical operating pressure of the expansion chamber and ionization
chamber is 2.0*10torr and 4.0 * 10”torr, respectively.

In order to generate vapor of those molecules which have very low vapor pressure and
decomposes on heating, for example peptides, nucleic acid, drugs etc, we use a technique
called laser desorption.''®? This technique is useful to bring the molecules in the gas phase
without any thermal decomposition. The molecule of our interest is first mixed with graphite
to form a matrix. When a short pulse (10 ns, 10 Hz) laser beam strikes the surface of the
matrix, the temperature of the surface rises to 1000K for 10 ns.'” Since a very high
temperature is achieved in very small time duration, the chemical bonds of the molecules do
not break and vapor of the sample is then seeded in the jet-cooled molecular beam of the

carrier gas. To perform laser desorption, the (solid) sample of our interest is mixed with
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graphite powder in a 2:1weight ratio to form a pellet in a hydraulic press under 2-3 tons of
pressure. If the sample is liquid, it is first dissolved in a solvent and then coated on the
surface of the graphite pellet. Figure 2.11 shows a schematic diagram of the laser desorption
setup coupled with the jet-cooled Time of Flight mass spectrometer.

The sample pellet was placed in a sample holder attached with an XYZ manipulator
coupled with a motorized translational assembly (Fourvac Technology, Pune) for translation
of the sample pellet along the Z-axis. Second harmonic output (532 nm) of a Nd:YAG laser
(Continuum, Minilite-I, 10 Hz, ns) was used for desorption of the sample from the surface of
the pellet. The 532 nm laser beam of about 500 uJ pulse energy was fed into an optical fiber
(multimode, 400 um core diameter, 4 m length) through an optical coupler and focused on

the sample.''’ The distance between the edge of the pellet and the center of the orifice of the

Optical Fibre (carrying 532 nm light)

B Pellet (Graphite+Sample)

Sample Holder
Pulse Valve
Figure 2.11. A schematic diagram of the laser desorption setup. Sample holder is attached
to an XYZ manipulator coupled with the motorized translational assembly which moves
the sample holder back forth.

pulsed valve was maintained at about 1 mm while the distance between the surface of the
pellet and the axis of the molecular beam was kept at about 2 mm. The sample pellet was
translated back and forth to ensure exposure of a fresh spot of the sample surface by the laser.
The desorbed molecules were entrained in a supersonic expansion of Ar gas (~ 5 bar) through

a pulsed nozzle of 500 um diameter (General valve, series 9, 10 Hz).
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The central coldest part of the jet-cooled molecular beam passes through the skimmer
and reaches the ionization chamber. The pulsed UV laser beam intersects the molecular beam
in the ionization chamber at a right angle to the molecular beam axis. To ensure that the UV
beam intersects the molecular beam, firing of the UV laser is delayed by about 400us from
that of the pulse valve. Temporal synchronization between the molecular beam and the UV
laser beam is controlled by a delay generator. Molecules are ionized by the tunable UV beam
using REMPI technique. The ions thus formed are accelerated into the field free time of flight
tube by applying a positive voltage to the repeller plate (+3060 V) and the extraction grid
(+2780 V). lons get separated in the time of flight tube depending upon their masses before
reaching the MCP detector. Ions of lighter mass reach the detector earlier in time compared
to the ions of heavier mass. The ion signal from the detector is further amplified by a
preamplifier and sent to an oscilloscope which is interfaced with a computer via a USB port.

A LabVIEW based programme has been used to scan the laser wavelength and obtain
data from the oscilloscope. The ion signal of different masses is displayed on the oscilloscope
as a function of time of flight. The time of flight of different ions are converted to their
corresponding masses following the equation t,=(m1/m2)"**t,, where t; and m, are the time
of flight and mass of an unknown molecule, respectively, while t, and m;, are the time and
mass of a reference molecule, respectively. This equation is derived based on the fact that
kinetic energy of all the ions of different masses is same in the field free time of flight tube.
Derivation of this equation is discussed in section 2.1.2. Mass of different molecules and
molecular complexes are identified in the TOF mass spectrum. The time window of a
particular mass is selected using the LabVIEW base program and the UV laser is tuned using
the same program to measure the mass selected electronic spectrum. Various UV and IR

lasers based spectroscopic techniques have been used to determine the structure and
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conformations of the molecules and complexes in a supersonic jet. These spectroscopic
techniques have been described below.
2.1.6. Spectroscopic Techniques

We have used various spectroscopic techniques to analyze the structures of molecules
and molecular complexes in a supersonic jet. 1C-R2PI spectroscopy''* has been used to
measure the mass selected electronic spectra of molecules and complexes. Presence of
different conformations of molecules and complexes in the experiment has been determined
using UV-UV and IR-UV double resonance spectroscopy techniques. Resonant ion dip
infrared spectroscopy has been used to measure the IR spectra of the molecules and clusters.
The quantum chemical calculation is combined with our experimental IR spectra to
determine the structure of the molecules and molecular clusters.
2.1.6.1 1C-R2PI spectroscopy
This technique has already been discussed in the section 2.1.2.1.
2.1.6.2 Resonant ion-dip infrared spectroscopy (RIDIRS)

Figure 2.12 shows a schematic diagram of RIDIR spectroscopy. In this technique, one
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Figure 2.12. (a) A schematic demonstration of the RIDIR spectroscopy (b) Cartoon
diagram of the IR spectrum obtained from the RIDIRS.
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UV and one IR laser are used. The UV and IR beams are spatially overlapped and intersected
with the molecular beam at a right angle to the molecular axis. IR laser beam with pulse
energy of 3-4 mJ is focused using a CaF, lens of focal length 100 cm while the UV laser
beam with pulse energy of 0.3-0.4 mJ is unfocused. The IR laser is fired about 120 ns prior to
the UV laser and the time delay between these two lasers is achieved using delay generator.
The IR laser is scanned while the UV laser is fixed to a particular transition in the R2PI
spectrum of the molecule or complex. The IR spectrum is obtained as a depletion in the ion
signal whenever the IR frequency matches with any vibrational transition of the molecule or
complex in the ground electronic state. Figure 2.12(b) shows a cartoon diagram of the IR
spectrum obtained using the RIDIRS tecnique.
2.1.6.3 IR-UV double resonance spectroscopy

IR-UV double resonance spectroscopy has been used to determine whether a single
conformer or multiple conformers of the molecules or complexes are present in the
experiment. Figure 2.13 shows a schematic diagram of the IR-UV double resonance
spectroscopy which is also known as IR-UV hole-burning spectroscopy as the IR laser burn
the population of the molecules in the lowest vibrational level of the ground electronic state.
In this technique, the IR laser is fixed at a particular vibrational frequency of a conformer of
the molecule or complex while the UV laser is scanned along the entire R2PI spectrum.'"
The IR laser depletes the population of a conformer through a vibrational transition and the
electronic band transitions belonging to that particular conformer show reduced intensity
compared to those in the R2PI spectrum while the electronic band transitions belonging to
other conformers remain unaffected. Figure 2.13 (b) shows a cartoon diagram of IR-UV hole
burn spectrum measured by fixing the IR laser at the vibrational frequency of the electronic
band B. The IR-UV hole-burn spectrum shows depletion in the intensity of the electronic

band B while the intensity of the electronic band A remains unaltered.
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Figure 2.13. (a) A schematic diagram of the IR-UV hole burn spectroscopy (b) Cartoon
diagram of the R2PI spectrum and IR-UV hole burn spectrum.

2.1.6.4 UV-UYV double resonance spectroscopy

UV-UV double resonance spectroscopy has been used to discriminate the presence of
multiple conformers of molecules in the experiment. Two UV lasers are used in this
experiment. The probe UV probe laser (pulse energy ~ 0.2-0.3 mJ) is fixed to a particular
transition in the R2PI (electronic) spectrum while the UV pump laser (pulse energy ~ 0.6mJ)
fired about 100 ns prior to the probe laser is scanned through the whole R2PI spectral region
of the molecule. The counter-propagating pump and probe UV laser beams are spatially
overlapped and intersect with the molecular beam at a right angle to the molecular beam axis.
Depletion in the probe ion signal is observed whenever the pump UV excites the bands which
belong to the same ground state as that of the electronic band which is being probed, while
the bands which belong to the different ground state do not give any depletion in the probe

ion signal. Figure 2.14 (b) shows a cartoon diagram of UV-UV hole burn spectrum measured
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by fixing the probe UV laser at peak B. No depletion is observed for peak A in the UV-UV

hole-burn spectrum and therefore peak A belongs to a different conformer.
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Figure 2.14. (a) A schematic diagram of the UV-UV hole burn spectroscopy (b) Cartoon
diagram of the R2PI spectrum and IR-UV hole burn spectrum.

2.2 Computational Methods

Our experimental results are compared with the quantum chemical calculations to determine
the structures of the molecules or complexes observed in the experiment. The comparison
between experimental and theoretical results also helps to validate the accuracy of the results
obtained from the quantum chemistry calculation. Here, we have used Gaussian G09''®,
NB06.0'"” and GAMESS program'® packages to perform the quantum chemical

calculations.

2.2.1 Geometry optimization and Frequency calculation

119 120,121

We have used both wave function theory (WFT) "~ and Density functional theory (DFT)
to calculate the ground state geometry and harmonic vibrational frequencies of molecules and
complexes. We have used MP2 level of theory and various dispersion-corrected DFT

functionals (M05-2X, M06-2X, B97-D)'**'?* with Pople type as well as Dunnings correlation

consistent basis sets to perform the geometry optimization and frequency calculation of
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various possible conformers of molecules and complexes. The initial geometries are either
chosen from chemical intuition or generated using molecular mechanics force field
incorporated in CONFLEX'*'?” and Marvin Sketch programme packages. “Ultrafine”
numerical integration has been used to perform the DFT calculations. All calculations have

been performed using “opt=tight” convergence criteria for geometry optimization.

Relative energies of various conformers of molecules are calculated with respect to
the most stable conformer of the molecules. The binding energies of various conformers of
the complexes have been corrected for basis set superposition error (BSSE) as well as zero-
point energy (ZPE) correction. BSSE correction has been performed using the counterpoise
method given by Boys and Bernardi.'*® To determine the structures of the molecules or
complexes the experimental IR spectra is compared with the computed IR spectra of different
possible conformers of molecules or complexes. The computed harmonic IR frequencies are
scaled with respect to the vibrational frequency of a known molecule. Gaussian G09 has been

used to perform the geometry optimization and frequency calculations.
2.2.2 Energy decomposition analysis

We have used GAMESS program package for energy decomposition analysis (EDA) of the
complexes.''® A localized molecular orbital (LMO) method introduced by Su and Li has been
used for the energy decomposition analysis.'” Using the LMO-EDA method, the total
binding energy of the molecular complexes is decomposed into electrostatic, exchange,

repulsion, polarization, and dispersion terms.
2.2.3. Natural Bond Orbital analysis

NBO program developed by Weinhold and co-workers has been used to determine the
strength of the n—m* and the hydrogen bonding interactions present in molecule or

complexes.**"*' The NBO method enables to understand the fundamental concept of the
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localized Lewis-like chemical bonds. The delocalized molecular orbitals are converted into
localized natural bond orbitals. These natural bond orbitals are localized orbitals on either
one center, two center or three center. NBOs represents the Lewis like molecular bonding
environment, in other words, it shows the localized electron density picture of the molecular
system. Its mathematical algorithm first converts the input atomic orbital basis set into
natural atomic orbitals (NAQOs). Natural atomic orbitals can be defined as localized atomic
orbitals of the atoms. Three types of NAOs are generated, core, valence and Rydberg. Only
Core and valence NAOs have significant occupancies of the electron. Linear combination of
NAOs give rise to natural hybrid orbitals (NHOs). The NHOs is a complete orthonormal set
that spans the entire basis space. Natural bond orbitals (NBOs) are composed of a linear
combination of natural hybrid orbitals (NHOs). For a 2-center bond, the linear combination
of two natural hybrid orbitals can result in a generation of bonding NBO (Lewis type) or
anti-bonding NBO (non-Lewis type). A bonding NBO, also called as donor orbital, has filled
electrons and lower in energy while the anti-bonding NBO, also called as acceptor orbital,
has low occupancy (vacant).

Non-covalent interactions like n—m* and hydrogen bonding, involves delocalization
of electron density from the filled bonding NBO to anti-bonding NBO which results in the
stabilization of the system. Thus, to understand the non-covalent interactions one of the most
important parameter which can be derived from the NBO analysis is the NBO delocalization

E®

energy which is determined by the second order perturbative energy, E;” j*where, i and j*
stand for the donor and acceptor orbitals. It measures the extent of the overlap of donor
orbital (i) with the acceptor (j*) anti-bonding orbital and hence the strength of the interaction.
Since these interactions lead to loss of occupancy from the localized NBOs of the idealized

Lewis structure into the empty non-Lewis orbitals (and thus, to departures from the idealized

Lewis structure description), they are referred to as “delocalization” corrections to the zeroth-
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order natural Lewis structure. For each donor NBO (i) and acceptor NBO (j), the donor-

acceptor stabilization energy E® associated with i — j delocalization is estimated as

E® = AE;® = qi F(i,j)/(gf — &) ......... (2.18)

where q; is the donor orbital occupancy (2 for closed-shell, 1 for open-shell), €i, €] are

diagonal elements (orbital energies), and F(i,j) is the off-diagonal NBO Fock matrix element.

Higher the second order perturbative energy value for a given donor-acceptor pair, greater is
the strength of the interaction. NBO analysis has been used extensively to visualize the
n—7* interaction in the molecules, to determine its strength and its effect on nearby orbital
interactions.

In this thesis, we have also used NBO deletion analysis. The NBO deletion analysis
provides an opportunity to calculate the interaction energy within a single molecular
fragment or between many by deleting certain NBOs. By deleting certain NBOs, this method
sets their value in corresponding Fock matrix as zero and it re-diagonalizes the Fock matrix.
The interaction energy obtained by this method can be compared with the original interaction
energy. This method is basis set independent hence interaction energy values can also be

compared at different levels of theory.

We have also used Wiberg bond indices implemented in the Gaussian G09 program to

calculate the bond order of the bond. Bond order (B) of a chemical bond is defined as

Np—N
B = bzab

Where, N, and N, are the numbers of electrons occupying the bonding and antibonding

orbitals, respectively. However, the bond order calculated from the above equation cannot be
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considered as quantum chemical quantity as it is not calculated from the wave function
following the rules of quantum mechanics.

The first quantum mechanical approach to calculate the bond order was given by Coulson
which is denoted as Coulson’s bond order. The equation defining the Coulson’s bond order is
given as

Dy = 25.CuiCi oo (2.20)

Where, D,, is the off- diagonal matrix element of the “Coulsons’s charge-bond order
matrix”, Cy; is the coefficients of orbital i, p and v are the basis functions. Coulsons’s bond

order was very useful to determine the bond order of C-C bonds in m-system. However, it
cannot be applied for Pople’s CNDO-all valence-electrons semiempirical theory.

Wiberg introduced a new equation for calculating the bond order at the CNDO semiempirical
MO theory which is called as Wiberg bond order. Later the Wiberg’s bond order was
generalized for ab intio SCF wavefunctions. The Wiberg’s bond order is defined as

Wap = Xuea2wes(PS) s (PS)ypy ovvvvvniinnin (2.21)

Where, u, v are the basis functions, A, B represents the nuclei while P and S represent the
one particle density and overlap matrices, respectively. Bond order calculated using Wiberg’s

equation correlates very well with the calculated bond order from equation 2.19.
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Chapter 3 INTERPLAY BETWEEN HYDROGEN BONDING AND
n—m* INTERACTION

3.1 Introduction

Structures of biomolecules and materials are governed by delicate balance among
multiple types of non-covalent interactions.'*'*'**1** For example, structures of nucleic
acids are stabilized by hydrogen bonding and m-stacking interactions.” Similarly, specific
folding structures of proteins are controlled by multiple non-covalent interactions like N-
H...O, N-H...N, N-H...n, n-stacking etc.'”'*>'** Self-assembly of molecular systems are
also regulated by various types of intermolecular interactions.'”'® Thus, in-depth analysis of
the interplay between different types of non-covalent interactions will help us to understand
the biological processes and to design new functional materials as well as efficient drugs.

It has been discussed in section 1.3 that a previously unexplored and counterintuitive
weak non-covalent interaction named as n—7 interaction has been recently proved to be of
significant importance in the stabilization of the structures of biomolecules as well as
materials. It has been found that n— interaction is quite analogous to the hydrogen bonding
interaction in terms of electron delocalization. n—7 interaction is delocalization of lone pair
electrons on an electronegative atom into a n orbital of an adjacent C=0 group or phenyl
ring while hydrogen bonding involves delocalization of lone pair electrons into a o orbital. It
has been also observed that co-operativity between hydrogen bonding and n—7m* interaction
contributes to the stability of protein structures as well as supramolecular
assemblies.>"'"1#7"8 A gubtle balance between both the interactions stabilizes the
backbone as well as the backbone-side chain contacts of the proteins.2’7’12 It has been argued
that in the backbone of a-helix, the carbonyl group of residue i is involved in hydrogen
bonding with residue i+4 as well as in n—m* interaction with residue i+7.>"'?As the
carbonyl oxygen atom of residue i has two lone pairs, one of the lone pairs (s-type) is

engaged in hydrogen bonding with the N-H group of the residue i+4 while the other lone pair
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(p-type) takes part in n—>m* interaction with the neighboring carbonyl group (see Figure 3.1).
Since, same carbonyl oxygen atom is involved in both hydrogen bonding and n-m*
interaction, strength of both of these interactions are interdependent in o-helix or they can
influence each other. In other words, the strength of the hydrogen bonding could be
compromised due to the presence of the n—m* interaction or the n—n* interaction itself
could be attenuated due to the presence of strong hydrogen bonding interaction.'>®

Sometime, the presence of the n—»m* interaction can also strengthen the hydrogen bonding

interaction.’

(a) ' (b)

Figure 3.1 (a) Hydrogen bonding (n—>¢* ) interaction in a-helix between carbonyl group of
residue i and N-H bond of residue i+4. (b) n—y,, interaction in a-helix between carbonyl
groups of residue i and i+1. Adapted in part with permission from ref. 7. Copyright [2010]
Nature Chemical Biology.

The co-operativity between the hydrogen bonding and the n—m* interactions
reported in the literature is mostly based on the PDB searches.”'? However, one can
obtain quantitative knowledge of the interplay among different types of intermolecular
interactions if judiciously chosen molecules or weakly bound complexes can be

studied as model systems in isolated gas phase. There is one advantage of studying the
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physical nature of the interplay between these noncovalent ineractions in the isolated
gas phase over the crystal structures. In the case of the crystal structures, it could be
argued that the close contacts between various atoms or moieties could be due to mere
optimization of the orientation of different structural units in the supramolecular
systems but this could not be true for the model systems studied in the gas phase.
There are plenty of reports on gas phase experimental and theoretical studies on
molecules and complexes stabilized due to subtle balance among various types of non-
covalent interactions.*”'*>"'** However, gas phase study of the structures stabilized by
subtle balance between n—m* interaction and other non-covalent interactions is scarce
in literature.

In this chapter, we have reported experimental as well as theoretical investigation of
subtle interplay between hydrogen bonding and weak n—m* interaction by studying 1:1
complexes of 7-azaindole (7-Al) and 2,6-substituted fluoropyridines, using gas-phase
spectroscopic techniques (R2PI and IR-UV double resonance spectroscopy) and quantum
chemistry calculations. The results show that the most stable geometries of these complexes
are stabilized due to subtle balance between N-H...N hydrogen bonding and n-n*
interaction. The most significant observation of the present study is that a very weak n—n*
interaction can modulate the overall structural motif of the complexes in the presence of a
very strong hydrogen bonding interaction. As 7-azaindole is a model for the nucleic acid base
adenine, the present study mimics the n— 7, interaction present in the Z-DNA, which is
reported by Egli and co-workers.®  We have probed the N-H stretching frequency in the
complexes using gas phase IR spectroscopy to determine the observed structures of the
complexes. The measurement of the N-H stretching frequencies in the complexes with

variation of the fluorine substitution has been used to monitor the change in the strength of
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the hydrogen bonding in the presence of n—m* interaction. This is probably the first gas-
phase study on the complexes stabilized due to n—n* interaction and hydrogen bonding.
3.2 Results and Discussion
3.2.1 Structures of complexes of 7-azaindole and fluorosubstituted pyridines:
Computational studies

We have studied the structures of the complexes of 7-azaindole (7-Al) and
fluorosubstituted pyridines in great detail using density functional theory (DFT) as well as
wave functional theory (WFT) calculations. 1:1 complexes of 7-Al have been studied with all
possible fluorosubstituted pyridines. The fluoropyridines considered for the complex
formation are: 2-fluoropyridine (2-FP), 3-fluoropyridine (3-FP), 4-fluoropyridine (4-FP), 5-
fluoropyridine (5-FP), 2,3-difluoropyridine (2,3-FP), 2,4-difluoropyridine (2,4-FP), 2,5-
difluoropyridine (2,5-FP), 2,6-difluoropyridine (2,6-FP), 3,5-difluoropyridine (3,5-FP), 4,5-
difluoropyridine (4,5-FP), 2,3,4-trifluoropyridine (2,3,4-FP), 2,3,5-trifluoropyridine (2,3,5-
FP), 2,3,6-trifluoropyridine (2,3,6-FP), 2,4,5-trifluoropyridine (2,4,5-FP), 2,4,6-
trifluoropyridine (2,4,6-FP), 3,4,5-trifluoropyridine (3,4,5-FP), 2,3,4,5-tetrafluoropyridine
(2,3,4,5-FP), 2,3,4,6-tetrafluoropyridine (2,3,4,6-FP), 2.,3,5,6-tetrafluoropyridine (2,3,5,6-
FP), and 2,3,4,5,6-pentafluoropyridine (2,3,4,5,6-FP).

Gas phase experimental as well as computational studies of 7Al---2-FP complex has

already been reported in the literature.'*' Two in-plane double hydrogen bonded cyclic

structures of 7Al--2-FP complex have been predicted from DFT calculation. It has been
found that the structure with the N-H...N and C-H...N hydrogen bonds is more stable than the
one with the N-H...F and C-H...N hydrogen bonds. Only the most stable structure of the
dimer has been observed in the gas phase experiment. Therefore, only the structures primarily
bound by N-H...N hydrogen bond have been considered for computaional analysis of the 7-

Al...fluorosubstituted pyridines studied here.
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Figure 3.2 Double hydrogen bonded structures of all the complexes of 7-Al with fluoropyridines
optimized at the M05-2X/cc-pVTZ level of theory.

Table 3.1 Binding energies (kcal/mol) and intermolecular geometrical parameters (kcal/mol)
of all the double hydrogen bonded complexes of 7-Al and fluoropyridines calculated at the
MO05-2X/cc-pVTZ level of theory

dvin (@A) denn(A) a () B() AEy*
7-Al---2-FP 2.04 2.48 165 149 -7.42
7-Al---3-FP 2.02 2.47 168 152 -7.23
7-Al---4-FP 2.01 2.45 168 152 -7.53
7-Al---5-FP 2.02 2.44 167 150 -7.16
7-Al---2,3-FP 2.07 2.46 164 149 -7.02
7-Al---2,4-FP 2.06 2.44 163 149 -7.39
7-Al---2,5-FP 2.08 2.42 162 147 -7.10
7-Al---3,5-FP 2.05 2.42 166 150 -6.86
7-Al---4,5-FP 2.04 2.40 165 150 -7.27
7-Al---2,3,4-FP 2.08 2.42 163 150 -7.03
7-Al---2,3,5-FP 2.10 2.41 161 148 -6.78
7-Al---2,4,5-FP 2.09 2.39 161 148 -7.23
7-Al---3,4,5-FP 2.06 2.39 165 151 -6.96
7-Al---2,3,4,5-FP 2.12 2.36 160 149 -6.92

*AE, represents the BSSE+ZPE corrected binding energies of the complexes.
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It has been found that all the fluoropyridines, except the ones with fluorine substitutions at
both 2 and 6 positions, prefer planar double hydrogen bonded structure while forming

complexes with 7-Al. Figure 3.2 shows the most stable double hydrogen bonded structure

(N-H:--N and C-H:--N bound) of all the complexes of 7-Al with fluoropyridines optimized at
the M05-2X/cc-pVTZ level of theory. The atom numbering scheme in the fluoropyridine has
been shown in one of the complexes presented in Figure 3.1. Binding energies and a few
selected geometrical parameters of these complexes calculated at the M05-2X/cc-pVTZ level
of theory have been provided in Table 3.1. It appears that there is no drastic change in the

geometry as well as the stability of these complexes by increasing the fluorine substitution.

Initial structure Final structure | Initial structure  Final structure

] &

7-Al...2,6-FP 7-Al...2,3,4,6-FP

H

7-Al...2,3,5,6-FP

7-AlL..2,3,6-FP " 7-AL..2,3,4,5,6-FP

Figure 3.3 The initial and final structures of the complexes of 7-Al with 2,6-FP, 2,3,6-FP, 2,4,6-FP,
2,3,4,6-FP, 2,3,5,6-FP and 2,3,4,5,6-FP optimized at the M05-2X/cc-pVTZ level of theory.

However, it is quite interesting to see how the N-H..N bound structure of the
fluorosubstituted complexes of 7-Al changes for the fluorine substitution at 2 and 6 positions
of pyridine simultaneously. Fig. 3.3 shows the initial and final structures of the complexes of

7-Al with 2,6-FP, 2,4,6-FP, 2,3,6-FP, 2,3,4,6-FP, 2,3,5,6-FP and 2,3,4,5,6-FP. The
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optimization of the initial structures has been done at the M05-2X/cc-pVTZ level of theory. It
is obvious that the fluoropyridines having fluorine substitution at 2 and 6 positions cannot
make C-H...N hydrogen bond with 7-Al while the N-H...N hydrogen bond is present there.
Thus we have considered the initial geometries of these six complexes provided in Fig. 3.3
as non-planar where the interplanar angle between 7-Al and fluoropyridine is 90° and only
one hydrogen bond (N-H...N) is present. It is quite intriguing to note that the optimized
structures of these six complexes show close contact between the nitrogen atom (N7) of 7AI
and the aromatic ring of fluoropyridine (FP) moiety in addition to the presence of the strong
N-H:-N hydrogen bonding interaction (see Figure 3.3). The attractive interaction between the
nitrogen atom (N7) of 7AI and the fluoropyridine ring is due to the n— 7, interaction which
provides additional stability to the structure.
3.2.2 Co-operativity between hydrogen bonding and n—* interaction.
We will now focus the discussion on only those complexes which are stabilized by both
hydrogen bonding and n—m* interaction since our primary aim is to study the interplay
between these two interactions. The geometrical parameters of N-H...N hydrogen bonding
and n—m* interaction in the complexes of 7-Al and 2,6-substituted fluoropyridines will
provide us some evidence of interplay between hydrogen bonding and n—m* interaction.
Figure 3.4a shows the definition of a few important intermolecular geometrical parameters of
the complexes of 7-Al and 2,6-substituted fluoropyridines. The N-H...N hydrogen bond
distance and angle are denoted by dn.y.. N and Onp.. N, respectively. The parameter Ry ar
indicates the distance between the nitrogen atom of 7-Al and the centroid of the aromatic ring
of the fluoropyridine and this distance dictates the strength of the n— 7, interaction. Figure
3.4b-d shows the plots of the Ry, ar, dng. N and Ong. ~ values as a function of increase of

the fluorine substitution in the fluoropyridine moiety of the six complexes of 7-Al with 2,6-
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substituted fluoropyridines calculated at the B3LYP, M05-2X, B97-D and MP2 levels of
theory. In the case of the M05-2X level, the data have been presented for both cc-pVTZ and
aug-cc-pVDZ (aVDZ) basis sets but only aVDZ basis set has been used for other levels of
calculation.

It is quite obvious from the results provided in Fig. 3.4b that the Ry, values in the
six complexes of 7-Al with 2,6-substituted fluoropyridines calculated at all the levels of

theory except the B3LYP one falls in the regime of the designated distance (2.8-3.8 A) for
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Figure 3.4 (a) Definition of a few important intermolecular geometrical parameters of the
n—my, complexes of 7-Al with 2,6-substituted fluoropyridines. (b), (c) and (d) plots of the Ry s,

dnvau.~ and Oyy. N values of the six complexes of 7-Al with 2,6-substituted fluoropyridines
calculated at the B3LYP, B97-D, MP2 and M05-2X levels of theory.
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the n— 7, interaction reported in the literature. We observe a large difference in the Ry a;
values of the complexes calculated at the B3LYP level, from those calculated at the other
levels of theory. B3LYP theory fails to provide the right value of Ry _ar as it does not
consider any dispersion interaction. This result clearly indicates that the dispersion force has
a significant contribution for the stability of the n— 7, interaction. It is also observed from
Fig. 3.4b that the Ry 4, value gradually decreases with increasing the number of fluorine
substitution in the fluoropyridine moiety of the complexes at all the levels of theory including
the B3LYP. This result indicates that there is an increase in the electrostatic interaction
between the nitrogen atom of the 7-Al and m-electron cloud of the FP with increasing the
number of the fluorine atoms. Thus the n— 7, interaction is facilitated through the increase
of the fluorine substitution in the pyridine ring by making it electron deficient. But it should
be noted that the close proximity between the nitrogen atom and the aromatic ring is mostly
due to the dispersion dominated n— 7, interaction unless the B3LYP theory would give
correct result.

The plots in Figure 3.4c and 3.4d show that there is an increase in the N-H...N
hydrogen bond distance (dn.n.n) and decrease in the N-H...N angle (6n.5. ) as the fluorine
substitution in the pyridine ring increases. Similar trends have been observed at all the levels
of calculation. The dyp. ~ and Onp. N values calculated at the M05-2X/cc-pVTZ level of
theory in the six complexes of 7-Al with the 2,6 substituted fluoropyridines are in the range
of 2.20-2.33 A and 143-139°, respectively, while the corresponding values in the double
hydrogen bonded complexes of 7-Al and fluoropyridines are 2.01-2.12 A and 168-160°,
respectively (see Table 3.1). According to the definition, the hydrogen bond is stronger if the
the hydrogen bond angle is closer to 180°, as well as if the hydrogen bond distance is

smaller.*® The results clearly show that the strength of hydrogen bonding in the complexes of
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7-Al and 2,6-substituted fluoropyridines decreases as the fluorine substitution in the pyridine
ring increases. However, the strength of n— 7, interaction increases as the fluorine
substitution in the pyridine ring increases. Thus it is noteworthy that the strength of the
n— 7y, interaction increases at the cost of decrease in the strength of the conventional
hydrogen bonding interaction. It is quite spectacular to note here that despite the subtle
competition between the strong hydrogen bonding and weak n— 7, interactions in the
structures of these complexes, it is mostly the latter interaction that modulates the specific

geometry shown in Figure 3.3.
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Figure 3.5 Plots of the BSSE corrected binding energies (AE,) of the complexes of 7-Al with
2,6-substituted fluoropyridines calculated at the MP2 level as well as various levels of DFT.

It is interesting to see how the binding energies of these n— 7, bound complexes of 7-Al

and fluorosubstituted pyridines get affected by increasing the fluorine substitution in the
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fluoropyridine ring. Figure 3.5 shows the plots of the BSSE corrected binding energies (AE.)
of the complexes of 7-Al with 2,6-substituted fluoropyridines as a function of the increase of
the fluorine substitution in the fluoropyridine ring calculated at the MP2 level as well as
various levels of DFT using aVDZ basis set. A gradual increase in the binding energy (about
0.3 kcal/mol increase for each fluorine substitution) of the complexes with increasing the
fluorine substitution has been observed at the MP2, M05-2X, and B97-D levels of theory.
On the other hand, it is fascinating to note that there is a decrease in the binding energy of the
complexes with increasing fluorine substitution at the B3LYP level of theory. This decrease
in the binding energy at the B3LYP level is observed as the strength of the N-H...N hydrogen
bond decreases with increasing fluorine substitution in the fluoropyridine moiety of the
complexes and the B3LYP theory does not include the dispersion interaction, which
contributes significantly to the n— 7y, interaction present there.

It could be argued that the B3LYP theory would show a systematic increase in the
binding energy of these complexes with increasing fluorine substitution in the fluoropyridine
ring if the close proximity of the electron deficient aromatic ring and nitrogen atom in 7-Al
would be governed by mostly electrostatic interaction. In fact, it has been found that the
binding energies of the complexes of 7-Al with 2,6-substituted fluoropyridines calculated at
the B3LYP level of theory is lower by about 3-4 kcal/mol relative to those obtained at the
B97-D level of theory. Thus it is proved from the comparison of the results obtained from the
B3LYP and dispersion-corrected DFT (B97-D, M05-2X) as well as MP2 calculations that the
nitrogen atom in 7-Al and fluoropyridine ring comes close to each other due to the
n— 7, interaction dominated by the dispersion forces.

BSSE corrected binding energies (AE.) of the complexes of 7-Al with the 2,6-
substituted fluoropyridines have also been calculated using various other basis sets at the

MO05-2X level of theory and this comparison has been presented in Table 3.2. It is interesting
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to note that the binding energy values of all the complexes calculated at the M05-2X level
using all the basis sets except the cc-pVDZ are very much similar. Thus it is obvious that the
cc-pVTZ basis set is sufficient enough to calculate the binding energies of these complexes
with reasonable accuracy. It is also apparent here that the basis set effect at the M05-2X level

is minimal if the basis set higher than cc-pVDZ is used.

Table 3.2 BSSE corrected binding energies (AE., kcal/mol) of the complexes of 7-Al with
the 2,6-substituted fluoropyridines calculated using various basis sets at the M05-2X level of
theory

cc-pVDZ cc-pVTZ cc-pvVQZ avDZ
7-Al...2,6-FP -4.90 -5.48 -5.47 -5.49
7-Al...2,4,6-FP -5.19 -5.86 -5.82 -5.85
7-Al...2,3,6-FP -5.04 -5.64 -5.60 -5.63
7-Al...2,3,4,6-FP -5.37 -6.05 -6.01 -6.03
7-Al...2,3,5,6-FP -5.24 -5.82 -5.76 -5.79
7-Al...2,3,4,5,6-FP -5.64 -6.27 -6.23 -6.26

3.2.3 7-Al..fluorosubstituted pyridine complexes: Experimental studies

Our theoretical analysis shows that the complexes of 7-Al and 2,6-substituted
fluoropyridines are stabilized due to subtle interplay between N-H...N hydrogen bond and
n—> 7Ty, interaction. It is noticed that the strength of the hydrogen bond is compromised to
accommodate the weak n— 7, interaction. However, it will be interesting to find out
whether we can observe the calculated structures of the 7-Al...2,6-substituted fluoropyridine
complexes bound by strong hydrogen bond and n— 7, interaction in our gas phase
experiment. It could be possible then to monitor the interplay between N-H...N hydrogen
bond and n— 7, interactions by probing the N-H stretching frequency. Although we have

calculated the structures of six complexes of 7-Al and 2,6-substituted fluoropyridines, we
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have performed experiments only on 7-Al...2,6-FP and 7-Al...2,3,5,6-FP complexes in the
gas-phase as the remaining complexes will also provide similar results.
3.2.3.1. Time of Flight (TOF) mass spectra of the complexes.

TOF mass spectra of 7-Al...2,6-FP and 7-Al...2,3,5,6-FP complexes measured by
fixing the laser wavelength at their corresponding electronic bands at 33889 and 33930 cm™,
respectively, are provided in Figure 3.6. Several other mass peaks corresponding to the water
clusters of 7-Al monomer as well as 7-Al complexes are also observed in both of the mass
spectra. 7-Al...2-FP and 7-Al...2,3,5,6-FP complexes were synthesized in a supersonic
expansion of mixed vapor of 7-Al (heated at 360 K) and fluoropyridines (cooled at 250 K)

seeded in 3 bar of 70% Ne/30% He mixture and Ar carrier gases, respectively.

+
+
¥

+
>

*

TAI

[7AL.H,0]

[7AL...{(H,0);]

[7AL..2,6-FP]
A,

 [(TAl),...H,0]
" [7AI..2,3,5,6-FP]

*

q -
= 8 =
=] Gl o Fom
= il o o
T = et = L
¥ s = = 0O + 3
2 2 g I - - T w
~ B B =S L g @ & ”
. BB 2 £ o
= T2 5 T = &
9, S o2 2 % £
T 4 < 2 g E: = * e
i “« = = B =3
= / % - ;

BT Ea B R I R R e e e P L [ e L T D R DRt

T
100 200 300 400 500
MASS (amu)

Figure 3.6 Time of Flight mass spectra of (a) 7-Al...2,6-FP and (b) 7-Al...2,3,5,6-
FP complexes recorded by fixing the laser at 33889 and 33930 cm™ respectively.
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3.2.3.2. Electronic Spectra of 7-Al...2,6-FP and 7-Al...2,3,5,6-FP complexes.

Mass-selected electronic spectra of the 7-Al monomer, 7-Al...2,6-FP, and 7-Al...2,3,5,6-FP
complexes measured using 1C-R2PI spectroscopy are shown in Figures 3.7a, 3.7b, and 3.7c,
respectively. The spectra of the complexes are obtained by electronic excitation of the 7-Al
moiety. The origin band (0) for the S;<—S, transition of the 7-AI monomer appears at 34637
cm’! while the same for the 7-Al...2,6-FP and 7-Al...2,3,5,6-FP complexes are observed at
33889 and 33897 cm’, respectively.'** The spectra of the monomer and the complexes are
presented in relative wavenumber scale with respect to their electronic origin bands. The
electronic spectra of both the complexes have been measured up to ~ 300 cm™ above their

respective origin bands. The 09 band for the S;<—Sy transition of both the
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Figure 3.7 1C-R2PI spectra of the (a) 7-Al monomer (b) 7-Al...2,6-FP and (c) 7-Al...2,3,5,6-FP
complexes. All the spectra of the monomer and the complexes are presented in relative wavenumber
scale with respect to their electronic origin bands. The assignment of the spectra shown in this Fig.
is described in the text.
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complexes of 7-Al is red-shifted by a similar amount (~740 cm™) with respect to that of the
7-Al monomer. The observed red-shift in the electronic origin band of these complexes
indicates that the stability of both of the complexes with respect to that of the monomer in the
S state is more than that in the S state.

Table 3.3 Observed and calculated low frequency intermolecular vibrations of the 7-Al...2,6-

FP and 7-Al...2,3,5,6-FP complexes. Low frequency intermolecular vibrations in the S; state
are calculated at the TD-MO05-2X/6-31+G(d) level of theory

7Al...2,6-FP 7Al...2,3,5,6-FP
Obs. Calc. Assignments Obs. Calc. Assignments
(cm™) (em™) (cm™) (cm™)
8 o -10 o

21 22 B 20 B

36 39 Y 33 36 Y1

59 56 ) 55 S

70 76 0 79 0,

97 97 z 87 o

118 (o +B) 118 (y1+o1)

133 (o +y)

167 (c +0)

192 20

214 (20 +B) 204 (y1+ 2061)/ 393

228 (26 +y)/393

263 (20 +0)

285 306/383

305 (30 +B)/38539}

It is interesting to note that the R2PI spectra of the two complexes presented in
Figures 3.7b and 3.7c are quite different. The electronic spectrum of the 7-Al...2,6-FP
complex is rich in vibronic structures while that of the 7-Al...2,3,5,6-FP complex
shows only a few sharp peaks over a broad background. The difference in the
electronic spectra of these complexes could be due to the difference in the strength of

the non-covalent interactions (hydrogen bond and n—>7 interaction) present there as a
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result of varying fluorine substitution. The geometrical parameters presented in Figure
3.4 indeed show that the strength of the N-H...N hydrogen bond in the 7-Al...2,6-FP is
more than that in the 7-Al...2,3,5,6-FP while it is reverse for the n—7 interaction.

Electronic spectra of both the complexes show sharp bands which may
corresponds to low-frequency intermolecular vibrations of the complexes in the S;
state. In order to assign these electronic bands, the observed and calculated (TD-MO05-
2X/6-31+G(d)) S; state low-frequency intermolecular vibrations of 7-Al...2,6-FP as
well as 7-Al...2,3,5,6-FP complexes are compared in Table 3.3. The agreement
between the observed and calculated low-frequency intermolecular modes is
reasonably well. These intermolecular vibrations observed here are generally
originated due to stretching as well as in-plane and out-of-plane bending of the N-
H...N hydrogen bond. Most of the transitions in the electronic spectrum of these two
complexes displayed in Figure 3.7b and Figure 3.7c can be assigned tentatively in
terms of the fundamental modes, overtones and combination bands of the
intermolecular vibrations.

In the case of the 7-Al...2,6-FP complex, all the intermolecular vibrational
modes except the lowest frequency mode (8 cm™) designated as o are observed in the
experiment. It is possible that the transition for the lowest frequency intermolecular
mode of this complex is very weak in intensity and masked underneath the broad tail
of the origin band. It is apparent from the electronic spectrum presented in Figure 3.7b
that the hydrogen bond (N-H...N) stretching vibration () at 97 cm™ is the most active
intermolecular mode which appears as 1% and 2" overtones (20, 30) as well as
combination bands with other intermolecular modes (3, vy, and 0). Thus the major
change in the geometry of the 7-Al...2,6-FP complex after electronic excitation may

occur along the hydrogen bond stretching mode. The comparison of the R2PI
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141-143 4 hdicates

spectrum of the 7-Al...2,6-FP complex with that of the 7-Al monomer
that the bands observed at 228, 285, and 305 cm™ in Figure 3.7b could be due to 393,
383, and 38339j intramolecular vibrations of 7-Al moiety, respectively. Modes 39
and 38 are butterfly and ring twisting vibrations, respectively in 7-AL'** Generally,
single quantum excitation in a non-totally symmetric vibration is very weak in
intensity or absent in the electronic spectrum but the transitions due to two quantum
excitations in these out-of-plane modes are allowed.'** Alternatively, the bands at 228,
285, and 305 cm™ (see Figure 3.7b) could be assigned as intermolecular vibrations
designated as 20+ y, 30, and 30+, respectively.

The lowest energy sharp band (very weak in intensity) observed in the
electronic spectrum depicted in Figure 3.7c is assigned as 0 band of the 7-
Al...2,3,5,6-FP complex. Table 3.3 shows one imaginary frequency of -10 cm’
obtained from the TD-MO05-2X/6-31+G(d) level of calculation of the 7-Al...2,3,5,6-
FP complex in the S; state. TDDFT calculation of this complex has been performed
using various basis sets as well as different DFT functionals. However, an imaginary
frequency of similar small magnitude has always been found. Such a low frequency of
imaginary value indicates that the potential well for this complex in the S; state is
extremely shallow and the geometry of the complex obtained from the calculation
should be very close to the minimum energy structure. The vibronic bands at 33 and
118 cm™ are tentatively assigned as y; and y; + o, (Theoretical value: 113 cm™)
intermolecular vibrations, respectively, where y; is one of the bending modes and o is
the stretching mode of the hydrogen bond. The band at 204 cm™ could be due to either
393 intramolecular vibration of the 7-Al moiety or y; + 2c; (Theoretical value: 210
cm™') intermolecular vibration of the complex. The broad background observed in the

electronic spectrum of the 7-Al...2,3,5,6-FP complex could be explained tentatively

85



n—n* INTERACTION

INTERPLAY BETWEEN HYDROGEN BONDING AND

due to the electronic transition of the larger clusters fragmented into the dimer mass
channel upon ionization. Observation of broad background in the R2PI spectrum of
dimer due to fragmentation of larger clusters has been reported earlier in the jet-cooled

studies of various aromatic complexes.'>”!**

(@)

WWWWW "

33

(c) 204

33&70 33;20 33;70 34520 34570 34;20
Wavenumber (cm )
Figure 3.8 R2PI spectrum of 7AI...2,3,5,6-FP complex recorded at (a) 268 K,
(b)258 K, and (c) 247 K temperature of 2,3,5,6-FP keeping the temperature of 7Al
fixed at 363 K.

In order to confirm that the broad background in the R2PI spectrum is due to
the fragmentation of larger clusters, we have measured the R2PI spectra in the mass
channel of 7-Al...2,3,5,6-FP complex by varying the temperature (concentration) of
2,3,5,6-FP while keeping the temperature of 7-Al fixed at 363 K and vice versa. The

R2PI spectra recorded in the mass channel of 7-Al...2,3,5,6-FP complex at different
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temperatures of 2,3,5,6-FP (keeping temperature of 7-Al fixed at 363 K) have been
provided in Figure 3.8.

It is observed that the broad background gradually increases with the increase
of the temperature of 2,3,5,6-FP and the sharp features of the R2PI spectrum is
completely lost at a temperature of 268 K. Similar enhancement of the broad
background with the increase of the temperature of 7-Al from 346 K to 363 K has
been observed in the R2PI spectra measured in the 7-Al...2,3,5,6-FP mass channel. It
should be pointed out that the R2PI spectra of the 7-Al...2,3,5,6-FP complex could
not be measured either at the temperature of 7-Al lower than 346 K or that of 2,3,5,6-
FP lower than 247 K due to very weak ion signal of the complex. Signature of
formation of larger clusters of 7-Al with 2,3,5,6-FP has also been noticed in the mass
spectrum provided in Figure 3.6. The larger clusters consisting both 7-Al and 2,3,5,6-
FP observed in the mass spectrum are (7-Al),...2,3,5,6-FP trimer and (7Al)...(2,3,5,6-
FP)...(H,0), tetramer. The results obtained from the studies with varying temperature
(concentration) of 7-Al as well as 2,3,5,6-FP indicate that the broad background
observed in the R2PI spectrum of 7-Al...2,3,5,6-FP is most likely due to larger
clusters of 7-Al with 2,3,5,6-FP. However, it is not possible to tell the exact
composition of the larger clusters responsible for the broadening.

3.2.3.3 IR spectra of 7-Al...2,6-FP and 7-Al...2,3,5,6-FP complexes
We have measured IR spectra of the 7-Al monomer, 7-Al...2,6-FP and 7-Al...2,3,5,6-

FP complexes in the N-H stretching frequency region using RIDIR spectroscopy. The
N-H stretching frequency of the 7-AI monomer appears at 3521 cm™, which matches
well with the literature report (see Figure 3.9a).'* The RIDIR spectrum of 7-Al...2,6-
FP measured by exciting the electronic origin band at 33889 cm™' (Figure 3.7b) while

the RIDIR spectrum of 7-Al...2,3,5,6-TTFP shown in Figure 3.9d has been obtained
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by exciting the origin + 118 cm™ band (Figure 3.7c). The N-H stretching frequency in
7-Al...2,6-DFP and 7-AlI...2,3,5,6-TTFP complexes has been observed at 3414 and

3452 cm’', respectively. IR spectrum of 7-Al...2-FP complex reported earlier by Das

3521

b Ay
AL 3521,

(b)

= oy | 3461

Laaaa bl s sty s s be st s lya s tasaalassals

3200 3300 3400 3500

Wavenumber (cm”)

Figure 3.9 RIDIR spectra measured in the N-H stretching frequency region by probing the
electronic origin band of the (a) 7-Al monomer, (b) 7AL..2-FP complex, (¢) 7-Al...2,6-FP
complex and (d) origin +118 cm™ band of the 7-Al...2,3,5,6-FP complex. The theoretical N-H
stretching frequencies calculated at the M05-2X/cc-pVTZ level of theory are shown through the
stick spectra. Fig. 2(b) is reproduced from ref. 74. The ground state optimized structures of the
complexes is shown in the inset of Fig. 2 below their respective RIDIR spectrum. The structures
are optimized at the M05-2X/cc-pVTZ level of theory. The green dotted line in the optimized
structures represents n—7 interaction, the red dotted line represents N-H..N hydrogen bonding
interaction and the purple dotted line in the structure of 7Al...2-FP complex represents C-H...N
interaction.
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and co-workers'*' has been reproduced in Figure 3.9b which depicts the N-H
stretching frequency at 3256 cm™'. Theoretical stick IR spectra of the 7-Al monomer
and its complexes along with their optimized structures calculated at the M05-2X/cc-
pVTZ level are provided with the experimental spectra. The theoretical N-H stretching
frequencies are scaled using a factor (0.94397) obtained from the ratio of the
experimental and theoretical (M05-2X/cc-pVTZ) N-H stretching frequency of the 7-
Al monomer.

The strength of a hydrogen bond, e.g. X-H...Y is generally determined by the
red-shift in the X-H stretching frequency in the complex compared to that in the
monomer.*® The red-shift in the N-H stretching frequency in the 7-Al...2-FP complex,
which has a planar structure stabilized by N-H...N and C-H...N hydrogen bonds, is 265
cm™' with respect to that in the 7-Al monomer. On the other hand, the red-shift in the
N-H stretching frequency in 7-Al...2,6-FP and 7-Al...2,4,5,6-FP complexes compared
to that in the 7-AI monomer are 107 and 70 cm™'. These results clearly indicate that the
strength of the hydrogen bonding in the 7-Al...2,6-FP and 7-Al...2,4,5,6-FP complexes
is much weaker compared to that in the 7-Al...2-FP complex. The structural motif in
the 7-Al...2,6-substituted fluoropyridines is drastically different compared to that in 7-
Al...2-FP due to the absence of the C-H...N hydrogen bond in the former one. The
structures of 7-Al...2,6-substituted fluoropyridines could be much stronger if the N-
H...N hydrogen bond would remain close to linear. But this kind of probable structure
(see Figure 3.3) is not stable, and the structure is converged to the optimized geometry
shown in the inset of Figures 3.9c and 3.9d. However, the significant deviation of the
N-H...N hydrogen bond from linearity reveals that there is definitely a delicate balance
between the hydrogen bond and the n—>7 interaction to refine the structures of these
complexes.
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Further, the N-H stretching frequency of 7-Al...2,3,5,6-FP complex increases
by 37 cm™ compared to that in the 7-Al..2,6-FP complex due to increase in the
fluorination. This shows that with the increase in fluorination the hydrogen bond
strength decreases but it also favours the n—n  interaction which modulates the
overall structural motif. As the strength of the hydrogen bond in the complexes studied
here is affected by several factors, it is difficult to quantify the role of the n—m
interaction on the strength of the hydrogen bond. Nevertheless, the IR spectroscopy
results shown in Figure 3.9 demonstrate that the structures of the 7-Al...2,6-DFP and
7-Al...2,3,5,6-TTFP complexes observed in the experiment are stabilized by a subtle

interplay between the N-H...N hydrogen bond and n—n" interaction.
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Figure 3.10 IR-UV hole burning spectra of (b) 7Al...2,6-FP and (d) 7Al...2,3,5,6-FP recorded by
probing N-H stretching frequency at 3414 cm™ and 3451 cm™ respectively. 1C-R2PI spectra of
(a) 7AlL...2,6-FP and (c) 7Al..2,3,5,6-FP are reproduced along with their respective IR-UV hole
burn spectra.
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3.2.3.4 IR-UV hole-burning spectra of 7-Al...2,6-FP and 7-Al...2,3,5,6-FP complexes

Figures 3.10(b) and 3.10(d) show IR-UV hole-burning spectra of the 7-Al...2,6-FP
and 7-Al...2,3,5,6-FP complexes, respectively. The spectra provided in the Figure 3.10(b)
and 3.10(d) have been measured by probing the vibrational bands at 3414 cm™ (see Figure
3.9(c), 7-Al...2,6-DFP) and 3452 cm™ (see Figure 3.9(d), 7-Al...2,3,5,6-FP), respectively.
The R2PI spectra of 7-Al...2,6-DFP and 7-Al...2,3,5,6-FP have been reproduced in Figures
3.10a and 3.10c, respectively for comparison with the hole-burning spectra. It is apparent
from both the hole-burning spectra that there is depletion in the ion signal for all the sharp
bands in the R2PI spectra of the two complexes. Thus the IR-UV hole-burning spectra
confirm the presence of a single conformer of both the 7-Al...2,6-DFP and 7-Al...2,3,5,6-

TTFP complexes in the experiment.

3.2.4 Strength of N-H...N hydrogen bonding and n—7 interaction

NBO analysis has been used for the quantitative determination of the strength of the
individual N-H..N and n— 7, Interactions present in the complexes of 7-Al with 2,6-
substituted fluoropyridines. In the case of the N-H...N hydrogen bonding interaction, there is
a charge transfer delocalization of the lone pair orbital on the nitrogen atom (nnep)) of the
fluoropyridine ring over the antibonding orbital of the N-H group (G*N_H(7.A1)) of 7-Al On the
other hand, the n— 7, interaction involves delocalization of the lone pair orbital of the
nitrogen atom (nn(7-ap) in the pyridine moiety of 7-Al over the antibonding m-orbitals (7zp)

of the fluoropyridine. The NBO interaction energy is given by the second order perturbative

@

energy E;7;, , where i and j denote the donor and acceptor orbitals, respectively.”! The

overlap between the donor and acceptor orbitals involving the N-H..N and n— 7,

interactions present in the complexes of 7Al...2,6-FP and 7-Al...2,3,5,6-FP has been

@

nom« value has a

depicted in Figure 3.11. In the case of the n— 7, interaction, the
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contribution from the overlap of the ny;_,y) orbital with one of the antibonding n-orbitals

(me=yandmg_c ) of fluoropyridine ring.

7-Al...2.6-FP

NyEP) = ONH(7-AD ny7-a1) = Te-NEP)
E? =6.58 kcal/mol E®

(-wj« 1-vj0

= (.41 kcal/mol

7-Al...2.3.5.6-FP

* * *
NyEP) = ONH(7-AD Ny7-an = Te-NFP) NN7-an = Te—crp)

Eff)l = 4.92 kcal/mol E;f’, = 0.39 kcal/mol Eff), = 0.08 kcal/mol

Figure 3.11 The NBO pictures depicting the overlap between the donor and acceptor

orbitals corresponding to the n— 7, and N-H...N interactions present in the complexes of
7-Al with 2,6-FP, and 2,3,5,6-FP .

The strength of n— 7, interaction increases with the increase of fluorine substitution

on fluoropyridine ring. This trend in the E,(lz_zn* corresponds very well to the slow decrease of
the Ry ar values of the complexes presented in Figure. 3b. It is important to note that very

small magnitude of the n— 7, interaction of these complexes obtained here is quite

reasonable because the two aromatic moieties have a constraint to optimize this interaction in
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the presence of the strong N-H...N interaction. On the other hand, E,(lz_za* value decreases

systematically with increasing the number of fluorine substitution in the fluoropyridine ring.
Thus, the increase in the N-H...N hydrogen bond distance as well as a decrease in £N-H...N
with increasing fluorine substitution for these complexes shown in Figure 3.4c and 3.4d is
correctly reflected in the NBO interaction energy of the hydrogen bond. It is worth
mentioning here that the n— 7, interaction energy reported for the N-acetylproline
dimethylamide is only 0.27 kcal/mol and this small magnitude of interaction energy
contributes significantly to the protein stability by showing the conformational preference of
the trans amide over the cis configuration.”” We also observe here that very weak n— 7,
interaction present in the complexes of 7-Al and 2,6-substituted fluoropyridines can govern
the basic structural motif. We have also looked into the occupancies of the n* orbital of the
fluoropyridine ring (FP) and o* orbital of the N-H bond of 7-azaindole (7-Al). Table 3.4
shows the occupancies of n* orbital of the fluoropyridine ring and o* orbital of the N-H bond
of 7-Al in the complexes of 7-Al...2,6-substituted fluoropyridine. It is observed that with the
increase in fluorine substitution the occupancy of n* orbital of fluoropyridine ring increases
while that of o* orbital decreases. This further suggests that strength of n—>n* interaction
increases and strength of N-H...N hydrogen bonding decreases with the increase in fluorine
substitution on the fluoropyridine ring.

Table 3.4. Occupancies of n* orbital of the fluoropyridine ring and c* orbital of the N-H
bond of 7-Al in the complexes of 7-Al...2,6-substituted fluoropyridine

Complex Occupancy of m*n-c (FP) Occupancy of 6*n.q (7-Al)

7-Al...2,6-FP 0.439 0.029
7-Al...2,4,6-FP 0.448 0.028
7-Al...2,4,5,6-FP 0.476 0.025

3.2.5 Origin of n— 7, interaction
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Decomposition of the total interaction energy present in the complexes into
different components can help in determining the origin of the n— 7, interaction. Localized
Molecular Orbital (LMO) method has been used to fragment the total interaction energy
(AEioa) of the complexes into electrostatic (AE.), exchange (AEc), repulsion (AEy),
polarization (AEp), and dispersion (AEgisp) components.129 These different components of
the total interaction energy of the complexes of 7-Al with 2,6- substituted fluoropyridines
stabilized by the n— 7, and N-H...N interactions calculated at the M05-2X/cc-pVDZ level

of theory have been presented graphically in Fig. 3.12a.
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Figure 3.12 Different components of the total interaction energy of the complexes of (a)
7-Al with 2,6-substituted fluoropyridines and (b) doubly hydrogen bonded complexes of
7-Al with 2,3-FP, 2,3,4-FP, 2,3,4,5-FP calculated at the M05-2X/cc-pVDZ level of
theory using LMO-EDA method.

The result indicates that all the six complexes comprising of the n— 7, interaction
have comparable amount of electrostatic and dispersion components. A close look into the
electrostatic and dispersion components of the total interaction energy of the complexes
bound by both the n— 7y, and N-H..N interactions reveals that even the dispersion
interaction is more compared to the electrostatic one as the number of fluorine substitution in
the fluoropyridine ring increases. It is quite interesting to compare the different components
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of the interaction energy in these complexes with those present in the double hydrogen
bonded (N-H...N and C-H...N) complexes of 7-Al and fluoropyridines. Fig. 3.12b depicts the
components of the interaction energy in the double hydrogen bonded complexes of 7-Al with
2,3-FP, 2,3,4-FP and 2,3,4,5-FP. It is apparent here that the dispersion contribution is almost
half of the electrostatic component in all the three complexes of 7-Al and FP bound by
double hydrogen bonding interactions. For the brevity, energy decomposition of only three
complexes has been presented in Figure 3.12b.

It can be concluded from the energy decomposition analysis that the close proximity
of the fluoropyridine ring and nitrogen atom of the pyridine moiety of 7-Al in the complexes
of 7-Al and 2,6-substituted fluoropyridines could be due to major contribution from the
dispersion interaction. Otherwise the electrostatic component would increase rapidly
compared to the dispersion one with increasing the fluorination in the pyridine ring of the
2,6-substituted fluoropyridines as the m-electron cloud of the pyridine ring becomes more
electron deficient. Thus it is proved that the dispersion interaction has a significant
contribution for the n—7 interaction.

3.3 Conclusion

We have studied 1:1 complexes of 7-Al with a series of fluorosubstituted pyridines
using various gas-phase spectroscopic techniques (R2PI, RIDIR and IR-UV hole-burning
spectroscopy) and quantum chemistry calculations. We have found from detailed theoretical
calculations that the most stable structure of the complexes of 7-Al with all the
fluoropyridines except the ones with fluorine substitution at 2 and 6 positions is planar and
double hydrogen bonded (N-H...N and C-H...N). However, the most stable structure of the
complexes of 7-Al with 2,6-substituted fluoropyridines has a geometry consisting of the N-

H...N hydrogen bonding and n—> 7, interactions. It has been found that the strength of the

n—>7 interaction increases while the strength of the N-H...N hydrogen bond decreases with
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the increase in fluorine substitution on the fluoropyridine ring. Increase in the strength of the
n—>7 interaction compensates the loss in the strength of hydrogen bonding and provides an
additional stability to the complex. The n—7 interaction also plays a major role in
modulating the overall structure of the complex. Our computational results show that the
structures of the complexes of 7-Al and 2,6-substituted fluoropyridines are stabilized due to
subtle interplay between N-H...N hydrogen bonding and n—>7 interaction. We have verified
the structures of two of these complexes (7Al...2,6-FP and 7Al...2,3,5,6-FP) through gas
phase electronic and IR spectroscopy.

IR spectra combined with quantum chemistry calculations confirm that the structures
of the observed complexes, 7Al...2,6-FP and 7AlI...2,3,5,6-FP, are indeed stabilized due to
subtle balance between hydrogen bonding and n—> 7 interaction. The strength of the N-H...N
hydrogen bond in the 7Al...2,6-FP complex has found to be weaker compared to that in the
7Al...2,3,5,6-FP complex. However, 7AIl...2,3,5,6-FP complex is slightly more stable
compared to 7AI...2,6-FP due to the presence of stronger n—>7 interaction in the former
complex. IR-UV hole-burning spectra confirm the presence of a single conformer of both
7Al...2,6-FP and 7Al...2,3,5,6-FP complexes.

The presence of both N-H...N hydrogen bond and n—7 interaction in 7-Al...2,6-
substituted fluoropyridines has also been confirmed from NBO analysis. It has been
established that the close proximity of the two electronegative centers in 7-Al...2,6-
substituted fluoropyridines is due to very weak n— 7, interaction, which is facilitated
through the increase in fluorination in the fluoropyridine ring. The n— 7, interaction cannot
be governed by the electrostatic interaction; otherwise the B3LYP level of calculation would
capture this non-covalent interaction. Binding energies of these complexes calculated at the

B3LYP level are also substantially underestimated compared to those calculated at the
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dispersion corrected DFT or MP2 levels. Thus it has been concluded that dispersion has
significant contribution to the stability of the n—7 interaction. Energy decomposition
analysis also supports this conclusion as the increase of the dispersion component is more
rapid compared to that of the electrostatic component with increase in fluorination of the
fluoropyridine ring. In addition to this, analysis of different components of the total
interaction energy of the double hydrogen bonded complexes of 7-Al and flurosubstituted
pyridines reveals that the dispersion contribution is almost half of the electrostatic component
and the dispersion contribution in the binding energy is independent of the increase of the
fluorination in fluoropyridine.

In this chapter, we have shown first experimental evidence of interplay between
hydrogen bonding and n—>7 interaction using gas phase electronic and IR spectroscopy
combined with quantum chemistry calculation. However, the current work determines the
presence of the n—>7 interaction in the molecular complexes by probing the strength of the
hydrogen bond (N-H...N) present there by measuring the N-H stretching frequency as these
two interactions influence each other. This is an indirect approach to probe n—>7 interaction
in a given molecular moiety. In fact, the molecular complexes studied here do not have any
functional group which could be probed through IR spectroscopy to obtain direct
spectroscopic evidence for an n—7 interaction. In the latter chapters, we will choose suitable
molecular systems where the vibrational frequency of the C=0O group itself, involved in the

n— 7 interaction, can be probed using gas phase IR spectroscopy.
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4.1 Introduction

In the previous chapter, we have shown signature of the n—m™* interaction in the
molecular complexes of 7-azaindole and 2,6-subsituted fluoropyridines by monitoring the
strength of the hydrogen bond (N-H...N) through measurement of the stretching frequency of
the N-H group of 7-azaindole. This can be called as an indirect spectroscopic approach to
show the evidence of the n—m* interaction in the molecular system. However, a direct
spectroscopic approach will be to probe the vibrational frequencies of the functional groups
(for example C=0O group) which are involved in the n—m* interaction. Generally, the
hydrogen bonding interaction (X-H...Y) in a molecular system can easily be characterized in
a quantitative fashion by measuring the red-shift in the X-H stretching frequency using IR
spectroscopy.'**'*” Here the point is whether the existence of the n—m* interaction, a non-
covalent interaction analogous to the hydrogen bonding interaction in terms of electron
delocalization, can be proved by directly probing the stretching frequency of the C=0 group
involved in this interaction using similar IR spectroscopic technique. It has been mentioned
in chapter 1 that the n—m* interaction is generally of two types.' One is n—m* (amide)
interaction between two neighboring C=0 groups and this type of interaction is widely
present in the backbone of proteins.>>"® The other one is n—m* (aryl) interaction between a
C=0 group or any electronegative atom with an aromatic ring.] The n—my, interaction has
been found to play a significant role in the stabilization of nucleic acids, side chain aryl
groups with backbone C=0 groups, supramolecular assemblies of materials etc.””>!!

The existence of the n—m* interaction has been demonstrated in the literature mostly
from the analysis of X-ray crystal structures of biomolecules and materials in protein data
bank (PDB) and Cambridge structural database (CSD), respectively, by identifying the close
contact between an electronegative atom and carbonyl group or aromatic ring.7’9’11 However,

the question arises whether this close contact between two electron rich moieties occurs just

101



Chapter 4 GAS PHASE IR SPECTROSCOPIC EVIDENCE FOR AN
n—m* INTERACTION

because of optimization of the arrangement of other molecular units in the macromolecular
systems. Preferential stabilization of the conformers of various organic molecules (small
peptides, peptoids etc.) having n—m* interaction over the ones without this interaction has
been also studied by measuring the equilibrium constants from NMR

10,13,58,60,64,66 . . . o
””” However, no direct spectroscopic evidence or quantitative

spectroscopy.
information on the n—n* interaction has not been established from NMR spectroscopy.
Further, the NMR studies have been performed in solution phase, where the solvent polarity
may affect the population difference between the conformers. On the other hand, IR
spectroscopy could be used to probe the vibrational frequencies of different conformers of a
given molecule in the presence or absence of the n—m* interaction. However, given that the
n—7* interaction is very weak, it is not easy to identify the presence of this interaction from
solution-phase IR spectroscopy because the spectroscopic signature of this weak interaction
could be masked by the presence of various other interactions. Instead, IR spectroscopy
carried out in an isolated collision-free environment, that is, in a supersonic jet, could be an
ideal means to study this weak interaction quantitatively.

In this chapter, we have shown the first IR spectroscopic evidence of the n—m,,
interaction by studying phenyl formate in the isolated gas phase using electronic, vibrational,
and UV-UV hole-burning spectroscopy combined with ab initio calculations. Two
conformers of phenyl formate have been observed in the experiment. One of the conformers
(cis) is preferentially stabilized by the n—m, interaction over the other conformer (trans)
which does not have any n—m,, interaction. The C=0 group of both the conformers were
probed with IR radiation to determine whether the carbonyl stretching frequency in the cis
conformer is different compared to that in the trans conformer.

4.2 Results and Discussion

4.2.1 Conformers of phenyl formate: Electronic spectroscopy and ab initio calculations

102



Chapter 4 GAS PHASE IR SPECTROSCOPIC EVIDENCE FOR AN
n—n* INTERACTION

Figure 4.1a shows electronic spectrum of phenyl formate measured by one-color
resonant 2-photon ionization (1C-R2PI) spectroscopy. The spectrum contains many sharp
bands, making the assignment non-trivial. As phenyl formate is a flexible molecule, it can
exist as cis and trans conformers depending on the orientation of the carbonyl group with
respect to the phenyl group. Figure 4.2 shows the structures of the cis and trans conformers of
phenyl formate optimized at the M05-2X/aug-cc-pVDZ level of theory. Zero-point energy
(ZPE) corrected relative energies of the two conformers have been provided in the figure.

The cis conformer is more stable than the trans conformer by 1.32 kcal/mol. The lowest
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Figure 4.1. (a) Electronic spectrum of phenyl formate measured using 1C-R2PI spectroscopy.
(b) and (c) represent UV-UV hole-burning spectra of phenyl formate measured by probing the
bands at 37673 and 37613 cm, respectively, marked by asterisks in the spectrum A. Tentative
assignment of the bands in the electronic spectrum is done based on the calculated vibrational
frequencies in the excited electronic state at the CIS/6-31+G(d) level of theory. See the text as
well as Table S1 for the detailed assignment. The bands marked as A, and A, belong to the trans

conformer only but could not be assigned to S;«—S, transition.
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energy transition at 37487 cm™ displayed in the electronic spectrum (Fig. 4.1a) could be
assigned to the origin band resulting from the S;<-S; electronic excitation of one of the
conformers of phenyl formate. However, the question arises whether multiple bands present
in the spectrum are due to electronic excitation of a single conformer or both of the

conformers.

cis trans
E_= 0.0 kcal/mol Ere|= 1.32 kcal/mol

Figure 4.2 (a) cis and (b) trans conformers of phenyl formate obtained at the M05-
2X/aug-cc-pVDZ level of theory. The atom numbering scheme is shown in the structure
of trans conformer.

Figs. 4.1b and 4.1c show UV-UV hole-burning spectra by probing the bands at 37673
and 37613 cm™, respectively (marked by asterisks in the R2PI spectrum; Fig. 4.1a). The hole-
burning spectra displayed in Fig. 4.1b,c clearly indicate the presence of the two conformers
of phenyl formate in the experiment. This is evident through the depletion of the ion signal of
the set of transitions originated from the ground electronic state of each individual conformer.
The electronic transitions corresponding to the hole-burning spectrum in Fig. 4.1c are much
weaker compared to those corresponding to the hole-burning spectrum in Fig. 4.1b. A

comparison of the relative intensities of the bands in Fig. 4.1b and 4.1c indicates that the
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bands in Fig. 4.1b are due to electronic excitation of the most stable i.e. cis conformer and the
bands in Fig. 4.1c originate from excitation of the trans conformer of phenyl formate. The
structural assignment of the two detected conformers has been confirmed by IR spectroscopy

discussed later.

Table 4.1. Observed and calculated S; state vibrational frequencies (in cm™) of the cis and
trans conformers of phenyl formate. S; state vibrational frequencies are calculated at the
CIS/6-31+G(d) level of theory

cis conformer trans conformer
Obs.” Calc. Assignment Description Obs.” Calc. Assignment Description
0.0 03 0.0 09
43 46 39} Ph-O Torsion 39
83 393 51 56 395 Ph-O Torsion
120 393 79
145 137 38} Ring bend (boat)+C- 110 0O-CO torsion
O-C bend
157 395 126 134 373 Ring bend
179 38339} 171 393373
195 197 375/395 Ring Twist+ O0-CO 204 208 36} Ring bend (boat)+Ph-
torsion O torsion
218 220 36)/385392 Ring Twist
241 39§

261 259 35}/38%393 Ring bend (boat) +
0O-CO torsion

282 39}
302 384398
324 398
335 363393
340 385393
348 355393
362 393
376 373 34} Ring bend (chair)
383 383395
397 39%°
414 343393

“Relative to the 09 band observed at 37590 cm™. PRelative to the 09 band observed at 37487
cm™’. Mulliken notation has been followed to number the vibrational modes.
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It is apparent from Fig. 4.1 that the electronic spectrum of the cis conformer of phenyl
formate is richer in vibronic structure than that of the trans conformer. The vibronic bands of
the two conformers (Figs. 4.1b, c) have been tentatively assigned by calculating their
structures and vibrational frequencies in the excited electronic state at the CIS/6+31G(d)
level of theory. The assignment of the bands has been provided in Fig. 1b and 1c. A detailed
description of the assignment of the bands of the cis and trans conformers of phenyl formate
has been listed in Table 4.1.

The band at 37590 cm™ in the spectrum shown in Fig. 4.1b is assigned to the 0-0 band
for the S; «— Sy electronic excitation of the cis conformer of phenyl formate. It is interesting
to note that the origin band of the cis conformer is very weak in intensity compared to that of
the vibronic bands present in the spectrum. The electronic spectrum of the cis conformer is
dominated by a long progression of the Ph-O torsion (mode 39) of 43 cm™ as well as
combination bands of mode 39 with the ring bending vibration (mode 38) of 145 cm™ (Figure
4.1b). The observation of this strong Franck-Condon activity in the electronic spectrum
demonstrates that the most significant change in the geometry of the cis conformer of phenyl
formate occurs along the Ph-O torsional co-ordinate (£C4-C3-O1,-Cy3, see Table 4.2). The
comparison of a few important geometrical parameters of both the conformers of phenyl
formate provided in Table 4.2 indeed corroborates this observation.

The spectrum shown in Fig. 4.1c shows the 0-0 band for the S; < Sy electronic excitation of
the trans conformer of phenyl formate at 37487 cm™. A few low frequency vibrational modes
of the trans conformer of phenyl formate calculated at the S; state are provided in Table 4.1.
Here the spectrum does not show any significant progression of any normal mode, rather
single quantum excitations of a few vibrational modes (mode 39, 37 and 36) are detected in
the experiment. The geometrical parameters listed in Table 4.2 supports this observation. It

has been found that the bands at 0-0+39 and 0-0+79 cm'l, marked as A; and A, in the
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spectrum shown in Fig. 4.1c, cannot be assigned from the S; state calculated vibrational
frequencies of the trans conformer of phenyl formate. This is quite intriguing as both of these
bands show depletion in the ion signal simultaneously with all other bands in the hole-
burning spectrum of Fig. 4.1c. Thus the A; and A, bands share the ground state of the trans
conformer only. It could be speculated that these two bands could be due to the transition to
the S, state of the trans conformer which is close to the S; state. Detection of a similar S, <
So band at 123 cm™ above the S, origin transition in the jet-cooled electronic spectrum of
diphenylmethane has been reported by Zwier and co-workers.'* As the focus of this work is
to obtain spectroscopic evidence for the n—n* interaction by determining the ground state
structures of the two conformers of phenyl formate, high level ab initio calculations of the
excited electronic states to confirm the assignment of these two bands (A; and A;) was not
pursued here.

Table 4.2 A few selected geometrical parameters of the cis and trans conformers of phenyl
formate in the Sy and S; states. The structures in the Sy state have been calculated at the MO05-
2X/aug-cc-pVDZ level of theory while the S; state structures have been calculated at the
CIS/6-31+G(d) level of theory

cis conformer trans conformer

So Si So Si
Py @) 1.20  1.18 1.19 1.17
Feppn,, (A) 1.10 1.082 1.10 1.085
dc-o. Ring center (A) 3.75 3.91 - -
dH14...Ring center (A) - - 3.41 3.50
aQ 48° 35° - -

£C3-015-Cy3 118 124°  117° 120°
201-C13-O15 126° 127° 122° 122°
b/ (C3-01,-C13-015 -0.04°  -3° 175° 171°
£ C4-C5-012-Cy3 -57° -40° -56° -53°

“0 is the angle between the plane containing the carbonyl oxygen atom and the aromatic plane;’2Cs-
0,,-C3-0;5: O-CO torsional angle; °£C4-C3-0y,-Ci3: Ph-O torsional angle
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4.2.2 Gas phase IR spectroscopy: Evidence for the n—>x* interaction

Figs. 4.3a and 4.3c show IR spectra measured in the carbonyl stretching region by
excitation of the [0-0 (cis) + 83 c¢m™'] and [0-0 (trans) + 126 cm™'] bands, respectively, in the
electronic spectrum (Fig. 4.1a) of phenyl formate using resonant ion dip infrared (RIDIR)
spectroscopy. Theoretical IR spectra calculated at the M05-2X/aug-cc-pVDZ level of theory

displaying carbonyl stretching frequency of the cis and trans conformers of phenyl formate

(a)
1766

1770
(b)
() 1797

(.
< [1800

:

(d)

T v fr 1t 7T 1 rrrrrrrq

1700 1740 1780 1820 1860

Wavenumber (cm'1)

Figure 4.3. IR spectra by probing (a) 0-0(cis) + 83 cm™ and (c) 0-O(trans) + 126 cm™ bands in the
electronic spectrum shown in Fig. 4.1. Theoretical IR spectra of the cis and trans conformers of
phenyl formate calculated at the M05-2X/aug-cc-pVDZ level of theory are shown as stick
diagrams in 4.3(b) and 4.3(d), respectively. The calculated IR frequency has been scaled with

respect to reported experimental carbonyl stretching frequency of methyl lactate.
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are provided in Fig. 4.3b and 4.3d, respectively. The calculated IR stretching frequency has
been scaled using a factor (0.9577) obtained from the ratio of a reported experimental
carbonyl stretching frequency (1746 cm™) and MO05-2X/aug-cc-pVDZ level calculated
carbonyl stretching frequency (1823 cm'l) of methyl lactate, a similar ester like phenyl
formate. The experimental carbonyl stretching frequency of methyl lactate reported in the

literature was measured using matrix isolation FTIR spectroscopy.

MNA

|

l\JVW\ [J,N

J
A Oz(trans)

0
b Oo(trans)+39

d Oz(trans) +79

Oz(trans) +126

177 179 181 183

Wavenumber (cm'1)
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Figure 4.4 IR spectra measured in the carbonyl stretching region by exciting the (a) 03
(trans), (b) 03 (trans) + 39 cm™, (c) 09 (trans) + 51 cm™, (d) 09 (trans) + 79 cm™ and (e) 09
(trans) + 126 cm™ bands of the electronic spectrum of phenyl formate shown in Figure
4.1(c).
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There is an excellent agreement between the experimental and theoretical IR spectra of
the two conformers of phenyl formate (Fig. 4.3). The IR band observed at 1766 cm™ in the
vibrational spectrum shown in Fig. 4.3a is assigned to the carbonyl stretching frequency in
the cis conformer of phenyl formate where the carbonyl group is pointed towards the phenyl
ring. On the other hand, the IR band observed at 1797 cm™ in the vibrational spectrum shown
in Fig. 4.3c is assigned to the carbonyl stretching frequency in the trans conformer of phenyl
formate where the carbonyl group is pointed away from the phenyl ring. The IR
spectroscopic data demonstrate that an attractive interaction between the carbonyl group and
the m-cloud of the phenyl ring in the cis conformer contributes to the observed red-shift of 31
cm™ in the carbonyl stretching frequency of the cis conformer compared to that of the trans
conformer. It is important to mention here that the IR spectra measured by excitation of the
A [0-0 (trans) + 39 cm'l] and A, [0-0 (trans) + 79 cm'l] bands in the electronic spectrum of
phenyl formate (Figure 4.1c) reconfirms that these two bands originate from the trans
conformer only. These IR spectra have been provided in Figure 4.4.

4.2.3 n—>n* interaction and C=O0 stretching frequency: NBO analysis

NBO analysis of phenyl formate performed at the M05-2X/cc-pVTZ level of theory
confirms the presence of the n—n* interaction in the cis conformer. NBO calculations also
shed light on the role of the n—>n* interaction in reducing the C=0 frequency in the cis
conformer of phenyl formate with respect that in the trans conformer. The second order
perturbaive energy (E,(lz_))m) for the n—n* interaction between the lone pair orbital and m*
orbitals of the phenyl ring in the cis conformer is 1.03 kcal/mol while the same is absent in
the trans conformer of the phenyl formate. Figure 4.5 displays NBOs showing the overlap
between the carbonyl oxygen lone pair orbital and ©* orbital of the phenyl ring in the cis

conformer. Further NBO analysis of both cis and trans conformers of phenyl formate has
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been carried out to look into all of the orbital interactions present and to determine the role of
the n—m* interaction to decrease the C=O0 stretching frequency in the cis conformer relative
to the trans. Second order perturbative energy values as well as energies of donor and
acceptor orbitals for interactions between various NBOs in the cis and trans conformers of
phenyl formate have are provided in Tables 4.3. The NBOs corresponding to the interactions
defined in Table 4.3 showing overlap between various orbitals in the cis and trans conformers

of phenyl formate are shown in Figures 4.7-4.8.

(a) (b)

N(0.5) = T(c,=c3) N(0,5) = M(c,=Cy)
E®) = 0.51 kcal/mol E® = 0.52 kcal/mol

i—j* i—=je

Figure 4.5 NBO view showing the overlap of lone pair orbital (n) of carbonyl oxygen and *
orbitals of phenyl ring in the cis conformer of phenyl formate.

First of all, the NBO data show that there is no significant overlap (interaction) between the
n-orbitals of the carbonyl group and the n orbitals of the phenyl ring in the cis conformer of
phenyl formate (See Figure 4.6). This result indicates that the stability of the cis conformer of
phenyl formate over the trans conformer is not due to m-m interactions between the C=0
group and the phenyl ring. Interestingly, there are two opposing electronic effects which
influence the carbonyl stretching frequency in phenyl formate. One of the factors denoted by
R; (see Table 4.3), which reduces the carbonyl stretching frequency or weaken the C=0
bond, is the delocalization of the lone pair electrons (p-type and c-type) on ether oxygen
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(Oy) into carbonyl n and o orbitals (C135=05). This is also called resonance effect. The
reduction in the C=0 stretching frequency will be more as the overlap between these lone
pair and carbonyl 7'/ orbitals increases. Another factor denoted by R,, which increases the
carbonyl stretching frequency or strengthen the C=O bond, is the delocalization of the lone
pair electrons (p-type and o-type) on the carbonyl oxygen (O;5) into the o orbital of O;5-Cs.
Thus the increase in the C=0O stretching frequency will be more as there will be more
efficient overlap between these two orbitals. Additionally, interaction (denoted as Rj3) of the
lone pair electrons (p-type and c-type) on the ether oxygen (O;;) with the n and o orbitals
of the phenyl ring opposes the R; factor and favors the R, factor. R, factor is generally called
inductive effect (here it is —I effect). All of these electronic interactions are present in both cis
and trans conformers of phenyl formate. However, the n—7 interaction (denoted by R4, see
Table 4.3) between the lone pair electrons on the carbonyl oxygen and the m-cloud of the
phenyl ring is present only in the cis conformer of phenyl formate but not in the trans

conformer.

(a) (b)

C; = G3(n") & Cy3 = 045(m) Cy = C3(m) & Cy3 = O45(n")

Figure 4.6. NBO view of (a) m* orbital of phenyl ring along with m orbi tal of carboi
group and (b orbital of phenyl ring along with 7* orbi tal of carbonyl groupint
conforner of phenyl formate.
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Figure 4.7 NBO view for the overlap of donor and acceptor orbitals involved in R; and R,
interactions in the cis and trans conformers of phenyl formate. R; and R, are defined at the

footnote of Table 4.3.
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Figure 4.8 NBO view for the overlap of donor and acceptor orbitals involved in Rj
interaction in the cis and trans conformers of phenyl formate. Rj; is defined at the
footnote of Table 4.3.
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@

i—j*
donor and acceptor NBOs in the cis and trans conformers of phenyl formate calculated at the
MO05-2X/cc-pVTZ level of theory

Table 4.3 Second order perturbative energy (E;”;,) values for interaction between various

cis trans
Interaction®  Donor Acceptor £® Donor Acceptor £®
@ G*) (kcefﬁrgol) (@) (") (kcz;ﬁrjriol)

O12 (np)  Cy3=0ss (1r*) 49.45 O12 (np)  C13=0y5 (%) 43.11

Ri O12 (ng) Cy13=045 (c%) 7.66 O12 (ng) C13=0y5 (c%) 3.08
Ois(y) On-Ci3(c®) 4215  Ois(ny) Op-Cps(o¥)  43.49

f O15(n5)  012-Cy3 (0%) 1.28 O15(ng)  O012-Cy3 (6%) 1.25
On(n,) C=Cs(m*)  10.13  Op(ny) Cs=Ca(m*) 1045
On(ms)  C3=C4(c™) 4.84 O (ng)  C5=C4(c™) 491

R O (ng)  Co=Cs (1) 395  On(ny) Cy=Ci(%) 4.40
On(ny)  C=Cs(c*) 378 Op(my)  Cy=Ci(c*) 431
On(ny)  Cy=Cy(c*) 389 Op(my) Cr=Ci(c*) 4.69
O15 (np)  Cp=Cs (™) 0.52 - - _

R4

Ois(ny) Ci=Cs(m*)  0.51 i ] ]

"R, interaction denotes the overlap between the lone pair orbitals (p-type and o type) on the
ether oxygen (O;;) and carbonyl 7* orbital. This interaction reduces the carbonyl stretching
frequency.

"R, interaction stands for the overlap between the lone pair orbitals (p-type and o type) on
carbonyl oxygen (O;s) and the o* orbital of the O;,-C;3 bond. This interaction increases the
carbonyl stretching frequency or strengthen the C=0 bond.

"R; interaction denotes the overlap between the lone pair orbitals (p-type and o type) on the
ether oxygen (O;y) and the m* and o* orbitals of the phenyl ring. This interaction tends to
oppose the R, interaction i.e. increase the C=0O stretching frequency.

"Ry interaction denotes the n—>n" interaction which involves overlap of lone pair orbital of
carbonyl oxygen (O;s) and * orbitals of phenyl ring

Combined values for multiple contributions in terms of overlap of the orbitals to each
of the four interactions (R, R;, R3, and Ry4) are listed in Table 4.4. A close inspection into the
NBO stabilization energy values listed in the Table reveals that the R; value which favors the

reduction of the C=0 stretching frequency in phenyl formate is higher by 11 kcal/mol in the
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case of the cis conformer compared to the trans conformer. On the other hand, the R, and R;
values, which support the increase of the C=O stretching frequency, are lower by 1.35
kcal/mol and 2 kcal/mol, respectively, for the cis conformer in comparison to the trans
conformer. Thus the overall orbital interaction values favor the reduction of the C=0O
stretching frequency in the cis conformer compared to that in the trans conformer of phenyl
formate. Wiberg Bond Index calculation also shows that the bond order of C=O for the cis
conformer is 1.81 while the same for the trans conformer is 1.84. The lower bond order of
C=0 for the cis conformer compared to that for the trans conformer indeed supports for the
lower C=0 stretching frequency in the former one relative to the latter one.

EZ

Table 4.4 Sum of multiple contributions of second order perturbative energy (E; ) values

for each of the R;, R, R3 and Ry interactions in the cis and trans conformers of phenyl
formate®

cis trans
Interaction  Total £ (keal/mol) Total E~, (keal/mol)
R, 57.11 46.19
R, 43.43 44.74
R; 26.6 28.75
R, 1.03 -

bRL R, Rjand Ry are defined at the footnote of Table S3.

The n—>n interaction, which is present only in the cis conformer, affects the Ry, Ry,
and Rj; interactions in favor of the reduction of the carbonyl force constant in the cis
conformer compared to that in the trans conformer. In fact, the n—7 interaction in the cis
conformer partially reduces the electron density on the carbonyl oxygen (O;5) and
consequently this reduction in the electron density induces the enhancement in the R;

interaction (resonance effect) i.e. overlap between the carbonyl n orbital and ether oxygen
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(O12) lone pair orbital. As the lone pair electrons on ether oxygen (O;,) are involved more in
the R, interaction in the cis conformer, the value of the R interaction involving the same lone
pair electrons decreases there. Similarly, as the lone pair electrons on the carbonyl oxygen
(Oy5) is involved in the n—7 interaction in the cis conformer, the R, factor i.e. the NBO
stabilization energy for the interaction between the lone pair orbital on carbonyl oxygen (Os)
and 6" orbital of 012-Cy3 is less in the cis conformer compared to that in the trans conformer.

Table 4.5 Occupancy of the carbonyl oxygen O;s lone pair electrons (p-type) of the cis
conformer of phenyl formate on deletion of specific interaction(s)® by performing NBO
deletion analysis

Interactions Occupancy of 3
() 1 one pair orbi
Rj, Ry, R3, R4 (Not deleted) 1.84426
Case ] R1, Ry, R3 (Not deleted) 1.84501
R4 (deleted)
Rj, R3 (Not deleted) 1.93023
Case 11 Ry, R4 (deleted)
R, R3, R4 (Not deleted) 1.92841
R, (deleted)

‘R, Ry, R3and Ry are defined at the footnote of Table 4.3.

Further, we have performed NBO deletion analysis to prove that the n—n" interaction
in the cis conformer of phenyl formate indeed favors the neighboring orbital interactions
which decreases the C=O0 stretching frequency. Table 4.5 shows occupancy of the lone pair
electrons on the carbonyl oxygen (Ois) in the cis conformer with deletion of specific NBO
interactions. The case I in Table 4.5 reveals that the deletion of the n—7 interaction
increases the occupancy of the carbonyl oxygen lone pair electrons. Thus the presence of the
n—7 interaction reduces the occupancy of the carbonyl oxygen (O;s), which in turn reduces
the R, factor responsible for the strengthening of the C=0 bond. The case II demonstrates
that the change in the occupancy of carbonyl oxgen lone pair orbital is less when only R,
interaction is deleted against the deletion of both R, and R4 interactions.
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We have also analyzed the occupancies of 6c-0, 6*c=0, Tc=0 and ©*c-¢ orbitals of the
carbonyl group. Table 4.6 shows the occupancies of the cc-o0, 6*c-0, Tc-0 and m*c-porbitals
of the carbonyl group in the cis and trans conformers. It is revealed that the occupancies of
Gc-0, and mc-o orbitals of the carbonyl group are very similar for both trans and cis
conformers. The major change is observed in the occupancy of ¢* and ©* orbitals, although
the change in the occupancy of the n* orbital is more significant. It is observed that the
occupancy of the ©* orbital drastically increases in the cis conformer relative to the trans
conformer. Increase in electron density of the ©* orbital of the C=0 group decreases the force
constant of the C=0 bond in the cis conformer relative to the trans conformer. The occupancy
of the ©* orbital of the C=0 group increases because of the drastic increase in delocalization
of lone pair electron density of the ester oxygen (O12) to the n*orbital of the C=0O group (R1
effect). This statement is evident based on the increase in the second order perturbative value
of R1 interaction in the cis conformer relative to the trans conformer.

Table 4.6. NBO occupancies of the oc_o, 6*c_o, © and ©* orbitals of the carbonyl group in the cis and

trans conformers of phenyl formate, calculated at the M05-2X/cc-pVTZ level of theory

cis trans

oo 1997  1.996
o*co  0.013  0.018
Teo ~ 1.998  1.998

TC*C:O 0.159 0.141

Thus it is clear that the n—7 interaction present in the cis conformer of phenyl
formate contributes to the red-shift in its C=O stretching frequency compared to that in the

trans conformer which lacks n—n interaction. This observation will hold true for any
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molecule/complex having a carbonyl group attached to a neighboring electronegative atom
(O, N, etc.), i.e. -HN-C=0 or RO-C=0 where the C=0 group is involved with n—>7n" or other
non-covalent interactions.
4.3 Conclusion

We have reported the IR spectroscopic evidence of weak n— interaction for the
first time by probing the C=0 stretching frequency of phenyl formate using IR-UV double
resonance spectroscopy in isolated gas phase. Two conformers of phenyl formate have been
observed in the experiment. The cis conformer having the n—m,, interaction between the
carbonyl group and the phenyl ring is more stable relative to the trans conformer which does
not have any n—my, interaction. Detection of a significant amount of red-shift in the C=0
stretching frequency of the cis conformer with respect to that of the trans conformer provides
the direct evidence for the n—my, interaction. It has been found that the C=O stretching
frequency of the donor carbonyl group is affected even though the n—m, interaction is weak
in strength. This is because the n—1, interaction induces the enhancement in the resonance
effect (i.e. overlap of lone pair orbital of ether oxygen with the antibonding orbital of the
carbonyl group) which tends to reduce the force constant of the C=0 bond. This chapter deals
with the IR spectroscopic evidence for the n—m), interaction between the carbonyl group
and the aromatic ring. However, the other type of the n—7n interaction (n—1y,) between
two neighboring C=0 groups, which is more abundant in the proteins, is not explored yet
from gas phase IR spectroscopy. The next chapter deals with the IR signature of the n—my,,
interaction where both donor and acceptor C=0O groups are probed using IR-UV double
resonance spectroscopy to determine the effect of this non-covalent interaction on the C=0

stretching frequencies.
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5.1 Introduction

In the previous chapter, we have shown the IR spectroscopic evidence for the n—>m"
interaction (n—1ty,) between a carbonyl group and an aromatic ring in phenyl formate by
probing the carbonyl stretching frequency. The observed red-shift in the C=O stretching
frequency of the conformer (cis) of phenyl formate, which has n—m,, interaction relative to
that of the conformer (trans) without having n—my, interaction, can be considered as a
signature for the n—m,, interaction. It will be interesting to observe similar IR spectroscopic
signature for the n—>7n" (n—j,,) interaction between two carbonyl groups, which is widely
present in proteins including collagen.

It has been discussed in section 1.3.2 that n—my,, interaction stabilizes the structure
of collagen, which is the most abundant protein in animals. Collagen is specifically present in
skin, bones, muscles, blood vessels, ligaments, cartilage, tendons and many other connective
tissues of the body.”**!**"'*It has a very unique triple helical structure made of tight inter-
winding of three parallel left-handed polyproline II (PPII) strands where each of the strands

484151152 Generally, the

consists of the amino acid sequence X-Y-Gly in a repeating manner.
amino acid residue X in collagen is L-proline (Pro) while the residue Y is 4(R)-L-
hydroxyproline (Hyp).>**"'>* The prolyl peptide bonds between Pro and Hyp predominantly
exist in trans conformation, which allows the proximal carbonyl groups to come close along
the Burgi-Dunitz trajectory for favourable n—m interaction (see Figure 5.1). In collagen,
there are interstrand hydrogen bonding interactions, albeit limited, between the carbonyl
groups of the proline residues of one strand and —N-H groups of the glycine residues of
another strand. However, there is no intrastrand hydrogen bonding interaction in individual
10,54,84,87,153

polypeptide chain due to lack of amide hydrogens in the proline residues.

Nevertheless presence of n—m interaction all along the polypeptide chain makes the
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collagen surprisingly stable with approximately 300 repeats of the tripeptide sequence (Pro-
Hyp-Gly) for each strand which provides immense tensile strength and flexibilty for the

. . 1()
connective tissues.

(4R)Hyp

(2) (b)

Figure 5.1 (a) Crystal structure of collagen tripeptide sequence (Pro-Hyp-Gly) showing
n—7 interaction (represented by green arrow) between the neighbouring carbonyl groups.
(b) General structure of a proline unit in collagen showing the trans conformation of the
amide bond. Where X= -H or —OH at 4R-configuration

The mechanism for the unique stability of the triple helix structure of collagen has
been debated extensively in the literature.*”'>*!%* 1t has been found that 4R-hydroxyproline at
the Y position of the tripeptide sequence is the key player for the thermal stability of the
collagen triple helix.*”'**Surprisingly, the proline residues only at the Y position of the
tripeptide sequence undergo hydroxylation during collagen biosynthesis and selectively 4R-
hydroxyproline but not 4S-hydroxyproline is produced. Thus the hydroxylation of the proline
residues in collagen is stereospecific as well as amino acid position (sequence) specific.

Initially, it has been proposed that the enhanced stability of the collagen triple helix is due to
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formation of water mediated hydrogen bonded chain between the hydroxyl group of Hyp of
one strand and amide C=O group of another strand."**

Subsequently there are vast amount of studies on various collagen mimics to better
understand the role of Hyp in the stability of the collagen triple helix.'®**7¢8"1551% Raines
and co-workers have studied thermal denaturation of collagen mimics by varying the 4-
substitution group of the proline residue at Y position of the tripeptide using temperature
dependent CD spectroscopy.”’ They have found that the triple helix melting temperature
increases in the order (ProProGly);p < (ProHyPGly),o < (ProFlpGly);o, where Flp is 4R-
fluoroproline. It has been also reported that the triple helix of (ProHyPGly),( is more stable

1> Thus water mediated hydrogen

than that of (ProProGly),o even in anhydrous environment.
bonding interaction through the hydroxy group of the Hyp residues is not significant for the
stability of the collagen triple helix. It has been found that interplay of multiple factors
originated from the inductive effect of the electronegative substituent, at the 4-position of the
proline residue located at the Y position of the peptide sequence, with appropriate
stereochemistry governs the stability of the triple helix,'%-*#7.131-133

Specifically, the gauche effect emerg from the electronegative substituent at the 4R
position of the proline residue at Y position dictates the C*-exo puckering of the pyrrolidine
ring which determines the main chain torsional angles @, ¥ to be suitable for effective n—o>m
interaction between two adjacent C=O groups and hence stabilizes the trans conformation
over the cis conformation of the amide bond (see Figure 5.2).°*'** Eventually n—>m
interactions in the backbone of individual PPII strands are one of the most significant factors
for the stability of the triple helices of collagen or collagen mimics.**"**!®° Raines and co-

workers have studied the collagen residue mimics i.e. AcProOMe, AcHypOMe and

AcFIpOMe by probing the C=0...C=0 distance/angle criteria in X-ray crystallography or
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Kiransieis (equilibrium constant for trans to cis ratio) in '"H NMR spectroscopy to find the
presence of the n—n" interaction.'® However, there is no direct gas phase IR spectroscopic
signature for the presence of this interaction in collagen or building block of collagen, given
the weak nature of this interaction which should be measured in absence of other interactions

i.e. solvent perturbation etc.

(a)' B 0

0 H
Th, s P
\ nNHAH
i
- RI=EWG 1 RI=EWG

Anti conformation Gauche conformation
C, —endo puckering C, — exo puckering

Figure 5.2 (a) Electron withdrawing group (EWG) in the 4R position favours the gauche
conformation which stabilizes the Cs-exo puckering of the pyrrolidine ring. Adapted with
permission from ref. 152. Copyright [2009] Annual Review of Biochemistry (b) Newman
projection of C4 and C5 carbon atoms of the pyrrolidine ring in gauche conformation
showing overlap of o orbital of C5-H bond with o* orbital of C4-EWG bond and ¢
orbital of C4-H bond with o* orbital of C5-N bond.

In the present work, we have probed the n—n  interaction between two adjacent
C=0 groups in carboxybenzyl(Cbz)-Hyp-OMe using isolated gas phase electronic and IR
spectroscopy combined with quantum chemistry calculations. Cbz-Hyp-OMe is the analogue

of Ac-Hyp-OMe only where a benzyl group has been incorporated as an electronic

126



RS EE  GAS PHASE IR SPECTROSCOPIC SIGNATURE FOR C=0...C=0
n—7* INTERACTION IN Cbz-(4R)-Hyp-OMe, A KEY AMINO ACID
RESIDUE OF COLLAGEN

chromophore in the proline derivative. As both the N- and C-terminals of the amino acid Hyp
are terminated by Cbz and OMe, respectively, Cbz-Hyp-OMe represents the interactions
present in peptides or proteins. The current work is extremely significant as it involves
studies involving Hyp which is the most important amino acid residue responsible for the
stability of the collagen triple helix. On the other hand, the structures of the amino acids 4R-
hydroxyproline (Hyp) and 4S-hydroxyproline (hyp) studied earlier by Alonso and workers
using microwave spectroscopy cannot represent the interactions present in peptides or
proteins due to lack of protection of the terminal atoms.”® Moreover, the study on these amino
acids also cannot address the C=0...C=0 n—»n" interactions in collagen which is the major
focus of the present investigation.

Herein, we have observed both the cis and trans (amide) conformers of Cbz-Hyp-
OMe. It has been found that the donor as well as the acceptor C=O stretching frequencies of
the trans conformers having n—>m interaction are red-shifted compared to those of the cis
conformers without any n—n interaction. This is the first gas phase IR spectroscopic proof
for the presence of C=0...C=0 n— (amide) interaction in building block of collagen triple

helix.
5.2 Results and Discussion
5.2.1 Conformations of Cbz-Hyp-OMe: Electronic Spectroscopy

Figure 5.3(a) shows electronic spectrum of Cbz-Hyp-OMe measured using 1C-R2PI
spectroscopy. The spectrum shows several sharp bands in the range of 37610-37750 cm™. To
identify whether the observed bands in Figure 1(a) correspond to same conformer or multiple
conformers of Cbz-Hyp-OMe, we have performed UV-UV hole-burning spectroscopy.
Figures 5.3(b), (¢), (d), and (e) show UV-UV hole-burning spectra of Cbz-Hyp-OMe

measured by probing the electronic bands denoted by symbols (¢), (A), (m), and (e),
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respectively, present in Figure 5.3(a). The hole-burning spectra (Figure 5.3(b), (c), (d), and

(e)) clearly show the presence of four distinct conformers of Cbz-Hyp-OMe in the
experiment and these conformers are denoted as A, B, C and D. Figure 5.3(b), (c), (d), and
(e) actually represents conformation-specific electronic spectra of the conformers A, B, C,

and D, respectively, of Cbz-Hyp-OMe..

(37677) A

28 B

(37703) B, C

(d)
(37656) C, 00 25 o
ek, MAD WAy, A AN A A AW
) 63 (37633)
LN DL A A L A L A L N L A L
37630 37650 37670 37690 37710 37730

Wavenumber (cm’)

Figure 5.3 (a) Electronic spectrum of Cbz-Hyp-OMe measured using 1C-R2PI
spectroscopy. (b), (c), (d), and (e) are the UV-UV hole burning spectra of Cbz-Hyp-OMe
measured by probing the bands marked by (¢), (A), (m), and (e) in the R2PI spectrum,
respectively. A (37677 ecm™), BY (37703 cm™), €0 (37656 cm™), and D (37633 cm™)
represents the origin band transition of conformers A, B, C, and D, respectively.

The electronic spectrum of Cbz-Hyp-OMe presented in Figure 5.3(a) exhibits a broad
background, though weak, underneath the sharp bands. This broad background in the

electronic spectrum can be due to inefficient cooling of the molecules in the supersonic jet as
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the desorbed molecules are seeded in the jet after the expansion of the carrier gas. Similar
broad background has also been observed in the elecronic spectra of several peptides studied
by different groups.'®'®* The bands denoted by A3 (37677 cm™), By (37703 cm™), C§
(37656 cm™), and D§ (37633 cm™) in Figures 5.3(b), 5.3(c), 5.3(d), and 5.3(e), respectively,
are the origin bands for the S| «— S, transition of respective conformers A, B, C and, D. It is
worth noting that conformer D unlike other three conformers does not exhibit any vibronic
feature except the origin band. Comparison of relevant geometrical parameters in the Sy and
S, states of the four conformers provided in Table S1 in the supporting information supports
this observation as the change in the geometry in the Sy and S, states of conformer D is

minimum.
5.2.2 Conformational landscape of Cbz-Hyp-OMe: DFT calculations

Though we observed four conformers of Cbz-Hyp-OMe in the experiment, the
assignment of their structures is not trivial as the molecule is conformationally rich due to the
presence of many flexible co-ordinates. Therefore, a conformational search program (Marvin
Sketch) along with chemical intuition has been used to generate probable initial structures in
the conformational space of Cbz-Hyp-OMe. We generated 32 conformations of Cbz-Hyp-
OMe using MMFF94 force field calculation and chemical intuition. Structures of all the 32
conformers were optimized at the M05-2X/aVDZ level of theory. Eventually, out of the 32
conformers, we selected only 16 conformers and eliminated the rest as they were isoenergetic
with the selected 16 conformers. Relative energies of all the 16 conformers and their
classification into four groups (P, Q, R, and S) have been shown in Figure 5.4. The optimized
structures of all the 16 conformers are shown in Figure 5.5. The symbols for representing the
important geometrical parameters, which distinguish various conformers of Cbz-Hyp-OMe,

are shown in Figure 5.6.
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Figure 5.4. Zero-point corrected relative energies of the conformers of Cbz-Hyp-OMe
calculated at the M05-2X/aVDZ level of theory. Conformers are classified into four
groups (P, Q, R and S). Conformers of group P, Q and S have exo puckering while
group R has endo puckering of the pyrrolidine ring.

Within each group of P, Q, R, and S, the structures of the conformers differ in the
orientation of the amide bond represented by dihedral angle “®” and the orientation of the
phenyl ring denoted by angle “B” (see Figure 5.5). Change in the orientation of the amide
bond generates cis and trans conformers of Cbz-Hyp-OMe and thus the conformers are
named as X-c and X-t, respectively, where X represents the conformer number. A close look
in figure 5.5 reveals that conformers of Group Q differ from all other groups by the presence
of a weak O-H...N hydrogen bonding interaction between the 4-hydroxy group and the

nitrogen atom of the pyrrolidine ring. The puckering of the pyrrolidine ring in the conformers
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of group P, Q and S is exo while the conformers of group R has endo puckering. Puckering of
the proline ring is represented by dihedral angle a (C2-C3-C5-C4; see figure 3b) which is
positive for exo and negative for endo puckering. Group S conformers are generated through
the rotation of the methoxy group along C11-O13 bond. Dihedral angles ¢ and y are the

Ramachandran angles which represent the orientation of the backbone of Cbz-Hyp-OMe

conformations.
P (exo) Q (exo) R (endo) S (exo)
‘\ -
t j ;
I« E_=0.0 e E =0.03 I'c E_=0.57 1"« E_=6.91
A,
‘\,,/{‘ ’ \ “p 3
L a : - 3 2 Y
M ‘ r:r‘ ? \\ {- &)
~ ‘e \ ? ? ’ ¢ =
] I 2 H] » ® ]
It E_=1.20 -t E_=1.03 't E =147 n't E_=8.17
': 1! 9 jﬁ
' / ° " " i
-t E_=1.27 -t g _=1.10 m't E_=1.64 't E_=8.33

o 9 f f
Iv-e E =140 Iv-c E =143 | IV'e E =203 v’ E =875

Figure 5.5 Structures of all the 16 conformers optimized at the M05-2X/aVDZ level
of theory. E, represents the zero point corrected relative energies (kcal/mol) of the
conformers with respect to the most stable conformer (I-c). “c” stands for cis, “t”
stands for trans.
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The values of the dihedral angles a, B, and Ramachandran angles (v, ¢, ®) for all the 16
conformers are listed in Table 5.1 along with the second order perturbative energies of the
n—m* interaction for the trans conformers. The n—m* interaction between the carbonyl
groups of N and C-terminus is possible only in the trans conformers, where the oxygen atom
of the N-terminus carbonyl group donates its lone pair electron denisty into the * orbital of
the C-terminus carbonyl group. The calculated values of the angle ® for the trans and cis
conformers are ~175° and ~ -10°, respectively, in all the groups. It is worth noting that the

exo puckering angle (o) for the conformers of group Q is lower than that of groups P and S

Figure 5.6 (a) Symbols for representing the important geometrical parameters. 3 represents
the benzyl ring torsion. Dihedral angles ® (O10-C8-N1-C2), ¢ (C8-N1-C2-C-11) and y
(CNI1-C2-C11-013) are the Ramachandran angles that define the main chain torsion angles.
Distance r represents the N...H-O hydrogen bond distance. (b) Pictorial representation of
Burgi-Dunitz parameters. dgp represents the distance between the donor oxygen and carbon
atom of the acceptor carbonyl group while Opp represenst the angle O...C=0. A4 represents
the degree of pyramidalization of the acceptor carbonyl carbon from the plane of its three
substituents.
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due to the presence of the O-H...N hydrogen bond in the former ones.

Table 5.1: Important geometrical parameters® of all the conformers of group P, Q and R
calculated at the M05-2X/aVDZ level of theory. “c” and “t” after the conformers number
represents the cis and trans conformation

Conformers 0 v ® a dgp Ogp A B romN E®
0 0 0 0 A 0 A () A n—=1*
) “) “) " A& OO A ©) (A)
[ Ic -51.26 13549  -9.91 -25.14 - - 0013 -112.44 - -
TI-t -48.41 140.32  172.65 -25.76 275 94.54 0.024 93.91 - 2.73
{4 It -55.51 14037  177.93 -25.63 2.83  98.06 0.023 -87.24 - 1.92
IV-c -63.02 144.60 438 2811 - - 0.020 84.20 -
T 4811 138.73  -19.64 -16.17 - - 0013 -105.30  2.50 -
Ir-t -50.30 146.33  167.87 -16.69 2.80 93.36 0.023 95.14 2.51 1.88
1 rt -50.84 146.24  170.54 -17.25 286  95.76 0.022 -83.96 251 1.39
IV-c -57.38 151.06  -8.95 -17.50 - - 0.020 84.85 2.52 -
[ T'c -52.75 141.64 -16.64  31.08 - - 0.013 -105.07 - -
-t -58.26 153.16  171.71  32.19 2.89  93.08 0.022 94.03 - 1.20
1 4 -63.49 152.38  174.48  31.89 297  96.16 0.022 -84.83 - 0.69
V'-¢ -63.72 15530  -6.06 31.72 - - 0.020 86.10 - -

* Dihedral angle @, y, ® represents the Ramachandran angles. a represent the puckering
angle of the proline ring. The distance and angle of the Burgi-Dunitz trajectory for n—n*
interaction is given by dgp and Ogp respectively. A represents the pyramidalization of the
ester carbonyl group. P represents the orientation of the aromatic ring and ro-p..N represents
the O-H...N hydrogen bond distance.

The data presented in Table 1 point out that the change in the amide bond orientation
(o) from trans to cis or change in the puckering angle (o) from exo to endo generally results
in significant change in the Ramachandran angles (¢ and ). Interestingly, increase in the ¢
and y angles upon changing the puckering of the pyrrolidine ring from exo to endo affects
the strength of the n—m* interaction. It is found that the n—m* interaction energy in the
trans-exo conformers is higher by ~1 kcal/mol than that in the trans-endo conformers. This is
also reflected in the Burgi-Dunitz parameters (dgp and 0pp) of the trans-exo and trans-endo

conformers. In general, the n—m* interaction is favorable while dgp is < 3.2 A and 0gp
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~109°£10°. . Similar results have been reported from a comparative study of the geometric
parameters of the endo and exo conformers of Ac-Pro-OMe.'® It is important to mention here
that the geometrical parameters of the conformers of Cbz-Hyp-OMe are quite similar to those
of Ac-Hyp-OMe reported in the literature (see Table 5.2)."°* Thus the replacement of the -Ac
group by the —Cbz group does not significantly change the important geometrical parameters
of the conformers and more specifically, the peptide backbone as well as the Burgi-Dunitz

parameters for the n—m* interactions in the trans conformers.

The relative Gibbs free energy (4G) of the conformers of group P, Q and R are
provided at 298K in table 5.3. It has been found that the trend in AE and AG of the
conformers are not similar. At higher temperature conformer III-t becomes the most stable
conformer. This indicates that energy gap between the most stable conformer and higher
energy conformers of the group decreases with the increase in temprature. This shows that
higher energy conformers are likely to be observed under low cooling condtion of the seeded
molecules in the supersonic jet.

Table 5.2 Ramachandran angles (¢ and 1) and n—>n* interaction energy of the trans

conformers of Ac-Y-OMe (WhereY=Pro, Hyp and Flp) calculated at the M05-2X/aVDZ
level of theory in comparison with the trans conformer of Cbz-Hyp-OMe

By
Ring Puckering ¢ () ¥ (°)  (kcal/mol)

Ac-Pro-OMe Exo -53.7 140.50 2.46
Ac-Pro-OMe endo -64.4 153.2 0.89
Ac-Hyp-OMe €xo0 -54 138.5 2.62
Ac-Hyp-OMe endo -62.2 149.0 1.21
Ac-Flp-OMe exo -54.2 141 2.64
Ac-Flp-OMe endo -62.0 148.7 1.16
Cbz-Hyp-OMe €Xxo -48 140 2.47
Cbz-Hyp-OMe endo -58 153 1.20
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Table 5.3 Relative electronic energies (AE) and relative Gibbs Free energies (AG) of all the
Cbz-Hyp —OMe conformers of group P, Q and R calculated at 298 K

Conformers AE (kcal/mol) AG (kcal/mol)

l-e 0.0 0.25

It 1.20 0.71

P -t 1.27 0.00
IV-c 1.40 0.20

I-c 0.03 0.44

-t 1.03 0.37

a -t 1.10 0.38
V'-e 1.43 0.33

Ic 0.57 0.67

R -t 1.47 0.48
Iv'-c 2.03 1.01

In general, the trans-amide conformers of Ac-Hyp-OMe are reported to be more
stable than the cis-amide conformers due to the presence of the n—m* interaction between
the two neighboring C=0 groups in the former ones."** Similar trend is also observed in the

™7 In the case of Cbz-Hyp-OMe studied here, we have observed that

backbone of proteins.
the trans-amide conformers are typically more stable than the cis-amide conformers except
for one of the cis-amide conformers (I-c, I/—c, I /—c, and I/ -¢) of each of the groups of P, Q, R,
and S (see Figure 5.4). In fact, conformers I-c, I'«c, I-c, and I"-c are the global minima for
the groups P, Q, R, and S, respectively and these conformers are significantly lower in energy
than all other conformers in their respective groups. It is found that the stability of these cis
conformers over the trans conformers is due to the presence of C-H...r interaction between
the phenyl ring and CHj3 group of the ester moiety in the former ones. The general trend of
the stability of the trans amide over the cis amide holds well in the case of all other
conformers of Cbz-Hyp-OMe which do not have any C-H...m i nteracti diigure 5.4 also

reveals that the conformers of group S are very high in energy compared to those of other

groups. Such high energy conformers will have too low population to be observed in the
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experiment. Thus the conformers of group S have been eliminated and only the conformers of
P, Q and R groups are considered for the comparison of the calculated IR spectra with the

experimental IR spectra, which are described in the following section.
5.2.3 Structures of the observed conformers of Cbz-Hyp-OMe: IR spectroscopy

The probable structures of the four conformers (marked as A, B, C and D in Figure
5.3) of Cbz-Hyp-OMe observed in the experiment can be elucidated by comparing their
experimental IR spectra with the calculated IR spectra of all the conformers in group P, Q,
and R. The IR spectra of the conformers A, B, C and D were measured by probing the
electronic bands marked by the symbols (¢), (A), (m), and (e), respectively, in Figure 5.3(a),
using RIDIR spectroscopy. Figures 5.7(a) and 5.7(b) show experimental IR spectra of the
four conformers in the C=0O and O-H stretching frequency regions, respectively. The IR
spectra of all the four conformers in the C=O stretching frequency region (Figure 5.8(a))
show two bands as there are two carbonyl groups (amide and ester) in Cbz-Hyp-OMe.

It is quite intriguing to note that the IR spectra in the C=O stretching region are not
different for all the four conformers although the UV-UV hole-burning spectra (Figure 5.3b-
e) indicates the presence of four conformers (A, B, C, D) in the experiment. The IR spectra of
both the conformers A and C show the two C=0 peaks at 1685 and 1759 cm™ while the C=0
peaks for conformers B as well as D appear at 1699 and 1764 cm™. Thus the IR spectral data
in the C=0 stretching region reveal that A and C conformers have similar C=0 environment
and the same is true for B and D. However, the orientation of the O-H group in the
conformers A and C could be different and again the same could hold true for B and D. IR
spectra of the four conformers of Cbz-Hyp-OMe in the O-H stretching region are shown in
Figure 5.7(b). It is indeed true that the O-H bands of the conformers A (3646 cm™) and C

(3611 cm'l) appear at significantly different position and also similar difference in the O-H
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band position of the conformers B (3642 cm'l) and D (3608 crn'l) is observed. It is
noteworthy that the O-H band positions of the conformers A and B are similar while the
conformers C and D also exhibit similar O-H stretching frequency. Thus the IR spectra of the
four observed conformers in the C=O stretching region is complementary with those in the

O-H stretching region in terms of the assignment of their structures.

To determine the probable structures of all the four conformers observed in the

amide C=0 (a) ester C=0 (b)
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Figure 5.7 Experimental IR spectra of conformers A, B, C and D shown in comparison
with the theoretical IR spectra of group P, Q and R structures of Cbz-Hyp-OMe in the (a)
C=0 stretching frequency region and (b) O-H stretching frequency region. The calculated
amide C=0, ester C=0 and OH stretching frequencies are scaled using scaling factor of
0.9441. 0.9546 and 0.9391 respectively.
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experiment, the experimental IR spectra are compared with the theoretical IR spectra, of 12
confomers classified into P, Q, and R groups, obtained at the M05-2X/aVDZ level of
calculation. The theoretical IR spectra in the C=0 and O-H stretching frequencies of all the
conformers are shown as stick plots with the corresponding experimental spectra in Figure
5.7(a) and 5.7(b), respectively. The comparison of the theoretical and the experimental IR
spectra presented in Figure 5.8 reveals that conformers A and C have trans-amide structure
while conformers B and D have cis-amide structure. Although both conformers A and C
have trans structue, their O-H stretching frequencies are significantly different. In the case of
the conformer C, the O-H group of proline is invloved in O-H...N hydrogen bonding
interaction with the nitrogen atom of the proline ring while the O-H group in conformer A is
free. Similarly, conformer cis-D has O-H...N interaction but the O-H group of cis-B is free.
The O-H group of both conformers C and D is red-shifted by ~ 35 cm™ compared to that of

conformers A and B.

We can now assign conformer A to either structure Il-exo-trans, IlI-exo-trans, -
endo-trans or I1I"-endo-trans while conformer C can be assigned to either structure IT'-exo-
trans or II'-exo-trans. Similarly, conformer B can be assigned to either structure IV-exo-cis,
I-exo-cis, IV’-endo-cis or I’-exo-cis while conformer D can be assigned to either structure
IV'-exo-cis or I'-exo-cis. It should be noted that each of the conformers cannot be assigned
easily to a particular structure as multiple structures have similar IR frequencies and
energetics. However, the primary aim of the present investigation is to observe cis and trans —
amide conformation of Cbz-Hyp-OMe and obtain direct IR spectroscopic evidence of the
C=0...C=0 n—r* interaction in the trans-amide. We find here that the conformers A and C
have trans-amide structure with amide C=O group appearing at 1685 cm™ and ester C=0

group at 1759 cm™. On the other hand, the conformers B and D have cis-amide structure with
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amide C=0 frequency at 1699 cm™ and ester C=0 frequency at 1764 cm™. The amide C=0
frequency of the trans conformers of Cbz-Hyp-OMe is found to be red-shifted by 14 cm’
with respect to that of the cis conformers. It is interesting to note that the ester C=0O
frequency of the trans conformers is also red-shifted, albeit by small amount, 5 cm™, with
respect to that of the cis conformers. The red-shift in the vibrational frequency of both the
C=0 groups in the trans conformer with respect to that in the cis conformer indicates the
presence of the n—m* interaction in the former one. The C=O groups in the trans conformer
are oriented in the same side while the C=0O groups are away from each other in the cis

conformer.

Burgi-Dunitz parameters i.e. the distance between the two C=0 groups (dgp) and their
angle (Bpp) as well as pyramidalization of the ester C=0O group in the trans conformers of
Cbz-Hyp-OMe (Table 5.1) calculated at the M05-2X/aVDZ level of theory supports for the
presence of the n—m* interaction there. Detailed NBO analysis of various conformers of
Cbz-Hyp-OMe described in the next section is focused on understanding the features of the
various orbital interactions present there and the role of the n—n* interaction on the red-shift
of the C=0 stretching frequencies in the trans conformers with respect to those in the cis

conformers.
5.2.4 NBO analysis: n—7* interaction vs C=0 stretching frequency

The most significant finding of the present study is the observation of the red-shift in
the stretching frequencies of both n—m* donor as well as acceptor C=O groups in the trans
conformers of Cbz-Hyp-OMe compared to those in the cis conformers. Here, the n—m*
interaction in the trans conformer occurs due to delocalization of the lone pair electrons on

donor carbonyl oxygen atom into the * orbital of the acceptor C=O group. The red-shift
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Figure 5.8. NBO view of overlap of donor and acceptor natural bond orbitals involved in
n—m*, R1 and R2 interactions in the conformers of group P.
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observed in the donor (amide) and acceptor (ester) C=O groups in the trans conformer of
Cbz-Hyp-OMe with respect to those in the cis conformer are about 14 and 5 cm’,
respectively. The red-shift in both of the C=0O groups can be explained in terms of the n—m*
interaction. The red-shift in the acceptor C=0 frequency is easily understood as the lone pair
electrons are donated to the m* orbital of the acceptor C=O group and this red-shift is very
small because the n—m* interaction is very weak (~ 2 kcal/mol). However, relatively larger
(14 cm™) red-shift in the frequency of the donor C=0 group in the trans conformer has to be
understood in terms of the relationship of the n—m* interaction with the neighboring orbital
interactions which are responsible for the reduction of the C=0 frequency in the trans
conformer compared to that in the cis conformer. A detailed NBO analysis has been

performed for all the trans and cis conformers of Cbz-Hyp-OMe. The second-order

)

perturbative energy values (E,, .,

) of all the possible orbital interactions which involve lone
pair and ¥ NBOs of the donor C=0 in the conformers of P and Q groups (Figure 5.5) are
shown in Table 5.4 and the NBO view for the overlap between corresponding orbitals are

provided in Figure 5.8. For the brevity, NBO view has been shown only for the conformers in

the group P.

In general, there are two opposing effects (resonance and inductive) which determine
the C=0 stretching frequency in esters and amides. In Cbz-Hyp-OMe, overlap between the
m* orbital of the amide Cg=0¢ with the lone pair orbitals of the neighboring nitrogen atom in
the proline ring as well as ether oxygen (Rlp), decreases the amide Cg=QOg streching
frequency. This can be called resonance effect as it involves delocalization of lone pair
orbital of neighbouring electronegative atom into the m* orbital of the carbonyl group. This

orbital interaction involving the neighboring nitrogen atom is marked as Ry while the same
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comprising the neighboring oxygen atom is tagged as Ro. The reduction in the C=0O streching

frequency will be more as the overlap between the lone pair orbital of the electronagetive

Table 5.4. The second-order perturbative energy values of all the possible orbital
interactions which involves lone pair and m* NBOs of amide carbonyl group in the
conformers of group P and Q

E® . N—-C=0, 0,-C=0, 0,-C-0, 6 O,—»C;-N, Total Total
(R1y)" (Rlo) (R2y)” R20) Rl R2

I-c - 13.50 13.81 41.03 27.93 2731 68.96

I1-t 2.73 57.88 40.86 40.42 27.43 98.74 67.85

II-t 1.92 82.81 52.23 39.88 27.17 135.04 67.05
IV-¢ - 39.55 28.80 40.22 27.75 68.35 67.97
I-c - 24.68 25.59 41.10 28.55 5027 69.65

m-t 1.88 45.14 38.14 40.07 28.03 8328 68.1
m-t 139 48.60 35.70 39.50 27.69 843  67.19
IV -¢ - 24.68 47.38 40.43 2836  72.06 68.79

* R1 interaction represents the resonance effect i.e. delocalization of lone pair electrons of
neighboring electronegative atom into the m* orbital of the carbonyl group.

® R2 interaction represents the inductive effect i. e. delocalization of lone pair electrons of
carbonyl oxygen (O) into the o* orbital of C-N bond and C-O bond.

atom and the 7* orbital of the carbonyl group increases. On the other hand, overlap between
the lone pair orbitals (p-type and s-type) of carbonyl oxygen (Og) with the o* orbital of Cg-N;
bond as well as Cg-Oj¢p bond increases the Cs=0y stretching frequency. This orbital
interaction is marked as R2y and R2g involving Cs-N; and Cg-Oq¢ bonds, respectively. A
combined values for all R1 and R2 interactions are also listed in Table 5.3. Inspection of
Table 5.4 shows that R1 values are always much larger than the R2 values in the trans
conofrmers having the n—m* interaction. On the other hand, the R1 values are either equal or
less than the R2 values for the cis conformers which is lacking any n—m* interaction. Thus

larger R1 values in the trans conformers compared to those in the cis conformers are induced
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by the n—m* interaction which is absent in the cis conformers. In the trans conformer,
electron density on the donor carbonyl oxygen (Og) is partially reduced due to the n—n*
interaction and consequenctly the R1 interactions (resonance effect) are enhanced to
compensate the loss of the electron density on the carbonyl oxygen. Similar mechanism has
been discussed in section 4.2.3 for the red-shift observed in the C=0 stretching ferquency of
the cis conformer of phenyl formate with respect to that of the trans conformer where the cis

has n—7* interaction and the trans does not have.”

cis trans

E,.=0.00 kcal/mol E,.=0.07 kcal/mol

Vic-0= 1792 cm! Vc-0= 1794 cm!
N10_>C11'012 (Rl) =46.72 kcal/mol N10_>C11'012 (Rl) =45.47 kcal/mol
016_)(:11-012 (Rl) =47.8 kcal/mol 016_)C11-012 (Rl) =46.00 kcal/mol
012_)C11_016 (RZ) = 40.54 kcal/mol 012_)C11-016 (RZ) =40.90 kcal/mol
012_)C11'N10 (RZ) =27.53 kcal/mol 012—)C11'N10 (RZ) =27.50 kcal/mol

Figure 5.9. cis and trans conformers of N-methoxycarbonyl (2S,4R)-4-
hydroxypyrrolidine-2-methyl showing no change in the amide C=0 stretching frequency
in the absence of n—m* interaction. Second order perturbative energies of R1 and R2
interactions are shown for cis and trans conformers below their corresponding
geometries. R1 and R2 interactions in both the conformers are similar.

To check whether the red-shift in the stretching frequency of the amide carbonyl in
the trans conformer of Cbz-Hyp-OMe with respect to that of the cis conformer is not simply
due to the change in the orientation of the C=O group in the two conoformers, we have

performed NBO calculation on N-methoxycarbonyl (2S,4R)-4-hydroxypyrrolidine-2-methyl.
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In the case of N-methoxycarbonyl (2S,4R)-4-hydroxypyrrolidine-2-methyl, both cis
and trans conformers do not have any n—m* interaction due to lack of the ester group at 2-
position of the pyrrolidine ring. The structures of the two conformers of N-methoxycarbonyl
(2S,4R)-4-hydroxypyrrolidine-2-methyl and their NBO analysis are provided in Figure 5.9.
Table 5.5. Change in the occupancy of lone pair orbital of Oy (n,) and m* orbital of Cg= Og

upon deletion of specific interactions in the group P conformers of Cbz-Hyp-OMe. AE¢
represents the change in the SCF energy upon deleting the interaction.

Occupancy of Oy Occupancy of Cg=
lone pair orbital Oy (%) orbital

Interaction Interaction before after before after Change
deleted not deleted  deletion  deletion deletion deletion in SCF
Oy (np) Oy (ny) Csg= 09 Cs= Oy energy

(7'[*) (7'[*) (AEscf)
(kcal/mol)
I-c R1 R2 1.83803 1.83804  0.13412  0.02288 109.733
R2 R1 1.83803 1.98222  0.13412 0.13414  63.499
R1,R2 - 1.83803 1.98232  0.13412  0.02299  158.063
1I-t R1 R2, n—n* 1.8353 1.83514  0.32925 0.01992 112.321
R2 R1, nom* 1.83528 1.97167  0.32932  0.32932  61.728
R1,R2 n—ow* 1.83531 1.97160  0.32925 0.01989  159.398
n—1*, R1 R2 1.83531 1.84219  0.32925 0.01989 112.952
n—7w*, R2 R1 1.83531 1.98177  0.32925 0.32923  63.838
n—om* R1,R2 1.83531 1.84233  0.32925  0.32925 1.192
III -t R1 R2, n—n* 1.83969 1.83965  0.34674 0.01802  115.157
R2 R1, n—on* 1.83969 1.97374  0.34674 0.34679  60.788
R1,R2 n—w* 1.83969 1.97375 0.34674 0.01805 161.338
n—n*, R1 R2 1.83969 1.84518  0.34674  0.01800 115.574
n—7*, R2 R1 1.83969 1.98169  0.34674 0.34676  62.374
n—om* R1,R2 1.83969 1.84523  0.34674  0.34672 0.888
IV-c R1 R2 1.84268 1.84237  0.22972  0.02404 111.376
R2 R1 1.84268 1.98270  0.22972  0.22970  62.505
R1,R2 - 1.84268 1.98251  0.22972  0.02396  159.050

Interestingly, the C=0 stretching frequencies as well as electronic energies of the cis
and trans conformers are similar. It is also found that the values for the R1 and R2 factors,
which favor and oppose the reduction of the C=0 stretching frequency, respectively, are

similar for both cis and trans conformers of this compound. This indicates that orientation of

144



RS EE  GAS PHASE IR SPECTROSCOPIC SIGNATURE FOR C=0...C=0
n—7* INTERACTION IN Cbz-(4R)-Hyp-OMe, A KEY AMINO ACID
RESIDUE OF COLLAGEN

the amide carbonyl group from trans conformation to cis conformation in the absence of
n—7* interaction does not change the resonance and inductive effect of the amide carbonyl
group. Thus, this results validate that the enhancement of the R1 factor induced by the n—n*
interaction is responsible for the red-shift in the C=0O frequency of the trans conformer
compared to that of the cis conformer of Cbz-Hyp-OMe. Further, NBO deletion analysis (see

table 5.5) performed for the cis and trans conformers corroborate this explanation.

NBO deletion analysis performed for the cis and trans conformers of Cbz-Hyp-OMe
corroborate our explanation for the reduction of the C=0 frequency in the trans compared to
the cis. Table 5.5 shows change in the occupancy of the lone pair and the 7* orbital of the
amide (donor) carbonyl group after deletion of the specific NBO interactions. Close
inspection of Table 5.5 reveals that occupancy of the lone pair electrons on the amide
carbonyl oxygen (Oy) increases when n—m* interaction is deleted in the trans conformer.
This suggests that occupancy of the amide carbonyl oxygen decreases due to the n—m*
interaction. Furthermore, decrease in the occupancy of the m* orbital of the amide C=0O upon
deletion of the R1 interaction is more (value is more negative) in the trans conformers
compared to the cis conformers. This concludes that occupancy of the * orbital of the donor
carbonyl group increases due to the enhancement of the R1 interaction in the trans conformer
compared to the cis conformer.

Table 5.6. Bond order of n—m*donor carbonyl bond (Cs= Oy) and acceptor carbonyl bond

(C11= 0y2) along with amide bond (N;-Cg) and ester bond (O;¢-Cs) of the donor carbonyl
group, in the group P conformers of Cbz-Hyp-OMe.

Cs=09 C; =012 Ni-Cg 049-Cs

I-c 1.6140 1.7093 1.1284 0.9669
-t 1.5941 1.7036 1.1297 0.9818
-t 1.5889 1.7183 1.1335 0.9829
IV-¢c 1.6060 1.7259 1.1286 0.9728
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Reduction in the strength of both amide and ester carbonyl groups in the trans conformer
compared to that in the cis conformer is also supported by the bond order calculation
provided in Table 5.6. It shows that bond order of both donor and acceptor carbonyl groups
decreases in the trans conformer compared to the cis conformer. It could be conculded form
all of these calculations that the red-shift in the C=O streching frequency of the acceptor and
donor carbonyl group in the trans conformers compared to that in the cis conformers is due to
the presence of the n—>m* interaction in the former conformer.

NBO second order perturbative energy value of the resonance effect and inductive
effect (hyperconjugation) present in the ester carbonyl group (R1ester, R2ester) 1S provided in
the Table 5.7 along with the total resonance effect and inductive effect present in the amide
carbonyl group (Rlamide, R2amide)- It is evident from the Table 5.7 that the R1 interaction
(tends to decrease the C=0O stretching frequency) in the ester carbonyl group is similar in the
trans and cis conformers of Cbz-Hyp-OMe. This result reveals that hyperconjugation of the
ester carbonyl group does not change as significantly as that of the amide carbonyl group.
However, we observe red-shift in the ester carbonyl group of the trans conformer. This red
shift in the ester C=0 stretching frequency of the trans conformer relative to that of the cis
conformer is observed because of the n—n* interaction in the trans conformer which
involves delocalization of lone pair electron density of amide carbonyl oxygen to n* orbital
of the ester C=0 carbonyl group. This is evident because the occupancy of the ©* orbital of
the ester C=0 group is more in the trans conformer relative to that of the cis conformer. This
increase in the occupancy of ©* orbital of the ester C=0O group due to R1 effect is ruled out
because the NBO value for the R1 effect is similar in both cis and trans conformer. It is also
revealed that resonance effect (R1), which tends to decrease the C=0O stretching frequency, is

more in the amide carbonyl group compared to that of the ester carbonyl group. Therefore,
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C=0 stretching frequency of an amide carbonyl group red-shifted relative to that of the ester
carbonyl group.

Table 5.7. The NBO second order perturbative energy values of the resonance effect (R1)
and inductive effect (R2) present in the ester carbonyl group (Rleser, R2ester) and amide
carbonyl group (R1amige, R2amide), calculated at the M05-2X/aVDZ level of theory. dm*cg-o9
represents the occupancy of the ©* orbital of amide carbonyl group and dm*ci1-012 represents

the occupancy of the m* orbital of ester carbonyl group.

E)., (keal/mol) Occupancy
Conformer R1 amidea R2 amideb R1 esterC Rzesterd aT[*C8=09 aT[*Cl 1=012
I-c 27.31 68.96 66.86 41.75 0.220 0.218
II-t 98.74 67.85 67.21 41.64 0.314 0.222
It 135.04 67.05 66.63 42.51 0.353 0.221
IV-c 68.35 67.97 66.84 42.33 0.265 0.216

"Rlamige interaction represents delocalization of lone pair electrons of neighboring
electronegative atom (Nitrogen and oxygen) into the m* orbital of the amide carbonyl group.
°R2.miqe interaction represents delocalization of lone pair electrons of carbonyl oxygen (O)
into the o* orbital of C-N bond and C-O bond.

‘R esier interaction represents delocalization of lone pair electrons of ester oxygen (O) into the
* orbital of the ester carbonyl group.

dRZCster interaction represents delocalization of lone pair electrons of carbonyl oxygen (O)

into the o* orbital ester C-O bond.

5.3 Conclusion

The n—m* interaction between two adjacent carbonyl groups (n—>m*,,,) is studied in
different conformers of Cbz-Hyp-OMe by probing the C=0 streching frequencies using gas
phase IR spectroscopy combined with quantum chemistry calculations. Four conformers of
Cbz-Hyp-OMe are observed in the experiment. Two of the conformers have trans-amide
orientation with n—m* interaction while the other two are cis-amide without having any

n—m* interaction between the two carbonyl groups. One of the pairs of the trans as well as
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the cis conformers has a weak O-H...N hydrogen bonding interaction between the 4-hydroxy
group and the nitrogen atom of the proline ring. The streching frequencies of both donor and
acceptor carbonyl groups of the trans conformers are red-shifted compared to that of the cis
conformers and the the red-shift for the donor carbonyl group (15 cm™) is more than that of
the acceptor carbonyl group (5 cm’™). The red-shift of both the C=0 groups is explained by
detailed NBO analysis. The present study on Cbz-Hyp-OMe demonstrates first gas phase IR
spectroscopic evidence of the n—m* interactions between the two carbonyl groups in
individual strand of the collagen triple helix as well as polyproline-II helices and a-helix

proteins.

In the present and previous chapters we have explored n—m* interaction in model
compounds using gas phase spectroscopic techniques. However, it will be more compelling
to investigate the role of n—m™* interaction in molecules which are directly involved in
biological processes for example drugs, signaling molecules, etc using the current
spectroscopic techniques. In the next chapter, we have shown the importance of n—om*

interaction in dictating the conformational preferences of an analgesis drug, salicin.
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6.1 Introduction

In the previous chapters, we have investigated the interplay between n—m* interaction
and hydrogen bonding as well as demonstrated the IR spectroscopic evidence for n—-m*
interaction using model compounds. It will be more intresting to explore the n-m*
interaction in the molecules which have direct biological implications and understand the role
of n—m* interaction in goverining their structures and functions using similar spectroscopic
techniques. In this chapter, the structure of an analgesic drug, salicin, has been studied and it
is shown to be stabilized by n—m* interactions in addition to hydrogen bonds.
Pharmacological activities of salicin are similar to those of the popular drug aspirin.'®"® It
has been reported by Raines and co-workers that n—m* interaction plays a significant role in
controlling the preferred structure and biological activity of aspirin.> Generally, clinical

efficacy of a drug depends upon its interaction with biomolecules, which further depends

upon the structure of the drug molecule and its possible conformations.

In fact, medicinal properties of salicin are manifold. Salicin is the major chemical
constituent of white willow bark (salix alba), also known as “nature’s aspirin”, which has
been used as a medicine for the treatment of fever, pain, and inflammation in the body for
thousands of years.'®'®” Salicin is a glycoside and its chemical structure (Figure 6.1) consists
of a sugar molecule (B-D-glucopyranoside) and a benzyl alcohol moiety, which are linked
through the anomeric oxygen atom of the sugar molecule. Salicin acts as a prodrug which is
metabolized in our body to form the drug salicylic acid.'®'**'*1® Upon ingestion, salicin
undergoes hydrolysis to form salicyl alcohol (saligenin), which is further oxidized to generate
the salicylic acid that acts as an antipyretic, analgesic, and anti-inflammatory agent in the
body.166’168 Historically, the discovery of aspirin (acetyl salicylic acid) was triggered by the

extraction of salicin from willow bark and subsequent synthesis of salicylic acid from
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salicin.'® Recently it has been reported that salicin also shows antitumor properties by

inhibiting angiogenesis, a process which supplies oxygen and nutrients to tumor cells.'®"!'"

Several in vitro and in vivo clinical trials are being carried out to discover and understand its

full range of clinical properties.'’*"'"

Figure 6.1. Skeletal structure of salicin

Herein, we have explored the conformational preferences of salicin in isolated gas phase
using mass-selected Resonance Two Photon Ionization (R2PI), IR-UV and UV-UV double
resonance spectroscopic techniques in combination with density functional theory
calculations and calculated Franck-Condon spectra. Three low energy conformers of salicin
have been observed in the experiment. These conformers show a chain of weak hydrogen
bonding interactions between the equatorial hydroxyl groups of the sugar unit while the —
CH,OH group of the benzyl alcohol moiety gives rise to an additional strong O-H...O
hydrogen bonding interaction with one of the —OH groups of the sugar moiety. In addition to
this, the oxygen atom of the —CH,OH group of the benzyl alcohol moiety takes part in an
n—1* interaction with the phenyl ring. In fact we observed interplay between hydrogen bond

and n—m* interaction in the most stable conformers of salicin, similar to that in a-helix.

It has been discussed in section 1.3 that the carbonyl oxygen atom of residue i in a a-
helix is involved in hydrogen bonding and n—m* interaction with residue i+4 and residue i+1,
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respectively. Since oxygen has two lone pairs, one of the lone pairs participates in the
hydrogen bonding while the other lone pair of the same oxygen atom takes part in the n—n*
interaction. As a consequence, the presence of the n—m* interaction weakens the hydrogen
bond and vice versa. The interesting point is that the hydrogen bond alone could be stronger
than the combination of the compromised hydrogen bond and the n—m* interaction.
However, the latter arrangement may be preferable from an optimal structure point of view.”’
Even in the present study we noticed that a few higher energy conformers of salicin,
possessing stronger hydrogen bonds but negligible n—m* interactions, are not observed in
the experiment. Gas phase spectroscopic studies of salicyl alcohol (saligenin), which is the
hydrolyzed product of salicin, have been reported in the literature.'’*'”> However, the
structure of saligenin is much simpler than that of salicin.

The present research demonstrates that the conformational preferences of salicin are
governed by a weak n—m* interaction, even in the presence of strong hydrogen bonding
interactions in the molecule. This result also indicates that a fine balance between a strong
hydrogen bond and a weak n—m* interaction is essential for the stability of the molecular
systems. A close analog of salicin is phenyl B-D-glucopyranoside, which has been studied by
Simons and co-workers as well as other groups using gas phase laser spectroscopy.'’®'"
However, phenyl B-D-glucopyranoside lacks the strong intramolecular hydrogen bonding
interaction as well as an n—n* interaction due to absence of the —-CH,OH group at 2 position
of the aromatic ring and these missing interactions form the basis of the major focus of the

current work.

6.2 Results and discussion
6.2.1Conformations of salicin: Electronic spectroscopy

The electronic spectrum of salicin measured by 1C-R2PI spectroscopy is shown in

Figure 6.2(a). The spectrum shows several sharp bands in the range of 36400 — 36600 cm .
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To determine whether all the electronic bands shown in Figure 6.2(a) correspond to single or
multiple conformers of salicin, UV-UV hole-burning spectroscopy was performed. Figures
6.2(b), (c) and (d) show UV-UV hole-burning spectra measured by probing the bands
labelled as A, B, and C, respectively, in the spectrum displayed in Figure 6.2(a). In general, a
hole-burning spectrum probing a particular band in the electronic spectrum provides
depletion of ion signals for all the electronic bands which belong to a specific conformer. The
spectra shown in Figures 6.2(b), 6.2(c) and 6.2(d) clearly show the presence of three distinct

conformers of salicin in the experiment. The hole-burning spectra shown in Figures 6.2(b),
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Figure 6.2 (a) Electronic spectrum of salicin measured using 1C-R2PI spectroscopy.
(b), (c) and (d) are UV-UV hole burning spectra of salicin measured by probing the
bands labeled as A (36422), B (36435) and C (36452 cm') respectively, in the R2PI
spectrum. The electronic band origins of A, B and C conformers are designated as A
(36422 cm '), BY (36435 cm ') and C3 (36452 cm™).

6.2(c) and 6.2(d) are basically conformation-specific electronic spectra of conformers A, B,

and C, respectively, of salicin. The S;«S, origin bands (03) of conformers A, B, and C
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labeled as A, B and C3 appear at 36422, 36435, and 36452 cm ', respectively. The intensity
pattern of the electronic bands of the three conformers reveals that the most populated
conformer is A, while the C conformer is least populated. All three conformers show a
progression of a low-frequency vibrational mode of 28 c¢cm™. The electronic spectra of
conformers A and B show some other low frequency modes (e.g. 47 cm™') and their
combination bands apart from the 28 cm™' mode. The detailed assignment of the electronic
bands of the three conformers made through their S; state vibrational frequency calculations
and simulated Franck-Condon spectra is provided below in Table 6.1 and in the Figure 6.7.

Table 6.1: Experimental and Franck-Condon simulated low frequency intramolecular
vibrational modes of the three observed conformers of salicin.

A 1 B 1 C 111
Obs. Cal. Assi Obs. Cal. Assi Obs. Cal. Assi
(Cmﬁl) (cm-l) ssign. (Cmﬁl) (cm'l) ssign. (Cmﬁl) (Cmﬁl) ss1gn.
28 27 o 28 28 o 28 29 o
47 47 B 47 48 B - 48 §
57 55 20 56 56 20 56 58 20
59 Y
75 74 o+p 75 76 o+ P - 78 atp
79 )
85 86 oty 83 84 3a 82 88 3a
89 92 € - 88 oty -
94 2B 97 2B
103 102 20+ 102 103 o+o -
106 Bty 104 20+ 107 200+ B
111 113 20y 111 112 4o, -
116 2a+y 118 20+ 7y
118 119 ote 123 124 ot2pB - 126 o+2p
121 121 ot+2p 130 131 20+0 -
131 134 2a+0 136 132 3a+ P - 136 3a+ B
146 148 2012 139 144 3a+y -

As salicin is a close analogue of B-phenyl D-glucopyranoside having additional
substitution of a hydroxymethyl group at 2-position of the phenyl group, it is worth
comparing the electronic spectrum of salicin with that of the B-phenyl D-glucopyranoside

reported in the literature.'’ It is interesting to note that the electronic spectrum of p-phenyl
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D-glucopyranoside also indicates the presence of three conformers in the experiment. The
low frequency vibronic bands observed in the electronic spectra of the three conformers of p-
phenyl D-glucopyranoside are also similar to those of salicin.
6.2.2 Conformational landscape of salicin: DFT calculations

Although only three conformers are observed in the experiment, salicin can have
many possible conformations due to its flexible shape. Thus proper assignment of the
structures of the observed conformers is not straightforward. Firstly, the CONFLEX program
was used to generate probable initial structures in the conformational space of salicin. A total
of 60 conformers were generated from the force field calculation and 22 structures were
selected from there on the basis of an energy cut-off of 4 kcal/mol relative to the most stable
conformer. As a number of the structures obtained from the force field calculations in this
way were very similar in both geometry and energy, DFT calculations were subsequently
performed on 14 structures at the M06-2X/6-311++G(d,p) level of theory. The optimized
structures of these conformers were then arranged in order of increasing energy from the
global minimum as well as into different groups according to their structural similarities.

An energy landscape of the 14 low energy conformers and their classification into
four groups (P, Q, R, S) in terms of structural similarities is shown in Figure 6.3. While the
structures of all the 14 conformers are provided in Figure 6.4. It is observed that major
structural changes of these conformations occur mostly due to the change in the orientation of
the hydroxy methyl (-CH,OH) groups present in the pyranose and phenyl groups of salicin.
The structural details of the conformers in the four groups have been visualized in Figure 6.4.
The general structural motif of all the conformers is a chain of hydrogen bonds among the —
OH groups of the pyranose ring and benzyl alcohol moiety.

Conformer I of group P is the global minimum. In this conformer, the -CH,OH

group of the aromatic ring (benzyl alcohol part) is strongly hydrogen bonded to the —O2H2
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Figure 6.3. Relative energies (including zero point energy corrections) of the
conformers of salicin calculated at the MO06-2X/6-311++G(d,p) level of theory.
Conformers are divided into four groups P, Q, R, and S on the basis of their structural
similarities.

group of the sugar moiety. Furthermore, -O4H4 —~O3H3, and —O2H2 groups of the sugar unit
are weakly hydrogen bonded in a chain fashion, while the —CH,OH group of the sugar
moiety is hydrogen bonded to the oxygen atom of the sugar ring. The other conformers in
group P are related by rotation of the —OH group of the benzyl alcohol moiety of salicin when
retaining all the same hydrogen bonding structural motifs. The lowest energy conformer (III)
in group Q is generated by rotating the -CH,OH group of the sugar moiety along the C-C
bond of conformer I by 180°. This -CH,OH group forms a hydrogen bond with the
neighbouring —O4H4 group of the sugar moiety instead of the oxygen atom in the pyranose

ring, while the other hydrogen bonding interactions remain intact. The remaining two
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conformers of group Q are again obtained from the rotation of the —OH group of the benzyl

alcohol moiety of conformer III.

Group P ' Group Q

1

-

Figure 6.4. Structures of 14 low energy conformers of salicin optimized at the M06-2X/6-
311++G(d,p) level of theory.

Conformer IV in group R is obtained by rotation of the whole benzyl alcohol moiety along
the inter-ring O-C bond by 180° relative to conformer I of group P. In the R group
conformers, -CH,OH groups of the sugar moiety and aromatic ring are hydrogen bonded to

each other, while all three —OH groups of the sugar ring and the inter-ring oxygen atom are
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weakly hydrogen bonded in a chain fashion. Different conformers in the R group originate
due to rotation of either the —OH group of the benzyl alcohol group or the OH group of the -
CH,OH of the sugar moiety. Conformer VI in group S is generated by rotating the -CH,OH
group of the sugar moiety in conformer I along the C-C bond by 90° and losing the hydrogen
bond to the oxygen atom of the sugar ring while keeping all other hydrogen bonding motifs
the same. Another conformer in group S, namely conformer XII, arises due to rotation of the
—CH,0H group of the sugar moiety at a different angle.

The most interesting feature of Figure 6.3 is that the three lowest energy conformers
of salicin are conformers I, II, and III, which are within 0.5 kcal/mol relative energy (AE).
The next highest energy conformer (conformer IV) is comparatively high in energy with a
relative energy of roughly 1.5 kcal/mol. As three conformers of salicin are observed in the
experiment, conformers I, II, and III are probable candidates for the observed conformers.
Similar trends in the relative energies of various conformers of salicin were obtained with
other density functionals and basis sets, and these results have been listed in Table 6.2.

Table 6.2. Zero-point energy (ZPE) corrected relative energies (kcal/mol) of various
conformers of salicin, calculated at different levels of theory

Method | I I v A\ V1
MO06-2X/6-311++G(d,p) 0.00 0.14 0.41 1.51 1.78 2.02
MO05-2X/6-311++G(d,p) 0.00 0.16 0.52 1.51 1.80 2.19

MO05-2X/6-31+G(d) 0.00 0.12 0.33 1.86 1.93 2.33
MO05-2X/ce-pVTZ 0.00 0.10 049 1.74 1.83 1.91
MO05-2X/aug-cc-pVDZ 0.00 0.042 0.59 1.68 1.64 1.87

Relative Gibbs free energies (AG) of all the conformers have been calculated at 298 K and
these data have been provided in Table 6.3. It has been found that the trend in AE and AG of
the conformers are quite similar. Thus, despite salicin being a flexible molecule and having

an abundance of conformers, the determination of the structures of the experimentally
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observed conformers becomes relatively straightforward when paired with the output of
quantum chemical calculations.

Table 6.3. Relative electronic energies (AE) and relative Gibbs Free energies (AG) of all 14
low energy conformers of salicin calculated at 298 K

Conformer AE (kcal/mol) AG (kcal/mol)

I 0.00 0.00
II 0.14 0.28
I 0.42 0.58
v 1.51 1.34
\" 1.80 1.62
VI 2.02 1.83
VII 2.09 1.78
Vil 2.19 2.19
IX 2.21 1.96
X 2.26 2.24
X1 2.32 2.34
XII 2.43 2.22
X1 2.48 2.29
X1V 2.53 2.66

6.2.3 Structures of observed conformers of salicin: IR spectroscopy

The primary aim of the present work is to determine the structures of the conformers
of salicin observed in the experiment and understand the interplay between the non-covalent
interactions that govern their energetics. Figures 6.5(a), 6.5(c), and 6.5(¢) show experimental
IR spectra of the three conformers (marked as A, B and C in the R2PI spectrum of Figure
6.2) of salicin in the O-H stretching region measured by probing their respective electronic
origin band using RIDIR spectroscopy. As there are a total of five OH groups in salicin, five
bands should be observed in the O-H stretching frequency region of the IR spectra if all the
bands are well resolved. The IR spectra of all three conformers show a strong band around
the 3460 cm ' region. On the other hand, the remaining four IR bands appearing in the 3590-
3640 cm ! region are quite weak, broad and unresolved. Although the position of the strong
IR band is very close across all three conformers, their respective positions (3464, 3466, and

3460 cm™") have been confirmed through repeated IR scans. Conformers A and B show the
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weak broad features centering around 3630 cm ' while conformer C shows a distinct band at
3597 cm' in addition to the broad feature at 3630 cm . Thus, it is apparent that the
structures of conformers A and B are quite similar, while the structure of conformer C is a

little different compared to the other two.

llllIIIIlllllllllllllllllllllllllll

3350 3400 3450 3500 3550 3600 3650 3700

Wavenumber (cm’)

Figure 6.5. (a), (c) and (e) show the experimental IR spectra of species A, B and C,
respectively, in the O-H stretching region measured by probing their respective electronic
band origins (for electronic origin bands see Figure 2). The scaled theoretical O-H
stretching frequencies of conformers I, I and III are shown in (b), (d) and (f) respectively,
calculated at the M06-2X/6-311++G(d,p) level of theory. The structures of conformers I,
I, and III are also shown in the inset of the figure. The blue dotted line represents the O-
H...O hydrogen bonding and the green dotted line represents the n—>m* interaction.
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Figure 6.6. Experimental O-H stretching frequencies of species A, B and C in comparison
with the computed O-H stretching frequencies of (a) Group P, (b) Group Q, (c) Group R,
and (d) Group S conformers. The calculated [M06-2X/6-311++G(d,p) level of theory] O-H
stretching frequencies are shown as stick spectra (origins scaled by a factor of 0.9333).
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Experimental IR spectra of these three conformers are then compared with the
theoretical IR spectra of the conformers classified into P, Q, R, and S groups computed at the
MO06-2X/6-311++G(d,p) level of theory. The calculated O-H harmonic stretching frequencies
of all fourteen conformers are scaled using a factor of 0.9333, which is the ratio of the

179 at the same level of

experimental to calculated OH stretching frequency of benzyl alcohol
theory. The interesting point here is that the pattern of the experimental OH stretching
frequencies serves as a guide to choosing probable observed conformers from the pool of
structures obtained from the series of calculations.

Theoretical IR spectra of the three lowest energy conformers (I, II and III) of salicin
along with their computed structures are shown in Figure 6.5 while the comparison of the
experimental IR spectra of the three conformers of salicin with the theoretical IR spectra of
all 14 conformers is provided in Figure 6.6. Each of the five O-H groups in the structures and
the corresponding IR band in the theoretical IR spectra (Figure 6.4) are marked with a
specific colour bar. It is clear that the C(2)-OH group of the sugar moiety is very strongly
hydrogen bonded to the oxygen atom of the OH group of the benzyl alcohol moiety, while
the hydrogen bonds involving other OH groups of the sugar moiety are very weak and similar
in nature. It can be concluded from the comparison shown in Figure 6.5 that the IR spectra of
conformers A and B are due to structures I and II. However, it is not straightforward to tell
whether conformer A has structure I and conformer B has structure II, or vice versa. On the
other hand, conformer C can easily be assigned to structure III from the comparison of the
experimental and theoretical IR spectra provided in Figures 6.5(¢) and 6.5(f), respectively, as
the IR spectrum of conformer C is different from those of conformers A and B in the 3590-
3650 cm ' region. In structure III, the —CH,OH group of the sugar moiety is hydrogen
bonded to the neighbouring OH group, while the -CH,OH group of the sugar moiety in both

structures [ and II is hydrogen bonded to the oxygen atom of the sugar ring. The IR band of
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conformer C at 3597 cm™' [Figure 6.5(¢)] is assigned to the OH vibration of the -CH,OH
group of the sugar moiety. Theoretical IR spectra of the remaining higher energy conformers
(structures IV-XIV) presented in Figure 6.6 can be disregarded based on either the higher
relative energy or the significantly different IR spectra of these conformers compared to the
three lowest energy conformers (I, II, III).

It is intriguing to compare the IR spectra of the three conformers of salicin with those
of B-phenyl D-glucopyranoside reported by Simons and co-workers.'”® It can be seen that the
IR spectra of the two major conformers of B-phenyl D-glucopyranoside are similar to those of
conformers A and B of salicin in the broad and weak spectral region (3620-3650 cm™'). The
IR spectrum of the minor conformer of B-phenyl D-glucopyranoside matches well with that
of the conformer C of salicin in the 3590-3650 cm ' region. However, the strong IR band of
salicin around 3460 cm' is absent in the IR spectra of all conformers of B-phenyl D-
glucopyranoside. The comparison of the IR spectra of salicin and B-phenyl D-
glucopyranoside thus indicates that the strong band (3460-3466 cm™') observed in the IR
spectrum of salicin could be due to a strong hydrogen bonding interaction between the
benzylic CH,OH group and O2H2 group. On the other hand, the weak unresolved broad
peaks are due to the OH groups in the sugar moiety present as a chain of intramolecular O-
H...O hydrogen bonds. The hydrogen bonded structural motifs of the three observed
conformers of B-phenyl D-glucopyranoside are quite similar to those of the three observed
conformers of salicin. Thus comparison between salicin and B-phenyl D-glucopyranoseide
data provides extra confidence to the assignment of the structures of the observed salicin
conformers. It should also be noted that the substitution of the -CH,OH group in the phenyl
moiety of the sugar derivative does not change the basic structural motif of the sugar unit.

6.2.4 Franck-Condon simulated electronic spectra
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Figure 6.7. (b), (d) and (f) shows experimental electronic spectra of species A, B and C
respectively, in comparison with the Franck-Condon simulated electronic spectra of
conformers II, I and III presented in (a), (c) and (e), respectively. Assignments of the
bands are based on the simulated Franck-Condon spectra.

As mentioned earlier, it is difficult to predict which of the two lowest energy
conformers (I and II) of salicin belongs to species A and B in the electronic spectrum due to
the similarity in their IR spectra. However, Franck-Condon (FC) simulated electronic spectra
of different conformers of salicin and their vertical excitation energies can further aid in
assigning the structures of the observed conformers.'!#! Figures 6.7(b), 6.7(d), and 6.7(f)
show experimentally observed electronic spectra of species A, B, and C, respectively, while
FC simulated electronic spectra of conformers II, I, and III are shown in Figures 5(a), (c), and
(e), respectively. There is excellent agreement (in terms of the frequency of vibration as well

as intensity of the bands) between the experimentally observed and FC simulated electronic
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spectra of the three conformers of salicin. It can be seen that the origin band of conformer B
(BY) is weaker in intensity when compared to the 28 cm ' vibration of conformer B, while for
conformer A the intensities of the origin band (A9) and 28 cm™' vibration are comparable in
magnitude. It is noteworthy that this specific intensity pattern of experimental electronic
spectra of species A and B corroborates that of the FC simulated electronic spectra of
conformers II and I, respectively. Thus species A and B can be assigned as conformers Il and
L.

Vertical excitation energies of the three lowest energy conformers (I, II, and III)
calculated at the TD-M06-2X/6-311++G(d) level of theory lend additional support to the
assignment of the structures of the conformers observed in the experiment. Vertical excitation
energies (scaled with respect to the origin band of species A) of conformers I, 11, and III of
salicin are provided in Table 6.4. Conformer II has lowest vertical excitation energy. The
order of relative vertical excitation energies of conformers I, I, and III match well with the
electronic origin band positions of species A, B, and C, respectively. This suggests that
species A, B, and C should be assigned as conformers II, I, and IIl. FC simulated electronic
spectra of a few higher energy conformers of salicin were also calculated. However, large
geometric changes between Sy and S, states mean the calculated spectra have almost zero
intensity.

Low frequency vibronic bands present in the electronic spectra of the three
conformers of salicin are assigned with the help of the simulated Franck-Condon spectra (see
Figure 6.7). A list of the experimental and calculated (S;) low-frequency vibrational modes
(based on FC simulation) as well as a tentative assignment of all the low frequency bands in
the electronic spectra of the three lowest energy conformers of salicin is also provided in

Table 6.1.
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Table 6.4. Experimental 03 band transitions of species A, B and C in comparison with the
TDDFT calculated [TD-M06-2X/6-311++G(d)] vertical excitation energies of conformers I,
IT and IIT

Observed Experimental 09 Assigned Calculated vertical
Species band transitions conformer excitation energies
(cm ™) (cm™)
A 36422 (0) I 42877 (0)
B 36435 (13) I 42912 (35)
C 36452 (30) I 42930 (53)

*Values in parentheses represent the relative frequencies with respect to the 03 band
transition of conformer A. "Values in parentheses represent the relative frequencies with
respect to the calculated vertical excitation energy of conformer I1.
It is found that there is a long progression of the 28 cm ' vibration (o) in the electronic
spectra of all three conformers. This 28 cm™' vibration is assigned as an inter-ring twisting
vibration along the 2£07-C1-08-C1’ dihedral angle. Another prominent low frequency
vibrational mode of 47 cm™ is observed for both conformers A and B while the same is not
observed for conformer C. The electronic spectra of A and B can be assigned mostly by the
overtones of the oo mode and its combination bands with other modes. Thus, the interpretation
of the electronic spectra suggests that major geometrical changes in salicin after electronic
excitation may occur along this oo mode.
6.2.5 Conformational preference in salicin: n—7* interaction

The structures of the conformers I, II and III calculated at the MO06-2X/6-
311++G(d,p) level of theory are provided in Figure 6.4 and Figure 6.5, with their important
geometrical parameters in Table 6.5. It is evident that all three observed conformers differ
mainly in the orientation of the hydroxy group (0O6-H6) of the -CH,OH group in the sugar
moiety, which is represented by the dihedral angle O6-C6-C5-O5. In both conformers I and
I, O6-H6 has gauche orientation with £06-C6-C5-O5 of +57°/-57°. The O6-H6 group of

conformer I and II is involved in a weak hydrogen bonding interaction with the O5 atom of
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the pyranose ring (06-H6...05). The O6-H6...05 hydrogen bond distance (d;) and angle (6;)
are around 2.3 A and 105°, respectively, in both conformers I and II. Conformer III differs
from I and II as the O6-H6 group in the former has trans orientation (4£206-C6-C5-O5 =
164.5°). Unlike conformers I and II, the O6-H6 group of conformer III is involved in a
hydrogen bonding interaction with the O4-H4 group (O6-H6...04). Purely based on a
hydrogen bond distance and angle point of view (see Table 6.5), the O6-H6...04 hydrogen
bond in conformer III is stronger than the O6-H6...05 hydrogen bond present in I and II.

Table 6.5. Important geometrical parameters® of low energy conformers of salicin calculated
at the M06-2X/6-311++G(d,p) level of theory

I Il 1 \% VIII
de ©03-H3...02) 2.43 2.45 2.46 2.47 2.48
Oc (LO3-H3...02) 101.1 104.6 104.3 104.0 103.7
de (05-15...03) 2.41 2.38 2.36 2.38 2.36
Oc (£05-15...03) 105.1 107.4 107.3 107.5 107.4
di (06-H6...05) 2.30 2.34 - 2.33 -
0i (£06-16...05) 106.2 104.5 - 104.9 -
di (06-Hs...04) - - 2.05 - 2.04
01 (206-H6...04) - - 134.4 - 134.5
ds (02-112... 07/) 1.94 1.95 1.93 1.94 1.92
05 (202-2... 07)) 164 164.2 164.4 172.6 172.4
10 (07/...AD 3.68 3.67 3.68 3.64 3.64
I'H (07/...Av) 3.65 3.65 3.65 4.52 4.53
£206-C6-C5-05 -56.5 57.5 164.9 57.7 164.9
£H6-06-C6-C5 55.2 ~58.9 53.1 ~58.2 53.0
¢H7-07-C7-C2 57.3 57.6 57.0 167.2 166.4
207-c7-c2-ct’ 64.6 64.2 64.7 65.8 66.2

“Distances (d., d;, di, ds, ro and ryy) are in A and angles (0., 0;, 0}, 0, ) are in degrees.

In all three conformers, the equatorial hydroxy groups of the sugar moiety adopt the
gauche orientation. Equatorial OH groups are linked with each other through a chain of weak
O-H O hydrogen bonds. This is evident through their hydrogen bond distances (d.) and
angles (0.), which are around 2.5 A and 106°, respectively, in all observed conformers.
However, all three conformers (I, II and III) have a strong intramolecular hydrogen bond

between the hydroxy group (O2-H2) of the sugar moiety and the oxygen atom (07)) of the
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benzyl alcohol unit (O2—H2"'O7/). The O2-H2'--O7 hydrogen bond distance (~1.9 A) and
angle (~164°) lie close to the ideal geometrical conditions required for strong hydrogen
bonding interaction in all three conformers. This indicates that the 02-H2---07 hydrogen
bond is much stronger than the hydrogen bonds between the equatorial OH groups.

Although only the three lowest energy conformers (I, II, and III) are observed in the
experiment, analysis of the hydrogen bonding parameters in a few higher energy conformers
reveals interesting information that is the focus of the present section. From Figure 6.3 it can
be seen that conformer V is the next highest energy conformer after I and II in group P, while
conformer VIII is the next highest energy conformer after III in group Q. It is evident from
the comparison of the geometrical parameters of the conformers presented in Table 6.5 that
the O2-H2--07' hydrogen bond in both conformers V and VIII (£02-H2...07' ~ 172° is
stronger than that in conformers I, II, and III (2£02-H2...07' ~ 162°). This suggests that the
other O-H...O hydrogen bond interactions in conformers V and VIII are similar in strength to
those of I/I and III. Inspite of this, it is interesting to note that conformers V and VIII are
relatively high in energy compared to conformers I, II, and III. Basically, conformer V
belongs to the same group of conformers as both I and II (group P in Figure 6.4), while
conformer VIII is in group Q with conformer III.

It is apparent from the structures of salicin provided in Figure 6.4 that the structures
of conformers V and VIII differ from those of conformers I/II and II1, respectively, due solely
to the orientation of the O7- H7 group of the benzyl alcohol moiety of salicin. In all three
observed conformers of salicin, i.e. conformers I, II, and III, the O7- H; group of the benzyl
alcohol unit has gauche orientation (d4H7/-O7/ -c7-c2 ~ 56.8°) and the distance of the 0/-
H/ group from the center of the aromatic ring (ro7.y7...Ar) is ~3.6 A. In fact, the gauche
orientation of the 07/ - H7/ group of conformer I, II and III resembles the orientation of the OH

179
1.

group in the gauche conformer of isolated benzyl alcoho On the other hand, conformers
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V and VIII have trans orientation of the 07/- H7/ group (d4H7/ -07-c7-c2 ~167°) which
resembles the orientation of the OH group in the trans conformer of isolated benzyl alcohol.
The gauche conformer of benzyl alcohol is reported to be more stable than the trans
conformer based on both experimental and theoretical data.'” Interestingly, conformers I, I,
and III of salicin (gauche orientation of the O7- H; group) are also more stable than
conformers V and VIII of salicin, which have trans orientation of the 07/— H7/ group. Based
on this, it appears that the gauche orientation of the benzylic OH group plays an important

role in governing the conformational preferences of salicin.

1] Gauche (benzyl alcohol)

Figure 6.8. NBOs of the three lowest energy conformers (I, II, and III) of salicin and
the gauche conformer of benzyl alcohol, showing no overlap between the m orbitals
of the aromatic ring and o* orbital of the benzylic OH group. The electron density
was calculated at the M06-2X/6-311++G(d,p) level of theory.

The stability of the gauche conformer of benzyl alcohol over the trans conformer has

previously been rationalized by the presence of an O-H...w interaction in the former.'”
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However, an NBO analysis on the gauche conformer of benzyl alcohol, as well as conformers
I, 11, and III of salicin having gauche orientation of the benzylic OH group, does not reveal
any signature of an O-H...w interaction (see Figure 6.8). Generally, the presence of an O-
H...m interaction is manifest through the overlap of m-orbitals with the antibonding O-H
orbital. On the contrary, NBO analysis reveals that the lone pair orbitals (both s and p-types)
on the oxygen atom of the OH group of the gauche conformer of benzyl alcohol, as well as
for salicin conformers I, II, and III, have significant overlap with the n orbitals of the phenyl
group and this non-covalent interaction is termed n—m*. NBOs for the n—n* interaction as
well as the O2-H2...07 hydrogen bonding interaction in conformers I, I, III, V and VIII of
salicin are shown in Figure 6.9(a). NBOs for the n—n* interaction in gauche and trans

conformers of benzyl alcohol are also shown in Figure 6(b). NBO second-order perturbative

estimates of donor-acceptor interactions (E @ ) for all the O-H...O hydrogen bonds and

i—j*
n—7* interactions in conformers I, II, III, V and VIII of salicin are listed in Table 6.6.

Table 6.6. NBO second-order perturbative estimates of donor-acceptor interactions (El(i)]*)

of all hydrogen bonding and n—m* interactions observed in conformers I, II, III, V and VIII
of salicin. NBO calculations were performed at the M06-2X/6-311++G(d,p) level of theory.

EZ). (keal/mol)

I on 1m Vv Vi
n, (07)—0*(02-H2) 565 535 590 7.07 7.61
n, (07)—c*( 02H2) 328 324 327 239 240
n, (02)—0c*(03-H3) 0.15 022 0.22 033 0.32
ns (02)-0*(03-H3) 0.21 0.16 0.15 0.18 0.18
n, (03)—>0*(04-H4) 0.15 020 020 0.23 0.22
ns (03)—0*(04-H4) 0.18 0.20 0.24 0.20 0.24

n, (05)-»c*(06H6)  0.18 0.16 - -  0.10
ns (05)>a*(06H6)  0.17 015 - 0.5 0.14
n, (04)—6*( 06:H6) - - 069 -  0.68
n, (04)—0*( 06:H6) 260 - 2.6l

n, (07)-»m*(C2-C3/) 0.80 083 0.78 - -
ny(07)- m*(C2-C3/) 033 032 035 031 031
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Figure 6.9 (a) NBOs of the 02-H2...07 hydrogen bonding interaction and n—m*
interaction in various conformers (I, II, III, V and VIII) of salicin calculated at the M06-
2X/6-311++G(d,p) level of theory. The NBOs of the n—m* interaction show overlap
between the lone pair orbitals (ng and n,,) of 07 atom with the * orbital of C2'=C3’ bond of
the aromatic ring. The NBOs of the hydrogen bonding interaction show overlap between
lone pair orbitals (ns and np) of 07 atom with the o* orbital of the 02-H2 bond. (b) NBOs
of the n—m* interaction between the lone pair orbital of (n; and np) oxygen atom and the
aromatic ring in the gauche and trans conformers of benzvl alcohol.
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The sum of the E @

i« values for the n—7* interactions in the gauche conformer of
benzyl alcohol and conformers I, II, and III of salicin is about 1.2 kcal/mol. The trans
conformer of benzyl alcohol, as well as conformers V and VIII of salicin, also have an n—n*
interaction, albeit significantly weaker at around 0.4 kcal/mol (see below). Interestingly,
NBO derived estimates for the strong hydrogen bond 02-H2...07 in different conformers of
salicin listed in Table 6.6 also highlight that the 02-H2...07 hydrogen bond in conformers V
and VII of salicin is stronger than that in conformers I, II, and IIl. This indicates that
conformational preferences of conformers I, II, and III over conformers V and VIII of salicin
are due to the presence of significant n—m* interaction in the former, which have the
benzylic OH group in gauche orientation.

A further interesting point from Table 6.6 is that both s-type and p-type lone pair
electrons (ns and n,) on the 07 atom of the benzylic O-H group in conformers I, I, and III of
salicin simultaneously participate in hydrogen bonding as well as the n—m* interaction. The
n—7* interaction involving the n,-type electrons is stronger than that involving the ns-type
electrons on the O7' atom in conformers 1, I1, and III of salicin. On the other hand, the n,-type
electrons on the 07’ atom in conformers V and VIII do not take part in the n—m* interaction.
As the n,-type electrons on 07 atom are involved in the stronger n—m* interaction in
conformers I, II and III, its availability for overlap with the o* orbital of the O2-H2 bond to
form a 02-H2-07' hydrogen bond slightly decreases. This accounts for the slightly weaker
02-H2--:07 hydrogen bond strength in the three observed salicin conformers (I, II, and III)
compared to V and VIIL. It is important to mention here that other higher energy conformers
of salicin in the P and Q groups also have n—m* interactions, albeit much weaker in strength
compared to those in the observed conformers. This shows that the n—>m* interaction plays an

important role in the preferential stabilization of the three lowest energy conformers.
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Based on the experimental observation of the small red-shift in the O-H stretching frequency
of gauche conformer of benzyl alcohol, the presence of O-H...n interaction could be
expected however, NBO analysis suggest that n—>7* interaction have major contribution
towards the stability of gauche conformer of benzyl alcohol over the trans conformer. We
have also looked at the occupancies of the o* orbital of benzylic O-H bond in the most stable
conformers (I, II, and IIT) and higher energy conformers (V, VIII) of salicin (see table 6.7).
Through table it is revealed that occupancy of the * orbital of benzylic O-H bond is more in
the most stable conformers of salicin (I, II, III) which have gauche conformation of the
benzyl alcohol unit, compared to that of the higher energy conformers (V, VIII) which have
trans conformation of the benzyl alcohol unit. Increase in the occupancy of the o* orbital of
benzylic O-H bond in the gauche conformer could be due to the O-H...w interaction or n—>n*
interaction.

Table 6.7. Occupancy of * orbital of benzylic O-H group in the conformers of salicin

Conformers  Occupancy of 6*penzyiic on Orbital

I 0.0075
II 0.0075
I 0.0076
v 0.0052

VIII 0.0052

6.2.6 Biological perspective

In general, the role of the n—m* interaction in providing conformational preferences of
biomolecules and biomolecular complexes is also revealed from protein data bank (PDB)
searches.”"*!2 We have found that the preference for the gauche conformation of the

isolated benzyl alcohol is retained in the benzylic alcohol moiety of not only isolated salicin
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but also salicin bound to -gluocosidase enzyme (NkBgl), which is in the glycosyl hydrolase
family."®* This enzyme plays an important role in the cleavage of the B-glucosidic linkage in
salicin (a glucose substituted molecule) or any disaccharide. The X-ray crystal structure of
the salicin bound complex of B-gluocosidase enzyme (PDB ID: 3VIL) shows that the
benzylic alcohol moiety of salicin adopts a gauche conformation.'®> An NBO analysis of the

unoptimized geometry of the salicin moiety obtained from the crystal structure of the

V|

%ﬁ_

|

-Glucosidase enzyme (NkBgl)
PDB ID:3VIL

E@

N—m*

= 1.07 kecal/mol

Figure 6.10. (a) X-ray crystal structure of the PB-Glucosidase enzyme...salicin
complex (PDB ID: 3VIL). (b) Structure of salicin in the enzyme bound state and
one of its NBOs showing an n—n* interaction between the oxygen atom of the
benzylic OH and the aromatic ring. The electron density has been calculated at the
MO06-2X/6-311++G(d,p) level of theory.

salicin...B-gluocosidase complex carried out at the M06-2X/6-311++G(d,p) level provides an
n—7* interaction energy of 1.07 kcal/mol, which is similar to that presented in Table 6.6 for
isolated salicin. The PDB structure highlighting the binding pocket of the enzyme with

salicin and NBOs of the salicin moiety are presented in Figure 6.10.

175



Chapter 6 n—n* INTERACTION GOVERNS THE CONFORMATIONAL
PREFERENCE OF SALICIN

The propensity of the n—n* interaction and hydrogen bonds to both stabilize and
influence the shape of protein structures has been pointed out by Raines and coworkers as a
result of analyzing the crystal structure of proteins in the PDB."!? Hydrogen bonding (n—c*)
and n—m* interactions are interrelated as both interactions originate from the delocalization
of lone pair electrons. In proteins, mostly in a-helices, lone pair electrons of the same oxygen
atom of a C=0 group are often shared by both hydrogen bonding and an n—n* interaction.
For example, there is a 50:50 sharing of the p-type lone pair electrons of the carbonyl oxygen
atom by the hydrogen bond and the n—m* interaction in the asparagine residues of a human
carbonic anhydrase-II protein (PDB ID: 3KS3)."* Similar results were obtained for the
salicin in this work. In the case of the three observed conformers of salicin, p-type lone pair
electrons on the oxygen atom of the benzylic alcohol moiety participate in both O...H-O
hydrogen bonding and the n—m* interaction. It is also observed that the strength of the
hydrogen bond in the three observed conformers of salicin decreases due to the presence of a
significant amount of n—m* interaction compared to that in the other conformers of salicin.
6.3 Conclusion

Conformational preferences of salicin induced by the n—m* interactions in the
presence of multiple hydrogen bonding interactions have been studied using isolated gas
phase electronic and vibrational spectroscopy combined with quantum chemistry
calculations. Three low energy conformers of salicin, which are observed in the experiment,
have a significant amount of n—n* interaction along with the hydrogen bonding interactions
when compared to other higher energy conformers. The latter have stronger hydrogen
bonding interactions, but weaker n—n* interactions. Sharing of lone pair electrons on a
single oxygen atom between hydrogen bonding and n—m* interactions reported for the
stabilization of protein structures has also been observed in salicin here. Thus, the present

research suggests that the presence of a hydrogen bonding interaction in a molecular system
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can very often indicate the possibility of the existence of a n—m* interaction as these two
non-covalent interactions are quite analogous in terms of electron delocalization. This
indicates that the n—m* interaction should be incorporated into the simulation of
biomolecules to obtain more accurate results for their structures and dynamics.

The present work also adds further evidence of competition and cooperation between
weak intermolecular interactions in determining the low-energy conformers of floppy drug
molecules. In this case a compromise in the strength of the hydrogen bonding interaction
favours the n—m* interaction in the overall stability of the molecular structures. Another
intriguing finding of this study is that the conformational preference of the gauche conformer
of either isolated benzyl alcohol or the benzyl alcohol moiety of salicin over the trans
conformer is not due to the O-H...w interaction, but rather an n—n* interaction. Therefore, it
is proposed that the n—»m* interaction could have a significant contribution in the stabilization
of molecular systems that have previously been reported to be stabilized by O-H...n
interactions. The contribution of the n—n* interaction in O-H...w bound systems has largely
been overlooked in previous studies. In future, it will be interesting to reinvestigate systems

containing O-H...w interactions to probe for the presence of an n—>m* interaction there.
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Summary:

In summary, we have studied n—7* interaction in various molecular systems (7-
azaindole...2,6-substituted fluoropyridines, phenyl formate, Cbz-Hyp-OMe, and salicin) in
the gas phase using R2PI, RIDIRS, IR-UV hole-burn and UV-UV hole-burn spectroscopic
techniques combined with quantum chemistry calculations.

We have investigated the interplay between hydrogen bonding and n—n* interaction
in the complexes of 7-Al and 2,6-substituted fluoropyridines by probing the strength of the
N-H...N hydrogen bonding interaction present there. The n—n* and hydrogen bonding
interactions present in the complexes are strongly interrelated because one interaction affects
the strength of the other. Even though n—n* interaction is weaker in strength compared to
hydrogen bonding, the former interaction modulate the overall structural motif of the
complexes. This study provides an experimental evidence for the interplay between hydrogen
bonding and n—7* interaction through the study of a model complex. Interplay between
these two energetically disparate non-covalent interactions has been reported earlier in
proteins on the basis of crystal structure analysis in the protein data bank (PDB). The present
study of n—n* interaction as an intermolecular non-covalent interaction shows that it can
exist in a molecular moiety independently and it is not just a short contact imposed by
geometric constraint of the macromolecular system. This study demonstrates an indirect
spectroscopic approach to show the evidence of n—>n* interaction in the complex. However,
direct spectroscopic signature of n—7* interaction in a molecular moiety is more desirable.

Direct spectroscopic signature for an n—7nt* interaction has been achieved by probing
the C=0 stretching frequency of phenyl formate using gas phase IR spectroscopy. We have
observed two conformers (cis and trans) of phenyl formate in the experiment. The cis
conformer having n—my, interaction between the C=0 group and the aromatic ring shows

red-shift in the C=O stretching frequency relative to that of the trans conformer where
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n— 7y, interaction is absent. This study provides the first gas phase IR spectroscopic
evidence of the n—y, interaction in a molecular moiety.

Later, we have used the same gas-phase IR spectroscopic technique to show the
evidence of n—m,, interaction between two carbonyl groups (C=0...C=0), which is widely
present in proteins including collagen. For this study, we chose carboxybenzyl(Cbz)-Hyp-
OMe, a proline derivative, which is an important amino acid residue of collagen. Four
conformers of Cbz-Hyp-OMe are observed in the experiment. Two of the observed
conformers have trans orientation of the amide bond with n—>n* interaction while the other
two conformers have cis orientation of the amide bond with no n—n* interaction between the
neighboring carbonyl groups. The stretching frequencies of both the carbonyl groups of the
trans conformers show red-shift relative to those of the cis conformers due to the presence of
n—>7n* interaction in the former conformers. This study shows the first IR spectroscopic
evidence of the n—m}, interaction present in the most important amino acid residue of
collagen and PP-II helix. The n—my, or n—my,, interactions in a molecular system has been
probed directly by measuring the red-shift in the stretching frequency of the carbonyl group
of the conformer which has n—>n* interaction relative to that of the conformer with no n—mn*
interaction. These studies on model systems also demonstrate the importance of n—m*
interaction in governing the conformational preferences. However, it is more desirable to
study the role of n—n* interaction in governing the structures and functions of molecules
which have biological significance using similar spectroscopic techniques.

Therefore, we have studied the conformational preferences of an analgesics drug
salicin in isolated gas phase using R2PI, IR-UV and UV-UV double resonance spectroscopic
techniques. Salicin, also known as “nature’s aspirin”, has been used as a medicine for the

treatment of pain, fever, as well as inflammation in our body and it is obtained naturally from
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the bark of the willow tree. We have observed three lowest energy conformers of salicin in
our experiment. All the three conformers observed in the experiment have significant amount
of n—n* interaction energy along with the hydrogen bonding interaction. Other higher
energy conformers of salicin having relatively stronger hydrogen bonding interaction but
weaker n—7* interaction are not observed in the experiment. This shows that n—n*
interaction play a vital role in governing the conformational preferences of salicin even in the
presence of strong hydrogen bonding interaction. The n—r* interaction in the structure of
salicin is retained even when the salicin is bound to glycosidase enzyme. Another significant
finding of this study is that the n—m* interaction in comparison to the O-H...w interaction
may have significant contribution to the stability of the gauche conformer of either isolated
benzyl alcohol or the benzyl alcohol moiety of salicin over the trans conformer.
Future perspective:

In future, it will be interesting to investigate the n—7* interaction in the repeating
sequence of collagen (XaaYaaGly) triple helix, where Xaa is usually proline (Pro) and Yaa is
4R-Hydroxyproline (Hyp), using gas-phase spectroscopic techniques. Figure 7.1 shows the

crystal structure of Pro-Hyp-Gly sequence of collagen. To study the electronic spectroscopy,

Gly

Eapn?®

nom*

Figure 7.1 Crystal structure of Pro-Hyp-Gly sequence of collagen triple helix (PDB ID —
1CAQG).

an aromatic chromophore will be attached with the tripeptide. It has been reported that n—>n*
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interaction is present all along the poly peptide chain of the collagen triple helix. Further, the
position of Hyp in the tripetide sequence is very crucial in the stability of the helical
structure. For example if the positions of Hyp and Pro are interchanged, the helical structure
of the collagen is lost. Similarly, if the 4R-hydroxyproline is replaced with 4S-
hydroxyproline (hyp) in the peptide sequence of collagen, the helical structure is not retained.
We want to study the structures of ProHypGly and HypProGly sequences to investigate the
effect on the strength of n—n* interaction upon changing the position of Hyp, using gas-
phase spectroscopic techniques and quantum chemical calculations.

Strength of the n—n* interaction is weak compared to that of other non-covalent
interactions. Therefore, it is challenging to probe this interaction in a given molecular moiety.
It will be interesting to investigate the ways to increase the strength of the n—n* interaction.
One of the ways is to induce geometric constraint on the donor atom and acceptor group to

have better overlap of lone pair and ©* orbitals. One such example is shown in Figure 7.2(a)

(a) ()

N-acetylproline nitrophenylester
n-m*interaction

*int ti
Energy =3. 8 kcal /nol nomTinteraction

Energy =1.56 kcal/mol

Figure 7.2 (a) Calculated structure of a molecule showing close proximity between donor
nitrogen atom and acceptor carbonyl C=0 group which is imposed by geometrical
constraint of the molecule. Structure is calculated at the M05-2X/aVDZ level of theory.
(b) is the calculated structure of N-acetylproline nitrophenylester at the M05-2X/cc-pVTZ
level of theory.

where the nitrogen atom and the acceptor carbonyl group are in a geometric constraint that

allows better overlap of lone pair orbital of nitrogen atom and ©* orbital of the carbonyl
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group. The n—n* interaction energy in this molecule is about 3.8 kcal/mol. Another way to
enhance the n—>n* interaction is to include electron withdrawing substituents on the acceptor
side. Electron withdrawing groups make the acceptor group more electrophilic and hence
better electron pair acceptor. Figure 7.2 (b) shows calculated structure of N-acetylproline
nitrophenylester where, nitro group is substituted on the phenyl ring to make the acceptor
carbon more electrophilic. Similarly one choose different functional groups substitution on
the acceptor carbonyl group to tune the strength of n—>n* interaction.

On the theoretical front, extensive computational studies are required for detailed

understanding of the physical nature of the n—>n* non-covalent interaction.
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